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ABSTRACT: The microwave-mediated self-assembly of [W'-
(CN);]* with Cu" in the presence of pyrazole ligand resulted in
the formation of three novel assemblies: Cu"5(Hpyr) s(H,O)[W"-
(CN)s](NO3)-H,O (1), {Cu's(Hpyr);s[W'(CN)g]4} - [Cu'-
(Hpyr)4(H,0),]-9H,O (2), and CUH4(HPYT) 10(H0)[WY-
(CN);],(HCOO),-4.5H,0 (3) (Hpyr =1H-pyrazole). Single-
crystal X-ray structure of 1 consists of cyanido-bridged 1-D chains
of vertex-sharing squares topology. The structure of 2 reveals 2-D
hybrid inorganic layer topology with large coordination spaces
occupied by {Cu(Hpyr),(H,0),}>" ions. Compound 3 contains
two types of cyanido-bridged 1-D chains of vertex-sharing squares
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linked together by formate ions in two directions forming hybrid inorganic—organic 3-D framework (I'O?). The magnetic measurements
for 1—3 reveal a weak ferromagnetic coupling through Cu"—~NC—W" bridges.

B INTRODUCTION

The intensive attention paid to hybrid inorganic—organic
materials reflects essential interest in their structural versati-
lity and applications to gas sorption, ion-exchange, and cata-
lysis.' > The structural complexity of such materials, derived
from the octacyanidometallate moiety, 3d metal center, and
organic ligand provides the potential for the design of novel
multifunctional materials."*

The coordination lability of the copper(Il) complexes combined
with the stereochemical nonrigidity of the [M(CN)g]™ ions allows
the formation of clusters,” discrete molecules,®” 1-D chains,* ' 2-D
layers,'' >* and 3-D networks’***** The majority of Cu'—
NC—W systems display ferromagnetic coupling between metal
centers,>” ¥ O1HISATIIT3L o g metamagnetism was observed in
some materials.'""*'*' Introduction of organic ligand to Cu'—
[WY(CN)g]* systems provides the rational pathway for modifica-
tion of their structure and magnetic properties.

The polyazaheteroaromatic pyrazole ligand is the potentially
attractive organic component of Cu"—[W"(CN)g]* systems in
view of documented ability to bridge Cu(Il) ions to form poly-
nuclear compounds. The pyrazole bridges were observed in the
trinuclear copper(Il) complexes [Cusz(OH)(pyr);(HCOO),-
(Hpyr),] * and [Cus(OH) (Pyr)s(HP?’r)zaz] *solv (solv = H,0,
tetrahydrofuran)™ and 1-D chains [ Cu"(pyr), - solv],, (solv = H,O,
NH;, MeNH,, MeCN, pyridine, MeOH, EtOH).*® The character-
istic feature of polynuclear Cu(II) assemblies with pyrazole is the
presence of [Cu''(Hpyr),(H,0)4]*" and [Cu"(Hpyr)4(H,0),]*"
synthons. Moreover, pyrazole molecules act as the terminal ligands
and form copper(Il) mononuclear complexes [CuH(prr)é]Xz
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(X= ClO,~, AsFs, PF )Y [Cu"(Hpyr)4CL],*** and [Cu'™-
(Hpyr),Cl,]-H,0,* and 1-D chains [Cu"(Hpyr),SO,](H,0).*
Additionally, the cations Hopyr™ have been found in pyrazolium salt
[H,pz],[CuCl,)."

As a part of our investigations of the structural diversity and
the magnetic properties of Cu"— [WV( CN)g] % assemblies we have
prepared a series of Hpyr—Cu"—[W"(CN)s]*" coordination net-
works. We decided to investigate for the first time the effect of
microwave radiation on the process of formation of Cu"—[W"-
(CN)g]* systems. The results of our experiments involving micro-
wave-aided self-assembly consist of three new coordination poly-
mers CuHZ(HPyr)S(HZO)[WV(CN)S] (NO5)-H,0 (1), {CUI 5"
(H Yf)ls[WV(CN)s]4} : [CUH(HPYT)4(H20)2] ‘9H,0 (2), and
Cu'4(Hpyr) 1o(H,0)[W(CN)5],(HCOO), - 4.5H,0 (3).

Structures of these compounds were solved using single-crystal
X-ray diffraction. The magnetic properties reveal the interplay of
weak ferro- and antiferromagnetic interactions due to the presence
of different coordination environment of paramagnetic metal
centers in the coordination networks of I'0°, ?O° and I'O? for
1, 2, and 3, respectively.

B EXPERIMENTAL SECTION

Materials. Pyrazole and 85% HCOOH were purchased from
commercial sources (Sigma-Aldrich, POCh) and used as received.
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Table 1. Crystal Data, Data Collection, and Refine Parameters for 1—3

molecular formula
M,
T (K)

radiation used, A (A)

cryst system

space group

a(4)

b(4)

c(A)

o (deg)

B (deg)

7 (deg)

V(A%

VA

degtea (g cm™)

# (mm™")

F(000)

crystal size (mm?®)

0 range for data collection (deg)

index ranges

reflns collected

indep reflns

completeness of 6 (%)
max/min transmission
refinement method
data/restraints/params
GOF on F?

final R indices (I > 20(I))
R indices (all data)

1

C23H,4CuN9OsW
957.54

293(2)

Mo Ka (0.71073)
monoclinic

C2/c

31.0150(6)
14.6360(3)
15.4030(3)

90

90.5050(10)

90

6991.7(2)

8

1.819

4.551

3736

0.40 x 0.20 x 0.15
2.94—27.48
—38<h =40
—19<k=18
—-19=<1=19
28629

7991

[R(int) = 0.0358]
99.7 (0 = 27.48°)
0.5485/0.2633
full-matrix least-squares on P
7991/0/452

1.058

R1 =0.0296, wR2 = 0.0710
R1 =0.0415, wR2 = 0.0755

2 3
CyoHs5Cu3N3505 sW, CosH106CugN7,019Wy
1822.20 3815.44
293(2) 293(2)

Mo Ko (0.71073) Mo Ko (0.71073)
triclinic triclinic

PI PI

11.8120(2) 14.7530(2)
14.7920(3) 16.5290(2)
21.6160(4) 16.6930(3)
70.8300(10) 61.9300(10)
82.2460(10) 87.2970(10)
82.4880(10) 87.6650(10)
3519.66(11) 3587.02(9)

2 1

1.719 1.766

4220 4434

1787 1865

0.35 X 0.08 x 0.04 0.30 x 0.30 x 0.25
2.69—27.42 1.38—27.48
—1S<h=1S —19=<h=<19
—17<k=<19 —21<k=<2l
—27=<1<27 —-19=<1=<21
26592 28457

15713 16288

[R(int) = 0.0308]
98.0 (0 = 27.42°)

[R(int) = 0.0319]
98.9 (6 =27.48°)

0.8494/0.3198 0.4036/0.3497

full-matrix least-squares on F> full-matrix least-squares on F>
15713/0/889 16288/0/896

0.988 1.066

R1 =10.0352, wR2 = 0.0730
R1 = 0.0602, wR2 = 0.0793

R1 =0.0377, wR2 = 0.0951
R1 =0.0512, wR2 = 0.1016

largest diff. peak and hole (e A™%) 1.724 and —1.006

1.831 and —1.131 3.245 and —1.635

Octacyanidotungstate(V) sodium** and cesium® salts have been
synthesized according to the published procedures.

Synthesis of Cu',(Hpyr)s(H,0)[WY(CN)gl(NO3)-H,O (1).
Microwave syntheses were performed in MARS 240/50 (CEM Corp.)
with the use of a GlassChem 20 vessel set. To a solution containing
Cu(NO3)-3H,0 (0.242 g, 1 mmol, 8 mL of H,0) and HCOOH (76 uL,
1.7 mmol) was added a solution of pyrazole (0.204 g, 3 mmol, 8 mL of
H,0), followed by an immediate addition of a solution containing Na,-
[W(CN)g] -4H,0 (0.352 g 0.66 mmol, 8 mL of H,O) upon vigorous
stirring. Green precipitate formed immediately. Then, the reaction mixture
was irradiated to a maximum reaction temperature of 110 °C for S min and
gradually cooled down to room temperature for 1 h. The resulting solution
was filtered and left in the dark in a closed vessel at room temperature. After
a few hours green needles were formed, which recrystallized over 3 weeks
forming green single crystals of 1. Yield: 176 mg (36.8%). Elementary Anal.
Caled for Cy3H,3Cu,NoOsW (1): C, 28.85%; H, 2.53%, N, 27.79%.
Found: C, 29.08%; H, 2.58%; N, 27.66%. IR spectrum in ¥(CN) region
(em™"): 2202 m, 2183 m (Supporting Information, Table S1).

Synthesis of {Cu"s(Hpyr)15[W"(CN)gl,! - [Cu"(Hpyr) 4(H,0)] -
9H,0 (2). An analogous microwave-mediated procedure to that of 1 was
applied, but copper(Il) sulfate and acetic acid were used instead of
copper(Il) nitrate and formic acid. The dark green single crystals were

formed through recrystallization of the precipitate obtained from the
resulting solution. Yield: 146 mg (29.4%). Elementary Anal. Calcd for
CogH 14CugN-6013W, (2-2H,0): C, 31.98%; H, 3.12%; N, 28.62%.
Found: C, 31.97%; H, 3.07%; N, 28.67%. IR spectrum in ¥(CN) region
(em™): 2145 m (Supporting Information, Table S1).

Synthesis of Cu"4(Hpyr);o(H,0)[W"(CN)g],(HCOO), - 4.5H,0
(3). This assembly was obtained similarly to 1, but copper sulfate instead of
copper nitrate was used. In the microwave-assisted synthesis HCOOH was
used, resulting in green single crystals of 3 formed through recrystallization
within 2 weeks. Yield: 150 mg (31.5%). Elementary Anal. Calcd for
CasHeyCuyNsO10W, (3-0.5H,0): C, 30.07%; H, 2.84%; N, 26.30%.
Found: C, 30.14%; H, 2.78%; N, 26.23%. IR spectrum in ¥(CN) region
(em™"): 2203 m, 2181 m (Supporting Information, Table S1).

In the all syntheses, green precipitate has been identified as the identical
primary product CuH3(prr)6[WV(CN) 8)2-3.SH,O (A). Elementary
Anal. Caled for Cy4Hy; CusNagOs sWo: C, 28.24%; H, 2.16%; N, 27.12%.
Found: C, 28.34%; H, 1.85%; N, 27.02%. IR spectrum in ¥(CN) region
(em™"):2192m, 2167 m(sh), 2147 m (Supporting Information, Table S1).
All attempts to obtain single crystals of A suitable for X-ray diffraction
analysis were unsuccessful.

X-ray Crystallography. The single-crystal diffraction data for all
three structures were collected using the Nonius Kappa CCD equipped
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Scheme 1. Microwave Synthesis Scheme of 1—3

Microwave synthesis

Cu:Hpyr:W=3:9:2

[ [ ]

CU(NDs)z 3H:0 CuS0w5H0 h CuSO.5H,0
HCOOH CH:COCH HCOOH
Hpyr
) Nas[W(CN)]-4H,0

Hpyr
Nas[W(CN)s]-4Hz0
Cu.("Pyl’)w(Hszg)lW(CN)u](HCOO)z

20 (3)
3D network (I'0%)

Hpyr
Nas[W(CN)q]-4H,0

{Cus(HpyrhsW(CN)s].}
“[Cu{Hpyr)({H20);]-9H,0 (2)
1D chain (1'0% 2D layer (0%

Cu;(HPYl’)s(Hzo)[‘:V(CN)KI(NOJ)'HZO

Figure 1. ORTEP diagram of structure unit of 1 with selected atoms
labeling. Hydrogen atoms were removed for clarity. Colors used: Cu,
orange; N, blue; C, gray; W, magenta, O, red. Symmetry codes: i=0.5 —
%,0.5 —y,1 — z;ii= —x,y, 1.5 — z. Thermal ellipsoids of 50% probability
are shown.

with a Mo Ka radiation source (A = 0.71073 A) and graphite
monochromator. In each case the procedure of the structure solution
and refinement was very similar. The space group was determined using
the ABSEN.* Structure was solved by direct methods using SIR-97.*
Refinement and further calculations were carried out using the
SHELXL-97* package incorporated in WinGX 1.64 crystallographic
collective package.*” The non-H atoms with the exception of the atom
06 in 3 were refined anisotropically using weighted full-matrix least-
squares on F’. The attempts to refine the mentioned atom anisotropi-
cally gave the nonpositive definite. All hydrogen atoms joined to carbon
and nitrogen atoms of organic component of the compound 1 were
positioned with an idealized geometry and refined using a riding model
with Ujso(yy fixed at 1.2U,q(c). Hydrogen atoms of crystallization and
coordination water molecules were unreachable, so their positions were
calculated at positions optimized to form the hydrogen bonds and
refined using a riding model with Ujso(n) fixed at 1.5Uq(c). Crystal data,
data collection, and refine parameters for 1—3 were listed in Table 1, and
selected bond lengths and bond angles were presented in Table 2.

Physical Techniques. Infrared spectra were recorded in KBr
pellets in range 4000—400 cm ™' using a Bruker EQUINOX 55 FT-IR
spectrometer. Elemental analyses (C, H, N) were performed on an
ELEMENTAR Vario Micro Cube CHNS instrument. Magnetic measure-
ments were performed using a Quantum Design SQUID magnetometer
MPMSS-XL. The thermal dependence of the magnetic susceptibility was
measured at Hy field of 1 kOe in temperature range 2—300 K. The field
dependence of magnetization was measured in the 0—50 kOe magnetic
field range. The structural data presented as figures were prepared with the
use of the CCDC Mercury visualization software.* Geometries of metal
centers were estimated with the Continuous Shape Measures (CShM)
analysis with the use of SHAPE v2.0 software.*

Cu2 Cu2

Cu2 Cu2

Figure 2. Chain structure of 1 with selected atoms labeling. Only metal
centers and bridging atoms are shown.

B RESULTS AND DISCUSSION

Syntheses. Microwave approach provides controlled heating con-
ditions of the reactant solutions of Cu>*, Hpyr, and [W(CN),]*
and leads to the formation of three new products. The synthesis with
Cu/Hpyr/[W(CN)g]* = 3/9/2 ratio at ambient conditions results
in the formation of primary green solid Cu'y(Hpyr)[W"-
(CN)gl,+3.5H,0 (A) only, regardless of the nature of Cu”* salt
and acid. The microwave synthesis with Cu/Hpyr/[W(CN)g]* =
3/9/2 ratio and use of copper(1l) nitrate salt in presence of formic
acid resulted in Cu™,(Hpyr) s(H,0)[W"(CN);s](NO5) - H,0 (1).
The use of copper(Il) sulfate in presence of acetic acid afforded
{CuHs(HPYI')ls[WV(CN>8]4} : [CuH(prr)4(HZO)2] *9H,0 (2),
while application of formic acid gave CuH4(prr) (H0)[WY-
(CN);),(HCOO),+4.5H,0 (3). In all microwave-assisted proce-
dures we have observed the initial formation of the green precipitate,
followed by topochemical reaction, where the green product (A)
reversible changes to 1, 2, or 3 in the presence of specific anion
(Scheme 1). Products 1—3 could be obtained in microwave-assisted
synthesis only. Conventional heating of the each reaction mixture,
contrary to microwave irradiation, results in reduction of
octacyanidotungstate(V) to octacyanidotungstate(IV) and partial
release of CN™ ligands.

Single-Crystal X-ray Structure of 1. The crystal structure of 1
(Figure 1) consists of [Cu" (H,O) (Hpyr),]** and [ Cu" (Hpyr),]**
units bridged by [WY(CN)s]?, nitrate anions, and crystallization
water molecules. The bridging between metal centers leads to
formation of a 1-D chain of vertex-sharing cu’,wY, squares
topology (Figure 2). The squares are twisted relative to each other
by the angle close to 70°. The molecular structure of the assembly
can be dlassified as an inorganic hybrid chain (I'0®) according to
Cheetham." Octacyanidotungstate(V) ion reveals distorted dode-
cahedral (DD-8) geometry (Supporting Information, Table S2).
The bond lengths and angles (Table 2) reveal typical values for
systems based on octacyanidotungstates.® Four cyanido ligands of
[WY(CN);]* are bridging two Cu2 (C11—N11 and C16—N16)
as well as two Cu3 centers (C13—N13 and C18—NI18). The
[Cu2(Hpyr)3(NC),] unit reveals square pyramidal (SPY-5) geo-
metry with one axial and one equatorial cyanido-bridge (Supporting
Information, Table S3). The axial bridge is relatively longer with
Cu2—N16 bond length of 2.188(4) A compared to the equatorial
Cu2—N11 linkage of 2.002(3) A length. Both bridges are almost
linear revealing Cu—N—C angles of 178.5(4)° and 175.0(4)° for
Cu2—N16—C16 and Cu2—N11—Cl11, respectively. The coordi-
nation sphere of Cu2 is completed by three nitrogen atoms from
pyrazole ligands with the average Cu2—N distance of 2.012(3) A.
The coordination geometry of the [Cu3(H,O)(Hpyr),(NC),]
represents square pyramidal (SPY-S) geometry. The cyanido-
bridges Cu3—N13 and Cu3—N18 coordinate in axial and equator-
ial positions, respectively. Similarly to the Cu2 coordination envir-
onment, both cyanido linkages are almost linear with the Cu3—
N13—C13 and Cu3—N18—C18 angles of 176.3(4)° and 175.9(3)°,
respectively. The axial bridge Cu3—N13 is significantly longer at
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Figure 3. ORTEP diagram of structure unit of 2 with selected atoms
labeling. Hydrogen atoms and noncoordinating atoms of pyrazole
ligands are removed for clarity. Colors used: Cu, orange; N, blue; C,
gray; W, magenta; O, red. Symmetry codes:i= —x,1 —y,2 — zjii = —x,
—y,2 —z;ili= —x,1 —y, 1= z;iv=2 — x, —y, 1 — z. Thermal ellipsoids
of 50% probability are shown.

Figure 4. Layer frame of 2 in crystallographic direction (100).

2.201(4) A in comparison to the equatorial Cu3—N18 linkage with
the bond length of 2.017(3) A. The nitrogen atoms from two
pyrazole molecules and the oxygen donor from the water ligand
form coordination bonds toward Cu3 with the average length of
1.995(3) A. Water molecules and nitrate anions are stabilized within
the molecular structure by the network of H-bonding incorporating
also nitrogen atoms of terminal cyanido ligands and pyrazole
molecules.

Single-Crystal X-ray Structure of 2. The crystal structure of 2
(Figure 3) consists of four [Cu;"(Hpyr),])** (Cu; = Cu3, Cu, Cus,
Cu6) units bridged by two structurally different [WY(CN)g]* ions
forming a 2-D cyanido-bridged structure built of large 20-metallic
grid and belongs to the hybrid inorganic layers (I?O°), according to
Cheetham' (Figure 4). The [Cu7" (Hpyr),(H,0),]*" ion is located
within the grid neutralizing the negative charge of the layer. The
geometry of both octacyanidotungstate(V) ions reveals square
antiprism (SAPR-8) coordination environment with a minor dode-
cahedral (DD-8) contribution (Supporting Information, Table S2).
Three cyanide ligands of [W1V(CN);]* are bridging to Cu3 via
C11—N11, Cu4 via C15—N15, and CuS via C14—N14, while
[W2Y(CN)g]* are bridging to CuS via C25—N25 and Cu6 via
C26—N26. The W—C and C—N bond lengths range from 2.148(5)
t02.178(5) Aand 1.130(5) to 1.152(6) A, respectively (Table 2). All
of the W—C—N linkages are almost linear with the W—C—N angles
ranging from 176.4(4)° to 178.9(4)°, which is typical for systems
based on octacyanidometallates.*® The [Cu(Hpyr),(NC),] units
exhibit distorted octahedral geometry (OC-6) with strong tetragonal

Figure 5. ORTEP diagram of structure unit of 3 with selected atoms
labeling. Hydrogen atoms and noncoordinating atoms of pyrazole
ligands are removed for clarity. Colors used: Cu, orange; N, blue; C,
gray; W, magenta; O, red. Symmetry codes: i=1—x, 1 —y, —1 — z;
ii=—x1—y —1—zii=—x1—y —ziv=1—% —y,1—zv=
1 — x, —y, —z. Thermal ellipsoids of 50% probability are shown.

elongation (Supporting Information, Table S3). In the case of
Cu3—Cu6 metal centers the pyrazole ligands coordinate in the
equatorial plane with Cu—N bonds of 1.988(4) —2.036(4) A range.
The axial positions are occupied by N atoms of cyanido-bridges
characterized by Cu—N bond lengths between 2.375(4) and
2.669(4) A, whereas the Cu—N—C angles fall within the range
149.7(4)—165.6(4)°, which indicates relatively weak bonding. The
[Cu7(Hpyr),(H,0)4]*" ion exhibits distorted octahedral (OC-6)
geometry with tetragonal elongation. The axial positions are coordi-
nated by oxygen atoms of two water molecules with Cu7—073
distance 2.422(4) A, while the equatorial positions are occupied by
two oxygen atoms of water molecules and two nitrogen atoms of
pyrazole molecules with the average length of coordination bond in
the equatorial position of 1.990(4) A. The network of hydrogen
bonding interactions involves water molecules and nitrogen atoms of
terminal CN .

Single-Crystal X-ray Structure of 3. The crystal structure of 3
(Figure S) reveals a 3-D inorganic—organic network built of
cyanido- and formato-bridging ligands. The cyanido ligands
bridge the metal centers allowing formation of two structurally
different types of 1-D chains of vertex-sharing squares (Figure 6),
which are twisted by the angle near 70°. The oxygen donors of
formate anions coordinate two Cu centers from different chains,
extending the connectivity into the 3-D network (Figure 7).
Compound 3 belongs to the mixed inorganic—organic 3-D
frameworks (I'0?), according to Cheetham.' The coordination
geometries of both [W1(CN)s]*> and [W2(CN)g]* moieties
reveal distorted square antiprism (SAPR-8) geometry (Support-
ing Information, Table S2) with the metric parameters typical for
this class of systems.>® Each of the octacyanidotungstate ions
reveals four bridging cyanido ligands toward copper centers forming
two distinct chains, containing W1, Cu3, Cu$, and W2, Cu4, Cué,
respectively. The coordination sphere of [Cu3(Hpyr);(NC),-
(HCOO)] displays the distorted octahedral (OC-6) geometry with
strong tetragonal elongation (Supporting Information, Table S3).
The equatorial positions are occupied by three nitrogen donors from
pyrazole ligands and one cyanido-bridge Cu3—N18. The bond
lengths fall within the range 1.996(4)—2.013(4) A with Cu3—N18
bond length 0f 2.004(4) A (Table 2). The coordination bonds
in axial positions are significantly longer, revealing Cu3—N14
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Figure 6. Chain structure of 3 with selected atoms labeling. Only metal
centers and bridging atoms are shown. Colors used: CN~, black;
HCOO, light gray.
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Inset: field dependence of magnetization for 1 (+), 2 (@), and 3 (O).

Figure 7. Chains frame of 3. View on (001) direction. Colors used:
CN™, black; HCOO, light gray.

cyanido-bridge of 2.324(4) A and Cu3—0633 formato-bridge of
2.616(S) A. The axial bridge is more bent, displaying the Cu3—
N14—C14 angle of 168.2(4)° compared to the value for the equa-
torial Cu3—N18—Cl18 linkage of 176.1(4)°. The similar coordina-
tion geometry and metric parameters are revealed in the
[CuS(Hpyr);(NC),(HCOO)] moiety. The equatorial positions
are occupied by three nitrogen donors from pyrazole ligands and one
cyanido-bridge Cu5—N12 with the bond lengths range 1.984-
(5)—2.014(4) A. The equatorial cyanido-bridge CuS—N12 reveals
bond length of 1.998(5) A and CuS—N12—C12 angle of 170.3(4)°.
The axial sites are coordinated by one cyanido and one formato
ligands forming bridges toward W1 and Cu4. The axial Cu5—N16
cyanido-bridge of 2.267(4) A is slightly shorter than the Cu3—N14
bridge; however, the CuS—0433 formato-bridge of 2.724 A s
notably longer than the corresponding Cu3—0633 bridge. The
tetragonal elongation is even more pronounced in the coordination
sphere of [Cu4(H,0)(Hpyr),(NC),(HCOO)], where the equa-
torial positions are occupied by two N donors from the pyrazole
ligands and the N24 cyanido-bridge as well as the oxygen atom from
the formato ligand. The bond lengths display values of 2.008(4) and

1.986(4) A for Cu4—N24 and Cu4— 0431, respectively. The axial
positions are coordinated by the N28 atom from cyanido ligand with
Cu4—N28 bond length of 2.293(5) A and the OS5 water molecule
with Cu4— OS5 bond length of 2.774 A. The [Cu6(Hpyr),(NC),-
(HCOO)] reveals geometry of strongly distorted trigonal bipyra-
mide (TBPY-S). Cyanido- and formato-bridges coordinate in the
equatorial positions with bond lengths of 2.034(4), 2.160(4), and
1.971(4) A for Cu6—N22, Cu6—N26, and Cu6—0631, respec-
tively. The axial positions are coordinated by N donors from the
pyrazole ligands with bond lengths of Cu6—N611 and Cu6—N621
of 1.978(5) and 2.003(5) A, respectively. The enhanced connectivity
between metal centers due to the formato-bridging allows connect-
ing the 1-D cyanido-bridged chains into the 3-D inorganic—organic
hybrid network structure; however, some of the Cu— Ogyppato bonds
are significantly longer than the typical coordination bonds***" but
below the limit of semicoordination bonds (3.07 A).>* The H-bonds
stabilize the structure due to interactions between water molecules
and nitrogen atoms of terminal CN .

Magnetic Properties. The magnetic data for 1—3 indicate the
weak ferromagnetic interactions in these systems (Figure 8). The
xmT values at room temperature for 1 and 3 reveal values of 1.31
and 1.32 cm® K mol ™}, respectively, which is consistent with the
Curie value of 1.28 cm® K mol " for the value for three noninter-
acting spins S = ', (assuming geu(n) = 2.2 and gw(v) = 2.0). The
experimental y T for 2 of 2.07 cm® K mol ™" corresponds to the
value for five noninteracting spins S = , (assuming g,y = 2.17

As temperature decreases the T values for 1—3 monoto-
nously increase, and the paramagnetic Curie—Weiss tempera-
tures (@) estimated from data above 150 K are 17(1), 2(1), and
13(1) K for 1, 2, and 3, respectively. No signs of long-range
magnetic ordering were observed down to 2 K in all the
compounds, in spite of significant exchange interactions for 1
and 3. Such lack of ordering is probably related to the low-
dimensional character of the magnetic network.

The saturation magnetization at S0 kOe reaches values of 3.13,
5.08,and 3.03 N for 1, 2, and 3, respectively, which corresponds
to the predicted values of 3.00 N/ for the Cu",W" unit in 1 and
3, and 5.00 Nf for the Cu"; WY, unit for 2 (inset Figure 8).

The magnetic properties of 1—3 can be interpreted in terms of
Kahn’s model,*® taking into account the competition of ferro-
and antiferromagnetic interaction between paramagnetic centers
based on overlapping between the magnetic orbitals (Supporting
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Information, Flgures $4—56)."” The magnetic orbital of tung-
sten in [W(CN);]* ion depends on the coordination geometry
dye—y2 or d.. for DD-8 or SAPR-8 environment, respectively.”*
The magnetic orbital of Cu(II) center of SPY-S or tetragonally
elongated OC-6 geometry is the d,»_,,, while for TBPY-S
geometry is the d_..>° In the case of 1, the magnetic orbitals for
both metal centers are the d,»_,.. The equatorial Cu—NC—W
linkages of 1 are characterized by Cu—N—C angles of 175.0° and
175.9° and short Cu—N distances (2.002 and 2.017 A). The axial
linkages are almost linear with Cu—N—C angles of 178.5° and
176.3° with long Cu—N distances (2.188 and 2.201 A). Very
small deviation from the linearity of the Cu—N—C linkage and
short Cu—N distance for the equatorial cyanido-bridges in
combination with significant orthogonality of the magnetic
orbitals give contribution to the ferromagnetic coupling. In the
case of the axial linkages the magnetic orbitals reveal partial
overlapping suggesting the small contribution of the antiferro-
magnetic component, partially due to the significantly longer
Cu—N distances than the equatorial ones. In the case of 2, the
magnetic orbitals of metal centers are d,» (W) and d,._,> (Cu).
All of the cyanido-bridges in 2 coordinate Cu centers in the axial
positions with long Cu—N distances in the range 2.375—2.669 A
and strong bending (Cu—N—C angles range from 149.7° to
165.6°). Due to the very long Cu—N coordination bonds the
expected magnitude of the magnetic interaction in 2 seems to be
small, and its sign (ferro- or antiferromagnetic) cannot be
assigned unambiguously within the simple model of magnetic
orbitals” overlapping. The situation is more clear for 3, where
the magnetic orbitals are d..(W), d,2—,2(Cu3, Cu4, Cu$), and
dxz_yz(Cu6). The Cu3, Cu4, and CuS centers have two sets of
cyanido-bridges: (i) long and slightly bent axial linkages (Cu—N
distances in the range 2.267—2.324 A, Cu—N-C angles in the
range 162.9—168.9°) and (ii) short and almost linear equatorial
linkages (Cu—N distances in the range 1.998—2.004 A,
Cu—N-—C angles in the range 170.3—176.1°). The Cu6 center
has short and bent CN™ bridges coordinated in the equatorial
positions (Cu—N distances 2.034 and 2.160 A, Cu—N—C angles
174.9° and 168.9°). Furthermore, in the structure of 3 there are
very long axial (Cu—O distances 2.616 and 2.724 A) and short
equatorial (Cu—O distances 1.971 and 1.986 A) formato-bridges
revealing syn—anti and anti—anti arrangements. In the inorganic—
organic hybrid network of 3 the magnetic interactions are
transmitted mainly by cyanido-linkages, because the formato-
bridges provide small contributions to the overall magnetic
interactions due to the presence of Iong Cu O bonds over 2.6
A'in each of the Cu—OCO— Cuh&g% ~% Similarly to 1, the
equatorial bridging cyanides give a contribution to ferromagnetic
coupling, contrary to axial cyanido-bridges, where antiferromag-
netic interaction is preferred.

Table 3 summarizes the structural and magnetic characteristics
of 1—3 along with other Cu(Il) ~-NC—W(V) networks. Assem-
blies 1 and 2 represent 1-D chain and 2-D layer inorganic hybrid
structures, respectively, while 3 forms a mixed inorganic—organic
3-D framework which is relatively rarely reported in compounds
based on d-block metals and octacyanidometallates(V)

The [Cu"(Hpyr).(H,0),]*" units are observed in all synthe-
sized complexes, which confirmed mcorporatlon of [Cu"(Hpyr),-
(H,0),]*" and CuH(prr)4(H20)2 synthons with substituted
water and/or pyrazole molecules for bridging cyanides. The same
[Cu" (Hpyr) x(HZO)y] units were obtained for hydrothermal and
room temperature synthe51zed metal complex templated octamoly-
bdates,” phosphomolybdates, and decavanadates."
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Assembly 1 is unique among Cu'—[WY(CN)]* systems due
to 1-D vertex-sharing squares topology. Up to now three com-
pounds with chain structure built of copper(Il), organic ligand, and
octacyanidometallates(V) have been reported: [CuH(cyclam)]3
[WY(CN)gl,-SH,0,°  [Cu(tetrenH,)][Cu" (tetrenH)][W"
(CN)g][W(CN);]-2.5H,0,” and (H;0){[Cu'(dien)],[W"-
(CN)g]}[WY(CN)g],+6.5H,0." In the Cu(Il) —NC—W(V) ser-
ies, these assemblies represent topology of rope-ladder, triple-ladder,
and quadruple chain, respectively, but topology of vertex-sharing
squares is unique for 1. The vertex-sharing squares topology has
been observed in the other assemblies: {{Mn' (tptz) (CH;0H)],-
[WY(CN)s]-2CH;0H} o, {[Mn" (bpy)(dmf),],[Mo"-
(CN)g]-1.5H,0},, and [{Mn"(phen),}s{W" (CN)g};-
(H,0),]-21H,0.°* However, these compounds reveal different
magnetic properties than 1. For Mn" —[M" (CN),]* (M = Mo, W)
systems antiferromagnetic coupling between the Mn~ ions
through the diamagnetic NC—M "—CN bridges has been re-
ported while for 1 we have observed ferromagnetic coupling
through Cu'-NC-WY bridges with the Weiss constant 0 =
17(1) K. The similar weak ferromagnetic interaction was observed
for [Cu"(cyclam)]5[WY(CN)s],-SH,O and (H;0){[Cu"-
(dien) L, [W(CN)sJ} [W¥(CN)s],+6.5H,0.

Compound 2 is the first example of 2-D layer structure with a
[Cu"(Hpyr),(H,0),]** complex inside the large coordination
spaces. The same effect of charge compensation with a non-
bridged moiety was observed for [Cu(en),(H,0),]*" complex
in 1-D chain of [Cu"(en),][Cu"ys(en)][Cu"ys(en)(H,0)]-
[Mo"(CN)g]-4H,0,* [Cu"(L)-2H,0]*" in 2-D layer of
{[Ca"(W)I;[WY(CN)sa} - [Cu'(L) -2H,0] - (CIO,), - 2H,0,™
and [Nd"(H,0)s]*" hydrate ion in 3-D network of [{Nd"™(CH;-
OH),Mo" (CN)g}5]* + [Nd™(H,0);]*" - 8CH;0H.*®  Magnetic
properties of 2 suggested weak ferromagnetic interaction, which is
typical for Cu"—[W"Y(CN);]* systems.

The structure of 3 is extraordinary because, to the best of our
knowledge, it is the first complex based on cyanido- and formato-
bridges revealing mixed inorganic—organic framework (I'O?).
Furthermore, we observe the presence of structural subunits con-
sisting of 1-D vertex-sharing squares chains, which are linked
together through formate ions. The other cyanido-bridged system
revealing the 1'0? framework reported so far is {Mnng(dpe) s
[WY(CN)sls(CH30H) 0} - 14CH;0H.%” Coordination poly-
mer 3 exhibits ferromagnetic coupling through Cu"~NC—W"
bridges with the Weiss constant value (6) of 13(1) K.

Bl CONCLUSIONS

As a part of our program aimed at the construction of mag-
netic of Cu"'—[WY(CN);]* inorganic—organic hybrid coordi-
nation polymers we have found that the challenging synthesis of
novel assemblies is susceptible to the influence of microwave
irradiation. To the best of our knowledge, we demonstrate the
first examples of molecular systems based on octacyanidometal-
lates obtained as the result of the microwave-assisted protocol.

Moreover, we observe that products of microwave synthesis
are heavily dependent on the type of compounds used in synthesis,
and these assemblies are strongly different in comparison to
Cu"—[WY(CN);s]* systems synthesized at ambient conditions.
Compound 1 represents the 1-D vertex-sharing squares topology
which has been only observed for Mn"—[M"(CN)s]* (M=Mo, W)
systems. The same structural motif is obtained for assembly 3, but
in this case the structure is extended by formato-bridges to the
3-D mixed inorganic—organic framework. Assembly 2 represents

the 2-D layer with extraordinary large Cu;oW;o windows with
[Cu"(Hpyr),(H,0),]** complexes inside.

Results of magnetic measurements of 1 and 3 are almost
identical which indicates that formato-bridges in 3 have a weak
influence on the magnetic properties. Magnetic groperties of 2
are similar to results for other Cu"—[W"(CN);]”" systems with
6 metallic units of honeycomb and brick wall topology.****

Studies on the structure and magnetic properties of the green
primary product (A) formed without microwave irradiation as
well as the research to improve the scope and utility of the
microwave-assisted construction of molecular systems based on
octacyanidometallates are underway in our laboratory.
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© Supporting Information. Interpretation of IR spectra of
Hpyr, green precipitate (A), and 1—3; SHAPE parameters for Cu
and W centers; and the qualitative representation of magnetic
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free of charge via the Internet at http://pubs.acs.org.
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