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A B S T R A C T 

The novel substituted pyr idy lboronic acids 2-ethoxy-3-pyr idylboronic acid 103, 2,6-

dimethoxy-3-pyr idy lboronic acid 146, 2,3-dimethoxy-4-pyr idylboronic acid 158, 2,6-

di f luoro-3-pyr idy lboronic acid 225, 2,6-dichloro-3-pyr idylboronic acid 230 and 2,3-

dichloro-4-pyr idy lboronic acid 238 have been synthesised, and the synthesis o f exist ing 

a lkoxy pyr idy lboronic acids 2-methoxy-5-pyr idy lboronic acid 40 and 2-methoxy-3-

pyr idylboronic acid 43 has been opt imized and scaled up. The novel substituted 

pyr imidy lboronic acids 2-chloro-5-pyr imidylboronic acid 244 and 2-amino-5-

pyr imidy lboronic acid 221 have been syntliesised. A l l o f the above mentioned boronic 

acids were shown to undergo palladium-catalysed Suzuki cross-coupling reactions w i th a 

variety o f heteroaryl halides to yield novel heteroarylpyridine derivatives. 
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A range o f halogenated aromatics and heteroaromatics bearing pr imary amine groups have 

been shown to be suitable substrates for Suzi ik i -Miyaura cross-coupling reactions w i th 

arylboronic acids and pyr idylboronic acids under standard condit ions, wi thout the need for 

protection/deprotection steps. New amino-SLibstituted arylpyridines, bipyridines, 

pyrazinopyridines, indol inopyr idines, carbazolopyridines and indolopyridines have thereby 

been obtained. One derivative was further functionalised via diazotisation. 
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In t roduc t ion to App l i ca t i on o f Boron ic Ac ids 

1.0 I n t r o d u c t i o n 

Funct ional ised ary l and heteroaryl systems are impor tant synthetic templates for 

industries such as agrochemicals, fine chemicals and pharmaceuticals. Smal l m u l t i -

substituted r ing systems may be incorporated into larger systems by u t i l i s ing substituted 

boronic acid moiet ies i n Suzuk i -M iyaura cross-coupl ing reactions. I t is therefore 

imperat ive that new ly funct ional ised boronic acid r ing systems are developed. These 

systems must also cross-couple successful ly w i t h a range o f halogenated partners i n 

order to satisfy the need for bu i l d ing b locks for the next generation o f industr ia l 

products. 

I n th is f i rst chapter the l i terature methods used to synthesise heteroaryl boronic 

acids are discussed i n detai l . I n add i t ion to th is, the pa l lad ium catalysed Suzuk i -

M i yau ra cross-coupl ing reactions o f these boron conta in ing species are also rev iewed. 

The f o l l o w i n g chapters encompass the syntheses o f heteroaryl boronic acids 

conta in ing a lkoxy , amine and halogen substituents, respectively. Fur thermore, the 

successful large-scale (ca. 100 g) syntheses o f several a lkoxy-subst i tuted heteroaryl 

boron ic acids are also reported. The later par t o f each chapter explores the Suzuk i -

M i yau ra reactions o f each novel class o f boronic acids w i t h var ious cross-coupl ing 

partners. 

Chapter 3 examines i n detai l the Suzuk i -M iyaura cross-coupl ing reactions o f a 

range o f heteroaryl and ary l halides bear ing amine groups w i t h a range o f ary l and 

heteroaryl boronic acids. 

1.1 Synthesis o f A r y l a n d H e t e r o a t y l b o r o n i c A c i d s 

The ma in method used i n the syntheses o f boronic acids is the react ion o f an 

organometal l ic reagent w i t h an electrophi le, i n this case a t r ia lky lborate such as 

t r i isopropylborate (TPB) . * Th is route is also useful for the syntheses o f boronate 

esters.^ The react ion o f an organometal l ic reagent, such as พ"buty l l i th ium ( « - B u L i ) w i t h 

an ary lhal ide fo rms the organo l i th ium reagent.՝^ The subsequent addi t ion o f an 

electrophi l ic borate species a l lows the fo rmat ion o f a carbon-boron bond. The boronic 

ac id can then be generated by ac id i f icat ion o f the react ion mix tu re . Pyr id ine undergoes 

議 
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electrophi l ic subst i tut ion w i t h d i f f i cu l t y for two reasons; pyr id ine and electrophiles tend 
to f o r m py r i d i n i um cat ions, thereby mak ing electrophi l ic subst i tut ion at a carbon even 
more d i f f i cu l t^ , and secondly the electrophi l ic subst iณt ion o f pyr id ine is a selective 
reaciiorr (Scheme 1.1a) w h i c h norma l l y occurs at the C-3 pos i t ion where the least 
destabi l is ing intermediate is . 5 

N 
Н Н 

Ņ 
2-Position 

rク 

3-Position 

4-Position 

Scheme L l a : E lect rophi l ic Subst i tut ion o f Pyr id ine at the 2-， 3- and 4-posi t ions. 

The organometal l ic reagents used are either Gr ignard 6 or o rgano l i th ium species^. Bo th 

reagents are formed by adding the corresponding a l ky l - or ary lhal ide to the appropriate 

metal and they contain a metal-carbon bond w h i c h is h igh l y polar ised. 

A Gr ignard reagent ( R - M g - X , where X is b romine, chlor ine or iodine) is 

generated by the ox idat ive inser t ion, or add i t ion , o f magnesium in to a carbon-halogen 

b o n d / However , Gr ignard reagents react w i t h water and oxygen, so they require 

anhydrous condi t ions and are i n general neither isolated nor stored, but are generated 

and reacted in situr The magnes ium atom acts as a Lew is acid due to its empty 3p 

orb i ta l w h i c h accepts a lone pair o f electrons f r o m the solvent. The order o f hal ide 

ac t iv i ty is I > B r > C I , a l though ary l chlor ides require the use o f T H F or another higher 

bo i l i ng solvent instead o f the usual ether. Due to the poor react iv i ty o f some organic 

hal ides, modi f ica t ions such as the use o f higher react ion temperatures, catalysts and 

activated magnesium have been used to f o r m Gr ignard reagents.^ Magnes ium can be 

activated by a number o f d i f ferent methods. Iodine-act ivated magnesium turnings may 
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form magnes ium iodide w h i c h is more soluble and reactive than magnes ium alone. 
Entra inment is the use o f catalyt ic amounts o f a lower but more reactive a lky l hal ide, 
e.g. 1,2-dibromoethane, to ini t iate the Gr ignard react ion. A l so using finely powdered 
magnesium w i t h increased surface area faci l i tates the Gr ignard reagent format ion.^ 
Gr ignard reagents can also be generated by halogen-magnesium exchange, norma l l y 
using iodopyr id ines w h i c h are expensive.^ Us ing b romo- and cMoropyr id ines is 
reported in magnesium exchange/^"^՚* but an attempt by Cai ei ai to synthesise 3-
pyr idy lboron ic acid us ing this method gave a poor y ie ld o f the desired product (36%).^^ 

L i t h i u m reagents are generated by either meta l -hydrogen exchange or meta l -
halogen exchange. The former can be achieved using /7-BuLi or І к Ш и т 

d i isopropy lamide ( L D A ) . First deprotonat ion occurs, the ease o f w h i c h depends upon 

the ac id i ty o f the hydrogen to be removed and the stabi l i ty o f the carbanion produced/*^ 

Electron-def ic ient s ix-membered aromatic heterocycles, such as pyr id ine , can be 

deprotonated w i t h l i t h i um amides where as a l ky l l i t h iums prefer add i t ion to the electron-

def ic ient r ing over deprotonat ion. ^ Meta l -hydrogen exchange is faci l i tated by the 

presence o f certain funcţ ional groups; this process is termed directed orř / ío-metal lat ion 
( D o M ) . I t is possible to achieve clean meta l la t ion w i t h a lky l l i t h iums for many d i rect ing 
metal la t ing groups ( D M G s ) such as OR, N H C O R , C O N H R , where the D M G cannot 
undergo halogen exchange. For substrates car ry ing substituents w h i c h can undergo 
halogen-metal exchange, such as I, Br , С І , F, the harder and less basic L D A (pKa 35.7) 
and L T M P ( l i t h i um 2,256,6- te t ramethy lp iper id ide, p K a 3 7 . 3 ) can usual ly be rel ied upon 
for deprotonat ion. The regioselective D o M effect can be rat ional ised in terms o f 
k inet ic or thermodynamic cont ro l o f the react ion. There are three ma in factors that 
affect D o M : the induct ive e lec t ron-wi thdrawing effect o f the D M G ; the strength o f 
coord inat ion between the heteroatom conta in ing the D M G and the meta l , and the 
electronic repuls ion between the carbanion and the lone pair o f the n i t rogen in the r ing . 
When metal amides are used, the react ion is no rma l l y thermodynamica l ly contro l led 
(Scheme 1.1b). The D o M observed is a result o f the stabi l isat ion f r o m the chelat ion o f 
the metal w i t h the D M G (a) and the induct ive ef fect o f the D M G (b) and the 
déstabi l isat ion by the repuls ion between the carbanion and the lone pair on the n i t rogen 
(c) . A s a result, the fo rmat ion o f the pyr id ine 3- and 4 - carbanionร is more favourable 
than the fo rmat ion o f the 2-carban ion. 
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. ม 

՝DMG 

(a) 

BR 

DMG 
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Li 

DMG 

(b) (c) 

(e) 

Scheme L i b : D o M effects under thermodynamic contro l (a), (b) , (c) and k inet ic 

contro l (d) and (e). 

W h e n a lky l l i t h iums are used at l o w temperatures the react ion norma l ly proceeds under 

k inet ic cont ro l , where the induct ive mechanism (d) and chelat ion i n the t ransi t ion state 

(e) direct the reaction (Scheme 1.1b). The coord inat ion o f the D M G to the metal a l lows 

disaggregation o f the metal la t ing agent, re in forc ing the e lec t ron-wi thdrawing effect o f 

the D M G and increasing the p rox im i t y ef fect o f the a l ky l l i t h i um. The py r i dy l n i t rogen 

can promote deprotonat ion at C " 2 via coord inat ion w i t h a base when a strong D M G is 

absent. In such cases it is important to use a chelat ing solvent, such as T H F , to stop this 

occurr ing. 

Due to the add i t ion problems associated w i t h the treatment o f electron-def ic ient 

s ix-membered r ings w i t h a lky l l i t h iums, the simplest way to produce p y r i d y l l i t h i u m 

species is by ha logen- l i th ium exchange. The disadvantage o f this route is the greater 

expense o f the start ing halo-subst i tuted r ing systems. Meta l -ha logen exchange is 

norma l ly achieved by using ท-BuLi because the by-product พ-buty lbromide rarely 

interferes w i t h subsequent steps i n the react ion. Meta l -ha logen exchange is extremely 

exothermic, therefore, l o w temperature and s low rate o f addi t ion o f พ-BuL i are needed 

to avo id side-reactions occurr ing, such as deprotonat ion, addi t ion o f the substrate, 

e l im ina t ion o f l i t h i um bromide, b romine m ig ra t ion ("dance") or even r ing opening 

reactions. 

A d i f ferent route is avai lable to synthesise boron ic esters, namely meta l -

catalysed bory la t ion o f alkenes, alkyneร and organic electrophi les w i t h d iboron 
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compounds or pinacolborane. '^ Th is route has been investigated in the last f ew years 
and extended to cross-coupl ing reactions o f borat ing agents, most common l y 
b is(p inacolato)d iboron or pinacolborane, '^ w i t h ary l and v i n y l halides or tr i f lates and 
a l l y l chlor ides or acetates to y i e l d a ry l - , v i n y l - , and al ly lboronates i n h igh y ie lds i n the 
presence o f a base and a pa l lad ium catalyst. Th is route has advantages over t radi t ional 
methods, for example, the protect ion o f funct iona l groups sensitive to organometal l ic 
reagents is not required. Moreover , i t is a one-step procedure for the synthesis o f 
organoboronic esters f r o m organic electrophi les. A weaker base, for example K O A c , is 
the most e f f ic ient for ary l iodides and bromides because stronger bases, such as K3PO4 
and K 2 C O 3 , promote the further coup l ing o f arylboronates w i t h the haloarenes, resul t ing 
i n a substantial amount o f the symmetr ica l b i a r y l / ^ The boronic esters obtained can 
then be used in the same manner as other boronic esters and acids i n Suzuk i -M iyaura 
coup l ing reactions w i t h hal ide compounds or they can be deprotected to produce the 
corresponding boronic acids. For examples 2 ,4 -d imethoxy-5-pyr im idy lboron ic acid 
was synthesised via cedranediolborane being cross-coupled w i t h the corresponding ary l 
iodide and then a deprotect ion step."^*^ 2֊Pyridylboronic esters, k n o w n to be 
t roublesome, have been generated by cross-coupl ing 2-bromopyr id ines w i t h 
b is(p inacolato)d iboron i n the presence o f a base and catalyst. Depending on the react ion 
condi t ions used, va ry ing amounts o f protodeboronated products were observed. I t was 
stated that due to the instabi l i ty o f the esters, they were reacted in รนน p roduc ing a 
nearly statistical m ix tu re o f homo- and cross-coupled products.^* 

W h y m a k e b o r o n i c acids? 

M a n y phenylboronic acids possessing ftinctionality such as amino- , halo-, 

f o r m y l - , cyano-, acety l - , a l ky l - and t r i (a lky ls i ly l ) -subst i tuents are n o w commerc ia l l y 

avai lable. There are also a number o f heterocycl ic boronic acids avai lable, the 

syntheses o f some have been reported, but they do not possess such diverse 

funct ional i t ies. Heterocycl ic boronic acids are valued for their impor tant role i n the 

syntheses o f bi(hetero)aryls via Suzuk i -M iyaura cross-coupl ing. M a n y natural 

products^^ and m o d e m pharmaceuticals^^ contain at least one heterocycle and thus using 

boronic acids for the syntheses o f novel analogues for h igh through-put screening has 

intensi f ied. These biary lร also have appl icat ions in materials science^"^ and 
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supramolecular chemistry.^' ' A n example is the synthesis o f a m o d e m pharmaceut ical 

namely nemertell ine,^^ the neuro tox in isolated f r o m a Hoplonemer t ine sea w o r m . 

Suzuk i -M iyaura cross-coupl ing reactions per formed on ha lopyr idy lboron ic acids 

prov ide an ef f ic ient two-step rapid synthesis o f nemerte l l ine, compared to the other 

routes, where a m i n i m u m o f five steps are required. 

Boron ic acids have also recently been invest igated for other uses, for example, 

fluorescent sensors conta in ing boronic ac id moiet ies have been synthesised fo r non

invasive and cont inuous glucose mon i to r ing?^ 

P y r i d y l b o r o n i c acids 

U n t i l 2002, there was on ly very l im i ted l i terature on py r idy lboron ic acid 

syntheses w i t h 3- and 4-pyr idy lboron ic acids first reported i n 1965.^ 3-Pyr idy lboronic 

acid (3) was obtained i n a 2 8 % y ie ld via a Gr ignard react ion, where as 4-pyr idy lboron ic 

acid (6) was generated via the organo l i th ium der ivat ive in a 2 0 % y ie ld (Scheme 1.1c). 

1. Mg, THF 

2. ВГСН2СН2ВГ 

MgBr 

1. TBB 

շ. HCl 

В(0Н)2 

28% 

1. ท-BuLi, EiļO 

Nク 2. В(ОМе)з 

4 

Li 

AcOH 

reflux 

20% 

В(ОН)з 

Scheme l . l c : Syntheses o f 3- and 4-Pyr idy lboron ic acids.^ 
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The l o w yields ref lect the d i f f i cu l t y i n iso lat ing the products, w h i c h was suggested to be 

due to the amphoter ic nature o f 3-pyr idy lboron ic ac id at p H 7, where i t cou ld exist 

predominant ly as the zwi t te r ion ic p y r i d i n i u m boronate (7) . The presence o f the 

zwi t ter ion ic structure was not supported by any characterisation data.2 The hydroph i l i c 

nature o f both isomers 3 and 6， was also stated to hinder their isolat ion f r o m the 

aqueous phase. The isolated compounds were not f u l l y characterised; on ly their 

n i t rogen content was g iven as evidence o f pur i ty . The l o w yie lds, tedious w o r k up and 

extreme react ion condi t ions needed, for the preparat ion makes this method unattractive 

for large-scale industr ia l use. M o r e recent ly, new improved syntheses have been 

publ ished. Halazy et al. synthesised 4-pyr idy lboron ic acid (6) i n 6 5 % y ie ld via 

halogen- l i th ium exchange f r o m 4-bromopyr id ine (9) (Scheme l . l d ) . ^^ 

NaOH 

1. ท-BuLi/EtsO 
2. В(0'Рг)з 

3. HCl 

В(0Н)2 

に 
65% 

N 

6 

Scheme l . l d : 4 -Pyr idv lboron ic acid synthesis."^ 

Coudret also developed a route to 6, however, using 4- iodopyr id ine that was converted 

to the boronic acid and then immedia te ly protected as the p inacol borate (12) (Scheme 

1 . le) .^^ The resul t ing 4 -pyr idy lp inaco ly lboron ic ester (12) was obtained i n a 7 4 % y ie ld . 

1. ท-BüLi/EtzO 
2. В(ОВи)з 

NH2 

՚ ՝ ^ 1. HCI/NaNOs 

N ՜ 2. Kl/acetone ,、 3. Pinacol/AcOH 

10 70% " 12 

74% 

Scheme l . l e : 4 -Pyr idy lboron ic acid synthesis 
28 
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I n 2002, Cai et al. publ ished the use o f a l i th ium-ha logen exchange to produce 3-
py r i dy l l i t h i um f r om 3-bromopyr id ine. ' ^ The p y r i d y l l i t h i u m species was then reacted 
w i t h a var iety o f bu i l d ing b locks in situ, e.g. w i t h T P B to g ive 3-pyr idy lboron ic acid (3) 
i n 8 7 % y ie ld . Cai et al. noted that the isolated product was a mix tu re o f free boronic 
acid and anhydr ide (13) based on c , H , N analysis. Cai et al. then studied the order o f 
addi t ion o f the var ious reagents^^ and stated that sequential addi t ion produced poor 
yields (20-30%) . A " reverse" addi t ion procedure (3-bromopyr id ine added to « -BuL i 
f o l l owed by the addi t ion o f T P B ) gave better y ie lds but had to be carr ied out at l o w 
temperatures. However , in order to achieve consistent h igh y ie lds an " พ situ" procedure 
was required; the ท-BuLi was added to a solut ion o f 3-bromopyr id ine and T P B , 
f o l l owed by an aqueous w o r k up. Th is approach is reported to be tolerant o f 
temperature g iv ing the best y ie lds (90-95%) at - 40 °С and y ie ld ing 8 0 % even at 0 °С. 

This procedure a l lowed the synthesis o f 19.6 g o f 3 -pyr idy lborox ine (13) , us ing the 

same l i th ium-ha logen exchange to obta in the 3֊pyridylboronic ac id, and then a further 
cyc l isat ion step. The characterisat ion o f the anhydr ide (13) was d i f f i cu l t due to the 
presence o f vary ing amounts o f hydrates, so i t was converted to the p inacol ester (14), 
i n 8 1 % y ie ld , w h i c h was then fu l l y characterised. Cai extended the in situ procedure to 
a number o f other heterocycl ic boronic acids inc lud ing 5 -pyr im idy lboron ic acid, 3-
qu ino ly lboron ic acid and 3- th ieny lboronic acid.^^ 

Pinacol 

Toluene 
Reflux 

13 1 4 

Scheme l . l f : 3 -Pyr idy lborox in and p inacol ester synthesis o f Cai et al.^^ 

I n 2005, Cai et al. publ ished w o r k on a k i l og ram scale u t i l i s ing the same procedure,^" 

and also coupled the boronic ester (14) w i t h 3-bromoquino l ine to obtain 3-pyr id in-3-

y lqu ino l ine i n 8 7 % y ie ld . 
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Dreos et al. publ ished the synthesis o f "a lmost pu re " 4 -pyr idy lboron ic acid (6) 

via the previously described reverse addi t ion procedure, a l though i t was on ly i n a 3 4 % 

y ie ld ; f u l l analysis o f the compound was given.^ ' I t was c la imed that lower y ie lds were 

obtained w h e n the react ion was carr ied out at - 60 °С due to ทนcleophi l ic addi t ions to 
the 4-bromopyr id ine occurr ing compet i t ive ly w i t h the halogen metal exchange react ion 
and the l o w react iv i ty o f 4 -py r i dy l l i t h i um towards t r imethoxyborane. To overcome this 
p rob lem the reaction was carr ied out at -110 °С and N, ΚΝ',Ν'-tetramethyl-1,2-

ethylenediamine ( T M E D A ) was added as an act ivat ing agent. 

The salt o f 2 -py r i dy l l i t h i um borate has been isolated as a stable compound,^^ but 

the synthesis o f 2 -pyr idy lboron ic acid (15) , un t i l recently, has remained e l u s i v e . T h e 

proposed reason behind the fa i lure o f this synthesis was that the pyr idy lboron ic acid 

underwent protodeboronation?'* I t was observed by Fischer et al. that the 3- and 4 -

pyr idy lboron ic acids, upon u v i r radiat ion i n neutral and s l ight ly basic condi t ions, 

decompose to produce pyr id ine (16) and boric acid (17). The proposed deprotonat ion 

o f the 2-pyr idy lboron ic acid (15) is a Sel subst i tut ion react ion, w h i c h is k n o w n to occur 

w i t h pyr id ine and p y r i d i n i u m ions (Scheme l . l g ) . I t was also observed that a l though 3-

and 4-pyr idy lboron ic acids were thermal ly stable, they decomposed upon treatment w i t h 

methy l 10(ՍԺ6.՜՛՛* 

+ HBO 

Scheme l . l g : Decompos i t ion o f 2 -pyr idy lboron ic acid 34 

The first c la im o f the synthesis o f 2 -pyr idy lboromc acid was by Matondo et al. who in 

2002 described the coup l ing o f 2 -pyr idy lboron ic acid (15) w i t h 2-bromopyr id ine, 

amongst coupl ings o f other boronic acids.^^ The synthesis and characterisation o f the 

coup l ing products were detai led but the synthesis o f 15 was not. Ma tondo ' s subsequent 

wo rk , described the synthesis o f a new fam i l y o f azaheteroarylboronic acids in good 

yie lds (62-75%) by t ransmetal lat ion between Gr ignard azine reagents and (ris-

t r imethyls i ly lborate.^^ This procedure gave the parent heterocycl ic boronic acids such 
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as 2-pyr idy lboron ic ac id (15) , 3 -pyr idy lboron ic ac id (3) , 5 -pyr im idy lboron ic acid (18) 

and qu ino l iny l -3 -boronic acid (19) and t w o substituted derivat ives, namely 6 -methy l -

(20) and 6-bromo-2 py r idy lbo ron ic acid (21) (Scheme l . l h ) . I t is no tewor thy that the 

wo rk -up had to be carr ied out at no higher than 20 °С and at a p H between 6-7 or 

deboronat ion o f the product occurred. 

x ' ^ ^ i, іі, ¡іі 

IvJ ՜ ― 
Br 

가 R 

N ' 
i 、 

B(0H)2 

R = H, X = CH, 
R = H, X = CH, 
R = H, x = Ñ; 

R = C4H4, X = CH, 

R = 6-Me, X = CH, 
R = 6-Br, X = CH, 

2- B(OH)2 
3- B(OH)2 
5-B(OH)2 
3-B(OH)2 
2-B(OH)2 
2-B(OH)2 

1 5 

1 8 

1 9 

20 

2 1 

Scheme l . l h : ( i ) ' P r M g C l , 20 °С， 2 h; ( і і ) [ (СНз)з8 іО]зВ, o °С to R T , 24 h; ( і і і ) 

H C l / H 2 0 ( 6 < p H < 7 ) , O °С to R T . 3 6 

Matondo et al. also publ ished the syntheses o f the novel 3 -a lkoxy-2-pyr idy lboron ic 

acids conta in ing l inear a lkoxy or per f luoroa lkoxy chains w i t h ท carbon atoms {ท = 

6,8,10,12 and 18). The yie lds ranged f r o m 60 to 7 5 % al though it was stated that higher 

y ie lds may have been obtained had it not been for d i f f i cu l t ies w i t h product extract ion 

and pur i f icat ion.^^ 

A t the outset o f the present w o r k Raul t et al. publ ished the syntheses o f a 

number o f ha lopyr idy lboron ic acids and esters.^^' ՚̂ ՜̂̂ ՛* The 6-ha lo-3-pyr idy lboron ic 

acids (Scheme l . l i ; compounds 22-24) were prepared, on a mu l t i -g ram scale, us ing 

halogen-metal exchange f r o m the corresponding 2,5-dihalopyr id ines. B rom ine 

substituted pyr id ine start ing materials gave much greater y ie lds i n metal -halogen 

exchange and subsequent boronic acid fo rmat ion than the corresponding ch loro- , fluoro

and iodo- der ivat ives. The synthesis o f 6 - iodo-3-pyr idy lboron ic acid (25) was 

unsuccessful f r o m bo th 5-bromo-2- iodopyr id ine and 2,5-d i iodopyr id ine. The 2-

substituted boronic acids were not obtained, even w h e n us ing condi t ions that select ively 

l i th iated in the 2-բօտւէւօո. ՛ ՛^ I t was suggested that th is was due to the k n o w n instabi l i ty 

o f these compounds.' '^ The boronic acids were coupled w i t h sterical ly h indered, 

e lectron-r ich, or e lectron-poor phenylhal ides under standard Suzuk i -M iyaura 

condi t ions, a l though on ly three examples were reported. 

10 
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^ ^ B ( 0 H ) 2 X = Br = 75% 22 
X = СІ = 87% 23 
x = 
x = 

： 76% 24 

0% 25 

Scheme l . l i ะ 6 -Ha lo-3-pyr idy lboron ic acids."" 

Raul t et al. publ ished the syntheses o f 2- , 4 - and 5-ha lo-3-pyr idy lboron ic acids 

(compounds 26-30) via halogen-metal exchange using и - B u L i or via d irected ortho-

l i th ia t ion (hydrogen-metal exchange) us ing LDA. ' ' ^ F ive novel py r idy lboron ic acids 

were thereby obtained (Scheme l . l j ) . The highest y ie lds (compounds 26 and 27) were 

achieved using halogen-metal exchange f r o m the corresponding d iha lopyr id ine. 

However , start ing f r o m 3 -bromo-4-ch loropyr id ine gave compound 29 i n on ly 2 5 % 

y ie ld , compared to 4 3 % when carry ing out a directed or/ /?o- l i th iat ion on 4-

ch loropyr id ine. It was concluded that no one method gave higher y ie lds for a l l 

compounds. 

- ֊ ^ B ( 0 H ) 2 / ^ B ( 0 H ) 2 Br֊.„^ , . ^B(0H)2 

Х 

x = Br = 60% 26 

X = СІ = 66% 27 
x = F = 63% 28 

43% 
29 

71% 
30 

Scheme l . l j : 2 - , 4 - , and 5-Ha lo-3-pyr idy lboron ic acids 42 

The boronic acids were also coupled w i t h ster ical ly h indered, e lectron-r ich, or electron-

poor phenylhal ides under standard Suzuk i -M iyau ra condi t ions, again on l y three 

examples o f these were reported. 

Raul t et al. publ ished the synthesis o f 2- and 3-һаю-4-pyr idy lboron ic acids 

(compounds 31-36).՛*^ The 2-ha lo-4-pyr idy lboromc acids were synthesised via a 

halogen-metal exchange, using « -BuL i , i n good yields. However , the 3-halo-4-

pyr idy lboron ic acids were produced via directed orř/?o-metal lat ion in lower y ie lds. T w o 

cross-coupl ing examples were reported on th is occasion. 

11 
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B(0H)2 B(0H)2 
x = Br = 6 8 % 31 

X = ΔΙ = 6 4 % 32 

X = F = 64% 33 

43 

Χ = Br = 32% 3 4 

X = CI = 38% 35 

X = F = 4 6 % 36 

Scheme l . l k : 2- and 3-Ha lo-4-pyr idy lboron ic acids. 

The second report o f a 2 -pyr idy lboron ic acid synthesis by Raul t et al. (Scheme 1.11)33 

compr ised the synthesis, pur i f i ca t ion , some X- ray crystal lographic data and the 

react iv i ty o f the new 5- and 6-halo-2-pyr idy lboronic acids. N o d i f f i cu l t ies in the 

syntheses o f these compounds were noted and it was c la imed that they were stable to 

storage at < 5 °С. The on ly stated p rob lem was in the synthesis o f 5-bromo-2-

pyr idy lboron ic acid. 2 ,5 -D ib romopyr id ine cou ld not be select ively l i th iated at the 2-

pos i t ion, and a l l at tempted reactions resulted i n 6 -bromo-3-pyr idy lboron ic acid. A l m o s t 

f u l l characterisation was g iven for compounds 37 to 39 (no 13C N M R ) , but an X - ray 

crystal structure o f the corresponding p inacol ester o f compound 37 was conclusive 

p r o o f that the compound had been obtained.^^ 

x = Br = 55% 3 7 γ _ x = CI = 36% 39 

X = CI = 45% 38 

X ' ^ N ^ B ( 0 H ) 2 ^ ^ N ' ^ B ( 0 H ) 2 

Scheme l . l l : 2- and 3-Ha lo-6-pyr idy lboron ic acids. 

Compounds 37 and 39 were coupled under standard Suzuk i -M iyaura condi t ions in 

moderate y ie ld w i t h t w o substituted iodobenzenes and bromobenzene. Interest ingly, 

compound 37 d id not react as both the boronic acid and the hal ide, and on ly the desired 

raonocoupled product was isolated. 

Earl ier w o r k in our laboratory established routes to novel py r idy lboron ic acids 

w i t h halo and/or methoxy funct iona l i ty w h i c h was supported by the f i rst X - ray crystal 

structures o f py r idy lboron ic acid de r i va t i ves / 2 -Bromo-5-py r idy lboron ic acid (22), 2-

сһюго-5-pyr idy lboron ic ac id (23) , 2 -methoxy-5-pyr idy lboron ic acid (40) and 5-chloro-

2-methoxy-4-pyr idy lboron ic acid (41) were synthesised via halogen-metal exchange 

using и - B u L i (Scheme 1.1m). 
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B(0H)2 X = Br 

X = OMe 

79% 22 

61% 23 

65% 4 0 Me ひ 
48% 4 1 

Scheme l . l m : Pyr idy lboron ic ac id de r i va t i ves / 

The X- ray crystal structures o f 22 and 23 (22 is shown i n Figure 1.1a) con f i rm the 

presence o f the free boronic ac id w h i c h is extensively hydrogen bonded. The boronic 

acids were cross-coupled under Suzuk i -M iyaura condi t ions w i t h a w ide range o f 

heteroaryl bromides, inc lud ing quinol ines, pyr id ines, py r im id ineร , pyrazines and 

thiazoles to produce a new biheteroaryl l ib rary conta in ing 21 compounds. 

՜ V )0Cฑ 

F i g u r e l . l a : X֊Ray strucณre o f 2 -bromo-5-pyr idy lboron ic acid (22) , at 120 K. 

Dashed lines are hydrogen bonds. 

Contrary to the coupl ings carr ied out by Raul t , i n our laboratory, coup l ing o f compound 

22 consistently gave mu l t i component product mixtures ( T L C evidence) f r om w h i c h 

on ly l o w yields (10 — 32%) o f b i (heteroary l ) products were isolated. Further details o f 

these Suzuk i -Miyaura coupl ings w i l l be discussed in part 2 o f this in t roduct ion (1.2). 

Bryce ei al, publ ished more halo- and a lkoxy- substituted pyr idy lboron ic acids 

i n 2003 (Scheme 1.1ո).՛*^ 2 -F luoro-5-pyr idy lboron ic acid (24) , 3-bromo-5" 

py r idy lboron ic acid (30) and 2-e thoxy-5-pyr idy lboron ic acid (42) were synthesised 

using metal-halogen exchange fo l l owed by reaction w i t h T P B . 2֊Methoxy-3-

pyr idy lboron ic acid (43), 3-bromo֊6-methoxy"4-pyr idylboronic acid (44) and 3-bromo-

6-ethoxy-4֊pyridylboronic ac id (45) were synthesised using meta l -hydrogen 

exchange."*^ 

13 
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x = F Y = H 51% 24 
x = H Y = Br 74% 30 
X = OEt Y = H 61% 4 2 

B(0H)2 

N OMe 
13% 4 3 

B(0H)2 
R = Me 39% 
R = Et 23% 

4 4 
4 5 

Scheme l . l n : Pyr idy lboron ic acids. 47 

Each boronic ac id was coupled w i t h 3-bromoquino l ine, to con f i rm their su i tabi l i ty as a 

cross-coupl ing partner for Suzuk i -M iyaura reactions, to a f fo rd the corresponding 

py r idy lqu ino l ine products. Der ivat ive 30 coupled in a very l o w y ie ld (8%) and this was 

due to the fo rmat ion o f numerous other products ( T L C evidence) that probably arose 

f r o m further coupl ings o f the reactive bromine substituent on 30. I t is notewor thy that 

no such further coupl ings were observed w i t h 44 and 45, presumably due to the steric 

ef fect o f the heterocycl ic substituent adjacent to the bromine. 

The synthesis o f 5 -bromo-2- f luoro-3-pyr idy lboron ic acid (47) i n 80 %, was 

publ ished by Gal lagher et al. i n 2002 , 4 8 by directed or r / îo- l i th ia t ion o f 5-bromo-2-

fluoropyridine (46) f o l l owed by react ion w i t h t r imethylborate. The Suzuk i -M iyaura 

reactions o f 47 w i t h a range o f ary l iodides gave 3-monosubst i tuted 5-bromo-2-

fluoropyridines (48) i n excel lent yields. Suzuk i -M iyaura cross-coupl ing reactions o f 47 

w i t h aryl bromides were unsuccessful. Gal lagher et al. then carried out a second 

Suzuk i -M iyaura cross-coupl ing react ion u t i l i s ing the bromo substituent on 48 w i t h ary l 

and heteroaryl boronic acids to generate 3,5-disubst i tuted 2- f luoropyr id ines (49) , w h i c h 

in tu rn were converted to the corresponding pyr idones (50) (Scheme l . l o ) . 

14 
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B(0H)2 

Scheme l . l o ะ Pyr idone synthesis. 48 

Pyr idy lboron ic acids are occasional ly ment ioned i n other Աէ6քսէա6,՛^^ for 

example, Peukert et al. detai led the Suzuki coup l ing o f 3֊/err-butyl ethylcarbamate-4-

pyr idy lboron ic acid and l - (2"bromophenyl ) -2-methoxyethanone as one step in a m u l t i 

stage synthesis o f a pharmaceut ical . The synthesis and iso lat ion o f the product was 

detai led, however, no characterisation data were g iven and it was stated to have been 

used in its crude f o r m w i t h no pur i f i ca t ion. 

P y r i m i d y l b o r o n i c acids 

Substituted py r im idy lbo ron ic acids were f i rst isolated by L iao et al. dur ing the 

syntheses o f ant i - tumour reagents, by l i th ia t ing p y r i m i d y l ethers and react ing in situ 

w i t h t r imethylborate or tr ibutylborate.^^ Some o f the resul t ing boronic acids were 

unstable and thus converted to 5"Uracilboronic acid by a catalyt ic hydrogénation 

process. A t tempted coupl ings between halogenated uraci l and appropriate boronic 

acids, i n the hope o f achiev ing nucleoside syntheses, were unsuccessful. The 

py r im idy lbo ron ic acids d id couple w i t h π-electron def ic ient heterocycl ic halides in good 

y ie lds. The parent py r im id in -5 -y lbo ron ic acid (51) was first synthesised in 1986 by 

Gronowi tz et al. i n a 5 2 % y ie ld via ha logen- l i th ium exchange and then an in situ 

quench using t r ibuty lborate ( T B B ) . 5 ' Fu l l characterisation o f 51 was g iven. In 1997, i n 

15 
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a study into the synthesis o f nove l potent inos i to l monophosphate inh ib i tors , 51 was 

coupled to a number o f t ropolone derivat ives i n modest yields (Scheme l . l p ) . 

N へ 

՝N՝ 

51 

N へ 

՝N 

51 

B(0H)2 OMe 
OMe 30% 

B(0H)2 

OMe 

OMe 
0.、 1 .OMe 

OMe 
37% 

Scheme l . l p : Coupl ings o f boronic acids w i t h t ropolone derivatives.^' 

Matondo et ai publ ished the detai led synthesis o f 51 i n 7 2 % y ie ld by a trans

metal la t ion between Gr ignard azine reagent and /rz.y-tr imethylsi lylborate, f o l l owed by 

an aqueous w o r k up. 36 Cai also obtained 51， stating that the order o f addi t ion o f 

reagents was cruc ia l?^ In their hands, a sequential addi t ion procedure y ie lded the 

product in on ly 2 8 % y ie ld , whereas an "in situ quench" (the borate being present dur ing 

the ha logen- l i th ium exchange) gave 51 i n a much higher y ie ld o f 76%. 

In our laboratory i n 2004, the detai led synthesis o f 51 was investigated. In our 

hands both l i terature routes gave an impure product (by Ή N M R ) i n l o w yields (< 

3 0 % ) . A mod i f i ed synthesis (s t i l l using an " ш situ quench") reproducib ly and cleanly 

gave 51 i n 1 - 10 g batches. The route was extended to the synthesis o f 2-methoxy-5-

py r im idy lbo ron ic acid (52).՚՝^ Compound 5 1 , obtained by this route, was isolated as an 

air-stable hemi-hydrate as con f i rmed by its X - ray crystal structure. B o t h 51 and 52 

were coupled under Suzuk i -M iyaura condi t ions to produce a range o f biheteroaryls and, 

i n one example, a t w o f o l d react ion gave 4 ,6 -d i (py r im id in -5 -y l )py r im id ine . Y ie lds were 

l o w when coup l ing 2 -b romopyr im id ine w i t h 51 and 52 (9 and 4 % , respect ively) and 51 

w i t h 3-bromoquino l ine (18%) . Us ing 2 -ch lo ropyr im id ine instead o f 2 -b romopyr im id ine 

increased the yields to 3 4 % and 5 0 % , respect ively. 
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リへ 

し 

51 

В(0Н)2 

Meo 

N へ 

Х 
.В(0Н)2 

N 

52 

cheme l . l q : Py r im idy lboron ic acids. 52 

O t h e r N i t r o g e n - C o n t a i n i n g He te rocyc l i c B o r o n i c A c i d s 

P y r r o l e 

In 1991, the first report o f a py r ro ly lboron ic acid appeared,^^ namely 2-

pyr ro ly lboron ic acid by Schlüter et al. Pyrro le cou ld be l i th iated d i rect ly or cou ld 

undergo metal-halogen exchange, when the n i t rogen atom was protected by tert-

butoxycarbony l (Boc) , t r i i sopropy ls i l y l (T IPS) or pheny lsu lphony l groups. Schlüter et 

al. used rer / -butoxycarbonyl in thei r synthesis o f jV - (Boc)-2-pyrro ly lboronic acid (53) i n 

4 0 % y ie ld . Unfor tunate ly , 53 cou ld not be used in any Suzuk i -M iyaura cross-coupl ing 

reactions as i t was susceptible to deboronat ion, and homocoup l ing to give product (54) 

when heated (Scheme l . l r ) . 

Boc 

Ņ- ՝В(0Н)2 

Boc 

40% 

53 54 

Scheme l . l r : iV - (Boc)-pyrro le-2-boronic acid (53) and homocoupled product (54). 
53 

7V-(Boc)-5-(pent-4-enyl ) -2-pyrro ly lboronic acid (55) was produced by Furstner et al. i n 

the synthesis o f a potent cy to tox ic prod ig ios in a lka lo id , via directed orř / ío-metal lat ion 

o f J¥-BOC protected 2 - (pent -4 -enyl)pynOİe. The a im was to cross-couple 55 w i t h a 

t r i f late (56) (Scheme 1.1տ).^՛՛ The diene (57) produced underwent further t ransformat ion 

f ina l l y to produce the desired product nony lp rod ig ios in (58). It was again observed that 

2-pyr ro ly lboron ic acid was unstable and underwent protodeboronat ion dur ing attempts 

to couple i t . 
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, / N Boc 

B(0H)2 TfO 
OMe 

55 56 
OMe 

57 

OMe 
58 

Scheme 1.1ระ Nony lp rod ig ios in (58) synthesis 54 

Ketcha et ai d iscovered that 1 - (pheny lsu l fony l )pyr ro le compet i t i ve ly desul fonylated 

when at tempt ing to l i th iate at the C-2 pos i t ion and for this reason the boronic acid was 

obtained i n on ly 8 % y ie ld . However , Suzuk i -M iyaura reactions o f the boron ic acid took 

place i n y ie lds o f 3 9 - 9 1 % , w i thou t deboronat ion occurr ing.^ 

M u c h o w s k i et alý 5 publ ished the on ly synthesis o f 3 -pyr ro ly lboron ic ac id using 

a t r i i sopropy ls i l y l protect ing group. The protected pyr ro le first underwent selective 

iod inat ion at C-3 then metal-halogen exchange using и - B u L i , to produce the boronic 

acid in 4 3 % y ie ld . 

I n d o l e 

Indole boronic acids are k n o w n to possess sugar b ind ing propert ies, and the 

indole m o t i f is an integral part o f a w ide var iety o f natural propert ies. The f o l l o w i n g 

protect ing groups have been used pr ior to mak ing the boronic ac id: jV- tosy l , յ ¥ - Տ Օ շ Ր հ , 
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N-Boc, N-Me, N-OMe, лᄂTBS and TV-potassio salt. Johnson et  ๔ . 56 publ ished the 
synthesis o f 2- indo ly lboron ic acid using Л'^-Вос protected indole i n 6 5 % overal l y i e ld ; 

the boronic acid (59) was then coupled under Suzuk i -M iyaura condi t ions w i t h a range 

o f ary l hal ides, but on ly l o w y ie lds o f products (60) were obtained and this was 

explained by steric hindrance and preferent ial homocoup l ing . A s igni f icant amount o f 

homocoupled boronic acid (61) was obtained. 

(H0)2B 

Ar-X 

Pd(0) 

Boć 

59 60 61 

Scheme l . l t : Cross- and homo-coup l ing o f jV-Boc-2- indo ly lboron ic ac id (59). 56 

Ish ikura et al. studied a range o f TV-substituted indol-2-y lboronates and found 

that the react ion y ie lds (0 - 80%) when the boronic acids were coupled w i t h a ry l - , 2-

and 3 -pyr idy l and 3-th ienyl groups depended on the protect ing group e.g. 〜 1 5 % for 

Տ Օ շ Ր հ to ~ 8 0 % for M e . " 

The ease o f the synthesis o f 3- indo ly lboron ic acid seems to be inf luenced by the 

protect ing group, w i t h si l icon-based groups being favoured. The synthesis o f 3-

indo ly lboron ic acid us ing a pheny lsu lphony l protect ing group must take place at 

їетрегаШгеร be low - 1 0 0 °С , or rearrangement to the more stable 2- l i th io der ivat ive 

occurร.^^ I f a d i f ferent protect ing group, such as лᄂTBS, is used the react ion is much 

less temperature sensit ive; this protect ing group is used i n the synthesis o f the 

ant iv i ra l /ant i tumour b is ( indoy l ) im idazo le der ivat ive topsentin.^^ The l i th ia t ion was 

carr ied out at - 7 8 °С and no isomerisat ion was observed, the boronic acid was used 

w i thou t pur i f i ca t ion , so therefore, a y ie ld was not recorded. Л^-TIPS is another 

protect ing group that has a stabi l is ing inf luence on the boronic acid. The A'^-TIPS-B-

bromoindo le (62) was converted to the A'^-TIPS-S-indolylboronic acid (63) i n an overal l 

y ie ld օ ք86%.^ ՛ ^ 
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TIPS 

NBS, THF 

-78°c 

TIPS 
62 

(H0)2B 

1. BuLi, THF, -60°c 

2. В(ОіРг)з 

3. aq NH4CI 

86% 

TIPS 
63 

Scheme l . l u : Synthesis o f # -T IPS-3 - i ndo l y lbo ron i c acid (63) 60 

The on ly syntheses publ ished for 5-, 6- and 7- indo ly lboron ic acids have used the 

7V-potassio-salt protect ing group,^ ' ' 6 2 and moderate y ie lds ( - 44 % ) were obtained. It 

was established that a ha logen- l i th ium exchange takes place w i thou t meta l la t ion 

occurr ing at the C-2 pos i t ion. The on ly im idazo ly lboron ic acid synthesis^^ to be 

publ ished uti l ises a 1,2-protected imidazole (64) (Scheme l . l v ) . N o y ie ld was quoted 

as the crude boronic acid (65) was reacted in Suzuk i -M iyaura coup l ing reactions where 

on ly a 7 % y ie ld o f (66) was obtained. The author stated that the instabi l i ty o f 65 was 

responsible for the l o w coup l ing y ie lds and not the inef f ic iency o f the coup l ing react ion 

themselves. N o evidence to support this statement was g iven. 

II -น 

Y 
SEM 

nBuLi 

՝SPh SPh 

1. В(ОМе)з 

2. հ շ Օ (Η0)2Β' -^^ 

SEM 

6 5 

՝SPh 

PhS 

SEM 7% 

66 

Scheme l . l v : Synthesis o f Im idazo ly lboron ic ac id (65) 63 
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Q u i n o l i n y l b o r o n i c acids 

The syntheses o f 8-qu ino l iny lboron ic acid^'* and 2-сШогояи іпо1у1-3-Ьогоп іс 

acid^^ have been reported. 8 -Quino ly lboron ic ac id was obtained i n 7 9 % y ie ld and 

Letsinger et al. fa i led to synthesise any other isomers and proposed that i t was the on ly 

isomer achievable due to the need to faci l i tate the metal-halogen exchange by the 

coord inat ion o f the rt-BuLi w i t h the heterocycl ic n i t rogen atom. Recent ly, the synthesis 

o f 2-ch loroquino ly l -3-boron ic acid (85%) was publ ished by a D o M react ion due to the 

chlor ine i n the շ - բ օ տ ւ է ա ո . " ՛ 

There are also a number o f sulphur and oxygen heterocycl ic boronic acids 

k n o w n but despite many attempted syntheses th iazo ly l , oxazo ly l , and pyraz iny lboron ic 

acids remain unknown . 
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1.2 App l i ca t i on o f B o r o n i c Ac ids 

Boronic acids have a number o f advantages over organol i th ium, organomagnesium 

and other organometal l ic reagents. They are generally innocuous, air-, moisture- and 

temperature-stable, unl ike many other organoboron compounds e.g. МезВ. The main 

appl icat ion for boronic acids, amongst others, is the synthesis o f biarylร by transit ion metal 

catalysed cross-coupling reactions. The biaryl unit is present in several types o f 

compounds o f current interest inc luding natural products, polymers, advanced materials, 

l iqu id crystals and molecules o f medicinal interest. 

There are a number o f commonly used catalytic methods in biaryl synthesis for 

example; Kumada, Negish i , Sti l le and Suzuki-Miyaura reactions. These reactions prepare 

both symmetrical and unsymmetr ical biarylร and invariably proceed using either nickel or 

pal ladium catalysts. In 1972, Kumada, Tamao and Corr iu reported independently that the 

reaction o f organomagnesium reagents w i t h alkenyl or aryl halides could be catalysed by 

N i ( I I ) complexeร.^^ The coupl ing o f a Grignard reagent ( A r ' M g X ) w i th a lky l , v i ny l or aryl 

halides under Ni-catalysis provides an economical transformation. However, there are 

disadvantages, the reaction is l imi ted to halide partners that do not react w i th 

organomagnesium compounds and the polar nature o f the Grignard reagent precludes the 

use o f several types o f funct ional groups in the coupl ing partner such as aldehydes, ketones, 

esters and nitro groups.^^ The advantage o f this reaction is the direct coupl ing o f Grignard 

reagents, wh ich avoids addit ional reaction steps such as the conversion o f Grignard 

reagents to zinc compounds for the starting materials in the Negishi coupling.^^ A n 

example is in the industrial-scale product ion o f styrene derivatives, and the Kumada 

coupl ing is generally the method o f choice for the low-cost synthesis o f unsymmetr ical 

biarylร. 

The Negishi coupl ing, first published in 1977, was the f irst reaction that a l lowed the 

preparation o f unsymmetr ical biarylร in good yields. The versatile n icke l - or pal ladium-

catalysed coupl ing o f organozinc compounds w i th various halides (ary l , v i ny l , benzyl , or 

a l ly l ) has broad scope and is not restricted to the format ion o f biarylร. Un l ike the Kumada 
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reaction, funct ional groups are tolerated in the coupl ing partner. Ary lmagnesium and 
arylzinc reagents are precursors to biarylร in the Kumada and Negishi reactions, 
respectively. A ry l l i t h iums are not generally used due to their h ighly polar and basic nature. 
There are, however, some isolated examples which have been successful. The Sti l le 
Coupl ing is a versatile c֊c bond fo rming reaction between stannanes (Ar^SnRs, R = Me , 
Bu) and halides, w i th very few l imitat ions on the R-groups. Well-elaborated methods a l low 
the preparation o f d i f ferent products f rom al l o f the combinations o f halides and stannanes. 
The main drawback is the tox ic i ty o f the t in compounds and their l ow polar i ty, wh ich 
makes them poor ly s d ^ in water. Stannanes are stable, but boronic acids and their 
derivatives undergo much the same chemistry in the Suzuki -Miyaura coupl ing (see below), 
wi thout the drawbacks o f using t in compounds. 

The pal ladium catalysed reaction o f a boronic acid [ А г ' В ( 0 Н ) 2 ] w i th an aryl hal ide 

(Ar^X) is a general method for the format ion o f carbon-carbon bonds. Since the late 1990ร 

this type o f reaction has been called Suzuki coupl ing, Suzuki reaction or Suzuki -Miyaura 

coupl ing. The reaction is extremely versatile due to the avai labi l i ty o f the reagents and the 

m i l d reaction condit ions. The reaction is unaffected by the presence o f water, tolerates a 

broad range o f funct ional groups, generally proceeds regio- and stereo-selectively and the 

inorganic by-product is non-toxic and easily removed.^^ 

Due to the extensive synthetic possibi l i t ies using Suzuki -Miyaura coupl ings, the 

parameters o f the reaction and the mechanism are constantly under investigation. 

Mechan i sm 

The cross-coupling reactions o f organoboron compounds fo l l ow a s imi lar catalytic 

cycle to that o f other main metal reagents, invo lv ing : (a) oxidat ive addit ion o f organic 

halide or other electrophiles to a palladium(O) complex y ie ld ing R^-Pd"X; (b) 

transmetallation between R I - P d - X and R2 -B w i t h the aid o f base; and (c) reductive 

e l iminat ion o f R^-R^ to regenerate the palladium(O) complex. Water and base are necessary 

to activate the boronic acid."^^ The coupl ing reaction o f 3-bromopyndine and a phenyl 

boronic acid has been analysed using electrospray ionisation mass spectrometry (ESI -
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M ร ) 7 ^ From this study it was concluded that the reaction mixture contained two key 

intermediates ( I and I I ) as shown in scheme 1.2a. 

Reductive Elimination \ ^ \ / Oxidative Addition 

Ar^(L2)Pd(ll)X ArVLoļPdrlIlAr^ 

Transmeta at on 

XB(0H)2 Аг2В(ОН)2 + base 

Scheme 1.2a: Studies o f mechanism by Canary et al. 70 

Other studies, inc luding that o f Suzuki et al.， have shown the format ion o f three 

intermediates dur ing the coupl ing o f 1 -alkenyl halide and 1-alkenylboron compounds. The 

generally accepted catalytic mechanism is depicted in Scheme 1.2b7^ 

Аг 1 -Дг2 ^ ֊ ֊ А г ^ х 

Х L P d ( 0 ) L - ֊ - ^ 
Reductive Elimination \ х \ í Oxidative Addition 

Aripd(ll)(L2)Ar2 

HQ、 OR 
. ๑ b ; 
HO OH 

Transmetalation 

Аг2֊в̂  
ЯН 

OH 

он но он 

Ar^Pd(ll){L2)X 

Ar^Pd(ll)(L2)OR 

NaOR 

Ligand Exchange 

NaX 

Scheme 1 .2b: Catalyt ic Mechanism for Suzuki -Miyaura Cross-Coupl ing Reaction. 
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A l though the two steps o f oxidat ive addit ion and reductive el iminat ion are reasonably we l l 

understood, less is k n o w n about the transmetallat ion process. Oxidat ive addit ion o f the 

halide to the palladium(O) complex forms an organopal ladium halide (Scheme 1.2c). 

A r - X 

Pd(0) 

Ar 
/ 、 

/ 、 

Pd Х 

A r - P d - X 

Scheme l ,2c: Oxidat ive addit ion step. 

Th is step is generally accepted to be rate-determining,^^ although it has been shown by 

Smith et al. that when using an aryl iodide, instead o f an aryl bromide or chlor ide, the 

transmetallation step is rate determining.^^ Recent literature has shown that the oxidat ive 

addit ion o f chloro-, b romo- and iodoarenes to a bisphosphine palladium(O) complex 

(containing hindered l igands) occurs via three di f ferent mechanisms7^ Add i t ion o f Phi 

occurs by the associative displacement o f a phosphine, PhBr by rate- l imi t ing dissociation o f 

a phosphine and that o f PhCI occurs by a reversible dissociation o f a phosphine, fo l lowed 

by rate- l imi t ing oxidat ive addit ion. 

Nex t is the transmetallat ion step where t w o alternative processes are hypothesised. 

Avai lable informat ion indicates that there are several processes for transferring the organic 

group onto the organopal ladium halide ( 6 8 ) / ^ The addit ion o f sodium hydroxide and other 

bases exerts a remarkable accelerating effect on the transmetallation between 68 and 

organoboronic acids. Quarternization o f the boron atom w i t h a negatively charged base 

enhances the ทนcleophil ici ty o f the organic group on the boronic acid for alkylat ion o f 68. 

Simi lar ly a hydroxyboronate anion (67), wh ich exists in equi l ibr ium w i th the free boronic 

acid, could alkylate Ar^ -Pd-X (Scheme 1.2d). Phenylboronic acid has a pKa o f 8.8， 

therefore the concentration o f hydroxyboronate an ions w i l l increase at p H 9 and above. 

The rate o f the coupl ing reaction o f phenylboronic acid and 3-iodobenzoic acid is 

signif icant ly increased upon raising the p H f rom 8 to 10.73 However, the rate is retarded 
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above p H 11. Kinet ic studies using N M R spectroscopy also support this mechanism by 
showing the format ion o f the hydroxyboronate anion7^ 

Ө 
OH 

Аг2В(ОН)2 Аг2^(ОН)з-

67 

Aripd(L2)X 

68 H O ® R 2 

Ar2pd(L2)Ar^ 

Scheme 1.2d ะ Transmetal lation step. 

A n alternative process is transmetallation to an alkoxo-, hydroxo-, acetoxo-, or 

(acetylacetoxo)pal ladium(l l ) complex (69), formed by the in situ l igand exchange between 

A r ' - P d - X (68) and a base (RO ) (Scheme 1.2e). This species is more electrophil ic than the 

organopalladium halide complex (68) due to the P d - 0 bond being more polar than the Pd-X 

bond. These complexes undergo transmetallation wi thout the aid o f base. The reaction 

may involve the rate determining coordinat ion o f the RO" ligand to the boron atom via a 

transit ion state depicted as 70. The h igh basicity o f the Pd(0) species and the high 

oxophi l ic i ty o f the boron centre are the reasons for the strong reactivity o f the RO-Pd 

complexes. This latter scheme is generally accepted to be the mechanism due to Suzuki et 

al. showing the format ion o f A r 'Pd ( I I )OR. 

Θ 
RO 

Aripd(L2)X 

68 

Aripd(L2)OR 

69 

Аг2֊В(ОН); 

Ar^-Pd 
Ar2pd(L2)Ar 

71 

70 

Scheme 1.2e: Transmetal lat ion step. 

A s the organopal ladium species w i th two aryl units (71) attached are unstable, the 

biaryl (72) is produced and the palladium(O) complex (73) is regenerated,. 
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Ai·i 

？Pd 

、Аг2 

Ar 1 

՝Ár2 

Ar^-Ar^ + L2Pd(0) 

72 73 

Scheme 1.2f: Reductive El iminat ion Step 

For a homocoupl ing reaction o f a boronic acid to proceed there needs to be a step replacing 

the aryl group f rom the coupl ing partner ( Å r ' ) w i t h that f rom the boronic acid (Ar^) . 

Proposed mechanisms for homocoupl ing involve two transmetallations stages/'*' 7 5 

Yoshida et al. proposed the catalytic cycle in Scheme 1.2g as it is known that oxygen 

readily reacts w i t h palladium(O) to af ford pal ladium(I I ) peroxide. 

Oxidat ive cycl isat ion 

o . 

՝Pd(0) 

Ar-Ar 

Reductive El iminat ion 

RoBO 

RzB-OO-BR 

Scheme 1.2g: Proposed pathway o f homocoupl ing 74 

In this cycle a three-membered pal lad ium(I I ) peroxide complex is formed by oxidat ive 

cycl izat ion o f molecular oxygen w i th the palladium(O) complex. Subsequently a double 

transmetallation o f the organic moiety attached to the boronic acid to the pal lad ium(I I ) , 
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w i t h the aid o f base gives diorganopal ladium and boron peroxide. Reductive e l iminat ion o f 

the homcoupl ing product regenerates the palladium(O) complex. 

The Suzuki -Miyaura reaction can be carried out using a variety o f catalysts, bases 

and solvents, where their combinations signif icant ly affect the yields and selectivity o f the 

products. However, the influence o f the parameters depends upon the nature o f the 

substrate and for this reason, in this chapter^ only the most relevant literature w i l l be 

reported. 

Catalysts and L igands 

Рс1(РРҺз)4 İs a commonly used catalyst for Suzuki -Miyaura reactions; however, it is 

air sensitive so alternative species have been investigated.՚՛^ Ideały, a universal catalyst 

wou ld satisfy the diverse requirements o f every di f ferent Suzuki -Miyaura coupl ing and 

obtain a high y ie ld using low loading. To date this has not been realised, but a number o f 

research groups have reported di f ferent catalysts/catalytic systems relevant to heterocyclic 

boronic acid couplings. The use o f bu lky tr ia lkylphosphine ligands is thought to assist in 

Suzuki -Miyaura cross-couplings by stabil ising and promot ing the generation o f the 

unsaturated Pd(0) and Pd(I I ) intermediates and thereby enhancing the catalytic act iv i ty o f 

Pd complexes in coupl ing reactions^^ Buchwald et al. reported a number o f dif ferent 

l igands, some for use in room temperature coupl ings, and some for extremely low loadings 

o f catalyst (0.000001 mo l They have however, only published one example using 

heterocyclic boronic acids. In 2004, they reported a catalyst system that enabled the 

coupl ing o f both electron-rich and electron-poor heteroaryl boronic acids w i th hindered aryl 

halides and a variety o f heteroaryl halides at exceptionally low load ings/^ The catalyst 

system, 2-(2 ' ,6 ' -d imethoxybiphenyl) -d icyc lohexylphosphine, SPhos (74) and Pd2dba3 (dba 

= dibenzylideneacetone) was used to cross-couple 3-pyndylboronic acid w i th a range o f 

aryl halides in isolated yields o f 81 - 96%, reactions t imes o f 15 一 24 h and catalyst 

loadings o f 2 — 3%7^ A r y l couplings carried out using 2 - (2 ' ,4 ' ,6 ' -

t r i isopropylbiphenyl)diphenylphosphine (75) were not as high y ie ld ing; this was claimed to 

be due to the importance o f l igand bu lk and electron-donating abi l i ty in the high act iv i ty o f 
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catalysts. Interestingly, it was found that when aryl bromides became too hindered (three t-
B u groups) the desired coupl ing product was not obtained. 

Scheme 1.2Һะ Ligands investigated by Buchwald et al. 

Many phosphines are sensitive to air and moisture and can undergo conversion to 

other species, for example, phosphine oxide species. For this reason and economical and 

environmental reasons, especially f rom an industrial perspective, new recyclable catalytic 

systems are being sought. L i et al reported the Pd(0Ac)2 / D A B C O (tr imethylenediamine) 

catalytic system for use in Suzuki -Miyaura cross-coupling reactions.^*^ This system can be 

recovered and recycled f ive times wi thout any loss o f catalytic act iv i ty ; the system is, 

however, l im i ted to ary l iodides and bromides. Capretta et al used a catalytic system based 

upon Pd2dba3.CHCİ3 on a l,3,5,7-tetramethyl-2,4,8-trioxa-6-phenyl-6"phosphaadamantane 

f ramework for solid-phase Suzuki -Miyaura cross-couplings o f ary l halides w i t h ary l and 

thienylboronic acids.^^ The reactions proceed at room temperature w i th l ow pal ladium 

loadings (2 m o l % ) g i v ing moderate to h igh conversions (42 - 100%). Al ternat ive ly , the 

catalyst can be po lymer supported. Le Dr ian et ai reported the same product yields f rom 

the Suzuki -Miyaura cross-coupling o f phenylboronic acid and bromoaromatic compounds 

using a polymer supported catalyst or " f ree " catalyst.^"^ Recovery and reuse o f the catalyst 

was stated to be straightforward and only 0 ,6% o f the ini t ia l pal ladium content was lost 

dur ing the reaction. Wi l l i ams et al carried out Suzuki -Miyaura cross-coupling reactions 

using reverse-phase glass beads in aqueous media.^^ The beads were coated w i th 

Рс1(РРҺз)4, wh ich is assumed to be sti l l mobi le on the surface, and the reaction occurs at the 

interface. 3 m o l % Рс1(РРҺз)4 on polymer beads was used to couple aryl boronic acids w i th 
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heteroaryl iodides and bromides to afford the desired products in moderate to excellent 
yields ( 4 7 - 100%). 

The advances ๒ catalytic systems have enabled Suzuki-Miyaura reactions to be 

carried out at a range o f temperatures, some even at room temperature, e.g. the synthesis o f 

76 - 80 using hindered aryl bromides (Scheme 1.21).*" The concentration o f base used made 

no difference to the yields obtained. 

B(0H)2 

4 ^ Pd(0Ac)2, RT 

КОН, THF, 15 min 

76 Rİ ะ u 
77 Rl = CN 

80 R] - ОСНз 

R 1 = СНз 

R2 = H 

R 2 = H 

R 2 = H 

R 2 = H 

R 2 = СНз 

Scheme 1.2iะ Suzuki -Miyaura cross-coupling reactions 84 

Rへ CH 

R 3 = H 

R 3 = H 

95% 
92% 
90% 
96% 
84% 

H a l o pa r tne rs : I , B r , С І , F 

A range o f halo partners can be used in Suzuki -Miyaura cross-coupling reactions. 

A r y l tr i f lates are also sometimes used, but are base sensitive and thermal ly labi le. M i l d 

reaction condit ions have been developed for the coupl ing o f arylboronic acids w i th trif lates 

using eff ic ient catalysts and weak non-aqueous bases in polar solvents. To prevent 

premature catalyst decomposit ion and/or to promote cross-coupling, an alkati metal halide 

may also be added. A n investigation by Mar t in et al. to extend the reaction f rom electron-

r ich aryl tr i f lates to less reactive aryl sulphonates and aryl chlorides discovered that 

alternative sulphonate leaving groups were active in these reactions. A l though aryl 

mesylates, benzenesulphonates and tosylates are much less expensive than tr i f lates, they are 

inactive towards pal ladium catalysts.^^'^^ It has been shown that, due to the d i f fe r ing 

reactivit ies o f iodo-, bromo- and chloro-aryls, selective coupl ing can be achieved under the 

Suzuki -Miyaura reaction conditions.*^ A l though chloro-compounds are often cheaper and 
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more readily available than the corresponding iodo- or bromo-analogues, the reaction is 

more d i f f i cu l t when С І is the leaving group because higher energies are needed for the 
oxidat ive addit ion o f the chloro-compound to the palladiuทา(0) c o m p l e x . A r y l chlorides 
as coupl ing partners participate in Suzuki -Miyaura coupl ing reactions more readily i f used 
in conjunct ion w i th electron-deficient groups. For these reasons, bromides and iodides are 
tradi t ional ly the aryl halides used. A r y l chlorides were, unt i ! recently, not used as they 
were known to be a lot less reactive and in many cases unreactive.^^ Over the last few 
years, however, new catalytic systems have been developed for unreactive chlorides. In 
1998, Fu et al reported the use o f Pd2(dba)3 and P(^Bu)з as a catalytic system to cross-

couple a w ide range o f aryl chlorides in good yields (82 ― 92%) (Scheme 1.2j).^' They 

observed no coupl ing in the absence o f a phosphine and lower yields using phosphines 

other than Р(Г֊Ви)з The phosphine was used in high loading (3.6%) and electron-

w i thdrawing groups were present to activate the aryl chlorides. 

X 

CI 

(H0)2B 

X = COMe, Me, 

OMe. NH2 

γ ― QP ļ_ļ 
Me, OMe 

Pd2(dba)3 
P(r-Bu)3 ― 

CS2CO3 

djoixane 

80-90°C 

82-92% 

Scheme 1 .2j : Suzuki -Miyaura cross coupl ing o f aryl chlorides 91 

Fu et al. then extended this system to a range o f aryl iodides, aryl bromides and activated 

chlorides (j.e. heteroaryl chlorides and aryl chlorides that bear an electron wi thdrawing 

group) at room temperature.^^ They stated that CsF was an effective alternative base to 

CS2CO3. The rat io o f phosphine to catalyst was found to be an important parameter: a 1:1 

ratio furnished a very active catalytic system, whereas a 2:1 ratio produced extremely s low 

reactions. Pd2(dba)3 was stated to be superior to Pd(0Ac)2, although no evidence was 

given. Chloro-substituted pyr id ine and thiophenes were coupled at room temperature and 
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this was related to their abi l i ty to bind to pal ladium through nitrogen or sulphur, 

respectively. 

In 2001 , tr iarylphosphine derivative (81), Pd2(dba)3 and Pd(0Ac)2 were shown to be 

successful in coupl ing a range o f sterical ly-demanding and electronically-deactivated 

substrates.^^ Included was the example o f 2-chloropyr idine (82) and phenylboronic acid 

(83) at room temperature producing 2-phenylpyr idine (84) in 9 3 % yield (Scheme 1.2k). 

や РРҺг 

TMS 

Ме 

81 

СІ 

(հՕ)շ8 

5% Pd(0Ac)2 
6% 81 

К3РО4Н2О 

toluene 

r.t 

93% 

82 83 84 

Scheme 1.2k: Suzuki-Miyaura cross coupl ing o f aryl chlorides 93 

Bedford et al. published the f irst coupl ing o f aryl chlorides (both electron-rich and 

electron-poor) under aerobic օօոճւէւօոտ.^ ՛* The number o f complexes derived f rom d i - or 

t r i -a lky i substituted phosphine ligands was l imi ted due to their laborious synthesis, wh ich is 

reflected in their high commercia! cost compared to the more common cataiysts. They 

deduced that an ideal catalyst for use w i th aryl chlorides should contain 

tr icyclohexylphosphine, wh ich is easy to synthesise f rom cheap, commercia l ly available 

materials, is easy to handle and shows good act iv i ty at l ow loadings. 

Tr icyclohexylphosphine adducts o f pal ladium complexes w i th огґ/го-metallated A'^-donor 

l igands, e.g. 85, showed high act iv i ty. Complex 85 was synthesised f rom the commercia l ly 

available TV.A'-dimethylbenzylamine. A b r ie f investigation o f solvents and bases to 

opt imise the coupl ing condit ions showed that the catalyst act iv i ty was greatly affected by 

reaction condit ions and worked best using dioxane and CS2CO3 w i t h a 0.01 m o l % catalyst 

loading. 

Pd-TFA 

Scheme 1.21: Complex 85 94 
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In 2003, Widdowson and Wi lhe lm published the first Suzuki couplings on aryl fluorides. 

However, a nitro group in the 2-posit ion o f the fluoroarene was essential for the reaction to 

occur. I t was stated that the nitro group facil i tated by coordinat ing w i th the pal ladium atom 

o f the catalyst. These authors found that when attempting to couple fluoroarenes w i t h other 

groups e.g. C O O M e , СҒз and F in the 2-posist ion, no product could be detected.^^ 

Choice o f Base 

Cross-coupl ing reactions o f organoboronic acids and organic halides require the 

presence o f a negatively charged base, such as an aqueous solution o f sodium or potassium 

carbonate, phosphate or hydroxide. A l though, in general, aqueous sodium carbonate is 

used as a base in Suzuki-Miyaura cross-coupling reactions, there are other used in the 

literature for example; Ba(0H)2,^^ K2CO3, 6 8 and CS2CO3. Var ious groups c la im that whi ls t 

investigating a range o f couplings in certain condit ions certain bases are best, but no 

systematic study has been carried out. In 1996, Chan et al?^ stated that the type o f base 

had a remarkable accelerating effect upon the rate o f coupl ing o f sterically bu lky boronic 

acids w i t h halopyridines in dimethyl ether ( D M E ) (Scheme 1.2m). 

OMe 

Pd(PPh3)4, N2, 

DME, reflux, 
2.0 eq. base 

86 87 
88 
89 

= R2 = H, X = Br 

R = Me, = H, X = Br 

= R2 = (CH)4, x = СІ 

OMe 

91 R'՝ = Me,R2 = H 
= R2 = (CH)4 

Scheme 1 .2m: Coupl ings used in investigations into accelerating effects o f dif ferent 

bases^^ 
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In D M E , using their standard base (aq. N a O H ) low yields o f the desired products were 
obtained or no coupl ing was observed (90 = 26%, 91 and 92 = 0%), after 90 h. By 
increasing the base strength f rom using N a O H or NaOCsHs to t-BuOK, the yields increased 
w i t h shorter reaction t imes ( 4 — 1 0 h). Using / - B u O K high yields were obtained o f 90, 91 
and 92 (86, 83 and 77%, respectively). Chan et al. also reported the synthesis o f 86 and 
mentioned that D M E was used as a solvent for the coupl ing reactions to suppress 
deboronation o f 86. 9 8 

M i c r o w a v e React ions 

Microwave-assisted Suzuki -Miyaura reactions have been carried out using a 

number o f polar solvents, for example water,'*^' 1°° e thy leneglycol ' ° ' and D M F ' O 2 wh ich 

ef f ic ient ly absorb microwaves. These condit ions signif icant ly decrease the amount o f t ime 

needed to carry out a coupl ing, '^^ and can increase the eff ic iency o f ligandless catalysts^^ 

Miscel laneous examples o f S u z u k i - M i y a u r a react ions 

A few instances are now given in which the Suzuki -Miyaura cross coupl ing reaction 

has facil i tated the synthesis o f a number o f important molecules. ß-Substituted porphyrins 

are o f continuous interest due to their b iological properties. ß-Brominated porphyrins are 

easily obtained f rom the control led brominat ion o f porphyrins, and derived 

tetraphenylporphyrins 93 have been obtained in high yields (Scheme 1.2ո).՛՛^ 

Ph Ph 

Ph АгВ(0Н)2, Pd(PPh3)4 Ar 

Ph Br K2CO3, toluene 

110 °С 

67-88% 

93 

Scheme 1.2n: Synthesis o f 1е1га-агу1-1е1га-рһепу1рофһуг1П8 90 
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The field o f non-l inear optics has also advanced due to Suzuk i -Miyaura cross-

couplings. Few 1,8-di(hetero)arylnaphthalenes, used in this field, were known due to the 

lack o f general synthetic methods. Grahn et al. developed a process for their product ion 

using two Suzuki -Miyaura cross-coupling reactions. This work showed that n i t ro-

substituents on the halo-coupl ing partner were tolerated when phenyl boronic acids were 

ԱՏ60.'°՛՛̂  Suzuki-Miyaura coupł ings o f 5-halopyrazine with arylboronic acids have 

s impl i f ied the syntheses o f arylpyrazines (94), wh ich are bui ld ing blocks for luminescent 

imidazopyrazine. Using l,4-bis(diphenylphosphine)butane pal lad ium(I I ) chloride as a 

catalyst gave excellent yields (Scheme 1.2օ)." ՛^ The pr imary amine substituent on the 

coupl ing partner was tolerated in this reaction. 

МеОСбН4В(ОН)2 

aq. МэгСОз 

Toluene 

Reflux, 7 һ 
Pd(clppb)Cİ2 
СгаНгаРг 

Me ひ 

N . / N H 2 

94 

Scheme 1.2οะ Example o f the synthesis o f arylpyrazines. 105 

High l y functionalised and sterically hindered coupl ing partners can be tolerated in 

couplings w i t h phenylboronic acids and functionalised phenylboronic acids'"^ as il lustrated 

in the syntheses o f pyridazinone derivatives 95 and 96 by R'kyek et al. 

Рс1(РРҺз)4 

. . .N RB(0H)2, 2M МагСОз 
N じH:3 t o l uene , re f lux, 15h 

95 R = CeHs 86% 

96 R = 3-СҒз(СбН4) 78% 

Scheme 1.2pะ Synthesis o f 95 and 96 106 
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Thompson et al. published the coupl ing o f 4-pyr idy lboronic acid to produce the 

fu l l y substituted 2- (4 ' -pyr idy l )pyr id ine (97), showing that sterically hindered reagents 

containing methy l , methoxy and n i t r i le groups can undergo coupl ing reactions (Scheme 

1.2q).^^^ The source or synthesis o f 6 was not noted in the publ icat ion. 

H3C0 N СНз 

в(он)2 CH 

！с Pd(dppf)(0Ac)2 NC 

N' 

6 

22% 

Scheme 1.2q: Suzuki -Miyaura cross coupl ing reactions 107 

In 2004, Rault et al. extended his cross-coupling to non halo aromatics and 

publ ished the Suzuki -Miyaura cross coupl ing o f 23 w i t h tert-huXyไ 3,4-dihydro-6- iodo-2-

methyl-4-oxopyridine֊ 1 (2/ i ) -carboxylate (98) to give 99 in an 8 0 % y ie ld (Scheme 1.2r).^^ 

О 

- ^ B ( 0 H ) 2 j 

Н з С 
н , с N c r N 

23 

N Cl 

99 

Scheme 1.2r: 2-Chloro-5-pyr idy lboronic acid Suzuki -Miyaura cross coupling^^ ( i ) 

Reagents and condit ions; NaHCOs, Рсі(РРЬз)4, DME/H2O, 6 h, ref lux. 
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1.3 Conc lus ions 

A wide variety o f heterocycl ic boronic acids are available and their cross-coupling 

reactions have established that they are extremely versatile reagents for organic syntheses. 

The parameters o f the Suzuki -Miyaura reaction are under constant investigation and 

modi f icat ion to meet the demands o f the modern chemical industry. These important 

considerations led us to consider larger-scale syntheses (up to 100 g batches) o f new and 

exist ing pyr idylboronic acids and their subsequent Suzuki -Miyaura cross-coupling 

reactions (up to 5 g batches). 

A t the outset o f the work described in this thesis the versati l i ty and scope o f the 

Suzuki -Miyaura cross-coupling had not been explored for systems where both the boronic 

acid and the coupl ing partner were heteroaromatics. A lso no systematic study had 

addressed the effect o f specific substituents upon each o f the coupl ing partners. This has 

led us to synthesise new functionalised py r idy l - and py r im idy l - boronic acids, and to couple 

them w i th a large range o f substituted partners in order to produce some heterobiaryl 

systems, wh ich wou ld be very d i f f i cu l t to obtain by other routes. 
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Alkoxyboron ic acids: Scale-up o f exist ing preparations and the synthesis o f new examples 

2.0 Chap te r 2 

2.1 I n t r o d u c t i o n 

A t the beginning o f this project very l i t t le had been published on the syntheses o f 

pyr idy lboronic acids, and larger-scale syntheses (>ca. 10 g batches) had not been reported. 

To extend the work already published in our group on small-scale (1 g) synthesis o f various 

alkoxy-substituted pyr idy lboronic acids, ' ' 2 we turned our attention to larger scale 

methodology. These investigations were important in assisting in the ult imate industrial 

a im o f carry ing out the syntheses on plant scale. Our in i t ia l a im was to produce ca. 100 g 

batches o f the known alkoxy-substituted pyr idy lboronic acids 40 and 43. We later 

extended the chemistry to produce novel pyr idy lboronic acids. 

2.2 Large-scaie Syntheses o f Prev ious ly Pub l ished A lkoxy -sus t i t u ted 

P y r i d y l b o r o n i c Ac ids . 

Bryce et al. previously published small-scale syntheses (250-350 m g batches) o f 2 -

methoxy-5-pyr idy lboronic acid (40) and 2-methoxy-3-pyr idy lboronic acid (43) in 6 5 % and 

13% yields, respectively. The starting materials were readi ly available in large quantit ies, 

and the syntheses could be carried out at relatively h igh temperatures (-20 °сү wh ich 

wou ld be achievable in industry. Compound 40 was synthesised via l i th ium-halogen 

exchange o f 2-methoxy-5-bromopyr id ine (100), at - 7 8 4 ľ (or - 2 0 ^"C) and subsequent 

reaction w i t h the electrophile TPB (Scheme 2.2a). 

MeO N 

B(0H)2 

Scheme 2.2a: 2-Methoxy-5-pyr idy lboronic acid synthesis. Reagents and Condi t ions: ( i ) n-
B u L i , £էշՕ, -78 。c, ( і і ) 1. T P B , -78 。(：， 2. aqueous work-up. 
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Cominร and Ki l lpack published the l i th iat ion o f 2-, 3- and 4-methoxypyr id ine using 
mesi ty l l i th ium and interest grew when Queguiner et al. established methodology for the 
or/Äo- l i th iat ion o f 2-methoxypyr id ine using L D A at 0 °С. 4 ' 5 Compound 43 was thus 

synthesised via the directed oř-//7o-metallation o f 2-methoxypyr id ine (101) (Scheme 2.2b). 

(i) 

N OMe 

101 

՝N OMe 

(іі) 〜 8 에 

՝N O M e 

43 

Scheme 2.2b: 2-Methoxy-3-pyr idy lboronic acid synthesis. Reagents and Condit ions: ( i ) 

L D A , T H F , О °С， ( i i ) 1. T M B , о 。с， 2. aqueous work-up.^ 

Commercia l ly purchased l i th ium di isopropylamide ( L D A ) was added to 101 in T H F at 0 

^C, fo l lowed by the addit ion o f tr imethylborate ( T M B ) and an aqueous work up. The use o f 

T M B instead o f TPB as the electrophile was to min imise steric hindrance. 

The ini t ial a im was to increase the small-scale y ie ld o f 43. A repeat o f the synthesis 

o f 43 using di isopropylamine ( D P A ) and พ-BuLi to produce L D A in situ, fo l lowed by 

dropwise addit ion o f 101 to this mixture afforded an increased y ie ld o f 7 0 % f rom 13%. 

App l y i ng these small-scale procedures to a 50 g scale resulted in impure 40 and 43. 

Af te r much experimentat ion, we optimised procedures to af ford ca. 75 g batches o f 

analyt ical ly pure 40 and 43 in 6 5 % and 5 8 % yields, respectively. These scaled-up reactions 

are not a straightforward extrapolat ion o f the procedures used in the small-scale reactions. 

In particular, addit ional f i l t rat ion and washing were needed on scale-up to remove 

unreacted starting material and inorganic salts before isolation o f the product could occur 

easily. Moreover, the p H needed to be precisely control led at this stage (pH 10) and dur ing 

acidi f icat ion which induces precipi tat ion o f the pure product (pH 4 and 6, for 40 and 43， 

respectively). The greater amounts o f 40 and 43 prompted us to attempt crystal growth, 

wh ich had previously been unsuccessftil.^ Crystals o f 40 were grown over 10 months f rom 

a water/ethanol mixture and the structure was solved by Dr. A Batsanov (Figure 2.2a). 
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• N(1B) • 

F igure 2.2a: X- ray crystal structure o f 40. Dashed lines are hydrogen bonds. 

The X-ray crystal structure o f 40 provided further proof that the free boronic acid had been 

obtained and not the anhydride. Extensive hydrogen bonding is present ( intermolecular O-

H. . . .N and dimer format ion) and is simi lar to that found in the X-ray crystal structures o f 

22 and 23 previously published.^ However, the packing diagram showed that, due to the 

presence o f the methoxy group, the crystals o f 40 do not pack together as closely as 22 and 

23. The attempted crystal growth o f 43 was unfortunately unsuccessful. 

2.3 Nove l A l k o x y p y r i d y l b o r o n i c Ac ids 

2.3.1 2 -E thoxy -3 -py r i dy l bo ron i c A c i d 

Due to successful scale up o f 40 and 43 we attempted to extend the synthesis to new 

a lkoxypyr idy lboronic acids. 2-Ethoxypyr id ine 102 is cheap and readily available f rom 

commercial suppliers and w i t h the idea that the ethoxy group may increase solubi l i ty o f the 

corresponding boronic ac id, this was our next target. The synthesis o f 103 was readily 

achieved by a directed or/Ao-metalat ion reaction^ o f 102 ( L D A in T H F ) fo l lowed by 

addit ion o f tr i isopropylborate and an aqueous workup. The in i t ia l attempts were carried out 

at 0 using the same protocol as that used for 2-methoxy-3-pyr idy lboronic acid (43). It 

was shown that using D P A and พ-BuLi , or commercia l ly available L D A made no 

difference to the y ie ld. We repeated the synthesis at a range o f temperatures, whi ls t other 
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factors, i.e. solvent and reagent quantit ies, remained the same for each experiment. Table 

2.3.1a shows the results f rom these experiments. 

Entry Temp. I °С Yie ld I %a 

1 

2 

3 

4 

- 7 8 

-50 

-20 

0 

55 

70 

42 

35 

a ident i f icat ion and pur i ty o f the products (>98% pure in al l cases) established by Ή N M R 
spectra. 

Tab le 2.3.1a: Results f rom the syntheses o f 103 at vary ing temperatures (condit ions stated 

in Scheme 2.3.1a). 

This procedure, using the op t imum temperature o f - 50 °С, was scaled-up to give ca. 70 g 

batches o f analyt ical ly-pure 103 (Scheme 2.3.1a) in 4 8 % y ie ld . Compound 103 has the 

fo l l ow ing attractive features: ( i ) it is stable at room temperature (no observable 

decomposit ion after 18 months storage), ( і і ) as predicted, the hydrophobic ethoxy 

substituent ensures good solubi l i ty o f 103 in organic solvents wh ich makes extraction f rom 

the aqueous phase easier than for most other pyr idy lboronic acid derivatives we have 

studied and ( і і і ) for cross-coupled products the 2-ethoxy group leads to sterically-induced 

twis t ing o f the biary l system (peri- interactions) and hence increased solubi l i ty , wh ich 

assists chromatographic separation f rom any minor byproducts. 

(i), (іі) 、 

103 

B(0H)2 

OEt ՝ N ' OEt 

102 

Scheme 2.3.1a: 2-Ethoxy-3-pyr idy lboronic acid (103) synthesis. Reagents and condit ions: 

( i ) L D A , T H F , - 50 "С, ( i i ) t r i isopropylborate, aqueous work up . 7 
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' ~ 0 ( 3 ) 

PK 

F igu re 2.3.1a: X -Ray structure o f 103， showing thermal el l ipsoids ( 5 0 % probabi l i ty) and 

hydrogen bonds. Symmetry transformations: ( i ) X+Vi, ' /г-у, z- ' / շ ; ( і і ) ճ - ՚ / շ , ' / շ -у, z+'/շ. 

The X-ray crystal structure o f 103, solved by Dr A . Batsanov, shows a nearly 

planar conformat ion o f the molecule, stabilised by an intramolecular 0 - Η · · Ό hydrogen 

bond wh ich forms a geometr ical ly favourable six-membered r ing (Figure 2.3.1a), whi le the 

other hydroxy l group forms an intermolecular 0 -Η · · ·Ν bond l ink ing the molecules into an 

inf in i te chain. This structure is unusual as arylboronic acids ( l ike carboxyl ic acids) typ ical ly 

fo rm H-bonded dimers in crystals (see Figure 2.1a); ' ' * this does not occur w i th compound 

103. 

Suzuki cross-coupling reactions o f 103 were carried out w i th a range o f 

aryl/heteroaryl halides 104-112 under standard condit ions [Р(і(РРЬз)2СІ2, dioxane, ref lux] 

to yield products 113-121, respectively. The results are collated in Table 2.3.1.b. 
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Tab le 2.3.1b. 103 + R-X 113-121 

Entry 
Boronic 

Ac id 
R-X Product 

Isolated yield 

(%) 

103 

103 

Br 

N ^ O M e 

N 

104 

N. 

Br 
N 

105 

N、 力Me 

r 

N GEt 

N、 

N OEt 

N 

82 

90 

103 
β Λ ν ^ 

106 

89 

103 

103 

NO, 

Br 

NH, 

107 

Me、 儿 /NH2 

Br 

108 

Ν OEt 

Ν OEt 

74 

75 
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Н 

103 

103 

103 

103 

M e v ^ N ^ Í Í ^ M e 

109 

ひ、 力Me 

110 

a = Br 

b = C l 

111 

112 

МЄ\ ^ N 、 ^ N . M e 

Т 

N OEt 

CL、 力Me 

N' ^OEt 

N へ OEt 

N OEt 

78 

90 

( f rom 110a) 

( f rom 110b) 

71 

68 

Tab le 2.3.1b Suzuki -Miyaura cross-coupling o f 103. ( i ) Reagents and condit ions: 

Pd(PPh3)2Cİ2, 1,4-dioxane, КагСОз (1 M ) , ref lux, 24 h; for 110a, 20 °С, 16 h; for 110b, 60 

°С, 15 m in . 

The reactions are h igh-y ie ld ing w i t h a variety o f halogenated coupl ing partners (viz. 

py r idy l , py r im idy l , pyrazyl and phenyl derivatives). The reaction is versatile w i t h respect 

to functional group tolerance (viz. n i t ro, amine, amide, ester and t r i f luoromethy l ) thereby 

a l low ing access to highly-funct ional ised 2-ethoxy-3-aryI/heteroaryl-pyridine derivatives, 

wh ich are attractive as candidates for pharmaceutical and agrochemical uses. The h igh-

y ie ld ing reactions in the presence o f a pr imary amine substiณent (entries 4, 5 and 7) are 
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notable, as protection o f the amino group was previously generally considered to be 
necessary for Suzuki reactions (see chapter 3 ) . 9 

Substrates 104-112 gave the opt imized y ie ld o f products after 24 һ at ref lux, as 

judged by T L C and Ή N M R moni tor ing o f the reaction mixture. Reagent 110a is a notable 

exception. A high y ie ld o f product 119 (78%) was obtained after only 15 minutes ref lux; 

the y ie ld decreased after 2 һ and 8 һ to 4 0 % and 12%, respectively; w i t h 24 һ ref lux an 

intractable green product was obtained. Indeed, the reaction o f 103 w i t h 110a at 20 °С for 

16 һ gave 119 in 9 0 % y ie ld . The chloro-analogue 110b was also very reactive: 6 2 % yie ld 

o f 119 was obtained after only a 15 minutes reaction t ime at 60 °С. Ref lux ing analyt ical ly 

pure compound 119 in dioxane in the presence o f base led to the decomposit ion o f 119 to 

y ie ld an insoluble green sol id wh ich accounted for the reduced isolated y ie ld o f 119 at 

longer reaction t imes. The reasons for the increased reactivi ty o f 110a and 110b, compared 

to 104-109 and 111-112, were investigated. Some relevant l iterature and model reactions, 

as described below. 

Cross-coupl ing reactions o f organoboronic acids and organic halides require the 

presence o f a negatively charged base, such as an aqueous solut ion o f sodium or potassium 

carbonate, phosphate or hydroxide. The di f f icul t ies that can be encountered dur ing a 

reaction in a basic solut ion are side reactions, such as the saponif ication o f esters, 

racemization o f opt ical ly active compounds, or A l d o l condensations o f carbonyl 

compounds. '° The literature precedents are that esters can remain intact dur ing Suzuki-

Miyaura cross coupl ings." ՜^° For example, Beeby et al. published the cross coupl ing o f 

methyl 2-bromobenzoate (122), where the methy l ester group is ortho to the halide, w i t h 

phenylboronic acid in 6 2 % yie ld at ref lux for 4 һ in the presence o f aqueous sodium 

carbonate (Scheme 2.3. Ib) .^ ' 

Br B{OHb x^՝'՝x^ji ք՜՝ 

122 83 1 2 3 

СОоМе 

Scheme 2.3.1b: Reagents and Condit ions; 0.2 m o l % 123, 1 M NazCOj , T H F , 60 °c .^ ' 

51 



Alkoxyboron ic acids: Scale-up o f exist ing preparations and the synthesis o f new examples 

Suzuki -Miyaura cross-coupl ing reactions where the ary l -X species contains both amine and 

ketone functional i t ies have also been published by Jones et al. (Scheme 2.3.1c). The 

reacting hal ide is Ortho to a nitrogen and meta to the methyl ester group. This coupl ing 

took place over 3-48 h to give the products shown in h igh yields (82-96%)?^ 

ArB(0H)2 

126 Ar = 
127 Ar = 
128 Ar = 
129 Ar = 
130 Ar = 
131 Ar = 

4-МеОСбН4 

2-naphthyl 

4-ҒСбН4 

4-СҒзСбН4 

2-thienyl 

Scheme 2.3.1c: Reagents and Condit ions; l ,4-bis(diphenylphosphino)butane, 

bis(benzonitr i le)pal ladium(II) dichlor ide, 1 M NaiCOs, toluene, re f l ux . 2 2 

Thompson et al. publ ished the cross coupl ing o f areneboronic acids w i t h 6-halo-2-

aminopyrazinoate esters in the presence o f tr iethylamine and a range o f pal ladium catalysts 

in D M F at 90 °С for 12 h (Scheme 2.3.Id).^^ This first proved that 110a could be used in 

Suzuki -Miyaura cross coupl ing reactions. 

Br" 、 N ' 

110a ᄋMe 
CeHs 

Scheme 2.3.1d: Reagents and Condi t ions; ( i ) Рс1(РРҺз)4, 83, D M F , E t j N , 90 °С， 12 һ 23 

However, ester groups have been found to be problematic for some Suzuki -Miyaura cross 

coupl ing reactions.'^' IS Yoshida et al. publ ished base-free reaction condit ions for the 

homo-coupl ing o f arylboronic esters, stating that it was possible to couple arylboronic 
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esters bearing base-sensitive funct ional groups, namely methyl ester groups. They showed 

that arylboronic esters bearing electron-wi thdrawing groups or an electron-donating group 

at the para posit ion afforded the homocoupled-product in excellent yields (87-99%). 

However , even in the base-free condit ions, the homocoupl ing o f 4-methyl ester 

phenylboronic ester (133) Qjara- methy l ester group to the reacting site), and other base 

sensitive groups, was carried out at a lower temperature o f 60 °С (al l other couplings were 

carried out at 80 °С). The reason for the lower temperature was not explained in the paper. 

The homo-coupled product (134) was obtained in 5 1 % yie ld after 72 һ at 60 °С (Scheme 

2 .3 . le ) . 

О 

134 

Scheme 2.3Л .Єะ Reagents and Condi t ions; 3 m o l % Pd(0Ac )2 , 4.5 m o l % DPPP, D M S O , 60 

°С， Օ շ " 

Zhang and Le i published the homo-coupl ing o f arylboronic acids init iated by the 

transmetallation o f pal ladium enolates.'^ This was discovered whi ls t attempting to couple 

a-bromophenylacetate (135) and 3,5-dimethylphenyl boronic acid (136). They were unable 

to couple the ester to obtain the expected product (137) and obtained only the homo-

coupled product (138) (Scheme 2 .3 . I f ) . In the absence o f an α-bromo ester no coupl ing 

product could be obtained. Interestingly, when coupl ing 136 and ethyl α-bromo acetate the 

homo-coupl ing and cross-coupling reaction compete and both products are obtained. 
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OMe 

OMe 

Scheme 2.3.1f: Reagents and Condit ions; Pd2(dba)3.CHCİ3, rac -B INAP, CS2CO3, dioxane, 

100 °С 17 

Our investigation into the stabil i ty and reactivi ty o f 110a in Suzuki-Miyaura cross-

coupl ing reactions is detailed in Table 2.3.1c. We considered that 110a might be highly 

reactive w i th al l pyr idy lboronic acids, but coupl ing reactions w i th 40 and 43 showed that 

this was not the case. The anomalously high reactivi ty o f 103 may be due to the increased 

solubi l i ty o f 103, a f ford ing faster reaction rates at lower temperatures. The meta methyl 

ester in conjunct ion w i t h a nitrogen ortho to the reacting bromide may assist w i th the 

coordination o f the pal ladium catalyst thereby accelerating oxidat ive addit ion. The reason 

for the lower reactivi ty o f 139 (entry 1) is at present not fiiUy understood and may be due to 

absence o f the ortho ni trogen. Entries 2 and 3 show that (predictably) there is no steric 

interference f rom the reacting ester. 
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Tab le 2.3.1c. Bo ron i c A c i d + R-X 141-143 

Entry 
Boronic 

A c i d 
R-X Product 

Isolated y ie ld 

(%) 

103 

43 

40 

140 

140 

N ๐Et 

N OMe 

MeO N 
143 

67 

(21ๆ 

77 

79 

Tab le 2.3.1c: Reagents and condit ions: Р(і(РРЬз)2СІ2, 1,4-dioxane, МагСОз (1 M ) , ref lux, 

15 m in , С room temp, 19 h). 

Compounds 139 and 140 are stable at ref lux in both neat dioxane, and in dioxane w i th 

Р(1(РРЬз)2СІ2 However, re f lux ing in dioxane w i th 1 M ЫагСОз resulted in an intractable 

sol id. This leads us to believe that a heat-induced, base-initiated polymerasation. Due to 

the Suzuki -Miyaura cross coupl ing reactions that Thompson et al. publ ished (Scheme 

2.3. I d ) the base-initiated reaction must on ly occur in the presence o f selected bases. 
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2.3.2 2 ,6 -D ime thoxy -3 -py r i dy Ibo ron i c A c i d 

The metal lat ion o f 2,6-dimethoxypyr idine (144)^՛՛ ՛ ՚̂ ^ was published by Khanapure et 

al. and unl ike 2-methoxypyr id ine (101), no addit ional compounds were observed when 144 

was treated w i th rt-BuLi (Scheme 2.3.2a). 

(i), (іі), (ііі)  ^ ^ ^ 2 0 U e 

Meo N OMe MeO N OMe 

144 145 

Scheme 2.3.2a: 2 ,6-Dimethoxy-3-(methoxymethyl )pyr id ine (145) synthesis. Reagents and 

Condit ions: ( i ) и -BuL i , T H F , 10 °С, 30 m in , ( i i ) СІСНгОМе, ( i i i ) hydrolysis.^"* 

We therefore applied the methodology developed for the synthesis o f 2-ethoxy-3-

pyr idy lboronic acid (103) to 2,6-dimethoxvpyr idine (144). Accord ing ly , 146 was readily 

obtained by the directed or/Äo-metal lat ion reaction^ o f 144 ( L D A เท T H F ) fo l lowed by the 

addit ion o f tr i isopropylborate and an aqueous workup (Scheme 2.3.2b). 

(i), (ii). (ііі) ^ ^ ^ B ( ( D H ) 2 

MeO N OMe MeO N OMe 

(144) (146) 

Scheme 2.3.2b: 2 ,6-Dimethoxy-3-pyr idy lboronic acid (146) synthesis. Reagents and 

Condit ions: (i) D P A , « -BuL i , THF, -10 °С， зо m in , (ii) 147, -78 °С, з h (iii) ТРВ and 

aqueous work-up. 

Crystals o f 146 grew over 4 months from a water/ethanol mixture and the X-ray 

structure, wh ich was solved by Dr. A Batsanov, is shown in f igure 2.3.2a. 

56 



Alkoxyboron ic acids: Scale-up o f exist ing preparations and the synthesis o f new examples 

0(3) C(4) 

cm 

F igu re 2,3.2a: X-ray crystal structure o f 146 (dashed lines are H-bonds). 

The X-ray crystal structure o f 146 provided proof that the free boronic acid had 

been obtained and not the anhydride, i.e. the borox in . The X- ray crystal structure o f 146, 

showed a H-bonded dimer, l ike the X-ray crystal structures o f 22 and 23 ( f igure 1.1a) 

previously published^ and the structure o f 40 ( f igure 2.2a). A n intramolecular O - H - Ό 

hydrogen bond which forms a geometr ical ly favourable six-membered r ing (Figure 2.3.2a) 

is also observed. 

The in i t ia l reactions (1-5 g scale) were carried out at - 78 °С, although the reaction 

was successful at - 10 °С on scale up (100 g) to obtain a 4 5 % yie ld o f 146. I t was shown, 

on a 1 g scale, that using D P A and «-BuL i gave a higher y ield (82%) than using 

commercial L D A (52%). Suzuki-Miyaura cross-coupling reactions o f 146 were carried out 

w i t h 147, 110a and 148 under standard condit ions [РсІ(РРЬз)2СІ2, dioxane, ref lux] to y ie ld 

products 149-152, respectively, in good yields. The results are collated in Table 2.3.2a. 
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Tab le 2.3.2a Bo ron i c A c i d + R-X 149-152 

Entry 
Boronic 

Ac id 
R-X Product 

Isolated yield 

(%) 

146 

146 

146 

4 158 

147 

, N ^ N H 2 

B r - ^ N ^ 力 

О 

Br' 

Br' 

110a 

丫̂ NH2 

148 

力、 
N' Y \ 

О 

110а 

МеО N ОМе 

МеО N ОМе 

150 

МеО N ОМе 

ОМе 

152 

83 

74 

75 

86 

Tab le 2.3.2а: Suzuki -Miyaura cross-coupling o f 146 and 158. ( і ) Reagents and condit ions: 

Pd(PPh3)2Cİ2, 1,4-dioxane, NazCOj (1 M)， ref lux, 24 h; for 110a 15 m in . 
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2.3.3 2 ,3 -D ime thoxy -4 -py r i dy lbo ron i c A c i d 

It is known that l i th iat ion at C4 o f 2,3-dimethoxypyr idine (153) proceeds using 2 

equivalents o f « -BuL i at 0 °С to produce 154 - 157 (Scheme 2.3.3a)?^ It was stated that no 

l i th iat ion was observed when 153 was treated w i t h 2.2 equiv o f и -BuL i at -70 °С. Using 

1.2 equivalents o f / j -BuL i at 0 °С gave only a very poor metal lati on y ie ld (5-15 % ) . It was 

stated that this was due to 1 equivalent o f the base being entirely chelated by the two 

methoxy groups and/or the nitrogen atom o f the pyr id ine. 

OMe (i), (іі), (ііі) 

՝N OMe 

153 

OMe 

OMe 
154 3) E = D 

156 с) E = CH(OH)Ph 
157 d') E = OH 

Scheme 2.3.3a: 156 a-d synthesis. Reagents and Condit ions: ( i ) 2 eq. « -BuL i , T H F , 0 °С, 

1 h, ( i i ) E+, ( i i i ) hydrolysis (60-99%)?^ 

This may be the reason we found that the synthesis o f 2,3-dimethoxy-4-pyr idylboronic acid 

(158) was not readily achieved by the directed o/-řAo-metallation reaction o f 2,3-

d imethoxypyr id ine (153). Due to the h igh cost and l imi ted avai labi l i ty o f 153, the 

synthesis o f 158 was only attempted once. We fo l lowed the methodology developed for 

the synthesis o f 2,6-dimethoxy-3-pyr idylboronic acid (146) apart from using T M B instead 

o f TPB to l im i t the effects o f steric hindrance (Scheme 2.3.3b). 
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B(0H)2 

N OMe N OMe 

153 158 

Scheme 2.3.3bะ 2 ,3-Dimethoxy-4-pyr idy lboronic acid (158) synthesis. Reagents and 

Condit ions: ( i ) DPA, и -BuL İ , T H F , -10 °С， зо m in , ( i i ) 153, -78 °С， Зһ ( i i i ) T M B and 

aqueous work -up . 

One equivalent o f « -BuL i was used, as using two equivalents for the synthesis o f other 2,3-

disubst i tuted-4-pyridylboronic acid had been found to not increase the y ie ld (see Chapter 

4). 158 was thereby synthesised in 12% y ie ld wh ich meant there was only a l imi ted 

quanti ty for use in further reactions. For this reason only one cross-coupling was carried 

out w i t h 110a as the coupl ing partner, this halide was chosen as the product wou ld be a 

very h ighly functional ised biheteroaryl (152) (Entry 4, Table 2.3.2a) wh ich was obtained ๒ 

8 6 % y ie ld . 

2.4 Conc lus ion 

A range o f novel a lkoxy- and diaikoxy-substi tuted pyr idy lboronic acids have been 

synthesized and the synthesis o f exist ing boronic acids have been opt imized and scaled up. 

These have been shown to serve as versatile compounds for the preparation o f h igh ly-

funct ional ised aryl /heteroaryl-pyridine l ibraries. 
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A m i n e Substituted Coupl ing Substrates and an A m i n e Substituted Boronic acid 

3.0 Chap te r 3 

3.1 I n t r o d u c t i o n 

A t the beginning o f this project there were publ icat ions stating that Suzuki -Miyaura 

cross-coupling reactions could not be carried out w i t h compounds bearing labile protons 

(especially pr imary amines, carboxyl ic acids and alcohols) and thereby addit ional 

protection/deprotection steps were necessary. ՚՜^ A l i et al. obtained no product f rom 

attempted Suzuk i -Miyaura cross-coupling reactions w i t h 2-chloropyridine-3-carboxamide 

and 5-ch loropyr id in -2( l / / ) -one and similar reactions o f 2-chloro-3-hydroxypyr id ine gave 

only a very low y ie ld (15%) o f cross-coupled product^ 3-Iodoanthrani l ic acid fai led to 

react w i th a range o f arylboronic acids.^ More recently, Caron et al. reported that the 

attempted cross-coupling reaction between phenylboronic acid (83) and 2-chloro-3-

aminopyr id ine (159) was unsuccessful. ' However, when the aminopyr id ine was first 

protected as the acetamide (160), the coupl ing proceeded ef f ic ient ly in an 8 6 % yie ld 

(Scheme 3.1a). 

^ N H 2 (iᄂ 〜NH 〜NH 2 

、N人СІ 62°/° %人CI 86%  ^^<^^^ 90% ՝『 ՝ph 
159 160 161 162 

Scheme З . і а : Synthesis o f 2-phenyl-3-aminopyr id ine (162). Reagents and Condi t ions; ( i ) 

A c C l , E t j N , CH2CI2; ( і і )  a, 83, Ш2СО2 (aq.), E t O H , РҺСН3, Рс1(РРҺз)4, ( і і ) b， M e O H , H C l ; 

( і і і ) H C l . ' 

I t should be noted that dur ing the course o f our wo rk Meier et al. reported successful 

Suzuki coupl ing reactions o f unprotected bromopyr idy lcarboxy l ic acids w i th 4 -
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formylphenylboronic acid.^ There are only isolated examples in the literature o f successful 

reactions ๒ the presence o f an NH2 group, and many o f these are low yielding.^ ''* One 

example, viz. the preparation o f 164, was published previously by our group, in 2 6 % y ie ld , 

but at the t ime its signif icance was not appreciated (Scheme 3.1b). '^ 

MeO 

B(0H)2 

163 MeO 
164 

Scheme 3.1bะ Suzuki -Miyaura cross-coupling in the presence o f an amine group. Reagents 

and condit ions; Рс1(РРҺз)4, D M F , 1 M  Ш2СО3, 80 °С, 65 h . ' 5 

Prior to our wo rk no systematic study using the same catalyst and reaction condit ions whi le 

vary ing the amino-containing substrate and the arylboronic acids was available. Therefore, 

we decided to carry this out and this work is discussed in the fo l l ow ing section. "՚ 

3.2 S u z u k i - M i y a u r a Cross-Coup l ings w i t h a P a r t n e r Bea r i ng a P r i m a r y A m i n e 

G r o u p 

In i t ia l ly we ut i l ized the 2֊methoxy-5-pyridyIboronic (40) and 2-methoxy-3-

pyr idy lboronic acids (43) in these reactions as we had successfully scaled up their 

syntheses (Chapter 2) . In addit ion to this, there is widespread interest in pyr idy lboronic 

acid derivatives and their derived libraries o f aryl/heteroarylpyridines. '^ ' I 7 ՜ 2 8 Examples o f 

reactions using other boronic acids were carried out for comparison (Chart 3.2a). 
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MeO 

B(0H)2 B(0H)2 

MeO 

B(0H)2 

165 

B(0H)2 

C h a r t 3.2a; Structures o f boronic acids used in this study 

The standard reagents and condit ions used for most o f these Suzuki -Miyaura cross-

coupl ing reactions were aqueous sodium carbonate as base and 

bis(tr iphenylphosphino)pal ladium dichlor ide as catalyst in 1,4-dioxane at 95 °С, although 

other condit ions were used (Table 3.2a). The results clearly show that many reactions 

proceed in moderate or h igh yields in the presence o f a pr imary amine group, thereby 

direct ly af ford ing novel amino-substituted biaryl/heteroaryl systems wi thout the need for 

protection/deprotection steps. The table has been split into sections to a l low several trends 

to be discussed. 

Tab le 3.2a. Bo ron i c A c i d + R-X -*֊ 173-183 

Entry 
Boronic 

A c i d 
R-X Product 

Isolated yield 

(%) 

40 

167 

40 

168 

MeO N 

MeO N 

81 

78 
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40 

169 
MeO N 

175 

80 

40 

40 

176 

MeO 

77 

82 

159 177 

43 

165 

H,N 

159 

HoN 

159 MeO' 

N OMe 

179 

69 

80 

166 

83 

159 

HoN 

70 

86 

159 181 

66 



Amine Substituted Coupl ing Substrates and an A m i n e Substituted Boronic acid 

10 40 

171 182 

4 0 * 

1 1 40 
СІ—Հ՛՛ VNH, МеО-^УЧ^^ 7֊NH, 

4 0 * 

172 183 

* problems w i th isolation caused a sl ight ly lower y ie ld o f isolated product. 

Tab le 3.2a: Suzuk i -Miyaura cross-coupling reactions. Reagents and condit ions: 

Pd(PPh3)2Cİ2, 1,4-dioxane, N a j C O j aq (1 M)， ref lux, 28 h. 

Entries 1-4 show that the posi t ion o f the bromine on the r ing relative to the amine 

substituent made no dif ference to the react ivi ty, whether on a phenyl or py r idy l r ing (yields 

77-81%). π-Def ic ien t heteroaryl chlorides are known to be reactive partners in Suzuki 

reactions,'*' 12 but comparing entries 4 and 11 shows that, under these condit ions, chloro-

coupl ing partners are s igni f icant ly less reactive than the equivalent bromo-partner (40 and 

7 7 % yields, respectively). It is known that Suzuki M iyaura cross-couplings o f arylboronic 

acids and less-reactive (electron-rich) chloroaromatics proceed in the presence o f 

Р'Виз/[Р02(0Ьа)з] (dba = dibenzylideneacetone) under condit ions where [Pd2(dba)3] alone is 

ineffect ive. Indeed, we have shown that product yields using 2,3-dichloro-4-pyr idylboronic 

acid and 2,6-dichloro-3-pyr idylboronic acid w i t h 3-bromoquinol ine, are signi f icant ly 

increased using Р'Виз/Р(1(РРЬз)2СІ2 compared to Рс1(РРЬз)2СІ2 alone (see Chapter 4) . 

However, the addit ion o f Р'Виз (10 mo l %) to the reaction mixtures in entries 10 and 11 

had no effect on these selected lower-y ie ld ing reactions in Table 3.2a. A comparison o f 

entries 5, 10 and 11 shows that 3-amino-2-chloropyr idine (159) is a more reactive substrate 

than the 4-amino- and 5-amino- isomers 171 and 172, respectively. Indeed, 159 also 

reacted w i th the 4-methoxyphenyl - (165) and phenyl - (83) boronic acids to give the 

expected cross-coupled products (179 and 181) in 80 and 8 6 % yields, respectively (Entries 

7 and 9). The lower y ie ld obtained f rom reacting 159 w i t h 2-methoxyphenylboronic acid 
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(166) (Entry 8) and 2-methoxy-3-pyr idy lboronic acid (43) (Entry 6) is presumably due to 
steric hindrance. The increased reactivi ty o f 159 is presumed to be due to the amino 
group's abi l i ty to coordinate w i t h the pal ladium atom o f the catalyst (possibly w i th 
displacement o f a РРҺз l igand), and the high y ie ld w i th 159 is ascribed to steric factors in 
the complexed intermediate faci l i tat ing the displacement o f the or//?o-halogen. This 
concept o f coordinat ion has been noted ๒ several publ ications to be discussed below. 
С hatan і  et al. stated that the coordinat ion o f the nitrogen to pal ladium is the key step in 
eff ic ient reactions o f 2-pyr idy l esters w i th phenylboronic acids.^^ To date, Widdowson and 
Wi lhe lm published the only examples o f Suzuki -Miyaura cross coupl ing using 
uncomplexed fluoroarenes as the reactive partner (Scheme 3.2 յ).^* ՛ The reaction tolerated a 
wide range o f boronic acids, however, a nitro group ortho to the f luor ine was essential for 
the reaction to occur. The 2-nitro group is required to assist oxidative addit ion o f the 
pal ladium into the C-F bond by both electron w i thdrawing effects and, more important ly, 
by coordinat ing the pal ladium atom. Schröter et al. reported that cross-couplings show a 
high regioselect ivi ty at the C-2 posi t ion on a number o f r ing systems {e.g. thiophenes, 
benzothiophenes, fiirans, benzofiirans, pyrroles).^' 

R = СҒз, Me, 
OMe, NO2 

(H0)2B 

Y = СҒз, NH2, 
Mes, OMe, 
H, է-Bu, Cl 

Pd2(dba)3 
М є з Р 

CS2CO3 
DME, 16 h, 
r๙ 

22-85% 

Scheme 3.2a: Suzuki -Miyaura cross-couplings o f fluoroarenes 30 

A l i et al. stated that 2,5-dichloropyr idine underwent selective cross-coupling at the C-2 

posit ion and suggested that this may be due to coordinat ion o f the pal ladium to the pyr idine 

Ո\\է0%շոք՛ Fu et al. found that chloro- substituted pyridines had the potential to bind to the 
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pal ladium through the nitrogen and were therefore suitable substrates for room-temperature 

Suzuki -Miyaura cross-coupling reactions. '" In their hands 2-chloropyr idine coupled w i t h 

83 in a higher y ie ld o f 9 7 % than 3-chloropyridine (77%). 

The reactions o f the substrates detailed in entries 5 and 10 were also carried out on 5 

g scales; products 177 and 182 were obtained in 80 and 6 0 % yields, respectively. The 

increased y ie ld o f 6 0 % was due to less material being lost dur ing isolat ion o f the product. 

Tab le 3.2b. Bo ron i c A c i d + R -X 184-194 

Entry 
Boronic 

A c i d 
R-X Product 

Isolated y ie ld 

(%) 

12 40 

13 43 

14 165 

15 166 

N NH2 

N、 ^NH, 

N NH2 

N ^ N H 2 

N ^ N H 2 

MeO N 

MeO 

OMe NO2 

186 

OMe NO2 

69 

75 

75 

69 

69 
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16 

17 

18 

19 

20 

21 

22 

83 

40 

40 

43 

165 

166 

83 

N ^ N H z 

՝Νθ2 

107 
188 

Br—^J>—NHC(0)Me M e O - { / У-МНС(0)Ме 

：N 
Mé 

109 

H g C ^ N NH2 

Br 

108 

Вг 

108 

Н з С ^ М NH2 

《'l 
Вг 

108 

Н з С ^ М ^ М Н г 

Вг 

108 

Н,С^ ノж .NH 

Вг 

108 

Meo Ν 

.ΝΗ2 

Ν ОМе 

194 

80 

81 

73 

75 

65 

75 

68 

Table 3.2b: Suzuki-Miyaura cross-coupling reactions. Reagents and conditions: (i) 

Pd(PPh3)2Cİ2, 1,4-dioxane, Ш2СО3 (1 M), reflux, 8 h. 
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Entries 12-22, using substrates 107-109, demonstrate that more highly-

functional ised amino-substituted bipyridines can also be obtained in synthetically viable 

yields. The conditions of the reaction shown in entry 12 were varied to establish the 

optimum mol% of catalyst, amount of base and reaction time needed. The reaction was 

repeated using three different molar ratios of catalyst while keeping all the other parameters 

the same. The results which are shown in Table 3.2c, established that when using 

Р(1(РРЬз)2СІ2 for these couplings 5 mol% is required and that there is no advantage in using 

more than this. 

Reaction No. Mol% Pd(PPh3)2Cl2 Isolated yield (%)" 

1 1 37 
2 5 69 
3 

a ІТТ -Κ,Λ .r^ . . . • . ไ - . . 

10 67 

Η NMR determined identification and purity of the products. 

Table 3.2c: Results from the formation of 184 with varying molar ratios of catalyst. 

The reaction was then repeated using 5 mol% catalyst but varying the reaction time; the 

results are shown in Table 3.2d. No increase in yield was observed after 8 h. The reaction 

was also carried out for 8 h, using 5 mol% catalyst and varying the base (ЫагСОз, K2CO3, 

CS2CO3 and ВагСОз). Yields were found to be independent of the base used (yields 67-

69%). 

Reaction No. 

Ī 

2 

3 

4 

Time (h) 

2 

8 

12 

24 

Isolated yield (%)" 

32 

69 

64 

61 

71 
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48 

65 

66 

68 

a 'H NMR determined identification and purity of the products (>98% pure in all cases). 

Table 3.2d: Results for the formation of 184, for varying times (h). 

Protection of amine 108 was carried out using a modification of the procedure of 

Wright et ฟ.32 to give the analytically-pure acetamide derivative 109 in 93% yield. Entry 

17 shows that 109 reacted in a similarly high yield to the free amine (Entry 18). 

Table 3.2e. Boronic Acid + R-X 

Entry 
Boronic 

Acid 

23 40 

24 43 

25 166 

26 83 

R-X 

163 

163 

163 

163 

Product 

198 

N ОМе 

N ^ N H 2 

201 

Isolated 

yield (%) 

60 

70 

71 

68 
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27 165 

28 23 

29 40 

30 40 

31 40 

163 

Br֊H5j|y֊NH2 

163 

H,N 

Br CF, 

195 

N ^ N H 2 

Br" ՝ ^ ՝ B r 

196 

NH2 

197 

Me ひ 

202 

Meo N ОМе 
205 

Me ひ 

Ν-' Ν 

Ν ОМе 

206 

69 

62 

84 

76* 

35 

* Reaction was repeated using 1.2 equiv of 40. 

Table 3.2e: Suzuki-Miyaura cross-coupling reactions. Reagents and conditions: (i) 

Pd(PPh3)2Cİ2, 1,4-dioxane, Ш2СО3 aq (1 M)， reflux, 8 h. 

The reactions were extended using 2-amino-5-bromopyrazine 163 which reacted in 

moderate yield with the boronic acids 40, 43,165， 166, 83 and 23 (entries 23-28) to provide 

novel pyrazinylpyridine derivatives 198-203. Entry 28 establishes that 2-chloro-5-

pyridylboronic acid 23 shows comparable reactivity to the methoxy analogues 40 and 43. 
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Entries 30 and 31 extend the scope of the reaction and involve two-fold cross-
couplings with the dihalo derivatives 196 and 197 to yield products 205 and 206, 
respectively. When compound 40 was used in 1.2 equivalents in the reaction with 196, the 
yield of compound 205 was reduced to 32% and a trace amount (<1% yield) of mono-
coupled product was also isolated, but not obtained analytically pure. We are confident 
based on 'H NMR, ' 3C NMR, gCOSY, ROES Y, NOESY, gHSQC and gHMBC data that 
the mono-substituted product was that derived from the Suzuki cross-coupling ortho to the 
amine, i.e., 5-bromo-3-(6֊methoxypyridin-3-yl)pyridin-2-amine (207). 

Z % 0 - S - ° ^ ^ ^ 

Figure 3.2a: Formula and nomenclature for 5-bromo-3-(6-methoxypyridin-3-yl)pyridin-2-
amine (207) 

This would be consistent with concept of the free amine group coordinating to the 

palladium atom of the catalyst. For ease of discussion for the spectra below the 

nomenclature shown above (Figure 3.2a) will be used and the peaks will be labelled as 

shown below (Figure 3.2b). 
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В 

С 

D 

OCHา 

А 
NH2 

E 

ppm 

Figure 3.2b: 'H NMR spectrum of 207 in dó-DMSO. 

From the Ή NMR spectrum the amine and methoxy group protons can be easily 

assigned. The NMR solvent DMSO peak can be seen at 2.5 ppm and a H2O peak can be 

seen at 〜 3.3 ppm. The methoxy group protons are next ftirthest up field as they are 

aliphatic protons attached to a carbon that is attached to an oxygen at ֊ 3.85 ppm. The 

amine group has a characteristic broad peak at ~ 6.5 ppm. The remaining 5 peaks (Labelled 

A-E from left to right for ease of discussion) can be assigned to the protons attached 

directly to the two rings (V - Ζ). The ' 3C NMR spectrum shows the correct number of 

carbons (11), supporting the monocoupled product structure (with a trace of impurity at δ 

127 and 129). 
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1 
160 140 120 100 90 80 70 60 so ppm 

Figure 3.2c: ' 3C NMR spectrum of 207 in dé-DMSO (peaks at 〜40 ppm) 

Ippm) ļ 

в.о І 

Fl ppm 

Figure 3.2d: ROESY (Rotating frame Overhauser Enhancement Spectroscopy) spectrum of 
207 

76 



Amine Substituted Coupling Substrates and an Amine Substituted Boronic acid 

J ᄂ 

'ii[iiiFļim[niiļini|iin|iiMļiin[iiii|mi|i 

8.6 8.2 7.8 7.0 6.6 

Fl (ppm) 

Figure 3.2e: COSY (Correlation Spectroscopy) spectrum of 207 

The observed responses from protons V to z seen in ROESY and COSY NMR 

spectra tell us that the proton that gives rise to peak с couples with the protons that give 

rise to peaks A, and E. Therefore, peaks A, с and E are observed from 3 protons on one 

ring system (V, พ and X). The coupling constants (larger from protons V and พ) establish 

that peak A relates to proton X, peak с relates to proton พ and peak E relates to proton V. 

Peaks В and D relate to protons Y and z， due to the electronegativity of the nitrogen 

adjacent carbon 1 (see Figure 3.2a), proton Y is observed further downfield; therefore, Y 

relates to peak в and z to D. No response can be seen in the ROESY or COSY NMR 

spectra from protons z and Y， this could be due to the bulky amine group restricting 

rotation of the molecule. If the other mono coupled isomer had been formed, observable 

coupling between protons Y and X， and Y and พ would be predicted to be seen in the 

ROESY spectrum. 
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Figure 3.2f: Part of HSQC (Heteronuclear Single Quantum Coherence) spectrum of 207 

A HSQC spectrum shows which proton is directly attached to which carbon, 

therefore the proton peaks relating to; the carbon that is attached to the bromine (2 or 4) and 

the carbon that is attached to the amine group (5) were identified, as neither carbons couple 

to any protons. 
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(ppm)ļ 
6.6 ๚ 

170 160 150 140 130 120 110 

PI (ppm) 

Figure 3.2g: Part of нмвс (Heteronuclear Multiple Bond Correlation) spectrum of 207 

The HMBC allows the peak relating to the carbon attached to the amine group to be 

identified, therefore the other carbon, of the two identified by the HSQC, is the one 

attached to the bromine. That carbon attached to the bromine has long-range coupling with 

the protons that give rise to peaks в and D (protons Y and z respectively). The long-range 

coupling with proton Y confirms the structure in Figure 3.2a. If the cross-coupling reaction 

had occurred at the carbon which is para to the amine group, this coupling in the HMBC 

spectrum between the carbon attached to the bromine and proton Y should not be 

observable, as it would be a 4-bond coupling. 
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Table 3.2f. Boronic Acid + R-X 

Entry 
Boronic 

Acid 
R-X Product 

Isolated yield 

(%) 

32 40 

33 40 

34 40 

35 40 

36 43 

208 
a X = Br 
b X = I 

209 

210 

Br' 

211 

110a 

MeO 

213 

MeO 

214 
MeO 

215 
MeO 

N. .NH2 

CHO 

(from 208a) 

(from 208b) 

22 

52 

54 

82* 

80 
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ПИ r И Н 

37 40 B r ^ " ^ I ―. 82 

212 

218 

Table 3.2fะ Suzuki-Miyaura cross-coupling reactions. Reagents and conditions: (i) 

Pd(PPh3)2Cİ2, 1,4-dioxane, Ш2СО3 aq (1 M), reflux, 24Һ. *15 min, reflux. 

Entry 32 suggests there is no significant difference in reactivity between 5-bromo-

and 5-iodo-indole under these conditions. However, we cannot generalise, as no other 

examples were tried. Entries 32 - 35 show that reactions using indole, 2,3-dihydroindole 

and carbazole derivatives also gave the expected products in moderate yields. Entry 37 was 

carried out to show that these conditions are not confined to free amine groups, but that 

hydroxy! groups (which also have labile hydrogens) could also be coupled with 40 in high 

yields. 

3.3 Transformation of 182 via Diazotization 

The amine group in the above compounds is a possible site for further reactions, e.g. 

diazotization.^^ Diazonium salts can react with a number of different ทนcleophiles to form 

a range of products. Diazotization of 2֊(6-methoxypyridin-3-yl)pyridin-4-amine 182 

following the standard procedure used previously in our group on other molecules (Scheme 

З.За)/^ gave the expected product 219 in 32% yield where the amino group was replaced 

with a bromine. A second product 220 was isolated in 30% yield, and 32% of the starting 

material was also recovered. Structure 220 had an amine group and a bromine group 

attached this was supported by a combination of mass spectra, elemental analysis, Ή NMR 

and "С NMR spectroscopic data. 
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N OMe 

220 

N OMe 

182 219 

Scheme 3.3a: Diazotization of 182. Reagents and Conditions: (i) HBr, NaNCb, NaOH 

ОСНз 

В 
D 

A 

- I ...II. ι ι Α J L _ 
8.5 8.0 7.5 7.0 6.ร 6.0 5.5 5.0 4.5 ppm 

С E NH2 

Figure 3.3а: Ή NMR spectrum of 220 in de-acetone 

'H NMR spectra of the second product (220) showed 5 aromatic protons (labelled A to E 

from left to right for ease of discussion) and the broad singlet at 5.8 ppm from the amine 

protons. The J values and splitting of the peaks confirm that the protons resulting ๒ peaks 

A, С and E are on one ring system, and those resulting เท peaks с and E are on adjacent 

carbons. The two singlets (B and D) relate to two protons on another ring system. 

Therefore only five protons are present and the amine group (peak at -5.9 ppm). From this 

it was concluded that a proton had been displaced by a bromine. 
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160 150 140 130 120 110 100 90 80 70 ppm 

Figure 3.3b: ' 3C NMR spectrum of 220 in dó-acetone 

The 13C NMR spectrum (Figure 3.3b) shows 11 carbons as expected if the bromine had 

displaced any proton. Replacing a proton with a bromine causes an upfield shift of the 

carbon to which it is attached by ca. 6 ppm.3 5 

3.4 2-Amino-5-pyrimidylboronic Acid Synthesis 

To date, there have been several reports regarding the syntheses of 

aminophenylboronic acids^^ but no amine-substituted heterocyclic boronic acids have been 

described. After our success with the synthesis of various amine-substituted 

bi(hetero)aryls, we turned to an amine-substituted heterocyclic boronic acid, with the view 

to synthesising a bi(hetero)aryl with amine group(ร) on either or both rings. 

Our target, 2-amino-5-pyrimidylboronic acid, was chosen for two reasons: (i) the 

starting material, 2-amino-5-bromopyrimidine (148), was readily available and (іі) we had 

recently successfully synthesised pyrimidylboronic acids (see chapter 4). Compound 148 

allowed only one site for halogen-lithium exchange, as the DoM methodology could further 

complicate the reaction. The reactive lithio-species then reacted with the already present 

borate. As previous work in our group on the synthesis of other pyrimidylboronic acids,̂ ^ 

had employed the "reverse addition route" instead of the sequential addition route, this was 

attempted first. 

We recognized that the acidic amino hydrogens of 148 could be problematic under 

strongly basic conditions; nonetheless, the synthesis was attempted on unprotected 148 

83 



Amine Substituted Coupling Substrates and an Amine Substituted Boronic acid 

(Scheme 3.4a) using a range of equivalents of lithium, on a 2 g scale, as shown below in 

Table 3.4a. 

H2N N' 
148 

-Br (i) 
(іі) 

H2N N 
221 

-B(0H)2 

Scheme 3.4a: 2-Amino-5-pyrimidylboronic acid synthesis. Reagents and Conditions: (i) 

TPB, THF, -78 °С, «-BuLi, (ii) Aqueous work-up. 

Reaction No. Equiv. л-BuLi used Isolated Yield of 221 (%)" 

2 

3 

4 

1.2 

2.5 

5.0 

10.0 

12 

46 

45 

a 'H NMR determined identification and purity of the products. 

Table 3.4a: Results for the formation of 221 using varing equivalents of rt-BuLi. 

The results show that the desired product was obtained in a synthetically-useful yield, and 

there is no advantage in using more than 2.5 equiv. of n-BuLi. As far as we are aware this 

is the first reported example of lithium-halogen exchange on 148. 

Two examples of Suzuki-Miyaura cross-coupling reactions of 221 were carried out 

with 147 and 163 under standard conditions [Рсі(РРЬз)2СІ2, dioxane, reflux] to yield 

products 222 and 223, respectively, in moderate yields (Table 3.5). 
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Table 3.4b. 221 + R-X 222 and 223 

Entry 
Boronic 

Acid 
R-X Product 

Isolated yield 

(%) 

221 

147 

N-、 ^ N H , 

H2N N 

60 

222 

221 
Br" ՝N ' 

163 
Η,Ν N 

40 

223 

Table 3.4b: Suzuki-Miyaura cross-coupling of 221. Reagents and conditions: (i) 

Pd(PPh3)2Cİ2, 1,4-dioxane, NajCOj aq (1 M)， reflux, 24 h. 

The versatility of the reactions with respect to functional group tolerance (viz. nitro, 

amide, ester and trifluoromethyl) needs further investigation. This would allow access to 

highly-functionalised pyrimidine derivatives, which are attractive drug and agrochemical 

candidates. 
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3·5 Conc lus ion 

A range o f halogenated aromatics and heteroaromatics bearing pr imary amine 

groups have been shown to be suitable substrates for Suzuki -Miyaura cross-coupling 

reactions w i th arylboronic acids and pyr idy lboronic acids under standard condit ions, 

wi thout the need for protection/deprotection steps. N e w amino-substituted arylpyr idines, 

bipyridines, pyrazinopyr idines, indol inopyr idines, carbazolopyridines and indolopyridines 

have thereby been obtained. Since our publ icat ion on this work,^^ another group has 

published dif ferent cross-couplings in the presence o f pr imary amine g r o u p s . I n this 

work , Itoh et al. also showed that 3֊amino-2-chloropyndine (159) is more reactive in 

Suzuki -Miyaura cross-coupling reactions than other isomers (171 and 172).^^ 

The first amino-heterocycl ic boronic acid, namely 2-aminO"5"pyr idimidylboronic 

acid (221), has been successfully synthesised in moderate y ie ld . Suzuki -Miyaura cross-

coupl ing reactions have been earned out using 221 to synthesise novel pyrazinopyr imid ine 

and quinol inopyriทาidine derivatives. This paves the way for the synthesis o f other 

heterocyclic boronic acids bearing free amine substituents. 
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Synthesis and Appl ica t ion o f Nove l Halopyr idy lboronic Acids 

4.0 Synthesis and A p p l i c a t i o n o f Novel H a l o p y r i d y l b o r o n i c Ac ids 

4.1 I n t r o d u c t i o n 

A t the outset o f this project there was one publ icat ion in the literature o f a 

d ihalopyr idy lboronic add . i As stated in Chapter 1, Gallagher et al. had prepared 5-bromo-

2"f luoro-3-pyr idylboronic acid (47) in 8 0 % y ie ld by a D o M reaction o f 5-bromo-2֊ 

fluoropyridine (46), fo l lowed by reaction w i th tr imethylborate and described a sequence 

leading to 3,5-disubstituted 2-f luoropyr idineร wh ich were converted into the corresponding 

2-pyridone derivatives (Scheme l , l o ) . 

In 2002, Rault et al. publ ished the synthesis and Suzuki -Miyaura cross coupl ing o f a 

number o f chloropyr idy lboronic acids; 2-chlorO"3-pyridylboronic acid (27) and 2"Chloro-5-

pyr idy lboronic acid (23) w i t h 2-bromobenzonitr i le in 57 and 7 2 % yields respect ive ly / and 

4-chloro-3-pyr idylboronic acid (29) w i th 4-bromotoluene in 5 4 % y ie ld , although no 

characterisation o f the coupled products was g iven. 3 

I t was our a im to synthesise a series o f d ihalopyr idylboronic acids v ia D o M 

methodology. D o M methodology does not require brominated starting materials and 

therefore cheaper and more readily available reagents can be used which makes the 

procedure more commercia l ly viable on an industrial scale. We later extended the 

chemistry to produce a halopyr imidy lboronic acid by using halogen- l i th ium exchange 

methodology. 

4.2 2 ,6 "D i f luo rO"3"pyr idy Iboron ic A c i d 

Fo l low ing the successful synthesis o f 2,6"dimethoxy-3-pyr idylboronic acid (146), 

we applied the methodology to 2,6-di f luoro-3"pyr idylboronic acid (225) wh ich was 

expected to be readi ly accessible by a D o M reaction^* o f 224 ( L D A in T H F ) fo l lowed by the 

addit ion o f tr i isopropylborate and an aqueous workup. The ini t ial attempts using an 

aqueous workup were unsuccessful, upon acidi f icat ion o f the aqueous layer to p H 6 no 

solid precipitated even after prolonged st irr ing (24 h). The aqueous layer was further 
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acidif ied to p H 1 but st i l l no precipitate formed. T L C analysis o f the aqueous layer showed 

a base l ine spot characteristic o f a boronic acid. Extraction w i th ethyl acetate and 

recrystall isation gave product 225 in 6 8 % y ie ld . Using T M B instead o f TPB gave a similar 

y ie ld (70%) . However, the y ie ld o f 225 increased to 8 2 % when D P A and и-BuL i were used 

to generate L D A instead o f using commercial L D A (Scheme 4.2a). The reaction was 

scaled-up to give 50 g o f 225 in 3 4 % unoptimised y ie ld . 

(i), (іі), (ііі) 
B(0H)2 

Scheme 4.2a: 2 ,6-Di f luoro-3-pyr idy lboronic acid (225) synthesis. Reagents and 

Condi t ions: ( i ) DPA, « -BuL i , T H F , -10 °С， зо m in , ( i i ) 2,6-dimethoxypyr id ine, -78 °С， 3 h 

( i i i ) TPB and aqueous work-up ( inc lud ing ethyl acetate extractions). 

Suzuki-Miyaura cross-coupling reactions o f 225 were carried out w i t h a range o f 

aryl/heteroaryl halides 147, 110a and 148 under our standard condit ions [Р(1(РРНз)2СІ2, 

dioxane, re f lux ] to y ield products 226-228, respectively. The results are col lated in Table 

4.2a. 

Tab le 4.2a. 225 + R-X 226-228 

Entry 
Boronic 

Ac id 
R-X Product 

225 

147 

Isolated y ie ld 

(%) 

81 

84a 

226 
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225 

225 

N ^ N H z 

Br 

110a 

N y N H 2 

148 

227 

N N H 2 r 

82 

69 

Tab le 4.2aะ Suzuki -Miyaura cross-couplings o f 225 ( i ) Reagents and condit ions: 

Pd(PPh3)2Cİ2, 1,4-dioxane, Ш2СО3 (1 M)， ref lux, 24 h; for 110a 15 m in . (a 10 m o l % 'BU3P) 

Bromo-heteroaryls bearing pr imary amine groups have been shown to be suitable 

substrates for Suzuki -Miyaura cross-coupling reactions w i th arylboronic acids and 

pyr idy lboronic acids under standard condit ions, w i thout the need for 

protection/deprotection steps (see Chapter 3). Compounds 147 and 148 coupled w i th 225 

i n h igh yields and new amino-substituted pyr imidopyr id ines, quinol inopyr id ines, have 

thereby been obtained. The reaction was extended to couple 110a to show its versati l i ty 

w i t h respect to funct ional group tolerance (ester) thereby a l low ing access to a h igh ly-

functionalised 2,6-di f luoro-3-pyrazinopyr id ine derivat ive. Substrates 147 and 148 gave the 

opt imized y ie ld o f products after 24 h at ref lux, as judged by T L C and Ή N M R moni tor ing 

o f the reaction mixture. Reagent 110a is a notable exception, as previously discussed. A 

high yield o f product 227 (82%) was obtained after only 15 minutes ref lux. Products 226, 

227, 228 are attractive as candidates for pharmaceutical and agrochemical uses. 
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4.3 2 ,6 -D ich Io ro -3 -py r idy lbo ron ic A c i d 

Suzuki -Miyaura reactions on chloro-aryls are we l l known in the literature.^"^ In 2005 

(after complet ion o f our work ) Itoh and Mase published the cross-couplings o f 

phenylboronic acid w i th amine-substituted heteroaryl chlorides. Substituted 2֊ 

chloropyr imidines and 2-chIoropyridines reacted w i th phenylboronic acid in moderate to 

good yields (68 ― 93%).* In 2004, Gong et al. reported that in ref lux ing dioxane the amine 

group on various halo-substituted phenyls reacted w i t h various heteroaryl chlorides by 

ทนcleophil ic heteroaromatic substitution (Scheme 4.3a). 

СІ 
人 A R 上 A R 

NへN ^ ղ + ^ ՝ ^ N pะ̂  /îl 

Scheme 4.3aะ Intermediates in the synthesis o f 2,4-diamino-A^4,6"diarylpyrimidines^ 

Reagents and condit ions; ( i ) ref lux dioxane. 

In our laboratory, the mono-chloropyr idy lboronic acids, namely 2"Chloro-5-

pyr idy lboronic acid (23) and 5֊chloro-2-methoxy-4-pyndylboronic acid (41), had been 

shown to couple in moderate yields w i t h both electron-rich and electron-deficient 

heteroaryl bromides.'*^ 

A s the synthesis o f 2,6-di f luoro-3"pyr idylboronic acid (225) was successful, we 

applied analogous D o M methodology to 2,6-dichloropyr idine (229) and 2,6֊dichloro-3-

pyr idy lboronic acid (230) was thereby readily obtained in 70-75% yields (Scheme 4.3b) on 

2.5 g， 5 g and 10 g scales reactions. Various parameters and condit ions o f the synthesis 

were changed to examine their effect on the product y ie ld . Using commercial L D A , instead 

o f L D A formed in situ ( D P A and « -BuL i ) decreased the y ie ld to 50%. Using cone. H C l in 

the aqueous work up step, instead o f HBr， decreased the y ie ld to 51 %. Using commercial 

L D A and H C l in the same reaction further decreased the y ie ld to 34%. S t imng for > 1 h 
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after the addit ion o f the borate, d id not increase the yield above 73%. Add ing the 
tr i isopropylborate at the start o f the reaction (reverse addit ion method) lowered the y ie ld to 
42%. A n unoptimised scale-up o f the synthesis using L D A formed พ situ and HBr , wh ich 
had given 230 in 7 3 % yie ld on 10 g scale, was used to synthesise 70 g o f 230 but it required 
an addit ional recrystall isation f rom toluene to obtain pure product in 2 2 % y ie ld . 

і ， (іі), (ііі) 

Scheme 4.3b: 2,6-Dichloro֊3-pyridylboronic acid (230) synthesis. Reagents and 

Condi t ions: ( i ) D P A , พ - B u L i , T H F , -10 °С， зо m in , ( i i ) 2,6-dichloropyr idine, -78 °С， з h 

( i i i ) Т Р В and aqueous work-up. 

Crystals o f 230 grew over a number o f months f rom a water/ethanol mixture and the 

x֊ray structure, wh ich was solved by Dr. A Batsanov, is shown in f igure 4.3a. 

F igu re 4.3a: X-ray crystal structure o f 230-0.511շՕ (dashed lines are H-bonds). 

The X-ray crystal structure o f 230 shows a hemi-hydrate and provided proof that the 

free boronic acid had been obtained and not the anhydride, i.e. the borox in . Hydrogen 

bonding is present between the water molecule, and the pyr idy l N ( l ) and 0 ( 2 ' ) o f the 

boronic acid group. Unl ike the X- ray crystal structures o f 22 and 23 previously pub l i shed" 
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and the structure o f 40 (f igure 2.1a) no H-bonded dimer was observed for 230. The lack o f 
d imer is presumably due to preferred H-bonding to O H o f water than to the O H o f the 
boronic acid. 

The crystals o f 230 were grown f rom the 70 g scale synthesis and an unexpected 

byproduct co-crystal l ised along w i th 230. The X-ray analysis established the b ipyr idy l 

structure 231 shown in f igure 4.3b. There was no evidence to suggest this byproduct was 

present in any other samples and therefore we considered that its mechanism o f format ion 

could be explained by either: ( i ) oxygen being present dur ing the large-scale synthesis; ( і і ) 

an impur i ty in the starting material 229; ( і і і ) or homocoupl ing o f 230 occurr ing dur ing 

crystal l isat ion. T o test these possibi l i t ies, the synthesis o f 230 was carried out in the 

presence o f oxygen (f lask was not evacuated to remove oxygen at the start o f the 

experiment) and a lower y ield o f 230 ( 15%) was obtained but 231 was not present in the 

product isolated ( Ή and ' ^c N M R ) . Homocoupl ing o f the boronic acid was unl ikely, due 

to no catalyst or base being present and to date no examples o f Suzuki coupl ing wi thout 

catalyst or base are known. Therefore, it was concluded that 231 was probably already 

present as an impur i ty in the starting material or was derived f rom an impur i ty ; however, 

there was no sample remaining o f this batch o f starting material , so we could not prove its 

or ig in conclusively. 

F igu re 4.3b: X- ray crystal structure o f 2 3 1 . 
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Suzuk i -Miyaura cross-coupling reactions o f 230 were carried out w i th 147 and 148 

under our standard condit ions [Pd(PPh3)2Cİ2, dioxane, ref lux] to y ie ld products 232 and 

233, respectively. Due to the l ow yields o f the desired coupl ing products, other condit ions 

were investigated and the results are collated in Table 4.3b. We drew on the w o r k o f Fu et 

al. who reported Р02(0Ьа)з/'ВизР as a catalyst for cross-coupling a w ide range o f aryl 

halides w i t h arylboronic acids in very good yields (75-95%). '^ The catalyst system 

produced b iarylร w i th a range o f substituents ( N H 2 , OMe , C O M e , M e ) and was extended to 

couple aryl boron і с acids w i th chloropyridines. A range o f phosphanes and bases were 

used in coupl ings; using 'BU3P w i t h either Pd(0Ac )2 or Рс1(РРНз)2СІ2 in the presence o f 

CS2CO3 or ЫагСОз gave sl ight ly increased yields (54-57%). '^ 

a - h 

Tab le 4.3a. 230 + R-X 

Entry 
Boron ic 

A c i d 
R-X 

232 o r 233 

Product Condit ions 
Isolated 

y ie ld (%) 

2 

3 

4 

5 

6 

7 

8 

230 

147 
N ^ C I 

232 

a 

b 

с 

d 

e 

f 

g 

h 

36 

54 

56 

57 

55 

38 

24 

30 

230 
Br 

ひ 
148 

N . / N H 2 

Nへ Cl 

46 
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Tab le 4.3a: Suzuki-Miyaura cross-coupling o f 230. Reagents and condit ions: (a) 

Pd(PPh3)2Cİ2, 1,4-dioxane, N a j C O j (1 M ) , ref lux, 65 h, (b) Рсі(РРНз)2СІ2, 'ВизР, 1,4-

dioxane, Ш2СО3 (1 M ) , ref lux, 65 h, (с) Рсі(РРНз)2СІ2, 'ВизР, 1,4-dioxane, CS2CO3 (1 M ) , 

re f lux, 65 h, (d) Pd(0Ac )2 , 'ВизР, 1,4-dioxane, NãjCOy (1 M ) , ref lux, 65 h, (e) Pd(0Ac )2 , 

'BU3P, 1,4-dioxane, CS2CO3 (1 M ) , ref lux, 65 h, ( f ) Р(і(РРНз)2СІ2, 1,4-dioxane, N a j C O j (1 

M ) , reกux, 8 h, (g) Pd(PPh3)2Cİ2, 1,4-dioxane, NazCOj (1 M ) , 150 °С, 5 m i n @ 150 พ , (h) 

Pd(PPh3)2Cİ2, 1,4-dioxane, ЫагСОз (1 M ) , 150 °С， 20 m in @ 150 พ . 

Entry 2 - 5 shows that changing the aqueous base f rom sodium carbonate to cesium 

carbonate had no effect on the y ie ld . Add ing 'BU3P ՚ 2՝ 1 3 increased the y ie ld o f the coupled 

product (cf. entry 1 - 2). Changing the catalyst to f rom Pd(PPh3)2Cİ2 to Pd(0Ac )2 made no 

difference to the y ie ld (entries 2 and 4) . 

Previously in our hands, 2-chloro-5֊pyridylboronic acid (23) had coupled w i th 3-

bromoquinol ine (147) in 5 5 % yie ld (scheme 4.3c). The same reaction carried out using 

condit ions a and b o f table 4.3a gave 58 and 7 1 % yields o f 234, respectively, demonstrating 

a modest increase in y ie ld w i th added 'ВизР. 

(!) 
B(OH 2 Br 

Scheme 4.3cะ Suzuki coupl ing o f 23. Reagents and condit ions; ( i ) Рсі(РРЬз)4, D M F , 

NaaCOa i l M ) , 80 "C. 

A s previously discussed (Chapters 1 and 3) other reactions, especially 

homocoupl ing o f the boronic acid, can occur w i th halogen-substituted boronic acids under 

Suzuki condit ions. A l though no homocoupled products were isolated, 236 was isolated 

f rom the cross-coupling o f 2,6-dichloro-3-pyr idylboronic acid (230) and 3-amino-2-
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chloropyr id ine (159) (Scheme 4.3d). Product 236 was obtained in 3 2 % yie ld along w i th ca 

15% y ie ld o f the expected coupled product, but 235 was not obtained analyt ical ly pure. 

Cycl isat ion had occurred w i th the amino group o f 235 attacking C2 (attached to the 

chlor ine) ; base present in the reaction mix ture then removes a proton f rom the posit ively 

charged nitrogen. Overal l this gives compound 236 and a molecule o f hydrochlor ic acid. 

γ Ν Η 2 

N Cl 

(і) 

C l ^ N ^ C I 

230 159 235 236 

Scheme 4.3d: Suzuki coupl ing o f 230 and 159. Reagents and condit ions; ( i ) Рсі(РРЬз)2СІ2, 

'ВизР, 1,4-dioxane, ЫагСОз (1 M ) , ref lux, 65 h, 

This structure o f 236 was supported by mass spectra, ' H N M R , ' 3 C N M R , gCOSY, 

ROESY, gHSQC and g H M B C data (Figs 4.3c ― 4.3Һ). 

"1л в!о 

F igure 4.3c: Ή N M R spectrum of 236 in dô-DMSO. 
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The ' H N M R spectrum showed f ive aromatic protons (F ig . 4.3c) w i th no broad singlet f rom 

a free amine group. A singlet at δ 12.23 ppm w i t h an integral o f one proton was assigned to 

the N H o f 236. 

'SS ՛տօ 'й— 'าa 4 é -is • • lio • 1(5 • '¿i 

F igu re 4.3d: ' 3 C N M R spectrum o f 236. 

The 1 3C N M R spectrum showed 10 carbons as expected for 236 (F ig 4.3d). 

F igu re 4.3e: ROESY spectrum o f 236. 

The ROESY spectrum conf i rmed that the protons producing the two doublets at δ 8.6 and 

7.3 ppm are on adjacent carbons, and the quartet at 7.5 ppm is f rom a proton on the carbon 

adjacent to both carbons that carry protons, causing the doublet o f doublets at 7.9 and 8.5 

ppm. Overal l this conf i rms that on one r ing system two protons are present and on the 

other r ing system three protons are present. 
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ē 

% І 

і 

。 

8-6 8.4 β.ΐ 8.0 7.Я 7.6 7.4 T.2 

FZ (PPmĮ 

F igu re 4.3f: C O S Y spectrum o f 236. 

The C O S Y spectrum further supported a structure w i th t w o separate r ing systems and no 

interaction is observed between the two r ing systems grouped previously by the ROE s Y 

spectrum. 

s i 

F i gu re 4.3g: HSQC spectrum o f 236. 
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The HSQC spectrum assigned the carbons to wh ich each o f the five aromatics protons are 
attached, and identi f ied those carbons not bearing protons. 

(PP4 

รุ) 

F i gu re 4.3Һ: H M B C spectrum o f 236. 

The H M B C spectrum ident i f ied wh ich carbons the five aromatic protons couple w i th 

through 2 or 3 bonds. Quaternary carbons can sometimes be observed by this technique. 

Taken together, al l the data points unambiguously to structure 236. 

4.4 2 ,3 -D i ch lo ro -4 -py r i dy lbo ron i c A c i d 

The D o M methodology used for 2 , 6 - d i ch l o rO " 3 -pyndy lbo ron i c acid (230) was applied 

to 2,3-dichloropyridine (237). Reaction o f 237 [ L D A (1.1 equiv.) in T H F ] fo l lowed by the 

addit ion o f tr i isopropylborate and an aqueous workup gave 238 in only 4 0 % y ie ld on 2.5 -

15 g scales o f product. Us ing DPA and พ - B u L i , instead o f commercial L D A , gave a 

disappoint ing 30 % y ie ld . L i th iat ion o f 237 could occur at both C(4) and C(6) and using 2 

equivalents o f L D A increased the y ie ld o f 238 to 5 6 % (Scheme 4.4a) suggesting that the 

lower than expected y ie ld was, indeed, at least part ly due to both posit ions l i th iat ing. I f 

l i thiat ion had occurred at C6 the derived boronic acid wou ld deboronate, so the 5 6 % yie ld 

suggests l i th iat ion at C4 is preferred. Interestingly, when H C l was used in the aqueous 
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workup instead o f HBr , 238 deboronated and only starting material (237) was obtained, 

even when the aqueous work up was carried out at 0 °С. A n unoptimised scale-up o f the 

synthesis detailed in Scheme 4.4a gave a 70 g batch o f pure 253, in a lower y ie ld o f 2 2 % 

after recrystall isation f rom toluene. 

B(0H)2 

՝ V ^ ' (i). (іі), (ііі) д ^ " ^ ' 

՝ N ^ C I " ^ N ^ C I 

237 238 

Scheme 4.4a: 2,3-DichIoro-4-pyr idy!boronic acid (238) synthesis. Reagents and 

Condit ions: ( i) 2.0 equiv. L D A , T H F , -10 т , зо m in , ( i i ) 2,3-dichloropyndine, -78 °С, 3 һ 

( i i i ) TPB and aqueous work-up. 

Crystals o f 238 were grown over a number o f months f rom a water/ethanol mixture 

and the structure was solved by Dr. A Batsanov. The X- ray crystal structure o f 238 is 

shown in f igure 4.4a. 

i ^ . . . . . , - ą o ( 2 i J \ 

Odi 

スビ Cl(21 

N(11 

ICIfl) 

F igu re 4.4a: X- ray crystal structure o f 238. Dashed lines are H-bonds. 
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Simi lar to the structures o f 40， 23 and 230 the free boronic acid was observed and not the 

anhydride. Extensive intermolecular hydrogen bonding is present. N o intermolecular dimer 

format ion between two boronic acid moieties was observed. 

Cross-coupling reactions o f 238 w i th 147, 148, 1 and 239 under our standard 

condit ions [Р0(РРЬз)2СІ2, dioxane, ref lux] yielded products 240-242, respectively. Due to 

the disappoint ing yields o f the desired coupl ing products, other condit ions were 

investigated; the results are collated in Table 4.4a. 

Tab le 4.4a. 238 + R-X 
a-f 

240-242 

Entry 
Boronic 

Ac id 
R-X Product Condit ions 

2 

3 

4 
238 

238 Br 

N y N H 2 

148 

a 

b 

с 

d 

e 

f 

241 

238 

ち メ 

、Ń 

l X = B r 

239 Х = I 

242 

Isolated 

y ie ld (%) 

34 

48 

54 

54 

56 

57 

42 

1 = 4 1 

239 = 50 

Tab le 4.4a: Suzuki -Miyaura cross-coupling o f 238. Reagents and condit ions: (a) 

Pd(PPh3)2Cİ2, 1,4-dioxane, N a j C O j (1 M ) , ref lux, 65 h, (b) Рс1(РРЬз)2СІ2, 'ВизР, 1,4-
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dioxane, NazCOj (1 M ) , ref lux, 65 h， (c) Рсі(РРНз)2СІ2, 'ВизР, 1,4-dioxane, CS2CO3 (1 M ) , 

ref lux, 65 h， (d) Pd(0Ac )2 , 'BU3P, l,4֊dioxane, Na2C03 (1 M ) , ref lux, 65 h, (e) Pd(0Ac )2 , 
'BU3P, 1,4-dioxane, CS2CO3 (1 M ) , ref lux, 65 h， (f) Рс1(РРЬз)2СІ2, 1,4-dioxane, N a j C O j (1 
M)， ref lux, 8 h. 

Simi lar trends can be seen as previously described for reactions o f 2,6-dichloro-3-

pyr idy lboronic acid 230 (Table 4.3a). The addit ion o f a l igand to the standard reaction 

condit ions increased the y ie ld o f 240 f rom 34 to 5 4 % (Entry 1 and 3). Entry 8 shows that 

using iodoaryl coupl ing partners increased the y ie ld sl ight ly compared to the bromo 

analogue. 

4.5 2 - C h l o r o - 5 - p y r i m i d y l b o r o n i c A c i d 

2-Chloro-5-pyr imidy lboronic acid (244) was an attractive target for comparison w i t h 

221 and the d ich loropyr idy lboronic acids (230 and 238). The in i t ia l synthesis o f 244 

fo l low ing the route for 221 produced impure 244. However, the halogen- l i th ium exchange 

o f 243 (« -BuL i in T H F / toluene) in the presence o f tr i isopropylborate and then an aqueous 

workup gave pure 244 ๒ 8 5 % y ie ld . A sequential addit ion method (adding the TPB after 

the l i thiat ion) gave 244 in a lower y ie ld o f 15%. 

N - ^ ^ ^ (i), (іі) , N - ^ B i O H b 

СІ ス ClAン 

243 244 

Scheme 4.5a: 2-Chloro-5-pyr imidy lboronic acid (244) synthesis. Reagents and 

Condit ions: ( i ) ռ - B u L i , TPB , -78 °С, to luene:THF ( і і ) aqueous work-up. 

Crystals o f 244 were grown over a two months f rom a water/ethanol mixture and 

the structure was solved by Dr. A Batsanov. The X-ray crystal structure o f 244 is shown in 

f igure 4.5a. 
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F igu re 4.5a: X-ray crystal structure o f 244. Dashed lines are H-bonds. 

Simi lar to the structures o f 40, 23 and 230 the free boronic acid was observed and not the 

anhydride. Extensive intermolecular hydrogen bonding is present but no intermolecular 

dimer format ion between two boronic acid moieties was observed. 

Cross-coupl ing reactions o f 244 w i t h 147 [Рс і(РРЬз)2СІ2, dioxane, ref lux] gave 

product 245 in only 2 1 % y ie ld . Add i t i on o f tr ibutylphosphine increased the y ie ld to 4 7 % 

(Table 4.5a; entry 2) , so this l igand was also used in the reactions in entries 3 and 4. These 

procedures gave novel functionalised heteroaryl-pyrimidines 245-247 in moderate and 

synthetical ly-viable yields (45-48%). 

a-b 

Tab le 4.5a. 244 + R-X 245-247 

Entry 
Boronic 

Ac id 
R-X Product Condit ions 

Isolated 

y ie ld (%) 

244 

147 b 

21 

47 
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244 

244 

245 

148 

246 

N NHo 
N NH2 

247 

48 

45 

Tab le 4.5a; Suzuki -Miyaura cross-coupling o f 244. Reagents and condit ions: (a) 

Pd(PPh3)2Cl2, 1,4-dioxane, Ш2СО3 (1 M ) , ref lux, 65 h, (b) Рсі(РРЬз)2СІ2, 'ВизР, 1,4-

dioxane, КагСОз (1 M ) , ref lux, 65 h; for 110a 15 m in . 

Dur ing the course o f our work Rault et al. published syntheses o f 2,6-dichloro-3-

pyr idy lboronic acid 230, and 2,5-dichloro-4-pyr idylboronic acid in 80 and 5 6 % yields, 

respectively, also using D o M ա6էհօժօ1§>՛ . ՛ ՛ * N o cross-coupling reactions were reported; 

hydroxydeboronat ion in the presence o f hydrogen peroxide yielded 248 (Scheme 4.5b). 

a 
-B(OH)2 

b 

c r ՝ N ' 、CI 80% C I - ^ N ^ C I 99% C ľ ' ^ N ^ C I 

229 230 248 

Scheme 4.5b: Recent synthesis o f 230. ՚՛* Reagents and condit ions (a) L D A , TPB , - 80 °С, 

T H F (b) aq. H2O2, CH2CI2, rt, 20 h. 
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4.6 Conc lus ion 

A range o f novel halo substituted pyr idy lboronic acids and a py r im idy l boronic acid have 

been synthesized and the syntheses o f 230 and 237 have been scaled up to produce 50 g 

quantit ies. These compounds serve as versatile reagents for the product ion o f h ighly-

functionalised ary l /heteroary l -pyr idy l /pyr imidy l l ibraries. A n added advantage o f these 

reactions is that the products obtained are able to undergo further funct ional isat ion. For 

instance, the compounds that contain a amine group can be employed in a diazotisation 

reaction A n example showing the possibi l i ty o f such a reaction was highl ighted in the 

previous chapter. Furthermore the compounds that contain a chloro can be employed as the 

halo substrate for ftirther cross-coupling reactions, wh ich can then lead to numerous 

possibil i t ies for fijrther funct ional isat ion. 
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Experimental Procedures 

5.0 E x p e r i m e n t a l Procedures 

This chapter describes the experimental procedures and analytical data for each o f the novel 

compounds presented in this thesis. This chapter also includes the experimental procedures 

for compounds which are already known in the literature that were used dur ing the course 

o f this work. 

5.1 Genera l Me thods 

A l l reactions that required inert or dry atmosphere were carried out under a blanket 

o f argon, wh ich was dried by passage through a co lumn o f phosphorus pentoxide. A l l 

reagents employed were o f standard reagent grade and purchased f rom A ld r i ch , Lancaster, 

or Fluorochem, or supplied by Seal Sands Chemicals, and were used as supplied unless 

otherwise stated. The fo l l ow ing solvents were dried and dist i l led immediately pr ior to use: 

diethyl ether and toluene, over sodium metal ; T H F , over potassium metal; D M F , dried by 

standing over 4 Å molecular sieves for at least 48 h. A l l other solvents in this wo rk were 

used wi thout pr ior pur i f icat ion. Co lumn chromatography was carried out on si l ica (40-60 

μϊΏ mesh). 

Ή N M R spectra were recorded on a Varian Un i ty 300 M H z , a Varian V X R 400ร 

M H z or a Varian Inova 500 spectrometer at 500 M H z using deuteriated solvent as lock. 

Chemical shifts are quoted in p p m , relative to tetramethylsi lane ( T M S ) , using T M S or the 

residual solvent as internal reference, N M R spectra were recorded using broad band 

decoupl ing on a Var ian Un i ty 200, 250 or 300 spectrometer at 50, 63 or 75 M H z , 

respectively, or a Varian V X R 400ร or Var ian Inova 500 spectrometer at 100 M H z and 125 

M H z , respectively. The fo l l ow ing abbreviations are used in l is t ing N M R spectra: ร = 

singlet, d = doublet, է = tr iplet, q = quartet, br 二 broad. 

Electron Impact (EI) mass spectra were recorded on a Micromass Autospec 

spectrometer operating at 70 eV w i t h the ionisation mode as indicated. Electro Spray (ES) 

mass spectra were recorded on a Micromass L C T mass spectrometer. 
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Elemental anaiyses were obtained on an Exeter Analy t ica l Inc. CE-440 elemental 

analyser. 

Me l t i ng points were recorded on a Stuart Scienti f ic SMP3 mel t ing point apparatus 

and are uncorrected. 

5.1.1 Genera l Procedure f o r aU the Cross -Coup l i ng React ions 

The boronic acid (1.0 equiv.) the arylhal ide (0.9 equiv.) and Рсі(РРЬз)2СІ2 (ca. 5 mo l%) 

were sequentially added to degassed 1,4-dioxane and the mixture was stirred at 20 °С for 30 

min. Degassed aqueous Na2C03 solution (1 M， 3.0 equiv.) was added and the reaction 

mixture was heated under argon at ref lux for the t ime specified. The solvent was removed 

in vacuo then ethyl acetate was added and the organic layer was washed w i t h brine, 

separated, and dried over M g S 0 4 , The mixture was pur i f ied by chromatography on a sil ica 

gel co lumn. On some occasions addit ional recrystall isation was necessary to remove traces 

o f РҺ3Р0 wh ich co-eluted w i th the desired product. 

5.2 E x p e r i m e n t a l Procedures o f C h a p t e r 2 

2 -Me thoxy -5 -py r i dy Ibo ron i c ac id (40) 

Ql^g To a solut ion o f 5-bromo-2-methoxypyr id ine (100) (100 cm^, 773 

I mmo l ) in anhydrous ether (500 c m 3 ) at 一78 。c, « -BuL i (1.6 M in 

2 hexane, 580 cm , 928 mmo l ) was added dropwise. The reaction was 

stirred for 1 h at ֊78 °С then tr i isopropylborate (360 cm3， 1.56 mo l ) was added quick ly . 

The reaction mixture was stirred at - 7 8 °С for another 1 h， then quenched w i t h water (1.0 

dm^) and al lowed to warm to room temperature w i th st i rr ing overnight. The organic 

solvent was evaporated พ vacuo and the remaining aqueous layer was taken to p H 10 (wi th 

5% N a O H ) , and was washed w i th diethyl ether (3 X 400 crrH) to remove unreacted starting 

material . The aqueous layer was then acidi f ied to p H 4 (w i th 4 8 % H B r ) to precipitate 40 as 

whi te sol id (70.0 g， 65 % ) , analyt ical ly pure and spectroscopically identical w i t h the sample 

described previously.^ 
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2 - M e t h o x y - 3 - p y r i d y l b o r o n i c ac id (43) 

g^Qļ_ļj To a solut ion o f d i isopropylamine (142 c m \ 1.01 mol ) in anhydrous T H F 

Д^^ОМе (1.0 d m 3 ) at 0 °С, « -BuL i (2.5 M in hexane, 424 c m 3 , 1.06 mo l ) was added 

֊ v ^ N dropwise. The reaction was stirred for 1 h at 0 °С then 2-methoxypyr id ine 

(101) (96 cm^, 920 mmol ) in anhydrous T H F (500 cm^) was added dropwise. The reaction 

was stirred for 1 h at 0 °С then tr i isopropylborate (254 c m 3 , 1.10 mo l ) was added s lowly. 

The reaction mixture was stirred at 0 °С for another 0.5 h， then quenched w i t h water (500 

cm^) and al lowed to warm to room temperature w i th st irr ing overnight. The organic 

solvent was evaporated in vacuo and the remaining aqueous layer was adjusted to p H 10 

(w i th 5% N a O H : on some occasions this addit ion o f N a O H was not necessary) and then 

f i l tered. The filtrate was washed w i t h d iethyl ether (3 X 500 cm^) to remove unreacted 

starting material . The aqueous layer was then acidif ied to p H 6 (w i th 4 8 % H B r ) to 

precipitate 43 as whi te sol id (80.7 g, 58 % ) , analyt ical ly pure and spectroscopically 

identical w i th the sample described previously.^ 

2 -E th o xy -3 -py r i dy l bo ron i c ac id (103) 

B(OH) 2 P rocedure A : T o a solut ion o f di isopropylamine (5.9 c m 3 , 41.69 m m o l ) in 

. ^ ' ' Ц - ' ^ ^ * anhydrous T H F (50 c m 3 ) a t - 1 0 °С, « -BuL i (2.5 M in hexane, 17.4 c m 3 , 43.59 

m m o l ) was added dropwise. The reaction was stirred for 0.5 h at -10 °С then 

cooled to -50 °С. 2-Ethoxypyr id ine (102) (4.5 c m 3 , 37.9 mmo l ) in anhydrous T H F (10 

cm^) was added dropwise. The reaction was stirred for 1 h at -50 °С then tr i isopropylborate 

(10.5 c m 3 , 45.5 mmo l ) was added s lowly. The reaction mixture was stirred at -50 °С for 

another 1 h， then a l lowed to warm to -10 °С and quenched w i t h water (50 cm^). The 

reaction was left at room temperature w i th st i rr ing overnight. The organic solvent was 

evaporated in vacuo and the remaining aqueous layer, p H 10， was f i l tered. The f i l trate was 

washed w i th diethyl ether (2 X 50 cm^). The aqueous layer was then acidi f ied to p H 4 (w i th 

4 8 % H B r ) to give 103 as a whi te sol id (4.4 g, 70%) , mp 103.0-103.8 °С; ' H N M R (400 

M H z , acetone-de) δ 8 . 1 6 ( 1 Η , dd, J = 2.0 Hz, J= 4.8 Hz) , 7.87 (1H， dd, J = 2 . 0 Hz, J= 7.0 

Hz ) , 7.83 (2H , ร), 6.94 ( I H , dd, J = 4.8 Hz, J= 7.0 Hz) , 4.33 (2Н， q, y = 6 . 8 Hz) , 1.31 (3H, 
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է, J = 6.8 Hz ) ; ' 3 C N M R (100 M H z , acetone-de) δ 166.0, 148.4, 144.8, 116.9, 61.2, 14.5; 

MS (EI) m/z 166.9 (М+， 100%). Ana l . Caled, for C7H10BNO3: с, 50.35; н, 6.04; Ν, 8.39. 

Found: С, 50.32; Η, 5.92; Ν , 8.34%. 

Procedure В: Fo l l ow ing procedure A , di isopropylamine (96.7 g, 0.96 mo l ) in anhydrous 

T H F (500 cm^), « -BuL i (2.5 M in hexane, 400 c m 3 , 1.00 mo l ) , 2-ethoxypyridine (102) 

(107 g, 0.87 mol ) and tr i isopropylborate (196 g, 1.04 mo l ) were used. A f te r quenching 

w i t h water the reaction was left at room temperature w i th st i rr ing overnight. The organic 

layer was discarded and the aqueous layer, p H 10, was then filtered. The f i l trate was 

washed w i t h diethyl ether (200 c m 3 ) unt i l no starting material was detected in the ether 

washings by t ic. The aqueous layer was then acidi f ied to p H 7 (w i th 4 8 % HBr ) to give 103 

as an analyt ical ly-pure o f f -wh i te sol id (69.7 g, 48 %) spectroscopically identical w i th the 

sample from Procedure A . 

2 ,6 -D ime thoxy -3 -py r i dy l bo ron i c ac id (146) 

— — To a solut ion o f di isopropylamine (6.5 cm^, 46.45 mmo l ) in 

\ Ţ anhydrous T H F (100 c m ๆ at - 10 °С， «-BuL i (2.5 M in hexane, 20.0 

IV๒О Ν ОМе c m 3 , 50 m m o l ) was added dropwise. The reaction was stirred for 0.5 

h at 0 °С and was then cooled to -78 °С before 2,6-dimethoxypyr id ine (144) (56 c m ^ 42 

m m o l ) was added dropwise. The reaction was stirred for 3 h at -78 °С then 

tr i isopropylborate (6.2 cm^, 54 m m o l ) was added s lowly. The reaction mixture was stirred 

at -78 °С for another 1 h, then quenched w i th water (100 cm^) and al lowed to warm to 

room temperature w i th st irr ing overnight. The organic solvent was evaporated in vacuo 

and then filtered. The filtrate was washed w i th diethyl ether (3 X 50 c m 3 ) to remove 

unreacted starting mater ial . The aqueous layer was then acidi f ied to p H 6 (wi th 4 8 % H B r ) 

to precipitate 146 as whi te sol id (6.3 g, 82 %)， mp 108.2-109.1 °С ; Ή N M R (400 M H z , 

D M S 0 - d 6 ) δ 7.86 ( İ H , d, J = 8.0 Hz) , 7.53 (2H， ร), 6.36 ( İ H , d, J = 8.0 Hz) , 3.89 (3H , ร), 

3.86 (зн, s); " С N M R (100 M H z , DMSO-dé) δ 166.85, 164.65, 148.60, 101.62, 53.67, 
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53.57. MS (EI) m/z 183.0 (м+, 100%). Ana l . Caled, for C7H10BNO4: с, 45.95; н, 5.51; N, 

7.66. Found: С, 45.46; н, 5.34; N , 7.79%. 

Procedure В: Fo l low ing procedure A , di isopropylamine (106.3 cm^, 0.76 mo l ) in 

anhydrous T H F (500 cm^), и -BuL i (2.5 M ๒ hexane, 312 c m 3 , 0.78 mo l ) , 2,6-

dimethoxypyr id ine (144) (107 g, 0.69 mo l ) and tr i isopropylborate (196 g, 0.86 mo l ) were 

added at - 1 0 °С. The f i l trate was washed w i th diethyl ether (250 cm 3 ) unt i l no starting 

material was detected in the ether washings by t ic. The aqueous layer was then acidif ied to 

p H 6 (w i th 4 8 % H B r ) to give 146 as an analyt ical ly-pure o f f -wh i te sol id (57.2 g, 45 %) 

spectroscopically identical w i t h the sample f rom Procedure A . 

2 ,3 -D ime thoxy -4 -py r i dy Ibo ron i c ac id (158) 

To a solut ion o f di isopropylamine (2.6 c m \ 18.5 mmo l ) in anhydrous T H F 

Д^ОМе (50 c m 3 ) at -10 °С, « -BuL i (2.5 M in hexane, 8 c m 3 , 20 m m o l ) was added 

Լ dropwise. The reaction was stirred for 0.5 h at 0 °С and was then cooled to -
N OMe 

78 °С before 2,3-dimethoxypyr id ine (153) (2 c m ^ 16.8 m m o l ) in anhydrous 

T H F (10 cm^) was added dropwise. The reaction was stirred for 3 h at -78 °С then 

t r imethyl borate (2.5 c m 3 , 21.5 mmo l ) was added s lowly. The reaction mixture was stirred 

at -78 °С for another 1 h, then quenched w i th water (50 cm^) and al lowed to warm to room 

temperature w i th st irr ing overnight. The organic solvent was evaporated іท vacuo and then 

f i l tered. The fi l trate was washed w i th diethyl ether (2 X 50 c m 3 ) to remove unreacted 

starting material. The aqueous layer was then acidi f ied to p H 2 (w i th 4 8 % H B r ) to 

precipitate 158 as whi te sol id (0.3 g, 12 %)， mp 125.8-126.5 °С ; ' H N M R (400 M H z , 

DMSO-de) δ 7.85 ( I H , d, J= 8.0 Hz) , 7.54 (2Н， ร), 6.35 ( İ H , d, J = 8.0 Hz) , 3.89 (3H , s), 

3.85 (3H , ร); ' 3 C N M R (100 M H z , DMSO-de) δ 166.48, 164.25, 148.15, 101.28, 53.19, 

53.12. M S (ES+) m/z 182.0 (м+, 100%). Ana l . Caled, for C7H10BNO4: с, 45.95; н, 5 .51; 

Ν , 7.66. Found: С, 45.96; н, 5.07; N， 6.60%. 
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5 - (2 -E thoxy -3 -py r i dy l ) - 2 -me thoxypy r im id i ne ( И З ) 

Boronic acid 103 (284 mg , 1.7 mmol ) , 5-bromo-2-

լ ՛ e methoxypyr imid ine (104) (283 mg, 1.5 mmo l ) , Рс1(РРЬз)2СІ2 (59.6 

N mg, 0.085 mmol ) , 1,4-dioxane (10 c m 3 ) and NaaCOj (1 M , 4 c m 3 ) ; 

N ' ՝ O B reaction t ime 24 h; eluent EtOAc:hexane (1:2 v /v ) , gave 113 as a 

whi te sol id (284 mg , 82%) mp 70.9-71.6 °С ; Ή N M R (400 M H z , acetone-de) δ 8.79 ( 2 Н , 

ร), 8.17 ( İ H , dd, J = 1.6 Hz, J = 4.8 Hz) , 7.82 ( İ H , dd, ゾ = 1.6 Hz, J = 7.2 H z ) , 7.06 ( İ H , 

dd, J = 4.8 Hz, J = 7.2 Hz) , 4.42 ( 2Н , q, J = 7.2 Hz ) , 3.98 ( 3 H , s), 1.34 (ЗН, է, J = 7.2 H z ) ; 

' 3 C N M R (100 M H z , C D C b ) δ 164.70, 160.42, 158.80, 146.80, 137.38, 124.10, 117.69, 

116.91, 96 .11 , 61.99, 54.82, 14.57; M S (EI) m/z 231.1 (М+， 100%). Ana l . Caled, for 

C12H13N3O2: С, 62.33; H, 5.67; N, 18.17. Found: с, 62.42; н, 5.74; N , 17.93%. 

5 - (2 -E thoxy -3 -py r i dy l ) py r i i n i d i ne (114) 

N Boronic acid 103 (284 mg, 1.7 mmo l ) , 5-bromopyr imidine (105) (239 mg, 

ļ ļ j 1.5 mmo l ) , Рсі(РРЬз)2СІ2 (59.6 m g , 0.085 mmo l ) , 1,4-dioxane ( 1 о c m 3 ) and 

NaaCOa (1 M , 4 c m 3 ) ; reaction t ime 24 h; eluent EtOAc:hexane (1:1 v /v ) , 

gave 114 as a whi te sol id (271 mg , 90%) mp 119.0-119.8 °С; Ή N M R 

(400 M H z , acetone-dé) δ 9.10 ( Ш , ร), 9.01 (2Н， s), 8.23 ( İ H , d d , y = 1.6 Hz, J = 4.8 Hz) , 

7.89 ( İ H , dd, J = 1.6 Hz , J= 8.0 Hz) , 7.11 ( İ H , dd, J = 5.2 Hz , J= 7.6 Hz ) , 4.43 ( 2 Н , q, J = 

7.2 Hz) , 1.34 (ЗН, է, У = 6.8 H z ) ; 13C N M R (100 M H z , CDCI3) δ 160.5, 157.3, 156.4, 

147.7, 138.0, 130.6, 117.5, 117.0, 96.2, 62.2, 14.6; M S (EI ) m/z 201.1 (М+， 100%). Ana l . 

Caled, for C i H , 1N3O: с, 65.66; н, 5 .51 ; Ν , 20.88. Found: с, 65.46; н, 5 . 5 1 ; N , 20.63%. 

2 - (2 -E thoxy -3 -py r i dy l ) py r i n i i d i ne (115) 

Boronic acid 103 (284 mg, 1.7 mmo l ) , 2-bromopyr¡m¡dine (106) (239 m g , 

1.5 m m o l ) , Рсі(РРЬз)2СІ2 (59.6 mg, 0.085 mmo l ) , 1,4-dioxane (10 c m 3 ) and 

、N, 、OEt ^а гСОз (1 M , 4 c m 3 ) ; reaction t ime 24 h; eluent EtOAc:hexane (1:2 v /v ) , 

gave 115 as a colourless viscous o i l (268 mg, 89%) ; ' H N M R (200 M H z , CDCI3) δ 8.68 
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( 2Н , d,J= 4.8 Hz ) , 8.11 ( Ш , d, J = 4.8 Hz) , 7.94 ( İ H , d, J = 7 . 3 Hz ) , 7.03 ( İ H , է, J = 4 . 8 
Hz ) , 6.83 ( I H , dd, J = 5.1 Hz, J= 7.2 Hz ) , 4.37 (2H , q, J = 7.0 Hz) , 1.23 (3H , \, J = 7.0 
Hz ) ; ' 3 C N M R (100 M H z , CDCI3) δ 164.5, 161.1, 156.8 (2C), 148.0, 140.1, 122.3, 118.7, 

116.3, 62.0， 14.2; H R M S (E l ) caled for C i H i i N a O ( M " ) 201.09121, found 201.09133. 

2 ' - E t h o x y - 5 - n i t r o - [ 3 , 3 ' ] b i p y r i d i n y l - 6 - y l a m i n e (116) 

Boronic acid 103 (284 mg, 1.7 mmo l ) , 5-bromo-2-amino-3-

,NH2 n i t ropyr id ine (107) (327 mg, 1.5 mmo l ) , Рсі(РРЬз)2СІ2 (59.6 mg, 0.085 

ц ^ м mmo l ) , 1,4-dioxane (10 c m 3 ) and НагСОз (1 M , 4 c m 3 ) ; reaction t ime 

24 h; eluent E tOAc , gave 116 as a yel low solid (289 mg , 74%) mp 

193.0-193.9 。(：； ' H N M R (400 M H z , DMSO-dé) δ 8.65 ( 2Н , dd, J = 

2.0 Hz , J= 16.0 Hz) , 8.15 ( İ H , dd, J = 2 . 0 Hz, J= 4.8 Hz) , 8.03 ( 2Н , br s, NH2), 7.90 ( İ H , 

dd, J = 2.0 Hz, J = 4 . 8 Hz ) , 7.07 ( I H , dd, J = 4 . 8 Hz, J= 7.6 H z ) , 4.37 ( 2H , զ,յ= 7.2 Hz) , 

1.31 ( 3 H , t, J = 7.2 H z ) ; ' 3 C N M R (100 M H z , DMSO-dé) δ 159.7, 156.0, 152.7, 146.0, 

137.9, 134.2, 126.2, 120.5, 118.7, 117.4, 61.5, 14.3; M S (E l ) m/z 260.0 (м+, 100%). Ana l . 

Caled, for Сі2Н,2К40з: с, 55.38; н , 4.65; Ν , 21.53. Found: с, 55.12; н, 4 .58; Ν , շ լ .36%. 

5 - (2 -E thoxypy r i d i n -3 -y l ) - 6 -me thy lpy r i d i n -2 -am ine (117) 

Ме、 յ՝՝ᄂ ^NH2 B o f o i ' c acid 103 (284 mg, 1.7 mmo l ) , 6-amino-3-bromo-2-

methylpyr id ine (108) (281 mg, 1.5 mmo l ) , Рсі(РРЬз)2СІ2 (59.6 mg , 

0.085 mmo l ) , 1,4-dioxane (10 c m 3 ) and КазСОз (1 M , 4 c m 3 ) ; 

reaction t ime 24 h; eluent E tOAc, gave 117 as a crystal l ine sol id (258 

mg, 75%) mp 138.6-139.0 °С; Ή N M R (400 M H z , DMSO-de) δ 8.10 ( İ H , dd,y= 2.0 Hz, 

J= 4.8 Hz ) , 7.47 ( İ H , dd, J = 2.0 Uz,J= 7.2 Hz) , 7.12 ( İ H , d, J= 8.4 Hz) , 6.99 ( İ H , dd， J 

= 4.8 Hz , J = 7.2 Hz) , 6.30 ( İ H , d, J = 8.4 Hz) , 5.88 ( 2Н , br s， NH2), 4.29 ( 2H , ą, J = 7.2 

Hz) , 2.05 (ЗН， ร), 1.22 (ЗН, X,J= 7.2 Hz ) ; ' 3 C N M R (100 M H z , DMSO-dó) δ 160.2, 158.5, 

153.6, 145.3, 139.6, 139.0, 123.3, 119.0, 116.8, 104.9, 60.9, 22.3, 14.5; M S (EI) m/z 229.1 
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(м+, 100%). Ana l . Caled, for С з Н і з К з О : с, 68.10; н， 6.59; N , 18.23. Found: с, 67.85; н, 

6.54; N , 17.96%. 

7V- (2 ' -E thoxy-2 -methy l - [3 ,3 ' ]b ipy r id iny l -6 -y l ) -ace tamide (118) 

N Й Me ^ ^ ՚ ՛ " " ՛ * ^ acid 103 (284 mg, 1.7 mmo l ) , 

If լ pyr id in-2-yl)-acetamide ( 109 ) ' 5 (334 

\ Pd(PPh3)2Cİ2 (59.6 mg , 0.085 mmo l ) , 1,4 

mmo l ) , A^-(5-bromo-6-methyl-

mg, 1.5 mmo l ) , 

Pd(PPh3)2Cİ2 (59.6 mg , 0.085 mmo l ) , 1,4-dioxane (10 c m 3 ) and 

,、 OEt ЫагСОз (1 M , 4 c m 3 ) ; reaction t ime 24 h; e๒ent E tOAc, gave 118 

as a crystall ine sol id (317 mg , 78%) mp 147.7-148.6 °С; Ή N M R (400 M H z , DMSO-dö) δ 

10.50 ( İ H , br ร, NH)， 8.17 ( İ H , áà,J= 2.0 Hz, J = 4 . 8 Hz ) , 7.94 ( İ H , d, J= 8.4 Hz ) , 7.57 

( İ H , dd, J = 2 . 0 Hz, J= 7.2 Hz) , 7.51 ( I H , d,J= 8.4 Hz) , 7.04 ( I H , dd, J = 4.8 H z , y = 7.2 

Hz ) , 4.31 (2H , q, J = 7.2 Hz ) , 2.20 (3H， ร), 2.08 (ЗН , ร), 1.20 (ЗН, t,J= 7.2 Hz ) ; ' 3 C N M R 

(100 M H z , DMSO-de) δ 169.2, 160.0, 154.3, 150.7, 146.3, !39.7 , 139.6, 126.7, 122.0, 

116.9, 110.4, 61 .1 , 23.3, 2 2 . 1 , 14.4; M S (EI ) m/z 271.0 (M+， 100%). Ana l . Caled, for 

C i s H n N j O a : С, 66.40; н, 6.32; Ν , 15.49. Found: с, 66.18; н, 6.25; Ν , 15 .31%. 

M e t h y l 2 -amino-5- (2 -e thoxy-3 -pyr idy l ) -3 -py raz inoa te (119) 

Boronic acid 103 (284 mg , 1.7 mmo l ) , 3-amino-6-bromopyrazine-2-

carboxyl ic acid methyl ester ( l l O a ) ^ (345 mg, 1.5 mmo l ) , 

^^՚Լ^ււ Pd(PPh3)2Cİ2 (59.6 mg, 0.085 mmo l ) , 1,4-dioxane (10 c m 3 ) and 

ン"̂  КагСОз (1 M , 4 c m 3 ) ; reaction t ime 16 h at 20 °С; eluent E tOAc, gave 

OEt 119 as a yellow solid (440 mg, 90%) mp 156.6-157.0 °С; Ή N M R 

(400MHz , DMSO-de) δ 8.89 ( I H , ร), 8.17 ( Ш , dd, J = 2 . 0 Hz, J = 4 . 8 Hz) , 8.12 ( İ H , dd , J 

= 2.0 Hz, J= 7.6 Hz) , 7.46 (2Н， br ร, NH2)， 7.11 ( İ H , ձձ,յ= 4.8 Hz, J= 7.6 Hz) , 4.41 ( 2 H , 

զ，յ= 7.2 H z ) , 3.87 ( 3 H , ร), 1.35 ( З Н , է, J = 7.2 Hz) ； ' 3 C N M R (100 M H z , DMSO-dé) 

δ 166.3, 159.8, 154.3, 148.0, 146.5, 138.0, 136.7, 122.4, 119.3, 117.4, 61.6, 52.2, 14.4; M S 

(EI) m/z 274.0 (м+, 100%). Ana l . Caled, for С,зНі4К40з: с, 56.93; н， 5.14; N， 20.43. 

Found: С, 56.63; Н, 4.97; N， 20.33%. 
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When the reaction was carried out at ref lux for 15 m in , product 119 (321 mg, 7 8 % yield) 

was obtained. 

A comparable reaction w i t h 3-amino-6-chloropyrazine-2-carboxyl ic acid methyl ester 

110b 3 15 m in at 60 °С, gave 119 in 6 2 % yie ld. 

3- (2 -Amino -4 - t r i f l uo romethy lbenzene) -2 -e thoxypy r id ine (120) 

Boronic acid 103 (284 mg, 1.7 mmo l ) , 2-bromo-5-

2 \ 3 (trifluoromethyOaniline (111) (360 mg, 1.5 mmol), Рс1(РРЬз)2СІ2 (59.6 

mg, 0.085 mmo l ) , 1,4-dioxane (10 c m 3 ) and НагСОз (1 M , 4 c m 3 ) ; 

N OEt reaction t ime 24 h; eluent D C M , gave 120 as a clear brown oi l (300 

mg, 71%) ; Ή N M R (400 M H z , acetone-dô) δ 8.27 ( İ H , dd , J = 2.0 Hz, J = 3.2 H z ) , 7.70 

( I H , dd, J = 2 . 0 Hz , J = 5.2 Hz ) , 7.26 ( İ H , d, J = 7.8 Hz) , 7.20 ( İ H , ร), 7.12 ( İ H , dd, J = 

2.0 Hz , J= 4.8 H z ) , 7.04 ( İ H , d , J = 7.8 Hz) , 4.90 ( 2 H , t , ร), 4.48 (2H， q , J = 7 . 2 H z ) , 1.36 

( 3 H , t, J= 7.2 H z ) ; ' 3 C N M R (100 M H z , acetone-dé) δ 166.3, 147.5, 140.8, 132.4, 130.9 (q , 

у = 3 2 Hz) , 125.5 (q, J = 2 7 0 Hz) , 122.2, 117.8, 113.5, 112.2, 62.2, 14.8; H R M S (EI ) caled 

for C M H I S F Í N S O ( M + ) 282.09800, found 282.09820. 

4- (2 -e thoxypy r id in -3 -y I ) -3 - ( t r i f l uo romethy l )an i l i ne (121) 

Boronic acid 103 (284 mg , 1.7 mmo l ) , 4-bromo-3-
NH 

2 

( t r i f luoromethyl)ani l ine (112) (360 mg, 1.5 mmo l ) , Рс1(РРЬз)2СІ2 

(59.6 mg, 0.085 mmo l ) , 1,4-dioxane (10 c m 3 ) and КагСОз (1 M , 4 

cm^); reaction t ime 24 h; eluent D C M , gave 121 as a clear o i l (288 

mg, 68%) ; Ή N M R (400 M H z , acetone-dé) δ 8.23 (2Н， m) , 7.55 (2Н , dd, J = 2 . 0 Hz, J = 

7.2 Hz) , 7.18 ( İ H , d , J = 2 . 0 Hz ) , 5.27 ( 2 Н , ร), 4.69 ( 2 Н , է, J = 7 . 2 Hz) , 1.30 (ЗН, է, J = 7 . 2 

H z ) ; ' 3 C N M R (100 M H z , acetone-dö) δ 161.6, 148.9, 146.6, 140.0, 133.5, 129.5 (q, J = 

116 



Experimental Procedures 

29.2 Hz) , 126.5, 123.8 (á,J= 250 Hz) , 120.7, 117.4, 116.5, 111.7, 61.6, 14.5; H R M S (EI ) 
calcd for C14H13F3N2O ( M ๆ 282.09800, found 282.09812. 

M e t h y l 5 - (2 -e thoxypyr id in -3 -y l )py r id ine -3 -ca rboxy la te (141) 

J^N^ Boronic acid 103 (284 mg, 1.7 mmo l ) , methyl 5-bromopyr id ine-3-

carboxylate (139) (324 mg, 1.5 mmo l ) , Рс1(РРЬз)2СІ2 (59.6 m g , 

0.085 m m o l ) , 1,4-dioxane (10 c m 3 ) and КагСОз (1 M , 4 c m 3 ) ; 
OEt ՜ ՜ _ ՜ 

reaction t ime 15 m i n ; eluent E tOAc gave 141 as a ye l low solid (260 

mg, 67%) mp 69.2-70.3 °С ; Ή N M R (400 M H z , DMSO-dé) δ 9.05 ( İ H , d, J = 2.0 Hz ) , 

8.99 ( İ H , d , J = 2.0 H z ) , 8.42 ( İ H , t, J = 2.0 Hz ) , 8.26 ( İ H , dd, J = 4.8 Hz, J = 2 . 0 Hz ) , 

7.92 ( İ H , dd, ゾ = 7.2 Hz , J= 2.0 Hz ) , 7.15 ( I H , d d , J = 4.8 Hz, J = 7 . 2 Hz) , 4.37 ( 2 H , q , y = 

7.2 Hz) , 3.90 ( 3 H , ร), 1.34 (3H , է, J = 7.2 Hz ) ; ' 3 C N M R (100 M H z , DMSO-de) δ 164.56, 

160.16, 153.28, 148.63, 147.13, 139.25, 136.60, 131.97, 125.40, 119.30, 117.67, 61.26, 

53.49, 14.01; M S (E l ) m/z 258.0 (M+， 100%). Ana l . Calcd. for C14H14N2O3: с, 65 .11 ; н, 

5.46; Ν , 10.85. Found: с, 64.96; н, 5.36; Ν , 11.10%. 

M e t h y l 3 - (2 -methoxypyr id in -3 -y l )benzoate (142) 

Boronic acid 43 (260 mg , 1.7 mmo l ) , methyl 3-bromobenzoate 

(140) (323 mg , 1.5 mmo l ) , Рсі(РРЬз)2СІ2 (59.6 mg, 0.085 mmo l ) , 

1,4-dioxane (10 c m 3 ) and КагСОз (1 M , 4 c m 3 ) ; reaction t ime 15 

՝ N ' ՝ОМе ՝՜ m i n ; eluent E tOAc gave 142 as clear ye l low crystals (280 mg, 77%) 

mp 76.2-77.1 °С ( f rom toluene:hexane); ' H N M R (400 M H z , acetone-dö) δ 8.19 (2Н , m) , 

7.99 ( İ H , m) , 7.84 ( İ H , m ) , 7.77 ( İ H , dd, J = 7.2 Hz, J = 2 . 0 Hz) , 7.57 ( İ H , է, յ= 7.2 Hz) , 

7.09 ( İ H , ձձ,յ= 7.2 Hz, J = 0.8 Hz ) , 3.92 (зн, ร), 3.90 (ЗН, s); 1 3С N M R (100 M H z , 

acetone-d6) δ 166.87, 161.26, 147.04, 139.33, 137.91, 134.33, 130, 9 1 , 130.54, 129.10, 

128.87, 123.83, 118.00, 53.49, 52.18; M S (ES+) m/z 243.0 (м+, 100%). Ana l . Calcd. for 

C14H13NO3: С, 69.12; Η , 5.39; Ν, 5.76. Found: с, 68.70; н, 5.34; Ν , 5.47%. 
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M e t h y l 3 - (6 -methoxypyr id in -3 -y l )benzoate (143) 

เ ^ ะ B o r o n i c acid 40 (260 mg, 1.7 mmo l ) , methyl 3-

' ᄋ \ bromobenzoate (140) (323 mg, 1.5 mmo l ) , Рс1(РРЬз)2СІ2 (59.6 

M e O - ^ N ^ и m g , 0.085 mmol ) , 1,4-dioxane (10 c m 3 ) and КагСОз (1 M , 4 

cm^); reaction t ime 15 m i n ; eluent E tOAc gave 143 as a grey sol id (289 m g , 79%) mp 89.2-

90.5 °С; Ή N M R (400 M H z , DMSO-dé) δ 8.49 ( İ H , d, J = 1.6 Hz) , 8.14 ( İ H , t, 7 = 1.6 

Hz ) , 8.03 ( İ H , dd,J= 8.8 Hz, J = 1.6 Hz) , 7.93 ( 2 H , m) , 7.60 ( İ H , t,J= 8.0 Hz) , 6.91 ( İ H , 

d , J = 8.8 Hz ) , 3.89 ( 3 H , ร), 3.87 (ЗН,ร); ' 3 C N M R (100 M H z , DMSO-de) δ 166.02, 163.33, 

144.85, 137.63, 131.09, 130.40, 129.47, 128.93, 128.27, 127.91, 126.72, 110.66, 53.26, 

52.71; M S (ES+) m/z 244.1 (м+, 100%). Ana l . Caled, for C14H13NO3: с, 69.12; н, 5.39; 

Ν , 5.76. Found: С, 69.40; н， 5.39; N ， 5.85%. 

3- (2 ,6 -D ime thoxypy r id in -3 -y l )qu ino l i ne (149) 

Ν Boronic acid 146 (311 mg , 1.7 mmo l ) , 3-bromoquinol ine (147) 

、 (312 mg , 1.5 mmo l ) , Рс1(РРЬз)2СІ2 (59.6 mg, 0.085 m m o l ) , 1,4-

dioxane (10 cm^) and NaiCOs (1 M , 4 cm^); reaction t ime 24 һ; 

eluent D C M : E t O A c (1:1 v /v) gave 149 as an o f f whi te sol id 

(333 mg , 83%) mp 98.0-98.7 °С ; ' H N M R (400 M H z , DMSO-de) δ 9.06 ( I H , d, J = 2.0 

Hz ) , 8.42 ( Ш , d,J= 2.0 Hz) , 8.02 ( İ H , d, J= 8.0 Hz ) , 7.97 ( İ H , d, J= 8.0 Hz) , 7.91 ( İ H , t, 

J= 8.0 Hz) , 7.73 ( İ H , t, J= 8.0 Hz ) , 7.60 ( İ H , t, J= 8.0 Hz) , 6.55 ( İ H , d, J= 8.0 Hz) , 3.94 

(ЗН, ร), 3.91 (ЗН, s); ' 3 C N M R (100 M H z , DMSO-dö) δ 162.38, 159.15, 151.09, 146.17, 

142.24, 134.47, 129.50, 129.31, 128.59, 128.15, 127.51, 126.79, 111.68, 101.86, 53.48, 

53.46; M S (EI ) m/z 266.1 ( М ^ , 100%). Ana l . Caled, for C^βUнՈշOշ： с, 72.16; н, 5.30; Ν , 

10.52. Found: С, 71.67; н, 5.28; Ν , 10.50%. 

M e t h y l 3 -a in ino -6 - (2 ,6 -d imethoxypyr id in3 -y l )py raz ine-2 -carboxy la te (150) 

^ Boronic acid 146 (311 mg, 1.7 mmo l ) , methyl 3-amino-6-

bromopyrazine-2-carboxylate (110a) (348 mg , 1.5 mmo l ) , 

Pd(PPh3)2Cİ2 (59.6 mg, 0.085 mmo l ) , 1,4-dioxane (10 c m 3 ) 
Meo •• 
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and ЫагСОз (1 M , 4 cm^); reaction t ime 15 m i n ; eluent E tOAc gave 150 as a yel low 

needles (320 mg , 74%) mp 191.8-192.3 °С ( f rom toluene); Ή N M R (400 M H z , DMSO-dó) 
δ 8.79 ( İ H , ร), 8.08 ( İ H , d, J = 8.0 Hz) , 7.36 ( 2Н , br s， NH2), 6.54 ( I H , d,J= 8.0 Hz ) , 3.98 

( 3 H , ร), 3.91 (3H， ร), 3.87 (3H， ร) ; ' 3 C N M R (100 M H z , DMSO-dć) δ 166.52, 162.16, 

158.90, 154.04, 147.70, 141.16, 137.12, 122.01, 110.96, 102.02, 53.49, 53.49, 52.22; M S 

(EI ) m/z 291.2 (м+, 100%). Ana l . Caled, for C13H14N4O4: с, 53.79; н, 4.86; Ν , 19.30. 

Found: С, 53.64; Η , 4 . 8 1 ; Ν ， 19.07%. 

5 - (2 ,6 -D ime thoxypy r i d i n -3 - y l ) py r im id in -2 -am ine (151) 

Boronic acid 146 (311 mg, 1.7 mmo l ) , 2-amino-5-

Ν γ Ν Η 2 b romopyr imid ine (148) (261 mg, 1.5 mmo l ) , Р(1(РРЬз)2СІ2 

(59.6 mg , 0.085 mmol ) , 1,4-dioxane (10 c m 3 ) and NajCOs (1 

M e O ^ ^ N ' ^ ^ O M e M , 4 c m 3 ) ; reaction t ime 65 h; eluent E tOAc gave 151 as a pale 

ye l low sol id (261 mg , 75%) mp 201.2-202.5 °С ( f rom toluene); Ή N M R (400 M H z , 

DMSO-dé) δ 8.36 (2Н， ร), 7.70 ( İ H , d,J= 8.0 Hz ) , 6.67 ( 2 Н , s), 6.45 ( İ H , d,J= 8.0 Hz) , 

3.89 ( 3 H , s), 3.88 (3H， ร); ' 3 C N M R (100 M H z , D M S O - de) δ 162.21, 161.57, 158.67, 

157.22, 140.51, 118.31, 109.84, 101.35, 53.28, 53.24; M S (ES+) m/z 233.1 (М+， 100%). 

Ana l . Caled, for C, iH i2N402: с, 56.89; н, 5 .21; Ν , 24.12. Found: с, 57.18; н, 5 .2 ! ; Ν , 

24.08%. 

M e t h y l 3 -an i ino -6 - (2 ,3 -d imethoxypyr id in -4 -y l )py raz ine -2 -ca rboxy la te (152) 

Boronic acid 158 (311 mg, 1.7 m m o l ) , methyl 3-amino-6-

bromopyrazine-2-carboxylate (110a) (348 mg , 1.5 mmo l ) , 

Pd(PPh3)2Cİ2 (59.6 mg, 0.085 m m o l ) , 1,4-dioxane (10 c m 3 ) and 

КагСОз (1 M , 4 c m 3 ) ; reaction t ime 15 m i n ; eluent E tOAc gave 152 

' ^ - • ^ O M e as ye l low crystals (375 mg, 86%) m p 195.6-196.1 °С ( f rom toluene); 

° М е Ή N M R (400 M H z , DMSO-de) δ 8.79 ( İ H , ร), 7.94 ( İ H , d) , 7.60 

( 2 Н , br s), 7.31 ( İ H , d, J = 5.2 Hz) , 3.94 ( 3 H , ร), 3.88 (ЗН, s), 3.76 (ЗН， ร); ' 3 C N M R (100 

M H z , DMSO-dö) δ 166.16, 157.89, 154.76, 148.29, 140.58, 140.41, 136.87, 135.89, 
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122.58, 116.55, 60.136, 53.43, 52.26; H R M S (EI) caled for C,3Hi4N404 (м+) 290.10150, 

found 290.10148. 

5.3 E x p e r i m e n t a l Procedures o f Chap te r 3 

2 - A m i n o - 5 - p y r i m i d y l b o r o n i c acid (221) 

To a solut ion o f 2-amino-5-bromopyr imid ine (148) (1.74 g， 10 

՚ ^ ^ ^ ^ )2 mmo l ) and tr i isopropylborate (2.9 c m \ 12 m m o l ) in anhydrous T H F 

H2N N ' (50 c m 3 ) at ֊78 °С, « -BuL i (2.5 M in hexane, 10 c m 3 , 25 mmo l ) was 

added dropwise over 1 h. The reaction was stirred for 3.5 h at - 7 8 °С, then al lowed to 

warm to -20 °С and quenched w i t h water (50 сщЗ) before being stirred for 30 m in . The 

organic solvent was evaporated in vacuo and the remaining aqueous layer filtered to 

remove inorganic salts. The filtrate was washed w i th d iethyl ether (3 X 50 cm^) to remove 

unreacted starting material and the aqueous layer f i l tered to remove inorganic salts. The 

f i l trate was then acidi f ied to p H 6 (w i th 4 8 % H B r ) to precipitate 221 as a whi te sol id (640 

mg, 46 %)， mp > 300 °С; Ή N M R (400 M H z , DMSO-de) δ 8.49 ( 2 Н , ร), 7.96 ( 2 Н , br s); 

' 3 C N M R (100 M H z , DMSO-dö) δ 164.11, 163.89. Ana l . Caled, for C4H6BN3O2: с, 34.58; 

н， 4.35; Ν , 30.25. Found: с, 34.46; н, 4.34; Ν , 30.37%. 

2 - (6 -Me thoxypy r i d i n -3 - y l ) - pheny lam ine (173) 

H2N ᄉ B o r o n i c acid 40 (258 m g , 1.7 mmo l ) , 2-bromoani l ine (167) (258 mg, 

J 1.5 mmo l ) , Р(і[РРЬз]2СІ2 (59.6 mg , 0.085 m m o l ) , 1,4-dioxane (10 

c m 3 ) and ЫагСОз (1 M , 4 c m 3 ) ; reaction t ime 65 h; eluent E tOAc, 

M e ° ^ gave 173 as a whi te sol id (243 mg , 81%) mp 66.8-67.5 °С ( f rom 

toluene); ' H N M R (400 M H z , acetone-dö) δ 8.22 ( İ H , d, J = 2 . 0 Hz) , 7.78 ( İ H , dd, J = 8.8 

Hz , J = 2.8 Hz) , 7.13 ( İ H , m ) , 7.05 ( İ H , dd , J = 8.2 Hz, J = 1.2 Hz) , 6.86 ( 2 Н , d, J = 

8.0Hz), 6.74 ( I H , m) , 4.50 (2H， br ร, NH2), 3.96 (ЗН, s, 0CH3); 13C N M R (100 M H z , 

acetone-dé) δ 163.75, 147.34, 146.17, 140.14, 130.92, 129.54, 129.26, 123.81, 118.12, 

116.12, 111.10, 53.33; M S (EI ) m/z 200.1 (м+, 100%). Ana l . Caled, for C12H12N2O: с, 

71.98; н， 6.04; Ν , 13.99. Found: с, 71.76; н, 6.08; Ν , 13.85%. 
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3- ( 6 -Me thoxypy r i d i n -3 - y l ) - pheny Iam ine (174) 

ŅH2 Boronic acid 40 (258 mg , 1.7 mmo l ) , 3-bromoaniI ine (168) (158 mg , 

1.5 mmo l ) , Рс1(РРЬз)2СІ2 (59.6 mg , 0.085 mmo l ) , 1,4-dioxane (10 

cm^) and МагСОз (1 M , 4 cm^); reaction t ime 65 h; eluent 

M e O ' ^ N ^ D C M . E t O A c (4:1 v /v ) gave 174 as a brown solid (234 mg, 78%) mp 

65.2-66.3 °С ( f rom toluene:hexane); Ή N M R (400 M H z , acetone-de) δ 8.39 ( İ H , d, J = 2.4 

Hz ) , 7.90 ( İ H , dd, J = 8 . 4 Hz, J= 2.4 Hz ) , 7.18 ( İ H , է, J = 7 . 6 Hz) , 6.95 ( İ H , İ,J= 2.0 Hz) , 

6.85 ( 2Н， m ) , 6.71 ( İ H , m ) , 4.77 ( 2Н， br s， NH2), 3.95 ( З Н , ร, ОСНз) ; ' 3 C N M R (100 M H z , 

acetone-d6) δ 145.54, 145.28, 137.92, 130.18, 121.49, 119.05, 117.99, 115.58, 114.08, 

112.94, 111.08, 53.37; M S (EI) m/z 199.1 (М+， 100%). Ana l . Caled, for C12H12N2O: с, 

71.98; Η, 6.04; Ν , 13.99. Found: с, 71.48; н, 6.02; Ν , 13.99%. 

4- ( 6 -Me thoxypy r i d i n -3 - y l ) - pheny Iam ine (175) 

Boronic acid 40 (258 mg, 1.7 mmo l ) , 4-bromoani l ine (169) 

' N H 2 (258 m g , 1.5 mmo l ) , Р(і(РРЬз)2СІ2 (59.6 mg, 0.085 mmo l ) , 1,4-

dioxane (10 cm^) and ЫагСОз (1 M , 4 cm^); reaction t ime 65 h; 

MeO' ՝ N ' eluent D C M , gave 175 as a dark brown sol id (240 mg, 80%) , 

mp 100.4-101.6 °С; Ή N M R (200 M H z , acetone-de) δ 8.35 ( İ H , á,J= 2.6 Hz) 7.87 ( İ H , 

dd, J = 8.6 Hz, J = 2 . 0 Hz ) , 7.37 ( 2 Н , dd, J = 8.9 Hz, J = 2.3 Hz) , 6.81 (ЗН , m) , 4.81 ( 2 Н , 

br s), 3.94 (ЗН , s, OCH}); ' 3 C N M R (100 M H z , acetone-dé) δ 163.34, 148.80, 148.76, 

144.34, 137.18, 131.15, 127.79, 126.59, 115.42, 115.33, 111.00, 53.26; M S (El) m/z 200.1 

(М+， 100%). Ana l Caled, for C n H ^ N z O : с , 71.98; н , 6.04; Ν , 13.99. Found: с , 72.10; н , 

6.10; Ν 13.79%. 

6 ' -Me thoxy - [3 ,3 ' ] b i py r i d i ny l -6 - y Ia in i ne (176) 

Ν Boronic acid 40 (258 mg, 1.7 mmo l ) , 2-amino-5-

그֊֊^^^^NH2 bromopyr id ine (170) (260 mg , 1.5 mmo l ) , Р(і(РРЬз)2СІ2 

՚՛ (59.6 mg, 0.085 mmo l ) , 1,4-dioxane (10 cm^) and N a j C O j (1 

M , 4 c m 3 ) ; reaction t ime 65 һ. Yie lded 176 as o f f w h i t e needles (232 mg, 77%) mp 155.2-
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156.1 °С; ' H N M R (400 M H z , acetone-dé) δ 8.37 ( İ H , d, J =2.4 Hz) , 8.27 ( İ H , d, J = 2 . 4 
Hz ) , 7.89 ( İ H , dd, J = 2 . 4 Hz, J= 8.4 Hz ) , 7.70 (1H， dd, J = 2 . 4 Hz, J = 8.4 Hz) , 6.84 ( I H , 
d , y = 8.4 Hz) , 6.67 ( l H , d , J= 8.4 Hz) , 5.56 (2H , br s， NH2), 3.94 (3H, s， 0CH3); ' 3 C N M R 

(100 M H z , acetone-d6) δ 163.74, 159.90, 146.51, 144.44, 137.22, 】35.98， 128.56, 123.06, 

111.25, 53.34; MS (EI ) m/z 201.1 (М+， 100%). Ana l . Caled, for C11H11N3O: с , 65.66; н , 

5 .51 ; N , 20.88. Found: с, 65.90; н , 5 .51 ; N , 21.10%. 

6 ' -Me thoxy - [ 2 ,3 ' ] b i py r i d i ny l - 3 - y l am ine (177) 

H2N Boronic acid 40 (258 mg, 1.7 mmol ) , 3-amino-2-chloropyr idine 

1 ^ 6 0 - Հ ՝ ՜ ) > — { ~ ՝ ) (159) (261 mg, 1.5 mmo l ) , Рс1(РРЬз)2СІ2 (59.6 mg, 0.085 mmo l ) , 

~ I ^–՚ 1,4-dioxane (10 c m 3 ) and КагСОз (1 M , 4 c m 3 ) ; reaction t ime 65 

h; eluent D C M : E t O A c (4:1 v /v) gave 177 as a brown crystal l ine solid (247 mg, 82%) mp 

84.0-84.4 °С; ' H N M R (300 M H z , acetone-dć) δ 8.55 ( İ H , ร), 8.03 ( 2Н , m) , 7.23 ( İ H , d , J 

= 7.8 Hz) , 7.09 ( İ H , m ) , 6.87 ( İ H , d, J= 8.4 H z ) , 4.80 (2H， br s, NH2), 3.97 ( 3 H , ร, ОСНз) ; 

' ^ c N M R (100 M H z , acetone-de) δ 164.12, 147.34, 142.51, 142.03, 139.72, 139.57, 129.42, 

123.66, 123.07, 110.87, 53.40; M S (EI) m/z 201.2 ( м + , 100%). Ana l . Caled, for 

C i i H i i N j O : С, 65.66; Η, 5 . 5 1 ; Ν , 20.88. Found: с , 65.39; н , 5.54; Ν , 20.72%. 

When the reaction was carried out on 5 g scale, product 177 (4.10 g， 8 0 % yield) was 

obtained. 

2 ' - M e t h o x y - [ 2 , 3 ' l b i p y r i đ i n y I - 3 - y l a m i n e ( 1 7 8 ) 

H j N ^ ^ Boronic acid 43 (258 mg, 1.7 mmo l ) , 159 (261 mg , 1.5 m m o l ) , 

Pd(PPh3)2Cİ2 (59.6 mg, 0.085 mmo l ) , 1,4-dioxane (10 c m 3 ) and NazCOj (1 

、 M , 4 c m 3 ) ; reaction t ime 65 h; eluent D C M , yielded 178 as a pale ye l low 

powder (207 mg , 69%) mp 184.1-185.2 °С ( f rom toluene); ' H N M R (400 

M H z , acetone-dé) δ 8.21 ( Ш , dd, J = 5 . 0 Hz, J = 1.6 Hz) , 7.95 ( 1 н , dd, J = 4.4 Hz , J = 1.6 

Hz ) , 7.70 ( İ H , dd, J = 7.2 Hz , J = 2.0 Hz ) , 7.14 ( I H , m ) , 7.07 (2Н， m) , 4.56 ( 2 Н , br s, 

NH2), 3.91 (ЗН, ร, ОСНз) ; ' 3 C N M R (125 M H z , DMSO-dô) δ 160.38, 146.49, 142.65, 
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140.39, 140.23, 137.17, 123.31, 122.32, 121.40, 117.16, 53.16; M S (E I ) m/z 201.0 (M+， 

100%). Ana l . Calcd. for С п Н ц К з О : с, 65.66; н, 5 .51 ; N , 20.88. Found: с, 65.83; н, 

5.50; N , 20.43%. 

3-Amino -2 - (4 -me thoxypheny I )py r i d i ne (179) 

Boronic acid 165 (260 mg, 1.7 mmo l ) , 159 (261 mg, 1.5 mmo l ) , 

H ' N 、 Pd(PPh3)2Cİ2 (59.6 mg, 0.085 mmo l ) , 1,4-dioxane (10 c m 3 ) and 

Na2C03 (1 M , 4 cm") ; reaction t ime 65 h; eluent E tOAc yielded 179 

M e O ' ^ ^ as a b rown crystal l ine sol id (240 m g , 80%) mp 99.2-100.1 °С ; Ή 

N M R (500 M H z , acetone-de) δ 7.96 ( İ H , dd, J = 6.0 Hz, J = 3 . 5 Hz) , 7.66 ( 2Н , dd, J = 9 . 0 

Hz , J = 5.0 Hz ), 7.13 ( İ H , dd, J = 9.0 Hz, J = 6.0 H z ) , 7.0 (ЗН, m) , 4.63 (2Н , br s, NH2), 

3.82 (ЗН, s, 0CH3); ' 3 C N M R (100 M H z , acetone-dö) δ 163.22, 148.03, 142.24, 133.96, 

133.35, 131.33, 126.13, 125.75, 125.58, 117.35, 116.67, 58.30; M S (EI) m/z 200.1 ( м + , 

78%) , 199.0 100%). H R M S Calcd. for C i z H n N z O : 199.08714 (M+-1) , found: 

199.08710. 

3 -Amino -2 - (2 -me thoxypheny l )py r i d i ne (180) 

Boronic acid 166 (260 mg, 1.7 mmo l ) , 159 (261 mg, 1.5 mmo l ) , 

Н フ N 、 ^ ^ ^ p j^ppļ^^^^^ ļ^ ( 5 9 6 mg , 0.085 mmo l ) , 1,4-dioxane ( 1 0 c m 3 ) and NazCOa ( 1 

M ， 4 cm^); reaction t ime 65 h; eluent E tOAc yielded 180 as a brown 

、OMe crystal l ine sol id (210 mg , 70%) mp 99.2-100.1 °С ( f rom toluene); Ή N M R 

(400 M H z , acetone-dé) δ 7.94 ( İ H , dd, J= 4.4 Hz , J= 1.2 Hz) , 7.38 ( İ H , m ) , 7.30 ( İ H , dd, 

J= 7.2 Hz , J = 2.0 Hz ) , 7.10 ( 2 Н , m) , 7.05 (2Н， m ) , 4.40 ( 2 Н , br ร, NHa) , 3.82 (ЗН, s, 

0СН3); ' 3 C N M R (125 M H z , acetone-dö) δ 157.52, 144.39, 143.26, 138.89, 132.41, 

130.13, 129.47, 123.53, ւ22.13, 121.50, 111.97, 55.74; M S (EI ) m/z 200.1 ( м + , 100%). 

Ana l . Calcd. for С г Н і г К з О : с, 71.98; н, 6.04; Ν , 13.99. Found: с, 71.69; н, 6.01; Ν , 

13.79%. 

123 



Experimental Procedures 

3 - A m i n o - 2 - p h e n y l p y r i d i n e (181) 

ւ֊յշքտյ Boronic acid 83 (207 m g , 1.7 m m o l ) , 159 (193 mg , 1.5 mmo l ) , 

Pd(PPh3)2Cİ2 (59.6 mg, 0.085 mmo l ) , 1,4-dioxane (10 c m 3 ) and NaaCOj 

N — ^ (1 M , 4 сщЗ); reaction t ime 65 һ; eluent EtOAc yielded 181 a pale brown 

crystal l ine solid (219 mg, 86%) analyt ical ly pure and spectroscopically identical w i th the 

sample described p rev ious ly / 

2 - (6 -Me thoxypy r i d i n -3 - y l ) py r i d i n -4 -am ine (182) 

Boronic acid 40 (258 m g , 1.7 mmol ) , 4-amino-2-chloropyr id ine 

(171) (261 m g , 1.5 mmo l ) , Р(1(РРЬз)2СІ2 (59.6 m g , 0.085 

NH2 mmo l ) , 1,4-dioxane (10 c m 3 ) and ШгСОз (1 M , 4 c m 3 ) ; 

reaction t ime 65 h; eluent E tOAc , yielded 182 as a pale brown crystall ine sol id (120 mg , 

40%) m p 148.9-149.6 °С ( f rom toluene and hexane); ' H N M R (400 M H z , acetone-dô) 

δ 8.75 ( İ H , ร), 8.24 ( İ H , d, J= 8.8 Hz) , 8.14 ( İ H , d, J = 5.2 Hz) , 7.08 ( İ H , ร), 6.80 ( İ H , 

m) , 6.54 ( İ H , dd， J= 5.6 Hz , J = 2.4 Hz ) , 5.62 ( 2 H , br s), 3.92 (ЗН, s, 0СН3); 1 3С N M R 

(100 M H z , acetone-dé) δ167.76, 158.68, 158.32, 153.40, 148.66, 140.54, 132.80, 133.64, 

111.45, 108.10, 56.33; M S (EI ) m/z 201.1 (М+， 100%). Ana l , caled for d i H u N j O ; с , 

65.66; Η , 5 .51; Ν , 20.86. Found: с , 65.58; н , 5.42; Ν , 20.98%. 

When the reaction was carried out on 5 g scale, product 182 (3.08 g, 6 0 % yield) was 

obtained. 

6 - (6 -Me thoxypy r i d i n -3 - y l ) py r i d i n -3 -am ine (183) 

Boronic acid 40 (258 mg, 1.7 mmo l ) , 5-amino-2-

^J>~NH2 chloropyr id ine (172) (261 mg, 1.5 mmo l ) , Рсі(РРЬз)2СІ2 

• 、 (59.6 mg , 0.085 mmo l ) , 1,4-dioxane (10 c m 3 ) and КагСОз (1 

M , 4 cm^) ; reaction t ime 65 h; eluent E tOAc , gave 183 as a pale brown crystal l ine sol id 

(120 m g , 40%) m p 147.0-147.7 °С ( f rom toluene); ՝H N M R (500 M H z , acetone-dö) δ 8.75 

( İ H , d , J = 2 . 5 H z ) , 8.27 ( İ H , dd, J = 8 . 5 Hz, J =2.5 Hz ) , 8.17 ( İ H , d , J = 2 . 5 Hz ) , 7.63 
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( İ H , d, J = 8.5 Hz) , 7.15 ( İ H , dd, J = 8.5 Hz, J = 2.5 Hz) , 6.82 ( İ H , d, J= 8.5 Hz ) , 5.03 

( 2 H , br ร), 3.95 (ЗН, s， ОСНз) ; 13с N M R (100 M H z , acetone-de) δ 167.14, 147.56, 147.38, 

146.78, 140.38, 139.73, 132.91, 124.76, 123.20, 113.85, 56.36; M S (EI) m/z 201.1 ( м + , 

100%). Ana l . Caled for C i i H n N s O ; с, 65.66; н ， 5 .51 ; Ν , 20.86. Found: с, 65.63; н , 

5.53; Ν , 21.18%. 

5 - (6 -Me thoxypy r i d i n -3 - y l ) - 3 -n i t r opy r i d i n -2 -a in i ne (184) 

Boronic acid 40 (258 mg, 1.7 m m o l ) , 2-amino-5-bromo-3-

ぼ"2 n i t ropyr id ine (107) (327 mg , 1.5 mmo l ) , Рсі(РРЬз)2СІ2 (59.6 

՝Νθ2 mg, 0.085 mmo l ) , 1,4-dioxane (10 c m 3 ) and ШіСОг (1 M , 4 

MeO' ՝ N ' c m 3 ) ; reaction t ime 65 h; eluent D C M : E t O A c (3:2 v /v ) gave 

184 as an orange sol id (253 mg , 69%) mp 228.9-229.5 °С ; ' н N M R (400 M H z , DMSO-dö) 

δ 8.81 ( Ш , d, J = 2 . 4 Hz) , 8.61 ( I H , d, J= 2.4 H z ) , 8.56 ( I H , d, J= 2.4 Hz ) , 8.10 ( I H , dd, 

J = 8.4 Hz , J = 2.4 Hz) , 8.07 ( 2 H , br ร, N H z ) 6.95 ( İ H , dd, J = 8.4 Hz, y = 0.8 Hz ) , 3.38 

(ЗН, ร, ОСНз) ; '^с N M R (100 M H z , DMSO-de) δ 163.99, 155.21, 153.78, 145.21, 138.11, 

132.48, 127.60, 126.03, 122.80, 111.66, 54.27; MS (EI) m/z 246.0 (м+, 100%). Ana l . 

Caled. f o r C i i H i o N 4 0 3 : с, 53.66; н , 4.09; Ν, 22.75. Found: с, 53.18; н , 4.09; Ν, 21.69%. 

5 - (2 -Me thoxypy r i d i n -3 - y I ) - 3 -n i t r opy r i d i n -2 -am ine (185) 

Boronic acid 43 (258 m g , 1.7 mmo l ) , 107 (327 mg , 1.5 mmo l ) , 

NH 2 Pd(PPh3)2Cİ2 (98 mg , 0.085 mmo l ) , 1,4-dioxane (10 c m 3 ) and 

OMe NO2 ЫагСОз (1 M , 4 cm^); reaction t ime 65 h; eluent D C M : E t O A c (4:1 

v /v ) gave 185 as a ye l low solid (277 mg , 75%) , mp 222.1-223.2 °С ; Ή N M R (400 M H z , 

DMSO-dö) δ 8.63 ( İ H , d, J= 2.0 Hz ) , 8.56 ( İ H , d, J= 2.0 Hz) , 8.18 ( İ H , dd, J= 4.8 Hz, J 

= 2.0 Hz ) , 8.06 ( 2 Н , br s， NH2), 7.89 {IH, dd, J = 7.2 Hz, J = 2.0 Hz) , 7.10 ( I H , dd, J= 7.2 

Hz , J = 4.8 Hz) 3.90 (3H, ร, ОСНз) ; ' 3 C N M R (100 M H z , DMSO-dé) δ 160.76, 156.85, 

153.47, 146.75, 138.82, 134.90, 126.81, 121.15, 119.62, 118.36, 54.20; M S (EI ) m/z 246.0 

( м + , 100%). Ana l . Caled, for С п Н і о К 4 0 з : с, 53.75; н ， 4.09; Ν , 22.75. Found: с, 53.45; 

Η, 4.09; Ν , 22.66%. 
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5 - (4 -Me thoxypheny l ) -3 -n i t r opy r i d i n -2 -am ine (186) 

N Boronic acid 165 (258 mg , 1.7 mmo l ) , 107 (327 mg, 1.5 m m o l ) , 

Pd(PPh3)2Cİ2 (98 mg, 0.085 mmo l ) , 1,4-dioxane (10 c m 3 ) and 

" ^ ° 2 Ка їСОз (1 M , 4 c m 3 ) ; reaction t ime 65 h; eluent D C M , yielded 

Meo 186 as an orange sol id (276 mg , 75%) , mp 182.1-182.9 °С 

( f rom toluene); Ή N M R (400 M H z , acetone-dé) δ 8.68 ( İ H , d, J =2.4 Hz ) , 8.55 (ш, d,J = 

2.4 Hz) , 7.63 (2Н , d, J = 8.8 Hz ) , 7.49 (2Н , br s, NH2), 7.04 ( 2 Н , d, J = 8.8 Hz) , 3.84 (ЗН , 

s, 0CH3); ' 3 C N M R (125 M H z , DMSO-dé) δ 158.95, 154.20, 152.51, 130.95, 127.86, 

127.23, 126.60, 124.68, 114.53, 55 .21 ; M S (EI) m/z 245.0 (М+， 100%). Ana l . Caled, for 

C i i H i i N j O j : С, 58.77; н , 4.52; Ν, !7.13. Found: с , 58.42; н , 4.46; Ν , 16.75%. 

5- (2 -methoxypheny I ) -3 -n i t ropy r id in -2 -amine (187) 

— Ν Boronic acid 166 (258 m g , 1.7 mmo l ) , 107 (327 mg, 1.5 m m o l ) , 

니~Հ / ~ N H 2 Pd(PPh3)2Cİ2 (98 mg , 0.085 m m o l ) , 1,4-dioxane (10 c m 3 ) and 

OMe NO2 NaaCOa (1 M , 4 cm^); reaction t ime 65 h; eluent E tOAc, gave 187 

as a mustard-yel low sol id (254 mg , 69%) , mp 164.0-165.0 。c; Ή N M R (400 M H z , 

acetone-dé) δ 8.68 ( İ H , d, J =2.4 Hz ) , 8.55 ( İ H , d,J= 2.4 Hz) , 7.63 ( 2 H , á,J= 8.8 Hz ) , 

7.49 (2H， br ร, NH2), 7.04 ( 2 H , d, J = 8.8 Hz) , 3.84 (ЗН, s, ОСНз) ; ' 3 C N M R (125 M H z , 

DMSO-dé) δ 158.95, 154.20, 152.51, 130.95, 127.86, 127.23, 126.60, 124.68, 114.53, 

55 .21 ; M S (EI ) m/z 245.0 (М+， 100%). Ana l . Caled, for C12H11N3O3: с , 58.77; н , 4.52; N , 

17.13. Found: С, 58.82; н , 4.52; N , 17.17%. 

2 -Amino -3 -n i t r o -5 -pheny lpy r í d i ne (188) 

Boronic acid 83 (207 mg, 1.7 mmo l ) , 107 (327 mg, 1.5 mmo l ) , 

ր=. ր=1 Pd(PPh3)2Cİ2 (59.6 mg, 0.085 mmo l ) , 1,4-dioxane (10 c m 3 ) and 

՚^^^ Na2C03 (1 M , 4 c m 3 ) ; reaction t ime 65 h; eluent D C M : E t O A c (4:1 

v /v) yielded 188 as a ye l low sol id (257 mg, 80%) analyt ical ly pure and spectroscopically 

identical w i th the sample described previously.^ 
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A ' - [ 5 - (6 -Me thoxypy r i d i n -3 -y l ) - 6 ' -me thy lpy r i d i n -2 -y l ] ace tam ide (189) 

Boronic acid 40 (258 mg, 1.7 mmo l ) , N-(5-bromo-6-

աօ֊Հ^^֊֊/j^^NHC(0)Me methylpyr id in-2-yl)acetamide (109) 3 (334 m g , 1.5 

M e ^ N mmol ) , Рс1(РРЬз)2СІ2 (59.6 mg, 0.085 mmo l ) , 1,4-

dioxane (10 сщЗ) and ЫагСОз (1 M , 4 сщЗ); reaction t ime 8 һ; eluent EtOAc gave 189 as a 

whi te sol id (310 mg, 81%) mp 142.6-143.1 °С ; Ή N M R (400 M H z , DMSO-dó) δ 10.50 

( İ H , br s, N H ) , 8.11 ( I H , dd, J = 2 . 4 Hz, J = 0.8 Hz) , 7.93 ( İ H , d,J= 8.8 Hz) , 7.69 ( İ H , 

dd, J = 8.8 Hz, J= 2.4 Hz ) , 7.54 ( İ H , d , J = 8.8 Hz) , 6.83 ( İ H , d d , y = 8.8 Hz, J= 0.8 Hz) , 

3.83 (ЗН, ร), 2.31 (ЗН, s), 2.04 (ЗН, s); ' 3 C N M R (100 M H z , DMSO-dé) δ 170.0, 163.4, 

154.4, 151.4, 147.2, 140.5, 140.1, 128.9, 128.7, 111.4, 110.7, 53.9, 24.5, 23.2; M S (EI ) m/z 

257.1 ( м + , 100%). Ana l . Calcd. for C H H I J N J O J : с , 65.35; н , 5.88; Ν , 16.33. Found: с, 

65.28; Η, 5.82; Ν , 16.32%. 

6 ' - M e t h o x y - 2 - m e t h y l - [ 3 , 3 ' ] b i p y r i d i n y l - 4 - y l a m i n e ( 1 9 0 ) 

H3C Ν |տ|Ւ1շ В^^ї^піс acid 40 (258 mg , 1.7 mmo l ) , 2-amino-5-bromo-6-

methylpyr id ine (108) (281mg, 1.5 m m o l ) , Р0(РРЬз)2СІ2 (59.6 

mg, 0.085 m m o l ) , 1,4-dioxane (10 c m 3 ) and Ш2СО3 (1 M , 4 

W cm^) ; reaction t ime 65 h; eluent D C M : E t O A c (1:4 v /v ) y ielded 

190 as o f f -wh i te needles (235 mg , 7 3 % ) mp 181.7-182.1 °С ( f rom toluene); Ή N M R (400 

M H z , acetone-dé) δ 8.10 ( Ш , d, J = 2.4 Hz ) , 7.65 ( İ H , dd , J = 8.4 Hz, J = 2.4 Hz ) , 7.28. 

( İ H , d, J= 8.4 Hz ) , 6.83 ( İ H , d, J= 8.4 Hz) , 6.49 ( İ H , ձ,յ= 8.4 Hz ) , 5.41 ( 2 Н , br ร, NH2), 

3.95 (ЗН, s, 0СН3), 2.87 (ЗН, s, СНз) ; ' 3 C N M R (100 M H z , acetone-dö) δ 163.50, 159.27, 

154.42, 147.33, 140.35, 139.49, 130.50, 122.40, 110.61, 106.10, 53.32, 23.08; M S (EI ) m/z 

215.1 (М+， 100%). Ana l . Calcd. for C i z H u N s O : с, 66.96; н , 6.09; Ν , 19.52. Found: с, 

66.74; Η , 6.03; Ν , 19.44%. 
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2 ' -Me thoxy -2 -me thy l - [ 3 , 3 ' ] b i py r i d i ny l - 4 - y l am ine (191 ) 

H s C ^ N ^ N H z Boronic acid 43 (258 mg , 1.7 mmo l ) , 108 (281mg, 1.5 mmo l ) , 

Pd(PPh3)2Cİ2 (59.6 mg, 0.085 mmo l ) , 1,4-dioxane (10 c m 3 ) and 

、ОМе Na2C03 (1 M , 4 c m 3 ) ; reaction t ime 65 h; eluent D C M : E t O A c (1:4 

v /v) yielded 191 as o f f -wh i te needles (241 mg, 75%) mp 151.2-151.9 

。 c ; ' H N M R (500 M H z , acetone-dó) δ 7.08 ( İ H , d, J= 3.5 Hz) , 7.43 ( İ H , dd, J = 7.0 Hz, J 

= 1.5 Hz ) , 7.12 ( İ H , d, J= 8.0 Hz) , 6.94 ( İ H , m ) , 6.49 ( İ H , d, J= 8.4 Hz ) , 6.37 ( İ H , d, J = 

8.0 Hz ) , 5.40 (2H， br s, NH2), 3.80 ( 3 H , s， OCH3), 2.04 ( 3 H , s, CH3); ' 3 C N M R (125 M H z , 

acetone-de) δ 161.87, 159.27, 154.91, 146.27, 140.00, 139.75, 124.34, 120.83, 117.43, 

105.57, 53.22, 22.55; M S (EI) m/z 215.0 (м+, 100%). Ana l . Caled, for C12H13N3O: с , 

66.96; Н , 6.09; N ， 19.52. Found: с , 66.66; н , 6.12; Ν , 19.10%. 

2-A i i i i no -6 -me thy l -5 - (4 -me thoxypheny l )py r i d ine (192) 

H C Ν NH ^ ° ՛ ՜ ^ " ՛ " ^ acid 165 (258 m g , 1.7 m m o l ) , 108 (281 mg, 1.5 mmo l ) , 

3 ՝ 、 2 Pd(PPh3)2Cİ2 (59.6 mg, 0.085 m m o l ) , l,4-d¡oxane (10 c m 3 ) and 

КагСОз (1 M , 4 c m 3 ) ; reaction t ime 65 h; eluent D C M : E t O A c 

՚^^օ ՛" (3:7 ν /ν ) yielded 192 as o f f -wh i te needles (207 mg, 65%) mp 

160.1-160.9 °С ( f rom toluene); ' H N M R (400 M H z , acetone-dö) δ 7.20 (ЗН, d, J = 8.8 Hz) , 

6.94 ( 2 Н , d, J= 8.8 Hz) , 6.42 ( İ H , d, J= 8.0 Hz) , 5.35 (2H , br s, NH2), 3.81 (ЗН, ร, ОСНз) , 

2.37 (ЗН , s, СНз) ; ' 3 C N M R (100 M H z , acetone-dó) δ 159.09, 158.72, 153.81, 139.39, 

133.86, 130.84, 125.85, 114.17, 105.95, 55.25, 23.07; MS (EI) m/z 214.1 (м+, 100%). 

Ana l . Caled, for C13H14N2O: с , 72.87; н, 6.59; Ν, 13.07. Found: с , 72.72; н , 6.53; Ν , 

12.73%. 

2-Amino -6 -me thy I -5 - (2 -me thoxypheny l )py r i d ine (193) 

Boronic acid 166 (258 mg, 1.7 mmo l ) , 108 (281 mg, 1.5 mmol ) , 

Pd(PPh3)2Cİ2 (59.6 mg, 0.085 mmo l ) , 1,4-dioxane (10 cm^) and 

OMē" 
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ЫагСОз (1 M , 4 c m 3 ) ; reaction t ime 65 h; eluent D C M : E t O A c (1:4 v /v) yielded 193 as an 

o f f -wh i te powder (241 mg , 75%) mp 158.7-159.2 °С ( f rom toluene); ' H N M R (400 M H z , 

acetone-dö) δ 7.09 ( İ H , d,J= 8.4 Hz) , 7.05 ( İ H , dd,J= 7.4 Hz, J= 2.0 Hz ) , 7.00 ( İ H , d, J 
= 8.4 Hz) , 6.93 ( İ H , t,J= 7.4 Hz) , 7.27 ( İ H , m ) , 6.36 ( İ H , d, J = 8 . 4 Hz) , 5.26 (2Н， br s, 

NH2), 3.71 (ЗН, ร, ОСНз) , 2.04 (ЗН, ร, СНз) ; ' 3 C N M R (125 M H z , DMSO-de) δ 158.24, 

156.47, 153.56, 139.04, 130.96, 129.21, 128.37, 120.85, 120.34, 111.09, 104.83, 55.14， 

22.29; M S (EI ) m/z 214.0 (М+， 100%). Ana l . Caled, for C u H u N s O : с, 72.87; н , 6.59; Ν , 

13.07. Found: С, 73.04; н , 6.60; Ν , 12.62%. 

2 -Amino -5 -pheny l - 6 -me thy lpy r i d i ne (194) 

H3C Boronic acid 83 (207 mg, 1.7 m m o l ) , 108 (281 mg, 1.5 mmo l ) , 

^f~%^—f~\-f^H2 Pd(PPh3)2Cİ2 (59.6 mg, 0.085 m m o l ) , 1,4-dioxane (10 c m 3 ) and 

КагСОз (1 M , 4 c m 3 ) ; reaction t ime 65 h; eluent E tOAc yielded 

194 whi te crystall ine sol id (188 mg, 68%) mp 117.2-118.4 °С ( f rom toluene:hexane); Ή 

N M R (400 M H z , acetone-de) δ 7.43 ( 2 Н , m ) , 7.33 (ЗН , m) , 7.28 ( İ H , d,J= 8.4 H z ) , 6.49 

( Ш , d, J= 8.4 Hz ) , 5.44 (2Н， br ร, NH2), 2.30 (ЗН, s, СНз) ; ' 3 C N M R (100 M H z , acetone-

de) δ 162.00, 156.84, 144.76, 142.39, 132.86, 131.83, 129.97, 129.18, 109.01, 26.09; M S 

(EI ) m/z 184.1 (М+， 100%). Ana l , caled for Ci2H,2N2 с, 78.23; н , 6.57; N ， 15.21. Found: 

С, 78.27; Н , 6.63; Ν , 15 .51%. 

5- (6 -Me thoxypy r i d in -3 -y l ) -py raz in -2 -y la in ine (198) 

Ν Boronic acid 40 (258 mg , 1.7 mmo l ) , 2-amino-5-

МеО֊\^ ^֊֊^산^)>֊NH2 bromopyrazine (Ібзу (261 mg, 1.5 mmo l ) , Рс1(РРНз)2СІ2 

Ν (59.6 mg , 0.085 mmo l ) , 1,4-dioxane (10 c m 3 ) and NajCOa (1 

M , 4 cm^); reaction t ime 65 h; eluent E tOAc gave 198 as a brown crystal l ine sol id (182 mg , 

60%) , mp 166.1-166.6 °С ( f rom toluene); ' H N M R (400 M H z , acetone-dö) δ 8.75 ( İ H , dd, 

J= 2.6 Hz , J= 0.6 Hz) , 8.50 ( I H , d, J = 1.6 Hz ) , 8.24 ( I H , dd, J = 8.6 H z , J = 2.6 Hz ) , 8.09 

( I H , d, J = 1.2 Hz) , 6.86 ( I H , dd, J = 8.4 Hz, J = 0 . 8 Hz) , 5.98 ( 2 H , br ร), 3.96 (ЗН , s); ' 3 C 

N M R (100 M H z , acetone-dô); δ 164.36, 155.54, 144.29, 139.25, 138.97, 136.41, 132.23, 
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127.60, 111.11, 53 .41 ; M S (EI) m/z 202.1 (М+， 100%). Ana l . Calcd for C,oHioN40: с , 

59.40; Н , 4.98; N , 27 .71 . Found: с , 59.16; н, 4.98; N , 27.69%. 

5 - (2 -Me thoxypy r i d i n -3 -y l ) - py raz in -2 -y lam ine (199) 

Boronic acid 43 (258 mg, 1.7 mmo l ) , 163 (261 mg , 1.5 mmo l ) , 

, ^ ^ ^ Ν Η ζ pj^ppj^^^^ę^Į^ (59.6 mg , 0.085 mmol ) , 1,4-dioxane (10 c m 3 ) and 

ļ Ί КагСОз (1 M , 4 cm ) ; reaction t ime 65 h; eluent E tOAc, gave 199 as 

OMe a o f f whi te powder (213 mg , 70%) , mp 134.7-135.2 °С ( f rom 

toluene); ' H N M R (500 M H z , acetone-dö) δ 8.70 ( Ш , d , J = 1.5 H z ) , 8.26 ( I H , d d , y = 9.5 

Hz, J = 5.5 H z ) , 8.11 ( I H , dd, J = 6.5 Hz , J = 3 . 0 Hz) , 8.08 ( I H , d, J = 1.0 Hz) , 7.04 ( I H , 

dd, J = 12.0 Hz , J= 2.5 Hz ) , 6.02 ( 2 H , br ร), 4.00 (ЗН, s); ' 3 C N M R (125 M H z , acetone-dö) 

δ 163.97, 158.19, 149.16, 146.28, 141.00, 140.64, 135.29, 124.32, 120.84, 56.37; M S (EI) 

m/z 202.1 (M+， 100%). H R M S Calcd for C,oHioN40: 202.08546 (M+), found: 202.08550. 

5-(2-Methoxyphenyi ) -Dyraz in-2-y lamine (200) 

Boronic acid 166 (261 mg , 1.7 mmo l ) , 163 (261 mg, 1.5 mmo l ) , 

2 Pd(PPh3)4 (98 mg, 0.085 mmo l ) , T H F (10 c m 3 ) and ШгСОъ (1 M , 4 

N cm^); reaction t ime 65 h. Puri f ied by co lumn chromatography and 

recrystall ised using toluene to y ie ld 200 as a beige sol id (214 mg, 

71%) , mp 99.8-100.2 °С ; Ή N M R (400 M H z , acetone-dó) δ 8.60 ( İ H , á,J= 1.6 Hz ) , 8.11 

( İ H , á,J= 1.2 Hz) , 7.85 ( İ H , dd, J= 1.8 Hz, J= 7.8 Hz) , 7.34 ( İ H , m) 7.13 ( İ H , d , J= 8.4 

Hz ) , 7.10 ( İ H , m ) 5.80 ( 2H br ร, NH2), 3.93 (ЗН, ร, ОСНз) ; ' 3 C H M R (125 M H z , acetone-

de) δ 157.40, 154.85, 143.71, 139.90, 131.98， 130.45, 129.45, 127.32, 121.30, 112.09, 

55.62; M S (EI) m/z 200.8 (м+, 100%). Ana l . Calcd for C i H u N j O : с , 65.66; н, 5 .51; N ， 

20.88. Found: С, 65.38; н, 5.47; Ν 20.58%. 

5-Pheny lpy raz in -2 -amine (201) 

Boronic acid 83 (207 mg, 1.7 mmo l ) , 163 (261 mg, 1.5 mmo l ) , 

2 Pd(PPh3)2Cİ2 (59.6 mg , 0.085 mmo l ) , 1,4-dioxane (10 c m 3 ) and 
Ν 

130 



ノク 

Experimental Procedures 

КагСОз (1 M , 4 cm^); reaction t ime 8 h; eluent E tOAc, gave 201 as a yel low powder (174 

mg, 68%) , analyt ical ly pure and spectroscopically identical w i t h the sample described 

previously.^ 

5- (4 -Me thoxypheny l )py raz in -2 -amine (202) 

^NH2 Boronic acid 165 (258 mg , 1.7 m m o l ) , 163(261 m g , 1.5 m m o l ) , 

,Ν Pd(PPh3)2Cİ2 (59.6 mg, 0.085 mmo l ) , 1,4-dioxane (10 c m 3 ) and 

、 , \ グ NaaCOs (1 M , 4 cm") ; reaction t ime 8 h; eluent E tOAc , gave 
Meo ՝ ^ 

202 as a brown needles (208 mg, 69%) , analyt ical ly pure and 

spectroscopically identical w i t h the sample described p rev ious ly / 

5 - (6 -Ch Io ropy r i d i n -3 - y l ) py r im id i n -2 -a i n i ne (203) 

Boronic acid 23^ (267 mg, 1.7 mmo l ) , 163 (261 mg , 1.5 

•NH2 mmo l ) , Pd(PPh3)2Cİ2 (59.6 mg, 0.085 m m o l ) , 1,4-dioxane (10 

c m 3 ) and NaiCOs (1 M , 4 c m 3 ) ; reaction t ime 65 h; eluent 

DCM:Et20 (1:2 v /v) gave 203 as an o f f -wh i te sol id (193 mg, 62%) , mp 205.5-205.8 。(：； Ή 

N M R (300 M H z , acetone-dé) δ 8.99 ( İ H , d , J = 2.4 Hz) , 8.63 ( Ш , d, J= 1.2 Hz ) , 8.38 ( İ H , 

dd, J= 8.4 Hz, J= 2.7 Hz) , 8.13 ( İ H , à,J= 1.5 Hz) , 7.54 ( İ H , d, J = 8 . 4 Hz) , 6.02 ( 2Н , br 

ร, N H j ) ; ' 3 C N M R (100 M H z , acetone-dé) δ 156.28, 150.41, 147.04, 140.16, 137.49, 

136.10, 133.23, 132.63, 124.77; M S (EI) m/z 205.9 (М+， 100%). Ana l . Caled, for 

C9H7CIN4: С, 52.31; Н, 3.41; Ν, 27.11. Found: с , 51.99; н , 3.33; Ν , 26.67%. 

2 - (6 -Me thoxypy r i d i n -3 - y l ) - 5 - ( t r i f l uo rome thy l ) - pheny la i n i ne (204) 

ļ_ļ ^ Boronic acid 40 (258 mg, 1.7 mmo l ) , 1 -amino-2-bromo-5-

(tr i f luoromethyl)benzene (195) (360 mg , 1.5 mmo l ) , 

՝ N = / ՝니/ " Pd(PPh3)2Cİ2 (59.6 mg, 0.085 mmo l ) , 1,4-dioxane (10 c m 3 ) 

and ЫагСОз (1 M , 4 0ฑ3); reaction t ime 8 h; eluent EtOAc gave 204 as a whi te crystall ine 

sol id (337 mg, 84%) mp 63.9-64.2 °С ; Ή N M R (400 M H z , DMSO-dö) δ 8.16 ( İ H , dd, J = 

2.4 Hz,J= 1.0 Hz ) , 7.71 ( I H , d d , y = 8.8 Hz, J= 2.4 Hz) , 7.06 ( 2 H , m), 6.85 (2H， m)， 5.31 

( 2 H , ร, N H 2 ) , 3.85 (3H , ร, ОСНз) ; ' 3 C N M R (100 M H z , DMSO-dó) δ 162.9, 146.6, 146.4, 
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139.5, 131.1, 129.1 (J = 30.9 Hz ) , 127.5, 125.9, 112.3, 111.1, 110.6, 53.2; M S (EI ) m/z 

268.2 (м+, 100%). Ana l . Caled, for С и Н п К г Ғ з О : с, 58 .21 ; н, 4.13; N , 10.44. Found: с , 

58 .01 ; H, 4.24; N , 10.47%. 

3.5- B i s (6 -me thoxypy r i d ín -3 -y l ) py r i d i n -2 -am ine (205) 

Boronic acid 40 (550 mg, 3.6 mmo l ) , 2-amino-3,5-
N.、 ^ N H , ՜ 

dibromopyr id ine (196) (378 mg , 1.5 mmo l ) , 

Pd(PPh3)2Cİ2 (59.6 mg , 0.085 m m o l ) , 1,4-dioxane (10 

՝ N ' ՝ОМе cm 3 ) and КагСОз (1 M , 4 c m 3 ) ; reaction t ime 8 h; 

eluent E tOAc gave 205 as a wh i te crystall ine sol id (350 mg, 76%) mp 144.0-144.5 °С ; Ή 

N M R (400 M H z , acetone-de) δ 8.42 ( İ H , dd, J = 2.4 Hz, J= 0.8 Hz ) , 8.30 ( İ H , dd, J = 2 . 4 

Hz, J = 0.8 Hz) , 8.28 ( İ H , d, J = 2.4 Hz) , 7.94 ( İ H , dd, J = 8.8 Hz , J = 2 . 4 H z ) , 7.85 ( İ H , 

dd, J= 8.8 Hz, J= 2.4 Hz ) , 7.64 ( İ H , d, J = 2.4 Hz) , 6.87 ( 2 H , dd, J= 8.8 Hz , J= 0.8 Hz) , 

6.83 ( İ H , dd, J = 8.8 Hz , J = 0 . 8 Hz ) , 5.49 (2Н， s, NH2), 3.93 (ЗН , ร, ОСНз) , 3.90 (ЗН, s, 

0СН3) ; ' 3 C N M R (100 M H z , acetone-dé) δ 164.0, 163.7, 157.0, 147.3, 145.6, 144.4, 

139.8, 137.2, 135.3, 127.9, 127.7, 124.0, 118.3, 111.2, 111.1, 53.7 (2C) ; M S (EI ) m/z 308.3 

(М+， 100%). Ana l . Caled, for C17H16N4O2: с, 66.22; н, 5.23; Ν , 18.17. Found: с , 66 .01 ; 

Η, 5.32; Ν , 18.02%. 

When boronic acid 40 (1.2 equiv.) was used in this reaction, the y ie ld o f compound 205 

was reduced to 32%, and a trace amount ( < 1 % yield) o f mono-coupled product was 

isolated, but not obtained analyt ical ly pure. 

4.6- B i s (6 -me thoxypy r i d i n -3 - y l ) py r i n i i d i n -2 -a in i ne (206) 

Boronic acid 40 (550 mg, 3.6 mmo l ) , 2-amino-3,5-

d ich loropyr imid ine (202) (247 mg, 1.5 mmo l ) , 

Pd(PPh3)2Cİ2 (59.6 mg , 0.085 mmo l ) , 1,4-dioxane (10 

c m 3 ) and ЫагСОз (1 M , 4 c m 3 ) ; reaction t ime 8 h; f rom 

OMe 

toluene gave 206 as a green crystal l ine sol id (163 mg , 

35%) mp 226.3-227.0 °С; Ή N M R (400 M H z , DMSO-dö) δ 8.98 ( 2Н , ձ,յ= 2.4 Hz) , 8.42 
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( 2Н , dd, J = 8 . 8 Hz, J = 2 . 4 Hz) , 7.68 ( İ H , ร), 6.91 (2Н， dd, J = 8 . 8 Hz, J = 1.0 Hz ) , 6.73 

(2Н， s， NH2), 3.89 [ 6 Н , s, (ОСНз)2]; ' 3 C N M R (100 M H z , DMSO-de) δ 165.7, 164.5 (2C), 

163.3 (2C) , 147.1 ( 2 ๑ , 138.3 (2C) , 127.3 (2C) , 111.1 (2C)， 110.1, 54.3 ( 2 ๑ ; M S (EI ) m/z 

309.3 (M+, 100%). Ana l . Caled, for CeH isNsO: : с , 62.13; н, 4.89; Ν , 22.64. Found: с , 

62.20; Η , 4.89; Ν , 22.35%. 

5- (6 -Ме іЬоху -руг іа іп -3 -у І ) - 1Я- іпао Іе(213 ) 

Boronic acid 40 (258 mg, 1.7 mmo l ) , 5-bromoindole (208a) (294 

mg, 1.5 mmo l ) , Рс1(РРЬз)2СІ2 (59.6 mg, 0.085 mmo l ) , 1,4-

՝ ^ dioxane (10 c m 3 ) and МагСОз (1 M , 4 c m 3 ) ; reaction t ime 65 h. 

H Yie lded 213 as an o f f -wh i te waxy sol id (150 mg, 4 5 % ) , mp 

94.3-97.7 °С, Ή N M R (400 M H z , acetone-de) δ 10.37 ( İ H , br ร, N H ) , 8.29 ( İ H , d , J = 2.4 

Hz) , 7.98 ( İ H , dd, J = 2.6 Hz , J = 8.6 Hz) , 7.84 ( İ H , m ) , 7.56 ( İ H , dd, J = 0 . 8 Hz, J = 8.4 

Hz ) 7.42 ( 2 H , m ) , 6.87 ( I H , dd , J = 0.8 Hz , J= 8.4 H z ) , 6.58 ( İ H , m) , 3.79 ( 3 H , ร, ОСНз) ; 

'^c N M R (125 M H z , acetone-dé) δ 163.41, 145.17, 138.05, 136.38, 132.10, 129.55, 129.39, 

126.18, 120.99, 118.75, 112.34, 110.88, 102.43, 53.19; M S (EI ) m/z 224.0 (М+， 100%). 

Ana l . Caled, for С и Н ^ К г О : с , 74.88; н, 5.39; Ν , 12.49. Found: с , 74.39; н, 5.46; Ν , 

12.46%. 

5 - ( 6 - M e t h o x y - p y r i d i n - 3 - y l ) - m - i n d o l e ( 2 1 3 ) 

Boronic acid 40 (258 mg, 1.7 mmo l ) , 5-iodoindole (208b) (364.6 

mg , 1.5 mmo l ) , Рс1(РРЬз)2СІ2 (59.6 mg , 0.085 mmo l ) , 1,4-

、 dioxane (10 c m 3 ) and ЫагСОз (1 M , 4 c m 3 ) ; reaction t ime 65 h. 

Yielded 213 as an o f f -wh i te waxy sol id (121 mg, 36%) , mp 

98.2-98.8 °С, analyt ical ly pure and spectroscopically identical w i t h the sample described 

previously. 
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5 - ( 6 - M e t h o x y - p y r i d i n - 3 - y l ) - 2 , 3 , d i h y d r o - l H - i n d o I e ( 2 1 4 ) 

MeO-^ ^ \ Boronic acid 40 (258 mg, 1.7 mmo l ) , 5-bromoindol ine (209) 

" (297 mg , 1.5 mmo l ) , Pd(PPh3)2Cİ2 (59.6 mg, 0.085 mmo l ) , 1,4-

, dioxane (10 c m 3 ) and Na2C03 (1 M , 4 c m 3 ) ; reaction t ime 65 h. 

H Yie lded 214 as a green o i l (75 mg, 22%) ; Ή N M R (400 M H z , 

acetone-dô) δ8.43 ( İ H , s), 7.93 ( İ H , dd, J = 8.4 H z , y = 2.4 Hz) , 7.43 ( İ H , s), 7.31 ( İ H , d, y 

= 8.4 Hz) , 6.89 ( İ H , d, J = 8.4 Hz) , 6.75 ( İ H , d, J = 8.4 H z ) , 5.08 ( İ H , br ร, NH)， 4.02 ( 3 H , 

ร, ОСНз) , 3.67 (2Н , է, J = 8.4 Hz) , 3.13 ( 2Н , է, «ƒ = 8.4 H z ) ; I 3 C N M R (100 M H z , acetone-

d 6 ) δ145.27, 144.40, 138.16, 137.30, 126.15, 123.20, 121.07, 118.85, 112.39, 110.91, 

109.47, 102.44, 53.22, 47.57; MS (EI ) m/z 225.8 (м+, 100%). 

3- (6 -Methoxy -py r id in -3 -y l ) -9 / r - ca rbazo le (215) 

l̂ gQ ᅵ^ Boronic acid 40 (258 mg , 1.7 mmo l ) , 3-Ьгото-9Я-сагЬа2о1е 

^ JL ^ (210) (369.2 mg, 1.5 m m o l ) , Рс1(РРЬз)2СІ2 (59.6 mg , 0.085 

Լ լ ՜՜՜՜ mmo l ) , 1,4-dioxane (10 c m 3 ) and НагСОз (1 M , 4 c m 3 ) ; 

H reaction t ime 65 h. Yie lded 215 as a whi te powder (215 mg, 

52%) mp 188.1-189.5 °С ; Ή N M R (400 M H z , acetone-dé) δ 10.47 ( İ H , br s, NH)， 8.57 

( I H , dd, J = 2 . 4 Hz, J = 0 . 8 Hz ) , 8.44 ( İ H , m) , 8.25 ( İ H , d , J = 3.6 H z ) , 8.08 ( İ H , dd , J = 

8.4 Hz, J = 2 . 4 Hz) , 7.70 ( İ H , m) , 7.64 ( İ H , m ) , 7.58 ( İ H , m ) , 7.46 ( İ H , m) , 7.25 ( İ H , m ) , 

6.91 ( İ H , dd , J= 8.4 H z , J = 0.8 Hz ) , 3.99 (ЗН， s, ОСНз) ; ' 3 C N M R (100 M H z , acetone-dé) 

δ 163.66, 145.34, 141.24, 140.18, 138.12, 131.70, 129.39, 126.50, 125.12, 124.45, 123.75, 

1 2 0 . 9 1 , 119 .60, 118 .72, 1 1 1 . 9 9 , 1 1 1 . 6 4 , 1 1 1 . 0 9 , 5 3 . 3 2 ; H R M S ( E I ) caled for C s H h N z O 

274.11061; Found 274.11055. 

5 - (6 -Me thoxy -py r i d i n -3 - y l ) - lÄ - i ndo Ie -3 - ca rba ldehyde (216 ) 

MeO Boronic acid 40 (258 mg , 1.7 mmo l ) , 5-bromoindole-3-

՝ ļ j 丄 ノ p^^ carboxaldehyde (211) (336 mg, 1.5 mmol ) , Рс1(РРЬз)2СІ2 

У (59.6 mg , 0.085 mmo l ) , l ,4-dioxane (10 c m 3 ) and NãzCOí (1 

Η M , 4 cm^); reaction t ime 65 h. Yielded 216 as a whi te powder 

(204 mg, 54%) mp 224.8-225.2 °С ; 'н N M R (400 M H z , acetone-dé) δ 10.11 ( İ H , s, NH)， 

134 



N 

Experimental Procedures 

8.49 (2Н , dd, J = 2.4 Hz, J = 8.4 Hz) , 8.29 ( İ H , ร), 8.03 ( İ H , dd,J= 2.4 Hz, J = 8.4 Hz) , 

7.68 ( İ H , dd, J = 8.4 Hz,J= 0.8 Hz) , 7.59 ( İ H , dd, J = 2 . 4 Hz, J= 8.4 Hz) , 6.92 ( I H , dd， J 

= 0.8 Uz,J= 8.4 H z ) , 3.98 ( 3 H , s, 0 C H 3 ) ; ' 3 C N M R (100 M H z , acetone-dö) δ 185.21, 

163.99, 145.61, 138.52, 138.40, 133.02, 131.60, 126.05, 123.52, 120.01, 119.91, 113.42, 

111.27， 53.42; H R M S (E I ) caled for C15H12N2O2 252.26798; Found 251.26521. 

M e t h y l 3 -amino-6 - (2 -methoxypyr id in3 -y I )py raz ine -2 -ca rboxy Ia te (217) 

Boronic acid 43 (260 mg, 1.7 mmo l ) , methyl 3-amino-6-

bromopyrazine-2-carboxylate 110a (348 mg, 1.5 mmo l ) , 

\ Pd(PPh3)2Cİ2 (59.6 mg , 0.085 mmo l ) , 1,4-dioxane (10 c m 3 ) and 

> r 、OMe ЫагСОз (1 M , 4 c m 3 ) ; reaction t ime 15 m i n ; eluent E tOAc gave 217 

as a ye l low sol id (320 m g , 82%) mp 185.3-186.0 °С ( f rom toluene); ' H N M R (400 M H z , 

D M S 0 - d 6 ) δ 8.84 ( I H , ร), 8.20 ( İ H , dd, J = 4 . 8 Hz, J= 2.0 H z ) , 8.11 ( İ H , dd, J = 7.6 Hz, J 

= 2.0 Hz) , 7.48 ( 2Н , br ร, № [ շ ) , 7.14 ( İ H , dd, J = 7.6 Hz, J = 4.8 Hz ) , 3.96 (зн, s), 3.87 

(ЗН, s); "̂ с N M R (100 M H z , DMSO-dé) δ 166.40, 160.15, 154.49, 148.19, 146.54, 138.13, 

136.63, 122.46, 119.49, 117.65, 53.52, 52.28; M S (ES+) m/z 261.1 (м+, 100%). Ana l . 

Caled. forC ,2H ,2N403: c, 55.38; H, 4.65; N , 21.53. Found: с, 55.02; н, 4 . 41 ; Ν , 21.23%. 

4 - (6 -Me thoxypy r i d i n -3 - y l ) pheno l (218) 

Boronic acid 40 (260 mg , 1.7 mmo l ) , 4-bromophenol (212) 

(259 mg, 1.5 mmo l ) , Рс1(РРЬз)2СІ2 (59.6 mg , 0.085 mmo l ) , 

1,4-dioxane (10 c m 3 ) and МагСОз (1 M , 4 c m 3 ) ; reaction 

Mecr " N " t ime 8 h; eluent E t O A c . D C M (4:1 v /v ) gave 218 as peach 

needles (249 m g , 82%) mp 166.9-167.9 °С; Ή N M R (400 M H z , acetone-dé) δ 8.50 ( İ H , ร), 

8.34 ( I H , ձձ,յ= 2.8 Hz , •ƒ = 0.8 Hz ) , 7.85 ( I H , dd, y = 8 . 8 Hz, J = 2 . 8 Hz) , 7.45 ( 2 H , m) , 

6.93 (2H , m) , 6.79 ( I H , dd, J = 8.8 Hz, J = 0.8 Hz) , 3.90 (3H， s); ' 3 C N M R (100 M H z , 

acetone-dô) δ 163.6, 157.7, 144.7, 137.5, 130.5, 129.6, 128.2, 116.4, 111.0, 53.2; M S (EI) 

m/z 201.0 (м+, 100%). Ana l . Caled, for с 12НI,N02： с, 71.63; н, 5 .51 ; Ν , 6.96. Found: с, 

7 1 . 6 1 ; H , 5 . 5 1 ; N , 6.96%. 
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Diazot isat ion^ 

2-(6-Methoxypyr id in-3-y l )pyr id in-4-atn ine (182) (500 mg, 2.48 m m o l ) was 

suspended in 4 8 % hydrobromic acid (2.5 cm^) and the mixture sonicated for 10 m i n then 

cooled to -5 "C. To this solut ion, maintained at -5 °С, a solut ion o f sodium nitr i te (520 mg) 

in water (0.5 c m 3 ) was added dropwise w i t h vigorous st irr ing over 0.5 h. The mixture was 

then al lowed to warm up to room temperature and stirred for an addit ional 1 h. Sodium 

hydroxide solut ion ( 5 % aqueous) was then added careful ly to adjust the p H to ca. 10 before 

being extracted w i th D C M (50 cm^). The extract was dried over magnesium sulphate, 

evaporated and the sol id pur i f ied by co lumn chromatography (eluent E tOAc) . T w o 

products were obtained along w i t h unreacted 182, in the fo l l ow ing order o f e lut ion. 

4 -B romo-2 - (6 -me thoxypy r i d i n -3 - y l ) py r i d i ne (219) 

Br 219 a whi te sol id (210 mg, 32%) mp 70.0-71.0 °С; Ή N M R (400 

M H z , acetone-dé) δ 8.90 ( İ H , dd, J = 2.4 Hz, J = 0.8 Hz ) , 8.51 ( İ H , 

dd, J = 5.2 Hz, J = 0.4 Hz) , 8.38 ( İ H , dd, J = 8.8 Hz, J = 2.4 Hz) , 

՝ N ^ O M e 8-12 ( İ H , dd, J = 2 . 0 Hz , J = 0 . 4 Hz) , 7.53 ( Ш , dd,J= 5.2 Hz, J = 

2.0 Hz) , 6.87 ( I H , dd, J = 8.8 Hz , J = 0.8 H z ) , 3.95 ( 3 H , ร) ; ' 3 C N M R (100 M H z , acetone-

dö) δ 165.72, 157.00, 151.42, 146.71, 137.97, 133.80, 127.85, 125.84, 123.28, 111.27, 

53.69; H R M S (EI ) caled for C ı H ş B r N i O (м+) 263.98983, found 263.98955. 

220 ( u n k n o w n s t ruc tu re ) 

220 colourless needles (208 mg, 30%) mp 177.0-178.0 °С; Ή N M R (400 M H z , acetone-dé) 

δ 8.72 ( İ H , dd, J = 2.4 Hz , J= 0.4 Hz) , 8.34 ( İ H , ร), 8.23 ( Ш , dd, J = 8.8 Hz , J = 2 . 4 Hz) , 

7.26 ( İ H , s), 6.81 ( İ H , dd, J = 8.8 Hz , J = 0.8 Hz) , 5.88 (2Н， br ร), 3.92 (ЗН， ร) ; ' 3 C N M R 

(100 M H z , acetone-dö) δ 165.19, 154.54, 152.56, 151.71, 145.88, 137.62, 128.90, 110.95, 

105.96, 105.40, 53.52; H R M S (EI ) caled for C i H i o B r N j O (м+) 279.00072, found 

279.00100. 
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2 - (6 -Me thoxypy r i d i n -3 - y I ) py r i d i n - 4 - am ine (182) 

(210 mg , 32%) o f the starting material spectroscopically identical to 

previously described. 

N OMe 

ร - (Qu ino l i n -3 - y l ) py r im id i n -2 -am ine (222) 

N 기^ Boronic acid 221 (236 mg , 1.7 mmo l ) , 3-bromoquinol ine (147) 

J (312 mg, 1.5 mmo l ) , Р(і(РРЬз)2СІ2 (59.6 mg , 0.085 mmol ) , 1,4-
^ ^ ぜ า , 

յ Լ ^ dioxane (10 cm ) and ЫагСОз (1 M , 4 cm ) ; eluent E tOAc gave 

H^N N 222 as a pale ye l low sol id (200 mg, 60%) mp 265.9-266.9 °С 

( f rom toluene: hexane); Ή N M R (400 M H z , DMSO-dé) δ 9.21 ( İ H , d, J = 2.8 Hz) , 8.79 

( 2 Н , ร), 8.59 ( İ H , d,J= 2.0 Hz) , 8.02 ( İ H , d, J = 8.0 Hz) , 7.98 ( İ H , d,J= 8.0 Hz) , 7.72 

( İ H , t,J= 8.0 Hz) , 7.64 ( İ H , t,J= 7.2 Hz ) , 6.94 ( 2 H , br s); ' 3 C N M R (100 M H z , D M S O -

de) δ 163.15, 156.42, 148.43, 146.47, 150.71, 129.13, 128.66， 128.36, 128.04, 127.71, 

126.97, 119.18; M S (ES+) m/z 223. ì (м+, 100%). Ana l . Caled, for C13H10N4: с, 70.26; н, 

4.54; Ν , 25.21. Found: с, 70.02; н, 4 .41 ; Ν , 25.23%. 

5 - (2 -Aminopy r im id in -5 -y I )py raz in -2 -a in i ne (223) 

Boronic acid 221 (236 mg, 1.7 mmo l ) , 2-amino-5-

2 bromopyrazine (163) (261 mg, 1.5 mmol ) , Р(і(РРНз)2СІ2 (59.6 

mg , 0.085 mmol ) , 1,4-dioxane (10 c m 3 ) and ЫазСОз (1 M , 4 

cm^); eluent E tOAc gave 223 as a pale ye l low sol id (113 mg, 

40%) mp 】32.4-1^ °С (from toluene); Ή N M R (400 M H z , DMSO-de) δ 8.71 ( İ H , s), 

8.47 ( Ш , ร), 8.38 ( İ H , d, J = 1.6 Hz) , 7.90 ( İ H , d, J= 1.6 Hz) , 6.74 (2H , ร), 6.46 (2Н， s); 

' 'c N M R (100 M H z , DMSO-dó) δ 162.82, 154.66, 154.62, 137.32, 136.09, 131.42, 128.85, 

128.16; M S (ES+) miz 188.1 (М+， 100%). Ana l . Caled, for CgHgNé: с, 51.06; н, 4.28; Ν, 

44.66. Found: С, 51.02; н, 4 . 4 1 ; Ν , 44.23%. 
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5.4 E x p e r i m e n t a l P rocedure o f Chap te r 4 

2 ,6 -D i f l uo ro -3 -py r i dy lbo ron i c ac id (225) 

B(0H)2 To a solut ion o f di isopropylamine (6.5 c m 3 , 47.7 mmo l ) in anhydrous 

ether (50 c m 3 ) at 0 °С, " - B u L i (2.5 M in hexane, 20 c m 3 , 52.1 m m o l ) 

F ՚" ՚ was added dropwise. The reaction was stirred for 0.5 h at 0 °С and was 

then cooled to -78 °С before 2,6-di f luoropyr id ine (224) (5.0 g, 43.4 mmo l ) was added 

dropwise. The reaction was stirred for 3 h at -78 °С then tr i isopropylborate (15 c m 3 , 65.0 

m m o l ) was added s lowly. The reaction mixture was stirred at -78 °С for another 0.5 h, then 

quenched w i th water (50 cm^) and al lowed to warm to room temperature w i t h st irr ing 

overnight. The organic solvent was evaporated in vacuo and washed w i t h d iethyl ether (3 X 

50 cm^) to remove unreacted starting material . The aqueous layer was then acidi f ied to p H 

6 (w i th 4 8 % H B r ) and then extracted w i t h ethyl acetate (3 X 50 cm^). The organic layer 

was reduced in vacuo and the crude product recrystall ised from toluene to give 225 as a 

white solid (5.6 g, 82 % ) , mp 136.7-137.2 °С ; Ή N M R (400 M H z , DMSO-dé) δ 8.28 ( Ш , 

q, у = 8.4 Hz) , 7.47 ( 2 Н , s), 7.03 ( İ H , d, J = 8.4 H z ) ; ' 3 C N M R (100 M H z , DMSO-dö) 

δ 164.58 (1С, dd, J = 178.4 Hz, J =13.6 H z ) , 162.14 (1С, dd, J = 178.4 Hz , J =13.6 Hz ) , 

153.02, 106.59 (1С, dd, J = 32.4 Hz , J =5.4 Hz) . Ana l . Caled, for C5H4BF2NO2: с , 37.79; 

H, 2.54; N , 8.81. Found: с , 37.92; н , 2.34; N , 8.67%. 

2 ,6 -D ich lo ro -3 -py r i dy lbo ron i c ac id (230) 

^.^ւ,. To a solut ion o f di isopropylamine (5.2 c m ^ 37.2 mmo l ) in anhydrous 

T H F (50 c m 3 ) at 0 °С, " - B u L i (2.5 M in hexane, 15.2 c m 3 , 38.0 mo l ) 

e' ^ ei was added dropwise. The reaction was stirred for 0.5 h at 0 "C and was 

then cooled to -78 °С before 2,6-dichloropyr id ine (229) (5.0 g， 33.8 m m o l ) in anhydrous 

T H F (25 cm^) was added dropwise. The reaction was stirred for 3 h at -78 °С then 

tr i isopropylborate (9.3 cm^, 40.5 m m o l ) was added s lowly. The reaction mix ture was 

stirred at -78 °С for another 1 h, then quenched w i t h water (50 сщЗ) and al lowed to warm to 

room temperature w i t h st i r r ing overnight. The organic solvent was evaporated ш vacuo 

and then filtered. The filtrate was washed w i t h d iethyl ether (3 X 50 c m 3 ) to remove 
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unreacted starting material . The aqueous layer was then acidi f ied to p H 6 (wi th 4 8 % H B r ) 

to precipitate 230 as whi te sol id (4.7 g， 73%), mp 155.2-156.0 °С; Ή N M R (400 M H z , 
DMSO-dé) δ 7.88 ( İ H , d , J =8.0 Hz) , 7.48 ( İ H , d, J =8.0 Hz ) ; 13C N M R (100 M H z , 
DMSO-de) δ 151.50, 149.12, 146.25, 122.80. Ana l . Caled, for C5H4BCI2NO2: с , 31 .31 ; н , 

2.10; Ν, 7.30. Found: с , 31.11; н , 2.05; Ν, 7.40%. Recrystall isation o f the product f rom 

toluene increased the mel t ing point to 275.1-276.3 °С. This is assumed to be due to the 

format ion o f the anhydride although Ή N M R was inconclusive. 

2,6-d ích lo ro-3- (2 ,6 -d Ích lo ropyr id ín -3-y I )pyr id ÍDe (231) 

C I \ ^ N ^ C I 231 cocrystall ised w i th 230 f rom a reaction that had been carried 

out to obtain 70 g o f product. 

2 ,3 -D ich lo ro -4 -py r i dy ibo ron i c ac id (238) 

g^QI^^^ To a solut ion o f di isopropylamine (5.2 cm^, 37.2 mmol ) in anhydrous T H F (50 

J ^ Y ^ C I c m 3 ) at 0 °С, « -BuL i (2.5 M in hexane, 15.2 c m 3 , 38.0 m m o l ) was added 

\ ^ 人 e i dropwise. The reaction was stirred for 0.5 һ at 0 °С and was then cooled to -78 

°С before 2,3-dichloropyr idine (237) (5.0 g， 33.8 mmo l ) in anhydrous T H F (25 cm^) was 

added dropwise. The reaction was stirred for 3 h at -78 °С then tr i і sopropyl borate (9.3 c m 3 , 

40.5 mmo l ) was added s lowly. The reaction mixture was stirred at -78 °С for another 1 h, 

then quenched w i t h water (50 cm^) and al lowed to warm to room temperature w i th st irr ing 

overnight. The organic solvent was evaporated in vacuo and then filtered. The f i l trate was 

washed w i th diethyl ether (3 X 25 cm^) to remove unreacted starting material . The aqueous 

layer was then acidi f ied to p H 6 (w i th 4 8 % H B r ) to precipitate 238 as whi te sol id (3.6 g, 

56%) , mp 140.2-141.0 °С ; ' H N M R (400 M H z , DMSO-dö) δ 8.30 ( İ H , d , J = 4 . 4 Hz) , 7.41 

( İ H , d, J = 4.4 H z ) ; ' 3 C N M R (100 M H z , DMSO-dö) δ 147.36, 146.86, 130.94, 126.80. 

MS (EI) m/z 190.8 (м+, 100%). Ana l . Caled, for C5H4BCI2NO2: с, 31 .31 ; н , 2.10; Ν, 

7.30. Found: С, 30.71; н, 1.94; Ν , 6.90%. 
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2- C h l o r o - 5 - p y r i m i d y l b o r o n i c ac id (244) 

/ \ . В ( 0 Н ) 2 To a solution o f 5-bromo-2-chloropyr imidine (243) (2.5 g， 13.0 mmo l ) 

시Լ ^ and tr i isopropylborate (4.2 cm^, 18.2 mmol ) in anhydrous T H F (20 

W c m 3 ) and toluene (5 c m 3 ) at ֊78 °С, « -BuL i (2.5 M in hexane, 6.2 c m 3 , 

15.6 m m o l ) was added dropwise. The reaction was stirred for 4 h at ֊78 °С then the 

reaction mixture was then quenched w i t h water (40 сщЗ) and al lowed to warm to room 

temperature w i t h st i r r ing overnight. The organic solvent was evaporated in vacuo and the 

remaining aqueous layer was washed w i th d iethyl ether (3 X 10 cm^) to remove unreacted 

starting material . The aqueous layer was then acidi f ied to p H 5 (w i th 4 8 % H B r ) to 

precipitate 244 as whi te solid (1.75 g, 85 %)， mp. 200 °С (dec); ' H N M R (400 M H z , 

DMSO-de) δ 8.87 ( 2 H , ร) ; ' 3 C N M R (100 M H z , DMSO-dé) δ 165.33, 161.77. M S (EI ) m/z 

157.8 (М+， 100%). Ana l . Caled, for C4H4BCIN2O2: с , 30.34; н , 2.55; Ν, 17.69. Found: с, 

30.62; Η, 1.94; Ν , 17.10%. 

3- (2 ,6 -D i f l uo ropy r i d i n -3 -y l )qu ino l i ne (226) 

Ν Boronic acid 225 (270 mg , 1.7 mmo l ) , 3-bromoquinol ine (147) 

(312 mg, 1.5 mmo l ) , Рсі(РРЬз)2СІ2 (59.6 mg, 0.085 mmo l ) , 1,4-

dioxane (10 c m 3 ) and Na2C03 (1 M , 4 c m 3 ) ; reaction t ime 24 h; 

「 F eluent D C M : E t O A c (1:1 v /v) gave 226 as a whi te sol id (303 mg, 

84%) mp 155.5-156.2 °С ; Ή N M R (400 M H z , DMSO-dô) δ 9.10 ( İ H , է, J = 2 . 0 Hz ) , 8.61 

( İ H , s), 8.54 ( İ H , q, J = 10.0 Hz,J= 8.0 Hz) , 8.06 ( 2 Н , է, J = 8.0 H z ) , 7.82 ( İ H , է, J = 8 . 0 

Hz) , 7.67 ( Ш , t,J= 8.0 Hz) , 7.38 ( I H , dd , 7 = 8.0 Hz , J = 2 . 4 Hz ) ; ' 3 C N M R (100 M H z , 

DMSO-dô) δ 160.13 (dd, J = 244 Hz, J = 14.5 Hz) , 157.37 (dd, J = 244 Hz, J = 14.5 

Hz) , 150.04 id,J= 8.0 Hz ) , 147.04 (d, J = 8.0 Hz) , 146.95 (d , J = 6.2 Hz) , 135.82 (d, J = 

3.4 Hz) , 130.40, 128.72, 128.48, 127.33, 127.13, 125.63 (d, J= 4.9 H z ) , 117.31 (dd, J = 

25.6 Hz, J =5.4 H z ) , 107.58 (dd, J = 3 4 . 3 Hz , J= 5.7 Hz ) ; M S (E l ) m/z 242.1 (M+, 100%). 

Ana l . Caled, for C n H g F j N j : с , 69.19; н , 3.22; N , u.57. Found: с , 69.19; н , 3.22; N , 

11.35%. 
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M e t h y l 3 -amino-6 - (2 ,6 -d i f l uo ropy r id in3 -y l )py raz ine -2 -ca rboxy la te (227) 

Boronic acid 225 (270 mg, 1.7 mmo l ) , methyl 3-amino-6-

Q bromopyrazine-2-carboxylate (110a) (348 mg , 1.5 mmo l ) , 

\ Pd(PPh3)2Cİ2 (59.6 mg , 0.085 mmo l ) , 1,4-dioxane (10 c m 3 ) and 

КагСОз (1 M , 4 cm^); reaction t ime 15 m i n ; eluent E tOAc gave 

227 as a ye l low powder (327 mg, 82%) mp 201.8-202.3 °С ( f rom toluene); ' H N M R (400 

M H z , DMSO-de) δ 8.68 ( İ H , d,J= 2.4 Hz) , 8.52 ( İ H , զ,յ= 8.0 Hz ) , 7.63 ( 2Н , br ร, N b b ) , 

7.32 ( Ш , dd, J = 8.0 Hz , J = 2.4 Hz) , 3.88 (ЗН, s); "с N M R (100 M H z , DMSO-de) 

δ 166.01, 154.72, 147.36, 147.26, 145.53, 133.33, 122.79, 107.63, 107.31, 107.23, 52.29; 

M S (ES+) m/z 267.0 (М+， 100%). Ana l . Caled, for C,iH8F2N402: с , 49.63; н , 3.03; Ν , 

21.05. Found: С, 49.46; н , 2.76; Ν , 20.95%. 

5 - (2 ,6 -D i f l uo ropy r i d i n -3 - y l ) py r im id i n -2 -am ine (228) 

V 
Ν、ノ NH2 Boronic acid 225 (270 mg , 1.7 mmo l ) , շ -aminő

i g bromopyr imid ine (148) (261 mg , 1.5 mmo l ) , Р(і(РРЬз)2СІ2 (59.6 

mg , 0.085 mmo l ) , 1,4-dioxane (10 c m 3 ) and Ш2СО3 (1 M , 4 c m 3 ) ; 

reaction t ime 24 h; eluent E tOAc gave 228 as a whi te sol id (215 

mg, 69%) mp 221.1-222.0 °С (from toluene); Ή N M R (400 M H z , acetone-dé) δ 8.51 (2Н , 

d,J= 1.6 H z ) , 8 .28(1 Η, dt, J = 8.0 Hz , J = 1.6 Hz ) , 7.18 ( I H , dd, J = 8 . 0 Hz, J = 2 . 8 Hz) , 

6.33 ( 2H , ร); ' 3 C N M R (100 M H z , acetone-dö) δ 164.20, 160.90 {ád,J= 194.5 Hz, J = 11.1 

H z ) , 158.38 ( d d , J = 194.5 Hz, J = 11.1 Hz) , 158.34 (d , J = 2.6 Hz) , 145.55 (dd, J = 6 . 4 Hz, 

J= 3.8 H z ) ; M S (ES+) m/z 208.2 (M+， 100%). Ana l . Caled, for C9H6F2N4: с, 51.93; н， 

2.91; Ν, 26.91. Found: с , 52.06; н , 3.03; Ν, 27.01%. 

3- (2 ,6 -D ich lo ropy r idm-3 -y ! )qu ino l i ne (232) 

Boronic acid 230 (326 mg, 1.7 mmo l ) , 3-bromoquinol ine (147) 

、 (312 m g , 1.5 mmo l ) , Рс1(РРЬз)2СІ2 (59.6 mg, 0.085 mmo l ) , t r i - t -

^ , . 1 
butylphosphine (30 mg , 0.15 m m o l ) , 1,4-dioxane (10 cm ) and 

c\^՝-^r^c\ МазСОз (1 M , 4 c m 3 ) ; reaction t ime 24 h; eluent D C M : E t O A c 

(1:1 v /v ) gave 232 as a whi te sol id (235 mg, 57%) mp 162.2-163.0 °С ( f rom toluene); ' H 
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N M R (400 M H z , acetone-de) δ 9.03 ( İ H , d,J= 2.0 Hz) , 8.48 ( İ H , à,J= 2.0 Hz) , 8.13 ( Ш , 

ร), 8 . 1 1 ( Ш , ร), 8.05 ( İ H , d, J = 8.0 Hz) , 7.84 ( İ H , t, J = 8.0 Hz) , 7.68 (2H， m); ' 3 C N M R 

(100 M H z , DMSO-de) δ 150.39, 148.53, 147.75, 146.93, 143.82, 136.51, 132.60, 130.53, 

129.06, 128.75, 128.49, 127.36, 126.92, 124.09; M S (EI) m/z 274.0 (М+， 100%). Ana l . 

Caled, for Cl· lHgCbNz: с, 61.12; н , 2.93; Ν , 10.18. Found: с , 60.79; н , 2.92; Ν , 10.09%. 

5- (2 ,6 -D ich lo ropy r id ïn -3 -y l )py r i i n id in -2 -amine (233) 

Ν Nļ_ļ Boronic acid 230 (326 mg , 1.7 mmo l ) , 2-amino-5-

Ύ 2 bromopyr imid ine (148) (261 mg, 1.5 mmo l ) , Рс!(РРЬз)2СІ2 (59.6 

mg, 0.085 mmo l ) , t r i - t -butylphosphine (30 mg, 0.15 mmo l ) , 1,4-

С Г ՝ ՝ N ' ՝CI dioxane (10 c m 3 ) and НагСОз (1 M , 4 c m 3 ) ; reaction t ime 24 h; 

eluent E tOAc gave 233 as a pale ye l low sol id (166 mg, 46%) mp 245.2-245.9 °С ( f rom 

toluene); Ή N M R (400 M H z , DMSO-dó) δ 8.38 ( 2 Н , ร), 7.99 ( İ H , d, J= 8.0 Hz ) , 7.65 ( İ H , 

d, J = 8.0 Hz ) , 7.00 ( 2 H , s); ' 3 C N M R (100 M H z , DMSO-de) δ 163.04, 158.09, 147.56, 

147.48, 142.80, 130.89, 123.98, 1 I 8 . 0 1 ; M S (ES+) m/z 240.0 (м+, 100%). Ana l . Caled, for 

C9H6CI2N4: С, 44.84; Η, 2.51; Ν, 23.24. Found: с , 44.76; н , 2.52; Ν, 22.88%. 

2-(2 ,6-Dich loropyr id in֊3-y l )pyr id in-3-a ın ine (235) 

Boronic acid 230 (326 mg, 1.7 mmo l ) , 2-chloro-3-aminopyr id ine (159) 

(193 mg, 1.5 mmo l ) , Pd(PPh3)2Cİ2 (59.6 mg, 0.085 m m o l ) , t r i - t -

butylphosphine (30 mg, 0.15 mmol), 1,4-dioxane (10 cm^) and Na2C03 

C | Z N СІ ( 1 M， 4 c m 3 ) ; reaction t ime 24 һ; eluent E tOAc gave 235 as a whi te 

solid (ca 54 m g , са 15%); Ή N M R (400 M H z , acetone-dö) δ 7.90 ( 2 Н , m) , 7.67 ( İ H , m ) , 

7.14 ( İ H , m), 5.23 (2Н， s); ' 3 C N M R (100 M H z , DMSO-dé) δ 143.8, 143.6, 138.8, 138.3, 

129.5, 125.0, 124.ร, 124.3, 122.7, 122.2. 

fo l lowed by 236 as a whi te sol id (98 mg, 32%) mp dec 310 °С; ' H 

N M R (400 M H z , DMSO-dö) δ 12.2 ( Ш , ร), 8.58 ( Ш , dd, J = 8.8 Hz, 

^ J = 0 . 8 Hz ) , 7.93 ( I H , dd, J = 8.0 Hz, J = 1.6 Hz ) , 7.49 ( I H , dd, J = 
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8.0 Hz , J = 4 . 8 Hz) , 7.35 ( İ H , d, J = 8.0 Hz ) ; ' 3 C N M R (100 M H z , DMSO-de) δ 151.92, 

148.91, 143.56, 139.18, 133.31, 132.30, 122.27, 119.77, 116.35, 113.99; M S (ES+) m/z 

204.1 (м+, 100%). H R M S Caled for СцНбС ІНз: 203.62774 (м+), found: 203.62780. 

3- (2 ,3 -D ich Io ropy r id in -4 -y l )qu ino l ine (240) 

Boronic acid 237 (326 mg , 1.7 mmo l ) , 3-bromoquinoIine (147) (312 

m g , 1.5 mmo l ) , Р(1(РРНз)2СІ2 (59.6 mg , 0.085 m m o l ) , tr¡-t-

butylphosphine (30 m g , 0.15 m m o l ) , 1,4-dioxane (10 cm^) and 

КагСОз (1 M , 4 cm^); reaction t ime 24 h; eluent D C M : E t O A c (3:7 

v /v ) gave 240 as a whi te sol id (236 mg, 57%) mp 162.2-163.0 °С; Ή 

N M R (400 M H z , acetone-dé) δ 9.03 ( İ H , d, J = 2 . 0 Hz) , 8.60 ( İ H , d, J = 2.0 Hz) , 8.52 ( İ H , 

d, 7 = 4.8 Hz) , 8.10 ( 2 H , t, • / = 8.0 Hz) , 7.87 ( İ H , t, J= 8.0 Hz ) , 7.71 ( 2 H , m ) ; ' 3 C N M R 

(100 M H z , DMSO-dö) δ 149.76, 149.04, 147.71, 147.69, 147.18, 136.46, 130.86, 129.39, 

128.78, 128.67, 128.04, 127.48, !26.77, 125.85; MS (EI) m/z 274.0 (м+, 100%). Ana l . 

Caled, for C,4H8Cİ2N2: с , 61.12; н , 2.93; Ν , 10.18. Found: с , 60.94; н , 2.75; Ν , 9.89%. 

5- (2 ,3 -D ich lo ropy r i d in -4 -y l )py r i ı n id in -2 -amine (241) 

N ^ N H 2 Boronic acid 237 (326 mg , 1.7 mmo l ) , 2-amino-5-bromopyr imid ine 

,Ν (148) (261 mg , 1.5 mmo l ) , Рсі(РРЬз)2СІ2 (59.6 mg, 0.085 mmo l ) , t r i -

t-butylphosphine (30 mg , 0.15 mmo l ) , 1,4-dioxane (10 cm^) and 

¿I ЫагСОз (1 M , 4 cm^); reaction t ime 24 h; eluent E tOAc gave 241 as 

a ye l low sol id (151 m g , 42%) mp 197.5-198.9 °С ( f rom toluene); Ή N M R (400 M H z , 

acetone-dó) δ 8.49 ( 2 Н , s), 8.38 ( İ H , d, J = 4.8 Hz ) , 7.49 ( İ H , d, J = 4 . 8 Hz) , 6.46 (2Н， s); 

' 3 C N M R (100 M H z , DMSO-dé) δ 163.28, 158 .1 ւ , 149.02, 147.50, 145.91, 127.323, 

124.67, 118.35; M S (ES+) m/z 240.0 (м+, 100%). Ana l . Caled, for C9H6CI2N4: с, 44.84; 

Н, 2.51; Ν, 23.24. Found: с, 44.76; н , 2.52; Ν, 22.68%. 
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3- (2 ,3 -D ich lo ropy r id in -4 -y I )py r id ine (242) 

Boronic acid 237 (326 mg , 1.7 mmo l ) , 3-bromopyridine (1) (237 mg , 1.5 

mmo l ) , Pd(PPh3)2Cİ2 (59.6 mg, 0.085 mmo l ) , tr i - t-butylphosphine (ЗО mg , 

0.15 mmo l ) , 1,4-dioxane (10 c m 3 ) and ЫагСОз (1 M , 4 c m 3 ) ; reaction t ime 

24 h; eluent E tOAc gave 242 as a o f f w h i t e sol id (138 mg, 41%) mp 192.2-

193.0 °С (from hexane); Ή N M R (500 M H z , acetone-de) δ 8.72 ( Ш , s), 

8.69 ( İ H , d, J = 5.0 Hz) , 8.48 ( İ H , à,J= 5.0 H z ) , 7.99 ( I H , d,J= 8.0 Hz) , 7.57 ( 2 Н , m ) ; 

'̂ с N M R (100 M H z , DMSO-dö) δ 150.16, 148.98, 147.64, 147.61, 136.61, 132.14, !27.88, 

125.53, 123.44; M S (EI ) m/z 224.0 (м+, 100%). Ana l . Caled, for СюНбСЬКг : с, 53.36; н, 

2.69; Ν , 12.45. Found: с, 53.72; н, 2.92; Ν , 12.09%. 

When the reaction was repeated using 3- iodopyridine (239) (169 mg , 50%), 242 was 

obtained. 

3 - (2 -Ch lo ropy r im id iท -ร - y l ) qu ino l i ne (245) 

N Boronic acid 244 (269 mg, 1.7 mmo l ) , 3-bromoquinol ine (147) 

수야 (312 mg, 1.5 mmo l ) , Рс1(РРЬз)2СІ2 (59.6 mg , 0.085 mmo l ) , 1,4-

dioxane (10 cm^) and Na2C03 (1 M, 4 cm^); reaction time 24 һ; 

eluent E tOAc gave 245 as a whi te sol id (170 mg , 47%) mp 214.3-

215.2 °С ; Ή N M R (400 M H z , DMSO-dö) δ 9.34 (зн, ร), 8.86 ( İ H , d , J = 2.0 Hz ) , 8.07 

(2Н , dd, J = 8.4 Hz) , 7.84 ( I H , t, J = 8.4 Hz) , 7.69 ( I H , t, J = 8.4 H z ) ; ' 3 C N M R (100 M H z , 

DMSO-de) δ 159.47, 158.51, 148.85, 147.37, 134.22, 130.58, 129.87, !28.82, 128.55, 

127.51, 127.25, 125.73; M S (EI) m/z 240.9 (M+, 100%). Ana l . Caled, for CoHgClNa: c, 

64.61; H , 3.34; N , 17.39. Found: c , 64.36; H ,3 .36 ;N , 17.10%. 

5 - (2 - ch lo ropy r im id i n -5 - y l ) py r i i n i d i n -2 -am ine (246) 

|yj M U Boronic acid 244 (269 mg, 1.7 mmo l ) , 2-amino-5-

j ü " bromopyr imid ine (148) (261 mg , 1.5 mmo l ) , Pd(PPh3)2Cİ2 (59.6 

mg, 0.085 mmo l ) , t r i - t -butylphosphine (30 mg , 0.15 mmo l ) , 1,4-

144 



Experimental Procedures 

dioxane (10 c m 3 ) and КагСОз (1 M , 4 c m 3 ) ; reaction t ime 24 h; eluent E tOAc gave 246 as 

a white sol id (140 m g , 45%) mp 196.8-197.2 °С; Ή N M R (400 M H z , DMSO-dé) δ 9,12 

( 2 Н , ร), 8.75 ( 2 Н , ร), 7.10 ( 2 Н , ร); ' 3 C N M R (100 M H z , DMSO-df i ) δ 163.5, 158.3， 156.4, 

156.3, 128.3, 114.8; M S (EI ) m/z 207.03 (м+, 100%). Ana l . Caled, for CuHgClNs: с, 

46.28; Η, 2 .91 ; Ν , 33.73. Found: с, 46.02; н， 2.99; Ν , 33.29%. 

M e t h y l 3-a in ino-6-(2-ch l o ropy r in i i d iท -ร -y l )py raz ine -2 -ca rboxy Ia te (247) 

Boronic acid 244 (269 mg, 1.7 m m o l ) , methy l 3-amino-6-

o bromopyrazine-2-carboxylate (110a) (348 mg , 1.5 mmo l ) , 

՝a^ Pd(PPh3)2Cİ2 (59.6 mg , 0.085 m m o l ) , t r i - t -buty!phosphine (30 

՝N^ ՝ "NH2 mg , 0.15 mmol ) , 1,4-dioxane (10 c m 3 ) and ЫагСОз (1 M , 4 

cm^); reaction t ime 24 h; eluent E tOAc gave 247 as a ye l low sol id (191 mg , 48%) dec 230 

°С; Ή N M R (400 M H z , DMSO-dé) δ 9.21 ( 2 Н , ร), 8.96 ( İ H , ร), 7.65 ( 2 Н , s), 3.85 (ЗН, ร); 

13C N M R (100 M H z , DMSO-dé) δ 165.9, 159.0, 156.6, 155.3, 145.8, 128.8, 99.5; M S (EI) 

m/z 266.0 (м+, 100%). Ana l . Caled, for CloHgClNsOz: с, 45.21; н, 3.04; N， 26.36. Found: 

С, 45.68; Н, 3.33; Ν , 26.62%. 
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