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The development of quantitative scales of nucleophilicity has
intrigued chemists for more than 50 years.[1] The optimistic
start in the 1950s, which delivered the Swain–Scott equation
[Eq. (1)][2] and the Edwards equation[3] was followed by a
period of disillusionment in the 1960s, when more and more
factors were identified which had to be considered for a
quantitative description of nucleophilicity.[4]
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lg ðk=kH2OÞ ¼ s0En

n ¼ nucleophilicity constant ðnH2O ¼ 0Þ
s0E ¼ sensitivity of electrophile ðs0CH3Br ¼ 1Þ½5�

ð1Þ

The culmination of the pessimistic view was reached in
1968, when Pearson reported that the reactivities of nucleo-
philes towards trans-[Pt(py)2Cl2] (py= pyridine) did not
correlate with any of the nucleophilicity parameters known
at that time and finally concluded: “At present it is not possible
to predict quantitatively the rates of nucleophilic displacement
reactions if a number of substrates of widely varying properties
are considered.”[6]

Only four years later, Ritchie reported a correlation of
astonishing simplicity [Eq. (2)],[7] which claims that the
relative reactivities of a variety of nucleophiles toward
carbocations and diazonium ions can be described by a
single, electrophile-independent nucleophilicity parameter
N+.

lg ðk=koÞ ¼ Nþ ð2Þ

The impact of this so-called constant selectivity relation-
ship has significantly been augmented by the work of Kane-
Maguire and Sweigart et al. who showed that Equation (2)
holds also for the reactions of cationic metal p-complexes
with a variety of nucleophiles.[8,9]

The most extensive nucleophilicity scale,[10,11] presently
available, has been derived from the rate constants of the
reactions of benzhydrylium ions with alkenes, arenes, enol
ethers, ketene acetals,[12] enamines,[13] allyl element com-
pounds,[14] transition-metal p-complexes,[15] diazoalkanes,[16]

and delocalized carbanions[17–19] (p-nucleophiles), amines,[20]

alcohols,[21] alkoxides,[22] phosphanes,[23] inorganic anions[24–27]

(n-nucleophiles), and a variety of hydrides[28–31] (s-nucleo-
philes); these rate constants were subjected to a least-squares
minimization on the basis of Equation (3)[10, 11] in which k is
the second-order rate constant at 20 8C andE is a nucleophile-
independent electrophilicity parameter.

lgk ¼ sNðEþNÞ ð3Þ

It has been shown that the electrophile-independent
nucleophile-specific N and sN parameters[5] derived in this
way can be employed for predicting the rates of reactions of
the corresponding nucleophiles with carbocations,[10,11] cat-
ionic metal-p-complexes,[10,11] as well as electron-deficient
alkenes[32] and arenes.[33,34] Their applicability to SN2 type
reactions has not yet been examined.

Recently, we have found that the nucleophilicity param-
eters N for aqueous and alcoholic solvents, which we derived
from the rates of decay of benzhydrylium ions in these
solvents,[21] correlate linearly with Kevill>s NT parameters.[35]

Because the NT parameters reflect the rates of solvolysis of
the S-methyldibenzothiophenium ion (1) in the correspond-
ing solvents, that is, the rates of SN2 reactions, we were
prompted to examine whether the nucleophilicity parameters
N and sN derived from Equation (3) are generally applicable
to bimolecular nucleophilic substitutions. We now demon-
strate that this is the case for a variety of substrates and

suggest a general correlation equation which includes Equa-
tions (1)–(3) as special cases.

The reactions of 1 with nucleophiles proceed with changes
in the UV spectrum as exemplified in Figure 1 for the
reaction of 1 with the azide ion. The decrease of the
absorbance at 271 nm owing to the consumption of 1 is
accompanied by the increase of the absorbances at 285 nm
and 325 nm as a result of the formation of dibenzothiophene
(2).

As the nucleophiles were generally employed in high
excess over 1, first-order rate constants kobs [Eq. (4)] can be
derived from the exponential decay of [1] (absorbance at
271 nm). The formation of product 2 can be monitored by the
exponential increase of the absorbances at 285 and 325 nm.

d½1�=dt ¼ �kobs½1� ð4Þ

The least-squares fits of the time-dependent absorbances
A to the single-exponential function At=A0 exp(�kobs t)+C
(for 271 nm) and At=Aend[1�exp(�kobs t)]+C (for 285 and
325 nm) gave rise to identical first-order rate constants kobs=

1.83 D 10�3 s�1 at any of these three wavelengths (Figure 2).
Details of the kinetic investigations are given in the Support-
ing Information.

As indicated by Equation (5), the second-order rate
constants k2 for the reactions of 1 with the nucleophiles
listed in Table 1 were obtained from the slopes of kobs versus
[Nu] plots.

kobs ¼ k2½Nu� þ kMeOH ð5Þ

The small values of the intercepts of these plots (see
Supporting Information) indicate that the competing reaction
of 1 with the solvent methanol is negligible. This observation

Figure 1. UV spectra during the reaction of 1 with sodium azide (in
MeOH, 20 8C) at t=0, 1, 2, 4, 8, 16, and 47 min; [1]0=6.05E10�5

m,
[N3

�]0=3.51E10�3
m.
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is in accord with the first-order rate constant for the reaction
of 1 with methanol (Table 1), which was reported by Kevill[36]

and which is corroborated in this work.
For several nucleophiles used in this work, N and sN

parameters were not available. These parameters were
derived from the kinetics of the reactions of the correspond-
ing nucleophiles with the benzhydrylium reference electro-
philes,[10] following the procedure described in the litera-
ture.[22] For technical reasons, these reactions could not be
studied in pure methanol and were performed in the presence
of 9% acetonitrile (see footnotes of Table 1). Details of the
kinetic experiments are given in the Supporting Information.

Figure 3 shows that the correlation of (lgk)/sN versusN for
the reactions of the sulfonium ion 1 with C-, N-, O-, and P-
nucleophiles, which covers 20 units of the logarithmic nucle-
ophilicity scale, is linear with a slope of 0.6. Although the
relevance of the benzhydrylium-based parameters N and sN
for this SN2 reaction is thus demonstrated, the non-unity slope
indicates that Equation (3) is not applicable because variation
of the nucleophiles affects the reactivities toward 1 by only
60% of the amount that is observed in the reactions with
benzhydrylium ions (slope= 1.00).

A similar correlation is found for the reactions of different
types of charged and neutral nucleophiles with iodomethane
in methanol (Figure 4).

While the paucity of data in a narrow reactivity range do
not allow a discussion of the slope of the graph in Figure 4, it
can be seen that in both correlations (Figures 3 and 4) the
absolute deviations from the correlation lines are generally
smaller than one order of magnitude despite the large variety
of nucleophiles employed. It can thus be deduced that the
order of nucleophilicities toward electrophilic Csp3 and Csp2

centers is not fundamentally different.
This conclusion may be surprising because the contrasting

reactivity orders CN�>HO�>N3
� (towards CH3Br) and

CN�<HO�<N3
� (towards Ar3C

+) have been considered as
an indication that nucleophilicities toward Csp3 and Csp2

centers are controlled by different factors.[41] It should be
noted, however, that CN� and HO� are of similar reactivity
toward both types of electrophiles, and it is only N3

� which
deviates significantly (Table 2).

In agreement with our findings, more comprehensive
comparisons had already come to the conclusion that

nucleophilicities toward Csp3 and Csp2 centers are closely
related. Bunting and co-workers, for example, reported that
the rate constants of the reactions of about 60 amines with
methyl p-nitrosulfonates correlate linearly with the corre-
sponding reactivities toward 4-vinylpyridinium ions.[44] Anal-
ogous orders of nucleophilicities toward carbocations and
haloalkanes have also been claimed by Richard and co-
workers[45] who noted that only N3

� and a-effect nucleophiles
deviate strongly from the linear correlation between Ritchie>s
N+ and Swain and Scott>s n constants (Figure 5).

These reports and preliminary data for SN2 reactions with
further haloalkanes[46] indicate that the benzhydryl-cation-

Figure 2. Monitoring of the reaction of 1 with sodium azide depicted
in Figure 1 at three different wavelengths (methanol, 20 8C).

Table 1: Rate constants for the reactions of 1 with nucleophiles (in
methanol, 20 8C).

Nucleophiles N sN k

(MeO2C)2CH� 18.24[a] 0.644[a] 1.41E101 [b,c]

(NC)2CH� 18.21[a] 0.686
[a] 1.13E101 [b,c]

pyrrolidine 15.97[d] 0.627
[d] 1.25 [b]

piperidine 15.63[d] 0.644
[d] 1.16 [b]

morpholine 15.40[d] 0.643
[d] 9.9E10�1 [b,e]

azide 14.54[f ] 0.822[f ] 5.08E10�1 [b]

methoxide 14.51[g] 0.680
[g] 1.50[b]

diethanolamine 13.71[d] 0.670
[d] 2.92E10�1 [b]

hydrazine 13.47[d] 0.702
[d] 3.24E10�1 [b]

benzylamine 13.46[d] 0.624
[d] 2.25E10�1 [b]

n-propylamine 13.41[d] 0.657[d] 2.01E10�1 [b]

ethanolamine 13.23[d] 0.646
[d] 1.91E10�1 [b]

hydroxylamine 12.23[d] 0.663
[d] 1.07E10�1 [b]

imidazole 10.41[d] 0.696
[d] 1.09E10�2 [b]

2,2,2-trifluoroethylamine 10.20[d] 0.917
[d] 1.02E10�2 [b]

trimethylphosphite 9.04[d] 0.698[d] 1.80E10�3 [b]

methanol 7.54[h,i] 0.92[h,i] 7.23E10�5 [j]

ethanol 7.44[h,i] 0.90[h,i] 1.14E10�4 [j]

propan-1-ol 7.05[h,k] 0.80[h,k] 8.50E10�5 [l]

80E20W[m] 6.68[h,i] 0.85[h,i] 4.84E10�5 [j]

propan-2-ol 6.49[h,k] 0.96[h,k] 6.42E10�5 [l]

60E40W[m] 6.28[h,i] 0.87[h,i] 1.99E10�5 [j]

40E60W[m] 5.81[h,i] 0.90[h,i] 8.91E10�6 [j]

80A20W[m] 5.77[h,n] 0.87[h,n] 2.06E10�5 [j]

90A10W[m] 5.70[h,n] 0.85[h,n] 2.14E10�5 [j]

20E80W[m] 5.54[h,i] 0.94[h,i] 3.32E10�6 [j]

water 5.20[h,i] 0.89[h,i] 2.03E10�6 [j]

40T60W[m] 3.77[h,i] 0.88[h,i] 8.97E10�7 [j,o]

60T40W[m] 3.42[h,i] 0.90[h,i] 5.11E10�7 [j,p]

90T10W[m] 2.93[h,i] 0.88[h,i] 1.36E10�7 [j,q]

2,2,2-trifluoroethanol 1.23[h,i] 0.92[h,i] 5.66E10�9 [j]

[a] From reference [37]. [b] Second-order rate constant [m�1 s�1] , this
work; see Supporting Information. [c] In 91/9 (v/v) methanol/acetoni-
trile. [d] Reactivity parameters N and sN refer to second-order rate
constants in 91/9 (v/v) methanol/acetonitrile, this work; see Supporting
Information. [e] Only two data points were available for the determi-
nation of k [m�1 s�1] . [f ] In 91/9 (v/v) methanol/acetonitrile, from
ref. [38]. [g] In 91/9 (v/v) methanol/acetonitrile, from ref. [22]. [h] Reac-
tivity parameters N and sN refer to first-order rate constants. [i] From
ref. [21]; [j] First-order rate constants in [s�1] at 25.1 8C, from ref. [36].
[k] Reactivity parameters of 91/9 (v/v) alcohol/acetonitrile mixtures,
from ref. [22]. [l] First-order rate constant in [s�1] , this work, for details
see Supporting Information. [m] Mixtures of solvents are given as (v/v);
solvents: A=acetone, E=ethanol, T=2,2,2-trifluoroethanol, W=water.
[n] From ref. [39]. [o] Rate constant for 50T50W (w/w) [=42T58W (v/v)].
[p] Rate constant for 70T30W (w/w) [=63T37W (v/v)]. [q] Rate constant
for 90T10W (w/w) [=87T13W (v/v)].
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based nucleophilicity parameters N and sN are also suitable
for many SN2 type reactions. We, therefore, suggest extending
Equation (3) by an electrophile-specific parameter sE to

arrive at the general Equation (6) (see
Scheme 1), which includes the empirical
correlations given in Equations (1)–(3)
as special cases.[47]

If only reactions of nucleophiles with
carbocations are considered, the electro-
phile-specific slope parameter sE
becomes 1 and Equation (6) transforms
into Equation (3) (Scheme 1, left). We
have already discussed that Equation (3)
simplifies to Ritchie>s constant selectivity
relationship [Eqs. (2a) or (2)] if only
reactions of carbocations with nucleo-
philes of sN	 0.6, for example, CN� ,
HO� , MeO� , RNH2 are considered.[20]

Water, originally selected as the refer-
ence nucleophile of the Ritchie relation-
ship,[7] was later reported to deviate from
the constant selectivity relationship in
Equation (2).[43,48] We have recently
shown that this deviation is due to the
slope parameter sN(H2O)= 0.89[21] which

differs from those of the other nucleophiles studied by
Ritchie. Note, however, that other groups of reactions, for
example, reactions of terminal alkenes (sN= 1) with carboca-
tions (sE= 1) also constitute discrete sets of constant selec-
tivity relationships which can be described by Equation (2).[49]

The Swain–Scott equation [Eq. (1)] was derived from rate
constants for SN2 reactions of haloalkanes and related
compounds with n-nucleophiles of sN	 0.6. Substitution of
this value into Equation (6) yields Equation (1a) which is
equivalent to the Swain–Scott relationship (Scheme 1, right).

While it is tempting to consider Equation (6) as the
equation for describing polar organic reactivity, it should be
emphasized that the scope and limitations of Equation (6)

Figure 3. Correlation of (lgk)/sN for the reactions of 1 with various solvents and with solutions of
nucleophiles in methanol versus the nucleophilicity parameters N. Nucleophile-specific parameters sN
and N as well as rate constants k (& in s�1, * and * in m

�1 s�1) from Table 1; the rate constant for
morpholine (*) was not used for the correlation; mixtures of solvents are given as v/v; solvents:
A=acetone, E=ethanol, T=2,2,2-trifluoroethanol, W=water.

Figure 4. Reactions of iodomethane with methanol and with solutions
of various nucleophiles in methanol (N and sN parameters from
Table 1; rate constants of the reactions with iodomethane at 25 8C
from ref. [6,40]). In ref. [6] the rate constant for the reaction of
P(OMe)3 with iodomethane is reported to be of lower reliability than
the other rate constants.

Table 2: Swain–Scott (n) and Ritchie (N+) nucleophilicity constants of
the cyanide, hydroxide, and azide ions in water.

Nucleophiles n(CH3Br)[a] N+ (Ar3C
+)[b]

CN� 5.10 4.12
HO� 4.20 4.75
N3

� 4.00 7.54

[a] From ref. [42]; [b] From ref. [43].

Figure 5. Correlation between Ritchie N+ and Swain–Scott n parame-
ters (from ref. [45]); entries for the azide ion and for a-effect
nucleophiles (*) were not considered for the correlation.
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have not yet been explored. As the nucleophilicity parameters
N and sN have been derived from reactions with carbon
electrophiles whereas the electrophilicity parametersE and sE
have been derived from reactions with carbon nucleophiles,
Equation (6) should only be applied to reactions where at
least one of the reaction centers in either electrophile or
nucleophile is carbon. Even then, deviations are to be
expected, if stabilizing or destabilizing geminal substituent
interactions are created or destroyed in the transition state.
Thus, carboxonium ions react faster with alcohols than
predicted by Equations (3) or (6) (anomeric product stabili-
zation).[50] On the other hand, Ritchie>s observation that the
N+ parameters for heteronucleophiles defined by Equa-
tion (2) are also applicable to reactions with diazonium
ions[7,43,51] indicates that in certain cases Equation (6) may
also hold for combinations of heteroelectrophiles with
heteronucleophiles.

We hope that the possibility to describe a large variety of
organic reactions by a single empirical correlation [Eq. (6)]
will stimulate further activities to unveil the physical basis of
electrophilicity and nucleophilicity.
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