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The experimental approaches to estimation of
comparative electronegativity and chemical
hardness of organometallic groups have been
proposed. Qualitative data on the electronega-
tivity of L nM groups were obtained from 19F
NMR study of model systems 4-FC6H4QML n
(Q = C�C, N(R), O, C(O)O, S), (4-FC6H4)3
SnMLn and (4-FC6H4)3SnQMLn (Q = O, S),
containing a great variety of different organo-
metallic groups containing transition or heavy
main-group metals. The data on chemical hard-
ness of LnM groups were obtained from NMR
study of distribution of different L nM groups
between hard and soft anions. The following
basic results have been obtained. (1) The relative
electronegativity and chemical hardness of LnM
groups can change in parallel or not with the
electronegativity and hardness of the central
metal atom. (2) The substituents in Ar can
substantially modify electronegativity and hard-
ness of ArnM groups; the influence of Ar groups
has an inductive nature; the increase in electron-
donating ability of aryl ligands enhances the
hardness of ArnM cations. (3) The relative
electronegativity and hardness of LnM groups
in L nMX are invariant and do not depend on X.
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INTRODUCTION

The prediction of the reactivity of metal–elements-
bonds LnM—E is one of the main problems of
organometallic chemistry. These bonds are of great
importance in catalysis, e.g. in addition of these
bonds to acetylenes [1]1 and in migration processes
such as tautomerism [2],2 as well as exchange
reactions [3], where M—E bonds are broken and
formed:3
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The main factors that influence the reactivity of
these bonds are their polarity and polarizability, as
well as ability for heterolytic dissociation. The
polarity ofs-bonds has a substantial effect on their
energy.4 At the same time, the problems of
energetics of these bonds attract attention because
the thermochemistry of organometallic compounds
has been intensively developed in recent years.5

It is obvious that the above properties should
depend on such fundamental characteristics of LnM
groups as electronegativity and hardness. Recently
the main attention has been concentrated on the
problems and quantum-chemical calculations of the
polarity of s-bonds and group electronegativity
(GEN).6-15 Novel atomic electronegativity (AEN)
scales have been proposed16–18 and quantum-
chemical calculations of GEN have been carried
out for a number of the simplest organic and
organoelement groups LnE containing elements of
II and III Periods (E = C, N, O, P, S).13,14,19 In
contrast, the data on GEN of organometallic groups
(E = M) containing transition or heavy main-group
metal atoms are rather scarce,17,20apparently, since
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the calculationof multielectronicsystemswith d-
and f-orbitals presentsdifficulties and for com-
poundsof elementsof IV–VI Periodsit is necessary
to takeinto accountrelativistic effects.18,21

In this connection,it seemedto be of current
interest to compareexperimentally the GEN of
groupscontainingtransitionandheavymain-group
metalsand the polarity of bondsformed by these
groups. These investigationswould answer the
question,as whetherit is possibleto evaluatethe
comparativepolarity of bondsin usingthedataon
AEN of thecentralmetalatoms.Sucha possibility
cannotbeexcludedwithoutexperimentalconfirma-
tion, in particular for related groups containing
centralmetal atomsfrom the samegroup. In this
connection,it should be noted that the valuesof
AEN proposed by different scales are rather
ambiguousandthe sequenceof their changesmay
be different evenfor metalsfrom the samegroup
(Table1 andseries[4]–[7] for elementsof Group
IV).

Pauling: Si< Sn< Ge< Pb< C �4�
Allred Rochov:Sn< Si< Ge< Pb< C �5�
Mulliken: Pb< Sn< Ge< Si< C �6�
Allen: Sn< Si< Ge< C �7�
To estimatetheinfluenceof thedifferencein the

polarityof H—X andM—X bondsin HX-acidsand
their organometallic derivatives LnMX on the
comparativeenergyof thesebondsthe valuesof
thecentralmetalAEN haveusuallybeenused,22,23

ignoring the influence of ligands. Additional
interest in comparativeGEN of LnM groups is
connectedwith predictionof theeffect of GEN on
the position of s-metallotropic equilibria [2].24

Finally, it hasrecentlybeenfound that the useof
the Pearsonprinciple of hard and soft acids and
bases(HSAB) requirestakinginto accountGENof
correspondinggroups.25,26 This gives rise to the

question,aswhetherthe comparativeGEN of two
LnM groupremainsinvariantin passingfrom bonds
with hardligandsto bondswith soft ligands.

Thepredictionof comparativepolarity of M—E
bondsis complicatedby thefact thatin manycases
the electronic interactionsin thesebondsare not
simple. The problem is that the true s-bondsare
formed only in the casewhen M is bondedto an
atom without electronic pairs and low-lying
unoccupied orbitals. In other cases there is a
probability of existenceof donor-acceptinginter-
actions,whosecontribution can dependon M as
well ason X. It may be that this contributionwill
dominatethe polarizationof intrinsic s-bondsand
will producevariableGEN.

LnM H LnM Alk LnM X LnM X

The chemicalmethods,which are widely used
for the study of electroniceffectsof substituents,
are not suitable for investigationof interactions
acrossM—X bondsowing to thehigh reactivityof
thesebonds.Differentsparingphysicalmethodsare
usedfor thispurpose,aswell asquantumchemistry.
In these investigations the empirical relations
betweenthe characterof electrondensitydistribu-
tion and the correspondingparametersin the
frameworkof different physicalmethods,as well
asDM, haveusuallybeenused.The discussionof
the possibilities of the above methodsand their
limitations for investigationof thepolarity of M—
X bondsis beyondthe scopeof the presentwork.
Table 2 gives some literature examplesof the
estimationof GEN of LnM groups.

In the seriesof our paperswe havedeveloped
novelexperimentalapproachesto estimationof the
relativeelectronegativityandchemicalhardnessof
organometallicgroups.The review of correspond-
ing resultsis presentedin this paper.

THE RELATIVE
ELECTRONEGATIVITY OF LnM
GROUPS

Two experimental approachesto estimation of
comparativeelectronegativityof LnM groupshave
beenproposed.Thefirst approachwasbasedonthe
studyof fluorinechemicalshifts(FCS).It hasbeen
shown that qualitative data on the comparative
polarities of the metal–elementbonds and, re-
spectively,oncomparativeGENof LnM groupscan
be obtained from 19F NMR studies of model

Table 1 The electronegativitiesof elementsof IV B
Groupobtainedin the frameworkof different scalesof
electronegativity

Scale C Si Ge Sn Pb

Pauling 2.55 1.90 2.01 1.96 2.33
Allred–Rochov 2.50 1.74 2.02 1.72 2.45
Mulliken 6.27 4.77 4.60 4.30 3.90
Allen 2.54 1.99 1.92 1.82 —
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systems1:

Q C C,N�R�,O,C�O�O,S

1

involving Q—M bonds and p-FC6H4 indicator
group.34 It was suggestedthat the main factor
influencing the fluorine shielding for related
systemsis theelectronicdensityontheQ fragment.
It was supposedthat this density is intermediate
between electron density in symmetrical com-
pounds 4-FC6H4Q—QC6H4F-4 (nonpolar bond)
and electronic density in ionic compounds4-
FC6H4Q-M+. Thusfor system1 involving thefixed
fragmentQ the fluorine shieldingmustdependon
M—X bondpolarity.This approachwasappliedto
studythepolarityof M—C, M—N, M—O or M—S
bondsinvolving agreatvarietyof differentorgano-
metallic groups containing transition or heavy
main-groupmetals.

From the systematic point of view it was
important to support the data obtained in the
framework of the above approach by results
obtainedin the frameworkof someotherindepen-
dent method.Another approachwas basedon the
studyof theinfluenceof polarsubstituenteffectson
thepositionof theexchangeequilibria [8]:

LnM X1 � H X2� LnM X2 � H X1 �8�
in the systemsinvolving HX-acidsand their LnM

derivatives,whereX1 and X2 have the samekey
atoms.24,35 The equilibrium constantcan be ex-
pressedas:

logKeq�8� � logKD�LnMX1� ÿ logKD�LnMX2�
� logKD�HX2� ÿ logKD�HX1�

where KD is the dissociation constant of the
correspondingbond.If a linear dependenceof [9]:

logKD�LnMX� � AMX logKD�HX� � CMX �9�
existsbetweenthedissociationconstantsof theHX
acids and their LnM derivatives,the equilibrium
constantis givenby the following expression:

logKeq�8� � �AMX ÿ 1��pKa�HX2� ÿ pKa�HX1��
�10�

It should be noted that the existenceof a linear
dependenceof [9] in organic solvents may be
expectedon the basis of polarographicdata.36

Previous to our investigationsthe experimental
support was obtainedfor methylmercuryderiva-
tives in water.37,38

Thestudyof theinfluenceof substituentsin theX
fragmenton the equilibrium position of reactions
[8] in thesamesolvent,in whichtheaciditiesof HX
acidswere measured,usually in DMSO,39 allows
one to determine the coefficient AMX, which
characterizesquantitativelythe relativepolarity of
H—X andM—X bonds.If thepolarity of theM—
X bond is higher than the polarity of the H—X

Table 2 Someliteraturedataon the electronegativitiesof LnM groups

w (eV) Estimationa
w (eV)

Estimation
LnM (Pauling) method LnM Pauling Mulliken method

Me3Ge 2.19 A Ph2Sb 1.96 B
1.94 B 1.82 C
1.77 C Ph2Bi 1.97 B

Me3Sn 2.30 A 1.82 C
1.79 B (CO)5Mn 2.47 E
1.61 C 5.2 F

1.31 4.55 G
Me3Pb 1.75 B (CO)4MnPPh3 1.98 E

1.56 C (CO)2CpFe 2.10 E
2.1 5.0 H

MeHg 1.75 D
2.24 B (CO)4Co 2.3 5.4 H
1.12 C 1.27 4.43 G

PhHg 1.85 D

a A: Calculationby Huheey.27 B: Calculationby Imamoto–Masuda.28 C: Calculationby Gordy.29 D: From solubility productof
LnMX in water.30 E: From fluorine chemicalshifts of 3-FC6H4CH2MLn.

31 F: From experimentaldataon ionizationpotentialand
electronaffinity.17 G: Quantum-chemicalcalculation.32 H: From 119SnMössbauerspectra.33
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bond,thenAMX < 1. If the polarity of the M—X
bondis lower thanthatof theH—X bondthenAMX
> 1. For a pureionic bondAMX shouldbeequalto
zero.It shouldbetakeninto accountthatin thecase
of stronglysolvatingDMSO we haveto dealwith
GEN of LnM groupsmodifiedby strongsolvation
rather than with intrinsic GEN. In thosecases,in
which valuesof pKa of thecorrespondingseriesof
acidshavenot beendetermined,theobservationof
relation[11]:

logKeq�8� � a�� b �11�
betweenlog Keq[8] and the polar constants for
substituentsin theX fragmentservesasanindirect
indicationthat the relation[9] exists.

These principles were used in the study of
equilibria [8] by theNMR technique,which allows
one to study fast and slow reactionson the NMR
time scale.It shouldbeemphasizedthatthesecond
approachis basednot on the logical considerations
asthefirst one,but on thepuremathematics.

The relative polarity of MÐC bonds

For the investigationof the relativepolarity of the
M—C bonds the derivatives of 4-fluorophenyl-
acetylenehavebeenchosen.40

It can be seenfrom Table 3 that the fluorine
shieldingincreasesin goingfrom symmetrical1,4-
di-p-fluorophenylbutadiine containing a nonpolar
C—C bond to organometallicderivatives of 4-
fluorophenylacetylene. In the caseof the groups
with the same electronic configuration of the
highest occupiedorbitals (Hg—Au, W—Pb and
soon) themetal–carbonbondsinvolving transition
metalshavea higherpolarity thanthoseinvolving
heavymain-groupmetals.The abovedataindicate
thatthepolarityof heavymaingroupmetal–carbon
bondsincreasesin theseries:

Ph3Ge< Ph3Sn< Ph3Pb< Ph2Bi < PhHg

Thesameresultsfollow from theexchangeequil-

ibria in systemsinvolving 4-fluorophenylacetylene,
ethyl propiolateandtheir derivativesin toluene:41

Theequilibrium[12] is shiftedto theright in the
caseof LnM = Ph3Pbandto a greaterdegreein the
caseof LnM = PhHg.In the caseof LnM = Ph3Sn,
Keq= 1. This fact meansthat the polaritiesof the
C—SnandC—H bondsarepracticallythesame.

The relative polarity of MÐN bonds

In the case of M—N bonds the organometallic
derivatives of NH-acids of three different types
were used: (4'-fluorophenyl)benzenesulfonamide
(FPBSA)42,43 and the two tautomericsystemsdi-
(4-fluorophenyl)triazene (DFPT)44–48 and 2-(4'-
fluorophenyl)benzimidazol (FPBI).49

X � H,HgPh,AuPPh3, K

X � H,HgPh,AuPPh3, �o-Tol�M�PEt3�2
M � Ni; Pd; Pt

Table 3 The FCSa for 4ÿFC6H4C�CX in toluene40

X FCS X FCS

C�CC6H4Fÿ4 ÿ4.08 AuPPh3 1.64
GePh3 ÿ2.82 Mn(CO)5 1.29
SnPh3 ÿ2.59 Re(CO)5 1.46
H ÿ2.51 W(CO)3Cp 1.49
PbPh3 ÿ1.74 Mo(CO)3Cp 1.53
BiPh2 ÿ1.57 Cr(CO)3Cp 1.62
CPh3 ÿ1.47 Fe(CO)2Cp 3.10
HgPh ÿ1.52

a In ppm from externalPhF.Sign ‘�’ correspondsto upfield
shift.
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X � H,HgPh,AuPPh3

It follows from FCSvaluesfor FPBSA(Table4)
that thepolarity of M—N bondsincreasesin going
from the Hg—N bond to the Au—N bond;
however,thesebondsareto alargedegreecovalent,
becausecorrespondingFCSvaluesaresubstantially
lower than14ppm for the potassiumderivativeof
FPBSA. For model substitutedbenzenesulfona-
midesandtheir PhHg-andPh3PAu-derivativesthe
linear dependencesbetweenpKa and log Keq [13]
havebeenfound.43,50

Ar N
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logKeq�13� � ÿ0:26pKa� 3:30

�MLn � AuPPH3�; AAu N � 0:74

logKeq�13� � ÿ0:27pKa� 3:53

�MLn � HgPh�; AHg N � 0:73

From the values of the AM–N coefficients it
follows thatthepolaritiesof theAu—N andHg—N
bondsare nearly the same.At the sametime, the
FCS values indicate a greater polarity for the
Au—N bond than for the Hg—N bond.Thus the
methodbasedon theFCSallowsoneto revealfiner
differencesbetweenbondpolarities.

The relative polarity of MÐO bonds

In the caseof M—O bondsthe derivativesof two
types of HO-acid have been investigated,which
involving 4-fluorobenzoicacid51,52 and 4-fluoro-
phenol.52,53

From the FCS of derivativesof benzoicacids
(Table 5) it can be seenthat the polarity of the
M—O bondsincreasesin theseries:

H O< Ph3Sn O< Ph2Sb O< PhHg O
< Ph3Pb O< Ph4Sb O< Ph3PAu O
< �oÿ Tol�M�PEt3�2 O

For three organometallicgroups[PhHg, Ph4Sb
and(o-Tol)Ni(PEt3)2] dataon the relativepolarity
of M—O bonds were supported by exchange
equilibrium method.54,55

Ar C
qq
p
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O MLn

� Ph C
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p
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O H
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p

O
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Table 4 The FCSa derivativesof (4'-fluorophenyl)benzensulfonamide(FPBSA) and di-(4-fluorophenyl)triazene
(DFPT) in tolueneaswell asfor derivativesof 2-(4'-fluorophenyl)benzimidazol(FPBI) in DMSO42–49

System

X FPBSA DFPT FPBI

H 3.80(in DMSO) 5.60; 10.49 ÿ1.32
HgPh 4.89(in DMSO) 7.01; 10.49 ÿ0.96
AuPPh3 7.97(in DMSO) 8.91; 10.49 0.38
K 14.17(in DMSO) — —
Ni(o-Tol)(PEt3)2 — 8.44;10.49 —
Pd(o-Tol)(PEt3)2 — 8.63;11.28 —
Pt(o-Tol)(PEt3)2 — 8.36;11.22 —

a In ppmfrom externalPhF.Sign ‘�’ correspondsto upfieldshift.
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logKeq�14� � �AMÿOÿ 1�pKa� B

AMÿO � 0:80�Hg O� < 0:63�Sb O�
< 0:35�Ni O�

It follows from the values of AM—O that the
M—O bondpolarity increasesin theorder:

Hg O< Sb�V� O< Ni O

Similar resultshave beenobtainedfor organo-
metallic derivativesof 4-fluorophenol.56,57

The relative polarity of MÐS bonds

For investigationof the relative polarity of M—S
bonds the derivativesof 4-fluorothiophenolhave
beenstudied:52,56

It was found that the polaritiesof M—S bonds
involving main-groupmetalsareratherclosedueto
the fact that the correspondingvalues of FCS
(Table 6) fall within a narrow range around
0.6ppm, whereasthe whole rangefrom disulfide
to tetrabutylammonium4-fluorothiophenoxideis
equalto 17ppm.

The method of exchangeequilibria also con-
firmed this conclusion.In DMSO the position of
exchangeequilibrium [15]:

Keq� 2:2�X � NO2�; Keq� 1:7�X � NMe2�

does not dependpractically on substituent,35 in
spiteof thefact that thedifferencein pKa valuesof
correspondingthiols is very large (nine units of
pKa). At the sametime the polarity of transition
metal–sulfur bonds is very similar for nickel,
palladium and platinum and close to that of the
ionic bond.52

The ligand in¯uence on the polarity
of metal±element bonds

It has been shown for a variety of LnMX
compounds57–61 that GEN of LnM andpolarity of
M—X bondvariessignificantlywith the natureof
s- or n-ligands L. Thus, polarity decreaseswith
increase in electron-acceptingability of s-aryl
ligands and the influence of these ligands is
inductive owing to the fact that the correlationof
the FCS values with s0 constantsof substituted
phenylgroupsis betterthanthatwith thes constant
of Hammett(Table7).

The increasein electron-acceptingability of Ar
groupsmaygive riseto inversionof polarity of the
M—X bond.Suchaneffectwasfoundin thecaseof
Ar3Sn—Sbonds.The increasein electron-accept-
ing ability of Ar in going from thePh3Sngroupto
the (3,4,5-Cl3C6H2)3Sn groupcausesthe inversion

Table 5 The FCSa for 4ÿFC6H4C(O)OX in tolu-
ene51,52

X FCS X FCS

H ÿ8.42 AuPPh3 ÿ2.11
CPh3 ÿ6.63 Ni(o-Tol)(PEt3)2 ÿ1.38
SnPh3 ÿ6.35 Pd(o-Tol)(PEt3)2 ÿ0.45
SbPh2 ÿ6.11 Pt(o-Tol)(PEt3)2 ÿ1.11
HgPh ÿ4.79 NBu4 b 2.41
PbPh3 ÿ4.36

a In ppmfrom externalPhF.Sign‘ÿ’ correspondsto downfield
shift.
b In DMSO.

Table 6 The FCSa for 4-FC6H4SX in toluene52,56

X FCS X FCS

SC6H4F-4 0.59 AuPPh3 8.74
H 3.88 Ni(o-Tol)(PEt3)2 10.83
PbPh3 3.81 Pd(o-Tol)(PEt3)2 11.46
SnPh3 3.21 Pt(o-Tol)(PEt3)2 11.25
HgPh 4.47 NBu4b 16.91

a In ppm from externalPhF.Sign ‘�’ correspondsto upfield
shift.
b In DMSO.
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of thepolarity of theSn—Sbond:35

�3;4;5ÿ Cl3C6H2�3Sn�ÿ S��C6H4Fÿ 4;
FCS� ÿ0:35ppm

4-FC6H4S SC6H4Fÿ 4;FCS� 0:59ppm
Ph3Sn�� S�ÿC6H4Fÿ 4;FCS� 2:94ppm

In regardto n-ligands,it was found that in the
caseof compounds(o-Tol)M(PR3)2SC6H4F-4 and
(o-Tol)M(PR3)2OC(O)C6H4F-4 (M = Ni, Pt) the
relative polarity of the M—S or M—O bonds
increaseswith increasein the donorability of R3P
ligandsonly on condition that steric requirements
arenot changed.The influenceof n-ligands,which
havedifferentstericrequirements,is determinedby
two oppositeeffects:thedonorability andthesteric
factor.61–67

Comparison of calculated and
empirical GEN of some LnM groups

Theab initio calculationsfor theGENof Ar3Si and
Ar3Sn groups containing meta-, para- and poly-
substitutedphenyl groupswere performed(Table
8).68 From thesecalculationsit follows that GEN
increaseswith increaseof electronegativityof Ar. It
is interestingto notethat thedifferencein GEN of
Ar3Si andAr3Sngroups,which equals0.23eV for
the mostelectron-acceptingAr i.e. 3,4,5-Cl3C6H2,
decreasessignificantly (0.05eV) for the most
electron-donatingAr group, i.e. p-Me2NC6H4. At
the sametime, the differencebetweenthe AEN of
silicon and tin atoms is larger: 0.47eV. These
resultsshowonceagainthat the substituentsin L

canmodify thedifferencein GEN betweenrelated
groups.The bettercorrelationof GEN valueswith
the s0 Taft constantsthan with the s Hammett
constantssuggeststhe conclusionobtainedabove
onthebasisof FCS,thattheinfluenceof Ar ligands
on GEN of Ar3E groupshasan inductivenature.

Good correlationshave been found for corre-
spondingvaluesof FCSfor compounds(2)–(5) and
calculatedvaluesof GEN:

Ar3SiC6H4F-4 2; Ar3SnC6H4F-4 3;
Ar3SnCH2C6H4F-4 4; Ar3SnSeC6H4F-4 5

in which the p-FC6H4 indicator is bondedto the
LnM groupdirectly or throughcarbonor sulfur.

FCS�2� � �2:186� 0:012��� 5:426;
r � 0:989; S� 0:26:

FCS�3� � �2:151� 0:010��� 5:852;
r � 0:990; S� 0:24:

FCS�4� � ÿ�1:58� 0:01��� 12:0;
r � 0:984; S� 0:17:

FCS�5� � ÿ�2:00� 0:01��� 9:87;
r � 0:993; S� 0:16:

Thus,it shouldbeexpectedthat in thegeneralcase
of compoundsArnE—QC6H4F-4thechangein FCS
can representthe quantitative measureof GEN
modificationundertheeffect of substituent.More-
over,it is possibleto estimatewith ahighdegreeof
certaintytherelativepolarityof E—Qbondson the
basis of the study of the regularities of FCS
changes.

Table 7 Thecorrelationsof theFCSfor ArnMQC6H4Fÿ4 with s or s0 constantsof Ar
groups57–61

ArnMQC6H4Fÿ4

ArHgC�C6H4Fÿ4 FCS= (ÿ0.72� 0.02)s ÿ 1.57; r = 0.978;S= 0.11
FCS= (ÿ0.85� 0.01)s0 ÿ 1.53; r = 0.994;S= 0.05

ArHgN(SO2Ph)C6H4Fÿ4 FCS= (ÿ0.72� 0.05)s� 4.25; r = 0.939;S = 0.11
FCS= (ÿ1.09� 0.02)s0� 1.31; r = 0.985;S= 0.06

Ar3SnOC6H4Fÿ4 FCS= (ÿ2.54� 0.12)s� 12.83;r = 0.949;S= 0.21
FCS= (ÿ2.83� 0.04)s0� 12.95;r = 0.986;S= 0.11

Ar3SnSC6H4Fÿ4 FCS= (ÿ4.25� 1.35)s� 1.35; r = 0.933;S= 0.33
FCS= (ÿ4.00� 0.22)s0� 2.91; r = 0.987;S= 0.15

ArHgSC6H4Fÿ4 FCS= (ÿ0.66� 0.40s� 4.30; r = 0.883;S= 1.44
FCS= (ÿ1.11� 0.02)s0� 4.30; r = 0.964;S= 0.09

ArPt(PPh3)2SC6H4Fÿ4 FCS= (ÿ0.76� 0.11)s� 11.62;r = 0.913;S= 0.17
FCS= (ÿ0.86� 0.07)s0� 11.67;r = 0.954;S= 0.13

Ar3PAuSC6H4Fÿ4 FCS= (ÿ1.61� 0.10)s� 8.19; r = 0.944;S = 0.23
FCS= (ÿ2.42� 0.03)s0� 8.33; r = 0.990;S= 0.10

Copyright# 2001JohnWiley & Sons,Ltd. Appl. Organometal.Chem.2001;15: 27–42

Electronegativityandchemicalhardness 33



The relative polarities of
tin±transition metal bonds

In order to investigatethe comparativeGEN of
groups involving transition metals, the relative
polarity of tin–metalbondsin the compounds(4-
FC6H4)3Sn—MLn (6) hasbeenstudied(Table9).69

The conclusions on direction and degree of
polarization of Sn—M bondswere madeon the
basisof comparisonof FCSfor compounds6 with
the FCS of symmetrical distannane with the
nonpolarSn—Snbond. In the caseof the cobalt
compoundthe Sn—Co bond is polarized in the
senseSnd�—Codÿ. In all other casesthe Sn—M
bondsarepolarizedin thesenseSndÿ—Md�. From
the dataobtained,it follows that in the interaction
with the tin atom the decreaseof GEN of LnM
groupstakesplacein theorder:

�CO�4Co> �CO�5Mn > Cp�CO�3Cr
> Cp�CO�3Mo > Cp�CO�3W
> �CO�5Re> Cp�CO�2Fe

This sequencecorrespondssatisfactorlyto litera-

ture data on the dissociativeability of tin–metal
bondsin Ph3SnMLn compounds,70 aswell asto the
dataon their Mössbauerspectra.71

A comparisonof theaboveserieswith theorder
of changeof AEN calculatedaccordingto Mulliken
(Co, 4.26;W, 4.19; Fe, 4.03; Re, 4.01; Mo, 3.92;
Cr, 3.76; Mn, 3.72) as well as of limited dataon
spectralAEN (Co, 1.82; Fe, 1.79; Mn, 1.74; Cr,
1.57),indicatesthat in the generalcasethereis no
agreementof GEN with AEN. Moreover,evenin
thecaseof relatedLnM, theGEN of LnM doesnot
run parallel to AEN of M:

GEN: �CO�5Mn > �CO�5Re;
AEN: Mn > Re;
Cp�CO�3Cr> Cp�CO�3Mo > Cp�CO�3W
Cr< Mo < W

Theseresultsshowthattheinteractionof ligands
with the metal atom may causethe inversion of
GEN with respectto AEN. Thesedatasupportthe
validity of Pearson’sopinionthattheAEN arenota
reliablemeasureof bondpolarity. Moreover,these

Table 8 Theabinitio calculatedelectronegativitiesof Ar3Si andAr3SngroupsandFCSfor compoundsAr3SiC6H4F-
4 (2), Ar3SnC6H4F-4 (3), Ar3SnCH2C6H4F-4 (4) andAr3SnSC6H4F-4 (5)68

w(eV) FCSa

Ar Ar3Si Ar3Sn 2 3 4 5

4-Me2NC6H4 2.97 2.92 ÿ0.8 ÿ0.16
4-MeOC6H4 3.10 3.04 ÿ1.8 ÿ1.13 6.93
4-MeC6H4 3.33 3.25 ÿ1.7 ÿ1.13 6.91 3.41
3-MeC6H4 3.37 3.29 ÿ1.8 ÿ1.15 7.04 3.41
Ph 3.48 3.39 ÿ2.3 ÿ1.52 6.71 2.94
4-FC6H4 3.97 3.84 ÿ3.1 ÿ2.31 6.05 2.18
3-FC6H4 4.03 3.90 ÿ3.7 5.74 1.90
4-ClC6H4 4.23 4.09 ÿ3.5 ÿ2.63 5.64 1.81
3-ClC6H4 4.23 4.18 ÿ4.0 ÿ3.07 5.59 1.68
3-CF3C6H4 4.41 4.23 ÿ3.43
3,4-Cl2C6H3 4.81 4.63 ÿ5.0 ÿ3.91 4.77 0.73
3,5-Cl2C6H3 4.88 4.69 ÿ4.53 4.39 0.20
3,4,5-Cl3C6H2 5.38 5.15 ÿ6.4 ÿ5.25 ÿ0.35

a In ppmfrom externalPhF.Sign ‘�’ correspondsto upfield shift.

Table 9 The FCSa for (4-FC6H4)3SnMLn in benzene69

Compound FCS Compound FCS

(4-FC6H4)3SnSn(C6H4Fÿ4)3 ÿ2.45 (4ÿFC6H4)3SnRe(CO)5 ÿ0.54
(4ÿFC6H4)3SnFe(CO)2Cp ÿ0.40 (4ÿFC6H4)3SnCr(CO)3Cp ÿ1.32
(4ÿFC6H4)3SnCo(CO)4 ÿ3.00 (4ÿFC6H4)3SnMo(CO)3Cp ÿ1.00
(4ÿFC6H4)3SnMn(CO)5 ÿ1.46 (4ÿFC6H4)3SnW(CO)3Cp ÿ0.87

a In ppmfrom externalPhF.Sign ‘ÿ’ correspondsto downfieldshift.
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datashowthat theuseof AEN of thecentralmetal
atomfor estimationof therelativepolarityof bonds
formedby organometallicgroupscontainingtransi-
tion metalsmay,in thegeneralcase,leadto wrong
conclusions.

Our results72 of theab initio calculationof GEN
of the(CO)5Mn and(CO)4Co groupsperformedby
theDSCFmethodsarepresentedin Table10,where
similar valuesobtainedpreviouslyin literatureby
the semiempirical TO INDO method20 and the
values of FCS for the compounds(4-FC6H4)3
SnMn(CO)5 (7) and(4-FC6H4)3SnCo(CO)4 (8) are
alsopresentedfor comparison.It canbeseenfrom
the dataof Table10, that the shieldingof fluorine
decreasessubstantiallyon going from compound7
to compound8. This, in turn, indicatesan increase
in GEN in going from the (CO)5Mn to (CO)4Co.
Thus, in contrast to the calculationsby the TO
INDO method,the resultsof the ab initio calcula-
tionsareconsistentwith theexperimentaldata.

Theanalysisof theabovesequencesof changein
M—Q bondpolarity in modelsystems1 involving
different Q showsthat thesesequencesare very
similar.Thefollowing generalconclusionscouldbe
deducedfrom the resultsobtained:

(1) TheLnM groupsinvolving transitionmetalsin
all casesform morepolar M—X bondsthan
LnM groups involving heavy main-group
metals.

(2) The comparisonof the abovesequenceswith
the Mulliken AEN of the centralatomshows
thatGENof LnM doesnotrunparallelto AEN
of M. For someLnM theinversionof GEN in
comparisonwith AEN takesplacedueto the
ligand influence.

The relative GEN of Ar3E groups in
systems Ar3EÐXÐE'''Ar3

Accordingto Pauling,AEN is theability of anatom
in a molecule to attract electrons.An analogous
determinationshould also be true for GEN of
organic or organometallicgroups.Therefore,the
following model systemsare promisingin studies
of comparativeGEN of LnM:

LnM X M�Lm �X � S or O�:
In thesehinge systems,organometallicgroups

LnM and LmM* competewith eachother for the
electron density distribution in the triad system
MXM * accordingto their ability to withdraw the
electron density. We have chosen the systems
involving derivatives of Group IVB elements
(n = m= 3). In order to answerthe question,as to
whetherthecomparativeGEN remainsinvariantin
passingfrom bondswith hardligandsto bondswith
soft ligands,hardoxygenandsoftsulfurweretaken
as heteroatoms.The tris(4-fluorophenyl)stannyl
group was chosenas an indicator of changein
electron density on X. Thus, we have studied
the Ph3M derivativesof tris(4-fluorophenyl)stan-
nanol (9) and of tris(4-fluorophenyl)stannanethiol
(10).73,74Prior to theseinvestigations,suchsystems
as the tris-(4-fluorophenyl)stannyl halides have
been studied (Table 11). The minus sign corre-
spondsto a downfieldshift of thesignalrelativeto
PhF(decreasein the shielding).The dataof Table
11 demonstratethat in goingfrom (4-FC6H4)3Sn—
Sn(C6H4F—4)3, which hasa nonpolarizedSn—Sn
bond, to compounds(4-FC6H4)3Sn—X (X = Hal)
with Snd�—Xdÿ bonds, which are polarized
accordingto the valuesof absoluteelectronegativ-
ities (eV) of tin and halogenatoms(Sn, 4.30; Cl,
8.30; Br, 7.59; I, 6.76) a decreasein the fluorine
shielding takes place. The extent of shielding
decreasesas the electronegativityof the halogen
atomincreasesaccordingto thefollowing equation:

FCS� ÿ0:31��Hal� ÿ 1:88;r � 0:983;S� 0:06:

Therefore,the FCSin compounds(4-FC6H4)3SnX
adequatelyreflects the comparativeelectronega-
tivity of the moiety X. According to the FCS the
polarization of M—E bonds increases in the
sequences:

Si< Ge< Sn< Pb�X � 0� and
Si< C< Ge< Sn< Pb�X � S�

Thus GEN of the Ph3E groups decreasesin the
series:

Table 10 The results of ab initio72 and TO INDO
calculations20 of electronegativitiesof the(CO)5Mn and
(CO)4Co groups and the values of FCS for the
compounds(4-FC6H4)3SnMn(CO)5 (7) and (4-FC6H4)3
SnCo(CO)4 (8)

LnM
The methodof

calculation w (eV)
FCSa for

7 or 8

Mn(CO)5 ab initio 2.93 ÿ1.46
TO INDO 4.55

Co(CO)4 ab initio 3.29 ÿ3.00
TO INDO 3.49

a In ppmfrom externalPhF.Sign‘ÿ’ correspondsto downfield
shift.
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Si< C< Ge< Sn< Pb

A goodcorrelationbetweenFCSandAEN of the
centralatomsof thePh3E groupwasestablished:

FCS� ÿ0:66�� 0:40;r � 0:961�X � O�
FCS� ÿ1:80�� 4:93;r � 0:967�X � S� (except

for the Ph3C group)

Thesedataindicatethat thedependenceof GEN of
the Ph3M groupson the AEN of the centralmetal
atoms firstly is not only qualitative, but also
quantitative,and secondly,remainsunchangedin
thecaseof themetalbondedto thehardoxygenor
soft sulfur anion.

This dependencedoes not hold for the Ph3C
group,whichmaybecausedby two factors.Firstly,
when passingfrom Ph3C to Ph3Si, an additional
transferof electrondensityfrom thesulfur atomto
the E atom can occur due to interactionbetween
unoccupied3d orbitalsof the silicon atomand3p
orbitals of the sulfur atom, which contain lone
electronpairs.Secondly,directinteractionof thep-
electronsystemsof the aromaticrings of the (4-
FC6H4)3Sn and Ph3C groups can occur. Thus,
analysisof the Stewart–Briegleb structuralmodels
demonstratesthat the distancebetweenthe planes
of thearomaticringsof the(4-FC6H4)3SnandPh3E
groups sharply decreasesin going from (4-
FC6H4)3SnSSiPh3 to (4-FC6H4)3SnSCPh3. As a
result, a direct interactionbetweenthe p-electron
systemsand partial transferof electrondensityto
the antibonding orbitals of the 4-fluorophenyl
ligandbecomepossible.Thismaycauseanincrease
in theshieldingof fluorineandanapparentdecrease
in thegroupelectronegativityof thePh3C group.

To answer this questionwe have studied the
derivatives of 4-fluorothiophenol of the type
Ph3ESC6H4F-4 (E = C, Si, Ge, Sn, Pb),75 because

analysisof themolecularmodelsdemonstratesthat
there are no contacts between the p-electron
systemsof the phenyl and 4-fluorothiophenoxide
ligands.It follows from theFCSvaluesthatGENof
Ph3E groupsdecreasesin theorder:

Ph3C�ÿ0:24ppm� < Ph3Si�1:91� < Ph3Ge�2:32�
< Ph3Sn�3:08� < Ph3Pb�3:71�

A good linear dependenceexistsbetweenFCS
andAEN:

FCS� ÿ1:65�� 10:03 �r � 0:994;S� 0:19�
Hence,despitethe fact that the questionof the

correctnessof usingthedifferencebetweenAEN as
a measureof thepolarity of a bondis still anopen
question,76,77 in the presentcase,this parameter
reflects rather adequately the variation of the
polarity of theM—O andM—S bonds.

In view of the seriesfound by us in which the
GEN of the Ph3M groups decreasesin order
Ph3Si> Ph3Ge> Ph3Sn> Ph3Pb, the results78 ob-
tained in the 119Sn and 207Pb NMR study of the
polarity of the Pb—M and Sn—M bonds in
compoundsPh3Pb—MPh3 or Ph3Sn—MPh3 seem
to be surprising. Based on the increasein the
shielding of 207Pb in going from Ph3PbPbPh3 to
Ph3PbSnPh3 and then to Ph3PbGePh3, it was
concludedthat the M—M bonds in thesecom-
poundsare polarizedas Pbdÿ—Snd� and Pbdÿ—
Ged�, which implies that the GEN of the Ph3Pb
group is greaterthan thoseof Ph3Sn and Ph3Ge.
The shieldingof 119Sn in Ph3SnMPh3 compounds
increasesin the series Ph3Pb< Ph3Sn< Ph3Ge,
which, by analogy,shouldalsopoint to a decrease
in GEN in theseriesPh3Pb> Ph3Sn> Ph3Ge.

In this connectionwe havestudiedthe119Snand
207Pb chemicalshifts in compoundsPh3SnOMPh3
and Ph3PbOMPh3 (Table 12).73 As follows from

Table 11 The FCSa for systems(4-FC6H4)3SnXEPh3 aswell asfor (4-FC6H4)3SnHalin benzene73,74

Compound FCS Compound FCS

(4-FC6H4)3SnOSiPh3 ÿ3.84 (4-FC6H4)3SnSn(C6H4Fÿ4)3 ÿ2.45
(4-FC6H4)3SnOGePh3 ÿ3.11 (4-FC6H4)3SnCl ÿ4.41
(4-FC6H4)3SnOSnPh3 ÿ2.78 (4-FC6H4)3SnBr ÿ4.27
(4-FC6H4)3SnOPbPh3 ÿ2.14 (4-FC6H4)3SnI ÿ3.94
(4-FC6H4)3SnSCPh3 ÿ2.63
(4-FC6H4)3SnSSiPh3 ÿ2.74
(4-FC6H4)3SnSGePh3 ÿ2.60
(4-FC6H4)3SnSSnPh3 ÿ2.55
(4-FC6H4)3SnSPbPh3 ÿ2.13

a In ppmfrom externalPhF.Sign ‘ÿ’ correspondsto downfieldshift.
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the datapresentedin Table 12, the regularitiesof
the effect of the natureof the metal on 119Sn and
207Pbchemicalshifts in thecompoundsstudiedby
us are the same as those in Ph3SnMPh3 and
Ph3PbMPh3 compounds.In all cases,theshielding
of the119Snand207Pbnuclei increasesin theorder
Ph3Pb< Ph3Sn< Ph3Ge< Ph3Si, which should
indicate,from theviewpointof Koglin et al.,78 that
theGENof thePh3M groupsdecreasesin theorder
Ph3Pb> Ph3Sn> Ph3Ge> Ph3Si.

This conclusion is in contradiction with our
resultsobtainedby 19F NMR for compounds9 and
10. Since, in the case of LnMQC6H4F-4 com-
pounds, the 19F NMR data on the comparative
polarity of theM—Q bondsareconsistentwith the
resultsobtainedin thestudyof exchangeequilibria,
we believethatour resultsaremorereliable.

THE RELATIVE HARDNESS OF LnM
GROUPS

For the prediction of the reactivity of metal–
elements-bonds the principle of hard and soft
acidsandbases(HSAB)79 seemsto be promising.
This principle was of a qualitative characterfor
several decades,but the prerequisiteshave ap-
peared recently for its transformation into a
quantitativetheory.80 For example,the conceptof
absolutehardnesswasdeveloped,andquantitative
parametersfor theabsolutehardnessof metalatoms
and cations were suggested.81,82 The quantum-
chemical calculations of the hardnessof metal
atomswereperformed.83 Recently,thecalculations
of the hardnessof the simplest organic and
organoelementgroupscontainingcarbon,nitrogen,
oxygen,sulfur,siliconandphosphorusaskeyatoms
havebeenpublished.14,15 At the sametime, there
areno publishedcalculateddataon thehardnessof
organometallicgroupsor cations,andexperimental
results are very scarce.84 Therefore, it seemed

appropriateto study the possibility of the qualita-
tive or quantitativeprediction of the comparable
hardnessof organometalliccationson the basisof
hardnessparametersof the centralmetalatomsor
cationsin organometallicgroups.In particular,the
problemof predictionof the characterof distribu-
tion of competingorganometallicgroupsbetween
hard and soft anionoid ligands is of great sig-
nificance.It was also of interest to elucidatethe
possibility of the existence of qualitative or
quantativeregularitiesin theinfluenceof thenature
of ligands on the hardnessof organometallic
cations.

A convenientapproachto the solution of these
problemsis thestudyof theexchangeequilibriaof
the type [16]:25

Q X �Q� Y � Q� X �Q Y �16�

whereQ andQ* arecationoidfragmentsandX and
Y arethe anionoidfragmentsof molecules.These
fragmentscanbedifferentiatedto relativelyharder
and softer ones, and, according to the HSAB
principle, the exchangereactionshouldoccurwith
the formation of pairs of fragmentsof the ‘hard–
hard’ (hh) and‘soft–soft’ (ss)types:

hs� � sh� � hh� � ss�

Many types of organometallic compound of
heavy main-groupmetalsand, to a lesserextent,
transition metals are convenientobjects for the
study of these exchangereactions,becauseex-
change processes involving metal–heteroatom
bondsof thesecompounds(seereaction[3]) often
proceedon the preparativetime scaleandevenon
theNMR time scale.3

The relative hardnessof two different LnM
cations has been determinedby studying equili-
brium constantsin systems[17] involving soft

Table 12 The 119Snand207Pbchemicalshifts in benzene73

Compound 119Sna (ppm) Compound 207Pbb (ppm)

Ph3SnOSiPh3 ÿ98.4 Ph3PbOSiPh3 ÿ107.3
Ph3SnOGePh3 ÿ89.1 Ph3PbOGePh3 ÿ98.6
Ph3SnOSnPh3 ÿ81.8 Ph3PbOSnPh3 ÿ76.2
Ph3SnOPbPh3 ÿ77.2 Ph3PbOPbPh3 ÿ63.6

Sign ‘ÿ’ correspondsto upfieldshift.
a FromexternalMe4Sn.
b FromexternalMe4Pb.
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4-FC6H4S- andhard4-NO2C6H4O- anions:85–87

LnM OC6H4NO2 ÿ 4� LmM SC6H4Fÿ 4
� LnM SC6H4Fÿ 4
� LmM� OC6H4NO2 ÿ 4 �17�

Thechoiceof theseanionoidligandsis causedby
the fact, that the parametersof the chemical
hardnessof their close analogue(PhS and PhO)
areknown:14and23kcalmolÿ1.25 In addition,this
pair is characterizedby the close steric require-
ments and acidities of correspondingHX acids,
which differ only by 0.5 pKa units in DMSO.39

We havestudiedby 19F NMR thereactions[17]
involving variouspossiblecombinationsof differ-
ent pairsof organometalliccations.Somedataare
presentedin Table13.

The following dataon comparativehardnessof
LnM cationshavebeenobtainedfor the chemical
hardnessof relatedLnM groupsfrom Keq[17]:

PhHg< Ph3PAu;Ph3Pb
< Ph3Sn;�o-Tol�Pd�PEt3�2
< �o-Tol�Ni�PEt3�2

Thesesequencesare in the completely opposite
direction to increasingabsolutehardnessvaluesZ
for themetalatoms.AbsolutehardnessZ = (IÿA)/2:
Au (3.46)< Hg(5.54); Sn (3.05)< Pb (3.53); Ni
(3.25)< Pd (3.89). For example, according to
Table13 theequilibriumof reaction[17] is shifted
to the right. Thus the PhHg� cation exhibits a
somewhathigher trend to form a bond with the
softer anionÿSC6H4F-4 than the Ph3PAu� cation
and is characterizedby lower chemicalhardness.
This conclusioncontradictsthe dataon the values
of theabsolutehardnessof goldandmercuryatoms
(3.46eV and 5.54eV respectively)and Au+ and
Hg2+ cations(5.6eV and7.7eV, respectively).17 It
alsocontradictsthe dataof the quantum-chemical
calculationsof the hardnessof Au and Hg atoms

(3.55eV and 5.02eV), calculated in the Xa
approximation,and in the Gunnarson–Lindquist
approximation(3.44eV and5.29eV).83

The aboveresultsdo not agreewith the assertion
that the hardnessof the groupis mainly determined
by thehardnessof thecentralatom.14Severalreasons
for this disagreementare possible.One of them is
probablythe fact that in thecaseof nonisostructural
cationsthe predominanteffect on their comparative
hardnesscan be determinedby differencesin the
effects of unlike ligands on the hardnessof the
correspondingatomsor cations.The otherreasonis
probably related to the possible inaccurancy of
existing parametersof absolutehardness.This can
be caused by the approximate character of the
formula (Z (IÿA)/2 used for their calculations,88

whereasfor theparametersobtainedby thequantum-
chemicalcalculationsthis can be a consequenceof
neglectingrelativistic effects.83 The last reasonis
supportedby thefact thatevenin thecaseof related
LnM groups(tin–lead,nickel–palladium)their che-
mical hardnessdoes not run parallel to absolute
hardnessof M. Thus,in thegeneralcase,parameters
of absolutehardnesscannotbeusedfor theprediction
of relativegrouphardness(GH).

At thesametime,polarfactorscanexertacertain
effecton thepositionof equilibriastudied,namely,
the electronegativityof LnM groups.25 It is likely
that the HSAB principle is obeyedstrictly only in
thecasewhenthecompetingligandsor groupshave
different hardnessbut the same electronegativ-
ities.26 This is consistentwith the earlier conclu-
sion,24 that for the exchangereactions [3] the
position of equilibrium dependsnot only on the
natureof thecentralmetalatomandtheR groups,
butalsoonthedifferencein polaritiesof M—X and
M—X*, aswell asof M—Y andM*—Y bonds.In
our case,the ligandsSC6H4F-4 andOC6H4NO2-4
are characterizedby different electronegativities.
This is evidencedby the FCS values for the 4-
FC6H4Hg group for compounds4-FC6H4HgSC6
H4F-4 and 4-FC6H4HgOC6H4NO2-4 in benzene
solutions, which are equal to ÿ1.66ppm and
ÿ2.59ppm, respectively.87 Therefore,it is desir-
ableto studyexchangeequilibriainvolving organo-
metallic compoundscontainingOAr andSAr with
equalelectronegativities.

The comparisonof FCS for the compounds
Ar3SnSC6H4F-4 and Ar3PbSC6H4F-4 has shown
that the influenceof Ar ligandson GEN of Ar3M
groupsprevailsover thatof AEN of centralatoms.
This fact has allowed us to find a pair of
isoelectronegativegroups—(4-FC6H4)3Sn and (3-
ClC6H4)3Pb (FCSin benzenefor both compounds

Table 13 The equilibrium constants for reactions
[17]85–87

LnM LmM* Keq[17]

Ph3Pb Ph3Sn >1600
PhHg Ph3Sn >1600
PhHg Ph3Pb >1600
PhHg Ph3PAu 2.9
Ph3Sn (o-Tol)Ni(PEt3)2 12
(o-Tol)Pd(PEt3)2 (o-Tol)Ni(PEt3)2 >400
(o-Tol)Pd(PEt3)2 Ph3Pb 0.036
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is equalto 2.16ppm).The equilibrium constantof
reactioninvolving thesegroups:

�3ÿ ClC6H4�3Pb SC6H4Fÿ 4
� �4ÿ FC6H4�3Sn OC6H4NO2ÿ 4

� �3ÿ ClC6H4�3Pb OC6H4NO2ÿ 4
� �4ÿ C6H4�3Sn SC6H4 ÿ 4

�18�

is equal to 1.7� 10ÿ3.87 This fact suggeststhat
from isoelectronegativeAr3Sn and Ar3Pb groups
the tin-containing groups are much harder than
lead-containingones.

We have also studied reactions in systems
involving the softer Ph3Pb and the harderPh3Sn
groups.Oneanion(soft4-fluorothiophenoxide)was
fixed, andotherswereanionswith knownabsolute
hardness(OH, Cl, Br, I)89

Ph3Sn SC6H4F-4� Ph3Pb X
� Ph3Sn X � Ph3Pb SC6H4F-4 �19�

It wasfoundthatKeq[19] increaseswith decreasein
hardnessof X in theorder:

X � OH< Cl < Br < I
Keq�19� � 1:4� 10ÿ3 0:51 3:5 45
��eV� � 5:67 4:7 4:2 3:7

and a good correlation of equilibrium constant
logarithmwith absolutehardnessZ of anionsexists:

logKeq�19� � ÿ2:27� � 10:14; r � 0:996

It maybeshownthat for exchangereactionsof the
generaltype [16] the dependenceof equilibrium
constanton the hardnessof cation and anion is
given by theequation:

logKeq�16� � B��Qÿ �Q����Y ÿ �X�
This equationcan be consideredas a quantitative
formulationof theHSAB principle.If Q*, X andY
areconstantsandQ equalsLnM, weobtainthefinal
expression:

logKeq� a�LnM � c

Thuswe canformulatethegeneralconclusionthat
the influenceof the ligandL on log Keq will reflect
its influenceon thechemicalhardnessof theLnM

+

cation. This fact is the basis for study of
quantitativeregularitiesin the influenceof s- or
n-ligands on the hardnessof ArHg, Ar3Sn and
Ar3PAu cationsin the reactions[20]–[22]:85,86,90

ArHg SC6H4F� Ph3PAu OC6H4NO2-4
� ArHg OC6H4NO2-4 �20�
� Ph3PAu SC6H4F-4

Ar3PAu SC6H4Fÿ 4� PhHg OC6H4NO2-4
� Ar3PAu OC6H4NO2-4 �21�
� PhHg SC6H4F-4

Ar3Sn C6H4F-4� Ph3Pb Cl
� Ar3Sn Cl� Ph3Pb SC6H4F-4 �22�

It follows from Table 14 that the electron-
withdrawing substituentsin aryl ligands at metal
atomsor in triarylphosphineleadsto anincreasein
ability of the LnM cationsto form a bondwith the
softer ÿSC6H4F-4 anion. In accordancewith the
HSABprinciple,thisshouldmeanthatthechemical
hardnessof LnM cationsdecreaseswith increasein
electron-withdrawingability of the aryl ligands.
Unfortunately, the data on the influence of
substituentson hardnessof Ar arenot availablein
the literature.It is believedthat the hardnesswill
decreaseunder the effect of electron-donorsub-
stituentsbecausean increasein the chargeon the
keyatomof theligandincreasesits hardness.80 It is
also known that the replacementof a hard ligand
with a soft ligand can decrease91 as well as
increase92 thehardnessof themetalatom.Thefirst
effect is called symbiotic and the secondeffect is
called antisymbiotic.Therefore,the antisymbiotic
effectmanifestsitself both in the influenceof s-Ar
ligandson the hardnessof the ArHg+ andAr3Sn+

cationsandn-Ar3P ligandson the hardnessof the
Ar3PAu+ cation.

With theaim of establishingquantitativeregula-
rities of the effectsof ligandson hardnessof LnM
cations, the correlations between log Keq and
Hammett93or Taft94constantsof substitutedphenyl
groups,the valuesof ionization potentialsof the
lone electronpair95 andthe basicityconstants96 of
triarylphosphineswere studied.It hasbeenfound
that the influence of s-Ar ligands on chemical
hardnessof ArHg+ and Ar3Sn+ cations is better
describedby s0 constantsof substitutedphenyl
groups:

logKeq�20� � ÿ0:65�ÿ 0:54,
r � 0:969,S� 0:07

logKeq�20� � ÿ0:70�0ÿ 0:49,
r � 0:978,S� 0:06;
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logKeq�22� � ÿ0:81�ÿ 0:08,
r � 0:988,S� 0:06

logKeq�22� � ÿ0:796�0ÿ 0:05,
r � 0:994,S� 0:04

In the caseof n-Ar3P ligandsthe effectsof these
ligandsare betterdescribedby the s constantsof
the substitutedphenyl groupsor their pKa values
than by the s0 constantsor lone pair ionization
potentials(IP):

logKeq�21� � ÿ1:48�� 0:39,
r � 0:984,S� 0:09

logKeq�21� � ÿ1:68�0� 0:49,
r � 0:979,S� 0:10

logKeq�21� � ÿ0:91IP� 7:60,
r � 0:985,S� 0:08

logKeq�21� � 0:16pKaÿ 3:26,
r � 0:994,S� 0:05

At thesametime, it shouldbetakeninto account
thataccordingto theFCS (4-FC6H4)3Sngroupfor
compounds(4-FC6H4)3SnCl (ÿ4.41ppm) and (4-
FC6H4)3SnSC6H4F-4 (ÿ3,61ppm) the SC6H4F-4
ligand possessthe lower electronegativitycom-
paredwith thatof thechlorineligand.97 It hasbeen
mentioned above that the electronegativitiesof
Ar3Sngroupswerecalculated.68 In addition,it has
beenshownthatthesevaluescorrelatecloselywith
s0 constantsof substitutedphenyl groups.In this
connection,theabovedatasuggesttheexistenceof
correlationbetweenlog Keq valuesandtheelectro-
negativity values for Ar3Sn groups, which is
expressedby theequation:

logKeq�22� � ÿ0:46�� 1:58;r � 0:993;S� 0:04

This result affords strong evidence that the
influenceof Ar ligandson the chemicalhardness

of Ar3Sn+ cations,whichdecreaseswith increasein
electron-acceptingability of Ar ligands,represents
aconsequenceof theelectronegativity variationfor
Ar3Sn groups, which favours bond formation
between the more electronegativeAr3Sn group
andthe lesselectronegative4-FC6H4S ligand.

Conclusion

The following basicresultshavebeenobtained.

(1) The relative electronegativityand chemical
hardnessof LnM groupscanchangein parallel or
not with the electronegativityandhardnessof the
centralmetalatom.

(2) The substituentsin Ar can substantially
modify electronegativityand hardnessof ArnM
groups;theinfluenceof Ar groupshasaninductive
nature;the increasein electron-donatingability of
aryl ligandsenhancesthehardnessof ArnM cations.

(3) Therelativeelectronegativityandhardnessof
LnM groups in LnMX are invariant and do not
dependon X.
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