An dte

Chemie

GDCh
~~

Hybrid Materials

;g Redox-Active Corannulene Buckybowls in a Crystalline Hybrid
| Scatfold

Communications

Internati

International Edition: DOI: 10.1002/anie.201509557
German Edition: DOI: 10.1002/ange.201509557

&

" W. Brett Fellows", Allison M. Rice", Derek E. Williams, Ekaterina A. Dolgopolova,
Aaron K. Vannucci, Perry J. Pellechia, Mark D. Smith, Jeanette A. Krause, and

Natalia B. Shustova*

Abstract: A porous crystalline corannulene-containing scaf-
fold, which combines the periodicity, dimensionality, and
structural modularity of hybrid frameworks with the intrinsic
properties of redox-active t-bowls, has been prepared. Single-
crystal and powder X-ray diffraction, ab initio density func-
tional theory computations, gas sorption analysis, fluorescence
spectroscopy, and cyclic voltammetry were employed to study
the properties of the novel corannulene derivatives and the
buckybowl-based hybrid materials. X-ray diffraction studies
revealed the preservation of the corannulene bowl inside the
prepared rigid matrix, which offers the unique opportunity to
extend the scaffold dimensionality through the buckybowl
curvature. Merging the inherent properties of hybrid frame-
works with the intrinsic properties of m-bowls opens a new
avenue for preparing redox-active materials and potentially
improving charge transport in the scaffold.

The bowl-shaped surface of corannulene, C,,H,,, has
attracted a lot of attention owing to its intriguing curva-
ture.'*! However, only recently a more practical synthetic
route!” rendered C,)H,, available for comprehensive studies,
which has also boosted its utilization in a wide scope of
applications.**) For instance, acceptance of four electrons
makes corannulene more electron-rich per carbon atom than
the commonly used electron acceptor fullerene.'>'®! More-
over, the electron-accepting properties can be tuned through
derivatization of the C,H,, bowl!”! Corannulene also
possesses a high degree of lithium intercalation, as exempli-
fied by the sandwich-like structure consisting of two coran-
nulene tetraanions with five lithium cations incorporated
between them (Scheme 1).®! Furthermore, the reversible
lithium capacity of corannulene-based materials is almost
twice as high as that of lithiated graphite,"® rendering
corannulene derivatives promising building blocks for the
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Scheme 1. Left: Corannulene-based sandwich (adapted with permis-
sion from Ref. [15]). Right: The prepared crystalline scaffold suitable
for potential guest (e.g., alkali metal) incorporation.

preparation of anode materials in rechargeable lithium-ion
batteries.

Herein, we report the development of a hybrid framework
built from novel redox-active corannulene-based ligands. In
contrast to previously reported corannulene-containing poly-
mers,”?! we have synthesized the first example of a porous
crystalline scaffold in which the derivatized buckybowl is
covalently linked to metal ions. Coordinative immobilization
of the corannulene-based linker inside the metal-organic
framework (MOF) preserves the bowl shape, which may offer
an extension of scaffold dimensionality through the corannu-
lene curvature. By analogy with the reduced corannulene-
based “sandwich”[1>? the prepared crystalline scaffold can
be considered a “baguette”, for instance, for alkali-metal
intercalation (Scheme 1). Moreover, incorporation of redox-
active corannulene-based ligands opens a new avenue to
improve MOF charge-transport properties and develop a new
family of electrochromic materials. In the presented work,
single-crystal and powder X-ray crystallography, spectroscop-
ic studies, gas sorption analysis, and cyclic voltammetry were
employed for comprehensive analysis of the prepared cor-
annulene-based scaffold. Therefore, these studies are the first
attempt to bridge the structural modularity and porosity of
MOFs with the intrinsic properties of w-bowls.

While milligram-scale reactions are typically reported for
the preparation of new corannulene derivatives”>" one of
the challenges in the development of corannulene-containing
MOFs is the synthesis of the corresponding ligand in multi-
gram quantities. The amount of ligand is dictated by the
combinatorial approach typically used for MOF self-assem-
bly?*3 and, more importantly, comprehensive analysis of the
prepared materials. Therefore, 1,2,7,8-tetrabromocorannu-
lene, which is accessible on gram scale (Scheme 2),"! was
chosen as a precursor for the preparation of the corannulene-
based linker with four carboxylic acids for subsequent metal
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Scheme 2. Synthesis of H,DFT: a) diethylcarbamoyl chloride, pyridine,
100°C, 2 d; b) MeMgBr, NiCl,(dppp),, Et,O, 30°C, 13 h; c) AlBr;,
(COCly,, CH,Cl,, —15°C, 8 h; d) Girard’s reagent T, AcOH, 40°C, 2 h;
e) 3-pentanone, KOH, MeOH, 2 h; f) norbornadiene, Ac,O, 140°C,
3d; g) NBS, benzoyl peroxide, CCl,, hv, 77°C, 5 d; h) NaOH, dioxane/
H,0, 100°C, 1 h; i) 4-(carboxymethyl) phenylboronic acid, methyl 4-
iodobenzoate, K;PO,, Pd(PPh;),, dioxane, 100°C, 5 d; j) NaOH,
MeOH/THF/H,0, 80°C, 3 d; then HCl/water, RT.

coordination. The ten-step synthetic route employed for the
preparation of H,DFT is shown in Scheme 2. The synthetic
details for the preparation of Me,DFT as a precursor for
H,DFT and its structural elucidation by '"H COSY, 'H{"*C}
HSQC, and 'H{"*C} HMBC NMR spectroscopy can found in
the Supporting Information (Figures $1-S9).5%

In comparison with naked C,H,,, decoration of the
corannulene core with four electron-withdrawing groups in
H,DFT led to a significantly lowered lowest unoccupied
molecular orbital (LUMO) energy level, implying that
H,DFT is a better electron acceptor than unsubstituted
C,0H,, (Figure S10). As shown in Figure S11, H,DFT has its
highest occupied molecular orbital (HOMO) primarily local-
ized on the corannulene bowl. Aside from the corannulene
core, significant contributions from two of the benzoic acid
groups were observed in the LUMO (Figure S10). The
HOMO-LUMO gap of H,DFT was calculated to be
3.95eV, which is in line with the acquired spectroscopic
data (Figures S12 and S13).

Immobilization of the prepared ligand in a rigid MOF
matrix was performed by reacting H,DFT with Zn(NOs), in
a mixture of N,N-dimethylformamide (DMF) and ethanol,
which resulted in the formation of yellow plates of [Zn,-
(DFT)(H,0),(EtOH)]-(H,0),45(DMF),; (1), which were
suitable for single-crystal X-ray diffraction analysis.

Crystallographic studies of 1 revealed that coordination of
DFT* to Zn*" led to the formation of a two-dimensional (2D)
MOF (Figures 1, S14, and S15; Table S1). Unlike many
tetratopic ligands, which typically promote the formation of
the common paddlewheel metal nodes,*> the secondary
building unit (SBU) in 1 is a strongly distorted ZnOj square
pyramid. As shown in Figure 1, half of the carboxylates are
bonded to two Zn*" ions in a similar motif to that observed in
the paddlewheel node, but the other two carboxylates are
bonded to one metal ion each, giving rise to a very rare zinc-
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Figure 1. The single-crystal X-ray structure of 1: DFT*" coordinated to
Zn*" (top left) and the Zn,(O,C—), SBU (top right). Ellipsoids set at
50% probability. Infinite 2D layers parallel to the crystallographic
(11-1) plane (middle). Packing of 2D layers forming 1D channels
(bottom). Solvent molecules omitted for clarity.

based SBU. Although the rigid structure of MOFs can
significantly affect ligand geometry and, in some cases, lead
to highly strained organic linkers,*” the corannulene molec-
ular conformations in 1 are not flattened or distorted.
Figure S16 and Table S2 show a comparison of the DFT*
bowl depth in 1 (0.87 A)P to those in other tetrasubstituted
corannulene derivatives,”*¥*? demonstrating that coordina-
tive immobilization has no significant influence on the
corannulene bowl curvature. Furthermore, the DFT*~ bowl
depth in 1 s the same as in parent CyH,, (0.87 A),** whereas
significant corannulene flattening was previously observed
owing to host-guest interactions.””! The preservation of the
undistorted corannulene curvature in DFT*" could perhaps
be partially responsible for the significant deviation of the
SBU in 1 from the commonly observed paddlewheel metal
node. Such preservation of the bowl-shaped DFT* structure
could potentially extend the dimensionality of MOFs and
enable the use of corannulene-based linkers as receptors with
enclosed cavities for molecular recognition,***! alkali-metal
immobilization,'>*! or selective separation.”! As shown in
Scheme 1 and Figures 1 and S15, the crystal structure of
1 contains an unusual, slightly offset subunit consisting of two
DFT*" cupped together, forming a clamshell-like unit along
the b crystallographic axis. Packing of 2D sheets resulted in
the formation of one-dimensional channels oriented along the
a crystallographic axis with dimensions of 9x 13 A. Evacu-
ated 1 was utilized to determine the permanent porosity, and
despite the 2D structure, gas sorption analysis revealed that
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1 is permanently porous with a BET surface area of
224(1) m*g~" (Figure S17). Aside from single-crystal X-ray
and gas sorption analysis, powder X-ray diffraction (PXRD),
thermogravimetric analysis, FT-IR spectroscopy, and elemen-
tal analysis were employed to study bulk as-synthesized
1 (Figures S18-S23). As shown in Figure S18, the PXRD
pattern of 1 coincided with the simulated spectrum from the
single-crystal X-ray data.

Owing to a doubly degenerate LUMO, corannulene can
accept up to four electrons and has three distinct reduction
potentials (Table 1).! To test the electrochemical properties

Table 1: Redox potentials of Me,DFT, H,DFT, 1, and CyoH.

E(1) V] E(I1) V] E, (1) [V]
Me,DFT —-1.52 —~1.68 —1.94
H,DFT —1.64
1 —1.42 —~1.69
CyoHyo —1.87 —2.41 —3.13

of synthesized H,DFT, Me,DFT, and 1, cyclic voltammetry
measurements were carried out in a DMF solution containing
0.1m tetrabutylammonium hexafluorophosphate, using an
H cell equipped with saturated calomel reference, platinum
wire counter, and glassy carbon working electrodes. Cyclic
voltammetry studies of MOFs are relatively rare and require
significant modification of the commonly used electrochem-
ical setup.® For the electrochemical studies, a small
amount of 1 and Nafion were mixed, followed by placement
on the surface of the glassy carbon electrode. The cyclic
voltammogram (CV) of 1 shows at least two distinct reduction
events with peak potentials of £,=—1.42 Vand E,=—-1.69 V
(Figure 2). Similarly, free H,DFT undergoes one large,
irreversible reduction with a peak potential of E,=—1.64 V
(Figure 2). The irreversibility and shape of the CV wave for
H,DFT are consistent with the electrochemistry of related
benzoic acids.” The cyclic voltammogram of Me,DFT, on the
other hand, exhibits three distinct, reversible reductions at
E,=-152V, E;,=-168V, and E,,=-194V (Table1
and Figure 2). The charges passed and the peak-to-peak
separation of about 30 mV (at 20 mVs™! scan rate) of the
third redox wave at E,,=—1.94 V indicate that this is a two-
electron process. Two-electron redox events are indicative of
potential inversion, which is typically associated with signifi-
cant structural changes occurring during the electron transfer
processes.” Comparing the simulated and experimental CV
data of Me,DFT provides additional support for the two-
electron reduction assignment (Figure 2). Comparison of the
acquired CV data with that of corannulene shows that each
reduction potential of Me,DFT is markedly less negative;[*!
Ep(I), Ep(I1), and E,,(IIT) are less negative by +0.35V,
+0.73V, and +0.62 V, respectively (Table 1). Similarly, the
reduction potentials for 1 are also less negative, with values of
AE,,(1)=4045V and AE,,(I1)=+0.72V compared to
unmodified C,yH,,. Thus, cyclic voltammetry confirmed the
stronger electron-accepting ability of the prepared com-
pounds versus naked C,yHjj.
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Figure 2. Cyclic voltammograms of Me,DFT (top, —), simulated
(top, eeees), H,DFT (middle), and 1 (bottom). The reduction potentials
for the four reversible reductions, Me,DFT+e=[Me,DFT]",

[Me,DFT] +e=[Me,DFT]", [Me,DFT]" +e =[Me,DFT]’", and
[Me,DFT] 4-e =[Me,DFT]*", were set to E(I) =—1.52V,
E(I)=—1.68V, E(lll)=—2.05 V, and E(IV) =—1.80 V.

As H,DFT, Me,DFT, and 1 exhibit bright emission
detectable by the naked eye, their photophysical properties
were investigated by fluorescence, UV/Vis, and diffuse-
reflectance spectroscopy (Figure 3). The emission maximum
of Me,DFT was located at 443 nm (Figure S24). The photo-
luminescence maxima of solid H,DFT (4,,,, =470 nm, Fig-
ure S13) and 1 (4,,,, =472 nm, Figure 3) exhibit a bathochro-
mic shift by about 20 nm, in comparison with solid unsub-
stituted CyH,y, which could be explained in part by the
attachment of electron-withdrawing groups to the corannu-
lene core and the extended m system of the tetrasubstituted
linker.’*>¥ Interestingly, the measured fluorescence quantum
yields (@) of H,DFT and Me,DFT in solution are more than
twice as large as those of the unsubstituted corannulene.™
Moreover, the @ value of H,DFT in the solid state is
comparable to the value acquired in solution, and therefore,
prepared H,DFT does not suffer from aggregation-caused
quenching, which is a common phenomenon for chromo-
phores in the solid state.®>>* Both in solution and in the solid
state, H,DFT possesses the highest fluorescence quantum
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Figure 3. Normalized diffuse reflectance (——-) and emission (—)
spectra of 1. The inset shows epifluorescence microscopy images of
a crystal of 1 before (a) and after (b) irradiation at 1,,=370 nm.

yield among these compounds, and @, is comparable with
that of 1 (Table 2).

Table 2: Photophysical properties of Me,DFT, H,DFT, 1, and CyH,.

Me,DFT H,DFT 1 CyooHio
Do [%6]  17.544029 18.62+0.08 - 7.040.18
D, [%] 6.374£0.03  1250+0.60 11.45+060 -
Qe manl) [nm] 450 470 472 4545

[a] The values were obtained from Refs. [53] and [54]. [b] Measurements
conducted in THF. [c] Photoluminescence measurements performed in
the solid state.

In conclusion, we have developed the first example of
a porous crystalline hybrid scaffold in which redox-active
corannulene-based ligands are covalently coordinated to
metal ions. The ten-step synthesis of the corannulene-
containing linker, which is thus available on a gram scale
and necessary for the scaffold preparation, has also been
reported. Comprehensive analysis of the new corannulene-
based compounds demonstrates their better electron-accept-
ing properties in comparison with unmodified corannulene.
Moreover, the photoluminescence quantum yields of the
prepared derivatives are almost double that of naked C, H,,.
Single-crystal X-ray analysis revealed the preservation of the
corannulene bowl after coordinative immobilization inside
the rigid scaffold, which offers an extension of MOF
dimensionality through the corannulene curvature. The
preliminary results demonstrate that the doping of 1 with
these donor molecules results in a charge-transfer band.
Further work in this direction is in progress. The presented
work constitutes the first attempt to merge the modularity
and porosity inherent to MOFs with the intrinsic properties of
m-bowls, which could open a new avenue for the rational
design of electroactive multidimensional crystalline porous
materials.
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Experimental Section

Full experimental details data can be found in the Supporting
Information. CCDC 1429960 (1) contains the supplementary crystal-
lographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre.
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