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Crystalline materials have been isolated and characterized from mixing the silver carborane salts Ag(CBy;Hi2) or
Ag[Co(C2BgH11),] with nitrile ligands, either terminal acetonitrile or potentially bridging alkanedinitriles. Most of the
complexes showed B—H---Ag interactions between the silver center and carborane anion. [Ag(acetonitrile),(CB11H12)]
has a hexagonal network structure. [Ag(malonitrile),(CB11H1,)] is a discrete dimeric complex, while [Aga(succinonitrile)s-
(CB11H12)4], [Ag(glutaronitrile),][Co(C2BgH12),], and { Ag(glutaronitrile)[Co(C2BgH11),]} all show coordination chain
structures. The carborane anions in { Ag(adiponitrile)[Co(C,BqHa11),]} bridge between Ag centers to give a 3D CdSO,-
related coordination polymer. The structure of [Ag(malonitrile),](BF,) was also determined to have an unusual
chiral diamondoid structure with a skewed 2-fold interpenetration.

Introduction relatively unexplored, though a handful of examples are
known. For example, the anions (GB2)~ and [Co(GBs-
%11)2]_ have been utilized as simple counterions for coor-
dination polymers,for crystalline host-guest assembli€s,
and for metallosupramolecular specté#nions may also
may form part of a coordination polymer through A¢1—B
interactionst®

An important focus of crystalline supramolecular chemistry
in recent years has been the area of coordination polymers
or metal-organic frameworks! Coordination polymers are

Carboranes are C- and B-based cage cluster compound
with acidic C-H groups capable of forming hydrogen-
bonding interaction$Many carboranes are anionic in nature
and are used as very weakly coordinating anfoinsjuding
the icosahedral monocarbaborane (¢B;)~ and sand-
wich complexes such as cobalt(lll) bis(dicarbollide),
[Co(C,BgH11)2] ~. Although regarded as weakly coordinating
these types of carboranes may coordinate to Ag(l) through

—He"AQ i iong-5 -
B—H:-Ag interaction$® and halogenated carboranes co infinite 1D, 2D, or 3D coordination complexes which, unlike

ordinate to metal centers through the halide atémshe . . )
; : ) . many organic polymers, are highly ordered. Such materials
use of carboranes as anions in supramolecular chemistry is I »
may have substantial “empty” space where guest molecules

or counterions can be included and, hence, have the potential
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As part of a study of the supramolecular chemistry of
carborane anions, we are investigating the use of the simple
carborane anions (GBH:2)~ and [Co(GBgH11)2] ~ as coun-
teranions for cationic coordination polymers that have been
systematically characterized with other, more traditional,
weakly coordinating anions. One such system is that of silver
alkanedinitrile coordination polymers that have been well
characterized by Ciani and co-workers with anions such as
NO;~, BF,, PR, SbR~, Asks™, CIO,~, and CRSQ;~. 13715
Two distinct topologies have emerged from these studies,
diamondoid 3D networks of ®%6topology and 2D square
Iayers..-lrllterpenetratmg dlamondmd networks OC_CW.for Figure 1. Silver coordination environment for [Ag(acetonitrdé}Bi11H1)],
[Ag(dinitrile),]* complexes with ligands 1,4-butanedinitrile 1. Dashed lines indicate long-BH---Ag interactions. Ellipsoids are shown
(succinonitrile), 1,6-hexanedinitrile (adiponitril¥),1,10- at 50% probability. Symmetry operations:-ix, y, 0.5~ z i, x = 0.5,y
decanedinitrile (sebacodinitrilé),and 1,12-dodecanedini- ~ 9>% 1 0.5 =xy—0505-2
trile.** The anion appears to have little influence on the
network topology with the exception of [Ag(adiponitrijg)
(ClOg), which has a 2D square structdfend sebacodinitrile
complexes, where 3D diamondoid, 3D SgAype and 2D
layers were observed.Diamondoid structures were only
obtained when the alkane chain had an even number of Solutions of Ag(CBiHiz) or Ag[Co(GBgHi1)2] with
carbon atoms. Other dinitrile ligands, 1,5-pentanedinitrile alkanedinitriles NC(CH.CN, wheren = 1—4, where mixed
(glutaronitrile), 1,7-heptanedinitrile (pimelonitrile), 1,8-oc- in 1:1 and 1:2 proportions in a variety of solvents and allowed
tanedinitrile (suberonitrile), and 1,9-nonanedinitrile (azela- to slowly evaporate. Use of the smaller (GBi2)~ anion
nitrile), favor 2D layer structure¥. Chain structures of  gave crystals of suitable quality for single-crystal X-ray
composition [Ag(dinitrile)]|(CESG;) have also been reported  diffraction studies for a 1:2 metal:ligand complex with
for adiponitrile and azelanitrile where the triflate anions malonitrile and a 1:1.25 complex with succinonitrile. The
interact weakly with the Ag metal centéelfs. larger [Co(GBgH11),] ~ anion gave crystals of suitable quality
for 1:2 and 1:1 complexes with glutaronitrile and a 1:1
complex with adiponitrile. All structures were determined
by single-crystal X-ray diffraction techniques, and a summary
of the data collections and structure refinements is given in
Table 1. As a comparison, the structure of Ag(@h,) with
the simplest of nitrile ligands, acetonitrile, was also deter-
mined. The corresponding [CofBsHi11)2]~ complex
{ Ag(NCCH)[Co(C,BgH11)7]} has been previously reported,
where a coordination chain is formed through-B---Ag
interactions.

[Ag(CH3CN)2(CB11H12)], 1. Colorless crystals of were
grown from an acetonitrile/trifluoroethanol solutions of
Ag(CB;H;). Complex 1 undergoes a phase change at
around 156(1) K which results in the formation of a
crystalline powder that could not be characterized by single-

structures are favored by an alkanedinitrile with an even
number of carbon atoms.

Results and Discussion

We report herein complexes of Ag(l) and alkanedinitriles
NC—(CH,),—CN, with n = 1—4, with the carborane coun-
teranions (CBHi2)~ and [Co(GBgH11)2]~. The common
structural motifs previously reported for such silver dinitrile
complexes, diamondoid and 2D layers, were not observed. 1o techniques. Hence, the X-ray diffraction data for

:\leyv types of structures with either discrete, Ch?}'”’ or 3D \yere collected at 200(1) K, which is well above the phase
attice structures were observed. In most cases the counteryansition temperature. The silver coordination environment

anion interacts with Ag(l) centers through—Bi---Ag is shown in Figure 1, and bonds lengths and angles are given
interactions. We also report the complex [Ag(malonitée) i Taple 2. The silver is linearly coordinated by two

(BFs)2, which has a chiral 2-fold interpenetrating diamondoid - ¢y taii0graphically equivalent acetonitrile ligands at the
structure with an unusual skewed mode of mterpenetratlon,Ag_N distance 2.172(5) A and NAg—N angle of

and is an anomaly to Ciani’'s observations that diamondoid 157.6(2). There are four additional interactions to-Bl

(12) Batten, S. RCrystEngComn2001, 3, 67.

(13) Carlucci, L.; Ciani, G.; Macchi, P.; Proserpio, D. M.; Rizzato, S.
Chem—Eur. J.1999 5, 237.

(14) Carlucci, L.; Ciani, G.; Proserpio, D. M.; Rizzato,&ystEngComm
2002 4, 413.

(15) Carlucci, L.; Ciani, G.; Proserpio, D. M.; Rizzato, Ghem—Eur. J.
2002 8, 1520.

(16) Barnhart, D. M.; Caughlan, C. N.; Hauque, M.Iborg. Chem1969
8, 276.
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groups of three surrounding (GBli2)~ anions at
B—H---Ag distances 2.421 and 2.405 A forming a distorted
octahedral coordination environment.—Bl---Ag inter-
actions have been previously documented for carborane
anions?~® though these distances are long, indicating a weak
interaction. The silver coordination environment bfis
similar to that of the analogous cobalt(lll) bis(dicarbollide)
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Table 2. Selected Interatomic Distances (A) and Angles (deg)

Complex1
Agl—N1 2.172(5) Agt-H4 2.405
Agl-H6 2421
N1-Agl—N1 157.6(2) H4-Agl—H4 137.3
N1-Agl—H6 91.7 H4-Agl-H6 147.2
N1-Agl—H6 106.1 H6-Agl—H6 75.6
N1-Agl—H4 83.6
Complex2
Agl—N1 2.189(3) AgtN4 2.252(3)
Agl—N3 2.492(3) Agt-H6 2.038
N1-Agl—N4 132.81(11) H6-Ag1—N1 121.88
N1-Agl—N3 98.57(10) H6-Ag1—N3 84.77
N4—Agl—N3 93.92(10) H6-Agl—N4 104.41
Complex4
Agl—N1 2.359(4) Ag2-N4 2.240(3)
Agl—N2 2.209(3) Ag2-N5 2.245(3)
Ag1—N3 2.332(3) Ag2-N6 2.347(4)
Agl—N8 2.243(3) Ag2-N7 2.370(3)
N1-Agl—N2 102.09(13) N4Ag2—N5 131.69(13)
N1-Agl—N8 110.56(13) N4Ag2—N6 117.85(13)
N2—-Agl—-N1 102.09(13) N4Ag2—N7 95.52(12)
N2—Ag1—N3 95.56(12) N5-Ag2—N6 98.33(13)
N2—Agl—N8 130.25(12) N5-Ag2—N7 111.56(12)
N3—Agl1—N8 95.56(12) N6-Ag2—N7 96.97(12)
Complex5
Agl—-N1 2.160(3) AgtH8 2.036
Agl—N2 2.171(4) AgtH17 2.118
N1-Agl—N2 153.32(13) N2-Agl—H8 91.09
N1-Agl—H8 113.32 N2-Agl—-H17 97.35
N1-Agl—-H17 96.46 H8 Agl—H18 82.44
Complex6
Agl—N1 2.156(3) Ag2-N4 2.130(3)
Ag1l—-N2 2.174(3) Ag2-H12 2.472
Agl—-H11 2.160 Ag2-H29 2.312
Agl—H21 2.493 Ag2-H34 2.573
Ag2—N3 2.151(4)
N1-Agl—N2 148.60(16) N3-Ag2—H29 90.96
N1-Agl-H11l 106.09 N3-Ag2—H34 78.72
N2—-Agl—-H11 104.93 N4Ag2—H12 88.97
N1-Agl—H21 92.53 N4-Ag2—H32 102.91
N2—-Agl—-H21 87.52 N4-Ag2—H29 111.31
H11-Agl-H21 83.94 H12-Ag2—H29 76.30
N3—Ag2—N4 157.33(14) H12Ag2—H34 149.76
N3—Ag2—H12 100.85 H29-Ag2—H34 73.49
Complex7
Agl—N1 2.292(8) Ag2-N4 2.250(8)
Agl—N2 2.229(8) Ag2-N5 2.280(9)
Agl—N3 2.329(10) Ag2-N6 2.279(8)
Ag1l—-N7 2.255(8) Ag2-N8 2.257(9)
N1-Agl—N3 103.5(3) N4-Ag2—N5 109.4(3)
N2—Agl—N1 108.2(3) N4-Ag2—N6 104.7(3)
N2—Agl—N7 125.0(3) N4-Ag2—N8 123.5(3)
N2—Ag1—N3 108.4(3) N6-Ag2—N5 104.5(4)
N7—-Agl—N1 105.9(3) N8-Ag2—N5 106.8(3)
N7—Agl—N3 103.9(3) N8-Ag2—N6 106.3(3)

a All hydrogen atoms are in calculated positions.

complex{ Ag(NCCH),[Co(C:BsH11)2]},° where a trigonal
bipyramidal coordination environment is observed with axial
acetonitrile ligands and equatoria-HBi---Ag interactions
with interatomic distances 2.3%2.56 A.

Each (CBiHi2)~ anion in complexl forms B—H---Ag

Westcott et al.

Figure 2. Packing of 2D coordination polymers of compléx

Figure 3. (@) Silver coordination environment of compléx Ellipsoids
are shown at 50% probability level. Symmetry operation: + &, 2 — vy,

—z. (b) Association of two dimers. One dimer is shown with C in gray and
B in green, and the other with C in light blue and B in purple.

structure of hexagonaP@opology. These networks pack in
the crystal lattice through interdigitation of the terminal
acetonitrile ligands as shown in Figure 2. The closestM

or N---B contacts between an acetonitrile of one network
and acetonitrile or carborane of an adjacent network are
around 4 A.

[Ag(NCCH ,CN),(CB11H12)], 2. Crystals of [Ag(malo-
nitrile),;](CB11H12), 2, were grown by slow evaporation of a
1:2 mixture of Ag(CBiHi2) and malonitrile in ethanol.
Complex2 crystallizes in a triclinic cell, and the structure
was solved in space groli. The asymmetric unit consists
of one silver center, two malonitrile ligands, and one
(CB11H12)~ counteranion. The silver center has a distorted
tetrahedral geometry, Figure 3a, with coordination by three
malonitrile nitrogen atoms and oneBi---Ag interaction.
Bond lengths and angles are given in Table 2. The
B—H---Ag interatomic distance is 2.038 A, consistent with
previously reported close -BH---Ag bonding distances of
the order 2-2.2 A34

The complex is a discrete dimeric complex. There are two
types of malonitrile ligand. One type of ligand bridges
between two Ag centers to form a cyclic dimer with a

interactions with three silver centers, and every silver center Ag--+Ag separation of 7.39 A, Figure 3a. The other coor-

interacts with three (CBH12)~ anions forming a 2D network

3666 Inorganic Chemistry, Vol. 43, No. 12, 2004

dinates in a terminal fashion with a pendant nitrile group
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Figure 4. Idealized asymmetric unit of the crystal structure of fAg
(succinonitriley(CB11H12)4], 3. The refined model has Ag4Ag6 and one

N disordered over two positions; however, an averaged position is shown

for each to improve clarity. Dashed lines indicate long-Hg--Ag
interactions.

that is not involved in coordination nor shows any close
hydrogen-bonding contacts with adjacent dimers. Viewed
side-on the [[NCCBCN—Ag-u-(NCCH,CN),—Ag—(NCCH;-
CN)] fragment has a S-shaped configuration with the two
terminal malonitrile ligands pointing in opposite directions.
The dimers pack together in a linear fashion with the
(CB11H12)~ moiety of one complex perched above the
Ag-u-(NCCH.CN),—Ag cyclic fragment of an adjacent
complex. Two such complexes are illustrated in Figure 3b,
though in the extended structure a (@2~ anion is
perched on both sides of the cyclic fragment, giving a ribbon
motif. This packing motif between the complexes brings the

molecules close together with the distance between the cente

of the Ag—u-(NCCH,CN),—Ag cyclic fragment and the
closest B-H group of only 1.78 A (corresponding Bcenter
distance 2.82 A). The overall three-dimensional crystal
structure is composed of parallel ribbons slightly displaced
from one another.

[Ag4(NC(CH2).CN)s5(CB11H12)4], 3. Colorless crystals of
[Aga(succinonitrile}(CB1iH12)4], 3, were grown from the
slow evaporation of an ethanol solution of [Ag(GB12)]
and succinonitrile in 1:2 proportions. Compl@xrystallizes
in a triclinic cell, and the structure was solved in space group
P1. Crystals were of poor quality, and the structure solution
shows significant disorder with three of the Ag atoms each

disordered over two sites. Despite this the structural features

of complex3 can be elucidated, although geometric param-

eters, especially around the disordered Ag sites, should be
regarded as approximate. The asymmetric unit of complex

3 is shown in Figure 4, with disordered atoms (Ag4, Ag5,
Ag6, and N10) shown at averaged positions for clarity. There
are six Ag centers, six (GBH12)~ anions, and seven and a
half succinonitrile ligands in the asymmetric unit.

The Ag centers fall into two groups, either coordinated
by four succinonitrile ligands (Ag2, Ag3, Ag5) or by one
succinonitrile ligand and two (CBH12)~ anions (Agl, Ag4,
Ag6). The first type of Ag center propagates a coordination
chain. All have distorted tetrahedral geometry with-Ayg
distances ranging from 2.194 to 2.350(9) A and Ag—N
angles ranging from 97.8 to 121.3{3} Each of these Ag

(17) Quoted interatomic distances are to the averaged position of the two
disordered Ag sites and, hence, should be regarded as approximate.

Figure 5. Packing of adjacent coordination chains from the crystal structure
of complex3. One chain is shown with C in gray and B in green, and the
other with C in light blue and B in purple.

centers is connected to two others of the same type through
bridging succinonitrile ligands, to give a coordination chain
shown in Figure 5. Bridging between Ag centers within the
chain alternates between a single succinonitrile bridge and
a double succinonitrile bridge. The double bridging creates
cyclic Ag—u-(NC(CH,).CN),—Ag fragments throughout the
chain, similar to the cyclic Agu-(NCCH,CN),—Ag frag-
ment of the discrete compleX

Ag centers of the other type are not involved in propagat-
ing the chain structure but are effectively terminal branches
from the chain. Each is connected to the chain via a single
bridging succinonitrile, and the other coordination sites are
occupied by B-H---Ag interactions. For Agl, the coordina-
tion environment is distorted tetrahedral with three
B—H:---Ag bonds at distances 1.971, 2.062, and 2.139 A.
There are two close BN distances at 2.572(11) and
2.607(13) A. The coordination environment around Ag4 is
very similar to that of Agl, while for Ag6 the environment
shows two short BH:-+Ag interactions and two long
B—H:--Ag interactions at around 2.5 A. The terminal
branches occur on either side of the coordination chain and
curve inward. This results in one of the coordinated
(CBy1H12)~ anions from each terminal Ag being positioned
directly over a cyclic Ag-u-(NC(CH,).CN),—Ag fragment,
with one on each side of the cyclic fragment. This is
remarkably similar to the packing motif found for complex
2, but here the motif is intra- rather than intermolecular. The
molecular fragments have a marginally closer approach in
this intramolecular example with the distance between the
center of the Ag-u-(NC(CH,).CN),—Ag cyclic fragments
and the closest BH groups ranging from 1.66 to 1.74 A
with corresponding B-center distances 2.62.78 A. The
coordination chains pack together through a simple transla-
tion as shown in Figure 5. The AgAg separation between
the chains is~4 A, which is too long to indicate a significant
metallophilic interaction between the chaifis.

[Ag(NC(CH)3sCN);][Co(C2BgH11)2], 4. Yellow-orange
crystals of [Ag(glutaronitrilej[Co(C;BgH12)7], 4, were ob-
tained from the slow evaporation of an ethanol solution of
Ag[Co(C,BgH11)2] and glutaronitrile in 1:2 proportions.
Complex4 crystallizes in a monoclinic cell, and the structure
was solved in the chiral space groBp;. There are two Ag

(18) Examples of metallophilic attraction: (a) Chen, C.-H.; Feng, X.-L,;
Chen, X.-M.Polyhedron2002 21, 689. (b) Driess, M.; Faulhaber,
M.; Merz, K. Z. Anorg. Allg. Chem1999 625 2192.

Inorganic Chemistry, Vol. 43, No. 12, 2004 3667
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Ag[Co(C;BgH11),] and glutaronitrile in 1:1 proportions. The
complex crystallizes in a monoclinic cell and the structure
was solved in space groufc. The asymmetric unit is
composed of one silver center, one glutaronitrile ligand, and
one [Co(GBgH11)2]~ anion. The silver coordination environ-
ment of complexs is shown in Figure 8, with bond lengths
and angles given in Table 2. The silver center has two
glutaronitrile ligands at AgN distances 2.160(3) and
2.171(4) A and two close BH-+-Ag agostic interactions at
2.036 and 2.118 A. The corresponding #\g distances are
Figure 6. Silver coordination environment of [Ag(glutaronitrigCo- not close however at 2.90 and 3.05 A. The glutaronitrile
(CoBoHu1)o], 4. Ellipsoids are shown at 50% probability. Symmetry ligands deviate from linearity with an -NAg—N angle of
operations: i, I+ x,y, z i, x — 1,y, z . . .
153.32(13). The B—H---Ag interactions come from a single

centers, four glutaronitrile ligands, and two [CeBgH11)5] ™ 17*-[Co(C:BgH11)2]~ anion and run roughly perpendicular to
counteranions in the asymmetric unit. Both Ag centers are the N-Ag—N axis, to form a silver coordination environment
coordinated by glutaronitrile ligands with distorted tetrahedral that can be regarded as a distorted T-shape. A symmetry-
geometries, Figure 6. Coordination distances and angles forrelated [Co(GBsH11)2] ~ anion is positioned above the silver
both Ag centers are given in Table 2 with Al distances  Ccenter, but with B-H-+-Ag distances 2.825 A (H1) and 2.974
ranging from 2.209(3) to 2.370(3) A and-Mg—N angles A (H6) it is too far away to be regarded as part of the silver
from 95.52(12) to 130.25(12) coordination sphere. The glutaronitrile ligand in complex
Each glutaronitrile ligand bridges between two silver bridges between two symmetry-equivalent silver centers, and
centers to give a [Ag(glutaronitrilg)coordination chain with @ single-stranded coordination chain is propagated, Figure
a criss-crossed ladder topology, Figure 7a. The ladder is of9- The coordination chains pack through simple translations
unusual topology for a 4-connected polymer, and the intheaandb directions, giving a polar overall crystal lattice.
Ag---Ag separations within the ladder are 6.95 A along the  { Ag(NC(CH,)sCN)[Co(C2BgH11)2]}, 6. Yellow-orange
sides and 4.52 A along the zigzagging struts. The conforma-crystals of{ Ag(adiponitrileY Co(CBgH11)s]}, 6, were ob-
tion of the bridging glutaronitrile ligands differs according tained by the slow evaporation of an ethanol solution of Ag-
to whether they bridge along the ladder sides or struts. The[Co(C,BgH11)2] and adiponitrile in 1:1 proportions. Complex
side bridges have a staggered conformation while the struts6 crystallizes with a monoclinic cell, and the structure was
have a U-shaped eclipsed conformation. [Ag(glutaroni- solved in the chiral space grolg2;. The asymmetric unit
trile),]* coordination chains do not show any close interac- comprises two silver centers, two adiponitrile ligands, and
tions with the [Co(GB¢H11)]~ anions, and the crystal two [Co(GBgHi11),]~ anions. Selected bond lengths and
packing shows isolated coordination chains and double angles are given in Table 2. As for the likewise 1:1 silver:
columns of [Co(GBgH11)2]~ anions in the arrangement as dinitrile complex5, each silver center is coordinated by two
shown in Figure 7b. Coordination chains within the crystal- adiponitrile ligands with a distorted linear geometry.-Ag
line lattice are related to one another by the 2-fold screw distances range from 2.151(4) to 2.174(3) A, andAg—N
axis. angles are 148.60(16) and 157.33(14)here is one close
{Ag(NC(CH2)sCN)[C0o(C,BgH11)2]}, 5. Yellow-orange B—H--+Ag interaction to Agl at a distance 2.160 A and a
crystals of{ Ag(glutaronitrile)[Co(GBgH11)2]}, 5, were ob- further long interaction at BH-+-Ag distance 2.49 A. The
tained from the slow evaporation of an ethanol solution of geometry around Agl is best described as distorted trigonal

Figure 7. Extended structure of compldx (a) [Ag(glutaronitrile}] chain with the topological Ag-to-Ag connectivity shown below; (b) packing of coordination
chains and [Co(gBgH11)2]~ anions.
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Figure 8. Silver coordination environment ofAg(glutaronitrile)[Co-
(C2BgH11)2]}, 5. The close approach of a symmetry-related [GBEEl11)2] ~

is illustrated. Ellipsoids are shown at 50% probability. Symmetry opera-
tions: i,x—1,1—-vy,05+ zi,x,1—y,05+z

Figure 9. Coordination chain of comple&.

Figure 10. Silver coordination of{ Ag(adiponitrile)[Co(GBgH11)2], 6.
Long B—H---Ag interactions are shown as dashed lines. Only hydrogen
atoms involved in B-H---Ag interactions are shown for the sake of clarity.
Ellipsoids are shown at 50% probability. Symmetry operation: + X,
05+y, —z

pyramidal. This leaves one face of the silver uncoordinated,
and the closest approach to this site is from a [GB§H11)2]~
anion at B-H---Ag distance greater than 3 A. There are three
long B—H---Ag interactions to Ag2 at distances ranging from
2.31 to 2.57 A, with overall distorted trigonal bipyramidal
geometry around Ag2, Figure 10.

Each adiponitrile ligand bridges between two symmetry-
related silver centers to propagate a simple coordination
chain. These chains run in two directions through the
structure, either along the crystallographior c directions.
The orientation of the chain alternates alongltdirection.

Figure 11. Extended structure of comple§ with long B—H---Ag
interactions shown as dashed lines.

Figure 12. Topology of complex6: (a) Ag-to-Ag connectivity showing
wavy 6.8 topology; (b) idealized CdSQtopology with shaded circles
representing nodes which connect to an identical 2D network above and
below the plane.

The combined strong and weak-Bi---Ag interactions ir6
mean that each [Co@BgH11)2] ~ anion bridges between two
perpendicular chains creating a 3D coordination polymer,
Figure 11. The Ag-to-Ag connectivity @fis shown in Figure
12a and reveals parallel wavelike sheets connected above
and below in a linear fashion. The network is 4-connected
with 6°.8 topology and is identical with that of Cd$QOrhe
ideal CdSQ net is shown schematically in Figure 12b and
features square planar connecting nodes, where each node
connects to two others in the same orientation and two at
90° twist. The most common 4-connected network structure
for coordination polymers is a diamondoid net with 6
topology?® in contrast, there are very few documented
examples of coordination polymers with a CdSi@lated
topology?°

The use of the carborane anions has a marked effect on
the type of coordination complex that is produced. Studies
by Ciani et al. showed that succinonitrile and adiponitrile
form [Ag(dinitrile),]" complexes that have interpenetrating
diamondoid structures with a range of weakly coordinating
anions. Adiponitrile may also form a 1:1 complex where a

(19) Zaworotko, M. JChem. Soc. Re 1994 283.

(20) (a) Goodgame, D. M. L.; Grachvogel, D. M.; White, A. J. P.; Williams,
D. J.Inorg. Chem.2001, 40, 6180. (b) Brooks, N. R.; Blake, A. J.;
Champness, N. R.; Hubberstey, P.; Teat, S. J.; Wilson, C.;'8ehro
M. J. Chem. Soc., Dalton Tran2001, 2530. (c) Jiang, Y.-C.; Lai,
Y.-C.; Wang, S.-L.; Lii, K.-H.Inorg. Chem2001, 40, 5320. (d) Long,
D.-L.; Blake, A. J.; Champness, N. R.; S¢tes, M. Chem. Commun.
200Q 1369. (e) Plater, M. J.; Foreman, M. R. St. J.; Gelbrich, T,;
Hursthouse, M. BCryst. Eng.2001, 4, 319. (f) Carlucci, L.; Ciani,
G.; Macchi, P.; Proserpio, D. MChem. Communl998 1837. (g)
Shin, D. M,; Lee, I. S.; Chung, Y. K.; Lah, M. £hem. Commun.
2003 1036. (h) Moulton, B.; Abourahma, H.; Bradner, M. W.; Lu,
J.; McManus, G. J.; Zaworotko, M. &hem. Commur2003 1342.
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Figure 13. Silver coordination environment from the X-ray structure of
[Ag(malonitrile)](BF4), 7. Ellipsoids are shown at 50% probability.
Symmetry operations: i, 0.5 x, 1 —y, z— 0.5; ii, x, 1 + vy, z iii, —

Xx—05,1-y,05+z Figure 14. Single network of7. Channels with rectangular a cross section

are helical and run exactly parallel with the same hand throughout the
[Ag(adiponitrile)]" coordination chain is linked into a 3D  Structure.

network by weak interactions from a €¥0; anion:" dinitrile ligands having an even number of carbon atoms in
Complexes of [Ag(glutaronitrile)™ form a 2D square grid . ) -
P [Ag(g e a g the chain**> The short chain length of the malonitrile ligand

network with a range of weakly coordinating anions. The 0 f the alt tive 2D arid struct h
coordination polymers found with carborane anions were may not tavor the atternative grid structure, where

quite different. No diamondoid networks were observed increased fle_xibility of the ligand may be important. The
despite there being sufficient space to accommodate thezgtworkdoz 'St oncta Oéfgf;‘;‘” "EPWR exampl)::es of §|1 chiral
smaller (CB;H;)~ within the cavities of a noninterpenetrated lamonaold structure: € chirality can be easily ap-
diamondoid network with a long chain alkanedinitrile. Nor preciated from Elgure 14,.where helical channels of rectan-
was the 2D square grid structure observed. Instead Coordina_gular cross-section are evident. These helices run throughout

tion chains predominate, and isolated crystalline complexesth.e structure in one of t.WO dlrectlpns, aligned either pargllel
tended to have a Ag:dinitrile ratio of less than 1:2. In these with the crystallographia or b axis. Each parallel helix is
cases the Ag(l) coordination sphere was completed by of the same hand. The structure of diamond itself is not chiral

B—H--+Ag interactions. In the case of compléshe anion as all links between tetrahedral C centers are straight. The

e Ly L - hirality of this diamondoid network is a result of the kinked
acted as a bridging ligand linking [Ag(adiponitril&)¢hains ¢ o L
into a 3D network, but in other cases the interactions to the nature of the malonitrile ligand linking the tetrahedral Ag

anion were effectively terminal. Two 1:2 complexes were centers. Notably, malonitrile is not in itself chiral and the
isolated, [Ag(malonitrile)(CBiiH1), 2, with a discrete chirality of the complex is a function of the overall assembly.

dinuclear structure which again showee B-+-Ag interac- Chirality in a diamondoid network may arise from employing

: : 1 : : :
tions, and [Ag(glutaronitrilg)[Co(C,BgH11)2], 4, where there g, Igpked I|ga23d2, an .unsyT]meltrlljce}ll d]lgar:)? 0;(4 Igand
were no interactions to the anion, but nevertheless a chain'"d MOAes” or usinga chiral bulding bIock. Some
structure was formed. As there are neB+Ag interactions chiral diamondoid coordination polymers have been shown
: . : . 2900
in 4, the formation of a chain structure rather than the to have interesting optical prope_rt@s% ) .
previously reported 2D grid structure can be attributed to  COmplex7 does not show a single diamondoid network
the steric influence of the large [Cof8sH11):]~ anion. but is 2-fold interpenetrating with a second identical network
[Ag(NCCH ,CN),](BF ), 7.[Ag(malonitrile),]* complexes entangled in the first, Figure 15. The helical channels of the
have not been previously reported; hence, we investigatede interpenetrating networks are parallel to one another and
this system with BF which is one of the more common have the same hand in each direction, preserving the overall
weakly coordination anions. Crystals of [Ag(malonitrile) chirality of the material. The interpenetration shown by
(BF.), 7, were grown by slow evaporation of a 1:2 mixture complex7 is unusual. In a normal mode of 2-fold interpen-
of AgBF, and malonitrile in aqueous ethanol solution. The €tration a connecting node of one network would be at the
structure was determined by single-crystal diffraction tech- Center of an adamantane-shaped cavity of the first and the
niques. Complex’ crystallizes with an orthorhombic unit ~ tWO networks related by translation. Here the two networks
cell, and the structure was solved in the chiral space group2'e Still related by a translation; however, the second network

P2,2:2,. There are two silver centers, four malonitrile ligands, 1S NOt centered on the first. Rather it is skewed to one side,
and two BR~ counteranions in the asymmetric unit. Each With a connecting Ag(l) node of the second network
Ag center has a distorted tetrahedral geometry, with four displaced aroun 6 A from the center of the adamantane-
malonitrile ligands at AgN distances ranging from shaped cavity of the first, Figure 15b. While 2-fold inter-
2.229(8) to 2.329(10) A, Figure 13. Selected bond angles (21) Chen. Z.F - Xiong. R-G.. Abrah —————

H H H en, £.-r.; Xiong, R.-G.; ranams, b. F.; You, X.-Z£.; e, C.-M.
and dlstances_ are given m_TabIe 2. _ 3. Chem. Soc.. Daiton Trang001, 2453,

Each malonitrile ligand bridges between two silver centers, (22) Xiong, R.-G.; Zuo, J.-L.; You, X.-Z.; Bai, Z.-P.; Abrahams, B. F.;
propagating the 3D coordination polymer shown in Figure 23) CBT‘;k'eC-AM-J? _F%Eva'%'ﬁgshse% %Of“g‘;é‘égog 22§1Nicolson 1 E B
14. The topology of the network as represented by the Wilson, (.:.‘]..,Chem.psocl"Da'|tor.]’Trangobq 3811, A
Ag-to-Ag connectivity is a 8diamondoid structure. Interest-  (24) (&) Sauriat-Dorizon, H.; Maris, T.; Wuest, J. D.; Enright, G.D.
ingly this result is not in agreement with the previous Org. Chem.2003 68, 240. (b) Kostyanovsky, R. G.; Lyssenko, K.

- > . . A.; Lenev, D. A.; Bronzova, |. ATetrahedron: Asymmetrg002
observation that diamondoid networks tend to occur with 13, 2697.
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alkanedinitrile ligands malonitrile and succinonitrile
Ag(CBy;H12) forms coordination complexes with related
structures. [Ag(malonitrilg}(CB11H1,) is a discrete dimeric
complex with a cyclic [Ag(dinitrile)} core and terminal
(CByiH12)~ ligands, and the dimers stack so that the
(CB11H12)~ ligands perch above the cyclic core. In [Ag-
(succinonitrile) .5(CB11H12)] a similar cyclic [Ag(dinitrile)}
fragment is linked into chains and (GBl.2)~ ligands from

the same chain are positioned over the cyclic fragment. Ag-
[Co(C,BgH131)2] and glutaronitrile forms coordination chains
with a 1:1 or 1:2 silver:dinitrile ratio. The latter complex
does not feature any-BH--+Ag interactions. [Ag(dinitrile)] ©
coordination chains withifAg(adiponitrile)[Co(GBgH11)2]}

are linked into a 3D lattice with CdS@elated topology by
bridging [Co(GBgH11)2]~ anions. Bridging of such chains
by weakly coordinating anions has also been observed for
[Ag(adiponitrile)(CRS0s)].1* The diamondoid structure of
[Ag(malonitrile),](BF4) is surprising given that previous
studies had led to the suggestion that diamondoid structures
are favored by alkane dinitriles with an even number of
carbon atoms. Notably this material is chiral and augers well

Figure 15. (a) Ag-to-Ag connectivity showing the 2-fold interpenetrating i i ; ; i
diamondoid structure of. (b) Detail from the X-ray structure showing for creating potentlally useful chiral materials from S|mple

two interpenetrating adamantoid cages and-B&hions. reagents.

penetrating diamondoid networks are quite common, this Experimental Section
skewed mode of interpenetration has not been documéhted.
Unusual modes of interpenetration have been reported for

dlamp ndoid [Ag(dlmtm?).] +. coordination polymers with grade reagents were used without further purification. Ag(EIB)
conS|der§1ny longer ij'tr'le hydrpcarbon chatfsThe was recrystallized from acetonitriteCFCH,OH to give colorless
skewed interpenetration mode still preserves the squar€crystals ofl. Single crystals of complexés-6 suitable for single-
channels that are a feature of diamondoid networks and thatcrystal X-ray analysis were obtained by mixing ethanol solutions
frequently contain any counterions. For compléxhese of silver carborane salt with the appropriate alkanedinitrile and
square channels are filled by the kinked malonitrile ligands allowing a slow evaporation. Likewise single crystals of complex
and the BE ™ anions are instead contained within cavities 7 were obtained from AgBfand an excess of malonitrile mixed
formed by network packing. This is an efficient packing ina 95:5 ethanol/water solution. Complexes were characterized by

7 at 2.095 g cm®. crystallography. Complek lost solvent on drying, while complex

4 grew from an initial oil and redissolved on washing; hence, these
were not subjected to microanalysis. Compkeundergoes slight
deterioration, evidenced by darkening due to colloidal silver

Synthesis.Ag(CBi1H12) and Ag[Co(GBgH,1),] were prepared
by literature methods from their commercially available saAR

Use of the (CB;H1,)~ anion in place of BF does not
lead to a diamondoid structure. While this can be attributed
to the Ico.or_?lnatlon of the (P?la_:f)l; :nlon See? Ln formation, and gave low microanalytical results.
[Ag(malonitrile}](CB1H12), 2, the kinked nature of the Microanalysis and selected infraredcm™) data are as follows.

malonitrile ligand mean that the ligandCH,— groups fill IR for 1: 2978, 2536 b (B-H), 2259 (G=N), 1616, 1418, 1026,
much of the space with the adamantane-shaped cavities of &17. IR for 2 2951, 2920, 2548 b (BH), 2361 (G=N), 2343

diamondoid network and a (GBi12)~ anion would be  (c=N), 2280 (G=N), 1616, 1389, 1091, 1026, 719. Anal. Calcd

simply too large to fit. for 3: C, 20.53; H, 4.88; N, 9.97. Found: C, 20.35; H, 4.75; N,
, 9.55. IR for3: 2976, 2532 b (B-H), 2361 (G=N), 2343 (G=N),
Conclusion 2257 (G=N), 1618, 1425, 1244, 1091, 1024, 717. IR #r2930,

The use of carborane as counteranion for coordination 2540 b (B-H), 2359 (G=N), 2345 (G=N), 2255 (G=N), 1618,
complexes formed by silver with alkanedinitriles has a 243230';09%_9g3ég%§-HAr5‘aé-5 -CSICSI?Ig,fazcoé%gysHé:éSY(’El\l'
marked effect on the structure and topology of complexes =~ ound. L, 6.9, 1, 9.99; I, 3.2.9. ' '
formed. The previously reported diamondoid and 2D square H), 2525 b (B-H), 22884 (E=N), 2255 (C=N), 1618, 1416, 1201,

id b d. Thi b ibuted 1099, 1016, 723. Anal. Calcd fd&: C, 22.25; H, 5.60; N, 5.19.
grid structures were not observed. This can be attribute tOFound: C, 22.45; N, 5.5: H, 5.1. IR fa&: 2973, 2564 (B-H),

both the steric influence of the large anions and their 2533 (B-H), 2250 (G=N), 1628, 1417, 1100, 985, 723. Anal. Calcd
tendency to form B-H---Ag interactions. The longer chain  for 7. C, 22.05: H, 1.23: N, 17.4. Found: C, 21.85:; H, 1.35: N,
alkanedinitriles glutaronitrile and adiponitrile did not give 17.3. IR for7: 2915, 2379 (&N), 2267 (G=N), 1615, 1448 b,
crystalline complexes with Ag(CBHj), while the shorter 1198, 1090, 805, 648, 549.

chain malonitrile and succinonitrile did not give crystalline X-ray Collections and Structure Determinations. Details of
complexes with Ag[Co(eBgH11)2]. When combined with the  data collection and structure refinement for7 are given in Table
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1. Single crystals o1—7 were mounted on a glass fiber under oil  diffracting with data to 2 = 45° havingR, = 0.1737; hence, the
and X-ray data collected on a Nonius KappaCCD diffractometer refinement has a poor data:parameter ratio. The structure showed
with Mo Ko radiation ¢ = 0.710 73 A). Data were corrected for ~ significant levels of disorder with three of the six silver centers
Lorenztian and polarization effects; absorption corrections were refined over two positions at 50% occupancy each and indications
applied using multiscan methods. The structures were solved by of disorder in some succinonitrile ligands and four (@B,)~
direct methods using SHELXS-97 and refined by full matrix least- anions. One nitrile N was refined over two positions at 50%
squares orfF? using SHELXL-97. All non-hydrogen atoms were occupancy each, and restraints were placed on the geometry,
refined anisotropically and hydrogen atoms included in geo- interatomic distances, and displacement parameters of foyHGB
metrically estimated positions with a riding refinement. C positions anions. Attempts to model additional split positions for succino-
within carborane cages were determined by examining displacementnitrile and anion atoms did not lead to an improved refinement.
parameters and bond lengths, noting that@bond lengths are Complex4 was refined as an inversion twin. Data were not
considerably shorter than those for-8 or B—B. In the absence  merged, and there was no indication of any missing symmetry.
of neutron diffraction data these assignments should be regarded . .
as tentative. Acknowledgment. We thank the EPSRC and University

For complexl the C position could not be distinguished and Of Leeds for financial support.
each vertex of the CB icosahedron was modeled as havihgth
C and*Y;;th B character.

The structure refinement of compl@&gave high residuals due
to a number of factors. The hidR, value despite low symmetry
indicates that the crystals were of poor quality. They were weakly 1C049849X

Supporting Information Available: Crystallographic informa-
tion files. This material is available free of charge via the Internet
at http://pubs.acs.org.
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