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ABSTRACT: Experimental and theoretical studies of fluoro-, clep-0
chloro-, and bromo-substituted derivatives of barbituric acid and | omased,
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(sp*) and C(sp®) atoms act as tetrel bond donors; the {blak dot,
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(sp®) sites and favor the formation

of C(sp*)--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 7-holes orthogonal to the C(sp®) carbons and
o-holes on the elongation of quasi-axial F/Cl/Br—C(sp®) 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(sp*)---O, and C(sp®)-O, short contacts observed in crystals.

B INTRODUCTION 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.”*

Other features vary with the group to which the electrophilic
site belongs. For instance, o-hole interactions are more likely to
deviate somewhat from the extension of the o-covalent bond
that generates the o-hole when the o-hole is on an atom of
groups 15 and 16 than when it is an atom of groups 14 smf
17.” A systematic terminology recognizes these differences and
designates interactions by referring to the name of the group of
the electrophilic site."”"" The halogen bond (HaB)'* and the
chalcogen bond (ChB) ,''* 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),"” the
pnictogen bond (PnB),'®"” and also the noble-gas bond
(NgB),"® 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,

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."” 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.” These positive regions tend to
behave as electrophilic sites (Lewis acids) and to interact
attractively with electron-rich sites, for instance z-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 6 bond to an atom, it is
labeled a o-hole on that atom.” When it is above and below a —
planar portion of a molecule, it is called a z-hole.” The Received:  October 21, 2020 G
interactions of nucleophiles with the positive electrostatic Revised:  December 8, 2020
potentials that are often associated with o- and z-holes are Published: December 16, 2020
known as o-hole interactions and z-hole interactions.’

Some features of these interactions are quite similar
regardless of the group of the Periodic Table to which the
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was first proposed in 2009 and rapidly reached the center
stage,”””" 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 Sy2 reactions’> and hydrophobic
interactions.>

Most of the interactions that have been interpreted as o- or
m-hole, involving attractions between regions of opposite
electrostatic potential, were already known from earlier
experimental work. For instance, the formation of the I,—
ammonia adduct, now understood as a halogen-bonded
system,”* was first reported in a paper from Gay-Lussac’s
laboratory as early as 1814, and the SO,—amine adducts,
now understood as chalcogen-bonded systems,”® were already
described in an article from Hofmann’s laboratory in 1843.”

The same is true for TtBs involving C(sp®) atoms. The
seminal work of Biirgi and Dunitz in the 1970s”" identified the
attractive interaction between electron-rich sites and the
partially positive C(sp?) 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:”” 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.’”*' All of these are now
understood as z-hole interactions at carbons.>® In contrast,
adducts formed due to C(sp*)--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 elements™'” the
mindset developed in relation to group 17 elements.””™*> In
very recent years, papers on quantum calculations on these
interactions,”®>” some combined with mining the Cambridge
Structural Database (CSD) and the Protein Data Bank
(PDB),**~* were published and unequivocally correlated the
directionalities of the interactions with the approach of the
nucleophiles to the o-holes at carbons. In contrast,
experimental studies on C(sp®)--nucleophile interactions
have been few'' ™" and have frequently been limited to
charge-density analyses.**

Accordingly we decided to assess experimentally the
potential of C(sp®)-nucleophile TtBs in crystal engineering."
The study of intermolecular interactions in chloranil,*
alloxan,”” and triketoindane®® afforded probably the first
indications of orthogonal C=0--C=O0 close contacts, an
important subclass of C(sp?)--nucleophile TtBs. We consid-
ered that the more electron withdrawing a group o-bonded to
carbon, the more extended and positive the carbon o-hole and
the closer and stronger the resulting o-hole interactions.” > We
thus focused our attention on 35,5-dihalobarbituric acid
derivatives 1la—m, which can be considered alloxan analogues
wherein the CS=O group is replaced by a CX, moiety (X = F,
Cl, Br) (Scheme 1). Introduction on CS of electron-
withdrawing halogen atoms was used to boost the electrophilic
character of this sp® atom and to favor its involvement in
C(sp®)--O intermolecular interactions.

An interesting consequence of replacing the C(S)H,
hydrogens by halogen atoms X is that the CX, carbon
moves out of the ring plane. As a result, whereas the two C—H
bonds at CS 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
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Scheme 1. Structural Formulas of 5,5-Dihalobabrbituric
Acids 1a—m and Indandione Derivative 2
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other is quasi-axial. This paper describes the single-crystal X-
ray structures of barbituric acid derivatives la—m, which
feature both C(sp?)--O and C(sp®)-~O close contacts™ >
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 7-holes orthogonal to the C(sp?) carbons merge
with the positive electrostatic potential of o-holes on the
elongation of quasi-axial X—C(sp*) bonds. This produces a
single well-defined point of the most positive electrostatic
potential on the face, and this point is located close to CS. On
the opposite face, a similar merging is observed of the positive
electrostatic potentials of 7-holes orthogonal to the C(sp?)
carbons and the positive electrostatic potential of o-holes on
the elongation of quasi-equatorial X—C(sp®) 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(sp®) bonds affect the electrostatic potential at these most
positive points and their locations. These positive potentials
correlate nicely with the C(sp?)-+-O and C(sp®)--O close
contacts observed in the crystal structures. Importantly, these
findings are an experimental validation of the ability of C(sp?)
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(sp*)-~-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.’®** The C(sp®)
atom forming the close C(sp®)-~O contacts in barbituric
derivatives 1 bears no hydrogen atoms; thus, the observed
close C--O separations confirm the inherent tendency of
C(sp®) atoms bearing electron-withdrawing groups to function
as TtB donor sites in the absence of “auxiliary” HBs.

B 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.

https://dx.doi.org/10.1021/acs.cgd.0c01429
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Table 1. Summary of Crystal Data and Structure Refinement for Compounds 1 and 2

la 1b 1c 1d le 1g 1h
empirical formula CH,N,OF,  CHEN,O;  CHFN,0;  CHEN,0;  CHoF,N,0;  CiHCLN,O,  CHyCLN,O,
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 P2.2.2, 14 R3 Pna2,; Pnma P2,/n P1
a (A) 6.5281(10) 13.2141 (9) 23.337(4) 19.3227(8) 7.476(3) 8.032(13) 5.4465(4)
b (A) 7.7341(12) 13.2141 (9) 23.337(4) 8.3366(3) 16.400(8) 6.9127(12) 8.3852(7)
¢ (A) 11.000(2) 7.6784 (6) 7.5488(14) 19.3333(9) 7.834(4) 16.070(2) 10.6465(9)
a (deg) 90 90 90 90 90 90 97.424(4)
B (deg) 90 90 90 90 90 100.077(8) 103.938(4)
7 (deg) 90 90 120 90 90 90 92.490(4)
volume (A3) 555.39(16) 1340.7(2) 3560.4(14) 3114.3(2) 960.5(8) 878.5(2) 466.55(7)
V4 4 8 18 16 4 4 2
p (g/cm®) 1.962 1.765 1.613 1.639 1.523 1732 1.730
u (mm™) 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 F* 1.005 1.028 2417 1.029 1.149 1.027 1.218
final R indexes (I > 26(I)) R1 = 0.0442, R1 = 0.0284, RI = 0.1472, RI1 = 0.0390, R1 = 0.0584, RI = 0.0260, R1 = 0.0346,
wR2 = 0.0760 wR2 = 0.0681 wR2 = 0.4504 wR2 = 0.0956 wR2 = 0.1138 wR2 = 0.0577 wR2 = 0.0920
final R indexes (all data)  R1 = 0.0750, R1 = 0.0305, RI = 0.1654, R1 = 0.0468, RI = 0.1148 R1 = 0.0357, RI1 = 0.0450,
wR2 = 0.0852 wR2 = 0.0696 wR2 = 0.4770 wR2 = 0.1002 wR2 = 0.1307 wR2 = 0.0610 wR2 = 0.1086
CCDC no. 2006593 2006589 2006588 2006600 2006590 2006592 2006591
1i 1k 11 Im In 2
empirical formula C¢HCLN,O4 C;H¢Br,N,0, C¢H¢Br,N,04 C¢H(Br,N,O, CH(N, O, C,,H,,0.F,
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 P2,/c P2,/n P2,/n P2,/c C2/c C2/c
a (A) 7.2700(3) 8.0664(4) 11.5366(12) 7.5007(10) 12.2688(15) 27.899(4)
b (A) 15.8111(11) 7.2059(4) 7.0510(7) 15.839(2) 6.5791(9) 7.9166(12)
¢ (A) 15.3927(11) 16.0550(7) 12.1692(13) 15.534(2) 14.2323(19) 22.182(2)
a (deg) 90 90 90 90 90 90
B (deg) 94.238(S) 100.097(3) 111.987(3) 94.827(6) 91.186(2) 122.13(2)
7 (deg) 90 90 90 90 90 90
volume (A®) 1764.5(2) 918.75(8) 917.90(17) 1838.9(4) 1148.6(3) 4148.9(10)
VA 8 4 4 8 8 8
p (g/cm?) 1.694 2298 2272 2268 1.644 1.461
u (mm™) 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 F* 1.015 1.034 1.016 1.010 1.015 1.120
final R indexes (I > 26(I)) Rl = 0.0412, R1 = 0.0252, RI1 = 0.0246, R1 = 0.0269, RI = 0.0443, R1 = 0.0608,
wR2 = 0.0828 wR2 = 0.0503 wR2 = 0.0510 wR2 = 0.0477 wR2 = 0.0930 wR2 = 0.1941
final R indexes (all data)  RI = 0.0732, wR2 Rl = 0.0356, wR2 Rl = 0.0363, wR2 Rl = 0.0548, wR2 Rl = 0.0729, wR2  RI = 0.0717, wR2
= 0.0956 =0.0538 = 0.0542 = 0.0526 = 0.1059 = 0.2054
CCDC no. 2006594 2006596 2006595 2006599 2006597 2006598

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 N, (100 mL min™")
with a heating rate of 10 °C min™'. "H NMR spectra were recorded at
ambient temperature on a Bruker AV-400 spectrometer, at 400 MHz.
The same instrument was used for recording *C and "F NMR
spectra. All chemical shifts in the Supporting Information are given in
ppm. DMSO-d 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 Ka radiation (4 = 0.71073 A) and often a
KRYOFLEX apparatus keeping the crystals at 100 K during data
collection. Cell refinement and data reduction were done with Bruker
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SAINT. Structure solutions were performed with Olex2*® using
charge-flipping methods and Fourier analysis, and refinements were
performed by full-matrix least-squares methods based on F>
implemented in SHELXL 2014.>* Drawings were prepared using
Mercury software.>® Essential crystal and refinement data are reported
in Table 1.

B RESULTS AND DISCUSSION

The pattern of close contacts observed in crystals of
halobarbituric derivatives la—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,” the o- and 7-holes at ring carbons

https://dx.doi.org/10.1021/acs.cgd.0c01429
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probably playing a major role. Oxygen atoms are negative,
imidic hydrogens are pos1t1ve, ¢ and chlorine and bromine
atoms have positive o-holes.'” The specific close contacts
present in crystals of 1a—m are numerous and are of different
types; some vary from one compound to another,”’ 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 acid®® and its derivatives having one or
two alkyl and/or aryl groups on C5,> 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,, 1ghk), and adducts with different 1D, 2D, or
3D topologies are formed (Figure 1).°° Several HBs are

a) b)

Figure 1. Ball and stick representations (Mercury 4.3.1) of the
hydrogen-bonded dimer (a) and ribbons (b) present in crystals of S,5-
dibromo-N-ethyl barbituric acid (11) and $,5-difluoro barbituric acid
(1a) thanks to the antiparallel pairing of C(=0)—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.

present in the unit cell of all dihalobarbituric acids 1 having
NH group(s), and they are quite short (e.g.,, the normalized
contacts’’ 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 pla a nonminor role in determining the adopted crystal
packings.*®

Chlorinated and brominated dihalobarbituric acids form
short Cl/Br--O HaBs.'? 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-
tives®>*>** and with the electrostatic potential at the o-hole
that is approximately on the elongation of the C—CI/Br
covalent bonds (vide infra). For instance, in $,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—

645

\

e N
&9 | o

‘i\i 4‘ 155.85°

C& e’

. 170.23°
90 _

ce

a)

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 S,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.

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 CS 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
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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-dichloro
and §,5-dibromo analogues 1im (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.

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
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that the atom interacting with the nitrogen can be not only an
oxygen or g:;1£1607ther neutral atom possessing a lone pair but also
an anion.”™

In most dihalobarbituric acids 1la—m (for instance in la—
cegik), the oxygen sitting above the barbituric acid face
forms three C(sp’)--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(sp®)---O contacts with the dihalo substituted CS atom
(Table 1 and Figures S.1—S.15). These close contacts can all
be rationalized as TtBs. The occurrence of C(sp®)---O TtBs in
compounds 1 is quite common, nearly as common as that of
C(sp?)--O TtBs and more common than that of N---O PnBs.
The C(sp*)-+O TtBs formed in crystals la—m by the oxygen
above the barbituric acid face are 86% of the maximum
possible number of these interactions; the corresponding
percentages for C(sp*)-O TtBs and for N---O PnBs are 90%
and 74%, respectively. This suggests that sp® and sp® 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
CS, 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(sp®)--O contacts
involving C5 and 46% or 29% of them show close C(sp?)--O
contacts involving C4/6 or C2, respectively. These numbers
reveal that short C(sp*)-+O contacts involving CS occur more
frequently in crystals of halogenated derivatives 1 than of the
parent barbituric acid compounds bearing two hydrogen atoms
on CS. This is consistent with the fact that the carbon o-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 CS, 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
CS, the CS o-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-dimethyl- and §,5-diethylbarbituric acid
moieties, respectively, and these compounds adopt a flattened
conformation similar to that of §,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 CS do not result
in significantly positive o-hole potentials on CS5, then the
formation of close C(sp®)+O contacts involving CS5 is
prevented, the formation of close C(sp®)-+-O contacts involving
C4/6 is strongly disfavored, and the formation of close
contacts involving C2, the site less close to CS5, 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
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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 In. 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 CS---O and C4/6---O contacts are longer
than the respective contacts in the fluorinated, chlorinated, and
brominated analogues 1b,gk. Exact values are reported in
Figure 4. The promoting effect of halogenation at CS on the
formation of short C(sp®)-+-O and C(sp*)-+-O TtBs is
confirmed.

1b 19 1k 1n
19 1k 1n
C5--:0 300.1 298.7 303.2 307.1
C2---0 313.7 3134 321.5 343.3
C4---0 293.8 290.0 303.6 314.9
C6---0 286.9 276.4 275.7 304.3

Figure 4. Ball and stick representations (Mercury 4.3.1) of TtBs in
S,5-difluoro-N-barbituric acid (1b) and its dichloro (1g), dibromo
(1k), and dihydro analogues (1In, from left to right). Values of
C(sp®)-++O and C(sp?)--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.

Observed C(sp’):~-O separations in la—m show the
directionality typical for o-hole TtBs. The oxygen is
approximately on the elongation of the X ,..xa—CS covalent
bond (X = F, Cl, Br). The X quasi-anial—C O angles are quite
close to linearity; the mean value of the F g, 4iq—C+-O angles
in compounds la—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 Brgy..xa—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 X ua4-axa—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 CS o-hole, the effect
increasing with the size of the halogen.

The structure of the difluorodiketoindane derivative 2
proves that TtBs involving dihalogenated C(sp®) 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(sp®)---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°).
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C(sp3)---0 separations in la—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(sp®)-+O distance is 0.90 in difluorobarbituric
acid®® 1a and 0.92 and 091 in one of the independent
molecules in the unit cells of dichloro®” and dibromo dimethyl
barbituric acids 1i,m, respectively. C(sp®)-+-O contacts
involving CS are typically shorter than C(sp?)-+O contacts
involving C2 and slightly longer than C(sp®):+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 1gk are reported in Figure 4. There is usually a
strict correlation between bond length and bond strength for
similar interactions in structurally similar comfounds; C-
(sp?)-+O TtBs are medium-strength interactions,” ' and it
can thus be assumed that the same holds for C(sp*)--O TtBs
in 1. The fact that CS---O separations in 1b,gk 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).”° Similar interactions are observed in

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

323.6 pm

complexes formed by various nucleophiles, water included,
with other fluorocarbon refrigerants: e.g., Freon-14.”""* Some
oxaziridines function as strong yet selective oxidizing agents.”
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.®”’* Tt 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 CI—C---OSO separation.

Consistent with the general trend of o-hole interac-
tions,”'>'*'”*" shorter contacts are usually more linear. For
instance, four independent molecules are present in the unit
cell of §,5-difluoro-N,N-dimethyl barbituric acid 1d, and the
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C(sp)-++O separations are 289.7 and 304.0 pm in molecules
where the F—C(sp®)-+O angles are 179.37 and 175.60°,
respectively.

In all barbituric acid derivatives la—m, the C—X g axial
covalent bonds are longer than the C—Xyui-cquatorial PONdS. 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—
Fguasi-axial a0d C—F qagiequatorial PONds 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—X i ana 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.” 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.'”’® The formation of PnBs'’ and ChBs’
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 o-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 CF;
groups acting as TtB donor sites, the C—F bond opposite to
the TtB is longer than the two other geminal C—F bonds.*”
Usually the shorter the o-hole interaction, the greater the
lengthening of the opposite covalent bond. Indeed, two
independent molecules are present in the unit cell of §,5-
chloro-N,N-dimethylbarbituric acid 1i; the two C(sp®)--O
separations are 297.6 and 315.8 pm, and the respective
differences between C—Xu-axial a0d C—Xysi-equatorial COValent
bonds are S.5 and 3.9 pm. Similarly, the two C(sp’)--O
separations in the two independent molecules present in $,5-
dibromo-N,N-dimethylbarbituric acid 1m are 293.4 and 329.3
pm and the respective differences between C—Xqsi-axial 20d
C—X uasi-equatorial COValent bonds are 5.6 and 3.3 pm.

It has been observed that the formation of TtBs involving
C(sp®) 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.””** This may be
the case in 1n, as the two hydrogen atoms on CS$ are quite
acidic (the pK, of barbituric acid in water is 4.01)”” and it can
be expected that they are quite effective in forming HBs and in
favoring the approach of oxygen to the C(sp’) atom. In
barbituric acid derivatives 1a—m no hydrogen atoms are ever
bound to CS, but in all compounds this C(sp?) site functions
as a TtB donor. It is thus proven that C(sp®) 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(sp*)--O distance is shorter when the
carbon bears two fluorine or chlorine or bromine atoms
(namely in 1b,gk) than when it bears two hydrogen atoms (in
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In). As already mentioned, halogenation of CS increases its
electrophilicity.

Molecular Electrostatic Potentials. Close contacts are
reliable indicators of attractive interactions in most but not all
cases.’ The molecular surface electrostatic potentials of 5,5-
difluoro-N-methylbarbituric acid 1b, 5,5-dichloro, and 5,5-
dibromo analogues 1gk, and the parent §,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
S we report the computed electrostatic potentials of these
compounds. The calculations were at the density functional
MO06-2X/6-311G(d) level, using the Gaussian 09 program.78
The electrostatic potentials were obtained with the WFA-SAS
code.””

The o-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 CS5, in an intermediate position between C4 and
C6. The C5—Vy ,,, 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 o- or
m-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
atoms” of the locally most positive molecular surface potential
(Vs max) associated with a o-hole. Several cases have also been
reported where the positive potentials due to two o-holes on
the extensions of ¢ covalent bonds on adjacent atoms merge
and one sin§le Vsmax located between the two atoms is
observed.?®® A site of local most positive potential is
normally expected above and below a carbonyl carbon,™® but
it has been reported that the positive potentials associated with
two or more z-holes, on atoms in close proximity, sometimes
merge and only two V.. located on the opposite sides of the
molecular plane are observed. This is the case, for instance, in
parabanic acid and alloxan,” and a similar behavior is shown by
barbituric acids. Three pairs of Vg, might be anticipated in
In corresponding to the three carbonyl groups. However, the
positive potentials associated with the three z-holes in this
compound merge and one single V.. is found on each face of
dihydrobarbituric acid 1n (Figure Sa). These Vg, are rather
strong, approximately above and below the ring center, and are
slightly shifted toward CS. The site of one of these V., 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--0O angle in the crystal is 170.6°, and the H—C5---Vg ...
angle calculated in the gas phase is 179.2°).

A single Vg .. is found on each flat region of the molecular
surface also in the $,5-dihalo barbituric acids 1b,gk. This
implies that in these derivatives the positive electrostatic
potentials associated with the z-holes of the three carbonyl
groups merge and that they further merge with the positive
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a)
Vs’max
H 46.6
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Vs,max
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53.1 H 53.1
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Figure S. 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-dichloro and $,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,gk and two pictures are given (face
opposite to the quasi-axial halogen on the left). CS 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 keal mol ™). Color ranges (kcal mol™"):
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 o-holes opposite to the
C—Xuasi-equatorial A C—Xyagiaxial cOvalent bonds. In 1b,gk 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 o-holes
generated by the C—X_ . axial a0d the C—X 1 cquatorial COValent
bonds. Since 1b,gk 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 V... opposite to the C—Xj i axa covalent bonds are
markedly shifted toward CS and those opposite to the C—
X juasi-equatorial COValent bonds are even more shifted toward C2.
Both of these dislocations with respect to the parent
compound 1In, which has a planar conformation, are a
straightforward consequence of the different contributions to
the ring Vg .., of the positive carbon potentials associated with

the o-holes generated by the C—Xjuiaxa and the C—
X quasi-equatorial COValent bonds.
The Vg o on the face opposite to the C—X,.axal cOvalent

bond is more positive than that on the face opposite to the C—
X quasi-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 V..
opposite to the C—X_ug.axa1 COValent bond in 1b,gk and the
three opposite to the C—X-cquatorial COValent bond are more
positive and less positive, respectively, than the ring Vj,., in
In. The sites of the locally most positive V., 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 Vg, are found on both
halogen atoms of dichloro and dibromo derivatives 1gk
(Figure S), those in 1g being less positive than those in 1k.

B CONCLUSIONS

Carbon is the element in group 14 that is least prone to form
attractive interactions with donors of electron den-
sity.”*?192%% The results that we have reported provide
experimental and computational evidence that not only C(sp?)
but also C(sp®) 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(sp) carbon; the
contacts are longer in the parent hydrogenated compound. It is
proven that the tendency of C(sp’) 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(sp®) 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.
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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 o-holes on the elongations of
the quasi-axial X—C ¢ covalent bonds at C5 merge with the 7-
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(sp®)--O and C(sp*)--+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(sp?) sites,*** we had identified 5,5-dihalobarbi-
turic acid derivatives as serving the same purpose for C(sp?)
sites. All features of the Vi, confirm the relevance of the
positive potentials associated with the X—C carbon o-holes at
CS in determining the short C(sp®)--O and C(sp*)--O
contacts observed in crystals. The ability of halogenated
C(sp®) sites to function as TtB donor sites™ is validated.
Indeed, a CSD analysis had already enabled us to establish that
the CF; group is particularly tailored to form TtBs which can
affect or control the packing in crystalline solids.*

Similar to the case for parabanic acid and alloxan,
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 CS5
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 Vg, 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 o-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 CS in the compounds
studied.

6,46—48
’ the
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