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In this Account, the syntheses, structures, and properties of novel aromatic species containing a heavier group 14
element were delineated with systematic comparison, focusing on their aromaticity. Several kinds of silaaromatic com-
pounds, such as silabenzene, 1- and 2-silanaphthalenes, and 9-silaanthracene, which are a very interesting class of novel
7T-bonding systems containing a silicon atom, were successfully synthesized and isolated as stable compounds by taking
advantage of the kinetic stabilization afforded by introduction of an efficient steric protection group, 2,4,6-tris[bis(trimeth-
ylsilyl)methyl]phenyl (Tbt). A similar synthetic approach can be applied to the cases of the first stable germaaromatics,
such as germabenzene and 2-germanaphthalene. The molecular structures of the newly obtained metallaaromatic species
were systematically investigated based on X-ray crystallographic analysis and spectroscopic studies together with theo-
retical calculations. During this study, a variety of new reactivities for these metallaaromatic species were revealed and
some new insights and deeper knowledge were obtained about the aromaticity of metallaaromatic compounds of heavier

group 14 elements.

The periodic system of elements (the periodic table) defines
elements with the same number of valence electrons as forming
a family (element group) in which the individual elements and
their compounds exhibit similar chemical and physical proper-
ties. Since chemistry has been developed on the basis of this pe-
riodic system, it is very important to promote our understand-
ings of this system more in detail, i.e., to compare the similar-
ities and differences between the elements and their compounds
from various points of view. Meanwhile, low-coordinate spe-
cies of main group elements of the second row such as car-
benes, olefins, carbonyl compounds (e.g., ketones, aldehydes,
esters, amides, etc.), aromatic compounds, and azo compounds
have played very important, key roles in organic chemistry. Al-
though extensive studies have been devoted to these species,
not only from the viewpoints of physical organic chemistry
but also from the standpoints of synthetic chemistry and mate-
rial sciences, the heavier element analogues of such low-coor-
dinate species of second row elements have only been postulat-
ed in many reactions as reactive intermediates. The chemistry
of low-coordinate main group element compounds has been un-
developed, most probably due to their high reactivity and insta-
bility under ambient conditions.

At the beginning of the 20th century, all attempts at synthe-
sizing the doubly bonded species of heavier main group ele-
ments have proved unsuccessful, leading to cyclic oligomers
or polymers containing only single covalent bonds. These find-
ings and theoretical treatments led to the view that “elements
having a principal quantum number greater than two should

not be able to form pt—pt bonds with themselves or with other
elements”, the so-called “classical double bond rule”.! How-
ever, this rule was disproved by the spectroscopic detection
of a compound having a multiple P-C bond in 1961.% Further-
more, the isolation of a stable phosphene (P=C) was reported in
1978, and in 1981 stable diphosphene (P=P),” silene (Si=C),’
and disilene (Si=Si)® were successively synthesized by taking
advantage of “steric protection”.

For the stabilization of highly reactive compounds, there are
two conceivable methodologies: i.e., thermodynamic stabiliza-
tion and kinetic stabilization. The former is defined as stabiliza-
tion of the ground state by the mesomeric effect of neighboring
heteroatoms, attachment of an electron-donating or -withdraw-
ing substituents, or complexation with transition metals. The
latter is stabilization resulting from raising the transition state
by taking advantage of steric protection with bulky groups,
which prevents oligomerization or reactions with other reagents
such as oxygen and water. Kinetic stabilization is obviously su-
perior to thermodynamic stabilization, since the latter perturbs
the intrinsic nature of the species more largely than the former
does.

On the other hand, in the course of our study on sterically
congested molecules, we have developed an extremely bulky
aromatic substituent, 2,4,6-tris[bis(trimethylsilyl)methyl]phen-
yl (denoted as Tbt hereafter) and 2,6-bis[bis(trimethylsilyl)-
methyl]-4-tris(trimethylsilyl)methylphenyl (denoted as Bbt
hereafter), which were found to be very effective steric protec-
tion groups for a variety of reactive species of heavier main
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group element compounds.” With such new, powerful protec-
tion groups in hand, we have synthesized a variety of unprece-
dented low-coordinate compounds of heavier main group
elements as stable compounds. We have already succeeded in
the isolation of various novel species such as a family of group
14 element—group 16 element double-bond compounds: i.e.,
heavy ketones [1; Tbt(Ar)M=X; M = Si, Ge, Sn, Pb;
X =S, Se, Te],”*P¢ and a series of homo- and hetero-nuclear
doubly bonded compounds between heavier group 15
elements [TbtM=MTbt, M = Sb (2), Bi (3); BbtSb=BiBbt
(4); BbtBi=PMes* (5), Mes* = 2,4 6-tri-t-butylphenyl]
(Chart 1).7¢8

In addition, we have also successfully synthesized novel spe-
cies containing a small ring such as the metallacyclopropaben-
zenes [Tbt(Dip)MCgHy; M = Si (6), Ge (7); Dip = 2,6-diiso-
propylphenyl];” these are the first examples of stable heteracy-
clopropabenzenes, and the unprecedented platinum—dichalco-
genido complexes, [PtX;(ArMe,P),] [X = S (8), Se (9); Ar
= Tbt or Bbt].!? Their successful isolation and characterization
will provide us with a new research field and valuable informa-
tion about the potential utility of heavier element compounds.

1. Silaaromatic Compounds and Related Species

Silaaromatic compounds,'! i.e., Si-containing [4n + 2]
ring systems, have attracted much attention in recent decades,
since they represent the heavier congeners of the carbocyclic
aromatic compounds'? which are a key class of substances in
organic chemistry. Although the aromatic character of silole
anions and dianions such as 10 and 11,3 as well as that of cy-
clic diaminosilylene 12,'* was recently revealed from both ex-
perimental and theoretical standpoints, simple silaaromatic
compounds such as silabenzenes and disilabenzenes are known
to be highly reactive and have only been characterized in low-
temperature matrices or in the gas phase on the basis of photo-
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electron, UV /vis, and IR spectra (Chart 2).'> Some trapping re-
actions supporting the formation of silabenzenes and disilaben-
zenes were also reported.'®

Meanwhile, non-conjugated doubly bonded compounds con-
taining a silicon atom have already been synthesized as stable
molecules by taking advantage of kinetic stabilization, namely,
by introducing bulky substituents around the reactive double
bonds.!” Although applications of this method to stabilize sila-
benzenes have also been reported, no silabenzene stable at am-
bient temperature had ever been reported until our successful
results (Chart 2). It was reported that 1,4-di-z-butyl-1-silaben-
zene 13 readily dimerized at 0 °C to give the corresponding
[2 + 2] dimer.'® The more crowded 1,4-di-t-butyl-2,6-bis(tri-
methylsilyl)-1-silabenzene 14 was reportedly stable below
—100 °C and could be observed by low-temperature NMR
measurements.'® However, it was stable at low temperature on-
ly in a special solvent (THF/ether/petroleum ether, 4:1:1) and
clearly coordinated with the solvent (most likely THF) as
judged by the relatively high field 2°Si NMR chemical shift
(8si = 26.8). Although a more hindered silabenzene, 1-z-bu-
tyl-2,6-bis(dimethylisopropylsilyl)-4-trimethylsilyl-1-silaben-
zene 15, was generated under argon flow, it was found to be sta-
ble only at —180 °C.2° As for other silaaromatics having a more
extended conjugated system, such as silanaphthalenes and si-
laanthracenes, a few examples have been known, but they are
restricted to those of transient intermediates and/or matrix-iso-
lated examples. 2-Methyl-2-silanaphthalene was postulated as
an intermediate in the N»-flow pyrolysis of the corresponding
allylsilane precursor at 650 °C,'% while there are some reports
of the chemical trapping of intermediary silaanthracenes and
the observation of unstable silaanthracenes by UV/vis spec-
troscopy in matrices at low temperature.'>¢- The situation for
the chemistry of germaaromatics is almost the same as that of
silaaromatics.?!~2* Thus, syntheses of several examples of sta-
ble ionic species?'?* and also the dimerization and intermolec-
ular trapping of 1,4-di-z-butylgermabenzene 16>* have been re-
ported (Chart 2). However, stable neutral germaaromatics have
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been elusive until quite recently.

Many theoretical calculations have been reported for sila-
and disilabenzenes,!'*¢ and they indicate that silabenzenes
have a delocalized structure and considerable aromaticity
(e.g., ~80% of benzene from energetic criteria®®). This implies
that silaarenes might exist as stable molecules if their high re-
activity could be suppressed by some protection. In view of the
increasing number of stable doubly-bonded organosilicon com-
pounds which were successfully synthesized by taking advant-
age of the method of kinetic stabilization,!'®!7-?° stable silaaro-
matic compounds are expected to be synthesizable using appro-
priately bulky substituents.

As mentioned in the previous section, we have already de-
veloped an extremely bulky and effective steric protection
group, 2,4,6-tris[bis(trimethylsilyl)methyl]phenyl (denoted as
Tbt hereafter),”’” and many novel reactive species have been
prepared as stable compounds by taking advantage of this Tbt
group. Since it has been fully demonstrated that Tbt group is
very effective to stabilize the highly reactive, low-coordinated
species of heavier main group elements such as heavy ketones
(1),7?8 we next applied Tbt group to the kinetic stabilization of
an unexplored class of low-coordinated species of heavier
group 14 elements such as sila- and germaaromatic compounds,
which can be regarded as more sophisticated doubly bonded
systems containing a heavier group 14 element.

2. Synthesis and Isolation

Up to now, we have succeeded in the synthesis and isolation
of several kinds of silaaromatic compounds bearing a Tbt group
on the sp’-silicon atom, such as silabenzene 17,% 1- and 2-
silanaphthalenes (18°° and 19!), and 9-silaanthracene 20,%
(Chart 3) as stable compounds. Furthermore, the first stable ger-
mabenzene 21°% and 2-germanaphthalene 223* (Chart 3) were
also synthesized by the use of a similar synthetic approach.
In this article, the recent progress in the chemistry of metallaar-
omatic compounds of heavier group 14 elements (denoted as
heavy aromatics in this account) is outlined, with a systematic
comparison between the parent aromatic hydrocarbons and
their heavier congeners.

In view of the isolation of such a highly reactive species in a
pure form, it is necessary to develop suitable synthetic methods
(e.g., high yields and mild reaction conditions) for sila- and ger-

let let
M Si
[ = =
p 0
17 (M = Si) 18
21 (M =Ge)
let
Thbt .
X M/ Sig
19 (M = Si) 20
22 (M =Ge)
Chart 3.

Bull. Chem. Soc. Jpn., 77, No. 3 (2004) 431

Tht
., H
34%

_Tbt
1) NBS Si\H 1) +BuLi
2) LiAlH, F 2) H,0
X (X=H,Br
Tht Tbt
H—— Br
P quant P
Scheme 1.
+-BuLi (1 eq) \Si/Tbt
3 —_—
2 hexane, r.t. =
ca. 80%
19

=\ bt |iN(i-Pr),
\ SI\
Cl  hexane, rt.

17 (quant.)

+-BuLi (1 eq) S Tot S bt
< i—Tbt + < |

cyclohexane

Bu
17 (27%) 25 (20%)

Scheme 2.

maaromatics. As the final step of the syntheses, we chose sim-
ple dehydrohalogenation reactions of the corresponding cyclic
halometallane precursors having a Tbt group on the central
group 14 elements using an appropriate base. As a typical ex-
ample, the synthetic route for boromosilane 23, the precursor
of 2-silanaphthalene 19, is shown in Scheme 1.3!

Another important factor for the effective synthesis is the
choice of a base. For example, 2-silanaphthalene 19 was suc-
cessfully synthesized by the treatment of bromosilane 23 with
t-BuLi in hexane,?! while similar treatment of chlorosilane 24
resulted in the formation of undesired 7-butylated product 25 to-
gether with the expected silabenzene 17 (Scheme 2).2°° The for-
mation of 25 might be interpreted in terms of the initial electron
transfer from 7-BuLi to 24, followed by the recombination of
the resulting radical intermediates. This problem was success-
fully solved by the use of lithium diisopropylamide (LDA) as
a base to give 17 in an almost quantitative yield. In other cases,
such as 1-silanaphthalene 18,0 9-silaanathracene 20,32 germa-
benzene 21,33 and 2-germanaphthalene 2234 LDA was found to
be the best among the bases examined. In addition, in the case
of the synthesis of 9-silaanthracene 20,32 the leaving ability of
the substituent on the silicon atom played a very crucial role.
The use of halosilanes 26 and 27 as precursors resulted in very
low yields of 9-silaanthracene 20, as judged by the trapping ex-
periments with MeOH;? the treatment of silyl triflate 28 with
LDA in benzene gave the expected 20 in an almost quantitative
yield*? (Scheme 3).
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Fig. 1. Space-filling model drawing of 2-Tbt-2-silanaphtha-
lene (19).

Table 1. Selected Structural Parameters for Metallaaromatic Compounds 17 and 19-22

let o let
C citq Tbt
M1 2N R 13 Sil. C
(ﬂe/ NC2 17 (M= si) C|7/ ﬁg N|” 19 (M =Si) ciz” ‘C|1|4’ l\\CTZ/ 3§(f4
Compound C5. _C3 22(M=Ge) Coy LA 72 BM=09 ci1,  _Co_ C1_ ,Cs
e ¢ C 1 Nod o
172 21» 199 229 209
Sil-C2 1.765(4) Gel-C2 1.829(2) Sil-C2 1.800(3) Gel-C2 1.859(5) Sil-C2 1.787(3)
Sil-C6 1.770(4) Gel—-C6 1.827(2) Sil1-C10 1.728(3) Gel-C10 1.803(5) Sil-Cl14 1.784(3)
Bond lengths/A C2-C3 1.391(6) C2-C3 1.389(3) C2-C3 1.359(3) C2-C3 1.368(7) Cc2-C7 1.442(4)
C3-C4 1.399(6) C3—C4 1.389(3) C3-C4 1.438(3) C3—-C4  1.429(8) C7-C8 1.398(4)
C4-C5 1.381(6) C4-C5 1.385(3) C4-C9 1.431(3) C4-C9  1.430(7) C8-C9 1.399(4)
C5-C6 1.394(7) C5-C6 1.396(3) C9-C10 1.433(3) C9-C10 1.450(8) C9-Cl14 1.446(4)
X /M/deg 359.8 360.0 360.0 360.0 360.0
2 /MCsring/deg 720.0 720.0 720.0 720.0 720.0
Tbt/MCs /deg 84.6 73.8 83.9 88.8 69.0

a) Ref. 29. b) Ref. 33. c¢) Ref. 31. d) Ref. 34. e) Ref. 32.

Except for 1-silanaphthalene 18, which was found to un-
dergo gradual dimerization in solution at room temperature
(vide infra), all the sila- and germaaromatic compounds 17
and 19-22 were isolated as stable crystalline compounds, indi-
cating the high ability of Tbt group as a steric protecting group.
Recently, Nishiyama et al. reported the matrix isolation and in-
termolecular trapping reactions of less hindered 9-silaanthra-
cenes having a 2,4,6-triisopropylphenyl or 2,4,6-tri-¢-butyl-
phenyl group on the silicon atom, but these species are report-
edly not isolable.’® This fact implies the indispensability of an
extremely bulky substituent such as Tbt for the isolation of
kinetically stabilized metallaaromatic compounds.

Structures and Spectroscopic Properties

X-ray Crystallographic Analysis. The most important
structural features of aromatic compounds are the planarity
for their aromatic rings and the ring-bond lengths lying between
those of the typical double and single bonds, which result from
the delocalization of 77-electrons of their aromatic rings. From
the viewpoints of a systematic comparison between the aromat-

ic hydrocarbons and their heavier congeners, it is of great sig-
nificance to perform the crystallographic analysis of the metal-
laaromatic compounds obtained here. Fortunately, most of
them were isolated as stable crystalline compounds and we
could prepare single crystals suitable for X-ray structural anal-
ysis. The high crystallinity of the Tbt-substituted compounds is
an unexpected benefit for us. The structural parameters of the
analyzed metallaaromatics are summarized in Table 1 together
with their atom-numbering schemes. As a representative, the
space-filling model drawing for 2-silanaphthalene 19 is shown
in Fig. 1, which clearly indicates that the planar silanaphthalene
ring is nicely protected by the bulky Tbt group.

All metallaaromatic ring systems examined here have an al-
most completely planar aromatic ring. The geometry around
the central silicon or germanium atom is also completely trigo-
nal planar, suggesting the delocalization of 77-electrons in these
ring systems. As for the bond lengths of the aromatic ring, al-
most equal distances were observed for the group 14 metal—car-
bon bonds in both sila- and germabenzenes 17 and 21, while a
small extent of bond alternation was recognized for 2-sila- and
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Fig. 2. Potential energy surface for Ph- and Mes-substituted silabenzenes.

2-germanaphthalenes 19 and 22 as in the case of parent naph-
thalene. When we take into account the fact that the C—C bond
lengths in these metallaaromatic rings are comparable with
those reported for parent benzene and naphthalene,'” one
should conclude that the replacement of one carbon with a
heavier group 14 element such as a silicon or germanium atom
does not disturb the delocalization of 77-electrons in the mono-
metallaaromatic ring systems. Furthermore, the crystallograph-
ically revealed structural features of these new metallaaromatic
species are in good agreement with those obtained by the the-
oretical calculations with B3LYP/6-31G(d) level for some
model compounds, suggesting that the introduction of a Tbt
group on the central metal atom causes little steric or electronic
influence.

In addition, crystallographic analysis of these metallaaro-
matic systems revealed that all of them have a large dihedral
angle [from 69° (for 20) through 89° (for 22)] between the
Tbt group and the plane of the metallaaromatic ring in the solid
state (Table 1). Since the theoretically optimized molecular
structures of the Tbt-substituted sila- and germabenzenes
showed the benzene plane of the Tbt group is almost perpendic-
ular to that of each metallaaromatic ring, the experimentally
observed geometry might result from the least hindered confor-
mation for the extremely bulky Tbt group and the packing en-
ergy. In order to elucidate the stabilizing effect of conjugation
of the aryl protecting group with the central metallaromatic ring
system, we have performed the theoretical calculations for the
relative stability of 1-phenylsilabenzene and 1-mesitylsilaben-

zene while varying the dihedral angle between the phenyl plane
and the silabenzene ring plane (Fig. 2).>

The results shown in Fig. 2 indicate that the conformation
with the phenyl group perpendicularly oriented is the most un-
stable, but the difference from the most stable coplanar con-
former is only about 2 kcal/mol, regardless of the level of
the theories used for the calculations. In the case of the Mes-
substituted system, such a coplanar conformation is the most
unfavorable situation, as expected, due to the steric repulsion
caused by the two ortho methyl groups, while it was found that
the energy level was almost invariable between the dihedral an-
gles of 50 and 90°. In cases of both 1-phenylsilabenzene and 1-
mesitylsilabenzene, the lengths of the Si=C bond between the
two aromatic rings varied within the range of 1.7752 to 1.7755
A, suggesting that the conjugative effect does not exert a signif-
icant influence on the nature of the silaaromatic ring system.

NMR Spectra. As for the silaaromatic compounds,
2SiNMR spectroscopy provides us with useful information
about the electronic and structural environments of their central
silicon atom. All four newly obtained silaaromatics 17-20
showed characteristically low-field signals in their 2°Si NMR
spectra [93.6 (17%%), 91.7 (18°°), 87.3 (193)), and 87.2 (20%?)
ppm in CgDg] suggesting the sp? character of their ring silicon
atoms. These chemical shifts are much more low-fielded than
the shift for the previously reported marginally stable silaben-
zene (14; 8s; = 26.8)."° Almost no spectral change was ob-
served even on measurement in the presence of ethereal solvent
such as that in THF:C4Dg = 6:1 (the largest AS: 0.4 ppm for
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Table 2. Spectroscopic Comparison between Metallaaromatics 17-22 and the Corresponding Aromatic Hydrocarbons
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Vopsa /em’! 1600
Vealed em™ 1590
let
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a) Observed absorption maxima at the longest wavelength. b) Observed wavenumbers of the strongest Raman shift. ¢) Calculated wave-
numbers of the strongest vibrational frequencies for H-substituted models.

20). These results strongly indicated not only the sp? character
for their ring silicon atoms but also the effective steric protec-
tion afforded by the bulky Tbt group, which completely pre-
vents their silicon atoms from coordination of the ethereal sol-
vent. In other words, the Mirkl’s silabenzene 14 might be sta-
bilized due to the bulky substituents (z-Bu and Me3Si groups)
together with the coordination of the Lewis-basic, ethereal sol-
vent such as ether and/or THF they used.!®

'H and "*CNMR spectral data of these silaaromatics, fully
assigned by 2D NMR technique, also supported their assigned
molecular structures. The nice agreement of the observed
chemical shifts with those obtained by the theoretical calcula-
tions of several model compounds indicated that there was little
perturbation with the aromatic Tbt group on the silicon atoms.
A similar conclusion was drawn for germaaromatic compounds
21 and 22 by the study of their 'H and '3C NMR spectra.

Of particular note among the 'HNMR spectral data is the
fact that the chemical shifts for the ring protons of these metal-
laaromatic compounds are all shifted to lower field by ca. 0.5 to
1.0 ppm compared with those of precursors. This distinct low-
field shift of the ring protons should be noted as one example of
the experimental evidence for the ring current effect of these
metallaaromatic systems.

UV-Vis and Raman Spectra. In order to examine the sim-
ilarities and differences between the newly obtained metallaar-
omatic compounds 17-22 and the parent aromatic hydrocar-
bons, their UV-vis and Ramam spectra were measured.2%-3

In the electronic spectra, all silaaromatic compounds showed
remarkable red-shifts for their !B, 'L,, and 'L;, bands as com-
pared with those reported for the corresponding parent aromatic
hydrocarbons. In Table 2 are summarized the experimentally
observed absorption maxima at the longest wavelength for
the metallaaromatic compounds 17-22 together with those
for their carbon analogues. Interestingly, in the electronic spec-
tra, the absorption maxima of germabenzene 2133 and 2-germa-
naphthalene 223* showed almost no shift compared with their
silicon analogues 17% and 19,%! though they were clearly
red-shifted in comparison with those of the parent aromatic hy-
drocarbons. These results indicate that the HOMO-LUMO en-
ergy gap of the cyclic [4n 4 2] electron systems containing a
heavier group 14 element is much larger than that of the corre-
sponding hydrocarbons, but almost identical to each other as
for the silicon and germanium analogues. Although the silaar-
omatic species examined here have an extremely bulky Tbt
group on the central silicon atom, their electronic spectra close-
ly resembled those reported for the transient silaaromatics
measured in the low-temperature matrices, indicating very little
perturbation thanks to the steric protection afforded by Tbt
group.

Raman spectra were measured to study the vibrational fre-
quencies of the metallaaromatic species of heavier group 14 el-
ements. The strongest three Raman lines observed for each spe-
cies, i.e., 17-22 and the corresponding aromatic hydrocarbons,
are also summarized in Table 2.2-3* The experimentally ob-
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Fig. 3. Schematic drawings of the vibrational modes for the strongest in-plane vibrations of benzene, silabenzene, and germa-

benzene.

served Raman shifts for the metallaaromatic species and the pa-
rent hydrocarbons are reasonably reproduced by theoretical cal-
culations,®® suggesting the skeletal similarity in these aromatic
ring systems, although those for metallaaromatics were ob-
served at somewhat shorter wave numbers than those of carbon
analogues. In addition, the similarity among their vibrational
modes is also confirmed by calculations. Figure 3 shows the
schematic drawings for the vibrational modes of silabenzene
17 and benzene as representatives.

Consequently, we have experimental evidence that the re-
placement of one of the ring carbons in the aromatic hydrocar-
bons with a heavier group 14 element makes no big difference
in the spectroscopic properties of the resulting [4n + 2] con-
jugated metallacycles of group 14 elements as compared with
the parent carbon analogues.

Reactivity and Aromaticity

Thermal and Photochemical Stability. Although all si-
laaromatic species here synthesized, i.e., silabenzene 17, 1-
and 2-silanaphthalenes 18 and 19, and 9-silaanthracene 20,
were isolated as stable crystalline compounds, they showed
some differences in their stability in solution (Chart 4).

Silabenzene 17 has high thermal stability in solution and no

Tbt Tbt

o’
Y

dimerization was observed on heating in hexane at 100 °C for a
long time.”” However, standing the hexane solution of 17 in
C¢Dg for 4 months resulted in the formation (ca. 50%) of the
corresponding [4 + 2] dimer 29, the structure of which was
confirmed by X-ray crystallographic analysis.?® Since the dimer
readily undergoes thermal retrocycloaddition on heating in
CeDg at 80 °C, this dimerization reaction might be an endother-
mic reaction. 1-Silanaphthalene 18 also undergoes thermal di-
merization in C¢Dg to give the corresponding [4 + 2] cycload-
duct 30 (at r. t. for 1 month and at 100 °C for 12 h) in an almost
quantitative yield.>® However, the dimer of 1-silanaphthalene
30 is quite stable even on heating in C¢Dg at 120 °C, suggesting
that the dimerization process of 18 is an exothermic reaction, in
contrast to the case of silabenzene 17. On the other hand, 2-si-
lanaphthalene 19 does not undergo any dimerization on heating
in solution up to 120 °C for a long time.?! 9-Silaanthracene 20
was found to be stable at room temperature either in solution or
in the solid state,? but it underwent thermal dimerization at
higher temperatures (110 °C in C¢Dg for 15 days or 180 °C
in the solid state within 1 h) to give the [4 + 4] cycloaddition
product 31 quantitatively.** The [4 + 4] dimerization of 20
might be an exothermic reaction, and hence no thermal dissoci-
ation of 31 to the initial 9-silaanthracene 20 was observed even
on heating at 300 °C. It is very interesting that the thermal sta-
bility of the Tbt-substituted silaaromatics varies depending on
the fused ring skeletons and/or the position of the silicon atom.
Full calculations on the real molecule systems with high level
of theory are necessary to disclose the origin for such a subtle
difference.

Photochemical isomerization was also examined for the ki-
netically stabilized silaaromatics (Scheme 4). When silaben-
zene 17 was irradiated with the light from 290 through 350
nm in C¢Dg, a novel photochemical valence isomerization took
place to give the corresponding silabenzvalene 32 as a sole pro-
duct.?®® This result is in sharp contrast to the photochemical va-
lence isomerization of matrix-isolated parent silabenzene into
the Dewar-type silabenzene 33,'*® the formation of which
was only evidenced by the IR spectroscopic data indicative of
sp-SiH moiety.'> Since DFT calculations (B3LYP/6-31G(d)
level) on the relative stability of several valence isomers of si-
labenzene showed that the energy difference between the Dew-
ar-type silabenzene and silabenzvalene is very small,”® it is
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very difficult to assign the photo-isomerized product of the pa-
rent silabenzene as the Dewar-type silabenzene absolutely. On
the other hand, the irradiation of the C¢Dg solution of 9-silaan-
thracene 20 with the light of 300-500 nm resulted in the almost
quantitative formation of the corresponding Dewar-type silaan-
thracene 34.%° The molecular structure of 34 was supported by
the 'H, 13C, and SiNMR data and chemically confirmed by
the ready thermal interconversion to the initial 9-silaanthracene
20. 9,10-Dewar-9-silaanthracene 34 was found to be marginal-
ly stable at low temperature and the half-life time in hexane at
—30 °C is estimated as about 10 min.

Addition Reactions. All the metallaaromatic species kinet-
ically stabilized by Tbt group showed considerably high reac-
tivity toward the reagents such as water, methanol, styrene,
phenylacetylene, mesitonitrile oxide, benzophenone, and 2,3-

hv (A = 290-350 nm)
</ si—Tht < Si—Tbt

in CGDS (I'. t)
17 32

</ \Si-H e— Si—H
— hv (A =240 nm) —

in Ar matrix (10 K) 33

hv (A =320 nm)

let
Si
=
z
&

Ty/2 = ca. 10 min

in hexane (-30 "C) A hv (A = 300-500 nm)
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dimethylbuta-1,3-diene. Some of them were allowed to react
with elemental chalcogen such as sulfur and selenium to give
several kinds of unique cyclic chalcogenides as the cycload-
ducts. 303153441 In Scheme 5 are summarized the reactions of
metallabenzenes 17 and 21 as the representative cases.

Interestingly, metallabenzenes (17 and 21) and 1-silanphtha-
lene 18 were found to undergo 1,2- and/or 1,4-addition reac-
tions depending on the character of the reactants, while 2-met-
allaaromatic systems 19 and 22 afforded only 1,2-addition reac-
tion products. The remarkable reactivity of the metallaaromatic
species 17-22 towards addition reactions implies that their ar-
omatic stabilization energies are insufficient to suppress the in-
herently high reactivity of the M=C bonds (M = Si, Ge).

Transition Metal Complexation as an 7°-Arene Ligand.
Unfortunately, clear experimental evidence has not been ob-
tained yet for the electrophilic substitution reactions of metal-
laaromatic species 17-22, which may be the greatest point of
interest among the reactivities of such novel aromatic systems,
due to the instability of the substrates under the reaction condi-
tions used. Recently, however, it was found that the complex-
ation of germabenzene 21 with some tricarbonyl complexes
of group 6 metals resulted in the formation of the corresponding
1n°-germabenzene—transition metal complexes 35-37 as stable
crystalline compounds*? (Scheme 6).

Thus, the ligand exchange reaction of [Cr(CH3CN)s3-
(CO);3]1*% with 21 afforded the first °-germabenzene complex
of Cr, [(n%-CsHsGeTbt)Cr(CO)s] (35), as yellow crystals in
58% isolated yield. Using similar conditions,*® the correspond-
ing Mo and W complexes, 36 and 37, were synthesized as yel-
low crystals in 67 and 65% yields, respectively. The 1°-coordi-

< \:
/ Ge—Tbt

[M(CHgCN)3(CO)3l <D Ge—Tht

|
M =Cr,Mo,W oo M~co
coO

T(b_' 21 35 (M'=Cr)
O Si 34 36 (M' = Mo)
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Scheme 4. Scheme 6.
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Scheme 5.
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Fig. 4. Molecular structure of [Cr(17°-germabenzene)(CO)3] 35.

nation modes of the germabenzene complexes 35-37 were def-
initely confirmed by the X-ray crystallographic analysis. In
Fig. 4 is shown the molecular structure of complex 35 as the
representative.*?

Germabenzene complexes 35-37 are thermally quite stable
either in the solid state or in solution under argon atmosphere,
and no detectable change was observed in the thermolysis of
35-37 in C¢Dg at 120 °C in a sealed tube for a few days. Com-
plexes 35-37 were found to be somewhat more stable than the
free germabenzene 21 toward air and moisture, reflecting the
thermodynamic stabilization afforded by the coordination to
the tricarbonyl metal center of group 6 metals. However, they
are still moisture-sensitive and undergo addition of water ex-
clusively to their 1,2-positions within a few minutes, on expo-
sure to the open air, to give the corresponding 1,2-adduct in a
quantitative yield in all cases. The high regioselectivity ob-
served for the water addition to metal-complexed germaben-
zenes 35-37 is in a sharp contrast to the competitive 1,2- and
1,4-addition of water to free germabenzene 213 Anyhow,
the successful complexation of germabenzene 21 with tricar-
bonyl transition metals of group 6 here described is of great im-
portance from the viewpoint of the experimental evidence for
the typical reactivity of aromatic compounds.

With stable and pure samples in hand, the electronic proper-
ties of newly obtained 17°-germabenzene complexes 35-37
were analyzed spectroscopically. In their 'H and '*C NMR
spectra considerable upfield-shift of signals on complexation
was observed for the protons and carbons (Table 3) due to
the reduction of 7r-electron density in the germabenzene ring,
which is very similar behavior to that of transition metal com-
plexes of aromatic hydrocarbons. In addition, the '3C NMR
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chemical shifts for the carbonyl carbons of 35-37 (6=
235.05, 222.19, and 211.88 ppm) are quite similar to those
for [(17°-mesitylene)M’(CO);] [235.1 (M’ = Cr), 223.7 M’ =
Mo), and 212.6 (M’ = W) ppm], respectively.** In the UV—
vis spectra, all the complexes 35-37 showed slightly red-shift-
ed absorption maxima compared with those of free germaben-
zene 213 and also compared with those of the corresponding
n°-benzene tricarbonyl metal complexes, [(17°-CsHg)M’(CO);3]
(M’ = Cr, Mo, W).%

Of particular note among the spectral data of complexes 35—
37 is the stretching frequencies (Vco) of 35 (1867, 1887, and
1954 cm~!), 36 (1865, 1883, and 1952 cm™!), and 37 (1865,
1883, and 1952 cm™!), which were observed at lower wave
numbers compared to those of the corresponding benzene com-
plexes, [(n°-CsHe)M'(CO)3] [1915 and 1982 cm™! (M’ =
Cr),*? 1913 and 1983 cm™' (M = Mo),*" and 1916 and
1990 cm™! (M’ = W)*¢]. These results suggest that the ben-
zene ligands in [(17°-CsHe)M’(CO)3] (M’ = Cr, Mo, and W)
are more electron-donating than the garmabenzene ligand in
complexes 35-37. All stretching frequencies observed for com-
plexes 35-37 are in good agreement with those obtained for the
unsubstituted model complexes by theoretical calculations.*?

The structural and spectroscopic similarities between the 7°-
germabenzene complexes 35-37 and the corresponding 7°-
benzene complexes coordinated with group 6 transition metals
are of great importance as one of the experimental proofs for
the aromatic character of metallaaromatic species of heavier
group 14 elements.

Theoretical Calculations

Nucleus Independent Chemical Shifts (NICSs). As can be
seen in the previous sections, the structural and spectroscopic
features of kinetically stabilized metallaaromatic species 17—
22 are in good agreement with those obtained for the less hin-
dered model compounds by theoretical calculations, strongly
suggesting that the bulky aromatic substituent (Tbt) does not
perturb the intrinsic characters for the metallaaromatic species.
As for their aromaticity, we have performed further theoretical
calculations of NICS(1)s (Nucleus Independent Chemical
Shifts)*’ and found that mono-metallaaromatic species have
considerably large absolute values, though being slightly small-
er than those of the parent aromatic hydrocarbon systems
(Fig. 5).

In spite of the high aromaticity suggested by the NICS calcu-
lations mentioned above, it should be noted again that the iso-
lated metallaaromatics 17-22 showed high reactivity toward a
variety of addition reactions across the metal-carbon double
bonds.

Aromatic Stablization Energies (ASEs). This apparent

Table 3. Observed 'H and '3CNMR Chemical Shifts (ppm) for 7°-Germabenzene Complexes 35—

37 and Free Germabenzene 21%

Compounds H2 H3 H4 Cc2 Cc3 Cc4 Bc=0
35M =Cr) 3.95 4.98 4.73 100.91 85.87 83.00 235.05
36 (M = Mo) 4.05 5.17 473 103.11 83.77 81.64 222.19
3I7M=W) 4.04 4.86 4.75 98.51 80.02 79.64 211.88

21 7.85 8.06 6.72 132.23 140.96 114.56 —

a) Measured in benzene-ds.
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Scheme 7.

contradiction can be most likely interpreted as meaning that the
aromatic stabilization energies (ASEs) for the metallaaromatic
species containing a heavier group 14 element are insufficient
to suppress the extremely high reactivity toward addition reac-
tions. For example, the ASEs of benzene, silabenzene, and ger-
mabenzene were estimated by the quantitative energetic evalu-
ation using the DFT-computed isodesmic isomerization ener-
gies of nonaromatic polyenes into the methyl-substituted aro-
matic isomers (Scheme 7).48

Since this method is based on the introduction of a methyl
group having little effect on arene aromaticity and on the iso-
merization reactions involving highly similar structures, the
evaluations deduced here are self-consistent.*® As a result,
the ASEs of silabenzene and germanaphthalene systems (34.0
and 33.8 kcal/mol) are found to be almost identical to that of
the parent benzene system (34.1 kcal/mol). On the other hand,
theoretical calculations (B3LYP/6-311G+G(d,p)) revealed
that the Si=C or Ge=C double bonds are inherently more reac-
tive than the C=C double bond, and the addition reactions of
water to HbM=CH, [AH = —64.3 (M = Si) and —48.0 M
= Ge) kcal/mol] are found to be much more exothermic than
that of ethylene (AH = —7.1 kcal/mol).

Diamagnetic Susceptibility Exaltation (A). Diamagnetic
susceptibility exaltation (A) is known to be another measure of
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Fig. 6. Calculated yx,, values (ppm cgs) for some germaar-
omatics and related hydrocarbons at the CSGT-HF/6-
31G(d) level.

aromaticity.*® The A value is defined as the difference between
the diamagnetic susceptibility of the system under investigation
(X and the diamagnetic susceptibility for a hypothetical ref-
erence system without cyclic electron delocalization ()yy):
A= Xm— Xw-

We have performed the evaluation of the ), for unsubstitut-
ed germabenzene and 2-germanaphthalane and the correspond-
ing aromatic hydrocarbons by employing Scheme 8 and also
the calculations of their ), values at the CSGT-HF/6-31G(d)
level (Fig. 6). As shown in Fig. 7, germabenzene and 2-germa-
naphthalene showed large negative A values (—19.5 and —27.9
ppm, respectively), which are comparable to those for benzene
(—22.7 ppm) and naphthalene (—30.4 ppm). Thus, the magnet-
ic criterion also indicated that germaaromatic species have the
same ring current effects as the corresponding hydrocarbon
aromatic compounds have.

Conclusion and Outlook

We have succeeded in the synthesis and isolation of the first
examples of stable neutral metallaaromatic compounds of
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Fig. 7. Calculated A values (ppm cgs) for some germaaro-
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heavier group 14 elements by taking advantage of an efficient
steric protection group, 2.4,6-tris[bis(trimethylsilyl)methyl]-
phenyl (Tbt). The molecular structures of kinetically stabilized
metallaaromatics obtained here were discussed on the basis of
their NMR, UV /vis, and Raman spectra, and X-ray crystallo-
graphic analysis. The deshielding observed in the 'HNMR
spectra of these systems strongly indicated the existence of
the same ring current effect as observed for aromatic hydrocar-
bon species. UV /vis and Raman spectra of the metallaaromatic
species showed patterns that closely resembled those of the cor-
responding hydrocarbon analogues, indicating the similarity in
their molecular frameworks, though the intrinsic bathochromic
shifts (UV/vis) and low wavenumber shifts (Raman) were
clearly observed for the heavy aromatics. X-ray crystallograph-
ic analyses experimentally demonstrated the planarity and other
structural features that indicate the delocalization of mr-elec-
trons in the metallaaromatic rings. These experimental results
were in good agreement with those obtained by theoretical cal-
culations.

The heavy aromatics here synthesized were allowed to react
with various reagents that show the high reactivity as metal—
carbon double bonds and/or their vinylogues. Although they
are kinetically stabilized with the bulky Tbt group, some of
them were found to undergo thermal dimerization reactions.
Tbt-substituted silabenzene underwent photochemical valence
isomerization into the corresponding silabenzvalene, while
the irradiation of 9-Tbt-9-silaanthracene resulted in the forma-
tion of novel 9,10-Dewar-9-silaanthracene. Furthermore, the
first stable 7°-germabenzene complexes 35-37 were synthe-
sized by the ligand exchange reactions of Tbt-substituted ger-
mabenzene 21 with [M’(CH3CN)3(CO)3] (M’ = Cr, Mo, and
W). These results are the first examples that show the aromatic
character of a germabenzene from the standpoint of its chemi-
cal reactivity. The aromaticity of metallaaromatic species of
heavier group 14 elements was also evaluated by theoretical
calculations [NICSs, ASEs, and diamagnetic susceptibility ex-
altation (A)]. Large negative NICS and A values, and theoret-
ical energetic evaluations strongly support the ring current ef-
fects and aromatic stabilization of the heavy aromatics here
synthesized.

In contrast to the successful isolation and characterization of
the kinetically stabilized sila- and germaaromatic compounds
here described, their heavier congeners such as stannabenzene
or plumbabenzene are still elusive and neither their isolation
nor spectroscopic detection has been achieved. In addition,
the synthesis of aromatic systems containing multiple heavier

Bull. Chem. Soc. Jpn., 77, No. 3 (2004) 439

group 14 elements such as dimetallabenzenes still remains as
the next target. The concept of kinetic stabilization should cer-
tainly be of great use for the synthesis of these unprecedented
heavy aromatic species.
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for Chemistry (Novel Organic Materials Creation & Transfor-
mation Project), from the Ministry of Education, Culture,
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vided at the Supercomputer Laboratory, Institute for Chemical
Research, Kyoto University.

References

1 K. S. Pitzer, J. Am. Chem. Soc., 70, 2140 (1948).

2 T.E. Gier, J. Am. Chem. Soc., 83, 1769 (1961).

3 T. C. Klebach, R. Lourens, and F. Bickelhaupt, J. Am.
Chem. Soc., 100, 4886 (1978).

4 M. Yoshifuji, I. Shima, N. Inamoto, K. Hirotsu, and T.
Higuchi, J. Am. Chem. Soc., 103, 4587 (1981).

5 A. G. Brook, F. Abdesaken, B. Gutekunst, G. Gutekunst,
and R. K. Kallury, J. Chem. Soc., Chem. Commun., 1981, 191.

6 R. West, M. J. Fink, and J. Michl, Science (Washington,
D.C.), 214, 1343 (1981).

7 For recent reviews on the applications of Tbt and Bbt
groups, see: a) N. Tokitoh, T. Matsumoto, and R. Okazaki, Bull.
Chem. Soc. Jpn., 72, 1665 (1999). b) R. Okazaki and N. Tokitoh,
Acc. Chem. Res., 33, 625 (2000). ¢) N. Tokitoh and R. Okazaki,
Coord. Chem. Rev., 210, 251 (2000). d) N. Tokitoh, J. Organomet.
Chem., 611, 217 (2000). e) N. Tokitoh and R. Okazaki, Adv. Orga-
nomet. Chem., 47, 121 (2001).

8 a) N. Tokitoh, Y. Arai, T. Sasamori, R. Okazaki, S. Nagase,
H. Uekusa, and Y. Ohashi, J. Am. Chem. Soc., 120, 433 (1998).
b) N. Tokitoh, Y. Arai, R. Okazaki, and S. Nagase, Science, 277,
78 (1997). ¢) T. Sasamori, N. Takeda, and N. Tokitoh, Chem. Com-
mun., 2000, 1353. d) T. Sasamori, N. Takeda, M. Fujio, M.
Kimura, S. Nagase, and N. Tokitoh, Angew. Chem., Int. Ed., 41,
139 (2002).

9 a) K. Hatano, N. Tokitoh, N. Takagi, and S. Nagase, J. Am.
Chem. Soc., 122, 4829 (2000). b) N. Tokitoh, K. Hatano, T. Sasaki,
T. Sasamori, N. Takeda, N. Takagi, and S. Nagase, Organometal-
lics, 21, 4309 (2002).

10 K. Nagata, N. Takeda, and N. Tokitoh, Angew. Chem., Int.
Ed., 41, 136 (2002).

11 a) G. Raabe and J. Michl, Chem. Rev., 85, 419 (1985). b)
G. Raabe and J. Michl, “The Chemistry of Organic Silicon Com-
pounds,” ed by S. Patai and Z. Rappoport, Wiley, New York
(1989), pp. 1102-1108. c) Y. Apeloig, “The Chemistry of Organic
Silicon Compounds,” ed by S. Patai and Z. Rappoport, Wiley, New
York (1989), pp. 151-166. d) A. G. Brook and M. A. Brook,
Adv. Organomet. Chem., 39, 71 (1996). e) Y. Apeloig and M.
Karni, “The Chemistry of Organic Silicon Compounds,” ed by
Z. Rappoport and Y. Apeloig, Wiley, New York (1998), Vol. 2,
chap. 1.

12 V. J. Minkin, M. N. Glukhovtsev, and Y. B. Simkin, “Aro-
maticity and Antiaromaticity; Electronic and Structural Aspects,”



440  Bull. Chem. Soc. Jpn., 77, No. 3 (2004)

Wiley, New York (1994).

13 a) W. P. Freeman, T. D. Tilley, L. M. Liable-Sands, and
A. L. Rheingold, J. Am. Chem. Soc., 118, 10457 (1996). b) B.
Goldfuss, P. v. R. Schleyer, and F. Hampel, Organometallics,
15, 1755 (1996). c¢) B. Goldfuss and P. v. R. Schleyer, Organome-
tallics, 16, 1543 (1997). d) S.-B. Choi, P. Boudjouk, and P. Wei,
J. Am. Chem. Soc., 120, 5814 (1998). e) J. M. Dysard and T. D.
Tilley, J. Am. Chem. Soc., 120, 8245 (1998).

14 a) A. J. Arduengo, III, H. Bock, H. Chen, M. Denk, D. A.
Dixon, J. C. Green, W. A. Hermann, N. L. Jones, M. Wagner,
and R. West, J. Am. Chem. Soc., 116, 6641 (1994). b) R. West
and M. Denk, Pure Appl. Chem., 68, 785 (1996). c) C. Heinemann,
T. Miiller, Y. Apeloig, and H. Schwarz, J. Am. Chem. Soc., 118,
2023 (1996). d) C. Boehme and G. Frenking, J. Am. Chem. Soc.,
118, 2039 (1996). e) R. West, J. J. Buffy, M. Haaf, T. Miiller, B.
Gehrhus, M. F. Lappert, and Y. Apeloig, J. Am. Chem. Soc.,
120, 1639 (1998).

15 a) B. Solouki, P. Rosmus, H. Bock, and G. Maier, Angew.
Chem., Int. Ed. Engl., 19, 51 (1980). b) G. Maier, G. Mihm, and
H. P. Reisenauer, Angew. Chem., Int. Ed. Engl., 19, 52 (1980). c)
C. L. Kreil, O. L. Chapman, G. T. Burns, and T. J. Barton, J.
Am. Chem. Soc., 102, 841 (1980). d) G. Maier, G. Mihm, and H.
P. Reisenauer, Chem. Ber., 115, 801 (1982). e) G. Maier, G. Mihm,
R. Otto, W. Baumgiirtner, and H. P. Reisenauer, Chem. Ber., 117,
2337 (1984). f) G. Maier, K. Schottler, and H. P. Reisenauer, Tet-
rahedron Lett., 26, 4079 (1985). g) Y. van den Winkel, B. L. M.
van Barr, F. Bickelhaupt, W. Kulik, C. Sierakowski, and G. Maier,
Chem. Ber., 124, 185 (1991). h) H. Hiratsuka, M. Tanaka, T.
Okutsu, M. Oba, and K. Nishiyama, J. Chem. Soc., Chem. Com-
mun., 1995, 215. 1) H. Hiratsuka, M. Tanaka, H. Horiuchi, Naris,
T. Yoshinaga, M. Oba, and K. Nishiyama, J. Organomet. Chem.,
611, 71 (2000). j) M. Oba, Y. Watanabe, and K. Nishiyama, Orga-
nometallics, 21, 3667 (2002).

16 a) Y. W.Kwak, J. B. Lee, K. K. Lee, S. S. Kim, and B. H.
Boo, Bull. Korean Chem. Soc., 15, 410 (1994). b) Y. W. Kwak, K.
K. Lee, and S. D. Yoh, Bull. Korean Chem. Soc., 18, 552 (1997).

17 Recent reviews on low-coordinated organosilicon com-
pounds: a) R. Okazaki and R. West, Adv. Organomet. Chem., 39,
232 (1996). b) M. Driess, Adv. Organomet. Chem., 39, 193
(1996); See also Ref. 11a.

18  G. Mirkl and P. Hofmeister, Angew. Chem., Int. Ed. Engl.,
18, 789 (1979).

19  G. Mirkl and W. Schlosser, Angew. Chem., Int. Ed. Engl.,
27, 963 (1988).

20 P. Jutzi, M. Meyer, H. P. Reisenauer, and G. Maier, Chem.
Ber., 122, 1227 (1989).

21 As for germole dianion species, see: a) J.-H. Hong and P.
Boudjouk, Bull. Chem. Soc. Fr., 132, 495 (1995). b) R. West, H.
Sohn, D. R. Powell, T. Miiller, and Y. Apeloig, Angew. Chem.,
Int. Ed. Engl., 35, 1002 (1996). c¢) S.-B. Choi, P. Boudjouk, and
J.-H. Hong, Organometallics, 18, 2919 (1999). d) S.-B. Choi, P.
Boudjouk, and K. Qin, Organometallics, 19, 1806 (2000).

22 B. Goldfuss and P. v. R. Schleyer, Organometallics, 14,
1553 (1995).

23 As for transition metal complexes having a germole ligand,
see: a) W. P. Freeman, T. D. Tilley, A. L. Rheingold, and R. L.
Ostrander, Angew. Chem., Int. Ed. Engl., 32, 1774 (1993). b) J.
M. Dysard and T. D. Tilley, J. Am. Chem. Soc., 120, 8245
(1998). ¢) W. P. Freeman, J. M. Dysard. T. D. Tilley, and A. L.
Rheingold, Organometallics, 21, 1734 (2002).

24 a) G. Mérkl and D. Rudnick, Teterahedron Lett., 21, 1405
(1980). b) G. Mirkl, D. Rudnick, R. Schulz, and A. Schweig,

AWARD ACCOUNTS

Angew. Chem., Int. Ed. Engl., 21, 221 (1982).

25 M. S. Gordon, P. Boudjouk, and F. Anwari, J. Am. Chem.
Soc., 105, 4972 (1983).

26 M. Weidenbruch, S. Willms, W. Saak, and G. Henkel,
Angew. Chem., Int. Ed. Engl., 36, 2503 (1997).

27  For the preparation of TbtBr and its typical application, see:
R. Okazaki, N. Tokitoh, and T. Matsumoto, “Synthetic Methods of
Organometalic and Inorganic Chemistry,” ed by W. A. Herrmann,
Thieme, New York (1996), Vol. 2 (Vol. ed by N. Auner and U.
Klingebiel), pp. 260-269.

28 a) H. Suzuki, N. Tokitoh, S. Nagase, and R. Okazaki, J.
Am. Chem. Soc., 116, 11578 (1994). b) H. Suzuki, N. Tokitoh,
R. Okazaki, S. Nagase, and M. Goto, J. Am. Chem. Soc., 120,
11096 (1998). c¢) N. Tokitoh, T. Matsumoto, K. Manmaru,
and R. Okazaki, J. Am. Chem. Soc., 115, 8855 (1993). d) T.
Matsumoto, N. Tokitoh, and R. Okazaki, Angew. Chem., Int. Ed.
Engl., 33, 2316 (1994). e) N. Tokitoh, T. Matsumoto, and R.
Okazaki, J. Am. Chem. Soc., 119, 2337 (1997). f) N. Tokitoh, M.
Saito, and R. Okazaki, J. Am. Chem. Soc., 115, 2065 (1993). g)
M. Saito, N. Tokitoh, and R. Okazaki, J. Am. Chem. Soc., 119,
11124 (1997).

29 a) K. Wakita, N. Tokitoh, R. Okazaki, and S. Nagase,
Angew. Chem., Int. Ed., 39, 634 (2000). b) K. Wakita, N. Tokitoh,
R. Okazaki, N. Takagi, and S. Nagase, J. Am. Chem. Soc., 122,
5648 (2000).

30 N. Takeda, A. Shinohara, and N. Tokitoh, Organometallics,
21, 4024 (2002).

31 a) N. Tokitoh, K. Wakita, R. Okazaki, S. Nagase, P. v. R.
Schleyer, and H. Jiao, J. Am. Chem. Soc., 119, 6951 (1997). b)
K. Wakita, N. Tokitoh, R. Okazaki, S. Nagase, P. v. R. Schleyer,
and H. Jiao, J. Am. Chem. Soc., 121, 11336 (1999). ¢) K. Wakita,
N. Tokitoh, and R. Okazaki, Bull. Chem. Soc. Jpn., 73, 2157
(2000).

32 N.Takeda, A. Shinohara, and N. Tokitoh, Organometallics,
21, 256 (2002).

33 N. Nakata, N. Takeda, and N. Tokitoh, J. Am. Chem. Soc.,
124, 6914 (2002).

34 a) N. Nakata, N. Takeda, and N. Tokitoh, Organometallics,
20, 5507 (2001). b) N. Nakata, N. Takeda, and N. Tokitoh,
Organometallics, 22, 481 (2003).

35 For the attempted deprotonation of 9,10-dihydro-9-halo-
geno-9-silaanthracene, see: F. Bickelhaupt and G. L. V. Mourik,
J. Organomet. Chem., 67, 389 (1974).

36 K. Nishiyama, M. Oba, H. Takagi, I. Fujii, N. Hirayama,
Naris, H. Horiuchi, T. Okutsu, and H. Hiratsuka, J. Organomet.
Chem., 604, 20 (2000).

37 T. Sasamori, N. Takeda, and N. Tokitoh, unpublished
results.

38 As for the scaling factor for the theoretical calculations
of vibrational frequencies, see: C. W. Bauschlicher, Jr. and H.
Partridge, J. Chem. Phys., 103, 1788 (1995).

39 K. Wakita, Ph. D. Thesis, The University of Tokyo, 2000.

40 A. Shinohara, N. Takeda, and N. Tokitoh, J. Am. Chem.
Soc., 125, 10804 (2003).

41 a) N. Nakata, N. Takeda, and N. Tokitoh, Chem. Lett., 2002,
818. b) N. Nakata, N. Takeda, and N. Tokitoh, J. Organomet.
Chem., 672, 66 (2003).

42 N. Nakata, N. Takeda, and N. Tokitoh, Angew. Chem., Int.
Ed., 42, 115 (2003).

43 a) D.P. Tate, W. R. Knipple, and J. M. Augl, Inorg. Chem.,
1, 433 (1962). b) R. B. King, J. Organomet. Chem., 8, 139 (1967).

44 B. E. Mann, J. Chem. Soc., Dalton Trans., 1973, 2012.



N. Tokitoh

45 M. G. Evdokimova, B. M. Yavorskii, V. N. Trembouler, N.
K. Baranetskaya, V. U. Krivyk, and G. B. Zaslavskaya, Dokl. Phys.
Chem., 239, 394 (1978).

46  For IR studies on [(7%-CgHg)M’(CO)3], see: a) M’ = Cr; C.
A. L. Mahaffy and P. L. Pauson, Inorg. Synth., 19, 154 (1979). b)
M’ = Mo; A. N. Nesmeyanov, V. V. Krivykh, V. S. Kaganovich,
and M. 1. Rybinskaya, J. Organomet. Chem., 102, 185 (1975). ¢)
M’ = W; R. B. King and A. Fronzaglia, Inorg. Chem., 5, 1837
(1966).

47 a)P.v.R. Schleyer, C. Maerker, A. Dransfeld, H. Jiao, J. R.
Nicolaas, and v. E. Hommes, J. Am. Chem. Soc., 118, 6317 (1996).

Bull. Chem. Soc. Jpn., 77, No. 3 (2004) 441

b) P. v. R. Schleyer, H. Jiao, J. R. Nicolaas, v. E. Hommes, V. G.
Malkin, and O. L. Malkina, J. Am. Chem. Soc., 119, 12669 (1997).

48 P. v. R. Schleyer and F. Piihlhofer, Org. Lett., 4, 2873
(2002).

49 a) H. J. Dauben, Jr., J. D. Wilson, and J. L. Laity, J.
Am. Chem. Soc., 90, 811 (1968). b) H. J. Dauben, Jr., J. D. Wilson,
and J. L. Laity, J. Am. Chem. Soc., 91, 1991 (1969). ¢) D. V.
Simion and T. S. Sorensen, J. Am. Chem. Soc., 118, 7345
(1996).

50 G. Subramanian, P. v. R. Schleyer, and H. Jiao, Organome-
tallics, 16, 2362 (1997).

Norihiro Tokitoh, born in 1957, received his Ph. D. at The University of Tokyo in 1985. He became
Research Associate (1986) and assistant professor (1987) at Tsukuba Univ., and then Assistant
Professor (1989) and Associate Professor (1994) at The Univ. of Tokyo. He was promoted to Pro-
fessor of Chemistry at the Institute for Fundamental Research of Organic Chemistry, Kyushu Uni-
versity, in 1998. He moved to Kyoto University as Professor of the Organoelement Chemistry Lab-
oratory at the Institute for Chemical Research in 2000. He has been Visiting Professor of Coordi-
nation Chemistry Laboratories at the Institute for Molecular Sciences during the period 2001—
2003. His main research fields are organoheteroatom and organometallic chemistry, and his current
research interests are focused on the kinetic stabilization of highly reactive, low-coordinate com-
pounds of heavier main group elements. He received the Progress Award in Synthetic Organic
Chemistry of Japan in 1992, the Progress Award in Silicon Chemistry of Japan in 1996, the Japan
IBM Science Award in 1998, and the Bulletin of Chemical Society of Japan Award in 2002.




