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Abstract

Molecular clips hold the potential of self-association and the ability to form host—guest complexes. Here we describe the
synthesis of a 1,2-dimethoxyphenyl terminated glycoluril molecular clip (2) that binds with smaller solvent molecules by
n--*H-C and C=0---H-O non-covalent interactions. We obtained single crystals of 2 and 2 + CH,Cl,, CH;OH, CH;CN,
and DMF solvents complexed within the clip. These solvents always form two =---H—C interactions between the aromatic
rings in the clip, and CH;0H formed an additional C=0---H-O hydrogen bond with the glycoluril carbonyl group. Based
on single crystal data we found that n---H—C interactions of 2 + CH,ClI, are stronger than 2 + CH;CN and 2+ DMF, due
to the presence of stronger electron withdrawing groups in CH,Cl,, which lead to a decrease in dihedral angle of two gly-
coluril aromatic planes. We also investigated the non-covalent interaction energies of these solvent molecules with 2 using

computational methods.

Graphical Abstract

Several solvent adducts of a glycoluril derivative have been isolated and characterized by single crystal X-ray diffraction,
revealing two common pi---H-C non-covalent bonds within the molecular clip.
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Introduction

In 1905, Behrend first introduced glycoluril building blocks
[1], followed by the synthesis of substituted glycolurils by
Biltz in 1907 [2], which have recently been reviewed [3,
4]. Clark first reported the X-ray crystal structure of the

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10870-018-0720-8&domain=pdf
https://doi.org/10.1007/s10870-018-0720-8

132

Journal of Chemical Crystallography (2018) 48:131-137

unsubstituted glycoluril [5], a molecule with relatively high
symmetry and a closely related structure to that of urea.
The structures of numerous substituted glucolurils have also
been reported, all showing bent backbones that form the clip
motif [6-9]. Over the past three decades, molecular recogni-
tion chemistry has increased in popularity with applications
ranging from host—guest chemistry, catalysis, supramolecu-
lar and biomedical applications [10-14]. Hexameric cyclic
cucurbiturils (multiple linked glycoluril units) were reported
by Freeman and Williams, exhibiting a~5.5 A diameter cav-
ity within the macrocyclic structure [15, 16]. Cyclic cucur-
biturils are named by indicating the number of glycoluril
building blocks involved, such as CB[5] to CB[8] [17]. The
cavity size of larger CB molecules enables them to form 1:1
binary complexes [18, 19] and even 1:1:1 heteroternary com-
plexes [20, 21]. The catalytic properties of cyclic cucurbi-
turils were later investigated where the internal cavity helped
in securing kinetic acceleration of cycloaddition reactions
(ca. 10°-fold) [22]. A number of unique one-dimensional
coordination polymers have been produced by reacting N,N-
bis(4pyridylmethyl)-1,4-diaminobutane, CB[6] and various
metal ions to get threaded molecular necklaces [23-25].
Rebek et al. has reported dimeric glycoluril capsules, the
famous tennis ball structure, where reversible encapsulation
of Xenon was found in a self-assembled dimer [26], and
the self-assembly of methylene bridged glycoluril dimers
appended with carboxylic groups produced hydrophobic
interiors [27]. Nolte has also investigated self-assembled,
functional nanometer-sized architectures of bilayer vesicular
aggregates of aza-crown functionalized CB units [28, 29].
Most recently, Isaacs has reported water soluble CB mac-
rocycles [30], assisted dissociation activity of CB[7] with
bovine carbonic anhydrase [31], and the synthesis of acyclic
cucurbituril molecular containers that enhance the solubility
and bioactivity of poorly soluble pharmaceuticals [32, 33].
Here we report the synthesis of a simple glycoluril derivative
and the resulting association with a series of solvent mol-
ecules via non-covalent interactions within the molecular
cleft.
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Scheme 1 Reaction scheme of 2
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Experimental
General

The synthesis of the 3,7-methylglucoluril-2,4,6,8 cyclic
ether (Compound 1) starting material has previously been
reported [4]. 'H- and *C-NMR spectra were recorded using
a Bruker 400 MHz spectrometer at room temperature in
CDCl, and are presented in the supplemental material.

Synthesis

2 was synthesized using a very similar procedure that was
previously reported for the 1,4-dimethoxy isomer [30], and
the characterization data matches the proposed structure in
Scheme 1. The '"H NMR signal at 86.76 (s, 4H) is due to the
aromatic hydrogen atoms; 64.58 (d, J=15.2 Hz, 4H) and
60.29 (d, J=15.8, 4H) are due to the inequivalent hydrogen
atoms from the methylene bridging protons; 83.82(s, 12H)
are from the 12 methoxy protons, and 61.73 (s, 6H) is from
the six methyl protons, which supports 2 formation (Figure
S1). Further investigation by '*C NMR showed §156.0 for
the carbonyl group of the glycoluril, 5147.5, §129.8, 5113.2,
are due to the aromatic carbon atoms, 855.9 for the -OCHj;
groups, 843.6 from the bridging CH, groups, and 816.8
due to the methyl protons which also supports 2 formation
(Figure S2). A DEPT-135 experiment was conducted to
determine unequivically the CH, signal, which was found
inverted at 543.6 in the spectrum (Figure S3).

Crystallography

X-ray single-crystal diffraction data were collected using
MoKa radiation (A=0.71073 10\) on a Bruker CCD APEXII
diffractometer at 100 K. Structures were solved by direct
methods using SHELXIL.-97 in conjunction with standard
difference Fourier techniques and subsequently refined by
full matrix least-square analyses. All hydrogen atoms were
placed in ideal positions except the methanol proton in the
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structure of CB1+MeOH, and all non-hydrogen atoms were
refined anisotropically. The DMF solvent in the 2+ DMF
structure is disordered over two positions in the same plane
in a 16:84 ratio, and the smaller occupancy was kept iso-
tropic. Detailed crystal structure information is listed in
Table S1.

Computation

A first qualitative picture of various guest host molecule
interaction energies are provided using the MP2/LANL2DZ
level of theory. To compute an interaction energy, E;,,, the
guest host complex, E,p, is separated into individual com-
ponents, E, and Ej, with binding energy calculated through
Ein = Esp—Ey — Ep (D

The total energies are calculated through single point SCF
calculations for each of the five systems. The atomic coor-
dinates are imported from experimentally determined XRD
data, providing exact orientation of the guest host complex.

The use of Eq. 1 provides an initial trend in how each
guest molecule interacts with the host molecule. However,
the interaction type under consideration, non-covalent inter-
action, requires a more thorough investigation. Correction
for the weak chemical interaction has been addressed previ-
ously, most specifically through implementation of BSSE
corrections to the interaction energies [34—36]. The BSSE
provides a correction to weak interactions due to basis set
overlap between the guest and host complex. The BSSE
corrected interaction energies have been calculated through
previously published methods [37].

Interaction energies for each of the four systems have
been calculated from electronic structure calculations in
Gaussian 09 software [38]. Calculated energies were com-
puted using DFT (B3LYP [39-42]/6-311G [43], B3LYP/6-
311G** [44], ®B97XD [45]/6-311G, and ®B97XD/LAN-
L2DZ [46, 47]) and MP2 [48] (6-311G and LANL2DZ),
Fig. 1.

Results and Discussion
Crystallography

We successfully obtained X-ray quality crystals of com-
pounds 2, 2+ CH;0H, 2+ CH,Cl,, 2+ CH;CN, and
2 +DMF. Crystals were grown by slowly diffusing diethyl
ether into a CH,Cl1,/CH;OH (10%) mixture for 2+ CH,Cl,
crystals, CH;OH/DMF (50%) for 2+ DMEF crystals, CH;CN/
CH;0H (10%) for 2+ CH;CN crystals, and CH;OH (100%)
for 24 CH;OH crystals. Crystals of 2 containing no sol-
vent were grown by diffusion of ethyl ether into a DMF-
ethyl acetate mixture. Crystallographic and refinement data
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Fig.1 Calculated guest-host interaction energies for 2 with four
guest molecules: acetonitrile, methanol (MeOH), dichloromethane
(DCM), and dimethylformamide (DMF). Energies are calculated for
DFT at B3LYP (solid lines), MP2 (large dashes), and DFT @B97XD
(small dashes) levels of theory with and without a BSSE correction,
as highlighted

Fig.2 Crystal structure of 2 with no solvent present, exhibiting inter-
penetration of a neighboring glucoluril molecule
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are listed in Table S1. The crystal structure of 2 (Fig. 2),  structure is a lengthy ~4.3 A however, with most +--H-C
without solvent present, has slightly interpenetrating meth-  distances over 4.5 A (as measured in all cases from the
oxy groups of neighboring CB molecules that produces  centroid of the aromatic ring to the solvent carbon heavy
a large dihedral angle between the two aromatic planes  atom). The 24 CH;CN crystal structure shows two inter-
of 47.0° and 46.7° (Fig. 3a, two molecules in the asym- molecular, T-shaped &--*H—C donor—acceptor bonds meas-
metric unit). The single closest n::*H-C distance in this ured as 3.417 A (C27—(C8-C13) PLANE) and 3.554 A
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Fig.3 Crystal structures of a 2, b 24+ CH;CN, ¢ 2+ CH,Cl,, d 2+ DMF, e 2+ CH;O0H showing dihedral angles between the aromatic planes, the
n---H-C intermolecular distances, and one O—H:-:-O hydrogen bond in E
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(C27—(C18-C23) PLANE) and a much smaller dihedral
angle between the two aromatic rings of 36.0° results
(Fig. 3b). We observed a small decrease in the dihedral angle
when two similar intermolecular 7--*H—C bonds are formed
with CH,Cl, in the 2 4+ CH,Cl, crystal structure (Fig. 3c).
The n-H-C distance are 3.391 A (C27—(C8-C13)
PLANE) and 3.400 A (C27—(C18-C23) PLANE) with a
dihedral angle between the two aromatic rings measured
as 34.4°. Immobilizing DMF within the molecular clip,
the two intermolecular n--*-H-C bond distances are slightly
longer 3.609 A (C100—(C19-C24) PLANE) and 3.410 A
(C100—(C9-C14) PLANE) and results in a net increase in
the dihedral angle between the two aromatic rings measured
as 37.9° (Fig. 3d). Methanol, the last solvent to be isolated
within the molecular clip, also forms two long n---H-C non-
covalent interactions (3.714 and 4.042 A) and an additional
classic hydrogen bond (C=0--"-HO-CH;=2.824 A) is also
formed between the glycoluril carbonyl oxygen and the
methanol OH group (Fig. 3e). In almost all cases, the sol-
vent hydrogen atoms are centered above the middle of the
aromatic rings located on the glucoluril. Exceptions to this
are in A where the methoxy groups do no completely pen-
etrate into the neighboring glucoluril and one particularly
long n---H—C interaction for the MeOH adduct which is not
centered above the aromatic ring.

Computational Investigation

To further enhance the understanding of the crystallographic
data, computational methods were utilized to study guest
host interaction energies. In this study, the system is com-
prised of a host and guest molecule represented by glycoluril
and solvent molecules, respectively. The interaction energies
of guest solvent molecules are of interest for multiple rea-
sons, the first being an overall application of the host system
as a solvent trap or delivery system, and a second is to pro-
mote or hinder formation of larger supramolecular systems
comprised of individual glycoluril molecules.

To study the level of guest—host interaction, non-covalent
interaction energies for T-shaped n--*-H-C and CO:---H-O
hydrogen bonds were studied using Gaussian09 software
with varying methods and functionals. Total energies for
the guest and host were calculated as individual pieces as
well as the total complex. To find the interaction energy the
total energies were used in E; = E,,, — (E, + E,), where
E;.c Eioi» Ep» and Eg correspond to the energy of interaction,
total, host, and guest, respectively. The total energies for
each calculation were performed as single point energy cal-
culations as all geometries were taken from crystallographic
data. The electron density distribution electrostatic potential
(ESP) maps, Figure S4, are plotted over atomistic models.
The ESP maps provide the localized charge following sin-
gle point electronic structure calculations. The color coding

for the charge distribution shows positive charge as red and
negative charge as blue.

Initial interaction energies provided were calculated at the
MP2/LANL2DZ level of theory. For direct comparison, the
BSSE correction has been applied to the four complexes and
recalculated to highlight the energy shift at the MP2/LAN-
L2DZ level of theory. The relative energy trend between
guest molecules is maintained with and without the BSSE
correction, but the calculated interaction energy is shifted.

Interaction energies calculated with BSSE corrected
DFT B3LYP are nearly identical, as the change in calcu-
lation is a small increase in basis set. The near identical
interaction energies found through BSSE corrected DFT are
to be expected as there is only an increase in basis size. An
increase of basis size is known to reduce the need for BSSE
corrections, and the comparison shows the relative stability
of the BSSE correction values [49]. The trend in interaction
energies of the DFT B3LYP calculations also show the same
relative trending between guest molecules found using the
MP2 level of theory. Previously calculated test structures
have found that pi-H bonding in bromobenzene molecules is
found to be — 11.9 kcal/mol [50]. The dispersion corrected
®B97XD interaction energies show similar energies, but are
unique chemical systems. The interaction energy value is
highly dependent on the interacting molecules and have been
shown to range greatly [51, 52].

Methanol produces the complex with the smallest dihe-
dral angle between the two aromatic planes, and is consistent
with the strongest interaction energy calculated, almost cer-
tainly due to the added hydrogen bond to the CB unit being
present. Excluding the MeOH complex, the DMF complex
has the largest dihedral angle of all the complexes which
decreases in magnitude as the bulky substituents reduce
in size, DMF > CH;CN > CH,Cl,, These three complexes
exhibit relatively comparable interaction energies.

Conclusion

A simple molecular cleft has been synthesized and readily
forms adducts with solvent molecules. With support from
single-crystal XRD and computational data, we have dem-
onstrated that bis(1,2-dimethoxyphenyl)glucoluril (2) forms
two intermolecular ©---H-C non-covalent bonds with small
solvent molecules. These favorable interactions dramatically
reduce the dihedral angles for the solvent adducts of 2, as
compared to the solvent free parent. Otherwise, no clear
trend in the dihedral angle between the two aromatic rings
is apparent due to either &n:-*H—C bond distances as observed
or the interaction energies as calculated, with the exception
of the MeOH adduct which has an additional C=0-:-H-O
hydrogen bond, the most favorable interaction energy, and
the smallest dihedral angle observed. Interactions related
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to packing forces within the unit cell were not addressed in
this study.
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