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Silver—thiophener interactions in two bonding modes, nameh?;(C=C) and«-(C,S), have been
observed for the first time in crystalline silver(l) complexegHgS-2)G=CAg-4AgCRCO; (1), 2[(C4HsS-
2)C=CAg]-8AgCRCO,:CH3CN (2), and (GH3S-3)G=CAg-4AgCRCO:; (4), bearing thiophene ligands
with an ethynide substituent at the 2- or 3-position. Introduction of an additional betaine component in
3[(C4H3S-2)G=CAg]-8AgCRCO,*MesNTCH,CO,+4.5H,0 (3) and replacement of trifluoroacetate by
pentafluoropropionate in (€l;S-3)G=CAg-5AgC,FsCO,:4H,0 (5) were found to interrupt these silver
thiophenern interactions and instead form an infinite-z-stacked silver chain and @a—m-stacking-
stabilized Ag aggregate, respectively. The establishment of a new kind of sitbynide supramolecular
synthon, R-C=C>Ag, (R = 2-, 3-thienyl;n = 4), highlights the potential of building metabrganic
frameworks utilizing ther-coordination capacity of a heterocyclic ring.

Scheme 1. Coordination Modes of Thiophene Ligands in
Transition Metal Complexest
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decades were to pass before the first X-ray crystallographic
analysis of a silveraromatic complex, §Hg:AgClO,4.2° Recent
interest in silver-aromaticr complexes is prompted by their
structural diversity for the construction of crystalline solid-state I I 111 v
devices as electrical conductors and chemical sedsgexh
silver(l) center thereof is mostly’- or y?-bound to a wide
variety of aromatic ligands, including benzer®idand poly-
cyclic aromatic hydrocarbons (PAR)Yowever, in contrast to
the plethora of silverarene complexes, to our knowledge there
are as yet only sporadic reports of significant sitvaromatic

7 interaction involving heterocyclic rings.

The coordination chemistry of thiophene and related com-
pounds has attracted much attention in recent decades owingmetal centers via its lone-pair electrdhd? In another com-
to its relevance to meta'-CatalyZEd hydrodesulfurization (HDS) m0n|y occurring mode (mode ||), transition metal atoms |y|ng
of fossil fuels® The known coordination modes of thiophene
and its derivativesin transition metal complexes are illustrated (6) (a) Lockemeyer, J. R.; Rauchfuss, T. B.; Rheingold, A. L.; Wilson,
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above or below the thiophene ring exhibit#a(C=C) bonding
type2~15 and an unusuaj?,n?-mode (mode Ill) exists inuy-
phenylphosphido)#s-172,12,02-thienyl)bis(,-carbonyl)-
nonacarbonyltetrarutheniut? As to the n*-mode, versatile
bonding patterns including*(C=C—C=C) (mode V)6 u-
n?,n%-(C=C—C=C) (mode V)17 u-S*(C=C—C=C) (mode
VI1),18 and us-S,Sy*-(C=C—C=C) (mode VII)!® have been
reported. The thiophene ring can also act as a Cpstkegand
toward a metal atom (mode VIIE. Elfeninat and co-workers
have studied the interaction between thiophene and some group
11 metals employing quantum-chemical methods, showing that
the sulfur atom bonds to the copper atom to a very small extent,
and there is no significant interaction between thiophene and
gold2t

Our recent studies on the synthesis and characterization of
silver(l) ethynide complexes led to the recognition of two new
kinds of coordinated supramolecular syntti@symbolized by
R—C=C>Agn (R = aryl or alkyl,n = 4 or 53 and Ag,cC=
C—R—C=C>Agn (R = p-, m, 0-C¢Hy; n =4 or 5)2*andz—x
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6393.

(12) M =Y. (a) Ringelberg, S. N.; Meetsma, A.; Hessen, B.; Teuben,
J. H.J. Am. Chem. S0d999 121, 6082-6083. (b) Arndt, S.; Trifonov,
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Figure 1. Atom labeling (atoms shown as 50% thermal ellipsoids)
and coordination mode of the thiophene-2-ethynide ligand in
(C4H3S-2)G=CAg-4AgCRCO; (1). Two inversion-related (&3S-
2)—C=C>Ag, units are connected by the silvahiophenex
interaction to yield a 10-membered metallacycle. Other ligands bond
to the silver(l) centers are omitted for clarity. Symmetry code: A
1-x, 1-y, 1-z

stacking between adjacent aryl groups tends to dominate the
molecular packing in the solid state. To explore the possibility
of silver—aromatic interactions involving heterocyclic com-
pounds, we embarked on a study of the ligand behavior of
ethynyl-functionalized thiophenes, since it is well-known that
the hetero sulfur atom has poefcoordination ability, so that
the thiophene ring may be expected to coordinate to a silver(l)
center via ther mode. We herein report the establishment of a
new kind of supramolecular synthons—R=C>Ag, (R =
C4H3S-2 or GHsS-3; n = 4) based on the synthesis and
structural characterization of five silver(l) ethynylthiophene
complexes, namely, (El;S-2)G=CAg-4AgCRCO;, (1), 2[(C4H3S-
2)C=CA(]-8AgCR:CO»CHCN(2), 3[(CsH3S-2) G=CAg]-8AgCF=-
CO,*MesNTCH,CO,+4.5H,0 (3), (C4H3S-3)G=CAg-4AgCFs-

CO; (4), and (GH3S-3)G=CAQ-5AgCFsCO»4H,0O (5), in
which the silver-thiophenes interaction is substantiated for
the first time and it can be further affected by the bulk of
carboxylate ligands.

Results and Discussion

Complexesl—5 were obtained from crystallization of the
corresponding crude polymeric compounds:HeS-2)G=CAg]»
and [(GH3S-3)G=CAg],, which were synthesized for the first
time, in a concentrated aqueous solution of AgOB,, AgC,Fs-
CO,, and AgBHR, with the addition of acetonitrile and betaine
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(a) (b)
Figure 2. (a) Coordination column along thedirection in complexl assembled from the linkage of {8;S-2)-C,>Ag4 synthons by
four types of trifluoroacetate groups. Oxygen atoms are indicated by different colors, and all fluorine atoms are omitted for clarity. (b) 2-D
coordination network parallel to the plane in complex. bridged by [Ag(us-CFCO,),] units. All fluorine atoms are omitted for clarity.
Color scheme for atoms: Ag purple, C gray, O red, S yellow.

in the case of complexezand 3. Herein AgBR was used to
increase the concentration of silver ida3.he polymeric starting
material [(GH3S-2)G=CAg], was synthesized by the reaction
of 2-lithioethynylthiophene (generatéd situ from 2-[(trimeth-
ylsilyl)ethynyl]thiophene andh-BuLi) with AgNOg3 in THF
under an inert atmosphere of nitrogen at room temperature, and
[(C4H3S-3)G=CAg], was prepared from the reaction of AghlO
with 3-ethynylthiophene in the presence of BHthe synthetic
procedures are based on the fact that sihathynide complexes
have poor solubility in common solvents and can be easily
separated by precipitation.

In the crystal structure of ({15S-2)C=CAg-4AgCRCO; (1)
(Figure 1), the separation of Ag4 from the mean plane of the
thiophene ring (C3A C4A—C5A—CB6A—S1A) is 2.45 A, which
is in good agreement with the reported values for-agene
complexes (2.4 0.05 A)32 Furthermore, the AgC bond
distances with C5A C6A lie in the range 2.593(5)2.776(5)

A, respectively, being well below the upper limit of 2.92 A for
effective r interaction between silver(l) and an aryl carbon
atom?2The hapticity of this coordination is calculatedigs’®26
indicating the first observation of a silvethiophenen?-(C= ) ) )
C) & interaction. The angle between the vector from Ag4 to Figure 3. _3-D_ network in complex. constructed_ from_ linkage of
the C5A-C6A bond center and the vector from C3A to the _2-tD Co?rd'”"?‘t'?ﬁ “ft(‘gor'és) norgnalpt\cIJl %)10]. by St'lveh'(’phen'.ag g

. or . interaction via -(C=C) mode. uorine atoms are omitte
C5A—CBA pond center Is 106.5|n good agreement with the for clarity. Colores70heme for atoms: Ag purple, S yellow, O red,
correspondmg value of 113.0in _the _complex TpRe(CO)- ¢ gray.
(tBUNC)(@2-thiophene) (Tp= hydridotris(pyrazolyl)borate)’

Moreover, the silver atom Ag4 is coordinated not only by the

766%5) Wang, Q.-M.; Mak, T. C. WJ. Am. Chem. So@001, 123 7594~ thiophene ring but also by the triple bond €C2 via &
(zé) Vasilyev, A. V.: Lindeman, S. V.; Kochi, J. KChem. Commun mteracpon, thereby giving rise to the flrstfﬂ:)Ag(C,EC) bent-
2001, 909-910; the hapticity of coordination is estimated &%, x =1 + sandwich configuration observed among silver(l) complexes.

2(dh? — DHV[(di2 — D)V2 + (dz? — D?)Y2 whered; andd, are the closest  The ethynide moiety G£C2 is surrounded by a butterfly-shaped
and second closest A¢C distances, respectively, afdlis the distance Ag. basket throughs-type bonds ranging from 2.196(4) to
between Ag and the mean plane of the aromatic ring. ) > 3‘54 nyy d a bond at Aq4-C2 = 2.661(4) A t ' d

(27) M = Re. Meiere, S. H.; Brooks, B. C.; Gunnoe, T. B.; Carrig, E. 4 (4) A, and a bond at Ag = 2.661(4) A to produce

H.; Sabat, M.; Harman, W. DOrganometallics2001, 20, 3661—3671. a new supramolecular synthon 46S-2)-C=C>Ags. The



4442 Organometallics, Vol. 26, No. 18, 2007 Zhao and Mak

-_‘-,.2_731,&

" 2.801A
. .o
2.615A% %,C12B

2.533A‘."~, CBA

Figure 4. Atom labeling (50% thermal ellipsoids) and coordination modes of two independgit€2)—C=C" ligands in 2[(GHsS-
2)C=CAQ]-8AgCRCO,-CH3CN (2). Other ligands are omitted for clarity. Symmetry code: Axl 1-y, 1-z B 1—-x, 1-y, —z Selected
bond distances (A): G1C2 1.223(6); C#C8 1.216(6); Ag--Ag 2.778(1)-3.152(1).

(b)

Figure 5. (a) Coordination column in 2[(§H3S-2)CECAg]-8AgCRCO,-CH3CN (2) assembled from the linkage of {8;S-2-C,D>Ag4
synthons by eight different trifluoroacetate groups. All fluorine atoms are omitted for clarity. (b) 2-D coordination network of c@mplex
parallel to the (100) plane through the linkage of coordination columns by(#A€FCO,),] units. All fluorine atoms are omitted for
clarity.

C1=C2 bond distance is 1.221(5) A, falling within the range thiophene rings without—s stacking (interplanar distance
1.181-1.252 A in the reportecu;-ethynyl complextrans 3.847 A). The long S-S separation of 4.635 A indicates the
[(EtsPPhP+C=CRC=C—-PtPh(PEj),] (R = 2,5-thiophene- absence of significant sulfeisulfur interaction inl, although
diyl).28 The Ag--Ag distances within the Agbasket range from  such interaction plays a pivotal role in reported thiophenrer-
2.795(1) to 3.072(1) A, being shorter than twice the van der stacked complexe¥.

Waals radius of the silver(l) ion (3.4 A), suggesting the existence  The (GHsS-2-C=C>Ag. units are mutually bridged by
of significant argentophilic interactioff. Furthermore, two three independent trifluoroacetate groups{@R, O3-04, and
centrosymmetrically related (83S-2)-C=C>Ag,4 units are 07-08) via u4+0,0,0,0, us0,0,0,0, and us-0,0,0
interconnected by the silvethiophener interaction to yield a modes, respectively, to generate an infinite silver column along
10-membered metallacycle containing two completely parallel thea direction. By utilizing the linking unit [Ag(us-1*,7?*-CFs-

(28) Lewis, J.; Long, N. J.; Raithby, P. R.; Shields, G. P.; Wong, W.- (30) (a) Zhang, X.; Johnson, J. P.; Kampf, J. W.; Matzger, Atlem.
Y.; Younus, M.J. Chem. Soc., Dalton Tran$997, 4283-4288. Mater. 2006 18, 3470-3476. (b) Yamazaki, D.; Nishinaga, T.; Tanino,
(29) (a) Pyykko P.Chem. Re. 1997 97, 597-636. (b) Zhao, X.-L.; N.; Komatsu, K.J. Am. Chem. So@006 128,14470-14471. (c) Nakao,
Wang, Q.-M.; Mak, T. C. WChem=Eur. J. 2005 11, 2094-2102, and K.; Nishimura, M.; Tamachi, T.; Kuwatani, Y.; Miyasaka, H.; Nishinaga,

references therein. T.; lyoda, M.J. Am. Chem. SoQ006,128 16740-16747.
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Figure 6. 3-D coordination network ir2 composed of 2-D coordination networks linked by silvétiophener interaction via they?-
(C=C) mode. All fluorine atoms are omitted for clarity. Color scheme for atoms: Ag purple, C gray, O red, N blue, S yellow.

Figure 7. Atom labeling (50% thermal ellipsoids) and coordination

Figure 8. Silver column in comples along thea direction bridged
by the argentophilic interaction AgHAg2A and twous-0,0,0
carboxylate ligands (0506 and O17018). Other ligands are
omitted for clarity. Symmetry code: AHx,y, z

range 2.583(5)2.801(5) and 2.615(5)2.731(5) A for Ag4-

modes of three independent (2-thienyl)ethynide and carboxylate (CSA=CBA) and Ag8-(C11B=C12B), respectively. Thus their

ligands in 3[(GH3S-2)G=CAg]-8AgCRCO,*MesN+TCH,CO, ™+
4.5H,0 (3). Trifluoromethyl moieties and some other ligands are
omitted for clarity. Symmetry code: A, y, z Selected bond
distances (A): C+C2 1.21(2); C#C8 1.21(2); C13-C14 1.26-
(2); Ag-+-Ag 2.770(4%-3.337(3).

CQOy),] composed of the external silver atom Ag5 and trifluo-
roacetate group 0506, adjacent infinite silver columns are
cross-linked along the direction to generate a two-dimensional
network orientated parallel to thee plane (Figure 2). Packing
of these 2-D coordination networks along thelirection via
bridging silver-thiophene v interaction leads to a three-
dimensional coordination network (Figure 3).

Addition of acetonitrile into the solution during the crystal-
lization of complexl yielded another complex containing the
n?-(C=C) silver—thiophener interaction, namely, 2[(§13S-
2)C=CAQg]-8AgCRCO,-CH3CN (2), in which two independent
(2-thienyl)ethynide ligands are involved (Figure 4). The-Ag
distances within the silverthiophener interaction are in the

corresponding hapticity can be calculated as 1.76 and 1.86
according to the atom-to-plane distances of 2.44 and 2.45 A,
respectively. The vectors from the silver atoms Ag4 and Ag8
to the midpoints of the corresponding=C double bonds make
an angle of 107.%land 107.9, respectively, with the thiophene
rings. Ag4 and Ag8 are likewise each embraced by an ethynide
moiety and a thiophere ring via bonding. The interplanar
distances of 3.899 and 3.960 A for the pair of thiophene rings
S1-S1A and S2-S2B preclude the existenceof-7r stacking.
Fourus-0,0,0,0 trifluoroacetate groups (G506, 09-010,
011-012, and 015016) are involved in the crystal structure
of complex2, acting in the same role as in compléxo yield
a similar coordination column (Figure 5a). The other two {03
04 and O#08) play a secondary role to consolidate this
columnar structure via thes-0,0,0 mode. Two independent
trifluoroacetate groups (G102 and 013-014) bridge the silver
atoms of type Ag9 and Ag10 bearing a coordinated acetonitrile
group to connect all these columns into a 2-D coordination
network (Figure 5b). Through additional consolidation yfa
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Figure 9. 2-D networks in comple constructed from the linkage of silver column by hydrogen bonding. Hydrogen bonds (A):-04W
018 2.728; O2W-O6W 3.001; O6W indicates the central position of two disordered sites of water molecule O6W. Color scheme for
atoms: Ag purple, S yellow, O red, C gray, N blue, H white.

Table 1. Structural Parameters between Adjacent
Thiophene Rings in Complex 3

interplanar dihedral S-S shortest
cent-cent separation angle distance C—C(S)
ring A A) (deg) A) distance (A)
S1-S2 3.929 3.845 4.9 3.951 3.894
S2-S3 4.315 3.688 3.9 4.191 3.719
S3-S1A 4.063 3.727 2.1 4.100 3.863

(C=C) silver—thiophener interaction, adjacent 2-D networks
are connected to form a 3-D coordination network (Figure 6).
Employment of an additional betaine ligand, NeCH,CO,™,
results in the generation of 3j83S-2)CG=CAg]-8AgCFs-
CO;*Me3sNtCH,CO,7+4.5H,0 (3), in which this silver
thiophener interaction is totally interrupted. As shown in Figure
7, three independent (2-thienyl)ethynide ligands are involved
in this structure, in which three ethy_nlde m0|et|e$%€q2, C#= Figure 10. Atom labeling (50% thermal ellipsoids) and coordina-
C8, and C13=C14) adopt different kinds of coordination modes, {jon mode of the thiophene-3-ethynide ligand in 4GS-

parnt oyt ap, waent, andus-ntt gt respectively, tobond  3)C=CAg-4AgCRCO; (4). Thek-(C,S silver—thiophener inter-

to a Agy silver aggregate. In contrast to the simpleO,0 action links two inversion-related (85S-3-C=C>Ag, units to
mode of six trifluoroacetate groups and tpheO mode of engender a 10-membered dinuclear metallacycle. Other ligands are
trifluoroacetate group O708, trifluoroacetate group G506 omitted for clarity. Symmetry code: AX, —y, —z Selected bond

and betaine ligand 017018 link adjacent Ag aggregates via  distances (A): C+C2 1.219(7); Agr-Ag 2.794(1)-3.036(1).
theus-O,0,0 mode to generate a silver column along the [100] . ] .
direction (Figure 8). Notably, all thiophene rings of this silver  The silver columns are further linked by hydrogen bonding
column protrude on the same side and are stabilized by between O18 and water molecule O4W at one side and between
continuoust—a stacking, which bears much similarity to that @qua ligand O2W and water molecule O6W on the other to
between phenyl rings in AGECCgHs3AgCRCO,»CHaCN 232 construct a 2-D network. As shown in Figure 9, adjacent 2-D
2AgC=CCeHsMe-4-6AgCFCO,1.5CHCN, and AgG=CCsH4 networks are packed along thelirection and separated by the
Me-4-3AgCRCO,(CHa)sN+CH,CO,~ .23 As tabulated in Table betaine ligands, thereby leading to the absence of internetwork
1, all thiophene rings are almost parallel to each other, with interaction between thiophene rings.

interplanar separations in the range 3:8%84 A, which are Employment of the thiophene-3-ethynide ligand in the ensuing
somewhat longer than typical values of 3&7 A in numerous ~ Study leads to the observation of an unprecedert¢@,§
reported thiophene and polythiophene compléfés. silver—thiophene interaction in the crystal structure ofKigS-

3)C=CAg-4AgCRCO; (4) (Figure 10). We differentiate this

(31) (a) Li, X.-C.; Sirringhaus, H.; Garnier, F.; Holmes, A. B.; Moratti,
S. C.; Feeder, N.; Clegg, W.; Teat, S. J.; Friend, RJHAm. Chem. Soc D.; Mann, K. R.; Casado, J.; Raff, J. D.; Miller, L. . Am. Chem. Soc
1998,120, 2206-2207. (b) Yassar, A.; Demanze, F.; Jaafari, A.; El Idrissi, 2002 124,4184-4185. (f) Xiao, K.; Liu, Y.; Qi, T.; Zhang, W.; Wang, F.;
M.; Coupry, C.Adv. Funct. Mater 2002 12, 699-708. (c) Free, P.; Allain, Gao, J.; Qiu, W.; Ma, Y; Cui, G.; Chen, S.; Zhan, X.; Yu, G.; Qin, J.; Hu,
M.; Elandaloussi, E.; Levillain, E.; Sauvage, F.-X.; Riou, A.; Roncali, J W.; Zhu, D.J. Am. Chem. So2005 127, 13281-13286. (g) Yasuda, T.;
Chem=—Eur. J. 2002 8, 784—792. (d) Brooks, J.; Babayan, Y.; Lamansky, Sakai, Y.; Aramaki, S.; Yamamoto, Them. Mater2005 17, 6060-6068.

S.; Djurovich, P. I.; Tsyba, |.; Bau, R.; Thompson, M. lBorg. Chem. (h) Wakamiya, A.; Taniguchi, T.; Yamaguchi, 8ngew. Chem., Int. Ed
2002 41, 3055-3066. (e) Pappenfus, T. M.; Chesterfield, R. J.; Frisbie, C. 2006 45, 3170-3173.
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(a) (b)
Figure 11. (a) Coordination column id assembled from the linkage of {d5S-3)—C,>Ag,4 synthons by four independent trifluoroacetate
groups, which are indicated by different colors. All fluorine atoms are omitted for clarity. (b) 2-D coordination network of camplex
normal to [010] through the bridging of adjacent silver columns by,[AgCFCO,),] units.

Figure 12. 3-D network in4 (viewed from thec direction) composed of 2-D coordination networks linked by sittBiophener interaction.
All fluorine atoms are omitted for clarity. Color scheme for atoms: Ag purple, S yellow, O red, C gray.

Ag—(C,9S interaction as a silveraromatics interaction, in shorter than the sum of van der Waals radii (3.11 A) of the
contrast tog-coordination bonding via the lone-pair electrons Ag(l) ion and a carbon atorf?,and also smaller than the values
of the sulfur atom, on the basis of the following consider- ranging from 3.281 to 3.884 A in the aforementioned siver
ations: (i) the bond distance of Ag4AS1 (2.699(2) A) is thiopheneo-bonded complexes; (iii) the angle between the
significantly shorter than bond distances of 2.7@8995 A in
the reported silverthiophenes-bonded complexeyii) the (32) Dean, J. A. Ed.ange’s Handbook of Chemis{ry3th ed.; McGraw-
distance between Ag4 and carbon atom C5A is 3.019 A, being Hill: New York, 1985.
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o7 O7A

Figure 13. Atom labeling (50% thermal ellipsoids) and coordina-
tion mode of the (GH3S-3)C=C~ ligand in (GH3S-3)G=CAg-
5AgCFsCO,+4H,0 (5). m— stacking occurs in a pair @,-related
thiophene rings. &5 moieties of pentafluoropropionate groups and
other ligands are omitted for clarity. Symmetry codex,A/2—y,
1—z Selected bond distances (A): €C2 1.23(1); Ag:+Ag 2.805-
(2)—3.151(3).

Ag4A—S1 vector and the vector from S1 to the €34
midpoint is 110.2, being smaller than the values in reported
transition metal thiophene-bonding complexes ranging from
117.7 to 153.0.8712

Zhao and Mak

Figure 15. 3-D network in complex5 constructed by the
connection of a 2-D coordination network (indicated by different
colors) by hydrogen bonding. Hydrogen bonds (A): O2®4wW
2.833; O3W-07 2.903.

0,0,0, u3-0,0,0, andus-0,0,0,0 modes, respectively, to

Although Ag4 is coordinated by both sulfur and carbon atoms yield an infinite coordination column. Bridged by the [Ags-

and its atom-to-ring distance is 2.46 A (within the range 2.41
+ 0.05 A), the long Ag-C distance of 3.019 A indicates that
the hapticity of this kind of silverthiophene interaction is much
closer to 1 rather than 2 as found Irand 2. The interplanar
distances between two thiophene rings and the sululfur
separation are 4.00 and 6.22 A, respectively.

Through the Ag-(C,9 « linkage, a pair of inversion-related
(C4H3S-3)-C=C>Ag4 units are consolidated into a dinuclear
10-membered metallacycle (Figure 10). Along the [100] direc-
tion, the (GH3S-3)-C=C>Ag4 units are linked by three types
of trifluoroacetate groups (G102, O5-06, O708) viausz-

(a)

CRCOy)7] unit composed of inversion-related silver atom Ag5
and a trifluoroacetate group of the ©8®4 type, these columns
are connected mutually to form a 2-D coordination network
parallel to the (010) plane (Figure 11). Utilizing the(C,9
silver—thiophene s interaction, adjacent 2-D coordination
networks are linked along thle direction to generate a 3-D
network with a series of infinite channels running parallel to
the c direction (Figure 12).

In the crystal structure of ({E13S-3)G=CAg-5AgCFsCO,:
4H,0 (5), two Cy-related (3-thienyl)ethynide ligands each adopts
aus-ntntntntn? bonding mode to bond to a square-pyramidal

(b)

Figure 14. (a) Zigzag coordination chain ilinked by a bridging unit [Ag(u2-C,FsCO;),] composed of two silver atoms of Ag5 type and
two pentafluoropropionate groups (6@9 and 016-010). Linkage of these coordination chains b{/(a,-H,0)[Ag2(u2-CoFsCO,)o) (12
H,0)} unit to form a 2-D undulating coordination network. (b) 2-D coordination network viewed along divection.
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Ags aggregate. Sharing of one basal edge between two suchwith THF and finally with deionized water. Yield: 0.370 g (43%).

Ags aggregates leads to the formation of asAggment (Figure
13). Notably, weakr— interaction also occurs in the pair of
thiophene rings with a centroietentroid distance of 4.148 A.
These two thiophene rings are almost parallel to each other
(2.3°), with an interplanar separation of 4.097 A, and the
separation between two sulfur atoms is 4.042 A, longer than
the sum of the van der Waals radius of sulfur (3-8% A)33
This w—m-stacking-stabilized [(§H3S-3)C=C],Ags silver—
ethynide aggregate is further coordinated by aqua ligands (O2W,
0O3W, and O4W) and a series @f-O,0 pentafluoropropionate
groups (O+02 and O708) through spanning of a AgAg
edge. Linkage of [(GH3S-3)C=C],Ags silver-ethynide ag-
gregates by @&3-0,0,0 pentafluoropropionate group G%6

and a mirror-related bridging unit [A@:,-C,FsCO,),] composed

of silver atom Ag5 and two pentafluoropropionate groups<{09
O9A and O16-O10A) yields a zigzag coordination chain along
the [001] direction (Figure 14a). These coordination chains are
then brIdQEd by a{ (,uz-HzO)[Agz(/tz-C2F5C02)2](ﬂz-HzO)}
linking unit to generate an undulating 2-D coordination layer
normal to [100] (Figure 14). As shown in Figure 15, these 2-D
coordination layers are packed along theirection and linked

IR spectrum: 2047 cmt (w, v C=C).

[(C4H3S-3)C=CAg],. Silver nitrate (0.742 g, 4.4 mmol) was
dissolved in 50 mL of acetonitrile. Then 3-ethynylthiophene (0.433
g, 4.0 mmol) and triethylamine (1.83 mL, 13.2 mmol) were added
with vigorous stirring for 24 h. The pale yellow precipitate formed
was collected by filtration, washed thoroughly withx310 mL of
acetonitrile and 3« 20 mL deionized water, and stored in wet form.
Yield: 0.723 g (84%). IR spectrum: 2051 cin(w, v C=C).

(C4H3S-2)C=CAg-4AgCF;CO; (1). AgCRCO, (0.223 g, 1
mmol) and AgBR (0.382 g, 2 mmol) were dissolved in 1 mL of
deionized water. Then [(B13S-2)CG=CAg], (~0.1 g) solid was
added to the solution. After stirring for about half an hour, the
solution was filtered and the filtrate was allowed to stand at room
temperature in the dark. After several days, pale yellow block
crystals ofl were deposited in-70% yield. Compound gradually
turns black above 166C and melts from 214.7 to 216.5C.
Elemental analysis for GH3F1,0sSAgs, found (calcd): C, 15.02
(15.31); H, 0.49 (0.28). IR spectrum: 2008 th{w, v C=C).

CAg]n (~0.1 g) was added to 1 mL of a concentrated aqueous
solution of AQCRCO;, (0.220 g, 1 mmol) and AgBH0.382 g, 2
mmol) in a beaker with stirring until saturated. The excesgHES-

by a series of hydrogen-bonding interactions between two aqua2)C=CAg], was filtered off. Then 0.1 mL of acetonitrile was added

ligands (O2W-04W) and between aqua ligand O3W and
oxygen atom O7 to construct a 3-D network.

Conclusion

In the present study, the establishment and utilization of a
new class of supramolecular synthons; &C>Ag, (R =
C4H3S-2 or GH3S-3; n = 4), in the construction of metal
organic networks, has revealed an precedented silver(l)
thiophener interaction via two coordination modeg2-(C=
C) and «-(C,9. The prevalence of the silver(tthiophener
interaction inl, 2, and4 may result from energetically favorable
configurations that incorporate the hydrophobic thiophene rings
into a dinuclear metallacyclic system. Employment of bulkier
carboxylate ligands, such as the betaine ligangNi€H,CO,~
in 3 and the pentafluoropropionate grougbirhinders the close
approach of the thiophene ring to a silver aggregate to form a
significant silver(l}-thiophenex interaction, resulting in the
occurrence oft—s stacking between adjacent thiophene rings.

Experimental Section

Reagents2-[(Trimethylsilyl)ethynyllthiophene (Aldrich, purity
>97%) and 3-ethynylthiophene (Aldrick;97%) were obtained
commercially and used without further purification. Acetonitrile
and triethylamine were purified according to standard procedures.
All synthetic reactions yielding polymeric starting materials were
carried out under a nitrogen atmosphere.

CAUTION ! Silver ethynide complexes are potentially explesi
and should be handled in small amounts with extreme care.

[(C4H3S-2)C=CAg]n. In a 100 mL Schlenk flask, THF (20 mL)
was cooled to—78 °C in a cold bath. Them-BuLi (1.6 M in
n-hexane, 4.4 mmol) was added via a syringe, and the mixture was
stirred for 15 min at-78 °C. 2-[(Trimethylsilyl)ethynyl]thiophene
(0.721 g, 4.0 mmol) dissolved in 10 mL of THF solution was added
dropwise. The cold bath was then replaced by ar-igater bath,
and the mixture was stirred for 3 h. Under a stream of nitrogen,
AgNO; crystals (0.680 g, 4.0 mmol) were added to the flask and
dissolved gradually while the mixture was stirred overnight. A black
precipitate of crude [(§H3S-2)G=CAg], contaminated with some
metallic silver was isolated by filtration and washed several times

to the filtrate, which was then placed at room temperature in the
dark. After a few days, yellow block-like crystals & were
deposited in~65% yield. Compoun@ has a melting point ranging
from 198.2 to 200.4C with color darkening over 158C. Elemental
analysis for GoHoF24016NS,Ag10, found (calcd): C, 16.51 (16.10);

H, 0.46 (0.40); N, 0.38 (0.62). IR spectrum: 2008¢énfw, v C=

C).
3[(C4H3S-2)=CAq] '8AgCF3002'M83N+CH 2CO;+4.5H,0 (3).
AgCRCO, (0.220 g, 1 mmol) and AgBH0.382 g, 2 mmol) were
dissolved in 1 mL of deionized water. Then &S-2)C=CAg],
(~0.1 g) was added to the solution. After stirring for an hour with
the addition of trimethylammonioacetate (betain€.15 g), the
solution was filtered off. After standing for several days, yellow
prismatic crystals oB were collected ir~60% yield. Compound

3 melts in the range 72.9 to 74.4C. Elemental analysis for
CsgH29F24022 NS;AQs, found (caled): C, 17.66 (17.94); H, 1.36
(1.12); N, 0.46 (0.54). IR spectrum: 1996 cthiw, v C=C).

(C4H3S-3)C=CAg-4AgCF;CO; (4). AgCRCO, (0.220 g, 1
mmol) and AgBRk (0.382 g, 2 mmol) were dissolved in 1 mL of
deionized water. Then [(13S-3)G=CAg]» (~0.1 g) was added
to the solution. After stirring for about 10 min, the solution was
filtered off. After crystallization under ambient condition in the
dark for several days, colorless plate crystalglafere collected
in ~80% yield. Compound turns dark over 150C and melts in
the range 213.7 to 215C. Elemental analysis for GH3F;,0s-
SAg, found (calcd): C, 15.60 (15.31); H, 0.69 (0.28). IR
spectrum: 2009 cri (vw, v C=C).

(C4H3S-3)C=CAQg-5AgC,FsCO2-4H,0 (5). To 1 mL of an
aqueous solution of AgEsCO, (0.271 g, 1 mmol) and AgBF
(0.382 g, 2 mmol) was added solid dsS-3)CG=CAg], (~0.1 g).
After stirring for 1 h, the solution was filtered and the filtrate
allowed to stand under ambient condition for several days. Then
colorless block-like crystals d were deposited in-45% vyield.
Compoundb melts in the range 53455.0°C. Elemental analysis
for C21H11F25014SA%, found (Ca'Cd): C, 15.58 (1536), H, 0.73
(0.68). IR spectrum: 1992 crh (w, v C=C).

X-ray Crystallographic Analysis. Data collection was per-
formed at 293 K on a Bruker SMART 1000 CCD diffractometer
using frames of oscillation range 0,3vith 1.5 < 6 < 28°. An
empirical absorption correction was applied using the SADABS
program3* The structures were solved by direct methods, and non-

(33) Bondi, A.J. Phys. Cheml964 68, 441—451.

(34) Sheldrick, G. M.SADABS Program for Empirical Absorption
Correction of Area Detector Data; Univ. of @mgen: Germany, 1996.
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hydrogen atoms were located from difference Fourier maps. All

Zhao and Mak

results and X-ray structure analysis. Hydrogen atoms of water

the non-hydrogen atoms, unless otherwise noted, were refinedmolecules were not included in the refinement.

anisotropically by full-matrix least-squares BAusing the SHELX-
TL programs3®

(a) Crystaldatafor (§H3S-2)G=CAg-4AgCRCO;(1): CigH3F1:0s-
SAg, M = 1098.57, triclinic, space grougl (No. 2),a= 10.213-
(2) A, b=11.269(3) A,c = 12.049(3) A,a = 89.426(43}, 8 =
78.679(4), y = 74.408(43, V= 1308.4(5) B, =2, T =293 K,

D. = 2.788 g cm?. The structure, refined oR?, converged for
6373 unique reflectionsR,; = 0.0237) and 5315 observed
reflections withl > 20(l) to give Ry = 0.0319 andvR, = 0.0897
and a goodness-of-fit 1.016. All four independent trifluoroacetate
groups exhibit orientational disorder in a 0.54:0.46 ratio.

(b) Crystal data for 2[(¢H3S-2)G=CAg]-8AgCRCO,-CH3CN
(2): CaoHgF24016NSAg10, M = 2238.20, triclinic, space groupl
(No. 2),a=11.338(1) Ab = 12.250(1) Ac = 20.313(2) Ao =
77.610(23, f = 73.911(23, y = 88.355(2), V = 2646.3(5) R, Z
=2,T=293 K,D. = 2.809 g cn3. The structure, refined oF?,
converged for 12 862 unique reflectior®,(= 0.0226) and 10 246
observed reflections with > 2¢(1) to give R; = 0.0349 andvR,
= 0.0982 and a goodness-of-fit 1.045. All eight independent
trifluoroacetate groups exhibit orientational disorder in a 0.64:0.36
ratio.

(c) Crystal data for 3[(¢H3S-2)G=CAg-8AgCRCO,-MesN -
CH,CO,-4.5H,0 (3) C39H29F24022.§\IS3A911, M = 2610.33,
triclinic, space grou’1 (No. 2),a = 11.278(2) Ab = 13.870(3)
A, c=22.812(4) Ao = 73.065(4y, B = 79.733(4, y = 80.770-
(49, V=13336(1) 8B, Zz=2,T=293K,D. = 2.589 g cm?3. The
structure, refined oifF?, converged for 11 724 unique reflections
(Rnt = 0.0312) and 6974 observed reflections with 20(1) to
give R, = 0.0866 andvR, = 0.2918 and a goodness-of-fit1.029.
Five silver atoms of the Ag silver aggregate exhibit positional
disorder with an occupancy ratio of 0.9:0.1 for Ag2, Ag4, and Ag10
and 0.8:0.2 for Ag5 and Ag6. The site occupancy of water

molecules O5W and O6W was derived from the elemental analysis

(35) Sheldrick, G. M.SHELXTL 5.10 for Windows NT: Structure
Determination Software ProgramBruker Analytic X-Ray Systems, Inc.:
Madison, WI, 1997.

(d) Crystal datafor (¢HsS-3) G=CAQ-4AgCHCO;,(4): CiHaF1:0g
SAg, M = 1098.57, triclinic, space groupl (No. 2),a= 10.283-

(2) A, b=11.458(2) A,c = 11.989(3) A,a. = 91.137(2}, 8 =
101.018(2), y = 105.768(3), V= 1330.6(5) R, Z=2, T =293

K, D¢ = 2.742 g cm®. The structure, refined o2, converged for
6480 unique reflectionsR; = 0.0299) and 4979 observed
reflections withl > 20(l) to give Ry = 0.0374 andvR, = 0.1105

and a goodness-of-fit 1.025. All four independent trifluoroacetate
groups exhibit orientational disorder in a 0.5:0.5 ratio. The carbon
atom C5 on the thiophene ring has two disordered positions with
an occupancy ratio of 0.65:0.35.

(e) Crystal data for (¢H3S-3)C=CAg-5AgC,FsCO,:4H,0 (5):
Co1H11F25014Sag, M = 1641.53, orthorhombic, space groRpcm
(No. 57),a = 14.146(2) Ab = 20.208(2) A,c = 29,490(4) AV
=8430(2) B, 7=8,T=293K,D.=2.574 g cm?. The structure,
refined onF2, converged for 8454 unique reflectior®,( = 0.0442)
and 5362 observed reflections with~ 20(1) to give R; = 0.0541
andwR, = 0.1847 and a goodness-of-fit 1.035. Two carbon
atoms (C21 and C24) were refined isotropically. Fluorine atom F51
of the pentafluoropropionate group located on a mirror symmetry
has two disordered positions with an occupancy ratio of 0.55:0.45.
Silver atom Ag4 is disordered at two positions in a 0.9:0.1 ratio.
Hydrogen atoms of water molecules were not included in the
refinement.

CCDC-637956 1), -637957 ), -651308 8), -637958 4), and
-651309 B) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.
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