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Summary: A novel tetranuclear rhodium complex has
been synthesized by reaction of N,N′-dimethyl-N,N′-bis-
[2-(diphenylphosphino)ethyl]-1,4-phenylenediamine with
a “Rh(I) source” generated from the reaction between
[RhCl(coe)2]2 (coe ) cyclooctene) and AgOTs (OTs )
p-toluenesulfonate). Significantly, the complex can be
reacted with small molecules that selectively break the
N-Rh links to afford flexible, 52-membered tetranuclear
macrocycles.

The “directional-bonding approach” to supramolecular
synthesis relies on directional and typically rigid ligands
to prepare supramolecular coordination complexes with
predesigned geometries in high yield.1 Molecular squares,
triangles, and boxes are all examples of structures that
can be assembled via this synthetic approach. Thus far,
squares are the most common products, and most
squares prepared to date contain Pd(II) or Pt(II) metals
as corners and use rigid or semirigid aromatic bifunc-
tional ligands as edge linkers.2 Significantly, the metal
centers in these complexes are coordinatively saturated
and displacement of the rigid edge ligands from the
metal centers with small monodentate molecules will
result in destruction of the square geometry. Herein,
we report the formation, characterization, and prelimi-
nary reactivity of a novel square complex (2) formed

from the structurally flexible hemilabile ligand3 N,N′-
dimethyl-N,N′-bis[2-(diphenylphosphino)ethyl]-1,4-phe-
nylenediamine (1) and a Rh(I) precursor (Scheme 1).
This reaction effectively folds a larger flexible macro-
cyclic structure (52-membered ring) into a 28-membered
square that is held together via the rigid diaminophenyl
groups of the hemilabile ligands used to prepare it.
Significantly, the square can be opened into a variety
of 52-membered rings by introducing it to small mol-
ecules that break its weak amino-Rh bonds but not its
strong Rh-phosphine bonds.

Previously, we reported the synthesis of binuclear
metallomacrocycles and other supramolecular coordina-
tion compounds from flexible hemilabile ligands via the
“weak-link synthetic approach”.4 The approach takes
advantage of the design of intermediates with strategi-
cally located strong and weak links to create a rigid
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condensed structure that can be subsequently opened
into a flexible macrocycle by introducing it to small
molecules that can selectively break its weak links.
Besides yielding flexible rather than rigid structures,
the weak-link approach utilizes kinetic rather than
thermodynamic control (as in the case of the directional
bonding approach) to target macrocyclic compounds.
Therefore, the reaction used to produce 2 is an interest-
ing new hybrid of the two approaches, which takes
advantage of intermediates and concepts common to the
two approaches to give extraordinarily large and flexible
ring structures in high yield.

We recently reported the synthesis of ligand 1 and
its reactivity in forming the homobinuclear Rh(I) con-
densed intermediate 3a (Scheme 1).5 The binuclear
complex has now been prepared with a variety of other
counterions 3b-e (PF6

-, ClO4
-, SO3CF3

-, CB11H6Br6
-)

using the corresponding silver salt via similar proce-
dures. All complexes exhibit the diagnostic 31P{1H}
NMR resonances in CD2Cl2 between δ 59.5 and 60.0 (d,
J(Rh,P) ) 187 Hz), which compare well with that of the
BF4

- salt 3a (δ 60.2 d, J(Rh,P) ) 187 Hz).5 However,
upon addition of a “Rh(I) source” generated via the
reaction between [RhCl(coe)2]2 (coe ) cyclooctene) and
AgOTs (OTs ) p-toluenesulfonate) to ligand 1, the
tetrametallic square 2 was formed and isolated as a pure
solid in 65% yield (Scheme 1).6 The binuclear complex
3f was observed by 31P{1H} NMR spectroscopy as the
only other reaction byproduct (Scheme 1). The 31P{1H}
NMR spectrum of a CD2Cl2 solution of 2 exhibits two
resonances at δ 60.3 (dd, J(Rh,P) ) 185 Hz, J(P,P) )
51 Hz) and δ 63.5 (dd, J(Rh,P) ) 189 Hz, J(P,P) ) 52
Hz), assigned to the two sets of magnetically inequiva-
lent phosphorus atoms. In addition, the electrospray
mass spectrum, 1H NMR spectroscopy, and combustion
analysis of 2 were consistent with its formulated
structure.

The tetramer 2 slowly converts to the dimer 3f in CD2-
Cl2, as indicated by the formation of a 31P{1H} NMR
resonance at δ 60.2 (d, J(Rh,P) ) 187 Hz). The assign-
ment of this resonance to the binuclear complex 3f is
based on a comparison of the spectrum with that of the
reported binuclear complex with BF4

- counterions, 3a.5
Further investigation shows that the tetramer 2 can be
cleanly converted to the binuclear condensed intermedi-
ate 3f in quantitative yield by heating a CD2Cl2 solution
of 2 at 55 °C for 20 h (Scheme 1).

Recrystallization of tetramer 2 from CH2Cl2 by slow
diffusion into pentane afforded deep red crystals suit-

able for a single-crystal X-ray diffraction study.7 Con-
sistent with the formulated structure of 2 in solution,
the solid structure shows that ligand 1 bridges the four
Rh centers through its diaminophenyl groups and
chelates through its phosphine moieties (Figure 1A).
Each Rh exhibits cis phosphine coordination. A side
view of the solid-state structure of 2‚10CH2Cl2‚2C5H12
shows that the methyl groups attached to the nitrogen
atoms are directed to the internal core defined by the

(5) Liu, X.; Eisenberg, A. H., Stern, C. L.; Mirkin, C. A. Inorg. Chem.
2001, 13, 2940.
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Cambridge Crystallographic Data Centre as supplementary publication
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on application to the CCDC, 12 Union Road, Cambridge CB21EZ, U.K.
(fax, (+44)1223-336-033; e-mail, deposit@ccdc.cam.ac.uk).

Figure 1. ORTEP diagrams showing the structure of 2‚
10CH2Cl2‚2C5H12 with thermal ellipsoids drawn at the 50%
probability level: (A) top view; (B) side view. Hydrogen
atoms, solvent molecules, and counterions have been
omitted for clarity. Selected bond lengths (Å) and bond
angles (deg): Rh1-P1, 2.193(2); Rh1-P2, 2.189(2); Rh1-
N1, 2.270(5); Rh1-N4, 2.276(5); Rh2-P3, 2.188(2); Rh2-
P4, 2.195(2); Rh2-N2, 2.326(2); Rh2-N3, 2.258(5); P1-
Rh1-P2, 96.22(6); P1-Rh1-N1, 83.13(13); P1-Rh1-N4,
174.96(13); P2-Rh1-N1, 177.34(13); P2-Rh1-N4, 82.47-
(13); N1-Rh1-N4, 98.4(2).
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tetrametallic square and are in a cis geometry with
respect to the 1,4-phenylenediamine framework (Figure
1B). Moreover, Figure 1B shows the interesting way this
molecule is folded through the multidentate bonding
interaction between the hemilabile ligands and the
metal centers. One ligand (defined by P1-N1-N2-P3),
Rh1, and Rh2 sit on top of the plane defined by the
ligands P2-N4-N3A-P4A and P4-N3-N4A-P2A,
while Rh1A, Rh2A, and one ligand (defined by P3A-
N2A-N1A-P1A) reside below that plane. This confor-
mational geometry alleviates steric repulsions between
the diphenylphosphino groups and the methyl groups
while maintaining the square-planar coordination ge-
ometry at the Rh centers. The dimensions of the square
are 7.738 × 6.691 Å, and the Rh1‚‚‚Rh2 distance is 7.892
Å. Neither solvent molecules nor counterions were found
in the cavity of 2‚10CH2Cl2‚2C5H12.

Significantly, the condensed tetranuclear complex 2
can be opened into a variety of 52-membered macro-
cycles via ligand substitution reactions with small
molecules such as CO and acetonitrile, which result in
the selective cleavage of the N-Rh weak links. For
example, when CO (1 atm) is introduced to an acetoni-
trile solution of 2 in a dry ice/acetone bath, the CO/
acetonitrile adduct 4 is formed in quantitative yield
(Chart 1). Additionally, neutral macrocycle 5 can be
formed by reacting a CD2Cl2 solution of 2 with tetram-
ethylammonium chloride (10 equiv) and CO (1 atm) in
a dry ice/acetone bath (Chart 1). A space-filling repre-
sentation of 4 shows that the expanded inner cavity
(∼11 Å in diameter) is large enough to accommodate a
molecule approximately the size of C60. Note that once
2 is converted into macrocycle 4 or 5, there is no
evidence for the formation of binuclear compound 3.
Therefore, the kinetic intermediate 2 serves as a route
to the slightly larger macrocycles, provided it is used
immediately after its formation.

In conclusion, we have discovered an interesting and
novel anion-dependent route to a novel molecular square

assembled via hemilabile ligands. This reaction and
complex are important not only because they provide a
route to large, flexible metallomacrocycles in high yield
but also because they provide insight into the basis
behind the weak-link approach to macrocycle synthesis.
The premise behind the approach is that a condensed
intermediate such as 3 can be formed in high yield by
offering a route that is energetically more favorable than
oligomerization and polymerization reactions but with
a high energetic barrier to monomer formation.1e,4c The
isolation of tetramer 2 (the first of its kind)8 and the
observation that it can be cleanly converted to dimer 3
suggests that many possible structures could be formed
en route to the local minimum 3, such as 2, and the
approach is exhibiting the kinetic control designed into
it, but in an unanticipated way.
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