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The reaction of 3,3,6,6,8,8,11,11,14,14,16,16,19,19,21,21-hexadecamethyl-3,6,8,11,14,16,19,21-octasilacyclo-
henicosa-1,4,9,12,17-pentayne with an excess molar amount of [Mn(CO)3(Me-Cp)] in tetrahydrofuran (THF) under
photochemical and refluxing conditions produced 2,2,4,4,9,9,11,11,13,13,15,15,17,17,21,21-hexadecamehyl-2,4,9,11,13,
15,17,21-octasilahexacyclo[10.5.3.138 0%'8 072 0'*!|henicosa-1(18),5,7,12(20),14(19)-pentaene (2) as silyl-substituted
[5]radialene derivative. This was reacted with lithium metal in THF to give dark red crystals of the tetralithium salt (4) of
2. The molecular structure of tetraanion of 2 with a novel ten-center, fourteen-electron m-system was established by X-
ray crystallography. The tetralithium salt 4 has a monomeric structure and forms contact ion pairs (tetrakis-CIPs) in the
crystals. The structural parameters of 4 are discussed in comparison with those of the neutral starting molecule 2. The
structure of 4 in solution is also discussed on the basis of NMR spectroscopic data.

The chemistry of polyanions with extended s-electron sys-
tems is a subject of considerable interest.'? These polyan-
ions are expected to exhibit unusual structural, electronic,
and magnetic properties due to their unusual electronic state.
Thus, polyanions have been some of the most attractive syn-
thetic targets in recent years. Fullerene, with a sixty-electron
n-system, has a triply-degenerate, low-lying LUMO that
can accept up to six electrons to form Cg®~. On the other
hand, corannulene, with a twenty-electron m-system, has a
doubly-degenerate LUMO that can take up to four electrons
to produce corannulene tetraanions.* [5]Radialene with a
cross conjugated ten-electron 7-system possesses a central
unit of corannulene. However, there have been no studies
on the anion species of [S]radialene derivatives, because the
synthetic possibilities of the [5]radialene framework are very
limited.” We previously reported successful preparation and
molecular structures of the various dilithium salts of silyl-
substituted st-electron systems.®” Subsequently, we also re-
ported the tetralithium salts of tris(methylene)cyclopentene
derivative® and a 1,4,5,8-tetrasila-1,4,5,8-tetrahydroanthra-
cene derivative.” Herein, we report a detailed study of the
tetralithium salt of a [5]radialene octasilyl derivative 2 as a
new silyl-substituted ten-center, fourteen-electron st-system,
together with the crystal structures of the tetralithium salt of 2
and the macrocyclic pentayne 1. We also report the dynamic
behavior of the four lithium cations on the [S]radialene m-
skeleton in solution.'

Results and Discussion

Synthesis of 2. Radialenes have received consid-
erable interest owing to their special arrangement of -
electrons.!! Several radialene derivatives have already been

prepared, however, there are only a few reports on the
synthesis of [5]radialene derivatives with a ten-electron -
system.> Previously, we demonstrated the intramolecular
cyclooligomerization of the silacyclotriynes with transition
metal complexes to give various silyl-substituted w-elec-
tron systems, such as hexakis(silyl)-substituted bis(methyl-
ene)cyclobutene.'? More recently, we have reported that the
silacyclotetrayne underwent intramolecular cyclization with
[Mn(CO);(Me-Cp)] to form octakis(silyl)-substituted [4]-
radialene and tris(methylene)cyclopentene derivatives with
an eight-electron m-system.® All of these reactions involve
a 1,2-silyl shift in the 1,2-disilyl-substituted acetylene to
give 2,2-bis(silyl)vinylidene complexes as a key reaction in-
termediate. The octakis(silyl)[S]radialene derivative 2 has
been synthesized in a similar manner via the intramolecular
cyclization of the macrocyclic pentayne 1 linked by methyl-
enebis(dimethylsilanediyl) (Me;SiCH,SiMe;) and dimeth-
ylsilanediyl (SiMe;) chains with [Mn(CO)3;(Me-Cp)].

The precursor of 3,3,6,6,8,8,11,11,14,14,16,16,19,19,
21,21-hexadecamethyl-3,6,8,11,14,16,19,21-octasilacyclo-
henicosa-1,4,9,12,17-pentayne (1) was prepared by the cou-
pling reaction of 2,10-dichloro-2,5,5,7,7,10-hexamethyl-2,
5,7,10-tetrasilaundeca-3,8-diyne with the Grignard reagent
prepared from 3,3,5,5,8,8,10,10-octamethyl-3,5,8,10-tetra-
siladodeca-1,6,11-triyne and ethylmagnesium bromide in
39% yield (Scheme 1). Compound 1 has a twenty-one-
membered ring with five acetylene units and eight silicon
atoms. Figure 1 shows the molecular structure of 1 deter-
mined by X-ray diffraction. The macrocyclic pentayne 1
has a highly distorted conformation in the crystals. Selected
bond lengths and bond angles are listed in Table 1. The C-C
triple bond lengths are 1.207(4)—1.219(4) Aav1.214(4) A),



2130 Bull. Chem. Soc. Jpn., 73, No. 9 (2000)

[5]Radialene Tetraanion

SiMeCI BrMg—=—812. MegSiASiM{
iMeg Mg—=—Si—= 4 N
= . 4 A\
Me23i/ SiMez MeZSi/ SiMe
+ —_—
MeoSi “ THF, reflux \\\ 'Il
x SiMe2 Me,Si SiMey
SiMeCl BrMg—=—sj— Lsi—=s;
Me, Me; Meg
1
Scheme 1.

Fig. 1. ORTEP drawing of 1.

and the Si—C(sp) single bond lengths are 1.836(3)—1.855(3)
A (av 1.844(3) A). The bond angles of the acetylene units
(S8i—C(sp)—C(sp)) are almost linear (171.2(3)—179.5(3)° (av
175.1(3)°)).

A mixture of the pentayne 1 and a large excess molar
amount of [Mn(CO);(Me-Cp)] in THF was irradiated with
a 500 W high-pressure mercury lamp at the refluxing tem-
perature of THF to produce orange crystals of the octakis(si-

Table 1. Selected Bond Distances (A) and Angles (deg) of 19

Bond distances

Cl1C2 1.217(4) C3-C4 1.215(4)
C5-Co6 1.214(4) C7C8 1.207(4)
C9—C10 1.219(4) C1-Sil 1.849(3)
C2-Si2 1.836(3) C3-Si2 1.838(3)
C4-Si3 1.848(3) C5-Si4 1.845(3)
C6-Si5 1.849(3) C7-Si6 1.855(3)
C8-Si7 1.840(3) C9-Si7 1.838(3)
C10-Si8 1.846(3)
Bond angles
C2-C1-Sil 174.0(3) C1-C2-Si2 171.2(3)
C4-C3-Si2 173.7(3) C3-C4-Si3 175.9(3)
C6—C5-Si4 173.2(3) C5-C6-Si5 176.4(3)
C8-C7-Si6 178.9(3) C7-C8-Si7 174.9(3)
C10C9-Si7 173.7(3) C9—C10-Si8 179.5(3)
a) Locative numbers of atoms are given in Fig. 1. Standard

deviations are in parentheses.

lyl)[5]radialene derivative 2 in 2.3% yield (Scheme 2). The
reaction mechanism remains unclear at this moment. Never-
theless, a quintuple 1,2-silyl shift, which needs a large excess
of the manganese complex, must be involved for the forma-
tion of 2. The 1,2-silyl shift was accelerated by heating, and
none of the radialene derivative was formed in the reaction at
room temperature. However, the use of an equimolar amount
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of the manganese complex resulted in the formation of the
bis(methylene)cyclobutene derivative 3 as pale yellow crys-
tals in 15% yield, arising from a double 1,2-sily] shift. With
two molar amounts of [Mn(CO);(Me-Cp)], 3 was given in
19% yield together with a trace of 2. The bis(methylene)cy-
clobutene 3 was not a precursor of [S]radialene 2, since 3 did
not afford 2 under the reaction conditions. The THF reflux-
ing temperature and a large excess of the manganese complex
are crucial for the synthesis of the octakis(silyl)[S]radialene
2. The same results were obtained by using [Mn(CO)3(Cp)].
Although the yield is low, the [5]radialene derivative 2 is the
first example of the cyclopentamerization of acetylene units.
One of the reasons for the low yield is the photosensitivity
of 2.

The [S]radialene 2 was fully characterized by NMR spec-
troscopy as well as by X-ray crystallography. In the '"H NMR
spectrum of 2, four sets of methyl groups and two sets of
methylene groups were found. In the 2°SiNMR spectrum,
four sets of signals were observed at § = —12.0, —10.0,
—8.4, and 30.9. The °Si NMR signal in a silacycle has been
reported at lower field than for similar acyclic compounds.'
Thus, the 2Si NMR signal appearing at 30.9 ppm can be
assigned to the silicon of the silacyclopentadiene moiety of
2. In the 3C NMR spectrum, six sets of quaternary carbon
atoms were found: at 6 = 143.3, 144.9, 157.0, 163.2, 164.7,
and 172.0. In the UV-visible spectrum of 2, three absorption
bands at Ay./nm (€) 264 (44600), 379 (2800), 428 (2700)
were observed. The absorption band at 428 nm tails into the
visible region until about 500 nm.

Crystal Structure of 2. The molecular structure of
2 was unequivocally determined by X-ray crystallography.
An ORTEP drawing of 2 is shown in Fig. 2. Selected bond
lengths and bond angles are listed in Table 2. The octakis(si-
lyl)[S]radialene 2 possesses a unique ten-electron st-system;
five double bonds are located at the exo positions. Only one
example of the crystal structure of a decamethyl[5]radialene

Fig. 2. ORTEP drawing of 2.
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Table 2. Selected Bond Distances (A) and Angles (deg) of 2

Bond distances

Cl1-C2 1.506(4) C1-C5 1.485(4)
C1-Cé6 1.3754) C2-C3 1.528(4)
C2-C8 1.362(4) C3-C4 1.483(4)
C3-C9 1.363(4) C4-C5 1.502(4)
C4-C11 1.363(4) C5-Cl12 1.363(4)
C6-Sil 1.881(3)  C6-Si8 1.905(3)
C8-Si2 1.850(3)  C8-Si3 1.878(3)
C9-Si3 1.877(3)  C9-Si4 1.851(3)
C11-Si5 1.861(3) C11-Si6 1.887(3)
C12-Si6 1.872(3)  Cl12-Si7 1.864(3)
Bond angles

C2-C1-C5 104.8(2) C2-C1-Cé6 130.5(3)
C5-C1-Cé6 123.7(3) C1-C2-C3 107.0(2)
C1-C2-C8 136.0(3) C3-C2-C8 116.9(3)
C2-C3-C4 108.2(2) C2-C3-C9 117.6(3)
C4-C3-C9 133.9(3) C3-C4-Cs 105.8(2)
C3-C4-C11 136.5(3) C5-C4-C11 117.5(3)
C1-C5-C4 110.3(2) C1-C5-C12 131.3(3)
C4-C5-C12 118.2(3)

a) Locative numbers of atoms are given in Fig. 2. Standard
deviations are in parentheses.

is known.”® The octakis(silyl){5]radialene 2 has a distorted
structure and the central five-membered ring is not planar,
but has an envelope conformation. The angle formed by
C2-C3~-C4-C5 and C1-C2-CS5 planes is 19.0(0)°. The in-
ternal bond angles of the five-membered ring are 104.8(2)—
110.3(2)° (av 107.2(2)°), the sum of the bond angles being
536.1°. In contrast, the two silacyclopentadiene rings have
an almost planar structure. The appreciable bond alternation
between the single and double bonds of the m-skeleton of
2 is a characteristic structural feature of a cross-conjugated
diene. The single bond lengths are 1.483(4)—1.528(4) A
(av 1.501(4) A), and the double bond lengths are 1.362(4)—
1.375(4) A (av 1.365(4) A), respectively.

n-MO and Cyclic Voltammetry of 2. The geometry of
2 determined by X-ray diffraction is successfully reproduced
by PM3 calculations.'* Figure 3 shows the LUMO (—0.27
eV), LUMO+1 (0.66 eV), and LUMO+2 (0.70 eV) of 2
by PM3 calculations and their schematic drawings. The
energy of the LUMO is considerably stabilized by the silyl
groups. In the LUMO, the exocyclic bonds (C1-C6, C2—C8,
C3-C9, C4-Cl11, and C5—C12) are antibonding, whereas
the endocyclic bonds (C1-C2, C2—C3, C3-C4, C4-C5, and
C1-C5) are bonding. The n-MO coefficients at the exocyclic
carbon atoms are larger than those at the endocyclic carbon
atoms. Thus, two-electron reduction of 2 may readily occur
to yield the dianion species, which is stabilized by the eight
silicon atoms.

Of particular interest in the m-MOs of 2 are LUMO+1
and LUMO+2. The parent [5]radialene (C,oH,¢) has degen-
erate orbitals for LUMO+1 and LUMO+2. The energies
of LUMO+1 and LUMO+2 of 2 calculated by PM3 are
very close to each other, the energy of LUMO+1 being only
slightly lower than that of LUMO+2. This indicates the
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Fig. 3. LUMO, LUMO+1, and LUMO+2 of 2 by PM3 calculation (upper) and their schematic drawings (below).

possibility of forming a hexaanion species by six-electron
reduction of 2. In the LUMO+ 1, the n-MO coefficients at
the C1 and C6 carbon atoms are larger than those at other car-
bon atoms. Thus, four-electron reduction of 2 may produce
a tetrametal tetraanion complex in which the counter cations
may strongly interact with the C1 and C6 carbon atoms.

The cyclic voltammogram of 2 in acetonitrile is shown
in Fig. 4. The irreversible reduction peak was observed at
—0.65 V (vs. SCE) as a very broad peak. The reduction po-
tential of 2 is much lower than that of octakis(silyl)tris(meth-
ylene)cyclopentene derivative (—1.38 V).* It is reasonable
to consider that the low potential of 2 measured by cyclic
voltammetry is consistent with the low LUMO level of 2 cal-
culated by PM3. The broad peak of 2 suggests the possibility
of multielectron reduction. The irreversible peak probably
is due to the decomposition of 4 under the conditions.

Four-Electron Reduction of 2 with Lithium Metal.
Reaction of 2 with excess lithium metal in dry, oxygen-
free THF at room temperature led to the formation of a dark
red solution of the tetraanion of 2. The reaction was com-
plete within 1 h. The solvent was removed in vacuo, and
then dry, degassed hexane was introduced by vacuum trans-
fer. Crystallization from hexane afforded air- and moisture-
sensitive dark red crystals of the tetralithium salt 4 contain-
ing four molecutes of THF (Scheme 3). The structure of
4 was unequivocally determined by NMR spectroscopy and
X-ray crystallography. Several attempts to obtain the dian-
ion species of 2 by two-electron reduction failed due to the
facile four-electron reduction. Even with a reaction time
longer than 1 h, none of the hexaanion species of 2 could be
obtained.

Crystal Structure of 4, The molecular structure of
4 was unequivocally determined by X-ray diffraction, as

potential/V (vs. SCE)

Fig. 4. Cyclic voltammetry of 2 in acetonitrile (scan rate:
200 mV s™'; conditions: room temperature, under argon).

shown in Fig. 5. The perspective view of the unit cell of
4 down the b axis is shown in Fig. 6. The crystal structure
can be described as being composed of 24~ and Li* ions
alternating along the b axis (Fig. 6). The tetralithium salt
4 is monomeric and forms contact ion pairs (tetrakis-CIPs)
in the crystals. Selected bond lengths and bond angles are
listed in Table 3. All four lithium ions are bonded to the
four quaternary carbon atoms of the [S]radialene n-skeleton
as well as to the oxygen atoms of THF. Lil and Li2 are
located above and below the adjacent seven-membered rings
(denoted A for the C1-C5-C10-Si7-CH,-Si8-C6 ring and
B for the C1-C2-C7-Si2~-CH;,-Si1-C6 ring, respectively),
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Fig. S.

ORTEP drawing of 4 (THF molecules and hydrogen
atoms are omitted for the clarity): upper, top view; below,
side view.

whereas Li3 is located below the isolated seven-membered
ring (denoted C for the C4-C3-C8-Si4—~CH;-Si5—C9 ring).
The remaining Li4 is situated above one of the two silacy-
clopentadiene rings (denoted D for the C2—-C3-C8-Si3-C7
ring and E for the C5—-C4-C9-Si6—C10 ring, respectively).
The distances between lithium and carbon atoms range from
2.10(1) to 2.44(2) A (av 2.23 A). The two seven-membered
rings A and B have highly twisted conformations about the

Fig. 6. Perspective view of the unit cell of 4 down the b axis.

C1-C6 bond, whereas the other seven-membered ring C and
the two five-membered rings D and E are almost planar.

A comparison of the structural parameters of neutral
molecule 2 and tetraanion 4 is quite interesting. The ten
carbon atoms (C1-C10) that constitute the m-electron sys-
tem of the skeleton of 4 are almost coplanar as a consequence
of the delocalization of the negative charge. The C1-C6 dis-
tance in 4 (1.523(8) A) is considerably elongated by 0.148
A relative to that of 2 (1.375(4) A). The C3—C8 and C4-C9
distances in 4 are also elongated by 0.143 and 0.066 A, com-
pared with those of 2 (1.363(4) A). The C2—C7 and C5-C10
distances in 4 are also stretched by 0.059 and 0.044 A, rela-
tive to those of 2 (1.362(4) and 1.363(4) A). By contrast, the
C3-C4 distance in 4 (1.377(8) A) is remarkably shortened
by 0.106 A with respect to that of 2 (1.483(4) A). The C1-C2
and C1-CS5 distances in 4 are shortened by 0.056 and 0.044
A compared with those in 2 (1.506(4) and 1.485(4) A). These
structural features are reflected by the LUMO and LUMO+1
of 2 (Fig. 3).

The central five-membered ring (C1-C2-C3~C4-C5) of
4 has an almost planar conformation, as determined by the
sum of the bond angles (539.9°). However, this five-mem-
bered ring does not form an equilateral pentagon, as observed
in the lithium pentakis(dimethylsilyl)cyclopentadienide,'
the dilithium salt of hexakis(silyl)fulvene with a six-cen-
ter, eight-electron m-system,”™" and the tetralithium salt of
octakis(silyl)tris(methylene)cyclopentene with an eight-cen-
ter, twelve-electron 7i-system.® This suggests that the {5]-
radialene tetraanion 4 has no aromatic character resulting
from the cyclopentadienide ion. The bond lengths of the Si—C
(quaternary carbons) bonds of 4 (av 1.835 A) are shorter than
those of 2 (av 1.873 A) due to delocalization of the negative
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Table 3. Selected Bond Distances (A) and Angles (deg) of 47

Bond distances

C1-C2 1.450(7) C1-C5 1.441(8)
C1-Cé6 1.523(8) C2-C3 1.484(8)
c2-C7 1.421(8) C3-C4 1.377(8)
C3-C8 1.506(8) C4-C5 1.526(8)
C4-C9 1.4298) C5-C10 1.407(8)
C6-5il 1.824(6) C6-Si8 1.815(6)
C7-Si2 1.830(6) C7-Si3 1.898(6)
C8-Si3 1.823(7)  C8-Si4 1.798(7)
C9-5i5 1.812(7)  C9-Si6 1.829%(7)
C10-Si6 1.876(6)  C10-Si7 1.841(6)
Lil—C1 2.18(1) Lil-C5 2.20(1)
Li1-C6 2.19(1) Li1-C10 2.36(1)
Li2—C1 2.17(1) Li2-C2 2.24(1)
Li2—-C6 2.17(1) Li2-C7 2.33(D)
Li3—C3 2.10(1) Li3—C4 2.15(1)
Li3—C8 2.23(2) Li3-C9 2.37(2)
Li4-C2 2.32(2) Li4-C3 2.11(2)
Li4-C7 2.44(2) Li4-C8 2.17(1)
Bond angles
C2-C1-C5 106.2(5) C2-C1-C6 126.5(5)
C5-C1-Cé6 127.3(5) C1C2-C3 109.1(5)
C1-C2-C7 134.4(5) C3-C2-C7 116.4(5)
C2-C3-C4 109.0(5) C2-C3-C8 116.2(5)
C4-C3-C8 134.5(5) C3-C4-C5 107.1(5)
C3-C4-C9 135.1(6) C5-C4-C9 117.4(5)
C1-C5-C4 108.5(5) C1-C5-C10 135.5(5)
C4-C5-C10 116.0(5)

a) Locative numbers of atoms are given in Fig. S. Standard
deviations are in parentheses.

charge onto the silicon centers by prn—o™* conjugation.®
Structure of 4in Solution. The structure of 4 in toluene-
ds was deduced by 'H, 13C, #Si, and °Li NMR spectroscopy.
The NMR data of 4 in toluene-dy indicate formation of highly
symmetric tetrakis-CIPs with C, group symmetry, the C1-C6
bond being a two-fold axis. The four methyls of the two
SiMe; groups and the two hydrogen atoms of CH; in the
rings A and B are magnetically nonequivalent, due to the

[5]Radialene Tetraanion

fixed five- and seven-membered rings. On the other hand,
the two hydrogen atoms of CH; in the ring C are magnetically
equivalent. Thus, the THNMR spectrum of 4 in toluene-dg
reveals the presence of eight signals for the methyl groups,
two doublets for the ring A and B methylene groups with a
geminal coupling constant of 13.2 Hz, and one singlet for
the ring C methylene group. In the *SiNMR spectrum,
four signals are observed at 6 = —20.1, —16.7, —15.0, and
18.5, which are shifted to higher field in comparison to those
of 2 (6 = —12.0, —10.0, —8.4, and 30.9). The *CNMR
spectrum shows six signals for quaternary carbon atoms at
6 =151, 40.8, 81.0, 93.1, 131.8, and 178.9. The signal
appearing at 15.1 ppm can be assigned to the C6 carbon
atom, which is shifted considerably up-field relative to that
of 2 (8 = 164.7) by Ad = —149.6. The other exocyclic
carbons (C7, C8, C9, and C10) are also shifted to higher
field by the four-electron reduction (6 = 40.8 and 81.0 for 4;
6 = 163.2 and 172.0 for 2). Apparently, the negative charge
is largely delocalized over the five exocyclic carbon atoms in
the m-skeleton of 4 and is stabilized by the eight silyl groups.

Interestingly, the °Li NMR spectrum of 4 displays only
one signal at &6 = —0.18. This indicates that the four Li*
ions of 4 are not fixed to the m-skeleton, but are fluxional;
the four Li* ions migrate over the rt-skeleton of [S]radialene
on the NMR time scale (Fig. 7, left). As the temperature
was lowered, the ®Li NMR signal broadened and eventually
yielded two very sharp signals at 6 = —0.55 and 0.08 with
the same intensity at 187 K. However, the C; symmetry of
4 in toluene-dg was completely retained in the temperature
range 187—298 K. Thus, the temperature-dependent change
of the SLiNMR signals must result from the dynamics of
four Li* ions on the [S]radialene framework. Experimental
and simulated spectra for the °Li NMR signals are shown in
Fig. 8. From the Arrhenius and Eyring plots, the values of
E, =10.7kcalmol~!, AH* = 10.3kcal mol~!, and AS* = 0.3
calmol~! K~! can be estimated for the dynamic behavior of
the four Li* ions. This can be explained by assuming that
two Li* ions (Lil and Li2) are fixed to the seven-membered

Fig. 7.
left, 298 K; right, 187 K.

Schematic representation of the dynamic behavior of lithium cations on the n-skeleton of 4 (tetrakis-CIPs) in toluene-ds:
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225K k=4955s"1 ’
207K k=68s" .
189K | k=751
2.0 0.0 -2.0 2.0 0.0 -2.0
ppm ppm
Fig. 8. Observed (left) and simulated (right) °Li (44.2 MHz)

line shapes of 4 in toluene-ds.

rings (A and B), whereas the other two Li* ions (Li3 and Li4)
are still fluxional over two five-membered rings (D and E)
and one seven-membered ring (C) (Fig. 7, right). Since the
latter three rings are almost coplanar, the fluxional behavior
of the two Li* ions (Li3 and Li4) is not hindered even at 187
K. The possibility of producing a solvent-separated ion pair
(SSIP) in toluene-ds is unlikely.

The structure of 4 in THF-dg was also deduced on the basis
of the NMR spectroscopic data. The ®Li NMR spectrum of
4 in THF-dg at room temperature shows one broad signal at
—0.22 ppm. Interestingly, upon lowering the temperature,
the ®Li signal split into four signals (6 = —0.85, —0.67,
—0.06, and —0.01) with the same intensity. This suggests
that one of the four lithium cations is dissociated to yield a
solvent separated ion pair (SSIP). In the '*C NMR spectrum
of the tetraanion 4 in THF-dg at 173 K, sixteen different
carbons due to the SiMe, can be observed because of the
lack of symmetry. Three different methylene carbons and
eight different 2°Si signals were also observed.

Conclusion.  We performed a four-electron reduction
of octakis(silyl)[5]radialene derivative 2 to form the hitherto
unknown [S]radialene tetraanion 4. Six-electron reduction
does not proceed, presumably because of the significant elec-
trostatic repulsion due to the negative charge. The X-ray
crystallographic and the NMR spectroscopic data presented
here indicate that the structure of the {S]radialene tetraanion
4 is a stable tetraanion, which is stabilized by the eight silicon
atoms. The geometry and properties of 4 reflect the nature
of the LUMO and LUMO+1 of the precursor 2. In toluene-
dg, the four Lit* ions of 4 are not fixed to the nt-skeleton at
room temperature, but are fluxional, giving highly symmet-
ric contact ion pairs. The fluxional behavior of the four Li*
ions is partially suppressed at low temperature.
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Experimental

General Procedure. THNMR spectra were recorded on a
Bruker AC-300 FT spectrometer. "*C, *Si, and °LiNMR spec-
tra were collected on a Bruker AC-300 at 75.5, 59.6, and 44.2
MHz, respectively. °LiNMR spectra are referenced to 1 M (1
M = 1mol dm*’z) LiCl in methanol/toluene-ds or 1 M LiCl in THF-
dgy. Mass spectra were obtained on a Shimadzu QP-1000. Elec-
tronic spectra were recorded on a Shimadzu UV-2100 spectrometer.
The sampling of 4 for X-ray crystallography was carried out by us-
ing a Giken Engineering Service GBX-1200 gas-replacement type
glove box. Cyclic voltammetry was carried out with a conventional
CV cell with a platinum disk as a working electrode, a platinum
wire as a counter electrode, and a saturated calomel electrode as
a reference electrode in acetonitrile. A Hokuto HA501 Potentio-
stat/Galvanostat, a Hokuto HB 104 Function Generator, and a YEW
Model XY recorder were used for the measurement. Commercially
available anhydrous lithium perchlorate as a supporting electrolyte
was used as received. Tetrahydrofuran and hexane were dried and
distilled from sodium diphenylketyl. These solvents were further
dried and degassed over a potassium mirror in vacuo prior to use.
Toluene-ds and THF-ds were dried over molecular sieves, and then
transferred into a tube covered with potassium mirror prior to use.
Lithium-6 (95 atom%) metal was commercially available (Aldrich
Chemical Company).

3,3,6,6,8,8,11,11,14,14,16,16,19,19,21,21-Hexadecamethyl-3,
6,8,11,14,16,19,21-octasilacyclohenicosa-1,4,9,12,17-pentayne
(D). 3,3,5,5,8,8,10,10-octamethyl- 3,5,8, 10-tetrasiladodeca- 1,
6,11-triyne (10.04 g, 0.030 mol) in THF (20 ml) was added to a
THF solution of ethylmagnesium bromide (180 ml, 0.067 mol) to
produce the Grignard reagent. The THF solution of the resulting
Grignard reagent and 2,10-dichloro-2,5,5,7,7,10-hexamethyl-2,5,
7,10-tetrasilaundeca-3,8-diyne (10.97 g, 0.030 mol) in THF (180
ml) were added dropwise slowly to refluxing THF (500 ml). After
the addition, the reaction mixture was heated overnight. The mix-
ture was poured in hexane and hydrolyzed with dilute hydrochloric
acid, followed by extraction with hexane. The organic layer was
washed with water and dried over anhydrous sodium sulfate. After
evaporation of the solvent, the residue was distilled under reduced
pressure to give the crude pentayne (1) (120—200 °C/0.1 mmHg,
Kugelrohr distillation). Recrystallization from ethanol gave pure
colorless crystals of 1 in 39% yield. Mp 68—69 °C; '"HNMR
(CDCl3) 6 = 0.00 (s,4 H, CH), 0.03 (s, 2 H, CH,), 0.22 (s, 12 H,
CH;), 0.25 (s, 24 H, CHs), 0.28 (s, 12 H, CH3); *C NMR (CDCl5)
0 = 0.1 (CHzs), 0.9 (CH3x2), 1.0 (CH3), 3.2 (CHyx2), 110.1 (C),
110.2(C), 114.8 (C), 115.7(Cx2); *SiNMR (CDCls) § = —42.7,
—19.6, —18.9, —18.8; UV (hexane) Ama/nm (&) 209 (5800), 218
(3900). Found: C, 55.22; H 8.66%. Calcd for CgHs4Sis: C, 55.52;
H 8.67%.

2,2,4,4,9,9,11,11,13,13,15,15,17,17,21,21-Hexadecamethyl-2,
4,9,11,13,15,17,21-octasilahexacyclo[10.5.3.158.0618 0720 141%].
henicosa-1(18),5,7,12(20),14(19)-pentaene (2). A mixture of
1 (400 mg, 0.64 mmol) and [Mn(CO)3;(Me-Cp)] (1396 mg, 6.40
mmol) in THF (35 ml) was irradiated with a 500 W high-pressure
mercury lamp for 2.5 h through the cutoff filter (A > 300 nm)
in the refluxing THF. After removal of the manganese complex,
the reaction mixture was chromatographed on silica gel to produce
orange crystals of 2 in 2.3% yield. Mp 140—142 °C; 'HNMR
(CDCl3) 6 =0.10 (s, 2 H, CH»), 0.13 (s, 12 H, CH3), 0.14 (s,
12 H, CH3), 0.15 (s, 12 H, CH3), 0.286 (s, 12 H, CH3), 0.290
(s, 4 H, CHy); "CNMR (CDCl3) 6 = —2.3 (CH;), 1.1 (CH3),
1.5 (CH3), 3.0 (CH3), 4.9 (CHy), 11.7 (CHy), 143.3 (C), 144.9
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(C), 157.0 (C), 163.2 (C), 164.7 (C), 172.0 (C); ?Si NMR (CDCl3)
4 = —12.0, —10.0, —8.4, 30.9; UV (hexane) Ama/nm (£) 264
(44600), 379 (2800), 428 (2700). Found: C, 55.28; H 8.68%.
Calcd for CyoHs4Sis: C, 55.52; H 8.67%.

2,2,5,5,7,7,10,10,13,13,15,15,17,17,19,19-Hexadecamethyl-2,
5,7,10,13,15,17,19-octasilatetracyclo[9.8.1.1'21¢,0?*2! henicosa-
1(20),11,16(21)-triene-3,8-diyne (3). A mixture of 1 (198 mg,
0.32 mmol) and [Mn(CO)3(Me-Cp)] (69 mg, 0.32 mmol) in THF
(35 ml) was irradiated with a 500 W high-pressure mercury lamp for
4.5 h through the cutoff filter (A > 300 nm) in the refluxing THF.
After removal of the manganese complex, the reaction mixture was
chromatographed on silica gel to produce pale yellow crystals of 3
in 15% yield. Mp 130—131 °C; '"HNMR (CDCl3) 6 = —0.17 (s,
2 H, CH,), —0.16 (s, 2 H, CHy), 0.01 (s, 2 H, CH3), 0.13 (s, 6 H,
CH3), 0.15 (s, 6 H, CH3), 0.17 (s, 6 H, CH3), 0.18 (s, 6 H, CH3),
0.22 (s, 6 H, CH3), 0.31 (s, 6 H, CH3), 0.38 (s, 6 H, CH3), 0.41 (s, 6
H, CH3); CNMR (CDCl;) 6 = 0.9 (CH3), 1.1 (CHy), 1.2 (CH3),
1.7 (CHa), 1.8 (CH3y), 2.7 (CH3), 2.8 (CH3), 3.2 (CH3), 3.6 (CH3),
3.7 (CH3), 7.6 (CHy), 114.5(C), 116.1 (Cx2), 116.5 (C), 119.6 (C),
121.5 (C), 172.6 (C), 173.0 (C), 176.4 (C), 184.2 (C); SiNMR
(CDChL) 6 = —33.7, —28.6, —19.3, —19.2, —16.5, —7.6, —6.8,
—6.3; UV (hexane) Amax/nm (&) 250 (26500), 280 (sh. 9600), 324
(sh. 5100). Found: C, 55.44; H, 8.92%. Calcd for CaoHssSis: C,
55.52; H, 8.67%.

The Tetralithium Salt of 2 (4). The crystals of 2 (21 mg,
0.033 mmol) and lithium metal (30 mg, 4.3 mmol) were placed in
a reaction tube with a magnetic stirrer. After degassing, dry oxy-
gen-free THF (0.8 ml) was introduced by vacuum transfer and the
mixture was stirred at room temperature to give a dark red solution
of the tetraanion of 2 within 1 h. After the solvent was removed
in vacuo, degassed hexane was introduced by vacuum transfer.
Then, after the lithium metal was removed, the solution was cooled
to afford dark red crystals of 2 quantitatively. '"HNMR (C;Ds)
6 = —0.15(d,J = 13.2Hz, 2 H, CH,), —0.11 (s, 6 H, CH3), 0.14
(s, 2 H, CHy), 0.28 (s, 6 H, CH3), 0.30 (s, 6 H, CH3), 0.33 (s, 6 H,
CH3), 0.35 (s, 6 H, CHs), 0.36 (s, 6 H, CH3), 0.49 (s, 6 H, CH3),
0.54(d,J = 13.2Hz,2 H, CH,), 0.62 (s, 6 H, CH3), 1.35 (br.s, 16 H,
THF), 3.52 (br.s, 16 H, THF); >CNMR (C7Ds) 6 = 2.8 (CHs), 5.6
(CHa), 6.0 (CH3), 6.6 (CH3), 7.0 (CHs), 7.3 (CH3), 7.5 (CH3), 7.7
(CHs), 15.1(C), 15.9 (CH,), 16.5 (CH3»), 25.4 (THF), 40.8 (C), 66.6
(THF), 81.0 (C), 93.1 (C), 131.8 (C), 178.9 (C); **SiNMR (C7Ds)
6 = —20.1, —16.7, —15.0, 18.5; 'LiNMR (C7Dg) 6 = —0.18.

NMR Spectral Data of 4 in THF-ds at 173 K. >CNMR
(THF-dg) 6 = 5.3 (CH3x2), 6.1 (CH3), 6.5 (CH3x2), 6.6 (CH3),
7.2 (CHs), 7.5 (CH3), 7.7 (CH3), 7.8 (CH3x2), 7.9 (CHs), 8.1
(CHz3), 9.0 (CH3), 9.2 (CH3 x2), 16.4 (CHy), 18.3 (C), 19.0 (CH>),
21.2 (CHp), 49.5 (C), 51.0 (C), 98.5 (Cx2), 106.9 (C), 109.1 (C),
155.8 (C), 166.7 (C), 186.4 (C); SiNMR (THF-ds) 6 = —24.6,
—20.8, —20.5, —18.8, —17.0, —15.1, 11.3, 20.0; °Li NMR (THF-
dg) 6 = —0.85, —0.67, —0.06, —0.01.

X-Ray Crystallography. Single crystals of 1 and 2 for
X-ray diffractions were grown from an ethanol solution. A sin-
gle crystal of 4 for X-ray diffraction was grown from a hex-
ane solution. The X-ray crystallographic experiments of 1, 2,
and 4 were performed on a DIP2020 or DIP2030K image plate
diffractometer equipped with graphite-monochromatized Mo Ka
radiation (4 = 0.71070 A). Crystal data for 1 at 120 K: MF =
Ca9Hs4Sis, MW = 627.44, triclinic, a = 8.9940(6), b = 11.9830(5),
c=19.761(1) A, a@ = 77.372(4), B = 86.223(3), y = 82.040(4)°,
V = 2056.8(3) A%, space group = P1,Z = 2, Deyeq = 1.01 gem ™.
The final R factor was 0.107 (R, = 0.192) for 7428 reflections with
I > 3o(I). Crystal data for 2 at 180 K: MF = Cy9Hs4Sis, MW =

[5]Radialene Tetraanion

627.44, monoclinic, a = 12.831(1), b = 14.975(1), ¢ = 19.943(1)
A, B =93.902(3)°, V = 3823.0(2) A?, space group = P2,/n,Z = 4,
Deaca = 1.090 gecm™>. The final R factor was 0.046 (Rw = 0.048)
for 6750 reflections with I > 30(l). Crystal data for 4 at 180 K:
MF = C4sHgsLi4O4Sis, MW = 943.63, monoclinic, a = 48.328(3),
b=13.470(1),c =21.676(1) A, B = 115.003(3)°, V = 12788(1) A?,
space group = C2/¢, Z = 8, Deaea = 0.981 gem ™. The final R fac-
tor was 0.0775 (Ry, = 0.2358) for 6183 reflections with I > 3o([).
Some of the carbon atoms of the THF molecules have elongated
thermal ellipsoids due to disorder. Tables of positional and thermal
parameters and complete interatomic distances and angles for 1,
2, and 4 have been deposited as Document No. 73047 at the Of-
fice of the Editor of Bull. Chem. Soc. Jpn. Crystallographic data
have been deposited at the CCDC, 12 Union Road, Cambridge CB2
1EZ, UK and copies can be obtained on request, free of charge, by
quoting the publication citation and the deposition numbers CCDC
146330 for 1, 146331 for 2, and 182/1394 for 4.

Molecular Orbital Calculations. PM3 calculations were per-
formed by Power Macintosh G3 with MACSPARTAN plus program
(Ver. 1.1.7).!* All the calculations were performed with geometry
optimization.
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