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Generic expressions that capture the essence of reactivity
patterns still have important roles, despite the huge advances
in computational chemistry for individual systems.[1, 2] New
generic equations are relatively rare, and critical scrutiny of
the scope and reliability of two such equations [Eqs. (1) and
(2)] is presented below.

log k ¼ s ðEþNÞ, or changing the symbol for s

log k ¼ sN ðEþNÞ
ð1Þ

log k=sN ¼ sE ðEþNÞ ð2Þ

The s(E+N) equation [Eq. (1)] has been developed
empirically from constant selectivity relationships[3, 4] to
correlate logarithms of rate constants (log k) at 20 8C for a
huge range of reactions of electrophiles (electrophilicity E)
and nucleophiles (nucleophilicity N); in Equation (1), s (or
sN)[5–7] is referred to as a “nucleophile-specific” parameter,[7]

and in Equation (2), sE is an “electrophile-specific”� param-
eter.[7]

Initially Equation (1) was intended to be “semi-quantita-
tive”(reliable to an order or two of magnitude),[3] but
confidence has grown to such an extent that many values of
E and N are quoted to an accuracy of four significant figures.
Furthermore, it has recently been proposed[7] that Equa-
tion (2) is the basis of a general scale of nucleophilicity from
which various other scales can be derived: for example,
Equation (1) is derived from Equation (2) if sE = 1, as
observed for many cation–anion recombinations.[8]

When an equation fits a huge amount of data, it is
tempting to conclude that a fundamental “general relation-
ship”[9] has been established. The situation is reminiscent of
claims made in the early 1980s for solvent effects; after lively
exchanges of strongly opposing views,[10–12] the consensus[13,14]

is that linear free-energy relationships are local empirical

rules or quantitative similarity models.[10,12] Far from behaving
as a fundamental law, providing a challenge to theory,[9]

Equation (2) is shown below (Table 1) to be incorrect.
The constants (independent variables) for typical corre-

lations (e.g. Hammett s) are usually defined directly from
experimental data, and the slopes (e.g. 1) are optimized,
adjustable parameters.[14] In contrast, over 1000 values of the
adjustable parameters E, N, or sN have emerged from complex
optimizations of data for benzhydrylium cations (e.g. 1 and
2),[15] illustrated in Scheme 1 for the parts required for water
as solvent (the complete scheme is much larger and is
explained in detail elsewhere).[16]

Preferably,[22] there should be a ratio of five data points
per independent or explanatory variable, whereas in the

Scheme 1. Steps leading to values of E for cations and then to values
of N for nucleophiles in water.[17–21]
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multiparameter correlation (MPC1, Scheme 1) required for
the initial values of E, 92 parameters are calculated from only
200 data points; a ratio of approximately 3:1 is typical for
calculations of N and sN for each nucleophile from plots of
logk versus E (N = sNN/sN or intercept/slope).[18–21, 23]

Extrapolations are often required to obtain intercepts,
thus introducing extrapolation errors arising from the com-
plex substituent effects in benzhydryl substrates[24] and from
cross interactions between the electrophile and the incoming
nucleophile.[25] The E scale currently spans a range from + 6
to �23,[15] and the lower region refers to neutral sub-
strates.[4, 23] Unlike other structure–reactivity correlations,[13,14]

the reference substrate for the E scale of electrophilicity (E =

0 for 1, Z = OMe) is located well away from the center of the
E scale, so changing to 1 (Z = NMe2) having E =�7.02[17]

would reduce extrapolation errors.[16, 26]

A key assumption in the design of Equation (1) is that
solvent-independent values of E for benzhydrylium cations,
reference electrophiles for Equations (1) and (2), can be
obtained by a multiparameter correlation (MPC1, Scheme 1)
of kinetic data for pC=C nucleophiles (e.g. alkenes) in
dichloromethane;[17] it is considered[27, 28] to be unlikely that
the same E values would apply to the log k versus E plots[18–21]

for other solvents such as water.
The limitations of Equations (1) and (2) will be illustrated

below by correlations of kinetic data for reactions of
benzhydrylium cations 1 and 2[18–21] and for the methylvinyl-
pyridinium cation 3.[29] All of these reactions involve rate-
determining nucleophilic attack in water for various steric
environments, for example at secondary carbon atoms for 1
and 2 and at a primary carbon atom for 3 (Michael addition to
the double bond[29]) by 35 primary, secondary, and a-effect
amines, amino acids, and peptides.

When a fixed nucleophilicity scale is defined directly from
logk for 1 (Z = NMe2) or 2, as suggested recently,[16,26] plots
give slopes (sE) and intercepts which refer to differences
between E values of the two substrates (see Table 9 of
Ref. [26]). There are excellent correlations[8] (Figure 1 and
Figure 2) of logk for 2 or 3 versus logk for 1 (Z = NMe2) for
amines in water, but the intercept of Figure 1 of �1.87� 0.05
is not in agreement with the published value of �3.0 for the
difference in E values.[17]

In contrast, the corresponding plot for 22 nucleophiles in
dichloromethane gave a significantly more negative intercept
of �2.66� 0.16.[26] Hence, it appears that the E scale is
attenuated in water, presumably because water is a good
electron-pair donor solvent.[30] The slope of Figure 1 (sE =

1.07) in water is the same as that of the plot in dichloro-
methane,[26] thus suggesting that this parameter is of practical
use (i.e., that it is consistent and predictable) and so of
theoretical interest.[31]

When sE� 1.00 (as in Figure 1 and Figure 2), a constant
selectivity relationship is obeyed, and it can be expressed as
logk = E + N (see Equations (30) and (31) in Ref. [32]).
According to this equation, if correct values of E were used,
a plot of logk versus E (for a fixed nucleophile) would have a
slope close to unity, so sN� 1.00 [Eq. (1)]. Consequently,
published values of sN = 0.6 or 0.7 in water[18] and DMSO[23]

are too low, and the substituent effect sN is not simply a
�nucleophile-specific parameter’. As illustrated below for
hydrogen isotope effects, there is a distinction between
substrate and solvent effects.

In the current design of Equations (1) and (2), all of the
solvent effects are included in the N and sN terms.[32] For
cation–nucleophile recombinations in protic solvents, anion
desolvation is a dominant process for both anions[33] and
amines;[34] for cations R1R2CH+, kH/kD� 1.00,[35] thus suggest-
ing that there is little change in hybridization at the
carbenium center in the transition state.[8] In contrast,
reactions of alkenes in dichloromethane show kH/kD� 0.80,
thus suggesting that “rehybridization of the carbenium ion
center is far advanced in the transition state.”[36] It is
reasonable in principle to correlate these effects by a
nucleophilicity parameter (e.g. N) and by a substituent-effect
parameter (e.g. sN) to allow for variations in electron
demand.[37] A limitation is that N is calculated indirectly;
the value of N depends on E, defined in dichloromethane by
MPC1 (Scheme 1), even though reactions in dichloromethane
differ significantly from reactions in protic solvents.

Further insights are available from extensive research on
SN1 reactions, which are the reverse of cation–anion recombi-
nations (Scheme 2).[8,27] The corresponding terms (Ef for
electrofugality of the cation or electrophile and Nf for

Figure 2. Plot of logk for 3 for amines in water at 25 8C vs. logk for 1
(Z = NMe2) at 20 8C: slope = 1.03�0.04; intercept=�4.74�0.14
(n = 35; R2 = 0.954; std error= 0.21); data for 3 from Ref. [29].

Figure 1. Correlation of logk for 2 vs. logk for 1 (Z = NMe2) at 20 8C
for 32 amines and hydroxide ion in water: slope =1.075�0.014;
intercept=�1.87�0.05 (n =33, R2 =0.995, std error= 0.08); data
from Refs. [18–21].
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nucleofugality of the anion or leaving group) can be
calculated from data for benzhydryl substrates.[38] Conse-
quently, the analogous equation (logk = sf(Ef+Nf)) for the
reverse of cation–anion recombinations behaves as a benz-
hydryl similarity model. However, for other cations (e.g. tert-
butyl or 1-phenylethyl), different values of Nf are needed if a
fixed value of Ef is assumed,[38] or if Nf is fixed, then Ef

depends on the solvent.[39] The results can be explained by
differences in solvation between alkyl and more delocalized
cations.[27, 40–44] As shown below, the same applies to Equa-
tion (1), so it should be applied cautiously as an additivity
rule.

The problems associated with Equation (2) are more
severe. Despite the fact that other equations have been
derived from Equation (2),[7] there is currently no satisfactory
derivation of Equation (2).[45] A modification has already
been suggested in which the sEE term in Equation (2) is
replaced by E in Equation (3).[46, 47] Arguably, one of the
major problems associated with Equations (1)–(3) is that
there is no defined standard reaction; instead of calculating
relative rates (log k/k0), logk is obtained directly.

log k=sN ¼ Eþ sEN ð3Þ

For 3, the more precise correlation is a direct plot of logk
versus log k for 1 (Z = NMe2; Figure 2). Hydroxide, a suitable
reference nucleophile (k0),[8] fits the correlation line, so the
intercept would be negligible if relative rates (logk/k0) were
plotted. The corresponding plot for both Equations (2) and
(3) is of log k/sN versus N (Figure 3), thus giving a slope (sE) of
0.77 instead of 1.03 (Table 1). As expected because of
differences in charge delocalization,[40–44] N values obtained

from data for 1 or 2 are not appropriate for 3 (especially for
semicarbazide as nucleophile).

An excellent correlation for 1 (Z = NMe2; not shown) for
Equations (2) and (3) gave slope = 1.003� 0.007; intercept
�7.09� 0.09; n = 35; R2 = 0.998, standard error = 0.085. The
intercept agrees with the published value of�7.02 for E.[17] So
there is satisfactory agreement that sE = 1.0 for 1 (Z = NMe2),
but only Figure 2 shows a unit slope for 3. The satisfactory
results arise because experimental data for 1 (Z = NMe2) and
very closely related cations are used in the same equation to
calculate the parameters sN, N, and E.

According to the correlation (Figure 2), logk for 3 (at
25 8C) is 4.7 less than that for 1 (Z = NMe2), and this
difference should be a satisfactory measure of the difference
in electrophilicity (E), because the plot is of unit slope. In
comparisons of the various equations (Table 1), a small
temperature difference (20 8C for 1, 25 8C for 3) is ignored.
Assuming that E =�7.02 for 1 (Z = NMe2),[17] E for 3 is
calculated from Figure 2 to be �11.7, in satisfactory agree-
ment with E =�12.3, obtained from the intercept of Figure 3
before division by sE. Consequently, Equation (2) is incorrect;
values of E are more consistent with Equation (3)[46,47] than
with Equation (2), but neither leads to the expected con-
clusion that sE = 1.0 (Figure 2).[8]

For the tertiary amine imidazole (log k for 1 (Z = NMe2) =

1.51, sN = 0.57, N = 9.63),[48] predicted values for 3 are slightly
faster than the observed logk for 3 of �3.51.[29] Figure 2 gives
�3.18 and Figure 3 gives �2.80 (steric effects are known to
complicate related calculations[29, 35a, 49]).

In general, caution is required when applying multipara-
meter correlations.[13] The complex data processing
(Scheme 1) has obscured the 1:1 relationship[8] between logk
for 1 (Z = NMe2) and 3 (Figure 2). Inconsistent results for 3
show that Equations (1)–(3) are not robust. An underlying
cause is the solvent dependence of electrophilicity (E),
contrary to a key tacit assumption required to obtain N
values using Equation (1).[18–21]

When sE¼6 1 in Equation (2), E becomes based on a
floating scale coexisting with the established E scale based on
sE = 1,[17] an unjustifiable situation.[45] When sE = 1 in Equa-
tion (2), it is the same as the original Equation (1). Con-
sequently, the recently proposed[7] general equation [Eq. (2)]
should not be used; plots of log k/sN versus N should be based
on Equation (1) and so drawn with a slope of unity.

Alternative equations which include an sE term and
correspond to Figure 1 and Figure 2 can be used for pre-
dictions and also to gain additional insights;[16, 26–28] these

Figure 3. Plot [Eqs. (2) and (3)] of log k/sN for 3 in water at 25 8C vs.
N : slope = 0.772�0.042; intercept=�12.33�0.57 (n =35; R2 = 0.
912; std error= 0.51); see also Figure 8 of reference [18].

Scheme 2. Equations for SN1 reactions and their reverse (cation–anion
recombinations).

Table 1: Comparisons of best estimates (Figure 2) with Figure 3 [Eqs. (2)
and (3)] for reactions of 3 with amines, amino acids, and peptides.

Parameter Figure 2 Equation (2) Equation (3)

sE 1.03 0.77[a] 0.77
E �11.7[b] �16.0[a] �12.3
std error[c] 0.21 0.51 0.51

[a] Figure 8 of reference [18]) gives sE = 0.762 and an intercept (sEE) of
�12.27. [b] See text. [c] Standard errors cannot be compared directly
because Equations (2) and (3) require values of logk/sN, which are about
twice as large as logk.
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equations can also be used to correlate the same range of
reactivity as Equation (1), and they show that N in Equa-
tion (1) has a floating scale[45] deviating by up to ten orders of
magnitude from a fixed scale.[16]
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Chem. Eur. J. 2006, 12, 1657 – 1666.
[40] K. T. Liu, H. C. Sheu, H. I. Chen, P. F. Chiu, C. R. Hu,

Tetrahedron Lett. 1990, 31, 3611 – 3614.
[41] T. W. Bentley, I. S. Koo, S. J. Norman, J. Org. Chem. 1991, 56,

1604 – 1609.
[42] D. N. Kevill, N. H. Ismail, M. J. D�Souza, J. Org. Chem. 1994, 59,

6303 – 6312.
[43] D. N. Kevill, M. J. D�Souza, Curr. Org. Chem. 2010, 14, 1037 –

1049.
[44] D. S. Kumar, K. P. Jayakumar, S. Balachandran, J. Phys. Org.

Chem. 2010, 23, 783 – 788.
[45] There is a derivation of Equation (2) in footnote 47 of Ref. [7]

that combines constants and variables in such a way that both E
and N become based on floating scales (having less than the
usual attachment to fixed reference points).

[46] V. Dichiarante, M. Fagnoni, A. Albini, J. Org. Chem. 2008, 73,
1282 – 1289.

[47] This alternative to Equation (2) was originally expressed as
logk = s(E+eN).[46]

[48] M. Baidya, F. Brotzel, H. Mayr, Org. Biomol. Chem. 2010, 8,
1929 – 1935.

[49] P. Rodriguez-Dafonte, F. Terrier, S. Lakhdar, S. Kurbatov, R.
Goumont, J. Org. Chem. 2009, 74, 3305 – 3315.

3611Angew. Chem. Int. Ed. 2011, 50, 3608 – 3611 � 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1002/ange.19941060905
http://dx.doi.org/10.1002/anie.199409381
http://dx.doi.org/10.1002/anie.199409381
http://dx.doi.org/10.1002/1521-3757(20000602)112:11%3C2086::AID-ANGE2086%3E3.0.CO;2-T
http://dx.doi.org/10.1002/1521-3773(20000602)39:11%3C1995::AID-ANIE1995%3E3.0.CO;2-E
http://dx.doi.org/10.1021/ja01097a041
http://dx.doi.org/10.1002/ange.200600542
http://dx.doi.org/10.1002/ange.200600542
http://dx.doi.org/10.1002/anie.200600542
http://dx.doi.org/10.1139/v86-370
http://dx.doi.org/10.1002/poc.1325
http://dx.doi.org/10.3891/acta.chem.scand.35b-0537
http://dx.doi.org/10.3891/acta.chem.scand.35b-0537
http://dx.doi.org/10.3891/acta.chem.scand.39b-0611
http://dx.doi.org/10.3891/acta.chem.scand.39b-0611
http://dx.doi.org/10.3891/acta.chem.scand.40b-0270
http://dx.doi.org/10.3891/acta.chem.scand.40b-0270
http://dx.doi.org/10.1002/poc.1084
http://dx.doi.org/10.1002/poc.1084
http://dx.doi.org/10.1021/jo062586z
http://dx.doi.org/10.1021/jo062586z
http://dx.doi.org/10.1002/chem.200600941
http://dx.doi.org/10.1002/chem.200600941
http://dx.doi.org/10.1039/b713778h
http://dx.doi.org/10.1021/ja021010y
http://dx.doi.org/10.1139/v88-420
http://dx.doi.org/10.1002/1521-3757(20020104)114:1%3C97::AID-ANGE97%3E3.0.CO;2-4
http://dx.doi.org/10.1002/1521-3773(20020104)41:1%3C91::AID-ANIE91%3E3.0.CO;2-P
http://dx.doi.org/10.1016/S0065-3160(08)60009-X
http://dx.doi.org/10.1039/p29950000477
http://dx.doi.org/10.1002/poc.1670
http://dx.doi.org/10.1021/jo00165a023
http://dx.doi.org/10.1021/ja00769a030
http://dx.doi.org/10.1021/ja00769a030
http://dx.doi.org/10.1021/ja00031a041
http://dx.doi.org/10.1021/ja00167a049
http://dx.doi.org/10.1021/ja00167a049
http://dx.doi.org/10.1002/chem.200600517
http://dx.doi.org/10.1002/chem.200500847
http://dx.doi.org/10.1021/jo00004a048
http://dx.doi.org/10.1021/jo00004a048
http://dx.doi.org/10.1021/jo00100a036
http://dx.doi.org/10.1021/jo00100a036
http://dx.doi.org/10.1021/jo7019509
http://dx.doi.org/10.1021/jo7019509
http://dx.doi.org/10.1039/c000965b
http://dx.doi.org/10.1039/c000965b
http://dx.doi.org/10.1021/jo900076r
http://www.angewandte.org

