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and, based on pKl for 2-methylimidazole as 7.85 (H20), estimate pK2 = (27) R. Weidenhagen and R. Hermann, Ber. Dtsch. Chern. Ges., 68, 1953 

(28) J. H. Noggle and R. E. Schirmer, "The Nuclear Overhauser Effect", Aca- 

(29) P. K. Glasoe and F. A. Long, J. Phys. Chern., 64, 188 (1960); T. H. Fife and 

15.1 (H20) or 15.8 (D20). (1935). 

demic Press, New York, N.Y., 1971. 

T. C. Bruice, ibid., 65, 1079 (1961). 

(24) C. Reichardt, Angew. Chern., h t .  Ed. Engl., 4, 29 (1965). 
(25) P. Laszlo, Prog. Nucl. Magn. Reson. Spectrosc., 3, 231 (1967). 
(26) All commercial and synthesized compounds were checked for homogeneity 

by TLC, and for molecular weight by mass spectrometry. 
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'The ring protons of nitro- and fluoroimidazoles (and their N-methyl derivatives) undergo base-catalyzed ex- 
change in D20 by a combination of carbanion (C) and ylide (Y) pathways. In the C pathway, a proton is abstracted 
from the neutral imidazole species, and in the Y pathway, from the imidazolium ion. In 4-X-imidazoles, C exchange 
occurs more readily at  C-5 than at  C-2, log kc correlating with uoo for the NH- and with upo for the N-methyl series. 
For l-methyl-4-nitroimidazole, tl/z = 2 min at  C-5 (50 "C,0.2 N NaOD). In l-methyl-5-X-imidazoles, exchange at  
C 4  occurs only by the Y pathway, carbanion formation in the neutral species being retarded by the adjacent lone 
pair (ALP) effect at  N-3. The same effect is seen in the lack of C exchange at  C-4 in 1-methyl-2-X-imidazoles. The 
ALP effect is considerably weaker or nonexistent at  C-2. Most exchanges across the ring show correlations of log 
k with omo. 4-Alkylimidazoles (but not 1,4-dialkylimidazoles) show enhanced C exchange at  C-5, which may result 
from the existence of a trace concentration of the ketimine tautomer. Enhanced exchange at  C-5 in 2-fluorohis- 
tidine is ascribed to a combination of the ketimine effect, C exchange involving catalysis by hydroxide ion and in- 
tramolecular general base catalysis by the side-chain primary amine function. The use of buffer catalysis for the 
tritium labeling of poorly reactive imidazoles is described. 

In the first paper of this series? we summarized present 
knowledge on pathways for isotopic exchange of ring hydro- 
gens in imidazole, N-methylimidazole, and their C-methyl 
derivatives (Scheme I of preceding paper):2 base-catalyzed 
exchange occurs by a carbanion (C) pathway, in which a pro- 
ton is abstracted from the neutral imidazole species in the 
rate-limiting step, and/or an ylide (Y) pathway, involving base 
attack on the imidazolium ion. In addition, we established 
unequivocal assignments for the NMR signals of these hy- 
drogens, presented new data on the rates of solvent-deuterium 
exchange, and demonstrated that  considerable differences in 
proton acidity are observed a t  C-4 and C-5, positions which 
should be fairly equivalent in electron density. These differ- 
ences were interpreted on the basis of the adjacent lone pair 
(ALP) effect: a ring-nitrogen atom bearing an sp2 lone pair 
provides a sizable electrostatic obstacle to  the generation of 
an sp2 carbanion a t  an adjacent ring-carbon atom. While op- 
eration of the ALP effect is readily demonstrable a t  C-4 (ad- 
jacent to  the lone pair a t  N-3), the magnitude of the effect a t  
C-2 could not be evaluated because ylide exchange (Y) a t  the 
latter position may be 500-1000-fold faster than carbanion 
(C) exchange. Ylide exchange is not subject to  the ALP effect 
because the lone pair a t  N-3 is utilized in formation of the 
imidazolium ion. We had hoped, therefore, that  electronega- 
tive substituents a t  C-4 or C-5 might retard the Y pathway a t  
C-2 and permit an evaluation of C exchange a t  the latter po- 
sition. Further, it was conceivable tha t  an electronegative 
group a t  C-5 might reduce or negate the ALP effect at C-4. 

For various biological studies, we also needed practical 
routes to  tritium-labeled fluoroimidazoles, as well as data  on 
tritium loss from the labeled materials.3 Initial studies had 
already indicated that  the apparent acidities4 of the ring hy- 
drogens in these compounds are inconsistent with expecta- 
tions based on nonfluorinated imidazoles. Thus, a t  pD 11 and 
50 "C, t 1 / 2  = 7 h for exchange of H-2 in histidine,5 while H-2 
in 4(5)-fluorohistidine fails to  exchange over a wide range in 
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temperature or P D . ~  In contrast, H-5 in 2-fluorohistidine ex- 
changes with t l / 2  = 20 h under the stated conditions, while H-5 
in histidine is totally inert to  exchange (except at very high 
temperatures). In our attempt to  rationalize the behavior of 
the fluoroimidazoles, we were also led to  examine imidazoles 
containing nitro7 and several other substituents. Since al- 
kylation of the imidazole NH eliminates complications due 
to  ionization in basic media, 1-methyl-X-imidazoles (series 
1-3) were examined first. The principal compounds investi- 
gated are summarized in Chart I. 

This article not subject to  U.S. Copyright. Published 1978 by the American Chemical Society. 
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Table I. NMR Solvent Shifts (Ab) for N-Methylimidazolesa 

6, ppm A6, ppmb 
Compd Registry no. position CDCls Me2SO-d~ DzO A1 A2 

la 

2a 

3a 

l b  

2b 

3b 

l e  

2e 

3e 

3034-41-1 

3034-42-2 

1671-82-5 

66787-67-5 

66787-68-6 

66787-69-7 

41507-56-6 

66787-70-0 

30148-21-1 

H-2 
H-5 
H-2 
H-4 
H-4 
H-5 
H-2 
H-5 

H-4 
H-2 

H-4 
H-5 
H-2 

H-2 
H-5 

H-4 
H-4 
H-5 

7.44 
7.78 
7.59 
8.05 
7.17 
7.20 
7.04 
6.43 
7.42 
6.57 
6.67 
6.67 
7.56 
7.66 
7.63 
7.79 
7.09 
7.17 

7.82 
8.37 
8.02 
8.02 
7.19 
7.67 
7.32 
6.85 
7.58 
6.72 
6.61 
6.95 
7.77 
8.02 
7.97 
7.70 
7.12 
7.50 

7.74 
8.19 
7.92 
8.11 
7.20 
7.45 
7.36 
6.81 
7.50 
6.68 
6.67 
6.82 
C 
C 
C 
C 
C 
C 

-0.38 
-0.59 
-0.43 
+0.03 
-0.02 
-0.47 
-0.28 
-0.42 
-0.16 
-0.15 
+0.06 
-0.28 
-0.21 
-0.36 
-0.34 
+0.09 
-0.03 
-0.33 

-0.03 
-0.41 
-0.33 
-0.06 
-0.03 
-0.25 
-0.32 
-0.38 
-0.08 
-0.11 

0 
-0.15 

a Parallel data for N,C-dimethylimidazoles are given in ref 2. A1 = 6CDCls - dMenS0.d6; A2 = ~ C D C ~ ~  - 6 ~ ~ 0 .  Insufficiently soluble 
in DzO to provide reliable d values. 

Results 
General  Methods. N M R  Assignments. Identification of 

ring-proton NMR signals cannot be made unequivocally by 
application of electron density considerations: and we relied 
on the techniques previously used2 for the simpler N -  
methylimidazoles: (1) spin decoupling; (2) nuclear Overhauser 
enhancement; (3) solvent-dependent A6 values; and (4) 
chemical transformation. The first two methods depend on 
the fact tha t  four-bond coupling between the protons of the 
N-methyl group and any adjacent ring hydrogen is readily 
observed, while coupling to  the distal hydrogen is not dis- 
cernible. Thus, irradiation a t  the N-methyl frequency results 
in loss of fine structure and increase in peak height for adja- 
cent protons, but is without effect on the signal for a distal 
proton. The third method is based on an empirical generali- 
zation: for protons adjacent to  the N-methyl group, Ah61 
(=dCDCl, - 6 ~ ~ ~ s o - d ~ )  and A62 [ = ~ c D c ~ ~  - 6D20] have significanl 
negative values (-0.10 to -0.60); for the remaining ring pro- 
ton, these A values are usually less than fO.10 (Table I).2,9 To 
date. 1-alkyl-5-fluoroimidazoles (e.g., 2b) are the only com- 
pounds which have given equivocal results in the solvent shift 
analysis. Identification of NMR signals in all fluoroimidazoles 
is confirmed, however, by spin decoupling and by examination 
of coupling constants: ?14(H)5(F = J4(F)5(H) = 7-8 Hz; J2(H)4(F) 
= J~(F)~(H) = 1-2 Hz; J~(H)~(F)  = J~(F)~(H) = 0 Hz.l0 While 
electronegativity considerations suggest that  the imidazole 
proton closer to  the nitro group should appear a t  lower field 
in la and 2a, such an argument is inapplicable to  3a, making 
the A6 criterion especially valuable in the latter case. For la, 
additional verification was obtained by its transformation to 
lb following isotope exchange (see below). 

Kinetic Analysis. Rates of exchange of imidazole-ring 
protons in DzO (over a wide pD range) were obtained by in- 
tegration of NMR peak areas at various time intervals and a t  
reaction temperatures which provided conveniently mea- 
surable rates. For N-methylimidazole and its C-alkyl deriv- 
atives, exchange a t  C-2 occurs, overwhelmingly, via the im- 
idazolium ion and the Y pathway [Y(2)].2 At any pD more than 
1.5 units above the pK of the compound, an increase in [OD-] 
is directly offset by a decrease in [ImD+], and further increase 
in the basicity of the exchange medium will have no effect on 
ky(obsd) (ref 2, Figure 1B). By virtue of its inductive effect, an 
electronegative substituent a t  C-4 or C-5 should enhance the 
acidity of H-2; a t  the same time, however, ky(obsd) may be 

reduced because of the reduction in pK. Thus,  a t  a pD low 
enough to  provide significant [ImD+], [OD-] may be van- 
ishingly small. A priori, one cannot predict the net effect of 
these opposing factors on Y exchange. Values of kobsd were 
obtained a t  pD 9.5-10, generally a t  50 OC. In this pD range, 
ky(obsd) has attained its maximum value and the contribution 
of kC(obsd) i s  negligible for most compounds. For the weakly 
basic fluoro- and nitroimidazoles, values of kobsd a t  pD 5 or 
7 showed little variation from those a t  the higer pD (as ex- 
pected). For very reactive or poorly reactive compounds, ex- 
trapolation to  50 "C was calculated from data a t  other tem- 
peratures, using an average value of E ,  = 21 kcal/mol. Tem- 
perature-dependence studies with three compounds provided 
E ,  values in the range 20-22 kcal/mol. Specific rate constants 
(ky)  were calculated from the equation 

in which Kw is the ion product of D2O and K1 is the disso- 
ciation constant for ImD+, both constants estimated for the 
reaction temperature (see Experimental Section). Since k l  
>> [D+] a t  pD 9.5-10, the contribution of [D+] in eq 1 can 
usually be ignored. Exchange a t  C-4 or C-5 in N-methylim- 
idazole also occurs by an ylide (Y) mechanism, but a t  a rate 
lo4 to  lo5 slower than a t  C-2.2 The same considerations re- 
garding electronegative substituents should be applicable, 
although the inductive effect of the group should be felt more 
strongly a t  the adjacent ring position than a t  C-2. Values of 
k ~ ( ~ )  and ky(5)  were obtained similarly to  hy(2) by use of eq 1 
and E ,  = 21 kcal/mol. 

In N-methylimidazole, exchange a t  C - 5  also occurs by a 
carbanion [C(5)] mechanism in strongly basic media; this 
pathway involves the neutral imidazole species, and kobsd is 
directly proportional to  [OD-]. For this compound (in 1 N 
NaOD a t  100 "C), C(5) exchange is -15-fold faster than Y(5) 
exchange, -40-fold faster than Y(4) exchange, but  800-fold 
slower than Y(2) exchange. Under these conditions, t l / z  = 7 
h for C ( 5 ) ,  while C(4) exchange could not be detected over 200 
h. Values of total kobsd were determined in alkaline media 
(0.05-1 N NaOD), both the temperature and pD range 
sometimes being limited by the stability of the compound to  
ring degradation or solvolysis of the substituent. Values of 
kC(obsd) were obtained by subtraction of hy(obsd) (measured 
a t  pD 9.5-10) from total kobsd. Plots Of kC(obsd) VS. [OD-] 
provided reasonably linear slopes with values = kc. Even in 
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Table 11. Values of kobsda and kb for Deuterium Isotope Exchange (50 "C) in Imidazoles 
F H CH NO2 

R iog 
Ser i e s  S i t e  Fath 1 0 5 % ~ ~ ~  k '05%bsd loo%bsd !! 'O0%bsd k go e lcgk Figure 

- 1 2 E 2  4.33 x 10-2 2.33 10-5 - d - e 

- Y 0 . E  6.46 x lo9 1.25 2.63 x LO7 16500 1.62 x lo5  9170 7.j9 x LO4 6.72 5.22 3A 

Y 10.7 7.76 x 1.46 j . 02  .i 1:' 1.41 A>.: 0.1) 1.55 7.10 1.17 2 A  

5 c  2.24 2 . 4 1  x 2 , s  x 13-5 4 .U  x 10-6 p 6-00 -4.M LA 

. _  . - 
2 2 c  3.;j 2 . E O  x 13-2 5 9 - e 

- Y 82.5 1.00 x l$ 43.5 1.05 x lo7  16500 1.62 x l a 5  14300 3.72 x lo4  m 5.64 j.18 3 B  

4 2  - f - f f - f 

3 4 ;  - - f - f - f 

Y 0.37 4.47 x 18 0.17 3.63 x lo4  3. j2  j.13 0.G 1.18 2 4.28 0.72 2B 
c 

c 

Y K K 0. j 2  5.13 0.52 0.68 e 

c Y B Kih 1.41 13.8 0.52 0.66 c 

c - 
1.16 x 10-2 j . 07  x 10 - j  2.09 10-5 j.26 x E 3.42 -4.81 1B 5 s  

- 4 1  2 E a B I! 2 
- Y 0.22 5.01 x 10' 0.96 j.07 x lo6 5030 7.59 x lo4 4950 1.76 x lo4  1 5.54 4.83 3c 

51. E 1-40 3.96 x 10-2 6.24 10-5 2.90 x 2 3.27 -4.m 2c 

y a &  0.49 2 . 6 0 1  0.44 1.38 e 
5 i  5 3  c 60.6 0.05 0.24 x 10-5 1.36 x 10-j 8.70 -4.17 3D - 

4 , 5  -0 3: i55 B 0.49 2.68 0.E 0 . 4 0 1  - e 

6 1  5 2 3.06 

7 5 5 2.83 

- 
.- 

C '  -s 1.37 10-3 
c 

5 Mi".'. 

ava i l ab le .  Yo masllrable exchmge i n  30 d a t  j0' and/or c d a t  100'. -h Too unstable I n  D20 t o  

e d u a t e  &bsd. i valws of L~~~ and E include ad,j>stmnt f o r  fb!:- i ~clr x = CF 7 ,  hbsd = 3.39 x 10-j  min- '  end 5 I 3.31 x lo7 E-'min-'. -k Insol- 

uble i n  D20 alone; k ine t i c s  r-u ic D20 containing 2% m"0-d,, adJusted t o  pD 7 v i t n  CD C30D. 1 The l , 4 - t au tomr  is considered the k ine t i ca l ly  ac t ive  

U p C i C S .  

a l l y  indir t tnguiEhable ,  ':he 1 , b t a u t o m r  is consideed the ac t ive  species. 

tritium in %O. i? Spec i f i c  r a t e  Constant due t o  intramolecular general base ca t a lys i s  oy the  side-chain Drirrary amine flioction, I n  mine'. 

M- lmin - ' .  2 For W t h L ,  Sbsd is a l i nea r  function of [OD- ' .  rrasked by the much f a s t e rYexchange .  _e Only two e x p r l n e n t a l  points 

N3 nrasursble exchange because of the ALP e f f e c t ,  

3 
Sini:e the k lne t i ca l ly  ac t ive  species  is s y n w t r i c a l ,  a s t a t i s t i c a l  correct ion has been applied t o  E. 2 Although H-4 and H - j  a r e  e x p r i n e n t -  

2 H-4 and H-5 are e x p r i m n t a l l y  indis t inguishable .  !? %sed 00 l o s s  of 

Figure 1.Relative rate constants (kc) for carbanion exchange in nitro- 
and fluoro-1-methylimidazoles. Figure 2. Relative rate constants (Ky)  for ylide exchange in nitro- and 

fluoro-1-methylimidazoles. 

the  most rapid exchanges, the contribution of the C pathway 
a t  pD 9.5-10 could be neglected. Values of kc and k y  are 
summarized in Table 11, and relative rate constants for the two 
pathways are shown in Figures 1 and 2, respectively. The pK 
(HzO, 25 "C) values used for Y pathway calculations are given 
in Table 111, and methods for their conversion to pK (DzO, 50 
"C) are given in the Experimental Section. For the ylide 
pathways, values of hobsd are also given in Table 11 to  em- 
phasize their lack of correlation with substituent parameters. 
Wherever "no detectable exchange" is indicated in Table 11, 
runs were continued €or 30-60 days a t  50 "C and/or 8 days a t  
100 "C, stability permitting. The values of p in Table I1 are 

derived from the Hammett correlations of Figures 3-5, the 
latter being based on the set of values proposed by Cohen 
and Takahashi (Table 1V).l1 

1-Methyl-4-X-imidazoles (Series 1). Exchange a t  C-5 
occurs by a combination of C and Y pathways, the former 
being far more significant in basic media. Thus,  for X= NOZ, 
0.02% of the total kobsd is due to  Y exchange in 0.2 N NaOD, 
while the fraction rises to  23% for X = F. In fact, H-5 in la is 
remarkably acidic for a nonquaternized heterocycle with t l /z  
N 2 min at 50 "C in this medium. Introduction of a 4-nitro 
group into 1-methylimidazole increases total kobsd a t  c-5 
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Figure 3. Hammett correlations of upo for X vs. log k :  A, series 1, log 
k ~ ( 5 ) ;  B, series 3, log k ~ ( 5 ) .  

Table 111. pK Values (25 "C) Used in Calculations 

X =  
series NO', F H CHq CF? 

1 -0.60" 1.90' 7.13' 7-20' 
2 2.KIc 3.85' 7.13' 7.10b 
3 -0.44" 2.30' 7.13' 8.00' 
4 (pK1) -0.15" 2.44d 7.00e 7.56' 2.28e 
4 (pK2) 9.20' 11.92' 14.52f 15.10e 10.6e 
5 (pK1) -0.209 2.40d 7.00e 7.85' 
5 (pK2) 7.15" 10.45d 14.521 15.10e 
6 (PKI) 3.06d 
6 (PKd 10.70d 

7 (PK2) 10.55d 
7 (pKd 1.22d 

Average of values given in ref 31. Present investigation. 
c Reference 12. d H. J. C. Yeh, K. L. Kirk, L. A. Cohen, and J. S. 
Cohen, J .  Chem. Soc., Perkin Trans. 2,928 (1975). e L. A. Cohen 
and P. A. Cohen, manuscript in preparation. f D. J. Brown, J .  
Chem. Soc., 1974 (1958). g E. Laviron, Bull. SOC. Chem. Fr., 2840 
(1963). 

Table IV. 6 Values Used in Hammett Correlations" 

UO NO, F CHn CFn 

uoo 1.38'' 0.88' -0.16 0.91 
urno 0.68 0.33 -0.07 0.48 
upo 0.84' 0.17 ' -0.12 0.54 

a Reference 11.. b Value for aqueous media. 

86 000-fold in 0.2 N NaOD, but only 75-fold a t  pD 9.5; further, 
the nitro group is 7100-fold as effective as fluorine in pro- 
moting exchange a t  C-5 in 0.2 N NaOD, but  only seven times 
as effective a t  pD 9.5. On the basis of the four substituents 
(including H) for which kinetic data has thus far been ob- 
tained, values of log kc(5) provide an acceptable Hammett 
correlation with aromatic upo (Figure 3A); values of log ky(5),  
on the other hand, correlate best with uOo (Figure 4A). In the 
latter scale, the contribution of u* is doubled'l and, presum- 
ably, the change to  the uoo scale is related to  the presence of 
positive charge in the kinetically active species for ylide ex- 
change. The correlation with full uo (a1 + uR) for both path- 
ways shows that the kinetic acidity of the proton is determined 
by the net electron density a t  (2-5. The  magnitudes of the p 
values (Table 11) show a high degree of sensitivity to electronic 
effects, paralleling those generally observed a t  an sp2 carbon 
of the benzene ring. 

In IC and Id, exchange at C-2 occurs overwhelmingiy by the 
Y pathway; in fact, any contribution due to  C exchange is in- 
discernible even in 1 N base. Introduction of electronegative 
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Figure 4. Hammett correlations of uoo for X vs. log k :  A, series 1, log 
ky(5 ) ;  B, series 2, log k y ( 4 ) ;  C, series 4, log kc(5). 
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Z r n O  

Figure 5. Hammett correlations of urno for X vs. log k :  A, series 1, log 
ky(2 ) ;  B, series 2, log ky(2 ) ;  C, series 4, log k y ( 2 ) ;  D, series 5, log 
k C ( 5 ) .  

substituents a t  C-4, however, markedly depresses kY(2)obsd; 
evidently, the reduction in pK1 is more critical than inductive 
activation of H-2 by the group a t  C-4. Although k y ( ~ ) ~ b ~ d  de-  
creases with increasing electron withdrawal (Table 11), ky(2) 
(which takes account of the variations in K1 and, thus, in 
[ImD+]) shows an order consistent with electron withdrawal. 
Values of log ky(2) correlate with urno (Figure 5A). We were 
initially puzzled by the fact that  values of kY(&sd) for the two 
ring protons in series 1 show opposing trends; this phenome- 
non, however, is simply a consequence of the greater elec- 
tron-withdrawing effect of 4-X a t  C-5 than a t  C-2. Electron 
withdrawal by the nitro and fluoro groups results in measur- 
able C(2) exchange; log kc(2) may follow the urnO scale, as does 
log ky(2), although only two experimental points are currently 
available. On the basis of these two points, kC(2)obsd for 1- 
methylimidazole (in 1 N NaOD a t  50 "C) should be almost lo6 
slower than kY(2)obsd. For x = NO2, H-5 is 52-fold as reactive 
as H-2 in the C pathway and 12-fold as reactive in the Y 
pathway. The lower reactivity a t  C-2 relative to  C-5 is due to  
the greater distance between X and the proton undergoing 
exchange and, perhaps, to  a partial ALP inhibition of carb- 
anion formation at C-2. 

1-Methyl-5-X-imidazoles (Series 2). The magnitude of 
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the ALP effect a t  C-4 is strikingly evident in this series, since 
a C(4) pathway is not observed, euen with a nitro group a t  C-5. 
Slow exchange via the Y(4) pathway is observed, however, and 
the substituent effect correlates with uoo (Figure 4B), as in 
series 1. Interestingly, the p value is 2.8 units less than for se- 
ries 1, a factor which may result from the different sites of 
N-protonation relative to  the substituent. 

As in series 1, the C(2) pathway can be observed only for X 
= NO2 or F. The 5-nitro group is 3.5-fold as effective as 4-nitro 
in enhancing the acidity of H-2, possibly due to "para" reso- 
nance withdrawal in the former case; to our surprise, however, 
the &fluor0 group is 1200-fold as effective as 4-fluoro. 
Hopefully, rate data for additional members of both series will 
help explain this unusual order of enhancements, which 
suggests that  the rnagnitudes (or pathways) of electronic 
transmission from (2-4 and C-5 to  C-2 are significantly dif- 
ferent; the nonequivalence in J~(F)~(H) and J~(F)~(H) has been 
noted earlier.10 For series 2, hy(2)  is consistently lower than 
for series 1, while both series provide acceptable correlations 
of log k y ( 2 )  with urn0 (Figures 5B and 5A, respectively). The 
effect of higher pK1 values in series 2 over series 112 is seen in 
the values of hy(2)ob!jdr which are 94-fold greater for x = NO:! 
and 40-fold for X = F. 

1-Methyl-2-X-imidazoles (Series 3). C(5) exchange in 3a 
is 13-fold slower than C(2) exchange in 2a and 550-fold slower 
in 3b than in 2b. Presumably, the enhanced acidity a t  C-2 
results from the extra inductive effect of N-3 and/or other 
factors (see Discussion); in addition, electronic transmission 
from X-5 to  C-2 may be stronger than from X-2 to C-5, for 
reasons not yet obvious. In any case, it is clear that, if any ALP 
effect exists a t  C-2, it is considerably weaker than a t  C-4. 
Compound 3b (X = F) is only 2.4-fold as reactive as 3c (X = 
H) in C(5) exchange, and a Hammett correlation for this series 
can be achieved only with upO (Figure 3B). I t  is noteworthy 
that  gPo provides the best correlation for the two cases in 
which carbanion formation is required a t  C-5. This uo scale 
does not hold for Y(5) exchange in series 1 or for C(5) exchange 
in the corresponding NH-imidazoles (see below); presumably, 
the N-methyl group serves to  reduce electron density a t  C-5. 
Y(5) exchange cannot be detected in 3a or 3b, due to  the 
combined effect of low pK and the distance of the substituent 
from the reaction site. For the same reasons, Y(4) exchange 
is not seen for either compound, while C(4) exchange is not 
detected for any member of the series because of the ALP 
effect. Based on the data for 3c and 3d, we estimate t l /z  = 1 
year (50 "C) for Y(5) exchange in 3a, and even longer a t  C-4. 
Similar estimates suggest that  Y(5) exchange should be rea- 
sonably observable for 3b. Although the compound is suffi- 
ciently stable in 1 N NaOD (100 "C) to  exhibit C(5) exchange, 
i t  decomposes too rapidly a t  pD 7-11 (50 "C) to  provide rate 
data for Y(5) exchange. The instability of 3b in the lower pD 
range arises from the fact that  displacement of the 2-fluor0 
group occurs only when the ring is pr0t0nated. l~ 

Instabi l i ty  of N-,4lkylnitroimidazoles. Compounds la, 
2a, and 3a decompose in alkaline media, the rates of break- 

H H, 

la' 2a' 

down rising sharply with base concentration and with tem- 
perature. Under comparable conditions, la and 3a are 50- 
150-fold, respectively, more stable than 2a. We consider the 
first step in breakdown of la and 2a to  involve /3 addition of 
hydroxide ion to  the 4,5-double bond, leading to  the adducts 
la' and 2a', respectively. The greater stability of la may lie, 
therefore, in the fact tha t  la' cannot form as readily, being 
subject to  an ALP effect not present in 2a'. The onset of 

breakdown is readily detected by the appearance of new NMR 
signals; the multiplicity of the signals and their transience, 
however, prevented any speculation on the structures of in- 
termediates. Ultimately, the N-methyl signal is lost com- 
pletely, apparently by evaporation of methylamine. The 
breakdown of 3a in base may involve an addition-elimination 
mechanism a t  C-2 but, in contrast with the behavior of 3b, the 
nitro compound is stable a t  neutral pD. Apparently, the nitro 
group is sufficiently electron withdrawing to  induce base at- 
tack on the neutral molecule, while ring protonation of the 
2-fluoroimidazole is necessary to  achieve adequate electron 
deficiency at C-2. A detailed study of these dual pathways is 
in progress. 

We have ignored consideration of isotope exchange via 
addition-elimination mechanisms, in which OD- adds to the 
carbon atom carrying the electronegative group. Since nitro 
and fluoro are far better leaving groups than hydroxyl, it seems 
highly unlikely that  the addition intermediates would revert 
to  the starting compounds. Furthermore, such pathways 
cannot be considered for X = H or CH3, and a duality of 
pathways is inconsistent with the linearity of the Hammett 
correlations. 

Chemical Transformation. Although we had little reason 
to question the identity of the protons undergoing fast and 
slow exchange in la and 2a, chemical transformation provided 
a means for additional verification. Compound la was con- 
verted to  lad2 by exhaustive exchange in 0.1 N NaOD (100 
O C); the more labile deuterium atom was then back-exchanged 
in 0.1 N NaOH, and the resulting l a d  was converted into 
lb-d  by zinc reduction, diazotization, and irradiation in flu- 
oroboric acid. Since the product showed JHF = 8.0 Hz, the 
hydrogen atom in lb-d  must be adjacent to  fluorine and, 
therefore, H-5 must be the more acidic proton. 

Under the same exchange conditions, 2a gave only a mo- 
nodeuterated product, but the conversion of 2a to  2b has de- 
fied repeated efforts. Even when the intermediate 5-amino- 
1-methylimidazole (9) was generated from its stable tert- 
butoxycarbonyl derivative in fluoroboric acid, i t  failed to  
provide 2b after diazotization and irradiation. Ultraviolet 
spectral analysis showed only traces of a diazonium chromo- 
phore after addition of nitrite, indicating 9 to  be extremely 

8 9 
unstable. The ALP effect may be operating to  retard vinyla- 
mine resonance in 9, but  should have no effect in 8 and may 
even enhance resonance overlap in the latter c a ~ e . ~ ~ J ~  

4-X~Imidazoles  (Series 4). Kinetic analyses of isotopic 
exchanges in the "-imidazoles must take account of ion- 
ization to  their anions in alkaline media. Since the latter 
species appear to be resistant to  exchange in the temperature 
range investigated, values of total k,&d were adjusted for the 
fraction of NH species present in each medium, based on the 
pK2 values given in Table 111; specific rate constants were then 
calculated as for the N-methylimidazoles. I t  is assumed that  
the ALP effect is operative throughout the series and, there- 
fore, that  the 4-X tautomer is the only (or more) reactive 
species. Arguments have been advanced16 tha t  the 4-X tau- 
tomer is thermodynamically preferred for most substituents. 
Exchange a t  C-5 occurs predominantly by the C pathway, 
values of log k ~ ( 5 )  correlating with uoO (Figure 4C); this result 
stands in contrast with the upo correlation required for the 
corresponding exchange in series 1. Electronegative substi- 
tution has a stronger enhancement effect in this series than 
in series 1, a factor which may again be due to  the absence of 
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the N-methyl group. Figure 4C shows 4-methylimidazole to  
have an anomalously high rate of C(5) exchange, a phenom- 
enon also observed with 2-fluoro-4-alkylimidazoles (see 
below). Y(5) exchange is apparently too slow to be measured 
for 4a or 4b; on the basis of the data obtained for 4c and 4d 
(Table 11), we estimate the half-time for exchange of H-5 in 
4a (DzO, 100 "C) a t  5 years!17 

Carbanion exchange a t  C-2 could not be detected for any 
member of this series, while Y(2) exchange does occur and can 
be correlated with u,O (Figure 5C).17 Values of ky(2)  are fairly 
similar to  those for series 1 and the p values differ by 1.2 
units. 

2-X-Imidazoles (Series 5). Carbanion exchange a t  C-5 was 
observed for all members of the series, and log kc(5) values 
correlate with urno (Figure 5D). Values of kobsd for 2-X-im- 
idazoles are lower than those for the 4-X series; after adjust- 
ment for NH ionization, however, values of k q b )  for the former 
series are impressive, that  for 5a being 43-fold that  for 4a and 
-5000 times as great as for 3a. This puzzling result is also 
observed with X = F,  since 5b is 1000-fold as reactive as 3b. 
As in the case of series 4, Y(5) exchange was not observed for 
5a or 5b. 

4-Alkylimidazoles. This series of studies had been un- 
dertaken originally in an attempt to  account for the surpris- 
ingly facile tritium exchange a t  C-5 in 2-fluorohistidine (7); 
e.g., a t  pH 9 (50 "C) this compound exchanges 800-fold faster 
than does 2-fluoroimidazole. The complex pH dependence for 
exchange (Figure 6) is inconsistent with simple C or Y path- 
ways, and suggests a role for an additional ionizing group. 
Indeed, the results are wholly in accord with C exchange in- 
volving a combination of hydroxide ion catalysis and intra- 
molecular general base catalysis by the side-chain primary 
amine function. 

(2) 

In this rate expression, ~ R N H ~  = fraction of a-amino group in 
the unprotonated form (pK 8.85) and f~~ = fraction of neutral 
imidazole species (pK2 10.55); k'c is the specific rate constant 
for intramolecular general base catalysis of carbanion for- 
mation. An approximate value for k'c was obtained by as- 
suming the contribution of kc[OH-] to  kobsd to  be very small 
at the lower pH values. Curve-fitting was then performed by 
approximation, providing the values of k'c = 1.58 X 
min-1 (30 "C) and kc = 0.33 M-l min-l (30 "C). For com- 
parison with the data for other compounds, these values were 
adjusted to  50 "C (Table 11), taking E, = 21 kcal/mol. These 
comparisons have limited validity, since H/D and H/'T isotope 
effects have not been evaluated. The rate of tritium exchange 
is enhanced in the presence of carbonate buffer; e.g., a t  pH 9.2 
(0.1 M buffer), kobsd is increased almost threefold. 

After taking account of the contribution of an intramolec- 
ular pathway,20 we find tha t  k c  for H-5 in 2-fluorohistidine 
is still 50-fold greater than that for 2-fluoroimidazole. We were 
led, therefore, to  examine the simpler analogue, 2-fluoro-4- 
methylimidazole (6); this compound also showed an unusually 
high value for k C ( S ) ,  the  latter being 60 times that  for 2-fluo- 
roimidazole and 250 times the predicted value (Figure 2C) 
based on Zuo. 

We have noted that  kobsd for c (5 )  exchange in 4-methyl- 
imidazole (4d) is also anomalously high, being ca. fourfold 
greater than the same exchange in imidazole and 21-fold 
greater than in 2-methylimidazole. For this compound, k q 5 )  
is 10 times as great as the value predicted from Figure 4C. 
These three examples (4d, 6, and 7) demonstrate that an alkyl 
group a t  C-4 provides a significant enhancement effect on C(5) 
exchange. There seems no obvious way for an alkyl group to  
stabilize an adjacent carbanion; therefore, we tentatively 
suggest an alternative pathway for exchange, via the still un- 
detected tautomer, 10.19 It is noteworthy that  rate enhance- 

kobsd = kC[OH-] + k'CVRNHz1)fIrn 

0.2 L / o  
I I ! I I 1 

7 8 9 10 11 12 13 
PH 

Figure 6. Dependence of total k&sd on pH for loss of tritium from 
2-fluorohistidine-5-3H in HzO at 30 O C :  0, experimental values; -, 
curve calculated from eq 2 and specific rate constants cited in text. 

mentis  not seen with 1,4-dimethylimidazole, in which com- 
pound such tautomerism cannot occur. 

10 

Buffer Catalysis. Since the Y mechanism for exchange 
involves the attack of a base on the imidazolium ion, i t  is 
ideally suited for catalysis by buffer species. We have already 
reported that  exchange of H-2 in N-methylimidazole is cat- 
alyzed by acetate buffer.2 Tritium incorporation a t  H-2 of 
histidine is also promoted by phosphate and Tris buffers, 
these findings having been applied for preparative purposes.20 
Labeling a t  C-2 in 4-fluoroimidazole occurs a t  pD 3-10 by the 
Y pathway, with t 1 / 2  = 1200 h a t  50 "C or 15 h a t  100 "C; the 
exchange is even slower in more acidic or more alkaline media. 
Since pK1 for 4b is 2.44, chloroacetic acid (pK 2.88) was cho- 
sen for possible catalysis of Y exchange; in 1 M buffer (pD 2.44, 
50 "C), a 32-fold enhancement was obtained. The same buffer 
system was then used to  achieve tritium labeling a t  C-2 in 
4-fluorohistidine under very mild and practical conditions. 

In the chloroacetate buffer medium, exchange of H-5 in 
fluoroimidazole is also accelerated (t1/2 = 13 h a t  50 "C). In  
the absence of buffer, Y(5) exchange could not be observed 
a t  any pD; if the buffer species were catalyzing the Y pathway, 
extrapolation from the values of ky(5 )  for 4c and 4d suggests 
a buffer enhancement factor for 4b of 40 OW! Since this factor 
seems unreasonably large, i t  may be the C(5) pathway which 
is being catalyzed by chloroacetate ion, providing a tenfold 
enhancement at pD 2.44 over kobsd in 0.1 N NaOD; pending 
the acquisition of additional kinetic data, however, the role 
of the buffer catalyst at C-5 remains uncertain. Data were 
presented above for the intramolecular general base catalysis 
of C exchange in 2-fluorohistidine and, thus, i t  appears that  
both the C and Y pathways are sensitive to  buffer catalysis. 

Other Substituted Imidazoles. Studies with 4f a t  pD 10 
provided a value for Y(2) exchange (Table I1 and Figure 3C); 
however, the compound decomposes too rapidly in more al- 
kaline media to  provide data for C(2) exchange. The carb- 
ethoxyimidazoles ( le ,  2e, and 3e) failed to  show Y exchange 
a t  50 "C (pD 7-10); at 100 "C, ester hydrolysis occurred too 
rapidly to  provide usable data. 

Discussion 
Certain of the k y  values in Table I1 are close to  the range 

for diffusion-controlled reactions.21 Thus, ky(5)  for la  = 7.76 
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Table V. Half-Times for Exchange in 1-Methylimidazoles at 50 "C 

0.1 N NaOD pD 9-10 
H-2 H-4 H-5 H-2 H-4 H-5 

none 42 rnin 2.5 yr 138 days 42 rnin 2.5 yr 1 Yr 
4-nitro 2.7 h 3 min 55 days 4.5 days 
5-nitro 44 min > 2  yr 14 h 132 days 
2-nitro >2  yr 10 h >2 yr >2  yr 
4-fluor0 33 days 1 2  days 38 days 33 days 
&fluor0 3.5 h >2 yr 23 h 285 days 
2-fluor0 >2 yr 97 days >2 yr >2  yr 

X 101OM-l min-l a t  50 OC or 8.33 X lo7 M-l s-l at  25 "C. This 
rate constant for base-catalyzed formation of the vinyl carb- 
anion is ca. '/bo of the h o ~  value for proton loss from HCN.22 
Considering tha t  C-5 in la is subjected to the combined 
electron demands of the 4-nitro group, two ring nitrogen 
atoms, and a positive charge in the ring, a total electronega- 
tivity approaching t,hat of the triply-bonded nitrogen in HCN 
is not unreasonable. Furthermore, in their review on base- 
catalyzed proton exchange in  heterocycle^,^^ Elvidge e t  al. 
have argued that,  because vinyl carbanions are usually not 
resonance stabilized, their kinetic acidities should be com- 
pared with those of oxygen acids rather than those of the 
common carbon acids. 

The kinetic results with nitro- and fluoroimidazoles (Table 
11, Figure 1) have clearly shown the existence of significant 
carbanion-mediated exchange at  C-2. In view of the powerful 
ALP effect of N-3 in preventing carbanion formation a t  (2-4, 
it is somewhat surprising that a C(2) pathway can be observed 
a t  all. We might argue tha t  electron withdrawal by two ring 
nitrogen atoms can partially counteract the ALP effect a t  C-2; 
yet, it seems unreasonable that the magnitude of such with- 
drawal could so greatly exceed the combined electronegativ- 
ities of N-3 and a 5-nitro group operating on C-4. Very strong 
bases (e.g., butyllithium in tetrahydrofuran) abstract H-2 
from N-alkylimidazoles with essentially total ~ p e c i f i c i t y . ~ ~  
This fact appears to support the absence of a significant ALP 
effect a t  C-2; yet, we cannot rule out the possibility that proton 
abstraction is preceded by coordination of the lithium atom 
with the lone pair at  N-3 and, thus, occurs by a Y rather than 
C pathway. I t  is also noteworthy that,  in the presence of 
methoxide ion, C-2 in pyrimidine is the least acidic position 
in the ring;25 this carbon atom is also flanked by two nitrogen 
atoms, but the corresponding carbanion would be subject to 
two ALP interactions. 

I t  is also conceivable tha t  the sp2 carbanion a t  C-2 is elec- 
tronically different from that a t  C-4 or that the imidazole ring 
becomes partially deformed from planarity when H-2 is lost, 
thus reducing lone-pair repulsion. Alternatively, we may in- 
voke greater s character (hence, greater acidity) in the C(2)-H 
bond than in that at  C-4;25 this explanation is supported both 
by crystal structure data for imidazole26 and by 13C-lH cou- 
pling constants.27 At best, however, orbital interactions 
through bonds or space are not yet well understood,2s and the 
imidazole case clearly demands further study. 

These studies have demonstrated tha t  both ylide and 
carbanion exchange in substituted imidazoles follow reason- 
ably logical, bu t  complex, patterns. Although we fully recog- 
nize tha t  the Hammett correlations (based on four points) 
have only limited reliability, they have proved useful in pre- 
dicting the conditions necessary to  observe exchange with 
other substituted imidazoles. Further studies are in progress 
and, hopefully, the use of all three no scales will be supported 
with additional kinetic data. In addition to the large difference 
in ALP effect between C-2 and C-4, several phenomena have 
emerged which merit further exploration: (1) the enhance- 
ment effect of 4-alkyl substituents; (2) intramolecular general 
base catalysis in 2-fluorohistidine; and (3) buffer catalysis of 

both the C and Y pathways. Other surprising results have been 
obtained in studies of acid-catalyzed exchange; these results 
will be reported separately. 

A wide variety of ring-substituted histamines and histidines 
have been prepared for biological studies (in progress). On the 
basis of the results herein reported, random or site-specific 
tritium labeling of the imidazole ring in these compounds has 
become attainable in practice. The  very large spread in half- 
times for exchange (see examples in Table V ) permits highly 
specific labeling in many cases. For poorly exchangeable 
protons, exchange is also attainable by the use of elevated 
temperatures or buffer catalysis; the optimum pH for such 
catalysis can be predicted from the pK value of the compound 
and the appropriate Hammett plot (Figures 3-5). 

Exper imenta l  Section29 
Materials. The following compounds were synthesized by known 

methods: ld? 2a,3O 2d? 3a,3l 3e,32 4b,33 4d: 4e,34 4f,35 5a,36 5b,33 
and 7.'3 Imidazole, 1-methylimidazole, 2-methylimidazole, 1,2-di- 
methylimidazole, and 4-nitroimidazole were obtained from com- 
mercial sources. 
4-Fluoro-1-methylimidazole (lb). A solution of 5.08 g (0.04 mol) 

of l a  in 120 mL of 48% aqueous fluoroboric acid was chilled to -10 
to -15 "C with dry ice-acetone and 9.15 g (0.14 atom) of zinc powder 
was added over 30 min with stirring. At this point, the UV spectrum 
of the reaction mixture (measured on a small aliquot diluted with 
water) showed total loss of the nitro chromophore. The mixture was 
filtered through glass wool, and a solution of 3.2 g (0.048 mol) of so- 
dium nitrite in 20 mL of water was added with stirring over 20 min 
at -10 OC. The solution was purged with nitrogen and was irradiated 
for 5 h by the procedure described previ~usly.~~ The fluoroboric acid 
solution was then neutralized to pH 8 with concentrated sodium hy- 
droxide (cold) and was subjected to continuous extraction with ethyl 
acetate for 48 h. The extract was evaporated to give a semisolid resi- 
due, which was chromatographed on 150 g of silica gel. Elution with 
ethyl acetate-ether (1:l) gave 1.0 g (25%) of l b  as a pale yellow 
semisolid; NMR (CDC13) 6 3.66 (3 H, d, CH3), 6.43 (1 H, q, H-5), 7.04 
(1 H, m, H-2); J4,5 = 8.0, J2,4 = 1.8, and J2,5 = 1 Hz. 

The same compound was obtained by direct methylation of 4-flu- 
oroimidazole with methyl iodide or dimethyl sulfate, using standard 
procedures. 
4-Fluoro-1-methylimidazole-d (lb-d).  1-Methyl-4-nitroim- 

idazole (0.5 g) was added to 50 mL of 0.1 N NaOD and the mixture was 
stirred at ambient temperature. When solution was complete (-15 
rnin), NMR showed one proton to have exchanged completely. The 
solution was then heated at 100 O C  for 1.5 h, at which point the rem- 
aining proton had exchanged completely. This product was isolated 
by extraction with ethyl acetate and the more labile deuterium atom 
washed out by exposure to 0.1 N NaOH for 15 min. The monodeuterio 
compound was converted to 4-fluoro-1-methylimidazole-d by the 
procedure described above. Since this product showed JH,F = 8.0 Hz, 
the deuterium atom must be at C-2, and the very labile hydrogen atom 
in la must be that at C-5. 
5-Fluoro-1-methylimidazole (2b). Direct methylation of 4-flu- 

oroimidazole with methyl iodide or dimethyl sulfate, under neutral 
or basic conditions, and in polar or nonpolar media, gave l b  exclu- 
sively. Repeated efforts to prepare 2b from 2a, following the reduc- 
tion-irradiation procedure used for the conversion of la to 2a, failed 
completely. Presumably, the intermediate 5-amino-1-methylimid- 
azole is very short-lived, even at the low temperature of reduction. 
Alternatively, 5-amino-1-methylimidazole (9) was generated in flu- 
oroboric acid solution from its tert- butoxycarbonyl derivative (see 
below), but again failed to produce 2b. The only successful approach, 
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which follows, depends on a s N 1  rather than the common sN2 path- 
way for nitrogen alkylation. 

To a solution of 0.129 g (1.5 mmol) of 4-fluoroimidazole (4b) in 15 
mL of dry acetonitrile was added a solution of 0.125 mL (2 mmol) of 
methyl iodide in 2 mL of acetonitrile, followed by portionwise addition 
of 0.414 g (2 mmol) of silver perchlorate. The mixture was stirred 1 
h, another 0.125 mL of methyl iodide was added, and stirring was 
continued another hour at 40 "C. Two more portions of methyl iodide 
were added, with stirring for 1 h at 40 "C after each addition. The 
mixture was filtered and the filtrate was concentrated to a semisolid. 
This material was dissolved in 30 mL of ethyl acetate, the solution was 
washed with two 10-mL portions of saturated sodium bicarbonate, 
dried (NazSOd), and evaporated to a colorless semisolid, 0.103 g (69%) 
of 2b. Crystallization of the product from chloroform gave needles: 
mp 87-88 "C; NMR (CDCls) 6 3.62 (3 H, s, CH& 6.57 (1 H, d, H-4), 
and 7.42 (1 H, br, H-2); 54 ,5  = 7.5, 5 2 , 4  = 1.0, and 52.5 N 0 Hz. 
2-Fluoro-1-methylimidazole (3b). A. To a solution of 2-amino- 

1-methylimidazole ( b i ~ u l f a t e ) ~ ~  (3.65 g, 0.025 mol) in 150 mL of 48% 
fluoroboric acid was added a solution of 1.90 g (0.0275 mol) of sodium 
nitrite in 5 mL of water, over 10 min with stirring and ice cooling. The 
mixture was irradiated for 3 h, at which point the diazonium chro- 
mophore at 306 nm had disappeared. The reaction mixture was 
neutralized with concentrated NaOH to pH [] (dry ice cooling); the 
solution was then extracted with five 60-mL portions of ether. The 
combined extracts were dried (MgS04) and evaporated to a semisolid 
residue. Chromatography on 150 g of silica gel and elution with 
chloroform (2% ethanol) gave 3b as a pale yellow liquid: 0.87 g (35%); 

J4 .5  = 1.6, J 2 , 4  = 1.6, and J 2 , 5  c* 0 Hz. 
B. Direct methylation of 2-fluoroimidazole with dimethyl sulfate 

gave only the 1,3-dimethylimidazolium species, which underwent 
rapid loss of fluorine by solvolysis. The product was identified as 
1,3-dimethyl-2-imidazolone. 

N-Methylation of Ethyl Imidazole-4-carboxylate. To a solution 
of 4.20 g (0.03 mol) of 4e34 in 25 mL of methanol was added a solution 
of 8.52 g (0.06 mol) of methyl iodide in 10 mL of methanol, and the 
mixture was heated at reflux for 8 h. Evaporation of solvent gave a 
brown oil which was chromatographed on 120 g of silicic acid. Elution 
with chloroform (1.5% methanol) gave 1.82 g (40%) of 2e as a pale 
yellow oil; NMR (CDCl3) 6 1.38 (3 H, t, CHZCH~), 3.96 (3 H, s, N- 
CH3), 4.36 (2 H, q, CHZCH~), 7.63 (1 H, m, H-2), 7.79 (1 H, d, H-4). 
Continued elution with the same solvent gave 0.22 g (5%) of l e  as a 
pale yellow oil; NMR (CDC13) 6 1.37 (3 H, t, CHZCH~), 3.81 (3 H, s, 
N-CHs), 4.38 (2 H, q, CHZCH~),  7.56 (1 H, m, H-2), 7.66 (1 H, d, 

1-Methylimidazole-5-carbohydrazide. A solution of 2.31 g (0.015 
mol) of 2e in 5 mL of hydrazine hydrate was heated at 100 "C for 1 h. 
The solution was concentrated to -2 mL under reduced pressure and 
chilled, giving 1.71 g (81%) of colorless prisms, mp 187-187.5 "C. 
Further concentration of the filtrate gave an additional 0.32 g (15%) 
of a less pure material. 

tert-Butyl 1-Methylimidazole-5-carbamate. To a solution of 
1.40 g (0.01 mol) of 1-methylimidazole-5-carbohydrazide in 6 mL of 
water and 2 mL of concentrated hydrochloric acid was added dropwise 
over 10 min, with stirring at 0 "C, a solution of 1.04 g (0.015 mol) of 
sodium nitrite in 2 mL of water. The mixture was stirred 20 min at 
O " ,  neutralized to pH 7 with 10% sodium hydroxide, and extracted 
with five 10-mL portions of ethyl acetate. The combined extracts were 
dried (NazS04) and evaporated to a pale brown semisolid, 1.41 g 
( 9 3 O h ) .  The acyl azide is unstable and was used immediately for the 
next step. 

The total yield of crude azide was added to 20 mL of dry tert-butyl 
alcohol and the solution was heated at reflux for 2.5 h.33 Evaporation 
of solvent gave a yellow solid which was crystallized twice from ethyl 
acetate and once from methanol to give 1.49 g (81%) of colorless 
leaflets, mp 173 "C. 

Anal. Calcd for C9H15N302: C, 54.80; H, 7.67; N, 21.30. Found: C, 
54.25; H, 7.28; N, 21.73. 

This product was used to generate 5-amino-1-methylimidazole in 
fluoroboric acid solution. The aminoimidazole, however, failed to give 
2b when processed in a manner similar to that for the synthesis of 
4b. 
2-Fluoro-4-methylimidazole (6). This compound was prepared 

from crude 2-arnin0-4-methylimidazole,3~ using the procedure and 
the scale described above for the preparation of 3b. Total disap- 
pearance of the diazonium chromophore at 320 nm required irradia- 
tion for 1.5 h. The fluoroboric acid solution was neutralized to pH 7 
(cold) and was extracted with five 100-mL portions of ethyl acetate. 
The combined extracts were dried (Na~S04) and concentrated to a 
semisolid; chromatography on 59 g of silica gel and elution with ether 
gave a colorless powder, which was sublimed and recrystallized from 

NMR (CDCl3) 6 3.56 (3 H, 9, CH3), 6.67 (1 H, S, H-4), 6.67 (1 H, S, H-5); 

H-5). 

ligroin-ether (4:l): mp 81-81.5 "C (10% yield based on aminoacetone 
hydrochloride hydrate, the precursor of 2-amino-4-methylimidazole); 
NMR (CDCl3) 6 2.20 (3 H, t, CH3), 6.40 (1 H, m, H-4 or H-5); 5~,~(5) 
= 1.3 Hz. 

Anal. Calcd for C4HbNzF C, 47.99; H, 5.03; N, 27.99; F, 18.98. 
Found: C, 47.87; H, 5.12; N, 28.77; F, 18.68. 

2-Fluoro-~-histidine-5-~H. To a solution of 75 mg of 2-fluoro- 
L-histidine (7) in 1 mL of tritiated water (5.0 Ci) was added 100 pL 
of triethylamine. The solution was stirred at ambient temperature 
for 4.5 days and was lyophilized. Normal water was added and the 
lyophilization repeated. The residue was treated with methanol and 
the solvent evaporated. Finally, the material was triturated with a 
small volume of cold methanol and filtered to give 32.5 mg of crys- 
talline material with a specific activity of 40 mCi/mmol. 

Tritium Loss From 2-Fluoro-~-histidine-5-~H. A stock solution 
of 4.9 mg/mL of water of the labeled compound was prepared with 
specific acitvity of 3.9 pCi/pol. A 50-pL aliquot was added to 5.0 mL 
of 0.1 KCl. The pH was adjusted to the desired level with 0.05 N 
NaOH and was maintained at that level throughout the run by use 
of a Radiometer autoburette (Model ABU 12). The temperature was 
maintained at 30 "C by circulation of water from a Haake water bath 
through the jacketed reaction vessel. A slurry of one part Dowex 50 
H+x 8 (200-400 mesh) and three parts water was prepared; 1-mL al- 
iquots of the slurry were added to Pasteur pipettes which had been 
loosely plugged with glass wool, and the columns were washed with 
water until the effluent was neutral. At various time intervals, 100-pL 
aliquots of the reaction mixture were transferred to the Dowex col- 
umns, the columns were washed with 5 X 0.5 mL of water, and the 
total effluent from each column was counted with a Perkin-Elmer 
liquid scintillation counter (Model 3375). Initial rates (up to -10% 
exchange) were used to determine rate constants; initial and subse- 
quent radioactivity counts were taken as measures of concentration 
of unreacted substrate. 

pK Measurements. pK values were obtained for the new com- 
pounds and for others for which data were unavailable or literature 
values were in doubt. pK values were calculated from pH measure- 
ments in water at 25 "C (Corning pH meter, Model 101). Samples of 
20-40 mg were used, and seven to ten aliquots of acid or base added. 
pK values were calculated for each addition and averaged to give the 
values in Table 111; deviations were usually <0.10 unit. The effect of 
temperature on pK was determined (up to 70 "C) for several com- 
pounds by following the change in pH of a half-neutralized solution. 
The averaged results were considered applicable to all compounds 
in the study: for pK1, pK(50 "C) = pK(25 "C) - 0.50 and pK(100 "C) 
= pK(25 "C) -0.30.38 Values of pK(D20,25 "C) were calculated from 
the relationship pK(D20) = 1.018 pK(Hz0) + 0.43 (Table 111, foot- 
note d) .  Temperature effects on pK(D20) were assumed comparable 
to those in HzO. For pK,(D20, 50 "C), 14.18 was used;39 for 100 "C, 
pK, = 13.13 was estimated by extrapolation. 

Kinetic Measurements. The techniques used to follow rates of 
exchange by NMR spectroscopy are described in the previous paper.2 
For series 4 and 5,6 values are shifted in alkaline media, and may even 
become inverted in order. Upon completion of an exchange run, the 
solution was neutralized and the NMR spectrum compared with that 
of the original compound; since 4a and 5a are insoluble in water, the 
neutralized mixtures were saturated with NaCl and the compounds 
were extracted into MezSO-ds prior to spectral comparison. For C 
exchange, rate constants were obtained at three or four concentrations 
of NaOD, and kc determined as the slope of a plot of kC(obsd)  vs. 
[OD-]. Ylide exchange was measured in DzO solutions which were 
brought to pD 9.5-10 (25 "C) with 0.1 N NaOD. Specific rate constants 
for Y exchange were calculated according to eq 1. 

Acknowledgment. We are grateful to  Dr. H. J. C. Yeh (of 
this laboratory) for providing the 100-MHz NMR spectra, and 
for performing the spin-decoupling and nuclear Overhauser 
enhancement experiments. 

Registry No.-lb deuterium derivative, 23968-98-1; IC, 616-47-7; 

822-36-6; 4e, 23785-21-9; 5d, 693-98-1; 6,57212-35-8; 7,50444-78-5; 
7 tritium derivative, 66787-71-1; 2-amino-1-methylimidazole (bi- 
sulfate), 66787-72-2; l-methylimidazole-5-carbohydrazide, 23585- 
00-4; tert-butyl l-methylimidazole-5-carbamate, 66787-73-3; 1- 
methylimidazole-5-methylazide, 66787-74-4; 5-amino-1-methylim- 
idazole, 66787-75-5; 2-amino-4-methylimidazole, 6653-42-5. 

Id, 6338-45-0; Zd, 10447-93-5; 3d, 1739-84-0; 4b, 30086-17-0; 4d, 

References and Notes 
( 1 )  Visiting Associate, National Institutes of Health, 1973-1977. 
(2) y. Takeuchi, H. J. C. Yeh, K. L. Kirk, and L. A. Cohen, J. Org. Chem., pre- 



3578 J .  Org. Chem., Vol. 43, No. 18, 1978 Ah-Kow, Terrier, and Lessard 

ceding paper in this issue. 
(3) D. C. Klein, J. L. Weller, A. Parfitt, and K. L. Kirk in "Chemical Tools in 

Catecholamine Research", Vol. II, 0. Almgren, S. Carlsson, and J. Engel, 
Eds., North-Holland Publishing Co., Amsterdam, 1975, pp 293-300; other 
manuscripts submitted or in preparation. 

(4) Although there exists only limited evidence for Bra 
between the pKs of carbon acids and their "kinetic ac 
rates of exchange to reflect the order of acidities of imidazole ring hydro- 
gens, and use the concepts interchangeably. Cf. J. R. Jones, "The Ionization 
of Carbon Acids", Academic Press New York, N.Y., 1973, Chapter 6. 

(5) Unpublished data. See also; H. Matsuo, M. Ohe, F. Sakiyama, and K. Narita, 
J. Biochem. (Japan), 72, 1057 (1972); J. H. Bradbury, B. E. Chapman, and 
F. A. Pellegrino, J. Am. Chem. SOC.. 95, 6139 (1973). 

(6) K. L. Kirk and L. A. Cohen ACS Symp. Ser. No. 28, Chapter 2 (1976). 
(7) Exchange data for some nitroimidazoles in D20 (100 OC) have been re- 

ported: H. A. Staab, H. Irngartinger, A. Mannschreck, and M.-Th. Wu, Justus 
Liebgis Ann. Chem., 695, 55 (1966). 

(6) NMR 6 values for the imidazole ring hydrogens depend almost entirely on 
the 8 values of substituents (manuscript in preparation); e.g., for X = NO2 
or COpR (series 1 or 2), H-4 and H-5 appear at lower field than H-2, while 
the order is reversed for X = F or CHs. 

(9) J. Elguero. E. Gonralez, and R. Jacquier, Bull. SOC. Chim. Fr., 2996 
(1967). 

(IO) J. C. Reepmeyer, K .  L. Kirk, and L. A. Cohen. Tetrahedron Lett., 4107 
(1975). 

(1 1) L. A. Cohen and S. Takahashi, J. Am. Chem. Soc., 95,443 (1973). 
(12) Compound 2a is 2.7 units more basic than la; this large difference has been 

attributed to the fact that a positive charge on N-3 is more readily tolerated 
when the nitro group is more distant (on C-5): A. Grimison, J. H. Ridd, and 
B. V. Smith, J. Chem. SOC., 1352 (1960). 

(13) K. L. Kirk, W. Nagai, and L. A. Cohen. J. Am. Chem. Soc.. 95, 6389 
(1973). 

(14) The instability of I-alkyl-5-aminoimidazoles has been noted previously: 
see, e.g., A. H. Cook, J. D. Downer, and I. Heilbron, J. Chem. SOC., 2028 
(1946); G. Shaw, R. N. Warrener, D. N. Butler, and R. K. Ralph, ibid., 1625 
(1952). Somewhat greater stability is observed for 1-alkyl-4-aminoimida- 
zoles [R. Buchman, P. F. Heinstein, and J. N. Wells, J. Med. Chem., 17, 
1166 (1974)] and for 4-alkyl-5-aminoimldazoles [unpublished observa- 
tions]. 

(15) Theoretical calculations suggest 8 to be more stable than 9 by -0.5 
kcal/mol: N. Boder, M. J. S. Dewar, and A. J. Harget, J. Am. Chem. Soc., 
92 2929 (1970). 

(16) C. R. Ganellin in "Molecular and Quantum Pharmacology", E. Bergmann 
and B. Pullman, Eds , D. Reidel Publishing Co., Dordrecht, Holland, 1974, 

(17) According to the data of ref 7, exchange of 4a in D20 (100 OC) occurs at 
both H-5 and H-2 in the ratio 3 5 .  We were unable to achieve detectable 
solubility of 4a in D20, even at 100 OC; in DpO-Me2SO-ds (4:1), 10% loss 
of the H-2 signal was observed in 13.5 hat  100 OC, but there was node- 

pp 43-53. 

tebtable loss of the K 5  signal. According to the same report, total exchange 
of H-2 and H-5 occurs in 0.8 N NaOD (100 OC) in 12 h; our results agree 
with respect to H-5, but we found no measurable exchange of H-2 under 
the same conditions. 

(18) Although the data for 2-fluorohistidine are gratifyingly consistent with in- 
tramolecular participation by the a-amino group, the evidence is not yet 
unequivocal; accordingly, exchange studies with a-Nacyl-2-fluorohistidines 
are in progress. 

(19) In tautomer 10, C-4 should be somewhat lower in electron density than in 
the true imidazole structure; accordingly, 10 may be stabilized by hyper- 
conjugation or electron release from the group attached to C-4. An in- 
vestigation of this possibility is in progress. 

(20) C. B. Klee, K. L. Kirk, and L. A. Cohen, unpublished experiments. 
(21) M. Eigen, Angew. Chem., lnt. Ed. Engl., 3, l (1964) .  
(22) J. Stuehr, E. Yeager, T. Sachs, and F. Hovorka, J. Chem. Phys., 38, 587 

(1963). 
(23) J. A. Elvldge, R. R. Jones, C. OBrien, E. A. Evans, and H. C. Sheppard. Adv. 

Heterocycl. Chem., 16, 1 (1974). 
(24) (a) D. A. Shirley and P. W. Alley, J. Am. Chem. Soc., 79,4922 (1957); (b) 

K. L. Kirk, J. Org. Chem., in press (1978). 
(25) J. A. Zoltewicz, G. Grahe, and C. L. Smith, J. Am. Chem. SOC., 91, 5501 

(1 969). 
(26) P. Luger, G. Kothe, and H. Paulsen, Chem. Ber., 107,2626 (1974); I-Nan 

Hsu and B. M. Craven, Acta Crystallogr., Sect. 8, 30, 966 (1974); S. Mar- 
tinez-Carrera, ibid., 20, 763 (1966). 

(27) J. B. Stothers, "Carbon-I3 NMR Spectra", Academic Press, New York, 
N.Y., 1972, Chapters 9, 10. 

R. Hoffmann, J. Am. Chem. SOC., 91, 2590 (1969). 
(28) R. Hoffmann, Acc. Chem. Res., 4, 1 (1971); W. Adam, A. Grimison, and 

(29) All commercial and synthesized compounds were checked for purity and 

(30) W. E. Allsebrook, J. M. Gulland, and F. L. Story, J. Chem. SOC., 232 
identity by TLC, NMR, and mass spectroscopy. 

119421. 
(31) G. G.-.llo, C. R. Pasqualucci, P. Radaelli, and G. C. Lancini, J. Org. Chem., 

29. 862 (1964). 
(32) E. kegel'and K.-H. Buchel, Justus Liebigs Ann. Chem., 145 (1977). 
(33) K. L. Kirk and L. A. Cohen, J. Am. Chem. SOC., 95, 4619 (1973). 
(34) I. E. Balaban, J. Chem. SOC., 268 (1930). 
(35) J. J. Baldwin, P. A. Kasinger, F. C. Novello, J. M. Sprague, and D. E. Duggan, 

J. M. Chem., 18,895 (1975). We are indebted to Dr. Baldwin for supplying 
a generous sample of this compound. 

(36) A. G. Beaman, W. Tantz, T. Gabriel, and R. Duschinsky, J. Am. Chem. SOC., 
87, 389 (1965). 
G. Lancini and E. Lazzari, J. Heterocycl. Chem., 3, 152 (1966). 
Comparable temperature effects (up to 50 'C) have been reported: A. C. 
M. Paiva, L. Juliano, and P. Buschcov, J. Am. Chem. Sm., 98, 7645 (1976); 
S. P. Datta and A. K. Grzybowski, J. Chem. SOC. 8, 136 (1966). 
A. K. Covington, R. A. Robinson, and R. G. Bates, J. Phys. Chem., 70,3620 
(1966). 

Spiro Meisenheimer Complexes from 
7- (2-Hydroxyethoxy)-4-nitrobenzofurazan and 

7-(2-Hydroxyethoxy)-4-nitrobenzofuroxan. A Kinetic Study in 
Aqueous Solution 

Guy Ah-Kow,la Francois Terrier,*laSb and Florence Lessardla 

Laboratoire de Physicochimie des Solutions, E.N.S.C.P., 75231 Paris, C&dex 05, France, and 
Departement de Chimie, Facult& des Sciences de Rouen, 76130 Mont Suint Aignan, France 

Received February 21, 1978 

Cyclization o f  7-(2-hydroxyethoxy)-4-nitrobenzofurazan (3) and 7-(2-hydroxyethoxy)-4-nitrobenzofurazan (6) 
occurs in aqueous solut ion containing base t o  give the  spiro Meisenheimer-type complexes 5 and 8, which have a 
h igh  thermodynamic stabi l i ty. A similar reaction occurs in MezSO where the structures o f  5 and 8 could be fully 
characterized by lH NMR spectroscopy. T h e  kinetics o f  format ion and decomposition of  5 and 8 have been studied 
by the stopped-flow method between pH 1 and 12 in aqueous solution. I t  is found t h a t  5 is on ly  2.5-fold more sta- 
b le  than 8 (pKa5 = 6.86; pK,* = 7.26), but it forms and decomposes m u c h  faster than i t s  furoxanic analogue. These 
differences in rates are a t t r ibu ted  t o  the  N-ox ide  group, which probably exerts a very unfavorable influence o n  the 
C - 0  bond- forming and bond-breaking processes associated w i t h  formation and decomposition o f  the furoxanic ad- 
duct  8. T h e  r i n g  opening of 5 and 8 is subject t o  general acid catalysis in aqueous solut ion w i t h  a Br6nsted coeffi- 
cient (Y o f  0.44. T h e  results are discussed by comparison w i t h  those obtained for  benzenic analogues. 

The p r o p o ~ a l ~ - ~  that  the antileukemic activity of some 
benzofurazan and benzofuroxan derivatives may be due to  
their ability to easily form Meisenheimer-type complexes with 
essential cellular SH and/or amino groups has increased in- 
terest in the adducts obtained from covalent addition of 

nucleophiles to  these compounds. There is now convincing 
structural evidence, mainly from NMR studies, that  such 
adducts are formed in the reaction of a variety of mono- and 
dinitrobenzofurazans and -benzofuroxans with hydroxide and 
methoxide i~ns.~-lO The thermodynamic and kinetic data for 
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