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ABSTRACT: Experimental and theoretical studies of fluoro-,
chloro-, and bromo-substituted derivatives of barbituric acid and
indandione show that imide protons form short hydrogen bonds and
bromine or, to a lesser extent, chlorine atoms form halogen bonds.
The imide nitrogen atoms act as effective pnictogen bond donors,
while C(sp2) and C(sp3) atoms act as tetrel bond donors; the
resulting N···O and C···O close interactions are a distinctive feature
of crystal lattices in all compounds. Importantly, halogen atoms
promote the electrophilicity of C(sp3) sites and favor the formation
of C(sp3)···O close contacts. Oxygen atoms of carbonyl groups of barbituric and indandione units or of water molecules function as
the interaction acceptor sites: namely, they donate electron density to hydrogen, halogen, nitrogen, and carbon atoms. Modeling of
various barbituric acid derivatives indicates that the positive electrostatic potentials of π-holes orthogonal to the C(sp2) carbons and
σ-holes on the elongation of quasi-axial F/Cl/Br−C(sp3) bonds merge to produce a single well-defined point of the most positive
electrostatic potential on one face of the barbituric acids. This single local maximum of the potential on the molecular face is close to
the site occupied by the oxygen forming the C(sp3)···O, and C(sp2)···O, short contacts observed in crystals.

■ INTRODUCTION

An in-depth understanding of supramolecular interactions and
their role in driving or affecting molecular recognition
phenomena is crucial in diversified fields of chemistry and
biology, ranging from the photophysical properties of light-
emitting diodes to structure-based drug design.1,2 Since carbon
atoms are ubiquitous in organic compounds, the elucidation of
short contacts involving carbon moieties is of paramount
importance.
Covalently bonded atoms of groups 13−18 of the Periodic

Table commonly have anisotropic distributions of electronic
density. This results in regions, on the molecular surface, in
which the electronic density is low and the electrostatic
potential is frequently positive.3 These positive regions tend to
behave as electrophilic sites (Lewis acids) and to interact
attractively with electron-rich sites, for instance π-bonds, lone
pairs on neutral atoms, and anions. Such sites act as
nucleophiles (Lewis bases).
When the region of reduced electronic density is localized

approximately along the extension of a σ bond to an atom, it is
labeled a σ-hole on that atom.4 When it is above and below a
planar portion of a molecule, it is called a π-hole.5 The
interactions of nucleophiles with the positive electrostatic
potentials that are often associated with σ- and π-holes are
known as σ-hole interactions and π-hole interactions.6

Some features of these interactions are quite similar
regardless of the group of the Periodic Table to which the

electrophilic site belongs. For instance, the strength of the
interactions of a given nucleophile with electrophilic sites on
the different atoms within a group increases with the
polarizability of the atom and with the electron-withdrawing
abilities of the residues bound closely to it.7,8

Other features vary with the group to which the electrophilic
site belongs. For instance, σ-hole interactions are more likely to
deviate somewhat from the extension of the σ-covalent bond
that generates the σ-hole when the σ-hole is on an atom of
groups 15 and 16 than when it is an atom of groups 14 smf
17.9 A systematic terminology recognizes these differences and
designates interactions by referring to the name of the group of
the electrophilic site.10,11 The halogen bond (HaB)12 and the
chalcogen bond (ChB),13,14 which occur when the electrophile
is an atom of groups 17 and 16, are the most widely
investigated interactions of this set. The triel bond (TrB),15 the
pnictogen bond (PnB),16,17 and also the noble-gas bond
(NgB),18 wherein the electrophilic site is in groups 13, 15, and
18, are receiving growing interest. The tetrel bond (TtB)
model for interactions where the electrophile is in group 14,
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was first proposed in 200919 and rapidly reached the center
stage,20,21 probably because TtBs may be ubiquitous
interactions, due to the widespread presence of carbon in
organic derivatives, and may be related to some key chemical
phenomena such as SN2 reactions22 and hydrophobic
interactions.23

Most of the interactions that have been interpreted as σ- or
π-hole, involving attractions between regions of opposite
electrostatic potential, were already known from earlier
experimental work. For instance, the formation of the I2−
ammonia adduct, now understood as a halogen-bonded
system,24 was first reported in a paper from Gay-Lussac’s
laboratory as early as 1814,25 and the SO2−amine adducts,
now understood as chalcogen-bonded systems,26 were already
described in an article from Hofmann’s laboratory in 1843.27

The same is true for TtBs involving C(sp2) atoms. The
seminal work of Bürgi and Dunitz in the 1970s28 identified the
attractive interaction between electron-rich sites and the
partially positive C(sp2) atoms of carbonyl derivatives as a
central theme of molecular recognition. A variety of such
attractive interactions, characterized by quite different relative
arrangements of interacting partners, have subsequently been
recognized:29 e.g., parallel dipolar interactions pairing a
permanent carbonyl dipole with another dipole and the
orthogonal Coulombic interactions between a carbonyl carbon
and a lone pair or an anion.30,31 All of these are now
understood as π-hole interactions at carbons.5,6 In contrast,
adducts formed due to C(sp3)···nucleophile attractive inter-
actions began to be a focus of studies on recognition
phenomena only early in this century, after the publication
of papers proposing to extend to group 14 elements5,19 the
mindset developed in relation to group 17 elements.32−35 In
very recent years, papers on quantum calculations on these
interactions,36,37 some combined with mining the Cambridge
Structural Database (CSD) and the Protein Data Bank
(PDB),38−40 were published and unequivocally correlated the
directionalities of the interactions with the approach of the
nucleophiles to the σ-holes at carbons. In contrast,
experimental studies on C(sp3)···nucleophile interactions
have been few41−43 and have frequently been limited to
charge-density analyses.44

Accordingly we decided to assess experimentally the
potential of C(sp3)···nucleophile TtBs in crystal engineering.45

The study of intermolecular interactions in chloranil,46

alloxan,47 and triketoindane48 afforded probably the first
indications of orthogonal CO···CO close contacts, an
important subclass of C(sp2)···nucleophile TtBs. We consid-
ered that the more electron withdrawing a group σ-bonded to
carbon, the more extended and positive the carbon σ-hole and
the closer and stronger the resulting σ-hole interactions.3−5 We
thus focused our attention on 5,5-dihalobarbituric acid
derivatives 1a−m, which can be considered alloxan analogues
wherein the C5O group is replaced by a CX2 moiety (X = F,
Cl, Br) (Scheme 1). Introduction on C5 of electron-
withdrawing halogen atoms was used to boost the electrophilic
character of this sp3 atom and to favor its involvement in
C(sp3)···O intermolecular interactions.
An interesting consequence of replacing the C(5)H2

hydrogens by halogen atoms X is that the CX2 carbon
moves out of the ring plane. As a result, whereas the two C−H
bonds at C5 in the parent barbituric acids are directed
symmetrically above and below the plane, in the halogenated
derivatives one of the C−X bonds is quasi-equatorial and the

other is quasi-axial. This paper describes the single-crystal X-
ray structures of barbituric acid derivatives 1a−m, which
feature both C(sp2)···O and C(sp3)···O close contacts49−52

wherein carbon and oxygen atoms serve as electrophilic and
nucleophilic sites, respectively. Modeling of these derivatives 1
brings out an unusual and interesting point. On the face
opposite to the quasi-axial halogen, the positive electrostatic
potentials of π-holes orthogonal to the C(sp2) carbons merge
with the positive electrostatic potential of σ-holes on the
elongation of quasi-axial X−C(sp3) bonds. This produces a
single well-defined point of the most positive electrostatic
potential on the face, and this point is located close to C5. On
the opposite face, a similar merging is observed of the positive
electrostatic potentials of π-holes orthogonal to the C(sp2)
carbons and the positive electrostatic potential of σ-holes on
the elongation of quasi-equatorial X−C(sp3) bonds and a
single point of less positive potential is generated that is quite
close to C2. Clearly, the directionalities of the two geminal X−
C(sp3) bonds affect the electrostatic potential at these most
positive points and their locations. These positive potentials
correlate nicely with the C(sp2)···O and C(sp3)···O close
contacts observed in the crystal structures. Importantly, these
findings are an experimental validation of the ability of C(sp3)
atoms to function as electrophilic sites and to affect the
formation of close contacts with electron-rich sites, namely
TtBs, that influence the conformation and crystal packing of
organic derivatives.
It has been frequently considered that C(sp3)···nucleophile

contacts may result from or be associated with the formation of
hydrogen bonds (HBs) involving the partially positive
hydrogen atoms bound to the carbon atom.38,44 The C(sp3)
atom forming the close C(sp3)···O contacts in barbituric
derivatives 1 bears no hydrogen atoms; thus, the observed
close C···O separations confirm the inherent tendency of
C(sp3) atoms bearing electron-withdrawing groups to function
as TtB donor sites in the absence of “auxiliary” HBs.

■ EXPERIMENTAL SECTION
Materials and Methods. The starting materials (barbituric acid,

1,3-dimethybarbituric acid, and 1,3-indandione) were purchased from
Sigma−Aldrich. Commercial AR grade solvents were purchased from
Merck, TCI (Europe and Japan), and Apollo Scientific and used
without any further purification for synthesis and crystallization.

IR spectra were obtained using a Nicolet Nexus FT-IR
spectrometer equipped with a UATR unit. Melting points were
determined with a Reichert instrument by observing the melting and
crystallizing process through a polarizable optical microscope.

Scheme 1. Structural Formulas of 5,5-Dihalobabrbituric
Acids 1a−m and Indandione Derivative 2
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DSC analyses were carried out with a Mettler Toledo DSC600 hot
stage (10 °C/min). Aluminum oxide crucibles were used for all
samples during all thermal analyses, and the instrument was calibrated
using indium as a standard; an empty crucible was used as a reference.
Data acquisitions were carried out under a flow of N2 (100 mL min−1)
with a heating rate of 10 °C min−1. 1H NMR spectra were recorded at
ambient temperature on a Bruker AV-400 spectrometer, at 400 MHz.
The same instrument was used for recording 13C and 19F NMR
spectra. All chemical shifts in the Supporting Information are given in
ppm. DMSO-d6 was used as a solvent.
The single-crystal X-ray data were collected with a Bruker SMART

APEX II CCD area detector diffractometer, equipped with a graphite
monochromator and Mo Kα radiation (λ = 0.71073 Å) and often a
KRYOFLEX apparatus keeping the crystals at 100 K during data
collection. Cell refinement and data reduction were done with Bruker

SAINT. Structure solutions were performed with Olex253 using
charge-flipping methods and Fourier analysis, and refinements were
performed by full-matrix least-squares methods based on F2

implemented in SHELXL 2014.54 Drawings were prepared using
Mercury software.55 Essential crystal and refinement data are reported
in Table 1.

■ RESULTS AND DISCUSSION
The pattern of close contacts observed in crystals of
halobarbituric derivatives 1a−m is related in a straightforward
manner to the electronic features indicated by modeling (see
below). The central part of the ring is positive due to the
collective effect of the anisotropic distribution of the electronic
density at each ring atom,6 the σ- and π-holes at ring carbons

Table 1. Summary of Crystal Data and Structure Refinement for Compounds 1 and 2

1a 1b 1c 1d 1e 1g 1h

empirical formula C4H2N2O3F2 C5H4F2N2O3 C6H6F2N2O3 C6H6F2N2O3 C8H10F2N2O3 C5H6Cl2N2O4 C6H6Cl2N2O3

formula wt 164.08 178.10 192.13 192.13 220.18 229.02 243.04
temp (K) 93.15 103(2) 296.15 100(2) 103.15 100 100
cryst syst orthorhombic tetragonal trigonal orthorhombic orthorhombic monoclinic triclinic
space group P212121 I4̅ R3̅ Pna21 Pnma P21/n P1̅
a (Å) 6.5281(10) 13.2141 (9) 23.337(4) 19.3227(8) 7.476(3) 8.032(13) 5.4465(4)
b (Å) 7.7341(12) 13.2141 (9) 23.337(4) 8.3366(3) 16.400(8) 6.9127(12) 8.3852(7)
c (Å) 11.000(2) 7.6784 (6) 7.5488(14) 19.3333(9) 7.834(4) 16.070(2) 10.6465(9)
α (deg) 90 90 90 90 90 90 97.424(4)
β (deg) 90 90 90 90 90 100.077(8) 103.938(4)
γ (deg) 90 90 120 90 90 90 92.490(4)
volume (Å3) 555.39(16) 1340.7(2) 3560.4(14) 3114.3(2) 960.5(8) 878.5(2) 466.55(7)
Z 4 8 18 16 4 4 2
ρ (g/cm3) 1.962 1.765 1.613 1.639 1.523 1.732 1.730
μ (mm−1) 0.207 0.179 0.158 0.161 0.141 0.707 0.671
F(000) 328.0 720.0 1764.0 1568.0 456.0 424.0 228.0
no. of rflns collected 12559 2402 10963 44097 5385 24285 2149
goodness of fit on F2 1.005 1.028 2.417 1.029 1.149 1.027 1.218
final R indexes (I > 2σ(I)) R1 = 0.0442,

wR2 = 0.0760
R1 = 0.0284,
wR2 = 0.0681

R1 = 0.1472,
wR2 = 0.4504

R1 = 0.0390,
wR2 = 0.0956

R1 = 0.0584,
wR2 = 0.1138

R1 = 0.0260,
wR2 = 0.0577

R1 = 0.0346,
wR2 = 0.0920

final R indexes (all data) R1 = 0.0750,
wR2 = 0.0852

R1 = 0.0305,
wR2 = 0.0696

R1 = 0.1654,
wR2 = 0.4770

R1 = 0.0468,
wR2 = 0.1002

R1 = 0.1148
wR2 = 0.1307

R1 = 0.0357,
wR2 = 0.0610

R1 = 0.0450,
wR2 = 0.1086

CCDC no. 2006593 2006589 2006588 2006600 2006590 2006592 2006591
1i 1k 1l 1m 1n 2

empirical formula C6H6Cl2N2O3 C5H6Br2N2O4 C6H6Br2N2O3 C6H6Br2N2O3 C5H6N2O3 C27H14O5F2
formula wt 225.03 317.92 313.95 313.93 142.12 456.38
temp (K) 100 100 100 100 100.15 296
cryst syst monoclinic monoclinic monoclinic monoclinic monoclinic monoclinic
space group P21/c P21/n P21/n P21/c C2/c C2/c
a (Å) 7.2700(5) 8.0664(4) 11.5366(12) 7.5007(10) 12.2688(15) 27.899(4)
b (Å) 15.8111(11) 7.2059(4) 7.0510(7) 15.839(2) 6.5791(9) 7.9166(12)
c (Å) 15.3927(11) 16.0550(7) 12.1692(13) 15.534(2) 14.2323(19) 22.182(2)
α (deg) 90 90 90 90 90 90
β (deg) 94.238(5) 100.097(3) 111.987(3) 94.827(6) 91.186(2) 122.13(2)
γ (deg) 90 90 90 90 90 90
volume (Å3) 1764.5(2) 918.75(8) 917.90(17) 1838.9(4) 1148.6(3) 4148.9(10)
Z 8 4 4 8 8 8
ρ (g/cm3) 1.694 2.298 2.272 2.268 1.644 1.461
μ (mm−1) 0.710 8.793 8.807 8.776 0.138 0.113
F(000) 912.0 568.0 600.0 1095.0 592.0 1872.0
no. of rflns collected 28882 5570 6579 68577 8461 71749
goodness of fit on F2 1.015 1.034 1.016 1.010 1.015 1.120
final R indexes (I > 2σ(I)) R1 = 0.0412,

wR2 = 0.0828
R1 = 0.0252,
wR2 = 0.0503

R1 = 0.0246,
wR2 = 0.0510

R1 = 0.0269,
wR2 = 0.0477

R1 = 0.0443,
wR2 = 0.0930

R1 = 0.0608,
wR2 = 0.1941

final R indexes (all data) R1 = 0.0732, wR2
= 0.0956

R1 = 0.0356, wR2
= 0.0538

R1 = 0.0363, wR2
= 0.0542

R1 = 0.0548, wR2
= 0.0526

R1 = 0.0729, wR2
= 0.1059

R1 = 0.0717, wR2
= 0.2054

CCDC no. 2006594 2006596 2006595 2006599 2006597 2006598
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probably playing a major role. Oxygen atoms are negative,
imidic hydrogens are positive,56 and chlorine and bromine
atoms have positive σ-holes.12 The specific close contacts
present in crystals of 1a−m are numerous and are of different
types; some vary from one compound to another,57 while
others are invariably observed whenever the groups involved
are present. The focus in this paper is on these latter contacts.
Crystallographic Analyses. Similar to crystals of un-

substituted barbituric acid58 and its derivatives having one or
two alkyl and/or aryl groups on C5,59 N−H···O hydrogen
bonds (HBs) are observed in crystals of all dihalobarbituric
acids 1 containing N−H group(s). The HB acceptor can be
the oxygen atom of a carbonyl group in a neighboring
barbituric molecule or the oxygen of a cocrystallized water
molecule (e.g., 1g,h,k), and adducts with different 1D, 2D, or
3D topologies are formed (Figure 1).60 Several HBs are

present in the unit cell of all dihalobarbituric acids 1 having
NH group(s), and they are quite short (e.g., the normalized
contacts61 Nc of N−H···O separations in 1k, 1h, and 1b,c are
as small as 0.73, 0.77, and 0.80, respectively). It seems
therefore that the observed HBs are fairly strong interactions
which play a nonminor role in determining the adopted crystal
packings.56

Chlorinated and brominated dihalobarbituric acids form
short Cl/Br···O HaBs.12 Br···O HaBs tend to occur more
frequently and to be shorter and closer to linearity than Cl···O
HaBs (Figure 2). This is consistent with the behavior observed
in crystals of other geminal dichloro and dibromo deriva-
tives56,62−64 and with the electrostatic potential at the σ-hole
that is approximately on the elongation of the C−Cl/Br
covalent bonds (vide infra). For instance, in 5,5-dibromo-N-
methyl barbituric acid (1k), the Br···O distance is as short as
301.2 pm (corresponding to an Nc value of 0.89) and the C−

Br···O angle is 170.23°, while in the 5,5-dichloro analogue 1g
the Cl···O HaB distance is 314.9 pm (Nc = 0.96) and the C−
Cl···O angle is 165.14°.
Molecules of 5,5-dihalobarbituric acids 1a−m adopt in the

crystals an opened “envelope” conformation wherein the three
carbonyl groups and the two nitrogen atoms are nearly
coplanar, while C5 is slightly out of the plane with one halogen
atom in a quasi-axial and the other in a quasi-equatorial
position. In all crystals an oxygen atom sits over the barbituric
acid’s face opposite to the quasi-axial halogen, typically with an
offset from the center of the ring, and forms close contacts with
the atoms of the underlying ring in their regions of depleted
electronic density. This oxygen is of a barbituric carbonyl
group except for 5,5-dichloro-N-ethyl barbituric acid (1h),
which crystallized as a monohydrate and the oxygen sitting
over the face of barbituric acid is that of a water molecule.
The oxygen above the barbituric acid face frequently forms

close contacts with one or both of the imide nitrogen atoms of
the underlying barbituric acid molecule (Figure 3). Carbonyl

groups withdraw electronic density from these nitrogen atoms
to the point that they behave as electrophilic sites. It is thus
possible to rationalize the close N···O contacts observed in 1 as
pnictogen bonds (PnBs). CSD analysis (Conquest 2.0.5) of
the interactions formed by imide nitrogen atoms confirms the
possibility that they can function as electrophiles (Table S.4).
For instance, the electrophilic role played by imide nitrogen
atoms in some interactions is unequivocally proven by the fact

Figure 1. Ball and stick representations (Mercury 4.3.1) of the
hydrogen-bonded dimer (a) and ribbons (b) present in crystals of 5,5-
dibromo-N-ethyl barbituric acid (1l) and 5,5-difluoro barbituric acid
(1a) thanks to the antiparallel pairing of C(O)−NH functionalities
of adjacent molecules and hydrogen-bonded ribbons (c) formed by
water molecules which are bridging 5,5-dichloro-N-methyl barbituric
acid (1g) molecules. HBs are blue dotted lines. Color coding for
atoms: whitish, hydrogen; gray, carbon; red, oxygen; blue, nitrogen;
brown, bromine; yellowish green, fluorine; green, chlorine.

Figure 2. Ball and stick representations (Mercury 4.3.1) of HaBs in
5,5-dichloro-N,N-dimethyl barbituric acid (1i) (a), 5,5-dibromo-N,N-
dimethyl barbituric acid (1m) (b), and 5,5-dibromo-N-methyl
barbituric acid (1k) (c). HaBs are brown dotted lines. Color coding
for atoms: whitish, hydrogen; gray, carbon; red, oxygen; blue,
nitrogen; green, chlorine; brown, bromine.

Figure 3. Ball and stick representations (Mercury 4.3.1) of PnBs in
5,5-difluoro-N,N-dimethyl barbituric acid (1d) and its 5,5-dichloro
and 5,5-dibromo analogues 1i,m (from left to right). PnBs are green
dotted lines. Nc values are reported close to the bond. Color coding
for atoms: whitish, hydrogen; gray, carbon; red, oxygen; blue,
nitrogen; yellowish green, fluorine; green, chlorine; brown, bromine.
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that the atom interacting with the nitrogen can be not only an
oxygen or another neutral atom possessing a lone pair but also
an anion.65−67

In most dihalobarbituric acids 1a−m (for instance in 1a−
c,e,g,i,k), the oxygen sitting above the barbituric acid face
forms three C(sp2)···O interactions as it gives rise to close
contacts with all three carbonyl groups of the underlying
molecule. In all crystals 1a−m, the same oxygen atom forms
close C(sp3)···O contacts with the dihalo substituted C5 atom
(Table 1 and Figures S.1−S.15). These close contacts can all
be rationalized as TtBs. The occurrence of C(sp3)···O TtBs in
compounds 1 is quite common, nearly as common as that of
C(sp2)···O TtBs and more common than that of N···O PnBs.
The C(sp3)···O TtBs formed in crystals 1a−m by the oxygen
above the barbituric acid face are 86% of the maximum
possible number of these interactions; the corresponding
percentages for C(sp2)···O TtBs and for N···O PnBs are 90%
and 74%, respectively. This suggests that sp3 and sp2 carbon
atoms in 1 have a similar tendency to act as electrophilic sites
in the solid and this tendency is higher than that of nitrogen
atoms.
CSD analyses provide useful information on the effects of

halogen atoms on the patterns of TtBs involving the barbituric
acid ring. Eighty crystal structures in the CSD contain
barbituric acid derivatives bearing two hydrogen atoms at
C5, and they frequently present a pattern of TtBs similar to
that observed in dihalobarbituric acids 1 (Tables S.1−S.3).
Specifically, 30% of them have close C(sp3)···O contacts
involving C5 and 46% or 29% of them show close C(sp2)···O
contacts involving C4/6 or C2, respectively. These numbers
reveal that short C(sp3)···O contacts involving C5 occur more
frequently in crystals of halogenated derivatives 1 than of the
parent barbituric acid compounds bearing two hydrogen atoms
on C5. This is consistent with the fact that the carbon σ-holes
due to C−X covalent bonds (X = F, Cl, Br) have significantly
more positive electrostatic potentials in comparison to those
arising from C−H covalent bonds. Halogenation favoring the
pinning of an oxygen close to C5, the statistical occurrence of
close C4/6···O and C2···O contacts is also higher for
dihalogenated compounds 1 than for the parent dihydro
derivatives and the same holds true for the PnBs.
If substituents with low electronegativity are introduced at

C5, the C5 σ-holes resulting from bonds to such substituents
are likely to have only weakly positive electrostatic potentials
and by far the most important effects caused by the presence of
these substituents on the pattern of interactions involving the
barbituric acid ring are expected to be those resulting from
increased steric hindrance. In the CSD, 6 and 193 structures
contain the 5,5-dimethyl- and 5,5-diethylbarbituric acid
moieties, respectively, and these compounds adopt a flattened
conformation similar to that of 5,5-dihalobarbituric acids 1.
None of these dialkyl-substituted barbituric acids show close
C5···O contacts; structures with close C4/6···O and C2···O
contacts are 1 and 2 for the dimethyl derivatives and 0 and 20
for the diethyl derivatives, respectively (Tables S.1−S.3).
These numbers indicate that, if substituents at C5 do not result
in significantly positive σ-hole potentials on C5, then the
formation of close C(sp3)···O contacts involving C5 is
prevented, the formation of close C(sp2)···O contacts involving
C4/6 is strongly disfavored, and the formation of close
contacts involving C2, the site less close to C5, is disfavored to
a lesser extent. It may be concluded that the tendency of
halogen atoms to favor the pinning of a nucleophile close to

the barbituric acid face is effective enough to counterbalance
the effect of steric hindrance resulting from halogenation,
which opposes the close pinning of the nucleophile. This is the
case not only for the small and highly electronegative fluorine
but also for the large and poorly electron withdrawing
bromine.
To have a precise confirmation of these statistical

indications, we prepared and analyzed N-methyl barbituric
acid 1n. In this compound the close C2···O contact is not
present (the corresponding separation is longer than the sum
of the carbon and oxygen van der Waals radii, its Nc value
being 1.07) and both C5···O and C4/6···O contacts are longer
than the respective contacts in the fluorinated, chlorinated, and
brominated analogues 1b,g,k. Exact values are reported in
Figure 4. The promoting effect of halogenation at C5 on the
formation of short C(sp3)···O and C(sp2)···O TtBs is
confirmed.

Observed C(sp3)···O separations in 1a−m show the
directionality typical for σ-hole TtBs. The oxygen is
approximately on the elongation of the Xquasi‑axial−C5 covalent
bond (X = F, Cl, Br). The Xquasi‑axial−C···O angles are quite
close to linearity; the mean value of the Fquasi‑axial−C···O angles
in compounds 1a−e is 175.38°. Deviation from the expected
linearity for X−C···O angles increases with the size of the
halogen; the mean value of Brquasi‑axial−C···O angles in
compounds 1j−m is 165.28°. This is probably related to the
fact that on approaching the barbituric ring on the extension of
the Xquasi‑axial−C covalent bond, the oxygen gets close to the
most negative region of the quasi-equatorial halogen: namely,
the negative belt around its lateral sides. The resulting
repulsion diverts the oxygen from the C5 σ-hole, the effect
increasing with the size of the halogen.
The structure of the difluorodiketoindane derivative 2

proves that TtBs involving dihalogenated C(sp3) sites are
robust enough to affect not only the crystal packing of organic
molecules but also their conformations in the solid. A short
and directional intramolecular F−C(sp3)···O TtB is present in
the compound and locks its spatial arrangement (the C···O
distance is 295.4 pm, corresponding to Nc = 0.92, and the F−
C···O angle is 171.13°).

Figure 4. Ball and stick representations (Mercury 4.3.1) of TtBs in
5,5-difluoro-N-barbituric acid (1b) and its dichloro (1g), dibromo
(1k), and dihydro analogues (1n, from left to right). Values of
C(sp3)···O and C(sp2)···O TtB separations are reported in pm. TtBs
are black dotted lines. Color coding for atoms: whitish, hydrogen;
gray, carbon; red, oxygen; blue, nitrogen; yellowish green, fluorine;
green, chlorine; brown, bromine.
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C(sp3)···O separations in 1a−m are consistently shorter
than the sum of the carbon and oxygen van der Waals radii,
independent of the nature of the halogen substituents at C5
and of the substituents at nitrogen atoms. For instance, the Nc
value of the C(sp3)···O distance is 0.90 in difluorobarbituric
acid68 1a and 0.92 and 0.91 in one of the independent
molecules in the unit cells of dichloro69 and dibromo dimethyl
barbituric acids 1i,m, respectively. C(sp3)···O contacts
involving C5 are typically shorter than C(sp2)···O contacts
involving C2 and slightly longer than C(sp2)···O contacts
involving C4/6. For instance, C5···O, C2···O, and C4/6···O
separations are 289.3, 319.2, and 282.2/280.6 pm (the
respective Nc values are 0.90, 0,88, and 0.87) in difluoro
barbituric acid 1a; the corresponding values for 5,5-difluoro-N-
methyl barbituric acid 1b and its dichloro and dibromo
analogues 1g,k are reported in Figure 4. There is usually a
strict correlation between bond length and bond strength for
similar interactions in structurally similar compounds; C-
(sp2)···O TtBs are medium-strength interactions,29−31 and it
can thus be assumed that the same holds for C(sp3)···O TtBs
in 1. The fact that C5···O separations in 1b,g,k are shorter than
in the hydrogenated parent 1n indicates that the electron-
withdrawing ability of the halogens not only counterbalances
but even overcompensates for the effect of the increased steric
hindrance due to halogenation and the resulting repulsion
between the oxygen involved in TtB formation and the quasi-
equatorial halogen of the tetrel-bonded barbituric acid
molecule.
These observations allow for rationalizing as TtBs the

interactions formed by dihalomethylene groups of compounds
endowed with useful functional properties. For example,
Freon-32 is a particularly interesting refrigerant due its zero
ozone depletion potential. In its complex with pyridine the
nitrogen is opposite to one of the fluorine atoms and the FC···
N separation is below the sum of van der Waals radii (Nc =
0.97) (Scheme 2).70 Similar interactions are observed in

complexes formed by various nucleophiles, water included,
with other fluorocarbon refrigerants: e.g., Freon-14.71,72 Some
oxaziridines function as strong yet selective oxidizing agents.73

When N-phenylsulfonyl camphoryl oxaziridines are used,
oxygen transfer reactions occur enantioselectively and 3,3-
difluoro, 3,3-dichloro, and 3,3-dibromo derivatives afford
higher enantiomeric excesses than the 3,3-dihydro parent
compound.62,74 It has been shown how the very high
enantioselectivity displayed by the 3,3-dichloro derivative is a
consequence of a molecular cleft defined by the phenysulfonyl
and the dichloromethylene groups, the conformation being
locked by a close Cl−C···OSO separation.
Consistent with the general trend of σ-hole interac-

tions,7,12,14,17,20 shorter contacts are usually more linear. For
instance, four independent molecules are present in the unit
cell of 5,5-difluoro-N,N-dimethyl barbituric acid 1d, and the

C(sp3)···O separations are 289.7 and 304.0 pm in molecules
where the F−C(sp3)···O angles are 179.37 and 175.60°,
respectively.
In all barbituric acid derivatives 1a−m, the C−Xquasi‑axial

covalent bonds are longer than the C−Xquasi‑equatorial bonds. The
difference between the two bond lengths can be as high as 5.6
and 5.5 pm in one of the two independent molecules present in
the unit cells of 5,5-dibromo-N,N-dimethylbarbituric acid 1m
and its 5,5-dichloro analogue 1i. C−F bonds are stronger than
C−Cl and C−Br bonds, and the differences between C−
Fquasi‑axial and C−Fquasi‑equatorial bonds is frequently smaller than
the corresponding differences in chlorinated and brominated
barbituric acids. The greatest difference for the molecules
present in the unit cell of 5,5-difluoro-N,N-dimethylbarbituric
acid 1d is 3.0 pm, but it is interesting to observe that in the
difluorodiketoindane derivative 2 the C−F bond opposite to
the tetrel-bonded oxygen is 6.6 pm longer than the other C−F
bond. This difference in bond lengths may have a molecular
origin. The quasi-axial halogen atoms experience greater steric
hindrance than the quasi-equatorial halogen, and the greater
length of the C−Xquasi‑axial covalent bond may be a
consequence of the need to decrease the repulsive close
interactions between the electron clouds of the halogen and
barbituric ring atoms.75 However, this difference in bond
lengths may have also a supramolecular origin. The length-
ening of a C−X covalent bond opposite to an HaB is well
documented.12,76 The formation of PnBs17 and ChBs7

frequently causes an elongation of the covalent bond opposite
to these interactions. It has been shown that this can be fully
explained in terms of polarization of the electronic densities on
the σ-hole molecules by the electric fields of the negative sites.
This difference between the two geminal C−X bonds may thus
be strictly related to the TtB formation. It may be even
considered a fingerprint of this formation. In several CF3
groups acting as TtB donor sites, the C−F bond opposite to
the TtB is longer than the two other geminal C−F bonds.45

Usually the shorter the σ-hole interaction, the greater the
lengthening of the opposite covalent bond. Indeed, two
independent molecules are present in the unit cell of 5,5-
chloro-N,N-dimethylbarbituric acid 1i; the two C(sp3)···O
separations are 297.6 and 315.8 pm, and the respective
differences between C−Xquasi‑axial and C−Xquasi‑equatorial covalent
bonds are 5.5 and 3.9 pm. Similarly, the two C(sp3)···O
separations in the two independent molecules present in 5,5-
dibromo-N,N-dimethylbarbituric acid 1m are 293.4 and 329.3
pm and the respective differences between C−Xquasi‑axial and
C−Xquasi‑equatorial covalent bonds are 5.6 and 3.3 pm.
It has been observed that the formation of TtBs involving

C(sp3) atoms as donor sites may be associated with, or result
from, the formation of HBs in which hydrogen atoms on the
tetrel-bonded carbon are the HB donor sites.39,44 This may be
the case in 1n, as the two hydrogen atoms on C5 are quite
acidic (the pKa of barbituric acid in water is 4.01)77 and it can
be expected that they are quite effective in forming HBs and in
favoring the approach of oxygen to the C(sp3) atom. In
barbituric acid derivatives 1a−m no hydrogen atoms are ever
bound to C5, but in all compounds this C(sp3) site functions
as a TtB donor. It is thus proven that C(sp3) atoms can be
involved in the formation of short contacts with neutral and
lone-pair-possessing atoms also in the absence of ancillary HBs.
Importantly, the C(sp3)···O distance is shorter when the
carbon bears two fluorine or chlorine or bromine atoms
(namely in 1b,g,k) than when it bears two hydrogen atoms (in

Scheme 2. Structural Formulas of Tetrel-Bonded Systems
Involving Freon-32 (Left) and (+)-N-Phenylsulfonyl-3,3-
camphoryloxaziridine (Right)

Crystal Growth & Design pubs.acs.org/crystal Article

https://dx.doi.org/10.1021/acs.cgd.0c01429
Cryst. Growth Des. 2021, 21, 642−652

647

https://pubs.acs.org/doi/10.1021/acs.cgd.0c01429?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01429?fig=sch2&ref=pdf
pubs.acs.org/crystal?ref=pdf
https://dx.doi.org/10.1021/acs.cgd.0c01429?ref=pdf


1n). As already mentioned, halogenation of C5 increases its
electrophilicity.
Molecular Electrostatic Potentials. Close contacts are

reliable indicators of attractive interactions in most but not all
cases.6 The molecular surface electrostatic potentials of 5,5-
difluoro-N-methylbarbituric acid 1b, 5,5-dichloro, and 5,5-
dibromo analogues 1g,k, and the parent 5,5-dihydro
compound 1n were calculated in order to have information
on the electronic features responsible for the short contacts
observed in the crystals of barbituric acid derivatives. In Figure
5 we report the computed electrostatic potentials of these
compounds. The calculations were at the density functional
M06-2X/6-311G(d) level, using the Gaussian 09 program.78

The electrostatic potentials were obtained with the WFA-SAS
code.79

The σ-hole on the imide hydrogen is the site of most
positive electrostatic potential in all four molecules. This
accounts for the systematic involvement of N−H groups in HB
formation, as HB donor sites, in all crystals in which the N−H
group is present.
The second most positive sites are associated with the flat

region of barbituric acid rings. The barbituric acid ring in the
dihydro compound 1n has a planar conformation. The
electrostatic potentials are identical above and below the ring
plane. Their most positive values are not exactly above and
below the center of the barbituric acid ring but are slightly
shifted toward C5, in an intermediate position between C4 and
C6. The C5−VS,max distance is 212 pm.
The electrostatic potential at any point in a molecule results

from the contributions of all of the nuclei and electrons of the
molecule, with those closer to the considered point being more
influential. All of the atoms in close proximity to a given σ- or
π-hole can thus significantly affect both the magnitude and the
location of the positive potential associated with it. A typical
example is the nonminor deviation from linearity in pnictogen
atoms9 of the locally most positive molecular surface potential
(VS,max) associated with a σ-hole. Several cases have also been
reported where the positive potentials due to two σ-holes on
the extensions of σ covalent bonds on adjacent atoms merge
and one single VS,max located between the two atoms is
observed.3,8,80 A site of local most positive potential is
normally expected above and below a carbonyl carbon,5,6 but
it has been reported that the positive potentials associated with
two or more π-holes, on atoms in close proximity, sometimes
merge and only two VS,max located on the opposite sides of the
molecular plane are observed. This is the case, for instance, in
parabanic acid and alloxan,6 and a similar behavior is shown by
barbituric acids. Three pairs of VS,max might be anticipated in
1n corresponding to the three carbonyl groups. However, the
positive potentials associated with the three π-holes in this
compound merge and one single VS,max is found on each face of
dihydrobarbituric acid 1n (Figure 5a). These VS,max are rather
strong, approximately above and below the ring center, and are
slightly shifted toward C5. The site of one of these VS,max is
quite close to the site occupied by the oxygen forming the
close C4/5/6···O contacts found in the crystal of 1n (the H−
C5···O angle in the crystal is 170.6°, and the H−C5···VS,max
angle calculated in the gas phase is 179.2°).
A single VS,max is found on each flat region of the molecular

surface also in the 5,5-dihalo barbituric acids 1b,g,k. This
implies that in these derivatives the positive electrostatic
potentials associated with the π-holes of the three carbonyl
groups merge and that they further merge with the positive

Figure 5. Computed electrostatic potential on the 0.001 au molecular
surfaces of the parent 5,5-dihydro compound 1n (a), 5,5-difluoro-N-
methylbarbituric acid 1b (b), and the 5,5-dichloro and 5,5-dibromo
analogues 1g (c) and 1k (d). The flat regions of molecular surfaces
are represented; the electrostatic potential is the same on the two
faces of 1n and one picture is given, while the electrostatic potential is
different on the two faces of 1b,g,k and two pictures are given (face
opposite to the quasi-axial halogen on the left). C5 is at the bottom.
Electrostatic potential maps are superimposed on the molecular
structures; dark gray hemispheres are positions of local most positive
electrostatic potential (VS,max, kcal mol−1). Color ranges (kcal mol−1):
red, more positive than 28; yellow, between 28 and 14; green,
between 14 and 0; blue, negative (less than 0).
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potentials associated with the carbon σ-holes opposite to the
C−Xquasi‑equatorial and C−Xquasi‑axial covalent bonds. In 1b,g,k the
most positive potential on one molecular face and its
localization are different from the most positive potential and
its localization on the other face. These differences are a
fingerprint of the specific and different contributions to the
electrostatic potentials on the two molecular faces given by the
positive potentials associated with the carbon σ-holes
generated by the C−Xquasi‑axial and the C−Xquasi‑equatorial covalent
bonds. Since 1b,g,k adopt envelope conformations wherein C5
is out of the plane formed by the other five ring atoms, with
one halogen being quasi-axial and the other quasi-equatorial,
the VS,max opposite to the C−Xquasi‑axial covalent bonds are
markedly shifted toward C5 and those opposite to the C−
Xquasi‑equatorial covalent bonds are even more shifted toward C2.
Both of these dislocations with respect to the parent
compound 1n, which has a planar conformation, are a
straightforward consequence of the different contributions to
the ring VS,max of the positive carbon potentials associated with
the σ-holes generated by the C−Xquasi‑axial and the C−
Xquasi‑equatorial covalent bonds.
The VS,max on the face opposite to the C−Xquasi‑axial covalent

bond is more positive than that on the face opposite to the C−
Xquasi‑equatorial covalent bond. Consistent with the electro-
negativities of the respective halogen atoms, the two ring
VS,max of 5,5-difluoro derivative 1b are more positive and those
of 5,5-dibromo derivative 1k are less positive than those of 5,5-
dichloro derivative 1g. Interestingly, the three ring VS,max
opposite to the C−Xquasi‑axial covalent bond in 1b,g,k and the
three opposite to the C−Xquasi‑equatorial covalent bond are more
positive and less positive, respectively, than the ring VS,max in
1n. The sites of the locally most positive VS,max approximately
opposite to the quasi-equatorial halogens are close to the
positions occupied by the oxygens forming the TtBs and PnBs
observed in crystals and discussed above.
Finally it is worth mentioning that, consistent with the HaBs

present in some dichloro and dibromo barbituric acids and
with their relative lengths, local VS,max are found on both
halogen atoms of dichloro and dibromo derivatives 1g,k
(Figure 5), those in 1g being less positive than those in 1k.

■ CONCLUSIONS

Carbon is the element in group 14 that is least prone to form
attractive interactions with donors of electron den-
sity.5,8,9,19,20,45 The results that we have reported provide
experimental and computational evidence that not only C(sp2)
but also C(sp3) sites can systematically function as TtB donors
and give rise to close contacts with oxygen atoms in crystalline
solids. These contacts become shorter when bromine, chlorine,
and fluorine residues, i.e. moderately or strongly electron
withdrawing residues, are present on the C(sp3) carbon; the
contacts are longer in the parent hydrogenated compound. It is
proven that the tendency of C(sp3) atoms of some organic
derivatives to function as TtB donors is strong enough to
influence the packing of the compounds in crystals: namely, to
affect the preferred conformation and/or the network of
intermolecular interactions in the crystal lattices.
C(sp3) sites are ubiquitous in organic compounds, and the

exact profiling of their tendencies to act as binding sites opens
many new opportunities to chemists and biologists in the
design and control of a variety of recognition and organization
phenomena.

The landscapes of noncovalent interactions formed by
several barbituric acid derivatives in their crystals matches with
the computed surface electrostatic potentials, and the agree-
ment between computational and experimental results is
remarkable. In all cases, one single local maximum of the
surface electrostatic potential is present on each molecular face
rather than several distinct local maxima. The second most
positive local maximum is always on the face having the
unusual feature that the carbon σ-holes on the elongations of
the quasi-axial X−C σ covalent bonds at C5 merge with the π-
holes perpendicular to the carbonyl carbons at C2, C4, and C6.
The localization of the single local maximum of the
electrostatic potential on each molecular face is consistent
with the C(sp3)···O and C(sp2)···O short contacts observed in
crystals of barbituric acid derivatives and confirms the crystal
engineering described here.
Moving from the seminal role that parabanic acid, alloxan,

and triketoindane have had in relation to the short contacts
involving C(sp2) sites,46−48 we had identified 5,5-dihalobarbi-
turic acid derivatives as serving the same purpose for C(sp3)
sites. All features of the VS,max confirm the relevance of the
positive potentials associated with the X−C carbon σ-holes at
C5 in determining the short C(sp3)···O and C(sp2)···O
contacts observed in crystals. The ability of halogenated
C(sp3) sites to function as TtB donor sites23 is validated.
Indeed, a CSD analysis had already enabled us to establish that
the CF3 group is particularly tailored to form TtBs which can
affect or control the packing in crystalline solids.45

Similar to the case for parabanic acid and alloxan,6,46−48 the
pattern of short C···O TtBs observed in 1a−m strongly affects
the crystal packing. It is proven here that this is also the case in
compounds where the crystal packing is heavily affected by
PnBs formed by imide nitrogen atoms and by several
remarkably short, and probably strong, HBs formed by acidic
imide hydrogen atoms. The increased electrophilicity of C5
due to its halogenation affects this robust pattern of
interactions at carbon and nitrogen and makes it even more
robust than in the nonhalogenated parent molecule. Upon
halogenation, the VS,max on the flat regions of the molecular
surfaces opposite to the pseudoaxial halogens become more
positive and the short C···O TtBs occur more frequently and
become even shorter.
Reported crystallographic and computational results show

that in 5,5-dihalobarbituric acid derivatives the carbon σ-hole
due to an X−C covalent bond (X = F, Cl, Br) is even more
effective in favoring the approach of an oxygen atom, namely
the formation of a TtB, than the corresponding H−C covalent
bond in the parent compound. This is particularly remarkable
if we take into account the repulsive proximity between the
tetrel-bonded oxygen and the most negative regions of the
quasi-equatorial halogen atoms at C5 in the compounds
studied.
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L’iode Avec Les Substances Veǵet́ales et Animales. Ann. Chim. 1814,
90, 87−100.
(26) Reuter, K.; Rudel, S. S.; Buchner, M. R.; Kraus, F.; von
Han̈isch, C. Crown Ether Complexes of Alkali-Metal Chlorides from
SO2. Chem. - Eur. J. 2017, 23, 9607−9617.
(27) Hofmann, A. W. Chemische Untersuchung der Organischen
Basen im Steinkohlen-Theeröl. Ann. Chem. Pharm. 1843, 47, 37−87.
(28) Burgi, H. B.; Dunitz, J. D. From crystal statics to chemical
dynamics. Acc. Chem. Res. 1983, 16, 153−161.

Crystal Growth & Design pubs.acs.org/crystal Article

https://dx.doi.org/10.1021/acs.cgd.0c01429
Cryst. Growth Des. 2021, 21, 642−652

650

https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2006588&id=doi:10.1021/acs.cgd.0c01429
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:2006600&id=doi:10.1021/acs.cgd.0c01429
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jane+S.+Murray"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:jane.s.murray@gmail.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giuseppe+Resnati"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-0797-9296
http://orcid.org/0000-0002-0797-9296
mailto:giuseppe.resnati@polimi.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vijith+Kumar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-0508-3944
http://orcid.org/0000-0003-0508-3944
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Patrick+Scilabra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-1972-620X
http://orcid.org/0000-0003-1972-620X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Peter+Politzer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-8488-4282
http://orcid.org/0000-0002-8488-4282
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Giancarlo+Terraneo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-1225-2577
http://orcid.org/0000-0002-1225-2577
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrea+Daolio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-3571-3935
http://orcid.org/0000-0003-3571-3935
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francisco+Fernandez-Palacio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.cgd.0c01429?ref=pdf
https://dx.doi.org/10.1021/cr5006342
https://dx.doi.org/10.1039/C9CS00622B
https://dx.doi.org/10.1039/C9CS00622B
https://dx.doi.org/10.3390/cryst7070212
https://dx.doi.org/10.3390/cryst7070212
https://dx.doi.org/10.1016/j.comptc.2012.06.007
https://dx.doi.org/10.1016/j.comptc.2012.06.007
https://dx.doi.org/10.1016/j.comptc.2012.06.007
https://dx.doi.org/10.1007/s00894-011-1089-1
https://dx.doi.org/10.1007/s00894-011-1089-1
https://dx.doi.org/10.3390/cryst9030165
https://dx.doi.org/10.3390/cryst9030165
https://dx.doi.org/10.1021/acs.accounts.9b00037
https://dx.doi.org/10.1021/acs.accounts.9b00037
https://dx.doi.org/10.1016/j.jocs.2014.01.002
https://dx.doi.org/10.1016/j.jocs.2014.01.002
https://dx.doi.org/10.1039/C7CP06793C
https://dx.doi.org/10.1039/C7CP06793C
https://dx.doi.org/10.1021/acs.cgd.7b00309
https://dx.doi.org/10.1021/cg5001717
https://dx.doi.org/10.1021/acs.chemrev.5b00484
https://dx.doi.org/10.1515/pac-2018-0713
https://dx.doi.org/10.1515/pac-2018-0713
https://dx.doi.org/10.1016/j.ccr.2020.213243
https://dx.doi.org/10.1016/j.ccr.2020.213243
https://dx.doi.org/10.1016/j.ccr.2019.213171
https://dx.doi.org/10.1016/j.ccr.2019.213171
https://dx.doi.org/10.1021/ar3001316
https://dx.doi.org/10.1021/ar3001316
https://dx.doi.org/10.1016/j.jfluchem.2017.10.002
https://dx.doi.org/10.1016/j.jfluchem.2017.10.002
https://dx.doi.org/10.1016/j.ccr.2019.213112
https://dx.doi.org/10.1016/j.ccr.2019.213112
https://dx.doi.org/10.1007/s00894-008-0386-9
https://dx.doi.org/10.1007/s00894-008-0386-9
https://dx.doi.org/10.1007/s00894-017-3573-8
https://dx.doi.org/10.1007/s00894-017-3573-8
https://dx.doi.org/10.1007/s00894-017-3573-8
https://dx.doi.org/10.3390/molecules24061083
https://dx.doi.org/10.3390/molecules24061083
https://dx.doi.org/10.3390/molecules24061083
https://dx.doi.org/10.1039/C3CP53369G
https://dx.doi.org/10.1039/C3CP53369G
https://dx.doi.org/10.1039/c3cp51658j
https://dx.doi.org/10.1039/c3cp51658j
https://dx.doi.org/10.1007/430_2007_067
https://dx.doi.org/10.1007/430_2007_067
https://dx.doi.org/10.1002/chem.201701174
https://dx.doi.org/10.1002/chem.201701174
https://dx.doi.org/10.1002/jlac.18430470106
https://dx.doi.org/10.1002/jlac.18430470106
https://dx.doi.org/10.1021/ar00089a002
https://dx.doi.org/10.1021/ar00089a002
pubs.acs.org/crystal?ref=pdf
https://dx.doi.org/10.1021/acs.cgd.0c01429?ref=pdf


(29) Persch, E.; Dumele, O.; Diedrich, F. Molecular recognition in
chemical and biological systems. Angew. Chem., Int. Ed. 2015, 54,
3290−3327.
(30) Newberry, R. W.; Raines, R. T. The n→π* Interaction. Acc.
Chem. Res. 2017, 50, 1838−1846.
(31) Allen, F. H.; Baalham, C. A.; Lommerse, J. M.; Raithby, P. R.
Carbonyl-Carbonyl Interactions can be Competitive with Hydrogen
Bonds. Acta Crystallogr., Sect. B: Struct. Sci. 1998, 54, 320−329.
(32) Montaña, A. M. The a and Holes. The Halogen and Tetrel
Bondings: Their Nature, Importance and Chemical, Biological and
Medicinal Implications. Chem. Select. 2017, 2, 9094−9112.
(33) Some stable pentacoordinate carbon species characterized at
the end of the 1990s34 can be considered as early reports on systems
containing a very strong TtB enabled by the σ-hole opposite to an
oxonium residue (a very strongly electron withdrawing substituent).
These species were rationalized as hypervalent carbon compounds
(10-C-5) and the bonding patterm around the pentavalent carbon
atom has been explained in the original manuscript as an interaction
between a vacant C−X σ* orbital and a lone pair of a nucleophile.35

Clearly, they can also be understood as σ-hole interactions involving a
C(sp3)−O+ moiety.
(34) Akiba, K.-Y.; Yamashita, M.; Yamamoto, Y.; Nagase, S.
Synthesis and Isolation of Stable Hypervalent Carbon Compound
(10-C-5) Bearing a 1,8-Dimethoxyanthracene Ligand. J. Am. Chem.
Soc. 1999, 121, 10644−10645.
(35) Akiba, K.-Y.; Moriyama, Y.; Mizozoe, M.; Inohara, H.; Nishii,
T.; Yamamoto, Y.; Minoura, M.; Hashizume, D.; Iwasaki, F.; Takagi,
N.; Ishimura, K.; Nagase, S. Synthesis and Characterization of Stable
Hypervalent Carbon Compounds (10-C-5) Bearing a 2,6-Bis(p-
substituted phenyloxymethyl)benzene Ligand. J. Am. Chem. Soc. 2005,
127, 5893−5901.
(36) Scheiner, S. Ability of IR and NMR Spectral Data to
Distinguish between a Tetrel Bond and a Hydrogen Bond. J. Phys.
Chem. A 2018, 122, 7852−7862.
(37) Politzer, P.; Murray, J. S.; Clark, T. Halogen bonding and other
P-hole interactions: A perspective. Phys. Chem. Chem. Phys. 2013, 15,
11178−11189.
(38) Mooibroek, T. J. Intermolecular Non-Covalent Carbon-
Bonding Interactions with Methyl Groups: A CSD, PDB and DFT
Study. Molecules 2019, 24, 3370.
(39) Mundlapati, V. R.; Sahoo, D. K.; Bhaumik, S.; Jena, S.;
Chandrakar, A.; Biswal, H. S. Noncovalent Carbon-Bonding
Interactions in Proteins. Angew. Chem., Int. Ed. 2018, 57, 16496−
16500.
(40) Trievel, R. C.; Scheiner, S. Crystallographic and Computational
Characterization of Methyl Tetrel Bonding in S-Adenosylmethionine-
Dependent Methyltransferases. Molecules 2018, 23, 2965.
(41) Sethio, D.; Oliveira, V.; Kraka, E. Quantitative Assessment of
Tetrel Bonding Utilizing Vibrational Spectroscopy. Molecules 2018,
23, 2763.
(42) Southern, S. A.; Bryce, D. L. NMR Investigations of
Noncovalent Carbon Tetrel Bonds. Computational Assessment and
Initial Experimental Observation. J. Phys. Chem. A 2015, 119, 11891−
11899.
(43) Gou, Q.; Feng, G.; Evangelisti, L.; Caminati, L. Rotational
spectrum of the trtrafluoromethane-ethylene oxide. J. Mol. Spectrosc.
2017, 335, 84−87.
(44) Thomas, S. P.; Pavan, M. S.; Row, T. N. G. Experimental
evidence for ‘carbon bonding’ in the solid state from charge density
analysis. Chem. Commun. 2014, 50, 49−51.
(45) Daolio, A.; Scilabra, P.; Terraneo, G.; Resnati, G. C(sp3) atoms
as tetrel bond donors: A crystallographic survey. Coord. Chem. Rev.
2020, 413, 213265.
(46) Chu, S. S. C.; Jeffrey, G. A.; Sakurai, T. The crystal structure of
tetrachloro-p-benzoquinone (chloranil). Acta Crystallogr. 1962, 15,
661−671.
(47) Bolton, W. The crystal structure of alloxan. Acta Crystallogr.
1964, 17, 147−152.

(48) Bolton, W. The crystal structure of triketoindane (anhydrous
ninhydrin). A structure showing close C = O···C interactions. Acta
Crystallogr. 1965, 18, 5−10.
(49) In our analysis of crystal structures of 1a−m we discuss only
interatomic contacts shorter than the sum of van der Waals radii of
involved atoms.50 In doing so, we adopt the commonly used
assumption that these contacts, which we interchangeably denote as
short contacts or close contacts, are related to attractive interactions.
There are several limitations to the validity of this type of analysis; for
instance, when van der Waals radii are used, it is assumed that atoms
in molecules are spherical, while radii along the extension of covalent
bonds are usually less than perpendicular to the bonds.51,52 This type
of analysis is nevertheless adopted here, as it is the universally
employed approach to identify the hallmarks of the landscape of
intermolecular interactions present in a crystal packing.
(50) Bondi, A. van der Waals Volumes and Radii. J. Phys. Chem.
1964, 68, 441−451.
(51) Row, T. N. G.; Parthasarathy, R. Directional preferences of
nonbonded atomic contacts with divalent sulfur in terms of its orbital
orientations. 2. Sulfur···sulfur interactions and nonspherical shape of
sulfur in crystals. J. Am. Chem. Soc. 1981, 103, 477−479.
(52) Batsanov, S. S. Anisotropy of Atomic Van der Waals Radii in
the Gas-Phase and Condensed Molecules. Struct. Chem. 2000, 11,
177−183.
(53) Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A.
K.; Puschmann, H. OLEX2: a complete structure solution, refinement
and analysis program. J. Appl. Crystallogr. 2009, 42, 339−341.
(54) Sheldrick, G. M. Crystal structure refinement with SHELXL.
Acta Crystallogr., Sect. C: Struct. Chem. 2015, 71, 3−8.
(55) Macrae, C. F.; Sovago, I.; Cottrell, S. J.; Galek, P. T. A.;
McCabe, P.; Pidcock, E.; Platings, M.; Shields, G. P.; Stevens, J. S.;
Towler, M.; Wood, P. A. Mercury 4.0: from visualization to analysis,
design and prediction. J. Appl. Crystallogr. 2020, 53, 226−235.
(56) Gelbrich, T.; Rossi, D.; Hafele, C. A.; Griesser, U. J.
Barbiturates with hydrogen-bonded layer and framework structures.
CrystEngComm 2011, 13, 5502−5509.
(57) For instance, close C···O and N···O contacts are occasionally
formed by oxygen atoms sitting close to the face opposite to the
quasi-axial halogen on C(5) (e.g., in difluoro barbituric acids 1b,c).
These interactions are not at all a typical recognition motif of
barbituric acids 1, are heavily influenced by the steric hindrance of the
axial halogen, and are not discussed here.
(58) Tobbens, D. M.; Glinneman, J.; Chierotti, M. R.; van de Streek,
J.; Sheptyakov, D. On the high-temperature phase of barbituric acid.
CrystEngComm 2012, 14, 3046−3055.
(59) Du, J. J.; Hanrahan, J. R.; Solomon, V. R.; Williams, P. A.;
Groundwater, P. W.; Overgaard, J.; Platts, J. A.; Hibbs, D. E.
Exploring the Binding of Barbital to a Synthetic Macrocyclic
Receptor. A Charge Density Study. J. Phys. Chem. A 2018, 122,
3031−3044.
(60) Tron, A.; Thornton, P. J.; Rocher, M.; Jacquot de Rouville, H.-
P.; Desvergne, J.-P.; Kauffmann, B.; Buffeteau, T.; Cavagnat, D.;
Tucker, J. H. R.; McClenaghan, N. D. Catalytic Enantioselective
Desymmetrization of meso-Glutaric Anhydrides Using a Stable Ni2-
Schiff Base Catalyst. Org. Lett. 2014, 16, 1358−1361.
(61) The “normalized contact” Nc for an interaction between atoms
i and j is the ratio Dij/(rvdWi + rvdWj), where Dij is the experimental
distance separating atoms i and j and rvdWi and rvdWj are the van der
Waals radii of atoms i and j.49 If the electron donor j is an anionic
atom, rvdWj is substituted by the Pauling ionic radius of the anion
atom j. Nc is a useful indicator, allowing for a more rigorous
comparison of separations between different interacting atoms in
comparison to absolute values of interaction lengths.
(62) Davis, A. F.; Reddy, R. T.; Han, W.; Carroll, P. J. Chemistry of
oxaziridines. 17. N-(Phenylsulfonyl)(3,3-dichlorocamphoryl)-
oxaziridine: a highly efficient reagent for the asymmetric oxidation
of sulfides to sulfoxides. J. Am. Chem. Soc. 1992, 114, 1428−1437.

Crystal Growth & Design pubs.acs.org/crystal Article

https://dx.doi.org/10.1021/acs.cgd.0c01429
Cryst. Growth Des. 2021, 21, 642−652

651

https://dx.doi.org/10.1002/anie.201408487
https://dx.doi.org/10.1002/anie.201408487
https://dx.doi.org/10.1021/acs.accounts.7b00121
https://dx.doi.org/10.1107/S0108768198001463
https://dx.doi.org/10.1107/S0108768198001463
https://dx.doi.org/10.1002/slct.201701676
https://dx.doi.org/10.1002/slct.201701676
https://dx.doi.org/10.1002/slct.201701676
https://dx.doi.org/10.1021/ja992719g
https://dx.doi.org/10.1021/ja992719g
https://dx.doi.org/10.1021/ja043802t
https://dx.doi.org/10.1021/ja043802t
https://dx.doi.org/10.1021/ja043802t
https://dx.doi.org/10.1021/acs.jpca.8b07631
https://dx.doi.org/10.1021/acs.jpca.8b07631
https://dx.doi.org/10.1039/c3cp00054k
https://dx.doi.org/10.1039/c3cp00054k
https://dx.doi.org/10.3390/molecules24183370
https://dx.doi.org/10.3390/molecules24183370
https://dx.doi.org/10.3390/molecules24183370
https://dx.doi.org/10.1002/anie.201811171
https://dx.doi.org/10.1002/anie.201811171
https://dx.doi.org/10.3390/molecules23112965
https://dx.doi.org/10.3390/molecules23112965
https://dx.doi.org/10.3390/molecules23112965
https://dx.doi.org/10.3390/molecules23112763
https://dx.doi.org/10.3390/molecules23112763
https://dx.doi.org/10.1021/acs.jpca.5b10848
https://dx.doi.org/10.1021/acs.jpca.5b10848
https://dx.doi.org/10.1021/acs.jpca.5b10848
https://dx.doi.org/10.1016/j.jms.2017.03.002
https://dx.doi.org/10.1016/j.jms.2017.03.002
https://dx.doi.org/10.1039/C3CC47226D
https://dx.doi.org/10.1039/C3CC47226D
https://dx.doi.org/10.1039/C3CC47226D
https://dx.doi.org/10.1016/j.ccr.2020.213265
https://dx.doi.org/10.1016/j.ccr.2020.213265
https://dx.doi.org/10.1107/S0365110X62001838
https://dx.doi.org/10.1107/S0365110X62001838
https://dx.doi.org/10.1107/S0365110X6400041X
https://dx.doi.org/10.1107/S0365110X65000026
https://dx.doi.org/10.1107/S0365110X65000026
https://dx.doi.org/10.1021/j100785a001
https://dx.doi.org/10.1021/ja00392a047
https://dx.doi.org/10.1021/ja00392a047
https://dx.doi.org/10.1021/ja00392a047
https://dx.doi.org/10.1021/ja00392a047
https://dx.doi.org/10.1023/A:1009222027852
https://dx.doi.org/10.1023/A:1009222027852
https://dx.doi.org/10.1107/S0021889808042726
https://dx.doi.org/10.1107/S0021889808042726
https://dx.doi.org/10.1107/S2053229614024218
https://dx.doi.org/10.1107/S1600576719014092
https://dx.doi.org/10.1107/S1600576719014092
https://dx.doi.org/10.1039/c1ce05430a
https://dx.doi.org/10.1039/c2ce06636j
https://dx.doi.org/10.1021/acs.jpca.7b11674
https://dx.doi.org/10.1021/acs.jpca.7b11674
https://dx.doi.org/10.1021/ol500099u
https://dx.doi.org/10.1021/ol500099u
https://dx.doi.org/10.1021/ol500099u
https://dx.doi.org/10.1021/ja00030a045
https://dx.doi.org/10.1021/ja00030a045
https://dx.doi.org/10.1021/ja00030a045
https://dx.doi.org/10.1021/ja00030a045
pubs.acs.org/crystal?ref=pdf
https://dx.doi.org/10.1021/acs.cgd.0c01429?ref=pdf


(63) Chen, Z.-G.; Zhao, P.-F.; Wang, Y. Aminobromination of β-
Nitrostyrene Derivatives with N,N-Dibromourethane as the Amino-
brominating Reagent. Eur. J. Org. Chem. 2011, 2011, 5887−5893.
(64) Pavan, S. M.; Pal, R.; Nagarajan, K.; Row, T. N. G.
Characterization of Interactions Involving Bromine in 2,2-Dibromo-
2,3-dihydroinden-1-one via Experimental Charge Density Analysis.
Cryst. Growth Des. 2014, 14, 5477−5485.
(65) In the structure of a pteridinedione derivative the oxygen acting
as a nucleophile belongs to a nitrate anion, the N···O separation is
260.8 pm (Nc = 0.79), and the two C−N···O angles are 83.47 and
91.23°.66 For nonoxygenated anions behaving as PnB acceptors, in the
structures of a maleimide derivative a chloride anion gets close to the
imide nitrogen, the N···Cl/F separation is 323.9 pm (Nc = 0.96), the
C−N···Cl angle is 84.62°, and the C−N···F angle is 80.09°.67

(66) Jimenez-Pulido, S. B.; Linares-Ordonez, F. M.; Moreno-
Carretero, M. N. Novel coordination behavior of a pteridine-
benzoylhydrazone ligand (BZLMH): Theoretical calculations, XRD
structures and luminescence studies. Polyhedron 2009, 28, 2641−
2648.
(67) Wang, Y.; Eichhofer, A.; Weigend, F.; Fenske, D.; Fuhr, O. The
coordination behaviour of 2,3-bis(diphenylphosphino)maleic-N-phe-
nylimide towards copper, silver, gold and palladium. Dalton Trans.
2019, 48, 6863−6871.
(68) Desmarteau, D. D.; Pennington, W. T.; Resnati, G. Fluorinated
Barbituric Acid Derivatives. Acta Crystallogr., Sect. C: Cryst. Struct.
Commun. 1994, C50, 1305−1308.
(69) Mallah, E.; Sweidan, K.; Engelmann, J.; Steimann, M.; Kuhn,
N.; Maier, M. E. Nucleophilic substitution approach towards 1,3-
dimethylbarbituric acidderivativesdnew synthetic routes and crystal
structures. Tetrahedron 2012, 68, 1005−1010.
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