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Abstract: A series of 21 benzhydrylium
ions (diarylmethylium ions) are pro-
posed as reference electrofuges for the
development of a general nucleofugali-
ty scale, where nucleofugality refers to

determined during this work, were sub-
jected to a least-squares fit according
to the correlation equation logk,soc =
s{(N; + E;), where s; and N; are nucleo-
fuge-specific parameters and E; is an

though nucleofuges and electrofuges
characterized in this way cover more
than 12 orders of magnitude, a single
set of the parameters, namely s; N,
and Ej, is sufficient to calculate the sol-

a combination of leaving group and
solvent. A total of 167 solvolysis rate
constants of benzhydrylium tosylates,
bromides, chlorides, trifluoroacetates,
3,5-dinitrobenzoates, and 4-nitroben-
zoates, two-thirds of which have been

Introduction

The knowledge of leaving group abilities is of similar impor-
tance for the understanding of nucleophilic substitution re-
actions as the knowledge of nucleophilic properties. While
the latter aspect has been the topic of numerous investiga-
tions for more than half a century,!"! much less attention has
been paid to the quantification of nucleofugalities,>* and
most textbooks confine themselves to the qualitative rule
that leaving group abilities of X increase with increasing
acidities of the conjugate acids HX."

It is obvious that a general nucleofugality scale cannot
exist. Relative leaving group abilities do not only depend on
the mechanism—Sy1 or Sy2—but even within one type of
mechanism they depend on substrate and solvent.
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parameter. Al-  volysis rate constants at 25°C with an
accuracy of +16%. Because s;~1 for
all nucleofuges, that is, leaving group/
solvent combinations, studied so far,
qualitative discussions of nucleofugality

can be based on N,

reaction

Nucleofuge: A leaving group that carries away the bonding
electron pair'®! (for example, X~ in Equation (1) below).
Electrofuge: A leaving group that does not carry away the
bonding electron pair! (for example, R* in Equation (1)
below, or H in the nitration of benzene by NO,™).
Nucleofugality and electrofugality are kinetic terms describ-
ing leaving group abilities. They are related to the kinetic
terms nucleophilicity and electrophilicity and the thermody-
namic terms Lewis basicity and Lewis acidity, respectively.

Specifically in this work nucleofugality is defined for combi-
nations of leaving groups and solvents, while differential ef-
fects of solvents on electrofugality are neglected.

In Syl-type solvolyses, for example, large leaving groups
(tosylates) come off particularly fast from bulky substrates,
due to steric repulsions in the ground state (back strain).”!
Furthermore, geminal interactions between the leaving
group and other substituents at the reaction center are vari-
able (e.g., anomeric effect)m and, therefore, account for the
dependence of relative nucleofugalities on the nature of the
electrofuges.

The observation that benzhydryl bromides solvolyze
about 30 times faster in ethanol than the corresponding
chlorides (see below), while the leaving group abilities of
bromide and chloride are comparable in trifluoroethanol, il-
lustrate the dependence of relative leaving group abilities
on the solvent. Even more pronounced solvent effects on
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relative leaving group abilities are encountered when anion-
ic and neutral leaving groups are compared.”® Thus, a
change from ethanol to 20% aqueous ethanol increases the
solvolysis rate of 1-adamantyl chloride by a factor of 10%
(at 25°C),”! whereas the same variation of solvents acceler-
ated the solvolysis of the 1-adamantyldimethylsulfonium ion
by a factor of only 1.7 (at 70.4°C).1!

For these reasons, comparisons of leaving group abilities
have to refer to certain reference reactions, for example, the
rate constants for the reaction in Equation (1) for a given R
in a certain solvent at a certain temperature.

EtOH/25°C
_—

R-X - R* + X~ — Products (1)

However, nucleofugality scales derived in this way cover
only narrow ranges. For the determination of solvolysis
rates, the substrate has to be dissolved in the corresponding
medium, and because of the mixing problem, it is very diffi-
cult to investigate solvolysis reactions with k>10*s™'. While
rate constants of this order of magnitude may be obtained
for solvent mixtures by means of stopped-flow techniques,
the limitation for pure solvents is even lower. On the other
hand, the study of reactions with k<107°s™' takes a long
time, and even when investigations at variable temperature
are considered, it is difficult to develop nucleofugality scales
based on single reference electrofuges R*, which exceed ten
orders of magnitude. In practice, this range is even smaller,
and the core of the well-known nucleofugality scale by
Noyce,”! which is based on solvolysis rates of 1-phenylethyl
derivatives in 80% aqueous ethanol, covers only six orders
of magnitude. Noyce extended this scale to 14 orders of
magnitude by including substituted 1-phenylethyl derivatives
and assuming constant reactivity ratios.

We now report that a comprehensive nucleofugality scale
may be constructed by the same procedure that had ren-
dered the most extended nucleophilicity scales presently
available.['"

Results and Discussion

By using highly stabilized benzhydrylium ions for character-
izing strong nucleophiles and non- or weakly stabilized
benzhydrylium ions to characterize weak nucleophiles, the
method of overlapping reactivity series had allowed us to
quantitatively compare nucleophiles as weak as benzene
with nucleophiles as strong as malonate and thiolate
ions.""%! Equation (2), where s and N are nucleophile-spe-
cific parameters and E is an electrophile-specific parameter,
presently includes electrophiles and nucleophiles that differ
by almost 30 orders of magnitude.

logk = s(N + E) (2)
In analogy to this procedure, which employed benzhydry-

lium ions as the reference electrophiles, we now use p- and
m-substituted benzhydrylium ions as reference electrofuges.
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In this way, the steric requirements of the electrofuges are
kept constant. Furthermore, the use of benzhydrylium ions
as reference electrophiles in electrophile/nucleophile combi-
nations and as reference electrofuges in heterolysis reactions
will allow us to elucidate the relationships between the two
types of scales.

Combinations of poor leaving groups (weak nucleofuges)
with highly stabilized benzhydrylium ions (good electrofug-
es), for example, A, and combinations of good leaving
groups (good nucleofuges) with destabilized benzhydrylium
ions (poor electrofuges), for example, B, give substrates that
solvolyze at rates that can be measured conveniently.!'”)

Because of the variable solvent effects on the leaving
group abilities of different groups X, the nucleofuge-specific
parameters s; and N, defined by Equation (3), will generally
refer to combinations of leaving groups and solvents, for ex-
ample, CI” in EtOH or dinitrobenzoate in 80% aqueous
acetone.

logk, = si(N; + E) 3)

sp N;: nucleofuge-specific parameters,
E;: electrofuge-specific parameter.

As previously discussed for Equation (2),'*"" the special
types of the linear free-energy relationships [Eq. (2) and
Eq. (3)], which define N (or N;) as the negative intercepts
on the abscissa (E or E; axis), render nucleophilicity param-
eters N or nucleofugality parameters N, that are not strongly
dependent on the slopes. This is because the intersections of
the correlation lines with the abscissa are within or close to
the experimental range and never require long-ranging ex-
trapolations, which would be inevitable if nucleophilicity or
nucleofugality would be defined as intercepts on the ordi-
nate.

By selecting common leaving groups (LG), for example,
p-tosylate (OTs), bromide, chloride, trifluoroacetate, 3,5-di-
nitrobenzoate (DNB), and 4-nitrobenzoate (PNB), and
common solvents (ethanol, methanol, 80 % aqueous ethanol,
80 and 90% aqueous acetone, and trifluoroethanol) for our
investigations (Scheme 1), it is possible to employ a mani-
fold of literature data for the correlations.

Kinetics: All solvolysis rate constants determined during
this work were derived from conductivity measurements.
Whenever possible, the experiments were carried out at

1649

www.chemeurj.org


www.chemeurj.org

CHEMISTRY—

H. Mayr et al.

A EUROPEAN JOURNAL

Q

LG solvent

H—H + LG—

2 0 D,
Y Y
LG=-0Ts
—Br
—Cl
—OCOCF,
NO,
O\\
C (DNB})
-0

Scheme 1. Solvolysis reactions of X,Y-substituted benzhydryl derivatives
with different leaving groups.

25°C. If the reactions were too fast or too slow at this tem-
perature, the kinetics were determined at lower or at elevat-
ed temperatures, and the Eyring equation was used to ex-
trapolate to 25°C.

Table 18 summarizes all solvolysis rate constants k
(s7") that were employed to calculate the electrofugality and
nucleofugality parameters according to Equation (3). In
cases where different solvolysis rate constants for the same
substrate under the same conditions are given in the litera-
ture, only the k, that is closest to the calculated value from
the correlation equation (kg.q) is given in Table 1. All avail-
able rate constants are listed in Table S1 of the Supporting
Information.

The solvolysis rate constants given in Table 1 were sub-
jected to a least-squares fit according to Equation (3): A%
as defined in Equation (4), was minimized® to yield the op-
timized parameters N; and s; (Table2) as well as E;
(Table 3). In order to link Equation (3) to Equation (2), E;

Table 1. Solvolysis rate constants of X,Y-substituted benzhydryl derivatives in different solvents (25°C).

Nucleofuge Electrofuge ks Keatea[s 1] Ref.

Leaving group Solvent®! X, Y

TsO 90AT10W H 3.01x107! 2.74x107" -
3-Cl, 4-Cl 2.60x1073 331x1073 -
3-Cl, 3-Cl 2.05x107* 1.77x107*

Br 90A10W 4-Me, 4'-Me 6.24x1072 6.98x1072
4-OPh 6.86x1072 5.87x1072 -
4-Me 4.08x1073 4.40x1073
4-F 3.60x107* 3.50x107*

H 1.87x107* 1.88x10°*
4-Cl 6.45x107° 6.40x107°

Cl 90A10W 4-Me, 4'-Me 1.83x107° 1.79x107?
4-Me 1.11x107* 1.16x10°*

4-F 9.78x10°° 9.47x10°°
H 5.07x107° 5.11x10°° [18]

CF,CO, 90A10W 4-OMe 1.44x1072 1.52x1072
4-Me, 4'-Me 7.97x107* 7.12x107*
4-Me 4.95%107° 526x107° -

DNB 90A10W 4-OMe, 4-OMe 9.42x 1074l 9.33x107*
4-OMe, 4-OPh 1.01x 10741 1.04x10°*
4-OMe, 4-Me 2.87x1073 2.82x107° -

TsO 80A20W 3-Cl, 4-Cl 1.41x1072 1.45%x1072
3-Cl, 3-Cl 1.07x1073 1.01x107? -
3,5-(Cl),, 3'-Cl 4.05x1073 416x107° -

Br S80A20W 4-OPh 2.59x10°"! 3.54x107" [19a]
4-Me 4.54x1072 3.45x1072 -
3,5-(Me), 8.99%1073 6.62x1073 [19b]
4-OPh, 4-NO, 5.19%1073 473x1073 [20]
4-F 3.71x107 3.55x1073 -
3-Me 4.08x1073 3.53x1073 [19a]
H 2.03x1073 2.02x1073 -
4-Cl 6.81x107* 7.69%x107* -
4-Br 4.60x107* 5.58x107* [19a]
4-Cl, 4-Cl 2.72x107* 3.09x107* -
3-Cl 442x107° 6.14x107° [19a]
4-NO, 3.33x107° 2.67x107° [21]

Cl S80A20W 4-Me, 4-Me 2.79x1072 2.96x1072 -
4-OPh 2.64x1072 2.55%1072 -
4-Me 1.76x1073 1.74x107 -
3,5-(Me), 225x107 2.65x107* [22]
4-OPh, 4-NO, 2.05x107* 1.81x107* [20]
4-F 1.34x107* 130x107* -
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Table 1. (Continued)
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Nucleofuge Electrofuge ks Keaea [s71]® Ref.

Leaving group Solvent™ X, Y

Cl 80A20W 3-Me 1.22x107* 1.29%107* [22]
H 6.82x107 6.86x107° -
4-C1 231x107° 227x107° [23]
4-Br 1.66x107° 1.58x107° [18]
4-Cl, 4-Cl 8.40x107° 8.03x10°° [18]
3-Cl 1.20x107° 1.27x10°° [24]

CF,CO, 80A20W 4-Me, 4-Me 3.77x1073 3.59x1073 -
4-Me 2.85x107* 3.11x107* -
4-F 3.24%107 3.32x107° -
H 2.04x107° 1.91x10°° [19a]

DNB 80A20W 4-OMe, 4-OMe 2.99x 10731 3.09x1073 -
4-OMe, 4-OPh 3.34x10740 3.79x107* -
4-OMe, 4-Me 1.08x 107*1¢l 1.09x10~* -
4-OMe 1.85x 1071 1.47x10°° -
H 439x1071° 4.65x1071° [19a]

TsO ethanol 3-Cl 5.57x107 5.47x1072 -
3-Cl, 4-Cl 2.83x1072 2.47x1072 -
3-C1, 3-Cl 1.83x10°? 2.12x1073 -
3,5-(Cl),, 3-Cl 9.65%x107° 1.12x107* -
3,5-(Cl),, 3,5'-(Cl), 5.81x107° 5.06x107° -

Br ethanol 4-Me 2.95x1072 2.67x1072 -
4-OPh, 4-NO, 3.55x1073 3.45x107 [20]
4-F 2.38x1072 2.56x1073 -
H 1.34x107° 1.44x10°° -
4-Cl 5.00x107* 532x107* -
4-Cl, 4-Cl 2.10x 107 2.08x107* -
3-Cl, 4-Cl 1.58x10°° 1.48x10°° -

Cl ethanol 4-OMe, 4-OMe 5.72x 10! 7.36x 10! [25]
4-OMe, 4-OPh 1.52x 10! 1.15x 10! [25]
4-OMe, 4-Me 5.14 3.81 [25]
4-OMe 5.00x107! 6.44x107! [25]
4-Me, 4-Me 2.17x1072 2.48x1072 -
4-OPh 222x1072 2.09x1072 [25]
4-Me 1.54x107° 1.55x10°° -
3,5-(Me), 225x107* 2.46x107 [26b]
4-OPh, 4-NO, 2.67x107* 1.69x10°* [20]
4-F 1.07x 107 1.23x107* -
3-Me 1.12x107* 1.22x107* [26a]
H 5.54x107° 6.57x107° -
4-Cl 2.06x107° 223x107° [26a]
4-Br 1.61x107° 1.56x107° [26a]
4-Cl, 4-Cl 8.07x107° 8.05x10°° [26b]
3-Cl 1.25x107° 1.33x107° [26a]
3-Cl, 4-Cl 5.03x1077 4.58x1077 [26¢]
4-NO, 4.24x1078 4.03x1078 [26a]

CF;CO, ethanol 4-OMe 2.86x1072 2.95x1072 -
4-Me, 4-Me 1.89x107° 1.73%x107° -
4-Me 1.40x107* 1.54x107* -
4-F 1.84x107° 1.69x107° -
H 9.37x107° 9.81x107° -

DNB ethanol 4-OMe, 4-OMe 5.79x 1073 5.64x1073 -
4-OMe, 4-OPh 7.52x 10741 7.23x107 -
4-OMe, 4-Me 1.88x107*Ll 2.14x107* -
4-OMe 3.22x107° 6 3.01x107° -

TsO SOE20W 3-Cl 6.54x107"! 5.99x107" -
3-Cl, 4-Cl 2.72x107! 2.60x107! -
3-Cl, 3-Cl 1.59x 1072 1.96x1072 -
3,5-(Cl),, 3-Cl 9.13x107* 8.93x107* -
3,5-(Cl),, 3,5'-(Cl), 3.64x107° 3.45x107° -

Br SOE20W 4-OPh, 4-NO, 472x1072 6.75x1072 [20]
4-F 5.88x1072 4.99x1072 [27]
H 3.04x1072 2.78x1072 [27]
4-C1 121x1072 1.01x1072 -
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Table 1. (Continued)

Nucleofuge Electrofuge ks Keaea [s71]® Ref.

Leaving group Solvent™ X, Y

Br SOE20W 4-Cl, 4-Cl 481x1073 3.90x1073 -
3-Cl 6.48x107* 7.24x107* [27]
3-Cl, 4-Cl 2.59x107 2.67x107* -
4-NO, 2.63x107° 2.74x1073 [27]
3-Cl, 3-Cl 8.99x107° 1.23x107° -
3,5-(Cl),, 3-Cl 3.84x1077 3.10x1077 -

Cl SOE20W 4-Me 4.64x1072 426x1072 -
3,5-(Me), 5.84x107 6.98x1073 [22]
4-OPh, 4-NO, 426x107° 4.83x1073 [20]
4-F 3.67x107 3.52x1073 -
3-Me 3.40x1073 3.50x1073 [22]
H 2.04x1073 1.91x1073 -
4-C1 7.29%107* 6.60x107* -
4-Cl, 4-Cl 2.86x107* 2.43x107* -
3-Cl 3.56x107° 4.14x107° [24]
3-Cl, 4-Cl 1.53x10°° 1.45x10°° -
4-NO, 1.30x10°° 1.33x10°° [24]

CF;CO, S0E20W 4-Me, 4-Me 230x1072 223x1072 -
4-Me 2.10x1073 228x1073 -
4-F 327x107* 2.83x107* -

H 1.55x107* 1.69x107* -

DNB S0E20W 4-OMe, 4-OMe 3.93x1072 3.78x1072 -
4-OMe, 4-OPh 5.59%107 5.95x107 -
4-OMe, 4-Me 1.98x107° 1.99x10°2 -
4-OMe 3.50x107* 3.40x107* -

PNB 80E20W 4-OMe, 4-OMe 2.65x1073 2.12x1073 -
4-OMe, 4-OPh 3.35x107* 3.69x107 -
4-OMe, 4-Me 1.11x107* 1.31x10°* -
4-OMe 2.38x107° 2.46x107° -
4-Me, 4-Me 1.19x10°° 1.15x10°° [28]
H 450x107° 432x107° [2¢]

Br methanol 4-OPh, 4-NO, 4.74%1072 4.47x1072 [20]
4-F 2.92x1072 326x1072 [27]
H 1.76x 1072 1.76x 1072 [27]
3-Cl 422x107 3.78x107* [27]
4-NO, 1.14x10°° 121x10°° [27]

Cl methanol 4-Me 1.98x1072 2.01x1072 [24]
3,5-(Me), 3.87x107° 329x1073 [26b]
4-OPh, 4-NO, 2.18x1073 228x1073 [20]
4-F 1.38x107° 1.66x107° [26a]
3-Me 1.74x1073 1.65%x1073 [26a]
H 833x107* 8.97x107* [29]
4-Cl 2.97x107 3.11x107* [26a]
4-Br 2.39x107 2.18x107* [26a]
4-Cl, 4-Cl 1.15x107* 1.14x107* [26b]
3-Cl 1.93x107° 1.94%107° [24]
3-Cl, 4-Cl 8.21x107° 6.83x107° [26¢]
4-NO, 5.50x1077 6.25x1077 [30]

TsO TFE! 3,5-(Cl),, 3-Cl 436x1072 436x107214 -
3,5-(Cl),, 3,5'-(Cl), 1.07x1073 1.07x 10731 -

Br TFE! H 1.10 1.36 -
4-Cl, 4-Cl 1.52x107! 1.97x107! -
3-Cl 6.62x1072 3.76x1072 -
3-Cl, 4-Cl 1.40x 1072 1.41x1072 -
4-NO, 2.89x 10741 (1.50x1073) [27]
3-Cl, 3-Cl 6.70x107* 6.82x107* -
3,5-(Cl),, 3'-Cl 1.99x107° 1.82x107° -
3,5-(Cl),, 3,5'-(Cl), 3.41x1077 4.00x1077 -

Cl TFE! 4-OPh, 4-NO, 6.34x107! 8.60x107" [20]
H 6.17x107! 3.94x107"! -
4-Cl, 4-Cl 6.40x1072 6.98x1072 -
3-Cl 1.52x 1072 1.58x1072 -
3-Cl, 4-Cl 4.85x1072 6.59x1072 -
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Table 1. (Continued)
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Nucleofuge Electrofuge ks Keaea [s71]® Ref.
Leaving group Solvent™ X, Y
Cl TFE! 4-NO, 5.44x107° 6 (8.87x107% [24]

3-Cl, 3'-Cl 7.20x107 438x10™ -
Table 2. Nucleofugality parameters N; and s; for leaving groups (LG) in various solvents."
LG Nils;
90A10W 80A20W EtOH 80E20W MeOH TFE

TsO 5.42/0.89 5.94/0.81 6.05/0.75 7.46/0.79 - 9.82/0.89!"!
Br 2.31/1.00 3.04/0.90 2.97/0.92 4.39/0.94 4.27/0.98 6.20/0.92
Cl 0.69/0.99 1.98/1.02 1.87/1.001 3.28/0.98 2.95/0.98 5.56/0.82
CF;CO, 0.12/0.94 0.70/0.88 0.30/0.87 1.46/0.82 - -
DNB —2.57/1.18 —2.23/1.13 —2.04/1.10 —1.43/0.99 - -
PNB - - - —2.84/0.94 - -

[a] Mixtures of solvents are given as (v/v); solvents: A =acetone, E =ecthanol, TFE =2,2 2-trifluoroethanol, W =water. [b] Only two solvolysis rate con-
stants were available for a tentative determination of N; and s;. [c] The predefined slope parameter for chloride in ethanol (s;=1.00) was kept constant

during the optimization procedure.

for the dianisylcarbenium ion (X, Y = 4-OMe, 4-OMe) was
set to 0.00 (as was E for this carbocation), and s; for the
leaving group/solvent combination chloride/ethanol was set
to 1.00. Details of the optimization procedure are given in
the Supporting Information.

Table 3. Electrofugality (E;) and electrophilicity (E) parameters of X,Y-
substituted benzhydryl derivatives.

No. X Y E, EW)
1 4-OCH, 4-OCH, 0.000! 0.00
2 4-OCH, 4-OPh ~0.81 0.61
3 4-OCH, 4-CH, ~129 1.48
4 4-OCH, H ~2.06 211
5 4-CH, 4-CH, —3.47 3.63
6 4-OPh H ~3.55 2.90
7 4-CH, H —4.68 4.59
8 3,5-(CH,), H —5.48 -
9 4-OPh 4-NO, —5.64 -
10 4F H -5.78 5.60
11 3-CH, H -5.78 -
12 H H —6.05 5.90
13 4-Cl H —6.52 -
14 4-Br H —6.67 -
15 4-Cl 4-Cl —6.96 6.02
16 3-Cl H ~7.74 -
17 3-Cl 4-Cl -821 -
18 4-NO, H ~9.26 -
19 3-Cl 3-Cl —9.63 -
20 3,5-(C1), 3-Cl —11.34 -
21 3,5-(Cl), 3,5-(C1), —13.14 -

[a] From ref. [10a]. [b] The predefined electrofugality E;=0 was kept
constant during the optimization procedure.
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ZAZ = Z(logks—logkwled)z = Xz(logks—sf(Nf + E))
)

The good agreement between experimental and calculat-
ed rate constants shown in Table 1 and the graphical repre-
sentation of some of the linear correlations (Figure 1) show
that Equation (3) is indeed well-suited for correlating the
solvolysis rate constants listed in Table 1.

A4 12 410 -8 i -4 2 0 2

Electrofugality Ef ——————>

Figure 1. Plot of logk, (25°C, from Table 1) vs E; (from Table 3) for the
solvolysis reactions of X,Y-substituted benzhydryl derivatives in various
solvents. Mixtures of solvents are given as (v/v); solvents: W =water, A=
acetone, E=ethanol, M=methanol, TFE =2,22-trifluoroethanol. The
solvolysis rate constant for the 4-nitrobenzhydryl chloride in TFE (2)
was not used for the correlation. In order to avoid overlaps, only 11 of
the 26 correlations are shown; all correlation lines are depicted in the
Supporting Information.
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The similarity of the slopes s; implies that variation of the 8 - LG =
carbocations has similar effects on the ionization rates of = -OTs
different esters in different solvents. So far, we have not Tr /
been able to interpret the small differences in s;, which are 6
neglected in the following qualitative treatments. / T
. ‘
Figure 2 illustrates the increase of nucleofugality from 4- 5 L :
nitrobenzoate to tosylate in 80 % aqueous ethanol by more | \ -Br
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24
34

Figure 2. Nucleofugalities N; for typical leaving groups in the reference
solvents used in this work (data from Table 2). Mixtures of solvents are
given as (v/v); solvents: 90A =90% aq. acetone, 80E =80% aq. ethanol,
100E =ethanol, TFE =2,2,2-trifluoroethanol.

than ten orders of magnitude. Since, for most leaving
groups, the reactivities in 100 % ethanol and 80 % aqueous
acetone are very similar (Tables 1 and 2), the latter parame-
ters could not be included in the graphical presentation of
Figure 2. Our method of assigning nucleofugality parameters
to combinations of leaving groups and solvents is an alterna-
tive to previous approaches that employ different Y scales
for different leaving groups.F32-34

The solvent effect on ionization rates, which is illustrated
by N; in Table 2 and Figure 2, is alternatively illustrated in
Figure 3. It can be seen that the solvent dependence is stron-
gest for Cl and decreases in the order Cl>Br~OTs>
CF;CO,>DNB. This order correlates qualitatively with the
localization of charge in the anionic leaving group, that is,
the necessity of anion solvation, and not with the nucleofu-
gality N; In agreement with this observation, Bentley and
Roberts reported a slope of 0.7 when solvolysis rates of 1-
adamantyl trifluoroacetate in a variety of solvents were plot-
ted against the solvolysis rates of 1-adamantyl chloride
(25°C).”1 An analogous correlation between the solvolysis
rate constants for 1-adamantyl picrate®® and 1-adamantyl
chloride,” with a slope of 0.5, reflects the even better delo-

1654 —— www.chemeurj.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

calization of charge density in the picrate leaving group. Be-
cause of the small number of data points for the correlations
in Figure 3, we refrain from a quantitative discussion of the
slopes.

The linear correlation between the electrofugality param-
eters E; versus the Hammett o7 constants, with a slope of
p=—4.39 (Figure 4), is in agreement with previous analyses
by Tsuno and Fujio, who systematically studied the devia-
tions of donor/acceptor-substituted benzhydrylium systems
from this correlation.*

2t °

4t

14 " " L z " . " "
-1.8 -14 -1.0 -06 -02 02 06 1.0 14

0 ——

Figure 4. Correlation of the electrofugality parameters E; of benzhydryli-
um ions (Table3) with Hammett o constants (from ref. [37]). E;=
—4.39%0-6.14, n=20, r*=0.9917; the deviating point of 4-nitro-4-phe-
noxybenzhydrylium (o) is not included in the correlation.
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A comparison of the electrofugality parameters E; with
the available electrophilicity parameters E (Table 3) shows
that in most cases E;~ —E, but that the 4-phenoxy- and 4,4'-
dichloro-substituted benzhydrylium ions are poorer electro-
fuges than expected on the basis of their electrophilicities
(Figure 5). The reason for these deviations is not clear at
present. It now has to be examined whether the good corre-
lation between electrofugality E; and electrophilicity E
shown in Figure 5 also holds for other types of carbocations
and for systems with £;>0 and E;< —6.

Electrofugality E¢

-5 F

7t 15°

-1 0 1 2 3 4 5 6 7
Electrophilicity E ——— >

Figure 5. Linear correlation of the electrofugality parameters E; with the
electrophilicity parameters E (E;=—1.02 E40.04, n=8, r*=0.9962; elec-
trofuges 6 and 15 are not considered in the correlation).

Conclusion

The excellent correlations shown in Figure 1 indicate that
our goal of developing a basis for a general nucleofugality
scale has indeed been achieved. In the succeeding paper, we
will show how this method can be employed for characteriz-
ing other nucleofuges and electrofuges and for estimating
absolute solvolysis rate constants.

Experimental Section

Caution: One or more of the chloro-substituted benzhydryl compounds
cause severe irritation of the skin and should be handled with extreme
care.

Benzhydryl derivatives: Chloro-substituted benzhydrols were prepared
by reactions of substituted benzaldehydes with Grignard reagents, which
were obtained from bromoarenes. Treatment of benzhydrol solutions in
benzene with 4-nitrobenzoyl chloride or 3,5-dinitrobenzoyl chloride in
the presence of pyridine furnished benzhydryl 4-nitrobenzoates and 3,5-
dinitrobenzoates, respectively.***! Benzhydryl trifluoroacetates were pre-
pared from benzhydrols and trifluoroacetic anhydride in dry diethyl
ether according to the procedure published by Bunton and Hadwick."!!
Benzhydryl chlorides were obtained from the reaction of benzhydrols
with thionyl chloride in dichloromethane. Benzhydryl bromides were pre-
pared by treatment of benzhydrols with phosphorus tribromide in di-
chloromethane. 3,3',5-Trichlorobenzhydryl tosylate was obtained from

Chem. Eur. J. 2006, 12, 1648 -1656
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3,3',5-trichlorobenzhydrol by treatment with n-butyllithium at —78°C and
subsequent addition of tosyl chloride. All other benzhydryl tosylates
were prepared according to the procedure published by Cheeseman and
Poller™ by addition of silver tosylate to solutions of the benzhydryl
chlorides in diethyl ether. Detailed procedures and characterizations of
the new compounds are given in the Supporting Information.

Kinetics: Solvolysis rates of benzhydrylium derivatives (Table 1) were
monitored by following the increase in the conductivity of the reaction
mixtures (conductimeters: WTW LF530 or Tacussel CD 810, Pt elec-
trode: WTW LTA 1/NS). In the cases of 4-nitrobenzoates, 3,5-dinitroben-
zoates, and trifluoroacetates, organic bases were added to ionize the
weak acids produced by the solvolysis reactions. Details of the kinetic
measurements are given in the Supporting Information.

Acknowledgements

We thank Prof. D.N. Kevill for helpful discussions, and Dr. B. Kempf
and Dr. U. Wiesner for technical assistance. Financial support by the
Deutsche Forschungsgemeinschaft (Ma-673/20-1), the Ministry of Sci-
ence, Education and Sport of the Republic of Croatia, and the Fonds der
Chemischen Industrie is gratefully acknowledged.

[1] a) C. G. Swain, C.B. Scott, J. Am. Chem. Soc. 1953, 75, 141-147;
b) J. O. Edwards, J. Am. Chem. Soc. 1954, 76, 1540-1547; c)J. O.
Edwards, J. Am. Chem. Soc. 1956, 78, 1819-1820; d) C. D. Ritchie,
Acc. Chem. Res. 1972, 5, 348-354; ¢) C. D. Ritchie, J. Am. Chem.
Soc. 1975, 97, 1170-1179; f) C. D. Ritchie, Can. J. Chem. 1986, 64,
2239-2250; g) A.J. Parker, Chem. Rev. 1969, 69, 1-32; h) J. F. Bun-
nett, Annu. Rev. Phys. Chem. 1963, 14, 271-290; i) Nucleophilicity
(Eds.: J. M. Harris, S.P. McManus), ACS Advances in Chemistry
Series 215, American Chemical Society, Washington, DC, 1987.

a) D. S. Noyce, J. A. Virgilio, J. Org. Chem. 1972, 37, 26432647,
b) K. Takeuchi, K. Ikai, T. Shibata, A. Tsugeno, J. Org. Chem. 1988,
53, 2852-2855; ¢) T. W. Bentley, M. Christl, S.J. Norman, J. Org.
Chem. 1991, 56, 6238-6240; d) E. Z. Schottland, Z. Rappaport, J.
Org. Chem. 1996, 61, 8536—8543; e) J. P. Richard, R. W. Nagorski, S.
Rudich, T.L. Amyes, A.R. Katritzky, A. P. Wells, J. Org. Chem.
1995, 60, 5989-5991; f) T. W. Bentley, M. Christl, R. Kemmer, G.
Llewellyn, J. E. Oakley, J. Chem. Soc. Perkin Trans. 2 1994, 2531—
2538; g) E. A. Castro, C. Ureta, J. Org. Chem. 1990, 55, 1676-1679;
h) D. C. Hawkinson, D.N. Kevill, J. Org. Chem. 1988, 53, 3857-
3860; i) X. Creary, J. Org. Chem. 1985, 50, 5080-5084; j)D.N.
Kevill, S.W. Anderson, J. Org. Chem. 1985, 50, 3330-3333;
k) C.J. M. Stirling, Acc. Chem. Res. 1979, 12, 198-203; 1) R. G. Pear-
son, J. Org. Chem. 1987, 52, 2131-2136; m) C. F. Bernasconi, Acc.
Chem. Res. 1978, 11, 147-152; n) P. W. Ayers, J. S. M. Anderson, J. I.
Rodriguez, Z. Jawed, Phys. Chem. Chem. Phys. 2005, 7, 1918-1925.
a) S. Winstein, E. Grunwald, H. W. Jones, J. Am. Chem. Soc. 1951,
73, 2700-2707; b) T. W. Bentley, P. von R. Schleyer, Adv. Phys. Org.
Chem. 1971, 14, 1-67; c) T. W. Bentley, G. Llewellyn, Prog. Phys.
Org. Chem. 1990, 17, 121-159; d) D. N. Kevill in Advances in Quan-
titative Structure—Property Relationships, Vol. 1 (Ed.: M. Charton),
JAI Press, Greenwich, CT, 1996, pp. 81-115; e) E. R. Thornton, Sol-
volysis Mechanisms, Ronald Press, New York, 1964.

For a comprehensive treatment, see, for example: M. B. Smith, J.
March, March’s Advanced Organic Chemistry: Reactions, Mecha-
nisms, and Structure, Sth ed., Wiley, New York, 2001.

[5] a) H. C. Brown, R.S. Fletcher, J. Am. Chem. Soc. 1949, 71, 1845-
1854; b) See ref. [20a] in: J. L. Fry, C.J. Lancelot, L. K. M. Lam,
J.M. Harris, R.C. Bingham, D.J. Raber, R.E. Hall, P.vonR.
Schleyer, J. Am. Chem. Soc. 1970, 92, 2538-2540.

a) P.von R. Schleyer, E. D. Jemmis, G. W. Spitznagel, J. Am. Chem.
Soc. 1985, 107, 6393-6394; b) S. P. Verevkin, J. Chem. Thermodyn.
2000, 32, 207-215; c) J. Cioslowski, T. Varnali, J. Phys. Chem. 1996,
100, 18725-18730; d) K. Rakus, S.P. Verevkin, W.-H. Peng, H.-D.
Beckhaus, C. Riichardt, Liebigs Ann. 1995, 2059-2067; ¢) J. P. Ri-

[2

—

3

[t

[4

—_

[6

—

www.chemeurj.org — 1655


www.chemeurj.org

CHEMISTRY—

H. Mayr et al.

A EUROPEAN JOURNAL

chard, T. L. Amyes, D. J. Rice, J. Am. Chem. Soc. 1993, 115, 2523—
2524; f) Y. Apeloig, R. Biton, A. Abu-Freih, J. Am. Chem. Soc.
1993, 115, 2522-2523; ¢) W. Kirmse, B. Goer, J. Am. Chem. Soc.
1990, 712, 4556-4557.

[7] a) D.N. Kevill, G. M. L. Lin, J. Am. Chem. Soc. 1979, 101, 3916—
3919; b) D. N. Kevill, S. W. Anderson, J. Org. Chem. 1986, 51, 5029 —
5032; ¢) D. N. Kevill, S. W. Anderson, J. Org. Chem. 1991, 56, 1845—
1850; d) D. N. Kevill, S. W. Anderson, N. HJ. Ismail, J. Org. Chem.
1996, 61, 7256-7262.

[8] D.N. Kevill, S. W. Anderson, J. Am. Chem. Soc. 1986, 108, 1579—
1585.

[9] T. W. Bentley, G.E. Carter, J. Am. Chem. Soc. 1982, 104, 5741—
5747.

[10] a) H. Mayr, T. Bug, M. F. Gotta, N. Hering, B. Irrgang, B. Janker, B.
Kempf, R. Loos, A. R. Ofial, G. Remennikov, H. Schimmel, J. Am.
Chem. Soc. 2001, 123, 9500-9512; b) H. Mayr, B. Kempf, A.R.
Ofial, Acc. Chem. Res. 2003, 36, 66—77; c) H. Mayr, A. R. Ofial in
Carbocation Chemistry (Eds.: G. A. Olah, G. K. S. Prakash), Wiley,
Hoboken, NJ, 2004, pp.331-358; d) H. Mayr, A.R. Ofial, Pure
Appl. Chem. 2005, 77, in print.

[11] a) H. Mayr, M. Patz, Angew. Chem. 1994, 106, 990-1010; Angew.
Chem. Int. Ed. Engl. 1994, 33, 938—957; b) H. Mayr, O. Kuhn, M. F.
Gotta, M. Patz, J. Phys. Org. Chem. 1998, 11, 642—654; c) H. Mayr,
M. Patz, M. F. Gotta, A. R. Ofial, Pure Appl. Chem. 1998, 70, 1993 —
2000.

[12] a) R. Lucius, R. Loos, H. Mayr, Angew. Chem. 2002, 114, 97-102;
Angew. Chem. Int. Ed. 2002, 41, 91-95; b) T. Bug, T. Lemek, H.
Mayr, J. Org. Chem. 2004, 69, 7565-7576.

[13] S. Minegishi, H. Mayr, J. Am. Chem. Soc. 2003, 125, 286-295.

[14] S. Minegishi, S. Kobayashi, H. Mayr, J. Am. Chem. Soc. 2004, 126,
5174-5181.

[15] B. Kempf, H. Mayr, Chem. Eur. J. 2005, 11, 917-927.

[16] a) B. Kempf, N. Hampel, A. R. Ofial, H. Mayr, Chem. Eur. J. 2003,
9, 2209-2218; b) T. Bug, M. Hartnagel, C. Schlierf, H. Mayr, Chem.
Eur. J. 2003, 9, 4068-4076; c) T. Tokuyasu, H. Mayr, Eur. J. Org.
Chem. 2004, 2791-2796; d) A. D. Dilman, H. Mayr, Eur. J. Org.
Chem. 2005, 1760—1764; e) F. Dulich, K.-H. Miiller, A. R. Ofial, H.
Mayr, Helv. Chim. Acta 2005, 88, 1754—-1768.

[17] For a preliminary report, see: B. Denegri, S. Minegishi, O. Kronja,
H. Mayr, Angew. Chem. 2004, 116, 2353-2356; Angew. Chem. Int.
Ed. 2004, 43, 2302-2305.

[18] E. Berliner, M. Q. Malter, J. Org. Chem. 1968, 33, 2595-2596.

[19] a) J. Mindl, P. Pivonika, M. Vecefa, Collect. Czech. Chem. Commun.
1972, 37, 2568-2578; b) J. Mindl, M. Veceta, Collect. Czech. Chem.
Commun. 1973, 38, 3496-3505.

[20] K.-T. Liu, C.-S. Chuang, B.-Y. Jin, J. Phys. Org. Chem. 2002, 15, 21—
28.

[21] K.-T. Liu, C.-P. Chin, Y.-S. Lin, M.-L. Tsao, J. Chem. Res. Synop.
1997, 18-19.

[22] W. M. Schubert, R. G. Minton, J. Am. Chem. Soc. 1960, 82, 6183—
6193.

[23] D.J. Raber, J. M. Harris, R. E. Hall, P.von R. Schleyer, J. Am.
Chem. Soc. 1971, 93, 4821 -4828.

[24] K.-T. Liu, Y.-S. Lin, M.-L. Tsao, J. Phys. Org. Chem. 1998, 11, 223 -
229.

[25] a) C. Schade, H. Mayr, Tetrahedron 1988, 44, 5761-5770; b) C.
Schade, Dissertation, Med. Universitit zu Liibeck, 1988.

[26] a) S. Nishida, J. Org. Chem. 1967, 32, 2692-2695; b) S. Nishida, J.
Org. Chem. 1967, 32, 2695-2697; c) S. Nishida, J. Org. Chem. 1967,
32, 2697-2701.

[27] K.-T. Liu, C.-P Chin, Y.-S Lin, M.-L. Tsao, Tetrahedron Lett. 1995,
36, 6919-6922.

[28] D.J. McLennan, P. L. Martin, J. Chem. Soc. Perkin Trans. 2 1982,
1091-1097.

[29] S. Winstein, A. H. Fainberg, E. Grunwald, J. Am. Chem. Soc. 1957,
79, 4146-4155.

[30] S. Altscher, R. Baltzly, S. W. Blackman, J. Am. Chem. Soc. 1952, 74,
3649-3652.

[31] Parameters E;, N, and s; have been calculated by minimizing $A%
where A?= (logk,—1ogk..q)* = (logk,—s(N+E))?, by using the pro-
gram “What’sBest! 7.0 Professional” by Lindo Systems.

[32] K.-T. Liu, C.-W. Chang, H.-I. Chen, C.-P. Chin, Y.-F. Duann, J. Phys.
Org. Chem. 2000, 13, 203-207.

[33] Relationships between N; and the various Y scales will be discussed
in detail in ref. [34].

[34] B. Denegri, A. R. Ofial, S. Juri¢, A. Streiter, O. Kronja, H. Mayr,
Chem. Eur. J. 2006, 12, 1657—-1666.

[35] T. W. Bentley, K. Roberts, J. Chem. Soc. Perkin Trans. 2 1989, 1055 -
1060.

[36] T. W. Bentley, K. Roberts, J. Org. Chem. 1985, 50, 4821-4828.

[37] Depending on the substitution pattern of the benzhydryl moiety, o,*
or o, parameters were used: O. Exner, Correlation Analysis of
Chemical Data, Plenum Press, New York, 1988.

[38] Y. Tsuno, M. Fujio, Adv. Phys. Org. Chem. 1999, 32, 267-385.

[39] Z. Rappoport, H. Ben-Yacov, J. Kaspi, J. Org. Chem. 1978, 43,
3678-3684.

[40] J. R. Fox, G. Kohnstam, J. Chem. Soc. 1963, 1593-1598.

[41] C. A. Bunton, T. Hadwick, J. Chem. Soc. 1961, 943-953.

[42] G. W. H. Cheeseman, R. C. Poller, J. Chem. Soc. 1962, 5277-5280.

[43] A.D. McNaught, A. Wilkinson, [UPAC Compendium of Chemical
Terminology, 2nd ed., Blackwell Science, 1997.

Received: July 19, 2005
Published online: December 1, 2005

www.chemeurj.org

1656 ——

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chem. Eur. J. 2006, 12, 16481656


www.chemeurj.org

