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ABSTRACT

Zeng X. 2002. Mechanisms for Solvolytic Elimination and Substitution Reactions Involving Short-Lived
Carbocation Intermediates. Acta Univ. Ups., Comprehensive Summaries of Uppsala Dissertations from the
Faculty of Science and Technology 743. 45 pp. Uppsala. ISBN 91-554-5389-9.

Solvolysis reactions of a range of tertiary substrates in largely aqueous solvents were studied in such
respects as -deuterium kinetic isotope effects, linear free energy relationships and stereochemistry.

Solvolysis of the fluorene derivatives 9-methyl–9-(2´-X-2´-propyl)fluorene (1-X, X = Cl, Br, OOCCF3)
involves a very short-lived carbocation intermediate. The fraction of alkene is increased by addition of
general bases, which can be expressed by a Br nsted parameter  = 0.07. The kinetic deuterium isotope
effects vary with solvent composition in a way which is not consistent with a common carbocation
intermediate which has time to choose between dehydronation and addition of a solvent water molecule.

In the absence of bases, the reaction of 4-chloro-4-(4´-nitrophenyl)pentan-2-one (2-Cl) proceeds through a
short-lived carbocation intermediate yielding 4-(4´-nitrophenyl)-2-oxopent-4-ene (2-t-ne) as the main
elimination product. Addition of acetate ion and other weak bases results in the base-promoted E2 (or
E1cb) reaction to give (E)-4-(4´-nitrophenyl)-2-oxopent-3-ene (2-E-ne) and (Z)-4-(4´-nitrophenyl)-2-
oxopent-3-ene (2-Z-ne). There is no evidence for a water-promoted E2 (or E1cb) reaction.

The stereochemistry studies of elimination from (R,S and S,R)-[1-(3´-fluoro)phenyl-2-methyl]cyclopentyl-
p-nitrobenzoate (3-PNB) and its (R,R and S,S) isomer 3´-PNB and (R,S and S,R)-[1´-(3´´-fluoro)phenyl-2´-
methylcyclopentyl]-2,2,2-trifluoroacetate (3-OOCCF3) exclude the concerted pericyclic elimination
mechanism for formation of the alkene 1-(3´-fluoro)phenyl-2-methylcyclopentene (3-m-ne). The effects of
added thiocyanate ion and halide ions on the solvolysis reaction are discussed.

Mass spectrometry analysis showed complete incorporation of the labeled oxygen from solvent water into
the product 2-hydroxy-2-phenyl-3-butene (4-OH), confirming that it is the tertiary carbon-oxygen bond
that is broken in the acid-catalyzed solvolysis of 2-methoxy-2-phenyl-3-butene (4-OMe). The mechanism
for the dominant formation of the less stable 4-OH is discussed.

Xiaofeng Zeng, Department of Organic Chemistry, Institute of Chemistry, University of Uppsala, Box 531,
SE-751 21 Uppsala, Sweden.
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1. Introduction

1.1. Classical mechanisms of nucleophilic substitution and elimination reactions

Classically, mechanisms for nucleophilic aliphatic substitution reactions are divided

into two types: (i) concerted SN2 in which bond formation to a nucleophile is

synchronous with the bond cleavage to the leaving group and (ii) stepwise SN1 in

which the departure of the leaving group is prior to the attachment of the nucleophile

and the former process is the rate-limiting step.1-4 However, these two defined

mechanisms only represent two mechanistic extremes. The concept of ion pair was

introduced by Winstein to deal with those borderline reactions.5 In a general scheme,

a substrate is ionized to an intimate ion pair which, depending on conditions, may

proceed to a solvent-separated ion pair or further to a fully solvated, free ion

(Scheme1). Any of the ion pairs can be attacked by a nucleophile or the solvent to

give substitution products which may be different in identity and stereochemistry.

Return, or recombination of the leaving group and cation, from the intimate ion pair is

called internal return; return from the solvent-separated ion pair or the free ion is

called external return.4,5 There is plenty of evidence from studying leaving group

effects,6,7 stereochemistry,8,9 18O equilibration10,11 and salt effects,12-14 for the

existence of all three types of intermediates. Furthermore, as proposed by Sneen,

while the intimate ion pair gives configuration inverted products, the free ion leads to

racemization when attacked by a nucleophile or solvent molecule (SN1); at the

solvent-separated ion pair, reaction occurs with either retention or inversion.15 In

addition, the notation of ion-molecule pair has recently been addressed for substrates

with neutral leaving groups.16-19 Intermediates of this type are involved for example in

acid-catalyzed solvolysis reactions of ethers and alcohols.

Scheme 1

RX R+X- R+//X- R+ +  X-

SOH SOH SOH

ROS ROS ROS
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-Elimination is another fundamental reaction in organic chemistry. There are three

well-documented mechanistic types: (i) E2, a concerted process in which the loss of

the hydron from the  carbon is synchronous with the departure of the leaving group;

(ii) E1, a stepwise process in which the departure of the leaving group occurs at the

rate-limiting step, followed by rapid loss of the -hydron; (iii) E1cb, a stepwise

process in which the generation of a carbanion by the loss of the -hydron is prior to

the departure of the leaving group.2-4

Substitution and elimination reactions often compete with each other since they both

involve a Brønsted base attacking the substrate and cause another base to depart from

the substrate. A simple tertiary substrate is usually considered to follow the ionization

mechanism in solvolysis reactions due to the large steric barrier to concerted

bimolecular substitution at tertiary carbon and the large stabilization of the putative

carbocation intermediate by hyperconjugative electron donation from three alkyl

groups. The carbocation may be subject to addition of nucleophilic species giving

substitution products (SN1) or loss of a -hydron giving elimination products (E1). As

another possibility, the substrate may undergo base- or solvent-promoted bimolecular

elimination reactions if one of its -hydrogens is acidic, which is parallel to the

ionization pathway.20-22

1.2. Distinction between mechanisms on the basis of the lifetimes of intermediates

A clear distinction between mechanisms can be made if one considers the lifetimes of

intermediates as a guide to borderline behavior, as suggested by Jencks.23 Thus for an

intermediate to exist, it must have barriers to its breakdown to both reactants and

products and must have a lifetime longer than that of a molecular vibration, i.e.

10-13 s. If the lifetime of the putative intermediate is less than this value the reaction

has to be concerted.

In mostly organic solvents, a highly reactive carbocationic ion pair may react

immediately with solvent molecules once it is formed instead of being further

separated through diffusion by solvent media. The situation is slightly different in

aqueous solvents since the rate of diffusional separation of the ion pair in aqueous

solvents ( 2 × 1010 s-1) is sufficiently high to compete with addition of solvents.24 As
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illustrated by Scheme 2, a tertiary carbocation will become liberated in aqueous

solvents provided that the rate constant for separation of the ion pair to give free ions

(k-d´) is larger than that for the direct reaction of solvent with the ion pair (ks´). The

nucleophilic substitution product R-Nu may be formed by two pathways: (i)

diffusion-controlled trapping of a free carbocation by Nu-, (ii) conversion of an

encounter complex of Nu- with the substrate R-X to R-Nu by a preassociation

mechanism (Kas, k1´ and kNu´). The preferred reaction pathway depends on the balance

between the rate constants for the direct reaction of the solvent with ion pair

intermedate (ks´) and its diffusional separation to give free ions (k-d´).

Scheme 2
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R+X-
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1.3. What is this thesis about

This thesis is concerned with mechanistic elucidation and differentiation of solvolytic

substitution and elimination reactions of several tertiary substrates (1-4, Scheme 3) in

mostly aqueous solvents. Short-lived carbocation intermediates are confirmed to be

involved in these reactions. The ionization is sometimes competing with the

concurrent bimolecular elimination reaction which is promoted by added bases when

the substrate contains an acidic hydrogen. This thesis describes establishing,

distinction, and characterization of different mechanistic pathways leading to various

substitution and elimination products by using kinetics measurements combined with

product analysis. Through this thesis an attempt was made to provide an

understanding of short-lived carbocation intermediates on their formation, reactivity

and partitioning between nucleophilic addition and -elimination.
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Scheme 3
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2. Study methodology and techniques

2.1. Kinetics measurement combined with product analysis

The goal of a kinetic study is to establish the quantitative relationship between the

concentration of reactants and catalysts and the rate of the reaction. Typically, such a

study involves rate measurements at different concentrations of each reactant so that

the kinetic order with respect to each reactant can be assessed. A complete

investigation allows the reaction to be described by a rate law, which is an algebraic

expression containing one or more rate constants as well as the concentrations of all

reactant species that are involved in the rate-limiting step and steps prior to the rate-

limiting step.

The kinetic investigation can help to differentiate reaction mechanisms. For example,

if a substitution reaction follows the SN2 mechanism, the reaction will show a second-

order rate law (eqn. (1)), which indicates a transition state of bimolecular nature. In

contrast, if a substitution reaction follows the SN1 mechanism, the reaction will show

a first-order rate law (eqn. (2)), which indicates a transition state of unimolecular
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nature. However, when the reaction is carried out in solution and the solvent is the

nucleophile (solvolysis), the substitution reaction only shows first-order kinetics.

SN2: R-X + Nu-  R-Nu + X- (1)

Rate = k2[RX][Nu-]

SN1: R-X  R+ + X-    R+ + Nu-  R-Nu (2)

Rate = k1[RX]

A tertiary substrate frequently gives more than one product in a solvolysis reaction.

The products arise from independent, competing routes although they may share the

same reaction intermediate. In this study, the overall first-order rate constant of a

solvolysis reaction, or the observed pseudo first-order rate constant kobs, was obtained

by a sampling high-performance liquid-chromatography (HPLC) procedure or by

following the change in light absorption on a UV spectrophotometer. The product

compositions were obtained by analyzing the reaction mixture with HPLC. Hence the

separate rate constant of forming a certain product was derived from the measured kobs

and the obtained product composition. The separate first-order rate constant ratio

kNu1´/kNu2´ equals the product molar ratio [R-Nu1]/[R-Nu2], which is a measure of the

competition between different nucleophiles Nu1 and Nu2. If R-Nu1 and R-Nu2 are

formed through the common carbocation intermediate, R+, resulting from the rate-

limiting ionization of R-X, the second-order rate constant ratio kNu1/kNu2 is a measure

of the selectivity of the carbocation R+ between different nucleophiles Nu1 and Nu2

(Scheme 4). The ratio kNu1/kNu2 can be calculated by eqn. (3), where [R-Nu1]/[R-Nu2]

is the obtained product ratio and [Nu1] and [Nu2] are the concentrations of the

nucleophiles applied. In particular, when Nu2 is water and Nu1 is an added strong

nucleophile (Nu-), such as azide ion or thiocyanate ion, second-order rate constant

ratio kNu/kHOH (eqn. (4)) may be used to estimate the absolute reaction rate constant of

the carbocation with water kw (s-1). This may be achieved by the so-called “azide

clock” method 25-28, developed by Jencks and Richard, in which the azide ion is

assumed to react with the intermediate at a diffusion-controlled rate constant kaz = 5 

109 M-1s-1. It should be noted that this method is only valid when trapping of the free

carbocation is a step on the pathway to formation of the azide or thiocyanate adduct.24
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Scheme 4

R-X R+
kNu1[N

u1] R-Nu1

R-Nu2
kNu2 [Nu2]

kNu1/kNu2 = ([R-Nu1]/[R-Nu2])([Nu2]/[Nu1]) (3)

kNu/kHOH = ([R-Nu]/[R-OH])([H2O]/[Nu-]) (4)

2.2. Kinetic isotope effects

The kinetic isotope effect2-4 is the change in reaction rate caused by isotopic

substitution and is defined as the ratio of the rate constants for the two isotopic

reactants. Primary kinetic isotope effects yield information on the degree of bond

making or breaking in the transition state. A secondary isotope effect occurs, by

definition, when no bonds to the isotopic atom(s) are formed or broken in the rate-

limiting step. Secondary isotope effects can be divided into  and  isotope effects

according to the position of substitution of an isotope atom. The -deuterium isotope

effects have been used in solvolysis reactions as a probe for distinguishing between

the SN2 and the limiting SN1 mechanism, as well as for ion pairing.29,30 The

substantial secondary -deuterium isotope effects in solvolysis reactions have been

observed, which has been attributed to the weakening of carbon-hydrogen bonds

caused by hyperconjugation with the electron deficient carbon atom.31

-Deuterium kinetic isotope effects can be employed to distinguish a bimolecular E2

(or E1cb) mechanism from a unimolecular elimination mechanism. As shown in

Scheme 5, for example, in highly aqueous acetonitrile, the tertiary substrate 9-(2-

chloro-2-propyl)fluorene (5-Cl, L = H, D) reacts to give the terminal alkene 5-t-ne as

the main elimination product in the absence of a strong base. The more stable alkene

5-i-ne is the main elimination product in the presence of HO-. The measured kinetic

isotope effects k2
H6/k2

D6 = 3.7 (1.2/D) and k3
H6/k3

D = 8.1, suggesting that 5-i-ne is
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formed by the abstraction of 9-hydron by a hydroxide ion following the E2

mechanism (characteristic of primary isotope effects) while 5-t-ne is formed by the

ionization mechanism.31

Scheme 5

L3C
CL3

ClL

L3C
CL3

OHL +
L3C

CL3
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L3C CL2
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L3C CL2

5-Cl 5-OH 5-NHCOMe

5-t-ne

5-i-ne

kS

k2

k3L = H, D

The combination of the analysis of -deuterium kinetic isotope effects with product

studies has been used as a probe of coupled elimination and substitution reactions

through a common carbocation intermediate in our laboratory.16,31-35 The mechanistic

model, shown in Scheme 6, corresponds to the relationships between

phenomenological rate constants kS and kE for formation of substitution and

elimination product, respectively, and microscopic rate constants (k1, k-1, k2 and k3).

The expression for the isotope effects is given by eqns. (5)-(10).

Scheme 6

RX R+X- or R+

ROS

alkene

k1

k-1

k2

k3
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kS = k1k2/(k-1 +  k2 + k3) (5)

kE = k1k3/(k-1 +  k2 + k3) (6)

kS + kE = k1(k2 + k3)/(k-1 +  k2 + k3) (7)

kS
H/kS

D = (k1
H/k1

D)(k2
H/ k2

D)(k-1
D + k2

D + k3
D)/( k-1

H +  k2
H + k3

H) (8)

kE
H/kE

D = (k1
H/k1

D)(k3
H/ k3

D)(k-1
D + k2

D + k3
D)/( k-1

H +  k2
H + k3

H) (9)

(kS
H + kE

H)/(kS
D + kE

D) = (k1
H/k1

D)[( k2
H + k3

H)/( k2
D + k3

D)][( k-1
D + k2

D +

k3
D)/( k-1

H +  k2
H + k3

H)]           (10)

Reaction branching may cause enlarged and attenuated isotope effects as will be

discussed below. Let us assume for simplicity that internal return is negligible (k-1 

k2, k3). The isotope effect on the ionization step, k1
H/k1

D, is a secondary isotope effect

caused by hyperconjugative weakening of the bonds to the -hydrogen. A maximum

-deuterium isotope effect of 1.15/D is expected.36 Also k2
H/k2

D is a secondary isotope

effect; the value should be close to unity. The primary isotope effect k3
H/k3

D, on the

other hand, should have a substantial value since it is a primary isotope effect that

includes a small secondary isotope effect (with an expected value  1).

It can be inferred from eqn. (9) that the isotope effect on the elimination reaction

attains a maximum value of kE
H/ kE

D = (k1
H/k1

D)(k3
H/k3

D) when elimination is much

slower than substitution (k3
H k2

H). The isotope effect on the substitution reaction

(eqn. (8)) attains under these conditions a maximum value of kS
H/kS

D = k1
H/k1

D. On the

other hand, fast elimination, i.e. k3
H k2

H, yields a minimum elimination isotope

effect of kE
H/ kE

D =  k1
H/k1

D, and a minimum substitution isotope effect given by eqn.

(11), which can be approximated as   kS
H/kS

D = (k1
H/k1

D)(k3
D/ k3

H).

kS
H/kS

D = (k1
H/k1

D)(k2
H/ k2

D)(k3
D/ k3

H)      (11)



15

Fast internal return (k-1 k2, k3) yields eqn. (12), i.e. kE
H/kE

D  (k1
H/k1

D)(k3
H/ k3

D),

and kS
H/kS

D  (k1
H/k1

D)(k2
H/ k2

D). This has the same effect on the elimination isotope

effect as fast substitution. Thus, the observed elimination isotope effect is enlarged

owing to multiplication by a factor larger than unity.

kE
H/kE

D = (k1
H/k1

D)(k3
H/ k3

D)(k-1
D/ k-1

H)     (12)

The 5-Cl system (Scheme 5) demonstrate an approximately constant ionization

isotope effect kobs
H6/ kobs

D6 as the variation of the acetonitrile fraction in the solvent

but changes in the isotope effects for the separate rate constants. The reaction results

are in accord with irreversible ionization to form a common carbocation intermediate

from which 5-OH and 5-t-ne result.31

2.3. Isotopic labeling experiments

The isotope label or tracer experiment is widely used to locate the position of bond

fission in mechanistic studies, such as the well-known 18O labeling experiments for

determining which of these two bonds, the acyl-oxygen bond or the alkyl-oxygen

bond, is broken in the hydrolysis reaction of carboxylic esters.37 Bunton found that

very little exchange of 36Cl from Na36Cl into unreacted tert-butyl chloride during its

reaction in methanol,38 a result consistent with the reaction intermediate being an

intimate ion pair in organic solvents.

In order to establish which of the two carbon-oxygen bonds in the substrate is broken

during the reaction, the acid-catalyzed solvolysis of 4-OMe in a mixture of 18O-

labeled water with 50 vol% acetonitrile was followed by a GC/MS sampling

procedure. The mass spectrometry analysis showed complete incorporation of the

labelled oxygen into the products 4-OH and 4´-OH (see Scheme 14, Section 7)

indicating that it is the tertiary carbon-oxygen bond that is broken.

2.4. Salt effects

The early studies on salt effects provided strong evidence for the ion-pair mechanism

in the solvolysis reaction. The added salts may enhance the rate of a solvolysis

reaction through a carbocation intermediate, because the increased ionic strength of
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the medium provides a larger stabilization effect on the transition state of the rate-

determining ionization step. This “normal salt effect”, initially recognized by

Winstein,12 may be expressed as eqn. (13):

k = k0(1 + b[salt]) (13)

where k and k0 are rate constants for and without addition of salts and b is a constant.

On the other hand, “common ion effect” may occur if the added anion is the same as

the leaving group ion, causing a loss in the reaction rate. The common ion rate

depression is significant for the substrate which gives a largely stabilized carbocation.

Moreover, the added salts may bring about a “specific salt effect”, which can not only

influence the reaction rate but also change the product composition.

It was observed that the addition of perchlorate ion has a rate-enhancing effect on the

solvolysis reactions of the fluorene derivatives in largely aqueous acetonitrile, but

depresses the fractional yield of the elimination product (Table 2, Section 4.1). By

contrast, no significant change in the reaction product compositions was found for

other substrates, such as 2-Cl, 3-PNB and 3-OOCCF3.

The solvolysis rate of 1-Cl is retarded by 40% by the addition of 0.5 M of NaCl in

aqueous acetonitrile (Table 2, Section 4.1). Jencks has concluded for the solvolysis of

1-(m-methoxyphenyl)ethyl chloride in aqueous acetonitrile that the retardation of the

reaction rate by added chloride ion is due to a specific salt effect, not a “common ion

effect”.39 The conclusion seems reasonable here, because the added chloride anion

decreases the reaction rates not only of the chloride compounds 1-Cl and 2-Cl (Table

3, 5.1) but also of the bromide and ester reactants (1-Br, 1-OOCCF3 and 3-

OOCCF3). On the contrary, addition of iodide ion gives a modest increase in the

solvolysis rate of 1-Cl (~35%) and 1-Br (~70%, Table 2). By contrast, bromide ion

only slightly affects the solvolysis rate. Figure 1 shows the dependence of kobs upon

the concentration of added halide ions for the solvolysis of 1-Br in 50 vol%

acetonitrile in water, with the ionic strength maintained by NaClO4. The influence of

halide ions on the rate and the product composition of a solvolysis reaction will be

discussed in more detail in the section 6.3.
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Figure 1   The observed rate constant kobs for 1-Br as a function of the concentration of added halide

anions in 50 vol% acetonitrile in water. The ionic strength 0.5 M was maintained with NaClO4.

2.5. Solvent effects

Solvolysis rates are largely dependent on the ionizing power (the ability to stabilize

ions) of the solvent. The relationship between reaction rates and ionizing power may

be expressed by the Grunwald-Winstein equation:

log(kS/k0) = mY   (14)

where kS and k0 are the rates of solvolysis of the substrate of interest in solvent S and

in 80 vol% ethanol in water, respectively. Y is defined by eqn. (15):40

Y = log(kS
0/k0

0) (15)

where kS
0 and k0

0 are the rates of solvolysis of tert-butyl chloride in solvent S and 80

vol% ethanol in water. In eqn. (14), m is a reaction parameter and indicates the

sensitivity of the solvolysis reaction to the solvent ionizing power. It may be

measured as the slope of a linear plot of log(kS) vs Y. The Y values are available in the

literature. While a limiting SN1 reaction is expected to show a value of m close to

unity, a SN2 reaction usually exhibits values in the range 0.25-0.35.41 However, the

magnitude of m is not good enough to differentiate mechanisms on its own because a

typical SN2 reaction has been found to show m = 0.8.39 Other scales of Y, such as YOTs

and YCl, were also developed later using 1- or 2-adamantyl derivatives as reference

compounds.42,43
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The reaction rates of the substrates 1-3 shown in Scheme 3 have been investigated as

a function of the solvent composition, or ionizing power, in aqueous acetonitrile (the

corresponding Y values were taken from Bunton´s report).44 The obtained m values

are between 0.60-0.97, being consistent with the highly polar transition states for

these solvolysis processes. Moreover, the separate rate constant ratio of elimination-

to-substitution, kE/kS, measured as the product ratio [alkene]/[alcohol], usually shows

an enhancement with increasing water content in solvent. Accordingly, the separate m

values for alcohol-forming substitution reactions are larger than those for alkene-

forming elimination reactions. This observation may be attributed to a higher polarity

of the transition state of the former compared with the latter one.

2.6. Brønsted plot

The Brønsted law for general base catalysis describes the effectiveness of a base as a

catalyst related to its base strength, as shown in eqn. (16):

log kB = pKBH + constant  (16)

where kB = the second-order catalytic constant for the reaction catalyzed by general

base B;  = the Brønsted parameter associated with the particular reaction being

catalyzed by general base B; KBH = the acidity constant of the conjugate acid of the

catalytic base B. The value (usually between 0-1) of the parameter  is an indication

of the sensitivity of the catalyzed reaction of interest to base strength; the stronger the

base, the larger the rate constant. It can also be used as an indicator of the degree of

proton transfer in the transition state; the closer  is to 1, the greater the proton

transfer.

In this study,  values were measured by using a series of carboxylate anions as bases.

Thus, a particular  was determined by first measuring kB for each of these bases and

then plotting the results logarithmically against the corresponding pKBH values which

are available in the literature.45
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2.7. Stereochemistry

Each reaction mechanism is characteristic of the stereochemical course. For example,

the SN1 or the free carbocation mechanism results in racemization, while the SN2 or

the intimate ion pair mechanism leads to inversion of the configuration. The study on

stereochemistry may provide good evidence for or against a postulated reaction

mechanism.

Meng and Thibblin studied the stereochemistry of the solvolysis of 6-Cl and 7-PNB

in aqueous acetonitrile. The anti elimination products 6-m-ne and 7-m-ne are found to

be formed in the reactions (Scheme 7).46 This result is, however, not consistent with

the pericyclic concerted elimination mechanism, proposed by Richard, which requires

that the leaving group be in syn relationship to the hydrogen to be abstracted as

depicted by 8 and 9.24,47 Therefore, the concerted elimination mechanism is concluded

not to operate in these solvolytic elimination reactions.

Scheme 7
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3. Structure-reactivity relationships

3.1. Carbocation stability and reactivity

Because the transition state of nucleophilic addition to a highly reactive carbocation

resembles the intermediate, as the Harmmond postulate suggests, a stable carbocation

has low reactivity with nucleophilic species but high selectivity between different

nucleophiles; by contrast, a largely destabilized carbocation is highly reactive but has

poor selectivity. The relationship between stability and selectivity was initially

observed by Harris and co-workers.7 However, the rule does not apply to all reaction

systems.

Richard has divided the relationship between selectivity and carbocation reactivity

into four regions as shown in Figure 2.48

log (kaz/ks) = N+

A
B

C

kaz = kd

D

Change in 
Chemical
Selectivity

Reaction in Pool
0

2 10
log ks (s

-1)

lo
g
 (
k a

z/
k s

) 
 (

M
-1

)

Figure 2   Dependence of the azide ion selectivity (kaz/ks, M-1) on carbocation reactivity (kS, s-1)

towards largely aqueous solvents.

Relationship A. Constant nucleophile selectivities are observed for reaction

of azide ion, solvent, and a wide variety of other nucleophilic reagents with highly

resonance-stabilized carbocations, such as triarylmethyl or tropylium ions. A value of

N+ = log(kaz/ks)  6,  where ks is the pseudo first-order rate constant for reaction of

solvent, has been determined for azide ion in aqueous solution.



21

Relationship B. The upper solid line is for a hypothetical reaction where the

nucleophile selectivity remains constant as kaz approaches the diffusion-controlled

limit. The difference between the upper and lower solid lines illustrates a decrease in

azide ion selectivity due to a Hammond effect.

Relationship C. The selectivity kaz/ks (M-1) decreases sharply with increase

in carbocation reactivity once kaz reaches the diffusion-controlled limit of ~ 5 × 109

M-1s-1. Within this region C, the “azide clock” method can be used to estimate

absolute rate constants with solvents ks (s-1) from product analysis. This selectivity-

reactivity relationship has been experimentally observed for the reactions of ring-

substituted 1-phenylethyl25 and cumyl carbocations.49

Relationship D. The selectivity ratio kaz/ks (M-1) for stepwise solvolysis of

R-X decreases with increasing carbocation reactivity until the carbocation becomes so

reactive that the ion pair precursor to the free cation is captured by solvent before

there is significant escape to form free ions (ks´ > k-d´, Scheme 2) (in aqueous

solvents, k-d´  2 × 1010). Therefore, the nucleophile adduct R-Nu forms by a

preassociation mechanism. The azide-clock method does not work with these very

unstable species. As Richard suggested, their lifetimes may be estimated by

extrapolation from the established Hammett relationship derived from less unstable

carbocations such as ring-substituted cumyl carbocations. In this way, for example, ks

= 2.5  1012 s-1 and 1011 s-1 were obtained for the simple tertiary24 and 3-

fluorocumyl carbocations,49 respectively. However, Meng has suspected that this

extrapolation method would overestimate the reactivity of the carbocation toward

solvent.50

3.2. Solvolytic elimination reaction. Partition between substitution and

elimination

The barrier for the loss of a hydron from a highly reactive carbocation is small and the

leaving group within an ion pair or the solvent molecules in the solvation shell can act

as a base to effect this dehydronation process, which may also be promoted by added

bases.
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Early studies by Winstein showed that the elimination product yield was largely

dependent upon the nature of the leaving group and solvent.6 It was found that the

fraction of the alkene formed in the solvolysis of (Me)3C-X (X = Cl, Br, I, +OH2 and
+SMe2ClO4

-) was constant in water but was significantly varied in ethanol or acetic

acid with the leaving group. This is consistent with the conclusion that in the highly

dissociating solvent water, elimination and substitution occur through a free ion and

the leaving group plays an insignificant role, while in organic solvents the simple

tertiary carbocation is dehydronated mainly by the leaving group within the intimate

ion pair.

Thibblin found that the alkene yield is dependent upon the basicity of the leaving

group when the substrates XArC(Me)2Y (Y = pyridine, OAc, H+OMe, +OH2) are

solvolyzed in 25 vol% acetonitrile in water.16 Eight times more elimination results

from the pyridinium cation than from the hydronated methanol, but pyridine is two

times less efficient than acetate for removing a hydron. This large dependence on the

leaving group rules out the possibility of elimination proceeding through a free

carbocation.

Richard and co-workers noticed a relationship between intermediate lifetimes with

alkene yields and proposed the possibility of a change in mechanism of alkene-

forming reaction from stepwise to concerted.47,49 Using a series of ring-substituted

cumyl derivatives, they found that as the aromatic substituent is made more electron

withdrawing the fraction of elimination increases dramatically, as shown in Table 1.

They further observed that the yield of alkene was independent of the addition of

azide ions when the cumyl carbocations are very unstable ( +
X 0.34) (more recently

similar results were also found for a simple tertiary cabocation).24 Thus they proposed

a unimolecular concerted mechanism for the elimination reactions (8, 9, Section 2.7.).

On the other hand, the steric factor may influence the above stability-elimination yield

relationship. One example is that the solvolysis of 2,6-dimethylcumyl derivatives

gives high yields of elimination products (  67%) in 50 vol% TFE (TFE = 2,2,2-

trifluoroethanol) in water, although the 2,6-dimethylcumyl carbocations are more
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stable than the corresponding simple cumyl carbocations owing to the electron-

releasing effect from the pair of ortho-methyl groups .51,52

Table 1 The reaction results of XArC(Me)2Y, where X is the ring substituent and Y is the leaving

group, in 50 vol% TFE in water at 25 oC

Substituent X Leaving group Y ks (s-1) Alkene (mol%)
+  -0.08 PNB 107 - 109  1

-0.08 +  0.12 PNB 4  109 – 3  1010 4 - 5

3-F, + = 0.34 Cl  1011 4.4

PFB 15

4-NO2, + = 0.78 Cl  1012 15

PFB 30

3,5-(CF3)2, + = 0.95 Cl  2  1012 29

PFB = Pentafluorobenzoate. TFE = 2,2,2-trifluoroethanol

In 50 vol% TFE in water, 3-OOCCF3 produces a much larger fraction of elimination

( 50%) than the structurally related 3-fluorocumyl derivatives ( 15%, Table 1),

which may be explained by the thermodynamic stability of the cyclic alkenes (3-m-ne

and 3-n-ne) with respect to the corresponding alcohols (3-OH and 3´-OH). On the

other hand, the highly unstable character of the putative carbocations formed from

fluorene compounds is in accord with the large yields of elimination from these

substrates.

4. Solvolysis via a very short-lived carbocation ion pair

4.1. Carbocationic ion pair

As shown in Scheme 8, the solvolysis of 9-methyl-9-(2-X-2-propyl)fluorene (1-X, X

= Cl, Br, OOCCF3) in aqueous acetonitrile provides the alkene 2-ne and the

substitution alcohol products 1-OH along with a trace amount of 1-NHCOMe. The

following observations are consistent with ionization mechanism involving a

carbocation intermediate:

1) Compared to the corresponding 5-Cl and 5-Br, the substrates 1-Cl and 1-Br exhibit

seven times higher reactivity, respectively. This may be explained by the larger strain

in the structure of 1-Cl or 1-Br being relieved by ionization; there is a larger driving

force for their reactions.
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Scheme 8
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       kS

Nu = N3
-, SCN-

2) The reaction rate and product composition are very sensitive to the solvent

composition. The measured, large Grunwald-Winstein m values (  0.6) suggest a

carbocation-forming mechanism.

3) Addition of 0.25 M hydroxide anion does not increase the reaction rates of 1-Cl

and 1-Br, indicating that both alkene 1-ne and alcohol 1-OH are not formed through

bimolecular mechanisms.

4) As shown in Table 2, for the solvolysis of 1-Cl in aqueous acetonitrile, the addition

of large polarizable anions ClO4
-, SCN- and I- gives an increase of 20-30% in the

reaction rate; but Cl- and basic carboxylate anions and N3
- all decrease the reaction

rate by 40-60%. All these may be attributed to a salt effect on the ionization of the

substrate. Therefore, there is no significant bimolecular reaction between added

nucleophiles and the substrate.

As discussed before, the reactivity of two carbocation intermediates may be roughly

compared by product selectivity ratios. The added 0.5 M of the strong nucleophile

azide ion gives the azide adduct 1-N3 in a very low yield (  3%); the selectivity ratio

kN3/kHOH was measured as ~ 5 in 50 vol% TFE in water (not shown in Table 2).

Because this ratio has been determined as ~13 for the simple tertiary carbocation
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under the same reaction conditions,24 the putative carbocation 1+ is less stable than the

simple tertiary carbocation. Thus, the azide adduct 1-N3 is formed most likely by a

preassociation mechanism and/or a “pool” mechanism in which the nucleophiles close

to the ion pair are reacting since the carbocation reacts with water from the

surrounding solvation shell faster than the ion pair undergoes dissociation.

Table 2  Solvolysis of 1-X (X = Cl, Br, OOCCF3) in 40 vol% acetonitrile in water at 25 oC

Substrates Salts 103kobs, s-1 kE/kS kNu/kHOH

1-Cl none 0.18 1.90

0.5M NaClO4 0.24 1.62

0.5M NaCl 0.11 1.99

0.5M NaBr 0.17 1.93

0.5M NaI 0.24 1.85

0.45M NaOAc 0.082 2.33

0.5M NaN3 0.16 1.95 3.4

0.5M NaSCN 0.22 1.71 5.1

1-Br none 13.7 1.64

0.5M NaClO4 24.4 1.39

0.5M NaCl 10.1 1.87

0.5M NaBr 13.9 1.75

0.5M NaI 23.0 1.71

1-OOCCF3 none 0.012 1.35

0.5M NaClO4 0.0069 1.24

The extremely small nucleophilic selectivity is also manifested in the formation of a

substitution product with the acetonitrile component of the solvent when the reactions

are studied in aqueous acetonitrile. The amide 1-NHCOMe is produced not much

slower than the alcohol, kMeCN/kHOH = 0.2-0.5, despite the large difference of

nucleophilicity between acetonitrile and water (pKMeCNH+ ~ -10).53

4.2. Dehydronation of the ion pair

Added bases, such as AcO-, NCCH2COO- and F3CCOO-, increase the elimination-to-

substitution ratio kE/kS (Table 2). There is an approximately linear dependence

between this ratio and base concentration as depicted in Figure 3. This behaviour

might be explained by the base abstracting a hydron from the carbocation.
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Figure 3 The dependence of the elimination-to-substitution ratio for 1-Cl on the concentration of the

added carboxylate anions in 40 vol% acetonitrile in water at 25 oC, ionic strength 0.50 M maintained

with NaClO4.

If the general base is assumed not to affect the addition of solvent to the ion pair

leading to formation of substitution products, a Brønsted parameter for this base

catalysis may be derived by employing the slope of kE/kS versus base concentration

for the Brønsted plot, as shown in Figure 4 based on substituted acetate ions. A slope

Figure 4   Brønsted plot for the dehydronation of the ion-pair intermediate formed in the solvolysis of

1-Cl in 40 vol% acetonitrile in water at 25 oC, ionic strength 0.50 M maintained with NaClO4.

of  = 0.07 is obtained, which suggests a very early transition state with very little

hydron transfer to the hydron-abstracting base. The chloride ion also increases the
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kE/kS ratio, approximately to the same extent as the trifluoroacetate ion and thus shows

a three-fold positive deviation from the Brønsted plot. Water, on the other hand,

shows about ten-fold negative deviation.

Consistent with the apparent catalytic effect of chloride ion on the ratio kE/kS is that

the substrate 1-Cl yields higher values than the ester 1-OOCCF3, which may be

attributed to the incomplete solvation of the chloride ion in the contact ion pair.

4.3. -Deuterium isotope effects

All three substrates, 1-Cl, 1-Br and 1-OOCCF3, display a considerable increase in

the rate constant ratio (or product ratio) kE/kS with increasing fraction of acetonitrile in

the solvent.

The measured deuterium kinetic isotope effects on the reaction rate (kobs
H6/kobs

D6) for

the reactions without added salts versus the fraction of acetonitrile in the solvent are

plotted in Figure 5. There is a significant increase in isotope effect with the increase in

the acetonitrile fraction that parallels the increase in the product ratio kE/kS. The

isotope effects on the separate reactions, kE and kS, respectively, are very similar for

the leaving groups Cl- and Br-. There is a slight decrease in kE
H6/kE

D6 and a slight

increase in kS
H6/kS

D6, with an increasing fraction of acetonitrile in the solvent.

Figure 5 The kinetic deuterium isotope effects for 1-Cl and 1-Br as a function of vol% acetonitrile  in

acetonitrile-water mixtures at 25 oC. Key: kobs
H6/kobs

D6 ( ), kE
H6/kE

D6 ( ), kS
H6/kS

D6 ( ).
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The above measured isotope effects are not completely consistent with a branching

mechanism with a common ion-pair intermediate for the elimination and substitution

reactions (Scheme 6). The change in the isotope effect may be explained by a small

amount of internal return that increases slightly with increasing fraction of the organic

solvent (eqn. (10)). The slight decrease in kE
H6/kE

D6 with increasing fraction of the

organic solvent component is also consistent with this interpretation. However, the

slight increase in the isotope effect kS
H6/kS

D6 with increasing acetonitrile fraction of

the solvent does not seem possible to accommodate into the branching mechanism.

4.4. Preassociation mechanism for alkene formation

Scheme 9

k3´

k-aka[B
-]

k-1´

k1´
B-R+X-B-RX

B-+Kas

k-1 k3

k2

k1

alkene

ROS

R+ X-RX

-

Illustrated in Scheme 9 are the various stepwise reaction pathways available for the

formation of alkene. The rate constant k3 represents elimination promoted by the

leaving group and/or by the solvent. This can occur by rotation of the leaving group or

a water solvent molecule into a reaction position and proceeds with an expected rate

constant of 1  1011 s-1.54,55 Another possible pathway is through preassociation of

the base with the substrate, followed by ionization to give the triple ion complex

B-R+X-. This stepwise preassociation route is preferred for elimination when collapse

of the triple ion complex to B-RX is faster than B- diffuses away, i.e. k-1´ k-a. If the

apparent slight catalysis by Brønsted bases is real (and not just a specific salt effect),

it must occur by this preassociation route because the ion pair is so short-lived that

diffusion is slower than the reaction of the intermediate with the solvent or leaving

group. A water molecule is less effective as a base than the substituted acetate anions;

the deviation from the Brønsted line is one order of magnitude as discussed above
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(Figure 4). The apparent slight general base catalysis of  = 0.07 suggests that there is

a barrier for the dehydronation of the ion pair. Accordingly, the elimination does not

occur through an enforced uncoupled concerted mechanism.

5. Concurrent base-promoted E2 reaction and solvolytic elimination via ion pair

The solvolysis of the secondary acidic substrate 4-chloro-4-(4´-nitrophenyl)butan-2-

one (10) in aqueous solvent provides the alkene by a predominant water-promoted E2

or E1cb elimination pathway in competition with ion-pair formation giving the

alcohol and alkene.22 By employing the corresponding tertiary substrate, 2-Cl, we

expected that the ion-pair path would become more competitive for alkene-forming

elimination reaction.

Cl

NO2

O

CH3CCH2CH PhCH2C

CH3

CH3

Cl

10 11

CH3

OMeH3C

12+

5.1. Solvolysis reaction via ion pair

Without bases present, the solvolysis of 4-chloro-4-(4´-nitrophenyl)pentan-2-one (2-

Cl) in aqueous acetonitrile yields two substitution products, the alcohol 2-OH and the

amide 2-NHCOMe, and three elimination products, 2-t-ne, 2-Z-ne and 2-E-ne, as

shown in Scheme 10. The formation of the amide and the alkene 2-t-ne is consistent

with an ionization mechanism. MeCN is a very poor nucleophile and the amide can be

formed only by attack of MeCN on a carbocation intermediate. On the other hand, the

hydrogens on 5-C are much less acidic than those on 3-C which is adjacent to the

carbonyl group and so the E2 (or E1cb) mechanism should not allow formation of 2-t-

ne. Also of interest is that the fraction of alkene 2-t-ne is predominant among the

elimination products, being in accord with the observation for the substrate 5-Cl

(Scheme 5). The relatively large weakening of the bonds to the methyl hydrons in the

putative carbocation should be the cause for their greater kinetic acidity.
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Scheme 10
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Table 3  The reaction results of 1-Cl in 25 vol% acetonitrile in water at 40 oC

                          Product composition, mol%

Salts 104kobs, s-1 1-OH 1-NHCOMe 2-t-ne 2-E-ne 2-Z-ne 1-Nu

none 1.5 80.3 0.5 13.3 4.9 trace

0.75M NaClO4 1.8 79.6 0.7 14.3 4.9 trace

0.75M NaCl 1.4 78.1 0.5 15.3 6.1 trace

0.75M NaBr 1.7 77.3 0.5 15.8 6.4 trace

0.75M NaSCN 1.7 58.2 0.4 14.6 6.8 trace 20.0

0.68M NaOAc 1.5 51.3 0.3 9.0 26.6 12.1 0.7

0.0179M NaOCH(CF3)2 139 1.2 55.6 43.2

As can be seen from Table 3, the effect of different salts on the rate of 2-Cl is small.

Addition of ClO4
- and SCN- gives a rate increase of about 15-20%. There is no

second-order substitution reaction with the added strong nucleophile SCN-, since the

observed reaction rate at constant ionic strength (maintained with sodium perchlorate)

does not change significantly with increasing concentration of the nucleophile. The

received selectivity ratio, kSCN/kHOH = 19, suggests that the putative carbocation

formed from 2-Cl is short-lived and poorly discriminates between different

nucleophiles. By applying the “azide-clock” method, the absolute rate constant of the

carbocation intermediate with water is estimated as kw = 1.1  1010 s-1. This clearly

indicates that the carbocation intermediate is relatively unstable and it should not be a

fully solvent-equilibrated species since diffusional separation of an ion pair should
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have a rate constant of about 2  1010 s-1. Accordingly, the estimated value (close to

the estimation for 11, page 29),33 is presumably an underestimate. The instability or

low selectivity of the carbocation is also reflected in formation of the acetonitrile

substitution product 2-NHCOMe though it is in low yield.

5.2. Base-promoted E2/E1cb reaction competing with ion-pair solvolysis reaction

The addition of bases such as acetate ion does not have a rate-depressing effect on the

observed rate constant as expected for a reaction through a carbocation intermediate.

On the other hand, the total fraction of the E and Z alkenes significantly increases as

the concentration of acetate ion increases, as illustrated in Figure 6. We would expect

an approximately two-fold rate decrease with 0.68 M of acetate ion for a reaction

proceeding entirely via carbocation intermediates. This estimate is based upon the

observed rate-depressing effects measured in the same solvent mixture for some other

solvolysis reactions which occur through carbocation intermediates. For example, the

solvolysis of 5-Cl is retarded 48% by the addition of 0.75 M acetate ion.31 Therefore,

it is suggested that the rate-depressing effect of the carbocation formation, giving

mainly 2-OH and 2-t-ne, is compensated by acetate ion-promoted E2 (or E1cb)

reaction giving trisubstituted alkenes. The base-promoted E2 (or E1cb) reaction is

clearly seen when the stronger base (CF3)2CHCO- is added, since the presence of only

0.018 M of this base brings about the conversion of almost 99% of the substrate into

E and Z alkenes (Table 3).

Figure 6   The effect of added acetate ion on the alkene formation for the reaction of 2-Cl in 25 vol%

acetonitrile in water at 40 oC buffered with 10% of acetic acid.
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Two extreme mechanistic possibilities are now discussed for the formation of 2-E-ne.

Alternative 1: the alkene 2-E-ne is formed exclusively through the

carbocation intermediate with acetate ion and other weak bases. The assumption that

the rate constant kw for formation of 2-OH from the common carbocation

intermediate (Scheme 11) is not affected by the base addition implies that the

measured product ratio [2-E-ne]/[2-OH] could be used for measuring the Brønsted

parameter for the dehydronation (ke) of the intermediate (Figure 7). The slope of this

plot,  = 0.35, is much higher than expected for the dehydronation of a very unstable

carbocation intermediate. For example, the measured Br nsted parameter for the

fluorene derivative 5+ is 0.05 under similar conditions;31 the more stable cumyl

carbocation PhCMe2
+ shows a Brønsted parameter of  = 0.13;16 the dehydronation of

the much more stable carbocation 12+ (page 29) exhibits a sensitivity to base strength

of  = 0.28.56 We therefore conclude that the alkene 2-E-ne or 2-Z-ne is formed partly

or exclusively through another reaction path, or through the base-promoted E2 (or

E1cb) reaction.

Scheme 11
H2O

base
base

ion pairRX ROH

alkenes

slow

E2

kw

ke

Figure 7   Brønsted plot for the solvolysis of 2-Cl in 25 vol% acetonitrile in water at 40 oC assuming

that the alkene 2-E-ne is formed exclusively by deprotonation of the ion pair.
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Alternative 2: the alkene 2-E-ne is formed exclusively through a base-

promoted E2 (or E1cb) reaction. Figure 8 shows the Brønsted plot that corresponds to

elimination involving dehydronation of the substrate in an E2 or irreversible E1cb

reaction. The slope is large,  = 0.76. The regression line for the substituted acetate

ions alone has a slope of  = 0.51. The Brønsted parameter for the reaction of the

corresponding secondary substrate 10 with substituted acetate ions has been reported

as  = 0.67.22

Figure 8   Brønsted plot for the elimination reaction of 2-Cl to give alkene product 2-E-ne (with the

second-order rate constant k13) in 25 vol% acetonitrile in water at 40 oC

We expect the putative water-promoted E2 elimination reaction to be slower than

predicted by the Brønsted line for the negatively charged bases in accord with

previous studies of E2 reactions.20-22 Dehydronation of carbocation intermediates

shows similar behavior.16,31(a),57 The low catalytic activity of water as a hydron

acceptor in E2 reactions probably reflects some kind of solvation effect. Therefore,

the positive deviation (166-fold) from the Brønsted plot suggests that the alkene 2-E-
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Similar results were obtained for the fluorene-activated tertiary substrate 5-Cl, as has

been mentioned earlier (Section 2.2.). By contrast to 2, however, the acetate ion does

not significantly promote the formation of the more stable alkene 5-i-ne (Scheme 5),

which may be attributable to its lower acidity (pKa = 22.5)31 relative to the reactant 2-

Cl (pKa = 19.3).57 Obviously, the -hydrogens have to be very acidic, otherwise the

E2 reaction is too slow compared to the ionization of tertiary substrates. Indeed,

behaving like the carbonyl-activated secondary substrate 10, the corresponding

secondary fluorene substrate 9-(1´-X-ethyl)fluorene (X = I, Br) ionizes slowly and

therefore the water-promoted E2 reaction becomes competitive.20

6. Solvolysis reactions involving a tertiary cyclopentanyl carbocation

6.1. Stereochemistry study and leaving group effect

As shown in Scheme 12, the reactions of 3-PNB and 3´-PNB in aqueous acetonitrile

yield the substitution product, 3-OH and its diastereomer 3´-OH, and the elimination

products, 3-m-ne and the less substituted 3-n-ne, with 3´-OH and 3-n-ne being

predominant in the product distribution (Table 4). The formation of 3-m-ne in the

reactions of 3-PNB is contradictory to the concerted pericyclic mechanism proposed

by Richard (8 and 9, page 19). The dominance of 3´-OH and 3-n-ne in the yield of

the alcohol and alkene products, respectively, suggests that carbocation intermediates

are involved in these solvolysis reactions.
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Table 4 The reaction results of 3-PNB, 3´-PNB and 3-OOCCF3 in aqueous acetonitrile.

                Product ratio, mol/molSubstrates MeCN

vol%

Temp
oC

104kobs

   s-1  [3´-OH]/ [3-OH] [3-n-ne]/[3-m-ne]

3-PNB 25 70 ~ 2.6            5.0 3.2

50 70 4.8 6.3

3´-PNB 25 70 ~ 53 5.7 3.4

50 70 7.3 4.1

3-OOCCF3 50 70 4.9 3.0

30 25 106 7.2 1.8

40 25 36 6.6 2.7

50 25 15 6.0 3.9

70 25 4.0 4.7 6.6

The observation that 3´-PNB is about twenty times more reactive than 3-PNB towards

solvolysis in 25 vol% acetonitrile in water (Table 4) may be attributed to the relief of

the higher torsional strain in 3´-PNB, in which the methyl group is cis to the 3-

fluorophenyl group, in the transition state leading to the formation of the carbocation

intermediate.

The higher yield of the (R,R and S,S) isomers over the (R,S and S,R) isomers in

substitution products excludes the possibility of a bimolecular nucleophilic

mechanism (SN2) since according to this mechanism the configuration inversion

products, 3´-OH and 3-OH, are expected to be yielded from the reactions of 3-PNB

and 3´-PNB as the main products, respectively.

As can be seen from Table 4, the trifluoroacetate 3-OOCCF3 is much more reactive

than its analogue 3-PNB. The difference ( 103 times) in reactivity is in accord with

the much higher basicity of the p-nitrobenzoate ion  ( pKa  3.5).45 The larger

fraction of elimination in the reaction of 3-PNB compared to that of 3-OOCCF3 is

also in accord with the basicity order. Furthermore, as indicated by the alkene product

ratio [3-n-ne]/[3-m-ne], the reaction yielding alkene 3-n-ne is more favored than

formation of 3-m-ne with increasing basicity of the leaving group. The above

observation suggests that the leaving group is involved in the transition state leading

to the alkene-forming elimination reaction.
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On the other hand, under the same reaction conditions, the observed alcohol ratio [3´-

OH]/[3-OH] has little dependence upon the basicity order of the leaving groups, as

shown in Table 4. Therefore, we would assume that the intermediate responsible for

the observed substitution product distribution is likely to be a solvent-separated ion

pairs or fully solvated free ion, in which the leaving group is well separated from the

positively charged reacting carbon taking up sp2 hybridization. The reacting carbon is

subsequently subject to nucleophilic attack by solvent molecules from either side, the

direction anti to the 2-methyl group being overwhelmingly favored for steric reasons,

resulting in the predominant formation of 3´-OH over of 3-OH in largely aqueous

solvents.

6.2. The effect of added thiocyanate ion

Figure 9 shows the effect resulting from the addition of the strong nucleophile SCN-

on the product composition of 3-OOCCF3 in aqueous acetonitrile. Within

experimental errors, the total alkene fraction is independent of the concentration of

added SCN- ion, as reported by Richard for other substrates with azide ion;24,47 the

increase in the total yield of NCS adducts (the SCN adducts are converted into NCS

isomers quickly after their formation) is compensated by the decrease in the yield of

solvent adducts. This phenomenon was also seen in the study on the substrate 2-Cl.

Figure 9 The fraction of the various solvolysis products of 1-OOCCF3 at 25 oC as a function of the

concentration of the added thiocyanate anion. Left: in 30 vol% MeCN in H2O; right: in 50 vol% MeCN

in H2O.
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The constant fraction of elimination may be explained by a simple mechanism, shown

in Scheme 13, in which the elimination is assumed to occur in the intimate ion pair

and nucleophilic addition is assumed to take place on the solvent-separated ion pair or

free ion. This proposal is supported by the observed smaller sensitivity to solvent

ionizing power of the alkene-forming elimination reaction than the alcohol-forming

substitution reaction (the measured Grunwald-winstein parameters for 1-OOCCF3 in

aqueous acetonitrile are: mS = 0.8 for substitution and mE = 0.56 for elimination) as

well as the variation of product composition with the leaving group.

Scheme 13

In 30 vol% acetonitrile in water, kSCN/kHOH was measured as  52 and in 50 vol%

acetonitrile in water kSCN/kHOH was  42. The formation of solvent-equilibrated

carbocations is in accord with the following: the solvent substitution adducts formed

by addition of MeCN or TFE to the putative intermediate were not detected,

suggesting that the carbocation ion or ion pair has a significant life time. In contrast,

solvolysis in largely aqueous acetonitrile of some other substrates such as the fluorene

derivative 5-Br (kSCN/kHOH = 3) as well as 2-Cl (kSCN/kHOH = 19) which involves

highly unstable carbocation intermediates, usually give the corresponding amides by

the addition of acetonitrile to the intermediates by a preassociation mechanism.

If the thiocyanate adducts are formed by the trapping of the liberated ion, the absolute

rate constant kw (s-1) with water may be estimated by the “azide clock” method. Thus,

in 30 vol% acetonitrile in water, kw = 3.5 × 109 s-1; in 50 vol% acetonitrile in water, kw

= 3.3 × 109 s-1. It is suggested by the calculation that the putative ion pair will undergo

diffusional separation to give free ions before it reacts with nucleophiles because the

diffusional separation rate constant by solvent has been estimated as 2 × 1010 s-1.
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In contrast to our conclusions about a relatively stable carbocation for the reaction, the

reaction rate constant of the closely related 3-fluorocumyl carbocation has been

estimated to be ks  1011 s-1 in 50 vol% TFE in water by extrapolation of data for less

reactive carbocations (see 3.2., Table 1). Accordingly, the preassociation mechanism

has been used to account for the formation of the azide adduct and further establish

the pericyclic concerted mechanism to explain the independence of the alkene yield of

the azide ion addition.

6.3. The halide ion effect on the solvolysis reaction

There have been many reports about the chloride ion effect on solvolysis reactions in

aqueous organic solvents.24,31,32,39,58 Slight increase in the fraction of elimination was

often observed when sodium chloride salt was added, which was usually attributed to

direct dehydronation by the weakly basic chloride ion or specific salt effect.58

Figure 10  The total fraction of alkenes obtained in the solvolysis reactions of 3-OOCCF3 as a

function of the concentration of added halide and acetate ions in 30 vol% acetonitrile in water at 25 oC.

In 40 vol% acetonitrile in water, adding of 0.5 M of Cl-, Br- or I- induces small but

similar changes in pseudo first-order rate constants as have previously been seen in

the reactions of the fluorene derivative 1-Cl under identical conditions (Table 2,

section 4.1.). On the other hand, in contrast to 1-Cl, the ester 3-OOCCF3 shows a

large but contrary trend in partitioning products in the presence of halide anions. As

illustrated in Figure 10, the total fraction of 3-m-ne and 3-n-ne is enhanced by the

added halide ions in the order, Cl-  Br-  I-, which is opposite to their basicity order
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in water but the same as their nucleophilicity order in protic solvents.4 For example, in

30 vol% MeCN in water, the addition of 0.5 M of Cl- and Br- increase the total alkene

fraction by 7 mol% and 11 mol%, respectively, while the same amount of I- gives an

increase as high as 26 mol%. In contrast to halide ions, the stronger base acetate ion

shows smaller effect on the total fraction of alkenes, which is difficult to be

incorporated in a mechanism in which the leaving group is the active base.

Figure 11   The effects of added halide and acetate ions to alkene product ratio [3-n-ne]/[3-m-ne]
in 30 vol% acetonitrile in water at 25 oC.

Figure 11 shows that the product ratio of elimination [3-n-ne]/[3-n-ne] decreases with

the addition of halide ions, especially when I- is added, whereas the ratio increases

with added acetate ion; this decreasing or increasing tendency is strengthened with

increasing the concentration of added halide ions or acetate ion. It is suggested by the

above observation that halide ions and acetate ion may effect through different

mechanisms.

The halide effect may be explained according to Scheme 13, in which the nucleophilic

halide ion adds to the dissociated carbocation to form the corresponding halide

products. These highly reactive halides will undergo fast solvolysis to give alkenes

and alcohols. Hence the most nucleophilic ion, iodide ion, may react with the

carbocation by a diffusion-controlled rate and give rise to a more amount of the halide

adduct than the other less nucleophilic halide ions and subsequently produce a larger

yield of the alkenes. The acetate adduct, on the other hand, is stable under the reaction
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conditions. The acetate ion may also function as a base to give a small increase in the

fraction of the alkenes as has been observed previously for the cumyl carbocation.16

7. Nucleophilic addition of water to a tertiary allylic carbocation intermediate

The acid-catalyzed solvolysis of the ether 2-methoxy-2-phenyl-3-butene (4-OMe) in

50 vol% acetonitrile in water at 25 oC yields the tertiary alcohol 4-OH, the primary

allylic alcohol 4´-OH and a trace of the primary allylic ether 4´-OMe (Scheme 14).

The stability of 4´-OH is greater than its isomer 4-OH, and after a long reaction time

most of 4-OH will be converted to 4´-OH. However, 4-OH is the predominant

product under kinetic control.

Scheme 14

OH

+

OH

+

OMe

H3O+

OMe

4-OMe 4-OH 4´-OH 4´-OMe

In acidic solution, 4-OMe is 100 times more reactive than the structurally related

cumyl methyl ether PhC(Me)2OMe.16 This is presumably the result of more extensive

charge delocalization accompanying the ionization of the former compound.

Accordingly, the reactivity of the tertiary benzallylic carbocation formed from 4-PNB

with solvent water, kw = 7 × 108 s-1, is smaller than that of the cumyl carbocation

PhC(Me)2
+ which has a value of kw  5 × 109 s-1 under similar conditions.16

The ionization rate constant k1 (Scheme 15) should be relatively insensitive to the

solvent polarity in sharp contrast to the cleavage of a bond between carbon and a

negatively charged leaving group. Also, the rearrangement of the two localized ion-

molecule pairs (kr, Scheme 15) is not expected to show a high sensitivity to the

solvent polarity.
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Scheme 15
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Two plausible alternative explanations for the predominant formation of 1-OH are the

following:

(i) Direct reaction of the localized ion-molecule pair 4+O(H)Me with solvent

water (kw´, Scheme 15). This is supported by the fact that there is a significant

increase in the product alcohol ratio [4-OH]/[4´-OH] with increasing fraction of

water in the solvent; an approximately constant ratio is expected for reaction through

the solvent-equilibrated carbocation.

(ii) Reaction through the solvent-equilibrated allylic carbocation; a smaller

kinetic barrier for addition of water to the tertiary carbon than to the primary carbon.

This alternative is in accord with large fraction of 4-OH formed from the chloride 4´-

Cl. However, the higher fraction of 4-OH formed from 2-Cl than from 1-OMe is

consistent with a shielding effect of the leaving group in the allylic ion pair.56 Thus,

the carbocation is not a completely solvent-equilibrated species.

Another alternative explanation for the large amount of 4-OH might be an SN2

reaction in which water attacks the methyl group of the hydronated substrate.

However, this possibility is excluded since a solvolysis experiment with 18O-labeled

water showed complete incorporation of the labeled oxygen into 4-OH.

8. Conclusions

1. A very short-lived ion-pair intermediate is involved in the solvolysis reactions of

1-X. The fraction of alkene 1-ne is increased by addition of general bases, which can

be expressed by a Brønsted parameter  = 0.07. The kinetic deuterium isotope effects

on the reactions of the hexadeuterated substrates vary with solvent composition in a
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way which is not consistent with a common carbocation intermediate which has time

to choose between dehydronation and addition of a solvent water molecule.  In

addition to dehydronation from the ion pair, 1-ne may also be formed by a

preassociation mechanism.

2. In the absence of added bases, the reaction of 2-Cl in largely aqueous acetonitrile

proceeds through a short-lived carbocation intermediate yielding alcohol 2-OH,

terminal alkene 2-t-ne, Z-alkene 2-Z-ne and E-alkene 2-E-ne, the fraction of 2-t-ne

being the largest of all the elimination products. Addition of acetate ion and other

weak bases yields internal alkenes by the base-promoted E2 (or E1cb) mechanism.

The Brønsted parameter  for this reaction is 0.76, measured with substituted acetate

anions. Water-promoted E2 (or E1cb) reaction is not significant.

3. The stereochemistry studies of elimination from 3-PNB, 3´-PNB and 3-OOCCF3

exclude the concerted pericyclic elimination mechanism for formation of alkene 3-m-

ne, but are consistent with elimination via ion pairs. The putative carbocation reacts

with water with an estimated rate constant of kw = 3.7 x 109 s-1. The obtained data are

consistent with the alkenes that are formed mainly through dehydronation of an

intimate ion pair, and substitution products that are mainly formed by addition of

nucleophiles and solvent to a solvent-separated ion or a free ion. The addition of

iodide ion creates a substantial increase in the fraction of the alkenes which may be

rationalized by formation of the halide by trapping of the free ion.

4. Mass spectrometry analysis showed complete incorporation of the labeled oxygen

from solvent water into the products 4-OH and 4´-OH, confirming that it is the

tertiary carbon-oxygen bond that is broken in the acid-catalyzed solvolysis of 4-OMe.

A completely solvent-equilibrated allylic carbocation is not formed.
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