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Abstract—Interactions between N-methylacetamide (NMA) and N-methylated derivatives of uracil, isocyanurate and barbituric
acid have been studied using ab initio methods at the local MP2/6-31G** level of theory. The results were compared to similar
interactions between the oxygen atom of NMA and the p-clouds of perfluorobenzene, quinone and trimethyltriazine. The p-acidic
amides of isocyanurate and barbituric acid were found to interact with a hydrogen bond acceptor primarily through electrostatic
attractions. These groups may be used as alternatives of a hydrogen bond donor to complement a hydrogen bond acceptor or an
anion in molecular recognition and drug design. Examples of such interactions were identified through a search of the CSD database.
# 2003 Elsevier Ltd. All rights reserved.
The physical basis of the hydrogen bond, according to
Pauling’s description, is essentially attractive electro-
static interaction between a hydrogen atom and an
electron rich atom. Hydrogen bonds generally exist
between H–N or H–O donors and electronegative
nitrogen or oxygen atoms in biological structures.1 The
p-cloud of an aromatic ring is now generally recognized
as a weak hydrogen bond acceptor.2 It is also known
that H–C groups engage in hydrogen bonds with simple
organic molecules.1,3 The electrostatic nature of hydrogen
bonds suggests that nonmetal atoms other than hydrogen
in a chemical functional group are capable of com-
plementing a hydrogen bond acceptor. Consequently, an
uncharged non-reactive electrophile could have the
potential to interact with a hydrogen bond acceptor.

Recently, interactions between an anion and electron
deficient p-acidic rings have been explored based upon
molecular electrostatic potential. Several theoretical
studies have examined the possibility of such interactions
involving perfluorobenzene,4 triazines5 and nitro-
benzenes.6 NMR experiments confirmed the complexa-
tion between acetonitrile and perfluoro-benzene.7
An electrophile complementing a hydrogen bond
acceptor versus conventional hydrogen bond donor (H–
X) is conceptually analogous to an acid defined by
Lewis’s generalized acid versus a Brønsted-Lowry acid.
A Lewis acid may be considered to be soft, whereas H–
N or H–O groups are hard hydrogen bond donors.
Similarly, the p-cloud of an aromatic ring would be a
soft acceptor, whereas electronegative N and O atoms
are hard acceptors. The principle of hardness and soft-
ness provides an alternative explanation for the pre-
valence of the parallel stacked geometry of the
p-hydrogen bond between an amide group and phenyl
ring observed in protein structures,8 where a soft donor
interacts preferably with a soft acceptor.

There are potential uses of a Lewis acidic groups for
drug design and molecular recognition.9,10 A Lewis
acidic group can provide different complementary shape
and topological branching opportunities, which could
be explored by medicinal and combinatorial chemistry.

Because simple electron-deficient p-systems such as qui-
none, perfluorobenzene and nitrobenzenes are unsui-
table moieties for a drug molecule,11 we searched for
Lewis acidic groups using the Cambridge Structural
Database (CSD) System.12 We then carried out compu-
tational studies to rank the energies of interactions
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between several p-acidic rings and a hydrogen bond
acceptor to find Lewis acidic groups that interact with a
strength comparable to or greater than per-
fluorobenzene. We report here results of ab initio cal-
culations on the interactions of the carbonyl oxygen of
N-methylacetamide (NMA) with various aromatic and
amide and p-acidic rings (1–6) as shown in Scheme 1.

Ab initio calculations were carried out using the 6-
31G** basis set13 at the level of local Møller–Plesset
second-order perturbation (LMP2) theory14 that inclu-
ded all atoms as implemented in the program Jaguar.15

All structures were fully energy minimized initially at
the HF/6-31G** level of theory. The nature of the HF/6-
31G** stationary points was further characterized by fre-
quency calculations at the same level of theory. The geo-
metries were then optimized fully at the LMP2/6-31G**
level of theory. Since the LMP2 method has been shown
to greatly reduce basis set superposition errors (BSSE) as
compared to the canonical MP2 method,13 complexation
energies were computed directly from the LMP2/6-31G**
optimized structures without BSSE corrections.

We searched the Cambridge Structural Database for
intermolecular interactions between a carbonyl oxygen
and C(¼O)N(C)C moiety in well-resolved neutral
organic molecules (R factor <7.5%, excluding metal-
lorganic compounds). There are 1991 hits for the
O. . .C¼O contacts in the range of 2.5–4.0 Å; 619 hits
with contact distance below the sum of the van der
Walls radii; 205 hits with contact distance 0.2 Å below
the sum of the van der Waals radii of O and C atoms.
There are many cases where the carbonyl oxygen simulta-
neously maintaining contact (d2 <3.0 Å) with the amide
nitrogen as listed in Table 1. In particular, the crystal
packing structure of a carbonyl oxygen pointing into the
center of an amide p-ring system shown in Figure 1 was
found to be common. This packing arrangement was
found in the crystal structures of N-alkyl substituted
derivatives of isocyanurate,16 barbituric acid,17 piper-
azine-2,5-dione,18 and uracil.19 The distances between
the contact oxygen and the ring atoms range from 2.9 to
3.3 Å, indicating an ideal van der Waals contact. On the
other hand, the CSD contains only a handful of crystal
structures involving perfluorobenzene. In one example,
a carbonyl oxygen is in proximity to the center of a
perfluorobenzene ring.20

Close contact between an electronegative atom and a
carbonyl carbon is well known from extensive structural
studies on the trajectory of nucleophilic additions.21

However, close contact between an electronegative atom
and the amide (urea) nitrogen has received attention
Table 1. List of refcodes with close contact (d1 <� vdw Radii�0.20
Å and d2 <3.00 Å) between C¼O and C(¼O)N(C)C moiety

Entry Ref code d1 (Å) d2 (Å) a (�) b (�) R factor
1
 ARFOXZ
 2.97
 2.95
 106.5
 109.8
 3.8

2
 BAGHIA
 2.97
 2.99
 105.7
 154.4
 4.5

3
 COBYUN
 2.86
 2.94
 105.2
 168.5
 2.5

4
 COMCIQ
 2.82
 2.91
 106.9
 151.7
 2.3

5
 COQKAU
 2.93
 2.88
 110.9
 148.6
 4.9

6
 CUYJOV
 2.89
 2.97
 91.8
 154.5
 3.0

7
 CUYLAJ
 2.94
 2.99
 91.1
 152.2
 2.6

8
 DAFYIS
 3.00
 3.00
 103.9
 112.5
 5.1

9
 DEFLEF
 2.88
 2.95
 93.0
 147.6
 5.0

10
 DMBART10
 2.90
 2.89
 104.0
 151.5
 4.3

11
 ECAWAG
 2.94
 2.96
 100.7
 160.1
 4.2

12
 ECELAZ
 3.00
 2.95
 109.3
 133.8
 3.8

13
 FADREI
 2.99
 2.99
 100.9
 129.0
 3.8

14
 FOHHUF
 2.75
 2.89
 106.6
 168.3
 5.6

15
 FUQLAE
 3.01
 2.97
 102.5
 126.8
 3.7

16
 GASCOS
 3.00
 3.00
 111.9
 162.8
 6.5

17
 GIDRAM
 2.93
 3.00
 104.0
 167.1
 6.0

18
 HADFOH
 2.99
 2.97
 106.0
 157.5
 5.2

19
 HECBAS
 2.89
 2.99
 104.9
 136.2
 4.2

20
 HIPPUR
 2.84
 3.00
 91.9
 131.8
 4.5

21
 HTMTZC
 2.98
 2.99
 101.2
 124.7
 5.3

22
 ICOYII
 2.96
 2.88
 111.0
 154.7
 4.0

23
 KEKXIH
 2.96
 2.97
 99.4
 155.2
 4.4

24
 KESVIN
 2.95
 3.00
 102.6
 152.3
 6.9

25
 NEJJAN
 2.97
 3.00
 89.0
 134.8
 4.2

26
 NIFXIJ
 3.01
 2.90
 107.0
 157.2
 4.8

27
 NUJBOJ
 2.94
 2.90
 96.5
 160.7
 4.3

28
 PHCYND02
 2.89
 3.00
 95.4
 155.5
 4.4

29
 QEFCAF
 2.97
 2.98
 105.6
 142.4
 3.9

30
 SIKYAM01
 2.96
 2.90
 112.8
 152.1
 4.0

31
 SUQHER
 2.89
 2.99
 88.9
 132.5
 5.6

32
 TAMCUR
 2.87
 2.86
 104.8
 155.4
 5.7

33
 TEFGIU
 3.00
 2.88
 100.6
 151.9
 5.4

34
 VORYUW
 3.00
 2.98
 107.6
 155.9
 4.9

35
 VUKJIU
 2.88
 2.91
 100.1
 128.8
 4.3

36
 VUPGIW
 2.80
 2.90
 104.5
 142.2
 7.0

37
 VUPGOC
 2.90
 2.99
 107.5
 145.4
 6.1

38
 VUWYER
 3.00
 2.98
 93.3
 156.3
 6.7

39
 WELYAN
 2.84
 2.98
 93.0
 148.0
 3.7

40
 YOKQOE
 2.90
 2.88
 105.8
 134.1
 5.3

41
 YOXFIA
 2.88
 2.94
 103.4
 163.4
 4.8

42
 ZEXWII
 2.87
 3.00
 91.6
 147.3
 2.7

43
 ZOGPOA
 2.90
 2.90
 103.3
 170.9
 3.9
Scheme 1.
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until only recently.10,22 The resonance structures suggest
that the amide nitrogen bears a partial positive charge.23

Thus, there are likely to be favorable intermolecular
electrostatic interactions between the amide nitrogen
and a partially negative carbonyl oxygen, which may
contribute to the packing stabilization in the structures
shown in Figure 1.

To compare stabilization energies among various amide
and p-acidic rings, we carried out ab initio calculations
on the interaction energies of perfluorobenzene (1),
quinone (2), 2,4,6-trimethyltriazine (3), N,N0-dimethyl
uracil (4), trimethyl isocyanurate (5), and dimethyl bar-
biturate (6) with N-methylacetamide (NMA) as a pro-
totypic hydrogen bond acceptor. The optimized
complex geometries at the LMP2/6-31G** level are
shown in Figure 2, and the energetic results are
summarized in Table 2.

Smith and co-workers reported systematic ab initio
studies at the MP2 level of theory on interactions
between aromatic acceptors and amide hydrogen bond
donors in proteins, with estimated binding energies of
up to 4 kcal/mol.8a Although the amide proton of NMA
can participate as a hydrogen bond donor to form
complexes with either the p-cloud or carbonyl oxygen
atom of the rings, we only searched for complexes
involving the carbonyl oxygen of NMA as a hydrogen
bond acceptor. The estimated complexation energies of
1–6 at the LMP2/6-31G** range from �3 to �8 kcal/
mol as shown in Table 2.

The molecular electrostatic potential (MEP) maps indi-
cate that perfluorobenzene has the most positively
charged centroid among all six p-acidic rings studied
here. However, its interaction energy with NMA is
about 2–3 kcal/mol less than those of the bartiburate
and isocyanurate derivatives. In fact, the carbonyl
oxygen of NMA in the optimized complex 1 is not
located centrally at the most positively charged area
along the normal axis of the C6F6 ring. This is likely due to
weak interactions between the N-methyl group of NMA
and the F atom of perfluorobenzene as manifested by the
short distance of 2.55 Å between the H and F atoms.

The calculated complexation energy between quinone
and NMA is estimated to be about �4 kcal/mol, which
is about 1 kcal/mol less exothermic than the interaction
between C6F6 and NMA. In the optimized complex
geometry 2, the carbonyl oxygen of NMA is located
asymmetrically between the two carbonyl carbons of
quinone. The N-methyl group of NMA forms a weak
C–H. . .O¼C hydrogen bond with the carbonyl oxygen
of quinone.

Optimization of NMA-trimethyltriazine p-acidic com-
plex led to C–H donating complex 3 (Fig. 2), in which
the N-methyl group of NMA interacts with one of the
sp2-nitrogen atoms on the triazine ring. The complexa-
tion energy is estimated to be only �3 kcal/mol by
LMP2/6-31G**.

Complex 4 was found between NMA and N,N0-dime-
thyl uracil involving the p-acidic amide nitrogen as
shown in Figure 2. The carbonyl oxygen of NMA
makes a selective contact with one of the nitrogen
atoms, and forms a weak C–H. . .O¼C hydrogen bond
with the N-methyl group at that nitrogen atom. There is
an additional weak C–H. . .O¼C hydrogen bond
between the acetyl methyl group of NMA and the
proximal carbonyl oxygen atom. The calculated inter-
action energy is about �5 kcal/mol at the LMP2/6-
31G** level.

In the optimized complex 5 between NMA and tri-
methyl isocyanurate, the carbonyl oxygen of NMA is
Figure 1. Crystal packing of trimethyl isocyanurate and 1,3-diethylbarbituric acid.15b,16a
Y. Li et al. / Bioorg. Med. Chem. Lett. 13 (2003) 3261–3266 3263



more or less centrally located along the normal axis of
the ring. Its contact distances with the ring atoms range
from 3.1 to 3.2 Å, which are in good agreement
with those observed in the crystal packing structures
as shown in Figure 1. There are secondary weak
C–H. . .O¼C hydrogen bond interactions between the
methyl groups of NMA and the carbonyl oxygen atoms
of isocyanurate.

Similarly, complex 6 between NMA and dimethyl bar-
biturate was energy minimized. The oxygen atom of
NMA interacts with the centroid of the p-acidic amide
ring, as observed in the crystal structures. There are
peripheral C–H. . .O¼C hydrogen bond interactions
between the methyl groups of NMA and the carbonyl
oxygen atoms of bartiturate. The calculated complex
stabilization energies of both 5 and 6 at the LMP2/6-
31G** level are 8 kcal/mol, which is the most exother-
mic of all six complexes shown in Scheme 1.

To estimate the contribution of weak C–H. . .O¼C
hydrogen bonds to the complexation energy in 6, we
Table 2. Calculated interaction energies (kcal/mol) with NMA at the

LMP2/6-31G** level
Method
 1
 2
 3
 4
 5
 6
�E
 �5.5
 �4.8
 �3.8
 �6.0
 �8.7
 �9.2

�E+ZPEa
 �4.7
 �3.9
 �2.9
 �4.6
 �7.6
 �7.8

aValues with zero-point energy (ZPE) corrections calculated at the
HF/6-31G** level.
Figure 2. Optimized complex structures at the LMP2/6-31G** level.
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carried out single-point energy calculations on the
dimethyl barbiturate–NMA complex using the LMP2/
6-31G** optimized geometries of isolated NMA and
dimethyl barbiturate. The complex varies in distance
(R) between the centroid of the barbiturate ring and
oxygen atom of NMA, but maintains an orthogonal
orientation between the barbiturate ring plane and the
molecular plane of NMA (Scheme 2). The calculated
energies are plotted in Figure 3 as a function of distance
between the centroid of the ring and the oxygen atom of
NMA. The stabilization energy of dimethyl barbitu-
rate–NMA interaction was found to be 7 kcal/mol,
compared to 9.2 kcal/mol for the fully optimized com-
plex (all without zero-point energy corrections), indi-
cating an upper-limit of �2 kcal/mol for the C–
H. . .O¼C hydrogen bonds in 6, which is within the
range of estimates by Hay and coworkers.3b

The significance of electrostatic attractions to the over-
all stabilization energy in 6 was also demonstrated by
the potential energy profiles from single point calcula-
tions using the Tripos force field24 and Gasteiger–
Huckel25 charges as shown in Figure 3. The simple
molecular force field reproduced the ab initio energy
curve reasonably well. When the electrostatic terms
were turned off, the stabilization energies dropped sig-
nificantly, suggesting that electrostatic interactions
account for more than half of the total stabilization
energy in 6.

The p-acidic amide can complement a hydrogen bond
acceptor through electrostatic interaction. The present
computational studies suggest barbituric acid and
isocyanuric acid derivatives are potential structural
motifs capable of complementing a hydrogen bond
acceptor or anion through electrostatic interactions. To
interact with a hydrogen bond acceptor or anion, the
partially positively charged amide nitrogen and car-
bonyl carbon provide electrostatic attraction, balanced
by the electrostatic repulsion from the electronegative
carbonyl oxygen atoms.
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