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Abstract: Natural-abundance *N NMR chemical shifts of a number of closely related C- and N-methyl-substituted piperi-
dine and decahydroquinoline hydrochlorides have been measured in chloroform and methanol. For each solvent, the '*N shifts
of the salts of secondary and tertiary amines give different linear correlations with the 13C shifts of the corresponding carbons
of their hydrocarbon analogues. Additive shift parameters as well as protonation-shift parameters for carbon substitution near
nitrogen have been determined. Three of the nine parameters have a pronounced solvent dependence. The substituent-shift pa-
rameters for hydrochlorides are in general closer to the analogous values for 13C NMR than the corresponding parameters
which correlate the '3N shifts of the free amines. The parameters for substitution on 8 carbons are an exception. The '3C shifis
of some of the compounds can be used to elucidate conformational questions.

I. Introduction

In an earlier paper on the natural-abundance !*N spectra
of piperidines and related compounds, it was shown that the
nitrogen chemical shifts could be correlated with a set of ad-
ditive substituent parameters.> Some of these parameters
showed significant solvent dependences. Plots of the 5N shifts
measured in the same solvent vs. the 13C shifts of ring carbons
located in the same place as the nitrogens in corresponding
cyclohexane compounds were quite linear for all the secondary
amines and for two separate groups of N-methyl derivatives.
The few tertiary amines which showed large deviations from
the '*N/13C shift-correlation line had the common structural
feature of carbon-carbon bonds oriented antiperiplanar to the
nitrogen lone pair. The large shift effect connected with this
stereoelectric arrangement was used to estimate the axial/
equatorial equilibrium of N-methylpiperidine.

The present study concerns the 1°N chemical shifts of the
hydrochlorides of amines. If these shifts could be correlated
with additive substituent parameters, further information on
the structures of saturated amines might be derived by mea-
suring the changes in shift produced by protonation. Still
further insight might be gained from comparison of the
15N /13C shift correlations of the amines? and the amine salts
with the 13C shifts of cyclohexanes, because effects due to the
size or delocalization of the lone pair either should be expected
to disappear or become smaller by protonation. It was also of
interest to determine the possible influences of the positive
charge and shift effects due to the solvent, concentration of
solute, and the counterion.

I1. Experimental Section

Nitrogen-15 chemical shifts were determined with a Bruker
WH-180 FT NMR spectrometer operating at 18.25 MHz. The con-
centrations of the amine hydrochloride solutions were 9 + | mol %
in chloroform, 4.5 £ 0.5 mol % in absolute methanol, and 7.5 + 0.5
mol % in a mixture of 82 mol % chloroform and |8 mol-% methanol.
The shifts are reported in parts per million upfield from external
'SN-enriched | M nitric acid in D,O. The values which are accurate
to about 0.2 ppm are not corrected for bulk susceptibility effects. The
reference was made by dilution of 44% H!*NOj3 (99 atom %) with
D,0O to | M. The reproducibility of the shift of such solutions is within
0.15 ppm. All shifts of this study are measured with identical refer-
ences. The bulk susceptibility, K¥, of | M nitric acid is —0.715 £ 0.005
X 1076, The shift of | M nitric acid not corrected for bulk suscepti-
bility is 6.2 ppm upfield from neat nitromethane, 298.7 ppm downfield
from urea (2 M in H,0), 332.8 ppm downfield from tetrameth-
ylammonium chloride (2 M in H,0), and 355.0 ppm downfield from
the ammonium resonance of ammonium nitrate (2 M In H,O).

For a reasonable signal-to-noise ratio, it was necessary to accu-
mulate 500-1000 pulses (25°/20 us) with repetition rates between
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2 and 5s. In some cases, much longer accumulation times (up to 21
h) were needed to detect the signals of amine salt epimers present in
low concentration. The base-catalyzed nitrogen epimerization was
found to be slow enough in both solvents to observe separate sharp
signals for diastereomeric salts. The proton-noise decoupling of hy-
drochloride solutions turned out to be rather difficult, because a high
portion of the decoupling power is reflected when the dielectric con-
stant of the sample is increased. Efficient decoupling of both the de-
shielded ammonium protons and the protons on « carbons was
therefore not always possible. The resulting broadening of the signals
(up to 20 Hz) in some instances precluded the observation of isomers
with low concentrations. Because of the high decoupling power needed
(5 W), the sample was kept near ambient temperatures by blowing
cold nitrogen (0 °C) through the probe.

Peak assignments for mixtures of isomers were made by utilizing
the intensity ratios of the signals or, when these were close to 1:1, by
comparison with the spectrum of one pure isomer.

BC NMR spectra were measured of chloroform solutions with a
Varian XL-100 spectrometer, and proton spectra on a Varian A-60A
instrument.

The crystalline hydrochlorides were prepared by passing dry hy-
drogen chloride into solutions of the amines in anhydrous ether. The
salts were collected by filtration, washed with ether, and dried under
reduced pressure. The preparation of the amines was described pre-
viously.2 Mixtures of N-methyl-cis- and N-methyl-trans-3,5-di-
methylpiperidine (7b, 8b), and N-methyl-cis- and N-methyl-trans-
2,6-dimethylpiperidine (5b, 6b), were separated by chromatography
on alumina.? Better separations were obtained using alumina (neutral,
activity 1, Woelm) and eluting first with petroleum ether (bp 35-60
°C) and then with petroleum ether/ether mixtures, increasing the
amount of ether in 4 vol % steps, rather than just eluting with
ether.

I11. Results and Discussion

The N chemical shifts of the hydrochlorides of various
methylpiperidines, decahydroquinolines, and related com-
pounds measured in chloroform and methanol are given in
Table 1 along with the protonation shifts in methanol. Because
some of the secondary salts were not very soluble in chloroform,
their 15N shifts were also measured in a mixture of 82 mol %
chloroform and 18 mol % methanol. Plots of the !N shifts vs.
the corresponding !3C shifts are shown in Figures | (CHCl3),
2 (CH3;OH), and 3 (CHCI3/CH30H). In each case, separate
linear correlations are found for the secondary and the tertiary
salts. The slopes, intercepts, and correlation coefficients of the
least-squares lines are listed in Table II. Table [11 gives the
carbon shifts of the corresponding carbons of the analogous
cyclohexanes? and the deviations on the nitrogen scale from
the 'SN/13C-correlation line for both the salts and the free
bases? measured in different solvents.

It has already been shown that there are quite distinctly
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Figure 1. Correlation of N /13C NMR chemical shifts of secondary amine
hydrochlorides, O, and tertiary amine hydrochlorides, ®, in chloroform
solution.

different intercepts, but similar slopes (for a given solvent), of
the 1SN /13C-shift correlations for the secondary and tertiary
piperidines themselves, and one possible reason for this could
be the nitrogen lone pair which is expected to produce a large
contribution to the paramagnetic shift term. Different mean
radii for the lone pairs of secondary and tertiary amines would
affect the nitrogen shifts through the 1/r3 term of the shielding
equation.>® If the condition of the lone pairs were the only
difference between secondary and tertiary amines, hydrogen
bonding or protonation might be expected to diminish the
differences between the correlation lines. This is, in fact, ob-
served, and separations between the correlation lines of sec-
ondary and tertiary amines (12.5 ppm for a carbon shift of 37
ppm) shrink to 8.5 ppm on going from cyclohexane to methanol
as solvent, and are only 5.5 ppm for the hydrochlorides in
chloroform and 3.5 ppm for the hydrochlorides in methanol.
A very important shift effect, which is evident only for tertiary
amines, appears to involve delocalization of the lone pair to
antiperiplanar C(a)H bonds.? If this effect were absent, the
separation of the '>’N/13C shift correlation lines of secondary
and tertiary amines would be much larger than 12.5 ppm, as
can be seen from the large deviations of those tertiary amines
which are stereochemically constrained or otherwise con-
structed not to have antiperiplanar protons (see Table I11).
Protonation cancels the antiperiplanar effect and the 15N shifts
of the hydrochlorides of the deviant amines correlate well with
the other tertiary salts; examples are N, (trans-2,6)-tri-
methylpiperidine (6b), V.2,2,6,6-pentamethylpiperidine (13b),
N-methyl-2-azaadamantane (14b), N-isopropylpiperidine
(20), and quinuclidine (22) (Table I1I).

The influence of protonation on the SN shifts is the net of
cancellation of effects due to the nitrogen lone pair in the
amine, and of new effects connected with introduction of
positive charge and an additional N-H bond in the salts. The
downfield shifts observed on protonation of most of the com-
pounds studied suggest reduced electron shielding with for-
mation of positively charged nitrogen. Some of the positive
charge will be expected to be delocalized to the close-by car-
bons and hydrogens as well. In this connection, CNDQ/2
calculations by Morishima and co-workers’ indicate that, in
amine salts, the positive charge formed on nitrogen is spread
over the C-H hydrogens, primarily those on the o and 3 car-
bons, while the electron densities on the carbon atoms remain
constant or even increase. Such a charge redistribution is in
qualitative agreement with the observed deshielding of the
proton resonances and the shielding of most carbon shifts on
protonation of a saturated amine.”® Furthermore, substitution
of the C-H hydrogens by carbons is found to reverse the pro-
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Figure 2. Correlation of >N /13C NMR chemical shifts of secondary amine
hydrochlorides, O, and tertiary amine hydrochlorides, @, in methanol
solutions.
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Figure 3. Correlation of I5N/13C NMR chemical shifts of secondary amine
hydrochlorides in chloroform/methanol (82:18) solution.

tonation effect on the a carbons from the upfield direction to
the downfield direction and also attenuates the large shielding
effect of 8 carbons. Structural effects on the !N protonation
shifts are not wholly consistent with the postulated bond po-
larizations. Thus, substitution of hydrogens on « carbons by
methyl groups decreases the deshielding protonation effect on
the 15N resonances and eventually produces a shielding effect,
e.g, cis-2,6-dimethylpiperidine (5a) (Table I). However, in-
creased deshielding on protonation is observed when methyl
groups are substituted for hydrogens on 3 carbons, and this
effect is responsible for the rather large deviations from the
13N /13C shift correlations observed for hydrochlorides with
gauche vy carbons. This effect is more pronounced for the hy-
drochlorides derived from tertiary amines than for those from
secondary amines. Examples include N, (trans-3,5)-tri-
methylpiperidine (8b), — 4.4 ppm: N,3,3-trimethylpiperidine
(11b), — 3.3 ppm; N-methyl-cis-decahydroquinoline (16b,
N-inside isomer), —5.0 ppm; and N-methyl-8-(e)-methyl-
trans-decahydroquinoline (17b), — 6.9 ppm (Table IIT and
Figures 1 and 2). The attenuation of the '*N protonation shift
by 3 carbons causes the § parameter for hydrochlorides to be
smaller than that for free amines (see below), and is responsible
for the fact that the slopes of the 1*N/3C shift-correlation lines
are closer to unity for the salts than for the free bases (Table
I1). Possible reasons for the protonation shifts of tertiary
amines being larger than the protonation shifts of secondary
amines were mentioned above in connection with the separa-
tion of the correlation lines. Although the N chemical shifts
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Table I. 13N Chemical Shifts of Amine Hydrochlorides

Amine Solvent? Concn? Isomer¢ 6'SN4  A§(HT)e
Piperidine 1a CHCI;/CH;0H 7.0 3313
CH;0OH 4.0 344.8 -2.2
2-Methylpiperidine 2a CHCl; 9.2 317.9
CHCl;/CH;0H 8.4 318.8
CH;0H 4.0 322.1 +1.5
3-Methylpiperidine 3a CHCl; 7.7 328.4
CHCl;/CH;0H 7.1 329.8
CH;0H 4.0 333.8 -33
4-Methylpiperidine 4a CHCl; 6.5 329.6
CHCl;/CH;0H 7.7 331.2
CH;0H 4.0 335.2 -28
cis-2.6-Dimethylpiperidine Sa CHCl3/CH;0H 7.9 307.3
CH;0H 4.5 308.4 +4.9
trans-2,6-Dimethylpiperidine 6a CHCI3/CH;0H 7.9 3113
CH;0H 4.5 313.0 +1.5
cis-3,5-Dimethylpiperidine Ta CHCI; 7.7 3274
CHCl;/CH;0H 7.3 3283
CH;0H 4.0 3321 —43
trans-3,5-Dimethylpiperidine 8a CHCl; 7.7 333.1
CHCl;/CH;0H 7.3 3344
CH;0H 4.0 338.7 —8.7
cis-2,3-Dimethylpiperidine 9a CHCl3 9.3 320.7
CHCI3/CH;0H 8.3 322.5
CH;OH 4.8 325.6
trans-2,3-Dimethylpiperidine 10a CHCl3 9.3 316.6
CHCl;/CH;0H 8.5 318.2
CH;OH 4.8 320.5
3,3-Dimethylpiperidine 11a CHCl; 8.6 331.3
CHCI3/CH;0H 7.7 3325
CH;0H 43 3376 -6.6
4,4-Dimethylpiperidine 12a CHCl3 1.9 330.0
CH;OH 6.4 3343 -39
2,2,6,6-Tetramethylpiperidine 13a CHCl3/CH30OH 7.6 295.6
CH;0H 4.4 296.1 +3.5
2-Azaadamantane 14a CH;O0H/ 4.9 319.7 +2.4
CHCl,/f
trans-Decahydroquinoline 15a CHCl;3/CH30H 7.9 319.6
CH;0H 4.5 322.5
cis-Decahydroquinoline 16a CHCl;3/CH;0H 7.9 325.0
CH;0H 4.3 328.5
8-(e)-Methyl-trans-decahydroquinoline 17a CH;0H 5.5 326.0
Pyrrolidine 18a CHCI; 10.7 3222
CH;0H 5.7 327.2 —9.1
N-Methylpiperidine 1b CHCl3 7.7 3279
CH;0H 4.0 329.1 -53
N,2-Dimethylpiperidine 2b CHCl; 8.6 Trans 319.4
Cis 324.7
CH;0H 5.1 Trans 319.7 —-34
Cis 3259
N,3-Dimethylpiperidine 3b CHCl3 9.7 Cis 326.3
Trans 331.9
CH;0H 4.0 Cis 327.8 —6.6
N.,4-Dimethylpiperidine 4b CHCl; 9.7 Trans 3278
Cis 330.2
CH3;0H 4.2 Trans 329.0 —5.6
N,(cis-2,6)-Trimethylpiperidine 5b CHCl; 8.7 NCH; eq 311.4
NCH;j ax 318.1
CH;0H 4.5 NCH3jeq 310.4 -0.6
NCHj; ax 317.9
N, (trans-2,6)-Trimethylpiperidine 6b CHCl; 9.0 316.5
CH;0H 43 316.0 -9.5
N, (cis-3,5)-Trimethylpiperidine b CDCl; 8.9 NCH;eq 325.7
NCH; ax 3304
CH;0H 4.6 NCH;eq 327.1 =7.1
N, (trans-3,5)-Trimethylpiperidine 8b CHCl; 9.0 329.7
CH;0H 4.6 332.8 —8.9
N, (cis-2,3)-Trimethylpiperidine 9b CHCl; 8.1 Cis/cis 3211
Trans/cis 324.3¢
CH;0H 4.7 Cis/cis 3219

Trans/cis 324.7¢
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Table I (Continued)

Amine Solvent4 Concn? Isomer¢ SISNE  AG(H™)e
N (trans-2 3)-Trimethylpiperidine 10b CHCls 8.1 NCHj;eq 318.7
NCH3 ax 324.5¢
CH;0H 4.7 NCHs eq 319.4
NCHj; ax 32598
N,3,3-Trimethylpiperidine 11b CHCl3 7.7 329.0
CH;0H 4.0 3314 -7.3
N.,4,4-Trimethylpiperidine 12b CHCl; 7.9 327.8
CH;0H 4.4 328.7
N,2,2,6,6-Pentamethylpiperidine 13b CHCls 7.9 305.3
CH;OH 4.1 302.9 —15.6
N-Methyl-2-azaadamantane 14b CHCI; 7.9 320.0
CH;0H 4.9 320.0 —11.3
N-Methyl-trans-decahydroquinoline 15b CHCI; 10.7 NCH; eq 319.7
NCHj ax 325.8
CH;0H 5.1 NCH3;eq 320.4 —43
NCH;j ax 327.2
N-Methyl-cis-decahydroquinoline 16b CHCl3 9.5 N inside 3255
N outside 321.3
CH;0H 5.0 N inside 3278 -7.6
N outside 3222
N-Methyl-8-(e)-methyl-trans-decahydroquinoline 17b CHCl; 5.7 327.8
CH;0H 5.0 330.6
N-Methylpyrrolidine 18b CHCl3 1.3 317.6
CH;OH 4.9 319.5 -10.7
N-Ethylpiperidine 19 CHCl; 8.2 320.0
CH;OH 4.2 319.8 =22
N-lIsopropylpiperidine 20 CHCl; 9.0 3144
CH;0H 4.2 313.0 =50
3-Methylquinolizidine 21 CHCl; 12.1 3-CHs eq 313.8
3-CHsax 318.8
CH;0H 5.1 3-CHjeq 313.7
3-CHjax 320.0
Quinuclidine 22 CH;OH 4.0 3423 -13.7

@ Unless otherwise indicated, CHCl3/CH3;OH corresponds to 82 mol % CHCl3, 18 mol % CH3OH. Mol % of solute. ¢ Stereoisomer cor-
responding to specified configuration of N-methyl group where two isomers were observed, the major one is listed first. ¢ The '*N shift of the
amine hydrochloride upfield from | M H'SNQOj in D;0. ¢ Protonation shift of amine in methanol, produced by adding | equiv of HCI. / 80
mol % CH3;OH, 20 mol % CHCl;. ¢ Peak assignments are interchangeable.

Table I1. 13N /13C Shift Correlation Parameters of Amine Hydrochlorides

Amine hydrochlorides Solvent Slope“ Intercept? r N¢
Secondary piperidines CHCl; 1.114 357.773 0.976 9
CHCl3/CH;0H“ 1.227 362,192 0.993 14
CH3;0H 1.362 369.801 0.993 17
Tertiary piperidines CHCl3 1113 363.299 0.987 24
CH;0H 1.389 374.432 0.992 22

9 Opposite signs were used for the !N shifts (upfield from HNO3) and for the 13C shifts (downfield from MesSi), so the slope is positive.
b Intercept on the 'SN axis, 613C 0. ¢ Number of compounds in the correlation. ¢ 82 mol % CHCls, 18 mol % CH;0H.

of pyrrolidine (18a), and N-methylpyrrolidine (18b) do cor-
relate in the same way as those of the piperidines,? their hy-
drochlorides show very large deviations from the '>N/13C
correlation line of the piperidine hydrochlorides (Table I11).
The reason for this may be connected with the observation that
the 13C shifts of the 3 carbons of pyrrolidine have unusual
protonation shifts.”

The solvent, concentration, and counterion effects on the
I5N chemical shifts of piperidine salts are rather complex.
Some general trends, such as the upfield shifts in methanol and
small, but relevant, changes of the slopes of the *N/!3C cor-
relation lines, are evident from Tables I and I1. Structural ef-
fects on the solvent shifts are reflected in the solvent depen-
dence of the additive shift parameters (Table IV). A more

extensive treatment of solvent effects on '*N chemical shifts
of saturated amines and their salts will be provided later.®
The correlation of the SN chemical shifts of the free amines
with corresponding carbon shifts was, in many cases, compli-
cated by fast nitrogen inversion of N-methylated piperidines.2
Protonation slows such inversion sufficiently so that separate
signals for both epimers could be observed. The slope of the
ISN/13C shift-correlation line of the main group of N-
methylpiperidines (1.82) was slightly different from the slope
of the secondary amines (1.90), or of the minor group of ter-
tiary amines (1.97) which are expected to have a high prefer-
ence for the equatorial N-methyl conformation.? If these dif-
ferences in slope are connected with the axial-equatorial V-
methyl equilibrium, they suggest an increased population of
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Table I11. Deviations from Least-Squares Line of 'SN/!3C Shift Correlations of Amines and Hydrochlorides?

Hydrochlorides

CHCly/ Amines¢
Amine s13CHh Isomer¢ CHCIl; CH;OHY CH30H CgHi» CH;0H

Piperidine la 274 2.7 23 0.7 0.6
2-Methylpiperidine 2 36.1 0.5 0.9 1.3 003 -0.1
3-Methylpiperidine 32 269 0.9 0.6 0.6 04  —02
4-Methylpiperidine 4a 26,7 1.9 1.8 1.8 0.6 0.4
cis-2,6-Dimethylpiperidine 5a 450 0.3 —0.1 -1.3 -1.2
trans-2,6-Dimethylpiperidine 6a 417 0.3 —0.02 1.8 0.9
cis-3,5-Dimethylpiperidine 7a 268 -0.2 -1.0 -1.2 -0.5 -1.3
trans-3,5-Dimethylpiperidine 8a 211 -0.8 -1.9 —-2.4 -0.3 -0.4
cis-2,3-Dimethylpiperidine 9a 318 -14 -0.7 -0.9 2.7
trans-2,3-Dimethylpiperidine 10a 364 -0.5 0.7 0.3 0.1
3,3-Dimethylpiperidine 11a 229 -0.6 -1.6 -1.0 —0.6 —0.3
4,4-Dimethylpiperidine 12a 270 2.6 1.3 1.3 1.1
2,2,6,6-Tetramethylpiperidine 132 53.1 —-1.4 -1.3 5.6 2.6
2-Azaadamantane 142 38.2 1.9/ 0.7 0.4
trans-Decahydroquinoline 15a 347 -0.02 —0.05 —0.6
cis-Decahydroquinoline 16a 298 -0.6 -0.7 -3.6
8-(e)-Methvl-rrans-decahydroquinoline 172 31.0 -1.6 =22
Pyrrolidine 18a  26.1 —6.2¢ 7.8 —=0.03¢ -—2.1¢
N-Methylpiperidine b 334 1.8 1.1 0.1 0.5
N.2-Dimethylpiperidine 2b 399 Trans 0.5 0.7 0.4 0.4

348 Cis 0.1 -0.2
N,3-Dimethylpiperidine 3b 33.1 Cis 0.04 -0.6 0.5 —0.02

27.4 Trans -0.9
N.,4-Dimethylpiperidine 4 329 Trans 1.1 0.3 -0.4 -0.2

30.3 Cis 0.8
N, (cis-2,6)-Trimethylpiperidine 5b  46.3 NCH; eq -0.2 0.6 —0.8 -0.3

39.8 NCH3; ax -0.9 -1.2
N.(trans-2,6)-Trimethylpiperidine 6b 419 -0.2 -0.2 8.5 6.3
N, (cis-3,5)-Trimethylpiperidine 7b 330 NCH; eq -0.9 -1.5 —0.1 -0.4

28.9 NCH; ax -0.7
N, (trans-3,5)-Trimethylpiperidine 8 2638 —3.8¢ —4.48 =028 —0.2*
N, (cis-2,3)-Trimethylpiperidine 9b 375 Cis/cis -0.3 —0.4

337 Trans/cis —2.3¢ —3.9¢
N, (trans-23)-Trimethylpiperidine 10b 395 NCH; eq -0.6 —0.2 1.5

34.0 NCH; ax -1.0 -13
N.,3.3-Trimethylpiperidine 11b 286 —2.5¢ -3.3¢2  —03* 0.4#
N,4,4-Trimethylpiperidine 12b 3238 1.0 -0.2 -0.9
N .2,2,6,6-Pentamethylpiperidine 13b  50.0/ -24 =2.1 17.0 13.3
N-Methyl-2-azaadamantane 14b 394 0.5 0.3 104 7.8
N-Methyl-trans-decahydroquinoline 1sb 384 NCH; eq -0.9 -0.8 -0.03 —0.6

340 NCHj ax 0.3 0.01
N-Methyl-cis-decahydro-;quinoline 16b  30.0¢ N inside —4.4¢ —5.0¢8 0.5% —0.2*

37.2 N outide -0.6 -0.6
N-Methyl-8-(e)-methyl-trans-decahydroquinoline 17b 266 —5.9¢ —6.98 1.3
N-Methylpyrrolidine 18b 354 —6.3¢ —5.8¢ 0.7 -0.3
N-Ethylpiperidine 19 40.6 1.9 1.8 -0.2 0.5
N-Isopropylpiperidine 20 44.9* 11 0.9 4.7 3.9
3-Methylquinolizidine 21 43.5 3-CHj;eq =11 -0.3 —0.2%

239.2/  3-CHjax -0.9 0.03 0.2%
Quinuclidine 22 24.4 1.8 7.6

@ s'5N(experimental) — 6'5N(calculated from slope/intercept). & Carbon shift (downfield from Me,Si) of the analogous cyclohexane taken
from ref 4. ¢ Stereoisomer corresponding to specified configuration of N-methyl group; where two were observed, the major isomer is listed
first, ¥ 82 mol % CHCl;, 18 mol % CH;OH. ¢ Values from ref 2./ 80 mol % CH3;OH, 20 mol % CHCls. ¢ Shift excluded from least-squares
error analysis, # Compounds which formed a separate 1N/ '3C correlation line as free bases. ! Calculated carbon shift. ¥ Shift of Cl of bicy-

clohexyl.

the axial N-methyl conformation for piperidines with 2,6
substituents.!? Because for the amine hydrochlorides we can
correlate the shifts of the particular stereoisomers with dif-
ferent configurations at nitrogen and not an equilibrium
mixture as with the amines, it is expected and found that for
the salts the correlation lines for tertiary and secondary de-
rivatives are parallel in the same solvent.

A possible difficulty in making *N /13C shift correlations,
as has been done here, is whether or not the conformational
equilibria between the possible chair conformations of the salts
are equal, or at least similar, to those of the corresponding
hydrocarbons. Thus, is the equilibrium constant for the in-

terconversion of the cis-1,2-dimethylpiperidinium salt con-
formations unity, as it is for cis-1,2-dimethylcyclohexane?

No data appear to be available which indicate the positions
of such equilibria for piperidine salts undergoing ring inversion.
We have assumed, for the 1N /13C shift correlations and for
the substituent-parameter calculations (see below), that these
equilibria are close to 1:1 ratios expected for the analogous
methylcyclohexanes of the hydrochlorides of cis-N,2-, trans-
N,3-,and cis-N 4-dimethylpiperidines (2b, 3b, 4b). That the
assumption is reasonable is indicated by the relatively small
deviations of the SN shifts of these hydrochlorides from cor-
relation lines (Table IT).
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Table IV. Substituent Parameters for Correlation of the 15N NMR Shifts of Piperidines and Piperidine Hydrochlorides and 13C NMR

Shifts of Cyclohexanes

Piperidine hydrochlorides?®

Parameter? CHCl3 CH;0H Piperidines® Cyclohexanes?
Base shift +329.7 (0.2/28) +335.0 (0.2/28) +337.0 -27.0
a®d —2.3(0.2/19) —5.9(0.3/16) =22 -6.0
X +3.9 (0.3/8)¢ +0.3 (0.3/8)¢ +20.2 -1.4
B —12.0(0.2/11) —13.2(0.2/13) -17.8 -9.0
g2x —8.4(0.3/7) -9.0 -54
yea —1.3(0.1/28) +0.5 —-0.1
yax +4.5(0.2/13) +10.3 +6.4

af/ +4.3(0.2/22) +5.3 (a®98°9) +2.5 (a®93°9)

+13.5 (a*982%) +2.9 (a®982x)

+3.4 (a?*B°9)
yBem —1.2(0.3/4) -3.7 -2.0

@ The same symbols are used as for the carbon parameters of cyclohexanes in ref 4b. ® Standard deviation and number of occurrences in
parentheses. Positive numbers represent upfield shifts. ¢ Values from ref 2, not obtained by multilinear regression in cyclohexane as solvent.
4 Reference 4b. ¢ The difference between a® and o®* is the same for both solvents. The number of independent o parameters is therefore three:
a4 (CH;0H), atd (CHCl3), and Aatda?x, / This parameter is zero if both substituents are axial.

The axial/equatorial N-methyl equilibria of the 2,6-sub-
stituted piperidine hydrochlorides deserve special comment.
'H and '3C NMR spectra show that the equilibrium position
changes in favor of the conformation with axial N-methyl if
the number of equatorial substituents on a carbons is in-
creased.>!! The equilibrium mixture of N, (cis-3,5)-tri-
methylpiperidine hydrochloride (7b) contains about 5% of the
axial NV-methyl epimer, while for N, (cis-2,6)-trimethylpip-
eridine hydrochloride (8b), which crystallizes as pure equa-
torial isomer, the equatorial/axial ratio is about 65:35 in so-

Table V. Substituent Parameters for Correlation of SN NMR
Shift Changes Resulting from Protonation of Piperidines

Parameter Value? Deviation Nb
Base shift =31 0.3 21
atd =21 0.4 Il
3ea +4.1 0.4 7
gax +0.5 0.8 2
el -0.8 0.3 9
y2x —4.1 0.5 5
4B =21 0.5 5
afapax —6.8 1 |
ygem +2.0 0.7 2

a Positive represents an upfield shift. 2 N = number of occur-
rences.

CH,
CH,
+
N K=1
~y k=, \j: __CH,
CHJ N+
o
H H
CHs CH,
H K=1
cCH, — CH,
H
H H

lution. One possible explanation lies in the differences in
nonbonded interactions for diequatorial and axial-equato-
rial-gauche interactions of vicinal substituents on six-mem-
bered rings. If so, then, in solutions of N,(trans-2,6)-tri-
methylpiperidine hydrochloride (6b), the conformer with an
axial N-methyl group should have a population of much more
than 35%. The interactions of the N-methyl group with the
a-methyl groups change from diequatorial to two axial-
equatorial interactions going from the trans to the cis isomer
of 8b. For 6b, there is one diequatorial and one equatorial-axial
interaction with equatorial N-methyl groups and one equa-
torial-axial for the isomer with axial N-methyl. The interac-

Table VI. }3C NMR Chemical Shifts of Some Piperidine Hydrochlorides (ppm Downfield from Me,Si and CHCl3 Solutions)

Compd lsomer NCH; C(2) C(6) C(3) C(5) C(4) CCHj3;

N-Methylpiperidine 1b 43.7 54.6 54.6 229 22.9 21.2
N,2-Dimethylpiperidine 2b  Trans 40.9 61.2 559  31.5 23,26 22.4¢ 17.8

Cis 36.6 56.6 50.7 27.3 20.4 18.9 13.7
N,3-Dimethylpiperidine 3b Cis 43.8 60.5 542 29.1 228 29.9 18.7

Trans 41.1 58.3 52,8 253 18.3a4 311 18.29
N,4-Dimethylpiperidine 4b  Trans 43.7 54.6 546  31.1 311 28.4 21.0

Cis 41.3 50.4 50.4 27.6 27.6 253 18.3
N.(cis-2,6)-Trimethylpiperidine 5b N-CHjzeq 36.6 62.3 62.3 32.0 32.0 22.7 18.4

N-CHjzax 244 59.6 59.6 25.1 25.1 22.6 17.7
N, (trans-2,6)-Trimethylpiperidine 6b 37.8 56.6 55.3 299 28.4 17.244  17.19¢ 12.1
N, (cis-3,5)-Trimethylpiperidine 7b N-CHj;eq 43.7 60.0 60.0 28.8 28.8 39.0 18.5

N-CHjax 40.2? 57.1 57.1 24.4 24.4
N, (trans-3,5)-Trimethylpiperidine 8b 44.6 60.6 58.7 27.2¢ 24,19 357 18.7 18.1
N,3,3-Trimethylpiperidine 11b 44.7 64.2 54.5 311 19.9 345 29.4 24.5
N,2,2,6,6-Pentamethylpiperidine 13b 29.0 63.8 63.8  37.0 37.0 16.1 28.9 21.0
N-Methyl-2-azaadamantane 14b N-CHiseq 39.6 55.5 55.5 33.8 33.8 25.0@ 35.1(C-6)

N-CHj3; ax 28.4 28.4 24.4¢4

@ Shift assignments interchangeable.
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Figure 4. '3C chemical shifts of N-methyl groups in cyclic amines.

tions of the axial N-methyl group with the ring carbons should
be similar for both 5b and 6b. While for Sb the base-catalyzed
nitrogen inversion is sufficiently slow to allow the observation
of separate NMR signals, the competing fast ring inversion
of 6b leads to averaged signals and thwarts simple determi-
nation of the position of equilibrium by measurement of signal
intensities.

CH,
HC| HC |

base catalysis
%N\CH .
CH, CH,

5b (trans) 65% 5b (cis), 35%

HC]

N base cataly51s NN\

6b (N-methyl equatorial)
CH,

6b (N-methyl axial)

ring inversion
e em———
e ——————
H
Nr
H,C |
CH,

6b (N-methy! axial)

However, the nitrogen-15 chemical shift and the carbon-13
chemical shift of the N-methyl group of 6b suggest a high
proportion of the equatorial conformation. The argument
follows: With regard to the >N chemical shift, in both chlo-
roform and methanol, this shift correlates well with the ex-
perimental C2 carbon shift (41.9 ppm) of 1-cis-2-trans-3-
trimethylcyclohexane, where the diequatorial-axial confor-
mation is expected to be favored by about 9:1 over the diax-
ial-equatorial conformation. If the calculated '3C shift of the
diaxial-equatorial conformation of this 1,2,3-trimethylcy-
clohexane isomer (39.5 ppm) is used for the 1*N/!13C shift
correlation of N, (trans-2,6)-trimethylpiperidine hydrochloride
(6b), the deviation of the >N shift from the correlation line
goes from ~0.2 ppm (nitrogen scale) to 2.8 (CHCI3) and 3.5
ppm (CH;OH). The 13C chemical shift of the N-methyl group
of 6b compared with the shifts of the two epimers of N-
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methyl-2-(a)-methyl-trans-decahydroquinoline hydrochlo-
ride8® (Figure 4) also indicates a strong preference for the
conformation with equatorial N-methyl. Thus, the 13C shift
of 37.8 ppm for the piperidine salt, 6b, is much closer to the 13C
shift of the equatorial N-methyl isomer of the conformationally
fixed decalin (38.6 ppm) than to that of the axial epimer (35.7
ppm). If 6b favors the equatorial position for the V-methyl,
it seems possible only to conclude that the relatively high
percentage of axial N-methyl group in solutions of N,(cis-
2,6)-trimethylpiperidine hydrochloride (5b) must be the result
of other than steric interactions. A very recent report!!d
suggests that the real cause is solvent interactions with the
acidic NH proton.

The 56 1*N chemical shifts of piperidine and N-methylpi-
peridine hydrochlorides in chloroform and methanol, excluding
the values of 2,2,6,6-tetramethylpiperidine hydrochloride
(13a), and its N-methyl derivative, 13b, were used to calculate
a set of additive substituent parameters by means of a multi-
linear regression analysis similar to the one done by Grant and
co-workers*® for the 13C chemical shifts of cyclohexanes. Nine
independent substituent parameters, three of them duplicate
to account for solvent effects, were needed to correlate all of
the shifts. The values, mean deviations, and the number of
occurrences of each parameter are listed in Table IV together
with the values found for the free bases? and the '3C shifts of
cyclohexanes. The addition of other parameters, e.g., & pa-
rameters, or the differentiation of the a8 parameter into a®43%9,
%432 and a?*@3%4 parameters did not afford significant im-
provement of the correlation. The overall correlation coefficient
of the linear regression analysis was 0.9976, and the standard
deviation of the calculated shifts 0.5 ppm. The substituent
parameters for the !N chemical shifts of piperidine hydro-
chlorides are in general smaller than the ones found for the free
bases and are much closer to the values of the parameters de-
scribing the substituent effects on !3C chemical shifts of cy-
clohexanes. Notably different from the carbon parameters are
the downfield effects of equatorial y-methyl groups and the
small upfield v#* parameter.

If both the >N chemical shifts of the amines and their hy-
drochlorides can be described by sets of additive substituent
parameters, the same should be possible for the protonation
shifts listed in Table 1. The correlation is, however, expected
to be less good, because the errors of two different measure-
ments are involved. In making the correlation, where proton-
ation leads to two epimeric salts, the epimer corresponding to
the major conformation of the amine was taken to determine
the protonation shift. The nine parameters needed to describe
23 protonation shifts in methanol are listed in Table V. The
correlation coefficient was 0.9886 and the standard deviation
0.7 ppm. The generally negative (downfield) protonation shift
is increased by « and +y substituents but decreased or changed
to upfield by 8 carbons. The orientation dependence of sub-
stituent effects on the protonation shifts is particularly im-
portant. Axial 8 carbons have a smaller effect than equatorial
{3 carbons, but axial vy carbons have a bigger influence than
equatorial v carbons. The effect on the 3N chemical shifts of
free amines with carbon-carbon bonds antiperiplanar to the
lone pair is the cause of the large «®933* shift parameter for
protonation of such compounds.

A number of 13C chemical shifts of N-methylpiperidine
hydrochlorides were measured in this work and are listed in
Table V1. The peak assignments were made by means of signal
intensities, off-resonance decoupling, and by applying quali-
tatively the additivity rules found for methylcyclohexanes.*®
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Abstract: Natural-abundance SN NMR chemical shifts of saturated aliphatic primary, secondary, and tertiary amines and
their hydrochlorides have been measured in different solvents. Good linear correlations of these 1SN shifts with the 13C shifts
of carbons in the same positions in the corresponding hydrocarbon analogues were only found for the primary compounds. The
degree of correlation between !’N and 13C shifts decreased successively with secondary to tertiary amines and their hydrochlo-
rides. Despite this, sets of solvent-dependent additive shift parameters were derived which give reasonably satisfactory agree-
ment between calculated and experimental shifts of all of the amines and hydrochlorides. Some of the substituent-induced
shifts appear to be conformational effects and can be compared with substituent effects observed previously for cyclic amines.
The generally downfield protonation shifts could also be correlated with empirical substituent parameters.

I. Introduction

In previous reports on the natural-abundance !N spectra
of saturated amines, it was shown that the nitrogen chemical
shifts of primary and secondary amines could be correlated
with a set of additive substituent-effect parameters.? Also, it
was found that for a variety of saturated acyclic compounds
the 13C chemical shifts of a particular carbon could be corre-
lated with the *N shifts of primary and secondary amines of
corresponding structures where nitrogen replaces the particular
carbon.2

More recently, the 1N chemical shifts of methyl-substituted
secondary and tertiary piperidines* and their hydrochlorides3®
were shown to be well described by substituent-shift parame-
ters which have a close parallel to the parameters derived for
calculation of '3C chemical shifts of methylcyclohexanes.*
Separate linear '*N-shift correlations with the 13C shifts of the
hydrocarbon analogues were demonstrated for the secondary
and the tertiary piperidines and some related compounds. The
tertiary amines were different from the secondary amines in
being split into a minor and a major group having different
ISN/13C correlation lines, There were also some tertiary
amines which showed large deviations from either correlation
line. The discrepancies were related to a stereoelectronic shift
effect associated with having the lone pair on nitrogen anti-
periplanar with respect to one or more carbon-hydrogen bonds

0002-7863/78/1500-3889$01.00/0

on the a carbons. Protonation was found to cancel this
stereoelectronic effect and resulted in a change of the slopes
of the SN /13C shift-correlation lines from 1.9 (for the free
amines in cyclohexane) to 1.1 (for the hydrochlorides in
chloroform) and 1.4 (for the hydrochlorides in methanol).
Furthermore, protonation diminished the upfield displacement
of the correlation line of the tertiary amines from the corre-
lation line for secondary amines from 12.5 ppm (free amines
in cyclohexane) to 3.5 ppm (hydrochlorides in methanol). Most
secondary and all tertiary piperidine hydrochlorides had
downfield protonation shifts in methanol. The !N chemical
shifts of tertiary amine hydrochlorides with gauche v-carbon
substituents as well as pyrrolidine and N-methylpyrrolidine
hydrochlorides showed substantial deviations from the
ISN/13C shift-correlation lines.

In the present research, the studies of shift correlations of
natural-abundance 1SN NMR of saturated cyclic amines have
been further extended to aliphatic primary, secondary, and
tertiary amines. A priori, one might expect results similar to
those for the cyclic amines, especially because quite useful }3C
substituent-effect parameters have been developed for aliphatic
hydrocarbons.® The principal difficulty to be expected lies in
the fact that the conformational equilibria of saturated amines
are different from those of the analogous hydrocarbons. Thus,
the preferred conformation of propylamine around the C1-C2
bond is gauche, while for butane, the anti conformation is fa-
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