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The title compound N-aminopyrazole (AMPZ) has been studied both theoretically and experimentally using
ab initio methods, low-temperature X-ray crystallography, di†erential scanning calorimetry, IR spectroscopy,
liquid state 1H NMR, broadband solid state 2H NMR and high resolution solid state 15N NMR spectroscopy,
focussing on the structure and dynamics of the amino group and the characteristics of hydrogen bond (HB)
association. The complete amino group rotationÈinversion surface of AMPZ and, for comparison, also of the
aniline monomer were calculated at the B3LYP/6-31G* level. The results indicate that monomeric AMPZ
exhibits an sp3 hybridized pyramidal amino group where the HH-distance vector is located perpendicular to
the pyrazole ring and the hydrogen atoms bent towards the pyrazole ring nitrogen atom, i.e. with the lone
electron pair anti to the latter. Both inversion at the nitrogen atom and the 180¡ rotation of the amino group
lead to a metastable structure, where the inversion barrier is much larger than the rotational barrier. These
results contrast with those obtained for aniline where the amino group is almost planar and subject to a
degenerate 180¡ rotation. Further calculations of the hydrogen bonded cyclic AMPZ dimer indicate that
hydrogen bond association does not substantially perturb the geometry of the amino group, where one of the
amino group protons and the ring nitrogen atoms are involved in hydrogen bonding. The X-ray structure was
determined at [173 ¡C (100 K) on a monocrystal obtained by zone crystallization. DSC shows that on
cooling, neat liquid AMPZ exhibits a solidÈsolid phase transition around [45 ¡C to a low-temperature phase.
In this phase AMPZ forms a weakly hydrogen bonded chain where the structure is similar to the one
calculated for the monomer. Only one of the amino protons is involved in hydrogen bonding, where the NH
stretch of the hydrogen bonded proton appears at 3197 cm~1 and of the non-hydrogen bonded proton at 3314
cm~1. Solid state 2H NMR spectroscopy of shows low-temperature structures with rigid ND[ND2]AMPZ
vectors below and isotropically rotating vectors above the solidÈsolid phase transition. Hydrogen bond
association was further studied by solid state 15N CPMAS (cross polarization magic angle spinning) NMR
and by low-temperature liquid state 1H NMR of AMPZ speciÐcally 15N labelled in the amino group. In
contrast to the solid state, hydrogen bond exchange rendering the two amino group protons equivalent was
found to be fast in the NMR timescale even at 100 K.

1. Introduction

This paper addresses a feature that is probably unique to het-
erocyclic chemistry and that is the bond between the N(1)
atom of an azole (an aromatic Ðve-membered ring containing
at least one nitrogen atom)1 and its R substituent. In contrast
to the CÈR bond in aromatic heterocyclic compounds, which
in its reactivity only di†ers by a small amount from that of
aromatic compounds, the N(1)ÈR bond has no counterpart in
any other part of organic chemistry. It has been qualitatively
compared by Kau†mann to a halogenÈR bond because the
azoles are good negative leaving groups, and indeed, azoles,
when linked by the nitrogen, have been classiÐed as pseudo-
halogens.2 It is also the reason why N-acylazoles (azolides) are
good acylating groups, e.g. acetyl chloride, and why they react

very di†erently from their equivalent acetophenones or acetyl-
pyridines.

We address in this paper the structural and dynamic
properties of 1-aminopyrazole 1 (AMPZ) in the solid state and
in solution, where aniline 2 will serve partly as a reference
(Scheme 1). AMPZ belongs to the family of N-aminoazoles
which have received much attention both for their interesting
reactivity and for their spectroscopic properties.3 The only
structural information available for 1 comes from theoretical
studies, both semiempirical (INDO)4 and ab initio (MP2//6-
31G**).5 All calculations agree that the most stable conforma-
tion, at least for the isolated molecule, is the antiperiplanar
one, as represented in Scheme 1. In Scheme 1, we have
included the other simple aminoheterocycle, 2-aminopyridine
3 which is a much better studied compound. It is a near-
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Scheme 1

planar molecule (X-ray structure determination),6 with a high
rotational barrier about the CÈN bond (32 kcal mol~1 for the
N,N-dimethyl derivative)7 and has been the subject of many
theoretical studies.8

All three compounds are primary aromatic amines and rep-
resent hydrogen bond donors, but 1 and 3 contain in addition
a proton acceptor nitrogen site leading potentially to the for-
mation of cyclic dimers, such as nucleic acid bases, or to linear
chains, catemers. The hydrogen bond (HB) association of
AMPZ has not yet been addressed in the literature to the best
of our knowledge, neither in solution nor in the solid state.
Note that in this paper we have not used the standard numer-
ation of AMPZ [with N(1) the atom bearing the amino
group] but a correlative numbering of the three nitrogen
atoms (Scheme 1).

This paper is organized as follows. After an experimental
part describing the synthesis of AMPZ and other experimen-
tal details, we present (1) a theoretical study of the AMPZ
monomer, (2) a theoretical study of the AMPZ dimer in order
to understand its behavior in condensed matter, (3) the results
of combined X-ray, DSC, IR and NMR studies for obtaining
information about the structure of solid AMPZ, and (4) the
results of a liquid state NMR study of AMPZ in solution.

2. Experimental
2.1 Synthesis of the labelled compounds

Synthesis of [15N ]hydroxylamino-O-sulfonic acid.9 From 2
g (0.028 mol) of [15N]hydroxylamine hydrochloride, 3.015 g
(94%) of [15N]hydroxylamino-O-sulfonic acid were obtained.
The purity of the compound was checked by iodimetric titra-
tion and was found to be [98%.

Synthesis of ( [15N ]AMPZ).10 In[15NH
2

] -1-aminopyrazole
a 50 mL round-bottomed Ñask was placed a solution of 0.613
g (0.009 mol) of unlabelled pyrazole in 16 mL of aqueous
sodium hydroxide (2.4 g, 0.06 mol). The solution was heated
to 50 ¡C and 3 g (0.026 mol) of [15N]hydroxylamino-O-sul-
fonic acid were added in small quantities while avoiding the
temperature rising above 60 ¡C (60È90 min). After the addition
was completed, the mixture was stirred at room temperature
for another 30 min. The resulting solution was extracted with
chloroform (3] 25 mL). The organic layer was washed with
water and dried over anhydrous sodium sulfate. The solvent
was eliminated under vacuum and the residue was puriÐed by
column chromatography over alumina using as eluentCHCl3(aluminium oxide 90 active, neutral, activity I, 70È230 mesh
ASTM, followed by distillation (bp 71 ¡C/15 Torr),Rf \ 0.32)
yield 0.574 g, 76%. Its melting point will be reported later on
(Section 3.3).

Synthesis of [ND
2

] -1-aminopyrazole ( [ND
2

]AMPZ).
Using the standard procedure to exchange mobile NH
protons,11 AMPZ (500 mg) was dissolved in (5 mL)CH3OD
and then evaporated to dryness. If necessary the procedure
was repeated again. The product should be kept sealed and
exposed the shortest time to atmosphere.

2.2 X-ray structure determination

Attempts to grow suitable crystals of 1-aminopyrazole for an
X-ray analysis from solution were unsuccessful and a single
crystal was eventually grown from the melt. 1-
Aminopyrazole10 was puriÐed by vacuum distillation, and 2
lL of the compound were introduced under argon into a 0.5
mm diameter glass capillary (glass No. 50, Hildgenberg),
which was sealed using a narrow Ñame. The sample wasH2mounted on an Enraf-Nonius CAD4 di†ractometer and
cooled by a cold stream of gas. A single crystal was grownN2by zone crystallization directly on the di†ractometer at
[10 ¡C using a laser to melt the sample (mp [0.76 ¡C).CO2The melted region was drawn repeatedly from the top to the
bottom of the capillary at a rate of 0.05 mm h~1 until a single
crystal was obtained.

Crystal data for 1.¤ g mol~1, colorlessC3H5N3 , Mr \ 83.10
rod, crystal size 0.61 ] 0.48] 0.48 mm, a \ 10.468(7),
b \ 13.484(3), c\ 5.755(1) U \ 812.3(6) T \ 100 K,Ó, Ó3,
orthorhombic, Pccn [No. 56], Z\ 8, g cm~3,dcalc\ 1.36
k \ 0.10 mm~1, Enraf-Nonius CAD4 di†ractometer,
j \ 0.71 069 u[ 2h scan, 3420 reÑections, 935 indepen-Ó,
dent, 797 observed [I[ 2p(I)], [(sin h)/j]max \ 0.65 Ó~1,
direct methods (SHELXS-97),12 least-squares reÐnement (on

H isotropic, 76 reÐned parameters, R\ 0.058 (obs.F02),13data), (Chebyshev weights), Ðnal shift/error 0.001,Rw \ 0.144
residual electron density ]0.439/[0.382 eÓ~3.

2.3 DSC

DSC experiments were carried out on a SEIKO DSC 220C,
connected to a Model SSC5200H Disk Station. The tem-
perature scale was calibrated against the melting points of
high purity indium and tin. A thermogram of AMPZ (distilled
under argon atmosphere), contained in a hermetically sealed
aluminium crucible, was recorded over the entire temperature
range under argon atmosphere at the scanning rate of 2.0 ¡C
min~1. The sample size was 3È10 mg.

2.4 IR spectroscopy

The IR spectra were recorded on a FT-IR Bomem-DA3 spec-
trophotometer using a Globar infrared source and a detector
of deuterated triglycine sulfate (DTGS). The spectral
resolution is 0.89 cm~1.

2.5 NMR experiments
2H and 1H solid state NMR. All 2H and 1H NMR experi-

ments were performed on a home built spectrometer at a Ðeld
of 6.98 T,14 corresponding to a 2H resonance frequency of
45.7 MHz on a standard Oxford wide bore magnet (89 mm)
equipped with a room temperature shim unit. For the 2H-
channel a 2 kW class AB ampliÐer from AMT and for the
1H-channel a 1 kW class C ampliÐer from Creative Elec-
tronics were employed. Both ampliÐers are equipped with an
RF-blanking for suppressing the noise during data acquisi-
tion. All experiments were performed using home built 5 mm
solid state NMR probes. The probes were placed in a dynamic
Oxford CF1200 helium Ñow cryostat. The sample temperature
was controlled employing an Oxford ITC 503 temperature
controller. During cooling and before and after data acquisi-
tion, the sample temperature was controlled directly via a
CGR-1-1000 sensor placed in the direct vicinity of the sample.

¤ Crystallographic data have been deposited at the Cambridge Crys-
tallographic Data Centre (CCDC). Enquiries for data can be directed
to : Cambridge Crystallographic Data Centre, 12 Union Road, Cam-
bridge, UK, CB2 1EZ or (e-mail) or (fax)deposit=ccdc.cam.ac.uk
]44 (0)1223 336033. Any request to the CCDC for this material
should quote the full literature citation and the reference number
1326/6. See http ://www.rsc.org/suppdata/cp/1999/5113 for crystallo-
graphic Ðles in .cif format.
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Scheme 2 DeÐnition of the inversion (or pyramidalization) angle a
and of the rotation angle /. Inversion angle, a \ 0¡ for planar NH2and for a pyramidal Rotation angle / is deÐned by thea D 0¡ NH2 .
dihedral angle Position of the dummies : bis-N(1)ÈN(2)ÈN(3)Èd3 . d1,sector of the angle ; is a straight line, andHaÈN(3)ÈHb d2ÈN(3)ÈN(2)

is perpendicular to the plane through N(3).d3 d1ÈN(3)Èd2

This temperature was used to calibrate the readings of a
second CGR-1-1000 sensor, which is part of the cryostat.
During data acquisition, the Ðrst sensor was disconnected
from the ITC 503 and grounded to protect the ITC from the
RF and to avoid distortions of the signal. At each tem-
perature, a delay of 30 min before the start of the NMR
experiment was used after the nominal setting of the tem-
perature to ensure the complete temperature equilibration and
homogeneity of the sample. Typical 90¡ pulse widths were 3.0
ls for both 1H and 2H, corresponding to a of 83 kHzB1-Ðeld
in frequency units. All spectra were recorded using the solid
echo technique, with an echo spacing of 30 ls. The repetition
time of the experiments was between 10 and 60 s, depending
on the relaxation time of the sample and the typicalT 1number of accumulations was 1600 scans per spectrum. 1H
NMR spectra have been recorded in the temperature range
180 to 270 K. 2H NMR spectra of 1-aminopyrazole with a
deuterated amino group have been recorded in the tem-
perature range 143 to 257 K. Below 143 K became tooT 1long ([250 s) to record the signals. The spectra were mea-
sured starting at low temperatures to avoid supercooling of
the compound.

15N CPMAS NMR. The 15N CPMAS (cross polarization
magic angle spinning) NMR experiments were performed at
two di†erent Ðelds, using a standard Bruker MSL 300 (7.1 T),
300.13 MHz for 1H and 30.41 MHz for 15N and a 5 mm Doty
standard high speed CPMAS probe and a Bruker CXP 90 (2.1
T), 90.02 MHz for 1H and 9.12 MHz for 15N equipped with a
7 mm Doty standard probe. On both Bruker spectrometers a
Bruker B-VT-1000 temperature unit was used to control the
temperature of the bearing gas stream and a home-built heat
exchanger to achieve low temperatures under MAS condi-
tions. To avoid problems at low temperatures caused by air
moisture, pure nitrogen from evaporating liquid nitrogen was
used as bearing and driving gas. All chemical shifts are related
to external solid and given with an error of ^0.315NH4Cl
ppm. Standard CPMAS spectra were measured using the
usual CP pulse sequence.

Scheme 3 Some illustrative examples of AMPZ conformational
aspects for di†erent values of the inversion (a) and rotation (/) angles
as deÐned in Scheme 2.

Low-temperature liquid state 1H NMR spectroscopy. These
experiments were performed on a 500 MHz Bruker NMR
spectrometer AMX 500 using a deuterated freon mixture

(2 : 1) as solvent. The latter was synthesizedCDClF2ÈCDF3from as described previously.15 The NMR samplesCDCl3were prepared using well-established vacuum techniques.

2.6 Computational details

In order to study the rotational and inversion dependence of
the potential energy surface (PES) it is generally accepted that
correlation e†ects have to be taken into account.16 In our
work we have explored the rotationÈinversion PES for AMPZ
1 and aniline 2 in the framework of the density functional
theory (DFT) using the B3LYP formalism17 with a 6-31G*
basis set for the geometry optimization. This formalism has
been shown to give results in very good agreement with the ab
initio results at the MP2 level,18 and are less computationally
intensive, which is important in our case given the size of the
molecules and the number of points to be calculated. At all
the points of the PES for each value of the inversion and rota-
tion angle all the remaining geometrical parameters were fully
optimized. Once the stationary points (minima and transition
states) of this PES had been located, their geometries were
fully reoptimized and their harmonic vibrational frequencies
were evaluated at the same level of accuracy to estimate the
zero point energy (ZPE). The results are available from the
authors upon request. Single point calculations at the B3LYP/
6-311]G(3df,2p)//B3LYP/6-31G* level were carried out for
the minima and transition states in order to have reliable
energetics, for the rotation and inversion barriers.

The deÐnition of the inversion (a) and rotation (/) angles
varies from one author to another. a is the angle between the

and the aromatic ring, and /, the angle betweenNH2-plane
the HH vector and the aromatic ring, as illustrated in Scheme
2. In the case of sp3 hybridization for the amino group, we
represent in Scheme 3 the NewmanÏs projections of AMPZ 1
for /\ 0, 90, 180 and 270¡. The most stable conformation,
according to our previous calculations,4,5 corresponds to 1b,
/\ 90¡. We also represent in Scheme 3 some limiting struc-
tures of AMPZ (a \ 60¡ is an approximate value for sp3
hybridization) that will be useful to discuss the potential
energy surface, E\ f(a, /). This surface contains several sta-
tionary points depending on the molecular structure.

3. Results
3.1 Theoretical calculations of the rotation-inversion surface
of aniline and AMPZ

In Figs. 1 and 2 we give the calculated inversionÈrotation
potential energy surfaces (PES) for AMPZ and aniline, respec-
tively. We note that in the case of AMPZ the global minimum
occurs for a rotation angle /\ 90¡ and inversion angle
a \ 58¡ (structure 1b) and the transition state (TS) for the
rotational movement corresponds to /\ 0.0¡ and a \ 60.5¡
(structure 1aº). Hence, in this case the coupling between rota-
tion and inversion is very weak. By contrast, in the case of
aniline, the minimum corresponds to /\ 0.0 and a \ 42¡ and
the barrier to rotation at /\ 90¡ and a \ 53¡. In aniline, the
rotation movement involves a stronger variation in the inver-
sion angle. Leszczynski et al.19 have calculated a barrier of
1.55 kcal mol~1 (for a TS at a \ 42¡), which agrees better with
the experimental value of 1.6 kcal mol~1.20

In Figs. 3 and 4 we give the energy proÐle for the inversion
in both systems. In the case of AMPZ an asymmetric double
well is found, with the maximum for a \ [ 0.6¡. The global
minimum corresponds to the situation in which a plane
through the nitrogen and hydrogen atoms of the amine group
is perpendicular to the azole ring with the two hydrogens
pointing towards the pyrazole nitrogen. In the aniline, due to
the symmetry of the system, the proÐle is a symmetric double

Phys. Chem. Chem. Phys., 1999, 1, 5113È5120 5115



Fig. 1 RotationÈinversion PES in kcal mol~1 of AMPZ 1. Absolute
minimum (black point) at /\ 90¡ and a \ 58¡.

well with a very low barrier. In Table 1 we give the values of
the rotation and inversion barriers obtained at the B3LYP/6-
311]G(3df,2p) level. It can be observed that in the case of
aniline the inversion barrier is only 0.11 kcal mol~1 if ZPE
corrections are included, which means that at room tem-
perature the inversion in this system would be barrier-free.
For the case of AMPZ the situation is the opposite in the
sense that the inversion barrier is higher than the rotational
one.

Fig. 2 RotationÈinversion PES in kcal mol~1 of aniline 2. Absolute
minimum (black point) at /\ 0¡ and a \ 42¡.

Fig. 3 Variation of the energy (in kcal mol~1) as a function of the
inversion angle a for AMPZ 1. This asymmetric double well corre-
sponds to the inversion keeping the rotation dihedral angle /\ 90¡
(the value of the global minimum of the rotationÈinversion PES).

3.2 Theoretical calculations of the hydrogen bond association
of AMPZ

In principle, it would be necessary to study theoretically the
inÑuence of hydrogen bonding on the processes of inversion
and rotation of the amino group. However, this problem

Fig. 4 Variation of the energy (in kcal mol~1) as a function of the
inversion angle a for aniline 2. This symmetric double well corre-
sponds to the inversion keeping the rotation dihedral angle /\ 0¡
(the value of the global minimum of the rotationÈinversion PES).

Table 1 Total energies (E) in at B3LYP/6-311]G(3df,2p)//B3LYP/6-31G*. Zero point vibrational energies and rotational and inversionEh (Eh)barriers (kcal mol~1) for 1-aminopyrazole (AMPZ) and anilinea

Aniline AMPZ

Minimum TSrot TSinv Minimum TSrot TSinv
E [287.707 86 [287.698 43 [287.706 64 [281.626 81 [281.618 70 [281.616 49
ZPE 0.117 36 0.116 97 0.116 31 0.088 33 0.087 55 0.086 80
Inversion barrierb 0.11 5.51
Rotational barrierb 5.67 4.79

a 1 cal\ 4.184 J. b Zero point energy corrections are included.
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exceeds the scope of this study. Nevertheless, in order to get
some indications of how the molecular structure of AMPZ is
changed when the molecule associates we performed a
B3LYP/6-31G* calculation of the dimer. The result is
depicted in Scheme 4.

The dimer has a symmetry (center of inversion andCi …)
corresponds to a pair of anti isomers 1b. The amino group
maintains its sp3 hybridization (HNH angle\ 106.5¡) with
a \ 72.4¡ and /\ 90.0¡. The hydrogen bondN(3)ÈHbÉ É ÉN(1)
has the following characteristics : N(3)ÈHb\ 1.028 Ó
[N(3)ÈHa \ 1.021 Ó], N(1)É É ÉHb \ 2.093 Ó, N(3)ÈHbÉ É ÉN(1)
\ 161.3¡. The computed dimerization energy, including the
ZPE correction, is 9.98 kcal mol~1.

The main results from the theoretical calculations (Sections
3.1 and 3.2) concerning AMPZ are that the most stable con-
formation is 1b (a \ 58¡, /\ 90¡), that this conformation
remains substantially unaltered by dimerization and that the
barriers to either inversion or rotation are high, about 5 kcal
mol~1 (Table 1 and Fig. 1).

3.3 X-ray structure, DSC properties and IR spectroscopy of
AMPZ

The results of the X-ray structure analysis on solid 1-
aminopyrazole are summarized in Fig. 5, which reveals that
the molecules are held together by NÈHÉ É ÉN hydrogen
bonding interactions to form inÐnite columns running
through the crystal, as is observed in solid pyrazole.21h24
However, whereas the molecules of pyrazole form a simple
chain made up of molecules linked by NÈHÉ É ÉN hydrogen

Scheme 4

Fig. 5 Molecular structure of 1-aminopyrazole 1, showing the NÈ
HÉ É ÉN hydrogen bonding interactions (dashed lines indicate inter-
atomic NÉ É ÉN distances less than 3.5 Selected interatomicÓ).
distances and angles (¡) : N(1)ÈC(3) 1.335(2), N(1)È N(2) 1.355(2),(Ó)
N(2)ÈN(3) 1.403(2), C(1)ÈN(2) 1.339(2), C(1)ÈC(2) 1.380(2), C(2)ÈC(3)
1.402(2), C(3)ÈN(1)ÈN(2) 103.8(1), N(1)ÈN(2)ÈC(1) 113.2(1), C(1)ÈN(2)È
N(3) 124.8(1), N(1)ÈN(2)ÈN(3) 121.9(1), N(2)ÈC(1)ÈC(2) 106.7(1), C(1)È
C(2)ÈC(3) 104.5(1), N(1)ÈC(3)ÈC(2) 111.9(1), N(3)É É ÉN(1*)[x, 0.5[ y,
z[ 0.5] 3.096(2), N(3)É É ÉN(3*)[[ 0.5[ x, y, [0.5] z] 3.451(2),
N(3)É É ÉN(1**)[[0.5[ x, y, z[ 0.5] 3.120(2).

bonds in the form of an Ðgure 8, aminopyrazole molecules
pack with a three-dimensional network of hydrogen bonds
passing along the center of the column.

The di†erence in the packing between aminopyrazole and
pyrazole can be attributed to the fact that aminopyrazole has
an additional NÈH group available for hydrogen bonding.
Each molecule of aminopyrazole carries two hydrogen bond
donors (the H atoms of the group) and two hydrogenNH2bond acceptors (the lone pairs on the group and on theNH2ring 2NÈ atom), and all of these functional groups participate
in hydrogen bonding in the crystal. One of the hydrogen
atoms of the group at N(3) forms a hydrogen bond toNH2the lone pair on N(1*) of a symmetry-related molecule (Fig. 5).
The other proton interacts with the lone pair on N(3*) on a
di†erent molecule, with the hydrogen bond to the imine nitro-
gen lone pair being signiÐcantly shorter than that to the
amine nitrogen atom [NÉ É ÉN 3.096(2) vs. 3.451(2) SinceÓ].
the molecules in the column are related by symmetry oper-
ations of the space group, the hydrogen bonding pattern is the
same for each molecule.

A relatively short intermolecular distance between N(3) and
N(1**) [3.120(2) indicates that there may be an additionalÓ]
weak NÈHÉ É ÉN interaction between these atoms, but it is
probably not e†ective since the NÈHÉ É ÉN angle of 117(2)¡ is
signiÐcantly smaller than the other two NÈHÉ É ÉN angles
[N(3)ÈHÉ É ÉN(3*) 141(2) and N(3)ÈHÉ É ÉN(1*) 146(1)¡]. The
columns can be thought of as comprising a NÈHÉ É ÉN hydro-
gen bonded core bound on two sides by hydrocarbon runners.
As with pyrazole, each column is surrounded by six nearest
neighbors, and the chains pack in a distorted hexagonally
close-packed arrrangement.

Apart from the hydrogen atoms on the amine group, the
aminopyrazole molecule is planar (rms deviation from the
mean plane 0.018 and bond distances and angles are com-Ó)
parable with those in similar molecules.22 The nitrogen atom
of the group in 1-aminopyrazole, 1-amino-3-phenyl-NH2pyrazole and 1-amino-3-phenyl-5-methyl-pyrazole25 all have
sp3 character. Based on the positions of the hydrogen atoms,
the nitrogen atom lone pairs in all three compounds are
oriented approximately antiperiplanar to the NÈN bond in the
ring (1b, /\ 90¡, Scheme 3), in accord with the theoretical
calculations on the parent molecule (see previous discussion
and ref. 4). In AMPZ the torsion angles for the two hydrogen
atoms of the amine group N(1)ÈN(2)ÈN(3)ÈH are 46(2) and
[ 67(2)¡. The asymmetry can be attributed to the constraints
of molecular packing and hydrogen bonding to the other mol-
ecules in the column. The arrangement causes the molecules
to be chiral. The columns are made up of alternately left- and
right-handed molecules.

Aniline, in contrast to aminopyrazole, has only one nitro-
gen lone pair available to accept a hydrogen bond. As a result,
in solid aniline26 only one of the hydrogen atoms of the NH2group is involved in hydrogen bonding to a neighboring mol-
ecule. The molecules are linked by single NÈHÉ É ÉN hydrogen
bonds to form inÐnite chains extending through the crystal.
The low symmetry of the crystal means that one Ðnds two
independent NÈHÉ É ÉN interactions in the solid, but the corre-
sponding NÉ É ÉN distances [3.180(6) and 3.373(5) are com-Ó]
parable with those found in the structure of 1-aminopyrazole
(Fig. 5). Although NÈHÉ É ÉN interactions dominate the
packing in many aminopyrazoles, it is worth noting that the
hydrogen bonding pattern is inÑuenced by substituents in the
ring.25

The di†erent HB network between aniline and AMPZ is
also apparent in their IR spectra (liquids between two disks of
NaCl). While aniline shows bands at 3433 and 3364(lNHas)cm~1 which follow the BellamyÈWilliamsÈHambly(lNHs)relationship this is no(lNHs\ 0.7033lNHas] 948.2)27,28
longer the case for AMPZ. This compound shows two bands
at 3314 and 3197 cm~1. For the AMPZ dimer, calculations
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(Section 3.2) yield the following values (scaled by a 0.98
factor) : 3426 (two degenerate modes, 3302las), (ls-out-of-

and 3290 cm~1 phase).phase) (ls-inThe DSC thermogram (Fig. 6) is relevant for the NMR neat
experiments. It shows that AMPZ solidiÐes at [48.5 ¡C, has a
very small solidÈsolid transition at [44.3 ¡C and melts at
[1.5 ¡C; afterwards it resolidiÐes at [42.2 ¡C, has the phase
transition at [43.5 ¡C and melts at [0.76 ¡C. The solidÈsolid
transition is difficult to observe and in other experiments (scan
speed 5 ¡C min~1) it was not found : the sample crystallized
cleanly at [53.6 ¡C and melted again at [0.76 ¡C.

3.4 1H NMR solution studies of AMPZ labelled with 15N on
the amino group

We have recorded the 1H NMR of [15N]AMPZ in a 1 : 2
mixture of and between 105 and 150 K at 500CDF3 CDF2Cl
MHz. The results are depicted in Fig. 7.

Besides the peaks of residual solvent andCHF3 CHF2Cl
marked by asterisks we observe three peaks for the hydrogen
nuclei H(5), H(3) and H(4) bound to carbon at 7.43, 7.3 and
6.1 ppm. Their chemical shifts depend only slightly on tem-
perature, whereas the chemical shift of the amino protons
strongly depends on the latter. At about the highest tem-

Fig. 6 DSC thermogram of AMPZ 1.

Fig. 7 Evolution of the 1H NMR spectrum of [15N]AMPZ with the
temperature (values in ppm, solvent 1 : 2). * SignalsCDF3ÈCDF2Cl
due to the undeuterated solvents.

peratures where experiments were performed a well resolved
doublet is observed around 6.7 ppm for both protons of the
amino group, characterized by a coupling constant of
1J(1HÈ15N)\ 71 Hz.4 When temperature is lowered the
doublet is shifted downÐeld which strongly indicates that the
amino group of AMPZ forms hydrogen bonds preferentially
at low temperatures. At very low temperatures the amino
doublet broadens in such a way that it becomes almost lost in
the base line ; in addition, the CÈH signals also broaden.
Unfortunately, it was not possible even at around 100 K to
reach the slow hydrogen bond exchange regime where the two
amino protons, and should exhibit di†erent chemicalHa Hb ,
shifts. Therefore, within the NMR time scale, hydrogen bond
exchange is fast in the liquid state.

3.5 Solid state 2H NMR and 15N CPMAS NMR of AMPZ

Two di†erent types of solid state NMR studies have been per-
formed on the AMPZ, namely 1H and 2H measurements on
non-rotating samples and 15N measurements on a rotating
sample using the CPMAS technique.

Fig. 8 displays the 2H spectra, recorded in the temperature
range 143 to 257 K. At low temperatures (143 to 213 K) the
2H NMR line shape is practically independent of the tem-
perature and corresponds to a typical 2H NMR spectrum
with kHz and g \ 0.16^ 0.02. At 219 K theqcc \ 202 ^ 4
spectrum becomes very noisy, indicating a very short timeT2at this temperature. Above this temperature, the signal-to-
noise ratio becomes better again and two lines are visible, a
narrow one in the center indicating a very mobile or liquid-
like component and a broad component, similar to the low
temperature line. Upon further increase of the temperature,
the relative intensity of the narrow component increases until
at 257 K the broad component has disappeared and only the
narrow line has survived.

Fig. 9 shows the 1H solid state NMR spectra of AMPZ
measured between 180 and 270 K. Even at low temperatures
the signals are relatively narrow for 1H NMR spectra of non-
rotating solids (ca. 40 kHz at 180 K). In the spectra, there is a
change of the line shape in the range from 210 to 250 K and
then, on heating, a rather narrow liquid-like component
appears, together with the broad component.

The static 1H and 2H measurements yield information
about the dynamics of the AMPZ in the solid state. The short
2H value at 219 K suggests that a motion of the AMPZ orT2the group is on the time scale of the echo delay andÈND2thus interferes with the NMR experiment. While this motion
is frozen below 200 it is active in the spectra at higher tem-
peratures. The coexistence of the narrow and the broad com-
ponent in the temperature range between 220 and 248 K
suggests that two di†erent types of AMPZ molecules are
present in the sample, namely immobile ones (broad

Fig. 8 2H NMR powder spectra of [ND2]AMPZ.
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Fig. 9 1H NMR powder spectra of AMPZ.

component) and highly mobile ones (narrow component). This
result is corroborated by the 1H NMR spectra, where the
change of the line shape in the temperature range between 210
and 270 K is observed. In principle there are two di†erent
explanations for this behavior, namely (a) a phase separation
has occurred in the sample, i.e. while part of the sample is still
solid another part is already in a liquid-like state ; or (b) the
AMPZ exhibits a glassy behavior, i.e. a broad distribution of
rotational correlation times.

Fig. 10 shows the 15N CPMAS NMR spectra of AMPZ,
labelled at the nitrogen atom of the amino group, measured at
193, 173 and 153 K at a Ðeld of 2.1 T (9.12 MHz). At room
temperature, AMPZ is a liquid and gives a narrow 15N line at
43.6 ppm (7.1 T, 30.41 MHz).

4. Discussion
The main computational result for AMPZ is that this mol-
ecule possesses an amino group conformation close to
a \ 60¡, /\ 90¡ (1b), that is, sp3 hybridized and with an HH
axis perpendicular to the aromatic ring. By contrast, in the
case of aniline, this axis is parallel (/\ 0¡) to the molecular
plane and amino group hybridization somewhere between sp2
and sp3 (a \ 42¡). Another di†erence is that in AMPZ the
rotationÈinversion barriers are uncoupled and high, near 5

Fig. 10 15N CPMAS NMR at 2.1 T of [15N]AMPZ.

Scheme 5

kcal mol~1, while in aniline they are coupled and weak, about
1 kcal mol~1. In the form 1b, to interconvert andHa Hbinvolves a combined rotation and inversion via 1a as interme-
diate. This makes AMPZ a very di†erent compound from
aniline, and from 2-aminopyridine (a \ 15.9¡, /\ 1.5¡) where
the amino group is sp2 hybridized and planar.6 Association by
hydrogen bonds does not modify signiÐcantly the values of
the a and / angles in AMPZ, therefore, the dimer can be
described in good approximation as consisting of two 1b
monomers linked by two N(3)ÈHÉ É ÉN(1) hydrogen bonds
(HB) as shown in Scheme 4. The dynamics of intercon-Ha/Hbversion in the dimer was not studied, but it should proceed
either by HB dissociation or by a HB switch. It is important
to notice that the plane of symmetry present in 1b is a conse-
quence of and being isochronous, while in the dimerHa Hbthey become anisochronous because only one of them is
involved in an HB.

Liquid state 1H NMR shows equivalent and consis-Ha Hb ,
tent with /\ 90¡, in the whole temperature range down to
110 K. When the temperature decreases, the signal of the
amino protons shifts to low Ðeld, indicating dominatingNH2monomers at high temperatures and H-bonded associates at
low ones. The observation of a 1HÈ15N scalar coupling proves
that in these conditions the proton exchange is slow. The
value of the coupling constant is 71 Hz (Section 3.4), indepen-
dent of temperature and hydrogen bonding, i.e., much smaller
than the corresponding coupling constant in aniline, 78.9 Hz
(absolute value).29 This reduction is understandable in terms
of the sp3 hybridization of AMPZ which is almost not a†ected
by H bonding. The type of HB associates could not be deter-
mined. The isochrony is maintained down to 110 K, i.e.Ha/HbH-bond switches fast in the associates which is consistent with
an H-bond dimer energy of 10 kcal mol~1 (Section 3.2), that
is, about 5 kcal mol~1 per HB.

In the solid state, DSC shows the presence of two crystal
phases, the molecular structure of the low temperature one
was determined by X-ray crystallography. AMPZ has two HB
donor sites, and and two acceptor ones, N(1) and N(3).Ha Hb ,
The calculated dimer uses only two, and N(1). In theHacrystal, following the principle of maximizing the number of
HBs,30 all four are used, as represented in Scheme 5. Clearly,

and are inequivalent which is consistent with the pres-Ha Hbence in IR of two NH stretchings.
2H and 1H solid state NMR conÐrm the existence of two

solid phases. (1) A low temperature phase where the NÈH
vectors are Ðxed in space. The quadrupolar coupling constant
of 2H is normal. These constants are almost the same for Haand therefore, 2H NMR spectroscopy cannot detect theHb ,
anisochrony of and (2) A high temperature phase forHa Hb .
which 2H and 1H NMR spectra show that the whole molecule
is subject to fast isotropic reorientation. The 15N CPMAS
results of AMPZ monolabelled with 15N on the amino group
show that the signal of N(3) is split into an asymmetric
doublet due to residual dipolar interaction with 14N(2).31

5. Conclusions
This paper has demonstrated the very unusual structure of
AMPZ 1 with /\ 90¡ and a \ 60¡ leading to equivalent
amino protons, equivalence maintained when AMPZ forms
hydrogen bonds in liquid and solid in contrast with aniline 2
and 2-aminopyridine 3.
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