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APPENDIX A

Supplementary Data for X-ray powder diffraction patterns of
zinc(I1)-4,4’-bpy-carboxylato compounds (1, 2 and 4-11) and
copper(Il)-4,4’-bpy-carboxylato compounds 12, 14, 16 and 18
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Figure A1 Calculated and experimental X-ray powder diffraction patterns of zinc(II)-

4,4’-bpy-carboxylato compounds (1, 2 and 4-11) and copper(11)-4,4’-bpy-

carboxylato compounds 12, 14, 16 and 18.
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B1) The polycrystalline EPR spectrum of 1-11 doped with Cu(Il) and Mn(II)

at 70 K
B2) The X-ray powder diffraction patterns of 1-11 doped with Cu(II) and Mn(II)
B3) The IR spectra of 1-11 doped with Cu(Il) and Mn(Il) compounds
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Supplementary Data for the solid-state fluorescent spectra of

zince(II)-4,4’-bpy-carboxylato compounds (2-5 and 8-11) in arbitrary units
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Drastic steric effects from, respectively, a hydrogen, a methyl and an ethyl
group on the coordination network of a zinc(11)-4,4'-bipyridine—carboxylato

ternary systemf

Pongthipun Phuengphai,” Sujittra Youngme,** Palangpon Kongsaeree,” Chaveng Pakawatchai,®
Narongsak Chaichit,’ Simon J. Teat, Patrick Gamez’ and Jan Reedijk”

Received 26th January 2009, Accepted 5th May 2009
First published as an Advance Article on the web 21st May 2009
DOI: 10.1039/b901607d

The combination of a {zinc(11)-4,4"-bpy] coordination moiety with, respectively, formato, acetato and
_propionato ligands leads to the formation of the compounds {[Zn3(4,4"-bpy); s(1-O,CH)4
(H20):J(C104),(H20)}n (1), {[Zn3(4,4"-bpy)3(1-0:CCH;3)a(H,0):)(PFg)2(H>0)5 4, (2) and {[Zns(4,4'-
bpy)a(-0,CCH5CH1)4)(ClO4)5(4,4"-bpy)>(H50)4} , (3). The molecular structures determined by single-
crystal X-ray diffraction data reveal significant changes, which are apparently due to the sole different
steric hindrance between a H atom (formato, compound 1), a methyl group (acetato, compound 2) and
an ethyl group (propionato, compound 3). The three coordination materials have been fully
characterized and their thermal decomposition behavior has been investigated. The 3D (1), 1D (2) and
2D (3) networks exhibit voids that contain the counter-ions and guest molecules as well, namely water

for compounds 1 and 2, and water/4,4'-bpy for compound 3.

Introduction

During the past 15 years, the field of coordination polymer
research has become an extremely prolific arca of chemistry.* In
this context, a number of crystal engineering investigations are
aimed at trying to understand how a variety of factors, like the
metal ions, reaction conditions and secondary co-ligands,* may
affect the molecular structures and/or properties of coordination
polymers.>”

Coordination polymer networks, also known as metal-organic
frameworks (MOFs),? are based upon self-assembly between
metal ions (typically transition-metal ions) characterized by
inherent preferences in coordination geometry and at least
dinucleating ligands.® (Poly)carboxylato ligands are commonly
being used to generate MOFs of diverse topologies.'® Moreover,
the combination of metal-carboxylato building blocks with
a secondary co-ligand (usually a dinucleating N-donor ligand,
such as 4,4-bipyridine, 4,4-bpy) allows a considerable
enhancement of the structural diversity of the coordination

matenals."  Actually, numerous remarkable coordination

“Department of Chemistry, Faculty of Science, Khon Kaen University,
Khon Kaen, 40002, Thailand. E-mail: sujittra@kku.ac.th
“Department of Chemistry, Faculty of Science, Mahidol University,
Bangkok, 10400, Thailand
“Department of Chemistry, Faculty of Science, Prince of Songkla
University, Hatyai Songkla, 90112, Thailand
“Department of Physics, Faculty of Science and Teg/&alog 'y, Thammasat
University Rangsit, Pathumthani, 12121, Thailand *
T“ALS Berkeley Lab, | Cyclotron Road, MS-400, Berkeley, CA, 94720,
USA
ILeiden Institute of Chemistry, Gorlaeus Laboratories, Leiden University,
PO Box 9502, 2300. RA Leiden, The Netherlands
T Electronic supplementary information (ESI) available: X-Ray powder
diffraction patterns for compounds 1-3 (Fig. S1-S3). CCDC reference
numbers 699370-699372. For ESI and crystallographic data in CIF or
other electronic format see DOI: 10.1039/b901607d

networks built from 4,4-bpy and carboxylato ligands have been
reported in the literature,"*" for which the nature of the car-
boxylato molecule plays an important structural role. **%

In the present study, the effect of the steric hindrance of different
carboxylato ligands (formato, acetato and propionato ligands) on
the solid-state structure of the corresponding coordination materials
has been investigated. Thus, three multicomponent polymeric
networks have been synthesized from zinc(Il) ions, 4,4'-bpy and
a carboxylato ligand, whose single-crystal X-ray structures reveal
a significant influence of a hydrogen (formate), a methyl (acetate)
and an ethyl (propionate) group on the assembly of the coordination
framework. The compounds {[Zn:(4,4'-bpy)s 5(1-O,CH)4(H,0),}
(ClO4)2(H,0)24, (1), {[Zn3(4:4/'bP)’)J(H‘OzCCHJ)4(H20)2](PF6)2
(H;0),}, (2) and {[Zns(4,4"-bpy)a(1-0,CCH,CH1)a)(Cl0,) (4,4
bpy)>(H>0)a},, (3) have been synthesized and characterized and their
thermal stability has been examined.

Results and discussion

Crystal structure of {|Zn3(4,4"-bpy)s s(11-O,CH)4(H,0),|
(€104)2(H0)2}, (1)

The 3D molecular structure of compound 1 exhibits four
different types of zinc(II) ions, each with octahedral N,O,
coordination environments (Fig. 1). The basal plane of the
octahedron around Znl is formed by four oxygen atoms
belonging to three formato ligands. The axial positions are
occupied by two pyridine N-donors from two different (bridging)
4,4"-bpy moieties (for the atom Zn3, the 4,4"-bpy units act as
monodentate ligands; see green 4,4"-bpy ligands in Fig. 2). The
formato ligand [02, OI12] acts as a bridging 1-O,0’ ligand,
connecting Znl to Zn3 (Fig. 1). The formato ligand [O3, O8]
functions as a p3-0,0,0 ligand, bridging Znl and Zn3 and
connecting the {Znl, O3, Zn3} unit to an adjacent Zn4 ion

This journal is © The Royal Society of Chemistry 2009
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Fig. | Representation of the asymmetric unit of 1 showing the atom
labeling scheme for the zinc(11) ions. The perchlorate anions, the lattice
water molecules and the H atoms are not shown for clarity. Symmetry
operations;a=1—x,y,12—z;b=1-x,y32 —zc= 1—x, =y 1=
zd=x,—p, =2+ =3R—x, 12+y,32 =

(through the oxygen atom O8). The third formato ligand [O1,
Q9] is chelating the atom Zn1 (Fig. 1) and is coordinated as well
(through the atom Q9) to a neighbouring Zn2 ion, thus acting as
a p-0,0',0" ligand.

The Zn-O and Zn-N bond distances are in normal ranges for
this type of chromophore (Table 1).2*** The coordination angles,
varying from 53.31(9) to 122.98(11)° (Table 1), reflect a strong
distortion of the octahedron which is principally due to the very
small bite angle of the chelating formato ligand.

The basal plane of the octahedron around Zn2 is constituted of
two oxygen atoms (09 and 09) from two p-0,0',0'-formato
ligands and two water oxygen atoms (04 and O5). Zn2 lies on
a two-fold axis and is coordinated by two different 4,4'-bpy
moieties (N2a and N2b) at the axial positions. The Zn-O and

Table 1 Selected bond lengths (A) and angles (°) for 1¢

Zn1-0O1 2.100(3) Zn2-04 2.054(5)
Zn1-02 2.048(3) Zn2-05 2.062(5)
Zal-03 2.082(3) Zn2-09 2.095(3)
Zn1-09 2.639(3) Zn2-09c 2.095(3)
Znl-NI 2.168(3) Zn2-N2a 2.198(4)
Znl-N3 2.171(3) Zn2-N2b 2.198(4)
Zn3-03 2.149(3) Zn4-06 2.036(5)
Zn3-03d ~ 2.149(3) Zn4-O7 = 2.065(4)
Zn3-012 2.082(3) Zn4-08 2.192(3)
Zn3-012d 2.082(3) Zn4-024 2.144(4)
Zn3-NS5 2.126(3) Zn4-N4f 2.150(4)
Zn3-N5d 2.126(3) Zn4-N7 2.163(4)
O1-Zni-03 122.98(11) 04-Zn2-09 97.25(9)
03-Zn1-02 100.69(12) 09-Zn2-05 82.75(9)
02-Zn1-09 83.07(9) 05-Zn2-09%¢ 82.75(9)
09-Zn1-01 53.31(9) 09¢-Zn2-04 97.25(9)
NI1-Znl-N3 175.19(15) N2a-Zn2-N2b 180
03-Zn3-012 87.99(11) 06-Zn4-07 114.80(18)
012-Zn3-03d 92.01(11) O7-Zn4-08 84.76(13)
03d-Zn3-012d 87.99(11) 08-Znd4-024 77.31(13)
012d-Zn3-03 92.01(11) 024-Znd-06 83.12(18)
N5-Zn3-N5d 180 N4f-Zn4-N7 178.21(16)

“ Symmetry operations:a=1-x,y, /2 —z;b=1-x,»,32-zic=1-
x,=-pl—zd=x,—p, -2+ z;f=312 - x 12+ y,312 - =

Zn-N bond distances can be considered as normal for this type of
coordination environment (Table 1).?* The basal angles ranging
from 82.75(9) to 97.25(9)° indicate a distortion of the octahedral
geometry, attributed to constraints induced by the bridging of
the p-0,0',0¢-formato ligands to Znl.

The N,O4 coordination environment around the Zn3 ion,
which lies on an inversion centre, is an almost perfect octahedron
(the basal angles vary from 87.99(11) to 92.01(11); Table 1), with
four in-plane oxygen atoms belonging to distinct formato ligands
(03, 012, 03d and O12d; Fig. 1). The axial positions are occu-
pied by the nitrogen atoms N5 and N5d from two 4,4"-bpy
ligands. The Zn-O and Zn-N bond lengths are in common
ranges.”!

Fig.2 3D coordination network of Zn", 4,4'-bipyridine and formate. The 4,4'-bpy ligands involved in the formation of trinuclear zinc units are shown
in blue, green and orange for comparison with compounds 2 and 3. The 4,4"-bpy ligands generating a 1D chain are depicted in red. Symmetry operations:

t=2-x,-W+y,R~-zz=1-x,%,312—z

1724 | CrystEngComm, 2009, 11, 1723-1732

This journal is © The Royal Society of Chemistry 2009
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The distorted octahedral geometry around Zn4 (the basal
angles range from 77.31(13) to 114.80(18)°) is most likely due to
the bite angle of the p-O,0'-formato ligands (oxygen atoms 06
and O7), connecting Zn4 to a symmetry-related Zn4 ion (see
Fig. 2). The Zn-O and Zn-N bond distances are in normal
ranges.”

The self-assembly between these bridging N- and O-ligands
and zinc(11) ions gives rise to a remarkable 3D architecture
(Fig. 2). The metal-organic framework is formed from trinuclear
[Znl, Zn3, Znl] clusters which are connected through two 4,4'-
bpy ligands (yellow and blue 4,4’-bpy ligands in Fig. 2) to the Zn2
and Zn4 ions, generating 1D, triple-stranded infinite chains.
These chains showing -7t interactions between three 4,4'-bpy
units (with centroid-to-centroid distances ranging from 3.491(4)
to 3.839(4) A) are connected to each other via a different infinite
single chain exhibiting the sequence {Znl, Znd, Zn4, Znl,
Zn2,...} (chain built from the orange 4,4-bpy ligands in Fig. 2).
This spatial arrangement produces a unique heptanuclear coor-
dination metallacycle (Fig. 3).

The organization of these heptanuclear motifs in the crystal
lattice gives rise to the formation of channels which are filled by
disordered perchlorates and water molecules (Fig. 4).
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Fig. 4 (A) Channels filled with disordered perchlorate anions (shown in
the space-filling mode) and water molecules. (B) Empty channels for
compound 1.

Crystal structure of {{Zn3(4,4"-bpy);(11-O,CCH3)4(H,0),}
(PF)2(H,0).}, (2)

The simple replacement of formate by acetate during the
synthetic procedure (used to prepare 1) produces significant
structural changes in the crystal lattice of the resulting coordi-
nation compound {{Zn3(4,4"-bpy)3(11-O0,CCH 3)4(H,0)s]
(PFe)2(H20),}, (2). As is shown in Fig. S, 2 only exhibits two
types of zinc(ll) ions, namely Znl and Zn2 (instead of four
different zinc ions for compound 1; see above).

Znl is characterized by a strongly distorted octahedral coor-
dination environment, owing to the small bite angle of the
1-0,0",0" bridging mode of one of the two acetato ligands (the
angle O3-Zn1-O4 is only 58.34(12)°; Table 2). The basal plane is
constituted of four oxygen atoms belonging to two acetato
ligands (O1, O3 and O4) and one water molecule (O5). The
octahedron is completed by two 4,4'-bpy nitrogen atoms (N1 and
N2a), at the axial positions. The Zn-O and Zn-N bond distances
can be considered as normal for this type of ZnN>O, coordina-
tion environment (Table 2).

Zn2 lies on an inversion centre. The coordination environment
around the Zn2 ion is an almost perfect octahedron, since the
basal angles, varying from 87.73(13) to 92.27(13)°, are close to
the ideal value of 90°. At the basal plane, Zn2 is coordinated by
four oxygen atoms (02, O3, O2c and O3c¢) from different acetato
ligands. The axial positions are occupied by nitrogen atoms N3

Fig. 5 Representation of the asymmetric unit of 2 showing the atom
labeling scheme for the zinc(11) ions. The hexafluoridophosphate anions,
the lattice water molecules and the H atoms are not shown for clarity.
Symmetry operations:a =x, —y+ 1, 5;c=1-x1 -y 1 -z

Table 2 Seclected bond lengths (A) and angles (°) for 2

Zn1-01 1.995(4) Zn2-02 2.076(3)
Znl-03 2.218(3) Zn2-03 2.160(3)
Zni-04 2.241(4) Zn2-N3 2.177(4)
Zn1-05 2.060(3)

Znl-N1 2.168(4)

Znl-N2a 2211(4)

01-Zn1-03 104.77(13) 02-Zn2-03 87.73(13)
03-Zn1-04 58.34(12) 03-Zn2-02c 92.27(13)
04-Zn1-05 92.86(13) N3-Zn2-N3c 180
05-Zni-01 104.03(13)

NI1-Znl-N2a 178.29(12)

“ Symmetry operations:a =x, —y+ 1, c=1—x, | — »l—-z
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Fig. 6 1D coordination network in 2 of Zn", 4,4'-bipyridine and acctate. The 4,4'-bpy ligands involved in the formation of trinuclear zinc units are
shown in blue, green and orange for comparison with compounds 1 and 3. Symmetry operations:a =x, —y+ 1, zib=x, 1+ y,z;f=2 - x 1 -y, 2 — =

and N3c, belonging to two 4,4"-bpy ligands (lying on an inversion
centre) at common distances. )

Zn2 is bridged to two symmetry-related Znl ions via two
1-0,0'- and two p-0,0’,0'-acetato ligands, generatinrg a linear
trinuclear {Znl, Zn2, Zn1] cluster, analogous to the [Znl, Zn3,
Znl] triad observed in 1 (see Fig. 2 and 6).

The [Znl, Zn2, Znl] clusters are connected to each other
through coordination of the zinc ions by 4,4'-bpy ligands,
producing a 1D chain, constituted of three single zinc chains,
indicated by the blue, green and yellow 4,4"-bpy ligands in Fig. 6.
Contrary to 1, the triple-stranded chains in 2 are not connected to
each other through a single-stranded coordination chain (see
orange chain in Fig. 2). This interconnection is most likely pre-
vented by the steric bulk of the acetato methyl groups (Fig. 7).
However, the 1D chains are closely packed, which only allows the
coordination of a small molecule, namely a water molecule (O5in
Fig. 6 and 7) at the two external positions of the [Znl, Zn2, Znl}
triad. These coordinated water molecules are hydrogen~bondefi
to disordered lattice water molecules (O5---O1Wb = 2.717(16) A
and O5---O1Wa = 2.806(19) A). Similarly to the ClO4~ ionsin 1,

Fig. 7 Ilustration of the steric bulk in 2 resulting from the acetato
methyl groups (shown in the space-filling mode), which prevents the
interconnection of the triple-stranded chains. Symmetry operation: f =2
—-x1=»p2-z

the PF¢™ anions occupy the voids in the crystal lattice of 2 and
apparently do not play a significant role in the formation of the
framework (since their only interactions occur with the disor-
dered lattice water molecules; the F---O contact distances are in
the range 2.89(3)-2.98(2) /'\), Actually, the compound {[Zn3(4,4"-
bpy)3(n-0,CCH3)4(H>0)5](ClO4),(H,0)},, has been previously
reported by Woodward et al. (CSD refcode: CERFUB).?! The
X-ray structure of this compound exhibits the same 1D frame-
work, therefore confirming the non-involvement of the PF¢~ or
ClO4 anions in the network formation.

Crystal structure of {|Zn3(4,4'-bpy)4(11-O,CCH,CH )]
(C1O4)2(4,4-bpy)2(H,0)a} (3)

The steric effect on the molecular architecture has been further
investigated by using a propionato ligand during the synthesis of
the coordination assembly. Thus, the solid-state structure
of compound  {[Znz(4,4"-bpy)s(1t-O>;CCH,CH3)4J(Cl04),(4,4'-
bpy)>(H>0)4},, (3), bearing ethyl groups, shows significant
differences compared to that of 2 (holding CH; groups) and 1
(characterized by H groups).

The 2D molecular structure of compound 3 (Fig. 8) exhibits
three different types of zinc(I1) ions with octahedral N,Oy4 (Znl)
and N;O; (Zn2, Zn3) geometries.

Fig. 8 Representation of the asymmetric unit of 3 showing the atom
labeling scheme for the zinc(I1) ions. The perchlorate anions, the lattice
water molecules and the H atoms are not shown for clarity. Symmetry
operations:a= —x, —y+ I, -5 b=x-lLy,z— l;c=—-x, -y + 2, —z.
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Table 3 Selected bond lengths (;\) and angles (°) for 3“

Znl1-02 2.119(2) Zn2-0O1 2.003(2)
Znl-04 2.133(2) Zn2-03 2.166(2)
Znl-O6a 2.083(2) Zn2-04 2.218(2)
Znl1-OTa 2.152(2) Zn2-N3 2.202(3)
Znl-N| 2.174(3) Zn2-NS 2.198(3)
Znl-N2 2.167(3) Zn2-Nl1i 2.121(3)
Zn3-05 1.995(2) 02-Znl-04 89.74(9)
Zn3-07 2.215(2) 04-Zn1-O6a 89.58(10)
Zn3-08 2.168(2) O6a-Znl-O7a 91.47(9)
Zn3-N6 2.206(3) O7a-Zni-02 89.22(9)
Zn3-N4b 2.198(3) NI-Znl-N2 176.37(11)
Zn3-Nl2c 2.108(3)

01-Zn2-04 105.33(9) 05-Zn3-07 103.28(9)
04-Zn2-03 59.55(9) 07-Zn3-08 59.57(9)
O3-Zn2-N11 95.36(10) 08-Zn3eN12c 96.89(10)
N11-Zn2-0O1 99.75(11) N12¢-Zn3-05 100.31(11)
N3-Zn2-N5 178.24(11) N6-Zn3-N4b 175.86(11)
“ Symmetry operations:a = —x, —p + I, —zib=x—1,p,z - l;c = —x,

—y+2, -zid=—x+1,—-p+ 1 —z+1.

Znl exhibits an almost perfect octahedral environment with
basal angles ranging from 89.22(9) to 91.47(9)° (Table 3). The
basal plane is constituted of four oxygen atoms belonging to two
1-0,0'-propionato ligands (02 and O6a) and two p-0,0",0Q'-
propionato ligands (O4 and O7a). The axial positions are occu-
pied by two different 4,4-bpy ligands which connect Znl to
symmetry-related Znl ions, generating a polymeric chain. The
Zn-N and Zn-O bond lengths are comparable to those of the
ZnN,04 coordination units of the previous compounds.

Zn2 is coordinated at the basal plane of the octahedron by
three oxygen atoms and one nitrogen atom from two propionato
ligands (O3, O4 and O1) and one 4,4'-bpy ligand (N11). The axial
positions are occupied by two 4,4-bpy ligands (N3 and N5),
linking Zn2 to two symmetry-related Zn3 ions, generating
a polymeric chain exhibiting the sequence {Zn2, Zn3, Zn2,
Zn3,...}. The Zn-O and Zn-N bond distances are in normal
ranges for this type of coordination moiety.?*** The basal angles

varying from 59.55(9) to 105.33(9)° (Table 3) are indicative of
a strong distortion of the octahedron, attributed to the small bite
angle of the p-O,0-propionato ligand (04-Zn2-03
59.:55(9)°%:

The coordination environment around the Zn3 ion is compa-
rable to that of Zn2. The ZnN;O5 unit exhibits analogous Zn-O

Il

Fig. 10 Illustrations of the steric hindrance due to the propionato ethyl
groups (shown in the space-filling mode, in grey and hght blue) in 3,
which prevents close contacts between the 1D chains.

4

Fig.9 2D coordination network in 3 of Zn", 4 4-bipyridine and propionate. The 4,4'-bpy ligands involved in the formation of trinuclear zinc units are
shown in blue, green and orange for comparison with compounds 1 and 2. The 4,4"-bpy ligands connecting 1D three-leg ladders are shown in red.
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and Zn-N bond lengths (to those of Zn2), which can be
considered as normal (Table 3).27 Similarly to Zn2, the coordi-
nation geometry around Zn3 is a strongly distorted octahedron,
resulting from the small O7-Zn3-O8 angle of 59.57(9)° charac-
terizing the coordination of the propionato ligand (Fig. 8).

The trinuclear [Zn1, Zn2, Zn3] clusters are connected to each
other, in a head-to-tail fashion, through the coordination of the

Fig. 11 Representation of the 2D network of compound 3, Wlustrating
the large cavities which contain non-coordinated 4,4"-bpy ligands (space-
filling mode).

compound 1 ;

® 1 I»/I!E/

zinc ions by 4,4'-bpy ligands, producing a 1D chain exhibiting the
sequence {Znl, Znl, Znl,...} for the central metal ion and { Zn2,
Zn3, Zn2, Zn3,...} for the external zinc ions. This arrangement
gives rise to triple-stranded chains, illustrated by the blue, green
and yellow 4,4'-bpy ligands in Fig. 9. These coordination poly-
meric chains are closely related to those observed for compound 2
(see Fig. 6and 9) and reassemble part of the network of compound
1 (see Fig. 2and 9). In contrast to the methyl groups in 2, the ethyl
groups of the propionato ligands in 3 do not allow a close packing
of the triple-stranded polymeric chains (see Fig. 7and 10), as the
result of steric constraints. Consequently, the trinuclear zinc(IT)
units in 3 are more separated from each other than those in 2
(Fig. 7 and 10A). Indeed, the shorter intermolecular Zn---Zn
separation distance 1s 9.391(3) A for compound 3, while the
shorter intermolecular Zn---Zn distance is 5.557(3) A for 2.

This spatial organization allows the coordination of 4,4"-bpy
ligands at the two external positions of the trizinc moieties
(orange 4,4'-bpy ligands coordinated to Zn3 and Zn2; Fig. 9),
connecting the triple-stranded chains to each other to form a 2D
network. The herringbone-type architecture (Fig. 10A and 11)
exhibit large cavities that can accommodate bulky guest mole-
cules, namely non-coordinated 4,4-bpy ligands which are
hydrogen-bonded to lattice water molecules (N10---Olw
2.960(8), N9---Odw = 2.908(7) A and N8---O3w = 2.827(10) A).
In addition, these large voids contain disordered perchlorate
anions, which do not significantly interact with the metal-
organic framework, but are hydrogen bonded to lattice water
molecules (O15---O2w = 2.889(12) A, 012---O3w = 2.831(15) A
and 012b---03w = 2.882(15) A).

? I y tayer 2

B HCOO" C an
1D G A
x CH,CO0™  znay CaHsCOO™
;{ :l; ) <Czmraeam +
= = i (S 1
compound 2 e L o

@ = Zn(il) ion — = carboxylato ligand

compound 3

- =4 4"-bipyridine

Fig. 12 Coordination networks of A) compound 1 (3D), B) compound 2 (1D) and C) compound 3 (2D). A-®: 1D chains packed in a parallel fashion,
forming a 2D layer; A-@: connection of two chains through 4,4"-bpy ligands; A-@: packing of slightly shifted layers.
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Coordination networks

The use of slightly different carboxylato moieties as secondary
co-ligands of [Zn(11)/4,4'-bpy] coordination units, applying the
same reaction conditions, leads to the formation of drastically
distinct networks (Fig. 12).

The combination [Zn'/4,4'-bpy/formate] generates an intricate
3D framework (Fig. 12A). The bridging of zine(11) ions by for-
mato ligands produces a 1D chain constituted of heptanuclear
rings (see Fig. 3 and 12A-®). These chains are arranged in
a parallel fashion, resulting in a 2D layer. Each layer is linked to
one layer above and to one layer below through coordinated 4,4~
bipyridines (red lines in Fig. 12A-®@). Since each chain is con-
nected to two chains above and to two chains below, this spatial
organization creates a 3D framework of slightly shifted layers
(Fig. 12A-Q).

The sole replacement of formate by acetate results in the
formation of 1D network (Fig. 12B). This simple framework is
built from trinuclear acetato-bridged units that are linked to two
adjacent ones, to form a three-leg ladder.

The use of propionate as co-ligand yields a 2D network
(Fig. 12C) which presents similarities with the previous one.
Actually, the framework of 3 contains the three-leg ladders
observed in solid-state structure of 2. These three-leg ladders are
connected to each other via 4,4'-bpy ligands (vertical red lines in
Fig. 120).

It should be noted that, albeit the three coordination networks
are different, they show some common features. Indeed, all three
structures exhibit trinuclear carboxylato-bridged moieties as
secondary building units (SBUs). Moreover, infinite {-Zn—4,4'-
bpy)-}. chains are observed for the three compounds (see for
instance, the red {~Zn4—(4,4'-bpy)-}, chains in Fig. 2, and the
blue {-Zn1/Zn2-(4,4'-bpy)-}, chains in Fig. 6 and 9, respec-
tively). Finally, one should notice that the zinc(ll) 1ons have
similar coordination environments, regardless of the carboxylato
co-ligand used. Therefore, the structural diversity of the frame-
works obviously originates from different steric constraints
induced by the carboxylato ligands.

Comparison between the frameworks of 1, 2 and 3 and those of
related compounds found in the Cambridge Structural Database

Eight coordination frameworks exclusively constructed from
zinc(11) ions, 4,4'-bipyridine ligands and bridging carboxylato
units are found in the Cambridge Structural Database (CSD
ConQuest version 1.11; Refcodes: ALUPUS,'*'>** CERFOV,*
CERFUB,* DELTAQ,"” EYELID,” JODFIS,"* NEWTIT™"
and QEQBIY'?). Representations of these frameworks are
shown in Fig. 13.

From the eight compounds, three, ie. CERFOV, CERFUB
and QEQBIY, show frameworks that are comparable to those of
2 and 3. Actually, as already mentioned abgve, the compound

. with refcode CER FUB?' is isostructural to 2.3The sole difference
between CERFUB and 2 lies in the distinct lattice anions,
respectively, ClO,~ and PF¢~. This demonstrates that the two
anions have no influence on the network formation. The 2D
triple-chain sheet architectures of CERFOV?* and QEQBIY"
are comparable to that of 3. The remaining five compounds
exhibit 1D networks (ALUPUS, EYELID, JODFIS and

QEQBIY

Fig. 13 Representations of the coordination networks exhibited by the
seven [Zn'"/4,4-bpy/carboxylato]-based compounds found in the CSD.
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NEWTIT) or a 3D framework (DELTAQ). Interestingly, the
only 3D structure found in the CSD (DELTAQ) contains for-
mato co-ligands. In the present study, a 3D network is observed
as well when formate is used as secondary ligand. Therefore, the
lower steric hindrance exerted by the formato ligand appears to
favour the formation of 3D structures. Finally, it has to be noted
that all carboxylato units act as bridging ligands, linking two or
three zinc(l1) atoms (for the formato ligand, polymeric Zn"
HCOO™ structures are observed). The resulting zinc clusters are
connected to each other through the 4,4"-bipyridine ligands.

Thermogravimetric analysis

The thermal decomposition behavior of compound 1 (Fig. 14)
reveals a first weight loss in the temperature range 143-201 °C,
corresponding to four water molecules (experimental value,
5.50%; calculated, 6.03%). From 202 °C, compound 1 starts to
decompose. When 1 is heated up to 800 °C, a white residue is
obtained, which is most likely ZnO.
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Fig. 14 Thermogravimetric analysis of compound 1.
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Fig. 15 Thermogravimetric analysis of compound 2.
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Fig. 16 Thermogravimetric analysis of compound 3.

The thermogravimetric analysis of compound 2 (Fig. 15)
shows a first weight loss in the temperature range 71-170 °C,
characterizing the loss of four water molecules (experimental
value, 5.82%; calculated, 5.70%). In the temperature range 171-
429 °C, the decomposition of the coordination material is
observed. As for 1, a white residue (ZnO) is obtained when 2 is
heated to 800 °C.

The thermal analysis of 3 (Fig. 16) exhibits a two-stage
decomposition of the material. A first weight loss of 3.50% is
observed in the temperature range 92-195 °C, which corresponds
to the release of four lattice water molecules (calculated 4.15%).
In the temperature range 196-630 °C, compound 3 degrades. As
for compounds 1 and 2, a white residue (ZnO) 1s obtained when
the sample is heated to 800 °C.

Conclusions

One of the most important challenges that remains in crystal
engineering is crystal structure prediction. As properly stated by
Desiraju,?® the main objective of the crystal engineering chemist
is to try to understand intermolecular interactions in the context
of crystal packing and to use such knowledge to rationally design
new materials with anticipated molecular structures and desired
physical and chemical properties.

In the present study, the influence of small secondary ligands,
namely common monocarboxylato ligands, on the overall solid-
state structure of [zinc(l1)-4,4-bpy-carboxylato] coordination
compounds has been investigated. This study shows that the
change from a formato ligand to an acetato and a propionato
ligand gives rise to the formation of drastically distinct metal-
organic frameworks, as the result of the different steric bulk of
the carboxylato unit involved. Such studies are of great interest
for the crystal engineering chemist, as they contribute to increase
the knowledge about crystallization processes and molecular
structure prediction.

Experimental

All starting materials were commercially available and used as
received. IR spectra were recorded on a Perkin-Elmer Spectrume
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One FTIR spectrophotometer as KBr discs in the range 4000
450 em™'. C, H, and N analyses were performed on a Perkin-
Elmer PE2400 CHNS/O. Thermogravimetric analyses were
carried out using a Perkin-Elmer Pyris Diamond analyzer in
flowing nitrogen at a heating rate of 10 °C min~'. X-ray powder
diffraction (XRPD) data for 1-3 were obtained using a Phillips
Xpert Pro equlppcd with an X'celerator, with Cu Ka radiation (A
= 1.5408 A), in the 20 range 10-45. The diffraction patterns were
recorded at room temperature (see Fig. S1-S3, ESI).1

Synthesis of {|Zn3(4,4"-bpy); s(11-0,CH)4(H;0),)(Cl04),
(H;0),4, (1)

An aqueous solution (10 mL) of Zn(NO3),-6H,0 (0.302 g, 1.0
mmol) was added to an ethanolic solution (10 mL) of 4,4'-bpy
(0.157 g, 1.0 mmol). An aqueous solution (10 mL) of NaO,CH
(sodium formate; 0.149 g, 2.0 mmol) was subsequently added,
followed by 0.141 g of KCIO4 (1.0 mmol) under continuous
stirring. The resulting colourless solution was allowed to stand
unperturbed for the slow evaporation of the solvent at room
temperature. After several days, colourless crystals were
obtained. The crystals were filtered, washed with the mother
liquid and dried in air. Yield = 0.262 g (66% based on Zn).
Elemental analyses calculated for C39H40Cl1;N7059Zn5: C, 39.24:
H, 3.38; N, 8.21. Found: C, 39.22; H, 3.31; N, 8.22%. IR data
{cm™'): 3400s, 1609s, 1588s, 1536w, 1413m, 1384m, 1348w,
1224w, 1117s, 1089s, 807s, 630s. The purity and homogeneity of
compound 1 were confirmed by X-ray powder diffraction (see
Fig. S1).+

Synthesis of {|[Zn3(4,4"-bpy);(j1-O,CCH3)4(H,0),|(PFg),
(H20)2}, (2)

An aqueous solution (15 mL) of Zn(NOs),-6H-0 (0.306 g, 1.0
mmol) was added to a solution of 4,4-bpy (0.157 g, 1.0 mmol) in
ethanol (10 mL). Next, an aqueous solution (20 mL) of
NaO,CCHj; (sodium acetate; 0.138 g, 2.0 mmol) and an aqueous
solution (10 mL) of KPFg (0.185 g, 1.0 mmol) were added under
continuous stirring. A few drops of CH;COOH 98% were
subsequently added to the reaction mixture, yielding a clear
colorless solution. This solution was allowed to stand unper-
tubed for the slow evaporation of the solvent at room tempera-
ture, producing colorless needle crystals of 2 after a few days.
Yield = 0.290 g (70% based on Zn). Elemental analyses calcu-
lated for CygHuaF3NgO:P2Zns: C, 36.14; H, 3.51; N, 6.66.
Found: C, 36.41; H, 3.24; N, 6.30%. IR data (cm™"): 3400s, 3045s,
1603s, 1520s, 1490s, 1419s, 133m, 1219s, 1070s, 1195s, 1100s,
1074s 1046m, 1015m, 846s, 838s, 643m, 630m, 560s. The purity
and homogeneity of compound 2 were confirmed by X-ray
powder diffraction (see Fig. S2).1

Synthesis of {1Zn3(4,4"-bpy)a(p-O,CCH, CH;3),4)(ClO ),(4,4'-
bPY)z(H20)4}q 3) i

An aqueous solution (10 mL) of Zn(NOs),-6H,0 (0.313 g, 1.0
mmol) was added to a solution of 4,4"-bpy (0.158 g, 1.0 mmol) in
ethanol (10 mL). Subsequently, an aqueous solution (10 mL) of
NaCOOCH,CHj; (sodium propanoate; 0.201 g, 2.0 mmol) was
added, followed by KClO,4(0.152 g, 1.0 mmol) under continuous
stirring. Next, a few drops of CH3;CH>COOH 98% were added,

yielding a clear colourless solution, which was allowed to stand
unperturbed for the slow evaporation of the solvent at room
temperature. Colorless crystals were collected from the solution
by filtration after several days. Yield = 0.385 g (68% based on
Zn). Elemental analyses calculated for C72H76CI,N1,056Zn5: C,
50.97; H, 4.52; N, 9.91. Found: C, 51.19; H, 4.84; N, 9.91%. IR
data (cm™'): 3392s, 1609s, 1578s, 1552s, 1466m, 1419m, 1222w,
1107s, 1067s, 1046m, 808s, 631s. The purity and homogeneity of
compound 3 were confirmed by X-ray powder diffraction (see
Fig. S3).+

Crystallography

The X-ray single-crystal data for all compounds were collected at
293(2) K on a | K Bruker SMART CCD area detector diffrac-
tometer usmg graphite monochromated Mo Ka radiation (i =
0.71073 A) at a detector distance of 4.5 cm and swing angle of
—35°. A hemisphere of the reciprocal space was covered by
combination of three sets of exposures; each set had a different ¢
angle (0, 88, and 180°) and each exposure of 40 s covered 0.3° in
w. Data reduction and cell refinements were performed using the
program SAINT.*® An empirical absorption correction by using
the SADABS®' program was applied, which resulted in trans-
mission coeflicients ranging from 0.690 to 0.820, 0.642 1o 0.823
and 0.600 to 0.680 for compounds 1, 2 and 3, respectively. The
structures were solved by direct methods and refined by full-
matrix least-squares method on (F,,,)” with anisotropic thermal
parameters for all non-hydrogen atoms using the SHELXTL-PC
V 6.12 software package.’* All hydrogen atoms were located
geometrically and refined isotropically except the hydrogen
atoms of the propionate group in compound 3. The molecular
graphics were created by using the SHELXTL-PC®? package.

Table 4 Crystal and refinement data for compounds 1, 2 and 3

Compound 1 Z 3
Empirical formula Ci9H40Cly CigHaaF s Co3H7Cl,
N7O1Zn; NeO P> Zn; N020Zn;

Formula weight 1193.79 1262.84 1696.46

TIK 293(2) 293(2) 293(2)

Crystal system Monoclinic Triclinic Monoclinic

Space group C2le P-1 P2l

alA 26.8795(12) 10.6952(7) 18.506(4)

bIA 19.1415(8) 11.4831(7) 18.838(4)

dA 21.2041(9) 11.7638(7) 25.568(5)

al® 90 101.558(2) 90

Br 122.078(2) 116.757(2) 119.90(3)

(A 90 95.574(2) 90

VIA® 9244.2(7) 1234.58(13) 7727(3)

Z. 8 1 4

Deyfg cm™? 1.716 1.699 1.458

w/mm~! 1.748 1.619 1.071

F(000) 4856 638 3504

@ range/® 2.22-21.99 2.02-30.35 2.16-27.48

GOF 1.030 1.007 1.023

Final R indices” =0.0465 Rl = 0.0648 Rl = 0.0562

[/ > 20(D)] wR2=0.1116 wR2=10.1666 wR2=0.1223

R indices (all data) R1 =0.0623 Rl = 0.0895 R1 = 0.0897
wR2 =0.1206 wR2 =0.1867 wR2 = 0.1332

Largest difference peak 0.727, —0.981 1.460, —1.905 0.417, —0.564

and hole/e A~*
“R=3WFol — | FINE) Foll, Ry = [DwiiFol — IRV wiF P ™.
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The crystal and refinement details of all compounds are listed in
Table 4.

For compound 1, displacement parameter restrains were used
in modelling the percholates and the bpy ligands. Even with
these, the displacement parameter ratio (maximin) of a few
atoms is around 4.5 : 1, and the anisotropic parameters for the
perchlorate are larger than ideal. Geometric restrains were used
in modelling the chlorates.
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Catalytic properties of a

series

of coordination networks:

cyanosilylation of aldehydes catalyzed by Zn(II)-4,4’-bpy-carboxylato

complexes
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Three porous crystalline coordination polymers, ie. the three-dimensional framework {[Zn;(4,4’-bpy); s(1-O,CH),
(H;0),J(ClO4),(H,0), },, (1), the one-dimensional three-leg ladder {[Zn;(4,4’-bpy); (1-O,CCH;)s(H,0),](PFs),
(H,0),}, (2), and the two-dimensional layered network {[Zn;(4,4°-bpy)y(1-O,CCH,CH;),J(C104),(4,4’-bpy),
(H;0)s}. (3), have been investigated. All networks exhibit voids that contain the counter-ions and guest molecules,
namely water for compounds 1 and 2, and water/4,4’-bpy for compound 3. In addition, compounds 2 and 3 are further
stabilized by hydrogen bonds and n-7 stacking interactions to form intricate supramolecular frameworks. The
removal and reintroduction of guest water molecules for compounds 2 and 3 have been explored for their dynamic
structural transformation. Interestingly, all Zn(II) compounds are active heterogeneous catalysts for the high-yield

cyanosilylation of acetaldehyde in dichloromethane..

Introduction

Porous coordination polymers (PCPs), also known as metal-
organic frameworks (MOFs), may be assembled from various
molecular building blocks; therefore, diverse architectures and
functions can be achieved.'"” MOFs may find potential
applications in molecular adsorption and separation processes,'”
ion-exchange,*®  catalysis,’  sensor  technology, - and
optoelectronics.” The design of porous coordination polymers
does not only allow the preparation of light matenials with high
porosity, but also the generation of desirable regular networks.
PCPs are engineered by linking building blocks at their
coordination sites via multifunctional linkers into perfect and
esthetic architectures, whose topology is pre-defined by the
arrangement of the coordination sites and the orientation and
number of the binding groups in the linker. Despite extensive
studies, applications of porous compounds are still quite limited
compared to that of zeolites. Inorganic materials with inner
cavities, such as zeolites are known to bind many organic
molecules in the hollow spaces and often exhibit unique catalytic
properties for a number of organic reactions, in which high
regioselectivity, stereoselectivity, and shape selectivity are
observed.'""” Reports of catalytic studies involving coordination
polymers have been relatively scarce.'?” While most of these
investigations have dealt with some significant successes in
enantioselective catalysis,'” " there has been little focus thus far
on probing the selectivity with substrates of comparable size to
the pore dimensions.*”*’

Only few catalytic applications of carboxylato-bridged
porous coordination polymers have been reported.*” The catalytic
and dynamic structural transformation of three coordination
polymeric architectures for which preliminary results were
published,””  namely  the 3D {[Zng4,4-bpy)s s(u-
O,CH)(H,0),J(C104),(H;0), ) (1), the 1D {[Zns(4,4’-bpy)s(u-
O,CCH3)o(H,0%)(PFe)(H,0)2}a (2) and the 2D {[Zny(4,4°-
bpy)i(4-0,CCH,CH,))(4,4-bpy p(ClO(H;0)}a - (3),  are
herein reported.

“ Department of Chemistry, Faculty of Science, Khon Kaen University,
Khon Kaen 40002, Thailand. E-mail: sujitiraf@kku.ac.ih

® Leiden Institute of Chemistry, Gorlaeus Laboratories, Leiden

University, PO Box 9502, 2300 RA Leiden, The Netherlands
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. Experimental Section

Preparation of the coordination polymers
2’)’1\{)’163!‘5 of {Zns(4,4°-bpy); s(1-O,CH)4 (H;0); (CIO,); (H;0)3},

65

An aqueous solution (10 mL) of Zn(NOj;),6H,0 (0.302 g,
1.0 mmol) was added to an ethanolic solution (10 mL) of 4 4’-
bpy (0.157 g, 1.0 mmol). An aqueous solution (10 mL) of
NaCOOH (sodium formate; 0.149 g, 2.0 mmol) was subsequently

w0 added, followed by 0.141 g of KCIOy (1.0 mmol) under
continuous stirring. The resulting colorless solution was allowed
to stand unperturbed for the slow evaporation of the solvent at
room temperature. After several days, colorless crystals were
obtained. The crystals were filtered, washed with the mother

75 liquid and dried in air. Yield = 68 %.

Synthesis o {Zn(4,4 -bpy)s(u1-0:,CCH3) (H;0),(PFy),
(H0)2}n (2) and  {Zns(4,4*-bpy) (u-O0,CCH;CH3) (4.4 -bpy),
(ClOY(H0)Ju (3

Complexes 2 and 3 have also been obtained following the

w0 synthetic procedure applied for compound 1, using sodium
acetate for 2 and sodium propionate for 3 in place of sodium
formate (compound 1). Yield = 78 % (2) and 70 % (3).

Synthesis  of  {Zn3(4,4™-bpy); s(t-0;CH) (H;0),(CIO),
(H,0)3}, (1) doped with Cu’* (1a) and Mr”* (1b)

35 An aqueous solution (10 mL) of Zn(NO;),-6H,0 (0.308 g,
1.0 mmol) was added to an ethanolic solution (10 mL) of 4,4°-
bpy (0.158 g, 1.0 mmol). An aqueous solution (10 mL) of
NaCOOH (sodium formate; 0.148 g, 2.0 mmol) was subsequently
added, followed by 0.141 g of KCIO, (1.0 mmol) and 0.003 g

% {0.002 mmol) of Cu(NO;),"3H,O (or 0.003 g Mn(NOs),"4H,0
(0.002 mmol)) under continuous stirring. The resulting solution
was allowed to stand unperturbed for the slow evaporation of the
solvent at room temperature. After several days, light-green
crystals of 1a were obtained (light-pink crystals for 1b). The

95 crystals were filtered, washed with the mother liquor and dried
in air. Yield = 66 %. The IR spectra of 1a and 1b are
similar to that of 1.

Synthesis  of  {Zn3(4,4 -bpy)s(u-O,CCH3) «(H,0)(PFg);
(H:0)2}n (2) and  {Zns(4,4-bpy)(u-0;CCH;CH3) (4,4 -bpy),

w (CIO) ,(H,0) 3, (3) doped with Ci’* and Mn**, 2a, 2b, 3a and 3b

This journal is © The Royal Society of Chemistry [year]
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Complexes 2a, 2b, 3a and 3b can also be obtained applying
the same synthetic procedure as for 1a and 1b, using sodium
acetate and Cu’* for 2a (Mn®" for 2b) and potassium propionate
and Cu®* for 3a (Mn®* for 3b). The IR spectra of the doped

s compounds are comparable to those of the corresponding parent
compounds, respectively 2 and 3.

Characterization
FTIR spectra were recorded on a Perkin—Elmer Paragon 1000
1w FTIR spectrophotometer, equipped with a Golden Gate ATR
device, using the reflectance technique (4000-300 cm™).
Elemental analyses for C, H and N were performed with a
Perkin-Elmer 2400 analyzer. Thermogravimetric analyses were
carried out using a Perkin-Elmer Pyris Diamond analyzer in
1s flowing nitrogen at a heating rate of 10 °C min . The X-band
powder EPR spectra were obtained on polycrystalline samples at
room temperature and at 77 K with a Bruker EMXplus
spectrometer with DPPH (g = 2.0036) as a reference. X-ray
powder diffraction (XRPD) data were recorded at room
20 temperature using a Phillips Xpert Pro equipped with an
Xcelerator, with Cu Ka radiation (1= 1.5408 A), in the 2@ range
10-45°.

Catalytic Reactions

25 A typical cyanosilylation reaction was performed as follows: 40
mg (0.006 mmol, 0.2 mmol of Zn) of MOF catalyst was
suspended in SmL of dry dichloromethane (CH,Cl;) or
tetrahydrofuran (THF), followed by the addition of the aldehyde
(1.5 mmol) and trimethylsilyl cyanide (3 mmol). The reaction

s0 mixtures were stirred at room temperature under argon. The
reaction conversions were determined by gas chromatography
(GC) analysis. The catalytic recyclability was checked three
times with the same batch of catalyst, and no obvious decrease in
activity was observed. For the filtration test, the catalyst was

35 separated after a reaction time of 5 h and the solution was divided
into two equal portions. Hereafter, one portion was stirred with
fresh catalyst, while the second one was stirred without MOF
catalyst.

« Results and Discussion

Synthesis and Structure ‘
Crystalline materials were obtained for all three compounds
prepared from zinc(II) ions, 4,4’-bpy and carboxylato ligands in
45 ethanol/H,O solvent mixture. Other solvent combinations were
used, ie. methanol/H,O and acetone/H;O, but the solvent pair
ethanol/H,0 gave the best result in terms of yield and quality of
crystals. The three compounds exhibit different topologies,
induced by the different carboxylate ligands used ™" The MOF
so compounds are insoluble in most organic solvents, except
dimethyl sulfoxide and N, N -dimethylformamide.

The combination Zn(l1)/4,4-bpy/formate generates an
intricate 3D framework of 1. The bridging of zinc(Il) ions by
formato ligands produces a 1D chain constituted of heptanuclear

ss rings (Fig. 1A). The complete replacement of formate by acetate
results in the formation of a 1D network (compound 2 Fig. 1B).
This simple framework is built from trinuclear acetato-bridged
units that are linked to two adjacent ones, to form a three-leg
ladder. The use of propionate as co-ligand yields a 2D network

« (Fig. 1C) which presents similarities with 2. In fact, the
framework of 3 contains the three-leg ladders observed in the
solid-state structure of 2. In 3, these three-leg ladders are further
connected to each other via 4,4°-bpy ligands.

65

70

75

(©)

Fig. 1. (a) Perspective view of the 3D framework of I; (b) perspective
view of the 1D three-leg ladder observed for 2 and; (c) perspective view
of a 2D layer of 3. The counter anions and the lattice water molecules
have been omitted for clarity.
95
Za(IT) Compounds Doped with Cu(ll) and Mn(II)
The three zinc(1l) compounds were prepared in the presence of
doping amounts of paramagnetic metal ions (Cu(Il) and Mn(II))
to investigate the potential cation-exchange properties of MOFs
wo with  structure retention, and analyze the coordination
geometry(ies) around the Zn(ll) ions. The doped materials were
prepared in ethanol/H,0O, using Zn(II)/Cu(ll) and Zn(II)/Mn(1I)
ratios of 95:5, and in the presence of one equivalent of 4,4’-bpy
ligand. All doped compounds have been characterized by XRPD,
10s IR spectroscopy and EPR at RT and 70 K (see Figs. S1-S3). The
IR spectra of the doped compounds are similar to that of the
original Zn(II) compound, thus indicating that the structure and
therefore the environment around the zinc(ll) centers are not
altered.
1o For instance, the polycrystalline EPR spectrum of the
trinuclear Zn(I1) compound 2 doped with Cu(ll) shows signals
revealing the presence of two different types of Cu(ll) species.
Each one is characterized by a four-lines hyperfine pattern with
gy = 2.343 and 2.275; (with A;, = 124 and 126; red and blue dots
in Fig. 2a) g, = 2.094 and 2.094 in agreement with a distorted-
octahedral geometry.>' No super-hyperfine splitting is resolved.
These EPR data are clearly indicative of the occurrence of two
different environments for the Zn(Il) ions in 2, which have been
replaced by Cu(ll) ions. Actually, a close observation of the
120 molecular structure of 2 clearly reveals the presence of two
distinct coordination geometries for the zinc ions, a highly
distorted octahedron (site I in Fig. 2b) and a perfect octahedron
(site I in Fig. 2b).". Each trinuclear zinc unit in 2 is formed by
two external sites | and one central site II. The doping with
s Mn(II) ions leads to a heteronuclear compound, whose EPR
spectrum shows only one set of six lines, characterizing a Mn(1)

)

2 This journal is © The Royal Society of Chemistry [year]
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species (Fig. 3a). These data suggest that only one from the two
potential coordination sites has experienced ion exchange. Most
likely Mn(II) ions are only capable of occupying site II (Fig. 3b),
since Mn(1l) has the tendency to form regular octahedral
s complexes. The polycrystalline EPR spectra of 1 and 3 doped
with Cu(il) and Mn(Il) exhibit similar features, thus suggesting
comparable ion-exchange properties (Fig. S1).
The influence of the nature of the doping metal ion, namely
Cu(il) and Mn(I), has been successfully investigated by EPR.
w0 This study illustrates the flexibility of the coordination geometry
of Cu(ll) compared to Mn(ll). Such investigations are of great
interest in the context of potential cation-exchange properties of
MOFs with structure retention.

o @

v v v T v v T T T
2400 2600 2800 3000 3200 3400 3600 3800 4000 (G)

25 (b)

Fig. 2. (a) Polycrystalline EPR spectrum of 2 doped with Cu(ll), recorded

at 70 K. The two species are illustrated by blue and red dots. (b)

Trinuclear Zn(11) units of 2 where zinc(1l) ions (pink) have been replaced
35 by Cu(1l) ions (green) in two different sites (sites I and II).

(a)

40

45

T
4000

Sar s

*

55
Fig. 3. (a) Polycrystalline EPR spectrum of 2 doped with Mn(ll),
recorded at 70 K and (b) trinuclear Zn(11) unit of 2 where only the central
Znu(il) sites have been replaced by Mn(II) ions.

« Removal and Reintroduction of Guest Molecules
The single-crystal X-ray structures of 1-3 reveal the presence of
lattice water molecules, indicating a potential porosity of the

2
a

3

3

o
S

2

e
2

8

10

15

materials. Thus, all three room-temperature stable compounds
exhibit open channels that are occupied by guest water molecules.
The possibility of generating microporous frameworks by
removing the guest molecules has therefore been investigated.
Hence, the stability of the different frameworks upon
removal/reintroduction of the guest molecules has been
monitored in detail, using TGA and XRPD techniques.

In the TGA curves of all compounds,” the first weight loss
of 5.50% for 1, 5.82% for 2 and 3.50% for 3 in the temperature
range 71-201 °C, corresponds to the loss of the coordinated
waters and guest water molecules. The loss of the coordinated
aqua ligands is not observed below about 180 °C, apparently as
the result of their strong coordination to the Zn(II) centers. Upon
evacuation at 140 °C for 8 h under reduced pressure, compounds
2 and 3 experience weight losses consistent with the removal of
all water molecules, behaving as second generation porous
coordination polymers which have rigid vacant channels formed
after the removal of guest molecules (Scheme 1) as is clear from
the main peaks of XRPD patterns.*> While the weight losses of
compound 1 consist of all water molecules and four formate
groups when elevating the temperature to 140 °C for 8 h under
vacuum, the loss four formate groups does affect the framework

s skeleton. X-ray power diffraction reveals the structure change,

but this compound remains a microcrystalline solid, as evidence
by XRPD pattern (Fig. 4A) according to the result of the
elemental analysis and corresponds to the formula of Zn(4,4’-
bpy ), s (ClOy),, caled.: C 45.86, H 3.07, N 10.70: found: C 44.67,
H 3.01, N 10.56. (Table I). So, the zinc(lI)-formate compound 1
containing 4,4’-bpy organic ligand is unstable at high
temperature. On the other hand after removal of the guest
molecules from crystalline 3, the XRPD pattern of the resulting
material 3¢ is almost identical to the theoretical one of starting
material 3 (Fig. 4C). These data clearly suggest that 3¢ exhibits
the original structure of 3 with empty channels. This behavior is
also observed for compound 2 (Fig. 4B), therefore indicating that
the solid-state structures of 2 and 3 do not collapse when the
water molecules are taken out. Interestingly, the guest water
species can be reintroduced mto the evacuated samples of the
three compounds by simple immersion in water for 48 h, as
confirmed by XRPD measurements (Fig. 4), and elemental
analyses (Table 1). In case of compound 1, the elemental analysis
data after reintroduction of water indicates the formula to be
Zn(4,4°-bpy ),(H,0)ClOy),, caled.: C 4039, H 3.05, N 9.42:
found: C 41.43, H 3.50, N 8.96 (Table 1). Thus, after removal of
the water/formate molecules, the microporous solids Zn(4,4’-
bpy)2 s(ClOs), (1), {Zns(4,47-bpy)s(1-O;CCHs)s (PFe)2}n (2€)
and {Zn;(4,4’-bpy)s(11-0,CCH, CH;)a (C104),(4,4°-bpy )2} (3¢)

Table 1 Elemental analyses of compounds 1-3 and of the
products after removal and after reintroduction of the guest water
molecules.

After After water
Compound Element Exp. Cal. Removal of Reintroduction
water (Exp.)
Exp. Cal
1 C 3922 3923 4467 4176 41.43
H 33t. 337 301 238 3.50
N 822 821 1056 874 8.96
2z € 36.41 3640 3868 3833 37.04
H 323 3383 238084350 3.16
N 6.30 670 7.81 7.06 7.09
3 C 51.19 5097 53.19 5323 49.30
H 4.84 451 409 422 3.93
N 991 991 1036 1035 9.51

This journal is © The Royal Society of Chemistry [year]
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Scheme 1
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w are generated with retention of the original frameworks (of
compounds 2 and 3). Such microporous materials with high-
thermal stabilities and host-guest properties are relatively rare and
have therefore great potential for practical applications.

=

Catalytic properties

Porous MOFs 1-3 have been tested as heterogeneous catalysts for

the cyanosilylation of acetaldehyde and benzaldehyde. Thus, the

selectivity and activity of the 3D (1), 1D (2) and 2D (3)

coordination polymers have been examined. Typically, the

powdered catalyst (1-3) is suspended in dichloromethane

(CH,Cl,) or tetrahydrofuran (THF). The aldehydic substrate and

trimethylsilyl cyanide (1:2 molar ratio) are subsequently added at

room temperature and the reaction is carried out for 24 h (Scheme

2).*" * The course of the reactions has been monitored by gas

chromatography (GC).

Blank reactions have been performed by carrying the
cyanosilylation of acetaidehyde and benzaldehyde without
catalyst, at 25 °C. These test reactions give only conversions of
18% for acetzidehyde and 10% for benzaldehyde, after a reaction
time of Z4 h. When 40 mg of solid 1 is used as catalyst, a
conversion of 95% of acetaldehyde is reached after 24 h reaction
time in CH,Cl, (Table 3 and Fig. 5). This high conversion
suggests first that 1 acts as a very efficient catalyst for this
reaction, and that both acetaldehyde and trimethylsilyl cyamde
35 can diffuse swiftly through the pores to attain the Lewis metallic

sites, to generate 2-(methylsiloxy)propioonitrile with a yield of
95% (71% when using 2 and 86% with 3).
When benzaldehyde, a sterically more demanding substrate,
is used under similar reaction conditions, a conversion of only
w0 22% is observed (21% for 2 and 22% for 3; Table 3). This
significantly lower reactivity suggests that the dimension of the
channels of the MOF plays an important role and leads to size
selectivity.
Next, the influence of another organic solvent, namely THF,

s on the conversion of acetaldehyde has been examined for each
MOF catalyst. It has been found that the reaction is less efficient
in THF, which may be explained by a competitive binding of the
substrate and the solvent to the metal site. This competitive
binding obviously does not occur with CH,Cl,.

s0 For instance, in THF, compound 1 promotes the conversion
of only 38% acetaldehyde (30% for 2 and 57% for 3; Table 3).
The cationic nature and Lewis acidity of the Zn** center may play
a role and lead to significantly different in the conVersion (Fig.
6).

55 In contrast to the reactions performed in CH,Cl,, 3 is more
efficient than 1 in THF (Table 3). These disparities regarding the
distinct catalytic activities in CH,Cl, and THF may be explained
by structural features characterizing both compounds. As reported
earlier,” the 3D framework of 1 exhibits channels filled by

s disordered perchlorate anions. The crystal packing of the 2D

framework of 3 generates’ huge cavities filled with non-
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coordinated 4.4’-bipyridine (4,4’-bpy) molecules. Most likely,
the slightly more polar solvent THF is capable of displacing the
44’bpy guest molecules of 3 (which is obviously not the case
with CH,Cl,), therefore increasing the accessibility of the
aldehydic substrate to the metal centers.

The catalytic activities of compounds 1-3 for the
cyanosilylation of aldehydes have been compared with those of
other porous coordination frameworks. Fujita and co-workers
reported the first coordination polymeric catalyst, i.e. {Cd(4,4°-

Scheme 2
f PCP MesSiQ | en
+  MeSiCN —————»
Solvent
R H R H

R= CHj, phenyl

3o

J(€

2‘0 20 2‘5

Fig. 4. (A) XRPD patterns of (a) 1 as-synthesized, (b) after removal of the
guest water molecules, and (c) after reintroduction of the guest water
molecules. (B) XRPD patterns of (a) 2 as-synthesized, (b) after removal
of the guest water molecules, and (c) after reintroduction of the guest
water molecules. (C) XRPD patterns of (a) 3 as-synthesized, (b) after
removal of the guest water molecules, and (c) after reintroduction of the
guest water molecules.

4 This journal is © The Royal Society of Chemistry [year]
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40

204
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15 Fig. 5. Cyanosilylation of acetaldehyde and benzaldehyde with MOF 1 as
catalyst

Table 3. Cyanosilylation of aldehydes catalyzed by compounds
1-3.

Catalyst Types Substrate Solvent Time Conversion

(h) Yo

1 3D acetaldehyde CH,Cl, 24 95
acetaldehyde  THF 24 38

benzaldehyde CH,Cl, 24 22

2 1D - acetaldehyde CH,Cl, 24 7
acetaldehyde  THF 24 30

benzaldehyde CH,Cl, 24 21

3 2D acetaldehyde CH,Cl, 24 86
acetaldehyde ~ THF 24 57

benzaldehyde CH,Cl, 24 22

20

bpy)x(NO;3),},, > for the cyanosilylation of aldehydes. This square
network material is highly shape-selective, which is illustrated by
the inclusion of ortho-dihalogenobenzenes, whereas the meta-
and para-isomers do not form clathrates. Shape specificity has
25 been observed as well with this compound for the cyanosilylation
of aldehydes. For example, the conversion of 2-tolualdehyde
(40%) is significantly higher than that of 3-tolualdehyde (19%).
In addition, a- and f-naphthaldehydes’ are good substrates in
which can be converted with yields of 62% and 84%,
s0 respectively. The more sterically-demanding 9-anthraldehyde is
hardly cyanosilylated. These shape specificities may be ascribed
to the size of the cavity of the network material. In 2004, the
same  research  group has  synthesized {Cd(4,4°-
bpy (H;0)(NOs),-4H,0},,°* a square network to investigate
ss mechanistic aspects of this cyanosilylation reaction. Thus, the
catalytic study has been extended to the cyanosilylation of imines
to gain some mechanistic insights in the heterogeneous catalysis
mediated by the coordination compound. It has been found that
the substrate accommodated in the square cavity, can easily
w0 coordinate to the Cd”" center of the next network layer. It has
therefore been suggested that the active sites exist mainly around
the surface ‘of the solid. They noted that, givéh a surface-
promoted reaction, the catalytic activity of this porous polymer is
remarkably high. Moreover, the Cd(II) center is more cationic
«s and stronger Lewis acidic than mononuclear Cd(NO;),-4H,0.
Size-selective reactions involving a MOF catalyst have been
recently  reported  for  Mns[(MnyCl);(BTT)s(CH;0H) 0},
(HsBTT=1,3,5-benzenetris tetrazol-5-y1),”” wherein Mn®* ions
exposed on the surface of the framework might serve as potential
so Lewis acidic sites. Indeed, this MOF catalyzes the cyanosilylation

of aromatic aldehydes and ketones, as well as the Mukaiyama-
aldol reaction. In each case, a pronounced size-selectivity effect
consistent with the pore dimensions 1s observed.

ss Heterogeneity
The heterogeneity of the catalytic reaction has been probed for
the - cyanosilylation of acetaldehyde in THF, mediated by
compound 1. Thus, the catalyst (compound 1) has been filtered
out after a reaction time of 5 h, corresponding to an acetaldehyde

w conversion of 24% (Fig. 7). The filtrate has been stirred for 24 h
and no further conversion of the substrate is observed (about 25%
conversion; Fig. 7). This result clearly demonstrates that no
homogeneous catalytic species is present in solution. Next, the
filtrate has been divided into two equal parts. The first part has

os been stirred with fresh catalyst 1 while the other one has been
stimed without catalyst. In the filtrate without catalyst, the
reaction does not proceed further, whereas in the catalyst-
containing suspension, the conversion of the substrate is

70 (a)

75

(b)

85

©

95

105

Fig. 6. Representation of the asymmetric units of (a): 1, (b): 2 and (c): 3,
no showing the atom-labeling schemes for the zinc(1l) ions. The perchlorate
anions and the lattice water molecules are not shown for clarity.
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Fig. 7. Cyanosilylation of acetaldehyde in THF catalysed by 1

20 observed, reaching 38% after 24 h (Fig. 7). Thus, the catalytic
activity of Zn(I1)-4,4-bpy-carboxylato originates - from the
presence of the solid catalyst and is not due to molecular species
that dissolve into the solution. Furthermore, the isolated catalyst
(by filtration after a reaction time of 24 h) can be reused without

25 apparent loss of activity.

Conclusions

In summary, the present study, describes the host-guest and
catalytic properties of three coordination polymers, belonging to
the second generation of porous coordination compounds. The
removal/reintroduction of water guest molecules is accompanied
by a crystalline-to-crystalline structural transformation of the
material, which exhibits rigid vacant host channels. Interestingly,
the Zn(il) compounds are effective heterogeneous catalysts for
the highyielding cyanosilylation of acetaldehyde in
dichloromethane. Moreover, the MOF catalysts show size-
selective behaviors since acetaldehyde is efficiently converted
whereas the conversion of benzaldehyde is significantly lower.
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