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ABSTRACT: Supramolecular construction strategies have
overwhelmingly relied on the principles of thermodynamic
control. While this approach has yielded an incredibly diverse
and striking collection of ensembles, there are downsides, most
obviously the necessity to trade-off reversibility against
structural integrity. Herein we describe an alternative
“assembly-followed-by-fixing” approach that possesses the
high-yielding, atom-efficient advantages of reversible self-
assembly reactions, yet gives structures that possess a
covalent-like level of kinetic robustness. We have chosen to
exemplify these principles in the preparation of a series of
M2L3 helicates and M4L6 tetrahedra. While the rigidity of various bis(bidentate) ligands causes the larger species to be
energetically preferred, we are able to freeze the self-assembly process under “non-ambient” conditions, to selectivity give the
disfavored M2L3 helicates. We also demonstrate “kinetic-stimuli” (redox and light)-induced switching between architectures,
notably reconstituting the lower energy tetrahedra into highly distorted helicates.

■ INTRODUCTION

Discrete supramolecular constructs continue to provide notable
interest because of their myriad applications from medicine1

through catalysis2 to storage and protection.3 The discovery of
these functional properties has been enabled by straightforward,
high-yielding synthetic methodology, which has permitted
access to a wide and diverse set of architectures. The mainstay
of these synthetic methods has been thermodynamically
controlled self-assembly protocols,4 and in this regard certain
metal−ligand interactions are ideally suited,5 providing an
appropriate balance between strengthensuring that closed
systems are energetically favored over a wide range of
concentrationsand reversibility, which allows the necessary
exploration of the potential energy landscape. However, this
method and the systems it produces are not without drawbacks.
First, the thermodynamic selectivity for a particular species may
sometimes be poor, as can be the case for square−triangle
equilibria.6 While finely balanced equilibria are interesting from
a fundamental supramolecular or system’s perspective, and can
be readily exploited as adaptive chemical entities,7 the isolation
of an individual component from a supramolecular product
mixture can be highly challenging, if not impossible. Even with
systems where a thermodynamic sink leads to a single product,
the reversibility of metal−ligand interactions can still limit
assembly integrity to rather specific “ambient” conditions, and
this is despite the inherent kinetic stabilization that most
metallosupramolecular species exhibit due to cooperative
chelate effects.8

Chemical locking provides an ideal strategy to overcome the
problems associated with weak interactions,9 allowing systems
to be “fixed” at a given equilibrium position. Similar strategies
are widespread for dynamic covalent chemistry (DCC), where
reversible reactions are often made non-labile by changing
conditions, by post-assembly modification, or through removal
of a catalyst.10 While DCC has been used widely to give high-
yielding access to complex yet often robust organic scaffolds,
such as interlocked architectures11 or cages,12 more recently the
interconversion between dynamic and non-dynamic states has
been exploited to create molecular devices using orthogonal
pairs of responsive covalent bonds.13

In the context of metallosupramolecular species, the most
widely used strategy to create kinetically stable ensembles has
been to exploit non-labile metal ions,14 most commonly
second- and third-row d-block elements,15 which become
dynamic only at elevated temperature. One of the earliest as
well as most elegant and striking examples of this was Fujita’s
isolation of a Pt catenateparticularly notable because this
topologically non-trivial species appears thermodynamically
non-favored under “standard” conditions.15a The main
problem, however, with using temperature as a “kinetic
stimulus” is that it is non-selective with respect to the
thermodynamics of any given system, because it additionally
perturbs any equilibrium where ΔS ≠ 0. Also, the use of non-
labile metal ions can lead to low yields or kinetically trapped

Received: May 25, 2016
Published: June 28, 2016

Article

pubs.acs.org/JACS

© 2016 American Chemical Society 9308 DOI: 10.1021/jacs.6b05364
J. Am. Chem. Soc. 2016, 138, 9308−9315

pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.6b05364


intermediates.1a,15e,16 The Fujita group have sought to
overcome these issues through the application of solvochemical
methods17 and light,18 which serve as “kinetic stimuli” to
activate otherwise non-labile interactions. The use of light
which functions by switching the mechanism of Pt-substitution
reactions18is particularly notable because this kinetic
activation is orthogonal to the thermodynamics of the system.
Despite the elegance and benefits of this approach, this light-
activated assembly procedure has not become widespread,
having been limited (as far as we are aware) to the preparation
of a metallosupramolecular catenate,18a a triangle,18b and a
single hexanuclear octagonal cage.18b

Recently, we targeted an oxidative deactivation strategy for
accessing robust coordination assemblies.19 This method
utilizes the substitutional non-lability of CoIII in comparison
to CoII.20 This approach possesses many benefits, such as atom
efficiency, high yields, and operational simplicity. At the same
time, it produces robust products and exploits a cheap,
abundant, less toxic first-row transition metal. Using a series
of rigid bis(N,N-chelates) to demonstrate generality, we now
develop this approach much further by showing that, in
addition to the preferred tetrahedra, 1a−d, we can also adapt
the reaction to give the highly distorted helicates, 2a−d, with
complete selectivity (Scheme 1). These higher energy species,

2a−d, would be otherwise difficult to isolate with a non-locked
system.21 We also show that the system dynamics can be
switched back “on” using both redox- and photoredox-based
stimuli. These have been applied to interconvert different
assemblies, most notably reconstituting tetrahedra into
helicates, thus moving energetically uphill. Mechanisms that
allow the potential energy landscape to be traversed using
ratcheting inputs are important to fields such as molecular
machines and motors.22

■ RESULTS AND DISCUSSION
Pre-oxidation CoII Equilibrium and Variable Oxidation

Rate Studies. 1a was previously obtained as a single species
when cerium ammonium nitrate (CAN) was added dropwise to
a 3:2 mol ratio of La and Co(ClO4)2·6H2O in CH3CN at room
temperature.19 To determine whether the single fixed product
is representative of the dynamic state, we decided to investigate
the equilibrium between La and Co(ClO4)2·6H2O in CD3CN

using 1H NMR spectroscopy (Figure 1). Interestingly, a
solution at a concentration typical of the assembly-followed-

by-fixing method ([CoII]total = 11.7 mM) showed two
paramagnetically shifted species (Figure 1a). This likely
indicates a CoII equilibrium between species of formulas
(M2L3)n,

7,21a,b,23 most obviously tetrahedron 3a and helicate 4a.
This assignment is supported by a significant change in
speciation following multiple dilutions of the stock La/CoII

solution (Figure 1b,d−f), which overall showed an increase in
4a and a concomitant decrease in 3a at lower concentrations.
The rate of re-equilibration also occurred quickly; steady
concentrations were reached within minutes of dilution, hence
explaining why only 4a was observed using the dilute
conditions required for analysis by electrospray ionization
mass spectrometry (ESI-MS). A similar thermodynamic switch
was also observed at elevated temperature (Figure 1c), wherein
the entropically favored 4a (blue) increases at the expense of 3a
(red).
An implication of the CoII equilibrium experiments was that

dropwise addition of CAN to a mixture of 3a and 4a induces a
helicate-to-tetrahedron constitutional rearrangement. We chose
to further investigate this by varying the rate of oxidant addition
with the ratio of 3a:4a almost equal (55:45; [CoII]total = 5.56
mM; Table 1). This clearly confirmed that slow addition causes
transformation into the larger species. It is interesting to note
that the low [CoII]total toward the end of the fixing process
should bias the equilibrium toward 4a. Nonetheless, the slowest
fixing reaction is completely selective for 1a. An explanation for
this could be the stronger preference of d6 CoIII for octahedral
coordination geometry, wherein a small amount of CoIII “seeds”
shift the equilibrium toward tetrahedral species. In contrast,
when CAN is added rapidly to a vigorously stirred solution, the
fixed product ratio (1a:2a) reflects the dynamic state (3a:4a)
within the error of NMR integrations. Overall, it is interesting
to compare the effects of slow and fast CAN addition: slow
addition perturbs the bias of the system, whereas rapid

Scheme 1. Selective Synthesis of Kinetically Robust
Tetrahedra and Helicates Using an “Assembly-Followed-by-
Fixing” Method

Figure 1. Partial 1H NMR spectra (500 MHz, CD3CN, 300 K unless
stated) showing the equilibrium between 4a (blue) and 3a (red) as a
function of [CoII]total and temperature: (a) 11.7 mM, (b) 5.84 mM, (c)
5.84 mM @ 343 K, (d) 2.92 mM, (e) 1.46 mM, and (f) 0.73 mM.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.6b05364
J. Am. Chem. Soc. 2016, 138, 9308−9315

9309

http://dx.doi.org/10.1021/jacs.6b05364


oxidation fixes the dynamics without changing the thermody-
namic distribution.
Selective CoIII Helicate and Tetrahedron Synthesis.

Even though 4a is preferred only under dilute conditions, the
capacity to fix the CoII equilibrium without perturbation
allowed 2a to be isolated as a single species. This was achieved
by adding CAN rapidly to a vigorously stirred, dilute solution of
La and Co(ClO4)2·6H2O ([CoII]total = 0.1 mM), from which
2a·6PF6 was obtained in 93% yield. Even with ligands that show
a greater thermodynamic preference for CoII tetrahedra, as is
the case with Lb−d (see Supporting Information, section 3), the
fixing reactions could be optimized to selectively give only CoIII

helicates 2b−d (with isolated yields of 93%, 88%, and 64%,
respectively). This is best exemplified with 2d. The 1H NMR
spectra of the CoII equilibrium revealed a much stronger bias
toward 3d (Figure S5); even under dilute conditions ([CoII]total
= 0.73 mM), the mole ratio of 3d:4d was 62:38 (cf. the mole
ratio of 3a:4a, 4:96, at the same concentration). Nonetheless,
oxidizing a very dilute solution of CoII and Ld ([CoII]total = 35
μM) gave 2d as a single species. With the bipy ligands, Lc,d, we
also observed that the CoII states are much less dynamic, with
equilibration of 3c:4c taking a week at room temperature
(Figure S4). Long reaction times could be avoided, however, by
adding the ligands to a very dilute solution of CoII. When these
reactions were oxidized immediately after ligand dissolution
(ca. 1 h @ 50 °C), 2c,d were obtained exclusively. With these
reactions it is likely that 4c,d are formed directly under kinetic
control, thereby avoiding slow rearrangement from 3c,d. The
CoIII helicates 2a−d have all been characterized by NMR and
ESI-MS. In addition, the structures of 2c,d have been confirmed
by X-ray crystallography (Figure 2b,d). The Co−N bond
lengths are all what would be expected for CoIII (1.92−1.95 Å).
Also, there is significant distortion to accommodate the closed
structures; however, this appears to be manifested mainly in
bending to the ligand frameworks, as both structures showed
that CoIII adopts close to ideal octahedral geometry.24

CoIII tetrahedra, 1b−d, were also selectively obtained starting
from Lb−d. While the preceding CoII equilibria all favor these
larger species (see above), dropwise addition of the oxidant had
a much less pronounced effect (see Supporting Information,
section 4). Indeed, variable oxidation rate studies, analogous to
those with La (e.g., Table 1), showed only a marginal increase
in the proportion of 1c when CAN was added very slowly to a
mixture of 3c and 4c (Table S1). This is consistent with the
slower equilibration of bipy-based CoII assemblies (see above).
Nonetheless, the PF6 salts of 1b−d were isolated as single
compounds in yields of 78%, 77%, and 83%, respectively. As

well as the relevant spectroscopic characterization, the
structures of 1b and 1d have been confirmed by X-ray
crystallography as homochiral T-symmetric architectures
(Figure 2a,c).25

Kinetic Robustness as a Function of Ligand Type. The
CoIII coordination assemblies that feature the 2-(N-
methylbenzimidazole)pyridyl, and even more so 2,2′-bipy
chelates, show enhanced kinetic robustness in comparison to
those formed from the pyridyl-triazole ligand La, as evidenced
by the stability of the helicates 2a−d in solution (see
Supporting Information, section 5). While 2a appears stable
for weeks at room temperature in CD3CN, when the sample is
heated, slow yet complete rearrangement to 1a is observed by
1H NMR spectroscopy, with this taking 1 week at 40 °C and
then another week at 50 °C, followed by 2 days at 60 °C
(Figure S9). This transformation also indicates that, as
expected, 1a is energetically preferred in comparison to 2a,
further confirming that the assembly-followed-by-fixing method
is able to trap species that are thermodynamically disfavored. In
contrast, 2c does not show any signs of change when heated for
a week each at 40, 50, 60, and then 70 °C (2b shows
intermediate stability, showing complete conversion to
tetrahedron following 6 days at the 60 °C stage; Figures S10
and S11). These results indicate that the kinetic stability of 2a−
c qualitatively matches the dynamics of the CoII state with
ligands La−c. A comparison of the bipy-based helicates (2c vs
2d) reveals that, as perhaps could be anticipated, the increased
steric bulk marginally reduces the kinetic stability, with slight
conversion to 1d observed after the same heating regime
(Figure S12).

Kinetic-Stimuli-Induced Switching of Coordination
Architectures. As none of the CoIII helicates 2a−d rearrange
to their corresponding tetrahedra 1a−d at room temperature,

Table 1. Variation in Fixed Product Ratio 1a:2a as a
Function of Rate of Oxidant Additiona,b

CAN total addition
time

<5 s 22 minc 110 minc 18 h 20 minc

1a:2a ratio 51:49 87:13 95:5 99:1
aReaction conditions: [CoII]total = 5.56 mM, 1.5 equiv La, CH3CN, 50
°C, 30 min, then CAN added at room temperature as a 11.7 mM
CH3CN solution. bInitial mole ratio of 3a:4a = 55:45. cCAN added at
a constant rate using a syringe pump.

Figure 2. X-ray crystal structures of (a) 1b, (b) 2c, (c) 1d, and (d) 2d.
Color code: carbon, gray; nitrogen, blue; cobalt, red. Hydrogen atoms,
counteranions, and solvent omitted for clarity.
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we concluded that this transformation could be readily used to
probe the switching between locked and unlocked states. While
metallosupramolecular transformations have become increas-
ingly common,7,23a,d−j,26 these have overwhelmingly utilized
stimuli that achieve switching by altering the thermodynamic
preference of the system. In contrast, we sought to manipulate
through a different mechanismby selectively revealing a
lower barrier between energy minima (Figure 3) rather than by

altering the relative depths of the energy wells on the potential
energy surface. Initially focusing on the more robust helicates
2b,c, we were pleased to observe that, when a slight excess of
tetrabutylammonium iodide (TBAI) was added, the 1H NMR
spectra revealed the loss of the starting material resonances and
the appearance of paramagnetically shifted signals (Figures S13
and S14), indicating the formation of CoII complexes. In the
case of 2c, the predominant species formed was the metastable
4c (Figure S14b), which over 5 days at room temperature was
gradually replaced by 3c (Figure S14c). Dropwise addition of
CAN to the equilibrated CoII samples gave exclusively 1b and
predominantly 1c, respectively (Figures S13d and S14d).
Starting far away from equilibrium, we can utilize stimuli that
mainly affect the dynamics of ligand exchange to bring about
this transformation selectively at ambient temperatures
(Scheme 2, Method 1; Figure 3).
We have also explored the use of photoredox methods, which

are currently enjoying a renaissance in organic synthetic
applications,27 for transforming the helicates into tetrahedral
species. In this case we envisaged that a low steady-state
concentration of CoII species would facilitate rearrangement,
and that the re-oxidation process would be achieved by closure
of the photoredox catalytic loop (Scheme 2, Method 2; Scheme
3). In the case of both 2a and 2b, light irradiation in the
presence of stoichiometric Ir(ppy)2(dtbbpy)·PF6 resulted in
complete consumption of the helicate 1H NMR signals and the
appearance of 1a and 1b following 35 h and 4 days of
irradiation using just a standard 42 W light bulb (Figures S17
and S19). In contrast, 2c showed only very light change after 9

days of irradiation (Figure S21). This difference in photoredox
reactivity is likely caused by the lower kinetic lability of the CoII

species with bipy ligands (see above). With 2a,b, the lack of the
same conversion in the absence of light (Figures S18 and S20)
and the quenching of the Ir(ppy)2(dtbpy)

+ luminescence in the
presence of the CoIII species both support a photoredox
mechanism that involves single electron transfer from the
excited state of IrIII to CoIII. The relatively slow rate of these
rearrangement reactions, even with stoichiometric IrIII complex,
is likely caused by a bimolecular mechanism that involves two
mixed-valence CoIII−CoII species (Scheme 3) and the
corresponding low steady-state concentration of this species
generated through the photoredox method.
The limitation of transforming one metallosupramolecular

entity into another solely utilizing a stimulus that affects the
thermodynamics of the system is that it is only possible to
move energetically downhill. Thus, we were keen to
demonstrate that it would also be possible to reconstitute a
tetrahedron into a helicate, taking advantage of the ability to
kinetically trap the system in a high-energy state. Pleasingly, we
have been able to successfully reconstitute both 1b and 1cthe
more robust tetrahedrainto their corresponding, higher
energy helicates, 2b and 2c. This was achieved by first
unlocking with a stoichiometric amount of TBAI reductant, and
then by rapidly re-locking the system via the rapid addition of
CAN at elevated temperature (343 K) to trap the entropically
smaller assembly. With this method we exclusively or
overwhelmingly obtain the higher energy species, 2b and 2c
(Scheme 2, Method 3; Figures S15 and S16).

Figure 3. Energy profile diagrams showing a generic, kinetic-stimuli-
induced helicate-to-tetrahedron transformation.

Scheme 2. “Kinetic-Stimuli-Induced” Assembly
Interconversions

Scheme 3. Proposed Photoredox-Induced Assembly
Conversion Mechanism
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■ CONCLUSIONS
The assembly-followed-by-fixing method we have exemplified
here allows high-yielding access to structures not thermody-
namically favored under “ambient” conditions. Furthermore,
the wide and varied range of architectures that have previously
been obtained using CoII and different bridged bidentate
ligands,23d,e,j and also the potential to explore more extreme
“non-ambient” conditions (pressure, larger temperature ranges,
etc.), point to a very wide range of assemblies that are
potentially attainable. It could be anticipated that these, like the
ones presented here, will possess a kinetic stability not usually
associated with many metal−organic ensembles. While there
are other approaches to creating robust cage-type systems,
notably the formation of fully covalent (organic) architec-
tures,12,28 these systems generally lack the in-built mechanism
whereby the structure can be (selectively) made labile using a
simple redox (or photoredox)-based stimuli. These features,
along with the recent report of hypoxic activation of CoIII pro-
drugs,29 make water-soluble analogues of the capsules reported
here22 prime candidates for biological testing. Such inves-
tigations using these and related systems are currently
underway in our laboratory.

■ EXPERIMENTAL METHODS
General. All reagents were purchased from commercial sources and

used without further purification. All 1H and 13C NMR spectra were
recorded on either Bruker AV400, AV500, PRO500, or AV600
instruments at a constant temperature of 300 K unless stated
otherwise. Chemical shifts are reported in parts per million from low
to high field, referenced against values for the residual solvent peaks.
Coupling constants (J) are reported as observed in Hz. Standard
abbreviations indicating multiplicity were used as follows: m =
multiplet, t = triplet, d = doublet, s = singlet, br(s/d) = broad (singlet/
doublet etc.), appt = apparent triplet, etc. Mass spectrometry (ESI-
MS) of all helicate and tetrahedron complexes was carried out using a
Waters SYNAPT G2 instrument. The synthesis of La and 1a·12PF6 has
been previously reported.19

Syntheses. 1b·12PF6. To a suspension of L
b (0.0300 g, 60.9 μmol)

in degassed acetonitrile (5.0 mL) was added cobalt(II) perchlorate
hexahydrate (0.0149 g, 40.7 μmol), which after further degassing was
heated at 50 °C for 1 h under an atmosphere of N2. Once this mixture
cooled to room temperature, cerium(IV) ammonium nitrate (0.0338
g, 61.6 μmol) in acetonitrile (5.4 mL) was added using a syringe pump
at a rate of 25 μL/min. Once addition was complete, the precipitate
was filtered onto Celite, washed with acetonitrile, and then eluted with
water−acetonitrile (2:1, 15.0 mL). The addition of ammonium
hexafluorophosphate (0.797 g, 4.89 mmol) to the solution resulted
in the formation of a precipitate, which was filtered onto Celite,
washed with water, and then eluted in acetonitrile before the solvent
was removed under vacuum to give the title compound as a red solid.
Yield = 0.0389 g (78%). 1H NMR (500 MHz, CD3CN): δ 8.88 (d, J =
8.7 Hz, 12H, m-pyridyl-H), 8.81 (dd, J = 8.6, 1.8 Hz, 12H, p-pyridyl-
H), 7.96 (d, J = 8.6 Hz, 12H, benzimidazole-H), 7.61 (ddd, J = 8.4, 7.3,
0.9 Hz, 12H, benzimidazole-H), 7.58 (d, J = 1.6 Hz, 12H, o-pyridyl-H),
7.49 (s, 24H, C6H4), 7.13 (ddd, J = 8.4, 7.2, 1.0 Hz, 12H,
benzimidazole-H), 5.35 (d, J = 8.6 Hz, 12H, benzimidazole-H), 4.55
(s, 36H, N−CH3).

13C NMR (126 MHz, CD3CN): δ 151.6, 150.9,
146.1, 142.0, 141.5, 139.8, 138.6, 135.4, 129.1, 129.0, 128.7, 128.2,
115.4, 115.1, 35.2. 1H DOSY NMR (500 MHz, CD3CN): D = 4.73 ×
10−6 cm2 s−1; calculated hydrodynamic radius = 12.5 Å. ESI-MS (m/
z): 1087 (+4), 841 (+5), 676 (+6), 559 (+7), 471 (+8), 402 (+9) (see
Supporting Information, section 8, for expansions of each charge state
and comparison with calculated isotopic distributions). Red crystals of
1b·12PF6 suitable for X-ray diffraction studies were grown by slow
diffusion of diisopropyl ether into a saturated acetonitrile solution. X-
ray analysis (CCDC 1425917) is detailed in Supporting Information,
section 9.

1c·12PF6. Following a method similar to that reported for 1b·12PF6
initially by adding cobalt(II) perchlorate hexahydrate (0.0136 g, 37.2
μmol) to a suspension of Lc (0.0215 g, 55.6 μmol) in acetonitrile (3.0
mL), the title compound was isolated as a yellow solid. Yield = 0.0307
g (77%). 1H NMR (500 MHz, CD3CN): δ 8.93 (d, J = 8.6 Hz, 12H,
endo-m-pyridyl-H), 8.87 (dd, J = 8.5, 1.9 Hz, 12H, endo-p-pyridyl-H),
8.82 (dd, J = 8.2, 1.5 Hz, 12H, exo-m-pyridyl-H), 8.58−8.50 (m, 12H,
exo-p-pyridyl-H), 7.82 (ddd, J = 7.6, 5.9, 1.4 Hz, 12H, exo-m-pyridyl-
H), 7.46 (s, 24H, C6H4), 7.35 (d, J = 6.0 Hz, 12H, exo-o-pyridyl-H),
7.31 (d, J = 2.0 Hz, 12H, endo-o-pyridyl-H). 13C NMR (126 MHz,
CD3CN): δ155.2, 154.7, 151.7, 148.0, 144.0, 141.3, 140.7, 134.3,
131.8, 128.0, 127.7, 126.9. 1H DOSY NMR (500 MHz, CD3CN): D =
4.90 x10−6 cm2 s−1; calculated hydrodynamic radius =12.1 Å. ESI-MS
(m/z): 928 (+4), 713 (+5), 570 (+6), 468 (+7), 392 (+8), 332 (+9),
284 (+10), 245 (+11) (see Supporting Information, section 8, for
expansions of each charge state and comparison with calculated
isotopic distributions).

1d·12PF6. Following a method similar to that reported for 1b·12PF6
initially by adding cobalt(II) perchlorate hexahydrate (0.0132 g, 36.1
μmol) to a suspension of Ld (0.0223 g, 53.8 μmol) in acetonitrile (2.9
mL), the title compound was isolated as a yellow solid. Yield = 0.0332
g (83%). 1H NMR (500 MHz, CD3CN): δ 8.74−8.70 (m, 24H, exo-m-
pyridyl-H and endo-m-pyridyl-H), 8.54−8.49 (m, 12H, exo-p-pyridyl-
H), 8.35 (dd, J = 8.4, 1.7 Hz, 12H, endo-p-pyridyl-H), 7.78 (ddd, J =
7.5, 5.9, 1.4 Hz, 12H, exo-m-pyridyl-H), 7.49 (d, J = 1.7 Hz, 12H, endo-
o-pyridyl-H), 7.26 (dd, J = 6.0, 1.2 Hz, 12H, exo-o-pyridyl-H), 6.97 (s,
12H, C6H2(CH3)2), 1.88 (s, 36H, C6H2(CH3)2).

13C NMR (126
MHz, CD3CN): δ 156.3, 155.8, 152.6, 150.5, 146.0, 145.2, 144.8,
136.5, 134.6, 133.1, 132.9, 128.7, 128.2, 20.3. 1H DOSY NMR (500
MHz, CD3CN): D = 4.75 × 10−6cm2 s−1; calculated hydrodynamic
radius =12.4 Å. ESI-MS (m/z): 1341 (+3), 970 (+4), 747 (+5), 598
(+6), 350 (+9), 301 (+10), 260 (+11) (see Supporting Information,
section 8, for expansions of each charge state and comparison with
calculated isotopic distributions). Yellow crystals of 1d·12PF6 suitable
for X-ray diffraction studies were grown by slow diffusion of
diisopropyl ether into a saturated acetonitrile solution. X-ray analysis
(CCDC 1425919) is detailed in Supporting Information, section 9.

2a·6PF6. La (0.0450 g, 78.9 μmol) was added to cobalt(II)
perchlorate hexahydrate (0.0192 g, 52.5 μmol) in acetonitrile (500
mL), which was then heated for 1 h to ensure complete dissolution of
the ligand. Once the mixture cooled to room temperature, cerium(IV)
ammonium nitrate (0.0585 g, 106.7 μmol) was added, and the forming
precipitate was stirred for 0.5 h. The precipitate was then filtered onto
Celite, washed with acetonitrile, and eluted with water−acetonitrile
(2:1, 40 mL). The addition of ammonium hexafluorophosphate (1.03
g, 6.30 mmol) to the solution resulted in the formation of a precipitate,
which was filtered onto Celite, washed with water, and then dissolved
in acetonitrile before the solvent was removed under vacuum to give
the title compound as an orange solid. Yield = 0.0659 g (93%). 1H
NMR (500 MHz, CD3CN): δ 9.11 (s, 6H, triazole-H), 8.78 (d, J = 8.2
Hz, 6H, p-pyridyl-H), 8.55 (d, J = 8.2 Hz, 6H, m-pyridyl-H), 7.34 (s,
12H, C6H4), 6.71 (s, 6H, o-pyridyl-H), 4.83−4.69 (m, 12H, peg-H),
3.93(t, J = 4.8 Hz, 12H, peg-H), 3.67−3.59 (m, 12H, peg-H), 3.52−
3.46 (m, 12H, peg-H), 3.30 (s, 18H, pegOCH3).

13C NMR (126 MHz,
CD3CN): δ 150.1, 150.0, 148.7, 142.8, 141.9, 136.6, 129.7, 129.4,
127.4, 72.4, 71.0, 68.9, 59.0, 55.2. 1H DOSY NMR (500 MHz,
CD3CN): D = 5.94 × 10−6 cm2 s−1; calculated hydrodynamic radius =
10.0 Å. ESI-MS (m/z): 1204 (+2), 754 (+3), 529 (+4), 394 (+5) (see
Supporting Information, section 8, for expansions of each charge state
and comparison with calculated isotopic distributions).

2b·6PF6. Following a method similar to that reported for 2a·6PF6
starting with Lb (0.0543 g, 110 μmol) and cobalt(II) perchlorate
hexahydrate (0.0269 g, 73.5 μmol) in acetonitrile (950 mL), the title
compound was isolated as a red solid. Yield = 0.0421 g (93%). 1H
NMR (500 MHz, CD3CN): δ 8.94−8.89 (m, 12H, p-pyridyl-H and m-
pyridyl-H), 8.03 (d, J = 8.6 Hz, 6H, benzimidazole-H), 7.69 (appt, 6H,
benzimidazole-H), 7.39 (s, 12H, C6H4), 7.21 (appt, 6H, benzimida-
zole-H), 6.49 (br s, 6H, o-pyridyl-H), 5.41 (d, J = 8.6 Hz, 6H,
benzimidazole-H), 4.60 (s, 18H, N−CH3).

13C NMR (126 MHz,
CD3CN): δ151.3, 151.1, 148.0, 142.1, 141.7, 140.0, 138.3, 135.9,
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129.8, 129.3, 129.1, 128.8, 115.4, 115.4, 35.2. 1H DOSY NMR (500
MHz, CD3CN): D = 6.41 × 10−6 cm2 s−1; calculated hydrodynamic
radius =9.2 Å. ESI-MS (m/z): 676 (+3), 471 (+4), 348 (+5), 266 (+6)
(see Supporting Information, section 8, for expansions of each charge
state and comparison with calculated isotopic distributions).
2c·6PF6. Following a method similar to that reported for 2a·6PF6

starting with Lc (0.0419 g, 108 μmol) and cobalt(II) perchlorate
hexahydrate (0.0265 g, 72.4 μmol) in acetonitrile (1 L), the title
compound was isolated as a yellow solid. Yield = 0.0639 g (82%). 1H
NMR (500 MHz, CD3CN): δ 8.90−8.86 (m, 12H, endo-p-pyridyl-H
and endo-m-pyridyl-H), 8.82 (dd, J = 8.1, 1.1 Hz, 6H, exo-m-pyridyl-
H), 8.64−8.57 (m, 6H, exo-p-pyridyl-H), 7.90 (ddd, J = 7.6, 6.0, 1.4
Hz, 6H, exo-m-pyridyl-H), 7.35 (s, 12H, C6H4), 7.31 (dd, J = 6.0, 0.7
Hz, 6H, exo-o-pyridyl-H), 6.34 (br s, 6H, endo-o-pyridyl-H). 13C NMR
(126 MHz, CD3CN): δ 156.1, 156.1, 151.7, 148.6, 144.1, 142.0, 141.0,
135.0, 132.0, 128.4, 128.2, 127.9. 1H DOSY NMR (500 MHz,
CD3CN): D = 6.48 × 10−6 cm2 s−1; calculated hydrodynamic radius =
9.2 Å. ESI-MS (m/z): 570 (+3), 391 (+4), 284 (+5), 212 (+6) (see
Supporting Information, section 8, for expansions of each charge state
and comparison with calculated isotopic distributions). Yellow crystals
of 2c·6BF4 (prepared by adding NaBF4 at ion metathesis stage)
suitable for X-ray diffraction studies were grown by slow diffusion of
diisopropyl ether into a saturated acetonitrile solution. X-ray analysis
(CCDC 1425918) is detailed in Supporting Information, section 9.
2d·6PF6. Following a method similar to that reported for 2a·6PF6

starting with Ld (0.0109 g, 26.3 μmol) and cobalt(II) perchlorate
hexahydrate (0.0064 g, 17.5 μmol) in acetonitrile (500 mL), the title
compound was isolated as an orange solid. Yield = 0.0063 g (64%). 1H
NMR (500 MHz, CD3CN): δ 8.88 (d, J = 8.5 Hz, 6H, endo-m-pyridyl-
H), 8.81 (dd, J = 8.1, 1.5 Hz, 6H, exo-m-pyridyl-H), 8.78 (dd, J = 8.4,
1.8 Hz, 6H, endo-p-pyridyl-H), 8.65−8.55 (m, 6H, exo-p-pyridyl-H),
7.89 (ddd, J = 7.7, 6.0, 1.5 Hz, 6H, exo-m-pyridyl-H), 7.23 (s, 6H,
C6H2(CH3)2), 7.10 (dd, J = 6.1, 1.3 Hz, 6H, exo-o-pyridyl-H), 6.81 (d,
J = 1.9 Hz, 6H, endo-o-pyridyl-H), 1.74 (s, 18H, C6H2(CH3)2).

13C
NMR (126 MHz, CD3CN): δ 156.8, 156.3, 152.9, 149.6, 145.4, 144.2,
144.1, 135.4, 135.3, 133.4, 129.0, 129.0, 19.4. 1H DOSY NMR (500
MHz, CD3CN): D = 6.33 × 10−6 cm2 s−1; calculated hydrodynamic
radius = 9.3 Å. ESI-MS (m/z): 970 (+2), 598 (+3), 412 (+4), 301
(+5), 226 (+6) (see Supporting Information, section 8, for expansions
of each charge state and comparison with calculated isotopic
distributions). Yellow crystals of 2d·6BF4 (prepared by adding
NaBF4 at ion metathesis stage) suitable for X-ray diffraction studies
were grown by slow diffusion of diisopropyl ether into a saturated
acetonitrile solution. X-ray analysis (CCDC 1429784) is detailed in
Supporting Information, section 9.
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S. H. A. M.; Dürr, M.; Ivanovic-́Burmazovic,́ I.; Reek, J. N. H. Nat.
Chem. 2016, 8, 225.
(3) (a) Yoshizawa, M.; Kusukawa, T.; Fujita, M.; Yamaguchi, K. J.
Am. Chem. Soc. 2000, 122, 6311. (b) Mal, P.; Breiner, B.; Rissanen, K.;
Nitschke, J. R. Science 2009, 324, 1697. (c) Liu, Y.; Hu, C.; Comotti,
A.; Ward, M. D. Science 2011, 333, 436.
(4) While the vast majority of self-assembly reactions are under
overall (reversible) thermodynamic control, some often display
significant levels of cooperativity that direct the self-assembly reaction
down a particular (kinetic) pathway. The hallmark of a kinetically
controlled self-assembly reaction is often the sensitivity to the
sequence of addition of components. For a very elegant example of
this, see: Levin, M. D.; Stang, P. J. J. Am. Chem. Soc. 2000, 122, 7428.
(5) (a) Dalgarno, S. J.; Power, N. P.; Atwood, J. L. Coord. Chem. Rev.
2008, 252, 825. (b) Chakrabarty, R.; Mukherjee, P. S.; Stang, P. J.
Chem. Rev. 2011, 111, 6810. (c) Mukherjee, S.; Mukherjee, P. S. Chem.
Commun. 2014, 50, 2239. (d) Cook, T. R.; Stang, P. J. Chem. Rev.
2015, 115, 7001.
(6) (a) Fujita, M.; Sasaki, O.; Mitsuhashi, T.; Fujita, T.; Yazaki, J.;
Yamaguchi, K.; Ogura, K. Chem. Commun. 1996, 1535. (b) Schweiger,
M.; Seidel, S. R.; Arif, A. M.; Stang, P. J. Inorg. Chem. 2002, 41, 2556.
(c) Cotton, F. A.; Murillo, C. A.; Yu, R. Dalton Trans. 2006, 3900.
(7) Riddell, I. A.; Ronson, T. K.; Clegg, J. K.; Wood, C. S.; Bilbeisi, R.
A.; Nitschke, J. R. J. Am. Chem. Soc. 2014, 136, 9491.
(8) (a) Hunter, C. A.; Anderson, H. L. Angew. Chem., Int. Ed. 2009,
48, 7488. For example of chelate cooperativity in coordination
assemblies, see: (b) Sato, S.; Ishido, Y.; Fujita, M. J. Am. Chem. Soc.
2009, 131, 6064. (c) Henkelis, J. J.; Fisher, J.; Warriner, S. L.; Hardie,
M. J. Chem. - Eur. J. 2014, 20, 4117.
(9) Thomas, J. A. Chem. Soc. Rev. 2007, 36, 856.
(10) For reviews on DCC, see: (a) Corbett, P. T.; Leclaire, J.; Vial,
L.; West, K. R.; Wietor, J.-L.; Sanders, J. K. M.; Otto, S. Chem. Rev.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.6b05364
J. Am. Chem. Soc. 2016, 138, 9308−9315

9313

http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05364/suppl_file/ja6b05364_si_005.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05364/suppl_file/ja6b05364_si_005.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05364/suppl_file/ja6b05364_si_005.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05364/suppl_file/ja6b05364_si_005.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05364/suppl_file/ja6b05364_si_005.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/jacs.6b05364
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05364/suppl_file/ja6b05364_si_001.cif
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05364/suppl_file/ja6b05364_si_002.cif
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05364/suppl_file/ja6b05364_si_003.cif
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05364/suppl_file/ja6b05364_si_004.cif
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b05364/suppl_file/ja6b05364_si_005.pdf
mailto:paul.lusby@ed.ac.uk
http://dx.doi.org/10.1021/jacs.6b05364


2006, 106, 3652. (b) Jin, Y.; Yu, C.; Denman, R. J.; Zhang, W. Chem.
Soc. Rev. 2013, 42, 6634.
(11) (a) Hamilton, D. G.; Feeder, N.; Teat, S. J.; Sanders, J. K. M.
New J. Chem. 1998, 22, 1019. (b) Kidd, T. J.; Leigh, D. A.; Wilson, A. J.
J. Am. Chem. Soc. 1999, 121, 1599. (c) Glink, P. T.; Oliva, A. I.;
Stoddart, J. F.; White, A. J. P.; Williams, D. J. Angew. Chem., Int. Ed.
2001, 40, 1870. (d) Kilbinger, A. F. M.; Cantrill, S. J.; Waltman, A. W.;
Day, M. W.; Grubbs, R. H. Angew. Chem., Int. Ed. 2003, 42, 3281.
(e) Hogg, L.; Leigh, D. A.; Lusby, P. J.; Morelli, A.; Parsons, S.; Wong,
J. K. Y. Angew. Chem., Int. Ed. 2004, 43, 1218. (f) Peters, A. J.; Chichak,
K. S.; Cantrill, S. J.; Stoddart, J. F. Chem. Commun. 2005, 3394.
(g) Lam, R. T. S.; Belenguer, A.; Roberts, S. L.; Naumann, C.;
Jarrosson, T.; Otto, S.; Sanders, J. K. M. Science 2005, 308, 667.
(h) West, K. R.; Ludlow, R. F.; Corbett, P. T.; Besenius, P.; Mansfeld,
F. M.; Cormack, P. A. G.; Sherrington, D. C.; Goodman, J. M.; Stuart,
M. C. A.; Otto, S. J. Am. Chem. Soc. 2008, 130, 10834. (i) Wood, C. S.;
Ronson, T. K.; Belenguer, A. M.; Holstein, J. J.; Nitschke, J. R. Nat.
Chem. 2015, 7, 354.
(12) (a) Liu, X.; Liu, Y.; Li, G.; Warmuth, R. Angew. Chem., Int. Ed.
2006, 45, 901. (b) Christinat, N.; Scopelliti, R.; Severin, K. Angew.
Chem., Int. Ed. 2008, 47, 1848. (c) Hiraoka, S.; Yamauchi, Y.; Arakane,
R.; Shionoya, M. J. Am. Chem. Soc. 2009, 131, 11646. (d) Swamy, S. I.;
Bacsa, J.; Jones, J. T. A.; Stylianou, K. C.; Steiner, A.; Ritchie, L. K.;
Hasell, T.; Gould, J. A.; Laybourn, A.; Khimyak, Y. Z.; Adams, D. J.;
Rosseinsky, M. J.; Cooper, A. I. J. Am. Chem. Soc. 2010, 132, 12773.
(e) Zhang, C.; Wang, Q.; Long, H.; Zhang, W. J. Am. Chem. Soc. 2011,
133, 20995. (f) Asadi, A.; Ajami, D.; Rebek, J. Chem. Sci. 2013, 4, 1212.
(g) Mosquera, J.; Zarra, S.; Nitschke, J. R. Angew. Chem., Int. Ed. 2014,
53, 1556.
(13) (a) von Delius, M.; Geertsema, E. M.; Leigh, D. A. Nat. Chem.
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