10722 J. Am. Chem. Soc. 1993, 115, 10722-10727

Evidence for a Concerted Mechanism in the Solvolysis of
Phenyldimethylsilyl Ethers

Yiying Xu and Paul E. Dietze’

Contribution from the Department of Chemistry and Biochemistry, University of Maryland
Baltimore County, Baltimore, Maryland 21228

Received July 19, 1993®

Abstract: The trifluoroethoxide-catalyzed trifluoroethanolysis and the hydroxide-catalyzed hydrolysis of a series of
phenyldimethylsilyl ethers were examined. A Bronsted plot of the logarithm of the second-order rate constant krrg
for reaction with trifluoroethanol against the pKj is not linear. The nonlinear plot might be taken as evidence for
a change in rate-determining step of a reaction that proceeds through a pentavalent intermediate. However, the
Bronsted plot for the hydroxide-catalyzed hydrolysis, where all the leaving groups are of lower pK, than hydroxide,
has an identical shape as the Bronsted plot for the trifluoroethanolysis reaction. Therefore, the unusual shape of the
Bronsted plots is not due to a change in rate-determining step. It is suggested that the results are most consistent with
a one-step concerted mechanism and not with a mechanism involving a pentavalent intermediate.

Introduction

Silicon, unlike carbon, possess d orbitals and is capable of
expanding its valence shell, leading to the possible formation of
pentavalent species in nucleophilic substitution.!# Hypervalent
or pentavalent silicon has been postulated in a variety of
reactions.>-!0 For example tetravalent silicon compounds con-
taining Si-H, Si~O, and Si-N bonds can be activated for a variety
of useful synthetic transformations by their reaction with
nucleophilicreagents.>® It hasbeensuggested that these activated
species are pentavalent silicon species. Anionic activation with
fluoride ion is well documented and presumably is due to
nucleophilic reaction of the fluoride ion with the silicon center
to form a reactive pentavalent species.56:89

Calculations also support the existence of pentavalent silicon
species,!'12 and pentavalent silicon has been detected in the gas
phase.!? In addition pentavalent silicon salts have been made
and characterized by NMR techniques!**f and X-ray crys-
tallography.!213&

It has not been established if the alcoholysis of silyl ethers
occurs by a mechanism that involves the formation of a pentavalent
intermediate (Sni-Si mechanism) or by a one-step concerted
reaction (Sn2-Si).'14-18 The Sni-Siand Sy2-Si mechanisms can
be described by An + Dy and ANDy respectively, according to
the nomenclature recommended by IUPAC for classifying
reaction mechanisms,!®

Solvolyticreactions of silyl ethers typically have large negative
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activation entropies; the activation entropies are larger than those
for bimolecular substitution at carbon and are consistent with
the formation of a pentavalent intermediate.!6

The existence of pentavalent silicon is therefore well established,
and the possibility that a pentavalent intermediate exists in the
solvolysis of silyl ethers is certainly reasonable and has been
proposed. However, solvent isotope effects?® and substituent
effects?! on the methanolysis of aryloxytriphenylsilanes have led
tothe suggestion that the methanolysis of aryloxytriphenylsilanes
occurs by a one-step concerted reaction. The observation of
bifunctional acid-base catalysis for the methanolysis of meth-
ylphenylmethoxyphenoxysilane!® and for the trifluoroethanolysis
of phenyldimethylphenoxysilane?? is also consistent with a
concerted mechanism.

In this paper we provide evidence that the trifluoroethoxide-
catalyzed trifluoroethanolysis and the hydroxide-catalyzed hy-
drolysis of phenyldimethylsilyl ethers of general structure 1 occur
by a concerted displacement involving a single transition state
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Solvolysis of Phenyldimethylsilyl Ethers

Table I. Values for krrg, the Second-Order Rate Constants for the
Trifluoroethoxide-Catalyzed Trifluoroethanolysis, Values for kon, the
Second-Order Rate Constants for the Hydroxide-Catalyzed
Hydrolysis of Dimethylphenylsilyl Ethers at 30 °C and Constant
Ionic Strength, and Values for the pKis°

R in OR leaving group krre (M s)2 kon (M s)® pKic®
2,4,5-Cl3-CsH, 3 x 10! 6.72¢
3-NO,-C¢Hy 7.9 8.8 X 103 8.35
2-Cl-C¢H, 24 7.6 X 102 8.48
3-CN-C¢H,4 7.5 3.0% 103 8.61
3-Cl-C¢H, 1.3 1.7 % 10° 9.02
CH(CF;)2 1.3 2% 103 9.3
4-Br-C¢Hy 1.2 1.2x103 9.34
CsHs 2.3%x 10! 3.4 %102 9.95
4-CH;-C¢H, 2.0 % 10! 2.0% 102 10.19
CF;CF,CF,CH; 1.1 x 10! 2.9 % 102 11.4
CFsCD; 1.5 % 10! 4.3 % 102 12.43
CHCI,CH; 9.0 X 102 1.5 X 10?2 12.89
HC=CCH, 1.5 X 10! 1.9 X 10?2 13.55
CH,CICH, 2.1 X102 5.2% 10! 14.31
CH3;0CH,CH, 5.4 %103 2.7 x 10! 14.82
CH;CH; 1.8 X 1073 2.4 16
(CH3);CH 3.8 X 10 ~16

@ Tonic strength of 0.05 M with potassium trifluoroacetate. ¢ Ionic
strength of 0.06 M with sodium chloride. ¢ The pKi4valuesareforaqueous
solutions, ref 23. 4 Reference 32b.

(S~2-Si mechanism or ANDn) and not by a stepwise mechanism
involving a pentavalent intermediate (Sni-Si mechanism or Ax
+ Dn).

CH3 a: R=C¢Hs i: R=CH,CHy
' b: R=4-CHy-CgH, j: R=CHyCHyOCH;
CHy—Si—OR ¢: R=4-Br-CqH, k: R=CH,C=CH
d: R=3-Cl-CeH, 1: R=CH,CHCl,
e: R=3-CN-CgH, m: R = CH,CH,C
f: R=3-NO,-CgH,4 n: R=CH,CF,CF,CF;
1 g: R=245Cl3-CeH, 0: R=CH(CF,),
h: R=2-C‘-’C5H4 p: R=CD2CF3
q: R =CH(CH,),
Results

Table I provides values of the second-order rate constants ktrg
for the trifluoroethoxide-catalyzed trifluoroethanolysis of silyl
ethers 1a—q at 30 = 0.5 °Cand ionic strength 0.05 M (potassium
trifluoroacetate). Values of ktrg were obtained from plots of the
observed rate constant ko vs the concentration of potassium
trifluoroethoxide. Table I also gives the second-order rate
constants kou for the hydroxide-catalyzed hydrolysis of most of
these silyl ethers. Rate constants for the hydroxide-catalyzed
hydrolysis of the silyl ethers were determined in buffered
acetonitrile/water solutions (50:50 v/v) at 30 & 0.5 °C and ionic
strength 0.06 M (NaCl). Under these conditions general base
catalysis was observed by some buffers. Therefore, the pseudo-
first-order rate constants for the hydroxide-catalyzed hydrolysis
k’on were obtained from the intercepts of plots of the observed
rate constants k., measured at a fixed acid/base ratio of the
buffer, A/B, vs total buffer concentration, [buffer]r (see
Experimental Section). The second-order rate constants koy for
catalysis by hydroxide were calculated from the slopes of plots
of the pseudo-first-order rate constant for catalysis by hydroxide
k’ou vs hydroxide concentration. Also reported in Table I are
the pK, values of the leaving groups (pK1c) in aqueous solution.2

Bronsted plots of log k1eg vs pKLg and of log koy vs pKyg are
shownin Figures 1 and 2, respectively. The error bars in Figures
1 and 2 are estimated from the slopes of plots of kous vs the
concentration of trifluoroethoxide and from the plots of ko vs
hydroxide (see Experimental Section). The dotted line in figure
1 represents the pK., of trifluoroethanol.
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Figure 1. Bronsted-type plots for the trifluoroethoxide-catalyzed tri-
fluoroethanolysis of dimethylphenylsilyl ethers at 30 °C and ionic strength
0.05 M. The circles represent alkoxy leaving groups, and the triangles
represent phenoxy leaving groups. Part A is a Bronsted plot with a smooth
line drawn through all the experimental points. The dashed line in part
A is a calculated line assuming a mechanism involving a change in rate-
determining step as described in the text. Part B is a Bronsted plot
assuming the same concerted mechanism for both phenoxy and alkoxy
leaving groups but with each class of leaving groups being defined by a
different correlation.
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Figure 2. Bronsted-type plots for the hydroxide-catalyzed hydrolysis of
dimethylphenylsilyl ethers at 30 °C and ionic strength 0.06 M. The
circles represent alkoxy leaving groups, and the triangles represent phenoxy
leaving groups. Part A is a Bronsted plot with a smooth line drawn
through all the experimental points. Part B is a Bronsted plot assuming
the same concerted mechanism for both phenoxy and alkoxy leaving
groups but with each class of leaving groups being defined by a different
correlation.

Discussion

In order to investigate the mechanism for the alcoholysis of
silyl ethers, we chose to study the trifluoroethoxide-catalyzed
trifluoroethanolysis of silyl ethers of general structure 1. We
chose trifluoroethanol as a solvent, since its pK, of 12.43 allowed
us to select a variety of leaving groups in the silyl ether of both
higher and lower pK, than the solvent. In order to span such a
wide range of values for pKig, both phenoxy and alkoxy leaving
groups were required. In Figures 1 and 2 the circles represent
alkoxy leaving groupsand the triangles represent phenoxy leaving
groups.
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Scheme I
TO™ + TOH "OT + ROH
+ . +
(‘:HG Ctl3/CH3 (‘:HG
CH;—Si—OR TO—Si—OR TO—Si~CH,
Ky k>
= + TOH —=
Ky
l 2 }

Previous work has shown that alkoxide acts as a general base
to catalyze the addition of an alcohol molecule in these
reactions.?$?5 Two possible mechanisms for the solvolysis of silyl
ethers are depicted in Scheme I. In Scheme I, TO- and TOH
represent trifluoroethoxide and trifluoroethanol, respectively, and
OR represents the leaving groups.

In the stepwise mechanism k; is the microscopic rate constant
for trifluoroethoxide acting as a general base to catalyze the
addition of a trifluoroethanol molecule to the silyl ether, forming
a pentavalent intermediate. The microscopic rate constant k;
represents collapse of the intermediate to form products. Ac-
cording to the principle of microscopic reversibility, if formation
of the intermediate (k,) is general base catalyzed, then collapse
of the intermediate (k_; or k;) must be general acid catalyzed;
therefore, k, must involve trifluoroethanol acting as a general
acid to donate a proton to the leaving group.?¢ Indeed, general
acid catalysis has been observed in the solvolysis of silyl ethers.
The lower part of Scheme I (k) represents a one-step, concerted
reaction, in which bond formation to the nucleophilic trifluoro-
ethanol molecule and bond breaking to the leaving group occur
in a single step.?’

If the trifluoroethoxide-catalyzed trifluoroethanolysis of 1a—q
occurs by a stepwise mechanism, involving the formation of a
pentavalent intermediate, either formation of the intermediate
(k; of Scheme I) or collapse of the intermediate to produce
products (k; of Scheme I)) could be rate determining. For leaving
groups with pKy ¢ greater than the pK, of trifluoroethanol, the
rate-determining step would be collapse of the intermediate to
produce products, k,. For leaving groups with pXi lower than
the pK, of trifluoroethanol, the rate-determining step is formation
of the intermediate, k.

When expulsion of the leaving group is rate determining,
negative charge developes on the oxygen atom of the leaving
group in the transition state. This change in charge as seen by
the leaving group on going from the ground state to the transition
state will lead to a negative slope, 8., on a Bronsted plot. When
formation of the intermediate is rate determining, much less
negative charge develops on the oxygen of the leaving group. For
rate-determining formation of the intermediate, the negative
charge presumably begins to develope on the silicon center. When
formation of the intermediate is rate determining, the developing
negative charge is further removed from the substituent(s) on the
leaving group, as compared to the case when expulsion of the
leaving group is rate determining. The sensitivity of the reaction
to the pK, of the leaving group, BLg, will therefore be smaller
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than that when expulsion of the leaving groupis rate determining.
For a stepwise mechanism for the trifluoroethoxide-catalyzed
trifluoroethanolysis of silyl ethers 1a—q, the change in rate-
determining step is expected to show up as a change in slope on
the Bronsted plot. The change in slope is expected to occur at
the pK, of trifluoroethanol. Examination of the Bronsted plot
in Figure 1 does appear to show a change in slope at the pK, of
trifluoroethanol (dotted line). For leaving groups of pKig >
12.43, the slope of the Bronsted plot, 8, is about ~0.7, and for
leaving groups with pKi g < 12.43 (but greater than 10, see
following paragraph), the slope is zero.

The Bronsted plot for a stepwise mechanism can be described
empirically by eq 1.2 In eq 1, ko is the rate constant for the

log(krep/ko) = B,(PKiG = PKrrg) -
[+ lo(ﬂz -B81)(pKrG - PKTFE)]
5 W

log

virtual reaction where both nucleophile and leaving group have
the same pK,, and 3, and 8 are the Bronsted values when k; and
ki are rate determining, respectively. In fact, the points in the
Bronsted plot for leaving groups of pKi ¢ > 10 can be fit reasonably
welltoeq 1. Thedashedline in Figure 1 was calculated according
toeq 1 with 8; = 0.09, 8, = -0.71, and ko = 3.0 X 10-! s7!. The
value of ko was obtained from the virtual reaction of 1p. It can
be seen that these values and eq 1 accurately describe the
experimental points for leaving groups of pKig > 10.

An unusual aspect of the Bronsted plot is that at pKi g < 10
the plot begins to curve upward. It is difficult to account for this
upward curvature according to a stepwise mechanism. Upward
curvaturein a structure—reactivity relationship is usually indicative
of a change in mechanism. Therefore, if the change in slope
observed at the pK; of trifluoroethanol is due to the fact that the
trifluoroethoxide-catalyzed trifluoroethanolysis of silyl ethers
undergoes a change in rate-determining step of a stepwise
mechanism, involving a pentavalent intermediate, there must be
some reason, in order to account for this upward curvature, that
the mechanism changes for leaving groups of pX, < 10.

Itisalso possible that the same concerted mechanism is followed
for both the alkoxy and phenoxy leaving groups but that phenoxy
leaving groups, as a whole, are less reactive than alkoxy leaving
groups. Such a situation would give rise to separate Bronsted
correlations for each class of leaving group, as depicted in Figure
1B. At first, this seems unlikely due to the fact that the alkoxy
leaving group hexafluoroisopropoxide (pK, = 9.3) falls on the
same Bronsted line as the one defined by phenoxy leaving groups.
However, for the following reasons we believe that the Bronsted
correlations for alkoxy leaving groups and phenoxy leaving groups
are indeed defined by different lines.

The Bronsted correlation for the hydroxide-catalyzed hydrolysis
of the same silyl ethers is shown in Figure 2. It is obvious that
the Bronsted correlation of Figure 2 has the same shape as the
Bronsted correlation for the trifluoroethoxide-catalyzed triflu-
oroethanolysis (Figure 1). In fact, the changes in slope are
observed at the same values for pKig as are observed in the
trifluoroethanolysis reaction. Now, for the hydroxide-catalyzed
reaction, formation of the intermediate (k; of Scheme I) will be
rate determining, since hydroxide is of higher pK, than all of the
leaving groupsin 1. Therefore, the changesinslopeof the Bronsted
correlation for the hydroxide-catalyzed hydrolysis will not be
due to a change in rate-determining step. It seems likely that
whatever factors lead to the change in slope of the Bronsted
correlation for the hydroxide-catalyzed reaction are also respon-
sible for the change in slope observed in the Bronsted correlation
for the trifluoroethoxide-catalyzed reaction. In facta plot of log
ktre vs log ko is linear and shows no evidence for a change in

(28) Bond, P. M.; Castro, E. A.; Moodie, R. B. J. Chem. Soc., Perkin
Trans. 2 1976, 68.
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slope, as would be expected for the trifluoroethoxide-catalyzed
trifluoroethanolysis reaction occurring by a stepwise mechanism
that involves a change in rate-determining step but with rate-
determining formation of the intermediate for the hydroxide-
catalyzed reaction.

The conclusion that the change inslope for the trifluoroethoxide-
catalyzed reaction is not due to a change in rate-determining step
suggests that the reaction is not occurring by a stepwise
mechanism. Theresults are most consistent with bond formation
to the attacking alcohol and bond breaking to the leaving group
occurring simultaneously. The reaction can best be described as
occurring by a one-step concerted mechanism (Sn2-Si or ANDN
mechanism). The absence of a break in a structure-reactivity
relationship due to a change in rate-determining step has been
offered as evidence for a concerted mechanism with a single
transition state for nucleophilic substitution at other centers, such
as the reaction of nucleophiles with phosphorylated pyridines,?
phosphinate and sulfonate esters,* isoquinoline- N-sulfonates,’!
acetate esters,3? and formate esters.??

The data represented in the Bronsted correlations of Figures
1 and 2 are better described by two separate correlations, with
one line for phenoxy leaving groups and another line for alkoxy
leaving groups (Figures 1B and 2B). The slopes of the lines for
the phenoxy leaving groups and for the alkoxy leaving groups are
the same. This indicates that both phenoxy and alkoxy leaving
groups see the same change in charge density on going from the
ground state to the transition state, consistent with a one-step
concerted displacement for all leaving groups.

However, phenoxy ethers react, as a group, slower than alkoxy
ethers. The pK, of phenols is determined in part by resonance,
and resonance delocalization of charge can lag behind bond
cleavage.’* This would account for compounds with phenoxy
leaving groups being less reactive compared to those with alkoxy
leaving groups, leading to separate correlation lines. This would
be another example where there is an imbalance in the degree
to which different processes may proceed in the transition state.>*

Two alkoxy groups, hexafluoroisopropoxide and heptafluo-
robutoxide, show negative deviations from the line defined by the
other alkoxy groups (dashed lines in Figures 1B and 2B). This
deviation is presumably due to the fact that the other alkoxy
groups used to define the line for alkoxy leaving groups in Figures
1B and 2B are all substituted ethanols, while hexafluoroisopro-
poxide and heptafluorobutoxide are more bulky groups than the
simple substituted ethanols. The fact that hexafluoroisopropoxide
falls on the line defined by phenoxide leaving groups is merely
coincidental. Steric factors are known to be important for
substitutions at silicon.!3% The rate of reaction for the trifluo-
roethoxide-catalyzed trifluoroethanolysis of 1q, with isopropoxide
as the leaving group, also appears to show a deviation from the
Bronsted correlation defined by substituted ethanol leaving groups.
However, the deviation for isopropoxide is not as large as the
deviation observed for hexafluoroisopropoxide as a leaving group,
presumably due to the greater steric bulk of a CF; group relative
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2

Log kon

Figure 3. Comparison of the logarithm of the rate constant for the
hydroxide-catalyzed hydrolysis of dimethylphenylsilyl ethers against the
logarithm of the rate constant for the trifluoroethoxide-catalyzed
trifluoroethanolysis. The circles represent alkoxy leaving groups, and
the triangles, phenoxy leaving groups.

to a CH; group.’ In addition the fact that the points for
hexafluoroisopropoxide and heptafluorobutoxide leaving groups
do not deviate from the plot of log k1rg vs log kon (Figure 3)
suggests that any deviations observed on the Bronsted plots are
caused by the same factors for both reactions.

The slopes of the Bronsted correlations, 81, in Figures 1B and
2B are both about 0.7. This suggests that in the transition state
the oxygen on the leaving group sees approximately 70% of a full
negative charge and that oxygen silicon bond cleavage has
progressed toa substantial degreein the transition state. However,
it is important to realize that, in order to get a realistic measure
of charge on going from the ground state to the transition state,
the Bronsted value must be “standardized” against a calibrating
equilibrium, Bgq, that is directly related to the reaction being
studied.’” Such a “standardized equilibria” is not available for
this reaction. It is possible that the oxygen of the leaving group
has, in the ground state, a partial positive charge so that the
overall change in charge as seen by the leaving group on going
from the ground state to products could be greater than 1. Sg,
will therefore also be greater than 1. Results from substitution
reactions at silicon in polar aprotic solvents suggest that this may
indeed by the case.’® If this is the case, the Bronsted value 816
= 0.7 would overestimate the degree of bond breaking in the
transition state; the value of 8 ; = 0.7 can therefore only be taken
as an upper limit for the amount of silicon-leaving group bond
breaking in the transition state.

In summary, it appears that the solvolysis of silyl ethers such
as 1 occurs by a one-step concerted mechanism (Sn2-Sior ANDn
mechanism) and not by a stepwise mechanism involving the
formation of a pentavalent intermediate (Sni-Si or Ay + Dy
mechanism). The change in slope at pK, = 12.4 observed for the
trifluoroethoxide-catalyzed trifluoroethanolysis of silyl ethers 1a—q
is not due to a change in rate-determining step of a reaction that
proceeds through a pentavalent intermediate, since the same
changein slope is observed for the hydroxide-catalyzed hydrolysis,
where a change in rate-determining step does not occur. The
unusual shapes of the Bronsted correlations for solvolysis of 1 are
best accounted for by the fact that phenoxides as a group are
poorer leaving groups than alkoxides and the fact thatsteric factors
are important.

(36) This is obvious when one compares the Taft steric factor, E,, for a
CHi and a CF; group. The E, values for a CH; and a CF; group are 0.00
and -1.16, respectively. See: Taft, R. W., Jr. In Steric Effects in Organic
Chemistry; Newman, M. S, Ed.; John Wiley and Sons: New York, 1956;
Chapter 13,

(37) Williams, A. Acc. Chem. Res. 1984, 17, 425,

(38) Dietze, P. E. J. Org. Chem. 1992, 57, 1042.
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Experimental Section

Methods. Gas chromatographic analyses were performed on a
Shimadzu Model 14A gas chromatograph with a 10m AT-35 0.54-mm
i.d. capillary column or on a Varian 2400 series gas chromatograph with
a6’ X 1/8” 5% DC-550 on 100/200 mesh Chromosorb HPW column.
The gas chromatographs were equipped with flame ionization detectors
and were interfaced to a Shimadzu Model CR 601 integrator. High-
pressure liquid chromatography (HPLC) was performed on a Shimadzu
HPLC system equipped with a Model SPC-6A variable-wavelength
detector, a Model C-R6A electronic intergrator, and a Waters reverse-
phase 5-um NOVA-PAK Cis column in a radial compression module.
Mass spectral analyses were performed on a Hewlett Packard Model
5988A GC/MS/DS. NMR spectra were recorded on a GE QE-300 or
on a IBM NR/80 NMR spectrometer. pH measurements were made
on a Radiometer PHM precision pH meter at room temperature with a
glass combination electrode containing saturated potassium chloride,
standardized with aqueous buffers.

Materials. Thesilyl ethers were synthesized according to the procedure
of Boe'* and were distilled under vacuum. All of the silyl ethers gave
NMR and mass spectra consistent with the desired product and were
demonstrated to be better than 80% pure, the only impurity being
tetramethyldiphenylsiloxane, as indicated by NMR and GC/MS analysis.
It was shown that the tetramethyldiphenylsiloxane impurity was inert
under the reaction conditions used in this study and in fact could be used
as an internal standard (see below). Trifluoroacetic acid, acetonitrile,
2,2,2-trifluoroethanol-ds, phenyldimethylsilyl chloride, and all of the
phenols and alcohols used to make the silyl ethers were commercially
available and were used without further purification.

Sodium carbonate, sodium hydrogen carbonate, sodium chloride,
methoxyethylamine, and 1.0 N standardized HCl used to make solutions
were commercially available and used without further purification.

A stock trifluoroethoxide solution (0.1 M) was prepared by dissolving
potassium metal in trifluoroethanol. The potassium metal was cleaned
by rinsing with pentane followed by rinsing with trifluoroethanol. The
concentration of potassium trifluorethoxide was determined by titration
with standardized 0.1 M HCL

Potassium trifluoroacetate was prepared by adjusting the pH of an
aqueous solution of trifluoroacetic acid to approximately 1.5 with 1 M
KOH. The water was removed under vacuum, and the resulting wet
solid was recrystallized from 2-propanol. The recrystallized potassium
trifluoroacetate was dried overnight in a vacuum desiccator. The pH of
an aqueous solution of the salt was 7.

Kinetics. Rateconstants for reaction of 1 catalyzed by trifluoroethoxide
were determined at 30.0 £ 0.5 °C under pseudo-first-order conditions
with alkoxide generally in >10-fold excess over the silyl ether (x = 0.05
with potassium trifluoroacetate). However, for very fast reactions some
experiments were conducted with only a 5-fold excess of the trifluoro-
ethoxide. The rate constants from these experiments agree well with the
rate constants obtained at higher trifluoroethoxide concentrations (i.e.
>10-fold excess). Reactions with phenol leaving groups were run by
adding a small amount of the silyl ether (0.4-1.0 gL) to 2 mL of a
trifluoroethanol solution containing a known concentration of potassium
trifluoroethoxide. Pseudo-first-order rate constants, kqbs, Were determined
by measuring the increase in absorbance due to the formation of the
phenolate anion as a function of time using a Shimadzu UV-160
spectrophotometer equipped with a thermostated cell holder. Reactions
were monitored at 280, 283, 285, 280, 300, 290, 300, and 290 nm for
1a-h, respectively. The spectrophotometer was interfaced to a personal
computer, and the pseudo-first-order rate constants ko were obtained
by nonlinear regression analysis of absorbance vs time data. Reactions
were generally followed for more than three half-lives. The nonlinear
regression analysis calculated the best end point. For reactions that were
followed to completion, the observed end points always agreed well with
the calculated end points. Good pseudo-first-order kinetics were followed,
and semilog plots of (4« — A;) vs time were linear. Rate constants were
generally reproducible within 10%.

For alcohol leaving groups 1i-p, pseudo-first-order rate constants kovs
were obtained by adding 0.5-1.0 uL of the silyl ether to 0.5 mL of a
trifluorethoxide solution and using gas chromatography to measure the
peak area of the silyl ether as a function of time. Peak areas were
normalized relative to an internal standard. Either mesitylene (0.2 L
added to the reaction mixture) or tetramethyldiphenylsiloxane was used
asaninternal standard. For very fast reactions requiring analysis by gas
chromatography, 10-uL aliquots of the reaction mixture were removed
at given time intervals and quenched in 10 uL of 0.06 M acetic acid in
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trifluoroethanol at —78 °C. The solutions at —78 °C were then warmed
to0 °Cinanice/water mixture prior toinjection onthe gas chromatograph.
For the silyl ethers with leaving groups of higher pX, than that of
trifluoroethanol, it was not necessary to use an excess of trifluoroethoxide,
since the alkoxide leaving group is a stronger base than trifluoroethoxide
and becomes protonated by the trifluoroethanol solvent, regenerating the
trifluoroethoxide; some reactions were run with only a 2- or 3-fold excess
of trifluoroethoxide relative to the silyl ether. For 1n and 1o, where the
leaving groupis of lower pX, than trifluoroethanol, reactions were carried
out with trifluoroethoxide in >5-fold excess over the silyl ether. The
slope of a semilog plot of peak area of silyl ether relative to standard
against time gave kops. Semilog plots were linear for over three half-lives.
Rate constants were generally reproducible within 10%. The only product
observed by gas chromatography was the (2,2,2-trifluoroethoxy)di-
methylphenylsilane.

Rate constants for 1p weredetermined by following the loss of deuterium
from the deuterated dimethylphenyl(trifluoroethoxy)silane as a function
of time by gas chromatography-mass spectrometry (GC/MS). A 1-uL
volume of the reaction mixture was injected onto a 30 m X 0.257 mm
J&W fused-silica DB-5 capillary column operated ataninitial temperature
of 80 °C for 3 min followed by temperature programming at 10 °C/min
to a final temperature of 220 °C. The mass spectrometer was operated
in the electron impact mode. The peaks of interest are the parent peaks
of the dimethylphenyl(trifluoroethoxy)silane (m/z of 234) and of the
deuterated dimethylphenyl(trifluoroethoxy)silane (m/z of 236). The
intensities of these peaks were measured by single-ion monitoring of m/z
234 and 236 using the average scans taken over the entire GC peak after
appropriate background correction. The ratio of 236/(234 + 236) gives
the percent of deuterated dimethylphenyl(trifluoroethoxy)silane. The
slopes of semilog plots of the percent deuterated dimethylphenyl(tri-
fluoroethoxy)silane vs time were used to obtain kobs.

Second-order rate constants ktre were obtained from the slopes of
plots of ka vs concentration of trifluoroethoxide. Typically five
concentrations of trifluoroethoxide were used. Plots of kg vs trifluo-
roethoxide concentration were linear with intercepts of zero.

The pseudo-first-order rate constants for the hydrolysis of 1 ko Were
determined by adding a small amount of the silyl ether (0.4-1.0 uL) to
2.4 mL of a buffered 1:1 v/v acetonitrile/water solution maintained at
30.0 £ 0.5 °C and at constant ionic strength of 0.06 M. For compounds
having a phenolate leaving group, the pseudo-first-order rate constants
for hydrolysis ko were obtained by measuring theincrease in absorbance
dueto the formation of the phenolate anion as a function of time. Reactions
were monitored at 280 nm for 1a-d,h, 325 nm for 1e, and 350 nm for
1f. The absorbance vs time data was collected and treated in the same
way as described above for the trifluoroethanolysis reaction,

For the alcohol leaving groups, pseudo-first-order rate constants for
hydrolysis were obtained by monitoring the rate of disappearance of the
silyl ether relative to a standard (tetramethyldiphenylsiloxane) as a
function of time by HPLC analysis of the reaction mixture. To 1 mL
of buffered acetonitrile/water solution maintained at 30.0 & 0.5 °C and
at constant ionic strength of 0.06 M was added 1.5 xL of the silyl ether,
and the mixture was shaken. At various time intervals an aliquot of the
reaction mixture was removed, quenched in an equal volume of 0.06 M
acetic acid/0.06 M potassium acetate in 50:50 v/v CH;CN/H,0, and
injected on the HPLC. HPLC analysis of the reaction mixture was
accomplished with a flow of 0.8 mL/min for the initial 18 min, after
which the flow was increased to 1 mL/min. The solvent system was
75/25 CH3;CN/H,0 for 13 min followed by gradient elution to 100%
CH;CN over a time of 5 min; the solvent system was maintained at 100%
CH;CN for 3 min. There was only one product detected by HPLC in
the reaction mixtures, presumably the phenyldimethylsilanol.

For very fast reactions, 75 uL of the reaction mixture was removed
ata given time interval and quenched in 75 uL of 0.06 M acetic acid/0.06
M potassium acetate in methanol at -78 °C. The quenched solutions
were then warmed to 0 °C in an ice/water bath prior to injection on the
HPLC. The peak areas of the silyl ether and of tetramethyldiphenyl-
siloxane were obtained by electronic intergration of their UV absorbances
at 280 nm. The peak area of the silyl ether was normalized against the
peak area of the tetramethyldiphenylsiloxane. The pseudo-first-order
rate constants for hydrolysis kqbs were obtained from semilog plots of the
peak area of the silyl ether relative to the peak area of the tetrameth-
yldiphenyl silane vs time. Reactions were generally followed for greater
than three half-lives and gave linear semilog plots typically containing
at least seven data points. The rate constants for the hydrolysis of 10 was
very fast and could only be estimated from two- or three-point semilog
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plots, the first data point being at ¢ =0 and the later data point(s) being
obtained after 5-30 s.

For silyl ethers la—c,i-p, a NaHCO;3/Na,CO; buffer was used.
Reaction mixtures were prepared by combining known volumes of a 0.03
M Na,CO; solution (1:1 v/v H;O/CH;3;CN) with a known volume of a
0.03 M NaHCOQ3/0.03 M NaCl solution (1:1 v/v H;O/CH3;CN). The
pH of the resulting solution was determined before and after the reaction
and showed little change, usually decreasing slightly (less than 0.02 pH
units) during the course of the reaction. It was demonstrated that under
these conditions buffer catalysis was negligable. Buffer solutions at a
fixed ratio of acidic to basic form of the buffer, A/B, when diluted gave
the same value for ko after dilution as before dilution. For example,
ratios of A/B of 0.018 M/0.0018 M and of 0.009 M/0.0009 M both
provided a value of ko of 3.9 X 10~ s~ for the hydrolysis of 1i. After
dilution of the buffer, the pH was observed to decrease slightly (less than
0.1 pH units). Small amounts of 0.06 M HCI were added to the more
basic solution in order to decrease the pH of this solution to the same
value as that of the more dilute solution. The pH of a solution was
calculated according to eq 2

pH = pH,, - 0.58 2)

where pH,pp is the pH reading measured in 50:50 v/v CH;CN/H,0 with
ionicstrength 0.06 M (NaCl). Equation 2 was obtained from the observed
pH readings pHapp of 0.03, 0.01, 0.005, and 0.002 M NaOH in 1:1 v/v
H,O0/CH3CN with ionic strength 0.06 M (NaCl).
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Values of the second-order rate constants koy were obtained from the
slope of plots of the pseudo-first-order rate constants kqes vs [OH-]. Plots
of kovs vs [OH"] generally consisted of five data points covering a range
of about 1 pH unit.

For silyl ethers 1d-h a 0.03 M methoxyethylamine/0.03 M methoxy-
ethylamine hydrochloride buffer in 50:50v/v CH3CN/H,O with constant
ionic strength of 0.06 M (NaCl) was used and the reactions were monitored
in the same way as described above for the Na,CO3;/NaHCOs buffer
system. However, for the amine buffer plots of the observed rate constant
kobs vs total buffer concentration, [buffer], at a constant A /Bratio (and
constant pH maintained by additions of small amounts of 0.06 M HCI
to correct for effects on the measured pH from dilution with 0.06 M
NaCl) had positive slopes, indicating that general base catalysis by the
buffer is important. The pseudo-first-order rate constants k’ops in the
absence of buffer at a given pH were obtained from the intercepts of plots
of kows vs [buffer]t. These plots typically contained five data points
covering a range for [buffer]t of 0.005-0.03 M. Plots of k' vs [OH]
had slopes of kon; these plots typically contained five data points spanning
at least 1 pH unit.
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