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ABSTRACT

AN ANALYSIS OF COSOLVENT EFFECTS IN THE SOLVOLYSIS OF
BRIDGEHEAD SULFONATES

by Ewa F. Nauka

The effect of dilution of a binary mixture of TFE and
EtOH with a series of nonreactive cosolvents (CCls, CHClj,
hexane, acetone) on the solvolysis of l-adamantyl mesylate
(1-AdOMs), 1-bicyclo[2.2.2]octanyl tosylate ([2.2.2]-0Ts)
and 2-adamantyl tosylate (2-AdOTs) was investigated. It was
found that reaction rates decreased with increasing
concentration of cosolvent. This rate reduction is
independent of the nature of the cosolvent but is related to
the presence or absence of back-side pathway for product

formation.

The selectivity of the TFE ether product over ethyl
ether product increases with increasing CCl,; and CHCljz mole
fraction. Selectivity remains constant in the case of
hexane, and decreases when acetone is used. These results
can be explained in terms of the ability of the hydroxylic
solvents to form hydrogen bonds. Selectivity behavior also
can be related to the number of mechanistic pathways for

product formation.
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INTRODUCTION

The effect of solvent variation on a solvolysis
reaction was studied for the first time by Ingold and
Hughesl. A solvolysis reaction is defined as a reaction in
which substrate reacts with a solvent molecule and the
solvent appears as a part of the product. An example is the
solvolysis of t-butyl chloride in ethanol, in which t-butyl

ethyl ether (t-BuOEt) is a product.

we . Me
|
Me—cl>—C1 + EtOH Me—-Cc—-0OEt + HC1
Me de

In general, the mechanism of a solvolysis reaction can
be represented by the Winstein ion pair scheme (Scheﬁe A)2.

Scheme A

k
¥ —= RTX" R+¥IIX~- =—= RT + X~

A

According to Winstein, ionization of RX results in the
formation of an internal ion pair [RY X7] in which the
cation and anion are adjacent. The internal ion pair can
undergo either further dissociation to an external ion pair,

R+|]X—, in which at least one solvent molecule separates the



two ions, or it can collapse back to starting material
(internal ion pair return). The external ion pair can either
collapse back to the reactants via the internal ion pair
(external return) or dissociate to free ions. The free ions
also can collapse back toward reactants or can be captured
by solvent. According to this scheme the solvent can attack
any of the species in Scheme A (i.e., the substrate itself,
the internal ion pair, the external ion pair or the free

ions, to give a product).

The pathway in which solvent directly attacks substrate
is called the Sy2 mechanism. If the rate determining step
occurs before reaction with solvent, the pathway is called
Syl. Nucleophilic attack on an intimate ion pair normally is
expected to occur with inversion of configuration. This is
because the leaving group shields the front side of the
carbocation. At the solvent separated ion pair stage, the
nucleophile can attack the ion pair from either side. This
can lead to a combination of inversion and retention of
configuration at the reacting carbon. Reaction via
dissociated carbocations should occur with complete
racemization. The extent to which reaction occurs on the
intimate ion pair, solvent separated ion pair, or free ion

stage can be estimated from product stereochemistry.



According to Winstein the stability of carbocation is a
major factor controlling how far a substrate goes through
the Winstein scheme before being captured by a solvent. Only
very stable cations can survive long enough to give free
ions. Usually these are the systems which can delocalize
positive charge into a neighboring pi system, as for example

the triphenylmethyl carbocation.

The Winstein scheme has provided a useful mechanistic
model which goes a long way in explaining observed effects
such as common ion rate depression3, salt effects4, product
stereochenmistry in optically active systems7, and
equilibration of labeled oxygens in sulfonate and
carboxylate leaving groupssls. However, it poorly explains
the very important role of the solvent in such a reaction.
Changing the nature or the concentration of a solvent can
greatly change both the rate of a reaction and the resulting
product distribution. For example, when the solvent is
changed from ethanol to trifluoroacetic acid in the
solvolysis of 2-AdOTs the rate increases by 2 x 10° at
25 ©°c8, Also, solvolysis of t=-BuCl in ethanol gives 44%
elimination to 2-methylpropene, whereas in the 70% aq.
ethanol only 10% elimination is observed®. The above
examples illustrate that the solvent can be as important as

the substrate in the solvolysis reaction.



Solvent effects can be assessed either by measuring
solvolysis rates, or by measuring product distributions in
binary solvent systems. The first way of assessing solvent
effects in this type of reaction is by measuring the
substrate response to changes in the solvent ionizing power.
Solvent ionizing power was defined by Winstein and
Grunwaldl®-12 yhen they used equation 1 to correlate

solvolysis rates of t-butyl chloride in different solvents.
Log(k/kg)rx = mY (eq. 1)

In equation 1, Y is the solvent ionizing power, and m is the
substrate response to the changes in solvent ionizing power.
t-BuCl was chosen as a standard substrate (RX) - with k
referring to its solvolysis rate in any solvent ana kg to
its rate in 80% (v/v) ethanol-water at 25 °C. t-BuCl was
assumed to solvolyze without nucleophilic solvent

assistance, i.e., by an Syl mechanism.

Solvolysis rates were measured for a number of
compounds and correlated with solvent ionizing power. Since
the rate increased with increasing ionizing power, it was
believed that the bond breakage was a function of ionizing
power and therefore was the rate determining step. When two

compounds responded similarly to medium changes ("m" has



similar values), then it was assumed that they react by
similar mechanisms and that solvent plays the same role in
each solvolysis reaction. Traditionally, rates of solvolysis
were correlated with solvent ionizing power (linear free
energy correlation)3. However, a linear free energy
correlation .cannot be used for exact mechanistic
conclusions, particularly with regard to solvent functions,
when the standard substrate reaction mechanism and the role

of the solvent are not known.

Y values were obtained via equation 1 for a large
number of solvents using t-BuCl as a standafds. However, the
failure of most reactions conducted in sets of binary
solvent mixtures to be correlated by equation 1 (dispersion)
led to conclusion that the substrate parameter "m" is
solvent dependent. Also, t-BuCl reacts in some solvents, for
example H;0, with weak but important nucleophilic assistance
(the beta deuterium isotope effect is smaller than that for
free ions)13. As a response to the above problems, Bentley,
Schleyer and coworkers proposed 2-adamantyl tosylate
(2-Ad0Ts) as a standard®. This choice was based on the
assumption that 2-AdOTs solvolyses without either
nucleophilic solvent assistance or significant internal
return. However, it was later found that internal return

occurs in such secondary substrates. From work by Bunnett



and Paradisi® it was shown that the rate of internal return
is greater than the rate of solvolysis of 2-adamantyl
benzenesulfonate. Thus, Bentley and others have defined Yy
scales for a variety of leaving groups, using appropriately
chosen standard substrates. Yy, as defined by Bentley, seems
to be dependent on the alkyl group, the leaving group and
the solvent; the Y value for 1-AdI in TFE was measured to
be 2.221%4 ; for 1-adoTs in TFE Y was 2.348 ; and for 2-adoTs
in TFE Y was 1.801%. Because of such variations in the Y
values, rigorous application of Grunwald~Winstein

correlations as a mechanistic probe is greatly weakened.

Information concerning the role of the solvent also can
be obtained by studying product formation in binary. solvent
mixtures. In such cases at least two external ion pair
species can be described. For example, in the solvolysis of
1-Ad0Ts in ethanol-trifluoroethanol solvent, one external
ion pair can be envisioned in which ethanol 1lies near
reacting carbon, and another external ion pair with
trifluoroethanol. In binary hydroxylic media the selectivity

is commonly evaluated according to eguation 216

Ke [ROS1] "[S,]
S= 1. = eq. 2)
Ksz [ROS2] [S1] (eq



where kg; and kg are the rate constants for formation of
products ROS; and ROS; from solvents S; and S; respectively.
If S; is a better nucleophile than S;, a selectivity value
greater than unity means that the better S; nucleophile is
preferred. Thus, a selectivity value less than unity means
that the poorer S; nucleophile is preferred. A non selective

model would have selectivity value equal to 1.

In a binary hydroxylic solvent system, cationic
intermediates can react with either solvent component.
Selectivity is the ratio of the second-order rate constants
for product formation resulting from the bimolecular
reaction of a cationic intermediate with each of the
hydroxylic solvent molecules. If it is assumed that the
cation has a 1long enough 1lifetime to choose the better
nucleophile, then selectivity values greater than unity are
expected. However, observed selectivities for the solvolysis
of adamantyl compounds and other bridgehead systems are
usually inverted. This means that the poorer nucleophile is

p;eferred26.

Harris and his collaboratorsl®

studied the solvolyses
of a series of 2-adamantyl arenesulfonates in the binary
solvent, EtOH-H,0, where EtOH is the better nucleophile.

However, they observed inverted selectivity. They attributed



this phenomenon to the ability of H,0 to form two hydrogen
bonds in the solvent separated ion pair, with two of the
oxygen atoms of the arenesulfonate leaving group. EtOH, on

the contrary, can form only one hydrogen bond.

Ando and Tsukamotol” reported that selectivities
(kpre/XEtoyg) for 2-adamantyl and 1-adamantyl systems in
50/50 (v/v) TFE-EtOH mixtures are 1.35 and 1.74 respectively
which means that TFE, the poorer nucleophile, is preferred.
Ando and Tsukamoto explained their results by assuming that
products were formed by front-side collapse of solvent
separated ion pairs. Thus, TFE separated ion pairs were
preferred. They concluded that the electrophilicity of the
solvent is an important factor and that the collapse of the

solvent separated ion pair is the product forming stép.

Kaspi and Rapport16 reported selectivities for 1-AdBr
in TFE-EtOH and in TFE-H;0. For the TFE-EtOH solvent
mixtures, TFE is favored at 1low [X(TFE)<0.35] and high
[X(TFE)>0.65] concentrations. Ethanol is favored at the
intermediate concentrations. For the solvolysis in TFE-H,0
they found that TFE was favored over H,0 at X(TFE) less than

ca. 0.25, and Hy0 was favored at X(TFE) greater than 0.25.



Karton and Prossl?® reported selectivity values,
(Kyater/KEtoH) » between 1.6 and 2.2 for the solvolysis of 1-
and 2-adamantyl bromide and chloride and 2-adamantyl
tosylate in EtOH-H,0. The selectivity behavior described

above cannot be explained in terms of ionizing power and

nucleophilicity.

Inverted selectivities also were observed by Ferla2® in
the 1- and 2-adamantyl sulfonates solvolysed in EtOH-TFE
media. In all cases TFE, the poorer nucleophile, was favored
in the reaction. This observation was explained using the
following ground state argument and viscosity/diffusion

hypothesiszo.

The ground state argument

TFE is approximately 2500 times more acidic than EtOH.
Therefore, in the ground state it forms hydrogen bonds with
the leaving group to a greater extent than does EtOH. Since
in the ground state the micro-solvent composition near the
leaving group is TFE-rich, the carbocation is able to react
with TFE in higher proportion than with EtOH. This leads to
the possibility that products may be formed by nucleophilic

attack on the internal ion pair. Those products are a



function of micro solvent composition and not carbocation

stability.

Viscosity/diffusion model

Another parameter, an excess function, is also
defined?? to determine the excess gquantity of one product
relative to the molar composition of the solvent. The excess
is simply the deviation in the amount of product formed
compared to that expected in a non-selective model. This

function is complementary to the selectivity function:
XS = X(1-AdOTFE) - X(TFE) (eq. 3)

where XS is the excess TFE product and X(1-AdOTFE) relative
to X(1-AdOEt) and X(TFE) relative to X(EtOH) are the mole
fractions of 1-AdOTFE and TFE, respectively. If the 1-~AdOTFE
product is formed in the same amount as the mole fraction of
TFE in the solvent then the excess TFE is zero, which means
that there is no selectivity. Otherwise, a positive excess
indicates that 1-AdOTFE is formed in larger percentage than

the TFE fraction in the solvent.
The excess functions for 1-Ad0Ts and 2-AdOTs are

plotted versus mole fraction of TFE (Figure 2). In the

1-AdOTs plot the excess function is parabolic. The curve for

10



2-AdOTs has a lower maximum excess value (0.10) than 1-AdOTs
(0.14) and the excess plot 1is not symmetric. This
observation suggests that in the case of 2-AdOTs the
products result from both front-side and Dback-side
mechanisms. In the back~side mechanism there is no hydrogen
bond effect and therefore the better nucleophile is favored.
Thus, the excess function (eq. 3) for 2-Ad0OTs actually
represents a composite of product formation from the front-
side of the reacting carbon, where TFE is favored, and back-

side reaction where EtOH is favored.

There is a strong correlation between product formation
and solvent viscosityzo. An excess viscosity plot can be
generated by calculating the difference between the observed
viscosity at any composition and the mole fraction average
of the viscosity of the pure solvents. In other words, the
excess viscosity is the deviation of the observed viscosity
from the linear (ideal) behavior. Both the excess viscosity
and the excess kinematic viscosity (viscosity divided by
density) of TFE-EtOH correlate inversely with the product
excess value (eq. 3) of bridgehead compounds (Figure 1).
Since viscosity is inversely proportional to diffusion, it
was concluded that product formation is diffusion
controlled. It was also shown® that the rate of internal

return is faster than the rate of solvolysis. This suggests

11



that during the time domain of bond breakage and
reformation, the bulk solvent 1is essentially frozen
(rotation is thousand times faster than diffusion)3 and the
diffusional separation of the cation and the leaving group
is relatively slow. Thus, in these relatively simple alkyl
systems, the cation does not have a long enough lifetime to
reach the solvent separated stage. Therefore, it can undergo
internal return or react with whichever nucleophile is
present as the leaving group begins to diffuse into the

solvent.

The arguments presented above suggest that the
anomalous product selectivities cited previously may be
rationalized on the basis of other mechanistic parameters

besides solvent ionizing power and nucleophilicity.

The purpose of this study was to extend our present
understanding of the ground state theory and the proposed
diffusion/viscosity model. It was shown that in [2.2.2]-0Ts
solvolysis, TFE was favored over EtOH in the products even
at mole fractions as low as 0.05 of TFE in TFE-EtOH. It was
of interest to us to measure product distributions even for
lower TFE concentrations in TFE~-EtOH media. In order to
perform experiments at such low TFE-EtOH concentrations it

was convenient to dilute the TFE-EtOH with a third

12



nonreactive cosolvent. Holding the ratio of TFE to EtOH
constant, we were able to obsexrve how different
concentrations of cosolvent affect product ratios. Both the
product distributions in the ternary solvent mixture and
reaction rates were measured. We expected that data from
these two independent experiments would be complementary. In
order to support the hypothesis that 2-AdO0Ts reacts by both
front-side and back-side mechanisms, 2-AdOTs was compared to
[2.2.2]-0Ts and 1-AdOMs, which can only react by the front-

side pathway.

EXPERIMENTAL SECTION

Infrared spectra were recorded with a Perkin-Elmer
IR-257 spectrophotometer using 10% solutions in chloroform
against the pure reference solvent. Melting points were
determined with a Fischer-Johns melting point apparatus and
they are uncorrected. Gas chromatographic and mass

spectroscopic data were obtained on Finnigan 1020B GC/MS.

Synthesis of 1-Adamantyl Mesylate. 1-Adamantyl alcohol
in methylene chloride (30.4g, 0.2 M ) containing a 50% molar
excess of triethylamine was treated with methanesulfonyl

chloride using the procedure of Crossland and Servis?l. The

13



product, 1-AdOMs in CH3Cl,, was washed in succession with
ice water, 10% hydrochloric acid, saturated sodium
bicarbonate solution, and brine. The organic layer was dried
over MgSO4. A 10 uL sample of 1-AdOMs in CH,Cl, was injected
into pure, dried, and distilled TFE using a Hamilton
microliter gas tight syringe. The resulting solution was
analyzed by GC/MS, which indicated that there was 95.6%
conversion to 1-AdOMs with 4.4% of wunreacted 1-AdOH

remaining.

synthesis of 1-Bicyclo[2.2.2]octanyl Tosylate.
Bicyclo{2.2.2]octan-1-01 (1.0 g, 0.0079 mol), 10 mL of dry
pyridine (BaO), and p-toluenesulfonyl chloride (2.5 g,
0.013 mol, m.p. 66.3-67.1 °C) were sealed in an ampule and
kept at 40 °C for 78 hours. After cooling, the red-brown
solution was poured into ice-water (30 mL). The solid
tosylate was removed by filtration and dried in vacuumn.
Recrystalization from petroleum ether (30-60) at 0 °C gave
pure product: m.p. 65.8-67.3 °c (1lit?l., m.p. 65 °c). IR
(CHCl3) 3300 (Ar-H), 1600 (Ar), 1350 (asym O0=S=0), 1170 (sym

0=5=0) cm™l.

2-Adamantyl Tosylate was prepared by the same method as

that used for 1-bicyclo[2.2.2]octanyl tosylate. IR (CHClj)

14



1600 and 1460 (Ar), 1350 (asym O0=S5=0), 1180 (sym O0=S=0);

m.p. 81.6-82.2 °c.

Solvent purification

TFE and EtOH. Dry TFE and EtOH were each prepared by
refluxing over dried type 4A molecular sieves for 24 hours
followed by distillation. The first few drops of the
distillate were discarded. Molecular sieves (type 4A) were

dried in an oven at 100 °C for several days before use.

Acetone and hexane. Analytical grade absolute acetone
and hexane were stored over 4A molecular sieves and used

directly.

Dichloromethane, chloroform and carbon tetrachloride.
Reagent grade solvents were obtained from commercial

sources.
Product studies

Each substrate (1-AdOMs, 2-AdOTs and [2.2.2]-0Ts) was
solvolyzed in a mixture of 50/50 volume percent TFE-EtOH and

a third nonreactive solvent (carbon tetrachloride,

chloroform, hexane, or acetone).

15



Product studies for 1-~-AdOMs in TFE/EtOH containing
CCl,s, CHCl3, acetone or hexane. These studies were performed
in duplicate at room temperature. A mixture of 50 volume
percent of TFE and 50 volume percent of EtOH was prepared
and used as a stock solution. CCl, (x volume percent) was
mixed with the TFE-EtOH stock mixture (100-x) volume
percent; (x = 10, 20, 40, 60, 80). Naphthalene (0.12g,
1 mM), used here as internal standard, was added to the
freshly prepared 1-AdOMs in CH,Cl, (5 mL). The choice of
naphthalene is discussed in the "“Results" section. The
solution was buffered with ca. 2 mM 2,4,6-trimethyl pyridine
and 10 ul samples of this solution were added to the ampules
containing the TFE-EtOH/CCl, solvents. The ampules were
sealed, solvolyzed for 20 minutes, and analyzed by GC/MS.
The constant volume injections were made with a Hamilton
microliter gas tight syringe. Product studies for 1~AdOMs
in TFE-EtOH/CHCl;, TFE-EtOH/hexane, and TFE-EtOH/acetone

were done by the same procedure as described above.

Product studies for 2-AdOTs and [2.2.2]-0Ts in TFE-EtOH
containing CCly, CHCl;, acetone or hexane. These studies
were done at 90 ©c. 2-adoTs and naphthalene (internal
standard) were added to a mixture of TFE-EtOH (50/50 volume
percent) to make a 2 mM stock solution in each substrate.

The solution was buffered with ca. 2 mM 2,4,6-trimethyl

16



pyridine. C€Cl, was mixed with 2-AdOTs to make a 2 mM
solution which also was buffered with ca. 2 mM 2,4,6-
trimethyl pyridine. The 2~AdOTs in TFE-EtOH solution and
2-AdOTs in CCl, were mixed in the following way: x volume
percent of CCl, solution was mixed with (100-x) volume
percent of the TFE-EtOH stock solution (x = 5, 10, 20, 30,
40, 50, 60, 70, 80 90, 95). Aliquots (ca. 1 mL) of the
resulting solutions were placed in ampules which were then
sealed and solvolyzed for approximately 10 half-lives or
longer at 90 °C in an oil bath. Product studies for 2~AdOTs
and [2.2.2]-0Ts in TFE-EtOH/CHCl;, TFE-EtOH/hexane, TFE-
EtOH/acetone, and for [2.2.2]-0Ts in TFE-EtOH/CCl, were done

using the same procedure as described above.

S8olvolysis rate studies

These studies were done for x = 50 volume percent of

TFE-EtOH and x = 50 volume percent of cosolvent.

Solvolysis rate studies for 2-ad0Ts and [2.2.2]-0Ts in
TFE-EtOH containing CCly, CHClj3, acetone or hexane. 2-AdOTs
and naphthalene (an internal standard) were added to a
mixture of TFE-EtOH (50/50 volume percent) to make a 1 mM
stock solution in each substrate. The solution was buffered

with ca. 2 mM 2,4,6-trimethyl pyridine. A 2 mM solution of
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both 2-AdOTs and naphthalene in a cosolvent (e.g., CCl,) was
prepared, which also was buffered with ca. 2 mM 2,4,6-
trimethyl pyridine. The stock solutions of alcohol and
cosolvent were combined in a ratio of 1:1 by volume.
Approximately 1 mL aliquots of the resulting mixture were
sealed in 1 mL ampules and solvolyzed in an oil bath at
90 °c. samples were withdrawn at 1, 3, 6, 10, and 24 hr. All
samples were analyzed using GC/MS. The relative percents of
naphthalene and the reaction products (as determined by ion
counts) were obtained from the GC/MS quantitation reports.
The concentration of the products was then calculated
relative to the 2 mM naphthalene standard, and the resulting
values were used to calculate the first-order rate constant.
Solvolysis rate studies for 2~AdOTs and [2.2.2]-0Ts- in TFE-
EtOH/CHCl;, TFE-EtOH/hexane, TFE-EtOH/acetone, and for
[2.2.2]-0Ts in TFE-EtOH/CCly; were done using the same

procedure.
RESULTS
Both the kinetic and the product samples were analyzed
using the Finnigan 1020B GC/MS. All data discussed here were

obtained from the GC/MS scans. Naphthalene was used in all

solvolysis reactions as an internal standard because it gave
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a well defined, sharp peak, did not undergo any
decomposition, did not react with substrates, and had a
convenient retention time. For all substrates used in the
experiments, GC/MS peaks of unreacted sulfonate were never
observed. This was probably due to their decomposition in
the injector of the GC. The internal standard was used in
the product studies to ensure that the product analyses were
determined on samples that had reacted for at least three
half-lives (87%) in media where the rate constant was
unknown. In the kinetic samples, the concentration of the
solvolysis products was determined by reference to the known
concentration of the internal naphthalene standard. Thus,
unreacted substrate concentration could be calculated along

with the percent of substrate that underwent reaction.

Product studies

The samples were prepared by mixing x volume percent of
50/50 volume percent TFE-EtOH with (100~Xx) volume percent of
cosolvent, where x = 5, 10..... 80, 90, 95. All samples were
buffered with 2 mM of 2,4,6-trimethyl pyridine and also
contained 2 mM of naphthalene. The sample concentration in
these studies was ca. 2 mM. Product studies were done using
a sealed ampule technique. The reactions were run for at

least ten half-lives. It was observed that the products
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were formed in a constant ratio independent of how far the
reaction had progressed. Each sample was analyzed by GC/MS
with at least three separate injections. The solvolysis
products were the ethyl and the 2.2.2-trifluoroethyl ethers
of the corresponding sulfonate ester. The results for
solvolysis of 2-AdOTs in TFE-EtOH-cosolvent are presented in
Tables I-IV. Results for [2.2.2]-0Ts are summarized in
Tables V-VIII, and those for the 1-AdOMs are presented in
Tables IX-XI. The first column in Tables I to XI present
volume percent of TFE-EtOH. Columns two and three (percent
of relative ion counts for ROTFE and ROEt) were taken
directly from the GC/MS reports. The mole fraction of the
products is shown in column four of Tables I to IX. The mole
fractions of the solvents were calculated from the- solvent
volumes prior to mixing, and are shown in columns five and
six of Tables I to XI. Selectivity values were calculated
using eq. 2 and are summarized in Table XII. Selectivity
values for all solvolysis reactions except 2-AdOTs in TFE-
EtOH-acetone are greater than one. This indicates that TFE
is preferred over EtOH for all solvent compositions. Also,
selectivity wvalues for all solvolysis reactions except
2-AdOTs and [2.2.2]-0Ts in TFE-EtOH/acetone increase with
decreasing mole fraction of TFE. For [2.2.2]-0Ts in TFE-
EtOH/acetone selectivity is greater than one; however, it

decreases with increasing acetone (decreasing mole fraction
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of TFE). Selectivity for 2-AdOTs in TFE-EtOH/acetone is
greater than one only for two highest (0.42 and 0.40) mole
fractions of TFE. For the mole fractions of 0.36 to 0.02

selectivities are less than one.

Kinetic studies

Kinetic studies were performed with 2-AdoTs and
[2.2.2]-0Ts. The solvolysis rates for 1-AdOMs are 10 to 100
times faster than for 1-aAdoTs?’. Thus, the half-life for
1-AdOMs under the conditions used is too short to perform
such studies. The rates were determined for 50 volume
percent TFE-EtOH and 50 volume percent of cosolvent at 90
Oc. all samples were buffered with 2 mM of 2,4,6-trimethyl
pyridine and contained naphthalene (2 mM). Kinetic solutions
were ca. 1 mM in initial sulfonate concentration. Product
concentrations were determined relative to the naphthalene
internal standard. The rate constants were calculated from
the time and concentration data using LSKIN1 program and are
listed in Table XIII%3. The observed correlations between
the mole fraction of the alcohols and the logarithm of the

rate constants are shown in Figure 3.
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DISCUSSION

Ferla showed?? that even for TFE concentrations as low
as 0.05 mole percent in a TFE-EtOH mixture, TFE was favored
over EtOH in the observed solvolysis products. The objective
of this work was to study the effect of dilution of TFE-EtOH
with third, non-reactive, solvent. Four different solvents
(CCly, CHCl3, hexane and acetbne) and three substrates
(2-AdOTs, [2.2.2]-0Ts and 1-AdOMs) were selected. These
systems were chosen for two main reasons. First, they cannot
undergo elimination reactions since the olefin formed would
violate Bredt’s rule?4. Second, 1-AdOMs and [2.2.2]-0Ts are
both incapable of either back-side solvation or back-side
nucleophilic attack, so that all products are necessarily
formed by a front-side reaction?®. 2-adoTs may have back-
side nucleophilic solvation in the transition state, but the
ratio of back-side to front-side reaction is much lower than
in the case of acyclic secondary tosylates20, The substrates
discussed here can be evaluated with respect to the
following differences and similarities:

A. 2-AdOTs vs. [2.2.2]-0Ts. Both substrates have the same
leaving group; however, 2-AdOTs is a secondary system and
[2.2.2]-0Ts is a tertiary, bridgehead system. Both have

similar reactivity under the conditions used in this study.
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B. 2-AdOTs vs. 1-AdOMs. 2-AdOTs is a secondary system and
1-AdOMs is a tertiary, bridgehead system. Also, they have
different 1leaving groups: tosylate and mesylate (for
mesylate the absence of steric hindrance from the phenyl
ring increases the availability of the sulfonate to
participate in hydrogen bonding by the solvent in the ground
state).

C. 1-AdOMs vVvs. [2.2.2]-0Ts. Both of these compounds are
tertiary, bridgehead systems, but they differ in leaving

group.

The reacting solvents (TFE and EtOH) were selected
because of the previous extensive studies??. TFE and EtOH
have the same functionality (primary alcohols), .similar
molecular volume and dielectric constants. Significant
differences can be found when their nucleophilicities,

25 are compared. Studies of

ionizing power and acidities
solvolysis reactions of 1-AdOMs, 2-AdOTs and [2.2.2]-0Ts in
50/50 volume percent TFE-EtOH were reported by Ferla?0.
Ferla’s data can be compared with that obtained in the
present study where the solvolyses are run in 50/50 volume
percent TFE-EtOH-cosolvent. The choice of cosolvent was
based on the fact that they are all non-hydroxylic while
they differ significantly in functionality and polarity.

The main parameter introduced in this work is the
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concentration of cosolvent, since the ratio of TFE to EtOH
remains constant. Any observed differences 1in kinetic
behavior and product selectivity can be evaluated in terms
of changes in total alcohol concentration and differences in

cosolvent properties.

Product studies

In the Winstein mechanistic model, the anticipation
that product selectivity be governed by the better solvent
nucleophile 1is predicated on the existence of catanoid
intermediates with lifetimes significantly longer than the
diffusional limit of the reaction medium. In other words, in
TFE-EtOH media, selectivity favoring the better nucleophile,
EtOH, in the bridgehead substrates requires that the system
reach a solvent separated ion pair having a sufficient
lifetime to select the better nucleophile. This was not
observed. For all the solvolyses we studied in ternary
media, except 2-AdOTs in TFE-EtOH-acetone, the TFE ether was
preferred over the ethyl ether (i.e., kporpe/Xmogt > 1). From
the above observation we conclude that the nucleophilicity
of the solvent is not the major factor determining the
selectivity in the ternary solvent mixtures used in this
study. If nucleophilicity determined the selectivity, EtOH

would be the favored nucleophile in TFE-EtOH mixtures. The
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preference for TFE during product formation can be explained

t2° and a

in terms of a ground state solvation effec
diffusional model. TFE is approximately 2500 times stronger
acid than EtOH. Therefore, in the ground state, TFE can more
readily bind with the sulfonate leaving group due to its
greater facility to form hydrogen bonds. Thus, the solvent
pool in the vicinity of the leaving group would be expected
to be richer in TFE than is the bulk solvent.

® it is known that

From the work of Bunnett and Paradisi
the rate of internal return is greater than the rate of
solvolysis for 2-adamantyl benzenesulfonate. This means
collapse of the internal ion pair is faster than the
separation of the cation and the 1leaving group.. If the
lifetime of the catanoid intermediate involved in the
product forming step is governed by the diffusional
separation of the leaving group and the reacting carbon, it
follows that the same solvent molecules that surround the
leaving group in the ground state must also be present in
the transition state of the product forming step. As a

result, the product distribution will show a higher

selectivity toward the TFE ether compared to ethyl ether.
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2-AdOTs vs. [2.2.2]-0Ts

Solvolysis rate constants for 2-AdOTs (5.55 x 10%) and
[2.2.2]~0T38 (36.3 X 105) in mixtures of 50/50 TFE-EtOH at
90 °C are similar. For both substrates when solvolyzed in
CCl, and CHClj cosolvents, selectivity values favoring the
TFE ether increase as the mole fraction of TFE-EtOH was
decreased. For the 2-AdOTs selectivity values ranged between
1.68 and 2.30 for CCl,, and between 1.70 and 2.60 for CHCljs.
For [2.2.2]-0Ts selectivity values were 2.01-3.26 and 1.78-
3.60, respectively, for these same cosolvents. The lower
values are almost the same for both substrates in both
solvents., However, at the higher concentrations of
cosolvents [2.2.2]-0Ts showed higher selectivity values than
the corresponding 2-AdOTs. The selectivities for [2.2.2]-0Ts
are very similar for both cosolvents and so they are for
2-~AdOTs, but selectivity values are different for these two
substrates. Selectivity values are the same at the lower
concentrations of cosolvent. With increasing concentrations
of cosolvent, selectivity increases more slowly for 2-AdOTs
than for [2.2.2]-0Ts. One would expect selectivity to be
higher for 2-Ad0oTs than for [2.2.2]-OTs because 2-AdOTs
reacts more slowly. In fact, the reverse situation was
observed. This cannot be explained as resulting from

differences between the cosolvents. Both cosolvents, CCly
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and CHClj, are similar in structure and both exhibit similar
weak interactions with alcohols. However, it can be
explained by the back-side mechanism of 2-AdOTs. [2.2.2]-OTs
can only react by the front-side mechanism and therefore TFE
is the preferred nucleophile. In the case of 2-AdOTs,
reaction takes place at the secondary carbon. This reaction
is 1likely to be a combination of front-side and back-side
pathways. In the case of the back-side mechanism, the
solvent molecules are too far away to interact with leaving
group. EtOH, the better nucleophile, is favored. The
combination of front-side and back-side mechanisms is

probably responsible for the lower selectivity for 2-AdOTs.

The selectivity values decrease with decreasing mole
fraction of acetone. For 2-AdOTs the selectivity values are
greater than unity only for two lowest concentrations of
acetone (0.05 and 0.09). For acetone concentrations between
0.18 and 0.95 the selectivity values are less than one. This
indicates that EtOH, the better nucleophile, is preferred.
However, acetone is the only cosolvent used in this study
which can form hydrogen bonds with TFE and EtOH. Hydrogen
bonds between acetone and TFE are probably favored over
those of acetone and EtOH because TFE is a stronger acid.
The more the TFE~EtOH mixture is diluted with acetone, the

less TFE is present in the solution and the higher is the
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fraction of TFE hydrogen-bonded with acetone. This process
takes TFE away from the reaction and allows EtOH to react in
higher proportions. Thus, in the case of acetone as a
cosolvent, the selectivity of TFE relative to EtOH is lower
than the selectivity with other cosolvents. In the case of
2-AdOTs an additional decrease of selectivity is observed.
2-AdOTs reacts not only by front-side, but also by the back-
side mechanism. In the back-side attack there would not be a
hydrogen bond. The solvent composition is the same in the
vicinity of reaction, and further in the solution. Thus, in
the back-side mechanism the better nucleophile is favored.
These two effects could lead to selectivity lower than unity

for reaction of 2-AdOTs in TFE-EtOH/acetone.

Selectivity values for reactions of tosylates in TFE-
EtOH/hexane are almost constant. Hexane is the only
cosolvent used in this study that cannot interact with
alcohols. Acetone can interact with alcohols via hydrogen
bonds. The chloride lone pairs of electrons of CCl, and
CHCl; may also weakly interact with alcohols. However,
hexane as a nonpolar solvent can be involved in the
hydrophobic effect. "Hydrophobic affect is defined as a
tendency of nonpolar species to aggregate in water solution
so the hydrocarbon-water interfacial area is decreased"?2.

It is 1likely that hexane does not take any part in the
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reaction. Since the alcohols are present in a constant 50/50
volume percent ratio in every tertiary solvent mixture, and
hexane does not interact either with the alcohecls or with

the leaving group, the selectivity remains constant.

Tosylates vs. mesylates

Although, in the present work, reaction conditions were
not the same for both tosylates and mesylate (temperature of
90 °c and 25 °C, respectively) higher selectivity values
were obtained for the mesylates. Solvolytic rates are
approximately 10 to 100 times faster for mesylates than for
tosylates27. For mesylates, the absence of steric hindrance
from the phenyl ring increases the availability. of the
sulfonate to participate in hydrogen bonding in the ground
state. This additional increase of TFE near the leaving
group (compared to tosylates) results in higher selectivity
values for mesylates (than for tosylates). Similar behavior
was observed by Ferla?9. The selectivity and the excess

values are higher for 1-AdOMs than for 1-adors?0,

Reaction rate studies

For both tosylates, 2-AdOTs and [2.2.2]-0Ts, reactions

were slower when the solutions were more diluted with
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cosolvent. The slower reaction was accompanied by greater

selectivity.

Logarithms of the rate constants for 2-AdO0Ts and
[2.2.2]-0Ts versus the mole fraction of total alcohol are
plotted (Figure 3). Both plots are linear suggesting that
the rate decrease with increasing cosolvent concentration is
roughly independent of the nature of the cosolvent.
However, the slope for 2-AdOTs is 4.84 (correlation
coefficient, 0.98), and that for [2.2.2]-0Ts is 7.66
(correlation coefficient, 0.99). The slope of 2-AdOTs is
about 1.6 times 1less steep than that of [2.2.2]-0Ts.
Similar results were previously reportedze. The slope of
correlations between solvent mole fraction and log k for
substrates which can react only by a front-side pathway is
greater than those of substrates which can react via back-
side solvent attack. For the substrates which react by both
a front-side and a back-side pathway, slopes of intermediate
value are observed. These results are consistent with
Ferla’s observations?® for the solvolyses of adamantly
sulfonates in TFE-EtOH (Figure 2), where the maximum in the
plot of product excess vs. solvent mole fraction is
significantly greater in the case of bridgehead substrates
(ca. 0,15) compared to a maximum of 0.10 for 2-Ad0Ts.

Although Ferla’s studies were conducted at different
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temperatures, we believe that the observed differences are
due to the possibility of both back-side and front-side
mechanisms for 2~AdOTs. It should be noted that all reaction
rates and product studies for 2-AdOTs and [2.2.2]-0Ts
presented in this work were carried out at the same

temperature (90 °c).
For 1-AdOMs, reaction rates are very fast for all

solvent compositions investigated, and rate studies were not

performed.

CONCLUSIONS AND FUTURE WORK

The results of the present work are in agreement with
the previous results of Ferla2©. They suggest that 2-aAdoTs,
1-AdOMs and [2.2.2]-0Ts, solvolyze by rate limiting attack

on specifically solvated internal ion pairs.

It has been shown for the solvolyses of 2-AdOTs,
1-AdOMs and [2.2.2]-0Ts, in ternary mixtures of TFE, EtOH
and a non-hydroxylic cosolvent, that TFE is the preferred
nucleophile. It is consistent that 2-AdOTs reacts by both,
front-side and back-side mechanisms. The better nucleophile

is favored in the back-side mechanism. Reaction rates were
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lower when cosolvent was added. This is due to decrease in

medium polarity.

Future work should include parallel studies on the
solvolyses of 2-AdOMs and [2.2.2]-OMs. We expect that the
different leaving group will not affect the observed trends.
Also, it would be interesting to study all of these
solvolyses with new cosolvents which, 1like acetone, can

interact via hydrogen bonds with TFE and EtOH.

32



10.

11.

12.

13.

14.

15.

l6.

REFERENCES

Ingold, C.K.; J. Chem. Soc. 1953, 2745.

March, J., "Advanced Organic Chemistry"; Third Edition:
John Wiley & Sons: New York, 1985, p.263-268.

Lowry, T. and Richardson, K. "Mechanism and Theory in
Organic Chemistry, Third Edition: Harper and Row: New
York, 1987, sections 4.1 & 2.2.

Winstein, S.; Appel, B.; Baker; R. J. Am. Chem. Soc.
1954, 76, 2597.

Goering, H.L.; Levy, J.L.; J. Am. Soc. Chem. 1964, 86,
120.

Paradisi, C.; Bunnett, J.F.; J. Am. Chem. Soc. 1985,
107, 8223.

Allen, A.D.; Kanagasabapathy, V.M.; Tidwel, T.T.;
J. Am. Chem. Soc. 1985, 107, 4513.

Bentley, T.W.; Schleyer, P.v.R.; J. Am. Chem. Soc.
1976, 98,7660.

Cociver, M.; Winstein, S.; J. Am. Chem. Soc. 1963, 85,
3458. .

Bentley, T.W.; Schleyer, P.v.R.; Adv. Phys. Org.lchem.
1977, 14, 1.

Grunwald, E.; Winstein, S.; J. Am. Chem. Soc. 1948,
70, 846.

Winstein, S.; Grunwald, E ; Jones, H.W.; J. Am. Chemn.
Soc. 1951, 73, 2700.

Carey, F.A.; Sundberg, R.J.; "Advanced Organic
Chemistry"; Third Edition, Plenum Press, New York,
1990, section 4.5.

Bentley, T.W.; Carter,G.E.; Robert, K.; J. Org.Chen.
1984, 49, 5183,

Schadt, F.L.; Bentley, T.W.; Schleyer, P.v.R.; J. An.
Chem. Soc.1976, 98, 7667.

Kaspi, J.; Rapport, %.; J. Am. Chem. Soc. 1980, 102,
3830.

33



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Ando, T.; Tsukamoto, S.I.; Tetrahedron Lett. 1977,
2776.

Harris, J.M.; Becker, A.; Fagan, J.F.; Walden, F.A.;
J. Am. Chem. Soc. 1974, 96, 4484.

Karton, Y.; Pross, A.; J. Chem. Soc. Perkin Trans.
1978, 2, 59.

Ferla,S.W.; Master Thesis, San Jose State University,
1990

Crossland, R.; Servis ,K.; J. Org. Chem. 1970, 35,
3195.

Grob, C.A.; Kostka, K.; Kuhnen, F.; Helvetica Chimica
Acta, 1970, 53, 608.

Computer Program by Selter, G.A.; San Jose State
University.

Quinn,C.B.; Wiseman, J.R.; Calabrese, J.C.; J. Am
Chem. Soc. 1973, 95, 6121.

Kevill, D.N.; Kolwyck, K.C.; Weitl ,F.; J. Am. Chenmn.
Soc. 1970, 92, 7300.

Mukherjee, L.M.; Grunwald, E.; J. Phys. Chem. 1958,
62, 1311.

Bentley, T.W.; Carter, C.W.; J. Org. Chem. 1983, 48,
579.

34



CRCLVIA S

: A/

‘AQTATIDBTS,  (HALOPY)X - T = (3JHOPY)X ‘[(HOIF)X + (FAL)X] - T = (PTDD)X,
{HO3HA~HAL JO & SunToA - T = "IDD JO 3 mEzHo>n *oj3eoTTdTay Uut pautwIalag,

oe°¢ ¥0°0 €0°0 ¥9°0 €6°€ L89S S6
8T"¢C 80°0 90°0 c9°0 6S°6T1 98°1¢ (01
88°T ST'0 LT O 69°0 0oc e L6 %L 08
£E8°T €€’ 0 9¢°'0 6S°0 89°¢¢ 1A X 0s
SL°T 8€°0 0e"0 8G°0 8L"2¢ 20°'1¢ 1057
L 1 £EV°0 ¥e°0 85°0 TL°¢ce 89°1¢ ot
CL°T 8%°0 LE€°0 LSO gs°ce S€°0¢ oc
89°1 2s°0 v°0 LS°0 CAARA4 L0°0¢ 0T
0L°T ¥s°0 [4AN¢) LS"0 8c ¢c ¥1°6¢ S
(03
-d4L JO
p°S (HO3H) X (34L) X d4L0OPY 3F0PY J4.LOPY % Sunion
s3umon
,BUOT3IDRII STOW pajeTNOTED uUoI 2AT3RI9Y JO %

"D, 06 3® BTIPSW ’IDD-HOIA-HAL UT
amumHhmOH T4Ljuewepy~-g Jo STSATOATOS I0J S3onpoxd I °Tqel

35



e VAl

‘A3TAT30979S, * (HALOPY)X - T = (IFOPV)X ! [(HOIE)X + (HAL)X] - T = (STOHD)X,
!HO3d-H4L JO & Sun[opA - T = £IDHD JO % mESHo>n *93eoTTdTay Ut pautwIalag,
8L"T €070 €0°0 v9°'0 vE'8 TL 9T S6
09°¢ A S0°0 S9°0 Ss°CT €2 €2 06
iv°e €170 010 S9°0 90°9T LT"0€ 08
912 6T°0 ST'0 €970 8V LT 26°6C oL
v0°¢ SZ'0 020 z9°0 TE°8T 69°62 09
€6°1T TE"0 ¥2°0 09°0 00°02 LS" 6T 0§
10°2 90 8Z°0 19°0 06°8T €2°62 0¥
68°T A0 ze o 65°0 69761 12°82 o€
€L°T LY 0 9€°0 LS°0 00°TZ 9182 0z
ZL'T A 0%°0 LS"0 S6°02 62°82 0T
0L"T ¥S°0 420 LSO 00°02 S8°9¢ S
033
-44L 3o
o5 (HO3d) X (341) X d4L0PY 3F0PY d4I10PY % suntoa
g3uno)d

,SUOT3}DeIF STOW PS3eTNOTERD

UOI SATIRTOY 3O %

L23eTdso], TAjuewepy-g Jo

'D, 06 3I® BTIDPSH EIOHD-HO3T-TJAL UT
sT8AT0oATOS 103 j3onpoxd °II oT1qel

36



.muﬂ>ﬂuowﬁmmv
‘HO3F-"4L FO

" (HAIOPY)X - T
5 swnyiop - I =

= (J330PY)X ‘[(HO3E)X + (FJAL)X] -
"273edTTdTI] UT pauTwIsilaq,

[UeXsHy JO

% swntop,

i Ve
T = chmxwmvxo

vo0°¢ S0°0 ¥0°0 c9°0 £EV°S LL"8 96
¥0°¢ 0T"0 80°0 Z9°0 9974 €S°CT 06
1c ¢ 61°0 y1°0 c9°0 99°11 69°8T1 08
c1°¢ 9¢°0 02 0 ¢9°0 ES°ET 19°T¢ 0L
00°¢ ce'0 S2 0 19°0 LT 9T €8°TC 09
¥8° T Le 0 62°0 69°0 6T°ST T9°1T¢ 0s
€8°T cv°0 £EE"0 6570 LS"ST 86°1¢ 057
¥8°T 9% "0 9¢°0 65°0 ¥Z°91 91" ¢¢ 0€
LL°T 0s°0 6€°0 89°0 yL 91 9L €2 oc
8L°T €S°0 I7°0 85°0 T0°LT TT €2 ot
LL°T S5°0 195 20 85°0 SC°LT 9% ¢€¢ S
qHo3d
-d4dL JOo
S (HO2™) X (3aL) X d4.LOPY IH0PY d410PY % SunfToAa

P

,SBUOT3DRIJ @TOW pajeInoTeDd

g3unoy

UOT S|AT3IET9Y JO %

"D, 06 I® BPTPON SUBXSH-HO3II-HAL UT
O3eTAs0] TAjuewepy-g jJo sTSATOATOS 203 jonpoxd °*III °T19el

37



-3 L

A/

.%uﬂ>ﬁu0mﬁwmv " (FILOPY)X - T = (3HOPY)X ‘[(HO3I)X + (FAL)X] - T = (SU038dY) X,
'HOIF-FAL 3O % SUNTOA - T = SUOIIDY JO & Sunrop, 23edTTdTII UT pPauTwIslaq,

8E0 €0°0 200 0z 0 €6°8 Le'e S6
Zv° 0 210 0T 0 920 ZL 8T Zv'9 08
€5°0 8T 0 AR 620 0092 T9°0T oL
89°0 vz 0 6T°0 SE°0 €L°¥E 96°ST 09
LL o 0€"0 €2°0 LE"O 89°6€ 6T €T 0§
€8°0 SE"0 LZ 0 6€°0 €6°LE SZT°%T 0%
T0°T 1770 ze" 0 v90 LL"VE 8L LT 0€
81T 9%°0 9€° 0 8% 0 g1 TE 9T"6¢ 0z
€€ T TS°0 0% 0 TS50 S6°8T LS"0€ 0t
ST ¥S°0 Z%° 0 €5°0 19°LZ 9% T€ S
033
341 FO
oS (HO3E) X (3d1) X F410PY 330PY dJ1OPY % swnfoA
s3Uuno)
um.ﬂo._...UU.m.HN 9Tow pajeIndie) UOT DSATIRISY JO %

"D, 06 I BIPSN SUOJSIDY-HOIA-HAL UT
umUMHhmoa TAyuewepy-z Jo S8TSATOATOS 103 3onpoxd ATl °Tqel

38



"I/ 'A3TATIONTSS,  C(HALOE)X - T = (3FO€)X ! [(HOIA)X + (FAL)X] - T = (IDD)X,
!HO3d-"41 JO % suniop - T = *IDD JO & mE3H0>a *93edT1dTal ut pautwIalaq,

g¢c'¢ ¥0°0 £0°0 TL°0 LY S TV €T S6
TT ¢ 80°0 90°0 0L°0 0c'8 26 8T 06
8L°C S1°0 Z1°0 69°0 S50°6 TE"0¢C 08
Is°¢ T2 0 LT O L9°0 TZ°6 €8°8T1 oL
6e°2 LZ'0 TZ°0 §9°0 SS°0T 9L°61 09
9e°¢ £€E€E°0 9¢°0 §9°0 26°0T pg-oc 0S
se'¢ 8¢°0 oeg"0 S9°0 TL°TT oe"1c 0%
g¢°¢ £Ev°0 ve°0 ¥9°0 LS"CT €0°2¢ 0t
T2°¢ 8%°0 LE"O €9°0 £€6°CT S6°12 0¢
91°¢ 25 0 90 €9°0 LY ET (AR AA 0T
T0°¢ ¥S°0 Zv'o T9°0 SEPI yg-ce S
023
-d41L 3O
) (HO3d) X (341) X 41049 33049 d4.L0d % SWNTOAn
sjunop
,BUOT3DBII oTOW pejeTnoley UOI S9AT3RI9Y JO %

"D, 06 3I® BTPOH "TDD-HOIA-HJL UT
93eTis0], TAue300[z°z°z]oToLoTg~T FO STSATOATOS XO0F 3onpoid °A STqeRlL

39



"B/ 'A3TATIOSTRS, C(HAIOE)X - T = (3FOE)X ! [(HOIE)X + (FAL)X] - T = (*IDHD)X,
'HOH-HAL JO & SWNTOA - T = FIDHD JO % sunyop, -33edTTdTI] UT pauTWIailaq,

oL"¢ €0°0 €0°0 €L 0 LE L C9°6T S6
09°¢ LO'0 S0°0 2L 0 LY 8 YL T2C 06
9L ¢ €T°0 0T°0 89°0 0¥V "TT GL €T 08
Sc°¢ 6T 0 ST°0 $9°0 L8 2T 8c'¢ed 0L
(A A S2°0 0Z°0 ¥9°0 6% €T 6£° €2 09
85°¢C TE'O ¥C°0 99°0 TS'TT T8 ¢¢ 0Ss
T0°¢C 9¢°0 8C°0 T9°0 ¥8°V%T Z28°¢c 1057
S0°¢ cv° o AN 9°0 06°%T G0°¢€C og
08°T LY 0 9€°0 86°0 0€° 9T €8 2c oc
cLT ¢S50 0¥°0 LGS0 LL ST 86°¢2¢ 0t
8L°T ¥G°0 [4AN0] 85°0 86 9T s0-¢2 S
H03E
-d4L JO
oS (HO3H) X (FdL) X d3L04d Igod H4.L04d % SWnioA
‘83UNno)
,BUOT3DBIF °TOW poje[noTeD UoT oaTjeTo9Y IO %

D, 06 3I® BTPSH ‘TDHD-HO3IT-EAL UT
umumﬂhmoa TAuegyvofz z z]orodoTrg-T FO SISATOATOS I03F 3onpoad °*IA T9el

40



B L

A/

.%Uﬂ>ﬂu0®HGWv *(FI109)X - T = (3@od)X ‘[(HO3A)X + (HAL)X] - T = (SuexsH) X
mmoumlmhh. JO 5% =unNTOA - T = QUEX9H JO % 05.3.H0>n .NUMUHHQHHU ut mumﬁj.nE.kume

96°T S0°0 %00 T9°0 90°2T 60°6T 56
¥0°¢ 0T"0 80°0 29°0 $0°€T ST" 12 06
10°¢ 8T 0 $1°0 I9°0 A A A €222 08
L8°T 9Z°0 0Z°0 6S°0 69°GT 6L°22 oL
¥8° T zE'0 SZ°0 65°0 ¥8°91 G8°2¢ 09
$8° T LE"O 62°0 65°0 Zy°ST 9%°2¢ 0S
16°T Z%°0 €€°0 09°0 SG°GT L0 €2 0%
g6 1 05°0 6€°0 09°0 PT°ST L5°22 0¢
¥8°1 SS°0 €9°0 65°0 GZ°ST 08 12 S
H03d
-341L 3o
oS (HO3d) X (24L) X qaL09d 3304 q41.09 % SwnioA
83UNoy
,8UOT3DEeII STOW PIJRINDTED UOoY O9AT3IRIOYW JO %

‘D, 06 3® BTPON SUeXsH-~-HO3IA-JAJ UT
L23eTAS0L TAue3no[Z°Z°Z]OTdAoTg-T FO STSATOATOS I0F 3oMpoad "IIA 2IdRlL

41



.3 L
/5
~>Uﬁ>ﬂu0mawmv (F4109)X - T = (3F0o9)X ‘[(HOIH)X - (HAJAL)X] - T = Achuwoﬁvxu

'HOIHI-~HAL JO % SunTOA - T = SUOIIDY JO 3 suniop,  "93edTTdray ur pauTwIalad,
0S°T €0°0 200 ¥S°0 £9°C 66°¢C S6
0C°'T 90°0 S0°0 £€5°0 61°¢Z Ly 2 06
0Z'1 Z1°0 0T"0 LS”® S0 ¢ 6T L 08
TGS T 8T"0 ¥1°0 ¥S°0 LY°0T 60°CT oL
T9'T ¥Z°0 6T°0 95°0 C6°ET ¥YVLT 03
99°1 0E’0 €20 96°0 ve°PT ST 8T 0s
6L'T Se°0 LZ'0 8G°0 €9°PT Z6°6T 0%
OL"T T¥°0 ce’0 LS 0 S%°91 T9°1T¢ ot
£€9°T 9%°0 9¢°0 9S°0 20°8T €T ¢¢ 0c
69°1T TS0 o¥°0 LS 0 Te°6T ge°82 0T
S8°T ¥S5°0 Zv°0 65°0 90°'T2C TL 62 S
(HO3E
-d4L 3O
oS (HO3d) X (24L) X H4L09 34049 d4104d % SumftoA
s3uUNo)
,BUOT]DRIJ STOW Pa3jeTnoTed UOY 9AT3EI9Y 3O %

.Oo 06 32 BTPSKH SUOJS8DY-HOIHI-HAL UT
23eT4s0], TAue3oo[z 'z z]oToAoTg-T JO STSATOATOS I03F 3ompoad *IIIA 9IdRL

42



“3y /Iy

‘A3TATIDBTIS, C (HALOPY)X - T = (3JHOPY)X ! [(HOIH)X + (FAL)X] - T = ("I0D)X,
‘HOIH-H4L JO % sunioA - T = *IDD 30 & sunToA, *93eoT7dTIy Uut pauTtwisalad,
90" € ST°0 2T'0 L0 9501 €€°9¢2 08
8v° € LZ'0 1Z°0 €L°0 A AN 69°82 09
8L"C 8€E"0 62°0 8970 06°2T T1°8¢ 0¥
68°C 87°0 LE"O 69°0 TS°1T L9°S2 0z
85°2 zs'o i¥°0 L9°0 2O"€T 18°S2 0T
JHo3d
-84 FO
oS (HO3d) X (341) X d4L0PY 3I0PY J3LOPY % SunToA
8q4UunNno)

,BUOT3DBIT S1OW pojelnoLe)

UOT 9AT3eI9d 3FO %

"D, 06 3I® BIPSW "TDD-HO3II-HAL UT
L23eT4sa TAjuewepy-1 Jo 8TSATOATCS I03 3onpoid °*XI oTdel

43



-g RA

1/

‘A3 TATIORTRS, © (FALOPY)X - T = (IEOPY)X ! [(HOIA)X + (FAL)X] - T = (“IDHO)X,
!HO3E-HAL JO $ sunop - T = F[DHD JO 3 swnfop, ~93edT[dTIl UT PaUTWILIS(,

SE' ¥ €T 0 0T 0 LL™O ¥1°6 €T 0E 08

80°¢ se 0 0Z2°0 TL 0 P11 2692 09

98°¢ 9¢°0 8C°0 69°0 OT"TT 99°%¢ 07

S9°¢ LY 0 9¢€°0 L9°0 €2 Ct 69° %2 0c

£€0° € 25°0 0%¥°0 0L 0 LZ 0T 62°v¢ 0T
JHOE
-d4L 3O

vw (HO3HE) X (Z3d4L) X d41L0PY IF0OPY J4LOPY % SunToAn

83UN0D
,BUOT]DBII ©[OW pejeINOTED UoT 9AT3RT9Y JO %

‘D, 06 I® BIPSH ‘TDHO-HOII-HAL UT
-mumahwwﬂ TA3uewepy-T 3O STSATOATOS X03F 23onpoxd °*X d1qel

44



"3y /Iy

~>uﬁ>ﬁuowﬂmwv *(FALOPY)X - T = (3HOPY)X ! [(HO3E)X + (FIL)X]) - T = (suexoH) X,
!HOJIH-T4L JO % SUNTOA - T = SUEXSH JO & swnfop, -93edTTdTa3 UT pauTwIsleq,

9L 1 65°0 6T°0 S9°0 vZ'6 €T°LT 08

v6° T 09°0 ZE'0 99°0 0v°8 €091 09

98T 6570 (AR $9°0 12°8 0T"ST 0%

8L T 85°0 05°0 v9°0 9L"8 v9°ST 0z

981 65°0 €5°0 S9°0 €9°8 60°9T 0T
(HO3E
-34L 30

oS (HO3E) X (F41) X HJ10PY J=OPY HJL10PY % suntop

g3unop

,SUOT3DRII STOW PS3RINDTED

UOI SAT3EBTISY JO %

‘D, 06 3B BTIPSH SUBXSH-HO3II-dIL UT

23eTAseN TAjuewepv-T Jo STSATOATOS I03 3onpoxd °IX 9Tdel

45



"[(HO3F)X + (FAL)X] - T = (3U9ATOSOD)X ‘(€T°0 - €5°0)

= (HO3d)X '(0T°0 - €5°0) = (HAL)X :suoTidoeIF 9ToW JO mmcmmo ‘[ (HO3A)X + ("FAL)X]
- T = (3JU9ATOS0D)X ‘(€0°0 - $5°0) = (HOAA)X ’‘(€0°0 - 2%°0) = (dJL)X !suorjoexs
aTow JO mmcmmu ‘3usdxad swnioa 05/0S (HOIT-HAL) / ucw>H0moun.mx\ax ~>uﬂ>ﬂuomﬁmmm

€T 0 0T"0 Y16 08
SC°'0 0C°0 VC°TIT 09
9¢°0 82°0 OT"TIT 0¥
LY 0 9¢°0 [ XA (04
Z¢S°0 o¥-0 LZ 0T 0T
pSHOPY-T B8L0-[2°2°2] ,BLOPVY-2Z qIUSATOSOD
:93eIx3sqns

* (8BWOPY-T) D, SZ pue (810-[Z°Z°Z]
pue s8I0P¥-Z) D, 06 3B JUSATOSOD pue HOIE-HAJL FO I9IN3XTW AILTII9] UT SIOPY-T
'810-[2°2°2] ’‘SBILOPY-T 3FO STSATOATOS °Yy3 I0F _SOTITATIDSTSS Fo Axemumg °IIX oTqel

46



"(HO3F - H4L)X - T = (3IUSATOSOD)X, .mmemumona TININST,

96°0 GE'0 €S0 Quo3laoe
09°6 09°T 99°0 auexay
07°T €S5°0 GS9°0 £ IDHD
0%°¢ ¥L°0 85°0 vTOO
(3dL1-HO3F 3O
810-[2°2"¢] 8LOPY-C UOT3OBIJ STOW  JUSATOSOD
.8 % 01T

*D, 06 3B JUSATOSOD pue FIL-HO3IE FOo jusozad sumioA 0S5:0S
uT 8J0-[Z°Z°2] pur SIOPY-Z I0J SoSnTeA ,Jue3lsuUoD 83ex JFO Lzeuung °“IIIX oIqel

47



0.2
. ° .
L]
o .
0.1 o
) )
f
&
?
~ 0.0 < ' >
[>1
3‘ O XS xR~OTTL
a‘ .o -® XS K. Visc
o 0.1
0
0
-
o> °
. o L 4
v -0.2
0 0\/
35 -0.3 v v v \ T
0.0 0.2 0.4 0.6 0.8 1.0

Mole fraction of TFE

Figure 1. Correlation of Excess Kinematic Viscosity and
Producg Excess for Solvolysis of 1-AdOTs in TFE-EtOH (Fronm
Ferla® ).
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Figure 2. Summary of Product xcesses for Adamantyl
Ssubstrates in TFE-EtOH (From Ferla? ).
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