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Polymorphism of N,N"-Diacetylbiuret Studied by Solid-State *C and “N
NMR Spectroscopy, DFT Calculations, and X-ray Diffraction

Sven Macholl,*'*"! Dieter Lentz,™ Frank Borner,"! and Gerd Buntkowsky*!"

Abstract: The molecular configuration
and crystal structure of solid polycrys-
talline N,N”-diacetylbiuret (DAB), a
potential nitrogen-rich fertilizer, have
been analyzed by a combination of
solid- and liquid-state NMR spectros-
copy, X-ray diffraction, and DFT calcu-
lations. Initially a pure NMR study
(“NMR crystallography”) was per-
formed as available single crystals of
DAB were not suitable for X-ray dif-
fraction. Solid-state *C NMR spectra
revealed the unexpected existence of
two polymorphic modifications (a- and
p-DAB) obtained from different chem-
ical procedures. Several NMR tech-
niques were applied for a thorough
characterization of the molecular

system, revealing chemical shift aniso-
tropy (CSA) tensors of selected nuclei
in the solid state, chemical shifts in the
liquid state, and molecular dynamics in
the solid state. Dynamic NMR spec-
troscopy of DAB in solution revealed
exchange between two different config-
urations, which raised the question, is
there a correlation between the two
different configurations found in solu-
tion and the two polymorphic modifi-
cations found in the solid state?
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By using this knowledge, a new crys-
tallization protocol was devised which
led to the growth of single crystals suit-
able for X-ray diffraction. The X-ray
data showed that the same symmetric
configuration is present in both poly-
morphic modifications, but the packing
patterns in the crystals are different. In
both cases hydrogen bonds lead to the
formation of planes of DAB molecules.
Additional symmetry elements, a two-
fold screw in the case of a-DAB and a
c-glide plane in the case of $-DAB,
lead to a more symmetric (a-DAB) or
asymmetric (f-DAB) intermolecular
hydrogen-bonding pattern for each
molecule.

Introduction

N,N"-Diacetylbiuret (=1,5-diacetylbiuret, DAB, [CH;(C=
O)NH(C=0)],NH, see Figure 1) is a potential long-term, ni-
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trogen-rich fertilizer. As such it exhibits a rather low solubil-
ity in water. As solubility often goes hand-in-hand with poor
crystallizing behavior, efficient screening of such compounds
necessitates the understanding of solubility and the elucida-
tion of molecular configuration/conformation and intermo-
lecular arrangement (hydrogen bonds,"! supramolecular
structure®™). This information can be applied in a bottom-
up approach to fine control of structural properties, that is,
to crystal engineering.””! This analysis is of special interest as
often polymorphs, pseudopolymorphs, and/or solvates (hy-
drates) coexist, exhibiting different physicochemical proper-
ties including solubility. These different forms of solids are
treated as independent substances, for example, in patent
law. Prominent examples with huge economic consequences
can be found among pharmaceutical products and pigments
(see refs. [6-10] and references therein). Several aspects of
polymorphism, like thermodynamic properties and molecu-
lar structure, can be found in the literature, for example, in
refs. [11,12]. A routine technique for gathering detailed in-
formation on structures is X-ray diffraction of single crystals.
But there exist a large number of organic compounds like
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Figure 1. Molecular structures of N,N’-diacetylbiuret (DAB) from ab
initio calculations, shown as selected resonance structures and in the
order of increasing electron energy. a) Configuration
(2E3ZAESZ6E,7Z) (the most stable structure). b) Configuration
(2Z3EAZSE6Z,7Z). c) Configuration 2E3Z,4E,5Z,6Z,1F). d) Configu-
ration (2Z,3E4Z,5Z,6E,77). In structures a, b, and c, the numbering of
the backbone carbon and nitrogen atoms is given, in structure d the N,
N, N”, Cymiges and Ciiq. atoms are labeled as such. N—H--O hydrogen
bonds are indicated with bold points and C—H--O hydrogen bonds with
fine points.

pigments or long-term fertilizers that crystallize poorly so
that single-crystal X-ray diffraction is not applicable. X-ray
diffraction on powders™>'¥ is one approach to the analysis
of these compounds™! combined with calculations using pre-
vious knowledge. Another powerful technique for the analy-
sis of such compounds is solid-state NMR spectroscopy.

In this study, polycrystalline DAB was initially studied by
solid-state NMR spectroscopy because attempts to grow
single crystals of DAB failed. This analytical approach was
recently applied by us to methoxycarbonylurea (MCU), an-
other promising long-term fertilizer."!” In that case, single-
crystal X-ray crystallography could not be applied because
the single crystals of MCU obtained exhibit lattice disorder.
Instead we resorted to standard"® and more elaboratel'”!
techniques of solid-state NMR spectroscopy in combination
with an isotope-labeling strategy and DFT calculations for
structure elucidation (“NMR crystallography”). In this study
on DAB, the results obtained by using these techniques
were rather ambiguous compared with MCU owing to the
inherent molecular symmetry of the primary structure of
DAB. But routine solid-state NMR spectra of DAB revealed
the existence of two polymorphic modifications of DAB.
This shows one potential application of solid-state NMR
spectroscopy for screening substances for (pseudo)polymor-
phism. Subsequent dynamic-solution NMR experiments on
DAB in tetrahydrofuran revealed that the DAB molecule
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forms two configurations. With this knowledge, an optimized
crystallization protocol was devised that finally has allowed
the successful growth of DAB single crystals suitable for X-
ray structure analysis. The X-ray structures show that the
two polymorphic modifications of DAB are not formed as a
result of the different configurations found in solution, but
solely through crystal packing with different hydrogen-bond-
ing patterns.

The rest of this article is organized as follows. First, a
brief survey of the sample preparation and characterization
is given, followed by our experimental set up, and a descrip-
tion of the experiments and calculations that were per-
formed. Then the experimental results are presented, dis-
cussed, and summarized.

Experimental Section

Sample preparation: The synthesis of unlabeled and U-"*N-labeled DAB
(U=ubiquitous) is described in detail in reference [18]. Selected configu-
rations of DAB are shown in Figure 1. In summary, unlabeled DAB was
synthesized by standard acetylation of biuret with a threefold excess of
acetic anhydride catalyzed by 1 mL of a 65% solution of SO; in sulfuric
acid (yield 85-99%). The precipitate was washed several times with
water and then dried in vacuo. The resulting white powder melted at
203°C.

For U-"N-labeled DAB, the same synthesis was performed by using
U-"N-labeled biuret instead of unlabeled biuret (yield 91%). U-"N-La-
beled biuret was synthesized by bubbling chlorine through a melt of
U-"N-labeled urea (purchased from Witega/Berlin, "N enrichment
(99.24+0.1) %). The product was recrystallized from water (yield 51%).
A small amount of byproduct was identified as U-""N-labeled triuret by
liquid-state '"H NMR spectroscopy. Deuterated DAB (*H;-DAB) was pro-
duced by recrystallizing DAB from deuterium oxide and drying at 80°C.

The polymorphic modification f-DAB was obtained by these synthetic
procedures after recrystallization from water. The second polymorphic
modification, a-DAB, was obtained by any of the following procedures:
1) tempering 3-DAB at 150°C for 1 day, 2) sublimation of -DAB, and
3) recrystallization of 3-DAB from tetrahydrofuran.

Solid-state NMR spectroscopy: Solid-state NMR spectra of powdered,
polycrystalline samples were recorded with a home-built three-channel
solid-state NMR spectrometer with an Oxford magnet at a field of 7T
and with a three-channel Varian InfinityPlus 14 T NMR spectrometer, as
described in more detail in refs. [16,17]. The sample spinning frequency
was stabilized to +1 Hz by using a spin-rate controller. 7z/2 pulse lengths
of between 6.0 and 7.3 ps were chosen and pulse sequences were used
with Hahn echo. In the experiments conducted at 7T a standard CP-
MAS sequence was used. All experiments performed with the 14 T ma-
chine employed TPPM decoupling*”’ and ramped amplitude cross-polari-
zation (RAMP-CP).?"!

3C NMR chemical shifts are referenced!’® to tetramethylsilane (TMS)
using external secondary shift standards: adamantane (0=29.50 and
38.56 ppm for the two adamantane signals®') or glycine (6=43.3 and
176.48 ppm for the two glycine signals?®). "N NMR chemical shifts are
referenced to solid NH,Cl employing either an external sample of solid
NH,CI or glycine using the expression d(NH,Cl,solid)—d(glycine,solid) =
6.4 ppm.*! For comparison with liquid-state 'N NMR spectra with neat
nitromethane as the external standard, the relation
0(CH;NO, lig.)—6(NH,Cl,solid) =338.1 ppm was employed.!!
Liquid-state NMR spectroscopy: Liquid-state 1D NMR spectra were re-
corded with a Bruker AMX NMR spectrometer at room temperature op-
erating at a magnetic field of 11.7 T. The chemical shifts are referenced
to TMS ('H, C) or nitromethane (**N). Calibration of the NMR spectra
was performed by employing either a neat sample of nitromethane as ex-
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ternal standard ("°N) or the following chemical shift values of solvent sig-
nals ("H, "*C). 'H: 2.49 ppm (dimethyl sulfoxide, DMSO), 1.94 ppm (ace-
tonitrile); *C: 39.51 ppm (DMSO), 1.39 ppm (acetonitrile).

Ab initio and DFT calculations: All quantum-chemical calculations of
geometry, energy, vibrations, and 'H, C, and N chemical shift tensors
were carried out with the Gaussian 98 program.™ The output was evalu-
ated by using home-written programs in MATLABP® code.
Hartree—Fock (ab initio, data not shown) and B3LYP (density functional
theory, DFT) methods were used combined with the 3-21G or 6-31G
standard basis sets for initial geometry optimizations and then 6-31+4+
G(d,p) in consideration of intramolecular hydrogen bonding. Vibrational
frequencies were calculated to check that the geometries obtained corre-
spond to (local) minima on the energy hypersurface. For chemical shield-
ing calculations, the gauge-included atomic orbital (GIAO)?"?! approach
was used in conjunction with the 6-31++G(d,p) and 6-31++G(2d,2p)
basis sets. The calculated chemical shielding values o were converted to
chemical shifts 0 by using the '*C absolute chemical shielding of TMS at
188.1 ppm™®! and the N absolute chemical shielding of ammonia at
267.3 ppm calculated in the same way as described above.!'!

X-ray diffraction: Reflections were collected with a CCD Bruker-AXS
Smart diffractometer with an w scan at 173(2) (a-DAB) and 223(2) K (B-
DAB) using graphite-monochromated Moy, radiation (1=0.71073 A).
The single crystals had the following dimensions: a-DAB: platelet, 0.7 x
0.15x0.05 mm; B-DAB: needle, 0.50.06 x 0.04 mm. A total of 817 and 827
reflections were used in the 6 range 4.2-30.5° and 3-30°, respectively.
The crystal and refinement data were produced using the SHELXS-97(%
and SHELXL-97°" programs (see Table 4). CCDC-620843 and CCDC-
620844 contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Results and Discussion

Liquid-state NMR spectroscopy: DAB was dissolved in deu-
terated DMSO and acetonitrile. The chemical shifts ob-
tained from the standard NMR spectra are presented in
Table 1 and Table 2. The *C NMR chemical shifts are sol-
vent-dependent with a downfield shift of around 1-2 ppm
on going from DMSO to acetonitrile. Furthermore, a dy-
namic NMR study of DAB in deuterated tetrahydrofuran
revealed the existence of two different configurations of
DAB which show coalescence at low temperatures.”® Pre-
liminary and exemplary results are shown in Figure 2. The
region of methyl-'H signals reveals at 175 K two main sig-
nals that can be assigned to an asymmetric configuration of
DAB and a single signal which shows that a symmetric con-

Table 1. *C NMR chemical shifts of DAB in the solid and liquid states as well as values calculated by DFT."!
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Table 2. "N NMR isotropic chemical shifts [ppm, NH;] of protonated
and deuterated p-DAB (U-"N,[D;]DAB).!

Signal Solid state Liquid Calculation
state
U-"N DAB [D;]DAB AS("N) in DMSO DFT
[ppm]
a 105.1 104.1 -1.0 109.6 142.4
b 124.5 1232 -1.3
c 127.6 126.8 -0.8 1308 1632

[a] Accuracies are 40.1 ppm. Liquid-state data obtained from U-"N-
DAB in DMSO.
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Figure 2. Liquid-state "H NMR spectra of DAB in THF at 11.7 T and at
temperatures indicated on the right-hand side. Only the spectral region
of methyl 'H signals is shown. “s” indicates the signal of DAB in a sym-
metric configuration with six magnetically equivalent methyl-'H nuclei.
“al” and “a2” indicate the signals of the two magnetically nonequivalent
methyl groups in an asymmetric configuration.

figuration is also present. Similarly three plus two signals
are observed in the region of NH chemical shifts for the
asymmetric and symmetric configurations (not shown), re-
spectively. The intramolecular dynamics between these two
configurations were monitored by increasing the tempera-
ture, reaching the fast exchange limit at room temperature.
The equilibrium constant was determined as K=5.6 from
the signal integrals of the spectrum at 175 K with the asym-
metric configuration being more dominant.

Solid-state *C NMR spectroscopy

Results: Examples of C (natural abundance) CPMAS
NMR spectra are shown in Figure 3. Spectrum A is of
U-""N-labeled DAB (recrystal-
lized from water) recorded at
14 T and with a MAS frequency

of 6.667 kHz. The spectrum

Signal ~ Type of Solid-state NMR Liquid-state NMR DFT . o T

no. carbon  O(B-DAB) [ppm]  (a-DAB)[ppm] 0 [ppm] (in DMSO; (ZEZZEZ consists of six isotropic signals
(spectrum B) (spectra C and D) in acetonitrile) config.) and their spinning sidebands.

Isotropic signals were identified

a methyl 2413 2401 24.0;25.0 19.7 pIC SIS .

b 25.55 24.56 by variation of the spinning fre-

¢ imide 1483 152.6 149.2; 151.5 138.6 quency and are labeled a-f

d 152.5 . .

. 1738 Spectra B-D in Figure 3 show

i amide -5 173.1 171.8;173.3 1594 the isotropic signals of the *C

[a] In solution, each pair of carbon atoms a+b, c+d, and e+f is magnetically equivalent. The entries in each
field of the last column show the solvent-dependency of the chemical shifts. Estimated accuracies are

+0.05 ppm for C(methyl) signals and +0.1 ppm for other signals.
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NMR spectra of different sam-
ples. Spectrum B corresponds
to spectrum A with a slightly in-
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Figure 3. A) ®C CPMAS NMR spectrum of U-"N-labeled B-DAB at
14 T and a spinning speed of 6.667 kHz. Letters a—f indicate isotropic sig-
nals (see Table 1). B-D) *C CPMAS NMR spectra of unlabeled DAB at
14 T and a spinning speed of 8 kHz. Only the regions of isotropic signals
are shown. B) f-DAB (recrystallized from water). C) a-DAB (produced
from B-DAB tempered for 1day at 150°C). D) a-DAB (recrystallized
from tetrahydrofuran). Letters a—f (a'~d’) indicate isotropic signals, as in
spectrum A.

creased MAS frequency and is of unlabeled instead of
U-"N-labeled DAB.

Spectra C and D were obtained from DAB samples that
have been prepared in different ways. The sample for spec-
trum C was prepared by tempering DAB for 1 day at 150°C.
The sample for spectrum D was obtained by recrystalliza-
tion of DAB from tetrahydrofuran. Spectra C and D are
practically identical. For subsequent discussion we introduce
the names -DAB (spectra A and B) and a-DAB (spectra C
and D) to represent the two forms of DAB.

Spectrum B consists of six isotropic signals (a—f) and spec-
tra C and D exhibit only four isotropic signals (a’'-d’), al-
though there are six carbon atoms in each DAB molecule.
To assign the signals, the signal integrals have to be evaluat-
ed by summing the isotropic signals and corresponding spin-
ning sidebands. With cross-polarization (CP) spectra, the
evaluation of signal integrals is expected to give only a
rough estimation because 1) the CP efficacy may be differ-
ent for nonequivalent nuclei, for example, because of differ-
ent numbers of neighboring hydrogen atoms, and 2) the CP
efficacy is usually orientation-dependent, that is, it is differ-
ent for the individual spinning sidebands. Nevertheless, in
the present case the relative magnitudes of the signal inte-
grals are very close to the integer values 1 and 2 with devia-
tions of <6%. In spectrum B, the relative sizes of the inte-
grals are equal for all six signals. In spectra C and D, the
ratio of the integrals is 1:1:2:2 for the signals a’, b’, ¢/, and

6142
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d’. Thus, the two signals ¢ and d of spectrum B correspond
to the unresolved signal ¢’ in spectra C and D. Similarly the
signals e and f correspond to signal d’' (see Table 1). Also
the low-field C(methyl) signal in spectrum B is shifted to a
position closer to the other C(methyl) signal. All the “C
chemical shifts of a- and 3-DAB are summarized in Table 1.

In addition, a slow-spinning "C (natural abundance)
CPMAS NMR spectrum of U-"N-labeled B-DAB at 14T
with a MAS frequency of 2kHz was recorded (see
Figure 4). Heteronuclear dipolar couplings between *C and

80 60 40 20 0 -2
5"C/ ppm [TMS]

Figure 4. ®C CPMAS NMR spectrum of U-"N-labeled B-DAB at 14T
and a spinning speed of 2 kHz. Only the spectral region of the methyl-C
signals is shown. The experimental sideband spectrum (dots) was process-
ed with additional line-broadening which hides the symmetric splitting of
each sideband. The fit of the sideband spectrum (solid line) yields 0,50 =
—25.1 ppm and n=-0.2. By using these values and the experimental
values d;,=24.13 and 25.55 ppm, the spectra of the static sample were
calculated and are superimposed.

neighboring °N spins were of the order of 1.2 kHz. They are
averaged to zero at the used MAS frequency, but informa-
tion about the chemical shift anisotropy (CSA) is retained
in the spinning sidebands. As each spinning sideband is a
symmetrical doublet, the simulation was simplified by proc-
essing the spectrum with additional line-broadening. This
leads to single Lorentzian lines for each spinning side band.
The observation of six sidebands allows for an accurate sim-
ulation of the sideband spectra with the three CSA parame-
ters 0o = (0 + 0y, +0..)/3, Oaniso=0,,—0iso, and 7 =|8,,—0,,|/
6anisov where ‘ 611_6iso | 2 ‘ 6xx_ iso | 2 ‘ 6yy 150‘

The CSA tensors were simulated by using the SIMPSON
program package.’? For the simulation, the y-COMPUTE
method™ ! was used in conjunction with the REPULSION
set of 168 angles® and the simplex fitting method.”® The
best fit was obtained with d;,, =25.2 ppm, 0,pio=—25.1 ppm,
and 7=-0.20 for the C(methyl) atom of $-DAB, with the
uncertainties Ad,,=2ppm (a=x,,2), Al =2 ppm,
Adi,<1ppm, and An=0.1. By employing the simulated
CSA values for d,,, and # together with the experimental
values 0;,,=24.13 and 25.55ppm, spectra of the static
sample were calculated and are superimposed as an enve-
lope in Figure 4.

The extracted CSA tensor values are comparable to those
of methyl carbon atoms in other molecules containing an
acetyl group (see Table 3). The ratio of chemical shift aniso-

Chem. Eur. J. 2007, 13, 6139-6149
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Table 3. Experimental CSA tensors for “C(methyl) atoms of DAB and
related compounds containing acetyl groups from ref. [62,63], and also
the results of DFT calculations on DAB in the ZEZZEZ configuration.

Methyl-*C Oiso Oaniso n
[ppm]  [ppm]
N,N"-diacetylbiuret (this study, SS-NMR, 25.2 -25.1 —0.20
B-DAB)
N,N"-diacetylbiuret (this study, DFT) 19.7 -30.6 —0.65
acetaldehyde 33 -31 —0.39
acetone 30 =33 0.0
acetic acid 33 -23 0.0
acetic anhydride 25 =25 —0.12
methyl acetate 34 -12 —0.25

tropy and spinning speed (1.9) leads to a considerable devia-
tion of the envelope of the spinning sidebands from the
spectrum of the static sample (see Figure 4).

The spinning sideband patterns of the C(amide) and C-
(imide) signals are poorly resolved at the 2 kHz MAS fre-
quency owing to unfavorable chemical shift differences and
broad lines. Otherwise the number of sidebands at the
7 kHz MAS frequency is too low for an accurate simulation.
These CSA tensors may be determined by a 2D experiment,
as proposed in reference [39], but this technique is very
time-consuming especially with the observation of C in
natural abundance and the rather long spin-lattice relaxation
time of DAB.

FULL PAPER

Finally, ®C (natural abundance)-""N REDOR!“**! spectra
of U-N-labeled B-DAB were recorded (not shown). This
technique allows direct measurement of internuclear distan-
ces through space up to around 5 A in the case of “N,*C
pairs. The long-range distances can be used as constraints in
the molecular modeling of the molecular conformation char-
acterized by dihedral angles. In contrast to our previous ex-
periments on MCU,!" all long-range couplings in DAB are
unfortunately overshadowed by the presence of strong one-
bond couplings.

Discussion: The accuracy of the *C(methyl) chemical shifts
is estimated to be 0.05 ppm and the signal-to-noise ratio to
be 25 for the spectra in Figure 3. Therefore, impurities that
may have formed in the course of the different sample prep-
arations should be visible if they exceed 4 %.

In view of the similar chemical shifts, the signals can be
divided into three groups. The (mean) chemical shifts of the
BC(methyl) and ®C(imide) atoms are similar to those of the
liquid-state NMR spectra (see Table 1). The largest chemical
shift difference of 3.75 ppm is found for the "“C(amide)
atom between the mean of the two signals of B-DAB and
the corresponding signal of DAB in DMSO.

The two different spectra for DAB result from different
preparations of the sample. The nomenclature o- and f3-
DAB introduced above does not offer any explanation for
the differences in the shifts or the number of *C signals. In

Table 4. Crystal data and structure refinement for a- and $-DAB.

principle, there are two possible
explanations. 1) a- and B-DAB

a-DAB B-DAB adopt different configurations.
CCDC no. 620844 620843 This probably also causes differ-
empirical formula C.HyN;0, CeHyN;0, ent crystal packing. 2) a- and (-
formula weight 187.16 187.16 DAB have the same Conﬁgura_
temperature [K] 173(2) 223(2) tion, but the crystal packing is
wavelength [A] 0.71073 0.71073 diff
crystal system monoclinic monoclinic itferent. . o
space group P2/n P21/c In addition, the possibility
unit cell dimensions has to be considered that in f3-
a[A] 12.191(2) 4.4215(12) DAB, two crystallographically
bIAl 3:344009) 20.224(6) nonequivalent, symmetric mole-
c[A] 13.545(2) 9.300(3) qu » Y ,
81 112.401(3) = 93.496(6) cules fill the crystal unit cell,
volume [A?] 815.9(2) 830.0(4) that is, the two molecules are
z , 4 4 magnetically nonequivalent.
dsnSHyt_(Cfilcd)f[fM_g Htl[] " égg é‘gi This possibility can be excluded
absorption coeificient |mm . . 15
F(000) 309 30 by means of "N CPMAS NMR
crystal size [mm’] 0.7x0.15%0.05 0.50 % 0.06 x 0.04 spectroscopy (see below). Fur-
o range [°] 1.92-28.20 2.01-25.68 thermore, the chance of solvent
index ranges -13<h<16 —3<h< molecules being part of the
—6sk<7 —24sks24 crystal structure has been ex-
_17<1<17 “11<i<11 y .
reflections collected 4948 6743 cluded by “C NMR spectrosco-
independent reflections 1969 [R(int) =0.0426] 1582 [R(int) = 0.0950] py (excluding THF) and by ele-
completeness to 6 =28.20° 98.0 % 100.0 % mental analysis (excluding
T s o et oo Y167 200 THP)
renmement metno ull-matrix least-squares on 1+ ull-matrix least-squares on . . 13
1969/0/154 1582/0/155 In principle, “C CPMAS

data/restraints/parameters
goodness-of-fit on F2

final R indices [/>20(])]

R indices (all data)

largest diff. peak and hole [e A~

1.028
R, =0.0586 wR,=0.1626
R, =0.0690 wR,=0.1779
0.373 and —0.338

1.049
R, =0.0448 wR,=0.0963
R, =0.0754 wR,=0.1085
0.194 and —0.178

Chem. Eur. J. 2007, 13, 6139-6149
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ations detailed above. The spec-
trum for (3-DAB shows small

—— 6143


www.chemeurj.org

CHEMISTRY—

G. Buntkowsky, S. Macholl et al.

A EUROPEAN JOURNAL

chemical shift differences between the pairs of chemically
equivalent nuclei (1.4 ppm for C(methyl), 4.2 ppm for C-
(imide), and 3.5 ppm for C(amide)). These differences can
be explained on the one hand by different configurations
like, for example, in gluconamide with A6 =0.2-2.9 ppm be-
tween the C(alcohol) and C(amide) nucleil®” or Ad=
10.3 ppm for the aromatic C1 atom in the two polymorphic
modifications of dimethyl 3,6-dichloro-2,5-dihydroxytereph-
thalate.¥! On the other hand, different crystal packing can
influence the number and strengths of the hydrogen bonds
leading to chemical shift differences of the same magnitude,
for example, values of Ad of up to 4.6 ppm have been re-
ported for the C(imide) nuclei in cyanuric acid and in a cya-
nuric acid/melamine co-crystal.*! In this case, the main dif-
ference is that the neighboring O(imide) atoms are involved
in one and two hydrogen bonds, respectively.

Explanation (1) is supported for DAB by the observation
of a symmetric and an asymmetric configuration for DAB
dissolved in THF (see above). Transferring this observation
to the solid state, $-DAB would correspond to the most
likely asymmetric configuration and a-DAB would corre-
spond to the symmetric configuration. The observation of
two signals for C(methyl) in the spectra of the symmetric a-
DAB could be explained by slightly different surroundings
of the two methyl groups. This means that each pair of C-
(amide), C(imide), and C(methyl) nuclei in the DAB mole-
cule is crystallographically and hence magnetically nonequi-
valent. Similar splitting of the C(amide) and C(imide) sig-
nals is not observed because the chemical shift differences
are very small and/or because of the larger linewidths of the
C(amide) and C(imide) signals relative to the C(methyl) sig-
nals.

If explanation (2) is true, no conclusion can be drawn
from the NMR data as to which kind of configuration (sym-
metric or asymmetric) might be present. On the one hand,
the asymmetric configuration is favored for DAB in THF,
but on the other hand, in the solid state, stronger intermo-
lecular hydrogen bonds and a more compact crystal packing
may favor the symmetric configuration.

Solid-state "N NMR spectroscopy: CSA tensors

Results: A "N CPMAS NMR spectrum of U-"*N-labeled B-
DAB was recorded in order to gain information about the
source of the six carbon lines observed for this compound.
The spectrum is shown in Figure 5 (top of the left-hand
panel). Three signals of roughly the same intensity can be
observed. Two of them are relatively close to each other and
the differences between the chemical shifts of these two sig-
nals and the third signal at a higher field are comparable to
those observed in the liquid-state NMR spectrum (see
Table 2). This slow-spinning spectrum was recorded at spin-
ning frequencies of 1 kHz at 7T (not shown) and 2 kHz at
14 T. With eight clearly resolved spinning sidebands in the
spectrum at 14 T, the CSA tensors can be estimated by sim-
ulation. For this, the spectrum at 14 T was deconvoluted into
three separate spectra (Figure 5a—c, left-hand panel). These
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Figure 5. "N CPMAS NMR spectrum of U-"N B-DAB at 14 T and spec-
tral simulations. Left-hand side: Experimental spectrum and deconvolut-
ed spinning sideband spectra of signals a, b, and c. Right-hand side: The
corresponding simulations derived by using the SIMPSON program pack-
age (see text). The calculated spectra of a static sample are overlaid.

spectra were simulated using the SIMPSON program pack-
age? using the same conditions as described above for the
simulation of the C(methyl) signals. The simulations are
shown in the right-hand panel of Figure 5. Only minor devi-
ations are found, especially for the spinning sidebands near
the isotropic signal. These can be attributed to a lower CP
efficacy for spins that are oriented near the magic angle
with respect to the magnetic field B,. In addition, the spec-
tra of the static sample were calculated and are superposed
on the simulated sideband spectra in Figure 5.

To compare the CSA tensors, it is most convenient to use
the anisotropy parameter J,,,, and the asymmetry parame-
ter n. They are practically the same for all three signals:
Ouniso = 110(5) ppm for signals a and b, i, =115(5) ppm for
signal ¢, and #=0.40(5) for all three signals.

Next, N (U-labeled) CPMAS NMR spectra were record-
ed for deuterated DAB at 14 T and 5 kHz spinning frequen-
cy (not shown). Deuterated DAB contains deuterated ND
units and protonated methyl groups. Although the 'H atoms
directly bound to the °N atoms were replaced by *H atoms,
cross polarization was possible through the 'H-containing
methyl groups. The signal at around 105 ppm is polarized
less than the two low-field signals because the corresponding
5N atom is more distant from the methyl groups than the
other two °N atoms. Note that a secondary isotope effect
on “N, A6(*N)=06(ND)—58(NH), of the order of —1 ppm
(see Table 2) is observable, which is probably caused by dif-
ferent zero-point energies in the anharmonic potential.

Discussion: The assignment of the N signals of B-DAB was
straightforward because the three signals are similar in in-
tensity and there are three nitrogen atoms in the DAB mol-
ecule.

From the ®C CPMAS NMR spectra the question arose as
to whether two crystallographically nonequivalent, symmet-
ric molecules fill the crystal unit cell of 3-DAB. If this was
the case, four °N signals with intensities of 1:1:2:2 would be
expected. Therefore, the "N CPMAS NMR spectrum rules
out this possibility.

The similarity of the three nitrogen atoms in 3-DAB is re-
flected in the shape of the CSA tensors and the secondary
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isotope effects on the ’N atoms. The CSA tensors are com-
parable to those of acetanilide™' and the fiber-modification
of gluconamide™®! with respect to the isotropic (dy,=105-
127 ppm compared with 137 and 124 ppm, respectively) and
the anisotropic chemical shifts (J,n,=110-115 ppm com-
pared with 108 and 115 ppm, respectively). Only the asym-
metry parameters are considerably larger for DAB, with =
0.4 compared with 0.11 and 0.17, respectively. The CSA ten-
sors for *N(imide) in methoxycarbonylurea' and phthali-
mide®! show pronounced differences to these three tensors.
There is no simple explanation for this behavior. Instead,
there are a number of factors that influence the CSA ten-
sors, like the degree of sp¥sp® hybridization, conjugated
double bonds (more delocalized bonding in the molecule),
and the number and the strengths of the hydrogen bonds
connected to the nitrogen atoms.

Variable-temperature *C and "N CPMAS NMR spectra

Results: As mentioned in the Experimental Section, at
150°C an efficient conversion from (B-DAB to a-DAB
occurs. This raises the question: at what temperature does
the conversion start? To partially answer this question we
recorded the “C and "N CPMAS NMR spectra of f-DAB
in the temperature range accessible by our MAS-NMR
probe (152-353 K).

The upper panel in Figure 6 shows the *C CPMAS NMR
spectra of B-DAB in the spectral region of the C(methyl)
signals together with a simulation using two Lorentzian
lines. Both signals are shifted by around 0.3 ppm in the di-
rection of their mean upon increasing the temperature from
152 to 353 K, but they remain well separated without notice-
able changes in their linewidth. This shows that at 353 K the
interconversion from 3-DAB to a-DAB is still not efficient.

The lower panel in Figure 6 shows the *C CPMAS NMR
spectra of -DAB in the spectral region of the C(amide)
and C(imide) signals (spectra b in Figure 6). A small upfield
shift is observed for the two C(amide) signals near 175 ppm.
As the shift is small compared with the linewidth and as the
signal-to-noise ratio is rather poor, the similar spectral re-
gions of the most intense spinning sidebands are also shown
in Figure 6 (lower panel, spectra a and c). Here, the same
pattern is observed, yielding a consistent upfield shift of
0.3 ppm for both of the C(amide) signals on increasing the
temperature from 152 to 353 K. In contrast, the chemical
shifts of the C(imide) signals are temperature-independent
in this temperature region.

In addition, "N CPMAS NMR spectra of U-’N DAB
(the o form) were recorded between 152 and 297 K with a
MAS frequency of 2 kHz (spectra not shown). Low-field
shifts of 0.1, 0.5, and 0.3 ppm for signals a, b, and ¢ were ob-
served in the spectra recorded between 152 and 297 K.

Discussion: As outlined in the previous sections, a-DAB is
produced from (-DAB, for example, by tempering of the
sample at 423 K. Therefore it is expected that the conver-
sion of 3-DAB into a-DAB takes place by molecular rear-
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Figure 6. Top: "C CPMAS NMR spectra of B-DAB at 353, 297, and
152 K in the spectral region of the C(methyl) signals. Experimental spec-
trum and a simulation using two Lorentzian lines. Bottom: *C CPMAS
NMR spectra of 3-DAB at 297 and 152 K in the spectral region of the C-
(amide) and C(imide) signals. a) Low-field spinning sidebands of the first
order. b) isotropic signals. ¢) High-field spinning sidebands of first order.

rangements in the crystal. In principle, such dynamics can
be monitored by variable-temperature (VT) spectroscopy.
In this case the available NMR equipment allowed only a
moderate increase in temperature (152-353 K) compared
with the temperature used for tempering. In the recorded
VT NMR spectra, the two C(amide) and the two C(imide)
signals show no coalescence, that is, the conversion into a-
DAB cannot be monitored in this temperature range. Small
shifts are observed in the spectra mainly for the atoms in
the outer parts of the molecule, which can be explained by
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the presence of stronger librations at higher temperatures
which have an effect on the chemical shifts.

Ab initio and DFT calculations

Results: The results of ab initio and DFT calculations on
DAB are similar and so only DFT results are reported
herein. The calculated global minimum configuration of the
isolated molecule is the asymmetric configuration
(2QE3ZAE,5Z,6E17Z) (abbreviated below as EZEZEZ) (see
Figure 1a). The calculations reveal a number of other possi-
ble configurations with higher electron energies. The next
three configurations with increasing electron energies are
shown in Figure 1b—d. These are the asymmetric configura-
tions (2Z3EA4Z5E6Z2,7Z) and (2E3ZA4ES5Z,6Z,7E), and
the symmetric configuration (2Z,3E,4Z,5Z,6E,7Z) (abbrevi-
ated below as ZEZZEZ). The zero-point-corrected electron
energies of these configurations relative to the most stable
configuration are 4.04, 5.26, and 6.42 kcalmol !. The differ-
ent configurations exhibit different patterns of N—H--O and
C—H:--O intramolecular hydrogen bonds and the carbon, ni-
trogen, and oxygen atoms in all four structures are planar.
The symmetric configuration (Figure 1d) is characterized by
a bifurcated intramolecular hydrogen bond at N'. Intermo-
lecular hydrogen bonds were not included in the model. The
configurations consistent with the experiments are
EZEZEZ (Figure 1a) in THF solution and ZEZZEZ (Fig-
ure 1d) in the solid state (a- and (-DAB). Only the
ZEZZEZ geometry was used in further calculations of the
NMR parameters.

The calculated *C CSA data (referenced to TMS) are
given in Table 1 and Table 2. The N CSA data for the two
types of N nuclei together with the experimental values in
brackets are given below (referenced to NH;). Note, the
average experimental values of d;, for N and N” are given
for convenience.

Nt Oigocatca=142.4 ppm,  Sypisocatca= 100.1 ppm, 7419 =0.05
(0is5o=105.1 ppm, O 4piso ~ 115 ppm, 7= 0.40).

N and N": Oy catca = 163.2 ppm, Ounisocatca =99.7 PPM, Ncatea =
0.51 (0156~ 126.1 ppm, 0,4, =110 ppm, 7~0.40).

Discussion: The calculations reveal that the three most
stable geometries of DAB in the gas phase are asymmetric
and planar (apart from the methyl-H atoms). The symmetric
configuration ZEZZEZ, which was observed by X-ray dif-
fraction (vide infra), is favored in the crystal state as a result
of a more efficient intermolecular hydrogen-bonding net-
work. This also means that the calculations performed on
single DAB molecules must be considered as approximate
when compared with the experimental solid-state NMR
data.

The “C CSA tensors are considered next. For the methyl
groups, the differences between the calculated and experi-
mental isotropic chemical shifts as well as the CSA tensors
are 5-6 ppm. Thus a good agreement between calculation
and experiment is obtained. Only an unusually high CSA
tensor asymmetry is calculated which is not found in any
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comparable experimental CSA tensors (see Table 3). For C-
(imide) and C(amide), larger differences of 10-18 ppm be-
tween calculated and experimental isotropic chemical shifts
are observed. These rather large differences in the chemical
shifts can be explained by the absence of intermolecular hy-
drogen bonds in the model. Furthermore, NH distances may
have been calculated as too long. Shorter calculated NH dis-
tances would lead to N high-field shifts and *C low-field
shifts for C(amide).

Next the "N CSA tensors are inspected. For the isotropic
chemical shifts of the nitrogen atoms, large differences are
observed between calculated and experimental values.
These differences are in the opposite direction compared
with those of the C(=O) spins. This observation therefore
corroborates the explanation given above, namely the ab-
sence of intermolecular hydrogen bonds in the model. Fur-
thermore, the differences between the calculated and experi-
mental isotropic chemical shifts of the two types of nitrogen
atoms are in very good agreement. Also the anisotropies of
both types of nitrogen atoms and the asymmetry of N (and
N”) agree well. Only the asymmetry of the N’ CSA tensor is
not reproduced by the calculations. This may well be due to
intermolecular hydrogen bonds which were neglected in the
calculations.

X-ray diffraction

Results: The crystals of a- and p-DAB are both monoclinic
(point group 2m) with space group P21/n for a-DAB and
P21/c for B-DAB. In both cases, one DAB molecule
(C¢HyN;0,) forms the asymmetric unit. The cell volume of
a-DAB is 1.7% smaller than that of 3-DAB as a result of
more compact packing (see Table 4). B-DAB has the sym-
metric configuration (2Z,3E,4Z,5Z,6E,77) (later abbreviat-
ed to ZEZZEZ) (Figure 7). The same molecular configura-
tion is found for a-DAB (not shown). Slight deviations from
planarity (apart from the H(methyl) atoms) and deviations
from staggered conformations of the methyl groups are ne-
glected here.

Concerning the spatial structure of the DAB backbone, as
well as the term conformation as the term configuration
could also be used. In principle, these two terms are charac-
terized by a different rotational energy barrier between con-
formers (single bond) and configurational isomers (e.g.,
double bond).”*! As the backbone of DAB is made up of
partial double bonds there is “hindered rotation”. In addi-
tion, the rotational energy barrier is increased as a result of
intra- and intermolecular hydrogen bonds. Therefore the
term configuration seems to be more appropriate for DAB
and will be used in the following.

The hydrogen-bond network of a- and 3-DAB is depicted
in Figure 8. Atom N1 refers to N, N2 to N’, and N3 to N”
(see Figure 7). The ZEZZEZ configuration of the DAB
molecules in both modifications is fixed by the N2—H2---O2
and the N2—H2--O4 hydrogen bonds (H-~O 1.91 A) with
N—H--O angles of around 133°. In both polymorphs the in-
dividual molecules are connected by a series of almost
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Figure 7. ORTEP representation™ of a single molecule of f-DAB (asym-
metric unit) with only non-hydrogen atoms labeled, as obtained from X-
ray diffraction. The atoms are represented by 50 % probability ellipsoids
for thermal motion.
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Figure 8. Top: Unit cell of a-DAB (DIAMOND!®-¢!l) viewed along 0-10.
Symmetry operations used to generate the labeled hydrogen-bonded
molecules I and B are 1-x,2—y,1—z and 0.5—x,0.54y,0.5—z. Bottom:
Unit cell of B-DAB (DIAMOND) viewed along —100. Symmetry opera-
tions used to generate the labeled hydrogen-bonded molecules I and C
are 3—x,1—y,1—z and x,1.5—y,—0.5+z.

linear N—H--O hydrogen bonds (e.g., 173° for N1-H1--O1
in a-DAB after normalization of NH and CH bond lengths
to distances determined by neutron diffraction!®"). As a
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common feature two molecules related by inversion centers
at 0,0,0 and 0.5,0.5,0.5 are connected by N3—H3---O3 hydro-
gen bonds (H3--03 1.87 A, N3-H3--03 176° in a-DAB;
1.85 A, 175° in B-DAB) forming a cyclic dimer. In a-DAB
these dimers are hydrogen-bonded (H1--O 1.82 A, Nl-
H1--02 174°) to adjacent dimers generated by the two-fold
screw axis forming hydrogen-bond helices along the crystal-
lographic b axis. In 3-DAB, however, the oxygen atom O2 is
not involved in any hydrogen-bond network. In this case,
the N1-H1:--O1 hydrogen bond (H1--O1 1.87 A, N1-H1--O
165°) interconnects the dimers to molecules generated by
the c-glide plane. This results in less dense packing and thus
a greater cell volume in B-DAB. The numbers of C—H-O
contactsP®%? (3.3-3.6 A) for a- and B-DAB are given in
Table 5. They are different for the two methyl groups in
both polymorphic modifications.

Table 5. Numbers of N—H--O bonds (2.7-2.9 A) and C—H--O contacts
(3.3-3.6 A) in a- and -DAB.

a-DAB f-DAB
N-H--O C—H--O N-H--O C—H-O

N1 1 1

N2 2 (2 intra) 2 (2 intra)

N3 1 1

o1 1 (1 intra) 2 2 (1 intra) 1
02 1 1 2
03 1 1 1 1
04 1 (1 intra) 1 1 (1 intra) 3
C1 3 4
C6 2 3

Discussion: The same configuration, namely the symmetric
configuration ZEZZEZ, is found in both polymorphic modi-
fications a- and B-DAB. This is in concordance with inter-
pretation (2) of the "C CPMAS NMR spectra given above.
The other interpretation (two different configurations as in
THF solution) is ruled out by the X-ray diffraction results.

The degeneracy of each pair of atoms in the C,-symmetric
single molecule is lifted by the asymmetric environment in
the crystal, that is, all atoms in the molecule are crystallo-
graphically unique. The main influence for this can be attrib-
uted to intermolecular hydrogen bonds. Inspection of
Table 5 shows that these hydrogen bonds are distributed
rather symmetrically in o-DAB with each oxygen atom
forming one N—H--O bond. In contrast, in 3-DAB, atom
O1 forms two hydrogen bonds and O2 is not involved in
any hydrogen bonding. Also the contacts between the
oxygen atoms and the methyl groups are distributed more
symmetrically in a-DAB than in 3-DAB.

These results are in full agreement with the solid-state
NMR data presented above. The *C CPMAS NMR spec-
trum of B-DAB shows six signals for six nuclei due to the
asymmetric distribution of intermolecular hydrogen bonds.
The same holds for the "N CPMAS NMR spectrum of -
DAB. For a-DAB, two signals are observed for the four C(=
O) atoms which reflects the symmetric distribution of inter-
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molecular hydrogen bonds. Note, however, that each pair of
C(amide) and C(imide) nuclei are also crystallographically
nonequivalent in a-DAB. They are only accidentally mag-
netically equivalent within the given spectral resolution. In
contrast to the C(=0O) atoms, the C(methyl) atoms in a-
DAB give rise to two resolved signals which is in concor-
dance with the X-ray diffraction structure because of the
different number of contacts to oxygen atoms (see Table 5).
With CO distances of 3.3-3.6 A, these contacts also contrib-
ute to some extent to the stabilization of the structures, as
in o-glycine and acetamide,”™ and they are in the range of
typical CO distances of 3—4 A5

Conclusion

From the C CPMAS NMR spectra of DAB prepared in
different ways, it turned out that two polymorphic modifica-
tions can be obtained: B-DAB by recrystallization from
water and o-DAB by 1) tempering of B-DAB at 150°C,
2) sublimation, and 3) recrystallization from tetrahydrofur-
an. Interpretation of the *C and "N CPMAS NMR spectra
together with elemental analyses lead to two possible ex-
planations for the differences in a- and $-DAB: 1) The con-
figuration and consequently probably the crystal packing is
different or 2) the configuration is the same in both poly-
morphic modifications, but the crystal packing is different.

Furthermore, CSA tensors for the two C(methyl) atoms
and for the three nitrogen atoms in $-DAB have been ob-
tained from slow-spinning MAS spectra. Not only the CSA
tensors of the two “C(methyl) atoms are similar, but also
those of the three "N atoms. The *C(methyl) CSA tensor of
B-DAB is in good agreement with those of similar mole-
cules.

To further increase our understanding, especially of the
N CSA tensors, ab initio and DFT calculations were per-
formed. The symmetric configuration ZEZZEZ, which was
found later in o- and 3-DAB by X-ray diffraction, was calcu-
lated as the fourth most stable geometry and features a bi-
furcated hydrogen bond. The three slightly more stable con-
figurations are asymmetric and form different patterns of
N-H--O and partly C—H-+-O bonds. The C(methyl) CSA
tensor calculated for the symmetric configuration is in good
agreement with the experimental CSA tensor, although a
much larger asymmetry parameter was calculated. Good
agreement is also observed for the anisotropy parameters of
the CSA for all the nitrogen atoms and for the asymmetry
of the CSA of N (and N”).

Variable-temperature (VT) *C and "N CPMAS NMR
spectra of B-DAB were recorded in the temperature range
152-353 K. Small shifts were observed in the VT spectra
mainly for the atoms in the outer parts of the molecule. A
possible explanation for this observation is the presence of
stronger librations at higher temperatures which have an
effect on the chemical shifts. The conversion from $-DAB
into a-DAB is too slow at the highest experimentally acces-
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sible temperature to show an effect in the dynamic NMR
spectra.

By following an improved protocol, single crystals were
obtained for both polymorphic modifications that were suit-
able for analysis by X-ray diffraction. The same symmetric
configuration was observed in the crystals of both a- and (-
DAB in contrast to DAB dissolved in THF in which an
asymmetric and a symmetric configuration coexist. a- and 3-
DAB differ in their crystal packing. Analysis of the intermo-
lecular N—H--O bonds and of the contacts between the
oxygen atoms and the methyl groups allowed the chemical
shifts in the *C CPMAS NMR spectra to be explained: In
B-DAB the distribution of the intermolecular hydrogen
bonds among the four oxygen atoms is asymmetric which
leads to chemical shift differences of 3.5 ppm for C(amide)
and 4.2 ppm for C(imide). In contrast, in a-DAB, each
oxygen atom forms one N—H--O bond which leads to one
NMR signal for both C(amide) spins and one signal for both
C(imide) spins. The molecular packing is characterized in
both polymorphic modifications by two kinds of intermolec-
ular N—H-+O bonds. One pattern gives a cyclic dimer in
both o- and B-DAB, and often in amides as well.">* The
second pattern results in a two-fold screw axis in a-DAB
and a c-glide plane in -DAB. Ab initio calculations re-
vealed three asymmetric configurations that are slightly
more stable than the structure derived by X-ray diffraction.
A more compact crystal packing and/or stronger intermolec-
ular interactions seem to favor the symmetric configuration
in the solid state.

Finally, interplay between solid-state NMR spectroscopy,
quantum chemical calculations, and X-ray diffraction has al-
lowed the detection of polymorphic modifications of a
rather fundamental organic nature and their structural char-
acterization. It is expected that a multitude of organic sub-
stances exist as a number of polymorphic modifications and
this combined approach may be an interesting line to take
in further investigations.

An issue for future studies on DAB is the determination
of N—H bond lengths by solid-state NMR spectroscopy. For
this, a correlation between the N—H bond length and the
5N chemical shift, as obtained for collidine/acid dimers,>”]
may be established and also used for related molecules like
biuret and triuret. Finally, it would be interesting to study
the kinetics of the phase transition from -DAB to a-DAB
and search for the presence of possible disordered inter-
mediate structures. This could be accomplished by temper-
ing experiments at an elevated temperature to speed up the
transition in the crystallites followed by a rapid quenching
of the temperature to freeze the structures as a function of
the tempering time, similar to the study of slow-phase sepa-
ration processes of adamantane in polystyrene.®®! From a ki-
netic analysis of these data it should be possible to estimate
the activation barrier of the reaction.
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