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Abstract: Accurate measurements of the magnitudes and relative orientations of chemical shietdingling and

dipolar coupling tensors for isolated homonucl&&—31P spin pairs, using standattP MAS NMR experiments in
conjunction with efficient numerical simulation and iterative fitting procedures are described. For a series of transition-
metal phosphine complexesR,MX, containing pairs of crystallographically equivalent phosphorus atoms such
that they constitute isolated magnetically nonequival#t3P spin-pair systems, it is demonstrated that the combined
effects from MAS averaging) = O rotational resonance dipolar recoupling, dnécoupling lead t§'P MAS NMR

spectra with detailed structural features. These features are highly dependent on the tensorial interactions as well as
on the applied external magnetic field strength and MAS frequency. The experimental observations are reproduced
by numerically exact computer simulations. Iterative fitting®f MAS spectra, recorded under various experimental
conditions, allows for determination of accurate parameters for the isotropic and anisotropic interactions characterizing
the 31P—31P spin pair. In particular, we demonstrate that the orientation of the chemical shielding tensors relative
to each other and relative to the internuclear axis can be determined with high accuracy.

Introduction because the two spins in this case exhibit identical isotropic
chemical shifts which effectively prevents averaging of the

The past years have witnessed a considerable interest in Usingyonsecylar terms of the dipolar interaction even under magic-

81p solid-state NMR spectroscopy for the retrieval of information angle spinning (MAS) conditions. This recouplihy® often
about structure and dynamics for a large variety of phosphorus- referred to asn = O rotational resonance, implies ,that it is
containing organic and inorganic solids. For solids containing ,gsiple to obtain detailed information about the anisotropic
spatially well !solated phosphorus a_toms, standard POWderNMRinteractions from MAS spectra which, in addition, provide
methods suffice to extract information about magnitudes of the ¢, jitions of fairly high spectral resolution and sensitivity.
respectivélP chemical shielding tensors. For solids containing Especially in the so-called slow spinning regime, the combina-
two (or more)*!P spins coupled either indirectly Bycoupling tion of MAS averaging,J recoupling, anch = 0 rotational

or through space by dipolar coupling, solid-state NMR may egqnance leads to complicated spinning side band patterns, the
under favorable conditions provide additional detailed informa- ;1 ,cture of which is highly sensitive to indiretand to dipolar

tion about internuclear distances, coupling networks, and relative ., njing as well as to anisotropic chemical shielding interac-
orientations of anisotropic interaction tensors. This holds true, tions. In particular, it is important that the spectral lineshapes

. . - l _31 H H H . . . .
in particular, for isolated'P—*!P spin pairs where it has been  yenend on the recoupled dipolar interaction: this dependency
shown that useful information about internuclear distances and g 5ples the determination of the relative orientations of the

relative orientations of'P chemical shielding tensors may be  pemical shielding tensors with respect to the internuclear axis.
extracted from powdé# or single-crystal 3P NMR spectra. In 13C MAS NMR spectroscopy, major efforts have been
For larger spin. systems the spectra often become exceedingly, 4 4e to design and optimize dipolar recoupling schéfhfes
complex and difficult to interpret in terms of parameters of the ¢ expioitation of precisely this useful dependency for purposes
various isotropic and anisotropic interactions. of structural analysis also for those conditions wherero 0
Among the isolated'P—3'P spin pairs, those composed of  rotational resonance exists. ¥C NMR, dipolar recoupling
chemically equivalent but magnetically inequivalé# spins  methods are now commonly used, despite the fact that usually
have attracted particular interest. From a structural point of specific'3C isotopic labeling is required. The more surprising
view such spin pairs are of interest because the nuclei and theirjt seems that for isolatedP—31P spin pairs-where even no
local environment are interrelated by rotation-reflection sym- axtra-effort with isotopic labeling is necessatijttle attention
metry operations within the molecular symmetry group. From has so far been devoted¥® MAS NMR as a means to extract
a NMR point of view such spin pairs are particularly interesting accurate parameters for the anisotropic interactions of dipolar
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coupled®’P—3IP spin pairs: spectral lineshape simulations have
only been reported fof’P MAS spectra of an isolateglyro-
phosphate, ;4= moiety! and very recently for two organo-
phosphorus compoundslin contrast, several studies éH—

31p spin pairs displaying = O rotational resonance effects have
instead focused on aspectsJofecoupling=1! or have applied

more complicated and time-consuming experimental methods
such as two-dimensional spin-echo experiments on static

powders to separate effects from the various spin-pair interac-
tions in distinct spectral dimensions. Variable-angle spinning

has been used as a method to reduce the effects of the

structurally important dipolar interaction while employing the
isotropicJ coupling to establish information about the relative
orientation of chemical shielding tensdfs. The practical

applicability of isotropicJ coupling related approaches for the

extraction of orientational chemical shielding tensor parameters

is constrained to cases fulfilling combined requirements of a
limiting maximum spread of the chemical shielding tensors and
a limiting minimum in magnitude of the isotropitcoupling.

In this study, we demonstrate that straightforwéifl MAS
NMR, in combination with numerically exact simulation and

iterative fitting of the experimental spectra, represents an
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typically 2—3 ms, with recycle delays of ca~% s 2 and3) and 30

s (1), and withzz/2 pulse durations in the range 2:8 us. 3P MAS

NMR spectra were recorded on Bruker MSL 100, MSL 200, MSL 300,
and DSX 500 NMR spectrometers, corresponding®¥® Larmor
frequencies of 40.5, 81.0, 121.5, and 202.5 MHz, respectively. Standard
double-bearing probes and Zr@tors (4 and 7 mm diameter) were
used; spinning frequencies were in the range-Q8BkHz. The stability

attractive route to detailed and accurate information about of the MAS frequencies was actively controlled withirl Hz, using

magnitudes and relative orientations of dipolar coupling and
chemical shielding tensors for isolatédP—31P spin pairs
displayingn = 0 rotational resonance effects. Exemplified by
the analysis of'P MAS NMR spectra of three different such
31p—31p gpin-pair systems (obtained at different external

home-built equipment. The 2BIP spin-echo experiment on a static
powder sample 08 was performed as described in ref 2, except that
the plain 7 pulse has been replaced by a compositepulsel®
Simulations of the 2'P spin-echo spectrum are based on eqs 5 and
7 given in ref 2. 3P chemical shielding is reported relative to external

magnetic field strengths and MAS frequencies), it is shown that 85% FPOs, 0iso = 0; shielding notationd = —o [ppml) will be used

owing to the high sensitivity of the spectral lineshapes in these

31p MAS NMR spectra to the combined effects of external

experimental parameters and internal anisotropic NMR interac-
tions, orientational spin-pair parameters may be obtained with sejected for 0= acr < 27 and 0 = Aer

high accuracy. Ou¥'P—31P spin pairs are represented by three

different transition-metal phosphine complexes where the pres-

throughout text and Table 1; ppm scales plotted in figure® aeales.
All calculations were performed on a Digital Alpha 1000 4/200
workstation and typically required 48 min of CPU time for a
calculation including 10242048 points, 232 crystallite orientations
< & according to the
REPULSION method? 20—30 steps (< ycr < 27 averaging by time-
translation of the Hamiltoniahand integration of the homogeneous

ence of bulky organic ligands attached to the P atoms ensuresevolution in 36-40 steps over the rotor period.

that we are dealing with isolate#}P—31P spin pairs. The
selection of compounds is such that a variety of relative

magnitudes of anisotropic interactions is represented by com-

poundsl—3.

Experimental Section

Compoundsl,*® 2,1 and 3! were synthesized following published
methods. AIFP MAS NMR spectra were obtained using conventional
Hartmann-Hahn cross-polarization (CP) with CP contact times of

(6) (@) Gullion, T.; Vega, SChem Phys Lett 1992 194, 423. (b)
Bennett, A. E.; Ok, J. H.; Griffin, R. G.; Vega, $.Chem Phys 1992 96,
8624. (c) Sodickson, D. K.; Levitt, M. H.; Vega, S.; Griffin, R. 6Chem
Phys 1993 98, 6742. (d) Tycko, R.; Smith, S. Q. Chem Phys 1993
98, 932. (e) Tycko, RJ. Am Chem Soc 1994 116, 2217. (f) Nielsen,
N. C.; Bildsge, H.; Jakobsen, H. J.; Levitt, M. Bl. Chem Phys 1994
101, 1805. (@) Zhu, W.; Klug, C. A.; Schaefer,J.Magn ResonA 1994
108 121. (h) Baldus, M.; Tomaselli, M.; Meier, B. H.; Ernst, R.Ghem
Phys Lett 1994 230, 329. (i) Sun, B.-Q.; Costa, P. R.; Kocisko, D.;
Lansbury, P. T.; Griffin, R. GJ. Chem Phys 1995 102 702. (j) Geen,
H.; Titman, J. J.; Gottwald, J.; Spiess, H. WMagn ResonA 1995 114,
264. (k) Gottwald, J.; Demco, D. E.; Graf, R.; Spiess, H.@tem Phys
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0. G.; Nielsen, N. C.; Levitt, M. HChem Phys Lett 1995 242 304. (m)
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Numerical Simulation and Iterative Fitting

The theory describing the evolution of the density matrix for
isolated pairs of spin-1/2 nuclei has been described extensively
in the literature® Therefore, here we restrict ourselves to a
very condensed description of the theory and definitions required
for numerical simulation and iterative fitting §tP—31P spin-
pair systems as described in this work.

In the Zeeman interaction representation, the high-field
truncated Hamiltonian of a homonuclear—Sg spin-pair system
may conveniently be written

H() = wa()Sy, + 0p(1)Ss, + 0p()(BSSs, — Si'S) +
0SS (1)

with A and B referring to chemical shielding) to dipolar

coupling, andJ to indirect coupling (assumed isotropic). For
each of these interactions the time and orientation dependence
may be expressed in terms of a Fourier series

2
o)=Y o expima) 2)
m=-2
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McAuliffe, C. A., Ed.; Macmillan: London, 1973.
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wherew, denotes the spinning frequency in angular units. The
Fourier coefficients take the general form
\/_

winis{
Dé,m(szém]dzm,o(ﬁm 3)

For the chemical shielding interactioh= A or B), the isotropic

and anisotropic frequency components are givenujfg\g =

— 0y, andw’, .= — w0, Fespectively, with the isotropic
chemical shift, the chemical shielding anisotropy, and the
asymmetry parameter related to the principal elements of the
shielding tensor according trﬁ'soz o, + of,y + o@/&aﬁmso
= Oiz - o?so’ andn* = (oiyy - Oiglogniso(lo/zlz ~ Oisdl Z |oixx -
oL = oy, — Oisol)-  Likewise, for the coupling interactions
we havewi]so = 7dpes w;niso =0, wgo =0, wgniso = bag =
—uoyAth/(MriB), andnP = 0, whereJag, bas, andrg refer

to the scalar indirect coupling, the dipolar coupling, and the
internuclear distance, respectivelyﬁmO is a reduced Wigner

element andD?(Qf

m _ 2
w; _wisoémzo

A
+ D3 (@) — iG[Diz,fm(széR) +

pr) IS an element of the second-rank
Wigner matrix describing transformation from the principal axis
frameP? of the interactiori through a crystal-fixed framé to

the rotor-fixed frameR:

2

Dp(Q6d = 3 Dj(QedDiq(eR)
k=—2

(4)

To facilitate direct relation of the Euler angles for the chemical
shielding tensors to the molecular frame, the crystal-fixed frame
is arbitrarily defined coincident with the principal axis frame
of the dipolar interaction, i.eQEC= (0,0,0). In this case, the
relative orientation of the anisotropic chemical shielding and
dipolar coupling tensors is described by five Euler angles
0ho Bho Ohe Boe andyse — yoc defined in Figure 1a. This
takes into account that rotations of all tensors about the
internuclear axis cannot be distinguished by regélBrMAS
NMR.

Based on the Hamiltonian in eq 1, the powder spectrum of
the spin pair is straightforwardly obtained as the Fourier
transform of

s(t) = ;Tr{ (St + SHUEO0)Sy + S U0} (5)

where the summation indicates averaging over all uniformly
distributed crystallite orientations and the propagator is related
to the Hamiltonian according to
A .t
U(t,0)= T exp{ —i [(H(t)dt} (6)

with T being the Dyson time-ordering superoperator.

J. Am. Chem. Soc., Vol. 119, No. 30, 198723
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Figure 1. (a) Definition of Euler angles describing the relative
orientation of chemical shielding tensors ®—Ss spin pairs relative

to the principal axis frame of the dipolar interactic@?{C = (0,0,0)).

(b and c) Representative tensor orientations corresponding t6,(b)
symmetry with respect to the axis bisecting theNP—P bond angle,
and (c) reflection symmetry imposed by a mirror plane perpendicular
to the P-P axis.

because specific values may be known a priori from other
sources (often magnitudes of tensorial interactions) or because
known symmetries of the local structure impose restrictions on
the relative orientation of the anisotropic interaction tensors. In
the present study, addressimg- O rotational resonance effects
within isolated®P—31P spin pairs, it is relevant to discuss three
cases of symmetry operations which may be used as an
ingredient in, or confirmed by, iterative fitting JfP MAS
spectra.

For31P—31P spin pairs displaying identical isotropic chemical
shifts in molecular solids such &s-3, one may encounter
inversion symmetry,C, symmetry, or reflection symmetry
relating the two anisotropic chemical shielding tensors. In the
presence of inversion symmetry, the t’® chemical shielding
tensors not only display identical magnitudes but also identical
orientations. Under these circumstances the Hamiltonian be-

To extract accurate values for all or some of the 13 parametershaves inhomogeneoustimplying that the spinning sidebands

describing magnitudes and relative orientations of the chemical

observed in thé'P MAS NMR spectra will be structureless.

shielding and coupling tensors, a simulation program based onThis unique behavior is readily identified by MAS NMR and

eq 5 was combined with the MINUIT optimization packdge.
This combination allowed efficient least-squares iterative fitting
to experimentaP’P MAS spectra using various combinations
of Monte Carlo, simplex, and steepest-descend optimization
procedures which proves convenient for iterative fitting involv-
ing large numbers of variables. In practice, it is often possible
to significantly reduce the number of free variables either

(18) James, F.; Roos, MMINUIT computer codeProgram D-506,
CERN, Geneva: 1977Tomput Phys Comm 1975 10, 343.

shall not be further elaborated on. For those cases whgre
symmetry around an axis bisecting theM—P (M = metal)
bond angle exists, the orientation of the t&# chemical
shielding tensors is related according to
B A B A B A

Opc= Ope Bpc=Ppct @ vpc=7Vpctaw  (7)
as illustrated for a typical PM—P (M = metal) coordination
fragment in Figure 1b. If the two shielding tensors are related
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by reflection symmetry involving a mirror plane perpendicular (a)
to the internuclear axis, the corresponding relationsA@nd
B are (see Figure 1c)

B _ A B _ A B _ A
Upc= —Ope PBpc=7 ~ Ppc Vpc= Vrc (8)

For a two-spin system of two crystallographically equivalent ﬂ A

sites, there exists a principal degeneragyandszr — f are
related by symmetry (or, in other words: the labalgand B * *
are interchangeable). Hence, there will always be two indis- (b)
tinguishable solutions, and the choicefobvers — S, or vice

versa, is completely arbitrary in the absence of further aniso-

tropic interactions (or further independent constraints in general).

For the two cases described by eqs 7 and 8, the number of
variables describing the relative orientation of the chemical + +

shielding tensors with respect to tHe—31P dipolar axis reduces A * ‘Wl L/\J L/\J "

to two. ~

Results and Discussion (c)

The31P—31P spin pairs in compounds-3 have in common
that they represemt= 0 rotational resonance cases in a selection
of typical transition-metal phosphine complexes containing a

P.M moiety. The three cases differ from each other with respect
to the metal M (M= Hg (1), Ni (2), Pd @)) and the PM—P M
M
0 50

bond lengths and angles present. Correspondingly3Pe —M

31p spin pairs inl—3 cover a range of relative magnitudes and 10

orientations of chemical shielding] coupling, and dipolar ©,/27 (ppm)

coupling interactions. The single-crystal X-ray structure®f  Figyre 2. Experimental and theoreticé#P MAS NMR spectra of Hg-

and 2'4 have been determined11012 214 and 3! have (PPh)2(NOs),, 1. (a) Experimental spectrum recorded using

previously been examined 3P solid-state NMR. w2t = —121.5 MHz (7.0 T) andw/27 = 4167 Hz. (b) Same
Compound 1, Hg(NGs)x(PPhg),. For 1 a single-crystafP experimental spectrum, with the vertical axis expanded to allow for

NMR study has been reportéd.l has been chosen as an easier comparison of spinning sideband patterns of experimental and

example also in our study, so that accuracy and efficiency of _theoretical spectrum, display_ed in(c). The theorfetical_ spectrum shown

the two different approaches may be compared. At high MAS N (c) corresponds to the optimum parameters given in Table 1. Note

frequencies, we find one isotropfP resonance for solid, that all spectral features in the experimenti# MAS spectrum,
originating from heteronuclear coupling ¥Hg and?°*Hg in isoto-

—T
0

with giso = —40.1 ppm in very good agreement with data s ;

. X . pomers containing3P)%'%Hg (marked by * in (b)), or {PL*°Hg
reporteq in the_ I|ter§1turlé)._ The known s_lngle-crystal structure (marked by-+ in (b)) three-spin systems, are not reproduced in the
of 1,'% in conjunction with the magnitude of = 250 Hz theoretical spectrum shown in (c).

previously determined frord recoupling patterns &P MAS
spectra of119 provide the initial set of parameters for the
simulation of3lP MAS spectra ofl.. The two crystallographi-
cally equivalent P sites in the molecule are related b§,a
symmetry axis bisecting the-fHg—P angle (131.79, the
internuclear P-P distance inl is 447 pm!® and the dipolar
coupling constant calculated from this distancebjig/2r =
—220 Hz.

An experimentaf’P MAS NMR spectrum ofl is displayed

sponds to the best fit parameters (Table 1) for the isotopomers
of 1 containing isolated!P spin pairs only. The orientation of
the 31P chemical shielding tensors within the molecular frame
of 1, according to Table 1, is illustrated in the ORTEP-like plot
in Figure 3a.

To further examine the dependence of the theoretical spectra
on the orientational parameters of the chemical shielding tensors,
the chi-squareyf) deviation between experimental and theoreti-
in Figure 2a (/27 = —121.5 MHz /27 = 4167 Hz). Using cal spectra Xvas calc/iulate_d for the values given in Table 1, with
C, symmetry and the known values @f,, J, andbag as initial the anglesipc andfpc varied from O to 180 (see Figure 4).
parameters, the simulated spectrum shown in Figure 2¢, While x2 reveals two relatively sharp minima af. = 45°
described by the parameters given in Table 1, is obtained asand 135 (Figure 4a), Figure 4b shows two minimag(. = 38°

the best fit for the®’P MAS NMR spectrum ofl. and 52) in a broad “minimum region” foﬁéo ranging from
Note that all spectral features in the experimed®l MAS about 33 to 55 (or, alternatively from 125to 145). The

spectrum, originating from heteronuclear coupling*ig and minimum forﬁﬁc = 38 corresponds to an orientation of the

201Hg in isotopomers containingP),19Hg or 1P ),20Hg three- most shielded tensor component nearest to the-Pidond

spin systems (marked * andél in Figure 2b, respectively) are  direction, with a deviation of 14from this molecular direction.
well separated from all spectral contributions originating from The second minimum foﬁ’,iC = 52° would place the least
those (majority) isotopomers ih which only contain isolated  shielded tensor component nearer to the4Rgoond direction
31p spin pairs. By appropriately adjusting the MAS frequencies than would be the most shielded tensor component. From
used, it is forl (and, more generally, for similar transition- iterative fitting of 3P MAS NMR spectra ofl, the two
metal phosphine complexes containing magnetically active metalorientations corresponding to the two minima féf}. cannot
nuclei of low natural abundance) usually straightforward to be significantly distinguished. However, the result from iterative
avoid overlap. The theoretical spectrum shown in (c) corre- fitting of 31 MAS NMR spectra ofl is in agreement with the
(19) Buergi, H. B.; Fischer, E.; Kunz, R. W.; Parvez, M.; Pregosin, P. results of a previously reported single crystal NMR study of
S.Inorg. Chem 1982 21, 1246. 1.3 The minimum forﬁé,\C = 38 is precisely the orientation
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Figure 3. ORTEP-like plots illustrating the orientation of tiféP
chemical shielding tensors within the molecular framd ¢&), 2 (b),
and3 (c) as determined b$P MAS NMR (see Table 1). The drawing
for 3 (c) utilizes an idealized square-planar coordination, the atomic
coordinates in (a) and (b) have been taken from the X-ray diffraction
studies of Buergi et &° (a) and Heinicke et at(b).

also given in the single-crystal NMR study. Within the error
limits given for the single-crystal’P NMR data, even if we
would take the entiré’P MAS fitting “minimum region” as
ﬁéc = 45 4+ 10° (corresponding to an angle of 2t 10°
between the most shielded component of #@ chemical
shielding tensor and the Hg? bond direction irl), there would

J. Am. Chem. Soc., Vol. 119, No. 30, 198725

Table 1. Parameters for Dipolar Coupling,Coupling, and
Chemical Shielding Tensors for the IsolatéB—3'P Spin Pairs in
Compoundsl—3 Determined by lIterative Fitting ofP MAS NMR
Spectra

1 2 3
bag/27 (Hz) —220+ 20 —584+ 20 —200+ 50
Jas (H2) +280+ 20 ~74+5 +537+ 10
™ (ppm) -40.1 —47.1 ~10.9
w:niso(ppm) 39+7 65+ 2 —47+ 2
a 0.67+0.1 0.56+ 0.1 0.35+ 0.1
(lécb 45+ 10 21+ 10 63+ 10
A _be 38+ 3¢ 35+£3 84+ 2

aEuler angles (deg) for the two shielding tensétsand B are
mutually related byC, symmetry for all three compounds-3 (see eq
7, yéc arbitrarily set to 0) and to the principal axis frame of the dipolar
interaction, i.e.,QEC = (0,0,0).® See also Figures 4, 6, and Qnly
one of the two principally possible choicgsandx — f, is listed in
the table Second minimum foﬁéc = 52 + 3° (see text).

X2X103
20
15 4
a
(@)
5 1
0+ T T T 1
0 45 90 135 180
A
X2X103 aPC
60 |
(b) 401
20 1
0 T T Trvrrr ~
0 45 90 135 180
A
PC

Figure 4. Chi-square ¥? deviation between experimental and
simulated®P MAS NMR spectra plotted as a function of angles (a)
apc and (b)Bpc [deg] for compound. The plots use the definitiog?

= kR whereR = ZJ-N:1|IJ-exp — 12 is the least-squares difference
between intensities of experiment#}) and calculatedI{™) spectra.

k = (N—Npa)/Rmin, WhereRmin is the least-squares difference for the
optimum fit, N the number of spectral points, ab, the number of
variables. The plots are based on the parameters given in Table 1,
except for the respective variable parameter.

with the axis of symmetry bisecting the-i—P bond angle

still be agreement between single-crystal NMR results and the (97.9°). The P-P internuclear distance @ as determined by

results of iterative fitting of’P MAS NMR spectra ofl with

single-crystal X-ray diffraction is 323 pm3P MAS spectra

respect to the orientation of the most shielded tensor component.of 2 obtained at high MAS frequencies display one isotropic

Having demonstrated that iterative fitting 8P MAS NMR

31p resonanced{s, = —47.1 ppm) while-in accord with the

spectra yields results which are comparable to the information single-crystal X-ray diffraction resultsat lower MAS frequen-

obtained from single-crystal NMR, we will next consider a case
for which the single-crystal X-ray structure is known but for
which no single-crystat'P NMR data exist.

Compound 2, NiP,C3,H3602. 2 crystallizes in space group
C2/c; the Ni atom resides in an only slightly distorted square-
planar BNiO; coordination sphere. The two crystallographically
equivalent P atoms in the molecule are relate@pgymmetry,

cies complex lineshapes are observed in3feMAS spectra
of 214 Hence, the starting point for simulation &P MAS
spectra oR is the known symmetry operation relating the two
31p chemical shielding tensors and a dipolar coupling constant
bas/27 = —584 Hz.

ExperimentaP’P MAS NMR spectra of (wo/27 = —202.5
MHz and w/27r = 2500 Hz; andwd¢/27r = —40.5 MHz and
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(a) Xx10°

(b)
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X2x102 PC
600
(d) ]
)\
2004 | ~——r—r
. 4
( ) 0 L} L} LI 1
0 45 90 135 180
A
PC
T - — T T Figure 6. Chi-square¥?) deviation between experimental (cf. Figure
150 100 o /257to(ppm) 0 -50 5¢) and simulated (cf. Figure 5d) 2.35%1P MAS NMR spectra for

compound?, plotted as a function of (a)ﬁc and (b),BQO' definitions
Figure 5. Experimental and theoretic8fP MAS NMR spectra of as given in Figure 4.

NiP,CsH360,, 2. (a and c¢) Experimental spectra obtained at (a)

wo/2r = —202.5 MHz (11.7 T) ands,/2 = 2500 Hz and (bo/27 sign of Jag in 2 are obtained from iterative fitting (see Table 1,

= —40.5 MHz (2.35 T) andv,/27 = 1111 Hz. (b and d) Theoretical Jag = —74 Hz); despite] being the interaction of smallest
spectra corresponding to (a) and (c), respectively, and representing themagnitude, the spectral lineshape’®® MAS NMR spectra of
optimum parameters as given in Table 1. (e) Theoretical spectrum 2 is highly sensitive toward the sign df This is illustrated in
using identical parameters as (d) but reversed sigiof Figure 5e where a spectrum is shown, calculated with the best
fit parameters in Table 1 where solely the signJdias been
changed to positive. Simulations P MAS NMR spectra of

2 wherebag/27t is not fixed to the value calculated from the
single-crystal X-ray structure but is a free fit parameter
essentially yield the same parameters as do simulations with
bag/27 fixed to the value calculated from the known internuclear
P—P distance i2. From this we may conclude that (i) also in

w2t = 1111 Hz) are depicted in Figure 5 (parts a and c,
respectively). Comparing these twéP MAS NMR spectra
demonstrates how strongly the spectral lineshape is influenced
by the combined effects of external experimental parameters
wo/2r and w/2x. The location of the most informative (or,
likewise, of a potentially misleading)o/2r andw,/2r window

with respect to the extraction of the anisotropic interaction the ab fi led fthe sinal tal X fruct
parameters of a given spin pair, in turn, depends on the relative e absence ot knowledge of the single-crystal A-ray structure

magnitudes and orientations of these interactions. For com-o_f 2 we would have_obta_lnjed anlaccurate measure of the P
pound2, 3P MAS NMR spectra obtained aty/27 = —202.5 dlstaqce from iterative fitting of’P MAS NMR spectra oR .
MHz are suitable to obtain agstimateof the magnitude of the and (i _th|s finding f“r.th?r supports ‘.h?‘ tacitly made assumption
chemical shielding tensor principal values, the spectra obtainedhat anisotropy ofxg is indeed negligible fol.

at high magnetic field strength are dominated by chemical qu the.best T't of experimentatP MAOS NMF; spectza ok
shielding anisotropy and can thus provide initial input parameters Ve find orientational param_eteﬁéc = 21° andfipc = 35° (see

for iterative fitting of3!P MAS NMR spectra obtained at lower ~ Table 1), where the solutiofizc = 35° corresponds to an
external magnetic field strength. Fayrspectra obtained at much ~ Orientation of the most shielded tensor component very near
lower external magnetic field strength (see Figure 5c) are more (deviation of 6) to the Ni—P bond direction. This orientation
suitable for the extraction of orientational parameters by means Of the3'P chemical shielding tensors in the molecular frame of
of iterative fitting, owing to the complex shapes of all spinning 2 is illustrated in Figure 3Ip. Clolser inspection of further bond
sidebands occurring under these conditions. In fact, selectivelengths and bond angles in the immediate neighborhood of the
scaling of the various interactions by the appropriate choice of P atoms in the single-crystal structure 2 gives no clue to
external magnetic field strengths and MAS frequencies can be@ny specific, immediately obvious preferred direction with
used advantageously to achieve better accuracy of the datd€SPect to the remaining two shielding tensor components; no
extracted from iterative spectral lineshape fitting procedures. Symmetry arguments may be used to even qualitatively comment
Calculated spectra, corresponding to¥espin-pair parameters 0N the value found foep. = 21°. In Figure 6 are shown chi-

of solid 2 obtained as the best fit, are shown in Figure 5 (parts Square x?) plots of the deviation between experimental and
b and d, respectively,) in comparison to the respective experi- Simulated spectra, fath. and forfh. They? range forah is
mental3lP MAS NMR spectra. The best fitP NMR data for found to be fairly shallow;? plotted as a function oﬁéc

2 are listed in Table 1, the resulting orientation of the 4@ shows a seemingly very broad minimum region, though with a
chemical shielding tensors in the molecular frame2oére distinct and much narrower, proper minimum neat @d, of
illustrated in the ORTEP-like plot in Figure 3b. Magnitude and course, an indistinguishable minimum for 245 Because of
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ences in the spectral lineshapes for the two different symmetry

(a) operations. Realistically, we have to conclude from the
examples given in Figure 7 that iterative lineshape fitting in
fortunate cases may allow distinction of applicable local
symmetry operations, while claiming that this should be
generally possible would seem an exaggeration.

Compound 3, Pd(PBu3),Cl,. Other than forl and2, the
(b) single-crystal X-ray structure & is unknown. At high MAS
frequencies oné'P resonance is observeddt MAS spectra
of 3 (0iso = —10.9 ppm), pointing to crystallographic equiva-
lence of the two P atoms in the molecule. A square-planar
trans-P,PdCL arrangement with a pair of crystallographically
equivalent P atoms would not a priori exclude inversion
(c) symmetry as the appropriate symmetry operation relating these
two P sites. The occurrence dfecoupling in3!P MAS spectra
of 3 obtained at lower MAS frequencies, however, does exclude
inversion symmetry! while the occurrence af recoupling per
se does not exclude a square-placiagfP,PdCh arrangement.
Ascribing a square-plandransP,PdC}h configuration to this
(d) compound is, however, a reasonable assumption: a magnitude
of J =537 Hz has been determined frahnecoupling patterns
for 3;11 this magnitude of] is typical fortrans-P,Pd arrange-
ments in many Pd(Il) phosphine complexX@sTaking thetrans-
P,Pd arrangement as sufficiently well established3oin the
T o T 3 n absence of single-crystal X-ray diffraction information we are
left with two a priori possible symmetry operations relating the
two P sites in the molecule: either @ symmetry axis,
coincident with the CG+P—CI bond direction, or a mirror plane
symmetry and (b) a mirror plane as the applicable symmetry operation perpendicular to the -PI.Dd_P. bond dlrectlon and containing
(cf. Figure 1 (parts b and c)). (c and d) Simulations whefg= 45°, the C_:I—Pd—CI bon_d axis. Since such a mirror plane would
and 7» = 5® = 1 have been misadjusted deliberately for the two €Quire an energetically highly unfavorable eclipsed conforma-

different symmetry operations connecting the two chemical shielding tion of the six bulky"Bu ligands in.the molecule (whil€;
tensors: (c)C. symmetry and (d) mirror plane. symmetry does allow for an energetically much more favorable

staggered conformation), it seems reasonable to as€irae
the considerable amount of fine structure of all spinning the symmetry operation relating the two P sites in the molecule.
sidebands in experiment&P MAS spectra of obtained at We may estimate theP internuclear distance Bias ca. 450
low external magnetic field strengths, even small deviations from pm, corresponding to a dipolar coupling constapt/27 ~
this narrow minimum region can be significantly detected in —230 Hz. Assumed, symmetry, an estimated internuclear

simulated spectra. The precise location of the optimum value P—P distance, and the previously determined magnitudg of
for b is less well-defined. represent the starting conditions for the simulatioA*®BfMAS

For iterative lineshape fitting 6P MAS NMR spectra of ~ SPectra of3.
2, no assumptions concerning the symmetry operation relating Figure 8a shows an experimentdP MAS NMR spectrum
the two3!P chemical shielding tensors had to be made because©f 3 (wo/2, = —202.5 MHz), obtained at a spinning frequency
of the known single-crystal structure of this compound. With Of /27 = 2002 Hz, which represents a spinning frequency
a view to future applications of iterative lineshape fitting of regime where recoupling is clearly observable. The spectrum
3P MAS NMR spectra for cases of unknown single-crystal shown in Figure 8b was determined as best fit, with the
X-ray structure, it seems worthwhile to explore the possibilities Parameters given in Table 1 andCasymmetry axis, bisecting
to distinguish betweef, symmetry axis or a mirror plane (see  the P-Pd—P bond angle. The chi-squayg) deviation between
Figure 1) as the app|icab|e Symmetry Operation re|ating the two experimental and theoretical spectra as a function of the angles
31p chemical shielding tensors. In Figure 7 simulated spectra, 0pc andBpc is shown in Figure 9. Apart from the respective
based on the parameters ®)for these two cases of symmetry —angles, the plots employ the values given in Table 1. Figure
operations are depicted. 9a shows a minimum of? for the angleoL’Qc = 63°, while

The spectrum calculated fa@, symmetry (see Figure 7a) Figure 9b reveals two clearly defined minima 6. = 2°
corresponds to the best fit parametersZowhile the spectrum  (178°) and 84 (96°). These angleg of 2° and 84, however,
calculated assuming a mirror plane as the appropriate symmetrydescribe two quite different chemical shielding tensor orienta-
operation (see Figure 7b) was obtained using identical param-tions. While a value oﬁéc = 2° would imply that the least
eters and merely adjusting the relationships betweguio shielded component of the chemical shielding tensor lies along
andBAJpBb. according to eq 8. No attempt has been made to the P-Pd bond direction, a value of 84vould correspond to
obtain a “best fit" of the experimentd® MAS NMR spectra  the most shielded tensor component near to thé>¢ bond
of 2 for this “wrong” symmetry operation. No significant direction. The two minima are of similag quality. In order
differences in lineshapes are found between these two casestO resolve this remaining ambiguity from iterative lineshape
That this is not necessarily and not always the case is illustratedfitting of 3P MAS NMR spectra of3, a static 2D%'P spin-
in Figure 7c,d. The two simulated spectra shown there use - —

(20) Pregosin, P. S.; Kunz, R. WP and'3C NMR of Transition Metal

. ; . - - B _
del'beArately misadjusted simulation paramete’%i(: ’7 - 1 Complexes. INNMR Basic Principles ProgresS$pringer: Berlin, 1979;
and o = 45°) for both cases, and there are distinct differ- Vvol. 16.

50
©,/27 (ppm)

Figure 7. Simulated 2.35 PP MAS spectra based on the optimum
fit parameters for2 given in Table 1. Simulation assuming (@)
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Figure 8. Experimental and theoreticdP MAS NMR spectra ofrans
Pd(PBus).Cl, 3. (a) Experimental spectrunmf/2r = —202.5 MHz
(11.7 T) andw./2r = 2002 Hz). (b) Theoretical spectrum using the
parameters given in Table 1 andGa symmetry axis, bisecting the
P—Pd-P bond angle.
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Figure 9. Chi-square ¥?) deviation between experimental and
calculated3!P MAS NMR spectra vs (ajup, and (b) Sa for
compound3. Apart from the respective variable parameter, the plots
employ the parameters given f8iin Table 1; the definitions are as in
Figure 4.

echo experimeRtas obtained and simulated. The contour plot
of the experimental spectrum§/2r = —81.0 MHz) is shown
in Figure 10a. Simulations of the spin-echo experimenBon

Dusold et al.
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Figure 10. Experimental and theoretical 2P spin-echo NMR spectra

of a static powder 08. (a) Experimental spectrunw{/2r = —81.0
MHz (4.7 T)). (b and c) Theoretical spectra calculated usBig
symmetry and the parameters given in Table 1. (b) Contour plot of
calculated spectrum fq@’éc = 85° and (c) contour plot of calculated
spectrum forBa. = 2°.
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Figure 11. Chi-square ¥? deviation between experimental and
calculated 2*'P spin-echo spectra yﬁc for compound3. The plot
uses the parameters from Table 1, except for the variable parameter,

and the vertical scale is in arbitrary units.

chi-square plot is shown in Figure 11. The curve reveals only
one minimum atfp. = 85° (95°). A value of fo. = 2° is
clearly excluded by the simulation of the 2D spin-echo
experiment, as can also be seen by inspection of the contour
plots of the simulated spin-echo spectra3dbr ﬁéc values of

85° and 2 in Figure 10 (parts b and c, respectively). Combined
consideration of simulations of the 2D spin-echo experiment
and of the results of iterative fitting P MAS NMR spectra
clearly selects the valugé%éc = 84° (96°) as the correct
solution, meaning that the most shielded component of the two
chemical shielding tensors is oriented next to thePi bond
direction within £5°. If an idealized local symmetry of a
RsP—M unit only would have been considered, in conjunction

were performed using the parameters obtained from iterative with qualitative inspection of the nearly axially symmet#He

fitting of the 3P MAS NMR spectra o8 (see Table 1), except
for ﬁ’;o which was varied from 0to 18C. The resulting

chemical shielding tensor foB, where the “nearly unique”
chemical shielding tensor component is the least shielded
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component, a completely wrong conclusion about the orientation edge of the internuclear distance within the spin pair, has an

of the two31P chemical shielding tensors in the molecular frame
of 3 would have been drawn. A schematic illustration of the
orientation of thé!P chemical shielding tensors in an (idealized)
moleculartransP,PdC} frame of 3 is given in Figure 3c.

The single-crystal X-ray structure &fis not known, hence
information about the intermolecular—+P distance has to be
derived from the results of iterative fitting of tR&® MAS NMR
spectra. A value obag/27 = —200 Hz from the best fit (see
Table 1) corresponds to a1 distance of 462 pm, in fair
agreement with bond distances known from X-ray diffraction
investigations of other, related PdéHphosphine complexésP
This calculation of the PP distance in3 suffers from an
uncertainty: it neglects possible contributions from anisotropy
of Jag, and we have little to no means to soundly evaluate this
degree of uncertainty. While, within experimental error, a
significant contribution from anisotropy dfg could safely be
excluded for compoung, the situation is slightly different for
3, not only because of the unknown single-crystal X-ray
structure for3; in this caselag no longer is the interaction with
the smallest magnitude; in fact, the magnitudelgf amounts
to nearly three times the magnitude lpfy/27.

Conclusions

It has been shown that iterative fitting 8P MAS NMR
spectra of isolatedP spin pairs in typical transition-metal

important role to play in the context of iterative fitting &P
MAS NMR spectra in yet another sense. As we have pointed
out, possible contributions from anisotropyJag cannot a priori
be excluded and hence may introduce uncertainties in the
determination of internuclear distances and relative tensor
orientations from fitting of MAS NMR spectra. However, given
a known internuclear distance, iterative fitting of MAS NMR
spectra of, for instance, isolaté#P spin pairs may represent a
feasible route to more closely investigate aspects of anisotropy
of Jag.

31p MAS or CP/MAS NMR spectra of the vast majority of
transition—metal phosphine complexes are very easily obtained
and, in most cases, only require modest amounts of experimental
time to achieve an excellent signal-to-noise ratio. As we have
pointed out, to determine highly accurate parameters from
iterative lineshape fitting oflP MAS NMR spectra, it is
necessary to have access to a fairly wide range of external
magnetic field strengths. Given the speed and ease with which
3P MAS NMR spectra of such compounds are obtained, this
is not at all a severe restriction.

Finally, in this study we have only considered isolafé
spin pairs in fragments*¥P,M where the two P sites in the
molecule are crystallographically equivalent. The iterative
lineshape fitting approach described here is, however, not
restricted to this type of = O rotational resonance spin-pair

phosphine complexes provides an efficient and accurate methodyStem. Also for the more general case of an isolated spin pair
to determine magnitudes and relative orientations of the Where the two chemical shielding tensors are no longer related
interaction tensors in these spin pairs. The accuracy achieved?y & Symmetry operation, iterative lineshape fittingf MAS

is comparable to the accuracy of single-crystal NMR studies of NMR spectra is a suitable method. Given the fairly large
such spin systems. This aspect is important from a practical "umber of parameters characterizing this general kind of spin-

point of view, only rarely will such compounds of interest be

available in the form of single crystals, suitable for solid-state
NMR studies. In turn, often the single-crystal X-ray structure
of such compounds will be known, and if polycrystalline

powders are then sufficient to completely characterize’tRe

pair system, it is desirable to have as many independently
determined input parameters for spectral lineshape simulations
as possible. Careful use of iterative fitting procedures is
mandatory to avoid false minima, and iterative fitting, in turn,
requires, e.g., efficient powder averaging methods in order to

spin-pair parameters, a severe restriction with respect to Minimize the necessary amount of computation time.

availability of samples in a suitable form for solid-state NMR
studies is lifted. For this particular class of chemicals, however,

care needs to be exercised to ensure that the polycrystalline

powders used fot'P MAS NMR spectroscopy are identical in

crystallographic space group with the material on which single-
crystal X-ray diffraction investigations have been carried out,
if single-crystal X-ray diffraction data are to be used as input
parameters for NMR lineshape simulations: polymorphism is

a common phenomenon for solid transition-metal phosphine

complexes. Information from diffraction studies, that is knowl-
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