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An Experimental and Theoretical Investigation of the Olefinic Carbon Chemical Shift
Tensors intrans-Stilbene and Ptf?-trans-stilbene)(PPh),
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The olefinic carbon chemical shift tensors todins-stilbenee,-1°C, (1) and ¢rans-stilbenee,,5-13C,)[bis-
(triphenylphosphine)]platinum(02) have been characterized by solid-std8@&NMR spectroscopy. Analyses

of the3C NMR spectra obtained for stationary powder samplesafd2 at 4.7 and 9.4 T yield the principal
components of the carbon chemical shift tensors. The presence of a homonuclear spin pair in these compounds
provides information about the orientation of the chemical shift tensors in the dipolar frame of reference.
The span,Q, and skewx, of the olefinic carbon chemical shift tensor dfare 166 ppm and-0.145,
respectively, comparable to those of other known olefinic carbons. The carbon chemical shift is largest
when the applied magnetic field is in the plane of the vinyl group, perpendicular to the olefinic C,Cdaond (

= 215 ppm) and smallest when it is perpendicular to the vinyl grap € 49 ppm). The intermediate
principal component of the chemical shift tensés; = 120 ppm, is oriented along the olefinic C,C bond.
Upon coordination to platinum(0), the isotropic carbon chemical shift changes from 128 to 68 ppm, and the
span of the chemical shift tensor decreases dramati€ly,51 ppm. The experimental results are compared
with those from ab initio shielding calculations performed with a combination of density functional theory
(DFT) and the gauge-including atomic orbitals (GIAO) method. Overall, agreement with experiment is good.
The combined experimental and theoretical approach allows one to suggest the most likely orientation of the
carbon chemical shift tensor f@in the molecular axis system.

Introduction

Transition-metal olefin complexes are important organome- AN
tallic compounds, since they are essential intermediates in a wide Pt /
variety of homogeneous catalytic processds. platinum(Il)— /
olefin complexes, which are typical model compounds for
square-planar complexes, the olefinic C,C bond is usually A
slightly longer than that of the free ligand and is oriented
approximately perpendicular to the plane containing the remain-
ing ligands. In contrast, for Pt(6plefin complexes, typical
trigonal-planar compounds, the olefinic C,C bond lies in the
plane containing the other ligands (Figure 1) and is lengthened
significantly compared to its value in the free ligahd.

The isotropic carbon chemical shift (CS) of olefinic carbons
has been used extensively over the past 20 years for the study ) ] ]
of meta olefin complexes in soluioh? For example, upon _ LOTE L A e P Sern sorpe O, shoun e b
coordination with Pt(0), the nuclear magngtic shield_ing increasessubsitutems’ and a typical Pt(ﬂblzfin complef (B), with the olefin
6080 ppm compared to the corresponding free ligand value. qriented perpendicuiar to the plane containing the platinum and its
However, there have been few solid-sta®€ NMR studies substituents.
dealing with chemical shiftensorsof the olefinic carbons in
metal-olefin complexes. Wallruffstudied solid-stat&*C NMR several metatolefin complexe$. However, apart from Zeise’s
spectra of a series of metadiene complexes and obtained the salt, only the magnitudes of the principal components of the
principal components of their olefinic carbon CS tensors. In a glefinic carbon CS tensors have been reported_ To our
recent study, Huang et &lreported the principal components  knowledge, no other olefinic carbon CS tensor orientations in
of the olefinic carbon CS tensor in Zeise's salt and Zeise’s transition-metal complexes have been reported, although it is
dimer; the orientation of the carbon CS tensor for the former noted that Wang and Elfisharacterized the carbon CS tensor
compound has been reported elsewHef@ay and Young also  of ethene adsorbed on a Agalumina surface.
reported the principal components of carbon CS tensors for  Here we report solid-statéfC NMR determinations of the

- " Pap—" 5 —  olefinic carbon CS tensors ittans-stilbenee,,$-13C, (1) and
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SCHEME 1: Molecular Structures of trans-Stilbene, 1,
Pt(trans-stilbene)(PPh),, 2, Pttrans-stilbene)(PMe),, 3,
and Pt(ethene)(PMg),, 4

Figure 2. Orientation of the chemical shift tensor with respect to the
molecular framework. The transformation from one axis system to
another is achieved by rotating by an angleboutZz, rotating by an
anglep about the new, the intersection of the two circles here, and
finally by rotating by an angle’ about the newZ, dss3 here.

¢~
\/
g Pt\ 4:R = H; R’ = Me.
R’3P/ PR’;

transstilbene ligand and by analyzing th#&C NMR spectra of
stationary powder samples, we were able to (1) obtain the
magnitudes of the principal components of the olefinic carbon
CS tensors and (2) determine their orientations relative to the
13C 13C dipolar vector. The CS tensor orientations relative to
the molecular frame were determined by comparing the experi-
mental results with those calculated using DFT in combination
with the gauge-including atomic orbitals (GIAB)Method.

2:R =R’ = Ph.
3:R = Ph; R’ = Me.

633

Theoretical Background 5
1"

1. SO“(,j'St,ate NMR Spectra qf Dllutg Spin'/> Nuclei. The . Figure 3. Orientation of the applied fieldBo, in the principal axis
characterization of the symmetric portion of a CS tensor entails system of the chemical shift tensor.
the determination of six parameters: the three principal
components of the CS tensor and the three Euler angles defining By placing two homonuclear dilute spins adjacent to one
their orientation in the molecular framework (Figure'2These another (e.g., by isotopic labeling), one obtains an isolated spin
parameters may be determined from single-crystal NMR experi- pair. In general, when the two coupled spins are not magneti-
ments in which the chemical shift is observed as a function of cally equivalent, there are four NMR transitions associated with

the crystal orientation in the magnetic field, but such experiments
are often time-consuming, and single crystals of sufficient size
and quality are not always available. If powder samples are
investigated, the principal components of the CS tensor may
be determined; however, information concerning the orientation
of the CS tensor is generally not available. The chemical
shielding at a nucleus varies with the orientation of the molecule
in the applied magnetic field; thus, the NMR resonance
frequency is orientation-dependent:

v, = v[1 — (04, Sir? 6 cos ¢ + o, sir? 6 sin’ ¢ +
033¢0¢ 0)] (1)

In eq 1,v is the Larmor frequency and the angleésand ¢
orient the magnetic field in the principal axis systm (PAS) of
the CS tensor, as shown in Figure 3. Thalenote the principal
components of the chemicshieldingtensor relative to the bare
nucleus, withosz = 022 = 011. Experimentally, one measures
a chemicakhifttensor relative to a given reference. These are
denoted from least to most shielded such that>= d. > d3a.
Thus, for examplegi; corresponds t@; and is the highest-
frequency component. In the casel®é€ NMR, the principal

each particular crystallite orientatidf. The transition frequen-
cies,v;, and relative intensitied?;, of these transitions are

n=2(at+rg+D+A; P=1-C  (2a)
_1 . p—14B
Vz—E(VA-I-VB-i-D—A), P2—1+5 (2b)
_1 . _ B
1/3—5(1/A+1/B—D+A), P3—1+5 (2¢)
n=Z(atrg-D-A; P,=1-2  (2d)

where
A=Js — Reu(3 co$ £—-1)
B=Jst l/2 Rei(3 co$ £-1)

D = [(v, — vg)* + B?

components of the chemical shift tensor are measured relativeln eq 2,va andvg are the resonance frequencies of spins A

to the isotropic chemical shift of TMS.

and B, ¢ is the angle between the applied magnetic field and
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Pt
Figure 4. Possible orientations @3 about one of the olefinic carbons,

as determined by the dipolar-chemical-shift technique. For clarity, the
substituents about the olefinic carbon of interest have been omitted.

the dipolar vectorrag (i.e., the olefinic C,C bond for the
compounds investigated here), aRg is the effective dipolar
coupling constant:

Rur = Rop — AJ/3 3)

The dipolar coupling constanBpp, which is dependent upon

Bernard et al.

exhibit Ay, AB, and perhaps AX characteristics simultaneously,
leading to a complex powder spectrd#fil6

The principal components of a CS tensor may also be
determined from the analysis of spinning sideband patterns of
NMR spectra acquired under conditions of slow MAS, using
the methods of Maricq and Waultor Herzfeld and Berge®
These techniques, which are based on the intensity of the
sidebands, do not provide information on the orientation of the
CS tensors. In the case of a homonuclear spin pair, the direct
dipolar interaction is not completely removed by MASand
the line shapes of MAS sidebands are dependent on the relative
orientations and magnitudes of the CS tend&&? This effect,
which has been explained using average Hamiltonian théory
and Floquet theor§® is proportional to the product of the
instantaneous chemical shift difference and the direct dipolar
or indirect spir-spin coupling. Hence, in suitable cases,
investigation of spinning sidebands provides another method
of determining the orientation of CS tensors.

2. Ab Initio Calculations of Chemical Shielding Tensors.
Accurate first principles calculation of chemical shielding tensors
is one of the most rigorous tests of computational technigles.
Such calculations are particularly daunting in the case of

the inverse cube of the internuclear separation, is defined by organometallic complexes, since all-electron calculations for

Rop = (ZL_;.;) (%)VZEABSD

wherey is the magnetogyric ratio anll, is the isotropic indirect
spin—spin coupling, with an anisotropy @J.12 The angular

(4)

heavy nuclei are computationally demandfi@nd relativistic
effects must be considerédeven for the shielding of the ligand
nuclei?* The development of pseudopotentials, also known as
effective core potentials (ECPs), has reduced the computational
time by replacing the core electrons of heavy nuclei with
parametrized functions which account for relativistic efféets.

brackets in the above equation indicate that the internuclearwhile their use is not recommended for the calculation of the
separation, and hence the observed dipolar coupling, is subjecimagnetic properties of metal nuclei, acccurate shielding param-

to motional averaging?

In a powder sample, crystallites are oriented randomly in the
applied magnetic field, resulting in the so-called powder pattern.
For a given crystallite orientation, one will observe a doublet
with a splitting which depends on the andgland the magnitude
of Retr. The splitting observed when the applied field is parallel
to a given principal component of the CS tensor allows the

determination of the angle between this component and the

dipolar vectorras.* However, because the dipolar vector is
axially symmetric, the angle,, which defines the rotation of
the CS tensor about this vector (see Figure 2), is not known,
although the relative value of for the two CS tensors is
determined. The calculated spectrum is therefore invariant to
simultaneous rotation of the two CS tensors about the dipolar
vector. The sign of the dipolar splitting when the field is in
the direction ofdss is unknown, resulting in two possible
solutions, an anglg and its complement. A calculated spectrum
based on the dipolar-chemical-shift method therefore yields an
infinite set of solutions, withds3 oriented about two cones, as
shown in Figure 4. Similarly, the calculated spectrum is
invariant to the sign of the Euler angle In some cases,
molecular symmetry may be used to further elucidate the CS
tensor orientation. For example, nuclei lying in a mirror plane
must have two of their principal components in this plane. The

orientation of CS tensors in closely related compounds, and the

results of ab initio calculatiod® may also assist in the
determination of CS tensor orientations.

If the two nuclei under consideration are related by a center
of inversion, they will have identical CS tensors, i.e., the same
principal components and orientations, resulting in arsgin
systemt'2 However, if the nuclei are crystallographically
equivalent but magnetically nonequivalent, the resulting CS
tensors will have the same principal components but different

eters for organometallic ligand nuclei have been achieved using
ECPs for the heavy nuclé. If structural modifications arising
from vibrational motions are assumed to be small relative to
the rigid molecule, then the shielding may be described in terms
of a power series’

2

0,

00,

—m0+
aq;

Z 2 9q; a0y

oM =0+ y Go 0+ ... (5)

whereog(T) is the shielding at temperatufeoe is the shielding

at the rigid equilibrium geometry, argl; are the bond lengths

or angles under consideration. Since the observed shielding
will be that arising from the motionally averaged structure, a
thorough theoretical investigation of the shielding entails the
calculation of eq 5 at a wide range of bond lengths and angles,
which is impractical for all but the smallest of molecules.
However, a benefit of computational techniques is that, by
varying one structural parameter while holding the remainder
constant, the effect of changes to this parameter may be assessed.
In this study, we will investigated(ii/orcc)ccl) where ec is
the olefinic C,C bond length.

Experimental Section

Compound 1, transstilbenee,3-13C, (99.5% 1°C), was
obtained from MSD Isotopes (Montreal, Canada) and used
without further purification. Compoung Pt@;?-trans-stilbene-
a,3-13C,)(PPhy),, was prepared as described in the literaffre.

Solid-state!3C NMR spectra were obtained on Bruker MSL-
200 By = 4.7 T) and AMX-400 B, = 9.4 T) NMR
spectrometers, operating at 50.32 and 100.62 MHz¥Gr
nuclei, respectively. Cross-polarization (CP) under the Hart-

orientations. In such cases, the resulting powder spectrum maymann-Hahn match condition, with contact times of 5 ms, high-
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TABLE 1: Calculated and Experimental Carbon Chemical
Shift Tensors* of Some Olefinic Ligands and Their Pt(0)

Complexes
0 022 i Oiso QP K®
transstilbene
calculated 232 124 51 136 181-0.199 B
experimental 215 120 49 128 166-0.145
doilorcc (ppm/A)  —221 —156 —30 —135
ethene
calculated 259 121 21 134 238-0.164 Cc
experimentaP 234 120 24 126 210-0.086 T
Pt(0)¢-stilbene)(PR)¢
calculated 109 68 54 77 55-0.491
experimental 92 71 41 68 51 0.176 D
Pt(0)(ethene)(P#¢ -
calculated 77 38 8 41 69-0.130
experimental 39

aSee Experimental Section for details. Chemical shifts were
calculated by taking the absolute shielding of TMS to be 188.1 §pm,
i.e., d(calc)= 188.1— o(calc).? Q = 611 — 33 k = 3(022 — Jiso)/
Q. 4 Calculated, R= CHs; experimental, R= CgHs.

250 200 150 100

power proton decoupling, withH 90° pulses of 2.8-3.8 us,
and recycle times of 100120 s were used in acquiring aiC _ ) _
NMR spectra. _Spectrg were referenced to TMS by setting the E%uﬁzfénzgofg\.ﬂff a’;‘}gg;‘:jgi l?gigsnztgfin:'%'ﬁt.r(hpg :’I’r‘]’}e
high-frequency isotropic peak of an external ada_mantane sampleigth of the isotropic peak is 120 Hz at 4.7 T and 150 Hz at 9.4 T.
to 38.57 ppm. MAS spectra were calculated using the program Traces C and D show the corresponding spectra faraPigstilbene)-
NMRLAB.2® This program, mounted on an SGI Indy worksta- (PPh),, 2, at 9.4 and 4.7 T, respectively, with. as for1. Trace E,
tion, performed a powder averaging by sampling 10000 crystal the CP/MAS spectrum of an unlabeled sampl@ait 9.4 T andho =
orientations according to the Monte Carlo method. Spectra of 8 kHz, illustrates that the peak at approximately 128 ppm in traces C
stationary powder samples were calculated, from eq 2, using aand D arises from the natural abundance arom@@cnuclei of the
. - . complex.
program developed in this laboratory that incorporates the
POWDER routine of Alderman et & heavy nuclei o8 is based on the experimental geometry of the
Calculation of the carbon CS tensors was performed on IBM 4,4-dinitro derivative of 2, as reported by Baraban and
RISC/6000 computers using the Gaussian 94 suite of progfams. McGinnety3® with trimethylphosphine groups replacing the
These calculations used Becke’s three-parameter hybrid func-triphenylphosphine groups. Because our NMR analysig of
tionaP2 with the correlation functional of LeeYang—Par®and yielded identical isotropic chemical shifts for the olefinic
GIAO™ (B3LYP-GIAO). carbons, implying a molecule with loc& symmetry, average
The shielding tensors of the olefinic carbon nuclellafere values of the relevant parameters from the experimental
calculated with the 6-3HG(d) basis set (Table 1), using the structuré® were used to ensur€, symmetry, with coplanar
experimental geometf§for the carbon skeleton and optimized platinum, phosphorus, and olefinic carbon atoms. The hydrogen
(B3LYP/6-31G(d)) hydrogen parameters. To investigate the parameters are those obtained from a geometry optimization of
sensitivity of the CS tensor components to bond length Pt(GHs)(PMes),, 4, as discussed below.
extension, calculations were also performed bwith the The olefinic carbon CS tensor df a model compound for
geometry as described above, apart from the olefinic C,C bond Pt(GH4)(PPh),, was also calculated using a locally dense basis
length, which was increased in 0.01 A increments to 1.36 A. set as described f@. Mirror symmetry in4 was ensured by
The first derivatives of the carbon shielding tensor components using the average geometry of the heavy nuclei of the triph-
were determined by fitting the resulting data to a linear enylphosphine derivative @f, as determined by X-ray crystal-
regression curve. lography#® The positions of the hydrogen atoms were deter-
As a test of the computational techniques described above,Mined by an ab initio DFT geometry optimization4tising a
calculations were also performed on ethene, its CS tensor havingd-31G(d) basis set.
been fully characterized by both experimefftahd theoreticaf i _
techniques. The molecular structure used for these calculationsR€Sults and Discussion

ppm

is that determined by Allen and Plyler from an IR study.

To keep computational time within practical limits, calcula-
tions were performed on a model compound2pfPttrans
stilbene)(PMeg),, 3, also using B3LYP-GIAO, with a locally
dense basis s®tconsisting of 6-31+G(d) for the olefinic

CP/MAS NMR Spectra of trans-Stilbene-o, f-13C;, 1. The
13C CP/MAS spectra oflL are shown in Figure 5A,B. The
observed isotropic chemical shift, 128 ppm, is typical of olefinic
carboné! and is in agreement with the results of a solution study
of 142 The crystal structure ofl, determined by X-ray

carbon and adjacent proton and carbon atoms, 6-31G(d) forcrystallography, shows that the monoclinic crystals (space group
the remaining aromatic carbons on the stilbene moiety, 3-21G P2;/c) consist of two crystallographically nonequivalent mol-
for the methyl groups and a modified Los Alamos ECP ecules lying at approximate inversion centers of the unit cell,
(LANL2DZ),2%0 as implemented by Gaussian 94, for platinum one of which exhibits orientational disord®r*® The molecules
and phosphorus. The LANL2DZ ECP uses a “small core”, at the disordered site are related by an approximate 2-fold
which includes the 5s and 5p electrons in a contracted (8s6p3d)/rotation about an axis joining the para carbons of the phenyl
[3s3p2d] basis set for platinum, whereas a contracted (3s3p)/groups; this results in only a minor positional displacement of
[2s2p] basis set is used for phosphorus. The geometry of thethe olefinic carbons. The similar spectra at 9.4 and 4.7 T
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indicate that the olefinic carbons of the crystallographically
nonequivalent molecules have, within error, identical isotropic
chemical shifts.

CP/MAS NMR Spectra of Pt@p?-trans-stilbene-a,5-13C;)-

(PPhg),, 2. Thel3C CP/MAS NMR spectra o2 are shown in A \ -~
Figure 5C,D. Comparison with the spectralaghows that the \
isotropic carbon CS of the olefinic carbons is shifted to 68 ppm B \

upon coordination to Pt(0), an increased shielding of 60 ppm.
This compares to the increased shielding, relative to that of
ethene® of 89 ppm observed for PtgHE4)(PPh),;*4 comparable

effects have also been reported in solution-state studies-of Pt c /

olefin complexe$:* The 13C CP/MAS NMR spectra of2

(Figure 5C,D) exhibit broad isotropic peaks, with widths of 350 D

Hz at 4.7 T and 500 Hz at 9.4 T, much broader than the 120 S B
and 150 Hz line widths observed for the corresponding isotropic

peaks ofl. Indirect and direct dipolar coupling interactions

with the protons should be removed by decoupling. However, E

Chaloner and co-workers have reporfd(!P 13C) of 20.5-

26.7 and 4.7-5.3 Hz for the two3'P nuclei of2.4> Although W\w/\ LMM
these authors do not repdd(*93Pt13C), this value is expected "
to be similar to that obtained for Pt§84)(PPh),, 196 Hz%° 150 100 50 o

Hence, the observed line broadening is ascribed primarily to
- S . o ) ppm
spin—spin coupling interactions witA%Pt (spin ¥/,, natural _ _
abundance, 33.8%) an#iP; the difference in the isotropic ~ Figure 6. Calculated (A) and experimental (B) CP/MAS spectra2of
chemical shift of the twd3C nuclei is thought to be negligible. g;gc-fraTWm‘ v skﬁiz'alﬁaﬁziecs g”;m?Faéirtrggp%%fée;@gd'”9
H H H H H rot — . ’ e —
Mechar_llsms for I_|ne broadening in solid-state MAS NMR have kHz. The additional peaks appearing at the higher frequencies of the
b d d in detéfl ; ; ;
een discussed In detar. experimental spectra are attributed to the natural abundance aromatic
The13C CP/MAS NMR spectra o2 contain a weak peak at  *°C nuclei of2.
approximately 128 ppm (Figure 5C,D). Although it appears to
be due to unreactewansstilbene, the'3C NMR spectrum of
an unlabeled sample @f(Figure 5 E) contains an intense peak
atd = 128 ppm. Thus, the weak peak at 128 ppm shown in

Figure 5C,D arises from the natural abundance aroni&fic A —
nuclei of 2—not surprising for a molecule containing a total of
eight phenyl groups.

Figure 6 shows the experimental and calculated CP/MAS B

spectra of2 obtained at various spinning rates.f). The
calculated spectra (Figure 6A,C,E) were generated using the
parameters obtained from an analysis of the stationary sample

(vide infra). The high-frequency portions of the experimental
spectra are complicated by the peaks arising from natural
abundancg qromaﬂéc nuclei; however, the spinning sideban_ds C -

of the olefinic carbons are well-resolved at lower frequencies.

The asymmetry in the first-order spinning sidebands of the

spectrum obtained with.,: = 2 kHz (Figure 6F) support the D

conclusion that the spin pairs are crystallographically equivalent

but magnetically nonequivalent, since a single transition is l I I ! { |

expected for the sidebands of ap#pin systent® The splitting 400 300 200 100 0 -100
in the isotropic peak (Figure 6E) is also a consequence of the
magnetically nonequivalent nuclei. This effect is unresolved ppm

in the experimental spectrum, probably because of broadening_. .
; - . . Figure 7. Calculated (A) and experimental (BYC NMR spectra of a
due to*J(*9*Pt5C) and2)(**P *C), which are not included in stationary sample dfansstilbene,1, atB, = 9.4 T. Traces C and D

the Ca|Cu|atI0n Of the theoret|cal SpeCtI’um The ISOtI’OpIC peakS are the Correspondwféc NMR spectra of a Staﬂonary samp|eb&t

of the experimental spectra (Figure 6B,D,F) are not affected B, = 4.7 T.

significantly by v, supporting the contention that the line

broadening arises from unresolvE§***Pt.13C) and?J(31P *°C). for an A; spin system. In contrast, slightly different nitrogen
Olefinic Carbon Chemical Shift Tensors intrans-Stilbene CS tensors were observed ftlans-azobenzen#, which is

The 3C NMR spectra of a stationary sampleloére shown in isostructural withl and exhibits the same type of disordér;

Figure 7 with the corresponding calculated spectra. The two this may be due to the greater sensitivity of the nitrogen nucleus

olefinic 13C nuclei in each of the two molecules in the unit cell to subtle structural differences.

of 1 are related by a center of inversiéhgonstituting an A A single set of CS parameters was assumed for the two sites

spin system. Since the two crystallographically nonequivalent of 1. The agreement between the observed and calculté@ed

molecules have, within error, identical isotropic carbon chemical NMR spectra (Figure 7) indicates that this is a reasonable

shifts, the spectra consist of two dipolar subspectra, as expectedassumption. Analyses of these spectra yield the following
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6 of 1 will be comparable to those of ethene. Since there are no

low-energy transitions corresponding to rotation about the axis

T perpendicular to the molecular plane, there is little deshielding
A c—2=C™” in this direction. However, mixing ofr and o* orbitals,

H— 6, / —Ph resulting from rotation about the axis in the molecular plane,

6., perpendicular to the C,C bond, contributes to the deshielding
observed along this axis. Similarly, mixing of tleeand 7*

8y orbitals, resulting from rotation about the C,C bond, contributes

Ph "*\A,w H to the deshielding observed in the direction parallel to this bond.
a0 //ss° X s‘/Ph The accepted olefinic C,C bond length todns stilbene, 1,
/ as determined by X-ray diffraction, is 1.326%Aess than the

computed value of 1.351.36 A5 The unusually short
experimental bond length has been attributed to large-amplitude
motion of the phenyl group¥, although it has also been
suggested that the experimental bond length may be mislezing,
F3 due to the disorder in the crys®lThis bond length may be
M estimated from the measur&iC 13C dipolar coupling constant,
H Ph which is related to the inverse cube of the internuclear
C \ s separation. In principle, one should consider the contribution
7”2 of ALJto Ress (€q 3). This value, unavailable fdy is estimated
c to be approximately 90 Hz in etheA#E,,% and is less than 30
Figure_ 8. (A) _Orientation of _the (_:arbon CSs tensorbf(B) .Orientation Hz in benzend3Cy.56 Hence, the contribution tBsi from AJ/3
of da3in 2. This component is oriented &&om the olefinic C,C bond is thought to be negligible, resulting Ry ~ Rop and allowing

and lies 24 off the plane defined by the platinum and the two olefinic . 13 1 . .
carbons. (C) The HC—Ciso plane of 2 is shown, illustrating the the calculation ofcc. The**C,'*C dipolar coupling constant

orientation ofd:; andd,,. Both components are approximately in this ~ Used in the calcglated spectra shown in Figur_e 7_i32|2-‘3\2
plane. kHz, corresponding tocc = 1.39 + 0.03 A, which is longer

than the experimental vali#é. This is probably a consequence
of motional averaging of thé3C13C dipolar interactiori2¢:13
The olefinic C,C bond lengths for the two types of molecules
present in the unit cell differ by 0.004 A, which corresponds to
a difference of only 30 Hz in their respectiiy,p values,
negligible compared to the uncertaintyRg:. Hence, only one
value of the'3C,13C dipolar coupling constant was used in the
line shape calculations described above.

Table 1 lists the calculated values of the CS tensor$, of
ethene, and their corresponding Pt(0)(RMeomplexes. The
calculated orientations of the CS tensord.@ind ethene are in
exact agreement with experiment, while the principal compo-
nents, particularly at higher frequency, are deshielded slightly
This orientation, illustrated in Figure 8A, is similar to that compared to experimental values. The calculated principal
reported for the olefinic carbons of ethéheand trans2- components of the CS tensor for ethene are comparable to the
butenet results of Orendt and co-workers, calculated using IGLO
' (individual gauge for localized orbitalg§. Given that solid-
state experimental data are compared with the results of
calculations performed on rigid, gas-phase molecules, the

is positive, leading to greater shielding, whereas the paramag_agreement may be _con5|dere_d excel_lent. These results al_so ?hOW
that agreement with experiment improves as the shielding

netic contribution invariably is negative, leading to deshielding. . X .
y g 9 9 increases, not unusual for DFT calculatidts. This reflects

In general, the diamagnetic contribution shows a fairly weak the difficulty of tel lculating th fi
orientation dependence. For example, the diamagnetic shielding € difticulty of accurately caiculating the paramagnetic con-

perpendicular to the molecular plane of ethene is estimated totribut_ion to the shielding, as well_as the s_ens_itivity fo vibrational
be 337 ppm while the component in the molecular plane, and intermolecular effects of this contributidf.

perpendicular to the C,C bond, is 331 ppm. The remaining 1able 1 also lists the first derivatives of the calculated
component, parallel to the C,C bond, is 280 ppmOn the shielding of 1 with respect to bond extension. All three
other hand, the paramagnetic contribution to the shielding tensorcomponents have negative derivatives; that is, the shielding
components is often Strong]y dependent on orientation. It decreases with ianeaSing bond Iength. This general observation
involves the mixing of the ground- and excited-state wave has been made from NMR investigations of isotope effects on
functions connected by magnetic-dipole-allowed transitions, chemical shifts and also from variable temperature studies of
which correspond to excitations between molecular orbital levels NMR chemical shift$72 The calculated isotropic first derivative
having nonzero matrix elements of tkey, andz components ~ Of the shielding,—135 ppm/A, is slightly smaller than the
of the angular momentum. Because theomponent of the ~ approximately—177 ppm/A derivative calculated for ethene
electron orbital angular momentum operators have the sameusing a similar basis sét? These calculations demonstrate the
symmetry as rotation operators abayy, andz, they connect sensitivity of the chemical shielding to the molecular structure.
orbitals such that charge appears to rot#é&2 To a first Olefinic Carbon Chemical Shift Tensor for Pt(p?-trans-
approximation, the electronic properties of the olefinic carbons stilbene)(PPh),. Carbon-13 NMR spectra of a stationary

principal components for the olefinic carbon CS tensorg:of
011 = 215, 022 = 120, anddszz = 49 ppm, each with an
uncertainty estimated to be less than 2 ppm. Since it is known
that the most shielded componedtg, of olefinic carbon CS
tensors is always approximately perpendicular to the plane
defined by the olefinic carbon and its substituefit®, this
component was fixed during the search for the “best-fit” line
shape. The final calculated spectra were obtained using the
following orientation: the least shielded componedy;, is
nearly perpendicular to the olefinic C,C bond and lies in the
molecular plane. More specifically, the angle betwéemand

the 13C13C dipolar vector is 85+ 5°. This places the
intermediate componeniy,, approximately along the C,C bond.

This CS tensor may be understood in terms of Ramsey’s
theory, which partitions the observed shielding into diamagnetic
and paramagnetic contributiobs. The diamagnetic contribution
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The geometry about the olefinic carbons of P06befin
complexes has been qualitatively described in terms of the model
proposed by Dewar, Chatt, and Duncan3bin,which donation

A of electron density from the Pt to the* antibonding orbitals
of the olefin results in a weakening, and hence a lengthening,
of the olefinic C,C bond, as well as to increased electron density
B in the olefin—substituent bond. The bond pair/bond bond
repulsion resulting from this increased electron density is thought
to be responsible for the bending of the substituents away from
the platinumt The orientation of the carbon CS tensor for
reflects the geometry about the olefinic carbons. The deshielded
c componentsgdi1 and d22, remain in the plane defined by the
olefinic carbon and its two substituents, wilks perpendicular
D to this plane.
The model proposed by Dewar, Chatt, and Duncatsaiso
T T T T offers a qualitative explanation for the changes in the magnitude
200 100 0 of the CS tensor components upon coordination to Pt(0). The
deshielding in the directions @df; andd,; in the olefin results
ppm primarily from mixing ofo andz* as well asz ando* orbitals.

Figure 9. Calculated (A) and experimental (8C NMR spectra of a Hence, donation of electron density to th# orbitals of the

stationary sample of Rtansstilbene)(PPY),, 2, atBo = 9.4 T. Traces olefinic carbons of the complex will reduce this mixing, resulting
C and D are the corresponding spectr8at= 4.7 T. in the observed increased shielding. The orientation of the

substituents about the olefinic carbons of metal complexes may
sample of2 are shown in Figure 9, B and D, respectively. For be described as being intermediate between that of an olefin
comparison, the corresponding “best-fit” calculated spectra are and an alkane, the absence of low-lying excited electronic states
shown in Figure 9, A and C. The calculated spectra were in the latter resulting in a small span for the CS tensor of its
generated by assuming the CS tensors of the two carbons aréarbons? The span of the CS tensor 2f 51 ppm, is indeed

related by aC, axis (i.e.,a. = 0, 180) using the following intermediate between that of the olefin, 166 ppm, and of ethane,
parameters:di11 = 92+ 2 ppm,d,; = 71+ 2 ppm,dsz3 = 41 7 ppm?8

+ 2 ppm,Rest = 2.5+ 0.2 kHz,f = 112+ 3°, andy = 25+ A dipolar coupling of 2.5+ 0.2 kHz was used to calculate
5°. The complement gf = 112, 68, will also yield the same  the spectra of2 (Figure 9), which, again assumingJ is
calculated spectra, as wijl = —25°. The two cones corre-  negligible, corresponds to a C,C bond length of 1H46.03 A.

sponding tof = 112and 68 are illustrated in Figure 4. To  This compares to the 1.416 A reported for the olefinic C,C bond
fix the orientation ofds3in the molecular axis system, we turn  of 4,4-dinitro-trans-stilbene[bis(triphenylphosphine)]platinuih.

to theoretical calculations. The calculated orientationdgf As for 1, motional averaging probably results in a longer value
for the olefinic carbons of Pig-transstilbene)(PMe),, 3, of ree 3
corresponds t@ = 73°, in good agreement with experiment; The orientation of the calculated CS tensoBaforresponds

033 lies 24 out of the C-Pt—C plane as illustrated in Figure to Euler angles off = 73° and y = 45°, compared to
8B. A similar orientation,8 = 66°, was calculated for the  experimental values, f@&, of 68+ 3° and 25+ 5°, respectively.
olefinic carbon tensor of Pjf-ethene)(PMg., 4; however, the  Accurately calculating the orientation of a CS tensor with a smalll

presence of a mirror plane, absengjriixes ds3in the C-Pt—C span, such a3, is particularly challenging, since the CS tensor
plane. Given the good agreement between the experimentalis relatively insensitive to small changes in orientation. As well
value of 3 and the theoretical values calculated Soand4, it as the neglect of inter- and intramolecular effects, discrepancies
is reasonable to assume tldag for the olefinic carbons of Pt-  in the calculated CS tensor may result from the uncertain

(n?-trans-stilbene)(PP§), must lie close to the EPt—C plane geometry of 2. Calculations revealed that the CS tensor
as shown in Figure 8B. Withs3 oriented 24 out of the orientation is very sensitive to the geometry about the olefinic
C—Pt—C plane, the experimental values)of+25°, imply that carbons. An ab initio geometry optimizationfs impractical
022 is oriented either toward the ipso carbon of the stilbene and would not necessarily yield the geometry prevailing in the
phenyl ring (see Figure 8C) or toward the olefinic hydrogen. solid state. Unfortunately, attempts to grow single crystals of
Since theoretical calculations of the carbon shielding tensor for 2 suitable for X-ray diffraction measurements have been
3 support the former general orientationdb, the orientation unsuccessful to date. In principle, a computational technique
of our combined experimental, theoretical olefinic carbon should not be assessed solely from the results at one level of
shielding tensor for Pif-transstilbene)(PP¥),, 2, is sum- theory, since agreement with experiment may be fortuitous.
marized in Figure 8B,C. Unfortunately, for a molecule of this size, it is not practical at
Comparison of the carbon CS tensorslodind 2 (Table 1) this time to perform calculations at various levels of theory or
reveals significant differences in the magnitudes of the principal With different ECPs. However, other workers have shown that
components of their carbon CS tensors. Upon coordination with calculated CS tensor components converge at a comparable level
Pt(0), the span of the olefinic carbon CS tensor is reduced from of theory?0¢:21.59
166 to 51 ppm, primarily due to changesdm anddz,. The Despite the difficulties inherent in the calculation of CS
lack of symmetry at the olefinic carbon nuclei of #frans tensors for large molecules, we believe that the combination of
stilbene)(PP¥),, 2, makes a direct comparison of their orienta- experimental and theoretical methods can lead to considerable
tions difficult. However, we note that in the complex the carbon insight into carbon CS tensors in transition metalefin
CS tensor apparently remains oriented in the plane describedcomplexes. When analysis of single crystals is impractical, the
by the olefinic carbon and its substituents (Figure 8C). computational techniques, along with the constraints imposed



trans Stilbene and Pif-trans-stilbene)(PP¥).

by the experimental results, offer the most information about

the CS tensor. The magnitudes of the principal components
are determined, and we are able to propose an orientation in

the molecular framework.

Conclusions

We have shown that the olefinic carbon chemical shift tensors
of transstilbene change dramatically on coordination to platinum-
(0). In particular, the span of the carbon chemical shift tensor
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