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X-ray crystallography and solid-state NMR techniques were used Scheme 1
to determine the structure and *%Pt NMR chemical shift (CS) tensor
of Pt[S,Co(CF3)]o. This is the first reported crystal structure of a
highly oxidizing (CN- or CFs-substituted) neutral bis(dithiolene)
complex of a Ni triad metal in its pure form. The %Pt NMR CS
tensor is highly anisotropic and asymmetric; the latter property is
attributed to the noninnocent nature of the ligand. The tensor
components and orientation are determined with density functional
theory calculations.

The bis(dithiolene) complexes of the Ni triad (group 10),  The largest contributions to the highest occupied molecular
M[S,C,R;]2* (M = Ni, Pd, Pt; R= various substituents; orbital (HOMO) and lowest unoccupied MO (LUMO) are
chargez = 0, 1—, 2—), contain redox-active (noninnocent) from atomic orbitals (AOs) based on the ligands, with smaller
ligands! The ligand properties are crucial for applications contributions from the metal AGS Complexes M[3C;R;]
such as superconducting materiéllghotonic deviced™ can often undergo reversible one-electron transfer, and
chemical sensor,catalysts, and catalyst precursét§he particularly stable forms are normally the neutral forzr
noninnocent nature of the ligand becomes particularly evident0), the monoanionic formz(= 1—), and the dianionic form
when the charge-neutral forma € 0) is considered, where (z = 2—). Redox potentials for a given type of reduction
possible resonance structures involve metal oxidation stateqe.g.,Eq—1 for z= 0 and }) strongly depend on R and less
ranging from 0 to IV (Scheme 1). It is now well established pronouncedly on M (Ni, Pd, or Pt). The neutral compounds
that the metal is best described ag. M are remarkably strong oxidants if they contain electron-
withdrawing substituentsEq.; values have the most positive
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properties of the highly oxidizing charge-neutral M{3R;]»
species will aid in the development of new applications. Here,
we report the first crystallographic structural determination
for a high-potential metal bisdithiolene of a Ni triad metal
in its neutral and pure form, for P§S,(CFs)2]2 (1). In
addition, we provide solid-stat&>Pt NMR data for this
compound, which complement the opti¢ahnd vibrationdF®
techniques frequently used for metal bisdithiolenes.

Most of the neutral high-potential bisdithiolenes of the Ni
triad metals were first generated, often electrochemically,
in the mid-1960s. The reduced forms have been extensively
characterized: starting with the structural determination of
Ni[S,C2(CN),],?~,2 more than 100 crystal structures have
been reporteél In contrast, very few structural characteriza-
tions of the neutral species have been reported in the
literature. For R= CN, the neutral Ni, Pd, and Pt compounds
have only recently (2001) been prepared in the form of stable
solutions on a preparative scale and have not yet been
isolated and characterized as sofidsor R = CF;, the
characterization is similarly incomplete: the neutral Pd
complex has not been characterized as a solid, the neutra
Pt complex® was characterized as a solid but no crystal
structure exist! and the neutral Ni complékhas only been
characterized as a cocrystallizate with peryl&ngVhile
cocrystallization typically leads to charge transfer and
reduction of the metal complex, the authors provided
evidence that most of the compound95%) was not
reduced in their cocrystallizaté Surprisingly, none of the
six homoleptic bisdithiolenes obtainable from#¥INi, Pd,
or Pt and R= CN or CRK has been crystallographically
characterized in its pure form. This contrasts with the
situation for less oxidizing bisdithiolenes such as NS
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(norbornadiene) reactions were found for all three metals Ni, Pd, and
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Figure 1. Crystal packing arrangement (left; view along the crystal-
lographica axis) and molecular structure (right) far Selected distances
and angles (A, deg) PtS1, 2.242(2); P&S2, 2.236(2); StC1, 1.701-

(6); S2-C2, 1.692(6); C+C2, 1.380(9); S:Pt1-S2, 88.52(7); StPtl—

S1 (center of inversion at Pt1), 18081—Pt1—-S2, 91.48(7). The orientation

of the 1°°Pt NMR CS tensor (as obtained from DFT computations) is also
shown: 611 and o2, reside in the plane of the molecule, aidds is
perpendicular to this plane. A Cartesian coordinate system is defined having
X, ¥, andz alongday, d11, anddss, respectively, to facilitate discussion (see

Me;]-% where the full redox seriez & 0, 1—, 2—) was
crystallographically characterizédl.

We are currently investigating new properties of the known
compoundl.1® Using careful sublimation under vacuufn,
we obtained high-quality crystals df The single-crystal
X-ray structure was solved using standard methédsview
of the unit cell (Figure 1) shows packing as partially
interlocked stacks of molecules that form extended columns
foughly parallel to the crystallographia axis. Pt-Pt
distances are very long (ca. 4.83 A), ruling out interatomic
bonding interactions. The closest intermolecular neighbor to
each Pt centersia S atom from a neighboring molecule,
and at a distance of ca. 3.96 A, there is no intermolecular
Pt—S bonding. Thus, the structure consists of closely packed
monomericl units. The metal is coordinated in a perfectly
planar fashion (Figure 1; trans S atoms are related by a
crystallographic inversion center). Deviations from ideal
square geometry are due to the bis(chelate) situation, and
an intra-ring S-Pt—S angle of 88.52(7)contrasts with an
inter-ring S-Pt—S angle of 91.48(7) The only other
crystallographically characterized form bis the monoan-
ion,'* 1-. When corresponding bond distances are compared,
it appears that the anioh™ has longer PtS bonds and
shorter C-C bonds compared td, similar to the effect
described for Ni[8C,Me,]»:1* the P+S bond ofl lengthens
from 2.240(4) to 2.255(8) A i, and the intraligand €EC
bond shortens from 1.381(9) A nto 1.33(3) A in1~. While
the effect is predicted by thedfyand likely is very real, the
standard errors (mainly the large standard error of the 1976
structural determination of~) compromise the statistical
significance of the comparison. The bite angle is un-

(14) Lim, B. S.; Fomitchev, D. V.; Holm, R. Hnorg. Chem.2001, 40,
4257.

(15) See the Supporting Information.

(16) Crystal data and structure refinement for purple needle, crystal
size= 0.16 mmx 0.10 mmx 0.06 mm, data collection on a Nonius-
Kappa CCD diffractometer using Mod(0.710 73 A) at 150(1) K,
structure solution with direct methods, structure refinementaén
against all reflections, &1,PtSs, M = 647.41, monoclinic, space
groupP2y/c, a = 4.8285(2) Ab = 15.2998(8) Ac = 10.2753(6) A,
p =102.077(3), Z= 2,V = 742.29(7) B, Dcac = 2.897 g cm3,
7856 reflections collected of which 1305 were independent, GOF
1.027, R1= 0.0317 [data witH = 20(1)], WR2 = 0.0872 (all data).
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Figure 2. 9Pt NMR spectra of Pt[f(CFs)2]2. °P{ 19F} MAS single-
pulse Bloch decay experiments of (@) = 23.0 kHz and (byrot = 20.0
kHz (with numerical simulation) are shown using a spectral widtB50
kHz, pulse delay= 90 s, and pwf{/2) = 1.0us (v1 = 250 kHz). (c) Static
CP/CPMG spectrum with analytical simulation using a @) = 2.5 us
(v1 = 100 kHz),*F NMR matching power of 64 kHz, contact tire 7.0
ms, receiver delay 6.0 us, andry = 72 = 13 = 14 = 20 us. The asterisks
denote the isotropic shifts.

Table 1. Experimental and Computational CS Tensor Parameters

611 522 633 éiso
(ppm) (ppm) (ppm) (ppmy

Experimental Values
static (CP) —1427(50) —3357(59) —7277(56) —4020(50) 5850(100),
0.34(3)

Q
method (ppm)d x®

MAS: HBA —1382(40) —3302(80) —7285(43) —3990(10) 5903(75),
20.0 kHz 0.35(4)
MAS: HBA —1378(66) —3289(66) —7291(83) —3986(7) 5913(150),
23.0 kHz 0.35(3)
Computational Values, Relativistic with ZORA
VWN + BP? —505.7 —2391.1 —7365.7 —3420.8 6846.8,
Qz4P 0.45

aVWN: Vosko, Wilk, and Nusair local correlation functional. BP:
Becke88 exchange with Perdew86 correlation functiotfal$.Qz4pP:
guadruplet basis with four polarization functions in the valenéébsolute
chemical shieldingsd) are obtained from the computations [isotropic
shielding is defined asiso = (011 + 022 + 033)/3] and are converted to
chemical shifts djso) using the formuladiso = (orer — 0)/(1 — orer), Where
oret is the absolute Pt shielding of the reference [BfClI 4 Q = 611 —
033 €k = 3(022 — 0isd)/Q.

changed: 88.52(7)n 1 versus 88.5(5)in 1~.17 In addition
to providing an accurate molecular structure, the crystal
structure proves valuable because close maetadtal contacts

account using the ZORA methodology (Table 1). A
persistent feature of all of the calculations is the CS tensor
orientation: dsz is oriented along th€, rotational axis, while

011 andd; are in the plane of the molecule, directed between
and bisecting the dithiolene ligands, respectively (Figure 1).
011 anddy, are quite different (i.e., the CS tensor is nonaxially
symmetric) in contrast to those of complexes of comparable
symmetry such as Pt(aca®) and Ky[Pt(C,Oq)2]-2H,0,%
which have skews indicating almost perfect axial symmetry
and considerably larger spans. However, they are similar to
those oftrans (EtL.S),PtCh, which has a first coordination
sphere somewhat related to R CFs),], but where Pt is
surrounded by “&Cl," instead of “S§”.%3

A detailed MO analysis is beyond the scope of this paper,
but preliminary calculations oh in D2, symmetry indicate
that 11 and d,, are dependent upon both the energetic
spacings and the symmetries of the occupied and virtual MOs
that make the largest paramagnetic deshielding contributions.
These MOs are largely localized on the dithiolene ligands
as opposed to the metal center, thereby producing extremely
different paramagnetic shielding effects along thandy
axes (Figure 1 and Supporting Information Figure S2).

In conclusion, solid-state NMR spectroscopy can provide
insight into the environment of the metal in neutral high-
potential transition-metal bisdithiolenes. Despite the local
axially symmetric metal environment (square-planas”y'S
in 1, the %Pt NMR CS tensor components in the square
plane clearly lack axial symmetry. This effect may become
a sensitive probe for the noninnocent nature of ligands,
particularly s-electron delocalization involving ligand p
orbitals and metal d orbitals, which is not easily probed for
diamagnetic complexes where electron spin resonance spec-
troscopy cannot be applied.
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can be excluded, and solid-state NMR data can be interpreted\eilson Nguyen for a sample 0LG,(CFs)..

in terms of intramolecular effects only.

19 19F} magic angle spinning (MAS) NMR spectra of
P{SC,(CRs)2]2 (Figure 2a,b) reveal an isotropic chemical
shift (CS; dis) Of ca. —3988 ppm. Using the Herzfeld
Berger (HB) analysisQ2 andx were determined to be 5908
ppm and 0.35, respectively (Table 1). THE—19Pt CP/
CPMG static spectrum was acquired for comparison (Figure
2c) and has similar parameters, which fall within the error
limits of the HB analysis (Table 1). Because CS tensor
components are constrained within or near molecular sym-
metry elements, the most shielded componégy, should
be oriented perpendicular to the plane of the molecule.

Theoretical calculations of Pt CS tensors were performed
in order to confirm the tensor orientation proposed from
experimental data. Both relativistic and nonrelativi&F
calculation®’ show a good agreement between experimental
and theoretical values obis, (Supporting Information).

However, to achieve reasonable agreement for anisotropic
CS tensor parameters, relativistic effects had to be taken into
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