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Solid state NMR, IR and X-ray diffraction studies of the structure
and motion of L-leucinamide
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Crystalline L-leucinamide has been studied by 13C CP/MAS NMR, FTIR spectroscopy and X-ray
crystallography. The 13C CP/MAS spectrum of  crystalline L-leucinamide has been assigned using the
depolarisation–repolarisation method. Two magnetically non-equivalent molecules in the unit cell have
been found from the 13C CP/MAS spectra. Non-equivalence is also observed in the FTIR spectrum. The
molecular dynamics were studied by measuring 13C spin–lattice relaxation in both laboratory and rotating
frames. Results show that the mobilities of  the two molecules are very different. Spin–lattice relaxation
times for the two á carbons differ by an order of  magnitude. Determination of  the crystal structure by X-
ray crystallography confirmed the existence of  two distinct molecules in the unit cell; these differed in the
orientation of  the amide groups and in their involvement in the hydrogen bonding scheme, which may
account for the observed NMR behaviour.

Introduction
-Leucinamide readily forms eutectic mixture with N-benzyl-
oxycarbonyl--tyrosine ethyl ester (N-Z-TyrOEt), in which a

transesterification reaction can take place with enzymatic
catalysis.1–3 However, little is known about the mechanisms of
reaction at the molecular level and the major structural factors
governing the ability of these molecules to form eutectic mix-
tures. We therefore began a systematic study of the properties
of these amino acid derivatives and their mixtures.

The 1H NMR relaxation behaviour of -leucinamide
showed 4 that the reorientations of the methyl and amino
groups were the major relaxation mechanisms for the spin–
lattice relaxation. It was also observed that there were two
different Gaussian components in the transverse relaxation
process, which could be assigned to the aliphatic and amino
groups. To investigate further the solid state structure and
motion, we now report on solid state 13C CP/MAS NMR, IR
spectroscopic and X-ray crystallographic results for the crystal-
line form of -leucinamide.

Experimental

Sample preparation
The free base of -leucinamide was prepared from the cor-
responding hydrochloride salt (Sigma) by neutralising its
methanolic solution with potassium hydroxide dissolved in
methanol, followed by filtration and rotary evaporation to
remove methanol. -Leucinamide was then recrystallised from
benzene several times. Its purity was confirmed with high reso-
lution 1H NMR at 400 MHz on a JEOL GX-400 spectrometer.
A deuterium exchanged sample was prepared by stirring the

-leucinamide in deuteriated water for ca. 2 h, followed by
freeze-drying; this process was repeated three times to ensure
the completion of exchange.

Solid state NMR spectroscopy
All CP/MAS NMR experiments were carried out on a Bruker
MSL-300 spectrometer operating at a 1H frequency of 300.13
MHz and 13C frequency of 75.46 MHz. CP/MAS spectra were
recorded using a standard Bruker double-bearing magic-angle
sample-spinning probe. Approximately 200 mg of sample were
packed into a 7 mm zirconia rotor with a Kel-F cap and spun
at 3–4 kHz. A single contact spin-lock cross-polarisation
sequence 5 was used with a pulse to flip back the remaining 1H
magnetisation after acquisition.6 The 1H 908 pulse length was
4.3 µs. Free induction decays were measured with 2 K data points
and zero filled to 8 K before Fourier transformation. Between
320 and 600 transients were accumulated for each spectrum
with a contact time of 1 ms and repetition time of 4 s. The
chemical shift was referenced externally to the higher frequency
resonance of solid adamantane at 38.56 ppm.7 The magic angle
was accurately set using KBr.8 Spectral deconvolution was
carried out using FELIX-2.3 (Biosym Technologies) operating
on a Silicon Graphics computer. Lineshapes were fitted to
a Lorentzian function. Cross-polarisation–depolarisation
(CPDP) and cross-polarisation–depolarisation–repolarisation
(CPDPRP) experiments were conducted as described else-
where.9

Spin–lattice relaxation times of carbon (T1-
13C) were meas-

ured using the TICP method described by Torchia 10 (CP–908–
τ–908–Acquire). Fourteen experiments were carried out with
delay time (τ) varying from 10 ms to 5 s. 256 Transients were
accumulated for each experiment. The measurement of T1ρ-

13C
was carried as follows: a carbon magnetisation was first estab-
lished by a CP procedure; the contact between protons and
carbons was then broken by simply turning off  the proton RF;
13C magnetisation was sampled with dipolar decoupling of the
protons after holding the carbon spins in their radio frequency
spin-locking rotating field (58 kHz) for between 10 µs and 200
ms.11 Carbon and proton cross polarisation time TCH was
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Table 1 13C CP/MAS NMR data for -leucinamide and the deuteriated sample in the solid state

Type of carbon δ in solid Linewidth-H(D)a/Hz T1-
13C]H(D)/s T1ρ-

13C]H(D)/ms TCH-H(D)/µs

C]]O

Cα

Cβ

Cγ

Cδ1

Cδ2

182.3
181.4
58.1
53.7
45.8
41.9
26.9
25.8
25.6
25.1
23.7
23.3

438 (351)
151 (231)
291 (279)
321 (303)
174 (231)
258 (315)
102 (108)
96 (99)
78 (60)
90 (90)

120 (84)
90 (81)

33.0 (37.2)
— b

2.3 (2.2)
23.6 (20.9)
0.6 (0.6)
3.2 (3.4)
1.2 (1.1)

— b

0.6 (0.7)
0.5 (0.5)
0.7 (0.8)
0.6 (0.6)

47.9 (80.3)
— b

12.4 (87.6)
38.9 (178.8)
51.3 (152.1)
54.9 (246)
67.9 (264)
— b

82.8 (194.2)
32.9 (145.7)
69.1 (212.1)
83.0 (135.1)

230 (109)
— b

44 (140)
45 (110)
38 (65)
32 (67)
85 (170)

— b

130 (290)
230 (280)
230 (240)
290 (400)

a The first value in each column is for the non-deuteriated sample. The figure in brackets is for the deuteriated sample. b Peaks are overlapped, the
data cannot be derived.

measured by acquiring a series of spectra with variable contact
time between 20 µs and 15 ms.12 256 Transients were accumu-
lated for each experiment.

Infrared spectroscopy
Fourier-transform IR spectra were recorded on a Bio-Rad
FTS-60 spectrometer equipped with a HgCdTe detector. Solid
samples were ground with KBr and pressed into disks. 256
Scans at 2 cm21 resolution were coadded and the absorption
spectrum was calculated with a blank KBr disk background.

Solution spectra of -leucinamide in chloroform were meas-
ured with a MicroCircle ATR cell containing a ZnSe crystal
(SpectraTech). 256 Scans at 2 cm21 resolution were coadded
and referenced against the empty cell. The spectrum of the
solute was obained by digital subtraction of the pure chloro-
form spectrum, recorded under identical conditions. ATR
correction was performed with the BIO-RAD WIN-IR spec-
trometer software.

Crystal structure analysis of L-leucinamide
Crystal data. C6H14N2O, M = 130.2. Monoclinic, space group

I2 (equiv. to No. 5), a = 9.665(1), b = 5.9003(6), c = 28.716(4)
Å, β = 92.744(10)8, V = 1635.7(3) Å3, Z = 8, Dc = 1.059 g cm23,
F(000) = 576, µ(Mo-Kα) = 0.07 mm21, λ(Mo-Kα) = 0.710 69 Å.

Crystals are clear, colourless plates, often very thin. One, ca.
0.70 × 0.25 × 0.15 mm, was mounted in a glass capillary and,
after preliminary photographic examination, transferred to
an Enraf-Nonius CAD4 diffractometer (with monochromated
radiation) for determination of accurate cell parameters (from
the settings of 25 reflections, θ = 8–98, each centred in four
orientations) and for measurement of diffraction intensities (to
θmax = 258). Of the 1576 independent reflections, 1072 were
‘observed’ with I > 2σI.

During processing, corrections were applied for Lorentz–
polarisation effects, slight deterioration (ca. 7.7% overall),
absorption (by semi-empirical ψ-scan methods) and to elimin-
ate negative net intensities (by Bayesian statistical methods).
The structure was determined by direct methods in the
SHELXS program 13 and refined by full-matrix least-squares
methods in SHELXL-93.14 Hydrogen atoms on the carbon
atoms were included in idealised positions, but those on the
nitrogen atoms were taken from difference maps and included
in the refinement with geometrical constraints; the isotropic
thermal parameters of most of the H atoms were allowed to
refine freely, except for those in some methyl groups where the
Uiso values were set to 1.5 × Ueq of  the parent C atoms. The non-
hydrogen atoms were refined with anisotropic thermal param-
eters. At the conclusion of the refinement, R = 0.087 and
wR2 = 0.195 14 for all 1576 reflections weighted w = {σ(Fo

2)2 1
(0.125P)2}21 where P = (Fo

2 1 2Fc
2)/3. In the final difference

map, the highest peaks (to ca. 0.37 e Å23) were close to the
methyl groups.

It was not possible to determine the absolute configuration
from the X-ray data, but the structure has been refined with the
correct stereochemistry knowing that our sample was prepared
from -leucinamide hydrochloride.

Scattering factors for neutral atoms were taken from ref. 15.
Computer programs used in this analysis have been noted above
or in Table 4 of ref. 16 and were run on a DEC-AlphaStation
200 4/100 in the Nitrogen Fixation Laboratory, John Innes
Centre. Atomic coordinates, thermal parameters and bond
lengths and angles have been deposited at the Cambridge
Crystallographic Data Centre (CCDC).†

Results and discussion

Solid state NMR spectroscopy
Resonance assignment. A 13C CP/MAS NMR spectrum of

-leucinamide is shown in Fig. 1(a). The assignments are
given in Table 1. Methylene and methine carbons have been
assigned by the use of cross-depolarisation (CPDP) and cross-
repolarisation (CPDPRP) method.17 The CPDP is the reversal
of the direction of growth of 13C polarisation when the phase
of carbon RF is shifted 1808 after the first cross-polarisation
contact. CPDPRP is a second reversal of the growth direction
following another 1808 phase change of the carbon RF after
the CPDP step. The polarisation rate of 13C nuclei depends on
the magnitude of the dipole–dipole interaction between 13C and

Fig. 1 Solid state 13C NMR spectra of -leucinamide under the follow-
ing conditions: (a) cross-polarisation; (b) CP followed by 30 µs depolar-
isation time; (c) CP followed by 50 µs depolarisation time and 15 µs
repolarisation time

† For details of the CCDC deposition scheme, see ‘Instructions for
Authors’, J. Chem. Soc., Perkin Trans. 2, 1997, Issue 1. Any request to
the CCDC for this material should quote the full literature citation and
the reference number 188/64.
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1H spins.18 Polarisation of methylene carbon is therefore faster
than methine carbon. However, for methyl carbons the reduc-
tion of the local dipole–dipole interactions caused by the rapid
methyl group rotation slows polarisation rates to less than those
for methylene or methine groups. In CPDPRP experiments it is
thus possible to selectively invert methylene signals by judicious
choice of depolarisation time. In Fig. 1(b) the reduced signals
are therefore assigned to Cα (–CH) and the inverted signals to
Cβ (]CH2) when 30 µs cross-depolarisation time was used. This is
consistent with the fact that Cα bonded to NH2 resonates at
higher chemical shift than Cβ. Two signals are observed even
though the molecular formula predicts only one. It is also pos-
sible to eliminate both methylene and methine carbon signals
by choosing suitable cross-depolarisation and cross-repolaris-
ation times. Fig. 1(c) shows that both signals were suppressed
by choosing 50 µs of cross-depolarisation time and 15 µs of
cross-repolarisation time. Using this strategy the remaining
methine carbon can be assigned.

The region of the spectrum around 25 ppm is shown ex-
panded in Fig. 2(a). Peaks A and B are of equal intensity and
assigned to a methyl carbon. C and D are of unequal intensity
and D is about twice the intensity of A, B and C. It is therefore
probably a composite peak. Use of the CPDPRP experiment
under conditions that null the methine carbon intensity reduces
the intensities of peaks E and D [Fig. 2(c)]. E is therefore
assigned to Cγ and part of D also arises from a second Cγ

resonance. The remaining parts of D and C are assigned to the
other methyl carbon. The fact that four methyl carbon peaks
are observed is consistent with magnetic inequivalence of two
molecules within the system but it is not possible to assign Cδ

peaks arising from the same molecule separately from those
arising from different molecules. For convenience the peaks at
ca. 25 ppm are labelled Cδ1 and those at ca. 23 ppm Cδ2. Line
shape analysis of peak D permits the discrimination of the two
resonances in this peak and calculation of the linewidths. The
peak at 182 ppm is assigned to carbonyl carbon and the one at
ca. 135 ppm is a spinning sideband (spinning rate ca. 3.5 kHz)
of the carbonyl carbon. Data are given in Table 1.

Inspection of the resonance arising from the Cα and Cβ car-
bons shows that those assigned to Cα are wider than those
assigned to Cβ and both are wider than the remaining aliphatic
resonances. This is probably due to the well known phenom-
enon of residual dipolar interaction with 14N due to second-
order quadrupolar effects. In leucine it was argued 17 that such
effects were not important in 7.0 T magnetic fields and that
residual broadening in Cα and Cβ resonances arose from
chemical shift dispersions due to magnetic inequivalence effects.
In leucinamide two inequivalent α and β carbon atoms are
clearly observed. Each resonance is symmetric and can be read-
ily fitted to a single Lorentzian line shape (see Table 1). It seems

Fig. 2 Expansion of the high field region of the solid state NMR
spectra of Fig. 2

likely therefore that the origin of the linewidth is residual
dipolar interactions. The Cα carbon signals are broader than
those of the Cβ. This is consistent with the fact that the distance
between Cα and nitrogen is shorter than the Cβ (see Table 2). It
is also possible that the line broadening of Cβ is caused by
incomplete proton decoupling, since a calculation of the local
dipolar field suggests that the 58 kHz decoupling field strength
is of the same order of the local field at the carbon atom. The
linewidths of both Cα lines are similar, but the Cβ line at 45.8
ppm is significantly narrower than that at 41.9 ppm. The differ-
ences in width must arise from differences in residual dipolar
interactions as a result of the differences in motion. This possi-
bility will be further explored when the relaxation data are
considered.

Relaxation time measurements. Fig. 3 shows the stack plot of
Fourier transformed spectra obtained with different delay times
in the T1 measurements. Clearly one of the α-carbon atoms
relaxes much more slowly (T1 = 23.6 s) than the other (T1 = 2.3
s). Similar observations were made for β-carbons (T1 = 3.2, 0.55
s). The differences in T1 between the two molecules may be
assumed to be due to differences in motion. For one of the
molecules, the shortness of the α1 carbon T1 implies a fairly
rapid motion; similarly both β1 and β2 T1 values are short,
implying fairly rapid motion. The T1 values of the δ carbons are
expected to be short due to methyl group rotation; however, the
results for the other carbons imply a high degree of skeletal
mobility. The T1ρ results do not, in general, reflect the T1 results;
the large differences observed in the T1 data are not apparent
in T1ρ. This is likely to be due to differences in mechanism of T1

and T1ρ relaxation for carbon. Under the experimental circum-
stances that apply here, the spin-locking field is not very much
greater than the local dipolar fields. As a result of this there may
be contributions from transverse relaxation effects as well as
spin–lattice effects.19 For a truly rigid system it would be
expected that the size of this effect would depend on the num-
ber of attached protons.19 This is clearly not the case in the
system under study here (T1ρ-Cβ > T1ρ-Cα); however, the T1

results imply the presence of significant motion and therefore
the contribution of the attached protons is attenuated by local
motional effects which vary from carbon to carbon. Substi-
tution of deuterium for protons on the amino groups lengthens
T1ρ and restores the difference between the β carbon atoms
(Table 1). Such a substitution has been shown to reduce that
part of the proton second moment affecting transverse relax-
ation by a factor of about 2.4 This substitution must also reduce
the local static dipolar field experienced by the carbons. Under
these circumstances the ratio of the applied RF field to the local
static dipolar field will increase, thus the T1ρ-C of deuteriated
samples will more accurately reflect spin–lattice processes since
it will be much less influenced by spin–spin interactions. The

Fig. 3 Stack plot of Fourier transformed 13C spectra with different
delay times in the T1 measurements
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Table 2 Bond dimensions in -leucinamide. Bond lengths are in Ångstroms, angles in degrees. E.s.d.s are in parentheses

(a) Bond lengths

C(11)]O(111)
C(11)]N(111)
C(11)]C(12)
C(12)]N(121)
C(12)]C(13)
C(13)]C(14)
C(14)]C(15)
C(14)]C(141)

1.238(5)
1.319(6)
1.521(7)
1.468(7)
1.520(7)
1.516(11)
1.346(13)
1.560(14)

C(21)]O(211)
C(21)]N(211)
C(21)]C(22)
C(22)]N(221)
C(22)]C(23)
C(23)]C(24)
C(24)]C(241)
C(24)]C(25)

1.245(6)
1.334(6)
1.512(8)
1.465(6)
1.532(8)
1.467(9)
1.512(10)
1.55(2)

(b) Bond angles

O(111)]C(11)]N(111)
O(111)]C(11)]C(12)
N(111)]C(11)]C(12)
N(121)]C(12)]C(13)
N(121)]C(12)]C(11)
C(13)]C(12)]C(11)
C(14)]C(13)]C(12)
C(15)]C(14)]C(13)
C(15)]C(14)]C(141)
C(13)]C(14)]C(141)

122.6(5)
120.9(4)
116.3(4)
109.2(4)
109.9(4)
112.3(4)
116.2(6)
120.6(11)
111.9(11)
107.2(10)

O(211)]C(21)]N(211)
O(211)]C(21)]C(22)
N(211)]C(21)]C(22)
N(221)]C(22)]C(21)
N(221)]C(22)]C(23)
C(21)]C(22)]C(23)
C(24)]C(23)]C(22)
C(23)]C(24)]C(241)
C(23)]C(24)]C(25)
C(241)]C(24)]C(25)

120.6(5)
120.9(4)
118.6(4)
113.0(4)
108.1(4)
111.2(5)
118.7(5)
111.6(7)
111.4(8)
109.5(8)

(c) Torsion angles

O(111)]C(11)]C(12)]N(121)
N(111)]C(11)]C(12)]N(121)
O(111)]C(11)]C(12)]C(13)
N(111)]C(11)]C(12)]C(13)
N(121)]C(12)]C(13)]C(14)
C(11)]C(12)]C(13)]C(14)
C(12)]C(13)]C(14)]C(15)
C(12)]C(13)]C(14)]C(141)

272.80(64)
103.06(49)
48.96(64)

2135.18(49)
2179.10(69)

58.72(79)
55.37(172)

2175.10(121)

O(211)]C(21)]C(22)]N(221)
N(211)]C(21)]C(22)]N(221)
O(211)]C(21)]C(22)]C(23)
N(211)]C(21)]C(22)]C(23)
N(221)]C(22)]C(23)]C(24)
C(21)]C(22)]C(23)]C(24)
C(22)]C(23)]C(24)]C(241)
C(22)]C(23)]C(24)]C(25)

131.63(48)
250.04(63)

2106.65(52)
71.69(61)

2173.94(61)
61.47(75)

2174.20(84)
63.06(104)

(d) Hydrogen bond dimensions

Bond: D]H ? ? ? A
Distance
D]H

Distance
D ? ? ? A

Distance
H ? ? ? A

Angle
D]H ? ? ? A

N(111)]H(111a) ? ? ? O(211II)
N(111)]H(111b) ? ? ? N(121I)
N(211)]H(211a) ? ? ? N(221III)
N(211)]H(211b) ? ? ? O(111)
N(221)]H(221a) ? ? ? O(111)

0.93(6)
0.79(4)
0.97(8)
0.81(6)
0.93(7)

2.965(5)
2.980(6)
3.065(7)
2.974(5)
3.110(5)

2.05(6)
2.20(4)
2.13(8)
2.18(6)
2.19(7)

168(6)
172(4)
161(6)
171(6)
170(5)

N(121)]H(121a) ? ? ? N(221V)
N(121)]H(121b) ? ? ? O(211IV)
N(221)]H(221b) ? ? ? O(111IV)

0.98(6)
0.98(5)
0.95(6)

3.323(7)
3.248(6)
3.316(6)

2.57(7)
2.30(5)
2.43(7)

133(5)
161(4)
155(7)

Roman superscripts denote symmetry operations:

I
II
III
IV
V

x, y 2 1, z
x 2 1, y, z
x, y 1 1, z
1 2 x, y, 1 2 z
1 2 x, 1 1 y, 1 2 z.

behaviour of T1ρ and T1 will therefore become more similar as
both are now principally controlled by the modulation of the
local magnetic field by molecular and atomic motions. The role
of the amino protons in affecting the local static field is
reflected in the changes in the cross relaxation rate, TCH, on
deuteriation. The lengthening of this implies a reduction in the
local dipolar field experienced by carbon. The proton T1ρ data 4

show a weak minimum (NH2 rotation) near room temperature
and it might be expected that this would be reflected in an effect
on the carbon linewidth on deuteriation,20 since near T1ρ minima
the coupling of the RF with motion results in poor decoupling
effects. In fact, no effect on linewidth is observed (Table 1). This
may be attributed to the weakness of the minimum, which in

turn reflects only the very small part of the total second
moment being modulated by this motion. The static contribu-
tion of the protonated amino groups is about 2 × 108 s22 where-
as the second moment modulated by the motion is 0.18 × 108

s22.4 The distinction between the static and dynamic parts of
the second moment also explains why no effect of deuteriation
is seen on the carbon T1 values. The main component of the
dipolar field being modulated by motion arises from attached
protons. The more distant amino protons make a negligible
contribution.

IR spectroscopy
Fig. 4(a) shows the spectrum of crystalline -leucinamide. All
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major bands originating from the amide groups were split. The
amide I band (predominantly C]]O stretching) at 1681 and 1658
cm21 and the amide II (NH2 scissoring) mode at 1631 and 1603
cm21 appeared as two doublets of almost equally intense bands.
The NH stretching of the amide group was split into a band at
3293 cm21 and a sharp peak at 3348 cm21. In the latter case, a
shoulder at 3331 cm21 might suggest the existence of other
rotamers. Band splitting was also visible in the broad NH
stretching bands of the amine group at 3062 and 3132 cm21.
However, when the -leucinamide was dissolved in chloroform,
the amide band splitting vanished [Fig. 4(b)] and sharp single
bands at 1678 and 1552 cm21 were observed. In addition the
intensities of NH stretching bands were greatly reduced. This
may be due to a reduction in hydrogen bonding in the solvent
compared to that in the crystal lattice.

All these vibration modes are strongly affected by the pres-
ence of intermolecular hydrogen bonds. The amide I band at
1681 cm21 (1678 cm21 in solution) was assigned to relatively free
carbonyl groups and the peak at 1658 cm21 to the hydrogen-
bonded ones. The two amide II frequencies and the splits in the
NH stretching signalled different hydrogen-bonding environ-
ments for the amide NH2 groups and the NH stretching also
indicated two different amine groups.

From intensities of the peaks, it may be inferred that the
crystal lattice contained a 1 :1 ratio of non-equivalent -
leucinamide molecules with clearly distinct hydrogen-bonding
patterns.

Crystal structure results
X-Ray analysis shows that there are two distinct, independent
molecules, I and II, (Fig. 5) in crystals of -leucinamide.
Molecular dimensions are given in Table 2. The bond dimen-
sions in the two molecules are similar and as expected. There is

Fig. 4 FTIR spectra of -leucinamide (a) solid state in KBr; (b) FTIR-
ATR spectrum of -leucinamide in CHCl3 solution, solvent spectrum
subtracted. The marked spike in the spectrum is an artifact due to
subtraction. considerable thermal motion in the butyl groups of both mol-

ecules and the bond lengths in this region are not precisely
determined. The principal difference between I and II is in the
orientation of the amide group—there is rotation about the
C(amide)]Cα bond so that the N(amide)]C]C]C torsion angles
are 2135.2(5) and 71.7(6)8 and the O]C]C]C angles 49.0(6)
and 2106.7(5)8 in molecules I and II respectively. There are
differences, too, in the orientation of the amine groups of
N(121) and N(221). Both these differences are related to the
hydrogen bonding in the crystal.

Hydrogen bonding links the molecules in bilayer parallel to
the ab plane. Within each monolayer, there are five short
H ? ? ? N or H ? ? ? O distances, within the range of 2.0–2.2 Å,
Table 2(d), connecting molecules I and II, which are related
only by translation parallel to the a and b axes; the dashed lines
in Fig. 6 show these strong hydrogen bonds. Pairs of these
planes (related by the two-fold symmetry in the cell) are linked
by slightly weaker hydrogen bonds, with H ? ? ? N or H ? ? ? O
distances of 2.3–2.6 Å. The two amine groups have different
involvements in the hydrogen bonding scheme: in molecule
I, both the amine protons are (relatively) weakly hydrogen
bonded (between monolayers), while in II, H(221a) is involved
in a strong hydrogen bond (within the monolayer) while the
other, H(221b) is less strongly hydrogen bonded (between
monolayers); the orientations and the mobilities of the amine
groups are thus expected to be different. This can account for
the differences found in T1 values of α carbons.

The arrangement of the molecules having their ‘heads’
(amine and amide groups) together, all contributing to the
hydrogen bonding network, leaves the ‘tails’ (the alkyl groups)
pointing away from the bilayer and directed towards the tails of
the next bilayer, Fig. 7. The shortest C ? ? ? C distance between
methyl groups of neighbouring layers is 3.861(15) Å, for
C(15) ? ? ? C(2419) and there is no other distance less than 4.2 Å,
suggesting very loose packing here. This is reflected in the

Fig. 5 Corresponding views of the two molecules I (a), and II (b), in
the crystal of -leucinamide, showing the atom numbering scheme
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morphology of the crystals which are normally wafer-thin
(painstaking efforts were required to grow crystals to a thick-
ness suitable for the X-ray analysis).

Conclusions
The CP/MAS NMR and FTIR spectra of solid -leucinamide
showed two inequivalent molecules in its unit cell and suggested
that intermolecular hydrogen bonding can account for it. X-Ray
diffraction studies confirmed this. In addition, the 13C spin–
lattice relaxation times in the both rotating and laboratory
frame measurements suggested that the motions of the two
molecules are different. This can be explained by the hydrogen
bonds formed in the crystal; in one of the molecules, one amine
proton is strongly hydrogen bonded and the other one is less
strongly bonded, while in the other molecule, both amine pro-
tons are engaged in the weaker hydrogen bonding. This allows
the amino group in one molecule to move more easily than in
the other. This freedom of motion is likely to be reflected by
the adjacent carbon atoms and could account for the differ-
ences in T1 observed for the α and β carbon atoms of the two
molecules.
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Fig. 7 Packing arrangements in the crystals of -leucinamide, viewed
down the b axis. Hydrogen bonding within the bilayers is shown; the
lack of contacts between the bilayers is apparent.
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