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Abstract

Statistical analysis of data extracted from the Cambridge Structural Database (CSD) has been
used to investigate the crystal structure properties of o-dialkoxybenzene derivatives, compounds
containing two ether oxygen acceptors in ortho positions of benzene ring. It has been shown that
in more than the 90% of cases the fragment has predictable geometrical characteristics where the
two ether oxygens form short interatomic O...O contact (2.57 A in average), while O-
substitutents take frams positions, both approximately coplanar with the benzene ring. Such
arrangement of oxygen acceptors produces a large and uniform area of the negative electrostatic
potential suitable for multiple hydrogen bonding. The acceptor abilities of the O...O system have
been investigated by the statistical CSD analysis. The ab initio estimation of the interaction
energy in the dimer of o-dimethoxybenzene (DMB) and H,O, employed as a model system, is
achieved via high-level electron correlation CCSD(T) calculation with the CBS extrapolation.
The interaction energy is estimated to be —6.5 kcal/mol. The results indicate the existence of a
very flat potential energy surface in the region between methoxy oxygens and that DMB-water is
a highly flexible system. The structural role of the O...O acceptor system is particularly
interesting considering its ability to form multiple hydrogen bonding.
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Abstract

Statistical analysis of data extracted from the Cambridge Structural Database (CSD) has been
used to investigate the crystal structure properties of o-dialkoxybenzene derivatives, compounds
containing two ether oxygen acceptors in ortho positions of benzene ring. It has been shown that
in more than the 90% of cases the fragment has predictable geometrical characteristics where the
two ether oxygens form short interatomic O...O contact (2.57 A in average), while O-

substitutents take trans positions, both approximately coplanar with the benzene ring. Such
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arrangement of oxygen acceptors produces a large and uniform area of the negative electrostatic
potential suitable for multiple hydrogen bonding. The acceptor abilities of the O...O system have
been investigated by the statistical CSD analysis. The ab initio estimation of the interaction
energy in the dimer of o-dimethoxybenzene (DMB) and H,O, employed as a model system, is
achieved via high-level electron correlation CCSD(T) calculation with the CBS extrapolation.
The interaction energy is estimated to be —6.5 kcal/mol. The results indicate the existence of a
very flat potential energy surface in the region between methoxy oxygens and that DMB-water is
a highly flexible system. The structural role of the O...O acceptor system is particularly

interesting considering its ability to form multiple hydrogen bonding.

Introduction

Hydrogen bonds have an essential influence on structure, stability and function of a diverse
range of chemical and biological systems. Recognition of their importance prompted the
investigation on different types of intermolecular contacts which can guide and stabilize the
supramolecular organization in crystal.'™* Among the different methods employed in
investigation of noncovalent interactions, the statistical analysis of crystal structure data retrieved
from the Cambridge Structural Database (CSD)’ has proven as a very powerful and informative
tool. Based on a large subset of structures comprising the same structural fragment, the CSD
analyses can provide a reliable insight into the structural properties of an entire molecular class.
This general information on structural behavior of the potential building blocks can be further
very useful for rapidly developing research fields such as crystal engineering and solid state
structure prediction.>®” It is of special interest for supramolecular studies to understand and

predict the preferred contacts of those structural fragments, which frequently appear as
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components of the important natural and synthetic products. The fragment presented in Figure 1
is common for a number of compounds with interesting structural features,'®" different natural

products with biological activity (papaverine, dopamine, veratrole, glaucine, vanillin)'®"’, a

18-20 21-23

number of synthetic drugs ™, as well as of host materials based on crown ethers.
Regardless the general abundance of the o-dialkoxybenzene fragment, to our knowledge, no
systematic study of its solid state structural properties or the potential role in supramolecular
arrangement has been performed. From that reason and taking into account that the CSD stores a
great number of structures containing this fragment, we carried out a statistical analysis in
attempt to explore the structural preferences of the fragment and the hydrogen bonding ability of
its O...0 ether acceptor pair. The ether oxygens are generally known as weak bases and
therefore very poor acceptors of hydrogen bonds.***’ However, in aromatic ethers containing
two mutually ortho positioned ether oxygens (Figure 1), the proximity of O-acceptors generates a
wide electron-rich area which can be efficient as hydrogen bonding acceptor site. In our analysis
of structural data extracted from CSD we devoted special attention to this subject, aiming to
evaluate the cooperativity of weak ether acceptors and efficiency of O...O system as a whole.
Simple aromatic ethers like o-dimethoxybenzene (DMB) and methoxybenzene (anisole) are
often investigated by experimental and computational methods since they are found challenging
in view of conformational properties and preferable interaction sites.”**" A hydrogen bonded
complex of DMB and water molecule has been studied experimentally employing the
rotationally resolved fluorescence excitation spectroscopy technique.”® The theoretical
investigation of the DMB-H,0O dimer has not been published thus far and here we present our

results on this dimer used as a model system for hydrogen bond acceptor properties of the DMB

molecule. An accurate determination of binding energy in an optimized DMB-H,O complex is
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performed via high-level electron correlation CCSD(T) calculation.*! For complete insight into
acceptor ability of a joined O...O ether pair (Figure 1) we also employed the electrostatic
potential anaysis** and the topological analyses of total electron density (Bader’s quantum theory
of atom in molecules)” in order to examine the quantitative electrostatic features of the formed

intermolecular contacts at a subatomic level.

C1a\01a O{C“)
3a 3b
H_4a ab |,
53 5b
X X

Figure 1. Fragment used in the CSD search (X = any non-metal atom).

Methodology

Cambridge Structural Database’ has been searched for crystal structures containing the
fragment presented in Figure 1. In order to identify the preferential orientation of the oxygen
substituents, only acyclic structures were considered in this analysis. Also, to avoid the potential
influence of the metal ion which could favor the coplanarity of the O...O pair by coordination to
oxygen atoms, the crystal structures of organometallic compounds were excluded from the main
survey. The initial CSD search identified 2572 organic, Cl-acyclic crystal structures comprising
the structural fragment presented in Figure 1. In the subsequent search, the following restrictions
were added to increase the crystallographic quality of extracted data and the reliability of
statistical analysis: R-factor < 7.5%; three-dimensional coordinates for all atoms determined; no

disorder or errors; polymeric structures excluded; no ions, no powder structures. The statistical
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study on structural properties of compounds containing the fragment in Figure 1 finally included
1500 crystal structures (CSD refcodes of the structures are listed in Supporting information). For
examination of the ability of the O..O system for hydrogen bonding, the hydrogen atoms
positions in 1500 extracted structures were normalized to the neutron diffraction values. Analysis
of the hydrogen bonding abilities was based on two subsets satisfying the following criteria: a)
0..H<3.0 A and D-H...0 > 110° and b) O...H < 2.6 A and D-H...O > 110°. The plots showing
the experimental distribution of the hydrogen bonding donors around the O...O system were

created using the IsoGen and IsoStar.**

Computational details

Electrostatic potential (EP) of the selected crystal structures was calculated at the B3LYP/6-
311++G(2d,2p) level of theory using Gaussian09.*> The Kohn-Sham orbitals calculated at the
same level of theory were used for the topological analysis by AIM2000.*® The theoretical
electron density for the optimized geometry of DMB molecule was obtained by the multipole
refinement performed in XD*" on the basis of theoretical structure factors calculated by
DENPROP.*

Taking into account that DMB is characterized by several functional groups such as aromatic
ring, H-bond donor, H-bond acceptor and the methyl group, it can be involved in different
intermolecular interactions. Therefore, DMB-H,O is particularly interesting from the theoretical
point of view. The geometry optimizations of DMB and DMB-H,O were performed in the
framework of the C1 point group. The frequency calculations showed no imaginary values for
the minima of the obtained structures while for the optimized stationary points showed one

imaginary value. In order to investigate the potential energy surface (PES) between methoxy
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oxygens we performed a scan of PES in the ground electronic state of DMB-H,O along the
selected coordinate. The PES was scanned so that in-plane bending angle O—Ola—C3a (or O-
O1b—C3b) was kept fixed at the selected angles from the range 152° — 130° around the
equilibrium value (137°) whereas a full relaxation of molecular geometry of the dimer was
allowed. The in-plane bending angle was varied with the increment of 2°. The zero-point
vibrational energies (ZPVE) have been evaluated by means of harmonic vibrational frequencies.
We have also performed the investigation of interaction energy between DMB and several donor
molecules in the model systems based on the observed intermolecular contacts obtained from the
CSD.

In order to account for the basis set superposition error (BSSE) for the estimation of the
interaction energies we employed the counterpoise-correction method.*’ The interaction energy
can be calculated as the difference between the energy of the dimer (Eog*(AB)) and the sum of
the monomer energies calculated in the dimer basis set (Eo"?(AB), Es"B(AB)):

AEw" = Exs""(AB) — (EA""(AB) + E5"*(AB)) O]

The subscripts AB, A, and B denote the molecular system, the dimer DMB-H,0O, DMB and
H,0 monomers, respectively. The superscripts AB denote the basis set of the dimer DMB-H,0
while the (AB) in brackets denotes that the calculations are performed at the geometry of the
dimer DMB-H,O. In our calculations we have also accounted for the deformation of monomers
upon complexation in the DMB-H,0O dimer. If the deformation energies are included in the CP-

corrected interaction energy, one obtains the binding energy:

AEyng”" = Exs™*(AB) — Ex"(A) — Es”(B) — EA""(AB) + E\(AB) — E5"*(AB) + E3"(AB) ()
where (A) and (B) denote the optimized geometries of the isolated monomers. The correlation

contributions to the interaction energy are obtained from the expression (2) involving the
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corresponding correlation energies calculated using the second-order Mgller-Plesset perturbation
theory (MP2)*® and coupled-cluster singles and doubles augmented by a perturbational
correction for connected triple excitations (CCSD(T)) [CCSD(T)].*' The geometry optimizations
and MP2 energy calculations have been performed with the Gaussian program packages* !
whereas for the CCSD(T) calculations we employed Molpro suite of programs.’>

53,54 .

Two-point extrapolation scheme is employed in order to obtain the complete basis set

(CBS) extrapolated value of the interaction energy at the MP2 level of theory

AEyipyx = AEypocps + A X7 3)
where AE\p2 x 1s the MP2 energy obtained using the basis set with the cardinal number X and
AEmpacBs 18 the basis set limit value of the MP2 correlation energy. Two separate energy
calculations are performed using the smaller (aug-cc-pVDZ) and the larger basis set (aug-cc-

pVTZ). The CBS correlation energies at the CCSD(T) level of theory are obtained using

AEccspry.ces = AEvpaces + ( AE cespry, aug-ce-pvpz — AEMP2, aug-ce-pvpz) 4)

The intermolecular interaction between DMB and H,O was analyzed by means of the energy
decomposition analysis (EDA) developed by Ziegler and Rauk® following the procedure
suggested by Morokuma®® as well as with the Extended Transition State (ETS) scheme with the
Natural Orbitals for Chemical Valence (NOCV) method (ETS-NOCV)’”’. In the EDA and
ETS-NOCV calculations the Becke-Perdew exchange-correlation functional (BP86)°*°" with the
inclusion of the dispersion correction (BP86-D)%* was applied. A standard triple-zeta STO basis
containing two sets of polarization functions was adopted for elements (TZ2P). The bonding

63-65

analysis has been carried out with the program package ADF. The contours of the

deformation densities were plotted using the ADF-GUI interface.
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Results and Discussion

Preferential structural properties of o-dialkoxybenzene fragment in solid state

The CSD search resulted in total of 2572 crystal structures containing the structural motif
shown in Figure 1, however for a more refined statistical analysis, we selected a subset of 1500
high quality structures, relaying purely on crystallographic criteria (see Methodology section).
As expected, within 1500 selected crystal structures the two ether oxygen atoms are practically
coplanar with the benzene ring, thus in majority of cases the torsion angle Ola—C3a—C3b—O1b
has the value of + 3° (Figure S1 in Supporting information). Histogram with the Ola...O1b
contacts given in Figure 2a indicates a very short distance between these two atoms which is
mainly in the range from 2.54 to 2.61 A.% This short intramolecular separation surprises because
in more than 90% of the structures the two O1—C1 bonds (Figure 1) also lie in plane of the
benzene ring, while having the trans mutual orientation. Figure 2b shows the distribution of the
torsion angles Cla—Ola—C3a—C3b (T1) and C1b—O1b—C3b—C3a (T2) and indicates a much
higher frequency of the structures heaving both O1—C1 bonds coplanar with the phenyl ring
(region I marked in red), in comparison to those with the non-coplanar positions of one or both
O1-C1 bonds (region II and III marked in green and blue, respectively). This practically means
that the free electron pairs of the oxygen atoms confront each other regardless of possibility of
escaping the repulsion by rotation about the formally single C3—O1 bonds (Figure 1). Regions II
and III in Figure 2b confirm the existence of structures with the non-coplanar O1—C1 bonds
(refcodes of structures containing non-coplanar fragments are listed in SI), however the region II
indicates a small number of structures with one O1—C1 bond non-coplanar with the phenyl ring,

while practically negligible number of structures with both O1—C1 bonds out of the ring belongs

ACS Paragon Plus Environment



oNOYTULT D WN =

Crystal Growth & Design

to the region III. These statistical findings indicate a highly predictable conformation of the o-

dialkoxybenzene fragment regardless the structural diversity of the compounds.

O1a-C3b-C3a/
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Figure 2. (a) distribution of O...O distances (A); (b) torsion angles T1 = Cla—O1a—C3a—C3b vs.
T2 = C1b—01b—C3b—C3a (°). Red (I) both O1—C1 in the benzene plane (see also Figure S2),
green (II) one O1—C1 out of plane, blue (III) both O1-C1 out of plane; (c) O1-C3—C3 (in both

fragments) vs. C4—C3—01 angles (°).

It should be noted that the observed existence of the structures with one O1—C1 bond nearly
perpendicular to the phenyl ring while another O1—C1 bond is mostly coplanar with the phenyl
ring, can be understood if one takes into account the stable conformations of DMB. DMB
possesses the most stable conformation (conformer A) in which two methoxy groups are both
coplanar with the benzene ring and also another one, the stable conformation in which one
methoxy group is nearly perpendicular to the benzene ring and another methoxy group is
coplanar with the ring (conformer B) which is only 0.16 kcal/mol less stable than the conformer
A.* The comparative analysis of the torsional potentials of DMB and anisole shows that

perpendicular position in anisole is energetically much higher (2.4 kcal/mol) compared to the

ACS Paragon Plus Environment

10

C4-C3-01



Page 11 of 40

oNOYTULT D WN =

Crystal Growth & Design

planar conformation which indicates that second methoxy group in ortho position stabilizes the
perpendicular conformation in DMB. This fact is reflected in existence of two preferential
positions, coplanar and perpendicular, for building intermolecular interactions.

Considering that a free molecule can partly influence its O...O distance through an in-plane
motion of the ether oxygen atoms, we have also examined the deformation of angles C4—C3—-01
and Ola—C3a—C3b (i.e. O1b—C3b—C3a) from the expected value of 120° (Figure 2c). The plot
clearly shows that in the vast majority of structures C4—C3—01 and O1-C3—C3 angles have the
approximate values of 125° and 115°, respectively (Figure S5 illustrates the distribution of two
angles in more details). Such an angular distortion practically means further shortening of the
O...0 distance and the tendency of the ether oxygens to mutually approach, orienting the free
electron pairs toward each other.

To examine the actual charge density distribution within the structural fragment given in
Figure 1 we performed a multipole modeling (based on Hansen-Coppens formalism®’) of the
electron density in the optimized DMB molecule. Deformation density maps in Figure 3a show
the distribution of electron density in the region between the oxygen atoms in two orthogonal
planes. Indeed, the maxima of electron density belonging to free electron pairs are clearly
aligned and directed to each other, positioned at a closer distance than the oxygen nuclei (2.48
and 2.59 A, respectively). Histogram in Figure S6 shows the distribution of dihedral angles
between the two planes containing C3/O1/C1 atoms which mirror the mutual position of the
electron pairs belonging to the neighboring O atoms in the real cases extracted from CSD. In vast
majority of structures this dihedral angle remains below 10° indicating the alignment of the
neighboring electron pairs. We can therefore conclude that the o-dialkoxybenzene fragment

(Figure 1), although belonging to molecules of different composition and size, shows very
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predictable structural behavior in which: (a) the neighboring C1—O1 bonds (Figure 1) both lie in
the plane of the phenyl ring and (b) oxygen atoms face each other at a short distance with free

electron pairs pointing to the space in-between (Figure 3a).

e
4
..... =
h ¢ 4
%ﬂmﬁi‘% T

L
A
A,

p
(a) (b) | (c)

Figure 3. (a) Deformation electron density distribution in two planes of DMB system: plane of
the phenyl ring (above); plane passing through the maxima of electron pairs of the O acceptors
(dashed green, below). Equivalent Laplacian distribution is given in Figure S7. Spatial
distribution of EP isosurfaces at +0.1/—0.05 au (grey/red, respectively) in (b) DMB and (c)

anisole.

A system with such a closely positioned two ether O atoms could be very interesting as the
potential hydrogen bonding acceptor area. Namely, this arrangement of the oxygen atoms
electron density pairs gives rise to a wide region of the negative electrostatic potential (EP)
which is symmetrically distributed around the diether fragment (Figure 3b). EP is generally
known as an excellent descriptor of the hydrogen bonding ability and of the acceptor strength in
different chemical environments.*'"**% In the case of DMB the closeness of oxygen electron

densities generates a fused area of the negative EP (Figure 3b) with the minimum value of Vi,

ACS Paragon Plus Environment
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—0.0727 au. This value is noticeable increased in magnitude in comparison to Vi, —0.0539 au of
monoether anisole (Figure 3c). More importantly, a direct comparison of EP isosurfaces of DMB
and anisole at the equal magnitude e.g. —0.045 au (see also Figure S8) indicates nine times larger
volume of space encompassed by the isosurface of the former. The ratio between the volumes
further increases for the more negative EP values, Figure 3b,c. This comparison indicates
significantly improved acceptor abilities of DMB in comparison to anisole, which results from
the cooperativity of the two oxygen acceptors. Significance of the cooperativity between O
atoms is also evident from the DMB comparison with 1,3- and 1,4-DMB analogues, where EP
generated by two separated oxygens closely resemble those from anisole, in magnitude (Viin
—0.0547 and —0.0572 au, respectively) as well as in spatial distribution (Figure S9). Finally, it is
important to notice that for the majority of structures extracted from CSD the EP generated by
0...0 system keeps consistent shape and magnitude (Figure S10) which permits to anticipate its
behavior in the various supramolecular structures. Similar EP features can be observed even for
structures with the voluminous alkoxy substituents (Figure S10, refcodes: DAYVAB, DAYSUS,
EGOVIF, IDOQAU, URAWVEQ, WOQMIZ).

It is interesting to investigate the effect of the C3-alkoxy substituent (Figure 1) on the
geometry of binding site. Namely, in great majority of crystal structures extracted from CSD
(1210 from 1500) the compounds contain pairs of methoxy substituents i.e. both C1 atoms
(Figure 1) belong to the methyl group, while there are 1396 structures where at least one C1
atom is a methyl. The number of structures where C1 belongs to a group larger than methyl is
significantly smaller (283 structures with C1-Z group, where the atom attached to C1 is non-H
atom; 78 structures with phenyl group). The examination of these structures shows that the

change of the C3-alkoxy substituents has little influence on the Ola...O1b distance, as well as on

ACS Paragon Plus Environment
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the distribution of corresponding O1—-C3—C3 and C4—C3—01 angles and that the values of these
parameters closely agree with the findings from the main analysis. On the other hand, the effect
on substituents on the torsion angles Cla—Ola—C3a—C3b and C1b—O1b—C3b—C3a seems more
pronounced as considerable portion of these structures has one or both O1-C1 fragments non-
planar with the phenyl ring. This is mostly the case when the both alkoxy substituents are
voluminous groups producing the steric hindrance or the subtituents contain strong hydrogen

bonding sites involved in additional interactions.

CSD analysis of the acceptor ability of O...O system

The CSD analysis has been further employed to examine the real acceptor ability and capacity
of the O...0 systems from o-dialkoxybenzene fragment (Figure 1) to form hydrogen bonding. In
the subsequent CSD search the intermolecular interaction between the ether acceptor system and
the hydrogen donor was assumed if it satisfied the criteria O...H < 3.0 A and D-H...O > 110°
with at least one of the oxygen acceptors. Almost all crystal structures i.e. 1477 from 1500
extracted structures (98.5%) satisfied the given criteria by forming 7240 intermolecular O...H
contacts. This result corresponds to the average number of 4.9 contacts per structure, however an
inspection of individual cases revealed that up to 8 D—H...O interactions can simultaneously be
formed with the particular O...O system (Figure 4; for additional examples see Figure S11). This
multiple hydrogen bonding can be explained by the existence of a large region of the negative EP
(Figure 3b) which allows the simultaneous accommodation of several H-donor groups. A
reduction of the acceptor...donor distance to O...H < 2.6 A, resulted in 1195 (79.7%) structures
with 2449 contacts. Interestingly, an equivalent analysis of the anisole oxygen acceptor abilities,

showed a considerable lower portion i.e. 48.8% of structures forming the D—H...O interactions

ACS Paragon Plus Environment
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within the same geometrical limits (4875 of 9981 structures containing the anisole fragment,

Figure S3b, formed 6512 contacts with O...H < 2.6 A).

\ BIMCEGO1
Figure 4 Examples of multiple hydrogen bonding interactions with O...O system (O...H<3.0 A

and D—H...O > 110°). Additional examples can be found in Figure S11.

Histograms in Figure 5 show the spatial distribution of the interacting H atoms with regard to
the O...O system defined by the P1 plane which contains these two acceptors. Thus, the short
H...P1 distance indicates that the H atom lies in the plane or close to the plane of the acceptors.
For two subsets of structures, i.e. with the O...H distances restricted to 2.6 (light gray) and with
the O...H distances up to 3.0 A (the whole dataset given in dark grey), the histograms show that
the interactions can take place in the level of oxygen acceptors as well as out of this plane,
following the distribution of EP. Subset of structures with O...H distances restricted to 2.6 A
shows only a slight preference of the H atoms to accumulate in the level of P1 plane and hence to
approach closer to the EP minimum located between the oxygen atoms. The longer contacts, on

the other hand, show a clear tendency to accumulate out of the P1 plane (at 2.4 — 2.6 A
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above/below P1, Figure 5) which is in accordance with the symmetrical expansion of the
negative EP’s surface area above and below the O...O system at longer distances (Figure 3b,

Figure 6).

600

00 05 10 15 20 25 30
d(H..P1)

Figure 5. Distribution of O...H contacts with respect to the O...O acceptor system for the
subsets with distances O...H < 3.0 A (dark gray) and O...H < 2.6 A (light gray). The parameter
d(H...P1) represents the distance of interacting H atom from the plane (P1) containing oxygen

acceptors and atoms of phenyl ring.

The spatial distribution of the extracted intermolecular contacts generated by Isogen, along
with the distribution of the negative EP surface in Figure 6 indeed shows the agreement between
the radial expansion of EP and the expansion of the donor groups above/below the P1 plane
(Figure 5). The shortest hydrogen bonds (O...H distances up to 2.3 A given in Figure 6b) display
similar radial distribution with no particular preference regarding the spatial position of the
donor groups. This may indicate a similar influence of the O...O acceptor system within a wide

area surrounding the system, and its accessibility from different directions. In addition, the
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shortest interactions manly involve the polar hydrogen bonding donor groups, O—H and N—H

(Figure 6b), while the number of weak C—H donors increases at longer distances (Figure 6a).

oNOYTULT D WN =

(c)

47 Figure 6. CSD-based spatial distribution of D—H donor groups around O...O system relative to
49 the spatial distribution of EP. In two projections: IsoStar plots for D-H...O interactions with
O...H distances up to (a) 3.0 and (b) 2.3 A; (c) EP of DMB at —0.025au. Figure S12 shows the

54 distribution of D—H donor groups positioned within 2.6 A from O acceptors.
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To investigate in more details the correlation between the shortest hydrogen bonds, the nature
of H-donors and their relative position with respect to O...O system, in further CSD analysis we
focused on interactions with the most significant hydrogen bonding donors, O—H and N-H. Due
to a small number of structures containing the O—H or N—H donors, a joined analysis of their
distribution and tendencies with respect to the acceptor system has been performed.

Among the 1477 crystal structures containing the D—H...O interactions there are only 140
structures with the O—H...O or N-H...O interactions. The corresponding OH/NH donors are
engaged in 294 interactions in total, while 265 interactions (thus over 90 %), have the O...H
distances < 2.6 A. Histogram in Figure S13 shows the distribution of O...H distances from O—
H...O and N-H...O interactions and points to significantly high number of contacts at short
distances. Corresponding d(H...P1) histogram (Figure S14) analogue to that in Figure 5, shows
that the H atoms belonging to O or N tend to accumulate in the level of O...O plane. However,
there are numerous cases when the formed hydrogen bonds engage the OH/NH donors placed
significantly above/below the O...O plane. This observation is again in agreement with the
distribution of EP which shows the minimum values in the plane of the oxygen acceptors and
favors the accumulation of polar donors close to this plane.

Regardless the type of the available donor groups the topological analysis confirms that the
0...0 acceptor system can be involved in multiple hydrogen bonding. Thus for the structures
with CSD refcodes: RABWIA, FOTKUW and ITUCEG, " forming the 4, 5 and 6 D-H...O
contacts (with O...H < 3 A), the topological analysis* identified 4, 5 and 6 bond paths and the
corresponding bond critical points (bcps), respectively. The electron density in bcps (pvcp) ranges
from the values typical for very strong hydrogen bonds (RABWIA'™”: O-H...0: O...H =1.866 A,

Poep 0.201 e A? and Laplacian, Vzpbcp 2.17 ¢ A®) to those revealing rather weak interactions

ACS Paragon Plus Environment

18

Page 18 of 40



Page 19 of 40

oNOYTULT D WN =

Crystal Growth & Design

(ITUCEG”*: C-H...0: O...H=3.00 A, ppep 0.017 ¢ A and V?pep, 0.23 ¢ A®). Molecular graphs

and topological values for all bcps found in these structures are given in Figure S15.

Bifurcated hydrogen bonding. The analysis on acceptor ability of O...O system reveals that a
significant percent of the investigated crystal structures forms bifurcated hydrogen bonding (in
further text BFHB). Similar observation was previously reported by Steiner’ where the
interaction of the O—H donor with the DMB was described as preferentially bifurcated, involving
a single O—H donor and both O centers. Here we performed the statistical CSD analysis in order
to estimate the frequency and preferable geometry of BFHB interactions with the O...O system.

In our initial subset of 1477 crystal structures with D—-H...O interactions there are 1050
structures with at least one BFHB. In latter structures, we have found 1646 donor groups
involved in BFHB defined by the conditions equivalent to those used in general analysis i.e. both
O...H distances < 3.0 A and both D-H...O angles > 110°. Hence, there is more than 70% of the
structures (1050/1477) forming the bifurcated HB, and there are cases with more than one BFHB
per O...O system.

Our statistical analysis on BFHB with O...O system resulted in following conclusions:

(a) although considerable fraction of interactions belongs to BFHB (especially at short
distances), the majority of interactions with O...O system does not belong to the BFHB. This is
evident from the scatterplot Ola...H vs. O1b...H in Figure S16 which shows higher number of
interactions with only one O...H contact shorter than 3 A, in comparison to those where a single
H atom interacts with both O acceptors; (b) BFHB shows somewhat higher tendency to place
interacting H atom in the level of O...O plane. This is evidenced from the d(H...P1) histogram in
Figure S17 (analogue to Figure 5) showing the position of the H atoms from the BFHB with

regard to O...O acceptor plane; (c) scaterplot D-H...Ola vs. D-H...Olb displaying the
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interaction angles in BFHB (Figure S18) shows the dominance of interactions where the sum of
these angles is approximately 295°; (d) among 140 crystal structures containing the O—H...O or
N-H...O interactions there are 121 structures forming the BFHB by means of 136 donor groups.
Hence, almost each crystal structure from this subset forms O—H...O or N-H...O BFHB; (e) in
comparison to a whole interaction set, the BFHB shows higher tendency toward shorter O...H
contacts. This is evidenced from the histogram in Figure S19 which shows that BFHB represent
a largest fraction (of the total number of interactions) at short contacts; (f) conditions less
restrained do not lead to significant changes in statistics of BFHB. Thus, when the two
interaction angles are restrained to D—H...O > 100°, the number of structures with BFHB

increases to 1117 (from the initial 1050).

Effect of substituents on the acceptor ability of O...O system

As mentioned in previous section, the contribution of CSD structures containing the alkoxy
substituents other than methoxy is low. Among the 1477 crystal structures containing the
fragment (Figure 1) and forming the D—H...O interactions there are only 255 structures where Z
atom attached to C1 is non-H atom. These structures form 670 D-H...O interactions, hence less
than three interaction per structure (over five is found for dimethoxy structures). Though the
corresponding oxygen acceptor can generate the EP with properties similar to the dimethoxy
compounds (Figure S10) the voluminous substituents seem to reduce the number of donors able
to approach the O...O system which reflects in lower number of interactions.

Since the smaller alkoxy groups enabled greater number of interactions with the corresponding
O...0 acceptors, we have also checked the behavior of structural fragments containing the

hydroxy instead of alkoxy groups attached to C3 atoms (Figure 1), and also the behavior of
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fragments containing the asymmetric hydroxy-alkoxy binding sites. Nevertheless, due to a
decreased uniformity and predictability of such fragments, they were not included in our final
statistical analysis. Namely, these systems frequently form intramolecular O-H...O hydrogen
bond which significantly changes the EP distribution of the O...O acceptor site, and disables the
structural (and electrostatic) predictability (Figures S20, S21). The number of structures where
one or both substituents are hydroxyl groups is smaller than the number of structures with alkoxy
substituents, however in the absence of intramolecular interaction these compounds display
similar EP features of the corresponding O...O acceptor site (Figures S20, S21), and deserve
attention as efficient H-acceptors.

Recently there have been a number of studies where the ortho-methoxy—hydroxy group is
recognized as an efficient halogen bonding acceptor capable of forming several different
halogen-bonded motifs.”>”"> One can expect that the capability of this acceptor site for halogen
bonding also emerges from the strongly negative electrostatic potential generated by the pair of
oxygen atoms (Figure S21). The EP features of hydroxy-alkoxy sites seem similar to those of
more symmetric alkoxy—alkoxy sites. The asymmetry of the hydroxy-alkoxy site is reflected in a
slight shifting of the EP minima toward the oxygen acceptor from the hydroxy group as well as
in somewhat larger EP isosurfaces generated at this side of an O...O system. This is in
accordance with a slightly more negative charge found for the hydroxy oxygen of such system.””

Finally, we have checked the behavior of the structural fragments containing the additional,
non-H substituent attached to C4 atoms (Figure 1). Again, due to a decreased uniformity and
predictability of such fragments, they were not included in our final statistical analysis. Namely,
the geometry of these fragments noticeably differs, the distance between the Ola...O1b atoms

increases, while the alkoxy substituent vicinal to substituted C4 is no longer coplanar with the
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phenyl ring. The average number of interactions to corresponding O...O acceptor pairs decreases
below three. Though oxygen atoms still generate a significantly negative EP the form of the
isopotential surface in these structures is not uniform and predictable as in the case of fragment

without the additional C4 substituents.

Geometry, ab initio estimate of the interaction energy and description of bonding in the

DMB-H,0 dimer based on EDA and ETS-NOCYV methods

The previous results on DMB*® show that the conformer having the C2v symmetry is to
be lowest in energy, except for the MP2/6-31G(d) method, which gives a slightly lower energy
for the C2 conformer. We performed a full geometry optimization of the C2v conformer at the
B3LYP/aug-cc-pVTZ level of theory and got a good agreement between the structural
parameters and the experimental results obtained by gas-phase electron diffraction (GED)™
(Table S1). The results confirmed the C2v symmetry of DMB. It can be noticed that DMB is
characterized by a short O...O distance (2.593 A) as well as by the shrinking of the Ola—C3a—
C3b and O1b—C3b—C3a angles (both angles are 115°) and the corresponding extension of the
C4a—C3a—0Ola and C4b—C3b—-O1b angles (both angles are 125°). This is in accordance with the
fact that highest occupied molecular orbital (HOMO) of DMB is highly delocalized towards two
methoxy oxygen atoms (Figure S22).

The study of the rotationally resolved S1«-S0 electronic spectra of DMB suggests that the
water molecule is attached via two O-H...O hydrogen bonds to the methoxy groups in both
electronic states.”® The authors suggested that the hydrogens of the attached water molecule are
most probably hydrogen bonded to lone pairs of electrons that belong to the methoxy oxygens
pointing above and below the symmetry plane of the DMB molecule. According to the analysis

presented in that study, the water molecule lies well outside the two methoxy groups at a
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distance of about 4.05 A from the center of mass of the DMB molecule. Torsional subbands that
appear in the spectrum of DMB-H,O show that the attached water molecule moves within the
complex from one set of lone pairs to the other.

We performed a full geometry optimization of the DMB-H,O dimer employing the MP2
method and aug-cc-pVDZ basis set. Additional geometry optimizations at the B3LYP/6-
311+G(d,p), B3LYP/6-311++G(d,p), and ®BP97X-D/aug-cc-pVDZ levels of theory were also
performed in order to test the effect of method and basis sets on the optimized structures. The
optimized equilibrium geometry of the DMB-H,0 dimer in the ground electronic state is
presented in Figure 7a. Our values of the rotational constants are in good agreement with the
experimental values obtained from the rotationally resolved electronic spectrum of the DMB-
H,O dimerzg, Table 1. It should be noticed that our calculated values are equilibrium rotational
constants while experimental values are vibrationally averaged values.

The optimized geometry of the DMB-H,O dimer shows that in minimum energy structure
(Figure 7a) one of the hydrogen atoms (H1) of the water molecule forms a hydrogen bond with
both methoxy oxygens so that O—H1 bond is almost in the plane of the aromatic plane of the
DMB molecule Figure S23). The second hydrogen (H2) is below the aromatic plane and is at a
longer distance from the nearest methoxy oxygen than the HI. Position of water donor in
optimized system coincides with the EP minimum and agrees with the fact that the shortest CSD
interactions are preferentially bifurcated. Some selected structural parameters of the DMB-H,O
dimer are collected in Table 1. The topological analysis* of electron density located two bond
critical points for the optimized DMB-H,O dimer (Figure 7b), confirming the bifurcated

hydrogen bonding between the components [bcpi: Dir_02.04 A; poep 0.131 ¢ A™; Vippep 1.61 € A

5 bepy: Di.02.39 A; poey 0.062 ¢ A™; Voo, 0.86 ¢ A,
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Figure 7. (a) Optimized geometry of the DMB-H,0 dimer computed at the MP2/aug-cc-pVDZ
level of theory; (b) Molecular graph of the system showing the corresponding bond critical
points; (¢) Contour plot of the most important deformation density charge transfer channel (Ap;)
describing the interaction between water and the DMB molecule. Charge accumulation due to
the DMB-H,O0 interaction is given in blue color, charge depletion is in red color. Also shown is
the corresponding energy contribution, AEy1, (in kcal/mol) obtained at the BP86-D/TZ2P level

of theory.

Table 1 Selected structural parameters, distances (A) and bond angles (°), rotational constants
(cm-1) obtained at the MP2/aug-cc-pVDZ level of theory, and estimate of binding energy

(kcal/mol) in the DMB-H,0 dimer

Page 24 of 40

Parameter

do-cm' | Rora-ni Rory-n1 doia-o | dow-o | <Ola"HI-O | Arom A B C
Rota-m2 Rop-m2 <Olb-"H1-O

3.669 2.039 2.392 2910 3.213 148.1 +0.0062 0.0447 | 0.0290 | 0.0177
3.381 3.351 141.8 0.0453° | 0.0294° | 0.0179"

Binding energy

€ f
AEMP2(aug-ce-pvDZ) AE* MP2(aug-cc-pVTZ) AE"mp2 cBS AE ccsperyces | AE®cesp(r).cBs.zpVE

—5.89 —6.32 —6.50 —6.48 —5.05

% the distance between O and the center of mass of the DMB-H,0 dimer
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b exp. values of the average rotational constants obtained from the rotationally resolved
electronic spectrum of DMB-H,O dimer **

¢ Single point calculations at the MP2/aug-cc-pVDZ fully optimized structure using the
MP2/aug-cc-pVDZ level of theory. The BSSE was corrected by the counterpoise method.

d Single point calculations at the MP2/aug-cc-pVDZ fully optimized structure using the
MP2/aug-cc-pVTZ level of theory. The BSSE was corrected by the counterpoise method.

® The estimated MP2 interaction energy at the basis set limit by the method of Helgaker et
al.*** employing the aug-cc-pVDZ and aug-cc-pVTZ basis sets.

" The estimated CCSD(T) interaction energy at the basis set limit according to the equation
AECCSD(T),CBS = AEMPQ,CBS + ACCSD(T) ACCSD(T) correction term is the difference between
AEccsper) and AEwp, obtained with the aug-cc-pVDZ basis set.

& AECCSD(T),CBS, 7ZPVE denotes AECCSD(T),CBS energy along with the ZPVE correction.

The anisole-H,O dimer has been investigated in several experimental and theoretical studies.**
3% The equilibrium geometry of the H,O molecule in the DMB-H,O dimer, which we presented
in this paper, shows a resemblance with the H,O geometry in the anisole-H,O dimer proposed by
Becucci et al.** Our best estimate value of the interaction energy between DMB and water
obtained from CCSD(T) calculations along with the BSSE and CBS corrections is AEccsp(t),cBS
= —6.5 kcal/mol. For the anisole-water dimer Barone et al.*> obtained by similar CCSD(T)
calculations the interaction energy of —4.2 kcal/mol. Owing to the existence of two methoxy
groups in DMB-H,O there is an increase of the interaction energy of more than 50% compared to
the interaction energy in the anisole-H,O dimer.
b4 -:;' "o

Y i 9 & .99 98
zf!‘f,’ .4 JJ):‘JI".

/ i Eccsom=1.4 kcal/mol

Figure 8. The barrier between minimum energy structure of the DMB-H,O dimer and the

transition energy structure calculated at the CCSD(T)/aug-cc-pVDZ level employing the

B3LYP/6-311++G(d,p) optimized structures of the minimum and transition state structures.
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Pasquini e al.®® in their extensive study based on theoretical investigation and resonance
enhanced multiphoton ionization and rotationally resolved electronic spectra of the anisole-H,O
have highlighted the complexity of the potential energy surface in this dimer. The authors
pointed out to the extremely flat PES in the region between anisole oxygen and the aromatic
hydrogen.®® In our study, the unconstrained geometry optimization of the transition state in
DMB-H20 dimer leads to a transition state structure where each of the water H-atoms interacts
with one of the methoxy oxygens, Figure 8, Figure S24). It is interesting that the reorientation of
the water molecules from minimum toward the transition state structure occurs with a rather low
energy barrier of only Eccsper)= 1.4 kcal/mol. The barrier was obtained at the CCSD(T)/aug-cc-
pVDZ level of theory and was calculated at the minimum and transition state structures

optimized at the B3LYP/6-311++G(d,p) level.

4@
P 29
. o‘“‘J;
\ 9
b 2 2 9 2 /
> 2@
J““Jl JJ“JJ y
20 09 Ao 09 /
é 1 o z
e ’ — e . c

———— o e — — —
t 2 : ‘ @ 4 s & 0 u

<(0-O1a-C3a)eq - <(0-O1a-C3a) [deg] <(0-01b-C3b)eq - <(0-01b-C3b) [deg]

Figure 9. Potential energy path of DMB-H,0O dimer in the ground electronic state as a function
of a water in-plane bending coordinate. Energies from constrained geometry optimization
obtained at the B3LYP/6-311+G(d,p) level are presented. The two minima arise from two

equivalent orientations of the H;O molecule.

Figure 9 shows potential energy paths for the in-plane bending motion of water from a

minimum energy structure toward central region between two methoxy oxygens. There are four

ACS Paragon Plus Environment

26

Page 26 of 40



Page 27 of 40

oNOYTULT D WN =

Crystal Growth & Design

minima that arise from equivalent orientations of the attached H,O with respect to the DMB
moiety. The results show that as the in-plane bending angle O—Ola—C3a (or O—O1b—C3Db) is
more deviate from the minimum structure toward the central region, the energy raises very
slowly indicating a very flat potential energy surface in the region between methoxy oxygens.
Taking into account the flat PES surface and the small energy barrier between the minima and
transition state it can be suggested that the attached water molecule undergoes a large amplitude
motion between two methoxy oxygens and that DMB-H,O complex shows high flexibility. This
is in accordance with the experimental results®, also proposing the mobility of the water
molecule between the methoxy oxygen acceptors.

Since DMB can take part in different intermolecular interactions, a balance of different terms
can be assumed in the DMB-H,0O dimer. The previous results show that EDA and ETS-NOCV
methods can give valuable information on different types of bonding. According to the results of
the EDA analysis of DMB-H,O system (Table 2), the most important contribution in a
stabilization of the DMB-H,0 complex comes from the electrostatic attraction (AFEejsat) Which is
in accordance with our analysis of the electrostatic potential. The electrostatic term is more than
three times larger than the dispersion term. The additional stabilization, AEy, stems from
stabilizing interactions between the occupied molecular orbitals on one fragment with the
unoccupied molecular orbitals of another fragment or by mixing of occupied and virtual orbitals
within the same fragment. It can be noticed that AEy, is smaller than AE, but it is larger than
AE4isp- Each methoxy group oxygen has two lone pairs of electrons pointing above and below the
horizontal plane of the DMB molecule. The leading NOCV-based deformation density channel

presented in Figure 7c shows a charge transfer of the type p(Omethoxy) —0*(O—H). We found that
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based on NOCV deformation density contours the oxygen of the methoxy group is capable of

forming hydrogen bonding.

Table 2 ETS-NOCYV energy decomposition (kcal/mol) for the DMB-H,O system obtained at the

BP86-D/TZ2P level of theory

dimer AE‘orb AE'elstat AE‘Pauli AE'disp AE'total
DMB-H,O —-3.34 -7.85 7.03 —2.24 —6.40

Hydrogen bond interactions of DMB in systems with several donors
J
J
A Q- f

9 J

e’
}m«’é:
‘e’

AEccspr), cs = —4-2 keal/mol

AEccsp(m), cs = —3-6 keal/mol

(a) (b)
Figure 10 DMB-H;0 model systems used for the ab initio calculations and the corresponding

interaction energies. Two orthogonal projections of: (a) dimer and (b) trimer.

The above CSD analysis showed that up to eight donors can simultaneously interact with
0...0 fragment and that a number of contacts exists not only in the equatorial plane (i.e. level of
P1, Figure 5) but also above and below the plane. To estimate and compare the efficiency of the

0...0 system in the case of equatorial and axial interactions we performed ab initio calculations
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on two additional model systems. In the model system A (Figure 10a) the water molecule is in
the equatorial plane while in the model system B (Figure 10b) one water molecule is above the
aromatic plane and another water molecule is below the plane. Each water molecule is here
assumed to form two O-H...O interactions by engaging both H donors towards the methoxy
acceptors. To provide comparison on the same ground, all water molecules display equivalent
geometry with respect to the O...O system, with all H...O distances fixed to 2.0 A (chosen as
preferable distance from the optimized DMB-H,0 system). The interaction energy of the model
system A is AEccsp(t),cs = —3.63 kcal/mol while the interaction energy of the model system B is
AEccspm,cs = —4.21 keal/mol. The results of ab initio calculations indicate that DMB can build
hydrogen bonds with two water molecules simultaneously and that the bonding can be achieved
in the space above and below the aromatic plane, which is in the agreement with the results from

the CSD search.

Conclusion

A Cambridge Structural Database analysis presented in this study reveals highly predictable
structural features of the o-dialkoxybenzene fragment comprising two ether oxygen acceptors in
ortho positions of benzene ring. The consistence in fragment conformation leads to a predictable
shape, spatial distribution and magnitude of the negative electrostatic potential and thus to a
predictable interaction of the system in different crystalline environments. Short intramolecular
nonbonded contact between an oxygen pair (2.57 A in average) generates a wide hydrogen
bonding acceptor area able to simultaneously accommodate up to eight hydrogen bonding donors
in which O..H < 3.0 A and D—H...O > 110°. Nearly 80% of the extracted structures forms the

interactions where O..H < 2.6 A. This is substantially higher percent in comparison to the
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anisole fragment containing structures with the similar interactions (ca. 50%) and indicates a
significantly improved acceptor ability gained through the O...O acceptors cooperativity. The
donor groups are symmetrically distributed around the O...O system and similarly populate the
wide region influenced by the negative EP. Considerable fraction of interactions, especially at
short distances, belongs to bifurcated hydrogen bonds. Topological analysis confirms the
relevance and attractive role of the long distance interactions.

The results of ab initio calculations for the DMB-H,0 dimer show that extremely flat potential
energy surface between equivalent minima allows the H;O molecule to exhibit in-plane motion
very easily. When one assumes that H,O can also perform out-of-plane motion between minima
with very small energy barrier of only Eccspr=1.4 kcal/mol, the DMB molecule enables the
water molecule to move easily between two binding sites formed by two methoxy oxygens. The
description of bonding based on EDA and ETS-NOCV methods shows that O...O system in
DMB is capable of forming hydrogen bonds with dominance of electrostatic component
(AEistat). Moreover, DMB can interact with molecules that are placed above and below the
aromatic plane. Based on that, it can be anticipated that in different external confinements, DMB
can offer similar wide interaction area for building hydrogen bonds.

In summary, owing to the broad EP surface between two methoxy oxygens of DMB, the
DMB-H,O0 interaction energy of —6.5 kcal/mol (stronger than in the anisole-H,O dimer), large
number of contacts from the CSD search in the O...O region and up to eight H-donors per DMB
moiety from the database, it can be concluded that the system of two DMB oxygen acceptors is
characterized by a cooperativity, significant hydrogen bond capacity, and can be regarded as a
good hydrogen bond acceptor site. The present results also point to the predictable distribution

and high value of negative EP. This information can be useful for molecular recognition
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processes considering the potential biological significance of the o-dialkoxybenzene containing
compounds. Due to small number of structures and decreased structural uniformity and
electrostatic predictability of the fragments containing the hydroxyl instead of alkoxy groups,
these were not included in the present statistical analysis. However in the absence of
intramolecular hydrogen bonding the compounds containing the hydroxyl groups generate a
similar uniform EP area around the corresponding O...O acceptor site, and deserve attention as

efficient H-acceptors.
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Short intramolecular O...O contact in some o-dialkoxybenzene derivatives
generates efficient hydrogen bonding acceptor area

Goran A. Bogdanovi¢, Bojana D. Ostoji¢, Sladjana B. Novakovié¢

CSD analysis reveals highly predictable structural features of the o-dialkoxybenzene fragment
comprising two ether oxygen acceptors in ortho positions of benzene ring. The consistence in
fragment conformation leads to a predictable shape, spatial distribution and magnitude of the
negative electrostatic potential and thus to a predictable interaction of the system in different
crystalline environments.
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