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Recently, our group reported a novel, high-yield synthetic
method for preparing polycationic binuclear macrocycles and
three-dimensional complexes from flexible hemilabile ligands1

and simple transition metal precursors.2 The premise behind this
approach is that the entropic costs of preparing a large ring
structure from flexible ligands can be minimized by first targeting
a condensed intermediate held together via both strong and weak
metal-heteroatom links; the weak metal-heteroatom bonds of
the condensed intermediates are subsequently broken via ligand
substitution reactions affording macrocyclic structures. Using this
approach, our group has synthesized a series of 26-, 30-, and 34-
membered polycationic rings from RhI and phosphinoarylether
ligands.2

Weak links, used thus far, have been limited to metal-ether
and metal-η6-arene bonds.2 Herein, we report the first use of
thioether-based ligands to form a condensed macrocycle (2),
which can be opened via a novel halide-induced ring-opening
reaction, whereby a halide source is used to break the RhI-S
bonds in2 (Scheme 1). We have found that this halide-induced
ring opening can be extended to condensed intermediates held
together via metal-ether and metal-η6-arene interactions, giving
entry into an entire new class ofneutralmacrocycles with highly
tailorable cavity sizes and properties. The synthesis of neutral
macrocycles, as opposed to cationic systems, is highly desirable
for the preparation of hosts for electron-deficient guests (ions can
clog the cavities of charged macrocyclic structures) and as
precursors for a variety of catalytic processes.3

The ligand 1,4-bis[2-(diphenylphosphino)ethylthio]benzene (1)
was synthesized in>90% yield via modified literature procedures
(see Supporting Information).4 Compound2 was synthesized by
first stirring [RhCl(COT)2]2 (COT ) cyclooctene) (80 mg, 0.223
mmol) with AgBF4 (44 mg, 0.226 mmol) in 3 mL of CH2Cl2.
After 1.5 h the mixture was filtered, diluted with THF (100 mL),
and cooled to-78 °C. Then,1 (126 mg, 0.223 mmol), dissolved
in 100 mL of THF, was added dropwise to the reaction mixture

to form the condensed intermediate (2). As the solution warmed
to room temperature, compound2 formed and precipitated in pure
form from the reaction mixture, allowing one to easily separate
it from the COT. The31P{1H} NMR spectrum of2 exhibits a
characteristic doublet at 64 ppm withJRh-P ) 161 Hz, which is
diagnostic of a RhI cis-phosphine complex with five-membered
chelates.1,2 1H NMR spectroscopy, mass spectrometry (see Sup-
porting Information), and a single-crystal X-ray diffraction study
of 2[B(C6F5)4]2 are consistent with the proposed formulation of
2. Each RhI metal center is in a square-planarcis-phosphine,cis-
thioether geometry, and the parallel-planar arene rings are 3.51
Å apart (Figure 1A).5

The 2,3,5,6-tetramethyl/ether intermediate (3) is analogous to
2, but composed of ether instead of thioether linkages, and reacts
with small molecules such as CO and CH3CN to form large
macrocyclic ring structures.2 We examined the lability of the
RhI-S bonds of2 under similar conditions. Overall, the thioether
moieties of2 proved to be substitutionally inert under conditions
that result in the displacement of the ether moieties from the RhI

centers in3. Compound2 was completely unreactive toward the
σ-donating ligand CH3CN (neat at room temperature), and
although CO reacts with2, it results not in the displacement of
the thioether moieties but rather in the reversible formation of
five-coordinate CO adducts.7 A variety of reagents were tested
when attempting to break the RhI-S bonds such as triethylphos-
phine, 1,2-bis(diethylphosphino)ethane, H2, MeI, sodium thio-
phenoxide, and potassium diphenylphosphide. None of the above
reagents proved to be suitable for breaking the RhI-S interactions
without concomitant decomposition of2.

Successful clean displacement of the RhI-S bonds in2 was
achieved via the addition of [Me4N]Cl in the presence of CO (1
atm), which resulted in thequantitatiVe formation of the neutral
macrocycle (5) (Scheme 1). Compound5 has been characterized
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by 1H NMR spectroscopy (see Supporting Information),31P{1H}
NMR spectroscopy, which shows a characteristic doublet at 24
ppm (JRh-P ) 124 Hz) for the two magnetically equivalent
phosphine ligands, and FTIR spectroscopy, which exhibits a
characteristicνco band at 1976 cm-1.8 While 5 is stable in solution,
upon exposure to vacuum or nitrogen purge,5 is converted back
to 2, which precludes characterization of it by mass spectrometry
or combustion analysis. In an attempt to prepare the iodo analogue
of 5, we reacted precursor2 with [Me4N]I in the presence of CO
(1 atm). Rather than observing the mono-CO adduct, we observed
a bis-CO trigonal-bipyramidal adduct (6) (Figure 1B). Compound
6 was characterized in the solid state by a single-crystal X-ray
analysis, and in solution by1H and31P{1H} NMR spectroscopy,

and FTIR spectroscopy, all of which are consistent with our
structural formulation (see Supporting Information).9 In particular,
the FTIR spectrum of6 in CH2Cl2 exhibits two broadνCO bands
at 1978 and 2017 cm-1. It is interesting to note that, under
identical conditions, the iodo version of these macrocycles
supports an additional CO ligand at each RhI center. This is likely
because the chloride is more electron withdrawing than the iodide
ligand, and therefore, the metal centers with the Cl ligands cannot
accommodate anotherπ-accepting CO ligand.

Condensed macrocycles with ether andη6-arene weak links
also can be expanded into larger structures via this halide-induced
ring-opening strategy, demonstrating its generality. For example,
the addition of an excess of [Me4N]Cl in a solution of CH2Cl2
saturated with CO to 1 equiv of either3 or the benzene analogue
leads to quantitative formation of the corresponding neutral
macrocycles7 and8, respectively. Compounds7 and8 have been
characterized by1H and 31P{1H} NMR spectroscopy, FTIR
spectroscopy, and mass spectrometry (see Supporting Informa-
tion). Complexes7 and 8 exhibit characteristic doublets in the
31P{1H} NMR spectrum at 19.4 ppm (JRh-P ) 132 Hz) and 24
ppm (JRh-P ) 124 Hz), respectively. Each has one diagnosticνCO

band in the FTIR spectrum at 1973 and 1978 cm-1, respectively.
Complex 8 was further characterized by single-crystal X-ray
diffraction, and the solid-state structure is consistent with its
solution formulation.5b

In conclusion, we have synthesized the first example of a
condensed macrocycle containing phosphinothioether ligands via
the “weak-link” approach and have developed a general way of
opening this type of structure as well as other condensed
intermediates via novel halide-induced ring openings. Perhaps,
more important is the observation that these systems provide entry
into a new class of neutral macrocycles with structures and
properties that can be tailored in a general way via our weak-
link approach to macrocycle synthesis.
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Scheme 1. Synthetic Scheme for Compounds5-8

Figure 1. Atom-labeling schemes showing thermal ellipsoids at 50%
probability. Hydrogen atoms, counterions, and solvent molecules have
been omitted for clarity. (A) ORTEP diagram of (2[B(C6F5)4]2)‚2C5H12.
Selected bond distances (Å) and angles (deg): Rh(1)-Rh(1A) )
8.381(1); Rh(1)-P(1)) 2.2456(14); Rh(1)-P(2)) 2.2606(12); Rh(1)-
S(1) ) 2.3502(13); Rh(1)-S(2) ) 2.3493(13); P(1)-Rh(1)-S(1) )
85.63(5); P(1)-Rh(1)-P(2)) 97.36(5); P(2)-Rh(1)-S(2)) 85.80(5);
S(2)-Rh(1)-S(1)) 90.89(5).(B) ORTEP diagram of6. Selected bond
distances (Å) and angles (deg): Rh(1)-Rh(1A) ) 11.197(12); Rh(1)-
P(1) ) 2.329(3); Rh(1)-P(2) ) 2.329(3); Rh(1)-I(1) ) 2.8167(11);
P(1)-Rh(1)-P(2A)) 177.01(11); P(1)-Rh(1)-C(12)) 89.8(4); P(1)-
Rh(1)-I(1) ) 89.78(7); I(1)-Rh(1)-C(11)) 107.3(4); C(11)-Rh(1)-
C(12) ) 144.4(5); C(12)-Rh(1)-I(1) ) 108.3(4).
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