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CFA-18: a homochiral metal—organic framework
(MOF) constructed from rigid enantiopure
bistriazolate linker molecules+

Katharina Knippen,? Bjorn Bredenkotter,? Lisa Kanschat,® Maryana Kraft,®
Tom Vermeyen,”< Wouter Herrebout,  ° Kunihisa Sugimoto, ¢ Patrick Bultinck®
and Dirk Volkmer ~ *@

In this work, we introduce the first enantiopure bistriazolate-based metal-organic framework, CFA-18
(Coordination Framework Augsburg-18), built from the R-enantiomer of 7,7,7',7'-tetramethyl-6,6",7,7'-tet-
rahydro-3H,3'H-5,5"-spirobilindeno(5,6-d]-[1,2,3]triazole] (H,-spirta). The enantiopurity and absolute
configuration of the new linker were confirmed by several chiroselective methods. Reacting H,-spirta in
hot N,N-dimethylformamide (DMF) with manganese(i) chloride gave CFA-18 as colorless crystals. The
crystal structure with the composition [Mn,Cly(spirta)(DMF),] was solved using synchrotron single-crystal
X-ray diffraction. CFA-18 shows a framework topology that is closely related to previously reported
metal-azolate framework (MAF) structures in which the octahedrally coordinated manganese(i) ions are
triazolate moieties, and the chloride anions form crosslinked one-dimensional helical chains, giving rise
to hexagonal channels. In contrast to MAFs crystallizing in the centrosymmetric space group R3, the
handedness of the helices found in CFA-18 is strictly uniform, leading to a homochiral framework that

crystallizes in the trigonal crystal system within the chiral space group P3,21 (no. 152).

Introduction

Metal-organic frameworks (MOFs) comprising azolate linker
molecules often show excellent robustness against solvolytic or
oxidative degradation.' Among these, triazolate-based linker
molecules have recently gained particular attention due to
their unique functional features, including quantum
sieving,”® sensing,”” and activation of small molecules.®’
Because additional frameworks containing chiral information
could find applications in, for example, enantioselective cataly-
sis, drug delivery, gas storage, and separation,'®'* this study
aimed to implement robust chirality into bistriazolate-based
MOFs.
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There are various strategies for embedding chiral infor-
mation into MOF structures."*'>™"” It is possible to produce
chiral information by spontaneous self-resolution® or to
induce it'*° during crystallization, even when only achiral
building blocks are used. The first chiral triazol-based MOF
(CFA-1) was reported by our group in 2013."® This MOF is
formed by the spontaneous ecrystallization of homochiral
single crystals based on the solvothermal reaction of an achiral
linker (1H,1'H-5,5-bibenzo[d][1,2,3]triazole, H,-bibta; Fig. 1)

Fig. 1 Spatial arrangement of the linker molecules in CFA-1 (left) and
the rigid backbone of CFA-18 (right).
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and zinc acetate dihydrate. During crystallization, the
single bonds between the benzotriazole units of the linker
molecule are fixed at a defined angle (42.1°). As a result,
the coordinated bibta molecule adopts a fixed confor-
mation and thus an axial chirality (Fig. 1), although the
linker itself is achiral in the free state. Consequently,
CFA-1 consists of a racemic mixture of homochiral single
crystals.">'® Subsequent attempts to alter the proportion of
enantiomorphic crystals via, for example, chiral induction®
have failed (vide infra).

In addition to post-synthetic modifications to introduce
chiral information into MOFs, a safe route toward chiral
azolate framework structures is the direct use of enantiopure
azolate ligands.'®"*'>*! However, since the synthesis of enan-
tiopure organic linkers tends to be rather complex, most
reported homochiral MOFs are based on naturally occurring

enantiomeric  building  blocks'®?* such as amino
acids'®'*?3 and peptide derivatives as homochiral
connectors.>*® Using the naturally occurring pool of chiral

molecules certainly facilitates access to a huge variety of poss-
ible MOF structures, but because most amino acids are flex-
ible, not stable concerning hydrolysis and pH sensitive,'*?>?°
creating stable homochiral MOFs with permanent porosity still
remains a demanding challenge.'??

For applications such as asymmetric heterogeneous cataly-
sis, it is of great importance to control the pore size and flexi-
bility of the crystal lattice. The integration of chirality into a
rigid-backbone linker molecule is a promising strategy to
produce stable framework structures with rational pore
design.'” One example of an inherently rigid building block is
the spirobi(indan) building block, which is commonly used in
the  polymers of intrinsic  microporosity  (PIM)
technologies."**” This building block is equipped with an
axial chirality similar to the BINOL backbone.”® MOFs con-
structed from bistriazolate linkers often contain one of the
following secondary building units (SBUs; Fig. 2). The
first SBU contains a discrete pentanuclear coordination unit,
which we refer to as a Kuratowski-type SBU.>*° The isoreticular
frameworks MFU-4,> MFU-41,>° and CFA-1'® (¢f Fig. 1), all
of which contain zinc(u) ions, have been prepared from this
SBU.

The second SBU type, termed metal-azolate framework
(MAF), was first reported by Zhang et al®' in 2014 (cf
Fig. 3). The MAF-type SBU forms in the presence of metal

Fig. 2 Kuratowski-type SBU (left) and trigonal MAF-type SBU (right).

ions other than Zn(u), namely Mn(u), Fe(u), and Co(u).
Such trigonal MAF frameworks can be regarded as struc-
tural analogue of a framework type that forms from diva-
lent metal ions and H,dobdc (dobdc*” = 2,5-dioxido-1,4-
benzenedicarboxylate), which is synonymously referred to
as MOF-74*? or CPO-27.>* As shown in the right side of
Fig. 2, MAFs contain SBUs comprised of infinite one-
dimensional helical strands of octahedrally coordinated
metal(I) ions. The helix periodicity is three units per full
360-degree turn. Based on this, one can define a SBU con-
taining three metal centers. Because MAFs crystallize in
the centrosymmetric space group R3, their unit -cells
contain helices with opposite turning sense.

Employing an enantiopure chiral spiro bistriazolate linker
leads to the breaking of the centrosymmetry and the formation
of a novel homochiral framework, which we refer to as CFA-18.
This framework contains helical SBUs of only one turning
sense, enforced by the chiral configuration of the linker mole-
cules (¢f. Fig. 7).

Results and discussion
Syntheses and characterization

The enantiopure H,-spirta ligand (aR-7) and the racemic
mixture (rac-7) were synthesized from bisphenol A in several
steps (aR-7: 8, rac-7: 5). The synthesis of rac-1 via the rearrange-
ment of two bisphenol A molecules, nitration to rac-4, and
Smiles rearrangement to rac-5 followed by the reduction of the
nitro groups (Schemes 1a, e, 2h and i) was described by Kumar
et al.** The bis-triazoles 7 were obtained by the diazotation of
6 followed by ring closure (Scheme 2j). The isomers were sep-
arated by crystallizing the (—)-menthyl derivatives 2 (Fig. 5)
from n-heptane (Scheme 1c¢)** and monitored by 'H-NMR spec-
troscopy at the chemical shifts of 0.79, 2.27, 4.56, and
6.62 ppm (Fig. S3 and S4t). The enantiomeric excess of aR-1
(ee 99%) and the final H,-spirta ligand (aR-7) (ee 95%) was
determined by high-performance liquid chromatography
(HPLG; Fig. S2 and S25%). The yield of the nitro-diole aR-4 was
dramatically increased by reversing the cleavage of the
(—=)-menthyl groups and the nitration reaction steps (Scheme 1,
aR-2 to aR-4, steps d and e; overall yield of both steps: 29% «
steps f and g, overall yield of both steps: 94%). A further advan-
tage of this method is the feasibility of synthesis at a larger
scale because chromatographic purification is no longer
required. The bottleneck of this synthetic route is the Smiles
rearrangement. Batch sizes from 3-5 g nitrophenol 4 gave the
corresponding nitroaniline 5 in moderate yields (60%-66%).
Large-scale syntheses lead to immense losses in yield (10 g 4:
30%; 20 g 4: 10%). Because tetraamines 6 are slightly air sensi-
tive, the filtration of the catalyst and removal of solvent after
the hydrogenation step were performed under inert atmo-
sphere, and the product was used immediately in the next
reaction step.



Fig. 3 Synthesis of [Mn,Cly(spirta)(DMF),] (CFA-18) (left) and comparison with traditional MAF structures [M,Cl,(BTDD)(H,0),], M = Mn(u),% Co(n),*?
Ni(1);®> M = Cu(i) — MIT-20,* [M,Cl,(BBTA)(H,0),], M = Co(i);>” M = Mn(i) — MAF-X27-CL;®). The neutral ligand DMF is omitted for clarity.

Scheme 1 Reaction sequence between bisphenol A and rac/aR-4: (a)
methyl-sulfonic acid, 135 °C, 3 h; (b) ((—)-menthyl chloroformate, EtsN,
DMAP, CH,Clp, 2 h, r.t.; (c) n-heptane, 39%, two steps (b and c); (d)
hydrazine hydrate, THF, 3 h, reflux, 84%, (ee 99%); and (e) HNOs (70%).

All substances were characterized by "H- and >C-NMR spec-
troscopy along with CHN analysis, electrospray ionization
(ESI)-mass spectrometry, melting point analysis, and polarime-
try. Additionally, the structures of the nitroaniline intermedi-
ates 4 and the enantiopure H,-spirta ligand (aR-7) were solved
by single-crystal X-ray analysis.

Employing the enantiopure ligand (aR-7) in a solvothermal
reaction with manganese(n) chloride dihydrate in N,N-di-

Scheme 2 Reaction sequence for rac/aR-4 to rac/aR-7. (h)
CICH,CONHg,, K,COs, KI, DMF, 2 h, 90 °C, 3 h 150 °C, 66%; (i) Pd/C, H,
(5 bar), EtOH, r.t., 24 h; (j) NaNO,, HsCCOOH, H,0, 0 °C, r.t,, 1 h, 82% (i
+j).

Fig. 4 Optical micrograph (left) and scanning electron microscopy
images (right) of CFA-18.

methylformamide (DMF) at 140 °C resulted in the formation
of colorless needle-shaped crystals of CFA-18 with lengths up
to 50 pm (Fig. 4).



Verification of absolute configuration

Finally, the absolute configurations of the enantiomers were
determined by vibrational circular dichroism (VCD)**?® spec-
troscopy of the dinitrodiols rac-4 and aR-4 as well as the nitro-
amine derivates rac/aR-5 and the final linkers aR-7 in combi-
nation with the single-crystal structural analyses of com-
pounds aR-2, 4, and 7.

Single crystals of rac- and aR-4 were grown from CH,Cl, via
the slow evaporation of solvent. Single-crystal analyses revealed
that compound rac-4 crystallizes in the triclinic crystal system
within the centrosymmetric space group P1 (no. 2) (Fig. S321),
whereas aR-4 shows higher symmetry and adopts an ortho-
rhombic structure with the chiral space group P2,2,2 (no. 18)
(Fig. S347).

The absolute configuration of the aR-4 structure with Flack-
parameter 0.10(18) confirms the correct enantiomer form. Due
to the use of Mo irradiation during the collection of X-ray data
for the aR-4 crystal (orthorhombic space group P2,2,2 (no.
18)), the Flack-parameter is not an unambiguous indicator of
the absolute configuration.'”?” However, the absolute con-
figuration of the backbone can still be confirmed with com-
plete certainty since the configuration of the menthyl protect-
ing group in the structure of compound aR-2 corresponds the
configuration of (—)-menthyl chloroformate used in the syn-
thesis of aR-2 (Fig. 5).

The final linker (aR-7) was obtained from a H,O/EtOH
(50:1) solution by slow evaporation. Compound aR-7 crystal-
lizes within the high symmetrical trigonal chiral space group
P3,21 (no. 144, Fig. S367). A more comprehensive description
and all crystallographic data of rac-4, aR-4, and aR-7 can be
found in the ESIT (chapter 4).

To verify the absolute configuration of the linker’s spiro
backbone, the infrared (IR) and VCD (Fig. 6, S26, and S277) of
the following compounds (enantiopure and racemic) were
recorded and calculated: aR-4 (Fig. S267), aR-5 (Fig. S277), and

Fig. 5 Spatial arrangement of the intermediate aR-2.

Fig. 6 From top to bottom, the experimental VCD spectrum, calculated
VCD spectrum, experimental infrared spectrum, and calculated infrared
spectrum of aR-7. A global shifting factor of 0.98 was used for the cal-
culated spectra.

aR-7 (Fig. 6). The spectra of aR-4 and its racemate were
recorded in CDCl;. Due to the limited solubility of aR-5 and
aR-7 in CDCl;, the spectra of aR-5 and aR-7 and their corres-
ponding racemates had to be recorded in DMSO-ds Solvent
reference IR spectra were subtracted from all IR spectra
recorded from solutions of the compounds, while the VCD
spectra of the racemates served as references for the VCD
spectra of aR-4, aR-5, and aR-7. The concentrations (26 mg
mL™", 23 mg mL™", and 110 mg mL™" for aR-4, aR-5, and aR-7,
respectively) were chosen to yield an optimal signal-to-noise
ratio.

Since the compounds are expected to be rather rigid, the
conformational search variables were restricted to different
rotational angles of the hydroxyl and amine groups. The actual
search was accomplished wusing the Spartan software
package.*® For aR-4, albeit four unique conformations were
identified, only a single conformation was found to have a
Boltzmann weight above 0.001%. For aR-5, only a single con-
formation was found. For aR-7, all possible tautomers had to
be considered due to the presence of the (protonated) triazole
rings. Regarding the molecular symmetry, six unique tauto-
mers were identified. The IR and VCD spectra of aR-4
(Fig. S26t) and aR-5 (Fig. S277) were obtained by performing a
geometry optimization followed by IR and VCD spectral calcu-
lations using Gaussian16® (b3lyp/aug-cc-pvdz with implicit
solvation using the polarizable continuum solvent model*°).
The spectra of all unique tautomers of aR-7 were calculated in
the same manner and averaged using their enthalpy-based
Boltzmann weights. Due to symmetry, certain tautomers could
be generated in two different ways by changing the position of
the hydrogen atom in either of the triazole groups. To account
for this degeneracy, a statistical weight factor correction factor
of 2 was introduced during the Boltzmann weighting. Lorentz
broadening was performed on the line spectra using a full
width at half maximum (FWHM) of 10 cm™". The calculations
were performed for the R configurations of the spiro
compounds.



Fig. 7 Enantiopure (P) helical SBU of [Mn,Cl,(spirta)(DMF),] (CFA-18) in comparison to the racemic helical SBU of conventional structures
(IMaCL((BTDD)2(H20),], M = Mn(),2 Coi),*2 Ni(n);* M = Cu(i) - MIT-20,* [M;CL(BBTA)-(H;0),], M = Co();>” M = Mn(i) - MAF-X27-CL;* right).

The bands in the VCD spectra were labelled by performing
manual assignment in accordance with the IR spectra. As
enantiomers have mirror-image VCD spectra, if the calculated
VCD spectrum of a certain configuration matches the experi-
mental VCD spectrum, the compound can be identified as
consisting mainly of that configuration.

For aR-4 (Fig. S261), the general agreement between the
computed and experimental VCD patterns is satisfactory, with
most bands being predicted and having the proper sign. The
predicted VCD spectrum of aR-5 matches extremely well with
the experimental spectrum. The same holds true for aR-7, with
only a small band (band 8) in disaccord. Thus, based on VCD
spectroscopic analyses, the absolute configuration of all three
enantiopure compounds can be confidently identified as the
R-configuration.?>%*!

Crystal structure analysis of CFA-18

Synchrotron single-crystal X-ray diffraction analysis revealed
that CFA-18 crystallizes in a trigonal crystal system in the
chiral space group P3,21 (no. 152) with unit cell dimensions a
=17.344 A, b =17.344 A, ¢ = 8.807 A, and a = = 90° and y =
120°. The crystal shows perfect merohedral twinning caused
by 180° rotation around [001], thus simulating hexagonal sym-
metry. The asymmetric unit consists of one manganese(u) ion
coordinated by one half of a linker molecule (1/2 spirta £
C1,H;1N3), one chloride ion, and one DMF molecule.

An Ortep-style plot of the asymmetric unit of CFA-18 with
atom labels is shown in Fig. S37.f Tables containing the

atomic coordinates as well as the bond lengths and angles are
presented in Tables S17—S20%).

At room temperature, the experimental powder X-ray diffr-
action pattern of the bulk sample shows very good agreement
with the simulated pattern based on the single-crystal struc-
ture analysis (Fig. 8). The unit cell parameters were determined
by TREOR90** based on the recorded powder diffraction
pattern: @ = b = 17.434(7) A, ¢ = 8.813(5) A, unit cell volume =
2319.66 A®) M(19) = 18, and F(19) = 23 (0.015764, 54). These
parameters are in good agreement with those derived from

Fig. 8 Experimental and simulated powder X-ray diffraction patterns of
CFA-18.



low-temperature single-crystal measurement. This affirms the
phase purity of the material.

The SBU of CFA-18 comprises a (P) helical chain (Fig. 3 and
7)*® of three octahedrally coordinated manganese(n) ions
bridged by p,-chloride ions. The metal and halogenide ions
thus form one-dimensional strands that extend along the
c-direction of the crystal lattice. These strands become three-
dimensionally crosslinked by spirta molecules, pointing
toward the symmetry-related a- and b-directions of the trigonal
lattice. The framework composed of coordinated linker mole-
cules and metal and halogenide ions forms narrow one-dimen-
sional channels running in parallel to the c-lattice vector.
Access to the channels is blocked by bound DMF molecules,
which complete the coordination environments of the frame-
work’s manganese centers. Neglecting the coordinated DMF
molecules, the potential average width of each channel and
surface area were calculated to be approximately 4.5 A and
1582.36 m> g~ using the programs Poreblazer®® and iRASPA,*
respectively, assuming all DMF molecules were removed.
However, all attempts to remove the coordinated solvent mole-
cules via thermal activation procedures have failed, leading to
the irreversible decomposition of the framework. Hence, the
calculated porosity of the as-synthesized framework is vanish-
ingly small (cf. Fig. $397).*>**

CFA-18 framework stability analysis

The structural and thermal stabilities of CFA-18 were deter-
mined with thermal gravimetric analysis (TGA; Fig. 9) in com-
bination with variable temperature X-Ray powder diffraction
(VIXRPD; Fig. 10). The TGA results obtained under flowing
nitrogen gas show three weight-loss steps. The major weight-
loss step (23.24 mass percent) at 150 °C-300 °C is related to
the removal of DMF molecules and is in good agreement with
the mass of two DMF molecules per unit, leaving the
framework.

Solvent removal was monitored by Fourier transform IR
(FTIR) measurements (Fig. S28f). The intense band at
1658 cm™" corresponds to the C=O0 stretching vibration and is

Fig. 9 TGA curve of CFA-18.

Fig. 10 VTXRPD pattern of CFA-18.

assigned to the coordinated DMF-ligand.>® The band intensity
decreases upon heating the material to 7> 153 °C. Despite all
the efforts, DMF could not be completely removed without
destroying the crystal structure. Attempts to create free pore
volume or free coordination sites by stepwise solvent exchange
according to Howarth et al*® with water, dichloromethane,
acetone, ethanol, and methanol also failed. In addition,
solvent exchange experiments showed that the MOF is
unstable in all these solvents. The product obtained after the
complete evaporation of DMF shows no Bragg reflections, indi-
cating a complete loss of crystallinity (Fig. 10). At 500 °C—
510 °C, the weight loss (13.31%) is more abrupt, suggesting
the thermal decomposition of the spirta linker. In the tempera-
ture range of 510 °C-700 °C, a further weight loss of 18.6% is
observed, which corresponds to manganese oxide
(9864-1CSD*°). VITXRPD measurements (Fig. 10) confirmed the
TGA results. At room temperature, the experimental powder
diffraction pattern of the bulk sample shows very good agree-
ment with the simulated pattern based on the single-crystal
structure. The powder diffraction patterns show stable crystalli-
nity at temperatures up to 150 °C. Above this temperature, the
intensities of the diffraction peaks, especially those at 26
values above 25°, decrease, indicating a loss of long-range
order. At 300 °C-500 °C, the powder diffraction pattern lacks
any Bragg reflections, demonstrating that CFA-18 becomes
completely amorphous upon losing the coordinated DMF
molecules. At temperatures exceeding 510 °C, a new crystal
phase appears, which can be assigned to manganese(u) oxide.
According to the TGA and VTXRPD data, the thermal
decomposition of CFA-18 occurs at 150 °C. This unexpectedly
low thermal stability led us to analyze the structure of the brid-
ging spirta linker moieties in more detail. A comparison of the
geometric parameters of the coordinated linker molecules in
the single-crystal structure of CFA-18 with the quantum
mechanically calculated parameters for the main tautomer of
the pure H,-spirta (aR-7) indicates that the coordinated linker
is held in a firmly constrained state. As a measure of this



Fig. 11 Angles of the backbone in free H,-spirta based on the quantum
mechanically calculated main tautomer structure used in VCD analysis
(left) and coordinated spirta (right).

tension, the angle spanned between the two independent
planes running through the aromatic moieties are largely
different. Whereas the angle in pure H,-spirta (Fig. 11, left) is
approximately 73.6°, the corresponding angle in the co-
ordinated state (i.e., in CFA-18) is approximately 91.6° (Fig. 11,
right).

This steric strain might explain the low thermal stability of
the framework. Nevertheless, the angles and bond lengths in
the SBU are in good agreement with the known MAF structures
reported in the literature;*" the chloride bridges show a Mn-
Cl-Mn angle of 93.05°, the bridging angle of CI-Mn-Cl has a
value of 175.69°, and the angle between manganese ion and
the coordinated N-donor atoms of adjacent triazolate linkers
(N-Mn-N) is approximately 85.4°. These angular values indi-
cate a moderate deviation from perfect octahedral (micro-)
symmetry. The bond distance between nitrogen and manga-
nese (Mn-N) amounts to 2.136 A, whereas the Mn-Cl distance
is approximately 2.5 A.

Conclusions

In this work, we established an organic synthesis for an enan-
tiopure bistriazolate-functionalized spirobi(indeno) ligand (H,-
spirta) starting from the commercially available and in-
expensive starting material bisphenol A. All reaction steps were
optimized, resulting in good yields. The final linker, which
was obtained after eight rapid synthetic steps, shows axial chir-
ality and possesses high enantiomeric excess (ee 95%). Its
absolute configuration was verified by X-ray structure analysis
and VCD spectroscopy.

Since there are various strategies for embedding chiral
information into MOF structures, the most promising of
which is the direct use of chiral building blocks,****™"” the
integration of chirality into a rigid-backbone linker molecule is
a promising strategy to produce stable framework structures
with rational pore design."”

Using H,-spirta, a homochiral spiro(indan)-based rigid-
backbone linker molecule, we synthesized and characterized
the first enantiopure homochiral triazolate-based MOF,
CFA-18. This manganese(i)-containing framework crystallizes
within the chiral space group P3,21 (no. 152). Owing to the

steric strain of the coordinated linkers, the framework shows
only moderate thermal stability (up to 150 °C). The knowledge
gleaned from this study provides valuable insights for the
future design of robust, hydrolysis stable homochiral MOFs.

Future approaches, including the use of different (tran-
sition) metal ions, for enhancing thermal stability and extend-
ing the length of the spiro linkers to relieve strain in the
crystal packing arrangement might provide further interesting
candidate homochiral MOFs for various enantioselective
applications.

Experimental section
Materials and methods

All starting materials were of reagent grade and used as
received from the commercial supplier. Melting points were
measured with a Kriiss KSPIN melting point meter. NMR
spectra were recorded on a Mercury plus 400 high-resolution
system (Fa. Varian Deutschland GmbH). "H NMR (400 MHz)
and "*C NMR (100 MHz) chemical shifts are given in ppm rela-
tive to the solvent signal. Molecular masses were determined
with a Q-Tof Ultima mass spectrometer (Micromass) equipped
with an ESI source. HPLC analysis was performed by a
HITACHI system consisting of a pump with a degasser
(L-2130), diode array detector (L-2455), column oven (L-2300),
and autosampler (L-2200). A chiral analytical (5 pm, 4.6 x
250 mm) stationary phase (CYCLOBOND® I 2000 RSP, Astec®)
was applied, and solvent mixtures of acetonitrile and 20 mM
NH,OAc at pH 4.0 (HPLC quality) were used. Compound aR-7
was measured with a flow rate of 1 mL min~" and an injection
volume of 10 pL. Compound rac-7 was measured with an injec-
tion volume of 40 pL. Saturated solutions of compounds rac-1
and aR-1 where both measured with a flow rate of 0.8 mL
min~" and an injection volume of 20 pL. Optical purities were
determined by the analytical HPLC analysis of the resolved
material. Thin-layer chromatography was conducted with silica
gel F,5, on Al foil (Merck). Gravity column chromatography
was conducted with silica gel 60 (@ = 0.063-0.200 mm; Merck).
Elemental analysis was performed on a Vario EL III elemental
analyzer (Elementar-Analysensysteme GmbH). Fourier trans-
formed (FTIR) spectra were recorded in the range of
4000-400 cm ™" on a Bruker Equinox 55/Cary 630 FTIR spectro-
meter. IR and VCD spectra were recorded using a BioTools
dual-photoelastic modulator (PEM) ChiralIR-2X™ spectro-
meter. The PEMs were optimized for 1400 cm™" using a resolu-
tion of 4 cm™. The cell consisted of BaF, windows and had a
path length of 0.100 mm. The concentrations were chosen to
optimize the signal-to-noise ratio. The optical rotations were
measured using a Jasco P-2000 polarimeter using standard
conditions (25.00 °C, 589 nm). The rotational value was the
average of at least 15 consecutive measurements. The diols rac-
1 and aR-1 along with the (—)-menthyl esters rac-2 and aR-2
were synthesized from commercially available bisphenol A.*”
The nitrophenols rac-4 and aR-4 (Scheme 1e; alternative route)
were synthesized via the nitration of rac-1.*®* TGA was per-



formed with a TGA Q500 analyzer in the temperature range of
25 °C-700 °C under flowing nitrogen at a heating rate of 5 K
min~'. Energy-dispersive X-ray spectroscopy was performed
using a Philips XL 30 FEG scanning electron microscope
equipped with an SiLi detector. Argon gas sorption measure-
ments where conducted at 77 K with a Quantachrome
Autosorb-I ASI-CP-8 instrument. X-ray powder diffraction
(XRPD) data were collected in the 5-50° 20 range using a
Seifert XRD 3003 TT - powder diffractometer with a Meteor1D
detector operating at room temperature using Cu Kol radi-
ation (1 = 1.54187). Variable temperature X-ray powder diffrac-
tion (VIXRPD) measurements were collected in the 26 range of
5-70° with 0.02° steps with a Empyrean (PANalytical)
Diffractometer equipped with a Bragg-BrentanoHD mirror, a
PIXcel3D 2 x 2 detector and a XRK 900 Reactor chamber
(Anton Paar).

Single-crystal X-ray diffraction analyses of aR-2, rac-4, aR-4,
and aR-7

The X-ray data for the single-crystal structure determinations
of intermediates were collected using a Bruker D8 Venture
diffractometer at —173 °C. Intensity measurements were per-
formed using monochromated (doubly curved silicon crystal)
MoKa radiation (0.71073 A) for rac-4, aR-2 and aR-7.
Monochromated CuKa radiation (1.54178 A) was used for the
single-crystal investigation of aR-4. Integrated intensities and
unit cell refinements were performed using the Bruker SAINT
software package. The structures were solved by direct
methods and refined using the SHELXL-97 program.*®

Single-crystal X-ray diffraction analysis of CFA-18

Synchrotron X-ray data for single-crystal structure determi-
nation were collected at —173 °C on a Rigaku Saturn 724 diffr-
actometer with a Si(111) channel-cut monochromator using
RAPID-AUTO. The structure was solved by direct methods and
refined using the SHELXTL program®® with space group P3,21.
The twin matrix (—1 0 0 0 —1 0 0 0 1) was applied for refine-
ment, resulting in a BASF factor of 0.50(1), thus showing an
equal part of each twin component. Multiple restraints were
applied to the bond distances and angles of the linker and
DMF molecules. Due to the small scattering contribution of
the linker molecules, the positions of carbon atoms could only
be refined isotropically. Hydrogen atoms were calculated using
a riding model. The crystallographic data of CFA-18 are pre-
sented in Table 1. Deposition numbers CCDC 2009784-
2009789 contain the supplementary crystallographic data for
this paper.}

Linker synthesis

3,3,3',3-Tetramethyl-2,2',3,3"-tetrahydro-1,1"-spirobi[indene]-
6,6-diol (1).*” M.p. (rac-1): 215 °C; M.p. (aR-1): 160 °C; 'H
NMR (400 MHz, de-DMSO, 20 °C) § 9.00 (s, 1H), 6.99 (d, *J =
8.4 Hz, 1H), 6.58 (dd, *] = 8 Hz, 'J = 2.4 Hz, 1H), 6.10 (d, '] =
2.4 Hz, 1H), 2.25 (d, J = 12.8 Hz, 1H), 2.09 (d, J = 12.8 Hz, 2H),
1.31 (s, 3H), 1.24 (s, 3H) ppm.

Table 1 Crystal data and structure refinement summary of CFA-18

Empirical formula Mn,Cl,C,-H;,NgO,
Formula Mn,Cl,Cy1HyoNe(C3H;NO),
M, (g mol™) 683.40

T (K) 100(2)
Wavelength (A) 0.81040

Crystal system Trigonal

Space group P3,21 (no. 152)

a (A) 17.344(3)

7 (A) 8.807(2)

V(A% 2294.5(9)

VA 3

D, (gem™) 1.484

u (mm™* 1.495

F(000) 1056

Crystal size (mm?®) 0.03 x 0.01 x 0.005
0 range (°) 2.637 to 27.481
Refl. collected 22416

Refl. unique 2365
Completeness to theta = 27.481° (%) 99.9
Data/restraints/parameters 2365/11/115

R(int) 0.1139

GOOF 1.003

Final R indices [I > 20(I)]*
R indices (all data)”

Flack parameter

Largest diff. peak and hole

“Ry = Y||Fo| = |Fe| /X |Fol- P WR, = Z[W(Foz - Fcz)z]/Z[W(F02)2]1/2~

R1=0.0999, WR2 = 0.2540
R1=0.1607, WR2 = 0.3084
0.04(3)

0.455 and —0.444

3,3,3',3"-Tetramethyl-2,2',3,3'-tetrahydro-1,1"-spirobi[indene]-
6,6"-diyl-bis[(1R,2S,5R)-5-methyl-2-( propan-2-yl)cyclohexyl] bis-
carbonate (rac-2).”” To a solution of diole rac-1 (17.60 g,
57 mmol), TEA (27.9 mL, 200 mmol) and DMAP (1.22 g,
10 mmol) in dichloromethane (250 mL) along with 25 g
(114 mmol) of menthylchloroformate in methylene chloride
(10 mL) were added dropwise within 10 min. The mixture was
stirred overnight and then washed with HCIl, dried with
Na,S0,, and evaporated to dryness. Yield: 38.3 g (99.6%); M.p.:
130 °C; 'H NMR (400 MHz, CDClj, 20 °C) § 7.15 (d, *J = 8.3 Hz,
2H), 7.04 (d, *J = 8.3 Hz, ¥J = 2.2 Hz, 2H), 6.623 (d, *J = 2.0 Hz,
1H), 6.612 (d, %7 = 2.0 Hz, 1H), 4.61-4.51 (m, 2Henen), 2.37 (d,
J =13.2 Hz, 2H), 2.28 (d, J = 13.2 Hz, 1H), 2.26 (d, J = 13.2 Hz,
1H), 2.17-2.10 (m, 2Hmenen), 2-05-1.96 (M, 2Hene), 1.72-1.64
(M, 4Henen), 1.48-1.44 (M, 4Hpene), 1.39 (s, 6H), 1.34 (s, 6H),
1.13-1.02 (m, 4Hppenen), 0.92 (d, J = 6.5 Hz, 6Hpenen), 0.91 (d, J
= 7.0 Hz, 3Hpmene), 0.90 (d, J = 7.0 Hz, 3Hpmene), 0.89-0.86 (m,
2Hmenen); 0.795 (d, J = 7.0 Hz, 3Hpenem), 0.795 (d, J = 7.0 Hz,
3Hmenth) PPM, specific rotation: —46 ml g~' dm™".

aR-3,3,3',3-Tetramethyl-2,2',3,3-tetrahydro-1,1'-spirobi[indene]-
6,6-diyl bis[(1R,2S,5R)-5-methyl-2-( propan-2-yl)cyclohexyl] biscar-
bonate (aR-2).” A solution of biscarbonate rac-2 (38.2 g,
56.5 mmol) was stirred in heptane (200 mL) overnight. The
precipitate was filtrated, washed two times with cold heptane,
and then dried under vacuum. Yield: 13.5 g (96% of theoretical
maximum); M.p.: 157 °C; "H NMR (400 MHz, CDCl;, 20 °C) §
7.15 (d, %] = 8.3 Hz, 1H), 7.04 (dd, %] = 8.3 Hz, *J = 2.0 Hz, 1H),
6.54 (d, ] = 2.0 Hz, 1H), 4.60-4.52 (m, 1Hyene), 2.37 (d, J =
13.2 Hz, 2H), 2.27 (d, J = 13.2 Hz, 1H), 2.16-2.11 (m, 1Henem),
2.04-1.95 (M, 1Hmenen), 1.72-1.64 (M, 2Hpenen), 1.48-1.38 (m,
2Hmenn), 1.39 (s, 3H), 1.34 (s, 3H), 1.13-1.01 (m, 2Hene),



0.92 (d, J = 6.5 Hz, 3Hmene), 0.90 (d, J = 7.0 Hz, 3Hmenen),
0.89-0.86 (m, 1Hpmenm), 0.79 (d, J = 7.0 Hz, 3Hpenm) PPM;
ESI-MS: 1367.90 [2 M + Na]', 711.39 [M + K]', 695.38 [M + Na]';
anal. calced for C,3HgoOg: C, 76.75; H, 8.99. Found: C, 62.66; H,
5.00, specific rotation: —2 ml g~* dm™".
aR-3,3,3',3'-Tetramethyl-5,5-dinitro-2,2',3,3'-tetrahydro-1,1'-
spirobi[indene]-6,6'-diyl-bis[(1R,2S,5R)-5-methyl-2-( propan-2-
yl)cyclohexyl] biscarbonate (aR-3). To a solution of biscarbo-
nate gR-2 (10.56 g, 15.70 mmol) in methylene chloride
(320 ml) at 0 °C, nitrating acid [H,SO, (98%)/HNO; (65%),
26.0 ml] was added dropwise within 10 min. After stirring for
approximately 20 min (TLC). The mixture was quenched with
NaHCO; solution in water to give pure aR-3. Yield: 11.43 g
(96%); M.p.: 159 °C; 'H NMR (400 MHz, CDCl;, 20 °C) § 7.91
(s, 1H), 6.74 (s, 1H), 4.62-4.56 (m, 1Hpenen), 2.47 (d, J = 13.2
Hz, 1H), 2.30 (d, J = 13.2 Hz, 1H), 2.18-2.12 (m, 1Hmenen),
2.18-2.04 (m, 1Hpenen), 1.73-1.64 (M, 2Henen), 1.51-1.44 (m,
2Hmenth), 1.46 (s, 3H), 1.40 (s, 3H), 1.11-1.01 (m, 2Hpenem),
0.92 (d, J = 7.0 Hz, 6Hmenen), 0.89-0.86 (M, 1Hmenen), 0.81 (d, J
= 7.0 Hz, 3Hpenwm) ppm; *C (100 MHz, CDCl;, 20 °C) § 156.0,
152.3, 151.1, 144.4, 141.5, 120.35, 120.29, 120.06, 119.98,
80.82, 80.78, 58.59, 58.51, 58.4, 58.1, 46.9, 44.0, 40.4, 31.4,
31.3, 29.87, 29.82, 25.9, 23.2, 21.9, 20.7, 16.1 ppm; ESI-MS:
1564.02 [2 M + K]%, 1548.09 [2 M + Na]’, 801.37 [M + K],
785.36 [M + Na]'; anal. caled for C43H5gN,040: C, 67.69; H,
7.66; N, 3.67. Found: C, 62.66; H, 5.00, specific rotation: rac:
-14mlg " dm ™' aR: —10 ml g~ dm™".
aR-3,3,3',3"-Tetramethyl-5,5"-dinitro-2,2',3,3"-tetrahydro-1,1-spirobi
[indene]-6,6'-diol (aR-4). A suspension of dinitro-biscarbonate
aR-3 (11.18 g, 14.65 mmol) and hydrazine hydrate (5.13 ml,
5.23 g, 163 mmol) in THF (150 ml) was heated under reflux for
4 h. After cooling to 20 °C, the pure product precipitated as an
orange solid, which was collected by filtration, washed with
cold THF, and dried for 15 h in an oven at 65 °C to obtain the
product as a yellow solid. Yield: 5.68 g (97%); M.p.: 213 °C; 'H
NMR (400 MHz, CDCl;, 20 °C): § 10.60 (s, 2H), 7.91 (s, 2H),
6.54 (s, 2H), 2.43 (d, J = 13.2 Hz, 2H), 2.28 (d, J = 13.2 Hz, 2H),
1.44 (s, 6H), 1.37 (s, 6H) ppm; *C (100 MHz, CDCl;, 20 °C,
BB515_C): § 160.5, 155.3, 145.1, 133.5, 118.7, 118.6, 114.9,
114.8, 58.8, 58.7, 58.6, 58.2, 43.4, 31.7, 31.6, 30.1, 30.0 ppmy;
ESI-MS: 421.15 [M + Na]’, 819.26 [2M + Na]"; anal. caled for
Cy1H,N,06: C, 62.66; H, 5.00; N, 7.31. Found: C, 62.66; H,
5.00; N, 7.31, specific rotation: —=7 ml g~* dm™".
aR-3,3,3',3"-Tetramethyl-5,5"-dinitro-2,2',3,3"-tetrahydro-1,1"-spirobi
[indene]-6,6-diamine (aR-5). A mixture of nitrophenol aR-4
(2.87 g, 7.21 mmol), potassium carbonate (5.07 g,
36.05 mmol), 2-chloroacetamide (1.62 g, 17.33 mmol), potass-
ium iodide (478 mg, 2.88 mmol), and DMF (100 ml) was
heated at 90 °C for 2 h and then at 150 °C for 4 h. Subsequently,
the DMF was removed by distillation at 10 mbar. Pure product
(1.89 g, 4.77 mmol, 66%) in the form of an orange solid was
obtained by subjecting the residue to column chromatography
(cyclohexane/EtOAc, 4:1). Yield: 1.87 g (65%) M.p.: 330 °C; 'H
NMR (400 MHz, CDCls, 20 °C) § 7.92 (s, 1H), 6.23 (s, 1H), 2.37 (d, J
=13.2 Hz, 1H), 2.21 (d, J = 13.2 Hz, 1H), 1.40 (s, 3H), 1.34 (s, 3H)
ppm; C (100 MHz, CDCl;, 20 °C, LK_10_1-C) § 159.4, 144.8,

142.5, 132.4, 119.57, 119.48, 113.49, 113.34, 59.0, 57.7, 43.1, 31.64,
31.58, 30.22, 30.16 ppm; *C NMR (100 MHz, CDCl;, d;-methanol
9:1, 20 °C, BB497_C) & 159.6, 145.5, 142.1, 131.8, 119.13, 119.11,
113.48, 113.44, 58.9, 57.6, 42.9, 31.4, 30.0 ppm; ESI-MS: 419.18 [M +
Na]'; anal. caled for CyH,,N,O,: C, 63.62; H, 6.10; N, 14.13. Found:
C, 62.66; H, 5.00; N, 7.31, specific rotation: 138 ml g~ dm™.

aR-3,3,3',3-Tetramethyl-2,2’,3,3"-tetrahydro-1,1"-spirobi[indene]-
5,5',6,6"-tetraamine (aR-6). Nitroaniline aR-5 (1.87 g, 4.72 mmol)
was hydrogenated at room temperature in ethanol (150 ml)
with 5% palladium on charcoal and hydrogen (5 bar) for 48 h.
The catalyst was removed by filtration under nitrogen atmo-
sphere, and the solvent was evaporated under vacuum to
obtain air-sensitive tetraamine as a colorless solid, which was
directly used in the next reaction step. '"H NMR (400 MHz, d,-
methanol, 20 °C) 6 6.53 (s, 1H), 6.15 (s, 1H), 2.20 (d, J = 13.2
Hz, 1H), 2.08 (d, J = 13.2 Hz, 1H), 1.30 (s, 3H), 1.24 (s, 3H)
ppm. *C NMR (100 MHz, d,-methanol, 20 °C) § 143.7, 145.5,
133.8, 112.1, 112.0, 109.5, 109.40, 59.9, 56.7, 42.4, 30.89, 30.84,
29.58, 29.52 ppm; ESI-MS: 711.43 [2 M + K], 695.46 [2 M +
Na]", 375.23 [M + K]', 359.25 [M + Na]", 337.27 [M + H]".

aR-7,7,7',7'-Tetramethyl-6,6',7,7-tetrahydro-1H,3'H-5,5"-spirobi
[indenol[5,6-d][1,2,3]triazole] (aR-7). Under nitrogen atmo-
sphere, the crude tetraamine aR-6 was dissolved in acetic acid
(80 ml) and water (20 ml) and cooled to 0 °C. A solution of
sodium nitrite (1.13 g, 16.38 mmol) in water (5 mL) was then
added dropwise while keeping the temperature of the mixture
below 5 °C. The resulting solution was stirred at 0 °C for
additional 30 min followed by the addition of water (400 mL).
The precipitate was isolated by filtration, washed with water,
and dried. The crude product was purified by column chrom-
atography (CHCl3/MeOH 9:1) to give pure bistriazole 7 as a
colorless solid. Yield: 1.38 g (82%, two steps from aR-5) M.p.:
322 °C; 'H NMR (400 MHz, d¢-DMSO, 20 °C, 517_S_H_RT) &
15.55 (s, 1H), 15.33 (s, 1H), 7.87 (s, 1H), 7.56 (s, 1H), 7.26 (s,
1H), 6.96 (s, 1H), 2.50 (d, J = 12.5 Hz, 2H), 2.46 (d, J = 12.5 Hz,
2H), 1.48 (s, 6H), 1.39 (s, 6H) ppm; 'H NMR (100 MHz, d¢-
DMSO, 80 °C, 517_S_H_80 °C) § 15.19 (s, 2H), 7.69 (s, 2H),
7.11 (s, 2H), 2.53 (d, J = 13.1 Hz, 2H), 2.42 (d, J = 13.1 Hz, 2H),
1.51 (s, 6H), 1.43 (s, 6H) ppm; 'H NMR (400 MHz, CDCl;, d,-
methanol 9: 1, 20 °C, LK_12a) § 7.59 (s, 2H), 7.15 (s, 2H), 2.58
(d,J = 13.1 Hz, 2H), 2.42 (d, J = 13.1 Hz, 2H), 1.51 (s, 6H), 1.44
(s, 6H) ppm. *C NMR (100 MHz, CDCl;, d,-methanol 9:1,
20 °C, LK-12_1R_ca) § 152.4, 151.9, 139.6, 138.9, 109.51,
109.46, 107.36, 107.24, 60.3, 56.6, 43.0, 32.12, 32.08, 30.46,
30.37 ppm; IR (cm™): 2951 (m), 2924 (m), 2856 (m), 1726 (b),
1628 (m), 1584 (m), 1500 (w), 1463 (m), 1365 (m), 1316 (W),
1295 (w), 1257 (m), 1190 (st), 1071 (m), 993 (m), 850 (st), 803
(st), 750 (st), 634 (b), 592 (w), 562 (W), 540 (st), 475 (st), 410 (st);
ESI-MS: 739.33 [2 M + Na]', 381.17 [M + Na]'; anal. caled for
C,,H,,Ng: C, 70.37; H, 6.19; N, 23.45. Found: C, 62.66; H, 5.00;
N, 7.31, specific rotation: 167 ml g~* dm™".

MOF synthesis

Synthesis of [Mn,Cl,(spirta)(DMF)2] (8). In a glass tube
(10 mL) the solution of H,-spirta (10 mg, 0.028 mmol) in DMF
(1 mL) was added to a solution of manganese(u) chloride dihy-



drate (18 mg, 0.117 mmol) in DMF (1 mL) and mixed
thoroughly. This Tube was closed with a plastic cap and the
mixture was heated to 140 °C for three days and subsequently
filtrated. The colorless crystals were washed with ethanol three
times. After vacuum drying at 100 °C, a white powder results.
Yield: 6 mg (57%); IR (cm™): 2953 (w), 2931 (w), 2860 (w),
1658 (vst), 1563 (w), 1458 (m), 1381 (m), 1363 (w), 1316 (W),
1251 (w), 1177 (st), 1111 (m), 1059 (W), 862 (st), 808 (st), 733
(m), 678 (st), 564 (w), 547 (w), 490 (w). Anal. caled for
[Mn,Cl,(C,1H,,Ng)(C3H,NO),]: C, 47.45; H, 4.97; N, 16.40.
Found: C, 45.18; H, 4.48; N, 15.05.
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