JIAICIS

A RTI

CLES

Published on Web 01/07/2003

Theoretical Investigation of the Apparently Irregular Behavior
of Pt —Pt Nuclear Spin —Spin Coupling Constants
Jochen Autschbach,*' Ciprian D. Igna, and Tom Ziegler*

Contribution from the Department of Chemistry, usisity of Calgary, Calgary,
Alberta, Canada T2N 1N4

Received July 30, 2002 ; E-mail: jochen.autschbach@chemie.uni-erlangen.de

Abstract: One-bond Pt—Pt nuclear spin—spin coupling constants J(Pt—Pt) for closely related dinuclear Pt
complexes can differ by an order of magnitude without any obvious correlation with Pt—Pt distances. As
representative examples, the spin—spin couplings of the dinuclear Pt' complexes [Pt(CO)¢]?* (1) and
[Pt2(CO),Clg]?>~ (2) have been computationally studied with a recently developed relativistic density functional
method. The experimental values are *J(*%°Pt—1%Pt) = 5250 Hz for 2 but 551 Hz for 1. Many other examples
are known in the literature. The experimental trends are well reproduced by the computations and can be
explained based on the nature of the ligands that are coordinated to the Pt—Pt fragment. The difference
for J(Pt—Pt) of an order of magnitude is caused by a sensitive interplay between the influence of different
ligands on the Pt—Pt bond, and relativistic effects on metal—metal and metal—ligand bonds as well as on
“atomic orbital contributions” to the nuclear spin—spin coupling constants. The results can be intuitively
rationalized with the help of a simple qualitative molecular orbital diagram.

1. Introduction

related complexes, variations i%(Pt—Pt) by an order of

One of the two most important observables of nuclear Magnitude occuf?® These variations do not correlate with

magnetic resonance (NMR) is the nuclear sgBpin coupling

distances between the Pt centers. Examples &tTO)} 5]%™,

constantJ(A—B). Of special interest are coupling constants [{ PtCI(CO)(PPB)}2], and f Pt(CNCHy)3}2]2", with small Pt-

between heavy atoms because they can be difficult to observePt coupling constants of 551, 760, and 507 Hz, respectively,
experimentally and hard to interpret and reproduce theoretically. @1d on the other handPtCh(CO)}2]*~ and f PtBr,(CO)} o],
Unlike the case of chemical shifts, theoretical predictions of With large PtPt coupling constants of 5250 and 4770 Hz,
coupling constants cannot benefit from effective cancellations "eSpectively. Other examples can be found, e.g., in ref 7. The
of errors for separate calculations of a sample and the referencePt Oxidation state is-l in all cases listed here. Further, it has
hence their computation is comparatively demanding. Only been found that the PC coupling constants do not differ much
recently the methodology for a reliable prediction of coupling between the complexes, which also testifies to their chemical
constants for heavy nuclei based on first principles theory has similarity. So far, no rational for the trends in these experimental
become available because for their determination both adata has been forthcoming. It is our aim here to report a
relativistic formalism and the inclusion of electron correlation computational analysis 6{Pt—Pt) for the complexes [XCO)]*"

is necessary5 Density functional theory is currently the (1) and [P(COXCl]?" (2) as representations for the groups of
method of choice for an investigation of properties of heavy complexes with small and larggPt—Pt), respectively, in an
metal complexes because it offers a reasonably accurate@ttemptto reproduce and understand the difference. Thett
electronic structure for these systems, along with computational ©UPling constant of the less stable isorBgsee next page) of
efficiency that is needed because of the many electrons to dealcomplex2 is also studied for comparison. _ _
with. Researchers are now in the position to theoretically [N Section 2, we outline the computational details. In Section

investigate problems regarding heavy atom NMR which could 3. the results of the calculations are compared to experiment. It

not yet be solved based on experimental data alone. will be shown that the experimental findings are reproduced

J(195Pt-195pt) coupling constants have been studied for a long PY the computations, and that the interplay between the ligands
time 59 but they are not well understood. For chemically closely influence and relativistic effects on the-fRt bond in1 and2
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o 24 °- Table 1. Comparison of Computational (scalar ZORA, VWN
cB cl functional) and Experimental 195Pt—195Pt Nuclear Spin—Spin
fop cl Coupling Constants for 1 and 2%, in Hz"™
ocA—;Pt’-——Pt—c CI—/Pt'—————Tt—CI 1 2
&° <|:B *° e J(PPY) calcd 873.6 6397
o 0o expt 550.9 5250
1 2 J(Pt—CA) calcd 163Z/188.2
expt 1281.59199.6
2- J(Pt—CB) calcd 181F/—34.8¥ 2492%/—55.35
. cl expt 1595.7.9—26.2d 20009 — 480 de
OCA—;Pt——Pi—C * Further data:6(19%Pt): 2 with respect tal 710 ppm (spir-orbit: 610
ci | ppm; expt®: 582 ppm). Symmetry of optimized structureByq for 1, C,
Cl for 2. R(Pt—Pt): 1= 2.64 A (expt? 2.72 A),2 = 2.61 A (expt? 2.58 A).
3 R(Pt—CA): 1=1.97 A R(Pt—CB): 1=1.94 A,2=1.80 A (expt? average
of R(Pt—CA) andR(Pt—CB) for 1 = 1.96 A; crystal structure ddtéor 2 =

o _ ) _ 1.80 A (mean value))R(Pt—CI): 2 = 2.43 A(ax.)/2.33 A(eq.) (expt.
relativistic increase, in particular in the case of CO located trans averages: 2.40 A(ax.)/2.34 A(eq.f).See Figure 1 for a comparison of
; ; ; i+ relativistic and nonrelativistic theoretical dateRef 9, in concentrated

to the other pIatmum. The results are.furth.er ratlonahzeq with H»SOs. R(PE-PY) and average value d(Pt-CR) and R(PE-CP) from

the help of a simple molecular orbital diagram. Section 4 EXAFS measurements in solutidhRef 8, in CDCl/CH:Clo. R(Pt—Pt)

summarizes the results. from single-crystal X-ray diffraction, ref 2£.0ne-bond couplingJ. ¢ Two-
bond coupling?J. € Sign not determined experimentalfyScalar ZORA
2. Methodology and Computational Details including the FC, OP and OD term. Spiorbit ZORA results further

) ) ) including the SD term:1 = 1512./172.0 Hz fold(Pt—C*), 1713./-30.72
All computations have been carried out with the Amsterdam Hz for J(Pt—CB), 1062. Hz forJ(Pt—Pt); 2 = 2446./-52.57 Hz fod(Pt—

Density functional (ADF) program packadl2 The computa- %) 7261 Hz for)(Pt=P).

tions employ our recently developed density functional method .
for the analytic calculation of nuclear spispin coupling FC term. We refer to refs 4, 5, 16, and 17 for further details on

constanté® based on the relativistic zero-order regular ap- € computations of the spirspin coupling constants and the
proximation (ZORAY314 The Voske-Wilk —Nusair (VWN) all-electron basis sets employed for this purpose, as well as for

local density functiond? has been used throughout since it benchmark data.

provides a reasonable accuracy for structures and-spiim 3. Results and Discussion

couplings of heavy metal complex€36-18 The coupling , ) o
constants have been computed for the optimized geometries Table 1 lists the computational results based on optimized

(scalar ZORA, ADF Basis ZORA/TZ, 4f frozen core for Pt, geometries for the complexes and 2, in comparison with
1s frozen core for C and O, 2p frozen core for Cl). We use the experimental data. Figure 1 illustrates the strong sensitivity of

nonrelativistic terminology here for the ZORA relativistic "€ results with respect to geometrical parameters. In light of

analogues of the Fermi-contact (FC), spin-dipole (SD), para- this sensitivity, the theoretical results can be regarded as

magnetic orbital (OP), and the diamagnetic orbital (OD) terms satisfactory §ince environment.al effects (solvent, temperature)
on which the coupling constant calculations are based. All &€ notconsidered. FG(Pt—PY) it can be expected that solvent

coupling constants are dominated by the scalar relativistic FC effects wil somewhat reduce i_ts magnitl]:&i'm ‘_”‘” cases, which
term, to which the present analysis is thus restricted. The OD would correct for its systematic overestimation in all computa-
term is completely negligible in all investigated coupling tions whgn compared to experiment. Most important, the orders
constants. The OP term was found to be nonnegligible, but ©f Magnitudes and the trends for the+Ptt and P+C couplings,
typically less than 20% of the FC term in magnitude. Spin and in particular the increase &fPt—Pt) by almost afactpr of
orbit computations including the SD term have been carried 10 from 1 tq 2, are well reprod_uced. The trend regarding the
out in order to ensure that they yield similar results and the Pt=Pt COUF_’"”Q cons_tant_s remains the same for the pIotteq range
same trends as the scalar relativistic calculations. -Sgihit of Pt-Pt distances in Figure 1. Th|s eliminates the Poss'b""Y
and SD contributions to the coupling constants are not negligible that external factors are responsible for the large difference in
in the present cases, but small enough to justify a scalarh® PEPt coupling constants, or that is caused by small

relativistic treatment and thus a much simplified analysis of the differences in the_ PPt bO”O_' Ieljg_th._
For the following analysis, it is important to recall that

(10) Fonseca Guerra, C.; Visser, O.; Snijders, J. G.; te Velde, G.; Baerends, E.“relativistic effects” play a majoroften the leadingrole in
J. Parallelisation of the Amsterdam Density Functional program Program. B ; i ; ;
In Methods and Techniques for Computational Chemi§mEF: Cagliari, spin—spin coupling con;tants involving elements as heavy as
Pt1820Very large coupling constants are frequently found for

1995.
(11) te Velde, G.; Bickelhaupt, F. M.; Baerends, E. J.; van Gisbergen, S. J. A.;

Fonseca Guerra, C.. Snijders, J. G.. ZieglerJTGomput. Chem2001 pairs of heavy nuclei thaF can often be attributed to relat|V|st|§
1 iZ, 9t315967.D o Functional heoretical Chemisty. Vri effects only. Of equal importance for the present case is
) e Y o ona Ripdww.sem.com. " obviously the nature of the ligands that define the chemical
(13) ng%%?g E.; Baerends, E. J.; Snijders, JJ.GChem. Phys1993 99, environment, and “cross termst.e., relativistic effects on the
(14) van Lenthe, E. The ZORA Equatidfhesis, Vrije Universiteit Amsterdam, ~ Way the ligands bind to the metal.

Netherlands, 1996. It is therefore n rprising that relativistic eff hav
(15) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys1989 58, 1200. t S.t erefore not su pris .g that relativistic efiects ha e a
(16) Autschbach, J.; Ziegler, T. Am. Chem. So@001, 123 3341-3349. great influence on the coupling between the two Pt nuclei in
(17) Autschbach, J.; Ziegler, T. Am. Chem. So@001 123 5320-5324. both complexes (Table 1 and Figure 1). As a consequence the

(18) Autschbach, J.; Ziegler, T. Computation of NMR shieldings and -Spin
spin Coupling Constants. Encyclopedia of Nuclear Magnetic Resonance
Grant, D., Harris, R. K., Eds.; John Wiley & Sons: Chichester, 2002; Vol. (19) Autschbach, J.; Igna, C. D.; Ziegler, T. Submitted for publication.
Suppl., in press. (20) PyykKg P.Theor. Chem. Ac200Q 103 214-216.
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Figure 1. J(Pt—Pt) as a function of selected geometrical parameters. Figure
(a): variation of the PtPt distance in complek and?2, relativistic (filled
markers) vs nonrelativistic values (open markers). Figure (b): variation of
one of the P£CA or Pt-CB distances in complek. A is the displacement
from the optimized value.
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magnitude ofJ(Pt—Pt) in 2 is not unexpected. It is stunning,
however, that the corresponding value fois so small. From
the data in Table 1 and Figure 1, the following questions arise:

(1) why is the relativistic increase d{Pt—Pt) for 1 so much
smaller than for2, and

(2) why is J(Pt—Pt) already so small fot in the nonrela-
tivistic calculations?

In case that the s-character of the-Pt bond is determined
mainly by the Pt 6s orbitals, based on a scaling of nonrelativistic
atomic contributions to the Fermi-contact termJ@Pt—Pt)22.23
one would expect a relativistic increase J§Pt—Pt) by about
an order of magnitud®. This appears to be the case fbut
clearly not for1. An intermediate finding is, therefore, the
following:

(2) it is the small magnitude af(Pt—Pt) in 1 that needs an
explanation,

(2) that the nature of the ligands is the major or only reason
for the large variations od(Pt—Pt),

(3) that the CO ligand tends to strongly reduce the fft
coupling constant already at the nonrelativistic limit, and

(4) that this reduction is even more pronounced in a relativistic
calculation, with the effect that the already sn#Pt—Pt) in 1

increases relativistically by a much smaller amount as compared

to the coupling in2.

(21) Modinos, A.; Woodward, P]. Chem. Soc., Dalton Tran§975 1516—

(22) Pyyki("q P.; Pajanne, E.; Inokuti, Mnt. J. Quantum Chen1973 7, 785—
806.

(23) Khandogin, J.; Ziegler, T. Phys. Chem. 200Q 104, 113-120.
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Figure 2. Qualitative symbolic MO diagram for the interaction of the 6s
orbitals of the [P£Pt]?* fragment ofL with the s MOs of the axial ligands.
Theo donation from the ligands into empty metal orbitals causes a negative
1lo—3 o* contribution to J(Pt—Pt) and reduces the positives230*
contribution relative to the free [PPt]2+ fragment. The effect increases
in magnitude the stronger the metéiband o interaction is. See text for
details.
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It is well-known that for Pt, Au, Hg etc., relativistic effects
enhance their capability to form stromgbonds because of the
6s contraction/stabilization, the 5d expansion/destabilization and
the concomitant increase of the-&d, overlap?* This results
here in competing effects regardid@Pt—Pt) because on one
hand the platinum atoms can form a stronger bond with each
other. At the same time the interaction with the (axial, i.e.,
trans to the other Pt) CO ligands increases, which has a reducing
effect on the s-character of the-f®t bond. This is qualitatively
outlined in Figure 2. The MO diagram also qualitatively explains
why the metat-ligand interaction reduces the-F®t coupling
(see below). Regarding points 3 and 4 of the previous paragraph,
the position of the CO ligand (axial, or equatorial i.e., trans to
another ligand) is crucial. Th®,¢-symmetric isomer3 of
complex2 was found to be less stable by 155 kJ/mol in the
computations. The calculated value §¢Pt—Pt) for 3is —963.4
Hz. Obviously, the coordination to the-P®t fragment by CO
in axial position reduced(Pt—Pt) most effectively, because
and3 differ qualitatively only in the placement of the strongly
(CO) and less strongly (C) interacting ligands in axial or
equatorial position. (Clearly, he different nature of the equatorial
ligands, when comparing with 3, is also of high importance
for quantitative purposes, but for the sake of clarity not
considered here for the qualitative aspects of the discussion.) It
is also the PtCA coupling that is very sensitive toward
variations of the PtPt distance, whereas the other—&t
couplings do not change as much. This provides further evidence
that the features of the PPt bond and of the axial PIC bonds
are very strongly coupled.

It is possible with our program to decompose the coupling
constant into contributions from pairs of occupied and virtual
MOs, or, as we have newly implemented, from pairs of localized
orbitals or orbitals of the constituting fragments of the molecule
(here: Pt, Cl, and CO. See the appendix for details). The latter
analysis forl in the relativistic case shows large negative
contributions from pairs of Pt 5s and 6s orbitals, and the 5
orbitals from the axial CO ligands, respectively, X@t—Pt).

In comparison, the equatorial CO ligands contribute less to
J(Pt—Pt). There is no evidence that the Grbitals indirectly
participate in the PtPt coupling constant. Further, the analysis
shows large negative contributions from the P4, Bait not from

the 5d, orbitals. These results can be taken as an indication
that w back-donation plays little or no role faPt—Pt) in 1.
This is also supported by the computational results of ref 9.

(24) PyykKqg P.Chem. Re. 1988 88, 563-594.
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A Mulliken analysis yields-in good agreement with ref-9
Pt 6s populations of 0.7 and 5d populations of 8.5%oiThe
populations for2 are 0.8 and 8.5, respectively. The charge on
Pt is smaller than 0.1 in magnitude for both complexes. Even
though the larger s-population (and the shorterftdistance)
for 2 supports the fact thal(Pt—Pt) for 2 is larger, we have
previously found’ that the total s-population of the metal is
not necessarily a good indicator for a comparison of its coupling
constants. How the atomic valence s orbitals contribute to the
bond in question is rather important because they are responsibl
for the portion of the charge density at or very close to the nuclei
that is “shared” by the two Pt atoms (in an orbital model) and
that causes the Fermi-contact term. Figure 2 qualitatively shows
the interaction between ligand MOs and the 6s orbitals of a
hypothetical P£" fragment. As is outlined in the appendix, the
pair of the occupied®® combination of the Pt 6s orbitalg)
and the unoccupie®© 6s—6s combinatiorw* yields a positive
Fermi-contact contribution t&(Pt—Pt) in eq 1. The same holds
for the pair of 2r and 3* orbitals in Figure 2o donation from
the axial ligands means that the antibond@®®g 6s—6s orbital
mixes with the®© linear combination of the ligand orbitals.
This new occupied orbital (Lin Figure 2) causes aegatie
contribution toJ(Pt—Pt) because of the sign pattern of the Pt-
6s combinations ind and 3*.

To estimate the magnitude of the FC termJ@®t—Pt) in a
complex, relative to the bare Pt fragment, it is necessary to
consider a) the coefficients of PPt ¢ ando* in the 1o, 20,
and ¥* orbitals, and b) their orbital energies. The former
influence the value ofpip, close to or at the Pt nuclei (see
Appendix), whereas the latter enter the coupling constant directly
as € — €)' in eq 1. The size of the negatives430*
contribution toJ(Pt—Pt) with respect to the strength of the
metal-ligand interaction is not easy to predict. On one hand,
increasing metatligand interaction enlarges the coefficient of
the P+Pt®® o orbital in 1o, which would give rise to a larger
negative contribution taJ(Pt—Pt). On the other hand, the
coefficient of the Pt Pt®6 o* orbital in 30* becomes smaller,
and the energy gap between &nd 3* increases. According
to eq 1, this reduces the magnitude of the negative term. In
summary, the magnitude of the negative contribution frerm 1
30™* depends on the actual situation (orbital levels and strength
of interaction), but it is certainly responsible for some reduction
of an initially positiveJ(Pt—Pt). At the same time, the positive
contribution due to 2—30* is also reduced when the metal
ligand interaction is strong, because of the smaller coefficient
of the PPt o* orbital in 30* as well as the enlarged energy
gap between @ and 3*. An increasing metatligand inter-
action is therefore guaranteed to decrease the positiv&2*
contribution toJ(Pt—Pt) relative toJ(Pt—Pt) of the free RPE"
fragment. This qualitatively explains the differences of the
ligands influence on the PPt bond between compleixand?2.

The situation is somewhat more complicated in the actual

4. Summary

It is evident from the computational data, and from their
analysis in terms of fragment orbitals, that thmteraction with
the CO ligands in particular in axial position is responsible for
the reduction ofJ(Pt—Pt) in 1 as compared t@. Due to the
more pronounced bonding capability of Pt in the relativistic
case, the expected large magnitude of the Fermi-contact
contribution to J(Pt—Pt) in complex1 is to a large extent
compensated by the increasiagnteraction with the axial CO

digands. The ligand influence i&is much weaker in compari-

son. Figure 2 illustrates these findings.

The qualitative aspects of this analysis should be generally
applicable to nuclear spirspin coupling constants of metal
metal bonded complexes since they do not rely on specific
features the PtPt bond. That is, the coupling constant for a
bare metatmetal fragment will be reduced upon coordination
of this fragment in particular in case of a strong metaand
o interaction and in particular when the ligands are in trans
position to the other metal. A respective study by us ofHg
Hg coupling constants is currently under wéyzor heavy metal
coupling constants, it is important to consider the interplay
between relativistic effects and the ligands influence in order
to rationalize the experimental results. In this context, relativistic
effects represent a “magnifying glass” for the observation of
the influence of the ligands on the metahetal bond.

Appendix

The FC contribution to the nuclear spispin coupling
constant is (also in the ZORA relativistic) Kohisham density
functional method calculated as

occ virt

FA-B) =3 > WilAgpls — ) @BlyD (1)

where the sums run over the occupieg and virtual ¢,
molecular Kohr-Sham orbitals with energies Similar for-
mulas are obtained for the OP and the SD terms. The operators
AandB describe the perturbations due to the FC (OP, SD) term
at nucleusA andB, respectively*® For the FC case, neglecting
first-order changes of the molecular potential due to the presence
of nuclear spinsigi|A or B|gTsamples the values of the product
Qiga at or very close tnucleusA or B, respectively and is thus
determined by the s-orbital contributions to the molecular
orbitals. Becauses{ — €5) ! is negative for Aufbau configura-
tions, the value ofpip, has to be of different sign & andB

in order to yield a positive, i-contribution toJ*(A—B). This
allows for an easy identification of positive and negative
contributions toJ"C in eq 1 based on the bonding/antibonding
character ofp; and g, with respect toA andB. Equation 1 has
been frequently employed to interpret coupling constants. An
example is ref 25, in which an analysis of-fR and P+Pt
coupling constants, based on a varf&mf eq 1 and the
nonrelativistic extended Hikel model, is presented. We have
previously employed eq 1 for an interpretation of solvent effects

systems because the Pt 6s orbitals contribute to a larger numbe@n coupling constants involving a heavy metal!

of orbitals in none of which the 6s coefficients clearly dominate.

Therefore, there exist a larger number of MOs in which Pt-6s
and ligando mixing causes positive and negative contributions
to J(Pt—Pt). However, each of them can be qualitatively

rationalized by Figure 2.

Equation 1 can also be understood as a sum of “orbital
expectation valueslg; |X.|(p.Dof the perturbation operatod§
= YJAl@alei — €2) 1@4Bl. The ¢; can be represented in a

(25) Koie, Y.; Shinoda, S.; Saito, Ynorg. Chem.1981, 20, 4408-4413.
(26) Pople, J. A,; Santry, D. RMol. Phys.1964 8, 1.
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different basis (e.g., fragment- or localized orbitalg)with ¢; of contributions in eq 2 from Pt atomic orbitals and the
= Y,4.C.. The coupling constant is then given in terms of molecular orbitals of the axial and equatorial CO ligands.
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