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because in these instances the original standard deviations are
made artifactually small by the manner of definition of the
original BCDEF values.

As a final assessment of the BC(DEF)-based predictions,
existing additive-constitutive schemes were used to “‘predict”
the values of activity coefficient, partition coefficient, molar
refractivity, boiling point, and magnetic susceptibility for all
applicable compounds in Table I. Their average errors of
prediction are compared in Table [X with the BCDEF struc-
ture-based predictions for the same compounds. These com-
parisons must be assessed cautiously, because (1) all of the
literature additive-constitutive schemes were forced into a
fragment pattern much like that of Table IV, in particular by
requiring a general “C=C—X" correction instead of separate
aromatic and aliphatic parameters for every function; (2) some
of the compounds in Table I were probably used to define
fragment values in previously existing schemes, and thus
“prediction” of those properties is not a prediction at all.
However, the rms ratios in Table IX do suggest that the general
additive-constitutive BCDEF model, if anything, tends to be
more accurate than these individual property additive-con-
stitutive models. Furthermore, the existing models often cannot
be applied to as wide a variety of structures. Thus it seems
appropriate to seek a BC(DEF) model rather than a new ad-
ditive-constitutive model when one hopes to predict a physical
property which depends upon nonspecific intermolecular in-
teractions.

Conclusions

Prediction of any property which depends mostly upon
nonspecific and noncovalent intermolecular interactions, from
structure alone, appears from the foregoing to be technically
feasible within established error limits. On an absolute basis,
the ability to forecast 94% of the variance in many properties
of the most commonly encountered compounds would seem
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to have areas of practical applicability. On a relative basis, the
BC(DEF) model is as accurate as previously existing prediction
schemes, and might be considered preferable to these on the
grounds of demonstrated compatibility with the widest variety
of experimental observations.

Further studies now underway are intended to extend the
range of BC(DEF) predictions, both to compound types not yet
considered, such as multiply functionalized substances usually
existing as solids, and to other properties, such as boiling points
or partition coefficients under different conditions, or those
aspects of biological behavior which are not structurally spe-
cific.

Supplementary Material Available: Experimental and calculated
values for the indicated properties of the compounds in Table I of this
paper and the structural fragments and resulting calculated BCDEF
values for all compounds in Tables 1 of this and the preceding paper
(40 pages). Ordering information is given on any current masthead

page.
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Kinetics and Mechanism of Hydrolysis of a Silicate
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Abstract: The kinetics of hydrolysis in dilute aqueous solution of tris(2-methoxyethoxy)phenylsilane to phenylsilanetriol have
been studied. The hydrolysis exhibits specific acid and general base catalysis, the latter with a Brgnsted 5 value of 0.7. The spe-
cific acid catalysis mechanism is probably A-2 (k,0+/p;0+ = 1.24, AST = =39 cal deg~! mol~!). At high pH (>10) the rate
of appearance of the triol is limited by the rate of hydrolysis of one of the intermediates in the hydrolysis sequence, bis(2-
methoxyethoxy)phenylsilanol, which, under these conditions, forms an inert anion. At lower pH the hydrolysis of bis(2-
methoxyethoxy)phenylsilanol is several times faster than that of tris(2-methoxyethoxy)phenylsilane while that of the second
intermediate, 2-methoxyethoxyphenylsilanediol, is probably faster than the above two hydrolyses at all pHs. It is argued that
the form of general base catalysis observed suggests that the base-catalyzed reactions involve either an Sn2**-Si or Sn2*-Si
mechanism with formation of a pentacoordinate intermediate. Generalization of the argument used here is explored.

Many processes of importance to both geology! and, as is
being increasingly appreciated, biology? involve the reactions
in aqueous solution'of simple silicates, i.e., of the Si(OX),
functional group, where X = H, C, or Siand n > 1. Although
many qualitative and semiquantitative studies have been made
of the hydrolyses of such compounds,? practically no systematic
kinetic/mechanistic or thermodynamic studies have been
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made. Quantitative interpretation of much of the early work
is complicated by the presence of polymerization phenomena
and by the use of a variety of mixed aqueous-organic solvent
systems.

We present here what appears to be the first example of a
kinetic study of the hydrolysis in a homogeneous, purely
aqueous medium of a silicate triester, tris(2-methoxyethoxy)-
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Figure 1. Ultraviolet spectra of 1 (ca. 0.3 mM) before (—) and after (---)
hydrolysis in 0.05 M phosphate buffer at pH 7.0 and at 30 °C.
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1

phenylsilane (1). This gives information both on the lability
of Si{OR),, systems, where n > 1, in aqueous solution and on
the mechanisms of hydrolysis involved and also permits in-
structive comparisons to be made with analogous carbon
compounds where reaction mechanisms are well defined.
Previously, essentially all mechanistic information on the
solvolytic properties of the Si-O-C group has come from sol-
volyses in organic or mixed aqueous-organic solvents of
compounds of the type R3/Ar;SiOR/Ar# which lack the
multiple oxygen substitution of naturally occurring sili-
cates.

Experimental Section

Materials. Tris(2-methoxyethoxy)phenylsilane (1) was prepared
from the reaction of phenyltrichlorosilane with an excess of 2-
methoxyethanol as described by Burkhard’ and purified by distillation
(bp 142 °C (0.2 mm), n25p 1.4719; 1it.> bp 204 °C (15 mm), n?%
1.4727). Aqueous solutions of phenylsilanetriol (4) were prepared by
complete hydrolysis of 1 in dilute (<1 mM) solution or by dissolution
of the solid triol, the latter prepared by the method of Takiguchi.®
Buffers were prepared in distilled deionized water from reagent grade
materials where available and from commercial samples purified by
recrystallization or distillation where not. Acetonitrile was dried and
purified by distillation from phosphorus pentoxide and stored over
molecular sieves. Deuterium oxide (99.8%) and deuterium chloride
solution (99%) were obtained from Aldrich Chemical Co.

Kinetic Measurements. Rates of hydrolysis of 1 and 2 were routinely
determined spectrophotometrically with a Cary 14 or Gilford 2400
spectrophotometer by monitoring the decrease in absorbance at 220
nm. Reactions of 1 were initiated by addition of small aliquots, typi-
cally 0.01 mL, of an acetonitrile solution of 1 to 3.0 mL of an appro-
priate buffer solution in a thermally equilibrated (£0.1 °C) cuvette
to yield a final concentration of 1 of between 0.1 and 0.5 mM. The
ionic strength of all buffer solutions was adjusted to 1.0 with potassium
chloride. In the case of 2, reactions were initiated by addition of
0.5-mL aliquots of dilute phosphate solutions of 2, prepared as de-
scribed below, to 2.0-mL aliquots of the required buffer. Absorbance
measurements were then made for at least 3 half-times of reaction and
pseudo-first-order rate constants calculated in the usual way from
infinite time (> 10 half-time) absorbance measurements or, in the case
of a few of the slowest reactions, by the method of Guggenheim.” Rate
constants obtained in this way were reproducible to within 5%. In
strongly acidic and alkaline solutions the faster reactions were followed
using a Durrum D-10 stopped-flow spectrophotometer. All kinetic
studies except those leading to the determination of activation pa-
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rameters were carried out at 30.0 £ 0.1 °C. Reaction temperatures
were measured in solution in the cuvettes by means of a copper /con-
stantan thermocouple.

An extraction method was also used to determine reaction rates.
Aliquots taken from a reaction mixture containing 1 in an appropriate
buffer at 30,0 °C were extracted with hexane. Control experiments
showed that this procedure removed 1 quantitatively from aqueous
solution while 4 was left. After clarification of the aqueous solution
by gentle nitrogen bubbling 4 could be determined by absorbance
measurement at 262 nm. From the increase in the concentration of
4 as a function of time first-order rate constants were again calculated.
The hydrolysis of 2 could also be followed in this way using chloroform
as the organic solvent since it was found to extract 2 but not 4 from
aqueous solution.

The p K, of Phenylsilanetriol. The pK, of 4 was determined spec-
trophotometrically at 30.0 °C from measurements of the absorbance
at 262 nm as a function of pH in a series of tris(hydroxymethyl)-
aminomethane and carbonate buffers and in dilute potassium hy-
droxide solutions (ionic strength adjusted to 1.0 with potassium
chloride). A least-squares analysis of a plot of log [A~]/[HA] vs. pH
then yielded the pK,.

Results and Discussion

Hydrolysis of Tris(2-methoxyethoxy)phenylsilane. This
compound, 1, was chosen for study firstly because of the
presence of the phenyl chromophore, allowing the possibility
of facile spectrophotometric rate measurements, and secondly
because the 2-methoxyethoxy substituents, in contrast to
simple alkoxy substituents, lead to sufficient water solubility®
to allow the hydrolysis to be studied in purely aqueous solu-
tion.

The ultraviolet absorption spectrum of 1 in 0.05 M phos-
phate buffer at pH 7.0 before and after hydrolysis is given in
Figure 1. The most significant spectral change occurs at low
wavelength and 220 nm was chosen for subsequent kinetic
studies. At this wavelength the hydrolysis of 1 could be con-
veniently followed as a pseudo-first-order process. Pseudo-
first-order rate constants for hydrolysis of 0.138, 0.276, and
0.553 mM 1 in the above-mentioned buffer were 1.50 X 1074,
1.60 X 104 and 1.60 X 10~%s~!, respectively, showing that
the hydrolysis is indeed first order in 1 and thus not compli-
cated by polymerization reactions. The rate of hydrolysis of
1 in the same buffer was also determined by the extraction
method described in the Experimental Section, yielding a
first-order rate constant of 1.48 X 1074 s~1,

The product of the hydrolysis of 1 was identified as phen-
ylsilanetriol (4) from the identity of its absorption spectrum
(Figure 1) with that of 4 and by measurement of its solvent
partition behavior. After two extractions of phenylsilanetriol
into ethyl formate, diethyl ether, and 1-butanol from an equal
volume of 0.1 M phosphate buffer at pH 7.0, 87 £ 8,87 £ 3,
and 31 + 3%, respectively, of 4 remained in the aqueous phase,
as monitored by absorbance measurements at 262 nm. Under
the same conditions the corresponding values for extraction
of the hydrolysis product were 82 + 8,90 + 8, and 30 £ 2%,
respectively.

These data indicate that, under the chosen conditions at
least, 1 is hydrolyzed to 4 in an apparently simple first-order
manner, Hence if the hydrolysis proceeds, as would be ex-
pected, through bis(2-methoxyethoxy)phenylsilanol (2) and
2-methoxyethoxyphenylsilanediol (3) (eq 1), then the hy-
drolysis of these latter species must be more rapid than that
of 1.

H,0 H,0 ‘
PhSi(OR); —> PhSi(OR)»(OH) —> PhSi(OR)(OH),
1 2 ho 3
—2> PhSi(OH); (1)
R = -CH,CH,OCH; 4

Since it was soon evident that the hydrolysis was buffer
catalyzed (details below) spontaneous first-order rate constants
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Table L. Second-Order Rate Constants for Catalyzed Hydrolysis of
1and 2at30°C

pK, 9 of

catalyst

conjugate k1, 57! k2,571

catalyst acid M-! M-!

hydrogen ion 47 110
hydroxide ion 15.57 165 770
trifluoroethylamine 6.14 1.6 X 10~3 8.7, X 1073
hydrogen phosphate 6.83 5.00%X 1073  18;x 1072
2-cyanoethylamine 8.13 5.50X 1072 22X 107!
Tris 8.57 6.09 X 1072 3.6 X 107!
hexafluoro-2-propanol 9.59 274X 107! 1.1g
glycine 9.98 1.23 3.08

@ Buffer pK,’s were determined by half-neutralization under the
appropriate conditions.

Table IL Solvent Deuterium Isotope Effect for the Specific-Acid-
Catalyzed Hydrolysis of 1 at 30 °C

kr(py, s~}
acid concn, M4 kobsds $7! -1 ku/kp
DCI 0.096 0.096 0.98,4
0.096 0.093 1.24
HCI 0.096 0.11g 1.2,
0.096 0.11s

@ Determined by titration against standard potassium hydroxide
solution.

for hydrolysis at a particular pH were obtained by extrapola-
tion of the observed rate constants in buffered solution to zero
buffer concentration. The spontaneous hydrolysis rate con-
stants thus obtained are presented as a pH-rate profile in
Figure 2 (solid line). The hydrolysis appears to be both specific
acid and specific base catalyzed since the slopes of the plot at
pHs above and below the rate minimum around pH 6.5 are
drawn to be +1 and —1, respectively, and obviously fit the data
well. Second-order rate constants for the specific acid (k')
and base (k!'on) catalyzed hydrolyses are reported in Table
I. Curve fitting about the rate minimum of the profile suggests
that, within experimental uncertainty, no pH-independent
component is needed to fit the data, i.e., spontaneous water-
catalyzed hydrolysis does not occur to any significant ex-
tent.

The specific-acid-catalyzed reaction was characterized
further by measurement of its deuterium solvent isotope effect
and the activation parameters AH* and AS¥. For the former,
rates were measured in hydrochloric acid solutions using the
stopped-flow method, and the resulting rate constants are given
in Table II. From these data a kn,0+/kp,o+ value of 1.24 is
obtained. The measurements used to determine the activation
parameters were carried out in acetate buffers at pH 4.00 and
the results are reported in Table I1I. It is clear from this table
(and from the further results discussed below) that acetate does
not catalyze the hydrolysis at this pH. A plot of In (kopsd/ T)
vs. 1 /T (where kopsd i the observed first-order rate constant
at temperature T) from this data (not shown) yields AH* =
+9.2 keal/mol and AS¥* = —39 cal deg™! mol~'.

Both of the above parameters are more in accord with an
associative A-2 type mechanism

fast

PhSi(OR); + H* == PhSi(OH*R)(OR),

H,0
-Ii> PhSi(OH)(OR); + ROH  (2)

slow
than a dissociative A-1 type mechanism. The large negative
entropy of activation suggests a highly ordered A-2 type
transition state, with probably more than one water molecule

Figure 2. pH-rate profiles for the hydrolysis of 1 (®) and of 2 (O) under
the conditions described in the text. The lines are theoretical and derived
from the parameters of Table I in the manner described in the text.

Table IIL. Rates of Hydrolysis of 1 in Acetate Buffers at pH 4.00 as
a Function of Temperature

acetate
concn, M temp, °C kobsd X 103,571 @

0.01 6.46 1.02 £ 0.03
0.02 8.00 1.17 £ 0.03
0.04 8.26 1.27 £0.10
0.01 12.30 1.72 £ 0.13
0.02 12.30 1.71 £ 0.03
0.01 20.81 2.49 £ 0.09
0.02 20.81 2.43 £ 0.06
0.04 20.81 2.50 £ 0.07
0.02 29.50 4.50 £ 0.20
0.04 29.50 3.93 £0.05
0.01 37.40 6.55 £ 0.07
0.02 37.61 6.27 £ 0.1
0.04 37.63 6.45 £ 0.03
0.01 48.80 10.2 £0.1
0.02 49.50 11.0 £ 0.4
0.04 49.50 10.6 £ 0.1

% Mean and standard deviation of three determinations.

associated with it} either of the Sn2**-Si or Sn2*-Si type if
a pentacoordinate intermediate is involved, or of the Sn2-Si
type if not.® Similar values to these parameters have been ob-
served previously in some studies of R3SiOR systems,!®!1 but
it is not clear, in view of the different types of silanes and the
quite different solvent systems used, to what extent this
agreement is significant rather than fortuitous. It certainly
seems possible, however, that a similar mechanism is involved
in all of these cases.

Comparison with the acid-catalyzed hydrolysis of the carbon
analogues of 1, carboxylic acid ortho esters, which hydrolyze
by an A-1 mechanism through an oxocarbonium ion inter-
mediate,! 213 suggests that oxygen is no more successful than
carbon®!415 at stabilizing a siliconium ion, i.e., that oxosili-
conium ions are not significantly more stable than alkyl/aryl
siliconium ions with respect to their carbon analogues. The
acid-catalyzed hydrolysis of 1 occurs at a rate some seven times
slower at a given pH than that of triethyl orthobenzoate'é and
consequently the siliconium ion must really be at a considerably
higher energy with respect to starting materials than the car-
bonium ion and not just hidden under a very facile A-2
mechanism.

The change at high pH from a specific-base-catalyzed re-
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action to one whose rate is pH independent (Figure 2) indicates
that the hydrolysis may not be as simple as first appeared and
that at high pH a change in rate-determining step occurs. A
stopped-flow investigation at high pH revealed that under these
conditions there were in fact two stages to the reaction, a slow
second stage whose rate was pH independent, as described
above, and a fast first stage whose rate was found to be first
order in hydroxide ion concentration. Furthermore, the sec-
ond-order rate constant for the fast hydroxide ion catalyzed
reaction was the same as that found for the specific-base-cat-
alyzed reaction at lower pH. This is made clear by the dashed
line in Figure 2, where the points taken from the fast stage at
high pH are plotted. Hence there appear to be two steps to the
reaction at high pH and, since the two steps are of quite dif-
ferent rate, an intermediate must not only exist but accumu-
late.

There are two obvious possibilities for the nature of the in-
termediate. It could either be one of the probable intermediate
species, 2 or 3 (eq 1), or it could be a pentacoordinate inter-
mediate, 5:

OH-
PhSi(OR)3 == PhSi~(OR)3(OH) — PhSi(OR)»(OH)
5

— PhSi(OH); (3)

In the latter scheme the rate-determining pH-independent
step at high pH would be breakdown of the pentacoordinate
intermediate while in the former it would be hydrolysis of 2 or
3. The pH independence from eq | can be obtained if it is as-
sumed that 2 or 3 is converted at high pH into the corre-
sponding anion 2a or 3a and that this anion is inert to hydroxide
ion attack (eq 4).

PhSi(OR),
EH——* PhSi(OR){OH) 2{:" PhSi(OR)(OH): L PhSi(OH},
ﬂOH‘ ﬂOH‘ n OH™  (4)
PhSi(OR),(07) PhSi(OR) (OH) (O7) PhSi(OH)A0")

2a 3a 4a

The correct scheme was determined by quenching experi-
ments. It was shown spectrophotometrically that at 2,5 °C the
fast and slow phases could be conveniently separated if the
reaction in 0.01 M potassium hydroxide solution was stopped
after 1 min. This quenching was achieved by the addition of
1 equiv (to the potassium hydroxide) of hydrochloric acid and
sufficient potassium phosphate to give a final solution 5 mM
in phosphate with a pH between 6.5 and 7. The quenched so-
lution contained material whose hydrolysis in situ could be
followed spectrophotometrically at 220 nm yielding a first-
order rate constant (at pH 6.5) of 1.64 X 10=#s~! (cf. about
4 X 1075 s~! for 1 under the same conditions). Furthermore,
when the quenched solution was subject to 0.05 M potassium
hydroxide solution in the stopped-flow spectrophotometer, only
the slow phase of hydrolysis was observed, with a rate constant
identical with that previously obtained. These observations
suggest that the intermediate has been trapped at neutral pH.
This suggests that eq 4 is probably correct since the potential
intermediate of eq 3 should revert to 1 at neutral pH.

The quenching experiment was also carried out under the
above conditions on a preparative scale (3 L of 0.113 mM 1)
and the product isolated as an involatile, colorless oil by chlo-
roform extraction. A 'H NMR spectrum of this material in
CZHCI; was very similar to that of 1 but the ratio of phenyl to
methoxyethoxy groups was 1:2 rather than 1:3. A mass spec-
trum showed significant peaks at m/e 449 (PhSi*(OR)O-
Si(OR),Ph) and 451 (Sit(OR),0Si(OR),Ph). This data is
taken to indicate that the isolated product is the disiloxane
[PhSi(OR),],0 which would be the expected product from
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evaporation of a dilute solution of the silanol 2. It is unlikely
that 2-4 would be extensively associated in solution at the
concentrations employed in this work (<0.2 mM). Even silicic
acid itself, which should associate more readily than the silanols
here, is believed to be essentially monomeric at concentrations
less than | mM.!7 Also, preliminary measurements on the rate
of hydrolysis of [PhSi{OR),],0 suggest it to be several times
smaller than that of 1 under the same conditions and followed
at 220 nm, presumably because of steric hindrance.
[PhSi(OR);,]},O was thus not present in significant amounts
in the solutions of 2 used since this slower hydrolysis was not
observed. This experiment is thus also in accord with 2 as the
observed intermediate and hence eq 4.

Hydrolysis of Bis(2-methoxyethoxy)phenylsilanol. As a result
of the stability of 2 at high pH relative to that of 1, the former
compound could be trapped from an alkaline hydrolysis mix-
ture of 1 by rapid neutralization of the solution. Consequently
the kinetics of the hydrolysis of 2 could be independently
studied. Neutral solutions of 2, 0.1-1 mM, were prepared as
described above and stored frozen at —70 °C. Combinations
of aliquots of thése solutions with appropriate buffers allowed
a study of the kinetics of hydrolysis of 2, followed spectro-
photometrically at 220 nm as for 1. Again it was evident that
the hydrolysis was buffer catalyzed (discussed below in detail)
so that spontaneous hydrolysis rate constants at a particular
pH were obtained by extrapolation of the observed pseudo-
first-order rate constants in buffered solution to zero buffer
concentration. These spontaneous hydrolysis rate constants
are presented as a pH-rate profile also in Figure 2 (dotted line).
The hydrolysis of 2, like that of 1, is specific acid and base
catalyzed. At high pH the rate of hydrolysis becomes pH in-
dependent with a first-order rate constant the same as that
obtained for the slow stage of the hydrolysis of 1, as would be
expected on the basis of the above-described experiments and
discussion. The dotted line of Figure 2 fits eq 3, which relates
the observed pseudo-first-order rate constant, Kgpsd, to the
hydrogen ion activity, ay:

kobsd = k?nan + k?onKw/(Ka + an) (%)

where k24 and k20w are second-order rate constants for the
specific acid and base catalyzed hydrolysis of 2, respectively,
and K, is an apparent dissociation constant which, in terms of
eq 4, can be equated with the acid dissociation constant of 2.
Values of the rate constants yielding the dotted line of Figure
2 are given in Table I. The pK, value for this fit to the data is
9.5. This is certainly a reasonable value for such a pK,. The
first pK, of silicic acid itself is close to 9.5 under comparable
conditions!” and the first pK, of phenylsilanetriol has been
determined as described in the Experimental Section to be 9.85
+ 0.05.

The second-order rate constants for specific acid and base
catalysis of the hydrolysis of 2 are somewhat larger (two to
three times) than those of 1 (Table I), but this différence can
be readily ascribed to the lesser steric hindrance to nucleophilic
attack in 2 than in 1. Nucleophilic displacements at silicon are
known to be significantly susceptible to steric hindrance.?!#
The mechanisms of hydrolysis of 1and 2 are then probably the
same, presumably the expected bimolecular displacements
either without (Sn2-Si) or with (SN2*-Si or SN2*#-Si) a
pentacoordinate intermediate. The absence of any appearance
of unusual reactivity of 2 by comparison with 1 precludes any
requirement for a facile unimolecular decomposition path for
alkoxysilanols such as are seen in phosphate, sulfate, and
carbonate monoesters and in tetrahedral carbonyl adduct
anions. This reflects again the reluctance of silicon to form
stable tricoordinate species by (3p-2p) m bonding with
oxygen.

In view of the fact that both hydrolyses are followed at 220
nm it may not be apparent how good first-order kinetics can
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Figure 3. Plots to differentiate between general acid and general base
catalysis of the hydrolysis of 1 (@) and of 2 (O) in phosphate buffers as
described in the text.

be obtained spectrophotometrically for the hydrolyses of 1 at
any given pH. This is apparently possible here because of a
fortuitous combination of the greater rate of hydrolysis of 1
and the smaller extinction coefficient change on hydrolysis of
2. That the apparent first-order constants obtained at pHs
between 7 and 9 for the hydrolysis of 1 are good approxima-
tions is shown by the excellent collinearity of the pH-rate
profile in this region with that above pH 11 where the hy-
drolysis of 2 is much slower and can be readily dissected out
(Figure 2).

No indication is present at any pH for the existence of 3,
which thus presumably hydrolyzes more rapidly than 2. At
very high pH (>13!7), 3 should be converted into a dianion,
which, if inert, should lead to the rate of hydrolysis of 3 and
hence of 1and 2 apparently decreasing with pH increase in this
region. This decrease is not observed, which must reflect one
or more of the following: the significantly greater reactivity
of 3 than 2, the higher pK, of 3 than would be estimated by the
available data (i.e., >13), or the small spectral difference
between 3 and 4 under these conditions.

Buffer Catalysis. The hydrolyses of both 1 and 2 are buffer
catalyzed at pHs between 6 and 9. Plots of the observed
pseudo-first-order rate constants vs. total buffer concentration
at a particular pH are linear with slope S. At pHs below 6
buffer catalysis becomes impossible to detect (acetate and
chloroacetate buffers). The above suggests that general base
catalysis obtains. This conclusion is confirmed by the data
shown in Figure 3, where an appropriate function of S'2 (S(K,’
+ ay)/an where K, is the acid dissociation constant of the
buffer) is plotted against ay™! for the phosphate-catalyzed
hydrolyses of 1 and 2. The intercepts of such plots represent
kna, the second-order rate constant for general acid (i.e.,
H;PO47) catalysis, and from the slope, kg, the corresponding
constant for general base (i.e., HPO42™) catalysis can be ob-
tained.!® Clearly in both cases phosphate is behaving as a
general base catalyst (zero intercept, nonzero slope).

In a similar way kg values were obtained for a variety of
buffer species. The results are given in Table II and as a
Brgnsted plot in Figure 4. Clearly the 5 values of 1 and 2 (the
slopes of the respective straight lines of Figure 4) are very
similar, being, from a least-squares treatment, 0.69 and 0.66,
respectively. That the S values for the hydrolyses of 1 and 2 are
the same within experimental uncertainty is further evidence
of mechanistic identity in these reactions. Further, the ac-
commodation of a variety of oxygen and nitrogen bases on the
same Brgnsted line suggests that the catalysis is indeed of the
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Figure 4. Brgnsted plots for general base catalysis of the hydrolysis of 1
(@) and of 2 (0).

general base type rather than the kinetically equivalent
nucleophilic catalysis—the latter has been proposed as a pos-
sible mechanism for the amine-catalyzed hydrolysis of aryl-
oxytriphenylsilanes.?®

The mechanism of these general-base-catalyzed reactions
is most likely classical, i.e., general-base-catalyzed attack of
water on silicon. The criteria for a n-f class reaction?! would
appear to be met. The kinetically indistinguishable alternative
specific base/general acid catalysis mechanism seems unlikely
in view of the absence of general acid catalysis of attack of
other nucleophiles. Schowen and Latham?? also prefer the
classical mechanism for the general-base-catalyzed methan-
olysis of phenoxytriphenylsilane.

The remaining possibilities for the mechanism of the gen-
eral-base-catalyzed hydrolyses would appear to be those rep-
resented by their respective transition states below: 6, an
Sn2-Si mechanism, and 7, an Sn2**-Si mechanism, where the
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latter involves formation of a pentacoordinate intermediate.
The Brgnsted (3 value of 0.7 would suggest that proton transfer
1s reasonably well advanced in whichever of these transition
states obtains but the exact position of the proton cannot be
defined with the available data because of the other bond-
making and -breaking processes probably occurring concerted
with proton transfer.

As represented here the transition state 6 would seem to be
incomplete. This conclusion arises from the following argu-
ment. The formation of the pentacoordinate intermediate is
represented in 7 as general base catalyzed and hence the re-
verse reaction, breakdown of the intermediate to starting
materials, must be, by microscopic reversibility, general acid
catalyzed. Since water and methoxyethanol have very similar
acidity?? it would seem likely that departure of RO~ should
also be general acid catalyzed, i.e., the transition state for
breakdown of the pentacoordinate intermediate to products
should be 8. By similar reasoning and stemming from the very
similar nature of entering and leaving groups it would seem
plausible that the transition state for the SN2-Si mechanism
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should be 9 rather than 6. This would predict for the SN2-Si
mechanism a termolecular rate expression of the type

rate = k[1][B][BH™*]

Since such a rate expression is not observed—all &qpsq VS.
buffer concentration plots were strictly linear up to 0.1 M—this
general-base-catalyzed hydrolysis must proceed by a stepwise
mechanism involving formation of a pentacoordinate inter-
mediate rather than by a concerted Sn2-Si mechanism.

One can speculate that the considerable translational en-
tropy loss involved in assembling a transition state bimolecular
in catalyst vs. one unimolecular?4 so destabilizes 9 that tran-
sient formation of a pentacoordinate intermediate is enforced.
A similar state of affairs presumably occurs with respect to
tetrahedral intermediate formation in nucleophilic substitution
reactions of carboxylic acid derivatives where concerted ca-
talysis of both bond making and bond breaking is required, e.g.,
general-base-catalyzed hydrolysis of alkyl esters. Conversely,
since nucleophilic displacement reactions at saturated carbon
cannot involve an intermediate one might predict that analo-
gous cases of this type should show bimolecular kinetics in
catalyst; they should thus be very slow and hence perhaps
seldom seen. The latter at least seems true.2* A ‘“‘working
generalization” then might be that all catalyzed substitution
reactions where two catalyst molecules would be required to
effect a concerted?! reaction will prefer to proceed stepwise
by way of metastable intermediates where these are avail-
able.

If the base-catalyzed hydrolysis of 1 does indeed involve a
pentacoordinate intermediate as argued above, then because
of the presumably similar leaving-group abilities of RO~ and
HO™ neither formation (Sn2*¥-Si) nor breakdown (Sn2*-Si)
of the intermediate should be decisively rate determining;
kinetically the two are indistinguishable since the partitioning
of the intermediate is symmetrically catalyzed.

It is interesting to note in passing that an argument such as
that presented above to distinguish between concerted and
stepwise general-base-catalysis mechanisms could also be
applied, although to our knowledge it has not been, to com-
parable nucleophilic displacements at phosphorus, in phosphate
esters, for example, where this distinction is often and usually
inconclusively discussed. One reason for its nonapplication is
probably the absence of analogous studies because of the low
reactivity to nucleophilic attack at phosphorus of phosphate
esters with poor alkoxide leaving groups. One notable example,
however, is the hydrolysis of methyl ethylenephosphate, which
proceeds rapidly because of the cyclic structure of this com-
pound and where classical general base catalysis has been
observed.2® From the absence of termolecular rate equations
in this case also one would conclude, as above, that the reaction
proceeds via a pentacoordinate phosphorus intermediate. This
conclusion is of course quite in accord with that reached from
other evidence obtained for this hydrolysis.2?

Other relevant examples in phosphorus chemistry involve
intramolecular nucleophilic displacements at phosphorus by
hydroxyl groups, i.e., cyclization reactions. One such example
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is the cyclization of ribonucleotides as the first step in the base-
(and ribonuclease-) catalyzed hydrolysis of these compounds.
It is interesting to note that the termolecular transition state
analogous to 9 is similar to that originally proposed for the
ribonuclease mechanism by Findlay et al.?8 and employed in
many subsequent variants.?® In the case of the enzymic
mechanism the entropic disadvantage of supplying a second
separate catalyst molecule is absent so that in this case a con-
certed mechanism might well be more likely than in the model
systems. Certainly the available evidence at present is not in-
consistent with a concerted displacement ribonuclease mech-
anism.

To conclude, the results described above are consistent with
the proposal that the hydrolysis of 1 proceeds sequentially via
the route described by eq 4. It is clear from the data presented
that compounds 1, 2, and presumably 3 hydrolyze readily,
apparently to completion, in aqueous solution at ambient
temperatures and at around neutral pH and hence simple
acyclic alkoxysilanes are unlikely to exist in natural aqueous
solutions. The hydrolyses, even at neutral pH, are largely hy-
drogen ion and hydroxide ion catalyzed and hence the observed
rates of hydrolysis are quite pH sensitive throughout the region
of biological interest. Below neutral pH only specific acid ca-
talysis, i.e,, no general acid catalysis of hydrolysis, is observed,
whereas at and above neutral pH general base catalysis by
buffer species is observed. From this it seems likely that all
Si-O-C bond-making and bond-breaking reactions in aqueous
solution are acid/base catalyzed and thus their reaction rates
will be strongly dependent on the composition of the solu-
tion.

These observations are in good qualitative agreement with
previous investigations of the Si-O-C functional group in
R3/Ar;SiOR/Ar systems.>!8:22.30 In this work we have
extended these previous observations into a -Si(OR)s/
Si(OH)(OR)»/Si(OH)2(OR) system and established a gen-
eral reaction scheme and a framework of rate constants. These
results will be employed in future work where the interactions
of simple and more complex silicates with biological macro-
molecules will be investigated.
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Abstract: The 2,8-dimethyl-8,9-dehydro-2-adamantyl cation (7) and the 4-phenyl-2,5-dehydro-4-protoadamantyl cation (12)
have been prepared under stable ion conditions from the corresponding alcohols. The 'H and !3C NMR spectra of 7 show that,
although it is static at —128 °C, upon warming to —26 °C it undergoes a degenerate cyclopropylcarbinyl-cyclopropylcarbinyl
rearrangement which apparently proceeds either by way of the 3,5-dimethyl-2,5-dehydro-4-protoadamantyl cation (8) or via
the degenerate 2,3-dimethyl-2,5-dehydro-4-protoadamantyl cation (9) and the 8,9-dimethyl-8,9-dehydro-2-adamantyl cation
(10). The '3C NMR spectra of 12 indicate that, while it is static at =135 °C, upon warming to —40 °C it undergoes a threefold
degenerate cyclobutyl-cyclobutyl rearrangement. This process seems to occur via the 1-phenyl-8,9-dehydro-2-adamantyl cat-
ion (13). From the temperature-dependent NMR behavior of 7 and 12, an approximate energy barrier of AG* = 7.4 £ 0.5
kcal/mol can be calculated for 7— 8 or 9 or 10 and AG™ = 6.9 £ 0.5 kcal/mol for 12 — 13,

Introduction

The rapid interconversion of cyclopropylcarbinyl, cyclo-
butyl, and homoallyl derivatives in carbocationic reactions has
attracted considerable attention.’ Several reports have ap-
peared concerning the direct observation by NMR spectros-
copy of a series of cyclopropylcarbinyl cations under stable ion
conditions.® This work has also been extended to the study of
cyclopropylcarbinyl cations with rigid carbon skeletons.” The
parent 8,9-dehydro-2-adamantyl cation (1, R = H) has been

R CH,

1 2 3

shown by NMR spectroscopy to be a carbenium ion that is
undergoing a threefold degenerate cyclopropylcarbinyl-cy-
clopropylcarbinyl rearrangement which is fast on the NMR
time scale at —120 °C.7 This rearrangement is believed to
proceed via the 2,5-dehydro-4-protoadamantyl cation (2, R
= H). Introduction of an electron-releasing substituent at C-2
in 1 significantly increases the energy barrier for this process.
Thus, cations 1, R = CHj;, C¢Hs, and ¢-C3Hs, all have been
demonstrated by NMR spectroscopy to be static carbocations
with varying degrees of charge delocalization into the rigid
cyclopropane ring.’ On the other hand, three precursors which
potentially could have afforded the I-methyl-8,9-dehydro-
2-adamantyl cation (3) were shown by NMR spectroscopy to
give under stable ion conditions the 4-methyl-2,5-dehydro-
4-protoadamantyl cation (2, R = CH3) which undergoes a
threefold degenerate cyclobutyl-cyclobutyl rearrangement
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that is fast on the NMR time scale even at —120 °C.72 It is
proposed that this rearrangement occurs via 3. We now wish
to report the preparation and temperature-dependent behavior
of suitably substituted derivatives of 1 and 2 which permit an
experimental determination of the approximate energy barriers
for1—>2and2—1.

Results and Discussion

The 2,8-Dimethyl-8,9-dehydro-2-adamantyl Cation. Two
identical groups can be substituted in the cyclopropylcarbinyl
moiety of parent ion 1 in two different ways. Previously we have
shown that under stable ion conditions the 1,2-dimethyl-
8,9-dehydro-2-adamantyl cation (4) is a static carbenium ion
from —95to —10 °C.”2 No contribution of the 3,4-dimethyl-
2,5-dehydro-4-protoadamantyl cation (8) to the NMR pa-

CH; CH,

+ ~CH, CH,

4 5

rameters of 4 was observed. Of course, a degenerate rear-
rangement in 4 is not possible. However, such behavior could
occur in the 2,8-dimethyl-8,9-dehydro-2-adamantyl cation (7).
In order to explore this possibility, 2,8-dimethyl-8,9-dehy-
dro-2-adamantanol (6) was added to a solution of fluorosul-

CH, CH,

OH

6
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