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Abstract: Lithiation of fluoropyrazine followed by quenching with various electrophiles was

qannragoefiilly achiavad and N A+ ¢ o intinn A
successfully achieved and was used to synthesize new pyrazine derivatives. A further lithiation of 2-

fluoro-3-substituted pyrazines allowed access to 2,3,6-trisubstituted pyridazine derivatives. As an
application, a one-pot synthesis of a quinuclidinylfluoropyrazine has been performed. When the 3-

substituent bears a TMS protected alcohol, functionalization via metallation at Cg position provides

tatracuhcetitted r\vrn’nnnc in good vield . © 1998 Elsevier Science Ltd. All ¢
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Halogenopyrazines are an important class of compounds in pyrazine chemistry since they can undergo
easy displacement of the halogen atom with nucleophiles affording numerous otherwise inaccessible
pyrazines.!,2 Furthermore, synthesis of new pyrazines can be achieved using halogen to induce ortho-
directed metallation and functionalization of 2-halogenopyrazines. Some years ago the regioselective
lithiation of chloropyrazine was performed providing a new synthetic route to 2,3-disubstituted pyrazines.3
As a continuation of our studies on diazines, 4 we report the direct lithiation and functionalization of
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chemical behaviour, thus making fluorinated compounds of special interest to both the synthetic and
medicinal chemist. The fluorine atom has been previously used as an ortho-directing group with pyridine,>
quinoline 6 and more recently with pyrimidine.4¢
Starting from chloropyrazine, syntheses of fluoropyrazine’ have been previously described in the
literature with good yields (57-93%).
Fluoropyrazine 2 has been obtained in 80% yield via substitution of chlorine by a fluorine atom
rocedure described by Z erg,nv1_7d The conditions of metallation have been optimized

electrophile (Scheme 1, Table 1).
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Table 1. Metallation of 2-fluoropyrazine 1 and reaction with acetaldehyde

Metallating agent Reaction times t; Yield

LDA 5 52%

" 10 65 %

" 15 42 %

LTMP 5 86 %

" 10 71 %
" 30 0%

The best result was obtained with LTMP as metallating agent and a short reaction time (5 min). These
experimental conditions were chosen for the further reaction of 1 with other electrophiles (Scheme 2, Table 2).
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Table Z. Metallation of 2-fluoropyrazine 1 and reaction with electrophiles
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It was noticed that with diphenylsulfide as the electrophile, 2,3-diphenylthiopyrazine 14 was obtained in

11 0/ alas n

12 % yield along with monosubstituted derivative 9. Compound 14 results from a further nucieophilic
substitution of fluorine atom by phenyithiolate ion. With N,N-dimethylacetamide or N,N-dimethylbenzamide
as electrophile, substitution of fluorine by the N,N-dimethyl amino group was also observed leading to
compounds 15 and 16 in 15 and 20 % yield respectively.

With the aim of improving the yield of the alcohol 4, lithiation of 1 was performed under the
experimental conditions of the in situ trapping method.8 Compound 4 was obtained with a better yield ( 60%)

along with dialcohol 17 in low yield (8%), which could result from a further lithation of 4 (Scheme 3).
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Moreover, when 1 was lithiated using the in situ trapping method with an excess of LTMP (2
ennivalantc) at low temneratiire (-100°CY and trihutvitin chloride wac need ac the alectranhile 2_fluara-2 A
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tributylstanylpyrazine 18 was obtained in good yield, indicating that a further lithiation took place (Scheme 4).
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For compounds 17 and 18, functionalization at the Cg4 position has been unambiguously assigned
thanks to long-range hydrogen-fluorine coupling constants. The remaining pyrazine hydrogen of 17 and 18
exhibited a high coupling constant (4.5 Hz for 17 and 6.0 Hz for 18). These values are in agreement with those
previously described for 2-fluoropyrazine by Jovanic,? which indicated a higher value for 5Js ¢ than 4Jg ¢

This result urged us to check if an excess of metallating agent could induce a further lithiation at Cgq
regardless of the structure of the 3-substituent.

Treatment of 4 with LTMP at -78°C for a short reaction time (5 min) followed by reaction with various
electrophiles allowed functionalization at Cg and afforded 2,3,6-trisubstitued pyrazines in good yields,
(Scheme 5 Table 3).
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Table 3. Metallation of 4 and reaction with various electrophiles
n eq. Electrophile E R Compound Yield
2.1 Ph,CO Ph,C(OH) H 17 54 %
3.1 Ph,CO Ph,C(OH) H 17 90 %
3.1 CH,CHO CH;CH(OH) H 19 86 %
3.1 ClSiMe, Me;Si SiMes 20 95%
3,1 CISiMe; Me;Si H 217 95 %
3.1 I H H 22 99 %
3.1 CCi3CClg Cli H 23 76 %

o *Compound 21 resulted from hydrolysis from 20

As an application we have synthetised a quinuclidinylpyrazine. Similar structures previously described
in the literature were found to possess muscarinic activity.10.11
The 3-hydroxyquinuclidinylpyrazine 24 was obtained "one pot" starting from 2-fluoropyrazine 1
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In view of the successful fontionalization at Cg, it was deciced to test the possibility of metallation at Cs

in order to gain access to tretrasubstituted pyrazines.
Attemnpts to metalate compounds 17,19-22 were performed with an excess of LTMP (4 or 5 equivalents)
in THF at -78°C with various electrophiles (Scheme 8).
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In all cases the lithiation failed and the starting materials were recovered. It could be assumed that
bulky substituents such as Ph,C(OH) or SiMej could prevent approach of a hindered base such as LTMP at
the Cs position. Further attempts were performed with the iodo derivative 22 and LTMP as metallating agent
according to the "in situ trapping" method, with a rise of temperature from -78°C to -10°C over one hour. The

electrophile was TMSCI or benzophenone (Scheme 9, Table 4).
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Table 4. Metallation of 22 according in situ trapping method
n eq. Electrophile = Compound Yield
6 TMSCI 27 93 %

5 Ph,CO 17 97 %
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position was obtained in good yield, whereas with benzophenone the dialcohol 17, resulting from an iodine-
lithium exchange,!? was obtained in high yield.

These results exhibited a considerable difference in the reactivity of 22 (metallation versus halogen-
metal exchange), which could be due to the nature of the substituent at C; towards the two electrophiles. It
must be noted that in the first case, TMSCI and LTMP were present in excess in the reaction mixture leading

to protection of the alcohol as its trimethyl silyl ether, whereas in the second case the substituent at Cq was a

The iodo compound 29 was obtained by metallation of silylether 28 with LTMP followed by reaction
with iodine, whereas 30 was easily obtained starting from the corresponding tertiary alcohol 23 by treatment
with LTMP followed by reaction with trimethylsilyl chloride (Scheme 10).
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Compounds 29 and 30 were then submitted to lithiation at -78°C with 2 equivalents of LTMP and

tetrasubstituted pyrazines (Scheme 11, Table 5).
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Table 5. Metallation of compounds 29 and 30 and reaction with various electrophiles

X n eq. Electrophile Compound Yield
I 2,1 Ph,CO 31 70 %
I 2,1 CH;CHO 32 81 %
I 2,1 CHal 33 60 %
Ct 31 SiMe, 34 66 %
Cl 3.1 I 15 70 %,

¢

Iy s H pe N4 AV ANA

The difterence in reactivity could be explained as follows:

It could be assumed that with an alkoxide group the lithium undergoes a complexation between the
oxygen of the alkoxide and the nitrogen of the heterocycle ; lithium being generally tetracoordinated, it could
be complexed with two supplementary solvent molecules, or included in a dimer structure with two pyrazines.

Such a complex has been modeled by computer-aided molecular modeling with the MMX method. The
geometry of the mixed aggregate reveals a steric hindrance which could prevent approach of the bulky base,
LTMP, thus inhibiting deprotonation at C4 and allowing only a halogen-exchange at Cs. (Scheme 12).

However, another plausible explanation may be the fact that built-in metal alkoxides tend to trigger single-

We have highlighted the possibility of lithiating the 5 position when there is a silyl ether protecting
group on the alcohol. These results provided a new synthetic route to tetrasubstituted pyrazines by reaction of
6-lithioderivatives with various electrophiles.

CONCLUSION

Ortho-directed metallation and functionalization of fluoropyrazine has been performed leading to
various 2-fluoro-3-substituted pyrazines. The use of an excess of metallating agent with the in situ trapping
method allowed funtionalization at the Cg position. This result was developed with 2-fluoro-3-
diphenylhydroxymethylpyrazine to synthesize various 2,3,6-trisubstituted pyrazines.

It was highlighted that the nature of the substituent at the C3 position had an influence upon the
reactivity of 6-fluoropyrazines, such that the presence of a lithium alkoxide induced an halogen-metal
exchange whereas a protecting group such as trimethylsilyl ether allowed functionalization at the C5 position

affording tetrasubstituted pyrazines.



EXPERIMENTAL

Melting points were determined on a Kofler hot-stage. The !H, !9F and 13C NMR spectra were
recorded in deuteriochloroform on a Bruker AC 200 instrument. Microanalyses were performed on a Carlo
Erba CHNOS 1160 apparatus. Mass specira were recorded at 70 eV (EI) on a JEOL JMS-AX 500
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General procedure for metallation A.
A solution of n-butyllithium 1.6 or 2.5 M in hexane (n eq.) was added to cooled (-50°C), stirred,
anhydrous tetrahydrofuran (20 ml) under an atmosphere of dry argon. Then 2,2,6,6-tetramethylpiperidine (n
eq.) was added. The mixture was warmed to 0°C for 20 minutes. The mixture was then carried to 6; The
pyrazine dissolved in 5 ml of tetrahydrofuran was added and the mixture was stirred for a time t; at 6; A
solution of electrophile in 5 ml of tetrahydrofuran was introduced and stirring was continued for a time t, at

~ vdrolvsis was then carried out using a solution of 35% a RIS TE BTSN Sp2 S TN S
qz- F1yuivlys iS was uicn Cairied out dl U2 Uslilg d SVIULIVIL VI 50 /0 aqueous IIYUIULIUUIIL dallid (<Iili ), Cuianot
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solution was a mixture of water (2 ml) and ethanol (8ml) The solution was warmed to room temperature,
made slightly basic with a saturated sodium hydrogen carbonate solution. When the electrophile was iodine,
the solution was decolorised with sodium thiosulphate and evaporated nearly dryness. The residue was
extracted with dichloromethane (3x20ml). The organic extract was dried over magnesium sulphate and
evaporated. The crude product was purified by column chromatography on silica gel by sublimation,
distillation or sublimation.
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A solution of n-butyllithium (1.6 M in hexane) was added to cold (-50°C), stirred, anhydrous

tetrahydrofuran (15 ml) under an atmosphere of dry argon. Then 2,2,6,6- tetramethylpypendme was added. The
mixture was warmed to 0°C and it was allowed to stand at 0°C for 20 minutes. The mixture temperature was
then carried to 6. The pyrazine dissolved in 5 ml tetrahydrofuran and the electrophile were simultaneously
introduced and the mixture was stirred for a time t. during this time temperature was slowly increase from 0,
to 0, The following steps are similar to metallation A
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837(dd 1H, /56 27HL,J5F 8.3 ZH3),
Hg): 13¢ NMR (CDClg) 5. 160. (d J =252 Hz, Cp), 141.5, 141.5 d,J= 20Hz Cs, Cg), 113.6 (d,J— 40
Hz, C3); 19F NMR (CDCI3): & - 80.37.Anal Calcd for C4H3FN» (98.08): C, 48.98, H, 3.08, N, 28.56. Found
C,486,H, 3.1, N, 28.8.
2-Fluoroe-3-(1-hydroxyethyl)pyrazine (2): Metallation of 1 (200 mg, 2.04 mmol) accordmg to the general

procedure A with n- BuLi 2.5M (0.9 mi, 1.1 eq.), TMPH (0.41 mi, 1.2 eq.), t; = 5 min, 81= - 78°C, followed
by reaction with acetaldehyde ( 2Zml, 37 eq.), tp = 60 min, 67= - 78°C afforded after purification by column
AlhsrnseantAagramleg 0 ]‘nn alhant dichlaramethane/ethvlacatate {10/1Y) 280 ma (R4 onf 2 ac a vellnw nil- 1
uxuuxuatuyayuy \ va, CIUuLLl . WiLHVIVIHIVUIALIV/ VLY 1Iaviiaiv \ 1V/ L J) &0V OV /) Ul & ad a yLliuw Uil, i1
NMR (CDCl3): 8 8.42 (dd, 1H, J5 ¢ = 2.5 Hz, J5 F = 68 Hz, Hs); 8.11 (m, 1H, Hg); 5.07 (m, 1H, J= 6.5 Hz,
CH); 3.90 (d, 1H, J = 6.5 Hz, OH); 1.48 (dd, 3H, J = 6.5 Hz, J\fe F = 0.9 Hz, CH3); 19F NMR (CDCl3 3 -

1viv,i

79.23. Anal Caled for CgH7FN2O (142.13): C, 50.70; H, 4.96; N, 19.71. Found: C, 51.0; H, 4.7, N, 19.7.
2-Fluoroe-3-( 1-phenvlhvdroxymethvl)pvrazme (3): Metallation of 1 (200 mg, 2.04 mmol) according to the
general procedure A with n- BuLi 2.5M (0.9 ml, 1.1 eq.), TMPH (0.41 ml, 1.2 eq.), t} = 5 min, 8= - 78°C,




followed by reaction with benzaldehyde (325 mg, 3.06 mmol.) to = 60 min, 0>= - 78°C, afforded after
purification by column chromatography (silica, eluent : cyclohexane/ethylacetate (3/8)) 295 mg (71%) of 3 as
a white solid, mp 81-82°C; 1H NMR (CDCl3): & 8.46 (dd, 1H, J5 6 = 2.5 Hz, J5 F = 3.9 Hz, Hs); 8.14 (m,
1H, Hg); 7.30 (m, 5H, Phenyl); 5.97 (d, 1H, J = 5.6 Hz, CH), 464 (d, 1H, OH); 19F NMR (CDCl3): & -

77.58. Anai Lalcamrbuﬁgﬂ\lzuusz) C, 64.70; 11, 4.44; N, 13.70. Found: C, 64.6; H, 4.3; N, 13.9.
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L‘PII.IUI'U- |ulpgcn!ln!urgx!mctg! 1PY & ne (9). Metallation OI \" 00 mg, 2.04 mmOI) accoralng to Ine
general procedure A with n- BuLi 2.5M (0.9 ml, 1.1 eq.), TMPH (0.41 ml, 1.2 eq.), t; = 5 min, 01= - 78°C,

followed hv reaction with benzophenone (390 mg, 2.Immol), tH = Rﬁ min, Qn~ - 78°C, afforded after

31981 LA g, LILRIVL. g, V) e QuAVIVIVU QI

nunhcatxon by column chromatoeraohv 51hca eluent : ether/cyclohexane (1/1)) 458 mg (80%) of 4 as a white
solid, mp 54-55°C; |H NMR (CDCl3): 6 8.46 (dd, 1H, J5 ¢ = 2.6 Hz, J5 F = 4.3 Hz, Hs); 8.20 (m, 1H, Hg);
7.34 (m, 10H Phenyl); 6.00 (s,1H, OH).Anal Calcd for C17H13FN20 (280 30): C, 72.94; H, 4.67; N, 9.99.
Found: C, 72.8; H,4.9; N, 9.8.

2-Fluoro-3-[1-(2-furyl)hydroxymethyl]pyrazine (5) : Metallation of 1 (200 mg, 2.04 mmol) according to the
general procedure A with #- BuLi 2.5M (0.9 ml, 1.1 eq.), TMPH (0.41 ml, 1.2 eq.), t] = 5 min, 1= - 78°C,

followed Dy reaction with furfural (193 mg, 3.06mmol. ), [2 =60 mln Uz— - 78° L afforded after purmcauon

by column chromatography (silica, eluent : dichloromethane, 273 mg (69%) of 5 as a orange oil; 1H NMR
(CDCl3): & 8.47 (dd, 1H, J5 ¢ = 2.6 Hz, J5 F = 3.9 Hz, Hs); 8.19 (m, 1H, Hg); 7.32 (d, 1H /= 1.1 Hz, Hs

({52 S0 ) 1%, V50 7 40 IR £y v5,F J.7 i3l 11 7 L, 113, 56/, 7 G, 1 1 01z, ILDJ

628(mlH Ha"; 625(d ]H J=3.2 Hz, H-m 6.00 (d, ] J=17.5 Hz, CH); 4.56 (d, 1H, OH). 197 NMR

A1 114800 151, o

(CDCly): & - 78.66 Anal Calcd for C9H7FN207 (194.16): C, 55 67; H, 3.63; N, 14.42. Found: C, 55.7; H, 3.8;
N, 14.2.

2-Fluoro-3-[1-(4-methoxyphenyDhydroxymethyl]pyrazine (6) : Metallation of 1 (200 mg, 2.04 mmol)
according to the general procedure A with n- BuLi 2.5M (0.9 ml, 1.1 eq.), TMPH (0.41 ml, 1.2 eq.), t; =5
min, 8= - 78°C, followed by reaction with p-anisaidehyde (415 mg, 3.06mmol.), tp = 60 min, 87= - 78°C,
afforded after purification by column chromatography (silica, eluent : ethylacetate/cyclohexane (3/8)), 353 mg

A0/ A L& ne a vallaur Al ]UR AR (O T AY- R Q27444 1 T - =975 Jr-=7201-, LI\OnA/...,.I
T /0) uxuaaa_yuuuvv Uiy, L1 NMR \\.,U\.fljj 0 6.5/ 1\ I, v36 = 4/ XL, U3 F 3. 711L,113) U
»

d, 1 O.
Hg); 7.23 (d,2H J=8.7 Hz, Hy, Hg); 6.78 (d, 2H, H3', Hg); 5.88 (d, 1H, J=5.6 Hz, CH); 4.81 (d,
3.69 (s, 3H, OCH':) 19F NMR (CDCl3): & - 77.91. Anal Caled for Cy1oHy1FN2O> (234.23): C,
4.73: N, 11.96. Found: C, 61.6; H,4.7; N, 11.9.

2-Fluoro-3-{1-(2-methoxyphenyl)hydroxymethyl]pyrazine (7) : Metallation of 1 (200 mg, 2.04 mmol)
according to the general procedure A with n- Buli 2.5M (0.9 ml, 1.1 eq.), TMPH (0.41 ml, 1.2 eq.), t} = 5
min, 1= - 78°C, followed by reaction with o-anisaldehyde (416 mg, 3.06mmol.) afforded after purification by
coiumn chromatography (silica, eluent : ethyiacetate/cyciohexane (3/8)), 358 mg (75%) of 7 as a yeliow solid,
mp 90-91°C; TH NMR (CDCl3): 8.47 (dd, 1H, J5,6=2.7He, J5 F =4 Hz, Hs); 8.12 (m, 1H, Hg); 7.24 (m,
2H); 6.78 (m, 2H ); 6.26 (d, 1H, J= 8 Hz, CH); 4. 34 (d, 1H OM: 3.76 (s. 3H OCHj3). 19F NMR (CDCly):

il C./8 Ui, 41 C.&0 iid, J 13 4 103, iRy, 3.70 (5, 314, UL Iij JUBA LS\ QR L3 DL} o N
’» i, A Loy /s L] 7 \ \ 3/

- 77.7. Anal Caled for (‘12H11FNqOﬂ (234.23): C, 61,53 H, 4.73; N, 11.96. Found: C, 61.3; H, 4.9; N, 12.0.
2-Fluoro-3-formylpyrazine (8): Metallation of 1 (200 mg, 2.04 mmol) according to the general procedure A
with n- BuLi 2.5M (0.9 ml, 1.1 eq.), TMPH (0.41 ml, 1.2 eq.), t] = 5 min, 61= - 78°C, followed by reaction
with ethylformiate (0.25 ml, 3.06 mmol.), ty = 60 min, 6= - 78°C, afforded after purification by column
chromatography (silica, eluent : dichloromethane) 231 mg (90%) of 8 as a yellow liquid; IH NMR (CDCl3): &
10.16 (d, 1H, JcHO,F= 0.4 Hz, CHO); 8.69 (dd,1H, J5 6 = 2.4Hz, J5 = 3.8 Hz); 8.44 (d, 1H, Jg F= 1.5 Hz);

19F NMR (CDC]3) & - 76.22 .Anal Caled for CsH3FN,O (126.09): C, 47.63; H, 2.39; N, 22.20. Found: C,

'\n

b
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y reaction w1th d1pheny1 sulﬁde (670 mg, 3. 06 mmol ), to = 60 min, 62= - 78°C affordcd after purification
by column chromatography (silica, eluent : ether/cyclohexane (1/2)) a mixture of 9 and 14. Ratio and yields
established by NMR spectra. gave (30%) of 9 (and 12% of 14); 1H NMR (CDCI3): 6 8.14 (d,1H, J5 ¢ = 2.7Hz;
Js g = 4.5Hz, Hs); 7.84 (m, 1H, Hg); 7.50 (m, SH, Phenyl). C1oH7FN3S (206.24). MS (EI): m/z = 206 (M.
2-Fluoro-3-iodopyrazine (10): Metallation of 1 (200 mg, 2.04 mmol) according to the general procedure A
with n- BuLi 2.5M (0.9 ml, 1.1 eq.), TMPH (0.41 ml, 1.2 eq.), t] = 5 min, 61= - 78°C, followed by reaction

with iodine (1.0 g, 4 mmol.), tp = 60 min, 6>= - 78°C, afforded after purification by column chromatography
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(silica, eluent : dichloromethane/cyclohexane (1/1)) 247 mg (54%) of 10 as a white solid, mp 45-46°C; 155}
NMR (CDCl3): 8 8.28 (dd, 1H, Js = 2.5 Hz, J5 g= 4 Hz, H5); 8.09 (m, 1H, Hg); 19F NMR (CDCl3): 3 - 64.4
. Anal Calcd for C4HFIN7 (223.97): C, 21.45; H, 0.90; N, 12.51. Found: C, 21.6; 11, 0.6; N, 12.3.

2-Fluoro-3-bromopyrazine (11): Metallation of 1 (200 mg, 2.04 mmol) according to the general procedure

T ' oM osmom oam o

A with #- Buli 2.5M (0.9 mi, 1.1 eq ), TMPH (0.41 ml, 1.2 eq.), tl =5 min, 91= - 78°C, followed by reaction
with cyanogen bromide (324 mg, 3.06 mmol.) af
eluent : dichloromethane/cyclohexane (1/1)) 101
827 (dd, 1H, J5 ¢= 2.5 Hz, J5 g= 4 Hz, Hs); 8.0
27.15; H, 1.14; N, 15.83. Found C,27.0; H, 1.0; N, 15.6.

2-Acetyl-3-fluoropyrazine (12): Metallation of 1 (200 mg, 2.04 mmol) according to the general procedure A
with n- BuLi 2.5M (0.9 ml, 1.1 eq.), TMPH (0.41 ml, 1.2 eq.), t| = 5 min, 6= - 78°C, followed by reaction
with N,N-dimethylacetamide (266 mg, 3.06 mmol.), tp = 60 min, 6= - 78°C, afforded after purification by
column chromatography (silica, eluent : dichloromethane) 114 mg (34%) of 12 as a white solid, mp 35-36°C;

IH NMR (CDCl3): & 8.57 (d, 1H, Js 6= 2.4 Ha, Js = 3.9 Hz, H5),838(dd IH, J5 6= 2.4 Hz, Jg y= 1.6 Hz,

RS

fforded after purification by column chromatography (silica,

mg (28%) of 11 as a yellow liquid; 1H NMR (CDCl3): &
9 ( m, 1H, Hg). Anal Caled for C4HBrFN, (176.97): C,

JREE S Y

Hg); 2.7 (s, 3H, CH3). Anal Calcd for CqH5FN>O (140.12): C, 51.43; H, 3.6; N, 19.99. Found: C, 51.6; H,
3.6:N,19.7.

2-Benzoyl-3-fluoropyrazine (13): Metallation of 1 (200 mg, 2.04 m uu'ncl) according to the general procedure
A w1th n- BuL1 2.5M (0.9 ml 1.1eq.), TMPH (0.41 ml, 1.2 eq \ t1 = 5 min, 61= - 78°C, followed by rcagt_inn

column chromatography (silica, eluent : dxchloromethane/ethylacetate (18/1)) 280 mg (68%) of 13 as a white
solid; mp 99-100°C. 1H NMR (CDCl3): & 8.59 (dd, 1H, J5 6= 2.6 Hz, J5 z= 6.3 Hz, Hs); 8.39 ( m, 1H, Hg);
7.9 (m, 2H, Hy, Hg); 7.55 (m, 3H, Hs,, Hy, Hs); 19F NMR (CDCI3): & - 74.99. Anal Calcd for C11H7FN2O
(202.19): C, 65.34; H, 3.50; N, 13.85. Found: C, 65.6; H, 3.4; N, 13.7.

2,3-Diphenylthiopyrazine (14): Metallation of 1 (200 mg, 2.04 mmol) according to the general procedure A

th - BuLLi 25M 09 ml. 11 eg), TMPH (041 ml. 1 ang ) ts 70 fallawe A ranotia
Wil 77- DULL 2. 0M (VY T, 1.0 €4.), 1Mirn (\v.a1 T, 1.2 €4.), i 70wy 1UHowia Uy reaciion

with diphenyl sulfide (670 mg, 3.06 mmol.), ty = 60 min, 6

LAPRU YL ol K \v g JVY (SAV R 858

)
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7R°C. afforded after nurification hv column

chromatography (silica, eluent : ether/cyclohexane (1/2)) a mixture of 19 and 24. Ratio and yields established
by NMR spectra. gave 12% of 24 and (30% of 19); |H NMR (CDCl3): 8 7.96 (s, 2H, Hs, Hg); 7.50 (m, 10H,
phenyl). C16H12N2S2 (296.41). MS (EI): m/z = 296 (M™).

2-Acetyl-3-dimethylaminopyrazine (15): Purification of 15 was performed by column chomatography (silica
, eluent dichloromethane) giving 51 mg (15%) of 15 as a yellow oil. IH NMR (CDCI3): 6 8.10 (d, 1H, J5 6=
2.0 Hz, Hs); 7.84 ( d, 1H, Hg); 2.97 ( s, 6H, NMe,); 2.67 (s, 3H, MeCO). Anal Caled for CgH11N30

’1

(165.19): C, 58.17; H, 6.70; N, 25.44. Found: C,58.5; H, 6.6; N, 25.1.

2-Benzoyl-3-dimethylaminopyrazine (16): Purification of 16 was performed by column chomatography
(silica , eluent dighl)romeL__ane./ethyla-etatc (18/1)) giving 97 mg (21%) of 26 as a yellow solid, mp 104-
105°C; TH NMR (CDCl3): 8.14 (d, 1H, J5 6= 2.6 Hz, Hs); 8.00 (m, 2H, Hy,, Hg); 7.86 (d, 1H, Hg); 7.50 (m,
3H, Hy, Hy, Hs); 3. 00 (s, 6H, NMe,). Anal Caled for C17H]3N30 (227.26): C, 68.70; H, 5.76; N, 18.49.

Found: C,68.5; H, 5.7; N, 18.8.
2-Fluoro-3,6-bis(diphenylhydroxymethyl)pyrazine (17):
Method A: metallation of 4 (400 mg, 1.43 mmol) according to the general procedure A with n-BuLi 1.6

M (2.68 ml, 3.1 eq)TMPH (0.72 ml, 3.15 eq )t] = 60 min, 61= - 78°C and benzophenone (290 mg, 1.57
[, B U N e N QO Affnedad Aftan i fiantinn her Aaliiieses ,. romat Anranlk alas .
oL J, LZ ov l.lll.l.l, 02— = /0 U, d4llUIUCU allkl pu iricaiion U_)’ COIUINn Vil Lugxapu_y puu,a, CluClll .
athar/curlahevane (1/1W) §Q5 mo (AN af 17 ac a vellaw enlid: mn 82-63°C
\.«lll\yll\d.’\tl\)ll\.«(\ull\.{ \ll 1}} o LT llls \IU/U’ Vi A/ WO G J\-ll\l TYY OViiNG, Llly Viw Vo N

Method B: metallation of 22 (400 mg, 1.43 mmol) according to the general procedure A with n-BuLi
1.6 M (447 ml, 5.1 eq.),TMPH (1.21 ml, 5.15 ¢q.),t; = 60 min, 61= - 78°C and benzophenone as an

electrophile (290mg, 1.57 mmol.), ty 60 min, Bp= - 78°C, afforded after purification by column
chromatography (silica, eluent : cyclohexane/ether (1/1)) 641 mg (97%) of 27 as a yellow solid, mp 62-63°C.
1H NMR (CDCl3): 8 8.41 (d, 1H, J5 p= 4.5 Hz, Hs); 7.35 (m, 20H, phenyl); 5.95 (s, 1H, OH); 4.54 (s, 1H,
OH); 19F NMR (CDCI3): 8 - 67.67. Anal Calcd for C3gH23FN207 (462.52): C, 77.90; H, 5.01; N, 6.06.
Found: C, 78.1; H, 5.2; N, 5.9.
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2-Fluoro-3,6-bis(tributylstannyl)pyrazine (18): Metallation of 1 (300 mg, 3.06 mmol) according to the
general procedure B with n-BuLi 1.6 M (4.1 ml, 2.1 eq.),TMPH (1.1 ml, 2.15 eq.),t = 60 min, 8= - 100°C and
tri-n-butyltin chloride (2.0 g, 6.27 mmol.) afforded after purification by column dlromalography (silica, eluent

: dichloromethane/cyclohexane (3/2)) 1.86 g (90%) of 18 as a colorless liquid. IH NMR (CDCl3): 6 8.56 (d,

1 o~ s 4o~

iH, JSF— 6.8 t‘lZ J5 Sn= 3.8 H.Z H5), 1.8 -0.53 (m 341‘1 bu), 1’1‘ NMR (LULIB,) 4 - 67.89. Anai Caicd for
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2-Fluoro-3-(diphenylhydroxymethyl)-6-(1-hydroxyethyl)pyrazine (19): Metallation of 4 (400 mg, 1.43
mmol) according to the general procedure A with #n-Buli 1.6 M (2.76 ml, 3.1 eq.),TMPH (0.76 ml, 3.15
€q.),t] = 60 min, 1= - 78°C, followed by reaction with acetaldehyde (1.1 m], 20 mmol.), ty = 60 min, 92— -
78°C, afforded after purification by column chromatography (silica, eluent : ethylacetate/cyclohexane (1/2))
400 mg (86%) of 19 as a yellow oil. IH NMR (CDCl3): 8 8.56 (d, 1H, J5 = 4.4 Hz, Hs); 7.29 (m, 10H,
phenyl); 6.09 (s, 1H, OH); 4.88 (q,1H, J = 6.6 Hz, CH); 3.44 (m, 1H, OH): 1.51 (d, 3H, CH3); 19F NMR
(CDCl3): 8 - 88.92. Anal Calcd for C1g9H|7N2O> (324.35): C, 70.36; H, 5.28; N, 8.64. Found: C, 70.6; H,
53;N,8.38.
2-Fluoro-3-{diphenyi(irimethyisilyloxy)methvlj-6-trimethylisilyipyrazine (20): Metallation of 4 (400 mg,
1.43 mmol) according to the general procedure A with n-BuLi 1.6 M (2.76 ml, 3.1 eq.),TMPH (0.76 ml, 3.15

eq. )’TI = 60 min, ﬂ:— - 78°C, followed by reaction with Ch!grgtrtmgthvlqt!ape (0.46 ml, 3.6 mmol.), ty = 60
min, 0Oy= - 78°( afforded after purification by column chromatogranhv (silica, eluent

d1chloromethane/cyclohexane (2/3)) 577 mg (95%) of 20 as a colorless liquid. 1H NMR (CDCl3): & 8.51 (4,
1H, Js p= 5.3 Hz, Hs); 7.27 (m, 10H, phenyl); 0.32 (s, 9H, Mes); - 0.12 (s 9H, OSiMej3); 19F NMR (CDCl3):
8- 65.58. Anal Caled for Co3H29FN>OSiy (424.66): C, 65.05; H, 6.90; N, 6.59. Found: C, 65.1; H, 7.0; N,
6.6.

2- Fiuoro—3—(diphe yihydroxymet‘hvi‘)—(i-trimethyisiivipvrazine (21) 'Hydrolysis of 20 (500 mg, I.18

QWI’\"ADI{ ‘)'F"Q" “11"“("1"““ h‘] nnl“m“ ﬁ]’lrnmnfnﬂrar\h‘l {C‘]‘I‘r_‘ {‘1“"‘“"’ - r‘\l‘l‘\]r\rnmnfkq /f“!l‘ avanao /Q\\ ’20:
QIAUIAIWAL Rl }lulllly“l.l\ll.l u_y ASAVSRvIssINg Ulu\llllul\/alu}]ll! \L’lll\fu, Wwildw « SMINALIVZIVZILAN RLEQAL J\ll\ HwAaaliv 7 ’} drJI
mg (95%) of 21 as a colorless i amd 1H NMR (CDC13) 5 8.54 (d, 1H, Jg = 5;3 Hz, H ) 32 (m, 10H,
phenyl); 6.15 (s, 1H, OH); 0.40 (s, 9H, Mes); 19F NMR (CDCl3): & - 66.49. Anal Caled for CogHo FN-OS:i

(352.48): C, 6815 H, 6.00; N, 7.95. Found: C, 67.9; H, 5.9; N, 7.9.

2-fluoro-3-(diphenylhydroxymethyl)-6-iodopyrazine (22): metallation of 4 (400 mg, 1.43 mmol) according
to the general procedure A with »-BuLi 1.6 M (2.76 ml, 3.1 eq.), TMPH (0.76 ml, 3.15 eq.),t; = 60 min, 61= -
78°C, followed by reaction with iodine (726mg, 2.86 mmol.), t2 = 60 min,0 2= - 78°C, afforded after

o\ £ o

purification by column chromatography (silica, eluent : ethylacetate/cyciohexane (2/8)) 575 mg (99%) of 22 as

a white solid, mp 127-128°C. IH NMR (CDCl3): 8 8.73 (d, 1H, Js g= 4.0 Hz, Hs); 7.30 (m, 10H, phenyl);
5.48 (s, 1H, OH); 19F NMR (CDCl3): & - 63.49. Anal Caled for (*muml:mnn (406.20): C, 50.27; H, 2.98;

< TO \Jy L1y VL) ANIVAIN (N2 Niy P ites SR T3 L VIV LV 1] 78RN RS \TVV.LY) Aly Lo 7Oy

N, 6.89. Found: (‘50() H, 2.8; N, 67

2- Fluoro—3—(dmhenylhydroxymeth):ll-6-chloropyrazme”123) _ Metallation of 4 (400 mg, 1.43 mmol)

according to the general procedure A with n-BuLi 1.6 M (2.76 ml, 3.1 eq.),TMPH (0.76 ml, 3.15 eq.),t| =
min, 61= - 78°C, followed by reaction with hexachloroethane (508mg, 2.14 mmol.), ty = 60 min, 6= - 78°C,
afforded after purification by column chromatography ( silica, eluent : dichloromethane/petroleum ether (2/1))

342 mg (76%) of 23 as a white solid, mp 98-99°C. lH NMR (CDCl3): §8.48 (d, 1H, Js g= 3.6 Hz, Hs); 7.33
(m, 10H, phenyl); 5.46 (s, 1H, OH). Anal Caled for C;7H;7CIFN,O (314.74): C, 64.87; H, 3.84; N, 8.90.

Chnrd- M £€1.11T 2 ﬂ N

rounda: C, 05.1, 11, 2.7, iN, 9.0

2. 6-Fluaro-S_{dinhoenvihvdroxvmethvhnvrazinvill-1.azahicvelal2 2 2lactan-3-0l (24):
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Metallation of 1 ( 200 mg, 2.04 mmol) according to general p nrocedure B with »-BuLi 1. 6M (1.34 ml, 1.05

temperature was then nsed to 78°C in 1 hour. Then a solution of LTMP (2.25 eq. ) in THF (10 ml) prevxously
prepared was added at this temperature. After 5 minutes a solution of quinuclidinone (0.77g, 6.011 mmol) in
THF (5ml) was added and the solution was stirred at - 78°C for 1 hour. The solution was warmed to - 30°C
and kept at this temperature for 1 hour. Hydrolysis was performed by a mixture THF/EtOH (1/1), neutralised
w1th HCl (ION) and solvent was evaporated under reduce pressure. The residue was extracted by

PR, R, J— ramintral affaed
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crude product which was purified by colum chromatography (silica, eluent: ethylacetate) 281 mg (34%) of 24
as a white solid, mp 60-61°C. IH NMR (CDCl3): 8.75 (d, 1H, Js g= 4.7 Hz, Hs); 7.30 (m, 10H, phenyl); 3.65
(d, 1H, J= 16 Hz); 2.90 (d, 1H, J= 16 Hz); 2.8-2.7 (m, 4H) 2, 70 (m, 5H); 2.20 (m, 1H); 2.05 (m, 1H); 1.95 (s,

m), 1.2 (m, 4H) Anal Caled for C4H24FN307 (405.47): C, 71.09; H, 5.96; N, 10.36. Found: C, 70.9; H,

1
5. 9 lU 3.

P Ehinen 2 fmbkamolbhedoncs i nthaN £ (1 hoduawsndhoNne, £ Metallation of 3 (200 mo. 0.98
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razine
mmol) according to the general procedure A with n-BuLi 1.6 M (1.9 1 3.1 ¢q.),TMPH (0.52 ml, 3.15 eq.),t}
= 60 min, 61= - 78°C, followed by reaction with dLLIdldCh de (0.54 ml, 10 mmol.), ty = 60 min, 87=- 78°C,

afforded dfter purification by column chromatography ( blll(.d cluent ethvlacetate/cv clohexane /s l)) 219 mg
(90%) of 25 as a yellow liquid. 1H NMR (CDCI3): & 8.51 (d, 1H, Js5_ = 4.0 Hz, Hs); 7.27 (m, SH, phenyl);
5.92 (s, 1H, CH); 3.50 (d, 1H, J= 6.4 Hz, OH); 1.43 (4, 3H, J = 6.4 Hz, CH3); 19¢ NMR (CDCI3): 8 - 79.44.
Anal Caled for C13H3FN2O7 (248.25): C, 62.89: 11, 5.28; N, 11.28. Found: C, 63.0; H, 5.5; N, 11.4.

2-Fluoro-3-(phenylhydroxymethyl)-6-iodopyrazine (26): Metallation of 3 (500 mg, 2.45 mmol) according
to the general procedure A with »-Bul.i 1.6 M (4.75 ml, 3.1 eq.),TMPH (1.3 ml, 7.7 eq.),t; = 60 min, 6= -
78°C, followed by reaction with iodine (1.25 g, 4.9 mmol.), tp = 60 min, 6y= - 78°C, afforded after
purification by column chromatography (silica, eluent : ethylacetate/cyclohexane (1/4)) 678 mg (84%) of 26 as
a colorless liguid 1H NMR (CDCI3): 8 8.70 (d, 1H ], o 3.7 Hz, Hs); 7.31 (m, SH, phenyl); 5.90 (d, IH,J=

LRIVIICSS i eass. BESA N et ] e, 22, Y s 214, I35 F.2 2 Raid, JIR, paaTay LI iiiy

7.0 Hz, CH); 4.32 (d, 1H, J = 7.0 Hz, OH); 19g NMR (CDClR): 8 74.41. Anal Calcd for CHHQFIN’)O
(330.10): C, 40.02; H, 2.44; N, 8.48. Found: C, 39.9; H, 2.4; N, 86
2-Fluoro-3-[diphenyl{trimethylsilyloxy)methyl]-6-iodo-5-trimethylsilylpyrazine(27):

Metallation of 22 (100 mg, 0.25 mmol) according to the general procedure B, with #»-Bul.i 1.6 M (0.9 ml, 6.1
eq.),TMPH (0.25 ml, 6.15 eq.), t = 60 min,® = - 78°C and chlorotrimethylsilane as an electrophile (0.13 ml,

1.0 mmol.) 81 = - 78°C, 67 = - 10°C afforded after purification by column chromatography (silica, eluent :

dichloromethane/cyclohexane (1/3)) 128 mg (93%) of 27 as a whlte solid; mp 82-83°C. 1H NMR (CDClI3):
7.32 (s. 10H. phenv]): 0.48 (s . 9H. SiMe-): -0.03 (s. 9H. OSiMes): 19F NMR (CDCIL): § - 70.34. Anal Cale

JL O, 1ULL, PULLIY1), UG \3 , 711, L)ll'l\.(j’, SVLUT (9, i1, \Juuvluj INIVIIN (s lj] O = /U345, Anar Laic

for (“'anoFT()Qn (550. 56\ C,50.17; H, 5.12; N, 5.09. Found: C, 50.2; H, 4.9; N, 5.1

LA T 13, Ui, V.L, 11

-Fluoro-3 Idmhenvl(tnmethylsﬂyloxy)methyllpyrume (28): Mctdlldllon of 1 (200 mg, 2.04 mmol) was
performed according procedure previously described to synthesize 4 with benzophenone as electrophile.
Before hydrolysis, chlorotrimethylsilane was added at -78°C and mixture was stirred for 30 minutes. After
hydrolysis and treatment of mixture reaction as previously, purification by column chromatography (silica,
eluent : dichloromethane/petroleum ether (1/1)) afforded 676 mg (80%) of 28 as a colorless liquid. 'H NMR

(LULI}) 3 8.46 ((10 lI‘i J56 =26 I‘lZ J5 F- 39 I‘IZ 1‘15), 8.20 (m lﬂ I‘IG, /.04 (Im, lUl’l pnenyl), -0.09 (S

9H, OSi Mej). Anal Caled for C20H21FIN2081 (352.48): C, 68.15; H, 6.00; N, 7.95. Found: C, 68.0 H, 5.9;
N. &2

Yy Uuden

2-Fluoro-3-[diphenyl(trimethylsilyloxy)methyl]-6-iodopyrazine (29): Metallation of 28 (236 mg mg,
0.67mmol) was performed according to the general procedure A with »-BuLi 1.6 M (1.30 ml, 3.1 eq.), TMPH
(0.34 ml, 3.2 eq.), t] = 30 min, 6= - 78°C and iodine as an electrophile 340 mg,, 1.34 mmol.). afforded after
purification by column chromatography silica, eluent : dichloromethane/cyclohexane (1/2)) 275 mg (86%) of
29 as a colorless liquid. IH NMR (CDCl3): 6 8.71 (d, 1H, J5 p= 3.9 Hz, Hs); 7.30 (s, 10H, phenyl); -0.10 (s,

9H, OSi Mej). Anal Calcd for CogHogFIN2OSi (478.38): C, 50.21; H, 4.21; N, 5.85. Found: C, 50.5 H, 4.3;

Cl.
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C and chlorotrimethylsilane as an electrophile ( O 11 ml, 0.9 mmol.) afforded after purification
by column chromatography (silica, eluent : dichloromethane/petroleum ether (1/1)) 99 mg (85%) of 30 as a
yellow liquid. 1H NMR (CDCl3): & 8.43 (d, 1H, Js¢= 4.0 Hz, Hs); 7.20 (s, 10H, phenyl); -0.10 (s, 9H,
0OSiMes). Anal Caled for CogHpCIFN2OSI (386.93)f C, 62.08; H, 7.23; N, 5.21. Found: C, 62.0; H, 7.1; N,
5.1

2-Fluoro-3-[diphenyl{trimethylsilyloxy)methyi]-6-iodo-5-(diphenylhydroxymethyl)pyrazine (31):
Metallation of 29 (104 mg, 0.22mmol) according to the general procedure A with n-Buli 2.5 M (0.18 ml, 2

ADIT /N L0 nn — _ 700 namd la alantenmhila N AT w1l N 24
€q. } TMPH (V. UO uu, 4 1 Cq ), Ll — OV uuu, Ul - /67LC ana UCllLUlJllUllUllb as an uu,\,uul.uuu., \u A5 M, v.24
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mmol.) ty = 60 min, 6>= - 78°C, afforded after purification by column chromatography ( silica, eluent :
dichloromethane/cyclohexane (1/1)) 102 mg (70%) of 31 as a white solid, mp 54-55°C. IH NMR (CDCl3): &
7.32 (s, 20H, phenyl); 4.78 (s 1H, OH); -0.07 (s, 9H, OSiMe;); 19F NMR (CDCl3): 3 - 70.85. Anal Calcd for
L33H301"10261(00060) C, 60.00; H, 4.58; N 4.24. Found: C, 60.2; H, 4.6; N, 4.0.

Z-Fiuoro-3-[diphenyi{irimethyisiiyloxy)meihyij-6-iodo-5-(i-hydroxyethyi)pyrazine (32): Metailation of 29
£y ol
10

(17N v N Voo~ annae Ainnay tn tha aonacral we~snd A 4l 22 DT 2 D & AA O 2N eand am Y TRADIT 1
W14V 1g, U JUILUIIVL ) GAALULULLLE TU UV gulicial pchuu1c Igs Wll.ll A-DULI £.J V1 W.ou HH, 4 Cy. ), 11viF i \V.

ml, 2.1 eq.), t} = 60 min, 61= - 78°C with acetaldehyde as an electrophile (1.0 ml, 18 mmol.), tp = 60 min,
67= - 78°C, afforded after purification by column chromatography ( silica, eluent : dichloromethane) 148 mg

1100 U Al uiilicdtivl Uil CALLNAOEIdN Uiell

(81%) of32 as a colorless 011 1H NMR (CDCh) 0 7.29 (s, 10H, phenyl); 5.05 (m, 1H, CH); 2.93 (d, 1H, J=
9.0 Hz, OH); 1.49 (d, 3H, J= 6.5 Hz, CH3); -0.10 (s, 9H, OSiMe3); 19F NMR (CDCI3): & - 70.91. Anal Caled
for CooHp4FIN2O,Si (506.43): C, 52.18; H, 4.77; N, 5.53. Found: C, 52.0; H,4.5; N, 5.3.

2-fluoro-3-[diphenyl(trimethylsilyloxy)methyl]-6-iodo-5-methylpyrazine (33): metallation of 29 (170 mg,
0.36mmol) according to the general procedure A with #-BuLi 2.5 M (0.30 ml, 2 eq.),TMPH (0.13 ml, 2.1 eq.),
t] = 60 min, 1= - 78°C with iodomethane as an eiectrop'niie (70 I, 1.1 mmol.), tp = 60 min, 67= - 78°C,
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106 mg (60%) of 33 as a white solid, mp 95-96°C. 1H NMR (CDCl3): & 7.29 (s, 10H, phenyl); 2.63 (s 3H,
CH3); -0.05 (s, 9H, OSiMes); 19F NMR (CDCIl3): & - 71.48. Anal Caled for C71HoFIN,OSi (492.41): C,
51.22; H,4.50; N, 5.69. Found C,51.6;H,4.4; N, 5.6.
2-Fluoro-3-[diphenyl(trimethylsilyloxy)methyl]-6-chlore-5-trimethylsilylpyrazine (34): Metallation of 30
(94.5 mg, 0.3 mmol) according to the general procedure B with #-BuLi 2.5 M (0.36 ml, 3.1 eq.),TMPH (0.52
ml, 3.1 eq.), t = 65 min, 6 = - 78°C with chlorotrimethylsilane as an electrophile (0.13 ml, 1.0 mmol.)
afforded after purification by column chromatography (silica, eluent : dichloromethane/ether petroleum (1/2))
91 mg (66%) of 34 as a colorless liquid. 1H NMR (CDCl3): 6 7.36-7.25 (m, 10H, phenyl); 0.31 (s , 9H
SiMejs); -0.03 (s, 9H, OSiMe3). Anal Caled for Cp3HpgCIFN>OSip (459.11): C, 60.17; H, 6.15; N, 6. 10
Found: C, 60.4; H, 6.4; N, 6.3.

2-Fluoro-3-Idiphenyl(trimethylsilvloxy)methyll-6-chloro-5-iodopyrazine (35): Metallation of 30 (90 mg,
0.28 mmol) according to the general procedure A with #n-BuLi 2.5 M (0.47 ml, 4.1 eq.),TMPH (0.20 m},42.1
eq.), t] = 60 min, 0}= - 78°C with todine as an electrophile (102 mg, 0.40 mmol.),t7 = 60 min, 67= - 78°C,
afforded after purification by column chromatography ( silica, eluent : dichloromethane/cyclohexane (1/1)) 72
mg (70%) of 35 as a white solid, mp 114-115°C. 1y NMR (CDCl3): 8 7.29 (s, 10H, phenyl); -0.08 (s, 9H,

OSiMe;). Anai Caicd for CpgH9CIFIN2Si (512.82): C, 46.84; H, 3.73; N, 5.46. Found: C, 46.8; H, 3.6; N,
5.3.
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