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A Novel Homoconjugated Propellane Triimide: Synthesis, Structural
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Abstract: Rigid three-dimensional (3D) polycyclic pro-
pellanes have garnered interest due to their unique
conformational spaces, which display great potential use
in selectivity, separation and as models to study
through-space electronic interactions. Herein we report
the synthesis of a novel rigid propellane, trinaphtho-
[3.3.3]propellane triimide, which comprises three imide
groups embedded on a trinaphtho[3.3.3]propellane. This
propellane triimide exhibits large bathochromic shift,
amplified molar absorptivity, enhanced fluorescence,
and lower reduction potential when compared to the
subunits. Computational and experimental studies reveal
that the effective through-space m-orbitals interacting
(homoconjugation) occurs between the subunits. Single-
crystal XRD analysis reveals that the propellane triimide
has a highly quasi-D;, symmetric skeleton and readily
crystallizes into different superstructures by changing
alkyl chains at the imide positions. In particular, the
porous 3D superstructure with S-shaped channels is
promising for taking up ethane (C,H,) with very good
selectivity over ethylene (C,H,), which can purify C,H,
from C,H¢/C,H, in a single separation step. This work
showcases a new class of rare 3D polycyclic propellane
with intriguing electronic and supramolecular proper-

ties.
J

The rigid three-dimensional (3D) polycyclic compounds
containing aromatic rings which are typically fused on
[2.2.2]bicyclic and [3.3.3.0]tricyclic ring systems, often re-
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ferred as iptycene and propellane, have aroused continuous
interest not only due to as synthetic targets in their own
right, but also as building blocks in construction of
supramolecular systems with new properties.!! In particular,
the intramolecular free volumes in the systems afford the
opportunity for binding to suitably sized species, which can
be used in sensory responses, molecular recognition, and gas
separation.” In addition, these systems are being extensively
explored for wuse in molecular electronics and
nanotechnology.”! One of the classic 3D polycyclic com-
pounds is triptycene, and its chemistry has been considerably
developed during the past decades.”! Functionalization at
the peripheral positions of the benzene rings offers great
potential for creating a variety of triptycene derivatives that
bear several functional groups fixed in well-defined spatial
orientation within the molecule.”! However, the develop-
ment of strategies for construction of new 3D scaffolds
present significant synthetic challenges, as a consequence,
the structure diversity is still low, particularly with respect to
control over the homoconjugation effect, which has a
profound impact on molecular properties.*

Herein we report the synthesis and characterization of a
novel rigid quasi-D3, symmetric polycyclic propellane,
trinaphtho[3.3.3]propellane triimide, which comprises three
imide groups embedded on a trinaphtho[3.3.3]propellane.
As with triptycene, trinaphtho[3.3.3]propellane is a rigid
quasi-D;, symmetric molecule, in which the three nathpha-
lene subunits are cofacially oriented at an angle of ~120°.")
It has been demonstrated that the nathphalene subunit on
the propellane is likely to confer electronic interactions via
through space, which makes the system ideal for studying
the homoconjugation effect.’! From a structural point of
view, this propellane triimide can be viewed as three
nathphalene = monoimides = (NMI) fused on a
[3.3.3]propellane. Due to its electron-deficient nature and
unique redox properties, NMI represents a highly versatile
building block for the construction of unusual polycyclic
nanostructures.”) For example, Wudl etal. reported the
synthesis of a planar decacyclene triimide, in which three
NMI units are fused on a benzene ring, serving as electron
acceptor for organic solar cells (Figure 1).'” Recently,
Stepien et al. successfully synthesized a saddle-shaped nano-
carbon comprising a quadruply NMI-fused derivative of
1,3,5,7-cyclooctatetraene, which allows to accept up to eight
electrons (Figure 1)."! These works demonstrate the scaf-
fold leads to key differences in electronic structures, strongly
influencing optoelectronic and supramolecular properties,
which encourage us to pursue the synthesis of a new type of
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> Saddle conformation
» High solubility
» Eight-fold reduction

» Quasi-planar conformation
» Strong aggregation
» Electronacceptor

» Quasi-D;,conformation
» High solubility

> High fluoresence

» Strong homoconjugation
> Effective gas separation

Figure 1. Polycyclic hydrocarbons with multiple imides: structural
evolution from quasi-planar to quasi-Ds, conformations.

propellane solely composed of NMI units. The resulting
trinaphtho[3.3.3] propellane triimide exhibits a highly quasi-
D3, symmetric skeleton with strong homoconjugation. Nota-
bly, compared with triperyleno[3.3.3]propellane triimide,
in which the through-space electronic communication among
the three perylenemonoimide units is relatively weak,
trinaphtho[3.3.3]propellane triimide exhibits significantly
enhanced through-space electron sharing, which should have
a profound impact on electronic and supramolecular proper-
ties.

Our synthesis was initiated by the bromination of
trinaphtho[3.3.3]propellane, which produced brominated
trinaphtho[3.3.3]propellane 179 as a mixture of regioisomers
(3,10,15-tribromo trinaphtho[3.3.3]propellane and 3,10,16-
tribromo trinaphtho[3.3.3]propellane) in a high yield
(Scheme 1). Then, a Pd-catalyzed decarboxylative
coupling™ of potassium 2-ethoxy-2-oxoacetate with 1 pro-
duced trinaphtho[3.3.3]propellane triester 2 in 80 % yield,
which was subjected to a Pd-catalyzed regioselective ortho-
bromination reaction™ in the present of Pd(OAc), with
Na,S,04 as the oxidant, affording 3 in 60 % yield. Next, the
Pd-catalyzed carbonylation™ of 3 with a highly reactive
2.4 .6-trichlorophenyl formate in the present of Pd(OAc),
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and xantphos provided hexaester 4 in 80 % yield. Hydro-
lyzation of 4 under the present of KOH led to hexacarbox-
ylic acid §, followed by a cyclization reaction in acetic
anhydride to give trianhydride 6. With the trianhydride in
hand, direct imidization of 6 with n-octylamine and
2,2,3,3,4,4,4-heptafluorobutylamine in N,N-dimeth-
ylformamide (DMF) provided the desired trinaphtho-
[3.3.3]propellane triimides 7a and 7b in 50% yield,
respectively, which are soluble in common solvents, such as
dichloromethane, chloroform, tetrahydrofuran, and toluene.

As shown in Figure 2a, the absorption maxima of 7a and
7b at 385nm is red-shifted by 35nm relative to their
corresponding subunits (CgH;;-NMI and C;F,-NMI) that
occur at 350 nm, indicating the effective homoconjugation
among the subunits. This homoconjugation effect is also
reflected in the amplification of absorption coefficiencies of
7a and 7b (45000 M~! cm™!), which are significantly larger
than that of the sum of the three subunits (3x12000 M
cm™!) (Table S2). Time dependent density functional theory
(TD-DFT) calculations at the B3LYP/6-31G(d) level of
theory predict the low-energy absorbance corresponds to
the highest occupied molecular orbital (HOMO) to the
lowest unoccupied molecular orbital (LUMO) transition
(Acale=398 nm, f=0.283) (Figure S4 and Table S3), which
matches well to the observed spectrum. Remarkably, in
comparing CgH;;-NMI and C;F,-NMI to 7a and 7b, the
significant increase in emission quantum yields with longer
lifetimes are observed (Table S2), which are likely due to
the rigidity of the 3D scaffold that might reduce the
vibrational relaxation pathways and suppress fluorescence
self-quenching.

Cyclic voltammetry (CV) and differential pulse voltam-
metry (DPV) studies were performed in dichloromethane
with tetrabutylammonium hexafluorophosphate as the sup-
porting electrolyte, and the reduction potentials are deter-
mined relative to ferrocene/ferrocenium (Fc/Fc*), assuming
an ionization energy of 4.8 eV for ferrocene!™ (Figure 2b
and Table S2). In contrast to the CVs of CgH;;-NMI and
C;F;-NMI exhibiting one reversible one-electron reduction
wave, the CVs of 7a and 7b display three reversible one-
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Scheme 1. Synthetic Steps to trinaphtho[3.3.3]propellane triimides. NMP = N-methylpyrrolidone.
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Figure 2. (a) UV/Vis absorption (thick dotted line) and fluorescence spectra (thin dotted line) of 7a, 7b, CgH,,-NMI, and C;F,-NMI in chloroform
(~107° M). (b) Cyclic voltammograms (thick solid line) and differential pulse voltammograms (thin solid line) of 7a, 7b, CzH,,-NMI, and C;F,-NMI.
(c) Molecular orbitals of trinaphtho[3.3.3]propellane triimide calculated by DFT at the B3LYP/6-31G(d) level of theory. The dashed red circle denotes

the regions of electronic coupling among the NMI subunits.

electron reduction waves, indicating the imide units in 7a
and 7b are located in close enough proximity to each other
to impose repulsive Coulombic interactions that come into
play when a second electron is introduced into the molecule.
The first half-wave reduction potentials (E,.') of —1.48 V
for 7a and —1.36 V for 7b are significantly shifted toward
more positive by 0.29 V compared to CgH;,-NMI and C;F;-
NMI, respectively, which suggests that there is significant
conjugative interactions between the subunits in 7a and 7b.
Density functional theory (DFT) calculations at the B3LYP/
6-31G(d) level of theory reveal that the HOMO is
delocalized across all three subunits, while the LUMO and
LUMO +1 are degenerate and delocalized over two of the
three NMI subunits (Figure 2c). A clear overlapping
between the LUMO orbitals around the subunits is
observed, which likely results in the lowering of the LUMO
level (Figure 2c). DFT calculations further identify that the
favorable nodal arrangement of HOMO leads to appreciable
orbital overlap between the subunits through s-bonds of the
bridgehead sp® carbons, which provides the electronic
coupling of 134 mV according to the prediction method
reported by Rathore.!*

Single crystals of 7a and 7b suitable for X-ray diffraction
analysis were grown by slow diffusion of methanol into
chloroform solution.'"" The X-ray crystal analysis reveals
that the propellane triimide skeleton adopts a quasi-Dj,
symmetric conformation with the dihedral angle of ~120°
between the individual NMI subunits (Figures 3a and 3c).
The central C—C bond (1.640 A) of the bridgehead carbons
is slightly elongated compared to the C—C bonds (1.588 A)
between two tertiary carbons.'”! The surrounding C—C bond
lengths are in the range of 1.510-1.533 A, which are close to
that of the typical sp’—sp’ bond length (1.530 A).

In an individual layer of 7a, the two NMI subunits of
adjacent molecules adopt a n-stacked dimer motif with a n—n
distance of 33 A and multiple C—H-n contacts. The
adjacent n-stacks are “stitched together” along the b-axis to
form infinite arrays with the alkyl chains interdigitated, thus,
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3D porous framework

Figure 3. Crystal structures of 7a (a) and 7b (c); Crystal packing of 7a
(b) and 7b (d) with the selected close contacts. (Partial hydrogen
atoms are omitted for clarity); (e) 3D packing diagram and S-shaped
channel of 7b, with the void space visualized by yellow/gray (inner/
outer) curved planes generated with a probe of 1.4 A. The whole
process is determined by single-crystal X-ray diffraction (SCXRD).

making the crystal interesting with two-dimensional (2D)
character (Figure 3b). However, for compound 7b, each
NMI subunit makes somewhat limited contacts between the
NMI subunit of the neighboring molecule by C--C, C-O,
C—H--O contacts. Notably, the fluorine atoms are involved
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in multiple close F-F and F--C contacts with neighboring
molecules, forming the layer with a quasi-hexagonal packing
motif (Figure 3d). These layers are stacked in a slipping
fashion via interlayer F--F, C—H--n, C--C contacts to form a
porous 3D network with S-shaped channels (Figure 3e).
Two distinct void spaces are present in the porous network,
with the pore sizes of 13.9 A and 9.3 A, respectively.

We next investigate the porous nature of 7b. The
adsorption-desorption isotherm of nitrogen at 77K is
depicted in Figure 4a. The adsorption profile of 7b demon-
strates a pronounced elevation when P/P, exceeds 0.46,
indicative of a “gate-opening” phenomenon,'® which was
further confirmed by in situ powder X-ray diffraction at
77 K (Figure S9). Notably, during the desorption phase, a
considerable hysteresis loop manifests, reminiscent of the
characteristics observed in flexible porous materials.!'”!
Thus, the intrinsic porosity and flexible framework in 7b
encourage us to further explore its capacity for ethane
(C,Hg)/ethylene (C,H,) separation, a crucial and challenging
process in the petrochemical industry.” The single-compo-
nent adsorption experiments were conducted on C,Hy and
C,H, at different temperatures (273 K, 298 K and 308 K) by
using activated 7b (Figure S10). As depicted in Figure 4b
and Figure S6, the adsorption of C,Hy across the entire
pressure range at different temperatures consistently ex-
ceeds that of C,H,, thereby signifying a discernible separa-
tion capability of 7b (Table S4). At 298 K and 1 bar, the
adsorbed amount of C,H, for 7b could reach approximately
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172 cm®g !, higher than that of C,H, (11.1cm’g™"). The
isosteric heats of adsorption (Qy) of C,Hy is calculated to be
28.9-40.3 kJmol ™!, by using the Virial equation (Figure S8
and Table S6), which is higher than that of C,H, (26.6—
30.2 kJmol ™), revealing that 7b has stronger gas bonding
affinity towards C,Hg (Figure 4c). These results are also
validated by dispersion-corrected density-functional theory
calculations (DFT-D), which reveal the corresponding
calculated static binding energies (AE,
AE=Eq, gus—Esn—Ey) for GHg and CH, are around
—24.56 and —18.05 kJmol ™', respectively. The elevated bind-
ing energy primarily emanates from the superior steric
complementarity between the C,Hy molecule and the cavity
of 7b when juxtaposed with the C,H, molecule,” likely due
to more efficient C—H-n bonds and hydrogen bonds for
C,H; (Figure 5a) than those for C,H, (Figure 5b). This result
also leads us to conclude that the C—H--N hydrogen bonding
might play a dominant role in C,Hg-selectivity. Thus, the
C,H molecules are assumed to be preferentially located in
the cavity self-assembled from 7b in neighboring layers. In
addition, the corresponding selectivity of 7b towards C,Hy
and C,H, at 1bar is estimated to be 2.24 by the ideal
solution theory (IAST, Figure 4d). This value is very close
to the maximal selectivity reported for ZJU-HOF-1
(2.25),P surpassing those reported for other high-perform-
ance C,Hg-selective organic adsorbents®?? at 298 K and
1 bar (Figure 4e and Table S5). We note that the selectivity
towards C,H, could simplify the C,H, purification process in
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Figure 4. (a) N, adsorption-desorption Isotherm curves of 7b at 77 K. (b) Single component adsorption isotherms of ethane and ethylene at 298 K.
(c) Qs curves for 7b. (d) IAST selectivity of C,Hg/C,H, (1:1, v/v, without gas carrier) mixtures at 298 K. () Comparison of IAST selectivities of the
C,Hg/CoH, (1:1, v/v) mixture for 7b with previously reported pure organic C,H¢-selective adsorbents at 298 K and 1 bar. (f) The experimental

breakthrough curve of 7b for C,Hs/C,H, (1/1, v/v, no carrier gas) at 298 K and 1 bar with a total flow rate was 5 mL min~".
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C-H---N bond

Figure 5. The calculated C—H--x interactions, C—H--N bond, and
adsorption sites in 7b for C,H, (a) and C,H, (b).

a single step,® which offers the appealing opportunity for
industrial applications.

In order to further assess the gas separation effect of 7b,
the dynamic breakthrough experiment of C,Hy/C,H, mixed
gas (1/1, vlv, total inlet flow rate was 5mL min') was
carried out. Figure 4f shows that 7b has good separation
performance towards C,Hg, and the breakthrough time of
7b is about 140s, with the separation factor of 2.13,
consistent with the value of 2.24 calculated by IAST. The
separation performance of 7b can be maintained even after
5 cycles in the dynamic C,Hy/C,H, column breakthrough test
under the same conditions (Figure S7), demonstrating its
good regeneration and reusability. Additionally, 7b shows
extremely high chemical stability (Figure S11). Together,
these data showcase the potential value of propellane system
with a unique conformational space for gas separation.’”

In conclusion, we have reported the synthesis of a new
kind of propellane, featuring the fusion of NMI units to
[3.3.3] propellane. The resulting molecular structure is
unambiguously confirmed by X-ray crystallography, which
reveals a quasi-D3, symmetry. Due to the strong homoconju-
gation between the NMI subunits, the propellane triimide
shows large bathochromic shift, amplified molar absorptiv-
ity, enhanced fluorescence, and lower reduction potential
when compared to NMI subunit. The fluoroalkyl substitu-
ents at the imide positions promote the solid-state packing
into porous 3D superstructure, which has demonstrated the
high potential application in C,H/C,H, separation. It should
be noted that, from a synthetic point of view, the propellane
triimide will be uniquely valuable scaffold, enabling access
to a variety of complex propellane systems that display
strong homoconjugation, high fluorescence, and capability
for efficient separation and organic optoelectronic devices.
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