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Abstract

Tuning reaction temperatures as well as the vanat starting copper salts and solvents led to
the formation of a new series of Cu(ll) coordinatmmpounds with 2,3-bis(2-pyridyl)pyrazine
(dpp): a mononuclear [Cu(acac)(dpp)®NO (1) complex, two  dinuclear
[Cux(acac)(dpp)(NG)(H20)INOs  (2)  and  [Cu(Hdppk(ox)(Cl)(H20):]Cl>6(H0)  (4)
complexes, and four coordination polymers {iC@ppl(0x)(Che]} n (3),



{[Cu4(dppk(0X)(NOs)s(H20)]-1.2(H:0)}n  (5),  {[Cu(dpp)(NG3)I(NO3)-(H20)}n  (6) and
{[Cu(dpp)(SQ)(H20)]} n (7), Where acac= acetylacetonate, 6x= oxalate. Remarkably, the
treatment of Cu(ll) chloride dihydrate with dpp nmethanol solution led to an unusulsitu
condensation of dpp with acat produce [Cr(acdpp)(Cl)4]-2(MeOH) @). The structure of
consists of neutral, mononuclear [Cu(acac)(dppYN@nits with acac and dpp acting as
bidentate ligands. 18, the dpp ligand coordinates in a bis-chelating entmdtwo Cu(ll) ions and
bridges them in a dimeric entity, whereas an oraliaker joins [Cu(Hdpp)(CHH-O)]" units
into a dimer in4. The compounds, 5, 6 and7 are 1D chain coordination polymers, which
incorporate two symmetry independent metal ceraadsdifferent bridging ligands: Hdpgs a
protonated cationic or dpp as a neutral chelatiggnd and oxalate, Clanions or sulfate di-
anions as bridging ligands. Magnetic studies wesgfopmed on sample$ and 2, and the

analysis reveals a very weak magnetic exchangdiogupediated through the dpp ligand.

Key words: Crystal engineering; Copper(ll); 2,3-Bis(2-pyrihyrazine complexes;
Coordination polymers; Stacking.

1 Introduction

The design and development of rational synthetite® to metal-organic materials (MOMS)
with target properties remains to be a challengmaterials science. Detailed understanding of
different interactions involved in self-assemblypgesses [1-5] is essential for the development
of such materials. The type and topology of thedpob generated from the self-assembly of
metallo-organic species can be fine-tuned througlicious choice of both metal centers and
organic ligands [6]. Along this line, interest himeused on transition metal complexes and
coordination polymers using oxalate and/or N-doobelating and bridging ligand systems,
which may have applications as molecule based niagosrechromophoric materials [7-11]. The
2,3-bis(2-pyridyl)pyrazine (dpp) ligand is a multiictional ligand that shows several bonding
modes and has been widely used in the design oferaus complexes with interesting
properties. A detailed analysis of coordination e®df the dpp ligand in transition metal
complexes, extracted from the Cambridge StructDatbbase (ConQuest Version 1.19, CSD
version 5.38) [12], shows that dpp may adopt sfkednt coordination modes leading to the

formation of mononuclear as well as di- and polyeac complexes. All coordination types of



the dpp ligand are shown in Scheme 1. The ternfimelmembered chelate)((38 hits) [8,13-
37] as well as bridging bis-bidentate cheldtg (25 hits) [21,31,38-48] are the dominant ones
for the dpp coordination. The terminal seven-memtdidentate model() (9 hits) [49-54], the
bidentate/monodentate mod#&/f (14 hits) [29,55-61], the bidentate/bis-monodentaode Y)

(1 hit) [55], and the bismonodentate mod#)((6 hits) [60-64] are less-common. In copper(ll)
complexes, most frequently the dpp ligand displaélys coordination modd (15 hits)
[8,13,22,24,29,30,35,38,55], whereas thdV, andV coordination modes are quite rare: 8 hits
for modell [39,42-44], 3 hits for modBV [29,55] and 1 hit for mod¥ [55]. Cu(ll) compounds

where the dpp ligand would possess coordinationesiddl andVI have not been found.

Scheme 1: Different coordination modes observedhedpp ligand in metal complexes.

Principally, a diversity of structural motifs, imgling chain and framework structures are
possible, making the dpp ligand an attractive aharcattempts to prepare porous compounds
based on the assembly of organic molecules and-matauilding blocks. Such supramolecular
systems have gained considerable attention in teizeas, especially due to their potential as
functional materials with desired structures andpprties. The bridging dpp ligand may be
expected to propagate magnetic exchange betweampagnetic metal centers, and hence these

compounds are also of interest for the study ofmmatggstructural relationships.



Continuing our studies of Cu(ll) complexes with ragdic ligands [65-67], we report here the
design and synthesis of a new series of Cu(ll) dexgs with the dpp ligand (Scheme 2),
ranging from mononuclear [Cu(acac)(dpp)O (1) and dinuclear
[Cuz(acac)(dpp)(NG)(H20)INOs - (2) and  [Cu(Hdppk(ox)(Cl)}(H20)]Cl26(H0)  (4)
compounds up to one-dimensional coordination potgmég[Cus(dppk(0x)(Che}n (3),
{[Cu4(dppl(0x)(NO3)e(H20)2] 1.2(H:O)}n  (5),  {[Cu(dpp)(NG3)](NO3)-(H20)}n  (6) and
{[Cu(dpp)(SQ)(H20)2]} » (7). Moreover, an unusual conversion of the dpp ligenthe presence
of Cu(ll) ions leading to the formation of a [&acdpp)(Cl),]-2(MeOH) @) cluster has also
been revealed. The thermal and magnetic propeofieselected compounds have also been
investigated.
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Scheme 2: Synthesis of Cu(ll) complexde8 with the dpp ligand.



2 Experimental section

2.1. Materials and methods

All reagents and solvents were obtained from comrakesources and were used without
further purification. Infrared spectra were recatdm a FT IR Perkin-Elmer spectrometer using
KBr pellets in the region 406850 cm™. TGA/DTA measurements were carried out with a
Mettler Toledo TGA/SDTA 851 in dry N(60 ml min?) at a heating rate of 10 K min
Magnetic susceptibility data from powder samplegeweecorded using a Quantum Design
MPMS-5XL SQUID magnetometer as a function of figddl to 5.0 Tesla) and temperature (2.0
to 290 K). Experimental data were corrected for @anholder (PTFE capsules) and intrinsic
diamagnetic contributiong gia/ 107 cnt® K mol™ = 2.29 (), 3.51 @)).

2.2. Syntheses

Synthesis of [Cu(acac)(dpp)(NO3)] (1). To a solution of copper(ll) nitrate trinydrate@@4 g,
0.1 mmol) and 2,3-bis(2-pyridyl)pyrazine (0.0230dl mmol) in 5 mL tetrahydrofuran, 0.01 mL
acetylacetone was added. The resulting dark-grekrian was filtered and the filtrate was
stored at 18 °C in a closed vial for crystallizati®ark-green crystals df suitable for X-ray
measurements were filtered off after one week, e@stith thf and dried in air. Yield: 0.0228 g,
50% based on copper. The complels soluble in MeOH, MeCN and insoluble in thf ashahf.
Elemental analysis, found (calculated) fortkhZCuNsOs: C, 46.73 (49.73); H, 3.73 (3.73); N,
13.96 (15.26) %. IR data (KBr pellet/cn™?): 3423brw, 3086m, 2927sh, 2902sh, 2874sh,
1566vs, 1519vs, 1477m, 1383vs, 1310vs, 1298sh, sh230170m, 1107w, 1070w, 1023m,
992m, 933m, 829w, 801sh, 786m, 760sh, 690w.

Synthesis of [Cuz(acac)2(dpp)(NO3)(H20)]NO3 (2). To a solution of copper(ll) nitrate
trinydrate (0.024 g, 0.1 mmol) and 2,3-bis(2-pyljdyrazine (0.0117 g, 0.05 mmol) in 5 mL
tetrahydrofuran, 0.01 mL acetylacetone was addeav 8vaporation of the filtrated dark-green
solution at 5 °C gives dark-green crystals in fawgeks. The crystals df suitable for X-ray
measurements were filtered off, washed with thf dned in air. Yield: 0.016 g, 47% based on
copper. The compleR is soluble in MeOH and dmf, and insoluble in thtlaMeCN. Elemental
analysis, found (calculated) for,£,6CuNgO;11: C, 41.63; 41.57 (41.07); H, 4.08; 3.63 (3.73);
N, 12.03; 12.01 (11.98) %. IR data (KBr pelletcmi™): 3431brw, 2958m, 2927sh, 2902sh,



2874sh, 1615vs, 1480m, 1459m, 1413s, 1370s, 122380s, 1186m, 1054w, 1024s, 998vs,
893w, 867w, 816m, 803m, 777m, 709sh, 701m, 67066

Synthesis of {[Cu4(dpp)2(0x)(Cl)é]}n (3). To a solution of copper(ll) chloride dihydrateqD7
g, 0.1 mmol) and 2,3-bis(2-pyridyl)pyrazine (0.08¢30.1 mmol) in 5 mL MeOH, oxalic acid
(0.009 g, 0.1 mmol) in 0.5 mLJ® was added. The resulting green solution wagéditteff and
left for crystallization. The green crystals 2d6uitable for X-ray measurements were filtered off
after one week, washed with MeCN and dried in¥aeld: 0.0035 g, 27% based on copper. The
complex3 is soluble in CHCI,, MeOH and HO and insoluble in thf. Elemental analysis, found
(calculated) for @H10ClsCwN4O,: C, 35.32 (35.21); H, 2.47 (1.97); N, 9.92 (10.98)IR data
(KBr pellet, vicmi™®): 3440m, 3066w, 1642vs, 1471w, 1406m, 1363w, 1310R04w, 1258w,
1236w, 1171sh, 1067w, 1023w, 876w, 819w, 792m, 77BAw, 666w.

Synthesis of [Cux(Hdpp)2(0x)(Cl)2(H20)2]Cl6(H2.0) (4). To a solution of copper(ll)
chloride dihydrate (0.017 g, 0.1 mmol) and 2,3-bigyridyl)pyrazine (0.023 g, 0.1 mmol) in 5
mL MeOH, oxalic acid (0.009 g, 0.1 mmol) in 1 mL,® was added. The resulting green
solution was filtered off and left for crystallizan. The green crystals df suitable for X-ray
measurements were filtered off after one week, e@shith acetonitrile and dried in air. Yield:
0.035 g, 36% based on copper. The compleis soluble in CHCIl,, MeOH and HO, and
insoluble in MeCN and thf. Elemental analysis, fouealculated) for ggH3sCl4CwpNgO;2: C,
46.22 (45.82); H, 4.91 (4.46); N, 14.38 (13.92) R.data (KBr pellety/cm™): 3390 brw,
3065brw, 1637vs, 1599sh, 1536m, 1472m, 1461m, 140348m, 1306m, 1292m, 1260sh,
1240m, 1173sh, 1163m, 1153sh, 1111sh, 1061m, 10®23m, 930vw, 876m, 810sh, 789s,
771s, 747m, 666w.

Synthesis of {[Cus(dpp)2(0X)(NO3)s(H20)2]-1.2(H20)}, (5). A green solution of copper(ll)
nitrate trihydrate (0.024 g, 0.1 mmol), 2,3-bisf@igyl)pyrazine (0.0117 g, 0.05 mmol) and
oxalic acid (0.009 g, 0.1 mmol) in MeCN/MeOH (16LimL) was ultrasonicated for 40 min at 30
°C and then filtered. The filtrate was allowed oy evaporate at room temperature. After one
week, plate green crystals Bfsuitable for X-ray measurements were filtered wifished with
MeOH and dried in air. Yield: 0.0042 g, 26% based copper. Elemental analysis, found
(calculated) for @H14CuN7Os325 C, 28.71 (28.28); H, 2.25 (2.65); N, 15.63 (15.48 IR data
(KBr pellet, vicm™): 3750vw, 3443w, 3274vw, 3080w, 2926w, 2854vw, 464 1603m,



1572vw, 1474vw, 1462w, 1417m, 1381w, 1305vw, 1278W6vw, 1165w, 1137vw, 1116vw,
1065m, 1014vs, 911vw, 865w, 831vw, 814w, 788s, 74308vw.

Synthesis of {[Cu(dpp)(NO3)](NO3)-(H-0)}, (6). A green solution of copper(ll) nitrate
trinydrate (0.024 g, 0.1 mmol), 2,3-bis(2-pyridyypzine (0.0117 g, 0.05 mmol) and 0.01 mL
acetylacetone in MeOH/thf (1:1, 6 mL) was ultrasated for 40 min at 30 °C and then filtered.
The filtrate was allowed to slowly evaporate atmotemperature. The green-blue crystal$ of
suitable for X-ray measurements were filtered @#raone week, washed with MeOH and dried
in air. Yield: 0.02 g, 45% based on copper. Elemlemnalysis, found (calculated) for
C14H12CuNsO7: C, 38.23 (37.73); H, 2.75 (2.34); N, 19.11 (18.94 IR data (KBr pellety/cm”

1): 3430w, 3081w, 1659m, 1603m, 1571vw, 1461s, 1416379w, 1342vw, 1303vw, 1294vw,
1277m, 1165s, 1136vw, 1116vw, 1065m, 1019s, 97448yw, 908vw, 869vw, 812m, 785m,
768w, 743w, 691vw, 665vw.

Synthesis of {{Cu(dpp)(SO4)(H20):]}n (7). To a solution of copper(ll) sulfate pentahydrate
(0.025 g, 0.1 mmol) and dpp (0.023 g, 0.1 mmolpimL of a EtOH/dimethyl sulfoxide (1:1)
mixture, 0.01 mL acetylacetone was added. The tiegugjreen solution was filtered and this
filtrate was kept at room temperature. The khalstals of7 suitable for X-ray measurements
were filtered off after six months, washed with Bt@nd dried in air. Yield: 0.030 g, 70% based
on copper. Elemental analysis, found (calculated)CisH14CuN,OgS: C, 42.26 (41.83); H, 3.55
(2.95); N, 14.09 (13.64) %. IR data (KBr pellefcm™): 3833w, 3284vw, 3117vw, 3057w,
3004vw, 1671m, 1608m, 1583vw, 1557vw, 1483vw, 14721438m, 1422m, 1400s, 1316vw,
1299m, 1247vw, 1215vs, 1182m, 1161w, 1143vw, 112401vw, 1095vw, 1061w, 1039vw,
1003vs, 951s, 872vw, 820w, 787s, 770w, 753m, 705w.

Synthesis of [Cuy(acdpp)2(Cl)4]-2(MeOH) (8). To a solution of copper(ll) chloride dihydrate
(0.017 g, 0.1 mmol) and dpp (0.023 g, 0.1 mmolpimL MeOH, 0.01 ml acetylacetone was
added. The resulting dark-green solution was &leoff and kept in a closed vial at room
temperature. Slow evaporation during about eighntim® of this solution yielded brown
prismatic single crystals & for X-ray diffraction measurements. Yield: 0.0081§% based on
copper. Elemental analysis, found (calculated)dgH3sCl.CwNgO,: C, 54.73 (54.32); H, 3.94
(3.54); N, 12.16 (11.76) %. IR data (KBr pelletcm™): 3502vw, 3070vw, 2924w, 1680vw,
1626vw, 1597w, 1586vw, 1566m, 1502m, 1480vw, 14591449vw, 1409w, 1389s, 1361vw,



1352vw, 1288s, 1267w, 1237m, 1197w, 1165m, 11431405vw, 1068m, 1016m, 1003vw,
988s, 938s, 901vw, 855w, 829m, 798vw, 774s, 7586 717vw, 673s.

2.3. X-ray crystallography

X-Ray data were collected at room temperature on Cadiord Diffraction Xcalibur

diffractometer equipped with a CCD area detectaor agraphite monochromator utilizing MgK

radiation & = 0.71073 A). Final unit cell dimensions were ah¢a and refined on an entire

dataset. All calculations to solve the structured to refine the models proposed were carried

out with the SHELX suite of programs [68]. In ath&tures, the C-bounded H-atoms were

placed in calculated positions and were treatexguairiding model approximation withso(H)

= 1.89Je(C) for methyl group 1.d¢{(C) for other hydrogen atoms, while the oxygen-luechH-

atoms were found from differential Fourier maps amdined isotopically with isotropic

displacement parameteks(H) = 1.8J.{O). The X-ray data and the details of the refinetfer

1 - 8 are summarized in Table 1, the selected geomediiameters are given in Table 1S. The

figures were produced using the Mercury progranj.[69

Tablel

Crystal data and structure refinementIes.

Compound 1 2 3 4
Empirical formula GoH17CuNsO5 C,4H26CWNgO; 1 CisHioClsCwN,O,  CioH35CLIC NGO, 5
Formula weight 458.92 701.59 511.70 971.56

T (K) 293(2) 293(2) 293(2) 293(2)
crystal system monoclinic monoclinic triclinic thiltic

space group P2;/n P2;/c P-1 P-1

VA 4 4 2

a, A 12.9681(5) 14.3459(6) 8.8654(7) 8.6798(10)
b, A 10.6883(3) 12.1678(6) 10.4475(12) 10.294(3)
c, A 13.9172(4) 15.9241(9) 10.6091(9) 12.243(4)
a (deg) 90 90 61.071(10) 69.64(2)

B (deg) 93.472(3) 95.003(5) 77.982(7) 72.54(2)

y (deg) 90 90 83.395(8) 84.331(15)
v, A3 1925.46(12) 2769.1(2) 841.05(14) 978.3(4)
Deatc (g/cmi®) 1.583 1.683 2.021 1.649
pw(mm?) 1.178 1.607 3.024 1.430
F(000) 940 1432 506 496



reflns collected/unique 6516 / 3577 10325/ 3359 974/713115 5500/ 3412

rfins with [I > 25(1)] 2879 3359 2064 2533

data/restraints/parameters 3577 /50/ 285 4898 424 3115/0/ 235 3412 /12 /256

goodness-of-fit orfr? 1.002 0.999 0.998 1.000

Ry, WR)[1 > 25(1)] 0.0414, 0.1078 0.0511, 0. 0.0589, 0.1028 0.0444, 0.0912
0.1144

Ry, wRy(all data) 0.0560, 0.1166 0.0807, 0.1281 0.103B16D 0.0674, 0.0991

Aprmax, Apmin (€-A) 0.448,-0.456  0.6154+0.455 0.71650.709 0.363;-0.533

Compound 5 6 7 8

Empirical formula GsH14CWwN7O35  CrgH1,CUNO, C14H14CUN,OsS Ci2H26Cl4C NGO,

Formula weight 631.41 439.84 429.89 985.67

Temperature (K) 293(2) 293(2) 293(2) 293(2)

Crystal system triclinic monoclinic monoclinic matlioic

Space group P-1 P2,/n P2,/c C2/c

z 2 4 4 4

a, A 8.5878(5) 12.7799(8) 14.4096(4) 23.4257(10)

b, A 8.8927(4) 9.8365(7) 7.0000(2) 13.3795(5)

c, A 14.5873(8) 14.3827(8) 21.0565(7) 13.9099(7)

a (deg) 75.489(4) 90 90 90

B (deg) 81.988(5) 111.017(7) 132.193(2) 111.862(5)

y (deg) 89.460(4) 90 90 90

v, A 1067.57(10) 1687.8(2) 1573.58(8) 4046.2(3)

Deac(g/cni®) 1.964 1.731 1.815 1.618

u(mmh) 2.081 1.349 1.565 1.371

F(000) 634 892 876 2008

reflns collect/unique 5778/ 3764 5662 /2968 628606 6653 /3748

rfins with [I > 25(1)] 3254 2448 2427 2499

data/restraints/params 3764/ 127/ 362 2968 58/ 2 3506/6/247 3748 /01/ 276

goodness-of-fit orfr? 0.999 1.006 1.000 1.000

Ry, WR[ > 25(1)] 0.0357, 0.0954 0.0540, 0.1442 0.0553, 0.1036  53200.1083

Ry, wRy(all data) 0.0431, 0.1011 0.0676, 0.1536 0.0881 6L 0.0920, 0.1224

Aprmar Apmin (€-K73) 0.592,-0.462 1.559;-0.460 0.559;-0.522 0.475;0.295

10



Table2
Geometric parameters of hydrogen bonds (A, deg) 45, 6, 7 ands.

D-H-A d(D-H) d(H--A) d(D--A) [(DHA) Symmetry
transformation for

acceptor

2

Olw-H1wl--05 0.71(6) 2.12(6) 2.774(5) 153(8) X, y+1/2,z-1/2

Olw-H2w1--08 0.87(6) 2.14(6) 2.987(9) 165(6) X, y+3/2,z+1/2

4

O3w-H1w3- 02w 0.87 1.89 2.754(5) 171.1 x+1, y, -z+1

O3w-H2w3:--Cl2 0.86 2.45 3.236(4) 152.9 x+1, y+1, z

O2w-H2w2--Cl1 0.88 2.35 3.214(4) 167.8 X, Y, Z

O2w-H1w--04w 0.88 1.91 2.768(4) 163.5 X,~y+1, z+1

OIw-Hiwl--Cl2 0.87 2.48 3.236(3) 145.2 x+1,y,z

Olw-H2wl--03w 0.87 1.96 2.820(4) 171.3 X, Y, Z

O4w-H2w4---Cl2 0.86 2.39 3.217(4) 162.8 X, Y,z

N4-H1N--CI2 0.86(4) 2.22(4) 3.054(3) 162(3) X, Y, Z

5

OIw-H1iwl--O2w 0.87(2) 1.76(2) 2.627(5) 173(4) X, Y, Z

Olw-H2w1--01 0.87(2) 1.94(2) 2.796(3) 167(4) X,-y, -z+1

O2w-H1w2--04 0.87(2) 2.32(5) 3.09(3) 148(7) X,-y, -z+1

O2w-H1w2--05 0.87(2) 2.28(4) 3.085(11) 156(7) X, -y, -z+1

6

Olw-H1lwl--04 0.87(2) 2.27(6) 3.003(8) 142(8) X,-y+1, Z

O1w-H2w1--05 0.86(2) 2.08(5) 2.889(9) 157(10) [ x, v,z

7

Olw-Hiwl--O1 0.85(2) 1.98(2) 2.822(4) 170(4) x+1,y-1/2, z+1/2

Olw-H2w1--04 0.85(2) 1.82(2) 2.637(4) 161(4) x+1,y+1/2, z+1/2

O2w-H1iw2--02 0.85(2) 2.13(3) 2.954(5) 163(5) x+1,y-1/2, z+1/2

Olw-H2w2--S1 0.85(2) 2.77(3) 3.424(3) 134(3) x+1,y+1/2, z+1/2

O2w-H2wl--S1 0.85(2) 2.90(3) 3.677(4) 152(5) x+1,y-1/2, z+1/2

O2w—H2w2--04 0.88(2) 1.91(2) 2.779(5) 172(5) X, Y, Z

O2n—H2w2--S1 0.88(2) 2.80(4) 3.565(4) 147(5) X, Y, Z

8

O1M-H1M:--CI1 | 0.82 | 2.69 | 3.367(6) | 1413 [ x+312, y+1/2, z+1

3 Resultsand discussion

3.1 Synthesis and preliminary characterization

The variation in the storage temperature of thetr@a mixture containing copper(ll) nitrate
trinydrate, 2,3-bis(2-pyridyl)pyrazine (dpp) andetacetonate (acacin tetrahydrofuran led to
the mononuclear [Cu(acac)(dpp)(®)(1) compound formed at room temperature (18 °C), or
the dinuclear [Cg(acac)(dpp)(NG)(H20)](NOs3) (2) compound which precipitated at lower
temperature (5 °C) with a good yield of 50% and 4vé&spectively (Scheme 2). The treatment of
copper(ll) chloride dihydrate salt with dpp and lkxaacid (Hox) in MeOH gave the 1D
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coordination polymer {[Cr(dpp)k(ox)(Che]} n (3) with 27% vyield, however a small excess of
water (1 mL compared to 0.5 mL) in the same reaatmxture led to the formation of the dimer
[Cux(Hdpp)r(0x)(Cl)2(H20)]Cl,-6(H0) (4) in 36% yield. Ultrasonic treatment of the
MeCN/MeOH mixture containing copper(ll) nitratehydrate, dpp and oxalic acid led within
one week to the precipitation of the 1D coordinatio polymer
{[Cu 4(dppl(0x)(NOs)s(H20),]- 1.2(H:O)}n (5), whereas the ultrasonic irradiation of copper(ll)
nitrate trinydrate, dpp, oxalic acid and acat a MeOH/thf solution resulted in the 1D
coordination polymer {{Cu(dpp)(N§|(NO3)- (H.O)}, (6). The reaction of copper(ll) sulfate
pentahydrate salt with dpp and acacta 1:1 mixture of dimethyl sulfoxide and ethanesulted
in the 1D coordination polymer {{[Cu(dpp)(2TH20).]}» (7). The identities of all compounds
were determined by single crystal X-ray crystalgury, and the homogeneity of samples was
confirmed by elemental analysis and IR spectra.

The IR spectrum of a free dpp ligand was comparéu tve spectra of its Cu(ll) complexés
7. The characteristic absorption of the C=N groupthe aromatic rings which appears at 1655
cm ™t in the spectrum of free dpp was observed to Héeshio 1658 crit (6) and 1671 cit (7)
or overlaps with intense bangg{C=C) +v.{C=0) of chelating acetylacetonate at 1566 tm
(1), andv,{COO) of coordinated carboxylate groups of oligands at 16423), 1637 @) and
1644 cm® (5). The asymmetric and symmetric dpp aromatic rinetshing vibrations in the free
ligand (1584, 1563, 1481, 1432 Thnappear at 1603, 1571 and 1417 trm coordination
polymer5, at 1603, 1571 and 1416 chin coordination polymes, and at 1607, 1583, 1556,
1482, 1438, 1422 crhin coordination polymef. The strong bands at 1381 ¢nin 5, 1379
cmin 6, and 1400 cit in 7 have been assigned w¢C—N) stretching modes of vibrations of
pyridine rings. The stretching vibrations of theomtinated N@ anions in5 appear at 1463,
1305, 1278, and 1014 cmand in6 at 1461, 1303, 1277, and 1018 ¢ras strong-intensity
bands, whereas the uncoordinated;Nénion in6 shows up as a shoulder at 1342 trithe
strong bands at 1215, 1101, 1002 and 950 émi7 are ascribed to the coordinated,SGnion
vibrations.

The presence of solvate and coordinate® Hholecules i, 5, 6, and7 caused the appearance
of broad bands in the range of 348330 and 33833274 cm', respectively, which were
assigned to a&(O-H) stretching vibration. In the case &fa broad band at 3501 chtan be
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attributed to the stretching vibration of solvate®H. In the range of 3132854 cm?, the
asymmetric and symmetric-€& stretching vibrations for the aromatic rings @ipdand—CHs
groups of acacare observed.

Thermogravimetric analyses fdr 2 and 3 were performed in a nitrogen atmosphere in the
temperature range of 25-800 °C. The mononucleapm is stable up to 150 °C and then the
decomposition of the acetylacetonate ligand angteitanion takes place before 330 °C in two
weakly resolved steps with a total weight loss @B3%6 (calculated 35.3%), accompanied by two
observed exothermic process at 209 and 230 °Ctheodinuclear comple®, the exothermic
removal of the organic part (two acetylacetonaté dpp ligands) and one coordinated water
molecule with a weight loss of 59.4% (calculate6éd) is completed before 19C in one step,
followed by the decomposition of the remaining atiéranions. On further heating, the remaining
dpp ligand decomposes. The TGA curve3dlisplays three main stages of weight losses. The
weight loss from 60 to 228C of 15.8% corresponds to the loss of the oxalaiens (calculated
17.6%). The second weight loss stage occurs fran@260°C, where the curve shows the loss
of 40.51% (calculated 45.8%) of two dpp moleculds final step of the decomposition occurs
within the temperature range 460-650 °C correspunth the decomposition of the complexes

with the formation of the CuO as a final product.

3.2 Structural studies

Compoundl crystallizes in the monoclinic space grol2;/n and consists of neutral,
mononuclear [Cu(acac)(dpp)(N)P complexes. The Cu(llzation is five-coordinated with two
oxygen atoms of an acaand two nitrogen atoms of a dpp ligand. Th&®Nsquare-pyramidal
surrounding is completed with an O atom of \{D the axial position at a distance of 2.460(2)
A. The four other metal-ligand distances-Gi(O) in the basal plane are within the range
1.904(2) - 1.995(2) A. The donor atoms in the eoyiat plane of copper deviate from a mean
plane within 0.131 - 0.142 A showing a tetrahediatortion, while the copper atom is displaced
only by 0.096 A from this plane toward the apic&l &om. The dpp ligand adopts a chelating
N,N’-coordination mode with the coordinated pyrazing ane pyridine ring forming a dihedral
angle of 13.8°, while the second pyridine ring ferendihedral angle of 65.9° with the pyrazine

moiety. The acacserves as a O;@helating ligand, Figure la. In the crystal pagkitwo
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neighboring complexes form a centrosymmetric dichex to weak intermolecular interactions of
the metal atom and the second pyridine moiety @f [fu---N4, 3.255(2) A], as well asn

stacking interactions between aromatic rings of tgands. Note, the dihedral angle in the
stacking between overlapping pyridine and pyrazings equals 13.8° and the deviation of the
atoms of pyridine ring from the plane of the pyrezimoiety is in the range of 3.253 - 3.912 A;
the interplanar separation between mean planeveafapping fragments equals 3.427 A, and
the centroid- - - centroid distance is 3.851 A, asvehia Figure 1b. The Cul---Cul* separation

within the dimer is 7.617 A.

3;551"‘-._‘ 3255

(a) (b)

Figure 1 (a) View of the molecular structure bfwith the partial atom numbering scheme, (b)

The centrosymmetric dimer @f

The binuclear compoun@ with the composition [Ciacac)(dpp)(NGs)(H.O)]NO3 contains
two crystallographically independent Cu(ll) atonnsl &rystallizes in the monoclinic space group
P2i/c. The bis-bidentate dpp ligand coordinates witlolts N atoms in a bis-chelating mode to
two Cu(ll) ions and bridges them in a dimeric gntés shown in Figure 2a. The pyridyl rings of
the dpp ligand form dihedral angles of 23.5 an@24ith pyrazine, and 46.6° with each other.
The coordination of Cu(ll) atoms adopts a distodgdare pyramidal #D; geometry in which
two N atoms of chelating dpp and two O atoms ofatireg acac form the equatorial plane. The
Cu-O distances in the basal plane fit in the narroteriral of 1.892(3) — 1.899(3) A and the
Cu-N distances are 1.970(3) — 2.026(3) A. The Cu(@yiations from basal planes toward the
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axial ligands are equal to 0.071 A for Cul and 8.ACor Cu2 atoms. The apical position in the
vertex of the pyramid is occupied by a N@nion (Cul) or a water molecule (Cu2) at distances
Cul-03 = 2.352(3) A and CuD1w = 2.353(4) A. An inter-sphere NOanion compensates the
positive charge of the dinuclear complex. The paghkn the crystal demonstrates the stacking
interactions between the chelate ring formed by dggand and fused chelate ring and pyrazine
moiety of the dpp ligand from centro-symmetry rethtopper atoms [5 ], Figure 2b. The mutual
arrangements of fragments involved in such intevastare similar for both copper atoms and
characterized by next geometrical parameters:plaear separations of overlapping fragments
equal 3.377 and 3.509 A, centroid- - -centroid distarbetween acae-dpp chelate rings are
3.707 and 3.973 A and between aa®late ring- - - pyrazine moiety are 3.742 and 44 1hd
Cu---Cu separations are 3.762(7) and 4.094(9) £didrand Cu2 atoms, respectively Figure 2c.
These stacking interactions unite binuclear comgdeX in well-defined chains along the
crystallographi@ axis. The chains are interconnected in the cryst@d1w-H 05 = 2.774(5) A
hydrogen bonds between coordinatedsN@nions and water molecules. The disordered outer
sphere N@ anions are weakly H-bonded with the coordinatetewmolecules [O1wH 08,
2.987(9) A], Table 2.

(@) (b)
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Figure 2 (a) View of the crystal structure @ with the partial atom numbering scheme, (b)
Stacking-like interactions in2, (c) The manner of overlapping of stacked fragment
(highlighted).

Compound3, {[Cu4(dpp)(ox)Clg]} n, crystallizes in the triclinic centrosymmetric spagroup
P-1 and represents a 1D coordination polymer witedhtifferent bridging ligands: dpp, oxalate
and CI anions. The dpp ligand chelates two symmetry ieddpnt metal ions to form a
binuclear unit. The pyridyl rings of the dpp ligaferm dihedral angles of 20.6° and 36.6°,
respectively with the pyrazine plane and 57.05hvaach other. The oxalate bridge from one
side and two Cl anions from other site connect the neighboringtroesymmetry related
binuclear units in 1D chains, as shown in Figur&tg square-pyramidal J,Cl surrounding of
Cul atom is completed by two O atoms from the deataidging ligand, two N atoms of the
chelating dpp ligand [C#N(O), 1.986(5) — 2.016(5) A] and a terminal chleriim the apex of
the pyramid at the 2.401(2) A. The square-pyramidgCl; coordination of Cu2 atom is
accomplished by two N atoms of the chelating dgprid [CuZN distances equal 1.998(5) and
2.113(5) A], terminal CI2 [Cu2CI2, 2.217(2) A] and bridging CI3 [G(€I3, 2.254(2) A] in the
basal plane, and centro-symmetry related CI3* enwtrtex of the pyramid [CaZI3*, 2.597(2)
A], Figure 3. Thus, centrosymmetric oxalate dianimitiges two symmetry related Cul atoms,
while two monau-chloro ligands bridge the inversion center reldfe® atoms. There are three
different intrachain Cu---Cu separations, namet¢%1) A through the dpp ligand, 5.173(1) A
for Cul-ox-Cul, and the shortest one 3.252(1) Auph the double chlorine bridge. The Cu2-
CI3-Cu2 bridging angle is 83.9°. In the crystakgtial chains run along the [102] direction. The

crystal packing does not reveal any pronouncedifspederchain interactions.
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Figure 3 Fragment of the polymeric chain in the crystalcture of3 with the partial atom

numbering scheme.

Compound 4, [Cux(Hdpp)(0ox)(Cl)x(H20)]Cl,-6(H0), crystallizes in the triclinic
centrosymmetric space grofpl and comprises the cationic binuclear complex Wwhésides on
an inversion center. In contrast to compoudwhere the copper atom adopts a square-
pyramidal surrounding, the metal atoms adjust at4+dquare-bipyramidal coordination with a
N2OsCl core in4. The coordination sphere of the Cu(ll) atomdinFigure 4a includes two N
atoms of a chelating monoprotonated Hdfigand [CutN, 1.972(3) - 2.023(3) A], two O
atoms from an oxalate chelate-bridging ligand [€D11.975(2) - 2.014(2) A] in the basal plane,
and a chlorine anion and a weakly coordinated watetecule [CutCl1, 2.498(2) A and
Cul-O1lw, 2.757(4) A] in the vertexes of the bipyramithe pyridyl rings of the dpp ligand
form dihedral angles of 21.98° and 42.75°, respeltiwith the pyrazine plane and 61.87° with
each other. The oxalate bridges two Cu(ll) atome dimer with Cu- - - Cu separation of 5.174(1)
A. The crystal structure of reveals the formation of an unusual cyclic eigleambered hybrid
water-chloride [(HO)s(Cl);]* cluster, Figure 4bThe hydrogen-bonding patterns of clusters is
described by a %(16) graph set, Table 2. In the crystal packing, ttuster is H-bonded with

eight surrounded cationic complexes, which comptetacapsulate it, Figure 4c.
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Figure 4 (a) View of the molecular structure éfwith the partial atom numbering scheme, (b)
Hybrid water-chloride cyclic [(H0)s(Cl)2]*~ anionic cluster and surrounding H-bonded atoms of
cationic binuclear complexes, (c) Fragment of pagkillustrating the encapsulation of the

hybrid cluster in the structure 4f the atoms of the cluster are shown by bigger dtanballs.

The anhydrous coordination polym8rand water rich compound have been obtained by
similar synthetic protocols and differ only by tlenount of water in the reaction. Their
comparison indicates the dramatic influence of watethe structure of final products. Thus, the
promiscuity of water molecules demonstrates thahpmsition and structure remain largely

unpredictable, and water is indeed the nemesisystat engineering [70].
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Compound 5, {[Cus(dppk(0x)(NOs)e(H20),]-1.2(H:O)}n, crystallizes in the triclinic
centrosymmetric space gro&pl and contains the polymeric ribbons build-up frtmanuclear
units. The neutral dpp ligand chelates two symmeetdgpendent Cu(ll) atoms and an oxalate
dianion joins these couples in a centrosymmettrameclear unit through a bis-chelate function,
Figure 5a. The pyridyl rings of the dpp ligand fomiihedral angles of 25.1° and 27.4°,
respectively with the pyrazine plane and 51.1° vaeiith other. In the crystal, the tetranuclear
units are extended into ribbons along ¢éhaxis due to a bridging function of one nitratecami
which coordinates to Cul [CuD4, 2.130(3) A] and weakly coordinates to Cu2 atahshe
neighboring, related by translati@y tetranuclear unit [GtO5*, 2.680(1) A], Figure 5b. The
Cu---Cu separations in the ribbon are 5.100, 6.686, 6.634 A through oxalate, dpp and
bridging N&, respectively. Additionally to dpp, the Cul atooolinates a water molecule and
two NO; anions, and the XDs; surrounding of the metal may be described as rnedrate
between a distorted square pyramidal and distarigdnal-bipyramidal [CuiN, 2.004(3) —
2.014(3) A and CwO, 1.953(2) — 2.130(3) A]. The degree of distortisnindicated by the
general descriptor = (B — a)/60 for five-coordinated complexes [71-73], wherandf} are two
largest angles at the metal center. For the idsdlequare pyramid and trigonal bipyramid,
extremes are = 0 and 1, respectively, andequals 0.57 in compleX for the Cul atom. The
N2O4 square-bipyramidal 4+1+1 coordination surroundighe Cu2 atom is provided by two
chelate ligands in the basal plane [EN2 1.956(3) and 2.003(3) A; Cu®, 1.956(2) and
1.967(2) A], and two N@ anions in apical positions [Cu®, 2.333(3) and 2.679(3) A].

The ribbons are H-bonded through coordinated ahesbwater molecules into layers parallel
to the ac plane, Table 2. The crystal packing points to lstar interactions between the
centrosymmetry related pyridine moieties of dppuids of neighboring parallel layers with the
interplanar separation of 3.463 and 3.367 A androih centroid distances of 3.748 and 4.081
A.
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Figure5 (a) View of a tetramer with the partial atom numibg scheme and (f)agment of
ribbon in5.

Compoundb, {[Cu(dpp)(NOs)](NO3)- (H.0)},, crystallizes in the monoclinic centrosymmetric
space grougP2;/n and consists of [Cu(N§J}* units joined by dpp into cationic zigzag chains,
outer sphere N anions and solvate water molecules [74]. The pyrichgs of the dpp ligand
form dihedral angles of 23.9° and 37.5°, respebtiwéth the pyrazine plane and 58.2° with each
other. In the structure @, the cationic zigzag chains run along the crystgphicb axis as
shown in Figure 6. The Cu(ll) atoms adjust gOM$quare-pyramidal coordination environment
accomplished by four N atoms of two bridging chekatdpp ligands and an O atom of the
nitrate anion. The CtN(O) distances in the basal plane are within timgeal.975(3) - 2.059(3)
A, and the CuiN2 distance to the vertex of the pyramid equalg®2) A. The metal atom
displaces from the mean plane of the base in tleetitbn of the vertex of the pyramid by 0.129
A. The Cu---Cu separation along the polymeric zjgtwin is 6.878 A. The parallel packing of
chains creates hydrophobic cavities filled by aydl(iH.O)(NOs)-]>" anionic clusters with a
R*(12) graph set of H-bonds pattern, Table 2.
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Figure 6 Packing of chains and encapsulation of anionistehs in6 with the partial atom

numbering scheme.

Compound?, {{[Cu(dpp)(SQ)(H20).]} n, crystallizes in the monoclinic centrosymmetric spac
group P2y/c and its structure consists of [Cu(dpp)¥]®" entities linked by bridging S&
anions into neutral 1D helix-like chains along tmgstallographid axis, Figure 7. The square-
bipyramidal 4+1 coordination with #0, surrounding of the Cu(ll) atom is completed in the
basal plane by two N atoms of a chelate dpp lig@he-N, 1.988(3) and 2.006(4) A], a water
molecule [CutO1w, 1.965(3) A] and oxygen of SO dianion at the CudO1 = 1.964(3) A
distance. Another water molecule [G12w, 2.570(4) A] and an oxygen atom [G@2,
2.371(3) A] of SG* related by a two-fold screw axis occupy the apjpmaitions. The Cu---Cu
separation along the chain equals 5.1237(9) A. @He---O hydrogen bonds additionally link
monomeric units within the chains, Table 2. Thenité 7—z stacking interactions between
nearly parallel pyridine and pyrazine moieties mterdigitated adjacent chains unite them in
supramolecular layers parallel to the crystallogramb plane. The dihedral angle between
pyridine and pyrazine moieties in the stack equaBv°, centroid---centroid separations are
3.568 and 3.928 A, and deviations of the atomsydfime rings from the plane of the pyrazine
moiety along the stack are in the ranges 3.3084%and 3.219 - 3.360 A, respectively.
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Figure 7 View of a fragment of polymeric chains and infengtacking of neighboring chainsin

with the partial atom numbering scheme.

Compound8 with the composition [CifacdppiCls]-2(MeOH) crystallizes in the monoclinic
space grougC2/c. It reveals a dimeric dinuclear neutral compleijuFe 8 with unprecedented
ligands obtainedh situ as the product of dpp and Hacac condensationligéwed comprises an
aromatic C5 ring fused with a pyrazine moiety. Plossible way of the condensation reaction is
shown in Scheme 1S. The dimer resides on a twoahilsl thus havin@, molecularsymmetry.
The NsOCI surrounding of the metal can be described @srirediate between a distorted square
pyramidal and trigonal-bipyramidal; the descriptor equals 0.496. The tetradentate NNNO
monoanionic acdpdigand coordinates to Cul atom in a NNO mannemniog coplanar five-
and six-membered metallacycles fDL/N2 = 1.961(3)/2.014 A, CuD1 = 1.968(3) A]. The
N4 atom coordinates to the symmetry related metahdn dimer [CutN4, 2.270(3) A]. The
coordination environment of the Cu(ll) atom is aoplished by a chlorine atom at the distance
of 2.284(2) A.

The Cul atom and atoms of the organic ligand, exoep pyridine ring and H-atoms of
methyl groups, are close to a common plane witbii18-0.141 A, and the dihedral angle

between this plane and the non-coplanar pyriding equals 86.99°. The extended planar
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fragments are nearly parallel in the dimer, forméndihedral angle of only 0.15° and their rings,
involving metallacycles, are completely overlappedicating the stacking interactions, Figure
8b. The deviation of atoms of the rings from theamplane of symmetry related rings system in
the dimer ranges from 3.263 to 3.467 A. The arcer@ rings overlap in a face-to-face manner
with centroid- - - centroid separation of 3.429 A atir rings overlap in an offset—stacked mode
with centroid-centroid separations for pyrazineyrapine being 3.506 A, for pyridine- - - pyridine
- 3.590 A, for pyrazine- - -six-membered metallacyc®525 A, for pyrazine: - - five-membered
metallacycle - 3.734 A, and five-membered- - - fivaniered metallacycle - 3.659 A. The crystal
packing of 8 reveals a formation of the “bricks wall” layer nioparallel to the (011)
crystallographic plane and is sustained by ithe-stacking interactions between the binuclear
complexes, Figure 8c. In this stacking assemblypiallel center-symmetry related pyridine
moieties overlap with the interplanar distance eedtroid-centroid separation being 3.458 and
3.578 A, respectively, and the similar pattern tacking takes place for the aromatic C5 rings
with interplanar distance and centrei@ntroid separation being 3.488 and 3.621 A,
respectively. These “bricks wall” like parallel kg further interact along the crystallographic
axis throughre-n stacking of pyridine moieties, that do not papate in intradimer stacking, and
the interplanar distance and centraidntroid separation equal 3.492 and 3.619 A, atisdy
Figure 8 c,d. The remarkable feature of strucgure that the stacking interactions are the main

driving forces in the formation of both moleculadacrystal structures.

O1M

CiM
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Figure 8 (a) Formula unit oB with the partial atom numbering scheme, (b) Th@mea of intra-
dimer stacking in8; view perpendicular to the mean plane of the ringteay; fragments
participating in stacking interactions are hightegh (c) The “bricks wall” infinite stacking motif

in the structurd, (d) The inter-layer stacking interactions.

3.3 Magnetic properties

The temperature and field dependent magnetic measunts ofl and2 are represented by
ymT vs. T andMy, vs.B plots in Figure 9. Fot, they,T value of 0.43 crhK mol™ at 290 K and
0.1 T lies within the expectélrange 0.36 — 0.61 ¢hik mol™ for an isolated Cu(ll) center. By
cooling the compound, the value gfT stays almost constant over the measured temperatur
range, slightly decreasing to 0.41%kimol™ at 2.0 K. The molar magnetization at this
temperature is a linear function of the applieddfiap to approximately 1.5 T, and reaches
1.0Na ug at 5.0 T without being saturated. Both data aragreement with a single isolated
Cu(ll) center, which is characterized by a distrtequare-planar or square-pyramidal
coordination sphere. F&; the respectivenT vs. T andMy, vs. B curves show similar shapes as
for 1. This is expected becau®es approximately the dimer df for which one N@' ligand is
substituted by a comparable ligand, a water moée@nd the Cu(ll) centers are almost isolated.
At 290 K and 0.1 T, the,T value is 0.86 criK mol™ well within the expected range 0.72 —
1.21 cni K mol™ for two non-interacting Cu(ll) centers, FigureBy decreasing temperature,
xmT linearly decreases to 0.83 T mol™ at 25.0 K, and subsequently drops to 0.68 Krmol™
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1 at 2.0K indicating weak antiferromagnetic excharigteractions. At 2.0 K, the molar
magnetization continuously increases reaching\i.8s at 5.0 T. Taking into account structural
information, the exchange interactions are moselyikmainly of intramolecular than of
intermolecular nature due to the exchange pathvuayhen-system of the dpp ligand although

the intermolecular copper-copper distances areeshor
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Figure 9 Temperature dependenceil at 0.1 T ofl and2 (left), and molar magnetizatiavi,
vs. applied fieldB at 2.0 K (right).

To quantify the magnetic properties @f and 2, the data were analyzed employing the
computational framework CONDON 2.0 [76-78]. We ddes spin-orbit coupling, electron-
electron interrepulsion and Zeeman effect by adgptihe corresponding parameters (one
electron spin-orbit coupling constadit Racah parametei® and C) from literature [78]. In
addition, the ligand field is approximated assumanbigand field symmetry o€,, represented
by the parameter8%, B% and B* (Weybourne notation), which are varied in theirfit
procedure. In case @ both Cu(ll) centers are treated to be identiaatj exchange interactions
are included using the Heisenberg Hamiltoniad S%1- Sy The results of the least-squares fits
are given in Table 3. Fdt, the parameters represent an isolated Cu(ll) noa ligand field of
square-pyramidal geometry with elongated heiglaidyng a well isolated ground doublet. Rr
the parameters are moderately different represgrdirslightly greater height of the square-
pyramidal coordination sphere, which is potentiallye to the approximation of two identical
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Cu(ll) centers. The exchange coupling paramétaetescribes very weak antiferromagnetic

exchange interactions between both Cu(ll) centers.

Table3
Parameters of magnetochemical analysit afid2.
1 | 2
Clem ® 829
B/cm™*"® 1238
Clcm* " 4659
B%/cm* —14002 + 888 —26635 + 731
B% / cnt 29202 + 493 30461 + 406
B* /cnm™ 33943 + 4257 33276 + 415
J/cm? — —0.46 +0.08
SQ 1.1% 0.5 %
(SQ relative root mean square error)
4 Conclusion

In summary, seven new copper(ll) coordination conmais with 2,3-bis(2-pyridyl)pyrazine of
different nuclearity and topology have been sudoéigssynthesized by varying the starting
copper salts, second organic ligand (Hacac eox)H solvents or temperature. Our study
demonstrates that only by simply changing of thystallization temperaturél @nd2) or amount
solvent water3 and4) under similar synthetic conditions results irhrgtructural chemistry and
topologies. The ability to generate different canation compounds (copper monomer, dimer,
or polymer)in sity, by controlling the crystallization temperaturesmivent system, presents a
prospective route for the design of novel materigith different topologies and properties.
Extraordinarily, the dimeric neutral complex8, [Cux(acdpp)(Cl)s]-2(MeOH), with
unprecedented anionic ligands was obtaimesitu due to dpp and Hacac condensation. In this
study we did not aim to give a full account on thagnetic properties of all compounds; this
aspect would be beyond the scope of the paper. Haweve focused on samplésand?2 in
order to give an example for an exchange interadtimough the neutral bridging dpp ligand,

which turns out to be very weakly antiferromagnetithin the actual structure.

5 Supplementary data
Scheme of the formation of compl8xand table of selected bond lengths and angl&s3in
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CCDC 1824612-1824619 contain the supplementarytaitygraphic data for this paper. These
data can be obtained free of charge via www.ccdtaauk/data_request/cif, or by emailing
data_request@ccdc.cam.ac.uk, or by contacting Tdmab@dge Crystallographic Data Centre,
12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1336033.
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