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Abstract - The B-substitution of N-alkylpyrroles which is "un- 
usualn but predicted by theoretical calculations, was supported 
by the lH-NMR and GC/MS analysis of the reaction products of 
1-methylpyrrole-2,5-dz (lalwith trimethylsilyl trifluoromethane- 
sulfonate (2)i.n triethylEine@. Thus, la gives with 2 in 3 pre- 
dominantly-the B-isomer 5b (two deuter&s) and small amokts 
of the a-isomer 4a (one zuterium). The formation of these pro- 
ducts of such a zuterium distribution evidently supports the 
results of theoretical calculations which indicate that the 
electron density is the major factor controlling the electro- 
philic substitution of N-alkylpyrroles with hard electrophiles. 
The thermodynamic stability of the a-substituted form I 
(Scheme l)s~c~s:~", to be the second factor governing this 
reaction, e:B iaomerization uas conclusively ruled 
out. 

Electrophilic substitution of the pyrrole ring remains a challenging problem, 

which still is not completely answered. Almost all experimental evidences of these 

reactions carried out in solution2 have shown that pyrrole and its N-alkyl de- 

rivatives are substituted at the a-carbon3. This has been explained by resonan- 

ce stabilization or delccalisation of the positive charge in the intermediate cat- 
4 

ion (Scheme 1) . On the other hand, theoretical calculations of several kinds 

such as: semiempirical, "ab initio" 5 or molecular electrostatic potentials6 

indicate greater electronic charge at the B-carbon than at the a-carbon. Very re- 

cent calculations carried out by Yanez and Catalan7 in which the linear cor- 

relations between gas-phase proton affinities and 1s "ab initio" orbital energy 

computations were compared (a procedure which gives the intrinsic basicities), 

have shown that the B-position in pyrrole from-the kinetic point of view is the 

preferred site of protonation. 

According to these calculations, the a-protonated form should be thermodynamical- 

ly more stable. The experimental evidence for the preferred formation of the a- 

isomers was explained by a subsequent C8 + Ca isomerixation. 
In the electrophilic substitution of 1 two canonical forms I and II can be con- 

sidered as potential sites of attack. 

According to the above mentioned calculaticne, the greater negative charge is lo- 

cated on the B-carbon, i.e. at the hard center , and with hard electrophiles‘at 

this center the attack should take place. The a-position on the other hand is the 

softer position. Additionallv. after substitution, the formed adduct is better 

stabilized by resonance, i.e. it is thermodynamically more stable (see scheme 1). 
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Scheme 1 

Scheme 2 

The assumption finds support in the gas-phase alkylation of pyrroles 1. The for- 

mation of the less abundant a-isomer was explained by subsequent isomerization of 

the 8-substituted rlntermedfate of type II to the thermodynamically more stable 
8 

a-analogue of type I (Scheme 1) - In the chemical literature, there are also 

some examples of a to $ isomerizations catalyred by acids9. In the course of 

our studies in the silylation of heteroaromatics with trimethylsilyl trifluoro- 

methanesulfonate (z), we have found that this reagent with t-methylpyrrole (1) in 

triethylamine (zf, gives predominantly f-methyl-3-trimethylsilylpyrrole (2) 

(83% SC), l-methyl-2-trimethylsilylpyrrole (i) (8% SC), and 1-methyl-2,4-bis-tri- 

metbylsilylpyrrole (6_) (8% SC) (IO). 

In order to shed new light on the mechanism of the electrophilic substitution of 

N-alkyl pyrroles, we carried out the same reaction with l-methylpyrrole-2,5-d2 b. 

By using the nondeuteriated methylpyrrole 1 , we were able to show that electro- 

philic substitution takes place predominantly on the 8-carbon in agreement with 

theoretical calculations. Nevertheless, the following question remained opent 

A.DoeS the electrophilic attack take place at the a-posit&on with the 8-substitu- 

ted Product 5 being formed as a result of intramolecular fsomerizatfon 

(Scheme 1). 

B.does the electrophi.lic attack take place directly on the B-carbon with the mi- 
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nor a-product 2 resulting from partial rearrangement 

C.or is there "independent" electrophilic substitution at both centers predominant- 

ly on the B-carbon via electron density control and to a lesser extent on the 

a-carbon via transition state control. 

J 

la 

Scheme 4 

If the 8-isomer 2 is formed according to path A, then the 'HNMR spectrum should 

have shown two different kinds of protons (two doublets) of equal intensity, si- 

milar to the a-isomer s . The total intensity of the two doublets should have 

been two thirds of the N-methyl singlet. In contrast, the B-isomers formed by 

path B and C 2 should have given rise to only one singlet of one third inten- 

sity as compared to the N-Me singlet. However, the a-isomers 4a 4b should have -'- 
differed significantly giving rise to a singlet for 4b and two doublets for fi. - 
The relative intensities of these protons should have been different as well. 

The 
1 
HNMR spectrum of the starting dideuteriopyrrole & shows almost complete 

exchange of the a-protons by deuteriums. The B-protons give rise to one singlet 

(6,6.13) with intensity approximately two thirds that of the N-Me singlet (6,3.63). 

The residual a-protons are seen as a very small triplet at 6.60 ppm. 

The 'HNMR spectrum of the main fraction (65-67O/12 mm Hg) consisting of 90% of the 

8-isomer 5 and 10% of the a-isomer 4 exhibits two sets of signals correspon- 

ding to isomers 5 and 2. 

Isomer 2 gives rise to one singlet (6,6.20) whose intensity is only one third of 

the N-Me singlet at 3.60 ppm, and one singlet at 0.19 ppm for the TM group. 

The ring protons of the a-isomer i give rise to two doublets at 6.35 and 6.13 ppm 

(J=3.8 Hz). Their summed integral corresponds approximately to two thirds of the 

3.69 ppm N-Me singlet. The TMS group resonant8 as a singlet at 0.28 ppm. Due to 

the decrease of the intensity of the largest peak at 6 = 6.20 (8-protons), the 

relative intensity of the undeuteriated species at 6.60 ppm doubles. These spec- 

tral changes rule out mechanism A , since when the intensity ratio of the ring 

protons in 2 (singlet at 6.20 ppm) is twice reduced, no new signal of comparable 

intensity in the aromatic region appears. Although path B (Scheme 4) leads to 

the same isomer 2 as path C, these tvo paths differ when isomers i are compared. 

The presence of two small doublets at 6.35 and 6.13 ppm in the 1~~ spectrum 

clearly indicates that only isomer g is present. This allows us to rule out me- 

chanism B, in which subsequent isomerization (proton transfer) takes place. 

Isomers 4 differ by one in their molecular masses. The CC/MS analysis gives mole- 
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cular mass 155 for the more abundant isomer 2 and 154 for the lesser abundant iw- 

mer A. Isomers 4a and E can only be present together if the reaction follows the - 
path C (Scheme 4). Such a product distribution undoubtedly indicates that electro- 

philic substitution of N-methylpyrrole takes place predominantly at the B-carbon 

and to a lesser extend at the a-carbon. Our experiments clearly prove that isomeri- 

zation oan be ruled out as a possible way of formation of either B- or a-isomers. 

This is further checked by stirring pure isomer 4 " or 

with TM-Tf 2, CF3S03?iNe(Et)3 

"enriched" isomer z12 

2 in 2 or methylene chloride, where no isomerization 

is observed (SC). 

The products formed with their deuterium distributions 4 and 2 indicate that 

electron density is the major factor governing this reaction, i.e. the reaction is 

kinetically controlled. In other words, since ntrimethylsilyl cation" is a very 

hard electrophile13' 14, the B-substitution results from the hard-hard inter- 

action. The formation of bhe a-isomer is governed by the transition state stabili- 

ty (I in Scheme 1). In order to prove this, we carried out a similar reaction of 

N-methylpyrrole &)where trimethylsilyliodide(8) was used in place of 2 and similar 

excess of 2 (90% CC) was obtained". 

The steric effects should not play significant role in the trimethylsilylation of 

l-methylpyrrole 0, since methyl group is too 

fect16. 

"small" to exert a S-directing ef- 

The benzyl group appears to be of greater sterical demand and exclusive formation 

of the $-isomer is observed, ,what is in agreement with the Anderson's 
17 studies . 

In summary, by the reaction of l-methylpyrrole-2,5-d2(la) with a hard electrophile 

such as trimethylsilyl trifluoromethanesulfonate (z),we showed for the first time 

that the electrophilic substitution of pyrrole is governed to great extend by 

electron density factors and takes place predominantly at the B-ring carbon as 

has been predicted by theoretical calculations. We also ruled out isomerization as 

a possible way of formation of the a-isomer , whose formation must be controlled 

by the stability of the transition state , which seems to play a significant role 

in the electrophilic substitution with softer electrophiles, where almost exclu- 

sively the a-isomers are formed. 
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EXPERIMENTAL 

CC-analysis were performed on Carlo-Erba Gas Chromatography SE 54 with dimathyl- 
silicone column, helium as carrier gas, FID and temp. programming from 50 to 25OY. 
NWR spectra were recorded on Bruker WP 80 (80 MHz) and CXP 300 (300 MIZ) in CDCla/ 
TMS. CC/MS was performed using the W. Blum and W.J. Richter modified Finigan CC/ 
MS system with Incas Data System 73 00 
2151 AC-Special Gas Chromatograph . 

directly coupled with Carlo Erba Fractovap 

nitrogen. 
All reactions were carried out under dry 

The glass ware were flame dried in nitrogen atmosphere. 

I. l-Eethylpyrrole-2,5-dz (2) 

127 ml 1.6 molar butyllithium in hexane was evaporated in vacuum at 4093, and ab- 
solute diethyl ether (100 ml) was slowly added at -8O'C. The methanol/liquid ni- 
trogen bath was removed and stirring was continued for another G.5 h. Then 16.5 g 
(0.203 mol ) of l-methylpyrrole was added via syringe and the reaction mixture 
heated to reflux for 5 h, cooled to -8O'C and deuterium oxide 2.0 g (0.4 mol 1 was 
carefully added. Stirring at this temperature was continued for 2 h, then at 0“C 
for 1 h and finally at room temperature overnight. 
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The etheral phase was decanted, the residue washed with ether (2x20 ml), dissolved 
in water (20 ml) and extracted with ether (2x30 ml). Combined etheral extracts were 
washed with brine (2x10 ml), dried, filtered, evaporated and distilled. B.p. 108- 
lllE/760 mm w,, 8.45 g, 50% yield. This procedure was repeated three times, yiel- 
ding 2 g of ~95% (NMR) l-methylpyrrole-2,5-d2 (la). - 

II. I-Methyl-+trimethylsilylpyrrole-2,5-d 2 (5b); 1-Methyl-2+rimethylsilylpyr- - 
role-5-dl (s) 

2 g (0.024 mol ) of la were dissolved in triethylamine(~)(l5 ml) and 5.34 g 
(0.024 mol , 4.35 mlTof 2 were added and stirring was continued overnight. The 
lower phase was separated, washed with absolute ethyl ether, mixed with solid so- 
dium hydroxide (0.5 h), filtered, concentrated and distilled. A fraction 65-67y/ 
12 mm Hg was collected. 2.6 g, 70% yield. As determined by GC, the ratio of 4 to 
2 was not affected by distillation. 'H-NMR spectra see text. 

111. Attempted isomerization of 2 and A. 

Equimolar amounts (0.01 mol ) of 2 and 5 (or 4) in triethylamine(2) (20 ml) or 
methylene chloride were stirred oi&nigEt and worked up as above. In another ex- 
periment triethylammonium trifluoromethanesulfonate Q instead of 2 was used. 

REFERENCES AND NOTES 

1) 
2) 

3) 

4) 

5) 

6) 

s'; 
9) 

10) 

11) 

12) 

13) 

Alexander-von-Humboldt-Research Associate (1984-1985). 
H.J. Anderson has observed formation of the B-isomer by nitration of N-methyl- 
pyrrole. Using a bulkier N-substituent (benzyl) he observed increased B-sub- 
stitution. The reaction was carried out under acidic conditions where the pos- 
sible a+8 protonic rearrangement cannot be conclusively excluded (see also 
ref. 9). 
H.J. Anderson, Canad. J. Chem. 1957, 35, 21-27. 
H.J. Anderson, S.J. Griffiths, m. 1967, 45, 2227-2234. 
The B-substitution has been achieved bvsina a-deactivating substituents like 
l-benzenesulfonyl- and 1-p-toluenesulfonyl. . 
R.X. Xu, H.J. Anderson, N.J. Gogan, Ch.E. Loader, R. McDonald, Tetrahedron 
Lett. 1981, 22, 4899-4900 and J; Rokach, P. Hammel, M. Kakushima,G.M. Smith, 
ibid I= 22, 4981-4904, and J. o?g, Ghem 1983,.48, 3214-3219, or by using 
a SteGllY bulkier N-substituent like l-trsprcpylsilyl: 
A.P. Kozikowski, X.M. Cheng, J. Org. Chem. 1984, 49, 3239-3240. 
J.M. Muchowski, R. Naef, Helv. Chim. Acta 1984 67 1168-1172 
J.M. Muchowski, W.R. Solas, Tetrahedron Ler&; 24, 3455-3456. 
J.A. Joule, G.F. Smith, Heterocyclic Chemistry, Van Nostrand Reinhold, London 
1972, p. 187. 
J. Kao, A.L. Hinder, L. Radon, Nov. J. Chem. 1979, 3, 473-481. 
F.R. Cordell, J.E. Boggs, J. Mol. Struct. 198m5, 163-178 and lit. cited 
therein. 
P. Politzer, H. Weinstein, Tetrahedron 1975, 31, 915-923. 
J. Catalan, M. Yanez, J. Am. Chem. Soc.1984, 106, 421-423. 
G. Angelini, G. Lilla, M. Speranza, J. Am. Chem. Sot. 1982, 104, 7091-7098. 
Gilow and Burton have shown that thermodynamically more stable 3-bromopyr- 
roles can be obtained by acid catalyzed isomerization of 2-bromopyrrole. 
H.M. Gilow, D.E. Burton, J. Org. Chem. 1981, 46, 2221-2225. 
Similar a- to 8-isomerizations of I-sul-lpyrroles were carried out: 
J. DeSales, R. Greenhouse, J.M. Muchowski, J. Org. Chem. 1982, 47, 3668- 
36728 0. Carmona, R. Greenhouse, R. Landeros, J.M. Muchow% J. Org. Chem. 
1980, 45, 5336-5339; c.f.M. Kakushima, R. Frenette, J. Org. Chem. 1984, 49, 
m-2027. 
D. Frick, G. Simchen, Synthesis 1984, 929-930. 
2: 6.82-6.65 (m,2H,C2,5H), 6.30 (t,J=2.2Hz,lH,CrH), 3.60 (s,3H,N-Me), 0.19 

(s,SH,Si-Me), b.p. 65-67OC/12 mm Hg. 
i: 6.85 (t,J=2Hz,lH,CsH), 6.45 (d of d,J=2 3=4Hz,lH, CrH), 6.20 (d of d,J=2 

and J=4Hz,lH,CaH), 3.70 (s,3H,N-Me), 0.28 (s,9H,Si-Me), b.p. 65-67V/ 
12 mm Hg. 

6: 6.85 (d,J=1.5Hz,lH,CsH), 6.47 (d,J=1.5Hz,lH,CsH), 3.75 (s,3H,N-Me), 0.27 
(s,SH,Cz-SiMe), 0.22 (s,SH,C4-SiMe), b.p. 107-lOS"C/12 mm Hg, m.p. 30- 
31°C (ethanol). 

D.J. Chadwick, Ch. Willbe, J. Chem. Sot,, Perkin I, 1977, 887-893; B.A. Ashby, 
J. Orcanomet. Chem. 1966, 5, 405-412. 
Eguimolar amount of STf 2 and the 65-67/12 mm Hg fraction (90% of 2) in 
TEA 3 after 16 h stirring grve the same fraction (95% of 5). 
Trimgthvlsilvl trifluoromethanesulfonate 2 in triethvlaminz 3 forms a complex 
which ii slightly soluble and disappears as the reaction proceeds. It can-be 
sublimed, but during distillation it decomposes to 2 and 3. Conductivity 
measurements indicate that in this complex at room temp. 'the ionic 2A form - 
remains in equilibrium with the pentacovalent form B, i.e. 



1304 M. w. MAIYcmrwc and G. SIMCHEN 

CFsSOsSi(CHr) s + EtrN =CFJSO,'/Etsff-Si(CHs)J * (Et)sN...ii...SO,CF, 
/\ 

2 1. ZA 2B 

D. Domsch, Dissertation, Universitlt Stuttgart 1980. 
H. Eimde, D. Domech, H. Feger, U. Frick, A. GOtz, H.H. Hergott, X. Hofmann, 
W. Rober, K. RrUgeloh, Th. Oesterle, 
Synthesis 1982, 1-16. 

W. StePpan, 19. West, G. Simchen, 

14) I.A. Blair, 
230-231. 

J.H. Bowie, V.C. Trenerry, J. Chem. Sot,, Chem. Commun. 1979, 

15) See experimental section, point II , where 0.024 mol of 1 and trimethyl- 
silyliodide(8) in place of la and 2 respectively were usea. 

16) Detailed etuaiea carried oz by Anderson et al. indicate that only tert-butyl- 
and triphenylmethyl group on nitrogen exert great B-directing effect in the 
electrophilic substitution of pyrroles. Unexpectedly, the B-directing effect 
of the l-isopropyl group appears to be very small. 
H.J. Anderson, Ch.L. Loader, Synthesis, 1985, 353-364 and ref. cited therein. 

17) See experimental section, point II, 
in place of la were used. 

wherx024 mol or 1-benzylpyrrole 11 - 

18) W. Blum and KJ. Richter, J. Chromatography 1977, 132, 249-359. 


