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Carbon-I 3 Nuclear Magnetic Resonance Spectra of Some Substituted 
Pyrroles 

By Raymond J. Abraham," Roy D. Lapper, Kevin M. Smith, and John F. Unsworth, The Robert Robinson 
Laboratories, University of Liverpool, P.O. Box 147, Liverpool L69 3BX 

The 13C n.m.r. spectra of 55 pyrroles have been recorded and assigned. The pyrrole ring carbon chemical shifts 
can be predicted, to ca. 0.5 p.p.m., on the basis of additive substituent effects together with contributions due to 
adjacent substituents (steric compression shifts) and in the case of carbonyl functions in the a-positions, an addi- 
tional ' conjugation effect '. The substituent chemical shift parameters obtained are analogous to those for sub- 
stituted thiophens, and are compared with those obtained from ethylenes and benzene derivatives. The C(2) 
substituents affect mainly C(3) and C(5)  (apart from the directly bonded carbon) and the C(3) substituents mainly 
C(2), and these directive effects may be rationalised by accepted resonance considerations. The steric compression 
effects parallel those found for other aromatic and olefinic systems ; a buttressing effect of the next-but-one sub- 
stituent was also identified. Novel conjugation effects were manifest for two a-carbonyl substituents at all the 
ring carbons. 

SUBSTITUTED pyrroles form the synthetic and bio- 
synthetic precursors of many molecules of biological 
importance, such as prodigiosin, the porphyrins, chloro- 
phylls, vitainin B,,, and the bile pigments. In  com- 
paratively recent times, 13C n.m.r. spectroscopy has been 
applied to studies of these biologically significant 

as well as to investigations of the bio- 
synthetic pathways to the production of some of them.5-10 
Specific assignment of 1% resonances to particular 
carbon atoms in these conipounds is often complex and 
time consuming, and especially in the case of pyrrole 
ring carbons, often impossible. We have therefore 
studied the 13C n.m.r. spectra of simple substituted 
pyrroles as an aid to the study of the more complex 
macromolecules, in the hope of easing the problems of 
specifically assigning pyrrole ring l3C resonances. 

Few literature data are available on the effect of 
substituents on pyrrole ring 13C resonances. Grant 
et aZ.ll9 l2 have studied five-membered heterocyclic 
compounds and their charged species, as well as the 
effect of methyl substitution on the 13C resonances of 

D. Doddrell and A. Allerhand, Pvoc. Nut. Acud. Sci. U . S . A . ,  
1971, 68, 1083. 

D. Doddrell and W. S. Caughey, J .  Amer. Chem. SOC., 1972, 
94, 2610. 

J. J .  Katz, T. R. Janson, A. G. Kostka, R. A. Uphaus, and 
G. L. Closs, J .  Amer. Chew. SOC., 1972, 94, 2883. 

I<. J. Abraham, G. E. Hawkes, and I<. M. Smith, J.C.S.  
Chem. Conznz., 1973, 401. 

H. H. Wassennan, R. J .  Sykes, 1'. Peverada, C .  K. Shaw, 
R. J. Cushley, and S. R. Lipsky, J .  Amer. Chem. Soc., 1973, 95, 
6874. 

A. R. Battersby, E. Hunt, and E. McDonald, J.C.S.  Chem. 
Comm., 1973, 442; A. K. Battersby, J .  Moron, E. McDonald, and 
J. Feeney, ibid., 1972, 920. ' G. W. Kenner, K. M. Smith, and J.  €7. Ushworth, J.C.S. 
Chem. Conzm., 1973, 43. 

t Specific enquiries should be addressed to I<. M. S. 

such rings. Takahashi et aZ.13 have studied the effect 
of monosubstitution on thiophen, although it is probable 
that the effects produced may not be exactly the same 
for sulphur as nitrogen analogues. 

EXPERIMENTAL 

The preparations of the pyrroles (1)-(55) can be found 
in previous publications from this department.? N -  
Methylated compounds were prepared using the thallium 
salt method. l4 

Individual compounds were dissolved in deuteriochloro- 
form (CDC1,) as 1.0112 solutions whenever solubility allowed, 
or else as saturated solutions ; 5% tetramethylsilane was 
added as an internal reference. The proton noise de- 
coupled 13C spectra were obtained using a Varian XL-100-15 
FT spectrometer, with 8 K computer memory, and using 
12 mm sample tubes. Spectra were routinely recorded on 
5120 Hz sweep widths a t  25.197 MHz using the fast Fourier 
transform technique. The accuracy of the 13C chemical 
shifts with 2048 plot data points was k 2 . 5  Hz, i . e .  0.1 
p.p.m. Proton off-resonance decoupled spectra, and 
smaller sweep widths were also used for assignment of 
resonances. 

The INDO MO calculations were performed using 
8 C. E. Brown, J. J. Katz, and D. Shemin, Proc. Nut. Acad. 

Sci. U.S .A . ,  1972, 69, 2586. 
9 A. R. Battersby, M. Ihara, E. McDonald, J .  R. Stephenson, 

and B. T. Golding, J.C.S. Chem. Comm., 1973, 404. 
10 A. I .  Scott, C. A. Townsend, K. Okada, M. Kajiwara, and 

R. J. Cushley, J .  Amer. Chem. SOL, 1972, 94, 8269; A. I. Scott, 
C .  A. Townsend, K. Okada, M. Kajiwara, P. J. Whitman, and 
R. J .  Cushley, ibid., 1972, 94, 8267; A. I.  Scott, C. A. Townsend, 
and R. J. Cushley, ibid., 1973, 95, 4232. 

l1 I<. J. Pugmire and D. hl. Grant, J .  Amer. Chem. SOC., 1968, 
90, 4232. 

12 T. F. Page, T. Alger, and D. 31. Grant, J .  Amer. Chem. SOC. ,  
1965, 87, 6333. 

13 I<. Takahashi, T. Sone, and I<. Fujieda, J .  Phys. Chenz., 
1970, 74, 2765. 

C. I;. Candy and R. A. Jones, J .  Org. Chem., 1971, 36, 3993. 
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the CNINDO program 15 and standardised pyrrole ring 
geometry. 

RESULTS 

A. Pyrrole Ring Carbons.-The pyrrole ring 13C reson- 
ances were observed in the range 105-145 p.p.m. down- 
field from tetramethylsilane (Table 2), cf. pyrrole, a-carbons 
117-3 and p-carbons 107-6 p.p.m.12 

The assignment of pyrrole ring carbons directly bonded 
to a hydrogen atom was straightforward but the quaternary 

16 J. A. Pople and D. V. Beveridge, ‘ Approximate Molecular 
Orbital Theory,’ M c v - H i l l ,  New York, 1970. 

l6 J. B. Stothers, Carbon-13 NMR Spectroscopy,’ Academic 
Press, New York, 1972, and  references therein. 
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ring carbon resonances presented a more difficult problem. 
This was carried out in the first instance by using sub- 
stituent chemical shift (SCS) effects for thiophen deriv- 
a t i v e ~ , ~ ~  assuming additivity.l6~17 Comparison of the 
observed shifts in groups of molecules then allowed refine- 
ment of the SCS parameters for the pyrrole series. 

Additivity of SCS effects alone did not give good agree- 
ment between calculated and observed shifts, discrepancies 
of up to f5 p.p.m. being observed. In compounds where 
there were adjacent methyl groups on the pyrrole ring, the 
chemical shifts of the methyl carbons (see section B) were 

1’ G. C. Levy and  G. Id. Nelson, ‘ Carbon-13 Nuclear Magnetic 
Resonance for Organic Chemists,’ Wiley, New York, 1972, and  
references therein. 
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ca. 2 p.p.ni. to high field in correspondence with steric 
compression shifts.1e-20 This work 18-20 showed that such 
sterically induced shifts are transmitted into aromatic 
rings, producing high field shifts of the point-of-attachment 
carbons. The observation of similar effects in the pyrrole 
derivatives is apparent on comparing the 13C n.m.r. chemical 
shifts for the compounds studied, not only for methyl- 
methyl interactions, but also for methyl-niethylene and 
methylene-methylene interactions. 

Despite allowance for steric compression shifts, com- 
pounds possessing carbonyl groups attached to both wring 
positions did not give good agreement between calculated 
and observed shifts. Further effects due to  interaction of 
carbonyl functions, and carbonyl functions with adjacent 
methyl and methylene groups were therefore considered. 
The nature of such effects is discussed later, and the actual 
effects finally utilised are listed in Tables 2 and 3. 

TABLE 2 
Substituent chemical shift effects on pyrroie ring carbons 

Substituent C(2) C(3) C(4) 
?-Me 10.8 -1.2 1.1 
2-CHO 14.9 13.2 3-7 
2-AC 14.5 9.9 2-6 
2-C02CH,R (R = Me or Ph) 4.7 7-3 3.2 
3-Me -2.4 12.7 1.1 
3-Et -3.7 18.3 -0.8 
3-CHO 10.8 11.6 -1.5 
3-AC 8.7 13.3 -0.7 
3-CO2Et 8.2 2.6 -0.6 
3-CH2C0,R (R = Me or Et) - 1.9 8.0 0.9 
3-CH2CH,C0,R (R = Me or Et) -2.8 14.0 0.0 

0 In p.p.m., positive denoting a downfield shift. 

C(5) 
- 2.1 
10.9 
8.1 
5.9 

- 0.9 
- 0.6 

3-0 
1-6 - 0.1 

- 0.7 
- 0.6 

There remained some ambiguities, especially where 
chemical shifts were within 2 p.p.m. of each other. In  the 
main, these ambiguities were ones of assigning two reson- 
ances, one to an a- and one t o  a p-carbon. To this end, 
some N-substituted pyrroles were studied. N-Methylation 
of pyrrole shifts the cc-carbon resonances downfield by 

TABLE 3 
Xdditivc chemical shift effects a on pyrrole ring carbons 

due to interacting substituents 
Interacting groups 

%Me, 3-Me b 
%Me, 3-CH2 b 
3-Me, 4-Me b 
3-Me, 4-CH2 b 
3-CH2, 4-CH2 
2-CO2, 5-CO 
2-CO2, 4-CO C 

C(2) C(3) 
-0.7 -3.8 
-0.2 -2-8 
-0.1 -2.8 
-0.7 -2.0 
-0.1 -1.4 
-5.1 -2.7 
- 1.1 2.0 

(74 )  
-0.1 
- 0.1 
-2.8 
-2.1 
- 1.4 
- 5.2 
- 0.6 

a I n  p.p.in., positive denoting a downfield shift. Steric 

3-8 p.p.m., and the @-carbon resonances by 0-2 p.p.m. In 
the tetrasubstituted pyrroles, the effects of N-methylation 
were observed to  be 1-3 p.p.m. downfield shifts (a- 
carbons), and between 1 downfield and 0.5 p.p.ni. upfield 
(@-carbons). The effects observed in any molecule were 
not symmetrical ; however, the shifts thus produced were 
such as to clarify easily the ambiguities arising from the 
13C assignments. N-Methylpyrrole-2-carbaldeliyde (54) had 

compression effects. Group interaction effects. 

* For the purposes of this discussion, those resonance contri- 
butors with a formal positive charge on nitrogen need not be 
considered. 

W. R. Woolfenden, Ph.D. Thesis, University of Utah, 1965. 
W. R. Woolfenden and D. 31. Grant, J .  Amev. Chenz. SOC., 

1966, 88, 1496. 

anomalous shifts relative to pyrrole-2-carbaldehyde (2), 
which may reflect the interaction between the N-methyl 
group and the formyl group, a process which has been 
studied previously by lH n.m.r. spectroscopy.21* 22 

Consideration of all SCS and interaction chemical shift 
effects and additivity principles led to the assignment of 
pyrrole ring carbons given in Table 1. The observed 
chemical shifts relative to those of pyrrole were then 
subjected to a computer analysis in order to solve for the 
best fit chemical shift effects. The root mean square error 
on the analysis was 0.5 p.p.m., compared with an initial 
error on the observed shifts (relative to pyrrole) of k0.2 
p.p.m. 

B. Substituent Carbons.-Assignment of the substituent 
carbons followed similar considerations. Methyl groups a t  
the extremities of chain substituents were readily assigned 
by their relatively invariant chemical shifts (<0-4 p.p.m. 
range). In molecules where methyl groups at C ( 5 )  were 
not subject to steric effects of a neighbouring group, the 
chemical shift of the methyl carbon remained constant a t  
6 12.9. No similar ' free ' P-methyl was present in the 
compounds studied. The rest of the substituent carbons 
were then assigned largely by consideration of the steric 
shift of neighbouring groups (see later) and these assign- 
ments are given in Table 1; there still remained some 
ambiguities, and these are indicated in this Table. 

The results are given in Tables 2 and 3. 

DISCUSSION 

A. Pjwole Ring Carbom.-The SCS parameters 
(Table 2) are comparable with those of monosubstituted 
thiophens,13 except for those of the point-of-attachment 
carbons which are noticeably smaller. For C(2) sub- 
stituents, C(4) is least affected, and for C(3) substituents, 
both C(4) and C(5) are not very sensitive. This is in 
accord with resonance effects and charge delocalisation 
expected between the substituent and the ring (cf. 
Scheme * and Table 4). The carbons least affected 
upon substitution will be C(4) [for C(2) substitution] and 
C(4) and C(5) [for C(3) substitution]. Furthermore, on 
this basis, less positive charge will be delocalised onto the 

0- 
/ 

SCHEME 

ring in the case of C(3) substitution than for C(2) sub- 
stitution, and therefore the SCS effects will be smaller 
in magnitude. These qualitative considerations are 
supported by the INDO calculations (Table 4). 

Pyrrole SCS resemble those for ethylene rather than 
benzene (Table 5 ) ,  especially for the C(2)-C(3) system 
bearing electron-withdrawing groups. As an extension 

20 D. M. Grant and B. V. Cheney, J .  Amer. Chem. SOC., 1967, 
89, 5315. 

21  B. Roques, C. Jaureguiberry, M. C. FourniC-Zaluski, and S. 
Combrisson, Tetrahedron Letters, 1971, 2693. 

22 C. Jaureguiberry, M. C. Fournik-Zaluski, B. Roques, and S. 
Combrisson, Ovg. Afagizetic Resonance, 1973, 5, 165. 
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of the ethylene data, the conjugated system, butadiene,23 
may be considered. C(4)-Methylation 24 yields the 
methyl SCS shift parameters C( l )  (-2.7), C(2) (+0*3), 
C(3) (--4~3)~ and C(4) (+l2-4 p.p.m.), which although 
slightly larger, closely resemble the C(2) methyl sub- 
stitution parameters for pyrrole, although the effects of 
methyl substitution are similar for all compounds 
considered. 

The steric compression shifts 25 due to interaction of 
neighbouring methyl and methylene functions are all 

Compound N 
1.624 
1.591 
1.633 
1.611 
1 *608 
1.623 3-Methylpyrrole 

3-Formylpyrrole c 1.602 
3-Acetylpyrrole c 1.605 

(1) 
(55) 

(2) tl 
(3) 

2-M ethylpyrrole 

A further effect which must not be neglected is the 
mutual interaction of substituent groups (Table 3). 
The data demonstrate the considerable interaction 
shift occurring particularly with C(2) and C(5) carbonyl 
groups. This may be a saturation effect, and in agree- 
ment with this, the interacting effect is opposite to that 
of the SCS for these groups. 

The much greater effect for C ( 2 )  and C(5) substituents, 
compared with those for C(2) and C(4) also suggests a 
resonance effect, but whether this is a result of changes 

TABLE 4 
n-Charge densities in pyrroles a 

C(2) 
1.096 
1.102 
1-076 
1.119 
1.117 
1.112 
1.043 
1.045 

C(3) 
1.093 
1.090 
1.109 
1.044 
1.054 
1.076 
1.112 
1-112 

a By the INDO approximation. 

upfield (Table 3) on the ring point-of-attachment, as 
observed for o-xylene 1 9 y 2 0  and for substituted olefins.% 
The magnitudes are -0.7 and -3.8 [C(2)-C(3)] and 

TABLE 5 
Substituent chemical shift effects a for benzene and 

ethylene derivatives 

Benzene derivatives 
Substituent C(x) o m P 

Me 9.4 0.7 -0.1 -3.0 
E t  15.8 -0.5 -0.1 -2.8 
CHO 8.1 1.3 0.6 6.9 
AC 8.7 0.1 -0.1 4.7 
C0,Et 2.3 1.2 -0.1 4.3 
CH2CH2CO2Et 12.2 0.1 -0.1 -2.2 

Ethylene 
derivatives 
W) C(21 
10.3 -7.8 
17.4 -10.0 
13.6 13.2 
15.7 6.6 
7.0 7.7 

a In  p.p.m. relative to parent compound, positive values 
b Compounds run as IM solutions in 

-2-8 p.p.m. [symmetrical C(3)-C(4)] for methyl-methyl 
interactions, and - 1.3 p.p.m. for C(3)-C(4) methylene- 
met hylene interactions. The met h yl-met h ylene inter- 
actions are intermediate in magnitude, as might reason- 
ably be expected. The transmission to other carbons 
of the pyrrole ring, however, is small, as observed in the 
case of aromatic systems.18-20 Although the steric 
compression shifts manifest on the methyl carbons due 
to a 2-methyl-3-methyl interaction are approximately 
the same, those on the point-of-attachment carbons 
C(2) and C(3) are not equal; the effect on C(2) is much 
smaller than on C(3) (the same inequity is observed for 
the 2-me t hyl-3-me t h ylene interaction) . 

1963,85, 1300. 

Resoname, 1973, 5, 147. 

Resonance, 1973, 5, 277. 

denoting downfield shifts. 
CDCI,. c Cf. ref. 16, pp. 70 and 184. 

23 R. A. Friedel and H. L. Retcofsky, J .  Amer .  Chem. Soc., 

24 J .  W. de Haan and L. J .  M. van de Ven, Org. Magnetic 

25 E. Lippmaa, T. Pehk, and J.  Paasivirta, Ovg. Magnetic 

2e R. D. Lapper, unpublished results. 
27 E. Lippmaa, T. Pehk, J .  Paasivirta, N. Belikova, and A. 

,* E. Lippmaa, T. Pehk, K. Andersson, and C. Rappe, Org. 
Plat&, Org. Magnetic Resonance, 1970, 2, 681. 

Magnetic Resonance, 1970, 2, 109. 

(74) 
1.093 
1.090 
1.089 
1.096 
1.097 
1.104 
1.083 
1-086 

C(5) C=O 
1.095 
1.102 
1-096 
1.057 C (0.822), 0 (1.252) 
1.060 C (0*825), 0 (1.269) 
1.086 
1.089 C (0.813), 0 (1.257) 
1.089 C (0*818), 0 (1.275) 

b 0 C ~ S  to N. 0 0 cis to a-C. 

in electron densities or ring geometry is uncertain. 
Similar effects have also been observed 26 for compounds 
such as terephthaldehyde, where the point-o f-at t ach- 
ment carbons resonate a t  ca. 2.4 p.p.m. to higher field 
than expected from additivity effects. 

The inclusion of similar interactions between alkyl 
and COR groups did not, however, significantly improve 
the fit of the data. Other interactions between neigh- 
bouring carbonyl and methyl or methylene groups have 
also been omitted from the final analysis. 

B. Substituent Carbons.-The effect of gauche 1,4- 
interactions upon 13C chemical shifts has been observed 
in a wide range of molecules.18-20, 24p 25, 27-34 Comparison 
of the chemical shift of a-methyl carbons with methyl or 
methylene adjacent functions with that of an un- 
hindered methyl group (12-9 p.p.m.) gives a high field 
steric shift of ca. -1-7 p.p.m. which is akin to that 
found 18-20 for aromatic compounds, but smaller than in 
olefins,% where the distance between the interacting 
groups is smaller. ,&Methyl carbons also exhibit a 
similar upfield steric shift, with slightly more than 
double the effect for a P-methyl with two adjacent 
methyl or methylene groups. 

Similar effects occur with neighbouring COMe and 
CHO functions. The size of these latter interactions is 
highly dependent upon the nature of the other sub- 
stituent adjacent to them. For example, the chemical 
shift of a 5-methyl with a 4-COMe and a 3-CH3 or -CH, 

2S A. J .  Jones, E. L. Eliel, D. M. Grant, M. C. Knoeber. and 

3O E. L. Eliel and M. C. Knoeber, J .  Amer.  Chem. SOG., 1968,90, 

31 D. M. Grant and E. G. Paul, J. Anzev. Chem. Soc., 1964, 86, 

s2 D. K. Dalling and D. M. Grant, J .  .4mer. Chem. SOC., 1967, 

33 D. K. Dalling and D. M. Grant, J .  Awzev. Chem. SOC., 1972, 

34 J .  B. Grutzner, M. Jautelat. J .  B. Dence, R. A. Smith, and 

W. F. Bailey, J .  Amer .  Chenz. Soc., 1971, 93, 4772. 

3444. 

2984. 

89, 6612. 

94, 5318. 

J. D. Roberts, J .  Amer .  Chem. SOC., 1970, 92, 7107. 
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group is 14.9 p.p.m. [Table 1;  compound (30)], but with 
a 3-hydrogen, the value is only 13.8 p.p.m. [Table 1; 
compound (28)l. Such effects are probably due to  
changes in the preferred orientation of the COR function, 
depending on the adjacent substituents. 

Steric shifts are also manifest on the methylene 
carbons, where the effects are of the same order of 
magnitude, and in the same direction as for those 
acting upon methyl groups. 

There are also longer range effects presumably related 
to the electron-withdrawing nature of COR functions. 
For example, in compound (35) the chemical shift of the 
3-methyl carbon is 9.8 p.p.m., whereas that of the same 
carbon in compound (18) is 10.7 p.p.m.; the only 

1009 

difference between the two compounds is the replace- 
ment of a Sformy1 function by a methyl group. 

Co.tzcZztsio.ns.-The 13C n.m.r. spectra of substituted 
pyrroles show that the pyrrole ring 13C chemical shifts 
follow additivity, depending upon the nature of the 
substituents and interactions between them. These latter 
effects are important because neglect of them can lead to 
erroneous assignment of resonances in the 13C spectra. 
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available all the pyrroles studied, and the S.R.C. for a 
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(J. F. U.). 
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