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Both the Pauli spirrorbit Hamiltonian and the relativistic zero order regular approximation (ZORA) have
been used in conjunction with the gauge including atomic orbital (GIAO) method based on density functional
theory (DFT) to calculat@®Pb and'®W NMR chemical shifts. For the tungsten series ¥80, W0,S,?",
WOS?, WS2~, WO, W(CO), WCls and W, one finds the!®W chemical shift to be dominated by
paramagnetic contributions, whereas the Fermi-contact contribution induced byospithcoupling is of

less importance. On the other hand, in the lead serie®M&, MePbBr, MegPbl, MePbOMe, MgPbSMe,
MesPbSeMe, MegPbNES, Me,PbCh, and PbX (X = ClI, Br, 1), the Fermi-contact term is the trend setting
contribution. It is shown that ZORA in general provides chemical shift in better agreement with experiment
than the simpler Pauli spiforbit scheme.

Introduction regular approximation (ZORA) by van LentHeet al. in

It has, in the past decade, become possible to carry outcal(:u"’j‘t'of15 9f NMR chemical Sh'fts' o
calculations on NMR chemical shifts* with increasing ac- The objective of the present investigation is to apply both
curacy. In this regard, the application of density functional the Pauliand the ZORA Hamiltonian to GIAO-DFT calzcotélanons
theory (DFT) has been especially useful for compounds contain- f the chemical shift for the two heavy nuctédW and2Pb.
ing heavy elements. The use of DFT in NMR calculations has W€ shall explore the relative merits of the two approximate
been pioneered by Malkinwithin the “individual gauge for relativistic Hamiltonians as well as the relative importance of
localized orbitals” approach (IGL@and subsequently applied con_tributio_ns from the scalar relativistic terms and the spin
by Kaupp§ and Bihl.”d¢ Schreckenbadh® and Ziegler have  OrPit coupling.
more recently presented a method in which the NMR shielding . .
tensor is calculated by combining the “gauge including atomic Computational Details and Methods
orbitals” (GIAO) approact?? with density functional theory

(DFT) following earlier work by Seifefd et al. A number of Amsterdam Density Functional program packdd&DF) and
application$® have shown that the GIAO-DFT scheme is the associated NMR program written by Schreckenfreidh®
capable of reproducing experimental values for ligand chemical and Wolff16 Use was made of both the P&#®and the
shifts of transition metal complex¥&beand chemical shifts ZORAL.17 spin—orbit Hamiltonian
of heavy main group elemert&:4The DFT-GIAO scheme has '
further been extended to include the frozen core approximégion.
The DFT-GIAO implementation makes full use of the modern
features of DFT in terms of accurate exchange-correlation (XC)
energy functionals and large basis sets. The DFT-GIAO method
has also been implemented by Radhat al. and Cheesemh
et al. as well as Hand§ et al. The DFT-GIAO method has
further been used in conjunction with hybride DFT metH8étls
by Buhl’a ¢ as well as Godbout and Oldfiel@ Traditional ab
initio methods have also been applied by Nakatsdjiet al. to
the calculation of NMR chemical shifts in compounds containing
heavy elements.

A special feature of heavier elements is the importance of
relativistic effects. Earlier work made use of the Pauli Hamil-
tonian and demonstrated that both scalar-relativistic f&prHS-14

All calculations were carried out with the help of the

An extended all-electron basis set of Slater type orbitals
(STO) was employed in the ZORA calculation with a double-
representation in the core region and a tripleepresentation
in the valence area. This basis set is designated as “ZORA basis
set IV” in the ADF package and had one polarization function
added. For the compound MRLNES}, the 1s cores on carbon
and nitrogen were frozen for the sake of economy. In the
evaluation of the?®’Pb chemical shift of this compound, we
have used the NMR shielding of the reference, PhMe
calculated with the same frozen core. The Pauli calculations
made use of a basis similar to that employed in the ZORA
calculations for O, N, C, and F. For tungsten and lead, the Pauli
calculations made use of a triple-STO basis with one
polarization function and employed a frozen core up to 4d.
as well as spirorbit coupling®1®can contribute significantly Experimental structures have been used when available.
to the NMR chemical shift. More recently, WolfP et al. have Where e_xp_erlmental ggometnes were no; ‘%S‘?d* the_geometnes
made use of the variationally more stable relativistic zero order were Opt'm'.ZEd employlng the scalar-rel§t|V|§t|c Pauli metfod
since the direct optimization by ZORA is still under develop-
t Universitat de Barcelona. ment. The functionals used in the calculation of the molecular
* University of Calgary. orbitals were based on the local density approximation (LDA)
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of Vosko, Wilk, and Nusaf* augmented with Becke’s nonlocal
exchange correctiéh and Perdew’s nonlocal correlation cor-
rection23 This functional is commonly referred to as BP86.
Experimental8W NMR shifts with respectd a 2 Msolution
of NaWOQ, are taken from a compilation by MarithExperi-
mental 2°Pb NMR shifts are taken from a compilation by
Wrackmeyer and Horchlép,where the reference is Pbiim
a 80% solution of toluene (t¥Pb NMR shift is sensitive to
the solvent used in the NMR experimefit.)
The NMR shielding tensor for nucleus N can be written as

Ous = Ous T Ol T 0=
— Zd— D/
rN X [‘Js(rN) + ‘Jg(rN)]ud_.

f 3 rN + Uﬁg (1)
'n

Here,J* and JP are respectively the diamagnetic and paramag-
netic current densiti€3induced by an external magnetic field
B, with components3,s. Equation 1 involves an expectation
value ofry® wherery is the distance of the reference electron
to the NMR nucleus. The paramagnetic current density origi-
nates primarily from a coupling between occupiéd, and
virtual orbitals,W,, induced by the external magnetic fieg,

— 3 —
P = ZJQBQ;
=

The principle contribution to the paramagnetic coupliﬁjg
is given by
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Heree© refers to orbital energies of the unperturbed molecules
without the external magnetic field and generated from a ZORA
or Pauli calculation with the spirorbit coupling term included.
The termW,M¢WiOrepresents the first-order magnetic cou-
pling between an occupied molecular orbital, i, and a virtual
orbital, a. Within the GIAO formalisni2 the action of the
magnetic operatoMs on W, is simply to work withil? on
each atomic orbital,. Here I:ﬁ is the s-component_of the
angular momentum operator with its origin at the ceiiRgon
which y, is situated. Tabulations fdry, are available in the
literature?”-28

The spin-orbit contribution to the chemical shifts;y,
dominated by the Fermi-contact tef

is

occ vir

ZZUi(;’S)EPa|ASu(3(rN —owo (4)
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~

e 479
us= Oys = 3c
where §, is a Cartesian component of the electronic spin
operatorc is the speed of light, anglis the electronic Zeeman

g-factor. A full account of all terms ins5> can be found
elsewheréfab

Results and Discussion

183 NMR Shifts. We shall now present results from
calculations oft83W NMR chemical shifts in which we have
applied either the ZORA-NMR formulatidP or the corre-
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TABLE 1: Geometries Used in the Calculations of Tungsten
Compounds (Lengths in A, Angles in Degrees)

system geometry method structural parameters
WO, experimentd X-ray diffr. r(W—0)=1.79,
tetrahedral
WO3;S*~  optimized SR/BP86 r(W—0)= 1.7897 (avg),
r(W—S)=2.3262
0(S—W-0) = 110.5 (avg)
WO,S,?~  optimized SR/BP86 r(W—0)=1.7733 (avg),
r(W—S)=2.2786 (avg)
0(S—W-S)=113.2,
0(O—-W-0)=106.8
WOS?~  optimized SR/BP86 r(W—0)=1.7598,
r(W—S)=2.2549 (avg)
0(O—-W-S)=108.4 (avg)
WS2~  optimized SR/BP86  r(W—S)=2.2312,
tetrahedral
WCle experimentd gas electron r(W—CI) = 2.2893,
diffr octahedral
WFg experiment& gas electron r(W—F) = 1.833,
diffr octahedral
W(CO) experimentdl X-ray diffr r(W—C)= 2.058,
r(C—0)=1.148,
octahedral

aReference 26&. Reference 26k Reference 26 Reference 26d.
e“SR/BP86” corresponds to scalar-relativistic optimization using the
BP86 functional; “avg"= averaged.

sponding Pauli-NMR scher#f& (PS0), in both cases with full
inclusion of the spir-orbit coupling term.

To our knowledge, the only other detailed calculations of
tungsten NMR shifts including spirorbit coupling have been
carried out by Nakatsufic et al. They calculated the shifts of
tungsten-hexafluoride, -hexachloride, and -tetraoxide using the
tungsten hexafluoride as the reference. We have in addition
considered the NMR chemical shift of the W(VI) compounds
WOsS2~, WO,S2~, WOS?Z, and W32~ as well as the W(0)
compound W(CQ) We have used Wg~ as the reference in
order to be able to compare with the experimental NMR shifts
compiled by Manr?#

There is a great number of tungsten compounds wkogé
NMR shifts have been recorded experimentally and they exhibit
a wide variation in the chemical shift from 4700700 ppm.
Thus, the range of tungsten NMR is approximately 9400 ppm.
The experimental range for the chemical shifts we are studying
is about 7200 ppm.

In the tables that followgP andéd are the paramagnetic and
the diamagnetic contributions, respectively, to the total calcu-
lated chemical shiftoc@. Further, 5FC is the Fermi-contact
contributior}%2 in the Pauli formalism induced by the spin
orbit coupling and¥S© is the corresponding contribution from
the spinr-orbit coupling in the ZORA formulatiof® with the
major part coming again from the Fermi-contact term of eq 4.
Furthermorep®® is the experimental chemical shift.

The calculated shift is evaluated as

0 (sample)= 0®(WO,%") — 0®(sample)

where 0°@(WQ42") and ¢°@(sample) are the NMR isotropic
shieldings of the reference (W®) and of the sample in
question, respectively. Finally, “diff” is the absolute difference
betweeny@ and ¢*P. All chemical shifts are in ppm, all bond
lengths in angstroms (A), and all the angles are in degrdes (
Table 1 presents the structural parameters used in the
calculations. Some of the structures are experimenialQ,,
WFs, WCls, and W(CO3}, and the other are optimized, W&,
WO,S,2~, WOS2—, and W32~
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TABLE 2: Different Contributions to the 83V NMR Chemical Shift in the ZORA and PSO Formalisms

Jpara 6dia éSO/éFC 6ca| diff

system ZORA PSO ZORA PSO ZORA PSO ZORA PSO oexp ZORA PSO
WO 798.48 736.95 —1.07 —1.55 23.08 —11.88 820.49 723.52 841 21 117
WO,S>~ 1613.73 1468.50 —1.94 5.85 51.71 —21.47 1663.49 1452.88 1787 124 334
WOS?~ 2543.57 229278 —2.92 —4.26 76.28 —30.00 2616.93 2258.52 2760 143 501
WS2~ 3541.25 3160.60 —3.88 —6.17 101.04 —32.98 3638.41 3121.45 3769 131 648
WClg 2019.37 1853.79 —7.88 —8.64 —79.02 —72.61 1932.47 1772.54 2181 249 408
WFe —570.60 —126.10 9.91 27.94 —69.49 —8.81 —630.19 -106.97 —112P 491 1014
W(CO) —3667.81 —3825.30 —11.41 -—12.65 —196.92 —7.68 —3876.14 —3305.63 —3446 430 140
abs mean 227 452

aReferences 24a,& References 24a,8 References 24a,d.
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energetic diagram for W& compound, showing also the most
6eXp (183W) . . . . .
important transitions between occupied and virtual molecular orbitals
Figure 1. Calculated (ZORA formalism) versus experiment&@w that contribute to the paramagnetic shielding.

chemical shifts.
occupied (i) and virtual (a) orbitals by the magnetic field and

The 18W NMR shifts evaluated by the ZORA-NMR and inversely proportional to the energy difference between these
Pauli-NMR methods with spinorbit coupling included are  orbitals, eq 3.
presented in Table 2. Both ZORA-NMR and Pauli-NMR are  The spin-orbit contribution to the chemical shifti; of eq
able to reproduce the trends in the experimental NMR chemical 4, is not very important for the tungsten compounds considered
shifts qualitatively. However, results from the ZORA method here; see Table 2. As discussed elsewﬁ%ﬁ@aoﬁg for central
agree better with experiment than the data obtained by the Pauliatoms are important if they are coordinated to elements with
scheme. The average absolute difference of the ZORA NMR large spin-orbit constants (Se, Te, Br, I, etc.) through bonds
chemical shifts with respect to experiment is 227 ppm compared that contain a significant contribution from the s orbitals on
to 452 ppm for the Pauli NMR chemical shifts. Thus, ZORA the central atom. This is not the case here where sulfur is the
with the more elaborate relativistic treatment is seen to afford heaviest ligand element and the bonding role of the 6s tungsten
the more accurate estimate of chemical shifts for the h&&w orbital is modest.
nuclei. It is clear from Table 2 that the chemical shift for the

The good agreement between experiment and theory fortetrahedral complexes decreases from$V8s more and more
ZORA-NMR is depicted in Figure 1 whed®? (ZORA results) sulfurs are replaced by oxygens. It also follows from Table 2
is plotted againsd®**. The average absolute deviation of 227 that this trend is set byP. We can understand the dependence
ppm represents 3% of the experimental range (7200 ppm) for of 6P on the number of oxygens by considering the frontier
the 183W chemical shift of the calculated compounds. orbital diagram for W@ ~; see Figure 2. The occupied frontier

It follows from Table 2 that the small and almost constant orbitals consist of a set of metaligand bonding orbitals (2a,
diamagnetic contributiongd, to the chemical shift has a 1ty 1e) with a predominant ligand component as well as a set
negligible influence on the observed trends &6#' and 5&x. of ligand-based lone pair orbitals (12t). The lowest unoc-
This is understandable since the diamagnetic shielding largely cupied orbitals are the corresponding ligamdetal antibonding
comes from constant core terms that are the same in the differenborbitals (2a, 3t;, 2e) with a predominant metal component. The
tungsten compounds and thus cancel out in the expression ofparamagnetic contributiodf originates primarily from magnetic
the chemical shift. The chemical shift is instead dominated by couplings between the metdigand bonding orbitals (1t 1e)
the paramagnetic contribution. The magnitude of the paramag-and the corresponding ligantinetal antibonding orbitals (3t
netic shielding is largely determined by thg mnatrix of eq 3. 2e); see Figure 2. As sulfur is replaced by the more electro-
Components of this matrix are proportional to the coupling of negative oxygens the predominantly ligand-based mdigdnd
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Figure 3. Qualitative comparison of molecular orbital energetic diagram for the W(VI) octahedral compoungan@/®WCk, showing also the
most important transitions between occupied and virtual molecular orbitals that contribute to the paramagnetic shielding.

bonding orbitals are lowered relative to the predominantly metal
based metatligand antibonding orbitals, leading to a larger
energy gap between bonding and antibonding orbitals. This will
in turn results in a smaller paramagnetic contribuéddras the
coupling matricewgli’s), eq 3, are diminished by the larger

energy gap.

The calculated shift is evaluated as

0“(sample)= 0°*(PbMe,) — °*(sample)

where o°@(PbMe;) and o%@(sample) are the isotropic NMR

shieldings of the reference (Pbljeand of the sample in

For the two tungsten hexahalides, we note as well a decreasejuestion, respectively. Table 3 presents the structural parameters

in the chemical shift andP toward the species, WHRwvith the

used in the calculations. All geometries were optimized with

more electronegative ligand. As shown in Figure 3, the trend is the exception of PbMeand PbCJ for which good experimental
again determined by an increase in the energy gap between thestimates are availabfé.

predominantly ligand-based metdigand (164 and 1g) orbitals
and the predominantly metal-based ligamdetal antibonding
orbitals (265 and 2g) as the ligand becomes more electro-
negative.

207Ph NMR Shifts. We have also applied the ZORA-NM®
and the Pauli spirorbit (PSO) NMR®%2to the calculation of
207Pph NMR shifts.

To our knowledge these are the first published calculations
of lead NMR chemical shifts in which spirorbit coupling has
been taken into account. We have calculatec?®ffeb shift of
several Pb(IV) compounds: MebCl, MePbBr, MePbl, Mes-
PbOMe, MgPbSMe, MePbSeMe, MgPbNEb, Me,PbChb, and
PbCl, using PbMg as the reference in order to compare with
experimental result® We have also calculated tR&Pb shift
for MePbCk, PbBn, and Pbl in order to explore fully
substituent effect on tH&Pb NMR shift, although experimental
data are unavailable for these compounds.

The experimentad®”Pb chemical shifts values span a range
of 9000 ppm for Pb(IV), and the range covered by the

The calculated ZORA-NMR and PSO-NMRPb chemical
shifts along with their paramagnetic, diamagnetic, and-spin
orbit (Fermi-contact) contributions are presented in Table 4. We
provide as well the observed values along with the absolute
difference (diff) between theory and experiment. As in the case
of the tungsten compounds, both ZORA-NMR and PSO-NMR
are able to account qualitatively for the experimental trends with
ZORA-NMR providing the best fit to experiment. Thus, the
ZORA-NMR method is in all cases able to reproduce the sign
of the experimental chemical shifts, whereas some PSO shifts
have the wrong sign. The average difference between theory
and experiment is 60 ppm for ZORA-NMR compared to 251
ppm in the case of PSO-NMR. Thus, in line with the tungsten
results, the experimental chemical shifts #®Pb NMR are best
reproduced by the ZORA-NMR formalism.

Figure 4 affords a plot af°@ versus®*P based on the ZORA-
NMR method. The average absolute deviation of 60 ppm
corresponds to 4% of the experimerfdPb chemical shift range
of about 1400 ppm. We have not included #bC} in the

compounds we have studied is about 1400 ppm. It is important calculated mean absolute deviation (di#f 872 ppm). It is

to note that the observédPb shifts for some of the compounds

likely?5athat MePbC} is coordinated with one or more DMSO

have been measured in different solvents with somewhat (dimethyl sulfoxide) solvent molecules.lIt follows from Table 4

different results. In these cases, our comparison to experimentthatdd is numerically small and nearly constant throughout the
corresponds to the values measured in the weakly coordinatingseries of Pb(IV) compounds as the diamagnetic shielding largely
solvent CHCls. comes from constant core terms that are canceled out in the
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TABLE 3: Geometries Used in the Calculations for Lead Compounds (Lengths in A, Angles in Degrees)

compound geometry method structural parameters

PbMe, experimentd gas electron diffr.r(Pb—C) = 2.238, tetrahedral

PbCl, experimentdl gas electron diffr.r(Pb—Cl) = 2.3693, tetrahedral

MesPbCl optimized SR/BP86 r(Pb—Cl) = 2.5357r(Pb—C) = 2.2596 (avg)[J(Cl-Pb—C) = 99.5 (avg)

MesPbBr  optimized SR/BP86 r(Pb—Br) = 2.6319,r(Pb—C) = 2.2669 (avg) J(Br—Pb—C) = 100.7 (avg)

MesPbl optimized SR/BP86 r(Pb—I) =2.8721,r(Pb—C) = 2.2705 (avg)[1(I—Pb—C) = 101.1 (avg)

MesPbOMe optimized ~ SR/BP86 r(Pb—0) = 2.1577r(Pb—C) = 2.2721 (avg)r(O—C) = 1.4190,0(0O—Pb—C) = 101.4 (avg)
MesPbSMe optimized SR/BP86 r(Pb—S)=2.5898,(Pb—C) = 2.2746 (avg)r(S—C) = 1.8403,[1(S—Pb—C) = 102.5 (avg)
MesPbSeMe optimized SR/BP86 r(Pb—Se)= 2.6595,r(Pb—C) = 2.2794 (avg)r(Se—-C) = 1.9837,00(Se-Pb—C) = 106.2 (avg)
MesPbNE: optimized SR/BP86 r(Pb—N) = 2.2163,r(Pb—C) = 2.2831 (avg)r(N—C) = 1.4677 (avg)

Me,PbChL  optimized SR/BP86 r(Pb—Cl) = 2.4903 (avg)r(Pb—C) = 2.2399 (avg)J(CI—Pb—ClI) = 104.5,0(C—Pb-C) = 129.7
MePbC} optimized SR/BP86 r(Pb—Cl) = 2.4676 (avg)r(Pb—C) = 2.2455,(J(C—Pb—-Cl) = 112.8

PbBI, optimized SR/BP86 r(Pb—Br) = 2.5739 (avg), tetrahedral

Pbl, optimized SR/BP86 r(Pb—1) = 2.8219 (avg), tetrahedral

aReference 29 “SR/BP86” corresponds to scalar-relativistic optimization using the BP86 functional. “avayeraged.

TABLE 4: Different Contributions to the 2°/Pb NMR Chemical Shift in the ZORA and PSO Formalisms

Jpara 5dia AS9§FC 6cal diff
compound ZORA PSO ZORA PSO ZORA PSO ZORA PSO OexP ZORA PSO
MesPbCI 43558 271.33 0.64 0.91 91.64 —62.28 527.86 209.96 4320 95.9 222.0
MesPbBr 414.70 231.23 1.04 1.15 -104.61 —220.75 311.13 11.63 3620 55.9 355.4
MesPbl 501.03 344.72 —-0.95 -0.30 —414.34 —524.08 85.74 —179.66 203.6 117.9 383.3
MesPbOMe 287.66 106.66 1.88 2.53 103.84 —32.76 393.38 76.43 33L3 621 2549
MesPbSMe 267.17 126.60 —0.13 0.86 28.66 —66.05 295.70 61.41 2390 56.7 177.6
MesPbSeMe 289.63 163.44 0.48 1.14 —228.65 —308.85 61.46 —144.27 80.5 19.1 242.3
MesPbNE% 187.79 5.16 1.34 2.65 81.46 —24.81 270.59 —17.00 242 29 259
Me,PbCh 579.69 391.93 -041 0.15 70.54 —183.10 649.82 208.98 —222 872 431
PbCl, 152.20 38.06 —452 —421 —869.31 —917.49 —721.63 —883.64 —767.F 46.1 115.9
PbBr, 51299 270.28 —-1.26 —0.20 —5336.60 —6298.40 —4824.87 —6028.32
Pbl, 1155.64 75456 —8.74 —3.81 —8388.21 —14032.94 —7241.31 —13281.99
MePbC} 45111 257.04 -—-1.72 —1.02 —256.48 —513.74 192.91 —257.72
abs. mean 60 251

aReferences 25a,B References 25a,6 References 25a,d References 25a,&References 25a,fThese values are not included in the calculation
of the absolute mean difference.
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Figure 4. Calculated (ZORA formalism) versus experimert&Pb

chemical shifts.

expression of the chemical shift. Both the paramagneti (
and the spirorbit contribution 69 are seen to be of
importance for thé®Pb shift. The spir-orbit contribution is

Table 4, and further underlined in the tetrahalide series,PbX
with X = ClI, Br, and I. We shall in the following provide a
more detailed analysis of the calculated trends irf¢feb shift.

PbX4 (X = ClI, Br, and I). It follows from Table 4 that the
paramagnetic contribution to the chemical shift increases from
X = Cl to X = I. An energy level diagram for the valence
orbitals of PbX that might be involved in the paramagnetic
coupling is shown in Figure 5. The occupied valence orbitals
consist of the PbX bonding orbitals 1g 1t, and le as well
as the halogen lone pair orbitals 2nd 1, whereas the lowest
unoccupied levels are represented by the-Rbantibonding
orbitals 2a and 3t. Our analysis indicates that the predominant
paramagnetic coupling is between the occupied halogen lone
pair orbital 1§ and the Pb-X antibonding orbitals 2aall other
couplings are 510 times smaller in magnitude. As we increase
the electronegativity of X in going from X | to X = Cl, both
1t; and 2a are lowered in energy. However, the nearly pure
halogen lone pair orbital 1ts lowered the most, leading to an
increase in the 1tto 2a energy gap and a reduction in the
paramagnetic coupling. Thus, both the X series and the
PbX, series tend, for much the same reason, toward larger
paramagnetic contributions to the chemical shifts as the elec-
tronegativity of X is decreased.

The positivedP term in the PbX series is overshadowed by
a numerically much larger negative Fermi-contact contribution
OFC, Table 4, which increases in absolute terms from the lighter
chlorine to the heavier iodine. The origin of this term, eq 4,

very sensitive to the atomic number of the atoms directly can be understood by observing that the halogens with nearly
coordinated to the metal. The heavier the atoms, the larger thedegenerate lone-pair orbitals,2&nd 1§ increasingly will

absolute value 06° (6F°). This is underlined by the M@bX
series with X= CI, Br, and | or X= OMe, SMe, and SeMe,

experience the influence of spiorbit coupling as we descend
the halogen family toward heavier homologous. Placed in a
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PbX, The chemical shift in the tungsten series Y8, WO,S,2~,
Energy WOS?~, WS2~, WO2, W(CO)%, WClg, and WF is deter-
mined by the paramagnetic contributié® whereas the spin
orbit term ©%° ) was found to be small. It is shown thég
increases from W@~ toward WS?~ since the less electro-
negative sulfur ligands makes the energy gap between occupied
and virtual orbitals involved in the paramagnetic coupling
smaller. A similar trend with respect to the electronegativity of
the ligand is observed for the series Y\nd WC}.
1t | — o |— —|~ . In the lead series: M@bCl, MgPbBr, MePbl, MesPbOMe,
A I = - MesPbSMe, MePbSeMe, MgPbNES, MezPbCh, and Pb% (X
2 = Cl, Br, I), we find the spir-orbit (65°) induced Fermi-contact

le —-— —— term to be trend setting. It is argued that this term should be
Ity —|-|— —|-|— —J-|— increasingly negative as the ligand X atom in the series-Me

PbX (X = ClI, Br, 1), MesPbXMe (X = O, S, Se), and Phx
la; —|-l— (X= CI, Br, I) becomes heavier. The change toward more
negative?°’Pb chemical shifts with the heavier, less electro-
negative substituents X has in the past been rationalized in terms
) o ) ) ~ofanincrease in the electron charge and diamagnetic shielding
Figure 5. Qualitative representation of the molecular orbital energetic 5 |ead. This interpretation is incorrect since our calculations

diagram for the PbX X = ClI, Br, and |, tetrahedral compouds, showing . . .
also the most important transitions that contribute to the paramagnetic demonstrate that' is small and constant for all the investigated
lead compounds.

shielding. In this series, the first transition is between 6 and 10 times
more important (in each direction of space) than the second one, and
it is shown with a different arrow.
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