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The '3C NMR spectrum of TMBA,[Irs(CO)y5] [TMBA =
(CH3)3N(CH,CgHs)] shows, at low temperatures, an unprece-
dented p,-bridging carbonyl low-frequency shift, with the
resonances of the terminal p;-carbonyl ligands placed at
higher frequencies. The chemical shift tensors and the
shielding anisotropies of the carbonyl ligands, obtained from
solid-state NMR analysis, allow us to determine the nature
of the M-CO interaction. The results have been compared
with the *C MAS data of Irg(CO);¢ where p3-CO ligands are
present. Further evidence for the assignment and for the pe-
culiar chemical shift value of bridging carbonyl ligands in

TMBA,[Irs(CO),5] has been obtained by the DFT calculation
of the NMR parameters. The scalar and spin-orbit (SO) rela-
tivistic two-component zero-order regular approximation
(ZORA) methods were employed in the geometry optimiza-
tion and NMR chemical shift calculations, respectively. The
large SO contribution (0 = 26.6 ppm) to the p,-bridging CO
ligand '3C chemical shifts accounts for the position of the
experimentally observed resonance.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Medium- to high-nuclearity carbonylmetal clusters may
present terminal, double-bridging (pt,) and triple-bridging
(13) CO ligands. Thanks to the different M—CO bonding
order, it is possible to discriminate the three kinds of li-
gands by means of spectroscopic techniques such as IR and
13C NMR spectroscopy. Increasing the back-bonding in the
coordination between metal atom and carbon monoxide li-
gand results in a higher frequency shift of the CO reso-
nances. Indeed, in most cases CO chemical shifts follow the
series:!11 §(M—-CO) < 6(Mo—1,-CO) < §(M3—p5-CO).

Also within subgroups there is a progressive low-fre-
quency shift as the atomic number increases, for example:[!
d(Co-CO) > (Rh-CO) > §(Ir-CO).

Stereochemical nonrigidity both in solution and in the
solid state is a common feature of carbonylmetal clusters
and is well documented in several papers.”l In many cases,
however, solution structures were fully consistent with so-
lid-state X-ray structural determination.
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Most carbonyliridium clusters present a complete CO
fluxionality at room temperature that yields magnetically
equivalent ligands; usually the low-temperature spectrum
shows signals between ¢ = 160 and 180 ppm for terminal
CO ligands, between ¢ = 180 and 210 ppm for the edge-
bridging ones and between J = 220 and 260 ppm for the p;-
CO ligands.l"

In this paper we report the NMR characterization of two
carbonyliridium  clusters, namely [Irg(CO);s]> and
Irg(CO),6. Both compounds have been previously synthe-
sized in 1970 by Malatesta and co-workers,! but only in
the middle of the 1980s did we manage to determine the
cluster’s structures. [Irg(CO);s]> shows 12 terminal and
three edge-bridging CO ligands, while Irg(CO);4 has been
isolated in two different isomeric forms: a red and a black
isomer, the latter being quite unstable.[!

Our aim is to elucidate and compare the particular spec-
troscopic properties of the [Irg(CO),s]>~ and Irg(CO);¢ com-
plexes, using a combined experimental-theoretical ap-
proach, employing solid-state NMR and DFT calculations
of 3C NMR chemical shifts. Within this paper the dis-
cussion of only the red isomer of Irg(CO);4 has been taken
into account.

Results and Discussion

Spectroscopic Results

The compound Irg(CO),¢ is isostructural with Rhe-
(CO);6, with four face-bridging and 12 terminal carbonyl
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ligands.’! However, in solution they show very different be-
haviors. Indeed, Rhy(CO);¢ possesses an O, symmetry and
its spectrum, reported by Heaton et al.[®l is characterized
by two resonances, in a 3:1 ratio, at 6 = 180.1 and at
231.5 ppm attributed to the terminal and bridging (u3) car-
bonyl ligands, respectively. On the contrary, the '3C NMR
solution spectrum of Irg('*CO),¢ in CD,Cl, displays a sin-
gle peak at 6 = 177.60 ppm clearly indicating the presence
of chemical exchange among the carbonyl ligands. Even
though we used a '3C-enriched sample, the low solubility of
the cluster did not allow us to perform variable-temperature
(VT) experiments.

In the solid state Irg(CO);6 possesses a simple C, sym-
metry. Hence, for this reason we expect two distinct signals
for the bridging carbonyl ligands and six overlapped peaks
for the 12 terminal ligands as already observed for Rhg-
(CO)16. Indeed, the carbonyl isotropic region of the solid-
state spectrum (Figure 1) is characterized by three peaks at
0 = 168.8, 203.9, and 209.2 ppm assigned to the terminal
and to the two pairs of equal p;-CO ligands, respectively.
Because of the overlapping of the signals, instead of six res-
onances for 12 terminal carbonyl ligands only a single
broad asymmetric peak with a shoulder at 6 = 166.8 ppm
is observed, as has already been seen for the isostructural
Rhy(CO);6.1
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Figure 1. Isotropic region of the solid-state '*C MAS NMR spec-
trum of Irg('*CO),4 recorded at 68.7 MHz, 25 °C, and at a spinning
speed of 5.9 kHz.

We also performed an analysis of the chemical shift ten-
SOrS 011, 020, 033, Where d;; = d,, = d33, and of the shielding
anisotropy (CSA) of the different carbonyl signals, defined
as Ag = g33 — (0'11 + 0'22)/2 with 011 = 0y = 033. By re-
cording a spectrum at a low spinning speed (about 3.8 kHz)
(Figure 2) it has been possible to calculate the chemical
shift tensors by means of the Herzfeld-Berger method.!”
The obtained tensor values, as well as the shielding aniso-
tropy Ag, are reported in Table 1. Unfortunately, for the pi3-
carbonyl moieties the analysis is slightly approximated due
to the small amount of overlapping between the resonances.
The terminal CO ligands show a shielding anisotropy value
(Ao = 385.9 ppm) with pseudo-axial symmetry similar to
that observed for the terminal carbonyl ligand of many
other organometallic compounds such us Rhg(CO)yg,
0Os3(CO),>», etc., (about 400 ppm).[® On the other hand, as
expected, the bridging (u3) carbonyl ligands give rise to a
smaller anisotropy of 114.6 ppm. It is worth noting that
3478
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the chemical shift tensor of the bridging CO sites is axially
symmetric due to the threefold rotational symmetry about
the C-O axis.
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Figure 2. Solid-state '3C MAS NMR spectrum of Irg('3CO);4 re-
corded at 68.7 MHz, 25 °C, and at a spinning speed of 3.8 kHz.
Spinning sidebands marked with * are associated with the peak at
0 = 168.8 ppm, while those marked with # are related to the peaks
at 0 = 209.2 and 203.9 ppm.

Table 1. '3C chemical shift tensors, shielding anisotropy, and inte-
gral values for compound Irg(CO),s. The shielding anisotropy is
defined as Ag = 033 — (0'11 + 0'22)/2 with 011 = 0 = 033 and 6,‘[

= 0
(5;50 511 (522 533 Ao Integral value
[ppm]  [ppm] [ppm]  [ppm]  [ppm]
168.8  352.7 241.9 -88.6 385.9 12
203.9 244.8R1 244801 130301 114,60 4
209.2

[a] The spinning sideband analysis was performed by considering
a single peak, due to high-resonance overlapping. All these reso-
nances are associated to bridging ligands and then a similar aniso-
tropy is expected.

The structure of [Irg(CO);s]*" has been previously re-
ported by Demartin et al.l! Briefly, it consists of a regular
octahedron of stereochemically equivalent iridium atoms
connected to 12 terminal and three symmetrically edge-
bridging (i1,) carbonyl ligands. The 12 terminal CO ligands
can be divided into two sets, six of them being in an axial
and six in an equatorial configuration.

The VT 3C NMR experiments of a '*CO-enriched sam-
ple of TMBA,[Irs(}3CO),s] dissolved in [Dg]THF are re-
ported in Figure 3. In the range 173-298 K the NMR spec-
troscopic data clearly show the presence of one or more
fluxional processes involving the carbonyl resonances. At
room temperature the spectrum is characterized by a single
peak at 6 = 191.9 ppm. By decreasing the temperature, the
signal broadens and the coalescence temperature is reached
at 213 K. By further decreasing the temperature, it is pos-
sible to freeze the fluxionality, and three signals appear at
0 =201.1, 191.2, and 175.2 ppm with relative intensities of
6:6:3, respectively. A careful inspection of the VT spectra
reveals that the resonance centered at 6 = 201.1 ppm in the
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temperature range 203-183 K is sharper than the other two
resonances; thus, at least two different processes involving
the carbonyl ligands determine the fluxional behavior of
TMBA,[Irs('*CO);5]. The presence of three resonances in
the low-temperature limiting spectrum (173 K) agrees with
the X-ray structure in which three different types of car-
bonyl ligands are present (two sets of six terminal CO li-
gands and one set of three p,-CO ligands).
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Figure 3. Solution VT '3C NMR spectra of TMBA,[Irs('*CO); 5]
recorded at 151 MHz in the temperature range 173-298 K.

One would expect the bridging carbonyl signals to fall at
a higher frequency with respect to the terminal ones, in this
case we need to assume an unprecedented low-frequency
value for the bridging CO resonance (6 = 175.2 ppm), and
a quite high chemical shift value for the two sets of terminal
carbonyl ligands. These results, never reported before,
prompted us to find experimental evidence for our assign-
ment. Solid-state NMR is often used as a bridge technique
between the solid structure obtained by single crystal X-ray
determination and solution NMR spectroscopic data. For
this reason we decided to undertake a solid-state NMR in-
vestigation of the molecule in order to find NMR param-
eters corroborating our assignment.

The whole 3C MAS spectrum of TMBA,[Ir4('3CO); ] is
reported in Figure 4. In the carbonyl isotropic region (Fig-
ure 5) it is possible to observe 11 isotropic resonances, at ¢
=179.0, 181.5, 184.2, 187.1, 189.5 (sh), 190.5, 193.8, 196.1,
198.3, 202.3, and 205.3 ppm. It is worth noting that the
intensities of the signals are quite different and in particular
higher integration values are associated with the signals that
fall at 0 = 179.0, 184.2, and 196.1 ppm. It is well known
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that the intensities of the isotropic peaks in solid-state
NMR spectra cannot be directly compared without con-
sidering the different spinning sideband patterns associated
with each resonance (see Figure 4). By careful integration
of the isotropic and anisotropic part of the spectrum, we
can conclude that all the peaks have the same cumulative
intensity except the signals at 6 = 179.0, 196.1, and
205.3 ppm where the relative intensities are 2:3:2 with re-
spect to the other resonances. Thus, the number and the
intensities of the peaks are in agreement with the presence
of 15 carbonyl ligands.

ppm

Figure 4. Solid-state '3C  MAS NMR  spectrum  of
TMBA,[Ir4('3CO);5] recorded at 68.7 MHz, 25 °C, and at a spin-
ning speed of 5.9 kHz. Spinning sidebands marked with * are asso-
ciated with the peak at 6 = 179.0 ppm, while those marked with #
are related to the peak at 6 = 184.2 ppm.

Y
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Figure 5. Isotropic region of the solid-state '*C MAS NMR spec-
trum of TMBA,[Ir¢(13CO),s] recorded at 68.7 MHz, 25 °C, and at
a spinning speed of 5.9 kHz.

The chemical shift tensors (d;;, d», and d33) and the
shielding anisotropies (Ac) associated with the different car-
bonyl signals (see Table 2) afford further information.

From an accurate spectrum analysis it is possible to ob-
serve that the spinning sideband manifolds of the peaks
centered at 6 = 179.0 and 184.2 ppm are much narrower
with respect to the spinning sideband envelopes associated
with all other resonances. In particular, the intensities of
the first group of the spinning sidebands related to the iso-
tropic peak at 6 = 179.0 ppm (marked with * in Figure 4)
drastically decrease as well as those associated with the res-
3479
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Table 2. '3C chemical shift tensors, shielding anisotropy, and inte-
gral values for compound TMBA,[Irs(CO);s]. The shielding aniso-
tropy is defined as Ag = 033 — (O']] + 0'22)/2 with 011 = 03 = 033
and 51'1' = —0j.

Jiso o 09> 033 Ao Integral value
[ppm] [ppm]  [ppm]  [ppm] [ppm]
178.9 265.1 1656 1059  109.4 2
181.5 303.1 3031  -61.8  364.9 1
184.2 263.5 1726  116.5  101.6 1
187.1 359.9 2924  -90.8  417.0 1
189.5(sh)l®l  364.911 292 501 87 3M1  4]6.0M 2
190.5
193.8lal
196.1 358.901 310,701 _81.401 416,20 5
198.3
202.3 3751 2908  -58.9  391.9 1
205.3 389.6 2963 699  412.8 2

[a] The spinning sideband analysis was performed by considering
a single peak, due to high-resonance overlapping. All these reso-
nances are associated to terminal ligands and then a similar aniso-
tropy is expected.

onance at 0 = 184.2 ppm (marked with # in Figure 4).
Furthermore, we decided to perform the Herzfeld—Berger
analysis on the spinning sideband patterns to assert whether
terminal and bridging carbonyl ligands give rise to different
chemical shift tensor values. The computer simulation of
the experimental spinning sideband patterns gave us the
tensor and anisotropy values reported in Table 2. By com-
paring the shielding anisotropies, we can observe that those
related to the resonances at = 179.0 and 184.2 ppm (Ag =
109.4 and 101.6 ppm, respectively) are about 298 ppm lower
than the average anisotropy value of the other signals (Ag =
404 ppm); since it is well known that the terminal carbonyl
ligands have a CSA value of the order of 400 ppm, whereas
bridging carbonyl ligands show smaller values,['%!! we can
assert that the resonances at 6 = 179.0 and 184.2 ppm are
associated with the bridging CO ligands.

The counter-intuitive shifts of the bridging carbonyl li-
gands to lower frequencies with respect to the terminal ones
prompted us to try to rationalize by quantum mechanical
calculations the observed spectroscopic data and to take ad-
vantage of DFT calculations for a full understanding of the
system.

Computational Results

The geometry of [Irg(CO);s]>~ has been fully optimized
by means of the Jaguar program at the B3LYP/

LACV3P**++ level, which resulted in a molecular geome-
try very close to D3 symmetry, even if no symmetry con-
strains have been imposed. The geometry (Figure 6) shows
three types of carbonyl ligands: two groups of terminal li-
gands each composed of six carbonyl ligands and a single
group of three p,-bridging carbonyl ligands. The first type
of terminal carbonyl ligands points in between the other
two p;-carbonyl ligands placed on the adjacent Ir atom (t1
in Figure 6), whereas the other group of six terminal car-
bonyl ligands (type t2, not labelled in Figure 6) are pointing
towards each other. The '*C NMR chemical shifts calcu-
lated at this level by the GIAO method employed by Jaguar
are intuitively in agreement with the common chemical ex-
perience that predicts bridging CO ligands as being less shi-
elded than terminal ones, but do not correlate with the ex-
perimental data, resulting in a complete reversal of the or-
der of the assignment of the resonances (Table 3). Methods
that can calculate chemical shifts of main group elements
are routinely implemented in most standard quantum
chemical packages, but the calculation of NMR shielding
constants is particularly challenging in [Irg(CO);s]> be-
cause relativistic effects are important even for lighter ele-
ments if these elements are bound to heavier metals.[!%13]
In these atoms the spin-orbit (SO) coupling induces a non-
negligible effect. The calculation of NMR parameters, that
take into account the SO coupling, has shown an improved
agreement with experimentally determined parameters over
previous scalar-relativistic calculations for iodo com-
pounds,l'* mercury halides,!'3! and for the '*C NMR shifts
of 5d transition metal carbonyl complexes.'>] This
prompted us to investigate the SO contributions taking ad-
vantage of the ADF package.

Figure 6. Optimized structure of [Irs(CO),s]>~, with labels on axial
and equatorial terminal carbonyl ligands.

Table 3. Experimental (solution) and calculated® *C NMR parameters (ppm) of [Irs(CO);s]*>". Paramagnetic (¢°*?), diamagnetic (¢912),
and relativistic spin-orbit (¢5°) contributions to the values of the absolute isotropic shieldings.

Exp. GIAO Jaguar GIAO ADF spin-orbit (and scalar)
B3LYP/LACV3P**++ BP-ZORA/TZ2P
§iso §iso gphara O.dia O'SO
1L-CO 175.2 228.4 187.7 (212.4) —274.3 (-272.6) 242.7 (242.8) 26.6
p-CO tl 191.2 211.1 198.2 (199.8) —274.1 (-273.6) 256.4 (256.4) 2.3
p-CO t2 201.1 211.1 203.0 (199.2) —274.0 (-273.7) 257.1 (257.1) -3.4

[a] The values are the mean of 3 (u,) or 6 (u; tl and p, t2) carbonyl ligands that are nonequivalent because we do not impose the
symmetry during calculations. Standard deviations are typically 0.1 ppm and in any case below 0.3 ppm.
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The geometry optimized using the ADF program with
the BP-ZORA/TZ2P method is almost identical to that ob-
tained by Jaguar at the B3LYP/LACV3P**++ level. The
results of the ZORA spin-orbit (SO) coupling method re-
produce the spectroscopic data of the carbon atoms
(Tables 3 and 4). A close inspection of the contributions to
the values of the absolute isotropic shielding reveals that
the paramagnetic part (oP**) has almost the same contri-
bution for all three types of carbonyl ligands. The lower
contribution of the diamagnetic part (¢912) for the bridging
1,-CO ligands moves the calculated '*C chemical shift to
higher values, but a much stronger correction of 26.6 ppm
with the opposite sign comes from the relativistic spin-orbit
part of the shielding (¢5°). In the case of [Irg(CO);5]>, o5°
accounts for almost all the observed trend in the chemical
shifts. The calculation of '*C NMR parameters performed
with the scalar BP-ZORA/TZ2P method does not differ
substantially from those obtained previously by the Jaguar
method (Table 3), pointing out the importance of the SO
contribution. This appears to be a case in which the combi-
nation of spin-orbit coupling and magnetic field mixes spin
triplet states into the ground state, inducing a spin density
that then interacts with the nuclei of the carbonylmetal via
the Fermi-contact term, as already outlined in the litera-
ture,'413]

Table 4. Calculated chemical shift tensors (J1, 01, d33) and shield-
ing anisotropy (Ag) for [Irg(CO),s]*~ with ADF at spin-orbit BP-
ZORA/TZ2P level.

Jiso o 05> 033 Ao Integral value
[ppm]  [ppm]  [ppm] [ppm] [ppm]
1877 2479 2092  106.0  122.6 3
1982 3340 317.6  -57.2  383.0 6
203.0 3459 3293 664  404.0 6
Conclusions

In this paper we have finally solved the NMR assignment
of the CO resonances of TMBA,[Ir4('*CO),s] by using a
complementary solid-state NMR and computational ap-
proach. VT solution NMR studies on a '*C-enriched sam-
ple of TMBA,[Ir4('3CO),s] have shown a fluxionality in the
behavior of the CO ligands around the metal cluster. Three
sets of carbonyl ligands (two terminal and one bridging)
have been found in the cluster giving rise to three peaks in
the 13C NMR solution spectrum at low temperatures. An
unusually low-frequency chemical shift for the bridging car-
bonyl ligand has been observed at 173 K when the CO li-
gands are almost frozen. Solid-state NMR spinning side-
band analysis has given further proof to the right assign-
ment of the bridging carbonyl resonance. Indeed, their sig-
nals are associated with a much lower Ag than the terminal
ligands. This confirms the reliability of solid-state NMR
spectroscopy as a bridging technique between crystal struc-
ture analysis and solution NMR spectroscopy.

Moreover, we demonstrate by means of ADF with the
BP-ZORA/TZ2P method that the low-frequency shift in the
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bridging carbonyl chemical shift has a significant relativistic
spin-orbit contribution that cannot be neglected in a proper
assignment of the '3C resonances. Therefore, care should
also be taken in the evaluation of NMR parameters for
lighter elements, in particular when they are bonded to
third-row transition metal atoms. The spin-orbit two-com-
ponent relativistic protocol has been successfully adopted
in DFT calculations to evaluate the NMR shielding con-
stants of carbon atoms directly bonded to Ir nuclei. A satis-
factory agreement between the calculated and experimental
NMR spectroscopic data has been obtained.

Experimental Section

General

All operations were carried out under N, using Schlenk tube tech-
niques. Tetrahydrofuran was distilled from Na/naphthalene; all
other analytical-grade solvents were degassed and stored under N».
[Ir(CO)q] 11 [Iry(CO)po 7 [Irg(CO) 5] 1) and [Irg(CO); )"
were prepared according to the published methods; IR spectra were
recorded with a Bruker Vector 22 FT-IR spectrophotometer, using
0.1 mm CaF, cells previously purged with N».

Sample Preparation

It has been proved that [Irg(CO),s]* and the closely related neutral
cluster Irg(CO),;6 do not exchange their coordinated CO ligands
with gaseous '*CO and hence they cannot be conveniently enriched
for 13C NMR studies. Therefore, in order to obtain a '*CO enriched
sample of both clusters, we had to follow particular synthetic
routes, shown in Scheme 1.

Ir4(CO),5 is the key compound for the preparation of the two hexa-
nuclear clusters. However, its direct 1>*CO enrichment is impossible
owing to its insolubility in all common organic solvents; therefore,
a suitable precursor is necessary which can directly exchange with
13CO on the one hand, and on the other hand can be easily trans-
formed back into Irg(CO);,. This compound is [Ir4(CO);;(CO-
OMe)]; in fact it can be obtained by treatment of the parent cluster
with sodium methoxide in methanol, it gives a fast exchange with
13CO at room temperature and, as already reported,?®! can regener-
ate Iry(CO);, by simple acidification with acetic acid.

The '3CO-enriched samples of [Iry(CO);;(COOMe)]” (ca. 30%)
were obtained by direct exchange at room temperature with the
99% '3CO standard, commercially available from Cambridge Iso-
tope Laboratories, by using standard vacuum-line techniques.

The 3C-enriched tetranuclear cluster then reacts with 2 equiv. of
[Ir(CO),] in refluxing THF to give '3C-enriched [Irg(CO);s]*,
which can be isolated as a brown reddish powder by precipitation
with an aqueous solution of [(CH3);N(CH,C¢H5)]CI or converted
into Irg('3*CO),¢ by acidification under '*CO (0.051 g, 0.032 mmol,
30% yield).

In a typical preparation, Iry(CO);> (1.500 g, 1.359 mmol) was sus-
pended in 60 mL of dry methanol in a 250-mL Schlenk flask and
stirred under '>CO at room temperature; 10.6 mL of a 0.9 M solu-
tion of NaOCHj3; in dry methanol (molar ratio Ir,(CO);,/NaOCH;
= 1:7) was added dropwise to the light yellow suspension; after
about 5 h, a clear orange-yellow solution was obtained, due to the
formation of the [Iry(CO),;(COOCH;)] derivative. After removing
the '2CO in vacuo, the solution was stirred under '*CO (90%
v/v) at room temperature for about 4 h. Then an excess of glacial
CH;COOH was added to the solution causing the immediate pre-
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Scheme 1.

cipitation of the light yellow Ir,('3*CO);5; the product was filtered,
washed several times with water and finally with methanol before
being dried in vacuo (1.425 g, 1.291 mmol, 95% yield).

Sodium was added to a suspension of Iry('3CO);, (0.429 g,
0.386 mmol) in dry THF (30 mL) and the mixture was vigorously
stirred under CO for about 24 h. The FT-IR spectrum of the de-
canted light yellow liquid showed a typical band of [Ir(CO),] at
1894 cm™!; the brown mixture was filtered and solid Ir,('3CO);,
(0.437 g, 0.396 mmol) was added to the filtrate. The yellow suspen-
sion was heated at the reflux temperature under N, for about 24 h;
the FT-IR spectrum of the obtained dark red-brown solution
showed an intense band at 1984 cm!, characteristic of the
[Irg('3CO)s]> dianion. A solution of [(CH3);N(CH,CgHs)]Cl
(0.222 g, 1.193 mmol) in water (60 mL) was then added dropwise
to the cluster solution; after removing THF in vacuo, the brown
reddish precipitate was collected by filtration, washed with water
and finally dried (0.472 g, 0.252 mmol, 64% yield).

NMR Characterization of Irs('3CO);s and TMBA,[Irs('*CO);s]

Solution NMR Measurements: Solution spectra were recorded with
a Bruker Avance 600 spectrometer operating at 150.1 MHz for the
13C  nucleus. For the VT experiments the compound
TMBA,[Ir4('3CO),5] was dissolved in [Dg]THF and the tempera-
ture was varied between 173 and 298 K.

Solid-State NMR Measurements: Solid-state data were collected
with a Jeol GSX 270 spectrometer equipped with a Doty probe
operating at 67.8 MHz for '*C and 270 MHz for 'H. A standard
90° pulse sequence was used with a pulse duration of 2.5 us corre-
sponding to a 60° pulse. The recycle delay was 250 s to allow the
complete recovery of the magnetization after the pulse; 600-2000
transients were sufficient to obtain a good signal/noise ratio. The
spectra were recorded at room temperature at different spinning
speeds. Cylindrical 5-mm (o.d.) zirconia rotors with sample vol-
umes of 120 pL were employed. For the sample the magic angle
was carefully adjusted from the 7Br spectrum of KBr by minimiz-
ing the line width of the spinning sideband satellite transitions.

The principal components of the chemical shift tensors were ex-
tracted by computer simulation of the spinning sideband patterns
obtained at low speed using the HBA program®! based on the
algorithm developed by Herzfeld and Berger.[! The errors in the
evaluation of the chemical shift tensors are less than 4 ppm as
evaluated by repetition of the calculation at different spinning
speeds. The '*C principal tensor components are reported accord-
ing to the standard convention'”! where 6,; = 65, = 33 and the
shielding anisotropy is defined as Ao = 33 — (01,+02,)/2 with gy,
= op = oy and §; = -0,

Computational Details

The initial geometry of [Irg(CO),s]*~ was taken from the litera-
ture.l’! Calculations were performed either with Jaguar®? or with
ADF2005.1.23 In Jaguar we adopted the DFT method based on
Becke’s three-parameter hybrid functional and Lee—Yang—Parr’s
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gradient-corrected correlation functional (B3LYP), with a triple-{
basis set LACV3P**++ 24l which also includes the outermost core
orbitals and effective core potentials (ECPs). The NMR properties
were calculated by the GIAO method used by Jaguar.*’! In the
geometry optimization carried out with ADF we used the scalar
relativistic two-component zero-order regular approximation
(ZORA) method,?9! which requires a specially optimized basis
set.2’l The default ZORA doubly polarized triple-{ (TZ2P) basis
set was used. The inner shells were represented by the frozen core
approximation (1s for C, O and 1s-4d for Ir were kept frozen). We
adopted the generalized gradient approximation (CGA) with Becke
(exchange) and Perdew (correlation) gradient corrections (BP). The
calculations of the NMR parameters were performed by the ADF
NMR property module by means of the scalar and the spin-orbit
ZORA methods.[?!] In the SO coupling method, which takes into
account the interactions between the electron magnetic moments
and the magnetic field generated by their own orbital motion, the
U1K BEST option was used.?! The absolute isotropic constant
shielding values (o) for 1*C of TMS, used as a reference, were calcu-
lated from the optimized structures of TMS with Jaguar (¢"f =
184.02 ppm) and with ADF [¢"/(SO) = 182.71 ppm, ¢"*{(scalar) =
182.61 ppm], with the methods and basis sets described above. The
13C chemical shift values of the carbonyl ligands were therefore
calculated as § = g™ — gealed,
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