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]SN-label

wordt ingebouwd in het aminoprodukt en het teruggewonnen uitgangsmateriaal,
is het overbodig aan te nemen dat een o-adduct gevormd wordt, waarbij de

7 Om te verklaren dat bij de aminering van fenyl-1,3,5-triazine de

amino- en fenylgroep zich op &én koolstofatoom bevinden.

Gy.Simig and H.C,van der Plas, Recl.Trav,Chim.Pays-Bas, 95,
125 (1976)

8 Daar de reactiesnelheid sterk afhangt van de temperatuur, zou de term "'room
temperature' in- een chemisch voorschrift vermeden moeten worden.

9 Aangezien de moeilijkheidsgraad vergelijkbaar is, zouden middelbare scholieren
hun energie beter kunnen gebruiken om Russisch te leren, dan een dede taal
als Grieks.

10a Aangezien chemische en biologische research gepaard kan gaan met de vorming
van nieuwe verbindingen, waarvan de teratogene effecten niet bekend zijn,
verdient het aanbeveling vrouwelijke onderzoekers in de tweede en derde maand

van hun zwangerschap toe te staan met verlof te gaan.

10b Het in 10a bedoelde verlof dient onbetaald te zijn.
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1 INTRODUCTION

1.1 THE SN(ANRORC) MECHANISM

Investigation of the behaviour of aza- and polyazaaromatics towards nitrogen-
centaining nucieophiles ceontinues to remain a major topic at the Laboratory

of Organic Chemistry in Wageningen. A great variety cf different reaction path-
ways has been discovered in recent years, depending on the structure cf the
substrate and the nature of the attacking nuclecphile. For some review articles
see references 1-6.

In the early seventies a new mechanism for nucleophilic substitution was dis-
covered7, the SN(ANRORCj mechanismg’9
is given in scheme 1.1 and shows the conversion of 4-bromo-6-phenylpyrimidine

. A reaction exemplifying this mechanism

(1)7 into the cerresponding 4-amino compound 4 on treatment with potassium
amide. The process is described by a sequence of reactions, invelving Addition
of the Nucleophile to pesition 2, resulting in Z-amino-4-bromo-6-phenyl-1,2-di-
hydropyrimidinide (2). Ring Opening subsequently forms the open-chain inter-
mediate 3, which undergoes Ring Closure to 4. This mechanism was substantiated
by 15N—labelling.

Ph Ph Ph
* * H *
T /1 — L L=
¥
gN Br HZNJ\ NH; i Br K‘u Ny
*
1 3 4

Scheme 1.1



The amide ion is the nuclecphile in many conversions involving the SN(ANRORC)
mechanism and in the overall reaction ome nitrogen atom of the heteroaromatic
ring is replaced by the nitrogen atcm of the nuc]eophileg. These reactions are

classified as degenerate ring transformationss’10

. The term degenerate ring
transformation 1s used for a reaction sequence in which the ring system in the
product is the same type of heterocyclic ring as originally present in the
starting materials.

At the start of the study described in this thesis only two degenerate ring
transformations involving more than one atom, had been described10. The reaction
of 1-methylpyrimidinium iodide (5) with benzamidine gives Z-phenylpyrimidine
(6), with the three atom Nj- C,- N fragment of 6 originating from the amidine.
The reaction sequence is shown in scheme 1.2. In the reaction of 5 with O-
methylisourea, yielding 2-amincpyrimidine, the Ny- Gy fragment alsc originates
from the nucleophile1

r
I;\
X
/
u

N N NH N NH
| (=N ' L=n
CHy (Hy C=hH (Hy (=
R
s
H
H NEC=N-CH;
H-N N
= . — 1
R \\N R \N
6 R =Ph, t-CHg

Scheme 1,2

Other remarkable examples of degenerate ring transformations have recently been
reported in the literature. N-aminopyrimidinium salts rcact with hydroxylamine,

forming pyrimidine N—oxides11

. 3-Cyanopyrimidinium salts (7) undergo a double
rearrangement with hydreoxide ion to give Z2-alkylamino-3-lormylpyridines (8)12

as visualized in scheme 1.3. This reaction can be described as an initial addi-
tion of hydroxide ion at position 2, fellowed by ring opening and cyclization by

attack of the amino lone pair on the carbon atom of the cyano group. A renewed
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addition of hydroxide ion at position 6, ring opening and ring closure sub-

sequently gives the reaction product 8.

o . . '
N N o
oK™ 3 ~
OH Ay
ol ~(=N
| o f
R R R
ki
R H H R H R’ H
o _
X (50 -0 (= t=¢
OH . -
*
N O™y~ SNH 07y NR X2f.7 TNHR
| Ho A,

Scheme 1.3

During the last ten years a number of ring transformations have been describ-
§-0,13,14
ed 3 L

different. Recent examples are the conversions of 1-alkylpyrimidinium salts

., in which the ring systems in starting material and product are

into 2-alkylaminopyridines and N-alkylpyridinium salts into alkylanilines under

14 and the reaction of S-nitrcpyrimidine with

the inlluence of hydrexide ion
ketcnes in which all heterc atoms are lost and replaced by carbon atoms

The investigation into the occurrence of the SN{ANRORC) mechanism, during the
reaction of a diaza mucleophile - namely hydrazine - with a vieinal diaza

16-18 _ is the central theme

substrate - for example 6-L-1,2,4,5-tetrazine (9)
of the study in this thesis. If this mechanism i1s operative the #fwe atom Ny- Ny
fragment of the 1,2,4,5-tetrazine ring of the resulting 6-hydrazino-1,2,4,5-
tetrazine (10 I} will be replaced by the two nitrogens of hydrazine as visualiz-
ed in scheme 1.4. The alternative pathway of the SN(AE)19 - Addition Elimination
mechanism {leading to 10 II) is also depicted.

These two pathways can casily be distinguished by use of 1SN double labelled
hydrazine as indicated by an asterix in scheme 1.4. If the substitution takes
place according te the S (ANRORC) mechanism the label will be incorporated in

the 1,2,4,5~tetrazine rlng (10 1), while in a reaction via the S (AE) mechanism




the label will be located in the exocyclic hydrazine group (IOxIIJ.

L L L L
SN%G\w * N/\N N%\N:NH N/I\\\QJ‘M—NHZ
S PR — |
‘N\\\P'/M2 N\,——\(N—H Nyg—uﬁz N\%E—ﬁHz

R R NH-NH, R R

9

L NHNH; NHNH2
N’/;yl\‘N-H L NCj;}\\‘N* L=leaving group
1\||| [L* - Jl |[L* SNIANRORC) R=alkyl- or aryl

e N substituent
\R/ \F]z/

10*!
* K * ¥
L L NHNH2 NHNH;
N///l\N HH-NH NAN-H L N///\N
| = | — | IL SN(AE}
Na. N N N N~
\\j//’ \\7,// \\7’//
R R R
9 16™11
Scheme 1.4

In scheme 1.4 the symbol L represents the leaving groups. These will also in-
clude hydrogen, because we are also interested In a possible cccurrence of a
Chichibabin hydrazination20 of 1,2,4,5-tetrazines. The only example of this
kind of reaction is the displacement of hydrogen by hydrazide jon in scme

pyridine derivative521.




1.2 ¢-ADDUCTS

The Tirst step in the reaction sequence of mucleophiles with electron deficient
aromatics is the addition of the nucleophile, forming a covalently bonded

o- or Meisenhelmer complex22

. The formation of these o-complexes can be detect-
ed by NMR spectr05c0py22

When the amide ion or ammonia reacts with azaaromatics the formation of the

o- adduct is characterized by a large upfield shift of the hydrogen or carbon

atom to which addition takes place in both H NMR23 2 and 13C NMRZS. This is

3

due to a rehybridization of the carbon atom from sp to sp”. The magnitude of

the upfield shift is independent of the charge, in that a negatively charged
and a neutral c-adduct show approximately the same upfield shift25’26.

As part of the study of the SN(ANRORC) mechanism we are interested whether a
o-adduct 12 is formed upon addition of hydrazine to 1,2,4,5-tetrazine (11);

or - as a medel study for this reaction - whether a g-adduct is formed upon

addition of ammonia to 1,2,4,5-tetrazine (11).

H H NHZ

A

N TN 7Nty N N-H
| I — || |
NVN N\%N
R R
Scheme 1.5 1 12
Z=H, NHp

A survey of the upfield shifts of the hydrogens attached to the sp3 carbon
atoms in several adducts is presented in scheme 1.6.

Upfield shifts (As) result from addition of am1de icn to C or Cﬁ of 4-phenyl-
pyrimidine (13) , to C5 in 1,2,4-triazine (14) and to C4 of Z-phenyl-1,3,5-
triazine [15) . Addition of ammcnia te C4 of pteridine (16)30 causes a
similar shift. The magnitude of the upfield shift in these adducts is between
4 and 5 ppm, compared with the starting materials in usual NMR solvents.

The covalent hydrazination of 1-methylpyrimidinium iodide (17) has been
described recently3]. This is the only example - proven by means cf NMR
spectroscepy - of a o-adduct formed between an azaaromatic compound and
hydrazine.
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Scheme 1.6

Comparison of the ]H chemical shift data of the u-adduct 18 with those of the
product of covalent amination 1926 and with those of 17 itself (Scheme 1.7),
reveals that with both nucleophiles the attack takes place at C6 and that the
upfield shifts in both o-adducts 18 and 19 are similar. This indicates that
in general an upfield shift of 4-5 ppm can be expected upcn addition of
nucleophiles to azaaromaticssz.

On dissolving 1,2,4,5-tetrazines in liquid ammonia or hydrazine, however, the
expected 4§ value of 4-5 ppm was not fecund. A very unusual upfield shift was

chserved insteadSs’




On comparison with several model compounds it became obvious that the explana-

tion for this ancmaly can be found in the concept of homoaromaticityEa.

870

N TNyS

DZH-ND,
243K m‘zu\\ NDND,
P‘l H A6 (Hg)= «.5ppm
8.0 3[.:0H¢3
N | .28 i
9,10K 9,48
!
H
4.E4s3 6.27
17 NH3 N| TNyeet
223K k NHz
694
l“J H...,, 46(Hg) = 4.91ppm
CHa
Scheme 1.7 #ee

1.3 HOMOAROMATICITY

35 €

in 1959. He defined”
a species to be homoaromatic if the o-backbone is interrupted either by re-

Homoaromaticity as a concept was introduced by Winstein

moving the g-bond entirely or by interposition of one or more methylene groups.
The o-skeleton may be interrupted on one, two or three sides giving rise to a
monohomo-, bishomo- or trishomoaromatic species. As for aromaticity the
criteria for homoaromaticity are: a) the compound must chey the Hiickel rule
and possess (4dn+2) n electrons; b) delocalization energy due to cyclic electror
delocalization must exist; ¢) the compounds must be able to sustain an induced
ring current.

The overlap between the two ends of the conjugated system to form a (4n+2)

cyclic array is brought about by homoallylic participation37’38

of the cyclo-
propane ring, which is visualized in figure 1.1. The overiap is of a type
intermediate between o and = . Overlap becomes restricted to single lobes,
the boundaries of which are limited te that surface of the molecule opposite

to the bridged atom.




Fig.l.1 Homoallylic participation

The net level of homoaromatic delocalization will be linked directly to the
Tesultant overlap integral. Homoaromatic interactions occur because of stabiliz-

ing 7 interactions but only at the expense of the energy required to distort the
g=framework.

The compound examined most thoroughly is the homotropylium cation (21}, obtain-
ed upon deprotonation of cycleooctatetraene (20)39.

-073 5.13

Scheme 1.8 20 21

Experimental evidence proving homoaromaticity in 21 is provided by the following
cbservations:

a) The great difference in chemical shift37 between H {the hydrogen above the
aromatic ring, which is in the shielding regio) and HP (the hydrogen in the
excposition, which is in the deshielding regio) due to the ring current. A
comparison with the 1H NMR data of several model compounds revea1537 that none

of these species offers a better description of the observed phenomena.




b) The 13C chemical shift values which give a measure of the delocalization
of charge40, related - of course - to the electren delocalization.

A 41, which is a measure of the

¢} The diamagnetic susceptibility exaltaticn
extra anisotropy due to the ring current of aromatic molecules. A A of 20

was measured42 for the homctropylium cation, which - on subtracticn of the
contribution of the cyclopropane ring ( A = 5) - is comparable with the A

of the tropylium cation { & = 16).

d) The UV spectrum from which the 1,7 resonance integral is calculated.

The w-bond order calculated from g, is 0.5643.

It is also possible to optimize the conformation of the homoaromatic molecule

by theoretical calculations44. The last few years these theoretical calculations
are the main field of interest in the literature concerning homoaromaticity.
Only crystal structural data however will give a guantitative estimate of the
amount of orbital overlap and the importance of homoaromatic contribution.

This subject is the major theme in a recent review article on homoaromaticity45.
An example of a calculated structure47 which is in good agreement with the
X-ray structure48 is found for the smallest homoarcmatic compound, the homo-
cyclopropenium cation (23), formed on protonation of cyclobutene ([22). The
X-ray structure was detemmined for the aluminiumtrichloride complex of tetra-

methylcyclobutadiene (24} (see Table 1.1).

4.12 4.94
A B =
H , H H3C AlClg
sa.0 Jrp174Hz
HC) 3 o HsC
- !yass CHa
2 HsC
187.6
22 23 24

Scheme 1.9




Table 1.1 Calculated and X-ray structure of the homocyclopropenium cation

compound bond lengtha ab
1-2 -3 1-4
23 140.2 175.9 i50.2 149.3
24 138.7 177.5 151.0 148.5

a  bond length in pm

b see scheme 1.9

New ab initio calculations have been carried out recent1y49 for the homotro-
pylium cation (21). This compound had already been found to exist in twe forms,
one with the CHZ group pointing upwards, the other with the CH2 group down-
wards. Deuteration instead of protondation (see scheme 1.8) showed that the

b= ‘
interchange between these two forms is a ring invcrsionso with AG = 93 kJ/mel.

272 pm
26

r
86 ¥ sakJ/mol

~4okJ/mul 23¢.3pm
5

25
157.8
21 21

Scheme 1.10
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This ring inversion was originally visualized as proceeding through a planar
form, the classical cyclooctatrienyl cation (26)43. It became evident from the
new calculations of Haddon49, that this energy profile contains an extra
species, a non-planar cyclooctatrienyl cation (25), which lies 4C kJ/mel higher
in energy than the homotropylium ion. The ring inversion is accompanied by an
enlargement of the 1,7 interatomic distance - the calculated values of which
are given in scheme 1.10 - and consequently the methylene bridge is {lattened.
The negatively charged counterpart of the homotropylium cation is the homo-
cyclopentadienyl anion (28). Considerable effort has been undertaken tc prove
the existence of this species, but without success. A recent studyS? definitive-
ly proves that on proton abstraction from 1,3- and 1,4-cyclohexadienes (27) a
plangr nonhomoaromatic cyclohexadienyl anion (29) is formed. This was concluded
from NMR spectroscopic evidence in ND; containing K+ND£.

B H
. 28
K™ND2
NDa 3. 40
H,H
X 3.0 ) 41237 Hz
27 5 1788
. 2 131.8
3
8.0
Scheme 1.11 29

Coupling constants between 13C and 1]-[ nuclei are very sensitive to angular
distortion. In the homotropylium caticn 1JCSH is found to be 159 H237. The
coupling constant found for 29 (1JC6H = 123.7 Hz) however, is comparable with
that of the benzenium cation (122 Hz) and that of an sp3 carbon atom in 27
(126 Hz). According to 13

Cy and CS’ this is in agreement with the w-electron populations calculated by
Birch et al.sz.

The STO-3G optimized structure of 29 actually reveals that the ring is planarsz,

C NMR the negative charge in 29 is localized on Cys

the STO-3G structure of 28 reveals that this structure also corresponds to a

1




local minimum, but this lies 142 kJ/mol above that of 29.

Fig. 1.2 STO-3G optimized structures
for the homocyclopentadienyl
anion (28) and the cycleo-
hexadienyl anion (29)

A homoaromatic system can be described by an interaction between the conjugated

system and the methylene group. Olah et al,%1+%3

explain the absence of the
expected homearomaticity of the cyclohexadienyl anion by the stabilizing inter-
action of n*(CHZ) with the HOMO of the pentadienyl fragment (as in figure 1.3),
which makes the puckering to a homoaromatic structure unnecessary. In contrast
cations have a low lying HOMO and the interaction with nx(Csz will be negligible
and the unfavourable interaction with the filled w (CHy) will dominate. In these

cases puckering to the homoaromatic confermation will bhe favourable, since the

12




" overlap with the n(CHZ) will decrease.

— 90
LN
/} r[CHz .
/!
i
/
/!
s
R -,
Ao = )
s
/
P
=0
o S48
TECHZO
\_H_/

Fig.1.3 1Interaction of linear (4n+2) f-electron
systems with a methylene group

An example of & negatively charged 6w electron species which has homeoarcomatic
preperties is the bishomocyclopentadienide anion (31)57, prepared from Na-K
treatment of the bicyclic diene 30. Comparison with the unsubstituted bicyclic
diene showed that the most significant difference is the upfield shift of He
and H-, due to delecalization of negative charge to C and Co-

CHy 232
30 31 32 33

Scheme 1.12




A neutral heterocyclic analogon of 31 in which the lone pair of the nitrogen
atom contributes to the 67 electron system has also been describedss. Comparison
of the UV spectrum of N-methyl-2-azabicyclo | 3,2,1] octa-3,6-diene (32)

(Amax 242 (2470), 272 (1350)) with that of the partially saturated 33 (248
{1950)) gives a strong indication of the non-bonded interaction between the

twe chromophores. The downfield shift of 0.2 ppm of the methyl group in 32

as compared with 33 also indicates that there is a transfer of lone pair densi-
ty, due to a contribution of the nitrogen lone pairs to the delocalized system.
The question remains however whether a homoaromatic comtribution is involved

or actual homearcmaticity.

Although neutral homoaromaticity is elusive probably because systems designed
to produce neutral homoaromatic stabilization are somewhat antiaromatic56, a
few examples of possible homoaromatic contributions are found in the literature.
None of them however has a very pronounced hemoaromatic character. Paquette

has devised a theoretical criterion for homoaromaticity based on a vector
analysis of overlap calculated from a knowledge of the particular melecular
geometry (X-ray analysis) of the speciessg.

MINDO/3 calculations have shown60 that in 1,4- and 1,2-dihydropyridine there is
a homoaromatic stabilization due to a contribution of the nitregen lone pair

to the HOMD. These calculated structures are hardly puckered however and show

a great distance between the termini of the w-system, so that they cannot be
regarded as real homoaromatic species.

Other neutral species, possessing at least some homearomatic character are:
cyclcheptatriene (34)6] and 1-cyanosemibullvalene (35)62. A controversy exists

in the literature 45,63

about the homoaromaticity of the methano bridged
annulenes, for example 1,6-methano [10] annulene (36).

The parent [10] annulengs do not show aromatic prc:perties64 and in the iso-
electronic diaza [8] annulenes (37) the aromaticity depends on the substituents
R present on the nitrogen atoms ~. In contrast the 1H NMR spectrum of the
bridged [10] annulene derivatives does indicate the presence of a diamagnetic
ring current. The transannular resonance integral was estimated at about 40%

03

of that of neighbouring pz orbitals in benzene ~ and the 1,6 distance in the

11,11-dimethyl derivative of 36 was cnly 180 pmﬁe. The corresponding bridged

67

[9] annulene anicn ' and [!1] anmilene cation® have also been described.

In the latter the 1,6 distance was found to be 230 pm, by means of X-ray

69

diffraction analysis ~. It was cbvious from the 13C NMR data, that this compound

can be regarded as a substituted homotropylium cation68
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Scheme 1.13

Compared with naphthalene these bridged annulenes pessess transanmular overlap
and lack the 9,10 o-bond, which is replaced by a sp3 carbon atom. From this
peint of view they can be regarded as homoaromatic species.

Thus far no real homcaromatic compounds possessing heteroatoms in the aromatic

58,60

ring have been described. The examples mentioned above only show a homo-

aromatic contribution.
1.4 PURPOSE OF THE INVESTIGATION

The central theme in this study is the investigation of the reactivity of
1,2,4,5-tetrazines towards hydrazine with the aim to establish whether in
these reactions an SN(ANRORC) mechanism occurs. A study on the reaction of
ammenia with 1,2,4,5-tetrazines and on the character of 1,6-dihydro-1,2,4,5-

tetrazines was also included in the course of our research.

Chapter 2 describes the one-pot oxidation of the covalent amination products
of 3-arvl(aikyl)-1,2,4,5~tetrazines.

Chapter 3 reports on a 1H-NMR study of 1,6-dihydro-1,2,4,5-tetrazines as medel
compounds for the os-adduct of ammonia or hydrazine te 1,2,4,5-
tetrazine. A new homecarcmatic system is discovered.

15



Chapter

Chapter

Chapter

Chapter

Chapter

13C NMR investigation of the g-adducts formed bhetween

4 comprises a
ammonia and 1,2,4,5-tetrazines. Evidence is presented that these
c-adducts are anionic homearcmatic species in liquid ammonia.

5 describes the hydrazinelysis reactions of 6-aminc- and 6-bromo-3-
methyl-1,2,4,5-tetrazine. 15N-labelled hydrazine is used to establish
the reaction mechanism.

6 presents the finally complete reaction mechanism of hydrazine
with 1,2,4,5-tetrazines. Both 15N—labelling and 1H— and 13C NMR
spectroscopy are used te elucidate the reaction mechanism. Evidence
is compiled showing that at least part of the molecules react via
the SN(ANRORC) mechanism.

7 reports on the crystal structure cf 6-ethyl-3-phenyl-i,6-dihydro-
1,2,4,5-tetrazine, which is elucidated by means of X-ray structural
analysis.

8 contains a general discussion of the work described in this thesis.
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2 A NEW SYNTHESIS OF 6-{ALKYL)AMINO-3-ARYL{ALKYL)
-1,2,4 5-TETRAZINES

2.1 INTRODUCTION

There is strong interest in the synthesis of 6-(substituted)amino-3-aryl-1,2,4,5-
tetrazines since some of these compounds exhibit suppressive antimalarial activi-
ty. Several methods for the preparation of these compounds have been described1-3
but they all show severe limitations.

Very recently an attractive synthesis of these compounds has been published by
Werbel et 31.4 involving: i) the thiobenzoylation of hydrazinecarbohydrazonothioic]
acid methyl ester with (substituted phenyl)thioxomethyl thio acetic acid into a
1,2-dihydro-3-aryl-6-(methylthic)-1,2,4,5-tetrazine, ii) oxidation of this com-
pound with bromine in acetic acid into 3-aryl-6-(methylthic)-1,2,4,5-tetrazine and
iii) treatment with amines (Scheme 2.1).

NHz
S
X Il /N N\ Br;/HOAC
C—S—CH,COH  + c SCHy —» >—SEH3 —
¥ M=
NH: A H O H
R1\
N—N R/NH X N—N R,
@_( Sosen, E_( b
Y N=N Y = Rz
Scheme 2.1

In most syntheses of the 6-(substituted)amino-3-aryi-1,2,4,5-tetrazines described
in the literature so far, the (substituted)amino group is introduced
by replacement of X in the 6-X-3-aryl-1,2,4,5-tetrazines.
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2.2 RESULTS AND DISCUSSION

In this paper we report a new approach to the synthesis of 6-(substituted)amino-3-
aryl-1,2,4,5-tetrazines, which differs from the other methods of preparation in
this respect that the (substituted)amino group is introduced in a 3-aryl-1,2,4,5-
tetrazine being wunsubsiituted at position 6. This methed is not limited to aryl-
tetrazines, but can also be applied for the preparation of &-{substitutedjamino-
1,2,4,5-tetrazines, containing an afky? group on position 3. The procedure is
quite simple and is exemplified with the preparation of 6-amino-3-phenyl-1,2,4,5-
tetrazine (1).

The red 3-phenyl-1,2,4,5-tetrazine ( 1 eguivalent) is dissclved in liquid ammonia.
The solution becomes vellow. After addition of 1 equivalent of potassium perman-
ganate to the liquid ammonia solution and working-up 6-amino-3-phenyl-1,2Z,4,5-
tetrazine (1) can be isolated in 74% yield. Use of ferric chloride or dichlore-
dicyanoquinone instead of potassium permanganate also gave 6-amino-3-phenyl-
1,2,4,5-tetrazine but the yields were much lower. With air and oxygen only star-
ting material could be retrieved.

We propose that by dissolving of 3-phenyl-1,2,4,5-tetrazine in liquid ammonia the
vellow coloured &-amino-3-phenyl-1,96-dihydro-i,2,4,5-tetrazine is formed (Scheme
2.2). Dihydro-1,2,4,5-tetrazines are known to be easily oxidized.5 Potassium
permanganate added to the liquid ammonia solution6 is apparently sufficiently
active to perform the oxidation at the low temperature. Attempts to isclate the
1,6-dihydrotetrazine derivative met with little success, only the starting mate-
rial could be recovered.

Primary aliphatic amines were found to be as active as liquid ammonia. When 3-
phenyl-1,2,4,5-tetrazine was dissolved in an excess of primary amine at 238 to
243 K and subsequently potassium permanganate was added the corresponding 6-
alkylamino-3-phenyl-1,2,4,5-tetrazine could be isolated. The yields vary depending
on the size of the alkyl group (Table 2.1). The reactions with the primary amines
have to be carried out at low temperature, because otherwise decomposition occurs.
Attempts to introduce an arylamino group by performing the reaction with aromatic
amines were not succesful.

The generality of this reaction can be shown by the 6-{alkyl)amino-1,2,4,5-tetra-
zines (1-14) obtained by this amination-oxidation procedure. They are summarized
in table 2.1, together with the yields, their microanalytical data, melting points
and 1H-NMR spectra. The mass spectral data are collected in table 2.2.
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N~ A N
R1 |:\)1 R1

R1=EH3, f—Cng, EsHs, D—BF'C6HL

Scheme 2.2 R2=H. C2H5, f.-C3H7, n—C;,Hg,n—CBHn

Most of the compounds prepared by this method were not described in the literature
before. The already known compounds 1 and 10 were prepared according to published
routes” and their physical data compared with those of the compounds obtained in
this study. They proved to be identical. Two compounds, 7.e. 6-n-octylamino-3-
phenyl-1,2,4,5-tetrazine (4) and §-amine-3-t-butyl-1,2,4,5-tetrazine (6) were
prepared independently according to a different route (Scheme 2.3).

Synthesis of compound 4 involves hydrazinolysis of 6-amino-3-phenyl-1,2,4,5-
tetrazine (1) into 6-hydrazino-3-phenyl-1,2,4,5-tetrazine, conversion of this 6-
hydrazino compound with bromine in acetic acid’ into 6-bromo-3-phenyl-1,2,4,5-
tetrazine and amino-debromination with 2 equivalents of n-octylamine at room
temperature. Compound 6 was prepared from pivaloylchloride and triaminoguanidine
according to the route given in scheme 2.3.8 Both compounds proved to be identical
with those, obtained by the amination-oxidation method.

Most mass spectra of 1,2,4,5-tetrazines published thusfar comprise 3,6-symmetrical

Footnotes Table 2,1:

2 2 4

a) 226%.10% 1) 171%.% <) 247%.
d) Exact mass measurement gave for CIOHIQNS (M+) 206.1647 (theoretical 209.1640).
e) Exact mass measurements gave for C]AHZTNS (M) 265.2275 (theoretical 265.2266).
f) Compounds 1, 6, 10 and 14 are measured in aceton-de, all other compounds in

CDCIB.
g) B-CH, is the total multiplet due to the E-CH, and y-CH, group in n-C,Hy and B8,
Y, &, ete, CH2 Hl

h) JNH—CH2= 5.8 Hz.

groups in n-C

817"
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Figure 2.1 Mass spectrum of G—Efoctylamino—3—pheny1—],2,4,5—tetrazine (4)
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Table 2.2 Mass spectrometry (a) of compounds 1-14 of table 2.1

HNR2 NH HNC , H HNn-C, H HNn-C _H
R, 2 2"5 2740 2gty 7
M+ 173 1t 201 2y {229 75 | 285 58
a 42 11 70 32 98 24 | 153(d) 4
Cels b 103 100 |103 100 {103 100 | 103 73
inl.cond. (b) | probe 150°C| h.b. 150°C|probe 90°C|probe 90°C
m* 153 10 181 12 209 10 265 12
a 42 3l 76 75 98 1t | 153(d) &
£-C,Hg b-1 (c) 84 33 84 47 84 53 84 58
£C, By 57 100 57 100 57 100 57 79
inl.cond. probe 50°C| h.b. 130%| n.b. 150%]| n.b. 170%
M+ 1113 p13 27 | 187 15 | 223 28
a 42 97 76 41 98 3 | 153(d) 3
CEy b s1 100 | 41 27 | 41 s 41100
inl.cond. h.b. 1807C| hub.  140°Cfprobe 30°C| h.b. 180°C
w 253 13 ANi-CH,
51 16 i
a 42 8
pBr-CH, | b 183 96 M 215 23
187 T00 | . 84 s
Rl AL
-cond- o ]85 ¢ inl.cond. | h.b. 160°¢

(a) Only the most characteristic peaks are given.
All mass spectra were measured at 70 eV.
For each compound the first figure is the m/e value, the second figure is the
intensity of the peak in percentage of the base peak.

(b} Inlet conditionms: inlet system: - all glas heated inlet system (hot box = h.b.),
- direct inlet (probe}.
inlet temperature.

fc) Fragment b is very small (< |Z for ccmpound 6).

(d¥ (a-1), with the n-octylaminoe greup nc fragment a is observed.
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9,10 Like symmetrical disubstituted 1,2,4,5-

disubstituted 1,2,4,5-tetrazines.
tetrazines the unsymmetrical disubstituted compounds 1-14 show a very simple
splitting pattern. Besides the molecular ion M¥ in nearly all our compounds the
ion (M-28)+ is observed, due to loss of Ny The residual species show cleavage
between the N-N bond resulting in two different fragments a and b (and a+1, a-1;
b+1, b~1). Then the characteristic splitting pattern for the ions a and b is
observed. As an example the mass spectrum of 6-n-octylamino-3-phenyl-1,2,4,5-

tetrazine (4) is given (figure 2.1).
2.3 EXPERIMENTAL SECTION

Melting points are uncorrected. Mass spectra were determined on an AEI MS 902
mass spectrometer. 1H--NMR spectra were recorded cn a Varian BM 390 spectrometer or
on a Hitachi-Perkin Elmer R-24B spectrometer. TMS was used as internal standard

(8 0 ppm). Column chromatography was carried out over Merck Silica gel 60 (70-230
mesh ASTM).

Preparation of starting materials

3~Phenyi-1,2,4, 5-tetrazine. This compound was prepared according to the synthesis

11

described by Lang, Johnson and Cohen. = We modified the oxidation step by using

air or oxygen instead of bromine in acetic acid.

3-t-Butyl-1,2,4,5—tetrazine. This compound was prepared analogous to the synthesis
of Lang et al.1] Accordingly 16 g of pivalimido ethyl ether hydrochloride,12

13 and 50 mL of absolute ethanol were cooled at —100C,
70 mL of hydrazine hydrate were added, keeping the temperature below 5°C. The

31 g of formamidine acetate

mixture was stirred during 3 h at 25°C and then poured into 500 mL of water. The
water layer was continuously extracted with boiling dichloromethane for 4 days;
during this period air was bubbled through the boiling dichloromethane in order to
oxidize the dihydrotetrazine.

After column chromatography on silica gel using as eluent pentane-dichloromethane,
successively 0.40 g of 3,6-di-t-butyl-1,2,4,5-tetrazine (4%} was obtained, m.p.
95-97°C (1it. "0 95-99°C); ‘H-NR (CC1,): 6 1.57 (s, t-C,Hy) (1it. 1% s 1,57

and 0.63 g. of 3-t-butyl-1,2,4,5~tetrazine, a red volatile oil, (4,5%); ]H—NWR
{CD30D): § 1.58 (9H, s, E—C4H9), 10.45 (1H, s, H6); MS: M+, m/e = 138. Exact mass
measurements gave for C6H10N4 (M+) 138.0907 {theoretical 138.0905).

Anal. Calcd. for C6H]ON4: C, 52.15; H, 7.30. Found: C, 52.57; H, 7.59.
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3-Methyl~1,8,4, -tetrazine. This compound was prepared from 6-amino-3-methyl-
1,2,4,5-tetrazine as described previously.14 The preparation of this compound,
analogous to the synthesis of Lang et al., was not succesful; the yield was poor
and it was difficult to separate 3-methyl-1,2,4,5-tetrazine from 3,6-dimethyl-

1,2,4,5-tetrazine.

3-{p-Bromo)phenyi-1, 2,4, S~tetrazine was also prepared analogous to the synthesis
of Lang et al.,!! overall yield 46%, m.p. 182-184°C; 'H-NR (CDClg): 5 7.75

(24, d, meta H), 8.50 (2H, d, ortho H), 10.25 (1H, s, Ho); M', m/e = 238/236.
Anal. Calcd. for CSHSBrNQ: C, 40.53; H, 2.13. Found: C, 40.61; H, 2.17.

Amination—oxidation procedure

As an example the procedure is given for 3-phenyl-1,2Z,4,5-tetrazine; the other

1,2,4,5-tetrazines were treated in a similar way.

A, With ligquid ammonia

3-Phenyl-1,2,4,5-tetrazine (100 mg =0.63 mmoles) was dissolved in 10 ml of liquid
ammonia; immediately the vellow colour is observed. After 5 min 67 mg {0.42

mmole = 1 redox equivalent) of potassium permanganate were added at once. After 10
min, 25 ml of ethyl acetate was added slowly. The ammonia is evaporated off, the
solution is filtered through silica gel. The ethyl acetate is evaporated off in
vacuo and the solid residue is crystallized from ether/pentane,.

B. With alkylamines

The precedure is the same as described under A) using about 3 ml of liquid alkyl-
amine at low temperature (—BSDC to —40°C). However, when using n-octylamine, due
to the high melting point (0°C) of n-octylamine, a 1:1 mixture of n-octylamine and

ethanol was used.
All compounds 1-14 were crystallized from ether/pentane.

8-n-Octylamino-3-phenyl-1, 2,4, 5-tetrazine (4)

A solution of 173 mg (7 mmoie) of T in 4 ml of ethanol was refluxed with 0.10 ml
(2 mmoles) of hydrazine hydrate during 1 h. After cooling to room temperature 6-
hydrazino-3-phenyl-1,2,4,5-tetrazine separated cut as crystals; they were filtered
off and washed with 7 ml of ethanol, yield 139 mg (74%), m.p. 169-171°C (lit.15
178°¢ decomp); MS: M+, m/e = 188. It was further characterized as its benzaldehyde

27



hydrazone; m.p. 213-214.5°C (1it.'” 211-212°C); M*, m/e = 276.

Anal. Calcd. for C15H12N6: C, 65.20; H, 4.38. Found: C, 65.07; H, 4.25.

The 6-hydrazinoe compound was dissolved in 5 ml of acetic acid and oxidized with
bromine accerding te the procedure published.7 We obtained 149 mg of 6-bromo-3-
phenyl-1,2,4,5-tetrazine (85%), m.p. 126-129°C [1it.1’7 1319C) ; MS: M+, m/e =
238/236. To 149 mg (0.36 mmole)} of the 6-bromo compound dissolved in 4 mi of
tetrahydrofuran .22 ml (1.3 mmoles) of n-octylamine was added. The mixture was
stirred at room temperature during 30 min, the solvent was evaporated off and the
material was filtered through silica gel. Recrystallization from pentane gave 131
mg of 4, yield 73%, m.p. 105. 5-107°C. 1R, 1H-NMR and mass spectrum are the same as
for compound 4 obtained by the amination-oxidation procedure. Mixed melting point

determination gave no depression.

E-Amino—s-p-butyl-1, 2, 4, 5-tetrazine (6§)

This compound was prepared from pivaloylchloride and triaminoguanidine hydrochlo-
ride analogous to the preparation of 6-amino-3-phenyl-1,2,4,5-tetrazine as descri-
bed by Takimoto and Denault.’’® Yieid 15 (1) m.p. 114-119°C. 'H-MR and mass
spectrum are identical with those of compound 6 obtained by the amination-oxida-
tion procedure.
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3 1,6-DIHYDRO-1,2,4 5-TETRAZINE, A NEUTRAL
HOMOAROMATIC SYSTEM

3.1 INTRODUCTION

In a preceding paper1 we described the formation of 6-amino-3-aryl{alkyl)-1,2,4,5-
tetrazines by reaction of the appropriate 3-aryl(alkyl)-1,Z,4,5-tetrazines with
liquid ammonia and subsequent oxidation with potassium permanganate. As first step
in this reaction sequence the formation cf a o-adduct between ammonia and the
i,2,4,5-tetrazine, i.e. 6-amino-3-aryl(alkyl)-1,6-dihydro-1,2,4,5-tetrazine (1)
was proposed. In order to obtain some evidence for the intermediary existence of
these ¢g-adducts, the 1H MR spectrum of 3-phenyl-1,2,4,5-tetrazine in liquid
ammonia was measured. We observed that the ring hydrogen appeared at 1.51 ppm.
This means an upfield shift of 8.84 ppm
when we compare this chemical shift value
with the one, found for the 6-hydrogen
of 3-phenyl-1,2,4,5-tetrazine measured /)%\\
in deuteromethancl (10.35% ppm). This

Z2——Z

upfield shift clearly points to the
formation of 1 (R=Ph) in liquid ammonia.
However, it is very interesting that
this chemical shift is observed at an
unusually high field (1.51 ppm). The chemical shifts observed fer adducts between
pyrimidines,3 1,2,4- triazines,4 pteridinesS and amide ion or ammonia are between
4- 5 5 ppm. This seems to indicate that the change of hybridization of C {sp >
sp ) which occurs on adduct formation is not the only factor responsible for this
considerable upfield shift of 8.84 ppm.

In order to obtain more insight into the structural features of adduct 1 (R=Ph),
which could possibly explain this unexpected high upfield shift, we synthesized
some 3-aryl(alkyl)-1,6-dihydro-1,2,4,5-tetrazines (3a-d) and studied the 1H NVMR
spectra of these compounds, their conjugate bases 4 and conjugate acids 5 at

various temperatures.
3.2 RESULTS AND DISCUSSION

The compounds 3a-d could be cbtained in good yield by treatment of 1,2,4,5-tetra-
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zines 2a-d with sodium borohydride.

The 1,6-dihydro structure was proven by the presence of N-H stretching vibrations
at 3400 cm ' and 3200 cm | in the IR spectra and by the 1H NVR spectra (Tables 3.1

+ 3.5).
RZ HA
Ao
on® TNl l‘
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\m/
O e
Ve 5
R R! RI HA
@
2 3 £
N, ,//N
al R1=pPh Rz=HB \/
bl R'=Ph R2=|:H3 R!
¢} Rl=Ph R2=(3Hg s

d) R1=CHy R?= B
Scheme 3.1

We observed that, whereas the ]

H NMR spectrum of 3a measured at 30¢ K gave only
one signal (4.13 ppm} for both hydrogens at position 6, at low temperature (199 K)
these hydrogens gave rise to two doublets, one at 2.13 ppm and the other at 6.13
ppm (Table 3.2). This phenomenon cannot be ascribed to the influence of the phenyl
group at position 3, since 3-methyl-1,6-dihydro-1,2,4,5-tetrazine (3d) gave ana-
logous results: at 306 K both hydrogens at position 6 have the same chemical shift
(3.94 ppm), while at about 199 K both hydrogens appear as doublets with different
chemical shift (see Table 3.2). Dissimilarity of both hydrogens at position 6 1is
also found in the conjugate base of 3a, i.e. 4a, obtained on treatment cf 3a with
sodium hydroxide.6 The 'H NVR spectrum of 4a shows already at 306K two absorp-
tions, at 1.37 ppm and 6.18 ppm (Table 3.1); at lower temperature sharp doublets
appear. When 3a is protonated (see experimental secticn) the 3-phenyl-1,6-dihydro-

1,2,4,5-tetraziniun ion (5a) also shows dissimilarity of the hydrogens at position
6: at 300 K the ]H NMR spectrum shows oniy a singlet at 4.55 ppm, whereas two
doublets at 2.87 ppm and 6.23 ppm occur at about 200 K.
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Table 3.1 Chemical shifts of the ring protons of compound 3a-d, 4a-c and 5a at
306 K in CDBOD/DZO 431

compound HA HB
3a 4.13 (&) 4.13 (s)
E 2,222 -
3¢ 2.26b -
3d 3.94 (s) 3.94 (s)
ba 1.37 (d) 6.18 (d)
4b 1.18 {(q) -
4e 1.02 (©) -
S5a 4.55 (s) 4.55 (8)

a) AB3 system for HA and CH3

b) Selective decoupling of CH B spectrum for HA and CH,-

gives an A 5

3 2

All these data strongly indicate that in the compound described above we deal with
a species, having a homoarornatic7 system. The 1,6-dihydro-1,2,4,5-tetrazine ring
can be considered as a monohomotetrazole, in which the tetrazole part of the
molecule has a rather regular five-memebered ring, allowing orbital overlap to
form an aromatic On system (Hiickel rule). Consequently the methylenc group has to
peint out of the plane of the ring, crienting one of the hydrogens HA above the
plane of the aromatic tetrazele ring and placing the other hydrogen H in an exo-

position.
A
C HE
N-— —N
1
R'—C *
R
N 100 pm
————y
Figure 3.1 Perspective drawing of |,6-dihydro-1,2,4,5-tetrazine
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The chemical shift difference between HA and H® in the neutral species 3a and 3d
(3.80-4.00 ppm) is in good agreement with the expected shift difference of about
3-4 ppm, which is calculated by approximation from the ring current effects in
benzene.8 From this result we concluded that there exists an induced ring current
in 3a and 3d, which provides the explanation for the shift difference between HA
and H°. From the results given in Table 3.2 it can be concluded that HP is hardly
affected by the charge in the ring; HA however, strongly experiences the influence
of this charge through space, a negative

charge causing an upfield shift (4a), a

positive charge causing a downfield shift HA HB

(5a). This result is in accordance with
the propesed conformation.

For comparison the T R data for H' and
9,1¢

H> of the hometropylium cation (6)
are included in Table 3.2.

Table 3.2 Chemical shifts of protons HA and HB below the exchange temperature

. . . . . B -
in 1,6-dihydro—-1,2,4,5-tetrazines (in which R,=H )} and in homotropy-

2
lium cation (6)

d T (K gt P A8 1. (Rz)
CD‘mPOUn coal AB zZ
3a 243 2.13 {d) 6.13 (d) 4.00 7.5
3d 233 2.04 (d) 5.84 (d) 3.80 7.5
ba 118 1.37 (d) 6.18 (d) 4.81 6.6
5a 238 2.87 (d) 6.23 (d) 3.6 -2
6 -0.73 (d) 5.13 (d) 5.86 7.2

a}) In this spectrum the signal remained broadened

The coupling constant JA,B of the homotropylium cation is of the same magnitude
(7.2 Hz) as JA,B of the 1,6-dihydro-1,2,4,5-tetrazine system, thus indicating that
the angle of N1-C6-N5 is similar tc that of Cy-Cq-Ce

Figure 3.2 shows some Th R spectra of 3a at different temperatures. An increase
in temperature {324 K) sharpens the singlet, a decrease (278 K) causes a broade-

ning and at very low temperature (199 K) two doublets appear.
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Figure 3.2 Measured (right) and calculated (left) line shape of i and E° in
3-phenyl-1,6-dihydro-1,2,4,5-tetrazine (3a) in CDBOD/DZO (4:1) as

a function of the temperature

At Jow temperature, the system is frozen to one conformation, at higher tempera-
tures there is a rapid exchange (ring inversion) between the two possible forms I
and II1, Scheme 3.2. This inversion is visualized to proceed through a planar
form II in which a considerable less of delocalization energy appears.

The calculated spectra in figure 3.2 were obtained with a programmable pocket
calculator; from the lifetime 1 the kinetic pafameters were c'illculated11 by means
of the Eyring equation: log (k/T) = 10.32- (aH /4.57 T) + (4S5 /4.57). The plot cf
log (k/T) against (1/T) was calculated with the least square method (Table 3.3).
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Table 3.3 Kinetic parameters of some 1,6-dihydro-1,2,4,5-tetrazines obtained by

dynamic NMR measurements

compound Teoat o’ 4 st ast st
(K) (kJ/mol} (J/mol K) (kJ/mol)
3a 243 8 | -0.997 |25.1 + 0.8 | -110+3 |51.9+1.5
3d 233 9 -0.990 120.4 + 1.1 =125 + 4 49.5 + 1.9
4a 3i8 6 =0.9%2 |37.1 + 2.4 - 98 + 9 68.1 + 3.8
5a 238 9 | -0.997 {21.7 + 0.7 | 123+ 3 [51.1 + 1.6

a) The accuracy of the determination of the coalescence temperature was about
10 K

b) n is the number of temperatures used for the calculation

The entropy of activaticn is strongly negative and not very different for all four
compounds; in the transition state the system is more localized and needs more
solvation, thus decreasing the degrees 0£ freedom. Since TaS is almost constant
for these four compounds (Table 3.3), aH 1is linearly related to AG ; so it is
reascnable to consider scheme 3.2 to explain the differences in enthalpy of acti-
vation. These can be visualized by considering the possible resonance structures,
Scheme 3,3.
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Besides the classical resonance structures IV, V and VI the non-classical reso-
nance structures VII and VIII are possible. In the neutral compound 3a the contri-
bution of all these resonance structures is of less importance than for the anion
4a, due to a separation of charge in 3a versus delocalization of negative charge
in 4a. Therefore ring inversion of 3a requires less energy than the corresponding
process of 4a. In the pro%onated form 5a there is even more separation of charge,
resulting in a smaller aH .

One of the possible resonance structures, V, has a negative charge on carbon. In
3a (R1=PhJ this negative charge can easily be accommodated. In 3d {R1=CH3) this
accommodation is impossible, resulting in a lower resonance stabilization in the
forms [ and 111 of 3d, relative to 3a. Consequently the ring inversion of 3a
requires more energy due to more initial state stabilization.

The delocalization energy of the 1,6-dihydro-1,2,4,5-tetrazines is between 50 and
70 kJ/mol. For comparison: the homotropylium cation has a delocalization energy of
93 kJ/mol and is thus mere stabilized than the 1,6-dihydro~1,2,4,5-tetrazines.

In compounds 3b and 3¢ as well as in 4b and 4c with a methyl or ethyl group next
to the hydrogen at position 6, the § value of 1 is found at high field (2.22,
2.26, 1.18 and 1.02 ppm respectively).

This result leads to the coenclusion that in these compounds the hydrogen is
oriented above the plane of the ring and that the large group is in the exo
pesition. In the other form there will be an interaction between the Van der Waals
radii of the nitrogens and the hydrogens of the methyl group. A large substituent

at the homotropylium cation is in the exc position tt)o..]2

An increase in tempera-
ture in order te bring about a ring inversion was not successful since these
species decompose on heating. This indicates that the other conformation cannct be

obtained.
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