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The selective substitution of the antipodal F atom in 1-Me-CB11F11
-

with a SiPh3 moiety led to the isolation and structure determination
of the cesium(I) and silver(I) salts of the 1-Me-12-SiPh3-CB11F10

-

anion. The silver salt contains both a nearly trigonal-planar
Ag(arene)3

+ cation and the first example of a Ag(arene)4
+ cation.

In 2004 we reported the first example of a rigorously
planar Ag(arene)3

+ complex.1 The structure consisted of
layers of{Ag(CHPh3)+}∞ polycations with weakly coordi-
nating2-5 1-Me-CB11F11

- anions filling trigonal prismatic
holes of six Ag+ ions from successive{Ag(CHPh3)+}∞

layers, with no Ag‚‚‚F contacts shorter than 3.3 Å. In order
to (i) prepare new superweak anions by selective defluori-
nation of 1-Me-CB11F11

- (I-) and (ii) extend silver(I)-arene
chemistry6 to the as-yet-unknown Ag(arene)4

+ cation, we
have prepared 1-Me-12-SiPh3-CB11F10

- (II -), one of a new
family of 1-R-12-X-CB11F10

- anions we are studying, and
have determined the structures of its cesium(I) and silver(I)
salts. The silver(I) salt has a tetrahedral Ag(arene)4

+ cation
as well as a Ag(arene)3

+ cation. Our interest in the 12-SiPh3

anion was not that it might be a superior weakly coordinating
anion, because it would not, but that it would be easier to
purify, crystallize, and characterize than anions with other
12-X substituents. More relevant anions with 12-H, -I, and
-CH3 groups have also been prepared (see Supporting
Information) but will be reported later because their purity
and yield have not yet been optimized.

The anionII - was prepared by treating Cs(I ) dissolved
in DME at -55 °C with 2.2 equiv of sodium naphthalenide.

The dark brown solution was treated with SiPh3Cl, and upon
workup, colorless crystals of Cs(II ) were obtained in 74%
yield (based on 1-Me-CB11F11

-), as shown in Scheme 1. The
19F NMR spectrum and a negative-ion electrospray mass
spectrum of Cs(II ) are shown in Figure 1. We propose that
the dark red (see below) intermediate is at the formal
oxidation level of theI 3- ion but is a species in which the
B-F bond antipodal to the carborane C atom (i.e., B12-
F12) bond has already been cleaved. This proposal is based
on the following observations: (i) use of 1.0 equiv of
Na+(naph-) led to a dark red solution and the formation of
only 0.5 equiv of Cs(II ); (ii) the intermediate is diamagnetic
(see 19F NMR data in the Supporting Information); (iii)
treating the intermediate with 2.2 equiv of the “one-electron
oxidizing agent” 1,1′,3,3′-tetrakis-(2-methyl-2-hexyl)ferro-
cenium nitrate7 led not to the recovery ofI - but to the rapid
(seconds) formation of 1-Me-12-H-CB11F10

- (plus a small
amount of the 7-H isomer, see below); (iv) the intermediate
reacted only slowly (days) with DME at 25°C to form
primarily 1-Me-12-H-CB11F10

-; (v) the cyclic voltammogram
(CV) of an equimolar solution ofI - and Fe(Cp*)2 in the
presence of several equivalents of NaClO4 exhibited a
cathodic current forI - that was twice as large as the current
for the Fe(Cp*)2+/0 couple, indicative of an irreversible “two-
electron” reduction (Ep,a ) -2.6 V vs Fe(Cp*)2+/0; see
below); and (vi) addition of excess N(n-Bu)4ClO4 to the
intermediate induced the rapid (seconds) formation of 1-Me-
12-H-CB11F10

-.
The high regioselectivity of the reaction sequence in

Scheme 1, ca. 88%, is demonstrated by the19F{11B} NMR
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Scheme 1. Synthesis of Cs(1-Me-12-SiPh3-CB11F11) (Cs(II )) from
Cs(1-Me-CB11F11) (Cs(I ); naph- is the naphthalenide radical anion)a

a The putative 2e- reduced intermediate depicted as “1-Me-CB11F11
3-”

is almost certainly not the 1-Me-CB11F11
3- trianion (I3-). The composition

and structure of the intermediate is not known at this time.

Inorg. Chem. 2007, 46, 8505−8507

10.1021/ic701606p CCC: $37.00 © 2007 American Chemical Society Inorganic Chemistry, Vol. 46, No. 21, 2007 8505
Published on Web 09/21/2007



spectrum in Figure 1: the major product, with two reso-
nances, is pseudo-C5V-symmetricII -; the minor product is
almost certainly theCs isomer 1-Me-7-SiPh3-CB11F10

-. When
other electrophiles XY were added instead of SiPh3Cl, other
1-Me-12-X-CB11F11

- anions were formed with high regio-
selectivity, including X) I (XY ) I2), X ) CH3 (XY )
CH3I), and X ) n-Dc (XY ) n-DcBr). The X ) H anion
was generated by protonation of the two-electron reduced
intermediate; a small amount of the 12-H anion was a
ubiquitous byproduct in all reactions. Preliminary X-ray
structures of (NMe3H)(1,12-Me2-CB11F11) and Cs(1-Me-12-
I-CB11F11) are shown in the Supporting Information. Further
details about the synthesis and properties of the X) H, I,
CH3, andn-Dc anions will be reported in the full paper.

In the absence of Na+ ions, the 25°C CV of Cs(II )
exhibited areVersible 1e- reduction at the same potential
as the irreversible 2e- reduction in the presence of Na+ (i.e.,
the cathodic peak potentials were the same), as shown in
Figure 2. Furthermore, when excess 18-crown-6 was added
to the solution of Cs(II ) plus excess NaClO4, thereVersible
1e- reductionof I - to I 2- was restored. It appears that an
electrophile stronger than Cs+, such as Na+, is necessary to
promote the 2e- reduction (i.e., to promote formation of the
2e- reduced intermediate, presumably by assisting in the
cleavage of a cage B-F bond). Note that the putative 12-
vertex-closoI 3- cluster would have the same cluster-electron
count as the kinetic8 and the thermodynamic9 isomers of 12-
vertexnido-7,9-Me2-7,9-C2B10H11

- (2n + 4 e- ) 28 e-; n

) 12), which are formed by 2e- reduction ofcloso-Me2-
C2B10H10 followed by protonation.10 The19F NMR spectrum
of the 2e- reduced intermediate and the X-ray structures of
salts ofII - (see below) leave no doubt that that intermediate
is a 12-vertex-closoCB11 cluster that has not undergone cage-
opening rearrangment.

DFT calculations11-13 reveal that adding one and two
electrons toI - progressively shortens the cluster B-B and
B-C bonds and lengthens the exohedral B-F bonds. These
results are shown in Table 1. The LUMO, SOMO, and
HOMO for I -, I 2-, andI 3-, respectively, are very similar in
size and shape (see Supporting Information). The DFT
calculations also reveal that removing F12 as an F- ion from
I 3- is less endothermic by 13 or 22 kJ mol-1 than removing
F7 or F2 as an F- ion, respectively, and this may explain

(8) Getman, T. D.; Knobler, C. B.; Hawthorne, M. F.Inorg. Chem.1990,
29, 158-160.

(9) Churchill, M. W.; BeBoer, B. G.Inorg. Chem.1973, 12, 2674-2682.
(10) Deng, L.; Xie, Z. Organometallics2007, 26, 1832-1845, and

references therein.
(11) Laikov, D. N.Chem. Phys. Lett.1997, 281, 151-156.
(12) Perdew, J. P.; Burke, K.; Ernzerhof, M.Phys. ReV. Lett. 1996, 77,

3865-3868.
(13) Kobayashi, Y.; Ivanov, S. V.; Popov, A. A.; Miller, S. M.; Anderson,

O. P.; Solntsev, K. A.; Strauss, S. H.Heteroatom Chem.2006, 17,
181-187.

Figure 1. Negative-ion electrospray-ionization mass spectrum of Cs(II )
(bottom) and the 282.4 MHz19F{11B} NMR spectra of Cs(I ) and Cs(II )
(top; CD3CN). The small peaks in the NMR spectrum of Cs(II ) may be
due to a small amount of the byproduct 1-Me-12-H-CB11F10

- and the isomer
1-Me-7-SiPh3-CB11F10

-. The compositional purity of the product anion is
96% 1-Me-x-SiPh3-CB11F11 and 4% 1-Me-12-H-CB11F11 and the isomeric
purity is 88% forx ) 12 and 12% forx ) 7.

Figure 2. Cyclic voltammograms of naphthalene (top CV) and Cs(I ) (0.1
M TBA+ClO4

- in DME) in the presence of Fe(Cp*)2.

Table 1. DFT-Optimized Distances (Å) for 1-Me-CB11F11
n- (n ) 1-3)

bond n- ) 1- n- ) 2- n- ) 3-

B12-F12 1.379 1.410 1.438
Blower belt-Flower belt 1.380 1.409 1.434
Bupper belt-Fupper belt 1.374 1.401 1.422
B12-Blower belt 1.812 1.801 1.795
Blower belt-Blower belt 1.821 1.801 1.791
Blower belt-Bupper belt 1.789 1.783 1.781
Bupper belt-Bupper belt 1.796 1.785 1.781
Bupper belt-C1 1.735 1.732 1.731
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the observed regioselectivity in the 2e- induced transforma-
tion of I - into II -.

The structure of Cs(II ) is shown in Figure 3.14 Distances
and angles within the carborane cage and the SiPh3 moiety
are normal (the B-Si distance is 2.045(3) Å).1,15 The Cs+

cation is sandwiched between nearly coplanar Ph groups
(interplane angle) 14.4°), one from each of twoII - anions,
and is also coordinated to five F atoms that are contributed
by three carborane anions (the range of Cs‚‚‚F distances is
2.896(1)-3.237(1) Å).

The silver(I) salt ofII - was prepared by metathesis of
AgBF4 and Cs(II ).16 The structure contains two formula units
of the salt. The distances and angles within the carborane
cages and the SiPh3 moieties are normal (the B-Si distances
are 2.021(3) and 2.034(3) Å). The coordination spheres of
one of the Ag+ ions (Ag1) is trigonal planar and will not be
discussed further (see Supporting Information for details).

The tetrahedral coordination sphere of the other Ag+ ion,
shown in Figure 4, is the first example of an Ag(arene)4

+

complex of any geometry. There are no contacts between
Ag2 and any F atom shorter than 4.7 Å. The Ag+ ion is
coordinated to each of the four phenyl groups viaη1

interactions6,17-19 with one of the ortho C atoms from each
ring, forming what are essentially 30-60-90° AgC2 right

triangles (the four Ag-Cortho-Cipso angles range from 90.8°
to 92.2°). The four Ag-C bond distances range from
2.452(2) to 2.511(2) Å. These are compared with other Ag-
C(arene) distances in the Supporting Information. The six
tetrahedral C-Ag-C angles range from 102.0(1)° to 122.2(1)°
(their sum is 655.8(6)°, whereas the ideal sum is 657.0°).
The angles between the least-squares planes of the phenyl
groups of the two chelating SiPh2 moieties are 96.4° and
96.9°, which requires the two “grab” angles (defined by
Kochi and co-workers as the complement of the angle
between the arene planes) to be 83.6° and 83.1°, which in
turn requires that the shortest distance from Ag2 to each
arene plane is to a point outside of the six-membered ring.

In ongoing work, we are studying the chemical and
electrochemical reduction of other 1-R-CB11F11

- anions and
of 1-R-12-X-CB11F10

- anions in order to prepare a variety
of new anionic fluorocarborane species by one or more
selective B-F f B-X transformations.
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Figure 3. X-ray structure of Cs(II ) (50% probability ellipsoids; H atoms
shown as spheres of arbitrary size for the CH3 group and omitted from Ph
groups for clarity). The range of Cs-C(Ph) distances is 3.600(3)-4.021(3)
Å (each one of the coordinated Ph groups is from a differentII - anion;
most of the secondII - anion has been omitted for clarity).

Figure 4. Ag2 coordination sphere in the structure of Ag(II )‚0.5C6H6

(50% probability ellipsoids; H atoms omitted for clarity). Selected distances
(Å) and angles (deg): Ag2-C116, 2.452(2); Ag2-C122, 2.511(2); Ag2-
C216, 2.463(2); Ag2-C222, 2.495(2); Ag2-C116-C111, 91.7(2); Ag2-
C122-C121, 90.9(2); Ag2-C216-C211, 91.8(1); Ag2-C222-C221,
92.2(2); C116-Ag2-C122, 102.1(1); C116-Ag2-C216, 122.2(1); C116-
Ag2-C222, 110.3(1); C122-Ag2-C216, 114.8(1); C122-Ag2-C222,
104.4(1); C216-Ag2-C222, 102.0(1).
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