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Prediction of 1°Pt NMR Chemical Shifts by Density Functional Theory Computations: The
Importance of Magnetic Coupling and Relativistic Effects in Explaining Trends
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Density functional theory with relativistic corrections has been used to calculat®®tehemical shifts for

a series of Pt(ll) complexes. Good agreement with experimental values is observed with two different relativistic
correction methods. Deconvolution of the parameters leading to the overall shielding of the platinum nucleus
shows that both the paramagnetic and the-spibit shielding terms contribute substantially. Detailed transition
analysis demonstrates that the most important contributions to the paramagnetic shieldingfoaPRiphs

and cis- andtransPtXy(NHs), compounds come from the P,&X lone pairz — Pt de-2—X o* and Pt

dyy—X lone pairn* — Pt dz_2»—X ¢* transitions, in accord with qualitative predictions. Fas- andtrans

PtX;L, complexes (L= PMe;, AsMe;, SMey), the Pt ¢,—X lone pairzr — Pt d2-»—X o* transition is most
important, but the Pt,g—X lone pairz* — Pt d2-»—X ¢* transition is much less so. This is readily understood
through recognition of the importance of the magnetic coupling term to the paramagnetic shielding. The
trend that chemical shifts vary as & Br~ < CI~ arises from the magnetic coupling term and the sjirbit
contribution; it runs counter to the trend predicted by the energy gaps between the orbitals involved in the
important transitions.

Introduction 199Hg shifts in any mercury compouné®ifferent means have

] ) appeared to incorporate relativistic effects into calculations, with
Experimental NMR studies of té*Pt nucleus are numerous,  yarying degrees of succes.

owing to its favorable observation characteristics and to the gy group has made considerable use of density functional
importance of platinum compounds as archetypes of square-theory (DFT) augmented by relativistic corrections to calculate
planar species, as antitumor agents, and as cataljstoretical NMR’ shifts of heavy atoms in compoun®si®12 Good
rationalization and predictio_n 8PPt NMR chemical shifts dates agreement has generally been observed between calculated and
to the late 1960s, when Pidcock et’aind Dean and Greén  gyperimental shifts, with the zeroth order regular approximation
(PDG) applied Ramsey’s equation for paramagnetic shielding (zORA) relativistic correction typically giving the best resullts.
to square-planaDa, PtX,*~ systems. Dean and Green used their However, the work has shown that different shielding terms
expression and visible absorption atPt NMR data for a  getermine the chemical shift for different metals. F&W in
series oftrans-Pt(PEt).HL compounds to argue that the co- \yx,v, .2~ ions (X, Y = O, S)!2 the paramagnetic shifi®
valency of the platinumligand bonds contributed more to the largely determines the chemical shift, as is common and
platinum chemical shift than did orbital energy gaps. Later, expected. However, fdf*Hg in linear Hg% (X = halide, Me,
Goggin et aP employed the PDG equation and a fitting pro- SiHs) compound® and 2Pb in several Pb(ll) and Pb(IV)
cedure to provide relative covalencies for the ligands in a Seriescompoundé?athe shift depends on bot® and the spir-orbit
of PtXsL~ anions, finding that larger, softer ligands formed more  (re|ativistic) shiftdS©. It is thus of interest to characterize the
covalent interactions with the soft Pt(ll) center than smaller, jmportant factors fot9Pt. If the relativistic spir-orbit shift is
harder ligands, in keeping with hardoft acid-base (HSAB)  important, this could explain deviations between the PDG
theory. Appleton et dl similarly rationalized the shifts in several concept and experiment.
pseudo-square-planar Pt(ll) systems. We report here calculations predicting 8t chemical shift
Considering this promising theoretical start, surprisingly little for a series of square-planar Pt(Il) compounds. Two types of
detailed computational work df#*Pt NMR shifts has appeared. relativistic correction were examined, the Pauli method and the
This certainly reflects the difficulty in calculating systems ZORA method. A transition analysis confirms the utility of the
containing so many electrons. Extended ckiel (EHMO) PDG equation while revealing some of its limitations. The
methods were used to predict shifts in some Pt (0) acetyleneprincipal finding is that explaining several experimental trends
complexed, but the technique was not extended. This lack is in the chemical shift requires knowing the magnitudes of the
unfortunate, because accurate prediction of Pt(ll) NMR shifts energies of important electronic transitions, the magnetic
would find use in the fields noted above. coupling between the orbitals involved, and the relativistic-spin
A further motivation for examining®®t NMR chemical shifts ~ orbit contribution.
theoretically is the opportunity given to study the importance . .
of relativistic effects on them. Recent work has demonstrated COMPutational Details, Methods, and Concepts
the importance of including such effects when predicting the  All DFT calculations were carried out using the Amsterdam
13C NMR shifts in compounds such as GHind Ci,8 and the Density Functional (ADF 2.3.3) progra#i.The functionals
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employed included the local density approximation of Vosko, TABLE 1. Distances (A) and Angles (Deg) Used in the
Wilk, and Nusair (LDA VWN)}4 augmented with the nonlocal ~ Calculations

gradient correction PW91 from Perdew and WahBelativistic Pt—X Pt—Z X—Pt=X Z—Pt-Z  other
cor_rections were added using either a Pauli sqirbit Hfamilf PICLZ 531 20
toniart® or the ZORA (zeroth order regular approximation) ptgy2- 2.43 90
spin—orbit Hamiltonian%® Ptl,2~ 2.61 90
Pauli calculations used the ZORA (IV) basis sets available C'Sptg'zés'\g%)? ggé g% gg gg SC1.80
in ADF; these mimic the standard ADF (IV) basis functions in g’iz-nFiBr’ (gﬁwez)ez)z 243 227 90 92
that they span each shell with a set of trigiSlater-type atomic transpﬁgrz(SMé)z 242 230 90 90
orbitals and contain polarization functions forAr and Ga- Cis-Ptl(SMe), 2.62 2.27 90 92
Kr. The basis functions were modified as described by van transPt(SMe),  2.61 2.30 90 90
Lenthel” Non-hydrogen atoms were assigned a relativistic CiS-PtCk(NHa) 2.32 205 90 90  NH1.01
frozen core potential, treating as core the shells up to and F@NSPICk(NHs), 232 2.05 90 90
. . Cis-PtBr(NHs), 243 2.05 90 90
including 4f for Pt, 4p for |, 3p for Brand As, 2p for Cl, S, and  ransptBr(NHs),  2.43 2.05 90 90
P, and 1s for N and C. (Pauli calculations can only be carried cis-Ptl,(NHs), 261 2.05 920 90
out using the frozen core approximation due to variational transPtla(NHaz)2 2.61 2.05 90 90
instability of the Hamiltonian}! Electrons in the core shells  CisPtCh(PMes), 236 225 88 9% PC1.82
were represented by orbitals generated from atomic ZORA tcriasnpstgtr%ﬁg)@z g'ié ggé gg gg
calculations and kept frozen. transPtErz(PMé)z 243 231 90 90
We also performed quasirelativistic scalar Pauli calculations cis-PtL,(PMes), 2.67 225 88 96
to provide purely real molecular orbitals and energies for the transPt(PMe), — 2.61 231 90 90
transition analysis. Visualization was accomplished through use CiSPICb(AsMes), — 2.36  2.33 88 9%  AsC1.94
of the program Viewkel? transPtCh(AsMe;); 231 2.39 90 90
cis-PtBr(AsMe;),  2.48 2.33 88 96
ZORA calculations employed the ZORA (V) basis sets for transPtBr(AsMes), 2.43 2.39 90 90
Pt and atoms bound to it but used the ZORA (lI) basis functions cis-Pt(AsMes), 2.67 233 88 96
(double¢ quality, without polarization) for peripheral carbon —ransPtl(AsMe), ~ 2.61  2.39 90 90

and hydrogen atoms. This allowed efficient calculation of the
larger molecules. Examination of a few compounds in the data
set suggested that the calculaté®Pt shielding changed only
slightly (ca. 50 ppm) when these simplified functions were used.
In one set of calculations (ZORA core), the atoms were given o =04 + o +55°=
frozen core potentials as above (the Pt basis set was not Us us - oTus oTus

Shielding. The total NMR shielding tensar for nucleus N
contains paramagnetic, diamagnetic, and relativistic-sprhit
contributions, evaluated as

modified); in a second set (ZORA all), all electrons of Pt were Ty X [3;‘(?N) + 32(?N)]u R so
treated as valence electrons, with frozen cores still assigned to f (3 dry +ogs (1)
the other atoms. N

199t NMR shieldings were calculated by the NMR program o a3
of Wolff et al?21%using the orbitals generated by the single-
point run. Thel¥%Pt chemical shifts derived from the shielding
values exhibited similar root-mean-square (rms) differences from

the experimental values (Pauli, 315 ppm; ZORA core, 390 ppm; 1y,cleus and the reference electron. The paramagnetic current

ZORA all, 336 ppm). density originates primarily from a coupling between occupied,

Metrical data were determined from examination of _crystal W, and virtual orbitalsW¥,, induced by the external magnetic
structure data of several PfX salts (X= CI~, Br—, I7), cis- field:

and trans-PtChL(NH3),, and a number otis- and trans-PtX,-
(ZRy)2 compounds (%= halide; Z=P,n=3;Z= As,n= 3, ~ 3 3 occ vir f1' _ _

Z =S,n= 2; R= alkyl group)?° The Pt-X and PtZ bond = ZJEB&S: Z Z Z(‘)[Ugis)][q’ivq’a - W VW]B,
lengths and the various angles around Pt of each type of = 17 T \C )
compound/anion were averaged to provide reference values.

These appear in Table 1. Studies of the relationship betweenwherec is the speed of light.
the calculated®Pt NMR shift and the PtX and Pt-Z bond The principal contribution to the paramagnetic couplifd
distances for several of the PAZMe,), compounds revealed g given by

that the shifts varied by no more than 50 ppm/0.01 A (see
Supporting Information); so even if the values in Table 1 are

andrJrP are respectively the diamagnetic and paramag-
netic current densities induced by an external magnetic field
B, with componentsB, s Equation 1 involves an expectation
value ofry~3, wherery equals the distance between the NMR

somewhat in error, the shifts should not change drastically. The uﬁ;"*) i ZCQ Ci?){ DI, x

Pt and the four atoms bound to it were fixed to be coplanar. 2C(Ei(0) - Eg))) v

N—H and Z-C bond lengths were taken from compilations of _ 1 .

crystal structure dat&.C—Z—Pt and H-N—Pt angles were set Vildy, 8 0 — ——— W M JWP,[0(3)
to 109.5. Examination of a number of different choices for 2¢(EQ — EO)

dihedral angles for methyl carbons or ammonia hydrogens with

respect to the central plane demonstrated that the calculatecHere EQ refers to orbital energies of the unperturbed molecule
19t shift varied by less than 50 ppm over this “rotation”. without the external magnetic field generated from a ZORA or
Methyl groups were given €H bond distances of 1.10 A,  Pauli calculation[W My ¥;represents the first-order magnetic

H—C—H angles of 109.5 and torsion angles designed to coupling between an occupied and a virtual molecular orbital.
minimize steric interactions. Within the gauge-independent atomic orbital (GIAO) formalism
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we use, the action of the magnetic operairon Wy is simply TABLE 2: Calculated %Pt 2Cehemical Shift Terms vs
to work with i” on each atomic orbitat,. Here(! equals the ~ EXxperimental Shifts, in ppm=°2
s-component. of the angular momentum operator with its origin compound oP o4 oS0 Ocalc  Oexpt A
at the centeR, on whichx, is situated. Tabulations fdr”xv Cis-PtCh(SMey), 0 0 0 0 0
are available in the literatur@.23 [ [0] [0] [0]
We digress here to note the relationship between ee@ 1 ransPiCh(SMe), 64 -1 127 128
and the PDG eq 4: ' (941 [ 1] - 87] (6] [121]
’ Cis-PtBr(SMe), —140 —247 —384 —328 56
s ) 5 . [—174] [0] [-183] [-357] [29]
o’ = —K x 0 °0Ox {Cy [2C4 (Eip. — ElAg + transPtBr(SMey), —245 12 —303 —536 —348 188
1o 20 T ) v - [-262] [0] [-211] [-473] [125]
CEg(ElEg_ ElAlg 1} (4) cis-Ptl(SMe»), —421 -5 —716 —1142
[-797] [-8] [—472] [-1277]
. . . . trans-Ptlx(SMey), —849 5 —793 -—1637 -—1601 36
To reach this expression, PDG neglected first the ligand [—1288] [-7] [-430] [-1725] [124]
contributions to the magnetic momed¥ ;| M¢|W;0in eq 3 so Cis-PtCh(NH3), 1485 11 —146 1350 1447 97
that only atomic orbital (AO) expansion coefficier@sfor the [1710] [0] [-335] [1375] [72]

: : : _ : transPtCh(NHz), 1177 13 -110 1080 1450 370
platinum d orbitals were retained W, andW;. Further, in the [1506] [1] [-220] [1287] [163]

same equation, the sum over transitions=(&) was limited to cis-PtBr(NHa), 1220 14 —422 812 1092 280
two, the'A14 (ground state)~ 1A,q (excited state) anéih g — [1424] [1] [-497] [928] [164]
1E4 ones (see Results and Discussion section). Substituting thetransPtBr(NHz), 830 15 —306 539

approximate expression foﬂ;f} into eq 1 and retaining again

: X i ; cis-Ptlo(NHz)2 676 6 —1008 —326 283 609
only platinum d-orbital contributions i, andW; affords the [468]  [-8] [-710] [~250] [533]
PDG equation. PDG interpreted tketerms as describing the  trans-Ptl(NHz), 165 8§ —810 —637
covalency of the ligandmetal interactions, wher€ values of , [114]  [-5] [-404] [-295]
0.5 would correspond to covalent bonds, wher@aslues of ~ CISPICHPMe): [’_532321] [137] [ﬁ‘;] [’_217511] ~857 [’_578(?6]
1.0 or zero would indicate ionic bonds. Finally, tie(iterm transPCh(PMey), —434 18 -72 488 —399 89
in eq 4 matches that in the integral term of eq 1 except that [-309] [7] [68] [—234] [-165]
[1—30is with respect to the radial part of the platinum d orbital. ~cis-PtBr(PMes). {582] [2C]> [43] E519 | —1085 {566 |
. ; i —448] [5] [14 —429 —656
In essence, one can thlnk of the PDG equation as a sub ransPBL(PMe), —736 20 -264 —980 —922 58
method of our computational model. The model avoids the [-636] [8] [-74] [-702] [-220]
limitations imposed on eq 4, thereby providing a more realistic ¢js-pti,(PMes), 706 11 -284 -979 —1037 —-58
prediction of the chemical shift. As we shall see below; however, [-690] [-6] [—165] [—861] [—176]

the two methods provide similar ways of visualizing why trends transPt(PMe;),  —1285 13 —701 —1973 —1988 —15

1o : : . [~1418] [1] [-258] [~1675] [-313]
in 199t chemical shift are as they are. Covalency in the PDG CisPICh(AsMes), —391 12 163 -216 740 -524

equation translates to the extent of magnetic coupling in our [-250] [1] [33]  [-216] [-524]
model. transPtCh(AsMes), —313 13 1 —-299 —229 70

The spin-orbit contribution to the shieldingr.s, is domi- S PBL(ASMey) [—419182] [1251 [—6329] [—514459] 1074 [—582%]
Cis-PtBr(AsMe3), — - - — -

nated by the Fermi-contact terth: [-405] [3] [-123] [-525] [~549]
OCC ; transPtBr(AsMe;3), —628 16 —225 —-837 —827 10

so_ < (9 [-467] [3] [-183] [-647] [~180]

o= z ZU W,S0(ry = 0)W,0 (5) cisPtl(AsMes),  —710 7  —489 —1192

[—783] [-7] [—426] [~1216]
transPti(AsMes), —1290 8 ~ —701 —1983 —1967 16

where§, is a Cartesian component of the electronic spin operator [—1412] [-4] [-439] [-1859] [-106]
andg is the electronic Zeemagrfactor. RMS difference 315
Chemical Shift. The calculated chemical shift equals the [330]
difference between the shielding of the reference and the avajues calculated using the Pauli method (see text) are on top,
shielding of the molecule of interest: those calculated using the ZORA all method are in brack#tsd,
and 6%° are the paramagnetic, diamagnetic, and spirbit shifts,
o= O~ O (6) respectively.dcac and dexpr are respectively the total calculated and
experimental®®Pt chemical shifts, referenced tis-PtCL(SMey),. A
Experimentally, the reference is pRtCk in water. To avoid = Oexpt ~ Ocalo
experimental data taken in highly polar, coordinating solvents, range of ca. 3400 ppm (about 60% of the rang&®it(l1) shifts,
we chosecis-PtCL(SMey); as the reference. , about 25% of the range for alP*Pt shifts¥ and so provide a
Combining egs 1 and 6 gives the principle used in Table 2, 450 test set for determining whether the computational method
works.
19501 _ «d so
O(Pt= 0%+ 6P+ 0 (1) As noted in the Computational Details, Methods, and

Concepts section, the three spiorbit-corrected computational
methods gave similar rms differences from experiment (ca. 300

We selected the neutrals- and trans-PtX;L, compounds ppm, approximately 10% of the chemical shift range). We show
listed in Table 2 for examination because their experimental the data from the spinorbit Pauli and the ZORA all electron
19t NMR chemical shifts were determined in relatively calculations in Table 2. The overall shifts afd/alues for each
nonpolar, noncoordinating solverttand thus should be properly  method are similar. The ZORA frozen core values fell generally
predicted by a “gas-phase” calculation. The experimental shifts within 10—20% of the values of the all-electron ZORA method;
are referenced to that afis-PtCh(SMe).. Even though the  this indicates that employing the frozen core approximation does
compounds are structurally similar, the chemical shifts cover a not drastically affect the results.

Results and Discussion
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The agreement between calculated and experimental valuesSCHEME 1
is generally good, in some cases excellent. Much of the rms
difference arises fromis-PtCh(PMe;), and its bromide homo-
logue, andcis-PtCh(AsMe;3), and its bromide homologue. If
one removes these compounds from the data set, the rms
difference is more than halved. The root of the large errors lies
in the fact that, regardless of the halide, the donor ligand, or
the relativistic Hamiltonian employed, the computational model
nearly always predicts cis compounds to exhibit more positive
(higher frequency) shifts than the corresponding trans com- X1, Y1
pounds, while experimentally, the four cis compounds noted
display lower frequency, more negative shifts than do the trans
isomers. Several possibilities exist to explain this dichotomy. )
We may have made poor choices for molecular metrical HH
parameters for cis isomers, although our studies of the relation- Ly Y -
ship between shielding and bond distance (see above) argue
against this. Our method may simply do a poorer job generally
of modeling cis compounds compared to trans compounds for 21
some unknown reason; support for this arises from the fact that
the agreement focis-Ptl,(NHs), is also poor. Possibly the H
experimental values, which were determined by indirect reso-
nance methods rather than by direct observation, are inaccurate.
Perhaps a solvent effect which affects cis compounds more than X2, Y2
trans compounds exists, which the model cannot take into

Ptd,2.2-Xc*

account. T i u
The calculations do model another experimental trend prop-
erly. Itis well-known that substituting a softer ligand for a harder
one causes th&*Pt resonance to shift to more negative val- Ptd,.d,-X1 @
ues? One sees this in two ways in Table 2. First, as the halide
of a set of Pt%L, molecules becomes heavier and thus softer,
(CI < Br < 1), 6(*%%Pt) becomes more negative. This arises
because both the paramagnetic sbifand the spir-orbit shift —
050 concomitantly become more negative down the halide
family. Second, as the ligand L becomes softer, th®t
resonance again shifts to lower frequency. For example;-PtX
(NHs)2 species exhibit shifts much more positive than those of
the corresponding P&{PMe;), species. The same trend is Since the spirorbit coupling and the halide spin density
largely, though not entirely observed when one compares-PtX increase down the halogen family5® correspondingly becomes
(PMe;3), compounds with Pt{AsMe;), compounds; this pre-  more negative Ck Br < I.
sumably reflects the similar “softnesses” of the Rided AsMe Transitions Contributing to the Paramagnetic Shielding
ligands. o and Shift oP. It is generally argued that the paramagnetic
The data in Table 2 show that, in general, both the shift o° largely determines the overall NMR chemical shift of
paramagnetic shifé? and the spir-orbit shift 5S° contribute a heavy atom. As expressed in egs3] variances iR originate
substantially to the overafl(***Pt), while the diamagnetic shift  from the u®™ coupling term of the paramagnetic shielding

qs 0
e OIS
@x0O

Ptd, -Xn

6¢ has virtually no effect. The spirorbit shift is typically  [represented below a(ul)] and thus arise from two factors:

sllg.htly less important than the paramagnetic shift, though this the orbital energy gaps and the first-order magnetic coupling

varies substantially from case to case. of the orbital wave functions. Our computational model allows
Origin of 6S° and Its Negative Contribution to the examination of these in detail.

) . i S0 )
Chem'?aldgh'ft' Our_calculat_lgn_s shovx;] that Ife% ), ml hife & PtX2~ Anions.lt is instructive to begin by examining the
gir_lerrla_ addsa ne_gatlt\)/e <|:ontr| utlonftot ehov?ri N emlcg shi parentDa4, PtX,2~ ions. The PDG eq 4 argues that fhhe,g —
n’l ICh mc_rea_s%s_ in aTk?o ut(_a Fermfsthr_om t eblg te(; c torlr:je go TA,g transition contributes most &@; in the pure d orbital case

€ heavier lodne. 1he ongin of this can be understood by .o 516 by the equation, this corresponds to afPt-dPt dz-y2
observing that the halide ligands, with nearly degenerate lone- S o . L

. . L . . : - transition. Qualitative molecular orbital theory with ligands
pair orbitals, will increasingly experience the influence of spin included shows two transitions of this type, from the Rt

rbi lin n nds the halogen family. When ; . ’ Y
orbit coupling as one descends the halogen family °l %ione pairz and Pt ¢,—X lone pairz* MOs to the Pt ge—2—X

halide-containing platinum complex is placed in a magnetic i 1
field, the spir-orbit coupling effect induces a net spin density o* LU,MO ﬁScheme 1, Z1 and Z2 transitions). THE; — Az
transition in eq 4 is a Ptgl,, — Pt d2-,2 one; the broader MO

on the halogens with a spin component opposite to the external™ ) <
magnetic field in order to lower the enerd39The spin density p|qture sees this as a set of transitions fror_n_ By~ X lone
on the halogens induces a spin density of opposite polarizationPair 7 orbitals (Scheme 1, X2 and Y2 transitions) and from Pt

on the platinum, which in turn produces an internal magnetic Szyz—X lone pairsz* orbitals (Scheme 1, X1 and Y1 transitions)
field opposite to the external field in the vicinity of the platinum to the Pt ¢¢—2—X o* LUMO.

atom. An increase in the shielding of platinum and a corre- Table 3 shows the results of our computational analysis of
sponding negative contribution to the chemical shift results. the PtX?2~ ions, stemming from scalar Pauli calculations and
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TABLE 3: Most Important Calculated (Scalar Pauli Method) 9Pt Shielding Terms (ppm) and Corresponding Electronic
Transitions, Transition Energies (eV), and Magnetic Coupling Values for PtX%2~ Anions and PtL,X, Compounds

transitior? oP(ut) oP(UY)xx oP(UY)yy oP(ul),, AE M0 |BIM|iQVAE,i
PtCl2~ Z1 —2392 b - —7176 2.523 0.5589 0.2215
Z2 —948 - - —2845 6.372 —0.9230 0.1449
Y1 —540 - —1620 - 2.150 —0.2376
X1 —539 —1618 - - 2.150 —0.2376
Y2 —388 - —-1164 - 5.257 —0.5431
X2 —388 —1164 - - 5.257 —0.5431
total —7836
PtBr,2~ Z1 —1980 - - —5941 2.317 0.4743 0.2047
Z2 —997 - - —2990 5.735 —0.9178 0.1600
X1 —382 —1146 - - 1.877 —0.1819
Y1 —360 - —1080 - 1.868 —0.1764
X2 —359 —1076 - - 4581 —0.5544
Y2 —348 - —1043 - 4,589 —0.5457
total —7350
Ptl2~ Z1 —1339 - - —4016 2.199 0.3321 0.1510
Z2 —955 - - —2865 5.118 0.8833 0.1726
Y2 —405 - —-1214 - 3.895 —0.5519
X2 —405 —1214 - - 3.895 —0.5519
total —5141
Cis-Pt(NHs).Cl Z1 —1357 - - —4069 3.160 0.4807 0.1521
Z2 —1279 - - —3836 5.573 —0.8334 0.1495
total —7718
trans-Pt(NHs).Cl Z2 —1460 - - —4372 5.638 0.9033 0.1602
Z1 —1316 - - —3947 3.233 —0.5055 0.1564
X —1086 —3257 - - 3.625 —0.5592
total —7403
cis-Pt(PMe).Cl, Z2 —597 - - —1774 6.103 0.5999 0.0983
total —6439
trans-Pt(PMe).Cl, Z2 —700 - —-307 —1790 5.992
[—439] [ [ [—1311] [6.071] F0.6738] [0.1110]
Y2 —724 - —539 —1633 5.740
[—300] [] [—902] [ [5.776] [-0.5397] [0.0934
total —6015
cis-Pt(PMe).Br; Z2 -713 - - —2139 5.833 —0.6245 0.1071
total —6453
transPt(PMe).Br, Z2 -915 - —233 —2510 5.477
[—667] [] [] [—2004] [5.588] [0.7116] [0.1279]
Y2 —-783 - —61 —-1739 5.179
[—401] [] [—1217] [] [5.244] [-0.5492] [0.1047A
total —5859
[-6171]
cisPt(PMe)2l, Z2 —805 - - —2417 5.494 0.6378 0.1161
total —5967
transPt(PMe)2l, Z2 —1067 - —-113 —3088 4.890
[=715] [] [] [—2157] [5.170] [0.7063] [0.1366]
Y2 —761 - —1722 —559 4516
[—362] [ [—1122] [37] [4.741] [0.5212] [0.1099]
total —4970
[—4920]
cis-Pt(SMe).Cl, Z2 —665 - - —1994 5.893 0.5934 0.1007
Z1 —594 - - —1794 3.088 0.2953 0.0956
total —6390
transPt(SMe).Cl, Z2 —926 - - —2777 6.404 —0.7649 0.1194
Z1 —822 - - —2465 2.936 0.3476 0.1184
total —6265

aFor an orbital diagram description of the transitions, see Figufg-2) implies |o] < 20.¢ Scalar ZORA core value$.Scalar ZORA all
values.® Values in brackets were calculated using the scalar ZORA method.

based on eq 3. One sees excellent correspondence between this oP(ul) are transitions between the Rg,dl,,—X lone pairz
analysis and that expected from eq 4. For the three halide-and #* combinations and the Pt »—X o¢* orbital. They
substituted Pt~ anions, the two transitions contributing most correspond to rotations arounxdandy, contribute tooP(ul)x

to oP(ut) are the Pt d—X lone pairr — Pt d2_»—X o* and Pt andoP(ul)y,, and are labeled X1, X2, Y1, and Y2, respectively,
dyy—X lone pairz* — Pt de_y2—X ¢* transitions. Because the  in Scheme 1. For Pt¢l, these provide 22% of the value of
coupling of these orbitals corresponds to a rotation abouz the o¢P(ut) and 20% of the value of®. Thus, approximately 60%
axis (Scheme 2a— 2aand1b — 2b), the two contribute to of the value of the paramagnetic shielding derives from only
oP(ul), thez-directed component of the “occupied-virtual” part ~ six transitions, with those affecting the electron density per-
of the paramagnetic tensor. We therefore label them Z1 and Z2pendicular to the uniqueaxis having the greatest effect on the
in Scheme 1. For Pt¢X-, they contribute 43% of the value of magnetization, in accord with the PDG conceptualization.
oP(ut) and 39% of the overall value of. The percentages for The transition data provide a quantitative perspective of the
the heavier tetrahalides are similar. The next biggest contributorsrelationship between the shielding and the bonding character-
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SCHEME 2. PtX42— The above can be viewed similarly in terms of the PDG eq
4 and its implications of covalency. The more a ligand binds to
the platinum center in & fashion (i.e., to the Pt,e 2 orbital),
the smaller G, will be. The more a ligand binds to platinum

8—“ in a s fashion, the smaller %,, and Ce, will be.* So a more
covalently bound ligand will decreas#, shifting the 9Pt
resonance downfield compared to a less covalently bound one,

M, |Ptd,,-Xpn) Pt -Xpn as long as the energy gaps do not change drastically between
the two compounds. By this reasoning, the tetraiodide is more
covalently bound than the tetrachloride, commensurate with

HSAB theory.

GTQ Scheme 2 illustrates an important facet of the magnetic
Ptd,z.,2- X o* coupling. When one applies a magnetic field to a £tXon,
3 87 inducing the action of the magnetization operd¥rto the Pt
dy,—X lone pairz orbital (28), the resulting “orbital” resembles
the Pt de-2—X o* orbital; the nodes are correctly aligned on
both metal and ligands. Thus, a B§€X lone pairz — Pt
de-y—X o* (Z2) transition should display a sizable magnetic
coupling. Table 3 bears this out: the values@M|ilfor Z2
transitions exceed any other. In contrast, applicatioMpto
the Pt gy—X lone pairz* orbital (2b) gives a resulting “orbital”
with correctly aligned nodes at the metal, but incorrectly aligned
nodes at the ligands, in effect, a Rt-¢¢2—X o orbital. So a Pt
dyy—X lone pairz* — Pt de-y2 o* (Z1) transition will exhibit
a smaller magnetic coupling than that of the Z2 analogue above.
Though not shown in the scheme, this is general for these
systems: a transition emanating from a bonding orbital displays
a greater magnetic coupling than that from its antibonding
counterpart.

Conversely, of course, the required energy for the Z2
transition will inherently be greater than that for the Z1 transition
(Scheme 1). Since the ratio of the two factoi@gMy|iVAE;
determines®(u), they compete, and which transition dominates
reflects a delicate balance. For the tetrahalides, the values of
(3 MJidlie sufficiently close that the size of the energy gap

2a 1a

M, | Ptd,, -Xpn*) Ptd, -Xpn*
2b 1b

istics of the halides. Both the PDG equation and eq 3 indicate
that the magnitude of®(ut) depends on the reciprocal of the
energy gap between the coupling orbitals. In the absence of
other factors, one expects the magnitude a#ful) (and
ultimately 6P) to increase as Rfi~ > PtBr,2~ > PtClL?, the
reverse of the trend in crystal field splitting energy. Table 3
lists the energies of the lower energy Rj-€X lone paira* —
Pt de-2—X o* (Z1) transitions and of the higher energy Pt
dyy—X lone pairr — Pt de-2—X o* (Z2) transitions; the data
confirm that the energy gaps drop down the family. However,
the total oP(uY) data show that the magnitude of this term
decreasesas PtC}>~ > PtBr2~ > Ptl2~. The simplistic
expectation is not met; another factor must reverse the trend.
The analysis points to orbital similarity as the crucial factor.
Equation 3 says that® is also determined by the first-order
magnetic coupling between the occupied and virtual orbitals. : .
This coupling is related to the similarity of the orbitals; that is, domlnqtes S0 that Fhe .Zl transition outranks the Z2. As we shall
they couple better if they have similar amounts of metal and see, th's observation is not general. o )
ligand atomic orbital character, worse if they have quite different P cis- and trans-Pt}NHs),. The substitution of two halides
amounts of metal and ligand atomic orbital character. The Py two ammonia ligands has little impact on the transition
coupling values appear &My|iC(shorthand forW .M/ W) picture. InC|sPtpb(NH3)2, the transitions contributing most to
eq 3) in Table 3. For the most important transition, this term ©° are the nominal Pt,g—Cl lone pairz* — Pt de-2—X o*
decreases down the halide family, as does the t&i|ilV and Pt ¢y—Cl lone pairz — Pt dz-2—X o™ transitions (Table
AEa. Thus, the magnetic coupling term, not the energy gap, 3)- These two contribute 34% of the valuedf{u') and 32%
dictates the paramagnetic shift, and by extension much of the©f that of o?. The next four most important transitions are
overall 195Pt chemical shift, in Pt~ anions. those from the various Ptgand d,—Cl & andz* orbitals to

That this coupling is greatest for chloride, smallest for iodide, € Pt&-2—X o* orbital; they contribute 21% of the value of
implies that the Pt g—X lone pair 7* and Pt dz_p—X o* oP(ul), and 20% of the value af?. The close correspondence

molecular orbitals are most similar for chloride, least for iodide. Petween this compound and the tetrachloroplatinate anion
The model confirms this. Computationally, the Ry-¢Cl lone suggests that their orbital diagrams are quite similar.

pair 7 molecular orbital in PtCP~ contains 58% atomic Pt In trans-PtCh(NH3), the two most important transitions are
dyy character, 41% Cl atomic p character, while the Pt~ still the nominal Pt d—Cl lone pair7* — Pt d¢-2—X o* and

Cl o* LUMO includes 50% atomic Pt,é-,2 character, 52% CI Pt dy—Cl lone pairz — Pt d2—»—X o* pair; they contribute
atomic p characté¥ In contrast, the analogous orbitals intl 37% of the value obP(u') and 35% ofo?. Here, we see the
are calculated as 50% Pt d, 49% | p, and 39% Pt d, 65% | p, magnetic coupling term winning over the orbital energy gap so
respectively. The coupling orbitals in the tetrachloride exhibit that the Z2 transition outranks the Z1. The two contribute nearly
greater AO similarity than those in the tetraiodide, so their the same taP(ut).

[&|MliOvalue is greater. This predicts the coupling trend and  Interestingly, the next most important transition, Pt-¢ Pt

the shift trend correctly. Qualitatively, one can view the de_2—X o* (X), 25 contributes almost as much ¢8(u?) as Z1
phenomenon as the outcome of the preference for binding of and Z2 do individually, a departure from prior behavior (Table
the soft iodide base rather than the harder chloride base to the3). This holds despite the fact that, in the trans isomer, the Pt
soft acid Pt(Il). The atomic contributions to the orbitals are dy; orbital (that in the N-Pt—N plane) is essentially nonbonding
similar for the two halides, but the more polarizable iodide mixes and thus dissimilar to the Pted,2»—X o* orbital to which it

in more to theo* LUMO, making it dissimilar to ther* MO couples through the magnetic operator. The midd&ily|iC]
and lowering the magnetic coupling. value results. It turns out the transition illustrates the energy
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gap/magnetic coupling interplay beautifully. The competing Pt SCHEME 3. trans-PtX,L ,
dy—Cl lone pairz* — Pt de-2»—X o* transition (Y1) has a
smaller energy gap, but also a much smaller magnetic coupling
(—0.1128), for the reason explained above and in Scheme 2.
The related Pt g—Cl lone pairz — Pt de-2—X o* transition

(Y2) exhibits an identical magnetic coupling to X but also has
a much greateAE (5.453 eV). The X transition contributes
more tooP(ul) than the Y transitions because it combines the
energy gap and magnetic coupling factors better than do the X 5a 4a
counterparts.

Comparing theAE values for the Z1 transition of the cis and
trans isomers to that for Pt&f gives the well-known fact that
NHs is a stronger crystal field splitting ligand thanCIlOne
predicts from this thatP(ul) [PtCl(NH3)2] < oP(ul) [PtCl2],
which proves true. 6

For PtXL, complexes containing the softer, more covalent
dimethyl sulfide, trimethylphosphine, and trimethylarsine ligands,
the transition picture becomes more complicated (Table 3). The
percentage contribution of the most important transitions to the
value of oP(u}) drops substantially. However, the pattern
established above is broadly maintained. In all c8%d¢hge

My IPtd,-Xpn) Ptd,,-Xp=n

Ptd,22- X c*

My | Ptd,,) Ptd,,
5b 4b

the LUMO is comprised of 43% Pt atomic orbitals, 49% ClI
AOs, and ca. 2% P AOs. It will therefore couple best through

transition contributing most to the paramagnetic shielding is the the magnetic operators wit_h molecular orbitals containing s.imilar
Pt dy—X lone pairz — Pt de_2—X o* one (Z2), providing amounts of metal and halide character. The,2t¥ lone pair

12-18% of the value ofP(ul). The general idea tha® (and 7 (48) and Pt ¢,—X lone pairz* orbitals meet this criterion,
by extension, the chemical shif} is determined most by the but as described above and in Scheme 2, the similarity of the

coupling of orbitals which affect magnetization along the former with the LQ.MO IS greater than that of thel lattdal -
molecularz axis holds throughout the series. 5d). The Y2 transition thus contributes mored®(u') than the

It is interesting to observe that the Z2 transitions dominate V1. The Pt g; orbital 4b, which takes part in the X transition,

. remains nonbonding, contains no halide character, and also
the others for these soft ligand compounds. As noted above,
) . . e couples less well to the LUMO4p — 5b).
this reflects the magnetic coupling term outweighing the energy : R . .
L . Comparing this situation with that ifrans-PtXy(NHzs),
gap. This is somewhat unexpected, since our results for the tetra—Com ounds. where the X transition oroved more important that
halides clearly showed thdBM|ilfor the Z2 transitions P ' P P

decreased with increasing halide softness. One anticipates thaEhe Y_types, emphasizes the subtle_balan_ces between magnetic
couplings and energy gaps. In the diammines, the Y2 transition

the Z2 transition best balances the two factors, giving the Iargestjust trails the X one, while in the diphosphines the pattern

ratio. . . reverses. While the contributions #8(ul) differ, the X and Y
C. cis- and trans-Pt{SMe)..The results for the dimethyl transitions are always close in importance.
sulfidescis-PtChL(SMey), andtrans-PtCL(SMe,), resemble those Comparison of the\E (Z2) values for the PtG{NH3), and

for the tetrahaloplatinates. In each case, the Z1 and Z2 transition
most determine(ul). Their energies roughly parallel those of
the ammine analogues save that of Z2tfans PtCL(SMe),.
However, the orbital couplin@My|iTlis considerably smaller
for the dimethyl sulfides, so consequently the rat@M|illV
AE, and the resulting®(u?) are also smaller. As a result, the

SPtCIz(PM@)z cis/trans pairs shows, unsurprisingly, that tri-
methylphosphine splits the metal orbitals better than does
ammonia. Given this and the fact thaiMy|iOis smaller for
the phosphine complexes than for the ammine complexes, one
predicts from the equations above tidatfor the ammines will
. . ) X be more positive than those for the phosphines. Table 2 shows
19%Pt chemical shift of a PtXSMe,), compound lies upfield of s i< 5o, and this readily leads to the computational result (and
that OT a PO§(NHz)2 compound. ) experimental fact) that thé®Pt resonances of PHNH3),

d. cis- and trans-PtYPMey).. By contrast, the trimethylphos-  complexes lie at higher frequencies than those ohMes),
phine complexesis-PtXx(PMes), andtrans-PtX;(PMe), display complexes.
more complex, though consistent, behavior than the other plati-  The relationship betweasP(ul), @My|i and the energy gaps
num complexes. As Table 3 shows, the nominal Z1 transition giso explains why computationally the cis compounds are
becomes unimportant in determinipg(u'). The Z2 transition predicted to resonate at higher frequency than the trans

becomes the largest single contributor to the value~gé) compounds. The analysis shows that the Z2 transition for any
for cis-PtCh(PMes)2; no other transition contributes half as cis-PtXo(PMes), species exhibits about the saf@V,|iCas the
much. corresponding trans isomer, readily attributable to the identity
The two largest single contributors to the valuesgfu') for of the ligands. However, the cis orientation of the two-electron
the trans-bis(trimethylphosphines) are the Bt€X lone pair donor ligands results in a greater orbital splitting (evaluated by

7 — Pt de-y—X o* (Z2) transition and the Pt,g-X lone AE) than does the trans orientation, regardless of what the
pair 7 — Pt de—2—X 0* (Y2) one. The two appear to exhibit  halides are. This translates to a smalt&u?) for the cis

considerable mixing of thgy and zzcomponents, but scalar  compounds and consequently a more positive chemical shift.
ZORA calculations (Table 3, in brackets) demonstrate that this As it happens, this concept extends to all the compounds we

is an artifact of the scalar Pauli method. surveyed; for a particular L and X, the cis and trans isomers
The reason the Y2 transition becomes prominent in these exhibit similar magnetic couplings, withE (cis) > AE (trans),

compounds appears in Scheme 3. In trans,®Mes), com- so thato (cis) > o (trans) is predicted.

pounds, the Ptyd ,»—X ¢* LUMO (6 in the scheme) contains One can see in Table 2 that for any ligand L, as was true for

virtually no phosphorus character; for example, in the diiodide, the tetrahaloplatinates, the orbital energy gap (inverse of the



7542 J. Phys. Chem. A, Vol. 103, No. 37, 1999

halide softness) varies directly wit{1°*Pt) rather than inversely.
Table 3 shows this more quantitatively for the bis(trimeth-

ylphosphine) series. As the energy gap decreases down the

family PtCh(PMes),; > PiBn(PMe), > Ptl(PMes),, the
paramagnetic shielding termP(u') also decreases. However,
the explanation we used for the RBEX anions proves inade-
quate here; the ratidd|My|iQVAE,; for the Z2 transition (and
for the Y2 transition of the trans isomerisicreasesdown the
family.

Actually, the data for the P~ anions predict this behavior.
One can see that th&aM|iVAE,; value for the Z2 transition
increases down this family as well, contradicting the trend of
the Z1 transition and the overalP(ul). Only because the Z1
transition so dominates the value of the paramagnetic term is
this irrelevant. The data in Table 3 allow rationalization of the
dichotomy. If one compares the values[@fVii|iCIfor the Z1
transitions of the three tetrahalides with those for the Z2

Gilbert and Ziegler
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Figure 1. Plot of experimental and calculaté®Pt chemical shifts

transitions, one sees that the latter decrease more slowly tharfof & series of Pt{PMe;).. Complexes showing the need to include

the former; the value of&My|iCfor the Z2 transition of Pt~

is 96% that of PtGF~, while the corresponding value for Z1 is
59%. Meanwhile, theAE values of the Z2 transition decrease
far more sizably than do those for Z1. Qualitatively, one sees
this as rapidly increasing stabilization of th&-type Pt de—2
LUMO due to its decreased antibonding character down the
family, while the antibonding character of the B{-€X x*
orbital decreases more slowly and its stabilization is less

spin—orbit relativistic effects.

Pt=X bond distances are typically shorter in trans compounds
than in cis compounds (Table 1), we expect the behavior
observed. We can confirm this simplistically with the data in
Table 2 by noting that\(65°) [= |0S9(trans) — 6S(cis)|] is
generally smaller for P, compounds where the PK
distances are similar for cis and trans isomers=(NHz, SMe)
than when they are quite different (£ PMe;, AsMes). In other

pronounced. Combination of these factors predicts that the trendsyords, when the bond distances are similar, the calcutsted

of |RIM|iVAE,; for the Z1 and Z2 transitions could diverge,
as they do.

That |[@ M|iVAE,; for the Z2 transitions irtis- andtrans

PtX,(PMes), compounds behaves so is thus understandable. That

the overalloP(ut) decreases over the range, however, means
that the less important transitions reverse the effect of the most
important transitions. The trend implies that the number of
transitions contributing meaningfully t@°(ul) increases from

Cl > Br > |, which the analysis data bear out. For example,
the sum of the next three most important contributions for cis-
PtCh(PMe;), is 108% that of the first, while the corresponding
number forcis-Ptl;(PMe;), is 88%. Conceptually, this means
PtCL(PMe;), and PtBp(PMes), contain more molecular orbitals
which couple usefully to (and so are similar in atomic orbital
makeup to) the Pt .2 o* one than does PilPMes),.
Evaluating this quantitatively or qualitatively is not straight-
forward.

Comments on the Relativistic Spir-Orbit Shift 6S°. The
data in Table 2 demonstrate that the contribution fid¥f to
the overall5(19%Pt) is negative and increases considerably in
absolute terms from chlorine to iodine, as discussed above.
Figure 1 shows this graphically for thas- and transPtX,-
(PMe;), series. This graph underlines the necessity of in-
cluding spir-orbit relativistic correction terms when predicting
O0(*95Pt). We note that previous, more qualitative relationships
such as the PDG equation have not included the influence of
0S°.

A second trend iSC is more subtle: in generadS® (cis
compounds)> 6S° (trans compounds) (Table 2). Due to the
195t NMR shift sign convention, this means trans compounds
exhibit greater spirorbit shielding ¢S°© than do the cis

values are also similar.

Conclusion

We have shown that density functional theory augmented with
relativistic corrections predict®5Pt chemical shifts of neutral
PtX,L, compounds to a good degree of accuracy. Some prob-
lems yet exist, but improved models currently under study in
our group will diminish them. In particular, the use of solvent
models such as COSMO will expand the range of systems we
can examine and will certainly give results more consistent with
experiment.

The two key features of this work are the necessity of
incorporating spir-orbit relativity and the considerable impor-
tance of the size of the magnetic coupling in determining the
195t chemical shift. Both contribute to the experimental trend
that platinum iodides resonate to lower frequency of platinum
chlorides and to the computational trend that cis isomers resonate
at lower frequencies than trans isomers. Underlying the issue
of magnetic coupling is the requirement that the molecular
orbitals involved be “similar”, in the sense that their makeup
from atomic orbitals must be similar. This feature ties in to the
PDG view of covalency as a determinantg#°>Pt). When co-
valency is significant, i.e., when ligananetal overlap is sizable,
then the orbital similarity decreases, the magnetic coupling de-
creases, and the paramagnetic sbiifbecomes more negative.
The PDG equation adequately, though qualitatively, predicts
the trends. The computational model predicts both the trends
and the correct chemical shifts for a broader range of com-
pounds.

Most importantly, the model improves upon the qualitative
predictions in its treatment of relativistic sptorbit coupling.

analogues. The secondary trend arises because when the L ligan@/hile workers have recognized the importance of relativity in

carries a strong trans influence, the metadlide bond distances

in cis and trans isomers differ substantially. To a first ap-
proximation, the extent to which a bonded halide atom transmits
spin density (see previous discussion on the origid3) to

the platinum depends on the-PX bond distance. Since the

molecular response calculations, only recently have calculations
included them explicitly. The data make clear thé& can
contribute significantly to the overafi(1°*Pt) and that in few
cases can the platinum chemical shift be accurately predicted
without including the spirrorbit shift.
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