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Nonrelativistic DFT calculations of thé°Sn chemical shift are presented for a large series of tetracoordinated
Sn compounds, of the type GBNRRR", where R, R R" are halogens, alkyl, halogenated alkyl, alkoxy, or

alkyl thio groups. The B3PW91 functional is used in conjunction with the IGLO Il basis set. Leaving out
compounds associating in solution and thus changing the Sn coordination, a correlation coefficient
0.978+ 0.023 is obtained between solvent NMR shifts and calculated values, with a slope of 0.984. These
results indicate that this methodology yields excellent results both in the absolute and relative sense for the
majority of the cases studied, where cancellation of errors (solvent and relativistic effects) occurs. The results
were interpreted in terms of calculated electronegativity, hardness, and softness of the groups SagpiRing

a methodology previously developed by us Phys. Chem1993 97, 1826) and using the 6-31HG**

basis set for H, C, CI, Br, O, and S and 3-21G for Sn and |. Sequences of group electronegativities and
hardnesses could be rationalized via previously calculated or experimental first and second row atomic or
functional group values reflecting the interplay of qualitative and quantitative changes in groups on the central
Sn atom. The evolution of th8°Sn chemical shift can be successfully interpreted on the basis of group
electronegativities for groups introduced in thegposition of the Sn atom, whereas changestiposition

(i.e., groups directly bonded to Sn) turn out to be essentially hardness related, especially when changes in the
row of the periodic table are involved.

1. Introduction applied for nuclei up t@%2U,10 183y, and2°"Pb 11 In this paper,
attention will be focused on the density functional calculation
of 1195n chemical shifts using gauge-including atomic orbitals
(GIAO).212714 |n view of the vast amount of experimental
literature data on thes€Sn chemical shifts involving com-
pounds of various typée$;18it could therefore be useful to assess
this present day powerful nonrelativistic method in its perfor-
mance in predicting/reproducing®Sn chemical shifts. The
situation of this fourth row analogue of C is intermediate, lying
t the borderline of main group and coordination chemistry. On
he basis of the study by Ziegler et al. on chemical shifts of
125Te 17 one of the neighbor elements of Sn, it can be assumed

There is increasing interest in density functional theory (DFT)
calculations to evaluate nuclear magnetic resonance (NMR)
properties, due to the capability of these methods to include
electron correlation at a favorable computational cost, as
compared to traditional ab initio correlated methods (for a
detailed account of density functional theory, see, for example,
ref 1 and references therein). The DFT calculation of NMR
properties has been the subject of many reviéwsnoreover,
it was also shown among others by the present authors that als
electric properties can be obtained to a good accardcfor a
ic:ﬁtti?)”iglglil(;iuc::’ c?fe?\lSIgRaI2hriZ];dliz{gAa?\?jn?nrgilr;i\t”z\gﬂg;it: e ab that relativistic _effe_cts on these shifts may be minor (as opposed
coupling constants was recently provided by Helgaker ét al. to abso.lute sh|eld|.ngs). ) .

The application of DFT has been especially useful for those __DPesPite the previously mentioned computational advances and
systems that cannot be easily and routinely treated by methodghe availability of a large number of experimental dét&only
beyond the SCF type, such as large organic molecules ora few theoretical studies have been reported"#8n nuclear
molecules containing transition metals. When going down in Shielding constants. Nakatsuji et al. published finite perturbation
the periodic table, however, relativistic effects become increas- SCF level chemical shifts for SnMeH, (n = 0-4) and
ingly important, and recently, under the impetus of Ziegler, SPM&-nXn(n = 0—4 and X= Cl) and found values that agreed
efficient strategies have been developed to incorporate anWell with experiment?®19 They stated that th&!%Sn chemical

adequate treatment of these effects, which have then beershifts are mainly determined by the Sn valence p atomic orbital
contribution to the paramagnetic term. In 1996, Nakatsuiji et al.
*To whom correspondence should be sent. Phone: 00-32-2-6293314. Studied the spirorbit effect on the magnetic shielding of the
Fax: 00-32-2-6293317. E-mail: pgeerlin@vub.ac.be. N Sn atom in tin tetrahalides SaXX = Cl, Br, and I) and
' T Permanent addyess; Chemistry Department, Grupo d_e Quimica Cuan-San7n|n (h=1,2, 3)_20 They concluded that the calculated
tica, Cartagena University, A.A 1661 Cartagena, Colombia. . . . s .
*Eenheid Algemene Chemie. values without a correction for the sptorbit interaction do

8 High-Resolution NMR Centre. not satisfactorily reproduce the experimental values of the
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chemical shifts when the halogen atom is heavy. They, however,themselves of the atomic or molecular hardness as the second
found that the spirrorbit contribution due to the Sn atom was derivative of the energy with respect to the number of electrons,
small. and the softness as its inverse, the way to a parameter-free
De Dios calculated absolute shieldings for SnSnCl, and evaluation was paved.
SnMe, using the HF/GIAO and SOS-DFTPT (sum-over-states ~ The evaluation of group electronegativities, hardness, and
density functional perturbation theory) methods, in combination softness values has until now essentially concentrated on groups
with the IGLO Il and IGLO IlI basis set& Moreover, he also  containing first, second, and third row atoths® and has been
presented shieldings using the hybrid B3PW91 functional, as of great use to, among others, the presents autfig?syhen
likewise used by us in the present paper (vide infra). He applying the hard and soft acids and bases ttféagd the
concluded that, provided electron correlation is introduced in electronegativity equalization principte.g., when studying
the calculations and large basis sets are used, the resultgicidity and basicity sequences both in the gaseous phase and

approach the experimental values of #&n chemical shifts.  in solvent®** 3 In this paper we consider the extension of our

In the present work, DET chemical shifts were computed for Computational approach for group electronegativity, hardness,
a large set of organotin compounds such as SnM, and softness as developed in ref 28 to functional groups
SnMe,_X,, SAMeR, MesSnCh- X, MesSnOR, and MgSnSR containing tin. The methodology of group electronegativity,
(with R = Me, Et,n-Pr,i-Pr, n-Bu, s-Bu, t-Bu, Ph, and X=F, hardness, and softness can indeed be applied to tin compounds

Cl, Br, I). The shifts obtained are compared with the available Without any fundamental changes, as relativistic effects may

experimental data and modeled using the concepts of groupStill be expected to be relatively small and probably are canceled
electronegativity and hardness. out in the evaluation of these quantities which is no longer the

case for fifth and higher row elements. Peregudov and his group

The methodology used (isolated gas phase molecules con- ) o P
sidered at a nonrelativistic level) obviously contains simplifica- haYe done studies On.th'.s kmq of compoﬁﬁd‘, their "?‘ppr.oa"h
being, however, less in line with our previous contributions and

tions. However, cancellation of corrections due to various factors .
may be expected as we concentrate on shifts (i.e. differencesconcentrating on large groups.
of shielding values) and not on shieldings themselves (cf. the
above-mentioned study by Ziegler é#Te shifts).
Only in the case of compounds in which Sn is directly bonded ~ 2.1. Chemical Shifts All magnetic property calculations were
to heavy atoms (Br and I) relativistic effects might play a performed using the B3PW91 functior?df* combined with
decisive role in view of Nakatsuji's results indicating that spin ~ the IGLO IlI basis sé¥ (for the elements H, O, Cl, and S) and
orbit terms are very important. The spiorbit contribution is ~ the IGLO Il basis sét (for the elements Sn, Br, and 1), both
indeed very sensitive to the atomic number of the atoms directly for the full geometry optimizations (The Cartesian coordinates
coordinated to the metal. S8%n shieldings can be under- of the equilibrium geometries of all the molecules studied in
estimated when heavy halogen atoms (Br, I) are bonded directlythis work can be obtained from the authors upon request.) of
to the tin atom, but when the halogen is not attached directly to €ach compound and the NMR calculations. The latter were
the tin atom, the effect can be expected to be minor. performed using the gauge-invariant atomic orbital (GIAO)
The effect of the solvent on the other hand can be consideredtechniquet2-14 o )
to be negligible as long as one considers noncoordinating _2-2- Group Electronegativity and Hardness.A detailed
solvents, e.g., CHCl, (as is the case for the experimental studies discussion gb_out the calculation of hardness, softness, and
with which the values are compared). Only if a change in electronegativity can be found elsewhétand only the relevant

coordination is to be expected, a breakdown in the compensationeXpreSSiO”S used for the evaluation of these quantities expres-
of errors is expected to occur. sions are given below. The global hardnegy &oftness ),

and electronegativityy) are calculated within DFT as follows:

2. Computational Details

Transferability is one of the basic concepts in chemistry;
considering molecules as being built up from blocks transferable IE — EA
from one molecule to another is of fundamental importance n= 2 1)
when ordering and interpreting the immense amount of data
concerning structure and reactivity functional group properties, Softness is the inverse of hardness
and this permits us to quantify this building block ansatz. Among
properties, group electronegativity is one of the first discussed S= 1 )
and most thoroughly investigated properties with a variety of 2n
scales presented from the 1960s on (for a comprehensive review
see ref 22). These scales, just as those for atomic electro-
negativities, were derived starting from experimental data such IE + EA
as bond vibrational dat&dand inductive parametet$,among X="% 3)
others, due to the lack of a sharp definition the electronegativity
concept itself. An important breakthrough is the definition of where IE and EA are vertical ionization energy and electron
electronegativity, by Iczkowski and Margra¥eas the negative affinity of the systems, respectively.

The electronegativity is defined as

of the derivative of the energk of a system with respect to We use the expressions-8 as working equations to calculate
the number of electrony, later identified with the negative of  the group electronegativity, hardness, and softAe%s.
the chemical potential by Parr and co-work&syithin the For a group G (e.g., the GHyroug® or Snh; in the present

context of density functional theo”y.The latter step offered  work), the corresponding (neutral) radical was considered in
the possibility for nonempirical calculations of atomic, group, the geometry the group usually adopts when being part of a
and molecular electronegativitié%?® molecule and not in the equilibrium geometry of the isolated
A similar evolution, however, only starting in the 1960s, is radical. The CH radical, for example, is therefore considered
seen for the concepts of hardness and softness introduced byn a pyramidal geometry and not in the planar geometry it adopts
Pearsorf® Only after identification by Parr and Pear8bn in an individual molecule. Within this option, standard bond
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TABLE 1: Calculated Absolute Shieldingse (ppm) and
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400 -

Chemical Shifts (ppm), Together with the Experimental 3 exp
Shifts (ppm)*® 300 -
molecule o calcd expl 200 4

Sn(CHy)s 2527 0 0 100
Sn(CH)sCl 2379 148 164.2 a2
Sn(CH).Cl» 2373 154 137 g 8 cale
Sn(CH,)Cls 2454 73 21 - ; T — - —
Sn(CH)3Br 2377 150 128 700 600 -500 -400 -300 -200 -10 100 200 300 400
Sn(CH)2Br» 2318 209 70 -100
Sn(CH;)Br3 2337 190 —165 .
Sn(CH)sl 2388 139 38.6 200 ] la 44
Sn(CHy)al» 2297 230 —159
Sn(CH)l3 2256 271 —699.5
(CHs3)sSNCHCI 2538 -11 4 =300 1
(CHg3)sSNCHC} 2521 6 33
(CH3)sSnCCh 2480 47 85 -400
(CHs)sSNCHBr 2529 -2 6
(CH3);SnCHBB 2503 24 42 500
(CH3)sSnCBg 2449 78 101
(CHa)sSnEt 2532 -5 4.2
(CHs)sSn(-Pr) 2537 -10 -2.3 -600 1
(CHa)sSn(-Pr) 2534 -7 8.6
(CHs)sSn(-Bu) 2539 -12 -1 700 a5
gg:%sgﬂggg)) gggg _? 132 Figure 1. Experimental chemical shifts (ref 15) vs the calculated ones,
Sn((3:|3—1;)3H 2640 113 _1045 for all compounds considered in Table 1. All values are in ppm. The
Sn(CH)-H» 2762 235 _225' regression line for all the compounds expect for Sgidg(1), SnMeBg
Sn(CH)Hs 2899 —372 346 (2), SnMel (3), SnMel; (4), and SnMej (5) is drawn.
(Sg;g)gsnOH 320432% 51928 5(1)(1)8 mentally1>16They cover a range of approximately 6500 ppm,
(CH3)sSnOCH 2431 926 129 from 4000 to —2500 ppm. The experimental range of the
(CHs)3SnO§-Pr) 2443 84 109 chemical shifts investigated here amounts at 864 ppm. It is
(CH3)3SnO¢-Bu) 2463 64 91 important to note that the experimenta?Sn chemicals shifts
(8:3)3§”ggh 224%%0 17(;7 334-3 for some compounds often depend on the nature of the solvent.
§CHzngESEtH 2458 69 78 In such cases, our comparison to experimental data corresponds
(CH3):SnS¢-Bu) 2479 48 55.5 to the values measured in @El, or other noncoordinating

solvents, because there is no coordination from such solvent

angles and distances were used throughout this work using theMolecules to the organotin moiety.

standard structures given by Mold@(distances in A involving The calculated chemical shifts are expressed as
Sn: Sn-H = 2.05, Sn-C = 2.51, Sn-Cl = 2.79, Sn-Br =
3.01, Sil = 3.19, SA-O = 2.49, SA-S = 2.82).

By calculating the energies of the radichll€lectron system),
the cation N — 1 electron system), and the anioN ¢ 1
electron system) of the group G, all at the same geometry [cf.
the requirement of constant external potenti@l)], one can
determine the ionization energy and electron affinity of G and
thus the group quantities via eqs-3. In the case of the
compounds SnMenH,, SnMe- X, SnMeR, Me;SnCH;_ X,
MesSnOR, and MgSnSR (with R= Me, Et, n-Pr, i-Pr, n-Bu,
s-Bu, t-Bu, and Ph, and X= F, ClI, Br, 1) one of the methyl
groups was systematically removed.

The calculations for the group electronegativities, hardness,
and softness were carried out at the BSPW91 Rvélsing a
6-311++G** basis set*for H, C, O, S, Cl, and Br and 3-256
for Sn and I. The different basis set used when compared to
the NMR part is justified, since the IGLO basis set requires
extreme flexibility in the nuclear region, the description of the
valence region being similar in the two cases.

All NMR and group properties calculations were performed
using the Gaussian 98 prografrunning on the Compag-
Digital Alphaserver GS140 of the Brussels Free Universities
computer center.

0“¥(sample)= 0°*(SnMe) — °*(sample) (4)

where 0%@(SnMe;) and o°@(sample) are the isotropic NMR
shieldings of the reference compound SnMed the sample
in question, respectively.

The calculated''Sn chemical shifts for the total series,
representing a wide range of organotin compounds, are given
in Table 1, together with the experimental chemical shifts. As
expected, the largest discrepancies between the theoretical and
experimental values were obtained for SnBle, SnMeBg,
SnMel, SnMel,, and SnMe] (five points indicated explicitly
in the diagram), where the mean absolute deviation of the
chemical shifts is 391 ppm (standard deviation 559 ppm) and
the chemical shift range of these compounds is 770 ppm. The
deviation is in line with our expectations on the noninclusion
of relativistic effects in our calculations and is in accordance
with the previously mentioned statement of Nakatsuji that the
spin—orbit contribution to the chemical shielding is very
important when heavy halogens are directly attached to the Sn
atom.

On the other hand, the experimental chemical shifts of these
products indicate that these compounds tend to associate in
solution, meaning that the Sn atom is no longer tetravalent, as
3. Results and Discussion was assumed in th_e calculatic_)ns. I__eaving these problem cases

out of the correlation analysis, Figure 1 shows that for the

3.1. Chemical Shift Calculation.The11%Sn NMR chemical remaining series of compounds a correlation coefficient of 0.985
shifts of numerous tin compounds have been obtained experi-is found between the two sets of data: the regression line, shown



2756 J. Phys. Chem. A, Vol. 106, No. 11, 2002

TABLE 2: Calculated Electronegativity (y, in eV), Hardness
(n, in eV), and Softness §, 1072 eV~1) of Me3SNCH\X3-n
Groups (n = 0, 1, 2) and Theoretical’®*Sn Chemical Shifts
(0, in ppm), for the Corresponding Compounds
MesSnCHX3-

molecules o X n S
MesSnCHCI —-11 4.64 2.94 16.98
MesSnCHC} 6 4.76 2.83 17.61
MesSnCCh a7 4.98 2.81 17.75
MesSnCHBr -2 4.67 2.92 17.13
MesSnCHBBR 24 4.77 2.76 18.09
MesSnCBg 78 4.97 2.72 18.35

TABLE 3: Calculated Electronegativity (x, in eV), Hardness
(g, in eV), and Softness §, in 1072 eV 1) of Me,SnHy—
Groups (n = 1, 2, 3) and Theoretical'’®Sn Chemical Shifts
(0, in ppm), of the Corresponding Me,+1SnH,;—, Compounds

Vivas-Reyes et al.

TABLE 5: Calculated Electronegativity (y, in eV), Hardness
(g, in eV), and Softness §, in 1072 eV~1) of Me;SnR Groups
and Theoretical 11%Sn Chemical Shifts @, in ppm), of the
Corresponding Me;SnR Compounds

molecules o x n S
MesSn 0.0 3.91 3.19 15.63
MesSnEt -5 3.94 3.14 15.92
MesSn(-Pr) -10 3.97 3.13 16.03
MesSn(-Pr) -7 4.01 3.02 16.45
MesSn(-Bu) -12 3.96 3.13 16.03
MesSn(s-Bu) -9 4.00 3.06 16.34
MesSn(-Bu) -1 3.93 3.03 16.50

TABLE 6: Calculated Electronegativity (y, in eV), Hardness
(g, in eV), and Softness §, in 1072 eV) of the Me,SnXs_,
Groups (n = 0, 1, 2) and Theoretical*'°Sn Chemical Shiftsd
(in ppm), of the Corresponding Me,+1SnXs—, Compounds

molecules o X n S molecule o X n S
MesSnH —113 4.63 3.12 16.04 MesSnCl 148 4.56 3.27 15.26
Me,SnH, —235 4.89 3.24 15.42 Me,SnCh 154 5.50 3.23 15.46
MeSnH; —372 5.19 3.39 14.76 MeSnC} 73 6.72 3.12 15.99
MesSnBr 150 4.60 3.19 15.68
TABLE 4: Calculated Electronegativity (y, in eV), Hardness Me,SnBp 209 5.51 3.03 16.49
(7, in eV), and Softness §, in 1072 eV~1) of Me,SnOR and MeSnBsg 190 6.59 2.82 17.71
Me,SnSR Groups and Theoretical''°Sn Chemical Shifts 9, MesSnl 139 4.29 3.14 15.92
in ppm), of the Corresponding MeSnOR and MeSnSR Me,Snh 230 5.39 2.79 17.90

Compounds

molecules o x n S
MesSnOH 98 4.24 3.28 15.25
MesSnOCH 96 4.12 3.21 15.59
MesSnO(-Pr) 84 4.06 3.10 16.14
Mes;SnOBuU 64 4.08 3.06 16.35
MesSnOPh 107 4.31 3.07 16.30
MesSnSCH 77 4.02 3.04 16.46
MesSnSEt 69 3.97 3.01 16.63
MesSnSBu 48 3.88 2.93 17.05

in Figure 1, has the following equation:
Oexp = (0.984+ 0.023p . + (12.05+ 3.3) (5)

As can be seen, the slope does not significantly differ from unity.
Forcing the regression line through the origin yields a slope of

noticed that for halogen-containing groups increasing the number
of halogens has a larger influence than interchanging chlorine
and bromine, the latter operation leading to similar electro-
negativities. Table 6 shows the same trends for the groups
MenSnXs—, (X = ClI, Br, 1) (n = 1, 2), indicating a similar
trend as in our study on halogen-containing functional groups
with C as the central atof. Electronegativity variations on
the substituentgr > yc1 > ysr > y1 are transmitted to the group
as a whole when bound to a common atom. Note that fer X
| the group electronegativity values are a bit smaller that for X
= Br (h =1 and 2). Again changes in the electronegativities
are more sensitive to the number of halogen atoms than to the
nature of the haloger?s.

In Table 3, the evaluation of the electronegativity of the
Men-1SnH;—, (n = 1, 2. 3) groups shows that electronegativity

0.985 and a correlation coefficient of 0.978. The mean absolute IS increasing when the methyl group is systematically replaced
deviation is 18.30 ppm on a total scale of 664 ppm. (standard in SnMe; by a more electronegative hydrogen atom (cf. absolute
deviation is 21.56 ppm). As a whole, these results indicate that values?’ H, 7.18 eV; CH, 4.96 eV).

the adopted nonrelativistic methodology yields excellent results

for shifts, both in absolute and relative terms. This is due to
the cancellation of relativistic and solvent effects when calculat-

In the series MgSnOR and MgSnSR (Table 4), with R=
H, Me,i-Pr,t-Bu, and Ph and R= Me, Et, and-Bu), replacing
the Me group in SnMgby a more electronegative OR group

ing the shifts as differences of shieldings. As already shown causes the electronegativity to become intermediate between
above, this was also witnessed by Ziegler et al. in their study those of MeSnCl and MeSn, the values being systematically

on 125Te chemical shifts, where it was noticed that relativity

lower in the sulfur-containing groups, in accordance with the

has a notable effect on the calculated absolute shieldings, butower electronegativity of S as compared to O.

that part of these effects cancel when the chemical shifts are

calculated-’

In Table 5 it is seen that for the series of @R (R= H,
Ph, Et, Pr, Bu) groups the effect of substituting a methyl by a

The whole of these results validates the nonrelativistic isolated larger alkyl group is very small as compared to substituting it
molecule approach and meets the expectations of canceling ofby hydrogen atoms or halogens, preventing a meaningful

errors due to relativistic and (noncoordinating) solvent effects.
3.2. Group Electronegativity and Hardness Calculation.

Group Electronegatity. The calculated group electronegativi-

ties of the tin-containing groups are shown in Table2In

Table 2 a series of groups of the type M&aCH_X, (X = Cl,

Br) (n=0, 1, 2) is shown. The substitution of a hydrogen atom

correlation with the group properties.

Group HardnessAs can be seen in Table 2, replacing a
methyl hydrogen in the SnMegroup by a softer halogen (Cl,
Br) systematically decreases the hardness. Increasing the number
of halogens continuously increases the group softness. The
sequence for a given number of halogens shows higher hardness

in the methyl group by a more electronegative halogen atom for the bromine than for the chlorine-containing groups,
(Cl, Br) results in the order of decreasing group electronegativity paralleling the higher softness of a bromine as compared to a

Me,SnCCE > Me,SnCHCh > Me,SnCHCI and MeSnCBg
> Me,SnCHBE > Me,SnCHBY, nicely reflecting the increasing
electronegativity when passing from H to Cl or Br. It can be

chlorine atom. When in Tabl6 a methyl group is replaced by
a halogen (Cl, Br, 1), the result is also a decreasing value of the
hardness (except for the mono and dichloro cases), in agreement
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Figure 2. Correlation of the theoreticafSn chemical shifts) (in Figure 3. Correlation of the theoreticdf°Sn chemical shifts) (in

m) in MeSNCHX_, compounds with the calculated electronega- PPM) in M&SNOR and MgSnSR compounds with the calculated
E\F/)ity)of th:;MeZSFr';Cihnngn gF:oups (in eV). g electronegativity of the MiSnOR and MgSnSR groups (in eV).

with the hardness sequence £H Cl > Br (values from ref (Tgt?lre tzeaﬁcém,fioﬂ?g Sg)Of;heoé);pioﬁggnaﬂgshﬂbf:ns lfQound
27: 4.87 eV> 4.70 eV> 4.24 eV). The introduction of a harder 9 a9

! : . ;
hydrogen replacing a softer methyl group results in an increasing between the corresponding values'#5n chemical shifts and

hardness (Table 3) group electronegativities,
In Table 4, it can be seen that replacing O by the softer S 119e >
increases its global group softness, the influence of the alkyl 07"Sn=128.13 — 443.02 (" =0.817) (8)

group being similar to that shown in Table 5.
3.3. Correlation of Chemical Shifts with Group Properties.
On the basis of the literature daal®the quantity considered

as the first and possibly mostly rewarding for correlation with . - ;
1195 shifts is the electronegativity of the SRR group. the chemical shift. The replacement of Me by & §Rup also
It can be seen from Table 2 that tH&Sn shielding increases increases the chemical shift, but to a lesser degree than the OR

when going from MeSNCHCI to MesSnCHCS, thus reflecting compounds, in accordange with the lower electronggativity of
a group electronegativity increase from 38aCHCI to Svs O, as reflectgd aIs_o in the group electrone_gatlwt_y values.
MesSnCCh. The same tendency is observed for the case of No reliable relationship for the groups &nR (involving a
MesSnCHBr, MesSnCHBB, and MeSnCBg both for thel19Sn replacement of an alkyl group by another one) cpuld be obtained,
shielding and for the group eIectronegatiVities [remember that because of_the short range of chemical shifts, 15 ppm, as
the theoretical chemical shifts values of these compounds matchcompared with others sequences. Also whe_n_a halogen IS dlreptly
very well the experimental ones (see Figure 1)], probably bonded to tr_le Sn_ atom, the glectroneganwty correlation fails
because the halogen is not directly bonded to the metal atom.ancI the relat!opshlp obviously involves some interplay between
Introducing a single halogen atom in one of the methyl groups electronegativity and hardness.

slightly increases the shielding of the tin atom, but when two Let us now |_ntroduce hardness mto_the picture. Coming ba.‘Ck
o the results in Table 3, we are reminded that the correlation

or three halogens are introduced, the tin atom again become% . . -
more deshielded. etween chem|cal shift and eIectrqnega’uwty showed an un-

A good correlation betweer!®Sn shielding and group expected sign. Indee_d, upon repla(_:mg more methyl groups _by
electronegativities was obtained (see Figure 2) for these six hy(_jrogens, th_e subshtuent_s on Snincrease in ele_c_tronegatlwty,
cases which would yield a less shielded Sn and more posiivalues.

' The sequence ¢f values for the groups reflects this effect; the
0 values do not. If we, however, consider the hardness of the
methyl group as compared to the hydrogen, it is observed that
replacing methyl by the harder hydrogen atom decreases the
charge capacity in the Sn neighborhood, leading to a more
shielded Sn atom and more negativealues.

Hardness also seems to play a decisive role in the results of
Table 6, where halogen atoms directly bonded to Sn are varied
across the periodic table. It turns out that the correlation with
group electronegativity, the values of which seemed reasonable
in Table 1, does not work at all. However, Figure 4 indicates

oM%Sn= —462.35 — 2027.1 (*=0.999) (7) that, except for MeSngjla fair correlation is obtained between

0 and#, with the same sign of the M8nH,—, compounds

Here an inverse sign of th& vs y correlation is observed as  (discussed previously in eq 7). Introducing harder halogens on
compared to the previous equation, which can be traced backthe Sn atom (increasing the hardness of the,3meG,
to the fact that in this case it appears that the chemical shift functional group) decreases the charge capacity in the Sn
does not follow the trend in electronegativity; one would expect neighborhood, leading to a more shielded Sn atom, lowering
that upon substitution of the electrodonating methyl group by a the 6 value.
more electronegativite hydrogen, the chemical shifts would In general, the following rule appears to emerge: if in a system
increase. Sn—A-—B the atom A is replaced by an atom of the same

indicating again that increasing the group electronegativities
yields increasing chemical shifts. As can be seen in Table 4,
replacing the Me by a more electronegative OR group increases

o'%n=216.5¢ — 1015.5 (*=0.879) (6)

indicating that increasing group electronegativity leads to
increasing Sn chemical shift.

In the case of the series of compounds,BieH;—, (n = 1,
2, 3), Table 3 shows that tH&°Sn shielding decreases in going
from MesSnH to MeSnH; at the same time, however, the
electronegativity increases, yielding the following correlation:



2758 J. Phys. Chem. A, Vol. 106, No. 11, 2002

250 1
200 A

150 1

5=-153.09 + 643.84
R*=0.711

100 A

50

29 3 3.1 32 33

Hardness (eV)

Figure 4. Correlation of the theoreticdf°Sn chemical shifts) (in
ppm) in M&+1SnXs;—, compounds with the calculated hardness of the
MenSnXs_n groups (in eV) (MeSnGlleft out).

2.7 2.8

Vivas-Reyes et al.

(3) Malkin, V. G.; Malkina, O. L.; Eriksson, A.; Salahub, D. R. in: J.
M. Seminario, P. Politzer (EddMJodern Density Functional Thearilsevier
Science: New York, 1995, p 273.

(4) Schreckenbach, G.; Ziegler, Theor. Chem. Accl998 99, 71.

(5) De Proft, F.; Martin, J. M. L.; Geerlings, Ehem. Phys. Letl996
250, 393.

(6) Geerlings, P.; De Proft, F.; Martin, J. M. L. Recent Deelopments
in Density Functional TheorySeminario, J., Eds.; Elsevier: Amsterdam,
1996; p 773.

(7) De Proft, F.; Langenaeker, W.; Geerlings, P. (Ed3gnsity
Functional Theory: A Bridge Between Chemistry and Phy&it$BPress:
Brussels, 1999 p 131.

(8) De Proft, F.; Tielens, F.; Geerlings, P Mol. Struct. (THEOCHEM)
2000 506, 1.

(9) Helgaker, T.; Jaszunski, M.; Ruud, Khem. Re. 1999 99, 293.

(10) Schreckenbach, G.; Wolff, S. K.; Ziegler,J .Phys. ChemA 200Q
104, 8244.

(11) Rodriguez-Fortea, A.; Alemany, P. Ziegler, J.Phys. Chem. A
1999 103 8288.

(12) London, FJ. Phys. Radiuni937, 8, 137.

(13) Ditchfield, R.J. Chem. Physl972 56, 5688.

(14) Wolinski, K.; Hinton, J. F.; Pulay, B. Am. Chem. S0d99Q 112,

column but with higher atomic number, the increase in softness 8251.

appears to be the dominant factor in the evolution of the Sn

chemical shifts. If, however, B is replaced in this way, A being
constant, electronegativity effects dominate.

4. Conclusions

(15) (a) Wrackmeyer, BAnn. Rep. NMR Spectrasto85 16, 73. (b)
Wrackmeyer, BAnnu. Rep. NMR. Spectrosi999 38, 204.

(16) (a) Willem, R; Verbruggen, |.; Gielen, M.; Biesemans, M.; Mathieu,
B.; Basu Baul, T. S.; Tiekink, E. R. Drganometallics 1998 17, 5758.
(b) Martins, J. C.; Biesemans, M.; Willem, Rrog. NMR Spectros00Q
36, 271.

(17) Ruiz-Morales, Y.; Schreckenbach, G.; Ziegler JTPhys. Chem.

Density functional calculations were presented for a series A 1997 101, 412, 4121.

of tetracoordinated Sn compounds, using a large IGLO basis
set and the GIAO method neglecting relativistic and solvent
effects. As such, this paper presents the first large scale

systematic study of th&'°Sn chemical shifts for a large series

of Sn compounds. In general, it can be concluded that the

(18) Nakatsuji, H.; Inoue, T.; Nakao, Them. Phys. Lett199Q 167,

(19) Nakatsuji, H.; Inoue, T.; Nakao, J. Phys. Cheml992 96, 7953.

(20) Kaneko, H.; Hada, M.; Nakajima, T.; Nakatsuji, Bhem. Phys.
Lett 1996 261, 1.

(21) De Dios, A. C.Magn. Reson. Cheni996 34, 773.

(22) Mullay, J. InElectronegatiity;.Sen, K. D., Jorgenson, C. K., Eds.;

experimental chemical shifts can be reproduced to a very goodspringer-Verlag: Berlin1987

accuracy, due to the cancellation of relativistic and solvent
effects, except for the expected cases where a heavy halogen
atom is directly bonded to the Sn atom. An overall correlation

(23) Wells, P. RProg. Phys. Org. Chem1968 6, 1 11.

(24) Inamoto, N.; Masuda, S.etrahedron Lett1977, 3287.

(25) Iczkowski, R. P.; Margrave, J. 1. Am. Chem. So&961, 83, 3547.
(26) Parr, R. G.;. Donnelly, R. A.; Levy, M.; Palke, W. E. Chem.

coefficient of 0.978 is obtained for 29 compounds with a slope Phys.1978 68, 380.

value differing from 1.00 by only 0.015 The accuracy of these

calculated®Sn chemical shifts is promising for the study of
large Sn-containing molecules and tin chemistry as a whole.

The interpretation of these data via the first ab initio calculated

(27) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and
Molecules Oxford University Press: New York, 1989.

(28) De Proft, F.; Langenaeker, W.;.GeerlingsJPPhys. Chenl993
97, 1826.

(29) Geerlings, P.; De Proft, F.; Langenaeker, WDEnsity Functional

Sn_conta|n|ng group proper“es (e'ectronegatl\”ty’ hardneSS’ andg/lithods and Materials SCien;Cﬁpringborg, M., EdS.; John Wlley, 1997;
softness) is highly satisfactory. The preliminary analyses of the (30) Pearson, R. GJ. Am. Chem. Sod963 85, 3533.

group properties of SnRR'"" highlights the influence of the R,

R, R" electronegativity and hardness on the corresponding
values of the global group, joining the results of the previously

reported carbon analogues.

The correlation with the calculated chemical shifts points out
that group electronegativity is dominant when replacing groups
in the S position, and group hardness is dominant for substituents ~"

(31) Parr, R. G.; Pearson, R. G. Am. Chem. Sod 983 105 7512.

(32) Marriott, S.; Reynolds, W. F.; Taft, R. W.; Topsom, R.DOrg.
Chem 1984 49, 959.

(33) Boyd, R. J.; Edgecombe, K. Am. Chem. Sod 988 110, 4182.

(34) Boyd, R. J.; Boyd, S. LJ. Am. Chem. Sod 992 114, 1652.

(35) Reed, L. H.; Allen, L. CJ. Phys. Chem1992 96, 157.

(36) Komorowski, L.; Lipinski, J.; Pyka, M. J1. Phys. Chem1993

(37) Pearson, R. Gdard and Soft Acid and BasgSowden, Hutchinson

in the o position, especially when also a change in the row of and Ross: Stroudsville, PA, 1973.

the periodic table is involved.

Acknowledgment. R.V.R. wishes to thank the Colombian

(38) Sanderson, R. TChemical Bonds and Bond Energicademic
Press: London, 1976.

(39) De Proft, F.; Geerlings, Fletrahedron1988 51, 4021.

(40) Langenaeker, W.; Coussement, N.; De Proft, F.; Geerling3, P.

Institute for Science and Development, Colciencias, and the phys.'chem1994 98, 3010.

Universidad de Cartagena (Cartagena, Colombia) for a Ph.D
fellowship. P.G. wishes to acknowledge the Free University of 17:
Brussels and the Fund for Scientific Research-Flanders (Bel-

gium) (F.W.0.) for continuous support to his group. R.W. and
M. B. acknowledge financial support from the Fund for
Scientific Research-Flanders (Belgium) (F. W. O.) (Grant
G.0192.98).

References and Notes

(1) Koch, W.; Holthausen, M. CA Chemist's Guide to Density
Functional TheoryWiley-VCH: Weinheim, 2000.

(2) Vignale, G.; Rasolt, M.; Geldart, . Adv. Quantum Chenil99Q
21, 235.

(41) Baeten, A.; De Proft, F.;.Geerlings,Bhem. Phys. Letf,995 235

(42) Safi, B.; Choho, K.; De Proft, F.; Geerlings, R.Phys. Chem. A
1998 102, 5253.

(43) Safi, B.; Choho, K.; De Proft, F.; Geerlings, Bhem. Phys. Lett.
1999 300, 85.

(44) Kravtsov, D. N.; Peregudov, A. S.; Rokhlina, E. 3 Organomet.
Chem 1977, 128 C27.

(45) Peregudov, A. S.; Rokhlina, E. M.; Kravtsov, D. N.Organomet.
Chem 1994 471, C1.

(46) Kravtsov, D. N.; Peregudov, A. S.; Shcherbakova, O. V.; Borisov,
Y. Y. Russ Chem. Bull 1997, 46, 116.

(47) Kravtsov, D. N.; Peregudov, A. S.;.Krylova, A. |.; Gorelikova, Y.
Y. Russ. Chem Bulll997, 46, 1167.

(48) Kravtsov, D. N.; Peregudov, A. S.; Pachevskaya, V. M.; Golovchen-
ko, L. S.J. Organomet. Chen1997, 536, 385.



DFT Calculations oft1%Sn Chemical Shifts

(49) Peregudov, A. S.; Kravtsov, D. Rppl. Organomet. Chen2001,
27, 1551.

(50) Becke, A. D.J. Chem. Phys1993 98, 5648.

(51) Perdew, J. P.; Wang, Yhys. Re. B. 1992 45, 13244,

(52) Kutzelnigg, W.; Fleischer, U.; Schindler, M. INMR Basic
Principles and ProgressSpringer: Heidelberg, 1990; p 165.

(53) Schaftenaar, G.; Noordick, J. 3.Compt. Aided Mol Desigi200Q
14, 123..

(54) Hehre, W. J.; Radom, L.; Schleyer, P.v. R., Pople, JAR\Initio
Molecular Orbital Theory Wiley: New York, 1986.

(55) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria , G. E;
Robb , M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A;;

J. Phys. Chem. A, Vol. 106, No. 11, 2002759

D.; Kudin, K. N.; Strain, M. S.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-
Laham, M. A.; Peng, C.Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe,
M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, M.;
Head-Gordon, M.; Replogle, E. S.; Pople, J@aussian 98Gaussian Inc.,
Pittsburgh, PA, 1998.

(56) Spencer, J. N.; Ganunis, T.; Zafar, A Eppley, H.; Cotter, J.; Coley,

Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. S. M.; Yoder, C. JOrganomet. Cheml990, 389, 295.



