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A compound (1), [H2 -(4,4 ′ -bipy)]2+ [(Cr2O7) ]
2− and a metal organic-inorganic coordination frame-

work (2), [Mn(4,4 ′ -bipy)(Cr2 O7)(H2O)2 ] (4,4 ′ -bipy=4,4 ′ -bipyridine) were successfully synthesized by

microwave method. Their characterization was performed by single crystal X-ray crystallography and FT-

IR spectroscopy. The crystal structure of 1 revealed a diprotonated 4,4 ′ -bipyridium dichromate compound

while compound 2 is an onedimensional (1D) polymer in which (Cr2O7)
2− acts as a bridging ligand sup-

porting the formation of infinite {[Mn(4,4 ′ -bipy)(Cr2O7)(H2O)2 ]}n polymeric chains. The geometry of

the 4,4 ′ -bipy ring in 1 is typical coplanar, but twists in 2. In the free molecule 1, dichromate ligand adopts

an eclipsed conformation, but adopts a staggered conformation in complex. The principal features of the

crystal supramolecularity of 1 and 2 are non-covalent weak interactions which occurred via N-H · · ·O and

C-H · · ·O hydrogen bonding.

Key Words: Microwave assisted synthesis, organic-inorganic framework, diprotonated 4,4 ′ -bipyridium,

eclipsed conformation

Introduction

For the discovery of new compounds in recent years, the technique referred to by critics as ‘mix and wait’
may not be sufficient.1 In this decade, performing chemical reactions using microwave irradiation has become
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increasingly popular owing to higher yields, selectivity and speeds than conventional methods. Moreover, it is
an environmentally benign method for chemical synthesis due to its high efficiency and homogeneous heating.2,3

This technique being widely used in various areas such as for reducing the time in organic chemical synthesis4,5

polymerization reactions6,7 biomedical research and clinical diagnosis8,9 and test medical devices.10 Microwave
assisted synthesis has also been used to design and synthesize organic-inorganic polymer hybrids.1 Very recently,
our group has successfully synthesized an organic-inorganic polymer hybrid containing 4,4 ′ -bipyridine (4,4 ′ -

bipy) using this method.11 Since 4,4 ′ -bipy is an excellent ligand containing two 4-pyridyl units, it is liable to
have some weak intermolecular interactions such as non-covalent bridging modes: hydrogen bridging and π, π -
tacking bridging modes. It has commonly been employed as building blocks in designing coordination polymers
and constructing supramolecular architectures.12,13

Chromium and its oxoanion are essential trace elements not only in biological fluids14 but also for
industrial purposes.15 Oxoanions such as dichromate containing chromium can act as terminal and/or bridging

ligands to construct multidimensional compounds.15−18 The chemistry of dichromate and N-donor atoms as
ligands has been reported.15−18 Much of the work on bipyridine dichromate metal compounds focuses on
the reaction with Co15b Ni and U metal atoms.18b−c Although the chemistry of manganese has received
considerable attention in recent years, much of the work concentrates on the catalytically active in a variety of
metalloenzymes.19

We have been pursuing synthetic work to study dichromate as a bridging ligand. We investigated bipyrid-
ium dichromate [(H2 -C10H8 N2)]2+ [Cr2 O7 ]2− and the metal organic-inorganic hybrid [Mn(4,4 ′ -bipy)(Cr2 O7)
(H2 O)2 ] under microwave irradiation for the first time. The title compounds were evaluated by single crystal
X-ray determination and Fourier transform infrared (FT-IR) spectroscopy.

Experimental

Materials and methods

All starting chemical reagents were commercially available in analytic grade except for 4,4 ′ -bipyridine in reagent
grade. The Fourier Transform Infrared (FT-IR) spectra for 1 and 2 were recorded from 400 to 4000 cm−1

on a Perkin-Elmer 783 spectrometer using KBr pellets. Melting points were measured on a Büchi melting
point B-540 apparatus. The X-ray diffraction data were collected on SMART Bruker 1000 CCD area-detector
diffractometer.20

Synthesis

Compound [(H2 -(4,4 ′ -bipy)]2+ [Cr2 O7 ]2− (1)

A mixture of MnCl2 .4H2 O (0.250 g, 1.0 mmol), anhydride of chromic acid or chromic(VI) oxide (0.100
g, 0.10 mmol), 4,4 ′ -bipy (0.156 g, 1.0 mmol), and water (6 mL) in 1:1:1:333 stoichiometries was stirred at room
temperature until all the starting materials dissolved. The resulting solution was irradiated using a domestic
microwave oven for 2 min. The radiation frequency was 2450 MHz which affects only the molecular rotation
or movement and is not sufficient to cleave molecular bonds or affect molecular structure.21 After microwave
irradiation, clear orange needle crystals were obtained. The melting point is about 214.8-219.5 ◦C. Yield 67%.
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IR νmax /cm−1 : 3300, 1597, 1534, 1487, 1324, 1218, 1069, 1016, 1001, 960, 930, 873, 812, 784, 673, 624, 484.

Compound [Mn(4,4 ′ -bipy)(Cr2O7)(H2O)2], (2)

This compound was prepared in the same way as 1 by using 1 as a starting material. The mixture of
compound 1 (0.374 g, 1.0 mmol), MnCl24H2 O (0.250 g, 1.0 mmol), and water (6 mL) in the ratios of 1:1:333
was stirred completely at room temperature. Black crystals were obtained upon microwave irradiation. Yield
55%. IR νmax/cm−1 : 3300, 3097, 2949, 1620, 1591, 1486, 1376, 119, 933, 767, 541.

Measurements

Crystallography

An orange needle crystal of 1 and a black prismatic crystal of 2 were mounted on a glass fiber. X-ray data were
collected on a SMART Bruker 1000 CCD area-detector diffractometer equipped with a graphite-monochromated

Mo Kα radiation (λ = 0.71073 Å) at 566(2) K.

A full sphere of data was obtained for each using the omega scan method. Data were collected,
processed, and corrected for Lorentz and polarization effects using a SMART Bruker 1000 CCD area-detector
diffractometer and SAINT software. Absorption corrections were based on multiple scans and were also applied
using SABABS.21 Space group Pmna was selected and confirmed by the subsequent structure analysis. The
ADDSYM option in PLATON revealed no additional symmetry.22 Structure was solved via direct methods and
refined by full matrix least squares on F 2 using the SHELXTL program package.23 All non-hydrogen atoms
were refined anisotropically. The O(3) and O(5) atoms in compound (2) were disordered over those 2 positions
and had 50% site occupancy ration. The hydrogen atoms were located from a difference electron-density map
and refined isotropically. All packing diagrams and thermal ellipsoid plots were produced using the Diamond
software program.24 The crystallographic data are shown in Table 1.

Results and discussion

Synthesis

Although compound 1 has already been studied by the conventional method,25 we tried a different route to
synthesis using a microwave-assisted method and different starting chemical. Dramatic differences in the crystal
packing were seen. Moreover, additional work on IR spectroscopy and crystal packing will be discussed.

Crystallographic structure

Compound [(H2 -(4,4 ′ -bipy)]2+ + [Cr2 O7 ]2− (1)

The crystal structure of 1 as illustrated in Figure 1, presents an orthorhombic space group Pnma (no#62)

which is about the same space group as Pcmn (no#62) found in previous work.25 This caused by the interchange
of the unit cell dimensions between a and c axes. Space group Pcmn is the cba setting of Pnma.

The crystal structure of 1 consists of a 4,4 ′ -bipyridium [H2 -4,4 ′ -bipy]2+ dication and a dichromate

[Cr2 O7 ]2− anion. The cation is an essential planar with the torsion angles C(2)#1 -C(3)-C(4)-C(5)#1 of
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Table 1. Crystallographic data for 1 and 2.

CCDC deposition number 760023 760084

Empirical formula C10 H10 Cr2 N2 O7 C20 H20 Cr2 Mn N4 O9

Formula weight 374.20 619.34

Wavelength (Å) 0.71073 0.71073

Crystal system Orthorhombic Triclinic

Space group Pnma P − 1

a (Å) 20.898(5) 7.491(2)

b(Å) 12.345(3) 8.250(2)

c(Å) 5.0650(12) 10.292(1)

α (◦) 90.00 83.19(1)

β (◦) 90.00 86.09(1)

γ (◦) 90.00 71.18(2)

V (Å3) 1306.7(5) 597.4(3)
Z 4 1

Dc (g/cm3) 1.902 1.721

Absorption coefficient (mm−1) 1.698 1.472

F (000) 752 313

Crystal size (mm3) 0.032 × 0.024 × 0.010 0.402 × 0.402 × 0.294

Reflections collected 10,716 2946

Independent reflections 1702 [Rint = 0.0362] 2946 [Rint = 0.0000]

Absorption correction Semi-empirical Semi-empirical

Tmin, Tmax 0.952, 0.983 0.559, 0.649

Goodness-of-fit on F 2 1.049 1.073

Final R indices [I > 2 σ (I)] R1 = 0.0337, wR2 = 0.0954 R1 = 0.0448, wR2 = 0.1135

R indices (all data) R1 = 0.0497, wR2 = 0.1038 R1 = 0.0477, wR2 = 0.1159

Extinction coefficient - 0.041(5)

Largest diff. peak and hole (eÅ−3) 0.542 and –0.322 0.687 and –0.667

0.1(5)◦ and C(2)#1 -C(3)-C(4)-C(5)#1 of –179.8(3)◦ . The anion adopts twists of about 6◦ away from a

perfectly eclipsed conformation with the torsion angles O(1)-Cr(1)-O(4)-Cr(1)#1 of 176.97(18) and C(1)-C(2)-
C(3)-C(4) of –179.9(3). The Cr(IV) geometry is a typical tetrahedral illustrated by the bond angles as shown in
Table 2. Consideration of Figures 2 and 3 suggests that each cation is surrounded by 4 anions and each anion
by 4 cations. The compound adopts 4:4 coordination number ratios as some cations bridge cations located in
adjacent unit cells as shown in Figure 3.

Comparison of the structures of 1 to the previous study found thatthe structure parameters are slightly
different.25 The greatest differences may come from the slightly longer bridging oxygen atoms in our work with

the Cr-O(4) of 1.7996(12) Å, but making an impact in different crystal packing.
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Figure 1. A molecular structure of [(H2 -(4,4 ′ -bipy)]2+ Cr2 O7 ]2− along c axis. Unlabeled atoms are related by an

inversion center to the labeled atoms.

Table 2. Selected bond distances (Å), bond angles and torsion angles (◦ ) for 1.

N(1)-C(1) 1.316(3) N(2)-C(6) 1.319(3)

C(3)-C(4) 1.502(4) C(4)-C(5)#1 1.382(3)

C(4)-C(5) 1.382(3) Cr· · ·Cr 3.220

Cr(1)-O(2) 1.594(2) Cr(1)-O(4) 1.801(1)

Cr(1)-O(1) 1.608(2) N(1)-C(1) 1.316(3)

Cr(1)-O(3) 1.610(2) C(4)-C(5) 1.382(3)

C(5)-C(4)-C(3) 121.2(2) N(2)-C(6)-C(5) 120.0(3)

C(6)-C(5)-C(4) 120.1(3) O(1)-Cr(1)-O(4) 105.8(1)

O(2)-Cr(1)-O(1) 110.4(1) C(1)#1-N(1)-C(1) 122.6(3)

O(2)-Cr(1)-O(3) 109.7(1) Cr(1)-O(4)-Cr(1)#1 127.0(2)

O(1)-Cr(1)-O(4)-Cr(1)#1 177.0(2) C(1)-C(2)-C(3)-C(4) –179.9(3)

C(2)#1-C(3)-C(4)-C(5)#10.1(5) 0.1(5) C(2)#1-C(3)-C(4)-C(5) –179.8(3)

Symmetry transformations used to generate equivalent atoms: #1 x, -y + 1/2, z

Figure 2. A unit cell of 1 projected approximately along the c axis illustrating the weak interactions.
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Figure 3. A packing diagram of 1 projected approximately along the b axis showing hydrogen bond interactions (left)

and dichromate polyhedra (right).

To simplify the diagrams in crystal packing (Figure 3 right), the cations are depicted as elongated lines
on the b axis. It is important to realize that the interactions made by the cations and anions with the viewing
direction vary greatly from structure to structure. Both oxygen atoms of dichromate act as hydrogen acceptors,
being involved in hydrogen bonds with the bifurcated N atoms of4,4 ′ -bipy ligands as shown in Table 3, just
about the same as reported in previous work.25 . In addition, the C-H · · ·O interactions play an important role
in crystal packing which occurred via intermolecular weak interactions to consolidate the whole architecture.

Previous work led us to expect only 1 C-H · · ·O interaction at about 2.996 Å, but we found 2 more interactions

at about 3.020 Å and 3.013 Å as shown in Table 3 and Figures 2 and 3. These C-H · · ·O interaction values are
lower than those found in the literature for any chromium(VI) compounds with organic bases.25

Table 3. All of the relevant hydrogen bonding values and symmetry codes of 1.

D-H· · ·A d(D-H) (Å) d(H· · ·A) (Å) d(D· · ·A) (Å) <DHA (◦)

N(1)-H(1A)· · ·O(3)#1 0.860 2.397 2.990 126.55

N(1)-H(1A)· · ·O(3)#2 0.860 2.397 2.990 126.55

N(2)-H(2A)· · ·O(4) #3 0.860 1.828 2.686 174.69

C(6)-H(6)· · ·O(1) 0.930 2.507 3.020 114.0

C(1)-H(1)· · ·O(3) 0.930 2.559 3.125 115.2

C(2)-H(2)· · ·O(1) 0.930 2.515 3.013 128.5

Symmetry codes: #1 [–x + 3/2, –y + 1, z – 1/2], #2 [–x + 3/2, y – 1/2, z – 1/2 ], #3 [x – y, x, z + 1/6]#4 [y, –x + y, z

– 1/6], #5 [–x + y + 1, –x + 1, z – 1/3]

Compound [Mn(4,4 ′ -bipy)(Cr2O7)(H2 O)2 ], (2)

The structural determination revealed that compound 2 crystallizes in the centrosymmetric space group
P −1. The dichromate oxygen O(3) atom contains only a half atom in unit cell. The asymmetric unit structure
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with the atomic numbering scheme is shown in Figure 4. Selected bond lengths, bond angles, and torsion angles
are shown in Table 4.

Figure 4. A molecular structure of mononuclear compound 2 with the atoms numbering scheme. Unlabeled atoms are

related by an inversion center to the labeled atoms. Hydrogen atoms on rings have been omitted for clarity.

Table 4. Selected bond distances (Å), bond angles and torsion angles (◦ ) for 2.

Mn(1)-O(1) 2.210(3) Cr(1)-O(2) 1.630(4)

Mn(1)-O(2) 2.140(4) Cr(1)-O(3) 1.788(8)
Mn(1)-N(1) 2.261(4) Cr(1)-O(4) 1.520(5)

N(1)-C(2) 1.338(6) Cr(1)-O(5) 1.549(5)

C(3)-C(4) 1.481(6) Cr(1)-O(3)#2 1.829(7)

N(2)-C(6) 1.324(7) Cr· · ·Cr 3.311

O(1)-Mn(1)-O(1)#1 180.0 Cr(1)-O(3)-Cr(1)#2 132.5(4)

O(2)-Mn(1)-O(1) 92.1(2) O(1)#1-Mn(1)-N(1)#1 87.8(1)

O(2)#1-Mn(1)-O(1) 87.9(2) Cr(1)-O(2)-Mn(1) 145.6(1)

C(1)-N(1)-C(10) 116.1(4) O(1)#1-Mn(1)-N(1)#1 87.8(1)

C(2)-C(3)-C(4) 122.4(4) Cr(1)-O(2)-Mn(1) 145.6(1)

C(5)-C(4)-C(3) 121.8(4)

O(2)-Cr(1)-O(3)-Cr(1)#1 -92.8( 1) O(3A) -Cr(1)-O(3)-Cr(1)#1 0.00

C(2)-C(3)-C(4)-C(5) -22.8 (1) C(2)-C(3)-C(4)-C(8) 158.1(1)

Symmetry transformations used to generate equivalent atoms: #1 –x + 1, –y + 1, –z + 1 #2 –x, –y + 2, –z + 1

Compound 2 is in a trans form as found in Ni compound with dichromate in the bridging fashion.18b,26

The Mn(1) contributes its 6 empty orbitals to accommodate the lone pair of electrons from 2 oxygen atoms
of the dichromate anion, 2 terminal nitrogen atoms of 4,4 ′bipy and 2 terminal oxygen atoms of water. The
coordination sphere of the manganese atom can be regarded as a slightly distorted octahedral of [MnO4N2 ]2+
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where the Mn-O(1), Mn-O(2), and Mn-N(1) bond distances are 2.210(3), 2.140(4) and 2.261(4) Å respectively.
The slight distortion of this octahedron can be demonstrated further by the bond angles of the coordinated
atoms, O(2)-Mn(1)-O(1) of 92.10(15)◦ and O(2)# -Mn(1)-O(1) of 87.90(15)◦ , obviously deviating from the
ideal octahedron value of 90◦ .

Coordination seems to affect the geometries of the 4,4 ′ -bipy and dichromate moieties in this crystal
(2).The geometry of 4,4 ′bipy is not coplanar which is different from compound 1 but twists with the torsion
angles C(2)-C(3)-C(4)-C(5) of -22.78 (0.77)◦ and C(2)-C(3)-C(4)-C(8) of 158.12(0.49)◦ . The dichromate

geometry adopts a staggered conformation with the torsion angles O(2)-Cr(1)-O(3)-Cr(1)# of –92.75(0.65)◦ .
Its conformation differs from an eclipsed conformation in diprotonated 4,4 ′ -bipyridium (1), caused by the

complexion as seen in similar structures.16,18b

In correspondence with the typical coordination mode, dichromate anion acts as a bridging ligand to form
1D {(Cr2 O7)2− -[Mn(4,4 ′ -bipy)(H2 O)2 ]2+ -(Cr2 O7)2−} chains running along the crystallographic b axis.18b

The relative propagation directions of the chain lie parallel to one another as shown in Figures 5 and 6.

Figure 5. The intermolecular interactions are in 2. Some of the hydrogen atoms not involving interactions have been

omitted for clarity.

The most intriguing features of crystal structures arise from the interactions at supramolecular level. As
shown in Figures 5 and 6 and Table 5, there are intermolecular hydrogen bonds to link the molecules into a 2D
network structure. In this network, the uncoordinated N donor atoms of 4,4 ′ -bipy ligands exhibit a connection

mode with one Ow (oxygen atom of water ligand) to form N-H · · ·Ow, (1.937 Å), with the neighboring chain

making 2D supramolecular assembly networks as seen in a previous study.27 Moreover there is a point that
deserve to be emphasized which is a C-H · · ·O interaction between bipyridine ring and one bridging oxygen atom

from dichromate anion (2.937 Å). This additional network may come from the half site occupancy of bridging
oxygen atoms.
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Figure 6. Crystal packing of polymeric [Mn(4,4 ′ -bipy)2 (Cr2 O7)(H2O)2 ] shows weak interactions and the geometries

around Mn and Cr atoms.

Table 5. All of the relevant hydrogen bonding values and symmetry codes of 2.

D-H· · ·A d(D-H) d(H· · ·A) d(D· · ·A) <DHA

O(1)-H(1A)· · ·O(4) #1 0.820 2.266 3.080 172.30

O(1)-H(1B)· · ·N(2)#2 0.896 1.396 2.824 170.49

C(6)-H(6)· · ·O(3) 0.930 2.514 3.011 167.0

Symmetry codes: #1 [–x, –y + 1, –z + 1] #2 [x, y + 1, z – 1]

The infrared spectra

The infrared spectrum of 1 and 2 are consistent with their chemical formulae. The IR bands at 3279 cm−1

and 1486 cm−1 are assigned to the N–H stretching and N-H bending vibrations in 1, respectively, confirming
the [H2 -4,4 ′ -bipy]2+ pyridinium group.25The other characteristic bands of [H2 -4,4 ′ -bipy]2+ are the 2 medium

intensity bands at 1620 cm−1 and 1591 cm−1 , which are attributed to the C=C and C=N stretching modes.
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These characteristic absorption bands of 2 are shifted to lower wave numbers compared to the free ligand (1).28

The weak bands observed at ca. 1200-1000 cm−1 in all spectra were assigned to in-plane C-H deformations.

The characteristic bands of dichromate groups are observed. Both compounds exhibit bands at around
560-540 cm−1 and 770-740 cm−1 , which belong to the symmetric and antisymmetric stretching modes of the
Cr-O-Cr stretching and bending vibrations, respectively.29 On the other hand, all spectra show frequencies in
ca. 900-880 cm−1 and 965-930 cm−1 regions corresponding to the symmetric and antisymmetric Cr-O terminal
bond stretching vibrations, which are in good agreement with those reported for K2 Cr2 O7 .28 Furthermore,
both compounds exhibit a band in a ca. 490-450 cm−1 region, which is assigned to the bending mode of
vibration of the Cr-O terminal bonds.26 Finally, the strong band at ca. 490-460 cm−1 in 2 is attributed to the
stretching vibrations of the M–O and Mn–N bonds.11,25

Conclusions

To sum up, microwave-assisted synthesis is a feasible method to synthesize such compounds containing dichro-
mate and 4,4 ′ -bipy ligands, confirmed by the quite high percent yields of 67 and 55 for compounds 1 and
2, respectively. These 2 compounds were characterized by FT-IR spectroscopy and X-ray crystal structure
analysis. Compound 1, [(H2 -C10H8 N2)(Cr2 O7)], is a centrosymmetric structure that contains a diproto-
nated 4,4 ′ -bipyridium dichromate. Compound 2, [Mn(4,4 ′ -bipy)(Cr2 O7)(H2 O)2 ], is a chain of vertex-linked

[Cr2 O7 ]2− and [CuN2O4 ]2+ units to form 1D polymer. The intermolecular hydrogen bonds constructed a 2D
supramolecular assembly network differing from the previous similar work.
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