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15N-Labeled ureido-4[1H]-pyrimidinones 4a and 5a were synthesized in order to investigate
hydrogen bonding in the strongly hydrogen-bonded dimers in solution with intermolecular 2hJNN

coupling. Both direct-detection 15N NMR and one-dimensional 15N INADEQUATE (for smaller scalar
coupling constants) were employed to determine the coupling constants. For dimers of 4 in CDCl3,
a temperature-dependent 2hJNN was observed ranging from 2 Hz at +10 °C to 5.1 Hz at -20 °C. In
dimers of more slowly exchanging bifunctional derivative 5, the coupling constants could be
determined at room temperature from an inverse-gated 1H-decoupled 15N NMR experiment.
Coupling constants in different isomers of the dimer of 5a (4.96, 5.13, 4.37, and 5.27 Hz) were used
to test the relationship between 2hJNN values and N-N distances as proposed by Del Bene et al.
The N-N distances calculated with the aid of this relationship show excellent agreement with the
distances observed in the X-ray crystal structures of 5b, particularly when the nonlinearity of the
hydrogen bonds is taken into account.

Introduction

Hydrogen bonds are among the most generally em-
ployed noncovalent interactions in the self-assembly (or
“noncovalent synthesis”) of supramolecular structures.1
Their reversibility, high directionality, and the possibility
to create stronger interactions by combining individual
hydrogen bonds in arrays2,3 explain their widespread use
in supramolecular chemistry. The presence of hydrogen
bonds can be established qualitatively with spectroscopy
because their formation results in significant changes in
the 1H NMR and IR spectrum. These spectroscopic
techniques have also been used extensively to evaluate
association constants of hydrogen-bonded complexes
quantitatively. The study of the geometry of hydrogen
bonds and of hydrogen-bonded complexes in solution is
more difficult, and information is often obtained in an
indirect way by determining the crystal structure of
complexes in the solid state with X-ray diffraction.
Intermolecular interactions in biomolecular aggregates,
and also in synthetic self-assembled systems, have been
studied extensively with 1H NMR by making use of the
nuclear Overhauser effect (NOE). This technique, how-
ever, does not provide direct evidence for the existence
of hydrogen bonds. Recently, direct observation of inter-
molecular hydrogen bonds has become possible by mak-
ing use of the scalar coupling constant between atoms

across hydrogen bonds in 15N-labeled nucleic acid base
pairs4,5 and in proteins.6-11 Two excellent reviews have
recently been published on the development of this
technique for the analysis of biopolymers.12,13 Observation
of this interaction across hydrogen bonds provides infor-
mation on hydrogen bond connectivity and complements
established NMR-based correlation techniques in deter-
mining the higher order structure of biomolecules. Be-
cause the magnitude of the coupling constant is depend-
ent on the hydrogen bond length in a predictable way,14-17

determination of its value may eventually give very
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precise structural information on hydrogen-bonded com-
plexes in solution, provided the theoretical correlation
between distance and coupling constant can be substan-
tiated by comparison with accurate crystals structures.
The use of scalar coupling across hydrogen bonds has
rapidly gained popularity in the biomolecular area, but
only limited use has been made of this technique on
synthetic molecules. Intermolecular coupling in synthetic
systems is a little explored area, mainly because chemical
exchange in most hydrogen bonded complexes is rapid,
leading to loss of the spin-spin coupling interaction.
Therefore, intermolecular J coupling in synthetic mol-
ecules has previously only been observed at very low
temperatures in fluorocarbon solvents on the complex of
HF and 2,4,6-trimethylpyridine,18 in hydrogen bonded
clusters of F- and (HF)n,19 and in a dimer of a Mannich
base.20

For our work on supramolecular polymers,21 polymers
in which the monomeric units are held together by
noncovalent interactions,22-24 we have introduced the
ureidopyrimidinone (UPy) heterocyclic unit, which forms
very stable dimers held together by a linear array of four
hydrogen bonds.25,26 The molecules in UPy dimers may
exist in either of two tautomeric forms, the 4[1H]-
pyrimidinone (keto) form or the pyrimidin-4-ol (enol)
form, which feature DDAA and DADA arrays of hydrogen
bonding donor (D) and acceptor (A) sites, respectively
(Figure 1). Because of its high stability (the Kdim value
of 4 in CDCl3 at 298 K is 6 × 107 M-1), the UPy unit has
successfully been used to form supramolecular polymers
with high degrees of polymerization.27 The high stability
also leads to a long lifetime of the dimer, which was

shown to be 120 ms in CDCl3 at 298 K with dynamic
NMR studies.

Conformationally preorganized molecules such as 5
with two UPy functional groups were shown to form
exceptionally stable cyclic dimers, held together by eight
hydrogen bonds.28 For bisUPy derivative 5b, a lower limit
estimate for the lifetime of the dimer was approximately
45 min. The crystal structures of both keto and enol forms
of a number of UPy derivatives have been determined,
and hydrogen bonding in the solid state has been
investigated by double quantum magic angle spinning
(DQ-MAS) NMR.29,30 However, little direct information
is available on the structure of UPy dimers in solution.
The considerable lifetimes of dimers of 4 and particularly
of 5 should allow the observation of J coupling across the
hydrogen bonds. In the present paper, we report a
detailed analysis of hydrogen bond length and dynamics
in dimers of 4 and 5, using hydrogen bond mediated
2hJNN-coupling.

Synthesis

Because of the low natural abundance of 15N, isotopi-
cally labeled UPy derivatives 4a and 5a were synthesized
in order to investigate the 2hJNN coupling in their dimers.
In these derivatives, each UPy group has a single 15N
label, randomly distributed among the excocyclic and the
two endocyclic sites labeled Na, Nb, and Nc. Although less
15N spins are present than in triply labeled derivatives,
leading to less signal, the interpretation of 15N NMR
spectra is simplified in singly labeled derivatives because
intramolecular N-N coupling is effectively eliminated.

The synthesis of the 15N isotope-labeled ureido-4[1H]-
pyrimidinones is depicted in Scheme 1.

Guanidinium bromide with a single 15N atom was
prepared by reaction of isothiouronium bromide with
100% 15N-enriched ammonium chloride and was isolated
as its picrate salt. In contrast with the published syn-
theses of isocytosines employing guanidinium carbon-
ate,25 the addition of base to the reaction mixture was
found to be necessary to effect the ring-closing reaction
with the â-keto ester when guanidinium picrate was
used. The singly labeled isocytosine 3 was subsequently
reacted with butyl isocyanate or with 1,3-bis(1-iso-
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FIGURE 1. Keto and enol tautomeric forms of dimeric
ureidopyrimidinones.
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cyanato-1-methylethyl)benzene to afford monofunctional
compound 4a and bifunctional UPy derivative 5a, re-
spectively.

1H NMR and 15N NMR Spectroscopy of Mono-
functional UPy 4a. In the 1H NMR spectrum of
compound 4a (Figure 2), a large intramolecular 1JNH

coupling of approximately 90 Hz in the NH region is
observed for one in three protons attached to 15Na or 15Nb;
the remaining protons are bound to a 14N atom and
consequently resonate as a singlet.

The inverse-gated decoupled 15N NMR spectrum of 4a
(Figure 3a) shows three 15N signals for the three isotopic
isomers present. Partial assignment of the peaks is
possible based on the predicted shifts of the two sp3-
hybridized nitrogen atoms (low ppm range) and one sp2-
hybridized nitrogen (high ppm range). This assignment

is confirmed by the coupling pattern in the proton-
coupled 15N spectrum (Figure 3b). 1JNH coupling constants
of 93.3 and 90.4 Hz are observed on nitrogen atoms Nb

and Na, respectively, whereas the signal at 213 ppm does
not show proton coupling. The 15N spectrum was subse-
quently fully assigned as shown in Figure 3b with the
aid of an HSQC experiment. The assignment is in
agreement with a previous assignment in the solid state
based on DQMAS, CPMAS, and 1H-15N REPT-HSQC
experiments.29,30

SCHEME 1. Synthesis of 15N-Labeled UPy Derivatives 4a and 5aa

a Each aminopyrimidine unit of 3, 4a, and 5a contains a single 15N atom, randomly introduced at one of the starred positions.

FIGURE 2. 1H NMR spectrum of compound 4a.

FIGURE 3. 15N spectra of singly 15N-labeled 2-butylureido-
4[1H]-pyrimidinone 4a. (a) Inverse-gated 1H-decoupled 15N
NMR spectrum (CDCl3, 25 °C). (b) 1H-coupled 15N NMR
spectrum. (c) One-dimensional 15N INADEQUATE spectrum.
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As can be observed in Figure 3b, no intermolecular
coupling between Na and Nc is observed at room temper-
ature. This may be ascribed to exchange by dissociation
and reassociation between dimers, as the lifetime of UPy
dimers has previously been established to be in the
order of 120 ms at 298 K in CDCl3. In an inverse-gated
1H-decoupled 15N NMR spectrum at -20 °C, splitting of
the Na and Nc signals was observed, but strong over
lap between coupled and uncoupled signals, especially
at higher temperatures, did not allow quantitative ana-
lysis of the results. Therefore, a one-dimensional 15N
INADEQUATE experiment was performed.31 In the
INADEQUATE experiment, the interfering signal due to
noncoupled nitrogens is fully removed with a double
quantum filter, allowing accurate determination of 2hJNN

coupling constants as low as 2 Hz. To avoid (digital)
resolution problems, only the double antiphase doublet
for Na at 117 ppm was studied in subsequent measure-
ments. In a proton-coupled one-dimensional 15N
INADEQUATE spectrum recorded at -20 °C (Figure 3c),
the singlets of 15N atoms paired with 14N atoms across
the hydrogen bond are eliminated and J-coupled signals
show up as antiphase doublets for Na and Nc with a 2hJNN

coupling constant of 5.1 Hz. Because each molecule of
4a has only a single 15N atom, the observed spin-spin
interaction is necessarily intermolecular and confirms the
existence of the hydrogen bond array and an inter-
molecular J coupling interaction across the center hy-
drogen bonds.

INADEQUATE spectra at higher temperatures showed
that the J coupling constant is temperature dependent
and decreases with increasing temperature (Figure 4).

A distinct broadening of peaks is also observed with
increasing temperature. Deconvolution of the antiphase
doublets allowed quantitative determination of the 2hJNN

coupling constants, which are plotted in Figure 3b. The
broadening and decrease in coupling constant with rising
temperatures can both be ascribed to the effects of
chemical exchange during the evolution period of the
NMR experiment. Because of the high dimerization
constant of 4a, the fraction of time spent as monomers

is negligible at the concentration used for recording the
spectra. However, dissociation and reassociation of dimers,
which has a rate of approximately 8 s-1 at room temper-
ature, leads to loss of coupling when a 15N atom is
exchanged for a 14N atom and may lead to loss of
coherence when one 15N atom is exchanged for another
15N atom. Because of these effects, the observed peak
splittings are temperature dependent and cannot be
equated with the coupling constants across hydrogen
bonds. Although the change in coupling constant is
leveling off when cooling below -10 °C, the values still
change significantly from 4.7 to 5.1 Hz upon cooling from
-10 to -20 °C. Unfortunately we were unable to deter-
mine J coupling constants below this temperature be-
cause the solubility of compound 4a in CDCl3 decreases
rapidly below -20 °C. We can therefore not confirm that
the J coupling constant of 5.1 Hz is indeed a limiting
value for this system.

NMR Study of Bifunctional UPy Derivative 5a.
Better chances of quantitative determination of coupling
constants were expected for the 15N-labeled derivative 5a,
with a single 15N label in each of the UPy groups.
Nonlabeled analogue 5b has previously been studied in
detail and was shown to form exceedingly stable dimers,
held together by eight hydrogen bonds.28 Because of the
keto-enol tautomerism of the UPy groups and syn-anti
isomerism in the dimer, the dimer is present as a
dynamic mixture of three forms in solution: a syn keto-
keto (I), an anti keto-keto (II), and a keto-enol (III) form
(Figure 5), each of which has its own set of signals in
the 1H NMR spectrum. Exchange between the different
forms of 5b has previously been studied by us using 1H
NMR and was shown to be slow compared to 4a.
Although the existence of multiple isomers may compli-
cate analysis of the 15N NMR spectra in a labeled
analogue, the considerably slower exchange kinetics in
dimers of 5 may be very useful in the determination of
the N-N coupling constants. Since the isomerization
process from keto-keto to keto-enol forms was observed
to be very slow (kex ) 3.8 × 10-4 s-1 at 298 K), it is not
anticipated to influence the measured N-N coupling
constant. The exchange between syn and anti isomers of

(31) Brown, S. P.; Perez-Torralba, M.; Sanz, D.; Claramunt, R. M.;
Emsley, L. J. Am. Chem. Soc. 2002, 124, 1152-1153.

FIGURE 4. (a) Antiphase doublet of Na in the 15N INADEQUATE spectrum of 4a. (b) The 2hJNN coupling constants determined
by deconvolution as a function of temperature. The coupling constant was determined from both antiphase doublets at 117 ppm.

Intermolecular Coupling in Ureidopyrimidinone Dimers

J. Org. Chem, Vol. 68, No. 23, 2003 9073



the keto-keto dimers is significantly faster with a kex of
1.25 s-1 at 298 K.

This value is, however, approximately 4 times lower
than the coupling constants across the hydrogen bonds
(see below) and will therefore not lead to significant
averaging of the coupling information over the two
isomers. Moreover, syn-anti isomerization takes place
without exchange of UPy groups and hence coupling is
maintained.

The 1H NMR spectrum of 5a in CDCl3 is rather
complex due to coupling to 15N nuclei, but the peaks were
assigned using spectra of the unlabeled analogue and the
unlabeled derivative 5b. The shifts of the NH and
alkylidene protons in the 1H NMR spectrum of 5a and
5b are very similar Although the isomeric ratios in 5a
and 5b differ slightly, the close correspondence in the
peak positions of 5a and 5b was used to assign the
signals of 5a to the isomers I-III. With the aid of this

assignment, the fraction of each isomer was determined
from integration of the proton signals to be 0.12, 0.43,
and 0.45, respectively.

The inverse-gated 1H-decoupled 15N NMR spectrum
recorded at 25 °C is also complex, but in this case,
coupling constants could be resolved without resorting
to the less sensitive 1D-INADEQUATE experiment. In
the low-field region of the spectrum, where the atoms Nc

of isomers I-III resonate, four different signals are
observed (Figure 6). All four signals consist of a combina-
tion of a noncoupled singlet and a 2hJNN-coupled doublet
in the expected 1:2 ratio. The spectrum was deconvoluted
by fitting a set of Lorentzian peaks to the spectrum. The
signals were subsequently assigned to isomers I-III by
comparison of the 15N integral ratios to the integral ratios
in the 1H NMR spectrum. Isomer III is asymmetric and
gives rise to two signals for Nc at 212.1 and 210.8 ppm.
Because its position is very close to the signals of Nc in
isomers I and II, the signal at 210.8 ppm was assigned
to Nc of the UPy in its keto tautomeric form. The
deconvolution procedure also afforded the intermolecular
2hJNN coupling constants. The values of 2hJNN of isomer
I, II, and the keto moiety of isomer III (4.96 ( 0.03, 5.13
( 0.03, and 5.27 ( 0.03 Hz, respectively) are close to the
value of 5.1 Hz found for compound 4a at -20 °C. The
coupling constant across the enol UPy dimer of III at 4.37
Hz is significantly smaller.

Correlation of Coupling Constants with Hydro-
gen Bond Lengths. Interpretation of the observed
intermolecular coupling constants in dimers of 4a and
5a in terms of interatomic distances would be highly
interesting and would establish the use of this parameter
for structural analysis of other stable supramolecular
complexes. Experimental results and theoretical calcula-
tions in the biomolecular area indicate that the magni-
tude of the coupling constant is closely related to the
N-N distance across the hydrogen bond.14-17 However,
for a given N-N distance, the value of the coupling
constant is predicted to be also dependent on the position
of the hydrogen atom, with the highest coupling constant
for a symmetric hydrogen bond.15 Hydrogen bonds be-
tween neutral molecules are generally not symmetric,
and usually detailed X-ray analysis of the position of the
hydrogen atoms is not available. In principle, the dis-
tances in a linear N-H‚‚‚N hydrogen-bonded system can
be determined from the ratio of dipolar couplings 1DNH

and 1hDNH.32 By use of the experimental data of 4a and

FIGURE 5. Schematical representation of the interconversion
of isomers I, II, and III of 5a.

SCHEME 2. Labeling of the Nitrogen Atoms in the
Isomers of 5

FIGURE 6. Nc region of the inverse-gated 1H-decoupled 15N
NMR spectrum of 15N-labeled 5a in CDCl3 at 25 °C.
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5a, we like to test a simpler approach, using the correla-
tion between 2hJNN coupling constants and N-N dis-
tances proposed by Del Bene and Bartlett.16,17 These
authors have calculated the value of the Fermi contact
term (which was shown to dominate 2hJNN) for a number
of neutral hydrogen bonded complexes in their equilib-
rium geometry to show that the coupling constant
smoothly varies with the N-N distance. This relation-
ship, which is reproduced in Figure 7, yields 2hJNN

coupling constants that are in excellent agreement with
experimental values in adenine-uracil and guanine-
cytosine base pairs. Nevertheless, experimental verifica-
tion of this correlation in other hydrogen bonded com-
plexes is essential to establish its general use. This
prompted us to test the relationship in Figure 7 by
comparing predicted N-N distances with those observed
in crystal structures of 4 and 5.

For the monofunctional and bifunctional UPy deriva-
tives 4b and 4c, and for bifunctional derivative 5b, X-ray
crystal structures have been published. The average of
the four hydrogen bonded N-N distances in the crystal
structures of 5b-I (containing two independent hydrogen
bonded N-N distances in each of the two crystal modi-
fications) is 2.995 Å, while the average of two indepen-
dent distances in isomer II is 2.981 Å, respectively. The
hydrogen bonds are, however, not linear. The N-H‚‚‚N
angles in the crystal structures vary between 162° and
168°. The effect of nonlinearity of the hydrogen bond on
2hJNN has been discussed in the framework of the
relationship of Figure 7.17 It can be deduced from the
literature data that a deviation of 15° from linearity
reduces the value of the coupling constant from 5.5 to
5.0 Hz for a complex with an equilibrium N-N distance
of 3.0 Å. The value of 2hJNN measured in isomers I and
II, and in the keto part of dimer III, correspond to an
N-N distance of 2.98-3.0 Å if it is assumed that in
solution the N-H‚‚‚N angles are similar to the values in

the crystal. The predictions from the relationship pro-
posed by Del Bene et al. are therefore in perfect agree-
ment with the experimental data on compound 5. The
smaller coupling constant across the hydrogen bond in
the enol part of isomer III results in a calculated N-N
distance of 3.05 Å. Unfortunately, a crystal structure of
5-III is not available. Therefore, an estimate of the
nonlinearity of this bond cannot be made nor can the
calculated hydrogen bond length be compared with the
crystal data. However, from the NMR data, it is predicted
that the hydrogen bond length in the enol tautomer is
slightly longer than that in the keto tautomer. This is in
agreement with the hydrogen bond lengths in crystal
structures of both keto and enol modifications of mono-
functional 6-phenyl derivative 4b. The N-N distance in
the enol modification is 2.98 Å, 0.03 Å longer than that
in the keto tautomer. Thus, a trend toward slightly longer
hydrogen bonds in the enol tautomer found in the solid
state is confirmed in the enol part of 5-III in solution.
Finally, having established a satisfactory correspondence
between hydrogen-bonded distances in the solid state and
those calculated with the use of coupling constants, we
may conclude that the observed peak splitting in the
spectrum of 4b is similar to the coupling constants
measured in 5a and that this value must therefore be
close to the actual coupling constant in the absence of
chemical exchange. This conclusion is further supported
by the correspondence with the hydrogen bond length in
the crystal structure of 6-methyl derivative 4c, which is
2.97 Å.

Conclusions
By use of intermolecular coupling across hydrogen

bonds in 15N-labeled derivatives, the present work un-
equivocally establishes the hydrogen bonding pattern in
UPy dimers in solution. The structure of these dimers is
in agreement with the solid-state structures determined
previously in the solid state by X-ray diffraction and DQ-
MAS NMR. The high stability of UPy dimers allows the
observation of 2hJNN coupling constants at significantly
higher and experimentally more easily accessible tem-
peratures than for synthetic complexes that have been
reported previously. Very slow chemical exchange of the
dimers of 5 makes this the first synthetic complex for
which coupling across intermolecular hydrogen bonds
could be observed at room temperature. Comparison of
the hydrogen bond lengths calculated from 2hJNN coupling
constants with the distances in X-ray structures of 5
lends support to the use of the general relationship
between N-N distance and 2hJNN proposed by Del Bene
et al.
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FIGURE 7. Correlation between N-N distances and the
Fermi contact term of 2hJNN in equilibrium structures of
neutral hydrogen bonded complexes. Data points correspond
to values calculated for five different linear hydrogen-bonded
complexes of CNH (adapted from ref 16).
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