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Abstract: 2D 1H-15N HMBC NMR acquired at natural abundance
and DMSO titration monitored by 1D1H NMR verified the existence
of an intramolecular hydrogen bond that was designed to mimic the
pyrimidinone ring of a class of kinase inhibitors. A scalar coupling
across the hydrogen bond was detected in organic and aqueous solvent,
suggesting a simple and general approach for testing the propensity of
intramolecular hydrogen bonds to stabilize pseudo-rings in drug
scaffolds.

Rationally redesigning existing drugs is an attractive route
to uncover new leads for drug development. Recently, the
bioactive conformations of several kinase inhibitors were
mimicked by replacing scaffold rings with pseudo-rings formed
via intramolecular hydrogen bonds (H bond) (Figure 1).
Examples include the anthranilimide1 derived from the
anilinopthalazine kinase inhibitor PTK787,1 urea-based Cdk4
inhibitors such as2,2 anthranilimides3 targeting Tie-2 tyrosine
kinase,3 and a trisubstitued purine p38 inhibitor44. Although
the design of an intramolecular H bond is very intriguing, it
can be debated whether such a conformation-stabilizing H bond
in fact exists, especially in aqueous solution.5 Here, we illustrate
a simple and generally applicable approach using natural
abundance1H-15N HMBCa NMR experiments and 1D NMR
solvent titrations to verify the existence of designed pseudo-
ring-forming H bonds in drug scaffolds.

The scaffold studied5 was derived from pyrido[2,3-d]-
pyrimidin-7-one kinase inhibitors (Figure 2), which were
originally developed as Src inhibitors and are now recognized
to possess broad tyrosine kinase inhibitory activity.6 The
redesign of the pyrido[2,3-d]pyrimidin-7-one kinase inhibitors
involved mimicking the pyrimidinone ring with a pseudo-ring
formed between the nitrogen of a deazapurine scaffold and an
urea amino group (Figure 2). The same design approach has
recently led to the discovery of 1-alkyl-3-phenyl-1-(6-phenyl-
aminopyrimidin-4-yl)ureas as a new class of tyrosine kinase
inhibitors,7,8 and five urea-based inhibitors are currently under-
going clinical trials.3

To test for the intramolecular H bond as proposed in the
design, we performed NMR titrations of a water-soluble mimetic
of the core scaffold6 (Figure 2) in chloroform with DMSO
(Figure 3).9 H bonding generally results in deshielding, and an
increasingly downfield-shifted proton resonance indicates in-
creased H-bond strength.10 The urea hydrogen HN11 (9.3 ppm)

is significantly downfield of other HN protons. Furthermore,
HN11 is, in contrast to the aniline HN14 (7.6 ppm) and the
amino protons, protected from exchange with residual water in
the sample. As the concentration of DMSO increases, the
resonance line of HN14 shifts downfield as a result of increasing
H-bonding interactions with DMSO. In contrast, only small
changes are seen for HN11, thus indicating that DMSO cannot
compete with the proposed intramolecular H bond. As expected,
the chemical shifts of all other hydrogens remain virtually
unchanged (Figure 3).

15N chemical shifts are exquisitely sensitive to the presence
of hydrogen bonds.11-13 Consequently, we performed1H-15N
HMBC experiments14,15at natural abundance to obtain nitrogen
chemical shift assignments (Figure 4, Tables S1 and S2). All
correlation peaks are consistent with the structure in Figure 2.
In agreement with previous observations,11,12 the putative
H-bond acceptor N3 has a nitrogen chemical shift upfield of
the chemically similar N1 nitrogen, while the donor nitrogen is
shifted downfield.13 Most interestingly, N3 shows a correlation
peak with HN11 (Figure 4A, box). This cross-peak is best
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Figure 1. Pseudo-rings formed by intramolecular hydrogen bonds.

Figure 2. Structures of pyrido[2,3-D]pyrimidin-7-one kinase inhibitors
PD-180970 and PD-166326 and designed mimetics of the core scaffold.

Figure 3. DMSO titration of 6 in deuterated chloroform at 300 K.
(A) 1D spectra and (B) chemical shifts versus DMSO concentration.
Maximal changes at 11.1% (v/v) DMSO for HN11, 0.13 ppm; HN14,
0.47 ppm; H2, 0.00 ppm; H7, 0.10 ppm; H8,-0.07 ppm; and-0.10
ppm for NH3

+ protons.
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explained by a scalar correlation through the designed intramo-
lecular H bond because the alternative pathway through five
bonds is unlikely as no other long-range correlations beyond
three bonds are observed.

Through-H-bond scalar couplings have previously been
observed in a variety of systems,11,12 including Watson-Crick
base pairs in RNA16 and DNA,17 reverse Hoogsteen RNA base
pairs,18 and a H bond between two histidine side chains in
apomyoglobin,19 between flavin mononucleotide and flavodox-
in,20 in the secondary structure of proteins,21 involving phosphate
groups,22 and in metalloproteins.23,24Similarly, scalar couplings
across intramolecular H bonds have been detected in small-
molecule model systems.25-30 These studies generally require
isotope labeling of the macromolecule or model compound, and
for small molecules, the NMR measurements often need to be
performed at low temperatures,13 in the solid state,31 or at
multiple magnetic fields.30

Scalar couplings across H bonds have been interpreted as
evidence of their partial covalent nature.32-37 The observation
of a through-H-bond scalar coupling between the proton HN11
and the ring nitrogen N3 of6 is therefore strong evidence for
a stable pseudo-ring structure, as shown in Figure 2. This
structure persists in water as indicated by the through-H-bond
cross-peak in the1H-15N HMBC spectrum recorded in sodium
phosphate buffer (Figure 4B, box). The stability of the interac-

tion is further illustrated by the fact that HN11 is not effected
by presaturation pulses, indicating slow exchange with the bulk
solvent. In contrast, HN14 and amino protons are not protected
from solvent exchange as indicated by the absence of any cross-
peaks in the1H-15N HMBC (Figure 4B) and line broadening
in chloroform (Figure 3A). To evaluate the stability and
geometry of the intramolecular H bond, we performed ab initio
quantum mechanical calculations with Jaguar 7.0 (FirstDiscov-
ery Suite, Schrodinger, Inc.) using the density functional theory
at the B3LYP/6-31G** level and the Poisson-Boltzmann
continuum-dielectric method for the treatment of aqueous
solvation. These calculations suggest that the intramolecular H
bond stabilizes the pseudo-ring conformation over the open form
by 5.25 kcal/mol. The N-N distance between N3 and N11
suggested by the calculations is 2.79 Å, with a N3-H11 distance
of 1.97 Å and a bond angle of 135.5° (Figure 5). These
geometric parameters are within the range of observed H-bond
geometries.5

Taken together, the DMSO titrations and1H-15N HMBC
NMR experiments verify an intramolecular H bond designed
to form a pseudo-ring mimetic of a kinase inhibitor scaffold.
Since the H bond persists in water using a minimal model of
the core scaffold, it is likely that the designed conformation is
assumed by larger analogues in cellular or in vitro assays. The
core scaffold6 does not show any biological activity because
of the lack of side chains, but several related urea inhibitors
have recently been disclosed as potent inhibitors for a number
of tyrosine kinases.7,8,38,39 For one of these compounds, a
cocrystal structure verifies that the urea adopts a pseudo-bicyclic
conformation stabilized by an internal hydrogen bond.39 Most
importantly, we have demonstrated that simple NMR experi-
ments performed without isotope labeling can test the propensity
of small molecule scaffolds to form stable intramolecular
hydrogen bonds that may lock drug leads into their bioactive
conformation.

Supporting Information Available: Chemical shift assign-
ments and synthesis of6. This material is available free of charge
via the Internet at http://pubs.acs.org.
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