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Summary

The rates of solvolysis of some N-phenyl-1-aza-3,5-dioxa-2,4,6-tris(dimethyl-
silyl)cyclohexanes, substituted in the benzene ring, have been measured spectropho-
tometrically in methanol containing a small quantity of water. The reaction is
subject to general acid catalysis and is inhibited by weak bases. Electron-donating
substituents accelerate the solvolysis. The p-constant, derived from the linear rela-
tion between the logarithms of the rate constants and Hammett o constants is —1.2
(p = —1.0 in a neutral medium). A reverse deuterium isotope effect has been found
(ky/kp=0.82). The proposed mechanism for the Si~N bond cleavage, and the
associated ring-opening, involves simultaneous nucleophilic attack of a solvent
molecule on silicon and electrophilic assistance by proton transfer from the catalys-
ing acid to the nitrogen.

Introduction

Studies on the mechanisms of heterolysis of the silicon—nitrogen bond have been
the subject of a number of papers, which have been mainly concerned with
silylamines, and have included the effects of substituents at silicon and nitrogen on
the rate and also the effects of acid-base catalysis and the reaction medium [1-8]. In
spite of the high reactivity of silylamides in silylation, most of the studies of this
class of Si-N compounds, starting from the earliest [9,10], have dealt rather with
structural aspects, and only a few have included rate measurements [11,12]. The
kinetic studies of the reactivity of rings with a Si-N linkage have been concerned
only with cyclosilazanes, (R,SiNH),, containing secondary nitrogens, and have been
limited to nucleophilic exchange at silicon in alcoholysis and acidolysis in neutral
and weakly solvating solvents [13-15]. The mechanistic implications have been
based on the polar effects of substituents in the attacking nucleophile. A four-centre

* This paper is affectionately dedicated to Professor Raymond Calas on the occasion of his 70th birthday
in recognition of his outstanding researches in organometallic chemistry during more than 30 years.
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mechanism has been suggested, involving simultaneous attack on nitrogen and
nucleophilic attack on silicon by the reagent.

We have thought it interesting to investigate kinetically the cleavage by methanol
of the silicon-nitrogen bond in the compound N-phenyl-5-aza-1,3-dioxa-2,4,6-
tris(dimethylsilyl)cyclohexane and its derivatives with substituents in the benzene
ring, I, which are referred to in this paper as cyclosilazoxanes.

Mey
o—Si
Mej,Si /NC6H4X X = H, m-and p—~CH,, OCH,;, CI, Br
\
O—Si
Me2

(1)

We have previously reported the preparation of the parent compound, (I, X = H)
[16] and its use as a monomer for synthesizing new organosilicon polymers of high
thermal stability [17).

Results and discussion

The rates were measured in solvolytic conditions in methanol with an acetate
buffer as catalyst. In order to avoid the effect of adventitious moisture, a fixed
amount of water (1% v/v 0.56 M) was added in most runs. The proportion of added
water was limited in order to maintain good solubility of the cyclosilazoxanes and to
keep the rates within measurable limits, since water has an accelerating effect. The
ionic strength of the solution was kept constant (J = 0.02) by adding calculated
amounts of lithium chloride. The progress of the reaction was followed by making
use of the differences in the UV spectra of N-aryl-cyclosilazoxanes and substituted
anilines, the aromatic products of the reaction (Fig. 1).

O-Si(Moz,\
(MO:)S(O NCgH, X
-Si(Moz)/

1. X=H 2. aniline
3. X =p-CH,0 4. p-anizidine
5 X =m-Br 6. m-bromoaniiine

Extinction

8 % u 2 0 38 3 % a0 ;
wave number 000cH

Fig. 1. UV spectra of the N-arylcyclosilazoxanes (I) and respective anilines, XC,H NH,.
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It has been shown by gas-liquid chromatography and mass spectrometry that in
the slightly acidic aqueous-methanolic medium the silicon-nitrogen bonds are
cleaved and the siloxane system is preserved according to the following scheme:

Mez
O—si
Mess! Nex MeOH / H,0 (
TeoR R .
AN A AcOH /AcONa RO(Me,SiO)3R  + XCgH4NH;
O—Si _
Me, (R=CHz,H)

In order to get some insight into the mechanism, the following kinetic tests were
applied: the effect of acid-base catalysis, LFER analysis of the rates, and determina-
tion of activation parameters and the kinetic solvent isotope effect. At fixed
concentrations of buffer and lithium chloride, or with no catalyst added, the reaction
was found to be pseudo-first-order in cyclosilazoxane up to high conversion (over
90%). Overall first-order kinetics were also established (Figs. 2 and 3).

At constant ionic strength the experimental pseudo-first-order rate constant k| is
proportional to: 1) the concentration of acetic acid at constant buffer ratio (or,
equivalently, at constant sodium acetate concentration), and 2) the buffer ratio at
constant acid concentration (Figs. 4a and b). Thus the system is subject to general
acid catalysis and the above relationships can be summarized by the following
general form of the rate law:

_ds]

&7 = (Ko + kacon[AcOH] + kg, [ROH, | + k4 [B])[S]
+ AcOH
[ROH2] = KAcOHW s k=0
d[s] _ , . [AcOH]
dar ket k acon[ ACOH] + & ROHZW (s]

k{*6.5x 1070971
k) «6.53x107%s7}

5

* A\ &= 2020102571 ! 2
& | N Ky +66x107.5)
15} ki=2.85x1073 5! 1 k) =6.5x107% 5"
kg 2287x107357! ol
240 2400 1 13600

Time (s)

-Fig. 2. Reaction order determination of solvolysis of N-arylcyclosilazoxanes [I]. Lines 1-4: MeOH;
[AcOH] 0.025 M; [AcONa] 0.0025 M; I = 0.02; T 30°C; initial concentrations of silazoxanes, (10* M): 1,
9; 2, 6; 3, 3; 4, 2. Lines 5-7: MeOH/H,0; [H,0] 0.56 M; [AcOH] 0.05 M; [AcONa] 0.005 M; I = 0.02;
T 30°C; Initial concentrations of silazoxanes, (104M): 5, 6; 6, 5; 7, 2.7.
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Fig. 3. Reaction orders for uncatalyzed solvolysis of N-arylcyclosilazoxanes (Me,Si);0,NC¢H,X in
aqueous methanol, [H,0] 0.56 M; I =0.02; T 25°C. Lines 1, X = H, C, 3.8x10™% M; 2, X = m-Br, C,
2.7x1074 M; 3, X = p-Br, C, 3.4x10~% M; 4, X = p-CH,0, C, 42x107* M; 5, X = p-CH,, C,
5x10™4 M; C, = initial concentration of silazoxane.

where k'rby, = krom,Kacon

S represents the substrate; B, the base; k,, the rate constant for catalysis by
solvent molecules (“spontaneous reaction”); k..o, the partial catalytic constant for
catalysis by undissociated acid; krdy,, the partial catalytic constant for catalysis by
oxonium ions; and kp$y , the apparent partial catalytic constant for catalysis by
oxonium ions. For I, X = H; I = 0.02 and [H,0] = 0.56 M at 298 K; k, = 1.07 x 10~*
$7Y kacon =107Xx1072 M~ 57! kpgy =1.92x107%s7" (kg =1.02% 10757}
in a run with no catalyst added). The values of k..o and kgéy, were calculated
from the slopes of the plots in Fig. 4. The approximate value of the dissociation
constant of acetic acid in methanol-water can be evaluated from the relationship
given by Shedlovsky and Kay [18]. For [H,0]=0.56 M, K, o4 =107° M, which
gives kpby, = 10° M1 s7'. The value of k, was obtained either by extrapolation to
zero bulffer ratio of the function z =k, + kxp, [AcOH]/[AcONa] (Fig. 4a) or by

30 a) 30 b)
|

25 2 113
< 15200 T ol
=2 3 facoM] gy 2%
- [AcONa] l3.100 | X
D i=50] ©1Y 14007
2 i~ [AcOH]=1 2= 0.05
w @0

320025

AcOH]
ato 020 0.2 5 10 15 20 25 30
[AcOHI M [AcOH]

Fig. 4. Effect of the concentration of the catalysing system on the observed pseudo-first-order rate
constant of solvolysis of N-phenyl-5-aza-1,3-dioxane-2,4,6-tris(dimethylsilyl)cyclohexane in aqueous
methanol, [H,0] 0.56 M; I =0.02; T 25°C.
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Fig. 5. Gas liquid chromatogram of the reaction mixture from the basic solvolysis of N-phenylcyclosila-
zaoxane (I, X = H) in aqueous methanol after 40 min reaction time, {H,0] 0.56 M, {[NaOH] 0.5 M.
Figures on the peaks: retention times of constituents of the mixture and (in parenthesis) of the original
samples. D = (CH,),0.

determining the experimental rate constant in a run with no catalyst added.

In a weakly basic medium of ammonia buffer or acetate buffer containing 80%
sodium acetate, the reaction is strongly inhibited. Within a wide range of concentra-
tions of ammonia buffer (107* to 4 M), or acetate buffer (6 X 10~> to 0.5 M), no
changes in the UV absorption were observed over long periods. It was impossible to
investigate the effect of the strong base, NaOH, since its addition resulted in
simultaneous cleavage of silazane and siloxane bonds, with subsequent condensa-
tions, as it is seen from the chromatogram (Fig. 5). The reaction mixture contains the
series of dimethoxysiloxanes MeO(SiMe,0),Me (n=1 to 7), and the products of
cyclic condensations (Me,Si0),, (m=3 to 8). Small amounts of sodium acetate
alone produced a systematic deceleration of the reaction: for example, the observed
rate constant, k;, for I, X=H (/=0.02 and [H,0]=0.56 M at 298 K) at 0.0001,
0.001 and 0.04 M AcONa are (10° k,, s™!): 4.75, 2.10 and 0.867, respectively.

Small amounts of water, up to 0.1 M, do not affect the rate. However, with

~
T

e

/
i i t9 o(=0,66
of

i A 3.

15 8
2+log [H20)

Fig. 6. Effect of water on the rate constant of solvolysis of N-phenyl-5-aza-1,3-dioxa-2,4,6-tris(dimethyl-
silyl)cyclohexane in methanol, [AcOH] 0.05 M; [AcONa] 0.005 M; I =0.02; T 25°C.
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further increase of water concentration the reaction is accelerated and the order in
water, calculated from the slope in Fig. 6, is 0.66.

By increasing the ionic strength from 0.01 to 0.1, by addition of lithium chloride
at fixed concentrations of water and catalyst, the observed rate constant was
doubled and varied according to the law: log k; = a + bVI, which is a relationship
typical of secondary salt effects.

Effects of substituents in the benzene ring

There is a fairly good linear correlation between the logarithms of the relative rate
constants, k  (relative to I, X = H) and the Hammett o values of the substituents in
the benzene ring. Based on the catalytic rate constants for catalysis by undissociated
acid, the slope in Fig. 7 gives a p-value of —1.2 + 0.1. The comparable value of p for
the uncatalyzed reaction is —1.0 + 0.05 (Fig. 7). Thus electron-donating substituents
accelerate the reaction. In calculating p, the compounds with X =m-CH, and
m-OCH, were disregarded since the logarithm of their rate constants deviated
considerably from the straight line.

The enthalpies and entropies of activation of three compounds of the series were
calculated for the acid catalyzed reaction. They are shown in Table 1, where the
catalytic constants (k..o ) and relative rates (k) have also been included.

The characteristic features of the process are the high, negative values of the
entropy of activation and the low enthalpies of activation. It is hard to conclude
from these results that the reaction is enthalpy-controlled. The smallness of the
temperature coefficient of the rate, along with the high values for the rate constants
will encumber the numerical results with comparatively large errors. The practically
constant value for the entropy of activation would, however, suggest an enthalpy
control of the reaction.

On the other hand, in the uncatalyzed reaction, when the substituents are made
more electron withdrawing, both the enthalpy and entropy of activation decrease
with decreasing rate. The effect of the unfavourable change in entropy on passing
from the substrate to the transition state, on the free energy of activation, AG™, is
clearly larger than that of the enthalpy change, as is seen from the last column of
Table 2.

08t x Gy=-l2%01
0 8ys-10 005
04t p-GH30
0.2
x
< 0 om-CH30
~
g
-0AF
}P'CI\ m-Bre|
-0} &\l
-08f

23 02 -01 us,n'l 92 03 oz
Fig. 7. Plot of log k,,, vs o for solvolysis of (Me,Si);0,NC,H X in aqueous methanol, {H,0] 0.56 M;
I=0.02; T25°C. X, catalysed reaction (AcOH-AcONa), k , = kX.on/ki.omn: O, uncatalysed reaction,
ko= ki/kT
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TABLE 1

REACTIVITIES OF N-ARYLCYCLOSILAZOXANES, (Me,Si);O0,NC,H,X IN CATALYSED SOL-
VOLYSIS IN AQUEOUS METHANOL “

X T 102k, .o kg AR™ AS*
(&)} (dm® mol ' s~ 1) =kXon/ (kcal mol 1) (e.u)
kMoo [kJ mol 1) [kY mol~! deg 1)
H 25 1.08 +0.02 1 60+14 —-46.5+4.4
35 240 +0.03 {25.8+6) [—0.195+0.02]
45 2.75 +£0.02
55 293 +0.03
p-CH, 25 140 +0.1 1.30 6.7+0.8 —44.542.5
35 24 1015 [27.943.2] [—0.19+0.01}
45 292 +03
55 4.65 +0.01
p-Cl 25 040 +0.05 0.37 8.0+0.8 ~425+424
35 0.77 +0.05 [33.7+3.3] [—0.18+0.01)
45 1.07 +0.03
55 1.37 +0.02
m-CH, 25 2.033+0.07 1.88
p-CH,0 25 2.22 +0.05 2.06
m-CH,0 25 1.43 1+0.05 1.32
p-Br 25 0.428 +0.01 0.396
m-Br 25 0.33 +£0.01 0.31
m-Cl 25 0.38510.02 0.36

2 [H,0]=0.56 M, AcOH-AcONa, J = 0.02.

TABLE 2

REACTIVITIES OF N-ARYLCYCLOSILAZOXANES, (Me,Si);0,NCcH,X IN THE UNCATA-
LYZED SOLVOLYSIS IN AQUEOUS METHANOL “

X T 104k, kg AH* AS* AG”

(o) s™hH [kcal mol~1) (en) (J mol™1)
[kJ mol™1) (&J mol ' deg™ ")

H 25 1.02 1 90+1.0 —47+4 98+5
35 1.70 [37.5+5) [—0.196 £ 0.02]
45 2.534

p-CH, 25 1.408 1.38 12.040.7 -36+2 9743
35 2.85 [49.8 + 3] [—0.15+£0.01]
45 4.634

m-CH, 25 142 1.39

p-CH,0 25 1.817 1.78

m-CH,0 25 1.06 1.04

p-Cl 25 0.665 0.65

m-Cl 25 0.408 0.40 4.0+0.3 -66+1 101+1
35 0.502 [15.6+1) [—0.28 £ 0.003]
45 0.618

p-Br 25 0608  0.60

m-Br 25 0.390 0.38

a [H,0] = 0.56 M, I =0.02.
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Solvent isotope effect

When the methanolysis of I (X = H) was carried out in a deuterated medium
(CH,0D-D,0; CH,COOD-CH,COONa) the rate was found to be slightly en-
hanced, yielding the factor

ku/kp=kacon/kacon = 0.87

Mechanism of solvolysis of N-arylcyclosilazoxanes

The solvolysis of the silazane bond in the cyclic silazoxanes can be represented as
a system of two consecutive reactions. The first one, involving opening of the ring is
considerably slower than the cleavage of the Si—-N bond in the linear compound
formed, which contains a terminal, secondary amino group (see scheme below). The
rates of solvolysis of similar compounds, e.g. N-triethylsilylaniline in pure methanol,
ethanol and isopropanol have been found to be too high to be measured by classical
methods {4]. The rates, activation parameters and the subsequent discussion of the
mechanism, therefore, refer to the first, slow step involving the elementary cleavage
of a single Si—N bond in the ring compound.

The solvolytic cleavage of the Si—N bond takes place in a weakly acidic medium
and is promoted by three catalytic processes: (1) catalysis by oxonium ions, (2)
catalysis by undissociated acid molecules, and (3) catalysis by solvent molecules. The
established general acid catalysis would suggest a proton transfer in the slow step of
the reaction.

Examination of the Hammett relationship shows that the amount of positive
charge on nitrogen is larger in the transition state relative to the ground state, which
is consistent with the necessity for electrophilic assistance, achieved by protonation
of nitrogen. Low absolute values of the reaction constant, p, which are nearly equal
for the catalysed and ‘“spontaneous” reactions, would suggest a similarity of
mechanisms in both cases, but do not allow an unequivocal estimation of the degree
of protonation of nitrogen in the transition state, since they can either result from a
small degree of proton transfer to nitrogen or from the neutralization of charge
brought about by a weakening of the silicon-nitrogen bond.

The large entropy loss in the process of activation is consistent with a mechanism
in which the transition state is built up of several, previously independent, species.
This will produce a substantial stiffening of the structure and separation of charge,
which, in turn, will bring about considerable orientation of the solvent molecules.
These features of the reaction are characteristic of a synchronous mechanism with
possible involvement of a cyclic transition state. In particular, the low energies of
activation can be related to a strong solvation of the transition state (the negative
energy of solvation will act to reduce the overall energy of activation).

The reverse and near-unity kinetic isotope effect is not inconsistent with the
involvement of a proton transfer in the slow step. It also suggests a highly
unsymmetrical structure for the transition state; however, it does not allow differ-
entiation between a reagent-like and product-like structure for the transition state,
since in both cases a primary isotope effect close to unity would be expected. The
enhancement of rate in a deuterated medium is symptomatic of the prevalence of
secondary isotope effects. These can be related to the attack of the nucleophile on
silicon and are dependent upon the extent of formation of the new silicon—-oxygen
bond. On the other hand, the overall isotope effect will be related to the necessity of
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desolvation of the attacking alcohol molecule and of the catalysing acid. The former
effect would be expected to be close to unity if the new bond is not yet fully formed
in the transition state. The magnitude of the latter is harder to estimate but would
also be expected to reduce the k,/kp, factor, which, assuming the primary isotope
effect to be close to unity, would yield an overall effect close to the experimental
value.

Mez/Si——O\ [ Me;Si—O ¥
K
ROH + CH,COOH + O SiMep  — L o SiMe
N/ \.
Me,Si—N MeSi---N
N\ i 1NPh
Ph H—O H-——o-—'c—CH3
o R o
/7 \ |

/_HR

RO(Me2Si0)2SiMe2NHPh  + MeCOOH  + ROH

P fast
AcOH ,ROH

RO(Me;SiO);SiMeOR + HoNPh

R=H ,CH3 ; kg»k1

Proton-transfer to atoms of electronegative elements such as nitrogen or oxygen
are usually fast and diffusion-controlled in the thermodynamically favoured direc-
tion. However, reducing the basicity of nitrogen, as in the present case, by ( p—d)w
to the two silicon atoms can result in lowering the rate of proton-transfer to the
extent of making it comparable to that of the slow nucleophilic substitution step.
Thus a synchronous mechanism, as shown in the scheme, involving simultaneous
nucleophilic attack on silicon by a solvent molecule and proton-transfer from the
acid to nitrogen will be consistent with most of the experimental facts. In the light of
the present results the transition state would seem to be rather reagent-like but more
precise determination of the extent of formation of new bonds and breaking of the
old ones will necessitate further experiments, which is the intention of the authors.

Comment on the role of water

The acceleration of both acid-catalyzed and “spontaneous” reactions by the
addition of such an amphiprotic agent as water can result either from its proton
donating role in the electrophilic assistance to the leaving group or from its part in
the nucleophilic attack on silicon. The order in water, not much less than unity,
seems to allow for only one of these factors. Considering the presence of products of
hydrolysis in the reaction mixture this factor is the nucleophilic attack on silicon, in
which water competes with the alcohol.

The role of water in the electrophilic assistance process will be suppressed by the
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contribution of the stronger acid present. At very low concentrations of water,
methanol is the sole effective nucleophile, as evidenced by the zero-order in water.

Experimental

All N-arylcyclosilazoxanes were prepared in a similar way to that used previously
for synthesizing the parent compound N-phenyl-1,1,3,3,5,5-hexamethylcyclo-1,3,5-
trisila-2-aza-4,6-dioxane [16]. They were purified by repeated sublimation and stored
in evacuated vessels. Their yields, elemental analyses, physical properties and
spectroscopic data are given in Table 3. For comments on the low yields see [16].

Analytical grade acetic acid was distilled from chromium oxide, Cr,0;; analytical
grade sodium acetate and lithium chloride were dried at 100°C on a vacuum line and
stored in vacuo. Methanol was dried by the standard method of distilling from
magnesium methanolate and redistilling from a small amount of trinitrobenzoic acid
through an adiabatic column, with glass filling, of 0.5 m length.

Deuterated acetic acid was prepared by hydrolysis of acetic anhydride with a less
than stoichiometric amount of deuterium oxide. The isotopic purity of the CH,COOD
and CH,0D was checked by 'H NMR.

Rate measurements

Samples of stock solutions of acetic acid, sodium acetate and lithium chloride in
anhydrous methanol were mixed in a volumetric flask in calculated proportions and
diluted with methanol containing fixed amounts of water to obtain the desired
concentrations. After adding a weighed amount of substrate to the solution at the
desired temperature, a sample was transferred to a vapour-tight, thermostatted
spectrometric cell. A Specord UV-VIS spectrophotometer was used for all kinetic
runs. Changes in the UV absorption at selected wavelength (Table 3) were recorded
to 90% conversion. The observed rate constants, k,, were calculated by the Gug-
genheim method and least squares regression analysis. The error in k; was within
+5% to +10% and all the data presented are averages of a minimum of 3
determinations. The partial catalytic constants were calculated by least-squares using
the equation: k; = kg + k 5.on[AcOH] + kg gy [AcOH]/[AcONa]. All the errors were
estimated in the form of standard deviations. The activation parameters were
obtained by using the Eyring equation.

Chromatographic analyses were performed on a JEOL gas liquid chromatograph
with a flame ionization detector and an Takeda Riken TR 2215 A integrator; using a
2 m X4 mm column, 10% OV-101 on Varaport 30,/100 (120 mesh), programmed
temperature, 50 — 280°C at 10° /min, with nitrogen, hydrogen as the carrier gas.

Mass spectra were recorded at 70 eV on a mass spectrometer LKB 9000, coupled
to a gas chromatograph, ion source temperature 290°C. The IR spectra were taken
on a Pye Unicam SP 1200 spectrometer in KBr. The 'H NMR spectra were recorded
on a Tesla BS 487 C (80 MHz) or a JEOL C-60 ML.
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