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Abstract

Various kinds of protective groups for stabilization of low-coordinated organophosphorus compounds are reviewed, in terms
of steric effect and electronic effect, with some typical examples involving diphosphenes, phosphaalkenes, phosphaallenes,
phosphabenzoquinones, diphosphinidenecyclobutenes, thioxophosphines, selenoxophosphines, dithioxophosphoranes, diselenox-
ophosphoranes, and phosphaalkynes. © 2000 Published by Elsevier Science S.A. All rights reserved.
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1. Introduction

Inter-element linkages are of interest since there are
many possibilities for bonding between the heavier
main group elements. Low coordinated organophos-
phorus compounds of coordination number 1 or 2 had
long been believed not to exist as stable species. Al-
though some species were postulated as reactive inter-
mediates, only a few examples were known until
recently, except for a few delocalized organophospho-
rus compounds, as exemplified by phosphacyanin (1)
and phosphabenzene (2), reported by Dimroth [1] and
Märkl [2], respectively.

Bickelhaupt et al. [3] reported a stable and isolable
phosphaalkene (3) being protected by the mesityl group
in 1978. This was the first example with a localized P�C
bond, which is sterically protected. This kind of com-
pound had been commonly believed not to be stable
according to the so-called ‘double-bond rule’, which
tells us that multiple bonding involving heavier main-
group elements is not strong [4]. However, such multi-

ple bonding becomes stable if electronically delocalized
or sterically protected with a built-in auxiliary.

(E)-1,2-Bis(2,4,6-tri-t-butylphenyl)diphosphene (4)
was prepared by us in 1981 as the first compound with
a localized P�P bond [5] which is kinetically stabilized.
This was a ‘true’ phosphobenzene, which is stable to-
ward moisture or air in the solid state. Furthermore, an
unusual phosphaalkyne 5 with P�C bonding was pre-
pared by Becker et al. in 1981 by using the t-butyl
group as a protecting group [6]. Since those examples
were reported as stable compounds, phosphorus-con-
taining unusual compounds have been of current inter-
est, and many types of compounds with various
substituents have been reported so far.
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2. Protecting groups

In this review, protecting groups for stabilization of
inter-element linkage or unusual organophosphorus
compounds by steric and/or electronic effects are de-
scribed [7–9]; they include unusual compounds in low
coordination states such as diphosphenes, phosphaalke-
nes, 1-phosphaallene, 1,3-diphophaallenes, 3-aza-1-
phosphaallenes, 1-phosphabutatrienes, 1,4-diphos-
phabutatrienes, 1,4-diphospha-1,3-butadienes, diphos-
phabenzoquinones, 3,4-diphosphinidenecyclobutenes,
diphospha[4]radialenes, 1,2-diphosphinidenecyclobu-
tanes, 1,3,6-triphosphafulvenes, thioxophosphines, se-
lenoxophosphines, dithioxophosphoranes, diselenoxo-
phosphoranes, and phosphaalkynes (Fig. 1).

2.1. Steric effect

Fig. 2 lists various kinds of sterically protecting
groups that have been used for stabilization of
organophosphorus compounds in low coordination
states. The 2,4,6-tri-t-butylphenyl group is one of the
most popular protecting groups among those used for
such a purpose. The efficiency of this particular sub-
stituent is excellent in terms of steric bulkiness, further-
more, the starting material for introduction of this
substituent, 2,4,6-tri-t-butylbromobenzene, can be pre-
pared easily in large quantities [10]. Since 1981, we have
abbreviated this protecting group as ‘Ar’ to specify this
particular aromatic group. On the other hand ‘Ttb’ was
used in Kiev’s group [7], as abbreviation of tri-t-

Fig. 1.

Fig. 2.



M. Yoshifuji / Journal of Organometallic Chemistry 611 (2000) 210–216212

butylphenyl, and even a nickname Yosh was given to
this group by Karsch [11] to imply both yielding out-
standing steric hindrance and a part of the name of this
author. Recently, this protecting group has been widely
called the ‘super mesityl’ group, abbreviated as ‘Mes*’.
Thus, in this review, we also use the abbreviation Mes*
to avoid confusion by use of the term ‘Ar’, since many
similar aromatic protecting groups have been developed
by others and ourselves.

2.1.1. Bulky aromatic groups
As has been mentioned above, the 2,4,6-tri-t-

butylphenyl group (Mes*) is a representative in this
category. It is clear that steric bulkiness plays an
important role in stabilization of the P�P bond. Un-
symmetrical diphosphenes of the type Mes*P�PR can
be prepared from 2,4,6-tri-t-butylphenylphosphine
Mes*PH2 and the corresponding phosphonous dichlo-
rides RPCl2 [12], whereas Mes*P�PMes* can be pre-
pared by the dechlorination reaction of Mes*PCl2
with magnesium metal. Indeed the stability of Mes*P=
PR decreases as the bulkiness decreases, as is shown in
the order of Mes*\2,4-di-t-butyl-6-methylphenyl\
mesityl (Mes or 2,4,6-trimethylphenyl)\phenyl. No
significant change in stability was observed between the
Mes* group and the 2,4,6-tri-t-pentylphenyl group [13].
Furthermore, the p-t-butyl group in the Mes* group
does not seem to affect the stability of the diphosphene,
since the 2,6-di-t-butylphenyl group can be used in a
similar manner to stabilize the corresponding dipho-
sphene [14]. The isopropyl group can be used in place
of the t-butyl group but the stability of diphosphene
carrying the 2,4,6-triisopropylphenyl group (abbrevi-
ated as Tip) [15] is not large enough to permit us to
handle the corresponding diphosphene as a stable com-
pound at room temperature. A more systematic study
on the substituent effect in phosphaalkenes has been
carried out by Bickelhaupt [16].

A cyclophane type substituent has been developed
for isolation of a Z-diphosphene by use of an ethano-
bridged bulky aromatic compound 6 [17]. A phospho-
rus analog of benzoquinone (7) and p-quinodimethane
(8) were isolated using the Mes* group as a protecting
group [18,19].

2,6-Diarylphenyl or terphenyl groups can serve as a
protecting group and the corresponding diphosphenes
are isolable as stable compounds [20–23]. Attempts
have been made to isolate a mono-coordinate species,
phosphinidene (RP:), by using these substituents in
order to avoid intramolecular C–H insertion reaction
of the ortho alkyl substituents by the highly reactive
site [24,25].

2.1.2. Bulky alkyl and related groups
Bulky alkyl groups, such as t-butyl [6], adamantyl

[26], triptycenyl [27], tris(trimethylsilyl)methyl [28],
bis(trimethylsilyl)methyl [29] groups, and tri-t-butylsilyl
[30] can serve as a protecting group to stabilize unusual
organophosphorus compounds. The triphenylmethyl
and trimethylsilyl groups are also known as protecting
groups. The pentamethylcyclopentadienyl group, which
is not only bulky but also stabilizes itself as an anion of
the 6-p electron system, has also been used as a sub-
stituent for such a purpose by Jutzi et al. [31].

On the other hand, the 2,4-di-t-butyl-6-methylphenyl
group (abbreviated as Dbt) is useful to stabilize the
diphosphinidenecyclobutene system, where conforma-
tional isomerism was observed due to the restricted
rotation around the two P–Dbt bonds at the edges of
the system. The compound 9 consists of two rotamers,
syn-9 and anti-9, according to NMR studies. After
addition of [M(CO)5(THF)] to this mixture, where M is
Cr (A), Mo (B), and W (C), the 31P-NMR of the
reaction products showed the formation of syn-10 and
anti-10 with complete retention of conformation. The
compounds 10A–10C were purified by column chro-
matography to give dark purple complexes and the
structure of syn-10C was determined unambiguously by
X-ray analysis. On the other hand, anti-10C was ana-
lyzed by HPLC using a chiral HPLC column and a
baseline separation was attained; each separated enan-
tiomer showed the symmetrical CD spectrum. These
results indicate that an asymmetric environment can be
created in the diphosphinidenecyclobutene–transition
metal complex system [32].

2.2. Electronic effect

The electronic effect is also useful in stabilization of
phosphorus-containing unusual compounds. Fig. 3 de-
picts some protecting groups, which might cause an
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Fig. 3.

electronic effect for stabilization of unusual phosphorus
compounds, as listed in Fig. 1. Very early examples of
low coordinated organophosphorus compounds have
shown that stabilization can be gained by delocalization
within the system, effective for compounds of coordina-
tion number 2 such as 1 [1] or 2 [2]. A diphosphene
bearing the tris(trifluoromethyl)phenyl and fluorenyl-
mesitylamino groups with push-pull type substitution
as in compound 11 was analyzed by X-ray crystallogra-
phy. The X-ray structure and 31P-NMR analysis indi-
cate that the P–N bond length is very much shortened,
suggesting a contribution of the P�N form by a
mesomeric effect [33]. Bulky phenoxy groups can also
serve as a protecting group for stabilization of dipho-
sphenes such as 12 [34,35]. On the other hand, in-
tramolecular coordinative stabilization can be used for
stabilization of the electron-accepting part of the
molecule. As some early examples, van Koten [36] and
Corriu [37] have shown that dimethylphenylstannyl
bromide (13) and thioxo- and selenoxo-silanes (14) are
stabilized with the lone-pair electrons of the dimethy-
lamino group, respectively. Similarly, the P(�S)2,
P(�Se)2, or P(�Se)(�S) group can be stabilized with the
lone-pair electrons of the amino groups, as in com-
pounds 15, as the P�S and P�Se groups in compound
16 [38]. The 2,4-di-t-butyl-6-dimethylaminophenyl
group can serve as a protecting group [39] of the P�S
moiety, as does the 2,4-di-t-butyl-6-(dimethylamino-
methyl)phenyl group [40]. The corresponding dimethyl-

aminoethyl group [41] also serves as a protecting group
of the P�S and P�Se moieties. The stability caused by
the intramolecular coordination is quite efficient and
the corresponding compounds without such stabiliza-
tion are mostly too reactive to be isolated. The internal
coordination seems to be strong according to X-ray
analyses of such compounds, indicating that the lone-
pair electron orients to the phosphorus atom making
the bond between phosphorus and the aromatic ring
decrease from 120° to 95° to accept coordination, even
in the case of four-membered type coordination with
the 2,4-di-t-butyl-6-dialkylaminophenyl group [42,43].
The 2,4-bis(dimethylaminomethyl)phenyl group has
been applied for stabilization of the P(�S)2 moiety [44],
which can be coordinated from above and below to
form a hypervalent phosphorus.

Yamamoto and Akiba used porphyrin as a ligand of
‘PhP�O’ to give the six-coordinated phosphorus com-
pound 17 and were successful in using X-ray analysis to
confirm the structure [45]. For their further investiga-
tion on stabilization of the ‘transition state’ of SN2
reaction at the carbon atom, 18 was accomplished by
ethereal coordination [46].

On the other hand, intramolecular coordination by
the ethereal oxygen appears to be less effective than
that of the amino groups. The alkoxy groups caused
elimination of alkyl halides upon preparation of the
corresponding phosphonous dichlorides [47]. The corre-
sponding dithioxophosphorane carrying the 2,4-di-t-bu-
tyl-6-methoxyphenyl group [48] can be observed only in
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ketones, containing the Group 14 elements [60]. Toki-
toh and Okazaki reported compound 23 with the
Ge�Se bond [61] stabilized with a combination of that
group and the 2,4,6-triisopropylphenyl group, and the
Ge�Te bond (24) [62] with the 2,6-bis(2-isopropy-
lphenyl)phenyl group. Furthermore, the Bi�Bi bond as
in 25 can be stabilized with the 2,4,6-tris(bistrimethylsi-
lylmethyl)phenyl group as the most ‘heavy’ double
bond [63]. With a similar substituent, they were success-
ful in isolation of a Bi�Sb compound [64].

A bowl-shaped protective effect has been proposed
by Goto and Okazaki and 26 with S–I bonding as well
as 27 with the SeOH bond were isolated as stable
compounds [65,66].

4. Conclusion and outlook

As has been shown for almost two decades, various
kinds of unusual compounds have been isolated and
characterized, not only phosphorus but also Group 14
and 16 elements, utilizing bulky substituents, as well as
special substituents with electronic effect. According to
a so-called ‘lock and key’ theory, fine-tuning of shape
as well as the electronic effect of protective groups is
important to stabilize highly reactive species. Even a
theoretical prediction for a suitable substituent has been
proposed by Nagase to stabilize the silicon–silicon

solution but it dimerized to give a Lawesson reagent
type compound [49] on concentration or on heating the
solution. The compound can be used in the sulfuriza-
tion reaction of ketones to thioketones as a synthetic
reagent. By using a methylthiomethylphenyl protecting
group, attempted generation of the corresponding
thioxophosphine resulted in trimerization [50]. Similar
attempts to prepare the corresponding diselenoxophos-
phoranes with the 6-alkoxyphenyl groups resulted in
the formation of 1,2,3,5,7-pentaselena-4,6,8-triphospho-
canes, which served as a selenation reagent of amides to
selenoamides [51,52].

3. Further examples other than phosphorus

In 1981, West et al. [53] reported the first stable
disilene with Si�Si bond with four mesityl groups (19),
when almost at the same time the first stable dipho-
sphene with P�P bond with two very bulky Mes*
groups was reported by us [5].

On the other hand, Sekiguchi and Sakurai [54]
showed that tetrahedrane, prismane (20) [55], and
cubane (21), with the Group 14 elements on each
corner, such as silicon, germanium, or tin, can be
stabilized with a protecting group such as t-butyl-
dimethylsilyl, 2,6-diethylphenyl, 2,6-diisopropylphenyl
[56], 1-ethyl-1-methylpropyl [57], bis(trimethylsilyl)-
methyl, and trimethylsilyl. Only the tri-t-butylsilyl
group among the other commonly used bulky sub-
stituents for that purpose is effective for stabilizing
tetrasilatetrahedrane (22), as reported by Wiberg et al.
[30,58].

The 2,4,6-tris(bistrimethylsilylmethyl)phenyl group
[59] is a unique bulky substituent for protecting ‘heavy’
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triple bond [67]. Thus tailor-made protecting groups are
a key to design and isolate unusual compounds with
their own protecting group.
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