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and for the reverse reaction in 50:50 TFE:H,0.3 The two values
are in excellent agreement, better than might be expected in view
of the difference in solvent and the probable error of the rate
constants used in these calculations.
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Abstract: Substituted 1-phenylethyl derivatives with ¢% > —0.08 exhibit bimolecular substitution reactions with azide ion in
20% acetonitrile in water. The reactions with 1-phenylethyl chlorides follow a Hammett correlation with p = 2.9, compared
with p = =5.6 (* = 1.15) for solvolysis. Swain—Scott correlations give values of s = 0.46 and 0.22 for 1-(4-nitrophenyl)ethyl
chloride and tosylate, respectively; there are large positive deviations for azide ion and water and negative deviations for cyanide
ion. The value of 8, is 0.09 for reactions of substituted acetates with the chloride. The reactions exhibit “synergism” between
the nucleophile and leaving group that favors the bimolecular reaction with Me,S, Br~ > CI~ > OTs" leaving groups. The
bimolecular reaction with azide follows the Grunwald—-Winstein Y correlation with m = 0.8 in methanol-water mixtures.
Bimolecular reactions with less reactive nucleophiles in the series N3, CN~, AcO~, and ROH appear at progressively larger
o values, as the carbocation becomes less stable. It is concluded that these reactions are Sy2 displacements that proceed through
an open, “exploded” transition state that closely resembles a carbocation. Specific salt effects are small in water but are significant
in acetonitrile-water mixtures and could be mistaken for normal or induced common ion rate depressions. No evidence was
obtained for nucleophilic assistance to the formation of a carbocation intermediate. Concurrent Syl and SN2 pathways occur
in the reactions with solvent and azide of [1-(4-methylphenyl)ethy!]dimethylsulfonium ion, I-(4-fluorophenyl)ethyl chloride,
1-(3-methoxyphenyl)ethyl chloride, and, probably, 1-(3-nitro-4-methoxyphenyl)ethyl chloride. Crude estimates of the lifetime
of the carbocation intermediate in the presence of the nucleophile are consistent with the hypothesis that the concerted reactions
are enforced by the absence of a significant lifetime of the carbocation in the presence of the nucleophile and that stepwise
mechanisms are followed when the intermediate has a significant lifetime; the change from a stepwise to a concerted mechanism

occurs when the intermediate ceases to have a lifetime in the presence of a nucleophile.

We have briefly described evidence that bimolecular substitution
reactions of 1-phenylethyl derivatives with azide ion® in a good
ionizing solvent proceed through a concerted Sy2 displacement
mechanism, not through reaction with an ion pair intermediate.
This evidence includes large ratios of the rate constants for reaction
with azide and solvent, the dependence of rate constants on the
nucleophilicity of the attacking reagent and on ring substituents
in the substrate, and estimates of rate constants for collapse of
an ion pair intermediate, which are inconsistent with the ion pair
mechanism.>  Other evidence is available that the nonlinear
dependence of the rate on the concentration of azide ion that is
observed for reactions of 1-phenylethyl derivatives under some
conditions* is not the result of a change in rate-limiting step of
an ion pair mechanism.>® The lowest energy pathway for a
second-order displacement reaction through a highly unstable
intermediate should, in any case, be through a preassociation
mechanism, which does not undergo a change in rate-limiting step
with increasing nucleophile concentration.’
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We describe here an examination of the properties of bimole-
cular substitution reactions of 1-phenylethyl derivatives with azide
and other nucleophilic reagents. The results provide further
support for the concerted reaction mechanism of substitution but
show that the transition state closely resembles that expected. for
a monomolecular, Sy1 substitution mechanism. This supports
the suggestion’ that classification of reaction mechanisms ac-
cording to the quantitative structural properties of the transition
state, in terms of “carbocation character” or “assistance”, provides
no sharp dividing lines between mechanisms and gives a large
“borderline” region of mechanism; a more clear-cut distinction
among mechanisms can be obtained by classification according
to the lifetime, or lack thereof, of reaction intermediates.

Experimental Section

Materials. Inorganic salts, methano! and acetonitrile (HPLC grade),
and trifluoroethanol (Gold Label grade, Aldrich Chemical Co.) were used
without further purification. Mercaptoethano! and propanethiol were
distilled under nitrogen. Procedures for the synthesis of solvolysis sub-
strates were described previously.?

Solvolysis Reaction Procedures. Mixed trifluoroethanol:water solvents
were prepared by mixing measured volumes of water (at ionic strength
1.0) and trifluoroethanol. For kinetic studies in mixed acetonitrile:water
or methanol:water solvents, stock solutions of the cosolvents were pre-
pared by diluting a measured volume of the organic solvent to a specified

(7) (a) Jencks, W. P. Acc. Chem. Res. 1980, 13, 161-169. (b) Jencks, W.
P. Chem. Soc. Rev. 1981, 10, 345-375.
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final volume with water. A single stock solution was used to prepare all
of the solutions containing inorganic salts that were used in a given set
of experiments. Unless otherwise stated these reactions were studied
under conditions of constant ionic strength equal to the fractional water
composition times 1.0. Solvolysis reactions were run at room temperature
(22 £ 2 °C) when only the product composition was to be analyzed, since
the product ratios are not affected by these small changes in temperature.
Rate constants for nucleophilic substitution were measured at 25 °C
unless indicated otherwise.

Chromotographic Analysis of Products. The conditions for HPLC
separation of solvolysis reaction products and the procedures for iden-
tification of these products are described in the earlier papers in this
series.®’ The solvent selectivity for the reaction of 1-(4-nitrophenyl)ethyl
tosylate in 50:50 TFE:H,O and the azide selectivity for the reaction of
1-(4-nitrophenyl)ethyl chloride were obtained after reaction for ~10
halftimes because the trifluoroethyl ether and the azide adduct coelute
with 1-(4-nitrophenyl)ethy! tosylate and 1-(4-nitrophenyl)ethy! chloride,
respectively. The azide adduct formed from !-(3-bromophenyl)ethyl
chloride coelutes with 3-bromostyrene, which was also a solvolysis reac-
tion product. In 20% acetonitrile in water 3-bromostyrene accounted for
less than 5% of the total product absorbance. However for reaction in
50:50 TFE:H,0, 3-bromostyrene formation increased to 20% of the total
product absorbance. The azide selectivity in this solvent was estimated
after removal of 3-bromostyrene with mercaptoethanol as described
previously.® The value obtained agrees within 20% with the value cal-
culated from the fractional decrease in the amount of water adduct at
increasing azide concentrations. The yield of styrene at 70 °C is larger
and the azide selectivity was obtained from the decrease in the amount
of water adduct in the presence of 5 concentrations of azide. The azide
peak areas for the reactions of 1-(4-fluorophenyl)ethyl chloride and
bromide in TFE:H,0:CH,;CH,CH,SH were corrected by 15-20% for the
presence of 4-fluorostyrene, assuming that the same fraction of total
products was styrene in the presence and absence of azide ion. The
amount of O-ether formed from mercaptoethano! and 1-(3-nitro-4-
methoxyphenyl)ethy! chloride in 50:50 TFE:H,O was calculated from the
observed area of the S-alkyl product and the O:S ratio of 0.11 observed
in the absence of azide, because the O-ether eluted with the azide peak.

Kinetic Methods. Rate constants for the reactions of [1-(4-methyl-
phenyl)ethyl]dimethylsulfonium bromide and !-(4-methylphenyl)ethyl
pentafluorobenzoate with solvent and azide at 25 °C in 50:50 (v/v)
TFE:H,O0, ionic strength 0.5 maintained with NaClO,, were measured
by monitoring product appearance and substrate disappearance, respec-
tively, by HPLC. Reactions of 1-(4-nitrophenyl)ethyl chloride with
solvent and added nucleophiles at ionic strength 1.0 were also monitored
for substrate disappearance by HPLC. First-order rate constants were
obtained from semilogarithmic plots of [S] or [P.] - [P,] against time
(S = substrate, P = product), which were typically linear for 2-3 half-
times.

The solvolysis reaction of !-(4-nitrophenyl)ethy! chloride at 25 °C in
20% acetonitrile in water and constant ionic strength of 0.8, maintained
with NaClO,, was followed by analysis of product formation (P) by
HPLC for the first 5% of reaction; the rate constant, k,,,, was obtained
from the slope of a plot of [P]/[S], against time. Under similar con-
ditions the rate of substrate disappearance in the presence of I~ was fast
enough to allow the reaction to be followed for 1-4 halftimes at
0.025~0.20 M I, so that ke values could be obtained from semiloga-
rithmic plots as described above. Extrapolation to zero [I7] of a plot of
kobsa against [I7] gave a value of k., within 10% of the value obtained
by measuring the initial rate of the solvolysis reaction.

Pseudo-first-order rate constants for the reactions of substituted !-
phenylethy! chlorides and bromides with solvent and azide at 25 °C in
water, methanol-water, or acetonitrile-water were measured spectro-
photometrically at 290-300 nm by following the protonation of phenolate
anion by acid that is formed from solvolysis. Typically, reactions in a
volume of 3.0 mL containing 5 uL of 0.5 M phenol (90% phenolate anion
in 50% acetonitrile in water) were initiated by addition of 40 uL of a
solution of substrate in acetonitrile to give a final concentration of 0.5-1.5
mM (the concentration of phenolate ion was always larger than that of
solvolysis products). Identical rate constants were obtained for the re-
action of 1-(3-methoxypheny!)ethy! chloride when protonation of phe-
nolate was monitored at 290 or 300 nm. Pseudo-first-order rate con-
stants, ko4, were obtained from the slopes of semilogarithmic plots of
(A, - A.) against time, which were usually linear for more than three
halftimes. The fast reaction of |-(4-methylphenyl)ethy! chloride and
1-(4-fluorophenyl)ethy! bromide, with halftimes as short as ~1 s, were
followed for the terminal part of the reaction and gave satisfactory
first-order kinetics using an end point based on A4 for 5 halftimes + 3%
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AA. The end point drifts over longer times, possibly because of incom-
plete dissolution of traces of substrate. Other end points were stable for
several minutes or for longer times if argon was bubbled through the
organic and aqueous solvents before mixing. Second-order rate constants,
kg, for the direct reaction between azide and substrate were obtained
from the slopes of linear plots of k.4 against [N37].

First-order plots for the reaction of 1-(3-methoxypheny!)ethyl chloride
in the presence of I~ gave downward curvature that was shown by HPLC
analysis of reaction products at early times to be due to the formation
of 1-(3-methoxyphenyl)ethyl iodide, which then reacts at a slightly faster
rate than the chloride. The rate constant for the solvolysis of |-(3-
methoxyphenyl)ethyl chloride in the presence of I~ was obtained from the
initial slope of a semilogarithmic plot of (4, - 4.) against time.

Biphasic kinetics were observed for the reactions of a number of
substituted 1-phenylethy! bromides in 40% acetonitrile in water in the
presence of chloride ion at constant ionic strength of 0.6 maintained with
NaClO,. The rate constant obtained from the initial slope of a semi-
logarithmic plot of (4. - A,) is similar to that obtained for reaction of
the |-phenylethyl bromide in the absence of chloride. The rate constant
obtained from the slope of this plot at long reaction times is identical,
within experimental error, with the rate constant for reaction of the
similarly substituted 1-phenylethy! chloride under comparable reaction
conditions. Approximate values of the fraction of |-phenylethyl chloride
formed as a reaction product were estimated from a semilogarithmic plot
of (4. - A,) against time by extrapolating the slow phase for reaction
of the !-phenylethyl chloride to zero reaction time. The error in this
extrapolation from nonlinearity at early times was estimated to be <8%.
Formation of |-(4-fluorophenyl)ethy! chloride from I-(fluoropheny!)ethyl
bromide under the same reaction conditions was detected by HPLC
analysis of the reaction components at early times.

Results

We previously reported that the observed rate constants for the
reactions of substituted 1-phenylethyl chlorides with ¢* = —0.08,
in 20% acetonitrile in water at 25 °C and ionic strength 0.8
maintained with NaClQ,, increase with increasing azide con-
centration due to a reaction pathway that gives the azide product.’
The rate constants k., (s!) and k,, (M1 s7!) for these reactions
and for the reactions of substituted 1-phenylethyl bromides are
given in Table I. Plots of k., against azide concentration are
linear;? in contrast, the reaction in ethanol at 50 °C and increasing
ionic strength gives plots with downward curvature.* Also shown
in Table I are values of k,,/k; (M™) calculated from the ratio
of the products from addition of azide and solvent. For the
4-methyl and 3-nitro-4-methoxy compounds these values are larger
than the values of k,,/k.q, from the kinetic data because the azide
adduct is formed from the carbocation intermediate and there is
little or no second-order reaction with azide for these substrates.’
For the 4-fluoro, 3-methoxy, and 3-bromo compounds the product
ratios are in fair to good agreement with the values of k,,/k,
from kinetic data and show that the azide adduct formed as
product is sufficient to account for the observed rate increase. The
small excess of azide adduct over that predicted from kinetic data
for the 4-fluoro- and 3-methoxy-substituted compounds could be
caused by a small specific salt effect that decreases ky,, formation
of a small amount of azide adduct by reaction with a carbocation
intermediate, experimental error, or a combination of these factors.

The values of k,,/k, from product analysis for the reactions
of the 4-fluoro and 3-methoxy 1-phenylethyl halides were found
to increase ~20% as the azide concentration is increased from
0.16 to 0.64 M; average values are reported in Table I. The
second-order plots of k.4 against azide concentration do not
suggest upward curvature;'? however, slight curvature would not
be evident because the k. values are only accurate to £5%. The
increasing k,,/k, values could reflect a specific salt effect that
increases k,, or decreases k.

The second-order rate constant for the reaction of azide ion
with 1-(4-fluorophenyl)ethyl bromide in 20% acetonitrile was
calculated from the experimentally determined value for kg, and
the k,,/k, value of 2.0 M™! obtained from product analysis, because
the kg values in the presence of azide were too fast to measure
conveniently. The rate constant for the fast (¢, = 1 s) solvolysis

(9) Richard, J. P; Jencks, W. P. J. Am. Chem. Soc., preceding paper in
this issue.

(10) Richard, J. P.. Jencks, W. P. J. Am. Chem. Soc. 1982, 104,
4689-4691.
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Table I. Rate Constants and Partitioning Ratios for the Reactions of Ring-Substituted 1-Phenylethy! Chlorides with Solvent and Azide

in 20% Acetonitrile in Water?

Cl- leaving group

Br leaving group

o + ksolvs kaz’c kaz/ksolv’d kaz/ks’e ksolv’ kaz’c kaz/ksolv’d kaz/kS'e

substituent r*(o* — o")P s7! M-t g™! M-! M- s7! M-1g™! M-? M-!
4-CH, -0.35 §:1x10°! <l16x10f 1.2
3-NO,, -0.18 1.2x 10! ~0.5% 10" ¢ 1.4

4-OCH,
4-I -0.11 3.6 X 107? 4.1 £ 0.6 x 1072 1.2 3.5x 107! 7x 1071k 2.0
3-CH, -0.07 2.5x 1072 3.4 %1072
H 0 9.8x 107 1.8 X 102 .
3-OCH, 0.12 3.7x 1073 7.2% 103 .95 2.4 4,6 X 107 1.§ x 10™ 3.9 4.6
3-Br 0.39 7.1 X 1075 1.2x 1073 16.1 8.5x 10 2,7%X 1077 32 34
4-NO,} 0.79 3.4 X107 1.2x10*h 350

¢ At 25 °C and constant ionic strength of 0.8 maintained with NaClO,. First-order rate constants, kg4, Were nieasured by monitoring

the disappearance of phenoxide indicator as a result of the release of acid from solvolysis, unless noted otherwise.

Values for o* and o”

are from Hine, J. “‘Structural Effects on Equilibria in Organic Chemistry”; Wiley: New York, 1975; pp 55-78. Anr* value of 1.15
determined for the reaction of 1-phenylethy! chlorides in 80% aqueous acetone is used.?* ¢ Obtained from the slope of a plot of =5 values
of Kk gpsa against the concentration of azide ion. ¢ The ratio of the rate constants in the previous two columns. ¢ Based on the relative
concentrations of the products from reaction with solvent and azide. f The calculation of this upper limit is described in the text. £ Based
on a 20% increase in kgpgq as the azide concentration was increased from 0 to 0.48 M. h Calculated from kgqpy (s71) and koztks (M™1)
determined by product analysis. ' Rate constants were measured by following the initial rate of product formation using HPLC.

of 1-(4-methylphenyl)ethyl chloride agrees with the value of 0.77
51 obtained from the rate constant of 6.4 X 10725 for the reaction
in 40% acetonitrile in water and a value of 12 % 1 for the ratio
of the rate constants for 1-(3-methoxyphenyl)ethyl chloride and
1-(4-fluorophenyl)ethyl chloride in the two solvents.

No increase in kgq Was observed in the presence of azide ion
for the reactions of 1-(4-methylphenyl)ethyl chloride in a number
of mixed methanol-water and acetonitrile-water solvents, as noted
previously.® The absence of a rate increase in these solvents
indicates that there is also no second-order reaction in 20%
acetonitrile in water, because k,, is less sensitive than kg, to solvent
polarity (Y, see below). The upper limit for k,, in Table I was
calculated assuming a 10% increase in kg as the azide con-
centration is increased from 0-0.5 M. Values of kg for this
unstable substrate in 20% acetonitrile in water were not measured
in the presence of azide because measurements of k, in this
solvent showed variations of ~20%. An upper limit of k,, for
the reaction of 1-(3-nitro-4-methoxyphenyl)ethyl chloride was
obtained from the 20% increase in k. that was observed as the
azide concentration was increased from 0 to 0.48 M. A larger
increase of 50% was observed with 0.4 M azide in 50% methanol
in water. The second-order rate constant for the reaction of azide
with 1-(4-nitrophenyl)ethyl chloride was calculated from the value
of kg, determined from the initial rate of the solvolysis reaction,
and the ratio k,,/k, = 350 M1, determined from product analysis.

Nucleophilic selectivity values, based on product analysis, are
reported in Table II as dimensionless ratios of second-order rate
constants for the reactions of nucleophile and solvent with 1-
phenylethyl chlorides or bromides in 50:50 TFE:H,0 and 20%
acetonitrile in water. The data are reported as dimensionless ratios
in order to facilitate comparison of nucleophilic selectivities for
reactions in different solvents. Values for the reactions of 1-(3-
bromophenyl)ethy! chloride, 1-(4-cyanophenyl)ethyl chloride, and
1-(4-nitrophenyl)ethyl bromide in 50:50 TFE:H,0 were deter-
mined at 70 °C. The difference in the product ratios for the
3-bromo compound at 22 & 2 and 70 °C is not large and the
increases in the product ratios for the 4-cyano and 4-nitro com-
pounds, which were measured only at 70 °C, are larger than
expected from the difference in temperature for all nucleophiles
except water (Table II).

The value of ken-/ks in 20% acetonitrile in water for 1-(3-
bromophenyl)ethyl bromide was found to decrease by only 10%
as the concentration of hydroxide ion was increased to 0.033 M.
A competing reaction with hydroxide ion is also not significant
for the reactions of 1-(4-fluorophenyl)ethyl and 1-(3-methoxy-
phenyl)ethyl chloride or bromide with cyanide ion and solvent
because azide ion, a much stronger nucleophile, would give only
a small reaction at concentrations comparable to those of hydroxide
ion in these reactions.

10€ kobsd «$
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Figure 1. The dependence of k.4 on the concentration of anionic nu-
cleophiles for reactions of 1-(4-nitrophenyl)ethyl chloride in water at
constant jonic strength of 1.0 maintained with NaClOj,.

A rate constant of k;- = 7.5 X 107 M~! s~! was measured for
the reaction of 1-(4-nitrophenyl)ethyl chloride in 20% acetonitrile
in water. Combining this value, the k,, value in Table I, and
the concentration of water gives a dimensionless ratio k;-/ky,o
= 980, which is in good agreement with the result from product
analysis in Table II.

When substituted 1-phenylethyl bromides react in 40% ace-
tonitrile in water containing chloride ion, the corresponding 1-
phenylethyl chloride accumulates during the relatively fast reaction
of the bromide and then undergoes solvolysis in a slower phase.
The rate constants for the slow phase were the same as those for
the corresponding chloride derivative. The approximate values
of k¢y-/ ko listed in Table II are based on the amount of chloride
adduct formed in the fast phase, which was estimated by ex-
trapolation as described in the Experimental Section.

The following nucleophilic selectivities were determined from
product analysis for reactions of 1-(4-nitrophenyl)ethyl tosylate
in 50:50 TFE:H,O0 at ionic strength 0.5 and room temperature:
kaz/kree = 360, kaco-/krre = 5.4, kyeon/ kree = 2.5, kiy0/ ke
=0.9. Valuesof k,, =3.3 X 103 M s!and kp, =2.9 X 10™*
s~! were obtained under the same conditions.

Figure 1 shows plots of k.4 against the concentration of nu-
cleophile for reactions of 1-(4-nitrophenyl)ethyl chloride in water
at 25 °C and ionic strength 1.0. Table III lists nucleophilic
selectivities for the reactions of 1-(4-nitrophenyl)ethyl chloride
in water at ionic strength 1.0 based on product analyses and the
second-order rate constants, ky, obtained from the slopes in Figure
1. Also shown in Table III are nucleophilic selectivities based
on product analysis for reactions of 1-(4-nitropheny!)ethyl tosylate
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Table II. Nucleophilic Selectivities Toward Ring-Substituted 1-Phenylethyl Chlorides and Bromides for Reactions in 50:50 (v:v)

TFE:H,0 and 20% CH,CN in Water?

50:50 TFE:H,O0 (v:v)¢ solvent

CI” leaving group

Br- leaving group

Kaz/ kaco-/ kmeon/ ku,o! Kazl kaco:!  kmeon/  ku,ol
substituent krre krre krre” krre® krr’ krrE kree’  kpre?
3-NO,, 150 10 11 2.6
4-OCH,
4-CH, 52f 4.5 7 1.3 1.4
4-F 597 3 4.6 1.6 94 3.5 5.0 1.6
3-OCH, 58f 2 3.0 0.89 110 3 3.5 0.94
3-Br 480 + 80¢ 7 3.2 1.3 1180 6 3.6 1.0
3708 6.98 3.98 1.8¢
4-CN 440080 288 5.48 1.62
4-NO, 12 60051 55¢ 6.92 1.6%
20% CH,CN in water' solvent 40% CH,CN in water” solvent
Cl" leaving group Br- leaving group
) kaco-/ ken-/ k- kene/ kel
substituent kHZO quOm kHZOn kHZOm kHzoo

4-CH, 4 13

4-F 2.5 3 3 11

3-OCH, 4 3 44 3.5 11

3-Br 6 3 750 S

4-NO, 37 53 900

¢ Tor reaction at room temperature (22 = 2 °C), except where noted otherwise, and constant jonic strength 0.5 maintained with NaClO,.
Selectivity values were calculated from the relative concentrations of reaction products. ? Average of values for at least two acetate
concentrations. ¢ For reaction in 50:45:5 (v:v:v) H,O:TFE:MeOH. 4 In 50:50 (v:v) TFE:H,0. € Average of values obtained at 0.1, 0.2,

and 0.3 M azide.

T Average of at least 5 values at azide concentrations between 0.1 and 0.5 M. £ At 70 °C.

Average of values obtained

at 0.017 and 0.050 M azide. ' Average of values obtained at 0.017, 0.033, and 0.050 M azide. 7 At 25 °C and ionic strength 0.8 (NaClO,).

k At 25 °C and ionic strength 0.6 (NaClO,). 1 Average of values for at least two acetate concentrations between 0.16 and 0.80 M.

™ Average values for at least two cyanide concentrations between 0.2 and 0.8 M. " Based on product ratios obtained at early reaction times,
assuming equal extinction coefficients for the chloride and iodide. ¢ Approximate values from product analysis (Experimental Section).

Table III. Rate Constants and Rate Constant Ratios
for Reactions of 1-(4-Nitrophenyl)ethy!l Chloride and Tosylate
in Water?®

leaving group

cl- OTs"
kn! (kwlks) knlks)
105 5.2 Keolys prod,© prod,©
nucleophile M-t st M- M- M-!
N," 130 3.44
HOCH,CH,$" 750 5.4
I- 19.7 8.2 0.82
Br- 4.7 2.0 0.35
ok 0.18
CN- 2.8 1.2 0.42 0.07
AcO" 1.07 0.43 0.37 0.08
F- 0.05 <0.04¢
H,0 0.0437 0.018"  0.018"

Kgopy = 2.4 X 107° 571

% In the presence of 1% acetonitrile at 25 °C and constant ionic
strength of 1.0 maintained with NaClO,. The reactions were
followed by monitoring substrate concentration using HPLC.

b The slope of a plot of k 5peq against nucleophile concentration
(Figure 1). € Ratio of rate constants based on product analysis.
d 1dentical values were obtained with 5 uM and 50 uM substrate.
€ At 0.5M [F~] no fluoride adduct was detected. The selectivity
value is calculated by using an upper limit of 0.02 as the fraction
of total product as fluoride adduct which may have escaped
detection. / Based on the second-order rate constant for water,
kgo1v!55.5.

under the same conditions. The increase in kg for the reaction
of 1-(4-nitrophenyl)ethyl chloride in the presence of cyanide ion
is larger than can be accounted for by the contribution of the
second-order pathway for the nucleophilic reaction of cyanide
estimated from product analysis. However, the ratio ky/k, from
product analysis was found to remain constant with increasing
cyanide concentration. The increase in kg4 is not caused by a
reaction with hydroxide ion because k4 increases only 15% in

kobsd/ko
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Figure 2. The effect of azide concentration on the rate constants for
reactions of 1-(4-methylphenyl)ethy! derivatives at 25 °C and ionic
strength 0.5 (NaClO,): (1) 1-(4-Methylphenyl)ethyl chloride in 50%
methanol in water; (A) !-(4-methylphenyl)ethy! pentafluorobenzoate in
50:50 TFE:H,0; (0O) [!-(4-methylphenyl)ethyl]dimethylsulfonium
bromide in 50:50 TFE:H,0.

the presence of 0.025 M {OH"]. These results are consistent with
a specific salt effect of cyanide ion that increases both kg, and
ky by 30% as the concentration of cyanide is increased from 0.25
to0 0.75 M. They are not explained by an effect of cyanide on only
the reaction with solvent because such an effect, with the rate
constant kg, would give a decrease in the product ratio with
increasing cyanide concentration, as described by eq 1.

(kn/ks)obss = kn/ Koy + kg[CN7)) (1

Nucleophilic selectivities of substituted acetate anions toward
1-(4-nitrophenyl)ethyl chloride were determined by product
analysis for reactions in water at ionic strength 1.0 maintained
Wlth NaClO4: kAcO'/ks =21. kCH30AcO'/ks = 18, and kClAcO'/ks
= 14.

The reaction of [1-(4-methylphenyl)ethyl]dimethylsulfonium
bromide is first order with respect to azide ion, as shown in Figure
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Table IV. Specific Salt Effects on the Observed Rate Constants
for the Disappearance of 1-(3-Methoxyphenyl)ethy! Chloride
in Water?

107K opsats 8™
[X",M C-b Brrb 15 A0b NP Clo,¢

0 3.1 3.1 3.0 3.1 3.1 2.1
0.2 3.4 3.1 2.9 2.9 3.7 2.6
0.4 3.2 3.4 2.9 2.8 4.5 3.0
0.6 3.3 3.4 2.7 2.6 5.2 3.2
0.8 3.6 2.4 5.9

1.0 3, 2. 3.1

@ Containing 1% acetonitrile at. 25 °C. TFirst-order rate constants
were obtained by wonitoring acid release with phenolate ion as an
indicator. ° At constant ionic strength of 1.0 maintained with
NaClO,. ¢ The rate constant was estimated from the initial rate
of the solvolysis reaction. The reaction mixtures contained
only NaClO,.

2, and gives rate constants of k,, = 15 X 10 M 57! and ky,
=19 X 107 5™\, Product analysis by HPLC showed that the entire
rate increase could be accounted for by the formation of the azide
adduct. Rate constant ratios are k,,/ky,0 = 300 and ky,o/k1ee
= 1. 1-Phenylethyldimethylsulfonium ion has been shown pre-
viously to react with azide by displacement at the 1-carbon atom.?
A value of kg, = 2.0 X 1075 57! was observed for the reaction of
1-(4-methylphenyl)ethyl pentafluorobenzoate but there is a de-
crease in kqug Of 20% as the azide concentration is increased from
0to 0.5 M. This compound gives a small amount of azide adduct
by a trapping mechanism.® Azide ion has no effect on the rate
of solvolysis of 1-(4-methylphenyl)ethyl chloride in 50% methanol
in water (Figure 2). The solvolysis of [1-(4-methylphenyl)-
ethyl]dimethylsulfonium bromide in 20% acetonitrile in water at
four acetate concentrations in the range 0.32-0.80 M gives small
amounts of the acetate ester with a dimensionless rate constant
ratio of kaco-/ky,0 = 5.4 £ 1.2,

The effect of increasing ionic strength (NaClO,) and specific
salt effects on kg, at constant ionic strength for reaction of
1-(3-methoxyphenyl)ethyl chloride at 25 °C in water are given
in Table IV.

Pseudo-first-order rate constants for solvolysis and second-order
rate constants for the reaction of azide ion with substituted 1-
phenylethyl chlorides at constant ionic strength in a number of
methanol-water solvents are reported in Table V. No k,, values
are given for the reaction of 1-(4-methylphenyl)ethyl chloride
because kg values for this compound are independent of azide
concentration. Table VI gives azide—solvent product selectivity
values obtained for the same reactions in methanol-water. The
jonic strength was maintained constant with NaClQy as the azide
concentration was increased at each methanol concentration.
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Figure 3. The solvent dependence of the specific salt effect of chloride
anion on the rate constant for solvolysis of 1-(3-methoxyphenyl)ethyl
chloride at 25 °C in mixed acetonitrile in water solvents at constant ionic
strength of 0.6 maintained with NaClO,. The inset is for the reaction
of 1-(3-methoxyphenyl)ethy! bromide. Water (M); acetonitrile in water:
10% (A); 20% (@); 30% (¢); 40% (V).

The effects of increasing acetonitrile concentration on the
specific bromide and chloride salt effects for the solvolysis of
1-(3-methoxyphenyl)ethyl bromide and chloride at 25 °C and
constant ionic strength of 0.6, maintained with NaClO,, are shown
in Figure 3. The kinetic data are given in Table S1 (Supple-
mentary Material).

The reactions of propanethiol with 1-(4-fluorophenyl)ethyl
chloride, 1-(4-fluorophenyl)ethyl bromide, and 1-(3-nitro-4-
methoxyphenyl)ethyl chloride in 90:10 TFE:H,O and in the
presence of 0.08 M azide were investigated at constant ionic
strength of 0.1 maintained with NaClO,. Figure 4 is a plot of
each reaction product, as a fraction of total products, against the
volume percent of propanethiol in the solvent. The data are given
in Tables S2 and S3 (Supplementary Materials).

Discussion

Second-order reactions of 1-phenylethyl derivatives with azide
ion, in 20% acetonitrile in water, become significant with 1-(4-
fluorophenyl)ethyl chloride and are progressively more important
for compounds with more electron-withdrawing substituents. The
increase in the observed reaction rate is linear with increasing azide
concentration up to 0.64 M at constant ionic strength in this
solvent!® and accounts for 280% of the observed azide product
(Table I). The reactions of azide ion with 1-phenylethyl chloride
and 1-phenylethyldimethylsulfonium ion in 80% ethanol proceed
with inversion.? Second-order reactions with other nucleophiles
appear only with compounds that have more electron-withdrawing
substituents, depending on the strength of the nucleophile; with
1-(4-nitrophenyl)ethyl chloride there is a linear increase in rate

Table V. Effect of Increasing the Solvent Methanol Content on the Rate Constants for Reactions of Solvent, kg4, and Azide, k.,

with Substituted 1-Phenylethy! Chlorides in Aqueons Methanol®

substituent
4-CH, 4-1 3-OCH,
% MeOH? Y€ ksorv» 7! ksoly: 7! kpzo M™1 57! ksory, 87" kaz, M™! 57!
0 3.49 3.1x 10" 3.6 X 1072

10 3.28 1.7x 10" 2.3x 1072
20 3.02 9.0x 1073 16.1 x 1073
30 2.75 3.8 X107 3.9x10"? 4,1x 107 7.7% 10"
40 2.39 1.8 x 1072 2.0 % 102 1.9x 1073 44x1074d
50 1.97 1.6 X 107! 6.2 x 1073 9.3x 103 9.7 x 10 19 X 10*
60 1.49 5.9x 10 2.3x 1073 3.3x 102
70 0.96 2.1x 102 7.4 x 107 1.6 X 103
80 0.38 6.0x 1073 2.3x10°* 6.8 x 104
90 -0.30 1.5x 103
11 0.90 0.94 0.75 1.02 0.80

¢ Constant ionic strength with increasing [NaN,] was maintained with NaClO, and was equal to the fractional water composition of the
solvevnt (.by vo}umc) times 1.0. Azide concentrations were increased up to 0.8 of the initial [NaClO,]. The reactions were followed by
monitoring acid release with phenolate ion as an indicator. With one exception, k,, is the slope of a plot of 5 kypsq values against the azide

concentration. © Volume % MeOH in water. € The Y values are for MeOH:H, 0 (v/v) solutions at zero ionic strength,**

point plot of k¢4 against azide concentration.

Based on a 4



1388 J. Am. Chem. Soc., Vol. 106, No. 5, 1984

Table VI. Azide Product Selectivity Ratios for the Reactions
of 1-(4-I"'luorophenyl)ethyl Chloride and
1-(3-Methoxyphenyl)ethy! Chloride in TFE-H,Q

and MeOH-H, O Solvents®

ring substituent

4-F 3-OCH,
ka,b/ kaz/
% TFE ks, ozl kazl kgb kazl kazl
vy M7 kg oof  krre® M7 km,0°  krrE€
50 1.1 37 57 1.8 65 57
60 1.2 35 58 1.9 60 58
70 2.2 56 60
80 1.8 31 60 2.5 52 59
90 2.4 28 56 2. 47 57
ring substituent
4-pd 3-OCH, ¢
kaz/ kaz/
% MeOH kg,b kgl kazl  ke®  kagl  kagl
inwater  M™ ky,0¢ kmeon® MT' kum,0° kmeon®
0 1.7 95
10 1.8 105 40
20 1.2 71 31 2.1 118 46
30 1.3 73 34 2.2 127 51
40 1.5 77 40 2.5 144 59
50 1.7 85 48 2.9 160 72
60 2.1 104 60
70 3.0 128 85
80 4.1 158 115

¢ Reaction at 22 + 2°C. Constant ionic strength with increasing

azide concentration was maintained with NaClO, and was equal
to the fractional water composition of the solvent (by volume)
times 1.0. ® Treating the solvent reaction as a first-order rate
constant. ¢ Dimensionless ratio of second-order rate constants.
d Data are from product analysis of the same experiments used
to obtain the kinetic data in Table V.
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Figure 4. The effect of propanethiol on the yields of products from the
reactions with azide, solvent, and thiol of 1-(4-fluorophenyl)ethy! chloride
(A), 1-(4-fluorophenyl)ethyl bromide (B, closed symbols), and 1-(3-
nitro-4-methoxyphenyl)ethy! chloride (B, open symbols). The reactions
were carried out at 22 £ 2 °C in the presence of 0.08 M sodium azide
and 0.02 M sodium perchlorate. Propanethiol was substituted for tri-
fluoroethanol in a solvent of 90:10 TFE:H,0 (v/v).

with increasing concentratioh of iodide, bromide, cyanide, and
acetate anions (Figure 1). Evidence has been described briefly?
supporting the conclusion that the reaction with azide ion proceeds
through a preassociation concerted Sy2 displacement mechanism
that “contains only one stage, in which two molecules simulta-
neously undergo covalency change”, as defined by Ingold.!!

(11) Ingold, C. K. “Structure and Mechanism in Organic Chemistry”, 2nd
ed.; Cornell University Press: Ithaca, NY, 1969; p 423.
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Figure 5. A Swain-Scott plot of nucleophilic selectivities against the n
value of the nucleophilel? for the reactions of () 1-(4-nitrophenyl)ethyl
chloride in water at g = 1.0 (NaClO,), (a) 1-(4-nitrophenyl)ethy! to-
sylate in water at u = 1.0 (NaClO,), and (@) 1-(3-methoxyphenyl)ethy!
chloride in 20% acetonitrile in water at 4 = 0.8 (NaClO,). An estimated
value of n = 8.0 for HS" is used for HOEtS".1?

However, the transition state for this reaction is open or “exploded”
and has a number of properties that resemble those of a carbo-
cation. The results described here characterize some of these
properties and provide additional evidence consistent with a
concerted Sy2 displacement mechanism for these reactions.

Structure-Reactivity Correlations. Nucleophilic Reactivity. The
sensitivity toward the nucleophilic reactivity of the attacking
reagent is smaller for displacement reactions on 1-(4-nitro-
phenyl)ethyl derivatives than for methyl halides, but generally
larger than for displacements on methoxymethyl derivatives, which
also proceed through a carbocation-like transition state. Swain—
Scott correlations based on nucleophilic reactivity toward methyl
iodide in methanol!? show large deviations for azide and cyanide
ions and give slopes of s = 0.46 and 0.22 for reactions of halide
ions with 1-(4-nitrophenyl)ethyl chloride and tosylate, respectively
(Figure 5). Displacement reactions on N-(methoxymethyl)-
N,N-dimethyl-m-nitroanilinium ion show similar deviations and
follow a correlation with s = 0.28;'? the same reactions with
2,4-dinitrophenolate ion as the leaving group have a similar slope.'
Slopes of s = 0.69 and 0.49 for 1-(4-nitrophenyl)ethyl chloride
and tosylate, respectively, were obtained from a smaller number
of nucleophilic constants based on reactions of methyl bromide
in water,'® with positive deviations of 50-fold for azide and 200-fold
for water. There is a similar deviation of the point for water from
a two-point plot against the N* values for azide and cyanide ions.'¢

Rate constants for displacement by substituted acetate ions on
1-(4-nitrophenyl)ethyl chloride (Results) show a small dependence
on basicity, with 8,,c = 0.09, which may be compared with g,
= (.29 and 0.23 for nucleophilic reactions of oxygen anions with
methyl iodide and methyl perchlorate, respectively,!” and 8, ~
0.05 for displacement of 2,4-dinitrophenolate anion from the
methoxymethyl group.!*

The large positive deviations of azide and negative deviations
of cyanide ion from the Swain—-Scott correlations (Figure 5) give
a reactivity order of k,, >> kcy-, which is opposite to that for
displacement on methyl halides but the same as for nucleophilic
reactions with carbocations.!>!¢ This reflects the large amount
of carbocation character of the transition state. The same de-
viations and reversed reactivity order are found for displacement

(12) Pearson, R. G.; Sobel, H.; Songstad, J. J. Am. Chem. Soc. 1968, 90,
319-326. A valueof n = 8.0 is used for HOCH,CH,S", based on the n value
for reaction of HS™ with CH;,l.

(13) Knier, B. L.; Jencks, W. P. J. Am. Chem. Soc. 1980, 102, 6789-6798.

(14) Craze, G.-A; Kirby, A. J.; Osborne, R. J. Chem. Soc., Perkin Trans.
2 1978, 357-368.

(15) Swain, C. G.; Scott, C. B. J. Am. Chem. Soc. 1953, 75, 141-147.
Koskikallio, J. Acta Chem. Scand. 1972, 26, 1201-1208.

(16) Ritchie, C. D. Acc. Chem. Res. 1972, 5, 348-354. Ritchie, C. D
Virtanen, P. O. L. J. Am. Chem. Soc. 1972, 94, 4966-4971. Ritchie, C. D.;
Gandler, J. J. Am. Chem. Soc. 1979, 101, 7318-7323.

(17) Koskikallio, J. Acta Chem. Scand. 1969, 23, 1477-1489, 1490~1494.
Koivurinta, J.; Kyllonen, A.; Leinonen, L.; Valaste, K.; Koskikalllo, J. Finn.
Chem. Lett. 1974, 239-243.
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Figure 6. Comparison of nucleophilic selectivities toward 1-(4-nitro-

phenyl)ethyl tosylate and 1-(4-nitrophenyl)ethyl chloride for reactions
in water at ionic strength 1.0 (NaClO,).

on the methoxymethyl group.!> However, the larger deviations
for the phenylethyl derivatives (10- to 100-fold compared with
3-fold) indicate an even larger amount of carbocation character
in the transition state, according to this criterion.

Displacement reactions in the phenylethyl system show a large
dependence of nucleophilic reactivity on the nature of the leaving
group, or a “synergism” between the nucleophilic and nucleofugic
groups.'® Figure 6 shows that there is a linear correlation of the
values of log (kny./ k) for the reactions with 1-(4-nitrophenyl)ethyl
tosylate and chloride with a slope of 0.57, or 1.7 for log k¢, against
log kor,. The rate constants for reactions with azide, cyanide,
and thiol anions and with water, which show large deviations from
Swain—Scott correlations, fit this correlation. Thus, the factors
which cause deviations from the Swain—Scott correlation, such
as the enhanced reactivity of azide, are affected proportionately
when the leaving group is changed. The interaction between the
attacking and leaving groups in the transition state supports a
coupled, concerted reaction mechanism.

It is particularly significant that the rate constants for water,
cyanide, and acetate fall close to the straight line of Figure 6,
because these compounds are less nucleophilic than chloride ion
toward 1-(4-nitrophenyl)ethyl tosylate (Table III) but are more
nucleophilic than the tosylate ion.!>!° This behavior is consistent
with a concerted Sy2 displacement reaction mechanism. It would
not be expected for a stepwise reaction with an ion pair inter-
mediate because the relative nucleophilic reactivities of the entering
and leaving groups require that bond breaking would be rate
limiting for all reactions of the tosylate but that bond making
would be rate determining for reactions of weak nucleophiles with
the chloride compound. Since there must be different amounts
of bond formation to the nucleophilic reagent when bond making
and bond breaking are rate determining, there should be a change
in the slope of Figure 6 accompanying such a change in rate-
determining step;'? no such change is observed.

The limited data for 1-(3-methoxyphenyl)ethyl chloride (solid
symbols, Figure 5) show a smaller selectivity toward nucleophiles,
similar to that of 1-(4-nitrophenyl)ethyl tosylate, and suggest that
the less electron-withdrawing substituent on this substrate results
in a transition state with even less bond formation and more
carbocation character than for the reactions of 1-(4-nitro-
phenyl)ethyl chloride. This kind of change in transition state
structure (corresponding to an interaction coefficient 48,,./dc =
3p/0pK )™ is well-known for displacement reactions on sub-
stituted benzyl derivatives,!-23

(18) Pearson, R. G.; Songstad, J. J. Am. Chem. Soc. 1967, 89, 1827-1836.
Pearson, R. G.; Songstad, J. J. Org. Chem. 1967, 32, 2899-2900.

(19) Kohnstam, G.; Queen, A.; Ribar, T. Chem. Ind. (London) 1962,
1287-1288.

(20) Young, P. R.; Jencks, W. P. J. 4m. Chem. Soc. 1979, 101,
3288-3294.

(21) Hudson, R. F.; Klopman, G. J. Chem. Soc. 1962, 1062-1067.

(22) Miller, W. T, Jr.; Bernstein, J. J. Am. Chem. Soc. 1948, 70,
3600-3604. Ballistreri, F. P.; Maccarone, E.; Mamo, A. J. Org. Chem. 1976,
41, 3364-3367.
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Figure 7. Hammett plots of the rate constants for reactions of ring-
substituted 1-phenylethyl chlorides with nucleophiles and solvent at 25
°C in 20% acetonitrile in water at ionic strength 0.8 (NaClO,): (®) k,
(s1); (W) kg, (M 571); () Kene (M7 571); (8) Kaco- (M7 571). The
points for CN~and AcO- are based on product analysis and represent
upper limits for second-order rate constants, except for 1-(4-nitro-
phenyl)ethy! chloride.

An even more striking example of “synergism” between entering
and leaving groups is seen for the reaction of azide ion with the
[1-(4-methylphenyl)ethyl)dimethylsulfonium ion. Figure 2 shows
that azide ion provides no nucleophilic assistance to the ionization
of 1-(4-methylphenyl)ethyl chloride or pentafluorobenzoate, but
reacts with the corresponding dimethylsulfonium ion through a
second-order reaction with a ratio of k,,/ ks, = 7.9 M™'. Evidently
there is a favorable interaction between the strongly nucleophilic
azide ion and the “soft” dimethyl sulfide leaving group that lowers
the energy of the transition state to the point that the S\2 reaction
becomes significant. It is possible that a favorable electrostatic
effect contributes to this interaction, but the small ratios of
kaco-/ku,0 = 5.4 and 4 for the reactions of acetate anion with
the sulfonium ion and chloride derivatives, respectively, provide
no indication of any such electrostatic effect.

The ratio kgys/ k) decreases as the mechanism for solvolysis
of a series of compounds changes from Syl to Sy2.2* The data
in Table III show that the ratio kor,/ k¢ for solvolysis is larger
than for the reaction with azide by a factor of 130/3.4 = 38.

Structure—Reactivity Correlations. Aromatic Substituents. Rate
constants for the solvolysis of ring-substituted 1-phenylethyl
chlorides in 20% acetonitrile in water follow a Hammett corre-
lation, modified according to Yukawa and Tsuno,? with p = =5.6
and r* = 1.15 (Figure 7). This r* value is based on the data of
Tsuno et al. for the solvolysis of 1-phenylethyl chlorides in 80:20
acetone:water; it corresponds to p” = —6.4 and a contribution of
resonance stabilization in the transition state that is slightly larger
than that for the solvolysis of cumyl chlorides.?%2¢ The p value
is similar to values of —5.0,% -5.1,27 =5.7,282% and —6.3% for related

(23) Harris, J. M,; Shafer, S. G.; Moffatt, J. R.; Becker, A. R. J. Am.
Chem. Soc. 1979, 101, 3295-3300.

(24) Hoffman, H. M. R. J. Chem. Soc. 1965, 6753-6761, 6762-6769.

(25) Tsuno, Y.; Kusuyama, Y.; Sawada, M.; Fujii, T.; Yukawa, Y. Bull.
Chem. Soc. Jpn. 1975, 48, 3337-3346. The reported value of r* = 1.15 is
based on ¢° values; however, the data give a value of r* = 1.14 based on ¢".

(26) Brown, H. C.; Okamota, Y. J. Am. Chem. Soc. 1958, 80, 4979-4987.

(27) Noyce, D. S; Virgilio, J. A. J. Org. Chem. 1972, 37, 2643-2647.

(28) Hill, E. A; Gross, M. L.; Staslewicz, M.; Manion, M. J. Am. Chem.
Soc. 1969, 91, 7381-7392.

(29) Shiner, V. J., Jr; Buddenbaum, W. E; Murr, B. L,; Lamaty, G. J.
Am. Chem. Soc. 1968, 90, 418-426. A p* value of -5.7 was calculated from
these data.’
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reactions of 1-phenylethyl derivatives and to p* = -5.7 reported
earlier for the same reaction based on more limited data.?

The rate constants for the second-order reaction with azide ion
also decrease sharply with electron-donating substituents, although
the p value of —2.9 is less negative than that for solvolysis (Figure
7). The difference in slope, Ap = 2.7, provides evidence that the
developing bond formation to azide ion reduces the positive charge
on the central carbon atom in the transition state. An electrostatic
interaction between the negative charge of azide ion and the
substituent on the substrate may contribute to this difference, but
the contribution is not expected to be large because a full negative
charge at a similar distance from the substituent gives a p value
of only 1.1 in the ionization of trifluoroacetophenone hydrates.?!
Similar behavior is observed for the reactions of 1-aryl-5-hexenyl
and 1-aryl-4-methoxy-1-butyl chlorides, which occur with intra-
molecular nucleophilic assistance from the olefin or ether groups
and follow p* values of —3.9 and -3.8, respectively; the solvolysis
of co;xolpounds with a nonreactive alkyl side chain follows p* =
-6.3.

Hammett correlations for reactions of substituted 1-phenylethyl
bromides are very similar to those for the chloride, with values
of p = -5.6 for solvolysis and —3.0 for the second-order reaction
with azide (not shown). However, the values of k., are ~ 10-fold
larger and those of k,, are ~20-fold larger than for reactions with
the corresponding chlorides (Table I).

The observed p values of —2.9 and —3.0 for the reactions with
azide ion are much more negative than those for most Sy2 sub-
stitution reactions. They show that there is a large development
of positive charge on the 1-position of the phenylethyl group in
a transition state that has relatively weak bonding to the entering
and leaving groups; there is a small amount of bond formation
and a large amount of bond cleavage. Bimolecular substitution
reactions on alkyl substrates in which the central carbon atom
is insulated from resonance stabilization show little or no effect
of polar substituents.® Reactions of substituted benzyl derivatives
show relatively small changes in rate and follow curved or U-
shaped Hammett plots that can be explained, at least in part, by
additive electrostatic and resonance effects;2%22 the same effects
presumably contribute to the curved or U-shaped Hammett plots
and small p values for substitution reactions of benzhydryl and
1-phenylethyl derivatives in nonpolar solvents.’? The electrostatic
effect from interaction with an anionic nucleophile will increase
in nonpolar solvents and give a larger (less negative) value of p.
Nonpolar solvents may also cause a shift in the structure of the
transition state toward less cationic character, perpendicular to
the reaction coordinate. Steric hindrance by the methyl group
of 1-phenylethyl derivatives** is expected to decrease the amount
of bond formation and increase the cationic character of the
transition state compared with that for substitution reactions of
benzyl derivatives.

An upper limit of the rate constant for the second-order reaction
of azide ion with 1-(4-methylphenyl)ethyl chloride, which shows
no rate increase in the presence of azide, is shown as the open
square in Figure 7; the rate constant for the reaction with 1-(3-
nitro-4-methoxyphenyl)ethyl chloride is an upper limit that is based
on a 20% rate increase in the presence of 0.48 M azide ion and
is shown as a closed square. Both of these rate constants are
consistent with an extrapolation of the correlation line for the
observed second-order reactions.

Rate constants for the reaction with cyanide ion follow a

(30) Mihel, L; Orlovic, M.; Polla, E.; Borcic, S. J. Org. Chem. 1979, 44,
4086-4090. Mihel, L.; Sistek, J.; Borcic, S.; Humski, K.; Sunko, D. E. Ibid.
1979, 44, 4091-4096. Polla, E.; Borcic, S.; Sunko, D. E. Ibid. 1979, 44,
4096-4100. The p* values are based on rate constants extrapolated from data
in several solvents. The different p* values suggest that the reaction with
solvent occurs with little or no nucleophilic assistance, while the intramelecular
reaction involves assistance. The difference presumably arises from the large
decrease in the effective reaction barrier that is characteristic of many in-
tramolecular reactions.

(31) Stewart, R.; Van der Linden, R. Can. J. Chem. 1960, 38, 399-406.

(32) (a) Ceccon, A.; Papa, L.; Fava, A. J. Am. Chem. Soc. 1966, 88,
4643-4648. (b) Stein, A. R. Tetrahedron Lett. 1974, 4145-4148,

(33) Reference 11, pp 428-437.
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correlation line parallel to that for the solvolysis reaction in Figure
7 for most 1-phenylethyl derivatives. These rate constants are
based on product analysis and are too small to give a significant
increase in the observed rate constants for substrate disappearance,
so that they represent upper limits of the second-order rate con-
stants for reaction with cyanide ion. However, there is an upward
break in the line for the reaction of the p-nitro compound, which
corresponds to the appearance of a significant second-order re-
action of cyanide with this compound (Figure 1). The data for
acetate anion are more scattered, but the appearance of a sec-
ond-order reaction with the p-nitro compound requires a smaller
value of p for the second-order reaction than for solvolysis, as in
the case of the azide reaction.

The difference in the p values for the reactions with azide and
with solvent is inconsistent with several possible mechanisms for
these reactions that proceed through an ion pair intermediate.

(1) An activation-limited reaction of solvent and a diffusion-
controlled reaction of azide with the intermediate would give a
more positive value of p for the solvent reaction than for the azide
reaction. This behavior is observed for reactions of the free cation
with solvent and azide® but is the opposite of that observed for
these reactions. The reaction of azide ion with any such unstable
intermediate would certainly be diffusion controlled.

(2) Diffusion-controlled reactions, or other mechanisms that
are not activation limited, for both solvent and azide would give
the same value of p for both reactions. This is not observed.

(3) Most mechanisms that involve activation-limited reactions
of both solvent and azide with an ion pair, with or without nu-
cleophilic assistance to ionization, would be expected to give a
similar or more positive value of p for the reaction with solvent
than with azide. Reaction with azide, a strong nucleophile, might
be expected to involve an early transition state with little bond
formation and much cationic character, whereas reaction with
the much less nucleophilic solvent should occur through a later
transition state with more bond formation, less cationic character,
and a more positive p. A larger value of p is observed for the
reaction of trifluoroethanol, a weak nucleophile, than for the
reactions of methanol and ethanol with 1-phenylethyl carboca-
tions.” The opposite is observed for azide; the p values show that
there is more bond formation and less carbocation character in
the reaction with azide than with solvent.

The selectivities toward solvent components, kyeon/X1re and
ku,o0/ kreg, show little change or increase with increasing o for
1-phenylethyl derivatives electron-withdrawing substituents (Table
IT). For reaction with an ion pair a decrease in selectivity would
be expected with electron-withdrawing substituents as the car-
bocation becomes less stable. There is such a decrease in
kyeon/k1re and kgon/krre for the reactions that do proceed
through a free carbocation or an ion pair.® The opposite behavior
is observed for compounds with electron-withdrawing substituents,
with an increase in kyon/ktre from 3.0 to 6.9 (Table II). This
corresponds to a more positive value of p for the more basic alcohol
and to the interaction coefficient d8,,./d0 = dp/d pKyye. This
beliavior, which is characteristic of the Sy2 displacement mech-
anism,?*23 is the complement of that described above.

Salt and Solvent Effects. The solvolysis of 1-(3-methoxy-
phenyl)ethyl chloride in water shows a modest positive salt effect,
with a rate increase of 50% when the ionic strength is increased
to 0.0-1.0 with sodium perchlorate (Table IV, last column).
Similar effects of 0.6 M sodium perchlorate were observed in the
presence of 20-40% acetonitrile (Table S1, Supplementary Ma-
terial).

Specific salt effects were examined in water and in aceto-
nitrile-water to determine if the solvolysis reaction is subject to
a common ion rate depression or an induced common ion effect,
We conclude that neither of these effects exist, in water or
water—acetonitrile, but that the observed salt effects in the mixed
aqueous—organic solvents could be mistakenly interpreted as ev-

(34) Winstein, S.; Klinedinst, P. E., Jr.; Robinson, G. C. J. Am. Chem.
Soc. 1961, 83, 885-895. Vitullo, V. P.; Wilgis, F. P. J. Am. Chem. Soc. 1981,
103, 880-883.
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idence for such common ion effects.

Substitution of chloride for perchlorate ions in water at a
constant ionic strength of 1.0 gives no specific salt effect or
common ion inhibition, as shown in Table IV. Thus, specific
stabilization of carbocations by perchlorate ion® is not significant
for the transition state of this reaction. Substitution of 0.6 M
bromide or iodide ions for perchlorate ion gives small rate increases
or decreases of 10%, respectively. The rate constants for solvolysis
in the presence of iodide ion were determined by measurements
of initial reaction rates because substitution by iodide becomes
significant at longer times. Substitution by bromide could account
for the small increase in the observed first-order rate constant in
the presence of bromide ion and substitution by azide accounts
for the increased rate constants in the presence of azide ion, as
determined by product analysis. A specific salt effect of acetate
anion gives a 30% rate decrease at 1 M.

However, when the reaction was carried out in the presence
of 40% acetonitrile a 30% decrease in the rate constant for sol-
volysis of 1-(3-methoxyphenyl)ethyl chloride, from 2.3 X 10 to
1.6 X 107* s, was observed upon the addition of 0.6 M sodium
chloride (Table S1). There is an even larger decrease in kg, of
>50%, when 0.6 M chloride is substituted for perchlorate ion at
a constant ionic strength of 0.6 in 40% acetonitrile, as shown in
Figure 3. A similar inhibition was observed for 1-(3-methoxy-
phenyl)ethyl bromide in the presence of bromide ion (Table S1).
These results might be taken as evidence for common ion inhibition
of solvolysis by reaction of chloride (or bromide) ion with a
carbocation intermediate to regenerate the starting material. The
larger effect in the presence of perchlorate ion could be taken as
evidence for a perchlorate-induced common ion effect. However,
the following evidence shows that the inhibition in the mixed
solvent is a specific salt effect, not a common ion rate depression.

(1) There is no common ion effect in water, a good ionizing
solvent, in which a carbocation intermediate would be expected
to be equally or more stable and show an equal or larger common
ion inhibition.

(2) Chloride ion inhibits the solvolysis of 1-(3-methoxy-
phenyl)ethyl bromide almost as much as the chloride, as shown
in the inset to Figure 3 {28%, compared with 32% for the chloride
at 0.36 M [CI}, Table S1).

(3) Solvolysis of the bromide compound in the presence of 0.6
M sodium chloride gave only 20% of the chloride product. Thus,
capture of any carbocation intermediate by 0.6 M {CI7] is €£20%,
which cannot account for >50% inhibition of solvolysis by chloride
ion (Figure 3).

Similar negative specific salt effects on solvolysis in mixed
aqueous—organic solvents have been observed previously and
described in terms of a salt-induced medium effect.’® The same
specific salt effects in mixed solvents can cause changes in rate
when buffer concentration is increased and one anion is substituted
for another at constant ionic strength; these changes can be
mistaken for buffer catalysis.’’

The larger ratios of azide to solvent reactions from analysis of
products (Table VI) than from measurements of rate constants
in methanol-water mixtures (Table V) are consistent with a similar
negative specific salt effect on k,, when perchlorate is replaced
by azide ion in these solvents.

The rate constants for both solvolysis and the second-order
reaction with azide increase sharply with increasing ionizing power
of the solvent in methanol-water mixtures, as shown in Figure
8. The slopes of these correlations against Grunwald—Winstein
Y values, m, are 0.9-1.0 for solvolysis and 0.75—-0.80 for the azide
reactions. These Y values are based on the solvolysis of zert-butyl
chloride.’® The conditions are not strictly comparable because
the rate constants reported here were determined in the presence

(35) Bunton, C. A,; Huang, S. K. J. Am. Chem. Soc. 1972, 94, 3536-3544.

(36) Grunwald, E.; Butler, A. F. J. Am. Chem. Soc. 1960, 82, 5647-5654.
Duynstee, E. F. J.; Grunwald, E.; Kaplan, M. L. Ibid. 1960, 82, 5654-5660.

(37) Salomaa, P.; Kankaanpera, A.; Lahti, M. J. Am. Chem. Soc. 1970,
93, 2084-2085.

(38) Fainberg, A. H.; Winstein, S. J. Am. Chem. Soc. 1956, 78,
2770~27717.
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Figure 8. The dependence of k., (open symbols) and kg, (closed sym-
bols) on Grunwald-Winstein Y values for methanol-water solvents® at
25 °C. The ionic strength was held constant with NaClO, as the con-
centratjon of azide was increased.

of sodium perchlorate in order that rate constants for the sec-
ond-order reaction with azide could be determined at constant
ionic strength. However, the presence of sodium perchlorate does
not appear to have a significant effect because the observed m
values agree with the reported value of m = 0.91 for the solvolysis
of 1-phenylethyl chloride.’® The effect of sodium perchlorate
on the reaction is small, compared with the observed solvent effects,
and is independent of solvent composition in acetonitrile-water
mixtures (Tables IV and S1). Correlations based on Y values from
the solvolysis of 1-adamantyl chloride*® give values of m = 0.74
and 0.60 for solvolysis and reaction with azide of the 4-fluoro
compound, respectively.

The surprisingly large values of m for the bimolecular reactions
with azide anion provide further evidence for a highly polar, open
transition state, with a large amount of bond cleavage and little
bond formation. The reaction of an anion with an uncharged
molecule would be expected to show no change or an increase in
rate with decreasing solvent polarity if the charge is more dispersed
in the transition state than the reactants. The observed rate
decreases of 17- and 57-fold with increasing methanol concen-
tration indicate that there is a considerable net increase in charge
in the transition state.

The data provide no support for the hypothesis that nucleophilic
assistance to ionization by the solvent?! is significant for any of
these reactions in which ionization to an intermediate with a
significant lifetime has been proved to occur.

(1) It has been pointed out previously that there is no nu-
cleophilic assistance by solvent for the ionization of the 4-methoxy
and 4-methyl compounds because there is no assistance to ioni-
zation by azide ion'® (Figure 2). If there is no assistance by a
much stronger nucleophilic reagent, there is not expected to be
assistance by solvent.*> Similarly, there is no detectable rate
increase from a second-order reaction with cyanide ion for 1-
phenylethyl derivatives with substituents as electron-withdrawing
as 3-bromo, although the ratio ken-/ kg is 1057 for methyl iodide
in methanol.'?

(2) A decrease in the Grunwald—Winstein m values for the
4-fluoro and 3-methoxy compounds, compared with that for the
4-methyl compound, would be expected if nucleophilic assistance
to ionization were becoming significant. This decrease would

(39) Fainberg, A. H.; Winstein, S. J. Am. Chem. Soc. 1957, 79,
1597-1602.

(40) Bentley, T. W.; Carter, G. E. J. Am. Chem. Soc. 1982, 104,
5741-5747.

(41) Bentley, T. W.; Schleyer, P. v. R. Adv. Phys. Org. Chem. 1977, 14,
1-67. Bordwell, F. G.; Wiley, P. F.; Mecca, T. G. J. Am. Chem. Soc. 1975,
97, 132-136.

(42) Raber, D. J.; Harris, J. M,; Hall, R. E,; Schleyer, P.v. R. J. Am.
Chem. Soc. 1971, 93, 4821-4828.
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reflect an increase in rate in solvents containing higher concen-
trations of methanol, a relatively strong nucleophile, and a decrease
in ionic character of the transition state. Instead, a small increase
in m is observed. This increase may represent an increase in m
with increasing water content of the solvent, which has been
observed previously for the solvolysis of 1-phenylethyl chloride,
because the less reactive compounds were examined in solvents
with a higher water content. Plots of kg, for the 4-methyl-,
4-fluoro-, and 3-methoxy-substituted compounds against k,, for
the unsubstituted compound® were found to give slopes of
0.96-0.97.

(3) An upward break in the selectivity ratio kyeon/krrE i
expected at the point at which nucleophilic assistance becomes
important, because an upward break marks the onset of nucleo-
philic assistance for the reactions of azide, cyanide, and acetate
(Table IT). According to this criterion, the onset of nucleophilic
assistance by solvent methanol is not observed until the 1-(4-
cyanophenyl)ethyl chloride is reached (Table II), so that com-
pounds with smaller o values are expected to show no assistance.
There is no evidence that a carbocation intermediate with a sig-
nificant lifetime is formed from the 4-cyano- and 4-nitro-sub-
stituted phenylethyl chlorides, as discussed below.

Product analysis shows that there is a decrease in kyon/krre
with increasing ¢ values of substituents up to the 3-methoxy
compound (¢ = 0.39), until limiting values of ~3 are reached
(Table IT). Similar changes occur for kg,on/ k1, Which reaches
limiting values of ~2.° These changes are in the opposite direction
from that expected for nucleophilic assistance to ionization. The
observed product ratios for these compounds may be accounted
for by the selectivities for reaction with a free ion or ion pair, which
may include an electrostatic interaction between the dipolar
reagent and the developing carbocation.’

There is also no significant assistance by azide and other strong
nucleophiles to the ionization of 2-(3,4-dinitrophenoxy)tetra-
hydropyran,!4 although closely related methoxymethyl derivatives
undergo bimolecular substitution reactions with a number of
nucleophiles.!»!* Substitution of a CF; group for the CH, group
of 1-phenylethyl derivatives decreases the rate constant for sol-
volysis by 10°-107 and must greatly decrease the lifetimes of the
carbocation intermediates. Nevertheless, the value of p = -11.9
for solvolysis of 1-aryl-2,2,2-trifluoroethyl sulfonates in ethanol
is even more negative than the values for solvolysis in less nu-
cleophilic solvents, such as p =~ —6.7 in trifluoroacetic acid. This
indicates that the transition state has a large amount of carbocation
character and little bond formation to the incoming group even
in ethanol, a strongly nucleophilic solvent.**

Concurrent Sy1 and Sy2 Mechanisms. A reaction can proceed
concurrently through stepwise, monomolecular and concerted,
bimolecular reaction mechanisms when the intermediate has a
long lifetime in the solvent, but no lifetime when it is in contact
with an added nucleophilic reagent. The bimolecular mechanism
will be observed when the added reagent stabilizes the transition
state; this represents a coupled concerted mechanism.’

The stepwise, dissociative mechanism of an Sy1 substitution
reaction proceeds through the “wings” of Scheme I when the
carbocation intermediate has a long enough lifetime to allow the
leaving group, Nu,~, to diffuse away and the incoming group, Nu,",
to diffuse in before the intermediate reacts with solvent. When
the cation has no lifetime in the presence of Nu,™ the bimolecular
reaction in the presence of Nu,™ must occur by a preassociation
concerted mechanism with no intermediate, inside the box of
Scheme I. However, if there is no stabilization of the transition
state for bond breaking by Nu,, this uncoupled concerted
mechanism will be of little significance because the association
constant for formation of a random encounter complex with Nu,~,
K, is small and most of the bond-breaking events will occur in
the absence of Nu,™ through a trapping mechanism, along the
wings of Scheme I. The preassociation coupled concerted pathway
inside the box becomes significant when interaction between the

(43) Allen, A. D.; Ambidge, 1. C.; Che, C,; Micheal, H.; Muir, R. J,;
Tidwell, T. T. J. Am. Chem. Soc. 1983, 105, 2343-2350.
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entering Nu,™, R, and the leaving Nu, stabilizes the transition
state of the bimolecular SN2 reaction.’

Substituted 1-phenylethyl derivatives in good ionizing solvents
react through the fully stepwise Sy1 mechanism along the wings
of Scheme I when the carbocation is stabilized by the 4-phenoxy
group or other substituents with ¢* < —0.5. However, 1-(4-
fluorophenyl)ethyl chloride reacts concurrently with solvent by
the stepwise Sy1 mechanism, around the wings of Scheme I, and
with azide ion by a concerted Sy2 mechanism, through the middle
of Scheme I. A short extrapolation gives a rate constant of k
= 2 X 109 57! for the reaction of the 1-(4-fluorophenyl)ethyl
carbocation with 50:50 TFE:H,0,¥ so we can conclude with some
confidence that the cation has a significant lifetime in the presence
of solvent. The reaction with azide occurs through concerted
bimolecular substitution.’® The extrapolated first-order rate
constant for reaction of the carbocation with azide within an
encounter complex, ky, in Scheme I, is 10!7 571, which is much
larger than a bond vibration frequency and suggests that the cation
does not have a significant lifetime in the presence of azide ion.
This rate constant is based on a value®¥* of N* = k,,/k, = 108
M- and a value of K, = 0.3 M for the formation of an encounter
complex with azide ion.®* The N* ratios have little or no
dependence on cation stability for carbocations that react at rate
constants up to the diffusion-controlled limit.!¢ A concurrent
stepwise reaction of azide with the cation by trapping must also
exist but is too small to be detected in the presence of the fast
reaction with solvent and the SN2 reaction with azide.

The occurrence of concurrent stepwise and concerted reactions
of 1-(4-fluorophenyl)ethyl chloride and bromide was tested by
examining the partitioning between different reaction pathways
in the presence of increasing concentrations of a nucleophile,
propanethiol, that is an efficient trap for the cation intermediate.’
If all products were formed through the same carbocation in-
termediate, the addition of propanethiol would decrease the
formation of all products by the same fraction (eq 2, right).

ROH
3 em[R'CHI ,
R—X solv R+_ X ROH ROR (2)
KagHIR'SH]
ko IN3T1 k' INS]
o o 31 RSR’
R—Nz R—N3z

(44) Ritchie, C. D.; Hofelich, T. C. J. Am. Chem. Soc. 1980, 102,
7039-7044.

(45) The value of k,,/k, = 106 M1 in 55 M water® gives k,,/ky,0 = 5.5
x 107. The values of kny. were calculated from this ratio, values of ky,0.%
the relationship &y, = ku,/ K and K, = 0.3 ML?
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However, if the azide reaction occurs through a separate, but
concurrent, displacement reaction (eq 2, left), propanethiol would
decrease the yield of products that are formed through the car-
bocation intermediate but would not decrease the yield of azide
adduct formed through this separate pathway. The result, shown
in Figure 4A, is that the addition of propanethiol decreases the
formation of alcohol and ether from 1-(4-fluorophenyl)ethyl
chloride through the carbocation intermediate but has little effect
on the yield of azide product through the SN2 pathway. A similar
result was obtained with 1-(4-fluorophenyl)ethyl bromide (Figure
4B, closed symbols). In contrast, the decrease in the yield of azide
adduct from 1-(3-nitro-4-methoxyphenyl)ethyl chloride upon the
addition of propanethiol, indicated by the open symbols in Figure
4B, shows that with this substrate the azide adduct is formed by
trapping the same carbocation intermediate that reacts with solvent
and thiol. This carbocation is slightly more stable than the 4-
fluoro-substituted carbocation, with an estimated rate constant
for reaction with solvent of 3 X 10° s7L.%

These results provide additional evidence against solvent as-
sistance to ionization that results in reaction with the assisting
solvent molecule; such a reaction would be bimolecular and would
behave like the reaction with azide.

There is evidence, but not conclusive proof, for the existence
of concurrent Sy1 and Sy2 reactions of 1-(3-nitro-4-methoxy-
phenyl)ethyl chloride with azide. In the presence of 0.48 M azide
ion (at constant ionic strength) there is an increase of 20% in kg
for substrate disappearance that probably represents a second-order
reaction with azide; no such increase is observed with the 4-methyl
compound. A larger increase of 50% was observed in the presence
of 0.4 M azide in 50% methanol in water, which is similar to the
increases in k,,/ k., that are observed for other substrates that
exhibit clear-cut bimolecular reactions with azide (Table V).
Furthermore, the observed rate increase corresponds to the sec-
ond-order rate constant for reaction with azide that is expected
from the Hammett plot for the reaction with azide (Figure 7).
The decrease in the yield of azide product that is shown in Figure
4 appears to level off at high propanethiol concentration, which
is consistent with concurrent Sy1 and SN2 reactions. However,
this leveling could also be accounted for by a solvent effect of
propanethiol; addition of 20% acetonitrile was found to give a 60%
increase in the fraction of azide adduct formed from 1-(4-
fluorophenyl)ethyl bromide (not shown).

1-(4-Methylphenyl)ethyl derivatives are “borderline” compounds
that react, in part, through an ion pair intermediate with a sig-
nificant lifetime.* The mechanism of the reaction with azide
depends on the leaving group: there is no second-order reaction
of azide with the chloride or the pentafluorobenzoate, which give
azide adduct by a trapping mechanism, but there is a large sec-
ond-order reaction of azide with the dimethylsulfonium compound
(Figure 2).° The estimated rate constant* for collapse of the ion
pair with azide is kyy = 106 571, which suggests that the sec-
ond-order reaction with the dimethylsulfonium compound proceeds
through a coupled concerted mechanism concurrently with sol-
volysis through a carbocation intermediate. The chloride and
pentafluorobenzoate compounds, which show no second-order
reaction with azide, presumably form azide adduct by an un-
coupled concerted mechanism in which there is no intermediate
and no stabilization of the transition state by azide if azide is
present when the carbocation is formed and by a diffusion-con-
trolled trapping mechanism when azide is not present initially.
The appearance of the coupled concerted mechanism with the
dimethyl sulfide leaving group appears to be an example of
substrate synergism, as noted above, in which polarizable or “soft”
entering and leaving groups interact favorably to stabilize the
transition state for concerted displacement reactions.!® Azide is
a powerful nucleophile that interacts strongly with the cationic
central carbon atom in the transition state and dimethyl sulfide
is probably also highly reactive, since the reaction of thiols with
the carbocation is diffusion controlled.®

The absence of a significant bimolecular reaction of azide with
the chloride and pentafluorobenzoate derivatives is of particular
interest because these leaving groups might be expected to give

J. Am. Chem. Soc., Vol. 106, No. 5, 1984 1393

internal return and a bimolecular reaction through an uncoupled
preassociation mechanism. If the leaving group returns faster than
the intermediate reacts with solvent (k_, and k,, eq 3) many
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ionization events will give no product, but if ionization occurs in
the presence of azide (k,’, eq 3) product will be formed, so that
an increase in the rate of substrate disappearance is possible even
if there is no nucleophilic assistance to ionization by azide. The
ratio k_;/k, for chloride ion is known to be >>1 for other car-
bocations*® and there is evidence for internal return of penta-
fluorobenzoate in this system.’

However, the rate and equilibrium constants for these reactions
evidently do not meet the rather stringent requirements that must
be satisfied in order to observe a significant rate increase by this
mechanism.”® With a value of K,; = 0.3 M! only 13% of the
ionization events will take place in the presence of 0.5 M azide
and with the pentafluorobenzoate leaving group about half of the
remaining events will go on to products even in the absence of
azide.” The absence of an observed rate increase with azide even
in this relatively favorable situation is further evidence against
an ion pair mechanism for those reactions in which a bimolecular
reaction with azide is observed.

Concurrent Sy2 reactions with azide and Syl reactions with
solvent occur also for 1-(3-methoxyphenyl)ethyl and, probably,
for 1-(3-bromophenyl)ethyl derivatives. The extrapolated rate
constants for reaction of the corresponding cations with solvent
are 2 X 10" and 10"2 5.8 The second-order reaction with azide
becomes more important and the kyoy/krre ratio becomes
smaller and then levels off with these electron-withdrawing sub-
stituents (Tables I and II), in agreement with these assignments
and the increasing reactivity of the carbocation intermediate.

It was noted above that water shows a positive deviation of
~200-fold from Swain—Scott correlations of nucleophilic reactivity
toward 1-(4-nitrophenyl)ethyl chloride and tosylate. This suggests
that solvolysis in water occurs with little or no nucleophilic as-
sistance. For 1-(4-nitrophenyl)ethyl chloride the second-order
rate constant for reaction of water is sirilar to that for fluoride
ion and increased rate constants are observed only with stronger
nucleophiles; for the tosylate and for compounds with less elec-
tron-withdrawing substituents acetate and cyanide ions also have
molar reactivities comparable to that of water (Table III, bottom
of Table II). These results are consistent with the hypothesis that
the reactions with weak nucleophiles occur through a dissociative
mechanism with little or no assistance, possibly through an un-
coupled concerted mechanism for the 4-nitro compounds, and that
bimolecular substitution with nucleophilic participation becomes
important with stronger nucleophiles and with strongly elec-
tron-withdrawing substituents.

The dissociative mechanism of substitution is favored when the
solvent is less reactive and provides less competition to the asso-
ciative mechanism, but the associative mechanism may be favored
by poor ionizing solvents that inhibit the dissociative mechanism
and accelerate nucleophilic attack of an ion. The second of these
possibilities appears to hold for the exchange reaction of ben-
zhydryl thiocyanates with labeled SCN- in acetonitrile, which
proceeds concurrently through a first-order dissociative mechanism
with p = —4.5 and a second-order associative mechanism with p
near zero.’?® Similar behavior has been observed for reactions
of benzhydryl chloride with Br~ and Cl” in dimethyl formamide.¥’

(46) Bateman, L. C.; Hughes, E. D.; Ingold, C. K. J. Chem. Soc. 1940,
974-978. Swain, C. G.; Scott, C. B.; Lohmann, X. H. J. Am. Chem. Soc.
1953, 75, 136-140. Bailey, T. H.; Fox, J. R.; Jackson, E.; Kohnstam, G.;
Queen, A. Chem. Commun. 1966, 122-123. Royer, R. E.; Daub, G. H;
Vander Jagt, D. L. J. Org. Chem. 1979, 44, 3196-3201.

(47) Casaplieri, P.; Swart, E. R. J. Chem. Soc. 1963, 1254-1262.
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Concurrent first- and second-order substitution reactions also occur
with N-(4-methoxybenzyl)pyridinium ions in chlorobenzene.*®
How Does the Reaction Change Its Mechanism? The change
from a stepwise Syl to a concerted Sy2 mechanism in the |-
phenylethyl series could occur in either of two ways:

First, the transition states of coexisting stepwise and concerted
mechanisms for reaction with a given nucleophile may have
different energies, so that only one mechanism is usually observed.
When the structure of the reactants is changed, by decreasing the
stability of the carbocation for example, the relative energies of
the two transition states change and the concerted rather than
the stepwise mechanism is observed.

Second, only a single mechanism may exist when a given nu-
cleophile is present at the time that bond breaking occurs. There
is a transformation of the stepwise, Sy1 mechanism to the con-
certed Sn2 mechanism when the intermediate of the stepwise
mechanism ceases to exist.

Nucleophilic assistance from stabilization of the transition state
by the incoming reagent can, in principle, occur already with the
stepwise mechanism, appear concurrently with the change from
the Sy1 to the Sy2 mechanism, or develop only after the inter-
mediate ceases to exist. In the last case there is an intermediate
region with an “uncoupled concerted mechanism” in which the
reaction takes place in a single step but there is no significant
assistance by the incoming nucleophile.’

The available data are consistent with, but do not rigorously
establish, the second of these pathways for the change from an
Sx! to an Sy2 mechanism in the 1-phenylethyl series. They are
consistent with the hypothesis—or notion—that for substitution
at carbon a stepwise mechanism will be followed when the in-
termediate exists and the stepwise mechanism is possible; the
concerted mechanism is followed only when it is enforced by the
nonexistence of the intermediate.” The relevant data from this
work can be summarized as follows:

(1) The bimolecular reaction of azide ion with 1-(4-nitro-
phenyl)ethyl chloride certainly proceeds through a concerted Sy2
mechanism that is enforced by the nonexistence of the carbocation
intermediate in the presence of azide. The calculated value*s of
knye = 102 571 for collapse of an azide—carbocation ion pair
(Scheme I) is much larger than a bond vibrational frequency; it
is too large to be consistent with a chemical barrier for this collapse
even with a generous allowance for uncertainties in its estimation.

This rate constant and other values of ky,. given below are
based on extrapolations of structure-reactivity correlations and
observed rate constant ratios. These structure—reactivity corre-
lations are characteristically linear and rate constant ratios often
remain constant until limiting values due to diffusion or desolvation
are reached.®%1¢ However, changes in selectivity do occur with
highly reactive cations and structure—reactivity correlations are
likely to become nonlinear as the reaction barrier approaches an
insignificant value,” so that these estimated “rate constants” of
2101 571 should be viewed as rough approximations of what the
rate constant would be if the barrier did not disappear. In this
case the required extrapolation of ky,o is by a factor of 4 X 103
using a correlation that is linear over a range of >105; the cor-
relation used here, with r* = 1.8,% is more conservative than the
correlation with o used previously.!?

(2) The reaction of a thiol anion and presumably of azide anion,
which has essentially the same reactivity as thiol anions, with the
1-(4-(dimethylamino)phenyl)ethyl carbocation is probably dif-
fusion controlled; it is certainly close to diffusion controlled and
fits the correlation line for other diffusion-controlled reactions.!
A diffusion-controlled reaction means that collapse of the ion pair
is faster than diffusional separation and occurs with a rate constant
of ~10!! 571 or more. The reactivity of solvent increases by a
factor of 2 X 106 for the 4-methyl carbocation!® and the ratio N*
= k,,/k, is independent of cation stability in the range that both
reactions are activation limited.!¢ Since a factor of only ~10?

(48) Katritzky, A. R.; Musumarra, G.; Sakizadeh, K.; El-Shafie, S. M.
M.; Jovanovic, B. Tetrahedron Lett. 1980, 2697-2699.
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is required to increase the rate constant for collapse of the ion
pair with azide to a value larger than a bond stretching frequency,
it is unlikely that even the 4-methyl carbocation intermediate can
exist in the presence of azide ion. This suggests that the reaction
cannot occur by a stepwise mechanism if azide is present and that
there is no chemical barrier even for the reactions of some car-
bocations that are trapped by azide ion at a diffusion-controlled
rate.

(3) The extrapolated value of the rate constant for the reaction
of the 1-(4-nitrophenyl)ethyl carbocation with solvent® is k, = 10'3
s™!, comparable to a bond vibration frequency, and the rate
constant for reaction of the carbocation with azide cannot be larger
than this. The observed value of k,,/k; = 350 (Table I), therefore,
is inconsistent with a reaction that proceeds through such an
intermediate.

(4) The alternative hypothesis predicts that concerted reactions
with nucleophilic assistance can occur when the intermediate does
have a lifetime in the presence of the nucleophile. There is no
indication of any such assistance in the 1-phenylethyl system and
there is no nucleophilic assistance by azide even with 1-(4-
methylphenyl)ethyl chloride, which gives a cation with a calculated
value of ky,, = 10'% s7! in the presence of azide ion.*’

(5) If the appearance of the concerted reaction depends on the
disappearance of the barrier for reaction of the intermediate with
a nucleophile, the concerted reaction should appear later with
weaker nucleophiles as ¢ is increased and the carbocation becomes
less stable. Figure 9 shows that the increase in selectivity that
results from the appearance of the nucleophilic reaction appears
progressively later with increasing o* as the nucleophile becomes
weaker, in the sequence azide, acetate, and solvent for reactions
in 50:50 TFE:H,O. The Hammett plots in Figure 7 show that
the change in slope that is characteristic of nucleophilic partic-
ipation occurs with the 4-fluoro compound for azide ion and only
with the 4-nitro compound for the less nucleophilic cyanide and
acetate anions in 20% acetonitrile in water.

(6) The estimated rate constants for collapse of the cation—
nucleophile pair suggest that the second-order reaction appears
only when the rate constant for collapse in the presence of a
particular nucleophile is so large that the barrier for collapse has
disappeared. For azide the value of kyy is 10'7 s for the 4-fluoro
compound.*® For acetate knyc is 5 X 1012 s7! for the 3-bromo
compound, which shows an increase in selectivity toward acetate
(Table II), and 3 X 10 s! for the 4-nitro compound, which shows
a significant second-order reaction (Figure 1). The value of ky,,
for acetate was calculated from values of krgg,® an average value
of kAcO'/kTFE = 60 for the 4-CH30-, 4-CH3S-, 4-Ph0', and
3-Br-4-MeO-substituted carbocations,” and K, = 0.04 M™'.° For
alcohols there is a small increase in kyop/kree for 1-(4-cyano-
phenyl)ethyl chloride. The value of ky, for methanol is 5 X 10'2
s”! based on an extrapolated value® of kypg = 10! M 571,
kyeon/kree = 5.4, and K, = 0.1 ML, However, it is more likely
that the intermediate ceases to exist because of the absence of
a barrier for collapse of the carbocation—chloride ion pair (k_j,
eq 4). The values®* of k, = 6 X 102571 and k¢y-/k; ~100 M™!

kl
R’OH + Rl k: R’OH-R*-CI"— R'OR + CI" (4)

mean that k. for chloride ion is expected to be ~10'3 s, This
is consistent with the absence of an increase in kyon/KTrg €Ven
for the 4-nitro compound when the leaving group is the less nu-
cleophilic tosylate ion'® (Figure 9). It is also consistent with the
conclusion that the relatively small secondary a-deuterium isotope
effect for the solvolysis of 1-(4-nitrophenyl)ethyl chloride in 5%
acetone-water results from an appreciable nucleophilic character
for the reaction with solvent.?’

The proposed sequence of events for the transformation of the
Sl to the Sy2 mechanism in the 1-phenylethyl series can be
summarized as follows: When the carbocation, R*, has a sig-
nificant lifetime it exists in a potential well and substitution occurs
through the two transition states for the formation and capture
of this intermediate, as shown in the reaction coordinate profile
and contour diagram of Figure 10A. When the cation is mod-
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Figure 9. Nucleophilic selectivities, based on product analysis (Table
I1),%9 for reactions of substituted 1-phenylethyl derivatives in 50:50
TFE:H,0 at ionic strength 0.5 (NaClO,). The selectivities are plotted
against the Hammett substituent constant ¢*. Leaving groups: 3,4-di-
chlorobenzenethiolate (0); water (¥); substituted benzoates (A); chloride
(A); bromide (#); tosylate (W); dimethy! sulfide (W¥).

erately stable the curvature of the energy surface at the transition
state is relatively sharp and there is little or no change in the
position of the transition state with changing reactant structure,
as is observed for carbocations that follow the N* scale of nu-
cleophilic reactivity.!6 As the cation becomes less stable the
barriers for its collapse and their curvatures become smaller, so
that changes in transition state structure and structure-reactivity
parameters are observed with changing reactant structure.®20:49

In the presence of a powerful nucleophile the barrier for collapse
of an unstable cation will eventually disaprear and there will be
only one transition state and one step along the reaction coordinate,
as shown in the reaction coordinate profile and contour diagram
of Figure 10B. However, there is no requirement that the tran-
sition state should immediately move downward along the y axis
for bond formation to the nucleophile, so that the one-step reaction
may initially show no nucleophilic assistance; i.e., it will be an
uncoupled concerted reaction. The reaction of azide with 1-(4-
methylphenyl)ethyl chloride is a likely candidate for this mech-
anism in view of the absence of nucleophilic assistance by azide,
the estimated rate constant of kn,. = 10'6 s~ for reaction of the
carbocation with azide that is present at the time of its formation 4
and the occurrence of a second-order Sy2 reaction of azide with
the corresponding dimethylsulfonium compound that is favored
by “synergism” between the nucleophile and leaving group. In
Figure 9 this interaction between the entering and leaving groups
appears as the positive deviations for the reactions of the di-
methylsulfonium (inverted triangle) and bromide (diamonds)
derivatives with azide and the negative deviations of the tosylate
derivative (squares), which has a smaller interaction than the
chloride with nucleophiles. An uncoupled concerted mechanism
is suggested for the reaction of methanol with 1-(3-bromo-
phenyl)ethyl chloride by a value of ky,. = 10 s7! for collapse
of the ion pair with chloride ion, estimated as described above
for the 4-cyano compound. However, in this case it is the barrier

(49) Hughes, E. D,; Ingold, C. K., Shapiro, U. G. J. Chem. Soc. 1936,
225-236. Thornton, E. R. J. Am. Chem. Soc. 1967, 89, 2915-2927. Marcus,
R. A. J. Phys. Chem. 1968, 72, 891-899. Jencks, D. A.; Jencks, W. P. J. Am.
Chem. Soc. 19717, 99, 7948-7960.
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Figure 10. Reaction coordinate diagrams for substitution on carbon: (A)
stepwise, Sy | mechanism with a carbocation intermediate; (B) uncoupled
concerted mechanism with no intermediate and no nucleophilic assis-
tance; (C) coupled, concerted Sn2 displacement mechanism with varying
amounts of carbocation character in the transition state.
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along the x axis, for bond formation to the leaving group, that
disappears.

As the cation becomes still less stable, the energy of the upper
right corner of the diagram increases and the transition state for
bond cleavage will tend to slide downhill toward the bottom of
the diagram, perpendicular to the reaction coordinate, and to climb
uphill toward the right side of the diagram, parallel to the reaction
coordinate, as shown by the arrows in Figure 10B.2° This shift
corresponds to an increase in the amount of bond formation to
the nucleophile in the transition state, so that nucleophilic as-
sistance is observed and the reaction proceeds through a coupled
concerted mechanism with an open transition state. This is the
behavior that is observed for substitution reactions with 1-
phenylethyl and methoxymethyl derivatives.!>!* The transition
state closely resembles a carbocation, as shown in the upper right
corner of Figure 10C.

As the cationic structure become progressively less stable in
substitution reactions of benzyl, secondary alkyl, and finally
primary alkyl derivatives, the energy of the upper right corner
increases further and the position of the transition state slides
downhill, perpendicular to the reaction coordinate, until the
structure of the transition state is that for classical Sy2 substitution
on a methyl halide. The great instability of the methyl carbocation
provides a steep upward curvature to the side of the reaction
coordinate so that there is little or no change in the structure of
this transition state as the structure of the reactants is varied.20*°

The overall process described here is the transformation of an
energy well for the carbocation into a ridge as the carbocation
becomes less stable, just as a crater can fill and become a ridge
when a volcano erupts. Essentially the same process has been
proposed for the conversion of a stepwise ElcB to a concerted E2
mechanism in elimination reactions,
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Abstract: General base catalysis of the addition of ROH is significant for 1-phenylethyl carbocations of moderate stability
and is most important for weakly basic alcohols. The Brensted slope for catalysis of the addition of trifluoroethanol to the
1-(4-methoxyphenyl)ethyl carbocation is 8 = 0.08. The development of positive charge on the attacking alcohol decreases
with decreasing stability of the carbocation; this may be described by the interaction coefficient p,,, = 88,,./-ds. The positive
Pyy coefficient and small 8 correspond to a small component of proton transfer in the transition state for alcohol addition;
in contrast, acetate catalysis 6f ROH addition to more stable electrophiles exhibits a negative p,, coefficient that corresponds
to a large component of proton transfer and a diagonal reaction coordinate on an energy contour diagram. It is concluded
that the observed catalysis involves hydrogen bonding and represents the transition region between fully concerted, coupled
general acid-base catalysis and specific acid catalysis with solvation of the proton in the transition state. Catalysis disappears
with less stable cations when reaction with solvent and diffusion become competitive, with k; ~ 10° s, and the rate constant
for base catalysis approaches a limiting value of ~107 M2 5”1, The absence of general base catalysis of alcohol addition corresponds
to specific acid catalysis of alcohol expulsion to form an unstable carbocation in the reverse direction.

Most reactions that involve the addition or loss of water and
alcohols are subject to general acid—base catalysis through the
mechanism shown in eq 1. This class # mechanism involves

* = BH 0—R (1

I I

B~ HO RT = [B--H--o--RJ
R R’

R’

catalysis of proton transfer to or from the nucleophilic reagent,
with general base catalysis of proton removal from ROH in the
addition direction and general acid catalysis of proton addition
in the reverse direction. Structure-reactivity correlations have
provided strong evidence that a number of these reactions are
concerted, with significant contributions of both heavy atom
movement and proton transfer in the transition state.?"1?
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This type of catalysis has been observed for several reactions
in which carbocations are formed or react, including the hydrolysis
of acetals and ortho esters and the addition of ROH to a
phthalimidium ion.>-5%1%14 However, other reactions in this group
proceed with only specific acid catalysis for carbocation formation
and with no catalysis of the addition of water or alcohols to the
carbocation (eq 2).1* We would like to know why this change

k2
ROR” + HY = RO'™H == R' + ROH (2)
Ka
R

in mechansim takes place and what is the sequence of events as
one mechanism changes, or “merges”, into the other. Three factors
are known that can be involved in these changes:

(1) There is a progressive increase in the Bronsted coefficient
« (or a decrease in 8 in the addition direction) as the cation
becomes less stable and the alcohol becomes more basic. When
a becomes 1.0 (or 8 becomes 0) the reaction will usually become
specific acid catalyzed (or uncatalyzed in the addition direction,
eq 2). These changes can be described in terms of changes in the
position of the transition state and reaction coordinate on an energy
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