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Abstract 

The range of commerciaiiy available q l  boronic acids is increasing due to the 

po pularity of the Suniki-Miyauri cross coupling reaction. However. pyidyl boronic 

acids are of iimited availability due to dificulties in preparation 1 isolation by 

conventional methods. The scope and application of a new rnethod for the preparation 

pyridyl boronic acids has k e n  shotn. 'Ibis rnethod involved the Directed ortho 

4IetaIation (Doho of p>~idine derivatives nith in siru boronation, This method has been 

used to prepare the folion-ing ne\v pl~idyl boronic acid derivatives: 

3-(4.4.5.5-Tetnmethg-[ 1,3.3]diosaborolan-2-yl)-p~ridine-2-carbo~lic acid. 

S.'\:-D iet hyl-4-(4.4.5.5-tetramethyl-[l .3.2]diosaborolan-2-y1)-nicotinamide. 

S.S-Diethyl-3-(4.4.555-tetramethyl-[l -3 .2~diosaborolan-2-y1)-isonicotinamide. 

3-Fluoro~-(4.4.5.5-tetrruneth~-[I .3.2]diosaborolm-3-yI)-p)ridine. 

3-[ l .3.6.2]Diosazaborocan-7-yl-pyridins-2-cartios! lic acid dit.tliyhmide. 

441 .~.6.2]Diosazaborocan-2-yL-S.S-diethyl-nicotinamide. 

3-[ I .~.6.7]Diosazaborocan-2-~-I-S.S-dietliyI-isonicotinanÜds. 

Disthy I-carbm-c acid 4-[1,3.6.71diosazaborocan-2-yl-p~~idin-3-yl ester. 

4 4  l . 5 . 6 . 2 ] D i o s a z a b o r o c a n - 2 - y l - p ~ i d i n e c  acid diethylamide, and 

2-( 3-Fluoro-p~idin-1-YI)-[l .3,6.2]diosmaborocane. 

.As an application, tlis rnsthodology \\-as S i e d  to the S uzuki-lliyaura cross 

coupling reaction to produce the follon-ing ne\\- azabiql  compounds: 

3-Phenyl-p>-ridine-2-carbol>-lic acid diethyIamïde_ S.S-Diethyl-3-phen>-1- 

isonicotinamide, 3 -Fluoro-4-phenyl-pl-ridine. XS-Diethy1-1-(3 -methoq-phen~1)- 



nico t inamide. and N,N-Diethyl-4-thiophen-3-yl-nicotinarnide- 
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1.0 The Directed o r t h  Metalation Reaction 

1.1 Introduction 

McMunay states "The mon important reaction of aromatic compounds is 

electrophilie aromatic substitution.".' Electrophilic ammatic substitution thus. 

constitutes the classical means for synthesiuig substituted arornatic compounds. 

However. due to the independenr discovery by  ilm man' and k*ittig5 and recent attention 

by others4 the duected ordia metalation {DOM) reaction hris become an estrerndj- 

important tool for the regiospecific construction of polysubstituted aromatic and 

heteroaromatic rnoIecuIes. 

1.2 Directed ortho Metalation (DOM) 

The directed orritci metalririon remion ( DoX) in~olves the deprotonation of  

containhg a directcd metalation group (DSIGI-substituti-d aromatic 1. to produce an 

oi-rlto lithiatsd specics 1 (Schtlme 1) ushg a strong base. usually an alkyllirhium. The 

lithiatcd intermediate mny rhen br: treated with a vxiety of electrophiles to produce 1.2- 

disubstitutcd aromntics 3. 



DMG 

E 

C-based DMC Heiatom-based DMC 

COS-R Hauser, 1964 h-1-BOC Gschwcnd, 1979 

Gronowik 1968 YCOf-Bu Bluchowski 1980 
Cschwend, 1976 
Cornias. 198J 0CH20Mc Chrisfenseo, 1975 

OCclSEtz Snicckus, 1983 Xr3 Meyers, Gschwnd. 1975 OCOS(Xlc)C(XIc~Ph Snieckus, 1999 

O S02\-R 
tlauser, 1%9 

COSEt2 Bcak 1977 SOISRt 

COS(Xle)Ctl(T\IS)2 Snieckus 1989 SOtSfK(Xle)2Ph Snieckus, 1999 

K X  Snicckus. 1999 \ s Ph 
CI 

OSEXI Snieckus. 1991 

P(O)(r-Bu)l Snieckus, 1998 

Schme 1 

A varier? of DSICrs participate in the Dohl reaction (Scheme 1). Some of the 

carbon based DhfGs include: COSEt?. COlTIr-Bu and COS( Me)CtI(ThIS)2 and wn~c 

of the heteroatom based DNG-s include: XOL-[-Bu. OCOXEt?. Oh~iO'\l SOiKEtL . .A 

major criiicisni of most of the DIIGs is that rhey genrrdly do not undergo facile 

synthetic transformations afier the? sene their purpose as a DMG. However. with the 

dewlopmcnt of the -Y-CU--1 amide DMG (4) Schrme 2 ', some of these criticisms hxe 

been overcome as the cumyl group is s d y  remoi-ed tvith trifluoroacetic acid to yield the 

prima==- amide 5. 



Scheme 2 

1.2.1 Mechanism of the DOM reaction 

The mechanism of the Dobi reaction is cunently a controversial subject, X 

Ieading hlpothesis to rationalize the DOM pathway is the Comples lnducrd Prosirnity 

Effect (CIPE).' CIPE postulates that. in the fïst step. the heteroatom contained in the 

DMG 1 provides a coordinathg site for the a b 1  lithium reagent, usually as an 

- 
aggregate.' This coordination. or comples 6 ,  brings the akyi lithium into close prosimity 

to the orrlro proton ;ilIo\vin~ thr: doprotonation to occur. The resuirant orrlro lithiated 

sptcies 1. usurilly dso considercd to be an aggregate. thcn undsrgoes reaction with 

Scheme 3 



The CIPE postdate for the DOM mechanisrn agrees nicely for carbxamides as 

DMGs but receives less support for DMG = OMe. Thus, Schleyer and co-workers do flot 

agree with the operation of CiPE in the case of anisole because they cou!d not detect the 

rithiated species 2 by NMR studies of the reaction of anisole with n-BuLi in toluene-dg at 

room temperature.8 Schleyer believes that, the inductive effect of the DMG is 

responsible for the orrho deprotonation. However. Schleyer obtained evidence for an 

anisoleln-BuLi-aggregate complex and found that, upon the addition of TbEDA to the 

reaction mis~ure. the lithiated species 2 \vas readiiy formed at the espense of the 

anisole/~r-BuLi-aggregate cornplex. This obsenation \vas esplained bu TbfEDA 

breakhg up the 1,-BuLi-agprepats. thus making it more reactivc9 Schleyer's 

rationalization is. hotvever. disputed b>* Beak ~ r h o  believes that there is a complexarion 

before the deprotonation ~ t s ~ . ' ~  Schlejzr has also perfomed crb N i i r i o  calcuiations on a 

series of orrlto DMG substituted toluenes.' ' From this study. Schieyer concludes thsr the 

rqiochcnust~ of the metalarion is not d:tcrniina.i b!. the rtcidity of rhe eschanged 

11;-drogcn. nor mai it bc csplaincd by the CIPE: rather. the "stabiliùng interactions in the 

tnnait ion statc ddctsrmine the metdation producf-. TIùs [vas termed by Schlqxr to bs 

"kinetically enhrtnced mctalation--. Schieyer proposes a completely uncoordinated 

transition state structure and a rate determinhg proton abstraction step. 

Based on ' ~ i  ?&IR studies on the reaction of anisole with RLi. Coiium and co- 

n-orkers are in agreement nith Schieyer ivith respect to the absence of CIPE but disagres 

as  to the nature of the rate Luniting step. Based on kùietic studies. Coiium suggests that 

the rats I i t i n g  step has the foUoning stoichiornetry: [(~~-BUL~),(~IEDA)~(-~-~] : and 



that the reactive n-BuLiTMEDA has the structure of 7 or 8 (Scherne 4),12 with the latter 

k ing  the most recent proposal.'7b 

8 

Scheme 4 

Another interesring series of osperimcnts has k e n  conducted by Slocum and co- 

ivorkers and adds to the argument conceming the mechanism when methos? is the 

DMG." Slocum remains undecided bett~een ClPE and inductive effsct as the major 

foature of the Dohl mechanism hrpothesizing that both ma' have a role. Slocum assens 

that. when TMEDA is used as an additive. it is on11 the inductive effect that controls the 

rnetrilcition. Slocum bas dso fùiind thai T11ED.A cm accslsrate the rats of n~etalation. 

even at substoichiomstric quantitiss. This obsenation tvas ntionalized by the ability of 

the anisole to act as de-riggregating a p t .  similar ro T~CED.A."~ 

In conclusion. there hris yst to br: a uniiÏed thcoq for the mechanism of the Do>[ 

reaction. It is possibfe thar one single mechanism cannot be used to adoquately describe 

the DoXI reaction. and that the rncchanisrn varies dependhg on the DMG used. 



2.0 The Suzuki-Miyaura Cross Coupling Reaction 

2.1 Introduction 

The biaryl moiety constitutes a key component in a variety of n a t d  productst" 

and is increasingly pan of the pharmaceutical entities." Retros~theticaiiy. the most 

convenient assemblage of a b i q l  is the formation of the -1-aryl. sp2-sp2. bond. Before 

the 1970's. thsre w r e  very h- reactions capable of easily accornplishing this type of 

coupling. In this tirne period. four indispensable reactions evolved invoh-ing the 

coupling of an aql-metal spsciss ivirh an apl-leaving group substratc under palladium or 

nickel critrilyzed ~onditions.'~ The reactions are named after the tesearchers ~vho 

pionsered thé nork. Lc.. tiumada-hmîo." ~ e ~ i s l i i . ' ~  ~uzuki-~liyaura'~. and srille:" 

rtactions ! Schems 5).  

LG = Leasing Group JIctal Reaction 

>IF Kumada-Tamao 17 

Scheme 5 

Discussion in the nest section \vil1 be iimited to the q-1--1 Suzuki-Miyaura 

cross couplimg reaction. since it is the most pertinent to this thesis. 



2.2 The Suzuki-Miyaura Cross Coupling Reaction 

The Suuki-Miyaura cross couphg reaction. involvuig the couphg of an q i -  

boron reagent, 9, with an aryl halide, 10, under palladium catalysis to give biarylç 11, was 

frst reponed in 1981 (Scheme 6)." 

;iq N;i2C03 
PhH or Phhle 

(JO - 99%) 

C = O->le, p-Me, O-OMe, p-O Me, p-CI, p-Br, p-COzhle, 2.46-tri-Me 

Scheme 6 

In this initial study. Suzuki found that at least 3 mol% of the palladium catalyst 

\vas nccessap for the reaction to proceed at a rsasonable rats and that sodium carbonate 

\vas the rnost eKective basc (as compared to SaOEt. XaOH. and SaOAc). The reaction 

did not proceed \cithout ri base present. Sc\cral advantriges aross fiom this lvork namdy- 

that the rriaction is unatEctsd by the presonce of \vater. is tolerant of manu tùnctional 

sroupç. and rhc or~anometrillic species is non-tosic. 

The rncchanisrn of the Suzuki-Miyaun reaction is outlined in Schrme 7.= The 

fust step involves the loss of t~vo ligands trom the catalyst 12 (pdladium or nickel) to 

open up h e  coordination sires on the metal to giie cornplex 13.' Pd(PPhi)4 has k e n  

the tnditiona1 catalyst ussd in this reaction. Some other catalysts show much higher 

reactivity due to fsiver phosphine ligands. which compete for coordination sites on the 

metal. These include P d ( 0 . 4 ~ ) ~  (plus t~vo triphen'-lphosphines)'4 and the phosphine Fret 

cardysts x~c~-(s;E~; jr" and [ ( q ' - ~ 3 ~ I ) ~ d ~ ~ ] 2 . L 6  



Foiio\iing the l o s  of the ligands fiom 12, oxidative addition occun with the wl- 

ieaving group 14 to produce species 15 in which the metal is now in the +? osidaiion 

state with the orientation of the aryl and leaving group tram. The oxidative addition step 

is normatiy rate deternllning" ï he  comrnon leaving groups used are halides and 

trillates. The reactivity of the aryl halide decreaxs B order Ar1 > ArBr >> A~CI;' The 

invoduction of o f l  triflates. ivliich are readily prepared fiom the correspond'uie - phenol. 

greatly hcreased the pauntial of the cross couplbg reactions?' 

In the nest step. tranmetallation between cornplex 15 and bommte 16 is 

pmposed. The FI boronic acid 17 is nor suEcirnr1~- nuclwphilic to undergo 

transmnnllation rind thus an equivdent of  base ïs required to generate the more rsactive 



boronate 16.3' ï h e  effect of the base on the Suntki-Miyaura cross couphg reaction has 

been weU documented. Suzuki demonstrated that Ba(OK)z, K3PO4, and NaOH acceierate 

the eoupling reaction and that these bases were especialiy effective for cross coupiing of 

hindered substrates (Scheme 8).3' SirniIar results have &O been obtained in the Snieckus 

laboratories.j2 An alternative set of conditions has been deve1oped for use with substrates 

that are sensiiive to the previously rnentioned bases. Thus. Wright demonstrated that the 

fluoride ion (6rom CsF) is effective in generating the reactive boronate species in the 

cross coupling rem ion." 

Schemr 8 

Isomerization O C  the mu~s comples 20 to the cis compks 2 l consritutes the ncst 

step in the proposed rncchonism." .As shoun by ~ i i l k . "~  the cis orientation is necessa- 

tiir reductive sIiminacion CO proceed to produce biaql 22 i d d e  concomitantiy 

rcgtnerating the rextive fom of the cataIyst 13. 

The proposed mechanimi (Schsme 7) of the Suzuki--ilaura cross coupling 

reaction has. as y t .  M e  eilperimental support, Ho\ve\-er. usine eIectrospra~- ionization 

m m  spectromsrq (EI-MS), Canrtc has obtained siidence for the existence of both r rms 



complexes 15 and 20 in the gas phase reaction of 3-bromopyridiine mith phenylboronic 

acid." 

2.3 Recent Advances in Suzuki-Miyaura Cross Coupling 

A major recent advance in the Suzuki-Miyaura cross couplmg reaction is the 

ability to use the commercially abundant aryL chiorides as partners. Aithough Sunik i  

originally reponed failure." Sliyaura çubçeqtientl!- has been successful in cross coupling 

chloroarenes nith aryl boronic acids using a highIy active nickel(0) catalyst ivhich was 

obtained by reduction of the nicksl(I1) catalyst (iiiCl:{dppfj) tvith butyl lithium (Scheme 

9).j6 The yields of biaryls for these reactions ivere good to excellent for a ,vide range of 

apI  chlorides and aryl boronic acids. Indolsse aIso reported the use of SiCl'(dppt) for 

this reacrion but did noi rcquirc the reducrion of the cntalyst IO obtain good yields." 

Scheme 9 

Buchn-ald h a  also made imponant contributions ro the Suzuki-Miyaura cross 

couphg of ql ch lori de^.'^ His main focus has been to develop new phosphino ligands 

for palIadium catal-sis (Scheme 10). Thus. undsr conditions of P~(O,AC)~ as the 

palladium source. KF as the base. and 26-27. and 28 as the phosphino ligands. escelient 



functional group tolerance, minunal barriers due to sterk hindrance, and reduced catalyst 

loadiigs in the range of 0.000001-0.01 mol% (mith little detriment to +Id) were 

achieved. 

CI 

pd(0Ac)z 1 Ligand 

(83-98%) R- 
29 30 

Ligand = 

Me2X 

26 27 28 

Scheme 10 

Fu and co\vorkers have also succt.ssfu& used phosphine ligands for the actiwtion 

of palladium in the Suzuki-hliyaun cross coupling of an1 clilorides. Oripinolly. Fu 

u O t' a \vide reportcd the use of Pd(dbn1; in conjunction with Ri-Bu)! for the cross couplin, 

i-ariety of -1 chlorides (32) and a p l  boronic acids (33) ( Schcme tl).'" 

1.5 mol% Pd:(dbi~)~ 
3.6 mol% P ( ~ - B u ) ~  

1.7 equiv Csfi03 
dioxnne 

32 33 (30-90%) 31 

Scheme 11 

\lare recentI!-. Fu has nported that bot11 ille P ~ ( O ; \ C ) ~ P C ~ ;  end Pd(dba);:P( i-Bu )? 

combinmions. with KF as base. effectively promote cross couphg of a diverse amy of 



yy.1, heteroql, and vinyl hlides and m a t e s  with aryl boronic acids." nie best featwe 

of this chernistry is that the cross couplings proceed at good to excelient yields at or near 

room temperature. Other interesting features that arose fiom this work include: the 

selective couphg of aryl chlorides in the presence of aryl trifiates (with Pd(dba)~/P(t- 

 BU)^), the selective coupling of aryI trifiates in the presence of aryl chlorides ( with 

P ~ ( O A C ) ~ / P C ~ ~ ) .  and low catalyst loadhgs ( d o m  to 0.005 mol%) with no detriment io 

yields. 

Solan and co\vorkers have developed new nucleophilic .Y-hetrocyclic carbenes. 

cg. ÜnidazoI-2-ylidene. 35. iigands for pakidium for use in the Suzuki-hliyaura cross 

coupling react ion." This imiduol-2-ylidenc. 35. oriiuially discovered by ~ e r m a n n ~ '  

and sometimes callsd '*phosphine mimics"- do nor dissociare tiom the metal center. thus 

elirninating the need t i r  sscess ligand in the reaction to prevent aggregation of the 

c;?talyst. Initially. Sohn showed that carbens 35 ivhen used in the cross coupling of p- 

ctilorotolut.ne (31) ~virh phsnyl boronic acid (37). yavr only moderate yields (599'0) of the 

biaq-I 36 (Scheme 12) and attributcd this resuit as being due io the sc.nsiti\.ity of the 

ctlrbent: ligand to contact ~ i t h  eithcr zir or moisturc. Hotvever- the findings thrit the 

reactive carbene ligand 35 could bc gensrated Ur  sirir fiom the hidazolium saIt 36 under 

the reaction conditions using CslCO; as base greatly increased the yields of the products 

(Schsrne 12). 



2.4 The DOM - Suzuki-3Iiyaura Cross Couplinp Connection 

As prcviously describsd (Section 1.0). th Do11 reaction is a powerful technique 

for the regiospecific construction of poiysubstituted aromatics. This protocol. combinrd 

tvith the Suzuki-Xiiyaura cross coupling reriction. greatIy incresses the scopt: of biaq-l 

s>nthesis. Snieckus originaliy demonstrated this connection by cross coupling a series of 

aql  bromides aith the -1 boronic acid. 40. derived from DoSI of .\:J=dikopropyl 

bernamide, 41 foiloived by trùnethylbomte quench- as a genrral s'nthesîs of biaryls and 

hcterobinq-1s 42 (Scheme 13)." 



Scheme 13 

Furthemore. Snieckus hlls ripplied the DOM-cross couplinç tactic to the qnthesis of 

binaphtho1s4' and polyhlorinatrd biphcnyis" and used it as a lie- step in the construction 

of natunl pmducts. including amphimedine-'6 imeluteine." dengibsinui." ismine." and 

detücogihncnrin L,I" (Schérne 14). A large scak DOM-cross coupling tactic hs béen 

employed by Dupon~5Irrck for the qnthcsis of a nonpeptide angiotensin II receptor 

antagonist. Losman i Schemc 14 1.'' 



. . 

O 
amphimedine imeluteine 

dengibsinin 

K+ 
n-Bu S-N 

Losartnn 

1 --m.- = bond formed bu Do31 1 cross coupIing 1 

.-ln interestin- \-ariarion on the Doli-Suzuki-SIiyaura cross coupling ssqiisnce has 

been describcd by kaY.'' 5 Id-halogen exchmge of bromo benzene (43) nith 0.5 

squivalsnt of rr-BuLi atlbrrled PtLi in solution nhich \vas thsn quenclied ~vith 

trirnerhylborrite (Scheme 15). Addition of Pd(PPh;),. aqueous NanCO and toluene 

tolioived by reilus gave biphsnyl (44) in 31'5% yidd. The ;id\iintage of this procedure is 

thrit the qi boronic acid need not be isohted. a usefiil consideration for unstable boronic 

acids. Ke3y has also pecfOrmed sirniiar experiments with hnns (Scheme 16)." 



1. 0 5  equiv a-BuLi 1 
THF 1-78 OC 

C 

2. 1.5 equiv B(OMe)3 
3. Pd(PPhJ), / aq NazC03 / 

PbMe 1 reflux1 12b 

Scheme 15 

1. B(Ollle)3 1 O OC - 
2. PhBr l  Pd(PPhJ), 

DME 1 H1o / reflux phK20H o TBs 

Scherne 16 

In atternpts made to obtain the wrlw boronic acid of neopentyl ester 48. (Schenie 

17) by Dohl using LD.4 as base. Caron and Haivkins obsened only rapid self- 

condensation of  nsopcnt>.l tsstcrs." .-\ solution to this problem, to ernploy the use ofan irl 

LD.4 and to a l l o ~  for the facils orrho boronation of the neopent~l ester 48 (Scheme 171. 

The boronates were isoIated as theu diethanohmine ridducts (49) ivhich. d e r  hydrolpis. 

\vue u x d  in cross coupling rextions. Similnr ~ o r k  has also been conducted by ~edso."  

Vsdso hund that LZMP \\-as an eflectke replacement for LDA and that ester. cyano- 

tluoro. and cNoro direct hg groups w r e  compatibk for orrho boronatio n thus e~rtending 

this usefùl procedure. 



2. LDA - 
(84%) 

Br 
49 

48 

1. 1.5 N HCI / CPrzO 
L- 

2. Ph-I / Pd(PPhdj 1 
3q Na2C03 / Phhle 1 
reflux 

(66%) 

Br 

Scheme 17 



3.0 The Synthesis of Fyridine Derivatives. A Brief Review 

3.1 Introduction 

Pyidine is an electron deficient arornatic heterocycle found in many naturai. 

biologically active. compounds and used i\ïdeiy in for the construction of bioactitle 

rno lecules in the p h m c e u t i c a l  indutry. Some common naturally occurring derivatives 

of plridine are p)-ridosol [vitamin B6). 51 and nicoche, 51. hmong the vanous 

commercial drugs eshibithg p)ndhe moisries are pirosicm (an ami-Sammatoy 

dmg). 53. pinacidi1 (an anci-hypertension qenr). 54. lansoprazols [treatrnent of acid 

ret1u.u disrrise). 55. and tanrotene (art anti-psoriasis drug). 56, P>-ridines are also 

constituents of herbicides such as paraquat. 57. and diquat. 58. 



Pyridine is an excellent polar apro tic solvent, a base (pKa = 5.23), and is often 

used as a donar ligand in metai c ~ r n ~ ~ e . u e s . ~ ~  A mi\.rure of pyridine bases constitute 

about 0.2% of coal tar, which can be extracted with acid and separated, and several 

simple a b 1  (methyl and ethyl) plridines can be obtained Eom the carbonization of 

coal.j7 This source of pyidines has k e n  superseded by synthetic routes. Some selected 

examples wiii be detailed in the nea  section. 

3.2 Pyridine Ring Synthesis 

3.2.1 The Hantzscli Synthesis 

The vencrable Hantzsch s>nthesis invohes the reaction of  an aldehyde and 

m o n i a  with 1.3-diccirbonyl cornpounds 59 [Schcms 19).'~ providing an excellent route 

to s~mnietricaIty substituttid l.4-dih!-drop!ridincs 62.  If ammonia is replaced nith 

anunoniiim acetate in acetic acid, the resultant 1.4-dihydroplridine is easily aromatized 

by nitric acid or nitric oside. '~chrme 19 depicts an esmple of the Hantzsch qnthesis. 



3.2.2 The Krohnke Synthesis 

Sidarly to the Hantzsch syntheis. the Krohnke synthesis involves a conjugate 

addition as the major step in the reaction?' However, in this case it is the conjugate 

addition of a pjndinum ylide (fiom the reaction 63 with base, Scheme 20), to an a$- 

unsaturated carbonyl compound. 64. This directly leads to a 1.5-dicarbonyl -stem 65. 

which is already in the correct oxidation state for cyciization upon treatment with 

amrnonia. to the fÙUy aromatic pyridine, 66. This sytthesis aUow for the construction of 

p'ndines wirh substicuents at the 2-. 1-. and 6-positions. 

0 base 
B i + P h %  - 0 hph w 4 0 A c ~ f i ~  

+s 
C112COPh COPh Ph Ph 

O O 

3.2.3 The Diels-XIder Rcacfion 

The Dicls-.Jder rcaction has also been succcsstùlly used for the ge~ieration of 

pyridines tiom cyclic azadienes and electron rich al6:nes or rilkènc~.~' St.lrzctd 

esamples are shoun in Scheme ~ 1 . ' ~  In aU cases. tn-O reactions are involved: a Diels- 

Alder and a retro-Diels-Xdsr. o w d l  producing a stable smdl moIccule and generating a 

pyridine derivative. The rnethod is quite versatile and provides a wide variety of 

substituted pyïdines. 



Diene Dienophile Conditions Produn yld. % 

Scheme 21 

3.2.4 Other Sptheses 

O x Electron electrocydic ring dosurr rsacrians (Schrmc 12." and Schenie 23") 

ha1.e provsn to be iuccssstùl for the construction of the pyridins ring. The method 

illustrated by Scheme 22 is b m d  on the reaction of Uninophosphorams. 64 tvith carbonxl 

compounds. 68, in nhich the initial product, 69. undergoes c>clizrition tvith the ioss of 

Hz. to the py-idime derivative. The reaction iIIustrated by Scherne 23 in~olves the initial 

displacement of Jimsthyiaminr, 71 to 73. ivhich. afier a 6 ;E dectron rùig closure and 

elimination o f a  second rzquivdent of dimethyIaminr. Ieads to the pyidine derivative. 74. 



Scheme 12 

-- 
Another interestiig approach invohss the combination of a1kynt.s ::, and nitrilcs 

under cobrtlt(1) catalysis to produce p!~idine cicrivxit-es 78 and 79 ~ i a  intenncdiures 76 

and 77." f The main dmvback of this rnethod is the fornarion of isomeric mistures of 

products ivhen monosubstituted aca? lents are ussd (Schemr 24). 



Scheme 24 

The foiioni~g section ivill deal ivith methods for the functionalization of  the 

pyidine ring. 

The chsmistq of the pyridine ring can bç idcdly describcd by threr. main k tors :  

the distribuiion of charge in the ring. etTects of substituents. and stcric edecrs. The 

calculated z-cleccrron dsnsity in p~id ine  (Scheme 25)  alloivs appreciation of the 

1.426 

Schsrne 25 



!We electro philic aromatic substitution is widely practiced in the 

hnctionahtion of aromatics, this technique sees Limited use for the preparation of 

substituted pyridines. The main result of a reaction between pyridine and an electrophile 

is coordmatiodcompkxation of the electrophiie with the Ione pair of elecrrons on 

nitrogen. This rnakes further electrophilic chemistry dficult  as  the electrophile mus1 

now react with the eIectron deiïcient psridinium species or the minute amount of 

uncomplexed p>-ndme present. The highest x-electron density at C-3 dictates 

elsctrophilic substitution at this position. Friedel-Crafis akyation or acylation is rare for 

pk-ridine. The presence of slectron donating groups on the pjTidine make the ring more 

susceptible to elecirophilic attnck and such goups direct electrophiles according ro 

classical el~ctrophilic aromatic substirution rules. EIectron tvithdrawing groups fkther 

deactivate the rins toivards eiectrophilic artack. Pyridhe .\'-osides undergo electrophilic 

aromatic substitution as ivill be discussed later (Section 3.3.2). 

NucIeophilic aromatic substitution chsrnisty is more amenable ri, p>-ridine m i  

p!~id*ïe systerns. The pr&entiaI attack of nucleophiles can be rationalized b'. 

consideration of the ;c dectron dsnsity data and the srabilking eEct  of the nitrogen. 

Uhtn the p~ridinê nitrogen is quaternizsd, attack k more facile and characteristically 

occurs rit (2-2. Substinmts on the ring may also affect nucleophiIic attack, ELrtctron 

cionating groups deactinte the rine. xhile electron tvirhdrasving groups activate the ring. 

Uhen there are ieavinp groups at C-2 or C-4 the addition-sluriination mechanism is 

followed (Scheme 26). However. t h  C-3 position in pyidine is relativeIy inert to 

nucleophilic attacL 



Schemr 26 

The other powerhl tools for the functionalization of pyridines are metalaiion 

(lithium-halogen eschange and DoSn and cross coup lin^ techniques. 

The foiioising sections \vil1 deal tsith selected esamples of the functionaiiition 

of the carbons in the p>-ridine rings. .\-Functionalization u-il1 be deait tvith only in 

conjunction nith C-fùnctionalization. Electro philic and nucleophilic substitution 

chstnistn. tvill bt: addresssd dong lvith meralaion. includuig DolI. and cross couplkg 

tt:clmiques. 

3.3.2 Elcctrophilic Xromatic Substitution Mcthods 

-4s discussed in Section 3.3.1. functionaliza~ian at C-2 in p5ridine by elsctrophiIic 

aromatic substitution is not possible. Hoivever. Xbramovitch and Saha have reported on 

the nitration of 3-dhet~lamuiop~~idUie.  80 (Scheme 27). in loiv yield. under harsh 

conditions. to give either the 2- (81) or &nitro (82) derivati~es!~ 



Schsme f 7 

70% HN03 
86% HzSOl 

ElsctrophiIic aromatic substitution at C-2 is more readiiy achieved for a k o y  or 

NMe2 a 

hydroil~ pyridines. For ssarnple. 3-hydroqpridine rnay bs brominated in aqueous 

u rea 

sodium hydroside to gite 2-bromo-3-hydro~?p>ndine e~lusively!~ 

EIsctrophilic arornatic substitution, although carried out under harsh conditions. is 

(8 %) ~ ' " "  N 8 1 NOz 

a common rnothod for the preparation of 3-substituted pyidines. For instance. pyidine 

N 

(83) m3y be seIocti~çIy chlorinatsd in the 3-position (85) whçn trearsd tvirh chlorine and 

HNOj 

Similady. 3-bromop~-ndie may be prepared by the reacïion of bromine in 

hming suIfiinc acid at 130 O C .  Sitration ot'p-rïdine is also possible usine a combination 

fl 

of dinitrogen pentoside and suifbr dioside at Iess chan O O C  (Scheme 291.6' Suffonation 

80 

does not occur un py-idine. as it % bèIieved that the s u h r  trioside coordinates to the 

NMe2 

pyridine nitrogen and does not react hnher wiïh the ring" Hoivever. sulfonation does 

26 

HOAc 
(8%) OzN N 

82 



occur on 2,6-di-r-butylpjidine and this success is attributed to the steric bulk at nitrogen, 

preventing s u h  trioxide coordination (Scheme 29):' 

Even though Friedel-Crafis chemistry is rare for pi-ridines. the Friedel-Crafis 

a-lation of 3-ethoqpyridine (89) has been reponsd (Schsme 30) and predomhantly 

cives 90," 
b 

S9 9 O 

Sclieme 30 

Pyridine .Y-oside does not undcryo nitrririon in the 3-position. On the other hand 

the presence of m esIecrron donating group promotes nitration as in the case of 2.6- 

dimet hox-pj-ridine .Y-oside. Hoivever. tiith this substrate. it is die?cuk to O btah the 

mono-nitrated product as dinitration predominates.?- 

GeneralIy speakuig. J-substituted pyidines are not readii accessible by 

electrophilic chemistry. Even ïi-hen activating groups. ivkch direct orrlto.;Ilara. are in the 

;-position. dsctro phiiic substitution goes h t o  C -  or C-5. Sitrat ion of pl-ridine -\--osides 

is the exception to this mk' Thus. the nitration of pyidine .\=oside (91) procerds 



smoothiy in a combination of funhg nitric and sulfùric acid (Scheme 31). ïi-ie N-oxide 

a a route to cm be removed with either trichIorophosphine or nitrous o'cide, thus providin, 

3.3.3 Nucleophilic Aromatic Substitution Methods 

Suclrophiiic aromatic substitution chsmkrry on p>-ridines ri1lows C-2 

hnctionalization. One of the most \ d l  knotvn reactions for C-2 tirntionalization is thc 

Chichibabin renction (Schtlme 3~)~"-'' The rcaction is spscific for C-2 attack and only 

when both C-2 positions are blocked doss rhe mination p rocsd  ar rhc J-position. 

Orgmofithitiurns are also knum to add te the C-2 position of pl~idines (Scherne 

33).'" The intemediate (97) of this reaction undergoes aromarhtion on hsating to lead 

to 2-substituted pyridines (98). If an sscess of orgrnolithium is used, 2.6-disubstituted 

ovridines (99) predominarc In an interesring variant the intermediate (97) may aIso be . - 
rrapped with elscrrophiks to give 2.5-dmbstiruted p~ndines ( 100). 



P!~idine .\-osides undergo nucleophilic attack at the C-3 position upon treatment 

Ivith an e[ectr~~hiir . '~  Evsn tholrgh the initial rracrion is electrophilic. the attack ar rhr 

C-1 position is nuclsophilic. For esample, the reacrion of pl-ridine .\'-oxide nith POCI! 

lsads to 2-chlorop>ridine in 43.6 yidd ivith 10% of  the C-4 substituted product (Sclieme 

31). P!-ridine .Y-osides undergo rextion in a sirniIar manner IL-ith ncetic anhydride to 

Sc heme 3 J 

Hdides in the ?-position are susceptibIe to displacement by nucIeophiIes such as 

haiides. hydrazine. thioIate anions. and stabibilizsd carbanions. following an addition- 

elimination rnechanism (Scheme 39." .h interesring e.mpIe is the reaction of - 

brorno and 7-mrthanesuKonylp~ridins (104) nich triphen>-Iphosphonium methylide i 105) 

ro the nabiiizeci b?itig )-Ede ( 106). tvhihich hoivctier. hîs no r k e n  ividdy u~ed.'~ 



Scheme 35 

A method for C-4 cyano tuntionalization invokes treatment of 107 with Et1 to 

give 108 foiiowed by cyanide substitution and ethanol elimination to d o r d  109 (Scheme 

0, %n 50°C/ KCN 1 h & 
S +  CH3 $+ CH3 60% N CH3 
1 
O ,  

I 
OEt 1- 109 

107 1 08 

Quatcrnization of rhc. pyridinè n i t r o p  makes the ring more susceptible to 

nucleophilic attnck. KatritAy and cotvorkers hait  de~doped a p~l-idinium spccies. 110. 

thoi is readily attacked by s variet! of nuclr.ophilts to $ive 111 and subsequently 112.s0 

The goup on nitrogen hris tn-O purposes: it is bulkj- enough to inhibit rittack nt C-3. )et 

activnting the C-4 position. and it is a good lea~ing group for ring re-aromatization. afier 

the initial ctttack. Katrit* found that a b 1  and a~hagnesiums. enolates. and thiols 

r e a d l  form C-4 substituted products in ~ i d d s  p a t e r  than 80%. 



111 

Scheme 37 

In an approach to azabiaqh S b o  and coworkers showed that .V-acyl pyidinium 

snlts 114. prepxed in situ. upon rreatmenr aith mked copperlzinc -1 nucleophiss ILS. 

cive dihydr0p)ridines 116 which. upon aerial oxidation affàrd pyridines 117. in moderate - 
!-ields.fl In tlvo cases ( R I  = +CS. R' = COLXLe and R' = 4-COible. R' = CN) tvere C-2 

substituted products obtained in less chan 10?6 lield. This method is an alternative to 

cross couplhg protocols discusssd in Scction 3.3.5. 

-3 j "c 
THF - 

th 

R: = &CS. 4 - ~ 0 ~ 5 l c ,  2-~0:31e 116 
R' = H, >le, F, Br, C0231e, 051c, CS 

Scheme 38 



3.3.4 Metalation Methods 

Metal-halogen exchange and DOM methods have been invaluable toojs for the C- 

2 hnctionalization of pyridines. 3-DMG substituted pyridines undergo metdation in the 

C-4 position.82 There are, however, some exceptions. When 3-fluoropyridine (118) is 

metalated with u-BuLilDABCO in EtzO at -75 O C  fbIIowed by TMSCI quench. the 2- 

siiylated product (119) is obtaind as the major product (80%) with Iess than 0.1% of the 

4-silylated product (120) (Scheme 39).*' If the conditions are varied (Le. daerent 

solvent or additative) miSures of the 2- and 4-silylated products. 119 and 120. were 

~btained.~' 

Schems 39 

C-7 Do11 h a  also bern observed for 3-trüiuoromethyl pyridinr.s' ;-.ALkoq 

substituted pyridines also ma! undcrgo C-7 deprotonation." Thus. hne thoq.  -ethoq-. - 

butoq. and -bet-&os!. groups hate 311 allowd funcrion;zlizarion ar C-2 with a variet>- o f  

t.1ectrophiIes (Scherne 40). 



2. EtOD 
I 

1. O-BuLi / TMEDA I ooR THFI-40°C 1 

E = AsMe:, CHO, 
Et2C(OH), 2- and 

(27-65 O h )  4->lc0C6H,CH(OH) 

Scherne JO 

Other )-DIICI pyridines that normally direct ortlio mstalation into the C 4  

position. e.g. OCOXEt: (126) and OL1051. can direct into the C-2 position if the C-4 

position is Grst blocked ivith a d y 1  protecting group (Scheme JI)." This procedure uses 

Doli tivice. tirsr. to install the protecting group and second. to install the C-2 

tùnctionality. 

Scheme 4 1 

In a unique stud- Sianin showd that quatrrnization of the pyidine nitropen in 

129 \vith hcsatluoroacetonr creates a latent DMG on nitrogen (120) thereby promothg 

3 3 



DOM into the C-2 position exclusively (Scheme JI)?' SimiIarly, N-oxide 132 

coordinating with hexafluoroacetone directs metalation into the C-2 and C-6 positions to 

give products 133 and 131. 

Scheme 42 

Sieben and CO-~iorkers have successfully metalateci 7.2'-bipl~idhe 135 (Scherne 

43) in the presencc of 3 mi\nure of dieth! Iimcthosy~bor,ns and LD-4 to produce 6.6'- 

bis(dicthy1bo~t)-2.2'-bip'ridine 136 and the nanû-boronated produc* 137. albsit both in 

loiv !ield~,.~~ This is an esmple of an Nr sirrr rnctahtion-boronation simiix to chat 

reponsd by Caron and Ha~vkins (Section 2.4). Boronated pi-ridines 136 and 137 wre  

used as ligands for formation of copper cornpleses. 

Scheme 43 



Lithium halogen exchange may be employed to obtain reactive Lithiated pyridines 

which mas be quenched ~ l t h  electrophiles, For exarnple, treatment of 3-bromo-2- 

fluoropyridine, 138, ivith one equivalent of n-BuLi at low temperatures for a short tirne, 

foiiowd by quenching uith acetone, yields 139 (Scheme J J ) . ~  There are complications 

with Lithium hdogen exchange especially of polyhalogenated pyridines, however, such as 

halogen scrambling. which leads to unwanted side products." 

Br 1. n-BuLi 1 Et20 
-60 OC 1 5 min 

2. acetone 

138 (9OYo) 139 

Scheme 44 

The Dohl reaction may also bs used for the functionaliation of the 3-position 

because both DMGs in the 3- and 4-positions ni11 direct the mstalation into the 3- 

position. For esample. \vhn 4-pyriJylosazoiiie is treatsd lvith \leLi followed by 

quenching with various slrctrophiles. a series of 3.4-disubstituted pyidines are formed. 

(Scheme 4%" If either ,?-BuLi or s-BuLi \\.as usod as the base. aiIqiiithium addirion 

products (at C-6). Lvere also obstirvcd. 

1. MeLi 1 THF I -78 OC ' -78 to 0 OC 

3. E+ / -78 OC 
S (5243%) 

E = Me, Et, allyl, CH(OR)Ph, C(OH)Ett, CHO 

Scheme 45 



The N-pivaloylamino DMG (142) has k e n  used extensively to introduce a wide 

range of fünctionality into pyridines (Scheme 46):' It is ke ly  that the N-deprotonated 

lithio species aids in the ortho deprotonation. An excellent feature of the Ar- 

pivaloylamino DMG is its facile hyirolysis with 3N HCl to the primary amine, thus 

allowùig for tùnher functional group inter conversion^^^^ An application of the use of the 

h~pi~doylamino DMG is in the Madelung sjnthesis of azaindoles (146) (Scheme 47). 

Thus. treatment of 144 with n-BuLi followed by Met quench gives 145. which upon 

lateral metalation and subsequent cyclization gives indole 146. 

E = O. CHJ. CHO. COIH. COIEt. RCH(0H). PH2C(OH), S3le. Si31eJ. I 

Scheme 47 



AU halogens act as DMGs in pyridine DOM chemin$' Some representative 

esarnpIes of the types of fitnctionality that c m  be introduced into +fluor0 (147) and 4- 

chloropyridine (148) and conditions necessary are iiiustrated in Scheme 48. 

Hal Hal 

) Halogen Base Conditions E ?Id, Oh 

F n-BuLi A C(OH)hIer 65 

F n-BuLi A ThfS 75 

F LDA B CH(0H)Pb 65 

Cl n-BuLi A C(OH)Etz 60 

Cl LDA B Ma 70 

Cl L D  .A B CH(0H)Ph 90 

Cl LDA B TMS 70 

A: 1. TMEDAI Et10 o r  THFI B: 1. E ~ ~ O  O ~ T H F  f oOC 
- 60 OC to -2 O "C 2. cool to -70 OC 

2. cool to -70 OC 3. E' 
3. E- 

Scheme 48 

>[etal-halogsn eschange c3n be an ètTtctivc means to regiospecificaI1y introducc 

elc.crrophilt.s into C-4. hochel  and cou-orksrs reported a highIy sslectivr: iodinc- 

n~agnesium eschange on 4-iodopyridines 149 (Scheme 49):' The resultant Grignard 

species \\-as qumched with a sclection of electrophiIss to givs products 150. This 

methodology \.as also appkd to nide variety of heteroc~cles (imidazoles. furans. 

thiophenes. pyrroles. antipyrines and uracii) and one of the key and surprising aspects 

\vas that a nide range of hnctional groups were shonn to be tolented ( e g  CO'R, CN 

and CI). 



H CSHI lCHO CH(OH)CSHII 85 
H PhCHO ~ ( O H ) P h  92 
H d1y1 bromide allyl 85 

COzEt TosCN CN 55 
COzEt PhCOCl COPh 81 

Scheme 19 

The Dohl reaction is applicable for the C-4 hnctionalization of pyridines. 

Generally speakig. 3-DSIG containine ring systsrns ivill give rise to 3.4-disubstitured 

systems. The exception to the previously discussed (above) 3-alkosy DMGs direct 

metalrttion into the 2-position. Queguiner shoived that the 3-piperidyl sulfonamidr. 151- 

upon rnetalating nith sscess LD:\ f ~ l l o w d  by tAwtrophilc quench. gives 152 in 

moderate to escellent !.ields (Schsrns 50). '' This rnsthodology \vas also appIied to the 

corresponding 2- and 4-aulfonarnidss to give the corrc~ponding hubstituted products. 

E 

1. xs LDA 1 E@ 1-73 'C 

4' 151 2. E* - &"O ?i 152 

(41-9S0/D) 
E = D, 1, TJIS, PhS. CHO, COLK, C(OH)Ph2, C(OH)Et2, CH(OH).\le, 
CH(0H)Ph 

Scheme 50 

.An interesthg result is obtained ivhen the DSIG is an O-carbarnate. Treatment of 

126 ivith s-BuLi foUowsd by ivarming to room temperature results in an anionic ai-riz0 



Fnes remangemeni to give 152 (Scheme 51)"' Analogous reactions are O bserved for 

the 7- and 4-O-carbarnte. 

CONEtz 

0 1.s-BuLi THF / /Tm" -78 O C  

O v 
N (JO %) 

Scheme 51 

3.3.5 Cross Coupling Methods for the Synthesis of Arylpyridines 

Transition meta1 catalyed cross couplhg reactions have revohtionized the 

s>mhais of He&-He[-.*. and miwd Ar-Hetrir systern~.'~ The availability of al1 

halo p yridines and met al-haIogen eschange procedures have made it possible to consider 

pyridine derivat ives bot h as Hethkt and Het LG partners. 

For pyridine O-carbanates9' or 5-thiocxbamare?' cross couplhg ivith an a ~ l  

Grignard ceagent in the pressnce of a Si(0) catdyst may be achkved (Scheme 52). 

2 cquiv PhMglY 

5 mol U/o S i ( a c a ~ ) ~  or  
SiC12(PP h3)2 Ph 

153 ISJ 
D a r c  = ocox~t, (30-80%) 

SCONEtz (55%) 

Scheme 52 

Application of cross couphg leadmg to hetero-1 substituted plridines has aIso 

been an active EeId of qnthesis. Thus. an interesthg esarnple Eom the Snieckus 

laboratories has shom that -V-TBS 5-O-carbarnate indole. 155. ma? be regiospscificd1~ 



metalated in the C-4 position using standard conditions. Transmetdation to the boron or 

zinc species followed by cross coupling under Sunilci-Miaura or Negishi protocols nith 

3-bromopyridine yields 156 and 157 respectively (Scheme 53).P6 In this case, the 

Negishi reaction proved to be the superior method. 

1.s-BuLi/TMEDA/ T H F I  -72T 
rn Et2SOC0 

2. B(OJle)3 

3. ~ 3 0 '  Pd(PPh3)4 1 DM E 
$& 0 S I 

211 SazC03 / IJ h '- Q ~i . \ le iBu 
156 

Br (19%) 

b i ~ l e l ~ u  
155 

1. s-BuLi / TSIED.4 ! THF J - T C  
c EtiSOCO 

2, ZnBrl 
# & S ~ i . \ ~ e i ~ u  I 

t 57 

The use of pyridine boronic acids for cross coupling reactions is quite rare. Thus. 

Dimich-Bucliecksr and CO-tvorkers reponsd the cross couphg of 158. prepared by rnstal 

halogen eschange and trimethyiborate quench, with 159 to give 160 tvhich was hrther 

con~erted into 161. a possible ligand for copper (1) or iron (II) (Scheme 54)-9i 



Thc Stilr remion h3s been uscd in the cross coupling of pridines for the 

croascularine rikdoids ehibit c>totosic acitivity and thus theu s\nrht.sis (and rinalogues~ - 
could prow useful in studies of the? mode of action and possible pharmaceutical 

applications. In this sj-nthesis. the polytuncriornlized pwdine. 163 !vas cross coupied 

with the q l t i n  species 162. a reac.ction n-hich a h  chotvs. not unespectedi~, chat the 

bromo substituent is more reactive thm chloro. The Negishi reaction invohming a 3- 



Sa H 
Fngment o fGrossui~d0~  

DMF 
(45%) 

Cross coupling merhods. into th pyridim: C-4 position has ben demonstraed rio 

rïitunl producr synthetic ixgcts. Thus. Snieckus and Quîguinér hwe borh used a 4- 

cliloropyridirrr (167) and a 4-chlorop>ridine .Y-oside (170). in ihe sythesis of n key 

nioëty i 169) of certain marine akaloids.'" Th& rtiidy employed the Suzuki-SIiyaun 

cross coupling ûs the k q  sup  in the synthesis ol ihr  hi-1 (168) ivhich is not isolnted but 

undcrgoes cylizniion during rhc reaction io give ilie benzo [c][6.7]naphth>nduione ( 169. 

Schcme 56). The pyridine .Y-oside 170 also undergoes cross coupl i i  with 171 to gke 

171 ivhich rnay bs dmq-gènated ro give 169. 



171 

Scherne 56 

Kelly and co\vorkers have used the Stille reaction as a key step in the? spthrses 

of  rhs closely related akaloids schurnannioph>~ine ( 173) and isoschumannioph!6x 

(174) (Scheme 57).'" The nicotinic acid derivative 175 acts as a common intermediare 

lor thc syntheses of both cornpounds. derived b>- rnctalarion techniques. Both of thc 

palladium carnlyzed cross couplings proceeded in rnodente yields to give 176 and 177. 

Subsequent amdard steps kad to schurna~iopiptine and isoschrunannioph~-tine. 



175 Scïled tube 121 h 1 I I  
(50%) OH O 

PdCII(PPhJ)i 1 Dio~anr 1 115'~ 
Sealrd tubc 1 4  d Br 

(36%) 0 A c 0  

Schsrne 57 

Qucguiner and coivorkers have combined Do11 and S uzuki-Miyaura cross 

coupling methodologics in the sytlissis of inodcls for thc nkaloids Streptoniçrin i 1 ÏS l 

and Lm.endam>cin (179) (Schemr. 18)."' In iheir w r k  borh the 4-iodopyridine (180) 

and the rinlboronic acid (181) derivatives iiws deriveci fiom DoSI chernist~. The 

Su-mki-Sliynura cross coupling of 180 iiirh 181 gave the C and D ring prcursors (182) 

for the n~odsl sytheses. 



Schemti 58 

.Qother ssarnple of the Suzuki-Miyaura cross couphg reaction invohing a 

p ~ i d y l  boronic acid h a  been conducted by Hal- and coworlter~.'~' Hal- reponed 

the cross couphg  of d-p>-ridyl boronic acid (183) with -1 bromide (184) to give 183 in 

61?6 l-ield (Schsme 59). This was the Le! step in the synthesis of compound (186) ~ E c h  

n-as ussd for serotonin recepcor studies. This esmple is quite rare &ce, for cross 



coupiing of pyridine systems, the pyridine ring usuaiiy contains the Ieaving group and not 

the boronic acid. 

S g u y  and coworkers have used a nickel catalyzed reaction (Kurnada cross 

coupling rextion) b s t w e n  4-bromop'ridine (188) and a q l  :risnard (187) to rive s 

irhich iu tnnsformrd into 5-(4-p)~idyl)salic)-lslde-des (190) (Scheme 60). '~' This 

rcaction is important as it demonstrates that. n o n d l y  unstable 4-broniopyridines (as tiee 

bases) may be cross coupkd. The rerison hr the synthssis of 190 conccms its application 

for the construction of cyclic siipramolscular srrucrures. 

Scheme 60 



4.0 Results and Discussion 

4.1 Goals of Research 

The range of commercially available aryl boronic a ~ i d s ' ~ '  is increasing due to the 

popularity of the Suniki-Miyauri cross coupling reaction Pyridyl boronic acids. 

especialIy îünctionalized pyridyl boronic acids, are of ümited avaiIability due to 

di5cuIties in preparation 1 isolation by con~entional methods. The goal of this research 

is the development of a new method for the prepararion pl~idyl boronic acid derivatives 

and their use in the Sumki-SIi~aura cross coupling reaction. 

1.2 Conception of Methodology 

The Dohl of aromatics and hctcroaromatics is a central t h m e  in the Snieckus 

luborarorirs, A s  described in Section 3. pyridines conraining DSlGs are readily metalarèd 

and quenched nith emxnal rlcctrophiles to g i ~ c  sub~titutcd p~idlnt .  dcriviltives. There 

is. h o n a m .  a DSIG. .\lY-diethylcarbos3~det' that is iincooperati\-e ~ h e n  ir cornes to 

siandard mctalation fi Ilou ed b!. clectrophilé qucn~h.'a6 Larkin found thrit trcaring .Y.\- 

dierhyIpicolinarnidr: 191 n-ith LDX at loiv tempemures. bllontd by easrnal electropliile 

quench, does not rifford the desircd 2.3-disubstituied pyidine. 192 (Scherne 61): but Ieads 

insrrad to the self-condensed product 191 in high yis~d.'~' ApparentIy. Uicomplete 

metdation Ieads to anion 193 tvhich undergoes attack on the amide of the starthg 

material to give 191. 



1. LDA 

Scherne 6 1 

The ideal solution to this problem is to intercept the lithiated species as it is being 

fornicd ivith on elccrrophile. in other ivords. an in situ quench This ivould require an 

clcctrophik rhat is compatible uith LDA. >latin demonsiratcd that TMSCI is 

compatible ivith liihiurn amide bases iLiTSIP and LDA) and does function as an i i i  sirri 

TIISCI \vas trsatsd iiirh LD.k the 3-dylated product 195 i-as obtained in escelient yieId 

ivith no tncé ofthe condcnsed product being daected (Scheme 6?)."' 

1. ssT;\ISCI/ 

E t 2  
2. LDA 

191 O (83%) TbE O 

195 

Scherne 62 

( 191) \vas to obrriin a derivative for cross coupling in a projecred syntheis of ergot 

akal~ids. '"~ Howei.er. attempts to manipulate ( Î p m  bromodrdyhtion) the s@l p u p  of 



195 into a group for cross coupling failed. The appearance of the publication of Caron 

and ~awkins" at this t h e  offered a potential solution to this problem. These workers 

discovered that triisopropylborate was aIso compatible with LDA and performed nicely 

as an itz siru quench for DOM reactions of neopentyl esters 48 to give, after treatrnent with 

diethanolamine. borazine products 49 (Scheme 63). 

1. LDA I rs B(Oi-Pr)3 1 THF 
-78 OC + O OC 

Scheme 63 

U'ith this information in hand. L a r h  shou-ed that the in situ metalation of .\LI'- 

diethylpicolinamide ( 19 1) in the presence of escess trüsopropylborate Ied. afier osidative 

ivorkup. to the hydrov pkridine, 199 (Scheme 61).'07 The reaction was cstendcd to 

prepnre substitutcd cases. 100 and 201. The reaction proceeds i-iir intermediate 198 ivhich 

undcrgoes a Bacyer-Villiger i)Qe osidation to give the hydroq compounds 199-201. 

Larkin transforn-ied the hydroxvp\-ridines into the corresponding triflatss for ine as cross 

coupling prirtnrrs in studics towards the v t h c s i s  ofergot alk;il~ids.'~' 

Scheme 64 



4.3 General Synthesis of Pyridine Pinacolborolanes and 

Dioaoazaborocanes by il1 situ DOM Reactions 

In view of the success of the above in silu DOM reactions (Scheme 64), a general 

study of pyridine DMG vstems was undenaken. The aim of the research was to proside 

new methods for the prepmtion of plridine boronic acid derivatives as stable pinacolates 

or diethanolamine adducts and to develop their Suzuki-Mipura cross coupLng chemistp 

thereby ovcrcoming Iünitations prei.iously experienced aith pyidine boronic acids 

thsmselves. 

In uiitial esperirnenrs. a mi~ture of pl+ridine 202 and triisopropyl borate ( 2  squiv) 

in THF ivas treated ivith LDA ar O Cor 15 minutes. Subsequent treatment of the 

reaction mi\;ture ivith pinricol or dicrhanolamine aKordcd rhe boronated adducts. 203 and 

204. in moderate yieIds (Scheme 65).  In the case of the pyidine O-cnrbamatc 204f. the 

mement. rcacrion \as carricd oui ai -75 'C to avoid anionic onho Frics reman= 

The amount of LDA ussd \vas substrate Jcpendanc and \\*as determincd by 

monitoring the rcaction by TLC. Initiall: 1 cqukalent of LDA n a  added to the reaction 

rnistrirc: dxc.qucznrl~ O. 1 sq~rit.nIent portions i v m  addsd uniil the srarting mareriai \\.as 

consumed. ris indicated by TLC. 



Prelious esperirnce in our laboratories suggesred the use of pinacol and 

diethanolamine derivatives for isolation and pudication of the pyïdine boronic acids. 

Thus. the purification of pü~xo l  deriutives of boronic acids by flash column 

chromatography has been e~rablished.'"~ Howevér. in the case ot'?OJn-203c purircation 

of  the crude remion material by flash column chroniatography using eithsr silica gel or 

alumuia was U ~ S U C C ~ S S ~ ~ .  Consequently. riII the crude products rvere pur ikd by 

recr)s~alIization fiom dichloromsthane,niesanes. a procedure rrhich possibly accounts for 

some of the loiver yields of products. GeneraUy. the diethanolamine derivatives were 

more crystalline in nature than the conesponding pinacol derkatices. However. the latter 

have one advantage over the diethanolamine derivatives. in that they may be used directIy 

in Suzuki-Miyuara cross coupling reactions. 



For 3-bromo or 3-cyanopyridines, application of the in situ quench procedure Ied 

to Uiconclusive results. Running these reactions at -78 OC, instead of O OC, did not 

change the outcome. In each case these ceactions gave dark oils which resisted 

pufication Speculations for these results include pyridyne formation (in the case 3- 

bromopyidiiej, and additions (for 3-cyanopyridine, to either the cyano group or the 

p>-ridine ring). 

As an aside. the use of ,Y. h~di i~opropyl for rn~de  (205) as an in situ electrop hile 

was tested. Hoivever. the treatrnent of a mixture of 2Otb and 205 (Scheme 66) with LDA 

afforded. instead. product 206. tvhich is believed to arise Corn the LDX deprotonation of 

.Y. :..\idiisopropyLformadie followed by diethylarnine displacement. .A brief literaturr 

w m h  showd precedent for this tlpe of reaction'09 and ninher investigations ivere not 

performed. 

1. 1 
t i  S(i-Pr): / T E I F / O  OC 

'Tt2 IO5 
S(i-P r) 

1023. O 2. LDA 206 O 

4.4 Connection to Suzuki-hliyaura Cross Coupling 

Havïng established the in situ DOM process for a variety of pyridines (Scheme 

65). its application to the Suniki-3,fiyaura cross coupling ceaction tvas pursued- 

Difficufties in isolation of the pinacolates and diethanolamine adducts in high yields 

s u g x s x l  the use of an Nt situ SuzUki-Miyaura cross coupline procedure. 



The £irst set of eqerirnents were performed on the nicotinamide derivative, 202b 

(Scheme 67). InitiaUy, 202b tvas subjected to metdatation with LDA in the presence of 

tnisopropylborate, and the resuItant mixture ivas concentrated in vacuo and the resdting 

residue was dissolved in toluene. To this solution iodobenzene, Pd(PPh3)~, and aqueous 

Na2CO3 were added and the reaction mixture was refluxed for 18 h. GCMS indicated 

that on& a trace amount of the desired product. 207, togaher with biphenyl ( h m  

homocoupling of iodobenzene). 208. and protodeboronated material t02b. Since 

protodeboronated materiai ?O?b arises fiom aqueous base bdrolysis." the next set of 

esperiments w r e  conducted under non-aqueous conditions. 

1. B(Otï"r)3 1  THF 
~ . L D A I o O C + ~  

Base C a t a l y t  Solvent 207" 203* fOtbf 

' by GCXtS a not conccntnted after metahtion 

X = not prcsent by CC31S \/= prcsent by CCMS 

Scheme 67 

Entries 2. 3. and 4 (Scheme 67) represent attempts at non-aqueous Suzuki- 

l\lîyaun cross coupiing reactions, In aii these cases. no desired product (207) was 

dstscted and oniy biphenyl and protodeboronated material w r e  detected by GC.3'rIS. 



The protodeboronated product rnay arise due to presence of water in the bases (not dried 

More  use). Varying the base. catalyst. and solvent had no effect on the outcome of the 

reaction (see Scheme 67). 

Based on the speculation that the diisopropyl boronate 209 is too hindered to 

undergo cross coupling, the correspondhg pinacolates 210 and 203b were tested. 

Thus. the ptiacol ester of  4-p!~idylboronic acid. 210 and the pinacol ester. 203b. 

derived Eom the in siru boronation of .\: .Y.-diethytnicotinamide were subjected to 

stmdxd Sumki-5Iiyaun cross soupling conditions. Grat*ingl> both undcnwnt cross 

soiipling to givs 21 1 and 107 respsctivdy in good yields. 

O ,  ,O Pti-1 ( 5  equiv) 
B aq. SarC03 (3 cq uiv) - Pd(PPh3, (3 mol %) 

PhMe l rcfiur l IZ h 

210: DMG = H 
103b: DJIG =COSEtz 

Scheme 69 

211: DJIG = H (65% Jh) 
207: DJIG = COSEtl (88%) 

Encouraged by these results. pinacol treatment \vas added to the esperimentd 

protoc01 as follon-s: a misture of the pjridine subnrate and triisoprop-lborare, in THE. is 



treated with LDA until the consumption of the starting material is complete. The reaction 

mk-ture is then treated nith pinacol and afier 15 minutes concentrated in r.aczio. The 

resulting crude material is subjected to standard aqueous Suniki-Miyaura cross coupling 

conditions. For pyidiies 202a-d and 212, this protocol performed nicely to ghe 

azabiaryls 207. 213-216 (Scheme 70). On the other hand. the suifonamide and 0- 

carbamate DMGs bvere uncooperariw in this protocol and protodehronated material and 

biphenyl were the dominant products (obsened by GCMS). It is unclear why these 

boronatrd systems did not perform ivell. Perhnps the troubksome DXIGs would perform 

bstter in a non-aqueous reaction, Hoivever, t h e  restrictions prevented this investigation. 

1. B(Oi-Pr)3 (2 equiv) / THF I O OC 
2. LDA (1.1 + 1.7 equiv) 
3. pinacol 

Q-DM, G 
Y 5. Ph-[ / aq Sa2C03 1 Pd(PPh3)d 

PhJIe / reflux 1 12 b 
S 

2 13: DIIC = 2-COSEt2 (95%) 
207: DJIC = 3-COhitz (73%) 
214: DJIG =4-COSEC: (8g0/u) 
215: DJIC = 3-F (30%) 
116: D>IG=3-C1(63Oh) 

.A preliminq invesrigation to test the range of cross couphg  partners that are 

tolerated by this protocol \vas conductsd. Thus, nr-bromoanisole and 3 -bromothiophsnr 

replaced iodobenzene in the above prorocol and both. ivhen cross coupled tkith .\: .Y- 

diethylnicotinamide ( 2  02b). gave the correspondiig b&l (2 17 and 218) in escelent 

~ ie lds  (Scherne 71). 



1. B(Oi-Pr)3 (2 equiv) 1 THF 1 O OC 
2. LDA (1.1 + 1.7 equiv) 
3. pinacol 

NEt? 4. concentrate 
5. Ar-Br 1 a q  NarC03 f Pd(PPh3) J 

PhMe 1 rellux 1 12 b 

Scheme 71 



5.0 Conclusions and Future Work 

M e  the DOM in sitri boronation rnethod was successfiil for the production of 

pyridyl boronic acid derkatives (Scheme 65), the observed low to moderate yields places 

a limitation on its synthetic usefühess, The initial results of comecting this methodolog 

to Su&-Miyaura cross couphg protocols are encouraging (Scheme 70 and 71). It is 

unclsar \vhy the sulfonarnide and carbarnate DMGs were unsuccesshl in the irt s im 

Dohl:Suzuki-Miyaura cross coupling tactic and thus. future ivork ivould entriil 

overcoming thsse Mures ivith alternative cross couplmg conditions. Other future tvork 

nould include espanding the types of cross coupling pmners (e.2. bromides. tritlntes. 

and hindered cross coupling partnsrs) to test the scope and limitations of this 

methodology. 



6.0 Experimental 

6.1 General Procedures 

Melting points were determined using a Fisher-Johns hot stage apparatus and are 

uncorrected. Infiared spectra w r e  determined on a Bornem MB-100 FT IR 

spectrometer. 'H and "C h%IR spectra wre  obtained on a Bniker AC-200 instrument in 

CDC1; with T34S as the interna1 rekrence. 'H h%R were processed at 700 hMz and are 

o constant, tabuhtsd as rollo\vs: chernical stiift. rnultipiiciry. number of protons. couplin, 

"C N R  ivere run at 50 MHz, Flash column chromatograpb w s  carried out using 

'\lt.rck silica gel 60 (0.040-0.063 mm). TLC's xere LVIsrck 6OF-234 precoated silica 

sheets. LOK resolurion mas specrra (LRf IS) Lvers obtained on a i'arian GC'IIS (CP- 

3800 GC ruid Saturn 2000 SIS) and hieh rssohtion mas  spectra w r e  obtained on a 

ka tos  lISS90 insrrurnr.nt. 

Tstnii-drotùran rias tics& disrilkd Eorn sodium bcnzophenonr ke r~ l  beforc 

use. Diisoprop>-Iamint. {iris t'rrzshl? distilkd tiom calcium hydrids before use, Tohixx 

 vas k s &  distiIlsd fiom sodium kforc use. Ali othcr sohents \vere purchased fiom 

Fisher Scientiiic and u-ere rised nithout hnher pudication A sohtion of rr-BuLi ( in 

Iiesruie) \vas purchased tkom :Udrïch Chernical Company and titrated reguIarly against a 

standard solution of s-BuOH (in to luene) ~ i t h  1.1 O-phenanrhrohe as indicator. 

Reactions cmied out at -78 "C and O O C  empioyed COr/acetone and icdwater b a h  

resprctivsl>--. Aii reactions requiring anhydrous conditions svere c&ed out using 

qnngs-septum cap techniques in ovsn dried glcisnvare under argon atmosphere. LDA 



was freshly prepared More use by stirring a 1:1 mixture of diisopropylamine and n-BuLi 

in THF at O O C  for tifteen min~tes.' '~ N, N-diethylpicolinamide. N. N- 

die thylnicotinamide, N, N-die t hyliso nico tinarnide, and diethyl-carbamic acid pyridi-3 -y1 

ester were generously donated by Andrew Larkin. Pd(PPh3), was prepared according to a 

iiterature procedure."' AU other reagents were purchased from Aidrich Chernical 

Company and were used \vithout purification. 

6.1.1 irt situ Boronation (Method 1) 

To a stirred. coolsd (O ") solution of the substitutcd pyridine (3 mmol) and 

triisopropylbontr (6 mmol). in THF (1  5 mL, 0.1 M soln), was added. dropwise. a 

solution of LDA (3 m o l )  under an argon atmosphere. Subsequent portions of 

LDA (03  mm01 each) \vue added rit 5 min intsn'ais until complete consumption 

of the starting material was obsewed by TLC. The r d  tant mixture \vas stirred 

for 15 min at O "C. pinacol (6.6 rnmol) or diethanolamine (6.6 mmol) (depending 

on the derivative to be forrned) \vas addèd. and the reaction mixture \vas allowd 

to warm to rt, The resuitant misture \vas passed through Celite. the Celitc \vas 

nnsed with dichloromethane (100 mL). and the filtrate was concentrated in vacrio. 

The resultant residue n-as recrytaliized using hesanes,:CHICli to @ire products 

203a-d and 204a-f. 



6.1.2 in situ Boronation followed by Suzuki-Miyaura Cross Coupling 

(Met hod 2) 

To a stirred, cooled (O OC) solution of the substituted pyridine (3 mmol) and 

triisopropylborate (6 mmol), in MF (15 rnL, 0.2 M soln), was added, dropwise, a 

solution of LDA (3 mmol) under an argon atmosphere. Subsequent portions of 

LDA (0.3 mm01 each) were added at 5 min intervals until complete consumption 

of the starting material was observed by TLC. The resultant mixture was stirred 

for 15 min at O "C. pinacol (6.6 mmol) was added. and the whole was concentrated 

itr racilo. The resulting residue was dissolved in toluene (8 mL) to which was 

added idodbenzene (30 mmol). Na2CO3 (7.5 ml of an aq 2M solution. degassed). 

and Pd(PPhj)J (0.15 mrnoI) under an argon aunosphere. The biphasic mixture was 

retlused for 1s h. Upon cooling to rt. a satd solution of NKCI (15 mL) \vas 

addtld. and the whole ivas extracted ivith EtOAc (3 x 20 mi.). The combinsd 

o-nic la>-rr tvas ivashtid uith deionized tmtcr (50 mL). brine (50 mL). Jrisd 

(SazSOt). and concentrated ilr rnczio. Flash colurnn chromatography 

(hrsanes/EtOAc elusnt) gave products 207.2 13-2 18. 



6.2 Specific Experimental Procedures 

Pyridine-3-sulfonic acid diethylamide (202e) 

To M g  turnings (3.56 g, 147 mrnol) in THF (50 mL) under an 

atnosphere of argon was added 13-dibromoethane (4.0 mi.. 46 

mmol) dropwise, foiiowed immediately by 3-bromopycidine (98 

mmol) dropwise to maintain the reaction mi.x~ure at a steady reflux. The mkrure was 

r e k e d  for an additional 30 min. cooled and added dropwise to a solution of SO,Cll 

(23.5 mL. 292 mmol) in hssanes (500 rnLI at O "C. L7pon completion of the addition. the 

mixture \vas evaponted to dqness in racrto. the residue \vas dissolved in CH;CN (300 

mL). and the tvhols \vas cooled ro O "C. Et3X (20 mL. 147 mmol) and Et2h% (15 mL. 

147 mmol) n t r e  sequentially added and the whole \vas wvarmed to rt overnight (16 hl. 

The so lvent \vas removed NT rucrto. the rcsuIting rcsidue wts pmitioned between Et10 

and H20. and the riqueos hyer was estncted \vith Et20 (3. s SO mi.). The cornbined 

organic la!.er nas n-shed nith 1'; HC1. ( 2  s 50 mL). 10Yo SaOH (\v,iv) soiution. H1O. 

brint.. Jried (Sa:SO;). and tvaporated to dqncss itt t.~rcito to :il-e. afier chromxograptiy 

(2:I hcsanes: ErO-Ac) and distillation ( 155 "C ' 0.7 nun Hg). 207c as a colourIess solid 

(8.7 g. 42%). 'M >%,Et S = 9.04 (d. 1H. J =  2.2 Hz). 8.80-8.77 (m IH). 8.13-8.07 (m. 

IH). 7.46 tddt. IH. J = 7.4. -1.9. 0.7 Hz). 3-78 (q. AH. J = 6.9 Hz). 1.15 (t. 6H. J = 6.9 

Hz) ppm: "C h%R 6 = 152.5. 147.3. 136.6. 134.2. 123.5.41.8. 13.8 ppm: LRMS 21.) 

(M-. 4). 199 (100). 142 (89). 78, (100): HR!!TS calculated for C&&OzS: 214.0776: 

kund 214.0777. 



3-(4,4,5,5-Tctramethyl-~,3,2~dioHaborola-2-y-pyridne-2-carblic acid 

diethglam ide (203a) 

Prepared according to Method 1 using N, N-diethylpicobde 

(7-9 mrnol) and LDA (3.5 mmol) to give 203a as colowless salid 

(0.1800 gt 20 %), mp 18-80 OC;  LR (thin film) v, 3450, 3043. 

1979. -918. 1627. 1577. 1464, 1379, 1157. 1026. 708 cm*'; 'H 

NMRS=8.53(dd. IH. J=-1.81 Hz). 8-01 (dd. lH.J=7.49). 7.33 

(dd. IH. J = 7-63 Hz). 4.35 (q. 2H. J = 6.99 Hz). 3.69 (q. 2H. 7.17 Hz). 1.37-1.78 (m 

18H) pprn: "C &>IR S = 168.9. 153.8. 148.7. 139.7. 125.9. 80.S. -11.7.U.5.15.2. 13.9. 

12.4 ppm: LRMS 304 (hl-. 19). 7-15 (100). 721 (57). 159 (29). 131 (25). 104 (27). 72 

(54): HltCIS calcuhred for C16HIFBNIOj: 304-1958: found 304.1953. 

W Prcpmd riccording to 'rlsthod 1 using S. N-dierh>hicotinrirnids 

(2.95 rnniol) and LD.4 (5.6 mmol) to givs 203b as ri coIourIess 
o\o/o 

solid (0.541 1 g. 60 Obi. nip 130-135 "C (subIimation): IR (rhin 

film) \ * ,  34% 2979.2930.1633, 1464.1358. 1 145. 1032.732 
_. 

ctn- ' : '~31~6=8.64(s .  IH).S.61(s.lH).3.63(q.2H.J= 

7.14 Hz). 3.36 (q. 2H. J= 7.14 Hz), 1.351.25 (m 15tf). 1.18 (t. 3H. J =  7.14 Hz) pprn: 

[ 3 C h%iR 8 = 169.7. 119.8, 146.1, 128.2,83.7.43.3.41.0.25.0. 13.9. 12.5 ppm: LhMS 

304 (hl-. 12) 303 (42). 7-16 (63). 245 (43). 203 ( 100). 175 (43,139 (54). 130 (83.  IO3 

(45): M U S  cakulated for Ci6HEBN20;: 304.1958: found 304.1958. 



Prepared according to Method 1 using N, N- 
\ 

1 diethylisonicotinamide (2.9 mmol) and LDA (3.5 mmoI) 

to give 203c as a colourless solid (0.3638 g, 41 %), mp 

47-48 OC: IR ( t h  füm) vmK 2973. 2929, 3854, 3359. 

N 1631. 1458. 1358, 1270, 1164, 1101, 1032, 751 cm-'; 'H 

h%iR S = 9.0 (S. 1). 8.69 Id, 1H. J = 5.05). 7.17 (d. IH. J =  4.85), 3.56 (q. 4H. J =  7,O-I 

E-iz). 3-10 (g. 2H. J =  7.12 HZ). 1.31-1.28 (m. 15H). 1.04 (1. 3H. J =  7.27 Hz) ppm: 13c 

>?CR 5 = 309.8. 159.6. 156.4. 120.3.8-1.5.42.9.39.1. 25.0. 13.8. 12.5 ppm: LRAlS 304 

(hl-. 15) 303 (36). 246 (100). 243 (45). 103 (88)- 175 (93). 159 (67). 13 1 (91). 103 (27): 

K R M S  c;ilculated for C t6H2SBhr203: jO4.lgjS: found 304.1949, 

Prepsrsd accordmg to llrthod I using Muoropyidine (3 rnmol) and 

LD-4 (4.5 rnrnoll to gh-e 203d tis a colourless solid (0.703 g. 20 96). 

mp 110-1 15 "C (subliniarion): IR ( t h  film) Y ,  3399. 3139. 3973. 

2930. 2558. 2339- 1475. 1427. 1 186- 1 150. 1036. 904, 777. 651 cm-': 

'H h%iR S = 8.47 (bs. I W. 8-44 (apparent Md. 1H. J = 2.0 1.4.80 Hz). 

7.60 (apparent bt. 1H. J = 4.67 Hz). 1.37 (S. 1H) ppm: "C MiR 6 = 163.1 (d. J =  260.16 

Hz). 145.2 (d, J =  4.58 H i ) ,  138.4 (d.J= 16-70 Hz). 129.8 (d, J=4.58 Hz), 84.9,35.0 

ppm: LRiiS 224 (SI-1. 100). 213 (>P. 30), 180 (13). 139 (6): 93 (4); HILVS caiculated 

for CIrH15BFNOi: 223.1 180: found 223.1 185. 



3-(1,3.6,2~Dioxazaborocan-2-y1-pyridine-2-carbo~lic acid diethylamide (204a) 

Prepared according to Method 1 using N, N-diethylpicolinamide 

(2.71 mrnol) and LDA (4.7 mml) to give 204a as a colourIess 

1068. 751, 636 c ~ ' ;  'H Nh.R S = 8.43 (dd. IH, J = 1-72. 4.92 

Hz),8.13 (dd. 1H. J =  1.84.7.51 Hz),7.73 (m. lH),6.40(bs. 1H). 

4.15-3.86 (m 4M. 3.55 (q. 2H. J =  7.13). 3.40-3.30 (m. 1H)- 3.10 (q. 1H. J =  7-13 Hz). 

2.84-2.77 (m. 2H). 1.27 (t, 3H. J = 7.13). 1.14 (t. 3H. J = 7.13 Hz) ppm; "C h%R d = 

172.8. 159.0. 147.2. 143.1. 113.1. 63.5. 51.0. 43.6. 39.3. 13.2. 12.9 ppm: LnIS 991 

(Mt. 2) 160 (2). 218 (4). 178 (18). 149 (13). 1 14 (5). 78 (16). 71(100): HRh.1S 

caIculated for CI:H1:BS:Oj: 29l.lÏ5i: t'orrnd 29 1.1 763. 

Prepared xcording to 'rlethod 1 iising S. Y- 

Jisthyhicotînrimids (2.92 nunol) and LD:I (5.0 mrnol) to ci\ e 

- 7 -  --, 0 104b as 3 coIourless solid (0.3069 g. 37 96). mp 13, 133 C: 

IR (thin t h )  lVm, 3471.29SO.2943.2SSl. 2160. 1638. 1591. 

145 1. 1777, 1271, 1078.S12.755.656 cm-': 'H SIlR 6 = 8.50 (d. IH, J =  4.92 Hz). 5.32 

(S. 1K). 7.74 (d. IH. J =  4.67 Hz). 6.19 (bs. 1H). 4.10-3.92 (m. 4H). 3.58-3.48 (m. 4H). 

323 (q. ?H. J =  7.13 Hz). 1.82 (bs. ZH). 1.26 (t. 3 8  J =  7.14 Hz). 1-12 (1. 3 R  J =  7.14 

Hz) ppm: "C XMl2 S = 173.0. 149.0. 145.0. 137.1. 129.5. 63.6. 51.0. 44.0. 39.1. 13.5. 



12.9 ppm; LRMS 290 (M-1, 1) 260 (4), 218 (7), 178 (15), 177 (20), 114 (50), 106 (49, 

86 (56), 72 (100); HKMS calculated for Ci4HzBN3Oj: 291 .l7S4; found 29 1.1 755. 

I 

vN diethyiisonicotinarnide (3.03 mmol) and LDA (4.2 mmol) to 

give 204c as a colourless soiid (0.5084 g, 59 %), mp 163- 

164 OC: IR (thin film) v, 3403, 2991. 3942. 3874, 31 18. 
- .  

1644. 1595. 1460. 1288. 1220, 1066. 839. 636 cm": 'H 

>!IR 6 = 5.96 ( S .  1H)- 8.52 (d. 1H. J = 4.55 Hz). 6.98 (d, IH. J=  -1.48 Hz). 5.98 (bs. 

IH). -1.1 1-3-88 (m 4H). 3.57-3.17 (m. 6H). 2.88-3.78 (rn.2i-r). 1.24 (t. 3H. J =  7.04). 1.10 

(t. 3H. J = 7.04 Hz) ppm: "C h'4R 6 = 177.8. 156.1. 149.2. 118.7. 119.2. 63.7. 63.4. 

50.9. 435. 33.8. 13.3. 12.8 ppm: LR\IS 290 (51-1. 1) 260 (8). 218 (10). 175 (34). 177 

(30). 1 1-1 (100). 107 (61). 106 (46). 72  (93): HR-MS calculatsd for Ci4H2:BS;Or: 

39 1.1754: found 29 1.1755. 

Diethyl-cnrbamic acid 4-[1,3,6,2~dioxazaborocan-2-y1-pyridin-3-yl ester (2040 

Prcpared accordhg to Merhod 1 (wïth the exception that the 

( mctian \ u s  performed at -79 O C )  ushg Diethyl-carbamic 
I 

acid pi~idin-3-y1 ester (1.63 mrnol) and LDA (3.2 rnrnol) to 
O 

tive tOJf as a colourless soiid (0.4621 g, 57 %), mp 156- 

1 . H h X K t i =  8.37 (d- 1H. J=4.6S Hz), 5.16(s. IK),7.64(d, IW, J=4.67Hz). 6.06 



(bs, IH), 4.17-3.94 (m, 4H), 3.51 (q, 2H, J =  7.13 Hz), 3.39 (q, 2H, J =  7.14 Hz), 3.29- 

3.12 (m. 2H), 2.89-2.77 (m, 2H), 1.30 (t' 3HI J =  7.14 Hz), 1.22 (t, 3H, J= 7.13 Hz) pprn: 

j3c NMR S = 155.8, 151.9, 145.9, 142.9, 129.9, 63.6, 51.0, 42.0, 41.9 ,13.7, 13.4 ppm; 

LhVS 308 (M+l. 1). 276 (9), 213 (IO), l%(l l), 189(14), 175 (43), 1 14(83), 100 (100). 

96 (65), 72 (100). HRMS calculated for Ci4H22BN304: 307.1737; found 307.1725. 

4-[1,3,6,2~Diorazaborocan-2-yl-pyridine-3-sufonic acid diethylamide (?Ode) 

Prepared according to Method 1 using pyridine-3-suIfortic 

ricid diethylarnide (2.52 mrnol) and LDA (3.3 m o l )  to 

g i x  204. as a colourless solid (0.3 168 g. 40 %). mp 133- 

135 O C :  IR (thin film) v ,  2385.2986. 2943.2882. 2360. 
Y 

71 15. 1673. 1643. 1458. 1317. 1207.1133. 1066.937.851.783.679 cm-'; 'H NMEI 6 = 

8-73 (S. IH). 8.61 (d, IH- J =  4.92 Hz). 5.02 (d. 11-I. J z 4 . 6 7  Hz). 6.52 (bs. lm. 4.19- 

4.07 (m. 2H). 4.01-3.91 (m. ZH). 3.69-3.37 (m. 6H). 3.00-2.88 (m. 3H). 1.23 ( t .  UH..J= 

7.14 IIz) ppm: "C )?.IR 6 = 151.7, 146.6. 139.9. 131.4. 63.2.51.9.42.7, 42.3. 14.8. 14.3 

ppm: LRjIS j2S (11-1. 1 )  196 (4). 111 (7). 199 ( 141. 192 (16) 149 (61. II4 (36) .  93 (6s) .  

7 2  100): ~ ~ I S  caIcuhted for C t;Hn13S;OJS: 296.1240: found 296.1241. 



Prepared according to Method 1 using 3-fluoropyridine (3 rnmol) and &!) LDA (4.5 m d )  to gke 2Md as a coiouries SOM (0.2042 g, 32 %], 

mp 133-135 OC; IR (thin film) v, 3418, 3280, 2973, 2936, 2860, 

2247, 2115, 1658, 1402, 1270, 1201, 1032, 820, 763, 625 cm-'; 'H 

NMR S = 8.24 (S. IH). 8-23 (apparent dd. 1H. J = 2.30 Eiz), 7.42 

(apparent t. 1H. J =  4.92 Hz). 7.32 (bs. 1 H). 3.92-3.68 (m JH), 3.26-3.09 (rn 9H). 2.95- 

2.84 (m îH) ppm: 13c hWR 8 = 163.3 (d. J =  217.96 Hz), 144.3 (d. J =  3.82 Hz). 136.1 

(d. J =  28.22 Hz). 179.0 (d. J = 5.39 Hz), 67.7, 30.7 pprn: LRLIS 211 (hl-1. 61). 710 

(ZI-. 26). 138 (3). 113 (100). 70 ( 16): HEMS calculated for CqHd3FN201: 210.0976: 

found 210.0979. 

3-Phenyl-pyridinc-2-carbo.\?.lic acid dicthylamide (213) 

Prspared according to hlsthod 2 using X. X-disrhylpicoIinamide 

(3-1 mrnol) and LDA (4.7 rnrnol) to give 213 as a yellos- oil 

(0.7127 2. 90?0). IR rthin film) 1 ,  3433. 3055. 7975. 374.  

23 I-F. 1644. 1364. 1287. 1 103.894 765.697 cm"; [H NME~ s = 

S.61 (dd. IH. J =  1.47. -1.68 Hz). 7.77-7.35 (m 7H). 3.41 (q. 3H. 

J = 7.13 Hz). 2.88 (q. 7H. J = 7.14 Hz). 0.99 (t. 3H. J = 7-14 

Hz). 0.84 (t. 3H. J = 7-13 Hz) ppm: "C ?CM2 6. = 168.1. 150.3. 149.0. 143.6. 136.1- 

133.4. 129.0, 128.8. 128.5. 121.2.42.4. 38.6, 13.5. 12.1 pprn: LRMS 254 (M+, 2), 253 

(3). 183 (7). 182 i 13)- 154 (31). 127 (33). 77 (14). 72 (100): HRMS cafculated for 

ClbHIsNTO: 154.1419: found 254-1427. 



Prepared according to Method 2 ushg N, N-diethylnico~inarnide 

(3.09 rnrnol) and LDA (5.9 rnmol) to give 207 as a yellow oii 
O 

(0.5753 g, 73%). Compound X was ako prepared as foiio~~s: A 

of N,N-Diethyl-4-(4,4.5S-tetramethyl- 

0.1266 g). iodobenzene (4.2 mrnol. 0.47 mL). Na2C03 (2.1 mmol. of an aq 3 1  solution- 

dsgassed). and Pd(PPh3)4 (5  mol%. 0.023 g) in freshly distilled toluene nas refluxed for 

18 h Upon cooling to rt. a satd solution of N k C l  (10 mL) was added and the 

misture \vas extracted with EtOAc (2 x 20 m . ) .  The combined organic layer was 

washed with deionized water (50 mL). brine (50 mL). dried (Na2SO~). and 

concentrated NI rmio. Flash colurnn chromatography using hexaneslethyi acetate 

{ I : I  1 as the solvent system to give 207 3s 3 yc.1101~ oil (0.0910 g. 88 %): IR (thin 

I H SlCR6 = S.66 (d. 1H. J = - W  Hz), 8-61 (S. 1H). 7.55-7.39 Im 5H). 7.35 (d. 1H. J =  

5.17 Hz). 3.73-1.73 (m. 4H). 0.97 (t. 3H. J =  7.13 Hz). 0.73 (t.3H. J=7.13 Ek) ppm: "C 

13.6. 11.1 ppm: LRA31S 254 (W. IO), 253 (36). 182 (100). 154 (59). 126 (60). 77 (45): 

HItLfS crrlculatsd for Cr6HI&O: 254.1419: found 2S . I  412. 



N,N-Diethyl-3-phenyl-isonicotinamide (214) 

Prepared according to Method 2 using N, N- 

I diethylkonicotinamide (3.07 rnmol) and LDA (4.3 m o l )  

to give 214 as a yeliow oil(0.6981 g, 89%); ER ( t h  film) 

v, 3471. 3057,2983,7933, 1634,1461, 1294, 1108,854 
U 

cm-'. 1 . H NMR 6 = 8.69 (S. 1K). 8.65 (d. IH. J =  4.92 Hz). 

7.53-7.40 (m. 5H). 7.29 (d. 1 H. J = 4.92 Hz). 3.73 (bs. 1H). 3.05-2.62 (m. 3h). 0.93 (t. 

3H. J =  7.13 Hz). 0.75 (t. 3H. J =  7.14 Hz): ''c NhlR 6 = 168.1. I j O - j l  149.0. 143.6. 

136.3. 133.4. 129.0. 128.7. 128.5. 121.2.42.4,38.6. 13.5. 12.1 ppm: LmiS 254 (W. 9). 

753 (26), 187 (100). 154 (31). 127 (58). 77 (26): KKMS calculated for Ci6Hi&O: 

34.L4lg: found 254-1412 

3-Fluoro-4-phenyl-puridine (215) 

Prepared according to hlethod 2 usin: Xluorop!ridine (3.0 rnmol) and 

8 LD.A (4.5 mmo1) to give 115 as a red oiI (0.1523 g. 3O?G). IR (thin tihi 

v, 2052, 1969. 2937. 3570. 367.  1600. 1481. 1408. 1363, 1301. 

F 
1092. 770. 698 cm": 'H h4l.R 6 = 8.55 -8.50 (m. 2H). 7.51-7.36 (n 

N 6H): "C XhfR 6 = 149.2 (d. 3 = 204.47 Hz). 136.8 (d. J =  3 1.96 Hz). 

135.4 (d. J =  28.23 Hz). 131.0 (d. J =  3.1 Hz). 130.4. 129.2 (d.J= 6.71 Hz). 127.9. 125.7. 

124.4 ppm: LRhlS 173 (hl+. 100), 146 (13), 125 (S), 77 (3), 71 (4): KEMS cdcuIated for 

Cl ,HsFN: 173.0641: found 173.0642. 



3-Chloro-4-phenyi-pyridine (216) 

Prepared according to Method 2 (with the exception that the reaction 

\vas performed at -78 OC) using 3-chIoropyridine (3.0 mmol) and LDA 

(5.4 mrnol) to give 216 as a red oil(0.3530 g, 63%), IR(thin film) vm, 

3063,2970.2927,2853,2361, 1578. 1474, 1406,1101,1030,839,765. 

741. 692 cm-'; 'H NblR 6 = 8.68 (s, lH), 8.52, (d. 1H. J =  4.92 Hz). 

7.46 (m. 3H). 7.26 (d. 1H. J =  5.17 Hz) ppm: "C hMR6 = 158.1. 153.6. 150.3. 148.1. 

146.1. 137.6. 129.1. 128.6. 125.5 ppm: LRMS 191 (rn+1. 39), 189 (m+. 100). 154 (44). 

127 (35). 102 (4). 77(7): mlS calculatcd for CliHsCi?i: 159.0345: found 189.034. 

Prepared according to Method 2 (with the esception thût the 

111-bromoanisok ivas substitutcd for iodobenzene) using N. X- 
O 

dierh~inicotina-nide (3.01 mrnol) and LD.-1 (5.71 mrnol) to 

c k  118 as a yclloi~ oil I 0.8 I3 t g. 9596). IR (thin film) Y,,, - 
254S.303 1,2983,2847. 1636. 1593. 1425. 1284.1 159. 1072. 

757 cm-': 'H h3lR 6 = SA5 (d, IH. J =  5.16 Hz). 8.60 (S. 1H). 7.38-7.30 (m, ZH). 7.10- 

7.07 (m. ZHJ. 6.99-6.93 (in, [H). 3-83 (S. 3H). 3.12-2.75 (rn JH), 0.99 (t. 3H. J =  7-14 

Hz). 0.77 (t. 3H, J =  7.14 H a  pprn: "C 'FI\lR 5 = 176.4. 168.1. 159.9. 150.I. 148.1. 

145.8. 138.6. 129.9. 123.5. 120.9. 114.9. 114.0. 55.4' 42.6. 38.8, 13.6. 12.1 pprn; LEMS 



N,N-Diethyl-4-thiophen-3-YI-nicotinamide (217) 

Prepared according to Method 2 (with the exception that the gN- 3-bromothiophene was substituted for iodo benzene) ushg 

N, N-diethylnicotinamide (3.0 1 rnrnol) and LDA (5.72 

L mniol) to give 217 as a .Dow oil(0.8 133 g, 95%), IR (thin 

N fih) vmx 3440,3096.3980,2937,3875,3235, 1617, 1599. 

1433. 1273. 1188, 1114, 1047, 709 cm-'; ' ~ N & R 6 = 8 . 6 1  (d, lH, J=3.16 Hz), 8.55 (S. 

1H). 7.63 (rn 1H). 7.40 (m. 2H). 7.3 1 (m 1H). 3.75-2.80 (m. 4H). 1.12 (t. 3H. J =  7.14). 

0.77 (t. 3H. J = 7.14 Hz) ppm: 'k hi[R S = 168.4. 130.1, 148.0. 140.2, 137.7. l j  1.4. 

127.5. 126.7. 125.3. 122.5. 42.8. 39.1. 13.5. 12.4 ppm: LRMS 260 (Mt. 36). 259 ($9). 

23 1 ( 10). 189 (39). 188 (100). 161 (29). 160 (571,133 (la), 89 (23); HRMS calculated for 

Ci4HioXzOS: 260.0983: found 260.0982. 

. ~ - ~ h e n ~ l - ~ ~ r i d i n e " ~  (21 1 )  

.A mixture of 4-(4.4.5.3-TerramethyL-L1.3 .2]diosaborolrin-w-pYidheIiJ 

( 1  2 2  mmoI. 0.250 g), iodobsnzne (6.1 mrnol. 0.68 mL). XalCOj (3.66 mm01 

of 231 solution in HIO. degassed) and Pd(PPhjJ4 (5 moi%. 0.071 g) in 

keshly disrikd roluene (3 mL) {vas refiused for 1 h undtr an argon 

atmosphere. Upon cooling to room temperature a satd solution of 

N k C 1  (10 mL) \-as added and the mixture was extracted with EtOAc (3 x 30 

mL). The combined organic layer was washed with deionized water (50 mi.), 

brine (50 mL). dried (NalS04), and concentrated in vacito. The crude material 

was purified by flash coiumn chromatogaphy using hexanes/ethyI acetate (2:I)  as 



die solvent system to give 211 as a colorless solid (0.1 186 g, 64 %), mp 67-68 OC 

(lit' " rnp 70-71 OC); 'H NMR 6 = 8.66 (dd, ZH, J =  1 .j and 4.7 Hz). 7.63 (m 2H). 7-39 

(m, 5H) which rnatched the fterature report and the spectra provided by Aldrich 

Chernical Co.; ERMS calcdated for CI ,HqN. I.S.0735: found 155.0734. 

N,N-Di-tcrt-bu~l-2-0~0-2-pyridin-2-yl-ocetarnde (206) 

To a stirred cooled (O O C )  solution of N. N- 

diethylpicoIinamide (2.55 mmoi. 0.4535 g) and N, 

N-diisopropylformamide (7.65 rnmoI), in THF (0.2 

M). tvas added a solution of LDA (3.57 mmol) 

dropwise under an argon atmosphere, H1O (15 mL) was added and the mixture 

\vas extracted with Et@ (3 x 20 mi.). The combined organic layer was washed 

n-ith H.0 (30 mL). brins (20 mL). dried (NalS04) and concentrated iri 1-ocuo. 

Flash co1umn chromarogaphy (hexanss.'ethyl acetate (1:1)) ro give 206 as a 

colorless solid (0.3609 S. 6096). mp 114-1 15 "C: IR (thin film) \ * ,  j05-1. 2974. 

2938. 1695. 1643. 1582. 1374. 1229. 1 13S.999,749 cm-': 'H h3iR 6 = KT3 (d, LH. J = 

4.18 Hz). 8-09 (d. IH. J =  7.58). 7.88 (dt. 1H. J =  1.72and 7.63). 7.50 (rn 1H.). 3.68 

(sept. 1H. J =  6.65 Hz). 1.5s (d. 6H. J =  6.64). 1-21 (d. 6H. J= 6.64) ppm: "C I W R S  = 

191.1. 167.7. 151.9. 150.0. 137.2. 127.8. 133-4. 50.5. 46.1. 20.6. 20.5 ppm: LRMS 735 

(M+. 60). 191 (100), 149 (9). 128 (34). IO6 (191, 86 (23), 78 (25); HRMS caIculated for 

Cl;HlsN201: 231.1447: f o ~ d  234-1433. 
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