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FOREWORD

There is a continuing need for new energetic materials with improved performance
and/or enhanced stability and sensitivity. A class of compounds which has been little
investigated is comprised of polynitroheterocycles. This report examines tetrazolo-
{1.5-a)pyridines and furazano[4,5-b)pyridine-1-oxides, with particular reference to
their synthesis, structure, stability, and sensitivity.

The work was supported by Independent Research Funds of the Naval Weapons
Center, Program Element Number 61152N, Project and Task Number RROONW, and
Work Unit Number 1380503.

This report has been reviewed for technical accuracy by Richard A. Hollins.

Approved by Under authority of
R. L. DERR, Head J.A.BURT
Research Department Capt., USN
6 April 1989 Commander

Released for publication by
G.R. SCHIEFER
Technical Director

NWC Technical Publication 6985

Published DY .cccveiiciiiiriniiinninsninnencnatencrneecsnevsssnes Technical Information Department
COllALON ...ecvriririiitiiistinitessncses et satesncsssnessressersssnnsossonnssrenssssnassanasnes Cover, 13 Leaves
FIrSt Printing ettt ssiestesas e ssessastesessssssesssese s 175 Copies




§§EUR|FY CLASEIF!CAT|25N OF THIS PAGE

REPORT DOCUMENTATION PAGE

1a. REPORT SECURITY CLASSIFICATION
UNCLASSIFIED

b RESTRICTIVE MARKINGS

23, SECURITY CLASSIFICATION AUTHMORITY

b DECLASSIFICATION : DOWNGRADING SCHEDULE

3 DISTRIBUTION s AVAILABILITY OF REPORT
Approved for public release;
distribution is unlimited.

4. PERFORMING ORGANIZATION REPORT NUMBER(S)

5. MONITORING ORGANIZATION REPORT NUMBER(S)

o] NWC TP 6985

6a NAME OF PERFORMING ORGANIZATION

6o OFFICE SYMBOL
(If applicable)

7a. NAME OF MONITORING ORGANIZATION
Naval Weapons Center

6c. ADDRESS (City, State, and ZIP Code) 7b. ADDRESS (City, State, and ZIP Code)

China Lake, CA 93555

8a. NAME OF FUNDING . SPONSORING
ORGANIZATION
0ffice of Naval Research

8b. OFFICE SYMBOL
(If applicable)

9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER

8¢. ADDRESS (City, State, and ZIP Code) 10. SOURCE OF FUNDING NUMBERS

PROGRAM PROJECT TASK WORK UN'T
X ELEMENT NO. NO NO ACCESSION NO
ArTington, VA 22217 61152N RROONM RROONW | 1380503

*1 TITLE (Include Security Classification)

| Jetrazolo[1.5-a]pyridines and Furazano[4,5-blpyridine-1-oxides as Energetic Materials
*2 PERSONAL AUTHOR(S)

| Charlotte K. Lowe-Ma,
'3a. TYPE OF REPORT

Final

‘6 SUPPLEMENTARY NOTATION

Robin A. Nissan, and William S. Wilson
13b TIME COVERED 14. DATE OF REPORT (Year, Month, Day)

*ROM 86 Jan 70 _88 Juyn 1989, April

1S PAGE COUNT
24

<

COSATI CODES
SELD GROUP SUB-GROUP
19 Ql

18 SUBJECT TERMS (Continue on reverse if necessary and identify by block number)
Tetrazolo{1,5-alpyridine, Fgrazano[ll ,5-b]pyridine-1-oxide,
Crystal Structure, 14 and 13¢ NMR, Impact Sensitivity

‘93 ABSTRACT (Continue cn reverse if necessary and identify by biock number)

The synthesis of a series of tetrazolo[1,5-a]pyridines by nucleophilic azide attack on 2-chloro-
pyridines is described. The chemistry of these compounds is also discussed, with particular reference to their
thermal stability and their equilibria with the corresponding 2-azidopyridines. The explosive properties of
4,6-dinitrotetrazolo[1,5-a]pyridine are presented. This material shows moderate explosive properties, but
is thermally unstable. The synthesis of furazano[4,5-b]pyridine-1-oxides by thermolysis of 4-nitro-
tetrazolo{1,5-alpyridines is described, as are their structures and chemical_ properti'es. The explosgve
properties of 6-nitrofurazano(4,5-bjpyridine-1-oxide are also discussed. This mate_nal shows explosive
and thermal properties comparable with those of trinitrotoluene. The synthesis of tet(azolq[1,5-f]-
furazano[4,5-b]pyridine-1-oxide by nucleophilic azide attack on 3-nitro-2,6-dichloropyridine is also
described. The structure of this compound has been elucidated, and its explosive properties are described. It

-] exhibits properties typical of a primary explosive, while being thermally stable to about 135°C. Tpis com-
pound provides a potential route to further nitrogen substitution of the pyridine ring, possibly opening up a
new class of energetic materials.

20 DISTRIBUTION s AVAILABILITY OF ABSTRACT

3 uncLassiFED/UNLIMITED [0 SAME AS RPT
22a NAME OF RESPONSIBLE INDIVIDUAL
William S. Wilson

DD FORM 1473, 84 maR

21 ABSTRACT SECURITY CLASSIFICATION
UNCLASSIFIED
22b TELEPHONE (Include Area Code)
619-939-1642
83 APR edition may be used until exhausted
Alf other editions are obsolete

O oTic USERS

22¢. OFFICE SYMBOL
3853

SECURITY CLASSIFICATION OF THIS PAGE
% U.S. Government Printing Office: 1986—607-044

UNCLASSIFIED

;—




NWC TP 6985
CONTENTS
' INTFOAUCTION oottt st r et ae s et et entame e e ecesesansasse s rasenessesassanasvennnnenensn 3
Results and DiSCUSSION .......c.iiiiiiiiiiiiiiresie et esreersetre s e csssessesanaesansesensneesnne 4
EXPerimental S@CHOM .....c.ccociiiiiirrencttrcttente s e s ererentesse e saessssessss e sesssssssasesssassnnssnanes 14
Tetrazolo[1,5-a]pyriding (B@)......ccocevirieimrirricciii e ree et eae e 14
4-Nitrotetrazolof1,5-a]pyriding (6b).....ccccvrevrrririrreiiiri e eiein e 14
6-Nitrotetrazolo(1,5-alpyriding (BC) ..cccvveiriiriiieccersiinireceie et 15
4,6-Dinitrotetrazolo[1,5-alpyridine (6d) .cccccciviirvccinviiniiniiienerereneene 15
Furazano{4,5-blpyridine-1-0xide (D) .cvvrveiriririeericrrriccrrrcsesevereeaene 16
6-Nitrofurazano[4,5-b]pyridine-1-oxide (9d)....ccccceerireiiririiiiiiiiierenis 16
2,3-Dinitropyridine (T2 cceieciiereceeereeceree vttt iseererte e v ese e enreessaras e s nnrees 16
Tetrazolo[1,5-f]furazano(4,5-b]pyridine-1-oxide (16) .ccccveevivrevireeennes 17
5-Triphenylphosphiniminofurazano[4,5]pyridine-1-oxide (18)............. 17
7-Triphenylphosphiniminazo-4-nitrotetrazolo[1,5-a]pyridine (19)..... 18
7-Triphenylphosphinimino-4-nitrotetrazolo[1,5-a]pyridine (20) ........ 18
5-Aminofurazano(4,5-blpyridine-1-oxide (21)....cccccvveiiiirincriniiieerrennnnns 18
5-Acetaminofurazanof4,5-b]pyridine-1-oxide (22} .c.ccccevevrrviiinrcennrnns 19
Single Crystal X-Ray Structure of Tetrazolo[1,5-flffurazano-
[4,5-b]pyridine-1-oxide (16) ..ccceveerrevrrecrereccireene, 19
REfEIEBNCES .ottt ettt s e st sesee s e e e e s e aesaaser s ae s s e s e sr et aesansasannereen 22
ACKNOWLEDGMENTS
The authors are pleased to acknowiedge the contributions of others to this work.
They are grateful for constructive criticism from their colleagues in the Chemistry
Division, Code 385. In particular they wish to note assistance from D. A. Fine (mass
spectra), M. P. Nadler (Fourier transform infrared spectra), S. L. Christian (impact
sensitivities), D. J. Knight (density determination), and M. A. S. Hasting (differential
. scanning calorimetry). Finally, A. J. Freyer of the Chemistry Department, Pennsyl-
vania State Universily, University Park, Penn., is thanked for assistance with certain
NMR experiments. Ao T T T T
: ST
B A TR Y
Ue '
l Gt
b= - ~ - -
: '.",
1 IR
b —_—




NWC TP 6985

INTRODUCTION

Over a period of several years, highly substituted polynitroaromatics have been
investigated as a source of new dense and energetic explosives. These investigations have
been moderately successful, producing such materials as hexanitrobenzene (Reference
1), pentanitrotoluene (Reference 2), and decanitrobiphenyl (Reference 3). However,
while these compounds have realized the predicted high densities and explosive energies,
they have also tended to be thermally unstable and somewhat sensitive.

A related class of compounds, which has not been extensively investigated, is
comprised of the polynitroheterocycles. For example, pentanitropyridine (1) and
pentanitropyridine-N-oxide (2) are predicted to have densities (Reference 4) of 1.95
and 2.01, detonation velocities (Reference 5) of 9290 and 9050 m/s, and detonation
pressures (Reference 5) of 411 and 388 kbar, respectively, while 3,5-diamino-
2,4,6-trinitropyridine (3), with a density of 1.81, a detonation velocity of 8470 m/s,
and a detonation pressure of 334 kbar, might be expected to have stability and sensi-
tivity resembling 2,4,6-triamino-1,3,5-trinitrobenzene (TATB) and 2,4-diamino-
1,3,5-trinitrobenzene (DATB). Unfortunately, the methods utilized so successfully in
the benzenoid series have failed when applied to heterocycles, and new strategies must
therefore be developed.

NO; Noz NO2
O2N NO2 02 NO; Hyl NO;
Oz NO> 02 NO; 0Oz NO,
1
o
1 2 3

A related family of compounds, the study of which should give further insight into
polynitroheterocyclic systems, is the tetrazolo[1,5-a]pyridines. These materials shouid
exhibit useful explosive properties, without however matching those predicted for the
polynitropyridines. In addition they should provide access to the pyridofuroxans (more
properly furazano[4,5-b]pyridine-1-oxides), attractive by analogy with the useful
and energetic benzofuroxans (References 6-9). Further, oxidation of the
pyridofuroxans may open up a new route to the polynitropyridines.
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RESULTS AND DISCUSSION

2-Chloropyridines have been shown to react with sodium azide in the presence of
hydrochleric acid to give the corresponding tetrazolo[1,5-a]pyridines (Reference 10).
The reactioti, of course, proceeds by initial nucleophilic displacement of chlorine by the
azide ion, followed by an electrocyclic ring closure. Predictably, the presence of an
electron-withdrawing nitro-group at the 3- or 5-position aids the initial azide dis-
placement, and whereas the reaction of 2-chloropyridine (4a) itself must be carried
out in dimethylformamide (DMF) under reflux, the corresponding reactions of 3-and 5-
nitro-2-chloropyridines (4b,c) proceed smoothly and in high yield in refluxing
ethanol. Indeed 2-chloro-3,5-dinitropyridine (4d) reacts with hydrazoic acid in
ethanol at ambient temperature. (in the absence of acid, 4d reacts with sodium azide in
ethanol to form the Meisenheimer-type complex (7), which is converted to the desired
product by treatment with hydrochloric acid in ethanol.)

R R, R R
O —" 00—

N Cl N N3
4 5

a Ry{=Rx=H

b Ry=NOys Rx=H

¢ Ry=H;Ra=NO;

d Ry=Ry=NO;

However, the presence of the nitro-groups also affects the cyclization to form the
tetrazolopyridine. The azidopyridine and the tetrazolopyridine are in equilibrium. In
the case of the unsubstituted compound, the equilibrium is far to the right. No trace of
the azido-compound 5a can be detected in the infrared (IR) or nuclear magnetic reso-
nance (NMR) spectra, although the loss of 28 mass units provides the base peak of the
mass spectrum and the generation of the pyridine-2-nitrene (8) has been cited in the
pyrolysis of tetrazolopyridine (Reference 11). Similarly 4-nitrotetrazolo[1,5-a}-
pyridine (6b) appears to be free of the azido-isomer (5b), with no trace of the latter
being visible in the IR and NMR spectra. Once again, however, the mass spectrum of 6b
showed a prominent peak at 137, which was attributed to the loss of molecular nitrogen.
On the other hand, the NMR spectrum of 6-nitrotetrazolo[1,5-alpyridine (6¢) in
dg-acetone showed the presence of the azido-compound (5¢) at the level of 10%. Even
more pronounced, the product from the reaction of hydrazoic acid with 2-chioro-3,5-
dinitropyridine (4d), when dissolved in dg-acetone, contains a mixture of two com-
pounds identified as 4,6-dinitrotetrazolo[1,5-b]pyridine (6d) and the azido-isomer
(5d) present to the extent of some 40%. These results are presented in Table 1, and
have been conveniently explained in terms of the electron-withdrawing nitro-groups at

4
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the 4- and 6-positions destabilizing the electronegative tetrazole ring in favor of the
azido-group. The failure to detect any evidence for 5b would appear to be anomalous.

R Ry R \ Ry

\ 7/
N==
5 N
6

a Ry=Rzx=H

b R1=N02;R2=H

¢ Ry{=H;R2=NOz N ;‘1

d Ri1=R2=N0O2 e
8

TABLE 1. Equilibrium of Tetrazolo[1,5-a]pyridines with
2-Azidopyridines in dg-Acetone Solution.

. Tetrazolo[1,5-a]pyridine 2-Azidopyridine Present
6a 5a,0 %
6b 5b, 0 %
6c 5¢, 10 %
6d 5d, 40 %

The presence of the azidopyridine (5d), in association with the tetrazolopyridine
(6d), in acetone solution was confirmed by Fourier-transform infrared spectroscopy
(FTIR) which showed an azido-absorption (doublet) at 2153 and 2143 cm-! as well as
three nitro-group bands at 1599, 1575, and 1553 cm-!. The FTIR spectrum of a
standard pressed KBr disc of the solid showed only two nitro-group bands, at 1575 and
1553 cm-!, and no obvious azido band. However, diffuse reflectance FTIR spectroscopy,
followed by careful re-examination of the standard spectrum, confirmed that the azido-
isomer is indeed present in the solid state, at least in small quantities. In view of the
simultaneous presence of the two forms in solution, and also to a lesser extent in the
solid, it comes as no surprise that the material is extremely difficult to recrystallize.
The best purification appears to be dissolution in aqueous ethanol, followed by evapora-
tion of the ethanol at ambient temperature under high vacuum.

Equally predictably, the equilibrium between the two forms in solution is
markedly affected by the solvent, as illustrated in Table 2. Thus, in deuterochioroform
the azido-form (5d) is present at 100% to the exclusion of 6d, while in dg-DMSO 5d
is present to only 9%, the tetrazolopyridine is dominant at 91%.

5
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TABLE 2. Equilibrium between 4,6-Dinitrotetrazolo-
(1.5-a]pyridine and 2-Azido-3,5-dinitropyridine
in Various Solvents.

Solvent 2-Azido-3,5-dinitropyridine, %
CDCl3 100
CeDs 80
(CD3)2CO 40
CDaCN 37.5
(CD3)2S02 S

This equilibrium is further complicated by the fact that 2-azido-3,5-dinitro-
pyridine undergoes reaction in solution at ambient temperature. The nature of the
reaction in dg-acetone and -DMSO is still uncertain, but in deuterated chioroform,
benzene, and acetonitrile, the azido-compound loses molecular nitrogen and recyclizes to
form 6-nitrofurazanof4,5-blpyridine-1-oxide (6-nitropyridofuroxan) (9d). The
half-life for this reaction is about 3 days in chloroform or benzene and about 16 days in
acetonitrile. The same conversion may be achieved by cautiously heating neat to 120°C,
or more conveniently by heating in toluene under reflux until the gas evolution is
completed. In a similar fashion the parent furazano[4,5-b]pyridine-1-oxide
(pyridofuroxan) (9b) may be prepared by heating a toluene solution of 6b under
reflux, providing some evicence that the latter compound is also in equilibrium with the
corresponding azido-isomer, at least at elevated temperatures.

O
7 ]
R NO2 R - _NO R 1
AN 2 67 e/N\
[ T — O] — 3
.
\N N3 S\N g N
\ 4 3
N=N
5 9
6

b Rp=H;d Rpy=NO,

(The synthesis of benzofuroxans from o-chloronitrobenzenes--and of the
pyridofuroxan (9d) from 4d--in a one-pot phase-transfer reaction with sodium azide
in dichloroethane has recently been described (Reference 12). Experiments in our own
laboratories have indicated that in other solvent systems the phase-transfer catalyst
may not be necessary (References 8 and 9). Carrying out the reaction under these
conditions also precluded the isolation of the tetrazolopyridine (6d) intermediate in the
formation of 9d.)

Empirical calculations (References 4 and 5) suggest that 4,6-dinitro-
tetrazolo[1,5-a]pyridine (6d) should have a density of 1.79, and a detonation velocity
and pressure of 8250 m/s and 314 kbar, respectively. However, it also appears to be
rather sensitive to impact, being initiated quite easily in a simple hammer/anvil

6
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screening test. This sensitivity to impact is possibly attributable to the presence of a
small amount of the azido-isomer (Sd) and may perhaps be reduced it a purification
method can be devised to remove that material. Indeed “recrystallization” twice by
dissolution in aqueous ethanol followed by stripping off the organic solvent under
vacuum gave a material with a drop-weight impact sensitivity of 61.7 cm. However this
material was a very fine, fluffy solid, and this low sensitivity may simply be due to the
particle shale and size. In support of this proposal, a small sample of apparently more
crystailine material had an impact sensitivity of 46.8 cm. On the other hand 6d is also
thermally unstable at about 122°C, and therefore is not of great utility as an explosive.
The pyridofuroxan (9d) to which 6d decomposes is predicted to have a density of 1.82,
and a detonation velocity and pressure of 7300 m/s and 282 kbar, respectively.
However, the density determined by gas pychometry was only 1.74. It has a drop-
weight impact sensitivity of 25.7 cm, and although it melts at 93°C it appears to be
thermally stable to about 200°C.

Benzofuroxans (benzofurazan-1-oxides) (10) may be oxidized to substituted
1,2-dinitrobenzenes (11) by the action of 90% hydrogen peroxide in sulfuric or
polyphosphoric acid, although the oxidation of benzodifuroxans is less successful
(Reference 13). We hoped that application of a similar procedure might provide access
to the 2,3-dinitropyridines. The pyridofuroxans proved to be more resistant to oxida-
tion by reagents ranging in strength from chioroperbenzoic acid to peroxydisulfuric acid
in 30% oleum. In no case could any sign of pyridine-N-oxide be detected, but the
furoxan ring of 9b was oxidized by peroxydisulfuric acid formed in situ from 90%
hydrogen peroxide in 30% oleum, giving the previously unknown 2,3-dinitropyridine
(12). However, 6-nitrofurazano(4,5-bjpyridine-1-oxide (9d) appears to be stable
towards oxidation even under these conditions. This is a rather disappointing result, but
the oxidation of 9d will be investigated further.

?
F /N\ (\:[Noz
/O ae————
/\ =N / NO,
R R
10 11
¢
F /N\ NG,
> — O
X SN NO,
9b 12

If the presence of nitro-groups at the 4- and 6-positions destabilizes the
tetrazolo[1,5-a]pyridine ring system with respect to the 2-azidopyridine, it seeme:!
reasonable that a furoxan ring fused at the 6- and 7-positions might stabilize it. Taking

7
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advantage of the formation of both tetrazolo- and furazanopyridines described above,
3-nitro-2,6-dichloropyridine (13) was treated with sodium azide. In this case the
best reaction medium seemed to be acetonitrile rather than acidic aqueous ethanol. if the
reaction was carried out under reflux conditions, tetrazolo[1,5-f]furazano[4,5-b]
pyridine-1-oxide (furoxanotetrazolopyridine) (16) was obtained directly. If the
reaction was carried out at ambient temperature, an azido-tetrazolo[1,5-a]pyridine
was isolated, contaminated with about 10% of 16. The azido compound was charac-
terized by {R and NMR spectroscopy, and the structure (15) (presumably being formed
via the intermediate (14)) was proposed by analogy with previous results (Reference
11). Reaction of 13 with one equivalent of azide gave a 50:50 mixture of the azido
compound (15) and the unreacted starting material, with no trace of a monochioro
intermediate being detected. Clearly, the first azido group (or tetrazolo functicnality)
activates the remaining chloro group to more facile displacement. Thermolysis of 15
results in the formation of 16, and this route probably affords the most efficient syn-
thesis of this compound.

NO, NO;
Cl N Cl N3 N N3
13 14
¢ t
/ —ag N\ \ NO.
o — l
\N/
N/ ] N3 \ \N
/
N=—N N=N
16 15

The structure (15) for the intermediate azidotetrazolo{1,5-a]pyridine was
supperted by analysis of the reaction with triphenylphosphine (Reference 14). The
furoxanotetrazolopyridine (16) reacts with triphenylphosphine in ethanol under reflux
to form the phosphinimine (18}, perhaps through the intermediacy of the azidofur-
oxanopyridine (17). When 15 was treated with triphenylphosphine in ethanol at
ambient temperature, conditions selected to avoid equilibrium with the diazido compound
(14), an orange precipitate was produced. This material was identified as the
Staudinger intermediate (19), which proved to be thermally unstable; the Staudinger
intermediate (19) decomposed with the evolution of nitrogen when heated in ethanol
under reflux to give the phosphinimine (20), a yellow solid. This material was also
formed by the reaction of 15 with triphenylphosphine in benzene solution at ambient
temperature. Heating 20, or indeed 19, in toluene under reflux afforded the phos-
phinimine 18, thus, establishing the structure of 15. Since 16 can form only one
phosphinimine, and the same material may be derived from 15 using these mild condi-
tions under which rearrangement is improbable, the position of the azido group must be

8
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that shown in 15. However, it must be noted that the thermal instability and insolu-
bility of 19 ana 20 made purification of these compounds impossible, while their NMR
and mass spectra are somewhat equivocal.

0 0 o
]
= — 0
~./ / =~ 7
N = ™
N N N Ng N \ N
\N=N ®4P
16 17 18
A NO2 NI\’/NOZ NQNOZ
K \ \/N N / o\ /
3
N'\\.N ﬁ‘r NaN Y\QN
15 0 3P 19 20

Tetrazolo[1,5-f]furazano[4,5-b]pyridine-1-oxide (16) is thermally stable
below its melting point of 135°C but decomposes with a strong exotherm above that
temperature. Empirical calculations predict a density of 1.82 and a detonation velocity
of 7525 m/s. However, the density obtained by single crystal X-ray structure deter-
mination was only 1.72; clearly, these particular empirical calculations are inadequate
for the pyridofuroxans. The crude hammer/anvil screening test indicated that 16 was
also sensitive, and an impact sensitivity of 8.0 cm was obtained for this compound. This
value is indeed typical of primary explosives and suggests the possibility of an equilib-
rium with the azidopyridofuroxan (17), aithough there is no evidence for its presence
in the crystal structure of 16. A re-examination of the NMR spectra of 16 confirmed
such an equilibrium, at least in such solvents as acetonitrile, benzene, and chloroform.
These results are summarized in Table 3.
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TABLE 3. Equilibrium Between Tetrazolo[1,5-flfurazano-
[4,5-b]pyridine-1-oxide (16) and Azidofuroxanopyridine
(17) in Various Solvents.

Solvent Azidofuroxanopyridine, %
dg-DMSO 0
dg-Acetone 0
CD3CN 6
CeDs 15
CDCly 39

Note that acid-catalyzed hydrolysis of the phosphinimine (18) yielded 5-
aminofurazano[4,5-b]pyridine-1-oxide (21). This product was characterized as the
acety! derivative (22), and should provide access to further nitrogen-substituted
pyridofuroxans. This possibility will be examined further in a subsequent publication.

o) o) o)
i i 1
Z /N\ = /N\ 7z /N\
/o /o — /o
X =N Ha X =N AcHN \N ==y

18 21 22

u
¢ 3P

Benzofuroxans exhibit a particularly rich and diverse chemistry, and notable
within that chemistry is their propensity for tautomerism, with the exocyclic oxygen

: i \
/o o = /
<y N/ Ny r{ \|
o) 0]
(0] 0
N N
TTh — (7
(/O === ' 0
==
¢ " \ Ny
0/N§o N=N/
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migrating between the 1- and 3-positions. Two different modes of rearrangement have
been identified. In the first the furoxan ring undergoes electro-cyclic ring opening to an
intermediate dinitrosobenzene, which rearranges before recyclizing in the opposite
sense (Reference 15). The second mode of rearrangement is restricted to 4-nitro-
benzofuroxans and occurs by a more extensive electrocyclic rearrangement involving
both the furoxan ring and the nitro group (Reference 16). These reactions have
manifested themselves both in dynamic equilibria between two positional isomers, and in
the initial formation of kinetically favored isolable products and their subsequent
rearrangement to thermodynamically favored isomers.

In the light of the rearrangements in the benzofuroxan series, the structure of
the pyridofuroxans warrants further examination. These materials are obtained as pure
single compounds, with no trace of the alternative isomer being detected in either the
final product or the reaction mixture. Initially, the 1-oxide structures (9b, 9d, 16,
18, 21, and 22) were assigned on the basis of the azido compounds from which they are
ultimately derived. Intuitively, they would also appear to be the energetically more
probable structures, but the alternative 3-oxide structures (9b°, 9d°, 16°, 18°, 21
and 22') must be eliminated.

0 0
O2N O2N
o lo e IRes
o)

9b Sbh’ 9d 9d’
/O; / II AJ::[ NII /
O ¢3P ¢3P
16 16' 18 18'
o
i
g N/EI fji\o KIN\
o]
—— / . /
N N AcHN” SN N" ACHN" Ny N
0]
21 21’ 22 22°

It is not readily apparent how to distinguish chemically between the 1-oxide and
3-oxide isomers. However, 13C-NMR offers a possible solution to this problem. In a

11
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13C-NMR study involving a series of some 15 benzofuroxans, Cg was found to have a
chemical shift of 115 5, while Cg had a chemical shift of 150 £t5 (Reference 17).
Applying the same chemical shift increments to pyridine, the Cg and Cg chemical shifts
of the furazano{4,5-b]pyridine-1-oxides should be about 110 and 170, while those for
the 3-oxides should be about 144 and 136, respectively. In practice, for the group of 5
pyridofuroxans the mean chemical shifts were 109 and 159, respectively, strongly
implicating the proposed 1-oxide structures. This conclusion was confirmed by single
crystal X-ray structure determination on the tetrazolo[1,5-fjfurazano[4,5-b]-
pyridine-1-oxide (16). Unfortunately, suitable crystals of the other pyridofuroxans
could not be prepared, but in 16 the exocyclic oxygen is clearly located on Ny. (This
structure is illustrated in Figure 1, in which the atoms are labeiled according to crys-
tallographic convention rather than to International Union of Pure and Applied
Chemistry (IUPAC) rules. Thus, Ny becomes N(2). This numbering system is used
throughout the following discussion of the single crystal X-ray structure results.)

Bond Lengths esd of 0.003 2
Bond Angles esd of 0.2°

FIGURE 1. Bond Lengths and Bond Angles for Tetrazolo[1,5-]-
furazano{4,5-b]pyridine-1-oxide (186).

In addition to locating the position of the exocyclic oxygen, the structure deter-
mination showed, as expected, that 16 is approximately planar. The pyridofuroxan
portion (C(1) through C(5), N(1) through N(3), O(1) and O(2)) is planar within the
expected standard deviations. The plane of the tetrazole ring (C(5) and N(3) through
N(6)) deviates from the plane of the pyridofuroxan moiety by an angle of 1 deg. With
two exceptions, the bond lengths of the furoxan portion of the molecule are within three
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estimated standard deviations (esd) or less of the mean bond lengths for furoxans
(Reference 18). The C(1)-N(1) bond observed for 16 is 1.291(3) A compared with
the reported mean value of 1.304(8) A; the N(2)-O(2) bond length is 1.222(2) A
compared with the mean reported value of 1.234(8) A. However, the reported standard
deviations for the mean values suggest that the observed bond lengths for the furoxan
portion of 16 are within the range seen for other furoxans. The pyridine ring has a
distinct variation of long and short bonds, reflecting the influence of the tetrazole and
furoxan functionalities. The C(1)-N(3) and C(5)-N(3) bonds are both longer
(1.377(2) and 1.354(3) A, respectively) than the reported mean of 1.337(12) A for
pyridine C-N bonds (Reference 18). The C(2)-C(3) and C(4)-C(5) bonds are both
long (1.429(3) and 1.444(3) A), whereas, the C(3)-C(4) bond is short (1.341(3)
A) compared with the aromatic C-C bond length of 1.380(15) A found in other pyridines
(Reference 18). The latter reference does not report mean bond lengths for tetrazoles.
However, the bond lengths in the tetrazole portion of 16 are the same as those found in
two similar compounds (namely 7-nitro-5,6-7H-imidazolo[1,2-d]tetrazole and bis-
tetrazolo{1,5-a:1',5'-c]pyrazine), within estimated standard deviations (Refer-
ence 19). There is little in the packing pattern of 16 (see Figure 2) to account for

LEFT RIGHT

FIGURE 2. Molecular Packing Pattern for Tetrazolo{1,5-f]-
furazano[4,5-b]pyridine-1-oxide (16).
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lower-than-expected density (1.72 versus 1.82). The molecules are slip-stacked with
an inter-planar distance of 3.162 A, which is slightly less than the expected van der
Waals distance of 3.4 to 3.7 A (Reference 20). This slip-stacking may occur to
minimize direct repulsive overiap between molecules. The angle between molecular
planes in adjacent stacks is 116 deg.

EXPERIMENTAL SECTION

Melting points were determined in capillary tubes using a Buchi 510 melting
point apparatus. More detailed thermal behavior was determined using a Dupont 1090
Thermal Analyzer. Infrared spectra were determined in KBr disks using a Perkin-
Elmer Model 1330 spectrophotometer, while FTIR spectra were recorded on a Nicolet
60SX instrument. 1H-NMR spectra were determined in dg-acetone solutions (unless

stated otherwise) using an [BM NR-80 instrument; 13C-NMR spectra were recorded on
the same instrument operating at 20 MHz or on a Nicolet NT-200 instrument operating
at 50 MHz. Mass spectra were determined using a Perkin-Elmer 5985 gas
chromatography/mass spectrometer (GC/MS). WARNING: Many of the compounds
described in this report are explosives which may be subject to acciden-
tal initiation by such stimuli as friction, heat, and impact. Therefore,
appropriate precautions should be taken in their handling and/or use.

TETRAZOLO({1,5-a]PYRIDINE (6a)

2-Chloropyridine (4a) (3.00 g; 26.4 mmol) and sodium azide (2.00 g; 30.7
mmel) were heated in DMF (50 mL) at 130 to 140°C for 48 h. The solvent was
removed by evaporation under reduced pressure, and the residue was recrystallized
from ethanol (with decolorization) to give tetrazolo{1,5-alpvridine (6a) as buff-
colored crystals (0.61g; 21%), mp 154-156°C. (This purification process appears
to be both wasteful and inefficient.) IR: 1630, 1490, 1100, 770, and 755 cm™'; 1H-
NMR: & 7.47 (Hg), 7.85 (Hs), 8.10 (H4), 9.12 (H7) (Ja5 = 8.95 Hz, Jgg =
1.30 Hz, J4,7 = 0.88Hz, Jsg = 6.52Hz, J57 = 3.08 Hz, Jg7 = 6.78 Hz); 13C-
NMR: & 116.19 (C4), 117.73 (Cg), 126.89 (C7), 133.30 (Cs), 149.52 (Cg); m/z
120 (parent ion), 92 (base peak).

4-NITROTETRAZOLO[1,5-a]PYRIDINE (6b)

2-Chloro-3-nitropyridine (4b) (0.50g, 3.2 mmol) and sodium azide
(0.50 g, 7.7 mmol) were dissolved in 10% aqueous ethanol at ambient temperature;
10% hydrochloric acid was added. The solution was then heated under reflux for 48 h.
Evaporation to dryness, addition of water (ca. 10 mL), and filtration gave a buff-colored
solid residue (0.45 g, 86%). Recrystallization from ethanol gave 6b as tan needles
(0.27g), mp 171 to 173°C (dec). IR: 1635, 1545, 1520, 1490, 1345, 1320,
820, 795, 760cm'; TH-NMR: & 7.74(Hg), 8.88(Hs), 9.58(H7) (Jsg = 7.62 Hz,

Js.7 = 0.91 Hz, Jg7 = 6.89 Hz); 13C-NMR: 5 116.75 (Cg), 132.12 (Cs), 133.16
14
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(C7), 137.62 (C4), 144.65 (Cg); m/z: 165 (parent ion), 137, 107, 91, 77, 64
(base peak).

6-NITROTETRAZOLOI[1,5-a]PYRIDINE (6¢)

2-Chloro-5-nitropyridine (4c¢) (0.50g, 3.2 mmol) was dissolved in 10%
aqueous ethanol (50 mL), and sodium azide (0.50g, 7.7 mmol) in aqueous ethano!
(20 mL) was added at ambient temperature. The mixture was then warmed to redis-
solve the reagents, 10% hydrochloric acid (5 mL) was added, and the solution was
heated under reflux for 48 h. The ethanol was removed by evaporation under reduced
pressure, and the solid was filtered off to give 0.33 g, 63%. Recrystallization from
ethanol gave 6c¢ as colorless plates, mp 139 to 41°C. IR: 1630, 1560, 1525, 1500,
1350, 1330, 1050, 800 & 730 cm!; TH-NMR: & 8.33 (H4), 8.58 (Hs), 19.31 (H7)
(Ja5 = 9.82 Hz, Jg7 = 0.94 Hz, J5 7 = 1.94 H2), (also contains 10% 2-azido-5-
nitropyridine (5¢), § 7.13 (H3), 8.57 (H4), 9.20 (Hg) (J3,4 = 8.90 Hz, J3 g =
0.65 Hz, J4.8 =2.93 Hz); '3C-NMR: & 116.50 (C4), 127.29 (C7), 127.81 (Cs),
141.28 (Cg), 150.35 (Cg), (also contains 5¢, d 114.96 (C3), 135.35 (C4), 143.15
(Cs), 146.13 (Cg), 160.47 (C2)); m/z: 165 (parent ion and base peak).

4,6-DINITROTETRAZOLO[1,5-a]PYRIDINE (6d)

Reaction A. 2-Chioro-3,5-dinitropyridine (4d) (0.10g, 0.5 mmol) and
sodium azide (0.10 g, 1.5 mmol) were dissolved in 10% aqueous ethanol (25 mL) and
stirred at ambient temperature overnight. Evaporation 1o dryness under reduced
pressure gave an orange solid mass (0.16 g), shown by TH-NMR to contain the
Meisenheimer complex (7). 'H-NMR: § 1.10 (t, 3 H, CHa), 3.87 {tq, 2H, -OCHz2-,
shows evidence of restricted rotation), 7.14, 8.83 (AB quartet, J = 0.80 Hz, 2 H,
aromatic); IR: 2110, 1590, 1550, 1280, 1230, 1220, 1060 cm-!. The orange solid
(0.08 g) was redissolved in 10% aqueous ethanol (25 mL), and 10% hydrochloric
acid (3 mL) was added. The solution was stirred at ambient temperature overnight.
Evaporation of the ethanol and filtration gave the tetrazolopyridine (6d) (0.05 g,
90%) as yellow needles.

Reaction B. 2-Chloro-3,5-dinitropyridine (4d) (0.50 g, 2.5 mmol) and
sodium azide (0.509, 7.7 mmol) were dissolved in 10% aqueous ethanol (50 mL).
After the addition of 10% hydrochloric acid (3 mL), the solution was stirred at ambient
temperature overnight. Evaporation of the ethanol under reduced pressure gave 6d as a
pale yellow solid (0.45 g, 87%) mp 123°C (dec). The best purification procedure was
redissolution in 10% aqueous ethanol, followed by evaporation of the ethanol under
reduced pressure and filtration. IR: 1640, 1570, 1550, 1535, 1470, 1460, 1445,
1420, 1370, 1060, 975, 740 cm™'; TH-NMR: & 9.42 (Hs), 10.81 (H7) (J5.7 =
1.84 Hz) (also contains 40% 2-azido-3,5-dinitropyridine (5d), 8 9.17 (Hg4), 9.44

(Hg) (4.6 = 2.48 Hz)); 13C-NMR: & 126.52 (Cs), 132.91 (C7), 136.06 (C4),
139.57 (Cg), 148.88 (Cg) (also contains 5d, 5 131.79 (Cg4), ca. 133 (C3), 141.74
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(Cs), 145.32 (Cg), 153.77 (C2)); m/z: 210 (parent ion), 182, 152, 106, 78 (base
peak).

FURAZANO(4,5-b]JPYRIDINE-1-OXIDE (9b)

4-Nitrotetrazolo[1,5-a]-pyridine (6b) (0.50 g; 3.0 mmol) was dissolved in
toluene (50 mL) and heated under reflux for 4 h or until the evolution of nitrogen was
complete. The solution was decolorized with charcoal and filtered, then evaporated to
dryness to leave 9b as a pale yellow solid (0.40 g, 96%). Recrystallization from
cyclohexane gave pale yellow needies (0.27 g), mp 52 to 53°C. IR: 1610, 1525,
1395, 1370, 1125, 1030, 800 cm-!'; 1H-NMR: § 7.45 (Hg), 8.05 (H7), 8.86 (Hs)
(Js,6 =3.76 Hz, Js 7 = 1.65 Hz, Jg,7 = 9.08 Hz); 13C-NMR: & 109.42 (Cg),
123.23 (Cy), 125.89 (Cg), 160.43 (Cg), 161.60 (Cs); m/z: 137 (parent ion), 107,
77, 76, 52 (base peak), 50.

6-NITROFURAZANO([4,5-b]PYRIDINE-1-OXIDE (9d)

Reaction A. 4,6-Dinitrotetrazolo[1,5-a)pyridine (6d) (0.t0g, 0.5 mmol)
was placed in a test tube, and carefully heated in an oil bath to ca. 120 to 130°C. The
paie yellow tetrazole melted suddenly with the evolution of gas and yellow vapor. The
residue was cooled and solidified, and the sublimed to give 9d as a yellow solid, mp 93 to
96°C.

Reaction B. 4,6-Dinitrotetrazolo[1,5-a)pyridine (6d) (0.35g, 1.7 mmol)
was dissolved in toluene (25 mL) and heated slowly with stirring in an oil bath. At ca.
75°C an evolution of gas commenced. The soiution was heated to 95°C until the gas
evolution ceased; the solution was cooled, filtered, and then evaporated to dryness to give
9d as a yellow solid (0.28 g, 92%). Recrystallization from benzene gave yellow
crystals, mp 93 to 94°C. |IR: 1610, 1595, 1545, 1345, 1180, 825, 765cm-1; 1H-
NMR: 3 9.14 (H7), 9.51 (Hs) (J5 7 = 2.41 Hz); 13C-NMR: 5 108.79 (Cg), 123.42
(C7), 143.59 (Cg), 155.42 (Cs), 159.46 (Cg); m/z: 182 (parent ion), 152, 106,
78 (base peak), 76, 75.

2,3-DINITROPYRIDINE (12)

Furazano[4,5-b]pyridine-1-oxide (9b) (0.13 g, 0.95 mmol) was dissolved
in 30% oleum (6 mL) and cooled in an ice bath. Hydrogen peroxide (90%, 1.5 mL)
was added dropwise with stirring. The solution was allowed to warm to ambient
temperature, and the reaction was allowed to continue for 24 h. Quenching on ice and
extraction with dichloromethane (3 x 50 mL) gave an oil (0.13 g), whose NMR spec-
tra indicated ca. 70% reaction. Flash chromatography (benzene/silica) gave two frac-
tions; the first yielded a pale oil (0.08 g, 60%), triturated with hexane to give 12 as a
tan solid. IR: 1600, 1560, 1540, 1370, 1355, 1080, 875cm-!; 1H-NMR: § 8.15
(dd, 1 H), 8.79-8.97 (m, 2 H); m/z: 169 (parent ion), 123, 77, 76, 53 (base
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peak). The second fraction contained unreacted starting material (0.04 g). All
attempts at oxidation of 9b under milder conditions were unsuccessful. Attempted
oxidation of 9d under these conditions gave only general decomposition with copious
evolution of gas.

TETRAZOLO[1,5-fJFURAZANOI[4,5-b]PYRIDINE-1-OXIDE (16)

Reaction A. 3-Nitro-2,6-dichloropyridine (13) (1.00, 5.2 mmol) was
dissolved in acetonitrile (50 mL), and sodium azide (1.00 g, 27.8 mmol) was added.
The mixture was heated under reflux with stirring for 4 h, at which time the gas
evolution appeared to be complete. Filtration and evaporation gave a brown/yellow solid
(0.81 g, 88%) identified as 16.

Reaction B. 3-Nitro-2,6-dichloropyridine (13) (1.0g, 5.2 mmol) was
dissolved in acetonitrile (50 mL), and sodium azide (1.00 g, 27.8 mmol} was added.
The mixture was stirred at ambient temperature for 24 h, then filtered and evaporated
to dryness to leave a yellow/tan solid (0.97 g). This solid was dissolved in benzene
(50 mL), filtered, and evaporated to give a pale yellow solid (0.93 g, 95%) identified
as 7-azido-6-nitrotetrazolo[1,5-alpyridine (15) containing 10% of (16), which
was not further purified. [IR: 2080, 2075, 2060, 1585, 1570, 1510, 1320,
1280 ¢m-1; TH-NMR: 5 6.86 (Hs), 7.96 (16), 8.48 (Hs4) (J4 5 = 8.65 Hz); m/z:
206 (parent ion). The solid 15 (0.93 g) was redissolved in benzene (50 mL) and
heated under reflux for 4 h. Fiitration and evaporation to dryness left 16 as an off-
white solid (0.78 g, 85% overall). Best purification is by recrystallization from
benzene to give off-white crystals, mp 135.5 to 137°C; sublimation gave a somewhat

inferior product. IR: 1630, 1550, 1510, 1405, 800 cm"'; TH-NMR: § 7.96 (s);
13C-NMR: § 109.09 (Cg), 117.56 (C7), 120.61 (Cg), 146.86 (C1g), 152.01 (C12);
m/z: 178 (parent ion), 150, 120, 63 (base peak).

Reaction C.  3-Nitro-2,6-dichioropyridine (13) (0.050g, 2.6 mmol) was
dissolved in acetonitrile (25 mL), and sodium azide (0.18 g, 2.9 mmol) was added.
The reaction mixture was stirred at ambient temperature for 3 days, filtered, and
evaporated to leave a tan solid (0.45g). This solid was shown by NMR to consist of
three compounds; two of the compounds were 15 and 16. Dissolution in toluene
(25 mL) and heating under reflux converted 15 to 16; flash chromatography
(chioroform/silica) gave only unreacted 13 (0.20 g, 40%) and 16 (0.21 g, 46%).
No trace of monochloro intermediate was detected.

5-TRIPHENYLPHOSPHINIMINOFURAZANO(4,5]PYRIDINE-1-OXIDE (18)

Tetrazolo[1,5-f]furazano[4,5-b]pyridine-1-oxide (16) (0.40¢g, 2.3 mmol)
and triphenyiphosphine (0.60 g, 2.3 mmol) were added to ethanol (50 mlL) and heated
under reflux for 2 h until the gas evolution was complete. The mixture was cooled and
allowed to stand overnight, then filtered, and washed with ethanol to give 18 as a yellow
solid (0.83 g, 90%), mp 228 to 230°C (dec.). IR: 1600, 1565, 1490, 1410, 1320,
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1095, 910, 685, 520 cm-1; TH-NMR: § 6.96 (d, J =9.38 Hz, 'H), 7.20 to 8.00
(m, 16 H); m/z: 412 (parent ion), 382, 262, 183 (base peak), 108.

7-TRIPHENYLPHOSPHINIMINAZO-4-NITROTETRAZOLO[1,5-a]PYRIDINE (19)

7-Azido-4-nitrotetrazolo[1,5-a]pyridine (15) (0.44g, 2.1 mmol) and
triphenylphosphine (0.54 g, 2.1 mmol) were stirred in ethanol (25 mL) at ambient
temperature for 2 h. The resultant orange solid was filtered and washed with ethanol to
give 19 (0.86g, 88%), mp 98 to 100°C (dec). IR: 1605, 1500, 1420, 1330,
1205, 1180, 1110, 1095, 910, 720, 690, 520 cm-1; TH-NMR: & 6.80 to 8.50 (br
m); m/z: 440 (no parent ion), 412, 382, 304, 262, 183 (base peak).

7-TRIPHENYLPHOSPHINIMINO-4-NITROTETRAZOLO(1,5-a]PYRIDINE (20)

Reaction A. 7-Azido-4-nitrotetrazolo(1,5-a]pyridine (15) (0.38 g,
1.8 mmol) and triphenylphosphine (0.45g, 1.7 mmol) were dissolved in benzene
(25 mL) and stirred at ambient temperature for 2 h. The resultant yellow precipitate
was filtered, washed with benzene, and dried to give 20 (0.56 g, 74%), mp 180°C
(dec). IR: 1600, 1570, 1500, 1420, 1190, 1135, 1100, 930, 915, 710, 690,
520 cm-1; TH-NMR: § 6.85 to 8.35 (br m); m/z: 440 (parent ion), 412, 382, 366,
304, 277, 262, 183 (base peak), 152, 108.

Reaction B. The orange powder (19) (0.40 g, 0.9 mmol) was suspended in
ethanol (25 mL) and was heated under reflux with the evolution of gas. When the gas
evolution ceased (ca. 2 h) the mixture was cooled, and the yeliow solid was filtered,
washed with ethanol, and dried to give 20 (0.34 g, 90%). The yeilow solid (20)
(0.20 g, 0.5 mmol) was suspended in toluene (25 mL) and was heated under reflux
with the evolution of gas. When the gas evolution ceased and the solid dissolved, the
solution was cooled and evaporated to half volume, whereupon a yellow crystalline solid
precipitated. Filtration and recrystallization from toluene gave 18 (0.14g, 75%),

identified by IR and 'H-NMR

5-AMINOFURAZANO[4,5-b]PYRIDINE-1-OXIDE (21)

5-Triphenylphosphiniminofurazano[4,5-b]pyridine-1-oxide (18) (1.2g,
2.9 mmol) was suspended in glacial acetic acid (10 mL), and concentrated hydro-
chloric acid (5 mL) was added at ambient temperature. The solid immediately went into
solution, which was stirred overnight at ambient temperature to give a white precipitate
identified as the amine hydrochloride salt. Filtration and stirring the solid in water
containing an excess of potassium carbonate gave a yellow solid (0.28 g, 63%) identi-
fied as 21. The acetic acid mother liguors were quenched with water (250 mL),
filtered to remove the triphenylphosphine and basified with potassium carbonate.
Continuous extraction with dichloromethane for 3 days yielded a further 0.16 g solid
(total yield 0.44 g, 98%). Recrystallization gave 21 as yellow crystals, mp 234 to
236°C (dec). IR: 3360, 3110, 1670, 1620, 1600, 1510, 1480, 1235, 1120,
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1015 cm-1; TH-NMR: & 6.91 (Hg), 7.61 (H7) (Jg,7 = 9.46 Hz); 13C-NMR (ds-
DMSO): & 106.23 (Cg), 121.58 (Cg), 121.84 (C7), 160.03 (Cg), 161.97 (Cs); m/z:
152 (parent ion), 79 (base peak), 52.

5-ACETAMINOFURAZANO[4,5-b]PYRIDINE-1-OXIDE (22)

5-Aminofurazano[4,5-b]lpyridine-1-oxide (21) (0.10g, 0.7 mmol) was
added to glacial acetic acid (3 mL) and acetic anhydride (3 mL) and heated under reflux
overnight. The solution was cooled and quenched in water (30 mL) and neutralized with
potassium carbonate. Extraction with dichloromethane (3 x 25 mL) gave a pale yeliow
solid (0.125¢g, 98%). Recrystallization from ethanol gave 22 as a pale yellow
powder, mp 187 to 190°C. I[R: 3250, 1710, 1600, 1580, 1500, 1430, 1400, 1325,
1255, 1200, 1110, 1030, 1005, 995, 835cm-!; 'H-NMR: § 2.31 (s, 3H,
COCH3), 7.99 (He), 8.34 (H7) (Jg,7 = 9.70 Hz); 13C-NMR (dg-DMSO): § 24.44
(CHg), 107.15 (Cg), 120.57 (Cg), 124.43 (C7), 158.01 (Cg), 170.78 (CO & Cs);
m/z: 194 (parent ion), 152, 95, 79, 64, 52, 43 (base peak).

SINGLE CRYSTAL X-RAY STRUCTURE OF TETRAZOLO[1,5-f[FURAZANOI[4,5-b]-
PYRIDINE-1-OXIDE (16)

Tetrazolo[1,5-flfurazano[4,5-b]-pyridine-1-oxide (16) crystallized as
salmon-colored platelets from benzene in space group P21212¢1, Z=4, Dy =1.719. A
crystal of dimensions 0.06 x 0.32 x 0.56 mm with {001} platelet faces was used for
data collection on a Nicolet R3. Unit cell parameters a = 5.961(1), b = 9.968(2), ¢ =
11.589(2) A were determined from a least-squares fit of 25 computer-centered
reflections with 20 values ranging from 8 to 28 deg (Mo Kg). At variable scan speeds of
2-6°/min over a 20 range 4-54° for octants hkT, hkl, hkl, hkl with monochromated
Mo Ky radiation. at room temperature (291 K), 2 &/9 intensity data were collected.
Three check reflections ((210), (01-2), and (-141)), collected every 93 reflections,
were constant. All data reduction and structure solution/refinement calculations were
performed with SHELXTL (Reference 21). The 3311 observations were corrected for
Lorentz and polarization effects. Because of the crystal shape, numerical Gaussian
absorption corrections (um = 1.31 cm-1) were applied; minimum and maximum
transmission factors were 0.957 and 0.991, respectively. Equivalent reflections were
merged (Rmerge = 0.0106) to yield 1511 unique data of which 1370 with |Fq| > 45(F)
were used in refinement. With the inclusion of four additional reflections in the starting
set, the positions of all C, N, and O atoms were observed on the first Emap obtained by
direct, multisolution methods. All N and O atoms and C{1), C(5) were refined
anisotropically; C(2), C(3), C(4) were refined isotropicaily. The two H atoms were
refined as "riding” on their adjacent carbon atoms but with unconstrained isotropic
thermal parameters. The 105 parameters were refined with the blocked cascade
algorithm of SHELXTL (Reference 21) and with weights w = 1/[c2(F) + 0.0009F2].
Maximum shift/esd ratios were less than 0.05 for the final refinement cycles. Final
agreement factors were R = 0.040, Ry = 0.054, goodness of fit = 1.39 (R = Z(|Fql-
IFCI)/ZIFol; Rw = [EW(IFol-IFcl)2/Z([Fol)2]1/2).
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rinal difference Fourier maps had peaks and troughs ranging from +0.40 to
0.28 e7A3. Final atomic coordinates are given in Table 4. Tables 5 through 8 give the
bond lengths, the bond angles, the anisotropic thermal parameters, and the hydrogen
coordinates and isotropic thermal parameters.

TABLE 4. Atom Coordinates (x 104) and Temperature Factors (A x 103) for
Tetrazolo[1,5-f]furazano[4,5-b]pyridine-1-oxide (16).

Atom X y Z UBQ/UﬁL
C(1) 2844(3) 8444(2) 1751(2) 37(1)4
C(2) 3708(3) 8126(2) 2854(2) 37(1)

C(23) 2653(4) 8492(2) 3915(2) 44(1)

C(4) 747(4) 9203(2) 3843(2) 47(1)

C(5) 152(4) 4553(2) 2274(2) 43(1)4
N(1) 4032(3) 8008(2) 898(2) 53(1)a
N(2) 5549(3) 7428(2) 2656(2) 44(1)4
N(3) 874(3) 9166(2) 1738(2) 40(1)2
N(4) 289(3) 4644(2) 4179(2) 49(1)a
N(5) -1969(4) 10279(2) 1261(2) 58(1)4
N(6) -1960(3) 10241(2) 2437(2) 56(1)4
o(1) 5810(3) 7346(2) 1421(2) 54(1)a
0(2) 6987(3) 6892(2) 3251(2) 61(1)2

a Equivalent isotropic U defined as one third of the trace of the orthogonalized
Uij tensor.

TABLE 5. Bond Lengths for Tetrazolo[1,5-f[furazano-
[4,5-b]pyridine-1-oxide (16).

Bond Length, A Bond Length, A
C(1)-C(2) 1.414(3) C(1)-N(1) 1.291(3)
C(1)-N(3) 1.377(2) C(2)-C(3) 1.429(3)
C(2)-N(2) 1.320(3) C(3)-C(4) 1.341(3)
C(4)-C(5a) | 1.444(3) C(5)-C(4a) | 1.444(3)
C(5)-N(3a) 1.354(3) C(5)-N(6a) 1.321(3)
N(1)-0(1) 1.389(3) N(2)-0(1) 1.441(3)
N(2)-0(2) 1.222(2) N(3)-C(5a) 1.354(3)
N(3)-N(4a) | 1.356(3) N(4)-N(3a) | 1.356(3)
N(4)-N(5a) | 1.290(3) N(5)-N(6) 1.362(3)
N(5)-N(4a) 1.290(3) N(6)-C(5a) 1.321(3)
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[4,5-b]pyridine-1-oxide (16).

Bond Angle, deg Bond Angle, deg
C(2)-C(1)-N(1) 114.7(2) C(2)-C(1)-N(3) 115.9(2)
N(1)-C(1)-N(3) 129.4(2) C(1)-C(2)-C(3) 124.1(2)
C(1)-C(2)-N(2) 105.3(2) C(3)-C(2)-N(2) 130.6(2)
C(2)-C(3)-C(4) 117.0(2) C(3)-C(4)-C(5a) 119.8(2)
C(4a)-C(5)-N(3a) | 121.5(2) C(4a)-C(5)-N(6a) | 131.0(2)
N(3a)-C(5)-N(6a) | 107.6(2) C(1)-N(1)-0O(1) 104.1(2)
C(2)-N(2)-0(1) 107.0(2) C(2)-N(2)-0(2) 135.6(2)
O(1)-N(2)-0(2) 117.4(2) C(1)-N(3)-C(5a) | 121.7(2)
C(1)-N(3)-N(4a) | 128.9(2) C(5a)-N(3)-N(4a) | 109.4(2)
N(3a)-N(4)-N(5a) | 105.0(2) N(6)-N(5)-N(4a) | 112.3(2)
N(5)-N(6)-C(5a) | 105.8(2) N(1)-O(1)-N(2) 108.9(1)

TABLE 7. Anisotropic Thermal Parameters (A2 x 103) for

Tetrazolo[1,5-f]furazano{4,5-b]pyridine-1-oxide (16).2
Atom U114 Uao Uzs Uz23 Uiz Ug2
C(1) 40(1) 34(1) 38(1) -0(1) -1(1) 1 -2(1)
C(5) 42(1) 34(1) 53(1) 3(1) 4(1) 1(1)
N(1) 55(1) 57(1) 45(1) -0(1) 4(1) 9(1)
N(2) 41(1) 41(1) 50(1) -0(1) -2(1) 2(1)
N(3) 40(1) 35(1) 44(1) 3(1) -4(1) | -2(1)
N(4) 52(1) 42(1) 54(1) -8(1) 1-14(1) 0(1)
N(5) 51(1) 47(1) 77(1) 9(1) 14(1) 5(1)
N(86) 46(1) 44(1) 76(1) 2(1) -1(1) 8(1)
0(1) 47(1) 58(1) 55(1) -4(1) 8(1) | 13(1)
O(2) 48(1) 60(1) 76(1) 4(1) |-15(1) 1 13(1)

2 The anisotropic temperature factor exponent takes the form:

-2112(h2a*2U 1 + k2b*2U22 + . .

TABLE 8. Hydrogen coordinates (x 104) and Isotropic
Thermal Parameters (A x 103) for Tetrazolo{1,5-f]-

. + 2hka*b*U12).

furazanof4,5-b]pyridine-1-oxide (16).
Atom X y p4 U
H(3) 3282 8243 4647 50(6)
H(4) -19 9475 4533 99(10)
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