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A reduced electrophilicity for simple Lewis acids A
involved in non-covalent interactions with Lewis
bases B

Ibon Alkorta (2 ? and Anthony Legon
Dissociation energies D, for B---A = B + A can be written D, = c’NgEas, Where Ng and E, are the
nucleophilicities and electrophilicities of the Lewis base B and the Lewis acid A, respectively. A reduced
electrophilicity is defined Zp = Ea/0max. Where omax is the maximum electrostatic surface potential on
iso-surface of A, the atom directly involved in the non-covalent interaction. This definition is tested for
halogen-bonded complexes B---YX, with Lewis bases B = N,, CO, CyH,, CoH4, HoS, HCN H,O or NHs.
D plotted against Ny for several series B---YX yields straight lines of gradient En. When De/omayx is the
ordinate, the straight lines conflate to a single line, gradient Z\x = Eix/0max. Hydrogen-bonded complexes
B---HX (X = F, Cl, Br, I), coinage-metal complexes B---MX (M = Cu, Ag, Au; X = F, Cl, Br, 1), and alkali-
metal bonded complexes B---MX (M = Li, Na: X = F, H, CHz) behave similarly. Z4 is an intrinsic property

rsc.li/pccp

1. Introduction

The use of reduced quantities in chemistry/physics to identify
or focus attention on relationships among properties of other-
wise disparate substances/topics is not uncommon. For exam-
ple, in connection with the well-known Law of Corresponding
States, if the reduced densities p/p® of liquids (where p€ is the
density at the critical temperature 7°), are plotted against T/T¢,
a single curve results onto which a number of liquid substances
fit very well. Reduced potential energy functions that apply to a
range of related diatomic molecules are a second example and
provide useful generalisations that provoke questions about
what is common to molecules that can be so described.
Quantities such as reduced mass and reduced energies feature
as simplifying and unifying tools in the theory of rotational
spectroscopy. In this article, we shall show that, for a wide
range of non-covalent interactions B - -A of Lewis bases B with
Lewis acids A (namely, interactions through hydrogen, halogen,
coinage-metal and alkali-metal bonds), we can define a reduced
electrophilicity of A. We shall show that the reduced electro-
philicity is an interesting general property of complexes B- - -YX
in which the non-covalent interaction is one of several different

“Instituto de Quimica Médica (IQM-CSIC), Juan de la Cierva, 3, E-28006 Madrid,
Spain. E-mail: ibon@igm.csic.es; Tel: +34 915622900

b School of Chemistry, University of Bristol, Cantock’s Close, Bristol BS8 1TS, UK.
E-mail: a.c.legon@bristol.ac.uk; Tel: +44 (0)117 331 7708

t Electronic supplementary information (ESI) available. See DOI: 10.1039/

d2cp00779g

6856 | Phys. Chem. Chem. Phys., 2022, 24, 6856-6865

of the atom immediately involved in the non-covalent bond.

types. It is independent of the atom X in the molecule YX
involved in the non-covalent interaction. Thus, the reduced
electrophilicity is a property that describes the propensity of Y
to form the appropriate non-covalent bond, independently of X.

The terms nucleophile and electrophile were introduced by
Ingold' in 1933. In his book “Structure and Mechanism in
Organic Chemistry”,”> Ingold gave the following definitions:
“Reagents which act by donating their electrons to, or sharing
them with, a foreign atomic nucleus will be called nucleophilic
reagents or sometimes nucleophiles”” and ‘“Reagents which act
by acquiring electrons, or a share in electrons, which previously
belonged exclusively to a foreign molecule will be called elec-
trophilic reagents, or sometimes electrophiles.” Since 1933,
there has been an extensive literature on the subject of nucleo-
philicity and electrophilicity. For example, using both words
‘nucleophilicity and electrophilicity’ together as a search topic
in the Web Of Science returns 694 publications with an average
citation of 30 per article. The great majority of the work is
concerned with scales of nucleophilicity and electrophilicity
based on rates of reaction, mainly involving organic molecules,
as reviewed, for example, by Mayr and Patz’® in an article
entitled: ‘Scales of Nucleophilicity and Electrophilicity: A Sys-
tem for Ordering Polar Organic and Organometallic Reactions.’
The definitions employed here, on the other hand, are based on
the energy D, of the (usually weak) non-covalent interaction of a
pair of (initially isolated) molecules (a Lewis base B and a Lewis
acid A) when they come together to form the isolated complex
B- - -Awithout chemical reaction. Although these definitions are
also consistent with those of Ingold quoted earlier, the subjects
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of the present article might be more correctly called, gas-phase
nucleophilicities and electrophilicities of molecules involved in
non-covalent interactions.

Some years ago,* a method was proposed for reproducing
the intermolecular stretching force constants k, of simple
hydrogen-bonded complexes B---HX by assigning dimension-
less nucleophilicities Ny and electrophilicities Egx to the Lewis
base B and to the Lewis acids HX, respectively, according to
eqn (1):

ks = cNpEyux, (1)

in which c is a constant. The series for which X = F, Cl, Br and
CN and B = N,, OC, PH,, H,S, HCN, CH;CN, H,0 and NH, was
the main focus initially* but this group was soon extended to
include the n- and pseudo-n-Lewis bases acetylene, ethylene
and cyclopropane.® Later, it was shown that the approach could
also be applied to several series of halogen-bonded complexes
B- - -XY, where XY is one of the Lewis acids F,, CIF, Cl,, BrCl,
Br,®” and ICL® In all these cases, the k, were experimental,
zero-point state values, as determined from the centrifugal
distortion constants® available from analyses of the rotational
spectra of such complexes. A detailed analysis'®'" of ab initio
calculated, equilibrium dissociation energies D. showed that
experimental k. values are directly proportional to D, through
the simple equation:

D, = Cckm (2)

and that the constant C; = 1.50(3) x 10° m®> mol ' was
appropriate to the whole series B---HX (B = N,, CO, C,H,,
C,H,, H,S, H;P, HCN, H,0 or NH; and X = F, Cl, Br or I) and
B---XY (with XY as listed earlier). This relationship was shown
to hold also when both D, and k, were equilibrium values, as
calculated ab initio at the CCSD(T)CBS level (CBS = complete
basis set extrapolation) for the restricted series B-:--HF,
B---HC], B---F,, B---Cl, and B---CIF but involving the same
set of Lewis bases B."? Plots of D, versus k. yielded good straight
lines having gradients in agreement with those established in
ref. 10 and 11 for these series. In a further, more wide-ranging
analysis,"? the ab initio calculated values of D, for 250 com-
plexes were considered. The complexes were formed from 11
Lewis bases B and 23 Lewis acids A, chosen to include several
types of non-covalent interaction (hydrogen, halogen, tetrel,
pnictogen and chalcogen bonds). The D, values were fitted by a
least-squares method to eqn (3) (with ¢’ set as 1.00 k] mol ™" for
convenience) to yield Ny and E, values.

De = ¢'NgE, 3)

There was evidence that each of the five types of non-covalent
interaction was fitted equally well and therefore it was con-
cluded that eqn (3) is valid for all those interaction types. Thus
the determined values of Ny and E, were established as proper-
ties of the individual molecules.

Further investigations of complexes B- - -MX, (M = Cu, Ag or
Au, X = F or Cl) involving the coinage-metal bond'* and of
alkali-metal bonded complexes B---LiX and B---NaX (X = F, H
or CH;)" have revealed that the ab initio calculated values of D,
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for the complexes involving these two types of non-covalent
interaction can also be represented by eqn (3). However, when
eqn (3) was fitted to D. values by using the least-squares
method described in ref. 13 although the fits were good,
somewhat different Ny values from those obtained in ref. 13
resulted, perhaps not surprisingly in view of the much more
polar character of the LiX, NaX and CuX, AgX and AuX diatomic
molecules than of HX, XY, etc. For the B---MX coinage metal
series'® it was discovered that graphs of D, versus N were good
straight lines through the origin and led to the following order
of electrophilicities Eayr > Eauct > Ecur > Ecucl > Eagr R
Epgci- It was also noted that, to good approximation, plots of
D./0 max versus Ny, where o, is the maximum positive value of
the molecular electrostatic surface potential (MESP) on the
0.001 e bohr? electron density iso-surface, fall on the same
straight line for both MF and MCI for a given M. This suggests
that a reduced electrophilicity might be defined as (Emx/0max)-

In the present article, we examine whether this definition of
reduced electrophilicity is generally valid. To do so we present
ab initio calculations of the equilibrium dissociation energy D,
accompanying the process B---IX = B + IX for the series of
halogen-bonded complexes B- - -IX in which the Lewis base B is
N,, CO, C,H,, C,H,, H,S, HCN H,O0 or NH; and IX is variously
IF, ICI, IBr or I,. The corresponding series B- - -BrX (X = Br, Cl or
F) and B- - -CIX (X = Cl or F) are also investigated. The calcula-
tions of D, were conducted at the CCSD(T)(F12c)/cc-pVDZ-F12
level of theory. A least-squares fit of the D, values to eqn (3) was
carried out using the set of known Ny values'® for the Lewis
bases to determine the Eyx (Y = I, Br, Cl) for the Lewis acids
involved. Not only can eqn (3) be tested for this extended series,
but also we shall investigate whether the graph of D./omax
versus Ny is a single straight line for the full set of iodine-
bonded complexes B---IX (X = F, Cl, Br and I), and also for
several other series. Put another way, we ask the question: Does
Ex/omax provide a reduced electrophilicity for the set of Lewis
acids IF, ICl, IBr and I,, i.e. one independent of the atom
attached to I? Some previously published D, values for the
series of hydrogen-bonded complexes B---HX (X = F, Cl, Br and
1)'>'" and the series of alkali-metal-bonded complexes B- - -NaX
and B - -LiX (X = F, H and CH;)"® will be treated in the same way
to test whether the concept of reduced electrophilicity is gen-
erally applicable.

2. Theoretical methods

The geometry optimizations of the isolated monomers and
complexes were carried out using the CCSD(T)(F12c) explicitly
correlated, coupled-cluster method.">'” The cc-pVDZ-F12 basis
sets, which are optimised for use with the CCSD(T)-F12
method,*® were used for all of the first and second row atoms.
Pseudo-potential (PP) basis sets were employed for the atoms
Br and I in combination with the ECP-10-MDF"° and ECP-28-
MDF?° effective core potentials to account for scalar relativistic
effects. The frozen-core approximation was used in all the
calculations, which employed the MOLPRO package.*"?
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Dissociation energies, so computed at the CCSD(T)(F12c)/
cc-pVDZ-F12 level, were corrected for basis set superposition
error (BSSE)*® by means of the counterpoise keyword in MOL-
PRO. D, values for 132 new complexes and 12 monomers were
calculated specifically for this article. The remaining D, values
employed here are from earlier publications: the data for
coinage-metals complexes are from ref. 14, those for the
alkali-metal complexes are from ref. 15 and some of the B- - -HX
(X =F, Cl, Br, I) and B---XY (X and Y are halogen atoms) are
from ref. 10 and 11.

Molecular electrostatic surface potentials (MESP) were cal-
culated by using the MP2/aug-cc-pVIZ wavefunction in the
GAUSSIAN program>* and represented at the 0.001 e bohr*
electron density iso-surface with the Jmol program®’ (an open-
source Java viewer for chemical structures in 3D. available at

http://www.jmol.org/). The extreme values (maxima and
minima) on the iso-surface were calculated with the multiwfn
program.”®

The results for 132 new complexes and 12 monomers are
presented in this article for the first time and are recorded in
the ESL{ Those for complexes involving the Li and Na non-
covalent bonds were published previously in ref. 15) and those
involving Cu, Ag and Au with X = F and CI were first published
in ref. 14 but results for CuBr and Cul are new. All values of D,
for the coinage-metal complexes were calculated at the
CCSD(T)/aug-cc-pVTZ, aug-cc-pVTZ-PP levels as appropriate
and the binding energy D. was obtained by using the CBS
extrapolation method.””*® In excess of 300 complexes are
discussed.

3. Results
3.1 The iodine-bonded series B- - ‘IX (X = F, Cl, Br, I)

Fig. 1 shows a graph in which the equilibrium dissociation
energies D, of the iodine-bonded complexes B - IX (X = F, Cl, Br
and I) are plotted against the nucleophilicity Ny of the series of
Lewis bases B = N,, CO, C,H,, C,H,, H,S, HCN H,0 or NHj3, the
latter quantities as determined in ref. 13. D, is the energy
required to move the components of B---IX from their equili-
brium distance in the complex to become infinitely separated
molecules B and IX relaxed to their hypothetical equilibrium
states. The Lewis base PH; has been omitted from the list
because it was shown previously that complexes such as
H,P- - ICI*° and H,P---CIF*® are of a different type from the
remainder and have significant electric charge redistribution
on complex formation. The linear-regression fits to the points
(with the origin taken as a point under the assumption that the
nucleophilicity Ng = 0 when D, = 0) are shown as solid straight
lines. The R? values shown in Fig. 1 indicate that the fits are
satisfactory, with that for B---IF the worst at 0.95. Clearly,
eqn (3) is obeyed by each of the B- - -IX series. The gradient of
each straight line corresponds to the electrophilicity of the
Lewis acid according to eqn (3) given that ¢’ = 1.00 k] mol ™" was
used in the determination of the Ny values by the least squares
fit to 250D, values in ref. 13. The conclusion is therefore that
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Fig. 1 Dissociation energy D, plotted against the nucleophilicity of the
Lewis base B for the four series of iodine bonded complexes B---IX (X = F,
Cl, Br and I). The continuous straight lines are linear regression fits to the
points (solid dots) for each series, with the origin taken as a point. The inset
gives the gradient of each fitted line in kJ mol™* and the quality of the fit, as
measured by R?.

Ep = 8.6(7) > Eyc = 6.1(4) > Eyg, = 5.3(3) > Ep, = 3.9(2), which
order is consistent with electron withdrawing power of the X
atom in the order F > Cl > Br > L

The concept of reduced electrophilicity discussed in the
Introduction can now be tested for the B---IX series. Dividing
eqn (3) by the value of oy, (the maximum positive value of the
MESP on the 0.001 e bohr* electron density iso-surface near to
the I atom along the axis of the IX diatomic molecule), we have

De/o-max = C/NB(EA/Gmax) = NgZa, (4)

in which 5, = ¢'Ea/omax defines the reduced electrophilicity of the
Lewis acid A and is dimensionless given that ¢ =
1.0 kK] mol ™, 6 is in kJ mol™*, and E, is dimensionless. Thus,
a plot of De/oyax versus Ng should be a straight line through the
origin and have gradient =,. Values of oy, calculated at the MP2/
aug-cc-pVTIZ level are available from Table 1. Fig. 2 displays these
plots for the series B---IX, when X = F, Cl, Br and I.

Table 1 Maximum molecular electrostatic potentials omax/(kd mol™) on
the 0.001 e bohr electron-density iso-surface of various Lewis acids YX
(on the axis at the Y end of the molecule)®

Lewis acid X= X-= X= X= X= X= =
YX X= Br Cl X=F CN CP CCH H CHj;
X 125.7 158.4 180.1 241.3 201.3 — 142.0 — —
BrxX — 118.8 141.3 205.6 — — — — —
CIX — — 107.0 172.1 — — — — —
HX 119.4 160.1 190.2 287.9 216.9 126.3 134.8

CuX 342.8 366.1 379.8 405.1 — — — — —
AgX 296.0 305.1 308.0 294.5 — — — — —
AuX 270.1 314.6 346.7 404.8 — — — — —
LiX — — — 764.2 — — — 809.5 793.1
NaX — — — 566.8 — — — 510.0 471.0

¢ Calculated at the MP2/aug-cc-pVTZ level of theory.

This journal is © the Owner Societies 2022


http://www.jmol.org/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2cp00779g

Open Access Article. Published on 01 March 2022. Downloaded on 12/6/2025 8:43:26 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
B---IF
0.4 B---ICl
B---IBr
B...|2
Gradient = 0.0356(31), R? = 0.9505
0.3 Gradient = 0.0341(20), R? = 0.9742
—— Gradient = 0.0334(21), R? = 0.9740
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b
o 021

Fig. 2 Dc/omax plotted against the nucleophilicity Ng of the Lewis base B
for the four series of iodine-bonded complexes B---IX (X = F, Cl, Br and I).
The continuous straight lines are regression fits to the points (solid dots)
for each series, with the origin taken as a point. The inset gives the gradient
of each fitted line and the quality of the fit as measured by R?.

Fig. 2 confirms that there is indeed a reduced electrophili-
city £, having the value 0.034(2) for the iodine atom in the four
diatomic molecules IF, ICl, IBr and I,. The scatter and R* are
rather larger for IF, but the gradients of the four straight lines
are identical within their quoted errors. In fact, some points are
obscured by superposition of others. It is of interest to examine,
in the same way, the situation when the Lewis acids are the
pseudo-halogens ICN and ICCH. The graph of D, versus Ny is
shown in Fig. 3 while that when the ordinate is De/0max IS in

40

e B--ICN
e B.-ICCH
Gradient = 3.18(9), R = 0.9933 o
—— Gradient = 4.70(21), R? = 0.9847

30 4

NH.
20 2

D,/(kJ mol")

10 H

Fig. 3 Dissociation energy D, plotted against the nucleophilicity of the
Lewis base B for the two series of iodine-bonded complexes B---IX
(X = CN and CCH). The continuous straight lines are regression fits to
the points (solid dots) for each series, with the origin taken as a point. The
inset gives the gradient of each fitted line in kJ mol™* and the quality of the
fit as measured by R2.
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Fig. 4 Dc/omax plotted against the nucleophilicity Ng of the Lewis base B
for the two series of iodine-bonded complexes B---IX (X = CN and CCH).
The continuous straight lines are regression fits to the points (solid dots)
for each series, with the origin taken as a point. The inset gives the gradient
of each fitted line and the quality of the fit as measured by R?.

Fig. 4. The latter diagram shows that the gradients in Fig. 4 are
equal within the fitting error and hence both ICN and ICCH can
be described by a reduced electrophilicity £ = 0.0229(4). We
note, however, that this value is different from that for the IX
(X =F, Cl, Br, I) given in Fig. 2.

3.2 The bromine-bonded series B- - -BrX (X = F, Cl, Br)

Fig. 5 shows the graphs of D. versus Ny for the three series
B---BrX (X = F, Cl, Br). The same pattern as observed for the
B--IX series is evident, with the largest scatter from its

e B...BrF
- e B...BrCl
e B.Br,
60 R 5= .
Gradient = 7.68(70), R = 0.9456
Gradient = 4.44(27), R? = 0.9740
- 50 Gradient = 3.62(23), R? = 0.9715
g 40
=
=
So 30 =
NH
20 3
10
0 _LI' T T T T T T 1
0 1 2 3 4 5 6 7 8
NB

Fig. 5 Dissociation energy D, plotted against the nucleophilicity of the
Lewis base B for the three series of bromine-bonded complexes B---BrX
(X = F, Cl and Br). The continuous straight lines are regression fits to the
points (solid dots) for each series, with the origin taken as a point. The inset
gives the gradient of each fitted line in kJ mol™* and the quality of the fit as
measured by R.
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regression line again when X = F. Values of D, are not given in
ref. 10 and 11 for N,---Br, and HCN---Br, and these were
calculated for the present work. Evidently, eqn (3) is obeyed
by each series, as indicated by R* values close to unity. The
electrophilicities of the BrX are in the order X =F > Cl > Br.

The corresponding graphs of De/omax versus Ng for the series
B- - -BrF, B---BrCl and B- - -Br, are set out in Fig. 6. Note again
that the gradients, which yield the reduced electrophilicity Z,
for the molecules BrX, are almost equal within the errors of the
fits and suggest that, as for the B- - IX series, the definition of
reduced electrophilicity used here is reasonable.

3.3 The chlorine-bonded series B- - -CIX (X = F, Cl)

There are only two members of this series. Fig. 7 shows the
graph of D, versus Ny for both the B---CIF and B---Cl, series.
Eqn (3) appears to be obeyed by both. The D./oy,.x versus Ny
plots shown in Fig. 8 have gradients = 0.030(2) and 0.022(1) for
the B---CIF and B---Cl, series, respectively. Hence, we cannot
unambiguously assign a reduced electrophilicity to the CIF and
Cl, molecules for their interactions with the Lewis bases B, as
was the case for the B---BrX and B:--IX series. Nevertheless
these values are much closer together than the gradients of
5.2(4) and 2.3(1) k] mol " of the fitted points in the graphs of D
versus Ng for the B---CIF and B- - -Cl, series, respectively.

3.4 Is there a reduced electrophilicity =, appropriate to the
hydrogen halides HX?

The evidence presented in Sections 3.1-3.3 indicates that the
quantity =, defined by means of eqn (3) and (4) might be used
as a reduced electrophilicity for the Lewis acids A involved in
series of halogen-bonded complexes. A reduced electrophilicity
so defined is a measure of the propensity of, e.g. IX to form
B---IX halogen bonds independently of the halogen atom X

0.4

e B..-BrF
e B...Br,

e B.--BrCl

Gradient = 0.0374(33), R? = 0.9456
Gradient = 0.0321(20), R?= 0.9739 o
Gradient = 0.0315(19), R? = 0.9740

0.34

x
©
g 0.2 NH,
\0
Q
0.1
04
T T T T
0 2 4 6 8
NB

Fig. 6 De/omax plotted against the nucleophilicity Ng of the Lewis base B
for the three series of bromine-bonded complexes B---BrX (X = F, Cl and
Br). The continuous straight lines are regression fits to the points (solid
dots) for each series, with the origin taken as a point. The inset gives the
gradient of each fitted line and the quality of the fit as measured by R2.
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N
(=)
1

—— Gradient = 2.30(10), R? =0.9880

w
(5]
1

w
o
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o
1

20

D./(kJ mol™")

Fig. 7 Dissociation energy D, plotted against the nucleophilicity of the
Lewis base B for the two series of chlorine-bonded complexes B---CIX
(X = Fand Cl). The continuous straight lines are regression fits to the points
(solid dots) for each series, with the origin taken as a point. The inset gives
the gradient of each fitted line in kJ mol™* and the quality of the fit as
measured by R2.

0.3

e B-CIF
e B-Cl,

Gradient = 0.0299(22), R? = 0.9648
—— Gradient = 0.0215(9), R? = 0.9880

De/ Gmax

Fig. 8 De/omax plotted against the nucleophilicity Ng of the Lewis base B
for the two series of chlorine-bonded complexes B---CIX (X = F and Cl).
The straight lines are regression fits to the points (solid dots) for each
series, (origin as a point). The inset gives the gradient of each fitted line and
the quality of the fit, as measured by R?.

attached to it. It is of interest to investigate whether this
concept has generality. In this section, hydrogen-bonded com-
plexes B- - -HX having X = F, Cl, Br and I will be discussed first
and then X = CN, CP and CCH will be considered.
Dissociation energies D, for the series B---HX (now includ-
ing B = PHj;), calculated at the explicitly-correlated level
CCSD(T)(F12c)/cc-pVDZ-F12 and corrected for basis set
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Fig. 9 Dissociation energy D, plotted against the nucleophilicity of the
Lewis base B for the four series of hydrogen-bonded complexes B---HX
(X =F, CL, Brand I). The straight lines are regression fits to the points (solid
dots) for each series, with the origin taken as a point. The inset gives the
gradient of each fitted line in kJ mol™ and the quality of the fit as
measured by R2.

superposition error (BSSE), have been published elsewhere. %"

Using again Ny values determined in ref. 13, Fig. 9 was
constructed. It shows clearly that the B.---HX series obey
eqn (3) with well-determined gradients and R> values, the latter
close to 1. The gradients provide measures of the electrophili-
cities Eyx of the hydrogen halides, which have the values 7.0(4),
4.5(2), 3.9(2) and 2.8(1) for X = F, Cl, Br and I, respectively, an
order consistent with chemical intuition (the greater the slope
the stronger the hydrogen bonds). Fig. 10 shows the

024 B---HF Gradient = 0.0242(14), R? = 0.9741
; e B..-HCI Gradient = 0.0235(11), R?=0.9815
e B..-HBr Gradient = 0.0246(11), R? = 0.9834 °
e B...-HI Gradient = 0.0232(9), R?=0.9874
0.15
x
£
% 0.1
Q
0.05
0 -

Fig. 10 De/omax plotted against the nucleophilicity Ng of the Lewis base B
for the four series of hydrogen-bonded complexes-B---HX (X = F, Cl, Br
and 1)). The straight lines are regression fits of the points (solid dots) for
each series, (origin as a point). The inset gives the gradient of each fit and
the quality of the fit as measured by R?.
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corresponding set of graphs in which De/omax iS now the
ordinate. The gradients determined by linear regression fits
are closely bunched and have the mean value of 0.0239(7),
which is, according to eqn (4), the reduced electrophilicity Zyx
of the hydrogen halides. The narrow spread of values indicates
that the reduced electrophilicity of the hydrogen halides
appears to be a well-defined quantity.

Given the results for the hydrogen halides, it is of interest to
consider hydrogen acids of the type HCX in which H is now
directly attached to a carbon atom. D, values for B---HCN,
B---HCP and B- - -HCCH complexed with the same set of Lewis
bases B were calculated at the CCSD(T)(F12c)/cc-pVTZ-F12 level
of theory and corrected for BSSE. The graphs of D. plotted
against Np for these three series are in Fig. 11. Note that the
points for B---HCCH and B---HCP are close to coincident.
Convergence in the geometry optimisation for H,S---HCN
and H,S---HCCH was not achieved and so points for these
are missing.

Although the scatter of the points is rather large for the HCN
series, eqn (3) is obeyed by all three Lewis acids HCN, HCP and
HCCH. Moreover, as can be seen in Fig. 12, the plots of D¢/0max
against Ny for all three series lead to the same gradient within
the fitting error. Thus, the reduced electrophilicity appears to
be a property that can be assigned to these three Lewis acids
also. We note, however, that Zycx = Excx/0max 1S different from
the value obtained for the hydrogen halides.

3.5 Reduced electrophilicity and the coinage-metal halides
MX (M = Cu, Ag, Au; X = F, Cl, Br, I)

Complexes of the type B- - -MX, where M = Cu, Ag, Au, X = F, Cl
were discussed in ref. 14, where the possibility of a reduced
electrophilicity was first raised. The Lewis bases B are again the

40
e B.--HCN
¢ B---HCCH
e B---HCP
30 4 Gradient = 3.85(38), R? = 0.9347
Gradient = 2.08(17), R? = 0.9544
Gradient = 2.02(15), R? = 0.9563
‘s
E
=
&
=
[
2

Fig. 11 Dissociation energy D, plotted against the nucleophilicity of the
Lewis base B for three series of hydrogen-bonded complexes B---HX
(X = CN, CP and CCH). The straight lines are regression fits to the points
(solid dots) for each series, with the origin taken as a point. The inset gives
the gradient of each fitted line in kJ mol™ and the quality of the fit as
measured by R.
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Fig. 12 De/omax plotted against the nucleophilicity Ng of the Lewis base B
for the three series of hydrogen-bonded complexes B---HX (X = CN, CP,
and CCH). The straight lines are regression fits to the points (solid dots) for
each series, (origin as a point). The inset gives the gradient of each fit and
the quality of the fit as measured by R?.

nine simple molecules B = N,, CO, C,H,, C,H,, H,S, PH3, HCN,
H,0, and NH;. For the present article, calculations have been
extended to include X = Br and 1. The graphs of D, versus Ng for
the series B- - -AuX (X = F, Cl, Br and I) are displayed in Fig. 13,
while the plots with D./o .« as the ordinate are in Fig. 14. The
corresponding pairs of diagrams for M = Cu are available as
Fig. S1 and S2 of the ESI, T while for M = Ag Fig. S3 and S4 (ESIY)
are appropriate. The magnitude and order of the D, values for
the B- - -MX complexes (and therefore the values of the Ny of the
Lewis bases when involved in such complexes, as published in

350
B---AuF
e B.--AuCl
3004| e B---AuBr
e B--Aul
250 Gradient = 17.4(8), R? = 0.9850
Gradient = 14.9(5), R? = 0.9916 °
= 1/—— Gradient = 13.9(5), R? = 0.9876
g 200 4 |—— Gradient= 12.6(6), R? = 0.9817
2 1 PH,
=< 150
Q
100 ~
50 ~
O 1 T T T T T T T T
0 2 4 6 8 10 12 14. 16

Fig. 13 Dissociation energy D, plotted against the nucleophilicity of the
Lewis base B for the four series of coinage-metal-bonded complexes
B---AuX (X = F, CL, Br, I). The straight lines are regression fits to the points
(solid dots) for each series, with the origin taken as a point. The inset gives
the gradient of each fitted line in kJ mol™* and the quality of the fit as
measured by R%.
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Gradient = 0.0430(19), R? =0.9850
0.6 4 |—— Gradient = 0.0431(14), R? =0.9916 PH
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o) 2
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0.1
0 ol

0 2 4 6 8 10 12 14 16

Fig. 14 D./omax plotted against the nucleophilicity Ng of the Lewis base B
for the four series of coinage-metal-bonded -bonded complexes-
B---AuX (X = F, Cl, Br, I). The straight lines are regression fits to the points
(solid dots) for each series, (origin as a point). The inset gives the gradient
of each fit and the quality of the fit as measured by R?.

ref. 14) are both quite different from those used'® for the
hydrogen- or halogen-bonded series. Nevertheless, it is clear
from Fig. 13 and Fig. S1, S3 (ESIt) that eqn (3) is valid for
coinage-metal bonds as well as hydrogen- and halogen bonds.
Moreover, the order of the electrophilicities of the aurous
halides is Exyr > Eaucti > Eausr > Eaur- The order for the
argentous and cuprous halides is the same.

Fig. 14 illustrates how division of the D, value by o
reduces the four straight lines in Fig. 13 to a single line. Thus,
the gradients of the four lines in Fig. 14 are identical within the
fitting error, with the mean value 0.0442(18). This is the
dimensionless reduced electrophilicity Z,,x of the AuX dia-
tomic molecules. Fig. S2 and S4 (ESIt) indicate that ZEcux =
0.0283(18) and Zpgx = 0.0287(22).

The coinage-metal diatomic molecules are much more polar
than the Lewis acids considered in earlier sections. For exam-
ple, the electric dipole moments of CuCl and AgCl are 5.74 D**
and 6.076(6) D,*” respectively, while those of BrCl, ICl and HBr
are 0.519(4) D,** 1.24(2) D** and 0.8280(6) D,* respectively.
CuCl and AgCl (and presumably AuCl) also have large ionicities
i.. The ionicity of a diatomic molecule is a measure of the
fractional contribution of the structure M'Cl™ to the valence-
bond description of the molecule. It can be calculated®® from
the nuclear quadrupole coupling constant y,(X) of the halogen
atom X in the appropriate diatomic molecule by using eqn (5),
in which eQg,, 1, is the quadrupole coupling constant arising
from a single electron in a np, orbital.

fe = 1+ {7(X)/(eQqn,1,0) ()

The i, values for CuCl and AgCl are 0.71 and 0.67,>” while those
for BrCl, ICl and HBr are 0.06, 0.25 and 0.30.>° Despite their
greater ionicity, the concepts of electrophilicity and reduced
electrophilicity introduced by eqn (3) and (4), respectively,
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Fig. 15 Dissociation energy D, plotted against the nucleophilicity Ng of
the Lewis base B for the six series of alkali-metal-bonded complexes
B---LiXand B---NaX (X = F, H, CHz). The straight lines are regression fits to
the points (solid dots) for each series, with the origin taken as a point. The
inset gives the gradient of each fitted line in kJ mol~* and the quality of the
fit as measured by R

appear to apply at least as well to the coinage-metal complexes
B---MX as they do to the hydrogen-bonded B---HX and
halogen-bonded B- - -YX discussed here.

3.6 Reduced electrophilicity of the alkali-metal compounds
LiX and NaX (X = F, H, CH;)

Application of eqn (5) to alkali-metal halides such as NaCl and
LiCl shows values of i. that are close to 1, indicating that these
molecules are essentially ion pairs in the gas phase.’*® The
question that then arises is: Does the concept of reduced

012 * B-LH
i ® B--LiF
® B...LiCH,
a3 B---NaF
14 B---NaH
® B.-.NaCH, NH,
|———0.01013(10), R? = 0.9995
0.08 o |[——0.01026(12) R?=0.9995 H,O
|———0.00999(8), R?=0.9997
% 0.01087(23), R? = 0.9983
E 0.01082(25), R? = 0.9974
Ew 0.06 ~ [——0.01119(32), R? = 0.9959
Q)
0.04
0.02
0 -
T T T T T T T
0 2 4 6 8 10 12
NB

Fig. 16 D./omax plotted against the nucleophilicity Ng of the Lewis base B
for the six series of alkali-metal-bonded complexes B---LiX and B---NaX
(X = H, F, CHs). The six straight lines are regression fits to the points (solid
dots) for each series, (origin as a point). The inset gives the gradient of each
fit and the quality of the fit as measured by R?.
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Table 2 Values of the reduced electrophilicity Z determined for various
Lewis acids A?

Lewis acid A Reduced electrophilicity 54

IX (X=F, ClBrI) 0.033(2)
IX (X = CN, CCH) 0.0229(4)
BrX (X = F, Cl, Br) 0.033(3)
CIX (X =F, Cl) ~0.026(4)
HX (X =F, Cl, Br, I) 0.0239(7)
HX (X = CN, CP, CCH) 0.0164(13)
CuX (X=F, ClBr, I) 0.0283(18)
AgX (X =F, Cl, Br, I) 0.0287(22)
AuX (X = F, Cl, Br, I) 0.0442(18)
LiX (X = H, F, CH;) 0.01114(2)

NaX (X = H, F, CH,) 0.01007(10)

“ The reduced electrophilicity of a given Lewis acid A is defined as E,/
Omax and is the gradient of the straight line obtained by plotting D¢/ max
against Nj for a series of complexes B- - -A, where the Ny and E, are the
nucleophilicity and electrophilicity of the Lewis bases B and the Lewis
acid A, respectively. 0,x is the maximum positive value of the MESP of
A on the 0.001 e bohr* iso-surface along its symmetry axis and near to
the atom that is directly involved in the non-covalent interaction of A
with B.

electrophilicity apply as well to alkali-metal bonded complexes
such as B---NaX and B---LiX as it does to hydrogen-bonded,
halogen-bonded and coinage-metal-bonded complexes? D, and
Ny values for B---MF, B---MH, B---MCH; were recently
published'® for M = Na and Li, with Lewis bases B = CO,
HCN, H,0, NH3, H,S and PHj;. A set of N, Eyix and Eya.x were
derived by the least-squares method from 34 values of D, for
complexes that could be identified as isostructural with their
hydrogen- and halogen-bonded counterparts. As for the
coinage-metal bond series, the Ny scale had some significant
differences from that used for the hydrogen- and halogen-
bonded series. The variation of D, with Ny for the alkali-
metal bonded complexes (first published in ref. 15) is set out
again in Fig. 15 (redrawn). Each series leads to an excellent
straight line, which indicates eqn (3) is appropriate here also.
The electrophilicities have the order Ejn > Erir ® Ericu, >
Enar > Enan > Enacn,, as previously established.'

The corresponding graphs of De/oax versus Ny are set out in
Fig. 16. The gradients of the three straight lines for the B- - -LiX
complexes in Fig. 16 are very nearly equal. However, a separate
linear regression fit of all the B---LiX points alone gives Zyx =
Epix/Omax = 0.01114(2) for the reduced electrophilicity of the LiX
molecules, while for the B- - -NaX complexes alone the value is
0.01007(10). It appears that the reduced electrophilicities of the
LiX and NaX molecules are very similar, but not equal.

4. Conclusions and discussion

The main conclusion of this work is that it is possible to define
areduced electrophilicity Z, for a Lewis acid A when involved in
non-covalent complexes B- - -A formed with Lewis bases B. This
is found to be true for a range of non-covalent interaction types.
A summary of the values of 5, determined here is available in
Table 2.
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Graphs of the equilibrium dissociation energy D, for com-
plexes B- - -IX plotted against the nucleophilicity Ny of the Lewis
bases B = N,, CO, C,H,, C,H,, H,S, HCN, H,O, and NH; for the
four series X = I, Br, Cl, F have been used to show that eqn (3),
D, = ¢'NgE,, is obeyed by each of these series of iodine-bonded
complexes. It is thereby established that the order of the gas-
phase non-covalent electrophilicities Erx of these dihalogen
molecules is Ejp > Ejcy > Epr > Ep. Moreover, when D, is
divided by opax, (i.e. the value of the molecular electrostatic
potential on the 0.001 e bohr > electron density iso-surface on
the molecular axis near to I), the plot of De/oy.x versus Ny
reveals that the four distinct straight lines of different gradient
in the D, versus Ny plots have become conflated to give a single
straight line to a good level of approximation. The gradient of
the single straight line is referred to as the reduced electro-
philicity Zix = De/omax Of the IX molecules (X = I, Br, Cl and F).
The same procedure followed for the series B---BrX and (less
certainly) the series B---CIX allows similar conclusions and
leads to the order of the reduced electrophilicities Zix = Zpx >
Zcix. The series B---ICX (X = N, CH) also behaved in the same
manner as the B---IX series, but the conflation of the two
straight lines when D./o .,y is plotted against Ny yields an Zjcx
value smaller than that of the B- - -IX series.

It has also been possible to show that a similar conflation of
four straight lines to a single straight line results when D¢/ y,,x
is plotted against Ny for the hydrogen-bonded series B---HX
(X =F, Cl, Br, I) and hence provides a reduced electrophilicity
Zux for the hydrogen halides. When HX is replaced by HCX,
where X = CN. CP and CCH, a value of Zycx is again established
but, as for the corresponding IX and ICX series, it is found that
Eux > Znox-

When the Lewis acid is more polar, as for AuX, AgX and CuX
in the three series of coinage-metal bonded complexes B- - -MX
(M = Cu, Ag, Au; X = F, C], Br, I), it is still possible to establish
well-determined reduced electrophilicities for the Lewis acids
in the order Z5ux > Eagx ® Zcux- Even when the Lewis acid is
close to being an ion pair, as in LiX and NaX (X = F, H, CH3), the
approach is again successful and leads to well-determined
reduced electrophilicities in the order Zn,x & Zyix.

It is important to discuss the significance of the newly-
defined quantity referred to as reduced electrophilicity.
Eqn (3) in Section 3.1 has been established to hold for a wide
range of non-covalent interactions involved in axially sym-
metric complexes B---YX, where Y is the atom of the Lewis
acid directly involved in that interaction. An important quantity
in this context is the most positive electrostatic potential o, at
the 0.001 e bohr ? iso-surface on the symmetry axis in the
vicinity of the atom Y of the Lewis acid (0.001 e bohr 2 is the
conventional choice of electron density for such surfaces). It
was shown in Section 3.1 that division of eqn (3) by gyayx to give
eqn (4) and then a plot of D./o,.x versus Ny leads in all cases
considered here to a straight line through the origin. According
to eqn (4), the gradient of this line is Eyx/omax, that is the
electrophilicity of the molecule YX per unit maximum positive
electrostatic potential on the symmetry axis at Y. We
have shown (by consideration of four different types of
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non-covalent interaction and a range of axially symmetric Lewis
acids YX) that the quantity Eyx/0max is an intrinsic property of
the atom Y involved in the non-covalent interaction with the
nucleophilic region of the Lewis base B. Thus, it is the same for
all diatomic Lewis acids when the same atom Y is that involved
in the non-covalent interaction with B. This result is made
clear, for example, by Fig. 10, which involves the four hydrogen
halides. When YX is a triatomic (or higher) molecule, as in
Fig. 12 (which deals with the axially symmetric polyatomic
Lewis acids HCN, HCP and HCCH), Eyx/0max iS again an
intrinsic property of the atom Y = H for the group, but has a
slightly different value from that of the hydrogen halides
(Fig. 10). Therefore it seems justified to give the quantity Eyx/
Omax the name reduced electrophilicity and the special symbol
EZyx. This new reduced quantity clearly points to systematic
family relationships among groups of Lewis acids involving
different types of non-covalent interaction. Further investiga-
tion might reveal further aspects the relationship.

Thus, we conclude that the reduced electrophilicity of a
Lewis acid YX is an intrinsic property of the atom Y and its axial
electrostatic surface potential directly involved in the non-
covalent interaction. It appears to be independent of the nature
of the remainder of YX, certainly so when YX is a diatomic
molecule and nearly so for more complex YX. It therefore
provides a measure of the propensity of atom Y to participate
in a wide range of hydrogen bonds (if Y = H), halogen bonds (if
Y is a halogen atom), coinage-metal bonds (if Y is a Group 11
atom), alkali-metal bonds (if Y is an alkali-metal atom).

The vast majority of data on nucleophilicities and electro-
philicities involves quantities that are derived from the rate
constants of chemical reaction in solution between more
complex molecules than those discussed here (see ref. 3, for
example). The electrophilicities and their reduced values pre-
sented in the Results section refer to the limiting, gas-phase
interactions between pairs of molecules otherwise isolated and
therefore comparison of the two scales is unlikely to be useful.
Two papers have been published,*®*° however, that make a
theoretical interpretation of the gas-phase N and E values set
out initially in ref. 4.
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