Inorg. Chem. 2007, 46, 7299—7311

Inorganic:Chemistry

* Article

Structural Study of Silver(l) Sulfonate Complexes
with Pyrazine Derivatives

Hai-Yan Liu, Hua Wu, Jian-Fang Ma,* Shu-Yan Song, Jin Yang, Ying-Ying Liu, and Zhong-Min Su

Key Lab for Polyoxometalate Science, Department of Chemistry, Northeast Normair&ityi,
Changchun 130024, People’s Republic of China

Received January 28, 2007

In this Article, 11 silver complexes, namely, [Ag(L1)(2-Pyr)(H.0)] (1), Ag(L1)(2,3-Pyr) (2), [Ag2(L1).(2Et,3Me-Pyr),-
(H20)] (3), [Ag(2,6-Pyn](L1)-1.5H,0 (4), Ag(L1)(2,5-Pyr) (5), [Ag(Hz0)2](L2)-H:0 (6), [Ag(L2)(2-Pyr)] (7), [Ag(L2)-
(2,3-Pyn)]-1.5H,0 (8), [Ag(L2)(2Et,3Me-Pyr)]-2H,0 (9), [Ag2(L2)(2,6-Pyr)(H20).](L2)-H,0 (10) and [Ag(L2)(2,5-Pyr)]-
H,O (11) (2-Pyr = 2-methylpyrazine; 2,3-Pyr = 2,3-dimethylpyrazine; 2Et,3Me-Pyr = 2-ethyl-3-methylpyrazine;
2,6-Pyr = 2,6-dimethylpyrazine; 2,5-Pyr = 2,5-dimethylpyrazine; L1 = p-aminobenzenesulfonate anion and L2 =
6-amino-1-naphthalenesulfonate anion), have been synthesized and characterized by elemental analyses, IR
spectroscopy, and X-ray crystallography. In 1, 3, and 4, Ag(l) centers are linked by bridging pyrazine ligands to
form one-dimensional chains, whereas compound 2 shows a double-chain structure through weak Ag—C interactions.
The structure analyses show that both 5 and 11 form two-dimensional networks composed of 26-membered
metallocycles. Unexpectedly, compounds 6 and 10 show discrete structures. In compound 7, silver(l) centers are
bridged by sulfonate anions to form a polymeric helical structure, and the 2-Pyr molecule acts as a monodentate
ligand. Compounds 8 and 9 show hinged chain structures containing 14-membered rings, and these chains interlace
with each other to generate unique three-dimensional structures. These results indicate that the substituting groups
and the substituting sites of pyrazine derivatives play an important role in the framework formation of silver complexes.
Additionally, the luminescent properties of these compounds are also discussed.

Introduction and the organic moiety is substituted phenyl grotips.

Over the past decades, the design and synthesis of Ag(l)Currently_, people are enthusiasticall;_/ investigating the effects
compounds have attracted great attention because of thé?’ 0rganic groups and secondary ligands on the structures
versatility of their coordination geometriédn recent years,  ©f Silver(l) sulfonates>2In our previous reports, we have
coordination chemists have focused on silveulfonate studied the structures of silver(l) sulfonate complexes
compounds by reason of their alterable coordination modes,containing monodentate, divergent bidentate, and tetradentate
intriguing inorganie-organic lamellar structures, selective heutral ligand$#® Herein, we report a series of silver(l)
and reversible guest inclusion properties, and intercalation Sulfonates complexes containing pyrazine derivatives to
of guest molecules. Some studies on the interesting coordinafrobe the influence of neutral ligands on the structures of
tion of silver sulfonates and their solid-state properties have the complexes.
been reported.Many silver sulfonate compounds have a In this Article, we chose two sulfonate anions containing
layered “inorgane-organic” structure where the inorganic —NH; groups (L1= p-aminobenzenesulfonate anion, £2
component is composed of sulfonate-bridged silver(l) centers 6-amino-1-naphthalenesulfonate anion). FRdH, groups

— have potential for the formation of hydrogen bonds and the

* To whom correspondence should be addressed. E-mail: jianfangma@ . . . . L .

yahoo.com.cn. coordination tendency to silver ions. Pyrazine is a divergent

(1) (a) Aakery, C. B.; Beatty, A. M.Chem. CommuriL998 1067. (b) bidentate ligand and commonly acts as a bridging ligand.
g;nl'tf’(g';Sl‘h%nrfgékD'g'S_Kimarg’__%.Hki#noég'B?hgggﬁjgfg_ 3. Some silver coordination polymers containing pyrazine
Patrick, B. O.; Leznoff, D. Blnorg. Chem2002 41, 6743. (d) Kang, ligands with different topologies have been repoffetin
\c('r;uel_rﬁzogi%,F;%r;’?.}i};wi;eg-ﬁ:;TG,K(?.T%?;Sz'hgh;gf%.lsz{ghe, this work, pyrazine derivatives were selected as neutral
X.; Zhang, J.-J.; Wu, D.-MCryst. Growth Des2005 5, 1569. ligands to construct novel silver sulfonate coordination
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Scheme 1. Structures of the Sulfonate Anions in This Work
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polymers and explore their effect on the structures of
complexes. Five pyrazine derivatives incorporating different
substitutions were used as neutral ligands (2-methylpyrazine
2,3-dimethylpyrazine, 2-ethyl-3-methylpyrazine, 2,6-dim-

ethylpyrazine, and 2,5-dimethylpyrazine). The structures of
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Scheme 2. Structures of the Pyrazine Derivatives in This Work
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the sulfonate anions and the pyrazine derivatives used in thisheen determined by single-crystal X-ray diffraction, and the

work are shown in Schemes 1 and 2. Eleven compounds,

namely, [Ag(L1)(2-Pyr)(HO)] (1), Ag(L1)(2,3-Pyr) @),
[Ag2(L1)2(2Et,3Me-Pyr}(Hz0)] (3), [Ag(2,6-Pyr)J(L1y
1.5H,0 (4), Ag(L1)(2,5-Pyr) 6), [Ag(H20)](L2)-H0 (6),
[Ag(L2)(2-Pyn)] (7), [A9(L2)(2,3-Pyn)}1.5H0 (8), [Ag(L2)-
(2Et,3Me-Pyni2H;0 (9), [Agx(L2)(2,6-Pyr)(HO),] (L2)-
H,O (10), and [Ag(L2)(2,5-Pyr)jH.O (11), have been

compounds have been characterized by IR and elemental
analyses.

Experimental Section

General Procedures.Chemicals were purchased from com-
mercial sources and used without further purification. AgL1 was
prepared according to the literature metdod.

synthesized. The crystal structures of these compounds have Physical MeasurementsElemental analyses were carried out

(2) (a) Shimizu, G. K. H.; Enright, G. D.; Ratcliffe, C. I.; Rego, G. S.;
Reid, J. L.; Ripmeester, J. £hem. Mater1998 10, 3282. (b) Cté,

A. P.; Shimizu, G. K. HInorg. Chem2004 43, 6663. (c) Shimizu,
G. K. H.; Enright, G. D.; Ratcliffe, C. I.; Preston, K. F.; Reid, J. L,;
Ripmeester, J. AChem. Commun1999 1485. (d) Hoffart, D. J.;
Dalrymple, S. A.; Shimizu, G. K. Hlnorg. Chem.2005 44, 8868.
(e) Chen, C.-H.; Cai, J.-W.; Feng, X.-L.; Chen, X.-Rolyhedron
2002 21, 689. (f) Smith, G.; Cloutt, B. A.; Byriel, K. A.; Kennard,
C. H. L. Aust. J. Chem1997, 50, 741. (g) Smith, G.; Cloutt, B. A,;
Lynch, D. E.; Byriel, K. A.; Kennard, C. H. Llnorg. Chem.1998

37, 3236. (h) Smith, G.; Thomasson, J. H.; White, J.Adst. J. Chem.
1999 52, 317. (i) Shimizu, G. K. H.; Enright, G. D.; Ratcliffe, C. |;
Ripmeester, J. AChem. Commurl999 461. (j) Melcer, N. J.; Enright,
G. D.; Ripmeester, J. A.; Shimizu, G. K. thorg. Chem 2001 40,
4641. (k) Charbonnier, F.; Faure, R.; Loiseleur, E€ryst. Struct.
Communl1981 10, 1129. (I) M&inen, S. K.; Melcer, N. J.; Parvez,
M.; Shimizu, G. K. H.Chem—Eur. J. 2001, 7, 5176. (m) C¢?, A.

P.; Ferguson, M. J.; Khan, K. A.; Enright, G. D.; Kulynych, A. D;
Dalrymple, S. A.; Shimizu, G. K. Hnorg. Chem2002 41, 287. (n)
Shimizu, G. K. H.; Enright, G. D.; Rego, G. S.; Ripmeester, J. A.
Can. J. Chem1999 77, 313. (0) Ma, J.-F.; Yang, J.; Li, S.-L.; Song,
S.-Y.; Zhang, H.-J.; Wang, H.-S.; Yang, K.-XCryst Growth Des
2005 5, 807. (p) Kulynych, A. D.; Shimizu, G. K. HCrystEngComm
2002 18, 102. (g) Wulfsberg, G.; Parks, K. D.; Rutherford, R.; Jackson,
D. J.; Jones, F. E.; Derrick, D.; llsley, W.; Strauss, S. H.; Miller, S.
M.; Anderson, O. P.; Babushkina, T. A.; Gushchin, S. I.; Kravchenko,
E. A.; Morgunov, V. G.Inorg. Chem 2002 41, 2032. (r) Sun, D.;
Cao, R.; Liang, Y.; Hong, MChem. Lett2002 198. (s) Sun, D.;
Cao, R.; Sun, Y.; Bi, W,; Li, X.; Hong, M.; Zhao, YEur. J. Inorg.
Chem 2003 38. (t) Sun, D.; Cao, R.; Bi, W.; Li, X.; Wang, Y.; Hong,
M. Eur. J. Inorg. Chem2004 2144. (u) May, L. J.; Shimizu, G. K.
H. Chem. Mater.2005 17, 217. (v) Charbonnier, P. FActa
Crystallogr. 1977, B33 2824. (w) Charbonnier, P. F.; Loiseleur, R.
F. H. Acta Crystallogr 1978 B34, 3598. (x) Charbonnier, P. F.;
Loiseleur, R. F. HActa Crystallogr.1979 B35 1773. (y) Pan, Y.-J,;
Meng, F.-J.; Wang, X.-J.; Zhu, H.-L.; Wang, D.-Q. Kristallogr.—
New Cryst. Struct2003 218 253.

3) (a) Li, F.-F.; Ma, J.-F.; Song, S.-Y.; Yang, J.; Liu, Y.-Y.; Su, Z.-M.
Inorg. Chem.2005 44, 9374. (b) Li, F.-F.; Ma, J.-F.; Song, S.-Y.;
Yang, J.; Jia, H.-Q.; Hu, N.-HCryst. Growth Des200§ 6, 209.

(4) (a) Vranka, R. G.; Amma, E. llnorg. Chem1966 5, 1020. (b) Blake,

A. J.; Champness, N. R.; Crew, M.; ParsonsN&w J. Chem1999

23, 13. (c¢) Carlucci, L.; Ciani, G.; Proserpio, D. M.; Sironi, korg.
Chem.1995 34, 5698. (d) Carlucci, L.; Ciani, G.; Proserpio, D. M;
Sironi, A.J. Am. Chem. S0d.995 117, 4562. (e) Venkataraman, D.;
Lee, S.; Moore, J. S.; Zhang, P.; Hirsch, K. A.; Gardner, G. B.; Covey,
A. C.; Prentice, C. LChem. Mater1996 8, 2030.
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with a Carlo Erba 1106 elemental analyzer, and the FT-IR spectra
were recorded from KBr pellets in the range of 46@m0 cnt?

on a Mattson Alpha-Centauri spectrometer. The solid-state emission/
excitation spectra were recorded on a Varian Cary Eclipse
spectrometer at room temperature.

Synthesis of [Ag(L1)(2-Pyr)(H:O)] (1). An aqueous solution
(10 mL) of p-aminobenzenesulfonic acid (0.087 g, 0.5 mmol) was
added to solid AgCO; (0.069 g, 0.25 mmol) and stirred for several
minutes until no further C@was given off; then 2-methylpyrazine
(0.047 g, 0.5 mmol) was added, and a white precipitate formed.
The precipitate was dissolved by dropwise addition of an aqueous
solution of NH; (14 M). Colorless crystals of were obtained by
evaporation of the solution for 5 days at room temperature (68%
yield). Anal. Calcd for GiH14AgN30,S: C, 33.69; H, 3.60; N,
10.71. Found: C, 34.41; H, 3.49; N, 10.36. IR (ch3413 (s),
3345 (s), 3201 (w), 3034 (w), 1637 (vs), 1601 (s), 1450 (vs), 1201
(w), 1175 (w), 1030 (w), 1006 (w), 834 (s), 695 (w), 569 (w), 480
(s), 425 (s), 405 (vs).

Syntheses of Ag(L1)(2,3-Pyr) (2), [AgL1),(2Et,3Me-Pyr),-
(H20)] (3), [Ag(2,6-Pyr)] (L1)-1.5(H,0) (4), and Ag(L1)(2,5-Pyr)

(5). A procedure similar to that used for compourdd with
corresponding pyrazine derivatives instead of 2-methylpyrazine, was
used to prepare compoungs5. Compound? (70% yield). Anal.
Calcd for GoH1,AgN30O3S: C, 37.12; H, 3.63; N, 10.82. Found:
C, 37.88; H, 3.61; N, 11.02. IR (cm): 3389 (w), 3336 (w), 3231
(s), 3095 (vs), 2361 (w), 2339 (s), 1594 (vs), 1207 (s), 1172 (w),
1115 (s), 1024 (w), 692 (w), 570 (w). CompouBd69% Yyield).
Anal. Calcd for GgH3sAQ2NsO;S,: C, 37.98; H, 4.17; N, 10.22.
Found: C, 38.13; H, 3.98; N, 10.31. IR (cA): 3369 (vs), 2360
(s), 2338 (vs), 1599 (s), 1459 (vs), 1414 (vs), 1207 (w), 1169 (w),
1120 (w), 1030 (w), 1005 (w), 824 (s), 692 (w), 567 (w), 478 (s).
Compound4 (62% yield). Anal. Calcd for GH;7AgN30,5S: C,
34.71; H, 4.13; N, 10.12. Found: C, 34.64; H, 4.09; N 10.22. IR
(cm™Y): 3420 (vs), 3339 (s), 3230 (vs), 2360 (vs), 1594 (w), 1497
(vs), 1208 (w), 1159 (w), 1114 (w), 1023 (w), 999 (s), 842 (vs),
694 (w), 669 (vs), 569 (w), 471 (s), 420 (s). Compounb5%
yield). Anal. Calcd for GH14AgN30sS: C, 37.13; H, 3.63; N,
10.82. Found: C, 36.89; H, 3.58; N, 10.90. IR (Ch 3422 (s),
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3338 (s), 3209 (w), 2362 (vs), 1599 (w), 1207 (vs), 1154 (s), 1024 refined anisotropically. The hydrogen atoms attached to carbons
(w), 694 (w), 569 (w), 476 (s). were generated geometrically; the aqua hydrogen atoms were
Synthesis of [Ag(H0)2](L2) -H,0] (6). Ag.COs (0.069 g, 0.25 located from difference Fourier maps and refined with isotropic
mmol) was added to an aqueous solution (10 mL) of 6-amino-1- displacement parameters. Analytical expressions of neutral-atom
naphthalenesulfonic acid (0.112 g, 0.5 mmol) and stirred for several scattering factors were employed, and anomalous dispersion cor-
minutes until no CQ was given off; then the precipitate was rections were incorporatédFurther details are provided in the

dissolved by dropwise addition of aqueous solution of N4 Supporting Information.
M). Colorless block crystals were obtained by evaporation of the ) .
solution for 7 days at room temperature (59% yield). Anal. Calcd Results and Discussion

Erg?%oglﬁ%’\g()ﬁ:pf(:';11)'2;;72'23;'6;; ;\21346(5')':32221( C) 32‘%3?5; Descriptions of Crystal Structures. Selected bond dis-

,3.59: N, 3.90. cmb): VS), w), w), - -

(S). 2339 (vs), 1634 (s), 1616 (5), 1510 (s), 1219 (w), 1196 (), -2NCes and angles for compouriisll are listed in Table
2. Pyrazine derivatives prefer to coordinate to silver ion in

1178 (w), 1146 (w), 1041 (w), 693 (vs), 612 (s), 511 (vs). i de to f infinite ol ic chain struct
Synthesis of [Ag(L2)(2-Pyn)] (7).Ag>COs (0.069 g, 0.25 mmol) a linear mode to form an infinite polymeric chain structure,
was added to an aqueous solution (10 mL) of 6-amino-1- and such chain structures are retained in the structures of

naphthalenesulfonic acid (0.112 g, 0.5 mmol) and stirred for several 1~5- Pyrazine derivatives having different substituting
minutes until no C@was given off; then 2-methylpyrazine (0.047 groups can produce a variety of electronically and sterically
g, 0.5 mmol) was added. After the mixture was stirred for 15 min, different pyrazine-related coordination environments (Scheme
the precipitate was dissolved by dropwise addition of aqueous 3) which induce L1 anions to adopt different coordination
solution of NH; (14 M). Brown block crystals were obtained by modes, and this finally results in the structural changes of
evaporation of the solution for 6 days at room temperature (77% 1—5 (Scheme 4).

yield). Anal. Calcd for GsH1,AgN3OsS: C, 42.47; H, 3.33; N, 9.91. Compoundl possesses one crystallographically unique
Found: C, 41.96; H, 3.42; N, 10.05. IR (cf): 3418 (s), 3325  jjyer jon in the structure (Figure 1). Each silver cation is
(5), 2359 (vs), 1626 (vs), 1511 (vs), 1212 (w), 1184 (w), 1041 (w), four-coordinated by two nitrogen atoms from two 2-Pyr

614 (s). . ) .
Syntheses of [Ag(L2)(2,3-PyriL.5H0 (8), [Ag(L2)(2EL,3Me- Ilgers, -one amino nitrogen atom,_and one aqua ligand. The
PyN]-2H:0 (9), [Aga(L2)(2,6-Pyr) (H,0),](L2)-H,0 (10), and Ag—Namino bond distance is conmderaply longer than_the
[Ag(L2)(2,5-Pyr)]-H,0 (11). A procedure similar to that used for Ag_NZTPV_f lengths, but all Ag-N bond d!stances fc_uu_nd in
compound?, with corresponding pyrazine derivatives instead of 1 are within the normal range observed in N-containing Ag-
2-methylpyrazine, was used to prepare compouidsl. Com- (1) complexeg°1°The silver cations are bridged by 2-Pyr
pound8 (78% yield). Anal. Calcd for GH10AgN30,5S: C, 41.30; ligands to form a one-dimensional (1D) infinite polymeric
H, 4.12; N, 9.03. Found: C, 40.97; H, 3.98; N, 9.53. IR (&n chain structure as shown in Figure 2a, and these 1D
3410 (s), 3345 (s), 3199 (vs), 1601 (s), 1202 (w), 1175 (w), 1123 polymeric chains stack to form the overall structurelof
(w), 1030 (w), 1006 (w), 695 (s), 569 (w), 423 (vs). Compoénd  (Figure 2b). Adjacent pyrazine rings in the chain have a
(59% yield). Anal. Calcd for GH2AgN;OsS: C, 41.82; H, 4.54;  dihedral angle of 2371 In a previous report compound
N, 8.61. Found: C,40.99; H, 4.52; N, 8.67. IR (-d‘)'l 3426 (S), [Ag(CngOz)(Z-Pyr)] (12) shows a three-dimensional (3D)
2977 (vs), 2360 (w), 2339 (w), 1629 (s), 1512 (s), 1409 (vs) 1185 network structure, in which both trifluoroacetate anion and

g’& %V?/isSgg’(;?,té?’(\?viz‘fg)?’ ?v?)l 5158’47(3\/";(26;133&?;2 w), 2-methylpyrazme act as bldgntate bridging ligands. The
yield). Anal. Calcd for GeHapAgoN:OsSy: C, 37.97; H, 3.68: N, synthesis and structure of the binary complex AgL3) havg
6.81. Found: C, 37.35; H, 3.61; N, 6.76. IR (CH1 3434 (vs), been reporte@ Compound13 shows a 3D polymeric
3331 (w), 1624 (s), 1510 (vs), 1190 (w), 1044 (w), 828 (vs), 691 Structure where the Ag(l) center is four-coordinated by three
(W), 614 (w), 555 (s), 511 (s), 464 (s), 422 (vs). Compodrid ~ oxygen atoms from three different L1 ligands and one
(79% vyield). Anal. Calcd for GH16AgN3O4S: C, 42.12; H, 3.98; nitrogen atom from another L1 ligand.
N, 9.21. Found: C, 41.98; H, 3.91; N, 9.63. IR (cth 3445 (s), The coordinated water molecules, amino groups, and
3339 (s), 3039 (vs), 1623 (s), 1512 (s), 1499 (s), 1207 (w), 1184 gylfonate groups of L1 ligands it are involved in the
(W), 1150 (s), 795 (vs), 693 (w), 614 (w), 509 (vs). formation of complicated hydrogen-bonding interactions. It
X-ray Crystallography. Experimental details of the X-ray s interesting to note that four sulfonate groups, two amino

analyses are provided in Table 1. Diffraction intensities for groups, and two water molecules compose a large ring which
compounds6 and 10 were collected on a Bruker Apex CCD

diffractometer with graphite-monochromated Ma Kadiation ¢

(8) Wilson, A. J. C., EdInternational Tables for X-ray Crystallography

= 0.71069 A) at 293 K. Diffraction intensities for other compounds Kluwer Academic Publisher: Dordrecht, The Netheriands, 1992; Vol.
were collected on a Rigaku RAXIS-RAPID diffractometer with  (9) Eeazell, R. P.; Carson, C. E.; Klausmeyer]arg. Chem2006 45,
graphite-monochromated MooKrgdiation @ =0.71069 A) at 293 (10) %gf’g'ong’ Y.-B.: Ma, J.-P.: Huang, R.-@org. Chem2003 42, 294.

K. The structures were solved with the direct method of SHELXS- (b) Dong, Y.-B.; Cheng, J.-Y.; Huang, R.-Qiorg. Chem2003 42,

97° and refined with full-matrix least-squares techniques using the 5699. (c) Bu, X.-H.; Liu, H.; Du, M.; Wong, K. M.-C.; Yam, V. W.-
SHELXL-97 prograrfiwithin WINGX.” Non-hydrogen atoms were W.; Shionoya, Minorg. Chem2001, 40, 4143. (d) Yang, S.-P.; Chen,

X.-M.; Ji, L.-N. J. Chem. Sa¢Dalton Trans.200Q 2337. (e) Kaes,
C.; Hosseini, M. W.; Rickard, C. E. F.; Skelton, B. W.; White, A. H.

(5) Sheldrick, G. M. SHELXS-97, A Program for Automatic Solution of Angew. Chem., Int. EAL99§ 37, 920. (f) Matsumoto, K.; Harada,
Crystal Structure. University of Giingen, Germany, 1997. Y.; Yamada, N.; Kurata, H.; Kawase, T.; Oda, @ryst. Growth Des.
(6) Sheldrick, G. M. SHELXL-97, A Program for Crystal Structure 2006 6, 1083. (g) Liu, C.-S.; Chen, P.-Q.; Yang, E.-C.; Tian, J.-L,;
Refinement. University of Gtingen, Germany, 1997. Bu, X.-H.; Li, Z.-M.; Sun, H.-W.; Lin, Z.Inorg. Chem.2006 45,
(7) Farrugia, L. J. WINGX, A Windows Program for Crystal Structure 5812.
Analysis. University of Glasgow, Glasgow, U.K., 1988. (11) Zhu, G.-J,; You, Z.-L.; Zhu, H.-LActa Crystallogr.2005 E61, m87.
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Table 1. Crystal Data and Structure Refinements for Compouhd$l

Liu et al.

1 2 3
empirical formula GH 14AgN3O4S C12H14AgN303S Cst34AggNGO7SQ
fw 392.18 388.19 822.45
cryst size [mm] 0.48< 0.31x 0.10 0.36x 0.30x 0.22 0.37x 0.33x 0.19
cryst syst orthorthombic monoclinic orthorhombic
space group Pbca P24/n P2:2,2
alA] 13.271(3) 7.078(1) 13.518(3)
b[A] 14.427(3) 14.533(3) 14.308(3)
c[A] 14.477(3) 12.958(3) 7.780(2)

o [deg] 90 90 90

p [deg] 90 93.24(3) 90

y [deg] 90 90 90

VIAZ] 2772(1) 1330.8(5) 1504.8(5)
z 8 4 2

Rint 0.0381 0.0170 0.0429
R1[l > 20(1)] 0.0381 0.0279 0.0417
wR2 (all data) 0.1035 0.0706 0.0996
flack x 0.0294

4 5 6
empirical formula QzH 17AQN304,5$ C12H14AgN303S C10H14AgNOGS
fw 415.22 388.19 384.15
cryst size [mm] 0.35¢ 0.29x 0.18 0.37x 0.29x 0.19 0.11x 0.10x 0.10
cryst system monoclinic monoclinic monoclinic
space group C2/c Pn P2,
alA] 13.482(3) 8.640(2) 8.878
b[A] 14.254(3) 7.446(2) 9.014
c[A] 16.552(3) 10.576(2) 9.558
o [deg] 90 90 90
p [deg] 107.99(3) 95.90(3) 116.99
y [deg] 90 90 90
VAT 3025.5(11) 676.8(2) 681.6
4 8 2 2
Rint 0.0165 0.0176 0.0518
R1[l > 20(1)] 0.0340 0.0209 0.0330
wR?2 (all data) 0.0949 0.0518 0.1411
flack x —0.0223 —0.0815

7 8 9
empirical formula GsH14AgN303S CieH190AgN304 55 Ci7H22AgN305S
fw 424.22 465.27 488.31
cryst size [mm] 0.50«< 0.37x 0.26 0.63x 0.43x 0.39 0.22x 0.15x 0.14
cryst syst monoclinic trigonal trigonal
space group P2,/c R3c R3c
alA] 9.119(2) 21.949(7) 21.902(3)
b[A] 6.850(1) 21.949(7) 21.902(3)
c[A] 24.826(5) 20.220(5) 20.776(4)

o [deg] 90 90 90
p [deg] 90.40(3) 90 90
y [deg] 90 120 120
VIAZ] 1550.7(5) 8436(3) 8631(2)
z 4 18 18
Rint 0.0283 0.0384 0.0610
R1[l > 20(1)] 0.0284 0.0312 0.0371
wR2 (all data) 0.0896 0.0888 0.0796
flack x 0.0200 —0.0016
10 11
empirical formula GeH30Ag2N400S, Ci16H18AgN304S
fw 822.40 456.26

cryst size [mm]

cryst syst orthorhombic monoclinic
space group Pna2; Cc

a[A] 11.931(3) 10.018(2)
b [A] 18.766(4) 17.175(3)
c[A] 13.323(3) 10.438(2)
o [deg] 90 920

p [deg] 90 91.28(3)
y [deg] 20 20

VA3 2983(2) 1795.5(6)
z 4 4

Rint 0.0933 0.0245
R1[l > 20(1)] 0.0424 0.0341
WR2 (all data) 0.0788 0.0909
flack x —0.0457 —0.0407

0.44¢< 0.10x 0.10

0.30x 0.26x 0.19

is parallel to theab plane via hydrogen bonds (Supporting a hydrogen-bonding two-dimensional (2D) sheet (Supporting
Information Figure S1a). Moreover these rings fuse to form Information Figure S1b). These 2D sheets and the 1D
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Table 2. Selected Bond Lengths [A] and Angles [deg] fbr112

CompoundlL
Ag(1)-N(2) 2.248(3)  Ag(1XN(3)#1 2.257(3)
Ag(1)—N(1) 2.604(3)  Ag(1}OW(1) 2.632(3)

N(2)-Ag(1)-N(3)#1  165(1) N(2YAg(1)-N(1)  100.7(1)
N(3)#1-Ag(1)-N(1)  91.22(9)

Compound2
Ag(1)—N(2) 2.171(2)  Ag(1yN@3)#3 2.182(2)
Ag(1)—O(1)#2 2.532(2)

N(@2)—-Ag(1)-N@#3  170.52(7) N(JAg(l)-O(L)#2 95.14(6)
N(3)#3-Ag(1)—O(L)}# 2 93.63(6)

Compound3
Ag(1)—N(3) 2.234(3)  Ag(2yN(2) 2.292(4)
Ag(1)—N(3)#1 2.234(3)  Ag(2rN(2)#2 2.292(4)
Ag(1)—0(2) 2.591(4) Ag(2yrowi1 2.409(5)
Ag(1)-0(2)#1 2.591(4)

N(G3)-Ag(L)-N@)#1 164.0(2) N(3rAg(1)-0(2) 97.0(1)
N@E#I-Ag(1)-0(2) 93.6(1) O(2rAg(l)-O@)#1 97.1(2)
N@2)-Ag(2)-N@2#2 164.32) N(2XAg(2)-OW1  97.9(1)

Compound4
Ag(1)—N(1) 2.167(3) Ag(1)-N(4) 2.171(3)
Ag(2)—N(3) 2.183(3) Ag(2y-N(2) 2.191(3)
Compounds
Ag(1)—N(2) 2.233(2) Ag(1yN(3)#1 2.247(2)
Ag(1)—N(1) 2.488(2) Ag(1)-0O(2)#2 2.518(2)

N(2)-Ag(1)-N@)#1  159.51(8) N(2YAg(1)-N(1)  101.67(9)
NE#1-Ag(1)-N(1)  93.85(8) N(2FAg(1)-O(2)#2 96.29(8)
NE#1-Ag(1)-O(2)#2 91.44(9) N(IYAg(1)-O(2)#2 108.10(7)

Compounds
Ag(1)-Ow1 2.142(8) Ag(1)OW2 2.141(7)
OW1-Ag(1)—OwW2 176.2(7)
Compound/
Ag(1)—N(2) 2.196(2) Ag(1)-N(1) 2.210(2)
Ag(1)—O(1)#1 2.564(2)

N(2)-Ag(1)-N(1)  151.80(9) N(2rAg(1l)-O(1)#1 88.09(8)
N(1)-Ag(1)-O(1)#1  119.93(8)

Compound
Ag(1)—N(1) 2.479(4) Ag(1yN(2) 2.253(3)
Ag(1)—N(3)#1 2.234(3) Ag(1yO(3)#1 2.649(4)

N(3)#1-Ag(1)—N(1) 102.0(1) N(2rAg(1)-N(1)  95.9(1)
N@)#1-Ag(1)-O3)}# 1 90.5(1) N(2*Ag(l)-O@)#1 101.1(1)
N(3)#1-Ag(1)—N(2) 160.3(1)

Compoundd
Ag(1)—N(2)#1 2.239(4) Ag(1)yN(1) 2.257(3)
Ag(1)—N(3) 2.481(4) Ag(1}O(3)#1 2.634(4)

N(1)-Ag(1)-N@3)  93.1(1)  N(2#EAg(1)-N(3) 102.5(1)
N(1)-Ag(1)-O@)#1 96.5(1) N(2)#tAg(1)-O(3)#1 94.9(1)
N(2)#1-Ag(1)-N(1) 162.1(1)

CompoundlO
Ag(1)-Ow1 2.115(4) Ag(1yN(2) 2.140(3)
Ag(2)—OwW2 2.241(5) Ag(2)y-N(1) 2.375(4)
Ag(2)—N3 2.386(5)
OW1-Ag(1)—N(2) 177.0(2) OW2-Ag(2)—N(1) 125.7(2)
Compoundl1
Ag(1)—N(1) 2.219(5) Ag(1yN(2)#1 2.228(5)
Ag(1)—N(3)#1 2.540(4) Ag(1yO(1)#3 2.725(4)

N(1)~Ag(1)~N(2)#1 165.1(1) N(LYAg(1)-N@3)#1 100.3(2)
NQ#1-Ag(1)-N@B)#1 91.5(2) N(1FAg(l)-OL)#3 77.7(1)
N@)#1-Ag(1)-O(1)# 3  109.6(2)

a Symmetry operations. Fdr #1x, —y + 3/, z— Y,. For2: #2 —x+
2,-y, —z#3x—1,y,z For3: #1—x, -y, z #2 —x, —y — 1,z For5:
#IX+ Yy =y, z— YUy #2x —1,y,z For7: #1—x+ 1,y — Y, —z+
Yy For8: #1—y + Y3, —x+ %3, z+ Ye. For9: #1x + Y, x — y + 5,
Z+ Yo FOrll #1x+ Yy =y + Yo, 2+ Ug #3X — Yo, =y + Yo, 2+ 2.

Scheme 3 Pyrazine-Related Environments of Silver lons in the
Polymeric Chain of Silver lons and Pyrazine Derivatives
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Scheme 4 Arrangements of the Pyrazine Derivatives in Compounds
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Structure of Ag(L1)(2,3-Pyr) (2). There exists one kind

of crystallographically unique silver ion in the structure of
2 (Figure 3a). The Ag(l) center shows an approximate “T"-
shaped coordination environment consisting of two N atoms
from two different 2,3-Pyr molecules and one sulfonate O
atom. Ag(l) centers are connected by 2,3-Pyr ligands through
the nitrogen atoms into a 1D chain (Figure 3b). There are
weak interactions between silver ions of one chain and
benzene rings of the adjacent chain with the-Aydistance

cationic Ag-Pyr chains are linked by hydrogen bonds to of 3.01 A, which is close to the sum of van der Waals radii

form a 3D supramolecular structure.

of Ag(l) ion and the carbon atom. Sbcan be viewed as a

Inorganic Chemistry, Vol. 46, No. 18, 2007 7303



Figure 1. Coordination environment of the silver ion in compouhd

Figure 2. (a) Polymeric chain structure ift. (b) Packing diagram of
compoundl.

Figure 3. (a) Coordination environment of the Ag(l) & (b) Double-
chain structure through weak AgC interactions in2 (Ag-:-C: dashed
lines).

weakly associated double-chain structure. In addition, two
sulfonate oxygen atoms and the amino group of L1 anion
are involved in hydrogen-bonding interactions (Supporting

7304 Inorganic Chemistry, Vol. 46, No. 18, 2007
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Figure 4. (a) View of 3 showing the coordination environments around
the Ag(l) centers. (b) Infinite zigzag chain structure3of

Information Table S1). As a result, the 1D polymeric chains
of the compouna are linked to form a 2D sheet through
the hydrogen-bonding interactions (Supporting Information
Figure S2). Furthermore, these 2D layers are linked into a
3D network by weak Ag-C interactions between the
adjacent chains.

In [Ag2(2,3-Pyr}][SbFs]2 (14),*2 the Ag(l) centers exhibit
a planar coordination geometry, intermediate between trigo-
nal and T-shaped, consisting of three nitrogen atoms from
three 2,3-Pyr ligands. The SgFanion only acts as a
counteranion in14. Compound14 shows a unique 3D
“racemate” structure, whereas compo@shows a 1D chain
structure. The structural changes may be explained by the
coordination effect of anion. Since sulfonate anion has
stronger coordination ability than SpFanion, the sulfonate
anions replace part of the coordination sites of 2,3-Pyr
ligands, and the dimensionality of the network is decreased.

Structure of [Ag2(L1)2(2Et,3Me-Pyr),(H20)] (3). As
illustrated in Figure 4a, compourglcontains two kinds of
crystallographically unique silver ions. Ag(1) is coordinated
by two nitrogen atoms from two 2Et,3Me-Pyr molecules and
two oxygen atoms from two L1 ligands, showing a distorted
N.O, tetrahedral geometry. The Ag(2) center is three-
coordinated by two nitrogen atoms from two 2Et,3Me-Pyr
molecules and one water molecule disordered over two sites
with occupancies of 0.5 and 0.5, exhibiting a distorted “T"-
shaped coordination. The silver cations are bridged by 2Et,-
3Me-Pyr molecules to form a 1D “zigzag” chain (Figure 4b).
Within the chain structure, there are—x interactions
between the pyrazine rings and the benzene rings with a
distance of 3.55 A. In the compourg] the pyrazine rings
are coplanar in the same chain, whereas the adjacent pyrazine
rings of the “zigzag” chain have a dihedral angle of 2.0
in 3. The significant change is believed to be caused by the
replacement of one methyl group by one ethyl group.
Hydrogen-bonding interactions B are similar to those in
2, and compoun@® also forms a 2D sheet structure of L1
ligands just as that observed I(Supporting Information

(12) Carlucci, L.; Ciani, G.; Proserpio, D. M.; Sironi, &hem. Commun.
1996 1393.
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Figure 5. Coordination environments of Agl and Ag2 in compouhd

Figure 7. Water tetramers and the infinite 1D hydrogen-bonding chain in
4. H-bonds: dashed lines.

ice, liquid water, and water vapor are 2.74, 2.85, and 2.98
A, respectivelyt3® As is well-known, water molecules
frequently show a three-coordinate mode through hydrogen-
bond interaction* however, four oxygen atoms of this water
tetramer show four- or two-coordinate modes. OW1 behaves
as an acceptor as well as a donor, whereas OW?2 behaves as
a donor only. Four oxygen atoms in the water tetramer form
an approximate parallelogram, and four O atoms from two
L1 ligands and two OW1 atoms from two water tetramers
assemble through hydrogen bonds in an approximate octagon
with six oxygen atoms and two sulfur atoms each at corner.
_ _ _ _ o The parallelogram and the octagon in turn arrange themselves
Figure 6. (a) Polymeric chain structure id. (b) Packing diagram of LG .
compoundd. to form an infinite 1D chain structure.
A related compound [Ag(CEO,)(2,6-Pyr)] L5)'° was a
Figure S3a). Unlike, the adjacent layers iBare connected 2D polymeric solid, in which the Ag(2,6-Pyr) chains are

via Ag—O coordinative interactions instead of AQ bridged by carboxylate oxygen atoms. As could be expected,
interactions to result in a 3D network (Supporting Informa- the type of anion has a strong influence upon the topology
tion Figure S3b). of the coordination networks.

Part of the structure of is shown in Figure 5. The L1 Structure of Ag(L1)(2,5-Pyr) (5). Compound5 has an
anion in4 does not show any bonding actions with silver infinite 2D structure. As shown in Figure 8, each Ag(l) center
cations; it only acts as a counteranion. There are two kinds adopts a distorted tetrahedral coordination geometry which
of unique sliver ions in the structure df Both Ag(1) and consists of two Ms pyr donors, one Bhino donor, and one
Ag(2) are coordinated by two nitrogen atoms from different Ogyionaredonor from two different L1 anions. Silver ions are
2,6-Pyr ligands. Ag(LyN distances are somewhat shorter bridged by 2,5-Pyr molecules to form a 1D polymeric chain,
than Ag(2)-N distances. Ag ions are bridged by 2,6-Pyr and the Ag(l) atoms of adjacent chains are further connected
molecules to form a chain structure (Figure 6a). These chainshy L1 anions via sulfonate oxygen atoms and amino nitrogen
are arranged in a parallel mode to form a layer structure, atoms to result in the formation of a 2D network (Figure
and uncoordinated L1 anions intercalate the space betweer9a). The net consists of the metallomacrocyclic rings af-Ag
adjacent layers (Figure 6b). (2,5-Pyr}(L1), (Figure 9b). This ring is divided into two

Water clusters have been widely studied both theoretically parts through one hydrogen bond between one uncoordinated
and experimentally® A variety of water clusters, [(bD)n,
n = 2—18] found in a number of crystal hosts have been (13) (a) Liu, K.; Cruzan, J. D.; Saykally, R. Sciencel996 271, 929. (b)

Ugald, J. M Alkorta, I.; Elguero, JAngew. Chem., Int. EQR00!
characterized and display different configurations. The water 39 717. (c) Ludwig, R Anggw Chem. g|m E®001. 40, 1808. (3)

clusters [(HO), and (HO)s] in silver(l) sulfonate frameworks CEarbgllo, Ré;0 géJVYeloz,gi.; (L?dfir% CW Vazqil(ez—LLopezkE. Ltl_MysF—)
H : H tEngComm f . (e) L, D ang, Y.; Luan, X.; Liu, P.;
have been reported in our previous wéthere exist (HO), Zhou, C.: Ma, H.: Shi, QEur. J. Inorg. Chem2005 2678. (f

tetramers in the structure 4f and the geometrical parameters Mukhopadhyay, U.; Bernal, Cryst. Growth Des2005 5, 1687. (g)

of the water tetramer and its association with L1 ligands are ~ Keutsch, F. N.; Cruzan, J. D.; Saykally, R.Chem. Re. 2003 103
. . . . 2533. (h) Pal, S.; Sankaran, N. B.; SamantaAAgew. Chem., Int.
provided in Table S1 (see the Supporting Information). As Ed. 2003 42, 1741. (i) Ye, B.-H.; Ding, B.-B.: Weng, Y.-Q.; Chen,

shown in Figure 7, the two lattice water molecules4in 14 >J<]!\f/l Inc()argAChlxﬁn;'ZOM 4k3, 6;??- Crystallogr.1990 BAG, 546

. . . effrey, G. A.; Maluszynska, Hicta Crystallogr. .
a_ssemble INto a centrosymmetric tetramgr with G‘_@W (15) Brammer, L.; Burgard, M. D.; Eddleston, M. D.; Rodger, C. S.; Rath,
distances of 2.813(7) A, whereas these distances in regular ~ N. P.; Adams, HCrystEngComn2002 4, 239.
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Scheme 5 Arrangements of the Pyrazine Derivatives in Compounds
7-11

—ll\g—N—LZ—O—I‘\g—N—LZ— —Ag—

Gl G Lo

[N NN TS
N
\LZ/O \L2/0 N /o N\LZ/O N

Figure 8. Coordination environment of Ag(l) iB.

sulfonate O atom and amino N atom, and each ring has two O N N-AgN  N-AgN  N-AGN  N-Ag—
71— interactions between pyrazine rings and benzene rings, N d \N;—/ INT 4\ 4\
with the centroid-centroid distances being 3.66 and 3.69 =i e T AT S
A, respectively.

As shown in Supporting Information Figure S4, these 2D /_(
nets stack to form the overall structure &f There exist (10) Ow—Ag N N-Ag-Ow
interlamellar N-H---O hydrogen bonds between sulfonate L<
oxygen atoms and amino groups. The corresponding hydrogen-
bonds data were I_isted in Table S1. _These interlamellar - L2 12 -
hydrogen bonds stitch these 2D nets into a 3D supramo- 5_\ ' >_\ c'> 6 N\ (‘,
lecular structure. A related compound [AgECE,)(2,5-Pyr)] (11 —N —Ag N —Ag N N—Ag N —Ag—
(16) shows a 3D polymeric framework rather than a 2D sheet \_< L< \_< \_< N
structuret®

In order to further survey the structural influence of the ion in the structure (Figure 11). Ag(l) is coordinated by one
substituting groups of pyrazine derivatives and sulfonate nitrogen atom from the 2-Pyr ligand, one amino nitrogen
anions, compoundé—11 containing 6-amino-1-naphthale- atom, and one sulfonate oxygen atom from two different L2
nesulfonate anions have been synthesized, and their structureanions, showing a distorted trigonal coordination environ-
were determined by the X-ray diffraction method. The ment. Each L2 anion coordinates to two Ag ions through
arrangements of the pyrazine derivatives in compouhesl one oxygen atom and the amino nitrogen atom. Silver(l)
are shown in Scheme 5. centers are bridged by L2 anions to form a polymeric helical

Structure of [Ag(H20);](L2)-H,0] (6). As shown in chain propagating along theaxis. Surprisingly, the 2-Pyr
Figure 10, compoun® has a mononuclear structure. The ligand acts as a monodentate ligand, attaching to the helical
silver center is two-coordinated by two water molecules. chain of L2 anions and Ag ions (Figure 12).
Unexpectedly, the L2 anion does not coordinate to the silver  As shown in Figure 13, adjacent helices are linked through
ion but acts as a counteranion. In addition, there are lattice hydrogen-bonding interactions to form 2D layers parallel to
water molecules which are hydrogen-bonded to the sulfonatethe ab plane. These layers are further extended into 3D
oxygen atoms and amino nitrogen atoms from L2 ions. The networks through the wealr—x stacking interactions
geometric parameters of the hydrogen bonds are summarizedbetween pyrazine rings of the adjacent layers, with the
in Table S1. centroid-centroid distance being 3.72 A.

Structural Analysis of [Ag(L2)(2-Pyr)] (7). Compound Structure of [Ag(L2)(2,3-Pyr)] -1.5H,0 (8) and [Ag(L2)-

7 possesses one kind of crystallographically unique silver (2Et,3Me-Pyr)]-2H,0 (9). As shown in Figure 14a, the Ag-

Figure 9. (a) Infinite 2D net and hydrogen bonds of one layebir(b) Hydrogen bonding in a A¢R2,5-Pyry(L1), unit.
7306 Inorganic Chemistry, Vol. 46, No. 18, 2007
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Figure 11. Coordination environment of Ag(l) if.

Figure 12. View of a helical chain of [in (b), 2-Pyr ligands are omitted
for charity].

(I) center in8 shows a distorted tetrahedral coordination
sphere consisting of two dyi donors, one Nhin, donor, and
one Quionate The Ag—Naminolengths are considerably longer
than those of the AgNp, bonds, but all Ag-N bond
distances are within the normal range observed in N-
containing Ag(l) complexe¥. The Ag—O distance is similar

to the reported value®¥:'As shown in Figure 14b, Ag ions
are bridged by 2,3-Pyr ligands to form a 1D polymeric chain
structure, and two adjacent Ag ions are further linked by
one L2 anion through one O atom and the N atom. In
addition, there are—x interactions between pyrazine rings

and naphthalene rings of the same chain with the mean

distance of 3.59 A. The structure ®fis similar to that ofg,
and the diagrams of the structure ®&re shown in Figure
S5 (see the Supporting Information).

Figure 13. View of the hydrogen bonds between adjacent chains and the
n—z stacking of the layers. Hydrogen atoms are omitted for clarity.

Figure 14. (a) Coordination environment of Ag(l) if. (b) The hinged

1D chain structure of8. (c) 1D chains along different direction are
interconnected by NH---O hydrogen bonds i8 (1, 2, and 3 show three
units of three adjacent chains). H atoms are omitted for clarity. H-bonds:
dashed lines.

Compounds8 and 9 show similar packing modes, and
these packing modes of the 1D coordination polymers are
rather raré’ Indeed, the polymeric chains are packed in the
trigonal crystallographic system (in space grdRgc) with
each near-neighbor chain arranged in the disposition with
an inclined angle of 60to one another (Fo8, see Figures
15, parts a and b). The 1D chains interlace with each other
to form a 3D supramolecular structure through hydrogen

(16) (a) Hamamci, S.; Yilmaz, V. T.; Harrison, W. J..Mol. Struct.2005
734, 191. (b) Su, C.-Y,; Liao, S.; Zhu, H.-L.; Kang, B.-S.; Chen, X.-
M.; Liu, H.-Q. J. Chem. Sa¢Dalton Trans.200Q 1985. (c) Chen,
X.-D.; Mak, T. C. W.J. Mol. Struct.2005 748 183.

(17) (a) Keeffe, M. O.; Andersson, 3cta Crystallogr.1977, A33 914.
(b) Jouaiti, A.; Hosseini, M. W.; Kyritsakas, N.; Grosshans, P.; Planeix,
J.-M. Chem. Commur2006 3078.
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Figure 15. (a) Packed structure of the 1D chains8ifL2 anions and water molecules have been omitted for clarity). (b) Schematic representation of the
packing mode of the 1D chains B (c) Packing diagram o8. The lattice water molecules are omitted for clarity.

bonds (Foi8, see Figure 15c¢). As shown in Figure 14c, each --O hydrogen-bonding interactions, and compotidhows
amino group of one chain is hydrogen-bonded to one a 3D supramolecular structure through extensive intermo-
sulfonate O atom from the adjacent chain. Thus the 3D lecular hydrogen bonds. The geometrical parameters of the
supramolecular structures are fixed by these hydrogen bondshydrogen bonds are provided in Table S1.

The packing diagrams f& are shown in Figure S6 (see the Structure of [Ag(L2)(2,5-Pyr)]-H.0 (11). Compoundl1l
Supporting Information). shows an infinite 2D sheet. As shown in Figure 17, the silver
Structure of [Ag2(L2)(2,6-Pyr)(H20),](L2) -H,O (10).In ion in 11is four-coordinated by two N atoms from two 2,5-
surprise, compoundlO shows a discrete dinuclear structure Pyr ligands and one oxygen atom and one nitrogen atom

(Figure 16). There are two crystallographically unique silver from two different L2ligands. Silver ions are bridged by 2,5-
ions and two distinct L2 ligands ih0. The Ag(1) centeris  Pyr molecules to form a 1D polymeric chain, and the Ag(l)
two-coordinated by one N atom from the 2,6-Pyr ligand and ions of adjacent chains are further connected by L1 anions
one water molecule. The Ag(2) center is three-coordinated via sulfonate oxygen atoms and amino nitrogen atoms to
by one water molecule, one N atom from the 2,6-Pyr ligand, result in the formation of a 2D network (Figure 18a). There
and one N atom from L2 anion. The other L2 sulfonate anion exist intralamellar hydrogen-bonding interactions anebr
does not coordinate to the Ag ion, but acts as a counteranioninteraction between the pyrazine ring and the naphthalene
In the structure o0, there exist strong ©H-:-O and N-H- ring with the mean distance of 3.58 A (Figure 18b). The

Figure 16. Coordination environments of the silver(l) cationslié. Figure 17. Coordination environment of Ag(l) idl

7308 Inorganic Chemistry, Vol. 46, No. 18, 2007
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Figure 18. (a) Infinite 2D net and hydrogen bonds of one layerlih (b) Hydrogen bonding in a A¢R,5-Pyr¥(L2), unit. Lattice water molecules are
omitted for clarity. H-bonding: dashed lines.

molecule, whereas the latter is further coordinated by two
sulfonate O atoms [Scheme 4 (3)]. For compodnithe silver
ions may have three kinds of pyrazine-related environments
(Scheme 3, IV-a, IV-b, and IV-c). In fact, silver ions have
two different pyrazine-related environments as shown in
Scheme 3, IV-a and IV-b [Scheme 4 (4)]. Silver ions are
not further coordinated by any other atoms, and all L1 anions
are uncoordinated. For compousdhe silver ions only have
one kind of pyrazine-related environment (Scheme 3 V) and
can be further coordinated by one sulfonate O atom and one
amino N atom from different L1 anions [Scheme 4 (5)]. L1
anions in5 act as bidentate bridging ligands and lead to the
formation of a 2D polymeric structure.

Compounds/—9 and 11 have the same Ag/L2/Pyr ratio
of 1:1:1. Like compound4d—5, compounds3, 9, and 11
contain 1D polymeric chains of Ag ions and pyrazine
derivatives due to the coordination character of pyrazine
derivatives. For compound, the silver ions only have one
sulfonate O atom and amino N atom from two adjacent layers kind of pyrazine-related environment (Scheme 3 1) and can
are linked by the lattice water molecule through strong be further coordinated by one sulfonate O atom and one
hydrogen bonds (Supporting Information Figure S7). The amino N atom from different L2 anions [Scheme 5 (8)]. For

Figure 19. Packing diagram af1. Water molecules are omitted for clarity.

packing diagram ofL1 is shown in Figure 19. compound9, the silver ions may have three kinds of
Effect of the Pyrazine Derivatives on the Structures of pyrazine-related environments (Scheme 3, Ill-a, lll-b, and
the ComplexesCompoundd—5 have the same Ag/L1/Pyr llI-c). Unlike compound3, silver ions in9 adopt only one

ratio of 1:1:1. Since pyrazine derivatives have stronger kind of pyrazine-related environment (Scheme 3 lll-a). Each
coordination ability to Ag ions than L1 anion, the structures silver ion is further coordinated by one sulfonate O atom
of these complexes are mainly determined by the nature ofand one amino N atom from different L2 anions [Scheme 5
the pyrazine derivatives. Due to the geometric property of (9)]. Like compoundb, the silver ions inl1 only have one
the 2-Pyr ligand, the silver ions thmay have three possible  kind of pyrazine-related environment (Scheme 3 V), and each
pyrazine-related environments for the polymeric chain of silver ion is further coordinated by one sulfonate O atom
silver ions and 2-Pyr molecules (Scheme 3, I-a, I-b, and I-¢). and one amino N atom from different L2 anions [Scheme 5
Actually, all silver ions adopt the I-c environment, and this (11)]. L2 anions inll also act as bidentate bridging ligands
kind of silver ion prefers to be coordinated by one water and lead to the formation of a 2D polymeric structure.
molecule and one amino N atom rather than O atom of L1 Although all L2 anions in8, 9, and 11 act as bidentate
anion [Scheme 4 (1)]. For the polymeric chain of silver ions bridging ligands through N and O atoms, due to the change
and symmetric 2,3-Pyr molecules, the silver iongianly of the pyrazine derivatives, each L2 anion &and 9
have one kind of pyrazine-related environment (Scheme 3 coordinates to two silver ions of the same polymeric chain
II) and tend to be coordinated by one sulfonate O atom of silver ions and pyrazine derivatives; however, the L2 anion
[Scheme 4 (2)]. For compourd] the silver ions may have in 11 coordinates to two silver ions from different polymeric
three kinds of pyrazine-related environments (Scheme 3, llI- chain of silver ions and 2,5-Pyr ligands, and a 2D polymeric
a, lll-b, and lll-c). In fact, silver ions have two different structure of 11 is formed. In compound?, there exist
pyrazine-related environments as shown in Scheme 3, IlI-b polymeric chains of silver ions and L2 anions instead of the
and lll-c. The former is further coordinated by one water expected polymeric chains of silver ions and 2-Pyr ligands.
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The 2-Pyr ligand ir¥ acts as a monodentate ligand. Although Table 3. Wavelengths of the Emission Maxima and Excitation (nm)

the L2 anions of7—9 and 11 show the same bidentate  compd 1 2 3 5 13 HL1
bridging coordination mode, it can also be seen that the Jom 440 524 467,540 467,538 396,467 363, 467
coordination tendency of L2 anions can be adjusted by the 1., 260 290 290 240 240 290

pyrazine derivatives, and the substitutions of pyrazine rings
can diversify the polymeric frameworks of the complexes.

compd  2-Pyr 2,3-Pyr 2Et,3Me-Py r 2,5-Pyr

CompoundlL0 has a different Ag/L2/Pyr ratio of 2:2:1 and ~ #em 413, 438, 524 457 409, 435, 460

. . . ) . Aex 387 387 365
shows a dinuclear discrete structure in which two silvers are
bridged by one 2,6-Pyr ligand. One L2 anion coordinates to compd 7 8 9 11 6 HL2
one silver ion via the N atom, and the other L2 anion does  ;,,, 435, 542 438 467 430 420 399
not coordinate to silver ions. Aex 290 290 290 260 290 320

Effects of the Sulfonate Anions on the Structures of
the ComplexesFrom the structures of these compounds, it Solid-state photoluminescence properties of compotirds.
can be seen that sulfonate ions also play an important rolewere studied at room temperature. No photoluminescence
in the formation of the structures. The effects of anions on Was observed for compounds 10, and free 2-Pyr ligand.
the complexes are discussed below: The photoluminescence spectra of HL1, HL12;3, 59,

(1) L2 anion shows stronger coordination ability to silver 11 13, 2,3-Pyr, 2Et,3Me-Pyr, and 2,5-Pyr are depicted in
ion than L1 anion. L2 anions ifi—9 act as bidentate ligands, ~Figure S8 (see the Supporting Information), and the wave-
whereas L1 anions in compounds-3 act as monodentate lengths of the emission maxima and excitation are listed in
ligands. L1 anions in4 do not coordinate to silver ions; Table 3.
however, half of the L2 anions if0 coordinate to silver The emission peaks of HL1, HL2, 2,3-Pyr, 2Et,3Me-Pyr,
jons. and 2,5-Pyr may be assignedte~ z* or 7 — z* transitions

(2) The distances between S and N atoms are 5.95 A (L1 of the ligands. The emission peaks of compouh8, 59,
anion) and 6.81 A (L2 anion), respectively. The distances 11, and13 are attributed to charge-transfer transitions and
between the two adjacent Ag ions bridged by pyrazine the intraligand transitionsn(— s* and mg—s*).19221.22
derivatives in1—5, 8, 9, and11 range from 7.08 to 7.27 A.  Although free 2-Pyr shows no emission at ambient temper-
Due to the geometric difference between L1 and L2, L2 ature, the coordinated 2-Pyr ligands inand 7 may give
anions can bridge the adjacent silver ions of the samea—7* emission because the coordination of 2-Pyr to Ag(l)
polymeric chain to generate the 1D hinged chain structures may increase the conformational rigidity of 2-Pyr and reduce
of 8 and9 as well as the silvers of different polymeric chains the nonradiative decay of the excited state. For compounds
to give rise a 2D polymeric structure dfl; however, L1 1,2, 6, 8,9, and11, the emission peaks of charge-transfer
anions only can bridge the silvers of different polymeric transition and the intraligand transition are mixed together,
chains to produce the 2D polymeric network®f showing only one emission peak. Compouidl$, 7, and

(3) Although pyrazine derivatives generally have stronger 13 exhibit a main peak with a shoulder, respectively. The
coordination ability to Ag ions than sulfonate anions, the main peaks would be assigned to intraligand transitions,
sulfonate anions can influence the coordination betweenWwhereas the shoulder peaks may be attributed to the emission
silver ion and the pyrazine derivatives. Compoufidsd7 of charge-transfer transitions.
have the same 2-Pyr ligands. The 2-Pyr ligand act as Due to the introduction of the pyrazine derivative ligands,
bidentate bridging ligands to form the 1D polymeric chain; both the outlines and emission maximalsf3, 5, 7—9, and
however, the 2-Pyr ligands ihact as monodentate ligands. 11 are different from those & and13. These changes may
Part of the coordination sites of 2-Pyr ligandslihas been  be caused by the following reasons: (1) The introduction of
replaced by L2 anions if. pyrazine derivatives can change the coordination modes of

(4) The pyrazine derivatives in the AdPyr chains may
be arranged in several different modes: head-to-head, head¢18) (a) Wu, Q.; Esteghamatian, M.; Hu, N.-X.; Popovic, Z. D.; Enright,

. . . . G.; Tao, Y.; D’lorio, M.; Wang, SChem. Mater200Q 12, 79. (b)
to-tail, and tail-to-tail. As discussed above, the arrangement McGarrah, J. E.; Kim, Y. J.: Hissler, M.: Eisenberg, IRorg. Chem.

of pyrazine derivatives in the AgPyr chains can be modified 2001, 40, 4510. (c) Santis, G. D.; Fabbrizzi, L.; Licchelli, M.; Poggi,
- A.; Taglietti, A. Angew. Chem., Int. Ed. Endl99§ 35, 202.

by sulfonate ions. . . L (19) (a) Zheng, S.-L.; Yang, J.-H.; Yu, X.-L.; Chen, X.-M.; Wong, W.-T.

(5) The molar ratio of Ag/(pyrazine derivative) of products Inorg. Chem2004 43, 830. (b) Seward, C.; Chan, J.; Song, D.; Wang,

can be adjusted by changing anions. Under the same synthetic \?v 'frIIOFG-SCI?nhermZC()t?fi ng'o%)éljz (%)753”9’ Y.; Seward, C.; Song, D.;
condition,4 with Ag/L1/(2,6-Pyr) ratio of 1:1:1 was isolated, (20) (a?ngng', You.g_'B'; J?n, G.-X.: Smith, M. D.; Huang, R.-Q.; Tang, B.:

whereaslOwith Ag/L2/(2,6-Pyr) ratio of 2:2:1 was isolated. zur Loye, H.-Clnorg. Chem2002 41, 4909. (b) Liu, S. Q.; Kuroda-
Photoluminescent PropertiesLuminescent compounds Sowa, T.; Konaka, H.; Suenaga, V., Maekawa, M.; Mizutani, T.; Ning,

; . . ” G. L.; Munakata, M.Inorg. Chem.2005 44, 1031.
are of great current interest because of their various applica-(21) (a) Sun, X.-Z.; Huang, Z.-L.; Wang, H.-Z.; Ye, B.-H.; Chen, X.-M.;

tions in chemical sensors, photochemistry, and electrolumi- ~ Z Anorg Allg. Chem 2005 631, 919. (b) Kaltsoyannis, NJ. Chem
. P . y . . Soc, Dalton Trans.1997 1. (c) Kunkely, H.; Vogler, AJ. Chem
nescent (EL) displaj? The luminescent properties of silver Soc. Chem Commun 199Q 1204.

carboxylate compounds and silver compounds containing (22) |(3a) ;hi, >|i/| ZS}J, %-I;EFargg,l Q. WCUH G';zToiSZE%E V(vi;nZgH R.; Z)*(lang,
an . . 0 . .; Xue, M.; Qiu, S.Eur. J. Inorg. Chem . ang, X.-
CRSGO; ions have been investigatét?® However, inves- M. Tong, M.-L.. Gong, M.-L.; Chen, X.-MEur. J. Inorg. Chem

tigations of silver aromatic sulfonates are selddmThe 2003 138.

7310 Inorganic Chemistry, Vol. 46, No. 18, 2007



Silver(l) Sulfonate Complexes with Pyrazine Desmtives

the sulfonate anions, and this may change the energy levelderivative ligands show a stronger influence on the structures
of HOMO and LUMO of the sulfonate anions. (2) The of the complexes than the sulfonate anions. However, a
coordinated pyrazine derivatives can also contribute to the sulfonate anion with strong coordination power may also

emission of the complexes. (3) The complexes may display influence the structures of the complexes to some extent.
the emission resulted from the charge-transfer transition
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