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Abstract: A series of 13 silver(I)
double and multiple salts containing
1,3-butadiynediide, C,*~, were synthe-
sized by dissolving the silver carbide
Ag,C, in a concentrated aqueous solu-
tion of one or more of the silver salts
AgNO;, AgCF;CO,, AgC,FsCO,, AgF,
AgBF,, and AgPF,. The 1,3-butadiyne-

Fine-tuning with various ancillary
anionic ligands caused the Ag, aggre-
gate at each ethynide terminus to
adopt a butterfly-shaped, planar, or
barblike configuration, within which
the silver—ethynide interactions can be
classified into three types: o, m, and
mixed (o0,7). The effect of coexisting ni-

the above synthon was also explored.
The hydrolysis of PF,~ and BF,™ led to
the formation of the quadruple salt
Ag,C,4 AgNO;AgPF,0,-Ag;PO, and
a novel (F),(H,O);3 hydrogen-bonded
tape in the triple salt Ag,C,2AgF-
10 AgC,F;CO,-CH;CN-12H,0, respec-
tively. The largest silver—ethynide clus-

diide anion invariably adopts a
Wy,ly coordination mode in these com-
pounds, which indicates that the
Ag,cC=C-C=CD>Ag, moiety can be
used as a new type of metalloligand
supramolecular synthon for the con-
struction of coordination networks.

carbides

Introduction

Metal-polyyne complexes are of current interest, as their
linear coordination geometry and m unsaturation make them
useful building blocks for rigid-rod molecular wires,"! which
have potential applications as electrical conductors,? light-
emitting diodes,” and nonlinear optical materials.[*! Further-
more, the photoluminescence properties of metal-polyyne
complexes have been under intense investigation by several
research groups.”! The terminal ethynide moieties in a poly-
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aggregate described to date,
(Cy);@Ag, occurs in  3AgC,
12 AgC,F5sCO,-5[(BnMe;N)C,FsCO,]:
4H,0 (Bn=benzyl).

yne ligand not only act as good o donors and weak m accep-
tors to form a large variety of linear metal-alkynyl com-
plexes,® but they can also function as good m donors
through p,—d, overlap with metal atoms to produce a multi-
tude of cluster complexes and multinuclear aggregates.”:*
Although the first silver carbide prepared, silver ethyne-
diide (Ag,C,), has been known to be a highly explosive ma-
terial for one and a half centuries,” its higher homologues
Ag—(C=C),—Ag (n>2) have seldom been synthesized and
are poorly characterized. Hunsmann reported in 1950 that
the treatment of 1,6-dichloro-1,3,5-hexatriyne (ClI-C=C—C=
C—C=C—Cl) with AgNO; in concentrated NH,OH solution
yielded a precipitate, which, however, was not characterized
further as a result of its readily explosive nature."” Recently,
we synthesized crude Ag,C,, which is insoluble in most sol-
vents and highly explosive in the dry state when subjected
to heating (over 138°C) or mechanical shock.'' Raman
spectra showed that a typical carbon-carbon triple bond
exists in the structure of this polymeric compound. In two
structurally related double salts, Ag,C,6 AgNO;nH,O (n=
2, 3), the "C=C—C=C~ dianion adopts an unprecedented
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Jg coordination mode, with each terminus capped by a but-
terfly-shaped Ag, basket."!! Moreover, the invariable ap-
pearance of this |, mode indicates that the Ag,CC=C—C=
CDAg, moiety may be perceived as a new kind of supra-
molecular synthon? of the metalloligand type!™ for the as-
sembly of coordination networks. As an extension of our
studies in this area, we report a series of 13 double and mul-
tiple silver salts containing C,*~ and thus provide further in-
sight as to how other coexisting anionic and/or neutral li-
gands may influence the coordination environment of C,*".
Our results also establish the general utility of the supra-
molecular synthon Ag,CC=C—-C=CDAg, in the construction
of multidimensional coordination networks.

Results and Discussion

In our previous synthesis of Ag,C,, hexachloro-1,3-buta-
diene (C,Cly) was treated with nBuLi to yield the intermedi-
ate compound Li,C, through the Fritsch-Buttenberg-Wie-
chell rearrangement.™™ Thus, half of the silver ions were
precipitated as AgCl, which needed to be removed with a
concentrated solution of ammonia to give relatively pure
silver 1,3-butadiynediide (Ag,C,). In the present study, we
treated 1,4-bis(trimethylsilyl)-1,3-butadiyne with nBuLi and,
subsequently, with AgNO; to produce Ag,C, as a light-gray
powder in higher yield. In subsequent synthetic procedures,
a concentrated aqueous solution of one or more silver salts
was used to dissolve Ag,C, through the formation of
C,@Ag; moieties consolidated by argentophilic interac-
tions."! When AgPF; was added to an aqueous solution of
Ag,C, and AgNOs, the PF;~ anion was found to undergo hy-
drolysis to yield PF,0, and PO,*", and we thus isolated the
second quadruple salt known to date. A series of 2D and
3D coordination networks based on the Ag,CC=C—C=
CDAg, supramolecular synthon were obtained through the
employment of two perfluorocarboxylate ligands, CF;CO,~
and C,FsCO,", with the option of adding ancillary nitrile li-
gands RCN (R=Me, Et, fert-butyl). The introduction of

Abstract in Chinese:

TSI Ag,Cy WMET — R TV ERRIKIR, FETEERAR
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quaternary ammonium salts as structure-modification agents
resulted in lower-dimensional coordination networks.

2Ag,C;2AgF-6 AgNO,H,0 (1)

The crystal structure of the triple salt
2Ag,C,2 AgF-6 AgNO;-H,0 (1) contains two different types
of [Ag,C,Ag,] aggregate, as shown in Figure 1a. The first
C,2 dianion (C2=C1-C1A=C2A) is located at an inversion
center, with each terminus surrounded by a butterfly-shaped
Ag, basket. The resulting [Ag,C,Ag,] aggregate has a quasi-
C,, axis with a mirror plane that passes through the C, chain
and four silver atoms (Ag4, Ag6, AgdA, and Ag6A). The
Ag4 atom is m-bonded to the ethynide terminal CI1=C2
bond with Agd—C1=2.667(7) A. This distance is longer than
the other Ag—C distances, which range from 2.128(5) to
2.519(7) A. Another C,;>~ dianion, C4=C3—C3B=C4B, is lo-
cated on a C, axis with each ethynide terminus capped by a
barblike Ag, basket. The C, chain lies perpendicular to the
plane that passes through three silver atoms (Ag4, Ag5, and
Ag6A), with Ag—C distances of 2.347(6)-2.508(6) A, and
points toward the silver atom Ag3 at a C3—C4—Ag3 angle of
178.8(5)°. The C4—Ag3 distance of 2.067(6) A is the shortest
reported for 1,3-butadiyne-1,4-diyl-silver complexes.'!”!
This unusual barblike bonding mode of the ethynide moiety
was once reported for copper—alkyl ethynide complexes.['¥!

Figure 1. a) Atom labeling (50% thermal ellipsoids) and coordination
modes of the anionic ligands in 2 Ag,C,2 AgF-6 AgNO;-H,O (1). Symme-
try codes: A: 'p—x, 1=y, 1—z; B: 1—x, y, 1'h—2z; C: Vo4x, 1'fs—y, o+
2 Dix, 1=y, 2= Erx, 1=y, Yotz Fr —x, y, Yo—25 G: Th—x, Yoty
1'/,—z. Selected bond lengths and distances (A): C1-C2 1.234(8), C3—C4
1.229(8), Ag-+Ag 2.782(1)-3.338(6). b) Coordination column in 1 formed
through the fusion of two types of [Ag,C,Ag,] aggregates. The distorted-
octahedral hydrogen-bonding environment of the bridging aqua ligand
O1W, which lies on a crystallographic C, axis, is indicated by dashed
lines. Selected distances (A): O1W--01 2.793, O1W--O7 2912,
O1W--08 2.796.
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As shown in Figure 1b, two C, chains in 1 are perpendicu-
lar to one another (90.4°), and the aforementioned two
[Ag,C,Ag,] aggregates coalesce by sharing two silver atoms
of the type Ag4 and Agb to generate a coordination column
along the [101] direction. Hydrogen bonding between the
disordered hydrogen atoms of the aqua ligand O1W, which
is located on a crystallographic C, axis, and six oxygen
atoms of nitrate groups plays a role in the stabilization of
the columnar structure. These coordination columns are ar-
ranged in a pseudohexagonal array and are further connect-
ed by two W, nitrate groups (N1 and N3) and one ; fluoride
ligand (F1) to form a structurally robust 3D coordination
network (Figure 2). Notably, the sum of three Ag-F-Ag
angles for this p; fluoride ligand is 337.7°, which indicates an
unusual trigonal-pyramidal coordination mode that differs
from the planar p; mode in some reported silver com-
plexes."”)
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Figure 2. 3D coordination network in 1 viewed along the [101] direction.

Ag2C4‘4 AgNO3'AgPF202'Ag3PO4 (2)

To increase the concentration of the silver ions required to
dissolve Ag,C, and to adjust the molar ratio of the cation
(Ag™) and anions (C,>~ and NO;), we initially introduced
AgPF, as an additive because of its high solubility in water
and the poor coordination ability of the hexafluorophos-
phate anion. However, PF,~ underwent unexpected hydroly-
sis to yield both PF,0,” and PO, anions. It is well-known
that the hydrolysis of hexafluorophosphate (PF,~) generates
the difluorophosphate anion PF,0,, which occurs in a
number of crystal structures.’” There are, however, only a
few instances in which crystalline compounds containing
PO/ are generated by the complete hydrolysis of hexa-
fluorophosphate.?”™ 2! Two tetrahedral oxophosphate ligands
coexist in the crystal structure of
Ag,C4 AgNO;-AgPF,0,-Ag;PO, (2; Figure 3a). The exper-
imental bond lengths at the two phosphorus centers (P1 and
P2) are listed in Table 1. Relative to the bond lengths at P2
(1.486(11)-1.562(11) A), there is one much shorter bond of
1.437(13) A and one much longer bond of 1.604(11) A in
the oxophosphate ligand P1, which indicates that these two
phosphate ligands should be differentiated. If the charge-
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Figure 3. a) Atom labeling (50% thermal ellipsoids) and coordination
modes of the anionic ligands in Ag,C,4 AgNO; AgPF,0,-Ag;PO, (2).
Symmetry codes: A: 1—x, y—l/z, 1-z;Bix, y,14z; Cix,y, z—1; D: x—1,
v, B —x, Yty 1=z Fil—x, 4y, 1-2; G: 1+x, y, z; H: 1—x, o+,
—z; I: 2—x, '+, —z. Selected bond lengths and distances (A): C1—C2
125(3), C3—C4 1.22(2), Ag-Ag 2.826(2)-3.001(2). b) Coordination
column in 2 along the a direction connected by PF,0,” and PO,*” on one
side and by these two groups plus the nitrate ligand N4 on the other side.

Table 1. Ligation environments and bond lengths at the two phosphorus
centers (P1 and P2) in complex 2. (Symmetry codes are given in
Figure 3).

Ligand Atom (X) P-X[A] X-Agl[A] Mean X-Ag [A]
Pl F1 1.604(11)
F2 1.549(11)  Ag2D 2297(13)  2.300
Ag6E 2.302(12)
013 1481(15)  Ag3E 2.404(16)  2.405
AgdF 2.506(14)
Ag7 231(2)
014 1437(13)  Agl 2363(13)  2.357
Ag6F 2.351(14)
P2 015 1.517(19)
016 1486(11)  Ag3H 2287(13)  2.328
Ag5 2.368(11)
017 1.559(9)  AglG 2.429(8)  2.379
Ag2 2.436(8)
Ag9 2.271(10)
018 1562(11)  Agdl 2204(11)  2.324
Ag5G 2.443(11)
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balance requirement and the process for the hydrolysis of
PF;~ are taken into account, the following combinations of
these two anionic ligands are possible: 1) H,PO,”+PO./",
2) HPO,> +PFO;*", or 3) PF,0, 4+PO,’". The first combi-
nation is excluded because in that case one protonated
oxygen atom of H,PO,” would bond with at least two silver
atoms to result in the p,-n*n?n’ bonding mode for both
phosphate ligands. There is no precedent for such an ar-
rangement in the reported metal complexes of H,PO,~ (see
the Supporting Information).”? Although PFO;*" is also a
plausible intermediate in the hydrolysis of PF;~, only a few
crystalline solids contain this anionic ligand derived from
hexafluorophosphate.” We compared the P-X (X=0O or
F) bond distances in 2 with those in reported complexes that
contain HPO,>", PFO,>", and PF,0, ., and reached the
conclusion that the anions PF,0, and PO,*~ coexist in com-
plex 2. This is the second silver(I) quadruple salt that con-
tains four different anions (C,>~, NO,~, PF,0,", and PO,*").
The first such salt to be described was
2 Ag,C,-3 AgCN-15 AgCF;CO,2 AgBF,-9H,0.”) Among the
limited number of silver phosphate complexes that have
been subjected to crystal-structure analysis,” this is the first
in which a p,-n> %1’ coordination mode has been observed
for PO,*". Furthermore, the p,-n*,n*n° coordination mode of
PF,0,™ corresponds to the highest ligation number known
for this ligand.*?”

Each terminus of the C,;>~ dianion is encapsulated in a
butterfly-shaped Ag, basket with silver—ethynide interac-
tions that range from 2.134(16) to 2.401(16) A. These quasi-
C,, [Ag,CiAg,] aggregates are connected by PF,0,” and
PO, at one end and by their symmetry equivalents plus
one nitrate group (N4) at the other end to form a coordina-
tion column along the a direction (Figure 3b). The linkage
of adjacent columns arranged in a hexagonal array normal
to [100] through the remaining three independent nitrate
groups (N1, N2, and N3) in p;-O0,0’,0", 1,-O,0’, and -
0,0,0" modes, respectively, with the aid of the remaining
bonding sites of the ligands centered at P1, P2, and N4, then
generates a 3D coordination network (Figure 4).

Ag,C+6 AgCF,CO,7TH,0 (3)

Although the pg bonding mode of C,>~ with a butterfly-
shaped Ag, basket at each end is dominant in nitrate com-
plexes of Ag,C,, it is believed that diverse silver aggregates
can be obtained by varying the anionic ligands. The use of
silver trifluoroacetate in place of silver nitrate in the crystal-
lization step led to the formation of
Ag,C,6 AgCF;CO,7H,0 (3), in which one terminal ethyn-
ide, C1=C2, bonds to a commonly observed butterfly-shaped
Ag, basket through silver—ethynide interactions in the range
2.156(19) to 2.360(19) A, and the other, C3=C4, to a planar
Ag, segment through a p-n'n' %y’ bonding mode
(Figure 5). Although such a coordination mode has been re-
ported for a terminal ethynide moiety with a planar M, ag-
gregate in transition-metal complexes,” in such cases the
C—C=C bond angles are mostly bent, in contrast to the
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Figure 4. Pseudohexagonal array of coordination columns in 2 linked by
nitrate and phosphate groups to yield a 3D coordination network.

Figure 5. Atom labeling (50% thermal ellipsoids) and unsymmetrical co-
ordination mode of C;*~ in Ag,C,-6 AgCF;CO,7H,0 (3). Other ligands
are omitted for clarity. Selected bond lengths and distances (A): C1-C2
1.27(3), C3—C4 1.21(3), Ag--Ag 2.718(3)-3.250(5).

nearly linear bond angle of 173(2)° in 3. The C, chain points
slantwise at an angle of 43° to the mean plane defined by
Ag5, Agb, Ag7, and Ag8.

Owing to this unusual ligation mode of C,2~, adjacent
[Ag,C,Ag,] aggregates can be connected mutually by the
linkage of two p;-O,0',0’ trifluoroacetate groups (O7-O8
and 09-010) and one aqua ligand (O6W) to generate a
2, helix along the a direction (Figure 6a). These infinite heli-
cal coordination columns are arranged in a hexagonal array
viewed along [100] and further bridged by the other two ps-
0,0’,0’ trifluoroacetate groups (O5-06 and O11-012) to
yield a 3D coordination network (Figure 6b).

Ag,C,7AgCF,CO,CH,CN-4H,0 (4)

Unsymmetrical coordination of 1,3-butadiynediide is possi-
ble not only through the presence of different Ag, configu-
rations at the two termini of the C, chain, but also through
the variation of o and m silver—-ethynide bonding. In the
crystal structure of Ag,C,7 AgCF;CO,-CH;CN-4H,O (4),
the ethynide moiety C1=C2 is bound to a butterfly-shaped
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Figure 6. a) Coordination column in 3 with a 2, M-type (left-handed) axis
along [100] formed through the connection of two , trifluoroacetate
groups (O7-0O8 and 09-010) and one aqua ligand (O6W). b) Hexagonal
array of helical coordination columns in 3 bridged by trifluoroacetate
groups (O5-O6 and O11-O12) through the ps;-O,0’,0’ bonding mode.
All trifluoromethyl moieties of CF;CO,™ are omitted for clarity.

Ag, basket by o bonding in the range 2.216(6) to 2.483(7) A,
and C3=C4 is encapsulated in a similar Ag, basket through
both o and = silver—ethynide interactions, with ¢ bonds in
the range 2.214(7) to 2.440(6) A and a m interaction between
Ag5 and C3 at a distance of 2.548(5) A. Two inversion-relat-
ed [Ag,C,Ag,] aggregates are connected by a Ag2--Ag2A
edge and four p;-O,0,0’ trifluoroacetate groups (of the
type O5-06 and O7-08) to form a building unit (Fig-
ure 7a); such units are further linked by the other trifluor-
oacetate groups (of the type O9-0O10 and O11-O12) along
[110] to produce a polymeric coordination chain. The link-
age of adjacent coordination chains through the external
silver atom Ag4, which is bonded to an acetonitrile group
and two aqua ligands (O2W and O3W), generates a 2D co-
ordination network parallel to the ab plane. This network is
further stabilized by four types of hydrogen bonds between
adjacent polymeric chains (Figure 7b).

Furthermore, these 2D coordination networks packed
along the ¢ direction are bridged by a series of p;-O,0',0’
trifluoroacetate groups of the type O1-O2 and O3-0O4 to
yield a 3D coordination network, in which the orientations
of polymeric chains of successive layers follow the order
A[110] B[110] A[110] B[110]... (Figure 8).

Ag,C 10 AgCF,CO,2 [(Et,N)CF;CO,]-4 (CH,);CCN (5)

In the crystal structure of Ag,C,-10AgCF;CO,
2[(Et,N)CF;CO,]-4(CH;);CCN (5), the centrosymmetric
C,*~ dianion is located inside a metallocarboxylate ring com-
prising two terminal butterfly-shaped Ag, baskets and two
inversion-related trifluoroacetate groups of the type O11-
O12 (Figure 9a). The Ag—O bonds to the trifluoroacetate
groups in the ring are markedly shorter (2.245(9)-
2.250(9) A) than the Ag—O bonds for the remaining five tri-
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© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

T. C. W. Mak et al.

Figure 7. a) Atom labeling (50% thermal ellipsoids) of a building unit
bridged by four 15-0,0',0' trifluoroacetate  groups in
Ag,C,7AgCF;CO,-CH;CN-4H,0 (4). All CF; moieties of trifluoracetate
groups and other ligands are omitted for clarity. Symmetry code: A:
,—x, 1',—y, 1—z. Selected bond lengths and distances (A): C1-C2
1.214(8), C3—C4 1.230(8), Ag-—Ag 2.725(3)-3.308(1). b) 2D coordination
network formed through the linkage of adjacent polymeric chains by an
03W-Agd-02W moiety and four hydrogen bonds (A): O2W--02 2.794,
O2W--013 2.753, O3W--04 2.836, O3W--012 2.893. All fluorine atoms
are omitted for clarity.

Figure 8. The packing of 2D coordination networks in 4 along the ¢ direc-
tion and linkage by two ps-O,0,0’ trifluoroacetate groups (O1-O2 and
03-04) generates a 3D coordination network. Different 2D coordination
networks composed of polymeric chains along A[110] and B[110] are in-
dicated in black and gray, respectively.

fluoroacetate groups in the structure (2.327(7)-2.580(7) A).
Three trifluoroacetate groups (O1-02, O7-08, and 09—
010) each span an Ag--Ag edge through the p,-O,0" mode,
whereas the other two trifluoroacetate groups (03-O4 and

Chem. Asian J. 2007, 2, 1240-1257
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Figure 9. a) Atom labeling (50 % thermal ellipsoids) in
Ag,C410 AgCF;CO,2 [(Et,N)CF;CO,]-4 (CH;);CCN (5), which contains
a metallacycle formed by two terminal Ag, baskets and two trifluoroace-
tate groups. Some fluorine atoms and other groups are omitted for clari-
ty. Symmetry codes: A: 1-x, 1-y, 1-z; B: 'f—x, y—'/4, 'h—z. Selected
bond lengths and distances (A): C1-C2 1.223(9), Ag-Ag 2.830(1)—
2.923(1). b) Rosette metallacycle in 5 generated through the linkage of
metallocarboxylate rings by the external silver atom Ag6 and two tri-
fluoroacetate groups (03-04 and O5-06). The tetraethylammonium
cation (Et,N%) is denoted by a large gray sphere.

05-06) bridge the [Ag,C,Ag,] unit and the external silver
atom Agb6 through the p;-O,0',0’ mode. Accordingly, the
[Ag,C,Ag,] units are interlinked to generate a rosettelike
metallacycle, in which the enclosed tetracthylammonium
cations (Et,N™), which are located above and below the
metallacycle, project at two opposite petal positions. Two tri-
methylacetonitrile ligands are bonded to another external
silver atom, Ag5, at each of the remaining petal positions,
and one of these ligands protrudes into the macrometallacy-
cle (Figure 9b). The dihedral angle between this macrocycle
and the aforementioned metallocarboxylate ring is 71.7°.
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The tiling of the rosette metallacycles yields a 2D coordina-
tion network parallel to the (101) plane.

Such 2D networks are then packed along the [101] direc-
tion. Every [Ag,C,Ag,] unit in the upper network lies exact-
ly above the center of a rosette metallacycle of the network
below. This arrangement results in a series of voids between
adjacent networks to accommodate the tetraethylammoni-
um cations (Figure 10). Adjacent 2D networks are separated
by 12.75 A.

Figure 10. Packing view of 2D coordination networks in 5 viewed along
the b direction. Each gray sphere represents a tetraethylammonium
cation.

[Agi6(Ca)(CF5CO,),(H,0)5]-2 (H;07)-14H,0 (6)

Yellow blocklike crystals of [Ag;s(Cy)(C,F5sCO,);6(H,O)s):
2 (H;0%)-14H,0 (6) crystallize in the high-symmetry space
group P4,/nmc. The C/*~ carbon-atom chain and the hydro-
nium cation generated under acidic conditions (pH 2-3) are
both located on the 4, axis. Each terminus of the carbon-
atom chain is encircled by three concentric annuli, and the
C, chain is completely perpendicular to these planar rings
(Figure 11a). The square Ag, segment that surrounds the
ethynide moiety at each terminus constitutes the first annu-
lus, which is bound by the ethynide C1=C2 through four
Ag—C o bonds of 2.206(12) A in length to form an unprece-
dented dumbbell-like [Ag,C,Ag,] aggregate. The second an-
nulus is a 12-membered metallacycle that consists of eight
oxygen atoms of four p,-O,0,0',0’ pentafluoropropionate
groups and four silver atoms of the type Agl. In the periph-
eral environment, the fluorine atoms of eight u,-O,0’ penta-
fluoropropionate groups (of the type O1-02), each of which
spans two inversion-related silver atoms of the type Agl, to-
gether with the four aforementioned p,-O,0,0',0’ penta-
fluoropropionate groups comprise the four hydrophilic arcs
of the third annulus. This dumbbell-like [Ag,C,Ag,] aggre-
gate contains eight [Ag,(1,-C,FsCO,),] linking units to con-
nect eight dumbbell building blocks with the formation of a
robust 3D coordination network (Figure 11b).

A crownlike 12-membered water ring linked by hydrogen
bonding between OIW and O2W also surrounds the
[Ag,C,Ag,] aggregate (Figure 12a). The remaining water
molecules (O3W and O4W) and hydronium cation (O5W)
are buried inside a series of infinite channels along the a di-
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Figure 11. a) Atom labeling (50% thermal ellipsoids) and coordination
modes of the terminal ethynide moiety and pentafluoropropionate
groups in [Ags(Cy)(CF5CO,)6(H,0)5]2(H;0)-14H,0 (6), viewed
along the C, carbon chain. Water molecules and hydronium ions are
omitted for clarity. Symmetry codes: A: ',—x, 1!y, z; B: x, 14—y, z;
C: 'h—x, y, z; D: 1—x, 1—y, 1—z. Selected bond lengths and distances
(A): C1-C2 1.18 (3), Ag--Ag 2.86(2)-3.10(2). b) 3D coordination net-
works bridged by eight [Ag,(1,-C,FsCO,),] linking units. All C,F5 moiet-
ies of C,F5CO, groups and other ligands are omitted for clarity.

rection (Figure 12b). Although it is clear that extensive hy-
drogen bonding exists within each water channel, positional
disorder of the oxygen atoms precludes their precise loca-
tion.

Ag,C16 AgC,F;CO,:6 CH;CN-8H,0 (7)

Upon the addition of acetonitrile to the crystallization
medium in the preparation of 6, the configuration of the
Ag, aggregate at each 1,3-butadiynediide terminus changes
from planar to butterfly-shaped. In the new complex,
Ag,C,16 AgC,F;CO,-6 CH;CN-8H,O (7), the silver—ethyn-
ide interactions lie in the range 2.171(9) to 2.443(9) A. The
butterfly-shaped Ag, basket at each terminus is surrounded
by three p,-0,0,0’,0’ pentafluoropropionate groups (O5-
06, 07-08, and 011-012) and two ,-O,0’ groups (O9-
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a)

Figure 12. a) Crownlike water ring surrounding the [Ag,C,Ag,] aggregate
in 6. Hydrogen-bond distances (A): O1W--O2W 2.827, O1W--O1W’
2.647. b) Infinite channel filled with water molecules along the a direc-
tion. All C,Fs moieties of C,FsCO, groups and other ligands are omitted
for clarity.

010 and O13-014). The pentafluoropropionate groups in
the p, bonding mode are connected to three [Ag,(u,-
C,F;CO,),] bridging units and an external silver atom, Ag8,
which is bonded to an acetonitrile group (Figure 13a). The
[Ag,C,Ag,] aggregates are connected by bridging units of
the type Ag5-Agb to yield a (4,4) coordination network par-
allel to the bc plane (Figure 13b), and this network is fur-
ther linked by the other two axial bridging units of the type
Ag7-Ag7 to form a 3D coordination network.

Ag,C,2AgF-10 AgC,F,CO,.CH,CN-12H,0 (8)

The crystal structure of Ag,C,;2AgF-10AgC,FsCO,
CH,CN-12H,0 (8) contains two independent C,*~ ligands,
each of which is located at an inversion center and envel-
oped within a closed silver-atom ring (Figure 14a). The first
metallacycle, B, can be viewed as an eight-membered ring
composed of Ag4, Ag8, Ag9, Agl0, and their inversion-re-
lated atoms, with two silver atoms of the type Agll attached
to it. The eight silver atoms in the ring are almost coplanar
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Figure 13. a) Atom labeling (50% thermal ellipsoids) and coordination
modes of the anionic and neutral ligands in
Ag,Cy16 AgC,FsCO,-6 CH;CN-8H,0 (7). All C,Fs moieties are omitted
for clarity. Symmetry codes: A: '/—x, y—'5, 1'h—z; B: —x, —y, 1—2z. Se-
lected bond lengths and distances (A): C1-C2 1.22 (1), Ag~Ag 2.845(1)-
3.081(1). b) (4,4) Coordination network parallel to the bc plane with each
[Ag,C,Ag,] aggregate connected by four [Ag,(u,-C,FsCO,),] bridging
units. All C,F5 moieties and other ligands are omitted for clarity.

with a mean deviation of 0.187 A, and the bond lengths be-
tween neighboring silver atoms lie in the range 2.884(1) to
3.023(1) A with Ag-Ag-Ag angles of 99.21(3)-108.84(4)°
for vertex atoms and 153.54(4)-167.22(4)° for atoms be-
tween the vertices. Four silver atoms (Ag2, Ag3, Ag4, and
Ag6) and those related by inversion together constitute the
core eight-membered ring of the silver metallacycle A.
These atoms are also coplanar with a mean deviation of
0.253 A. This plane forms an angle of 47.7° with the mean
plane of ring B, whereas the angle between the two C,
chains is 73.2°. Thus, the C, chains are not coplanar with the
corresponding eight-membered rings. The lengths of the
eight Ag-—-Ag edges in the metallacycle lie between 2.844(1)
and 3.005(3) A, and the bond angles lie in the range
106.25(6)-107.87(6)° at Ag3 and Agd4 and 150.1(1)-
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Figure 14. a) Atom  labeling  (50% thermal  ellipsoids)  in
Ag,C,2 AgF-10 AgC,FsCO,-CH,;CN-12H,0O (8), which contains two me-
tallacycles (A and B). Other groups are omitted for clarity. Symmetry
codes: A: 1—x, 1—y, 1—z; B: 1—x, 2—y, 1—z. Selected bond lengths (A)
C1—C2 1.23(1), C3—C4 1.22(1). b) Adjacent metallacycles in 8 connected
by sharing the silver atom Ag4 and further bridged by the trifluoroace-
tate group O15-0O16 and the aqua ligand O1W. All C,Fs moieties are
omitted for clarity.

156.95(5)° at Ag2 and Ag6. Six silver atoms (Agl, Ag5S,
Ag7, and the inversion-related atoms) lie above and below
this eight-membered ring to form an Ag,, girdle, which is
consolidated by two pentafluoropropionate groups of the
type O19-020 and two aqua ligands of the type O10W. The
Ag,, and Agy, silver segments are fused alternately by shar-
ing silver atoms of the type Ag4 to generate a silver column
along the b direction. One pentafluoropropionate group
(015-016) and an aqua ligand (O1W) also bridge the two
segments (Figure 14b). Notably, the bridging unit [Ag,(p-
C,FsCO,),] composed of silver atoms (Agl2 and Agl3) and
C,FsCO,™ groups (O1-O2 and O7-08) is not involved in
the connection between silver columns as a result of long
Ag—O bonds of 2.63 A in length.

The addition of AgBF, increases the concentration of
silver ions when aqueous solutions of less water-soluble
silver salts, such as AgCF;CO,, AgC,FsCO,, and AgCF;SO;,
are used to dissolve the polymeric compound Ag,C,.””!
However, the tetrafluoroborate ions can undergo hydrolysis
to yield F~ and such species as BF;(OH)” and
BF,(OH), .39 The existence of two independent fluoride
ligands in 8 can be rationalized by the fact that the charge
balance is satisfied, and that the Ag—F bond lengths be-
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tween the silver atoms Agl4 and Agll and fluoride ligands
F1 and F2 of 2.404(8) and 2.406(9) A, respectively, are sig-
nificantly shorter than the Ag—O bonds between aqua li-
gands and silver atoms (2.459(8)-2.588(9) A). Thus, F1 acts
as a terminal ligand bonded to the external silver atom
Agl4, but F2 together with the abundant water molecules of
crystallization construct an intricate hydrogen-bonded
system to link adjacent silver columns further to form a 2D
network.

As shown in Figure 15, nine independent water molecules
and F2 together with the inversion-related species form a
series of five- and six-membered rings through hydrogen
bonding. Two water molecules (O3W and O11W), one coor-
dinated water molecule (O9W), and the inversion-related
molecules form a chairlike cyclic (H,O)s hexamer in which
the O--O hydrogen-bonding distances lie between 2.802 and
2.887 A and the O--0--O angles for O3W and O11W are
134.9° and 101.3°, respectively. In contrast, the O--O--O
angle at silver-bonded O9W is just 86.1°. This chair confor-
mation similar to that found in the structure of ice occurs
commonly in crystalline hydrates.”!! A five-membered hy-
drogen-bonded ring formed by four water molecules and
one fluoride ligand adopts an envelope-like configuration
with O3W lying out of the basal plane. The O--O(F) distan-
ces between the atoms in the ring are in the range 2.746—
2.866 A. Another six-membered ring consists of a planar ar-
rangement of four water molecules (O4W, O5W, O8W, and
O12W) and one fluoride ligand (F2) with a mean deviation
from the plane of 0.052 A, and one silver-bonded water mol-
ecule (O7W) that lies above this plane. This configurational
diversity relative to the aforementioned chairlike (H,O),
cluster may be attributed to the participation of the fluoride
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o7TW*™, K 8T O3W' % Pt
< O9W feri1w™ e
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Figure 15. a) Hydrogen-bonding tape T6(2)5(4)6(4)5(4)6(2) of 18 water
molecules and two fluoride ligands between two silver metallacycles in
Ag,C,2 AgF-10 AgC,FsCO,-CH;CN-12H,0 (8). Other ligands are omit-
ted for clarity. b) Hydrogen bonds between the T6(2)5(4)6(4)5(4)6(2)
tape and surrounding pentafluoropropionate groups.
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ligand in hydrogen bonding. The O--O(F) distances in the
six-membered ring range from 2.695 to 2.842 A with bond
angles of 107.1-129.8°. The geometrical parameters of this
(F),(H,0),5 hydrogen-bonding tape, which can be described
as T6(2)5(4)6(4)5(4)6(2) (T=tape; the numbers in paren-
theses represent water molecules shared between the adja-
cent rings) according to the nomenclature introduced by
Mascal et al.,* are summarized in the Supporting Informa-
tion. This hydrogen-bonding tape is further connected to 14
carboxylate moieties above and below the silver rings of
type B to generate a 2D network (Figure 16).

Figure 16. 2D network in 8 with the

hydrogen-bonding
T6(2)5(4)6(4)5(4)6(2) tape linking the metallacycles of type B.

Ag,C12 AgC,FsC0,:6 CH,CH,CN-4H,0 (9) and
Ag,C 12 AgC,F,CO,:6 (CH,),CCN-5H,0 (10)

To explore the effect of neutral nitrile ligands, we replaced
the acetonitrile added in the preparation of 7 with propioni-
trile and trimethylacetonitrile, and obtained the two iso-
structural complexes Ag,C,12 AgC,FsCO,-6 CH;CH,CN-
4H,0 (9) and Ag,C,12AgC,FsCO,6(CH;);CCN-5H,0
(10), respectively. In the crystal structures of 9 and 10, each
C/* ligand is located at an inversion center with the termi-
nal ethynide moieties embraced by butterfly-shaped Ag,
baskets through silver—ethynide interactions in the range
2.128(11)-2.388(11) A and 2.182(14)-2.412(13) A, respec-
tively. The two terminal Ag, baskets, each of which is con-
nected to the silver atom Ag5 by an Ag:-Ag interaction, are
bridged by two inversion-related pentafluoropropionate
groups through the p;-O,0,0’ coordination mode to produce
a ten-membered metallacycle (Figure 17a). Another ps-
C,FsCO, group spans an Ag--Ag edge and also coordinates
to an external silver atom, Ag7, which is bonded to a
CH;CH,CN or (CH;);CCN group (Figure 17b). Further-
more, two pentafluoropropionate groups (O3-O4 and O7-
08) each span an Ag--Ag edge and both connect with an
[Agy(-CFsCO,),] unit composed of two silver atoms of
the type Agb and two inversion-related
W, pentafluoropropionate groups of the type O5-O6 (Fig-
ure 17b). An Ag6—04 bond length of 2.590(9) A and an
Ag6—07 bond length of 2.519(10) A were observed for 9,

Chem. Asian J. 2007, 2, 1240-1257



Silver(I) Salts Containing the 1,3-Butadiynediide Dianion

Figure 17. a) Atom labeling (50% thermal  ellipsoids) in
Ag,C,12 AgC,FsCO,6 CH;CH,CN-4H,0 (9) and the isostructural com-
plex Ag,C,-12 AgC,F;CO,6 (CH;);CCN-5H,0 (10), which contain a 10-
membered metallacycle. b) Coordination skeleton of the terminal ethyn-
ide moiety of the C;~ ligand in 9 and 10. All C,Fs moieties are omitted
for clarity. The propionitrile group bonded to Ag7 in 9 and the trimethyl-
acetonitrile group bonded to Ag7 in 10 are in gray and black, respective-
ly. Symmetry codes: A: 1—x, —y, 1—z; B: 1—x, —y, —z. Selected bond
lengths and distances (A): 9: C1—C2 1.26(1), Ag-+Ag 2.803(1)-3.204(2);
10: C1-C2 1.19(2), Ag--Ag 2.872(2)-3.318(2).

and corresponding bond lengths of 2.649 and 2.576(12) A
were found for 10. Adjacent ten-membered metallacycles
are linked by this bridging unit along the ¢ direction to gen-
erate a coordination chain, which is further connected by
three hydrogen bonds to yield a 2D network parallel to the
ac plane (Figure 18). The bulky nitrile ligand in 10 enlarges
the separation between adjacent (4,4) networks from
12.881 A in 9 to 13.485 A. The extra water molecule (O3W)
in the stoichiometric formula of 10 is accommodated in the
interlayer region.

Ag,C 16 AgC,F;CO,-4(CH,),CCN-6 H,0 (11)

Next, we investigated the effect of varying the molar ratio
of Ag,C, to carboxylate ligands on the coordination network
and dimensionality. As the solubility of polymeric Ag,C, de-
pends on the concentration of silver ions, we kept the latter
constant but changed the molar ratio AgC,FsCO,/AgBF,
from 1:2 to 2:1, which resulted in the formation of
Ag,C, 16 AgC,FsCO,4 (CH;);CCN-6 H,O (11). The centro-
symmetric pg coordination mode of C,~ also exists in the
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Figure 18. 2D (4,4) network in 9 and 10 linked by [Ag,(1,-C,F5CO,),]
units along the ¢ direction and bridged by three hydrogen bonds along
the a direction. All C,Fs moieties and nitrile groups are omitted for clari-
ty. Selected distances (A): 9: OTW--02W 2.719, O1W--O2A 2.887,
O1W--O10A 2970; 10: O1W--O2W 2.694, O2W--O2A 2.852,
O2W--O10A 2.970. Symmetry codes: A: 2—x, —y, 1—z; B: 1—x, —y, —z.

crystal structure of 11: Each terminus is capped by an Ag,
basket through o-type silver—ethynide interactions that
range from 2.172(7) to 2.375(7) A and a mbond between
Ag9 and C2 of 2.615(7) A in length. Each of two silver
atoms of the type Ag6 bonds to a terminal Ag, aggregate to
produce an Ags basket, and these baskets are further bridg-
ed by two pentafluoropropionate groups (O7-O8 and O7A-
O8A) to generate a 12-membered metallacycle (Figure 19).

Moreover, the pentafluoropropionate group O7-O8 is
also connected through the p,-O,0’,0’,0" bonding mode to
an external silver atom, Ag7, which is in turn bonded to one
trimethylacetonitrile group and an [Ag,(us-C,FsCO,)] bridg-
ing unit composed of Ag4 and the pentafluoropropionate
group O15-016. Another p, pentafluoropropionate group,
05-06, spans one Ag-+Ag edge and is connected to the two
external silver atoms Ag7 and Ag8. However, the penta-
fluoropropionate group O1-O2 not only bonds to one
Ag-Ag edge, but also bridges two [Ag,(C,FsCO,),] linking
units. The linkage of [AgsC,Ags] aggregates by these [Ag,
(G,F5CO,),] units, which comprise two Ag5 atoms and two
013-014 pentafluoropropionate groups along the ¢ direc-
tion and two Ag4 atoms and two O15-016 pentafluoropro-
pionate groups along the b direction, produces a 2D coordi-
nation network (Figure 20). This network contrasts strongly
with the (4,4) network observed for 9 and 10 with the partic-
ipation of hydrogen bonding.
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Figure 19. a) Atom thermal

labeling  (50%
Ag,C,-16 AgC,FsCO,4 (CH;);CCN-6 H,O (11), which contains a 12-mem-
bered metallacycle. b) Coordination configuration of the anionic ligands
in 11. All C,Fs moieties, tert-butyl groups, and other ligands are omitted
for clarity. Symmetry codes: A: 1—x, 1—y, 1—z; B: 1—x, 1—y, —z; C: 1—x,
2—y, 1—z. Selected bond lengths and distances (A): C1-C2 1.214(9),
Ag-Ag 2.823(1)-3.001(5).

ellipsoids)  in

Ag,C, 8 AgC,F,CO,2[(Et,N)C,F.CO,]-4H,0 (12)

In the crystal structure of Ag,C,-8AgC,FsCO,
2[(Et,N)C,FsCO,]-4H,0 (12), the centrosymmetric C,;>~ di-
anion is encapsulated in a metallacycle that consists of two
Ags aggregates bridged by two pentafluoropropionate
groups (0O3-O4 and O3A-0O4A) and two aqua ligands
(O2W and O2WA; Figure 21 a).

Versatile coordination modes are observed for the carbox-
ylate ligands in this structure (Figure 21b). Each of two pen-
tafluoropropionate groups (O1-0O2 and O7-08) coordinates
with an Ag--Ag edge of the Ags basket through the p,-O,0’
mode. The carboxylate ligand O9-O10, however, chelates
with the silver atom Ag5. The more complex coordination
modes p-0,0,0',0" and 13-0O,0,0" are observed for O3-0O4
and O5-06, respectively, which link the [AgsC,Ags] units to
form a coordination column along the ¢ direction. Such co-
ordination columns are further stabilized by a series of hy-
drogen bonds between 02, 010, O1W, and the aqua ligand
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Figure 20. (4,4) Coordination network in 11 oriented parallel to the bc
plane and bridged by two types of [Ag,(C,FsCO,),] units. All C,Fs moiet-
ies and other ligands are omitted for clarity. Symmetry codes: B: 1—x,
1-y, —z; C: 1—x,2—y, 1—z.

Figure 21. a) Perspective view of the metallacycle in
Ag,C,;8 AgC,FsCO,2[(EtyN)C,FsCO,]-4H,0 (12) formed through the
linkage of two terminal Ags baskets by pentafluoropropionate groups
(03-04 and O3A-04A) and aqua ligands (O2W and O2WA), with atom
labeling (50 % thermal ellipsoids). b) Coordination modes of pentafluoro-
propionate groups in 12. All C,Fs moieties and other peripheral ligands
are omitted for clarity. Symmetry codes: A: —x, y, l/rz; B: x, 1y,
z—'/; C: —x, 1—y, 1—z. Selected bond lengths and distances (A): C1-C2
1.22(1), Ag+Ag 2.857(1)-3.198(2).
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O2W (Figure 22a) and are arranged in a hexagonal array
with the tetraethylammonium cations located in the intersti-
ces (Figure 22b).

Figure 22. a) Coordination column in 12 connected by two independent
pentafluoropropionate groups (O3-O4 and O5-06) and surrounded by a
series of hydrogen-bonding straps. All C,Fs moieties are omitted for clari-
ty. Selected distances (A): O1W--02 2.856, O1W--O2W 2.741,
O2W--010 2.719. b) Hexagonal array of coordination columns in 12
viewed along the ¢ direction. The tetracthylammonium cations (repre-
sented by large black spheres) occupy the interstices between the col-
umns. All C,F5 moieties are omitted for clarity.

3Ag,C12 AgC,F;CO,:5[(BnMe,;N)C,F.CO,]-4H,0 (13)

The presence of the bulky ammonium cation BnMe;N*
(Bn=benzyl), induces the sharing of silver atoms by the
supramolecular synthon Ag,CC=C—C=C>D>Ag, and thus
leads to the formation of a novel Ag,C(C,);DAg, cluster ag-
gregate in the crystal structure of 3 Ag,C, 12 AgC,FsCO,
5[(BnMe;N)C,FsCO,]-4H,0O (13). As shown in Figure 23a,
three 1,3-butadiynediide ligands are embraced by two nearly
planar Ag, segments, which are bridged by four pentafluoro-
propionate groups through the p;-O,0’,0" bonding mode.
The C, chains have a mean twist angle of 49° and all adopt
the yg coordination mode, with each terminus bonded to
four silver atoms (Figure 23a). The two Ag, segments have
a similar configuration despite different Ag--Ag distances,
and each side can be described as three C=CD>Ag, moieties
that share three central silver atoms and are consolidated by
other pentafluoropropionate groups that span the Ag-Ag
edges. Moreover, these two similar Agy segments are almost
parallel to one another with a dihedral angle of 3.7°, and a
quasi-C; axis passes through the centers of the
Agl--Agd--Ag7 and Agl0--Agl3--Agl6 triangles (Fig-
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Figure 23. a) Perspective view of the Ag,C(C,);DAg, aggregate in
3Ag,C,- 12 AgC,FCO,-5[(BnMe;N)C,FsCO,|-4H,0 (13), in which two
parallel planar Ag, segments are bridged by four p,;-O,0,0" pentafluoro-
propionate groups, with atom labeling (40% thermal ellipsoids). The
C,Fs moieties and other ligands are omitted for clarity. Selected bond
lengths (A): C1-C2 1.22(2), C3—C4 1.24(2), C5-C6 1.21(2), C7—C8
1.22(2), C9—C10 1.23(1), C11-C12 1.22(1). b) AgyC(C,);DAg, aggregate
viewed along the vector from the center of the triangle Agl-Ag4-Ag7 to
the center of the triangle Agl0-Agl3—-Agl6 to show its quasi-D; symme-
try. The Ag-Ag distances shown by solid lines range from 2.812(1) to
3.328(1) A and are thus shorter than twice the van der Waals radius of a
silver ion (3.4 A). The longer Ag-Ag edges are represented by dashed
lines (A): AglAg7 3.506, Agl-Ag9 3.462.

ure 23b). Thus, this Ag,C(C,);DAg, aggregate has quasi-D;
symmetry.

Furthermore, adjacent Ag,C(C,);DAg, aggregates sur-
rounded by pentafluoropropionate groups are linked by an
aqua ligand O2W along the b direction to generate a zigzag
coordination column (Figure 24). These coordination col-
umns are arranged in a hexagonal array similar to that ob-
served for 12, and the BnMe;N™ ions are located in the in-
terstices.

The [Ag,C,Ag,] Aggregate

The invariable appearance of the pgbonding mode of the
1,3-butadiynediide ligand in reported silver(I) double salts
Ag,C,6 AgNO;nH,O (n=2, 3) and the present 13 com-
plexes substantiates our presumption that the Ag,CC=C—
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Figure 24. Coordination column in 13 along the b direction bridged by
the aqua ligand O2W. Quaternary ammonium cations are omitted for
clarity.

C=C>Ag, moiety can serve as a new type of supramolecular
synthon in the construction of coordination networks of var-
iable dimensions. However, the configuration of the Ag, ag-
gregate that embraces each ethynide terminus can be fine-
tuned by varying the coexisting anionic or neutral ligands to
give a butterfly-shaped, planar, or barblike geometry. These
different Ag, configurations may be ascribed to diverse
silver—ethynide interactions that play different roles in the
Ug coordination modes, which can be broadly classified into
three types: o, &, and mixed (o,7). The crystallographic data
for the [Ag,C,Ag,] aggregates in complexes 1-13 are sum-
marized in the Supporting Information. We classify the
silver—ethynide interactions in these complexes according to
the Ag—C bond lengths and C=C—Ag bond angles. The o-
type Ag—C bonds are much shorter than the other two bond
types, and the corresponding C=C—Ag bond angles are close
to 180° (Table 2). In contrast, the significantly longer n-type
Ag—C bonds are accompanied by acute C=C—Ag bond
angles, which is consistent with the picture of a silver(I)
atom that interacts with a pair of linked sp-hybridized
carbon atoms. Bonds of the mixed (o,7) type correspond to
silver—ethynide bonding for which the bond lengths and
angles lie between these two extremes. The three different
Ag, configurations observed in the present study can be
considered to arise from various combinations of the three
types of Ag—C interactions: The barblike Ag, aggregate in 1
can be described as [ox 14 (0,m) %3], the planar Ag, aggre-
gate in 3 as [0x2+mx2], another aggregate in 6 as [0x4],
and the butterfly-shaped aggregate as [0x2+ (0,)x2] or
[0x2+mx1+4(0,m)x1]. Furthermore, most Ag--Ag distan-
ces in this series of 13 silver complexes of Ag,C, are shorter
than 3.40 A (twice the van der Waals radius of the silver
atom), which indicates that a significant argentophilic inter-
action" plays a pivotal role in the formation of the
[Ag,C,Ag,] aggregates.

Anionic Ligands

By analogy with Ag,C,,® when polymeric Ag,C, is dis-
solved in a concentrated aqueous medium that contains sil-
ver(I) ions, the labile [C,@Agg]%t species thus formed need
to be neutralized and stabilized by anionic ligands during
the crystallization process. Thus, the presence of one or
more ancillary anionic ligands is a key factor in the supra-
molecular assembly of the Ag,c C=C—C=CD>Ag, synthon in
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Table 2. Classification of the silver—ethynide interactions in the silver
1,3-butadiynediide complexes 1-13.

Complex Ag,C,Ag, Typeof C2-Ag Cl-Ag CIl=C2-Ag
type bonding [A] [A] [°]
1 butterfly ox2 2.128(5)- 137.5(4)-140.0(4)
2.151(5)
axl 2.519(7) 2.667(7)  83.04)
(om)yx1  2.423(6) 106.3(4)
barb ox1 2.067(6) 178.8(5)
(om)x3  2.347(6)- 93.5(4)-97.1(4)
2.508(6)
2 butterfly ox2 2.134(16)- 124.8(11)-155.5(11)
2.295(15)
axl 2.368(16)- 2.718- 91.2(10)-93.0(13)
2.401(16) 2.737
(om)x1  2.315(15)- 100.7(14)-105.0(11)
2.393(15)
3 butterfly ox2 2.156(19)- 136.7(15)-139.0(15)
2.183(19)
(om)x2  2.287(19)- 101.8(13)-104.5(13)
2.360(19)
planar ox2 2.18(2)- 136.4(18)-143.1(18)
2.20(2)
X2 2.31(2)- 2.52(2)-  77.2(14)-85.6(15)
2.58(2) 2.60(2)
4 butterfly ox3 2.186(6)— 120.2(5)-143.1(5)
2.277(7)
axl 2.440(6)- 2.548(5)- 80.6(4)-87.7(4)
2.483(7) 2.721
5 butterfly ox2 2.226(7)- 140.0(6)-141.3(6)
2.238(7)
(om)x2  2.361(8)- 104.6(6)-106.1(6)
2.378(8)
6 planar ox4 2.206(12) 123.4(6)
7 butterfly ox2 2.171(9)- 121.7(7)-148.7(7)
2.216(9)
(om)x2  2.290(9)- 98.2(6)-113.8(6)
2.443(9)
8 butterfly ox2 2.139(9)- 126.8(8)-150.1(9)
2.174(9)
axl 2.443(9) 2.724 89.8(6)
(om)x1  2.404(9)- 101.5(7)-106.9(7)
2.423(10)
9 butterfly ox2 2.128(11)- 135.9(9)-138.7(9)
2.180(11)
(om)x2  2.326(11)- 91.5(8)-116.7(9)
2.388(11)
10 butterfly ox2 2.182(14)- 133.7(11)-143.3(11)
2.218(14)
(om)x2  2411(13)- 97.1(10)-114.5(11)
2.412(13)
11 butterfly ox2 2.172(7)- 133.4(6)-142.6(6)
2.183(7)
ax1 2.375(7) 2.615(7)  87.3(5)
(o, m)x1 2.337(7) 112.0(5)
12 butterfly ox2 2.193(10)- 136.1(8)-136.2(9)
2.209(10)
ax1 2.379(10)  2.579(9)  85.1(7)
(o, m)x1 2.356(10) 121.5(8)
13 butterfly  ox2 2.169(12)- 132.2(9)-142.0(10)
2.259(12)
(o, m)x2 2.275(11)- 92.2(8)-117.5(9)
2.695(12)
ox2 2.148(11)- 127.2(9)-145.5(10)
2.256(12)
axl 2.526(11)- 2.764- 83.5(8)-89.1(8)
2.699(12) 2.841

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. (Continued)

Complex Ag,C,Ag, Typeof C2-Ag Cl-Ag Cl=C2-Ag
type bonding [A] [A] [°]
(om)x1  2.296(11)- 108.6(8)-111.4(9)
2.316(12)

the construction of coordination networks. On the basis of
our previous synthesis of the double salts
Ag,C,6 AgNO;nH,O (n=2, 3), we used silver nitrate to-
gether with silver fluoride to obtain the triple salt 1, which
has a similar robust 3D-coordination-network structure. The
second known quadruple salt 2 was acquired through the hy-
drolysis of PFs". The coordination columns of 2 are linked
by a series of nitrate and phosphate groups to yield a 3D co-
ordination network. However, when carboxylate ligands
with a hydrophobic tail (CF;CO,” and C,FsCO,”) were em-
ployed, relatively loose 3D coordination networks were ob-
tained, as observed for 3 and 6, the melting points of which
are much lower than those of the four nitrate complexes.
The formation of loose coordination networks and porous
crystal structures may be due to the steric effects of the car-
boxylate ligands and their weak coordination ability relative
to that of the nitrate group. Moreover, a comparison of 10
and 11 demonstrates that the dimensionality of the coordi-
nation network can be modulated by varying the molar ratio
of anionic ligands in the preparation of the complexes.

Nitrile Ligands

In the present study, nitrile ligands of varying sizes were
often introduced to effect crystallization. Apparently, when
nitrile ligands participate in the crystallization process, they
bond to a peripheral silver atom and prevent sterically the
linkage of carboxylate ligands to form higher-dimensional
coordination networks. This behavior accounts for the varia-
tion in the trifluoroacetate complexes 3, 4, and §, and in the
pentafluoropropionate complexes 7, 9, 10, and 11. Thus, the
use of nitrile ligands of varying degrees of bulkiness pro-
vides an efficacious approach to the design of low-dimen-
sional coordination networks.

Quaternary Ammonium Salts

Quaternary ammonium ions have been utilized effectively
in the generation of a vast variety of inclusion compounds,
in which they serve as guest species for charge balance and
space filling.®¥! In the complexes described herein, such cat-
ions act to some extent as bulky spheroidal balloons to pre-
vent the self-assembly of high-dimensional networks; thus, a
2D network is observed for § and an infinite coordination
column for 12. Furthermore, the use of quaternary ammoni-
um salts as additional components necessarily leads to the
formation of various types of anionic silver(I) coordination
columns and 2D and 3D networks in which more-anionic li-
gands are bound to the metal centers and/or the fusion of

Chem. Asian J. 2007, 2, 1240-1257

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

CHEMISTRY

AN ASIAN JOURNAL

aggregates is facilitated. As a result of the combined steric
effects of C,FsCO,” and the bulky ammonium cation
BnMe;N™, the supramolecular synthon Ag,C,Ag, is apt to
share silver atoms, thus leading to the formation of the
novel AgyC(C,);DAg, aggregate in 13.

Conclusions

We have investigated systematically the synthesis and struc-
ture of a series of 13 silver(I) complexes of Ag,C, (Table 3).
The generation of the quadruple salt 2 by the hydrolysis of
hexafluorophosphate represents a viable route to multiple
salts for future studies. Diverse configurations of the
[Ag,C,Ag,] aggregate were observed in which C/ was
found to adopt the py bonding mode consistently. These con-
figurations can be tuned by varying the ancillary anionic li-
gands. The silver—ethynide interactions in the aggregates can
be classified conveniently into three types: o, , and mixed
(o,). We also investigated the effects of various types of co-
existing nitrile ligands to obtain a better understanding for
the design of other coordination networks with the Ag,CC=
C—C=C>DAg, supramolecular synthon. The (F),(H,0); fluo-
ride-water tape in 8 and the (C,);@Ag,s aggregate in 13 are
both unprecedented among silver(I) complexes.

Experimental Section
Reagents and Instruments

Hexachloro-1,3-butadiene (97 %, Aldrich), 1,4-bis(trimethylsilyl)-1,3-bu-
tadiyne (98 %, International Laboratory), and nBuLi in hexane (1.6M,
Merck) were purchased and used without further purification. Tetrahy-
drofuran (THF) was purified by heating at reflux over metallic sodium
and benzophenone. All other reagents were of analytical grade and used
as received. Infrared spectra were obtained from KBr pellets on a Nico-
let Impact 420 FTIR spectrometer in the 400-4000-cm™' region. Elemen-
tal analysis (C, H, N) was performed by the Medac Ltd. Brunel Science
Center, United Kingdom.

Syntheses

Method A for the preparation of Ag,C,: As described previously,'" the
treatment of Li,C, (generated in situ from hexachloro-1,3-butadiene and
nBuLi) with solid AgNO; in a 1:2 molar ratio in THF yielded a 1:1 mix-
ture of Ag,C, (~40%) and AgCl (=50wt%) contaminated with a
minute amount of metallic silver as a dark-gray powder.

Method B for the preparation of Ag,C,: THF (20 mL) was cooled to
—78°C in a 100-mL Schlenk flask, and nBuLi in hexane (1.6M, 5.1 mL,
8.2 mmol) was added with a syringe. The mixture was stirred for 15 min
at —78°C, and then a solution of 14-bis(trimethylsilyl)-1,3-butadiyne
(0.778 g, 4 mmol) in THF (5 mL) was added dropwise with a syringe. The
cold bath was then removed, and the mixture was stirred at room temper-
ature for 3 h. THF (10 mL) and AgNO; crystals (1.352 g, 8 mmol) were
added to the flask under a stream of nitrogen. The solid AgNO; dissolved
gradually, and the mixture was stirred overnight. Ag,C, (78 %) contami-
nated with a small amount of metallic silver was isolated by filtration as
a light-gray powder, then washed several times with THF and finally with
deionized water.

Caution: Ag,C, should be stored wet in the dark at —10°C, and only a
small quantity should be used for subsequent synthesis.

1: Moist Ag,C, (0.2 g) was added to a concentrated aqueous solution of
AgNO; (1 mL; 0.513 g, 3 mmol) in a beaker, and the mixture was stirred
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until the solution was saturated. The excess Ag,C, was filtered off, and
the filtrate was mixed with an aqueous solution of AgF (1 mL; 0.370 g,
3 mmol). The resulting mixture was placed in the dark. After 1 day, the
transparent yellow blocklike crystals of 1 (~40%) that had deposited
were collected. Compound 1 turns black above 110°C. M.p. (decomp.):
125.5-127.1°C; IR: #=2060 cm™" (vw, v(C=C)); elemental analysis: calcd
(%) for CgH,F,0sNsAg,: C 5.28, H 0.11, N 4.62; found: C 5.10, H 0.27,
N 4.31.

2: AgNO; (0.342 g, 2 mmol) and AgPF, (0.253 g, 1 mmol) were dissolved
in deionized water (1 mL). Moist Ag,C, (0.2 g) was added to the solution,
and the resulting mixture was stirred for about half an hour then filtered.
The filtrate was placed in the dark at room temperature. After a few
days, yellow prismatic crystals of 2 (30 %) were collected. Compound 2
decomposes above 170°C. IR: #=2050cm™" (vw, v(C=C)); elemental
analysis: calcd (%) for C,F,O4sN,P,Ag,,: C 3.06, N 3.57; found: C 2.88,
N, 3.21.

3: Moist Ag,C, (=0.2 g) was added to a concentrated aqueous solution
(1 mL) of AgCF;CO, (0.234 g, 1 mmol) and AgBF, (0.380 g, 2 mmol) in a
beaker, and the mixture was stirred until the solution was saturated. The
excess Ag,C, was filtered off, and the solution was placed in a refrigera-
tor at —10°C. After a few days, the transparent yellow blocklike crystals

Table 3. Crystallographic data for compounds 1-13.

T. C. W. Mak et al.

of 3 (=40%) that had deposited were collected. M.p. (decomp.): 70.3-
71.6°C; IR: 7=2056 cm™' (m, v(C=C)); elemental analysis: calcd (%) for
CH1,F1300Ags: C 11.20, H 0.82; found: C 11.09, H 0.77.

4: A synthetic procedure similar to that for the preparation of 3 was
used, but CH;CN (0.1 mL) was added to the filtrate before it was placed
in a refrigerator at —10°C. Pale-yellow blocklike crystals of 4 (~30%)
were deposited. M.p.: 67.3-69.0°C; IR: #=2064 cm ™' (vw, v(C=C)); ele-
mental analysis: calcd (%) for C,H;;F,;OsNAgy: C 12.49, H 0.58, N
0.73; found: C 12.33, H 0.67, N 0.58.

5: Ag,C, (~0.2 g) and solid (Et,N)BF, (0.1 g) were added to a concen-
trated aqueous solution (1 mL) of AgCF;CO, (0.220 g, 1 mmol) and
AgBF, (0.382 g, 2 mmol) in a beaker, and the mixture was stirred until
the solution was saturated. The excess Ag,C, and (Et,N)BF, were filtered
off, and (CH;);CCN (0.1 mL) was added to the filtrate, which was then
placed in a refrigerator at —10°C. After a few days, the transparent pale-
yellow platelike crystals of 5 (~30% ) that had deposited were collected.
M.p.: 62.3-64.0°C; IR: 2055 cm ™' (vw, v(C=C); elemental analysis: calcd
(%) for CyH76F360,4NgAg,: C 23.35, H 2.33, N 2.55; found: C 2326, H
2.34, N 2.25.

Compound 1 2 3 4 5 6 7

Formula CsHyF,010NgAg,  CiF,0NGPrAgy  CigHiuFig00Ags CoHyiFpOgN - CoHyeF3004Ns  Cs;HsFggOsAgis CosHasF50040Ng
Agy Agp Ags

M, 1818.54 1570.72 171518 1923.07 3291.67 4816.66 4988.45

Crystal system monoclinic monoclinic orthorhombic monoclinic monoclinic tetragonal monoclinic

Space group C2/c (No. 15) P2, (No. 4) P222, (No.19)  C2/c (No. 15) P2,/n (No. 14) P4,/nmc (No.137)  C2/c (No. 15)

a [A] 23.312(1) 6.623(1) 14.246(4) 32.366(5) 17.768(5) 18.696(1) 30.343(5)

b [A] 10.663(1) 16.678(2) 23.445(7) 11.730(2) 16.063(4) 18.696(1) 17.745(3)

c [A] 13.167(1) 10.159(1) 11.670(4) 26.827(4) 17.804(5) 18.495(1) 27.272(4)

a[°] 90 90 90 90 90 90 90

BI°] 124.168(1) 93.941(2) 90 123.638(3) 91.772(7) 90 111.327(5)

v [°] 90 90 90 90 90 90 90

|4 [A%] 2708.0(2) 1119.5(2) 3898(2) 8479(2) 5079(2) 6464.9(6) 13678(4)

Z 4 2 4 8 2 2 4

D, 4.456 4.660 2.899 3.000 2.126 2.481 2415

[gem™]

T [K] 293 293 293 293 293 293 293

 [mm™] 8.575 8.796 4.085 4.223 2.388 2.562 2.689

R1Y (I>20) 0.0245 0.0455 0.0863 0.0414 0.0497 0.0756 0.0585

wR2"! (all data)  0.0624 0.1280 0.2146 0.1223 0.1109 0.2727 0.1703

GOF 1.059 1.081 1.106 1.026 1.064 1.088 0.999

Compound 8 9 10 11 12 13

Formula CiHyF5205NAgy,  CsgHigFoiOnsNeAgy  CroHeFoOuNeAgy  CrHisFgnO3sNyAgs  CsoHugFs0OuNoAg ) CrisHigFysOssNsAgs

M, 3483.64 3916.99 4103.33 5038.64 3089.51 5680.40

Crystal system triclinic monoclinic monoclinic triclinic monoclinic monoclinic

Space group P1 (No.2) P2,/n (No. 14) P2,/n (No. 14) P1 (No. 2) C2/c (No. 15) P2,/c (No. 14)

a [A] 16.377(3) 13.490(2) 14.369(3) 15.663(1) 35.539(4) 18.542(2)

b [A] 16.699(3) 25.763(4) 26.970(5) 15.803(1) 15.288(2) 25.200(3)

c [A] 19.318(4) 16.551(3) 16.943(3) 17.424(1) 18.077(2) 35.713(4)

a[°] 115.495(4) 90 90 111.402(1) 90 90

B°] 111.796(4) 109.874(6) 111.775(4) 97.449(1) 114.750(2) 91.311(3)

v [°] 90.599(4) 90 90 112.345(1) 90 90

Vv [A3] 4336(2) 5409(2) 6097(2) 3528.9(4) 8920(2) 16682(3)

Z 2 2 2 1 4 4

D, 2.650 2.400 2.230 2.365 2.295 2.223

[gem™]

T [K] 293 293 293 293 293 293

 [mm™] 3.266 2.641 2.350 2.606 2.314 2.222

R1% (I>20) 0.0591 0.0619 0.0814 0.0470 0.0714 0.0664

wR2"! (all data) 0.1720 0.1478 0.2260 0.1405 0.2268 0.2278

GOF 0.959 1.056 1.077 1.019 1.077 1.001

[a] RU=S|F, |~ | F.|/£| F,|. [b] wR2={S[w(F7 = FYVE[w(F V] -
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6: This complex was prepared according to the method used to prepare 3
by adding AgCF;CF,CO, (0.270 g, 1 mmol) in place of AgCF;CO,. M.p.:
103.6-105.2°C (decomp. above 122°C); IR: #=2073 cm™' (vw, v(C=C));
elemental analysis: caled (%) for Cs,HsFgOs6Ags: C 12.97, H 1.05;
found: C 12.74, H 1.03.

7: AgCF;CF,CO, (0.270 g, 1 mmol) and AgBF, (0.382 g, 2 mmol) were
dissolved in deionized water (1 mL), and moist solid Ag,C, (~0.2 g) was
added to the solution. The resulting mixture was stirred for 10 min, then
the excess Ag,C, was filtered off. CH;CN (0.1 mL) was added to the fil-
trate, which was then placed in a refrigerator at —10°C. After several
days, the pale-yellow blocklike crystals of 7 (~55%) that had deposited
were collected. M.p.: 38.2-41.0°C (decomp. above 128°C); IR: v=
2075cm™"  (vw, v(C=C)); elemental analysis: caled (%) for
CeH3,FyiOy0NgAg g0 C 15.41, H 0.69, N 1.68; found: C 15.36, H 0.75, N
1.50.

8: Ag,C, (~0.2 g) was added to a concentrated aqueous solution (1 mL)
of AgCF;CF,CO, (0.542 g, 2 mmol) and AgBF, (0.190 g, 1 mmol) in a
beaker, and the mixture was stirred until the solution was saturated. The
excess Ag,C, was filtered off, the filtrate was placed in a desiccator filled
with acetonitrile vapor, and the solution was stored in the desiccator in a
refrigerator at —10°C for about 1 month. The transparent pale-yellow
blocklike crystals of 8 (~15%) that had deposited were then collected.
Compound 8 decomposes above 125°C. IR: #=2042 cm ™' (vw, v(C=C));
elemental analysis: calcd (%) for CsH,;F5,03,NAg;,: C 12.42, H 0.78, N
0.40; found: C 12.50, H 0.73, N 0.27.

9: Pale-yellow crystals of 9 (=35%) were obtained by the procedure
used to prepare 7 by adding propionitrile (0.1 mL) in place of acetoni-
trile. M.p.: 56.3-57.0°C; IR: #=2062 cm™' (vw, v(C=C)); elemental anal-
ysis: caled (%) for CsgHsgFgOpsNgAg 4 C 17.78, H 0.98, N 2.14; found: C
17.45, H 1.14, N 2.07.

10: Pale-yellow blocklike crystals of 10 (~40%) were obtained by the
method used to prepare 7 by adding (CH;);CCN (0.1 mL) in place of
acetonitrile. M.p.: 69.2-72.0°C; IR: #=2083 cm™' (vw, v(C=C)); elemen-
tal analysis: calcd (%) for C;HgFsO0NgAg 4 C 20.49, H 1.57, N 2.05;
found: C 20.33, H 1.35, N 1.98.

11: Yellow blocklike crystals of 11 (~35%) were obtained by the
method used to prepare 10 by changing the molar ratio of AgCF;CF,CO,
to AgBF, from 1:2 to 2:1. M.p.: 75.7-77.0°C; IR: 7=2061 cm™! (vw,
v(C=C)); elemental analysis: calcd (%) for C;,H3FgON,Ag s C 17.16,
H 0.96, N 1.11; found: C 17.19, H 0.67, N 0.92.

12: Moist Ag,C, (0.2 g) and solid (Et,N)BF, (0.1 g) were added succes-
sively to a concentrated aqueous solution (1mL) of AgCF,CF,CO,
(0.542 g, 2 mmol) and AgBF, (0.190 g, 1 mmol). The mixture was stirred
for 0.5 h, then the excess Ag,C, and (Et,N)BF, were filtered off, and the
filtrate was placed in a refrigerator at —10°C. After 1 week, transparent
pale-yellow prismatic crystals of 12 (~30% ) were collected. M.p.: 62.4—
64.1°C; IR: #=2074cm™" (vw, v(C=C)); elemental analysis: calcd (%)
for Cs)H5F500N,Ag : C 19.44, H 1.56, N 0.91; found: C 19.44, H 1.26,
N 0.87.

13: Moist solid Ag,C, (0.2 g) was added to a concentrated aqueous solu-
tion (1mL) of AgCF;CF,CO, (0.542 g, 2 mmol) and AgBF, (0.190 g,
1 mmol). The mixture was stirred for 0.5 h, then the excess Ag,C, was fil-
tered off. A solution of (BnMe;N)BF, (0.5Mm) in acetonitrile (0.2 mL) was
added to the filtrate, which was then placed in a refrigerator at —10°C
for 2 months. Transparent pale-yellow block crystals of 13 (~55%) were
obtained. M.p.: 63.4-65.0°C; IR: #=2057 cm™! (vw, v(C=C)); elemental
analysis: calcd (%) for C;;;HgFssO5NsAg: C 23.89, H 1.56, N 1.23;
found: C 23.62, H 1.34, N 1.07.

X-ray Crystallographic Analysis

Data for complexes 1 and 6 were collected at 293 K with Moy, radiation
on a Bruker SMART APEX II CCD diffractometer with frames of oscil-
lation range 0.3°. Intensities for the other 11 complexes were measured
on a Bruker SMART 1000 CCD diffractometer by using the same proce-
dure. During data reduction, an empirical absorption correction was ap-
plied by using the SADABS program.® The structures were solved by
direct methods, and non-hydrogen atoms were located from difference
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Fourier maps. All non-hydrogen atoms, unless otherwise noted, were sub-
jected to anisotropic refinement by full-matrix least-squares on F° by
using the SHELXTL program.*! The parameters for the crystal data and
X-ray structure analysis are summarized in Table 3. The refinement de-
tails are described in the Supporting Information. CCDC-650195-650207
(1-13, respectively) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre at http://www.ccdc.cam.ac.uk/data_
request/cif.
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