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Revealing the Configuration and Crystal Packing of Organic Compounds by
Solid-State NMR Spectroscopy: Methoxycarbonylurea, a Case Study

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

Abstract: The molecular configuration
and intermolecular arrangement of
polycrystalline  methoxycarbonylurea
(MCU) has been studied by a combina-
tion of chemical editing, rotational
echo double resonance (REDOR)
spectroscopy and ab initio calculations.
From the multispin IS, REDOR ex-
periments several dipolar couplings
were determined and converted into
distance constraints. Intra- and inter-
molecular dipolar couplings were dis-
tinguished by isotope dilution. The
configuration of the MCU molecule

angles ¥, ¥,, and ¥;. Ab initio calcu-
lations showed that these angles are
either 0° or 180° (Z or E). From the
REDOR experiments, the E configura-
tion was found for ¥, and ¥, and the
Z configuration for ¥;. Thus the con-
figuration of MCU in the solid state
was determined to be EEZ. Distance
constraints for the intermolecular ar-

Keywords: configuration determi-
nation - hydrogen bonds - molecular
packing - NMR crystallography -
REDOR

rangement of MCU were obtained by
performing REDOR experiments on
BCBN, MCU with different degrees of
isotope dilution and on a cocrystallized
1:1 mixture of “C(urea) MCU and
“N(amide) MCU. By combining these
distance constraints with molecular
modeling, three different possible
packing motifs for MCU molecules
were found. The molecules in these
motifs are arranged as linear chains
with methoxy groups at the borders of
the chains. All the intermolecular hy-
drogen bond donors and acceptors in

can be determined from three torsion

Introduction

In a recent study supported by BASF AG, methoxycarbo-
nylurea (MCU) and other related urea compounds were in-
vestigated as potential long-term nitrogen fertilizers with in-
termediate solubility in water. Understanding the solubility
properties of MCU could help in the more efficient screen-
ing of the fertilizer properties of other urea derivatives. For
this, detailed knowledge of the molecular configuration and
intra- and intermolecular hydrogen-bonding properties of
the urea compounds is necessary. Single-crystal X-ray crys-
tallography could not be applied to the system because the
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the interior of the chain are saturated.

single crystals exhibit lattice disorder. Recently we reported
a static dipolar solid-state NMR study of MCU™!,

For the study reported herein, we chose a more general
strategy. The molecular configuration of MCU in the solid
state was studied by a combination of selective *C and/or
N-isotope labeling schemes (chemical editing), dipolar
solid-state NMR spectroscopy® and ab initio calculations.
The experimental NMR data were used to obtain a network
of interatomic distance constraints. These constraints were
converted into torsion angles, which yielded the molecular
configuration. Additionally, intermolecular distances provide
hints about the intermolecular arrangement of MCU in the
crystal (NMR crystallography).*”!

Our strategy was based on the following basic idea: that
the nitrogen and all the carbon atoms, except for the me-
thoxy group, of the amide, urea and ester functions of the
MCU molecule (see Figures 1-3) are expected to be mainly
sp? hybridized. In this case, the C—N bonds show some
double-bond character and a planar arrangement is formed
(apart from the H(methoxy) atoms). This assumption is sup-
ported by results of our previous study? and by ab initio
calculations reported in this study (see below). By using
bond lengths and bond angles derived from a geometry opti-
mization by a molecular modeling program, the secondary
structure of the MCU backbone is characterized by three
torsion angles ¥, ¥, and ¥; (see Figure 2). Owing to the
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sp? hybridization and the absence of steric effects, they are
expected to be either 0° or 180°.

There are two different solid-state NMR (SSNMR) strat-
egies for determining the torsion angles, namely 1) the cor-
relation of different chemical shift tensors®™ and 2) the
NMR measurement of intramolecular distances, which con-
strain the torsion angles.”™ In this study, the second strat-
egy was employed and heteronuclear dipolar couplings be-
tween “C and “N spins were measured by REDOR
NMR.!" These dipolar couplings (the specification “hetero-
nuclear” is omitted from now on) were converted to inter-
nuclear distances and the torsion angles adjusted to match
these distances.

The optimal selection of isotopomers for the structure de-
termination was crucial to this study. The following points
had to be considered: 1) the labeling scheme should give an
unambiguous structure; 2) the number of necessary iso-
topomers should be minimized; 3) the chemical synthesis
should be easy and cost efficient; 4) the measured dipolar
interactions should be in a range in which the REDOR ex-
periments exhibit high sensitivity and yield accurate distan-
ces.

To fulfil all these conditions, we started with a numerical
simulation of the possible molecular structures and the cor-
responding dipolar interactions. The structural calculations
were performed by employing the molecular modeling pro-
gram SPARTAN.!! The calculations show that there are six
sterically allowed configurations of MCU, namely three con-
figurations without and three configurations with an intra-
molecular hydrogen bonds (see first and second column in
Figure 1).

In the REDOR experiments, internuclear distances were
determined between selectively spin-labeled (in this study
BC and N) positions. Figure 1 shows that, in principle, the
correct configuration of a planar molecule could be deter-
mined from a single “N(amide)—"*C(methoxy) distance
measurement. In practice, however, it is very difficult to ac-
curately measure C—N distances larger than about 5 A with

o

Figure 1. Sketches of the six sterically allowed configurations of MCU ; hydrogen atoms are omitted for clarity.
Configurations with and without intramolecular hydrogen bonds are in the middle and left panels, respectively.
The configurations are denoted using E,Z nomenclature (see right panel for an example). The numbers are
the calculated distances between the terminal N(amide) and C(methoxy) atoms (encircled). The configurations
in parentheses are excluded as possible structures by ab initio calculations.
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REDOR because of the T, relaxation of the observed nu-
cleus. This fact renders most of the possible configurations
for MCU indistinguishable by this method. Therefore, it is
advantageous to measure shorter distances, preferably be-
tween atoms that are separated by three bonds, and thus
define a single torsion angle. The full configuration of the
molecule can be obtained by the determination of a suffi-
ciently large set of torsion angles by employing a suitable
set of isotopomers. For MCU, three doubly spin-labeled
molecules may be chosen for this purpose (see Figure 2b—d).

C(urea) C(carboxy) C(methoxy)

N N
(amide) | (imide)
' '

C C c
a) N / ﬁNX KO/
YW, W,

b) Wo/ ©
1

Figure 2. The molecular backbone of MCU with the three torsion angles
¥, (n=1,2,3) indicated. Sketches b) to d) illustrate, which C—N distances
are used to determine which torsion angle.

With the isotopomers depicted in Figure 2b and 2c, the
5N (amide)—"*C(carbamate) and '*N(imide)—"*C(methoxy
distances can be obtained, which yield the torsion angles ¥,
and ¥;. Having fixed the ter-
minal parts of the backbone of
MCU, the torsion angle ¥, can
be determined from a third
doubly spin-labeled molecule

N(amide)—

+f by wusing the
>'=‘\ BC(methoxy) distance (see
N

EEE Figure 2d), which determines
5.02A the configuration of the mole-

cule uniquely.

The number of spin-labeled
samples necessary to deter-
mine the configuration can be
reduced by the simultaneous
measurement of several dipo-
lar couplings by employing
either 1) “C (natural abun-
dance), singly *N-labeled
REDOR spectroscopy” or 2)
REDOR on multispin labeled
samples (e.g., ""C“N,). The
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second method has the advantage of better signal-to-noise,
but the more complex spin system necessitates a more elab-
orate evaluation of the resulting REDOR data. If the indi-
vidual couplings are sufficiently strong this evaluation can
be solved by the so-called REDOR transform.!'*! Alterna-
tively a full simulation of the experimental spin system can
be performed®?? or specialized REDOR sequences like
REDOR 3D, FDR-REDOR,***! §-REDOR,”  or
MS REDOR®! can be employed, which however cause sub-
stantially longer measuring times.

In this contribution both kinds of experiments, namely 1)
BC (natural abundance), singly “N-labeled REDOR spec-
troscopy and 2) REDOR on IS, spin systems, were com-
bined. The experimental REDOR data of the IS, spin sys-
tems were evaluated by full numerical simulations of the
spin system.

In pure solid phases of relatively small molecules like
MCU, the intramolecular and intermolecular distances be-
tween spin labels may be the same. To distinguish between
these cases isotope dilution in unlabeled material is general-
ly necessary.

The rest of the article is organized as follows. First a brief
survey of the sample preparation and characterization is
given, followed by our experimental setup and a description
of the experiments and calculations. Next, the experimental
results are presented, discussed and finally summarized.

Experimental Section

The considerations discussed in the introduction show that it should be
possible to obtain the three torsion angles from only two suitable spin-la-
beled samples. The labeled isotopomers and the observable intramolecu-
lar dipolar couplings are shown in Figure 3. For the first isotopomer we
chose singly N(amide)-labeled MCU for *C (natural abundance) N
REDOR experiments (the observed nucleus is named first and is under-
lined). In principle, three intramolecular C—N distances can be deter-
mined simultaneously (see Figure 3a) from this sample, which are used

'@ : isotope labeled

e : 13C in nat. abund.

. dipolar coupling
{(heteronuclear,
homonuclear)

Figure 3. The labeling strategy used in this study for the determination of
the torsion angles: a) "N(amide)-labeled MCU is studied in a *C(natural
abundance) "N REDOR experiment to determine ¥, and ¥,, b) both
"N and "*C(methoxy) atoms are labeled for the determination of ¥, and
;. Heteronuclear dipolar couplings are indicated by solid double arrows
and the "N homonuclear dipolar coupling is indicated by a dotted
double arrow.
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for the determination of the torsion angles ¥, and ¥,. To determine ¥,
a satisfactory signal-to-noise level requires a longer measuring time.
Therefore, we chose a more favorable experiment to determine ¥,
which, however, required the synthesis of a '"N(imide)-labeled sample.
While the synthesis of the ’N(amide)-labeled MCU can be accomplished
by standard procedures, the synthesis of selectively "N(imide)-labeled
MCU is rather complicated and expensive. Therefore, as an alternative
to the "N(imide) sample, we chose to use doubly '"N-labeled MCU as
the second isotopomer by employing commercially available *N,-labeled
urea as the starting reagent. Since the quantitative evaluation of two si-
multaneous C"N dipolar couplings in a "C"N experiment is rather
elaborate, we studied this sample in a "N"*C REDOR experiment first.
For this experiment we introduced a '*C label at the methoxy position as
dephasing spin: “C(methoxy)"*N, MCU (*C"N, MCU for short). This la-
beling pattern allows the simultaneous measurement of two *C"*N dipo-
lar couplings (see Figure 3b) in the "N*C REDOR experiment. These
dipolar couplings are used to determine the torsion angles ¥, and Y.
Note that the influence of the homonuclear NN dipolar interaction on
the REDOR signal can be neglected, as explained below in detail.

Sample preparation and characterization: All unlabeled and labeled sam-
ples used in this study were synthesized in house. The chemical synthesis
of the samples is given elsewhere.”) Enrichment in *C and "°N is between
97 and 99 %. Triuret, which was obtained as a side product, was removed
by recrystallization from water. The absence of solvent molecules in the
microcrystalline material was checked by elementary analysis (water)
and "*C SSNMR spectroscopy (organic solvents). '"H and >C NMR spec-
tra of labeled MCU in [D¢]DMSO samples revealed chemical shifts and
several J couplings, and these have been presented and discussed in refer-
ence [2].

Ab initio calculations: All quantum-chemical calculations of geometry,
energy and vibrations were carried out with the GAUSSIAN98 pro-
gram® on an Origin 2000 (SGI) computer with 16 processors MIPS
R10000 and 3 GB of memory. The ab initio methods used were Hartree—
Fock (HF) and density functional theory (DFT) with the B3LYP func-
tional,?>*"! combined with the 3-21G or 6-31G standard basis set for the
initial geometry optimizations and then with 6-31++G(d,p) to model
the hydrogen bonds. All the data reported here are from B3LYP calcula-
tions. After each geometry optimization, the vibrational frequencies were
calculated to ensure that the obtained geometry corresponds to a (local)
minimum on the potential hypersurface.

Solid-state NMR spectroscopy: All SSNMR measurements were per-
formed at room temperature on a commercial Varian InfinityPlus 600
NMR spectrometer operating at a field of 14 T. The resonance frequen-
cies were 599.97 MHz for 'H, 150.87 MHz for *C and 60.79 MHz for N.
For all the experiments, a triply tuned Chemagnetics 5 mm MAS probe
of T3 type was used. The powdered samples were packed into zirconium
oxide rotors. The spinning frequency of the sample was adjusted in the
range of 1 to 10 kHz and was stabilized to approximately 42 Hz. Typical
7t pulse lengths were 9.7 us for the C channel and 19.6 ps for the "N
channel. For 1D spectra, the CPMAS technique was combined with a
rotor synchronized Hahn echo, which eliminates the dead time of the
probe. Residual '"HX dipolar couplings were suppressed using TPPM de-
coupling® with a B, field of 50 kHz. Ramped amplitude cross-polariza-
tion (RAMP-CP)" was used to enhance the CP efficacy at high spinning
rates. Referencing of the CP-MAS spectra to TMS (*C) and NH; was
performed by employing adamantane and "NH,CI, respectively, as exter-
nal standards.

All the REDOR spectra were recorded after applying all the recoupling
pulses in the non-observed (dephasing) channel. The recoupling pulses
were phase-cycled according to the xy-4 or xy-8 phase scheme.’*!
Owing to the long spin-lattice relaxation times of MCU (10.4 s at 14 T
for 'H) the measurement of a typical REDOR decay curve took approxi-
mately 1 day.

The REDOR experiment: The basic theory of the REDOR experiment
for two-spin!'*3***! and three-spin systems??*?"**#l has been widely re-
ported in the literature and is not reproduced here.

Data evaluation of the REDOR experiments: As explained in the results
section below, the REDOR decay curves are caused by spin systems of
the IS, and IS; type, which include homonuclear couplings between the
dephasing S spins. To evaluate these curves, numerical simulations with
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laboratory written MATLAB routines and the SIMPSON program pack-
age,”l employing the direct method in conjunction with the REPUL-
SION set of 100 angles,'*”) were performed. The geometry of an IS, spin
system is defined by two dipolar couplings D, and D, (or distances r; and
r,) and the angle 6 between the dipolar tensors. Because of the symmetry
of dipolar tensors, it is sufficient to consider values of 0 in the interval 0—
n/2. For each additional dipolar coupling, another dipolar coupling and
two angles have to be defined. In practice, IS, spin system simulations
have been performed by stepping consecutively through D,, D,, and 6.

To simulate the REDOR curves, all corrections for the enrichment of iso-
topes and for natural abundance spins, for example, the dephasing effect
of a directly bound natural abundance spin S, on the observed I spin in
the measurement of a long-range dipolar coupling IS,, are taken into ac-
count. In general, these corrections are of the order of a few percentages
n “completely” *C/**N-labeled materials. The corrections are important
in this study especially for the isotope dilution experiment.

Owing to the very rigid nature of the MCU molecule, due to the high
bond order of the C—N bonds and the stabilizing effect of the hydrogen-
bonding network, no motional correction of the REDOR data for fast vi-
brational motions®®®! is necessary.

Results and Discussion

In this section, the results of our study are presented. First,
the outcome of the ab initio calculations is discussed. From
these calculations, possible configurations of isolated MCU
molecules were determined, which were then probed in the
second step by *C'>N REDOR spectroscopy to determine
the actual secondary structure of MCU in the crystal.

Ab initio calculations: By employing the six sterically al-
lowed configurations shown in Figure 1 as the starting point,
ab initio geometry optimizations were performed. No
minima on the energy hypersurface were found for the ZZZ
configuration (large negative vibrational frequency) or for
the ZEE configuration (see Figure 1, structures in parenthe-
ses). The calculation with the ZEE configuration as input
showed that if all three torsion angles are free to change the
ZEE converges to the ZEZ configuration. If the torsion
angle ¥, is kept constant, two negative vibrational frequen-
cies were calculated, which indicates that the calculated
structure does not correspond to a (local) minimum of the
energy hypersurface. Therefore, the ZZZ and ZEE configu-
rations were excluded and only four configurations from the
calculations remained (see Figure 1, structures without pa-
rentheses). The relative energies of these four configurations
were calculated to be EEZ=0, EZZ=43, EEE=10.1,
ZEZ =102 kcalmol™' (torsion angles that are different to
those of the global minimum structure EEZ are in bold
type).

The calculations reveal structures with the following prop-
erties. 1) The most stable gas-phase structure of MCU pre-
dicted by the calculations (configuration EEZ) coincides
with the configuration of the MCU part of methoxycarbo-
nylbiuret-H,0 (MCB-H,0).!! This structure was obtained by
X-ray diffraction and it is characterized by an intramolecu-
lar, nonlinear hydrogen bond between N(amide) and O(car-
bamate/carbonyl) with a N-O distance of 2.75 A. 2) In the
structure with the second lowest energy (configuration
EZZ), the hydrogen bond acceptor is O(methoxy) instead
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of O(carbamate/carbonyl) and the heavy atom distance of
this hydrogen bond is 2.72 A. 3) Rotation of the methoxy
group by 180° with respect to the global minimum structure
EEZ yields a structure in which the two H(imide) atoms
and two out of the three H(methoxy) atoms are closer (con-
figuration EEE). However, the internuclear H,H distances
are still rather large (ca. 2.2 A) compared with the sum of
two 'H van der Waals radii. 4) Rotation around ¥, yields
the ZEZ configuration, which is the only configuration with-
out an intramolecular hydrogen bond that could be realized
by ab initio calculations.

BC and "N CPMAS spectra: Next, the '*C (natural abun-
dance) and "N CPMAS spectra of unlabeled and “C"N,
MCU were recorded (not shown). The spectral lines are rel-
atively narrow (FWHH 0.8-2.3 ppm in the “C spectrum,
0.5-1.3 ppm in the N spectrum) and well resolved. The °C
chemical shift (CS) values are 0=54, 155, and 159 ppm.
Whilst the line at 0=>54 ppm is assigned to the methoxy
carbon atom by virtue of its chemical shift, the assignment
of the lines at 6=155 and 159 ppm to the carbamate and
urea carbon atoms is not obvious. This assignment was
made unambiguously by using the data from the REDOR
experiments (see below) with &(**C,carbamate)=155 and
0(PC,urea) =159 ppm. Interestingly, this order is opposite to
that of the *C chemical shifts of MCU dissolved in dimethyl
sulfoxide =~ (DMSO)  (0("®C,carbamate)=154.9  and
6("*C,urea) =153.5 ppm).”! Similar differences between the
liquid- and solid-state *C CPMAS spectra were found in
studies of n-octylgluconamide.”’ These differences can be at-
tributed to 1) differences in the configurations of MCU in
DMSO and in the crystal, and 2) different strengths/geome-
tries of the hydrogen bonds between the C=0 urea unit
and DMSO molecules in solution and the neighboring mole-
cules in the crystal.

The "N CPMAS spectra (not shown) reveal two well-sep-
arated strong lines with "N CS values of 6=43.5 ppm for
N(amide) and 0 =81.5 ppm for *N(imide).

REDOR distance measurements: The results of the
REDOR distance measurements are presented and dis-
cussed below. To simplify the notation of the REDOR ex-
periments the observed nucleus is always underlined, for ex-
ample, AB-REDOR, where A is the observation channel
and B is the dephasing channel.

Effects of homonuclear dipolar coupling: Prior to perform-
ing the REDOR experiments on "*C(methoxy)®N, MCU
(*C"®N, MCU for short), we numerically studied the possi-
bly disturbing effects of the homonuclear dipolar coupling
between the two "N nuclei on the REDOR spectra. For this
purpose, three-spin REDOR simulations of the I,S- (I="N,
observed; S="C, dephasing) and IS,-spin system (I="C,
observed; S="N, dephasing) were performed. They show
that the homonuclear dipolar N coupling has a negligible
effect on the *C"N REDOR/®N*C REDOR experiments.
Thus, the three-spin system can be evaluated as a purely
heteronuclear IS,-spin system without homonuclear cou-
plings.
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BCBSN REDOR on “N(amide) MCU: To facilitate the un-
ambiguous assignment of the *C lines, a *C (natural abun-
dance) "N REDOR spectrum of *N(amide)-labeled MCU
was recorded. This experiment allows the simultaneous
measurement of several “C"N dipolar couplings. From the
simulations of the REDOR decay (data not shown), the fol-
lowing dipolar couplings were extracted: D =1100(100) Hz,
corresponding to a C—N distance of 1.41(4) A for the line at
0=159 ppm, D =125(10) Hz, corresponding to 2.91(8) A for
the line at 6 =155 ppm, and D =80(10) Hz, corresponding to

3.38(14) A for the line of the “C(methoxy) atom at 0=

54 ppm. These data allow the unequivocal assignment of the

lines at =159 and 155 ppm to "C(urea) and "*C(carba-

mate), respectively, since the strongest dipolar coupling is
obviously caused by the direct bond between “N(amide)
and ®C(urea).

Whilst there is no doubt about the intramolecular nature
of the dipolar coupling between "N(amide) and “C(urea),
the question arises as to whether the observed couplings
from “N(amide) to *C(carbamate) and to *C(methoxy) are
of intramolecular or of intermolecular origin.

e For "C(carbamate), an intermolecular hydrogen bond
between “N(amide) and ®C(carbamate) can be excluded
as the origin of this dipolar coupling since typical
CO-+HN hydrogen bonds have distances of typically
>3.7 A. Thus the measured 2.91(8) A distance is the in-
tramolecular distance between "N(amide) and "C(car-
bamate). Conversion of this three-bond distance into a
torsion angle shows that the N(amide)—C(urea)—
N(imide)—C(carbamate) part of the molecule adopts a
cis arrangement since typical C-N distances are 2.8 A
for the cis arrangement compared with 3.6 A for the
trans arrangement (Figure 4). In other words, the config-
uration is E at ¥, (see Figure 1).

e For "C(methoxy), an intramolecular C-N distance of
3.38(14) A is not compatible with any sterically allowed
configuration of MCU (see Figure 1), which all have
C—N distances >4.0 A. Hence, we conclude that this di-
polar coupling is of intermolecular origin. This conclu-
sion is corroborated by isotope dilution experiments (see
below).

3.6

CN distance / A

2.8

/ -180 0 180

rhx Ar

torsional angle ¥, /°

Figure 4. The three-bond C(carbamate)—N(amide) distance as a function
of the torsion angle W,. Limiting distances for cis (2.8 A) and trans
(3.6 A) configurations are from ab initio calculations. The measured dis-
tance of 2.9+0.1 A indicates a cis configuration at ¥, for the planar mol-
ecule (shaded area).

BNBC REDOR on C(methoxy)”N, MCU: Figure 5 shows
the results of the "N*C REDOR experiments of “CPN,
MCU. Both ""N(amide) and “N(imide) exhibit a similar
REDOR decay. Simulation of the data employing the model
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observed

&Q' a N(amide;l
A : Niimide)

0 4 8 12 16 20 24

dephasing time r/ms

Figure 5. "'N"*C REDOR data for *C"*N, MCU (undiluted =100% ). Ex-
perimental data are shown as triangles, simulations as lines. The solid tri-
angles and the solid line correspond to "N(imide), open triangles and the
dashed line correspond to '"N(amide). Simulations take the isolated IS
spin pair into account and focus on the initial slope of the REDOR
decay. Both simulations exhibit pronounced deviations at longer dephas-
ing times, which indicate the presence of at least one additional dipolar
coupling.

of a single IS spin pair yields REDOR decay curves that ex-
hibit pronounced deviations from the experimental data at
longer dephasing times. This indicates the presence of one
or more additional *N**C dipolar coupling(s).

To identify whether the additional coupling is intra- or in-
termolecular in nature, a dilution experiment was performed
(see Figure 6a). The initial slope of this REDOR decay is
considerably smaller than that of the undiluted "“CPN,
MCU. This shows that the dominant dipolar coupling in
neat *C"”N, MCU is of intermolecular origin. Since there is
still a 17 % chance of intermolecular couplings in the diluted

a) @) observed 0
1.0 . _l___34c
100% e a0°
508 R B B
~ 06 ;
9_3 04 o 1T%
: ,,r"’ (isotope H
02 o~ dilution)
00 2%

0 4 8 12 186 20 24
dephasing time t/ms

H

1.
. 40203 A
‘\ N 1
w 0 simulations:
R 1 X — 2 spins

0. = 3spins Hy

0. 338+ 014 A

0 5 10152025303540
dephasing time t/ms

Figure 6. a) "N"”C REDOR data for the “N(imide) signal of “C“N,
MCU. Data for undiluted “C"N, MCU(100%) are reproduced from
Figure 5. Data for “CN, MCU diluted (1:5) in unlabeled MCU show
that the dominant coupling has an intramolecular origin. The correspond-
ing simulation takes a combination of IS and IS, spin systems into ac-
count. b) A sketch of the molecular structure of *C'*N, MCU indicating
intra- and intermolecular C(methoxy)—N(imide) distances. c¢) "“C"N
REDOR data for "C"N, MCU, experimental points and simulations as
IS and IS, spin systems. d) A sketch of the molecular structure indicating
intra- and intermolecular C(methoxy)—N(imide/amide) distances.
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sample, this curve cannot be directly employed in the deter-
mination of the intramolecular coupling. Therefore a self-
consistent approach was employed. 1) From the simulation
of the REDOR curve of the diluted sample employing an IS
spin system, a starting value for the intramolecular coupling
was determined. 2) This intramolecular coupling was then
used in the simulation of the IS, spin system of the undilut-
ed sample. From this simulation, the strength of the stronger
coupling and the angle between the two distance vectors
were determined. 3) These values were employed in an im-
proved simulation of the diluted curve in which the IS and
IS, spin systems were statistically superimposed. Steps 2 and
3 were repeated until a self-consistent set of dipolar cou-
plings and angles was determined. The resulting dipolar cou-
plings and the corresponding distances and angles between
the two distance vectors are collected in Table 1. The intra-
and intermolecular distances for N(imide) are shown in Fig-
ure 6b. Similar results are obtained for N(amide).

Table 1. Values of the parameters Dy, D,, and 6 extracted from the simu-
lations of the "N*C REDOR data for *C(methoxy)*N, MCU. From the
dilution experiments it is evident that D, is the intermolecular and D,
the intramolecular coupling.

N D, [Hz] D, [Hz] 6 [°]

imide 90(15) 55(5) 30(5)
3312) A 3.83(12) A 30(5)

amide 90(15) 34(4) 30(5)
33Q2) A 452) A 30(5)

BCBN REDOR on *C(methoxy)”N, MCU: In order to
complete the REDOR experiments for the *C(methoxy)-
5N, MCU sample, “inverse” *C"N REDOR experiments
were performed in which the observation and dephasing
channels were exchanged (“inverse”) with respect to the ex-
periments described in the previous Section. Figure 6¢ dis-
plays the experimental REDOR decay of *C(methoxy),
which shows a monotonic growth of the dephasing with no
pronounced features, which would be expected for IS and
IS, spin systems (simulations inside figure). This featureless
shape of the decay curve can be understood if one takes
into account that in addition to the couplings shown in Fig-
ure 6d, there are at least two additional couplings to other
amide and imide nitrogen atoms, which are expected from
the results of experiments described above. These additional
couplings result in an IS, or higher spin system, which leads
to an experimental REDOR decay curve that cannot be
evaluated quantitatively, even if some of the couplings are
already known. Accordingly only the structural constraints
from the “NC REDOR experiments have been used in
the discussion on the results from REDOR experiments.

BCPN REDOR on a 1:1 mixture of "“C(urea) and
®N(amide) MCU': Intermolecular couplings can be exploited
to gain information about the molecular packing of the
MCU molecules in a crystal. In the present case, possible
packing patterns involve the hydrogen acceptor and donor
groups, NH,(amide) and C=O(urea), in amides,***! methyl
carbamate, and in urea/biuret derivatives, for example,
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N,N"-diacetylbiuret'*’! and MCB-H,O.!"! The question, does
an intramolecular C=O-+-H—N bond exist between these
groups in MCU?, can be answered with the results of a
REDOR experiment on a cocrystallized 1:1 mixture of
BC(urea) MCU and "“N(amide) MCU. If this hydrogen
bond exists, 50% of the *C atoms will be exposed to *C"°N
heteronuclear coupling and the other 50 % of *C atoms will
be exposed to *C”C homonuclear coupling, which has no or
only a negligible effect on the REDOR spectra. The corre-
sponding explanation holds for the '°N spins.

Because of the higher sensitivity of C compared to "N
in SSNMR, a *C""N REDOR experiment was performed on
a nominally 1:1 cocrystallized mixture of "*C(urea) MCU
and “N(amide) MCU (Figure 7). The exact composition of

Figure 7. ®C""N REDOR data and simulation curves for “C(urea) in a
1:1 mixture of “C(urea) MCU and "N(amide) MCU. Solid lines: simula-
tions on the basis of isolated IS spin pairs yielding D =80(10) Hz, which
corresponds to 3.5(2) A.

the 1:1 mixture of “C(urea) MCU and N(amide) MCU
was determined from a liquid-state '"H NMR spectrum of
the dissolved cocrystallized sample, which revealed a com-
position of 51.6% "“C MCU and 48.4% "N MCU. From
these data, the expected REDOR decay at long dephasing
times is AS/S,;=0.48. The REDOR curve was evaluated by
employing this value. An intermolecular dipolar coupling of
D =80(10) Hz, corresponding to a C—N distance of 3.5(2) A
(see Figure 7), was obtained.

Discussion of the results of REDOR experiments: The dis-
tance and angle data are collected in Table 1 and Table 2.
Intramolecular distances are presented in Figure 8. In the
following discussion, they are interpreted and combined to
yield the structure of MCU. This interpretation was ach-
ieved in two steps: first the molecular conformation of
MCU was determined by employing the intramolecular dis-
tance constraints and then the molecular packing of MCU
was investigated by employing the intermolecular distance
constraints.

Table 2. Values of the parameters D;, D,, and 6 extracted from the simu-
lations of the *C*N REDOR data for *C"*N, MCU.

D, [Hz] D, [Hz] 6 [°]
80(10) 50(10) 25(10)
3.4(2) A 4.0(3) A 25(10)
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Figure 8. EEZ configuration of MCU, determined from an ab initio cal-
culation using the distance constraints from the REDOR experiments.
The REDOR distance constraints are shown as double arrows; the
dashed arrow indicates the long C—N distance, which is determined as >
45(2)A. An intramolecular hydrogen bond is formed between the
N(amide) and the O(carbamate) atoms.

Molecular configuration of MCU: The three torsion angles
Y,, ¥, and ¥; determine the configuration of MCU. ¥, and
Y, can be obtained from the conversion of the correspond-
ing three-bond distances. Namely, the intramolecular
N(amide)-""C(carbamate) distance yields ¥,, which is
about 0°, that is, the configuration is E at ¥, (see Figure 1).
The intramolecular dipolar coupling for N(imide) to C(me-
thoxy), D,=55(5) Hz, allows the determination of the con-
figuration at ¥; (see Figure 6b). The dipolar couplings ex-
pected for the cis and trans arrangements of the N(imide)—
C(carbamate)—O(methoxy)—C(methoxy) unit are 150
(2.7A) and 60Hz (3.7 A), respectively. Clearly, the trans
configuration, which in this case corresponds to the Z con-
figuration, is found for ¥; of MCU (see Figure 6b).

The torsion angle ¥, can be determined indirectly from
the five-bond distance between N(amide) and C(methoxy),
D,=34(4) Hz. This coupling is not compatible with the EZZ
configuration of MCU, which would have a stronger dipolar
coupling of approximately 50 Hz (see Figure 1).

By combining these constraints, it is evident that MCU
adopts the FEZ configuration. The gas-phase calculations
also showed this configuration to be more stable than the
EZZ (+43kcalmol™), EEE (410.1 kcalmol™!) and ZEZ
(4+10.2 kcalmol ") configurations. Here the low energies of
the EEZ and EZZ configurations are a result of the intra-
molecular hydrogen bond between N(amide) and C=O(car-
bamate). Thus one can conclude that the formation of this
intramolecular hydrogen bond is a major factor stabilizing
the configuration of MCU.

Intermolecular arrangement of MCU: Before creating a
structural model of MCU, the salient results have been col-
lected. 1) From the calculations and REDOR experiments
described above it is evident that the MCU molecule is
planar.

From the 1:1 mixture of *C(urea) MCU and *N(amide)
MCU, the following additional structural information about
the intermolecular arrangement of MCU has been obtained.
2) The observed intermolecular C—N distance of 3.5(2) A is
in good agreement with typical C—N distances found in
linear C=0O--H—N hydrogen bonds, in which an O—N dis-
tance of 2.9 A corresponds to a C—N distance of 3.7 A. 3)
From the REDOR experiments performed on *C"”N, MCU,
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an intermolecular C—N distance of 3.4(2) A was found both
between C(methoxy) and N(imide) and between C(me-
thoxy) and N(amide). No hydrogen bonding or other direct
interaction between the carbon and nitrogen atoms of two
neighboring molecules is expected. 4) From simulations of
the IS, spin system an angle < ("*C"*N"C) of 30° or 180—30°
was obtained for both the amide and imide nitrogen.

Owing to 1) it is not possible to create MCU oligomers in
which all the hydrogen bond donors and acceptors are satu-
rated. This result is corroborated by ab initio calculations,
which reveal that MCU molecules are more likely to form
planar strip-like chains. Inside these chains the hydrogen
bond donors and acceptors are saturated and the methoxy
groups form the borders of the chains.

By employing a molecular modeling program we were
able to find three different possible molecular arrangements
of the MCU in these chains (Figure 9). All three motifs are
characterized by an intermolecular hydrogen bond between
C(urea) and N(amide) following from distance constraint 2).
In the first two cases (LII) there are two hydrogen bonds
between C(urea) and N(amide) and two hydrogen bonds be-
tween C(urea) and N(imide), forming two-fold dimers
either of C, symmetry (I) or of mirror glide symmetry (II).
Motif III is a chain with C, glide symmetry formed by hy-
drogen bonds between C(urea) and N(amide). Ab initio cal-
culations on these motifs showed that arrangements I and II
are energetically favored over arrangement III, which is a
consequence of the higher number of stabilizing hydrogen
bonds and more compact packing in motifs I and II.

All three motifs have chains of linked MCU molecules
with methoxy groups at the borders. These chains interact
through these methoxy groups to form layers that consist of
parallel or antiparallel chains. For these models the short in-
termolecular C(methoxy)-N(amide or imide) distances of
3.3(2) and 3.4(2) A, respectively, and the CNC angles of
about 30° cannot both be realized in a single layer since the
nitrogen atoms are located in the interior of each chain
(Figure 9). Thus one can conclude that these short intermo-
lecular distances are between different layers. This conclu-
sion is corroborated by the fact that the measured distances
are comparable to typical interlayer distances of other
(planar) organic substances, which are of the order of
3.2 A for example, cyanuric acid and melamine.* From
the data presented here it is not possible to determine
whether these layers are parallel or skewed.

Conclusion

The study presented here shows the structure determination
of organic compounds by dipolar solid-state NMR spectro-
scopy. Our strategy was based on the application of precise
REDOR measurements of strategic intra- and intermolecu-
lar C—N distances. Isotope dilution experiments and numeri-
cal simulations of IS, spin systems were used to discriminate
between intra- and intermolecular dipolar couplings and to
quantify them. By employing the dipolar couplings, first the
molecular configuration of the molecule was determined
and then the packing of the molecules was analyzed.
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Figure 9. Possible arrangements of MCU molecules in a layer. Chains of hydrogen-bonded molecules are continued to the left and right sides; the upper
and lower sides are bordered by methoxy groups (see horizontal lines). C=O(urea)---H—N hydrogen bonds are indicated a) by dashed lines from C(urea)
to N(amide) and b) by dotted lines from C(urea) to N(imide). Intramolecular hydrogen bonds and NH(amide)--OCH; hydrogen bonds are omitted for
clarity. I: twofold dimers (C, symmetry), II: twofold dimers (mirror glide symmetry), III: chain (C, glide symmetry).

The determination of the molecular configuration of
MCU was performed in three steps: 1) distance constraints
of structural subunits of the molecule were determined from
REDOR experiments on selectively labeled isotopomers, 2)
torsion angles in these subunits were calculated from the
distance constraints, and 3) the resulting configurations were
compared with all possible configurations of MCU, which
were determined by ab initio calculations.

The configuration of the MCU molecule was determined
by three torsion angles ¥, ¥,, and ¥;. Ab initio calculations
show that all these angles are either 0° or 180° (Z or E).
From the REDOR experiments, the E configuration was
found for ¥, and ¥, and the Z configuration for ¥;. Thus
the configuration of MCU in the solid state was determined
to be EEZ.

Distance constraints for the intermolecular arrangement
of MCU were obtained from REDOR experiments on
BCYN, MCU with different degrees of isotope dilution and
on a cocrystallized 1:1 mixture of “C(urea) MCU and
"N(amide) MCU. By combining these distance constraints
with molecular modeling, three different possible packing
motifs for MCU molecules were identified. All these motifs
have molecules that are arranged as linear chains with the
methoxy groups at the borders of the chain and intermolec-
ular hydrogen bond donors and acceptors that are all satu-
rated in the interior of the chain.

The results presented in this article may be extended by
performing homonuclear *C-"*C correlation experiments
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and more detailed calculations on the molecular packing.
These may be helpful to decide between possible stacking
patterns using the structural constraints obtained in this
study and may lead to true “NMR crystallography” in the
future.
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