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ABSTRACT: Pyridofuroxan ([1,2,5]oxodiazolo[3,4-b]pyridine 1-oxide) undergoes isomerization between theN1-
oxide andN3-oxide forms which can be observed by the1H, 13C and15N NMR spectroscopy but not by14N and17O
NMR at ambient and low temperatures. The rearrangement becomes slower at low temperatures and at 233 K1H
NMR signals for the two structures become observable.1H, 13C and15N chemical shifts and1H–1H, 13C–1H and
13C–13C coupling constants are used to characterize both forms in the equilibrium mixture. From the1H NMR
integrals at 233 K equilibrium constants are calculated. Protonation studies using trifluoroacetic acid as a solvent
showed the favoured site of protonation to be the pyridine N4 nitrogen atom. DFT shielding calculations are reported
for the 13C, 15N and17O nuclei which support the assignments given. From the point of view of structural changes,
1JCC data for 8-nitrotetrazolo[1,5-a]pyridine ando-nitroaminopyridine as precursors of the pyridofuroxans are given
for comparison purposes. X-ray diffraction data on 5-methoxypyridofuroxan support the structural results obtained
from the NMR investigations. Copyright 2000 John Wiley & Sons, Ltd.
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INTRODUCTION

In order to obtain a more detailed characterization of
pyridofuroxan ([1,2,5]oxodiazolo[3,4-b]pyridine 1-
oxide) and some of its derivatives by NMR studies, we
have become interested in the elucidation of isomeriza-
tion of these compounds.1,2 The rearrangement involves
oxygen migration between the N1 and N3 atoms and
valence isomerization which occurs most probably viao-
dinitrosopyridine as the intermediate step (Fig. 1). Such a
mechanism has been proposed by Dunkinet al.3 and
Murata and Tomioka4 for an analogous rearrangement of
benzofuroxan. However, no systematic studies devoted to
substituent effects on the pyridofuroxan equilibrium have
been performed so far and the number of NMR data
published for this group of compounds is limited. The1H
NMR characteristics has been published by Boultonet
al.5 for pyridofuroxan itself and for its four methyl
derivatives.1H and13C spectra have been measured for
six variously substituted pyridofuroxans by Lowe-Maet
al.6 However, no15N NMR spectra have been published
so far, which is not surprising, since neither the

measurement nor the unequivocal assignment of the
signals present in these spectra is an easy task.

EXPERIMENTAL

Syntheses. Pyridofuroxan and its derivatives were
obtained as the result of oxidation of the corresponding
o-nitroaminopyridines (compounds1–4, 6 and 8) or in
the thermolysis of corresponding nitrotetrazolo[1,5-
a]pyridines (compounds1 and5) (Fig. 2).2 Compounds
5, 9 and 10 were prepared according to procedure
described previously (Fig. 2).6 Selectively labelled (in
positions 3 and 4) compound1 was prepared by the
thermolysis reaction of selectively labelled compound11
(see Fig. 4). Data for unknown substituted pyridofurox-
ans are as follows.

6-Chloropyridofuroxan (6). MS: m/z173, 171, 157, 155,
143, 141, 129, 127, 113, 111, 88, 86, 76. Analysis:
calculated for C5H2N3O2Cl, H 1.17, C 34.99, N 24.90;
found, H 1.08, C 34.80, N 24.78%. IR (KBr): 1618, 1572,
1518, 1503, 1492, 1418, 1338, 1238, 1169, 1050, 1030,
928, 873, 755, 698, 586 cmÿ1.

5-Methoxypyridofuroxan (7). 2-Chloro-3-nitro-6-meth-
oxypyridine (1.0 g) and sodium azide (0.38 g) were
dissolved in 10% aqueous ethanol (50 ml) at ambient
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temperature,and 10% hydrochloric acid (5 ml) was
added.The solution was then heatedunder reflux for
48h. Evaporationto dryness,addition of water (20ml)
andfiltration gavea yellow solid residue.Recristalliza-
tion from ethanol–chloroform (50:50) gave 7 as pale
yellow needles(0.62 g), 70%. MS: m/z167, 151, 137,
121, 96, 94, 80, 64. M.p.: 139–140°C. Analysis:
calculatedfor C6H5N3O3, H 2.99, C 43.11, N 25.15;
found,H 2.98,C 43.14,N 24.96%.IR (KBr): 1617,1599,
1536,1516,1491,1466,1408,1338,1278,1231,1188,
1119, 1029, 992, 958, 832, 806, 759, 723, 690, 673,
567cmÿ1.

7-Chloropyridofuroxan (8). MS: m/z173,171,157,155,
143, 141, 127, 125, 113, 111, 90, 88, 86, 76. Analysis:
calculatedfor C5H2N3O2Cl, H 1.17, C 34.99,N 24.90;
found,H 1.10,C 34.82,N 24.84%.IR (KBr): 1608,1577,
1529,1511,1496,1416,1331,1196,1044,1012,949,
853,615,552cmÿ1.

Spectra. Bruker AM 500 and DRX 500 spectrometers
operatingat500.13,125.76,36.45,50.68and67.80MHz
for 1H, 13C, 14N, 15N and17O, respectivelywereusedfor
themeasurementof all thespectra.Theconcentrationsof

acetonesolutionsof compoundsstudiedwere between
0.5 and 1 mol dmÿ3. The temperatureat which the
spectrawere measuredwas 233K with exception of
compounds7, 9 and10, for which the temperaturewas
303K.

StandardexperimentalconditionsandstandardBruker
programsfor XHCORRD (optimized for 1JCH = 160–
170Hz, INVGATE and INADEQUATE (optimizedfor
65Hz) for 1JCC wereused.Moreover,GHMBC 1H–15N
correlationexperimentswereusedto confirmtheproper
assignmentof the 15N signals.The 1H and 13C spectra
dataaregiven relative to the TMS signalat 0.0ppm at
233K. Nitromethane,whosesignal is at 0.0ppm, was
usedasanexternalstandardfor the15N NMR spectra.No
correctionof thecalibrationsfor the15N NMR spectraat
low temperatureswas made.For 17O NMR measure-
mentsat303K externalH2O wasusedasthestandard.IR
spectrain KBr pellets were measuredusing a Perkin
Elmer 2000FT-IR spectrometerandmassspectrawere
measuredusingan ADM-604 instrument.

Calculations. DFT nuclearshieldingcalculationswere
madeusingthe deMon7 programwith experimentaland
optimizedmoleculargeometries.

Figure 1. Valence tautomerism scheme for condensed furoxans

Figure 2. Numbering schemes and structures of the compounds studied. In the case of compounds 12 and 13 the numbering do
not correspond to the IUPAC system
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X-ray structure of 5-methoxypyridofuroxan (7). The
crystal system of 5-methoxypyridofuroxan(7) was
orthorhombicand the spacegroup was Pna21, Z = 2;
unit cell parametersa = 7.4470(1), b = 14.935(3) and
c = 6.3630(1)Å, V = 107.72 Å3, �(Cu Ka) = 1.54178Å,
Dc = 1.569mg mÿ3. Datawerecollectedat 293K on an
Enraf-NoniusMACH3 diffractometerusing the !ÿ2�
scantechniquefor the � range5.93–73.24°. Among555
measuredreflections, 555 were independent (Rint =
0.000).The structurewassolvedby direct methods(G.
M. Sheldrick,SHELXS-93,Programfor Crystal Struc-
ture Determination,University of Göttingen,1993)and
refinedagainstF2(hkl) with full-matrix least-squares(G.
M. Sheldrick,SHELXL-93, Programfor Crystal Struc-
tureRefinement,Universityof Göttingen,1993).Hydro-
gen atoms were included in the refinement at their
calculated positions. The final residuals were
R1 = 0.0755, wR2 = 0.1496 (R indicates for all data:
R1 = 0.0755, wR2 = 0.1496). Bond lengths,anglesand
torsions are given in Table 5. Other parametersare
availableon request.

RESULTS AND DISCUSSION

The compoundsstudied are presentedin Fig. 2. The
spectraweremeasuredunderdifferent conditions,i.e. at
ambientand low temperaturesandin protic andaprotic
solvents.The1H, 13C,15N and17ONMR dataaregivenin
Tables1, 2, 3 and4, respectively.An assignmentof the
signalsin the13C NMR spectrawasmadeunequivocally
on the basis of correspondingINADEQATE spectra
whichweremeasuredfor compounds1, 4, 6 and7 (Table
2).

In orderto determinewhetherI or II is themajorform
presentin acetonesolution,we followed theapproachof
Boulton et al.5 andanalysedthe chemicalshifts for the
C3aandC7acarbonatomsin compound1. Fortunately,
we observedin thelow-temperature13C spectrumof this
compoundtwo pairsof signalsof different intensity.By
considering the chemical shifts of these nuclei in
benzofuroxan,which are 153.0and 114.7ppm for C3a
andC7a,respectively,8 andusingadditivity rulesfor the
introductionof thenitrogenatomin thebenzenering one
can predict the chemicalshift valuesin I and II . The
additivity incrementsarededucedfrom a comparisonof
the relevantcarbonchemicalshifts of naphthaleneand
quinoline. This shows that the introduction of the
nitrogen atom in quinoline results in a chemical shift
increaseof 16.1ppm for the a-carbon (C3a) and a
decreaseof 4.4ppm for the b-carbon (C7a). The
predictedvaluesfor I are170 and110ppm for C3aand
C7a, respectively.Thesevaluesare in closeagreement
with the observedchemicalshifts at 160 and 110ppm.
Following the same reasoningone obtains 136 and
144ppm for C3aandC7a,respectivelyin form II . The
observedsignalsat 126 and 148ppm are in reasonable
agreementwith this prediction.Sincethe pair of signals
at 160and110ppmaresignificantlystrongerthanthose
at 126and148ppmweconcludethatform I is presentto
a largerextentthanis form II in acetonesolution.

As shownin Fig. 2, thepresentinvestigationsinvolved
10compounds,themajorityof whicharefoundto exhibit
equilibrium.Thosewhichdonotarecompounds7, 9 and
10. For thosecompoundswhichdoexhibitequilibriumin
solutionthepredominantform is I with theexceptionof
compound 8, where form II predominates.X-ray
diffraction data (Table 5) on crystals of compound7

Table 1. 1H NMR chemical shifts (ppm) and 1H±1H coupling constants (Hz) in acetone-d6 (T = 233 K) of the compounds studied

1 I 1 II 2 I 2 II 3 I 3 II 4 I 4 II 5 I

H5 8.99 8.80 — — 8.82 8.62 8.70 8.59 9.59
H6 7.53 7.69 7.40 7.56 — — 7.23 7.43 —
H7 8.16 8.39 7.98 8.22 7.80 8.03 — — 8.89
CH3 — — 2.69 —a 2.54 2.56 2.62 2.65 —
H5–H6 3.80 3.75 — — — — 4.03 3.96 —
H6–H7 9.05 9.25 9.16 9.30 — — — — —
H5–H7 1.60 1.35 — — —b —b — — 2.38

5 II 6 I 6 II 7 Ic 8 I 8 II 9 Ic 10 I Tc,d 10 I Ac,d

H5 9.36 8.91 8.73 — 8.84 8.71 — — —
H6 — — — 6.94 7.60 7.86 7.23 7.73 6.70
H7 9.09 8.38 8.59 7.89 — — 7.00 7.63 7.71
CH3 — — — 4.08 — — — — —
H5–H6 — — — — 4.34 4.29 — — —
H6–H7 — — — 9.39 — — 9.35 9.80 9.30
H5–H7 2.05 2.28 2.06 — — — — — —

a Overlappedwith signalof methyl groupof 2 I .
b Not determinedbecauseof couplingconstantswith methyl group,
c Measuredat 303K.
d T = tetrazoleform andA = azideform of 10 I .
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(Fig. 3) showthat in thesolid statethis compoundexists
entirely in form I , thussupportingthefinding of the 13C
NMR measurements,especiallyfor theassignmentof the
C3aandC7asignalswhich are typical of the N1-oxide
form I .

The pyridofuroxanmoleculeis almostplanar (Table
5). The bond lengthsand bond anglesof the furoxan
portion are similar to the values mentioned pre-
viously,6,9,10 althoughsomedifferencescausedby the

introductionof anitrogenatomandmethoxygroupin the
benzofuroxanmoleculearealsodiscernible.Thepyridine
ring hastypical bondsreflectingthe presenceof double
bondsandthusthepresenceof furoxanfunctionality.The
C5–N4bondis shorterthanthereportedmeanof 1.337Å
for pyridine C—N bonds,6 whereasthe C5—C6 and
C7—C7a bonds are both long and C6—C7 is short
compared with the aromatic C—C bond length of
1.380Å found in otherpyridines.

Table 2. 13C NMR chemical shifts (ppm) and 13C±1H and 13C±13C coupling constants (Hz) of the compounds studied in acetone-
d6 solution at T = 233 K

1 I 1 II 2 I 2 II 3 I 3 II 4 I 4 II 5 I

C7a 109.6 148.4 108.3 —a 108.9 148.4 109.7 149.3 107.0
C3a 160.4 126.2 160.2 —a 160.0 124.6 160.2 125.3 157.7
C5 161.7 157.3 171.5 —a 164.5 160.0 161.0 156.9 153.7
C6 125.8 129.2 127.6 —a 136.6 140.0 124.4 127.3 141.4
C7 123.3 127.7 122.4 —a 119.0 123.8 137.1 139.8 122.0
CH3 — — 26.1 25.7 19.0 19.2 15.5 15.4 —
C5–H5 185.7 187.9 — — 183.7 185.0 183.8 186.3 —a

C6–H6 172.1 170.0 170.5 —a — — 168.8 167.3 —a

C7–H7 179.2 176.7 174.3 —a 176.4 173.5 — — —a

C7a–C3a 65.5 —a —b —b —b —b —a —a —b

C5–C6 48.8 49.6 —b —b —b —b 49.6 50.6 —b

C6–C7 61.4 61.1 —b —b —b —b 62.9 —a —b

C7–C7a 64.1 62.8 —b —b —b —b 64.0 —a —b

5 II 6 I 6 II 7 I
c

8 I 8 II 9 Ia 10 I Ac,d 10 I Tc,d

C7a —a 109.2 148.0 107.9 108.3 147.5 106.9 107.5 107.0
C3a —a 158.4 124.4 159.6 160.8 127.3 160.4 157.8 144.1
C5 —a 160.9 156.3 168.8 160.8 156.2 167.7 162.9 149.9
C6 —a 131.6 135.3 121.1 125.0 128.3 129.6 120.6 116.1
C7 —a 121.0 125.3 125.2 131.2 134.8 119.7 124.7 119.3
CH3 —a — — 55.5 — — — — —
C5–H5 —a 193.6 196.1 — 188.7 191.3 —a — —
C6–H6 —a — — 175.3 175.4 173.6 —a 174.8 181.5
C7–H7 —a 183.0 180.8 174.9 — — —a 178.5 181.3

a Not determinedbecauseof low concentration.
b Not recorded.
c Measuredat 303K.
d T = tetrazoleform of andA = azideform of 10 I .

Table 3. 15N NMR chemical shifts (ppm) of the compounds studied in acetone-d6 solution at T = 233 K

1 I 1 II 2 I 2 II 3 I 3 II 4 I 4 II 5 I

N1 ÿ19.4 ÿ4.4 —a —a ÿ20.7 —a ÿ18.6 ÿ6.0 ÿ16.5
N3 ÿ6.4 ÿ20.0 —a —a —a —a ÿ7.5 ÿ19.5 —a

N4 ÿ90.8 ÿ98.0 —a —a ÿ91.3 ÿ99.5 ÿ98.6 ÿ106.1 ÿ87.9
N4–H5 12.2 12.5 — — 12.0 12.6 13.0 13.5 11.4

5 II 6 I 6 II 7 Ib 8 I 8 II 9 Ib 10 IA b,c 10 IT b,c

N1 —a ÿ20.2 —a ÿ24.9 ÿ17.8 ÿ6.5 ÿ31.2 —a ÿ22.3
N3 —a ÿ5.0 —a ÿ17.3 ÿ7.3 ÿ19.0 ÿ27.6 ÿ13.9 ÿ29.8
N4 ÿ92.1 ÿ86.1 ÿ93.8 ÿ163.4 ÿ94.5 ÿ101.3 ÿ160.5 ÿ140.4 ÿ158.8
N4–H5 11.8 11.8 12.0 — 13.1 13.3 — — —

a Not recordedor not observedin 1H–15N GHMBC experiment.
b Measuredat 303K. 9 I : —N=P=ÿ255.6ppm.
c T = tetrazoleform and A = azide form of 10 I, 10 I A: N1' =ÿ261.7ppm, N2' =ÿ146.7ppm, N3' =ÿ136.6ppm. 10 I T: N1' =ÿ56.9ppm,
N2' =�23.2ppm,N3' =ÿ28.6ppm.
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The 15N NMR spectra of the compoundswhich
undergothe equilibrium consistof two setsof signals
of different intensity, three resonanceseach. Their
assignmentwas made in the following way using
compound1 asan example.The 15N NMR spectrumof

this compoundhas three signals at ÿ6.4, ÿ19.4 and
ÿ90.8ppm, which, owing to their intensity, obviously
belong to the form I . Their assignmentwas made as
follows. The signalatÿ90.8ppm is fairly typical of the
pyridine-typenitrogenatom11 and is assignedto N4 of
structureI . In orderto distinguishbetweentheothertwo
signalswe also recordedthe 14N NMR spectrum.The
signalappearingatÿ19.4ppmis muchsharperin the14N
NMR spectrumthan that at ÿ6.4ppm. The N-oxide
nitrogenatomsinvariably give a fairly sharp14N NMR
signaldueto the presenceof the residualchargeon the
nitrogen atom producing a fairly small electric field
gradient at the site of quadrupolarnuclei.12 Conse-
quently, the signal at ÿ19.4ppm is attributedto N1 in
structureI andthesignalatÿ6.4ppmto N3. In thecase
of structureII thesignalatÿ98.0ppmmustbeassigned
to N4, whereasthe signalsatÿ4.4ppm andÿ20.0ppm
areassignedto N1 andN3, respectively.

To assistin theassignmentof the15N signals,asample

Table 4. 17O NMR chemical shifts (ppm) in acetone-d6 solution at T = 303 K for some of the compounds studied

1 4 5 6 7 10 I Ta

Oexo 406 (230) 409(260) 433(310) 411 (290) 388(290) 406(300)
O2 509 (270) 506(290) 526(390) 518 (340) 492(350) 502(500)
NO2/OCH3 — — —b — 100(250) —

a T = tetrazoleform of 10 I .
b Invisible becauseoverlappingwith acetonesignal.

Table 5. Bond lengths and angles of compound 7

Bond Bond length(Å) Bond Bondangle(°) Bond Torsion(°)

N1–Oexo 1.215(4) C5–N4–C3a 113.5(4) C3a–N4–C5–O8 ÿ176.7(1)
N1–O2 1.446(5) C5–O8–C9 117.6(4) C3a–N4–C5–C6 ÿ2(2)
O2–N3 1.389(6) O8–C9–H9a 109.7(1) C9–O8–C5–N4 0(2)
N3–C3a 1.318(5) O8–C9–H9b 105.5(1) C9–O8–C5–C6 ÿ176.0(1)
C3a–N4 1.364(5) H9a–C9–C9b 112.4(6) O2–N3–C3a–N4 179.5(1)
N4–C5 1.294(6) O8–C9–H9c 103.4(1) O2–N3–C3a–C7a ÿ1(2)
C5–C6 1.461(6) H9a–C9–H9b 144.8(1) C5–N4–C3a–N3 ÿ177.3(1)
C6–C7 1.328(6) C3a–N3–O2 105.4(4) C5–N4–C3a–C7a 3(2)
C7–C7a 1.422(7) Oexo–N1–C7a 135.1(5) C3a–N3–O2–N1 ÿ3(2)
C7a–C3a 1.418(6) Oexo–N1–O2 118.2(4) Oexo–N1–O2–N3 ÿ180.0(1)
N1–C7a 1.330(6) C7a–N1–O2 106.4(4) C7a–N1–O2–N3 5(2)
C6–H6 1.00 N4–C5–O8 120.8(4) Oexo–N1–C7a–C3a ÿ179(2)
C7–H7 1.00 N4–C5–C6 126.3(4) O2–N1–C7a–C3a ÿ5(2)
C5–O8 1.325(5) O8–C5–C6 112.7(4) O1–N1–C7a–C7 15(3)
O8–C9 1.453(6) N3–C3a–N4 124.0(4) O2–N1–C7a–C7 ÿ170.8(1)
C9–H9a 1.07(3) N3–C3a–C7a 112.3(4) N3–C3a–C7a–N1 4(2)
C9–H9b 1.13(3) N4–C3a–C7a 123.7(4) N4–C3a–C7a–N1 ÿ177(2)
C9–H9c 1.05(2) N3–O2–N1 108.8(3) N3–C3a–C7a–C7 171.4(1)

C6–C7–C7a 114.5(4) N4–C3a–C7a–C7 ÿ9(2)
C6–C7–H7 122.8(3) C6–C7–C7a–N1 177(2)
C7a–C7–H7 122.7(3) C6–C7–C7a–C3a 13(2)
N1–C7a–C3a 106.9(5) C7a–C7–C6–C5 ÿ11(3)
N1–C7a–C7 131.3(5) N4–C5–C6–C7 7(3)
C3a–C7a–C7 120.4(4) O8–C5–C6–C7 ÿ178(2)
C7–C6–C5 120.3(4)
C7–C6–H6 119.8(2)
C5–C6–H6 119.8(2)

Figure 3. Crystallographic structure (ORTP projection) of 5-
methoxypyridofuroxan (7)
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individually enrichedat N3 and N4 was preparedas
shownin Fig. 4 andits spectrumanalysed.Thesynthesis
of selectively 3- and 4-15N-labelled pyridofuroxan,1,
proceedsaccordingto the following steps.

In the first step the reaction between 2-chloro-3-
nitropyridine and the doubly labelled potassiumazide
K15NN15N takesplace,leadingto compound11, whose
labelling dependson the mechanisminvolved: the 1,3-
di-15N-8-nitrotetrazolo[1,5-a]pyridine isotopomer, 11a
(45%), is formed as the result of an SN nucleophilic
substitution mechanismand 2,4-di-15N-8-nitrotetrazo-
lo[1,5-a]pyridine isotopomer,11b (55%), is obtained
when the ANRORC (addition of nucleophile, ring
openingand ring closure)mechanismtakesplace(Fig.
4). The ratio of thesetwo isotopomers(45:55) can be
easilyestimatedfrom theintegrationof thesignalsin the
15N NMR spectrum(in DMSO) of the compound11.
Two signalsatÿ67.3andÿ30.0ppmarecharacteristicof
the tetrazolenitrogensN1 and N3, respectively,which
correspondto isotopomer11a, andtwo signalsat�20.7
andÿ122.9ppm aredueto the N2 andN4 atomsof the
isotopomer11b.13 After thermolysisof labelled com-
pound11, two isotopomersof compound1 are formed:
3-15N (45%)and4-15N (55%).

On lowering the temperatureof the mixture of
isotopomersof 1 in acetonesolution,two setsof signals
are observed.The strongersignals at ÿ6.4 (N3) and
ÿ90.8ppm (N4) arecharacteristicof the N1-oxide form
I , whereastwo weakersignalsatÿ20.0andÿ98.0ppm
correspondto atomsN3 andN4, respectively,of form II .
Theseobservationssupport the nitrogen signal assign-
mentsbasedon the 14N NMR relative linewidths and
1H–15N correlationmeasurements.

An assignmentof thesignalsin the17O NMR spectrum
presentssomeproblems.From an 17O NMR study on
benzofuroxanit is reportedthat the exocyclicoxygenis
deshieldedwith respect to the ring oxygen atom.14

However,aswasshownin our recentstudyon this class
of compounds,thisassignmentshouldbereversed.15 It is
thereforereasonableto assumethat also in the caseof
pyridofuroxansthe exocyclic oxygen is shieldedwith
respectto the ring oxygen atom (seealso the section
where the relevant 17O NMR DFT calculations are
discussed).

In order to obtain some independentproof of the
assignmentsof the signals in the spectra of the
compoundsstudied,we performedDFT calculationsof
thenuclearshieldingsfor theparentcompound1 (in both
forms I and II ) and compound 7. The results are
presentedin Figs 5, 6 and 7 where,respectively,plots
of observed13C, 15N and 17O NMR chemical shifts
against nuclear shieldings calculated by the density
functional method (DFT)7 are presented.In the DFT
calculationswe employedthe PW91functional and the
IGLO III basis set. The correlation coefficients and
standarddeviationsfor the least-squaresdatafitting are
given in Figs5–7andarevery satisfactoryin eachcase.
Theseresultssupportourassignmentsof the13C, 15N and
17O NMR spectra.It is also worth mentioningthat not
only are the trends reproduced correctly but also
agreementbetweenthecalculatedandexperimentaldata
is satisfactory.

Inspection of the data in Table 6 reveals that
compounds1–6 and 8 exist in acetonesolution in the
form of two tautomers,and for compounds1–6 the
equilibrium betweenthesetautomersis stronglyshifted
towards the N1-oxide form, I . The compounds in
questionare the parentpyridofuroxan1, its 5-, 6- and
7-methylderivatives,2–4, the 6-nitro derivative,5, and
the 6-chloro derivative, 6. In the caseof the 7-chloro
derivative(8), theequilibriumis displacedin theopposite
direction with form II being favoured.The KI/II values
varyfrom 0.05in compound5, wherethestrongelectron-
withdrawingNO2 groupis attachedto carbon6, to 0.15

Figure 4. Two possible mechanisms for the reaction between 2-chloro-3-nitropyridine and selectively labelled potassium azide,
K15NN15N
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for compound6, where the electron-donatingchlorine
atomis presentin position6. Theseresultsshowthat the
substituentsatposition6 havearelativelysmallinfluence
regardless of their nature on the position of the
equilibrium. This is in agreementwith the previously
publisheddata.16

In thecaseof compoundswith asubstituentin position
5, both forms I andII wereobservedonly in thecaseof
the methyl derivative 2. The presenceof substituents
containingelectronegativeatomsleadsmostobviouslyto
destabilizationof theN3-oxideform and,asaresult,only
form I is found in thecaseof compounds7, 9 and10. It
shouldbe mentionedthat in the caseof compound10,
owingto thepresenceof theazidegroup,amorecomplex
equilibrium may exist.13 As shownin Table6, the KI/II

data for compounds4 and 8 are significantly different
(0.18and1.22,respectively).This differencearisesfrom
a changein the substituentat position7 from a methyl
group to a chlorine atom. The change in KI/II is

undoubtedly not due to steric effects but rather to
electronic differencesbetweenthese two substituents.
As suggestedby Boultonet al.,5 weakhydrogenbonding
and thus accentuationof hyperconjugationof the 7-
methyl group with the aza-nitrogen are of small
importancebecausethere is no meaningful changein
the17O NMR chemicalshifts for compound4 (Table4).

Finally, we havealsobecomeinterestedin theeffects
of protonationon the compoundsstudied.The 1H, 13C
and15N NMR spectraof compounds1, 3, 4, 6, 7 and10
weremeasuredin the presenceof excesstrifluoroacetic
acid (TFA) and the resultsare shown in Table 7. The
mainconclusionwhich canbedrawnfrom ananalysisof
thedatais thatunderacidicconditionstheequilibriumis
totally shiftedtowardsisomerI . First,only onesetof the
signals is observedin the spectraof all compounds
studied when measuredat 269K. Second,the signal
correspondingto carbonC7a appearsin the 13C NMR
spectraof all protonatedsamplesatca. 110ppm,whichis
very closeto the positionof this signal in the spectraof
non-protonatedcompounds,ca. 108ppm. Theseresults
provide unquestionable evidence that, as mentioned
above, the protonatedcompoundsexist exclusively in
the form I . Additionally, accordingto the mesomeric
structuresgiven in Fig. 8, protonationof the molecules
under considerationshould strongly stabilize the N1-
oxide (form I ). It is worth notingagainat this point that

Figure 5. Plot of calculated 13C absolute shieldings against
experimental 13C NMR chemical shifts

Figure 6. Plot of calculated 15N absolute shieldings against
experimental 15N NMR chemical shifts

Figure 7. Plot of calculated 17O absolute shieldings against
experimental 17O NMR chemical shifts

Table 6. Equilibrium constants for the N1-N3-oxide rearran-
gement

Compound Constant Compound Constant

1 0.10� 0.005 6 0.15� 0.005
2 0.08� 0.005 7 0.00
3 0.12� 0.005 8 1.22� 0.005
4 0.18� 0.005 9 0.00
5 0.05� 0.005 10 0.00
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the C7asignalsin the spectraof isomerII appearin the
region of 148ppm. A further comparisonof the data
obtained for the protonated compounds with those
derived for the non-protonatedcompoundsshowsthat
the protonationtakesplaceon the nitrogenatom of the
pyridine ring, i.e. on N4. This results in very strong
shielding of this atom in comparisonwith the non-
protonatedmolecule.Its magnitudedependsdramatically
on the substituentsattachedto the pyridine ring and
varies from 30ppm in compound6 up to 110ppm in
compound4. In thefirst casethechlorineatomin position
6 probablystronglydecreasestheelectrondensityat N4,
weakeningthe protonationeffect considerably,and the
methyl group at position 7, in contrast,increasesthe
electrondensityat N4, strengtheningtheshieldingeffect
caused by protonation of this atom. The changes
occurringat N4 areaccompaniedby shieldingof carbon
C3aanddeshieldingof C7,ÿ9 and10ppm,respectively.
All thesevaluesarevery closeto theprotonationeffects
in pyridineitself andits correspondingderivatives.Thus,
for example the correspondingD(�) values in unsub-
stituted pyridine are ÿ115.6ppm, ÿ7.7ppm and
�12.4ppmfor N4, C2 andC4, respectively(J Wiench,P
Cmoch,L Stefaniakand GA Webb. J. Mol. Struct. in
preparation).Also, an increaseof 1JC5C6 and 1JC3aC7a

couplingsof 5 Hz observedin thespectrumof 1 recorded

in TFA in comparisonwith thosedeterminedfor thenon-
protonatedcompoundmay be consideredas a result
typical of protonationof thepyridine ring.17

For labelledcompound1 wewerealsoableto measure
the 15N NMR spectrum in TFA at 303K. At this
temperaturethe N3 andN4 signalsareshiftedto higher
frequencies,by 3.4 and 22.0ppm, respectively,which
indicates that the proton–nitrogen interaction is, as
expected,weakerat higherthanat lower temperatures.

It is also of interest that similar effects to those
describedaboveareobserveduponN4 alkylation of the
compoundsstudied.Thus,a nitrogenshieldingincrease
of about 100ppm has been observedin the N4-ethyl
derivativesof compounds1 and 4 for nitrogenN4 and
deshieldingof carbonC7 by 10ppm(seeTable7).

In order to obtain a deeperinsight into the electron
distribution in pyridofuroxans,we measuredalso 1JCC

couplingsfor compound1 and its protonatedform, and
for the compoundswhich arepyridofuroxanprecursors,
11, 12 and 13. These results are given in Table 8.
Thermolysisof compound11 and oxidation of com-
pounds12 and13 (Fig. 2) providea changein electron
distribution and result in bond localization. The most
sensitiveNMR parametersto thesechangesare1JCC and
nitrogenchemicalshifts(Table8). Especiallyvisible are
the changesof coupling constants(C5–C6) between

Table 7. 1H, 13C and 15N NMR chemical shifts for some protonated (in TFA) and alkylated (in acetone, T = 269 K) compounds

1 1a 1 etb 3 4 4 etb 6 7 10 Tc

H5 8.65 8.56 9.78 8.46 8.44 9.50 8.02 — —
H6 7.09 7.04 8.11 — 6.92 7.87 — 6.42 7.34
H7 7.69 7.81 9.11 7.59 — — 7.15 7.30 7.43
CH3 — — — 1.98 2.29 1.64 — 3.66 —
C7a 111.2 111.0 114.2 110.9 —d 114.4 109.6 109.1 107.5
C3a 151.0 152.7 150.9 150.7 —d 150.7 155.2 157.3 144.1
C5 158.7 158.2 161.4 161.1 —d 159.2 160.7 169.7 150.3
C6 123.3 123.1 125.1 136.4 —d 123.7 132.6 121.8 114.3
C7 133.0 129.7 136.5 129.0 —d 154.5 122.1 124.9 121.4
N1 ÿ18.2 —e ÿ17.2 ÿ21.2 ÿ17.6 —f ÿ23.1 ÿ30.7 ÿ21.8
N3 ÿ17.0 ÿ13.6 —e —e ÿ21.7 —f —e ÿ30.0 ÿ30.4
N4 ÿ175.2 ÿ150.5 ÿ188.9 ÿ173.6 ÿ212.0 —f ÿ116.1 ÿ191.9 ÿ158.2

a At 303K
b ethylatedform of compounds1 and4.
c 15N NMR chemicalshiftsof remainingnitrogennucleiof tetrazoleform (T) of compound10: N1' =ÿ78.6ppm,N2' =�7.4ppm,N3' =ÿ31.2ppm.
d Not recorded.
e Not observedin 1H–15N GHMBC experiment.
f Not recordedbecauseof instability of theethylatedderivative.

Figure 8. Mesomeric structures of pyridofuroxan
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compounds11 and1. Thevalueof 1JC5C6 is 65.5Hz for
11 and 48.8Hz for 1, showing the changesin bond
localizationfor thesetwo different compounds.

CONCLUSIONS

We concludethat 1H, 13C and15N NMR parametersare
very well placedto provide informationon the furoxan
type of equilibrium andalsoon possiblemechanismof
furoxanformation.By meansof thesedatait is possible
to distinguishbetweenthe two structures(N1-oxide and
N3-oxide)in equilibrium.A significantshieldingincrease
by more100ppmfor N4 revealsthatthis atomis thesite
of protonationandalkylation.Changesin 1JCCvaluesand
nitrogenchemicalshifts canbe usedto showthat bond
localizationbetweenpyridofuroxansandtheir precursors
is completelydifferent.X-ray resultsandDFT molecular
orbital calculationscan be useful in supportingNMR
signalassignments.
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Table 8. 1JCC coupling constants for compounds 1, 11, 12,
13 and the protonated form of 1

1 1a 11b 12 13

C7a–C3a 65.5 71.2 —c 71.2 76.2
C5–C6 48.8 53.7 65.5 51.4 50.5
C6–C7 61.4 58.8 52.7 56.0 59.5
C7–C7a 64.1 65.8 71.9 67.8 55.8

a For protonatedform.
b Numberingof atomsfor compounds11, 12 and 13 in Fig. 2; for
compound 11, correspondingcouplings: C8–C8a= C7a–C3a,C5–
C6= C5–C6,C6–C7= C6–C7andC7–C8= C7–C7a.
c Not observed.

Copyright  2000JohnWiley & Sons,Ltd. J. Phys.Org. Chem.2000;13: 480–488

488 P. C. CMOCH ET AL.


