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The essence of supramolecular chemistry is the self-assembly
of noncovalently linked molecular clusters and networks, a
spontaneous process that involves various driving forces (e.g.,
metal-ligand interactions, ion templation, hydrogen bonding,π
stacking) and chemical flexibility (i.e. facile rearrangement of
the building blocks).1 In principle, if one can identify the dominant
factors in a self-assembly process, they can be systematically
varied to favor specific supramolecular entities. This principle is
nicely illustrated by the self-assembly reactions of metal cations
with bis-chelating ligands such as bptz, (3,6-bis(2-pyridyl)1,2,4,5-
tetrazine).2-4 Among our early findings in this chemistry was that
the molecular squares [M4(bptz)4(MeCN)8]8+ (M: Ni, Zn)4,5 form
in high yields with [BF4]- and [ClO4]- but not with anions such
as [PF6]-, [BPh4]-, and [CF3SO3]-. Armed with this information,
we launched a comprehensive investigation into the role of the
anion in determining the products of metal/bptz reactions. The
premise of the studies was that other nuclearities could be favored,
provided the appropriate anion is available to act as a template.
If one considers the size and shape parameters of common anions,6

[SbF6]- with Vm ) 63 Å3 compared to 38 and 47 Å3 for [BF4]-

and [ClO4]-, respectively, is an excellent candidate for the
formation of a slightly larger cyclic entity. On the basis of this
premise, [Ni(CH3CN)6][SbF6]2 was reacted with bptz in a 1:1 ratio
in acetonitrile (Scheme 1).

The reaction mixture converts from the pale blue color of the
Ni precursor to a brownish-green color within minutes. Crystals
of the product were obtained in 60 to 70% yields by layering the
reaction solution with toluene.

An X-ray crystallographic study identified the new compound
as [Ni5(bptz)5(CH3CN)10][SbF6]10 ([1][SbF6]10) which contains a

novel molecular pentagon whose asymmetric unit is shown in
Figure 1.7 As found for [M4(bptz)4(CH3CN)8][X] 8, (M: Ni2+,
Zn2+; X: [BF4]-, [ClO4]-), the cavity of [1]10+ is occupied by
an anion, in this case [SbF6]- (Figure 2). The six-coordinate Ni2+

ions are coordinated to twocis bptz ligands and two CH3CN
molecules. It is interesting to note that, although an ideal pentagon
requires 108° vertices, the angles subtended by the N-Ni-N
edges are much smaller, for example, N(4)-Ni(1)-N(7) ) 92.1-
(4)°. The problem of forming a pentagon from 90° diposed
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Figure 1. ORTEP drawing of the asymmetric unit of [1]10+ in
[1][SbF6]10‚2CH3CN. Thermal ellipsoids are drawn at the 50% probability
level. Selected bond lengths (Å) and angles (deg): Ni(1)-N(3) 2.055-
(12), Ni(1)-N(4) 2.072(10), Ni(1)-N(17) 2.048(13), N(4)-Ni(1)-N(3)
78.6(4), N(4)-Ni(1)-N(7) 92.1(4), N(17)-Ni(1)-N(16) 91.6(5).

Figure 2. (a) ORTEP drawing of the molecular structure of the [1]10+

ion. Thermal ellipsoids are drawn at the 50% probability level and (b)
space-filling diagram of the molecular cation with the encapsulated
[SbF6]- ion.
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L-M-L building blocks, however, is solved by the flexibility
of the bptz edges which adopt∼8.4° dihedral angles between
the pyridyl and the tetrazine rings (Figure 3). This situation
leads to overall angles between the Ni vertices of 92.1° + (2 ×
8.4°) ) 108.9° which is nearly ideal for a five-membered ring.

The role of the anion in dictating the outcome of self-assembly
reactions has only recently become a focus of major attention in
the literature.8 In addition to the identity of the anion, the choice
of metal ion is also crucial to the outcome of these reactions. In
the present chemistry, labile metal ions such as Ni(II) or Zn(II)
lead to high yields of crystalline product with bptz, presumably
because their weaker M-N interactions permit self-reorganization,
thereby reducing the likelihood of obtaining insoluble kinetic
products. The persistence of the pentagon unit in solution was
demonstrated by electrospray ionization mass spectrometric
studies.9 The isotope clusters found atm/z 3114.34, 3349.24 and
3584.13 correspond to the+1 charged cationic species: [Ni5-
(bptz)5(SbF6)7]+, [Ni5(bptz)5(SbF6)8]+, and [Ni5(bptz)5(SbF6)9]+,
respectively. Electrochemical and optical studies also support the
conclusion that the pentagon remains intact in solution and does
not revert to a mixture of species.10

Magnetic susceptibility measurements were performed on a
polycrystalline sample (27.84 mg) of [1][SbF6]10 in the temper-
ature range of 1.8-300 K (Figure 4). Above 50 K,øT is constant
at ∼5.7 emu‚K/mol which agrees with the value for five
uncoupled Ni(II) (S) 1) centers withg ) 2.13. Below 50 K,øT
gradually decreases until∼10 K and then rapidly decreases to a
value of 2.38 emu‚K/mol at 1.8 K. A model of the magnetic
behavior that takes into account only zero-field splitting effects11

does not give a satisfactory fitting (Figure 4), asD/kB is relatively
high (10 K).12 The introduction of antiferromagnetic exchange13

allows one to obtain a good fitting of the experimental data (Figure
4) with g ) 2.16, D/kB ) +4.9 K andzJ/kB ) -1.4 K.11 As

previously noted for [Ni4(bptz)4(CH3CN)8]8+, superexchange
through the bptz ligands is quite weak.4

As far as we are aware [Ni5(bptz)5(CH3CN)10]10+ is only the
second example of a metallapentagon to be structurally charac-
terized.8a,c The fact that the reaction between Ni2+ ions and bptz
can be tuned by the choice of counterion to favor molecular
pentagons over molecular squares is compelling evidence for an
exquisite anion template effect in this chemistry. The choice of
[SbF6]- in this study was based on the fact that its shape and
size render it an excellent prospect for occupying a cavity slightly
larger than that of the square, viz., a pentagon. Electrospray mass
spectrometric results indicate that the squares and pentagons are
not interconverting in solution to form an equilibrium mixture. It
is interesting to note, however, that complete conversion of the
pentagon to the square or vice versa can be effected by adding
an excess amount of the anion that stabilizes the other cavity
size.15 Details of these studies and related reactions of Mn(II),
Co(II), and Zn(II) with bptz are contained in a full paper that is
in progress.
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Figure 3. A skeletal view of the Ni5(bptz)5 pentagon superimposed on
an ideal pentagon to emphasize the distortion of the ligands.

Figure 4. Temperature dependence of theøT product at 1000 G for
[1][SbF6]10. The solid lines are the fitting obtained by considering only
the zero-field splitting (blue) and by taking into account both zero-field
splitting and antiferromagnetic interactions in the theoretical model (red).
Magnetic susceptibility data were corrected for diamagnetic contribution
calculated from Pascal’s constants.14
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