A combined crystallographic and theoretical study of weak intermolecular interactions in
crystalline squaric acid esters and amides

Rafel Prohens’ ** Anna Portell,* Merce Font—Bardia,b Antonio Bauza,® and Antonio F rontera *°

aUnitat de Polimorfisme i1 Calorimetria, Centres Cientifics i Tecnologics, Universitat de Barcelona,

Baldiri i Reixac 10, 08028 Barcelona, Spain, E-mail: rafel@ccit.ub.edu

bUnitat de Difraccié de RX, Centres Cientifics i Tecnologics, Universitat de Barcelona
cDepartament de Quimica, Universitat de les Illes Balears, Crta. De Valldemossa km 7.5, Palma

(Baleares), Spain, E-mail: toni.frontera@uib.es




28
29
30
31
32
33
34
35
36
37
38
39
40

ABSTRACT:

We report the synthesis and X-ray solid state structures of five squaric acid derivatives, i.e. a
zwitterionic compound namely 3-Hydroxy-4-(2-pyridin-2-yl-ethylamino)-cyclobut-3-ene-1,2-dione (1);
a squaramide monoester, 3-Ethoxy-4-(2- pyridin-2-yl-ethylamino)-cyclobut-3-ene-1,2-dione (2); two
differently solvated (EtOH and DMSO/water) disquaramides 3,4-bis((4-
hydroxyphenethyl)amino)cyclobut-3-ene-1,2-dione (3 and 4, respectively); and a mixed hydrogen
squarate and disquarate 2-(2-Amino-ethyl)-pyridinium salt (5). All compounds form interesting
supramolecular assemblies in the solid state that have been analyzed using high level DFT calculations
and the Bader's theory of “atoms-in-molecules”. An intricate combination of ion-pair and H-bonding
interactions along with —m stacking and anion—x contacts of the cyclobutenedione rings are crucial for

the formation of the supramolecular assemblies in the solid state
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1. INTRODUCTION

Squaric acid (3,4-dihydroxy-cyclobut-3-en-1,2-dione) derivatives are highly functionalized four-
membered ring systems with a strong ability to form H-bonds both as donors and acceptors.
Remarkably, their enhanced ability for establishing hydrogen bonding compared to urea has been
rationalized taking into consideration the increase in the aromaticity of the four-membered ring upon the
formation of H-bonds.1 Squaric acid amides, semiesters and esters are easy to synthesize and have
multiple applications in several fields such as catalysis,2 supramolecular chemistry3 and transmembrane
transport.4 Similarly to urea and thiourea, they are convenient supramolecular synthons for generating
interesting assemblies in the solid state.5 In fact, the use of squarate and hydrogen squarate salts is
frequent in crystal engineering6 and organic material research.7 Moreover, they have been used by some
of us to analyze the electrostatic compression phenomenon8a that provides an explanation to the face-to-
face n-stacked assemblies observed in a series of zwitterionic squaric acid/squaramide compounds.8b
We have applied this phenomenon in the crystal engineering field combining the w-stacking of tertiary
N-alkylsquaramides with hydrophobic interactions to construct supramolecular assemblies resembling
lipid bilayers.9

In this manuscript, we have synthesized several squaric acid derivatives with different degree of
substitution (see Fig. 1a). That is, zwitterionic monosquaramide (1), squaramide monoester (2),
disquaramides (3 and 4) and finally a mixed hydrogen squarate and squarate salt (5) (2-(2-
ammonioethyl)pyridin-1-ium as counter-cation) have been Xray characterized with the additional
objective of extending the knowledge regarding the forces that govern their supramolecular assemblies
in the solid state. To achieve this goal, we combine crystal structure and computational analyses of these
five model compounds. In particular, we focus our attention on analysis of the charge assisted H-

bonding and n- stacking interactions involving the four membered ring.
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2. EXPERIMENTAL AND THEORETICAL METHODS

2.1. Materials and measurements.

All chemicals used were of reagent grade and used as received from Sigma-Aldrich

2.2. Synthesis.
Synthesis of 1-5 were carried out following reported methodology.12 Suitable crystals of 1 and 5 for
SXRD analysis were obtained in water, while crystals of 2 were obtained in diethyl ether, crystals of 3

in ethanol and crystals of 4 in DMSO/water.

2.3. X-ray crystallographic analysis.

Single crystal X-ray diffraction intensity data of solid forms 2 and 3 were collected using a MAR345
diffractometer with an image plate detector, equipped with graphite monochromated MoKa radiation (A
=0.71073 A), and for forms 1, 4 and 5 data were collected using a D8 Venture system equipped with a
multilayer monochromator and a Mo microfocus source (A = 0.71073 A). Frames were integrated with
the Bruker SAINT software package using a SAINT algorithm. Data were corrected for absorption
effects using the multi-scan method (SADABS).13 The structure was solved and refined using the
Bruker SHELXTL Software Package, a computer program for automatic solution of crystal structures,
and refined by the full-matrix least-squares method with ShelXle Version 4.8.0, a Qt graphical user
interface for the SHELXL computer program.14 A summary of crystal data and relevant refinement

parameters is given in Table 1.

2.4. Theoretical methods.

The geometries of the complexes included in this study were computed at the M06-2X/def2-TZVP level
of theory using the crystallographic coordinates within the TURBOMOLE program.18 This level of
theory is adequate for studying noncovalent interactions dominated by dispersion effects like n-stacking.
The basis set superposition error for the calculation of interaction energies has been corrected using the
counterpoise method.19 The interaction energy (AE) has been computed by subtracting the energy of the
monomers (isolated molecules) to the energy of the complex, AE = EAB —EA — EB). The “atoms-in-
molecules” (AIM)20 analysis of the electron density has been performed at the same level of theory
using the AIMAII program.21 The supramolecular cluster approach is an appropriate strategy to
estimate interaction energies in the solid state.22 In this approach, the supramolecular cluster of a crystal
is formed by a given central molecule (M1) that is in contact with other Mn molecules and forms the
first coordination sphere. In this manner, the molecular coordination number (MCN) is determined. This
methodology has been successfully used to predict/rationalize crystal growth in a given compound.22
However, in this manuscript we have used a simpler approach to estimate the strength of the

noncovalent interactions that play important roles in the crystal packing of compounds 1-5. That is, we
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have selected several dimers from the solid state crystal structures and evaluated the binding energies as

a difference between the energy of the supermolecule and the sum of the monomers.
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3. RESULTS AND DISCUSSION

3.1. Description of squaric acid derivatives 1-5.

X-ray crystallographic characterization revealed that compound 1 crystallizes in the monoclinic system
with space group P21/c and one molecule of 1 in the asymmetric unit. This zwitterionic squaramide in
anti—conformation forms selfcomplementary dimers through NH---O hydrogen bonds stabilized by
electrostatic pyridinium- - -carbonyl interactions in a zig-zag fashion. Interestingly, the phenomenon of
the electrostatic compression observed by some of us in similar zwitterionic compounds8a is not
observed in 1, squaramide and pyridinium rings are stacked instead.

Compound 2 crystallizes in the monoclinic system with space group P21/n and one molecule of 2 in the
asymmetric unit. A syn configuration of the amide moiety allows the formation of self-complementary
dimers through NH:--Npyr hydrogen bonds between the best donor and the best acceptor. Each dimer is
surrounded in the crystal by six equivalent dimers interacting via weak van der Waals interactions.
Structures 3 and 4 are two different solvates of the same disquaramide compound. Solvate 3 crystallizes
in the monoclinic system with space group Cc and one molecule of the bis-squaramide and one of
ethanol in the asymmetric unit. Squaramide groups interacts with the expected head-to-tail R2 2(10)
supramolecular synthon usually found in the disquaramides. Layers of hydrogen bonded squaramides
form channels occupied by ethanol molecules interacting with the phenol groups. It is remarkable that
all ethanol molecules interact with the phenol moiety of the same layer of squaramides forming an
efficient hydrogen bond network while in the other side of the channel phenol groups are only weakly
supported by aliphatic---phenol interactions.

On the other hand, DMSO solvate 4 crystallizes in the monoclinic system with space group P21/c with
five molecules of the bis-squaramide, four of dimethylsulfoxide and two of water in the asymmetric
unit. An important difference with respect to the ethanol solvate is that DMSO molecules fill the same
channels formed by head-to-tail hydrogen bonded disquaramides in a alternate configuration so half of
the DMSO molecules interact as acceptors with one side of the channels and the other half with the
other side. In addition, water molecules complete the intricate network of interactions

Finally, squarate salt 5 crystallizes in the monoclinic system with space group P21/c and one molecule
of 2- aminoethylpiridinium cation, one molecule of monosquarate anion, half molecule of the squarate
dianion and two water molecules in the asymmetric unit. In the structure, trimers formed by two charge
assisted hydrogen bonded squarate monoanions and one dianion are surrounded by aminoethyl
piridinium cations.

The theoretical study is devoted to the analysis of the noncovalent forces that govern the crystal packing
in compounds 1-5. In Fig. 7a we represent a fragment of the Xray solid state structure of compound 1
(zwitterion) where the three different assemblies that control the crystal packing are present and we have
analyzed the noncovalent forces responsible to their formation. First, we have studied a charge assisted

H-bonded dimer that is shown in Fig. 7b. The protonated pyridine is close (1.79 A) to the O-atom of the
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anionic squaramate ring explaining the large interaction energy (AE1 = —57.0 kcal/mol). The second
assembly is a m-stacking interaction between the pyridinium moiety and the four-membered squaramate
ring. The interaction energy (AE2 =—10.3 kcal/mol) is stronger than conventional n-stacking interaction
due to the fact that the rings are charged. Finally, self-assembled H-bonded dimers are also found in the
X-ray structure (see Fig. 7d) that are energetically very favored (AE3 =-28.0 kcal/mol).

Disquaramides 3 and 4 only differ in the crystallization solvent molecules. Both compounds form
infinite 1D supramolecular H-bonded chains typical of secondary disquaramides (see Fig. 1b). The final
3D architecture is generated by the antiparallel stacking of these polymeric chains (see Fig. 9a,b). In
both compounds, the stacked chains are connected by the solvent molecules by means of H-bonding
interactions with the phenolic groups. The main difference is that in compound 3 two adjacent stacked
chains are disposed parallel and, conversely, in compound 4 they are perpendicularly arranged. This is
likely due to the role of the solvent (EtOH in 3 and DMSO and water in 4) connecting the phenolic OH
groups. We have computed the interaction energy of a H-bonded dimer retrieved from the infinite 1D
chain of compound 3 (see Fig. 9¢), which is AE6 = —-20.9 kcal/mol (~10.5 kcal/mol per H-bond). Such
large interaction energy is due to the increase in the aromaticity of the four membered ring upon the
formation of the dimer, as previously demonstrated by some of us.1,26 We have also evaluated the
antiparallel n-stacking interaction in both compounds (see models in Fig. 9d,e). The n-stacking of both
four-membered rings is complemented with two Tshaped (or C—H: - -7t) aromatic interactions involving
the phenolic rings in both compounds, thus explaining the large interaction energies. The n-stacked
dimer is 4.2 kcal/mol less favorable in 4 than in 3 (shorter m—r stacking but longer C— H---n
interactions). Since the dimers are also connected via the OH groups by the solvent molecules, this
difference in energy is likely compensated by the stronger ability of DMSO and water with respect to
EtOH to participate in H-bonding interactions.

Compound 5 is a mixed salt composed by the diprotonated 2- (2-Amino-ethyl)-pyridine salt and both
hydrogen squarate and squarate as counter-ions. In Fig. 10a we have represented a fragment of the X-ray
structure and it can be observed the existence of ladders of di-squarate anions surrounded by two
symmetric ladders of the dication that also interact with ladders of mono-squarate anions. Since the
three main compounds are charged, the main force is the electrostatic attraction between the counterions
that is a priori a nondirectional interaction. However, weaker H-bonds and 7t- interactions are able to
finely tune their final assembly in the crystal packing. We have analyzed the self-assembled fragment
highlighted in Fig. 10a. It can be observed the formation of a dimer by stabilized by strong N+-H:--—O—
C and C-H---O H-bonds (1.76 A and 2.31 A, respectively) between the protonated pyridine moiety and
the squarate dianion.

Remarkably, this dimeric moiety forms a parallel displaced n-stacking interaction with another dimer. A
close examination of this assembly (see Fig. 10b) reveals the existence of two symmetrically related
anion— interactions27 between the anionic O atom of the squarate and the protonated pyridine ring.

This anion-m interaction is remarkably short (3.1 A from O to the ring centroid) due to the cationic
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nature of the n-system. The binding energy of this assembly (considering the H-bonded dimers
previously formed) is very large and negative (AE9 = —75.5 kcal/mol) due to the electrostatic (ion-pair)
nature of the interaction.

Finally, we have used the Bader’s theory of atoms in molecules20 to characterize the interactions
described in Figs. 7 to 10. In Fig. 11 we represent the distribution of critical points (CPs) and bond paths
for the assemblies governed by m-interactions. Those governed by H-bonding interactions are given in
the ESI (see Fig. S1). The existence of a bond CP and bond path connecting two atoms is clear evidence
of interaction, since it indicates that electron density is accumulated between the nuclei that are linked
by the associated atomic interaction line.28 The distribution of CPs in the n-stacking assembly of
compound 1 shows the existence of four bond CPs (red spheres) and bond paths connecting three carbon
atoms and the exocyclic N atom of the squaramate to the pyridinium ring, thus confirming the n—n
interaction. The distribution also shows several ring CPs (yellow spheres) and a cage CP (green sphere)
that further characterize the n—= interaction. In compound 2 the m-stacking interaction is characterized
by a bond CP and bond path inter-connecting the four and six membered rings. Moreover, the CH---N
interaction is also confirmed since a bond CP and bond path connect the CH bond to the nitrogen atom
of pyridine. In compound 3 it is interesting to highlight both T-shape stacking interactions (or CH -7
interactions). One is characterized by a single bond CP and bond path connecting one aromatic H atom
of one molecule to the aromatic carbon atom of the other molecule. The other one is characterized by
two bond CPs and bond paths interconnecting two aromatic H atoms to two aromatic carbon atoms (see
Fig. 10c). Due to the formation of a supramolecular ring, a ring critical point also appears upon
complexation. Finally, in complex 5 the anion—r interaction is characterized by the presence of a bond
CP that connects the O atom of the di-squarate moiety to the pyridine ring. This O atom also participates

in a hydrogen bonding interaction that further contributes to the formation of the assembly
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CONCLUSIONS

Five new squaric acid derivatives have been synthesized and characterized by single crystal X-ray
diffraction. The small ring is highly functionalized with strong H-bond donor and acceptors groups, thus
forming interesting assemblies in their solid state architecture. The noncovalent interactions that govern
the crystal packing have been analyzed by means of DFT (M06-2X) calculations and the AIM theory.
The m-system of the squaric acid derivatives is able to establish a series of m-interactions, including
stacking and anion—n in addition to the expected H-bonding interactions. They have been evaluated

energetically and characterized using the distribution of critical points and bond paths.
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Legends to figures

Figure. 1 (a) Squaric acid derivatives 1 to 5 studied in this work. (b) H-bonding patterns typical for

squaramide monoesters and secondary disquaramides.

Figure. 2 Crystal structure of 1 showing the most relevant interactions

Figure. 3 Crystal structure of 2 showing self-complementary dimers

Figure. 4 Crystal structure of 3 showing ethanol channels

Figure 5. Crystal structure of 4 showing DMSO channels

Figure 6 Crystal structure of 5 showing charge assisted hydrogen bonds

Figure 7 a) X-ray fragment of compound 1. H-atoms omitted for clarity (b-d) Theoretical models used

to evaluate the noncovalent interactions. Distances in A.

Figure 8 (a) X-ray fragment of compound 2. H-atoms omitted for clarity (b,c) Theoretical models used

to evaluate the noncovalent interactions. Distances in A.

Figure 9 (a,b) X-ray fragments of compound 3 and 4. (c-¢) Theoretical models used to evaluate the

noncovalent interactions. Distances in A.

Figure 10 (a) X-ray fragment of compound 5. (b,c) Theoretical models used to evaluate the noncovalent

interactions. Distances in A.

Figure 11 Distribution of bond, ring and cage critical points (red, yellow and green spheres,

respectively) and bond paths for several assemblies of compounds 1 (a), 2 (b), 3 (c) and 5 (d).



FIGURE 1

335
336
337

n_:\../mv | —
muﬁ
D

338
339

340



341
342
343

344
345

346
347

FIGURE 2

%Y






355
356
357

358
359

FIGURE 4

(i
i



360

361

362

363

364

FIGURE 5

B SRR O
NN






369 FIGURE 7

370
371
a
m % (b
m N w
! m
L] ' '
A = IR
1. Xeray AE1 = =57 0 kealimod
{cy ‘| (d) ; : :I (
-w." . N 1 ’
..3.56 y 210 }
Hl#“ AE3 = -28.0 kealimol
AE2 = -10.3 kealmol
372
373

374



375 FIGURE 8

376
(a) w W
oo :
2, Xerny
Ve
(b /
2%
N (€)
. NE4 = 14 1 kealmod
218 \
) 1m; izn E
o ‘ AEs = & 7 xcabmol
LT el
377

378



379

380
381

382
383

384

FIGURE 9

ExOH (e}
N-.N 12.02 206

13.06

3 AE7 = <71 dcalmal

' ™ HET)
LENTE IS o
f3an

4, AEs = -139 kealimol



385

386

387
388

FIGURE 10

‘%—#M#/‘% Y ’--*...G

-

*-#-4‘-:-#

8, X-ray

. AE 1s5w

’Bi(’#r



389

390

391

392

393
394

FIGURE 11




395
396
397

398
399

Table 1 Crystallographic data and refinement details of compounds 1-5

Structure 1 2 3 4 5
Empirical formule Cu HioN; O, CuHuN; Oy Caa Hys N¢ Oy G Hyae N O 5 Cua My N; Oy
Formula Weight 21821 245 26 796 3% 211044 32522
Temperature (K| 303)2) 2s3(2) 293(2) 303(2) 100(2)
Wwaveiengtn (4) 0.71073 071073 0.71073 0.74073 0.71073
Crystal system Monocinic n i ini A ini Monodinic
Spece group P P2./n Cc P2./c PJc
a.0,c(A) 7.103%{13) 7.43%3) 46.92{3) 23.485(10) 4.7188(8)
10.3%6(2) 14.028(7) £.088(4) 2.532(4) 135.4660(14)
14737(3) 12 ooals) 7.467(3) 47.030(19) 20.0360(13)
apy(® 30 0 S0 S0 S0
112 899(7) $2.07(3) 92.72(8) 25 764(10) 99.372(4)
%0 0 s0 s0 s0
volume (4") 1010.4{3) 1291 6{12) 2130(4) 10364(2) 1422 7(3)
z, ' 4 2 a s
5 (caic) (Mg/m”) 1434 1307 1243 1327 1315
Assorption 0.107 0034 0.083 0.170 0127
coefficent [mm )
#{000) a3 s20 243 an 852
& range for dats 243t025.00 250103033 174t03232 2161023 206t02328
collection (')
Refections 4231/988 11143 /3038 6362/3820 173437/18613 12683/2071
collected / unique
Data/restraints/par 988/0/143 3038/3/164 3820/13/241 18613/13/1393 2071/0/208
ameters
Goocness-of-fit on 1096 1160 0.973 0.630 1024
F2
FinslRincices > R1=0.0673, wR2=01707 RL1=0.0473, wR2 R1=0.0738, R1=0.03864, wR2=0.0314 R1=00337,
201 =01278 wR2=0.2012 WR2=0.0840
Rindices [all cata) R1=0.0729, wR2=0.1733 R1=0.0336, R1=0.1222, R1=0.1991, wR2=0.062¢6 R1=0.0471,
wR2=01312 wR2=0.2424 WR2=0.0515
Largest &Y. pesk 0.472,-0.28¢ 0.200, 0.303 0475, 0452 0.262,-0.435 0.471, 0234
anc hote [e. A7)
CCOC 1335322 13333283 1013633 1047983 1339383




400  We report the synthesis and X-ray solid state structures of five squaric acid derivatives. All compounds
401  form interesting supramolecular assemblies in the solid state that have been analyzed using high level
402  DFT calculations.
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