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Benzo-1,2,3,4-tetrazine 1,3-Dioxides: Synthesis and NMR Study
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Benzo-1,2,3,4-tetrazine 1,3-dioxides (BTDOs) represent fairly
stable high-nitrogen systems, incorporating two head-to-tail
linked azoxy groups. The synthetic pathway to these hetero-
cycles suggested the use of the tert-butyl-NNO-azoxy group
as a building block, allowing the first azoxy group to be in-
corporated into the ring. The second azoxy group was added
with the help of the oxodiazonium ion (-N=N=0O%) or its syn-
thetic equivalent. This could be generated by two new
methods. The first of these involved treatment of N-nitro-
amines with nitrating agents, and the second treatment of

diazonium salts with peracids in the presence of a base. The
proposed key stage in the tetrazine 1,3-bis(N-oxide) ring
formation is the reaction between the oxodiazonium ion and
the distal nitrogen atom of the tert-butyl-NNO-azoxy group,
followed by elimination of the tert-butyl cation. The syn-
theses of bromo-BTDOs 3b—f and nitro-BTDOs 4a—c are
described. The BTDOs were characterized by NMR, in-
cluding N and SN experiments.

(© Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

Introduction

Cyclic compounds with several linked nitrogen atoms at-
tract significant interest in the context of the stability of
high-nitrogen systems!'l and in connection with the problem
of heteroaromaticity. The 1,2,3,4-tetrazine (i.e., the six-
membered aza-aromatic) ring system is one such com-
pound. In contrast to tetrahydro-1,2,3,4-tetrazines!!! and
cyclopenta-annulated 2-aryl-1,2,3,4-tetrazines,”! thorough
investigations of completely aromatic members of this class
seem to be lacking. Compounds including the 1,2,3,4-tetra-
zine ring have been proposed as intermediates in a number
of publications,! but the only 1,2,3,4-tetrazine to have had
its structure unambiguously proven by X-ray analysis has
been 2-phenyl[1,2,3]triazolo[4,5-¢][1,2,3,4]tetrazine, synthe-
sized by A. Ohsawa et al.™] This compound was not stable,
decomposing slowly at room temperature with elimination
of nitrogen. 1,2,3,4-Tetrazine 1,3-dioxides (TDOs) were not
known prior to our publications, but the first representat-
ives of benzo-P! and furazano-annulated® TDOs have now
been described in preliminary form. The synthetic routes to
these compounds included new ring-closure reactions. Here
we describe the scope of these reactions and their plausible
mechanisms. The structure of the parent compound, benzo-
1,2,3,4-tetrazine 1,3-dioxide, has been confirmed by X-ray
analysis.”! The vibrational®®8°] and electronic absorp-
tion!® spectra of BTDOs have also been studied.
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Results and Discussion

Starting Compounds

The starting compounds for the synthesis of benzo-
1,2,3.,4-tetrazine 1,3-dioxides (BTDOs) were anilines bear-
ing the fert-butyl-NNO-azoxy group in the ortho-posi-
tion!®!% (C, Scheme 1). The key intermediates in their syn-
thesis were compounds B (X = NO, or Hal) obtained by
treatment of the appropriate nitrosobenzenes A with N,N-
dibromo-zert-butylamine according to the Kovacic
method.[''l Anilines C were obtained from B by reduction
of the nitro group (X = NO,) or by displacement of the
halogen with ammonia (X = Hal).

7 9
4
X N=0 X N=NBu H,oN N=N7Bu
Br,N/Bu K_ﬁ 1
A B C

Scheme 1. Reagents: i, SnCl, (for X = NO,) or NH; (for X = Hal)

Synthesis of BTDOs by the “Nitration” Method

Treatment of aniline 1a with excess N,Os in an organic
solvent gave BTDO 3a, together with the 5-nitro-, 7-nitro-,
and 5,7-dinitro-BTDOs 4a, 4b, and d4c¢, respectively
(Scheme 2, Table 1). In the first stage of this reaction, N-
nitroaniline 2 was formed, and this could be isolated when
the reaction was carried out with 1 equiv. of N,Os.l It
was shown by independent experimentation that BTDO 3a
was not nitrated to afford nitro BTDOs 4a—c under similar
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reaction conditions,[!3! and so the nitration of the benzene
ring of 2 must have preceded the cyclization. Thus, nitro-
amine 2 had undergone two competitive reactions, C-nitra-
tion and ring closure. The product ratio depended on the
reaction conditions, particularly on the nitrating reagent
and the solvent used. The highest yield of 3a was achieved
with N,Os in CH3NO, (Table 1), whereas the ring-nitrated
BTDOs 4a—c¢ were predominant in CH,Cl, or in trifluo-
roacetic acid. Nitration with NO,BF, likewise resulted
mainly in the ring-nitrated BTDOs.

NH, Q ON-NH §
N=NzBu N02+ N=N:Bu N02+
R —
la 2a
} Y
N N+ 4a: 5-NO,
NTN a2l 4b: 7-NO,
N\O 5/ N\o 4c: 5,7'(N02)2
+ \77 3|
O,N
3a 4a—c
Scheme 2

Table 1. The yields of BTDOs 3a and 4a—c obtained by treatment
of 1a with nitrating agents

Entry Reagent Solvent Yield [%]
3a 4a 4b 4c
1 N,Os MeNO, 65 4 9 5
N,Os MeCN 41 13 16 10
3Mal N,Os CH,Cl, 6 10 7 28
4al N,Os CF,COH 6 7 10 17
5tal NO,BF, MeCN 3 8 27 21

[ Yield determined by HPLC after workup of the reaction mixture.

Ring nitration might proceed through rearrangement of
N-nitroamines in acidic media,!'¥ and/or by direct nitration
of the ring. In any case, when treated with trifluoroacetic
acid, N-nitroaniline 2a yielded 2-(zert-butyl-NNO-azoxy)-4-
nitroaniline and 2-(tert-butyl-NNO-azoxy)-6-nitroaniline in
a 1:2 ratio.l'”l Thus, to minimize ring nitration, strongly
acidic conditions had to be avoided.

The cyclization of bromo-substituted 2-(zerz-butylazoxy)-
anilines 1b—f also proceeded smoothly on treatment with
N>Os5 (Scheme 3). Good yields were obtained for 6- and 7-
substituted BTDOs in which the bromine atoms were dis-
tant from the reacting moieties (Table 2). In contrast to the
case of 1a, only small amounts of the ring-nitrated BTDOs
were formed. In the case of aniline 1d, in which the ortho-
and para-positions were occupied by bromine atoms, these
by-products were not observed at all. For the preparation
of bromo-BTDOs, CH3CN was as a rule a preferable solv-
ent to CH3NO,, owing to the ease of separation of the
products, which precipitated from the reaction mixture at
low temperatures.
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NH, ? N~ E
N N=N:Bu N,0s |5 Mo
Br Br
1b-f 3b-f
1b: 5-Br 3b: 6-Br
1c: 4-Br 3¢: 7-Br
1d: 4,6-Br, 3d: 5,7-Br,
le: 4,5-Br, 3e: 6,7-Br,
1f: 3,5-Br, 3f: 6,8-Br,

Scheme 3

Table 2. The yields of BTDOs 3a—f obtained by the “nitration”
and “oxidation” methods (in MeCN)

Method Yield [%]

3a 3b 3c 3d 3e 3f
“Nitration” 41 76 62 53 72 45
“Oxidation” 70 84 51 52 70 37

Mechanism of the TDO Ring Formation

The formation of the TDO ring can be explained in terms
of an ionic mechanism involving the formation of the inter-
mediate oxodiazonium ion from the N-nitroamino group
(Scheme 4, intermediate D). The electrophilic attack of this
cation on the distal N atom of the zert-butylazoxy group
should result in formation of the cyclic cation E, which
would afford TDO after elimination of the ters-butyl cation.
N-(tert-Butyl)acetamide (5) was observed after aqueous
workup of the reaction mixture (80% yield) when the reac-
tion was carried out in CH3CN as a solvent. This amide
could arise from capture of the terz-butyl cation by CH5CN.

,Bu (':') fBu O\ + ABu O\

NO, N N NN NN
BN N-0o N N-O N N0 N N0
= S S —
D E
0 T 0 T

ar—4 ar—{
0-0 ,Bu 0-0 ,Bu
N N, N-N
N N=O N, N=O
— 2\ g/
F G

+ H2O
(Bu)" + MeCN —» MeC=N—Bu -~ MeCONH/Bu
5

Scheme 4

There are two features of the proposed mechanism
worthy of note. The first is the interaction of the azoxy

2343



FULL PAPER

A. M. Churakov, O. Y. Smirnov, S. L. loffe, Y. A. Strelonko, V. A. Tartakovsky

group with electrophiles, and the second is the formation of
the hypothetical oxodiazonium ion.

The intramolecular coupling of the oxodiazonium ion
with the tert-butylazoxy group is closely related to the inter-
molecular coupling of the nitronium ion with this group.
The nitration of 1-aryl-2-(fert-butyl)diazene 1-oxides 6 with
NO,BF, or N,Os resulted in 1-aryl-2-nitrodiazene 1-oxides
7131 (Scheme 5). The elimination of the fert-butyl cation
from the intermediate H was very fast, but this intermediate
was observed in some cases by NMR spectroscopy at low
temperatures.!'

/O
/O , AN, ’O 0
Ar—N, NO, N-Bu Ar-N.
N—Bu ——» O=N — N—N,
N — (fBu) ’s)
0
6 H 7
Scheme 5

We could suggest the following reactions resulting in the
formation of the oxodiazonium ion (Scheme 6). Treatment
of the nitramine with a nitrating agent could afford O-ni-
trated covalent compound I', which might exist in equilib-
rium with the ionic pair I?, in an equilibrium resembling
the ionization of N,Os in polar solvents. The protonation
of I' could facilitate the dissociation.

. NO, NO,
H 0 o, ¢ +
R—N—N, _'_+"> R—N=N=-0O = R—N=N=0
S —H X 2
I I

Scheme 6

Not much is known about oxodiazonium ions. These
ions, generated from aliphatic O-acetylated N-nitroamines
or O-acetyl-N-nitrosohydroxylamines, were proposed by E.
White as intermediates as early as the 1960s,1'7! but their
only reaction was the elimination of N,O with the forma-
tion of alkyl cations. Oxodiazonium ions bearing aromatic
substituent should be more stable. To the best of our know-
ledge, two research groups have reported the assumed inter-
mediate formation of these cations from ortho-N-nitroami-
nobenzonitriles in the synthesis of 1,2,3-benzotriazine 2-0x-
ides.['®] The presence of the ortho-cyano group was neces-
sary for the formation of the oxodiazonium ion from
nitroamine by this method.

In our previous publications it was proposed that oxodia-
zonium ions were the intermediates in the transformation
of N-nitroamines into nitroso compounds under action of
an acid'™ and into nitro compounds under action of
N,05.[151 The oxodiazonium ion, generated by nitration of
the amino group, was believed to be trapped by the neigh-
boring N-methylamino group in the synthesis of annulated
1-methyl-1,2,3-triazole 2-oxide.['”] It should be noted that
aliphatic N-nitroamines R—NHNO, afforded nitrates
R—ONO, when treated with N,O5?%2!1 or FNO,,?? and
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O-nitrated nitramines of the type I' were proposed as inter-
mediates in these reactions.”?! They were very unstable, in
contrast to the fairly stable aliphatic N, N-dinitroamines (see
ref.??l and literature cited there), and were not isolated.

Oxodiazonium ions cannot only be generated from N-
nitroamines by nitrating agents. We recently demonstrated
that N-nitroamine 2a gave rise to BTDO 4a when treated
with phosphoric anhydride or phosphorus pentachloride in
CH;CN as a solvent.l'?! These reactions can be explained
in terms of a mechanism involving O-phosphorylation of
N-nitroamine.

Further arguments in favor of true formation of the ox-
odiazonium ions in the TDO ring-closure process were put
forward in discussion of the synthesis of furazano-annu-
lated TDO 8.[°

ATEL
N 4 I N—=QO

/ A\
N\O N

8

Synthesis of BTDOs by the “Oxidation” Method

It was reasonable to speculate that the precursors of ox-
odiazonium ions could be species of the F type (Scheme 4),
which might be obtained by reaction between diazonium
salts and anions of peracids.

Diazotization of anilines la—f was carried out with
NOBF,. Diazonium salt 9a was found to be fairly stable
and was isolated in its pure state. Treatment of this salt with
meta-chloroperbenzoic acid in the presence of pyridine at
—15 °C in acetonitrile as a solvent afforded BTDO 3a in
good yield (Scheme 7). Pyridine was not oxidized under
these conditions. The diazonium salts 9b—f, bearing elec-
tron-withdrawing substituents, were not so stable, and un-
derwent intramolecular cyclization at room temperature to
give benzo-1,2,3,4-tetrazine 1-oxides.”>) When, however,
bromo-substituted diazonium salts were produced at —15
°C and treated in situ with peracids, the appropriate
BTDOs were obtained in yields similar to those obtained
by the “nitration” method (Table 2). The advantages of the
“oxidation” method lay in the absence of nitrated by-prod-
ucts.

n
+N ?
NOBF, o NFNBu - MCPBA
laof ——— | —_— 3a-f
/F BES
R
9a-f

Scheme 7
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The mechanism of BTDO formation might involve the
formation of the intermediate azoperoxy compound F, fol-
lowed by ionic dissociation to afford the oxodiazonium ion
(Scheme 4). Ionic — but not radical — dissociation might
be facilitated by intramolecular solvation of the oxodiazon-
ium ion by the azoxy group.

However, it was found that the diazonium salt 9a gave
BTDO 3a when treated with perbenzoic acid even when the
reaction was carried out in aqueous acetonitrile in the pres-
ence of sodium acetate as a base. This cast some doubt on
the intermediate formation of the oxodiazonium ion in this
reaction, because this cation should react with water very
rapidly. An alternative mechanism could be proposed, in-
volving cyclization of F to afford the intermediate G, fol-
lowed by ionic dissociation to afford the BTDO. The sep-
aration of N-fert-butylacetamide in 75% yield when the re-
action was carried out in CH;CN as solvent provided sup-
port for an ionic, and not a radical, mechanism for the
reaction.

It might be speculated that the mechanism of BTDO
formation could involve the cyclization of diazonium salt 9
to yield 1,2,3,4-tetrazine 1-oxide 10 via the intermediate salt
J (Scheme 8). The oxidation of 10 could give rise to
BTDO 3.

_N.*.Bu N.
il 1l ArCO;~
R - R N N }
9a,c === O —» 0 3¢
BF,” R=Br
R
aaR=H J 10a.¢
¢:R=Br
Scheme 8

Indeed, cyclization of 9a did take place, but the reaction
needed a temperature of 50 °C to proceed.>’] The tetrazine
1-oxide 10a was too unstable to be isolated at this temper-
ature. Bromo-substituted diazonium salt 9¢ was more react-
ive, and yielded 10c at room temperature in 81% yield.[3
At this point, attempts were made to oxidize 10c to 3¢ with
MCPBA/pyridine. It was shown that that reaction did not
take place under these conditions, which were similar to
those used for the formation of 3¢ from diazonium salt 9c.
Thus, tetrazine 1-oxides could not have been the interme-
diates in the formation of the tetrazine 1,3-dioxide.

NMR Study of BTDOs

The full '"H NMR and '3C NMR assignments for the
BTDOs 3a—f and 4a—c (see Exp. Sect.) were based on H,H
COSY, C,H COSY, and SPT experiments, with the spectra
being recorded both without proton decoupling and with
selective proton decoupling. The broadening of C signals
due to 3C,"N coupling allowed the C-8a carbon atom con-
nected with the N-1 nitrogen atom of the tetrazine cycle
and carbon atoms connected with the nitro groups to be
assigned. This broadening was more pronounced in acetone
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or chloroform than in DMSO, due to the fact that '“N sig-
nals are narrower in the former solvents. This broadening
of 13C signals can be suppressed by RF irradiation of the
appropriate '*N signal in a triple-resonance experiment
(("3C{'H,"*N-selective}) proving the assignment. Increased
intensities of the C(Br) signals due to the decrease in the
relaxation time were also used for signal assignment. The
values of the long-range coupling constants >J(5-H,C-8a)
and 3J(8-H,C-4a) were quite small (6.7 and 5.0 Hz, respect-
ively). This observation may be helpful in the assignment
of signals of substituted BTDOs.

The *N NMR spectrum of the parent BTDO 3a showed
two narrow peaks, each integrating to one nitrogen atom,
that were attributable to the N-1 and N-3 nitrogen
atoms,?* and two very wide signals attributable to the N-2
and N-4 nitrogen atoms (Table 3). The selective polarization
transfers (SPTs) from the 5-H and 8-H protons to the SN
nucleus allowed assignment of the N-1 and N-4 signals, re-
spectively. The '’N  NMR of 3a (natural isotope content)
showed four N signals (Table 4), and so all nitrogen signals
of the TDO cycle had been assigned. '>’N NMR investi-
gations of 4b and 4¢ based on natural isotope content also
found four ring-nitrogen signals and the signals of the nitro
groups in the typical region/?*¥ (Table 3).

Table 3. "N NMR assignments for BTDOs 3a—f and 4a—c in
[Dglacetone solutions

Compd. (4N
Signal half-height widths [Hz] in parentheses
N-1 N-3 Other signals
3alt! —40 (20) —48 (30) —22 (400), N-2
—85 (400), N-4
3alcl —42 (400) —21 (1000), N-2
3pldl —41 (100) —48 (120)
3c —43 (35) —48 (70)
3d —43 (45) —49 (65)
3e —43 (35) —47(50)
3f —42 (30) —47 (50)
4a —41 (30) —48 (45) —18 (45), NO,
4b —40 (35) —46 (50) —18 (90), NO,
4c —41 (40) —45 (60) =23 (65), NO,

[l Shifts are given from external MeNO,. Negative values corre-
spond to upfield shifts. ™ Ref.5? €1 [D]IDMSO solution at 297 K.
] [Dg]DMSO solution at 313 K.

Table 4. >N NMR assignments for BTDOs 3a, 4b, and 4c

Compd.  Solvent 8(*>N) [ppm]&!

N-1 N-2 N-3 N-4
3al’! [Dglacetone  —41.0  —23.9 —48.7  —81.9
4plel [DJDMSO  —40.3 —21.0  —463 —83.3
4cld [DJDMSO  —412 —19.5  —458 —929
8lel [Dglacetone  —52.7 8.0t —439  —106.0

[l Shifts are given from external MeNO,. Negative values corre-
spond to upfield shifts. P! Ref.5®1 €] For 4b: & = —16.9 ppm (NO);
for 4b’: § = —46.3 ppm (N-3). [ For 4¢’ and 4¢": & = —45.5 ppm
(N-3), —20.7 (5-NO,), —21.4 (7-NO,). [l Refl6l 1 1J(14N-1,15N-
2) = 20 Hz.
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Further evidence of the above assignment was found on
investigation of samples 4b’, 4¢’, and 4c¢’’, labeled with N
in position 3 (Scheme 9). These compounds were obtained
by treatment of aniline 1g with labeled '"NO,BF,.

NH, ¢ H.tH 0
N=RiBu O,N* N=NBu
NO, oN NO,
8 *N="N K
l*Noan
0 o 0
I, b, L
N* ‘hT N”N‘II\II N N
£ 3 *
N O,N. N O,N
S 0 2 -~ 0 2 ~ o
" +
NO, NO, NO,
4’ 4c' 4c"
Scheme 9

BTDO 4c¢’ bore the labeled nitro group in the 5-position.
Unexpectedly, in addition to 4¢’, BTDO 4¢’" was also ob-
tained, its nitro group in position 7 having been replaced
with the labeled nitro group (the 4¢’/4¢’’ ratio was 3:1 on
the basis of the integral intensities of '’N signals). Evid-
ently, exchange of the nitro groups/”® had taken place in
N,4,6-trinitroaniline prior to cyclization through the inter-
mediate cation K (see Scheme 2).

To summarize, the TDO cycle could easily be identified
by "N NMR examination (see Table 3). All BTDOs invest-
igated showed two signals in the 6 = —40 to —49 ppm re-
gion. These signals were fairly narrow in acetone or chloro-
form (signal half height width: 20—70 Hz). It was note-
worthy that the N-1 signal was narrower than the N-3 sig-
nal in all cases investigated. In DMSO, the N-oxide signals
were wide at room temperature and, as a rule, only one
broad signal could be observed. To avoid the collapse of
signals in this solvent, however, it was possible to record
the spectra at elevated temperatures.

It is interesting to compare the !N chemical shifts of
BTDOs with the chemical shifts of diazene oxides. The N-
1 and N-3 signals were in the same region as the N-oxide
N signal in azoxybenzene®®! (§ = —54.0 ppm) or in 1-
phenyl-2-nitrodiazene 1-oxide*”! (7, Ar = Ph, § =
—45.5 ppm). The N-2 signals of BTDOs differed little from
the signals of the distal N atoms of diazene oxides with
strongly electronegative substituents [e.g., for 2-nitro-1-
phenyldiazene 1-oxide 8(N-2) = —34.0], but the N-4 atoms
of BTDOs were much more shielded than the distal N atom
of azoxybenzene (§ = —46.7 ppm).[>>P]

It was noteworthy that the chemical shift of N-3 in the
furazano-annulated TDO 101! was only slightly different
from those of its counterpart in benzo-annulated com-
pounds, whereas the N-1 and N-4 signals were shifted up-
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field and the N-2 signal exhibited a strong downfield shift
(Table 4).

Thermal Stability of TDOs

All the BTDOs investigated were quite stable com-
pounds, melting as a rule without decomposition in the
170—250 °C region. The increase in the stability of the
tetrazine 1,3-dioxide ring relative to the parent tetrazine
ring was due to the stabilizing effect of the oxygen atoms in
the 1- and 3-positions. We were able to reason that this
arrangement of oxygen atoms should be the most favorable.
According to calculations, this cycle should be the thermo-
dynamically most stable in comparison with 1,2,3,4-tetra-
zines bearing N-oxide oxygen atoms in other positions.[?%]
Tetrazine 1,3-dioxide, unlike tetrazine itself, tetrazine
monooxides and tetrazine 2,3-dioxide cannot take part in
ring-chain tautomerism. Finally, it cannot lose a thermo-
dynamically stable N, molecule, again in contrast to tetra-
zine! or tetrazine 1,4-dioxide.[*8! The loss of N,O is not as
favorable as the loss of N,. Thus, tetrazine 1,3-dioxides dif-
fer strongly from the parent tetrazines and in fact represent
a new high-nitrogen heterocyclic system.

All BTDOs synthesized gave their molecular ion peaks in
the EI mass spectra. The characteristic feature of the
BTDOs fragmentation was the stepwise loss of N>O molec-
ules, fragments [M — N,O]* and [M — 2 N,O]* being ob-
served. Study of the labeled "N BTDO 4b’ showed that the
1SN atom was retained in the molecule after the loss of the
first N,O molecule (Scheme 10). Thus, the [M — N,O]"
fragment bears a relatively stable oxodiazonium ion.

+.0
*N”
N
e .
4p' —
m/z 210 NO,
m/z 166

Scheme 10

In conclusion, two synthetic pathways to benzo-1,2,3,4-
tetrazine 1,3-dioxides are described. The study of the chem-
ical behavior of these compounds, including electrophilic
and nucleophilic displacement at the benzene ring, is in pro-
gress.

Experimental Section

General: NMR spectra were recorded with a Bruker AM 300 in-
strument at 298 K; chemical shifts are in 6 units downfield from
internal TMS ('H, '3C) or external CH;NO, ('*N, '*N). 'H and
13C NMR spectra of BTDO 3a were calculated by use of the pro-
gram PANIC (Bruker) with an Aspect 3000 computer. The signs
of small coupling constants were determined by calculation to ob-
tain the best fit of experimental and calculated spectra. 'H RMS
of calculations was 0.005; '3C RMS was not worse then 0.1. MS
data were obtained at 70 eV by electron impact. Melting points are
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uncorrected. Anilines 1a—d and 1,1 1¢,['% and 1g!'?! were synthe-
sized by published procedures. Labeled '"NO,BF, was prepared
from [’ N]nitric acid (96 atom% 'SN) by a literature procedure.l*’!

Warning: The compounds described in this paper are potentially ex-
plosive and appropriate precautions should be taken in their handling.
At the same time, the toxicity of BTDOs is not high (e.g., for 7-
NO>-BTDO 4b, LDs, is no more than 50 mglkg for mice).

Materials: Dinitrogen pentoxide was prepared by a literature pro-
cedurel* from concd. HNO; and P40, in a flow of dry argon and
purified from N,O,4 by repeated evacuation (15 Torr) at 0 °C until
the material became free-flowing and the color of the vapor above
the crystals had changed from red-brown to pale yellow. Traces of
N,O, in the material obtained in this way had no unfavorable effect
on the reactions described below.

Preparation of Benzo-1,2,3,4-tetrazine 1,3-Dioxides (BTDOs) 3a
and 4a—c by the “Nitration” Method. Table 1, Entry 1: A solution
of aniline 1a (0.23 g, 1.5 mmol) in nitromethane (6 mL) was added
drop by drop over a period of 10 min to a stirred and cooled (=15
°C) suspension of N,Os (0.65g, 6 mmol) in dry nitromethane
(20 mL). The reaction mixture was then gradually brought to 10
°C over 10 min. The solution was concentrated in vacuo to ca. 90%,
and the precipitate was dissolved in CH,Cl, and washed with aque-
ous NaHCOs; solution and with water. The solvent was evaporated
and the residue was chromatographed (silica gel; eluent hexane/
EtOAc, 4:1). The yellow spots corresponding to BTDOs on chro-
matograms were distinguished by treatment with vapors of ammo-
nia. BTDO 3a did not change in color. The spots of 4a, 4b, and 4c
became orange, dark blue, and red, respectively. Entries 2 and 3:
The reaction was carried out similarly in MeCN and CH,Cl, as
solvents. Entry 4: The solution of N,Os was prepared in situ by
dropwise addition of trifluoroacetic anhydride (0.42 mL, 3 mmol)
to stirred HNO; (p = 1.5 grem ™3, 0.25 mL, 6 mmol) at 0 to —5
°C.B1 To this solution, a solution of 1a (0.2 g, 1.0 mmol) in trifluo-
roacetic acid (1 mL) was added dropwise at —20 °C whilst stirring.
After warming to 0 °C, the reaction mixture was poured into ice/
water. The mixture was then neutralized with aqueous NaOH solu-
tion and extracted with EtOAc. Entry 5: NO,BF, (0.40 g,
3.01 mmol) was added to a stirred and cooled (=30 °C) solution
of 1a (0.20 g, 1.03 mmol) in dry CH5CN (15 mL). After 15 min of
stirring at —30 °C, the temperature was brought to 20 °C and the
reaction mixture was worked up as described above.

Benzo-1,2,3,4-tetrazine 1,3-Dioxide BTDO (3a): Yellow crystals,
m.p. 170—172 °C. Tables 5 and 6. '*C NMR ([Dg]DMSO): § =
118.9 (C-8), 124.2 (C-5), 128.0 (C-8a), 131.8 (C-7), 138.4 (C-0),
143.3 (C-4a). IR (KBr):®a801 § = 1497 and 1402 [N,O, fragment]
cm~ 1 MS (70 eV): m/z (%) = 164 (25) [M*], 120 (11) [M* — N,O],
90 (23), 76 (100) [M* — 2 N,0]. CcH4N4O, (164.1): caled. C 43.91,
H 2.46, N 34.14; found C 43.88, H 2.50, N 34.00.

Table 5. '"H NMR assignments for BTDO 3a

Proton dn dn J [HZ]
[Dglacetonel?! [Dg]DMSO [Dglacetone

5-H 7.92 m 7.97d 3J(5,6) = 8.5
6-H 8.18 m 8.16 td 3J(6,7) = 7.1
7-H 7.91 m 7.88 td 3J(7,8) = 8.6

U715 =13
8-H 8.35m 8.31d 4J(8,6) = 1.3

3J(8,5) = 0.6
[a] Ref [5b]
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Table 6. '3C NMR assignments for BTDO 3a in [DgJacetone solu-
tion (ref.>®))

Carbon ¢ Jen [Hz]
5-H 6-H 7-H 8-H

C-4a 1447 2 =15 3/=102 4J=0 3 =350
C-5 1252 =171 =15 3=76 4 =-13
C-6 1392 27 =05 =166 2J=17 3J=387
C-7 1323 3J =387 =12 =169 2J=-03
C-8 1199 4=-13 3=78 =19 U=174
C-8a 129.0 3J=6.7 =15 3J=105 2J=26

5-Nitrobenzo-1,2,3,4-tetrazine 1,3-Dioxide (4a): Yellow crystals,
m.p. 193—195 °C. '"H NMR ([DgJacetone): & = 8.09 (dd, J = 8.7,
7.8 Hz, 1 H, 7-H), 8.68 (dd, J = 8.7, 1.2 Hz, 1 H, 8-H), 8.72 (dd,
J=17.8,12Hz 1 H, 6-H) ppm. 3C NMR ([DgJacetone): & = 124.5
(C-8, 'J = 1763, 3Joy = 7.8, 2Jo.y = 1.9 Hz), 129.8 (C-8a,
3om = 111, 2Jgyq = 2.5 4y = 1.2Hz), 131.1 (C-7, 'J =
174.5 Hz), 133.7 (C-6, 'J = 172.6, 3Js.y = 8.9, /..y = 2.3 Hz),
138.1 (C-4a, 3oy = 7.3, gy = 5.4, *J3.54 = 1.5 Hz), 142.7 br.
(C-5,3J,.4 = 7.9, 2Jg.qg = 3.6, *Jg.y = 1.7 Hz) ppm. IR (KBr): (82801
v = 1507 and 1428 (N4O, syn and ansyn), 1552 and 1350 (NO, as
and s) cm™!. MS (70 eV): m/z = 209 [MT]. C4H3NsO, (209.1):
caled. C 34.46, H 1.45, N 33.49; found C 34.33, H 1.47, N 33.29.

7-Nitrobenzo-1,2,3,4-tetrazine 1,3-Dioxide (4b): Yellow crystals,
m.p. 166—168 °C. '"H NMR ([Dg]DMSO): § = 8.21 (d, J = 9.0 Hz,
1 H, 5-H), 8.82 (dd, 1 H, 6-H), 8.93 (d, / = 2.5 Hz, 1 H, 8-H) ppm.
3C NMR ([Dg]DMSO): & = 115.4 (C-8, 'J = 179.8 Hz), 126.4 (C-
5, 'J = 175.7Hz), 128.1 (C-8a), 131.9 (C-6, 'J = 175.3, 3J =
3.8 Hz), 146.0 (C-4a, 3Jo.y = 7.5, 3Js.y = 5.0 Hz), 147.6 (C-7,3J =
10.0, 2J = 2.0 Hz) ppm. IR (KBr):828%1 § = 1517 and 1431 (N,O,
syn and ansyn), 1540 and 1345 (NO, as and s) cm~!. MS (70 eV):
mlz (%) = 209 (100) [M '], 165 (57) [M*™ — N,0], 121 (35) [M* —
2 N»O], 105 (30). C¢H3N50,4 (209.1): caled. C 34.46, H 1.45, N
33.49; found C 34.52, H 1.48, N 33.38.

5,7-Dinitrobenzo-1,2,3,4-tetrazine 1,3-Dioxide (4c): Yellow crystals,
m.p. 209—211 °C. '"H NMR ([Dg]DMSO): § = 9.17 (d, J = 2.6, 1
H, 8-H), 9.48 (d, 1 H, 6-H) ppm. 3C NMR ([Dg]DMSO): & =
119.1 (C-8, 'J = 180.8, 127.5 (C-6, 'J = 178.5, 3J = 4.7 Hz), 129.0
(br., C-8a), 139.6 (C-4a, 3Jeyy = 7.5, 3Jg.qg = 6.6 Hz), 141.2 (C-5,
2J = 4] = 5.0 Hz), 146.0 (C-7, 2Jo.y = *Jg.u = 5.0 Hz) ppm. IR
(KBr):[#2801 § = 1520 and 1432 (N4O, syn and ansyn), 1548 and
1342 (NO, as and s) cm~'. MS (70eV): m/z = 254 [M™].
CsH,5NgOg (254.1): caled. C 28.36, H 0.79, N 33.07; found C 28.42,
H 0.79, N 32.85.

Isolation of N-tert-Butylacetamide (5): The treatment of la with
N,O5 was carried out in MeCN as solvent as described above. After
neutralization with saturated aqueous Na,COs, the reaction sol-
vents were evaporated to dryness in vacuo. The organic compounds
were extracted with acetone. The '"H NMR analysis showed N-zert-
butylacetamide (yield 80%) and BTDOs 3a and 4a—c (overall yield
82%). The solution was concentrated and the residue was sublimed
in vacuo to give pure N-tert-butylacetamide, m.p. 96—97 °C (ref.l3?]
96—97 °C), identical with an authentic sample. MS (70 eV): m/z =
115 [M*].

General Procedure for the Preparation of Benzo-1,2,3,4-tetrazine
1,3-Dioxides (BTDOs) 3b—f by the “Nitration” Method: A solution
of aniline 1 (5 mmol) in dry CH;CN (15 mL) was added dropwise

over a period of 10 min to a stirred and cooled (=20 °C) suspension
of N,Os5 (2.16 g, 20 mmol) in dry CH;CN (20 mL), and the reac-
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tion mixture was gradually brought to 0 °C. After stirring for
10 min at this temperature, the reaction mixture was cooled to —25
to —30 °C. The precipitate was then filtered off and washed with
a small amount of MeOH to give the practically pure BTDO as
yellow crystals. The filtrate was poured into ice/water and extracted
with CH,Cl,. The organic layer was washed with aqueous
NaHCOj; solution and with water, and then dried (MgSO,). The
solvent was removed in vacuo. The residue was purified by chroma-
tography on silica gel (eluent benzene) to give an additional quant-
ity of BTDO 7 (see Table 2).

6-Bromobenzo-1,2,3,4-tetrazine 1,3-Dioxide (3b): Yellow crystals,
m.p. 196—197 °C. '"H NMR ([Dg]DMSO): § = 7.97 (dd, 1 H, 7-
H), 8.19 (d, J = 9.0 Hz, 1 H, 8-H), 8.24 (d, / = 1.8 Hz, 1 H, 5-H)
ppm. 3C NMR ([Dg]DMSO): § = 120.6 (C-8), 126.2 (C-5, 'J =
176.4, 3J,.q = 5.2, *Jg.u = 1.2 Hz), 127.2 br. (C-8a), 132.3 (C-6,
s = 124,204 = 4.1, 2Js.qy = 2.0 Hz), 134.5 (C-7, 'J = 176.5,
3 s = 6.2, 2Jgy = 1.0Hz), 144.0 (C-4a, 3Jgy = 5.7, *Jsy =
2.0 Hz) ppm. IR (KBr): v = 1508, 1420 cm~'. MS (70 eV): m/z
(ratio): 242, 244 (1:1) [M*]. C¢H3BrN4O, (243.0): caled. C 29.65, H
1.24, Br 32.88, N 23.05; found C 29.71, H 1.20, Br 32.71, N 22.89.

7-Bromobenzo-1,2,3,4-tetrazine 1,3-Dioxide (3c): Yellow crystals,
m.p. 220—221 °C. '"H NMR ([Dg]DMSO): § = 7.90 (d, J = 8.9 Hz,
1 H, 5-H), 8.28 (dd, 1 H, 6-H), 8.51 (d, J = 1.8 Hz, 1 H, 8-H) ppm.
13C NMR ([Dg]DMSO): § = 121.0 (C-8), 124.4 (C-7), 126.0 (C-5),
128.7 br. (C-8a), 141.3 (C-6), 142.5 (C-4a) ppm. IR (KBr): ¥ =
1508, 1415 cm~'. MS (70 eV): m/z (ratio): 242, 244 (1: 1) [M*].
CgH3BrN4O, (243.0): caled. C 29.65, H 1.24, Br 32.88, N 23.05;
found C 29.60, H 1.24, Br 32.76, N 22.93.

5,7-Dibromobenzo-1,2,3,4-tetrazine 1,3-Dioxide (3d): Yellow crys-
tals, m.p. 204—208 °C (dec.). '"H NMR ([DgJacetone): § = 8.57 (d,
1 H), 8.62 (d, Hz, 1 H) ppm. '3C NMR ([DgJacetone): & = 119.9
(C-5, %206y = 4.5, *Jg.qu = 1.9 Hz), 122.0 (C-8, 'J = 179.9, 3Je.y =
5.8 Hz), 124.7 (C-7, 2Jo.q = *Js.u = 4.5 Hz), 130.7 br. (C-8a), 142.7
(C-4a, 3Joy = 8.1, 3Jgy = 5.1 Hz), 144.7 (C-6, 'J = 176, 3Jg.qy =
6.5 Hz) ppm. IR (KBr): ¥ = 1498, 1405 cm™'. MS (70 eV): m/z
(ratio): 320, 322, 324 (1:2:1) [M"]. C¢H,Br,N,4O5 (321.9): caled. C
22.39, H 0.63, Br 49.64, N 17.40; found C 22.43, H 0.60, Br 49.70,
N 17.31.

6,7-Dibromobenzo-1,2,3,4-tetrazine 1,3-Dioxide (3e): Yellow crys-
tals, m.p. 252—254 °C. '"H NMR ([Dg]DMSO): & = 8.56 (s, 1 H,
5-H), 8.89 (s, 1 H, 8-H) ppm. *C NMR ([D¢]DMSO): § = 123.1
(C-8), 127.3 (C-7, 3Js.y = 9.5, 2Jg.u = 4.4 Hz), 127.9 br. (C-8a,
3su = 7.4, Jgu = 3.4 Hz), 128.5 (C-5), 135.4 (C-6, 3Jgq = 9.6,
2Jsy = 4.4 Hz), 142.8 (C-4a, 3Jgy = 5.9, 2J = 2.1 Hz) ppm. IR
(KBr): ¥ = 1495, 1430 cm ™. MS (70 eV): m/z (ratio): 320, 322, 324
(1:2:1) [M*]. C¢H,BraN4O, (321.9): caled. C 22.39, H 0.63, Br
49.64, N 17.40; found C 22.61, H 0.64, Br 49.81, N 17.27.

6,8-Dibromobenzo-1,2,3,4-tetrazine 1,3-Dioxide (3f): Yellow crys-
tals, m.p. 213—215 °C. '"H NMR ([D¢g]DMSO): § = 8.29 (d, J =
2.0, 1 H, 5-H), 8.37 (d, 1 H, 7-H) ppm. '*C NMR ([D¢]DMSO):
8 = 114.0 (C-8, 2J7.y = 4, *Js.u = 2 Hz), 126.3 (C-5, 'J = 178.3,
3J,.u = 6.3 Hz), 126.8 br. (C-8a, 3J = 8.8, 3J = 6.7 Hz), 131.2 (C-
6,2J7.q = 2Js.u = 2.0 Hz), 139.1 (C-7, 'J = 178.7, 3J5.y = 6.4 Hz),
146.4 (C-4a, 2J = *J = 1.0 Hz) ppm. IR (KBr): v = 1518, 1412
cm™!'. MS (70eV): mlz (ratio): 320, 322, 324 (1:2:1) [M*].
C¢H>Br,N,O5 (321.9): caled. C 22.39, H 0.63, Br 49.64, N 17.40;
found C 22.31, H 0.61, Br 49.76, N 17.30.

General Procedure for the Preparation of Benzo-1,2,3,4-tetrazine
1,3-Dioxides (BTDOs) 3a—f by the “Oxidation” Method: A solu-
tion of aniline 1 (1.43 mmol) in dry CH;CN (5 mL) was added
dropwise to a stirred and cooled (—15 °C) suspension of NOBF,
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(0.2 g, 1.71 mmol) in dry CH5CN (15 mL) over a period of 10 min.
The reaction mixture was stirred for an additional 10 min at that
temperature, and m-chloroperbenzoic acid (2.14 mmol) was then
added, followed by a solution of pyridine (0.28 g, 3.6 mmol) in
MeCN (3 mL). The solution was allowed to warm to room temper-
ature for 15 min and then poured into water and extracted with
CH,Cl,. The extract was washed with 5% aqueous NaOH and with
5% aqueous HCI solutions and then with water. The organic layer
was dried (MgSQO,), and the solvent was evaporated in vacuo.
Crude products were purified by chromatography on silica gel (elu-
ent benzene) (see Table 2). The BTDOs obtained were identical to
BTDOs prepared by the “nitration” method.

2-(tert-Butyl-NNO-azoxy)phenyldiazonium Tetrafluoroborate (9a):
A solution of aniline 1a (1.0 g, 5.18 mmol) in dry CH;CN (3 mL)
was added dropwise to a stirred and cooled (—15 °C) suspension
of NOBF, (0.66 g, 5.6 mmol) in dry CH3;CN (10 mL). The reaction
mixture was allowed to warm to 10 °C and stirred at this temper-
ature until the NOBF, had dissolved. After an additional 5 min,
the solution was concentrated in vacuo to near dryness, and dry
Et,O (25 mL) was added. The precipitate was filtered off, washed
with Et,0 (5 mL) and pentane (5 mL), and then dried in vacuo to
give 1.41 g of 9a (93%) as white crystals. '"H NMR ([Dg]acetone):
8 =153(,9H, rBu),825(,J=82Hz, 1 H, 5-H), 8.52 (t, J =
8.2Hz, 1 H, 4-H), 8.70 (d, / = 82Hz, 1 H, 3-H), 899 (d, J =
8.2 Hz, 1 H, 6-H) ppm. '*C NMR ([DgJacetone): & = 25.4 (CHs),
61.9 (CMe;), 110.9 (C-1), 127.1 (C-3), 134.8 (C-5), 137.1 (C-6),
143.1 (C-4), 146.8 br. (C-2). The assignment of 'H NMR and '3C
NMR signals was achieved by selective decoupling, SPT, C,COSY,
and BC{¥N} experiments. '“N NMR ([Dglacetone): § = —66
(Avy = 85 Hz) (N—0), —154 (Av,;, = 240 Hz) (N=N) ppm. >N
NMR, INEPT ([Dglacetone): 8 = —6.9 (=N-rBu) ppm. IR (KBr):
v = 2300 cm~!. C;oH3BF4N4O (292.0): caled. C 41.13, H 4.49, N
19.18; found C 41.27, H 4.38, N 18.93.

Preparation of BTDO 3a by the “Oxidation” Method: A solution
of AcONa (0.57 g, 7.0 mmol) in H,O (15mL) was added to a
stirred and cooled (0 °C) solution of diazonium salt 9a (0.98 g,
3.36 mmol) and perbenzoic acid (6.7 mmol) in MeCN (20 mL). The
reaction mixture was stirred for 15 min at 0—3 °C. A solution of
NaOH (1.5 g) in H,O (5 mL) was then added, and the reaction
mixture was extracted with Et;O (3 X 25mL). The extract was
washed with concd. aqueous NaOH solution and with water, and
then dried (MgSO,). The solution was concentrated to dryness and
washed with hot hexane (15 mL). The residue was purified by col-
umn chromatography (silica gel, eluent CHCl3) to give 3a (0.40 g,
72%) as yellow solid, identical with previously obtained material.

Isolation of N-tert-Butylacetamide (5): Treatment of diazonium salt
9a with perbenzoic acid was carried out as described above. The
reaction solvents were evaporated to dryness in vacuo. The 'H
NMR analysis showed N-tert-butylacetamide (yield 75%) and
BTDO 3a (yield 85%). Workup of the reaction mixture and sub-
limation gave pure N-fert-butylacetamide, m.p. 96—97 °C, identical
with an authentic sample.

Preparation of 'SN-Labeled BTDOs 4b’, 4¢’, and 4¢'’. Treatment of
1g with 'SNO,BF,: '’N-Labeled (96%) nitronium tetrafluoroborate
(0.40 g, 3.01 mmol) was added to a stirred and cooled (=20 °C)
solution of aniline 1g (0.24 g, 1.0 mmol) in dry CH3CN (10 mL).
After the mixture had been stirred for 30 min at room temperature,
the solvent was evaporated in vacuo. The residue was dissolved in
CH,Cl, (100 mL) and washed with cold water (12 mL). The or-
ganic layer was concentrated to a volume of 25mlL, filtered
through a silica gel pad (eluent CH,Cl,), and chromatographed
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(silica gel, eluent benzene) to give 4b" (0.055 g, 26%) and a mixture
of 4¢” and 4c¢'’ (0.17 g, 63%).

BTDO 4b’: 'H NMR ([Dg]DMSO): 5J(8-H,'5N-3) = 1.2 Hz. 1*C
NMR ([Dg]DMSO): 3J(1*C-5,'5N-3) = 5.0 Hz. MS (70 eV): mlz
(%) = 210 (100) [M*], 166 (60) [M* — N,O], 121 (41) [M* — N,O
— I5NNOJ, 105 (25).

BTDO 4c¢’: 'H NMR ([Dg]DMSO): 3J(6-H,'5Ns i) = 3, SJ(8-
H,5N-3) = 1 Hz. '*C NMR ([Dg]DMSO): 'J(3C-5,"5Ns ire) =
19, 3J(13C-5,5N-3) = 5.0, 2J("*C-6,"Ns o) = 2.0, J(3C-
7,5Ns nitre) = 3.0, 4J(13C-8,"5N5iir0) = 3.0 Hz.

BTDO 4¢’: 'H NMR ([DgJDMSO): 3J(6-H,'"Nq i) = (8-
H,N7_niwo) = 2 Hz (besides that of 4¢’). '3C NMR ([Dg]DMSO):
1J(13C-7,N1_nitro) = 18 Hz (besides that of 4¢’).
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