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CFA-2 and CFA-3 (Coordination Framework Augsburg
University-2 and -3); novel MOFs assembled from
trinuclear Cu(1)/Ag(1) secondary building units and
3,3',5,5'-tetraphenyl-bipyrazolate ligandst

Maciej Grzywa,®P Christof GeBner,” Dmytro Denysenko,? Bjérn Bredenkétter,?
Fabienne Gschwind,® Katharina M. Fromm,© Wojciech Nitek,® Elias Klemm® and

Dirk Volkmer*?®

The syntheses of Hy-phbpz, [Cus(phbpz)]-2DEF-MeOH (CFA-2) and [Ag.(phbpz)] (CFA-3) (H»-phbpz =
3,3',5,5'-tetraphenyl-1H,1'H-4,4'-bipyrazole) compounds and their crystal structures are described. The Cu()
containing metal-organic framework CFA-2 crystallizes in the tetragonal crystal system, within space
group /44/a (no. 88) and the following unit cell parameters: a = 30.835(14), c = 29.306(7) A, V = 27 865(19)
A3. CFA-2 features a flexible 3-D three-connected two-fold interpenetrated porous structure con-
structed of triangular Cu(i) subunits. Upon exposure to different kinds of liquids (MeOH, EtOH, DMF, DEF)
CFA-2 shows pronounced breathing effects. CFA-3 crystallizes in the monoclinic crystal system, within
space group P2,/c (no. 14) and the following unit cell parameters: a = 16.3399(3), b = 32.7506(4), ¢ =
16.2624(3) A, p = 107.382(2)°, V = 8305.3(2) A3. In contrast to the former compound, CFA-3 features a
layered 2-D three-connected structure constructed from triangular Ag() subunits. Both compounds are
characterized by elemental and thermogravimetric analyses, single crystal structure analysis and X-ray
powder diffraction, FTIR- and fluorescence spectroscopy. Preliminary results on oxygen activation in
CFA-2 are presented and potential improvements in terms of framework robustness and catalytic

efficiency are discussed.

Introduction

Porous coordination polymers, often referred to as metal-
organic frameworks (MOFs), have been extensively studied
during the past decade owing to their fascinating crystal struc-
tures, variety of bonding topologies as well as for their wide
range of applications including gas storage' and separation,’
controlled drug release,® sensing,” or catalysis.” Heterogeneous
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catalysis has recently shifted into the focus of research
because MOF compounds can be rationally designed, bearing
uniform catalytically active sites at high volume densities.® The
building block approach offers the possibility to program multi-
functionality into these materials, while their spontaneous
self-assembly from ligands and metal ions fulfills the needs of
an economical fabrication. Most notably, homochiral MOFs
can be prepared, which opens up novel possibilities for chiral
enantioselective (catalytic) transformations.”

Among the many metal ions demonstrated as useful in
catalysis, investigations on copper-containing MOFs bear great
potential with respect to the activation of molecular oxygen at
close-to-ambient conditions, which is reflected in the occur-
rence of (multi-)copper active sites in natural enzymes, such as
oxidases or oxygenases.® Biologically inspired MOF catalysts
trying to mimic structural and functional aspects of these
enzymes hold great promise for wide-ranging synthetic appli-
cations in the oxidation of organic intermediates containing
non-activated C-H-bonds. However, the use of Cu-MOFs as cata-
lysts at a commercial production scale is still in its infancy,
because few MOF compounds currently fulfill the stringent
requirements of high catalytic activity and selectivity, paired
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Scheme 1 (a) Ligand (3,3',5,5"-tetraphenyl-1H,1'H-4,4'-bipyrazole, R = Ph)

employed in the current work. (b) Secondary building unit of Cu(i)-containing
frameworks and their redox transformation into trinuclear Cu(ii) units (L = mono-
dentate neutral or anionic ligand).

with long-term stability. Until now, there are only a few reports
appearing in the literature where Cu-MOFs have been studied
and applied as oxidation catalysts. In particular, Cu-catalyzed
hydroxylation of phenol,’ oxidation of trimethylsilyl enolates
to o-hydroxy ketones,'® allylic oxidation of cyclohexene,™
oxidation of benzene derivatives and tetralin have been
described.">" Here, we report on the development of copper-
based MOFs containing triangular Cu(i) subunits that are
linked by bipyrazolate ligands and we provide first insights
into their use in oxidation catalysis (Scheme 1). The explora-
tion of this particular type of MOF compound has the follow-
ing rationales: first, polyaza-heteroaromatic ligands such as
pyrazole, imidazole, triazole, tetrazole, etc. have emerged as
useful ligands in constructing robust coordination polymers
(MAFs - metal azolate frameworks) providing superior chemi-
cal and thermal stability as compared to their widespread car-
boxylate-based counterparts.'* In order to construct a three-
dimensional framework we have employed the tetradentate
3,3',5,5"-tetraphenyl-4,4"-bipyrazolate ligand (Scheme 1), which
in its deprotonated state can bind up to four metal ions.
Monovalent precious metal ions (Cu', Ag', Au', d'° electron
configuration), when combined with pyrazolate ligands, quite
often form planar trinuclear coordination compounds,'’
which also have been introduced as secondary building units
(SBUs) into metal-organic frameworks.'® In particular, coordi-
nation compounds or MOFs containing linear (two-fold) co-
ordinated Cu(1) centers show distinct redox behaviour which
upon oxidation leads to oxygen-centered trinuclear coordi-
nation units comprising Cu(u) centers with a square planar
coordination geometry (Scheme 1). This chemical transform-
ation occurs with minimal structural distortion of the trinuc-
lear SBU. Therefore, the low coordination number of the Cu(i)/
Cu(u) sites as well as their high accessibility should render
MOFs comprising this particular SBU attractive candidates for
oxygen activation and redox catalysis. However, the exact reac-
tion pathway by which oxygen molecules might bind to the
Cu(1) centers in these trinuclear coordination units as yet is
largely unknown. Recent investigations of the Chan group'’
reveal that mixing [Cu'Cu'Cu'(L)]"" (L = 3,3'-(1,4-diazepane-1,4-
diyl)bis(1-{[2-(dimethylamino)-ethyl |(methyl Jamino}propan-2-
ol) or 3,3-(1,4-diazepane-1,4-diyl)bis-(1-{[2-(diethylamino)-
ethyl](ethyl)-amino}propan-2-ol)) with O,-saturated propio-
nitrile (EtCN) led to species [Cu"Cu"(i-n*n>-peroxo)Cu"(L)]**

and [Cu"Cu"(p-O)Cu™(L)]**. Moreover, all literature-known
coordination frameworks containing trinuclear M' coordi-
nation units and bipyrazolate linkers are structurally highly
flexible, leading to strong geometric lattice distortions upon
removal or exchange of clathrated molecules. While this
“breathing effect” might be advantageous in gas separation or
sensing applications,'® it represents a less desirable feature in
heterogeneous catalysis. Aiming at robust catalysts, back-to-
back bonded (linear) bipyrazole ligands in particular offer
many possibilities for a rational crystal design due to their
ease of synthesis, and structural adaptability. In the present
study we are exploring the influence of large substituents
(Scheme 1, R = phenyl) on the 3D structure of MOFs featuring
planar trinuclear M' SBUs, where the most important
geometric parameter is represented by the torsion angle ¢
between the planar heterocyclic ring systems of the bipyrazole
ligand which coincides with the torsion angle between adja-
cent trinuclear SBUs, respectively.

Results and discussion
Syntheses and characterization

The 3,3,5,5"-tetraphenyl-1H,1'H-4,4"-bipyrazole ligand (1) was
synthesized by a modified published procedure.'® Compound
CFA-2 was obtained as colorless crystals (Fig. 1) after heating a
DEF-MeOH solution of 3,3',5,5'-tetraphenyl-1H,1'H-4,4'-bipyra-
zole (1) and copper(u) acetate monohydrate in the presence of
Et;N. The addition of amine is necessary in order to deproto-
nate the ligand. A small amount of water impurity in the syn-
thesis causes precipitation of amorphous material and no
formation of CFA-2. Besides the solvothermal synthesis, an
alternative route via diffusion precipitation was developed.
CFA-3 was obtained via diffusion synthesis by layering a solu-
tion of 1 in EtOH on top of an ammonia solution containing
silver ions.

Single crystal structure analyses

3,3',5,5-Tetraphenyl-1H,1'H-4,4"-bipyrazole-DMSO (C3oH,,N,-
(CH3),S0) (1). Compound 1 crystallizes in the monoclinic
crystal system within space group P2;/n (no. 14). The asym-
metric unit consists of thirty carbon and four nitrogen atoms
creating the whole independent molecule of 3,3',5,5"-tetraphe-
nyl-1H,1'H-4,4"-bipyrazole and the highly disordered DMSO
(solvent) molecule (ESI, Fig. S1f). The pyrazole rings are
inclined with respect to each other. The two equatorial planes

Fig. 1

(a) Optical micrograph and (b) SEM image of CFA-2.



created by N1, N2, C7-C9 and N3, N4, C22-C24 atoms enclose
an angle of 87.60(4)°. The phenyl rings do not form a common
plane with the pyrazole rings to which they are bound. The
least-squares planes defined by the pyrazole ring (N1, N2,
C7-C9) and phenyl ring 1 (C1-C6), and phenyl ring 2
(C10-C15), enclose angles of 9.3(1) and 52.99(6)°, respectively.
Similar torsion angles (12.0(1) and 43.37(8)°) are found for the
phenyl ring system 3 (C16-C21), and 4 (C25-C31), bound to
the parent pyrazole ring (N3, N4, C22-C24) (¢f. Fig. S1). An
Ortep style plot of the asymmetric unit of 1 with the atom
labels is shown in the ESI, Fig. S1.T A packing diagram of 1 is
shown in Fig. 2. The atomic coordinates, isotropic thermal

Fig. 2 Packing of 3,3',5,5'-tetraphenyl-1H,1'H-4,4'-bipyrazole molecules in the
crystal lattice of (1); view in the b-direction. The disordered DMSO molecules
were omitted for clarity.

Fig. 3

parameters, selected bond lengths and angles for 1 are given
in Tables S1 and S2 (ESIT), respectively.
[Cuy(phbpz)]-2DEF-MeOH (CFA-2). CFA-2 crystallizes in the
tetragonal crystal system in the space group I4,/a (no. 88). The
asymmetric unit consists of forty-five carbon, six nitrogen and
three copper atoms. An Ortep style plot of the asymmetric unit
of CFA-2 with atom labels is shown in the ESI, Fig. S2.T
[Cu,(phbpz)]-2DEF-MeOH features an extended 3-D two-fold
interpenetrated porous structure constructed from triangular
secondary building units, each containing a trinuclear coordi-
nation unit of Cu(i) ions and three pyrazolate ligands, as
shown in Fig. 3a. The Cu(i) ions within each SBU are almost
linearly coordinated by two nitrogen donors stemming from
adjacent ligand molecules; the N-Cu-N dihedral angles there-
fore are close to 180° (173.04(8), 177.78(8), and 174.02(8)°).
The Cu ions are bridged by three pyrazolates to form almost
planar triangles, a coordination motif which is frequently
observed in low-valent metal pyrazolates, pyridinates and ami-
dinates."'® The Cu-N distances range from 1.849(2) to
1.863(2) A. The Cu(2) and Cu(3) atoms are shifted outwards by
—0.2214(8) and 0.2078(8) A, respectively, from the Cu;Ng
plane. The biggest displacement from the Cu;Ng plane is
observed for the N(1) atom (0.278(1) A). The intratriangular
Cu---Cu distances range from 3.192(2) to 3.263(1) A and are in
good agreement with the literature data.’>'® The closest dis-
tance between copper atoms from two adjacent, separate tri-
angles is equal to 7.651(3) A, while the closest distance
between two Cu, centroids is 9.603(3) A. The pyrazole rings of
each bipyrazolate linker are twisted with respect to each other,
which is enforced by the strong steric repulsion between their
phenyl substituents. An extensive n—r stacking of parallel and
perpendicular-displaced phenyl rings belonging to bipyrazo-
late linkers is observed in the crystal packing arrangement of
CFA-2 (av. distances between geometric centers of phenyl rings
and between geometric centers and H-atoms belonging to the
neighbouring Ph-group: 3.0597(6)-4.1512(9) A), which is

(a) Coordination units of a M = Cu/Ag-containing framework featuring trinuclear Cu(1)/Ag(1) centres. (b) Simplified diagram of SBUs (Ph-groups of the

3,3',5,5'-tetraphenyl-1H,1'H-4,4-bipyrazole ligand (phbpz) omitted for clarity). (c) Packing diagram represented by interconnected SBUs of CFA-2 showing an inter-
penetrated porous 3D framework projected along the a-axis (solvent molecules omitted for clarity). (d) Packing diagram of SBUs of CFA-3 projected along the a-axis
(d) and b-axis (e). Simplified diagram of trinuclear Cu()s units (f). Topologic representation of CFA-2 (g) and CFA-3 (h) showing two-fold interpenetrated (10,3)-a

coordination networks (CFA-2) and a (6,3) hexagonal plane net (CFA-3).
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Fig. 4 Schematic packing diagrams of SBUs of CFA-2 with channels, view in
the a- (a) and b-direction (b).

responsible for stabilizing the crystal structure. The distortion
of Cuz-(pz); SBUs from ideal trigonal planar geometry also
contributes to the overall network distortion. In the first
approximation the [Cu,(phbpz)] coordination network (Fig. 3c)
can be simplified by regarding each Cu;-pz; SBU as a triangle
(Fig. 3b). These SBUs are interconnected by single bonds,
allowing for an (almost) unconstrained rotation. Next, the
CFA-2 coordination network can be described as a network
comprising (10,3)-a topology (type srs, SrSi,) by regarding the
Cus(pz); SBUs as three-connected nodes and the phbpz®~
ligands as spacers of length 10.501(6)-10.677(7) A (see Fig. 3f
and g). The packing diagram of CFA-2 depicted in Fig. 4 shows
2D hydrophobic channels along the [100] and [010] directions
flanked by hydrogen atoms stemming from phenyl groups of
the ligands. The size-limiting feature of these channels are
tubes centered at x, 0.75, 0.25 and x, 0.25, 0.75 (along [100]),
0.5, y, 0, 0.5, y, 1, 0, y, 0.5 and 1, y, 0.5 (along [010]) with a
radius defined by the distances between hydrogen atoms of
the phenyl groups. Taking the van der Waals radii into
account, the largest diameter of the channel is 14.564(7) A but
the smaller aperture of the channels may only admit the
passage of a sphere with a diameter of approximately 7.0 A.
The wall of each tube consists of two alternating rings formed
by ten trinuclear Cu-units connected together by phbpz®~
ligands. The atomic coordinates and isotropic thermal para-
meters, selected bond lengths and angles for CFA-2 are pre-
sented in the ESI, Tables S3 and S4,T respectively.

[Ag,(phbpz)] (CFA-3). CFA-3 crystallizes in the monoclinic
space group P2,/c (no. 14). The asymmetric unit is created by
six silver, twelve nitrogen and ninety carbon atoms. An Ortep
style plot of the asymmetric unit of CFA-3 with atom labels is
shown in Fig. S3.T [Ag,(phbpz)] features an extended 2-D
porous structure constructed of triangular Ag(i) subunits
shown in Fig. 3a. According to the calculations performed by
the PLATON/SQUEEZE program®® the initial total potentially
accessible void volume of CFA-3 is 497.2 A* which is 6% of the
unit cell volume (8305.3(2) A®). Packing diagrams of SBUs of
CFA-3 in the a- and b-direction are shown in Fig. 3d-e,
respectively.

Three metal atoms, Ag;, bridged through nitrogen atoms
from pyrazolate groups form slightly puckered nine-membered
rings Ag;Ng which are next connected together in planes paral-
lel to the (101) plane. The intratriangle Ag---Ag distances range

from 3.3088(6) to 3.7034(1) A and are in good agreement with
literature data.’®*' Within the unequilateral two triangles
Ag;Ng (asymmetric unit), the N-Ag-N angles deviate from line-
arity and range from 172.5(2) to 174.1(2) (Ags(1-3)) and from
170.9(2) to 177.7(2) (Ags(4-6)), respectively.

Two triangular units {Ag;} from the neighbouring layers are
well separated from each other. The closest distance between
silver atoms from two neighbouring {Ag;} units is equal to
6.8921(1) A, while the closest distance between two {Ag;}
centroids is 8.135(1) A. Two Ph-groups (C85-C90 and C57-C62)
are disordered.

The crystal structure of CFA-3 is stabilized by n-r stacking
of parallel-displaced benzene rings, distances between cen-
troids of aromatic rings range from 3.7212(1)-4.6617(1) A. The
coordination network of CFA-3 can be simplified as a (6,3)
topology (type hcb, Shubnikow hexagonal plane net) by con-
sidering the Ags(pz); SBUs as three-connected nodes and the
phbpz?~ ligands as spacers of length 10.6543(1)-11.0901(2) A
(see Fig. 3f and h). The atomic coordinates and isotropic
thermal parameters, selected bond lengths and angles for
CFA-3 are presented in the ESI in Tables S5 and S6,T
respectively.

The advantage of the bipyrazole ligand with four bulky
phenyl substituents in the MOF construction is that the degree
of interpenetration decreases. In contrast to MOFs constructed
from Me,bpz ligands which exhibit eight- (p-M,(Mebpz),
Cuy(Mebpz)) and four-fold (a-M,(Mebpz), Ag,(Mebpz)) inter-
penetration'® CFA-2 is two-fold interpenetrated. Framework flexi-
bility of CFA-2 results from the properties of the ph-bipyrazole
ligand where two pyrazole rings can rotate around the central
C-C single bond (¢). In 1 the pyrazole rings are almost perpen-
dicular to each other (¢ = 87.6°). The interplanar angles
between triangle Cusz-(pz); units in CFA-2, CFA-3 are 66.9(1)-
77.5(1) and 27.2(2)-27.6(1), respectively, while in other coordi-
nation polymers based on the bipyrazole ligands the angles
between moieties range from 7.5(3) to 74.5(3)°, see Table 1. No
metallophilic (cupro- or argentophilic) interactions in CFA-2
and CFA-3, respectively, are observed. The closest distances
between {M;} centroids are equal to 9.603(3) A and 8.135(1) A
for CFA-2 and CFA-3, respectively, which are significantly
bigger than in other Cu-, Ag-bipyrazolate compounds listed in
Table 1 (2.77(1)-4.29(1) A)."® In the case of CFA-2 the {M;}
units are parallel and arranged at an angle of 62.2(3)° to each
other. In other compounds the angles between least-squares
M;N, planes range from 0.0(1) to 7.8(2) and 57.6(2) to
86.6(2)°.1°

TGA and XRPD studies

Microcrystalline powder samples of CFA-2 can be handled in
air for a longer time, and its color changes from white to light
green after weeks reflecting very slow oxidation of Cu(r) to
Cu(u). No color change is evident while CFA-3 is exposed to
ambient light for months reflecting the stability of Ag(1) in the
framework. Phase purity of CFA-2 was confirmed by an XRPD
measurement with the sample kept at ambient conditions.
The experimental XRPD pattern is consistent with the



Table 1 Structural data for 1 and Cu/Ag MOFs

Unit cell .
parameters (A)

Crystal system, ]
volume (A%)

Compound space group

Interplanar angle The shortest
between triangle
Cus(pz); units (°)

distance between

M, centroids (A) Net Ref.

C30H,,N,(CH;3),SO  Monoclinic, P24/n a=10.3718(12) —
b = 16.0120(16)
¢=16.776(2)
f=94.124(5)
V=12778.8(5)

a = 30.835(14)
¢ =29.306(7)
V=27 865(19)
a =16.3399(3)
b = 32.7506(4)
¢ =16.2624(3)
£=107.38
V=27491.3(12)
a=18.6363(13)
b = 46.435(3)

¢ =34.874(3)
V=30179(4)
a=18.5370(19)
b = 46.211(5)

¢ =34.925(4)
V=29917(6)
a=61.7239(11)
¢ =26.9189(5)
V=102557
a=27.1756(8)
¢ =81.019(3)
V=59833(3)

a =19.2056(5)
b = 47.9669(16)
¢ =36.2063(9)
V=33354(2)
a=61.600(2)

¢ =26.7475(13)
V=101495(7)
a=62.030(2)

¢ =26.5872(15)
V=102 300(7)
a=26.407(3)
V=18414(4)
a=27.2326(15)
V=20196(2)

Cu,(C30H,0Ny) Tetragonal, I4,/a

Agy(C30H,0Ny) Monoclinic, P2,/c

(CeoH72Cu1,N,,),  Orthorhombic, Ceca

(CSOH7ZCUIZN24)n

Orthorhombic, Ccca

(C150H180Ag30N60)1,
8n(Co Hy»)

Tetragonal, I4,/a
(CooH105Ag15N36),  Tetragonal, I42d

(CooH72Ag15N,4),  Orthorhombic, Ceca

(C150H180Ag30N60)1,
10n(CgHg)

Tetragonal, I4,/a

(C150H150Ag30N60)»
9n(C,Hyg)

Tetragonal, I4,/a

CioH1,Cu,N, Cubic, 143d 70.5(2)

C1oH 1 AgN, Cubic, 143d 70.5(2)

simulated one as gleaned from the single-crystal X-ray diffrac-
tion data (Fig. 5). Differences in peak intensities are due to
occluded solvent molecules.

In addition the thermal stability of [Cu,(phbpz)]-2DEF-
MeOH (CFA-2) and [Ag,(phbpz)] (CFA-3) was determined by
thermogravimetric (TG) and VIXRPD diffraction measure-
ments. As shown in Fig. 6, under pure oxygen there is an
initial weight loss of approximately 29% between 30-160 °C,
corresponding to the loss of two molecules of DEF and one
molecule of MeOH. The weight loss observed between
300-360 °C is attributed to the decomposition process
accounting for 50.1% of the mass. This latter process is associ-
ated with the loss of the organic ligand. The final increase of
mass is attributed to the oxidation of Cu,O to CuO. Similar
thermal behaviour was observed during heating of the MOF in
a nitrogen atmosphere. There are also two decomposition
steps. Notable exceptions are a first weight loss between

66.9(1)-77.5(1)

27.2(1)-27.6(1)

10.2(3)-66.9(4)

7.5(3)-67.8(3)

62.6(2)-72.7(3)

68.3(3)-74.5(3)

62.5(2)-68.7(3)

62.1(3)-70.6(3)

62.9(3)-69.8(3)

Compound 1 (this work)

9.603(3) (10,3)-a,srs CFA-2 (this work)

8.135(1) (6,3) heb CFA-3 (this work)

4.29(1) (6> x 10)(6 x 10*) nof 16

3.91(2) (6> x 10)(6 x 10*) nof 16

2.77(1) (10,3)-a 16

3.02(3) (10,3)-a 16

3.51(1) (6> x 10)(6 x 10*) nof 16

2.93(2) (10,3)-a 16

2.96(2) (10,3)-a 16

2.96(3) (10,3)-a 16

2.90(2) (10,3)-a 16

60-160 °C, 30.4% and a second weight-loss step occurring at
much higher temperatures 540-1100 °C, 38.5%. Variable temp-
erature powder X-ray diffraction (VTXRPD) studies show
(Fig. 7) that [Cu,(phbpz)] is stable up to 240 °C in oxygen,
270 °C in air and up to 500 °C in nitrogen. Removal of the
solvent molecules by drying and/or heating influences the
phase transitions. With increasing temperature the strong
Bragg peaks at 4.2, 9.3, 10.2 and 11.0° 20 disappear and new
maxima at 5.2 and 8.7° 20 appear (see Fig. 7a and c). At a
temperature of 320 °C in air, Cu,O (PDF no. 5-667) and CuO
(PDF no. 5-661) appear as new crystal phases. In a N,
atmosphere, at the temperature of 550 °C, Cu (PDF no. 4-836)
was detected.

Removal of the solvent by drying and/or heating the sample
leads to structural changes (Fig. 5). This process is
accompanied by the contraction of the crystal structure of
CFA-2 and a lack of permanent porosity. The structural
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Fig. 6 Temperature dependent weight-loss of CFA-2, sample exposed to
flowing nitrogen (dashed line) and oxygen gas (solid line) (a); temperature
dependent weight-loss of CFA-3, sample exposed to flowing nitrogen (b).

changes caused by removal or uptake of solvent are described
in the physisorption section.

Interestingly, the intensities of the lines can be recovered
after the desolvated compound was taken up with solvents
such as MeOH, EtOH, DEF or DMF, which indicates that the
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Fig. 7 VTXRPD plots of CFA-2 under air (a), Cu — PDF No. 4-836; under oxygen
(b) and under nitrogen (c), CuO — and Cu,O — PDF No. 5-661 and 5-667, respecti-
vely. In the case of a measurement under oxygen, the sample was previously
evacuated at room temperature.

solvent removal is completely reversible and the initial struc-
ture can be recovered (Fig. 5). The breathing phenomenon is
relatively fast (approx. 30 minutes). Mechanical stress originat-
ing from the structural transformations frequently leads to
crystal fracture (see Fig. S41). If CFA-2 is immersed into
benzene or chlorobenzene no uptake of solvents was observed.

In the case of CFA-3 three decomposition steps were
detected. The first one, in the temperature range of 30-270 °C,
is connected with removal of solvent, the two next steps



between 270-550 °C and 550-800 °C correspond to the
gradual pyrolitic decomposition of the compound. Variable
temperature powder X-ray diffraction studies show (Fig. S5T)
that the crystal structure of CFA-3 is stable up to 300 °C. In the
temperature range of 30-300 °C only small differences (peaks
shift to lower 26 values, approximately 0.2° 26) are observed. At
a temperature of 350 °C new peaks at 37.9 and 43.8° 20 appear
which can be ascribed to the silver solid phase (PDF no.
1-1164). Subsequent heating leads to the complete decompo-
sition of the sample, only the phase of metallic silver is
observed.

Physisorption results

According to the calculations performed by the PLATON/
SQUEEZE program,” the initial total potentially accessible
void volume of CFA-2 is 14625.6 A® (0.65 cm® g™") which is
about 52.5% of the unit cell volume (27 865 A®) for a probe
radius of 1.68 A, corresponding to the approximate van der
Waals radius of Ar.”*> In the case of CFA-2 simple heating at
100 °C for 0.5 h under vacuum produces a sample with very
low BET surface area (9.4 m*> g™'), and the exchange of the
DEF solvent with a more volatile solvent (EtOH) with sub-
sequent heating at 100 °C for 0.5 h under vacuum results only
in a small increase of surface area to about 36 m* g~". In order
to enhance the porosity of CFA-2, supercritical®® and freeze
drying®* procedures were applied. The freeze drying procedure
(benzene) had no significant influence on the surface area.
The supercritical drying (SCD) procedure, however, leads to
much larger surface area (327 m” g~'), approx. nine times
bigger in comparison to solvent exchange and heating in
vacuum. The argon adsorption isotherm after SCD follows type
I behaviour, typical for microporous solids. The maximum
uptake achieved at 77 K and p/p, = 1 is 125 cm® ¢~" (Fig. 8).
The micropore volume obtained from the sorption isotherm is
0.13 em® g7' using the NLDFT method.”® The same value was
obtained by using the de Boer t-method micropore analysis.>®
The adsorption data were fitted to the BET equation to give a
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Fig. 8 Argon adsorption (black squares) and desorption (grey circles) iso-
therms measured for CFA-2 after supercritical drying. Ar adsorption (black tri-
angles) and desorption (open circles) isotherms for CFA-2 evacuated at 100 °C
for 1 h.
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Fig. 9 Pore size distribution for CFA-2 calculated by fitting the NLDFT model to
the Ar adsorption data.
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Fig. 10 XRPD patterns of freshly prepared Cu,(phbpz)]-:2DEF-MeOH (CFA-2)
(a); [Cux(phbpz)] after supercritical drying (b); [Cux(phbpz)] after heating in
vacuum at 100 °C for 0.5 h (c).

surface area of 327 m” g~'. This value is much smaller than
the surface area calculated from a Monte Carlo technique
(where a probe molecule is ‘rolled’ over the surface), which is
1914 m” g~" based on the crystal data of the CFA-2-solvated
form from single crystal analysis.>’

To evaluate the pore size distribution, the argon sorption
isotherms sampled at 77 K were analyzed using non-local
density functional theory (NLDFT) implementing a carbon
equilibrium transition kernel for argon adsorption at 77 K
based on a slit-pore mode.*® The distribution calculated by
fitting the adsorption data reveals micropores with the dia-
meter in the range of 12-14.5 A (Fig. 9) which is in good agree-
ment with the data from crystal structure. Additionally, XRPD
measurements were registered for samples evacuated at 100 °C
and after the SCD procedure (Fig. 10).

The powder diffraction patterns were indexed and the
results are collected in Table 2. According to the XRPD data,
some of the characteristic peaks became weaker and dis-
appeared and new peaks appeared in comparison to the fresh
sample. Especially, the most intensive and characteristic peak



Table 2 Unit cell parameters for synthesized, dried by SCD and evacuated CFA-2 samples

Unit cell parameters (A)

Surface area (m* g™?)

Compound Space group a=hb c a=p=y(°) Volume (A%) Caled Measured
[Cu,(phbpz)]-2DEF-MeOH I4/a 30.835(14)  29.306(7) 90 27 865(19) 1914
[Cu,(phbpz)] - after SCD I4/a 34.900(2) 21.021(4) 90 25 603(3) 327
[Cu,(phbpz)] - evacuated at 100 °C 0.5 h I44/a 34.905(3) 13.477(8) 90 16 419(3) 9.4
3084A ___ 3491A 6)
solvated
(open)
form
b
L,c >
c=2931A
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b b
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Fig. 11

Schematic drawing of connection of {Cus} units in CFA-2 solvated (a) and desolvated states (b). Packing diagrams represented by interconnected SBUs of

CFA-2 showing 3D frameworks projected along the c- (b) and a-axis (c), solvated state, (e) and (f) desolvated form, respectively.

at 4.2° 20, which corresponds to the (101) plane dividing in
half the channels in the fresh sample, totally disappeared after
drying the probe. It can be seen that after supercritical drying
a mixed state of two phases is observed (the pore volume
amounts to approx. 20% of the pore volume of fresh synthesized
sample): there are maxima seen which are characteristic for
the fresh sample (i) and for the evacuated sample (ii). Heating
the probe and removal of the solvent have an enormous
impact on the unit cell size changes (see Table 2). The struc-
tural model of CFA-2 after solvent removal was gleaned from
force-field calculations (Forcite force-field integrated in
Accelrys Materials Studio, V6.0, restraining the unit cell dimen-
sions to a = 34.905(3), ¢ = 13.477(8)) as determined from the
XRPD pattern of the desolvated sample by using the PROSZKI
package.”® The perfect match between the XRPD patterns of
the evacuated CFA-2 sample and the calculated model is
observed (see ESI, Fig. S6f). The model exhibits a densely
packed structure (Fig. 11), the total potentially accessible void
volume is 581.7 A® which is 3.5% of the unit cell volume
(16 419(3) A?) for a probe radius of 1.68 A.>*

The structural transition from the solvated to the de-
solvated sample can be modeled without disrupting the exist-
ing covalent or coordinate bonds. It can be described as a
dynamic distortion along the c-direction of the tetragonal
lattice (from 29.306(7) A in CFA-2 to 13.477(9) A) in the desol-
vated state, which is accompanied by a widening of the a
lattice constant (from 30.835(14) A to 34.905(3) A) in the desol-
vated state. Removal of the solvent molecules causes a drastic
volume change (ca. 59%).

Since the network topology is maintained during desolva-
tion, the lattice changes are continuous and can be described
by the angle between the planar Cu;-(pz); unit systems, which
changes from 66.9(1)-77.5(1)° (solvated state) to 34.5(1)-
49.6(1) (desolvated state) (see Fig. 11).

Note that this dynamic and reversible breathing transform-
ation is also seen in the change of crystal morphology upon
drying (compare Fig. 1), where the square pyramidal shape of
the crystals shows a compression along the fourfold axis
of crystal symmetry upon drying, which corresponds to the
c-direction of the tetragonal crystal system.
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Fig. 12 Solid-state photoluminescence spectra for the compounds 1, CFA-2
and CFA-3 at room temperature. Dashed-lines — excitation spectra, continuous-
lines — emission spectra.

Photoluminescence and UV-vis spectroscopy

Trinuclear d'® compounds have been utilized as luminescent
materials.*® Some complexes with Cu" and Ag' metal ions show
very unusual near-infrared luminescence.’* For polynuclear
copper clusters, the Cu-Cu distance plays an important role in
photoluminescence properties.*> Normally the Cu-Cu distance
must be less than or close to twice the van der Waals radius of
Cu' (1.4 A) in order to achieve low-energy emission. Thus, the
Cu,l,py, complex displaying a Cu-Cu distance of 2.69 A shows
a strong emission band at 615 nm in the solid state at 77 K,
whereas [Culpy],, with a Cu-Cu distance of 2.88 A shows only
one emission band at 449 nm.** Compounds 1, CFA-2 and
CFA-3, irradiated at 381 nm (1 and CFA-2) and 355 nm (CFA-3),
give broad emission bands in the visible region with the
maxima at 435 nm (1, CFA-3), 468 nm (1), 474 nm (CFA-2) and
478 nm (CFA-3) (Fig. 12). Thus, both compounds CFA-2 and
CFA-3 show only a slight red shift of the emission band, as
compared to a free ligand 1. Obviously, the Cu—Cu distance in
compound CFA-2 (3.192(2)-3.263(1) A) is too large to influence
the luminescence properties and the emission is probably
related to the n-n* transition of the aromatic ligand. Similarly,
Ag-Ag interactions in compound CFA-3 are not strong enough
(the Ag-Ag distance lies in the range 3.31-3.7 A, whereas the
sum of van der Waals radii of the Ag" ion is 3.4 A) and do not
affect the luminescence properties.

In order to prove the reactivity of CFA-2 towards molecular
oxygen, the sample was investigated with UV-vis spectroscopy.
The solid-state UV-vis spectrum of CFA-2 displays one strong
absorption peak at 312 nm in the UV region which could be
assigned to the intraligand electron transitions (Fig. 13).
Adding an acetonitrile solution of +-BuOOH to CFA-2 leads to
green-coloured crystals, indicating an oxidation of Cu(i) ions to
Cu(u) (see Fig. 14a—c). The UV-vis spectrum of the oxidized
sample exhibits one additional broad peak with the maximum
centered at 635 nm, which encompasses the Cu™ d-d tran-
sitions.®* The oxidation of CFA-2 in air is very slow and leads
to a product with a very broad absorption band indicating that

——CFA-2

—— CFA-2 + t-BuOOH
——— CFA-2 + air
——CFA-2+ O/NMP

F (Kubelka-Munk)
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Fig. 13 UV-vis spectra of CFA-2 at room temperature. Black line — CFA-2
(freshly prepared and solvated), red — CFA-2 oxidized by t-BuOOH, green —
CFA-2 after standing in the solution of EtOH under air over 2 months, CFA-2 oxi-
dized by oxygen in NMP solution.

¢ 50 um

Fig. 14 Optical micrographs of CFA-2 crystals oxidized by t-BuOOH (a—c). The
images were recorded at time steps of 3 minutes after exposing crystals of
CFA-2 0 a solution of t-BUOOH in DMF at ¢ = 100 mmol L™". CFA-2 crystals oxi-
dized by oxygen in NMP (d).

probably different Cu(u) species were formed. However, bub-
bling pure oxygen gas through a solution of NMP (1-methyl-2-
pyrrolidone) containing CFA-2 leads to the fast oxidation of
the sample and a color change to green (see Fig. 14d). The UV-
vis spectrum is similar to the spectrum of CFA-2 oxidized by
t-BuOOH. Furthermore, the oxidized CFA-2 sample can be
reduced to a Cu(i) compound upon heating in DMF at 120 °C
for 3-4 hours. The XRPD patterns of the oxidized as well as
reduced samples are similar to the freshly prepared CFA-2
(Fig. S77), indicating that the structure remains stable during
the oxidation/reduction sequence. This shows that CFA-2 is a
potential catalyst for the oxidation reactions in a liquid phase.

Unfortunately all attempts to collect X-ray diffraction data
of oxidized single crystals of CFA-2 as yet have failed in our
hands, which is ascribed to the very weak scattering of the
crystals.



Conclusions

The work reported here focuses on the synthesis and charac-
terization of a novel metal-organic framework assembled from
trinuclear Cu(1)/Ag(1) secondary building units (SBUs) and tet-
radentate 3,3',5,5"-tetraphenyl-bipyrazolate ligands. From the
crystal engineering point of view, the use of pyrazolato-based
ligands comprising bulky substituents (i.e. phenyl) leads to
MOFs that exhibit a reduced tendency for interpenetration
(CFA-2 is two-fold interpenetrated) as opposed to MOFs built
from pyrazolato ligands containing CH; groups (eight- or
four-fold interpenetrated). On the other hand, the steric influ-
ence of the phenyl substituents is still insufficient to prevent
structural changes upon removal of the occluded solvent
molecules.

CFA-2 accordingly exhibits large breathing effects upon
exposure to different kinds of polar liquids (MeOH, EtOH,
DMF, DEF), whereas non-polar solvents (benzene, naphtha-
lene, tetralin (1,2,3,4-tetrahydronaphthalene)) are not taken up
at all. The structural dynamics accompanying solvent uptake
or removal in CFA-2 can be described by a single structural
parameter, namely the interplanar angle ¢ between the adja-
cent heterocyclic ring systems of the bipyrazole ligands, which
changes from 66.9(1)-77.5(1)° (fully solvated state) to 34.5(1)-
49.6(1) (fully desolvated state). Preliminary studies of CFA-2
reactivity toward molecular oxygen show that this compound is
stable during the oxidation and reduction sequence of Cu
ions. CFA-2 therefore is a potential catalyst for performing oxi-
dation reactions in the liquid phase, albeit the high structural
dynamics (i.e. swelling) of the lattice upon loading with
different solvents will make the structural characterization of
the activated and coordinated oxygen species a difficult task.
Less flexible, robust MOFs containing trinuclear Cu(i) units
might better serve the purpose of elucidating mechanistic
details of oxygen activation, which are currently being
developed.

Experimental
Materials and general methods

All reagents were of analytical grade and used as obtained
from commercial sources without further purification. Fourier
transform infrared (FTIR) spectra were recorded in the range
of 4000-400 cm ™" on a Bruker Equinox 55 FT-IR spectrometer
equipped with an ATR unit. The following indications are used
to characterize absorption bands: very strong (vs), strong (s),
medium (m), weak (w). NMR spectra were recorded on a
Varian 400 NMR spectrometer; data given as ppm; spectra
referenced to the residual solvent peak. Elemental analyses (C,
H, N) were carried out on a Perkin-Elmer 2400 Elemental
Analyzer. Thermogravimetric analysis (TGA) was performed
with a TGA/SDTA851 Mettler Toledo analyzer in a temperature
range of 25-1100 °C in flowing nitrogen or oxygen at a heating
rate of 10 °C min~'. Ambient temperature X-ray powder diffrac-
tion (XRPD) patterns were recorded either on a PANalytical

X’ Pert PRO diffractometer with an X’Celerator detector oper-
ated at 45 kv, 40 mA, Cu Ka (4 = 1.54178 A) with a scan speed
of 98.58 s per step and a step size of 0.033° in 26, or on a
Seifert XRD 3003 TT diffractometer equipped with a Meteor1D
detector operated at 40 kV, 40 mA, Cu Ka (1 = 1.54178 A) with a
scan speed of 10 s per step and a step size of 0.02° in 26. Vari-
able temperature X-ray powder diffraction (VIXRPD) measure-
ments were performed in air or in a pure nitrogen atmosphere
at a temperature ranging from 30 to 550 °C with a PANalytical
X’ Pert PRO diffractometer equipped with an Anton Paar HTK
1200N reaction chamber. VIXRPD measurements in pure
oxygen were performed with a Siemens D5000 diffractometer
equipped with an Anton Paar HTK 900 reaction chamber. The
patterns were recorded in the 3-50° 26 range, with time 98.6 s
per step, and a step 0.033° 20 at different temperatures. Temp-
erature program between measurements: heating rate 5 °C
min~', then 10 min isotherm. Argon sorption isotherms at
—196 °C up to p/p, = 1 were measured using a Quantachrome
Autosorb-1C apparatus. High purity gas was used for the
(argon 99.999%).
spectra were acquired with a spectrofluorimeter (FS920 Edin-

adsorption experiments Luminescence
burgh Instruments) equipped with a TMS300 monochromator,
an S900 single photon photomultiplier, and a Xe900 450W
xenon arc lamp at room temperature. The excitation and emis-
sion spectra were corrected for the wavelength-dependent
lamp intensity and detector response, respectively. The UV-vis
spectra were recorded on a Perkin-Elmer Lambda 750S spec-
trometer in the range of 250-2000 mm with a lamp change at
320 nm.

Synthesis of 3,3',5,5'-tetraphenyl-1H,1'H-4,4'-bipyrazole (1)

Bipyrazole 1 was synthesized by a modified procedure.'® To a
solution of 15.00 g (29.90 mmol) di-potassium-3,3'-5,5"-tetra-
phenyl-1,1"-dihydroxy-4,4'-bipyrazol-2,2'-dioxide** in 600 mL
glacial acetic acid, 45.00 g (688 mmol) zinc powder was added
and the resulting suspension was heated to reflux. After com-
pletion of the reaction (monitored by TLC) the mixture was
cooled to r.t. and filtered to remove the excess of zinc powder.
The product, precipitated by slowly pouring the filtrate into 2 L
of water, was filtered off and washed extensively with water
to remove the remaining zinc salts. After drying pure
bipyrazole 1 (6.14 g, 14.00 mmol; 46%) was obtained as a
colorless solid. The compound is soluble in DMF, DEF, DMAc,
1,4-dioxane, DMSO, hot MeOH, EtOH and insoluble in H,O,
THEF, chlorobenzene, nitrobenzene, CH;CN. M.p. 120-130 °C;
IR (cm™): 3068 (W), 1601 (w), 1493 (w), 1466 (w), 1447 (w), 1434
(w), 1393 (w), 1313 (w), 1291 (w), 1256 (w), 1178 (w), 1149 (w),
1092 (w), 1071 (w), 1025 (w), 1001 (w), 966 (m), 950 (m), 912 (s),
840 (vs), 783 (m), 764 (m), 740 (w), 711 (w), 689 (W), 592 (w),
536 (w), 509 (m), 453 (w), 412 (w). 'H NMR (400 MHz,
DMSO-dg, 25 °C, ppm): 13.53 (s, 2 H), 7.44 (spy, 8 H), 7.16-7.23
(m, 12 H); 'H NMR (400 MHz, CDCl;-MeOH-d, 4:1, 25 °C,
ppm): 7.26-7.44 (m, 8 H), 7.11-7.14 (m, 12 H); *C NMR
(100 MHz, CDCl;-MeOH-d, 4:1, 25 °C, ppm): 147.2, 131.3,
128.2, 127.7, 126.8, 107.8. The IR, 'H NMR and *C NMR
spectra are shown in Fig. S8, S9 and S10,} respectively. MS (EI,



miz (%)): 438 (8) [M""], 353 (100), 352 (23), 235 (3), 234 (13),
231 (4). Elemental analysis for C;oH,,N4: caled C: 82.17;
H: 5.06; N: 12.78 (%); found: C: 81.85; H: 5.39; N: 12.56 (%).

Synthesis of [Cu,(phbpz)]-2DEF-MeOH (CFA-2)

Solvothermal method. In a typical procedure, a mixture of
Cu(OAc),'H,0 (4 mg, 0.02 mmol) and 3,3',5,5'-tetraphenyl-
1H,1'H-4,4"-bipyrazole (15 mg, 0.034 mmol) was dissolved in a
mixture of 2.5 mL DEF and 2.5 mL MeOH. To this mixture
0.1 mL of Et;N was added and the solution was placed in a
glass tube (10 mL). The tube was closed with a cap and heated
up to 110 °C in 30 minutes and kept at this temperature for
three days after which it was allowed to slowly cool down to
room temperature. Colorless crystals were filtered off by
suction, washed thoroughly with MeOH and stored under
nitrogen. The synthesis can be similarly performed at larger
quantities (upscale factor: 50). Elemental analysis for
Cuy(C30H0N,)-2(C5H;11NO)-CH30H: caled: C: 61.71; H: 5.81; N:
10.53 (%); found: C: 61.14; H: 5.66; N: 10.96 (%). IR: (cm™):
1601 (w), 1465 (m), 1444 (m), 1417 (w), 1330 (w), 1319 (w),
1298 (w), 1271 (W), 1176 (w), 1109 (m), 1069 (w), 1009 (W), 960 (s),
907 (s), 835 (vs), 793 (s), 756 (s), 742 (m), 724 (m), 692 (w),
652 (W), 612 (w), 530 (w), 511 (w), 498 (W), 469 (W), 442 (w),
418 (w). The IR spectrum of CFA-2 is shown in Fig. S8.T

Diffusion synthesis at room temperature. Colorless crystals
of CFA-2 were obtained by layering a solution of 3,3',5,5"-tetra-
phenyl-1H,1'H-4,4"-bipyrazole (15 mg, 0.034 mmol) dissolved in
4 mL of EtOH on a solution of Cu,O (4 mg, 0.028 mmol) dis-
solved in 1 mL of aqueous ammonia (28 weight%). The color-
less crystalline material was washed with MeOH and stored
under nitrogen. This material exhibits analytical results identi-
cal to those reported for the product from the solvothermal
synthesis route.

Synthesis of [Ag,(phbpz)] (CFA-3)

In a typical procedure a solution of 3,3',5,5-tetraphenyl-
1H,1'H-4,4"-bipyrazole (15 mg, 0.034 mmol) dissolved in 4 mL of
EtOH was layered on a solution of Ag,0 (4 mg, 0.017 mmol) in
1 mL of aqueous ammonia (28 weight%). After 5 days, color-
less crystals appeared. The colorless crystalline material was
washed with MeOH and dried in air at ambient conditions.
The synthesis can be similarly performed at larger quantities
(upscale factor: 50). Elemental analysis for Ag,(CzoH,oNy):
caled: C: 55.24; H: 3.09; N: 8.59 (%); found: C: 55.31; H: 3.20;
N: 8.46 (%); IR (cm™"): 1603 (W), 1462 (W), 1443 (m), 1410 (w),
1328 (w), 1320 (w), 1295 (w), 1268 (w), 1172 (w), 1158 (w),
1106 (w), 1071 (w), 1030 (w), 1007 (w), 955 (w), 906 (w),
876 (w), 832 (w), 794 (w), 758 (s), 736 (m), 717 (m), 690 (vs),
646 (m), 616 (w), 603 (W), 589 (W), 520 (m), 497 (w), 473 (w),
451 (w), 425 (w), 410 (w). The IR spectrum for CFA-3 is shown
in Fig. S8.T

Single crystal X-ray diffraction

3,3',5,5"-Tetraphenyl-1H,1'H-4,4'-bipyrazole-DMSO (1). 1 was
recrystallized from DMSO and colorless needle-shaped crystals
were obtained. X-ray data for the single crystal structure

determination of 1 were collected on a Bruker D8 Venture diffr-
actometer. A total of 1099 frames were collected. The frames
were integrated with the Bruker SAINT software package using
a narrow-frame algorithm. The integration of the data using a
monoclinic unit cell yielded a total of 49 286 reflections to a
maximum 6 angle of 25.00° (0.84 A resolution), of which 4863
were independent (average redundancy 10.135, completeness =
99.5 %, Rine = 5.30 %, Ry = 2.44 %) and 4231 (87.00 %) were
greater than 26(F°). The final cell constants are a = 10.3718(12)
A, b =16.0120(16) A, ¢ = 16.776(2) A, f = 94.124(5)°, volume =
2778.8(5) A’. The calculated minimum and maximum trans-
mission coefficients (based on crystal size) are 0.7110 and
0.7457. The structure was solved by direct methods and
refined using SHELXS and SHELXL-97 programs,®® respecti-
vely. The final anisotropic full-matrix least-squares refinement
on F* with 407 variables converged at R, = 4.49 % for the
observed data and wR, = 10.97 % for all data. The goodness-of-
fit was 1.061. The largest peak in the final difference electron
density synthesis was 0.570 e~ A~ and the largest hole was
—0.368 ¢~ A~ with an RMS deviation of 0.046 e~ A™>. On the
basis of the final model, the calculated density was 1.235 g
em ™ and F(000), 1088 e~. Selected crystal data and details of
the refinement for compound 1 are listed in Table 3.
[Cuy(phbpz)]-2DEF-MeOH (CFA-2). X-ray data for the single
crystal structure determination of CFA-2 were collected on a
Bruker D8 Venture diffractometer. The total exposure time was
52.85 hours. The frames were integrated with the Bruker
SAINT software package using a narrow-frame algorithm. The

Table 3 Crystal data and structure refinement summary for compounds 1,
CFA-2 and -3

Compound 1 CFA-2 CFA-3
Empirical C3,H,gN,0S CooHgoCUgN1,  CooHeoAgsN1s
formula

Formula C30H,5N,(CH3),SO  CusCysHzoNe  AgrCsoHpoNy
M, 516.64 845.37 1956.76

T/K 100(2) 200(2) 293(2)
Crystal system  Monoclinic Tetragonal Monoclinic

Space group P24/n (no. 14) I4,/a (no. 88)  P24/c (no. 14)

(no.)
alA 10.3718(12) 30.835(14) 16.3399(3)
b/A 16.0120(16) 30.835(14) 32.7506(4)
c/A 16.776(2) 29.306(7) 16.2624(3)
B° 94.124(5) 107.382(2)
V/A® 2778.8(5) 27 865(19) 8305.3(2)
zZ 4 16 4
D/g em™® 1.235 0.806 1.565
w/mm™" 0.148 1.235 1.438
F(000) 1088 6864 3863
0 Range/° 2.34-25.00 2.08-66.81 3.10-25.00
Refls. collected 49 286 120701 52721
Refls. unique 4863 12341 14 520
Ripe. 0.0530 0.0436 0.0338
R, (I>20(I))*  0.0449 0.0455 0.0513
WR, (all data)®  0.1097 0.1286 0.1318
GooF 1.061 1.067 1.090
Largest diff. 0.570 and 0.451 and 1.106 and
—0.368 —-0.828 -1.719

peak and hole/
A—3

“Ry = Z||Fo| — |Fe||/Z|Fo|. P WRy = Z[w(Fo? — F2)2)/Z[w(Fo2)*]>.



integration of the data using a tetragonal unit cell yielded a
total of 120701 reflections to a maximum @ angle of 66.81°
(0.84 A resolution), of which 12 341 were independent (average
redundancy 9.795, completeness = 99.9%, Rin¢ = 4.43%, Rsig =
2.19%) and 10 211 (82.63%) were greater than 20(F°). The final
cell constants of a = 30.835(14) A, b = 30.835(14) A, ¢ = 29.306(7)
A, volume = 27 864(19) A® are based upon the refinement of
the XYZ-centroids of 9775 reflections above 20 o(I) with 7.079°
< 20 < 133.3°. Data were corrected for absorption effects using
the multi-scan method (SADABS). The ratio of minimum to
maximum apparent transmission was 0.791.

The structure was solved by direct methods and refined
using SHELXS and SHELXL-97 programs,*® using the space
group I41/a, with Z = 16 for the formula unit, C45H3,CuzNg.
Hydrogen atoms were added at idealized positions. H-atoms
were given isotropic displacement parameters equal to 1.2
times the equivalent isotropic displacement parameter of the
parent atom to which the H-atom is bound. The final anisotro-
pic full-matrix least-squares refinement on F* with 487 vari-
ables converged at R; = 7.97% for the observed data and wR, =
27.61% for all data. The goodness-of-fit was 2.205. The highest
residual electron density of 1.678 e~ A® was found in the large
cavities of CFA-2, which is ascribed to the presence of heavily
disordered solvent molecules. It was not possible to refine the
positions of these molecules and, therefore, they were
excluded from structure analysis by using the PLATON’s
SQUEEZE procedure.*® The final anisotropic full-matrix least-
squares refinement on F* with 487 variables converged at R, =
4.55% for the observed data and wR, = 12.86% for all data.
The goodness-of-fit was 1.067. The largest peak in the final
difference electron density synthesis was 0.451 e~ A® and the
largest hole was —0.828 e~ A~ with an RMS deviation of 0.060
e~ A%, On the basis of the final model, the calculated density
was 0.806 ¢ cm ™ and F(000), 6864 ™. Selected crystal data and
details of structure refinement for CFA-2 are provided in
Table 3.

[Ag,(phbpz)] (CFA-3). X-ray data for the single crystal
structure determination of CFA-3 were collected on the Oxford
Diffraction SuperNova four circle diffractometer, using a
Mo Ka radiation source (4 = 0.71069 A) and a graphite mono-
chromator. Cell refinement and data reduction were per-
formed using the CrysAlisPro program.*® The positions of all
of the non-hydrogen atoms were determined by direct
methods using SIR-97.%” All non-hydrogen atoms were refined
anisotropically using weighted full-matrix least-squares on F>.
Refinement and further calculations were carried out using
SHELXL-97.>® All hydrogen atoms were placed at idealized
positions and refined using a riding model with Ujs,(H) fixed
at 1.2Uq of the parent C atom. Selected crystal data and the
refinement details for the compound CFA-3 are listed in
Table 3.

Complete crystallographic data for the structures 1,
CFA-2 and -3 reported in this paper have been deposited in
the CIF format with the Cambridge Crystallographic
Data Center as supplementary publication no. CCDC
903114-903116.
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