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Crystals of bis(4-aminopyridinium) dichromate (CsH;N;),[Cr,0] (1) were isolated via slow
solvent evaporation and characterized by energy dispersive spectroscopy (EDS), infrared (IR)
and ultratviolet-visible (UV-Vis) spectroscopy, and single crystal X-ray diffraction. The room-
temperature (RT; 298 K) phase of 1 crystallizes in the monoclinic space group P2,/m. Its
asymmetric unit consists of two crystallographically independent 4-aminopyridinium cations
(A and B) and two halves of symmetry-independent dichromate anions (A and B). Cations and
anions are linked with the aid of several moderate N—H:---O hydrogen bonds and weak
C—H---O interactions resulting in a three-dimensional supramolecular network. The crystal
structure is further stabilized by extensive m—r stacking interactions between adjacent pyri-
dine rings. A comparison of the structure of the RT phase of 1 and that of the low temperature
(LT; 150 K) phase is described.
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INTRODUCTION

Dichromates are an important class of compounds, which are extensively used in organic synthe-
sis to effect a variety of synthetic transformations [ 1-—3 ]. In a pioneering study, Corey and Schmidt
[4 ] introduced bis(pyridinium) dichromate, known as PDC to organic chemists, as a mild reagent for
the oxidation of alcohols. This work resulted in the development of several new oxidising agents like
polyvinylpyridinium dichromate (PVPDC) [ 5 ], bis(benzyltriethylammonium) dichromate (BTEADC)
[ 6], nicotinium dichromate (NDC) [ 7], isonicotinium dichromate (INDC) [ 7 ], bis(quinolinuim) di-
chromate (QDC) [ 8], tetramethylethylenediammonium dichromate (TMEDADC) [9 ], piperazinium
dichromate (PPDC) [ 10 ], imidazolium dichromate (IDC) [ 11 ], cetyltrimethylammonium dichromate
(CTADC) [ 12 ], benzimidazolium dichromate (BIDC) [ 13 ] and quinoxalinium dichromate (QxDC)
[ 14 ] in the last three and half decades. These reports demonstrate the possibility of isolation and cha-
racterization of the dichromate ion with different cations. Only four of these dichromates, viz. PDC
[15], BIDC [16], PPDC [17] and QDC [ 18] have been structurally characterized. Other dichro-
mates of N-heterocycles [ 19—31 ] and alkylammonium dichromates [ 32—40 ] have been the subject
of only structural investigations. From structural point of view the dichromate ion offers several inte-
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resting possibilities viz. its conformational flexibility in different environments, possibility to prepare
noncentrosymmetric materials by choosing appropriate counter cation [ 41 ].

As part of an ongoing research program, our group has been involved in the synthesis and struc-
tural characterization of new organic dichromates over several years, which can be used for oxidation
of organic substrates. Our investigations have unravelled a rich structural chemistry of dichromate
compounds synthesised under mild reaction conditions using slow solvent evaporation at room tem-
perature:  tri(NV,N,N',N'-tetramethylethylenediammonium) bis(dichromate) oxalate tetrahydrate
(C¢H gN2)3(C,04)[Cr,07],-4H,O  [42], N,N,N',N'-tetramethylethylenediammonium  dichromate
monohydrate ((CH;3),NH(CH,),NH(CHj;),)[Cr,07]-H,O [43 ], bis(ethylenediammonium) dichromate
oxalate (C,H gN,)2[CrO4](C,04) [44], 1-cyclohexylpiperazine-1,4-ditum dichromate
(C1oH22N,)Cr,O; [45], bis(guaninium) dichromate dihydrate (CsHgN5O),[Cr,O5]-2H,O (Crystallo-
graphic data for the structure have been deposited with the Cambridge Crystallographic Data Centre,
CCDC no. 1010792) and bis(1,3-bis(4-piperidinium)propane) dichromate trichromate monohydrate,
(C13H2sN»),[Cr07][Cr3040] - H,O (CCDC no. 1043331). These materials were prepared by the reaction
of chromium (VI) oxide with organic bases in water at ambient temperature and their structures were
characterized by single crystal X-ray diffraction. In all these complexes the cations and the anions are
linked by several hydrogen bonding interactions. A low temperature (LT) crystal structure of bis(4-
aminopyridinium) dichromate has recently appeared in the literature [ 31 ]. In this paper we describe
the synthesis, spectroscopic and structural characterization of the room-temperature (RT) phase of
bis(4-aminopyridinium) dichromate, (CsH;N,),[Cr,O7] (1), and a comparison of the structures of the
RT and LT phases.

EXPERIMENTAL

Synthesis of 1. To a solution of CrO; (1.77 g, 0.0177 mol) in distilled water (70 ml), 4-amino-
pyridine (0.65 g, 0.0069 mol) was added under stirring for 20 min in air. The reaction mixture solution
was allowed to stand for a week at room temperature. Orange-red single crystals suitable for X-ray
analysis were isolated on slow evaporation of the solvent.

EDS, IR and UV-visible analysis. A qualitative energy dispersive spectroscopy (EDS) analysis
of some crystals was carried out using JEOL-JSM 5400 scanning electron microscope. Infrared (IR)
measurement was performed at room temperature, on a Perkin-Elmer FT-IR Paragon 1000 PC spec-
trometer over the 4000—375 cm ' region, by the KBr pellet method. Electronic spectrum was re-
corded on a Perkin-Elmer Lambda 19 spectrophotometer in the 200—900 nm range, using matched
quartz cells, in H,O as solvent.

Single crystal X-ray diffraction. A single crystal with dimensions 0.34x0.24x0.16 mm was cho-
sen for the structure determination and refinement. It was selected under a polarizing microscope and
was mounted on a Lindemann glass fiber. Intensity data were collected on an Enraf—Nonius four-
circle diffractometer using graphite monochromated MoK, radiation (A = 0.71073 /3). Lattice parame-
ters and orientation matrix were obtained by the least-squares refinement of 25 reflections in the range
10.3—13.6° using CAD4-EXPRESS program [ 46, 47 ].

The crystallographic data of 1: C,oH4N4O,Cr,, FW =406.24, T =298 K, monoclinic, P2,/m, a =
=7.714(2), b =16.351(3), c = 12.397(2) A, B = 94.57(3)°, V' = 1558.7(6) A’, Z=4, peac = 1.731 g/cm >,
w(MoK,) =1.43 mm’l, a total of 3633 reflections (Omin/max =2.1°/27°), 1860 observed reflections
(I=20(1)), 251 parameters. GOOF =1.00, R, =0.047, wR, =0.120 (I 2 25(/)), max/min diff. peak
0.42/-0.46 e/A°.

The data reduction was processed with XCAD4 program [ 48 ] included in the WinGX software
package [ 49 ]. The reflections were corrected for Lorentz and polarization effects; absorption correc-
tion was obtained via a psi-scan [ 50 | and secondary extinction correction was applied too [ 50 ]. The
structure was solved with direct methods using SHELXS-97 [51 ] and the refinement was done
against F~ using SHELXL-97 [ 51 ]. Anisotropic displacements were used for C, N, O and Cr atoms.
Approximate positions for all the H atoms were first obtained from the difference electron density
map. However, the H atoms were placed at their idealized positions and constrained to ride on their
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Fig. 1. IR spectrum of 1 at 298 K: 4000—2500 cm ™' range (a); 1800—375 cm™' range (b)

parent atoms with isotropic temperature factors Ujso(H) = 1.2U(N,C) and distances C—H = 0.95 and
N—H =0.88(1) A using AFIX 43 and DFIX commands in SHELXL97, respectively. O4B oxygen of
the dichromate anion B is disordered over two sites, viz. O4B and O4'B, with equal site occupancies
of 0.5 for both. The structure graphics were drawn with Diamond Version 3.2e supplied by Crystal
Impact [ 52 ]. CIF file containing complete information about the structure of 1 was deposited with the
Cambridge Crystallographic Data Center (No. 1000545); the file is freely available upon request from
the following web site: http://www.ccdc.cam.ac.uk/data_request/cif.

RESULTS AND DISCUSSION

EDS analysis. The EDS analysis of some crystals of 1 revealed the presence of Cr, O, and C ele-
ments, excluding hydrogen which is non-detectable with this method.

IR and UV-Vis spectroscopy. The infrared spectrum of 1 (Fig. 1) exhibits several signals in the
mid-IR region indicating the presence of an organic moiety [ 53—56] and the dichromate group
[ 20, 28, 57—62 ]. The bands observed in the infrared spectrum for the organic cation are consistent
with the crystal structure reported here. The bands at 3390 and 3330 cm ' belong to asymmetric and
symmetric stretching vibrations of the —NH, groups of the primary amine, respectively. Absence of a

wide band at 3020 cm ™' corresponding to NH; group suggests that only the C=N groups of the aro-

matic ring were protonated. The band situated around 3200 cm ' is assigned to the stretching vibration
of the N—H" in the aromatic ring involved in intermolecular hydrogen bonds. The stretching vibra-
tions of C—H groups in the aromatic ring are observed around 3090 cm . The peak at 1653 cm ' is
assigned to the scissoring (Sxy,) vibration. The bands at 1583 and 1533 cm ' can be attributed to the
N—H bending vibration. The bands at 1400 and 1200 cm ' are due to pyridine skeleton vibrations.
The bending vibrations of N—H and C—H groups appear in 850—780 cm™' range. The peak at
1249 cm™' corresponds to the C—NH, stretching vibration (Venm,)-

Asymmetric and symmetric stretching vibrations of the Cr—O terminal bond are observed in
1000—860 and 780—670 cm ' regions, respectively. The peaks around 554 and 523 cm ' are assigned
to the asymmetric and symmetric stretching modes of vibration of the Cr—O—Cr fragment. The
bands in the 505—400 cm ' range can be attributed to the Cr—O—Cr bending vibrations. Finally, the
band around 375 cm ™' can be assigned to the symmetric bending mode of vibration of the Cr—O ter-
minal bonds. The electronic spectrum of an aqueous solution of 1 exhibits bands at 352 and 262 nm
characteristic of the dichromate chromophore [ 59, 63 ].

X-ray crystallography. The molecular structure of the room-temperature phase of 1 is shown in
Fig. 2. The asymmetric unit is composed of two crystallographically independent 4-aminopyridinium
cations (A and B) and two halves of symmetry-independent dichromate anions (A and B). The cations
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Fig. 2. The molecular structure of 1 at 298 K. Displacement ellipsoids are shown at the 50 %
probability level. Only the symmetry independent non-hydrogen atoms are labelled

occupy general positions, whereas the anions are located on a mirror plane. The crystal structure dis-
plays intricate hydrogen bonding interactions between organic cations and inorganic anions.

The pyridine rings of organic cations A and B possess almost planar geometry with an r.m.s. de-
viation from the mean plane of 0.0041 A and 0.0030 A, respectively, and form a dihedral angle of
2.5(2)°. These cations are stacked approximately face-to-face to form columns along the [-1 0 1] di-
rection (Fig. 3). The centroid—centroid distances between adjacent pyridine rings A—A, B—B and
A—B are 3.709(9), 3.80(1) and 3.91(1)/0%, respectively. The shortest interplanar distance A—A is
shorter than 3.80 A, indicating m—r stacking interactions [ 64 ].

3.91(1) A

<=

3.709(9) A

Fig. 3. Perspective view of the crystal structure of 1 at 298 K, showing the arrangement of 4-aminopyridi-
nium into columns running along the [-1 0 1] direction. The hydrogen atoms have been omitted for clarity
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The nitrogen atom of the pyridine ring is protonated. The protonation of atoms N1A and N1B
leads to a slight increase in the CSA—NI1A—C1A (121.7(4)°) and the CIB—NI1B—C5B (121.4(4)°)
angles compared to those observed in the structure of free 4-aminopyridine [ 65, 66 ]. A decrease in
the C3A—N2A (1.316(6) A) and C3B—N2B (1.330(6) A) bond lengths was also observed. Both nitro-
gen atoms of 4-aminopyridinium are involved in an extensive hydrogen bonding network. The bond
lengths and angles for CsH, N7 cations are typical of the protonated forms of 4-aminopyridine deriva-
tives [ 55, 67—74 ].

The dichromate anions A and B are located on a mirror plane that passes through O2A, O3A,
O5A and O2B, O3B, O5B respectively. The anion (B) exhibits disorder of the terminal O4 atom
around the mirror plane over two positions O4B and O4'B in a ratio 1:1. Fig. 4 shows the two CrZO%_

subunits present in dichromate anion B. This type of disorder has also been observed in the crystal
structure of bis(dihexadecyldimethylammonium) dichromate [35], N,N,N’,N'-tetramethylethylene-
diammonium dichromate monohydrate [ 42 ], bis(ethylenediammonium) dichromate oxalate [ 44 ], and
(Hdpam),Cr,O; [20]. Contrary to the quasi-eclipsed conformation generally encountered in alkali
dichromates [ 75, 76 ], this one exhibits a surprising staggered conformation: the tetrahedral twist
about 50.787(14) to 72.906(19)° (Fig. 4, al, b1’ and 52") away from the exactly eclipsed conformation
in such a way that the three-fold symmetry axis disappears.

The Cr—O terminal bond lengths are in the range 1.518 (7)—1.712 (7) A and the bridging Cr—O
bonds are longer and in the range 1.790(4)—1.803(4) A. The anions A and B have a bent Cr—O—Cr
bridging angle of 121.9(2)° and 129.0(2)°, respectively. The various geometrical parameters observed
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Fig. 5. Part of the crystal structure of 1 at 298 K, showing
N—H---O hydrogen bonds.
Symmetry codes: ' —x+1, y-1/2, —z+1; W x+1, y-1/2, —z; Vx, y,
71 Va1, y, 2+ Y =172, =241 Vi, 4372, 2+

in the Cr,O; moieties agree well with previously deter-
mined structures [ 16, 22, 24, 25, 32, 34—36, 38, 42—
441.

The structure of 1 consists of alternating columns
of discrete 4-aminopyridinium cations and of discrete
dichromate anions extending along the crystallographic
[<101]  direction. Every  organic  column,
{CsH,N3*Y s surrounded by four inorganic col-

oc umns, {Cr,03"},, and vice versa (Fig. 3).

2& The dichromate anions and the 4-aminopyridinium
on cations are linked by N—H---O hydrogen bonds with
®0 N---O distances varying between 2.906(5) and
3.139(6) A. The moderate H bonds [ 77 ] involve oxygen
atoms of the dichromate anions as acceptors, and the protonated nitrogen atoms of 4-aminopyridinium
as donors (Fig. 5). There are also long C—H---O interactions with C---O bond lengths ranging from
3.204(6)—3.389(6) A. These interactions between oxygen atoms of the anions and the carbon atoms of
the cations cannot be considered to be hydrogen bonds, but they are indicative of some degree of po-
larization [ 20 ]. The role of this type of interaction in organic dichromates has been examined previ-
ously [ 18, 20—22, 24—26, 28, 39, 42 ]. The electrostatic interactions and H-bonds interlink columns
to keep up the three-dimensional network cohesion. Furthermore, =—m interactions between adjacent
pyridine rings help to stabilize the crystal packing, the closest distance between two pyridine mean
planes being 3.709(9) A (Fig. 3).

The structure of 1 collected at room temperature (RT; 7' =298 K) is compared with that deter-
mined at low temperature (LT; 7= 150 K) [ 31 ]. The LT structure has space group P2,/c and cell pa-
rameters a = 13.8505(4) A, b = 16.2486(4) A, ¢ = 15.2586(4) A, p = 118.923(2)°. The RT structure has
space group P2;/m, and cell parameters a = 7.714(2) A b= 16.351(3), ¢ =12.397(2) A, B=94.57(3)°,
but can be redescribed using new axes a’=-a—c¢, b’=b, ¢’ =a, to give the cell ' =14.070(4) A,
b'=16.351(3) A ¢ = 7.714(2) A, B’ =118.56(2)° and space group P2,/m. The relationships as regards
passage from LT phase to RT phase for the cell parameters are: a'(RT) = a(LT), b'(RT) = b(LT),
¢'(RT) = ¢(LT)/2 (Fig. 6). A comparison of cell parameters and crystal structures of these two phases
reveal that there is a transition from RT lattice to LT lattice by the doubling of its ¢ axis length and the
unit cell volume accompanied by the loss of the mirror which becomes a glide plane. In these condi-

A ”'zf‘(”

t /4 7
Fig. 6. Projection of the structure of 1 along the [0 1 0] direction (a) the room temperature structure using the

new axis 2’ =—-a—c¢, b’ =b, ¢/ =a (b) the low temperature structure. The hydrogen atoms have been omitted for
clarity
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Fig. 7. The molecular structure of 1 at 150 K. Displacement ellipsoids are shown
at the 50 % probability level. Only the oxygen and chromium atoms are labelled

tions, the space group, which was P2,/m with Z=4 for the RT structure becomes P2,/c with Z=28
in LT structure. In RT phase, the asymmetric unit consists of two crystallographically independent
4-aminopyridinium cations and two halves of symmetry independent dichromate anions whereas in the
LT phase it is composed of four crystallographically independent 4-aminopyridinium cations and two
independent dichromate anions (Figs. 2 and 7).

In the RT structure, the dichromate anion (B) exhibits disorder of O4B atom around the mirror
over two positions in a 1:1 ratio but in LT structure, all oxygen atoms of dichromate anions were or-
dered. It is noteworthy that in the RT structure there is a mirror plane, lying on the atoms of the di-
chromate anion A (CrlA, Cr2A, O2A, O3A and O5A) and atoms of the dichromate anion B (CrlB,
Cr2B, O2B, O3B and O5B), corresponding well to its mirror symmetry m(x, 1/4, y). When the tem-
perature decreases (in the LT phase), the disordered O4B atom of the dichromate anion (B) is eventu-
ally frozen into ordering. During this process, the mirror plane disappears, owing to reorientation of
the dichromate anions. The loss of this plane can also be deducted from molecular configuration of
dichromate anions. In RT the torsion angles of OSA—Cr2A—03A—CrlA, O2A—CrlA—0O3A—
Cr2A, O5B—Cr2B—03B—Cr1B and O2B—Cr1B—03B—Cr2B were calculated to be 180, 0, 0 and
180° respectively which strongly support the presence of the symmetric plane. However, these values
become —176.8(1), —13.4(1), -34(1) and —166(1)° for O3—Cr1—04—Cr2, O5—Cr2—04—Crl,
014—Cr4—O011—Cr3 and O10—Cr3—011—Cr4, respectively, in the LT structure, revealing that
the dichromate anions undergo small angle twisting motion. The packing in both RT and LT phases
involves alternating columns of discrete 4-aminopyridinium cations and of discrete dichromate anions
with staggered conformation (mentioned as eclipsed by Sonia Trabelsi and co-workers [ 31 ] which
seems to be incorrect) extending along the crystallographic [-1 0 1] direction for RT structure (Fig. 3)
and [1 0 1] direction for LT structure.

CONCLUSIONS

The synthesis, spectroscopic characterization and X-ray structure of the room-temperature phase
of bis(4-aminopyridinium) dichromate are described. The reaction of CrO; with the aromatic amine in
water followed by slow evaporation of the solvent is a convenient method to prepare the title com-
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pound. The infrared spectrum of the complex is fully consistent with its crystal structure. The protona-
tion of the pyridine nitrogen atom and not on the amino group is thus confirmed. The title compound
crystallizes in a monoclinic centrosymmetric structure built up as a succession of organic columns
formed of discrete 4-aminopyridinium cations alternated with inorganic columns made of discrete
dichromate anions parallel to the [-1 0 1] direction linked together by moderate hydrogen-bonding
N—H---O and the weak intermolecular C—H:--O interactions in a 3D network.

The comparison of cell parameters and crystal structure of the RT-phase of 1 to the LT-phase re-
veals that there is a transition from RT lattice to LT lattice by doubling the ¢ axis length and the unit
cell volume, accompanied by the loss of the mirror which becomes a glide plane.

The crystal data collection of 1 was done in the Laboratory of Materials, Crystallochemistry and
Applied Thermodynamics, Department of Chemistry, Faculty of Sciences of Tunis, University of Tu-
nis El Manar, Tunis, Tunisia. We are grateful to Professor Ahmed Driss who supervised this research.

The authors gratefully acknowledge the financial support of Ministry of Higher Education, Scien-
tific Research and Technology of Tunisia.
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