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ABSTRACT: A rigid organic ligand, formed through the subcomponent
self-assembly of p-toluidine and 6,6′-diformyl-3,3′-bipyridine, was
employed in a systematic investigation into the synergistic and
competing effects of metal and anion templation. A range of discrete
and polymeric metal-organic complexes were formed, many of which
represent structure types that have not previously been observed and
whose formation would not be predicted on taking into account solely
geometric considerations. These complex structures, capable of binding
multiple guests within individual binding pockets, were characterized by
NMR, ESI-MS, and single-crystal X-ray diffraction. The factors that
stabilize individual complexes and lead to the formation of one over another are discussed.

■ INTRODUCTION

Biological systems combine molecular components into a
diverse array of supramolecular architectures, which perform
the wide range of functions that underpin the processes of
life.1−6 Inspired by these natural systems, synthetic chemists
have learned to use relatively simple building blocks to prepare
a wide variety of high-symmetry, functional three-dimensional
architectures from metal ions and ligands, including tetrahe-
dra,7−10 cubes,11−13 prisms,14−17 and spheres.18−22

These metal-organic polyhedra have received attention due
to the unique chemical environments and well-defined void
spaces of their inner cavities. The constrictive nature of the void
pocket and the chemical environments found inside such
complexes have so far been utilized to alter the behavior and
reactivity of guest molecules,23−26 discriminate between guest
molecules,4,11,27,28 and sequester gases.29,30 The encapsulation
abilities of these hosts allow them to add or release individual
components within molecular systems,31−38 thus changing
those systems’ behaviors.
New applications require the preparation of new host

architectures; a promising direction involves the preparation
of multicompartmental hosts,39,40 capable of binding several
guests in discrete binding pockets. Such hosts could bind
different guests cooperatively41 or modulate reactions between
guest species.
The generation of such functional architectures requires fine

control over self-assembly processes and a nuanced under-
standing of the factors that favor one structure over another.
Current methods employed for the discovery of novel metal-
organic assemblies focus on either geometric design principles
or serendipitous discovery with retrospective structural analysis.
Both methodologies highlight how subtle changes in the
identity of the metal ion,42−44 its ligands’ geometries,19,45−49 or

the presence of a templating molecule or ion50−57 can result in
substantial changes in the structure of the final product. An
increasingly nuanced understanding of the interplay of these
different effects is thus necessary in order to prepare ever more
complex targets, whose intricate structures58−63 reflect
increasingly complex functions.4,11,23−26,29,64,65

Studies of how the same organic building blocks can produce
markedly different product structures when combined with
different metal ions and anionic templates12,66−68 are valuable
because they allow for subtle templation effects to be
deconvoluted. Herein we present the results of an investigation
into the effects of metal-ion variation and anion templation on
the formation of complex metallo-supramolecular systems.69

Combination of the self-assembled bis-bidentate ligand L
(Scheme 1) with the first-row divalent transition metals
iron(II), cobalt(II), nickel(II), and zinc(II), together with the
anions bis(trifluoromethanesulfonyl)imide (NTf2

− or trifli-
mide), tetrafluoroborate, trifluoromethanesulfonate (OTf− or
triflate), perchlorate, and nitrate, was explored. Only six distinct
product structures were observed (Scheme 1). In each case, we
observed one of four discrete products M-1−M-4, a polymeric
product M-5 or a dynamic combinatorial library (DCL),70−73 a
mixture of different products with none predominating.
Common secondary-structure-directing factors60 were observed
to play key roles in determining the outcome of this series of
self-assembly reactions.
We have previously reported the synthesis of the Fe4L6

tetrahedron Fe-1, which forms through the reaction of iron(II)
with ligand L (generated in turn from the in situ condensation
of an aniline and 6,6′-diformyl-3,3′-bipyridine) irrespective of

Received: November 22, 2012
Published: January 23, 2013

Article

pubs.acs.org/JACS

© 2013 American Chemical Society 2723 dx.doi.org/10.1021/ja311285b | J. Am. Chem. Soc. 2013, 135, 2723−2733

pubs.acs.org/JACS


the choice of anion.4,74 In contrast, we observed that when the
same reaction was repeated with cobalt(II) triflimide, a dynamic
library of products was formed, which collapsed upon addition
of an appropriate anionic template, to form either the
analogous Co4L6 tetrahedral cage Co-1 or the unprecedented
Co10L15 pentagonal-prismatic structure Co-2. The formation of
Co-2 was favored due to a combination of π−π stacking,
electrostatic interactions, and good space filling of the anions
within the pockets they occupy.41

This work places these prior results into a broader and
deeper context, showing how the interplay between metal ionic
radius and anion size can allow the selection of a single product
structure from the diverse range of architectures of Scheme 1,
which often contain multiple binding pockets. Bringing these
concepts together with principles of geometrical analysis47

provides a framework for the design of assemblies even more
complex than those described herein.

■ RESULTS AND DISCUSSION
Iron(II) Complexes. As previously reported,4,74 the

tetrahedral cage Fe-1 was able to bind BF4
−, OTf−, and PF6

−

within the cavity of the cage, but not the larger NTf2
−. This

result served to confirm that an anion was not necessary as a
template for the self-assembly of these structures.4,27

In the present investigation, we probed the reactions of p-
toluidine and 6,6′-diformyl-3,3′-bipyridine with a range of
iron(II) salts following longer reaction times than were

previously studied (Scheme 2). For each of the iron(II) salts
investigated, the initial subcomponent self-assembly reaction

generated tetrahedral Fe-1. The tetrafluoroborate and per-
chlorate Fe-1 complexes were shown to undergo structural
rearrangement upon heating, whereby the Fe4L6 tetrahedra
were converted into Fe10L15 pentagonal prisms, Fe-2 (Scheme
2), with the same metal to ligand ratio.
Initial 1H NMR and ESI-MS data for the iron(II) perchlorate

reaction mixture were consistent with the formation of a

Scheme 1. Subcomponent Self-Assembly of p-Toluidine, 6,6′-Diformyl-3,3′-Bipyridine, and a Range of Metal Ions (FeII, NiII,
CoII, ZnII) and Anions (NO3

−, BF4
−, ClO4

−, OTf−, NTf2
−) to Generate One of Six Outcomes: Discrete Complexes M-1−M-4,

Polymeric Product M-5, or a DCL, Formed When No Specific Structure Is Availablea

aDetails of the structure type generated by each metal and anion combination are given in Table 1.

Scheme 2. Self-Assembly of a Series of Fe4L6 Tetrahedral
Cages, Fe-1, and Fe10L15 Pentagonal Prisms, Fe-2
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tetrahedral cage, Fe-1. The X-ray crystal structure of
[ClO4⊂Fe-1′] and the related tetrafluoroborate complex
formed with aniline in place of p-toluidine, Fe-1′, confirmed
encapsulation of an anion within the T-symmetric tetrahedral
host molecule (Figure S13, Supporting Information).
Heating a solution of [ClO4⊂Fe-1] in CD3CN at 353 K for

three days resulted in the gradual appearance of a new set of
peaks in the 1H NMR spectrum, which corresponded to a lower
symmetry species having three nonequivalent 1H NMR
environments per ligand proton. ESI-MS analysis of this
reaction mixture indicated the presence of a species with the
formula Fe10L15, analogous to the Co-2 species previously
reported.41 A diffusion ordered spectroscopy (DOSY) NMR
experiment confirmed that the new species was larger than Fe-1
(Figure S8, Supporting Information), with observed diffusion
coefficients of D = 1.0 × 10−9 and 6.3 × 10−10 m2 s−1 for Fe-1
and Fe-2, respectively. Continued heating of the sample for 23
days resulted in the complete conversion of Fe-1 to Fe-2.
Confirmation of the structure of [Cl(ClO4)5⊂Fe-2] was

achieved through X-ray crystallographic analysis of a dark
purple crystal grown though slow diffusion of diethyl ether into
an acetonitrile solution of Fe-2. The overall architecture is
barrel-like and has idealized D5 point symmetry, resembling a
twisted pentagonal prism (Figure 1a) that consists of two Fe5L5

circular helicates stacked one above the other, bridged by five
additional axial ligands which saturate the ten FeII coordination
spheres. Unlike previously published pentagonal- and trigonal-
prismatic structures,75−77 individual ligands experience different
environments within the Fe-2 complex, with three magnetically
distinct environments (Figure 1b) being observed by NMR.
Extensive π−π interactions between the electron-rich toluidine
and electron-poor pyridine rings are inferred41 to stabilize the
structure. All of the metal centers in Fe-2 display meridional
(mer) stereochemistry.
Heating a solution of [BF4⊂Fe-1]·7BF4 at 343 K for 12 days

also resulted in the conversion of Fe-1 to Fe-2; however, no
conditions were identified under which [BF4⊂Fe-1] could be
completely converted into Fe-2. The formation of the
tetrafluoroborate adduct of Fe-2 was confirmed by 1H NMR
and ESI-MS analysis.
When Fe-1 prepared from iron(II) triflate or triflimide was

heated for 13 weeks at 343 K, no evidence for their conversion
to Fe-2 was obtained, signaling the requirement for an anionic
template of suitable size and shape to bring about the
conversion of Fe-1 to Fe-2.

Perchlorate and tetrafluoroborate are both tetrahedral and
have similar volumes. Both anions can act as guests for Fe-1
and were observed to rapidly exchange between the cavity of 1
and the solution on the NMR time scale, with BF4

− binding less
well (Ka(BF4

−) = 2.3 × 104 M−1; Ka(ClO4
−) = 5.7 × 105 M−1).4

These anions were also shown to be of suitable size and shape
for incorporation within the binding pockets of Fe-2. Taken
together, the observations that ClO4

− binds more strongly to
Fe-1 than does BF4

− and that BF4
− always produced a mixture

of Fe-1 and Fe-2 in equilibrium, while ClO4
− favored complete

conversion to Fe-2, allow us to infer that ClO4
− must bind with

more affinity than BF4
− within the peripheral binding pockets

of Fe-2.
In contrast to what was observed in the case of the other

metal nitrate salts investigated (see below), addition of 8
equivalents of tetrabutylammonium nitrate to [MeCN⊂Fe-
1]·8NTf2 gave a green precipitate and a green solution with a
broad 1H NMR spectrum. No discrete species could be
identified by either 1H NMR or ESI-MS; we attribute this
outcome to the oxidation of FeII by NO3

−.78

Cobalt(II) Complexes. This study follows from an initial
report41 detailing the preparation and characterization of a Co-
DCL, the tetrahedron Co-1, and pentagonal prism Co-2. In the
current work prolonged reaction times and the effects of
tetrafluoroborate and nitrate anion templates were investigated.
A variety of architectures were observed to form with CoII,
including the novel extended circular helicate structure Co-4
and distorted cuboid Co-3 (Scheme 3), as discussed below.
We attribute the more diverse range of architectures

observed with CoII in contrast to those for FeII to the greater
flexibility engendered by the increased ionic radius of the high-
spin d7 cobalt(II) ion relative to the rigid geometrical
requirements imposed by low-spin d6 iron(II).78

The reaction of Co(BF4)2·6H2O with p-toluidine and 6,6′-
diformyl-3,3′-bipyridine resulted in the formation of two
distinct products, Co-2 and Co-3, in a 0.9/1 ratio, as observed
by 1H NMR and ESI-MS (Figures S14 and S16, Supporting
Information).
ESI-MS of the new product, Co-3, was consistent with its

formulation as Co8L12 (Figure 2). The 1H NMR spectrum
revealed six magnetically distinct environments per ligand
proton, the signals of which were well separated due to the
paramagnetism of CoII. Three distinct resonances are observed
in the 19F NMR spectrum of the as-prepared mixture of Co-2
and Co-3. Two of these signals are attributed to encapsulated
BF4

− at −143.4 and −152.4 ppm, corresponding to the four
tetrafluoroborates encapsulated in cuboid Co-3 and the five in
barrel Co-2, respectively, and a final signal at the chemical shift
of free BF4

−, observed at −145.1 ppm (Figure S15, Supporting
Information).
Possible arrangements of an M8L12 species, where M is

hexacoordinate and L is bis-bidentate, include a C2v-symmetric
cuneane,79 giving rise to five nonequivalent NMR environ-
ments in a 1/1/2/4/4 ratio, an S6 slanted cube, with four
nonequivalent NMR environments in a 1/1/1/1 ratio,80 or an
S4 distorted cuboid, producing six nonequivalent NMR
environments in a 1/1/1/1/1/1 ratio. Only the last is
consistent with the NMR and MS data recorded. The
assignment of this geometry was consistent with the X-ray
structure of the analogous Ni-3 complex (Figure 4), as
discussed below. An MM2 model81 of Co-3 based on the
crystal structure of Ni-3 is shown in Figure 2.

Figure 1. (a) X-ray crystal structure of pentagonal prism Fe-2. (b)
Schematic representation of the connectivity of the ligands (different
colors represent distinct 1H NMR environments).
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Single-crystal X-ray diffraction analysis of [Cl(BF4)5⊂Co-2]
(Figure S17, Supporting Information) showed this structure to
be analogous to the previously reported41 M-2 structures.
Heating the mixture of Co-2 and Co-3 over 14 days resulted

in no observable change in the 1H NMR spectrum. Upon
crystallization Co-2 was the sole product isolated from the
reaction mixture. Upon redissolving and heating crystals of Co-
2 at 363 K for seven days, no evidence for the formation of Co-
3 was obtained. This suggests that, once formed, both products

are kinetically stable with a high activation energy barrier that
prevents interconversion between the two species.
The use of Co(NO3)2·6H2O in the subcomponent self-

assembly reaction produced a precipitate and a pale orange
solution. The 1H NMR showed six nonequivalent environ-
ments, and ESI-MS was consistent with a Co8L12 complex, Co-
3, analogous to that observed from Co(BF4)2.
The formation of the Co-3 distorted cuboid in the presence

of BF4
− and NO3

− was attributed to the decreased quality of fit
for these anions within the other architectures. The individual
factors governing fit are discussed below.
As previously reported,41 a tetrahedral cage, Co-1, was the

product isolated when Co(OTf)2 was employed. However,
after an acetonitrile solution of Co-1 was heated for 50 days at
363 K, peaks corresponding to a second species were observed
to grow in to the 1H NMR spectrum, reaching a maximum
integrated intensity of 0.4/1 with respect to Co-1. The 1H
NMR and ESI-MS data for this species were consistent with
formation of an Co6L8 structure, Co-4, analogous to Ni-4
formed from Ni(OTf)2 (discussion below; Figure 5). The
ability of triflate to act both as an internal template and also as a
ligand, capable of direct coordination to the metal center,
resulted in the formation of this structure that deviated from
the 2/3 M/L ratio exhibited by structure types 1−3.
In addition to the anions discussed in this investigation, the

formation of host−guest complexes was attempted by adding
Na2SO4, Na2SeO4, Na2TeO4, Na2MoO4, (NH4)2GeF6 or
(NH4)2SnF6 to a solution of Co-DCL. No evidence for
encapsulation of any of these dianionic guests was observed
after heating at 363 K for several days, and all of the guests with
the exception of GeF6

2− resulted in the formation of some
precipitate.

Nickel(II) Complexes. The outcomes of the subcomponent
self-assembly reactions of p-toluidine, 6,6′-diformyl-3,3′-bipyr-

Scheme 3. Preparation of Different Co(II)-Containing Products from Cobalt(II) Salts and the Subcomponents of Ligand L:
Tetrahedron Co-1,41 Pentagonal Prism Co-2,41 Distorted Cuboid Co-3, and Extended Circular Helicate Co-4

Figure 2. MM2 models of (a) distorted cuboid Co-3, in a view down
the S4 axis, (b) side view of Co-3 indicating the stereochemical
configuration at each metal center, (c) schematic representation of Co-
3 (rods represent L and orange spheres represent CoII ions), and (d) a
view colored to show the distinct 1H NMR environments.
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idine, and the NiII salts investigated within this study are
displayed in Scheme 4. As with the CoII system, a suitably sized

anion is necessary in order to template a discrete product; when
nickel(II) triflimide was used, a collection of products was
obtained whose ESI mass spectrum reflected NinLm complexes
with varying stoichiometries of NiII, ligand L, triflimide
counterions, and solvent molecules. With appropriate anionic
templates, we again observed a wider variety of structures in
contrast to the limited configurations adopted by FeII and L.
Octahedral nickel(II) has a smaller ionic radius (0.69 Å) than

cobalt(II) (0.75 Å).82 1H NMR of complexes containing
octahedrally coordinated NiII produced little insight, due to the
long relaxation times arising from the orbitally nondegenerate
ground state of these complexes.83,84 As a result, insight into
the outcome of the self-assembly reactions was gained solely
through ESI-MS and X-ray crystallography; the structures
observed in each case corresponded to those of the related FeII,
CoII, and ZnII metal-organic complexes.
Crystals of the pentagonal-prismatic product Ni-2 were

isolated following the self-assembly reaction of 6,6′-diformyl-
3,3′-bipyridine, p-toluidine, and nickel(II) perchlorate, allowing
the single-crystal X-ray structure to be solved (Figure 3).
Although Ni-2 was not observed by ESI-MS, suggesting fragility
in the gas phase, when aniline was used in place of p-toluidine
an ESI mass spectrum corresponding to an analogue of Ni-2,
Ni-2′, was recorded. X-ray-quality crystals of Ni-2′ were also
obtained, and the resulting structure (Figure S27, Supporting
Information) was found to be very similar to that of Ni-2,
sharing the pentagonal-prismatic organization of Fe-2 and Co-
2.
The subcomponents of L were observed to react with

nickel(II) nitrate to give a product whose formulation as Ni-3,

Ni8L12, (Scheme 4) was confirmed by ESI-MS and single-
crystal X-ray diffraction.
Ni-3 has idealized S4 point symmetry and can be described as

a distorted cuboid. When they are viewed down the pseudo-S4
axis (Figure 4a), the square faces appear to be planar with one
metal center at each vertex. These “squares” are not planar,
however, but puckered, as shown in Figure 4c. In contrast to
the M-2 architecture, the “axial” ligands, parallel to the principal
symmetry axis (S4 in M-3; C5 in M-2) bridge from the top to

Scheme 4. Self-Assembly of a Series of NiII-Containing
Products: Ni-DCL, Tetrahedron Ni-1, Pentagonal Prism Ni-
2, Cuboid Ni-3, and Extended Circular Helicate Ni-4

Figure 3. X-ray crystal structure of [Cl(ClO4)5⊂Ni-2] formed from p-
toluidine. Solvent molecules and additional anions are omitted for
clarity.

Figure 4. X-ray crystal structure of Ni-3 with four encapsulated nitrate
anions: (a) view down the S4 axis (ball-and-stick representation); (b)
space-filling model of the same view; (c) side view showing the
deviation of the structure from a regular cube (green lines connect the
metal centers to show the distorted cuboid geometry of the complex);
(d) view showing the two distinct anion binding pockets (shaded
mesh) within Ni-3.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja311285b | J. Am. Chem. Soc. 2013, 135, 2723−27332727



the bottom of the structure on the outside, giving rise to the six
discrete ligand environments observed by 1H NMR in the case
of Co-3 (Figure 2d). Unlike tetrahedral Ni-1 (having all fac
metal centers) or pentagonal prism Ni-2 (having all mer metal
centers), the metal centers in Ni-3 alternate between fac and
mer conformations, resulting in four fac and four mer centers
per structure. Within each “square”, the two fac and the two
mer centers have the same handedness (either Λ or Δ) and the
opposite handedness to their closest neighbors.
This structure is closed off well with no significant openings

on the sides, suggesting that the four encapsulated nitrate
anions could not easily diffuse out. VOIDOO calculations
(detailed in the Supporting Information) identified two discrete
binding pockets of 155 Å3, each of which contained two nitrate
anions (Figure 4a,c,d and Figure S41b,c (Supporting
Information)).
The saddle shape of the anion binding pockets within M-3

ensures that only the smallest anions in this study (BF4
− and

NO3
−) are able to fit. Once encapsulated, the anions benefit

from stabilizing nonclassical H-bonding interactions with the
surrounding phenylene hydrogens85,86 and Coulombic inter-
actions with the cationic metal centers.41

Nickel(II) triflate reacted with the subcomponents of L to
yield a mixture of tetrahedron Ni-1 and the unprecedented
Ni6L8 extended circular helicate structure Ni-4. Heating the
reaction mixture of Ni-1 and Ni-4 for ten weeks at 363 K
resulted in no change in the ESI mass spectrum. X-ray
diffraction analysis of a crystal grown from diffusion of
diisopropyl ether into the reaction mixture revealed a structure
consistent with the Ni6L8 composition observed by ESI-MS
(Figure 5) and the 1H spectrum observed for Co-4 (discussed
above).

Ni-4 has two distinct metal environments: the central four
metal ions are meridionally bound to three bidentate pyridyl-
imine fragments, while the remaining two centers are each
coordinated to two pyridyl-imine groups and two monodentate
triflate anions. Two distinct types of binding sites are present:
two peripheral pockets, each occupied by two nickel-bound
triflate anions, and a central pocket that encapsulated a single

disordered triflate, which is stabilized by Coulombic and
anion−π interactions.85−87 Both kinds of binding sites are
accessible via two large pores above and below the mean plane
of the complex, leading to rapid triflate exchange in Co-4 and
Zn-4, as observed by 19F NMR (described below).
The structure has idealized D2 symmetry and can be

described as an extended circular helicate, composed of a
central [2 × 2] helicate unit88,89 consisting of four ligands each
adopting an anti conformation that bridge four metal centers,
with an average metal−metal separation of 9.93 Å. Two
additional triflate-coordinated nickel ions form triangular sides
that extend from the central [2 × 2] helicate, with a shorter
metal−metal distance of 7.84 Å (Figure 5). The six nickel(II)
ions are observed to undergo a “ruffling” distortion from their
mean plane (Figure 5c).
The triflate salt of Ni-1 was also characterized by single-

crystal diffraction (Figure 6) from a crystal grown by the

diffusion of diethyl ether into the reaction mixture described
above. The structure of Ni-1 is similar to that of Co-1,41 with
an acetonitrile molecule encapsulated within the central cavity
rather than an anion, as observed in the case of Fe-1.4 The
metal-to-metal distance of Ni-1 was measured to be 9.7 Å,
intermediate between the M−M distances for Fe-1 and Co-1
(9.5 and 9.8 Å, respectively) and in keeping with the
intermediacy of nickel(II)’s ionic radius (0.69 Å)82 between
those of FeII and CoII.
The formation of a mixture of Ni-1 and Ni-4 highlights the

versatility of this system. The Ni-1 complex contains an
appropriately sized and shaped pocket for encapsulation of the
triflate anion, indicated by the anion’s ability to template this
structural type.4,41 The triflate anion is, however, also
coordinating enough to act as a viable ligand to the metal
centers, templating the formation of Ni-4.
The reaction of the subcomponents of L with nickel(II)

tetrafluoroborate in acetonitrile at 323 K yielded three products
by ESI-MS. Initially the Ni-1 tetrahedron and Ni-4 extended
circular helicate were observed; however, after heating to 363 K
for two months only the Ni-2 pentagonal prism was observed,
suggesting that Ni-2 is the thermodynamically favored
nickel(II) complex in the presence of tetrafluoroborate
template anions.

Figure 5. X-ray crystal structure of the extended circular helicate
[OTf⊂Ni-4], with two triflate anions coordinated to each terminal NiII
center and one triflate in the central void: (a) view down the C2 axis
through the center of the circular helicate core; (b) space-filling
representation; (c) side view along another C2 axis showing the twist
of the structure and its deviation from planarity; (d) schematic view of
the metal and ligand arrangement.

Figure 6. X-ray structure of [MeCN⊂Ni-1]. Solvent and counterions
are omitted for clarity.
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Zinc(II) Complexes. As with CoII and NiII, the larger ionic
radius of ZnII, relative to that of FeII, facilitated the formation of
a variety of structures in the presence of appropriate templating
anions (Scheme 5). Although we observed evidence for the

formation of Zn-2, Zn-3, and Zn-4, no evidence was observed
for the formation of the Zn-1 tetrahedron. The use of
Zn(NO3)2 yielded a polymeric structure, Zn-5, which was
unique within the scope of this investigation.
Zinc(II) has fast ligand exchange kinetics that reflect weaker

metal−ligand bonds,78 necessitating the use of ESI-MS
ionization cone voltages (6 vs 18−25 eV) lower than with
the other metal complexes of this study. These fast kinetics
ensured rapid equilibration of reaction mixtures, while the
thermodynamic lability of the system resulted in incomplete
consumption of the subcomponents and formation of by-
products in many cases, as noted below.
The importance of anionic templation was again evident

upon reaction of the subcomponents of L and zinc(II)
triflimide, which yielded a dynamic library of species, Zn-
DCL, whose ESI mass spectrum reflected ZnnLm complexes
with varying stoichiometries of ZnII, ligand L, triflimide
counterions, and solvent molecules and which possessed a
correspondingly broad and complex 1H NMR spectrum (Figure
S29, Supporting Information).

Analysis of the reaction of Zn(ClO4)2 with the subcompo-
nents of L was performed for both the crude reaction mixture
and purified crystalline material. In each case the 1H NMR
(Figure S37, Supporting Information) revealed minor peaks in
addition to those corresponding to Zn-2. Due to the low
concentration of the minor species no corresponding signals
could be observed in the 13C NMR spectrum; however, peaks
corresponding to species with a Zn12L12·6MeCN and Zn14L14
ratio were observed by ESI-MS alongside those corresponding
to Zn-2. These peaks might derive from the fragmentation of a
polymeric structure similar to Zn-5, described below.
The appearance of minor products in the case of Zn(ClO4)2

contrasted with the cases of the other metals studied; M-2 was
observed to form cleanly from the perchlorates of iron(II),
cobalt(II), and nickel(II), reflecting the strong templation role
of perchlorate for pentagonal-prismatic structure type 2 and the
weaker ability of ZnII to template imine bonds.
The reaction of zinc(II) tetrafluoroborate with 6,6′-diformyl-

3,3′-bipyridine and p-toluidine yielded a mixture of products
corresponding to Zn10L15 and Zn8L12 species by ESI-MS. The
1H NMR spectrum of the mixture was consistent with an
attribution of these two species to Zn-2 and Zn-3 in a 1/0.2
ratio. The 1H NMR spectrum of Zn-3 revealed six distinct
environments for each proton in a 1/1/1/1/1/1 ratio, in
agreement with the solid-state observations of Ni-3 and the 1H
spectrum of Co-3. As with CoII, the 19F NMR spectrum further
supported this assignment, yielding three distinct signals: two
signals attributed to encapsulated BF4

− at −144.3 and −155.9
ppm, assigned to Zn-3 and Zn-2, respectively, and a final signal
at the chemical shift of free BF4

−, observed at −151.4 ppm.
Heating the reaction mixture of Zn-2 and Zn-3 at 353 K for 15
days resulted in no change in the 1H NMR profile.
Following the reaction of zinc(II) triflate with the

subcomponents of L, a Zn6L8 species was observed by ESI-
MS. The 1H NMR spectrum of this product revealed four
nonequivalent environments per ligand proton in a 1/1/1/1
ratio, consistent with the product Zn-4, having a solution
structure similar to the crystal structure of Ni-4 (Figure 5). A
single peak was observed in the 19F NMR spectrum, consistent
with the fast exchange of bound and free triflate anions
expected for Zn-4 and with the spectrum recorded for Co-4.
In contrast with the other metals studied, Zn-1 was never

observed with any of the anions of this study. From the data
amassed thus far, we would expect OTf− to be the most viable
template for a Zn-1 complex. Our failure to observe Zn-1 when
Zn(OTf)2 was used leads us to infer that the stabilization
energy gained upon templation of Zn-1 does not outweigh the
preference of ZnII for direct ligation to triflate, generating Zn-4.
The reaction of zinc(II) nitrate with the subcomponents of L

in acetonitrile resulted in the formation of an insoluble material.
When the reaction was performed in methanol, the same
reagents reacted to form single crystals of polymer
Zn -5 ( F i g u r e 7 ) , w i t h t h e g e n e r a l f o rmu l a
{[ZnL(NO3)2]·3CH3OH}n.
Zn-5 consists of a one-dimensional helical coordination

polymer with a repeating unit of ZnL(NO3)2. One full turn of a
helical chain of Zn-5 is composed of three repeating units, i, i +
1, and i + 2, where the next unit, i + 3, is identical to the ith
unit. All ZnII centers are octahedrally coordinated, where four
of the six coordination sites are occupied by two bidentate
pyridylimine moieties and the remaining two sites are occupied
by nitrate anions acting as monodentate ligands (Figure 7a). In
the X-ray crystal structure of polymeric Zn-5, the remaining

Scheme 5. Subcomponent Self-Assembly of a Series of ZnII-
Containing Products: Zn-DCL, Pentagonal Prism Zn-2,
Cuboid Zn-3, Extended Circular Helicate Zn-4, and Polymer
Zn-5
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two oxygen atoms of the nitrates are observed to participate in
nonclassical H-bonding with phenylene hydrogen atoms of
ligands belonging to neighboring helical polymer strands,
stabilizing the overall structure and promoting polymer
formation as opposed to a discrete closed structure. Zn-5
thus contrasts with the formation of discrete Zn-4, observed in
the case of triflate, which is less coordinating and a less able H-
bond acceptor than nitrate.
These nonclassical interactions hold six polymer strands

together in a circular fashion, thus forming channels that run
the length of the crystal, as shown in Figure 7b. Zn-5 thus
includes a substantial void volume, which consists of extended
cylindrical pores with diameters of 8.8 Å. The volume of these
pores corresponds to approximately 52% of the total volume of
the unit cell in the crystal structure of Zn-5.90 This significant
solvent-accessible void volume is reminiscent of volumes
observed in metal-organic frameworks (MOFs).91−94

In an attempt to evaluate the effect of the charge of the anion
on the final structure, similarly to the dianions investigated with
CoII, K2CrO4 was added to Zn-DCL. This resulted in
significant precipitate formation, and no evidence was observed
for the formation of a host−guest complex.
Analysis of Structure-Directing Influences. Table 1

summarizes the different products obtained from the reactions
of the subcomponents of L with the different metal ions and
anions of this study. These results collectively suggest that the
thermodynamics of formation of each structural type 1−5 are
finely balanced. Subtle effects are able to tip this balance;
changes in metal−ligand bond lengths and anion templation
effects play a role in favoring the overall thermodynamic
stability of one structure over another.95

Rearrangement of Fe-1 into pentagonal prism Fe-2the
only other architecture observed to form in the case of FeII

was only observed when a counteranion of optimal size and
shape (ClO4

− or BF4
−) for the peripheral binding pockets of

Fe-2 was present during the self-assembly process. We infer the
high kinetic barrier observed for conversion of Fe-1 to Fe-2 to
be due to the large number of bonds which must rearrange
during this transformation. The tight coordination sphere and
short, strong N→Fe bonds of the iron(II) system reduces the
overall kinetic lability of these systems.
The factors which result in the stabilization of pentagonal

prism 2, as noted above, include (1) optimal fit of the anions
within the pockets they occupy, together with possible
stabilizing anion−π interactions,96 (2) the electrostatic
interaction between each anion and the four positively charged
metal ions which surround it, and (3) the enthalpic gain from
favorable π−π interactions between the electron-rich toluidine
residues and the electron-poor pyridine residues on the
equatorial ligands.
Prior investigations of the mononuclear iron and cobalt

tris(N-phenylpyridinaldimine) complexes showed an increased
preference for CoII to adopt a mer stereochemistry of the
pyridylimine ligands about the metal center, relative to the FeII

analogue. Under the same conditions the FeII complex formed a
3/1 statistical mixture of mer and fac isomers, whereas CoII

favored mer coordination over the odds, exhibiting an 6/1 ratio
of mer to fac.41 We infer that this decreased tendency of FeII to
adopt a mer coordination of the ligands around the metal center
further disfavors formation of Fe-2 and thereby increases the
probability of observing the Fe-1 structural type.
The observation that iron(II), the least versatile of the metals

investigated, formed pentagonal prism 2 with ClO4
− and BF4

−

underscores the suitability of these anions as templates for this

Figure 7. X-ray crystal structure of Zn-5 with two bidentate L ligands
and two nitrate anions coordinated to each ZnII center: (a) side view
along the one-dimensional polymeric helical chain showing one full
turn of the helix from the ith to the i + 3rd unit; (b) view down the
cavity of the channels, which consist of six helical polymeric strands
stabilized by C−H···ONO2

− interactions between coordinated nitrates
and aromatic protons on a neighboring chain. The portion colored in
yellow corresponds to the section of polymer shown in (a).

Table 1. Summary of the Structures Observed from the
Combination of Ligand L with Different Metals and Anionsc

aPrecipitation was observed. bMeOD solvent. cThe numbers shown
refer to the structure types cited above: 1, M4L6; 2, M10L15; 3, M8L12;
4, M6L8; 5, polymeric ZnL(NO3)2. Kinetic products, indicated by
brackets, are completely consumed upon formation of the
thermodynamic product. The table is colored according to the final
equilibrated product mixture.
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structure. This suitability is further confirmed by the
observation that, across the range of metals in this study, the
M10L15 structure was always observed when these anions were
employed. We attribute this observation to an optimal size and
shape match between the anion and the pocket it occupies and
the anions’ poor coordinating ability. The observation that
every metal perchlorate salt exclusively formed 2, whereas BF4

−

was observed to template other structures as well, suggests that
the subtle increase in size from BF4

− to ClO4
− is significant,

with the perchlorate anion providing a more optimal fit for the
pockets within the M10L15 complex.
When M-1 and M-2 are no longer optimal encapsulants for a

given anion, an alternative arrangement of ligands self-
assembles to form a suitable host structure. In the cases of
CoII and ZnII, complex 3 was observed to form alongside 2 in
the presence of BF4

−. Nitrate, the smallest of the anions
investigated, also formed complex 3 with NiII and CoII. The
crystal structure of Ni-3 showed that the binding pockets within
this structure, though larger in volume than those of Ni-2, are
an awkward saddle shape, such that only the smallest of the
anions investigated could be accommodated. Complex 3, like
complex 2, is a tightly packed structure stabilized through
multiple π−π interactions and the filling of its central void
spaces by templating counterions. The ratio of encapsulated
anions to cationic metal centers is 1/2 in both 2 and 3,
suggesting that both structures benefit from a similar degree of
Coulombic stabilization.
We observed triflate to behave differently from the other

anions investigated, because, like nitrate, it is able to act not
only as an internal template but also as a competent O donor.
This ability is manifested in the Ni-4 extended circular helicate
structure, where the terminal metal centers were each
coordinated by four nitrogen donors and two triflate anions.
Furthermore, the larger size and nonspherical shape of the
triflate anion render it a poor fit for the pockets of complexes 2
and 3. For Ni-1 and Fe-1, triflate adducts may be formed as the
binding pocket within 1 can accommodate the triflate anion.
Similarly, with Co(OTf)2 the M4L6 tetrahedron Co-1 was
observed to predominate; however, a small proportion of Co-4
was observed at equilibrium alongside Co-1, which we infer to
be due to the coordinating ability of the anion.
Zinc(II), the most labile of the metals examined during this

study, did not exhibit the same degree of selectivity for N
donors over O donors as the other metals. This resulted in
formation of Zn-4 and Zn-5 as the major products with the
OTf− and NO3

− anions, respectively.

■ CONCLUSIONS
A diverse series of anion-templated polynuclear architectures
was prepared from a single self-assembled ligand. These
structures included M4L6 tetrahedra, M6L8 extended circular
helicates, M8L12 distorted cuboids, and M10L15 pentagonal
prisms. Analysis of the different factors that govern the
formation of each of these structures has been carried out
and the competing effects of anions and metals dissected,
revealing a set of subtle rules for self-assembly. This work
complements the established use of geometric design principles
to predict the outcome of metal-organic self-assembly
reactions,47,97,98 by showing how secondary interactions may
overrule the primary geometric design principles.12,41,42,99

When designing metallo-supramolecular architectures, the
following considerations may allow for finer-grained control
over architecture.

Larger Metals Enhance Architectural Diversity. When
the ionic radius is increased from FeII through NiII to CoII and
ZnII, ligands gain freedom to link together in a greater number
of ways. Metals with smaller ionic radii, such as FeII, have less
adaptable coordination spheres and therefore fewer ligand
conformations available to them without a severe energetic
cost. The subtle increase in freedom engendered by the more
flexible ligand arrangement around a larger metal center,
reflected in the low energetic cost to small deviations of a
coordination sphere from an ideal coordination geometry,
facilitate significant structural diversification.

Subtle Differences in the Size of the Anions Have a
Large Impact on the Structure. Despite the similarity in
sizes of the polyatomic anions investigated herein, a diverse
range of architectures were formed, ranging from well-studied
M4L6 tetrahedra through to more complex multianion-
templated M10L15 or M8L12 structures to the unprecedented
M6L8 extended circular helicate and helical metallo-polymer
Zn-5. A good fit between the size and shape of an anionic
template and the corresponding binding pocket was a necessary
precondition for the formation of the structures described
herein.

Both fac and mer Coordination of Ligands around a
Metal Center Must Be Considered. Ward’s work42,67,99

provides good examples in which mer stereochemistry led to
the formation of intricate and complex structures with flexible
ligands;100 here we show how even rigid ligands can generate
complex architectures through linking metal centers of different
stereochemical configurations. In this study, the combination of
all fac vertices within a single structure gives rise to exclusively
the M4L6 tetrahedron 1, as would be predicted using classical
geometric design principles.47,97,98 However, inclusion of mer
vertices within a structure allows for the new architectures 2−4
to be created. The ratio of mer to fac isomers may be altered
through choice of an appropriate metal ion41 or ligand
design,101,102 providing a further means to control the outcome
of such complex self-assembling systems.
The use of these principles has allowed us to understand the

outcomes of the present study and sets clear directions for
exploration of larger, more complex multicompartmental
architectures and the new functions that they promise.

■ EXPERIMENTAL SECTION
General Procedure for Metal Complex Synthesis. Stoichio-

metric quantities of transition-metal salt (2 equiv), 6,6′-diformyl-3,3′-
bipyridine (3 equiv), and p-toluidine (6 equiv) were loaded into a J.
Young NMR tube/Schlenk flask and dissolved in acetonitrile. The
reaction vessel was subjected to three evacuation/nitrogen fill cycles to
remove oxygen, sealed, and then heated for several days at an
appropriate temperature. Zn-5 was prepared in CD3OD because
insoluble, amorphous products were observed to precipitate from
CD3CN. Individual complexes could be isolated by precipitation or
crystallization upon addition of either diethyl ether or diisopropyl
ether. Specific details are provided in the Supporting Information

■ ASSOCIATED CONTENT

*S Supporting Information
Text, figures, and CIF files giving full characterization data,
including experimental procedures, NMR and ESI-MS spectra,
details of the calculation of the volumes, and crystallographic
data. This material is available free of charge via the Internet at
http://pubs.acs.org. Crystallographic data have also been
deposited with the CCDC (file nos. 893781−893790).
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