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The preparation, isolation, and structural/spectroscopic IR, 31P{1H} NMR characterization of two new isostructural
5d106s2 Tl() sandwich clusters, [(µ6-Tl)Pt6(µ2-CO)6(PEt3)6]

� (1) and [(µ6-Tl)Pd6(µ2-CO)6(PEt3)6]
� (2) as [PF6]

� salts are
presented. Each of these closed-subshell M3TlM3 sandwiches (M = d10 Pt (1), Pd (2)) containing two unconnected
triangular M3(µ2-CO)3(PR3)3 units is held together solely by delocalized/electrostatic M3–Tl–M3 bonding. 1 and 2
were synthesized in ca. 90% yields by reactions (under markedly different boundary conditions) of M4(µ2-CO)5(PEt3)4

(M = Pt (3), Pd (4)) with TlPF6. Their isostructural geometries and stoichiometries were unequivocally established
from low-temperature CCD X-ray crystallographic determinations. Both 1 and 2 (without their P-attached ethyl
substituents) closely conform to a centrosymmetric trigonal-antiprismatic architecture of trigonal D3d symmetry. A
comparison of their well-refined isomorphous crystal structures reveals that the Tl–Pd mean of 2.91 Å in 2 is 0.05 Å
smaller than the Tl–Pt mean of 2.96 Å in 1. In solution, 2 is much more kinetically labile than 1 and (unlike 1) readily
converts under N2 into the recently reported [Tl2Pd12(µ2-CO)6(µ3-CO)3(PEt3)9]

2� (5) as the [PF6]
� salt, which was

isolated in ca. 90% yield from the same reactants (viz., Pd4(µ2-CO)5(PEt3)4 and TlPF6). In fact, obtaining crystalline
material of 2 from recrystallization procedures was greatly hampered by its facile transformation into large quantities
of co-crystallized 5. A comparative analysis of the molecular parameters and relative stabilities of the closed-subshell
5d106s2 Tl()–(M3)2 sandwiches (M = d10 Pt (1), Pd (2)) with the corresponding known closed-subshell 5d10 Au()–(Pt3)2

sandwich together with an examination of relative shifts of corresponding bridging carbonyl IR frequencies for
selected pairs of related clusters provide compelling evidence that the so-called “inert” 6s2 electron-pair on the Tl()
exerts an overall destabilizing influence: namely, that the highly electrophilic 5d10 Au() forms considerably stronger
delocalized sandwich Pt3–Au–Pt3 bonding (due to its empty, relativistically stabilized 6s acceptor AO) which is
presumed to have considerable covalent character. The Tl()–Pt(0) distances in 1 are similar to the Tl()–Au()
distances found for another recently reported class of two electronically equivalent closed-subshell Au3TlAu3

sandwich units (i.e., 5d10 Au() vs. 5d10 Pt(0)) formed by intercalation of Tl� between two electron-rich intramolecular,
weakly bonded (aurophilic) Au3 triangles in trinuclear cyclic gold() benzylimidazolate and carbeniate molecules; the
Au3TlAu3 sandwich units stack into linear chains with intermolecular aurophilic Au()–Au() interactions between
four of the six Au() atoms in adjacent units. Of particular interest is that the Tl()–Au() distances (means, 3.02 and
3.09 Å) in the distorted trigonal-prismatic (µ6-Tl)Au6 sandwich units of the geometrically related Tl�-intercalated
TR(bzim) and TR(carb) complexes are 0.2–0.3 Å longer than the Ag()–Au() distances (mean, 2.81 Å) in the
initially known Au3AgAu3 sandwich unit of the Ag�-intercalated TR(bzim) analogue; it is similarly proposed that
this parallel (M�–Au) bond-length difference may likewise be attributed to the considerably smaller electrophilic
character of the central 5d106s2 Tl() vs. that of the 4d10 Ag() due to the overall destabilizing effect of the thallium()
6s2 electron-pair.

Introduction
The exciting evolution of triangular platinum carbonyl cluster
chemistry,1 pioneered by Chatt and Chini 2 in 1970 on CO/PR3-
ligated Pt3 triangles and by Chini and Longoni 3 in 1974 on only
CO-ligated triangular Pt3 oligomers, has given rise to the form-
ation of an intriguing bimetallic class of sandwich Pt3M�Pt3

clusters, [(µ6-M�)Pt6(µ2-CO)6L6]
n�, where two non-linked neu-

tral triangular Pt3(µ2-CO)3L3 moieties (L = PR3) encapsulate a
central M� atom.4 Such clusters have been reported for closed-
subshell electrophilic d10[M�]n� metal cations of Groups 11

† Dedicated by L. F. D. to John Fackler for his many outstanding
professional achievements over the last (nearly) half-century at Case
Western Reserve and Texas A & M as a pioneer in transition-metal/
gold chemistry and as a highly effective leader in the advancement
of modern inorganic chemistry (see, Inorg. Chem. Award Article,
2002, 41, 6959–6972).

(Cu(),4a Ag(),4b Au();4a n = 1) and 12 (Cd();4c n = 2); crystallo-
graphically characterized examples are [(µ6-Cu)Pt6(µ2-CO)6-
(PPh3)6]

�,4a [(µ6-Ag)Pt6(µ2-CO)6(PPri
3)6]

�,4b and [(µ6-Au)Pt6-
(µ2-CO)6(PPh3)6]

�.4a Corresponding bimetallic [(µ3-M�L)Pt3-
(µ2-CO)3L3]

� clusters (M� = Cu(), Ag(), Au(); L = PR3) con-
taining (µ3-M�)Pt3 tetrahedra have likewise been prepared and
characterized;5–7 these clusters have previously been denoted 1e

as half-sandwich structures, but herein will be designated as
open-face sandwiches.8

On the other hand, there were no prior reports of any crystal-
lographically characterized examples of corresponding sand-
wich compounds, [(µ6-M�)Pt6(µ2-CO)6L6]

n, for the so-called
closed-subshell 5d106s2 M� metals: namely, Tl() and Hg(0).
Nevertheless, a related zerovalent mercury isocyanide cluster,
(µ6-Hg)Pt6(µ2-CNR)6(CNR)6 (where R = 2,6-Me2C6H3), con-
taining a sandwich Pt3HgPt3 core has been synthesized and
structurally analyzed.9 In addition, crystallographic studiesD
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established the existences of both the Tl()-capping tetrahedral
open-face sandwich [(µ3-Tl)Pt3(µ2-CO)3(PCy3)3]

� as the [Rh-
(COD)Cl2]

� salt (with the 5d106s2 Tl() weakly interacting with
two rhodium-attached chlorine atoms) 7f and the neutral [(µ6-
Hg2)Pt6(µ2-CO)6(PPhPri

2)6], which may be considered as two
open-face (µ3-Hg)Pt3 sandwich fragments with the two zero-
valent 5d106s2 Hg(0) atoms weakly linked in the solid state.10a

The mono-mercury sandwich cluster with less bulky PEt3

ligands, (µ6-Hg)Pt6(µ2-CO)6(PEt3)6, was prepared by reaction
of Pt4(CO)5(PEt3)4 with metallic Hg but was not crystallo-
graphically characterized.10b

A hinged sandwich Pt3TlPt3 cluster was reported in 1996 by
Puddephatt and coworkers 11a,b who showed that neutral Pt6-
(µ2-CO)6(µ2-dppp)2(dppp)2, which contains two separate tri-
angular Pt3(µ2-CO)3(dppp) moieties bridged by two µ2-dppp
ligands (where dppp designates the bidentate Ph2P(CH2)nPPh2

group with n = 3), functions as a “Venus flytrap” in reacting
with TlPF6 to give the braced [(µ6-Tl)Pt6(µ2-CO)6(µ2-dppp)3]

�

sandwich and free dppp; a crystallographic determination of its
[BPh4]

� salt established that 5d106s2 Tl() is encapsulated in a
cryptate-like cage consisting of two triangular Pt3 clusters inter-
connected by three so-called (CH2)3 cage bars. They pointed out
that the binding of the entrapped Tl() triggers the encapsul-
ation process. They also stated that in the absence of the
cryptate effect the binding of Tl() to Pt3 clusters would be
weak and thereby implied that the existence of the [(µ6-Tl)Pt6-
(µ2-CO)6(µ2-dppp)3]

� is a consequence of the interconnecting
dppp ligands. Puddephatt et al.12 subsequently reported that
reaction of TlPF6 with the related braced Pt6 precursor consist-
ing of two Pt3 moieties interconnected by three mono-methyl-
ene chain diphosphines, dppm (n = 1), results in an unstable
braced [(µ3-Tl)2Pt6(µ2-CO)6(µ2-dppm)3]

2� with an external Tl()
atom capping each of the two Pt3 triangles due to its cryptate
cavity being too small to accommodate a central Tl(). They
also obtained and structurally determined two additional
empty braced triangular (Pt3)2 sandwiches containing two
external (µ3-Tl)Pt3 fragments 12 (vide infra).

In striking contrast to platinum, corresponding sandwich
clusters of palladium are almost unknown,1a,e,13 and heretofore
examples of sandwich geometries have been limited to only two
structurally uncharacterized species: neutral (µ6-Hg)Pd6(µ2-
CO)6(PEt3)6,

14a whose sandwich formulation was based upon
elemental analysis and IR spectroscopy, and [(µ6-Ag)Pd6-
(µ2-CO)6(PR3)6]

�, which was only cited in a review 1e with no
literature reference and with no details being given concerning
its sandwich formulation including the type of phosphine-
attached R substituents. The relative scarcity of triangular
palladium carbonyl chemistry 13 may be attributed in large
part to the much lower stability of both Pd–Pd and Pd–CO
bonding as well as to the much greater kinetic lability of
small palladium carbonyl phosphine species; also noteworthy
is that no triangular [Pd3(µ2-CO)3(PR3)3] species (as yet) has
been unambiguously established by crystallographic charac-
terization.

Herein we present the syntheses and comparative structural
analysis of two isostructural sandwich M3TlM3 clusters, [(µ6-Tl)-
M6(µ2-CO)6(PEt3)6]

� (M = Pt (1), Pd (2)), as crystallographically
isomorphous [PF6]

� salts. 1 is the initial example of a sandwich
Pt3TlPt3 cluster stabilized by only platinum–thallium bonding,
while 2 is the first reported example of any crystallographically
determined sandwich Pd3M�Pd3 cluster (where M� in this case
denotes a central closed-subshell d10 or d10s2 metal within
Groups 11, 12, and 13). This investigation offered the unparal-
leled opportunity to make a crystallographic comparison of the
structures of 1 and 2 in order to determine the geometrical
effects resulting from the formal replacement of platinum
by palladium atoms within the otherwise identical triangulo-
M3(µ2-CO)3L3 units. Of prime significance is a comparative
analysis of the molecular architectures and relative stabilities
of the corresponding closed-subshell 5d106s2 Tl()–(M3)2 sand-

wiches (M = Pt (1), Pd (2)) with the known analogous closed-
subshell 5d10 Au()–(Pt3)2 sandwich, which is given along with
an examination of relative shifts of corresponding bridging
carbonyl IR frequencies for selected pairs of related clusters.

This work has a direct structural/bonding interrelationship
with the closed-subshell Au3TlAu3 and Au3AgAu3 sandwich
units recently determined crystallographically by Burini,
Fackler and coworkers 15 from their intercalation of naked
5d106s2 Tl� and 4d10 Ag� into stacked chains of trinuclear cyclic
gold() benzylimidazolate and carbeniate complexes that are
luminescent in the solid state (vide infra). Furthermore, it has
particular relevance to recent experimental/theoretical studies
of the structurally unique Tl2Pt(CN)4 and other Tl–Pt com-
plexes that contain direct d10s2 Tl()/d8 Pt() bonding inter-
actions and exhibit intense photoluminescence in crystalline
form.16 Also noteworthy is the recent report 17 describing the
synthesis and characterization of crystallographically iso-
morphous Pd(0) and Pt(0) metallocryptands that encapsulate
Tl() in a trigonal D3-symmetric cage to give linear MTlM cores
(M = Pd, Pt) for the [M2Tl(P2bpy)3]

� cations (as [NO3]
� salts);

strong metallophilic attractions were proposed 17 from
structural analyses that revealed the two identical Tl–Pd and
two identical Tl–Pt separations to be 2.77 and 2.80 Å,
respectively.

Results and discussion

Stereochemical relationship of sandwich M3TlM3 clusters,
[(�6-Tl)M6(�2-CO)6(PEt3)6]

� (M � Pt (1), Pd (2)), and resulting
implications

The isostructural geometries of 1 and 2 in their crystallo-
graphically isomorphous [PF6]

� salts are shown in Fig. 1.
Although there is no crystallographically imposed site
symmetry, both M3TlM3 sandwiches in 1 and 2 conform to an
idealized trigonal-antiprismatic D3d (3̄2/m) geometry, with their
twist angles 18 about the three-fold axis from a regular staggered
centrosymmetric conformation being 8.0 and 8.7�, respectively,
and with their opposite triangular metal planes deviating from
co-planarity by 3.4 and 5.2�, respectively. The intertriangular
distance between the centroids of the two M3 triangles of 5.04
Å in 1 and 4.90 Å in 2 conclusively shows the absence of any
direct intertriangular M3 bonding interactions.

Mean distances and ranges of individual bonding connectiv-
ities, which possess unusually small uncertainties that reflect
their relatively highly precise crystal-structure determinations,
are listed in Table 1. Moreover, Table 1 shows that the indi-
vidual M–M, M–PEt3, M–CO(bridging), and C–O bond
lengths vary only slightly from their means, whereas the indi-

Fig. 1 Side and top views of the virtually identical geometries of the
[(µ6-Tl)M6(µ2-CO)6(PEt3)6]

� monocations (M = Pt (1), Pd (2)) with the
P-attached Et substituents omitted for clarity. Their isostructural
configurations (minus the Et substituents) ideally conform to centro-
symmetric trigonal antiprismatic D3d symmetry; no site symmetry
within their crystallographically isomorphous [PF6]

� salts is imposed
by the C2/c space group.
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Table 1 Comparative mean bond lengths under pseudo-D3d trigonal antiprismatic symmetry in [(µ6-Tl)M6(µ2-CO)6(PEt3)6]
� clusters, M = Pt (1),

Pd (2), as crystallographically isomorphous [PF6]
� salts.

  
M = Pt (1) M = Pd (2)

Bonding connectivity N a Mean/Å Range/Å Mean/Å Range/Å

Tl–M 6 2.96 2.881(1)–3.127(1) 2.91 2.820(1)–3.119(1)
M–M 6 2.665 2.661(1)–2.670(1) 2.676 2.670(1)–2.687(1)
M–P 6 2.275 2.271(1)–2.279(1) 2.324 2.317(1)–2.334(1)
M–(µ2-CO) 12 2.075 2.056(5)–2.096(5) 2.082 2.059(3)–2.110(3)
C–O 6 1.170 1.160(7)–1.177(6) 1.154 1.147(4)–1.162(4)

a N denotes the number of symmetry-equivalent connectivities under D3d symmetry. 

vidual Tl–M distances in both 1 and 2 are markedly irregular;
the particular crystallographically related similarities of these
observed large dispersions of individual Tl–M connectivities
in 1 and 2 may be attributed at least partly to ligand steric
effects and crystal packing forces resulting from analogous
solid-state orientations within their isomorphous crystal
structures.

The salient geometrical difference between 1 and 2 is that the
mean Tl–Pd distance of 2.91 Å (range, 2.820(1)–3.119(1) Å) in
2 is 0.05 Å shorter than the mean Tl–Pt distance of 2.96 Å
(range, 2.881(1)–3.127(1) Å) in 1; this smaller Tl–Pd mean was
initially surprising in light of the assumption that the much
larger relativistic effects of Pt (vs. those of Pd) would result in
smaller Tl–Pt distances. Especially noteworthy is that the
Pd3(µ2-CO)3(PEt3)3 triangles in 2 should be significantly less
stable than the corresponding Pt3 ones in 1 due to Pd–Pd and
Pd–CO bonding generally being considerably weaker than
Pt–Pt and Pt–CO bonding. Furthermore, in solution 2 is much
more kinetically labile than 1 and (unlike 1) readily converts
under N2 into [Tl2Pd12(µ2-CO)6(µ3-CO)3(PEt3)9]

2�(5) 19–21 (vide
infra).

The Tl–Pt mean of 2.96 Å in 1 is in close agreement with that
of 2.93 Å (range, 2.860(3)–2.992 Å) in the previously mentioned
hinged Pt3TlPt3 sandwich of [(µ6-Tl)Pt6(µ2-CO)6(µ2-dppp)3]

�.11a,b

These similar Tl–Pt means suggest that the Tl–Pt bonding
interactions are analogous and consequently that the metal-
core dimensions within the cryptate-like cage are not signifi-
cantly influenced by the interconnecting dppp ligands; it is
presumed that the steric dimensions (including the bite angle)
of the three bridging Ph2P(CH2)3PPh2 ligands instead are
accommodated by a low-energy rotational twisting of the two
Pt3 triangles about the pseudo three-fold axis to the observed
conformation which is intermediate between the trigonal prism
and antiprism. The Tl–Pt mean in 1 is also comparable with
those found in three related tetrahedral (open-face sandwich)
(µ3-Tl)Pt3 clusters: namely 3.04 Å in [(µ3-Tl)Pt3(CO)3-
(PCy3)3]

�(isolated as the [Rh(COD)Cl2]
� salt),6f 2.91 Å in

[{µ3-Tl(diketonate) (OH2)}Pt3(µ3-CO) (dppm)3]
2�,6g and 2.90 Å

in [{µ3-Tl(diketonate) (O2CCF3)}Pt3(µ3-CO) (dppm)3]
�.6g

The determined Tl–Pd mean of 2.91 Å in 2 is virtually
identical to those of 2.89 and 2.92 Å in 5, both of which have
identical Tl/Pd mol ratios. However, these distances are
0.12–0.15 Å longer than the Tl()–Pd(0) distance of 2.77 Å
in the linear PdTlPd core of D3 site symmetry in the
previously mentioned zerovalent palladium metallocryptand
complex.17

Table 1 shows that the Pd–Pd mean of 2.676 Å in 2 is only
slightly longer than the Pt–Pt mean of 2.665 Å in 1. Because the
corresponding triangular M3(µ2-CO)3(PEt3)3 clusters per se
are not known, a direct comparison of the 5d106s2 Tl()
coordination effect on M–M distances in M3 triangles could be
made only for [Pt3(µ2-CO)3(PCy3)3];

22 its geometrical capping
by Tl� to produce the open-face [(µ3-Tl)Pt3(µ2-CO)3(PCy3)3]

�

sandwich 6f results in a small increase of 0.012 Å in the Pt–Pt
mean from 2.655 Å (range, 2.653(2)–2.656(2) Å) to 2.667 Å
(range, 2.667(1)–2.668(1) Å).

Comparative analyses of (�6-M�)M6 sandwiches (M � Pt, Pd)
and open-face (�3-M�)Pt3 sandwiches with closed-subshell 5d106s2

M� metals (M� � Tl(I), Hg(0)) vs. analogous clusters with elec-
trophilic closed-subshell d10 M� metals (M� � Cu(I), Ag(I), Au(I))
and resulting implications

(a) Geometrical parameters involving (�6-M�)M6 sandwiches.
The observed crystallographically determined variations
between the mean Tl–Pt distance in the Pt3TlPt3 sandwich of
1 (2.96 Å) and the mean Au–Pt distance in the Pt3AuPt3

sandwich of [(µ6-Au)Pt6(µ2-CO)6(PPh3)6]
� (2.73 Å) provide

compelling geometrical evidence concerning the resulting
electronic effect of the central M� atom on the Pt3–M�–Pt3 bond
strength: namely, that the much shorter mean Au–Pt distance
for the 5d10 Au() vs. the mean Tl–Pt distance for the 5d106s2

Tl() may be attributed to a significantly greater bond strength
which would arise from the strong relativistically enhanced
acceptor capacity of the empty Au() 6s AO (i.e., much larger
electrophilic character for Au()); in other words, the 0.23
Å-longer mean Tl–Pt distance for the 6s2-filled Tl() atom may
be ascribed to a significantly smaller bond strength which
would result from the considerably weaker electrophilic
acceptor capacity of the higher-energy Tl() 6p AO that is not
sufficiently counterbalanced by a relatively small nucleophilic
donation of its so-called “inert” 6s2 electron-pair to the M3

triangles.
Another major structural variation between sandwiches

containing central 5d106s2 M� atoms (viz., Tl(), Hg(0)) vs. those
containing coinage d10 M� atoms (viz., Au(), Cu(), Ag())
involves the different directional displacements of the six
bridging carbonyl ligands from these M3 planes. Both the
symmetrically coordinated doubly bridging carbonyls and tri-
ethylphosphine P atoms in 1 and 2 are significantly displaced
from their M3 planes away from the central thallium atom with
mean deviations of the O, P atoms above the Pt3 and Pd3 planes
being 0.45, 0.2 Å for 1 and 0.5, 0.2 Å for 2. Similar out-of-plane
CO bending (mean, 0.5 Å) away from the Hg(0) atoms was
observed in the two open-face (µ3-Hg)Pt3 sandwich fragments
of the weakly linked zerovalent mercury atoms in [(µ6-Hg2)Pt6-
(µ2-CO)6(PPhPri

2)6].
10a In contrast, for the crystallographically

determined sandwich Pt3M�Pt3 clusters with [M�]� being either
Cu(), Ag(), or Au() (vide supra), each of the P atoms is like-
wise similarly disposed above the plane (away from the M�
atom) with a mean perpendicular displacement of 0.9 Å, but all
bridging CO ligands are bent out-of-plane from their M3 planes
toward the central coinage metal atom with mean oxygen
deviations of 0.3, 0.8 and 0.3 Å for M� = Cu(), Ag(), and Au(),
respectively.4a,b These oppositely directed mean displacements
of the bridging CO ligands from their M3 planes are attributed
to different composite electronic/steric effects resulting from the
two additional valence s electrons being present in the central
isoelectronic Tl() and Hg(0) atoms but absent in the coinage
M�() atoms.

The unchanged directions of displacements of the P-atoms
(away from central atoms) are most likely a consequence of the
large steric repulsion effects of the P-attached substituents; in
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Table 2 Relative shifts of corresponding dominant bridging carbonyl IR frequencies (Nujol) for related pairs of metal carbonyl phosphine clusters.

No. of pair Related pair a ν(CO)/cm�1 for related pair Shift ∆ν(CO)/cm�1

1 Pt3(CO)3(PPh3)4
c / Pd3(CO)3(PPh3)4

d Pt3 / Pd3 1803, 1788 / 1816 13, 28
2 Pt4(CO)5(PPh3)4

c / Pd4(CO)5(PPh3)4
d Pt4 / Pd4 1797 / 1858 61

3 Pt4(CO)5(PEt3)4
e / Pd4(CO)5(PEt3)4

f Pt4 / Pd4 1790 / 1844 54
4 [(µ6-Tl)Pt6(CO)6(PEt3)6]

� g / [(µ6-Tl)Pd6(CO)6(PEt3)6]
� g (µ6-Tl)Pt6 / (µ6-Tl)Pd6 1791 (1806 b) / 1836 (1856 b) 45 (50)

5 (µ6-Hg)Pd6(CO)6(PEt3)6
h / [(µ6-Tl)Pd6(CO)6(PEt3)6]

� g (µ6-Hg)Pd6 / (µ6-Tl)Pd6 1822 / 1836 14
6 (µ6-Hg)Pt6(CO)6(dppp)3

i / [(µ6-Tl)Pt6(CO)6(dppp)3]
� i (µ6-Hg)Pt6 / (µ6-Tl)Pt6 1799, 1782 / 1818 19, 36

7 Pt4(CO)5(PEt3)4 / Pt4(CO)5(PPh3)4 PEt3 / PPh3 1790 / 1797 7
8 Pt4(CO)5(PEt3)4 / [(µ6-Tl)Pt6(CO)6(PEt3)6]

� Pt4 / (µ6-Tl)Pt6 1790 / 1791 1
9 [(µ6-Tl)Pt6(CO)6(PEt3)6]

� / [(µ6-Au)Pt6(CO)6(PPh3)6]
� j (µ6-Tl)Pt6 / (µ6-Au)Pt6 1791 / 1833 42

10 [(µ6-Tl)Pt6(CO)6(PEt3)6]
� / [(µ6-Cu)Pt6(CO)6(PPh3)6]

� j (µ6-Tl)Pt6 / (µ6-Cu)Pt6 1791 / 1837 46
11 [(µ6-Au)Pt6(CO)6(PPh3)6]

� / [(µ6-Cu)Pt6(CO)6(PPh3)6]
� (µ6-Au)Pt6 / (µ6-Cu)Pt6 1833 / 1837 4

a All cations as [PF6]
� salts. b IR of THF solution. c Ref. 2. d Ref. 14d. e Ref. 14b. f Ref. 14c. g Present work. h Ref. 14a. i Ref. 11b; dppp = Ph2P-

(CH2)3PPh2. 
j Ref. 4a. 

fact, the mean perpendicular displacements of the three P
atoms from each M3 plane are ca. 0.9 Å in the [(µ6-M�)Pt6-
(µ2-CO)6(PPh3)6]

� sandwiches (M� = Cu(), Au()) but only ca.
0.2 Å in the two [(µ6-Tl)M6(µ2-CO)6(PEt3)6]

� sandwiches (M =
Pt (1), Pd (2)). This considerable difference may be attributed
mainly to the much larger Tolman cone angle of 145� for the
PPh3 ligands in the Cu(), Au() sandwiches vs. 132� for the PEt3

ligands 23 in 1, 2 and to considerable shortening of the two
intertriangular M3 (centroid) distances from 5.04 Å in 1 and
4.90 Å in 2 to 4.27 Å in [CuPt6(CO)6(PPh3)6]

� 4a and 4.49 Å in
[AuPt6(CO)6(PPh3)6]

�.4a

(b) Geometrical parameters involving open-face (�3-M�)M3

sandwiches. The Tl–Pt means in [(µ3-Tl)Pt3(µ2-CO)3(PCy3)3]
� as

the [Rh(COD)Cl2]
� salt (3.04 Å) 6f and the two other previously

mentioned open-face (µ3-Tl)Pt3 sandwiches (2.91 and 2.90 Å) 6g

and the Hg–Pt mean in the two (µ3-Hg)Pt3 tetrahedra of
[(µ6-Hg2)Pt6(µ2-CO)6(PPhPri

2)6] (2.923–3.084 Å) 10a are also
0.10–0.25 Å longer than the Au–Pt means in several [(µ3-
AuL)Pt3(µ2-CO)3L3]

�open-face sandwiches: for example,
[(µ3-AuL)Pt3(µ2-CO)3L3]

�(2.75 Å where L = PCy3),
6a hinged

[(µ3-AuPPr3
i)2)Pt6(µ2-CO)6(µ2-dppm)3]

2�(2.82 and 2.83 Å in two
independent dications),12 and [(µ3-AuL)Pt3(µ2-CO)2(µ2-SO2)-
L3]

�(2.76 Å where L = PCy3).
7d Noteworthy is that this trend of

a 0.25 Å smaller Au–Pt mean in the CO/PCy3-ligated (µ3-Au)Pt3

open-face sandwich than the Tl–Pt and Hg–Pt means in the
corresponding CO/PCy3-ligated (µ3-Tl)Pt3 analogue and the
two open-face (µ3-Hg)Pt3 sandwich fragments in the previously
mentioned CO/PPhPri

2-ligated (µ6-Hg2)Pt6 sandwich was
initially pointed out by Mingos and coworkers 6f who stated that
“this variation clearly reflects the effect of the filled 6s2 shell in
the latter two compounds.”

(c) Relative stabilities. As mentioned previously, in solution
2 is much more kinetically labile than 1 and readily transforms
under N2 into [Tl2Pd12(µ2-CO)6(µ3-CO)3(PEt3)9]

2�(5). In fact, in
solution even 1 is only stable for a few hours under either N2 or
CO. Yamamoto et al.9 found that elimination occurred to give
a mercury atom and “free” Pt3(µ2-CNR)3(CNR)3 when the
neutral isocyanide-ligated [(µ6-Hg)Pt6(µ2-CNR)6(CNR)6] sand-
wich (R = 2,6-Me2C6H3) was heated in toluene at reflux temper-
ature (111 �C). Also noteworthy is that a 31P NMR spectrum
(C6D6) at –70 �C of the neutral violet–green [(µ6-Hg)Pd6-
(µ2-CO)6(PEt3)6] sandwich exhibited evidence of dynamic
behavior likely involving partial dissociation into metallic
mercury and Pd4(µ2-CO)5(PEt3)4; one of the two observed
singlets corresponded to the butterfly precursor, and no
2J(P,Hg) coupling due to 199Hg (I = 1/2, 16.8%) was observed.14a

Mingos and coworkers 6f showed Tl() to be sufficiently labile in
the open-face [(µ3-Tl)Pt3(µ2-CO)3(PCy3)3]

� sandwich that the
addition of Au(PCy3)3Cl led to a quantitative conversion
into the known [(µ3-AuPCy3)Pt3(µ2-CO)3(PCy3)3]

� 6a in which
the [AuPCy3]

� fragment has replaced the Tl�.

A prime indication that Hg(0) is kinetically more labile than
Tl() in a hinged Pt3M�Pt3 sandwich is given from the compre-
hensive studies by Puddephatt and coworkers 11a,b who reported
that the hinged sandwich Pt3TlPt3 cluster, [(µ6-Tl)Pt6(µ2-CO)6-
(µ2-dppp)3]

� is slowly formed along with some decomposition
by replacement of Hg(0) in the corresponding hinged sandwich
Pt3HgPt3 analogue [(µ6-Hg)Pt6(µ2-CO)6(µ2-dppp)3] with Tl�

from the reaction with TlPF6. They observed that this reaction
is accelerated in the presence of “free” dppp. They proposed
that direct loss of mercury from the braced analogue is
impossible and that opening up of one of the µ2-dppp bridges
(aided by “free” dppp) must occur prior to the Tl�-for-Hg(0)
metal exchange.

In sharp contrast, similarly ligated Pt3M�Pt3 sandwiches or
open-face (µ3-M�PR3)Pt3 sandwiches containing electrophilic
coinage d10 [M�]� metals (M� = Cu(), Ag(), Au()) are generally
more air-stable in the solid state.

(d) Corresponding dominant carbonyl IR frequencies for
related pairs of metal clusters. A direct comparison of the
relative shifts of the corresponding dominant bridging carbonyl
IR frequencies for 11 pairs of closely related metal carbonyl
clusters presented in Table 2 is highly informative concerning
an evaluation of the relative donor/acceptor capacity (i.e.,
nucleophilic/electrophilic character) of both the central M�
atom and two M3 triangles in the M3M�M3 sandwiches
presented herein. The first three entries in Table 2 reveal that the
CO frequencies for the three platinum clusters are considerably
lower than the corresponding ones for the identically ligated
palladium clusters; these relative CO-frequency differences are
consistent with dπ(M)–π*(CO) backbonding generally being
considerably greater for M = Pt than for M = Pd, which points
to the negative charge density being larger on the carbonyl
ligands and smaller on the Pt atoms. The CO-frequency shift
in the fourth entry likewise is in accordance with the first three
entries in suggesting for the identically ligated (µ6-Tl)M6 cores
(M = Pt, Pd) the occurrence of considerably greater dπ(M)–
π*(CO) backbonding for M = Pt.

Entries 5 and 6 compare the CO-frequency shifts for non-
hinged and hinged (µ6-Hg)M6 sandwiches vs. identically ligated
analogous (µ6-Tl)M6 sandwiches for M = Pd and Pt, respect-
ively. These entries reveal lower CO frequences for both the
non-hinged and hinged Hg(0) sandwiches relative to those for
the corresponding two Tl() sandwiches. This suggests that
5d106s2 Hg(0) is a better nucleophile (less electrophilic) than
5d106s2 Tl() in donating its 6s2 electron-pair (i.e., Hg(0) is a
better net charge donor and Tl() a better net charge acceptor);
a larger negative charge density on the M3 triangles should
result for each Hg(0) sandwich, which in turn would give rise to
better dπ(M)–π*(CO) backbonding for both Hg(0) sandwiches.
This same conclusion was previously stated by Puddephatt and
coworkers 11 from an IR analysis of their hinged hexaplatinum
sandwiches of Tl() and Hg(0).
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Entry 7 indicates only a small CO-frequency shift in the
butterfly Pt4 clusters upon formal substitution of PEt3 ligands
for PPh3 ones. Entry 8 indicates that the change from the
triethylphosphine Pt4 butterfly geometry to the triethylphos-
phine (µ6-Tl)Pt6 sandwich geometry also gives rise to a
negligible CO-frequency shift. These two entries are consistent
with the premise that ν(CO) shifts due to different PEt3 and
PPh3 ligands can be ignored in a comparison of the sandwich
(µ6-M�)Pt6 clusters given in entries 9 and 10. Entries 3 and 4
likewise reveal for the related palladium pair, Pd4(CO)5(PEt3)4/
[(µ6-Tl)Pd6(CO)6(PEt3)6]

�, that the analogous ν(CO) shift is also
small.

Entries 9, 10 and 11 involve a comparison of CO-frequency
shifts for (µ6-M�)Pt6 sandwiches with M� = Tl() vs. M� = Au()
and Cu(). Entries 9 and 10 are of particular importance in
providing convincing evidence that 5d10 Au() and 3d10 Cu() are
highly electrophilic compared to 5d106s2 Tl() in removing
negative charge from the Pt3 triangles such that the dπ(Pt)–
π*(CO) backbonding is markedly decreased in each case.

Entry 11 suggests that the electrophilicities of Au() and
Cu() in Pt3M�Pt3 sandwiches are similar. A previous
comparative IR analysis by Puddephatt and coworkers 12 of
their braced [(µ3-M�PPh3)2Pt6(µ2-CO)6(µ2-dppm)3]

2� clusters
with two external µ3-[M�PPh3]

� fragments (for M� = Cu(),
Ag(), Au()) as [PF6]

� salts relative to the neutral hinged [Pt6-
(µ2-CO)6(µ2-dppm)3] revealed CO-frequency shifts consistent
with diminished dπ(Pt)–π*(CO) backbonding that indicated
the relative electrophilicities for the µ3-[M�PPh3]

� fragments to
be Cu > Au > Ag.

Also of prime interest is an examination of the electronic
effect on the ∆ν(CO) shift that arises in an identically ligated
open-face (µ3-M�)Pt3 sandwich due to the formal replacement
of Tl() by a phosphine-attached Au(). Such a replacement was
actually shown to occur when [(µ3-Tl)Pt3(µ2-CO)3L3]

� as the
[PF6]

� salt (where L = PCy3) [ν(CO) = 1864 (s), 1798 (m) cm�1,
Nujol] 6f was transformed quantitatively by reaction with
AuLCl into [(µ3-AuL)Pt3(µ2-CO)3L3]

� as the [PF6]
� salt (L =

PCy3) [ν(CO) = 1805 cm�1, Nujol].6a A comparison of their
corresponding dominant CO-frequencies with that of 1770
cm�1(Nujol) for the neutral triangular Pt3(µ2-CO)3(PCy3)3

22,24

indicates that the electrophilic character of Au() has decreased
so much via its attachment to the electron-donating PCy3 ligand
that (µ3-Tl)� (with ∆ν(CO) = 94 cm�1) is now a better electro-
phile than the µ3-[AuPCy3]

� fragment (with ∆ν(CO) = 35 cm�1)
relative to neutral Pt3(µ2-CO)3(PCy3)3.

25–27

Gradient-corrected (scalar-relativistic) DFT calculations
have been carried out on PH3-models of 1 and 2 and on
sandwich models, [(µ6-M�)M6(µ2-CO)6(PH3)6] (M� = Au�, Hg,
Tl�; M = Pd, Pt) together with corresponding open-face
(tetrahedral) [(µ3-M�)M3(CO)3(PR3)3] sandwich models (M� =
Au�, Hg, Tl�; M = Pd, Pt; R = H, Me); resulting geometrical/
electronic consequences will be given elsewhere.28

Comparative analysis of closed-subshell M3M�M3 sandwiches in
[(�6-M�)M6(�2-CO)6(PR3)6]

� clusters (M� � Tl(I), Au(I), Ag(I);
M � Pd(0), Pt(0)) with known closed-subshell Au3M�Au3 sand-
wich units in M�� -intercalated trinuclear cyclic gold(I) benzyl-
imidazolate and carbeniate complexes (M� � Tl(I), Ag(I)) and
resulting implications

Two electronically equivalent trigonal-prismatic closed-subshell
Au3TlAu3 sandwich units (i.e., d10 Au() vs. d10 Pt(0)) formed
by the intercalation of Tl� into structurally similar trinuclear
cyclic gold() complexes of benzylimidazolate (denoted as
TR(bzim) and carbeniate (denoted as TR(carb) were recently
reported by Burini, Fackler and coworkers.15b,c These and
the previously characterized Ag�-intercalated TR(bzim)
analogue 15 consist of naked 5d106s2 Tl� or 4d10 Ag� ions cen-
tered between two weakly bonding (aurophilic) Au3 units, each
formally constructed by the linkage of three linear C–Au()–N

fragments into a nearly planar nine-membered ring in the
geometrically related TR(bzim) and TR(carb)) complexes. For
each of these three compounds extended linear chains are
produced by intermolecular aurophilic Au–Au interactions
(range, 3.05–3.26 Å), in which four of the six Au() atoms of a
given Au3M�Au3 sandwich interact with two Au() atoms on
each of the two neighboring clusters. Resulting Tl()–Au()
distances in the TR(bzim) complex (mean, 3.02 Å; range,
2.971(1)–3.045(1) Å) 15b,c and TR(carb) complex (mean, 3.09 Å;
range, 3.067(1)–3.108(1) Å are similar to those in 1, whereas the
Ag()–Au() distances in the TR(bzim) complex (mean, 2.81 Å;
range, 2.731(2)–2.922 Å) 15 are 0.2–0.3 Å shorter.28 Particularly
noteworthy is that this considerable difference between the
M�–Au distances within the Au3M�Au3 sandwich units for the
two 5d106s2 Tl() sandwiches compared to the 4d10 Ag()
sandwich unit parallels the corresponding 0.2 Å -longer Tl–Pt
distances within the electronically equivalent Pt3M�Pt3

sandwich for 5d106s2 Tl() in 1 compared to the 5d10 Au() in
[(µ6-Au)Pt6(µ2-CO)6(PPh3)6]

�.4a On this basis, we propose that
this (M�–Au) bond-length difference within the Au3M�Au3

sandwich units may likewise be a consequence of the consider-
ably smaller electrophilic character of the central 5d106s2 Tl()
vs. that of the 4d10 Ag() on account of the overall destabilizing
effect of the thallium() 6s2 electron-pair.29

Synthesis and relative reactivities of 1 and 2

Both 1 and 2 were prepared in high yields (ca. 90%) from
corresponding stoichiometric reactions of TlPF6 with
analogous neutral butterfly-shaped tetrametallic M4(µ2-CO)5-
(PEt3)4 (M = Pt (3),14b Pd (4) 14c) precursors but were obtained
under markedly different experimental reaction conditions
(vide infra). 

1 was also synthesized in a much smaller yield (ca. 35%)
from Pt5(CO)6(PEt3)4

30 as starting material instead of 3; the
precursor Pt5(CO)6(PEt3)4 was obtained from a different
preparative route 14b than that originally reported.30 In complete
contrast to 1 which is relatively stable in solution under N2, 2
is unstable and readily converts into [Tl2Pd12(µ2-CO)6(µ3-CO)3-
(PEt3)9]

2�(5);19–21 therefore, 2 was synthesized under reaction
conditions that involved its immediate precipitation into the
solid state. The spontaneous conversion of 2 into 5, which was
revealed in this research, played a crucial role in ascertaining
its metal-core identity as Tl2Pd12.

19 This reaction occurs more
readily via assistance of O2 (air): 

 where L = PEt3 and x � y = 3; the transformation of 2 into 5 is
readily detected by a color change from the dichroic deep blue–
red of 2 to the red–brown of 5. Its reaction stoichiometry is still
unclear, even though the intermediate formation of 2 in the
reaction of 4 with TlPF6 under N2 is clear-cut. 2 was converted
into 5 by two ways: (a) via the generation of 2 in situ from the
reaction of 4 with TlPF6; and (b) via the direct conversion of a
fine crystalline sample of 2 in solution.

Difficulties were encountered in obtaining suitable single
crystals of 2 for X-ray diffraction studies, because in general
crystal-growing from solution is a relatively slow process,
whereas solutions of 2 are unstable either under inert atmos-
phere (e.g., N2, Ar due to rapid transformation into 5) or under
CO. Fortunately, this challenge was overcome, and single
crystals of 2 were prepared in small quantities and separated
mechanically via the Pasteur technique 31 from the co-crystal-
lized mixture primarily composed of crystalline 5. Particularly

3M4(µ2-CO)5(PEt3)4� 2TlPF6 
2 [(µ6-Tl)M6(µ2-CO)6(PEt3)6][PF6] � 3CO (1)

2 [(µ6-Tl)Pd6(CO)6L6]
� � [(3 � x)/2]O2 

[Tl2Pd12(CO)9L9]
2� � 3OL � xCO2 � yCO (2)
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noteworthy is that crystals of 2 were recognized from otherwise
analogous large black crystals of 5 on the basis of their
opalescent nature (see Experimental section).

Spectroscopic characterization of 1, 2 and resulting implications

IR spectra. These spectra showed that the bridging COs in
1 are lower by 45 cm�1 (Nujol) and 50 cm�1 (THF) than
corresponding ones in 2. As presented earlier, these relatively
large CO-frequency variations are in accordance with the
occurrence of considerably less dπ(M)–π*(CO) backbonding in
2 (M = Pd) than that in 1 (M = Pt); this same IR trend is
observed in a previous comparison of identically ligated neutral
trinuclear and tetranuclear carbonyl/phosphine clusters of
platinum and palladium, (Table 2, pairs 1–3).

Presumed non-rigidity of solid-state [(�6-Tl)M6(�2-CO)6-
(PEt3)6]

� sandwiches (M � Pt (1), Pd (2)) in solution

(a) General comments. A particularly intriguing structural
aspect of small platinum carbonyl/phosphine clusters and the
triangular [Pt3(CO)6]n

2� oligomers (n = 1, 2, 3) is their indicated
stereochemical non-rigidity in solution based upon multi-
nuclear NMR measurements.3c,32,33 One striking illustration is
given by the Pt4(CO)5(PR3)4 clusters (R = Me2Ph,32a,34a Et 34b)
which have a solid-state butterfly geometry of four Pt atoms
with five CO-bridging bonding edges and one non-bonding
edge; both 31P{1H} and 195Pt NMR solution spectra revealed
magnetically equivalent platinum and phosphorus atoms which
were interpreted via a dynamic tetrahedral model to involve a
time-averaging of all possible isomeric edge-opened (butterfly)
Pt4 tetrahedra along with rapid scrambling of the CO ligands.32

Another classic example is the solid-state trigonal-prismatic
stacking 3a of three [Pt3(µ2-CO)3(CO)3] units in [Pt9(CO)18]

2�, for
which an analysis 3c,33 of its 195Pt NMR solution spectrum
provided a dynamic model involving rapid rotation of the two
outer Pt3 triangles with respect to the middle Pt3 triangle about
the principal three-fold axis.

(b) Room-temperature 31P{1H} NMR solution spectra of
1 and resulting implications. For metal nuclei of 1 there are two
NMR-active thallium nuclei (I = 1/2 for 203Tl, 29.5%; I = 1/2
for205Tl, 70.5%) and one NMR-active platinum nucleus
(I = 1/2 for 195Pt, 33.8%). 31P{1H} and 195Pt NMR studies of
Pt3(CO)3(PR3)3 clusters were reported by Moor, Pregosin and
Venanzi 24 for PCy3, PPri

3, PPri
2Ph, and P(CH2Ph)Ph2. Both

31P{1H} and 195Pt spectra of Pt3(CO)3(PR3)3 were modeled
under pseudo-D3h symmetry as the combination of four tri-
angular isotopomers of 0, 1, 2, 3 195Pt nuclei with the following
abundance and spin-system for each isotopomer (where A = 31P,
X = 195Pt): 0 (29.63%, A3), 1 (44.44%, AA�2X), 2 (22.22%,
AA�A�XX�), 3 (3.7%, AA�A�XX�X�). The low natural abund-
ance and spectral complexity of the fourth isotopomer with
3 195Pt nuclei precluded its consideration in interpretations of
the 31P{1H} and 195Pt spectra. Their analysis for the room-
temperature solution 31P{1H} spectra of the four different
phosphines provided simulated spectra with coupling constants
in good agreement with measured values.

For 1 in solution it is presumed that a dynamic process
involving rapid rotations of platinum triangles about the
three-fold axis through Tl() is most likely. Its 31P{1H} NMR
spectrum (acetone-d6) under N2 atmosphere has a broadened
doublet pattern composed of two singlet patterns of Pt3-
(CO)3(PR3)3

1b,24 due to the 203Tl,205Tl coupling. This 2J(P,Tl)
coupling clearly indicates a retention of the sandwich Pt3TlPt3

structure in solution. The observation in the 31P{1H} NMR
spectrum of 1 of only the doublet pattern of the spectrum
of Pt3(CO)3(PR3)3 additionally indicates a rapid rotation of
platinum triangles; otherwise, the character of this spectrum
would be expectedly more complicated due to additional
diverse combinations of platinum isotopomers for the observed

static (solid-state) structure of 1 being retained in solution. All
observed coupling constants in 1 are within ranges (given in
parentheses) that are typical for Pt3(CO)3(PR3)3: namely,
1J(P,Pt), 4450 Hz (range, 4412–4751 Hz); 2J(P,Pt), 444 Hz
(range, 413–488 Hz); 3J(P,P), 49 Hz (range, 49–63 Hz).24

Interactions between Tl() and the Pt3 triangles in 1 can be
readily affected by addition of a small quantity of “free” Tl�:
namely, mol ratio (µ6-Tl)Pt6/Tl� = 1/0.1); a 31P{1H} NMR
spectrum then showed no evidence of 2J(P,Tl) coupling and
instead of doublet signals exhibited single signals, typical for
that of Pt3(CO)3(PR3)3

24 that were broader than those obtained
for 1. This effect indicates a fast exchange process between
Pt3(CO)3(PEt3)3 triangles and Tl(), which is initiated by the
added “free” Tl� ions.

(c) Room-temperature 31P{1H} NMR solution spectra of 2
and resulting implications. (1) Spectra under CO atmosphere.
An analogous dynamic process involving rapid rotations of Pd3

triangles was initially presumed to occur for 2 in solution.
However, a 31P{1H} NMR spectrum (acetone-d6) of 2 under
CO displayed a strong broad asymmetric signal at 24.2 ppm
with a broad but distinguishable shoulder at ∼21.5 ppm. After
21 days of storage in an NMR tube at room temperature under
CO, a repeated spectrum did not reveal any significant changes.
In spite of this observation, we were unsuccessful in growing
single crystals of 2 under CO; instead, slow decomposition
occurred.

In contrast to the observed spectrum of 2 in acetone-d6

solution under CO, a 31P{1H} NMR spectrum of 2 in the
more polar acetonitrile-d3 solution under CO displayed, in
addition to the asymmetric broad signal of 2, six of the ten
distinguishable signals 19 characteristic of [Tl2Pd12(CO)9-
(PEt3)9]

2� (5). Both solution spectra of 2 displayed a weak
unassigned signal at 16.0 ppm (acetone-d6) and 16.4 ppm
(acetonitrile-d3).

(2) Spectra under N2 atmosphere. 31P{1H} NMR spectra of
2 under N2 were found to undergo significant changes with
time; ∼15 min after dissolution of 2 in acetone-d6, two strong
broad overlapping signals at 23.3 and ∼21.0 ppm with
approximately equal intensities were observed together with
9 of the 10 well-defined signals previously found for [Tl2Pd12-
(CO)9(PEt3)9]

2� (5).19 Six of these signals (from 26.3 to 21.3
ppm) overlapped with the broad signals of 2 but were readily
distinguishable due to their much narrower widths. After 3 h the
two broad signals of 2 merged to give a broad singlet at ∼22.0
ppm, while relative intensities of the signals due to 5 increased
only slightly.35 Both spectra contained an unassigned weak
signal at 6.0 ppm.

Noteworthy is that 31P{1H} NMR spectra of 2 in acetone-d6

solution under N2 (in contradistinction with analogous spectra
under CO) clearly demonstrated the occurrence of a conversion
of 2 into 5. A different time-dependent behavior of 2 in forming
5 was expectedly found from similar spectra of 2 in acetonitrile-
d3 solution under N2.

In addition to complications caused by conversion of 2 to 5,
31P{1H} NMR spectra of 2 at room temperature strongly
suggest the occurrence of more complex dynamic processes
in solution than in case of 1. This process may include
dissociation-reassociation of 2 with formation of “free”
Pd3(CO)3(PEt3)3 triangles and their further transformations. In
the case of a non-rigid process involving only rapid rotations of
triangles, 31P{1H} NMR solution spectra of 2 would be
expected to have a simple doublet (due to the 2J(P,Tl) coupling)
for equivalent P atoms with sufficiently narrow signals closely
related to corresponding ones in 31P{1H} NMR spectra of
1 arising from the particular isotopomer with all non-magnetic
platinum nuclei. However, the observed spectra of 2 had either
a complex asymmetric broad signal (under CO atmosphere) or
an approximately symmetrical broad pattern that dramatically
changed with time (under N2 atmosphere). In both cases the
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half-width at half-height of these extremely broadened signals
of 2 were ∼10 times larger than those of 1.

Future work includes carrying out multinuclear NMR
measurements of 1 and 2 at room and low-temperature in order
to obtain more detailed structural information on these clusters
in solution together with an investigation of the reactivities of
1 and 2 with Group 11 metals. Recently we isolated and char-
acterized an intriguing Tl4Pd22 cluster from direct reaction of 2
with Au(SMe2)Cl.36

Experimental

Materials and methods

Reactions and manipulations were carried out via standard
Schlenk techniques on a preparative vacuum line under
nitrogen atmosphere. All solvents were dried and distilled under
nitrogen immediately prior to use. The following drying agents
were used: THF (K/benzophenone), acetone (CaCO3), and
acetonitrile (Na2CO3). Pd4(CO)5(PEt3)4 was prepared from
a literature synthesis;14c likewise, Pt4(CO)5(PEt3)4 and Pt5-
(CO)6(PEt3)4 were synthesized as previously described.14b Other
chemicals were purchased and used without further
purification.

31P{1H} NMR spectra were obtained on a Bruker AM-300
spectrometer and referenced to 85% H3PO4 in D2O as an
external standard. Each NMR sample was prepared via a
pump–thaw technique. Infrared spectra were recorded on a
Mattson Polaris FT-IR spectrometer by use of a nitrogen-
purged CaF2 cell.

All yields were calculated on the basis of Pt or Pd metals.

Synthesis and spectroscopic characterization of [(�6-Tl)Pt6-
(�2-CO)6(PEt3)6]

�, 1, and [(�6-Tl)Pd6(�2-CO)6(PEt3)6]
�, 2, as

[PF6]
�salts

(a) [(�6-Tl)Pt6(�2-CO)6(PEt3)6][PF6]. In a typical reaction, a
solution of TlPF6 (0.102 g; 0.292 mmol) in 10 mL of THF was
added under Ar atmosphere to a stirred solution of Pt4(CO)5-
(PEt3)4 (3) (0.608 g; 0.436 mmol) in 5 mL of THF; an immedi-
ate reaction occurred with formation of a dichroic green
(reflection)/red (transmission) solution. After being stirred for
2 h, 2 mL of heptane were added; slow evaporation of the
solvent to a final volume of ∼4 mL gave rise to the formation
of 0.632 g of a crystalline black–violet precipitate of [(µ6-Tl)-
Pt6(µ2-CO)6(PEt3)6]

� (1) as the [PF6]
� salt (91% yield). IR

spectra exhibited bridging carbonyl bands in Nujol at 1852 (m),
1809 (sh), 1791 (s) cm�1 and in THF solution at 1857 (m), 1806
(vs), 1776 (w) cm�1. 31P{1H} NMR spectrum (121 MHz,
acetone-d6, N2 atmosphere): δ 53.5 ppm (d, 1J(P,Pt) = 4450 Hz,
2J(P,Tl) = 445 Hz, 2J(P,Pt) = 444 Hz, 3J(P,P) = 49 Hz), �139.8
ppm (septet, 1J(P,F) = 707 Hz).

Single crystals of 1 were obtained by slow diffusion of
hexane into THF solution, and one with size of 0.42 × 0.26 ×
0.18 mm3 was used for X-ray data collection.

(b) [(�6-Tl)Pd6(�2-CO)6(PEt3)6][PF6]. Unlike the prepar-
ation of 1, the synthesis of [(µ6-Tl)Pd6(µ2-CO)6(PEt3)6]

� (2) as
the [PF6]

� salt necessitated: (a) the presence of a CO atmos-
phere; and (b) immediate isolation of 2 in the solid state. This
was achieved by the fast addition of a solution of Pd4(CO)5-
(PEt3)4 (4) (e.g., 0.322 g; 0.310 mmol) in 10 mL of hexane to a
solution of TlPF6 (0.072 g; 0.206 mmol) in a minimal amount
of THF (3 mL) under vigorous stirring. 2 was immediately
formed and isolated as dark violet fine crystalline powder
(0.340 g; 88% yield). IR spectra displayed the same three-band
pattern of bridging carbonyl frequencies (as found for 1) in
Nujol at 1891 (m), 1859 (sh), 1836 (s) cm�1 and in THF solution
at 1897 (m), 1856 (vs), 1825 (w) cm�1. 31P{1H} NMR spectrum
(121 MHz, acetone-d6, CO atmosphere): δ 24.2 (br), ∼21.5 (br),
16.0 (w), �139.8 ppm (septet, 1J(P,F) = 708 Hz); (acetonitrile-

d3, CO atmosphere): δ 30.4, 28.9, 28.5, 26.4, 22.4, 21.7 (all are
weak signals of 5), 22.7 (br), 16.4 (w), �140.1 ppm (septet,
1J(P,F) = 706 Hz); (acetone-d6, N2 atmosphere): 30.2, 28.7, 28.5,
26.3, 25.5, 24.6, 22.3, 21.6, 21.3 (all are signals of 5), 23.3 (br),
∼21.0 (br), 6.0 (br w) –139.8 ppm (septet, 1J(P,F) = 712 Hz).

(c) Conversion of 2 into [Tl2Pd12(CO)9(PEt3)9]
2�, 5, and

preparation of single crystals of 2. A mixture of Pd4(CO)5-
(PEt3)4, 4, (0.278 g; 0.268 mmol) and TlPF6 (0.062 g; 0.177
mmol) (molar ratio 3/2) was dissolved in 6 mL THF under N2.
The resulting dichroic blue/red solution of 2, which was
instantly formed in situ, was immediately set up for crystalliz-
ation via hexane vapor diffusion in a small “free” volume (∼20
mL) flask in order to maintain a suitable self-residual pressure
of CO. After ten days 0.250 g (85% yield) of large black crystals
of [Tl2Pd12(CO)9(PEt3)9]

2� 5 as the [PF6]
� salt and 0.012 g (4%

yield) of large black opalescent crystals (green after crushing)
of 2 were separated under a microscope. About 2 mg of crystals
consisted of joined blocks of crystalline 2 and 5. A cut crystal
of size 0.30 × 0.22 × 0.20 mm3 was used for X-ray data collec-
tion of 2. Crystals of the [PF6]

� salt of 5 were identified
spectroscopically and from a single-crystal X-ray diffraction
examination. The formation of small amounts of crystalline
2 in this procedure could be easily avoided just by changing the
atmosphere during the first few hours of reaction.

Subsequent direct reactions showed that 2 (0.08–0.15 g),
which was prepared in the form of fine dark violet crystalline
powder (as described above) and then dissolved in 10–20 mL of
THF, acetone, or acetonitrile under a gentle stream of N2 gas in
order to remove emitted CO, converted to 5 as well. During
these reactions the color of solution gradually changed (over
0.5 ÷ 3 h) from the initial dichroic blue–red color of 2 to the
red–brown color of 5, whose identity was ascertained spectro-
scopically. Qualitatively the rates of conversion of 2 into 5
were found to increase upon changes in solvent polarity with
THF < acetone < acetonitrile. The addition of O2 (air) was
observed to greatly facilitate the rate of transformation of
2 into 5 as the main product (i.e., the reaction being completed
within 20–60s) presumably by the oxidative deligation from 2
of PEt3 and of some of the CO ligands which form triethyl-
phosphine oxide and CO2 byproducts, respectively (see eqn.
(2)). Furthermore, 2 was found to convert into 5 as the main
product (which was extracted, crystallized, and then spectro-
scopically/crystallographically identified) even in the solid state
at room temperature after 3–4 weeks of storage under Ar. It
was observed that 2 could be preserved for at least two weeks in
the solid state only under CO atmosphere.

X-Ray crystallographic analyses

General procedures. X-Ray data for the isomorphous crystals
of [1][PF6] and [2][PF6] were collected at 100(2) K via a Bruker
SMART CCD-1000 area detector diffractometer with graphite-
monochromated Mo-Kα radiation (λ = 0.71073 Å) from a
sealed-tube generator. The crystal structure of [1][PF6] was
determined from direct methods, and the resulting coordinates
for the non-hydrogen atoms obtained from least-squares
refinement were then used as initial atomic coordinates for the
corresponding atoms in [2][PF6]. Least-squares refinements
(based on F 2) were carried out with SHELXTL.37

CCDC reference numbers 202091 and 202092.
See http://www.rsc.org/suppdata/dt/b3/b304409m/ for crys-

tallographic data in CIF or other electronic format.

[TlPt6(CO)6(PEt3)6][PF6]. M = 2396.8; monoclinic, C2/c, a =
22.961(2), b = 24.481(2), c = 22.451(2) Å, β = 94.795(1)�, V =
12576.0(12) Å3, Z = 8; F(000) = 8784; Dc = 2.532 Mg m�3. 51729
reflections were obtained over 2.96 ≤ 2θ ≤ 52.78�. Empirical
absorption correction (SADABS) was applied [µ(Mo-Kα) =
16.082 mm�1, max./min. transmission, 0.1599/0.0565]. Full-
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matrix least-squares refinement (on F 2) of 12832 independent
merged reflections [R(int) = 0.0352] with 633 parameters (10
restraints on disordered carbon atoms) converged at wR2(F

2) =
0.0564 for all data; R1(F ) = 0.0235 for I > 2σ(I ); max./min.
residual electron density, 1.59/�1.06 e Å�3. Ordered non-
hydrogen atoms were refined anisotropically, while four dis-
ordered carbon atoms of two P(1)-attached ethyl groups were
refined isotropically. Hydrogen atoms were included in struc-
ture factor calculations at idealized positions and were allowed
to ride on attached carbon atoms with relative isotropic
displacement coefficients.

[TlPd6(CO)6(PEt3)6][PF6]. M = 1864.7; monoclinic, C2/c, a =
22.949(3), b = 24.623(3), c = 22.480(2) Å, β = 94.841(2)�, V =
12658(2) Å3, Z = 8; F(000) = 7248; Dc = 1.957 Mg m�3. 57499
reflections were obtained over 3.64 ≤ 2θ ≤ 57.00�. Empirical
absorption correction (SADABS) was applied [µ(Mo-Kα) =
4.435 mm�1, max./min. transmission, 0.4708/0.3496]. Full-
matrix least-squares refinement (on F 2) of 15576 independent
merged reflections [R(int) = 0.0329] with 631 parameters (no
restraints) converged at wR2(F

2) = 0.0972 for all data; R1(F ) =
0.0305 for I > 2σ(I ); max./min. residual electron density, 2.40/
�0.70 e Å�3. No ethyl C atoms were disordered. All non-
hydrogen atoms were refined anisotropically, and hydrogen
atoms were included as described above.
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