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Abstract

A number of the distinctive reactions of trisilaallene 1 and 2-germadisilaallene 4 with various reagents including water, alcohols, ace-
tone, and haloalkanes were studied. The addition reactions of 1 to water and alcohols occur in a regiospecific manner to afford 1,3-dioxy-
trisilanes in high yields. The additions are explained by a stepwise mechanism involving the initial nucleophilic attack of a hydroxy
oxygen to a terminal allenic silicon to give an intermediate unsymmetric disilene. The regiospecificity is rationalized by the shape of

the frontier molecular orbitals and the NPA charge distribution of trisilaallene 1 and the intermediate disilene.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Since the isolation of tetramesityldisilene as the first
stable disilene in 1981 [1], a number of reactions of stable
disilenes with various reagents such as hydroxylic com-
pounds (water, alcohols, and phenols), haloalkanes, and
carbon—carbon multiply bonded compounds (alkenes,
alkynes, and 1,3-dienes) have been reported [2]. Whereas
the mechanisms of these reactions have not been fully
investigated yet, the reaction modes and reactivity of disi-
lenes appear to be remarkably different from those of
alkenes.

We have recently synthesized a set of heavier group-14
element congeners of allene, stable trimetallaallenes 1
[3a], 2 [3b], 3 [3b], and 4 [3c], and revealed their quite
unique bonding nature. In contrast to rigid linear skele-
tons of carbon allenes, the skeletons of all these trimetal-
lallenes are significantly bent with the bond angle of
122.6-136.5° and fluxional both in the solid states and
in solution. Trimetallaallenes 1-4 are sensitive to air
but rather stable thermally with the melting point around
200 °C. We discuss herein the reactions of trisilaallene 1

* Corresponding author. Tel.: +81 22 795 6585; fax: +81 22 795 6589.
E-mail address: mkira@mail.tains.tohoku.ac.jp (M. Kira).

0022-328X/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.jorganchem.2006.05.063

and 2-germadisilaallene 4 with various reagents including
water, alcohols, acetone, and haloalkanes (see Chart 1).

2. Results and discussion

2.1. Reactions of trimetallaallenes 1 and 4 with hydroxylic
compounds

Trisilaallene 1 reacts with water at room temperature to
give 1,3-dihydroxytrisilane Sa as a sole product in 74%
yield [3a]. Similarly, the reactions of 1 with methanol and
ethanol proceed with slower rates to afford 1,3-dialkoxytri-
silanes 5b and 5c¢ in high yields (Eq. (1)). No adducts were
obtained in the reactions of 1 with bulkier alcohols like iso-
propyl alcohol and #-butyl alcohol. Reactions of 4 with
water and methanol occur in a similar manner to give the
corresponding adducts 6a and 6b in high yields. These
results are summarized in Table 1.
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Chart 1.
Table 1
Reactions of 1 and 4 with various hydroxylic compounds
Trim- R'OH Temperature  Reaction  Product  Yield
etallaallene (°C) time (%)*
1 H,O r.t. < 5 min 5a 74
1 MeOH  r.t. 6h 5b 94
1 EtOH r.t. 12h 5¢ 92
1 i-PrOH 80 5d - No
reaction
1 t+-BuOH 80 5d - No
reaction
4 H,O r.t. 10 min 6a 86
4 MeOH  r.t. 6h 6b 95

# Isolated yield.

The structures of 5a-5c¢ and 6b were unequivocally
determined by an X-ray structural analysis. Molecular
structures of 5a, 5b, 5¢, and 6b are shown in Figs. 1-4
and selected structural parameters are summarized in Table
2. The Si-Si-Si bond angle [117.94(4)°] for water adduct 5a
is significantly smaller than those for Sb and S¢ as shown in
Table 2. The exceptionally acute Si-Si—Si bond angle for Sa
may be ascribed to the intramolecular hydrogen bonding
between two hydroxy groups in addition to the smaller
steric effect of hydroxy groups.

These reactions should proceed stepwise and involve
hydridodimetallenes 7 as important intermediates as shown

in Eq. (2), while 7 are not detected during the reactions.
The observed regiospecificity can be explained by the
unique electronic structure of 1 (and 4) as well as the
charge distribution of disilene intermediates 7

TRR

R R
R'OH
R'O
R R R R

7,E=Si, Ge

R'OH (excess)

1 (or4)

5 (or 6)

2)
Theoretical calculations for a model trisilaallene,
tetramethyltrisilaallene 8, at the B3LYP/6-31+G(d, p) level
have revealed that the unique electronic structure of tris-
ilaallene 1 is responsible for the regioselectivity. As dis-
cussed in previous papers [3a-5], the optimized skeletal
structure of 8 is quite different from that of experimentally
observed for 1. The Si'-Si*>~Si® bond angle and the C'-Si'-
Si>-Si® dihedral angle in the optimized structure of trisilaal-
lene 8 (8,p¢) are 92.4° and 9.2°, respectively, while those for
1 are 136.5° and 28.7°, respectively (Fig. 5). Molecular
orbital considerations of 8qp¢ and 8.y, in the latter of which
the coordinates of four carbon and three silicon atoms are
fixed to those observed for 1, have revealed that 8., and
8.xp are characterized to be zwitterionic and bent allenic,
respectively. In 8,,, the HOMO and LUMO are both r-
type but HOMO — 1 is in-plane n-type orbitals. On the
other hand, in 8., the HOMO and HOMO —1 are
twisted bonding «t orbitals and the LUMO and LUMO + 1
are the corresponding anti-bonding m (m*) orbitals. As
shown in Fig. 6a, orbital coefficients of the HOMO — 1
and HOMO of 8., are concentrated on Si? atom, while
those of the LUMO and LUMO + 1 are distributed largely
on terminal Si' and Si* atoms.

Fig. 1. Molecular structure of water adduct of 1, 5a. :Fhermal ellipsoids are shown at the 30% probability level. Hydrogen atoms except for those on Si2
atoms are omitted for clarity. Selected bond lengths (A) and angles (°): Sil-Si2 2.3818(11), Si2-Si3 2.3689(11), Sil-O1 1.686(2), Si3-02 1.673(2), Sil-Si2—

Si3 117.94(4).
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Fig. 2. Molecular structure of methanol adduct of 1, 5b. Thermal ellipsoids are shown at the 30% probability level. Hydrogen atoms except for those on
Si2 atom are omitted for clarity. Selected bond lengths (A) and angles (°): Sil-Si2 2.4042(8), Sil-O1 1.6568(1), Sil-Si2-Sil* 135.41(6).

Fig. 3. Molecular structure of ethanol adduct of 1, Sc. Thermal ellipsoids are shown at the 30% probability level. Hydrogen atoms except for those on Si2

atom are omitted for clarity. Selected bond lengths (A) and angles (°): Sil-Si2 2.4004(9), Si2-Si3 2.4051(9), Sil-O1 1.6582(16), Si3—02 1.6583(17), Sil-Si2—

Si3 136.43(4).

In accord with the above orbital description, positive
and negative charges of 8.y, distribute to the terminal
Si' and Si® atoms and a central Si* atoms, respectively,
i.e., polar character of zwitterionic allene 8, still remains
in bent allene 8., (Fig. 6b). Therefore, the nucleophilic
attack of a hydroxy oxygen of an alcohol (or water) at
terminal silicon atoms while the electrophilic attack of
the hydroxylic hydrogen should occur at the central sili-
con atom. Most of the reported mechanistic studies of
the addition of water (or an alcohol) to disilenes have
shown that the addition reactions occur via the initial
nucleophilic attack of a hydroxylic oxygen to a disilene

[6]. Our theoretical study of the mechanism has suggested
that two bimolecular addition pathways are feasible [7]:
one proceeds in a syn-addition manner via the initial elec-
trophilic interaction of water hydrogen with disilene
HOMO followed by the rate-determining nucleophilic
attack of oxygen, while the other proceeds in an anti-addi-
tion manner via the initial nucleophilic interaction of
water oxygen with disilene LUMO followed by the rate-
determining electrophilic attack of the water hydrogen.
Both the two pathways predict the regiospecific formation
of 7 in the first-step addition of a hydroxylic compound
to 1.
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Fig. 4. Molecular structure of methanol adduct of 4, 6b. Thermal ellipsoids are shown at the 30% probability level. Hydrogen atoms except for those on
Gel atom are omitted for clarity. Selected bond lengths (A) and angles (°): Gel-Sil 2.4369(10), Sil-O1 1.652(2), Sil-Gel-Sil* 135.76(5).

Table 2
Selected structural parameters of 5a-Sc, 6b, and 10

o

Compound d(Si-E) (A)* d(Si-0) (A) Sil-Si2-Si3 (°)

S5a 2.3818(11) 1.686(2) 117.93(4)
2.3689(11) 1.673(2)

5b 2.4042(8) 1.6568(1) 135.41(5)

Sc 2.4004(9) 1.6582(16) 136.43(4)
2.4051(9) 1.6583(17)

6b 2.4369(10) 1.652(2) 135.76(5)

10 2.365(2), 1.684(3) 129.15(7)
2.349(2)

* E=Si or Ge.

To understand the regioselectivity of the second water
addition to 7, natural population analysis (NPA)
charge distribution of 1,1-dimethyl-2-silyldisilene 9 as a

2246 A Si2 1
HoCla o 1\, wCHs 92 O
Si'9044 0 Si
HaC? C'Hs 163.6°
8opt (CZ Symm-)
2177 A _si? c!
2.187A .
T 13650 S"
HaC? CH
° Cy ® 148.7°

8exp (C1 symm.)

model for 7 was calculated at the B3LYP/6-31+G(d,p)
level (Fig. 6b). Unsymmetrically substituted disilene 9
was found to have a strongly polar Si=Si bond, in
which  hydrido-substituted  unsaturated silicon is
negative and the dialkyl-substituted unsaturated silicon
is positive. The calculated charge distribution as well
as the frontier MO shape supports the regiospecific
nucleophilic attack of water oxygen to 7 occurring at
the terminal silicon atom to form 1,3-dihydroxytrisilane
Sa.

The reaction of trisilaallene 1 with acetone in benzene
affords highly strained bicyclic compound 10 in high yield
(Eq. (3)). The unusual structure was confirmed by the
X-ray crystallography (Fig. 7).

Si® Si
SN

o2 Me,Si”™" T “siMe,
Zwitterionic

si® st% Si\

SiR,
Bent Allenic

C2

Fig. 5. Experimental (8.,) and optimized (8,,) geometries of tetramethyltrisilaallene.
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Fig. 6. (a) Frontier orbitals of 8., and (b) NPA charge distribution of
8.xp and 9 calculated at the B3LYP/6-31+G(d,p) level.
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1 Sl Si 3
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Because the above reaction is rather faster than the reac-
tions of 1 with ethanol and isopropyl alcohol, the possibil-
ity that the substrate responsible for the initial addition is

the corresponding enol formed via the keto—enol equilib-
rium of acetone may be excluded. A plausible mechanism
would be the en-type addition of acetone to 1 to form 11
followed by the formal intramolecular [2 + 2] addition
between the residual Si=Si bond and C=C bond (Eq.
(4)), while the formal [2 + 2] addition may not be a con-
certed addition but a stepwise radical mechanism [8].

RR 5 RR
sbgiﬁ". "L RE
SI‘\ |T| Si SI\/S|§Si [2+2] 10
RR ) ({u.RR 0
0. _CH; R R \[4 R R
TH CHs
®  R=SiMe; 1

2.2. Reactions of trisilaallene 1 with haloalkanes

West et al. [9] and our group [10] have reported recently
that disilenes react with various haloalkanes giving several
types of products. On the basis of several mechanistic stud-
ies [10b,11], these reactions are rationalized by the initial
formation of a pair of the corresponding halodisilanyl rad-
ical and alkyl radical followed by recombination or dispro-
portionation in the cage or abstraction of the second
halogen by the halodisilanyl radical out of the cage (Eq.
(5)). Typically, tetrakis(zert-butyldimethylsilyl)disilene 12
reacts with various halomethanes to afford the correspond-
ing 1,2-dichlorodisilanes 13 and/or the corresponding
1-alkyl-2-chlorodisilanes 14 (Scheme 1).

Fig. 7. Molecular structure of acetone-adduct 10. Thermal ellipsoids are shown at the 30% probability level. Hydrogen atoms except for that on Si2 atom
are omitted for clarity. Selected bond lengths (10\) and angles (°): Sil-Si2 2.365(2), Si2-Si3 2.349(2), Sil-O1 1.684(3), Si2—C1 1.963(5), Si3-C3 1.922(5), O1-
Cl1 1.475(5), C1-C3 1.562(5), C1-C2 1.515(6), Sil-Si2-Si3 129.15(7), Si2-Sil1-O1 81.0(1), Sil-O1-C1 106.4(3), Si2—C1-0O1 101.5(3), Si3-Si2-C1 77.5(1),
Si2-C1-C3 95.5(3), Si3—C3-C1 101.9(3), O1-C1-C2108.5(3), C3—-C1-C2 110.8(4), Si2-C1-C2 128.2(3).
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The reaction of trisilaallene 1 with carbon tetrachloride
at room temperature affords the corresponding tetrachlo-
rotrisilane 15 almost quantitatively (Eq. (6)). Structure of
tetrachlorotrisilane 15 was confirmed by various NMR
spectroscopies, although 15 has low solubility to various
solvents, and gave no good single crystals suitable for the
X-ray analysis. The reaction shown in Eq. (6) is consistent
with a biradical nature of disilenes and explained by the
stepwise chlorine abstraction from carbon tetrachloride.
In contrast, the reaction of 2-germadisilaallene 4 with car-
bon tetrachloride gave dichlorosilane 16, indicating the Si—
Ge bond cleavage during the reaction (Eq. (7)).

RR CI CI RR
\/

cely 5
1 ———— | si— 7 sSi
benzene, rt \ / (6)
30 min R R Cl Cl RR
15, 95% R = SiMe3
R R
ccl, el
4 —MmMm Si
benzene, rt >cl (7)
RR  R- siMes
16, 87%

Silicon-silicon bond cleavage of 1 was observed during
the reaction of 1 with methyl iodide to give iodo(methyl)si-
lane 17 (Eq. (8)) [12].

R R
] Mel _Me
Si
benzene, rt N (8)
RR R siMes
17, 90%

Trisilaallene 1 does not react with tetramethylethylene,
2-methyl-2-butene, phenylacetylene, or 2,3-dimethyl-
butadiene.

3. Experimental
3.1. General methods

All operations were performed in flame-dried glassware
under the atmosphere of dry argon. 'H (400 MHz), '*C
(100 MHz), and ?°Si (79 MHz) NMR spectra were mea-
sured on a Bruker AVANCE400 spectrometer. 'H and
13C NMR chemical shifts were referenced to residual 'H
and '3C resonances of the solvents; benzene-dg (‘"H 6 7.15
and 3C § 128.0). ?°Si NMR chemical shifts were given in
ppm relative to externally referenced tetramethylsilane
(6 0). EI mass spectra were recorded on a JEOL JMS-600
D mass spectrometers. Trisilaallene 1 and 2-germadisilaal-
lene 4 were prepared by the procedure according to the lit-
erature [3a,3c].

3.2. Reaction of trisilaallene 1 with methanol

A mixture of dry methanol (5 ml) and benzene (10 ml)
was added to trisilaallene 1 (75 mg, 0.010 mmol) and the
mixture was stirred at room temperature for 6 h. After
removal of solvent in vacuo, recrystallization from hexane
at —30°C gave 1,3-dimethoxytrisilane 5b (79 mg,
0.094 mmol) in 94% yield. Sb: colorless crystals, m.p.
190-200 °C; '"H NMR (C¢Dg, 400 MHz, 6) 0.27 (s, 36H),
0.36 (s, 36H), 1.90-2.00 (m, 8H), 3.55 (s, 6H), 3.73 (s,
2H); '3C NMR (Cg¢Ds, 100 MHz, 6) 3.8, 4.7, 19.0, 34.1,
55.4; Si (C¢Dg, 79 MHz, §) —107.5, 1.2, 3.9, 45.6; MS
(EL, 70eV) m/z (%) 823 (M" — Me, 5), 403 (100), 372
(78); Anal. Calc. for Cs4HggO,Siy;: C, 48.73; H, 10.58.
Found: C, 48.60; H, 10.62%.

3.3. Reaction of trisilaallene 1 with ethanol

1,3-Diethoxytrisilane 5¢ (80 mg, 0.092 mmol, 92% yield)
was obtained in a similar manner from 1 (75mg,
0.10 mmol) and ethanol (5 ml) in benzene (10 ml). 5¢: col-
orless crystals; m.p. 200-205°C. 'H NMR (C¢Ds,
400 MHz, ¢) 0.31 (s, 36H), 0.38 (s, 36H), 1.31 (t,
J=7.2Hz, 6H), 1.90-2.10 (m, 8H), 3.76 (s, 2H), 3.95 (q,
J=7.2Hz, 4H); 3C NMR (C¢Ds, 100 MHz, §) 4.1, 4.9,
17.7, 19.1, 342, 63.2; ?Si NMR (C¢Ds, 79 MHz, 9)
—105.9, 1.5, 3.5, 41.2; MS (EI, 70eV) m/z (%)
851(M" — Me, 10), 417 (100), 373 (37). Anal. Calc. for
C36H920,S1y;: C, 49.93; H, 10.71. Found: C, 49.87; H,
10.79%.

3.4. Reaction of germadisilaallene 4 with water

1,3-Dihydroxy-2-germatrisilane 6a (45 mg, 0.053 mmol,
86% yield) was obtained in a similar manner from 4
(50 mg, 0.06 mmol) and water (5 ml) in benzene (10 ml).
6a: colorless crystals; m.p. 190-200 °C; 'H NMR
(400 MHz, C4¢Dg, 9) 0.32 (s, 36H, SiMes), 0.37 (s, 36H,
SiMejs), 1.90-2.10 (m, 8H, CH,), 3.08 (s, 2H, SiOH), 3.85
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(s, 2H, GeH,); ')C NMR (100 MHz, Cg¢Ds, 9) 4.7
(Si(CH3)3), 4.9 (Si(CH3)3), 18.6 (C(SiMes),), 34.0 (CH,);
2Si NMR (79 MHz, C¢Dg, 8) 1.9 (SiMes), 3.8 (SiMes),
42.9 (SiOH); MS (EI, 70 eV) m/z (%) 839 (M — Me, 10),
390 (100), 373 (75). Anal. Calc. for C3,HssGeO5Sijo: C,
44.98; H, 9.91. Found: C, 45.21; H, 10.07%.

3.5. Reaction of germadisilaallene 4 with methanol

1,3-Dimethoxy-2-germatrisilane 6b (51 mg, 0.058 mmol,
95% yield) was obtained in a similar manner from 4 (50 mg,
0.06 mmol) and methanol (5ml) in benzene (10 ml). 6b:
colorless crystals; m.p. 195-205 °C; 'H NMR (400 MHz,
C¢Dg, 0) 0.27 (s, 36H, SiMes), 0.37 (s, 36H, SiMes),
1.90-2.10 (m, 8H, CH,), 3.55 (s, 6H, SiOMe), 3.62 (s,
2H, GeH,); '*C NMR (100 MHz, C¢Dy, 9) 4.2 (Si(CHjs)5),
5.1 (Si(CHs3)3), 19.2 (C(SiMes),), 34.2 (CH,), 55.5 (OCHy);
2Si NMR (79 MHz, C¢Ds, 9) 1.4 (SiMes), 3.6 (SiMes),
47.1 (SiOMe); MS (EI, 70 eV) m/z (%) 867 (M* — Me,
12), 404 (100), 373 (63). Anal. Calc. for C34HggGeO,Siy:
C, 46.27; H, 10.05. Found: C, 46.15; H, 9.75%.

3.6. Reaction of trisilaallene 1 with acetone

Acetone-adduct 10 (83.9 mg, 0.100 mmol, 78%) was
obtained by the reaction of 1 (100 mg, 0.13 mmol) with
acetone (20 mg, 0.34 mmol) in benzene (10 ml) at r.t. for
3h. 10: colorless crystals; m.p. 60°C (decomp.); 'H
NMR (CgDg, 400 MHz, 0) 0.19 (s, 9H, SiMes), 0.26 (s,
9H, SiMes), 0.28 (s, 9H, SiMes;), 0.32 (overlapping s,
18H, SiMes), 0.36 (s, 9H, SiMes), 0.42 (s, 9H, SiMes),
0.45 (s, 9H, SiMes), 1.75 (s, 2H, CH,), 1.87 (s, 3H, CHs),
1.80-2.30 (m, 8H, CH,), 4.42 (s, 1H, SiH); °C NMR
(CsDg, 100 MHz, 9) 3.5, 3.6, 3.8, 4.1, 4.1, 4.3, 4.8, 5.3,
14.3, 14.6, 16.2, 18.5, 29.2, 34.1, 34.8, 35.5, 36.8, 47.9,
80.0; Si NMR (C¢Ds, 79 MHz, 9) —66.8, 2.0, 2.1, 3.0,
3.6, 3.7, 4.3 (overlapping), 7.6, 23.0, 47.9; MS (EI, 70 eV)
mlz (%) 832 (M™, 8), 817 (5), 373 (100). Anal. Calc. for
C35H860Si11: C, 5053, H, 10.42. Found: C, 5047, H,
10.37%.

3.7. Reaction of trisilaallene 1 with carbon tetrachloride

A mixture of carbon tetrachloride (1 ml) and benzene
(7 ml) was added to trisilaallene 1 (45 mg, 0.058 mmol)
in a Schlenk flask equipped with a magnetic stirrer bar.
After the mixture was stirred at room temperature for
30 min in the dark, removal of the volatiles in vacuo gave
tetrachlorotrisilane 15 (50.6 mg, 0.055 mmol) in 95%
yield. 15: colorless crystals; m.p. 248°C ; 'H NMR
(400 MHz, C¢Dg, 6) 0.41 (s, 36H, SiMes), 0.43 (s, 36H,
SiMes), 1.90-2.10 (m, 8H, CH,); '*C NMR (100 MHz,
C¢Ds, ) 5.1 (Si(CH3)3), 5.5 (Si(CH3)3), 19.0 (C(SiMe3),),
34.7 (CH,); #Si NMR (79 MHz, C¢Dg, 6) —0.8 (SiCl,),
4.0 (SiMes), 6.8 (SiMes), 42.1 (SiCl); Anal. Calc. for
C32H80Cl4Si11: C, 4197, H, 8.81. Found C, 4210, H,
8.91%.

3.8. Reaction of germadisilaallene 4 with carbon
tetrachloride

A mixture of carbon tetrachloride (5 ml) and benzene
(10 ml) was added to germadisilaallene 4 (50 mg,
0.061 mmol) in a Schlenk flask equipped with a magnetic
stirrer bar. After the mixture was stirred at room tempera-
ture for 30 min in the dark, removal of the volatiles in
vacuo gave dichlorosilane 16 (47.2 mg, 0.106 mmol) in
87% yield [12].

3.9. Reaction of trisilaallene 1 with methyl iodide

In a sealed NMR tube, trisilaallene 1 (48 mg, 0.062
mmol) and iodomethane (25 mg, 0. 176 mmol) were placed.
Into the tube, benzene-ds was added and the NMR tube was
sealed. After the mixture was kept at room temperature
overnight, removal of the volatiles in vacuo gave iodo-
(methyl)silane 17 (57 mg, 0.112 mmol) in 90% yield [12].
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