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ABSTRACT: A reinvestigation of the synthesis of
[H5−nRh13(CO)24]

n− (n = 2, 3) led to isolation of a series
of Rh19, Rh26, and Rh33 high-nuclearity carbonyl and
ca rbony l - subs t i t u t ed rhod ium c lu s t e r s . The
[Rh19(CO)31]

5− (1) is electronically equivalent with
[Pt19(CO)22]

4−, but poor crystal diffraction data of all
salts obtained to date have prevented its geometrical
analysis. The structures of Rh26(CO)29(CH3CN)11 (2) as
2 · 2 CH 3 CN a n d [ R h 3 3 ( CO ) 4 7 ]

5 − ( 3 ) a s
[NEt4]5[3]·Me2CO were determined from complete X-
ray diffraction determinations. The latter two species adopt
polyicosahedral metal frameworks, and notably,
[Rh33(CO)47]

5− represents the molecular group 9 metal
carbonyl cluster of highest nuclearity so far reported.

An impressive series of nanosized molecular metal clusters,
anionic (e.g., [Pt38(CO)44]

2−,1,2 [Ni32Pt24(CO)56]
6−,3

[Au34Fe14(CO)50]
8−4), neutral (e.g., Pd69(CO)36(PEt3)18,

5,6

Pd145(CO)∼70(PEt3)30,
6,7 Pd165−xPtx(CO)72(PPh3)20 (x ∼ 8),6,8

Au18Ag20(p-Tol3P)12Cl14,
9 Au38(S−CH2−CH2−Ph)24,10

Au102(S−p-C6H4−COOH)44),
11 and cationic (e.g . ,

[Au6Ag13(dppm)3(−CC−R)14]5+),
12 has been synthesized

and structurally characterized. As shown by the few leading
examples, these clusters only comprise metals of groups 10 and
11. Whereas the so far known homometallic Pt and bimetallic
Ni−Pd and Ni−Pt clusters may be systematically derived from
chunks of close-packed metal lattices,13 both homo- and
bimetallic clusters of the coinage metals, as well as the
homometallic Pd clusters, display a distinct propensity for
condensed, fused, or interpenetrating centered icosahedral
frameworks.6 Species of comparable metal nuclearities and
structures involving group 9 metal atoms are unknown. Prior to
this report, the previous largest nuclearity was held by the
homome t a l l i c [H 4 / 3Rh 2 2 (CO) 3 5 ]

4 − / 5 − 1 4 , 1 5 a n d
[Rh22(CO)37]

4−16 and by the nitride [HxRh28N4(CO)41]
4−

clusters, which are based on chunks of bcc and cpmetal lattices.17

We here report the isolation and characterization of new Rh
clusters which push a little farther the maximummetal nuclearity
but, most interestingly, extend the interpenetrating icosahedral
growth of Pd and Au also to Rh.
These new species all originate from a reinvestigation of the

reactions of Rh4(CO)12 with NaOH in miscellaneous solvents.
The original reaction18 of Rh4(CO)12 induced by NaOH (Rh/

OH− = 6.5) in boiling isopropyl alcohol under a H2 atmosphere
affords [H3Rh13(CO)24]

2− in good yields (ca. 85% based on Rh).
The remaining 15% of Rh was later identified to be
[H3Rh22(CO)35]

5−, which has been reported elsewhere in full
detail.15 ESI−MS monitoring of the crude CH3CN extract of
[H3Rh22(CO)35]

5− also disclosed the presence of very minor
signals which could be attributed to an unknown
[Rh26(CO)40−m]

2− species. This prompted a further inves-
tigation of the reaction under slightly different experimental
conditions, which led to the isolation of [Rh19(CO)31]

5− (1),
Rh26(CO)29(CH3CN)11 (2), and [Rh33(CO)47]

5− (3). Of these,
2 and 3 represent the highest nuclearity Rh carbonyl clusters not
containing interstitial heteroatoms so far reported.
The brown 1 cluster was obtained in good yields (∼ 40%) by

the refluxing of a solution of Rh4(CO)12 and NaOH (Rh/OH− =
3.2) in isopropyl alcohol, for 1 h in a microwave reactor, under a
N2 rather than a H2 atmosphere. This compound has been
isolated and characterized by elemental analysis, IR, and ESI-MS
as the [NEt4]5[Rh19(CO)31] salt (νCO in CH3CN at 1973(s),
1818(m) cm−1). In particular, its ESI-MS shows sets of peaks due
t o { [ N E t 4 ] 3 [ R h 1 9 ( C O ) 3 1 ] }

2 − (m / z 1 6 0 7 ) ,
{[NEt4]2[Rh19CO)31]}

2− (m/z 1542), {[NEt4][Rh19(CO)31]}
2−

(m/z 1476), and [Rh19(CO)31]
3− (m/z 940), accompanied by

those arising from the progressive loss of four COs.
Unfortunately, all crystals of [Rh19(CO)31]

5− were very poorly
diffracting and did not provide an X-ray structural determination.
The brown neutral carbonyl-substituted 2 species (νCO in
CH3CN at 2010(s,sh), 1997(vs), 1849(ms,br), and 1811(sh)
cm−1) was obtained in modest yields (ca. 10%) by controlled
addition of H2SO4 to CH3CN solutions of [H3Rh22(CO)35]

5−.
As suggested by ESI-MS monitoring of the reaction solution,
which shows a peak at 1898 m/z due to {[Rh26(CO)40]}

2−,
accompanied by those arising from a progressive loss of CO's, the
low yields are likely justified by the formation of a mixture of
Rh26(CO)40−x(CH3CN)x (x = 0−11) species. The brown 3
penta-anion (νCO in CH3CN at 2012(vs), 1993(sh), 1976(sh),
1835(ms), and 1813(ms) cm−1) was obtained in fair yields (∼
25%) by the thermal reduction of Rh4(CO)12 with NaOH (Rh/
OH− = 6.5) in isopropyl alcohol, under a H2 atmosphere for up
to 72 h. In CH3CN solutions, 1, 2, and 3 do not display 1H NMR
signals indicative of the presence of hydride atoms.
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Solvated crystals of 2·2CH3CN
19 and 3[NEt4]5·3(CH3)2CO

20

have been characterized by X-ray diffraction. The metal
framework of 2, shown in Figure 1,21 may be derived from the

interpenetration of four centered icosahedral Rh13 moieties and
therefore presents four interstitial Rh atoms (blackened spheres
in Figure 1). Interestingly, it conforms to the growth pattern
based on interpenetration of six double icosahedra (DI)
proposed by Farges22 and extended by Mednikov and Dahl to
Ni−Pd and Pd carbonyl-substituted clusters.6,23 An identical
Pd26 metal frame constitutes the inner metal core of the
previously reported bimetallic Pd29Ni3(CO)22(PMe3)13 spe-
cies.6,24

As shown in Figure 2,21 the ligand shell of the Rh26 cluster
consists of 11 CH3CN molecules and 29 carbonyl groups, 20 of
which are terminally bonded.

To our knowledge, compound 2 represents the highest
nuclearity carbonyl-substituted Rh cluster so far reported
(diameter of about 0.8 nm, as measured in correspondence of
the nuclei of outer Rh atoms). The presence of labile CH3CN
ligands might be a prelude to possible tailoring of the cluster for
use in biological domains, e.g., imaging and tagging protocols, as
well as cancer cell apoptosis with low-valent clusters.25

The molecular structure of 3 is shown in Figure 3.21

Its metal frame has a discotic shape (ca. 1 × 1 × 0.5 nm, as
measured in correspondence of the nuclei of outer Rh atoms)
and is elucidated by the formal step-by-step construction
reported in Figure 4.21

Similarly to 2, the inner Rh19 moiety of 3 (Figure 4a) conforms
to the polyicosahedral growth sequence based on inter-
penetrated centered icosahedra.6 However, a small but yet
significant variance occurs. The central core grows along both
directions of the C5 axis by interpenetration of two centered

arachno Rh11 moieties, to give the Rh27 rod shown in Figure 4b.
The remaining six Rh atoms, three on each side, generate four
additional interpenetrated centered arachno Rh11 moieties in the
back and two interpenetrated and highly distorted compact
fragments in the front (Figure 4c). Altogether, there are two fully
interstitial and six plus two semi-interstitial Rh atoms displaying
coordination of 12 (blackened spheres), 10 (crossed spheres),
and 9 (lined spheres), respectively. The latter eight semi-
interstitial Rh atoms complete their coordination by binding a
terminal carbonyl ligand. Each of the 23 surface Rh atoms (open
spheres) also binds a terminal CO group. The remaining 16 COs
are almost symmetrical edge bridges.
The yet structurally uncharacterized cluster 1 features 238

cluster valence electrons (CVEs), like the capped pentagonal
prismatic [Pt19(CO)22]

4−,26a and displays six additional CVEs
with respect to the [Pt19(CO)17]

8− core of [Pt19(CO)17{Cd5(μ-
Br)5Br3(Me2CO)2}{Cd5(μ-Br)5Br(Me2CO)4]

2−.26b On the
basis of the observed electronic differences between Rh and Pt
carbonyl clusters (isoskeletal Rh clusters require more CVEs
than Pt clusters),27 it may be speculated that 1 could conform to
the D5h interpenetrated icosahedral model (1DI) and therefore
to possess the structure shown in Figure 4a. Such a structure
would not be unprecedented.29 If so, 1 would represent a
possible building block for 2 and 3. Further studies are however
necessary in order to substantiate the above speculative
suggestion and chemically relate the three species.
The present work demonstrates that the polyicosahedral

growth is not restricted to Pd or coinage metals and competes
with bcc and cp lattices also for ametal such as Rh, even if the Rh−
Rh bond energy in bulk is approximately twice as much. A few
considerations may justify why this occurs. The number of CVEs
can be calculated and inserted in the formula CVE = 12N + x
introduced by Mingos27 (N = nuclearity of the cluster). The
obtained x value varies for different geometries, and it is higher in

Figure 1. View of the metal frame of 2 pointing out the interstitial Rh4
tetrahedron. Each Rh−Rh edge of the inner tetrahedron is interstitially
lodged in a Rh19 DI.

Figure 2. The molecular structure of 2 (color scheme: Rh, blue; C, gray;
O, red; N, green). Hydrogen atoms have been omitted for clarity.

Figure 3.The molecular structure of 3 (color scheme: Rh, blue; C, gray;
O, red).

Figure 4. Step-by-step construction of the metal frame of 3.
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more compact metal frameworks. Clusters 2 and 3 display values
of x of 2 and 0, respectively, versus a value of 6 for the Pd andNi−
Pd clusters whose metal kernels conform to the same DI
interpenetrated growth sequence (namely, Pd37(CO)28{P(p-
C 6H4Me) 3 } 1 2 ,

2 3 Pd 2 9N i 3 (CO) 2 2 (PMe 3 ) 1 3 ,
2 4 and

Pd35(CO)23(PMe3)15
24). This difference is probably due to the

presence of some wingtip atoms in the latter clusters. In any case,
these x values are significantly lower than those of cp metal
clusters of comparable nuclearity (e.g., [Pt26(CO)32]

2−,2,30 x =
14; [Ni13Pd13(CO)34]

4−,31 x = 20; [Pd29(CO)28(PPh3)7]
2−,32 x =

14; [Pd30(CO)26(PEt3)10],
33 x = 12; [Ni16Pd16(CO)40]

4−,34 x =
20). Rh has fewer valence electrons than the group 10 and 11
metals; therefore, its clusters should acquire a greater number of
CVEs from the ligands. However, the title compounds cannot
gather sufficient electrons from the ligands, their number being
limited by the experimental conditions; therefore, the Rh atoms
maximize their average number of near neighbors (ANNs) and,
consequently, their cohesive energy, by adopting interpenetrated
polyicosahedral structures. For instance, the Rh kernel of 2 (6
DI) has an ANN of 7.85, whereas the isonuclear [Pt26(CO)32]

2−

(hcp) and [Ni13Pd13(CO)34]
4− (ccp) clusters display ANNs of

6.92 and 6.69, respectively. A yet different and noteworthy case is
represented by the gold-thiolates. The preference of Au(I) for
digonal coordination favors the self-assembly of [Aun(SR)n+1]

−

staples, which behave like R2P−(CH2)n−PR2 diphosphine
donors.26b This self-reduces the number of CVEs that can be
provided by the ligands (four electrons for each n of the
[Aun(SR)n+1]

− staple rather than the potential 4(n+1)) and,
accordingly, ends up by favoring polyicosahedral growth of Au
frameworks (e.g., Au38(S−CH2−CH2−Ph)2410 and Au102(S−p-
C6H4−COOH)4411).
The study of the chemical and physical properties of 1, 2, and 3

is underway.
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