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Non-covalent dipolar interactions between pairs of carbonyls have been demonstrated to play a significant role in the
crystal packing and formation of supramolecular structural architecture of small organic molecules. Under high dilution,
the strapped crown-3-pyromellitimide 4 and macrocyclic crown-6-bispyromellitimide 5 were synthesised in concert and
demonstrated selective molecular recognition towards Na™ and K™, respectively. The molecular structure of strapped
crown-3-pyromellitimide 4 was solved using X-ray crystallography and an unusual highly sheared anti-parallel dipolar
carbonyl---carbonyl interaction was observed in the crystal packing. The intermolecular interaction has a torsion angle of
44.1°, and deviates from the three idealised motifs reported in literature. This finding further highlights the importance and
versatility of dipolar carbonyl---carbonyl interaction in the crystal packing of organic molecules.
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Introduction

The chemistry of non-covalent intermolecular interactions,
commonly known as supramolecular chemistry has greatly
influenced and improved our understanding in the molecular
recognition processes of self-assembly and host-guest
chemistry.!"! Due to the prevalent focus on the hydrogen
bonding, other intermolecular interactions have frequently
been overlooked despite the important role they play in
supramolecular systems. One example is the dipolar
carbonyl---carbonyl interaction which was found to be ubig-
uitous in both chemical and biological molecular recognition
processes.”! This includes applications in crystal engineer-
ing,™! ligand-based medicinal drug design,* and the synthesis
of supramolecular metal-organic frameworks,"! helices,!® and
columnar structures.!”!

Dipolar carbonyl---carbonyl interactions were first reported
by Bolton!™®" in the crystal structure packing of alloxan showing
preferential C=0---C=0 contacts instead of hydrogen bonding
between the acidic N—H and C=0.""" In earlier
crystallographic database studies, Taylor et al!'l and
Gavezzottil'?! have reported non-covalent interactions between
pairs of carbonyl and cyano dipoles, and subsequently Allen
et al.l"*! carried out similar searches on the Cambridge Structur-
al Database (CSD) and reported several favourable electrostatic
C=0---C=0 interactions. The authors described three config-
urations of idealised intermolecular carbonyl---carbonyl inter-
action geometries (Fig. 1); a slightly sheared anti-parallel, a
highly sheared parallel, and a perpendicular motif, however they
had diverse interpretations regarding the importance of these
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dipolar interactions on crystal packing. Several computational
methods were accounted to elucidate the understanding of
dipolar interactionst*~'*1; more recently Lee et al.!'®! published
a more comprehensive CSD search on the role and importance
of dipolar C=0---C=0 interactions in crystal packing. From the
analysis of structural data and computational studies, it was
concluded that electrostatic energies are important in determin-
ing total interaction energies and geometries; however, steric
repulsion and other intermolecular forces must also be
considered.

Here we report the synthesis of two cyclic molecules: crown-
3-pyromellitimide 4 and crown-6-bispyromellitimide 5. Using
mass spectrometry, we show that 4 binds preferentially to
sodium over potassium ions while the opposite selectivity is
observed for 5. Infrared spectroscopy and single crystal X-ray
diffraction analysis of 4 show unusual highly sheared anti-
parallel dipolar carbonyl---carbonyl interactions. This novel
CO---CO interaction mode opens up new avenues in the design
and analysis of solid-state supramolecular systems and other
areas of crystal engineering.

Results and Discussion

Synthesis and Cation Recognition of Strapped
Crown-3-Pyromellitimide 4 and Macrocyclic
Crown-6-Bispyromellitimide 5

Starting from pyromellitamide anhydride 1, the synthesis of the

target crown ether-pyromellitimide hybrids 4 and 5 was carried
out in two simple steps as shown in Scheme 1. The pyromellitoyl
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Fig.1. The geometry and metric parameters of carbonyl---carbonyl interactions and the schematic drawings
for three configurations of idealised intermolecular carbonyl---carbonyl interactions based on Allen and co-

workers.!3]
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Scheme 1.

chloride 2 was synthesised in 92 % yield according to the
method reported by Baldwin and co-workers.!'” Subsequently,
the acid chloride 2 was reacted with ethylene glycol diamine 3 in
an anhydrous dichloromethane-tetrahydrofuran mixture at 0°C
under high dilution to suppress polymerisation. Purification
using silica chromatography yielded two novel cyclic com-
pounds in 5 % yield for the strapped crown-3-pyromellitimide 4
and 1 % yield for macrocyclic crown-6-bispyromellitimide 5
The cation recognition capabilities of crown-3-
pyromellitimide 4 and crown-6-bispyromellitimide S were

n)

&mg

O

Synthesis of crown-3-pyromellitimide 4 and crown-6-bispyromellitimide 5.

investigated using orbitrap electrospray ionisation (ESI) high
resolution mass spectrometry. The formation of adducts in the
gas phase represents non-covalent interactions of the host-guest
complex, providing a rapid screening method for the specificity
and selectivity of molecular recognition.!"® Similar studies on
the complexation of alkali metal cations with macrocyclic
diamides using mass spectrometry were reported by Tarnowski
et al.l"” Here, the size specificity of the smaller strapped crown-
3-pyromellitimide 4 was demonstrated with the 4-Na™ host-
guest complex ion formed in 23-times greater abundance
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Table 1. Cation recognition selectivity of crown-3-pyromellitimide
4 and crown-6-bispyromellitimide 5 using HR-MS (ESI - see
Supplementary Material)

Host Cation m/z Abundance ratio”
4 H' 8.9

Na* 23

K" 1.0

NHy 8.2
5 H' 1.0

Na* 17

Kt 36

NH7 3.0

AThe m/z abundance is normalised to the smallest [M+X]* peak observed
after taking into account the relative isotope ratio of 14N, 2°Na and *K.

Fig.2. Molecular structure of strapped crown-3-pyromellitimide 4 derived
from single crystal X-ray analysis. (a) ORTEP diagram showing 50 %
probability anisotropic displacement ellipsoids at 100K, with H atoms
drawn as circles with small radii. (b) Packing diagram within the unit cell
(wireframe); all H atoms are omitted for clarity, except H(15) showing
intermolecular hydrogen bonding. Dipolar carbonyl---carbonyl interactions:
C=0---C=O0 (green dashed lines), glide plane symmetry: 1/2 +x, 1/2 —y,
1/2 4 z. Hydrogen bonding C—H---O (purple dashed lines), inversion centre
symmetry: —x, —y, —z.
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Fig. 3. Perspective packing diagram of compound 4 (ball and stick, 15%
van der Waals radii). All H atoms are omitted for clarity, except H(11),
H(15), and H(20) showing intermolecular hydrogen bonding (purple dashed
lines). Selected distances [A] of intermolecular hydrogen bonding: O(7)---
H(15) 2.579, O(1)---H(20) 2.555, O(3)---H(11) 2.617.

than the 4-K' ion (Table 1). In contrast, crown-6-
bispyromellitimide 5 appears to be less specific, with a modest
2-fold higher selectivity of K+ overNa™, consistent with well
established 18-crown-6-ethers in the literature.

X-Ray Crystal Structure and Carbonyl--- Carbony!
Interactions of Strapped Crown-3-Pyromellitimide 4

Single crystals of strapped crown-3-pyromellitimide 4 suitable
for X-ray structure determination were grown by slow diffusion
of diethyl ether into a solution of compound 4 in dichlor-
omethane. Attempts to grow crystals of 5 have not been
successful to date. The structure of crown-3-pyromellitimide 4
crystallises in the monoclinic space group P2,/n with the pre-
dicted molecular structure as shown in Fig. 2a. The crystal
structure of N,N'-bis(2-methoxyethyl)pyromellitimide reported
by Suchod et al.**! demonstrated a perfect flat planar confor-
mation of the centre pyromellitimide moiety. In contrast, a slight
distortion in the flat plane (bending inwards) was observed in the
molecular structure of compound 4, which was interpreted as
torsional strain on the cyclic structure, as expected for smaller
macrocycles. Thus, the successful synthesis of this elegantly
strapped crown-3-pyromellitamide 4 was remarkable given the
unfavourable energetic strains involved in forming such a small
macrocycle.

As shown in Fig. 2b, the packing diagram within the unit cell
demonstrated two important intermolecular interactions respon-
sible in the formation of the crystal lattice. The pyromellitic
‘face’ interacts via dipolar carbonyl---carbonyl interaction with
a glide plane symmetry and an inversion centre symmetry of two
molecules between the ‘straps’ through hydrogen bonding. Due
to the poor H-donor nature of C—H, the unconventional
hydrogen bonding interactions between molecules of compound
4 (i.e. CH---O, Fig. 3) are weaker (distance: 2.6 A) compared
with typical hydrogen bonds (distance: 1.6-2.0 A)2122T with
hydrogen covalently bonded to another electronegative atom.
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Table 2. The key geometric parameters for intermolecular carbonyl---carbonyl interactions as defined in Fig. 1 for the three ideal C=0--C=0

motifs' compared with those found in N,N'-bis(2-methoxyethyl)pyromellitimide (PMT

)% and compound 4 (see Fig. 3, green dashed lines)

in this study

D1 D°2 Al A2 A3 A4 Torsion Conformation
[A] [A] [°] [°] [°] [°] angle ()
[°]

Motif (I)* 3.02 - 75 15 180 90 0 Perpendicular
Motif (I)* 3.02 3.02 90 90 90 90 0 Anti-parallel
Motif (IIN)* 3.02 - 90 90 55 55 180 Sheared parallel
PMTL21B 3.111 3.128 96.3 84.5 95.5 83.4 0.8 Anti-parallel
Compound 4 3.178 3.452 80.4 106.3 68.3 92.5 44.1 Highly sheared anti-parallel

ATheoretical parameters resulting in minimum interaction energies [kJ mol '] from ab initio molecular-orbital calculations (6-3 1 G** basis sets) as reported by

Allen et al.l'!
BMeasured values from X-ray crystallographic analysis.

Table 3. Correlation of intermolecular carbonyl---carbonyl interac-
tions conformation to carbonyl bond distances and bond strengths from
X-ray crystallographic and FT-IR spectroscopic data
Vas: asymmetric stretch; vg: symmetric stretch

C=0 bond C=O0 stretch
distances v n
(Al [em™] [em™]
pPMTE20-2%] 1.204 1780 1710
Compound 4 1.213 1765 1711
Compound 5 - 1781 1718

The weak hydrogen bonding interaction suggests that the
carbonyl---carbonyl interaction is the predominant driving force
behind the crystal packing for crown-3-pyromellitimide 4.
Interestingly, the arrangement of the carbonyl---carbonyl
interactions in compound 4 (Fig. 3) was observed to be signifi-
cantly different from the reported non-cyclic N,N'-bis(2-
methoxyethyl)pyromellitimide (PMT).*°Y  Herein, we
discuss the three conformation motifs of intermolecular
carbonyl---carbonyl interactions and their differences in the
geometry and metric parameters in terms of the two C.--O
distances D1 and D2, four dihedral angles Al to A4, and the
torsion angle 7 about the vectors of the two interacting carbonyl
groups as shown in Fig. 3. Using ab initio molecular-orbital
calculations (6-31G** basis sets) and applying the intermolec-
ular perturbation theory (IMPT) to a bis-propanone dimer
model, Allen et al.''® established the ideal C---O distances
(Table 2) for perpendicular and anti-parallel motifs with opti-
mum interaction energies of —7.6 kI mol~' and —22.3 kJ mol
respectively.!”®) This outcome is in agreement with the
Cambridge Structural Database (CSD) study which reported
the energetically favoured anti-parallel motif (IT) is six times
more common than the sheared parallel motif (III) and perpen-
dicular motif (I)..'**3! The crystallographic analysis on the
conformation of carbonyl---carbonyl interaction of the non-
cyclic PMTEY revealed an ideal anti-parallel motif (IT) and
the geometry parameters in Table 2 coincide with this observa-
tion. In comparison, the packing diagram of compound 4 in
Fig. 3 demonstrated an unusual conformation, the geometry
parameter listed in Table 2 resolves the conformation as a highly
sheared anti-parallel motif (II) with a high torsion angle
(7: 44.1°). In respect to the CSD and theoretical study by Allen
et al."*! the occurrence of such high torsion angles in the

anti-parallel (Motif II) carbonyl---carbonyl interaction is rare,
and the calculated interaction energy where 7=44.1° is
approximately —15 kJmol '.1"***1 The decline in the interac-
tion energy can be correlated with the significant increase in the
non-covalent C---O distances D1 and D2.

Further evidence for the high shearing effect comes from
correlation of X-ray and IR spectroscopy data (Table 3), which
shows elongation and weakening (red-shift) of the covalent
C=0 bond of compound 4. In contrast, IR data for compound
5 indicated that the C=0 bond strength is similar to the
previously reported PMT, suggesting a minimal shearing effect
on the intermolecular carbonyl---carbonyl interaction
conformation, resembling the anti-parallel motif (II). The
variations of conformation in these three different motifs
provide a wide range of possible carbonyl---carbonyl interac-
tions and in this discussion, we have demonstrated that the anti-
parallel motif (I) can adopt a highly sheared anti-parallel
conformation to accommodate the steric and torsion
inflexibility of the strapped crown-3-pyromellitimide 4.

Conclusions

We reported the synthesis of two novel cyclic molecules, the
strapped crown-3-pyromellitimide 4 and macrocyclic crown-6-
bispyromellitimide 5, under high dilution condition. The
selectivity of host-guest recognition of cations was demon-
strated using high-resolution mass spectrometry (ESI), with
compound 4 preferentially forming the 4-Na™ adduct and
compound 5 favouring the 5 - K™ adduct. In single crystal X-ray
crystallography  studies of the strapped crown-3-
pyromellitimide 4, two modes of supramolecular interaction
were observed in the crystal packing; CH:--O and
carbonyl---carbonyl interactions. Further examination of the
dipolar carbonyl---carbonyl interactions revealed an unusual
highly sheared anti-parallel (Motif II) conformation in the
crystal packing of compound 4. In contrast the previously
reported related non-cyclic PMT which also exhibits the anti-
parallel motif (IT), has a more commonly observed low torsion
angle (7: 0.8°). This suggests that the origin of the highly sheared
anti-parallel carbonyl---carbonyl interaction in 4 is due to the
strain imposed by the crown-ether strap upon the
pyromellitimide core. Our findings could therefore be of
considerable importance in crystal engineering as they highlight
the importance of carbonyl---carbonyl interactions in the solid
state even in cases such as for compound 4 that has to accom-
plish these via a high-shear angle between the carbonyl groups.
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Experimental
General Methods and Materials

All starting materials were purchased from Sigma Aldrich.
Pyromellitoyl chloride 2 was synthesised from pyromellitic
dianhydride 1 according to a literature procedure.!'”! Solvents
and reagents were purchased from Sigma Aldrich, Merck, Ajax
Finechem, and Honeywell Burdick & Jackson and used without
further purification unless otherwise specified. Pyridine was
purified by distillation and dried over potassium hydroxide.
Anhydrous dichloromethane and tetrahydrofuran were dried
and deoxygenated using a PureSolv MD-7 solvent purification
system (Innovative Technology Inc.). Deuterated chloroform
for NMR was purchased from Cambridge Isotope Laboratories.
Column chromatography was performed using Davisil®
chromatographic silica media (0.040—-0.063 mm). Thin-layer
chromatography was carried out using Merck Kieselgel 60
F-254 precoated sheets (0.25 mm).

All synthetic reactions were carried out in an inert environ-
ment containing nitrogen. Melting points were determined on a
Mel-Temp IT hot stage apparatus. Infrared spectra were recorded
on a Thermo Scientific Nicolet Avatar 370 FT-IR spectrometer
as a Nujol mull between sodium chloride plates. 'H and '*C
NMR spectra were recorded on a Bruker Avance DPX 300
spectrometer operating at a frequency of 300.17 MHz for 'H and
75.49MHz for '*C NMR respectively. NMR spectra were
recorded at 298 K and samples were dissolved in CDCls;
chemical shifts were referenced internally to residual solvent
resonances ('H: 7.26 ppm and '>C: 77.16 ppm). Low resolution
electrospray ionisation mass spectra were recorded on a Waters
Micromass ZQ 2000 ESCi Multi-Mode Ionisation Source mass
spectrometer equipped with MassLynx 4.0 instrument software.
High resolution ESI mass spectra were recorded on a Thermo
Scientific Linear Quadrupole Ion Trap with Orbitrap Mass
Analyser (LTQ ORBITRAP XL) mass spectrometer. Samples
were acquired in electrospray ionisation mode using in-house
made static glass nanospray tips inserted into a nanostage with
0.9kV capillary voltage and FTMS setting at 60000 resolution,
and the data then collected and processed with Xcalibur 2.0
instrument software. Microanalysis was performed by the
Research School of Chemistry, Australian National University,
Canberra, Australia.

Synthesis of Crown-3-Pyromellitimide 4 and
Crown-6-Bispyromellitimide 5

A solution of pyromellitoyl chloride 2!'” (2.98 g, 9.10 mmol) in
anhydrous tetrahydrofuran (50 mL) and a solution of 4,7,10-
trioxa-1,13-tridecanediamine 3 (4.02 g, 18.25 mmol) in anhy-
drous dichloromethane (50 mL) were added drop-wise into a
stirred solution of anhydrous pyridine (2.93 g, 37.09 mmol),
tetrahydrofuran (250 mL), and dichloromethane (250 mL) over
a period of 8 h, maintained at 0°C in an ice bath. After addition
was complete, the reaction mixture was stirred for 16 h at room
temperature to afford a pale red solution with white precipitate.
The solvent was removed in vacuo and the resultant brown
residue was extracted with dichloromethane (3 x 30 mL) and
the combined organic extracts were washed with aqueous
hydrochloric acid (0.1 M, 50 mL), followed by water (50 mL)
and then saturated aqueous sodium chloride (50mL). The
organic layer was dried over anhydrous magnesium sulfate,
filtered, and concentrated under vacuum to afford the crude
product as an orange residue. The crude product was purified by
column chromatography over silica gel with methanol in
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dichloromethane (5 : 95 v/v) to remove polymeric compounds,
and the eluent was concentrated under vacuum. This fraction
was then further purified using column chromatography over
silica gel with a gradient elution of methanol in dichloromethane
(ranging from neat dichloromethane to methanol:
dichloromethane, 5:95 v/v). A less polar fraction (R,=0.78)
and a more polar fraction (R,=0.27) were collected; TLC
(methanol : dichloromethane, 5 : 95 v/v).

The combined less polar fractions were evaporated to
yield crown-3-pyromellitimide 4 as a white solid (193.5 mg,
5.3 %), m.p. 232-234°C; IR (Nujol) vpax: 3072 (w), 3044 (w),
1765 (m), 1711 (s), 1461 (m), 1391 (m), 1093 (m), 726 (m)
em™'; "H NMR (300.17 MHz, CDCls): 6 1.93-2.05 (m, 4H,
(NCH,CH,CH,0),), 2.77 and 3.03 (t, J 49Hz, 8H,
(OCH,CH,0),), 3.47 (t, J 4.8Hz, 4H, (NCH,CH,CH,0),),
3.95 (t, J 5.8Hz, 4H, (NCH,),), 8.26 (s, 2H, (ArH),); *C
NMR (75.5MHz, CDCly): 6 27.0 (CH,), 37.8 (NCH,), 70.3
(OCH,), 71.0 (OCH,), 71.1 (OCH,), 118.1 (ArCH), 138.0
(ArC), 167.4 (C = 0); MS (ESI): m/z 403.34 ([M-+H] " requires
403.15); HR-MS (ESI): m/z 403.1506 ([M+H]", C5oH,3N,0,
requires 403.1505); Anal. Calcd. for CyoH2,N,O7: C, 59.70;
H, 5.51; N, 6.96; O, 27.83. Found: C, 60.09; H, 5.33; N, 6.86;
0, 27.72 %.

The combined more polar fractions were evaporated to
yield crown-6-bispyromellitimide 5 as a white solid (32.7 mg,
0.5 %) m.p. 250-252°C; IR (Nujol) vpax: 3069 (w), 3044 (w),
1781 (m), 1718 (s), 1456 (m), 1131 (m), 724 (m) cm ';
'"H NMR (300.17MHz, CDCl3): & 1.92-2.03 (m, 8H,
(NCH,CH,CH,0),), 3.45-3.53 (m, 16H, (OCH,CH,0),, 3.55
(t, J 5.8Hz, 8H, (NCH,CH,CH,0),), 3.85 (t, J 7.0Hz, 8H,
(NCH,)4), 8.05 (s, 4H, (ArH),); *C NMR (75.5 MHz, CDCl5):
6 28.6 (CH,), 36.7 (NCH,), 69.0 (OCH,), 70.4 (OCH,), 70.7
(OCH,), 117.9 (ArCH), 137.4 (ArC), 166.4 (C=0); MS (ESI):
m/z 843.62 (IM+K]" requires 843.89); HR-MS (ESI): m/z
805.2904 (M +H]", C4oHysN4O,4 requires 805.2932); Anal.
Calcd. for C40H44N4014: C, 59.70; H, 5.51; N, 6.96; O, 27.83.
Found: C, 59.53; H, 5.53; N, 6.63; O, 28.31 %.

X-Ray Structure Determination

The X-ray diffraction measurement for compound 4 was
carried out on a Bruker kappa APEX-II CCD diffractometer at
150K by using graphite-monochromated Mo-Ka radiation
(4=0.71075 A). The crystal was mounted on the goniometer
using cryo loops for intensity measurements, was coated with
paraffin oil, and then quickly transferred to the cold stream using
an Oxford Cryostream 700 system attachment. Upon obtaining
an initial refinement of unit cell parameters, the data collection
strategy was worked out to achieve a redundancy of at least four
throughout the resolution range (inf — 0.80 A) at 10's exposure
time per frame making use of the kappa off sets on the four circle
goniometer geometry. Data integration and reduction with the
multi-scan absorption correction method was carried out using
Bruker APEX2 Suite software.**! The structure was solved by
the Direct Methods program SHELXS-97*7) and refined by full-
matrix least-squares refinement program SHELXL.*”) All non-
hydrogen atoms were refined anisotropically and hydrogen
atoms were included by using a riding model. Further crystal and
refinement data are given in Table 4.

Crystallographic data (CCDC reference number 865686)
can be obtained on request, free of charge, by quoting
the publication citation and the deposition number via http://
www.ccdc.cam.ac.uk/conts/retrieving.html, or from the
Cambridge Crystallographic Data Centre, 12 Union Road,
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Table 4. Summary of crystallographic and refinement data for

compound 4

Mol. formula

Mol. Weight

Crystal form

Crystal size [mm?]
Temperature [K]
Crystal system
Space group

a[A]

b[A]

c[A]

o []

B Il

v []

Volume [10\3]

VA

D [gem™]
w(Mo-Kar) [mm ']
01°]

F(000)

Reflections collected
Independent reflections
Observed reflectionswith /> 24 (1)
Parameters varied
Apmax/Apmin [e A73]
Restraint
Goodness-of-fit (F%)
Rim

Ry [F?>26(F2)]
WR(F?) (all data)®

CaoH22N20
402.40
Colourless blocks
0.29 x 0.14 x 0.08
150(2)
Monoclinic
P2/n
8.2485 (10)
11.2813 (14)
20.512 (3)
90

97.562 (6)
90

1892.2 (4)

4

1.413

0.11
3.3-27.9
848

12320

3290

2442

262
0.16/—0.21
0

0.765

0.055

0.039

0.131

Aw=1/[6*(F2) + (0.010P)*] where P = (F2+2F2)/3.

Cambridge CB21EZ, UK; fax: (+44) 1223-336-033; or

email: deposit@ccdc.cam.ac.uk.

Supplementary Material

Mass spectra for the cation recognition selectivity studies shown
in Table 1 are available on the Journal’s website.
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