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ABSTRACT: Solvent effects on the nitrogen shieldings ofN,N-dimethylacetamidine (1) were found to be extremely
large for the imino group (about 120 ppm) and for the amino moiety (about 50 ppm). A detailed analysis of the
solvent-induced variations revealed contributions from three large interactions. These are due to solvent polarity,
hydrogen bonding from solute to solvent, via the NH moiety of the solute, and from solvent to solute, involving the
nitrogen lone pairs of the solute. For the imino moiety, large shielding effects are observed due to solvent polarity and
solvent-to-solute hydrogen bonding, whereas solute-to solvent hydrogen bonding leads to a large decrease in nitrogen
shielding. For the NMe2 group, the changes are of opposite sign and smaller in magnitude.Ab initio CHF-GIAO
magnetic shielding calculations employing a 6–31CCGŁŁ basis set and geometries optimized using the same basis
set are reported for1 and some related molecules. The experimental range of nitrogen shielding considered is about
270 ppm and shows an excellent linear correlation with the calculated results. The least-squares standard deviation
amounts to only 1.7% of the observed shielding range. The effects on the nitrogen shielding of1 caused by full
protonation are accurately reproduced within this correlation. Copyright 2000 John Wiley & Sons, Ltd.
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INTRODUCTION

Amidine systems are structural analogues of amides in
which the amido carbonyl group is replaced by an imino
moiety (Scheme 1). Hence there are two types of nitro-
gen atoms present in amidine systems, imino and amido
(or amino) type. The lone pair electrons of the latter
can be delocalised as shown by the conventional reso-
nance structures presented in Scheme 2. This situation
is comparable to that with amides. However, in con-
trast to amides, amidines are strong bases. For example,
Fourier transform ion cyclotron resonance spectrome-
try of the parent acetamidine gives a gas-phase proton
affinity of 962.7 kJ mol�1.1 In the case of various alkyl-
substituted formamidines, pKa values of about 9 have
been measured,2 and pKa values of about 13 have been
reported for someN,N0-disubstituted amidines.3 As shown
by the resonance structures in Scheme 2, rotation around
the C—NR2 bond is restricted, the barrier being about
50–60 kJ mol�1 (13C NMR measurements).4 Concerning
hydrogen bonding, amidines act as strong acceptors. In the
presence of 4-fluorophenol in CCl4 as a standard hydrogen
bond donor, logKHB values of about 1.2–1.7 have been
reported for various amidines.5 Similarly, when acetic acid
is used as a hydrogen bond donor, a variety of amidines
give logKHB values of about 3.6

In view of these observations, it is of interest to per-
form precise14N NMR measurements of solvent-induced
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effects on the nitrogen shieldings of a model amidine sys-
tem. The chosen model isN,N-dimethylacetamidine (1,
shown in Scheme 1). By this choice we avoid complica-
tions which may result from prototropic tautomerization,
which includes the migration of hydrogen atoms between
the two nitrogenous sites in the molecule. We also avoid
potential complications which could arise from isomeriza-
tion resulting from rotation around the C—NR2 bond if
the two R groups were different.

Previously, we have reported the effects of solvents
on the NMR shieldings of nitrogen atoms in various
structural types which resemble amidines, in that they
contain either or both types of nitrogen atoms found in
amidine systems. These include acetone-N-methylimine,7

aromatic imino systems (azine heteroaromatics),8,9 azole
ring systems10 – 13 and isoamides (amidates).14 From our
experience, we can anticipate the behaviour of amidine
nitrogen NMR shieldings as a function of solute–solvent
interactions as depicted in Scheme 3. Increasing the sol-
vent polarity results in an enhanced delocalization of the
lone pair electrons from the NR2 group to the imino moi-
ety, and this should result in an increase of the nitrogen
shielding of the NH nitrogen and a decrease for the NR2

nitrogen. Solvent-to-solute hydrogen bonding to the imino
nitrogen atom should result in an analogous enhance-
ment of lone pair delocalization from the NR2 group. This
delocalization in combination with the engagement of the
imino nitrogen lone-pair electrons in the hydrogen bond-
ing to the solvent should yield substantial increase in the
imino nitrogen shielding. This should be accompanied by
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Scheme 1. Structure of 1 and its possible geometric
isomers 1a and 1b. Ab initio calculated energies and
a comparison of calculated and experimental nitrogen
shieldings indicate that the content of 1a is negligible.

a moderate decrease in the nitrogen shielding of the NR2

moiety. In contrast, solute-to-solvent hydrogen bonding,
where the imino NH moiety is involved as a hydrogen
bond donor, renders effects on the nitrogen shieldings in
the opposite directions to those considered above, i.e. the
imino nitrogen shielding is expected to decrease and that
of the NR2 nitrogen to increase.

Consequently, our choice ofN,N-dimethylacetamidine
(1) as a model enables us to study the potentially com-
plex behaviour of nitrogen shieldings under the influence
of solvents, provided that the choice of solvents used rep-
resents a wide range of properties such as polarity and
hydrogen bond acceptor and donor strengths. In view of
the high basicity of amidine systems, we expect that such
effects on nitrogen shieldings should be significant and

Scheme 2. Conventional resonance structures that depict
�-electron delocalization in amidine systems.

are likely to surpassin magnitudethosefound in other
nitrogenanalogues.

In commonwith our earlierreports,7–15 we presentour
resultsin termsof �, which representsthe differences
in the nitrogennuclearshieldingconstants� of the com-
poundstudiedandthatof neatliquid nitromethaneusedas
externalreference,with correctionsfor bulk magneticsus-
ceptibility differences.Thuswe usethe expression‘nitro-
gen shielding’ for �, sincea positive sign corresponds
to an increasein magneticshielding.Hence� D �υ,
wherethe latter is commonly termedthe chemicalshift.
Consequently,‘nitrogen shieldings’and ‘nitrogen chemi-
cal shifts’ differ only in their sign.

RESULTS AND DISCUSSION

Solventeffectson the nitrogenNMR shieldingsof N,N-
dimethylacetamidine,for a wide range of solvents,are
reportedin Table1.

Themethodsusedto producethe datagiven in Table1
are describedin the experimentalsection. The NMR
shieldingresultsare correctedfor magneticbulk suscep-
tibility effects and have a precision such that only the
final digit given is uncertain.From Table1, we note that
the rangeof shieldingsfor both typesof nitrogenatoms
in 1, as a function of solvent, is extremely large. This
rangesurpassesanythingfound in our earlier studies7–15

on analogousnitrogenenvironments.For the imino moi-
ety, the nitrogen shielding rangeis about 120ppm, and

Scheme 3. Summary of solvent polarity and hydrogen bond effects on the nitrogen shielding of 1.
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Table 1. Solvent effects on the nitrogen NMR
shieldings of N,N-dimethylacetamidine (1)

Nitrogen NMR shielding (ppm)
referred to neat liquid nitromethanea

Solvent NH —NMe2

Cyclohexane C157.81 C311.14
Et2O (30°C) C160.71 C311.13
CCl4 C161.53 C310.01
Benzene C164.00 C309.78
Dioxane C164.32 C308.89
Acetone C166.41 C308.92
DMSO C165.42 C307.64
CH2Cl2 C175.47 C305.64
CHCl3 C179.82 C305.65
EtOH C191.03 C302.50
MeOH C214.60 C294.93
H2O C276.06b C260.51b

CF3CH2OH C275b C275b

a All data are corrected for bulk susceptibility effects and
related to 0.05M solutions at 35š 0.2 °C, if not stated
otherwise.
b These shieldings indicate that a full transfer of a proton takes
place from the solvent concerned to theNH moiety.

for the amido moiety the range covers about 35 ppm. As
the polarity and hydrogen bond donor strength of the
chosen solvent increase, the imino nitrogen experiences
a substantial increase in magnetic shielding whereas a
smaller decrease in shielding occurs for the amido nitro-
gen. For water and CF3CH2OH as solvents the shieldings
of the two nitrogen moieties are close to each other,
showing that protonation of1 occurs. If the solutions
in these two solvents are ignored, the shielding range
of the imino nitrogen in the other solvents considered is
still 57 ppm, and that for the amido nitrogen is 17 ppm,
which is beyond the ranges observed for analogous nitro-
gen environments studied previously. For example, in
the case of the imino moiety in acetone-N-methylimine7

the analogous full shielding range is 47 ppm, and in the
absence of solutions in water and CF3CH2OH the range
is 28 ppm. For pyridine and other azine systems,8,9 the
nitrogen nuclear shielding range in the full set of sol-
vents does not exceed 47 ppm, and in the absence of water
and CF3CH2OH as solvents the range is less than 30 ppm.
The same applies to the imino nitrogen of˛-iminoethers
(isoamides, amidates).14

Turning to the range of nitrogen shieldings experienced
by the amido nitrogen (Table 1) as a function of solvent,
we note that it is much larger than in analogous systems.
For example, inN-methylpyrrole10 the range of nitrogen
shieldings for the full set of solvents is 9 ppm, and 6 ppm
for the reduced solvent set. For pyrrole-type nitrogen
atoms in azole systems11 – 13 the range of nitrogen shielding
variations as a function of solvent does not exceed that of
N-methylpyrrole.

Hence the predictions based on Scheme 3 are correct
with respect to both the magnitude and sign of the change
in nitrogen shielding as a function of solvent. In order
to estimate the extent of the various contributions to the
induced nitrogen shielding variations, a more detailed

analysis is required. To achieve this we use the master
Eqn (1) to separate the various specific and non-specific
solvent-induced effects on the nitrogen shieldings:16,17

�.i, j/ D �0.i/C a.i/˛.j/ C b.i/ˇ.j/
C s.i/[�Ł.j/C d.i/υ.j/] .1/

where i and j represent the solute and solvent, respec-
tively, ˛ is the hydrogen bond donor strength of the sol-
vent,ˇ is the solvent hydrogen bond acceptor strength,�Ł

is the solvent polarity/polarizability andυ is a correction
for aromatic solvents (υ D 1) and polychlorinated solvents
(υ D 0.5). The solute termsa, b, s and d give the cor-
responding response of the solute nitrogen shielding to a
given solvent property. The term�0.i/ gives the nitrogen
shielding for the solute in a cyclohexane solution taken as
a reference state. In Table 2 we report the solvent parame-
ters used in conjunction with Eqn (1) and the least-squares
fitted solute parameters for a set of master Eqns (1). As
shown in Table 2, the values obtained for the parameterd
are insignificant for both nitrogen environments studied.
In contrast, the other parameters,a, b ands, are fairly large
for both nitrogen atoms, and their signs are in accordance
with the predictions given in Scheme 3.

We note from Table 2 that solvent polarity and solvent-
to-solute hydrogen bonding effects produce a large shield-
ing increase for the imino nitrogen atom and a significant
decrease in the shielding of the amido nitrogen atom. In
contrast, solute-to-solvent hydrogen bonding, where the
imino NH group acts as a donor, produces a large but
opposite effect, namely deshielding for the imino nitro-
gen and an increase in the shielding for the NMe2 nitrogen
atom. The largest of the fitted parameters given in Table 2
is the a term of the imino nitrogen, which has a value
of C61 ppm/unit scale and corresponds to the nitrogen
shielding response to the hydrogen bond donor strength
of the solvent. The solvent parameter corresponding toa
is ˛, which ranges from 0 to 1.51 (Table 2). Hence the
solvent-to-solute hydrogen bonding interaction produces a
contribution of up to aboutC90 ppm to the overall range
of the imino nitrogen shielding variation introduced by
the range of solvents studied. This is significantly greater
than observed earlier7 – 14 for analogous nitrogen environ-
ments and covers about 75% of the total nitrogen shielding
variation observed in the present work.

The effects of solvent polarity on the imino nitrogen
atom are represented by thes term,C34 ppm/unit scale,
and this corresponds to a contribution of up toC37 ppm
to the total nitrogen shielding range observed. Thus the
contribution is about one third of the nitrogen shielding
variation reported in Table 1. This contribution is at
least twice as large as that found for nitrogen atoms
in analogous environments.7 – 14 Similar comments apply
to the termb for the imino nitrogen, which represents
the effects on the nitrogen shielding of hydrogen bond
formation from the imino NH group to the solvent. Its
magnitude is comparable to that ofs, but its sign is
opposite, corresponding to a deshielding of the imino
nitrogen atom. Following this, the effects relating to the
parametersb and s largely cancel each other, e.g. in the
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Table 2. Solvent parameters used and least-squares-fitted solute parameters for a set of master
Eqns (1)

Dielectric
Solvent ˛ ˇ �* υ constanta

Cyclohexane 0 0 0 0 1.87
Et2O 0 0.47 0.27 0 3.89
CCl4 0 0 0.29 0.5 2.21
Benzene 0 0.10 0.59 1 2.25
Dioxane 0 0.37 0.55 0 2.19
Acetone 0.07 0.48 0.72 0 19.75
DMSO 0 0.76 1.00 0 45.80
CH2Cl2 0.22 0 0.80 0.5 8.54
CHCl3 0.34 0 0.76 0.5 4.55
EtOH 0.86 0.77 0.54 0 24.20
MeOH 0.98 0.62 0.60 0 30.71
H2O 1.13 0.18 1.09 0 76.70
CF3CH2OH 1.51 0 0.73 0 —

a b s d Correlation
�0 (ppm/unit (ppm/unit (ppm/unit (dimension coefficient,

Moiety (ppm) scale) scale) scale) less) r

NH C159š 9 C61š 8 �34š 13 C34š 13 �0.7š 0.5 0.93
—NMe2 C312š 5 �19š 5 C18š 8 �19š 8 �0.7š 0.4 0.93

a The constants were recalculated for a temperature of 35°C from the data available in Ref. 18.

case of DMSO as a solvent where the corresponding
solvent parameters arěD 0.76 and�Ł D 1.00 (Table 2).

Considering the relevant solvent parameterss, DMSO
as a solvent should shift the resonance of the imino
nitrogen by aboutC34 ppm with respect to cyclohexane,
i.e. in the direction of increased shielding. However, the
observed shielding difference for the imino nitrogen atom
for solutions in these two solvents is only aboutC7 ppm.
As noted from the value of̌ D 0.76 (Table 2), DMSO is
a strong acceptor of hydrogen bonds from the solute. Thus
the concomitant effect on the nitrogen shielding amounts
to about�26 ppm, i.e. in the deshielding direction. Hence
the solvent polarity and solute-to-solvent hydrogen bond-
ing effects on the shielding of the imino nitrogen largely
cancel each other in this case. The resultant is a small
prevalence of the solvent polarity effect. Since˛ D 0 for
DMSO, the possibility of solvent-to-solute hydrogen bond
formation does not exist in this case.

An interesting example, where effects augment each
other, is CF3CH2OH with respect to cyclohexane as sol-
vent. As a bulk medium CF3CH2OH does not reveal any
affinity to accept hydrogen bonds from a solute,ˇ D 0
in Table 2. This does not imply that CF3CH2OH is not a
hydrogen bond acceptor on the molecular level. In reality,
molecules of CF3CH2OH are strongly hydrogen bonded
to each other. Consequently, molecules of CF3CH2OH
prefer to be hydrogen bonded to each other and virtu-
ally none of their acceptor strength is left for the solute
molecules concerned. Hence the actual hydrogen bond
acceptor strength of CF3CH2OH with respect to solutes is
essentially zero. As a result, only two of the solvent contri-
butions considered are observed in the shielding variation
of the imino nitrogen atom, aboutC92 ppm from solvent-
to-solute hydrogen bonding and aboutC24 ppm from

CF3CH2OH polarity effects. Since these two effects aug-
ment each other, the observed nitrogen shielding change
should amount to aboutC116 ppm as observed.

Turning now to consideration of the nitrogen shielding
of the amido moiety, the overall solvent effects are much
smaller than those found for the imino nitrogen. How-
ever, they are significant and their signs are opposite to
the corresponding parameter values found for the imino
nitrogen (Table 2). The three parametersa, b and s are
about equal in magnitude whereasb ands and alsob and
a have opposite signs. Hence the overall situation resem-
bles that for the imino moiety, except for the fact that the
signs of the three terms are the opposite of those of their
counterparts for the imino group. Again in the case of
DMSO as a solvent, the resultant effect is about�4 ppm
on the nitrogen shielding of NMe2. This is a result of the
almost complete cancellation of two much larger contri-
butions, about�19 ppm from solvent polarity and about
C15 ppm for solute-to-solvent hydrogen bonding. In the
case of CF3CH2OH as a solvent there are only two con-
tributions to the nitrogen shielding variation of the NMe2

group, i.e. solvent polarity and solvent hydrogen bond
donor strength. These augment each other and produce a
substantial deshielding effect of about�36 ppm for the
nitrogen atom with respect to a solution in cyclohexane.
All these interactions are much larger than those observed
for pyrrole-type nitrogens in analogous azole systems.10 – 13

Such observations are in agreement with the predictions
made in Scheme 2. The use of Eqn (1) allows us to analyse
the complexity of the various solute–solvent interactions
and of the relevant responses of the nitrogen shielding,
which may vary from a cancellation of large effects to an
augmentation and various intermediate possibilities.

To investigate the possible equilibrium ofE–Z-isomers
(Scheme 1) we performed someab initio molecular orbital
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Table 3. Experimental and ab initio-calculated magnetic shielding of nitrogen in urea systems
and in some model compounds and reference substances

Experimental NMR shielding CHF/GIAO calculated absolute
of nitrogen for dilute solutions shielding, 6–31CCGŁŁ

in cyclohexane, ref. to neat basis set, optimized
Compound liquid nitromethane (ppm) geometries (this work)

N,N-Dimethylacetamidine (1)
NH C157.81 C42.2 (E-isomer)a

C57.9 (Z-isomer)
—NMe2 C311.14 C211.7 (E-isomer)

C212.9 (Z-isomer)
N,N-Dimethylacetamidinium ion C260.51 C166.2 (NMe2)

C276.06 C176.7 (NH2)
Pyridine C57.70b �59.8b

Acetone-N-methylimine C67.93c �46.8
N,N-Dimethylacetamide C288.20 C195.7
Aniline C328.60 C229.8

a The HF/6–31CCGŁŁ calculations for optimized geometries show that theE-isomer is more stable, by 1.93 kcal mol�1,
than theZ-form. Hence, the content of the latter should not exceed 5% if there is any equilibrium between the two forms.
b See Ref. 8; experimental conditions and calculations were the same as those in the present work.
c Experimental data from our earlier work7 for a dilute solution in cyclohexane under experimental conditions which were
the same as those employed in the present study.

calculations, the results of which are presented in Table 3.
We note that theZ-isomer is much less stable than theE-
form. At most, theZ-isomer exists to the extent of 5%
in the equilibrium mixture according to the calculations.
This conclusion will be corroborated in the discussion of
experimental vs calculated nitrogen shieldings. A compar-
ison of the calculated nitrogen shieldings of1 and some
model compounds containing amino, amido and imino
moieties with the experimental data obtained for dilute
solutions in cyclohexane is given in Fig. 1. This shows
an excellent correlation given by Eqn (2), with a corre-
lation coefficient of 0.9993 and a standard deviation of
4.50 ppm, which amounts to about 1.7% of the total range
of nitrogen shieldings considered (270 ppm):

�exp. D 0.9211�calc. C 113.06 ppm .2/

In the plot given by Fig. 1, the calculated values for1
are those for itsE-isomer. Since the calculated nitrogen
shielding differences of the imino moiety of1 for the
E- and Z-isomers is about 16 ppm (Table 3), the linear
correlation would deteriorate significantly if the content of
the Z-form were appreciable. This is in accordance with
the results obtained from the calculations of the energies
of the isomers concerned.

In addition to the experimental nitrogen NMR data
taken on dilute solutions of1 and the model compounds
in cyclohexane which are compared with the nitrogen
shielding calculations for isolated molecules, we include
in the correlation in Fig. 1 the experimental data for
an aqueous solution of1 and the nitrogen shieldings
calculated for the correspondingN,N-dimethylamidinium
ion, i.e. the protonated form of1, [Me2NC(Me)NH2]C.
The assignments of the two nitrogen resonance signals
for an aqueous solution are made on the basis of the
calculations for the ion concerned. The points obtained
are encompassed in the excellent linear correlation given

Figure 1. Plot of experimental nitrogen shieldings for 1
and some model compounds with respect to external
neat nitromethane (bulk susceptibility corrected) against
CHF-GIAO/6–31CCGŁŁ-calculated values with geometry
optimization using the same basis set (Table 3). ž, 1 in a
dilute solution in cyclohexane;°, model imino compounds
(pyridine and acetone-N-methylimine) in dilute solutions
in cyclohexane; M, model amino and amido compounds
(aniline and N,N-dimethylacetamide); N, 1 in aqueous
solution. The calculated values relate to the corresponding
N,N-dimethylamidinium ion, [MeC(NH2)NMe2]C.

by Eqn(2). This clearly indicatesthat in aqueoussolution
1 is fully protonated.

EXPERIMENTAL

Materials

Compound 1 was preparedaccording to a published
procedure.19 Very pure and dry solvents were used in
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the NMR measurements, as reported previously.7 – 14 The
solutions were prepared and handled under a dry argon
atmosphere in a glove-box.

Spectra

The 14N NMR shielding measurements were made on a
Bruker Avance DXR 500 spectrometer system (11.7 T)
operating at 36.14 MHz and a temperature of 35š 0.2 °C.
Other settings were as follows: 45° pulse width 10µs,
acquisition 0.11 s and exponential filtering matched to
nitromethane signal width (10 Hz), typically about 12 000
scans. For the solute nitrogen shieldings in different sol-
vents, the random and systematic errors were reduced to
less than 0.1 ppm. External neat liquid nitromethane was
used as a reference, employing 10 mm/4 mm coaxial tubes.
The inner tube contained a solution of 0.3M nitromethane
in acetone-d6. This solution has a nitrogen shielding of
C0.77 ppm from that of neat liquid nitromethane.15 This
value is obtained from measurements using concentric
spherical sample/reference containers to remove bulk sus-
ceptibility effects. Hence the inner tube acts not only as a
reference with respect to neat liquid nitromethane but also
as a deuterium lock for the NMR spectrometer. For the14N
signal of neat nitromethane, the exact resonance frequency
is 36.141 524 MHz, which gives a value of 36.136 826 for
the resonance frequency of a bare nitrogen nucleus.15 We
employed this value together with the relevant resonance
frequency differences to calculate the nitrogen shieldings
relative to that of neat nitromethane. Precise resonance
frequencies for the external standard and the samples used
were obtained by Lorentzian lineshape fitting of the14N
resonance signals. The relevant linewidths were within the
range 10–600 Hz. Since dilute solutions were employed
in the present study, it is assumed that their bulk magnetic
volume susceptibilites are equal to those of the corre-
sponding solvents atC35°C. These susceptibilities were
used in calculations of corrections15 for bulk suscepti-
bility effects on the apparent shielding differences. The
latter corrections ranged from 0 to 1.15 ppm throughout
the set of solvents employed. The precision of the shield-
ings reported in Table 1 is based on the standard deviations
of the resonance frequencies obtained in the lineshape fit-
ting procedure and the elimination of systematic errors as
described above.

Calculations

CHF-GIAO ab initio molecular orbital calculations of
the nitrogen shieldings were perfomed on a Pentium-
S (200 MHz)-based system using the Gaussian 94 suite
of programs.20 Both the full geometry optimization and
the nitrogen shielding calculations were performed with a
6–31CCGŁŁ basis set of wavefunctions. This set uses both
diffuse and polar functions on hydrogen and the heavy
atoms concerned and appears to be a satisfactory choice
for polar molecules containing lone pairs of electrons.
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