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Twenty one conformationally fixed amines and their N,N-dimethyl derivatives were obtained commercially
or synthesized. These included cis and trans 4-t-butyl cyclohexylamine, 2-exo and 2-endo norbornylamine,
2-adamantylamine, 4-phenylpiperidine, 1-napthylamine and tetrahydro-1-napthylamine. The 'H NMR
spectra of these amines were measured in CDCl; solution, assigned and the 'H chemical shifts given. This
data was used to investigate the effect of the amino group on the 'H chemical shifts in these molecules.
These effects were analyzed using the CHARGE model. This calculates the electric field and steric effects
of the amino group for protons more than three bonds removed, together with functions for the calculation
of two-bond and three-bond effects. The rotational isomerism about the C-N bond of the amino group was
investigated by ab initio calculations of the potential energy surface (PES) about this bond at the HF/3-21G
level. The resulting conformers were then minimized at the B3LYP/6-311++G (d,p) level. These geometries
were then used to calculate the 'H chemical shifts in the above compounds by CHARGE and the ab initio
gauge-invariant atomic orbital (GIAO) method at the B3LYP/6-311++G(d,p) level and the shifts were
compared with those observed. The compounds investigated gave 170 'H chemical shifts ranging from
0.60 to 8.2 ppm. The rms errors (obs. — calc.) were ca 0.1 ppm (CHARGE) and ca 0.2 ppm (GIAO). Large
deviations of ca 1.0 ppm were observed for the NH protons in the GIAO calculations. The complex spectra
of alkyl and aryl amines can thus be successfully predicted by both ab initio and semiempirical methods
except for the NH protons, for which the ab initio calculations are not sufficiently accurate. Copyright ©
2007 John Wiley & Sons, Ltd.
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INTRODUCTION chemical shifts and noted that it was a function of the ring
size and the nitrogen substitution.
There are two possible reasons for the absence of any

systematic investigation into amino chemical shifts. One is

Amines are one of the most important classes of organic
compounds, being constituents of all alkaloids, amino acids,
proteins, etc., and many other natural products. Also, many

the strong basicity of alkyl amines. In a recent investigation,
drugs are amines (e.g. amphetamines, morphine, nicotine,

Abraham et al.* found that the 'H shifts of the NH protons
of aliphatic amines showed little consistency in either CDCl;
or DMSO solvent and often the signals were too broad
to be observed. They note that the NH," proton signals

etc.). They are also versatile synthetic intermediates in
organic and organometallic chemistry. Despite this common
occurrence, there are few studies on the 'H NMR chemical

shifts of the amino group, and a definitive analysis of amino
substituent chemical shifts (SCS) in H spectra has not been
performed to date. Zurcher’s! pioneering investigation did
not consider amines, probably because of lack of good data.
Pretsch? reported literature data for some amines, mainly of
attached methyl groups. More recently, Alkorta and Elguero®
in their theoretical (GIAO) calculations of 'H shieldings in
amines gave literature data for the amines they investigated
(methyl and ethylamine and some heterocyclic amines). They
calculated the influence of the nitrogen lone pair on the 'H
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of dimethylamine hydrochloride occur at 9.2 ppm in CDCl;
compared to those of the free base at ca 1 ppm,® and therefore
traces of acid will produce large shifts for these protons and
also broaden the signal owing to exchange. They suggested
that this was the most probable reason for the lack of
consistency of these shifts in either solvent and concluded
that these protons are not suitable for diagnostic purposes.
Other near protons would be expected to experience similar
but much smaller effects because of protonation. Aryl amines
are much less basic and we shall show that the chemical shifts
of the NH protons in these compounds can be satisfactorily
predicted once all the factors affecting their chemical shifts,
including 7 contributions, are evaluated.

The other factor is simply the trivalent nature of the
nitrogen atom. This gives additional degrees of freedom
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when compared to monovalent substituents. For example,
the SCS of the amino group is dependent on the position of
the lone pair.3 In solution, the NH, group is usually not in a
single orientation, but the precise populations of the different
conformers are often unknown. For example, ethylamine has
two distinct conformers with the lone pair anti or gauche to the
C-C bond but the conformer energies in solution have not
to our knowledge been measured accurately. Gas-phase ab
initio calculations by Alkorta and Elguero® gave ethylamine
as a 50: 50 mixture but solvent effects were not considered.
In more complex acyclic amines, the number of conformers
is prohibitively large for any quantitative calculation.

For this reason we have investigated a variety of cyclic
amines in which the carbon framework is in a rigid
conformation (Fig. 1), and determined the orientation of the
amino group by ab initio calculations. These molecules give
rise to complex TH NMR spectra, which can, however, be
completely assigned to give an ensemble of 'H chemical
shifts. This ensemble provides a stringent critique for any
calculation of 'H chemical shifts in these molecules and will
be used to parameterize the CHARGE model for the amino
group.

In previous parts of this series, the CHARGE program
has been developed to provide a model capable of accurately
predicting the 'H chemical shifts of a variety of organic
compounds in CDC1;6-% and DMSO* solutions. This program
consists of a neural-network-data-based approach for one-
, two- and three-bond substituent effects plus a classical
calculation of the long-range effects of substituents. This
calculates the electric field, anisotropy and steric effect of
the substituent plus, for conjugated systems, the effect of
the m-electrons and for aromatics the ring-current shifts. The
CHARGE program is available as part of NMRPredict,’ a
modeling 'H and ¥C software package.

An alternative method of calculating NMR chemical
shifts is by the ab initio gauge-invariant atomic orbital
(GIAO)!!1 method, in which the nuclear shielding tensor
is calculated. This method has been used successfully in
the calculation of heavy-atom chemical shifts. Pulay et al.1?
in a discussion of the GIAO method noted that since the
chemical shift range of 'H is the smallest of all atoms, it will
be very sensitive to variation in the methodology such as the
geometry and basis set. An investigation by Lampert et al.13
on phenol and benzaldehyde derivatives led to deviations
of ca 0.5-1.0 ppm depending on the procedure and basis
set used, and this may well represent the limit of accuracy
of such calculations. Alkorta and Elguero® calculated amine
shieldings at the GIAO/B3LYP/6-311++G™ level but noted
that their 'H calculations were not as well correlated with
the observed shifts as the analogous 1*C calculations. We use
here an approach similar to that of Alkorta and Elguero in
that the same density function theory and basis set will be
used for the geometry optimization and GIAO calculations.
The GIAO-derived chemical shifts will then be compared
with the shifts from the CHARGE parameterization.

THEORY

As the theory has been given previously,®~8 only a brief sum-
mary of the latest version (CHARGESc) will be given here.

Copyright © 2007 John Wiley & Sons, Ltd.

The theory distinguishes between short-range substituent
effects over one, two, and three bonds, which are attributed
to the electronic effects of the substituents and long-range
effects due to the electric fields, steric effects and anisotropy
of the substituents.

The CHARGE scheme calculates the effects of neighbor-
ing atoms on the partial atomic charge of the atom under
consideration on the basis of the classical concepts of induc-
tive and resonance contributions. If we consider an atom I in
a four-atom fragment, I-]-K-L, the partial atomic charge on
I (q1) is due to three effects. There is an a-effect from atom
J, given by the difference in the electronegativity of atoms I
and ] and a -effect from atom K proportional to both the
electronegativity of atom K and the polarizability of atom I.
There is also a y-effect from atom L given by the product of
the atomic polarizabilities of atoms I and L for I = H and
L = F, Cl, Br, I. However for chain atoms (C, N, O, S etc.)
the y effect (i.e. C-C—-C-H) is parameterized separately and
is given by A + Bcos 6 where 6 is the C-C-C-H dihedral
angle and A and B empirical parameters.

The total charge is given by summing these effects and
the partial atomic charges (g1) converted to shift values using
the equation

8 = 160.84q; — 6.68 1)

The effects of distant atoms on the proton chemical shifts
are due to steric, anisotropic and electric field contributions.
H---H steric interactions are shielding in alkanes and
deshielding in aromatics and X---H (X = C, O, N, Cl,
Br, I) interactions deshielding, according to a simple r~°
dependence, where ag is the steric coefficient for any given
atom.

(Ssteric = aS/”6 (2)

The effects of the electric field of the C—X bonds (X = H,
F, Cl, Br, I, O, N) on the C-H protons are obtained from
the component of the electric field along the C—-H bond. The
electric field for a single bonded atom (e.g.—O) is calculated
as due to the charge on the oxygen atom and an equal and
opposite charge on the attached carbon atom. The vector sum
gives the total electric field at the proton and the component
of this field along the C—H bond is proportional to the proton
chemical shift.

The magnetic anisotropy of a bond with cylindrical
symmetry (e.g. C=C) is obtained from the appropriate
McConnell* equation:

Sanis = Ax(3cos? ¢ —1)/3R? 3)

In Eqn (3) R is the distance from the perturbing group to
the nucleus of interest in A, ¢ is the angle between the vector
R and the symmetry axis and Ay the molar anisotropy of the
C=Cbond. Ax = Xparl — Xperp Where xpar1 and xperp are the
susceptibilities parallel and perpendicular to the symmetry
axis, respectively.

For a nonsymmetric group such as the carbonyl group,
Eqn (3) is replaced by the full McConnell equation:

Sanis = [A)(parl(3 COSZ O — 1) + AXperp(3 COSZ 0 — 1)]/3R3
“)
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Figure 1. Amino compounds used for parameterization of CHARGE 177 x 203 mm (600 x 600 DPI).

where 6; and 6, are the angles between the radius vector R
and the x- and z-axes, respectively, and A xpa1(x: — xx) and
A Xperp(Xy — Xx) are the parallel and perpendicular anisotropy
for the C=0O bond, respectively.

The effect of the excess m-electron density at a given
carbon atom on the proton chemical shifts of the neighboring
protonsis given by Eqn (5), where Ag, and Agy are the excess
m-electron density at the a- and B-carbon atoms, respectively.
The m-electron densities are calculated using Huckel theory
parameterized to reproduce the values obtained from ab
initio calculations.’

8x =10.0 Agy + 2.0 Agy )

For aromatic molecules, the effect of the aromatic ring
current has to be included, and this is given by the equiva-
lent dipole approximation (Eqn 6). In Eqn 6, R is the distance
of the proton from the benzene ring center, 6 the angle of
the R vector with the ring symmetry axis, u the equiv-
alent dipole of the aromatic ring and fc the m-electron

Copyright © 2007 John Wiley & Sons, Ltd.

current density for the ring, being 1.0 for substituted ben-
zenes.

e = fc u(3cos’ — 1)/R® (6)

The above contributions are added to Eqn (1) to give the
calculated shift of Eqn (7).

Stotal = Scharge + steric + Sanis + de1 + 87 + Src (7)

APPLICATION TO AMINES

In the CHARGE routine, single bonds have been considered
to be isotropic and the same assumption will be made
here for the C-N and N-H bonds. The other terms in the
CHARGE formulation (electric field, steric effects, m-effects
and ring currents) all need to be considered. The electric
field shift is given directly from the calculated partial atomic
charges and these can be checked by comparison of the
observed and calculated dipole moments. For methylamine,
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dimethylamine, and trimethylamine, the observed versus
calculated dipole moments are 1.33, 1.01, and 0.63 D"
versus 1.32, 1.10, and 0.86 D, respectively. The agreement
is such that the electric field term may be used directly. The
nitrogen steric effect is given by Eqn 2, where the value of
the steric coefficient as needs to be found. The aromatic ring
current in substituted benzenes has been found in previous
investigations to be the same as in benzene, and this will
be assumed here for the amino benzenes. The effect of the
m-electron density on the ring protons is given by Eqn5,
but the effect of the n-density on the nitrogen atom on the
chemical shifts of the attached proton will require a different
coefficient. There is also the influence of the nitrogen lone
pair on the shielding of neighboring protons. This was not
included explicitly for the analogous case of the oxygen atom
in alcohols and ethers®, being covered by the steric effect of
the oxygen atom plus the a-, 8- and y-effects of the oxygen
atom for the near protons. The same procedure will be used
for the nitrogen atom of the amines considered.

Thus we need to evaluate the steric coefficient as (Eqn 2),
m-electron coefficient (Eqn 5) and the a-, p- and y-effects of
the nitrogen atom on the chemical shifts of the near protons.
These parameters were obtained from an iterative calculation
on the observed shifts.

EXPERIMENTAL

Experimental details

All the amino (R=NH,) compounds and solvents used were
obtained commercially, as well were the dimethylamino
compounds 8M, 9M and 10M (Fig.1). The remaining
dimethylamino derivatives were synthesized according to
literature procedures, as follows.

The mixture of cis and frans 4-dimethylamino tert-
butylcyclohexane isomers (IM) and (2M) and also N-
methyl-4-phenyl piperidine (3M) were prepared through
the method of Leuckart reductive alkylation,'®~!® using
formaldehyde in the presence of formic acid. The 2-endo-
dimethylaminonorbornane (4M) was obtained from selective
reduction’ of norcamphor, with sodium cyanohydridob-
orate (NaBH;CN). A variation of this procedure® using
just formaldehyde and the reductive agent (NaBH;CN) was
used to obtain the dimethylamino compounds (5M), (7M)
and (11M), as the Leuckart reaction did not work for these
compounds.

Spectroscopy experiments

'H and BC NMR spectra were obtained on a Bruker
Avance spectrometer operating at 400.13 MHz for proton
and 100.63 MHz for carbon. Compounds 1M, 2M, 3M, 4M,
and 10 gave complex, overlapping 'H spectra at 400 MHz,
and the 'H spectra were obtained on a Bruker Avance
spectrometer operating at 700.13 MHz. COSY, HMQC, and
HMBC experiments were also performed as needed. The

3 solutions in CDCl;,

spectra were recorded in 20 mg cm™
with a probe temperature of ca 300 K and TMS as reference.
To avoid the presence of residual HC], all solutions were
filtrated through columns of basic alumina before the spectra

acquisition.

Copyright © 2007 John Wiley & Sons, Ltd.

Computational methods

The geometries of all compounds used for parameteriza-
tion (Fig.1) were minimized using ab initio calculations
with the Gaussian 03W program.?! For all compounds the
potential energy surfaces (PES) were constructed at the
HF/3-21G level in order to determine the preferred amino
group orientation. The stable conformers were then mini-
mized at the BBLYP/6-3114++G(d,p) level, and the GIAO
calculations were performed using the recommended®
B3LYP/6-31G(d,p) level. The chemical shifts were refer-
enced to methane (minimized and calculated in the same
manner) and converted to TMS using the experimental value
of 0.23 ppm for methane.”

RESULTS AND DISCUSSION

Conformational analysis
The hydrocarbon fragments in the molecules studied were
chosen as rigid structures; therefore only the rotational
isomerism about the C-N bond needs to be determined.
In order to determine the most stable rotamers for the
amino group, we performed PES calculations by varying
the C2-C1-N-H(C) dihedral angle with increments of 10°
to all compounds where applicable. Although the nitrogen
lone pair is not defined in either the ab initio or the
CHARGE calculations, it is more convenient to describe
the rotational isomerism about the H-C-N-R; (R = H, Me)
bond in terms of the H-C—N-lone-pair dihedral angle (9).
For compounds 1, 1M, and 2, two populated rotamers were
found, and the PES for each compound is shown in Fig. 2.
Note that the energy is given relative to the more stable
conformer in each case. In trans-4-t-butylcyclohexylamine
(1) the gauche conformer (0 = 60°) is calculated to be
slightly less stable (0.3 kcal mol™}) than the trans (6 = 1809
conformer. The statistical weight of two for the gauche
conformer results in almost equal populations of the two
forms (anti : gauche, 45:55). In the dimethyl derivative (1IM),
the symmetric conformer is much more stable than the
gauche by 1.7 kcal mol ™. In cis 4-t-butylcyclohexylamine (2),
the symmetric form (6 = 180°) is more stable than the gauche
conformer, with one hydrogen atom pointing into the ring
(AE = 1.0 kcal mol ™), and is again the more populated form
(77%). In the dimethyl derivative (2M), the methyl groups
are too bulky to point into the ring and only the symmetric
form is present. The conformations of piperidine derivatives
analogous to (3) and (3M) have been determined previously.
In piperidine and N-methyl piperidine, the N-H equatorial
conformer is favored over the axial NH conformer by 0.4 and
3.0 kcal mol™, respectively.”* The remaining compounds
were found to have one major conformer. In both endo
aminonorbornane (4) and the dimethyl derivative (4M), the
stable conformer has the lone pair anti to the CH proton butin
the corresponding exo compounds (5) and (5M) the lone pair
is anti to the C,—C; bond. Both 2-adamantanamine (7) and its
dimethyl derivative (7M) exist in a symmetric conformation
with the lone pair anti to the CH bond (6 = 180°).

The ab initio calculations iterate to a planar nitrogen atom
for aniline (8), N,N-dimethylaniline (8M) and ortho-toluidine
(9), but in (9M) the nitrogen atom is pyramidal with one

Magn. Reson. Chem. 2007; 45: 749-757
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methyl group at ca 90° to the phenyl ring. Interestingly the
ab initio calculations give a nonplanar nitrogen atom for
both the naphthalene derivatives (10) and (10M) and the
tetrahydronapthalenes (11) and (11M).

Where the contribution of each rotamer was significant
as in compounds 1, 1M, 2, and 3, the chemical shifts
were calculated for each conformer and the final chemical
shifts obtained from the weighted average. This procedure
is necessary because for some protons the chemical shifts
change by up to 0.5 ppm in the different conformers.

Proton chemical shift calculations

Effect of the m-density on the nitrogen atom on NH
chemical shifts

The effect of the excess m-electron density at an aromatic
carbon atom on the proton chemical shifts of the attached

Table 1. NH, 'H chemical shifts versus nitrogen n-electron
excess for para-substituted anilines

NH; Chemical Shift (ppm)

n-Electron
excess
Substituent (me)© Obs.? Calb
NMe, 135 3.28 3.146
OEt 140 3.40 3.371
F 141 3.51 3.481
Me 145 3.48 3.585
Cl 149 3.63 3.739
Br 148 3.64 3.732
I 149 3.57 3.720
H 149 3.56 3.775
CF; 152 3.90 3.920
CO,Me 153 4.19 3.986
CN 158 4.30 4202

3 Data from Ref. 5.
® CHARGE program.
¢ Millielectrons.

Copyright © 2007 John Wiley & Sons, Ltd.
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proton is given by Eqn (5), in which the coefficient for the
attached proton was determined as 10 ppm/n electron.
In some current investigations on phenols,® it was found
that the coefficient for the effect of m-electron on the
oxygen atom on the OH proton was much larger (ca
40 ppm), and it is of interest to determine the analogous
value for nitrogen. This can be obtained by comparing the
NH proton shifts of some para-substituted anilines with
the calculated m-densities at the nitrogen atom. The para
substituent is sufficiently distant from the nitrogen atom so
that the only factor affecting the NH shift is the 7-electron
density. This data is shown in Table 1 for a variety of para-
substituted anilines. There is an excellent linear correlation
between the shifts and the w-densities to give a coefficient
of 42.8 ppm/n electron with an rms error of 0.142. The
observed shifts and shifts calculated by CHARGE with
the above coefficient inserted are shown in Table 1. The
agreement clearly demonstrates the m-dependence of the
shifts, but it is important to note that the coefficient depends
on the 7-calculation. The modified Huckel program detailed
previously® is used here. This coefficient was included in
the calculations of the NH proton chemical shifts of the
aromatic amines in Table 3. It has no effect on the NH
shifts of the aliphatic amines detailed here, as none of them
are conjugated. The remaining parameters necessary for
the calculation of the proton chemical shifts were obtained
from an iterative calculation using the nonlinear least mean-
square program CHAP8.% The coefficients A and B of the
y-effects (H-C-C-N and H-C-N-C) were determined
with the nitrogen steric coefficient (as, Eqn 2), which equals
66.6 ppm/A°.

CHARGE model versus GIAO calculations

The experimental and calculated proton chemical shifts of the
aliphatic amines are presented in Table 2. The experimental
chemical shifts range from ca 0.60 to 3.308 and were predicted
with the CHARGE model with an rms error of 0.108 ppm.
The majority of the shifts show deviations of less than
0.1 ppm, showing excellent agreement between observed
and calculated chemical shifts.

One of largest deviations of the calculated shifts is
associated with the gamma substituent effect (N-C-C-H).
This has large dihedral angle dependence. The norbornane
derivatives and the 4-t-butylcyclohexane derivatives have
very different dihedral angles (N-C-C-H) see Fig. 3 and
this may be the reason for such deviations. The y-effect has
been parameterized using a simple (cos ¢) term and this
may not be adequate to fully account for this dihedral angle
dependence.

The observed versus calculated proton chemical shifts for
the aromatic amines are given in Table 3. The majority of
the shifts were predicted to within 0.05 ppm, showing even
better agreement than the aliphatic amines.

Itis of some interest to compare the CHARGE model with
the GIAO method. The data are also included in Tables 2 and
3. The GIAO calculations are, in general, less accurate than
CHARGE calculations. In particular they gave all the amino
proton chemical shifts significantly more shielded than the
experimental value. The discrepancies between theory and

experiment for these protons were so large that they were
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Table 3. Experimental and calculated 'H chemical shifts of aromatic amines

Compound Method H2/6 H3/5 H4 NR, r.m.s
Aniline (8) CDCl3 6.635 7.127 6.733  3.500
CHARGE 6.661 7.134 6.678 3.538 0.035
GIAO 6.159 7.028 6.474 2.837 0.318
N,N-Dimethylaniline (8M) CDCl; 6.730 7231  6.713 2926 -
CHARGE 6.651 7124 6.669 2726 0.122
GIAO 6402 7.172  6.662 2923 0.169
H3 H4 H5 He CH; NR,
o-Toluidine (9) CDCl3 7.021 6.683 7.010 6.625 2128 3.488 -
CHARGE 6.929 6.612 6946 6585 2376 3.933 0.060
GIAO 6918 6471 6960 6.168 2924 1.860 0.260
0-N,N-Dimethyltoluidine (9M) CDCl3 7147 6934 7142 7.023 2322 2.689 0.047
CHARGE 7.090 6.990 7.076 6980 2325 2715 0.102
GIAO 7189 6959 7121 6927 2192 2507
H2 H3 H4 H5 He H7 HS8 NR,
1-Aminonaphthalene (10) CDCl; 6.676 7272 7308 7.800 7.441 7433 7.788 3.966 -
CHARGE 6.530 7212 6937 7718 7465 7333 8107 3973 0.201
GIAO 6503 7257 7125 7.647 7425 7400 7.732 3.236 0.114
1-N,N-Dimethylaminonaphthalene (10M) CDCl; 7.023 7344 7474 7775 7413 7443 8223 2853 -
CHARGE 7.047 7384 7433 7807 7493 7431 8422 2848 0.080
GIAO 7.024 7365 7398 7.702 7466 7509 8369 2.729 0.083
5-amino-1,2,3,4-Tetrahydronaphthalene (11) CDCl 6.449 6901 6512 2704 1723 1826 2398 3475
CHARGE 6.463 6931 6467 2679 1816 1808 2550 3.995 0.072
GIAO 6.217 6913 6451 2626 1618 1713 2229 2540 0.129
5-N,N-Dimethylamino- CDCl; 6889 7.074 6.798 2794 1760 1.780 2.735 2.669 -
1,2,3,4-tetrahydronaphthalene (11M) CHARGE 6.898 7.080 6.89 2694 1.808 1.800 2.828 2.679 0.061
GIAO 6.836 7.083 6.801 2737 1661 1646 2706 2464 0.098

disregarded in the rms error calculations. The theoretical
predictions for protons attached to the carbon chains do
not show a regular behavior. Some of the predicted shifts
were shielded and others were deshielded. Nevertheless the
rms error values are only 0.096 for CHARGE and 0.187 for
GIAO.

We also analyzed the model that produces the greatest
number of hits closest to the observed chemical shifts.
CHARGE produces the largest number of best hits (64%),
while GIAO is better only in 32% of the hits.

Hax (114°) Hax (3
; i Hs i ]
Hq K H3” (116°)

(75%) Ro (36 )

H2e
w oo w b

Hza (54%) Hza (170°)

Figure 3. Structure and dihedral angle of amines derivatives
(R = H, CH3) of norbornane and 4-t-butylcyclohexane.
127 x 76 mm (600 x 600 DPI).

Copyright © 2007 John Wiley & Sons, Ltd.

In conclusion the GIAO calculations yield reasonable
results and could be improved by using alternative basis sets
or theories, but this is beyond the scope of this study. Overall,
the semiempirical calculations produce more reliable results
and provide a rapid and useful tool for routine use in
chemical shifts prediction.
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