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Summary: Sodium metal mirror reduction of biphen-
ylene in aprotic THF solution containing [2.2.1]cryptand
yields as a structurally characterized product the 9,9-
dimethylsilafluorene radical anion salt containing a
(H3C)2Si expanded cyclobutadiene ring. In addition, the
Si content can be detected by total reflection X-ray
(TXRF) analysis. When the use of any silicon grease was
avoided for all glass fittings, the solvent-separated
biphenylene radical anion contact pair crystallized from
an aprotic diglyme solution.

Interest in the design, crystallization, and structural
characterization of solvent-shared and solvent-sepa-
rated contact ion pairs of π-hydrocarbon radical anions,2
dianions,3 radical trianions,4 and even tetraanions5 has
stimulated the sodium metal mirror reduction of biphen-
ylene in different ether solutions (Scheme 1; eqs 1 and
2).

Reaction 1 was carried out in a Schlenk apparatus
under rigorous exclusion of air and moisture,6 using
polydimethylsiloxane grease for all the glass fittings.
Dark violet crystals grew from the green solution, for
which an X-ray crystallographic study at 150 K under
a flow of cooled nitrogen revealed a monoclinic P21/n
unit cell with Z ) 4 containing solvent-separated ion
pairs (Figure 1A).6 Expectedly, the [2.2.1]cryptand-
solvated Na+ cation was present, but much to our
surprise, the counterion was the bare 9,9-dimethyl-
silafluorene radical anion (Figure 1B). The latter has

been known so far only as a ligand in solvent-shared
aggregates.7-9

The 9,9-dimethylsilafluorene radical anion (Figure
1A,B) exhibits almost planar five- and six-membered
rings with a twist angle between their idealized planes
of only about 4°. The strongest deviations from standard
geometries are found in the central ring with C-C bond
lengths between 1.43(1) and 1.45(1) Å and in the
tetrahedrally distorted silicon center with Si-C bond
lengths of 1.85(1) and 1.87(1) Å as well as angles
between 92 and 118°. Compared to the known struc-
tures with 9,9-dimethylsilafluorene radical anion as
contact ion ligands in chromium and tungsten carbonyl
complexes,7-9 their distortions are considerably smaller.

An extensive literature search reveals that the inclu-
sion of one10,11 and up to seven12 (H3C)2SiO subunits
into organometallic compounds under reductive condi-
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(6) Preparation and crystal growth of [(sodium+-[2.2.1]cryptand)-
(9,9-dimethylsilafluorene•-)]: 38 mg (0.25 mmol) of biphenylene and
0.08 mL (0.28 mmol) of [2.2.1]cryptand in 10 mL of THF were added
under argon to a mirror of 42 mg (1.83 mmol) of sodium. The blue
solution soon turned green, and after 24 h, dark violet blocks crystal-
lize. Crystal data: C30H46SiN2O5Na, dark violet, Mr ) 565.8, mono-
clinic, P21/n, a ) 10.001(1) Å, b ) 14.876(1) Å, c ) 20.692(1) Å, â )
95.886(5)°, V ) 3062.3(3) Å3, Z ) 4, T ) 150 K, Dc ) 1.229 g cm-3, µMo
KR ) 0.13 mm-1, F(000) ) 1220. The intensity data were collected on
a Siemens P4 diffractometer, using graphite-monochromated Mo KR
radiation (λ ) 0.710 73 Å), in the ω-scan mode. A total of 6495
reflections were measured in the range 3 e 2θ e 48°, containing 5892
unique reflections, 4788 of which with I > 2σ(I) were used for
refinement. Intensities were corrected for Lorentz-polarization effects.
Absorption correction was applied by face indexing using XPREP
5.03: minimum transmission 0.960 37, maximum transmission 0.973 70.
The structure was solved by direct methods and refined on F 2 using
SHELXL 93: 376 parameters, R ) 0.0381, wR2 ) 0.0974 for I < 2σ(I).
Final difference maps showed no peaks >0.30 or <-0.22 e Å-3; all ∆/F
values <0.001. The H centers were placed at calculated positions.
Atomic coordinates, bond lengths, angles, and thermal parameters have
been deposited at the Cambridge Crystallographic Data Centre.
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tions has been repeatedly reported, yielding, for ex-
ample, an ytterbium pyrazole compound,10 the hexam-
eric lithium dimethylnaphthylsilanolate,11 or an indium
complex containing a K[OSi(CH3)2]7 solvated cation.12

In all these reports,10-12 the silicon content has been
assumed to result from the easily ether-soluble dimeth-
ylsiloxane grease used to seal the glass fittings.

To further substantiate the unexpected structural
ring expansion of the four-membered biphenylene ring
by an oxygen-free (H3C)2Si link (eq 1), the anisotropic
displacement parameters have been used as first indi-
cators only for silicon as the new center. A reasonable

refinement resulted. The origin of the silicon could be
traced by total-reflection X-ray fluorescence spectrom-
etry (TXRF), a highly sensitive analysis method requir-
ing only small samples which allows the detection of
over 50 elements with a detection limit of <10 pg.13

Despite the lower fluorescence yield of lighter elements,
low Si concentrations can be qualitatively determined
(Figure 2) without applying vacuum or excitation with
synchrotron radiation.14

The TXRF spectra registered (Figure 2) clearly dem-
onstrate that THF is not contaminated with detectable

(10) Zhou, X.; Ma, H.; Huang, X.; You, X. J. Chem. Soc., Chem.
Commun. 1995, 2483.

(11) Bazhenova, T. A.; Lobkovskaya, R. N.; Shibaeva, R. P.; Shilov,
A. E.; Shilova, A. K. J. Organomet. Chem. 1987, 330, 9.

(12) Churchill, M. R.; Lake, C. H.; Chao, S.-H. L.; Beachley, O. T.,
Jr. J. Chem. Soc., Chem. Commun. 1993, 1577. Jones, R. A.; Ko-
schmieder, S. U.; Atwood, J. L.; Bott, S. G. J. Chem. Soc., Chem.
Commun. 1992, 726.

(13) Klockenkämper, R.; Knoth, J.; Prange, A.; Schwenke, H. Anal.
Chem. 1992, 64, 1115.

(14) TXRF spectra were measured using an EXTRA IIA spectrom-
eter (Atomika Instruments, Oberschleissheim, Germany) equipped
with excitation sources Mo KR, W(L), and W(white), a Si(Li) solid-
state detector, and a computer-controlled multichannel analyzer
system. A 15 µL sample of each of the samples was pipetted onto a
clean Perspex carrier and dried to a thin film, which was measured
for 500 s with Mo KR excitation.

Scheme 1

Figure 1. Single-crystal structures of [(sodium+-[2.2.1]cryptand)(9,9-dimethylsilafluorene•-)] (I) and of [(sodium+(triglyme)2)-
(biphenylene•-)] (II): (A/I) unit cell viewed along the x axis; (B/I) organosilicon radical anion (50% thermal ellipsoids) with
numbering and selected structural data; (C/II) unit cell viewed along the y axis; (D/II) hydrocarbon radical anion (50%
thermal ellipsoids) with numbering and selected structural data.
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amounts of Si by drying over molecular sieves (Figure
2, solid line). In contrast, the THF sample dried by
refluxing over sodium metal for 2 days in a Schlenk-
type apparatus, with silicone-greased glass fittings
(Figure 2, dotted line) and especially the crystallization
solution (Figure 2, dashed line) contained increasing
amounts of silicon. These results suggest that the
(H3C)2Si group inserted into the four-membered ring of
the presumably initially generated biphenylene radical
anion (cf. Figure 1B) originates from trace silicone
[(H3C)2SiO]n concentrations in the THF reaction mix-
ture with the surplus oxygen removed at the sodium
metal mirror surface. This is consistent with the previ-
ous literature assumptions.10-12

To avoid any unintended incorporation of silicon into
the biphenylene molecule during its reduction, the
experiment was repeated under similar conditions, but
with rigorous replacement of any silicon grease by
Teflon sleeves and with triglyme as an advantageous
solvating ligand.2 The structure15 of the dark red
crystals determined under a cooled N2 flow at 150 K
proved to be also monoclinic, P21/n, with four ion pairs
in the unit cell (Figure 1C). The Nax countercations are
8-fold O-coordinated by two triglyme molecules (Figure
1D) with distances Na‚‚‚O between 2.46(1) and 2.63(1)
Å. They separate the biphenylene radical anion layers
along the x/z diagonal and the y axis (Figure 1C). The
radical anion of biphenylene shows some significant
differences relative to the neutral hydrocarbon,16 pre-
dominantly in the four-membered ring: the bond lengths
C9-C12 and C10-C11 are shortened by 0.04 Å from
1.51(1) to 1.47(1) Å (Figure 1B), and concomitantly the

bonds C9-C10 and C11-C12 are lengthened slightly
by 0.03 Å from 1.42(1) to 1.45(1) Å. In contrast to the
planar hydrocarbon, the radical anion exhibits a twist
angle between the six-membered rings of 4°.

In summation, our investigations prove that even
with traces of a silicone compound such as poly-
(dimethylsiloxanes) from silicon grease, an incorporation
of (H3C)2Si centers (Figure 1A,B) is possible under
reductive reaction conditions, especially when using
alkali-metal mirrors (eq 1). The TXRF analyses (Figure
2) demonstrate convincingly that the use of silicon
grease should be strictly avoided, and the successful
crystallization of the desired biphenylene radical anion
sodium salt (Figure 1C,D) shows how this difficulty can
be circumvented.
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(15) Preparation and crystal growth of [(sodium+(triglyme)2)-
(biphenylene•-)]: 38 mg (0.25 mmol) of biphenylene and 89 mg (0.5
mmol) of triglyme in 15 mL of THF were added under argon to a mirror
of 45 mg (2.0 mmol) of sodium. From the dark red solution after 10
days dark red blocks crystallized. Crystal data: C28H44O8Na, Mr )
531.6, monoclinic, P21/n, a ) 12.996(1) Å, b ) 13.405(1) Å, c )
16.484(2) Å, â ) 103.27(1)°, V ) 2795.1(7) Å3, Z ) 4, T ) 150 K, Dc )
1.263 g cm-3, µ(Mo KR) ) 0.10 mm-1, F(000) ) 1148. The intensity
data were collected on a Siemens P4 diffractometer, using graphite-
monochromated Mo KR radiation (λ ) 0.710 73 Å), in the ω-scan mode.
A total of 2365 reflections were measured in the range 3 e 2θ e 38°,
containing 2097 unique reflections, 1479 of which with I > 2σ(I) were
used for refinement. Intensities were corrected for Lorentz-polariza-
tion effects. Absorption correction was applied by face indexing using
XPREP 5.03: minimum transmission 0.969 64, maximum transmission
0.980 95. The structure was solved by direct methods and refined on
F 2 using SHELXL 93: 339 parameters, R ) 0.0500, wR2 ) 0.1358
for I < 2σ(I). Final difference maps showed no peaks >0.34 or <-0.25
e Å-3; all ∆/F values <0.001. The H centers were placed at calculated
positions. Atomic coordinates, bond lengths, angles, and thermal
parameters have been deposited at the Cambridge Crystallographic
Data Centre. On the recommendation of one reviewer, the crystal
structure has been refined again with all centers isotropic and without
a extinction variable to raise the data/parameter ratio: 153 param-
eters, R ) 0.0773, wR2 ) 0.1813 for I < 2σ(I). Final difference maps
showed no peaks >0.57 or <-0.33 e Å-3; all ∆/F values <0.001. The H
centers were placed at calculated positions.

(16) Fawcett, J. K.; Trotter, J. Acta Crystallogr. 1966, 20, 87.

Figure 2. Total-reflection X-ray fluorescence spectra of
the reaction solution containing 9,9-dimethylsilafluorene
(- - -), of THF dried over Na (‚‚‚), and of THF dried over
molecular sieves (s) (the circle insert shows Si peaks).
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