Russian Journal of General Chemistryol. 73, No. 9,2003, pp. 13831387. Translated from Zhurnal Obshchkhimii, Vol. 73, No. 9,2003,
pp. 1462-1467.
Original Russian Text Copyrigh©® 2003 by KovyazinNikitin, Kopylov, Sokol'skaya.

Transetherification of Organosilicon Amines
with Cellosolve and Trimethylsilanol

V. A. Kovyazin, A.V. Nikitin, V. M. Kopylov, and I. B. Sokol'skaya

Gosudarstvennyi nauchno-issledovatel’skii institut khimii i tekhnologii elementoorganicheskikh soedinenii
Federal State Unitary Enterprise, Moscow, Russia

Received October 3, 2001

Abstract —Kinetics of transetherification of (3-aminopropyl)trimethoxysilane,Ng2-aminoethyl)amino-
propyl]trimethoxysilane, and (3-aminopropyl)triethoxysilana with Cellosolve and trimethylsilanol were studied.
The example of [IN-(2-aminoethyl)aminopropyl]trimethoxysilane was used to show that the activation
energies of the direct and reverse reactions are equal to each other both in the first and in the second stages,
which points to independence of the equilibrium constant on temperattite: (0). With methoxysilanes, the

rate constant of the reverse reaction in the second stage of the transetherification with Cellosolve is higher
than that of the direct reaction.

Aminoalkoxysilanes are widely used in organo- llla-lllc + CH;CH,OCH,CH,OH
silicon synthesis [18] and as adhesives for composite . ,
materials [913], which is associated with the high < NHZRS'(O(:I'\'/b;_T\Z/SCHzCH3)3 + ROH,
activity of the amino group in the organic substituent
and of alkoxy groups on silicon. It should be notedR = (CH,)5 (la-IVa, Ic-IVc), (CH,)3sNH(CH,), (Ib-IVb);
that reactivity of alkoxy groups in aminoalkoxysilanes R = Me (la-llla, b -lllb), Et (Ic-llic).
has scarcely been studied. Reactions of aminoalkoxy-
silanes with hydroxyl-containing compounds, spe- The scheme involves series-parallel reversible
cifically alcohols, silanols, and siloxanols, mimic areactions (Fig. 1) described by Egs. {@).
series of aminoalkoxysilane reactions in various 1o 3
reaction systems. NH,R'Si(OF’); + R°OH

A B
The present work is a continuation of our earlier K
studies [14]. <k:> NH,R!Si(OR?),(OR®) + R?0H, (1)
-1 P C
Transetherification of organosilicon aminés-Ic e 1R2 =3 3
with Cellosolve was performed at amine: Cellosolve NH,R"Si(OR),(OR°) + R°OH
molar ratios of 1:1, 1:2, 1:3, 1:4, and 1:6, with no Py B
catalysts, and the reaction mixtures were kept at room K,
temperature. Reaction progress was controlled by <k:> NH,R!Si(OR?)(OR®), + R?OH, (2)
GLC -2 PZ C
The reaction of aminoalkoxysilanes with Cello- NH,R'Si(OF’)(OR®), + R*OH
solve occurs by the following scheme: P, B
k
NH,RSIi(OR)3 + CH3CH,OCH,CH,OH <_k—3> NH,R!Si(OR®), + RZOH. 3)
la—Ic -3 D C
& NH,RSI(OR),(OCH,CH,0CH,CH,) + ROH, The rate equations for the series-parallel reversible
lla—llc reactions take forms (4§7).
lla-llc + CH;CH,OCH,CH,OH wy = K [A][B] + k_4[P][C], (4)
& NH,RSIi(OR)(OCH,CH,0OCH,CH,), + ROH, wp, = —K[P][B] + K[P][C] + K[A][B]
llla -lllc - k4[P4I[C], (5)
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Table 1. Yields, nd? values, and'H and 2°Si NMR spectra of synthesized compouhds

2951 NMR
1
. H NMR spectrum,d, ppm spectrum,
Comp. Yield, 20
o, Compound % | M Bsj, ppm
Me,Si| OMe|SiCH,| CH, |CH,N| NH, | SiCH, | Me;Si
Ib  |(MeO)Si(CH,)3NH(CH,),NH, - | 3.49| 058|152 2,53, 1.17 | -42.24
2.58,
2.71
V| MegSiO(MeO)Si(CH,)sNH(CH,),- | 95.5 |1.4315| 0.05| 3.41| 0.50 | 1.49 | 2.51,| 1.04 | -49.75 8.91
NH, 2.55,
2.68
VI | (MesSiO)(MeO)Si(CH,)sNH(CH,),- | 92.51.4280| 0.09| 3.43| 0.50| 1.47| 2.57,| 1.20 | -57.67] 8.15
NH, 2.63,
2.76
VIl | (Me3SiO)Si(CH,)3NH(CH,),NH, 68.5(1.4240|-0.01| - 0.35( 1.41| 2.48,| 1.21 | -65.95 7.05
2.55,
2.67

2 3. (SiCHy), ppm:-42.11 (a), -43.15 (la), —44.08 (lla ), -44.99 (Va), -45.36 (c), -52.11 [Me;SiO(EtO),Si(CH,)gNH.], —58.95
[(Me3SiO),(EtO)Si(CHy)3NH,], —65.81 [(Me;SiO)gSi(CH,)gNHs).

wp, = —K3[Po][B] + k3[D][C] + ky[Py][B] Ki = kilky, Kp = kolk o, Kg = klks. 9)

- ko[PIC, (6) : : o
_ In view of the failure of isolation of the products
Wp = kg[PI[B] — k5[D][C]. (") of substitution of amines with Cellosolve in the pure
With known equilibrium concentrations of all State, we obtained mono-, di-, and trisubstitution

the components, the equilibrium constants can be caproducts of compountb with trimethylsilanol, which

culated bv Eas. (8) and (9). have the same molecular weights as amines_substi-
y Egs. (8) ®) tuted with Cellosolve. The yields2’ values, andH
K, = [PIICIIAIB], K, = [P,I[CV[P,I[BI, and 2°Si NMR chemical shifts of the resulting
compounds are listed in Table 1.
Kz = [DIICHIP,IB], (8) P

With the trimethylsilylated derivatives obtained,
we constructed plots af,/ny vs. S/, (the indices‘a’
and “d” relate to amine and dodecane, respectively)
(Fig. 2), wheren is the molar fraction of a compound,
Sis the peak area of the compound, and dodecane is
the internal standard, and determined calibration
factors (tana are the slopes of the resulting straight
lines). The linear dependence of tanon the mole-
cular weight M) of amine [tana = 4.77x1072 M (r
0.9894)] allows calculation of the contents of amines
with various degree of substitution from their chro-
matographic peak areas by the formule= Stam.
This formula was used to calculate product concentra-

Time, min tions for all the reactions studied.
Fig. 1. Plot of molar fraction ) vs. time for the com- Using experimental data, we found the equilibrium
ponents of the reaction mixture at the ami6ellosolve concentrations of the components in the system
ratio 1:6 (20C). Compound: 1) la, (2) lla, (3) llla, (Table 2) and, by Egs. (4§9), the equilibrium
(4) IvVa, (5) Ib, (6) llb, (7) llb, (8) IVb, (9) Ic, and constants of reactions @(B) with compoundda-Ic,
(10) lc. listed below.
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Table 2. Equilibrium concentrations of components and equilibration times &C20

[Blo/[Alg Time, min Cap M Cay M Cp, M Cp, M Cp, M
(3-Aminopropyl)trimethoxysilane &)
1 210 3.363 1.821 1.590 0.216 0
3 205 2.720 0.920 1.199 0.551 0.051
6 217 2.153 0.620 0.849 0.603 0.082
[3-N-(2-Aminoethyl)amino]propyltrimethoxysilanelb()
1 1568 3.43 1.708 1.379 0.343 0
3 1571 2.34 0.796 1.048 0.452 0.044
6 1570 1.93 0.473 0.782 0.554 0.122
[3-Aminopropyl]triethoxysilane 1€)
1 10315 3.033 1.535 1.189 0.294 0.015
3 10260 2.35 0.794 1.011 0.482 0.063
6 10155 191 0.493 0.785 0.529 0.103

Table 3. Rate constantsk( | mol™t s71) of the direct and reverse reactions in transesterification of compdantts with

Cellosolve at 20C

la Ib Ic
kq x 10° Ky x 10° kq x 10° Ky x 10° kq x 10°

(k% 10°) (k_,x 10°) (k_;x 10°) (k_,x 10°) (k_;x 10°)

4.25+0.46 3.27+£0.10 3.23£0.56 1.85+0.11 1.90+0.38

(4.58£0.49) (8.85+0.26) (2.84£0.50) (4.80£0.65) (1.77+£0.35)

la Ib Ic The progress of transetherification of compouhd
with trimethylsilanol was followed by GLC by the

El 8'222 é'igg é'ggi consumption of starting amines and the formation of
Ky  0.080 0128 0.102 reaction products. The internal standard was dodecane,

Further we calculated rate constants for the direct

and reverse reactions (Table 3). In view of the low NdNg 4 3
rates of formation of trisubstitution products, we failed 2.4
to determine rate constant for reaction (3). For the 5
same reason, we failed to determine rate constant for 2.0 |-
reaction (2) with (3-aminopropyl)triethoxysilané}.

We also studied kinetics of transetherification of 1.6
compoundlb with Cellosolve at 1:1, 1:3, and 1:6 1
ratios at 40 and 6. 1.2

Reaction rate constants and activation energies
were calculated (Table 4). 0.8

As seen from the kinetic data, compounidsand 0.4+
Ib react much faster thalt, which can be explained
by steric reasons. At the same time, unlike what is g . . ! . !
observed with amindc, the rate constants of the 04 08 12 16 20S/Y

reverse reactions with compourd are higher that
those of the reverse ones. With compouibd k; >
k ;, whereask, < k.

Fig. 2. Plots of n/ny vs. S/§; for compounds 1) la,
(2 V, 3 VI, and @) VII .
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Table 4. Rate constants (| mot s1) of the direct and reverse reactions in transetherification of compdoindith
Cellosolve and trimethylsilanol

Cellosolve Trimethylsilanol
Temperature,°C ky x 1P k,x 10° K x 104 kox 106
(K 1 x 10°) (K 5 x 10°) 1% 2%

20 3.23+0.56 1.85+0.11 1.318° -
(2.84+0.50) (4.80+0.65)

40 4.37+0.35 2.57+0.26 2.69 2.86
(3.83+0.31) (6.43+0.65)

60 8.90+£1.0 4.71+0.01 4.76 3.78
(7.81+0.88) (11.79+0.01)

E, kcal/mol 4.9 4.5 6.0
4.9 4.

2 Reaction temperature 1. b Direct reaction.® Reverse reaction.

and the solvent was toluene. Under these condition% ] ks S
almost no condensation of trimethylsilanol was ob~! + Me;SIOH———> HyN(CHy),NH(CHy)3Si(0SiMey) 5.
served, and the reaction occurred by the following Vil

scheme and involved no side processes.

H,N(CH,),NH(CH,);Si(OMe), + Me,SiOH
Ib

k
—— 5 H,N(CH,),NH(CH,),Si(OMe),0SiMe;,
-MeOH Vv

V + MesSiOH
k
——2 5 H,N(CH,),NH(CH,),Si(OMe)(0SiMe),,
-MeOH Vi
c, M

250 300
Time, min

5
0™"50 100 150 200

Fig. 3. Plots of the concentration of compountls V,
and VI vs. time for transetherification of compourtd
with trimethylsilanol at various temperatures. Tempera-
ture, °C: 19: @) Ib and @) V; 40: ) Ib, (4) V, and
(5) VI; and 60: 6) Ib, (7) V, and ) VI. CompounaVll

was not formed within the observation time.

Figure 3 depicts the curves of diamine consump-
tion and transetherification product formation.

Unlike the transetherification of isomeric (amino-
propyl)triethoxysilane, we described in [14], the
process in hand is a sequence of irreversible reactions,
as judged from the fact that compouid begins to
form after the starting amine has been consumed
completely. In this connection the rate constants were
calculated by Eq. (10) for an irreversible second-order
reaction [15].

k([Dlo - [TMS])t
— In{[D]p([TMS]o — IA[TMS] o([D]p — ¥} (10)

Table 4 lists the rate constants for the stages of
transetherification of compoundb with trimethyl-
silanol and the activation energies of the first stage,
calculated by Arrhenius’s equation.

Since in the presesent work we used the same
transetherification conditions as in [14], except for
reaction temperature, the rate constants of the first two
stages of transetherification of compoutd with tri-
methylsilanol at 70C; the resulting values were
compared with those for isomeric (aminopropyl)tri-
ethoxysilanes (Table 5).

As seen from Table 5, of the amines studied,
(2-amino-1-methylethyl)triethoxysilaneV(ll ) is the
most reactive toward trimethylsilanol.

Noteworthy is the fact that the silicon chemical
shift is linearly related to the degree of substitution of
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Table 5. Rate constants (Imois™) of the first and stirred at 20C until aminelb had been consumed
second stages of transetherification of amines with tricompletely. Vacuum distillation gave 267.4 g of

methylsilanol at 70C compoundV, bp 109-111°C (1 mm).
3-[3-N-(2-Aminoethyl)aminopropyl]-3-methoxy-
Comp. no. kyx 10° kpx 10° 1,1,1,5,5,5-hexamethyitrisiloxane (Vi). A mixture
Ib 6.166 0.043 of 222 g of compoundb and 185 g of MgSiOH was
Ic 0.630 0'080 refluxed un_til_silane\/ had been consumed completely.
Vil 10.000 0.450 Vacuum distillation gave 312.7 g of compound,

bp 110-115C (1 mm).

[3-N-(2-Aminoethyl)aminopropyl]tris(trimethyl-
methoxy or ethoxy groups by trimethylsiloxy or siloxy)silane (VII). A mixture of 222 g of compound
2-ethoxyethoxy (Fig. 4). On complete trimethylsiloxy Ib and 540 g of MgSiOH was refluxed until com-
substituion, the silicon signal shifts upfield by 23.71pound VI had been consumed completely. Vacuum
and 20.59 ppm for methoxy and ethoxy groupsdistillation gave 271.3 g of compoundll , bp 127
respectively. On substitution of methoxy groupdin 130°C (1 mm).
by 2-ethoxyethoxy, the difference is 2.8 ppm
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