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Herein we describe a new method for separating mixtures of
small coordinating molecules that relies upon a polymeric
transition metal-based redox-switch. The concept involves the
observations that: (1) transition metal complexes in general, upon
metal-centered oxidation, tend to coordinate additional ligands
to satisfy electron deficiencies at the metal centers, and conversely,
upon metal-centered reduction, they tend to release ligands; (2)
while Cu(I) compounds are typically four-coordinate, Cu(II)
complexes are usually five- or six-coordinate;1 (3) many Cu-
amine complexes possess relatively low oxidation potentials,1

which do not result in oxidation of the small molecules to be
separated; (4) the molecular recognition properties of these metal
centers can be easily tailored through a choice of substitutionally
inert ancillary ligands; and (5) high surface area polymers can
be obtained from a variety of available bipyridine (bpy) precur-
sors.2 Taken together these observations allow one to design
electrode-surface-confined polymeric complexes that can recog-
nize and selectively coordinate one component of a mixture in
one oxidation state and release it in the other, thereby providing
a way of separating the mixture, Scheme 1.

The first step of a three-step separation cycle in our new scheme
is metal-centered oxidation of a polymer-supported complex
poly-[Mred(L2)2], which induces preferential coordination of
A-type molecules due to favorable steric or electronic interactions
betweenA-type molecules and the complex. The next step is
separation ofB-type molecules from the complex poly-[Mox-
(L2)2-A], which is facilitated by the polymeric nature of the
complex. The final step is metal-centered reduction of poly-
[Mox(L2)2-A], which releasesA-type molecules and regenerates
poly-[Mred(L2)2]. Significantly, incomplete separation of the
components of the mixture can be addressed simply by repeating
this cycle of uptake and release until the desired purity of the
components is reached.

Koval et al. have reported an important related but different
method for separating gaseous alkene/alkane mixtures, which is
based on selective uptake and release of an alkene with mixtures
of uncharacterized Cu(I)/Cu(II) salts with labile aqua or vinyl
sulfonate ligands.3 Although very impressive and useful with
respect to the separation of coordinating gaseous molecules from
noncoordinating ones, the ill-defined nature of the Cu metal
centers and their substitutionally labile ligands do not allow one
to rationally design materials for separating a specific set of
components with comparable but different properties of ligation
to the metal center.

In view of the aforementioned observations, we investigated
the redox-induced separation of binary mixtures of pyridine and
picolines by using the known complex [CuI(bpy)2]PF6 (1)4 under
homogeneous conditions. No reaction occurred when1 was treated
with 100 equiv of pyridine or 2-, 3-, or 4-picoline in CH2Cl2 as
evidenced by1H NMR spectroscopy, but chemical oxidation of
1 with FcPF6 [Fc ) {Fe(η5-C5H5)2}+] in the same solvent in the
presence of just 5-20 equiv of any of these compounds resulted
in their uptake to afford the five-coordinate blue-green paramag-
netic complexes [CuII(bpy)2L][PF6]2 (2a, L ) pyridine;2b, L )
2-picoline; 2c, L ) 3-picoline; 2d, L ) 4-picoline). For
comparison, chemical oxidation of1 in MeCN, THF, or CH2Cl2
afforded the known four-coordinate complex [CuII(bpy)2][PF6]2

(3).5 Paramagnetic compounds2a-d were characterized by
elemental analyses and their reactivities, which are consistent with
the proposed formulations.6 In addition, the solid-state structure
of 2a was determined by a single-crystal X-ray diffraction study
and is consistent with our structural formulation for it in solution.7

Significantly, reduction of2a-d with Fc* [Fc* ) Fe(η5-C5Me5)2]
cleanly regenerated complex1 and released 1 equiv of the
expected pyridine or picoline as evidenced by1H NMR spec-
troscopy, thus completing the cycle of uptake and release.

Reversible uptake and release of small coordinating molecules
with 1 also was effected via electrochemical means. The cyclic
voltammogram of1 in CH2Cl2 (a weakly coordinating solvent)
exhibited a reversible wave at+520 mV,8 which is assigned to
the [Cu(bpy)2]+/[Cu(bpy)2]2+ redox couple. When the electro-
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chemical measurements were performed in CH2Cl2 containing
pyridine (20-40 equiv), the reversible wave became irreversible
with the oxidative peak potential shifting from+380 mV (20
equiv of pyridine) to+300 mV (40 equiv of pyridine) upon
increasing concentration of pyridine. The irreversibility of this
processes is consistent with the proposed oxidatively induced
uptake reaction.

Chemical oxidation of1 in CH2Cl2 in the presence of binary
mixtures of 4-picoline and either pyridine or 2- or 3-picoline
results in the formation of thermodynamic mixtures of two five-
coordinate complexes [CuII(bpy)2(A)][PF6]2 and [CuII(bpy)2(B)]-
[PF6]2 (A ) 4-picoline;B ) 2- or 3-picoline or pyridine, Scheme
2). When the two Cu complexes were separated and isolated from
solvent and excess pyridine and picolines and subsequently
reduced, compound1 was regenerated along with a mixture of
A andB. In all cases, the mixtures were enriched in 4-picoline
(A). In each case, the ratio ofA to B (nf to mf, Scheme 2 and
Figure 1) after one redox separation cycle is different from the
ratio of A to B before separation (ni andmi) and is determined
by the equilibrium constantK, Scheme 2. The equilibrium
constants for the reaction defined by eq 1

were determined by1H NMR spectroscopy to beK ) 0.035 for
B ) 2-picoline, 0.377 forB ) 3-picoline, and 0.23 forB )
pyridine. Generally, the efficacy of the separation is inversely
proportional toK (Figure 1).

The separation of 4-picoline from 2-picoline is straightforward
due to the vastly different ligating ability of these molecules for
the Cu(II) complex, which is primarily a steric phenomenon. The
remarkable feature of this switch is its ability to differentiate 3-
and 4-picoline, which have very similar physical and chemical
properties (i.e., boiling temperature; 144°C for 3-picoline and
145 °C for 4-picoline). Separation of 3- and 4-picoline has
received considerable attention in the literature, and several
elaborate separation methods including dissociation extractive

crystallization,9a distillation in the presence of host compounds,9b

reactive distillation,9c inductive adsorption,9d and clathrate
formation9e have been reported and patented.

To demonstrate proof-of-concept of our proposed separation
protocol based upon a polymeric redox-switch, a polymeric
analogue of1 was prepared as a thin film on the surface of a
gold electrode. This was accomplished by electrochemically
polymerizing 4,4′-(CH2Br)2-2,2′-bpy according to literature meth-
ods.10 The resulting insulating film was soaked in a solution of
[Cu(MeCN)4]PF6 in acetonitrile (0.01 M) to afford a redox-
polymer, [{Cu(4,4′-(CH2)2-2,2′-bpy)2}PF6]n (4), as evidenced by
cyclic voltammetry, Scheme 1. The cyclic voltammetry of4 in
CH2Cl2 shows a reversible wave at∼+500 mV (Scheme 1, left
inset) and remains unchanged even after 1000 cycles, signifying
the robust nature of the polymer in both oxidation states. Upon
addition of 4-picoline, the reversible wave shifts to a lower
potential (Epa ) ∼+400 mV, Scheme 1, right inset) and becomes
irreversible, which is consistent with the homogeneous voltam-
metry of 1 (vide supra) and suggests analogous stereochemistry
and similar redox-induced transformations for4 in the presence
of 4-picoline. Significantly, polymeric complex4 was used to
completely separate (within the HPLC detection limit) a mixture
of 2- and 4-picolines (∼10-9 mol)11 in just one cycle of
electrochemically induced uptake and release.

These experiments, along with the abundance of pyridine-
derived ligands, strongly suggest that this approach can be used
as a general one for designing materials to separate many two-
component mixtures. Efforts to evaluate this assertion are
underway, including the development of analogous chiral redox-
active materials that can be designed to separate enantiomers.
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Scheme 2

[CuII(bpy)2(A)][PF6]2 + B / [CuII(bpy)2(B)][PF6]2 + A
(1)

Figure 1. Bar plots reflecting efficacy of separation of binary mixtures
of 4-picoline and pyridine or 2-picoline or 3-picoline./ The ratio of 31:1
is calculated on the basis of the equilibrium constant,K; no 2-picoline
was observed by1H NMR spectroscopy.
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