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1,2,4-Triazole (1) can gain a proton or lose one with 
about equal ease to  form cations 2 or 3 or an anion 4. From 

1 2 3 4 

literature values' of pKb and pKa for 1, the concentrations 
of cations and anion in a 1 M solution of 1 at  pH 7 are cal- 
culated to be 2 X M ,  respectively. In ear- 
lier work, the 4 position in pyrazole2a was found to undergo 
deuteration via parallel electropholic attacks of the anion 
and the free molecule to  form u intermediates. However, 
the 3(5) position in pyrazoleZa and the 2 and 4(5) positions 
in imidazole2b were deuterated via proton abstraction from 
the cation by OD- to  form ylide intermediates; for pD > 
10, deuteration of the imidazole 4(5) position involved par- 
allel proton abstractions from both cation and molecule. 
Since neutral molecules, cations, and anions are all present 
in kinetically significant concentrations in aqueous solu- 
tions of 1,2,4-triazole, it  is of interest to determine which of 
these forms are involved in the deuteration of the com- 
pound. In addition, it is of interest to compare the rates of 
deuteration of sites in 1,2,4-triazole with sites in other five- 
membered heterocycles. 

Rates of deuteration of the 3(5) position in l,2,4-triazole 
were measured as functions of pD, ammonia buffer concen- 
tration, temperature, and ionic strength. The ionic strength 
was held at  1.0 M in all runs except those in which the rate 
was studied as a function of ionic strength. The effect of 
pD upon the pseudo-first-order rate constant is shown in 
Figure 1. pD rate profiles qualitatively similar to this one 
have been observed for imidazole,2a substituted imidaz- 
o l e ~ , ~  and thiazoles4 The rate constant decreases abruptly 
as pD decreases in the region of substrate self-buffering. 
When pD equals the pKa value of the conjugate acid 2 (or 
3), the rate of deuteration is halved. Thus, a t  pD = pKa = 
2.8, hlobsd is half that for pD values larger than 5. In ammo- 
nia buffered runs, the buffer ratio [NDs]/[ND4+] was fixed 
a t  3.2 (pD 10.4). In seven such runs at  65O, in which [ND3] 
ranged from a low of 5 X M to 1.73 M ,  hlobsd remained 
constant a t  9.7 X 10-5 f 0.5 X 10-5 sec-l. I t  is evident from 
this result that the deuteration reaction is not catalyzed by 
either the base or acid component of the buffer. 

Activation parameters were determined from runs made 
at  5 5 ,  65, 70, and 75'; klobsd values were 3.1 X 9.8 X 

and 23.7 X 10-5 sec-', respectively. The 
experimental activation energy was 23 f 2 kcal and the log 
A value 13 f 1. pD was 6.6 in these runs, while substrate 
concentration was 1.0 M.  

T o  determine the effect of ionic strength p upon the ob- 
served rate constant, the concentration of NaCl was varied 
from zero ( p  - 0) to 5 M .  The results are shown in Table I. 
At low salt concentrations, no effect is discernible. The de- 
pendence of the rate constant upon p is small even at  high 
salt concentrations. 

The pD-rate profile exhibited in Figure 1 is consistent 
with rate-determining ylide 6 formation (Scheme I). Alter- 

and 5 x 

15.8 X 

Table I 
Effect of Ionic Strength upon the Rate  Constant 

0.000 11.77 
0.025 11.54 
0.050 12.05 
0.100 11.69 
1.00 9.94" 
2.50 9.78 
5.00 8.17 

a pD > 5 ,  [substrate] = 1.0 M ,  average of 15 runs. In other runs, 
pD = 6.6, [substrate] = 0.5 M. 
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Figure 1. Dependence of the rate of deuteration of 1,2,4-triazole 
upon pD at 65'. 
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natively, 1,2,4-triazolium-1,2-d~ (7) could replace 1,2,4-tri- 
azolium-1,4-dz ( 5 )  in this scheme, leading to  the corre- 
sponding ylide 8. However, ylide 8 with its adjacent lone 

7 8 

pairs is likely to be far less stable than ylide 6, in which the 
lone pairs are separated. CNDO/2 calculations carried out 
in this laboratory and others reported in the literature5 
suggest that 5 is slightly more stable than 7, and that 6 is 
markedly more stable than 8. Similarly, E H T  calculations 
by Adam, Grimison, and HoffmannG on six-membered het- 
eroaromatic carbanions showed that carbanions with adja- 
cent lone pairs are less stable than those with separated 
lone pairs. Accordingly, deuteration via 7 is likely to be 
negligible compared to deuteration via 5. 
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For deuterations conforming to Scheme I, the following 
equation has been d e r i ~ e d . ~ ~ , ~ ~ ? ~  

kjobsd z k2Kw/ (Ka  + [D+]) (1 
Here, Kw7 [D+][OD-] = 2.9 X is 
the acid dissociation constant for cationic substrate 5 (see 
Experimental Section). Equation 1 provides a good fit of 
the data if kz  is set equal to  8 X lo7 sec-l M-l (solid curve 
in Figure 1). For [D+] << K,, eq 1 reduces to  

and K ,  = 1.6 X 

kiobsd = kzK,/K, (2 ) 
which is applicable for pD values larger than 5. 

The effect of ionic strength upon klobsd can be predicted 
by first applying the Brsnsted-Bjerrum equationa to the 
slow bimolecular formation of 6, then replacing the concen- 
tration of 5 in the differential rate equation by the concen- 
tration of 1,2,4-triazole-l-d1 (9). Thus, we find 

A9N N-fH 
H 

I 
D 
9 

1 
Ka 

[41 = ~ ( Y D  + Y (9 ' / Y  (4 ')[e I[D'] 

Here the superscript ' indicates infinite dilution and y the 
activity coefficient. Substituting the second equation into 
the first, 

k2" o y o  kiobsd = - K ,  
K," Y b  

where K,' = yo+roo-[D+][OD-]. Since both 9 and the 
transition state leading to  the ylide intermediate (6) have 
zero charge, y(9) and yT are each unity for low salt concen- 
trations (Debye-Huckel region). Therefore, eq 3 predicts 
the observed independence of klobsd upon ionic strength for 
low ionic strength. This agreement a t  low ionic strength 
provides additional support for Scheme I. Outside the 
Debye-Huckel region, eq 3 cannot predict the dependence 
of klobsd upon ionic strength, because estimates of the mag- 
nitudes of activity coefficients of uncharged solutes in 
media of high ionic strength cannot be reliably made.g 

Most of the rate data on hydrogen exchange in five- 
membered heterocyclic cations reported in the litera- 

were taken a t  31 and 33". The ha value for 
1,2,4-triazolium cation calculated for 33' using the Arrhen- 
ius equation is 1.5 X lo6 sec-l M-l .  Carrying out similar 
reductions of K 2  from higher temperatures to 33" for posi- 
tions in imidazolium and pyrazolium cations, the following 
comparison with literature values was obtained. 

1,4-diethyltetrazolium (5 position)lo N 109.5 

3,4-dimethyloxazolium (2)12 - 105 - 103.5 1,2,4-triazolium (5), thiazolium (2)4 
3,4-dimethylthiazolium (2)12 
imidazolium (2)2b 

1,3-dimethylimidazolium (2)lO 
1,3,4-trimethylimidazolium (2)12 
imidazolium [4(5)]2b 
pyrazolium [3(5)]2" 
1,Z-dimethylpyrazolium (3,s) 

- 100 

-10-5 
-10-5-10-7 I 

No distinction was made in this reactivity order between 
unsubstituted and N- or C-alkyl substituted cations, since 
these substituents have relatively small effect upon the ex- 
change reactivity.2b As expected, the exchange reactivity of 
1,2,4-triazolium lies between the reactivities of imidazol- 
ium and tetrazolium cations. 

For discussing relative reactivities of cationic substrates 
undergoing hydrogen exchange according to Scheme I, the 
ylide intermediate is probably a reasonable model for the 
transition ~ t a t e . 2 - ~ J ~ - ~ ~  Factors that stabilize the interme- 
diate would tend to stabilize the transition state. If a p C-H 
group in imidazolium cation is replaced by a pyridine-type 
nitrogen atom, yielding 1,2,4-triazolium ion, the rate con- 
stant for hydrogen exchange is enhanced by a factor of 
103.5; this enhancement is the same as that observed by 01- 
ofson, et a1.,l1 when an extra p nitrogen was added to the 
thiazole molecule yielding 1,3,4-thiadiazole. A second pyri- 
dine-type nitrogen atom added to imidazolium, yielding 
tetrazolium, produces an additional increase in rate con- 
stant of lo6. It is evident that  the second nitrogen heteroa- 
tom provides significantly greater stabilization in the ylide 
intermediate than does the first one. Further, a vicinal pair 
of nitrogen heteroatoms, as in 1,2,4-triazolium cation, sta- 
bilizes the five-membered ylide to about the same extent as 
a single sulfur heteroatom, as in thiazolium. 

Experimental  Section 
Materials. 1,2,4-Triazole from Aldrich Chemical Co. was recrys- 

tallized three times from a benzene-ethanol solution (4:l by vol- 
ume), mp 120'. The nmr spectrum of 1,2,4-triazole exhibited two 
singlets (6 4.8 and 8.5 relative to TMS) attributed to hydroxyl pro- 
tons and protons in equivalent 3 and 5 positions, respectively. I t  is 
clear that nitrogen protons exchange rapidly with deuterons in 
heavy aqueous solution. 

Kinetic Runs. The details of the kinetic procedures are given 
elsewhere.2 The ionic strength of solutions was adjusted by mea- 
sured addition of heavy aqueous NaC1. All deuterations were car- 
ried out in 100-ml round-bottom flasks held at constant tempera- 
ture in a water bath. Aliquots of 2 ml each were removed periodi- 
cally, then thermally quenched (0'). Proton peak areas for sub- 
strate exchange sites were determined for each aliquot using the 
Varian A-60A spectrometer.2 Pseudo-first-order rate constants 
(hlobsd = z[DzO]) were obtained from [-slope of In (peak area)] us. 
time plots. 

pD values were measured a t  room temperature with the Beck- 
man Zeromatic pH meter, corrected by the formula of Glaskoe and 
Long (pD = meter reading + 0.4).13 The pKa value for 1,2,4-tria- 
zolium cation was determined in heavy water solutions a t  ionic 
strength of 1.0 M and at buffer ratios [triazole]/[triazolium] of 1:1 
and 1:3. The value PKa = 2.8 f 0.1 is the average of two measure- 
ments. 

Temperatures were reproducible to within f O . 1 °  and rate con- 
stants to within 110%. Uncertainties in concentrations arising 
from thermal changes in volume are discussed elsewhere.2 

Registry No.-l,2,4-Triazole, 288-88-0. 
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Electrogenerated Chemiluminescence. XIX. 
Preparation and Chemiluminescence of 5,12-Dibromo- 
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In recent years considerable interest has been centered 
on reactions that convert chemical energy directly to light, 
with the discovery of new chemiluminescor compounds 
comprising an important segment of the work. .Two general 
types of electrogenerated chemiluminescence (ecl) have 
been investigated. The most widely studied is ecl occurring 
when reduced (A-) and oxidized (D+) species (frequently 
radical ions) generated a t  an electrode undergo an electron 
transfer reaction producing an electronically excited state 
(eq 1).2 A second form of ecl involves the reduction of cer- 

A- + D+ --+ D + A*(-+A + hr)  (1) 

tain halogenated hydrocarbons . [e.g. ,  9,10-dichloro-9,10- 
dihydro-9,lO-diphenylanthracene (DPACla)] a t  an elec- 
trode without the electrogeneration of an ~ x i d a n t ; ~ , ~  chemi- 
cal reduction of these same compounds, e.g., DPAC12, by 
naphthalene or 9,lO-diphenylanthracene (DPA) radical an- 
ions was shown to produce light in earlier ~ t u d i e s . ~  The ecl 
studies of Siege1 and Mark3)4 demonstrated that the elec- 
trode potential must be such that reduction of the DPACl2 
and the generation of a radical anion occurs for emission to 
be observed. Thus reduction of DPAClz and 5,6,11,12- 
tetraphenylnaphthacene (rubrene) (I) produces emission 
characteristic of rubrene f l u o r e ~ c e n c e ~ , ~  while reduction of 
DPACl2 and a,P,y,&tetraphenylporphin (TPP) produces 
emission from excited TPP.6 We report here the prepara- 
tion of 5,12-dibromo-5,12-dihydro-5,6,11,12-tetraphenyl- 
naphthacene (RBr2) (11) and the luminescence produced 
on its electroreduction. The preparation and chemilumi- 
nescent properties of this molecule have not previously 
been reported. 

Results 
When rubrene in dry dichloromethane solution is treated 

with bromine a t  room temperature, RBr2 is produced (eq 2) 

Ph Ph Ph Ph Br 

I I  
Ph Ph 

I I1 
with the quantitative uptake of 1 mol of Bra/mol of ru- 
brene, without further bromination even in the presence of 
excess bromine. The solid RBra decomposes a t  atmospheric 
pressure a t  temperatures above 120' to produce rubrene 
(identified by its fluorescent spectrum) and bromine; ther- 
mogravimetric studies of RBr2 confirm the liberation of 1 
mol of Brz/mol of RBr2 with the production of pure ru- 
brene.7 Uv irradiation of solutions of RBr2 also causes de- 
composition with the production of rubrene. RBra itself 
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Figure 1. Cyclic voltammogram of a dichloromethane solution 
containing 1 mM RBrz and 0.1 M TBAP a t  a platinum electrode; 
the solvent background reduction occurs shortly beyond the span 
shown. 
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Figure 2. Electrogenerated chemiluminescence observed in the so- 
lution of Figure l upon application of a steady potential corre- 
sponding to the reduction peak. 

shows weak fluorescence emission (A,,, 402 nm) and an ex- 
citation maximum a t  320 nm; these results are consistent 
with absorption and emission from a molecule containing a 
conjugated diphenylnaphthalene chromophore. 

A cyclic voltammogram for the reduction of RBrz in di- 
chloromethane containing 0.1 M tetra-n-butylammonium 
perchlorate (TBAP) a t  a platinum electrode, shown in Fig- 
ure 1, shows an irreversible reduction wave a t  about -1.5 V 
us. sce. Since the reduction of rubrene (R) to its radical 
anion (Rm-) occurs with an Eli2 value of -1.39 V us. sce, 
any rubrene produced in the reduction of RBr2 is immedi- 
ately reduced further. The electroreduction is accompanied 
by the emission of radiation characteristic of rubrene fluo- 
rescence (A,,, 560 nm) (Figure 2). Although a detailed 
mechanistic study of the mechanism of electroreduction of 
RBr2 has not been carried out, the reaction probably fol- 
lows a sequence of electron transfers and loss of bromide 
ions (an ecec reaction) leading to  rubrene, as observed in 
the electrochemistry of other organic halides.8 The overall 
electrode reaction is thus 

RBr, + 3e - R; + 2Br- ( 3 )  

By analogy with previous systems of this the pro- 
duction of excited state rubrene probably results from 
reaction of a strong oxidant intermediate (formed by re- 
duction of the RBr2 diffusing toward the electrode by R.- 
diffusing away from it) with another molecule of Re-, for 
example 

RBr, + R; - RBr. + Br- + R ( 4 )  

RBr. + R7 -+ R + Br- + R* ( 5 )  


