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Diazines and benzo derivatives can undergo depative metalation provided that the base is
properly chosen. Indeed, these substrates are poomecleophilic additions or substitutions in
relation to lower energy levels of their LUMOs. M#dtion reactions of a large range of substrates

10 can be performed using hindered lithium dialkylaggduch as lithium diisopropylamide or above
all lithium 2,2,6,6-tetramethylpiperidide. New basacluding magnesates and zincates have
recently emerged and proved convenient to allowtieas of more sensitive substrates.
Subsequent reactions with electrophiles open ary éata great variety of building blocks, notably
for the synthesis of biologically active compour(88 references).
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3,6-dichloropyridazine, a precursor of pyridazirreductive
1 Introduction dehalogenation using catalytic hydrogenation). Glimes can
be generated by intramolecular cyclizationootho-alkenyl or
ortho-alkynyl aryldiazonium salts, and phthalazines by
ss cyclocondensation adrtho-diacylbenzenes with hydrazirte.
Pyrimidines are mainly synthesized by cyclocond¢ios
reactions of 1,3-dicarbonyl compounds (or other-His3
electrophiles) with amidines, ureas, thioureas,nigiaes and
urethane. Phosphazenes containing an amidine moiety can
s be converted to pyrimidines by reaction with-unsaturated
aldehydes (aza-Wittig reaction) followed by oxidati
electrocyclic ring closurd. Condensation of 1,1,3,3-
tetraethoxypropane  with  formamide furnishes bare
pyrimidine® Several methods exist to access to quinazolfines.
es Pyrazines are generally produced by self-condensaif
. - ) . A a-amino carbonyl compounds and the combination aef
3 fluorouracil and zidovudin, as well as in herbigdée.g, diketones with vicinal diamines followed by

bensulfuronmethyl), and the quinazoline ring 9““”5 dehydrogenatiol, but these methods disappoint in the
pharmaceuticals such —as methaqualone, Oll“neth"jlzomijreparation of unsymmetrically substituted pyrasine
proguazone and prazosin. ) L _ 7o Alternative syntheses include cyclizing aza-Wittigactions
F'ew. hatural compounds — contain . the pyrlda2|ng MNY- 5f two molecules ofu-phosphazinyl ketones or oxidation of
s Derivatives such as pyrazon and pyridaben showobioal dioxopiperazines. Few regioselective syntheses .&xsmilar
activity and are applied as herbicides and anthsios. In approaches are described to reach quinoxafines.
contrast, pyrazines occur frequently as flavor titments in The reactions of diazines are determined by tlesemice of

foodstuffs_ that undergo heating (cc_)ffe_e, meat...)7.5 the ring N atoms. The latter are attacked by el@tiites, but
Alkylpyrazines also act as ant pheromons. Sincigh tlegree deactivate the ring C atoms. Hence, fepABprocesses take

© _Of structur?l cg.mrp:llexnyl ch.aracftlerllzels such cc.)mmm,mlr?er.e place, and if so, in moderate yields. Diazines amere
is a need for highly selective, flexible and efiot synthetic reactive than pyridine towards nucleophiles (additiand

methods. substitution reactions). Concerning benzodiaziné&gAr

Pyrlda;]zm.es 1can b? pregared .usmg on(_e of tgemvigﬂg so reactions take place, when possible, on the benzarg
approaches: (1) cyclocondensation reactions betweda whereas nucleophilic substitutions occur in thezitia ring,

45 dicarponylbcompounds ;Ed hydrazine, _(2) c;:]cllocosdénn particularly if substituted by haloges.
reactions between 1,2-diketones, reacivenethylene esters Site selectivity could be easily achieved of ceuit the

and hydgrazin% and_ (3) c_ycloaddition/cyfcloreversilop electrophile could react with a specific diazinytalerather

Sequences. Barg pyridazine is ) produceq rom MaleiC than with the unmodified heterocycle. Non-deprotorea

anhydride: reaction of the latter with hydrazinelgs maleic accesses to diazinylmetals such as halogen/metHaege
= fydrazide which, upon treatment with PQ@ICk, affords have been developé€dput the problem is only deferred since

Diazines belong to the most important heterocyclastaining
nitrogen. Many natural products are derived fromimidine.
Thymine, cytosine and uracil are for example impottas
20 building blocks for the nucleic acids, orotic adilthe key
compound in the biosynthesis of almost all natyraticurring
pyrimidine derivatives, and aneurin (thiamine, wmia B1) is
present in yeast, in rice polishing and in varimgseals. A
few pyrimidine antibiotics possess potent antiturpmperties
s (e.g. bleomycin). Several natural products contain the
quinazoline structure; examples are the quinazoditvaloids
isolated from rutaceaeef(g, arborine). In addition, the
pyrimidine core is present in many pharmaceuticalsh as
trimethoprim, sulfadiazine, pyrimethamine, hexetii 5-




the preparation of bromo- and polybromodiazined ttwuld
be used as substrates is generally not trivial. Me¢alation
(hydrogen/metal
halogen-substituted diazines.

s The acidities of hydrogens in diazines are reldtethe less
highly-conjugated p orbitals (decrease in aromsgtjcin the
ring when compared to azines (and of course benzdie
pK, values for C-H bonds of numerous aromatic heteshicy
compounds including diazines have been

deficient aza-heterocycles, the regioselectivitythd reaction
is generally different because of additional ef§ét

permutation) avoids the use of keavs Coordination of the/a ring nitrogen to the metaarfularly

in the absence of a chelating solvent such as TddEses the
disaggregation of the base (which becomes moretiveac
increases the electron-withdrawing effect of theagen, and
(thus) favors the deprotonation at an adjacenttosi Since
s diazines (pyridazine: i, = 2.3, pyrimidine: K, = 1.3,

recentlypyrazine: K, = 0.4) are less basic than pyridineK{p= 5.2),

1 calculated®® The strongest acidity on diazines was estimatedthis effect is supposed to be less important. Iditoh, it

to be the 4-position of pyridazine (31.1), and tieakest one
the 2-position of pyrimidine (40.0) (Scheme 1).

40.3 31.1 38.9 N
a7 @ 410 @ 379 369 fN [ jse.a

436 -~ N /)40.0 -

N N N N

pyridazine
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‘ 405 42.1 ‘ X 436 40.3 ‘ X 39.0
424 42.3 N 40.0 ~N
N N

pyrimidine pyrazine

422 411 416 396
cinnoline
388  36.1 391 372 40.0
N
40.2 ‘ NN 40.9 ‘ NN 40.7 ‘ N 385
|
PA\ 40.3 /397 /
40.0 N N
phthalazine quinazoline quinoxaline

Scheme 1 Estimated K, values for C-H bonds.

15 Unlike five-membered heterocycles, for which prato
adjacent to heteroatom have the strongest acidsiy;

should be noted that the compound lithiated at rtheogen
adjacent position is on the one hand stabilizedhieyelectron-
4s withdrawing effect of the nitrogen(s), but on thther hand
destabilized by electronic repulsion between thebaaion
and the lone pair of the adjacent nitrogen.
The electron-withdrawing effect of the diazineragens
decreases the energy level of the LUMO of thesestsates
soand makes them more sensitive to nucleophilic it
As a consequence, "soft" alkyllithiums, which ar&osg
bases (K, ~ 40-50), have to be avoided since they easily add
nucleophilically to the diazine ring, even at loantperatures.
It is advisable to rely upon the "harder", thougsd basic
ss lithium diisopropylamide (LDA, K, = 35.7) and lithium
2,2,6,6-tetramethylpiperidide (LTMP,Kp = 37.3) to effect
deprotonation. Nevertheless, this still happen®eodifficult
with bare heterocycles, for which formation of dimer
products -either by addition of lithiated substr&weanother
s molecue™ or by dimerization of "radical anions"- can hardly
be avoided® When compared to pyridine, nitrogens of
diazines are less chelating but the ring hydrogares more

acidic. For these reasons, reactions should be less

membered heterocycles have the weakest acidic msoto fegioselective.

adjacent to nitrogens, a result of the more impurtapulsion
between the lone electron pair of nitrogen and riegative

20 charge of the carbanion for the latter, due togmaller angle
between the two electron cloutfs.

As a consequence, using the nonmetaio-P4 organic
base (K, =
and proceeds without coordination to ring nitrogeyridazine

2s and pyrimidine are regioselectively deprotonatedha&t most
acidic 4- and b5-positions, respectively, as evigehdy
trapping by a carbonylated compound (Schem#& 2).

HO._ _Bu
Bu
| A ﬂ | A NMe, lll NMe,
N T3% N |v|e2N—|:=:N—‘F‘l—N:F"—NMe2
t NMe, H NMe,
Bu MezN*F"*NMeZ
Y b] HO NN NMe,
EN\/) 6_5°Z )\EN\/) ‘Bu-P4 base

Scheme 2 Deprotonative functionalization of pyridazine apygtimidine
30 using 'Bu-P4 base.Reaction conditions [a] 'BUCHO, 'Bu-P4, Zn},
toluene~75 °C to rt; [0]'BUCHO,'Bu-P4, Zn}, toluene~75 °C to rt.

When metallic bases are employed to deprotonate

Using lithium amides as the bases, the reactionsisally
under thermodynamic control, and the regioseletwtivi
observed is the result of different effects suclst@bilization
by the electron-withdrawing effect of the ring ngens and
destabilization by electronic repulsion between thebanion
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42.7 in MeCN), which is highly chemoselective® @nd the lone pair of the adjacent ring nitrogenesd effects

are modulated by the aggregation state of theulithspecies,
which largely depends on the solvent, for examphe.
rationalization of the regioselectivity becomes mor
complicated when substituted diazines are concerAsdthe

75 ring nitrogen, the substituent can stabilize by uictive
electron-withdrawing effect. It can also chelatee thewis
acidic metal of the base, an effect that is impurfar the few
reactions carried out under kinetic control usifig/Bithiums
since it allows the disaggregation of the base)feeces the

g0 electron-withdrawing effect of the substituent amtreases
the proximity effect of the complexed base. Under
thermodynamic control, unlike the ring nitrogen the
substituent can stabilize the metalated substratehelation,
which reinforces the electron-withdrawing effecttei$c

ss hindrance caused by the substituent has an impacthe
outcome of the reaction too. Some of these effexsld
explain the regioselectivity observed in the exasspdepicted
in Scheme 3%




\N ‘ N\ @l \N ‘ N\ N a [a.,b]
\ /j 72% \ /j _N “83%
N BusSn”~ N N
R'=OMe, R?=Cl 83%
R' = SiMe,, R? = 4-MeOCgH, 72%
[cd.e] R' = SiMes, R? = 4-F;CCgH, 88%

Scheme 5 Deprotonative functionalization of 4-chloro-3-methig 44-
methoxyphenyl)-3-trimethylsilyl- and @-trifluoromethylphenyl)-3-

40 trimethylsilylcinnoline.Reaction conditionga] LTMP, THF,-75 °C, 30
min to 1 h; [b]Electrophile I,.

66%

In general, the substituents help in steeringniet¢al to the

) o ) ) targeted location.
Scheme 3 Deprotonative functionalization of (2-pyridyl)pyiae and 3-

phenyl-6¢2-pyridyl)pyridazine. Reaction conditions[a] LTMP, THF, 22 Metalation of halo- pyridazines, cinnolines and
—100 °C, 15 min; [bElectrophile BusSnCl; [c] LTMP, THF,-78 °C, 15 45 phthalazines
s min; [d] Electrophile 4-MeOGH/CHO; [e] hydrolysis.
Metalation of 3-bromo-6-phenylpyridazine was aclkigév

2 Metalation of pyridazines, cinnolines and using a twofold excess of LDA in THF atl00 °C. The
hthalazines complete regioselectivity next to the bromo groumsw
Y . . . : .
inferred by trapping the lithio compound with 4-saidehyde
2.1 Metalation of bare pyridazine and long range activated (84% vyield)?°
cinnolines Starting from 3,6-dichloropyridazine, the LTMP-niad
0 Few attempts to deprotonate bare pyridazine haven be deprotonation proceeded in THF -at0 °C, and led to the 4-
described in the literature. Monometalation nextnitrogen substituted derivative® in variable yields after subsequent
was found possible with 4 molar equiv. of LTMP awery  trapping (Scheme 6).
short reaction times at75 °C, a result evidenced by

interception  with  deuterium chloride, benzaldehyde, El

1s acetaldehyde or elemental iodine to give the fuomalized 2 bl -
pyridazines 1 though in 16 to 32% yields. Whetert- \ -
butyldimethylsilyl chloride was used instead, theubstituted ¢~ N 20-65% o NN

pyridazine was produced in a very low 10% yiéldJsing an
in situ prepared mixture of ZnGITMEDA (0.5 equiv.) and
20 LTMP (15 equivl) in THF Containing 5 extra equigf Scheme 6 Deprotonative functionalization of 3,6-dichlorojmazine.

: : : Reaction conditions[a] LTMP, THF, -70 °C, 1.5 h; [b]Electrophile
TMEDA, the zincation could be performed at reflux dgive (E}: MeCHO {CH(OH)Me}. PhCHO {CH(OH)PH, 4-MeOGH.CHO

after quenching with elemental iodine a 83:9:8 migtof 3-  (clOH)(4MeOGH,)}, 2-MeOGH,CHO {CH(OH)(2-MeOGH.)},
iodo, 4-iodo and 3,5-diiodopyridazine, respectivelyom ¢ PhCONMg {COPh)}, MesSiCl {SiMes}, HCONMe {CHO}, PhCO
which the main compound was isolated in 66% Vyigld {C(OH)Ph}, I {I}; [c] hydrolysis.

Scheme 4).
2 ( ) Replacing one of the chloro groups by another suent

- I offered challenging model compounds to test the
A [a,b,c] N N [d.e] N regioselectivity of the reaction. With 3-chloro-6-
@ 1@:/0 CNr @ @Z EjN/ es fluoropyridazine, metalation using either LDA or MP in
N N N N THF at low temperature took place next to the serall
1 halogen? With a pivaloylamino group instead, reaction using
Scheme 4 Deprotonative functionalization of pyridazindreaction LTMP in THF at -70 °C occurred randomly whereas
conditions [a] LTMP, THF, 75 °C, 6 min; [b]Electrophile £I}: DCI employing LDA (4 equiv.) exclusively afforded depsoation
{D}, PhCHO {CH(OH)PH, MeCHO {CH(OH)Me}, 1. {I}; [c] wat the position adjacent to the halogen, providiafjer
30 hydrolysis:; [d] ZnC}- TMEDA, LTMP, TMEDA, THF, reflux, 2 h; [e] trapping with acetaldehyde or benzaldehyde the ebeple
Electrophile I.. alcohols in 68-82% yield%
Provided that their pyridazine ring are completely The situation became more complex with 3-chloro-6-
substituted, cinnolines can be deprotonated onhiezene ~ Methoxypyridazine. The 4- (next to the chloro grpapd 5-
ring, next to the ring nitrogen (Scheme'8)nterception with s (Néxt to the methoxy group) substituted derivativeere

s iodine allowed subsequent arylation through SuzwkBtille ~ Produced in a 20:80 ratio after reaction with LTMPTHF at
cross-couplings. ~70 °C followed by trapping with iodomethaf&Recourse to

very hindered bases such as lithiuM-tert-butyl-N-(1-
isopropylpentyl)amide (LB allowed to reach a 1:99 ratio
so Using the same electrophité.It was noted that using thie




situ trapping method metalation also occurred regiagilely QMe  R=cI QMe

next to the methoxy groufs. R Xy [abd] cl SV
When one of the chloro groups was replaced with a e cagos oo e
methoxyethoxy, using LDA or LTMP in THF at70 °C gave B
s a mixture of both possible lithio compofd$Scheme 7). OMe OMe
5
LDA 0{ LTMP LjTMf _— OMe
F NHCO'B
| X LDA—;@/ ! [a,b.c] SN
~N ~N
Cl N~ cl N~ NH
Bu Bu
LTMP )—31 LDA or JLTMP 6
“\ \\ OMe j N o] 30 Scheme 9  Deprotonative  functionalization of  6-chloro-1,4-
‘ ‘ I dimethoxyphthalazineReaction conditions[a] BuLi, THF, -75 °C, 30
_N ~N min; [b] Electrophile {ElI} MeCHO {CH(OH)Me}, PhCHO
c” N a” N OMe {CH(OH)Ph}, Mel {Me}, I, {I}; [c] hydrolysis.

Scheme 7 Regioselectivity of the metalation of 3-chloro-6eftopyrid-
azine,N-pivaloyl protected 3-amino-6-chloropyridazine, l8aro-6-meth-

oxypyridazine and 3-chloro-6-(methoxyethoxy)pyriaezuising hindered ;5 \When subsequently treated with LTMP in THF-&D °C and

to lithium amides. electrophiles, 3,6-dimethoxypyridazine was conwérte the
Functionalization of 3- and 4-chlorocinnoline hetvacant ~ 4-substituted derivative3. Good yields were obtained when

4- and 3-position, respectively, was achieved itisgang bepzaldehyde, iodomethane, chlqro‘trlmethylsna.nd tosyl

yields through deprotonation using LTMP in THF awl  azide were chosen to trap the lithio intermediaBeheme

temperatures, to furnish the compouriand4, respectively  10)° In contrast, the low conversion observed quenchirey
15 (Scheme 8§ reaction mixture with DCI tends to show that metiala still

takes place after the introduction of the electitgsh by
equilibrium shift'3¢ Alternatively, butyllithium can be used to

2.3 Metalation of alkoxy- pyridazines and cinnolines

R? El cl _ :
" o . bring about the deprotonation st&p.

X X X

-N N7 -N El

N N N

OMe OMe
R'=CLR?=H  [abc]  3:83-88% B abc] B
1= 2 - - 8909, ~N -86Y ~N

R'=H,R2=Cl  [dec] 4: 57-89% Meo” “N° 82-86% o™ N

Scheme 8 Deprotonative functionalization of 3- and 4-chlcirmoline. 45

Reaction conditionda] LTMP, THF,-75 °C, 2 h; [b]Electrophile {El} . . o . L

MeCHO {CH(OH)Me}, PhCHO {CH(OH)Ph}; [c] hydrolysis; [d] LDA Scheme 10 Deprotonative functionalization of 3,6-dimethoxyizine.
20 THF, =75 °C, 30 min; [e]Electrophile {EI} MeCHO {CH(OH)Me}, Reaction conditions[a] LTMP, THF,-70 °C, 15 min; [b]Electrophile

PhCHO {CH(OH)Ph}, 4-MeO@H,CHO {CH(OH)(4-MeOGHJ)}, Mel {El}: PhCHQ {CH(OH)Ph} Mel {Me}, Me;SiCl {SiMes}, TsN; {N3};

{Me}, I, {I}, CO, {COH}. [c] hydrolysis.

Butyllithium surprisingly gave better results thaTmMp s Starting from 3-(methoxyethoxy)pyridazine, only wio
2s dimethoxyphthalazine. Metalation solely occurredtla¢ 7-  after treatment with LTMP (2 equiv.) in THF av0 °C and
position, leading to the compounBsin the absence of chloro Subsequent quenching with acetaldehyde or benzpdaef

group, the addition producs was formed instead (Scheme  The metalation of 3- and 4-methoxycinnolines was
9).27 ss achieved under similar conditions. Starting from 4-

methoxycinnoline, the 3-substituted derivative® were
obtained in good yields when 2 equiv. of LDA wergsed.
Complications were encountered with 3-methoxyciim®l
since both the 4-substituted derivativés and the 4,8-
eo disubstituted derivatives were obtained after rieactvith 2
equiv. of LTMP  followed by trapping  with
chlorotrimethylsilane (74 and 14%, respectively)etemental
iodine (73 and 22%) (Scheme 145,




) . .
R OMe El SOTol SOTol

R! El OMe *
A A A N OMe [a,b.c] El X OMe
—_— or —_—
~N ~N ~N ~N o ~N
N N N MeO~ N~ 30-76% Me0” N~
de 94-99%

R'=H,RZ=0Me [abc] 8 57-85% (de ) 10
R'=0OMe, R2=H [dec] 9:73-91% e

Scheme 11 Deprotonative functionalization of 4- and 3-
methoxycinnolineReaction conditionsa] LDA, THF, —75 °C, 30 min; PR OMe

[b] Electrophile {EI} PhACHO {CH(OH)Ph}, HCGEt {CHO}, I, {I}; [c] A
s hydrolysis; [d] LTMP, THF,-75 °C, 30 min; [e]Electrophile {El} ~ N
PhCHO {CH(OH)Ph} MesSiCl {SiMes}, I, {I}. MeO™ N

11: 55%
2.4 Metalation of sulfanyl-, sulfinyl- and sulfonyl- pyridazines
35 (ee 75%)

and cinnolines

: : . Scheme 13 Deprotonative functionalization of 3,6-dimethoxy44-
Studies have been performed in order to comparabiiity to tolylsulfinyl)pyridazine.Reaction conditionga] LTMP, THF,-75 °C, 1

wdirect the metalation of the methoxy group with fanyl, h; [b] Electrophile {EI} MeCHO {CH(OH)Me}, EtCHO {CH(OH)EH},
sulfinyl and sulfonyl groups. It emerged from thesults that ~ PhCHO {CH(OH)Ph}; [c] hydrolysis.

the phenylsulfinyl and phenylsulfonyl groups areleatio
compete with the methoxy group to orient the reactonthe
neighboring site using LTMP in THF a#5 °C2° Comparable o eactic
isresults were obtained with theert-butylsulfinyl and tert-  Place when present at the 4-position of cinnolimecontrast,
butylsulfonyl group$! A sulfonamide group was also 3-.tert-butyl- and 3(4.-tolyl)sulf|nylcmnoll.ne were metalated
compared to a chloro group with the help of a 376_Wlth success (2 equiv. of base) to furnish the coumuls12-
disubstituted pyridazine, and proved to be the mabke to 13, and a diastereoisomeric excess was observed iffche

w0 The sensitivity of the sulfoxide group to nucledjgh
addition prevented clean deprotonation reactionsnftaking

34
direct the reaction (Scheme 12). 14).
j J El
N N SPh X SOPh Y X SO,Ph ‘ N SOR ‘ N SOR
M /E]\‘/ /@/ N//N N//N
MeO N MeO N MeO N
R =By [a,b,c] 12: 67-94% (de 14-99%)
1 R = 4-MeCgH, [aord,e,c] 13: 56-82% (de 26%)
AN SO,NHBuU Scheme 14 Deprotonative functionalization of t&rt-butylsulfinyl- and 3-
\ N phenylsulfinylcinnoline Reaction conditionga] LTMP, THF,-75 °C, 1
cl N s0 h; [b] Electrophile {EI} MeCHO {CH(OH)Me}, PhCHO {CH(OH)Ph}

© 4-MeOGH,CHO {CH(OH)(4-MeOGH,)}, 'BUCHO {CH(OH)BU}, I,

Scheme 12 Regioselectivity of the metalation of 6-sulfur detives of 3- {I} , BusSnClI {SmBug}; [c] hydrolysis; [d] LDA, THF,-75 °C, 30 min; [e]
methoxy- and 3-chloropyridazine using LTMP in THF35 °C. Electrophile {El} DCI {D}, 4-MeOCsH,CHO {CH(OH)(4-MeOGH.)}.

Chiral sulfoxides have been used to direct depration 2.5 Metalation of N-monoprotected aminopyridazines
reactions of diazines. In the case of 3,6-dimethéxy-
25 tolylsulfinyl)pyridazine, metalation using LTMP (@quiv.) in
THF at-75 °C followed by trapping with various aldehydes t
afford the compounds 10 proceeded with high
diastereoselectivitj? When the tosylimine of benzaldehyde
was used as an electrophile, the cyclic sulfenanfitievas
s isolated instead of the expected adduct, probdigugh 1,2-
elimination or [2,3] sigmatropic process leadingisobutene
and a sulfenic acid, whose amino group attacks the

o ) . R R'__OH R'__O.__0O
electrophilic sulfenic acid before elimination ofater3? \f
(Scheme 13). (\/NHCOR lab.cl ‘ - NHCOR | o NH

~N ~N ~N
N N N

R =Bu, O'Bu 14: 52-62% 15: 36-37%

ss The metalation ofN-pivaloyl protected 3-aminopyridazine

occurred on treatment with 4 equiv. of LTMP in THE-70

°C, as evidenced by trapping with aldehydes to gike

derivatives 14.  N-tert-butoxycarbonyl protected 3-

aminopyridazine was similarly deprotonated; the poond

s 15 was isolated after reaction with aldehydes andssgbent
cyclization during the work-up (Scheme ).

Scheme 15 Deprotonative functionalization di-pivaloyl and N-tert-
butoxycarbonyl protected 3-aminopyridaziriReaction conditions[a]

65 LTMP, THF, —-70 °C; [b] Electrophile {R'} MeCHO {Me}, PhCHO
{Ph}; [c] hydrolysis.




With N-pivaloyl and N-tert-butoxycarbonyl protected 4-

aminopyridazine, reaction with LTMP in THF at70 °C

exclusively occurred at the 5-position. This wagdenced by

further transformation of the lithio intermediatesafford the
s compoundsl6 and17, respectively (Scheme 18).

(e} (0]
)L’Bu )ko

NHCOR OH HN OH HN Bu
‘ N [a,b,c] R' ‘ N R' ‘ N
_— or
~N ~N ~N
N N N
R = Bu, O'Bu 16: 43-63% 17: 23-25%

Scheme 16 Deprotonative functionalization di-pivaloyl and N-tert-

butoxycarbonyl protected 4-aminopyridaziriReaction conditions[a]

LTMP, THF, —70 °C, 2.5 h; [b]Electrophile {R'} MeCHO {Me},
10 PhCHO {Ph}; [c] hydrolysis.

2.6 M etalation of
pyridazinethiocar boxamides

pyridazinecarboxamides  and

HN/tBu El HN/[BU HN/tBu
N A ELANS
L — [ B
X=0 [a.b,c] 19: 89-96% 20 (E/=1): 65%
X=8 [a.d,c] 21: 14-63%

Scheme 18 Deprotonative functionalization &f-(tert-butyl)pyridazine-3-
carboxamide.Reaction conditions[a] LTMP, THF, -75 °C, 1 h; [b]

40 Electrophile {El} MeCHO {CH(OH)Me}, PhCHO {CH(OH)Ph} I, {1} ;
[c] hydrolysis; [d] Electrophile {EI} MeCHO {CH(OH)Me}, PhCHO
{CH(OH)Ph}, Ph,CO {C(OH)Phy}, BusSnClI {SnBu}, Mel {Me}, 1. {1} ,
CCls {Cl}.

3 Metalation of pyrimidines and quinazolines

45 3.1 Metalation of bare pyrimidine and long range activated
pyrimidines and quinazolines

Alkyldiazines are in general prone to lateral meatiain. 5-
Methylpyrimidine is an exception since it was ddprmted at
the 4-position on treatment with LDA, a result eanded by

Lithiation of N-(tert-butyl)pyridazine-4-carboxamide usingsotrapping with benzophenort8. This is the first pyrimidine

LTMP in THF at low temperature occurred regiosdledy at
s the 5-position, leading to the compount’® (Scheme 17). In

contrast, mixtures of 5- and 6-substituted derixegi were

obtained starting frorN-benzylpyridazine-4-carboxamid@.

H H
o} N. o} N.
By By
AN [a,b,c] El N
N//N 41-79% N//N
18

Scheme 17 Deprotonative functionalization &f-(tert-butyl)pyridazine-4-

20 carboxamideReaction conditionga] LTMP, THF,-75 °C, 15 min to 2
h; [b] Electrophile {ElI} MeCHO {CH(OH)Me}, PhCHO {CH(OH)Ph},
Me;SiCl {SiMeg}; [c] hydrolysis.

Reaction of N-(tert-butyl)pyridazine-3-carboxamide was

reported later under similar conditions. Deprotoorat
s generally led to the 4-substituted derivativiEls except with
elemental iodine for which a halogen migration aced

ss substrate and 4,4'-dimep2 were

metalation.

The reaction of bare pyrimidine with LTMP is noery
tempting under a synthesis point of view. Whenrafited at
various temperatures in THF or DEE, only small antsuof
identified, due to the
instability of the lithio compound under the conalits
applied. The compatibility of hindered lithium aresl with
some electrophiles allowed thia situ quenching of the 4-
lithio compound to furnish the derivativé8 though the 4,6-

eo disubstituted product24 was produced together using
benzophenone (Scheme 19).
N
W X
N~ Ph.__OH
El
Ph
ﬁN @N [a,b] | SN | SN
549 HO
N/) N/) 16-54% N/) N/)
22 23 Ph Ph 24

(compound20), probably promoted by the excess of base (4 Scheme 19 Deprotonative functionalization of pyrimidine usitige in

equiv. were used) during the trapping step. Turniagthe
corresponding thiocarboxamide modified the regiesgvity
s in favor of the 5-position. This opened an entrythe 5-

substituted derivative®l though in moderate yields, probably

in relation with the absence of stabilization ofe thithio
derivative by chelation (Scheme 18). It was noteat tvhen a
methylsulfanyl group was located at the 6-positadrN-(tert-

35 butyl)pyridazine-3-carboxamide, reaction took plaice its
vicinity using LDA2®

situ trapping technigueReaction conditions[a] LTMP, THF, -70 °C

65 Electrophile {El} MesSiCl {SiMes}, PhCHO {CH(OH)Ph} PhCO

{C(OH)Phy}; [b] hydrolysis.

Combining LTMP (1.5 equiv.) with ZnGITMEDA (0.5
equiv.) in THF at 25 °C, the 4-metalated compoundid be
accumulated to give, after trapping, the produ2dgScheme

7020) 18

El

fN [a.b] | XN
N/) 42-57% N/)
25




Scheme 20 Deprotonative functionalization of pyrimidine usiagmixed
Li/Zn amide. Reaction conditions[a] ZnCb-TMEDA, LTMP, THF, 25
°C, 2 h; [b]Electrophile {El} I, {I}, CIPPh, {PPhy}.

With a methoxy group located at the 2-positiore #lithio

s derivative could be accumulated using 4 equiv. GiMP
(albeit a short reaction time has to be used) owimgan
increase of the acidity of the hydrogens and ailstakion by
electron-withdrawing effect. The 4-functionalizedriyatives
26 were isolated in moderate yields after trappinthwhard"
10 electrophiles such as deuterium chloride (56%)zb&tehyde
(29%), acetaldehyde (26%) or 2,3,4-trimethoxybedelyde
(28%). Using electrophiles more compatible withhilitm
amides, the formation of 4,6-disubstituted pyrimigs 27

(41% using chlorotrimethylsilane and 25% using phen

s disulfide) and even 4,5,6-trisubstituted pyrimid$n28 (7%

El

NH [a,b,c] NH

7 7
N By 17-94% N
30

‘Bu
45

Scheme 23 Deprotonative functionalization of t2ft-butyl-4(3H)-

quinazolinoneReaction conditionga] *BuLi, TMEDA, THF, -20 °C, 1

h; [b] Electrophile {El} MeCHO {CH(OH)Me}, PhCHO {CH(OH)Ph},

(PhS) {SPh}, BwSnCl {SnBu}, 1. {I}, B(OMe); {B(OH)J}; [c]
s0 hydrolysis.

3.2 Metalation of halopyrimidines

In the bromodiazine series, the success of the latain
depends closely on the reaction conditions. Whanixaure of
5-bromopyrimidine and a carbonyl compound was gédiy

ss LDA (1 equiv.) in DEE at-100 °C for 2 h, the 4-substituted
5-bromopyrimidines31 were obtained after hydrolysis in
moderate vyields. In the absence of electrophileg th
dihydropyrimidylpyrimidine 32 was isolated after hydrolysis
in 32% yield (Scheme 24y.Accumulation of a 4-metalated 5-

so bromopyrimidine proved possible using the mixed Mg/

using elemental iodine) could not be avoided (Sahelt).
Similar results have been observed starting frong4-2-
methoxyphenyl)pyrimidiné’

El

El
SN [abd] SN SN ~N amide TMPMgCI-LiCl in THF at temperatures betweesb
Q — | o | D | I and740°c.37g P
N~ "R N~ R E N~ R El N~ TR
R = OMe 26 27 28 N
W AN
20 Scheme 21 Deprotonative functionalization of 2-methoxypyrinmidi N
Reaction conditions[a] LTMP, THF, -75 °C, 5 min; [b]Electrophile El Br
{El}: DCI {D}, PhCHO {CH(OH)Ph}, MeCHO {CH(OH)Me}, 2,3,4- Br Br Br
tri(MeO)CsH.CHO {CH(OH)(2,3,4-tri(MeO)GH,)}, MesSiCl {SiMes}, | NN [a,b] | NN | NH
(PhS) {SPh}, I, {I}; [c] hydrolysis. N/) 2546 N/) N/)
s With a chloro group located at the 2-position, the 31 32
accumulation of a 4-metalated derivative proved not

satisfactory using LTMP? Nevertheless, using the mixed Scheme 24 Deprotonative functionalization of 5-bromopyrimidinsing

. . i . . . 65 the in situ trapping techniqueReaction conditionga] LDA, DEE, -100
V'\\//'Eé ';1' amJg:dTM'iDr']V'QC'T'I_-'":C' (1ateq“'t‘gr){1p';r2f§fens"e PUSE " oc " Electrophile {EI} 4-FCeHC(O)(2-CIGHz) {COH(4-FCaHa)(2-

between cic,H,)},  4-CIGH.C(OJPr  {COH(4-CICH.)(P)},  PhCHO
0-55 and -40 °C, as demonstrated by interception with {CH(OH)Ph}; [b] hydrolysis.
electrophiles to furnish the 4-functionalized detives 29

(Scheme 22§ Starting from 2,4-dibromopyrimidine, lithio compuods

70 could be accumulated atl00 °C using 3 equiv. of LDA or
more hindered and basic LTMP. The 5-lithio derivatiwas

i mainly generated using the former and the 6-lithging the

fN @c.] | SN latter. This was shown by interception with aceghlgde or 4-
N/)\CI N/)\Cl methoxybenzaldehyde (20-26% 88 and 2-5% 0f34 using
2 7s LDA, and 21-24% of34 and 0-8% o0f33 usng LTMP)

(Scheme 25§°

Scheme 22 Deprotonative functionalization of 2-chloropyrinmei.

35 Reaction conditions[a] TMPMgCI-LiCl, THF,-55 to-40 °C, 2 h; [b] Br OH Br Br

Electrophile {EI} MeSSQMe {SMe}, 4-BrCsH,CHO {CH(OH)(4-

BrCsHa)}; [c] hydrolysis. SN [a.b,c] R SN N
jERAE I S (D G (Y
Owing to the substituent at the 2-position, whaloids a N" Br N Br N Br

nucleophilic attack of the base at this positiorte&-butyl- 33 OH 34

20 4(3H)-quinazolinone was lithiated on the benzene moietySch 25 Deprotonative functionalizati ¢ 2 4-dib i
. L eme eprotonative tunctionalization o ,4-dIbromo e.
upon treatment with TMEDA-chelatedecbutyllithium (4 Reaction condﬁions[a] LDA or LTMP, THF, -100 °C, 30 %n; [b]
equiv.) at-20 °C, regioselectively leading to the 5-substitutey, gjectrophile {R} MeCHO {Me}, 4-MeOGH.CHO {CH(OH)(4-
derivatives30 (Scheme 23® 5-Aryl derivatives were then MeOGH.,)}; [c] hydrolysis.

repared by coupling from compoun8g (El = B(OH),).
prep Y ping P ( (OH)) When the corresponding dichloropyrimidine was teda

with LTMP, the regioselectivity of the reaction pexl to be




dependent on the reaction conditions. 1:1 Mixtwé&$- and
6-substituted derivatives were obtained when thbssate
was successively treated with LTMP in THF-at0 °C and an
electrophile. The 5-lithio compound was generatec iTHF-

anisylzinc chloride, and subsequent lithiationhet 5 position

45 as key steps.

4-Chloro-2,6-dimethoxypyrimidine was convertedoirthe
5-lithio derivative using either LTMP to give thermapounds

s DEE mixture at-100 °C whereas the 6-lithio was formed in a 40%? or butyllithium to afford the compound1.2°>43 Better
THF-HMPA mixture at—70 °C; trapping with acetaldehyde vyields were obtained using the former (Scheme 28).

afforded the corresponding alcoh@s and36 in 11 and 18%
yield, respectively (Scheme 28).

cl OH «l cl
ﬁN [ab.c] R | NN | NN
R +
N/)\CI N/)\CI R N/)\CI
35 OH 36

10 Scheme 26 Deprotonative functionalization of 2,4-dichloropgidine.
Reaction conditionda] LTMP; [b] Electrophile MeCHO; [c] hydrolysis.

Cl Cl
MeO N OMe MeO N OMe
[a,b,c] 40: 62-90%
[d,e.c] 41: 97%
Scheme 28 Deprotonative  functionalization of  4-chloro-2,6-

dimethoxypyrimidineReaction conditionga] LTMP, THF,-25 °C, 1 h;
[b] Electrophile {El} DCIVEtOD {D}, MeCHO {CH(OH)Me}, PhCHO
{CH(OH)Ph}, 2-MeOGH.CHO {CH(OH)(2-MeOGH.)}, 3,4,5-

Using LDA in THF at-80 °C resulted in the regioselectivess tri(MeO)CsH.CHO {CH(OH)(3,4,5-tri(MeO)GH,)}, HCO.Et {CHO}, I,

formation of the 5-lithio derivative, as demonsimgt by
trapping with benzaldehyde or chlorotrimethylsilarte

s furnish the compound87 in low yields. The derivative88
and 39 were analogously accessed from
compounds of 4,6-dichloro- and 2,4,6-trichloropyidime,
benefiting from doubly activated positions (Scher@@).
Butyllithium could also be used for the deprotooatof 4,6-

20 dichloro- and 2,4,6-trichloropyrimidine, but the pected
alcohols were given in lower yields after trappingth
benzaldehyde¥

R2 R?
El
| N [ab,c] | SN
/)\ /)\
R °N R’ R °N R!

R'=R3¥=Cl: R2=H 37:6-38%
R'=H;R2=R3=Cl 38: 44-60%
R'=R2=R3=ClI 39: 67-84%

Scheme 27 Deprotonative functionalization of 2,4-dichloro4,6-

25 dichloro- and 2,4,6-trichloropyrimidineReaction conditions[a] LDA,
THF, -80 °C, 30 min; [b]Electrophile {El} PhCHO {CH(OH)Ph}
Me;SiCl {SiMeg}; [c] hydrolysis.

A similar problem of regioselectivity arose in tlase of
2,4-dichloropyrimidine and
30 chloropyrimidine. Whereas LDA in THF at70 °C mainly
metalated both substrates at the 5-position nexhéochloro
group (9:1 and 19:1 ratio, respectively, when ajdigs were
used to trap the lithio intermediates), LTMP condamtly
attacked the hydrogen next to the ring nitrogerd @nd 1:2
3s ratio, respectively). Surprisingly, when elementadine was
used to trap the mixture of lithio compounds getestawith
LDA or LTMP from 2-(methylsulfanyl)-4-chloropyrimide,
only the 6-iodo derivative was obtained; this résuduld be
due to a quick TMP-promoted isomerization of théo8e
w0 derivative during the trapping stépConversion of the 6-iodo
derivative to 6-aryl-4-chloro-2-(methylsulfanyl)pgridine-5-
carbonitriles endowed with antileshmanial actistiewas
performed using cross-coupling with phenylboronétdeor 3-

the 5-lithio

70 {CH(OH)Ph},

2-(methylsulfanyl)-4-
75 deprotonate

{I}, Me sSnClI {SnMe}; [c] hydrolysis; [d] BuLi, THF,-75 °C, 10 min;
[e] Electrophile {EI} TsN; {N s}.

2,4-Difluoro- and 4-fluoro-2-(methylsulfanyl)pyridine
regioselectively underwent LDA-promoted metalatian the

e 5-position in THF at-75 °C to give the trisubstituted

compounds42 after electrophilic trapping (Scheme Z9).
Halogenated and dihalogenated 2- or 4-
(trifluoromethyl)pyrimidine were similarly amenableo
deprotonation at the 5-position using LDA in THF -at5

o5 oC 15
F F
El
ﬁjN\ [a,b.c] \@
_ 27-87% _
N~ R ’ N~ R
R=F, SMe 42

Scheme 29 Deprotonative functionalization of 2,4-difluoroadi4-fluoro-
2-(methylsulfanyl)pyrimidine Reaction conditios [a] LDA, THF, -75
°C, 30 min; [b] Electrophile {El} MeCHO {CH(OH)Me}, PhCHO
2-MeOGH,CHO  {CH(OH)(2-MeOGHJ)},  2,4-
diCICeHsCHO  {CH(OH)(2,4-diCIGH3)},  3,4,5-tri(MeO)GH,CHO
{CH(OH)(3,4,5-tri(MeO)GH)}, I, {I}, HCOEt {CHO}, CO, {CO.H};

[c] hydrolysis.

Conversely, LTMP in THF at-100 °C was found to
2-(methylsulfanyl)-4-trifluoromethylpypidine
regioselectively next to nitrogen, leading to theustituted
derivatives 43. The 4,4'-dimer44 ranked among the most
abundant by-productS. 4-lodo-2-(methylsulfanyl)pyrimidine
behaved similarly. It was converted to the 6-lithierivative

so when treated with a very hindered base in THF1Q0 °C for

10 min, affording the compoundis*® (Scheme 30).
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R =CF; [a,b,c] 43:23-61% 44
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Scheme 30 Deprotonative functionalization of 2-(methylsulfaygh
trifluoromethyl- and 2-(methylsulfanyl)-4-iodopyrimidin Reaction
conditions [a] LTMP, THF,-100 °C, 1 h; [bElectrophile {EI} MeCHO

5 {CH(OH)Me}, PhCHO {CH(OH)Ph}, 2-MeO@H,CHO {CH(OH)(2-
MeOCH4)}, 2,4-diCIGH:CHO  {CH(OH)(2,4-diCIGH3)},  3,4,5-
tri(MeO)CeH.CHO {CH(OH)(3,4,5-tri(MeO)GH.)}, 1. {I} , HCOEt
{CHO}, CO, {CO.H}; [c] hydrolysis; [d] lithium N-tert-butyl-N-(1-
isopropylpentyl)amide, THF;-100 °C, 10 min; [e]Electrophile {El}

10 MeCHO {CH(OH)Me}, PhCHO {CH(OH)Ph} Pr,CO {C(OH)Ph}, Mel
{Me}, Etl {Et} , MesSiCl {SiMes}, HCOEt {CHO}, 1, {1}.

3.3 Metalation of alkoxy- pyrimidines and quinazolines

Unlike 2,4-dihalopyrimidines, 2,4-dimethoxypyrimité was
regioselectively metalated at the methoxy-adjageosition
1s when treated with LTMP in DEE at 0 °C. This was shavy
trapping the lithio compounds with aldehydes, cardoxide,
dimethylformamide, ethyl chloroformiate or
trimethylsilane in yields ranging from 4 to 65%.These
deprotonation conditions were also applied to fioralize a
2 series of pyrimidines includingN-pivaloyl protected 4-
aminopyrimidine (chlorotrimethylsilane quench) inow
yields.
5-Methoxy, 2,4-dimethoxy (or 2,4-dibenzyloxy), 4,6
dimethoxy and 2,4,6-trimethoxypyrimidine were athiated
s next to the methoxy (or benzyloxy) group using LTNHP

THF at-78 °C for 15 min, leading to substituted derivasive

46-48 in medium to high yields, depending on the ability

the electrophile to coexist with the base long etoto allow

equilibrium shift of the deprotonation reaction [(®me
20 31).25[),28

El
MeO\IinN [a.b,c] MeO\IijN
_ 47-499 Pz
J /o J
46
OMe OMe
| NN [a,b,c] El\ﬁ*N
P . 0, P
N)\OMe 68-98% N)\OMe
47
OMe OMe
a fa.b.d] & i
— 75-999 —
MeO N)\R 5-99% MeO N)\R
R =H, OMe 48

Scheme 31 Deprotonative functionalization of 5-methoxy-,
dimethoxy-, 4,6-dimethoxy- and 2,4,6-trimethoxypyrimieli Reaction
conditions [a] LTMP, THF, =78 °C, 15 min; [b]Electrophile {EI}
35 PhCHO {CH(OH)Ph} Mel {Me}, MesSiCl {SiMes}; [c] hydrolysis; [d]

chloro~;, {cH(oH)Ph},

Electrophile {EI} PhCHO {CH(OH)Ph} Mel {Me}, MesSiCl {SiMe3},
PhCOCI {COPh}.

Similar results were obtained starting from 2-cbid-
methoxypyrimidine, allowing the synthesis of the 5-
40 Substituted derivative€9. Trapping with elemental iodine
only furnished the expected 5-iodo derivatis@ when the
reaction was performed atl00 °C. At-75 °C, 2-chloro-6-
iodo-4-methoxypyrimidine 51 was formed instead, as
previously noted with 2-(methylsulfanyl)-4-chlorajpyidine
45 (Scheme 3218

OMe OMe OMe
SN & SN ! SN SN
N (] N o] N cl 1 N Cl
[a,b,c] 49: 30-85%
[d.e] 50: 42%
[ae] 51: 65%
Scheme 32 Deprotonative  functionalization of  2-chloro-4-

methoxypyrimidine.Reaction conditions[a] LTMP, THF,-70 °C, 1 h;
[b] Electrophile {EI} DCI/EtOD {D}, MeCHO {CH(OH)Me}, PhCHO
2-MeOGH.CHO  {CH(OH)(2-MeOGH.)}, 3,4,5-
tri(MeO)CsH,CHO {CH(OH)(3,4,5-tri(MeO)GH,)}, MesSiCl {SiMes},
HCO,Et {CHOY}; [c] hydrolysis; [d] LTMP, THF,~100 °C, 1 h; [e]4.

Metalation of the benzene ring of 4-substituteihgaoline
was more easily observed when substituents camtothee
ss deprotonation. Thus, metalation of 4-anilifé-, 4-(4-
methoxyphenyl)3*® and  4{4-trifluoromethylphenyl)-6,7-
dimethoxyquinazolin€® using 4-5 equiv. of lithium amide in
THF at-75 °C affected the 8-position. A similar result was
noted when 6,7-dimethoxyquinazolinone was successiv
0 Subjected to the reaction with 1 equiv. of butyliitm and 4
equiv. of LTMP. Functionalization of the lithio etmediates
furnished the compounds 52-55, respectively. 7-
Chloroquinazolinone behaved similarly (compounds)
(Scheme 33%7** Compoundss3 and 54 allowed subsequent
es arylation through Suzuki or Stille cross-couplings.

1 R1
2 2
R N R Ny
» * "
R3 N R? N
El
R" = NHCgH;, R? = R3 = OMe [a.b.c] 52: 85-91%
R' = 4-MeOCgH,, R? = R® = OMe [de.c] 53: 84%
R" = 4-F4CCqH,, R? = R® = OMe [f.e.cl 54: 66%
R"=OH, R?=R3=0Me lg.h.b,c] 55: 50%
R'=0OH,R?=H,R*=Cl [9,h,b,c] 56: 73-95%

Scheme 33 Deprotonative functionalization of 4-anilino-, (4-

methoxyphenyl)- and -trifluoromethylphenyl)-6,7-dimethoxyquinaz-

oline, 6,7-dimethoxy- and 7-chloroquinazolinoriReaction conditions
w[a] LTMP, THF, -75 °C, 2 h; [b] Electrophile {EI} MeCHO

24. {CH(OH)Me}, PhCHO {CH(OH)Ph}; [c] hydrolysis; [d] LTMP, THF;

75 °C, 1 h; [e]Electrophile {El} I, {I}; [f] LDA, THF, —75 °C, 1 h; [g]
BulLi, THF,-75 °C, 15 min; [h] LTMP, THF-75 °C, 1.5 h.

The metalation of other substituted pyrimidines leeen




only scarcely examined up to now. [N\ X R E’\[N\ X R

3.4 Metalation of N-protected aminopyrimidines = 5%3/ =

4-(Tert-butoxycarbonyl)amino-2-(trimethylsilyl)pyrimidine OH OH

. . on i .

was n_1t:_:1de afczesstlbbletln a Icl))w 1I1/o _yleld e_tftc_edr_ ccnrtlzma:i1 X = CI, R = OMe a.b.c] 59: 52-649%
s exposition o “ert-bu oxycar ony)gmlngpyr_lml ine to the R = OCH,0CH, a.b.c] 60: 52%

action of LTMP and chlorotrimethylsilarfé® This remains the X=F R=H ded] 61: 84%

sole example of a pyrimidine deprotonation at thpo2ition X = F, R = O(CHy)sCH, [dec] 62: 60%

known so far. 45 X =F, R = 0(CHy);;CHs [d.ecl 63: 59%

4 M etalation of pyr azines and quinoxalines Scheme 35 Deprotonative functionalization of 3-chloro- andlBoro-o.-

) ) ) arylpyrazine-2-methanolfeaction conditionga] LTMP, THF,-75 °C,

10 4.1 Metalation of bare and long range activated pyrazines 15 min; [b] Electrophile {EIl} MeCHO {CH(OH)Me}, PhCHO

. . . . CH(OH)Ph}, CCls {C1}, I2 {I}; [c] hydrolysis; [d] LTMP, THF,—75 °C,
First mentions to a pyrazine deprotonation datenfrb971, 50{5mi(n; [e)]Ek}ectropgi{Ie {}E|}:Z|{Zi|}[.] ydrolysis: [d]

when it was observed as a competitive reactioruiclgophilic

addition of alkyllithiums?*® and above all 1972, when ring 2-Fluoro-3-phenylpyrazine was similarly deprotaetht(3
metalation was observed together with lateral nagimh by  equiv. of LTMP), as demonstrated by trapping witbstof
1s treating 2-ethyl-3-methylpyrazine with methyllithiu the electrophiles to afford the 6-substituted daties 64.

As described for pyridazine, regioselective matata of ~ When elemental iodine was used, the 6-iodo compogd
pyrazine was found possible using 4 equiv. of LTEtRI very s was isolated only when 1 equiv. of LTMP was empthye
short exposure times at75 °C, a result evidenced by Using LTMP in excess (3 equiv.) and 1 equiv. ofifeg the
interception with benzaldehyde, acetaldehyde omeleal 5-iodo compound66 was formed instead. The latter could

2 iodine to give the functionalized pyrazin&% in 39 to 65% result from a deprotonation of the 6-substitutedwdgives 65
yields. When benzaldehyde was used in excess (®.¢gthe ~ With the excess of LTMP during the quenching stephw
2,5-disubstituted pyrazine58 was inevitably produced, s iodine, followed by iodine migration, as depicted $cheme

probably by competitive deprotonation of the alnea?- 36.°10%
functionalized pyrazine during the trapping stepch@me
34) Y N _Ph

= I

OH N7 OF %

N\ [a b,c] Ph N\ [a,b,c] [a,d] le.c]
\ 5 R \ _ Ph 59-77% 64% 89%
N N N _Ph I._ _N_ _Ph
" o TX
~ ~
E” N F NTF
64 66

Scheme 34 Deprotonative functionalization of pyrazinéReaction

conditions [a] LTMP, THF,-75 °C, 6 min; [b]Electrophile {EI} PhCHO
{CH(OH)Ph}, MeCHO {CH(OH)Me}, k {l}; [c] hydrolysis.

0 Using anin situ prepared mixture of Zng@ITMEDA (0.5 N _Ph N _Ph
equiv.) and LTMP (1.5 equiv.) in THF, the metalated 65_{ I T } { :[ T }_. 66
compound could be accumulated at room temperatuggve

fter tr in h mon i rivativese.
f'a(tje t a_pp g tsgeo/ .O l(;)SUbSSt tuFed fde at .ese)ﬁgd(. Scheme 36 Deprotonative functionalization of 2-fluoro-3-plypyrazine.
iodopyrazine in o yield). Starting from quinoX@i  peoaction conditions[a] LTMP, THF, —75 °C, 5 min; [b]Electrophile

ssresulted in mixtures of 2-iodo, 2,5-diiodo and 2,2';{El}: MeCHO {CH(OH)Me}, PhCHO {CH(OH)Ph} MesSiCl {SiMes},
biquinoxaline under the same reaction conditiths. BusSnCl {SnBu}; [9] hydrolysis; [d] Electrophile {El} I, {I}; [e] LTMP,

3-Chloroa-arylpyrazine-2-methanols got deprotonated at THF,—75 °C, 30 min.
the 5-position upon treatment with LTMP (3 equivm)THF at
—75 °C, leading to the derivativé9-63 (Scheme 35j* High
40 y|e|ds were obtained using a similar protoc0| with3- Base and solvent Optimization for the deprotonat)'bﬁ,Sdi-
dichloropyrazine€> Compoundss9 and 60 (El = ) were next 7 Secbutylpyrazine-1-oxide was carried out at low temgtere.
functionalized using a Negishi procedure as keyp ste The best results were obtained using LTMP in THFthe

furnish septorin, the main agent of a wheat diséageding  Presence of TMEDA. The method was extended to other
growth, substrates, affording the corresponding 2-subsiityptyrazine-

1-oxides67 in good yields (Scheme 37§.

4.2 Metalation of pyrazine-1-oxides

10
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67
R'=R3=/Pr;R2=H [a,b] 60-72%
R'=R3=%By; R?=H [a,c,d] 65-74%
R'=R?=CgHg R®=H [a,e,d] 55%

Scheme 37 Deprotonative functionalization of pyrazine-1-cxi&eaction
conditions [a] LTMP, THF, TMEDA, -75 °C, 20 min; [b]Electrophile
{El}: HCOMe {CHO}, 4-MeCgH,COCI {C(O)(4-MeGH,)}, 4-
5 MeCH,COMe {C(O)(4-MeGsH,)}; [c] Electrophile {EI} EtCHO
{CH(OH)Et}, PhCHO {CH(OH)Ph}; [d] hydrolysis; [e]Electrophile
{El}: PhCHO {CH(OH)Ph}.

4.3 Metalation of halo- pyrazines and quinoxalines

Bromopyrazine was deprotonated next to the brommumgr

with in situ trapping such as benzaldehyde, elemental iodine
or chlorotributylstannane (Scheme 38y5¢

N N El El N Ei
/ / /

Cl N Cl Cl N Cl Cl N Cl
71 72

Scheme 39 Deprotonative functionalization of 2,6-dichloropgimne.

so Reaction conditionga] LTMP, THF,-70 °C, 2 h; [b]Electrophile {El}
MeCHO {CH(OH)Me}, EtCHO {CH(OH)Et}, PhCHO {CH(OH)Ph} 2-
MeOGH,CHO {CH(OH)(2-MeOGH.)}, 2,4-diCIGH;CHO
{CH(OH)(2,4-diCIGH3)}, HCO.Et {CHO}, I» {I} , MesSnCI {SnMe};
[c] hydrolysis.

[a,b,c]

_

44-70%

ss  2,6-Dichloropyrazine could serve as attractive rtstg
material as it offered the possibility to replaceechydrogen
by a first electrophile and the other one by a gdco

10 using 3 equiv. of LDA in THF at75 °C. This was evidenced electrophile. The dideprotonation was optimizedngsi2.5

by quenching after 15 min with acetaldehyde, betedayde,
phenyl disulfide or elemental iodine to give thepested

products 68 in 62, 69, 53 and 50% yield, respectivéfy.

Chloro- and iodopyrazine were similarly regioseiesly
1s metalated, but LTMP proved to be a better base thHaA.
Due to the better stability of 2-chloro-3-lithiomzine, the
accumulation time could be extended to 30 min (hange
was observed using longer exposure times) to ghe 3-
functionalized chloropyrazine$§9 in satisfying yields® In
20 contrast, the accumulation
iodopyrazine in order to obtain

disubstituted iodopyrazin®?

N N El
AN AN
N X N X

X =Br [a,b,c] 68: 50-69%
X=Cl [d.e.cl 69: 55-90%
» X=1 If,.c] 70: 19-82%

Scheme 38 Deprotonative functionalization of iodo-,
chloropyrazineReaction conditionga] LDA, THF, —75 °C, 15 min; [b]
Electrophile {EI} MeCHO {CH(OH)Me}, PhCHO {CH(OH)Ph}, (PhS)
{SPh}, 1, {I}; [c] hydrolysis; [d] LTMP, THF, —-70 °C, 30 min; [e]

30 Electrophile {EI} DCI {D}, MeCHO {CH(OH)Me}, PhCHO
{CH(OH)Ph}, 2-furyICHO {CH(OH)(2-furyl)}, 4-MeOGH,CHO
{CH(OH)(4-MeOGH4)}, 2-MeOGH,CHO {CH(OH)(2-MeOGH.)},
PhCO {C(OH)Ph}, HCOEt {CHO}; [f] LTMP, THF, —75 °C, 5 min;
[g] Electrophile {EI} MeCHO {CH(OH)Me}, PhCHO {CH(OH)Ph}

35 PhCO {C(OH)Ph}, (PhS) {SPh}, HCO.Et {CHO}, Me;SiCl {SiMes},
CO; {COH}, 12 {1}

Metalation of chloropyrazines next to the halogstill
proved feasible when a substituent such as a ketah aryl
group was present at the 6-positin.

40 The metalation/functionalization sequence was iappto

2,6-dichloropyrazine to give the compoundisin moderate to

good yields. Nevertheless, the outcome of the readargely
depends on the amount of base used since the fomat

3,5-difunctionalized product32 could not be avoided using

s an excess of metalating agent and electrophilespatibyie

time was shortened with Cl
the 3-substituted 2 73
iodopyrazines70 in satisfying yield® (Scheme 38). The
metalation next to the iodo group was extended to

bromo- dan

equiv. of LTMP in THF at-100 °C, and the sequential

eo introduction of two different electrophiles allowethe
synthesis of 2,6-dichloro-3,5-disubstituted compasin
including 73 (Scheme 40§’

BnO
o. OH

[a,b,c]

—_

73%

N I
N
BnO OBn || I
—
Cl N Cl
gcheme 40 Deprotonative functionalization of 2,6-dichloropgine.

65 Reaction conditions[a] LTMP, THF,-100 °C, 1 h; [bFirst electrophile
I5; [c] Second electrophiie2,3,5-tri-O-benzyl-D-ribono-1,4-lactone.

£,

The situation becomes more complex when one has to
metalate 2-chloroquinoxaline. First attempts to WsSeMP
were unsuccessfif? The reaction was next shown to provide

70 the 3,3'-dimer in 59% yield when DCIl was used tengh the
lithio intermediate. 3-Substituted derivatives warbtained
after reaction of LTMP at-75 °C for 15-20 min and
subsequent trapping with acetaldehyde or benzaltkehn
medium yields®

s Fluoropyrazine proved prone to proton abstractient to
the halogen when treated with hindered lithium kijfldmides
(1 equiv.) in THF at low temperatures, LTMP givitite best
yields with a short contact time of 5 min (composnd). 3-
Fluorou,a-diphenylpyrazine-2-methanol was subjected to

so deprotonation too when allowed to react with LTMPlaw
temperature to give the compournds(Scheme 41). When the
reaction from fluoropyrazine was conducted in thesgnce of
an excess of base and chlorotributylstannanel@0 °C, 2-
fluoro-3,6-bis(tributylstannyl)pyrazine, which pratply

ss results from deprotonation at C6 of intermediat8udro-3-
(tributylstannyl)pyrazine under thia situ trapping conditions
used, was isolated in 90% yield>®
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OoH electrophiles afforded the 5-substituted quinoxedims major

AN [a.b,c] N fade N Ph s products (85% vyield using benzaldehyde as the mipbtle).
[ /j\ 0N [ ;[ 1000 )I _ Ph In the absence of directing group on the benzeng of
N~ °F N~ °F Er N~ °F
74 75

30-90% 54-99% . . . . .
quinoxaline, e.g. with 2-methoxy-3-phenylquinoxaline, the
El'= C(OH)Ph, reaction took place at both the 5- and 8-positigns.
Scheme 41 Deprotonative functionalization of fluoropyrazirend 3- 44 Metalation of alkoxy- pyrazines and quinoxalines

fluoro-o,a-diphenylpyrazine-2-methandReaction conditionda] LTMP, .
THE, <75 °C. 5 min; b] Electrophile {El} MeCHO {CEI(C])H)Me}, = LTMP-promoted  metalation of = 2-methoxy and 2,6-
s PACHO {CH(OH)Ph}, PKCO {C(OH)Ph}, 2-furylCHO {CH(OH)(2- dimethoxypyrazine was carried out in THF at 0 °C-G5 °C
furyl)}, 4-MeOCsH,CHO {CH(OH)(4-MeOGH,)}, 2-MeOCsH,CHO to give the compound¥8-79 after electrophilic trapping
{CH(OH)(2-MeOGH,)}, HCO:Et {CHO}, (PhS) {SPh}, I, {I}, BrCN (Scheme 43§°0:282:29.550.c.56.60a5 previously noted for 3,6-
{Br}, MeCONMe, {C(O)Me}, PhCONMe {COPh}; [c] hydrolysis; [d]  gimethoxypyridazine, good yields were obtained with
Electrophile {El} PRCO {C(OH)Ph), MeCHO {CH(OH)Me}, MeSICl ss electrophiles sufficiently compatible with the badeequiv.)
10 {SIME3}, |2 {l}, C 2C|5 {Cl} ) . . 28a . .
to allow in situ trappings°® This statement was confirmed by
Chloro- and fluoropyrazine were also functionalizdthe successive treatment of 2,6-dimethoxypyrazine WitMP (1
6-position using a trick. When treated with 3 equ¥ LTMP equiv.) at 0 °C for 15 min, and deuterated ethamdijch
in THF at -100 °C in the presence of 1 equiv. of afforded the 3-deuterated compound in a low 32%vesion.
chlorotiibutylstannane, the 3-(tributylstannyl) compourits « Using 2 equiv. of base had a positive effect ondbmeversion
isfirst formed could be converted to the 6-lithio quoond  (83% after 15 min and 100% after 30 mifiy.
which, via migration of the tributylstannyl group, could
finally afford 2-halo-6-(tributylstannyl)pyrazines’7 after

N N _El
hydrolysis (Scheme 42}.3 /[ j\ — /[ I
R™ N~ “oMe R™ ON” “oMe
[N\j\ labl /[N\j\ R =H, OMe [a,b.c] 78-79: 57-95%
oy 72-89% Py R = H, OMe [a,d,c] 78: 39-63%
77

Bu,Sn R = OMe lef.cl 79: 21-100%

/ Scheme 43 Deprotonative functionalization of 2-methoxy- angb-2

\ dimethoxypyrazineReaction conditins [a] LTMP, THF, -75 °C; [b]

65 Electrophile {EI} PhCHO {CH(OH)Ph}, Mel {Me}, Me;SiCl {SiMes};

Ny SnBus Ny -SnBus Ny L [c] hydrolysis; [d] Electrophile {EI} MeCHO {CH(OH)Me}, PhCHO

[NIX - Li/[NIX — Bu SanIX {CH(OH)Ph}, PhCON(OMe)Me {COPh} I, {I}; [e] LTMP, THF, 0 °C,
3

45 min; [f] Electrophile {El} DCI {D} , MeCHO {CH(OH)Me}, PhCHO
76 {CH(OH)Ph}, 2-MeOGH.CHO {CH(OH)(2-MeOGH.)}, HCO.Et
70 {CHO}, PhCON(OMe)Me {COPh}I; {I}, MeOCOCI {CO,Me}.
20 Scheme 42 Deprotonative  functionalization of chloro- and

fluoropyrazine.Reaction conditionga] BusSnCl, LTMP, THF,—100 °C The method using LTMP in THF at75 °C was extended to
to-40 °C, 2.5 h; [b] hydrolysis. 2-methoxyquinoxaline (interception of the lithio mpound
with N-methoxyN-methylbenzamide in 43% yield$? A more
complete investigation showed the yields of theuBstituted
derivatives80 were limited by the competitive formation of
the dimer81 (Scheme 4452

Similar protocols enabled the metalation of 2-flu®-
(tributylstannyl)pyrazine and 2-fluoro-6-arylpyraeis at the
25 3-position®® By intercepting the lithio compounds of the lattef®
with iodine, subsequent Sonogashira, Negishi andul§u
cross-couplings proved possible. Deprotonation-ch®ro-6-
methoxypyrazine showed incomplete regioselectivitsing NS [a.b.c] N F ANl
LDA or LTMP in THF at-70 °C, with a 15:85 ratio in favor ©i /j\ - ©: ;[ ©i j
20 of the 5-position next to the methoxy groti3:° Recourse to N" OMe N" OMe N"  OMe
very hindered base lithium  N-tert-butyl-N-(1- 80: 44-70% 81:9-53%
Isopropylpentyl)amide (LB lowered the regioselectivity at Scheme 44 Deprotonative functionalization of 2-methoxyquintine.
the position adjacent to the methoxy grdtifReplacing the  po; o, conditFi)ons[a] LTMP, THF,—70 °C, 2 h; [b]EIectro);;?]iIe (EN
chloro group with an iodo resulted in a completg pcyEtoD {D}, MeCHO {CH(OH)Me}, PhCHO {CH(OH)Ph} 2-
s regioselectivity when LDA was used in THF-at0 °C5°P MeOGC;H,CHO {CH(OH)(2-MeOGH.)}, Ph.CO {C(OH)Ph}, I, {I}; [c]
When 2-fluoro-6-methoxypyrazine was allowed to ctea hydrolysis.
with LDA in THF at -70 °C for 5 min, trapping with
aldehydes showed deprotonation mainly occurred teithe
fluoro group (96:4 ratio); LTMP andN-tert-butyl-N-(1-
w0 isopropylpentyl)amide (LB gave lower selectivitie&
6-Chloro-2,3-dimethoxyquinoxaline features an fagting
case of regioselectivity. Treatment with LTMP (4ueq) in
THF for 1 h at low temperature followed by reactiasith

The dideprotonation of several pyrazine-2,5-diletaas
achieved using LTMP in THF at25 °C for 4 h, as
ss demonstrated by subsequent reaction with eleméodate to
afford the compound82 (Scheme 455! The reagent has to be
used in large excess (12 equiv.) which consumegelar
amounts of the electrophile and limits the scale.
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9

O (0] (0] o
N | N
‘ N R [a,b,c] ‘ N R
R / 47-84% R /
N N |
059 OSJ
R = Bu, Cy,Hys, 4-BuCgH,, 4-C1,H,5C6H, 82

Scheme 45 Deprotonative functionalization of pyrazine-2,%etals.
Reaction conditionda] LTMP, THF,-25 °C, 4 h; [b] 4; [c] hydrolysis.

4.5 Metalation of sulfanyl-, sulfinyl- and sulfonyl- pyrazines
s and quinoxalines

Methylsulfanyl-

occurred at the 3-position, leading to the compowssi
(Scheme 465%%*° The method was extended
10 (Mmethylsulfanyl)quinoxaline  (interception of the thiio
compound with N-methoxyN-methylbenzamide

yield).562
N N El
B B
L (L
N SR N SR
83: 76%

R =Me
R =Ph 83: 74%

[a,b,c]
[d,e,c]

Scheme 46 Deprotonative functionalization of methylsulfanylnda
15 phenylsulfanylpyrazineReaction conditionda] LTMP, THF,-75 °C, 20

min; [b] Electrophile {EI} PhCON(OMe)Me {COPh}; [c] hydrolysis; [d]

LTMP, THF,-75 °C, 1 h; [eElectrophile {EI} MeCHO {CH(OH)Me}.

Whereas methylsulfinyl- and methylsulfonylpyrazimere
mainly deprotonated on the methyl group upon treatnwith
20 LTMP, phenylsulfonylpyrazine underwent ring depration
using LDA to give after transformation the 3-suhsid
derivative in 33% yield® Tertbutylsulfinyl- and tert-
butylsulfonylpyrazine similarly led to the 3-sulisted
derivatives84 in modest yields (Scheme 4%).

N N El
R [~
-~ 22-54% ez
N~ >s0,Bu ° N~ s0,Bu
s X=1,2 [a,b,c] 84
Scheme 47 Deprotonative functionalization of  sulfinyl-

sulfonylpyrazine Reaction conditionga] LTMP or LDA, THF,-75 °C,
30 min; [b] Electrophile {H: MeCHO {CH(OH)Me}, PhCHO
{CH(OH)Ph}, I, {I}; [c] hydrolysis.

04.6 Metalation of
quinoxalines

N-protected amino- pyrazines and

and phenylsulfanylpyrazine have hee
deprotonated using LTMP in THF aff5 °C. The reaction

to 2-

in 42%

expected alcohol in 25% yiefd. Deprotonation of N-tert-

butoxycarbonyl  diprotected 2,5-diaminopyrazine  was
40 achieved using 8 equiv. of the mixed Li-K systentadbed by

mixing LTMP and potassiuntert-butoxide, after replacement

of the carbamate protons by tributylstannyl groums
evidenced by interception with chlorotributylstanea
(Scheme 48§ Subsequent Pd/Cu couplings with

45 dilodopyrazines82 were utilized to prepare polymers.

OYO’BU

N_ _NH N_ _N_
/[ \j/ [a,b] /[ \j/ SnBug
— Bu;Sn /
HNT N s l N

O O'Bu

o] OBu o OBu

[c,d,e] J 46%

OYotBU

N_ _NH

‘ N
1T
HNT N
O%\O’Bu

Scheme 48 Deprotonative functionalization oN-tert-butoxycarbonyl

diprotected 2,5-diaminopyrazinReaction conditionsja] NaH, THF, rt,

1 h; [b] BwSnCl, rt, 15 min; [c] LTMP,'BuOK, DEE, rt, 3 h; [d]
s0 BusSnCl, rt, overnight; [e] hydrolysis.

BusSn

SnBuj

Treatment oN-pivaloyl protected 2-aminoquinoxaline with
LTMP in THF at -70 °C resulted in the regioselective
metalation next to the directing group to affordeaftrapping
the 3-substituted derivativeds (Scheme 4952

~ ) 32-65% ~ )
N~ “NHCOBu N~ “NHCOBu
5

55 8

Scheme 49 Deprotonative functionalization oN-pivaloyl 2-amino-
quinoxaline.Reaction conditions[a] LTMP, THF, =70 °C, 2.5 h; [b]
Electrophile {EI} MeCHO {CH(OH)Me}, PhCHO {CH(OH)Ph}, 4 {I},
CQO; {CO,H}; [c] hydrolysis.

60 4.7 M etalation of and

pyrazinethiocar boxamides

pyrazinecar boxamides

and Reactions betweenN-(tert-butyl)pyrazinecarboxamide and

LTMP were conducted in THF at temperatures betwe8a
°C and 0 °C prior to deuteriolysis. Whereas mixturehere
es the 5-deuterated derivatig6 predominates were obtained at
very low temperatures (45% 86 against 25% 087 (El = D)
at—80 °C) probablyia a kinetic lithio compound at C5, the

The metalation ofN-pivaloyl protected aminopyrazine was S-deuterated compoungr (El = D) was detected at 0 °C (4

unsuccessfully attempted using butyltert-butyl- and
mesityllithium due to easier nucleophilic additioRecourse
3st0 LTMP (2 equiv.) resulted in an incomplete metiala at the
3-position when used in THF at 0 °C, as demongirdig
guenching with benzaldehyde to give after hydrayshe

equiv. of base) as the only product probablya a
70 thermodynamic lithio compound at C3, stabilized the
chelating deprotonated carboxamide function. Subseg
functionalization of the deprotonated site was naxtsidered
(Scheme 50§?
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CONHBu

L 1
N/ 45 2
86

El

[N\j\ [a,b,c] [N\:/L 50 3
Pz _750 P

N CONHBuU 45-75% N CONHBuU 4

87 5

55 6

Scheme 50 Deprotonative functionalization oN-(tert-butyl)pyrazine-
carboxamide.Reaction conditions[a] LTMP, THF, 0 °C, 1 h; [b]
Electrophile {El} DCI/EtOD {D}, MeCHO {CH(OH)Me}, PhCHO 7
5 {CH(OH)Ph}; [c] hydrolysis.

60

Starting from N-methyl, N-(tert-butyl)- and N,N-
diisopropylpyrazinethiocarboxamide, a complete g
regioselectivity in favor of the kinetic 5-lithioniermediate
was observed at low temperature, leading to thepoamds

10 88 (Scheme 51§°
N El_ _N
N N
(L DR
N N
88

(R',R?) = (H, Me), (H, Bu), (Pr, 'Pr)

10
65

11

12
[a,b,c]

_

8-100% 7

13

CSNR'R? CSNR'R?

Scheme 51 Deprotonative functionalization df-methyl, N-(tert-butyl)-
and N,N-diisopropylpyrazinethiocarboxamiddreaction conditions[a]
LTMP, THF, -75 °C, 1.5 h; [b] Electrophile {El} DCI/EtOD {D},

15s MeCHO {CH(OH)Me}, PhCHO {CH(OH)Ph} PhCO {C(OH)Ph},
CCls {Cl}, BusSnCl {SnBu}, Mel {Me}, MesSiCl {SiMes}, I, {I},
(PhS) {SPh}; [c] hydrolysis.

75 14
15

16
80

5 Conclusions o

The methods outlined above allowed the functiorsdion of 18

20 numerous diazines, and hence opened an entry toeat 9,
variety of building blocks e.g. if combined with other
reactions such as cross-couplirfgs.

Despite all the applications so far featured, peold remain.
The tendency of the substrates to undergo nucléophi

25 additions or substitutions limits the scope of tteaction.
Recourse to LTMP to perform these reactions reducesps
nucleophilic attacks of the base to the substrémet is
helpless to prevent reactions from the lithiatethstrate. In
addition, reactions using LTMP are equilibria, aam excess

30 of base is in general required to ensure satisfyieffls. 24

Recently, new bases such as magnesates and =zncate
started to emerge, and proved convenient to alleactions 25
that were not accessible using lithium bases. Tégpe of 1
these bases for the deprotonation of heterocycdes,far

s demonstrated with very sensible substrates suchba®
diazines and halo pyrimidines deserves to be tefstder.
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