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of 3,6-bis(3,5-dimethyl-4-R-pyrazol- l-yl)- 1,2,4,5-tetrazines with alkenes 
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A number of 1,4-dihydropyridazines and pyridazines were prepared by the Diets--Alder 
reaction with an inverse electron demand from cyclic heterodicne systems, 3.6-bisc3.5-dimethyl- 
4-R-pyrazol-l-yl)-1,2,4.5-tetrazines. :lnd some enamines :is well as from 4-vinytpyridine, 
butyl vinyl ether, phenylacetyiene, and ac~lamide. The reaction of 3.6-bis(3,5-dimethylpyrazol- 
I-yl/-l,2,4.5-tetrazme with styrene afforded 4,5-dihydropyridazine, which was readily oxi- 
dized by atmospheric oxygen to lbrm the corresponding pyridazine. Electron-withdrawing 
substituents (Br or CI) m the pyrazole rings accelerate [4+21-cycloaddition. When heated, 
1,4-dihydropyridazines, which were synthesized from tetrazines and enamines, eliminated 
amine to give pyridazincs. The reactivities of tetrazines were evaluated by quantum-chemical 
methods. 

Key words: 1,2.4,5-tetrazine, 1.4-dihydropyridazine. pyridazine, enamine. Carboni-- 
Lindsey reaction, [4+21-cycloaddition. azadiene, dienophile, quantum-chemical calculations. 

[4+2]-Cyctoaddition 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.t This reaction is accelerated 
by electron-withdrawing groups and is slowed down by 
electron-donating substituents at positions 3 and 6 of 
the tetrazine fragment, z - s  The effects of a-deficient ,  
~-excessive, and r,-amphoteric heterocyclic substituents 
bound to the tetrazine ring through the C--C bond have 
been studied previously. 6 

We studied the [4+2l-cycloaddition reactions of 3,6- 
his( 3,5-di methyl pyrazot- I -yl)- 1.2,4,5-tet razine ( la )  and 
its 4"-Br- and 4"-CI derivatives ( ib.e)  with s tyrene,  
4-vinylpyridine, butyl vinyl eiher, acrylamide, phenyl- 
acetylene, and some enamines in which the rc-ampho- 
teric dimethylpyrazole ring is bound to the tetrazine 
fragment through an N--C bond. 

Previously, it has been demonstrated that both 
dimethylpyr~azolyl groups are readily replaced by differ- 
en! ~=ntfcl/~61Jhiles. 7-9 ThUs, one-~,bfild e~<pect that the 
reactions of te t raz ines  l a - - e  with unsatura ted  com-  
pounds,  such as e n a m i n e s ,  which can also act  as 
C-nucleophiles, will afford substitution products along 
with the cycloaddition products, ttowever, the reactions 
gave only the eycloaddi t ion 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 1). 

Compound 2 was oxidized by atmospheric oxygen upon 
storage both in the cwstalline state and in a chloroforni 
solution in the presence of acetic acid to give aromatic 
derivative 4b. The reaction of tetrazine la  with 
acrylamide proceeded much more slowly to ti)rm 
pyridazine 4g. Prolonged heating promoted oxidation of 
the dihydropyridazine that formed by atmospheric oxy- 
gen as well as by the initial tetrazine la .  as evidenced by 
partial reduction of la  to the 1,2-dihydro derivative. 

As expected, the introduction of electron-withdraw- 
ing snbstituents (Br or CI) into the dimethylpyrazoie 
ring accelerated cycloaddition (see Table I). This sub- 
stitution had also a pronounced effect on the rate of 
aromatization of the resulting dihydropyridazines, Coin- 
pound 3b underwent deamination upon storage as a 
melt (150 ~ for 30 rain to form pyridiazine 4d. 
Chlorine-coutaining aromatic analog 4e can be pre- 
pared at room temperature by the reaction of tetvazine 
lc with l-piperidinocyclopentene, along with the major 
reaction product, ~,iZ:, dihydropyridazine 3h. In at- 
tempting to recry, stallize the latter from an acetonitrile-- 
chloroform mixture, it was completely deaminated. How- 
ever, the reaction product of tetrazine le with l- 
morpholinocyclopentene, which was prepared and puri- 
fied tinder the same conditions, retained the morpholine 
residue in the molecule, and. consequently, it was iden- 
tiffed as dihydropyridazine 3i. Therefore, the nature of 
the amine group at position 4 of the dihydropyridazine 
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Table I. Principal characteristics of compounds 3a--j and 4a-- f  

Corn- Reaction Yield M.p. Fo_und (%) 
pound time/h (%) /~ CaJculated 

C H N 

Molecular 
formula 

~H NMR, 
a ( / /Hz)  

3a 0.08 59 158 6J~=22 7.95 
66.46 7.70 

3b 0.08 63 145 67.23 
67.14 7.94 

25.___~8_5 
25.84 

24.81 
24.92 

C21H29N7 

C22H31N7 

5.92, 5.95 (both s, 2 H, 2 CH, Pyr): 
2.68--2.57 (m, I0 H, 4 H. 2 Me), 3.31 
(t, 4 H, - -CH~- -N- -CH, ,  J = 7.5)- 
4.01--3.85 (m, 1 H, --N[-I--N=);  2.55, 
2.54 (both s, 6 H, 2 Me); 2.47--1.62 
(m, 6 H, 3 CH~) 
5.92, 5.95 (both s, 2 H, 2 CH, Pyr); 2.67. 
2.66 (both s, 3 H, Me); 2.53, 2.52 (both s, 
6 H, 2 Me); 4.02--3.78 (m, 1 H , - -NH--  
N=); 3.41--3.23 (m, 2 H, CH2); 2.30-- 
2.24 (m, 7 H, Me, 2 CH2); 2.06--1.36 
(m, 10 H. 5(CHz)N) 

(to be continued) 
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Table 1. (continued) 

Coin- Reaction Yiekl M.p. Fou~Ld _ C.bl Molecular IH NMR, 
pound t ime/h (%) /~ Calculated l'orm ula 6 (J/'H z) 

12 H N 

3c 0.08 58 158 6379 7=28 ~_4_~3 7 C21H29N70 
63.77 7.39 24.79 

3d 0.16 48 150 67.16 7~88 24.9_____8 C22H31N 7 
67.14 7.94 24.92 

3e 0.25 51 t31-- 67.74 805 ~ "Y~ ;4 _,  C.~3H3,N,_ _, , 
132 67.78 816 24.06 

3f 10.0 63 165-- 64.48 7.62 ~' . 4 . 0 .  C ~ H  .kN.O 
166 64.55 7.58 23.96 

3g 0.25 65 148-- 4_7_.t0 ~ 3~. .w C22H2,~Br2N60 
15t 47.15 5.28 

3h 0.08 65 122-- 5730 (} ._6_4_ 2! .4_2. C22H29CI?N 7 
124 57.14 6.32 21.2l 

3i 0.08 81 188-- 54.38 5.98 ~1~_2 C2t H27CI2NTO 
191 543t  5.86 21.11 

3j 2. (1 41 184 6~=w 6 04  Z8 ~Z-'3_- C ~ 9 t-t 21 N 7 
65.7I 6.05 ,~S."" 9~4 

4a 0.5 91 178-- 6_2_.̀6._6 6_0_1 3J.3~ CI4HIoNo 
180 62.81 6.0(? 31.53 

4b 20.0 62 159-- _697.6 5.81 2442 C?0Hz0N6 
160 69.58 5.89 24.38 

4e 3.0 91 182-- 47.83 361 16.74 C20HIsBr2N 6 
184 47.93 3.54 16.83 

4d 0.5 76 195-- 6618 6.47 27.41 C~TH20N 6 
197 66.2t 6.54 27.25 

4e ).25 85 268-- 54.44 5._3_7 2_2=2~ CI-~H IsCI2N6 
269 54.12 4.80 22.34 

,If 025  93 183-- 6_6~_6 6_: 8~9 26.42 CL~H22N6 
185 67.05 6.88 26.07 

5.99. 5.95 (both s. 2 H, 2 CH, Pyr); 3.57 
it, 4 H, --CFI~--O--CI-I~--. J = 4.6): 
4.08--3.85 (m, I H, --NI-I--N=);  2.64-- 
2.24 (m, 18 it.  4 ,'Vie. 3 CH?) 2.21--1.70 
(m, 4 H, - -CH~- -N- -CH~- - )  
5.90, 5,92 (bot[~ s. 2 H, 2 Ct t ,  Pyr); 3.84-- 
3.78 (m, I H, N H - - N = ) ;  3 . t l - -2 .79 (m, 4 
H, 2 CH~); 2.63, 2.64 (both s. 3 H, Me); 
2.49, 2.21, (both s, 6 H, 2 Me); 2.24--1.66 
lm. 1l H, Me, 4 CH2) 
5.95, 5.92 (both s, 2 H, 2 CH. Pyr): 3.89-- 
3.86 ira, I H, N H - - N = k  3.04--2.67 (m, 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 
tt, 7 CH~) 
5.97, 5.9~5 (both s, 2 H, 2 CH, Pyr): 3.51 (t. 
4 I t , - -CH~--O- -CH, ,  J = 4.5): 2.67, ~ -'~ 
(both s, 6 H, 2 Me)i 2.07--2.83 (m, 4 H, 
2 CH,): 3.84--3.77 (m, I H, - - N H - - N = ) ;  
2.24--'1.29 (m, 14 H. 2 Me, - -CH~--N--  
CH~, 4 H, 2 CH~} 
3.5Cf (t, 4 H, --?SH2--O--CH 2. J = 4.5): 
3.94-3.78 (m. 1 H. N I t - - N = ) :  3.04--2.80 
(in. 7 H, Me, 2 CHO; 2.52 (s, 3 It, Me): 
2.25 (br.s, 6 H, 2 Mek 1.98--1.22 ira. 
8 H , - -CHz- -N- -CH 7, 2 CH?) 
3.99--2.67 (m, 2 H. CHO; 2.65 is, 3 H, Me) 
2.56--2.25 (m, 14 t[, 3 Me, 2 Ctt~. 
--NH--N=); 1.77--1.39 lm, 10 H, 5 (CH2)$,N) 
3.32 tlt, 4 H , - -CH2- -O- -CH 2. d = 7.5t; 
4.07--3.73 (m. 1 H, N H - - N = ) :  3.58 (t, 2 
H, Ct t , ,  J = 4.6); 2.65 (s, 3 H, Me): 
3.23--2.-37 (m, 7 H, Me, 2 CH?): 2.30-- 
1.59 (m 10 H, 2 ,'vie, - -CH~--N--CH~) 
6.06, 6.05 (both s, 2 H Pyr);-8.29--8.27, 
6.52--6.49 (both m, 4 H, Py): 3.88 (s, 2 H, 
CH~): 10.19 (s, I H, - - N H ~ N - - ) :  2.50. 
.~.46, 2.21 (all s. 12 H. 4 :'vie) 
8.22 Is, 2 H, CHO; 6.00 (s, 2 H, 2 Ct t ,  
Pyr); 2.75, 2.74 (both s, 6 H, 2 Me): 2.3l 
is, 6 H, 2 Me) 
8.33 (s, I H, CH); 7.40--7.13 (m. 5 H, 
Ph): 6.09, 5.90 (both s, 2 CH. Pyr): 2.80, 
2.32, 2.23, | 97 (all s. 12 H, 4 Me) 
8.31 is, I H, CH): 7 .42--702 (m, 5 Iq, 
Ph): 2.82, 2.32. 2.20, 2.02 (all s, 12 H. 4 
M e ) 

6.04 (s, 2 H, 2 CH, Pyr): 3.32 (t, 4 H, 2 
CH~, d --- 7.6); 2.29--2.07 (m. 2 ft, CH2); 
2.55-, 2.54 (both s, 6 H: 2 Me): 2.30 (s, 6 
H. 2 Me) 
3.32 (t. 4 H, 2 CH~, J = 7.5); 2.28--1.99 
(m, 2 H, CH2); 2.57 (s, 6 H, 2 Me); 2.30 
(s, 6 H, 2 Me) 
6.03 (s, 2 H, 2 CH, Pyr); 2.30 (s, 12 H. 4 
Me); 2.85--2.69, 2.00--1.67 (both m, 8 H, 
4 Ctt2) 
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fragment also substantially affects the process of aroma- 
tization, viz., less basic amines are more difficultly 
eliminated, all other factors being the same. This is also 
evidenced by the results of prolonged storage of 
dihydropyrid~ine 3e as a melt (-160 "C). In this case, 
the initial compound was present in the reaction mixture 
along with pyfidazine 4~t. We failed to prepare aromatic 
products from dihydropyridazines, which have been syn- 
the'sized 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 rain afforded the 
corresponding pyridazine 41". 

All the compounds obtained (2, 3a--j ,  and 4a--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 - - N H - - N =  
groups in the pyridazine rings are observed as muttiplets at 
6 4.07--3.73 (see Table I). We succeeded in assigning 
these multiplets only upon addition of CD3OD, because 
the addition of CD3COzD induced aromatization of 
dihydropyridazines. Thus after acidification of a solution 
of dihydropyridazine 3e with CD3CO2D, the IH NMR 
spectrum immediately showed resonance signals as a trip- 
let with the center at ;5 3.32. These signals belong to four 
protons of the cyclopenteno substituent in pyridazme 4d. 

The IR spectra of all the synthesized 1.4-dihydro- 
pyridazines, unlike the spectra of their aromatic ana- 
logs, have an intense band in the region of 1600--1590 
cm -I. which is characteristic of the N[-1 bond. This fact 
agrees well with the published data. i~ The IR spectrum 
of compound 4g has two medium-intensity broad bands 
in the region of stretching vibrations at 3130 and 3290 
cm -1. 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 - l )  are indicative of the 
existence of a hydrogen bond. It This is also confirmed 
by the nonequivalence of the protons of the amino 
group in the IH N M R  spectrum. 

With the aim of explaining the high reactivity of 
3,6-bis~3.5-dimethyl-4- R-pyrazol- l-yl)- 1,2,4,5-tetrazines, 
we pertbrmed quantum-chemical  calculations. The pre- 
liminary results agree well with the regularities described 
previouslyf1-3 The ab initio calculations with the STO- 
3G basis set for these compounds and for a large 
number of other  symmetr ica l  3,6-disubstituted s- 
tetrazines demonstrated that the logarithms of the rate 
constants of the Carboni--Lindsey reaction are actually 
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 character is t ics  for the reactions of a number  of 
symmetrical  3,6-disubstituted s-tetrazines with Me-- 
C=-C--NMe z have been reported previously. 3 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 
of the known compounds based on theoretical estimates of 
the rate coltstants 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 
(HOMOt and of LUMO of the diene have close values, 
this electron transition becomes possible, resulting 
in compet i t ion with the t ransi t ion between HOMO 
of the dienophile and LUMO of tile diene, thus de- 
creasing the rate of 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 dienes in the 
reactions with the same dienophile should be deter- 
mined by the ratio between the (EHoMO -- ELU,~IO ) 
difference and the Et.ut~t o value of the diene. Actually, 
a correlation between the ELU~,I(y/(EHoMO -- ELUMO) 
value and the logarithm of the rate constant is observed 
in the series of different symmetrically substituted 
tetrazmes. The charges on the nitrogen atoms (QN) of 
the tetrazine ring also have a pronounced effect on the 
reactivity of substituted tetrazines. This is attributable to 
the fact that cha~es 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 cha~es 
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 yet 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 - - l indsey  
reactions of a series of substituted tetrazines with 
Me--C~C--NMe 2 at 20 ~ in nitrobenzene was obtained 

[n(K. 104) = 49.86 - 52.6 ELUMo/(EI_uM o -- EHO.~O) + 
+ 173.9 QN: 

(where R = 0.956 is the correlation coefficient of the 
equation; F = 43 is the Fisher coefficient; and a = 2.3 is 
the standard deviation). The corresponding equation for 
acetonitrile solutions can be written as follows: 

In(K- 104) = 49.94 - 58.9 ELU~,to/(ELuMO -- EHO.~O) + 
+ 153.5 Qs, 

R = 0.980; F = 156; c~ = 1.1. 
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Apparent ly .  the  d i f fe rences  in the  coeff icients  of  the  
equa t ions  for different  so lven ts  are de t e rmined  by solva- 
t ion  effects. The e x p e r i m e n t a l  kinetic character is t ics  
and those calcula ted a c c o r d i n g  to both equa t ions  are 
given in Table  2. The  coef f ic ien ts  of  bo th  equat ions  
have ra ther  close values,  w h i c h  allows one  to cons t ruc t  
a general  equa t ion  for the  to ta l  se lect ion from Table 2 if 
the  effect of  the solvent  is neglec ted :  

ln(K'104J = 50.9 - 52.5 ELUMO,,'(ELu~| o - EHOMO) + 
+ IS0 QN- 

R = 0.965; F =  164, ~ = 1.6. 

These  dependences  do not  con t r ad ic t  the regulari t ies 
descr ibed previously 3 and  s u p p l e m e n t  these regulari t ies 
due to the possibility o f  t ak ing  into accoun t  e lec t ron  
t rans i t ions  in the d iene  and  the  effect of  the  e lec t ron  
dens i ty  on the  N a toms  o f  t he  te t raz ine  ring. 

The  logar i thms of  the  c o n s t a n t  rotes for 3 ,6-bis(3 ,5-  
d i m e t h y l - 4 - R - p y r a z o f  I -y l ) -  1 .2 ,4 ,5 - t e t r az ines  can be 
ca lcu la ted  based on this  d e p e n d e n c e .  T he  ca lcula ted  
data  for the react ions  in n i t r o b e n z e n e  and  acetoni t r i lc  
are given in Table 2 (ln(K" 104)calc). Tak ing  into ac-  
coun t  the fact that .  acco rd ing  to the  publ ished data,  3,6,1z 
the  rates of  the  C a r b o n i - - L i n d s e y  react ions  in different  
solvents  correlate  with each  .other ,  the values ob ta ined  
ind ica te  tha t  3 . 6 - b i s ( 3 , 5 - d i m e t h y l - 4 - R - p y r a z o l - l - y l ) -  
1 .2 ,4 .5- te t razines  ( I t - - e )  are h ighly  reactive compounds .  
They  can be arranged in the  series conta in ing  o the r  
symmetr ica l  3 ,6-disubst i tu ted s- te t raz ines  (see Table 2) 
in the  fo l lowing o r d e r  o f  i n c r e a s i n g  ac t iv i ty :  
R = CN > CF? > COOMe = COOEr  ~- 4-chloro-3,5-dimet hyl-  
pyrazolyl > 4 - b r o m o - 3 , 5 - d i m e t h y l p y r a z o l y l  --- 2-pyrid.vl 

3 ,5-d imethylpyrazoly l  > 2-furyl  >> SMe  ~ O M e  > 

N H  2- 
Therefore ,  due to the  h igh  reactivity of  3 .6-bis (3 ,5-  

d i m e t h y t - 4 -  R-pyrazo[-  l - y l ) -  1 ,2 ,4 ,5- te t raz ines  and the  
nucleofugal i ty  of  subs t i tuen t s  at  posi t ions  3 and  6 of  the  
te t raz ine  f ragment ,  these  c o m p o t ,  nds  are very promis ing  
in the synthesis  of  new s y m m e t r i c a l l y  and  u n s y m m e t -  
rically subst i tuted pyridazines  provided that  the C a r b o n i - -  
Lindsey react ions are c o m b i n e d  with the  nuc leophi l i c  
subs t i tu t ion  of the d i m e t h y l p y r a z o l c  groups.  

Experimental 

The me!ting points were measured on a Boetius table. The 
IH NMR spectra were recorded in CDCI 3 on a Tesla BS-567A 
spectrometer operating at 80 MHz with Me4Si as the internal 
standard. Tile IR spectra were obtained on a Specord IR-75 
instrument in KBr pellets and in Nujol mulls. 

3,6-Bis(3,5-dimethylpyrazol- I-yl)- 1,2,4,5-tetrazine ( I t )  
and enamines were synthesized according to procedures re- 
ported previously. 13,14 

3,6-Bis(4-bromo-3,5-dimethylpyrazolq-yl)- 1,2,4,5-tetr- 
azine (lh).  Bromine (1.29 g, 25 retool) was added to a solution 

of tetrazine la  (2.7 g. 10 mmol) in CHCI;-(30 mL)  at a 
temperature below 25 ~ and precipitation immediately started. 
The solvent was distilled 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 rec~'stallized 
from MeCN. M.p. 263 :C. The yield was 3.8 g (89%). Found 
(%): C, 3368, H. 2.78: N, 25.95. CE2HI~Br2N a. Calculated 
(%): C. 33.67; H, 2.83, N. 26.18. IH NMR, 8:2 .75 (s, Me), 
2.42 (s. Me). 

3,6- Bis(4- chloro- 3,5-dimethylpyrazol- I-yi)-1,2,4,5-teir- 
azine ( i t ) .  N-Chlorosuccinimide (3.4 g, 25 retool) was added 
to a solution of  tetrazinc la (3.0 g. I1 mmol)  in CHCI;  
(40 roLl. The reaction mixture was refluxed lbr 40 rain. The 
solvent was distilled off and the residue was washed with water 
and recrystallized from MeCN. Bright-red crystals were ob- 
tained, rap. 247--248 'C. The yield was 3.0 g (81%). Found 
i%): C, 42.71; H, 3.42: N, 32.97. CIzHI2CI2N:r Calculated 
(%): C, 4.2.48; H, 3.57, N, 33.04. IH NMR. & 2.73 (s, Me): 
2.41 (s, Me). 

4,5- Dihydro- 3,6- bis(3,5- dimethylpyrazul- l -yl)-4-phenyl-  
pyridazine (2). A mixture of tetrazine la (0.5 g, 1.85 retool) 
and styrene (0.25 ink, 2.16 mmol) in toluene (10 mL) wzts 
refluxed for 0.5 h. Tile solvent was distilled off and the product 
was recrystallized from MeOH. The yield was 0.57 g (94%). 
M.p. 163 ~ Found i%): C. 69.30; H, 6.43: N, 24.43. 

9 C20H22N~, Calculated (%)7 C, 69.34: H, 6.40; N, ,4._6. IH 
NMR. 3:7.21--7.18 (m, 5 H. Ph): 5.98 and 5.93 (both s, 2 H, 
2 CH, Pyr): 2.64 (d, 3 H. Me. J = 0.7 Hz); 2.61 (d, 3 It, Me, 
J = 08  Hz); 2.20 (s, 6 H, 2 Me), 5.28, 4.05, and 3.08 (all dd. 
I H, t114): J = 9 and 1.2 Hz: HA(5): J = 17.5 and 1.2 Hz; 
H8(5): J = 17.5 and 9 Hz). 

4a-:~,nino- 1,4-bis(3,S-dimelhyl-4- R-pyrazoi- l-yt)-4a,S,6,7- 
tetrahydro-2H-cyelopenta[dlpyridazines and 4a-amino-l,4- 
bis(3,5-dimethyl-4- R-pyr~ol- 1 -yl)-2,4a.f,6,7,8-hexahydro- 
phthalazines. Compounds (3a--e and g--i). Tetrazine 1 (1.0 
retool) was added por~ionwise to a solution of enamine (1.5 
retool) 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 completion of gas evohttion, the reaction mixture was 
cooled with ice. The precipitate that formed was filtered off and 
recwstallized from acetonitrile.'* In the synthesis of compound 
3h, its aromatic analog 4e was also isolated from the reaction 
mixture in 26% yield. ]'he principal characteristics of com- 
pounds 3a--e and g--i  are given in Table 1. 

Compounds (3 f , j ) ,  The c o r r e s p o n d i n g  d i e n o p h i l e  
(I-morpholintx:yclohexene or 4-vinylpyridine) (2.0 rnmol) was 
added to a solution of tetrazine la (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 recwstallized from 
methanol. 

3,6-Bis(3,5-dimethylpyrazol- l-yl)pyriflazine (4a). A mix- 
tnre oftetrazine l a  (I .0 g, 3.7 mmol) and butyl vinyl ether (2 
mL. 15.6 mniol} in foluene t t0  mL) Was refluxed for 0.5 h. The 
solvent was distilled off and the compounds were rec~stallized 
from ethanol. The yield was 0.93 g (93.8%) (see Table 1 ). 

3,6- Bis(3,5-dimethylpyrazol- 1-yl)-4- phenylpyridazine (4hi. 
A mixture of tetrazine la  (0.5 g. 1.85 mmoB and phenylacetylene 
(0.3 mL. 2.73 retool) in tohtene (5 mL) was refluxed for 20 h. 

* For  the preparat ion o f  compounds 3e,g, the react ion mixttnes 
were slowly heated to boi l ing over 5 rain. 
** Compound 3c was purified by recrystallization from metha- 
nol, Colnponnd 3h was washed on a filter with methanol,  and 
compound 3i was recrystallized from a 10 : I 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 3 (exp) 
and calculated (calc l characteristics of the Carboni--Lindsey reactions of tetrazine derivatives with Me--C-~C--N Me 2 
in nitrobenzene or acetonitrile 

R QN/'au EHO,a 0 Et.t,~.~ 0 (K" 104)cxp In(K- 1041 
eV / L ( m o l s )  -I exp ca lc(PhNO2) calc (MeCN) 

--OMe -0.2130 -3.576 0.985 4.22 t:440 1.449 4.525 
--C F 3 --0.1725 -4.660 -0.249 >4" 109 >22. [ 27 22.830 26.791 
--H - 0 .  1890 -3.839 0 689 5.8 - 10 a t0.968 8.981 t 1.967 
--SMe -0 .1440 -6.473 5,079 170 5.136 1.675 1.934 
--Me -0.1355 -7.738 4.737 65.3 4.179 6.309 6.770 

~ NO2 -0.1310 -7.759 2,466 17.4- 104 12.067 14.383 15.624 

--COOMe -0 .1060 -8.514 2.761 4- 109 22.127 18.536 19.242 
--COOEt -0 .1070 -8,436 2,863 --  -- 17.914 18.588 

I . .~ .  --7.388 -4.792 - -NH,  _t~ -~-~-q~ -2.986 "Y' v . _ ~ .  r I - -  - -  

--CN" -(3.0890 - 9  515 1,692 --  --  26.434 27,384 

- - ~  -0 ,1350 - 7 2 5 0  3151 14401) 9.575 10.436 11.370 

CF s 

~ Me -0.1400 -6,426 3.717 155 5.043 6,224 6.861 

@ O M e  -0.1425 -5.952 3,842 34.7 3.547 4.430 4.956 

Ph in nitrobenzene -0.1380 -6.727 3.608 685 6.529 7.485 -- 
Pb in acetonitrile - 0 .  1380 -6.727 3.6(/8 1820 7.507 -- 8. 190 

-0.1385 -6.041 3,49l 1150 7.048 6.496 7.104 
S 

, , ~  ,N --0. t350 -6.361 3.258 10050 9.215 8.554 9.263 

Me 

, , / N - ~  -0.1235 -6.783 2.980 2.5" 108 14.756 12.316 13.000 
S 

, ~ 8  -0,1405 -6.224 4,023 525 6.263 4.761 5.244 

/ @ ~ N  "N,- -0.13(15 -6.4,17 4.114 1100 7.003 6 661 6.958 
Me 

N-~ 
. . , ~ S  --0.1290 -6.619 3.748 16600 9.717 8396 8839 

, - - ' @ O  -0.1370 -6.589 3,836 426 6.054 6.667 7.233 

N -0.1370 -6.087 3.411 319 5.765 7131 7.753 
I 
Me 

N - N  

N - 0 .  l 185 -7.194 2.759 4.6 �9 106 15.355 14.66[ 15.419 
I 

Me 

N -0.1430 -5.337 3.931 11.2 2.416 2,666 3.001 
I 

Me 

N -0.1270 -6.146 3.43l 9770 9.187 8.917 9.339 
I 

Me 
(to be continued) 
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Table 2. continued 

R Q,q/au EHO,4o ELbMO (K" 104)exp tn(K-10 4) 
eV /% (tool s) -I exp calc (PhNO,) ealc (MeCN) 

N=N 
/ ~ -0.1100 -7.873 3.023 
,.t-% 

XN'N'- Me 

" ~ N  Me -0.1450 -5.023 4.054 
I 
Me 

~t ~ -0.1395 -7.040 3.964 

. - .  - 0 , 0 5 5  -7.6 4 2.305 .Ao'5-u  
-0.1260 " "  - 3.331 - - I  .d.Oi 

-0.1275 -6.242 3.385 

O 
Me , g . /  

~ N ~ /  -0 . i  180 -7.075 3.g05 

/ 
Me 

Me 

N - 0  1160 - 6  937 3.514 
- -N  gr 

Me 
N / M e  
i f - \  --0.0960 --7333 3.346 

Me 

t5-106 16.563 

3.69 1.306 

10200 9.230 

2.9.10 ~ t9.496 

16.126 16.710 

1.135 1.370 

6.639 7.304 

19366 20151 

11309 II.977 

9.179 9.654 

[0.931 11.200 

11.98~ ~ t~q 

16.672 16.744 

The solvent was distilled off and the product was rec~'stallized 
from ethanol. The yield was 0.394 g (62%) (see Table 1). 

3,6- Bis(4-bromo-3,g-dimethylpyrazol- l-yl)-4- phenylpyrid- 
azine (4c). A mixture of tetrazine lb (0.428 g, 1.0 retool) and 
phenylacetylene (0.5 mL. 4.55 mmol) in totuene (5.0 mL) was 
refluxed for 3 h. The color of tile reaction mixture changed 
from bright-orange to pale-yellow. Toluene was distilled off 
and the residue was recrystallized from methanol. The yield was 
0.46 g (91.6%) (see Table 1). 

1,4- Bis(3,5-dimethylpyrazoi- 1 -yl)-6,T-dihydro-5 H-cyelo- 
penta[d]pyridazine (4d). Dihydropyddazine 3b (50 rag, 0.13 
retool) was kept as a melt at 160 ~ for 30 rain until liberation 
of the amine ceased. The residue was cooled and recrystallized 
from methanol. Colorless crystals were obtained. The yiekl was 
30 mg (76.9%)(see Table I) .  

1,4- Bis(4-chloro-3,5-dimethylpyrazol- I-yl)-6,7-dihydro- 
5H-cyclopenta[d]pyridazine (4e). Dihydropyridazine 3h (186 
mg, 0.4 mmot) was dissolved in a [0 : 1 acetonitrile--chloro- 
form mixture (5 mL) upon heating. The precipilate that formed 
on cooling was filtered off and dr ied  The yield was 130 mg 
t85.5%) !see Table I). 

1,4- Bis(3,5-dimet hylpyrazoi- I-yl)-5,6,7,8-tetrahydro- 
phthalazine (4f). A solution of 1,4-bis(3,5-dimethylpyrazol-I- 
yl)-4a-pyrrolidino-2,4a,5,6,?,8-hexahydrophthalazine (3d) (197 
mg, 0.5 retool) in toluene (5.0 mL) and AcOH (0.1 mL) was 
refluxed for 15 rain. The solvent was distilled off. the residue 
was dissolved in MeOH 1.5.0 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 yield was 150 mg (93.2%) {see Table 1). 

3,6- Bis(3,S-dimethylpyrazof 1-yl)pyridazine-4-carboxamide 
(4g). Et3N (0.05 mL. 0.36 retool) was added to a mixture of 
tetrazine la (200 rag. t).74 mmol) and acD'lamide (56 rag. 0.78 
retool) in toluene (5 mL) and tile mixture was refluxed for 20 h.* 
The cream-colored precipitate that formed was filtered off and 
recrystatlized from ethanol. The yield was 86 mg (37%). M.p. 
246--247 ~ Found (%): C, 57.41; H, 5.82; N, 31.36. 
CIsH17N70 Calculated (%): C, 57.86; H. 5.5t; N, 31.50. IH 
NMR (DMSO-d{,), 6:8.17 (s. I H, CH); 8.09 (br.s, I H. 
NH~): 7.73 (br.s, I H, NH~); 6.27 and 6.13 (both s. I H, 2 CH, 
Pyr): 2.68, 2.41. 2.26, and2.16 (all s. 3 H, 4 Me)  
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