SBM
B657

opy 2




PROPERTY OF: U.S. DEPARTICENT OF NTERR .
OFFCE OF SURFACE KNNG Bulletin 657
EASTERN TECHSICAL CENTER LIBRARY
PITTSBUREH, PA. 15220

THE PROTON NUCLEAR MAGNETIC
RESONANCE SPECTRA OF PYRIDINES

By F. R. McDonald, A. W. Decora, and G. L. Cook

BUREAU OF MINES
Elbert F. Osborn, Director

UNITED STATES DEPARTMENT OF THE INTERIOR
Rogers C. B. Morton, Secretary

The work upon which this report is based was done under a cooperative agreement between the Bureau of Mines, U.S.
Department of the Interior, and the University of Wyoming.



This publication has been cataloged as follows:

McDonald, Francis R.

The proton nuclear magnetic resonance spectra of pyridines.
[Washington] U.S. Dept. of the Interior, Bureau of Mines [1971].

62 p. illus. (U.S. Bureau of Mines. Bulletin 657)

Based on work done in cooperation with the University of Wyoming.

1. Pyridine—Spectra. 2. Nuclear magnetic resonance. I. Decora, Andrew
W., jt.auth. Il. Cook, Glenn L., jt.auth. III. Title. (Series)

TN23.U4 no. 657 622.06173
U.S. Dept. of the Int. Library.

For sale by the Superintendent of Documents, U.S. Government Printing Office
Washington, D.C. 20402 - Price 65 cents (paper cover)



CONTENTS

Page Page
BRMERCE noucm o cwrns e o s o .8 s (S g oo s T gt o ) 1 Theoretical ABPECIE. « v . ¢ wias sivin s @ win o0 scs s mie o 5 wioem 5 6
. Chemical shifts and nuclear shielding of pyridines... 6
Datroduslion o« ons sosessmaens onnsmge spms e s snssssn : Effects of solvent on the NMR spectra of pyridines... 7
Nomenclature. ... 2 Theoretical interpretation...................... 7
Experiniental ProCedure. . . cu...omesovme s oo onmms o s ae 2 Evidence for complex formation................. 9
Spectral analysis. ... ..........oovireeneanianin... 3 Identification of pyridines in shale-oil naphtha........ 9
Effect of temperature on chemical shift. . .......... 3 SUIMIBARY:, 5 005 wisew 3 -0 0.3 w006 3 G 5 Sk & 5955 £ FR 5 5,508 8 10
Chemical shifts of ring protons.................... 3 Reeferences ¢ited T teXE. « . v s v wmie v v s wimie s wiwn v s s e 11
Chemical shifts of alkyl protons of monosubstituted
DYFIGINES . « .« e eeen e eeee e e e e eeenn s 4 Supplementary references. . ........................ 13
Chemical shifts of alkyl protons of polyalkyl-substi- Appendix A.—Catalog of spectra.................... 15
tuted Pyridines: . ;g oe s mm o s s s po e om s s wiwss s 5 Appendix B.—Data derived from spectra............. 59
ILLUSTRATIONS
Figure Page
1. Chemical-shift ranges for pyridine-ring protons in CCli and CeDg. ...t 4
2. Locations of average chemical shifts of ring protons and alkyl protons...................................... 5
3. Proposed structure for the pyridine-benzene complex and the induced secondary field on the benzene ring....... 8
4. NMR spectrum of a fraction of shale oil containing alkyl pyridines............ ... ... .. ... ... ... ... ... ... 10
Sixty-MHz NMR Spectra of Pyridines
Page Page
A-1. 2-methylpyridinein CCls.................... 15 A-30. 4-(5-nonyl)pyridine in CeDs.................. 44
A-2. 2:methylpyridine in CeDig.:«vivcvvvumiivivin, 16 A-31. 2,3-dimethylpyridine in CCly................. 45
A-3. 3-methylpyridine in CCly. ................... 17 A-32. 2,3-dimethylpyridine in C¢Dg................. 45
A=4. 3-methylpyridine in CeDg,«cvvcsmssvmesveness 18 A-33. 2,4-dimethylpyridinein CCly................. 46
A-5. 4-methylpyridinein CCl,.................... 19 A~34. 24-dimethylpyridine in CeDigsvov s o viom i 0w s o 46
A-6. 4-methylpyridine in CgDs.................... 20 A-35. 2,5-dimethylpyridinein CCls................. 47
A-7. 2-ethylpyridinein CCls...................... 21 A-36. 2,5-dimethylpyridine in C¢Dg................. 47
A-8. 2-ethylpyridine in C¢Dsg............. g WA 22 A-37. 2,6-dimethylpyridine in CCls................. 48
A-9. 3-ethylpyridinein CCls...................... 23 A-38. 2,6-dimethylpyridine in C¢D¢................. 48
A-10. 3-ethylpyridine in CeDs...................... 24 A-39. 3,4-dimethylpyridine in CCly................. 49
A-11. 4-ethylpyridinein CCly...................... 25 A—-40. 3,4-dimethylpyridine in C¢D¢................. 49
A-12. 4-ethylpyridine in CeDsg...................... 26 A—41. 3,5-dimethylpyridine in CCly................. 50
A-13. 2-propylpyridine in CCly..................... 27 A-42. 3,5-dimethylpyridine in C¢Dg................. 50
A-14. 2-propylpyridine in C¢Ds. . .. ................ 28 A-43. 2-methyl-4-ethylpyridine in CCly.............. 51
A-15. 4-propylpyridine in CCly..................... 29 A—44. 2-methyl-5-ethylpyridine in CCls.............. 51
A-16. 4-propylpyridine in C¢Dsg..................... 30 A—-45. 2-methyl-5-ethylpyridine in C¢Dsg.............. 52
A-17. 4-isopropylpyridine in CCl;. . ................ 31 A—-46. 3-methyl-4-ethylpyridine in CCly.............. 52
A-18. 4-isopropylpyridine in C¢D¢. ................. 32 A-47. 3-methyl-4-ethylpyridine in C¢D¢.............. 53
A-19. 4-t-butylpyridine in CCly..................... 33 A-48. 3-ethyl-4-methylpyridine in CCls.............. 23
A-20. 4-t-butylpyridinein C¢De. . .................. 34 A-49. 3-ethyl-4-methylpyridine in C¢Dg.............. 54
A-21. 2:pentylpyridine in CCLe co ¢ 3 5imss s s s 35 A-50. 2,3,6-trimethylpyridine in CCls............... 54
A-22. 2-pentylpyridine in C¢Dg..................... 36 A-51. 2,3,6-trimethylpyridine in C¢Ds............... 55
A-23. 4-pentylpyridinein CCly..................... 37 A-52. 2,4,5-trimethylpyridine in CCl,............... 55
A-24. 4-pentylpyridinein C¢Ds..................... 38 A-53. 2,4,6-trimethylpyridine in CCly. .............. 56
A-25. 2-hexylpyridine in CCly...................... 39 A-54. 2,4,6-trimethylpyridine in C¢Ds............... 56
A-26. 2-hexylpyridine in C¢Dg................uun.. 40 A-55. 2,3,4,5-tetramethylpyridine in CCly. . ......... 57
A-27. 2-(5-nonyl)pyridine in CCly. . ................ 41 A-56. 2,3,4,6-tetramethylpyridine in CCly............ 57
A-28. 2-(5-nonyl)pyridine in C¢Ds.................. 42 A-57. 2,3,5,6-tetramethylpyridine in CCly. . ......... 58
A-29. 4-(5-nonyl)pyridine in CCl;. ................. 43

iii



B 0N —

b i

11T |
kOOO\!.cvg.n-Lm

o oo b o o W

TABLES

-

Page
. Effect of temperature on the average chemical shifts and differential shifts of 15 monosubstituted pyridines.......... 3
. Average chemical shifts and differential shifts of the ring protons for 32 pyridines at 37°C..................... 4
. Differential chemical shifts of the alkyl protons on monosubstituted pyridines at 37° C......................... 5
. Average chemical shifts and average differential shifts of protons on monosubstituted and polyalkyl-substituted
pyridines in COlpat 3T Cu s w v savn s s s s s 3 oo s usims @ 6808 55 9605 5 00855 9515 2909 ¢ 5 3585 #5564 s BaUS § I8 5 5 60 5 5 4% 55 5 6
Chemical shifts of solutions of 3-methylpyridine in benzene-de diluted with cyclohexane at 37°C............... 8
. Chemical shifts and differential shifts of the ring protons on 32 pyridines in two solvents at 37° C............... 59
. Chemical shifts and differential shifts of the ring protons on 15 monosubstituted pyridines in two solvents at 30° C.. 60
. Chemical shifts of the alkyl protons on monosubstituted pyridines in CCly at 30° C............. ..., 60
. Chemical shifts of the alkyl protons on monosubstituted pyridines in CeDgat 30° C..................ooievn.. 60
Chemical shifts of the alkyl protons on monosubstituted pyridines in CCls at 37°C. ... ...................... 61
Chemical shifts of the alkyl protons on monosubstituted pyridines in CgDgat 37° C.................cooiuun... 61
. Chemical shifts of the alkyl protons on polyalkyl-substituted pyridines in CCl; at 37°C........................ 61
. Chemical shifts of the alkyl protons on polyalkyl-substituted pyridines in C¢Dgat 37°C........................ 62
. Differential chemical shifts of the alkyl protons on polyalkyl-substituted pyridines at 37° C..................... 62

iv



THE PROTON NUCLEAR MAGNETIC RESONANCE
SPECTRA OF PYRIDINES

by

F. R. McDonald," A. W. Decora,” and G. L. Cook *

ABSTRACT

The proton NMR spectra of 32 pyridines in two solvents, carbon tetrachloride
and benzene-ds, are presented. The chemical-shift and differential-shift values are
correlated with the substitutent position and with the solvent media. The ring protons
and the protons on alkyl substituents are tabulated. The paramagnetic shift of the
protons adjacent to the nitrogen is discussed, and a proposed structure for the pyri-
dine-benzene complex that is consistent with the observed anomalous paramagnetic
shift is presented. The utility of the data in the identification of pyridine compounds
found in shale-oil naphtha is demonstrated.

INTRODUCTION

Bureau of Mines research into the composition of
shale oils required characterizing the nitrogen com-
pounds in the various fractions of the oils. In earlier
investigations (/2-15, 34)* individual pyridines in
a naphtha fraction of an oil were identified using
a variety of analytical techniques available at the
time of the investigations. The advent of nuclear
magnetic resonance (NMR) spectroscopy offered
advantages for characterizing the shale-oil pyri-
dines with respect to the character and location of
the alkyl substituent groups on the pyridine ring.

The NMR spectra that are reported in the litera-
ture (2-3, 5-7, 10-11, 22, 25, 27, 31-32), while help-
ful in shale-oil characterization research, do not
provide a compilation of spectra of alkyl-substituted
pyridines such as those found in shale oils. This

1 Research chemist.

2 Project leader.
3 Project coordinator.

The authors are with the Laramie Energy Research Center, Bur-
eau of Mines, Laramie, Wyo.

* Italicized numbers in parentheses refer to items in the list
of “References Cited in Text” preceding the appendixes.

is especially true with respect to the pyridines found
in shale-oil naphtha that result from the mild
hydrogenation of crude shale oil (5). Also, much
of the early work was done on low-resolution in-
struments at 30 and 40 MHz (2-3) and on limited
numbers of monosubstituted pyridines.

An interesting observation in NMR spectroscopy
is that the chemical shifts of some protons are sol-
vent dependent. This phenomenon is well known
(18), and in most cases it has been reported that an
aromatic solvent causes a diamagnetic (high-field
or upfield) shift compared to the position of the
shift in a nonaromatic solvent. This general ob-
servation has been reported for pyridines (/6, 18,
22). For example, Murrell and Gil (22) observed
that several pyridine proton resonance signals
obtained either neat or in benzene were found at
higher field than signals from the same pyridine in
carbon tetrachloride. This dependency of the loca-
tion of chemical shift upon the solvent has impor-
tant analytical applications. For example, it can
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be used to add a second dimension to the NMR
characterization of shale-oil pyridines, not only by
providing a second group of chemical shifts (in
benzene-ds), but also by providing a differential
shift whose magnitude and direction can be cor-
related with specific protons on the pyridine
molecule.

Thirty-two pyridines that might be present in
shale oil were chosen for this study, and the NMR

spectra at 60 MHz in two solvents, benzene-ds
and carbon tetrachloride, were recorded. The
proton chemical shifts measured in this work were
found to be solvent dependent; however, the
observed chemical shifts in the two solvents were
not in the expected direction. This observation led
us to postulate a model to explain the theoretical
concepts responsible for this anomalous shift.

NOMENCLATURE

The system used to locate the ring and alkyl
protons is illustrated by the two formulas shown
below. In formula I the carbon atom marked with
the asterisk (*) is the 28 carbon atom. In formula I1
the carbon atom marked with the dagger () is the
4a carbon atom. Thus the number locates the

C-C-C
aBY
*

position of the alkyl group on the ring, and the
Greek letter locates the carbon atom in the alkyl
substituent. The ring protons are designated by
number only. The system is sufficient to locate the
protons of the compounds used in this study.
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EXPERIMENTAL PROCEDURE

The compounds used in this study were obtained
from the following sources:® (1) American Petro-
leum Institute Research Project No. 52, Samples
Office, Carnegie-Mellon University, Pittsburgh,
Pa.; (2) Aldrich Chemical Company, Milwaukee,
Wis.; (3) Reilly Tar and Chemical Corp., New
York, N.Y.; and (4) Dr. Nobuo Ikekawa, University
of Tokyo, Tokyo-Ku, Japan. These compounds
were 93-percent pure as established by gas-liquid
chromatography, infrared spectroscopy, and
nuclear magnetic resonance spectroscopy.

Spectra were obtained on 10-percent (by
volume) solutions of the pyridine in carbon tetra-
chloride (CCls) or in benzene-dg (CgDs) with a
Varian A-60 spectrometer.® Approximately 1.0

5 Reference to specific brand names is made for identification
only and does not imply endorsement by the Bureau of Mines.

¢ A sample concentration of 10 percent by volume was chosen
after it was determined that the chemical shifts were insensitive
to concentrations in the range of 6 to 20 volume-percent [a plot
concentration (1 to 50 percent volume/volume) versus chemical
shift was flat between 6 to 20 percent by volume].

percent by volume of tetramethylsilane (TMS) was
added as an internal reference. All chemical shifts
were measured downfield from the TMS (0.00
ppm) position. Many of the spectra were obtained
at two temperatures, 30° and 37° C. Preliminary
chemical-shift assignments for proton resonances in
the simple pyridines were made from available
data (2-3, 7, 10-11, 22, 24). Proton decoupling
techniques were employed to identify specific
proton resonances for some of the pyridines. Al-
though this technique had limited application
because of the small chemical-shift differences, it
was helpful when combined with structural and
literature data.

An external audio-oscillator (Hewlett-Packard
No. 200CD) coupled to a frequency counter (Hew-
lett-Packard No. 521C) was used to assist in the
measurement of the chemical shifts. Average values
were determined from repetitive runs on the same
compound. In many cases, the audio-sideband
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technique was employed to accurately measure the
chemical shifts to 0.5 Hz.

A listing of the chemical-shift data for the 32
pyridines measured from the spectra is presented
in appendix B. The chemical shifts are given in
parts per million from the TMS internal standard.
In the case of multiplets, the chemical shift in the
tables is the center of gravity of the multiplet. The
differential shift 66 listed in the tables is the alge-
braic difference between the chemical shift in car-
bon tetrachloride and the chemical shift in ben-
zene-de. The tables also list the chemical shifts of
the protons at two different probe temperatures,
30° and 37° C.

An investigation to determine the stability of
CCl; solutions was carried out by distilling the
solvent (CCly) and using it immediately to obtain
the spectrum of a test compound. The same com-

pound was run again to observe any changes in the
spectrum after the CCls had been stored for 24
hours at room temperature in a humid atmosphere.
A diamagnetic shift was observed on the samples
that had been exposed for 24 hours. Based on these
data, only freshly distilled reagent-grade solvents
were used in this study.

The differential chemical shift 66 of a specific
proton was determined by subtracting the
chemical shift of the pyridine in benzene-ds from
the chemical shift of the pyridine in carbon
tetrachloride:

Differential chemical shift 8§ = dccis — dceps. (L)

A positive 86 indicates a diamagnetic, or upfield,
shift of the resonance. A negative 866 indicates a
paramagnetic, or downfield, shift of the resonance.

SPECTRAL ANALYSIS

The data collected in this investigation are pre-
sented in this section in categorical order to sim-
plify the application of each facet to the overall
picture. The NMR spectra of all of the pyridines
studied are reproduced in appendix A. The figures
represent the NMR of the pyridines in each of the
two solvents, carbon tetrachloride and benzene-ds.
The first 30 spectra in appendix A, figures A-l
through A-30, were run at 30° C, while the re-
mainder, figures A-31 through A-57 were run at
37° Q.

EFFECT OF TEMPERATURE ON
CHEMICAL SHIFT

The effect of temperature on the chemical shifts
was demonstrated by observing the average chem-
ical shifts and differential shifts of the ring protons
of 15 monosubstituted pyridines at 30° and 37° C.
These averaged shifts were derived from tables B-1
and B-2 and are presented in table 1. Comparison
of both the average chemical shifts and average
differential shifts in table 1 shows that temperature
affects these shifts slightly. Similar results were ob-
tained with all the other pyridines. The small
effect of temperature does not invalidate any of the
conclusions made in this study.

CHEMICAL SHIFTS OF RING PROTONS

The average chemical shifts of the ring protons
of the 32 pyridines, derived from the data in table
B-1, are presented in table 2 and are illustrated in

figure 1. The illustration shows the chemical-shift
ranges for the pyridine-ring protons in two sol-
vents. Several interesting observations can be made
from the averaged data. First, the chemical shifts of
position 3, 4, and 5 protons for all of the pyridines
studied undergo a diamagnetic (upfield) shift when
the NMR spectrum of the pyridine is obtained in
benzene-dg compared to the NMR spectrum of the
same pyridine in carbon tetrachloride. These dia-
magnetic shifts are in the expected direction.
Second, the chemical shifts of position 2 and 6 pro-
tons undergo a paramagnetic (downfield) shift
when the NMR spectrum of the pyridine s ob-
tained in benzene-ds compared to the NMR spec-
trum of the same pyridine in carbon tetrachloride.
These paramagnetic shifts are not in the expected
direction.

Table 1.—Effect of temperature on the average
chemical shifts and differential shifts of 15
monosubstituted pyridines

Average chemical shift, ppm

Position of substitution

30° C 37° C
2 and 6 protons:
|1 0] & 8.42 8.44
InCeDg......coevvvnn 8.54 8.55
BB.v o vv e s s o s 5 e -.12 e
3 and 5 protons
I Q€L 6555 wws smsen s 59 7.03 7.03
|50 R 211 0 DU RS 6.74 6.82
OB L. o0 G W e i o, DB .29 .21
4 proton:
In GO« v v vsvs cwssnwn 747 7.45
In CsDe ................ 712 7.07
0055 5 €% 500 5 e 5 B e e +35 .38
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T i | T
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=
[ RS I 2
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9.0 8.5 8.0 75 70 6.5 6.0
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Ho——b

Figure I.—Chemical-shift ranges for pyridine-ring protons in CCl, and C,D,.

Table 2 and figure 1 show that position 3 and 5 average locations of the alkyl-proton chemical
protons are the more shielded protons and are shifts are shown together with the average locations
found the farthest upfield in the NMR spectrum. of the ring-proton chemical shifts.

Posotion 4 protons are shielded to a lesser degree Several observations can be made from figure 2.
than position 3 and 5 protons and are found farther ~ First, the same relative order of chemical shifts is
downfield. Position 2 and 6 protons are the least observed for the alkyl protons as for the ring pro-
shielded and are found the farthest downfield. Posi-  tons. The order of proton deshielding, for either
tion 3, 4, and 5 protons all become more shielded ring or alkyl protons, is 2 and 6 > 4 > 3 and 5.
in the solvent benzene-ds than in the solvent car-  Second, the effect of the location of the alkyl pro-
bon tetrachloride, and the proton resonances shift ton also can be observed—that is, the average
about 0.2 to 0.3 ppm to higher field. However, chemical shifts indicate that the greater the dis-
position 2 and 6 protons are less shielded in the tance the proton on the alkyl chain is removed
solvent benzene-de than in the carbon tetrachloride

solvent. The average differential shift shows a Table 2.—Average chemical shifts and differen-
downfield shift of about 0.1 ppm. tial shifts of the ring protons for 32 pyridines

at 37° C

CHEMICAL SHIFTS OF ALKYL PROTONS

Number of Average

OF MONOSUBSTITUTED PYRIDINES Position, of substitution compounds chemical
shift, ppm

The chemlc'al shifts fo.r t‘he various alkyl protons oo i 24
on monosubstituted pyridines were averaged in a InCCly. .o ... 8.37
manner similar to those for the chemical shifts of ;g‘ CeDg..ooove e 8;’;
the ring protons (table 2). The data for the alkyl 5,45 protons: o6 :
protons of 15 monosubstituted pyridines in the two InCClio .o, e 6.98
solvents and at the two temperatures, derived from ;é‘ CeDs...oovveenn Rig 6;3
the data in t.ables B-3 to B-6, are presented in 4 proton: T 15 ’
table 3 and in figure 2. Trends in the chemical £ 0! 7.38
shifts can be observed from these averages. These ;é’ B om e s 7(5)2’

trends are shown in the illustration where the
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from the ring, the greater the shielding and the
farther upfield the proton resonance is found. The
figure shows that the chemical shift of a pyridine
proton is dependent upon (1) the position of sub-
stitution and (2) the distance of the proton from
the ring. Although not shown, the same observa-
tions were made from the NMR spectra of the
pyridines in benzene-ds.

An additional effect is observed. The chemical
shifts of most of the protons obtained in an
aromatic solvent, such as benzene-dg, show an effect
due to the diamagnetic anisotropy of the aromatic
solvent, namely a shielded or upfield resonance
shift from their position in the inert carbon tetra-
chloride solvent. This is the well-known and pre-
dicted effect due to an aromatic solvent. This ex-
pected differential shift is shown by positive values
of 66 and is observed for either position 3, 4, or 5
ring protons or 3a or 38, 4a or 43, and S5a or 53
alkyl protons. (See tables 2 and 3.) In contrast, the
predicted shielding effect is not observed for posi-
tion 2 or 6 ring protons or for 2« or 23 and 6« or 63
alkyl protons, but a deshielding effect is observed
instead. If, however, the alkyl proton is further re-
moved from the ring than two carbon atoms (speci-
fically, a 2y or a 67 proton), this abnormal solvent
shift is no longer observed.

CHEMICAL SHIFTS OF ALKYL PROTONS
OF POLYALKYL-SUBSTITUTED
PYRIDINES

The chemical shifts and the differential shifts of
the alkyl protons of the polyalkyl pyridines were
averaged to discern the trends in these values. These
data were derived from tables B-7 to B-9. The
average values for the polysubstituted pyridines
are listed for comparison with the average values
for the monosubstituted pyridines in table 4. The

Ring protons

Table 3.—Differential chemical shifts of the
alkyl protons on monosubstituted pyridines
at 37° C, ppm

Alkyl Alkyl Position of substitution
group proton
position 2 and 6 3and 5 4
Methyl..... a 0.04 0.46 0.26
Ethyl. .. ... a = 02 .32 .21
B .00 27 .18
n-Propyl. . .. a —.02 19
B — .03 T .16
¥ — ;02 99 56 11
i-Propyl. . .. a 2]
B .16
t-Butyl . . . .. @ -
B 03 v g .14
n-Pentyl a —.08 o 14
B —.09 S .
v, 6 .05 S L1
€ 02 s .03
n-Hexyl o = /07 S
B8 —.03
v, 0, € — 03
¢ .04
5-Nonyl a — 17 21
B —.16 G5 .28
Y, 8 —.03 .08
€ .00 .09

same trends for the alkyl protons of polyalkyl
pyridines were noted as for the ring protons and
the alkyl protons of the monosubstituted pyridines.
That is, the order of deshielding for position of sub-
stitution is 2 and 6 > 4 > 3 and 5. Also, the 8
protons are more shielded than the « protons. The
same trend of solvent effect is also observed: The
2a and 6« protons and the 28 and 64 protons of the
polyalkyl pyridines undergo a diamagnetic
(upfield) shift in the benzene-ds solvent comrpared
to the carbon tetrachloride solvent. Even though
the differential shift is not negative, the small dia-
magnetic shift of these protons compared to large
dismagnetic shifts of the 3a, 4a, and 5a protons
indicates that the benzene solvent is affecting these
protons in the same way it affects position 2 and 6

Alkyl protons

i |
[ | | |
2 o 5
S S o oo a P @7 w
o~ - "|’ ~N el
80 70 a0 2.0 10

CHEMICAL SHIFT, ppm

Figure 2.—Locations of average chemical shifts of ring protons and alkyl
protons (from the NMR spectra in carbon tetrachloride at 37° C).
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ring protons and the 2« or 238 and 6a or 63 alkyl
protons in the monosubstituted pyridines.

The data in table 4 also show that the chemical
shifts of the alkyl protons of polyalkyl pyridines are
less than those of the monosubstituted pyridines.
This trend of increased shielding with increase in
amount of alkyl substitution is also observed for
the ring protons of all of the 32 pyridines studied.

Among the pyridines, the compound 2,3,6-tri-
methylpyridine was found to give a unique spec-
trum. In a CCls solution the methyl groups in
positions 2 and 6 are equivalent. Each has a chemi-
cal shift of 2.39 ppm while the methyl protons in
the 3 position occur at 2.19 ppm. In a CeDs solu-
tion the 2- and 6-methyl protons are nonequivalent
and appear at the following resonance positions:
2-methyl, 2.38 ppm; and 6-methyl, 2.45 ppm. The
differential shift 85, as shown in table 4, is 0.01 ppm
for the 2-methyl and is —0.06 ppm for the 6-
methyl protons. The 2-methyl protons have essen-
tially no shift but the 6-methyl protons show a
paramagnetic shift. The 3-methyl protons have a
chemical shift of 1.87 ppm in C¢Ds and a differen-
tial shift 66 of 0.32 ppm. This compound is the only
pyridine studied that showed equivalency in chem-

Table 4.—Average chemical shifts and average
differential shifts of protons on monosubsti-
tuted and polyalkyl-substituted pyridines in
in CCl, at 37° C

Average Average
Proton position chemical 86
shift
MONOSUBSTITUTED PYRIDINE

2oiand 6a o s s vwn s mwie 2.66 —0.05
Bonz « g s 55 aue B3st 5 3 500 6 2 & 2.53 .20
Baand 5. . .covinne e 2.43 +38
2B AT 6. o+ v 2 s w5 e v 1.62 —.07
BB s s aooss siwv s 3w 5o sun s 4 1..38 21
3B and BB v v oiviswmzswmis e 1.19 27

POLYALKYL-SUBSTITUTED PYRIDINE

Qaand 60« s sssssanEne s 2.37 .02
BB . ot ouhi s fo ey 20, R 5 58 B S e 2:21 .29
Jaand Sar. . cvoii e i e s 2.18 27
28 and 6B .« ivo v s o s
L 1.16 20
88 and 5B« i wes s veesanass 117 .16

ical shift in CCl; for particular protons and non-
equivalency for the same protons in CgDs.

THEORETICAL ASPECTS

CHEMICAL SHIFTS AND NUCLEAR
SHIELDING OF PYRIDINES

The results of the present study of the pro-
ton NMR spectra of pyridines led to several
observations:

1. The order of deshielding of the ring protons
and alkyl protonsis 2 and 6 > 4 > 3 and 5.

2. Alkyl protons at least three carbon atoms
distant from the pyridine ring are outside the de-
shielding influence of the pyridine ring.

3. The chemical shifts of the ring protons and
alkyl protons are found farther upfield with an in-
crease in number of alkyl substituents. That is,
there is increased shielding with an increase in alkyl
substitution.

These results are consistent with the observa-
tions made by others on the NMR spectra of pyr-
idines and also of benzenes.

The NMR spectra of pyridine may be regarded
as an analog of the NMR spectra of benzenes.
There is no effect of spin couplings of the nitrogen
nucleus of pyridines since these couplings are
eliminated by quadrupole relaxation. There is an
effect on the chemical shifts of the ring and alkyl
protons due to the electronegative character of the
nitrogen atom, and the effect found by others is

confirmed in the present study. The electronegative
nitrogen atom affects the m-electron density about
the carbon atoms both by a resonance and an in-
ductive effect. The chemical shifts of position 3 and
5 protons are assumed to mostly reflect the in-
ductive effect, and position 2, 6, and 4 chemical
shifts of pyridines reflect mostly the resonance
effect. This combination of resonance and induc-
tive effects is responsible for the differences in the
amount of shielding found at each carbon atom of
the pyridine ring.

As the distance of the alkyl proton from the ring
is increased it becomes more shielded. This fact is
also well known, and Pople (23) has estimated that
the screening effect varies with the inverse of the
cube of the distance from the center of the benzene
ring.

Increased shielding with increase in alkyl sub-
stitution cannot be explained by the larger ring
current brought about by the inductive effect of the
alkyl substituents since the shifts predicted from
this effect should be in the direction opposite to
that observed. Instead, the observed effect can be
explained by the intermolecular separation of the
pyridine and benzene molecules in the liquid phase.
The work of Bothner-By and Glick (4) can be used
to illustrate this effect. These authors performed a
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quantitative calculation based on a cylindrical-
disk molecule. The results of their calculations
showed that the secondary magnetic field due to a
neighboring molecule was found to decrease in-
versely with the cube of the distance of separation.
Polyalkylated benzenes, for example, undergo an
increase in effective molecular volume with an
increase in number of substituent groups. The
increase in molecular volume also increases the
mean separation of aromatic rings with increas-
ing substitution, and therefore the substituted
compounds may be expected to give rise to corres-
pondingly smaller overall dilution shifts. This ex-
planation is consistent with the chemical shifts
observed for the pyridines in benzene-ds and in
carbon tetrachloride.

EFFECTS OF SOLVENT ON THE NMR
SPECTRA OF PYRIDINES

The effect of solvents on the resonance position
of protons has been studied extensively. (See, for
example, reference /8 and other references cited
therein.) One of the factors contributing to the
chemical shift, or resonance position, of a proton in
NMR is the anisotropy of the solvent medium. In
general the diamagnetic anisotropy of an aromatic
solvent brings about an upfield (diamagnetic) shift
of a proton when the spectrum of the compound is
obtained in an aromatic solvent as compared to its
chemical shift in a nonaromatic solvent.

To explain this solvent effect, Buckingham (8-9)
and Hatton and Schneider (/7) have proposed a
simple expression that relates the effect of several
factors on the observed chemical shift. This rela-
tionship can be stated as

8 =8¢ + 6p + 64 + 6w + 6 + bc. (2)

The factors 8¢ (shift of an isolated gaseous mole-
cule) and é¢ (complexing factor) were added to the
earlier expression of Buckingham by Hatton. Both
authors attribute the effects on the chemical shifts
to the orientation of rod-shaped molecules such as
carbon disulfide and acetylene and disk-shaped
molecules such as benzene with the solute mole-
cule. They conclude that there are four significant
contributions: §4—the shift due to the solvent
magnetic anisotropy; éw—the shift due to van der
Waals interaction between solvent and solute mole-
cules; 6 7—the reaction-field effect or the shift due
to polar effects; and dc—the shift due to specific
molecular interactions, specifically, hydrogen bond-
ing or complex formation in solution. They further
state that, with the exception of the é4 for disk-
shaped molecules, such as CgDs, and possibly 6z in
some molecules, all of these contributions to the

screening constant (chemical shift) are negative
and cause a solvent shift of the solute proton signal
to lower field. The diamagnetic anisotropy effect
04 and in specific instances ég give a positive or
upfield shift. The results of Abraham (/) and
Hatton and Richards (/6) generally support the
effects discussed. Murrell and Gil (22) conducted
research on the NMR spectra of pyridines in
various solvents, and they too state that the ring
protons on the pyridine molecule would be ex-
pected to shift in an upfield direction in an aromatic
solvent as compared to their position in a non-
aromatic solvent.

The results of the present work show that the
ring protons positions 3, 4, and 5 do undergo an
upfield shift in benzene-ds as compared to the
chemical shift in CCly. Position 2 and 6 protons,
contrary to the predicted effect, often showed a
paramagnetic or downfield shift, which is indicated
by the negative differential shift. The average dif-
ferential shift observed for position 2 and 6 protons
in the 32 pyridines is —0.14 ppm; for position 3 and
5 protons, 0.20 ppm; and for the position 4 proton,
0.32 ppm.

The chemical shifts of the protons on alkyl sub-
stituents are also solvent dependent. These data
again show that, in general, the differential shift of
a proton on a carbon in the 2 position on the ring
is in a paramagnetic direction in an aromatic sol-
vent relative to its position in a nonaromatic sol-
vent. Clearly, in the case of both the ring protons
and alkyl group protons in positions 2 and 6, the
aromatic solvent benzene-ds brings about a para-
magnetic differential shift.

Theoretical Interpretation

Other workers have postulated that the solvent
effect on chemical shifts has to do with the orien-
tation of the solvent and solute molecules (7, 9, 76-
17, 22, 26-27, 29, 35). As pointed out earlier, six
factors are postulated as contributing to the shield-
ing effect on a particular sample proton. Generally,
various individual factors can be eliminated if
appropriate conditions are chosen to observe the
resonance. For instance, using an internal refer-
ence rather than an external one eliminates the
effect of the bulk diamagnetic susceptibility 65 of
the solvent. The effect of an isolated gaseous mole-
cule d¢ is eliminated by obtaining the spectra of
the samples as liquid solutions, and therefore these
factors become constants.

The remaining effects (84, 6w, 6&, and d¢) vary
in their contribution to the observed shift. The con-
tribution of the van der Waals forces éw is con-
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sidered insignificant in the system studied (9, 30).
The diamagnetic anisotropy 64 of the solvent
molecule is a predominant effect when aromatic
solvents are used. This effect is brought about by
induced magnetic moments and is dependent on
the orientation of the solute and solvent molecules
(magnetic anisotropy). The secondary magnetic
field caused by this induced magnetic moment is
proportional to the inverse third power of the
separation of the molecules. Therefore, if the mole-
cules are arranged in a planar configuration, there
will be a diminution of the external field at the
solute proton which would cause a high-field shift.
However, if the molecules were arranged in a per-
pendicular configuration, a low-field shift of the
solute protons would be observed (8-9). The cir-
culating field would, in the former case, shield the
protons and in the latter case deshield the protons.

The polar effect ¢ and the complex effect é¢, a
special case of the polar effect, contribute signifi-
cantly to the observed shift and the direction of the
shift. With the contributing factors defined, the
accumulated data can now be evaluated.

In aninert solvent such as CCl; the pyridine-ring
protons appear at low field. In a donor solvent such

Ho

Figure 3.—Proposed structure for the pyridine-
benzene complex and the induced secondary
field on the benzene ring.

as benzene, a shift of the protons to higher field is
due to the increased shielding brought about by
the diamagnetic anisotropy of the benzene, when
the benzene is coplanar with the pyridine molecule.
This shift is observed for the protons in positions
3, 4, and 5 on the pyridine ring, but position 2 and
6 protons show a shift to low field. This low-field, or
paramagnetic, shift is opposite to the effect pre-
dicted on the basis of the diamagnetic anisotropy
of the aromatic solvent. From this fact one can
conclude that the 64 effect, although contributing
to the observed shift, is not the only contributing
effect.

The presence of the electronegative atom, nitro-
gen, in the pyridine ring can be responsible for
reaction field effects 6 g in the solvent-solute system.
This reaction field can affect the field experienced
by the individual protons of the pyridine solute.

A structure for the pyridine-benzene complex
can be postulated based on the cumulative effect
of the anisotropy of the components, solute and
solvent, the polar nature of the solute, and the
specific  intermolecular interactions (complex
formation) (30). The proposed geometry in figure 3
pictures the pyridine as being oriented at an angle
to the plane of the benzene ring with position 3 and
5 protons toward the center of the benzene ring,
the position 4 proton slightly off center, and posi-
tion 2 and 6 protons oriented away from the plane
of the benzene. This configuration would place
position 3 and 5 protons in the most highly shielded
position in relation to the induced secondary field
in the benzene, the position 4 proton in a slightly
less shielded orientation, and position 2 and 6 pro-
tons in a deshielded position with respect to the
secondary induced field.

Table 5.—Chemical shifts of solutions of 3-
methylpyridine in benzene-d, diluted with
cyclohexane at 37° C, ppm

Benzene Position of substitution
concentra-
tion, molal CH; 2 and 4 proton 5 proton
6 protons

137 .41 1.858 8.480 6.988 6.738
125.4 1.908 8.442 7.015 6.754
115.3 1.938 8.404 7.038 6.763
106.7 1.971 8.417 7.071 6.787
99.3 1.996 8.392 7.083 6.796
92.8 2.013 8.392 7.104 6.812
87 .2 2.025 8.392 7.112 6.821
78.3 2.050 8.404 7.140 6.840
71517 2.062 8.392 7.140 6.835

! The original solution concentration was 1 molal in
3-methylpyridine.
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This proposed geometry pictures the probable
result of the most important of the shielding param-
eters. This orientation was originally proposed by
the authors (20-27) and corresponds directly with
an orientation later proposed by Ronayne and
Williams (27). The proposed orientation fulfills all
of the required conditions for a w-complex, which
utilizes the pyridine m-electrons. The resultant ring
current is modified by the nitrogen lone-pair elec-
trons (36) and the benzene m-electrons. This r-com-
plex results in the observed chemical shift of the
pyridine protons in an aromatic solvent.

Evidence for Complex Formation

Further evidence for complex formation between
benzene and pyridine solute molecules is revealed
by experiments showing the effects of varying the
concentration of these components in an inert sol-
vent. In a set of experiments the effect of benzene-ds

concentration on the chemical shifts of several pro-
tons of 3-methylpyridine was studied. The results
are shown in table 5. The observed chemical shifts,
upon successive dilution by cyclohexane, show a
regular change. The chemical shifts for the methyl
protons and position 5 and 4 protons increase
regularly with dilution. The chemical shifts of
position 2 and 6 protons decrease with dilution.
These effects are consistent with the observation of
the solvent effect on protons in these positions.
These observations are consistent with the forma-
tion of a complex between benzene-ds and
3-methylpyridine involving a small equilibrium
constant. Work by others (28, 33) has shown that
these kinds of data may be used to determine the
magnitude of the equilibrium constant. This appli-
cation has not been made in detail in the present
work, but preliminary calculations show that the
magnitude of the equilibrium quotient is approxi-
mately 1X107%

IDENTIFICATION OF PYRIDINES IN SHALE-OIL NAPHTHA

A fraction obtained from separation of a gross
mixture by gas-liquid chromatography was utilized
to illustrate how the previously mentioned data
were used in a qualitative identification of pyridines
isolated from shale oil. The spectrum of this frac-
tion at 37° C in CCly is shown in figure 4. The
fraction had a major and a minor constituent. Both
compounds were pyridines as shown by NMR
spectra and mass and infrared spectra. The data
on the chemical shift of the ring protons in CCly
solution indicated that protons were present in
positions 2 and 6, 3 and 5, and 4. Chemical-shift
data and integration of the areas under the peaks
indicated one proton in position 2 or 6, three pro-
tons in position 3 or 5, and one proton in position 4.

The band at 8.28 ppm is assigned to the
position 2 or 6 proton; the band at 7.18 ppm is
assigned to the position 4 proton; and the band at
6.92 ppm is assigned to one of the position 3 and 5
protons. The remaining position 3 and 5 protons
are under the band at 6.65 ppm. In each case the
assigned values fall within the ranges shown in
figure 1. The position 2 or 6 proton at 8.28 ppm is
within the range of chemical shifts observed for a
disubstituted pyridine. The position 4 proton at
7.18 ppm is within the range of chemical shifts
observed for disubstituted pyridines and in the case
of the position 3 or 5 proton at 6.92 ppm, it falls
in the range for a disubstituted pyridine. The two
position 3 and 5 protons at 6.65 ppm are at a higher
field than the lone position 3 or 5 proton described

previously and fall within the range for trisub-
stituted pyridines.

A value of 2.37 ppm is given as the resonance
position for methyl groups in positions 2 and 6 for
2,4,6-trimethylpyridine and a value of 2.17 ppm
for the methyl protons in the 4 position. In the spec-
trum shown in figure 4, the band at ¢ (2.38 ppm)
had an integrated area equal to six protons and was
assigned to methyl groups at positions 2 and 6,
while the band at b (at 2.20 ppm) which had an
integrated area equal to three protons was assigned
to a methyl group in the 4 position. This compound
was identified as 2,4,6-trimethylpyridine.

The second compound was identified as either
2-cthyl-3-methylpyridine or 2-ethyl-5-methylpyri-
dine. The bands in the spectrum were assigned as
follows: Band @ at 1.26 ppm and band ¢ at 2.70 ppm
were assigned to the methyl and methylene protons
of an ethyl group in the 2 position; band ¢ at 2.26
ppm was assigned to a methyl group in either posi-
tion 3 or 5 on the pyridine ring; the bands at
8.28 ppm, 6.92 ppm, and 7.18 ppm in figure 4
were assigned to the respective ring protons shown
in structural formula II.

Data from the present study were used in the
preceding manner to identify other pyridines in a
shale-oil naphtha (J). Twenty-four alkyl pyridines
identified by NMR spectroscopy comprised about
64 percent of the basic nitrogen fraction separated
by gas-liquid chromatography from this shale-oil
naphtha.
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Figure 4—NMR spectrum of a fraction of shale oil containing alkyl pyridines.

SUMMARY

The chemical shifts of the ring protons and the
alkyl protons of 32 pyridines in carbon tetrachloride
and benzene-d solutions are given. The chemical
shifts depend on the position of substitution and on
the solvent. The differential shifts caused by a
change in solvent are correlated with the sub-
stituent position. An unexpected paramagnetic
shift of protons in positions 2 and 6 on the pyridine
ring in an aromatic solvent as compared to their

positions in a nonaromatic solvent was observed.
A proposed w-complex structure is presented to
account for the observed shifts that occur in the
pyridine-ring protons and alkyl substituent group
protons in an aromatic medium. A range of dif-
ferential shifts based on these correlations is given.
The utility of the data is demonstrated in an identi-
fication of two pyridines isolated from a fraction of
shale oil.
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APPENDIX A.—CATALOG OF SPECTRA

This appendix contains reproductions of the 60-MHz proton NMR spectra of
the 32 pyridines studied. The figures are arranged to show, first, the spectrum of a
pyridine in carbon tetrachloride solvent and second, in benzene-dg solvent. All of the
spectra shown in the illustrations were obtained at a probe temperature of 37° C.

Assignment of chemical shifts (§) are shown on the spectra in parts per million
from the internal reference, tetramethylsilane (TMS). The spectra were obtained
at two different sweep widths, 500 and 1,000 Hz. The choice of width depended on
the complexity of the multiplets in each individual spectrum and the authors’ desire
to convey as much information as possible from each spectrum. The chemical shifts
in parts per million and the assignments are written above the resonance peaks.
A structural formula of the pyridine is also shown in each illustration.

Figure A-1.—2-methylpryidine in CCI, .
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Figure A-2.—2-methylpyridine in C;D;.
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Figure A-3.—3-methylpyridine in CCI,.
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Figure A—4.—3-methylpyridine in C;D;.
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Figure A-5.—4-methylpyridine in CCl,.
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Figure A-6.—4-methylpyridine in C,D,.
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Figure A-7.—2-ethylpyridine in CCl,.
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Figure A-8.—2-ethylpyridine in C,D;.
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Figure A-9.—3-ethylpyridine in CCI,.
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Figure A-10.—3-ethylpyridine in C;D,.
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Figure A-11.—4-ethylpyridine in CCI,.
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Figure A-12.—4-ethylpyridine in C,D;.
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Figure A-13.—2-propylpyridine in CCl,.
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Figure A-14.—2-propylpyridine in C,D;.
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Figure A-15.—4-propylpyridine in CCl,.
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Figure A-17.—4-isopropylpyridine in CCl,.
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Figure A-18.—4-ispropylpyridine in C,D;.



CATALOG OF SPECTRA 33

50 4.0 3.0 2.0 1.0 0 ppm (3)
[ T I T ] 4 I Bkd 1 B l 1
T : ; L] v ¥ I T T T
>=H>
300 200 100 0 Cps
CHs CH3
CH3-C—CH3 {.31
/
NS
719
|
843 .
|
|
1 | | ] | | |
1 L | 1 | 1 | ! [ ! 1
5.0 40 30 20 1.0 1] "M(‘)

Figure A-19.—4-t-butylpyridine in CCl,.
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Figure A-20.—4-t-butylpyridine in C;D,.
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Figure A-21.—2-pentylpyridine in CCI,.
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Figure A-22.—2-pentylpyridine in CyDs.
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Figure A-24.—4-pentylpyridine in C;D,.
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Figure A-25.—2-hexylpyridine in CCI,.
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Figure A-26.—2-hexylpyridine in C.D;,.
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Figure A-27.—2-(5-nonyl)pyridine in CCI,.
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Figure A-28.—2-(5-nonyl)pyridine in C,D,.
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Figure A-29.—4-(5-nonyl)pyridine in CCI,.



44 PROTON NMR SPECTRA OF PYRIDINES

5.0 4.0 3.0 2.0 1.0 o ppm(3)
J ! l v I ] ) [ T Y T -y ——T
H>
300 200 100 0 CPS
CHBCHZCHZCH2 CHCHZCHZCHZCH3
z
\N
Cﬂ3

v
o
>
o
w
o
N
o
(=]
ol—t—

PPM (3)

Figure A-30.—4-(5-nonyl)pyridine in CgD;.
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Figure A-31.—2, 3-dimethylpyridine in CCl,.
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Figure A-32.—2, 3-dimethylpyridine in C;D;.
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Figure A-33.—2, 4-dimethylpyridine in CCl,.
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Figure A-34.—2, 4-dimethylpyridine in C;D;.
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Figure A-35.—2, 5-dimethylpyridine in CCI,.
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Figure A-36.—2. 5-dimethylpyridine in C,D,.
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Figure A-37.—2, 6-dimethylpyridine in CCl,.
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Figure A-38.—2, 6-dimcthylpyridine in C,D,.
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Figure A-39.—3, 4-dimethylpyridine in CClI,.
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Figure A-40.—3, 4-dimethylpyridine in C;D;.
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Figure A-41.—3, 5-dimethylpyridine in CClI,.
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Figure A-42.—3, 5-dimethylpyridine in C;D,.
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Figure A-43.—2-methyl-4-ethylpyridine in CCI,.
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Figure A-44.—2-methyl-5-ethylpyridine in CCI,.
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Figure A-45.—2-methyl-5-ethylpyridine in C,D;.
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Figure A-46.—3-methyl-4-ethylpyridine in CCl,.
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Figure A—47.—3-methyl-4-ethylpyridine in C,D;.
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Figure A-48.—3-ethyl-4-methylpyridine in CClI,.
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Figure A-49.—3-ethyl-4-methylpyridine in C;D,.
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Figure A-50.—2, 3, 6-trimethylpyridine in CCl,.
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Figure A-51.—2, 3, 6-trimethylpyridine in C,D,.
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Figure A-52.—2, 4. 5-trimethylpyridine in CCI,.
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Figure A-53.—2, 4, 6-trimethylpyridine in CCl,.
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Figure A-54.—2, 4, 6-trimethylpyridine in C;D,.
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Figure A-55.—2, 3, 4, 5-tetramethylpyridine in CCl,.
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Figure A-56.—2, 3, 4, 6-tetramethylpyridine in CCI,.
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Figure A-57.—2, 3, 5, 6-tetramethylpyridine in CCl,.



APPENDIX B.—DATA DERIVED FROM SPECTRA

The tables included in this appendix list the chemical shifts and differential
chemical shifts of the 32 pyridines studied. Selected data from these tables were used
in the text of this bulletin to describe pertinent research results.

Table B-1.—Chemical shifts and differential shifts of the ring protons
on 32 pyridines in two solvents at 37° C, ppm

Ring position

Compound 2 and 6 3and 5 4
dcely dcgDg 86 dcely dcgDg 86 dccly dcgDg 86

PYBIIIE: vz ;05 55 5k v 5 Be8 8 a5 Somaees 8.42 8.60 —0.18 7.28 6.87 0.41 7.65 7.06 0.59
2-Methylpyridine. . ............... 8.42 8.53 —.11 7.00 6.61 .39 7.43 7.05 .38
3-Methylpyridine. . ............... 8.39 8.45 —.06 7.08 6.80 .28 7..39 6.92 .47
4-Methylpyridine. . ............... 8.42 8.64 =, 22 6.99 6.93 .06 e - o B
2-Ethylpyridine... ; . s s 5000 5 550 5 w168 8.45 8.49 —.04 7.00 6.76 .24 7.43 7.10 «33
3-Ethylpyidine. .« i s.cs 35003 sasaams 8:37 8.52 =15 7.14 6.82 .32 7.40 7.08 «32
4-Ethylpyridine................... 8.43 8.62 -.19 7.03 6.95 .08
2-Propylpyridine.................. 8.50 8.57 —.07 6.97 6.74 .23 7.47 7.11 .36
4-Propylpyridine. . . .o .« sv e o s s o v 8.45 8.55 —:.10 7.00 6.87 .13
4-Isopropylpyridine. . . ............ 8.43 8.59 —.16 7.07 6.97 .10 o 5 s
4-t-Butylpyridine.................. 8.47 8.57 —.10 7.20 7.07 13
2-Pentylpyridine. . ................ 8.47 8.57 -.10 6.97 6.78 .19 7.48 7:12 .36
4-Pentylpyridine. .. ............... 8.42 8.44 ~, 02 7.03 6.79 .24 fions o X
2-Hexylpyridine. . . ............... 8.45 8.57 —:..12 7.00 6.75 .25 7.47 7.10 .37
2-(5-Nonyl)pyridine. . . ............ 8.53 8.59 =06 6.97 6.76 +21 7.50 7:12 .38
4-(5-Nonyl)pyridine. . ............. 8.46 8.57 =11 7.01 6.76 +25 o 5 o « s
2,3-Dimethylpyridine.............. 8.23 8.43 —.20 6.92 6.69 23 7.28 7.00 .28
2,4-Dimethylpyridine. . . ........... 8.20 8.44 —.24 6.78 6.60 18 . g gras 3 s
2,5-Dimethylpyridine. . ............ 8.27 8.42 —.15 6.93 6.84 09 7.30 7.08 22
2,6-Dimethylpyridine.............. 2y TEE i EEE 6.85 6.74 11 7.30 7.12 .18
3,4-Dimethylpyridine.............. 8.22 8.39 —.17 6.92 6.64 28 4 i 50 56 e
3,5-Dimethylpyridine. ............. 8.15 8.35 —,20 T .83 7.10 7.02 .08
2-Methyl-4-ethylpyridine........... 8.18 )Y  sseaus 6.82 ™ § 5 3 .5 ¢ 4w
2-Methyl-5-ethylpyridine........... 8.23 8.47 —.24 6.95 6.77 18 7.28 7.06 422
3-Methyl-4-ethylpyridine........... 8.28 8.41 —.13 6.93 6.83 10 TS & T
3-Ethyl-4-methylpyridine........... 8.23 8.35 —-.12 6.92 6.79 13 -
2,3,6-Trimethylpyridine............ — T P 6.76 6.61 15 7.15 6.95 20
2,4,5-Trimethylpyridine............ 7.87 M) eissew 6.57 (O] -
2,4,6-Trimethylpyridine............ o LEEE werEEd 6.65 6.49 16
2,3,4,5-Tetramethylpyridine. . . ... .. 7.83 ) ssesss ok oRAAN
2,3,4,6-Tetramethylpyridine. . .. .. .. et Honm o 6.61 (&) e Nzl Sl
2,3,5,6-Tetramethylpyridine. . .. .. .. S e T e e - 6.83 )

! Insufficient sample.
% 4-proton resonance obscured by benzene resonance.
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Table B-2.—Chemical shifts and differential shifts of the ring protons
on 15 monosubstituted pyridines in two solvents at 30° C, ppm

Ring position

Compound 2 and 6 3and 5 4
dcely Scepg 86 dcoly SceDe 66 dcely 60gDg 68

2-Methylpyridine: « s : 56500 5959 8.40 8.47 =0.07 6.97 6.67 0.30 7.46 7.08 0.38
3-Methylpyridine. . ............... 8.38 8.45 =407 7.07 6.75 82 7.41 7.00 .41
4-Methylpyridine. . ............... 8.39 8.50 =4 1] 7.01 6.66 +35
2-Ethylpyridine................... 8.45 8.55 —.10 6.99 6.71 .28 7.49 7.14 35
3<Ethylpyridine. ; . ;s oo v s mmsn s 8.37 8.49 =12 7.10 6.79 31 7.43 7.0% .36
4-Ethylpyridine. .. . csvvswwe s 0w v o0 8.39 8.54 =,15 7,03 6.71 .32
2-Propylpyridine.................. 8.44 8.54 =10 6.98 6.71 .27 7.48 7:16 +D2
4-Propylpyridine.................. 8.42 8.55 —:13 7.02 6.72 .30 A - § 3
4-Isopropylpyridine. ............... 8.43 8.57 —.14 7.07 6.76 31

4-t-Butylpyridine. ................. 8.43 8.61 —.18 7.19 6.92 27
2-Pentylpyridine. . c co s smavsmwes o 8.46 8.54 —.08 7.00 6.72 .28 7.49 7.12 w37
4-Pentylpyridine. .. ............... 8.40 8.57 = M 7.01 6.75 .26 § i s £ 3 5 87
2-Hexylpyridine................... 8.48 8.55 — .07 7.00 6.72 .28 7.48 7:14 31
2-(5-Nonyl)pyridine. .. ............ 8.48 8.57 — .09 7.00 6.175 .25 7:52 7.18 .34
4-(5-Nonyl)pyridine. . ............. 8.42 8.57 ~.15 7.03 6.77 .26 285 o ce

Table B-3.—Chemical shifts of the alkyl pro-  Table B—4.—Chemical shifts of the alkyl pro-

tons on monosubstituted pyridines in CCI, tons on monosubstituted pyridines in C,D; at
at 30° C, ppm 30° C, ppm
Alkyl Alkyl Position of substitution Alkyl Alkyl Position of substitution
group proton group proton
position 2 and 6 3 and 5 4 position 2 and 6 3 and 5 4
Methyl... .. a 2.50 2.31 2.82 Methyl..... a 2.42 1.87 1.85
Ethyl...... a 2.78 2.64 .62 Ethyl: ;- 5. - a 2.76 2.24 2:19
B 1.29 1.25 1.24 B 1.26 92 .92
n-Propyl... . a 2.73 2.57 n-Propyl. ... a 2.74 2.21
B 1.76 1.67 B 1..79 1.37
% .95 .95 ¥ .88 13
i-Propyl. . .. a 2.86 i-Propyl. . .. a 2.47
B 1.26 B .97
t-Butyl. .. .. a p— t-Butyl. . ... a e S
B 1.31 B 1.04
n-Pentyl. . .. a 2. 75 2.57 n-Pentyl. . .. @ 2.79 2.26
B 1.73 1.59 B L7 1.34
¥, 8 1.37 1.42 ¥, 8 1.28 j U5 o7
€ .91 .90 € .84 .84
n-Hexyl . . a 2.68 n-Hexyl. . .. a 2.74
B 1.73 B 1.85
v, 0, € 1.32 v, 6, € 127
¢ .90 i e ¢ .87
5-Nonyl. . .. a 2.58 2.54 5-Nonyl. . .. a 2.70 2,17
B 1.65 1.54 B 1.81 1.26
v, 8 1.20 1.22 ) 1.24 1.13

L)
®
o

.83 o .85 .82

~
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Table B-5.—Chemical shifts of the alkyl pro-  Table B-6.—Chemical shifts of the alkyl pro-

tons on monosubstituted pyridines in CCl, tons on monosubstituted pyridines in C;D; at
at 37° C, ppm 37° C, ppm
Alkyl Alkyl Position of substitution Alkyl Alkyl Position of substitution
group proton group proton
position 2and6 3 and 5 4 position 2and 6 3 and 5 4
Methyl... .. a 2.47 2.31 2.27 Methyl..... a 2.43 1.85 2.01
Ethyl: ; o5 55 a 2.75 2.57 2.58 Ethyls x4 a 2.77 2.25 237
B 1.27 1.19 1.20 B V.27 w92 1.02
n-Propyl @ 2.73 2.51 n-Propyl.. .. a 2.75 2.32
B 1.77 1.60 B 1.80 1.44
k% .87 .89 % .89 .78
i-Propyl a 2.83 i-Propyl. . .. a 2.62
B 1:19 B 1.03
t-Butyl. . ... a w o t-Butyl. . . .. a sz
B 1.26 B L.12
n-Pentyl. . . . a 2.72 2.58 n-Pentyl. . . . a 2.80 2.44
B 1.69 1:52 B 1.78
v, 8 1.32 1.42 v, 8 1.27 181
€ .87 .90 € .85 .87
n-Hexyl. . .. a 2.68 o n-Hexyl a 2.75
B 1.75 - B 1.78
v, 8, € 1.32 o v, 8, € 1.29
Lo 90 ¢ .86
5-Nonyl. . .. a 2.60 289 5-Nonyl a 2.77 2.18
B 1.64 1.52 B 1.80 1.24
v, 6 1.15 1.20 v, 8 1.18 112
€ .82 .82 € .82 «13

Table B-7.—Chemical shifts of the alkyl protons on polyalkyl-substituted
pyridines in CCl, at 37° C, ppm

Alkyl Position of substitution
Compound proton
position 2 3 4 5 6

2,3-Dimethylpyridine. .. ............. a 2.42 2.21 —_ -~
2,4-Dimethylpyridine. . .............. a 2.46 %S 2.18 g
2,5-Dimethylpyridine.. .............. a 2::43 e aBiE & 2.23 3 s
2,6-Dimethylpyridine. . .............. a 2.43 it 2 —_— —_— 2.43
3,4-Dimethylpyridine. .. ............. a . 2.21 2.21 5 e ¢ & 5 mus
3,5-Dimethylpyridine. . .. ............ a 3 juats 2.15 PoIT 2.15
2-Methyl-4-ethylpyridine............. a 2.41 “ 5 252 < o

B 1.18
2-Methyl-5-ethylpyridine............. a 2.42 S wriend] 2 2.57

B 1.20
3-Methyl-4-ethylpyridine............. a - 2.15 2.50 P
' B _— 25 g L. 13
3-Ethyl-4-methylpyridine............. @ ¥ 2.54 2.19

B 1.14
2,3,6-Trimethylpyridine. ... .......... a 2,39 2.19 oheatis g 2.39
2,4,5-Trimethylpyridine.............. a 2.17 S 1.94 1.94 5% 5
2,4,6-Trimethylpyridine.............. a 2.37 R 2.17 - 2.37
2,3,4,5-Tetramethylpyridine. . .. ...... @ 2.35 2.12 2.12 2.12 y s
2,3,4,6-Tetramethylpyridine. . .. ...... a 2.32 2.10 2.10 5 2.32
2,3,5,6-Tetramethylpyridine. . ........ a 2.22 2.06 s dudes 2.06 2.22
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Table B-8.—Chemical shifts of the alkyl protons on polyalkyl-substituted
pyridines in C;D; at 37° C, ppm

Alkyl Position of substitution
Compound ! proton
position - 2 8 4 5 6

2.3-Dimethylpyridine ... : s.os s v sw v c0 0 a 2.38 1.85
2,4-Dimethylpyridine. .. ............. a 2.43 - 1.85 oghd
2,5-Dimethylpyridine. . .............. a 2.27 56 a5 9 2.00 sms
2,6-Dimethylpyridine. . . ............. a 2.42 T AT S0 2.42
3,4-Dimethylpyridine. .. ............. a - 177 1.77 . i 58
3,5-Dimethylpyridine. . . ............. et R XS 2.03 51504 2.03
2-Methyl-5-ethylpyridine............. a 2.47 S - 2.27

B .96
3-Methyl-4-ethylpyridine............. a 1.96 2.30 Ep

B — .98
3-Ethyl-4-methylpyridine. ............ a 2.35 1.98

B .98
2,3,6-Trimethylpyridine.............. a 2.38 1.87 o sk 2.45
2,4,6-Trimethylpyridine.............. a 2.43 s 53 1.92 ‘e & 2.43

1 The chemical shifts of the three tetramethylpyridines, 2,4,5-trimethylpyridine, and 2-methyl-4-ethylpyridine were not
measured in CgDg because of a lack of sample.

Table B-9.—Differential chemical shifts of the alkyl protons on polyalkyl-
substituted pyridines at 37° C, ppm

Alkyl Ring carbon
Compound group
carbon 2 3 4 5 6
2,3-Dimethylpyridine................ a 0.04 0.36 o
2,4-Dimethylpyridine................ a .03 GEEE 0.33 s
2,5-Dimethylpyridine................ a .16 w it T e 0.23 e
2,6-Dimethylpyridine. . . ........ ... .. a .01 e (20 1 0.01
3,4-Dimethylpyridine. . .............. a o o 44 44 T gsus
3,5-Dimethylpyridine. . . ............. a s 3 8 <12 e .12
2-Methyl-5-ethylpyridine. ... ......... @ —.05 YT .30 s s
B ey i .24
3-Methyl-4-ethylpyridine. ... ......... a .19 20
B e .15
3-Ethyl-4-methylpyridine............. a <19 .21
B .16
2,3,6-Trimethylpyridine.............. a .01 .32 . S —.06
2,4,6-Trimethylpyridine. ... .......... a — .06 e +25 el — .06
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