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Abstract

The thermal reaction of Ru3(CO)12 with malonic acid, followed by the addition of the corresponding ligand, yields the tetranu
clear ruthenium complexes [{Ru2(CO)4L2}2(O2CCH2CO2)2] (L = PPh3: 1, L = 3,5-Me2NC5H3: 2), while the reaction of Ru3(CO)
with terephthalic acid, followed by the addition of the corresponding ligand, gives rise to the formation of the hexanuclea
ruthenium complexes [{Ru2(CO)4L2}3(O2CC6H4CO2)3] (L = PMe3: 3, L = 3,5-Me2NC5H3: 4). The single-crystal X-ray structur
analyses for 1 and 3, reveal both cages to consist of Ru2(CO)4 sawhorse units, 1 being a molecular loop, while 3 is a molecula
triangle.
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Sawhorse-type ruthenium complexes are well-know
since 1969, when Lewis and co-workers reported th
reaction of Ru3(CO)12 with the corresponding carboxyli
acid under reflux and the depolymerisation of th
polymer obtained in coordinating solvents to giv
dinuclear complexes of the type Ru2(CO)4(O2CR)2L
L being a two-electron donor [1]. These dinuclea
complexes have been shown later to have a Ru2(CO)
backbone in a sawhorse-type arrangement with tw
l2–g2-carboxylato bridges and two axial ligands [2
(Eq. (1)).
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2 [Ru3(CO)12] + 6 RCO2H + 6 L
3 [Ru2(CO)4(O2CR)2L2] + 12 CO + 3 H2
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Since their discovery, a considerable number of suc
sawhorse-type diruthenium complexes with carboxylat
bridges have been synthesised and studied [3], used i
catalysis [4–6] or for the assembly of mesomorphic mater
als [7]. These complexes have been also used to buil
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macromolecular structures, by reacting Ru3(CO)12 with
dicarboxylic acid, leading to different types of macromolec-
ular assemblies: a molecular loop has been found for
[{Ru2(CO)4(PBu3)2}2(O2CCH2CH2CH2CO2)2] [3a] and
[{Ru2(CO)4(PMe3)2}2(O2CCH2CO2)2] [8], a molecular tri-
angle for [{Ru2(CO)4(PBu3)2}3(O2CCHOHCHOHCO2)3]
[3h], and a molecular square for [{Ru2(CO)4(PMe3)2}4-
(O2CCO2)4] [8]. Noticeably, the complexity of the saw-
horse-based macromolecules obtained is not in line with
the length of the spacer between the two carboxylic func-
tions of the diacid used.

Herein, we report the synthesis of two tetranuclear
ruthenium complexes [{Ru2(CO)4(L)2}2(O2CCH2CO2)2]
(L = PPh3: 1, L = 3,5-Me2NC5H3: 2) and two hexanuclear
ruthenium complexes [{Ru2(CO)4(L)2}3(O2CC6H4CO2)3]
(L = PMe3: 3, L = 3,5-Me2NC5H3: 4), which form macro-
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Scheme 1. General arrangement of the sawhorse units in tetranuclear
ruthenium complexes [{Ru2(CO)4(L)2}2(O2CCH2CO2)2] (L = PPh3: 1,
L = 3,5-Me2NC5H3: 2).

Fig. 1. ORTEP representation [12] of 1 at 50% probability level with H atoms
2.7159(7), Ru(1)–O(1) 2.133(4), Ru(1)–O(3) 2.135(4), Ru(2)–O(2) 2.154(4), Ru
O(1) 95.34(11), P(1)–Ru(1)–O(3) 95.08(12), O(1)–Ru(1)–O(3) 82.07(14), P(
81.02(14). Symmetry code: 1 � x, 1 � y,�z.
molecular cages, as shown by the X-ray single-crystal struc-
ture analyses of 1 and 3.

Dodecarbonyltriruthenium [9] reacts with malonic acid
in refluxing thf to give, after the addition of the corre-
sponding ligand, the tetranuclear ruthenium complexes
[{Ru2(CO)4(L)2}2(O2CCH2CO2)2] (L = PPh3: 1, L = 3,5-
Me2NC5H3: 2) [10]. Compounds 1 and 2 are air-stable
colored crystalline powders, which have been characterised
by their 1H, 31P{1H} NMR, IR and MS data. The IR spec-
tra of 1 and 2 exhibit the characteristic t(CO) pattern of the
Ru2(CO)4 sawhorse backbone, which is confirmed by the
single-crystal X-ray structure analysis of 1. As in the case
of the known trimethylphosphine analogue [8], the triphen-
ylphosphine derivative 1 also forms a molecular loop, see
Scheme 1.

The single-crystal X-ray structure analysis of 1 reveals a
molecular loop containing two symmetrically equivalent
Ru2(CO)4 sawhorse backbone units connected by two
malonato bridges [11]. The four ruthenium atoms are
coordinated to an axial triphenylphosphine ligand each.
The Ru–Ru distance of 2.7160(7) Å is typical of a ruthe-
nium-ruthenium single bond (see Fig. 1).

A square cage of 4.2 · 4.2 · 2.7 Å, defined by two Ru-Ru
midpoint – CH2 distances (4.167 Å) and the metal-metal dis-
tance (2.7159(7) Å), is observed in 1, see Fig. 2. However, as
it was observed in the analogous molecular loop
[{Ru2(CO)4(PMe3)2}2(O2CCH2CO2)2] [8], the diameter of
the cage is too small to accommodate guest molecules.
Moreover, the phenyl groups of the triphenylphosphine
ligands block totally the access to the cavity, see Fig. 2.

By contrast, the thermal reaction between dod-
ecarbonyltriruthenium and terephthalic acid gives, after
the addition of the corresponding ligand, the hexanuclear
omitted for clarity. Selected bond lengths (Å) and angles (�): Ru(1)–Ru(2)
(2)–O(4) 2.124(4), Ru(1)–P(1) 2.47202), Ru(2)–P(2) 2.416(2); P(1)–Ru(1)–
2)–Ru(2)–O(2) 94.05(11), P(2)–Ru(2)–O(4) 93.89(12), O(2)–Ru(2)–O(4)
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ruthenium complexes [{Ru2(CO)4(L)2}3(O2CC6H4CO2)
(L = PMe3: 3, L = 3,5-Me2NC5H3: 4) [10]. Compounds
and 4 are air-stable brownish crystalline powders, whic
have been characterised by their 1H, 31P{1H} NMR, IR
and MS data. The IR spectra of 3 and 4 show the charac
teristic absorption bands of the sawhorse-type complexe
three bands assigned to the CO ligands aroun
2000 cm�1 and the band of the carboxylato bridges aroun
1580 cm�1. Given the analogous reaction of oxalic aci
Fig. 2. Space-filling views [13] of the crystal structure of 1, and the square
area of the cage.

Fig. 3. ORTEP representation [12] of 3 at 35% probability level, H atoms a
and angles (�): Ru(1)–Ru(2) 2.7196(6), Ru(3)–Ru(4) 2.7252(7), Ru(5)–Ru(6
Ru(2)–O(12) 2.112(4), Ru(3)–O(3) 2.128(4), Ru(3)–O(5) 2.117(4), Ru(4)–O(
Ru(6)–O(8) 2.119(4), Ru(6)–O(10) 2.148(4); P(1)–Ru(1)–O(1) 84.18(12),
85.26(12), P(3)–Ru(3)–O(3) 87.94(11), P(4)–Ru(4)–O(4) 83.28(11), P(3)–Ru
P(5)–Ru(5)–O(9) 83.22(11), P(6)–Ru(6)–O(8) 82.90(11), P(6)–Ru(6)–O(10) 8
with dodecarbonyltriruthenium yielding the octanuclea
complex [{Ru2(CO)4(PMe3)2}4(O2CCO2)4] [8], the forma
tion of a molecular square could also be expected instea
of a molecular triangle. This difference is presumably du
to the greater flexibility of the two carboxylato groups i
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Scheme 2. General arrangement of the sawhorse units in the hexanuclear
complexes [{Ru2(CO)4(L)2}3(O2CC6H4CO2)3] (L = PMe3: 3, L = 3,5-
Me2NC5H3: 4).

nd dichloromethane molecules omitted for clarity. Selected bond lengths (Å)
) 2.7316(6), Ru(1)–O(1) 2.129(4), Ru(1)–O(11) 2.148(4), Ru(2)–O(2) 2.132(4),
4) 2.122(4), Ru(4)–O(6) 2.142(3), Ru(5)–O(7) 2.134(4), Ru(5)–O(9) 2.125(4),

P(2)–Ru(2)–O(2) 86.13(13), P(1)–Ru(1)–O(11) 90.15(11), P(2)–Ru(2)–O(12)
(3)–O(5) 81.70(12), P(4)–Ru(4)–O(6) 89.40(11), P(5)–Ru(5)–O(7) 88.21(11),
8.22(11).



Fig. 4. Space-filling views [13] of the crystal structure of [CH2Cl2� 3], and the diameter of the cage.
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the terephthalato ligands with respect to those in the oxa-
lato ligands (Scheme 2).

The single-crystal X-ray structure analysis of 3 shows a
hexanuclear structure [14], in which three Ru2(CO)4 units
are coupled by three terepthalato bridging ligands to give
a trimeric macrocycle, see Fig. 3. The formation of a trian-
gular structure imposes distortion around the ruthenium
atoms. The angles between the oxygen atoms of two adja-
cent terephthalato ligands are not 90� as expected for an
octahedral metal centre, but range from 82.8(2) to
84.7(2)�. Moreover, the trimethylphosphine ligands are
far from being co-axial to the Ru–Ru axes, the P–Ru–
Ru–P torsion angles are 18.0(3)�, 29.8(2)� and 40.5(2)�,
respectively, with all the trimethylphosphine moieties
pointing towards the cavity with the Ru–Ru–P angles rang-
ing from 163.07(5) to 166.58(5)� (Fig. 4).

In 3, a triangular hollow space of 11.1 · 11.1 · 11.1 Å
(distances between Ru–Ru axes) is observed, see Fig. 4.
This cavity is large enough to accommodate small guest
molecules. Indeed, upon crystallisation from dichlorometh-
ane, a molecule of CH2Cl2 is observed within the cavity of
3 (Fig. 4): The shortest Cl–C distances being 3.5 Å, and the
hydrogen atoms of the dichloromethane guest molecule
pointing in direction of the aromatic rings of two adjacent
terephthalato ligands.

In conclusion, we have synthesised tetra- and hexanucle-
ar cage molecules formed from Ru2(CO)4 sawhorse units
and from dicarboxylato bridging ligands. While the hollow
space is too small to accommodate guest molecules in the
tetranuclear loops, the hexanuclear triangles can crystallise
as an inclusion compound with small guest molecules
inside the cavity.
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Appendix A. Supplementary materials

CCDC 652978 and 652979 contains the supplementary
crystallographic data for 1 and 3 Æ 3CH2Cl2. These data
can be obtained free of charge via http://www.ccdc.cam.
ac.uk/conts/retrieving.html, or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge
CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail: depos-
it@ccdc.cam.ac.uk. Supplementary data associated with
this article can be found, in the online version, at
doi:10.1016/j.inoche.2007.08.026.
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