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[4+2]-Cycloaddition

of 3,6-bis(3,5-dimethyl-4-R-pyrazol-1-yl)-1,2,4,5-tetrazines with alkenes
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A number of | .4-dihvdropyridazines and pyridazines were prepared by the Dicls—Alder
reaction with an inverse electron demand from cvclic heterodiene systems. 3.6-bis(3.5-dimethyi-
4-R-pvrazol-1-vh)-1,2.4 3-tetrazines, and some enamines as well as from 4-vinvipvndine,
butyt vinvl ether, phenylacetylene, and acrvlamide. The reaction of 3.6-bis(3.5-dimethylpyrazol-
1-y1)-1,2.4 5-1ctrazine with styrene afforded 4,5-dihvdropyridazine, which was readily oxi-
dized by atmospheric oxygen to form the corresponding pyridazine. Electron-withdrawing
substituents (Br or Cl) in the pyrazole rings accelerate [4+2]-cycloaddition. When heated,
| .4-dihvdropynidazines, which were synthesized from tetrazines and enanunes, eliminated
amine to give pyridazines. The reactivities of tetrazines were evaluated by quantum-chemical
mecthods.

Key words: 1.2.4 5-tetrazine. |.4-dihydropyridazine. pyridazine, enamine. Carboni—
Lindsey reaction. [4+2]-cycloaddition. azadiene, dienophile, quantum-chemical calculations.
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[4+2]-Cycloaddition of 3.6-disubstituted 1,2,4,5-
tetrazines, which are used as heterodienes with a re-
versed electronic character of addends, is known as the
Carboni— Lindsey reaction.! This reaction is accelerated
by clectron-withdrawing groups and is slowed down by
electron-donating substituents at positions 3 and 6 of
the tetrazine fragment.2=3 The effects of z-deficient,
r-excessive, and r-amphoteric heterocyclic substituents
bound to the tetrazine ring through the C—C bond have
been studied previously.®

We studied the [4+2]-cveloaddition reactions of 3.6-
bis(3,5-dimethylpyrazol-1-y)-1.2.4,5-tetrazine (1a) und
its 4°-Br- aud 4°-Cl derivatives (1b.e) with styrene,
4-vinyvlpynidine, butyl vinyvl ether, acrylamide, phenyi-
acetylene, and some enamines in which the nr-ampho-
teric dimethylpyrazole nng is bound to the tetrazine
fragment through an N—C bond.

Previously, it has been demonstrated that both
dimethylpvrazolyi groups are readily replaced by differ-
“ent Voiuclesphiles.”=? Thus, oné would expéct that the
reactions of tetrazines la—c with unsaturated com-
pounds, such as enamines, which can also act as
C-nucleophiles, will afford substitution products along
with the cycloaddition products. However, the reactions
gave only the cyvcloaddition products, viz., 1,4-
dihydropyridazines 3a—j, 4.5-dihydropyridazine 2 {in the
reaction of tetrazine la with styrene), and pyridazines
4a—c,g, in rather high yields (Scheme 1, Table I).

Compound 2 was oxidized by atmospheric oxygen upon
storage both in the crystalline state and it a chloroform
solution in the presence of acetic acid to give aromatic
derivative 4b. The reaction of tetrazine la with
acrvlamide proceeded much more slowly to form
pvridazine 4g. Prolonged heating promoted oxidation of
the dihvdropyridazine that formed by atmospheric oxy-
gen as well as by the initial tetrazine 1a, as evidenced by
partial reduction of la to the 1.2-dihydro derivative.
As expected, the introduction of electron-withdraw-
ing substituents (Br or Cl) into the dimethylpvrazole
ring accelerated cycloaddition (see Table 1). This sub-
stitution had also a pronounced etfect on the rate of
aromatization of the resulting dihvdropyridazines. Com-
pound 3b underwent deamination upon storage as a
melt (130 °C) for 30 min to form pyridiazine 4d.
Chlorine-containing aromatic analog 4e can be pre-
pared at room temperature by the reaction of tetrazine
lc with 1-pipenidinocyclopentene, along with the major
reaction product, "viz,  dihydropyridazine 3h. In at-
tempting to recrystallize the latter from an acetounitrile—
chloroform mixture, it was completely deaminated. How-
ever, the reaction product of tetrazine lc with I-
morpholinocyclopentene, which was prepared and puri-
fied under the same conditions, retained the morpholine
residue in the molecule, and. consequently, it was iden-
tified as dihydropyridazine 3i. Therefore, the nature of
the amine group at position 4 of the dihydropyridazine
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Table 1. Principal characteristics of compounds 3a—j and 4a—f
Com-  Reaction Yield  Mp. Found o, Motecular TH NMR,
pound time/h (%) °C Calculated formuia & (J/HZ)
C H N »
3a 0.08 59 158 66,22 7.93 2585 G, HyuN, 5.92,5.95 (both s, 2 H, 2 CH. Pyr);
66.46 770 2584 2.68—2.57 (m, 10 H. 4 H. 2 Me): 3.31
(t. 4 H. —CH,—N—CH,, J =7.5):
4.01-3.85 (m, | H, —\JH—-N=): 2.35.
2.54 (both s, 6 H. 2 Me); 2.47—1.62
(m, 6 H, 3 CH,)
3b 0.08 63 145 67.23 797 2481 CpH N, 5.92, 5.95 (both s, 2 H, 2 CH, Pyr); 2.67.
67.14 794 2492 2.66 (both s, 3 H, Me); 2.53, 2.52 (both s,
6 H, 2 Me); 4.02—3.78 (m, | H,—-NH~—
N=) 3.41—-3.23 (n, 2 H, C W) 230—
224 (m, 7 H, Me, 2CH,); 2 06—1.

(m. 10 H, 5(CH)N)

{10 be continued)
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Tabte 1. (continued)

Com-  Recaction Yield M.p. Found_ %) Molecular "H NMR,
pound time/h (%) /°C Calculated formuia S (J/Hz)
C H N

3c 0.08 58 158 6379 728 2487 G, HyN,O 5.99. 5.95 (both s. 2 H. 2 CH. Pyr); 3.57
6377 739 2479 (t. 4 H, ~CH,—~0—~CH.,—. J =456}
4.08—3.85 (m, | H, —NH—-N=); 2.64—
2.24(m, 18 H. 4 Me. 3 CH,); 2.21—1.70
(m, 4 H, —CH,—N—-CH,-)

3d 0.16 48 150 67.16 788 2498  C,H; N, 5.96, 5.92 (both s, 2 H, 2 CH, Pyr); 3.84—
67.14 794 2492 378 {m, 1 H. NH--N=); 3.11—=2.79 (m, 4
H. 2 CH,); 2.63, 2.64 (both s, 3 H. Me);
2.49, 2.26 (both s, 6 H. 2 Me); 2.24—1.66
(m. 11 H, Me, 4 CH,»
3e 0.25 51 31— 6774 803 2422 Gy H N, 593,592 (both s, 2 H. 2 CH. Pvr); 3.89—
132 67.78 816 2406 3.86 (m. | H, NH—=N=); 3.04—2.67 (mn, 7
H. Me, 2 CH,): 2.52 (s. 3 H, Me); 2.23,
2.24 (both s. 6 H. 2 Me): 1.95—1.28 (m. 14
H.7 CH,)
3f 10.0 63 165— 6448 762 2402 C,,H N.O 5.97,5.96 (both s, 2 H, 2 CH, Pyr): 3.51 (1.
166 64.55 738 2396 4 H—CH,—0—CH,, J = 4.5); 267, 2.‘2
{both s, 6 H. 2 Me)] 2.07—2.83 (m. 4 }
2 CH,): 3.84—3.77 (m. | H, ~NH—N=‘);
2.24—1.29 (m, 14 H, 2 Me,—CH,—N—
CH,, 4 H, 2 CH,) )
3g 0.25 65 48— 4710 525 C,y5H4BrNgO 350 (1, 4 H, —CH,—0—CH,. J = 4.5);
151 4715 5.8 3.94—3.78 (m, | H. NH—N=): 3.04—2.80
(m. 7 H, Me. 2 CH,); 2.52 (s. 3 H. Me);
2.25 (br.s, 6 H, 2 Me): 1.98—1.22 (m.
8 H.—CH,—N—CH,, 2 CH,)
3h 0.08 65 22— 3230 664 2142 CpHyCLN;  399—267(m, 2 H. CH,): 265 (s, 3 H, Me):
24 5744 632 21.21 2.56—2.25 (m, 14 H, 3 Me, 2 CH,.
—NH--N=); 1.77—1.39 (m. 10 H, i(CH ).?\3)
3 0.08 81 188— 3438 598 2132 CyH,,CLN.O 332 (t, 4 H—CH,—-0— CH2 =75y
191 431 586 21.t1 4.07=3.73 (m. 1 H NH=N=}): 8 (t. 2
H. CH,, J = 46): 265 (5. 3 1, Me):
3.23—237 (m, 7 H, Me, 2 CH,): 2.30-—
159 (m. 10 H, 2 Me. —CH,—N—CH,)
3 2.0 41 184 63.66 604 C oy Ny 6.06. 6.05 (both s, 2 H Pyr); 8.29—-8.27,
5.7t 6.03 6.52—6.49 (hoth m. 4 H. Py): 3.88 (s, 2 H.
CH,): 10.19 (s, | H, —=NH—N=); 2.50.
246, 2.21 (all s. 12 H., 4 Me)
4a 0.3 9] 178— 6266 601 3133 CH N, 8.22 (s, 2 H. CH,); 6.00 (s, 2 H, 2 CH.
180 62.81  6.00 31.53 Pyr); 2.75, 2.74 (both s. 6 H, 2 Me): 2.31
(5. 6 H. 2 Me)
4b 20.0 62 139— 6976 581 2342 CyHyNg 833 (s. 1 H, CH): 7.40—7.13 (m. 5 H.
0 6958 589 2438 Ph): 6.0 9,5.90 (both s. 2 CH. Pyr): 2.80,
2.32,2.23.1.97 (all 5. 12 H, 4 Me)
4c 3.0 91 182— 4783 361 1674  CyH Br,Ng 831 1 H. CH): 7.42—7.02 (m. 5 H.
184 4793 334 1683 Ph): 2.82, 2.32. 2.20, 2.02 (alls, 12 H. 4
Me)
4 0.5 76 195— 6618 647 2741 CHy N, 6.04 (s, 2 H, 2 CH, Pyr): 3.32 (1.4 H. 2
197 66.21  6.54 2725 CH,. /=76 ')- 2.29--2.07 (m. 2 H. CH,):
2.55. 2.54 (both s. 6 H: 2 Me); 2.30 (5. 6
H. 2 Me)
de 0.25 835 268— 5444 337 2228 CHCLN, 3324 H. 2 CH, J =73); 2.28—1.99
269 S4.12 480 22.34 (m, 2 H, CH_), 257 (5. 6 H. 2 Me); 2.30
(s, 6 H, 2 Me)
4f 0.23 93 183— 6696  6.89 2642 CH,N, 6.03 (s, 2 H, 2 CH, Pyr); 230 (s. 12 H, 4
185 67.05 6.8%  26.07 Me); 2.85—2.69, 2.00—1.67 (both m, 8 H,

4 CH,)
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fragment also substantially affects the process of aroma-
tization, viz., less basic amines are more difficuitly
elimmated, all other factors being the same. This is also
cvidenced by the results of prolonged storage of
dihydropyridazine 3¢ as a melt (~160 °C). In this case,
the initial compound was present in the reaction mixture
along with pyridazine 4d. We failed to prepare aromatic
products from dihydropyrnidazines, which have been syn-
thesized by the reactions of tetrazines with cyclohex-
anone-derived enamines, according to this procedure.
However, refluxing of compound 3d in toluene in the
presence of acetic acid even for 15 min afforded the
corresponding pyridazine 4f.

All the compounds obtained (2, 3a—j, and da—g)
are colorless crystalline substances which are readily
soluble in chloroform and acetone, moderately soluble
in alcohols, and insoluble in water.

The chemical shifts of the protons of the —NH—-N=
groups in the pyridazine rings are observed as muitiplets at
5 4.07--3.73 (see Table 1). We succeeded in assigning
these multiplets only upon addition of CD;0D, because
the addition of CD,CO,D induced aromatization of
dihvdropyridazines. Thus after acidification of a selution
of dihydropyridazine 3¢ with CD;CO,D, the '"H NMR
spectrum immediately showed resonance signals as a trip-
let with the center at & 3.32. These signals belong to four
protons of the cyclopenteno substituent in pyridazine 4d.

The IR spectra of all the synthesized |.4-dihydro-
pyridazines, unlike the spectra of their aromatic ana-
logs, have an intense band in the region of 1600—1590
cm™!, which is characteristic of the NH bond. This fact
agrees well with the published data.'® The IR spectrum
of compound 4g has two medium-intensity broad bands
in the region of stretching vibrations at 3130 and 3290
cm™!. These bands belong to the NH, fragment. The
low-frequency shifts of these bands compared to the
usual positions of the signals of the nonassociated amino
group (at 3400 and 3500 cm™!) are indicative of the
existence of a hydrogen bond.!! This is also confirmed
by the nonequivalence of the protons of the amino
group in the 'H NMR spectrum.

With the aim of explaining the high reactivity of
3.6-bis(3.5-dimethyl-4-R-pyrazol-1-y1)- 1,2 4,5-tetrazines,
we performed quantum-chemicai calculations. The pre-
liminary resuits agree well with the regularities described
previously.Z-3 The ab initio calculations with the STO-
3G basis set for these compounds and for a large
number of other symmetrical 3,6-disubstituted s-
tetrazines demonstrated that the logarithms of the rate
constants of the Carboni—Lindsey reaction are actuaily
determined by the energy of the lowest unoccupied
molecular orbital (LUMO) of the diene, provided that
the dienophile remains the same. The quantitative ki-
netic characteristics for the reactions of a number of
symmerrical 3,6-disubstituted s-tetrazines with Me—
C=C—NMe, have been reported previously.? It was
demonstrated that the rate constants for the reactions of
tetrazines with other dienophiles linearly correlate with

the constants of their reactions with Me—C=C—~NMe,.
The arrangement of the tetrazines in order of increasing
activity with respect to other dienophiles also com-
pletely corresponds to their arrangement in order of
increasing activity with respect to Me—C=C—~NMe,.
This allows one to make the qualitative arrangement of
the newly synthesized symmetrical 3,6-disubstituted s-
tetrazines in the order of increasing activity in the series
ot the known compounds based on theoretical estimates of
the rate constants for the reactions with Me—C=C—NMe,.
However, it should be taken into account that when the
energies of the highest occupied molecular orbital
(HOMO) and of LUMO of the diene have close values,
this electron transition becomes possible, resulting
in competition with the transition between HOMO
of the dienophile and LUMO of the diene, thus de-
creasing the rate ot cycloaddition. It is this process that
can explain, for example, the anomalously low rate
constants for cycloaddition of 3.6-dimethoxytetrazine
and some other compounds with relatively low energies
of LUMO. In this case, the reactivities of dicnes in the
reactions with the same dienophile should be deter-
mined by the ratio between the (Eyonvo — ELumo)
difference and the E| o value of the diene. Actually,
a correlation between the £y ino/(Egomo = ELumo)
value and the loganithm of the rate constant is observed
in the series of different svmmetrically substituted
tetrazines. The charges on the nitrogen atoms (Qy) of
the tetrazine ring also have a pronounced effect on the
reactivity of substituted tetrazines. This is attributable to
the fact that charges on these atoms serve as an indirect
estimate of the electron-withdrawing ability of substitu-
ents at positions 3 and 6. In this case, the C(3) and C{6)
atoms should be more sensitive to the electronic proper-
ties of the substituent. However, analysis of the charges
and the coefficients of the wave functions of HOMO
and LUMO on these atoms did not reveal an essential
dependence of the rate constants on these functions.
The fact that the electron density on the N atom
determines to a large extent its characteristics as a
leaving group provides vet another explanation for the
dependence of cycloaddition on the charge on the N
atom. Based on the aforesaid, the following empirical
equation for the rate constants for the Carboni—Lindsey
reactions of a series of substituted tetrazines with
Me~C=C-—NMe, at 20 °C in nitrobenzene was obtained

In(K+ 10%) = 49.86 = 52.6 £, o/ ELumo ~ Enomo) *
+173.9 Qy:

(where R = 0.936 is the correlation coefficient of the
equation; F= 43 is the Fisher coefficient; and ¢ = 2.3 is
the standard deviation). The corresponding equation for
acetonitrile solutions can be written as follows:

In(K- 10% = 49.94 - 38.9 F umo/ ELumo — Evomo) *
+153.5 Qy,

R=0980; F=15.0=1.1.
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Apparently. the differences in the coefficients of the
equations for different solvents are determined by solva-
tion effects. The experimental kinetic characteristics
and those calculated according to both equations are
given in Table 2. The coefficients of both equations
have rather close values, which allows one to construct

a general equation for the total selection from Table 2 if

the etfect of the solvent is neglected:

In(K- 104 = 50.9 ~
+ 130 Q.

3 Epymo/ELemo ~ Eromo)

R=10965 F=1led . c=1.6.

These dependences do not contradict the regularities
described previously? and supplement these regularities
due 1o the possibility of taking into account electron
transitions in the diene and the effect of the electron
density on the N atoms of the tetrazine ring.

The logarithms of the constant rates for 3,6-bis(3,5-
dimethyl-4-R-pyrazol-1-yI}~1.2.4 S-tetrazines can be
calculated based on this dependence. The calculated
data for the reactions in nitrobenzene and acetonitrile
are given in Table 2 (In( K- 10%) caic)- Taking into ac-
count the fact that, ac;ordmg to the published data, 3-6.12
the rates of the Carboni—Lindsey reactions in dIﬂCI‘Ln[
solvents correlate with each -other, the values obtained
indicate that 3.6-bis(3,5-dimethvi-4-R-pyrazol-1-yi)-
1.2.4.5-tetrazines (1a—c) are highly reactive compounds.
~ They can be arranged in the series contaiming other
symmetrical 3,6-disubstituted s-tetrazines (see Table 2)
in the following order of increasing activity:
R =CN > CF; > COOMe = COOQE! = 4-chjoro-3 3-dimethyl-
pyrazoly! > 4-bromo-3,5- -dimethylpyrazolyl = 2-pyridvl
~ 3,5-dimethylpyrazolyl > 2-furyl >> SMe = OMe >
NH,.

Therefore, due to the high reactivity of 3.6-bis(3,5-
dimethy{-4-R-pyrazol-1-yl)-1,2.4,5-tetrazines and the
nucleofugality of substituents at positions 3 and 6 of the
tetrazine fragment, these compounds are very promising
in the synthesis of new symmetrically and unsymmet-
rically substituted pyridazines provided that the Carboni—
Lindsey reactions are combined with the nucieophilic
substitution of the dimethylpyrazole groups.

Experimental

The melting points were measured on a Boetius table. The
'H NMR spectra were recorded in CDCl, on a Tesla BS-367A
spectrometer operating at 80 MHz with X1e4$i as the intemal
standard. The 1R spectra were obtained on a Specord IR-75
instrument in KBr pellets and in Nujol mulis.

3,6-Bis(3,5-dimethylpyrazol-1-yl)-1,2,4,5-tetrazine (1a)
and cnamines were svnthesized according to procedures re-
ported previously.!3+14

3,6-Bis(4-brono-3,5-dimethylpyrazol-1-yl)-1,2,4,5-tetr-
azine (1b). Bromine (1.29 g, 25 mmol) was added to a solution

of tetrazine 1a (2.7 g. 19 mmol) in CHCI,~(30 mL) at a
temperature below 25 °C. and precipitation lmmedutelv started.
The solvent was dlstllled off, the residue was dissolved in water,
and the solution was neutralized with a solution of NaHCO,.
The precipitate that formed was filtered off and rccn%ta“izcd
from MeCN. M.p. "6" *C. The yield was 3.8 g (89%). Found
(%) C, 33.68; H. ‘> N, 23.95. C,,HPBr.,.\ Calcula[ed
(,o).C 33.67; H, 2.83: N. 26.18. 'H NMR, 5: 27) (s, Me):
2.42 (s, Me).

3,6-Bis(4-chloro-3,5-dimethylpyrazol-1-yl)-1,2,4,5-tetr-
azine (lc). N-Chlorasuccinimide (3.4 g, 25 mmol) was added
to a solution of tetrazine la (3.0 g. 11 mmol) in CHCI,
(40 mL). The reaction mixture was refluxed for 40 min. The
solvent was distilled off and the residue was washed with water
and recrystallized from MeCN. Bright-red crystals were ob-
tained. m.p. 247—248 >C. The yield was 3.0 g (81%). Found
(%6): C. 4271, H, 342: N, 32.97. C\,H,C,N,. Calculated
(%): C.42.48; H, 3.57; N, 33.04. 'TH NMR. §: 2.73 (s, Me):
2.41 (s. Me).

4,5-Dihydro-3,6-bis(3,5-dimethylpyrazol- 1-yl) -4-phenyl-
pyridazine (2). A mixture of tetrazine la (0.5 g. 1.85 mmol)
and styrene (0.23 mL. 2.16 mmol) in toluene (10 mL) was
refluxed for 9.5 h. The solvent was distilled off and the product

was recrystallized from Vl OH The vield was 0.37 g (94%).
M.p. 163 °C. Found (%): C. 69.30; H, 6.43; N, 24 43
C,OH,,\ Calculated (¢ o) C 69.34; H, 6.40; N, 2426. 'H
NMR, & 721718 (m, S H. Ph): 598 and 5.93 (both s, 2 H,
2 CH. Pyr); 2.64 (d. 3 H. Me. J = 0.7 Hz); 261 (d, 3 H, Me,
J =038 Hz); 2.20 (s, 6 H, 2 Me); 5.28, 4.05, and 3.08 (all dd.
1 H.H{4)y /=9 and 1.2 Hz: H,(5): /= 175 and 1.2 Hz;
HB(S): J=17.5and 9 Hz).

4a-Amino-1,4-bis(3,5-dimethyl-4-R-pyrazol-1-yi)-4a,5.6.7-
tetrahydro-2 H-cyclopenta[d}pyridazines and 4a-amino-1,4-
bis(3.5-dimethyl-4-R-pyrazol-1-yl)-2.4a,5,6,7,8-hexahydro-
phthalazines. Compounds (3a—e and g—i). Tetrazine 1 (1.0
mmol) was added portionwise to a sofution of enamine (1.5
mmol) in MeCN (20 mL) for 5—7 min. The reaction pro-
ceeded with vigorous evolution of nitrogen and disappearance
of the red color of the reaction mixture at room temperature.*
After complction of gas evolution, the reaction mixture was
cooled with ice. The precipitate that formed was filtered off and
recrystallized from acetonitrile.** In the syathesis of compound
3h. its aromatic analog 4e was also isolated from the reaction
mixture in 26% yield. The principal characteristics of com-
pounds 3a—e and g—i are given in Table 1.

Compounds (3f,j). The corresponding dienophiie
(1-morpholinocyclohexene or 4-vinylpyridine) (2.0 mmol) was
added 1o a solution of tetrazine 1a (1.0 mmol) in toluene (5.0
mL) and the reaction mixture was refluxed for 2—10 h. The
solvent was distilled off and the residue was recrystatlized from
methanol.

3,6-Bis(3,5- dimethylpyruol 1-yl)pyridazine (4a). A mix-
ture of tetrazine 1a (1.0 g, 3.7 mmol) and buty!l vinyl ether (2
mL. [5.6 mmol) in toluene (10 mL) was refluxed for 0.5 h. The
solvent was distilled off and the compounds were recrystallized
from ethanol. The vield was 0.93 g (93.8%) (see Table 1).

3.6-Bis(3,5-dimethylpyrazol-1-yl)-4-phenylpyridazine (4b).
A mixture of tetrazine 1a (0.5 g. 1.85 mmol) and phenylacetviene
(0.3 mL. 2.73 mmol) in tolucne (3 mL) was refluxed for 20 h.

* For the preparation of compounds 3e.g, the reaction mixtures
were slowly heated to boiling over 5 min.

** Compound 3¢ was purified by recrystallization from metha-
nol, compound 3h was washed on 2 ftiter with methano!, and
compound 3i was recrystallized from a 10 : | acetonitrile—
chloroform mixture.
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Table 2. Results of quantum-chemical calculations for 3 6-bis-R-1.2,4 5-tetrazines and the experimental® (exp)
and calculated (cale) characteristics of the Carboni—Lindsey reactions of tetrazine derivatives with Mc—C:C-—NMeZ
in nitrobenzenc or acetonitrile

R On/au Eomo  Erumo (K- l04)cxp In(X- 10%)
eV JL(mol $)™  exp  cale (PhNO,) caic (MeCN)
—OMe —0.2130 -3376  0.985 4.22 1.440 1.449 4325
—CF, —0.1725 ~1.660 —0.249 >4-109  >32127 22830 26.791
—H —0.1890 -3839  0.689 5.8-10% 10.968 8.981 11.967
—SMe ~0.1440 —6.473  5.079 170 5.136 1.675 1.934
—Me —0.1355 —7738 4737 65.3 4179 6.309 6.770
_<_—_=>_No2 ~0.1310 ~7.759 2466 17.4-10% 12067 14383 15.624
—COO0Me —~0.1060 -8514 2761 410 22127 18.536 19.242
—COOEt ~0.1070 —3.436  2.863 - - 17.914 18.588
—NH, ~0.2270 —298  1.522 - - —7.338 ~4.792
—CN ~0.0890 —9.515  1.692 — - 26.434 27.384
Q —0.1350 ~7250  3.151 14400 9.575 10.436 11.370
CF,
'@‘Me —0.1400 -6.426 3717 155 5.043 6.224 6.861
-@—OMG ~0.1425 ~5952  3.842 34.7 3.547 4.430 4.956
Ph in nitrobenzene —0.1380 -6.727 3.608 683 6.329 7.485 —
Ph in acetonitrile  —0.1380 —6.727 3608 1820 7.507 - 8.190
@ —0.1385 —-6.041  3.491 1150 7.048 6.496 7.104
\E‘"N —~0.1350 -6.361  3.258 10050 9.215 3.554 9.263
Me
\5
/48 —0.1233 —6.783  2.980 25100 14.756 12.316 13.000
/Cs —0.1405 —6.224 4023 525 6.263 1761 5.244
ANON —0.1305 —6.447 4114 1100 7.003 6.661 6.953
Me
N=
S —0.1290 —-6.619  3.748 16600 9.717 8.396 $.839
/CO —0.1370 —6.589  3.836 426 6.054 6.667 7.233
N
A
N ~0.1370 —6087  3.411 319 5.765 7131 7.733
Me
N-N
Py
r;: —0.1185 -7.194 2.759 4.6-10° 15.355 14.661 t5.419
Me
0
N —0.1430 ~5337 3931 1.2 2416 2.666 3.001
Me
N
A
5‘1 —0.1270 —6.146 3.431 9770 9.187 8.917 9.339
Me

{10 be continued)
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Table 2. continued

R Qy/au Eyomo EI.L,L\!O (K.Ioa)c,\‘p In(k-10%
eV /L (mol s)™"  exp cale (PhNO,) cale (MeCN)
N=N va 2 4o <6 . : 5
/Q \ -0.1100 -7.873  3.023 15-10 16.563 16.126 16.710
N ~Me
Pt
N Me -0.1450 -5.023  4.054 3.69 1.306 1.135 1.370
f
Me
/(/S —-0.1395 ~7.040  3.964 10200 9.230 6.639 7.304
N
N"\\/'\ —0.1055 —7684 2305 29108 19.496 19.366 20.151
O Me
7N —0.1260 —7.207 3.351 — — 11.309 11.977
ﬂ -0.1275 ~6.242 3383 — — 9.179 9.634
0
Me
o —0.1180 ~7.075  3.805 — - 10.93! 11.200
Nz
Me
Me
N= —~0.1160 6937 3514 - - 11.98% 12.325
TN s
Me
N:/Me _ i
; —0.0960 —7.333 3346 — — 16.672 16.744
—N. 7 Ci
Me

The solvent was distilled off and the product was recrystallized
from ethanol. The vield was 0.394 g (62%) (see Table 1).
3.6-Bis(4-bromo-3,5-dimethylpyrazol- 1-yi)-4-phenylpyrid-
azine (4¢). A nuxture of tetrazine Ib (0.428 g. 1.0 mmol) and
phenylacetylene (0.5 mbL. 4.55 mmol) in toluene (3.0 mL) was
refluxed for 3 h. The color of the reaction mixture changed
from bright-orange to pale-vellow. Toluene was distilled off
and the residue was recrystallized from methanol. The vield was
0.46 2 (91.6%) (see Table ).
1,4-Bis(3,5-dimethylpyrazol-1-y1)-6,7-dihydro-5H-cyclo-
pentafd]pyridazine (4d). Dihydropyridazine 3b (50 mg, 0.13
mmol) was kept as a melt at 160 °C for 30 min until liberation
of the amine ceased. The residue was cooled and recrystallized
from methanol. Colorless crystals were obtained. The vield was
30 mg (76.9%) (se¢ Table 1). ‘
_ 1,4-Bis(4-chloro-3,5-dimethylpyrazol-1-y1)-6.7-dihydro-
5 H-cyclopenta[dlpyridazine (4e). Dihvdropyridazine 3h (186
mg. 0.4 mmol) was dissolved in a {0 : | acetonitrile-~chloro-
form mixture (35 mL) upon heating. The precipitate that formed
on cooling was filtcred off and dried. The vyield was 130 my
(85.5%) (sce Table 1),
1,4-Bis(3,5-dimethylpyrazol-1-y1)-3,6,7.8-tetrahydro-
phthalazine (4f). A solution of I, 4-bis(3,5-dimethylpyrazol-1-
yh-da-pyrrolidino-2,4a,5,6.7,8-hexahydrophthalazine (3d) (197
mg. 0.5 mmot) in toluene (5.0 mL) and AcOH (0.1 mL) was
refluxed for 15 min. The solvent was distilied off, the residue
was dissolved in MeOH (5.0 mL), and the mixture was added

dropwise to chilled distilled water (100 mL). The colorless
flocculent precipitate that formed was filtered off and dried.
The vicld was 150 mg (93.2%) (sce Table 1),

3,6-Bis(3,5-dimethvipyrazol-1-yl)pyridazine-4-carboxamide
(4g). Et.N (0.05 mL. 0.36 mmol) was added to a mixture of
tetrazine ta (200 mg. §.74 mmol) and acrylamide (56 mg, 0.78
mmol) in toluene (5 mbL) and the mixture was refluxed for 20 h.*
The cream-colored precipintate that formed was filtered off and
recrystallized from ethanol. The vield was 86 mg (37%). M.p.
246—247 °C. Found (%): C, 57.41; H. 5.82; N, 31.36.
C,sH;N;0 Caiculated (%): C.57.86: H. 5.51: N, 31.50. 'H
NMR (DMSO-dy), &: 8.17 (s. | H, CH): 8.09 (brs. | H.
NH,): 7.73 (brs, | H, NH,); 627 and 6.13 (both s, | H, 2 CH.,
Pyr): 2.68, 2.41. 2.26. and 2.16 (all 5. 3 H, 4 Me).
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