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The reaction of 2,5-bis(2-pyridyl)pyrazine (bppz) with nickel(ll) sulfate in agueous solution yielded a binuclear
complex, [Nk(bppz)(HO)s](SOs)2-2H,0 (1), whose structure was solved by single-crystal methods. The compound
crystallizes in the monoclinic space groBg;/n with a = 8.372(2) A,b = 18.301(2) A,c = 17.197(2) A =
97.54(2y, andZ = 4. The bppz ligand chelates the two octahedrally coordinated nickel atoms through its nitrogen
donors. The four remaining coordination sites are occupied by water oxygen atoms. The binuc(&apiH
(H20)g]** cations are held together by hydrogen bonds involving sulfate anions and water molecules. Similar
reactions with nickel(ll) or copper(ll) chloride in less polar solvents resulted in the formation of two new
coordination polymerd,[Ni.Clx(bppz)(HO)(CHs;OH),]Cl2} 1 (2) and [CyCla(bppz)} (3). These polymers could

be obtained only in microcrystalline form. Their structures were deterngibéxitio from X-ray powder diffraction

data. The compleX[Ni.Clx(bppz)(HO)(CH30OH),]Cl.}, (2) belongs to the triclinic space grolgl with a =
8.7014(4) Ab = 10.1465(5) Ac = 8.0303(3) A,a = 116.095(2), B = 112.713(3), y = 64.056(33, andZ =

1. The octahedral coordination of the nickel atom is achieved by two nitrogens of the ligand bppz, two chloride
ions, and two oxygens from the solvent molecules. The bridging nature of the chloride ions and the bis-bidentate
ligands (bppz) leads to a one-dimensional polymer. The compoungC[fbppz)} (3) crystallizes in the
monoclinic space group2/mwith a = 13.9124(5) Ab = 6.1844(2) A,c = 10.1572(3) A = 112.952(3), and

Z=2. The copper atoms display a distorted octahedral geometry where four of the coordination sites are occupied
by chloride ions and the remaining two by nitrogen atoms of bppz. The metal atoms are bridged by two chlorine
atoms and the bppz ligands, forming a two-dimensional coordination polymer.

Introduction Magnetic measurements show antiferromagnetic properties for
o . . such coordination polymers. Interestingly, it is found that the
Coord_lnat_|on meta! complexes with polymeric structures are metal atoms bridged by the bppz ligand show only a weak
of special interest in the development of new materials. gntiferromagnetic interaction while strong antiferromagnetic
Molecular-based ferromagnets, synthetic-metal conductors, NON-coupling is observed between copper atoms linked by acetate
linear optical materials, and electronic materials are some of . pan-oate ions. The type of magnetic interaction in these
their important applications. Coordination polymers can be  aterjals is based on their chemical, electronic, and architectural
prepared by the use of bridging polydentate ligands. 2,5-Bis- girctures. Thus a detailed study is necessary to understand
(2-pyridyl)pyrazine (bppz) is one such ligand, which we have hq macroscopic properties of these polymers.
used for the preparation of a number of polymeric structéres. Metal(Il)—bppz complexes in the presence of halides are of
This ligand also has the ability to form supra- or nanomolecular particular interest, as the latter can also participate in metal

spemles, as was shown by Denti anq co-worR.érs. metal bridging. Only a few coordination polymers containing
Using bppz, we and other$ have isolated binuclear com-  hvrazine or its derivatives and bridging halide ions have been
plexes of the 3d series of transition metals. Such a reaction gty crurally characterizet© Fetzer et all were able to grow
was favored in aqueous solution in the presence of o0xygen-gingle crystals of [CuXpyz)], (X = Cl, Br) by gel crystalliza-
rich anions such as nitrates, sulfates, and hexafluoroacetylac+jon  However, complexes of bppz are difficult to obtain in a
etonates. Thes:_e binuclear complexes could then be linked '”tohighly crystalline form and in most cases only insoluble powder
polymeric species by the use of acetates or benzéétes. samples were obtained. The structure solution is of particular
interest, as the metal centers in such compounds can exhibit

(16; %Jﬁtfac(t:p#b";he? ilf(i\(}igagge Agscﬁbs”ageglljggési 21899279'3 intramolecular ferromagnetic couplifg.

en, C.-1.; Suslick, K. oora. em. . . . .
(2) Neels, A. Thesis, Universitée Neucheel, Switzerland 1995 Here we _present the single-crystal analysis of the binuclear
(3) Serroni, S.; Denti, Glnorg. Chem.1992 31, 4251. complex [Ni(bppz)(HO)g](SOs)2:2H,0 (1) and we also report

(4) Denti, G.; Serroni, S.; Campagna, S.; Ricevuto, V.; Juris, A.; Ciano, the structures of[Ni-Cl.(bppz)(HO),(CH-OH)ICI 2)and
M.; Balzani, V.Inorg. Chim. Actal992 198-200, 507. OFNi2Cl(bppz)(HO)2(CHOH)ICl2} n (2)

(5) Neels, A.; Stoeckli-Evans, HChimia 1993 47, 198.

(6) Escuer, A.; Comas, T.; Vincente, R.; RibasTthansition Met. Chem. (9) Lindroos, S.; Lumme, PActa Crystallogr.199Q C46, 2039.

(Londor) 1993 18, 42. (10) Munakata, M.; Kuroda-Sowa, T.; Maekawa, M.; Honda, A.; Kitagawa,
(7) Neels, A.; Stoeckli-Evans, H.; Escuer, A.; Vincente]iiarg. Chem. S.J. Chem. Soc., Dalton Tran$994 2771.

1995 34, 1946. (11) Fetzer, T.; Lentz, A.; DebaerdemaekerZT Naturforsch1989 44B
(8) Neels, A.; Stoeckli-Evans, H.; Escuer, A.; Vincente lfarg. Chim. 553.
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Ni(ll) and Cu(ll) Coordination Polymers

Table 1. Crystallographic Data for Compounds-3

Inorganic Chemistry, Vol. 36, No. 16, 1998403

1a 20 3
empirical formula Q4H30N4Ni201382 C15H220|4N4Ni202 C14|'|10N4CU2C|4
fw 723.93 591.56 503.16
a A 8.372(2) 8.7014(4) 13.9124(5)

b, A 18.301(2) 10.1465(5) 6.1844(2)
c, A 17.197(2) 8.0303(3) 10.1572(3)
o, deg 90 116.095(2) 90
B, deg 97.54(2) 112.713(3) 112.952(3)
y, deg 90 64.056(3) 90
Vv, A3 2611.9(9) 555.84(2) 804.74(5)
z 4 1 2
space group P2:/n (No. 14) P1 (No. 2) C2/m(No. 12)
T, K 163 293 293
Pcale, § CNT 3 1.841 1.767 2.074
A(Cu Kay), A 1.541 78 1.5406, 1.5444 1.5406, 1.5444
1(Cu Ka), cnr? 41.22 69.14 95.42
260 range, deg 6120.3 9-80 8-80
no. of reflns
collected 4361 1794 (& + Kow) 568 (Ko + Kowp)
obs 3897 (> 3o(l)) (I > 1o(1)) (I > 1o(1))

no. of soft constraints — 43 32

R- = 0.058 Rwp = 0.12%4 Rup = 0.054

Ry = 0.052 R, = 0.093 R, = 0.037

R: = 0.04% R: = 0.063

2 Single-crystal datek Powder diffraction datef Re = [Fo| — |Fe|IFo|d 9 Ry = [SW(IFo| — IFc)¥IWFAY2 € Ryp = [SW(lo — 1)/ T WIAY2

Ry = Yllo — 1cl/3lec.

[CuxCla(bpp2)} (3), determinedab initio by the use of X-ray
powder diffraction data. The nickel(ll) complex of bp(®) is
a one-dimensional polymer, while the copper(ll) compo(8)d
forms a new type of layer compound.

Experimental Section

Materials and Methods. All chemicals were used as received
without further purification. The synthesis and analytical and spec-
troscopic data for the ligand bppz have been reported elsewhere.
Thermogravimetric analyses (TGAs) were carried out with a Du Pont
Model No. 951 unit under nitrogen atmosphere between room tem-
perature and 80fC at a rate 10C/min. Infrared spectra were recorded
on a Perkin-Elmer FT 1720X spectrometer using KBr pellets. Magnetic

X-ray Data Collection and Structure Solution and Refinement
for Compound 1. A light green crystal having approximate dimensions
of 0.30 x 0.30 x 0.20 mm was mounted on a glass fiber. All
measurements were made on a Rigaku AFC5R diffractometer with
graphite-monochromated Cuok(1.541 78 A) radiation and a 12 kW
rotating anode generator. Cell constants and an orientation matrix for
data collection, obtained from a least-squares refinement of the setting
angles of 25 carefully centered reflections in the range 5563860 <
78.57, corresponded to a primitive monoclinic cell. The space group
was found to beP2,/n according to systematic absences. The data
were collected at 163 K using tle—26 scan technique to a maximum
26 value of 120.8. w scans of several intense reflections, made prior
to data collection, had an average width at half-height of Ovth a
takeoff angle of 6.0 Scans of (1.2H- 0.30 tan6)° were made at a

measurements were carried out on polycrystalline samples using aspeed of 16.9min (in ). The weak reflectionsl (< 10.0s(1)) were
Qantum Design SQUID susceptometer. C, H, and N microanalyses rescanned (maximum of three scans), and the counts were accumulated

were carried out by Galbraith Laboratories, Knoxville, TN.
Preparation of [Niz(bppz)(H20)s](SO4)2-2H,0 (1). 2,5-Bis(2-
pyridyl)pyrazine (10 mg, 0.04 mmol) in methanol (10 mL) was added
to an aqueous solution of NiS®H,O (34 mg, 0.13mmol, 5 mL) at
room temperature. On slow evaporation, light green crystals were
obtained after a few days (yield 10 mg, 35%). Selected IR data‘jcm
3268 ss (b), 1661 m (b), 1606 w, 1576 m, 1509 w, 1474 m, 1440 s,
1366 s, 1089 ss (b). Anal. Calcd foi#30NsNi2018S,: C, 23.21; H,
4.14; N, 7.74. Found: C, 22.85; H, 4.44; N, 7.92.
Preparation of {[Ni,Cla(bppz)(H20)2(CH30H),|Cl 2} (2). A solu-
tion of 2,5-bis(2-pyridyl)pyrazine (192 mg, 0.82 mmol) in methylene
chloride (10 mL) was added to a solution of NiGH,O (784 mg, 3.3
mmol) in methanol (20 mL) at room temperature. A light brown

to ensure good counting statistics. Stationary-background counts were
recorded on each side of the reflection. The ratio of peak counting
time to background counting time was 2:1. During data collection,
three representative reflections were measured after every 150 reflec-
tions. A linear coefficient was applied to the data to account for the
3.6% decay observed. An empirical absorption correction based on
azimuthal scans of several reflections was applBgh (= 0.92, Tmax
=1.00). The data were corrected for Lorentz and polarization effects.
The structure was solved by direct methiS@sd Fourier techniqués.

The non-hydrogen atoms were refined anisotropically. Hydrogen atoms
were included in calculated positions and held fixed. All calculations
and drawings were performed using the TEXSAN crystallographic
software!® Crystallographic data fot are summarized in Table 1.

precipitate was obtained after several minutes. The product was filtered positional and thermal parameters for this compound are given in Table

out before the total evaporation of the solvent (yield 270 mg, 56%).
Selected IR data (cm): 3309 ss (b), 1630 m (b), 1618 s, 1603 s,
1572 w, 1510 m, 1473 m, 1443 s, 1433 s, 1365 s. Anal. Calcd for
Ci6H22CliNaNi2Os: C, 32.46; H, 3.72; N, 9.47; ¥0/CH;OH, 16.90.
Found: C, 29.37; H, 4.07; N, 9.29;,8/CH;OH (TGA), 18.57.
Preparation of [Cu.Cl4(bppz)]. (3). A solution of 2,5-bis(2-
pyridyl)pyrazine (100 mg, 0.43 mmol) in tetrahydrofuran (5 mL) was
added to an aqueous solution of Cat@H,0 (784 mg, 3.3 mmol, 50
mL) at room temperature. The solution was filtered after standing for

2, and selected bond distances and angles are listed in Table 3.
X-ray Data Collection for Compounds 2 and 3. Step-scanned
X-ray powder data for both compounds were collected on the finely
ground samples, side-loaded into a flat sample holder, by means of a
Rigaku computer automated diffractometer. The X-ray source was a

(13) Altomare, A.; Cascarano, G.; Giacovazzo, C.; Guagliardi, A.; Burla,
M. C.; Polidori, G.; Camalli, M. SIR92J. Appl. Crystallogr 1994
27, 435.

several hours; a green microcrystalline product was obtained after a(14) Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman, W. P.; Garcia-

second filtration before the total evaporation of the solvent (yield 104
mg, 32%). Selected IR data (cf#): 3067 w, 1604 s, 1568 w, 1520
m, 1508 w, 1464 s, 1437 ss, 1369 s, 1335 w. Anal. Calcd far C
H1oCLLCWwN4: C, 33.39; H, 1.99; N, 11.13. Found: C, 32.13; H, 1.84;
N, 10.75.

Granda, S.; Gould, R. O.; Smits, J. M. M.; Smykalla,0BRDIF92:
The DIRDIF program systemiTechnical Report; Crystallography
Laboratory, University of Nijmegen: Nijmegen, The Netherlands,
1992.

(15) TEXSAN: Structure analysis packageevised; Molecular Structure
Corp.: The Woodlands, TX, 1987.
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Table 2. Positional and Thermal Parameters for Comglex

X y z B

Nil ~ 0.85389(9)  0.28326(4) 0.01201(4)  1.16(3)
Ni2  0.62330(9)  0.49896(4) 0.30605(4)  1.16(3)
s1 0.7944(1) 0.23403(6) 0.29992(6)  1.29(4)
S2 0.8045(1) 0.36841(6) 0.58201(6)  1.24(4)
o1 0.9686(4) 0.2139(2)  —0.0563(2) 1.4(1)
02 0.6607(4) 0.2128(2)  —0.0026(2) 2.1(1)
03 0.9522(4) 0.2272(2) 0.1099(2) 2.1(1)
04 0.7340(4) 0.3396(2) —0.0822(2) 1.5(1)
05 0.5665(4) 0.5363(2) 0.4122(2) 1.7(1)
06 0.8107(4) 0.5679(2) 0.3044(2) 1.5(1)
07 0.4738(4) 0.5750(2) 0.2431(2) 1.6(1)
08 0.7739(4) 0.4280(2) 0.3755(2) 1.5(1)
09 0.8508(4) 0.3093(2) 0.2993(2) 2.1(1)
010  0.7557(4) 0.2083(2) 0.2174(2) 1.7(1)
011  0.9183(4) 0.1853(2) 0.3406(2) 2.3(1)
012  0.6464(4) 0.2298(2) 0.3371(2) 1.8(1)
013  0.9187(4) 0.4310(2) 0.5907(2) 1.7(1)
014  0.6713(4) 0.3877(2) 0.5201(2) 1.5(1)
015  0.7339(4) 0.3578(2) 0.6556(2) 1.7(1)
016  0.8849(4) 0.3017(2) 0.5620(2) 2.1(1)
017  0.1566(4) 0.4398(2) 0.4899(2) 1.7(1)
018  0.9140(4) 0.3731(2) —0.1964(2) 1.9(1)
N1 0.7611(4) 0.3526(2) 0.0906(2) 1.2(1)
N2 0.6827(4) 0.4457(2) 0.2069(2) 1.3(1)
N3 1.0343(4) 0.3625(2) 0.0287(2) 1.3(2)
N4 0.4395(4) 0.4249(2) 0.2857(2) 1.3(2)
c1 0.8571(5) 0.4094(2) 0.1150(2) 1.2(2)
c2 0.8159(5) 0.4568(2) 0.1731(3) 1.3(2)
c3 0.5899(5) 0.3878(2) 0.1844(2) 1.2(2)
ca 0.6276(5) 0.3417(2) 0.1252(3) 1.4(2)
c5 1.0068(5) 0.4169(2) 0.0788(2) 1.2(2)
o 1.1150(6) 0.4741(2) 0.0965(3) 1.7(2)
c7 1.2535(6) 0.4760(3) 0.0599(3) 1.8(2)
c8 1.2801(6) 0.4205(3) 0.0083(3) 1.9(2)
c9 1.1684(6) 0.3648(3)  —0.0051(3) 1.7(2)
C10  0.4482(5) 0.3772(2) 0.2269(3) 1.2(2)
C1l1  0.3349(6) 0.3232(2) 0.2080(3) 1.6(2)
C12  0.2054(6) 0.3196(3) 0.2505(3) 1.9(2)
C13  0.1935(6) 0.3695(3) 0.3093(3) 2.1(2)
C14  0.3132(6) 0.4210(3) 0.3261(3) 1.9(2)

a Beq = 8/37r2[U11(aa*)2 + Uzz(bb*)z + U33(CC*)2 + 2U12aa*bb* COoS
y + 2Ujzaa*cc* cos f + 2Uqbb*ccr cos a.

Table 3. Selected Bond Distances (A) and Bond Angles (deg) for

Complex1

Ni1—-01 2.052(3) Ni2-0O5 2.063(3)

Ni1—-02 2.053(3) Ni2-06 2.016(3)

Ni1l—03 2.050(3) Ni2-O7 2.079(3)

Ni1—-04 2.066(3) Ni2-08 2.076(3)

Ni1l—N1 2.078(4) Ni2-N2 2.079(4)

Ni1—N3 2.086(4) Ni2-N4 2.047(4)

S-0 1.455(3)-1.485(3)

N-C 1.332(55-1.354(5)

(C—Claom  1.375(6)-1.401(6) Nit-Ni2 (intra)  6.89(1)

(C—C)aipn ~ 1.476(6)-1.485(6) Nit-Ni2 (inter)  6.06(1)
0O1-Ni1-02 87.5(1) O5-Ni2—06 94.3(1)
01-Ni1—-03 89.6(1) O5-Ni2—07 92.6(1)
O1-Ni1-04 94.3(1) O5-Ni2—08 83.8(1)
O1-Ni1—N1 173.5(2) O5-Ni2—N2 171.3(1)
O1—-Ni1—N3 97.2(1) 0O5-Ni2—N4 96.6(1)
02—-Ni1-03 91.0(1) 0O6-Ni2—07 89.5(1)
02—-Ni1-04 85.3(1) 0O6-Ni2—08 89.1(1)
02—-Ni1—-N1 96.4(1) 06-Ni2—N2 90.7(1)
0O2—Ni1—N3 174.6(1) 06-Ni2—N4 168.9(1)
0O3—-Ni1-04 174.5(1) O7Ni2—08 176.0(1)
O3—Ni1—N1 85.2(1) O7Ni2—N2 94.5(1)
O3—Ni1-N3 91.7(1) O7Ni2—N4 88.1(1)
0O4—Nil—-N1 91.2(1) 08-Ni2—N2 89.2(1)
0O4—Nil—-N3 91.7(1) 08-Ni2—N4 94.1(1)
N1—-Ni1l—N3 179.1(1) N2-Ni2—N4 78.8(1)

Neels et al.

collected between 9 and 80n 26 with a step size of 0.0land a
counting time of 10 s/step. For compouBdthe same step size and
counting time were used, but theé 2ange was 880°. Data were
mathematically stripped of thed¢ contribution, and peak selection
was conducteé The powder pattern was indexed by Ito metHdds
based on the first 20 observed reflections. The best solution (FEOM
31), which indexed all the peaks of compouRdndicated a triclinic
cell. The initial choice of the centric space grogpwas found to be
correct from the successful solution and refinement of the structure.
The best solution (FOM= 34) for compound3 corresponded to a
monoclinic unit cell. The indexed reflections showed systematic
absences consistent with the space gi©2fm. Crystallographic details
for compounds2 and3 are given in Table 1.

Structure Solution and Rietveld Refinement for Compound 2.
Integrated intensities were extracted from the profile over the rahge 8
< 26 < 80° by decomposition methods as described by Rudolf and
Clearfield*® This procedure produced 49 single indexed reflections
up to a @ limit of 55°. A Patterson map was computed using this
data set in the TEXSAN series of single-crystal programs. The
positions of the nickel atom and the coordinated chlorine atom were
located from this Patterson map. An octahedral coordination around
the metal was built on the basis of metahetal distances and the
chlorine positions. This structural model was used for the Rietveld
profile refinement in GSAS® After the initial refinement of the scale,
background, and unit cell constants, the atomic positions were refined
using soft constraints which define the expected octahedral coordination
sphere of the metal within some allowable errors. The ®{N) and
Ni—Cl distances were held at 2.05(1) and 2.40(1) A, respectively. The
nickel octahedral geometry was obtained by constraining the N(O)
N(O), N(O)-Cl, and CICI nonbonding distances to 2.90(1), 3.15(1),
and 3.40(1) A, respectively. The carbon atoms of the bppz ligand were
obtained from the difference Fourier map and by model building and
were included in the refinement. The aromatie ® and C-C bond
lengths in bppz were constrained to 1.34(1) and 1.38(1) A, while the
C—C single-bond length between the aromatic rings was held at 1.47-
(1) A. Final refinement was carried out against the observed powder
diffraction data using soft constraints for all the atoms. The weight
was reduced as the refinement progressed, but the constraints could
not be removed completely without reducing the stability of the
refinement. All atoms were refined isotropically. In the final cycles
of refinement, the shifts in all parameters were less than their estimated
standard deviations. Neutral-atom scattering factors were used for all
atoms. No corrections were made for anomalous dispersion, absorption
effects, or preferred orientation. A final Rietveld plot is given in Figure
1. No impurity lines could be detected in the X-ray powder diffraction
pattern. Positional and thermal parameters for this compound are given
in Table 4, selected bonds and angles are listed in Table 5.

Structure Solution and Rietveld Refinement for Compound 3.

The decomposition over the range 8 26 < 80° produced 36 single
indexed reflections up to af2imit of 60° in this case. A Patterson
map was computed using this data set. According to the molecular
formula and the unit cell volume, the metal atom has to lie on a special
position. The copper atom in this complex was located on a mirror
plane at {-0.2354, 0, 0.1324). In this position, one set of symmetry-
related copper atoms are 6.7 A apart, which corresponds to metals
bridged by the bppz ligand. The position of one chlorine atom was
derived from the CuCl vector in the Patterson map. For the metal
coordination including the organic ligand, a structural model was
developed on the basis of the above metaktal distances and the
chlorine positions. This model was used for full pattern refinement
against the observed powder diffraction data in GSAS using soft
constraints as described above for compo@ndThe weight for the

soft constraints was reduced as the refinement progressed, but the
constraints could not be removed completely without reducing the
stability of the refinement. All atoms were refined isotropically. In
the final cycles of refinement, the shifts in all parameters were less
than their estimated standard deviations. Neutral-atom scattering factors
were used for all atoms. No corrections were made for anomalous

(16) Rudolf, P. R.; Clearfield, Alnorg. Chem.1989 28, 1706.
(17) Visser, J. WJ. Appl. Crystallogr.1969 2, 89.

rotating anode operating at 50 kV and 180 mA with a copper target (18) Larson, A.; Von Dreele, R. BSAS Generalized Structure Analysis
and graphite-monochromated radiation. Data for compaineere

SystemLos Alamos National Laboratory: Los Alamos, NM, 1994.
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Figure 1. Observed) and calculated=) profiles for the Rietveld refinement for compl@xThe bottom curve is the difference plot on the same
intensity scale.

Table 4. Positional and Thermal Parameters for Compfex Table 5. Selected Bond Lengths (A) and Bond Angles (deg) for
N y 7 Uso? A2 Complex2?2
—
Nil 0.0065(6) 0.1961(4) 0.0745(5)  0.058(1) H:i—“:ib g-gg?l(;a) ((}c—(c::) _ ﬁg&))
Cll1  —0.0540(7) 0.0468(6) 0.1973(6)  0.046(2) Ni1—CI1 2.441(10) NG 1.36(1)-1.40(1)
01  —0.263(1) 0.284(1)  —0.056(2) 0.014(5) Ni1—_Cl17 5 466(5) (©-0) 134(1)-1.46(1)
02 0.064(1) 0.301(1) —0.065(1) 0.036(5) NiL—O1 2.118(9) arom : :
N1 0.271(1) 0.145(2) 0.241(2) 0.014 NiI_O2 5146017
N2 —0.020(2) 0.388(1) 0.325(1)  0.014 Ni1—02 2-132(10)
c1 0.142(2) 0.386(2) 0452(3)  0.014 N > 103(9 )
C2  -0170(2) 0.501(2) 0374(2)  0.014 NN 3'271(1)2
c3 0.308(2) 0.257(2) 0418(3)  0.014 271(12)
C4 0.480(3) 0.239(2) 0.552(2) 0.014 CI1-Ni1—Cl12  83.60(24) CI#-Ni1—N2  173.9(4)
C5 0.598(2) 0.105(2) 0.478(3) 0.014 Cl1-Ni1—-01  92.2(5) O+Ni1—-02 88.1(5)
C6 0.573(2)  —0.006(2) 0.286(3) 0.0%4 CI1-Ni1-02  172.6(3) OENil-N1  170.5(5)
c7 0.406(3) 0.014(2) 0.169(2) 0.014 CI1-Ni1—N1  90.1(6) O1Ni1—N2 91.0(5)
c8  —0.025(3) 0.314(2)  —0.259(2) 0.088(6) CI1-Ni1—-N2  91.7(5) 02-Ni1—N1 90.9(7)
CI2 0.3994(8) 0.3926(6) 0.0913(7) 0.048(5) CI1>-Ni1-O01  93.0(3) O2Ni1—N2 95.8(6)
a_Ni1— 11—

2 Uiso = Bisd/872. ® Constrained to be equal tdi, of OL. gﬁLm:iiﬁf gg:g((i)) NENII-N2  79.6(5)
_ _ _ o o C-N-C 120.6(6)-121.0(8)

dispersion, absorption effects, or preferred orientation. A final Rietveld N_c—c 109(2y-125(1)

difference plot is given in Figure 2. No impurity lines could be detected c—c—-cC 110(1)-128(1)

in the X-ray powder diffraction pattern. Positional and thermal A ] .
parameters for this compound are given in Table 6, and selected bonds * Symmetry codes: (@yx, =y, =z (b)) —x, =y + 1, =z + 1.

and angles are listed in Table 7. polymer 3 shows no weight loss up to 30C, indicating that

no solvent molecules are present in the structure. The decom-

position of this complex starts at 30C, 75% of the organic
Thermal Analysis and Spectral Characterization of the component is lost up to 480C, and this process continues up

Compounds. Thermal analysis was performed for compounds to 800°C.

2 and 3, obtained in microcrystalline form, between room The infrared spectra for compountis3 contain characteristic

temperature and 8. The release of the coordinated solvent C—N and C-C vibration frequencies for the heteroatomatic

molecules in the nickel coordination polym&begins at about  rings of the ligand bppz. Evidence for the coordination of the

Results

50 °C, and the process is complete at about 2?0 The ligand is provided by the shift of about 20 ciof these
observed weight loss of 18.57% corresponds to the release ofabsorption bands to higher frequencies (145620 cnt?),
two water and two methanol molecules perfBli,(bppz)] unit compared with the corresponding frequencies of the free ligand

(calculated value: 16.9%). The difference in the observed and bppz (1435, 1455, 1566, 1585 cf).2 The presence of only
calculated weight losses may be due to the presence of a smalfive bands in this region indicates a symmetrical bis-bidentate
amount of adsorbed solvent. The presence of adsorbed solventoordination of the ligand with the transition metals. The
would also explain the low C and N values found for the infrared spectra of compoundsand 2 are almost identical
microanalyses of botB and3. The decomposition of complex  (vc—nc-c: compoundl 1606, 1567, 1509, 1474, 1444 cin

2, including the loss of the organic component, starts at 425 compound? 1603, 1572, 1510, 1473, 1443 ci Broad O-H

°C. About 75% of the organic moiety is lost up to 600, and stretching bands for the water molecules in these compounds
the process continues up to 800. The copper coordination  are seen between 3270 and 3300~¢mThe corresponding
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Figure 2. Observed{) and calculated=) profiles for the Rietveld refinement for compl&x The bottom curve is the difference plot on the same

intensity scale.

Table 6. Positional and Thermal Parameters for Comgex

X y z Uso2 A2
cul ~0.2354(2) 0 0.1324(3) 0.022(1)
ci —0.2223(4) 0 —0.0915(5) 0.031(2)
cl2 —0.0549(3) 0 0.2510(4) 0.014(2)
N1 —0.3943(3) 0 0.0400(1) 0.035(6)
N2 —0.2611(8) 0 0.3167(9) 0.085
c1 —0.436(1) 0 0.141(1) 0.035
c2 ~0.542(1) 0 0.102(1) 0.035
c3 —0.365(1) 0 0.292(1) 0.035
c4 ~0.401(1) 0 0.399(2) 0.035
C5 -0.331(1) 0 0.535(1) 0.035
C6 -0.222(1) 0 0.566(1) 0.035
c7 —0.189(1) 0 0.453(2) 0.035

2 Uiso = Biso/82. P Constrained to be equal tdis, of N1.

Table 7. Selected Bond Lengths (A) and Bond Angles (deg) for

Complex3?
Cul-Cu®® 6.79(1) CIt-Cul—-Cl1Pc 87.32(12)
Cul-CulPc 4.014(4) ClE-Cul-CI2  91.47(20)
Cul-Cl1  2.351(7) Cl+Cul-N1  91.94(16)
Cul-Cl1bc  3.1448(9) Cl:Cul-N2  174.8(3)
Cul-CI2  2.323(4) Cl?—Cul-CI1® 159.01(14)
Cul-N1 2.037(5) Cl2°—Cul-CI2 100.21(10)
Cul-N2 2.038(11) Cl2°~Cul-N1 79.96(10)
Cl1—Culc  3.1448(9) Cl2—Cul-N2 91.75(13)
Cl1-Cl1bc  3.838(7) Cl2-Cul-N1 176.58(21)
Cl1-CI2 3.348(5) Cl2Cul-N2  93.7(3)
N1-Cul-N2 82.9(3)
N-C 1.358(8y-1.374(8) C-N—-C 120.0(4)
(C—Carom  1.342(9)-1.389(9) N(Cy-C-C 115(1)-123(1)
(C—Caiph ~ 1.464(7)

aSymmetry codes: (a1 — x, -y, =z (b) —0.5—x, —0.5—y,

-z (c) —x—05,0.5—y, -z

deformation bands are found at 1660 énfcomplex 1) and
1620 cnmt! (complex2), respectively. These bands are clearly A and an average NiN,, distance of 2.082 A. I, the bppz

absent for the copper compl&x since it does not contain any

Figure 3. Structure of the [Ni(bppz)(HO)s]*" cations in complext
showing thenumbering scheme. The hydrogen atoms are presented as
small circles.

by nitrogen atoms (N1, N3 for Nil; N2, N4 for Ni2) from the
bridging ligand bppz while the other four sites are provided by
oxygen atoms of the water molecules (O1, 02, O3, 04 for Ni1;
05, 06, O7, O8 for Ni2). The NtO distances are in the range
2.02-2.08 A. These distances are similar to those found for
two Ni(ll) binuclear complexes of the similar ligand 2,3,5,6-
tetrakis(2-pyridyl)pyrazine (tppz), where both nickel atoms are
coordinated to three water molecules each-{®i2.01-2.10
A).19 In 1, the average NiNpy, bond distance is slightly longer
than the average NiNy distance (2.078 compared to 2.067
A). This trend was observed previously in Mn(ll), Fe(ll), and
Cu(ll) complexes of bppZ. In the nickel complexes of tpp2,

the trend is reversed with an average-Ni,,, distance of 2.013

ligand bridges the two metal atoms through chelation using its

water molecules. The absorption frequency of the aromatic nitrogen donors, as shown in Figure 3. The intramolecular
system is found at 3067 crh(vc—n c—c for compound3: 1604,

1568, 1520, 1508, 1464 cr.

Structure of [Ni 2(bppz)(H20)g](SO4)2-2H20 (1). The nickel
atoms in this binuclear complex have a nearly perfect octahedral(19) Graf, M.; Stoeckli-Evans, H.; Escuer, A.; Vicente, IRorg. Chim.

coordination geometry. Two coordination sites are occupied

Ni1---Ni2 distance is 6.89 A, compared to 6.65 and 6.62 A
observed in the binuclear Ni(ll) complexes of tgzin 1, the

Acta in press.



Ni(ll) and Cu(ll) Coordination Polymers

Figure 4. Arrangement of [Ni(bppz)(HO)g]*" cations and sulfate
anions within the unit cell. A section of the extended hydrogen-bonding
network is shown by dotted lines including all fragments of structure
1.

ligand is almost planar, with the two adjacent pyridine rings
tilted by 5.5 (pyl) and 3.9 (py2) with respect to the pyrazine
ring. In the centrosymmetric Mn(ll), Fe(ll), and Cu(ll) binuclear
complexes of bpp2,the same dihedral angles were 2.6, 4.0,
and 8.5, respectively. In the crystal df, the binuclear [Ni-
(bppz)(HO)g]*+ cations are linked to one other by extensive
hydrogen bonds (6-O = 2.654(4)-2.892(4) A) involving

Inorganic Chemistry, Vol. 36, No. 16, 1998407

Figure 5. One-dimensional polymeric arrangement of cationic chains
of [Ni.Cla(bppz)(HO)2(CH30H),],>*" in complex2 viewed down the

c axis. The hydrogen-bonding network is shown as dashed lines
including coordinated and uncoordinated chlorine atoms and solvent
molecules. Symmetry codes: (ak, -y, —z (b) —x, -y + 1, -z +
1;(c)—x, —-y+1, -z

sulfate oxygens and oxygen atoms of both coordinated water
molecules and the water molecules of crystallization. These
interactions lead to a three-dimensional network, as shown in
Figure 4. Symmetry-related molecules are well separated in

such a way that no interaction between aromatic rings of
different binuclear [Ni(bppz)(HO)g]*" units is observed.
Structure of {[Ni>Cl(bppz)(H20)2(CH30H),]Cl 2}, (2). The
structure of this complex consists of centrosymmetric{Ni
(bppz)] binuclear units linked by two chlorine atoms, forming
a zigzag one-dimensional chain running along the direction [011]
(Figure 5). The nickel atom is octahedrally coordinated, with
two coordination sites occupied by nitrogen atoms from the bis-
bidentate ligand bppz (NiNpy, 2.132(10) A and Ni-Np, 2.103-
(9) A). Two bridging chloride ions (NiCl1 2.441(10) and Nt
Clla 2.466(5) A) and two oxygen atoms (ND1 2.118(9) and
Ni1-02 2.146(17) A) from the coordinated solvent molecules
H,0O and CHOH, respectively, complete the octahedral coor-
dination. The nickel coordination geometry in this compound
is slightly different from that found for the binuclear complex
1. Here the coordination geometry is slightly distorted due to
the presence of the bridging chloride ions (NiNila 3.66(1)
A, Cl1—-Ni—Clla 83.6(2), Nil—Cl1—Nila 98.4(2). The
Ni—O and Ni—N distances are slightly longer than the corre-
sponding bond lengths ih  The bppz ligand is also less planar
in this polymeric compound, with a dihedral angle of 8.1

Figure 6. Two-dimensional network in comple3s showing the ladder
type of chlorine-copper coordination and the planar bppz ligand,
viewed down thec axis. Symmetry codes: (ayx — 1, -y, —z (b)
—-05—-x%x,—-05-y,-7z (c)-05—x 05—y, —z

separated by approximately 7.6 A. In addition to the hydrogen
bond interactions within the sheets, an end-to-end overlap of
pyridine rings of neighboring planes involving C4, C5, C6, and
C7 is observed (€-C = 3.40-3.55A).

Structure of [CuCla(bppz)]n (3). The structure of [Cat
Cly(bppz)}, consists of binuclear [G{bppz)] units linked by
chloride ions, forming a two-dimensional coordination polymer
(Figure 6). The copper atom is coordinated by two nitrogens
from the organic bridging ligand (CtN1 = 2.037(5) and Cu
N2 = 2.038(11) A) and two chlorines Cl1 and CI2 (2.351(7)
and 2.323(4) A) in the basal plane. Slightly shorter-Gly,,
and Cu-Npy distances were observed in the binuclear copper
nitrate complex of bpPz(2.012 and 2.021 A, respectively) and
in two copper bppz acetate-bridged one-dimensional polyiners

between the pyrazine and pyridine rings, compared to 3.9 and(Cu—Npy, 2.024 and 2.033 A; CuN,, 1.999 and 2.004 A).

5.5’ in compoundL. The nickei--nickel intramolecular distance
between metals bridged by the bppz ligand is 6.90 A. In the
crystal, the polymer chains are linked by hydrogen bonds
involving the HO and CHOH molecules and noncoordinated
chloride ions (Cl2:-01,02 = 3.07(1) A). This leads to a

The axial positions are occupied by symmetry-related Cl1 atoms
for which the copperchlorine distances are significantly longer
(Cu—Cl1 = 3.145(1) A) due to JahnTeller distortion. Thus,

the coordination environment of copper is a highly distorted
octahedron. All atoms in this compound are located in a mirror

loosely connected two-dimensional network, as shown in Figure plane, and therefore the ligand possesses crystallogr&ghic

5. The two-dimensional sheets are located inkkbplane and

symmetry. In the binuclear copper nitrate complex of bppz,
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Table 8. Examples of Coordination Compounds with bppz
no. compound bridging unit structure type ref
1 [Ni2(bppz)(HO)8](SOs)2:2H,0 bppz binuclear a
2 {[Ni2Clx(bppz)(HO)(CH;OH),]Cl2} bppz and Ct 1D polymer a
3 [CuCla(bpp2z)h bppz and Ct 2D polymer a
4 [MNn2(SCN)(bppz}(CH:CN)(H20)] bppz binuclear 2
5 [Fex(SQy)2(bppz)(HO)el(H20). bppz binuclear 5
6 [Cux(SCN)(bppz)(dmso) bppz binuclear 2
7 [Cux(NO3)2(bppz)(HO)4](NO3), bppz binuclear 5
8 {[Cu(OAC)(ClO4)(bppz)1(CIQ)(H20)} bppz and OAc 1D polymer 8
9 {[Cux(0B2z)s(bppz)](CIQ) (H20)2} bppz and OBz 1D polymer 8
10 [Cus(OAC)s(bppz)h bppz and OAc 2D polymer 7
2 This work.

the pyridine ring was twisted out of the plane of the pyrazine complex [Fe(SQ:)2(bppz)(HO)s](H20). (5) described previ-

ring by 8.5, while, in the two copper bppz acetate-bridged one-

dimensional polymer&the pyridine-pyrazine dihedral angles
were 4.4 and 105 In 3, the pyrazine ring lies on an inversion
center, as found for the nickel polymer in struct@reThe bis-

ously> However, in contrast to those in the iron compound,

the sulfate ions in compourildo not coordinate to the metal.
In order to link these binuclear Mbppz—M units into

polymeric structures, counterions capable of participating in

bidentate ligand bridges two coppers at a distance of 6.79 A metat-metal bridging were considered. Anions such as thio-
(Cul:--Cula), which is similar to the same distance in the cyanate (SCN), acetate (OAT), benzoate (OB2), and halides

binuclear copper nitrate complex (6.760 A) of bppnd the

(CI=, Br7) have been used for this purpose. The thiocyanate

copper bppz acetate-bridged one-dimensional polymers (6.772anions in the structures of complexdsand 6 act as a
A).8 The chlorine atom CI1 bridges three different copper atoms monodentate ligand through its nitrogen donor and do not

from three different binuclear units at a GeCulb,c distance
of 4.01 A and a Culb-Culc distance of 6.18 A, with a Cul
Cl1—Culb,c angle equal to 92.7 This results in the formation

participate in bridging. On the other hand, the use of acetate
or benzoate ions resulted in the formation of polymeric species
containing bppz and anion bridges between the metals (com-

of a two-dimensional layer. The arrangement of copper and plexes8—10). Magnetic measuremeri&indicate antiferro-
chloride ions leads to the formation of double chains containing magnetic properties for all three coordination polymers. Inter-

four-membered rings (CtuCl—Cu—Cl). In the crystals of3,
the two-dimensional sheets lie in thb plane and are stacked

estingly, it is found that the metal atoms bridged by the bppz
ligand show a weak antiferromagnetic interaction, while strong

up thec axes. The shortest distance between the copper atomscoupling is observed between copper atoms linked by acetate

in this direction is 7.81 A. The pyridine rings of molecules in

or benzoate ions. Two new coordination polymegs 8)

neighboring sheets overlap almost perfectly at distances in thecontaining chlorine atoms in bridging positions were described

range 3.43-3.46 A (G--C, C--N), including all atoms of the
pyridine rings. The interplanar spacing is 3.09 A with a
considerable overlap of pyridine rings by interaction of their
orbitals.

Magnetic Behavior. Magnetic measurements in the range
4—300 K were performed for the nickel complexgésand 2.
On cooling, theymT values for both compounds remain
practically constant, 2.30 chiK mol~1! for complex1 (300—10
K) and 2.42 crd K mol~—! (300—-12 K) for complex2. Below
10 K (12 K for 2), xmT values decay slightly (4 K: 2.0Q1),
1.93 cn? K mol=! (2)). This behavior is characteristic of

in this paper. The nickel complexforms a one-dimensional
polymer, where the metal ions are bridged by bppz and chloride
ions, resulting in the formation of zigzag chains. The analogous
copper compoun@® forms an extended two-dimensional poly-
meric structure. In this complex, the CI1 atom bridges three
different copper atoms from three different fQlk(bppz)] units.

The arrangement of copper and chloride ions leads to the
formation of double chains containing four-membered rings
(Cu—CI—Cu—Cl). This ladder type of coordination of halides
to copper is known for copper(l) compourt’¥. In the case

of [CuCly(phz)}, (phz = phenaziney, the copperchlorine

magnetically isolated nickel(ll) ions. For the binuclear complex distances are in the range 24049 A. In compound, two
1, no magnetic interaction was found between the two nickel of the Cu-Cl bonds in the equatorial positions show similar
atoms bridged by the organic ligand, which agrees with previous values, but those involving the axial positions are significantly

observatiorfsmade for analogous binuclear complexes contain-

longer (3.14 A), possibly due to the Jahfeller effect. The

ing the ligand bppz. The paramagnetic centers bridged by bppzinterplanar spacing of 3.36 A found in the layers of jCl-

and chloride ions in the nickel coordination polyn2Zsare also
magnetically isolated.

Discussion

In the formation of coordination polymers, pyrazine or its

derivatives are used as bridging units between metals. We have’
prepared a series of 3d transition metal compounds using the
bis-bidentate ligand 2,5-bis(2-pyridyl)pyrazine (bppz). The type

of complex formed depends strongly on the counterions and
the solvent used in such reactions as shown in Table 8 for

complexesl—10.

We have characterized structurally a number of binuclear

complexes containing bppz as a bridging lig&ndComplex

formation was favored in aqueous solution in the presence o

oxygen-rich anions such as nitrates and sulfates (compdynds
5, and7). The binuclear complek s similar to the iron sulfate

(ph2)} is larger than the spacing of 3.09 A found in complex
3.

Previous magnetic measurements on binuclear or polynuclear
transition metal complexes have shown that no coupling between
paramagnetic metal centers bridged by 2,5-bis(2-pyridyl)-
yrazine is observédr that the interaction is weakly antifer-
romagnetic. Therefore the result obtained for the binuclear
nickel complexl is not surprising. Alternating chains (complex
2) or two-dimensional polymers (complé&) are of interest in
magnetic studies, as the interaction between metals bridged by
bppz and the chloride ions can be studied. Studies on binuclear
metal complexes containing chloride bridges indicate that, for
ferromagnetic coupling betweer? dons with an octahedral

fenvironment, the same Cl bridging atom must lie in the basal

(20) zavalii, P. Yu.; Mys’kiv, M. G.; Gladyshevskii, E. Kristallografiya
1986 31, 88.
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