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Abstract

In the course of 1,1-organoboration reactions the metal—carbon bond in 1-alkynylmetal
compounds (L,M~—C=CR!) is cleaved by a triorganoborane (R;B), followed by a selective
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new C—C bond formation via a 1,2 shift of a group R from boron to carbon. Mono-1-alkynyl
derivatives of silicon, germanium, tin and lead react with R;B via 1,1-organoboration to give
organometallic-substituted alkenes in high yield and stereoselectively, in most cases, with the
R,B group and M (M =8i, Ge, Sn, Pb) in cis position at the C=C bond. These alkenes can
again be used for 1,1-organoboration reactions which lead either to allenes or to dienes and
3-borolenes. The same type of reaction can be applied to di-1-alkynylmetal derivatives. The
first step in the twofold 1,1-organoboration is an intermolecular 1,1-organoboration, followed
by an intramolecular 1,1-vinyloboration which leads exclusively, in the case of M =Si and
Ge, to siloles and germoles. In the same way stannoles and plumboles can be prepared;
however, depending on R (e.g. R='Pr) in R;B and on R! (e.g. R'=Me) in the alkyne other
heterocycles {(e.g. 1,4-stannabora-2,5-cyclohexadiene or 1,4-plumbabora-2,5-cyclohexadiene
derivatives) may also be obtained. Tetra-1-alkynyl derivatives of silicon and germanium react
with R;B to give selectively spiro compounds with two silole or germole rings. Starting from
Sn(C=CR?), and R;B various types of spiro compounds are obtained, depending on R and
R!. In all compounds derived from 1,1-organoboration reactions numerous reactive
element—carbon bonds are available for further transformations. The mechanism of the
1,1-organoboration is revealed by the nuclear magnetic resonance spectroscopic analysis in
solution and in the solid state as well as by direct structural characterization of several
zwitterionic intermediates in which a cationic triorganotin or triorganolead fragment is weakly
coordinated to the C=C bond of an alkynylborate.

Keywords: Alkynylsilicon; Alkynylgermanium; Alkynyltin; Alkynyllead; 1,1-organoboration

1. Introduction

Organometallic chemistry of group 14 elements (M =Si, Ge, Sn, Pb) on the one
hand and of boron on the other hand has been extensively studied, particularly in
the last three to four decades. However, there are not many points of contact between
these active research fields: the exchange reaction of boron halides with tetraorganyl-
tin or -lead compounds has been used frequently to prepare organoboron halides
[1]; boranes and borates with B—Si, B—Ge, B—Sn and B—Pb bonds have been
described [2,3]; hydrostannation of alkynylboranes has been reported [4]; trieth-
ylborane has proved to be an efficient catalyst in hydrostannation [5] and hydro-
germylation reactions [ 6]; 1,2-hydroboration of alkynyl- and alkenylsilanes has been
studied using various borane reagents [ 7.8], including polyboranes [9]; a number
of polyhedral boranes are known with organoelement groups as terminal or bridging
ligands [ 10]; heteropolyboranes with silicon, germanium, tin or lead as heteroatoms
have been known for some time [11].

The polarization of M—C bonds increases significantly from M =Si to Pb, and,
depending on the nature of the organyl group, one can predict an alternative (Eq. (1),
path c) to the widely used simple exchange reactions between organotin or -lead
compounds and boranes [ 1] as shown in Eq. (1), path b. By taking into account
that both the polarization of the M—C bonds and the electrophilic character of the
boron atom can be finely tuned by selecting appropriate substituents, an alternative
could open a new field of research. Following this line of thought, a cleavage of the
M—C bond would also be required (Eq. (1), path a) in the first step to form an
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intermediate zwitterionic complex A. However, the subsequent rearrangement
(Eq. (1), path ¢) of A would then afford a borane with a new carbon—X bond. If
the group X is an organyl group a new C—C bond will be formed. This type of
rearrangement has to be considered if the carbon atom, linked to M (M —C), is part
of an unsaturated system such as in 1-alkynylmetal compounds (L,M—C=CR").

Lo® e"%ﬂge LpM-X + Y-C-BS
LnM-c-Y«x-< @, y.c-8] )
X

7 Y
), . LM-Y-c- E<
A reurrungemen |X

The reaction of alkalimetal trialkylalkynylborates (B) with various electrophiles
[12] (Eq.(2)), including triorganosilicon [12,137] and -tin [13,14] chlorides, is a
model reaction for the rearrangement described in Eq. (1), path ¢. It is also an
extremely versatile method to form new C—C bonds. Depending on the electrophile,
mixtures of E—Z isomers are obtained or the reaction proceeds stereoselectively,
e.g. leading to the E isomer for E—X=Me,;Si—Cl [12b], Bu;Sn—CI [ 13].

E_ BR, R BR,
Na*[R1-C=C-BR,yl + E-X — /= or X
R R E

TNax 2)
B

R

What are the benefits of using 1-alkynylmetal compounds and triorganoboranes
instead of trialkyl-1-alkynylborates and electrophiles? The products will also be
organometallic-substituted alkenes which are important building blocks both in
organic [ 12¢,13b] and in organometallic [ 12b,14] chemistry. However, the work-up
procedure is extremely simple since there is no need to remove salts, the reactions
proceed essentially in a quantitative way and the stereochemistry of the reactions
might be better defined. Furthermore, we can use di-, tri- and tetra-1-alkynylmetal
compounds for the reaction with the boranes in order to arrive at various new
heterocyclic systems which are not accessible via the alkynylborate route. Finally,
there might be a chance to establish the reaction mechanism which, in principle,
should be comparable with that of the reaction of alkynylborates with electrophiles.

If the fragment M—C—Y in Eq.(l) corresponds to an alkynylmetal group
M—C=C—R! and the reaction with a triorganoborane (R;B) has taken place
(Eq. (3), path a) we find a system closely analogous to that in Eq.(2): cleavage of
the M—C= bond would provide a negatively charged alkynylborate fragment
together with the L,M™ fragment which are expected to combine and to give a
zwitterionic intermediate C (corresponding to A), in which the L,M™ fragment and
the boron atom are bridged more or less symmetrically by the alkynyl group (see
Section 9). This is the ideal starting position for further rearrangements which, in
the most simple case, lead to alkene derivatives (Eq.(3), path b), with the boryl
group in cis or in trans position with respect to the L,M group (Eq. (3)). Since the
R,B group and R end up at the same carbon atom, this is called a 1,1-organoboration
[14]. The products in Eq. (3) are analogous to those in Eq.(2) and therefore it can
be assumed that the mechanism of the reaction shown in Eq. (2) involves a short-
lived intermediate similar to C after elimination of NaX.
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taM  BR,
. >=
LnM RO R
-
.M-CzC-R' + R,8 9, [Ri-czc-BR,] &L or @)
c R;=/BR,
.nM = R3M (M = Si,Ge,Sn,Pb) M R
R = alkyl, aryl; R' = H, alkyl, aryl, LnhM, etc.
R2 = alkyl, aryl

The synthetic potential of the 1,1-organoboration reactions, shown schematically

in Eq. (3), depends mainly on the following factors:
(i) the formation of the new carbon—carbon bond must be highly stereoselective;
(ii) the 1,1-organoboration must tolerate a wide range of different groups R in the
triorganoborane (R;B) and of R! in the alkynyl group C=CR!;
(iii) the presence of other functional groups, including further alkynyl groups
C=CR! at Si, Ge, Sn or Pb, must also be tolerated;
(iv) boranes and 1-alkynylmetal compounds must be readily available;
(v) suitable analytical tools must be at hand for monitoring the progress of the
reactions, characterizing the final products and analyzing mixtures.

If these conditions are fulfilled, 1,1-organoboration reactions are expected to
become a powerful method in the stereospecific synthesis of organometallic-
substituted alkenes or cyclic and non-cyclic dienes, to name just a few examples. It
has already been shown that 1,1-organoboration can also be carried out with
1-alkynylplatinum(II) complexes [ 14b], and one can envisage widespread applica-
tions also to other l-alkynylmetal compounds. Clearly, any compound obtained
from 1,1-organoboration reactions possesses a number of reactive element—carbon
bonds which can be exploited in many ways for further transformations. Furthermore,
the presence of the boryl group and one or two other organometallic substituents
linked to a C=C bond invites study of the behaviour of such compounds towards
a large group of ambifunctional reagents which contain a nucleophilic site (for
interaction with the three-coordinate boron atom) and an electrophilic site (in order
to induce cleavage of polar element carbon bonds). The products of 1,1-
organoboration reactions are also of interest for cycloaddition reactions since the
electronic properties of the C=C bond in the alkenes or of the diene systems, e.g.
in boryl-substituted metalloles, are greatly modified owing to the nature of the
organometallic substituents. However, it is not in the scope of this review to deal
with the chemistry of the products. Here, the emphasis is laid on the reactivity of
the various 1-alkynylmetal compounds towards boranes and on the final products
of the 1,1-organoboration reactions, together with mechanistic considerations.

In the following it will be shown that the five conditions stated above are fulfilled
in many cases, although 1-alkynylgermanium compounds have received less attention
than the 1-alkynylsilicon, -tin and -lead compounds. Most of the work reported here
has been carried out in the group of the present author, and major progress which
necessarily depended on firm evidence with regard to the reaction mechanism was
achieved only during the last 6-7 years. The unequivocal evidence for the reaction
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mechanism is based on the isolation and structural characterization of intermediates
corresponding to C (see Section 9). Zwitterionic compounds of this type in which
an alkynyl group bridges a boron and a tin atom were unprecedented.

2. Availability of alkynyl group 14 element compounds and of boranes
2.1. Alkynyl group 14 element compounds

The major synthetic routes to alkynyl-group 14 element compounds have been
summarized [15,16]. These compounds are readily available, in most cases, by
application of standard preparative procedures. In the case of alkynylsilicon,
-germanium and -tin compounds, the corresponding element halide is treated either
with Grignard reagents, R!IC=C—Mg—X, or with alkali metal alkynides,
LiC=CR!, NaC=CR! or KC=CR! (Eq. (4)). For R! =H, the use of the Grignard
reagent HC=C—Mg—Br in THF appears to be crucial [17]. Compounds of the
type RZIM—C=C—MR3 are readily available from the reaction of the metal chloride
with Li,C, or the corresponding Grignard reagent (Eq. (5)). Tetra-1-alkynyllead
compounds are prepared from K,PbCls, as shown in Eq.(6). A very convenient
access to 1l-alkynyltin compounds, recommended for expensive alkynes, is provided
by the reaction between dialkylaminotin compounds and terminal alkynes [15,18]

(Eq. (7).

Ri_nMCl, + nICzC-RI° —— R3_,M(C=C-RY, + nCI (4)
R! = alkyl, aryl, SiMe,, etc.
R? = alkyt, aryl
2R3MCl + [CxCl —— R3IM-CxC-MR} + 2CI° (5)
R2? = alkyl, aryl
KalPbClgl + 4 [CxC-RY|™ ——— Pb(C=C-R'), + 2 KCl + 4 CI” ©)

R' = alkyl, aryl, SiMe,, etc.

R?,_.Sn(NR%)n, + n H-C2C-R' —— R%_,Sn(C2zC-RY, + n HNR3, 1]
R' = alkyl, aryl, SiMe,, etc.
R? = alkyl, aryl; R3 = Me, Et

Most alkynylsilicon and -germanium compounds are stable towards air and water
and can be stored for prolonged periods without decomposition. The tetraethynyl-
and other tetra-1-alkynylsilicon and -germanium compounds should be handled with
care during purification as they may explode. Alkynyltin and -lead compounds are
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sensitive to moisture. Ethynyltin compounds should not be stored in closed vessels
at room temperature since ethyne may be formed, which is hazardous under pressure.
Larger amounts of tetra-1-alkynyltin derivatives should be purified by crystallization
rather than by distillation or sublimation. Ethynyllead derivatives are fairly unstable
and cannot be stored for a prolonged time even at —78°C. All other alkynyllead
compounds are thermally more stable but should not be heated to above 80 °C.

2.2. Boranes

The synthesis of organoboranes has been described in great detail [ 19,20]. Thus,
triorganoboranes R;B of varied structure are readily available. Hydroboration of
alkenes, reaction of Grignard reagents or organylithium compounds with boron
halides or methoxyboranes are the most common methods. In this review, many
1,1-organoboration reactions are described for triethyl- (1) or triisopropylborane (2)
as typical examples of noncyclic trialkylboranes with very different steric demand of
the organyl groups. Typical examples of cyclic or bicyclic borane reagents are
boracylopentanes (3) or 9-bora-bicyclo[ 3.3.1 Tnonane derivatives (4).

Et,B ipr B ()a -R &B -R
3 a

1 2
R = alkyl, aryl R = H, alkyl, aryt

3. Major analytical tools

Among the various physical methods available for the characterization of molecu-
lar compounds nuclear magnetic resonance (NMR) proved to be the most powerful
analytical tool in studying 1,1-organoboration reactions. Advanced 'H and **C one-
dimensional (1D) and two-dimensional (2D) NMR techniques, routinely available
on modern NMR instruments, enable unambiguous assignment of sophisticated
structures of organic frameworks [21]. Together with information from NMR meas-
urements of other nuclei such as !B, 2°Si, 11°Sn and 2°7Pb (or !N, '°F, 3!P, etc. if
present) a fairly complete picture emerges both of the molecular structure in solution
and also of the course of the reaction. Since the NMR sensitivity of !B, 2°Si, 11°Sp
or 27Pb is high (e.g. as compared with '*C), reaction solutions can be studied under
realistic conditions (e.g. deuterated solvents are not necessary; the solutions can be
diluted as in experiments carried out on a larger preparative scale), from the beginning
of the reactions at low temperature to room temperature or above and it becomes
possible to detect intermediates and to determine optimum conditions.

B NMR spectra are ideal to look for a change in the coordination number of
the boron atom. Thus, the intermediacy of complexes such as A or C should be
revealed by a shift in the ''B NMR signal to low frequency as compared with that
of R3B [22]. Since !'B is a quadrupolar nucleus (I=23/2) the resonance signals are
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rather broad, depending among other things on the local symmetry and molecular
weight of the boron compounds. Therefore, if the chemical shifts 5(*!B) of the starting
material and products are similar, a greater linewidth of the *B NMR signal of the
product is observed.

The magnetic shielding of 2°Si [23] and particularly those of the heavier nuclei
119Gn [24] and 2°7Pb [25] are extremely sensitive to small changes in the environ-
ment of these nuclei. Therefore, 2°Si, 11°Sn (Fig. 1) and 2°"Pb NMR spectra serve
extremely well for monitoring the progress of the 1.1-organoboration reactions and
also in the preliminary analysis even of complex mixtures. Since 2°Si, *!°Sn and 2°’Pb
are spin 1/2 nuclei (in contrast with 'B), relatively sharp signals are detected under
all conditions in solution provided that broadening owing to chemical exchange
does not play a significant role.

Meaningful solid state NMR spectra of all types of nuclei other than 'H., using
magic angle spinning (MAS) or cross polarization (CP)-MAS techniques, are becom-
ing more readily available. If direct structural information is accessible, e.g. from

o
0]
® R MesSi
R’BVA 3P R
N —
R/; :S\B\/R
X SiMe; R
Me,Si
o Me,Si o R\BWM/Q’S&' s R
SiM. R~ iMe .
R = iMes_ ] Pl :.;\R
a = /R ZZ n\
R—p” / B 7 &  TSSiMe,
* SiMe, % Me,Si
J R Me;Si
)
’ - A
-6 -10 g -8 S$29Si
@ 3 A

500 400 300 200 100 0 -100 -200 -300 8950

Fig. 1. Reaction between Sn(C=CSiMe,), and an excess of RyB (4, R="Pr) after 16 h at 80°C in toluene,
monitored by (a) !!°Sn NMR and (b) 2°Si NMR; there is no starting material left; after 8 days at 80°C,
all intermediates are converted to the spiro compound. (a) 33.5 MHz '°Sn NMR spectrum (‘H inverse
gated decoupled for suppression of the nuclear Overhauser effect (NOE)). (b) 59.6 MHz *°Si NMR
spectrum (refocused insensitive nuclei enhanced by polarization transfer (INEPT) pulse sequence, 'H
decoupled); with the exception of the *Si(=C-SiMe;) resonances, all other 2°Si NMR signals are well
separated and can be readily assigned owing to the characteristic changes in their intensity as a function
of the reaction time.
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X-ray analyses, the solid state NMR data are an important link to discuss the
structure of the corresponding compound in solution [26,27].
4. General remarks on 1,1-organoboration reactions
4.1. Reaction conditions of 1,1-organoboration reactions

Since the cleavage of the M—C= bond in the presence of R;B is the first major
step in 1,1-organoboration reactions, a markedly different reactivity is observed for

M=Si to Pb. Owing to the polarity of the M—C= bond, the 1,1-organoboration
proceeds most readily for M=Pb and rather sluggishly for M =S8i, as shown in

Me,M  BEt,
Me,M-CxC-Me + Et;B — >=( (8)
1 Me Et
M Reaction Solvent | % conversion
starts at °C after 0.5 h
Si >+95 Et,B <5
Ge |+25 hexane 50
Sn | -40 hexane 100
Pb -90 hexane 100

Eq. (8) for the trimethyl-1-propynyl element derivatives. The reaction conditions
shown in Eq. (8) imply that 1,1-organoboration of alkynylsilanes has to be carried
out with boranes which do not undergo dehydroboration reactions [ 28 ]. Therefore,
Me;B (to be used in an autoclave) and Et;B will be the boranes of choice. Clearly,
in the case of M =8i, it is also essential that the products can stand the rather harsh
reaction conditions. For M =Ge, 1,1-organoborations with Et;B are complete after
several hours at room temperature or after a short time (minutes) of heating to reflux
in hexane. This enables the use of a wider range of triorganoboranes since dehydro-
boration reactions normally require temperatures above 90°C. For M =S8n, the
1,1-organoboration reaction is strongly exothermic when carried out at room temper-
ature. Care must be taken to control the reaction conditions and this is also true
and crucial in the case of M=Pb.

4.2. Stereochemistry of 1,1-organoborations

The stereochemistry of the 1,1-organoboration can be understood by inspection
of the intermediate C. The L M fragment screens one side of the C=C bond against
a 1,2 shift of the group R from the boron to the alkynyl carbon atom. Therefore,
the preferred product will be that with L,M and the R,B group in the cis position.
There are very few exceptions:

(i) the group R! is itself an organometallic substituent (e.g. R! =SiMe,;, GeMe,,
PbMe;, B(NEt,),) which can take over the function of L,M in C;
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(ii) the steric requirement of the group R is low as in boracyclopentanes where the
1,1-organoboration takes place by ring extension, which usually leads to mix-
tures of E-Z-alkenes.

4.3. 1,1-organoboration of di-, tri- and tetra-1-alkynyl element compounds

If there are two or more alkynyl groups linked to M (e.g. Me,M(C==CR!),,
MeM(C=CR!'); or M(C=CR!),) further intermolecular and intramolecular
1,1-organoborations may compete against each other, once the first intermolecular
1,1-organoboration has taken place. Since the intermolecular 1,1-organoboration is
rather slow in the case of M =S8i, Ge, further intramolecular 1,1-organoboration
is dominant, even in the presence of a large excess of R;B (e.g. Et;B as solvent). In
contrast, for M =Sn, Pb, further intermolecular 1,1-organoboration may readily
occur and, in the absence of severe steric hindrance, it may even become the dominant
process. This shows again that for M =S8n, Pb it is extremely important to adjust
the experimental conditions with great care. Because of the mild reaction conditions
for the 1,1-organoboration of alkynyltin and -lead compounds, it is possible to detect
intermediates (see Section 9) corresponding to C. These are more stable if one starts
with di-1-alkynyltin or -lead compounds (D) or with tri- (E) and tetra-1-alkynyltin
compounds (F).

1 1 A

R\\\ M R\\\\\ R 2\\\\\

¢\ - % - o O\ -
Me:M  BR, RB S8 “BR, RB” “sp2+BR,

- P N A -

a ’e w}ﬁz W b
D E R'E
M = Sn, Pb; R = alkyl; R' = alkyl, aryl, etc.

4.4. Reversibility of 1,1-organoboration reactions

Frequently, 1,1-organoboration reactions are reversible. This can be explained by
inspection of the preferred conformation G (Eq. (9)) looking at the arrangement of
the R,B group with respect to the C=C bond. For steric reasons, the C,B plane of
the R,B group adopts an orthogonal position relative to the C=C—B plane. In this
conformation o—m interactions between the o (=C—R) bond and the empty boron
p. orbital are conceivable. This causes weakening of the o (=C—R) bond and
appears to be a precondition for the process of deorganoboration (Eq. (9)). If R! is
an organometallic substituent (e.g. R* = Me,Si, Me;Ge, Me;Sn, Me;Pb), the deorga-
noboration may occur already at room temperature or just above. This is important
considering that the stereochemistry of the 1,1-organoboration is not well defined
for this type of substituent (see Section 4.2). Any irreversible intramolecular process,
following the intermolecular 1,1-organoboration, requires a certain stereochemistry
(see the intermediates D, E and F and consider their precursors) and, therefore,
reversibility of the intermolecular 1,1-organoboration is an important condition for
shifting the equilibria finally in the desired direction.
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R
Me,;M B R

]
G

= Me;M-C=C-R' + R,B (9)

5. 1,1-organoboration of 1-alkynylsilanes

New alkene derivatives [29] and heterocyclic dienes [29-34] can be obtained by
1,1-organoboration of 1-alkynylsilanes using mainly triethylborane, Et,B, or trimeth-
ylborane, Me;B. In all cases it is necessary to use a large excess of the borane (it is
recommended that the borane serves as the solvent) and to heat the mixtures for
several days at least up to 100 °C. Under these conditions mono-1-alkynylsilanes are

Me,Si  BEt,
Me,Si-C=C-R! + Et;8 — Dad (10)
1 R" _Et
s

R! = alkyl, cycloalkyt, alkenyl, aryl

converted into the E-alkene derivatives 5 (Eq. (10)) in high yield (above 80%) [29].
Di-1-alkynylsilanes react with Et;B (Eq.(11)) under the same conditions to give
exclusively the silole derivatives 6 [ 31]. It was not possible to detect intermediates
in which only one alkynyl group had reacted (the precursor of D). The harsh reaction
conditions are responsible for a fast irreversible intramolecular 1,1-vinyloboration,
once the intermolecula: 1,1-ethyloboration has taken place.

Rt
BEt,
Me,Si(C=C-RY, + Et,B — Me,s/\é( 1
ks Et
R = alkyl, aryl, SiMe, S

Most tetra-1-alkynylsilanes react with Et;B via fourfold 1,1-organoboration to

Rt R
Et:B._), Et
SCEC-RY, + 2Et;B — S 12
' ? Et)\; ?a&, 02
1
R = alkyl, aryl, SiMe, Y e

give the spiro compounds 7 as the final products (Eq. (12)) [32]. For some groups
R! (e.g. R'=Ph, SiMe;), the siloles of type 6 are observed as intermediates [32]. In
the case of R! ='Bu, the reaction ends, even in the presence of a large excess of Et;B,
after twofold 1,1-organoboration at the stage of the silole 6 (Eq. (13)) [34].

Of a large number of readily accessible alkynyldisilane derivatives only

B
2
si(czC-tBu), + Et;B ——»(QBU-C!C)IS?( 413
Et

tBu
S
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1,2-diethynyltetramethyldisilane has been studied so far with respect to
1,1-organoborationu [30]. As shown in Eq. (14), this reaction leads straightforwardly
to the 1,2,5-disilaborepines 8. In this case the twofold (inter- and intramolecular)
1,1-alkyloboration takes place (in contrast to the formation of the siloles 6 [31]
and the spiro compounds 7 [32], the second step of the reaction is not a
1,1-vinyloboration).

Me,Si-C=C-H Mezs|/\
! + RB — (14)
Me,Si-C=C-H Mezsl\A
R = Me, Et 8

A macrobicyclic compound 9 becomes available via the threefold (intermolecular
and twofold intramolecular) 1,1-ethyloboration of tris[ethynyl(dimethyl)silyl Jmeth-
ane according to Eq. (15) [35]. Monitoring of the reaction by 2°Si NMR indicates
that the reaction mixture contains starting material and compound 9 but no potential
intermediates. This proves again that in the case of alkynylsilanes the intramo-
lecular 1,1-organoboration proceeds rapidly as compared with intermolecular
1,1-organoboration.

Me, i
/SI C=C~-H
H-Cle SiMes —Cac-n + Et3B — H- cl-Me,s” \) B (15)
Nsi-csC-H
Me, k<

6. 1,1-organoboration of alkynylgermanium compounds

The 1,1-organoboration of alkynylgermanium compounds has not been studied
extensively. However, the reactions proceed faster than in the case of alkynylsilanes
and the same types of products can be prepared. This is shown in Eq. (8) for alkene
derivatives [36]. Germoles (10) are obtained from the twofold 1,1-organoboration
of di-1-propynylgermanium compounds, Me,Ge(C=CMe), or "Bu,Ge(C=CMe),
[36a], and the spiro compounds (11) [32] corresponding to 7 are also readily
accessible.

R' R!
2

M\ BEt, Et,B

R%,Ge’

4G /\Et )\{ BEt,
Me

10
R2 = Me, "Bu R = Me, Ph
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7. 1,1-organoboration of alkynyltin compounds
7.1. Mono-1-alkynyltin compounds

Mono-1-alkynyltin compounds react with one equivalent of a triorganoborane
R;B (R =Me, Et, "Pr, ‘Pr, "Bu, 'Bu, *Bu, cycloalkyl, Ph) under mild reaction condi-
tions (—78°C to room temperature) by 1,1-organoboration of the C=C bond to
give a wide variety of alkene derivatives such as 12-14 stereoselectively and in
quantitative yield. There may be a functional group X linked directly to the C=C
bond (13), or the functional group is part of Y (14). For simplicity only formulae
with Me;Sn groups are shown; however, the 1,1-organoboration proceeds in the
same way for Et;Sn, Bu3Sn or Ph;Sn groups, to name just three prominent examples.

Me,Sn  BR, Me;Sn  BR,
R R X R
12 13
R' = H, alkyl, aryl, alkenyl, alkynyl X = Cl, OEt, N(Me)Ph, PPh,

Me,Sn  BR,

Y R
14
Y = CH,Cl, CH,OMe, C(Me)HOSnMe,, CMe,0SnMe,,

CH,SEt, CH,NH,, CH,NMe,

For cyclic triorganoboranes, e.g. 3 or 4, the question arises of which B—C bond
is used to form the new C—C= bond. It appears that ring enlargement (15 [37],
16 [38-40]) is the kinetically controlled process and, at least in the case of some
derivatives of 4, it is also possible to convert the product of kinetic control into
the thermodynamically controlled reaction product (17) in which the
9-borabicyclo[ 3.3.1]nonane system is retained [39].

R R R
Me,Sn >_<|3> R' B Me;Sn  B- Me,Sn B
RY Me,Sn R? RY R
16 17

1S 2)-15
R! = H, Me, SnMe, RY = H, alkyl R!' = Me
R = Me, Et, thexyl, Ph, 2-thienyl R = alkyl, Ph R = Me, Et

If non-cyclic triorganoboranes with different groups R and R’ (e.g. in R,BR’) are
used in 1,1-organoborations, mixtures are obtained in which either R or R’ is
transferred from boron to the neighbouring olefinic carbon atom. Since the product
distribution is not statistical, kinetic effects may again be important: the reaction
between 'Bu,BMe and trimethyl-1-propynyltin (Eq. (16)) affords the alkenes 18 and
19 in a 1:1 ratio [37]; this suggests that the transfer of the methyl group is faster
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than that of the tert-butyl group. The analogous reaction with dialkylborylferrocenes,
R,B—Fc¢ (R =Meg, Et, 'Pr, 'Bu) affords alkenes preferably with new Fc—C= bonds
{70%, if R =Me) or R—C= bonds (70%, if R ="Bu) [41].

Me
Me,;Sn \B-tBu Me,Sn BtBuz
Me,Sn-C=C-Me « 1Bu,BMe —~ > + had (16)
Me t'Bu Me Me
18 19

A different stereochemistry of the products from 1,1-organoboration reactions
(with stannyl and boryl groups in mutual trans position) results if the group R in 3
is not sterically demanding (e.g. Z-15). With a bulky group R, e.g. R =CMe,CMe,H
(thexyl), the E isomer 15 is obtained exclusively. The stereochemistry is not defined
if R! is another organometallic group such as R!=SiMe;, GeMe;, PbMe, or
B(NEt,), etc. In these cases, mixtures of alkenes are obtained (Eq.(17)), which,
however, readily undergo deorganoboration (see Section 4.4). In the case of R!'=
SiMe;, the mixture contains approximately 5% of 20 and 95% of 21 [42].

Me,Sn. BR, Me,Si BR,

Me,Sn-C2C-SiMe, + RgB — = > © o S an
P Me,si” R Me,Sn R
20 21

Since siloles are rather attractive metalioles [43], but di-1-alkynylsilanes are fairly
unreactive towards R;B (see Sections 4.1 and 5), compounds of type 22 were prepared
in which the Me,;Sn-substituted alkynyl group reacts already below room temper-

R1 Rt
y A
BEt,
Me;SC  +Et,B @), Me,st” aEt, ®), Me,s¢( (18
N Me,Sn Me,Sn
22 ShMe 23 24

R = akkyl, Ph, SnMe,

ature with R;B (Eq. (18), path a). Once the boryl group has entered the molecule
(23), the following intramolecular 1,1-vinyloboration (Eq. (18), path b) also proceeds
under mild reaction conditions to give the organometallic-substituted siloles 24 [ 33].
Other metalloles can be prepared, following the route shown in Eq. (18) for R!=
SnMe;. Thus, germoles (25) [44] and a borole (26) [45] were isolated. Similarly, a
1,2,5-disilaborepine derivative (27) (analogous to 8) is readily accessible [46].

Me,Sn
Me,Sn Me,Sn &/Et
BR, BEt, Me,Si
M - -
e2G R EtN Et Me,Sl Et
Me;Sn Me,Sn Et
Me,Sn

25 26
R = Me, Et 27
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The synthetic potential of the new alkene derivatives can be further increased if a
functional substituent at the tin atom is present instead of one of the organyl groups.
This is shown in Egs. (19) and (20) by the 1,1-organoboration of alkynyl(chloro)di-
methyltin [47] and alkynyl(dialkylamino)dimethyltin respectively. The products 28
[47] and 29 [ 48] are versatile starting materials for further synthetic transformations
[49-53].

Cl

¢ Me,St  BEt,
Me,Sn-C=C-Me + Et,B — < (19)
Me Et
28
NEt: Me,Sf BEt,
Me,Sn-C2C-Me + Et;B — < (20)
Me Et
29

If the more bulky diisopropylamino group is used, the coordinative N—B bond
is weak for steric reasons. However, compound 30 (Eq.(21), path a) cannot be
isolated: the Sn—diisopropylamino group appears to be a very strong base and is
able to abstract a proton from one of the B—CH, moieties. Diisopropylamine is
eliminated, and a new Sn—C bond is formed to give the heterocyclic compound 31
(Eq. (21), path b). Alternatively, one can start with 28 and treat it with LiN'Pr,
according to Eq. (20), path c. Numerous heterocycles analogous to 31 have been
prepared by these routes [54,557.

a
Me,Sri’ BEt,

+ LiNIPr, —
Me Et (C)—}'-qu

28 - HNiPr,
Nipr H sMe
NiPr, s 2
) Me,Si  BEt Me,Sn B-Et 21
Me,Sn-C2C-Me s EtB 2, 2 =g 2 () TEESN o

\ - \
Me Et -HN'Pr, Me Et
30 31

Compounds such as 12 are triorganoboranes of the type R,BR’ and therefore may
also be active in 1,1-organoboration reactions (they may even compete with R;B for
the reaction with alkynyltin compounds). This aspect becomes particularly important
if an excess of the alkynyltin compound is present. Thus, it was shown that Me;B
reacts with an excess of trimethyl-1-propynyltin (Eq. (22)) to give a mixture in which
compound 32 was identified as a major product [56]. 1,1-organoboration has
taken place three times (starting with 1,1-methyloboration, followed by two
1,1-vinyloborations) with >98% (according to 'H-, '*C- and !'Sn NMR)
stereoselectivity.

The formation of the butadienes of type 33 (Eq. (23), path a) may be followed by
rearrangement into allene derivatives (Eq. (23), path c). This rearrangement always
takes place if a bulky group R!! is present in the alkynyltin compound
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Mein%j\nMe,

- - Me

3Me;,Sn-C2C-Me + Me;B — ™M - _>—-BMez (22)
Me <

Me,Sn
32

Me;Sn—C=C—R*!! which reacts with 12. Because of the steric requirements of R'*,
the cis-conformation of the butadienes 33 is unfavorable. Before the trans conforma-
tion 34’ is reached, the electron-deficient boron atom comes close to the electron-
rich olefinic carbon atom bearing an Me;Sn group and R*. It is conceivable that
this proximity of the two reactive centres is responsible for the rearrangement of 33
via 34’ to the allene system 34. This is an efficient route to organometallic-substituted
allenes [ 57-60].

R SnMe,
Me,Sn  BEt, ( )Me,Sn
R‘>=<Et + Me,Sn-CzC-R" -2, R‘>=:Et BEt, (23)
33
12 ®) p
Me,S R! Et,B SnMe
eEi ;: snMeJ (c) Me,Sn 2 N/ 3
2 =4 — >
Ef R RS /Et\"“
34 34°

R = H, Me, SiMe;, SnMe,;  R" = tBu, SiMe,, SnMe,

Interestingly, the reaction between dimeric 9-borabicyclo[ 3.3.1nonane (a widely
used 1,2-hydroborating agent) and the alkynyltin compounds Me;Sn—C=C—R!!
(R!'=SiMe;, SnMe;) does not proceed via the well-known 1,2-hydroboration, as
with other alkynes, but via 1,1-hydroboration, followed by fast intermolecular
1,1-vinyloboration with a second equivalent of Me;Sn—C=C—R!' and the
rearrangement of the same type as shown in Eq.(23). The allene derivatives 35
(Eq. (24)) are formed quantitatively [59,60]. Their molecular structure is evident
from extensive multinuclear NMR data [59,60] and also from the result of a single
crystal X-ray analysis (R!!=SnMe,) [61].

2 Me,;Sn-C=C-RY"
SnMe,
— 8’ (24)
1/2(&5%)2

What happens if R in Me;Sn—C=C—R"!" is not a bulky group? Apparently
the butadienes 33 are not particularly stable and their formation appears to be
reversible via deorganoboration. An alternative to the 1,1-vinyloboration leading to
33 is 1,1-alkyloboration which would afford heteropentadiene derivatives of the
type 36. Again these compounds are unstable, this time with respect to an irreversible
rearrangement to the 3-borolenes 37 (Eq. (25)) [ 62]. These 3-borolenes are fluxional

R = SaMe,, SnMe,
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compounds since the two Me;Sn groups migrate by 2,4 or 5,3 shifts. At low temper-
ature the 3-borolene is the preferred isomer if R' =R =Me [62], whereas for R!=
R!'=H the structure of a 2-borolene is preferred [36a].

Et

Me,Sn  BEt, (a SnMe,

+ Me,Sn-C=C-R" =5 Et- (25)
R* Et SnMe,

12 B\,
36
® p

SnMe
Et\.i R"

7.2. Di-1-alkynyltin compounds

In principle, the 1,1-organoboration of di-1-alkynyltin compounds is similar to
that of mono-1-alkynyltin compounds, at least as far as the first step is concerned
(Eq. (26), path a), including all arguments regarding stereoselectivity and reversibility
of the reaction. The second alkynyl group linked to tin opens the possibility for
further intramolecular (Eq. (26), paths ¢ and d) or, in the presence of an excess of
R;B, intermolecular 1,1-organoboration (Eq. (26), path €). The intramolecular reac-
tion starts from the zwitterionic intermediate 38 [63] which is in equilibrium with
38 (Eq.(26), path b). Intramolecular 1,1-vinyloboration affords the stannoles 39
(Eq. (26), path c¢), whereas intramolecular alkyloboration (R=alkyl) leads to the
1,4-stannabora-2,5-cyclohexadienes 40 (Eq. (26), path d).

R3Sn(C=C-RY, + R,B

@) (26)
Rt

Ri\\\ Pl
Rgé}‘\_{& L R’,SHR,
1 1

38 38°

) - i) ()]
R

R! R' R R! R, SR
BR, ~ “BR, (1) SR
R%S! R3S B-R R%,Sn — R’,Sr\ ¢
R %‘( BR, ST
! ' R R RB™ Pre

39 40
41 a2
The groups R?=Me, Et [64], ‘Pr, "Bu, ‘Bu [36] have the expected effect on the
reaction rate constants, but they exert little influence on the product distribution.
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The stannoles 39 are formed selectively and quantitatively with R'=H, R=Et, "Pr,
iPr, "Bu, ‘Bu [36,64] and R'="'Bu [65], PPh, [36b], SiMe, [65] and R=Et. The
six-membered rings 40 result selectively and quantitatively with R!'=Me and R =
iPr [66], ‘Bu, cpent [36]. Other combinations may lead to mixtures of 39 and 40
and also, depending on the reaction conditions, with products 41 and 42 [63,67].
Functional groups may be present in R* (e.g. R = CH,0Me, CH=CHOMe, CH,SEt,
CH,NMe,, 2-pyridyl). In the case of R' = CH=CHOMe, 2-pyridyl and R =Et, the
1,1-organoboration gives the corresponding stannoles only, whereas mixtures are
obtained for other derivatives [68]. There appears to be a delicate balance between
electronic and steric effects exerted by the substituents R and R! which may be
related to the bonding in the zwitterionic intermediate 38. It was found [69] that
stannole formation (44) via the intermediate 43 is always favoured, independent of
RY, if the organic groups R? are replaced by a cyclic diamino group (Eq.(27)).
Furthermore, kinetic effects play an important role, as is evident from the fact that
stannoles 39 are always formed with R'=H and that it has not been possible to
detect the corresponding intermediate 38 with R'=H.

tBy
N
¢ >Sn(C!C-R‘), + R,B
N
tBu @] @n
R
t \
2‘,1 DN L
R ‘R_ N/Sn <BRz
Et,iPr tBu K R
Et, Pr 43
tay Et )]
MeOCH, | Et ‘o R
Me,Si | Et N, BR,
< Sn
A R
Bu 1
a4

If the steric requirements of R! and R are fairly small, the reaction rate for
intramolecular 1,1-organoboration is not too fast (e.g. R'=Me, R =Me, Et) and, if
an excess of R3B is present, the intermolecular 1,1-organoboration (Eq. (26), path d)
becomes the dominant reaction pathway. This leads first to the bis(alkenyl)tin
compounds 41 which finally (from — 10 °C to room temperature) undergo a complex
stereoselective rearrangement (note the substituent pattern of R and R!) into the
2,5-diborylated 3-stannolenes [66,67,70]. Under these reaction conditions, there is
apparently no direct route from 41 to the 1,4-stannabora-2,5-cyclohexadiene 40.
Instead, elimination of R;B (deorganoboration) leads back to 38 and over 38 to
either 39 or 40.

In the case of R!=SiMe;, the final product is exclusively the stannole system 47
[65,71], although the stereochemistry of the 1,1-organoboration is undefined (see
Sections 4.2 and 7.1, compounds 20 and 21). Thus, the presence of intermediates 45
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with the “wrong” stereochemistry for stannole formation was proved by NMR data
[71]. Since the intermolecular 1,1-organoboration is reversible (Eq. (28), path a),
the equilibrium is shifted to the stannole by the irreversible intramolecular
1,1-vinyloboration (Eq.(28), path d) which takes place in the isomer with the
“correct” stereochemistry (Eq.(28), path b and c) [71]. The intermediate 46 is
extremely short lived as compared with that with R!=alkyl instead of SiMe,. It
could not be detected in this reaction but it was observed in the analogous
1,1-organoboration of Me,Pb(C=CSiMe;), [72] (see Section 8).

Me,Sn(C=C-SiMe,), + RyB

@] (28)
Me,Si /SiMeJ /SiMe,
AEON 7 e 7
Me,SrL_ BR, — S Me,SL BR, 5 Me,Si R
R OR Me,s” R Me,Si BR,
46 46~ a4s
()]
Me,Si
L_-BR,
Me S
Me,Si
a7z

7.3. Tri-1-alkynyltin compounds

1,1-organoboration takes place readily with tri-l-alkynyltin compounds
(R2Sn(C=C—R");; R*=Me, Et, "Bu; R! =alkyl, SiMe;) and has been studied with
Et;B and 'PryB [73]. The system becomes more complex as compared with the di-
1-alkynyltin compounds because of the greater number of potential reactive interme-
diates. Following the first intermolecular alkyloboration, the equilibrium between 48
and 48’ has to be considered. Further intramolecular alkyloboration leads to another
zwitterionic intermediate 49 which is in equilibrium with 49'. The existence of these
intermediates and of the equilibria was shown by **C NMR at low temperature [ 73].

. RY R!

a ,s?anz = \\\,s/ BR,

a8 48°

1 R'

R RE\ R R!
R, R2’ \R, = st‘ SHR,
A

49 49°
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Starting from the compounds 48, 48 and 49, 49, intramolecular 1,1-vinyloboration
affords stannoles (50, 51), whereas intramolecular alkyloboration leads to the
1,4-stannabora-2,5-cyclohexadienes (52, 53). In the case of R!=Me and R=Et, in
the presence of a large excess of Et;B, intermolecular 1,1-ethyloboration of the last
C=CMe group in 49 generates the tris(alkenyl)tin compound 54 which rearranges
into the 3-stannolene 55. Only one of the possible diastereomers of 55 is formed; it
has been assumed that this is the diastereomer with less steric interactions between
the Et,B groups and the alkenyl group. Attempts at the distillation of 55 cause
deorganoboration and 56 is isolated, again as a single diastereomer [73].

' N
Bu
N, BEt -?‘ e%\
‘s : << -pr EtzBf— Sn BEts
R27 Et Me/ \/BEtz
U Me 'Pr M¢
SO 52 54
Me, . ; Et,
SI*SiMe 'p U Boe JEt
Et>_// JBEtz ge M\e T - E% Me ST Me
K ! “ i “sn” (
Et,§ S PrE S B-"Pr  E,g SN |
R2" “NEt rR2” Me” >(\E
SiMe, Me Br Et,B” “Me
51 53 55
\. Et E
A ’:\/\ Me
S
Me” N\ NE¢
Et,B” "m
56

7.4. Tetra-1-alkynyltin compounds

1,1-organoboration reactions of tetra-1-alkynyltin compounds, Sn(C=CR!),
(R'=alkyl, Ph, SiMe,), have been studied for various trialkylboranes [74-77]
including 9-borabicyclo[3.3.1 Jnonane derivatives [77]. The intermolecular
1,1-alkyloboration leads first to the zwitterionic compounds 57 (Eq.(29), path a)
and, after a second intermolecular 1,1-alkyloboration, to 58 (Eq. (29), path b). The
dynamic equilibria between 57 and 57 (Fig. 2) or 58 and 58 were examined by
temperature-dependent NMR studies [74,76]. In the case of 58 (R!=Me, R=Et),
the molecular structure was determined by single-crystal X-ray analysis [ 74].

The main products from the 1,1-organoboration reactions of tetra-1-alkynyltin
compounds are the spiro compounds 59 to 61. The compounds 59 are formed
selectively with R!=Et, '‘Bu, SiMe; and R=Et [76,77]. The molecular structure
of the spiro compound obtained by organoboration of Sn(C=CSiMe,), with
9-(CH;);CCH,-9-borabicyclo[3.3.1]nonane has been determined [77] (Fig. 3).
exhibiting a strongly distorted tetrahedral environment for the tin atom with small
endocyclic bond angles (C(1)SnC(4), 84.2(2)"; C(5)SnC(8}, 84.9(2)°). Mixtures of
spiro compounds 59, 60 and 61 are obtained with R'=alkyl other than methyl and
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tsu tBu tau\ ;Bu
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Fig. 2. 75.5 MHz 3C(*H) NMR spectra at various temperatures in CD,Cl,, demonstrating the dynamic
behaviour of the zwitterionic intermediate 57 (R! ='Bu, R =Et); 117/1198n satellites are marked by arrows;
the 13C(C=C) resonances belonging to a small amount of the starting material Sn(C=C'Bu), are marked
by asterisks. (a) At —30°C; there is rapid exchange between terminal and bridging alkynyl groups. (b) At
—75°C; the '*C NMR signals for the alkynyl groups are now split in those for terminal and bridging
groups as indicated.

R =Pr. The formation of 61 is selective and quantitative for R' =Me and R='Pr
[75]. Similar to the 1,1-organoboration of di-1-alkynyltin compounds with R! #H,
SiMe,, six-membered rings are favoured if ‘Pr;B is used instead of Et,B.

8. 1,1-organoboration of 1-alkynyllead compounds

1,1-organoboration of 1-alkynyllead compounds takes place under very mild reac-
tion conditions (many of the reactions shown in Eq.(30), path a, are complete at
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Fig. 3. Molecular structure of a spiro-tin compound obtained from the 1,1-organoboration reaction
between two equivalents of 9-neopentyl-9-borabicyclo[3.3.1]nonane and one equivalent of
Sn(C=CSiMe,), [ 77]. Both bicyclic 9-BBN systems are extended by a C, unit, and the surroundings of
the tin atom correspond to an extremely distorted tetrahedron. Selected bond lengths (picometres) and
bond angles (degrees) are as follows: Sn—C(1), 215.0(4); Sn—C(4), 216.5(4); C(1)—C(2), 133.4(6),
C(2)—C(3), 153.0(6); C(3)—C(4), 135.1(6); B(1)—C(3), 159.7(7); C(1)SnC(4), 84.2; C(5)SnC(8), 84.5(2).

R! R
RO\ RO /
Sn(CeC-RY), AW '>\\§ A ////
* ) ’sq_BR, = sq_ BR, (29)
R,B ya A h
R1/ R1/
57 57
(b) |+ R,B
1 A R‘
R R R /
AP o= N\ o=
R.B * BR, & RzB\ ‘sp2* BR, — R:B°  ‘'sp* BR,
4 » A
o N N
s8° s8 s8°
R' R! r* R! R RtR?
RB._J, R Rt R S RE
) S sr. R 5 BR R-8 S 8-R
R R: Rk K RE& R
s9 60 61
R! = alkyl R = alkyl R' = Me



146 B. Wrackmeyer/Coordination Chemistry Reviews 145 (1995) 125-156

—178°C [78,79], and the products are thermally much less stable than the corre-
sponding tin compounds. Even those triorganoboranes which did not react at all
with 1-alkynyltin compounds because of steric hindrance can be used for
1,1-organoboration of 1-alkynyllead compounds. Examples for such boranes are
(Me;SiCH,);B [79] or triferrocenylborane (Fec=ferrocenyl) [80]. In many cases,
the 1,1-organoboration products decompose at room temperature after some hours
(in more favourable cases after some days) to give elemental lead, Me,Pb and
numerous other unidentified products. Interestingly, this decomposition is accompa-
nied by exchange of Pb—alkyl and B—alkyl groups (63, 64), and it is frequently
observed (Eq. (30), paths b and c) if the alkene derivatives 62 are kept in solution
at room temperature. This exchange takes place readily because of the preferred
orthogonal position of the R,B group with respect to the C=C—B plane (see
Section 4.4 [80]) and because of the labile and polarized Pb—alkyl bond. Rather
fast Me— Et exchange (after minutes at room temperature) is observed if the substitu-
ents R! are bulky (e.g. R'="Bu). This type of exchange reaction takes place also in
corresponding alkenyltin compounds, but only in the presence of special substuents
R! which, by intramolecular N—Sn or O—Sn coordination (e.g. R'=2-pyridyl or
CH,0OSnMe; [81]), help to increase the polar character of the Sn—alkyl bond.

Me,Pb-C=C-R' + Et,B

(30)
(@)} E|t Me Nl‘e
Me;Pb BR, () MePb B-Et (c) Et,Pb. BMe,
= —~ = 4
R R R R R R
62 63 64

In principle, all products obtained from 1,1-organoboration reactions of mono-
and di-1-alkynyltin compounds can also be observed using the corresponding
1-alkynyllead compounds. This also applies to the zwitterionic intermediates. Since
the reaction conditions are extremely mild, it is also possible to observe intermediates
which are not stable (see Section 7.2) under the conditions required for the organobor-
ation of 1l-alkynyltin compounds. An example is the intermediate 65 which is an
immediate precursor of the plumboles 66. In this reaction mixture, one can also
identify the bis(alkenyl)lead derivative 67 in which 1,1-organoboration has taken
place twice with the “wrong” (for plumbole formation) stereochemistry. However,
finally all of these intermediates are converted to the plumbole [ 727, demonstrating
again that the intermolecular 1,1-organoboration reactions are readily reversible.

Me,Si . BRy
Me,Si Me,Si
N\ S g, N4 R
Me,Pb 'BR, Me,P! Me,P!
g \R R
Me,57 R Me,Si Meﬁi/\a
65 66 &7 SR

Tetra-1-alkynyllead compounds, Pb(C=CR"),, react readily with Et;B, even at
—78°C [82]. However, it appears that already the first intermediates are too
unstable for isolation and characterization. Thus, for R! = Me, one obtains quantita-
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tively lead, Et,B—C=CMe and MeC=CEt (Eq. (31)). Considering the structure of
the potential intermediate 68 (see 58), lead and the two alkynes are exactly the
fragments to be expected for a “controlled”, well-behaved decomposition of 68.

BN M\\
EtzB\’= Pb‘* BEt, — Pb + 2 Et,B-C2C-Me + 2 Et-C2C-Me (30
\\ N(_\Et

68

9. Zwitterionic intermediates: stabilized organotin- and organolead cations

The first experimental evidence for zwitterionic intermediates of the type C, D, E
or F (see Section 1) was found by measuring !B NMR spectra of reaction solutions
in order to monitor the 1,1-organoboration of Me,Sn(C=C"'Bu), [65]. An !B NMR
signal at rather high field, typical of tetracoordinate boron atoms, suggested, in the
absence of any other donor, the formation of an alkynylborate moiety together with
the triorganotin fragment as the “counterion”. This situation is shown in structure
D and in 38 where the triorganoelement fragment with a positive charge coordinates
to the C=C bond of the alkynylborate group. Until 1989 [78], there were no
examples described in the literature where an alkynyl group was found to bridge a
boron and a tin or a lead atom. Although the structures C to F can be understood
as © complexes, there are alternative models such as B-metal-stabilized (hyperconju-
gation [83,847]) vinyl cations H and 1, or bridged structures J and K in which the
bonding can be described more generally by o—n delocalization [83].

R1

R' R!
N
&R, HR, Me,M BR, Me?”é%lsz
K

J
M-Sn,Pb

9.1. Zwitterionic intermediates with stabilized organolead cations

The search for firm structural evidence lasted then until 1989 when it proved
possible to isolate a crystalline material from the 1,1-organoboration of dimethyld:-
1-propynyllead [78]. X-ray analysis (Fig. 4) confirmed the proposed structure of
intermediates of type D. The sum of bond angles at the lead atom, not counting the
coordinative interaction with the C=C bond, is close to 360° (355.7(8)°), in accord
with a trigonal planar surrounding of the lead atom expected for a “free” triorgano-
lead cation. The slight pyramidal distortion shifts the lead atom towards the
C=C bond. The coordination of the C=C bond is unsymmetrical with a shorter
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Fig. 4. Molecular structure of the zwitterionic intermediate obtained from the 1,1-organoboration reaction
between ‘Pr,B and Me,Pb(C=CMe), [78]. Selected bond lengths (picometres) and bond angles (degrees)
are as follows: Pb—C(2), 264.8(8); Pb—C(3), 246.7(6); Pb—C(6), 220.3(6); Pb—C(7), 222.2(7)%;
Pb—C(8), 220.2(7); B—C(3), 164.0; B—C(5), 164.8(8); C(5)—C(6), 133.4(9); C(2)—C(3), 121.0(10);
BC(3)C(2), 169.5(6); C(1)C(2)C(3), 177.3(7).

distance d[Pb—C(3)]=246.7(6) pm for the boron-bonded alkynyl carbon atom
[d[Pb—C(2)]=264.8(8) pm]. The bond length d(C=C)=121.0(10) pm is hardly
affected by the coordination and the bond angles B—C=C[169.5(6)°] and C=C—C
[177.3(7)°] deviate little from 180°. This is typical for a weak coordinative interaction
as is usually found if alkynyl groups function as a bridge between electron-deficient
centres involving main group elements (e.g. in [R,AlI—C=C—R!], [85],
R,Ga—C=C—R! [86,87] or R,In—C=C—R! [87,88]). This differs considerably
from structural features of bridging alkynyl groups in transition metal complexes
[89-91]. The distance d(B—C=)=164.0(10) pm is rather long considering that the
alkynyl carbon atom is sp hybridized (other d(B—C) values are 164.8(8), 165.2(9)
and 165.6(9) pm). This, together with the 5(*'B) value (6(*'B)= —2.6), which differs
by several parts per million from the range of §(*!B) values for alkali metal alkynyltri-
organoborates (6(!'B)x~ —14 to —20 [22]), indicates that there is a noticeable
bonding interaction with the lead atom. The comparison of solid state 1>C and 2°’Pb
CP—MAS NMR data [92] with those for solutions ensures that the main features
of the molecular structure in the solid are retained in solution. Coupling constants
J(*7Pb*3C) and J(**’Pb'H) are observed in solution for the bridging 1-propynyl
group which could not be of comparable magnitude without a coordinative bond
between the lead atom and the C=C bond. The 2°’Pb nuclear shielding is markedly
reduced (6(*’Pb)= +667.2) when compared with the range of 6(**’Pb)~ + 300 to
—400 [25], valid for the majority of organolead compounds.
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9.2. Zwitterionic intermediates with stabilized organotin cations

Unequivocal evidence for the existence of zwitterionic intermediates, obtained by
the 1,1-organoboration of di-1-alkynyldimethyltin, was provided both by multinu-
clear NMR in solution and by a single-crystal X-ray analysis of 38 (R=FEt, R'=Pr,
R?=Me) (Fig. 5) [63]. The molecular structure is analogous to that of the lead
derivative (see Section 9.1), and the same is true for the relevant NMR parameters,
including the 5(''°Sn) values. The distance d(B—C=)=165.1(6) pm is markedly
longer (see Section 9.1) than any other C—B bond length in 38. The strong temper-
ature dependence observed for many of the §(*!°Sn) values for compounds of type 38
indicates a dynamic process in which the alkynyl group is shifted backward and
forward between the boron and the tin atom (38, 38'; Eq. (26), path b).

It is expected that the nature of the coordination of the tin atom to the C=C
bond changes if another donor is present. Thus, if a donor function (e.g. an NMe,
or an OMe group) can be included in R!, the zwitterionic intermediates analogous
to 38 should be more stable and the bonding situation may be rather different if a
coordinative N—Sn or O—S8n bond is formed. This was indeed proved for numerous
examples by multinuclear NMR and three of these intermediates were studied by
single-crystal X-ray analyses [68] (Figs. 6-8). The surroundings of the tin atoms
correspond now to a distorted trigonal bipyramid with the three organo groups in

Fig. 5. Molecular structure of the zwitterionic intermediate 38 obtained from the 1,1-organoboration
reaction between Et;B and Me,Sn(C=C'Pr), [63]. Selected bond lengths (picometres) and bond angles
(degrees) are as follows: Sn—C(3), 233.9(4); Sn—C(4), 252.3(5); Sn—C(1), 211.6(4); Sn—C(8), 212.8(5);
Sn—C(9), 213.6(5); B—C(3), 165.1(6); B—C(2), 161.6(6); C(1)—C(2), 133.4(6); C(3)—C(4), 121.3;
BC(3)C(4), 170.1; C(3)C(4)C(5), 174.0.
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Fig. 6. Molecular structure of the zwitterionic intermediate obtained from the 1,1-organoboration reaction
between Et;B and Me,Sn(C=C-—-CH,NMe,), [68]. Selected bond lengths (picometres) and bond angles
(degrees) are as follows: Sn—C(3), 262.6(6); Sn—C(4), 260.4(5); Sn—C(1), 210.4(5); Sn—C(8), 214.2(8);
Sn—C(9), 213.4(7);, Sn—N(2), 252.1(4); B—C(3), 162.7, B—C(2), 162.9(8); C(1)—C(2), 134.2(8);
C(3)—C(4), 122.0(7); BC(3)C(4), 177.8; C(3)C(4)C(5), 171.0.

Fig. 7. Side view of the molecular structure shown in Fig. 6. The positions of the atoms B, C(2), C(1),
Sn, N(2), C(3), C(4) differ very little from a common plane.

the equatorial plane, the C=C bond in one of the axial positions and the nitrogen
or oxygen atom in the other axial position. When the NMe, group is the donor, the
tin atom is shifted out of the equatorial plane towards the nitrogen atom whereas,
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Fig. 8. Molecular structure of the zwitterionic intermediate obtained from the 1,1-organoboration reaction
between ‘Pr;B and Me,Sn(C=C—CH=CH-—OMe), [ 68]. Selected bond lengths (picometres) and bond
angles (degrees) are as follows: Sn—C(3), 237.3(3); Sn—C(4), 266.1(3); Sn—C(1), 212.7(3); Sn—C(8).
211.3(5); Sn—C(9), 211.5(5); Sn—0(2), 259.2; B—C(3), 165.0(5); B—C(2), 164.3(4); C(1)—C(2).
135.3(4); C(3)—C(4), 122.1(5); BC(3)C(4). 163.5(3). C{3)C(4)C(5), 179.2(4).

in the case of the OMe group (Fig. 8), the opposite shift towards the C=C bond is
observed. This may be a function of both the ring size and the strength of the
coordinative N—Sn bond as compared with the O—Sn bond. Although the distance
between the tin atoms and the alkynyl carbon atoms is enlarged as compared with
38 in Fig. 5, there is still a coordinative interaction with the C=C bond. This is
evident from the molecular structure in the solid state showing the arrangement of
all relevant atoms in one plane (see Fig. 7) and also in solution from the magnitude
|J (11711980 13C))| of coupling constants (range from 23 to 55 Hz) for the carbon atoms
of the bridging alkynyl group.

The 1,1-organoboration of tetra-1-propynyltin proceeds stepwise via various zwit-
terionic intermediates. After twofold intermolecular 1,1-ethyloboration the reaction
can be controlled to give 58 (Eq. (29), path b) (R =Me, R=FEt) as a crystalline solid
which is stable up to —20°C [74]. The result of the X-ray analysis (Fig. 9) shows
that two bridging alkynyl groups are present and that there are only two Sn—C
o bonds forming a large CSnC bond angle of 140.9(1)°. Formally, this description
corresponds to a diorganotin dication, stabilized by n coordination to the C=C
bonds of the two alkynylborate groups. Again, the main structural features in the
solid state and in solution (at least below —40 °C) are comparable, as shown by *C
and **Sn NMR data in both phases [ 76,78].
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Fig. 9. Molecular structure of the zwitterionic intermediate 58 obtained from the 1,1-organoboration
reaction between two equivalents of Et;B and one equivalent of Sn(C=CMe), [74]. Selected bond
lengths (picometres) and bond angles (degrees) are as follows: Sn—C(3), 235.5(3); Sn—C(4), 251.1(3);
Sn—C(1),211.7(3); Sn—C(13), 212.2(3); Sn—C(15), 235.1(3); Sn—C(16), 253.5(3); B(1)—C(3), 164.3(5);
B(1)—C(2), 163.4(5); C(1)—C(2), 133.7(4); C(3)—C(4), 122.7(5); C(1)SnC(13), 140.9(1); B(1)C(3)C(4),
172.7(3); C(3)C(4)C(5), 175.8(3).

10. Conclusions

1,1-organoboration reactions of 1-alkynylmetal compounds make use of at least
one B—C bond in order to form a new C—C bond in a highly stereospecific way,
in most cases. Organometallic-substituted alkenes with a large variety of different
substituents are accessible, in both high yield and high purity. These compounds
allow application of numerous reactions which are typical of either LLM—C= or
R,B—C= moieties. In addition, new synthetic aspects arise from reactions in which
both the L, M—C= and the R,B—C= fragments are involved at the same time.
Therefore, such alkenes must be considered as useful building blocks for further
transformations.

The potential of 1,1-organoboration reactions increases further if there is another
functional group or two or more alkynyl groups attached to the metal. The latter
situation opens a novel, efficient and general route, via a sequence of intermolecular
and intramolecular 1,1-organoborations, to new metallacycles, e.g. to metalloles or
1,1’-spirobimetalloles, which are not readily accessible by other methods. Metalloles
possess an exciting chemistry and the new route to these compounds will give fresh
impulses.

The mechanism of 1,1-organoboration has now been firmly established since it
proved possible to isolate and characterize the first examples of intermediates in
which an alkynyl group functions as a bridge between a boron and a tin or a lead
atom. The chemical bonding of the bridging alkynyl group can be understood as a
n complex, stabilizing a triorganotin or -lead cation, or a diorganotin dication by
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side-on coordination to the C=C bond, or the widely used concept of c—n delocal-
ization can be used to describe the bonding. The existence of “free” triorganosilicon,
-germanium, -tin or -lead cations has been discussed in the literature; according to
the geometrical surroundings of the tin or lead atom in some of the species reported
here, the situation comes close to a “free” triorganoelement cation, stabilized by
weak intramolecular interactions with the C=C bond. Apart from the described
rearrangement of the zwitterionic intermediates into the final 1,1-organoboration
products, it can be expected that these reactive compounds will have an interesting
chemistry of their own.
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