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ABSTRACT
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Tetrasubstituted pyrazines containing two phosphonate groups 2 in positions 2 and 5 and trisubstituted pyrazines containing a phosphonate
5 or a phosphine oxide group 7 in position 2 are obtained by thermal treatment of 2H-azirine-2-phosphonates 1 and -phosphine oxides 6.

These pyrazines can also be prepared from f-ketoxime tosylates 9 and 10 or from oxime derived from phosphine oxide 11.

Pyrazines are widely used intermediates in medicinal chem-berculosis activity. Furthermore, it is known that phosphor

istry and for functional transformatiodg. Pyrazines and

substituents regulate important biological functfomsd that

especially 2,5-disubstituted pyrazines, which are biosynthe- molecular modifications involving the introduction of orga-
sized from amino acids, are common units in a wide variety nophosphorus functionalities could increase their biological
of marine natural products with cytostatic and antitumor activity, in a manner similar to that reported for other

properties’ while pyrazinamidé la (Figure 1, R= NH,)
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Figure 1.

and more recently pyrazinestets (Figure 1, R= OR) have
been successfully evaluated in vitro and in vivo for antitu-
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pharmaceuticalsFor these reasons, pyrazines containing one
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ed., 2nd supplement; Sainsbury, M., Ed.; Elsevier: Amsterdam, 2000; Vol.
4, Parts +J, pp 99-171. (b) Urban, S.; Hickford, S. J. H.; Blunt, J. W.;
Munro, M. H. G.Curr. Org. Chem200Q 4, 765. (c) Ohta, A.; Aoyagi, Y.
Rev. Heteroat. Chem1998 18, 141. (d) Sato, N. InComprehensie
Heterocyclic Chemistry jIKatritzky, A. R., Rees, C. W., Boulton, A. J.,
Eds.; Elsevier: Oxford, 1996; Vol. 6, pp 23278.

(2) For recent contributions see: (a) Gohlke, H.; Gundisch, D.; Schwarz,
S.; Seitz, G.; Tilotta, M. C.; Wegge, T. Med. Chem2002 45, 1065. (b)
Ragnarsson, U.; Grehn, L.; Maia, H. L.; Monteiro, L.@Grg. Lett.2001,

3, 2021. (c) Liu, W.; Wise, D. S.; Townsend, L. B. Org. Chem2001,

66, 4783. (d) Cavalier, J. F.; Burton, M.; Dussart, F.; Marchand, F.; Rees,
J. F.; Marchant-Brynaert, Bioorg. Med. Chem2001, 9, 1037. (e) Shibata,

K.; Fukuwatari, T.; Sugimoto, EBiochemistry2001, 65, 1339.

(3) (@) LaCour, T. G.; Guo, C.; Boyd, M. R.; Fuchs, P.Qrg. Lett.
200Q 2, 33. (b) Basler, S.; Brunck, A.; Jautelat, R.; Winterfeldt,Helv.
Chim. Acta200Q 83, 1854. (c) LaCour, T. G.; Guo, C.; Ma, S.; Jeong, J.
U.; Boyd, M. R.; Matsunaga, S.; Fusetani, N.; Fuchs, PBioorg. Med.
Chem. Lett1999 9, 2587. (d) Guo, C.; Bhandaru, S.; Fuchs, P. L.; Boyd,
M. R. J. Am. Chem. S0d.996 118 10672.



(2-position; 1l , Figure 1) or two (2,5-positiond]l , Figure

1) phosphorus substituents are expected to play a role similar Scheme 1

to that observed in their isosteric analogueand could o
possess blologlcal' actmty and bg ysed in the prepgratlon of N O 80° G RAN B(OE,
new complex derivatives containing a pyrazine ring and JP—P(OEY, @:\ I
phosphorus substituents. However, as far as we know, no R' (EtO)P" "N R!
examples of pyrazines containing phosphorus substituents 1 2

have been described.

Recently, we reported the first asymmetric synthesis of

2H-azirineg derived from phosphine oxidéand the prepa-
ration of 3-substituted alkyl and aryH2azirine-2-phospho-
nate$'°by alkaloid-mediated Neber reaction of tosyl oximes.
A recent publicatiott reporting the preparation and synthetic
use of chiral 2-aryl-B-azirine-3-phosphonates prompted us

to report our own results concerning the synthesis of the until

now unknown pyrazines containing one (2-positidh;
Figure 2) or two (2,5-positiond]l , Figure 2) phosphorus
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Figure 2.

substituents from easily available azirines derived from
phosphonates or phosphine oxidég ,(Figure 2) or from
their precursors\(, Figure 2). The key step is based on the
dimerization reaction of aziringé:?

Ring opening and selective dimerization of 3-alkyl-2
azirine phosphonateka (R* = CHg) and 1b (R = C;Hs)

(4) (a) Suzuki, Y.; Suzuki, A.; Tamaru, A.; Katsukawa, C.; OdaJH.
Clin. Microbiol. 2002 40, 501. (b) Zhang, Y.; Permar, S.; Sun,Z.Clin.
Microbiol. 2002 40, 42. (c) Bothamley, GDrug Saf.2001, 24, 553. (d)
Zimhony, O.; Cox, J. S.; Welch, J. T.; Vilcheze, C.; Jacobs, WNRt.
Med. (NY)200Q 6, 1043.

(5) (&) Cynamon, M. H.; Speirs, R. J.; Welch, J.Antimicrob. Agents
Chemother1998 42, 462. (b) Bergmann, K. E.; Cynamon, M. H.; Welch,
J. T.J. Med. Chem1996 39, 3394. (c) Speirs, R. J.; Welch, J. T.; Cynamon,
M. H. Antimicrob. Agents Chemothet995 39, 1269.

(6) For reviews, see: (a) Engel, Rlandbook of Organophosphorus
Chemistry Marcel Dekker, Inc.: New York, 1992. (b) Kafarski, P.; Lejczak,
B. Phosphorus Sulfut991 63, 193-215. (c) Toy, A. D. F.; Walsh, E. N.
Phosphorus Chemistry indgryday Lving; American Chemical Society:
Washington, DC, 1987; p 333.
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took place when these aziringa,b were heated (2 h) at 80
°C without solvent to give in almost quantitative yields 3,6-
dialkyl pyrazines containing two phosphonate groups in 2,5-
positions2 (Scheme 1, Table 1, entries 1 and'3Bpectro-

Table 1. Synthesis of Phosphorylated Pyrazirie$ and 7

entry compound R R yield?
1 2a OEt Me 97b
2 2a OEt Me 61¢
3 2b OEt Et ogb
4 2b OEt Et 68°¢
5 5c OEt Ph 424
6 5c OEt Ph 90¢
7 7a Ph Me 70¢
8 7a Ph Me 74¢
9 7a Ph Me 53f
10 7b Ph Et 68¢

aYields refer to isolated compoundsFrom azirineslab, 80°C, 2 h.
¢ From tosyloximes9ab, 104 rt, 14 h.9 From azirinelc, 120 °C, 2 h.
e From azirineslc, 6a,b, refluxing toluene, 2 hf One-pot procedure from
oxime 12a

scopic data were in agreement with the assigned structure
of compounds2. Mass spectrometry oPa showed the
molecular ion peak (2%), while in th&P NMR spectrum

the phosphonate group resonatedat= 9.7 ppm. The*C
NMR spectrum showed an absorptiondat= 146.5 ppm

(7) For recent reviews on azirines, see: (a) Palacios, F.; Ochoa de Retana@S a doublet with a coupling constadsc = 228.4 Hz for

A. M.; Martinez de Marigorta, E.; de los Santos, J. ®rg. Prep. Proced.
Int. 2002 34, 219-269. (b) Gilchrist, T. L.Aldrichimica Acta2001, 34,
51-55. (c) Palacios, F.; Ochoa de Retana, A. M.; Martinez de Marigorta,
E.; de los Santos, J. MEur. J. Org. Chem2001, 2401-2414.

(8) Palacios, F.; Ochoa de Retana, A. M.; Gil, J. |.; Ezpeleta, JJ.M.
Org. Chem.200Q 65, 3213-3217.

(9) Palacios, F.; Ochoa de Retana, A. M.; Gil, JTétrahedron Lett.
2000Q 41, 5363-5366.

(10) The asymmetric synthesis of diethyl 2-phenid-@zirine-3-phos-
phonate (62%) and the isomeric 3-phenifd-azirine-2-phosphonate (15%)
from chiral aziridines has been reported. Davis, F. AtCdull, W.
Tetrahedron Lett1999 40, 249-252.

(11) The asymmetric synthesis of dimethyl 2-aril-azirine-3-phos-
phonates with a small proportion of the isomeric 3-amH2zirine-2-
phosphonate by Swern oxidation of chi@$-aziridine phosphonates and
the use as a dienophile in cycloaddition reactions éf-aZirine-3-

phosphonates have been recently reported. Davis, F. A.; Wu, Y.; Yan, H,;

Prasad, K. R.; McCoull, WOrg. Lett.2002 4, 655-658.
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carbon atoms directly bonded to the phosphorus (C-2 and
C-5) and a double doublet &t = 153.4 ppm with coupling
constant€Jpc = 3Jpc = 23.0 Hz for both C-3 and C-6 of
the heterocycle.

(12) (a) Aurichio, S.; Grassi, S.; Malpezzi, L.; Sartori, A. S.; Truscello,
A. M. Eur. J. Org. Chen2001, 1183-1187. (b) Alves, M. J.; Gilchrist, T.
L. J. Chem. Soc., Perkin Trans. 1998 299-303. (c) Hugener, M.;
Heimgartner, HHelv. Chim. Actal995 78, 1490-1498. (d) Knittel, D.
Synthesisl985 186-188. (e) Alper, H.; Prickett, J. E.; Wollwitz, S.
Am. Chem. S0d.977, 99, 4330-4333. (f) Padwa, AAcc. Chem. Re4976
9, 371-378.

(13) General Procedure for the Preparation of Pyrazine Phospho-
nates (2a,b) from Azirines 1.The corresponding azirind&b; 1 mmol)
was heated at 8TC for 2 h under a Matmosphere. The crude product was
purified by chromatography using silica gel (hexane/ethyl acetate).
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The formation of pyrazine® could be explained by  bond, dimerization of the dipole intermediate, and aroma-
selective ring opening of azirindsnvolving the C-C single tization with the loss of diethyl phosphite (HPO(O&tpr
bond and formation of unstable nitrile ylide dipol&s diphenyl phosphine oxide (HPORPhfrom resulting dihy-
followed by dimerization of the dipol@!?**and oxidation dropyrazinest (R = OEt) or8 (R = Ph) (Scheme 2).

of the resulting dihydropyrazines although an alternative Taking into account that phosphorylated azirile@®R =
mechanism with formation of vinyl nitrene intermediates by OEt) and6 (R = Ph) can be easily prepared from oxiniés,
C2-N ring opening of azirines, followed by dimerizatiof*> e explored whethgs-toluenesulfonyl oximes derived from
and oxidation of resulting dihydropyrazinds cannot be phosphonate8 (R = OEt) and phosphine oxidel) (R =
totally excluded (Scheme 1). Ph) or their oxime precursorkl (R = Ph) could also be

However, in the case of 3-phenyH2azirine phosphonate  used as synthons for the preparation of phosphorus-
1c (R = C¢Hs, R = OEY), it was necessary to use more substituted pyrazinegsand?7. Treatment op-toluenesulfonyl
drastic reaction conditions. First, aziride was heated at  oximes derived from phosphona@€&R = OEt) with primary
120 °C without solvent and (3,6-diphenyl pyrazin-2-yl)- or secondary aminesi{methylbenzylamine, diethylamine,
phosphonatéc (R = CgHs, R = OEt) containing only one  piperidine) at room temperature gave pyrazigdgScheme
phosphonate group in the 2-position was obtained in a 3, Table 1, entries 2 and 4) Similarly, pyrazine phosphine
moderate yield (Scheme 2, Table 1, entry 5). However, the

- Scheme 3

Scheme 2 .
TsO, R.__N._P(OEt
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yield reached 90% when the reaction was performed in

0
R'__N_ _PPh i, i HOLN 0
refluxing toluene (Scheme 2, Table 1, entry 6). Spectroscopic I: I LA RJ\/?':RZ
data were in agreement with pyrazine phosphoBat&lass HNTTR! R=Ph

spectrometry obc showed the molecular ion peak (27%). 7

In the 3P NMR spectrum, the phosphonate group resonated a Reaction conditions: (i) RH, 25 °C: (ii) TsCl, Py.
at op = 10.1 ppm; in théH NMR spectrum, there appears
an absorption aby = 9.07 ppm as a doublet with a long-
range coupling constafifey = 4.6 Hz for H-4, while the
13C NMR spectrum of5c showed doublets alc = 136.6
ppm (Jpc = 185.3 Hz) for C-2, 141.7 ppntiec = 3.5 Hz)
for C-5, 149.4 ppm {Jpc = 17.1 Hz) for C-3, and 155.6

ppm (Jpc = 26.1 Hz) for C-6. The scope of the reaction nstaple nitrile ylide dipole8, generated from oximeand
was not limited to azirines derived from phosphonate 10, followed by dimerizatiof# and oxidation of the

given that thermal heating of 3-alkyl azirine phoshine oxides resulting dihydropyrazined, could explain the formation

6a (R" = CHz) and6b (R* = C;Hs) in refluxing toluene led ¢ pyrazines2 and7. From a synthetic point of view, it is
to the formation of pyrazine phosphine oxid&sb (Scheme  qteworthy that pyrazin@a can also be prepared in a one-

2, Table 1, entries 7land 18 However, 3-phenyl azirine ot procedure from oxime derived from phosphine oxida
phosphine oxidegc (R* = CeHs) seem to be somewhatmore (g = pp). The preparation g-toluenesulfonyloximelOa
stable than the corresponding alkyl-substituted azirzs, (R = Ph) was performed in situ by reaction of functionalized
smce_heatmg 3-phe_ny| aziringc in refll_Jxmg toluene did B-oxime 11a (R = Ph) with p-toluenesulfony! chloride in
not give the pyrazine and the starting prodét was — pyridine, and after filtration of the pyridinium salt, a
recovered instead. The formation of pyrazise® = OE) secondary amine (piperidine) was added to give substituted

and7 (R = Ph) could be explained, as before, by selective pyrazine phosphine oxidé (Scheme 3, Table 1, entry 9).
ring opening of azirinegc and6 involving the C-C single

11 R=Ph

oxide 7a can be obtained fronp-toluenesulfonyl oxime
derived from phosphine oxide0a (R = Ph) in the presence
of piperidine (Scheme 3, Table 1, entry 8). These results
suggest that in these cases, vinyl nitrene intermediates or

(17) General Procedure for Preparation of Pyrazine Phosphonate

(14) Chandrasekhar, S.; Gopalaiah;Tktrahedron Lett2001, 42, 8123~ (2a,b) and Pyrazine Phosphine Oxides (7a,b) from Tosyloximes (9, 10).
8125. To a well-stirred solution of the corresponding tosyloxime (1 mni@&)b,

(15) Smolinsky, G.; Pride, C. Al. Org. Chem1968 33, 2411-2416. 10a)in dry benzene or EtOH was added under,abinosphere a secondary

(16) General Procedure for Preparation of Pyrazine Phosphonate amine (1.2 mmol) (diethylamine, piperidine). The reaction was allowed to
(5¢) and Pyrazine Phosphine Oxides (7a,b) from Azirines 1c, 6a,B stay at room temperature for 14 h. The resulting mixture was washed three

solution of the corresponding azirine (1 mmol) in dry toluene (5 mL) was times with distilled water (5 mL), extracted with GEl,, dried over
refluxed fa 2 h under a Matmosphere. The crude product was purified by anhydrous MgS@ and evaporated under vacuum. The crude product was
chromatography using silica gel (hexane/ethyl acetate). purified by chromatography using silica gel (hexane/ethyl acetate).
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