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Synthesis, Solid-State Structure and Multinuclear NMR Studies of the New
Polyhydrido Iridium Carbonyl Cluster IryH4(n-H)4(CO)4(PPhs),
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The carbonyl hydride cluster Ir,Hg(CO)4(PPhs)4 (1) has been
formed in high yield and purity by heating a mixture of
Iry(CO),, and PPhj in toluene at 90 °C under hydrogen at
atmospheric pressure. The product has been characterised
by microanalysis, spectroscopy (IR, 'H and *'P NMR) and X-
ray diffraction. In the solid state one hydrogen, one CO and
one triphenylphosphane ligand are terminally bonded to
each iridium atom, whereas four hydride ligands are
bridging. All the hydrogen atoms were directly located by X-
ray analysis at an average H-Ir distance of 1.55 A (for the
terminal H) and 1.75 A (for the p-H). As shown by 'H and

31P NMR spectra, two isomeric forms (1A and 1B) of the clus-
ter are present in CD,Cl, solution at room temperature, and
they do not interconvert in the explored temperature range.
However, if a solid sample of the cluster is dissolved at 188 K,
only 1A is detected by NMR spectroscopy. The structure of
1B could be proposed on the basis of the T; relaxation times
of the various hydrides: it results by localised exchange of H
and CO around two vertices of the tetrahedral frame.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Hydrogen atoms are common ligands in transition metal
chemistryl!l and can be bound to the cluster framework in
a variety of ways.’l Beside the most common terminal,
bridging, and face-capping modes,’! they can also occupy
an interestitial coordination mode site, with up to six H-
metal interactions.[ !

The hydride ligands in many clusters are abstracted from
the solvent in which the cluster is prepared.[®) However, hy-
drides can also be introduced using a rational synthetic
route, commonly acidification of an anionic cluster,>7# or
hydrogenation of a suitable precursor.”) Alternatively, the
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precursor might have contained hydrides and these are car-
ried over into the cluster product.l'”

Owing to their low scattering factors, hydride ligands are
difficult to locate by X-ray crystallography, and frequently
neutron diffraction studies must be undertaken.*!!12]
NMR spectroscopy is a powerful tool for determining the
position of the hydrides in solution (especially when the
cluster contains other nuclei with spin 1/2, such as 3'P,
13Rh or '9°Pt).[13 A few cases of solid-state '"H NMR stud-
ies have also been reported.l'!

In the present work we report the spectroscopic charac-
terisation and the solid-state structure of the new cluster
[Ir,Hg(CO)4(PPh3),], which can be obtained in a one-pot
synthesis directly from Iry(CO);,, PPh; and hydrogen.
Among the huge number of tetrahedrally substituted irid-
ium clusters,'>13~17] the compound described here is pecul-
iar in several aspects: the simplicity of the synthesis, the
highly symmetric structure, its straightforward dynamic be-
haviour, and the large number of ligands around a small
tetrahedral core. As one half of the ligands are hydrides,
the compound can model the dissociative chemisorption of
hydrogen on small iridium particles.!'®!

[HoIr,(CO) o), with two terminal hydrides,!'> and
[HIry(CO),]~, with a bridging hydride located from neu-
tron diffraction,!'?! are other examples of hydrido-carbonyl
clusters of iridium; [HIry(CO),(PPhs]~ 1 and [Hlr,-
(CO);(PPh,],P are tetranuclear clusters containing both
hydride and P-donor ligands.
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Results

Synthesis and Chemical Characterisation

While trying to synthesise an iridium cluster containing
an interestitial phosphido atom, Ir,(CO)g(PPhs), ['71 (2) was
heated in refluxing toluene under a hydrogen atmosphere.
The infrared spectrum of the brownish-yellow solution sug-
gested the formation of a mixture. Attempts to separate the
main products by preparative TLC or column chromatogra-
phy failed, and therefore we sought milder conditions in
order to increase the selectivity of the reaction. Eventually,
a two-step, one-pot synthesis was devised, which is more
simple and more selective: the first step is the carbonyl sub-
stitution of Iry(CO);, accomplished in refluxing toluene,
with PPhs and Ir,(CO), in a 4:1 molar ratio. In the second
step, the mixture of partially substituted clusters is placed
under hydrogen and heated gently at a temperature below
90 °C wuntil the infrared spectrum shows complete
conversion (usually 24 hours). The product was crystallised
from CH,Cl,/cyclohexane and was formulated as
IryHg(CO)4(PPh3)4 (1), by means of microanalysis, NMR
spectroscopy, and X-ray analysis.

The poor reactivity of 1 is evidence of its stability. De-
spite the large number of hydride ligands, 1 cannot be de-
protonated by base: when it was dissolved in THF, with an
excess of Na,COj; or KOH, the IR spectrum did not show
any modification. A toluene solution of IryHg(CO)4(PPhs),
was placed under a carbon monoxide atmosphere at room
temperature and no reaction was detected after three hours.
However, heating the same solution at 110 °C for four hours
resulted in the transformation into a mixture of Iry-
(CO)Q(PPh3)3 and 2.

Solid-State Structure

The solid-state structure of 1, and the numbering scheme,
are shown in Figure 1. Relevant distances and angles are
collected in Table 1. The metallic framework is tetrahedral,
but the (idealised) molecular symmetry is S, with the un-
ique axis intersecting the two unbridged Ir—1Ir bonds. Thus,
the four equivalent iridium vertices are coordinated by one
triphenylphosphane, one terminal CO, one terminal and
two bridging hydride ligands. The cluster is only slightly
distorted by the presence of four p-H ligands: the unbridged
edges measure 2.726 A and the bridged ones 2.919 A. The
five ligands are arranged in a square-based pyramidal coor-
dination, with the PPhs ligands in the axial positions. The
P-donors are almost perfectly mutually zrans, separated by
an unbridged Ir—Ir bond, and cis to the bridging hydride
(with corresponding P—Ir—Ir angles of 115°) and therefore
the metal atoms are octahedrally surrounded. The average
distances between metals and ligands of different nature are
well within the normal range for iridium clusters,!!%-16-19-20]
and are collected in Table 1. The Ir—H bond lengths are
obviously affected by high standard deviations (0.03—0.04
A) and therefore differences of 0.1 A are of little signifi-
cance; however, constant trends for the Ir—(u-H)—Ir bond
lengths seem to suggest some asymmetry, with long bonds
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trans to the carbonyl and short bonds trans to the terminal
hydride, a pattern contrasting with the “structural” trans
effect in octahedral metal complexes, being smaller for CO
than for H.[2!

Figure 1. The solid state structure of 1; for clarity, only the ipso
carbon atoms of the phenyl rings are indicated; ellipsoids are drawn
at 30% probability

Table 1. Selected distances (A) and angles (deg.) in
[Ir,Hg(CO)4(PPh3)4] (1) with estimated standard deviations (esd’s)
on the last figure in parentheses; term = terminal; br = edge
bridging; tr = trans

Ir1—1Ir2 2.721(1) Ir1-C1 1.846(3)
Ir1—1Ir3 2.925(1) Ir2—-C2 1.847(3)
Irl—1Ir4 2.916(1) Ir3—-C3 1.854(3)
Ir2—1r3 2.906(1) Ird—C4 1.855(3)
Ir2—Ir4 2.931(1)
Ir3—Ird 2.732(1) Ir1-P1 2.305(1)
Ir1—HlI 1.62(4) Ir2—P2 2.315(1)
Ir2—H2 1.58(3) Ir3—-P3 2.315(1)
Ir3—H3 1.51(4) Ir4—P4 2.320(1)
Ir4d—H4 1.51(4)
Ir1-HI13 1.71(3) Ir3—HI13 1.80(3)
Irl1-Hl14 1.60(4) Ir3—H23 1.69(4)
Ir2—H23 1.82(3) Ird—H14 1.87(4)
Ir2—H24 1.63(4) Ird—H24 1.86(3)
Average distances Average angles
C-0 1.143 P-Ir—H,, 88
Ir—P 2.314 Hy,,—Ir—H,, 102
Ir — CO 1.850 Hierm—Ir—CO 86
Ir-Herm 1.55 Hiem—Ir—P 89
Ir—H,, 1.75 P-1r—-CO 96
P—Ir—Ir, 175
P—TIr—TIrg, 115
Ir-C-0 174

Multinuclear VT NMR Spectroscopy

When a sample of 1 is dissolved at low temperature in
CD,Cl, the '"H NMR spectrum shows only two absorptions
in the hydride region, at 6 = —15.24 and —17.25 ppm
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respectively, in agreement with the presence of the terminal
and bridging hydride ligands of the highly symmetric struc-
ture determined by X-ray analysis. As the temperature is
increased three new resonances appear in the proton spec-
trum at 6 = —14.82, —16.11 and —18.89 ppm, respectively,
in the relative ratio 2:1:1. The intensity of these new absorp-
tions is temperature dependent, as shown in Figure 2.

»/J/\ . M/\
\ wm_/\

-16.0

-15.0 -17.0

Figure 2. The '"H NMR spectrum of 1, recorded in CD,Cl,, at
variable temperature

The high-field resonance can readily be assigned to a ter-
minal hydride, whereas the two lower field signals are con-
sistent with the formation of two distinct bridging hydride
absorptions.

The same process has also been examined by 3'P and '*C
NMR spectroscopy. Monitoring the VT 3'P NMR spec-
trum in the same range of temperature, one can easily see
that at 188 K only one 3'P signal is present at § = 3.5 ppm,
whereas upon increasing the temperature a second absorp-
tion is observed at 6 = 4.2 ppm; at room temperature the
spectrum shows two signals. Similarly, only a single reson-
ance is detected in the '*C NMR spectrum for the sample
dissolved at 188 K in CD,Cl,, whereas a second absorption
can be observed in the carbonyl region when the tempera-
ture is increased (8 = 166.78 and 165.80 ppm).*?! Obviously
the new resonances in the 'H, *C, and 3'P NMR spectra
must be associated with the formation of a second isomer
(1B; Scheme 1), different from that found in the solid state
(1A), which increases in concentration at higher tempera-
ture. The two resonances in the 3'P NMR spectrum were
unambiguously assigned to 1A (5 = 3.5 ppm) and 1B (8 =
4.2 ppm) by running a 'H-3'P 2D experiment. It is worth
noting that if the sample is recrystallised again and a new
experiment is performed with the previously reported pro-
cedure the same results are obtained. However, if the solu-
tion containing 1A and 1B at equilibrium is cooled to
188 K, both isomers are present; thus, the rate of exchange
between the two isomers is slow on the NMR timescale.

2110 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. The structure of isomers 1A and 1B, with the 77 relax-
ation times of the different hydride ligands

On the basis of the spectroscopic results it is reasonable
to suggest that the second structure is also highly symmetric
and the difference with respect to the former one is due to
the position of the hydride ligands on the metal framework.

In order to assign the structure of the isomer 1B an
evaluation of the longitudinal relaxation times (7)) of the
hydride resonances has been performed. It has previously
been demonstrated that this technique provides a suitable
method for the determination of the structures of polyhyd-
ridic cluster systems!?®! due to the dependence of T} on the
relative interproton distances.[*¥]

The T, values obtained for the hydride ligands of the two
isomers at room temperature are reported in Scheme 1, and
are proposed on the basis of the relaxation and symmetry
data.

The difference between the two isomers is the reciprocal
orientation of CO and terminal H around the tetrahedron:
by inverting the position of these ligands at two iridium
vertices the molecular symmetry is lowered from S, to D».
The T, values of the terminal hydrides are similar in both
isomers, whereas the bridging hydrides show substantial
changes. In particular, the relaxation time for the higher-
field signal of 1B is substantially shorter than the others,
indicating a closer proximity of these hydrides to other hy-
dride ligands in the cluster. On this basis it is straightfor-
ward to assign the resonance at 5 = —18.89 ppm (having
shorter 7T7) to the H, hydride in the structure. All the other
attributions are summarised in Figure 3.

The complex spin system of twelve 3'P and 'H nuclei,
further complicated by chemical exchange, could not be
examined in details. As a matter of fact, the observed bands
are so broadened (either by chemical exchange or by low
resolution at 188 K) that no hyperfine structure was ob-
served at all (expected values for 2Jpy = 5—10 Hz).[1%:20

Experimental Section

General: All the solvents were purified and dried by conventional
methods and stored under nitrogen. All the reactions were carried
out under an oxygen-free nitrogen atmosphere using standard
Schlenk-tube techniques.!*’! Ir,(CO),, was prepared by literature
methods. !
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Figure 3. The '"H NMR spectrum of 1, recorded in CD,Cl,, at
room temperature, with the assignments of the peaks

NMR experiments were performed on a JEOL EX 400 spec-
trometer ('H operating frequency 399.78 MHz); non-selective in-
version recovery was used to obtain 'H T values. Samples for T
measurements were prepared in the absence of O, by using stand-
ard freeze-pump-thaw techniques. Temperature calibration was car-
ried out with a standard methanol 'H thermometer. Errors in the
reported T, values were estimated to be in the range *2%.

Synthesis of IryHg(CO)4(PPhs)y: Ir4(CO);5 (0.55 g, 0.50 mmol) and
PPh; (0.52 g, 2 mmol) were suspended in 40 mL of toluene. The
mixture was refluxed for 7 hours, and the IR spectrum of the yellow
solution showed bands consistent with a mixture of tri- and tetra-
substituted derivatives of Iry(CO);,. The inert atmosphere was re-
moved and the Schlenk was refilled with hydrogen. The solution
was heated at 80 °C for about 24 hours and the colour changed
from the yellow to pale yellow. After cooling, the solution was fil-
tered, and the solvent was removed in vacuo. The residue was dis-
solved in dichloromethane and layered with cyclohexane. Yellow
prismatic crystals were obtained in 65% yield (0.63 g). IR: v(CO):
2121w 1993s cm™! in CH,Cl,. C¢Hgglr,O4P, (1938.1): caled. C
47.1, H 3.5 found C 47.2, H 3.6.

X-ray Data Collection and Structure Determination: Crystal data
are summarised in Table 2; other experimental details are listed in
the supporting information. The diffraction experiment was carried
out on a Bruker SMART CCD area-detector diffractometer at
223 K. No crystal decay was observed, so that no time-decay cor-
rection was needed. The collected frames were processed with the
software SAINT,?”l and an absorption correction was applied
(SADABS)® to the collected reflections. The calculations were
performed using the Personal Structure Determination Package!!
and the physical constants tabulated therein.[?”) The structure was
solved by direct methods (SHELXS)B! and refined by full-matrix
least-squares using all reflections and minimising the function
Sw(F2 — kF?)? (refinement on F?). Anisotropic thermal factors
were refined for all the non-hydrogen atoms. The eight hydridic
hydrogen atoms were refined with isotropic thermal factors. The
remaining hydrogen atoms were placed in their ideal positions
(C—H =0.97 A), with the thermal parameter B 1.10-times that of
the carbon atom to which they are attached and not refined. In the
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final difference Fourier map the maximum residual was 1.88(81)
eA=3at 0.81 A from Ir(2). CCDC-199711 contains the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge at www.ccdc.cam.ac.uk/conts/retrieving.html
[or at Cambridge crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; Fax: (internat.) +44-1223/336-033;
E-mail: deposit@ccdc.cam.ac.uk].

Table 2. Crystallographic data

Formula C76H681I4O4P4
M 1938.08
Colour pale yellow
Crystal system monoclinic

Space group P2,/c (no.14)

alA 15.196(1)
bIA 24.237(2)
/A 18.949(2)
af® 90

B/° 106.13(1)
" 90

VIA3 6704.3(9)
VA 4

F(000) 3696
DJg cm™3 1.92

TIK 223

Crystal dimensions (mm) 0.29 X 0.41 X 0.58
p (Mo-K,)/em™! 80.28
Min. and max. transm. factors 0.50—1.00

Scan mode [0}

Frame width/° 0.30
Time per frame/sec 10
No. of frames 3650
Detector-sample distance/cm 4.00
0-range/® 3-26

Reciprocal space explored full sphere
No. of reflections (total; independent) 164038; 20468
Rine 0.039

Final R, and R,,, indices® 0.034, 0.060
(F?, all reflections)

Conventional R; index [/ > 2o(/)] 0.022
Reflections with 7 > 26([) 17033

No. of variables 825
Goodness of fitlP] 1.00

[l RZ = [Z(|F02 - kFc2|/ZF02]= RZw = [ZW(FO2 - kFcz)zlzw(F02)2]1/2~
Pl [Zw(F,? — kF2)*/(N,—N,)]"?, where w = 4F,*c(F,?)?, o(F,?) =
[62(F,%) + (0.04F,%)*]"2, N, is the number of observations and N,
the number of variables.

Supporting Information: The '3C NMR spectra for this article are
available (see footnote on the first page of this article).
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