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The experimental approaches to estimation of INTRODUCTION
comparative electronegativity and chemical
hardness of organometallic groups have been The prediction of the reactivity of metal—-element
proposed. Qualitative data on the electronega- bonds L,M—E is one of the main problems of
tivity of L .M groups were obtained from **F  organometallic chemistry. These bonds are of great
NMR study of model systems 4-FGH,QML, importance in catalysis, e.g. in addition of these
(Q=C=C, N(R), O, C(0O)O, S), (4-FGH,)s; bonds to acetylenes [1&nd in migration processes
SnML, and (4-FCgH4)sSnQML, (Q=0, S), such as tautomerism [3],as well as exchange
containing a great variety of different organo-  reactions [3], where M—E bonds are broken and
metallic groups containing transition or heavy formed?
main-group metals. The data on chemical hard- R\ p my
ness of L,M groups were obtained from NMR o .~ Cat .
study of distribution of different L ,M groups LaM—X 4+ RC=C—H — /C_C\
between hard and soft anions. The following X H
basic results have been obtained. (1) The relative (1)
electronegativity and chemical hardness of |M
groups can change in parallel or not with the LaM—X—Z=Y = X=Z—Y—ML, (2)
electronegativity and hardness of the central
metal atom. (2) The substituents in Ar can L M—X + L M*—Y =L M—Y + L ,M*—X
substantially modify electronegativity and hard- (3)
ness of ALM groups; the influence of Ar groups ) ) o
has an inductive nature; the increase in electron-  The main factors that influence the reactivity of
donating ability of aryl ligands enhances the these bonds are their polarity and polarizability, as
hardness of Ar,M cations. (3) The relative Well as ability for heterolytic dissociation. The
electronegativity and hardness of |,M groups polarlt)g of s-bonds has a substantial effect on their
in L ,MX are invariant and do not depend on X.  energy. At the same time, the problems of
Copyright © 2001 John Wiley & Sons, Ltd. energetics of these bonds attract attention because
_ . the thermochemistry of organometallic compounds

Keywords: bond polarity; electronegativity,  pas been intensively developed in recent ygars.
group electronegativity; hardness; chemical |t js obvious that the above properties should
hardness; exchange equilibria;"F NMR spectra  gepend on such fundamental characteristics, L

. groups as electronegativity and hardness. Recently
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problems and quantum-chemical calculations of the
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Table 1 The electronegativitieof elementsof IV B
Group obtainedin the frameworkof different scalesof
electronegativity

Scale C Si Ge Sn Pb
Pauling 255 190 201 196 233
Allred—Rochov 2.50 1.74 202 1.72 245
Mulliken 6.27 4.77 460 430 3.90
Allen 254 199 192 182 —

the calculationof multielectronicsystemswith d-
and f-orbitals presentsdifficulties and for com-
poundf elementof IV-VI Periodst i Is necessary
to takeinto accountrelativistic effects’®

In this connection,it seemedto be of current
interestto compare experimentallythe GEN of
groupscontainingtransitionandheavymain-group
metalsand the polarity of bondsformed by these
groups. These investigationswould answer the
guestion,as whetherit is possibleto evaluatethe
comparativepolarity of bondsin usingthe dataon
AEN of the centralmetalatoms.Sucha possibility
cannotbeexcludedwithoutexperimentatonfirma-
tion, in particular for related groups containing
central metal atomsfrom the samegroup. In this
connection,it should be noted that the values of
AEN proposed by different scales are rather
ambiguousandthe sequencef their changesnay
be different evenfor metalsfrom the samegroup
(Table 1 and series[4]-[7] for elementsof Group
V).

Pauling: Si<Sn< Ge< Pb<C 4

(4)
Allred-Rochov:Sn< Si< Ge< Pb< C (5
(6)

Mulliken: Pb<Sn< Ge< Si< C 6

Allen: Sn< Si< Ge< C (7)

To estimatethe influenceof the differencein the
polarity of H—X andM—X bondsin HX-acidsand
their organometallic derivatives L,MX on the
comparativeenergy of thesebondsthe valuesof
the centralmetal AEN haveusuallybeenused®?
ignoring the influence of ligands. Additional
interestin comparativeGEN of L,M groupsis
connectedvith predictionof the effect of GEN on
the position of ¢-metallotropic equilibria [2].2*
Finally, it hasrecentlybeenfound that the use of
the Pearsonprinciple of hard and soft acids and
base{HSAB) requwestaklng into accountGEN of
correspondinggroups>>2° This gives rise to the

Copyright© 2001JohnWiley & Sons,Ltd.

question,aswhetherthe comparativeGEN of two
LM groupremaingnvariantin passingrom bonds
with hardligandsto bondswith soft ligands.

The predictionof comparativepolarity of M—E
bondsis complicatedby thefactthatin manycases
the electronicinteractionsin thesebondsare not
simple. The problemis that the true g-bondsare
formed only in the casewhen M is bondedto an
atom without electronic pairs and low-lying
unoccupied orbitals. In other casesthere is a
probability of existenceof donor-acceptingnter-
actions,whose contribution can dependon M as
well ason X. It may be that this contributionwill
dominatethe polarizationof intrinsic s-bondsand
will producevariableGEN.

Y ¥
LhM—H L,M—Alk L,M—X LM—X

The chemicalmethods,which are widely used
for the study of electroniceffectsof substituents,
are not suitable for investigationof interactions
acrossM—X bondsowing to the high reactivity of
thesebonds Different sparingphysicalmethodsare
usedfor thispurposeaswell asquantumchemistry.
In these investigations the empirical relations
betweenthe characterof electrondensitydistribu-
tion and the correspondingparametersin the
framework of different physical methods,as well
asDM, haveusuallybeenused.The discussiorof
the possibilities of the above methodsand their
limitations for investigationof the polarity of M—
X bondsis beyondthe scopeof the presentwork.
Table 2 gives some literature examplesof the
estimationof GEN of L,M groups.

In the seriesof our paperswe have developed
novel experimentabpproacheso estimationof the
relative electronegativityandchemicalhardnes®f
organometalliogroups.The review of correspond-
ing resultsis presentedn this paper.

THE RELATIVE
ELECTRONEGATIVITY OF L,M
GROUPS

Two experimental approachesto estimation of
comparativeelectronegativityof L,M groupshave
beenproposedThefirst approachwasbasednthe
studyof fluorine chemicalshifts (FCS).It hasbeen
shown that qualitative data on the comparative
polarities of the metal-elementbonds and, re-
spectivelyon comparatlveGEN of L,M groupscan
be obtained from °F NMR studles of model

Appl. OrganometalChem.2001;15: 27-42
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Table 2 Someliteraturedataon the electronegativitie®f LM groups
1 (V) Estimatiorf 7 (eV) Estimation
LM (Pauling) method LM Pauling Mulliken method
MesGe 2.19 A PhSb 1.96 B
1.94 B 1.82 C
1.77 C PhBiI 1.97 B
MesSn 2.30 A 1.82 C
1.79 B (COXMn 2.47 E
1.61 C 5.2 F
1.31 4.55 G
MesPb 1.75 B (COuMNPPH 1.98 E
1.56 C (CO)XLCpFe 2.10 E
2.1 5.0 H
MeHg 1.75 D
2.24 B (CO)Co 2.3 5.4 H
1.12 C 1.27 4.43 G
PhHg 1.85 D

2A: Calculatlonby Huheey?” B: Calculationby Imamoto—Masud&® C Calculatlonby Gordy?° D: From solubility productof

L,MX in water?
electronaﬁlnlty 17 G: Quantum-chemicatalculation®? H: From*

systemsl:

D
1

Q—C=C,N(R),0,C(0)0,S

mvolvmg Q—M bonds and p-FCgH,4 indicator
group>* It was suggestedthat the main factor
influencing the fluorine shielding for related
systemss the electronicdensityonthe Q fragment.
It was supposedhat this density is intermediate
between electron density in symmetrical com-
pounds 4-FCGH;,Q—QGCsH4F-4 (nonpolar bond)
and electronic density in ionic compounds4-
FCgH4Q-M". Thusfor systeml involving thefixed
fragmentQ the fluorine shieldingmustdependon
M—X bondpolarity. This approactwasappliedto
studythepolarity of M—C, M—N, M—O or M—S
bondsinvolving a greatvariety of 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 polarsubstitueneffectson
the positionof the exchangesquilibria [8]:

LiM—X; + H—X; = L ,M—X, + H—X; (8)
in the systemsinvolving HX-acids and their L,M

Copyright© 2001JohnWiley & Sons,Ltd.

O E: From fluorine chemicalshifts of 3 FC6H4CH

1 F: From expenmentaUataon ionization potentialand

ML
LY Mossbauespectra®

der|vat|ves where X, and X, havethe samekey

atoms®*3° The equilibrium constantcan be ex-
presseds:
log Keq[S] = IOgKD(LnMxl) —log KD(LnMXZ)

+ |Og KD(HXZ) — |Og KD(HX;L)

where Kp is the dissociation constant of the
correspondingbond.If alinear dependencef [9]:

|Og KD(LnMX) = Amx |Og KD(HX) + Cmx (9)

existsbetweerthedissociatiorconstant®f the HX
acids and their L,M derivatives,the equilibrium
constantis given by the following expression:

logKeq[8] = (Amx — 1)[pKa(HX2) — pKa(HX4)]
(10)

It should be noted that the existenceof a linear
dependenceof [9] in organic solvents may be
expectedon the basis of polarographicdata®®
Previousto our investigationsthe experimental
supportwas obtainedfor methylmercuryderiva-
tivesin water>"

Thestudyof theinfluenceof substituentin the X
fragmenton the equilibrium position of reactions
[8] in thesamesolvent,n whlchtheaC|d|t|esof HX
acidswere measuredusually in DMSO2° allows
one to determine the coefficient Ayx, which
characterizesgjuantitativelythe relative polarity of
H—X andM—X bonds.If the polarity of the M—
X bond is higher than the polarity of the H—X

Appl. OrganometalChem.2001;15: 27-42
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bond,thenAMX < 1. If the polarity of the M—X
bondis lowerthanthatof theH—X bondthenAyx
> 1. Forapureionic bondAyx shouldbe equalto
zero.It shouldbetakeninto accounthatin thecase
of strongly solvatingDMSO we haveto dealwith
GEN of LM groupsmodified by strongsolvation
ratherthan with intrinsic GEN. In thosecases|n
which valuesof pKj of the correspondingeriesof
acidshavenot beendeterminedthe observatiorof
relation[11]:

betweenlog K¢{8] and the polar constants for
substituent$n the X fragmentservesasanindirect
indicationthat the relation[9] exists.

These principles were used in the study of
equilibria[8] by the NMR techniquewhich allows
oneto study fast and slow reactionson the NMR
time scale.lt shouldbe emphasizedhatthe second
approachs basednot on the logical considerations
asthe first one,but on the puremathematics.

The relative polarity of M—C bonds

For the investigationof the relative polarity of the
M—C bonds the derivatives of 4-fluorophenyl-
acetylenehavebeenchoserf?’

O
X = c=c¢C —@F, H,GePhs SnPhs,

PbPhs, HgPh, AuPPhs,Mn(CO)s,Re(CO)s,
W(CO)3Cp, Mo(CO);Cp,Cr(CO);Cp,
Fe(C0O),Cp

It can be seenfrom Table 3 that the fluorine
shieldingincreasesn going from symmetricall,4-
di-p-fluorophenylbutdiine containing a nonpolar
C—C bond to organometallicderivatives of 4-
fluorophenylacetyleneln the caseof the groups
with the same electronic configuration of the
highest occupied orbitals (Hg—Au, W—Pb and
soon) the metal—carborbondsinvolving transition
metalshavea higher polarity thanthoseinvolving
heavymain-groupmetals.The abovedataindicate
thatthe polarity of heavymaingroupmetal—-carbon
bondsincreasesn the series:

PhGe < PhsSn < PhsPb < PhBi < PhHg
Thesameresultsfollow from theexchangequil-

Copyright© 2001JohnWiley & Sons,Ltd.

Table 3 The FCS for 4—FC¢H,C=CX in toluen&®

X FCS X FCS
C=CC¢H,F—~4  -4.08  AuPPh 1.64
GePh —2.82  Mn(CO) 1.29
SnPh —2.59  Re(CO} 1.46
H 251  W(COKCp  1.49
PbPh -1.74  Mo(COxRCp 1.53
BiPh, ~157  Cr(COxCp  1.62
CPhy ~1.47  Fe(CO)Cp  3.10
HgPh ~1.52

& In ppm from external PhF. Sign ‘+' correspondgo upfield
shift.

ibria in systemsnvolving 4-fluorophenylaetylene,
ethyl propiolateandtheir derivativesin toluene?*

Os
F C=C—ML, + C—C=C—H=
@ " Eo”

o [12]
F C=C-H + _~SC—C=C—ML
@ Et0” "

ML, =SnPh;, PbPh;, HgPh

Kegl12l=10, 53, 89

Theequilibrium[12] is shiftedto theright in the
caseof L,M = PhsPbandto a greaterdegreen the
caseof L,M =PhHg.In the caseof LM =PhsSn,
Keq= 1. This fact meansthat the polarities of the
C—Snand C—H bondsare practicallythe same.

The relative polarity of M—N bonds

In the caseof M—N bonds the organometallic
derivatives of NH-acids of three different types
were used: (4-fluorophenyl)benzenesuliamide
(FPBSAf?“2 and the two tautomericsystemsdi-
(4-fluorophenyl)triaene (DFPTY**® and 2-(4-
fluorophenyl)benzirdazol (FPBI)#°

_80,Ph
—~O— g,
X = H,HgPhAuPPh, K

N
<Dy =
|

X

X = H,HgPh AuPPh, (0-Tol)M(PEt),
M = Ni, Pd Pt

Appl. OrganometalChem.2001; 15: 27-42
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Table 4 The FCS' derivativesof (4'-fluorophenyl)benzensulfonamidgPBSA) and di-(4-f|uoroghenyl)triazene
(DFPT)in tolueneaswell asfor derivativesof 2-(4-fluorophenyl)benzimidazqFPBI) in DMSO**

System

X FPBSA DFPT FPBI
H 3.80 5.60 -1.32
HgPh 4.89 7.01 —0.96
AuPPhy 7.97 8.91 0.38
K 14.17(in DMSO) — —
Ni(o-Tol)(PE&), — 8.44;10.49 —
Pd@-Tol)(PEt3) — 8.63;11.28 —
Pt(o-Tol)(PEt3) — 8.36;11.22 —

&1n ppmfrom externalPhF.Sign‘+' correspondso upfield shift.

o>

X = H,HgPhAuPPh

It follows from FCSvaluesfor FPBSA(Table4)
thatthe polarity of M—N bondsincreasesn going
from the Hg—N bond to the Au—N bond;
howeverthesebondsareto alargedegreecovalent,
becauseorrespondingrCSvaluesaresubstantially
lower than 14 ppm for the potassiumderivative of
FPBSA. For model substituted benzenesulfona-
midesandtheir PhHg-and PhsPAu-derivativeghe
linear dependencebetweenpKa andlog Keq [13]
havebeenfound*>°

R R
ar Ph—N< pugo

H ML,
R

Ar—N N

13

Ar—N /

R
/
{ +pPhN{

ML, H

log Keg[13 = —0.26pK, + 3.30
(ML, = AUPPH); As—n = 0.74
logKeg[13 = —0.27pK, + 3.53
(MLp, = HgPH; Augn = 0.73

From the values of the Ay_n coefficients it
follows thatthe polaritiesof the Au—N andHg—N
bondsare nearly the same.At the sametime, the
FCS values indicate a greater polarity for the
Au—N bondthan for the Hg—N bond. Thus the
methodbasednthe FCSallowsoneto revealfiner
differencesbetweerbondpolarities.

Copyright© 2001JohnWiley & Sons,Ltd.

The relative polarity of M—O bonds

In the caseof M—O bondsthe derivativesof two
types of HO-acid have beeninvestigated,which
involving 4-fluorobenzoicacicP**2 and 4-fluoro-
phenol>#53

F— : —C
—~0
X= MC@F, H, SnPh,, PbPhy, SbPh,, SbPhy,

HgPh, AuPPh,, (o-To)M(PEt), (M=Ni, Pd, Pt), NBu,.

-0

X =H, SnPh,, PbPh,, HgPh, SbPh,, SbPh,.

/O
~O0—Xx

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

H—O < PhsSn—0O < Ph,Sb—O < PhHg—0O
< PhsPb—0O < PhySb—0 < PhsPAU—0O
< (0—Tol)M(PEg),—O

For three organometallicgroups[PhHg, Ph,Sb
and (o-Tol)Ni(PEt),] dataon the relative polarity
of M—O bonds were supported by exchange
equilibrium method®*>°

(@] @]
Ar—C{ + Ph—C{
O—ML, O—H
o o (14
= Ar—C{ + Ph—C{
O—H O—ML,

Appl. OrganometalChem.2001;15: 27-42
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Table 5 The FCS' for 4—-FCgH,C(O)OX in tolu-
enel?

X FCS X FCS
H —8.42  AuPPh -2.11
CPhy —6.63 Ni(o-Tol)(PEt),  —1.38
SnPh —-6.35 Pdo-Tol)(PEt), —0.45
SbPh -6.11 Pt(o-Tol)(PEL), -1.11
HgPh —4.79  NBu4® 2.41
PbPh —-4.36

21n ppmfrom externalPhF.Sign‘—' corresponds$o downfield
shift.
® In DMSO.

logKeq[14 = (Aw-o0 — 1)pKa + B

Aw-o = 0.80(Hg—O) < 0.63(Sb—0)
< 0.35(Ni—0)

It follows from the values of Ay_o that the
M—O bond polarity increasesn the order:

Hg—O < Sh(V)—0 < Ni—O

Similar resultshave beenobtainedfor_organo-
metallic derivativesof 4-fluorophenoP®>’

The relative polarity of M—S bonds

For investigationof the relative polarity of M—S
bondsthe derivativesof 4-fluorothiophenolhave
beenstudied>*>°

F,H, HgPh, SnPhy, PbPhs, AuPPhs,
(0-To)M(PEts);, NBus.

It wasfound that the polarities of 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 17 ppm.

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

Copyright© 2001JohnWiley & Sons,Ltd.

Table 6 The FCS for 4-FCH,SX in toluené?%®

X FCS X FCS
SGH4F-4 059 AuPPhy 8.74
H 3.88 Ni(o-Tol)(PEt),  10.83
PbPh 3.81 PdE-Tol)(PEt),  11.46
SnPh 3.21 Pto-Tol)(PEt),  11.25
HgPh 4.47 NBu4® 16.91

& In ppm from external PhF. Sign ‘+' correspondgo upfield
shift.
® In DMSO.

©-s-sm Ao —
— Qe Do

Keq=2.2(X = NO,); Keq = 1.7(X = NMe,)

[18]

does not dependpractically on substituent® in
spiteof the fact thatthe differencein pK, valuesof
correspondingthiols is very large (nine units of
pKy. 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>?

The ligand influence on the polarity
of metal-element bonds

It has been shown for a variety of L,MX
compound¥’~®*that GEN of L,M and polarity of
M—X bondvariessignificantly with the natureof
o- or n-ligands L. Thus, polarity decreasesith
increasein electron-acceptingability of o-aryl
ligands and the influence of these ligands is
inductive owing to the fact that the correlationof
the FCS valueswith ¢° constantsof substituted
phenylgroupsis betterthanthatwith the s constant
of Hammett(Table 7).

The increasen electron-acceptingbility of Ar
groupsmay give riseto inversionof polarity of the
M—X bond.Suchaneffectwasfoundin thecaseof
ArsSn—Shbonds.The increasein electron-accep
ing ability of Ar in going from the PhsSngroupto
the (3,4,5-CLCgH»)3Sn group causeghe inversion

Appl. OrganometalChem.2001; 15: 27-42
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Table 7 The correlationsof the FCSfor Ar,MQCgH4F—4 with ¢ or o 0 constantof Ar

724 0.02p — 1.57;r =0.978;S=0.11
85+ 0.01p° — 1.53;r =0.994;:S=0.05
724 0.05) + 4.25;,=0.939;5=0.11
09+ 0.02)°+ 1.31:r = 0.985:S=0.06
544 0.12) + 12.83;r =0.949;S=0.21
83+ 0.04y°+ 12.95;r =0.986;S=0.11
253 1.35p -+ 1.35:r =0.933;5=0.33
004 0.22)° 4 2.91;r =0.987;S=0.15
664 0.405 + 4.30;r =0.883;S=1.44
114 0.02)° + 4.30;r = 0.964;S=0.09
7640.11)0 + 11.62;r =0.913;S=0.17
864 0.07)¢° + 11.67;r =0.954;S=0.13
6140.10)0 -+ 8.19;, = 0.944;5=0.23

groups’®

ArnMQC6H4F—4

ArHGC=C¢H,F—4 FCS=(-0.
FCS=(-O0.

ArHgN(SOPh)GH.F—4  FCS=(-0.
FCS=(—1.

ArsSnOGH.F—4 FCS=(-2.
FCS=(-2.

ArsSnSGH4F—4 FCS=(—4.
FCS=(—4.

ArHgSCH,F—4 FCS=(-0.
FCS=(—1.

ArPHPPhR),SCsH.F—4 FCS= (0.
FCS= (0.

ArsPAUSGH,F—4 FCS=(-1.
FCS=(-2.

42+ 0.03)¢° + 8.33;r =0.990;S=0.10

of the polarity of the Sn—Sbond?>°

(3,4,5 — Cl3CeHy) S ~—S " CsH4F — 4,
FCS= —0.35ppm

4-FCsH4S—SCsH4F — 4, FCS= 0.59ppm

PhSrH*—S~CgH4F — 4, FCS= 2.94ppm

In regardto n-ligands,it was found thatin the
caseof compoundgo-Tol)M(PR3),SCGH4F-4 and
(o-Tol)M(PRs),OC(O)GH4F-4 (M =Ni, Pt) the
relative polarity of the M—S or M—O bonds
increasesvith increasdn the donorability of RsP
ligandsonly on condition that steric requirements
arenot changedThe influenceof n-ligands,which
havedifferentstericrequirementsis determinedy
two op6p05|teeffects :thedonorability andthesteric
factor.

Comparison of calculated and
empirical GEN of some L,M groups

Theabinitio calculationdor the GEN of Ar;Siand
ArsSn groups containing meta-, para- and poly-
substltutedphenyl groupswere performed(Table
8).°8 From thesecalculationsit follows that GEN
increasesvith increaseof electronegativityof Ar. It
is interestingto notethat the differencein GEN of
ArsSi and ArsSngroups,which equals0.23eV for
the mostelectron-acceptind\r i.e. 3,4,5-CkCgH>,
decreasessignificantly (0.05eV) for the most
electron-donatingAr group,i.e. p-Me,NCgH,4. At
the sametime, the differencebetweenthe AEN of
silicon and tin atoms s larger: 0.47eV. These
resultsshow once againthat the substituentsn L

Copyright© 2001JohnWiley & Sons,Ltd.

canmodify the differencein GEN betweerrelated
groups. The bettercorrelationof GEN valueswith
the ¢° Taft constantsthan with the ¢ Hammett
constantssuggestghe conclusionobtainedabove
onthebasisof FCS,thattheinfluenceof Ar ligands
on GEN of Ar3E groupshasaninductive nature.

Good correlationshave beenfound for corre-
spondingvaluesof FCSfor compound42)—(5) and
calculatedvaluesof GEN:

ArsSiCsH4F-4  2; ArgSnGH4F-4 3;
ArsSNCHCgH4F-4  4; ArsSnSeGH4F-4 5

in which the p-FCsH,4 indicator is bondedto the
LM groupdirectly or throughcarbonor sulfur.

FCS2) = (2.186+ 0.012)y + 5.426;
r =0.989 S = 0.26.
FCS(3) = (2.151+ 0.010)x + 5.852

r=0.990S = 0.24

FCS(4) = —(1.58+ 0.01)y + 12.0;
r=0984S=017.

FCS(5) = —(2.00+ 0.01)y + 9.87:
r =0.993 S = 0.16.

Thus,it shouldbe expectedhatin the generalcase
of compound#\r,E—QGCsH,4F-4thechangdan FCS
can representthe quantitative measureof GEN

modificationunderthe effect of substituentMore-

over,it is possibleto estimatewith a high degreeof

certaintytherelativepolarity of E—Q bondsonthe
basis of the study of the regularities of FCS
changes.

Appl. OrganometalChem.2001;15: 27-42
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Table8 Theabinitio calculatecelectronegativitie®f Ar;SiandArsSngroupsandFCSfor compound#rsSiCgH4F-
4 (2), ArsSnGH4F-4 (3), ArsSnCHCgH4F-4 (4) and ArsSnSGH.4F-4 (5)%8

z(eV) FCS
Ar Argsi ArsSn 2 3 4 5
4-Me;NCeH, 2.97 2.92 0.8 —0.16
4-MeOGH, 3.10 3.04 ~1.8 ~1.13 6.03
4-MeGsH, 3.33 3.25 -1.7 -1.13 6.91 3.41
3-MeCH, 3.37 3.29 ~18 ~115 7.04 3.41
Ph 3.48 3.39 -2.3 —-1.52 6.71 2.94
4-FCH, 3.97 3.84 _31 _2.31 6.05 218
3-FGHa4 4.03 3.90 3.7 574 1.90
4-CICeH, 423 4.09 _35 263 5.64 1.81
3-CICsH, 4.23 4.18 —-4.0 -3.07 5.59 1.68
3-CRCeHs 4.41 4.23 —3.43
3,4-CLCeH3 4.81 4.63 -5.0 -3.91 4.77 0.73
35-ChCeHa 4.88 4.69 _453 4.39 0.20
3,4,5-CkCgH> 5.38 5.15 —6.4 —5.25 —0.35

#1n ppmfrom externalPhF.Sign‘+' correspondso upfield shift.

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 compoundg4-
FCsH.)3Sn—ML, (6) hasbeenstudied(Table9).5°
The conclusions on direction and degree of
polarizationof Sn—M bondswere made on the
basisof comparisorof FCSfor compounds with
the FCS of symmetrical distannane with the
nonpolar Sn—Snbond. In the caseof the cobalt
compoundthe Sn—Co bond is polarizedin the
senseS’™—Cd’~. In all other casesthe Sn—M
bondsarepolarizedin the senseSrf ——M°*. From
the dataobtained,it follows thatin the interaction
with the tin atom the decreaseof GEN of LM
groupstakesplacein the order:

(CO),Co > (CO)sMn > Cp(CO),Cr
> Cp(CO);Mo > Cp(CO);W
> (CO)sRe > Cp(CO),Fe

This sequencecorrespondssatisfactorlyto litera-

Table 9 TheFCS for (4-FCsH4)sSnML, in benzen®&®

ture data on the dissociativeability of tin—-metal
bondsin PhsSnML,, compounds? aswell asto the
dataon their Méssbauespectra’’

A comparisorof the aboveserieswith the order
of changeof AEN calculatedaccordingo Mulliken
(Co, 4.26;W, 4.19; Fe, 4.03; Re, 4.01; Mo, 3.92;
Cr, 3.76; Mn, 3.72) aswell as of limited dataon
spectralAEN (Co, 1.82; Fe, 1.79; Mn, 1.74; Cr,
1.57),indicatesthatin the generalcasethereis no
agreemenbf GEN with AEN. Moreover,evenin
the caseof relatedL .M, the GEN of L,,M doesnot
run parallelto AEN of M:

GEN: (CO);Mn > (CO)gRe;

AEN: Mn > Re;

Cp(CO);Cr > Cp(CO);Mo > Cp(CO),W
Cr<Mo <W

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

Compound FCS Compound FCS

(4-FCGH4)3SnSn(GH4F—4)3 —2.45 (4—FCgHj4)3sSnRe(COY —0.54
(4—FCgH,4)3SnFe(CO)Cp —0.40 (4—FCgH4)sSnCr(COXCp -1.32
(4—FCgH4)3SNCo(CO) —3.00 (4—FCgH4)sSNMo(COXCp —1.00
(4—FCgH4)3SNMN(CO} —1.46 (4—FCgH4)3SNW(COXCp -0.87

2 In ppm from externalPhF.Sign‘ -’ correspondso downfield shift.
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Table 10 The resultsof ab initio”? and TO INDO
calculationg® of electronegativitie®f the (COxMn and
(CO),Co groups and the values of FCS for the
compoundg4-FCGsH4)3SnMn(CO) (7) and (4-FCGsH,)s
SnCo(CQO) (8)

The methodof FCS' for
L.M calculation 7 (eV) 7or8
Mn(CO) ab initio 2.93 —1.46
TO INDO 4.55
Co(CO), ab initio 3.29 —3.00
TO INDO 3.49

#1n ppmfrom externalPhF.Sign‘ —’ corresponds$o downfield
shift.

datashowthatthe useof AEN of the centralmetal
atomfor estimationof therelativepolarity of bonds
formedby organometalligroupscontainingtransi-
tion metalsmay, in the generalcase Jeadto wrong
conclusions.

Ourresult$? of theabinitio calculationof GEN
of the (CO)xMn and(CO),Co groupsperformedby
the ASCFmethodsarepresentedh Table10,where
similar valuesobtainedpreviouslyin literature by
the semiempirical TO INDO method® and the
values of FCS for the compounds(4-FGsHj)3
SNMn(CO} (7) and (4-FCsH4)3SnCo(CO) (8) are
alsopresentedor comparisonlt canbe seenfrom
the dataof Table 10, that the shieldingof fluorine
decreasesubstantiallyon going from compound?
to compound8. This, in turn, indicatesanincrease
in GEN in going from the (COxMn to (CO),Co.
Thus, in contrastto the calculationsby the TO
INDO method,the resultsof the ab initio calcula-
tions are consistenwith the experimentablata.

Theanalysisof theabovesequencesf changdn
M—Q bondpolarity in modelsystemsl involving
different Q showsthat thesesequencesre very
similar. Thefollowing generaktonclusiongouldbe
deducedrom theresultsobtained:

(1) Thel,M groupsinvolving transitionmetalsin
all casesform more polar M—X bondsthan
L.M groups involving heavy main-group
metals.

(2) The comparisorof the abovesequencesvith
the Mulliken AEN of the centralatomshows
thatGENof L,M doesnotrunparallelto AEN
of M. ForsomeL M theinversionof GENin
comparisorwith AEN takesplacedueto the
ligandinfluence.
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The relative GEN of ArzE groups in
systems Arz;E—X—E'Ar;

Accordingto Pauling,AEN is theability of anatom

in a moleculeto attract electrons.An analogous
determinationshould also be true for GEN of

organic or organometallicgroups. Therefore,the

following model systemsare promisingin studies
of comparativeGEN of L,M:

L.M—X—M*Lp (X = SorO).

In thesehinge systems,organometallicgroups
L.M andL.M* competewith eachotherfor the
electron density distribution in the triad system
MXM " accordingto their ability to withdraw the
electron density. We have chosenthe systems
involving derivatives of Group IVB elements
(n=m=3). In orderto answerthe question,asto
whetherthe comparativeGEN remainsinvariantin
passingrom bondswith hardligandsto bondswith
softligands,hardoxygenandsoft sulfurweretaken
as heteroatoms.The tris(4-fluorophenylygannyl
group was chosenas an indicator of changein
electron density on X. Thus, we have studied
the PgM derivativesof tris(4-fluorophenyl)gn-
nanol (92 and of tris(4-fluorophenyl)g@nnanethiol
(10).”>"*Priorto theseinvestigationssuchsystems
as the tris-(4-fluorophenyl)stanyl halides have
been studied (Table 11). The minus sign corre-
spondgo a downfieldshift of the signalrelativeto
PhF(decreaseén the shielding).The dataof Table
11 demonstrat¢hatin goingfrom (4-FCsH4)sSnh—
Sn(GH4F—4)s, which hasa nonpolarizedSn—Sn
bond, to compounds(4-FCsH4)sSh—X (X = Hal)
with Srf*—X°~ bonds, which are polarized
accordingto the valuesof absoluteelectronegativ-
ities (eV) of tin and halogenatoms(Sn, 4.30; ClI,
8.30; Br, 7.59;1, 6.76) a decreasean the fluorine
shielding takes place. The extent of shielding
decreasess the electronegativityof the halogen
atomincreasesccordingo thefollowing equation:

FCS= —0.31y(Hal) — 1.88;r = 0.983 S= 0.06.

Therefore the FCSin compoundg4-FGsH,)sSnX
adequatelyreflects the comparativeelectronega-
tivity of the moiety X. Accordingto the FCSthe
polarization of M—E bonds increasesin the
sequences:

Si< Ge< Sn< Pb(X =0) and
Si<C<Ge<Sn<Phb(X=Y9)

Thus GEN of the PiE groupsdecreasesn the
series:
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Table 11 The FCS for systemg4-FCsH,)3SnXEPh aswell asfor (4-FCsH4)sSnHalin benzené&® "

Compound FCS Compound FCS
(4-FQH4)3S”OS|PB -3.84 (4-FQH4)3S”SFI(QH4F—4)3 —2.45
(4-FCgH,)3SnOGePh -3.11 (4-FGsH,)sSnCl -4.41
(4-FCeH4)3SnOSNnPh —2.78 (4-FCgH4)sSnBr —4.27
(4-FCgH,)sSnOPbPh -2.14 (4-FGsH4)3Snl —3.94
(4-FCgH4)3sSnSCPh —2.63
(4-FCgH,)3SnSSiPh —2.74
(4-FCeH4)3sSnSGePh —2.60
(4-FCgH,4)sSNSSnPh —2.55
(4-FCeH4)3sSnSPbPh —-2.13

2 In ppm from externalPhF.Sign‘ —’ correspondso downfield shift.

Si<C< Ge<Sn<Pb

A goodcorrelationbetweenFCS and AEN of the
centralatomsof the PhsE groupwasestablished:

FCS= —0.66y + 0.40;r = 0.961(X = O)
FCS= —1.80yx +4.93;r = 0.967(X = S) (except
for the PhsC group)

Thesedataindicatethatthe dependencef GEN of
the PhsM groupson the AEN of the centralmetal
atoms firstly is not only qualitative, but also
guantitative,and secondly,remainsunchangedn
the caseof the metalbondedto the hardoxygenor
soft sulfur anion.

This dependencealoes not hold for the PhsC
group,which maybecausedy two factors.Firstly,
when passingfrom PhsC to PhsSi, an additional
transferof electrondensityfrom the sulfur atomto
the E atom can occur due to interactionbetween
unoccupied3d orbitals of the silicon atomand 3p
orbitals of the sulfur atom, which contain lone
electronpairs.Secondlydirectinteractionof the z-
electronsystemsof the aromaticrings of the (4-
FCsH4)3Sn and PhC groups can occur. Thus,
analysisof the Stewart—Brieglb structuralmodels
demonstrateshat the distancebetweenthe planes
of thearomaticringsof the (4-FCGsH,4)sSnandPhE
groups sharply decreasesin going from (4-
FCsH,4)sSnSSiPh to (4-FGH4)sSnSCPh. As a
result, a direct interactionbetweenthe z-electron
systemsand partial transferof electrondensityto
the antibonding orbitals of the 4-fluorophenyl
ligandbecomepossible Thismaycauseanincrease
in theshieldingof fluorineandanapparentiecrease
in the groupelectronegativityof the PhC group.

To answerthis questionwe have studied the
derivatives of 4-fluorothiophenol of the type
PhRESGH4F-4 (E=C, Si, Ge, Sn, Pb),”® because
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analysisof the molecularmodelsdemonstratethat
there are no contacts between the =-electron
systemsof the phenyl and 4-fluorothiophenoide
ligands.It follows from the FCSvaluesthatGEN of
PhE groupsdecreasem the order:

PhsC(—0.24ppm) < PhsSi(1.91) < PhGe(2.32)
< PhsSN(3.08) < PhyPh(3.71)

A good linear dependencexists betweenFCS
andAEN:

FCS= —1.65¢ + 10.03 (r = 0.994 S= 0.19)

Hence,despitethe fact that the questionof the
correctnessf usingthedifferencebetweemAEN as
a measureof the polarity of a bondis still anopen
question’®’” in the presentcase, this parameter
reflects rather adequatelythe variation of the
polarity of the M—O andM—S bonds.

In view of the seriesfound by us in which the
GEN of the PhgM groups decreasesin order
PhsSi > PhyGe > PhsSn> PhsPb, the results® ob-
tainedin the **°Sn and 2°/Pb NMR study of the
polarity of the Pb—M and Sn—M bonds in
compoundsPhsPb—MPh or PisSn—MPh seem
to be surprising. Based on the increasein the
shielding of 2°Pb in going from Ph;PbPbPh to
PhPbSnPh and then to PhPbGePh, it was
concludedthat the M—M bondsin thesecom-
poundsare polarizedas P’ ~—Srf ™ and P ~—
Ge'*, which implies that the GEN of the PhyPb
group is greaterthan thoseof PhSn and PhsGe.
The shieldingof **°Snin PhSnMPh, compounds
increasesin the series PPb< PhhSn< PhGe,
which, by analogy,shouldalsopoint to a decrease
in GEN in the seriesPhsPb> PhsSn> Ph,Ge.

In this connectionwe havestudiedthe **°Snand
29%pp chemicalshiftsin compoundsPh;SnOMPh
and PhsPbOMPh (Table 12).”® As follows from
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Table 12 The ***Snand?°’Pb chemicalshiftsin benzené&®

Compound 95 (ppm) Compound 207piP (ppm)
Ph,SNOSiPR —98.4 PhPbOSIPh ~107.3
Ph,SnOGePh —89.1 PhPbOGePh —98.6
Ph,SNOSNPY 8138 Ph,PbOSNPh _76.2
Ph;SnOPbPh —77.2 PhPbOPbPh —63.6

Sign‘—' correspondso upfield shift.
2 From externalMe,Sn.
From externalMe,Pb.

the datapresentedn Table 12, the regularitiesof
the effect of the natureof the metal on **°n and
29’pp chemicalshiftsin the compoundsstudiedby
us are the same as those in PhSnMPh and
PhPbMPR compoundsin all casesthe shielding
of the1*°Snand*°’Pbnucleiincreasesn the order
PhsPb < PhsSn< PhsGe< PhsSi, which should
indicate,from the viewpointof Koglin etal.,”® that
the GEN of the PlsM groupsdecreases theorder
PhsPb> PhsSn> PhsGe> PhsSi.

This conclusionis in contradiction with our
resultsobtainedby *°F NMR for compounds® and
10. Since, in the case of L,MQCgH4F-4 com-
pounds, the *®F NMR data on the comparative
polarity of the M—Q bondsareconsistenwith the
resultsobtainedn the studyof exchangesquilibria,
we believethat our resultsare morereliable.

THE RELATIVE HARDNESS OF L,M
GROUPS

For the prediction of the reactivity of metal—
element g-bonds the principle of hard and soft
acidsand basesHSAB)’® seemsto be promising.
This principle was of a qualitative characterfor
several decades,but the prerequisiteshave ap-
peared recently for its transformationinto a
quantitativetheory® For example the conceptof
absolutehardnessvas developedand quantitative
parameterfor theabsolutehardnessf metalatoms
and cations were suggeste§!®? The quantum-
chemical calculations of the hardnessof metal
atomswereperformed®® Recently the calculations
of the hardnessof the simplest organic and
organoelemengroupscontainingcarbon,nitrogen,
oxygen sulfur,siliconandphosphorusiskey atoms
havebeenpublished'**® At the sametime, there
areno publishedcalculateddataon the hardnes®f
organometalliggroupsor cations,andexperimental
results are very scarce®® Therefore, it seemed
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appropriateto study the possibility of the qualita-
tive or quantitative prediction of the comparable
hardnes®f organometalliccationson the basisof
hardnesparameterof the centralmetal atomsor
cationsin organometalliggroups.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 interestto elucidatethe
possibility of the existence of qualitative or
guantativeregularitiesin theinfluenceof the nature
of ligands on the hardnessof organometallic
cations.

A convenientapproachto the solution of these
problemsis the studyof the exchangesquilibria of
thetype[16]:%°

QX+Q—Y=0Q—X+Q-Y (16

whereQ andQ* arecationoidfragmentsandX and
Y arethe anionoidfragmentsof molecules.These
fragmentscanbe differentiatedto relatively harder
and softer ones, and, according to the HSAB

principle, the exchangeeactionshouldoccurwith

the formation of pairs of fragmentsof the ‘hard—
hard’ (hh) and‘soft—soft’ (ss)types:

hs' + sh* = hh* + s¢

Many types of organometallic compound of
heavy main-groupmetalsand, to a lesserextent,
transition metals are convenientobjects for the
study of these exchangereactions, becauseex-
change processesinvolving metal-heteroatom
bondsof thesecompoundgseereaction[3]) often
proceedon the preparativetime scaleandevenon
the NMR time scale?

The relative hardnessof two different L,M
cations has been determinedby studying equili-
brium constantsin systems[17] involving soft
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Table 13 The equilibrium constantsfor reactions
[17]85—87

LM L M* Ked17]
PhsPb PhsSn >1600
PhHg PhsSn >1600
PhHg PhsPb >1600
PhHg PhsPAuU 2.9
PhsSn (o-Tol)Ni(PEts),» 12
(o-Tol)Pd(PE%), (o-Tol)Ni(PEt), >400
(o-Tol)Pd(PE%), PhPb 0.036

4-FCsH,S- andhard 4-NO,CgH,O- anions®>—87

LnM—OGCsH4NO,; — 4 + L M—SGH4F — 4
= LoM—SGH4F -4
+ LyM*—OCsHsNO, — 4 (17)

Thechoiceof theseanionoidligandsis causedy
the fact, that the parametersof the chemical
hardnessof their close analogue(PhS and PhO)
areknown: 14 and23kcal mol~*.2°In addition,this
pair is characterizedby the close steric require-
ments and acidities of correspondingHX acids,
which differ only by 0.5 pK, unitsin DMSO3°

We havestudiedby *°F NMR the reactiong17]
involving variouspossiblecombinationsof differ-
ent pairsof organometalliccations.Somedataare
presentedn Table13.

The following dataon comparativehardnesof
L.M cationshave beenobtainedfor the chemical
hardnes®f relatedL,M groupsfrom K¢ J17]:

PhHg < PhsPAu; PhsPb
< PhsSn;(o-Tol)PAd PES);
< (o-Tol)Ni(PE%)2

These sequencesre in the completely opposite
directionto increasingabsolutehardnesssaluesy
for themetalatoms Absolutehardnesg = (1-A)/2:
Au (3.46)< Hg(5.54); Sn (3.05)< Pb (3.53); Ni
(3.25)< Pd (3.89). For example, according to
Table 13 the equilibrium of reaction[17] is shifted
to the right. Thus the PhHg" cation exhibits a
somewhathigher trend to form a bond with the
softer anion ~SC;H,F-4 thanthe PhsPAU" cation
and is characterizedy lower chemicalhardness.
This conclusioncontradictsthe dataon the values
of theabsolutehardnessf gold andmercuryatoms
(3.46eV and 5.54eV respectively)and Au* and
Hg®* cations(5.6eV and7.7eV, respectively)'’ It
also contradictsthe dataof the quantum-chemical
calculationsof the hardnessf Au and Hg atoms
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(3.55eV and 5.02eV), calculated in the X,
approximation,and in the Gunnarson-Lindquist
approximation(3.44eV and5.29eV) 23

The aboveresultsdo not agreewith the assertion
that the hardnes®f the groupis mainly determined
by thehardnessf thecentralatom* Severafreasons
for this disagreementre possible.One of them s
probablythe fact thatin the caseof nonisostructural
cationsthe predominanteffect on their comparative
hardnesscan be determinedby differencesin the
effects of unlike ligands on the hardnessof the
correspondin@tomsor cations.The otherreasonis
probably related to the possible inaccurancy of
existing parameterof absolutehardnessThis can
be causedby the approximate character of the
formula (5 (I—A)/2 used for their calculations?®
whereador the parametersbtainedby the quantum-
chemicalcalculationsthis can be a consequencef
neglectingrelativistic effects®® The last reasonis
supportedy the fact thatevenin the caseof related
L,M groups(tin—lead, nickel-palladium)their che-
mical hardnessdoes not run parallel to absolute
hardnes®f M. Thus,in the generalcase parameters
of absolutehardnessannotbeusedfor theprediction
of relativegrouphardnesgGH).

At thesametime, polarfactorscanexertacertain
effecton the positionof equilibria studied,namely,
the electronegativityof L,M groups?® It is likely
thatthe HSAB principle is obeyedstrictly only in
thecasewhenthecompetindigandsor groupshave
different hardnessbut the same electronegativ-
ities2° This is consistentwith the earlier conclu-
sion?* that for the exchangereactions[3] the
position of equilibrium dependsnot only on the
natureof the centralmetalatomandthe R groups,
butalsoonthedifferencein polaritiesof M—X and
M—X*, aswell asof M—Y andM*—Y bonds.In
our case,the ligands SGH4F-4 and OCsH4NO»-4
are characterizedoy different electronegativities.
This is evidencedby the FCS valuesfor the 4-
FCeHsHg group for compounds4-FCGH4HgSG
H4F-4 and 4-FCGH4 HgOGCH4NO->-4 in benzene
solutions, which are equal to —1.66ppm and
—2.59ppm, respectively?’ Therefore,it is desir-
ableto studyexchangequilibriainvolving organo-
metallic compoundsontainingOAr and SAr with
equalelectronegativits.

The comparisonof FCS for the compounds
ArsSnSGH4F-4 and ArsPbSGH4F-4 has shown
that the influenceof Ar ligandson GEN of ArsM
groupsprevailsoverthat of AEN of centralatoms.
This fact has allowed us to find a pair of
isoelectronegativegroups—(4-F@H,4);Sn and (3-
ClICgH,4)3Pb (FCSin benzendor both compounds
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is equalto 2.16ppm). The equilibrium constantof ArHg—SGsH4F + PhsPAU—OCsH4NO,-4
reactioninvolving thesegroups: = ArHg—OCsH4NO,-4 (20)

(3 — CICsHa)sPb—SCsHAF — 4
+ (4 — FCoH4)3SN—0CsH;NO, — 4
= (3~ CICqH4);Pb—OCsHsNO, — 4
+ (4 — C6H4)3SH_SC6H4 —4

(18)

is equalto 1.7 x 107287 This fact suggeststhat
from isoelectronegativeédrsSn and ArzPb groups
the tin-containing groups are much harder than
lead-containingones.

We have also studied reactions in systems
involving the softer PhsPb and the harderPhsSn
groups Oneanion(soft4-fluorothiophenoixie) was
fixed, andotherswereanionswith known absolute
hardnesgOH, Cl, Br, 1)8°

PhsSn—SCsH4F-4+ PhsPb—X
= PhsSn—X + PhPb—SGHsF-4  (19)

It wasfoundthatKeq[19] increasesvith decreasén
hardnes®f X in the order:

X = OH < Cl< Br< |
Kegl9 = 14x10°% 051 35 45
neV) = 567 47 42 37

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

logKeq19] = —2.27 + 10.14, r = 0.996

It may be shownthatfor exchangeeactionsof the
generaltype [16] the dependencef equilibrium
constanton the hardnessof cation and anion is
given by the equation:

logKeq[16] = B(71q — 71q-) (v — 71x)

This equationcan be consideredas a quantitative
formulationof the HSAB principle.If Q , X andY
areconstantandQ equald.,M, we obtainthefinal
expression:

|Og Keq - a’r]LnM + C

Thuswe canformulatethe generalconclusionthat
the influenceof theligand L onlog Keqwill reflect
its influenceon the chemicalhardnes®f the L ,M*
cation. This fact is the basis for study of
quantitativeregularitiesin the influence of - or
n-ligands on the hardnessof ArHg, ArsSn and
ArzPAu cationsin the reactiong20]-[22]:8%:86:9°
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+ PhsPAU—SCsH,4F-4

ArsPAU—SGH4sF — 4 + PhHg*OC6H4N02-4

= ArsPAU—O0CsH;NO,-4 (21)
+ PhHg—SGsH4F-4

Ar3Sn—CgH4F-4+ PhsPb—Cl
= ArgSn—Cl + PhsPb—SGHsF-4 (22

It follows from Table 14 that the electron-
withdrawing substituentdn aryl ligands at metal
atomsor in triarylphosphindeadsto anincreasdn
ability of theL,M cationsto form a bondwith the
softer “SGsH4F-4 anion. In accordancewith the
HSAB principle,thisshouldmeanthatthechemical
hardnes®f LM cationsdecreasewith increasan
electron-withdrawingability of the aryl ligands.
Unfortunately, the data on the influence of
substituent®n hardnes®f Ar arenot availablein
the literature. It is believedthat the hardnesswill
decreaseunder the effect of electron-donorsub-
stituentsbecausean increasein the chargeon the
key atomof theligandincreasests hardnes$° It is
also known that the replacemenbf a hard ligand
with a soft ligand can decreas& as well as
increasé? the hardnes®f the metalatom. Thefirst
effectis called symbiotic and the secondeffect is
called antisymbiotic. Therefore,the antisymbiotic
effectmanifestdtself bothin the influenceof o-Ar
ligandson the hardnesf the ArHg" and ArzSn”
cationsand n-Ar3P ligandson the hardnesf the
ArgPAU" cation.

With the aim of establishingjuantitativeregula-
rities of the effectsof ligandson hardnes®f LM
cations, the correlations between log K, and
Hammet?® or Taft>* constant®f substitutecphenyl
groups,the valuesof ionization potentialsof the
lone electronpair’® andthe basicity constant®® of
triarylphosphinesvere studied. It hasbeenfound
that the influence of ¢-Ar ligands on chemical
hardnessof ArHg" and ArsSn” cationsis better
describedby ¢° constantsof substitutedphenyl
groups:

logKeg[20] = —0.650 — 0.54,
r=0.969,S=0.07

logKeg[20] = —0.700° — 0.49,
r =0.978,S=0.06,
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Table 14 Equilibrium constantsfor the exchange
SyStemQZO]_[ZZ]SS,S(S,Qo

Ar Ked20] Ked21]  Ked22]
4-Me,NCeH,, 0.69 21

4-MeOGH,, 5.7

4-MeCgH, 0.37 3.83 1.1
Ph 0.32 3.05 1
4-FCH, 0.24 1.55 0.65
4-CICeH, 0.24 1.29 0.57
3-CRyCeHa 0.16

3,4-ChCeHs 0.11 0.24
3,4,5-ChCeHs 0.15

logKeg[22 = —0.810 — 0.08,
r = 0.988,S = 0.06
logKeq[22 = —0.7965° — 0.05,
r = 0.994,S = 0.04

In the caseof n-ArsP ligandsthe effectsof these
ligandsare betterdescribedby the ¢ constantsof
the substitutedphenyl groupsor their pK, values
than by the ¢° constantsor lone pair ionization
potentials(IP):

logKeg[21] = —1.485 + 0.39,
r = 0.984,S = 0.09

logKeq21] = —1.680° + 0.49,
r =0.979,S=0.10

logKeq21] = —0.91IP+ 7.60,
r = 0.985,S = 0.08

logKeg[2]] = 0.16pK, — 3.26,
r = 0.994,S = 0.05

At thesametime, it shouldbetakeninto account
thataccordingto the FCS (4-FCsH,4)sSngroupfor
compoundg4-FCsH,4)sSnCl (—4.41ppm) and (4-
FCsH,4)3sSNSGH4F-4 (—3,61ppm) the SGH4F-4
ligand possessthe lower electronegativitycom-
paredwith thatof the chlorineligand.”” It hasbeen
mentioned above that the electronegativitiesof
ArsSngroupswerecalculated®® In addition, it has
beenshownthatthesevaluescorrelatecloselywith
¢° constantsof substitutedphenyl groups.In this
connectionthe abovedatasuggesthe existenceof
correlationbetweenog K4 valuesandthe electro-
negativity values for ArsSn groups, which is
expressedby the equation:

logKeq[22) = —0.46y + 1.58;r = 0.993 S= 0.04

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

Copyright© 2001JohnWiley & Sons,Ltd.

of ArzSn' cationswhich decreasewith increasén
electron-acceptingbility of Ar ligands,represents
aconsequencef the electronegativif variationfor
ArsSn groups, which favours bond formation
betweenthe more electronegativeArsSn group
andthe lesselectronegativel-FCsH,4S ligand.

Conclusion

Thefollowing basicresultshavebeenobtained.

(1) The relative electronegativityand chemical
hardnesof L,M groupscanchangein parallel or
not with the electronegativityand hardnessf the
centralmetalatom.

(2) The substituentsin Ar can substantially
modify electronegativityand hardnessof Ar,M
groups;the influenceof Ar groupshasaninductive
nature;the increasen electron-donatingbility of
arylligandsenhancethehardnessf Ar,M cations.

(3) Therelativeelectronegativityandhardnessf
L,M groupsin L,MX are invariant and do not
dependon X.

Acknowledgements The authorsare grateful to the Interna-
tional ScienceFoundation(grantMD 6000)andto the Russian
Foundatiorfor BasicResearchprojectsN 93-03-5528and96-
03-32910)for financial supportof theseinvestigations.

REFERENCES

1. Onozavas, HatanakaY, Choi N, TanakaM. Organomet-
allics 1997;16: 5389.
2. Fedorov LA, Kravtsov DN, PeregudovAS. Usp. Khim.
1981;50: 1304.
3. Fedorov LA, PeregudovAS, Kravtsov DN. Usp. Khim.
1979;48. 1572.
4. MatchaRL. J. Am.Chem.So0c.1983;105 4859.
5. Martino SimoesJA, BeauchamJL Chem.Rev. 1990; 90:
629.
6. SenkD, TorgenserCK. ElectronegativityNew York, 1987
7. Mariott S, ReynoldsWF, Taft RW, TopsonRD. J. Phys.
Chem.1984;49: 959.
8. Boyd RJ, EdgecombeKE. J. Am. Chem.Soc.1988; 110
4182.
9. ReedLH, Allen LC. J. Phys.Chem.1992;96: 157.
10. Cioslowsky J, Mixon ST. J. Am. Chem.Soc.1993; 115
1084.
11. Allen LC. Int. J. QuantumChem.1994;49; 253.
12. DattaD, SinghSN. J. Phys.Chem.1990;94: 2187.
13. Boyd RJ,Boyd SL. J. Am.Chem.So0c.1992;114 1652.

Appl. OrganometalChem.2001;15: 27-42



Electronegativityandchemicalhardness

41

14. De Proff F, LangenaekelV, GeerlingsP. J. Phys.Chem.
15.
16.
17.
18.
19.
20.
21.
22.
23.

24.

33.
34.
35.
36.
37.
38.
39.
40.
41.

42.

43.

44,

45.

46.

47.
48.

49.

1993;97: 1826.

KomorowskiL, Lipinski J,PykaMJ. J. Phys.Chem.1993;
97. 316.

RoblesJ, Bartolotti LJ. J. Am.Chem.S0c.1984;106. 3723.
PearsorRG. Inorg. Chem.1988;27: 734.

Allen LC. J. Am.Chem.S0c.1989;111: 9003.
PearsorRG. J. Org. Chem.1989;54: 1423.
Bohm MC, Schmidt PC, Sen KD. J. Mol.
(Theochem.1982;87: 43.

KutzelniggW. Angew.Chem.|nt. Ed. Engl. 1984;23: 272.
SchockLE, Marks TJ.J. Am.Chem.S0c.1988;110 770.
Marks TJ, GangeMR, Nolan SP,SchockLE, SeyamAM,
SternD. Pure Appl. Chem.1989;61: 1665.

Kravtsov DN, PeregudovAS. Izv. Akad. Nauk SSSRSer.
Khim. 1979:1954.

Struct.

. PearsorRG. J. Am.Chem.S0c.1988;110 7684.
. ChattaraPK, LeeH, ParrRG.J.Am.Chem So0c.1991;113

1854.

. HuheeyJE.J. Phys.Chem.1965;69: 3284.

. ImamotoN, MasudaS. Chem.Lett. 1982;1003.
.GordyW. J. Phys.Chem.1946;14: 305.

. Clifford AF. J. Phys.Chem.1959;63: 1227.

. StewartRP, Treichel PM. J. Am. Chem.Soc. 1970; 92:

2710.

.SenKD, Bohm MC, SchmidtPC. Structureand Bonding

SpringerVerlag, 1987;101.

ParishRV, RowbothamRJ. Chem.Phys. Lett. 1971; 11
1379.

KravtsovDN. Metalloorg. Khim. 1989;2: 157.
Peregudo\AS. Metalloorg. Khim. 1992;5: 120.
ReutovOA, Butin KP, BeletskaydP. Usp.Khim.1974;43:
35.

GeierG, Ermi IW. Chimia1973;27. 635.

GeierG, Erni IW, SteinerR. Helv. Chim.Acta1977;60: 9.
Bordwell FG. Acc. Chem.Res.1988;21: 456.
PeregudovAS, Ivanov VF, Kravtsov DN, Fedin El. Izv.
Akad.Nauk SSSRSer.Khim. 1984:849.

Peregudo\AS, Ivanov VF, KravtsovDN. Izv. Akad.Nauk
SSSRSer.Khim. 1986;909.

Kravtsov DN, PeregudovAS, PetrovES, TerekhovaMl,
ShatensteimAl. lzv. Akad. Nauk SSSRSer. Khim. 1981;
1259.

KravtsovDN, Peregudo\AS, lvanov VF. Izv. Akad.Nauk
SSSRSer.Khim. 1983:522.

Kravtsov DN, NesmeyanovAN, FedorovLA, Fedin El,
PeregudovAS, Okulevich PO, PostovoiSA. Dokl. Akad.
NaukSSSR1978;242 347.

Borisov EV, PeregudovAS, Postovoi SA, Fedin El,
KravtsovDN. Izv. Akad.NaukSSSRSer.Khim. 1986:550.
NesmeyanovAN, Borisov EV, PeregudovAS, Kravtsov
DN, FedorovLA, FedinEl, PostovoiSA. Dokl. Akad.Nauk
SSSR1979;247. 1154.

Peregudo\AS, Kravtsov DN, DrogunovaGl, Godovikov,
IA. Inorg. Chim.Acta1988;280 238.

PeregudoAS, KravtsovDN, DrogunovaGl, StarikovaZA,
YanovskiiAl. J. Organometal Chem.2000;597: 164.
PeregudovAS, SmyslovaEl, Fedin El, Kravtsov DN.
Metalloorg. Chim.1990;3: 24.

Copyright© 2001JohnWiley & Sons,Ltd.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.

79.

. PeregudovAS, Kravtsov DN, UsatovaLN, SmyslovaEl.

Izv. Akad.Nauk SSSRSer.Khim., 1995;1359.
NesmeyanoAN, FedorovLA, Kravtsov DN, Peregudov
AS, lvanov VF, Fedin El. Dokl. Akad.Nauk. SSSR1979;
245 369.

Kravtsov DN, PeregudovAS, DrogunovaGl. Izv. Akad.
Nauk SSSRSer.Khim. 1997:591.

PeregudovAS, DrogunovaGl, Kravtsov DN. Izv. Akad.
Nauk SSSRSer.Khim. 1995:2266.

Ivanov VF, Peregudo\AS, KravtsovDN. Izv. Akad.Nauk
SSSRSer.Khim. 1980:1210.

PeregudovAS, Drogunova Gl, Isaeva LS, Fedin El,
KravtsovDN. Metalloorg. Chim.1991;4: 446.
NesmeyanowN, KravtsovDN, KvasovBA, RokhlinaEM,
Pachevskay&M, GolovchenkolLS, FedinEl. J. Organo-
metal. Chem.1972;38: 307.

PeregudovAS, Kravtsov DN, Ivanov VF, Fedin El. Izv.
Akad.Nauk SSSRSer.Khim. 1985:1524.

Pombrik SI, Polunkin EV, PeregudovAS, Fedin El,
KravtsovDN. Izv. Akad.NaukSSSR5er.Khim.1982:1289.
Pachevskayd/M, Pombrik SI, PeregudovAS, Fedin El,
KravtsovDN. Izv. Akad.Nauk SSSRSer.Khim. 1988:70.
PombrikSl, Golovchenkd.S, PolunkinEV, PeregudoWAS,
KravtsovDN. J. OrganometalChem.1985;292 81.
Pombrik SI, Pachevskay&M, GolovchenkoLS, Peregu-
dov AS, KravtsovDN. Metalloorg. Khim. 1988;1: 150.
IsaevalS, DrogunovaGl, PeregudovAS, Kravtsov DN.
Metalloorg. Khim. 1989;2: 447.

IsaevalLS, DrogunovaGl, PetrovskiiPV, PeregudovAS,
KravtsovDN. Metalloorg. Khim. 1988;1: 872.
DrogunovaGl, IsaevalS, PeregudovAS, Kravtsov DN.
Metalloorg. Khim. 1991;4: 659.

KravtsovDN, PombrikSl, Pachevskay®M, Golovchenko
LS, PeregudovAS, Fedin El. Metalloorg. Khim. 1988; 1.
468.

Kravtsov DN, Pombrik SI, Pachevskaya/M, Peregudov
AS, FedinEl. Metalloorg. Khim. 1988;1: 797.
KravtsovDN, Pachevskay&M, Peregudo\AS, FedinEl.
Izv. Akad.Nauk SSSRSer.Khim 1995:1359.

Kravtsov DN, PeregudovAS, ShcherbakovaV, Borisov
YUA. Izv. Akad.Nauk SSSRSer.Khim 1995:1921.
Kravtsov DN, PeregudovAS, Krylova Al, Gorelikova
YuYu. lzv. Akad.Nauk SSSRSer.Khim 1995:1359.
NesmeyanoN, KolobovaNE, HandozkoVN, Anisimov
KN. Z. Obsh.Khim.1974;44: 313.

Bancroff GM, Buttler KD. J. Chem.Soc.,Dalton Trans.
1973;1695.

Shcherbakov®V, Peregudo\AS, KravtsovDN. Izv. Akad.
Nauk SSSRSer.Khim. 1996:2371.

KravtsovDN, Peregudo\AS, Pachevskay&M. Izv. Akad.
Nauk SSSRSer.Khim. 1996:459.

Kravtsov DN, PeregudovAS, Krylova Al, Gorelikova
YuYu. Izv. Akad.Nauk SSSRSer.Khim. 1997:1215.
Peregudo\AS, KravtsovDN. Unpublishedresults.
PearsorRG. Acc. Chem.Res.1990;23: 1.

Allred AL. J. Inorg. Nucl. Chem.1961;17; 215.

Koglin HJ, Behrend«, DragerM. Organometallics1994;
13 2733.

PearsorRG. J. Am.Chem.Soc.1963;85; 3533.

Appl. OrganometalChem.2001;15: 27-42



42

A. S.PeregudovandD. N. Kravtsov

80.
81.
82.
83.
84.
85.
86.

87.

Sen KD, Mingos DMP Chemical Hardness Springer,
Berlin, 1993.

ParrRG, PearsorRG. J. Am.Chem.Soc.1983;105 7512.
PearsorRG. Inorg. Chem.1988;27: 734.

RoblesJ, Bartdotti LJ. J. Am.Chem.Soc.1984;106: 3723.
PearsonRG in Bonding Energetics In Organometallic
Compainds Ed. Marks TJ, ASP Symp.Ser.428,American
ChemicalSociety:Washington,1990;251.

KravtsovDN, Peregudo\AS, GolovchenkoLS, Smyslova
El. 1zv. Akad.Nauk SSSRSer.Khim. 1996:1255.
KravtsovDN, PeregudovAS, SmyslovaEl, Golovchenko
LS. Izv. Akad.Nauk SSSRSer.Khim. 1996:2568.
Peregudo\AS, KravtsovDN, Unpublishedresults.

88. VinayagamSC,SenKD. ChemPhys.Lett. 1988;144 178.

Copyright© 2001JohnWiley & Sons,Ltd.

89.
90.
91.
92.
93.
94.
95.

96.
. Peregudo\AS, KravtsovDN. Unpublishedresults.

97

Peregudo\AS, RokhlinaEM, KravtsovDN. J. Organome-
tal. Chem.1994;471 C1.

Kravtsov DN, PeregudovAS, Pachevskaya/M, Golov-
chenkoLS. J. Organometal Chem.1997;536: 385.
JorgenserCK. Inorg. Chem.1964;3: 1201.

PearsorRG. Inorg. Chem.1973;12: 712.

Wells PR, EhrensonS, Taft RW. Prog. Phys.Org. Chem.
1968;6: 204.

Wells PR, EhrensonS, Taft RW. Prog. Phys.Org. Chem.
1968;6: 199.

WeinerMA, LottmanM, Grimm SO.J. Org. Chem.1975;
40: 1292.

Allman T, GoelRG. Can.J. Chem.1982;60: 716.

Appl. Organometal Chem.2001;15: 27-42



