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The nonprotonated member, 1 (n 6), of the previously
established nanosized vs-octahedral [Hs—,PtsNisg(CO)4g]"~ Series
(n = 3-6) has been isolated from an aprotic synthetic route and
stabilized as the crystal-ordered cyclohexane/acetonitrile-solvated
[NMe4]* salt. A highly precise X-ray determination (cubic; Pa3; Z
= 4 with 1 possessing —3 site symmetry) has allowed a compara-
tive analysis of the nonprotonated pseudo-Dsq Structure of 1 with
the monoprotonated structure of 2 (n = 5), which constitutes the
only previously reported complete geometry of any member of
this extraordinary Pts-encapsulated vs-octahedral PtgNisg cluster
series.

As part of an extensive investigation to obtain nanosized
Pt—Au carbonyl cluster$,we present herein the isolation
and complete X-ray crystallographic determination of the
nonprotonated [Biizg(COugl® hexaanion) as the crystal-
ordered acetonitrile/cyclohexane-solvated [NMesalt, which
was initially obtained as a byproduct from the room-
temperature reaction of Pt(CODYChnd AuPPRCI with
[NMeg]2[Nig(CO)4] (both reductant and carbonyl source) in
dimethyl sulfoxide (DMSOY.

This nonprotonated 44-metal-atom cluster is a prime
member of the extraordinary fH,PtNizg(COlyg]" family
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Initial isolation of [NMey]¢[PtgNizg(CO)g]-cyclo-CeHi22MeCN: PtCh-

COD (0.28 g, 0.75 mmol), AuPR&I (0.37 g, 0.75 mmol), and PRh
(0.39 g, 1.50 mmol) were dissolved in 30 mL of DMSO. [N§ie
[Nig(CO)2 (1.36 g, 1.50 mmol) in 30 mL of DMSO was added
quickly, and the mixture was stirred for 3 days under,gphirge. The
addition of water (at 0°C) to the reaction mixture produced a
suspension, which was filtered. The resulting brown solid was extracted
with MeOH followed by THF and acetonitile. The acetonitrile extract
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was layered with cyclohexane. Large octahedral-shaped crystals of

[NMeg][PtsNizg(COug]-cyclo-CeHi1222MeCN formed after several
weeks.
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(n = 3—6), which was initially reported in 1985 by Longoni
and co-workers; they obtained variable mixtures of the
monoprotonate@ (n = 5) and diprotonate® (n = 4) by
reaction of the [Ni(CO);)>~ dianion in acetonitrile with
either PtC} or K,PtCl, in a ca. 1:1 molar ratio. They found
that interconversions among members of this family could
be readily achieved by controlled addition of an acid or a
base due to the occurrence in an acetonitrile solution of rapid
protonatior-deprotonation equilibria; the nonprotonatéd

(n = 6) was obtained fron2 by use of hydroxide ion and,
reversibly,2 from protonation ofl by use of HO. Crystalline
samples ofl—3 were isolated for X-ray crystallographic
studies; however, a complete structural determination was
obtained only for the monoprotonated [HRizg(COugl>™
pentaanion?) as the mixed [AsPit[NBu,] "5 salt. Partial
structural determinations disclosed only analogowsliBg
frameworks in1 and in the diprotonate@ (n = 4); they
mentioned that salts df and3 gave poor X-ray diffraction
data due to the crystals undergoing rapid decay, probably
resulting from the loss of clathrated solvent molecules.

A comprehensive investigation reported by Longoni,
Zanello, and co-workefsin 1999 of the electrochemical
(cyclic voltammetry) and chemical redox behavior of this
remarkable cluster series revealed that Ho#md 2 display
unusually rich electron-sink features in dimethylformamide
(DMF) involving each undergoing five one-electron redox
processes: namely, one oxidation and four reduction& for
versus two oxidations and three reductionsZdParticularly
noteworthy is that the redox potential of the /5— couple
in 1, which generates the oxidized §Ri:s(CO)g]®> pen-
taanion @), was observed to correspond to that of the
isoelectronic 5-/4— couple in2.

The only observed perturbation effect caused by neutral-
ization of one of the negative chargeslinvith one proton
in 2 consisted ofl undergoing one additional reduction
process an@ undergoing one additional oxidation process.

(3) Ceriotti, A.; Demartin, F.; Longoni, G.; Manassero, M.; Marchionna,
M.; Piva, G.; Sansoni, MAngew. Chem., Int. Ed. Engl985 24,
697.

(4) Fabrizi de Biani, F.; Femoni, C.; lapalucci, M. C.; Longoni, G.;
Zanello, P.; Ceriotti, Alnorg. Chem 1999 38, 3721.
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On the basis of the nearly uniform changes in the formal
potentials of consecutive redox couples in battand 2,
Longoni, Zanello, and co-worke¥shypothesized that and

2 “should still have semiconductor rather than metallic
character” because of the indicated absence of well-defined
highest occupied molecular orbitdbwest unoccupied mo-
lecular orbital gaps in both clusters.

This first example of a nanosized 44-atom cubic-close-
packed metal framework of pseud-symmetry with the
inner octahedral Rkernel encapsulated by an ouigrNisg
octahedron (i.e., wheng designates 3- 1 = 4 atoms equally
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spaced along each of the octahedral edges) has attracted much

attention as a small ligated metal nanopartfclneoretical
calculations (linear combination of Gaussian-type orbitals,
local density functional, LCGTO-LDF) by Pacchioni; &,
and co-workersof a corresponding [Ni(COg]™™ model
system i = 0, 2, 4, 6) led to the premise of developing
metallic character involving primarily the interstitial metal
atoms in proposed agreement with the initial experimental
magnetic measuremefitsf [HPtNizg(CO)gl®> (2), which
indicated a residual magnetic moment due to incomplete spin
pairing8°

The well-determined crystal structd?é! of [N(CHz)4]6-
[PtsNizg(CO)g] -cyclo-CsH1222CHCN is readily attributed to

(5) (a) Callini, D.; Femoni, C.; lapalucci, M. C.; Longoni, G.; Zanello,
P. InPerspecties in Organometallic Chemistrcrettas, C. G., Steele,
B. R., Eds.; Royal Society of Chemistry, Thomas Graham House:
Cambridge, U.K., 2003; p 183. (b) Longoni, G.; Femoni, C.; lapalucci,
M. C.; Zanello, P. InMetal Clusters in ChemistryBraunstein, P.,
Oro, L. A., Raithby, P. R., Eds.; Wiley-VCH: New York, 1999; Vol.
2, p 1137.
For example, see: (a) Mednikov, E. G.; lvanov, S. A.; Slovokhotova,
1. V.; Dahl, L. F.Angew. Chem., Int. EQ005 44, 6848. (b) Femoni,
C.; lapalucci, M. C.; Longoni, G.; Svensson, P. H.; Zanello, P.; Fabrizi
de Biani, F.Chem—Eur. J. 2004 10, 2318. (c) Femoni, C.; lapalucci,
M. C.; Longoni, G.; Svensson, P. B. Chem. Soc., Chem. Commun
2004 2274. (d) Femoni, C.; lapalucci, M. C.; Longoni, G.; Svensson,
P. H.J. Chem. Soc., Chem. Comm@001, 1776. (e) Belyakova, O.
A.; Slovokhotov, Yu. L.Russ. Chem. Bull. (Engl. TransRP03 52,
2209. (f) Alvarez, SDalton Trans.2005 2209. (g) Adams, R. D.;
Captain, B.J. Organomet. Chen2004 689, 4521. (h) Demartin, F.;
Fabrizi de Biani, F.; Femoni, C.; lapalucci, M. C.; Longoni, G.;
Macchi, P.; Zanello, PJ. Cluster Sci.2001, 12, 61. Demartin, F.;
Femoni, C.; lapalucci, M. C.; Longoni, G.; Macchi,Angew. Chem.,
Int. Ed.1999 38, 531. (i) Teo, B. K.; Zhang, HJ. Cluster Sci2001,
12, 349.
(7) (a) Pacchioni, G.; Rah, N.; Ackermann, LJ. Am. Chem. S04992
114, 3549. (b) Pacchioni, G.; Reh, N.Acc. Chem. Resl995 28,
390. (c) Pacchioni, G.; Kiger, S.; Rech, N. InMetal Clusters in
Chemistry Braunstein, P., Oro, L. A., Raithby, P. R., Eds.; Wiley-
VCH: New York, 1999; Vol. 3, p 1392.
(8) (a) Pronk, B. J.; Brom, H. B.; de Jongh, L. J.; Longoni, G.; Ceriotti,
A. Solid State Commuri986 59, 349. (b) de Jongh, L. J.; Brom, H.
B.; Longoni, G.; Pronk, B. J.; Schmid, G.; van Staveren, M. B. J.
Chem. Res1987, 150. (c) van Ruitenbeek, J. M.; van Leeuwen, D.
A.; de Jongh, L. J. InPhysics and Chemistry of Metal Cluster
Compounds de Jongh, L. J., Ed.; Kluer Academic Publishers:
Dordrecht, The Netherlands, 1994; p 277. (d) van Leeuwen, D. A,
van Ruitenbeek, J. M.; de Jongh, L. J.; Ceriotti, A.; Pacchioni, G.;
Haberlen, O. D.; Rech, N.Phys. Re. Lett. 1994 73, 1432. (e) de
Jongh, L. J. InMetal Clusters in ChemistryBraunstein, P., Oro, L.
A., Raithby, P. R., Eds.; Wiley-VCH: New York, 1999; Vol. 3, p
1434.
Although initial temperature-dependent magnetic measurefents
of powdered samples indicated a magnetic moment-e® 4g per
PtNisg cluster, from a subsequent careful st¥ityf a single-crystal
sample {18 mg) of the monoprotonateti(as the [AsPk "2[NBus] 3
salt), it was concluded “that the intrinsic magnetic moment of this
species is most probably zero” (i.e., the moments of the surface Ni
atoms are completely quenched by the carbonyl ligands, while those
of the encapsulated Pt atoms are presumably nonmagffetic).
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Figure 1. Geometry inl (and likewise in2) of the PgNisg core labeled
under pseudd®sq site symmetry. The vertically oriented principaB (Ss)

axis passes through the hexagon-centered Ni2 atoms of the centrosym-
metrically related top-bottom (opposite) triangular; octahedral faces and

the center of the equilateralRtiangle within each of the two centrosym-
metrically equivalent middle BNig layers. The other six symmetry-
equivalent side triangular; octahedral faces are related to one another by
the three horizontal 2-fold axes and three vertigahirror planes.

the high-quality low-temperature X-ray diffraction data
resulting from the highly symmetrical close-packed cubic
arrangement undePa3 symmetry, in which the [NMg*
counterions and solvated cyclohexane and acetonitrile mol-
ecules are all crystal-ordered. The four hexaanidjsfd
four solvated cyclohexane molecules-68 site symmetry
are located on inversion centers [i.e., (0, 0, 0%8),%; 1>,

0, Y5; Y5, %5, 0) + xy4 with centroid , y, z) coordinates (0,

0, 0) and {5, 0, 0), respectively (corresponding to the'Na
and CI sites in the face-centered cubic NaCl structure). Six
of the 24 symmetry-equivalent [NMg counterions lying

in general positions are octahedrally disposed about each
hexaanion1). The eight acetonitrile molecules of 3-fold site
symmetry are oriented along the four nonintersectitig)
axes.

A comparison of the corresponding bond-length connec-
tivities of the PgNisg core geometry (Figure 1) under pseudo-
Dss symmetry for the analogous entire configurations of the
nonprotonated and monoprotonate®is given in Table 1s
(Supporting Information). Particularly noteworthy is the close

(10) X-ray data of [N(CH)4]e[PtsNizg(COsg]-cyclo-CeHi2»2CH;CN were
collected viap-scan frames from an octahedral-shaped, dark-red crystal
of 0.52 x 0.50 x 0.48 mn? size with a SMART CCD area detector
diffractometry system from a standard Mo-sealed tube generator. The
structural determination was obtained from direct methods followed
by successive Fourier difference maps. Least-squares refinement (on
F2) was carried out wittBHELXTL! Supplementary crystallographic
data in CIF forl have been deposited with the Cambridge Crystal-
lographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, U.K.,
and copies can be obtained free of charge upon request by quoting
the publication citation and deposition number CCDC 604207. H
atomic positions, initially determined from geometric considerations,
were refined with a riding model. Empirical formulasRizg04sCsHoo;

M = 5357.1 g mot%; 1 = 0.710 73 A;T = 173(2) K; cubic;Pa3; Z
=4;a=b=c=23.019(2) A;V = 12197.7 B; d(calc)=2.917 g
cm~3; F(000) = 10 216. A total of 54 864 reflections obtained over
3.06 < 20 < 46.50 were empirically corrected for absorption
(SADABS$; (Mo Ka) = 12.631 mm?. Full-matrix least-squares
anisotropic refinement (oF 2) with 279 parameters and 0 restraints
on 2920 independent merged reflectioR§ifit) = 0.0602] converged

at R1F) = 0.0363 and wRX?) = 0.0756 for all data; RE) = 0.0301

and WR2F 2) = 0.0730 forl > 20(l); GOFF 2 = 1.106; max/min
residual density, 1.13/1.53 e A3,

All crystallographic software and sources of the scattering factors are
contained in: Sheldrick, GSHELXTL version 6.10; Bruker AXS
Inc.: Madison, WI, 2000.
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Figure 2. PtNisg(CO)g geometry inl (and likewise in monoprotonated

2) showing the connectivities of the 18 terminal, 12 edge-bridging, and 18
face-bridging carbonyl ligands under pseudgrsite symmetry. The top
bottom triangularvs octahedral faces have one terminal carbonyl ligand
and two edge-bridging carbonyl ligands attached to each corner Nil atom,

Pt to two IP Ni5 atoms, while the longest-FYli mean is
found for the symmetrical capping of the OP Ni2 to the inner
three triangular Pt atoms. The 11 different means dfi the

108 surface N+Ni bonding connectivities vary from 2.401

to 2.761 A. Both of these shortest and longestNi means
involve the IP Ni4-Ni4 connectivities on the topbottom
octahedral faces (Figure 2); the six shortest equivalent edges
are each spanned by two triply bridging carbonyls, while
the six longest edges are each bridged by Nil atoms. We
conclude that the close geometrical agreement betvwteen
and?2 (i.e., especially the same pseuDgs distribution of

the carbonyl ligands) is consistent with the suggestion by
Longoni, Zanello, and co-workérbased upon their elec-
trochemicat-IR studies that the hydrido-like proton i
interstitially occupies one of the octahedral-like metal

whereas each of the two hexagon-centered Ni2 atoms has three face-cappingavities, as was previously ascertained for both the one/two

carbonyl ligands that are additionally coordinated to the two inner Ni4 atoms
along the six Nit-Ni4—Ni4—Nil edges. In contrast, the other six triangular

Nijo octahedral faces have one terminal carbonyl ligand located on each of

the two inner Ni5 atoms along the six NiNi5—Ni5—Nil side edges, while

hydrido-like protons in the [kENi1o(CO)q]"* series (= 1,
2) from combined neutronX-ray diffraction measure-
mentst*

each of the six hexagon-centered Ni3 atoms is connected to two face-capping Upon determination of the crystal structurelofwe then

carbonyl ligands, namely, with one carbonyl ligand additionally coordinated
to the two inner Ni4 atoms of each tepottom horizontal edge and the
other carbonyl ligand additionally linked to the two inner Ni5 atoms on
two adjacent side edges.

agreement of the corresponding means that are within 0.02

A for both the PPt and P+Ni connectivities and within
0.05 A for the Ni-Ni connectivities.

The virtually identical in-plane (IP) and out-of-plane (OP)
Pt—Pt means of 2.705 A il and 2.722 A in2 compare
favorably with the means of 2.71 and 2.70 A for theradial
Pt(i)—Pt(cage) distances in the electronically equivalent and
geometrically analogously centeredHtosahedra (other-
wise unknown) of RE[Au,(PPh),],(CO)o(PPh)4? and Ptz
[(PtPES)(12-CO)(CONo(PER)4,* respectively; in contrast,
the corresponding 3@ngentialPt(cage)-Pt(cage) distances
of 2.85 and 2.84 A respectively for the latter two icosahedral
structures are 5% longer in exact accordance with the

predicted value based upon a geometrically regular-centered

icosahedron.

The 48 carbonyls (18 terminal, 12 edge-bridging, and 18
face-bridging) inl (Figure 2) are similarly disposed such
that the hexaanion has the same psebDégpsymmetry as
the monoprotonated pentaanion found2irnthis analogous
carbonyl arrangement plays the dominant role in lowering
the pseudosymmetry of the metal architecture fromto
Ds. The five means inl of the 48 Pt+Ni bonding
connectivities range from 2.524 to 2.781 A; the shortest Pt
Ni mean is observed (Figure 1) for the connections of each

(12) The significantly smaller observed individual bond-length uncertainties
(estimated standard deviations)lielative to those ir2 are readily
attributed to the occurrence of one-sixth fewer independent atomic
variables inl versus those ir2 (due tol possessing much higher
crystallographic site symmetry) along with the X-ray data having been
collected at low temperature (100 K) Inversus at room temperature
in 2.

(13) Kurasov, S. S.; Eremenko, N. K.; Slovokhotov, Yu. L.; Struchkov,
Yu. T. J. Organomet. Cheni989 361, 405.
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decided to devise a direct aprotic route (without Augh

to obtain selectively the nonprotonat&dAccordingly, we
carried out reactions of Pt(COD)Ghith [NMeg4]2[Nig(CO)7

in DMSO, with OH™ added to eliminate the formation of
protonated species. Details on the preparation and purification
are similar to those already citédHowever, we found that

an inert (nonoxidative) atmosphere is essential to the isolation
of 1. Whereas the IR carbonyl spectrumloih DMF [1990

(s) and 1845 (ms) cmi] parallels that reportédfor the
hexaanion), our experimental workup produced a product
(from the acetonitrile extract) whose IR carbonyl spectrum
in DMF [2000 (s) and 1860 (ms) cm corresponds to that
reported for the oxidized4. Its spectral identity agd was
then substantiated by the fact that it could easily be reduced
by reaction with cobaltocene to give an IR spectrum
corresponding td (i.e., no spectral changes were observed
when hydroxide ion was added to the product).
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