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This review article describes the initial work on the sila- and germacyclopropabenzenes, the heavier
congeners of cyclopropabenzenes that have a silicon or germanium atom instead of a carbon atom as the
bridging atom of its cyclopropabenzene skeleton. The key factor in their successful preparation is the
development of a synthetic method that is effective under mild conditiansthe reaction of a dilithio
compound (Tht(Dip)MLi (M = Si, Ge)) that has effective steric protective groups, 2,4,6-tris[bis-
(trimethylsilyl)ymethyllphenyl (denoted as Tht) and 2,6-diisopropylphenyl (denoted as Dip), with 1,2-
dibromobenzene at-78 °C. These were successfully applied to the synthesis of not only sila- and
germacyclopropabenzenes but also stable bis(sila- and germacyclopropa)benzenes with two sila- and
germacyclopropene rings fused to one benzene ring. These compounds are the heavier congeners of the

unknown bis(cyclopropa)benzene derivative.

1. Introduction

The chemistry of cycloproparenes has fascinated organic
chemists, due to the balance of the aromatic character of the
arene moiety and the angular strain in the three-membered ring,

which result in their unique propertiég.he history of cyclopro-

pabenzene dates back to the 1960s, when Anet et al. reporte

the cycropropabenzene derivatil.é The successful preparation
of the parent cyclopropabenzeby Vogel, Grimme, and Korte
followed soon thereaftérNow, a variety of synthetic methods
for cycloproparenes have been established and reptrtdthe

by B. Halton! one of the authorities on such chemistry, are
quite adequate.

On the other hand, the chemistry of heteracyclopropaben-
zenes, which have a heteroatom as the bridging atom of their
cyclopropabenzene skeletons instead of a carbon atom, has also

(geen an important touchstone for the SIBL effect in cyclopro-

arene derivative¥. Although a few transition metal cyclopr-
opabenzene analogues such3&snd 41° have been reported
as stable compounds, their structures and properties strongly
indicate that they are closer to being benzyne complexes rather
than metallacyclopropabenzenes. Despite many theoretical

chemistry of cycloproparenes has been expanded through thepredictions“;'5v7'11v12no stable example of a heteracyclopropa-

concept of strain-induced bond localization (SIBEwwhich has

benzene other than the benzyne complexes (the formal metal-

been controversial since the introduction of the hypothesis of |5¢yclopropabenzens) has been reported. It may be that they

the Mills—Nixon effects? Although many studies (X-ray crystal-

might undergo ready polymerization or isomerization due to

lographic analyses, physical properties, chemical reactivities, thejr extremely high reactivity and/or inherent instabiftyThe
and theoretical calculations) have been devoted to the queStiOT‘generation of benzothiirer®3-15 and benzoselenirers (thia-

of the presence or absence of the MilSixon effect (or reverse

and selenacyclopropabenzene derivatives) was postulated as

Mills —Nixon effect)?>” no clear conclusion has been reached reactive intermediates of photochemical reactions of the cor-
as yet® This review does not cover the details of the chemistry responding 1,2,3-benzochalcogenadiazdleand 8 in low-
of the all-carbon cycloproparenes, since the historical accountstemperature matrixes based on the IR spectra. However, the
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reaction of11, underwent ready dimerization to afford thian- 25 64-; 43-7‘:' 6-7? 33;_:';4
threne (2).1 In addition, the FVP (flash vacuum pyrolysis) of ;?26 _22'5 _;g's; _1%'2- _112'7
isatin (L3) or tetrazolel4 was reported to afford the intermediary ' g5 ' ’

benzazirine (azacyclopropabenzeb®&)which underwent ready a . .
isomerization leading 10 the formation 4B17 Thus, it was gy e S7ef) 0f the sometl s set to 0.0 kcalrl as 2 sandad.
found to be difficult to suppress the high tendency toward 20, d'Singlet species is more stable than the triplet speéigaio isomers
isomerization and/or dimerization of the heteracyclopropaben- were found as local minimumiTriplet species is more stable than the singlet
zenes and to isolate them as stable compounds. species? syn isomer.h anti isomer.| The_IocaI mi_nimum was not found.

Above all, silacyclopropabenzenes (benzosilirenes) are a' The N atoms showed planar geometrieSransition state.
fascinating class of organosilicon compounds, since silicon-
containing three-membered silirene ring systems have been well
studied and have attracted much attention from the viewpoints
of their strained molecular structures and unigue reactivities.
Unfortunately, the conventional synthetic methods for cyclo-
propabenzenes or silicon-containing three-membered-ring com-
pounds are difficult to apply to the construction of a silacyclo-
propabenzene skeleton. Silacyclopropaben&mweas postulated
as a highly reactive intermediate in the photolysis of PhSfH
It was reported to undergo dissociation into benz{#8eand
silylene 19 (Scheme 4). However, there have been no claims
of a stable silacyclopropabenzene. . " oo :

Tokitoh et al. gerfc?rm?ed preliminary theoretical calculations under mild CODdItIOﬂS. anq "'f?e“ca”y well protected in order
on possible valence isomers of some heteracyclopropabenzene® Prevent their self-dimerization. .

We have spent much effort to synthesize the heteracyclopr-
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Org. Chem.2001, 2209-2220, and references therein.
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(Table 1): sila-, phospha-, aza-, and thiacyclopropabenzene
derivativest® In all cases, the calculation indicated that the
dimerization of isomer20 should be a highly exothermic
reaction. It should be noted that the cyclopropabenzene ana-
logues20aand20b are surprisingly more stable than the other
valence isomers2(l—26) in the cases of E= SiPh and PPh,
while the corresponding 2,4-cyclopentadien-1-ylidene isomers
24c and 24d are the most stable among the isomers forE
NPh and S. The results of these theoretical calculations led us
to believe that the sila- and phosphacyclopropabenzene deriva-
tives should be accessible and isolable when they are synthesized
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reduction of the corresponding dibromosilaB2 and dibro-
mogermaneg3 bearing bulky substituents, Tht and Dip groups
(Scheme 8). The reduction @& and 33 with an excess of
lithium naphthalenide at-78 °C in THF afforded the corre-
sponding dilithio derivative80and31, respectively, the almost
guantitative generation of which was confirmed by trapping
reactions including those with Mel and,O (Scheme 8).
Recently, much attention has been devoted to dilithio deriva-
tives of silicon and germanium as unique functional reagents.
Suitable Precursors for the Sila- and We ha\{e applied the dilithio compound@® and 31 to the
Germacyclopropabenzenes synthesis of novel doubl_y bon_ded systems _such asa s_llanet_ellone
] ) and a germanetellone via their reactions with L&€8ekiguchi
Many synthetic routes have been established for the cyclo- 5nq co-workers have reported the stable dilithio derivatives
propabenzenes, as shown in ScherﬁeH@wever,l all of them (R:MLio, M = Si, Ge, R= bulky silyl substituent) and their
could not be applicable to the preparation of sila- and germa- ;e in the synthesis of heteronuclear doubly bonded compounds
cyclopropabenzenes, since the corresponding precursors, whichyt sjlicon and germaniurf® With the overcrowded diaryldil-
should be hindered by bulky substituents for the kinetic jwiosilane30 and diaryldilithiogerman&1 in hand, we inves-
stabilization of the resulting sila- and germacyclopropabenzenes,tigated their reactions with 1,2-dibromobenzene in the hope of
may not be easily available. We developed a novel synthetic preparing sila- and germacyclopropabenzenes.
strategy for the sila- and germacyclopropabenzeresaireac- Unfortunately, dilithiosilang0and dilithiogerman&1 were
tion of a dilithiosilane or dilithiogermane with a 1,2-dihaloben- |, sufficiently stable to allow their isolation at ambient
zene, based on a previous repbdf the reaction of a silyllith- temperature. Trapping experiments w&h and 31 using DO
ium?! with a halobenzene giving the corresponding arylsilane 4 \ariable temperatures showed tBatgradually underwent
(Scheme 7). _ o ~_ Li—H exchange at thertho-position of the Tbt group at around
During the course of our investigation on the kinetic o °c tg afford 34, while 30 underwent such rearrangement
stabilization of the low-coordinated compounds of heavier group giving 35 at around—50 °C (Scheme 9). Since it was found

14 elements, it was found that diaryldilithiosilai¥€”? and that30 and31 certainly are generated by this method in THF
diaryldilithiogermanes123 could be generated by the exhaustive

X .
Lic R

@sKR > ©i + s
R X L R

R = bulky substituent

X = halogen

cyclopropabenzene9), and unique related compounds. This
article is intended to review the recent advances in the chemistry
of stable sila- and germacyclopropabenzenes.

2. Generation of Dilithiosilane and Dilithiogermane,
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at —78 °C, we found that they could be utilized for synthetic
purposes at that temperature.

3. Synthesis of the First Stable Sila- and
Germacyclopropabenzenes

Treatment of the dilithio derivative30 and 31 prepared as
described above with 1 equiv of 1,2-dibromobenzene a8
°C resulted in the formation of the first stable sila- and
germacyclopropabenzen@8>26and29,2’ respectively, which
were isolated via the purification process using HPLC (toluene)
and PTLC (SiQ, hexane) as colorless, prismatic crystalline
compounds in 34% (foR8) and 40% (for29) yields (Scheme
10). These formal double-substitution reactions of agEAr,

(E = Si, Ge) with 1,2-dibromobenzene represent an entirely
new approach to the synthesis of heteracyclopropabenzenes.

The mechanism for the formation @B and29 probably is
not a simple substitution process but must be a more complicate
reaction, possibly the addition of silylendd® and germylenoid
37, which might be initially formed by L+Br exchange as
shown in Scheme 11, to benzyne generated by the 1,
elimination of LiBr fromo-bromolithiobenzene. Intramolecular
cyclization of the resulting-lithiophenylsilane and germanes
(38 and 39) then would follow (Scheme 11).

Compounds28 and 29 have sufficient solubility in organic The molecular structures of the heteracyclopropabenzZhes
solvents (hexane, CHglbenzene, and so on). In tAE and and29were determined by X-ray crystallographic analysis (Fig-
13C NMR spectra of the isolated sila- and germacyclopropa- ure 1). The benzene skeletons2# and 29 were found to be
benzeneg8and29, the signals attributed to the H and C atoms similar to each other and have completely planar geometries.
on the heteracyclopropabenzene rings were observed in then both cases, the sums of bond angles at the juncture carbons
general aromatic region. Thus the aromatic ring current effects (C1 and C2) are almost 380and those of interior bond angles
of the central benzene rings are retained. PA®i NMR in the benzene rings are 720rhe selected bond lengths and
spectrum of28 showed a signal at high field{104.8 ppm) angles o28 and29 are listed in Table 2 together with those of
characteristic of an Si-containing three-membered ring com- cyclopropabenzen#® and those theoretically optimized for the
pound?® Heteracyclopropabenzen8 and 29 were found to model compounds of the sila- and germacyclopropabenzenes
be thermally very stable. They had not decomposed after they(41ab and42ab).

Figure 1. Molecular structures of (a8 and (b) 29 (thermal
ellipsoid plots at 50% probability).

solutions. The germacyclopropabenze2@ undergoes slow
ddecomposition on silica gel during the purification procedure
(SiOx/hexane), giving the ring-opened hydrolyzed prodd@t

in contrast to the silacyclopropabenzed® which can be
2_purified without any decomposition by silica gel column
chromatography under the same conditions.

4. Structures of the Metallacyclopropabenzenes

had been heated to their melting poi@8(257 °C; 29, 235— Itis well known that annelation of a small ring to an aromatic
237°C) and remained undecomposed at 280in tolueneelg system usually causes deformation of the aromatic ring. In com-

- - parison with the typical €C distances in benzene (ca. 1-39
(25) Hatano, K.; Tokitoh, N.; Takagi, N.; Nagase JSAm. Chem. Soc. 1.40 A), an extreme shortening of the juncture bmd|ong

zoc()geﬁijfrﬁsgﬁ“?ioétano K- Sasaki T Sasamori. T. Takeda N. Witha slight shortening of its neighboring borliss observed

Tokitoh, N.; Takagi, N.; Nagase, $. Organomet. Chen2003 686, 118— for cyclopropabenzeng. The angles ob, ¢, and{ observed

12?. ) Tokitoh y ced for 2 deviate considerably from the ideal value (1p6r a
27) Tokitoh, N.; Hatano, K.; Sasaki, T.; Sasamori, T.; Takeda, N.; i i i -

Takagi, N.: Nagase, rganometallic2002 21, 43004311 typlcal bond anglt_e of an dgarbon atom. Despite such dlst_or
(28) Roskamp, E.; Roskamp, C. @omprehensie Heteracyclic Chem-  tions, the conclusion on the structurefvas that the aromatic

istry II; Padwa, A., Ed.; Pergamon: Oxford, 1996; Vol. 1A, pp 3G31. s-electron delocalization is retained in the central benzene ring.
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Table 2. Observed and Calculated Structural Parameters
for the Metallacyclopropabenzenes and Cyclopropabenzenes

.R
@E‘R'

2: ERR'=CH,

28: ERR' = Si(Tbt)Dip
29: ERR' = Ge(Tbt)Dip
41a: ERR = SiH,

41b: ERR = SiPh;
42a: ERR = GeH;
42b: ERR = GePh,

bond lengths

bond angles

c b
e Y
ERR' BLERR'
o

2 28 20 29 Mg 41 424 421

a/A  1.334(4) 1.390(4) 1.391(3) 1.344 1.392 1.399 1.381 1.389

b/A  1.363(3) 1.388(4) 1.385(3) 1.375 1.392 1.393 1.390 1.391
1.394(4) 1.388(3)

c/A  1.387(4) 1.381(4) 1.392(3) 1.407 1.389 1.389 1.393 1.392
1.383(4) 1.391(3)

/A 1.390(5) 1.403(5) 1.397(3) 1.398 1.405 1.405 1.403 1.402

e/A  1.498(3) 1.826(2) 1.932(2) 1.503 1.817 1.819 1.924 1.929
1.828(3) 1.940(2)

o/deg 52.8(2) 44.7(1) 42.11(8) 53.1 453 452 421 422

Bldeg 63.6(1) 67.6(2) 68.6(1) 63.4 675 67.4 69.0 68.9
67.7(1) 69.3(1)

yldeg 171.7(2) 170.9(2) 169.5(2) 172.1 170.7 171.1 168.7 169.2
171.0(3) 168.7(2)

Sldeg 124.5(2) 121.3(3) 121.9(2) 124.4 121.9 1215 122.3 121.9
121.5(2) 122.0(2)

eldeg 113.2(2) 117.3(3) 116.5(2) 113.4 1165 117.0 116.0 1165
117.3(3) 116.3(2)

Gideg 122.4(2) 121.2(3) 121.6(2) 122.2 121.6 1215 121.7 1216

121.43) 121.7(2)

aX-ray at—150°C, see ref 29 X-ray at—170°C, see ref 25¢ X-ray
at —170°C, see ref 279 Optimized structure at B3LYP/ 6-311G(2d,p).
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Figure 2. Calculated structural parameters for diphenylcyclopr-

opabenzene and its heavier congeners at the B3LYP/6'3116(20‘vp)pabenzene have appeared sc-faost of them are the addition
(TZ(2d) for Si, Ge, Sn, Pb) level.

Sila- and germacyclopropabenze@8sand29 have slightly
squashed benzene moieties, in which all bond angles deviatereagents were found to attack the electron-richond or the
from the ideal spbond angles (129, although the degree of
the distortion of the bond angles in the case2®@and29 is
smaller than that of cyclopropabenzeheSuch a tendency of
the bond angles in the central benzene riagy > 12C° > )
can be interpreted in terms of the influence of the three- strain energies and/or the steric hindrance caused by the two
membered-ring annelation. Interestingly, no obvious bond bulky substituents, the Tbt and Dip groups. However, germacyclo-
shortening (and elongation) was observed for [8kand 29,
in contrast to the case of cyclopropabenz@nén particular,

the most extreme structural difference between the hydrocarbon

system2 and the sila- and germacyclopropabenzer2&ahd
29) is the lengths between the juncture carbon atem<(—

Scheme 12
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C2), indicating that the strain energies at the juncture carbon
atoms are released in the case28®tnd29 due to the longer
C—M (M = Si, Ge) bond lengths than that of-C. The X-ray
crystallographic analysis d¥8 and 29 strongly suggests that

the distinct molecular distortion and bond localization observed
for cyclopropabenzen2 are characteristic of only the carbon
system due to the tight annelation, but are not observed for the
heavier element (Si, Ge) systems. One can also see the singular-
ity of the structure of the carbon system, cyclopropabenzene, in
the systematic calculations of the structural parameters of di-
phenylcyclopropabenzene and its heavier congeners (sila-, germa-,
stanna-, and plumbacyclopropabenzene), as shown in Figtre 2.
These theoretical studies suggest that the central benzene ring
of the cyclopropabenzene derivative is strangely deformed
(especially, the juncture boraand the bond angle as compar-

ed with those of the heavier analogues. In addition, the central
metallacyclopropabenzene moietie28fand29 should be less
perturbed by the bulky substituents, Tbht and Dip, since the
structural parameters theoretically optimized for the model
compounds4lab and 42ab, having less bulky substituents,
are in good agreement with those observed Z8rand 29,
indicating these structural features28 and 29 should be the
inherent characters of the corresponding sila- and gremacyclo-
propabenzenes.

5. Reactions of the Metallacyclopropabenzenes
While a great number of papers on the reactivity of cyclopro-

reactions leading to ring opening and ring expansion of its three-
membered ring to release the strain energy. In most cases, the

strainedo-bond of the three-membered rings of the cyclopr-

opabenzenes. In contrag8 and 29 do not react with MeOH,
MesCNO, andnCPBA at all. The insensitivity o28 and 29

toward such reactive reagents most likely is due to the smaller

propabenzen29 appears to be more reactive thz8) as shown
by its gradual hydrolysis on silica gel (Sifpas noted abov€.

It has been reported that cycloproparenes react with carbonyl

complexes of group 6 metals to give the corresponding
cyclobutanone derivatives via the insertion of a=Q unit
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Scheme 14 Scheme 15
Tht, o - . Tot, _Dip
@G({Tpt [M(CO)q] @EGG{O P @Gé . @G—e/\ - @/\G‘?o
Dip 135°C c( (,\Dip >\ +Dup c
29 (n-Bu),O/THF \M'(CO)5 9 |c|)) N|| (O
) i hco
50: M = W (26%) M'(CO)s (COs
toward the cyclopropene ring. For example, benzocyclobutanone Scheme 16
43 and naphthocyclobutanodd were obtained by the reactions Tht
of [Cr(CO)(CHsCN)s] with cyclopropabenzen® and H- @:Ge/Tbt [Coy(CO)el ©>_G§-Dip
cyclopropap]naphthalenet5, respectively (Scheme 13#)In “Dip 135°C o
contrast, bis-silylated derivativi& was found to react with the 29 (n-Bu),0 51
carbonyl complexes of chromium to give the corresponding SiMe.
s-bonded tricarbonylchromium complei?.3t Dip SiM e“’;
In the case of germacyclopropabenz@3eunique reaction [Mny(CO)10l Qe
modes were found in the reactions with metal carbonyl 80 °C SiMes
complexes, but silacyclopropabenzep® was found to be (n-Bu),0 MesSi  SiMe, .
completely inert toward such transition metal complexes. 5 SiMes

Thermal reactions 029 with [M'(CO)] (M' = Cr, Mo, and
W) resulted in the formation of the corresponding 1,2-oxager-

molan-5-ylidene pentacarbonyl metal comple#8s 50, which is unclear at present, it can be most likely interpreted in terms

were obtained as stable deep red crystals (Schem&i#Jhe of an initial nucleophilic attack by the oxygen atom of 'tM
products48—50 should be considered as a unique type of (COJl to the oxophilic germanium atom of the germacyclopr-
Fischer carbene complex, even though they are fairly stable °Pabenzene ring i29 followed by ring expansion, as shown
toward air and moisture. In thEC NMR spectra 048—50, in Scheme 15.

the signals were observed at 336.7, 327.7, and 311.0 ppm, The reactions of germacyclopropabenzeie with other
respectively, which are consistent with those of typical Fischer- carbonyl complexes, [GECO)] and [Mmn(CO)], also have
type carbene complexééin addition, the molecular structures  been reporte@ Heating a solution 029 and [Ce(CO)] in

of the complexes#48—50 were determined by X-ray crystal- n-Bu,O led to the formation of the corresponding benzoger-
lographic analysis (Figure 3). In all cases, their 1,2-oxager- macyclobutanoneb1, which is probably obtained via the
insertion of a carbon monoxide into the-Ge bond of the
germacyclopropene ring. Here, the unique reaction mo@s of
with [Co,(CO)g] was found to be the same as that observed in
the reaction of cyclopropabenzepevith [Cr(CH3CN)3(CO)],
which gave benzocyclobutenoa8®© (Scheme 13a). Compound
51 was stable toward air and moisture, and the molecular
structure of this novel cyclic compound was confirmed by
spectroscopic and X-ray crystallographic analyses. T
NMR spectrum o1 in CgDg showed a singlet at 225.0 ppm,
which is assignable to that of the carbonyl carbon adjacent to
the Ge atom. In addition, the reaction @0 with carbon
monoxide instead of [CYHCO)] was attempted in the expecta-
tion of simple CO insertion into the GeC bond o0f29 to give

51. Although the toluene solution &f9 was heated at 158C

for 3 days under carbon monoxide atmosphere in an autoclave,
51 was not formed29 was recovered unchanged. Therefore,
[Coy(CO)] can be considered to be a necessary reactant in this

molene rings and the metal moieties are nearly coplanar. Theréaction leading to the formation &fl.

C(carbene)}M’ bond lengths [2.050(3) A4@), 2.194(5) A ¢9), When 29 was treated with an excess of [M@O)] in

and 2.194(4) A %0)] are comparable with those of the n-BuO at 80°C, an unexpected cyclic compound, germacy-

corresponding alkoxycarbene complexes of group 6 metals. clobutabenzen®2, was obtained as stable colorless crystals

Although the formation mechanism for the compleX&s-50 (Scheme 16). The structure 62 was confirmed by spectral

data and X-ray crystallographic analysis. In this case, a carbonyl
.(29)‘ Nc::‘idlein, R.;_Christen, D.; Poigheé.; Boese, R.; Blger, D.; Gieren, group of [Mny(CO),(] is not contained in the product. Compound

e izpaez, C.; Hibner, TAngew. Chem., Int. Ed. Endl988 27,294~ 57 may have been generated just by self-isomerization via ring
(30) Mtiler, P.; Bernardinelli, G.; Jacquier, Helv. Chim. Actal992 rearrangement. Although the formation mechanism52ris

75, 1995-2008. o ) ) not clear at present, the intermediacy of the [Mn(g}@dical,
(31) (a) Mler, P.; Bernardinelli, G.; Jacquier, Helv. Chim. Actal988

71, 1328-1330. (b) Miller, P.; Bernardinelli, G.; Jacquier, Y.; Ricca, A.

Figure 3. Molecular structure ofi8.

Hely. Chim. Actal989 72, 1618-1626. (34) (a) Bodner, G. M.; Kahl, S. B.; Bork, K.; Storhoff, B. N.; Wuller,
(32) Tajima, T.; Sasaki, T.; Sasamori, T.; Takeda, N.; TokitohCNem. J. E.; Todd, L. JInorg. Chem.1973 12, 1071-1074. (b) Lattuada, L.;

Commun2004 402—-403. Licandro, E.; Maiorana, S.; Molinari, H.; Papagni,@rganometallicsL991,
(33) Tajima, T.; Sasaki, T.; Sasamori, T.; Takeda, N.; TokitohAppl. 10, 807-812. (c) Segundo, A.; Morétal. M.; Vifas, J. M.; Ricart, S.;

Organomet. ChenR005 19, 570-577. Molins, E. Organometallicsl994 13, 2467-2471.
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Scheme 17 Scheme 19
Tbt [Mn(CO)l* Dip Dis Tbt
Ge. B & ———= Ge —_— ~Thbt (a) Ge-Dip
Dip . Gel . — !
. Dip insertion Zz
29 2 Di (a)
A IS @ 121 53-55
Me3S| S|Me3 29
Dip  Dis Dip  Dis I;'bt_D‘
QGe - Qee ®) e-Uip I
addition A rearrangement
MesSi Dis Me;Si Dis z
SiMe, SiMe, 56 Z=8,8e,Te
Scheme 20

Dlip Dis

. i X
Me3SI SiMe3 Dis X

Dis = CH(SiMe3) X
52 v (X = Cl or Br) X
58 57
Scheme 18
ot Scheme 21
Dip 53:2=S
g T2t Se Se.orTe GeDip 24 7-Se Ph _Tht Te L
Dip CeDe Z 55- Z=Te | ~Ge__. Te=Ge
o : Tip CeHe N
29 135°C Ph 90 °C Tip
59 60
thermally generated from [MiCO)q],3°> may give rise to the — PhC=CPh - e/Tbt Te |
initial homolytic cleavage of the GeC bond of the germacy- T ip
clopropabenzene ring &9 (Scheme 17) in consideration of 61

the stability of29 itself under these reaction conditions.
Thus, germacyclopropabenze@8 was found to undergo

unique reactions with transition metal carbonyl complexes to Considering the reactivity of cyclopropabenzeh&3it can

give {avariety of novel Ge-containing cyclic compounds, such o -qnsidered that germacyclopropabenzgieas two ’reactive

as Fischer-type carbene complexé8-50, benzogermacy-  gijtes, the strained GeC bond and the €C bond in the three-

clobutenonés1, and germacyclobutabenzeb depending on  empered ring system. The formation of chalcogenagermetes

the transition metal used. 53-55can be explained by the simple insertion of a chalcogen
The reactions of germacyclopropabenz2fevith elemental atom into the reactive GeC bond 0f29. Indeed, the assumption

chalcogens such as sulfur, selenium, and tellurium also haveis supported by the previously reported reactivity of cyclopr-

been investigated. In these reactions, insertion of the chalcogenopabenzen@ toward transition metal complexes such as those

atom into the three-membered ring 28 occurred to give the of Ni, Pd, and other® However, other pathways can be

Tip=2,4,6-triisopropylphenyl

corresponding chalcogenagermete derivatiféteating a GDg considered, such as the addition of the elemental chalcogen to
solution of germacyclopropabenze?® with an excess of  the reactive &C bond of the fused three-membered rin@6f
elemental sulfur at 13%C afforded the correspondingrizbenzo- leading to the formation of compoun86 followed by its

[c][1,2]thiagermetes3 exclusively in 63% isolated yield (Scheme isomerization to the final product3—55 (Scheme 19). This
18). No other identifiable products were observed, as judged hypothesis might find support in the interesting reactions of
by the’H NMR spectrum of the crude reaction products. Thus Ccyclopropabenzen2with dichloro- or dibromocarbene (gener-
53 does not appear to undergo over-sulfurization reactions ated from CHX% (X = Cl, Br) with NaOH and a catalytic
leading to the formation of five- or six-membered cyclic amount of.ben.zyltnethylammonlum chloride), in which the
compounds under these conditions. In contrast, silacyclopropa-corresponding ring-expanded cyclobutabenzé&iesere formed

benzene28 was quite inert toward elemental sulfur under the in quantitative yield. These reactions possibly proceed via an
same conditions. initial [1+2]-cycloaddition to gives8followed by isomerization

. ith re- izati f the f i h )
When germacyclopropabenze2@was treated with an excess with re-aromatization of the fused ring (Scheme 20 any

ol wal seleni del tal telluri der th case, it is interesting that chalcogenagermét@s55, model
of elemental selenium and elemental tefiurium under the Samecompounds of which are computed to be thermodynamically
conditions as those used for the sulfurization reactioR&f

the correspondingl—Z—bgnzo{:][l,2]chalgogenagermete deriva- (37) (a) Neidlein, R. Kohl, M.. Kramer, WHely. Chim. Acta1989 72
tives54 and55, respectively, were obtained as the sole products. 1311-1318. (b) Saracoglu, N.; Durucasu, I.; Balci, Vetrahedronl1995

The chalcogen-containing produ&3—55 were stable enough 51, 10979-10986. (c) Brinker, U. H.; Wuster, Hletrahedron Lett199],

e " 32, 593-596. (d) Halton, B.; Russell, S. G. Gwust. J. Chem199Q 43,
to be purified by HPLC and column chromatography on silica 2099-2105. (e) Saito, K.; Ishihara, H.; Kagabu, Bull. Chem. Soc. Jpn.

gel. The structures db3—55 were characterized by spectro- 1987 60, 4141-4142.

scopic and X-ray crystallographic analyses. (38) (a) Stang, P. J.; Song, L.; Halton, & Organomet. Chenl.99Q
388 215-220. (b) Kriger, C.; Laakmann, K.; Schroth, G.; Schwager, H.;
Wilke, G. Chem. Ber1987, 120, 471-475. (c) Schwager, H.; Kger, C.;

(35) (a) McCullen, S. B.; Brown, T. LInorg. Chem.1981, 20, 3528~ Neidlein, R.; Wilke, GAngew. Chem., Int. Ed. Endl987, 26, 65—67. (d)
3533. (b) Mach, K.; Nolkova J.; Raynor, J. BJ. Organomet. Cheni992 Schwager, H.; Benn, R.; Wilke, @ngew. Chem., Int. Ed. Endl987, 26,
439, 341-345. 67—68. (e) Benn, R.; Schwager, H.; Wilke, G.Organomet. Cheni986

(36) Sasamori, T.; Sasaki, T.; Takeda, N.; Tokitoh¥ganometallics 316 229-231. (f) Neidlein, R.; Rufinska, A.; Schwager, H.; Wilke, G.
2005 24, 612-618. Angew. Chem., Int. Ed. Endl986 25, 640-642.
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63a:R=H 62a (R = H): AG*® = 11.5 kcal/mol
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64a:R=H 62a (R = H): AG* = 49.9 kcal/mol
64b: R =Ph 62b (R = Ph): AG® = 44.9 kcal/mol

aCalculated free energies (298 K, 1.0 atm) at the B3LYP/6-
311G(2d,p) level.
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more stable by ca. 70 kcal/mol than the postulated intermediacy
56, can be formed via the chalcogenation reactions of germa-
cyclopropabenzeng9 as stable products.

The reactivity of germacyclopropabenze?@ differs from
that of germacyclopropenes (germirenes). Thermal reaction o
the overcrowded germirert® (which was prepared as a stable
crystalline compound by the reaction of germylene Tbt(Tip)-
Ge: (Tip= 2,4,6-triisopropylphenyl) with diphenylacetylene)
with elemental tellurium was reported to afford the stable
germanetellon&0, Tht(Tip)Ge=Te (Scheme 213 The forma-
tion of 60 most likely occurs by way of the germyle6&, which
then reacts with elemental tellurium to gigé. No tellurager-
mete derivative was obtained, since germiré8emore easily

f
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undergoes a thermal retro-cycloaddition reaction to afford
germylene6l as compared with the case of germacyclopropa-
benzene29. Indeed, theoretical calculations [B3LYP/6-311G-
(2d,p)] indicated that the generation of germyleé2ab (R.Ge:,

R = H, Ph) from germacyclopropeneé&3ab is much less
endothermic than that from germacyclopropabenzédeb
(Scheme 22).

The molecular structures ofH2benzog][1,2]chalcogen-
agermete$3—55 were determined by X-ray crystallographic
analysis. Their benzochalcogenagermete rings are almost planar,
and the observed bond lengths and bond angles in the benzene
rings are 1.3671.412 A and 117.6122.7, respectively, which
are close to those of an unperturbed benzene; that is, almost no
bond alternation was observéd.

Considering the reactions described above, it is clear that the
germacyclopropabenzene could be a good precursor for the
synthesis of novel small-ring compounds of germanium.

6. Attempted Synthesis of a Much Heavier Analogue,
Stannacyclopropabenzene

As an extension of the chemistry of sila- and germacyclo-
propabenzenes, a stannacyclopropabenzene would be an inter-
esting synthetic target from the viewpoints of systematic studies
on group 14 heteracyclopropabenzenes. To start with, it was
not known if the synthetic procedure used &&and29 would
be applicable to the preparation of a stannacyclopropabenzene.
There have been a few reports of the generation of metastable
dilithiostannane4?*3We found that dilithiostannangs could
be generated by the reaction of dibromostann@®evith an
excess of lithium naphthalenide, a procedure successful in the
case of dilithiosilan&0 and dilithiogerman&1.44 The resulting
dilithiostannanes5 was stable enough to be trapped by Mel or
DCI in THF at —78 °C. With the required dilithostannane
species in hand, the reaction 5 with 1,2-dibromobenzene
was attempted in the expectation of obtaining stannacyclopr-
opabenzen&7.** However, only the unexpected stannabuta-
benzenes8 was isolated as a stable compound. There was no
evidence for the generation 6f7. The two reaction paths, in
which the same intermedia®&9 generated by the reaction of
bromolithiostannanerO with benzyne could reasonably be
involved, might explain the formation é8 as shown in Scheme
25. Itis unclear whether the intermediacy of the highly strained
stannacyclopropabenze6& should be necessarily postulated
in this reaction.

Scheme 25
) ) Di .
Tot, Li  LiBrexchange  Tbt_ Li 2 / P Dis path 3 ot
Sn Ssn Sn Sn. .
Dip’ Li / N Dy’ Br [/ ) —LiBr Dip
pathB
6 Br T path A ( L Dis 67
@[ @[ —_— ©| Me3Si” SiMes, I
Br Br —LiBr 69 H "
pathA‘
Br Dip ; Dis
C\/ " Dis DI'P
L) _ :
Me3Si Dis MesSi - Sime, Dis
SiMe3 68

a2 The formation mechanism @8 from 67 can be reasonably explained by the initial cleavage of theGhond followed by radical reactions
similar to those of the formation &2 from 29, as shown in Scheme 17.
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Scheme 26
M
Cy\ PICy Cyi) /Cy QMe PMe;
\ h |
E Ni@N( j P~z 2P
R R Cr”| Cp
Cy Cy Cy Cy  MegP OMe
72 73
Scheme 27

74

H
o o tBuOK momau)
o ( } cl
cl :
75

7
Scheme 28 Figure 4. Molecular structure ob5.
ot BT 32m=si
Diy’ Br 33M=Ge _(silacyclopropa)benzen_e§6a (cis—i_somer) and76b (trans
. isomer) were synthesized and isolated by the reaction of
Li":‘F)h dilithiosilane 30 with 1,2,4,5-tetrabromobenzene in 207938
—78°C Furthermore, the germanium analogu&& (cis-isomer) and
Br Br 77b (transisomer) also were prepared very recently using a
Tbt\M/Li BrmBr T, oot similar procedqré? Bis(heteracyclopropa)benzen'é@q,b and
Dip” i —— DY “Dip 77a,b are surprisingly stable enough to be handled in the open
30:M = Si 76a: M = Si (cis) (3.4%) air and in hydrocarbon solvents such as hexane and benzene.
31:M=Ge 76b: M = Si (cis) (1.9%) However, the germanium analoguégb undergo decomposi-

77a: M = Ge (cis) (13%)

tion in halogenated solvents such as CH&lon treatment with

77b: M = Ge (cis) (7%
° (e) (7%) silica gel, as had been found in the case of germacyclopropa-

benzene9.

The formation of bis(sila- and germacyclopropa)benzenes
) 76ab and 77ab can be explained in terms of a reaction

The remarkable developments of the chemistry of cyclopr- echanism similar to that for the sila- and germacyclopropa-
opabenzenes have attracted the interest of many chemists tQ,o,6nes28 and 29 (Scheme 29). The silylenoi@6 and
]Ens(cyclopropa)benzenes, n .Wh'Ch two cyclopropene fings are germylenoid37, formed initially by Li—Br exchange of dilithio
used to a single benzene ring. Although the synthesis of an derivatives30 and 31 with 1,2,4,5-tetrabromobenzene, reacted
all-carbon bis(cyclopropa)benzengl) has not been achieved - L o g !
as yet probably due to its severe skeletal strain and the lack ofWIth 4,5-dibromobenzyne by the 1,2-elimination of LiBr from

yerp y 1,2,4-tribromo-5-lithiobenzene. Intramolecular cyclization of the

a suitable synthetic method, bis-benzyne transition metal . -
y y resultingo-metalated phenyllithium38 and 79 would afford

complexes72*> and 73,46 formal bis(metallacyclopropa)ben- X ) ) )
zenes, have been reported as stable compounds. The attemptefj€ intermediary 3,4-dibromo-1-sila- and germacyclopropaben-
zenes80 and 81, respectively. The subsequent cyclization

sysnthesis of bis(cyclopropa)benzen# by the reaction of 7= X
precursor74 with t-BuOK resulted in the formation of an ~ Process at the 3,4-positions & and81 would afford the final

unexpected product5 (Scheme 27 products76ab and77ab, respectively. This confusing reaction
In view of the successful isolation of the first stable sila- and Mechanism involving highly reactive intermediates such as
germacyclopropabenzenes as described above, the idea that theenzynes and silyl- and germylenoidé and 37 might result
stable dilithio derivative80 and 31 may be applicable to the  in low product yields. Although no evidence for the generation
synthesis of bis(sila- and germacyclopropa)benzenes is anof 3,4-dibromo-1-heteracyclopropabenzer&® and 81 was
obvious one. After a number of attempts, the first stable bis- obtained, it might be conceivable tH&@ and81 would be very

7. Synthesis of the First Stable Bis(silacyclopropa)-
benzene and Bis(germacyclopropa)benzene

Scheme 29
Tbt \M,Li Li-Br exchange Tbt\M Li BF\\ Dip Br. Tot
\ N — Br M —— M
Dip” i R Dip” Br ( YT LB gy Dip
30:M = Si 36:M = Si 80:M = Si
37M=Ge g Br Li 81:M = Go

31:M=Ge Br]ij[sr Brj@[u
Br Br Br Br

]i:[]I 78M=Si
— LiBr Br 79:M = Ge

Br
30, 31 Dip-\

Li M
Ij@:M/Tbt |©M/Tbt 36, 37 Tbt/t M/Tbt 76a,b (M = Si)
Y & DiP _igr Dip U Dip _ g, [72b(M=Ge)

36, 37



Figure 5. Molecular structure of bis(silacyclopropa)benzenes (a)

76aand (b)76b.

M=Si(76a) M = Ge (77a)
0 4.73° 1.88°
¢ 1195,1031°  13.69° 11.73°
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Table 3. Observed and Calculated Structural Parameters
for Bis(metallacyclopropa)benzenes and
Bis(cyclopropa)benzenes

bond lengths bond angles

R. E EX R

R” "R b b 7%
R'RE a' a| _ERR' R'RE B B ERR'

76a(cis): ERR' = Si(Tbt)Dip ¢ ¥

76b(trans): ERR' = Si(Tbt)Dip

77a(cis): ERR' = Ge(Tbt)Dip

77b(trans). ERR' = Ge(Tbt)Dip =: sum of the interior angles of the central benzene ring

71: ERR = CH,

76c: ERR' = SiH,

77c: ERR' = GeH,

76  76bAb 778 77F 71 788 77
a/A  1.415(6) 1.405(11) 1.408(10) 1.394(6) 1.346 1.404 1.391

1.398(11)

b/A  1.409(5) 1.388(11) 1.381(8) 1.394(6) 1.392 1.391 1.392
1.389(11)

c/A  1.397(6) 1.414(10) 1.403(9) 1.403(6) 1.392 1.391 1.392
1.376(11)

alA  1.412(6) 1.420(10) 1.364(9) 1.389(6) 1.346 1.404 1.391
1.380(11)

b/A  1.414(6) 1.395(10) 1.396(9) 1.397(6) 1.392 1.391 1.392
1.405(11)

c/A  1.394(6) 1.389(11) 1.416(9) 1.391(6) 1.392 1.391 1.392
1.401(11)

o/deg 123.2(4) 124.7(7) 123.1(6) 123.8(4) 126.1 123.3 124.0
123.0(7)

Bldeg 122.9(3) 121.2(7) 123.5(6) 123.6(4) 126.1 123.3 124.0
123.2(8)

yideg 114.3(4) 114.8(7) 111.9(6) 112.3(4) 107.8 113.3 112.0
114.6(7)

wldeg 122.9(4) 122.9(4) 124.2(6) 123.7(4) 126.1 1233 124.0
124.2(7)

pldeg 123.1(4) 122.7(4) 123.9(6) 124.2(4) 126.1 123.3 124.0
121.8(7)

yldeg 113.7(7) 113.7(7) 113.3(6) 112.5(4) 107.8 1133 112.0
113.0(7)

Sideg 720.1  720.0 719.9 7201 720.0 719.8 720.0
719.8

ax-ray at—170°C, see refs 26, 48. Two independent molecules were
found in the unit cell® X-ray at—170°C, see ref 499 Optimized structure
at B3LYP/ 6-311G(2d,p), see ref 51.

Figure 6. Folded core benzene rings of bis(silacyclopropa)benzenes

76aand77a

opa)benzenegba—c and77a—c are shown in Table 3 together
with those of the theoretically optimized bis(cyclopropa)benzene

sensitive to the coexisting reductants such as lithium naphtha-715%°1One can see almost no variation in the bond lengths of

lenide and/or dilithio derivative30 and31 under these reaction

conditions.

8. Structures of the Bis(sila- and germacyclopropa)-
benzenes

the central benzene rings 86ab and77ab, in contrast to the
case of those theoretically optimized for bis(cyclopropa)benzene
71, which features the noticeably short juncture-C bonds
(a,@ in Table 3) in the central benzene rirgd < b,b’, c,c).
Interestingly, the central benzene rings of bis(sila- and germa-
cyclopropa)benzené&ab and77ab show bond angles deviat-

The molecular structures of bis(sila- and germacyclopropa)- ing from those of a normal benzene ring (120rhe bond angles

benzene§6ab and77ab were determined by X-ray crystal-  at the nonjuncture carbon atoms ¢ andd,d’ in Table 3) are
lographic analysis at-170°C (Figure 5)*4°Interestingly, the

central benzene rings of theis-isomers,76a and 77a are (42) For a stable stannole dianion, see: (a) Saito, M.; Haga, R.; Yoshioka,
slightly folded, as shown in Figure 6, in contrast to the M- Chem. Eot’t“z’ggéﬁggzgigg";l%OO?’- {b) Saito, M., Haga, R.; Yoshioka,
completely planar geometries of thhransisomers 76band77b. - ~hem. Le - (@) Saito, M.; Haga, R.; Yoshioka, M.

. It o Phosphorus, Sulfur Silicon Relat. Ele@004 179, 703-705.
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