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Herein, we report the synthesis and structural
features of the two new palladium carbonyl
phosphane clusters [Pd30(m2-CO)22(m3-CO)4-
(PEt3)10] (1) and [Pd54(m2-CO)32(m3-CO)8-
(PEt3)14] (2). Their nanosized Pd30 and Pd54

cores are the first examples of so-called
™twinned∫-core geometries involving a previ-
ously unknown oligomeric growth pattern,
comprised of interpenetrating cuboctahedra
as building blocks (that is, corresponding to
selective ccp/hcp layer stacking; ccp¼ cubic
close-packed, hcp¼ hexagonal close-packed).
These results have particular stereochemical
implications concerning multi-twinned struc-
tures[1] and growth sequences of much larger
ligated and nonligated palladium nanoparti-
cles.[2±6] The previously unknown cuboctahe-
dral-twinned palladium-core geometries in 1
and 2 provide additional stereochemical evi-
dence that emphasizes the highly versatile
nature of this unique transition metal in readily
forming a remarkable array of highly con-
densed carbonyl±phosphane clusters with ei-
ther icosahedral-, ccp-, or mixed ccp/hcp-based
metal-core arrangements.[4d,7±11] Palladium
clusters also have considerable general interest
since palladium has special commercial impor-
tance in that it forms exceptionally efficient
mono- and bimetallic catalysts for organic
transformations.

Crystals of both 1 and 2 were reproducibly obtained as by-
products together with [Pd38(CO)28(PEt3)12][8h,i, 12] through the

deligation of [Pd10(CO)12(PEt3)6] [8a, 9a] with CO assistance at
the initial stage of the reaction.[13,14] The molecular geometries
and stoichiometries of 1 and 2 were unambiguously estab-
lished from X-ray crystallographic analysis.[15]

The pseudo-C2h (2/m) geometry of the Pd30 core of
[Pd30(CO)26(PEt3)10] (1; Figure 1a) is composed of two inter-
penetrating centered Pd13 cuboctahedra (blue), which form a
™twinned∫ centered Pd20 bicuboctahedron (blue, with six
common atoms) that is capped on six of its eight square faces
by six Pd atoms (orange) and additionally edge-bridged by
four exopolyhedral wingtip Pd atoms (green). The crystallo-
graphically required centrosymmetric Pd30 geometry of 1
(Figure 1a) is closely related to the Pd23 geometry (Figure 1b)
of the known [Pd23(CO)20(PEt3)10] cluster (3), which is
composed of a centered Pd13 cuboctahedron (blue) with six
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Figure 1. a) Pd30 pseudo-C2h (2/m) core geometry in [Pd30(CO)26(PEt3)10] (1). The maximum metal-
core diameter (excluding the wingtip Pd atoms) between two symmetry-equivalent pairs of centro-
symmetrically opposite (square-face)-capping Pd atoms (orange) is 1.01 nm; inclusion of the wing-
tip Pd atoms results in two symmetry-equivalent pairs of centrosymmetrically related wingtip
atoms with metal-core diameters of 1.14 nm; b) Pd23-core geometry in the known [Pd23(CO)20-
(PEt3)10] (3).[10,11] The centered Pd13 kernel (blue) corresponds to a standard ccp arrangement about
a centered atom; c) Structure of 1 which shows ten terminal PEt3 ligands (without ethyl substitu-
ents for clarity) and 26 bridging CO groups about the Pd30 core. Pseudo-C2h symmetry is main-
tained with the C2 axis passing through two bridging CO groups and with the sh mirror plane (ap-
proximately coinciding with the paper) containing four bicuboctahedral Pd atoms, as well as two
(square-face)-capping Pd atoms and four wingtip Pd atoms, together with their six attached phos-
phane P atoms. The two tetracapping {Pd(PEt3)} fragments lying on the mirror plane are each con-
nected by two m3-CO groups to four basal Pd atoms in shell 1, while the other four tetracapping
and four wingtip {Pd(PEt3)} fragments in shell 2 are each linked by 2 m2-CO groups to 14 Pd atoms
in shell 1. The remaining six m2-CO groups are linked to three adjacent pairs of centrosymmetrically
opposite bicuboctahedral Pd atoms in shell 1; d) Structure of 3 showing the analogous distribution
of 10 terminal PEt3 ligands (without ethyl substituents) and 20 bridging CO groups about the
Pd23 core.[10, 11]
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Figure 2. a) Central Pd38 fragment of the Pd54 core in Ci [Pd54(CO)40(PEt3)14] (2), composed of four interpenetrating centered anti-cuboctahedra
(hcp) generated by superposition of Pd24 fragment (left) and Pd26 fragment (right); b) Pd24 fragment consisting of two interpenetrating centered
anti-cuboctahedra with a common Pd±Pd edge; c) Pd26 fragment consisting of two connected but non-interpenetrating centered anti-cuboctahe-
dra. d) Pd40 fragment of the Pd54 core consists of a five-layer mixed hcp/ccp stacking arrangement formed from the central Pd38 fragment and two
centrosymmetrically related Pd atoms (red) to the middle (equatorial) layer. The resulting 40-atom framework has a close-packed (a(Pd5) b(Pd10)
a(Pd10) c(Pd10) a(Pd5)) sequence; the top and bottom three layers may be viewed as two interpenetrating 25-atom aba and aca hcp layers with a
common middle layer; e) Pd20 fragment of three interior 30-atom layers, which has a bac ccp stacking arrangement that corresponds to two inter-
penetrating centered cuboctahedra with six common atoms and completely coincides with Pd20 core of cluster 1. f) Pd54-core geometry obtained
by the addition of 12 square-capping and two triangular-capping phosphane-attached Pd atoms (shell 2) to a Pd40 fragment composed of six interi-
or coplanar Pd atoms forming four edge-fused equilateral triangles that are completely encapsulated by 34 Pd atoms (shell 1). Metal-core dimen-
sions are 1.5î1.2î0.5 nm; g) Structure of 2 displaying the arrangement of 14 PEt3 ligands (without ethyl substituents) and 40 bridging CO
groups about the Pd54 core.
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additional (square-face {100}) capping Pd atoms (orange) and
four edge-bridging wingtip Pd atoms (green).[10, 11] The 13 cen-
tered-cuboctahedral and six (square-face) capping Pd atoms
in 3may alternatively be viewed as a centered n2 Pd19 octahe-
dron (that is, nn denotes (nþ 1) equally spaced atoms along
each edge) of pseudo-Oh (4/m�332/m) symmetry with the other
four wingtip Pd atoms lying on one of the octahedral mirror
planes, such that the molecular symmetry is reduced to
pseudo-D2h (mmm). A geometrical comparison of the metal
frameworks in 1 and 3 (Figure 1a, b) reveals that the pseudo-
C2h Pd30 core in 1may be formally constructed from two of the
centered Pd20 building-block-fragments in 3 (that is, the
geometry of the Pd23 core, minus one face-capping and two
wingtip Pd atoms) by a centrosymmetric interpenetration
resulting in ten common atoms.

From a cluster shell model, both 1 and 3 may be regarded
as possessing two and one interior Pd atoms, respectively, that
are completely encapsulated in the first metal-coordination
shell (shell 1) by 18 and 12 Pd atoms, respectively, that are not
attached to PEt3 groups; in turn, these first-shell Pd atoms are
surrounded by ten bridging {Pd(PEt3)} fragments in the
second incomplete metal-coordination shell (shell 2) that are
each connected to only the Pd atoms in shell 1. Figure 1c and
d shows that a close geometrical resemblance exists between
the entire ligated structures of 1 and 3, with the CO and PEt3
ligands in 1 occupying analogous coordination sites to those in
3.[16,17]

The configuration of [Pd54(CO)40(PEt3)14] (2) is given in
Figure 2. Its close-packed ™multi-twinned∫ Pd54-core geome-
try of crystallographic Ci(�11) site-symmetry consists of a
central five-layer Pd38 framework (Figure 2b) that may be
formally considered as a fragment from a supracluster
generated by the interpenetration of two anti-cuboctahedral
Pd24 fragments (Figure 2a) and two anti-cuboctahedral
Pd26 fragments (Figure 2c). These fragments each combine
two anti-cuboctahedral (hcp) building blocks, with and with-
out a common Pd±Pd edge, respectively. Addition of two
centrosymmetrically related Pd atoms (red) to the middle
(equatorial) layer of the Pd38 unit gives a Pd40 framework
(Figure 2d) that is formed by the stacking of five layers in a
mixed ccp/hcp (a(Pd5) b(Pd10) a(Pd10) c(Pd10) a(Pd5)) se-
quence. This sequence reveals that the Pd40 framework can be
regarded as the interpenetration of two centrosymmetrically
equivalent 25-atom hcp three-layer aba and aca fragments,
each containing a commonmiddle layer (Figure 2d). 20 of the
30 Pd atoms in the inner three layers that have a bac ccp
arrangement (Figure 2e) correspond to two interpenetrating
centered Pd13 cuboctahedra (with six common Pd atoms).
This Pd40 component of the Pd54-core geometry of 2 may
likewise be envisioned as a close-packed cluster shell-model
with six interior Pd atoms conforming to a coplanar array of
four edge-fused equilateral triangles that are completely
surrounded by 34 Pd atoms (shell 1). Further condensation of
14 face-capping {Pd(PEt3)} fragments gives rise to the incom-
plete second shell (Figure 2 f). Figure 2g gives the config-
uration of 2 (without the phosphorus-attached ethyl substitu-
ents), which maintains crystallographic Ci(�11) symmetry. The
entire Pd54 core is stabilized by 14 PEt3 and 40 bridging
carbonyl ligands.[16, 17]

The identical geometrical conformity of the same central
ccp Pd20 fragment in 1 (blue in Figure 1a) and 2 (Figure 2e) to
a centered Pd20 bicuboctahedron, which formally arises
through an interpenetrating ™twinning∫ of the central cuboc-
tahedral Pd13 fragment in 3 (blue in Figure 1b) suggests
similar growth pathways. Prime evidence for this close
architectural interrelationship of their cores is demonstrated
by the fact that the mean Pd±Pd separations within the
fragments are amazingly similar, in spite of the ellipsoidal
Pd30- and Pd54-core geometries. Salient structural/bonding
features and their resulting implications are: 1) Pd(i)±Pd(i)
mean separations of 2.77 and 2.76 ä for the two and six
interior Pd(i) atoms in the twinned cuboctahedral (ccp) and
multi-twinned cuboctahedral (ccp/hcp)-based nanosized
cores of 1 and 2, respectively, which are analogous to the
Pd±Pd separation of 2.75 ä found in ccp Pd metal.[18] This
bond-length similarity is consistent with the interior palla-
dium atoms being considered as having metallic character;
2) equivalent radial Pd(i)±Pd(s1) and tangential Pd(s1)±Pd(s1)
mean separations of 2.82±2.84 ä for the first-shell Pd(s1)
atoms that completely surround the interior Pd(i) atoms in 1,
2, and 3. Their essentially identical mean separations, which
are expected for ccp/hcp cores in metal nanoparticles,[19] point
to analogous charge distributions for the similarly coordi-
nated Pd(s1) atoms, without undue strain effects being
sterically imposed by the elliptical ™twinned∫ cuboctahe-
dral-based cores of 1 and 2. The fact that themean separations
are approximately 0.08 ä longer than that of the interior
Pd(i)±Pd(i) interactions can be attributed to ligation influen-
ces of the CO and Pd(PEt3) bridging units; 3) shorter mean
Pd(s1)±Pd(s2) separations (by 0.024±0.062 ä), relative to the
corresponding Pd(s1)±Pd(s1) interactions, can be readily
ascribed to the bond-shortening influence of the two bridging
CO groups that connect each capping {Pd(PEt3)} unit
(denoted as Pd(s2)) to the Pd(s1) atoms; and 4) their virtually
identical overall mean Pd±Pd bonding connectivities of
2.81 ä which likewise signify that similar types of core
geometries in palladium±carbonyl±phosphane clusters
strongly influence its resulting metal±metal bonding charac-
teristics.

A major outcome of this research is that the unprece-
dented metal-core architectures of 1 and 2 represent a
hitherto unknown type of oligomerization as interpenetrating
twinned composites of cuboctahedral (ccp/hcp) building
blocks. The fact that 1 and 2 are by-products of the same
reaction suggests a similar growth pattern that had not been
previously encountered.
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AChemical Adaptor System Designed To Link a
Tumor-Targeting Device with a Prodrug and an
Enzymatic Trigger**
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Selective chemotherapy remains a key issue for successful
treatment in cancer therapy. Prolonged administration of
effective concentrations of chemotherapeutic agents is usu-
ally not possible because of dose-limiting systemic toxicities.
Furthermore, strong side effects involving nonmalignant
tissues are often observed. Therefore, much effort has been
devoted to the development of new drug delivery systems that
mediate drug release selectively at the tumor site. One way to
achieve such selectivity is to activate a prodrug specifically by
a confined enzymatic activity. In this concept, the enzyme is
either expressed by the tumor cells, or brought to the tumor
by a targeting moiety such as a monoclonal antibody.[1] The
prodrug is converted to an active drug by the local or localized
enzyme at the tumor site, thereby minimizing nonspecific
toxicity to other tissues.

Here we present a new concept that combines a tumor-
targeting device, a prodrug, and a prodrug activation trigger
in a single entity. We designed a generic module or chemical
adaptor that is based on three chemical functionalities as
shown in Figure 1. The first functionality is attached to an
active drug and, thereby, masks it to yield a prodrug. The
second functionality is linked to a targeting moiety, which is
responsible for guiding the prodrug to the tumor site, and the
third functionality is attached to an enzyme substrate. When
the corresponding enzyme cleaves the substrate, it triggers a
spontaneous reaction that releases the active drug from the
targeting moiety. As a result, prodrug activation will prefer-
entially occur at the tumor site.

The central core of our chemical adaptor (Scheme 1) is
based on 4-hydroxymandelic acid, which is commercially
available and has three functional groups suitable for linkage.
Group I is a carboxylic acid that is conjugated to a targeting
moiety through an amide bond. The drug is linked through
the benzyl alcohol group II, and the enzyme substrate is
attached through the phenol group III by a carbamate bond.
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