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characterized compoundfor which their structural-bonding
features have been analyZédnclude Pd species witm = 7,
8, 10, 16, 23 (two different kinds), 34, and 38. In addition,
several giant-sized ligand-stabilized noncrystalline palladium
clusters in the nanoscale regime (i.e., with sizes greater than
10-°m or 10 A) have been isolated wiitlealizedformulations
based upon concentric closed-shell metal cotéz, five-shell
Pdss; specie¥?13and inseparable mixtures of a seven-shelRd
and eight-shell Pgs; species? Prior to our work, the only
known high-nuclearity heterometallic carbonyl clusters contain-
ing palladium were the isostructural [H{Rek(CO)4)3~ trianion'5a
and [RyPG(CO)4?~ dianiort®® and the [AuPci(CO)-
(PMe3)19]%~ dianion!5¢ To date, the high-nuclearity bimetallic
carbonyl cluster possessing the largest number of close-packed
During the last several years we have extended our explor- metal-core atoms is [HnPtNisg(COug™™ (n = 4, 5)1%
atory research involving the preparation and physicochemical Particularly noteworthy are the extensive investigations of metal
characterization of large metal clusters from nickel carbonyl carbonyl clusters as precursors for tailored metal cataljsts;
clusters with bridging main-group IV (14), V (15), or VI (16) these include the use of SiGupported [HFgP5(CO)43~ to
atomsg and high-nuclearity platinum carbonyl clusters (including generate an FePd bimetallic catalyst that exhibited high
new ones with closest-packedsRtPt,, and Pg cores) to selectivity toward methanol synthesis from CQhidactions-5?
bimetallic clusters including AuNi* and Pd-Ni carbonyl The PdaNig cluster () was isolated as the [PRH salt in
species. As previously foufidor a number of other new  yields as high as 24% from the reduction of Pd(BEI, with
isolated platinum carbonyl clusters, we also encountered greatthe [Nig(CO)|2~ dianionl’ The entire crystal structure of
difficulties in obtaining appropriate crystals of PN clusters [PPhy] T 4[PdsaNig(CO)(PPh)e]4 -3MeCN-5Me;CO was un-
for successful single-crystal X-ray diffraction analyses; the ambiguously determined from an X-ray crystallographic analy-
crystals were too small and/or weakly diffracting. However, sjgl8yvia the SMART CCD area detector system in conjunction
the recent availability of a new-generation, commercial charge- with a standard Mo sealed-tube generator. The stoichiometry
coupled-device (CCD) area detector diffractometry system for of 1 established by the X-ray structural determination was
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use with Mo Ko radiation has been a crucial factor in our
obtaining complete structural determinations of the first known
close-packed bimetallic PeNi clusters as well as new large
palladium clusters with carbonyl/phosphine ligands. Herein we
report the preparation, isolation, and structural determination
of a remarkable high-nuclearity bimetallic Pdi cluster,
[PdsaNig(CON1(PPR)e]*~ (1). This investigation has particular
significance in that palladium is utilized as a heterogeneous
catalyst in a wide variety of commercial reactidrend its use
as a hydrogen storage system has been extensively sfudied.
Furthermore, PdNialloys encaged in NaY zeolite were recently
shown by Sachtler and co-workéts possess marked selectivity
differences in CO hydrogenation compared with monometallic
Pd/NaY and Ni/NaY samples and their physical mixtures.
Unlike its nickel and platinum congeners, palladiper se
does not form stable pure discrete carbonyl clustekieverthe-
less, extensive studi®¥have produced a variety of large neutral
homopalladium carbonyl phosphine clusters; crystallographically
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Figure 1. Pseuddds, PdsNig core (with Ni-attached P atoms) of
[PdssNig(COMi(PPh)e)*~: Pd (red), Ni (blue), and P (green).

ascertained from an elemental analy8isThis compound was

also characterized by IR afd#P{H}, IH NMR measurements.
The tetraanion k) of crystallographicC,-2 site symmetry

consists of a Pg@Nig core of pseud®3zn-62m symmetry (Figure

1). Its unique metal-core geometry may be readily described

as a hcp 42-atom aggregate composed of 5 stacked triangular

layers with 1 interior (encapsulated) Pd atom in the middle layer
and 41 surface metal atoms. The 3 bottom, middle, and top
10-atom triangular Pdiz layers are identical with 3 nickel
atoms at the corners and 7 palladium atoms at the other positions
of each equilateral triangle. A horizontal crystallographic 2-fold

axis passes through the one interior Pd atom, one Ni atom, and

its attached terminal carbonyl ligand of the middle layer such
that one-half the cluster is crystallographically independent. The
symmetry-related second and fourth six-atom triangular layers
are composed entirely of Pd atoms. The entirgsRid core
has 12 octahedral and 28 tetrahedral holes.

The six triphenylphosphine ligands are attached to the six
corner nickel atoms in the top and bottom layers. The 41
carbonyl groups consist of 5 terminal and 36 bridging ligands.

(17) A slurry of Pd(PP¥.Cl, (0.83 g; 1.18 mmol) in 20 mL of DMSO
and 5 mL of CHCI, was slowly added to [NMg*2[Nig(CO)2]2~ (0.50 g;
0.60 mmol) in 15 mL of DMSO under aftmosphere at room temperature
over 15-20 min and stirred for 5 h. PRBr (3.50 g; 8.35 mmol) was then
added to the resultant solution, which had turned from dark red to dark
yellow-brown. A slow addition of water to the ice-cooled solution gave
rise to a black precipitate which was filtered and washed with water,
methanol, and THF. Black microcrystalline [RPt [PckaNig(COui(PPh)e]*~
(0.07 g; 24% yield based on Pd(RJpLI,) was isolated from an acetonitrile
extraction. This compound was recrystallized from an acetone/acetonitrile
mixture via layer diffusion with-Pr,O.

(18) [PPh]+4[Po[;3N|g(CO)41(PPrg)6 4-.3MeCN-5Me,CO: monoclinic,
C2lc, a= 22.761(2) Ab = 29.584(2) A.c = 40.844(3) A8 = 102.213"
(3)°, V=26 881(3) R, Z=4. A hemlsphere of 55 534 data was collected
duringca. 14 h via 0.3w scans over a@range of 2.3-47.(°; an empirical
absorption correction fronp scans was applied to the da]za € 2.885
mm~1 for Mo Ka radiation). Structural solution by direct methods and
anisotropic least-squares refinement (based=§nwere performed with
SHELXTL (version 5, 1994). This refinement (1605 parameters/24
restraints) on 19 366 independent merged reflections converdga(Rt=
0.12,wRy(F?) = 0.17 for all dataRy(F) = 0.088,wRx(F?) = 0.15 for 14 844
observed datal (> 20(1)).

(19) Anal. by DESERT ANALYTICS (Tucson, AZ) of black crystals
obtained from MeCN/Pr,O layering, [PBP]"4[PdssNig(COus-
(PPh)g]**CHsCN (FW = 8160.97), Calcd (found): C, 36.35 (36.16); H,
2.14 (2.40); N, 0.17 (0.26); Ni, 6.47 (6.75); Pd, 43.03 (46.57). IR
(acetonitrile; CaR); v(CO), cnTt: 1998 (s), 1883 (vs, asymmetricjP{H}
NMR (202.3 MHz, CRCN at 23°C, 85% HPOs external,d, ppm): 21.78
([PPhy]™), 38.36 PPh]). *H NMR (500 MHz, CRCN at 23°C: multipet,
7.2—8.0 ppm (GHs of [PPh]* and PPB).
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The terminal COs are coordinated to the three corner Ni atoms
in the middle layer and to the two central Pd atoms in the top
and bottom layers. Of the 36 bridging COs, 24 are edge-
bridging and the other 12 are face-bridging.

Considerable variations are observed in both the 114HRH
distances (range, 2.695(13.024(1) A; mean, 2.82 A) and 30
Pd—Ni distances (range, 2.555(22.710(2) A; mean, 2.64 A)
within the PdaNig core; the mean PdPd distance is 0.07 A
longer than that found in ccp Pd metal (2.7512R)As expected,
the Pd-Pd and Pe-Ni distances adhere reasonably closely (i.e.,
generally within 0.1 A) to pseudBs, symmetry. The different
bonding modes of the 36 bridging carbonyl ligands play an
important role in influencing the metametal distances.

The observed number of metal cluster valence electrons
(CVES) in this hcp cluster, which may be considered to possess
globally delocalized metalmetal bonding, is 518 (i.e., 33
10 (Pd)+ 9 x 10 (Ni) + 41 x 2 (CO)+ 6 x 2 (PPh) + 4
(charge)= 518). This number is in exact agreement with the
predicted number of CVEs obtained by the combined application
of the electron-counting Shell model and inclusion princile,
as illustrated by Teo and Zha#igfor other closed-packed metal
clusters with an interior atom (i.e., as observed for thg;Wd
skeletonf?? The observed electron count fbis also consistent
with that based upon the PSEP theory developed by M#tgos
for high-nuclearity close-packed metal clustéts.

The [PPh]™ salt of 1 is air-sensitive, especially in solution;
powder samples are soluble in acetonitrile and DMSO and
slightly soluble in acetone. The observed IR bands at 1998
and 1883 cm! in acetonitrile solution are readily assigned to
the terminal and bridging carbonyl ligands, respectively. No
signals corresponding to hydride-like atoms were detected in
IH NMR spectra (CBCN) at room temperature over-A50
ppm range; in addition, these spectra showed no paramagnetic
shifts of the phenyl proton resonances. Room-temperatBre
NMR spectra (with and without proton decoupling)lah CDs-

CN exhibited one signal for the six Ni-attached RBhbstituents
and one signal for the four [PEJY counterions.

At this time we are pursuing the characterization of the other
major product of this reaction (isolated from an acetone
extraction) as well as investigations of the physicochemical
properties ofl including its variable-temperature magnetic and
electrochemical behavior and protonation/dihydrogen reactions.
This research has also inspired extensive current studies of
related reactions including the formation of heteropalladium
clusters with other metals. Details will be forthcoming.

Acknowledgment. We thank the National Science Foundation
(Grant CHE-9310428) for support of this research. We are grateful to
Siemens Analytical X-Ray Instruments for use of their SMART CCD
system and to Dr. Douglas R. Powell for helpful crystallographic advice.

Supporting Information Available: Anisotropic atomic thermal
ellipsoid figure ofl and tables listing crystallographic data (29 pages).
Ordering information is given on any current masthead page.

JA960681R

(20) Donohue, JThe Structures of the Elementkst ed.; John Wiley
and Sons, Inc.: New York, 1974; p 216.

(21) (a) Teo, B. K.; Sloane, N. J. Anorg. Chem 1986 25, 2315. (b)
Teo, B. K., Sloane, N. J. Anorg. Chem 1985 24, 4545. (c) Sloane, N.
J. A.; Teo, B. K.J. Chem Phys 1985 83, 6520. (d) Teo, B. K.; Zhang,
H. Polyhedron199Q 9, 1985.

(22) For a close-packed high-nuclearity metal cluster, the calculated
electron count iN = 2T, = 2(6S, + B.), whereT, denotes the total number
of topological electron pairs, the total number of surface atoms, aB¢
the number of shell electron paf% In the case of the ReNig cluster
(1) S, = 41 andB,, = T; = 13 (inclusion principle), wher& = 6S + B;

= (6 x 1) + 7 = 13 for a cluster centered at 1 interior Pd atdi= 1)
that is completely encapsulated by 12 neighboring Pd atoms in a localized
hcp arrangement (for whicB; = 7)21d Thus,N = 2((6 x 41) + 13) =
518 electrons fod.

(23) Mingos, D. M. PJ. Chem Soc, Chem Commun 1985 1352.

(24) This model states that the total valence electron cdins given
by Ai + 12ns, whereA; is the central fragment countig., 170 for a centered
13-atomanti-cuboctahedron (hcp)) and is the number of surface atoms
(viz., 29). ThusN = 170+ 12(29)= 518 electrons fof.



