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31P MAS and double-quantum filtered31P MAS NMR experiments at and near then ) 0 rotational resonance
condition, as well as off-magic angle spinning31P NMR experiments on two polycrystalline samples of
Pt(II)-phosphine thiolate complexes are reported. Numerical simulations yield complete descriptions of the
two 31P spin pairs.195Pt MAS NMR spectra are straightforward to obtain but sensitively reflect only some
parameters of the195Pt(31P)2 three-spin system. Based on the31P NMR results obtained and in conjunction
with a large body of literature data and irrespective of the chemical nature of the specimen, a unified picture
of the dominating motif of31P chemical shielding tensor orientations of phosphorus sites with 4-fold
coordination is identified as a local (pseudo)plane rather than the directions of P element bond directions.

Introduction

Small isolated spin systems play an important role in the
context of many contemporary solid-state NMR approaches,
ranging from applications aiming at structure elucidation to the
evaluation of the performance of newly developed pulse
sequences. Isolated homonuclear31P spin pairs occur, for
instance, in molecular fragments P-M-P in transition-metal-
phosphine complexes. If M happens to be a magnetically active
isotope, then the P-M-P fragment represents an isolated three-
spin system. It is usually straightforward to obtain high-quality
experimental31P solid-state NMR spectra of these (and similar)
spin systems in polycrystalline samples. The more challenging
aspects are concerned with the extraction of the full set of
unknown parameters describing these spin systems. Analysis
of such experimental31P NMR spectra requires numerically
exact spectral line shape simulations in conjunction with iterative
fitting procedures. The challenge for31P spin systems mainly
arises as a consequence of the 100 percent natural abundance
of the isotope31P, causing the need to determine simultaneously
relatively large numbers of unknown parameters even for small
spin systems.

Here we take thecis-PtP2 fragment in two square-planar
Pt(II)-phosphine complexes as representative examples. The
spin1/2 isotope195Pt has a natural abundance of 33.8%. Accord-
ingly, the PtP2 fragment consists of 33.8% isotopomers contain-
ing a (31P)2(195Pt) three-spin system and 66.2% (31P)2 spin-pair
isotopomers. Typical orders of magnitude of the NMR interac-
tions in thecis-PtP2 fragment are as follows. Chemical shielding
anisotropies are of the order 103-104 Hz (31P) or 105 Hz
(195Pt) for common external magnetic field strengths, homo-
nuclear 31P-31P and heteronuclear195Pt-31P direct dipolar
coupling constants both are of the order 102 Hz, magnitudes of

indirect heteronuclear dipolar coupling constants1Jiso(195Pt,31P)
are of the order 103 Hz, whereas indirect homonuclear dipolar
coupling constants2Jiso(31P,31P) are of the order 100-101 Hz
and may have either positive or negative sign.1,2 The anisotropy
of indirect dipolar coupling31P-31P may be neglected, but the
anisotropy of indirect dipolar coupling195Pt-31P may amount
to the order of 103 Hz and thus may exceed the magnitude of
the corresponding direct dipolar coupling constants.

The two compounds containingcis-PtP2 fragments chosen
for this study represent one case for which the crystal structure
is not known (compound1) whereas the crystal structure of
compound2 is known (Figure 1).31P MAS NMR spectra with
and without double-quantum filtration (DQF), as well as31P
NMR spectra obtained under off-magic-angle spinning (OMAS)
conditions serve as the basis for the determination of all31P
NMR parameters in1 and2. In addition, we consider briefly
195Pt MAS NMR spectra of1 and2 and will discuss in more
general terms the orientation of31P chemical shielding tensors
in molecular moieties with phosphorus in 4-fold coordination.

Experimental Section

Samples. Compound1. Following a published synthesis
procedure,3 pure1 was obtained in 92% yield after recrystal-
lization from CH2Cl2/Et2O. Solution-state31P NMR (CD2Cl2)
of 1: ωiso

CS ) -52.2 ppm,1Jiso(195 Pt,31P) ) 2702 Hz; 13C
CP/MAS NMR of 1 (aromatic region):ωiso

CS ) -150.5 ppm;
-130.9 ppm (2Jiso(195 Pt,13C) ) 63 Hz); -121.3 ppm.

Compound2. Reaction ofcis-(nBu3P)2PtCl2 with an equimolar
amount of 1,2-dimercapato-benzene in CH2Cl2 in the presence
of a small amount of NEt3 at ambient conditions for 12 h yielded
crude2 after evaporation of the solvent. Pure2 was obtained
in 63% yield after recrystallization from MeOH atT ) 243 K.
Solution-state31P NMR (CD2Cl2) of 2: ωiso

CS ) 5.0 ppm,
1Jiso(195Pt,31P) ) 2745 Hz;13C CP/MAS NMR of2 (aromatic
region): ωiso

CS ) -149.8 ppm and-146.8 ppm;-129.4 ppm
(2Jiso(195Pt, 13C) ) 63 Hz) and-128.5 ppm (2Jiso(195Pt,13C) )
68 Hz); -121.5 ppm and-120.8 ppm. Crystals of2 suitable
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for structure determination by single-crystal X-ray diffraction
were obtained by slow crystallization from a MeOH solution
at room temperature.2 crystallizes in space groupPbca,4 the
relevant internuclear distances are Pt-P1, 229.4 pm, and
Pt-P2, 229.3 pm, and the P1-Pt-P2 bond angle is 98.0°. The
molecular structure of2 is depicted in Figure 4.

31P and 195Pt MAS NMR. 31P MAS NMR spectra were
recorded on Bruker MSL 100, MSL 200, MSL 300, and DSX
500 NMR spectrometers, equipped with standard 4 or 7 mm
double-resonance double-bearing CP MAS probes. The corre-
sponding31P Larmor frequenciesω0/2π are -40.5, -81.0,
-121.5, and-202.5 MHz. Hartmann-Hahn cross polarization
(CP) was used (1H π/2-pulse durations 2.5-3.5 µs, recycle
delays 3-5 s, and CP contact times 0.5-2.0 ms). Line shapes
of experimental31P MAS NMR spectra were checked to be
identical when using either cross polarization or31P single-pulse
excitation. 31P chemical shielding is quoted with respect to
ωiso

CS ) 0 ppm for the31P resonance of 85% H3PO4. 195Pt CP
MAS NMR spectra were recorded on the MSL 100 (7 mm rotor,
ω0/2π ) - 21.4 MHz) and MSL 200 (4 mm rotor,ω0/2π )
- 42.8 MHz) spectrometers, employing1H π/2-pulse durations

of 3.5-4.5 µs and CP contact times of 5 ms.195Pt chemical
shielding is given relative to¥(195Pt) ) 21.4 MHz.5

MAS frequencies were generally in the rangeωr/2π ) 1-10
kHz and were actively controlled to within( 2 Hz. 1H c.w.
decoupling with amplitudes in the range 55 kHz to 85 kHz was
employed during signal acquisition. Special care was taken to
adjust the magic angleâRL ) tan-1x2 for all MAS NMR
experiments as accurately as possible by optimizing the line
shape of the31P resonance of (Et2 PdS)2 under MAS condi-
tions.6 The shape of the31P resonance of P(C6H11)3 served for
calibration of the spinning angle in OMAS NMR experiments.
For double-quantum filtration experiments the COSY-like
sequence CP(x) - τ - (π/2)(y) - ∆ - (π/2)(φ) - acqusition was
used7 whereφ indicates phase cycling suitable for DQF.8 The
duration of∆ was fixed as∆ ) 3.5 µs, the duration ofτ was
varied.

Definitions, Notation, and Numerical Methods.Shielding
notation9 is used throughout. For the interactionsλ ) CS
(chemical shielding),λ ) D (direct dipolar coupling), andλ )
J (indirect dipolar (J) coupling) the isotropic partωiso

λ , the
anisotropyωaniso

λ , and the asymmetry parameterηλ relate to the
principal elements of the interaction tensorωλ as follows:10

ωiso
λ ) (ωxx

λ + ωyy
λ + ωzz

λ )/3, ωaniso
λ ) ωzz

λ - ωiso
λ , andηλ ) (ωyy

λ

Figure 1. Schematic representation of molecules1 and2.

Figure 2. Experimental (upper traces) and best-fit simulated (lower
traces)31P NMR spectra of1. The arrow indicates the isotropic region
of the (31P)2-isotopomer spectrum, simulated spectra only take the (31P)2
isotopomer into account. (a)31Pn ) 0 R2 MAS NMR, ω0/2π ) -121.5
MHz, ωr/2π ) 3521 Hz; (b)R2-DQF 31P MAS NMR,ω0/2π ) -121.5
MHz, ωr/2π ) 2650 Hz,τ ) 3.0 ms,∆ ) 3.5µs; (c)31P OMAS NMR,
ω0/2π ) -81.0 MHz,ωr/2π ) 2028 Hz,âRL ) 56.023°.

Figure 3. Illustration of the orientation of the31P chemical shielding
tensors in the S2PtP2 fragment of molecule1.

Figure 4. Molecular structure of solid2 according to single-crystal
X-ray diffraction.4
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For indirect dipolar couplingωiso

J ) πJiso, and for direct
dipolar couplingηD ) ωiso

D ) 0 andωaniso
Dij ) bij ) - µ0γiγjp/

(4πrij
3), whereγi andγj denote gyromagnetic ratios andrij is

the internuclear distance between spinsSi and Sj. i, j ) 1, 2
refers to the homonuclear (31P)2 part of the (31P)2(195Pt) three-
spin system. The Euler anglesΩIJ ) {RIJ, âIJ, γIJ} relate axis
systemI to axis systemJ; I,J denote P (principal axis system,
PAS), C (crystal axis system, CAS), R (rotor axis system, RAS),
or L (laboratory axis system).11 In the context of MAS NMR
experiments on the (31P)2(195Pt) spin system, it is convenient to
define the PAS ofωD12 as the CAS,ΩPC

D12 ) {0, 0, 0}. Our
procedures for numerically exact spectral line shape simulations
and iterative fitting are fully described and discussed in detail
elsewhere, in particular addressing then ) 0 rotational
resonance (R2) condition for isolated homonuclear spin pairs,12,13

variousn ) 0, 1, 2R2 conditions in an isolated homonuclear
four-spin system,13 and different heteronuclear dipolar de- and
recoupling MAS conditions for isolated heteronuclear two-14

and three-spin systems.15,16 For meaningful simulations of
OMAS NMR spectra, larger sets of powder angles are needed
(e.g., 700 sets of angles selected by REPULSION17) than in
simulations of MAS NMR spectra (e.g., 232 sets).

Results and Discussion

The following section is organized into three parts. First, we
will discuss the experimental determination of the parameters
of the 31P spin pairs in1 and 2. The second part will briefly
describe195Pt MAS NMR spectra of1 and2. In the third part
we will discuss general trends in the orientations of31P chemical
shielding tensors for phosphorus atoms in 4-fold coordination.

31P NMR of Solid 1 and 2.Experimental options to generate
31P NMR spectra of polycrystalline powder samples containing
the PtP2 fragment include experiments on nonspinning samples,
on samples spinning under off-magic-angle (OMAS) conditions,
and on samples under MAS conditions with or without so-called
dipolar recoupling16 and/or double-quantum filtration techniques
applied. With the exception of31P NMR spectra of nonspinning
samples of1 and2 here all these experimental techniques are
used. Static powder patterns of samples such as1 or 2,
containing not only isolated31P spin pairs but also isotopomers
195Pt(31P)2, are not a suitable starting point for the full
characterization of the31P spin pair as31P spectral contributions
from both isotopomers overlap heavily. This is not a problem
for the simulation of spectra, but it would be a major problem
for the extraction of multiple parameters from experimental
spectra. Therefore, our data analysis is based on experimental
data for which sample spinning provides a separation of the
31P spectral contributions from the two isotopomers.

(i) 31P NMR of 1. Inspection of a13C MAS NMR spectrum
of 1 is a good starting point for the analysis of31P MAS NMR
spectra of1. Only three sharp13C resonances are observed for
the aromatic thiolate ligand, indicating molecular symmetry (see
the Experimental Section). Either aC2 axis or a mirror plane
bisecting the P-Pt-P angle are possible, both rendering the
two phosphorus sites in a molecule of1 crystallographically
equivalent. The corresponding two31P chemical shielding
tensors thus represent a so-calledn ) 0 rotational resonance
(R2) condition12,18 with identical isotropic chemical shielding
values but nonidentical chemical shielding tensor orientations.
The n ) 0 rotational resonanceR2 condition gives rise to
complicated spectral line shapes in which the magnitudes and
orientations of all interaction tensors of the spin pair are usually
sensitively encoded12-14 at arbitrary spinning frequencies. A

priori, in the absence of knowledge of the crystal structure of
1, we do not know which of the two symmetry operations is
present, and experimental31P MAS NMR spectra of1, obtained
at different MAS and Larmor frequencies, have to be fitted for
either of the two possibilities. Note that the presence of aC2

symmetry element is a special case for a spin pair as it defines
the absolute orientation of the two31P chemical shielding
tensors13 whereas a symmetry plane only defines their relative
orientations, leaving free rotation of the tensors around the
unique axis of the31P-31P dipolar coupling tensor possible.

Figure 2a depicts a31P MAS NMR spectrum of1, together
with the corresponding final best-fit simulated spectrum. Itera-
tive fitting of various different straightforward31P MAS NMR
spectra of1 converges to identical solutions when assuming
either of the two symmetry elements to be present. In principle
the two different symmetries are distinguishable but they turn
out indistinguishable for the31P spin pair in1 because of the
values of the Euler angles beingRPC

CS1 ) 90° ( 9° andγPC
CS1 )

0° ( 3° (see Table 1). Iterative fitting of several31P MAS NMR
spectra of1 defines, for instance, the set of anglesΩPC

CS1 ) {87
( 11, 51( 6, 0 ( 6}. This result can be further improved by
additional analyses of the31P spectral line shapes obtained by
applying a COSY-like pulse sequence with double-quantum
filtration (DQF) under MAS conditions and by analyzing
experimental spectra obtained under OMAS conditions. Ex-
perimental31P R2-DQF and OMAS NMR spectra of1 are
depicted in Figure 2, panels b and c, together with the
corresponding best-fit simulations.R2-DQF MAS NMR line
shapes at and near then ) 0 R2 condition are known to exhibit
higher sensitivities toward anisotropic interaction parameters
than conventionalR2 line shapes.12 Spinning the sample at an
angle âRL * tan-1x2 (OMAS) leads to spinning sideband
patterns where each sideband represents a scaled powder pattern,
slightly different from the spinning sideband pattern obtained
when spinning exactly at the magic angle.19-23 With OMAS
conditions only slightly deviating from the magic angle we find
that often minima regions in error maps are more sharply defined
than based onR2 or R2-DQF MAS NMR line shapes. The
uncertainties of the data given in Table 1 are the combined
constraints from fitting experimental31P R2 andR2-DQF MAS
as well OMAS spectra of1. Our 31P NMR data yield a P-P
distance in1 of 305 ( 2 pm, in excellent agreement with the

TABLE 1

1 (C2)a 1 (σ)a 2

ωiso
CS1 [ppm] -60.0 -60.0 +2.1

ωiso
CS2 [ppm] -60.0 -60.0 +2.5

ωaniso
CS1 [ppm] 78.0( 1 77.8( 1 -57 ( 3

ωaniso
CS2 [ppm] 78.0( 1 77.8( 1 -68 ( 3

ηCS1 0.52( 0.02 0.50( 0.02 0.35( 0.1
ηCS2 0.52( 0.02 0.50( 0.02 0.35( 0.1
RPC

CS1 [°]b 90 ( 9 92( 9 95( 21
âPC

CS1 [ °]b 51 ( 3 45( 3 40( 11
γPC

CS1 [°]b 0 ( 3 0 43( 30
RPC

CS2 [°]b 90 ( 9 -92 ( 9 49( 21
âPC

CS2 [°]b 231( 3 88( 9 130( 10
γPC

CS2 [°]b 180( 3 0 0
2Jiso(31P,31P) [Hz] -9.3( 5 -13.0( 5 -23.0( 6
b12/2π [Hz] -708( 31 -683( 31 -475c

a The Euler anglesΩPC
CS1,2 are related by symmetry. If related byC2

symmetry: RPC
CS2 ) RPC

CS1; âPC
CS2 ) âPC

CS1 + π; γPC
CS2 ) - γPC

CS1 + π. If
related by a mirror planeσ: RPC

CS2 ) - RPC
CS1; âPC

CS2 ) π - âPC
CS1; γPC

CS2 )
γPC

CS1. b The Euler anglesΩPC
CS are given relative toΩPC

D12 ) {0, 0, 0}
with the x axis of the dipolar coupling tensor taken as parallel to the
C2 symmetry axis.c Calculated from the crystal structure.4
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results of X-ray diffraction studies of numerous closely related
compounds containing acis-S2PtP2 moiety.24

Figure 3 illustrates the orientation of the two31P chemical
shielding tensors in the molecule1. For the 31P chemical
shielding tensors in1, the zz component represents themost
shielded direction and is oriented along the direction of the
respective Pt-P bonds. For the moment, we leave the issue of
the 31P chemical shielding tensor orientation at this stage but
will return to this topic later (see below).

(ii) 31P NMR of 2. The starting point for the analysis of31P
MAS NMR spectra of2 is the crystal structure. The molecular
structure of solid2 is shown in Figure 4. The two phosphorus
sites in the molecule are not crystallographically equivalent and
will thus give rise to two slightly different31P resonances. In
accordance with the crystal structure data,13C MAS NMR
spectra of2 display six13C resonances for the aromatic ring of
the thiolate ligand (see the Experimental Section). From the
known internuclear31P-31P distance in2, the corresponding
dipolar coupling constant is calculated and does not have to be
determined from iterative fitting of31P MAS NMR spectra of
2. Other than for1, however, in 2 there is no symmetry
relationship between the two31P chemical shielding tensors,
and accordingly, simulations have to allow for a (small)
difference in isotropic chemical shielding of the two resonances
as well as for unrelated Euler angles describing the orientations
of the two 31P chemical shielding tensors. Despite the known
crystal structure, simulations of the31P MAS NMR spectra of
2 involve more unknown parameters than was the case for1.

We follow the same procedure as before. After recording
several different31PR2 andR2-DQF MAS as well OMAS NMR
spectra of2 and combining all results, we obtain the data given
in Table 1. These best-fit parameters yield the simulated spectra
shown in Figure 5, together with the corresponding experimental
31P NMR spectra of2. Determination of the31P chemical
shielding values of2, representing a nearn ) 0 31P R2 spin
system, particularly gains fromR2-DQF MAS NMR experiments

where all orientational parameters are more sensitively encoded
than in the conventionalR2 MAS or OMAS NMR spectra.12

Note that for1 and 2 the values as well as the signs of the
isotropicJ-coupling constants2Jiso(31P,31P) are well defined from
the line shape analyses even if theseJ couplings are not resolved
in the spectra and none of the splittings visible in some of the
spectra directly depict theseJ couplings.

Again, just as before for1 (see Figure 3), we illustrate the
orientations of the two31P chemical shielding tensors in2 in
Figure 6. Also for2 the direction of thezzcomponents of the
two chemical shielding tensors nearly coincide with the direc-
tions of the corresponding Pt-P bond directions. However, in
contrast to1, for 2 the zz components of the two chemical
shielding tensors represent theleastshielded components. We
will return to this seeming puzzle below.

195Pt MAS NMR of 1 and 2. 195Pt MAS NMR spectra of1
and2 are depicted in Figure 7. Given that we observe the X-part
spectrum of the195Pt(31P)2 three-spin systems in1 and2 and
that we know all parameters of the31P parts of these spin
systems, one might expect to be able to fully characterize also
the195Pt part of the spin systems, provided some heteronuclear
dipolar recoupling pulse sequence16 is applied, or a sufficiently
slow MAS rate is used so that the heteronuclear195Pt-31P direct
dipolar coupling interactions are not completely averaged out.

Obviously (Figure 7), experimental195Pt MAS NMR spectra
of 1 and2 are well reproduced by numerical simulations. Closer
inspection of various experimental data, however, reveals that
even at a low Larmor frequencyω0/2π ) -21.4 MHz and at
very slow spinning ratesωr/2π e 800 Hz, the only sensitively
encoded fit parameters are the anisotropy of the195Pt chemical
shielding and the isotropicJ-coupling constants1Jiso(195Pt,31P).

Figure 5. Experimental (upper traces) and best-fit simulated (lower
traces)31P NMR spectra of2. The arrow indicates the isotropic region
of the (31P)2-isotopomer spectrum, simulated spectra only take the (31P)2
isotopomer into account. (a)31Pn ) 0 R2 MAS NMR, ω0/2π ) -121.5
MHz, ωr/2π ) 2046 Hz; (b)R2-DQF 31P MAS NMR,ω0/2π ) -121.5
MHz, ωr/2π ) 2740 Hz,τ ) 3.3 ms,∆ ) 3.5µs; (c)31P OMAS NMR,
ω0/2π ) -81.0 MHz,ωr/2π ) 2075 Hz,âRL ) 56.196°.

Figure 6. Illustration of the orientation of the31P chemical shielding
tensors in the S2PtP2 fragment of molecule2.

Figure 7. Experimental (upper traces) and simulated (lower traces)
195Pt MAS NMR spectra of1 (a) and2 (b); arrows indicate center band
resonances,ω0/2π ) -42.8 MHz. (a)ωr/2π ) 7449 Hz; (b)ωr/2π )
7439 Hz.
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In addition, it turns out that the spinning angle is a highly
sensitive fit parameter: deviations from the magic angle as small
as(0.05° lead to significant changes in the spinning sideband
patterns of these195Pt MAS NMR spectra. This finding for MAS
NMR spectra of spin-1/2 isotopes with very large chemical
shielding anisotropies is familiar from MAS NMR experiments
on quadrupolar nuclei where large quadrupolar interactions also
lead to spectra being highly sensitive to the accurate setting of
the magic angle.25 Even if the large195Pt chemical shielding
anisotropy would not be the overwhelmingly large interac-
tion parameter in the195Pt(31P)2 three-spin systems in1 and
2, we may be faced with another difficulty in determining
the geometry of the PtP2 moiety from 31P and 195Pt MAS
NMR experiments. The values of theJ-coupling constants
1Jiso(195Pt,31P) in 1 and 2 are ca. 2700 Hz. Therefore, an
anisotropy of thisJ-coupling interaction of a similar magnitude
is likely to be present.ωaniso

J may add to, or subtract from, the
respective dipolar coupling constants, with theJ-coupling tensor
having an unknown orientation. This may then lead to an
apparent dipolar coupling constantbeff which would not directly
reflect the internuclear195Pt-31P distances, making it impossible
to deduce these internuclear distances. In fact, it has been found
earlier for the CdP2 fragment in a Cd(II)-phophine complex
that the heteronuclear113Cd-31P dipolar coupling and the
anisotropy of theJ coupling1J(113Cd,31P) essentially cancel each
other.15

31P Chemical Shielding Tensor Orientations.There is a
fair number of31P solid-state NMR studies in the literature in
which 31P chemical shielding tensor orientations have been
determined experimentally.31P NMR experiments on oriented
single crystals14,26-43 as well as31P NMR studies on polycrys-
talline powders1,13-15,44-47 have been reported. Most often, the
31P chemical shielding tensor orientations are being discussed
by describing the orientation of certain bond directions relative
to the directions of thexx, yy, andzz components of the31P
chemical shielding tensors. Implicitly, we have so far followed
this common practice (see Figures 3 and 6) by mentioning that
in both1 and2 the 31P chemical shielding tensors are oriented
such that the directions of theirzzcomponents nearly coincide
with the respective Pt-P bond directions. This line of argument,
however, leads to some confusion. Why should in one of these
two very closely related compounds themostshielded direction
coincide with Pt-P bond direction, and why should this be the
leastshielded direction in the second compound? Obviously, it
is not the Pt-P bond direction that reveals the common pattern
of these31P chemical shielding tensor orientations.

Here it helps to consult results in the literature which cover
a wide range in terms of chemistry, ranging from phosphorus
in organophosphates and in inorganic phosphates all the way
to phophorus in transition-metal phosphine complexes. All these
diverse compounds have in common that the phosphorus atom
is 4-fold coordinated in a more or less distorted tetrahedral
PE4 environment (E) C, O, S, Pt, Hg, Cd, ...). The corre-
sponding31P chemical shielding tensors also have something
in common, irrespective of the chemical nature of the com-
pounds. One can always find a local (pseudo)plane of symmetry,
defined by the P atom and two of its neighbored atoms, and
always the direction of one of the31P chemical shielding tensor
components is perpendicular to this plane. Sometimes the final
result is such that one of the remaining two components of the
31P chemical shielding tensor will actually coincide with a
molecular P-E bond direction (for example, in1 and2), but
the local plane is the dominating element in defining the31P
chemical shielding tensor orientation. Recasting our results on

1 and2 in the light of a local plane as the determining element,
immediately reveals the common property of the31P chemical
shielding tensors in these two compounds. Drawing a plane
defined by the local coordination PtPC3, containing the central
P atom in its distorted tetrahedron environment, the platinum
atom and the directly bonded carbon atom of one of the three
organic substituents of the phosphine ligand, identifies that in
both cases the direction of the intermediateyy-component of
the 31P chemical shielding tensor is oriented perpendicular to
this idealized local plane. This is illustrated in Figure 8.

The determining role of a local plane in defining31P chemical
shielding tensor orientations becomes particularly clear from
the example of an organic phosphate salt. The31P chemical
shielding tensor in tris-ammonium phosphoenolpyruvate14 has
a very small asymmetry parameterηCS and the P atom is in a
nearly tetrahedral local O3PO-C coordination. Chemical intu-
ition might thus suggest that the direction of the nearly unique
zz-component of this31P chemical shielding tensor should
approximately coincide with the chemically distinct P-C bond
direction in this O3PO-C moiety. This is not the case as is
revealed by31P single-crystal NMR, again it is a local plane
spanned by two of the oxygen atoms and the phosphorus atom
that marks the orientation of the31P chemical shielding tensor,
the directions of neither of the shielding tensor components
coincide with a bond direction in this molecule.

Summary and Conclusions

Combining31PR2 andR2-DQF MAS NMR and OMAS NMR
experiments provides a good database for the full characteriza-
tion of 31P spin pairs in polycrystalline powder samples by line
shape analysis. Even if not necessary for reasons of background-
signal suppression,R2-DQF MAS experiments and in particular
OMAS NMR spectra are a useful complement to conventional
R2 MAS NMR experiments in that these additional experiments
display different, and often higher, sensitivities to the various
anisotropic interaction parameters of the spin pair. Owing to
the very large195Pt chemical shielding anisotropies and the

Figure 8. Orientations of the31P chemical shielding tensors in1 (a)
and 2 (b) with the local planes defined by C-P-Pt shown; the
directions of the intermediateyy components of the shielding tensors
are perpendicular to these planes.
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unknown anisotropies of theJ couplings1J(195Pt,31P) it turns
out impossible to derive the orientation of the195Pt chemical
shielding tensor in molecular fragments P2Pt from 195Pt MAS
NMR experiments, although good quality195Pt MAS NMR
spectra are easily obtained. From the31P NMR results on1 and
2 and from numerous literature data a unified picture concerning
the dominating motif of the orientation of31P chemical shielding
tensors of phosphorus sites in 4-fold coordination emerges as a
local (pseudo)plane rather than the directions of the P-element
bond directions, irrespective of the chemical nature of the
specimen.
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TABLE 2: 195 Pt NMR Data of 1 and 2

1 2

ωiso
CS [ppm] 338 225

ωaniso
CS [ppm] 550 -907

ηCS 0.4 0.1
1Jiso(195Pt,31P) [Hz] 2666 2708; 2772
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