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The “Invisible” “C NMR Chemical Shift of the Central Carbon Atom in
[(Ph;PAu),C]**: A Theoretical Investigation

Boris Le Guennic,'™ ! Johannes Neugebauer,"™ ‘! Markus Reiher,”™ ¥ and

Jochen Autschbach*®!

In memory of Professor Bernd Artur Hess who passed away on July 17, 2004

Abstract: The experimental “C NMR
chemical shift of the central carbon
atom in the octahedral [(Ph;PAu),C]**
cluster was investigated on the basis of
relativistic density functional calcula-
tions. In order to arrive at independent
model conclusions regarding the value
of the chemical shift, a systematic
study of the dependence of the cluster
structure on the phosphine ligands, the
chosen density functionals, and the
basis set size was conducted. The best
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Introduction

The fascinating octahedral gold cluster [(PhyPAu),C]** (1)
was synthesized by Schmidbaur et al. in 1988 and extensive-
ly investigated by single crystal X-ray diffraction and NMR
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structures obtained were then used in
the NMR calculations. Because of the lated
structure a pro-
nounced deshielding of the central
carbon nucleus could have been ex-
pected. However,

cluster

upon comparison

Keywords: cluster
density functional
NMR
relativistic effects

with the *C NMR properties of the re-
complex  [C{Au[P(CsHs).(p-
CcH,NMe,)]}¢]*", Schmidbaur et al.
have assigned a signal at 6=135.2 ppm
to the interstitial carbon atom. Our cal-
culations confirm this value in the
region of the aromatic carbon atoms of
the triphenylphosphine ligands. The

compounds ; /
calculations close-lying signals of 1ﬂ'le 11108 Ph.en}l/l
spectroscopy carbon atoms can explain the difficul-

ties of assigning them experimentally.

spectroscopy.! Its structure is depicted in Figure 1. Since it
has a six-coordinated carbon atom inside the Aug cage one
would expect unusual NMR parameters. Cage-like clusters
can exhibit a pronounced effect on the NMR chemical shift
of interstitial atoms; one example is the extraordinarily
large ' *W chemical shielding that has been recently predict-
ed for the WAu,, cluster.”? On the other hand, in interstitial
carbides C nuclei are known to be very strongly deshield-
ed. Other examples are the C NMR chemical shifts of a
series of interstitial carbides in transition-metal clusters.’™!
It might thus be expected that the interstitial “C NMR
chemical shift in 1 is very large in magnitude, either positive
or negative depending on whether the chemical environ-
ment is similar to carbides or similar to clusters as WAu,,.

Figure 1. Structure of the [(R;PAu);C]** clusters.
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A number of computational studies have been devoted to
the understanding of the origin of the deshielding of intersti-
tial atoms in metal clusters. For instance, Fehlner et al. have
performed molecular orbital analyses of the "B NMR chem-
ical shifts of boride-centered transition-metal carbonyl clus-
ters.*) The "*C chemical shift tensors for interstitial carbides
of the previously cited series of transition metal carbonyl
clusters have been calculated by Kaupp using sum-over-
states density functional perturbation theory.'”l It has been
shown that the downfield chemical shifts are related directly
to the paramagnetic contribution caused by interstitial
carbon-metal bonding. Hughbanks et al. have presented a
qualitative analysis of the interstitial chemical shifts of cen-
tered hexazirconium halide clusters.!"!! By using the density
functional theory, a quantitative extension of this work has
established additional correlations between the interstitial
chemical shifts and the electronic structure of such com-
plexes."”!

However, previous analyses of the electronic structure of
main group element centered octahedral gold clusters have
highlighted the differences between the title complex and
interstitial carbide complexes."*¥l In particular, one should
underline that the gold systems are thought to have radial
C—Au bonds and rather weak (aurophilic) interactions be-
tween the AuL ligands, whereas in the case of interstitial
carbide complexes, strong metal-metal bonds stabilize the
structures.

For the related complex [C{Au[P(C¢Hs),(p-
C¢H,NMe,)]}s]*™ (2), Schmidbaur et al. have unambiguously
assigned a signal at 0=137.27 ppm to the interstitial carbon
atom. With the 6 and J values of this compound, the au-
thors identified a *C NMR signal at §=135.2 ppm in the
unsubstituted parent complex 1 as originating from the in-
terstitial carbon. The *C NMR resonance of this carbon
atom appeared in a completely unexpected region, since a
strong deshielding was expected: Signals of interstitial
carbon atoms in transition metal carbonyl carbides appear
as far downfield as 0 =450 ppm."™! As mentioned by the au-
thors, “an explanation for this discrepancy is only to be ex-
pected from theoretical calculations, which, in the case of
heavy metals—and especially in the case of gold—must take
into account strong relativistic effects.”'" The septuplet sig-
nals of the central C atoms of the alkylphosphane-based
clusters [(Et;PAu);C]** (3) and [(iPr;PAu)(C]*" (4) were
also easily detected at 6 =159.0 and 154.6 ppm, respectively,
due to the absence of phenyl substituents."® These signals
thus appear about 10 to 15 ppm downfield relative to the
complex 1.

The [(PhiPAu),C]** cluster represents a challenging
system for any quantum chemical approach. For example,
the phosphine ligands contain 18 phenyl rings in total, the
effect of which on the molecular and electronic structures is
not negligible. Theoretical studies on large clusters compris-
ing heavy atoms require the most elaborate quantum chemi-
cal methods. Apart from the nonlinear scaling of quantum
chemical methods with the number of electrons, the large
nuclear charges of the gold atoms induce sizable relativistic
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effects, which need to be properly taken into account both
in the structure optimizations and in the NMR calculations.
Accurate quantum chemical calculations of NMR properties
that do not employ scalar relativistic ECPs but a two- or
four-component Hamiltonian or spin-orbit ECPs are still
rare for large “relativistic” transition-metal compounds.!’!
Consequently, many open questions regarding the NMR of
such systems still remain to be answered.

In a previous study,”™' we have predicted the vibrational
frequencies of the [AusC]*" moiety of the cluster in the full
ligand system. We have been able to quantitatively repro-
duce the amount of core-ligand vibrational couplings. In
contrast to the inherent possibility of vibrations to exhibit
non-locality, that is to couple directly with the ligand atoms,
NMR chemical shifts are considered local molecular proper-
ties. Apart from the yet unknown magnitude of the
BC NMR chemical shift of the central C atom in 1, the de-
pendence of this shift on the phosphine ligands represents
an interesting theoretical problem in itself. The effect of the
ligands is twofold. On the one hand, they have a direct elec-
tronic influence on the chemical shift and, on the other
hand, different substituents in the phosphine ligands will
result in different minimum structures of the complex,
which will also affect the electronic structure and in turn the
chemical shift.

The inherent technical limitations of the applied methods,
that is, the density functionals, basis sets, and optimized
structures are assessed for three different models of the
[(Ph;PAu)C]*" complex: cluster I is the bare [AusC]** core,
cluster II is the simplest model with PH; ligands, that is,
[(HsPAu),C]**, and cluster I is [(Me;PAu),CJ**. Finally,
we have also studied the experimentally known full clusters
[(PhsPAW)CI* (1), [C{Au[P(CeHs)(p-CeHNMe))]}** (2)
and [(iPr;PAu),C]** (4) (see Supporting Information for the
optimized structures).

Computational Details

For all structure optimizations we have used the density functional and
ab initio programs provided by the Turbomole 5.4 suite.”! While we
have employed the second-order Moller—Plesset (MP2) model for the ac-
curate description”=! of the aurophilic attraction, which is a dispersion-
type interaction, only DFT methods are feasible for the description of
the large clusters III, 1, 2, and 4. In the structure optimizations, we have
employed the effective core potential from the Stuttgart group® as pro-
vided by Turbomole for the gold atoms, which has allowed us to treat
only 19 electrons per Au atom explicitly (i.e., Sspd and 6s). Apart from
the core electrons substituted by the effective core potential, the six mo-
lecular orbitals of lowest eigenvalue in the [Au,C] system were kept
frozen in the MP2 calculations. In the DFT calculations, we have used
the Becke—Perdew functional (BP86),***! and the Vosko-Wilk—Nusair
(VWN)®! local density approximation (LDA) functional (combined with
Slater-Dirac exchange), as implemented in Turbomole. For all DFT and
MP2 calculations we have applied the resolution-of-the-identity techni-
que.’*¥ Ahlrichs’ TZVP and TZVPP basis sets® featuring a valence
triple-¢ basis set with polarization functions on all atoms, have been em-
ployed in the structure optimizations. According to the method described
by Pyykko etal.,”” we replaced the f function for Au with exponent
1.056 in the TZVPP basis set by two primitive f functions with exponents
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1.19 and 0.2. This replacement is known to have significant effects on
structures of gold clusters.”) Since no auxiliary basis sets of TZVPP or
TZVPP(2f) quality are available for Au in Turbomole 5.4, we have used
the TZVP auxiliary basis instead. Test calculations showed that this has a
negligible effect on the results. For the phenyl (Ph) substituents in the
large complexes 1 and 2, we have employed Ahlrichs’ SVP basis set!™]
featuring a valence double-{ basis set with polarization functions on all
atoms. The conformation of the PPh; ligands in 1 is the same as in the ex-
perimental complex.!!!

Relativistic density functional NMR computations have been carried out
with the Amsterdam Density Functional (ADF) program package.“**! It
incorporates the code developed by Wolff et al.*! for the two-component
relativistic computation of nuclear shielding constants, based on the
zeroth-order regular approximation (ZORA) Hamiltonian.***! The
NMR code has been modified in order to allow a more efficient treat-
ment of larger systems.*! The modifications that have been made do not
affect the results obtained with the program but implement a significantly
better scaling of the computational time with increasing system size. It
has recently been demonstrated that the ZORA Hamiltonian yields very
accurate relativistic hyperfine integrals for the valence orbitals of heavy
atoms!*”) (see also ref. [48]). The chemical shifts can therefore be expect-
ed to be close to fully relativistic DFT NMR results that would otherwise
be equivalent in terms of basis functions, exchange-correlation potential,
and other parameters that affect the quality of the computation.

As formulated in ref. [43], the shielding constant o, for a nucleus A
within the relativistic ZORA formalism consists of four terms:

op = 08 + 0h + 03°+05C¢ (1)

Here, oY is the diamagnetic shielding, and o} the paramagnetic one.
These two terms are also present in a non-relativistic or a scalar (i.e.,
“one-component relativistic’) ZORA calculation. o5° denotes the spin-
orbit induced terms due to the ZORA analogues of the Fermi contact
(FC) and the spin—dipole (SD) operators.?’! It is important to note that,
due to the different shapes of the orbitals obtained from a variational
two-component calculation, o) and o} are also somewhat different com-
paring with scalar relativistic calculations. Finally, 05¢ denotes gauge cor-
rection terms obtained from the implemented GIAO (gauge including
atomic orbitals)*>!! formalism in a finite basis. Chemical shifts with re-
spect to a reference nucleus (ref) are calculated as:

6A — O/r\cf_oimbc (2)

The VWN functional has been used in most NMR computations. It has
been shown that it provides a reasonable accuracy for NMR properties
of heavy nuclei in “relativistic” systems,?%3%! but not necessarily for
light ligand nuclei. Therefore, NMR chemical shifts have additionally
been computed by using the Perdew-Wang (PW91)1”! and the BP86 gen-
eralized gradient correction (GGA) density functionals in order to ana-
lyze the dependence of the results on the approximations in the density
functional.

The influence of the size of the basis sets on the *C NMR shielding has
been studied with several basis sets according to the complexity of the
molecules. The Slater-type basis sets that were employed are of triple-§
quality for valence and outer core shells, augmented with two polariza-
tion functions for the gold and the central carbon atoms (TZ2P) and one
polarization function for the phosphorus atoms (TZP). The all-electron
basis sets are of double- quality for the core shells. In some cases, a core
including the shells 1s to 4p has been kept frozen for Au whereas a
frozen core including the shells 1s to 2p has always been employed for P.
Different basis sets (double- or triple-£ (DZ or TZ), with or without po-
larization functions (P)) have been used for the C and H atoms of the
phosphine ligands, with a 1s frozen core for the C atoms (see Table 2). In
addition, for some computations the central carbon’s TZ2P basis has
been augmented with an even-tempered set of 1s and 2p Slater functions
with exponents a up to about 50 (a,,,/a,=1.35) starting with the highest
exponent close to the nuclear charge Z in the TZ2P basis. For heavy
nuclei we have previously applied the same recipe®> but adding func-
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tions with exponents up to 5000. The truncation at a~10* was shown to
compensate for some of the finite-nucleus effects (see ref. [52]). For a
carbon nucleus, finite-nucleus effects should be negligible. The high-expo-
nent functions for carbon are necessary to provide an accurate descrip-
tion of the perturbation by the Fermi contact (FC) term. We have previ-
ously found that truncating the series for ¢ around 50 for 2nd row atoms
provides reasonably well converged FC terms in spin-spin coupling con-
stants.” In heavier systems, both for the relativistic electronic structure
and for the FC term high exponents are needed. We will denote the aug-
mented basis set by aug-TZ2P in the following and already note here
that this basis set yields much improved chemical shifts compared with
the TZ2P basis.

Chemical shifts are reported with respect to the standard reference tetra-
methylsilane (TMS). For each chemical shift reported here, the *C NMR
nuclear shielding for the reference has been computed for an optimized
geometry of TMS at the spin-orbit relativistic (ZORA) level employing
the TZ2P basis set for Si and the same basis set as the central carbon
atom for C. The basis set used for H is either the same as the hydrogen
atoms of the ligands or TZP in the case of complex L

Structures

In order to assess the influence of computational aspects on
the most important structural parameters of the [Au,C]**
core, results from different density functional calculations
have been compared with those from MP2 structure optimi-
zations. In all cases, we have employed basis sets of triple-{

[AuCP*, I,

structures  of
[(H;PA),CJ**, and III, [(Me;PAu)C]**. The structures shown here were
optimized by using MP2/TZVPP(2f) (I), and BPS6/TZVPP(2f) (I, TII).

Figure 2. Optimized complexes I,
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Figure 3. Optimized structure of complex 1, [(Ph;PAu),C]**. The struc-
ture was optimized using BP86/TZVPP(2f)/SVP, that is, we used large
TZVPP(2f) basis sets for the [AugC] core and the P atoms, and a SVP
basis set for the phenyl groups.

valence quality with at least one set of polarization func-
tions.

As already mentioned, calcu-
lations have been carried out
for three different model com-
plexes of type [(LAu),CJ]** with
ligand L=no ligand (I), PH;

ison of MP2 and DFT methods. While the bond lengths cal-
culated with the VWN functional are in fair agreement with
the MP2 results, BP86 overestimates the Au—C distance by
6.7 pm and the Au-Au distance by 9.4 pm compared with
MP2.

For the [(H;PAu),C]** complex, calculations by using
BP86/TZVP and MP2/TZVP have been carried out assum-
ing D;, symmetry. As can be seen from the data in Table 1,
the MP2 results for the Au—-C and Au-Au distances are
about 3 and 4.5 pm, respectively, shorter than the bond
lengths calculated by using BP86. The Au—P bond lengths
are only slightly longer for BP86. It can furthermore be rec-
ognized that all Au—C and Au-Au distances within a partic-
ular structure are almost equal, the largest variations being
1.3 pm between the longest and the shortest individual Au-
Au contact for the BP86/TZVP structure. Variations larger
than 0.2 pm for the Au—P bond lengths within a particular
complex are not found for any of the structures investigated
here. We have also checked the influence of the basis set on
the BP86 results in this molecule by performing a BP86/
TZVPP(2f) structure optimization. The larger basis set
indeed decreases the equilibrium bond lengths for all types
of bond lengths investigated here by 1 to 2 pm, bringing the
results in better agreement with the MP2/TZVP calculation
and with the experimental values.

Another important test on the reliability of structures
concerns the point group symmetry of the molecules. Be-

Table 1. Selected calculated bond lengths in pm for complexes [(LAu),C]** with L=no ligand (I), PH, (II),
PMe; (III), PPh; (1), PPh,(p-CsH,NMe,) (2), and [(iPr;PAu)sC]** (4). Calculations were performed by using
the BP86 and VWN density functionals as well as the MP2 method, and TZVP or TZVPP(2f) basis sets. For
the complexes 1, 2, and 4, we used SVP basis sets for the phenyl groups.

(II), and PMe; (Me=methyl;

. No. Model Ligand L Method/ Sym. Au-C Au-Au Au-P
III), as well as for the experi- basis
mentally known complex with 7 I (none) MP2/TZVPP(2f) O, 203.5 287.8 -
L=PPh; (1). The structures of ; 1 (none) BPS6/TZVPP(2f) O, 2102 2972 -
complexes I to III are displayed 3 I (none) VWN/TZVPP(2f) 0, 204.4 289.0 -
in Figure 2, whereas the struc- 4 I PH, MP2/TZVP C 2145 303.3 2322
ture of complex 1is depicted in > | PH, BP86/TZVP C 02146 103039 102323
X 5 I PH, BP86/TZVP C 217.4 307.2 233.6
Figure 3. 02177 103083  to2338
For the bare [AusC]** core 6 I PH, VWN/TZVP C 212.1 299.7 228.9
(cluster I), we have performed t0 2124 t03008  to0229.0
MP2 and DFT calculations with 7 I PH, MP2/TZVP D, 2145 303.2 2322
) 02147 103037 102323
the large TZVPP(2f) basis set. ¢ n PH, BPS6/TZVP Ds, 217.5 307.2 233.6
Due to the lack of electron-do- t0217.7 t0 3085 t0 233.7
nating ligands, the structure of 9 111 PH; BP86/TZVPP(2f) Dy, 216.3 305.5 2315
this model is very compact, to2164  to0306.7
with Au_C and Au-Au bond 1 m PMe, BPS6/TZVPP(2f)  Ds, 217.3 306.8 2325
02175  to308.1
lengths of only 2035 and 4 m PMe, VWN/TZVPPQ2f) Dy 2115 298.4 275
287.8 pm in case of MP2, re- 02116  t0299.9  t0227.6
Spectively’ Showing that this is a 12 1 PPh3 BP86/TZVPP(2f) C[ 217.4 303.2 233.6
poor model for the experimen- ISVP 02178  t03121 102338
i 13 1 PPh, exptil! 212.2 296.0 226.9
tally known complex with bond t0212.9 {0 309.0 02274
lengths of 2122 to 2129pm 14 2 PPh,(p-C;H,NMe,)  BPSG/TZVPP(2f) - 2173 301.6 233.6
(Au-C) or 296.0 to 309.0 pm /SVP t0218.0  to3156  t0233.9
(Au-Au). However, it can serve 15 4 PiPr, BPS6/TZVPP(2f) - 218.0 300.9 235.1
/SVP 02187  t03129  t02354

as a simple model for a compar-
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sides the D;; symmetric structure described above for clus-
ter II, we have also optimized the structure of the
[(H5PAu),C]** complex using MP2/TZVP and assuming C,
symmetry. The energy difference between these two struc-
tures is almost negligible, and the structural parameters of
the [AugC]** core do not change by more than 0.2 pm com-
pared with the D;, structure. This suggests a small influence
of the orientation of the ligands on the core structure, at
least for the small PH; phosphine ligands. To validate densi-
ty functional methods for this example: a BP86/TZVP struc-
ture optimization yields Au—C and Au—Au bond lengths
which are about 3 to 4 pm longer than in the MP2 calcula-
tion, and Au—P distances which are about 1.5 pm longer.
VWN,; on the other hand, leads to bond lengths which are
shorter than the corresponding MP2 values (about 2 to
3.5pm for Au-C and Au-Au distances, about 3 to 3.5 pm
for Au—P bond lengths). This demonstrates that the system-
atically shorter VWN bond lengths are not to be preferred
over the BP86 data because the decrease in bond length can
be too large in our gold cluster structure optimizations.

Since we set out to study the effect of the ligand chosen
as a model for the PPh; group, we consequently replaced
the PH; groups with the larger PMe;. The role of the phos-
phine ligand in mononuclear gold compounds has already
been investigated by Hiberlen and Rosch!®! with VWN cal-
culations. They have found that in order to obtain structural
properties PHj; is a suitable model for PPh;, but for energy
properties and for the dipole moment the larger PMe;
ligand should be used instead. The general role of phosphine
ligands in gold cluster chemistry (as opposed to the bare
Au, systems) has been studied by Schwerdtfeger and
Boyd® who have used relativistic SCF and MP2 calcula-
tions to trace the electronic effects of the PH; phosphine on
the gold dimer. In the following, we report results for differ-
ent phosphine ligands which we have obtained for the hexa-
nuclear gold clusters under consideration in this work.

For cluster III, reliable calculations with large basis sets
were only feasible using density functional methods; the re-
sults obtained with the BP86 exchange-correlation function-
al are given in Table 1. We note that the Au-C and Au-Au
bond lengths are increased by about 1.0 or 1.4 pm, respec-
tively, for the BP86 calculation compared with the PHj;
model, which may be attributed to the steric repulsion due
to the larger substituents. Also, the Au—P bond lengths are
about 1.0 pm longer in the [(Me;PAu)sC]** complex for
BP86. Again, the variations in the individual bond lengths
of the same type are modest, 1.3 pm between the shortest
and the longest Au—Au contact at most. By using the VWN
functional instead of BP86 for this compound has a pro-
nounced effect on the bond lengths: the VWN Au-C con-
tacts are between 211.5 and 211.6 pm, while the correspond-
ing BP86 values are between 217.3 and 217.5 pm. Addition-
ally the Au-Au and Au-P distances are about 8 or 5pm
shorter for VWN when compared with the BP86 results.
Again, VWN yields considerably shorter bonds for the cen-
tral [Au,C]** core than BP86 and even MP2.

Chem. Eur. J. 2005, 11, 1677 -1686 www.chemeurj.org
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Since the use of GGA functionals such as BP86 is state-
of-the-art in DFT calculations of large molecules, and since
we do not want to rely on a possible error cancellation
within the local density approximation (which does not
work well in all cases, see examples above), we used the
BP86 exchange-correlation functional for the structure opti-
mization of the large [(Ph;PAu);C]** complex. This func-
tional yields consistent structural parameters for the differ-
ent complexes investigated here. The Au—C bond lengths do
not change significantly compared to the PMe;-ligand calcu-
lation, and the Au-P distances increase only by about
1.2 pm on average. Also, the average Au-Au distance of
about 307 pm is comparable to the model complex with tri-
methylphosphine ligands, but the variation in the individual
bond length ranges from 303.2 pm, which is 3.6 pm shorter
than the shortest Au-Au contact in that complex, to
312.1 pm, which is 4.0 pm longer than the longest Au-Au
bond length. This agrees with the experimental Au—Au bond
length’s variation of up to 13 pm.!'"! However, even for this
model the calculated bond lengths are slightly too long com-
pared to the experimental values (about 5 pm for the Au-C
and Au-P distances; the assessment of the Au—Au distances
is difficult due to the large variations). We note that these
results are in good agreement with previously published cal-
culations.!

Additionally, we optimized the structures of the experi-
mentally studied complexes 2 and 4 using the same ex-
change-correlation functional and basis set as employed for
complex 1. For compound 2, the Au—C and Au—P bond
lengths are very similar to cluster 1, while the variations in
the Au-Au distances are even larger (between 301.6 and
315.6 pm). The PiPr; ligands in complex 4 lead to Au—C
bond lengths which are slightly longer, but still comparable
to those of clusters 1 and 2. Also the Au-P distances are in-
creased by about 1.5 pm compared with these compounds.
The Au-Au bond lengths show similar variations as in the
cluster with PPh; ligands, although the shortest Au—-Au con-
tacts are even 2.3 pm shorter than in complex 1.

NMR Properties

Besides the main goal of this work, namely the investigation
of the unexpected range of the *C NMR chemical shift of
the central carbon atom in 1, it is also important to study
the various methodological influences as well as the role
played by the ligands in the evaluation of this chemical
shift. The issues are as follows: i) the influence of the ap-
proximate functionals which have been used, ii) the size of
the basis sets, iii) the geometries of the optimized clusters,
and iv) the nature of the ligands. The computed NMR re-
sults are collected in Tables 2 and 3.

As mentioned in the Section on Computational Details,
the VWN functional has been used for most of the NMR
calculations because of the generally reasonable accuracy
that has been obtained with this functional in previous stud-
ies of NMR properties of heavy metal complexes.> -3
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Table 2. Calculated NMR shieldings (o) and chemical shifts (0)* of *C in the complexes I-II, 1, 2, and 4 (in

to sizable changes in all terms

ppm). that contribute to the shielding
NMR computational settings NMR tensor. For the other com-
optimized method basisl! o(’C)  o(BC)M plexes, thfe presence of coordi-
geometry nated ligands around the
c Au P C dig) H [AusCJ** core is seen to dimin-
complex I ish the influence of the frozen
1 VWN TZ2P TZ2P - - - 486.8 3029 ¢ore approximation. For in-
1 VWN TZ2P TZ2P (4f) - - - 4718  —2879 .
complex II stance, without a frozen core
13
9 VWN TZ2P TZ2P (4f) TZP (2p) - DZ 81.4 99.4  for the Au atoms, the ~C chem-
9 VWN TZ2P TZ2P (4f)  TZP (2p) - DZP 79.2 104.0  ical shift of the central carbon
9 VWN TZ2P TZ2P (4f) TZP (2p) - TZP 758 1081 atom in I was computed to be
9 VWN TZ2P TZ2P TZP 2p) - TZP 741 109.8 .
9 BPl TZ2P TZ2P TZP (2p) - TZP 838 11 1098ppm whereas with a 4f
9 pWl TZ2P TZ2P TZP (2p) - TZP 850 996  frozen core, it was computed to
4 VWN TZ2P TZ2P TZP 2p) - TZP 74.4 109.5 be 108.1 ppm. From Table 3, it
7 VWN TZ2P TZ2P TZP (2p) - TZP 74.3 109.6 can be seen that the 1arge 13C
[l . . .
1le VWN TZ2P TZ2P TZP 2p) - TZP 418 21 pielding  in the [AucCP*
9 VWN DZ TZ2P (4f) TZP (2p) - TZP 1008 88.3 oty (D) i ol 1b
9 VWN  DZ(ls) TZ2P (4f) TZP (2p) - TZP 960 g9 moOI© Syo( ).IS mainly caused by
9 PW DZ(1s) TZ2P (4f) TZP (2p) - TZP 1047 827  the o™ spin-orbit contribution.
complex I It results mainly from the spin-
10 VWN TZ2P TZ2P TZP (2p) TZP(ls) TZP 646 1193 orbit coupling in the Au 5d
10 VWN TZ2P TZ2P (4f) Eoznlfpiz)l DZ(1s) DZ 66.5 1143 (eI, Taking the rather extraor-
. . o .
12 VWN  TZ2P TZ2P (4f) TZP(2p) DZ(ls) DZ 682 1126 dinary magnitude of 0 in I
12 PW TZ2P TZ2P (4f) TZP(2p) DZ(ls) DZ 81.3 99.6  into consideration, a 15 ppm, or
12 VWN aug-TZ2P  TZ2P (4f) TZP(2p) DZ(ls) DZ 49.9 1287 less than 10%, contribution
complex 2 from the Au 4f shells seems
14 VWN TZ2P TZ2P (4f) TZP(2p) DZ(ls) DZ 66.8 114.0 ble. For th )
14 VWN  augTZ2P TZ2P (4f) TZP(2p) DZ(ls) DZ 485 1301 ~ reasonavie. FOT TAC COMPIEXEs
complex 4 II, III, and 1, the 0>* contribu-
15 VWN aug-TZ2P  TZ2P (4f) TZP (2p) DZ (1s) DZ 39.6 139.0  tions are almost completely

[a] Chemical shifts with respect to TMS. Relativistic (ZORA) computations including spin-orbit coupling.
[b] See column 1 of Table 1. [c] Frozen core in parentheses. [d] Basis set for TMS: Si, TZ2P; C, the same as
the central carbon atom; H, the same as the hydrogen atoms of the ligands (if not present, TZP). [e] Becke—
Perdew functional. [f] Perdew—Wang (PW91) functional. [g] PH; ligands added to the optimized geometry of

[AugCJ**. No further geometry relaxation.

In addition, we have applied in some calculations two
common GGA density functionals, PW91 and BP86, in
order to analyze the dependence of the C shielding con-
stant and chemical shift on the approximations in the densi-
ty functional. For both GGA functionals (BP86 or PW91), a
sizable increase of the order of 10 ppm is obtained com-
pared to the °C shielding constant computed with the VWN
functional. This increase is seen to result from changes in
the paramagnetic ¢, the diamagnetic ¢, and the spin-orbit
o°° contributions. A decrease by approximately the same
amount is found for the chemical shift. This is due to the
fact that the °C shielding constant for the reference (TMS)
is very similar when computed with the VWN or one of the
GGA functionals.

The second issue is the influence of the quality of the
basis set on the *C NMR properties. Several basis sets, in
some cases limited by the size of the model clusters, have
been applied. In most computations, the same triple-C
Slater-type basis set augmented with two polarization func-
tions has been employed for the central carbon atom. For
the bare [AugC]** core (I), freezing the Au core shells up to
4f results in a decrease of 15 ppm of the C shielding, due
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quenched, mostly due to the
electronic effects by the phos-
phine ligands. We have shown
previously that a strongly o-
binding ligand trans to a metal—
metal bond drastically reduces
the (Fermi-contact contribution to the) metal-metal spin—
spin coupling constant.F*%! Tt is therefore not unlikely
that a similar effect is in place here that almost completely
eliminates the ¢°° Fermi contact shielding term when the
phosphine ligands are added to the CAuZ" moiety. The rela-
tive Au 4f spin-orbit contributions now exceed 10 % but are
still of the same order of magnitude as in I and partially
counterbalanced by changes in ¢* (Table 3, rows 5, 6).

A rather spectacular effect on the central carbon’s nuclear
magnetic shielding is obtained when adding high exponent
1s functions to its basis set (aug-TZ2P). For instance, in
complex 1 this increases the chemical shift by 16 ppm (128.7
vs 112.6 ppm). Our motivation of supplying these basis func-
tions originates in the large spin-orbit contributions to the
chemical shift in complex I. From the computational results
it is obvious that for the phosphine complexes these spin-
orbit effects are delicately balanced and suppressed mainly
by the electronic effects from the ligands. This effect is dis-
cussed in more detail below. The balancing must therefore
be expected to be sensitive to approximations in the compu-
tational model. Because the mechanism for ¢°° is—on the
side of the light nucleus—essentially the same as for the
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Table 3. Individual contributions to the "*C shielding constants in the
complexes I-1I1, 1, 2, and 42

No." o a° o*° Total o
complex I
1 —245 2711 240.2 486.8
1 -39 264.3 2115 471.8
complex II
9 —193.4 281.8 -7.0 814
9 —194.7 282.6 -87 79.2
9 —196.1 283.1 —11.1 75.8
9 —202.0 284.8 -8.6 74.1
9 —199.7 291.3 =17 83.8
9 —-197.6 290.0 -74 85.0
4 —205.3 287.8 -8.1 74.4
7 —205.4 287.8 -8.1 743
1t —2445 308.2 -21.9 41.8
9 —121.5 2281 -5.7 100.8
9 —122.1 229.3 -11.2 96.0
9 —119.2 2343 —10.4 104.7
complex I
10 —205.5 2842 —142 64.6
10 -197.9 278.6 —14.2 66.5
complex 1
12 —196.9 278.6 —13.6 68.2
12 —189.7 283.3 -12.3 81.3
12 -178.9 252.8 —24.0 49.9
complex 2
14 —198.2 2785 —13.5 66.8
14 —180.4 2529 -239 48.5
complex 4
15 —195.6 263.4 —28.2 39.6

[a] Small ¢ contributions are included in the individual o* and o%°
terms. Computational details are given in Table 2 (same ordering of
rows). [b] See column 1 of Table 1. [c] PH; ligands added to the opti-
mized geometry of [AusC]**. No further geometry relaxation.

Fermi-contact term of nuclear spin-spin coupling!'”-*-¢+% jt

requires steep (high-exponent) s functions for its proper de-
scription, in particular in relativistic calculations.®>>! That
there is indeed a sensitive balancing between various com-
peting effects present is also indicated by the data of
Table 3. The addition of steep functions does not just cause
an increase of the magnitude of ¢°° but concomitant
changes in ¢ and o® of the same order of magnitude. An ac-
curate description of the influence of the Fermi-contact
term at the central carbon nucleus also turned out to be es-
sential in order to obtain reasonable agreement with experi-
ment for the central carbon’s chemical shift in complex 2
(see end of this Section).

In order to be able to compute C NMR properties for
the largest complexes, that is, the model cluster III and the
experimental complexes 1, 2, and 4, we were interested first
in the study of the efficiency of the calculations with the
smallest basis sets for the C and H ligand atoms. For cluster
II for instance, changing the basis set of the H atoms of the
PHj; ligands from TZP to DZ produces a decrease of about
9 ppm in the chemical shift (108.1 vs 99.4 ppm). However,
for the cluster III for which L=PMe;, it seems that using
the smallest basis sets for the ligand and Au atoms does not
affect as much (around 5 ppm) the chemical shift of the cen-
tral carbon atom.
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The influence of some geometrical parameters (geometry
optimizations, and the nature of the ligands) shall also be
discussed. For instance, the cluster II for which L=PHj;,
has been optimized by using different methods and basis
sets under different symmetries (see the previous Section).
Whatever the optimized geometries are, which differ only
by small modifications of the bond lengths (see Table 1),
the C chemical shift is not strongly affected with 109.8,
109.5 and 109.6 ppm for the geometries 9, 4 and 7, respec-
tively.

By using the same basis sets for the NMR computations
(TZ2P, TZ2P(4f), TZP(2p), DZ(1s) and DZ for the central
carbon atom, the gold and phosphorus atoms, and the
carbon and hydrogen atoms of the ligands, respectively), it
appears that the presence of the ligands has, as expected,
the strongest influence on the chemical shift of the central
carbon atom. Without any ligand around the [AusC]** cage
(I), a large negative chemical shift of —287.9 ppm is comput-
ed. As already mentioned, it stems from large shielding
spin-orbit (and diamagnetic) contributions to the *C shield-
ing constant. The addition of a PH; ligand on each Au atom
(IT) positively shifts 6(**C) of the interstitial carbon nucleus
(99.4 vs —287.9 ppm). This strong deshielding is caused by a
sizable negative o and by a cancellation of ¢°°. Replacing
the PH; ligands (IT) by PMe; (IH) still quite noticeably af-
fects the chemical shift (114.4 vs 99.4 ppm), whereas a
change of less than 2 ppm is observed when the PMe; li-
gands (IIT) are replaced with PPh; (1). The addition of PH;
ligands to the [Au,C]** core without re-optimization strong-
ly alters the chemical shift from —302.9 to 142.1 ppm. This
result shows that the chemical shift of the central carbon
atom depends, of course, on the geometrical arrangement of
the cluster, but much more strongly on the electronic effect
of the ligands on the CAug core. The nearly vanishing para-
magnetic shielding and the large ¢°° contributions suggest
that inside the bare Au, cage the central carbon atom
mainly sees a nearly spherical strongly shielding environ-
ment. The situation is very different when the phosphine li-
gands are added.

For complex 1, the chemical shift of the central carbon
atom is then computed to be 112.6 ppm with VWN/TZ2P,
99.6 ppm with PW91/TZ2P, and 128.7 ppm with VWN/aug-
TZ2P (see Table 2). But, how accurate are these values?
From the strong influence of spin-orbit coupling on the cen-
tral carbon shift it is clear that the aug-TZ2P results are
more reliable. As seen before, improving the density func-
tional (GGA vs LDA) reduces the chemical shift, whereas
adding polarization functions in the ligand’s basis has the
opposite effect. Because of the computational costs, com-
plexes 1, 2, and 4 could not be studied with a polarized basis
on the ligands. From the preceding discussion it is clear that
the use of the VWN functional and an unpolarized basis on
the ligands provides some significant error cancellation. We
therefore suggest that the VWN/aug-TZ2P results for 1 are
the ones that should be closest to the experimental data.
This is supported by the rather good agreement between
calculated and experimental results for complex 2 (see
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below), in particular when taking the sensitive balancing of
spin-orbit effects in these complexes into consideration.

In order to further investigate the computational errors,
we have computed the “C chemical shift of the carbon
atoms of the phenyl groups of the experimental complex 1
and for benzene, by using the same basis sets. Experimental-
ly, the '*C chemical shift of 128.5 ppm for the carbon atoms
in benzene is close to the reported shifts of the phenyl li-
gands in complex 1. We have computed 6("*C) for benzene
for two geometries, the experimental one (dc=139.9 pm,
dc;=110.1 pm)*! and an optimized one (BP86/SVP, dc_=
140.7 pm, d-y=110.2 pm). The results are collected in
Table 4.

Table 4. Calculated NMR shieldings (o) and chemical shifts (6)"* of *C for the phenyl ligands of the complex

the PWO91 functional diminishes the difference between
computed and experimental values. With the smallest basis
sets, for example, the 6(C) decreases from 130.0 to
127.3 ppm. The same trend is observed for the central
carbon shift in complex II (see Table 2), for which the use of
the PW91 functional causes a decrease of 10 ppm of the
chemical shift (82.7 vs 92.9 ppm). Thus, the effects on the
3C chemical shift of the use of both the small basis sets and
the PWO1 functional are of the same order of magnitude in
opposite directions. For benzene as well as for the phenyl
carbon atoms in 1, very good agreement with experiment is
obtained with the VWN functional and the unpolarized
DZ(1s) frozen core basis, which is obviously due to a fortui-
tous error cancellation. The
largest errors are seen to occur

1 and for benzene (in ppm). for C,,, which indicates the ne-
Computational settings 3C NMR cessity for a higher-quality po-
larized basis in particular at this
method basis!” Ocalca eatca e’ position in the ligands of 1.
c H Very good agreement with ex-
phenyl ligand of 1 periment is further obtained for
Cio VWN DZ(1s) DZ 60.8 138.8 12971 benzene with a good quality
Cortho VWN DZ(1s) DZ 65.0 134.6 133.91 basis set and a GGA functional.
Cheta VWN DZ(1s) Dz 68.2 131.4 12950 As already mentioned, for the
CP“{“] VWN DZ(1s) DZ 67.1 1325 13206 chemical shift of the central
C,le VWN DZ(1s) DZ 65.7 133.9 131.43 ) !
benzene (exp. geometry)!! carbon atom in II and 1 we find
VWN DZ(1s) DZ 71.2 128.4 1285  effects of similar magnitude
PW DZ(1s) DZ 73.0 125.7 1285  and the same sign regarding dif-
VWN bZ bZ 725 127.1 1285 ferent basis sets and density
VWN TZP(1s) DZ 46.0 134.9 128.5 functionals
VWN TZP DZ 45.6 1353 128.5 :
VWN TZ2P DZ 45.0 135.8 128.5 The presence of steep func-
VWN TZ2P TZP 442 139.7 1285  tions in the basis set of the cen-
PW TZ2p TZP u 50.5 134.1 1285 tral carbon atom turned out to
2 . . .
benzene (opt. geometry) be essential. This is further con-
VWN DZ(1s) Dz 69.6 130.0 128.5 . .
PW DZ(1s) DZ 714 1273 1285 firmed by the calculation of the
VWN DZ DZ 71.0 128.6 1285 chemical shift of the central
VWN TZP(1s) DZ 44.4 136.5 1285 carbon atom in 2 for which the
VWN TZP DZ 44.1 136.8 1285 experimental value is
VWN TZ2P DZ 43.4 137.4 128.5 S i
VWN TZ2P TZP 07 1412 1285 137.27ppm. Oc is computed at
PW TZ2P TZP 48.9 135.7 1285 130.1ppm with the aug-TZ2P

[a] Chemical shifts with respect to TMS. Relativistic (ZORA) computations including spin-orbit coupling.
[b] Frozen core in parentheses. [c] See refs. [1] (1) and [66] (benzene). [d] Averaged results obtained from five
phenyl groups. [e] Results averaged on all the carbon atoms of the phenyl ligands. [f] See ref. [66]. [g] Opti-

mized with BP86/SVP. d_-=140.7 pm, dc_y=110.2 pm.

The average "*C chemical shift of the carbon atoms of the
phenyl ligands in 1 is computed only 2.5 ppm larger than the
experimental one with the DZ(1s) basis and the VWN func-
tional (133.9 vs 131.4 ppm). With the same basis and func-
tional, the calculated (**C) in the optimized benzene struc-
ture (130.0 ppm) also overestimates the experimental value
by only 1.5 ppm. For benzene, an increase of the flexibility
of the basis set increases the chemical shift. For instance,
with TZ2P and TZP as basis sets for C and H, respectively,
the 6(**C) is more than 10 ppm larger than the experimental
one (141.2 vs 128.5 ppm). For all the basis sets, the use of
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basis for the central carbon
atom, whereas it is computed at
only 114.0 ppm without the ad-
ditional steep functions. This
result indicates that for this par-
ticular type of complex, be-
cause of the aforementioned cancellation of errors (ligand
basis set vs density functional), the calculation with the
VWN functional and the steep functions for the central
carbon atom offers the best compromise for a good investi-
gation of the experimental *C NMR chemical shift of the
central carbon atom in 1. As a supplementary test, 6(**C) of
the interstitial carbon atom in 4 has been computed. Owing
to the absence of phenyl substituent, the signal is easily de-
tected experimentally at 6 =154.6 ppm. The difference be-
tween the computed value (6=139.0 ppm) and the experi-
mental one is larger than for complex 2 for instance. This
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deviation can be explained partially by difficulties encoun-
tered in obtaining an optimized structure for this complex.
However, the ordering of the computed 6(*C) for the com-
plexes 1, 2, and 4, that is, 128.7 (1), 130.1 (2), and 139.0 ppm
(4), respectively, follows the ordering of the experimental
data for 2 (137.3 ppm)™¥ and 4 (154.6 ppm)!"® and the ex-
pected chemical shift for 1 (135.3 ppm).[*4

Besides the sources of errors which were already dis-
cussed, remaining errors in the computation can be attribut-
ed to yet neglected effects, for instance from vibrations of
the central carbon in the Au cage, or surrounding solvent
molecules. Because of the sensitive balance between com-
peting effects, it is not easy to point out a clearly dominant
source of errors.

Summary and Conclusions

More than ten years ago,'¥ experimentalists were expecting
that a quantum chemical calculation could give an explana-
tion for the unexpected chemical shift at 137.27 ppm (in the
arene region) of the interstitial carbon atom in
[C{Au[P(C4H,),(p-CsH,NMe,)]}s]**. For instance, the chemi-
cal shifts of interstitial carbon atoms in typical carbonyl
transition metal carbides appear at about 450 ppm in-
stead."™ Because of the cage-like environment, a strong
magnetic shielding of the central carbon would also not
have been very surprising. We find that the suppression of
strongly shielding spin-orbit contributions from the Au cage
due to electronic effects from the phosphine ligands is re-
sponsible here for the unexpected chemical shift. The same
is true for complex 1 for which the central carbon’s chemi-
cal shift could originally not be detected experimentally but
has later been assigned to a signal at 135.2 ppm by compari-
son with data obtained for the related complex 2.1l From
our computations we confirm that it is in the same range as
the one for complex 2, but slightly smaller by about 1-
2 ppm. This in agreement with the experimental values. The
best computed chemical shift for 1 at 128.7 ppm underesti-
mates the experimental value (6=135.2 ppm) proposed by
Schmidbaur et al.l'! by less than 10 ppm.

All the parameters we have studied (functionals, basis
sets, ligand effects) influence significantly the chemical shift
of the central carbon atom. We have already mentioned that
the influence of polarization functions on the ligand atoms
can be of the order of 10 ppm. This value is also the differ-
ence which can be attributed to the use of a GGA instead
of a LDA functional in the calculations. However, it turns
out that these effects are to a large extent cancelled out.
The total ligand influence is much more significant than
these two effects, resulting in a difference of about 400 ppm
between the carbon chemical shifts computed for the clus-
ters I and 1, for instance. By considering an error of just 5%
in this ligand contribution, the calculations would already be
off by about 20 ppm. Therefore, we regard the agreement
between calculated and experimental value for complex 2,
and to a lesser extent for complex 4, as quite satisfactory.

Chem. Eur. J. 2005, 11, 1677 -1686 www.chemeurj.org
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Apart from approximations in the functional, the closer to
the experimental structure the computational model is, the
larger is the calculated chemical shift of the interstitial
carbon atom. Therefore, our “best” results underestimate,
rather than overestimate, the true experimental value.

A detailed orbital-based analysis of the calculated results
would be able to provide further insight into the mecha-
nisms that cause the unexpected chemical shift for the cen-
tral carbon in 1, 2, and 4. Such analysis functionality is
under development in our group. Presently, nuclear shield-
ing from spin-orbit ZORA calculation can unfortunately not
be analyzed in the same way as, for example, in the scalar
(Pauli) relativistic method developed by Schreckenbach and
Ziegler.™"

Further theoretical investigations on the >*C NMR proper-
ties of related gold complexes for which experimental data
are missing, in particular [(Ph;PAu)sC]*, the pentakis ana-
logue of 1,”! are in progress.
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