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A sub-spectral analysis of the high resolution proton magnetic resonance spectrum of 15N-pyrrole 
has been performed as an AA'BB'CX spin system. Absolute values of the proton-proton and nitro-
gen-proton couplings have been determined. It has also been concluded that all three nitrogen-
proton couplings are negative. The parameters found in the analysis of the PMR spectra of normal 
and deuterated pyrroles, have also been briefly reported. 

In recent years the P M R spectral parameters of 
pyrrole have been subject to constant study 1 - 5 . In 
all these investigations the unaccuracy of the proton-
proton couplings has remained comparatively large. 
On the one hand this is due to the overlapping of 
several lines in this deceptively simple spectrum, 
and, on the other hand, to the broadening of the 
lines caused by the quadrupolar relaxation of the 
1 4 N nucleus. 

The effect of the latter factor can be diminished 
by lowering the temperature of the sample, and it 
can be completely eliminated either by using hetero-
nuclear double resonance in producing the 1 H - { 1 4 N } 
spectrum, or by analysing the P M R spectrum of 
1 5N-pyrrole. 

When studying the solvent effects of the P M R 
spectrum of pyrrole, the author of this paper found 
that there were still unaccuracies in the values of the 
proton-proton couplings he obtained through differ-
ent methods 6 . In order to achieve more accurate 
values, the author decided to analyse the P M R spec-
trum of 1 5N-pyrrole. 

Contemporary to these measurements, KATEKAR 
and MORITZ 7 published their analyses on the P M R 
spectra of normal and deuterated pyrroles obtained 
using double and triple resonance technique with 
very high resolution. 

The present work contains the sub-spectrum ana-
lysis of 1 5N-pyrrole, which, beside giving the values 
of the proton-proton couplings, in addition gives the 
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values for the couplings between the 1 5 N nucleus 
and the protons. The parameters found in the ana-
lyses of the P M R spectra of normal and deuterated 
pyrroles, have also been briefly reported. 

1. Experimental 

The pyrrole used was a commercially available 
sample from Fluka AG, Zurich, Switzerland, purified 
by fractional distillation under low pressure. 

The 1 H - { 1 4 N } spectrum has been recorded from 
pure pyrrole at room temperature using a JNM-C-60H 
spectrometer with a JNM-SD-HB Heteronuclear Spin 
Decoupler from JEOL (Japan Electron Optics Labora-
tory Co., Ltd.). The observing frequency was 60 MHz 
and the irradiation frequency 4 .334 MHz. JEOL's 
JNM-4H-100 spectrometer equipped with JES-VT-3 
temperature controller has been used at sample tem-
peratures of + 40 J C and — 20 °C for recording the 
100 MHz spectra of pure pyrrole. These spectra have 
been recorded at both sweep directions using calibrated 
charts. The 1 3CH satellite spectra were obtained from 
pure pyrrole using a Varian A-60 spectrometer and a 
C-1024 time averaging computer at + 3 3 °C. The spec-
tral line positions are averages of nine recordings. 

The symmetrically deuterated d4-pyrrole was pre-
pared with the method described by BÄK et al. 8 . The 
P M R spectra of d4-pyrrole were measured at — 24 °C 
on a Varian A-60 spectrometer and calibrated with a 
usual sideband technique using a Krohn-Hite 4100 os-
cillator and an Advance TC 4 counter. 

15N-pyrrole (96 per cent enriched) has been obtain-
ed from Isocommerz GMBH, Leipzig, DDR. The sample 
was degassed by tube to tube distillation under vacuum 
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and sealed off in 5 mm o. d. sample tube. The P M R 
spectra have been measured at + 4 1 ° C on a Varian A-
60 spectrometer operating at 60 MHz. All spectra have 
been calibrated by sideband modulation using a Krohn-
Hite 4100 audio oscillator monitored constantly by an 
Advance TC 9 counter. The observed line positions are 
averages of three recordings at both sweep directions. 
The double irradiation experiments have been perform-
ed using frequency sweep on a Perkin Elmer RIO spec-
trometer equipped with a Spin Decoupling Accessory. 
The sample was a d5-pyridine solution of 15N-pyrrole 
in concentration of 0.1 mole fraction. 

Computer analyses were performed with an IBM 
360 /30 system. The ABCDEIT-program 9 , based on the 
iterative least-squares method proposed by Castellano 
and Bothner-By, is used for the spectrum analyses of 
15N-pyrrole. 

2. ^ - { " N } Spectrum 

In the analysed spectrum there could be found 
thirteen separate components, four of them belong-
ing to both CH quadruplets, and the other five to 
the N H quintuplet. Since the observed 13 compo-
nents are an insufficient basis for usual iterative 
spectral analysis, a more elementary method had to 
be used. Starting with roughly estimated values of 
chemical shifts and couplings, three values of the 
chemical shifts were at first varied in order to 
achieve a satisfactory agreement between the experi-
mental and the calculated A A ' B B ' C spectra. The 
comparison was performed by placing the calculat-
ed lines for both a- and /3-positioned protons into 
four groups, and the lines for the N H proton into 
five groups, corresponding to the components ob-
served. The intensity-weighted average frequencies 
which had been calculated for these groups, were 
compared with the frequencies of the components 
in the observed spectrum. To achieve the best pos-
sible agreement all the six couplings were varied, at 
the same time giving the chemical shifts their final 
settings. The sum of squares of the deviations was 
used as a measure of agreement. This analysis gave 
the values of parameters collected in Table 1. 

Jl2 = J15 = 2.6 ± 0 . 1 
^13 = ^14 = 2.5 ± 0 . 1 
J 2 5 = 2.0 ± 0.3 
SOUP = 0.17 ± 0.01 

J23 = J 4 5 = 2.9 ± 0.2 
^24 = ^ 3 5 = 1 . 2 ± 0 . 2 
J34 = 3.6 ± 0.3 

<5/JNH= 1.10 ± 0 . 0 1 

Table 1. Proton-proton couplings (in Hz) and internal chemi-
cal shifts (in ppm) of pure pyrrole with estimated error limits. 

9 J. JOKISAARI and A. SIIKALUOMA, to be published in Suo-
men Kemistilehti. 

3. CH Proton Spectra at + 4 0 °C and - 2 0 °C 

The C H signals measured at 1 0 0 M H z are com-
posed of two four-component groups. The compo-
nents of the spectrum recorded at — 2 0 ° C are 
narrower than those in the spectrum recorded at 
+ 4 0 ° C . The spectra were analysed as described 
in the previous chapter. The obtained chemical shifts 
and proton-proton couplings are collected in Table 2 . 

+ 40 °C - 2 0 °C 

J12 2.7 ± 0 . 1 2.7 ± 0 . 1 
J13 2.4 ± 0 . 1 2.4 ± 0 . 1 
J 23 2.7 ± 0 . 2 2.5 ± 0 . 2 
J 24 1.3 ± 0 . 2 1.5 ± 0 . 2 
J25 1.9 ± 0 . 2 2.1 ± 0 . 2 
J 34 3.6 ± 0 . 2 3.9 ± 0 . 2 

0.20 ± 0.01 0.12 ± 0.01 
<WH 1.13 ± 0 . 0 1 0.94 ± 0.01 

Table 2. Couplings (in Hz) and chemical shifts (in ppm) with 
estimated error limits found for pure pyrrole at temperatures 

of + 4 0 °C and - 2 0 °C. 

4. 13CH Satellite Spectrum 

The carbon isotope 1 3 C in its normal abundance 
in pure pyrrole causes 1 3 C H satellites, among which 
the ones on the lower applied field are distinctly se-
parate from each other. They can be interpreted as 
X parts in the A B C D X proton spectrum. The dis-
tances of the outer components in both satellite 
spectra correspond to the sums of the four proton-
proton couplings / A X + /BX + / c x + /DX • The meas-
urements at + 3 3 ° C give the following results: 

/ o 3 + / 2 4 + / 2 5 + / 1 2 = ( 8 . 6 ± 0 . 1 ) Hz 

and / 2 3 + / 2 4 + ^34 + / i 3 = ( 9 . 8 ± 0 . 2 ) Hz. 

5. PMR Spectrum of Symmetric d4-Pyrrole 
at - 2 4 °C 

Protonation of d5-pyrrole into d4-pyrrole gives a 
sample which, beside the desired product, contains 
small amounts of pyrroles with additional protons. 
This can be verified by comparing the P M R spec-
trum of the acquired product to the calculated spec-
tra of the pyrroles deuterated in different ways. 
CH a and CH^ protons of this sample produce in the 
spectrum recorded at — 2 4 ° C two doublets, which 
give the following proton-proton couplings: 

/ 1 2 = ( 2 . 5 5 ± 0 . 0 5 ) Hz and 7 1 3 = ( 2 . 3 5 ± 0 . 0 5 ) Hz. 
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6. PMR Spectrum of 15N-Pyrrole 

6.1. Analysis of the Spectrum 

The l / 2 - sp in nuclei of 1 5N-pyrrole form a 6-spin 
system. Labelling the nuclei as given beside, the 
spectrum can be treated as an A A ' B B ' C X spectrum. 
The A A ' B B ' part of this spectrum is given in Fig. 
1 (a) and the two quintuplets of the C part in Fig. 
2 ( a ) and ( c ) . The spectrum obtained was inter-
preted using sub-spectrum analysis 1 0 . 

H / H Ä 

Since / A X = /A 'X and /BX = / ß ' x the effect of the 
1 5 N nucleus on the A A ' B B ' C proton spectrum is 
equivalent to replacing the Larmor frequencies 
r A = Vx' , >'B = , and Vq by effective frequencies 11 

v\ =vA±JAX/2, 

v*B = r B ± / b x / 2 , 

rc = r c ± / c x / 2 . 

Accordingly the observed A A ' B B ' C X spectrum is 
a superposition of two A A ' B B ' C sub-spectra pro-
duced with frequencies corresponding the + 1 / 2 
and — 1 / 2 spin values of the 1 5 N nucleus. In order 
to find the relative signs for the couplings /AX > / ß x ? 
and / e x ? the sub-spectra have been calculated with 
all the eight spin combinations of / f x • Among these 
the best agreement with the experimental spectrum 
give the two sub-spectra I and II, in which all the 
couplings /(X have the same sign. The proton-proton 
couplings have been in all calculations here assumed 
to be positive. 

The N H proton quintuplet in the lower applied 
field and the two lowest-field line groups of both 
CH a and CH^j protons belong to the sub-spectrum I. 
The higher-field N H quintuplet as well as the two 
highest-field line groups of CH a and CH^ protons 
arise entirely from the sub-spectrum II. This is con-
firmed by double resonance experiments. Only the 
components corresponding to the highest and lowest 

frequencies of the lower-field N H quintuplet were 
perturbed when the second and third CHa line 
groups were irradiated. This proves that the dis-
turbed N H lines have a common energy level with 
the lines belonging to these CH„ line groups. Simi-
larly the higher-field N H quintuplet was perturbed, 
the lower-field quintuplet remaining unperturbed, 
when the highest-field line of CH^ protons was ir-
radiated. 

6.2. Results 

In Table 3 appear the positions of lines derived 
as averages from the experimental spectra, as well 
as the lines and intensities belonging to sub-spectra 
I and II, which have been calculated with the para-
meters given in Table 4 . The sub-spectra I and II 
are presented in Fig. 1 ( b ) and ( c ) , and 2 ( d ) and 
( b ) . The agreement between the experimental and 
calculated spectra is illustrated by the differences 
''obs — vcalc ? which generally remain smaller than 
± 0 . 1 0 Hz. The values for proton-proton couplings 
and chemical shifts given in Table 4 , are derived as 
averages through separate analyses of sub-spectra I 
and II. The absolute values of couplings / ? x given 
in Table 4 are calculated as differences 

- Vi* (II) | 

through the values of effective Larmor frequencies 
in sub-spectra I and II. 

6.3. Discussion 

The inaccuracy of the obtained couplings is 
mainly due to the inaccuracy in the locating of the 
lines of the spectrum, which is shown by the fact 
that the line positions obtained from the spectra 
recorded in both directions do not generally differ 
from the average value by more than ± 0 . 1 Hz. The 
greatest difference between the values of proton-
proton couplings / 1 2 , /13 and / 2 5 in Table 4 and 
those given separately by the sub-spectra I and II 
is ± 0 . 0 1 Hz. The values of couplings / 2 3 and / 2 4 , 
derived from sub-spectra I and II, differ from those 
given in Table 4 by ± 0 . 0 8 Hz, but in both sub-
spectra the sum /03 + /24 is 4 . 1 2 Hz, which, in error 
limits, is equivalent to 4 . 1 5 Hz, measured by KATE-
KAR and MORITZ 7 . The values for the coupling / 3 4 

1 0 P . DIEHL. R . K . HARRIS , a n d R . G . JONES, i n : P r o g r e s s in 
Nuclear Magnetic Resonance Spectroscopy, Vol. 3 (ed. J. 
W . EMSLEY, J . FEENEY, a n d L . H . SUTCLIFFE) , P e r g a m o n 
Press, Oxford 1967, p. 1. 

11 P. DIEHL and J. A. POPLE, Mol. Phys. 3, 557 [I960]. 
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Sub Spectrum I Sub Spectrum II 
Obs. Calc. Calc. Difference Obs. Calc. Calc. Difference 
Freq. Freq. Int. fobs — ̂ cale Freq. Freq. Int. fobs fcalc 

135.84 135.85 1.34 - 0.01 141.16 141.23 1.32 - 0.07 
135.53 135.51 1.43 0.02 140.84 140.86 1.40 - 0.02 

— 135.31 0.17 — — 140.80 0.15 — 

133.73 133.81 1.76 - 0.08 139.01 139.13 1.70 - 0.12 
133.73 133.73 1.81 0 139.01 139.04 1.73 - 0.03 
133.73 133.71 1.66 0.02 139.01 139.04 1.59 - 0.03 
133.27 133.39 1.39 - 0.12 138.66 138.77 1.49 - 0.11 
133.27 133.26 1.79 0.01 138.66 138.69 1.69 - 0.03 
133.27 133.09 1.48 0.18 138.66 138.52 1.58 0.14 

— 132.82 0.18 — — 138.12 0.20 oo 
131.71 131.70 2.58 0.01 137.07 136.99 2.39 0.08 

— 131.66 0.30 — — 136.93 0.26 — 

131.36 131.48 2.77 - 0.12 136.77 136.86 2.51 - 0.09 
131.36 131.36 1.82 0 136.77 136.75 1.98 0.02 
131.36 131.32 1.88 0.04 136.77 136.74 1.94 0.03 
131.36 131.28 1.72 0.08 136.77 136.70 1.80 0.07 
130.87 130.78 1.86 0.09 136.13 136.13 1.96 0 
129.32 129.29 2.69 0.03 — 134.71 0.34 — 

— 129.24 0.32 — 134.68 134.70 2.80 - 0.02 
129.09 129.01 2.90 0.08 134.40 134.37 3.02 0.03 

— 128.24 0.07 — — 133.73 0.06 — 

— 126.40 0.07 — — 130.96 0.07 — 

— 125.72 0.07 — — 130.74 0.06 — 

— 123.93 0.07 — — 128.51 0.07 _ 
123.13 123.15 2.76 - 0.02 127.55 127.52 2.16 0.03 

— 122.95 0.30 — 127.55 127.50 2.37 0.05 
122.84 122.94 2.57 - 0.10 — 127.36 0.25 — 

121.35 121.41 1.79 - 0.06 125.95 125.91 1.58 0.04 
120.87 120.90 1.80 - 0 . 0 3 125.27 125.43 1.59 - 0.16 
120.87 120.90 1.65 - 0 . 0 3 125.27 125.25 1.51 0.02 
120.87 120.82 1.76 0.05 125.27 125.23 1.62 0.04 
120.57 120.65 2.91 - 0.08 125.27 125.16 3.16 0.11 

— 120.44 0.32 — — 124.88 0.35 — 

120.32 120.36 2.70 - 0.04 124.82 124.75 3.03 0.07 
— 119.36 0.17 — — 123.80 0.14 _ 

119.06 119.12 1.42 - 0.06 123.67 123.61 1.31 0.06 
118.72 118.85 1.87 - 0.13 123.13 123.24 2.07 - 0.11 
118.72 118.79 1.34 - 0.07 123.13 123.17 1.27 - 0.04 
118.26 118.40 1.73 - 0.14 122.84 122.89 1.89 - 0.05 
118.26 118.34 1.88 - 0 . 0 8 122.84 122.79 2.02 0.05 
118.26 118.30 1.83 - 0.04 122.84 122.72 2.12 0.12 

— 116.81 0.18 — — 121.24 0.22 — 

116.52 116.57 1.48 - 0.05 120.87 120.95 1.67 - 0 . 0 8 
116.25 116.27 1.39 - 0 . 0 2 120.57 120.74 1.54 - 0.17 

13.66 13.63 1.09 0.03 110.01 109.94 1.52 0.07 
11.16 11.20 1.05 - 0.04 107.61 107.61 1.16 0 
11.16 11.17 1.05 - 0.01 107.61 107.61 1.29 0 
11.16 11.13 1.04 0.03 107.61 107.48 1.27 0.13 
11.16 11.05 1.04 0.11 107.19 107.17 1.08 0.02 
8.65 8.74 1.01 - 0.09 105.12 105.25 1.00 - 0.13 
8.65 8.70 1.00 - 0 . 0 5 105.12 105.14 1.09 - 0.02 
8.65 8.65 1.00 0 105.12 105.06 0.98 0.06 
8.65 8.64 1.00 0.01 104.86 104.94 0.95 - 0.08 
8.65 8.60 1.00 0.05 104.86 104.83 0.86 0.03 
8.65 8.55 0.99 0.10 104.86 104.78 0.94 0.08 
6.15 6.23 0.96 - 0.08 102.50 102.72 0.86 - 0.22 
6.15 6.18 0.96 - 0.03 102.50 102.57 0.76 - 0.07 
6.15 6.14 0.96 0.01 102.50 102.48 0.82 0.02 
6.15 6.08 0.95 0.07 102.50 102.34 0.75 0.16 
3.68 3.67 0.92 0.01 100.00 100.06 0.67 - 0.06 

Table 3. The observed and calculated spectra of 15N-pyrrole. The origin of the frequency scale is arbitrarily chosen. The first 
line of the high field NH quintuplet [Fig. 2 (a) and (b)] was set to 100.00 Hz. 
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Fig. 2. (a) The observed higher-field NH 
quintuplet, (b) the calculated C part of the 
sub-spectrum II, (c) the observed lower-field 

the sub-spectrum I. 

Fig. 1. The AA'BB' part arising from the 
CHA and CH^ protons of 15N-pyrrole. 
(a) The observed spectrum, (b) the cal-

culated sub-spectrum I, (c) the calculated 
sub-spectrum II. 

given by the sub-spectra I and II differ from the 
average in Table 4 by i 0 . 0 3 Hz. 

H z Hz 

J12 2.53 V A * ( I ) 132.21 
J 1 3 2.45 FB*(I) 119.91 
J 23 2.71 R C * (I) 8.70 
J 24 1.41 F A * (II) 137.56 
<^25 1.98 ^ B * (II) 124.27 
J 34 3.56 R C * (II) 105.26 

]J N H 96.56 VA 134.89 
2J N H 4.36 VB 122.09 
3J N H 5.35 RC 56.98 

Table 4. Spectral parameters of 15N-pyrrole obtained from the 
sub-spectrum analysis. 

The effective Larmor frequency differences 

k * ( I ) - V ( I I ) | 

give the values j V n h ! = 9 6 . 5 6 Hz, 2 / x h | = 4 . 3 6 Hz, 
and 3 / n h = 5 . 3 5 Hz. The first of them can be com-
pared to the value 9 7 . 5 + 1 . 4 Hz, previously calcu-
lated through shape analysis of the 1 4 N H proton sig-
nal in normal pyrrole 5 . The two latter values may 
be compared with the couplings of sp2-hybridized 
nitrogen ] 2 /NH I = 2 . 0 Hz and j 3 /XH I = 4 . 5 Hz, which 
have been measured for protonated quinoline 1 2 . 

In all the investigations made so far the coupling 
3 /NH has been found to be negative 1 3 . Furthermore, 
the couplings 2 /NH AND 3 /NH OF sp2-hybridized nitro-
gen have been found to have the same negative sign 
in quinoline both in the parent free base and in its 
protonated form 1 3 ' 1 4 . Accordingly it is most prob-
able that also the coupling 3 /XH of sp2-hybridized 
nitrogen in pyrrole is negative. Since the present 

12 J. P. K I N T Z I N G E R and J. M. LEHN, Mol. Phys. 14, 133 
[1968]. 

13 D. CREPAUX, J. M. LEHN, and R. R. DEAN, Mol. Phys. 16, 
225 [1969]. 

1 4 K . TORI , M . OHTSURU, T . A O N O , Y . K A W A Z O E , a n d M . 
OHNISHI, J. Am. Chem. Soc. 89, 2765 [1967]. 
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work shows that all the couplings /XH have the same 
sign, the couplings VKH , 2 /XH , and 3 /XH in pyrrole 
seem to be negative. 

The values of the proton-proton couplings de-
termined in this work with different methods are in 
reasonable agreement with each other. However, the 
inaccuracy in the values determined at temperatures 
of + 4 0 ° C and - 2 0 ° C is so large that it is not 
possible to draw any conclusions upon the tempera-
ture effect on the proton-proton couplings 1 5 . 

The results in this work prove in accordance with 
most of the earlier investigations 2 ' 3 ' 7 that 

I 112 I > | As I • 

The spectrum is comparatively insensitive to the 
changes in the values of / 2 3 and / 2 4 when the sum 
y 2 3 + / 2 4 stays in the range 4 . 0 — 4 . 1 Hz. Therefore 
the precise determination of these two couplings is dif-
ficult. The obtained values for / 2 5 1 .9 — 2 . 0 Hz agree 
with the earlier investigations 2 _ 4 ' 7 . Though all the 
three measurements carried out at room temperature 
produce the same result / 3 4 = 3 . 6 Hz, it is not too 
accurate due to similar reasons as in the case of / 2 3 

and / 2 4 . The two investigations of the P M R spec-
trum of unsubstituted pyrrole published earlier3 ' 4 

suggest the values of ( 3 . 7 + 0 . 2 ) Hz and 3 . 6 Hz for 
/ 3 4 , whereas the latest o n e 7 reports the value of 
( 3 . 3 4 + 0 . 0 5 ) Hz. 

2 0 0 9 

One of the two sums of four couplings ( 8 . 6 + 0 .1 ) 
Hz obtained from the 1 3 C H satellites agrees well 
with the ones determined at room temperature in 
this research and with those presented by other 
authors 3 ' 7 . The other one, ( 9 . 8 + 0 . 2 ) Hz, is close 
to the sum 9 . 9 2 Hz calculated from the couplings re-
ported by KATEKAR and M O R I T Z 7 . However, it is 
lower than the sum calculated from the couplings 
reported in this and the other works. 
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