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Rate constants &&+ for the H + -catalysed protiodetritiation of a number of N-phenyl  substituted 
2,5-dimethyl-3,4-[3H,]pyrroles have been measured in aqueous solution. For the series of N -  (para- 
X-phenyl substituted) derivatives studied (I  a-h), the rate constants are found t o  obey a satisfactory 
linear Hammett relationship with a negative reaction constant p of -0.90. The l o w  p value is 
attributed to reduced transmission of  the electronic influence of  the X substituent caused by steric 
hindrance to  conjugation between the phenyl and pyrrole rings. While decreasing the thermodynamic 
basicity at p-C of  the pyrrole ring, ortho-dimethylation of the phenyl ring increases appreciably the 
rate of exchange, consistent with the idea that the resulting tetramethyl-substituted pyrrolium cation 
but not  the transition state of reaction, is subject to inhibition of solvation of positive charge which 
develops on the nitrogen atom. Methoxy substitution of the phenyl ring gives results which reflect 
a balance between the opposite resonance and inductive effects of the OCH, group, as wel l  as steric 
effects around the methoxy-bearing positions. 

Pyrrole and indole derivatives are part of a relatively small 
group of aza-aromatic compounds which undergo exclusive 
protonation at carbon.',2 In recent years, much effort has been 
devoted to obtain mechanistic information on this process, 
commonly regarded as a model for the addition step of SEAr 
electrophilic aromatic sub~titution.~ However, the formation of 
most pyrrolium and indolium cations occurs only in strongly 
acidic where the rates for the equilibrium formation 
of these o-adducts have generally proven to be inaccessible by 
conventional kinetic techniques. Only in the case of 3-ethyl-2,4- 
dimethylpyrrole (kryptopyrrole), 1,2,5-trimethylpyrrole and 
3,4-dimethylpyrrole, which are among the most basic pyrroles 
known, could a direct kinetic study of the C-protonation 
process be made by using stopped-flow spectrophotometry.'. ' 
Accordingly, data on the protonation of pyrroles and indoles are 
most often obtainable only through tritium or deuterium 
isotope exchange in acid media.7,8,' ' , 1 2  The situation is 
reminiscent of that which prevails for C-protonation of benz- 
enoid compounds.13-' Here, direct kinetic studies have so far 
been restricted to the pioneering NMR investigation by Kresge 
of the protonation of 1,3,5-trimethyoxybenzene l6 and the 
recent stopped-flow work by Knoche on the protonation of 
various 1,3,5-tri~(N,N-dialkylarnino)benzenes.~~ A direct kin- 
etic study of the C-protonation of guaiazulene (1,4-dimethyl-7- 
isopropylazuIene) was also successful. 

Considering tritium or deuterium isotopic exchanges, these 
processes occur as described in eqn. (I) ,  with the second-order 
rate constan-, being derived on the assumption that the 
intermediate o-complex is a low concentration, 'steady-state', 
intermediate, eqn. (2). 

'A 9CL-Ar-H-J' + A-  
k!!, ,.I 

ArL + H A t  

,?-'ArH + LA (1) 

r H A  
K1 

kexch = 
1 + knl/k?l 

Interestingly, the k!"JkF1 ratios have been shown to be rather 
insensitive to the structure and basicity of the parent aromatic 
or heteroaromatic substrate, having average values of 18 and 

6.5 in detritiation and dedeuteriation experiments, respect- 
ively.'.' '*' 3 , 1  8,19 Using these values, the rate constants kH3O1 
for carbon protonation can be readily evaluated, allowing use- 
ful comparisons of the reactivity of the hydronium ion and other 
general acid catalysts with other electrophiles which can be 
involved in SEAr substitutions of aromatic and heteroaromatic 
substrates, e.g. benzenediazonium cations.'*' O 

Even though rate exchange data are available for unsubsti- 
tuted pyrrole and some simple alkyl  derivative^,^.^,' 2 ,20  C- 
protonation studies in the pyrrole series remain relatively scarce 
compared to those in the indole series. This is essentially 
because investigation of pyrroles is hampered by their high 
susceptibility to aerial oxidation as well as polymerization in 
acid solutions.' In this respect, an N-phenyl substituent can 
render the pyrrole ring less reactive, thus reducing the import- 
ance of the above side reactions. 

In connection with our studies of structure-reactivity 
relationships in electrophilic aromatic substitutions of pyr- 
r01es,~'-'~ it appeared to us that a study of the detritiation of a 
homogeneous series of N-phenyl substituted pyrroles was 
particularly desirable. Such substrates have recently proven to 
be interesting compounds, being prone to polymerization under 
some experimental conditions to give polypyrrole films whose 
electrical properties are related to the electronic character of the 
substituents in the phenyl ring of the  monomer^.^^,^^ The 
present work reports the results of a study of the detritiation of 
a series of N-phenyl substituted 2,Sdimethyl pyrroles la-n in 
dilute aqueous hydrochloric acid media. Some additional 
pyrroles (lo-r) bearing benzyl, pyridinyl and morpholino 
substituents on the pyrrole nitrogen have also been examined 
and the results are reported herein. 

Results and Discussion 
Table 1 summarizes the second-order rate constants, k>:', 
measured for the hydronium ion catalysed protiodetritiation of 
the various N-phenyl substituted 2,5-dimethylpyrroles studied. 
For the series of para-substituted N-phenyl derivatives la-1 h 
the rate constant kz:' increases regularly on going from the 
most electron-withdrawing (NO,) to the most electron-releas- 
ing (OCH3) group. The Hammett relationship obtained by 
plotting the log kz:' values verms the substituent constants 0; 
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Table 1 
25 "C 

Second-order rate constants e:,"h' for the protiodetritiation of N-phenyl substituted 2,5-dimethylpyrroles la-n in aqueous solution at 

Substituent(s) in E:% I Substituent(s) in E%+l 
the phenyl ring Pyrrole dm3 mol-' s-l the phenyl ring Pyrrole cm3 mol-' s-l 

4-NOZ la 0.53 4-OCH3 l h  4.48 
4-CN l b  0.72 2,4-Di-CH3 li 6.48 
4-CF3 lc 1.07 2,6-Di-CH3 li 6.60 
4-COCH3 Id 0.99 2,4,6-Tri-CH3 l k  7.89 

None (4-H) If 2.55 3,5-Di-OCH , l m  2.72 
4-CH3 1g 4.29 3,4,5-Tri-OCH In 2.54 

4-Br le 1.89 2,4-Di-OCH, 11 4.77 

H3C G C H ,  I 

1 
a X=NOp 
b X=CN 
c X=CF3 
d X=COCH3 

f X = H  
g X=CH3 
h X=OCH3 

e X=Br  

of the fact that the transmission of electronic influence of the X 
substituent to the p position via the C-N bond occurs largely 
through a It-inductive interaction, than a reflection of the 
remoteness of this substituent from p-C. Interestingly, a p 
value of similar order of magnitude ( p  = - 1.02) has been 
found for the rate-determining addition of 4,6-dinitrobenzofur- 
oxan (DNBF)-a very powerful neutral electrophile-to the p 
position of la-h, to give the C-adducts 3a-h in methanol, eqn. 
(3).23 

0 n 

is satisfactorily linear with a reaction constant, p = -0.90 
0.1.26 It is clear from the similarity of the measured k2xJcOh' 
values of the p-OMe and p-Me derivatives, that a correlation 
based on opf or even the classical Hammett op substituent 
constants can readily be eliminated. 

While the negative p is consistent with the expected develop- 
ment of a partial positive charge on the pyrrole nitrogen in the 
transition state of the  reaction^,^,^" as shown in 2, the absolute 
value of p is remarkably low. In this regard, it is of interest to 

Q 
x 
2 

recall that the two x-methyl groups have been shown to prevent 
the coplanarity of the phenyl and pyrrole rings in 2,5-dimethyl- 
1 -phenylpyrrole lf, thereby reducing the interannular conju- 
gation to a considerable extent in this d e r i ~ a t i v e . ~ ~ ' ~ '  It thus 
appears reasonable to assume that the low p value associated 
with protiodetritiation of the series la-h, is more the reflection 

NO* 

DNBF 

I 
X 

la-h 

I l 
cH3Dx tH3 N' 0 (3) 

Noz- Noz- 
3a-h 

The changes in the rates of protiodetritiation brought about 
by the introduction of various methyl groups in the phenyl ring 
of 2,5-dimethyl-1 -phenylpyrrole, lf,  are worthy of comment. As 
can be seen from Table 1, the introduction of more methyl 
groups, either in the ortho or para positions, has the effect of 
further increasing the rate of detritiation at p-C. This is clearly 
consistent with the additivity of inductive (+ I) effects exerted 
by these methyl groups. Contrasting with the changes in k 2 2 ' ,  
however, it has been reported that the introduction of two ortho 
methyl groups in lf, to give lj, has the effect of decreasing the 
thermodynamic basicity by 0.6 pK unit.27 Inasmuch as the 
observed 2.5 increase in k z - '  is necessarily the reflection of an 
increase in the protonation rate at p-C [kfi130t in eqn. (4)], the 
observed four-fold decrease in the K, value (pK, = -log 
kHfo/kfil3O') for the equilibrium (4) on going from I f  to lj, 
implies that the presence of the two ortho methyl groups in l k  
results in a significant increase (10-fold) in the rate constant 
k!fo for deprotonation of the resulting pyrrolium cation 4j by 
solvent. This conclusion agrees with the explanation previously 
suggested to account for the observed decrease in the thermo- 
dynamic basicity at p-C, i.e., the 2,Sdimethyl- 1 -(2,6-xylyl)pyr- 
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if R*= H 
l j  R* = R~ = C H ~  

4f 
43 

Table 2 Second-order rate constants I!?:;: for the protiodetritiation 
of various N-substituted 2,5-dimethylpyrroles in aqueous solution at 
25 "C 

fe,"h' I 
N-Substituent Pyrrole dm3 mol-' s-l 

Methyl lo 52 
Phenyl If 2.55 
Benzyl IP 13.8 
Pyridinyl Iq 4.9 x 10-3 
Morpholino l r  4.4 

ke)?:' observed on substituting the 1-methyl group of 1,2,5- 
trimethylpyrrole (lo) for a phenyl group (If), parallels the 2.5 
pKunit decrease in the C-basicity of the p position of the pyrrole 
ring brought about by this s u b ~ t i t u t i o n . ~ " , ~ ~  Replacing the 
phenyl group by a 4-pyridinyl ring causes a 520-fold decrease in 
the rate of detritiation which can be readily accounted for in 
terms of protonation at  the nitrogen atom of this heterocyclic 
moiety at the pH used for our tritium exchange experiments. 
The reactive pyrrole substrate must therefore be viewed as a 1- 
(4-pyridinium) substituted 2,5-dimethylpyrrole cation rather 
than a 2,5-dimethyl- 1 -(4-pyridinyl)pyrrole. Finally, the rate 
constant k:;:' for the N-benzyl substituted pyrrole l p  appears 
to be intermediate between those for the N-phenyl and N- 
methyl derivatives, as could reasonably be expected. 

In conclusion, the present results clearly show that the 
susceptibility of the pyrrole ring to electrophilic attack is 
influenced by substituents on the N-phenyl moiety. However, it 
is also a significant characteristic feature that the transmission 
of the electronic effect from the substituted phenyl ring is 
strongly attenuated as a result of steric hindrance to conjug- 
ation between the phenyl and pyrrole rings caused by the 2,5- 
dimethyl substituents of the pyrrole ring. 

rolium cation 4j but not the 2,5-dimethyl- 1-phenylpyrrolium 
cation 4f, is subject to inhibition of solvation of the positive 
charge located on the nitrogen atom.,' The increase in k?:' in 
the present work suggests, in turn, that the transition state of 
the reaction is much closer to the reactants than to the resulting 
cation. 

Methoxy substitution in the phenyl ring of If gives 
results which reflect the balance between the opposite resonance 
and inductive electronic effects of the OCH, group, as well as 
steric effects around the methoxy-bearing positions. As dis- 
cussed above, the rate of tritium exchange is markedly increased 
on going from the N-phenyl to the N-p-methoxyphenyl deriv- 
ative, in agreement with the expected contribution of the meso- 
meric ( + M) effect of the para-methoxy group to stabilization of 
the developing positive nitrogen centre in the transition state. 

Contrasting with this behaviour, the introduction of a second 
methoxy group in the ortho position of the phenyl ring, to form 
the N-(2,4-dimethoxyphenyl)-substituted compound 11, has 
essentially no effect on the rate of detritiation. This result 
suggests that full coplanarity of the ortho substituent with the 
phenyl ring cannot be reached in 11 due to the presence of the 
two a-methyl substituents in the pyrrole ring. The + M effect of 
the ortho-methoxy group would thus be reduced to such an 
extent that it will just balance the opposite inductive ( - I )  effect, 
accounting for the absence of change in kzz'. 

On the other hand, the rate of detritiation of N-(3,5-dimeth- 
oxyphenyl)-2,5-dimethylpyrrole, lm, (k:!:' = 2.72 dm3 mol-' 
s-'), is almost the same as that of the parent unsubstituted 2,5- 
dimethyl-N-phenylpyrrole If (k2:' = 2.51 dm3 mol-' s-l). 
This tends to indicate that the inductive effects of these two 
meta-methoxy groups are operating too far from the C-N bond 
to destabilize the transition state. 

Interestingly, the k?:' rate constant for the N-(3,4,5- 
trimethoxypheny1)-substituted pyrrole In equals that of the 
parent If (k:$+ = 2.54 dm3 mol-' s-'). A reasonable explan- 
ation of this result seems to be that the steric interactions 
between the three methoxy groups prevent conjugation of the 
para methoxy group with the phenyl ring. Again, the reduced 
+ M  effect would approximately balance the inductive -1  
effects of the three methoxy substitutents. 

The rate data reported for the various N-substituted 2,5- 
dimethylpyrroles listed in Table 2 reflect nicely the intrinsic 
electronic properties of the substituents. The 20-fold decrease in 

Experimental 
Materials.-l-(4-Acetylphenyl)-2,5-dimethylpyrrole (Id) and 

2,5-dimethyl-l-phenylpyrrole (If) were obtained from Lan- 
caster Synthesis and recrystallised twice from methanol before 
use. A sample of 1,2,5-trimethylpyrrole (lo) was obtained from 
Aldrich and distilled under nitrogen before use. All other sub- 
strates were prepared by means of a Paal-Knorr type condens- 
ation reaction of hexane-2,5-dione with the appropriate amine, 
as described by Bruekelman et ~ 1 . ~ ~  

Tritiation Procedure.-Typically substrate (20 mg) was 
placed in a thick-walled glass tube, together with tritiated water 
(1-3 mm3, 50 Ci ~ m - ~ ;  50-150 mCi) and ca. 1 mm3 1 mol dm-3 
aq. HC1. The tube was then evacuated, flame-sealed and im- 
mersed in an oil bath at 90 "C for 2-3 h. An exception was la, 
the nitro-derivative which was labelled at 150 "C. 

1,2,5-Trimethylpyrrole was labelled at room temperature by 
adding 3 mm3 of 50 Ci cm-, HTO to a solution of 0.1 g of the 
pyrrole in 0.5 cm3 of dioxane. 

The labelled pyrroles were extracted by partitioning the re- 
action mixtures between ca. 10 cm3 of diethyl ether and 5 cm3 of 
aq. sodium hydrogencarbonate. The ether layer was removed 
and the aqueous layer was extracted with further portions of 
ether. Combined ether extracts were washed with water (3 x 10 
cm3) and dried over anhydrous MgS04. The solvent was then 
removed by a stream of N,, to leave the labelled pyrrole. Specific 
activities were in the range 10-80 mCi mmol-'. 

3H N M R  Analysis.-'H NMR spectroscopy was used 
throughout this work to verify the position of the label and the 
radiochemical purity of the products. Solutions of the labelled 
pyrroles were prepared in C2H,]DMS0 to contain typically 
0.5-2 mCi, so that 3H NMR signals could be obtained in a few 
hours. The 'H spectra of the tritiated materials were indicative 
of negligible decomposition during the labelling process. The 
3H spectra showed labelling to have occurred exclusively at the 
pyrrole P-positions. The only exception was 1-(3',5'-dimethoxy- 
phenyl)-2,5-dimethylpyrrole, the 3H spectrum of which showed 
1--2% of the tritium to be in the 4 position of the phenyl ring. 

Kinetic Procedure.-Rates of detritiation were measured 
using the standard technique of quenching portions of the 
reaction mixture at timed intervals, extracting into a scintillant 
and assessing the radioactivity present in each extract by liquid 
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scintillation counting. All measurements were made at 25.0 f 
0.1 "C. Owing to the low solubility of 2,5-dimethyl-N-phenyl- 
pyrroles in water, stock solutions had to be prepared by adding 
a few milligrams of the labelled compound to ca. 1 dm3 of 
boiled-out, deionised water. Kinetic runs were then initiated by 
mixing portions of stock solution with portions of aqueous 
hydrochloric acid, both of which had been pre-equilibrated at 
25 "C. Typically, 10-12 samples were taken, intervals being 
chosen so that 90% or more of the reaction was monitored. 
Samples were partitioned between scintillator solution (3.4 g 
dm-3 2,5-diphenyloxazole in toluene) and aqueous sodium 
hydrogencarbonate solution. Toluene extracts were removed, 
dried and assayed for tritium using a Beckman LS 1800 
scintillation counter. 

Plots of In (radioactivity) uersus time were linear and rate 
constants were determined graphically. 

Runs were performed at several acid concentrations, and 
in duplicate at each concentration, for all the compounds 
examined. 
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