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ABSTRACT: Heterocycles adjacent to amides can have
important influences on molecular conformation due to
stereoelectronic effects exerted by the heteroatom. This
was shown for imidazole- and thiazole-amides by
comparing low energy conformations (ab initio MP2 and
DFT calculations), charge distribution, dipole moments,
and known crystal structures which support a general
principle. Switching a heteroatom from nitrogen to sulfur
altered the amide conformation, producing different three-
dimensional electrostatic surfaces. Differences were
attributed to different dipole and orbital alignments and
spectacularly translated into opposing agonist vs antagonist
functions in modulating a G-protein coupled receptor for
inflammatory protein complement C3a on human macro-
phages. Influences of the heteroatom were confirmed by
locking the amide conformation using fused bicyclic rings.
These findings show that stereoelectronic effects of
heterocycles modulate molecular conformation and can
impart strikingly different biological properties.

Heterocyclic rings are important components of many
organic compounds, including natural products, pharma-

ceuticals, and peptidomimetics, and can influence molecular
conformation, solubility, chemical and biological activity.1

Heteroatoms are hydrogen bond donors or acceptors, general
acids or bases, and confer different electrostatic properties that
fine-tune chemical reactivity or biological interactions.2 Hetero-
cycles can constrain molecular conformation by orienting
substituents or through intramolecular interactions.3 For
example, heterocycles such as the imidazole in 1 and the
thiazole in 2 (Figure 1) might influence the conformation of
the adjacent amide due to 1,4-N(heteroatom)···O(amide) or 1,4-
S(heteroatom)···O(amide) orbital interactions.
Ab initio calculations (Figure 1a) suggest that the trigonal

nitrogen of the imidazole adjacent to the carbonyl of 1 may
have a large partial negative charge, whereas the sulfur atom in
the aromatic thiazole ring may carry a partial positive
electrostatic potential. The electronegative carbonyl oxygen
adjacent to the thiazole in 2 should preferentially adopt a cis
orientation due to a significant electrostatic attraction. Non-
covalent n → σ* interactions between lone pairs and electron
deficient sulfur have been described previously5 and associated
with drug-like molecules.6 Ab initio calculations for 2 suggest
that the S−O distance (2.93 Å) is less than the sum of the
sulfur and oxygen van der Waals radii (3.4 Å),7 supporting a

noncovalent interaction. Conversely, compound 1 should adopt
a trans orientation due to electron lone pair repulsion
separating the negatively charged atoms.8 A significant barrier
to rotation was predicted to stabilize these different
conformations. To assess this, we performed ab initio density
functional theory (DFT) calculations at the B3LYP/6-311+
+G(2d,2p) level of theory on 1 and 2 to identify conforma-
tional preferences (Figure 1b). The dihedral angle X−C−C−O
was varied in 10° increments with subsequent energy
minimization, and the total energy of each conformer was
plotted relative to the minimum energy structure. All
calculations were performed using Gaussian 09 through the
graphical interface GaussView 5.4

The imidazole carboxamide 1 had a strong preference for a
dihedral angle N−C−C−O ∼180° with a high barrier to
rotation (10.5 kcal·mol−1) to a conformer with dihedral angle
40° and 9.7 kcal·mol−1 higher in energy than the lowest energy
conformer. By contrast, the thiazole carboxamide 2 had no
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Figure 1. (a) Partial charges on heteroatoms determined by natural
population analysis on geometries optimized at MP2/6-311++G-
(2d,2p) level using Gaussian 09.4 Dihedral angle (χ); S−O distance
(Å). (b) Variation in energy with dihedral angle X−C−C−O reveals
barriers to rotation from low energy conformations. 1H-Imidazole-4-
carboxamide 1 (blue) shows preferred dihedral angle 180° with high
barrier to rotation. Thiazole-5-carboxamide 2 (red) has access to low
energy conformers with dihedral angles close to 0° and 180°.
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preference for either conformation (ΔE ∼ 0.8 kcal·mol−1), and
only a small barrier to rotation (∼3.5 kcal·mol−1). The
fractional population of conformers of different energy followed
a Boltzmann distribution, with ∼100% of 1H-imidazole-4-
carboxamides having a dihedral angle N−C−C−O of 180°, and
rotation to alternate conformations being energetically
unfavorable.
These conformational preferences are consistent with the

expected alignment of the electric dipole moments of the
heterocyclic ring and carbonyl group connected by a rotatable
bond. Figure 2a shows that the dipole moment of imidazole

(3.88 D) is oriented away from the trigonal nitrogen atom at
the 3-position, thus an appended carbonyl group (4.28 D for
acetamide) must adopt a dihedral angle N−C−C−O of 180°
for these dipoles to align in preferred antiparallel directions.
Conversely, the weaker dipole moment of thiazole (1.65 D)
points in the opposite direction, away from the trigonal
nitrogen at the 3-position. When an amide carbonyl group is
attached, it preferentially adopts an S−C−C−O dihedral angle
∼0° to place these dipoles in antiparallel directions, although
the effect is weaker (Figure 2b). These differences result in
different electrostatic surfaces (Figure 2c,d) that are predicted
to result in different chemical and biological properties.
To test these conformational predictions, we used ConQuest

to search the Cambridge Structural Database9 (v5.34, 2012) for
crystal structures containing imidazole-, thiazole- and thio-
phene-carboxamides (Figure 3, Supplementary Tables 1−3).
All 34 diverse structures for 1H-imidazole-4-carboxamides (3)
showed a conformation with a N−C−C−O dihedral angle
153−180° (ave 173°). Of six thiazole-5-carboxamide analogues

(4), four showed a S−C−C−O dihedral angle 11−37°, while
two had the opposite conformation (165° and 173°). Of 54
thiophene-2-carboxamide compounds (5), all but two (163°
and 166°) had a S−C−C−O dihedral angle 0−49° (ave 13°).
In all structures where S−C−C−O was ≤40°, the S−O
distance (2.8−3.0 Å) was less than the sum of the individual
sulfur and oxygen van der Waals radii (3.4 Å)7 and comparable
with our calculated value of 2.93 Å (Figure 1a).
This suggests that an attractive nonbonded sulfur−oxygen

interaction,9c,d,10 exists for thiazole amides (e.g., 2), whereas
electron pair repulsion theory8 predicts that the amide carbonyl
oxygen would favor the conformer with dihedral angle N−C−
C−O 180° for 1H-imidazole-4-carboxamide (e.g., 1), as
observed. Thus, structurally very similar heterocycles do indeed
adopt quite different conformations that might translate into
very different chemical and biological properties.
On the basis of these findings, we modified a simple flexible

ligand (N2-[(2,2-diphenylethoxy)acetyl]-L-arginine), reported
to compete with a human inflammatory protein (complement
C3a) for a G protein-coupled receptor found on human
immune cells.11 We synthesized compounds 6 and 7 containing
a heterocyclic carboxamide, where the only difference was the
heterocycle, imidazole 6 versus thiazole 7. We found that these
compounds had completely opposite biological functions in
modulating the human complement C3a protein receptor
(Figure 4). While 6 potently activated the receptor (i.e., an
agonist), 7 inhibited its activation (i.e., an antagonist).

These opposing functions are due to the imidazole and
thiazole rings in compounds 6 and 7 promoting two distinctly
different conformations controlled by stereoelectronic effects
intrinsic to the specific heterocycle present (Figure 1).
Although the thiazole can also adopt a conformation with an
S−C−C−O dihedral angle ∼180°, the receptor preferentially
binds its conformer with a dihedral angle ∼0° which the
imidazole cannot access because of the high barrier to rotation.
This surprising switch in function between compounds 6 and

7 (Figure 4) was not related to the NH present at the 1-

Figure 2. Electric dipole moment of heterocycles and amide carbonyl
depicted by vectors (blue arrows) with magnitude proportional to
length (3 D·cm−1) and direction toward δ+ (arrowhead). Favored
antiparallel dipoles require different dihedral angles: (a) 1H-imidazole-
4-carboxamide N−C−C−O dihedral angle 180°; (b) thiazole-5-
carboxamide S−C−C−O dihedral angle 0°. Electrostatic surface
potential: (c) 1H-imidazole-4-carboxamide 1, (d) thiazole-5-carbox-
amide 2. Calculations used Gaussian 09, images in GaussView 5.4

Figure 3. Query structures 3−5 searched in the CSD.9

Figure 4. Structures for compounds 6 and 7. (a) Intracellullar Ca2+

release in human macrophages induced by different concentrations of
agonist 6 (EC50 24 nM) and (b) compound 7 has no agonist activity
(○) but increasing concentrations of antagonist 7 (●) (IC50 1 μM)
block iCa2+ release induced by 100 nM hC3a. All data n ≥ 3, error bars
are ± SEM.
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position of the imidazole (perhaps through a hydrogen bond to
the receptor). We synthesized the isomeric thiazole compound
8 and the 1-methyl-1H-imidazole analogue 9 which are
incapable of making such interactions. Both had similar
biological activity (agonists) to the imidazole 6 (Figure 5).

Compound 8 was less effective than 9, suggesting that fine-
tuning of activity was influenced by subtle changes to other
regions. Compound 9 also removes any ambiguity about the
tautomeric form of the biologically active imidazole 6. Thus,
subtle changes to electrostatic surface potentials (mapped in
Figure 2c,d) dramatically alter complementarity between ligand
and receptor, conferring a switch in biological function.
To confirm the importance of stereoelectronic effects in

dictating conformation in these heterocycle−carboxamide
compounds, we designed conformationally rigid compounds
10 and 11. Since stereoelectronic effects enforce 1H-imidazole-
4-carboxamides to adopt an N−C−C−O dihedral angle ∼180°
as in 1 and hence 6, we designed and synthesized the
constrained 1H-imidazo[4,5-c]pyridine analogue 10. This
presents a strong hydrogen bond-accepting trigonal nitrogen,
and a heterocycle locked into this arrangement. Creating the
pyridine ring was not expected to impinge on interactions that
10 may make with the receptor, because the 5-methyl group of
6 shields one of the electron lone pairs on the amide oxygen
leaving only one hydrogen bond acceptor, the pyridine trigonal
nitrogen of 10. The arginine αNH proton remains available as a

hydrogen bond donor and thus the hydrogen bonding
properties of 10 are expected to resemble those observed in,
for example, adenine−thymine DNA base pairing. Compound
10, prepared via Scheme 1, was an agonist (Figure 6a) just like
its more flexible congener 6 (Figure 4).
Support for the hypothesis, that physiological function is

driven by ligand conformation, was also sought for the thiaz-
ole-5-carboxamide with an S−C−C−O dihedral angle ∼0°, as
in compound 2. The conformationally locked lactam 11 was
consequently designed and synthesized via Scheme 2. The
methylene group that completes the lactam ring fuses the 4-
methyl group and amide nitrogen, thereby restricting the
lactam carbonyl to one conformation where the S−C−C−O
dihedral angle was close to 0°. The arginine αNH proton is
removed as a consequence of lactam formation, but this is
unlikely to be important for receptor binding because the amide
NH in 7 is shielded from receptor interactions by the 5-methyl
group. Compound 11 was found to be an antagonist (Figure
6b) just like its more flexible analogue 7.
The 1H-imidazo[4,5-c]pyridine 10 was prepared as shown in

Scheme 1. The known 4-amino-3-nitro-2-chloropyridine12 12
was acylated with diphenylacetyl chloride after deprotonation
with NaOtBu at −10 °C to give anilide 13. Nucleophilic
aromatic substitution of 13 with Nδ-Cbz-L-ornithine tert-butyl

Figure 5. Thiazole 8 and 1-methyl-1H-imidazole analogue 9 have
agonist activity similar to 6.

Figure 6. Structures of the constrained 1H-imidazo[4,5-c]pyridine 10
and lactam 11: (a) intracellular Ca2+ release in macrophages induced
by different concentrations of agonist 10 (EC50 15 nM) and (b)
increasing concentration of antagonist 11 blocks iCa2+ release induced
by hC3a (100 nM) (IC50 0.32 μM). All data n ≥ 3, error bars are ±
SEM.

Scheme 1. Synthesis of the Constrained Agonist 10a

a(a) NaOtBu, Ph2CHCOCl, THF −10 °C; (b) H-Orn(Cbz)-OtBu,
NMM, EtOH, Δ; (c) H2, 10% Pd−C, EtOH, room temp, 30 min; (d)
glacial AcOH, 40 °C, 30 min; (e) N,N′-Di-Boc-1H-pyrazole-1-
carboxamidine, DMF; (f) TFA.

Scheme 2. Synthesis of the Constrained Lactam Antagonist
11a

a(a) H-Orn(Cbz)-OtBu, K2CO3, NaI, DMF; (b) NaOH, H2O,
MeOH, THF; (c) DCC, DCM; (d) TFA, Et3SiH, PhSMe; (e)
N,N′-Di-Boc-1H-pyrazole-1-carboxamidine, DMF; (f) TFA.
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ester gave 14. Hydrogenation reduced the nitro group to amine
and simultaneously cleaved the Cbz protecting group.
Cyclization of the aminoanilide intermediate to the 1H-
imidazo[4,5-c]pyridine 15 occurred rapidly and cleanly in
glacial acetic acid solution with only mild heating. The amino
group was converted to the guanidine using N,N′-di-Boc-1H-
pyrazole-1-carboxamidine, and removal of the tert-butyl ester
and Boc groups with TFA gave 10. Lactam 11 was synthesized
(Scheme 2) by nucleophilic substitution of chloromethylth-
iazole 16 with Nδ-Cbz-L-ornithine tert-butyl ester to give 17,
accompanied by hydroxylation of the benzhydryl group despite
effort to exclude moisture and air. This was removed during
subsequent deprotections. Hydrolysis of ethyl ester 17 followed
by cyclization to lactam, and deprotection including ionic
hydrogenation gave 18. The amino group was converted to the
guanidine using N,N′-di-Boc-1H-pyrazole-1-carboxamidine and
deprotected with TFA to give 11 (Scheme 2, details in
Supporting Information).
In summary, multiple approaches used here show that an

aromatic heterocycle dictates the conformation of an adjacent
carbonyl group. This finding enables predictions of conforma-
tional preferences for heterocyclic carboxamides, that can
profoundly influence interactions of small molecules with
proteins. This analysis is expected to extend to other
heterocyclic ring systems, where a single rotatable bond links
the heteroatom to a polar substituent. For example, we found
>200 picolinamides and twelve 1,2,3-triazole-4-carboxamides in
the CSD where the N−C−C−O dihedral angle was ∼180°.
DFT calculations reveal that both trans conformers are
respectively 9.1 and 8.7 kcal/mol more stable. Understanding
orbital and dipole alignments can enable more rational
selection of heterocyclic templates for elaboration in drug
design and discovery.
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