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Abstract

Recent results obtained in the studies of the author and co-workers on the synthesis and properties of doubly bonded systems
between heavier Group 15 elements are described together with a brief historical survey on the chemistry of low-coordinated
heavier Group 15 elements. The first stable distibene and dibismuthene were successfully synthesized by taking an advantage of
kinetic stabilization using new bulky substituents and the spectroscopic studies and crystallographic analysis of them led to the
systematic comparison of structural parameters and physical properties for all doubly bonded systems between heavier Group 15
elements from phosphorus to bismuth. In addition to these experimental data, theoretical calculations also revealed the intrinsic
character of low-coordinated inter-element compounds containing heavier Group 15 elements, especially that of dibismuthene, i.e.
the heaviest double-bond compounds of non-radioactive elements. Furthermore, a unique intermolecular crystalline-state reaction
was observed in the oxidation of the overcrowded distibene and dibismuthene, the reaction process of which was successfully
monitored by repeated measurements of the cell dimensions using an imaging-plate X-ray diffraction technique. © 2000 Published
by Elsevier Science S.A. All rights reserved.
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example, Koller and Michaelis reported that the con-
densation reaction of PhPCl, and PhPH, resulted in the
formation of diphenyldiphosphene (Ph—P=P—Ph; called
‘phosphobenzene’ in the original paper) [2] but later it
was shown, first by molecular weight measurements
and subsequently by X-ray structure analyses, that this
product was a mixture of oligomers of ‘phosphoben-
zene’ (i.e. (PhP)s; and (PhP),) [3]. A similar mistake was
made in determining the structure of the chemothera-
peutic drug ‘Salvarsan’ which was first described as a
monomeric diarsene structure by Ehrlich [4] but once
again, X-ray crystallographic work revealed that com-
pound of empirical formula is, in fact, oligomeric [5].
From these failures, it was realized that the introduc-
tion of sufficiently large substituents is necessary to
avoid the oligomerization of these reactive species. This

1. Introduction

The chemistry of compounds featuring multiple
bonds between the heavier main Group elements has
attracted attention in recent years. According to the
so-called ‘classical double-bond rule’ [1], only elements
in the second-row in the periodic table should be able
to form stable compounds with double-bonds, and such
bonding in heavier elements would be impossible since
the long distance between the elements would not allow
sufficient overlapping of the p orbitals. This ‘classical
double-bond rule’ was supported by a number of un-
successful attempts to synthesize such compounds. For
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0022-328X/00/$ - see front matter © 2000 Published by Elsevier Science S.A. All rights reserved.
PII: S0022-328X(00)00437-X



218 N. Tokitoh / Journal of Organometallic Chemistry 611 (2000) 217-227

HoN NH,
HO As=As OH
Si==Si p=
1 2
Chart 1.

2. Historical survey of double-bond species of heavier
Group 15 elements

2.1. Diphosphenes

Since the first isolation of diphosphene 2, intensive
works on the chemistry of this new class of compounds
have been performed. Yoshifuji obtained diphosphene 2
by the reduction of (2,4,6-tri-tert-butylphenyl)dichloro-
phosphine with elemental magnesium [7], and it has
been demonstrated that various other reducing agents
can be employed in the synthesis of diphosphene 2 [8].
When the sodium naphthalenide reduction was carried
out with a mixture of Mes*PCl, (Mes* = 2,4,6-tri-tert-
butylphenyl) and TsiPCl, (Tsi = tris(trimethylsi-
lyl)methyl [C(SiMe;),]), unsymmetrical diphosphene 3
was formed, apart from the symmetrical diphosphenes
2 and 4 (Scheme 1) [9]. Another approach to the
syntheses of symmetrical and unsymmetrical dipho-
sphenes was provided by the condensation reaction of
dichlorophosphines and primary phosphines using
DBU (Scheme 2) [8,10].

The importance of sufficient protection by the sub-
stituents is clearly demonstrated by the oligomerization

Dis S DIS\ Dis
/ slow dimerization P—P
/P=P . [
L.t P—P,

Dis = bis(trimethylsilymethyl DS Dis

Scheme 4.

of some transient diphosphenes (Scheme 3) [11]. Dipho-
sphene 5 bearing bis(trimethylsilyl)methyl (Dis) groups,
which is isolable but less hindered than 2, 3, or 4,
undergoes very slow self-dimerization at room tempera-
ture (Scheme 4) [12]. The half-life time of this process
was estimated to be one week, and this diphosphene 5
is probably at the borderline of kinetic stability.

Several diphosphenes have been structurally charac-
terized by X-ray crystallographic analyses [8]. The bond
lengths of the phosphorus—phosphorus double bond
(2.001-2.034 A) are much shorter than those in diphos-
phines (~ 2.21 A), and are also in good agreement with
the theoretical calculations on P,H, (2.005 A) [13]. In
the symmetrical diphosphenes, the bond angle, which is
expected to be 96.1° in P,H, by the theoretical calcula-
tions, varies from 102.2 to 108.9°. This trend can be
explained by the steric demands of the bulky
substituents.

Since to date several reviews and accounts have
already been described for stable and transient dipho-
sphenes [8], detailed description and discussion on their
structures and properties are not made in this article.

2.2. Phosphaarsenes, diarsenes, and phosphastibenes

The strategies used in the syntheses of diphosphenes
can be applied for the species containing even heavier
Group 15 elements, i.e. arsenic and antimony. Symmet-

" Mes* Tsi Tsi
Mes' PC|2 NECwHe _ / _ .
+ _ /P—P + /P-—P + /P-——P
TsiPCl, Mes* Mes* Tsi
3 4
Mes* = 2,4,6-tri-tert-butylphenyl
Tsi = tris(trimethylsilyl)methyl
Scheme 1.
R
DBU /
Mes*PH, + RPCl;, —mMm— P=P (R = Mes*, Mes, Ph)
0°C J/
Mes
Scheme 2.
t-BuP(SiMes), oligomerization
+ - pP=— ———— > [RP—P(tBu)],
~ 2 Me,SiCl / without
RPCly tBu trapping reagents
(R = t-Bu, Mes)

Scheme 3.
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R
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TsiPCl, /Tsi Tsi Tsi
-BuLi
+ &, P=—P + P=—As + /As= As
TsiAsCly Tsi Tsi Tsi
4 8 7
Scheme 5.
Mes*EH, Dis 9 (E=P;E' = As)
DBU _E,/ 10 (E=As;E'=P)
y 0°C /E_ 11 (E=As; E'= As)
DisE'Cly Mes* 12 (E = P: E' = Sb)
Scheme 6.

rically substituted diaryl- and dialkyldiarsenes 6 [14]
and 7 [15] were synthesized as stable compounds by the
reductive coupling reactions of the corresponding
dichloroarsines (Scheme 5). When tert-butyllithium was
added to a mixture of TsiPCl, and TsiAsCl,, phos-
phaarsene 8, diarsene 7, and diphosphene 4 were
formed (Scheme 5) [16]. The DBU reaction proved to
be effective in the syntheses of phosphaarsenes 9 and
10, diarsene 11, and phosphastibene 12 (Scheme 6) [17].
Phosphaarsene 9 and diarsene 11 were structurally
characterized by X-ray crystallographic analyses and
the shortening of the phosphorus—arsenic and the ar-
senic—arsenic bonds compared to the single bond indis-
putably showed the double bond character in these
compounds. Phosphastibene 12 was characterized by
high-resolution mass spectrum and *'P-NMR (5=
620.0), but it was unstable in solution and decomposed
within two hours to yield the symmetrical diphosphene
2. Attempts to prepare a phosphorus-bismuth double
bond by this method have been unsuccessful so far.

2.3. Distibene and dibismuthene

The successful synthesis and isolation of dipho-
sphenes and diarsenes have naturally provoked

R\ /R

Mg Sb—Sb

RSbBr, _— 13
_ Sb—sb_
(R = Mes, Dis) R R
Scheme 7.
Fe(CO),
NaJFe(CO)d DI\

DisSbCl, ~—————> Sb=Sb\ 14
Dis

Scheme 8.

chemists to try to prepare their heavier analogues, i.e.
distibenes (RSb=SbR) and dibismuthenes (RBi=BiR),
but all attempts have been unsuccessful until the au-
thors have reported the synthesis of the first stable
distibene and dibismuthene by taking advantage of a
new steric protection group.

The ab initio calculations of the parent compounds,
HSb=SbH and HBi=BiH, have suggested that these
compounds are thermally stable, unlike the double
bond species of heavier Group 14 -elements,
H,Pb=PbH, [13]. The coupling reactions of dibro-
mostibines bearing a bulky substituent such as mesityl
or bis(trimethylsilyl)methyl group by magnesium have
resulted in the formation of four-membered rings 13,
i.e. the dimers of expected distibenes, showing that
these ligands are not large enough to avoid the dimer-
ization of the corresponding distibene (Scheme 7) [18].
Although several transition-metal-coordinated distibene
complexes have been synthesized as in the case of
compound 14 (Scheme 8) [19], the double-bond charac-
ter of the Sb—Sb bond is lost in these complexes because
of side-on n? coordination.

2.4. Choice of the steric protection group

In the following sections, the noticeable recent pro-
gress in the chemistry of double-bond species contain-
ing antimony and bismuth, i.e. distibene (RSb=SbR),
dibismuthene (RBi=BiR), and related compounds. Since
these low-coordinated heavier Group 15 element species
are expected to be highly reactive, it will require either
thermodynamic or kinetic stabilization for their synthe-
sis and isolation as stable compounds.

Thermodynamic stabilization, for example by intro-
ducing heteroatoms in the substituents, lowers the
ground state energy of the reactive species and has
proved very effective in the isolation of many com-
pounds containing multiple bonds between heavier
main group elements. But, in many of these cases, the
character of the multiple bond itself is changed enor-
mously. This undesirable effect can be avoided by
taking advantage of bulky steric protection groups, i.e.
by kinetic stabilization. Here, the bulky substituents
prevent the self-oligomerizations of these reactive spe-
cies; in other words, by increasing the transition state
energy. But one must be careful that over-protection
around the reactive bond prevents the reactions with
other molecules and would make it difficult to examine
the nature of the multiple bond.

One of the most widely used steric protection groups
is 2,4,6-tri-tert-butylphenyl (Mes*), but the attempt to
prepare dichlorostibine bearing Mes* group resulted in
the formation of the cyclic compound 15 (Scheme 9)
[19].

Dichlorostibine bearing another bulky substituent,
(Me;Si);C group, is reported to be extremely sensitive
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Scheme 9.

to light [19], hence it is difficult to use this substrate in
further transformations.

In order to synthesize stable distibene and dibis-
muthene, the author and his co-workers chose 2.4,6-
tris[bis(trimethylsilyl)methyl]phenyl (Chart 2; denoted
as Tbt hereafter [20]) as the steric protection group on
antimony since it has proved to be very effective in the
kinetic stabilization of many reactive low-coordinated
species of main group elements such as metallylenes
and dimetallenes of heavier Group 14 elements, double-
bond compounds between heavier Group 14 and 16
elements (we call these species ‘heavy ketones’), and
silaaromatic compounds [21]. After the successful isola-
tion of the first stable distibene and dibismuthene bear-
ing Tbt groups, Power et al. also reported the synthesis
of stable doubly bonded systems containing antimony
and bismuth using their original bulky m-terphenyl
ligands (Chart 2) [22], the detail of which will be
delineated in the final section.

SiMes

Measi
SiMea
Tbt=

SiMes
Me;Si
SiMe;

R =MeoriPr

Chart 2.

3. Synthesis and properties of the first stable distibene
and dibismuthene

3.1. Synthesis of stable distibene and dibismuthene
bearing Tht groups [23,24]

By taking advantage of an efficient steric protection
group (Tbt), the long-sought doubly bonded compound
consisting of antimony and bismuth, i.e. distibene and
dibismuthene, were successfully synthesized and iso-
lated as stable compounds. Since the conventional syn-
thetic methods for stable diphosphenes and diarsenes
were found to be not applicable or sometimes not

Tht
|
LipSe se” “se
TthC'g —T-HF_> é é
A ~
Tot” “se” bt
16 (E = Sb)

18 (E = Bi)

effective for the synthesis and isolation of TbtSb=SbTbt
(17), a new synthetic method, i.e. deselenation reaction
of 1,3,5,2,4,6-triselenatristibane 16 (E =Sb) with a
phosphine reagent, has been developed. As shown in
Scheme 10, the precursor 16 was readily synthesized by
treatment of TbtSbCl, with Li,Se in THF. Triselena-
tristibane 16 thus isolated as a stable crystalline com-
pound was then treated with an excess amount of
hexamethylphosphorous triamide in toluene at 100°C in
a sealed tube. After heating for 12 h the solution turned
green and the expected distibene 17, which precipitated
from the mixture on cooling, was isolated by filtration
in a glovebox filled with argon as deep green single
crystals in 94% yield (Scheme 10) [23]. The distibene 17
has a very low solubility in common organic solvents
probably due to its high symmetry in the molecular
structure, thus making its isolation quite simple.

The heaviest congeners of azo-compounds, i.e. dibis-
muthene, was also successfully isolated as a stable
compound by the use of Tbt groups as steric protection
groups. Thus, TbtBi=BiTbt (19), the first stable Bi=Bi
double-bond compound, was synthesized by the same
method as in the case of distibene 17, i.e. deselenation
reaction of the 1,3,5,2,4,6-triselenatribismane 18 (E =
Bi) [24]. Treatment of 18, prepared by the reaction of
TbtBiCl, with Li,Se in THF, with excess amount of
hexamethylphosphorous triamide in toluene at 100°C in
a sealed tube resulted in a formation of a purple
solution. On gradual cooling to room temperature (r.t.),
dibismuthene 19 precipitated from the mixture as pur-
ple single crystals (68%) (Scheme 10) [24].

When the deselenation of triselenatristibane 16 with
(Me,N);P in the presence of an excess amount of
isoprene, Tbt-substituted stibolene 20 was obtained as a
main product (62%) together with a small amount of
distibene 17 (26%) as shown in Scheme 11 [25]. The
formation of 20 strongly suggests that the initial forma-
tion of a stibinidene intermediate 21 in the deselenation
of 16 and the subsequent [1 + 4]cycloaddition reaction
of 21 with isoprene. Interestingly, the thermolysis of the

(MezN)sP
——aln
toluene
100 °C
17 (E = Sb)
19 (E = Bi)

Scheme 10.
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toluene solution of the isolated cycloadduct 20 in the
presence of 2,3-dimethyl-1,3-butadiene (10 equivalents)
at 120°C in a sealed tube resulted in a formation of the
diene-exchanged cycloadduct 22 in 74% yield, while
thermolysis of 20 in the absence of 2,3-dimethyl-1,3-bu-
tadiene afforded distibene 17 in 55% yield (Scheme 11)
[26].

These results indicate that it is possible to regenerate
the stibinidene intermediate 21 by the thermal retrocy-
cloaddition of stibolene 20 and this reaction can be used
as another synthetic method for distibene 17. The diene-
exchange reaction via retrocycloaddition of 20 is ratio-
nalized by an equilibrium between the cycloadducts and
the intermediary stibinidene 21, since the reverse ex-
change reaction was observed in the thermolysis of sti-
bolane 22 in the presence of excess isoprene (10
equivalents) at 130°C under similar conditions leading
to the formation of 20 in 78% yield (Scheme 12) [26].
The predominant dimerization of 21 leading to the for-
mation of distibene 17 in the absence of an excess
amount of dienes might be interpreted in terms of the
extremely low solubility of 17 in toluene.

In the case of deselenation of triselenatribismane 18 in
the presence of either isoprene or 2,3-dimethyl-1,3-buta-
diene, no diene adduct was obtained probably due to
the instability and high reactivity of the corresponding
bismuthinidene intermediate [25,26].

3.2. Physical properties of stable distibene and
dibismuthene bearing Tht groups

Distibene 17 is the first example of a stable anti-
mony—antimony double bond, and the green solution of

>/ A\
Tbt‘Sb/\j[ — [Tbt-éi):l — Tbt-s@/
toluene

130°C
22 21 20

Scheme 12.

17 in hexane showed two absorption maxima at 4, =
599 (¢ 170) and 4, =466 nm (¢ 5200), which correspond
to the n »nn* and n — n* transitions of the Sb=Sb chro-
mophore, respectively [23]. Dibismuthene 19 is purple in
hexane and the n—n* and n— n* transitions of the
Bi=Bi chromophore appeared as absorption maxima at
A1 =660 (sh, ¢ 100) and 4, =525 nm (¢ 4000), respec-
tively [24a]. In Table 1 are shown the typical examples
of absorption maxima reported for the double-bond
compounds between heavier Group 15 elements [§8] to-
gether with those of 17 and 19. The experimentally ob-
served red-shifts of 17 and 19 relative to the values
reported for diphosphenes[7,10,17] and diarsenes[17]
agree with the changes in the n, @, and ©* orbital levels
calculated for HE=EH (E = P, As, Sb, and Bi) [13].

In the FT-Raman spectrum distibene 17 showed a
strong Raman line at 207 cm ~! (solid; excitation, He—
Ne laser 632.8 nm) which is much higher than the fre-
quencies observed for distibines (e. g. Ph,Sb—SbPh, 141
cm ') [27]. Meanwhile, a strong band attributable to
the Bi-Bi stretching was observed at 134 cm ~! for the
dibismuthene 19 (solid; excitation, He—Ne laser 632.8
nm) [24]. This is 31 cm~' higher than the Bi-Bi

Table 1
UV-vis data for double-bond systems of heavier Group 15 elements

Compound Z, (nm) (¢) A, (nm) (¢)
Mes*P=PMes* (2) 460 (1360) 340 (7690)
TsiP=Ptsi (4) 484 (62.8) 353 (9474)
Mes*P=PDis 427 (370) 325 (13 000)
Mes*P=PMes 456 (220) 326 (2500)
TsiP=AsTsi (8) 497 (20) 361 (7900)
Mes*As=PDis (10) 431 (220) 354 (8400)
Mes*As=AsDis (11) 449 (180) 368 (6960)
TsiAs=AsTsi (7) 505 (10) 380 (5000)
TbtSb=SbTbt (17) 599 (170) 466 (5200)
TbtBi=BiTbt (19) 660 (100) 525 (4000)
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stretching frequency of Ph,Bi-BiPh, (103 cm ') [28],
agreeing with the frequency shift of 34 cm ~! calculated
for HBi=BiH (153 cm ~') and H,Bi-BiH, (119 cm 1)
[24a]. Thus, the spectroscopic data here obtained indi-
cate that both distibene 17 and dibismuthene 19 feature
Sb=Sb and Bi=Bi double bonds even in solution.

The diaryldiphosphene (2; Mes*P=PMes*) is known
to show the vibrational frequency for its P=P double
bond at 610 cm~ ! in the Raman spectra [29], and the
assignment was confirmed by the theoretically calcu-
lated value (617 cm ~ ') at MP2 level [30].

3.3. Molecular structure of distibene and dibismuthene
bearing Tht groups

Since dibismuthene 19 is the first compound contain-
ing a bismuth-bismuth double bond which is the heav-
iest among those which consist of non-radioactive
elements in the periodic table, it should be very impor-
tant to know its molecular geometry and get the defini-
tive structural parameters for the Bi=Bi double bond.
The X-ray crystallographic structural analysis of dibis-
muthene 19 (Fig. 1) revealed two important parameters,
ie. the Bi-Bi bond length (2.8206(8) A) and the
Bi-Bi—C angle (100.5(2)°) [24]. The Bi-Bi bond in 19 is
6% (0.169 A) shorter than the Bi—Bi single bond length
of 2.990(2) A in Ph,Bi-BiPh, [31]. This agrees reason-
ably well with the calculated bond shortening of 7%
(0.214 A) from H,Bi-BiH, (3.009 A) to HBi=BiH (2.795
A) [24]. In addition, it is interesting that the bond
shortenings are comparable with those reported for
diphosphenes; the experimental value is 8% (0.183 10\)
from (PhP)s (2.217(6) A) [3c] to Mes*P=PMes* (2)
(2.034(2) A) [7], while the calculated value is 9% (0.200
A) from H,P-PH, (2.247 A) to HP=PH (2.047 A) [24].
The observed Bi—Bi—C angle of 100.5° deviates greatly
from the ideal sp? hybridized bond angle (120°). This is
due to the fact that the heavy Bi atom has the lowest
tendency to form a hybrid orbital because the size-dif-
ference of the valence s and p orbitals increases upon
going from N to Bi (the significant 6s orbital contrac-
tion originates mostly from the relativistic effect) and
prefers to maintain the (6s)*(6p)® valence electron
configuration. The use of these three orthogonal 6p
orbitals without significant hybridization leads to a
bond angle of approximately 90° at Bi [13,24]. The
Bi-—Bi—C bond angle in 19, being close to 90°, is exactly
the experimental evidence for the core-like nature of the
6s electrons, i.e. so called ‘inert s-pair effect’ or ‘non-hy-
bridization effect’ [32].

X-ray crystallographic analysis of the green crystal of
distibene 17 was also performed to reveal its molecular
geometry as shown in Fig. 2, which was found to be
completely isomorphous with the dibismuthene 19 [23].
Considerable bond shortening (7%) of the Sb—Sb bond
length (2.642(1) A) in 17 as compared with that re-

Fig. 1. orTEP drawing of TbtBi=BiTbt (19) with thermal ellipsoid
plot (30% probability).

Fig. 2. orRTEP drawing of TbtSb=SbTbt (17) with thermal ellipsoid
plot (30% probability).

ported for Ph,Sb-SbPh, (2.837 A) [27] clearly indicates
its double-bond character, while the observed Sb—Sb—-C
bond angle of 101.4(1)°, which deviates greatly from the
ideal sp? hybridized bond angle (120°) and approaches
to 90°, suggests that 17 has a non-hybridized Sb—Sb
double bond due to the core-like nature of Sb atom as
in the case of dibismuthene 19.
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3.4. Reactivity of distibene and dibismuthene bearing
Tht groups

Although both distibene 17 and dibismuthene 19
were isolated as crystalline compounds which are al-
most insoluble in common organic solvents, some reac-
tions have been examined for distibene 17 (Scheme 13)
[23,25,26].

Thus, treatment of 17 with bromine and iodine in
carbon tetrachloride at r.t. resulted in the cleavage of
the Sb—Sb bond to give the corresponding dihalostibi-
nes TbtSbBr, and TbtSbl, in quantitative yields, re-
spectively, while the reaction of 17 with elemental
selenium in tetrahydrofuran at 70°C gave the precursor
16 (23%) together with a triselenide TbtSe;Tbt (16%).
On the other hand, distibene 17 underwent cycloaddi-
tion reactions with bulky aryl-substituted nitrile oxides
ArCNO [Ar = 2,4,6-trimethoxyphenyl (Tmp) or 2,4,6-
trimethylphenyl (Mes)] to afford the corresponding
[2 + 3]-cycloadducts in 58 and 59% yields, respectively.

In contrast to the case of distibene 17, dibismuthene
19 reacted most of the reagent mentioned above to give
decomposition products without a bismuth moiety
probably due to the instability of the carbon—bismuth
and/or heteroatom-bismuth single bonds in the reac-
tion products [26].

3.5. Unique crystalline-state intermolecular reactions of
distibene and dibismuthene with aerobic oxygen

During the course of studies on the reactivity of
distibene 17 and dibismuthene 19 a unique, interesting
reactivity with oxygen was found. Although 17 and 19
react with acrobic oxygen in solution quite rapidly to
give the corresponding 1,3,2,4-dioxadistibetane and
1,3,2,4-dioxadibismetane derivatives 23 and 24 quanti-
tatively, both of them are considerably stable in the
solid state in the open air. The crystals of 17 remained
dark green for several hours, but they slowly reacted

with atmospheric oxygen to give 23 quantitatively
(Scheme 14) [23]. Similarly, the purple color of the
crystals of dibismuthene 19 gradually faded in the open
to give 24 as colorless crystals, the structure of which
was definitively determined by X-ray crystallographic
analysis (Scheme 14) [24b]. Of particular note is that 17
and 19 reacted with molecular oxygen in the crystalline
state while retaining their crystallinity. In other words,
the reactions proceeded from single crystals to single
crystals.

The oxidation process of 17 in the crystalline phase
was successfully monitored by repeated measurements
of the cell dimensions using an X-ray diffraction tech-
nique with an imaging plate Weissenberg diffractometer
(Fig. 3), which clearly indicate that the crystal dimen-
sions of 17 abruptly changed to those of 23 within 10 h
after an induction period (ca. 30 h) [23]. After comple-
tion of the transformation of the unit cell dimensions
three dimensional intensity data of 23 were collected
using the identical crystal initially used for the struc-
tural analysis of 17.

This unique reactivity in the crystalline-state ob-
served for distibene 17 and dibismuthene 19 is most
likely interpreted in terms of the combination of the
high reactivity of the Sb=Sb and Bi=Bi double bond
moieties toward oxygen with the loose packing struc-
ture of the crystals consisted of overcrowded molecules
bearing very bulky Tbt groups.

Tbt
™ o,@inrt. <O
E=—FE E. 'E
single crystals / N
o e Tot O
single crystals
17 (E = Sb) 23 (E = Sb)
19 (E = Bi) 24 (E = Bi)

Scheme 14.
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4. Current progress in the chemistry of distibene and
dibismuthene

4.1. Synthesis of the first stable selenadistibirane and
its transformation into a distibene

Although the first stable distibene 17 and dibis-
muthene 19 have been synthesized as stable crystals by
taking advantage of the kinetic stabilization using Tbt
groups [23,24] (vide supra), the extremely low solubility
of 17 and 19 in common organic solvent prevented
further studies on their chemical reactivity in solution.
On the other hand, in the course of studies on the
synthesis of sterically congested molecules the author
and coworkers have developed another bulky aromatic
substituent, 2,6-bis[bis(trimethylsilyl)methyl]-4-[tris-
(trimethylsilyl)methyl]phenyl group (denoted as Bbt
group; Chart 3) [33], which is expected to be a poten-
tially more useful steric protection group than Tbt
group. Therefore, the synthesis of a Bbt-substituted
distibene was examined in the hope of obtaining a stable
distibene having higher solubility than 17.

Chart 3.

When an extremely hindered 1,3,5,2,4,6-triselena-
tristibane 25 bearing three Bbt groups on the antimony
atoms was treated with hexamethylphosphorous tri-
amide (HMPT; three equivalents) in toluene-dg at 130°C
as well as in the transformation of the Tbt analogue 16
into distibene 17 [23], the color of the reaction mixture
turned deep red. Although the UV —vis spectrum of this
reaction mixture showed two characteristic absorption
maxima at 490 (g ca. 4000) and 600 (e, ca. 200) nm
attributable to the m—n* and n—n* transitions of the

expected distibene 26 (Bbt—Sb=Sb-Bbt), concentration
of the reaction mixture afforded a new antimony-con-
taining three-membered ring system, selenadistibirane
27, as air-stable orange crystals in 70% yield (Scheme
15) [34].

On the other hand, treatment of 25 with an excess
amount of HMPT (20 equivalents) in the presence of
2,3-dimethyl-1,3-butadiene (100 equivalents) gave the
stibolene derivative 28 (70%) as a major product to-
gether with 27 (30%) (Scheme 15). The formation of 28
strongly suggests the involvement of the stibinidene
intermediate 29 in the deselenation of 25, since sele-
nadistibirane 27 is almost inert toward 2,3-dimethyl-1,3-
butadiene even at 130°C in toluene-ds for a long time.

The diene adduct 28 here obtained was found to
undergo ready thermal retrocycloaddition in toluene-dg
at 130°C for 64 h to give the deep-red solution of
distibene 26, the electronic spectrum of which was
identical with that obtained from the direct deselenation
of 27 with HMPT (Scheme 16). The reaction of dis-
tibene 26, prepared from 28, with an excess amount of
(Me,N);P=Se in benzene-d, at r.t. followed by concen-
tration resulted in the almost quantitative formation

Blbt
Sb, Bbt
VN \
s e MeaN)GP B ea) s—sb,_
/Sb\ /Sb\ toluene-dg \39/ Bbt
Bot™ Set BBt  430°C, 72h
25 27
(Me,N)gP toluene-dg
(20 eq.) 130°C, 38 h
VA (100 eq.)
| Bbt—Sb ] - Bbt—St{I + 27
29 [1+4]
28
Scheme 15.
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toluene-dg, 130 °C

Bbt—Sb/\j( [ Bbt—Sb : ]

28 - >/_\< 29

|2

Bbt Bbt
\ (MeoN)4P (10 eq.) \
Sb\——/Sb > Sb=—=8b
- . \
sd Bbt tolu;neNdB,P 120°C Bbt
o7 - (MeoN);P=Se 2%
T 1) (MeyN)3P=Se (5 eq.), benzene-g;, r. 1. \
2) concentration
Scheme 16.
M ( ) Bbt
g (excess -
BbtEBr, E—FE 26 (E = Sb)
THF, r. t. \ 30 (E = Bi)
Bbt
Scheme 17.

of 27, while the reaction of isolated 27 with HMPT (ca.
10 equivalents) in toluene-dgy at 120°C gave only the
deselenated distibene 26 in solution as judged by 'H-
NMR (Scheme 16) [34].

The above-mentioned selenation reaction of the iso-
lated distibene 26 with (Me,N),;P=Se under high concen-
tration giving selenadistibirane 27 is important not only
as a new reaction for a distibene but also as the experi-
mental evidence of the final step for the formation of 27
in the deselenation of 25. The big difference between the
reaction products in the deselenation of Tbt- and Bbt-
substituted triselenatristibanes 16 and 25 is most likely
interpreted in terms of the remarkable insolubility of 17
in common organic solvents, which may prevent further
transformation of 17 into its selenadistibirane derivative
via redistribution of a selenium atom between the ini-
tially formed distibene and the phosphine selenide on
concentration.

Thus, it was found that Bbt-substituted distibene 26
cannot be isolated by the direct deselenation of trisele-
natristibane 25 but can be prepared and isolated as a
stable compound by the stepwise transformation via sti-
bolene 28.

4.2. Synthesis of new distibene and dibismuthene
bearing Bbt groups

Since much improved solubility was confirmed for the
new distibene 26 bearing Bbt groups, the author and
coworkers have examined the synthesis of distibene 26
and its bismuth analogue 30 (Bbt-Bi=Bi-Bbt) by the con-
ventional reductive coupling reaction. Treatment of the
corresponding dibromostibine and dibromobismuthine
with magnesium metal in THF at r.t. afforded the ex-

pected distibene 26 and dibismuthene 30 in almost
quantitative yield (Scheme 17) [26].

The formation of 26 and 30 were readily confirmed by
their characteristic absorption maxima (490 (& 6000)
and 594 (e, 200) for 26 and 537 (& 6000) and 670 (e, sh,
20) for 30, respectively [26].

4.3. Steric protection of doubly bonded systems of
heavier Group 15 elements with bulky terphenyl
ligands.

As mentioned in the previous sections, double-bond
species between heavier Group 15 elements, i.e. all of
the homonuclear double-bonds from P through Bi and
some heteronuclear double-bonds such as P=As and
P=Sb, have now been synthesized and isolated as stable
compounds by taking advantage of kinetic stabilization
with bulky substituents such as Dis, Tsi, Mes*, Tbt and
Bbt.

Recently, much attention has been focused on a new
family of bulky aromatic substituents, i.e. overcrowded
m-terphenyl ligands, and they have been successfully ap-
plied to the kinetic stabilization of a number of low-co-
ordinated compounds of heavier main group elements.
For example, the following doubly bonded systems of
heavier Group 15 elements have been synthesized utiliz-
ing bulky m-terphenyl ligands as steric protection
groups (Chart 4).

Yoshifuji and co-workers reported the synthesis of a
phosphaarsene 31 bearing 2,6-dimesityl-4-methylphenyl
groups and the EPR study of its radical anion [35]. Pro-
tasiewicz and co-workers also described the synthesis of
several diphosphenes 32-34 Dbearing 2,6-dime-
sitylphenyl, 2,6-dimesityl-4-methylphenyl or 2,6-di(m-
xylyl)phenyl groups and their electrochemical and EPR
investigations [36]. Power and co-workers have shown
that 2,6-dimesitylphenyl group is effective in the kinetic
stabilization of not only diphosphene 32 but also its
heavier congeners, diarsene 35, distibene 36, and dibis-
muthene 37 [22b]. Furthermore, they developed a much
bulkier m-terphenyl ligand, 2,6-bis(2,4,6-triisopropy-
Iphenyl)phenyl, which was also applicable to the synthe-
sis of a series of diphosphene 38, diarsene 39, distibene
40, and dibismuthene 41 [22b]. Also, they have suc-
ceeded in the synthesis of stable phosphaarsene 42 and
phosphastibene 43 using this bulky ligand on the arsenic
and antimony atoms in combination with a mesityl
group on the phosphorus atom [22a]. Most of these
doubly bonded systems were readily prepared by the
simple reductive coupling reactions of the correspond-
ing halide precursors or dehydrohalogenative condensa-
tion reactions between appropriate combination of
dihalo- and dihydro-precursors in the presence of a base
such as DBU, and in most cases the geometrical
parameters of their double-bonds have been successfully
determined by X-ray crystallographic analysis [22].
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Me R?
Me . 0 R?
Mes O Me O 1 2
Q Me Mo 32(R'=H,RZ=Me)

Mes pP=—=As Mes

Me Me
<"
Mes

Me

3

35 (E=As; R=Me)
36 (E = Sb; R = Me)
37 (E = Bi; R = Me)

38 (E=P;R=iPr)

39 (E = As; R=i-Pr)
40 (E = Sb; R = i-Pr)
41 (E =Bi; R=i-Pr)

33 (R' = Me, R2 = Me)
34(R'=R2=H)

42 (E = As; R = i-Pr)
43 (E = Sb; R = i-Pr)

Chart 4.

5. Concluding remarks

As can be seen in this article the doubly bonded
systems between heavier Group 15 elements are no
more imaginary species but have a real existence as
stable compounds even in the heaviest case of bismuth
when they are kinetically well stabilized. The pioneering
works described in this article will stimulate the
chemists in this field, and in near future much more
progress will be described the synthesis and properties
of this unique class of low-coordinated main group
element compounds [37]. For example, the synthesis of
heteronuclear double bonds between bismuth and the
other Group 15 elements (P=Bi, As=Bi and Sb=Bi) still
remained as the next target molecules. Although the
double-bonds of antimony and bismuth to heavier
Group 14 elements have also been unknown systems so
far, the concept of kinetic stabilization should certainly
be of great use for the construction of these unprece-
dented chemical bondings.

The recent remarkable progress in the field of theo-
retical calculations makes it possible to predict the
molecular geometry, physical properties, and some re-
activities for not only the parent molecules but also the
real molecules bearing complicated substituents even in
the case of heavier main group element compounds
[21f,21g,24,32]. Therefore, cooperative theoretical verifi-
cation of the experimental outcome will be much more
important to elucidate the intrinsic nature of new inter-
element linkages of heavier main group elements.
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