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Reaction of the Si—Cl bond with trialkyl orthoformates
Preparation of alkoxy-substituted silanes
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Abstract
Tnalkyl orthoformates m the p of alumini hloride rep quite useful reagents to silicon alkoxides from
lorosil 3-Cyanop ichlorosilane and 2-{(2-trichlorosilyethyl]-pyridine give the mﬂhoxy pounds 3 propyltri
xysilane and 2-[(2-triethoxy. llyl)elhyl] pyridi pectively. Via this route, in methylchl ilanes a partial or compl h of

the chlorine substituents for alkoxy groups occurs depending on the starting molar ratio of silane:HC(OR); (R = Me, Ex). SiCl,Me groups
react to SiCIMe(OR) first before SiMe(OR), groups are formed. (Si),SiCIMe units are not affected by HC(OR);. © 1997 Elsevier
Science S.A.

1. Intreduction

Alkoxy-substituted oligosilanes have been p ep d iously by the ion of the chloro-substituted or
bromo-substituted oligosil: with the corresp alcohol in the presence of a base, usually triethylamine [1-3}
SiClMe,~SiClMe, + 2MeOH + 2NEt,
-> SiMe,{ OMe)-SiMe,(OMe) + 2[HNEt,]Cl (n
SiBrMe(SiBrMe, ), + 3MeOH + 3NEt;
— SiMe(OMe) [SiMe,(OMe)], + 3[HNEt,|Cl 2

The fonination of partially substituted oligosilanes during these reactions was not observed.
Shorr [4] and Griiniger and Calzaferri [5] showed that the AICI,-catalysed reaction of trichlorosilanes with
trimethyl orthoformate leads to alkoxy-substituted silanes:

MeHSiCI2 + 2HC(OEt),
[AIC1,]
—" MeHSi( OEt), + 2HCOOEt + 2EtC1 (2
C1,Si(CH,) ,R + 3HC(OMe);
[AlCl 5]
- (Me0);Si(CH,) R + 3HCOOMe + 3MeCl (4)

R = 4-pyridyl ( n = 2), 4-cyanophenyl (n = 1)

* Corresponding autkor.
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Starting from trichlorosilanes this kind of alkoxylation offers an easy access to interesting components in sol gel
processes of film preparation on silica carriers.

We also tried to transfer this method to the preparation of alkoxide derivatives from chloro-substituted oligosilanes.
This should also lead to partially substituted oligosilanes, depending on the starting molar ratio of silane:trialkyl
orthoformate.

2. Results and discussion

Cyanopropyltrichlorosilane and 2-[(2-trichlorosilyDethyl]-pyridine react quite well with triethyl orthoformate in the
presence of aluminium chloride to their ethoxy derivatives (Eqs. (5) and (6); Table 1):

[«] OEt
’ 3 HC(OER), [AICL,] /
NZ=|C $i=(l ——————— N=C Si=O0Et (5)
\ -3 HCOOE: - 3 EtCl \
VY VV o

a OFt
. /
si-a LA SR
N €l 3 HC(OE), [AICL] N OEt
O C3HCOOEt-3ECI o O ’ (6)
3

.

The formed alkoxides could be immobilized onto sxllca gel and the resulting solids represent heterogeneous catalysts

for the Lewis-base-catalysed disproportionation of methylchlorodisilanes as described in Ref. [6].
In order to estimate the reactivity of different chloro-substituted silyl groups (-SiCiMe,, —SiCl,Me, —SiClMe-) in
oligosil the behavi of the methylchlorooligosilanes SiCIMe,-SiCIMe, (1), SiCl,Me-SiCl,Me (2),

SiCIMe(SiCIMe,), (3), SiCIMe(SiCl,Me), (4), SiMe(SiCiMe,); (5), SiMe(SiCIMe,),(SiMe;) (Sa),
SiMe(SiCIMe, XSiMe,), (5b), SiMe(SiCl,Me), (6), (SiCl,Me),SiMe-SiCIMe-SiCl,Me (N, Si(SiClMez)4 ®),
(SiClMe, ), SiMe-SiMe(SiCIMe, ), (9) and (SiCl Me)ZSIMe -SiMe(SiCl,Me), (10) towar! HC(OMe); in he
presence of AICE; was investigated. The alkoxy-substituted ohgosnlanes fonned could be detected by means of ®Si
an¢ 'H NMK spectroscepy, which allows a clear identification also in product mixtures. The NMR spectroscopy
results are sum-arized in Tables 2—6. The NMR data of the methylchlorooligosilanes used have already been
published [2,3,6-9].

2.1. Reaction of oligosilanes bearing —SiClMe, groups

Whereas 1 reacts with HC(OMe), to give either SiMe,(OMe)-SiCIMe, or the completely substituted product
SiMe,(OMe)-SiMe,(OMe) depending on the starting molar ratio (1:1, 1:2), the reactions of 5, 8 and 9 with
HC(OMe), lead only to mixtures of partially substituted products even if an excess of HC(OMe), is used:

[SiMe;-OMe
MeSi—SiMe;=Cl - 50%
SiMe,=Cl
SiMe;~OMe
Mcs.—s.Me, o 40%
SiMe,-OMe v
SiMe;~OMe
MeSi—SiMe, ~OMe 16%
SiMe; ~OMe

SiMe, ~ClI
Mes —SiMe; ~Cl
SiMe, =C1

4 equiv. HCOMe),
{AICL)

s

C1=Me;Si . SiMe, ~CI
Ci- McSl ﬁlMc =Cl

Cl-Me;S1._.SiMe; =Cl S equiv. HCOMe), CI=MesSi. SiMe,OMe,
Cl-MeSi” SiMe;~Cl [AICH] C1-Me;Si™ SiMe, =C1 N ®
Cl=MeSi,__.SiMe, ~OMe.
] . 25%
e

C1-Me,Si

25%
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C1-Me;Si ~ ~SiMe; -OMe
SiMe-SiNe 30%
MeO- MeSi SiMe, -Cl
Ci-Me;Si _SiMe; Cl 5 cauiv. HE CI-Me;Si SiMe, -OMe
siMe-siNe cqiy. HOOMey, SiMe-side 0% )
C1-Me;si” SsiMe,-c1  [AICH] MeO-Me,Si SiMe; -OMe
MeO-MesSi _SiMe, -OMc
9 S ~SiMe 19%
MeO- MeSi s

Using a mixture of 70% 5a with 15% 5 and 15% 5b (molar ratio silanes:HC(OMie), = .7V it can be demonstrated
that 5 is more reactive than 5a (and 5a is more reactive than 5b). Whereas 5 reacts ‘o an average mixture of

Table 1

NMR data and refractive indices of the triethoxysilanes

Compound 8 (ppm) 8y (ppm) np

NC-(CH,);-Si(0C, H;), —47.94 0.60 C H,Si (1, 2 H); 1.02 OCH,C H, (1, 9 H): 1.59 CH,C H,CH, (m, 2 H) 14166
2.22 NC-CH, (1, 2 H); 3.50 OCH, (q, 6 H)

NC,H,~(CH,),-Si{OC,H,);*  —4831 0.42 CH,Si (1, 2 H); 0.48 OCH,C H, (1. 9 H); 2.33 py-CH, (. 2 H); 1.4867

3.130CH,(q,6 H): 6.72,7.24, 788 py C H, | H. 1 H)

* 8¢ (ppm): 9.3 CH,Si ('Jgc = 96.6 Hz); 16.9 OCH,CH,; 285 py-CH,: 56.9 OCH,: 121.0, 122.5 C-3/C-5; 138.5 C-4: 144.3 C-6: 160.4 C-2.
C 2 3

Table 2

NMR data of methylchloroalkoxydisilanes

Compound 8, (ppm) 8y (ppm)

A B Me (A) Me (B) OMe (A) OMe (B)
3i*Me,(OMe)-Si®CIMe, 11.98 17.64 021 053

[s:Me,(OMe)l 120 0.19

Si* CIMe(OMe)-— Si®Cl,Me 255 19.16 0.664 0930

[SiCIMe(OMe)], 4.55/5.19° 0.588,/0.598* 3.656

Si* Me(OMe),-Si®Cl, Me -1236 21.88 0318 0.856

Si* Me(OMe),-Si®CiMe(OMe) -9.75 828 .238 0516 3.548

[SiMe(OMe), ], -632 0.i58 3484

SiA CIMe(OEN-Si®Cl,Me -0.32" 19.00 0.626 0.880 O-CH, 3.864*
CH, 1228

[SiCIMe(OED)], 1.78,2.40° 0.556,/0.545 0-CH, 3.84¢
CH, 120

Si* Me(OE),-Si®Cl,Me -16.32 2193

Si* Me(OE),-Si®CIMe(OEt) —13.83° 5.62 0230 0.495

[SiMe(OE), ], -1029 0.151 O-CH, 3.784°
CH; 1.196

: ;l‘wo diastereomers.

Table 3

NMR data of methylchloroalkoxytrisilanes

Compound 85, (ppm)

A B [§

SiACIMe[Si®Me,(OMe)KSiCCiMe,) -0.10 14.11 20.04

Si* CIMe[Si®Me,(OMe)], 0.08 14.39 ,

Si* Me(OMe){Si®Me,(OMe)], [2] 65 14.0 Jsisi = 94.9Hz

Si* CIMelSiBCIMe(OMe)KSi Cl, Me) —5.80 8.08/9.18° 43

Si*CIMe[Si®CIMe(OMe)], -1.72 8.36/9.44°

Si*CIMe[Si®Me(OMe), ISi€ CIMe(OMe)] —7.4 -555 10.90/12.28*

Si*CIMe[Si®Me(OMe), I, -1.71 -4.20

* Several diastereomers.
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Table 4
NMR dria of methy i il
Compound & (ppm)
A B C D
Si* Me[Si* Me,(OMe)KSi°Me,), —89.3 22.05 —12.90
Si* Me[Si® Me,(OMe)KSi® CiMe, XSiPMe,) —85.32 20.97 29.32 —12.94
Si* Me[Si®Me,(OMe)],(Si°Me,) ~9i.29 21.66 ~13.29
Si* Me[Si®Me,(OMe)(SiCIMe.,), -80.82 20.08 27.64
SiA MelS:5 Me,(OMe)),(Si“CiMe, ) —86.56 20.68 28.78
Si* Me[Si®Me,(OMe)], ~93.1 21.36
SiA Me[SiC CIMe(OMe)}(Si°Cl, Me), —68.60 15.59 32.83
Si* Me[Si¢ CIMe(OMe)].(SiPCl, Me)* 7448/ 1731 34.80/
~74.68 34.68
Si* MefSi¢CIMe(OMe)], * —81.43/ 19.15/
—-81.73 19.05
Si® Me]Si® Me(OMe)- [Si€ CiMe(OMe)l, —87.66/ 296 21.24/
—87.89 21.38
Si* Me[Si® Me(OMe), L,[Si € CIMe(OMe)] -93.63 472 23.26
Si* Me[$i® Me(OMe), ], —10i.30 602
Si* Me[Si®Me(OER, ], ~101.61 262

? Several diastereomers: data in one row belong to the same diastereomer.

Table 5
NMR data of methylchloroalkoxypentasilanes
Compound 85 (ppm) 8y (ppm)

A B c D B [q OMe
SiA[Si® Me,(OMe)KSi“ CIMe, ), —119.82 21.58 28.53 0.423 0.602 312
Si[Si® Me,(OMe)],(Si° CIMe., ), —126.22 2225 29.59 0414 0.585 312
Si* Me]Si® Me(OMe), ),-Si€ CIMe-Si® Me(OMe), - 8793 520/ —4.39 7.55

5.25¢

“ Diastereotopic silicon atoms.

Table 6
NMR data of methylchloroalkoxyhexasilanes
Compound 8s; (ppm)
A B Cc D E
{5i* MelSi® CIMe, lISi® Me,(OMe)l), —79.15/ 29.30/ 2141/
-79.26" 29.54" 21.46"
Si MelSi€ Me,(OMe)},-Si? Me[SiPCIMe. |[Si¥ Me(OMe)] —85.35 —79.34 21.85/ 20.94 21.68
21.95¢
(Si* Me[Si€ Me,(OMe)], ), ~8541 216
{Si* Me[Si® Me(OMe), —9045 6.72

“ Diastereotopic silicon atoms.
* Two diastereomers.

SiMe(SiMe,OMe), ,(SiCIMe, ), ;. 5a yields an average of SiMe(SiMe,OMe), ,(SiCIMe,), (SiMe;) and 5b an
average of SiMe(SiMe,OMe),, (SiCIMe,), s(SiMe,),. All possible substitution products could be identified (Table
4).

2.2. Reaction of oligosilanes bearing -SiCl, Me groups

The substitution of Si~Cl bonds in 2 by the action of HC(OR), was investigated in more detail. Fig. 1 shows the
product distribution found for the reaction of 2 with HC(OMe), by variation of the molar ratio 2/HC(OMe);.
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amount in %

molar ratio HC(OMe}, : Si,Cl M=,

Fig. 1. Product distribution of the reaction of SiCl,Me-SiCl,Me with HC(OMe), ard its dependence on the starting molar ratio of formic acid
ester:disilane.

Remarkable is the high regioselectivity of the second substitution:
ks . -

S SICIME(OMe)-SICIMe(OMe)

-HCOOMe -MeC1 | ks

K lka=14:1

SICIMe(OMe)-SiCl,Me .
SiMe(OMe),-SiCLMe 10

A completely analogous product distribution of ethoxy-substituted disilanes can be observed, if HC(OED); is used
instead of HC(OMe),.

The reaction of 6 with HC(OMe), proceeds very similarly. Fig. 2 shows the observed reaction product distribution
dependence on the starting molar ratio of (S/HC(OMe)J No products bearing —SiCl,Me and -SiMe(OMe), groups
simultaneously were detected in this case. The il SxMe[SlMe(OR) L{R=Me, Er)

can easily be prepared in the purc state using a sllght excess of HC(OR);. Analogously, the treatment of 10 with
HC(OMe), leads to [(MeO), MeSil,SiMe-SiMe[SiMe(OMe), ).

2.3. Reaction of oligosilanes bearing —SiCIMe- units with —SiCl, Me or —SiClMe, groups

Surprisingly, the reactions of 3 or 4 lead only to substitution products in which the —SiClMe- unit remains,
whereas in some other types of reaction (Lewis-base-catalysed disproportionation [6}, Lewis-base-catalysed hydro-

amount in %

molar ratio HC(OMe), : Si,ClgMe,

Fig. 2. Product distribution of the reaction of SiMe(SiCl,Me), with HC(OMe); and its dependence on the starting molar ratio of formic acid
ester:tetrasilane.
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genation by stannanes [7]) the silicon—chlorine bond on the middle silicon atom exhibits the highest reactivity. Even if
an excess of HC(OMe), is used, a conversion into the completely substituted products SiMe(OMe)[SiMe,(OMe)l, or
SiMe(OMe){SiMe(OMe), ], does not succeed:

Cl-5Me,~$iMeSiMe,=Cl
a
1 HOOMS, (10

Cl-SiMe, ~§iMe-SiMe,-OMe
a (1)

1 Hoowe, Ay

MeO-SiMe, -SiMe-SiMe, ~-OMe
a

a, ' ]
SsiMe—$iMe—SiMe
a & a
l HC(OMe, JAKC)
e} OMc
SsiMe—$iMe ~SiMe <
a <
l HC(OMe), JAICHK]
MeC r g o OME
o SSiMe—giMe~sinte

& cl (12)
l HC(OMe), [AKCL)

> siMe —$iMe —S$iMe
a a OMe
1 HC(OMe), [AICK]

Me0_ _OMe
=SiMe=~$iMc ~SiMe
& OMe

Analogously, the reaction of 7 with an excess of HC(OMe), produces only [(MeO),MeSil,SiMe-SiCIMe-
SiMe(OMe),, in the pure state.

3. Experimental
3.1. Preparation of methylchlorooligusilanes

1, 2 and 3 were prepared as described in Refs. [10,8,11].

5: 11 g SiMe(SiMe,); were dissolved in 30 ml hexane. To this solution were added 21.5g AICl, and 12.5g acetyl
chloride under stirring. After reacting for 3h at room temperature the upper layer was isolated. The fractionated
distillation gave 8g of pure SiMe(SiCiMe,); (b.p. 110-120°C /0.7 kPa, solidifies at ambient temperature).

5a: the same reaction as described above, but adding AICl; and acety! chloride in a molar ratio 1:2:2, yields 7g of
a mixture of 70% 5a besides 15% 5 and 5b (b.p. 100-110°C /0.6 kPa, solidifies below 40°C); for more details see
Ref. [7].

8: in the same way as described above, the reaction of 3.7 g Si(SiMe,), with 7.7g AICI, and 4.5 g acetyl chloride
gave, after removal of hexane in vacuum, 3.6 g of a crystalline residue of 8.

9: analogously, the reaction of 4 g (SiMe,),SiMe-SiMe(SiMe,), with 7g AICI, and 4 g acety! chloride produced
2 g of a crystalline residue of 9. In this case the reaction must be carried out at 0°C to avoid skeletal rearrangements
of the silane. The same reaction at 50°C yields (Si* CIMe,),Si®-Si¢ CIMe-Si°CIMe, (85, /ppm: A 27.60, B ~ 109.92,
C€10.60, D20.82).

4, 6,7 and 10: 900 g 2 were Lewis-base-catalysed disproportionated with a fixed catalyst as described in Ref. [6].
The mixture of 2, 4, 6, 7 and 10 formed could be fractionated to give pure 4 (40g, b.p. 215-220°C), 6 (45¢, b.p.

120°C /0.8 kPa, solidifies), 7 (25¢g, b.p. 120°C/13Pa) and 10 (6g, b.p. 160°C /13 Pa).
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3.2. Reaction of trichlorosilanes with trialkyl orthoformates

44.55 g (0.3 mol) HC(OEL), were added at 50°C to a mixture of 20.27 g (0.1 mol) 3-cyanopropyltrichlorosilane and
0.05g AICl;. A vigorous reaction occurred and the mixture was refluxed for 6h. After removal of the volatiles in
vacuum the 3-cyanopropyltriethoxysilane was isolated by distillation: b.p. 114-117°C /1.1 kPa; yield 19.45g (84%).

To a mixture of 23.5g (0.0977mol) 2-f(2-trichlorosilyDethyl}-pyridine and 0.05g AICl; were added 43.4g
(0.293 mol) HC(OE); over 15 min. After the vigorous reaction had ceased the mixture was refluxed for 14h. After
having removed the volatiles the 2-[(2-triethoxysilyDethyl]-pyridine was distilled in vacuo: b.p. 140-143°C/0.9kPa;
yield 19.2 g (73%).

3.3. Reaction of chloro-substituted oligosil with trialkyl orthoformates

First, a few milligrams AICl, and, second, the calculated amount of either HC(OMe); or HC(OEt); were added to
the methylchlorooligosilane. The course of the reaction can be followed by the evolution of gaseous MeCl or EtCl
respectively. After standing overnight the product mixture was diluted with hexane and filtered from the precipitation
of AICl,. In the cases of disilane derivatives the products were isolated by fractional distillation, otherwise the
products were obtained by removal of the volatiles in vacuum: SiMe(OMe),-SiMe(OMe),, b.p. 117°C;
SiMe(OE),~SiMe(OEY),, b.p. 92-93°C/2.5kPa.

3.4. NMR measurements

All NMR spectra were recorded on a Bruker MSL 300. TMS was used as internal standard.
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