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Five new coordination compounds were prepared, structurally characterized, and investigated for their thermal
properties. In the structure of the ligand-rich 4:9 compound, tetra(u,-chloro)bis(u2-2,3-dimethylpyrazine-N, N )tetrakis-
(2,3-dimethylpyrazine-N)tetracopper(l) tris(2,3-dimethylpyrazine)solvate (1), discrete complexes are formed by build
up of two [(CuCl—(2,3-dimethylpyrazine),], dimers, which are connected by two 2,3-dimethylpyrazine ligands via
u-N,N" coordination. In the 1:1 compound poly[e,-chloro-u2-2,3-dimethylpyrazine-N,N'-copper(l)] (I1), (CuCl), dimers
are found, which are connected by the 2,3-dimethylpyrazine ligands into layers. For this composition, a second
polymorphic modification was found (1ll), which exhibits a different topology of the coordination network and a
different packing of the layers. In the most stable 3:2 compound catenaltri(c,-chloro)bis(u,-2,3-dimethylpyrazine-
N,N'tricopper(1)] (IV), six-membered rings of (CuCl); are found, which are connected by the 2,3-dimethylpyrazine
ligands into chains. In the ligand-deficient 2:1 compound, poly[di(zs-chloro)(u2-2,3-dimethylpyrazine-N,N')dicopper-
(0] (V), CuCl double chains are found, which are connected by the 2,3-dimethylpyrazine ligands into layers. On
heating, compound | transforms quantitatively into the 3:2 compound IV without the formation of Il or lll as
intermediates. Compound IV is also obtained by heating either the 1:1 compound Il or Ill. On further heating, the
3:2 compound IV loses additional ligands, forming the ligand-deficient 2:1 compound V, which then decomposes
into CuCl. The stability, thermal reactivity, and the transition behavior of all compounds were investigated using
different thermoanalytical methods. These results are compared with those previously reported for the structurally
similar CuCl(2-ethylpyrazine) coordination compounds. The formation and the stability of the different compounds
in solution were also investigated.

Introduction We have found that most of the ligand-rich compounds
decompose into the ligand-deficient compounds on heating,

Recently, we investigated coordination compounds based

on copper(l) halides or pseudohalides and N-donor ligands. (2) E'al\lze, FA- J-:ka%Oki NbbR-: ?han;pnﬁsfh N'sR';S'(':t?Ok'I\/'T'JA';c Eeveson-
. . Vl.; Fenske, D.; Rubberstey, P.; LI, W.-5.; Scaes, M. J. em.
In these compounds, typical CuX substructures are found  5uc "Dalton Trand999 2103-2110.

that are connected by the ligands into one-, two-, or three- (3) Rossenbeck, B.; Sheldrick, W. . Naturforsch 200Q 55hb, 467~

. . . . . 472.
dimensional coordination polymers. For a certain copper(l) (4) Kromp, T.: Sheldrick, W. SZ. Naturforsch 1999 54b 11751180,

halide or pseudohalide and a given ligand, ligand-rich as well (5) Teichert, O.; Sheldrick, W. Z. Anorg. Allg. Cheml1999 625, 1860-
as ligand-deficient compounds of different stoichiometries 1865.

. . . (6) Teichert, O.; Sheldrick, W. &. Anorg. Allg. Chen200Q 626, 1509
are often observed, which cannot always be obtained in ()1513. 9- A% 0628

phase-pure form, if the reaction is performed in solution. (7) ;%:Zhert, O.; Sheldrick, W. &. Anorg. Allg. Cher200Q 626, 2196~
Several of such compounds have been reported in the (8) Blake, A. J.. Brooks, N. R.: Champness, N. R.; Cooke, P. A.: Crew,

literature, but most of them were only structurally M.; Deveson, A.; Hanton, L. R. M.; Hubberstey, P.; Fenske, D.;
i 29 Schraer, M. Cryst. Eng.1999 2, 181-195.
characterized. (9) Persky, N. S.; Chow, J. M.; Poschmann, K. A,; Lacuesta, N. N.; Stoll,
S. L. Inorg. Chem 2001, 40, 29—35.
*To whom correspondence should be addressed. E-mail: cnaether@ (10) Graham, P. M.; Pike, R. D.; Sabat, M.; Bailey, R. D.; Pennington, W.

ac.uni-kiel.de. Fax:+49-431-880-1520. T. Inorg. Chem 200Q 39, 5121-5132.

(1) Batten, S. R.; Jeffery, J. C.; Ward, M. horg. Chim. Actal999 (11) Blake, A. J.; Brooks, N. R.; Champness, N. R.; Hanton, L. R;;
292 231-237. Hubberstey, P.; Schder, M.Pure Appl. Chem1998 70, 2351-2358.

7446 Inorganic Chemistry,  Vol. 45, No. 18, 2006 10.1021/ic060747b CCC: $33.50  © 2006 American Chemical Society

Published on Web 08/12/2006



Copper(l) 2,3-Dimethylpyrazine Coordination Compounds

whereas a few compounds transform directly to the pure °C/min results in a transformation into the 2:1 compound.
copper(l) halides or pseudohalidés?® A similar reactivity In contrast, heating of the ligand-rich 1:1 compound at 16
has also been observed for coordination compounds basedC/min leads to the formation of the 3:2 compound as a pure
on silver(l) or zinc(ll) halides, and we have also shown that intermediate. On further heating, this compound transforms
coordination polymers that exhibit cooperative magnetic into the 2:1 compound, which finally decomposes into CuCl
interactions can be prepared by this rot#&? In almost all on extended heating.

cases, ligand-deficient intermediates are formed in 100% To study such reactions systematically, we have synthe-
yield and in a very pure form. Therefore, the controlled sized and investigated several such compounds containing
thermal decomposition of suitable precursor compounds is only pyrazine derivatives as ligands. The use of pyrazine
a convenient alternative for the discovery or synthesis of derivatives was expected to result in similar topology of the

coordination polymers and inorgariorganic hybrid com-

coordination networks of these compounds, thus making the

pounds, which cannot be prepared in solution or which are study advantageous for structueroperty relationships.
always obtained as mixtures. We have investigated suchDuring these investigations, we have prepared compounds
reactions in detail, and we have found that there exists no of CuCl with 2,3-dimethylpyrazine, which have an identical
simple relationship between the crystal structures of the topology of the coordination network to those of the
starting compounds and their thermal reactivity. On the other 2-ethylpyrazine compounds but a different thermal reactivity

hand, for compounds with 2-ethylpyrazine as the ligand, we

and thermodynamic stability. The results of these investiga-

have observed that the occurrence of the ligand-deficienttions are described herein.
intermediate phases depends on the heating rate used in the
experiment, indicating that compound formation depends on Experimental Section

the kinetics of all reactions involved With this ligand, three
different CuCl coordination polymers can be prepared: The
amine-rich 1:1 compound pojyj-chlorofu,-2-ethylpyrazine-
N,N")copper(l)], the intermediate 3:2 compound catenaltri-
(uz-chloro)bisfo-2-ethylpyrazineN,N')tricopper(l)], and the
ligand-deficient 2:1 compound poly[gi¢-chloro)(u,-2-eth-
ylpyrazineN,N")dicopper(l)]. In the 1:1 compound, CuCl

Synthesis. 2,3-Dimethylpyrazine and CuCl are commercially
available. The purity of all compounds was checked by comparing
the experimental powder patterns with those calculated from single-
crystal data and by elemental analysis. In the following section,
the preparation of crystals that are suitable for single-crystal X-ray
diffraction is described. The preparation of large amounts of
powders for most of the compounds is discussed in the Results

chains are found and are connected by the 2-ethylpyrazineand Discussion section.

ligands into a three-dimensional coordination network. In
the 3:2 compound, six-membered (CuQings occur and

are connected into chains by the organic ligands. The ligand-

deficient 2:1 compound consists of CuCl double chains,
which are linked by the ligands into layers. Heating of the

1:1 compound in a thermobalance using a heating rate of 1

(12) Jack, Y. L.; Cabrera, B. R.; Wang, R.-J.; Li,Idorg. Chem 1999
38, 4608-4611.
(13) Néher, C.; Wriedt, M.; Jess, Acta Crystallogr.2005 E61, m329-

m331.

(14) N&her, C.; Greve, J.; Jess, Polyhedron2001, 20 (9—10), 1017
1022.

(15) Né&her, C.; Jess, |.; Studzinski, H. Naturforsch 2001, 56k, 997—
1002.

(16) Néher, C.; Jess, IMonatshefte2001, 132, 897—-910.

(17) N&her, C.; Wriedt, M.; Jess, . Anorg. Allg. Chem2002 628 394—
400.

(18) Ngher, C.;

(19) Né&her, C.;

(20) N&her, C.;

Greve, J.; Jess,3olid State Sci2002 4 (6), 813-820.

Jess, 1Z. Naturforsch 2002 57h, 1133-1140.

Jess, V. Solid State Chen2002 169, 103-112.

(21) Naher, C.; Wriedt, M.; Jess, Inorg. Chem 2003 42, 2391-2397.

(22) Kromp, T.; Sheldrick, W. S.; Nher, C.Z. Anorg. Allg. Chem2003
629, 45-54.

(23) Ngher, C.; Jess, llnorg. Chem 2003 42, 2968-2976.

(24) N&her, C.; Jess, |.; Lehnert, N.; Hinz"Hoer, D.Solid State ScR003
5, 1343-1357.

(25) Ngher, C.; Jess, |.; Bolte, MZ. Naturforsch2003 58b, 1105-1111.

(26) Né&her, C.; Greve, J.; Jess, |.; Wickleder, $hlid State Sc2003 5,
1167-1176.

(27) Ngher, C.; Jess, |.; Kowallik, PZ. Anorg. Allg. Chem2003 629,
2144-2155.

(28) N&her, C.; Jess, [Eur. J. Inorg. Chem2004 2868-2876.

(29) Greve, J.; Nther, C. Z Naturforsch 2004 59h, 1325-1331.

(30) Né&her, C.; Beck A.Z. Naturforsch.2004 59b, 992—-998.

(31) Bhosekar, G.; Jess, |.;"Nwer, C.Z. Naturforsch 2006 61b 721—
726.

(32) Bhosekar, G.; Jess, |.;"Neer, C.Inorg. Chem.2008§ in press.

(33) N&her, C.; Greve, JJ. Solid State Chen2003 176, 259-265.

Tetra(u,-chloro)bis(u2-2,3-dimethylpyrazine-N,N')tetrakis-
(2,3-dimethylpyrazine-N)tetracopper(l) tris(2,3-dimethylpyra-
zine)solvate (1).CuCl (99.0 mg, 1 mmol) and 2,3-dimethylpyrazine
(324.4 mg, 3 mmol) were mixed in a glass container. Afte43
days, orange crystals df were obtained and used without any
further purification. This compound decomposes within a few
minutes into the 3:2 compourl¥ . Therefore, elemental analysis
cannot be performed.

Poly[u,-chloro-u,-2,3-dimethylpyrazine-N,N'-copper(1)] (11).

CuCl (99.0 mg, 1 mmol) and 2,3-dimethylpyrazine (432.6 mg, 4
mmol) was taken into an ampule, and water (2 mL) was added.
The ampule was sealed and heated at’lfor 1 day. Afterward,

the reaction mixture was maintained at 8D for 4 days and then
cooled to room tempearture. By this procedure, a mixture of the
orange-yellow 3:2 compouny and the red 1:1 compountd was
obtained and can be separated by hand. Elem anal. Calcd: C, 34.8;
N, 13.5; H, 3.9. Found: C, 34.8; N, 13.3; H, 3.7.

Poly[u-chloro-u,-2,3-dimethylpyrazine-N,N'-copper(l)] (I11).

CuCl (99.0 mg, 1 mmol) and 2,3-dimethylpyrazine (432.6 mg, 4
mmol) were reacted in methanol (2 mL) in a glass container at
room temperature. Initially, phase-pure crystals of the 3:2 compound
IV are formed, and they transform within 5 days into large red
crystals of compoundl . Elem anal. Calcd: C, 34.8; N, 13.5; H,
3.9. Found: C, 34.9; N, 13.4; H, 3.8.

Catenaltri(u2-chloro)bis(u,-2,3-dimethylpyrazine-N,N')tricop-
per(l)] (IV). CompoundV was prepared using the same reaction
conditions as those for compouiit, but the product was isolated
before the transformation into compouhd occurred. Elem anal.
Calcd: C, 28.1; N, 10.9; H, 3.1. Found: C, 27.9; N, 10.8; H, 3.1.

Poly[di(us-chloro)(u,-2,3-dimethylpyrazine-N,N")] (V). CuCl
(99.0 mg, 1 mmol) and 2,3-dimethylpyrazine (54.1 mg, 0.5 mmol)
were heated in a glass ampule at 2@0for 3 days. Yellow needles
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Table 1. Crystal Data and Results of the Structure Refinement for Compolunds

compound

| 1] 1] \% \%
formula Q4H72C|4CU4N13 CaHgNzCUC| CsHsNzCUCl C12H16N4CLbC|3 CeHsClzCUzNz
fw (g/mol) 1369.28 207.13 207.13 513.26 306.12
space group P1 Pbca Qlc P1 C2lc
a(A) 11.314(1) 11.588(1) 19.106(2) 7.219(1) 30.303(2)
b (A) 11.688(1) 9.4479(5) 7.1485(3) 9.416(1) 3.9135(2)
c(A) 13.977(1) 13.180(1) 12.558(1) 13.019(2) 15.194(1)
o (deg) 71.87(1) 82.89(2)
f (deg) 75.41(1) 118.47(1) 85.62(2) 100.39(1)
y (deg) 63.47(1) 81.97(2)
V (A3) 1557.5(2) 1443.0(2) 1507.7(2) 868.0(2) 1772.4(2)
T (K) 200 293 200 293 293
z 1 8 8 2 8
Dealca (9/cn¥) 1.451 1.907 1.825 1.964 2.294
u (mm1) 1.570 3.311 3.168 4.102 5.339
2 (A 0.71073 0.71073 0.71073 0.71073 0.71073
R1 [l > 20(1)] 0.0378 0.0290 0.0257 0.0460 0.0363
wR2 [all data] 0.1014 0.0779 0.0693 0.1203 0.0921

AR1= 3 |IFo — IFcll/3|Fol; WR2 = {T[W(Fe® — FA)?/ 3 [W(Fo)Z} 2

of compoundv were obtained. Elem anal. Calcd: C, 23.5; N, 9.1;
H, 2.6. Found: C, 23.3; N, 8.9; H, 2.5.

Single-Crystal X-ray Structure Determination. All structure
solutions were performed with direct methods usBtdELXS-974
The structure refinements were performed agaiR$t using
SHELXL-97* For compoundsll =V, a numerical absorption
correction was applied using-Red® and X-Shape® All non-H

trend scan mode. All measurements were corrected for buoyancy
and current effects. The instrument was calibrated using standard
reference materials.
Elemental Analysis.CHN analysis was performed using an Euro
EA elemental analyzer, from EuroVector Instruments and Software.
Elemental Analysis of the Residues Obtained in the Thermal
Decomposition Reaction of Compounds+V. (A) Isolated after

atoms were refined using anisotropic displacement parameters. Thehe first mass step for compouh@%). Calcd for the 3:2 compound
H atoms were positioned with idealized geometry and refined with |11 : C, 28.1; H, 3.1; N, 10.9. Found: C, 27.9; H, 3.2; N, 11.0. (B)

fixed isotropic displacement parameters using a riding model. In |solated after the second mass step for compduid). Calcd for

compound, one of the four crystallographically independent 2,3-

the 2:1 compoundV: C, 23.5; H, 2.6; N, 9.2. Found: C, 22.9; H,

dimethylpyrazine ligands is disordered around a center of inversion 2.5; N, 9.4. (C) Isolated after the first mass step for compdiind
and was refined using a split model. The H atoms of this ligand (%). Calcd for the 3:2 compoundl : C, 28.1; H, 3.1; N, 10.9.
were not considered in the structure refinement. Details of the Found: C, 27.8; H, 3.1; N, 10.7. (D) Isolated after the second mass

structure determination are given in Table 1.

step for compoundl (%). Calcd for the 2:1 compounty/: C,

Crystallographic data have been deposited with the Cambridge 23.5; H, 2.6; N, 9.2. Found: C, 23.0; H, 2.4; N, 8.9. (E) Isolated

Crystallographic Data Centre [CCDC 614137, CCDC 614158
(1), CCDC 6141591 ), CCDC 6141601y ), and CCDC 614161

after the first mass step for compouhd (%). Calcd for the 3:2
compoundll : C, 28.1; H, 3.1; N, 10.9. Found: C, 28.2; H, 3.1;

(V)]. Copies may be obtained free of charge upon application N, 10.7. (F) Isolated after the second mass step for comptiund

to the Director, CCDC, 12 Union Road, Cambridge CB2 1E2,

U.K. (Fax int. code+(44)01223/3 36-033; e-mail deposit@
chemcrys.cam.ac.uk).
X-ray Powder Diffraction. Powder diffraction experiments were

performed using a STOE STADI P transmission powder diffrac-

(%). Calcd for the 2:1 compountV/: C, 23.5; H, 2.6; N, 9.2.
Found: C, 23.4; H, 2.5; N, 8.9. (G) Isolated after the first mass
step for compoundVv (%). Found: C, 23.3; H, 2.6; N, 9.3. Calcd
for the 2:1 compoundV: C, 23.5; H, 2.6; N, 9.2.

tometer equipped with position-sensitive detectors (scan range:Results and Discussion

5—45°) from STOE & Cie, using Cu K radiation ¢ = 154.0598
pm).

Differential Thermal Analysis (DTA), Thermogravimetry
(TG), and Mass Spectroscopy (MS)The DTA-TG—MS mea-
surements were performed under adtmosphere (purity: 5.0) in
Al,O3 crucibles using heating rates of@/min and a flow rate of

Crystal Structures. The ligand-rich 4:9 compound
crystallizes in the triclinic space groui with one formula
unit in the unit cell. In this compound, two symmetry-related
(CuCl), dimers are found that are connected by two sym-
metry-related 2,3-dimethylpyrazine ligands yia\,N' co-

75 mL/min using a STA-409CD thermobalance from Netzsch. For ordination (Figure 1, top). Each of the four Cu atoms are
the MS measurements, the instrument is connected to a quadrupoleydditionally connected by one 2,3-dimethylpyrazine ligand
mass spectrometer from Balzers via Skimmer coupling from jithin distorted tetrahedra. This ligand does not act as a
Netzsch. The MS measurements were performed in analogue andoridging ligand (Table 2). From this arrangement, discrete
building blocks are formed that are located on the centers
of inversion. Bond lengths and angles are comparable to
those in other CuCl coordination polymers that contain
(CuCl), dimers (Table 2).

In the crystal structure, the discrete complexes are packed
in such a way that holes are formed, in which additional
2,3-dimethylpyrazine ligands are located (Figure 1, bottom).

(34) Sheldrick, G. M.SHELXS-97 and SHELXL-97, Programs for the
solution and refinement of crystal structurddniversity of Gatin-
gen: Gidtingen, Germany, 1997.

(35) STOE & Cie.X-Red: Program for data reduction and absorption
correction version 1.11; STOE & Cie GmbH: Darmstadt, Germany,
1998.

(36) STOE & Cie.X-Shape Program for the crystal optimisation for
numerical absorption correctigrversion 1.03; STOE & Cie GmbH:
Darmstadt, Germany, 1998.
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Figure 1. Crystal structure of the 4:9 compouridwith labeling and
displacement ellipsoids drawn at the 50% probability level (top; the solvate
2,3-dimethylpyrazine molecules are not shown for clarity) and crystal
structure with a view along tha axis (bottom).

Table 2. Selected Interatomic Distances (A) and Angles (deg) for the
4:9 Compound?

Cul-N1 2.005(2) CuzN21 2.021(2)
Cul-N11 2.0187(19)  Cu2N12A 2.0492(19)
Cul-Cl2 2.4140(8)  CuzCll 2.3976(8)
Cul-Cl1 2.4724(7)  CuzCI2 2.4573(7)
Cul-Cu2 2.9742(6)

N1-Cul-N11  134.98(9) N24Cu2-N12A  121.17(9)
N1—Cul-CI2 108.30(6) N2%Cu2-Cl1 116.11(6)
N11-Cul-Cl2  103.50(6) N12A-Cu2-Cl1  102.78(6)
N1—Cul-Cl1 102.92(6) N2%Cu2-Cl2 103.02(6)
N11-Cul-Cll  100.65(6) N12A-Cu2-Cl2  109.41(6)
Cl2—cul-Ci1 102.003)  Cl+-Cu2-CI2 102.92(3)
N1-Cul-Cu2 127.90(6) N2 Cu2-Cul 134.83(6)
N11-Cul-Cu2  96.66(6) N12A-Cu2-Cul  103.54(6)
Cl2-Cul-Cu2  53.033(19) Cl+Cu2-Cul 53.51(2)
Cll-Cul-Cu2  51.23(2) Cl2Cu2-Cul 51.714(19)
Cu2-Cli-Cul  75.27(2) CuzCl2—Cu2 75.25(2)

a Symmetry transformations used to generate equivalent atoms:xA,
-y+1, -z

Figure 2. Crystal structure of the 1:1 compourld with labeling and
displacement ellipsoids drawn at the 50% probability level (top) and with
a view along theb axis (bottom).

Table 3. Selected Interatomic Distances (A) and Angles (deg) for the
1:1 Compoundl 2

Cul-N2A 2.0803(17)  Cu%CI1B 2.5498(8)
Cul-N1 2.0848(17  Cl+CulB 2.5498(8)
Cul-Cl1 2.3414(7)

N2A—Cul-N1 113.67(7) N+Cul-Cl1B 101.79(5)
N2A—Cul-Cl1 119.49(6) Cl+Cul-Cl1B  95.35(2)
N1-Cul-Cl1 111.82(5) CutCll-CulB  84.65(2)
N2A-Cul-Cl1B  111.74(6)

a Symmetry transformations used to generate equivalent atoms:—A,
Yo, ¥, =2+ 3% B, —x+1,-y+1,—z+ 1.

Cu atom is coordinated by two symmetry-related Cl atoms
and two N atoms of two symmetry-related 2,3-dimethylpyra-
zine ligands within distorted tetrahedra (Figure 2, top). Bond
lengths and angles in compoutidare comparable to those
in compound! as well as those in other compounds that
consist of (CuChdimers (Table 3). In contrast to compound
I, where the (CuC)dimers show a butterfly-like conforma-
tion, in compoundll these dimers are coplanar (compare
Figure 2, top, with Figure 1, top). In the crystal structure,

One of these ligands is disordered around a center ofthe dimers are connected by the 2,3-dimethylpyrazine ligands
inversion, and none of these ligands are coordinated to thevia u>-N,N' coordination into layers that are parallel to the

Cu atoms.

The 1:1 compoundll crystallizes in the orthorhombic
space groufPbcawith eight formula units in the unit cell.
In this structure, (CuC})dimers are found in which each

crystallographicac plane (Figure 3, bottom).
The second modification of the 1:1 compoundl
crystallizes in the monoclinic space gro@2/c with eight

formula units in the unit cell. As in compourid, coplanar

Inorganic Chemistry, Vol. 45, No. 18, 2006 7449



Figure 3. Crystal structure of the second modification of the 1:1 compound
11l with labeling and displacement ellipsoids drawn at the 50% probability
level (top) and with a view along thie axis (bottom).

(CuCl), dimers are found in which each Cu atom is
coordinated by two symmetry-related Cl atoms and two N
atoms of two symmetry-related 2,3-dimethylpyrazine ligands
within distorted tetrahedra (Figure 3, top). In contrast to
compoundll, two of the four ligands are oriented nearly

Jess and N#her

Table 4. Selected Interatomic Distances (A) and Angles (deg) for the
1:1 Compoundll 2

Cul-N1 1.9956(15)  CuxCll 2.3492(6)
Cul-N2A 2.0300(15)  Cu%CliB 2.5203(6)
Cli—culB 2.5203(6)

N1—-Cul-N2A  133.35(7) N2A-Cul-CI1B  92.74(5)
N1-Cul-Cl1 117.27(5) Cl+Cul-Cl1B 99.124(17)
N2A-Cul-Cl1  104.55(5) CutCll-CulB  80.876(17)
N1—-Cul-CI1B  99.78(5)

aSymmetry transformations used to generate equivalent atoms;, A,
-y+1,z— Y3 B, —x+ Y, =y + Y5, —z.

Figure 4. Crystal structure of the 3:2 compourd with labeling and
displacement ellipsoids drawn at the 50% probability level (top) and with
a view along thea axis (bottom).

The 3:2 compoundlV crystallizes in the triclinic space
groupP1 with two formula units in the unit cell. In its crystal
structure, distorted (CuGl)six-membered rings are found
in which one Cu atom is coordinated by two Cl atoms and
two 2,3-dimethylpyrazine ligands within distorted tetrahedra,
whereas two Cu atoms are only 3-fold-coordinated by two
Cl atoms and one 2,3-dimethylpyrazine ligand (Figure 4, top).
However, between the two 3-fold-coordinated Cu atoms, a
very short Cu-Cu distance of 2.635(1) A occurs that is
indicative of d°—d interactiong’ (Figure 4, top, and Table
5). In contrast to compoundsandll, large differences in
the CuCl bond lengths are found (Table 5). The (Cgfdtgs
are each connected by two 2,3-dimethylpyrazine ligands into
chains that elongate along tleeaxis (Figure 4, bottom).

The ligand-deficient 2:1 compounil crystallizes in the

perpendicular to the others and, therefore, the topology of monoclinic space grou@2/c with eight formula units in the

the coordination network is different. From this arrangement,
12-membered rings built up of two ligands and two (CuCl)

unit cell. In its structure, each Cu atom is coordinated by
three Cl atoms and one N atom of a 2,3-dimethylpyrazine

dimers, which are connected into layers, are formed (Figure ligand within distorted tetrahedra (Figure 5, top, and Table

3, bottom). Bond lengths and angles in compodlihdare

comparable to those in compounidandll as well as those
in other compounds that consist of (CuCtlimers (Table
4).

7450 Inorganic Chemistry, Vol. 45, No. 18, 2006

6). The Cu atoms are each connected via @l atoms
into corrugated CuX double chains, which elongate in the

(37) Jansen, MAngew. Cheml987, 99, 1136-1154;Angew. Chem., Int.
Ed. Engl 1987 26, 1098-1116 and references cited therein.
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Table 5. Selected Interatomic Distances (A) and Angles (deg) for the  Table 6. Selected Interatomic Distances (A) and Angles (deg) for the

3:2 CompoundV @ 2:1 Compoundv/2
Cul-N1 2.018(4) Cu:N12A 2.026(4) Cul-N1 2.011(3) CuiClIA 2.363(1)
Cul-Cl1 2.380(2) CutCI3 2.493(2) Cul-Cl1B 2.403(1) CutCl1 2.484(1)
Cu2-N11 1.978(4) cuz2Cl2 2.243(2) Cu2-N2 2.017(3) Cu2CI2 2.376(1)
cu2-ci1 2.367(2) Ccu2Cu3 2.635(1) cu2-cl2c 2.381(1) Cu2CI2D 2.506(1)
Cu3-N2B 1.984(4) Cu3CI2 2.270(2)
Cu3-CI3 2.332(2) N1-Cul-Cl1A 113.24(9)  N+Cul-Cl1B 110.55(9)
ClIA—Cul-Cl1B  110.42(4) N*Cul-Cl1 125.15(8)
N1—-Cul-N12A 131.7(2) Ni-Cul-Cl1 104.8(2) Cl1A—Cul-Cl1 98.46(3) Cl1B-Cul-Cl1 97.39(3)
N12A-Cul-Cl1 108.2(2) N%+Cul-CI3 103.5(2) N2-Cu2-Cl2 108.16(9)  N2-Cu2-Cl2C 113.56(9)
N12A—Cul-CI3 102.7(2) Cl-Cul-CI3 102.5(1) Cl2—Cu2-Cl2C 110.71(4)  N2Cu2-CI2D 120.02(8)
N11-Cu2-CI2 133.6(2) N1t-Cu2-Cl1 113.6(2) Cl2—Cu2-CI2D 108.31(3) Cl2GCu2-Cl2D  95.48(3)
Cl2—Cu2-ClI1 108.3(6) N1t-Cu2-Cu3 152.1(2) _ _
Cl2—Cu2-Cu3 54.76(5) Cl+Cu2-Cu3 78.7(1) a Symmetry transformations used to generate equivalent atoms:xA,
N2B—Cu3-CI2 132.0(2)  N2B-Cu3-CI3 111.9(2) + %o,y = Yo =2+ 5 B, =X+ 3,y + My —2+ Y5 C, X,y + 1,2 D,
Cl2—Cu3-CI3 114.9(1) N2B-Cu3-Cu2 155.2(2) —x+1-y+1-z+1
Cl2—Cu3-Cu2 53.8(1) CI3-Cu3-Cu2 74.2(1)

a Symmetry transformations used to generate equivalent atoms:xA,
+1,-y+1,-z+2;B,—x —-y+1 —z+ 1.

m/z=108

MID

Am, AT, dm/dT, lon current in arbitrary units

50 100 150 200 250 300
Temperature / °C

Figure 6. DTA, TG, DTG, and MS trend scan curve for the ligand-rich
compound! [heating rate, £C/min; m/z = 108 (2,3-dimethylpyrazine);
given are the mass changes (%) and the peak temperdi(es)].

and the MS trend scan curve shows that only 2,3-dimeth-
ylpyrazine (m'z = 108) is emitted. The experimental mass
loss in the first step of 55.3% is in good agreement with
that calculated for the formation of the 3:2 compouid
(Ampeo= —55.5%), and the mass loss of 4.1% in the second
step corresponds to that expected for the formation of the
2:1 compoundV (AMneo = —4.05%). On further heating,
the remaining ligands are emitted, and the final product was
identified as CuCl by X-ray powder diffraction. Interestingly,
Figure 5. Crystal structure of compound with labeling and displacement no mass step that can be assigned to the formation of the
ellipsoids drawn at the 50% probability level (top) and with a view along . . oo
the ¢ axis (bottom). 1:1 compoundl is observed in the beginning. The observa-
tion of two endothermic signals in the DTA curve indicates
direction of the crystallographib axis (Figure 5, bottom).  a more complex reaction (Figure 6).
The CuCl double chains are linked by the 2,3-dimethylpyra- To prove the formation of the 3:21\() and 2:1 V)
zine ligands viau-N,N' coordination into layers that are compounds as intermediate phases, additional TG measure-
located in the crystallographab plane (Figure 5, bottom).  ments were performed in which the residues after the first
The orientation of neighboring double chains changes in the and second TG steps were isolated and investigated by X-ray
direction of thea axis (Figure 5, bottom). powder diffraction as well as elemental analysis (Figure
Thermoanalytical Investigations. All compounds were  7A—D). A comparison of the experimental X-ray powder
investigated by simultaneous DTA and TG coupled to MS patterns of these residues with those calculated for the 3:2
(DTA—TG—MS). On heating, the 4:9 compourdstarts compoundlV and the 2:1 compoun¥ clearly shows that
decomposing at room temperature. Until 275 three mass  compounddV andV have formed in the first and second
steps are observed, accompanied by four endothermic signal§ G step, respectively (Figure 7). These results are in good
in the DTA curve (Figure 6). The differential thermogravim- agreement with the elemental analysis of the corresponding
etry (DTG) curve shows that all mass steps are well resolvedresidues (see the Experimental Section).
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Figure 7. Experimental powder pattern of the residue isolated after the
first TG step at 125C (A) and after the second TG step at 1T (C) in

the thermal decomposition reaction of compourahd the calculated pattern
for the 3:2 compoundV (B) and the 2:1 compound (D).

T,=153 DTG
T =102

T =241
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-17.2%

-26.1%
‘endo
Tp=247
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Tp=1 06T =157
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Am, AT, dm/dT, lon current in arbitrary units

1(|)0 1&I'>0 2(I)O 2.")0 360

Temperature / °C
Figure 8. DTA, TG, DTG, and MS trend scan curve for the 1:1 compound
I [heating rate, £C/min; m/z = 108 (2,3-dimethylpyrazine); given are

the mass changes (%) and the peak temperafiyréXC)].
The DTA—TG—MS curves of the 1:1 compound exhibit

50

three well-resolved mass steps in which only 2,3-dimeth-

ylpyrazine Wz = 108) is emitted (Figure 8). The experi-
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Am, AT, dm/dT, ion current in arbitrary units

endo
m/z=108 MID
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Temperature / °C

Figure 9. DTA, TG, DTG, and MS trend scan curve for the 1:1 compound
IV [heating rate, £C/min; m/z = 108 (2,3-dimethylpyrazine); given are
the mass changes (%) and the peak temperalfiyréC)].

The TG-DTA thermograms of the second modification
[l of the 1:1 compound indicate a behavior similar to that
for compoundll (see the Supporting Information). There
are no significant differences in the thermal stability of both
compounds. An examination of the residues obtained in the
first and second TG steps by elemental analysis and X-ray
powder diffraction shows that the 3:2 compoukdand the
2:1 compound/ are formed in the first and second TG steps,
respectively (see the Supporting Information and Experi-
mental Section).

For the 3:2 compoundV, two mass steps are observed
in the TG curve, of which the first step corresponds to the
formation of the 2:1 compound (Amype, = —10.5%) and
the second step corresponds to the formation of CAGk{o
= —31.6%) (Figure 9, the Supporting Information, and the
Experimental Section). The DTATG curves of the 2:1
compoundV exhibit a single mass step as expected, in which
all ligands are emitted (see the Supporting Information).

Investigations in Solution and in the Solid State.The

mental mass loss in the first TG step of 17.2% is in good stabilities of all of the compounds—V in the solid state
agreement with that expected for the removal of one-third were investigated by time-dependent X-ray powder diffrac-

of the 2,3-dimethylpyrazine ligands\(ne, = —17.4%),
which should lead to the 3:2 compouid (Figure 8). In
the next TG step, the ligand-deficient 2:1 compoihshould
have formed Amneoc= —8.7%), whereas in the last TG step,

tion. This shows that compounds—V are stable over
several days, whereas the ligand-rich compour&com-
poses into the 3:2 compourtd even at room temperature
within a few hours.

the remaining 2,3-dimethylpyrazine ligands are emitted. The The formation of these compounds was also investigated

final product was identified as CuCl by X-ray powder
diffraction.

in solution. In these experiments, copper(l) chloride and 2,3-
dimethylpyrazine were mixed in different stoichiometric

In additional TG experiments, the residue formed after the ratios and constant amounts of water, methanol, and ethanol
first and second TG step was isolated and investigated bywere added (Table 7). These crystalline suspensions were
X-ray powder diffraction and elemental analysis. A com- stirred for 1 week so that the thermodynamically most stable
parison of the powder pattern of these residues with thosecompounds were formed. Afterward, the products were
calculated from single-crystal data unambiguously proves thatidentified by X-ray powder diffraction.
the 3:2 compountV and the ligand-deficient 2:1 compound In all, only three of the five compounds are obtained under
V are formed in the first and second steps, respectively (seethese conditions. These investigations clearly show that the
the Supporting Information). In addition, the results of the 1:1 compoundl is the thermodynamically more stable form
elemental analysis of these residues are in good agreementhan the 1:1 compounidl but compoundl can be obtained
with this reaction pathway (see the Experimental Section). pure only if a 5- or 6-fold excess of 2,3-dimethylpyrazine is
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Table 7. Results of the Crystallization Experiments in Different
Solvents as a Function of the Molar Ratio between Copper(l) Chloride
and 2,3-Dimethylpyrazine

CuCl:ligand
4:1 21 32 11 23 12 1.3 1.4 1.5 16
water V (2:1) IV (3:2) I (1:1)
methanol V (2:1) IV (3:2) I (1:1)
ethanol V (2:1) IV (3:2) Il (1:1)

used in the synthesis. The use of a 3-fold excess of ligand
leads to the formation of only the 3:2 compouid.
Interestingly, this compound cannot be obtained by reacting
copper(l) chloride with 2,3-dimethylpyrazine in a molar ratio
as given by the formula of this compound. From this reaction,
the ligand-deficient 2:1 compound is obtained.

To determine the thermodynamically most stable form of
the 1:1 compounds at room temperatuer, a crystalline
suspension of an equimolar mixture of both forms was stirred
in water and ethanol. Because the 1:1 compounds will
transform into the 2:1 compound under these conditions Figure 10. Schematic representation of the thermal transformation of
) . compoundd —V.
(see Table 7), a 5-fold excess of ligand was added. An

investigation of th_e residue formed after 1 week r_evealed zine coordination polyme® These results clearly show that
that all the reflections of the second foriih have disap- g gimple relationship exists between the topologies of the

peared and the powder pattern was identical with that of ;o rgination networks and the thermal reactivity and stability
compound! calculated from single-crystal data. Therefore, ;. och compounds.

form Il is the thermodynamically most stable form at room
temperature. Conclusions

Structure—Property Relationships.As mentioned in the In the present contribution, we describe five new coordi-
Introduction, we have previously reported on some coordina- nation polymers based on copper(l) chloride and 2,3-
tion polymers with 2-ethylpyrazine, which have exactly the gimethylpyrazine including a pair of polymorphic modifi-
same composition as the compounds described here, withcations. Whereas the ligand-rich 4:9 compound is built up
one exceptiod? The analogous ligand-rich 4:9 compound  of discrete building blocks, all other ligand-deficient com-
of Cu with 2-ethylpyrazine cannot be prepared. It must also pounds represent coordination polymers with one- or two-
be mentioned that the structures of these compounds are nogimensional structures. Thermoanalytical measurements re-
isotypic. From a comparison of the structures of the yeal that the ligand-deficient 3:2 and 2:1 compounds can be
2-ethylpyrazine compounds with those of the 2,3-dimeth- prepared very pure by thermal decomposition reaction of the
ylpyrazine compounds, it is obvious that the topology of the 4:9 compound (Figure 10). Interestingly, during this process,
coordination network of both 3:2 and 2:1 compounds are the 1:1 compounds are not formed as intermediates, indicat-
identical and that the topology of the 1:1 compound with ing their lower stability as compared to those of the other
2-ethylpyrazine corresponds exactly to that of the thermo- ligand-deficient compounds. For the 1:1 compounds, two
dynamically most stable 1:1 modification Interestingly,  different polymorphic modifications are obtained, differing
the thermal reactivity of the ligand-rich 1:1 compounds and in the topology of the coordination network. A thermal
the thermal stability of the 3:2 compounds with 2-ethylpyra- investigation of the thermodynamically metastable and stable
zine and 2,3-dimethylpyrazine are completely different. As forms reveals no differences. A comparison of the thermal
mentioned earlier, the 3:2 compound with 2-ethylpyrazine properties of these compounds with those of other com-
can only be obtained by thermal decomposition at relatively pounds exhibiting an identical topology of the coordination
fast heating rates, but in any case, the TG curve is not well network shows significant differences, indicating that no
resolvedt® Therefore, it is really difficult to isolate this  simple structureproperty relationships can be drawn in this
compound in phase-pure form. Slow heating rates resultedclass of compounds. However, these investigations also show
in the formation of the ligand-deficient 2:1 compound. In that thermal decomposition reactions offer an easy, rapid,
contrast, for the present compounds with 2,3-dimethylpyra- and convenient method for the discovery and synthesis of
zine, a completely different behavior is observed. The 3:2 several new ligand-deficient coordination polymers, by the
compoundV is always obtained in the first step, irrespective decomposition of ligand-rich compounds. Investigations in
of the actual heating rate. In addition, the stability range of solution show that most of the compounds are in equillibria
this compound is much larger than that of the correspondingand that not all of them are thermodynamically stable.
2-ethylpyrazine coordination polymer. A similar behavior is Moreover, these compounds cannot be prepared in solution
observed with the 2:1 compound, which also shows a by mixing stoichiometric amounts of the educts, because their
larger stability range compared to that of the 2:1 2-ethylpyra- stability is quite dependent on the actual composition of the

Inorganic Chemistry, Vol. 45, No. 18, 2006 7453



Jess and N#her

solution. In the present case, an excess of ligand must beare very thankful to Professor Dr. Wolfgang Bensch for
generally used for the preparation of a particular compound access to his experimental equipment.

in pure form. These investigations also show that in the

beginning of the reaction different compounds are formed SuPporting Information Available: ~ Lists with details of the
and transform within some time into the thermodynamically Structure determination, atomic coordinates, isotropic and aniso-
most stable compounds. Therefore, the reactions in Solutiontroplc displacement parameters, as well as CIF files, experimental

h licated th ted f hamd calculated X-ray powder patterns for compouneg, DTA—
a're much more complicate an was expected 1or SUCh+q o\yne for compoundl andV, and experimental X-ray powder
simple compounds.

patterns for the residues isolated in the thermal decomposition
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