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ABSTRACT

CLUSTERS AND EXTENDED ARRAYS WITH METAL IONS AND
NITROGEN DONOR LIGANDS

By

Cristian Saul Campos Fernandez

The study of nitrogen heterocyclic ligands in coordination chemistry has
experienced a steady increase in the last thirty years. The increasing versatility of
synthetic methods used in the preparation of ligands has permitted increasingly more
complex molecules to be assembled. The work reported in this thesis involves the
systematic study of the chemistry of five diimine ligands that have not been investigated
thoroughly to date. These are 2-2-pyridyl-1,8-naphthyridine (pynp), 3,6-bis-pyridyl-
tetrazine (bptz), 2,2’-bis-bipyridyl-azo (abpy), 1,3,6-trispyridyl-triazine (tptaz), and
2,3,5,6 tetrapyridyl pyrazine (tppz).

The chemistry of the bptz ligand was explored with a variety of first row
transition metals, with the result being the high yield syntheses of cyclic coordination
compounds (metallocyclophanes). The formation of these cyclic entities rather than
polymeric materials or dinuclear complexes is attributed, in great degree, to the choice of
the anion which functions as a template in the self-assembly of the cationic
metallocyclophanes. Anions that are similar in size and geometry, e.g. [BF,] and [ClO4],
yield molecular squares, whereas the larger anion, [SbFe¢]’, leads to the assembly of a

molecular pentagon. The existence of these species in solution was demonstrated by 3
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NMR studies conducted on the diamagnetic metallocyclophane,
[Zn4(bptz)s(CH3CN)g][BF.]s), the results of which indicate that the encapsulated anion is
present in the solution form of the compound. Electrospray mass spectrometry revealed
that the formation of these metallocyclophanes with other transition metals such as Mn",
Fe', Co" and Cu" is feasible, but that they are not as stable as the Ni" and Zn" analogs.

The chemistry of tppz has languished for almost two decades, most likely due to
reports that coordination of more than one metal center was not possible. We embarked
on the synthesis and characterization of a series of mononuclear tppz compounds
[M(tppz)2]™* that can potentially be used as building blocks for the synthesis of higher
nuclearity species. In addition, a new application for this ligand was discovered in our
laboratory, namely as a linker for metal-metal compounds to give molecular rectangles.
In this vein, the compound [Rhy(O,CCH3):(tppz).(CH30H)4][PFs]¢ was prepared which
is the first of its kind in the M-M bond field.

Naphthyridine based ligands have been used relatively infrequently compared to
phosphine, halide or carboxylate derivatives in metal-metal bond chemistry. The presence
of two pynp ligands in the dimetal units [M2]* M = Mo", Ru" and Rh'"") allows for a rich
electrochemistry that is not observed for most metal-metal compounds with more
electronically “innocent” ligands. In the case of two of the new compounds in this study,
four reversible one electron ligand based reductions, are observed. The compound
[Ruz2(O,CCHs),(pynp)2][PFe)2 shows Class III Robin-Day behavior with all four electrons
being fully delocalized throughout the molecule, whereas in the [Mo,]** derivative, Class

1I behavior is found.
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I. Background

Nitrogen Heterocyclic Ligand Chemistry

The use of nitrogen heterocyclic ligands in coordination chemistry has witnessed
a steady increase in the last four decades. The versatility of synthetic methods used to
prepare these molecules has allowed chemists to design increasingly complex derivatives
with different applications in mind. Among the ligands that have been investigated are
the common diimine ligands such as 2,2’-bipyridyl (Figure la), 1,10-phenanthroline
(Figure 1b), 2,2’:6’,2”-terpyridine (Figure lc) as well as more elaborate ones such as
1,3,5-[tris[4’-(2,2":6’,2"-terpyridinyl)] benzene (Figure 1d).'

One of the most simple and well studied coordination compounds based on
diimine ligands is the tris-chelate complex [Ru(bpy)3]**.> In general, coordination
compounds of this type based on the 2,2 bipyridine motif exhibit strong luminescence in
solution at room temperature, and have a powerful photosensitization capacity for
electron and energy-transfer processes.’ The photoluminescent excited state is a strong
reductant as well as an excellent oxidant due to the presence of an electron deficient d’
metal center and an excess electron located in the ligand network in the excited state.
Modifications to the 2,2’ bipyridine unit permits one to tune of the redox potentials of the

ligands over a significantly wide range.* Such strategies have allowed for the synthesis of

Ru(II) complexes that are either good oxidants or reductants in the excited state.”



P'gure 1.

]
(d; |



Figure 1. Drawing of the ligands (a) 2,2-bipyridine,
(b) 1,10-phenanthroline, (c) 2,26',2"-terpyridine and
(d) 1,3,5-tris[4'-2,2":6,2"-terpyridinyl ]benzene.
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One important application of metal polypyridyl chemistry is in solar energy
conversion processes.3'5 For example, a major use for the photosensitiser [Ru(bpy)3]22+ is
the photodissociation of water by visible light, but a major drawback is that it can only
transfer a single electron to a substrate.> Consequently, much effort has been expended
over the last ten years to design polymetallic systems that incorporate numerous

[M(bpy)2]** moieties within the same molecule.®
Mixed Valency in Ligand-Bridged Metal Assemblies

Mixed-valence materials that contain several redox sites in more than one
oxidation state have attracted the interest of chemists for many years. Robin and Day7
defined three broad classes of mixed-valence materials that are referred to as Class I, II
and III compounds. Class I mixed-valence species are those in which the interaction
between redox centers bridged by a ligand is so weak that the mixed-valence material
exhibits the properties observed for isolated mononuclear species. For Class III
compounds, the opposite is encountered, namely the interaction between the two centers
is so strong that the properties of individual redox centers are not observed, but rather
new properties characteristic of the coupled redox units are exhibited, i.e., the system is
delocalized. Intermediate between these two categories are Class II materials that exhibit
redox characteristics which are slightly altered from the properties of the isolated units;
these are referred to as partially delocalized systems.

Cyclic voltammetry is an invaluable tool for establishing the placement of any
compound within the Robin-Day classification scheme. Based on the precedence of

Taube’s work, it is possible to define a comproportionation equilibrium constant, K., for
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the equilibrium between two valence states; the separation between two successive

reversible redox potentials allows for its calculation as shown in equation 1.2

howx] o [xowx]” == 2[xowx] g,

(Eq. 1)

where InK, =[ expAE,, (in mV)
25.69

If there is no communication between the redox centers (Class I), the K. constant is <
102, In the case of complete delocalization between the redox centers, K. is very large, 2
10%. The intermediate situation, in which there is electronic coupling but not full

delocalization, yield K, values in the range 10%< K,_.<105 .
II. New Applications of Bipyridine and Terpyridine Chemistry

One of the current challenges in chemistry is the manipulation of noncovalent
interactions in the design of new materials in a manner akin to Nature. Chemists are
striving to design building blocks, often called tectons, that self-assemble into larger
conglomerates with the ability to store information in the form of electronic, magnetic or
redox properties.9 Much of the supramolecular chemistry in recent years has involved the
self-assembly of metal containing molecules with the use of polydentate nitrogen ligands.
The work reported in this dissertation involves the application of nitrogen heterocyclic
chemistry in areas where they have not been traditionally employed. Specifically, the
research involves the coordination chemistry of the five ligands in Figure 2. These

include (a) 2-2-pyridyl-1,8-naphthyridine (pynp), (b) 3,6-bis-pyridyl-1,2,4,6-tetrazine



Figure 2. Schematic drawing of the ligands (a) 2-2-pyridyl-1,8 naphthyridine (pynp),
(b) 3,6-bis-pyridyl- 1,2,4,6-tetrazine (bptz), (c) 2-azo-bis pyridyl (abpy),
(d) 1,3,6-trispyridyl-triazine (tptaz) and (e) 2,3,5,6 tetrapyridyl pyrazine (tppz).
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(bptz), (c) azo-2,2’-bipyridine (abpy), (d) 1,3,6-trispyridyl-triazine (tptaz), and (e)
2,3,5,6 tetrapyridyl-pyrazine (tppz). In the past, such ligands have been used mainly in
reactions with Ru(I) and Os(II) centers,'® but in the present work, they are used to
assemble arrays of paramagnetic first row metal ions and low valent second row

transition metal ions that form metal-metal bonds.

W KO
N [N=N
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oN—
—N

Scheme 1.

The ligands have been chosen on the basis of their demonstrated ability to produce
compounds with interesting electronic and redox properties.'' Ligand a (pynp) bridges
dinuclear units through the naphthyridine unit, thereby allowing for the formation of
molecules with the dimetal core "[Mz(pynp)zlz‘”". Ligands b-e possess two or more

coordinating domains that permit the synthesis of polymetallic arrays in the form of
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cyclic units or polymers. Ligands b (bptz) and ¢ (abpy) share some common features,
i.e., both can be envisioned as bis-pyridy! units joined by either one or two azo (tetrazine)
groups (scheme 1)."' The azo group possesses low lying * orbitals (LUMO) that are
suitable for promoting good electronic communication between metal centers.''

In the case of ligands d (tptaz) and e (tppz), the triazine and pyrazine rings are
known to provide a good m pathway for electronic or magnetic coupling. Both ligands
possess terpyridine coordination sites.'?

Each chapter in this dissertation describes the chemistry of a specific ligand and
its application in the design of tectons (building blocks) and their intended use in building
larger molecules. The dissertation is organized into four chapters including the

introduction.

A. Bipyridine-based ligands in Paramagnetic Arrays

Supramolecular Chemistry of polytopic bpy ligands

The design of arrays with the goal of exploring electronic or magnetic coupling
between metal centers has been under intense investigation in the last three decades.'
The synthesis of large heterocyclic receptors (ligands) with multiple coordination
domains (polytopic), has enabled chemists to design large molecules that exhibit new
properties as a result of cooperative effects between the constituent building blocks. An
excellent example of this approach can be found in the family of materials known as
metallodendrimers (Figure 3).'* Progress in this field requires the availability of

molecular components (building blocks) with well-defined structures and properties.
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Figure 3. Some examples of metallodendrimers.'?
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This approach has major drawbacks, namely multistep procedures similar to a typical
organic covalent approach, which results in low yields for the synthesis of large
molecules. The self-assembly of large organic molecules in living organisms takes place
thorough collective weak forces including ion-pairing,'” hydrophobic or hydrophilic
interactions,'® hydrogen-bonding,'” host-guest interactions,'® n—stacking,'9 and donor-
acceptor interactions.”’ By manipulating these supramolecular forces, the linkage of small

units (molecules) with useful characteristics to form large entities (supramolecular

Macroscopic conglomerate

Supramolecular assembly

Supramolecular

) '
array = new tecton

Increasing
Superstructural
Complexity

Supramolecular assembly

Building Block
(Tecton) = Primary structure

Figure 4. Supramolecular chemistry hierarchy18
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species) can be more efficiently achieved. Supramolecular chemistry is described as the
chemistry of the “intermolecular bond”, as defined by J. M Lehn.*'

The driving force in supramolecular chemistry is the self-assembly of larger
entities from specifically engineered smaller building blocks. Once these smaller entities
have been assembled, they may perform complex functions such as light harvesting,?
conversion of light into chemical®® or electrical energy®, or function as memory
devices.” Supramolecular systems are often categorized according to different levels of
hierarchy. Primary structure corresponds to small building blocks that are referred to as
tectons. In purely organic supramolecular structures, tectons aggregate via noncovalent
bonds to generate polymolecular aggregates called supermolecules. These
supermolecules can, in turn, associate with one another to render gigantic macroscopic

conglomerates (Figure 4).2%

Specific Supramolecular Interactions: Anions as Templates

As described in the previous section, non-covalent interactions (hydrogen
bonding, T stacking, van der Waals interactions, cation or anion interactions) play an
essential role in the assembly of supramolecular structures. Of particular relevance to this
dissertation is the use of anions as templates in the assembly of metallocyclophanes.
Templating is one of the more efficient procedures for self-assembly at the disposal of the
chemist. It involves the use of temporary or permanent ‘helper” species, of organic or
inorganic nature, to assist in the process of assembly. The vast majority of the template
effect cases reported in the literature are cation related.”” Among these, crown ether
chemistry is the most prominent. By comparison, the study of anion templates is much

less common, and there are relatively few cases reported in the literature to date.?®

11
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Chapter II describes self-assembly processes in which the divergent ligand, 3,6-bis
pyridyl-tetrazine (bptz) permits the self-assembly of metallocyclophanes of different
nuclearities. The bptz ligand is a bis-bipyridine chelate that is capable of assembling
metal cations into cyclic olygomers or polymers. The overwhelming factor in dictating
the outcome of the reaction was found to be the size and shape of the anion. The results
presented in Chapter II constitute an important contribution to the area of
metallocyclophane chemistry and underscore the role of the anion choice in forming a
specific nuclearity for cationic assemblies. It is important to point out that previous
research in the formation of cationic molecular square has not address the role of the

anion (scheme 2).

‘ Divergent Bridging
Ligand
With two trans
Divergent Metal Precursor binding sites

with six labile positions

Scheme 2.

B. Terpyridine ligands in Paramagnetic Arrays

Despite their outstanding photochemical properties, [M(bpy)s]** complexes
present two major drawbacks as building blocks for polymetallic arrays, namely stereo

and/or geometric isomerism. The use of ligands with the tpy (tpy = terpyridine)

12



coordination unit are advantageous from the geometric point of view, namely [M(tpy),]"™
complexes are achiral.” Synthetic tailoring of tpy based ligands has allowed chemists to
design ligands with multiple tpy binding sites. For example the tris-tpy ligand depicted in
Figure 1d forms large polymetallic arrays based solely on coordination bonds.>** The
main goal of this chemistry is the construction of nanosized components by a “bottom-
up” approach, i.e., beginning with molecular components. The molecules are highly
branched tree-like species commonly called dendrimers and are designed with specific
properties such as the capability to absorb visible light, to luminesce, or to undergo
reversible multielectron redox processes. Extensive research has been carried out in this
area’® with Ru(Il) and Os(II)3 ! being incorporated into building blocks called diads (two
metal centers) and triads (three metal centers) based on [M(tpy)zlz* type units that can

function as photosensitizers.

-

4+

Figure 5. Schematic drawing of the molecule [(tpy)Ru(tppz)Ru(tpy)]“.

One of the more important characteristics of metallo-tpy arrays is that they exhibit

mixed-valence behavior.>> For example, the complex [(tpy)Ru(tppz)Ru(tpy)]** with two

13
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equivalent Ru(II) centers (Figure 5)l7 exhibits two oxidation couples corresponding to
Ru(I)/Ru(ll) and Ru(III)/Ru(Ill) species. The large AE, value for the oxidation
processes is evidence for strong delocalization through the tppz ligand (Figure 2e) which
stabilizes the mixed valence state Ru(II)/Ru(III).

In addition to homometallic systems, multibranched ligands can be used to
synthesize heterometallic systems, e.g., [(tpy)Ru(tppz)IrC15)**."" In this case the
ruthenium center is the light absorbing site whereas the Ir(III) center is a catalytic center.
These types of mixed-metal systems present the possibility for developing
supramolecular complexes with widely varying functions due to the different metal
centers. In this manner, compounds with new properties that arise from cooperative
effects are being discovered.

As previously mentioned, polymetallic arrays often undergo multiple electron
redox processes. This versatility in redox chemistry can be envisioned as providing a
switching control, namely the possibility of tumning a particular intermolecular interaction
"on" or "off". Conceivably one could affect the strength of different binding sites by
means of redox chemistry, thereby allowing for control over variables such as nuclearity
or binding specificity towards a specific analyte (i.e., a sensor).*® Constable and
coworkers offer an excellent example of this approach wherein the nuclearity of a
complex depends upon the redox state of the chelated metal ion.*

One important aspect of supramolecular compounds based on coordination bonds
is that the presence of metal atoms in the building blocks generates new types of
molecular interactions, which are characteristic of inorganic systems. The self-assembly

approach for the design of metal-based supramolecules offers an alternative to the

14
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classical organic route, in which one building block is added in each step of the synthesis.
This process takes advantage of metal-ligand interactions that are fairly kinetically labile.
The resulting supramolecular entities are often obtained in high yields and require fewer
steps than equivalent covalent syntheses. The reversibility of the coordination bonds
present in the assembly contribute to a defect-free product because the intermediates are
in equilibrium with each other as the final, more thermodynamically stable compound is

being formed™

— n+
7 > & S\ y a
Tridentate 2N I — Tridentate
coordination NO— \ / coordination
site 7 site
7 _\ > VRN

I & L

D

H CCH !
Labile 3°CN\ /“ Labile
acetonitrile < HaCCN——M—NZ_ SN——M——NCCHg acetonitrile

molecules N/ \ / \ molecules
HaCCl AR NCCH; |
pa— N J

Figure 6. Schematic drawings of metal tppz building blocks.

Ligands based on the terpyridine binding motif have not been used extensively to
connect first row transition metals. Chapter III is devoted to the self-assembly of

paramagnetic metal ions of the 3d elements with the ligand tppz (Figure 2¢). The general
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goal is to probe the magnetic behavior of metal-tpy arrays. The tppz molecule, reported in
1959 by Lion and coworkers,”’ possesses two tpy coordination domains that allow for the
preparation of dimetallic or higher order metal-arrays. Three precursors of the type
[M(tppz);)[X], (where M = Co**, Fe?*, Ni** and X = [NO;J, [CIO4]", [PFe]" and [BF,])
were synthesized (Figure 6). They exhibit different degrees of electronic coupling
between the two tppz units ranging from complete delocalization (Class III) for

[Fe(tppz),2][ClO4]> to no electronic interaction at all in the case of [Ni(tppz)2][NOs]..

— —| 6+
/-\ N
(0] (0]
SR
H30HO—/Rh /R'1 OHCHj N\/T - top2
N
\,\l N\./N N\
I'N
~ R
N N ~NT N
N N
V4
Hsch\ B[ Rh———OHCH,§ o
N Nl
N NS
(o) o) = 0,CCH;,4
\_ o)

Figure 7. Schematic drawing of the molecule [Rh4(O,CCHj),(tppz),(CH;OH),][PF¢]¢.

The mononuclear building blocks [M(tppz)2]™* posses two dangling tpy binding
sites for further coordination to other metal ions. In addition to the electrochemical

behavior, some of the molecules exhibit interesting magnetic properties, for example
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[Co(tppz)2][PFs]2 exhibits spin crossover behavior. Besides the mononuclear compounds,
a dinuclear [Niy(tppz)(CH3CN)g][BFs] and a polymer of the form
[Coz(tppz)(CH3CN),CL][BF4][PF¢]l. were also synthesized and structurally
characterized.

An unexpected application for tppz is reported in chapter III, namely as a bridge
between two metal-metal bonded units (M-M). Earlier reports by Pruchnick and
coworkers®® indicated that two tpy ligands can bind to one dirhodium unit, viz, in the
compound [Rhz(0O,CCH3;)(tpy)2]Cl.. This result prompted us to attempt the use of tppz to
link two [Rh;]*" units, which we believed could occur to give and open structure. Instead
the linkage of two [Rh2(02CCH3)]3" units led to the formation of a molecular rectangle

composed of short Rh-Rh bonded sides and long Rh-tppz-Rh sides (Figure 7).

C. Dual Bipyridine/Terpyridine ligands

Terpyridine domain
[ )
z IN =z |N
) i
A X NéN X
' | , |
N
N Azo group F
Bipyridine domain
a b

Figure 8. Different functionalities in the ligands (a) 1,3,6-trispyridyl-triazine
(tptaz) and (b) 2-azo-bispyridyl (abpy).
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Chapter III also contains a brief account of the coordination chemistry of the
ligand 2,4,6-tris-pyridyl triazine (tptaz) with first row transition metals. The ligand can be
envisioned as being a combination of two different coordination motifs, namely bpy and
tpy (Figure 8a).

In this part of the chapter, we reported the syntheses of three mononuclear
compounds in which the metal is bound to the tpy domain and the bpy site is free to be
used to coordinate to other metal ions. Cyclic voltammetric studies reveal a rich
electrochemistry for these mononuclear complexes, the most interesting example being
the [Fe(tptaz)z]2+ compound which displays four reversible one-electron reductions, and

M The electrons added to the molecule are

an oxidation corresponding to Fe"—Fe
partially delocalized throughout the tptaz molecules as determined from the
electrochemical data. A few dinuclear compounds with this ligand have been reported,
but minimal characterization was reported.”® The inductive effect on the triazine ring with
binding of the first metal center decreases the basicity of the nitrogen atom of the open

coordination site, but the possibility of accessing reduced species will increase the

probability of coordinating a second metal. This will be explored in future studies.
D. Azopyridine based ligands in Paramagnetic Arrays

Chapter II includes a brief description of the synthesis and characterization of
dinuclear compounds with the ligand azo-2,2’-bipyridine (abpy) (Figure 8b) which
possesses low lying 7* orbitals based on high electron density located at the coordinating

N centers.*’ This characteristic allows the abpy ligand to function as a molecular bridge

between metal centers.*! Previous studies with metals such as Ru(ll) and Os(II) have

18
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revealed that there is strong electronic coupling (a large comproportionation constant, K,)

indicating good stability for the mixed-valence species with these metals.

Dinuclear complexes with the abpy spacer have a short distance between metal

centers as compared to ligands with similar coordination capabilities such as bptz

(chapter II), bpym and bppz. Another noteworthy aspect to consider is that the abpy can

be reduced to a stable radical spacer in coordination compounds e.g. in the compounds

[Cuz(u-n*-abpy--)(PhoP(CH2)sPPh,)][BF,]*2 and [Os(abpy:-)(Br)(CO)(PPhs)]** (Figure

10). Three different compounds were synthesized with this ligand, namely the dinuclear

compounds [Cuz(abpy)(CH3CN)g][BFs]s and [Niz(abpy)(CH3CN);]J[NOs]s and the

polymeric material [Cu(abpy):].

P p = PhyP(CH,)¢PPh,

Figure 9. Compounds with the radical form of the ligand abpy.

III. Naphthyridine

Compounds

Ligands

X PPh,
/ N/,II”, ", “‘“‘\\\CO
.... . ".‘t
05«
Nae \
’\\ Br
PPh,
7z |
39,40

Metal-Metal

Bonded

The realization of the existence of a quadruple bond in [ReClg]z' by F. A Cotton

and coworkers* marked a major event in the history of transition metal chemistry. Before
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Figure 10. Molecular orbitals for M-M species.
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this fundamental discovery, a debate regarding the existence of M-M bonding had been
going on for nearly ten years. Originally, the determination of the X-ray structure of
[Rez(CO)jo] by Dahl, Ishishi and Rundle in 1957 45 provided evidence of the existence of
the M-M bond with bridging groups between the metal centers, but the elucidation of the
X-ray structure of [Re2C]3]2’ led to the realization that low valent metals can form very
short, unbridged contacts in their compounds. This fact has been born out in thousands of
other examples of M-M bonded compounds that have been prepared since the 1960's.* A

simple model of the atomic orbital overlap to form molecular orbitals in M-M

compounds is shown in Figure 10.

2'0'
N N
/Rfm g =/IN:

f
N
i_

(o)
— ( ="0,CCH;
()]

Figure 11. Schematic drawing of the series [M2(02CCH3)2(pynp)2]2+ M =Mo(Il),
Ru(II) and Rh(II)).

From the early 1960's, and continuing to the present day, there has been a great
deal of interest in M-M bond chemistry, much of it being conducted with carboxylate,

phosphine and halide ligands. We noted that there has been comparatively little M-M
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chemistry with non-innocent ligands such as polypyridyl (bpy, terpy etc.,) and related
ligands.*’ Even less research has been performed with ligands such as naphthyridine and
its derivatives, presumably because they are not commercially available and their
syntheses are not trivial. As part of the dissertation, the ligand pynp 2-(2-pyridyl)-1,8-
naphthyridine (pynp) was synthesized and use to prepare three dinuclear compounds that
comprise a homologous series, namely [Mz(OZCCH3)2(pynp)z]2+ (Figure 11).

Chapter IV of this dissertation describes the syntheses and characterization of
metal-metal bonded compounds of pynp that show unusual redox behavior. These may
be envisioned as building blocks that could be taken to the next hierarchical level, e. g., a
cyclic oligomer. The electrochemical behavior of the [Mz(OzCRz)z(pynp)Z]Z* series is
quite different than that exhibited by their carboxylate counterparts [M(O2CR)4]*
(where M = Mo**, Ru®*, Rh?*) which do not display a rich redox chemistry. This series
exemplifies the three different cases of mixed-valence behavior on the Robin-Day scale.'’
[Ruz(OAc),(pynp)2][PFs]2 displays Class III behavior with the electrons being completely
delocalized over the two pynp units; [Mo(OAc)(pynp).][BFs]: displays class II
behavior, with the four electrons being partially delocalized, and finally
[Rhy(OAc)2(pynp)2][BF4): is a fully localized system (class I).

These compounds represent unprecedented building blocks for the construction of
supramolecular metal-metal compounds through substitution of the equatorial
carboxylate ligands (Figure 12)*® with the appropriate linker. A macrocycle that

incorporates redox active M-M units is expected to exhibit unusual electronic properties
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not observed in metal-metal compounds with ligands that do not promote delocalization

of electrons between the metals and the ligands.
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Chapter 11

Coordination Chemistry of Nitrogen Heterocycles with

Bis-Bypyridine Functionalities.
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I. Introduction

The self-assembly of metal cations with nitrogen heterocyclic bridging ligands is
a central theme in supramolecular chemistry aimed at developing light-harvesting

assemblies of electronically coupled metal centers.'***

Applications of metal complexes
with delocalized 7-ligand systems include their use as electron “propagating”
components for inner-sphere electron-transfer reactions between metals,” as building
blocks for magnetic materials,’ models for metalloenzymes,’ and precursors to low-
dimensional conducting polymers.® One such ligand that bears promise for such
applications is 3,6 bis(2-pyridyl)tetrazine (bptz), (Figure l3a).9 It has been noted that

metal-coordinated bptz can be reduced to form stable anion radicals and that the metals

are strongly coupled through the both the neutral and reduced forms of the ligand.'®

N=
(a) (b)

Figure 13. Schematic drawing of (a) 3,6 bis(2-pyridyl)tetrazine (bptz) and
(b) 2,2’ bispyridyl azo (abpy).
Studies in our laboratories,'' have revealed another application for the bptz
molecule, namely as a cis-directing, bis-bipyridine chelate that promotes the self-
assembly of cyclic oligomers with metal ions.!' The high interest in cyclic molecules or

Mmetal Jocyclophanes as they are often called, stems from their promise in host-guest
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12a,b

chemistry,'2*® photochemistry'?*® and catalysis.'** A number of successful methods have

been used to prepare cyclic molecules based on transition metals, most notably the use of
late transition metal, square-planar metal complexes to prepare molecular squares.'> '
One obvious region of the periodic table for expanding molecular square
chemistry is in the octahedral cations of the first-row transition series."> Our goals are to
explore this possibility and to understand how self-assembly between these relatively
labile metal cations and multidentate ligands is controlled. A main parameter that
influences the outcome of these self-assembly reactions is the rigidity of the linkers, as
well illustrated by the synthesis of molecular grids.'® In some cases, however, two or
more products ensue from a single metal/ligand stoichiometry. The structure of the
product can be difficult to predict because it depends on subtle factors'’ such as

a

interligand stacking interactions,'’* or the participation of non-convalently bonded

8 or anions'’ as templates in the assembly process. In the present chemistry, the

cations'
formation of molecular squares is evidently controlled to some extent by the anions
which act as templates.”

This chapter describes a new family of molecular squares of general formula
[My(bptz)s(CH;CN) ] (M = Ni** or Zn*) along with the pentagon
[Nis(bptz)s(CH3CN),0]'°+. In addition to extensive characterization by mass spectroscopy,
single crystal X-ray data were used to verify structures for Ni** and Zn** compounds.
Among the new compounds prepared are unprecedented, partially solvated squares and
pentagons. The difference between obtaining one product versus another was shown to be

entirely on the choice of counterion. It was also demonstrated that, under certain

conditions, one can obtain dimers and polymers from the same reactions that lead to the
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squares. These results are incontrovertible evidence that the self-assembly reactions of
metal ions with bptz are controlled by subtle factors.

In addition to bptz chemistry, reactions of the related ligand abpy (Figure 13b)
were also explored. The azo group permits good electronic coupling between metal
centers,? and, in light of the presence of low lying 7* orbitals, a facile reduction of azo
compounds is favored. The possibility of ligand reduction has prompted researchers to
use abpy as a radical linker in coordination compounds which is advantageous for
improving magnetic superexchange.?' Three compounds were isolated and characterized
in this work, namely two dinuclear compounds of Ni(II) and Cu(II), and a polymer Cu(I).

Characterization of the new compounds in this chapter by X-ray crystallography,
cyclic voltammetry, spectroscopic techniques, and magnetic measurements is presented.
In some cases, electrospray mass spectroscopy was used in lieu of a crystal structure to

characterize the products.

II. Experimental Section

Methods and Starting Materials.

All operations were carried out under a nitrogen atmosphere using standard
Schlenk-line techniques. All solvents were pre-dried over 4 A molecular sieves with the
exception of acetonitrile, which was pre-dried over 3 A molecular sieves. Diethyl ether
and toluene were freshly distilled over Na/K, and methylene chloride was distilled over
P,0s. The starting materials [Ni(H,0)s][C104]; [Ni(H20)6][NOs]; and [Zn(H,0)][C10,],
were purchased from Aldrich and used as received. The precursors [Ni(CH;CN)s}[BF,],,
[Mn(CH;CN)4][BF4]2, [Cu(CH3CN)4][BF4, [Ni(CH;CN)g][SbF],, and

[Zn(CH;CN),][BF4]; were synthesized by published methods.”? The bptz ligand was
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prepared from a literature method® and recrystallized from benzene. The abpy ligand was
synthesized as reported with minor modifications.”

Physical Measurements.

The 'H, "B, and '°’F NMR spectra were recorded on either a XL-300 or XL-
400 Varian NMR spectrometer. IR spectra were measured on a Nicolet 740 FT-IR
spectrometer as Nujol mulls on KBr plates. Magnetic susceptibility measurements were
obtained with the use of a Quantum Design SQUID magnetometer MPMS-XL (housed in
the Department of Chemistry at Texas A&M University). Measurements were performed
on a finely ground polycrystalline sample. Data were corrected for the sample holder and
diamagnetic contributions were calculated from Pascal constants.”* Positive ion
electrospray mass spectra were acquired using a Sciex Qstar Pulsar with a Protana
Nanospray ion source. Data were acquired with TOFMA 2.0RC3 and analyzed with
BioiMultiView 1.SRC3. Acetonitrile solutions of the metal complexes were diluted to
approximately 10 uM, and a 7.0 pl was loaded into a Au/Pd coated, silica spray needle.
Ionspray voltage was set between 900 and 1200 volts. Theoretical isotope ratio
calculations were performed using ISOPRO3.0 (Senko, M. Sunnyvale, CA,
http://members.aol.com/msmssoft/)
[Niy(bptz)(CH3CN)][BF 415 (1).

The salt [Ni(CH3CN)s][BF,;], (100 mg, 0.209 mmol) was dissolved in 20 mL of
acetonitrile and treated with solid bptz (50 mg, 0.209 mmol) under nitrogen. Over the
course of 1 hour, the solution changed from a pale blue to a dark brown-green color. The
solution was stirred overnight and then layered with toluene to yield crystals of

[Nis(bptz)s(CH3CN)g][BF,]3"4CH;3;CN within a three-day period; yield, 105 mg (84%). IR
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(KBr mull) cm™: 3457 (s), 2321 (w), 2320 (w), 1605 (w), 1458 (vs), 1407 (s), 1376 (m),
1263 (w), 1068 (vs), 791 (w), 736 (w), 721 (w), 611 (w). '°F NMR 52.73 ppm (br,s), ''B
0.18 ppm (s). ES-MS: m/z =1780 ([Nia(bptz)s][BF]7)*, 878 ([Nis(bptz)s][BFsle)**.
[Zny(bptz)4(CH;CN)s] [BF4]5 (2).

The reagent [Zn(CH;3;CN)][BF,], (150 mg, 0.309 mmol) was dissolved in 20 mL
of acetonitrile, and bptz (73 mg, 0.309 mmol) solid was added under nitrogen. During a 1
hour stirring period, the solution changed from a colorless to an orange color. The
solution was stirred for an additional 12 hours without further change, and then layered
with CH,Cl, to yield crystals of [Zn4(bptz)4(CH3CN)g][BF,]g-4CH;CN within a three-day
period; yield; 125 mg, (67%). IR (KBr mull) cm’': 3400 (w,br), 1607 (w), 1504 (m, br),
1460 (w), 1404 (w),1377 (w), 1054 (s, b), 721(w). '"H NMR 9.25 ppm (d), 8.55 ppm (1),
8.30 ppm (t), 8.10 ppm (d), 2.67 ppm (s) ''B NMR -0.25 ppm (weak) (s), -1.60 ppm
(intense) (s), F NMR. -151.2 ppm (weak) (s), -151.2 ppm (intense) (s). ES-M.S: m/z =
1868; ([Zn(bptz)][BFs)3)*, 621.9; ([Zn(bptz)][BF,])*, 386.01
[Niy(bptz)4(CH3;CN)gl[C104]5 3).

The salt [Ni(H,0)][ClO4); (100 mg, 0.309 mmol) was dissolved in 20 mL of
acetonitrile and treated with solid bptz (73 mg, 0.309 mmol) under anaerobic conditions.
Over the course of 1 hour, the solution changed from a light green to a dark brown-green
color. The solution was stirred overnight. Crystals of
[Nig(bptz)4(CH3CN)g][ClO4]5:3CH3CN-C4HgO can be isolated by either layering the
reaction solution with toluene or by slow diffusion of diethyl ether or THF into
acetonitrile; yield, 120 mg (62 %). IR (KBr mull) cm™: 2320 (w), 2318 (w), 2072 (w),

1603 (w), 1460 (s), 1377 (m), 1405 (w), 1261 (w), 1098 (br,s), 798 (w), 722 (w). ES-
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MS: m/z = 1868; ([Nig(bptz)s]J[ClO4];)*, 1376; ([Nis(bptz);][ClO4)s)*, 1140;
([Ni3(bptz)2][C1O4]s)", 884.9; ([Nia(bptz)2][Cl0413)", 629; ([Ni(bptz);][C104])".
[Zny(bptz)4(CH3CN)g][C1O4]5 (4).

The salt [Zn(H;0)6][ClO;]> (100 mg, 0.269 mmol) was dissolved in 20 mL of
acetonitrile and treated with bptz (64 mg, 0.269 mmol) under anaerobic conditions to
yield an orange solution within 1 h. The solution was stirred overnight. Crystals of
[Zn4(bptz)4(CH3CN)3][ClO4)s-3CH3CN were obtained within 2 days by slow vapor
diffusion of diethyl ether into an acetonitrile solution of the compound; yield, 60 mg
(36%). IR (KBr mull) cm™: 3342 (w,br), 1604 (w), 1402 (w), 1377 (w), 1260 (w) 1098
(s, br), 959 (w), 790 (w), 721(w). '"H NMR 9.26 ppm (d), 8.56 ppm (t), 8.35 ppm (t), 8.16
ppm (d), 2.65 ppm (s). ES-MS: m/z = 1893; ([Zn4(bptz)s][ClO4}7)*, 1656;
([Zna(bptz);][ClO4)7)*, 1161.8; ([Zna(bptz)s][ClOs]7)", 1630.8; ([Zn3(bptz)a][CIO4Js)",
1531.9; ([Zn3(bptz)4][C104]4)", 1394.7; ([Zn3(bptz)3][C104)s)", 1295;
([Zn3(bptz)3][Cl04)a)*, 1097.9; ([Zn3(bptz)3)[Cl0412)", 1132.9; ([Zny(bptz)s][Cl04]s)",
896.9; ([Zn2(bptz)][ClO4]3)", 660; ([Zn2(bptz)][C104]3)", 635; ([Zn(bptz)2][ClO4]) *.
[Nis(bptz)s(CH3CN)10][SbF¢]10 (6).

The salt [Ni(CH;CN)][SbF¢], (250 mg, 0.322 mmol) was dissolved in 40 mL of
acetonitrile and treated with bptz (77 mg, 0.322 mmol) under anaerobic conditions. Over
the course of 1 hour, the solution changed from a pale blue to a brown-green color. The
solution was stirred overnight and then layered with toluene to yield crystals of
[Nis(bptz)s(CH3CN);0][SbF¢]10:2CH3CN (6) within a three day period; yield, 240 mg
(82%). IR (KBr mull) cm™: 2320 (w), 2319 (w), 1605 (w), 1303 (w), 1263 (w), 1153 (w),

1082 (w), 1022 (w), 970 (w), 789 (w). ES-MS: m/z =3584; ([Nis(bptz)s][SbFe]s)",
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1674.6; ([Nis(bptz)s][SbFs]s)", 1528.7; (INis(bptz)s][SbFs]s)**, 1528.8;
([Niz(bptz)3][SbFs]3)", 1292.7; ([Nix(bptz);][SbFs]3)*, 1057.8; ([Nix(bptz),][SbFel,)".
{{Mn(bptz)(CH;CN),I[BF],}., (7).

[Mn(CH;CN),][BF,], (290 mg, 0.74 mmol) was dissolved in 40 mL of acetonitrile
and treated with bptz (174 mg, 0.61 mmol) under anaerobic conditions. Over the course
of 1 h, a pale red precipitate began to form. The solution was stirred overnight, and a

reddish powder of {[Mn(bptz)2(CH;CN),][BF,]}.. was collected by vacuum filtration

under anaerobic conditions; yield, 123 mg (36%). IR (KBr mull) cm’': 2724 (w), 1605
(w), 1401 (w), 1376 (s), 1259 (w), 1062 (s, br), 722 (w).
2,2’ Azo-Bipyridine (abpy).

The abpy ligand was synthesized as reported with some modifications.” The
reagent 2-aminopyridine (5.0 g, 0.027 mol) was dissolved in 200 mL of water and the
solution was cooled by placing it in an ice bath for one hour. This cold solution was
slowly added to 600 mL of chilled NaOCl 5% aqueous. Once the two solutions are
mixed, the reaction mixture developed a bright orange color within 5 minutes. The
solution was stirred for one hour,'aftcr which time the bright orange solution was
extracted with copious amounts of diethyl ether. The diethyl ether solution was dried over
MgSO,, and the solvent was removed on a rotary evaporator. The orange solid was
redissolved in hot hexanes and allowed to cool slowly. Orange crystals were obtained,;
yield 1.20 g (24 %). UV-Vis (acetonitrile, nm, ¢ = 2.72 x 10*M): A = 450, € = 4.8 x10?

L(mol-cm)™; A = 361, € = 1.47 x 10* L(mol-cm)™'; A = 203, € = 5.29 x 10> L(mol-cm)"".
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[Niz(abpy)(CH3CN),][NOs]4 (12).

A sample of [Ni(H20)6][NOs]; (100 mg, 0.34 mmol) was dissolved in 30 mL of
acetonitrile in a beaker. The pale green solution was stirred until the entire solid had
dissolved, after which time a quantity of abpy (32 mg, 0.17 mmol) was added. The
solution, which immediately changed to an intense green color, was stirred for 4
additional hours and then concentrated to 10 mL. Slow vapor diffusion of diethyl ether
into the reaction solution afforded dark green crystals within 6 days; yield, 80 mg (75%).
IR (KBr mull) cm™: 2724 (w), 1620 (w), 1147 (w), 1039 (w), 1022 (w), 801 (w), 722 (w).
UV-Vis (acetonitrile, nm, ¢ = 9.8 x 10'6M): A =344, ¢=1.8 x10* L(mol-cm)".
[Cuz(abpy)(CH3CN)g][BF4l4 (13).

The salt [Cu(CH3CN)4][BF4]2 (100 mg, 0.25 mmol) was dissolved in 20 mL of
acetonitrile and treated with abpy (22 mg, 0.12 mmol) which led to an instantaneous
color change from a blue to a pale green color. The reaction mixture was stirred
overnight, after which time the solution was concentrated and treated with diethyl ether to
the point of saturation. The solution was then placed in the freezer, and within 5 days
green crystals were obtained; yield, 82 mg (80%). IR (KBr mull) cm™: 2724 (w), 2296
(w), 2323 (w), 1589 (w), 1261 (w), 1229 (w), 1027 (br,s), 805 (w), 722 (w). UV-Vis

(acetonitrile, nm, ¢ = 8.0 x 10°M): A = 351, € = 2.7 x10* L(mol-cm)™'; A = 230, € = 1.98

x 10* L(mol-cm) ™.
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Data Collection and Refinement.

The X-ray data were collected on a SMART 1K area detector diffractometer
equipped with graphite monochromated Mo Ka radiation (Aq = 0.71073 A). The frames
were integrated in the Siemens SAINT? software package and the data were corrected
for absorption using the SADABS program.26 The structures were solved using the
direct-methods program SHELXS-97.*" Crystal parameters and basic information
pertaining to data collection and refinement are summarized in Table 1
[Nis(bptz)4(CH3CN)s][BF4]s:4CH3CN (1).

Crystals of [Nis(bptz)s(CH3CN)g][BF4]g-4CH3CN were grown by slow diffusion
of toluene into an acetonitrile solution of the title compound. A dark green prism of
dimensions 0.05 x 0.12 x 0.25 mm® was secured on the tip of a glass fiber with Dow
Corning silicone grease and cooled to 173(1) K in a cold N(g) stream. A total of 24786
reflections was collected, 16456 of which were unique. Five out of the eight [BF,] ions
were disordered, therefore restraints for chemically equivalent distances (B-F = 1.37A)
were applied. Displacement parameters of related fluorine positions were equated by
means of constraints in order to minimize variables since the [BF;]" anions exhibit
positional/rotational disorder patterns. The extensive disorder accounts for the slightly
higher than usual R factors. The final full-matrix refinement was based on 9444 observed
reflections with Fo>46(Fo) that were used to fit 1554 parameters to give R1 = 0.0831 and

wR2 = 0.1957. The goodness-of-fit index was 1.026 and the highest peak in the final

difference map was 1.182 e/A’,
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[Zny(bptz)s(CH3CN)s][BF4]s4CH3CN (2).
Single crystals of [Zn4(bptz)s(CH3;CN)g][BF4]s:4CH3CN were obtained by slow

diffusion of dichloromethane into an acetonitrile solution of the title compound. A light
orange platelet of dimensions 0.11 x 0.09 x 0.24 mm? was mounted on the tip of a glass
fiber with Dow Corning silicone grease and cooled to 110(1) K in a cold N,(g) stream. A
total of 63108 unique reflections was collected of which 24635 were unique. Two of
eight of the [BF,] ions were disordered, therefore restraints on chemically equivalent B-F
(1.37 A) bonds were applied. Displacement parameters of related fluorine atoms were
constrained to minimize parameters. The final refinement was based on 13131 reflections
with Fo>40(F)) that were used to fit 1394 parameters to give R1 = 0.0695 and wR2 =
0.2017. The goodness-of-fit index was 1.035 with the highest peak being 1.681 e/A>.
[Nig(bptz),(CH3;CN)3][C104]s:2CH3CN-C,H30 (3).

Crystals of [Nis(bptz)s(CH3CN)g][ClO04)s:2CH3CN-C4HgO were grown by slow
vapor diffusion of THF into an acetonitrile solution of the compound. A dark green prism
of dimensions 0.11 x 0.08 x 0.02 mm® was secured on the tip of a glass fiber with Dow
Coming silicone grease and placed in a cold Na(g) stream at 110(1) K. Of the 79465
reflections that were collected, 25404 were unique. The final refinement was based on
9335 reflections with Fo>46(F,) that were used to fit 1384 parameters to give R1 =
0.0641 and wR2 = 0.1584. Restraints for the chemically equivalent distances were
applied to the one disordered [ClO4] (C1-O = 1.44 A). The displacement parameters of
related OXygen positions were equated by means of constraints in order to minimize
Variables. The goodness-of-fit index was 0.9 and the highest peak in the final difference

Map was 1.541 747,
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[Zny(bptz)4(CH3;CN)3][ClO4)s:3CH3CN (4).
Light orange, single crystals of [Zn4(bptz)s(CH3CN)g][ClO4)s:3CH3CN were

grown by slow vapor diffusion of diethyl ether into a solution of the compound in
acetonitrile. A platelet crystal of dimensions 0.1 x 0.25 x 0.03 mm” was placed on the tip
of a glass fiber with Dow Corning silicone grease and placed in a cold stream at 110(1)
K. A total of 44125 reflections was collected of which 7997 were unique. Atoms C(19),
C(20), C(33) and C(34) were heavily disordered, and were, therefore, refined
isotropically. In addition, four of the eight [ClO4] ions were disordered, and restraints on
their distances were applied (C1-O 1.44 A). The final refinement was based on 4776
reflections with Fp>40(F,) that were used to fit 731 parameters to give R1 = 0.0764 and
wR2 = 0.2218. The goodness-of-fit index was 1.024 and the highest peak in the final

difference map was 1.410 e/A™. The extensive disorder accounts for the higher than

usual R factors.
[Ni2(bptz)(CH3CN)s][C104]4 (5).

Single crystals of [Ni,(bptz)(CH3CN);][ClO4]s were obtained by slow evaporation
of a filtrate obtained after harvesting a bulk sample of [Nis(bptz)s(CH3CN)g][ClO4ls. A
Pale green needle of dimensions 0.25 x 0.03 x 0.05 mm® was mounted on the tip of a
glass fiber with Dow Coming silicone grease and placed in a cold Nx(g) stream at 110(1)
K. The data set included 4433 reflections of which 3371 were unique. The final
refinement was based on 1968 reflections with Fo>40(Fp) that were used to fit 318

Parameters to give R1 = 0.0648 and wR2 = 0.1538. The goodness-of-fit index was 0.957

With the highest peak being 0.733 e/A .
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[Nis(bptz)s(CH3CN);0][SbF¢]10°2CH3CN (6).

Crystals of (6) were grown by slow diffusion of a acetonitrile solution of
[Nis(bptz)s(CH3CN),][SbFs]io into dichloromethane. A green prism of approximate
dimensions 0.13 x 0.2 x 0.05 mm’ was secured on the tip of glass fiber with Dow
Corning silicone grease and placed in a cold Ny(g) stream at 110(1) K. A total of 36580
reflections was collected of which 12327 were unique. Four of the ten [SbF¢] ions were
disordered and therefore required modeling in several orientations. Constraints on the Sb-
F distances were applied (1.88 A). Furthermore, the displacement parameters of related
fluorine positions were equated by means of constraints in order to reduce parameters.

The atoms Sb(l1), F(1), F(2), F(3), F(4), F(5) and F(6) were refined isotropically. The
final refinement cycle was based on 8016 reflections with Fo>40(Fp) that were used to fit
891 parameters which led to R1 = 0.1160 and wR2 = 0.3645 and a goodness-of-fit of
1.069. The highest peak in the final difference map is 4.551 /A and is associated with a
disordered [SbFs]" anion. The extensive disorder accounts for the higher than usual R
factors.

{IMn(bptz);(CH;CN),[BF 4]} (7).

Crystals of {[Mn(bptz),(CH;CN),][BF,];}.. were grown by slow diffusion of a
acetonitrile solution of [Mn(CH3CN),][BF,]; into a dichloromethane solution of bptz. A
]ight-orange platelet of approximate dimensions 0.2 x 0.1 x 0.02 mm® was secured on the
Up of a glass fiber with Dow Corning silicone grease and placed in a cold N(g) stream at
110 (1)K. A total of 12882 reflections was collected of which 4480 were unique. The
final least-squares refinement of 382 parameters based on 2339 reflections with

F"">4(’(FO) resulted in residuals of R1 = 0.0666 and wR2 = 0.1744 and a goodness-of-fit
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index of 0.951. The final difference Fourier map revealed the highest peak to be 1.711 ¢’
1A%,
[Nig(bptz)s(CH3CN)s][BF,][PF¢]s[SbFla (8).

Single crystals of [Nis(bptz)s(CH3CN)g][BF4][PF¢]3[SbFeg)s were grown by slow
diffusion of a solution of [Nis(bptz)s(CH3CN),0][SbFs]io in acetonitrile into a solution of
toluene that contained a mixture of [TBA][BF,] and [TBA]PFs. Single crystals grew over
a period of two weeks in a sealed glass tube of Smm diameter. A crystal of dimensions
0.15 x 0.8 x 0.05 mm® was secured on the tip of a glass fiber with Dow Corning Silicone
grease and placed in a cold Ny(g) stream at 100(1) K. A total of 5030 reflections was
collected of which 3459 were unique. The highest peak in the final difference map was
1.561 e/A>. All of the anions present in the structure are disordered, thus restraints on
chemically equivalent distances (B-F 1.409A, Sb-F 1.820A, P-F 1.622 A) were applied.
The tetraflouroborate anion displays a two-way positional/rotational disorder for the
fluorine atoms. In addition, the B(l) atom is disordered over two different positions.
Fluorine atoms F(7), F(8), F(9) coordinated to Sb(2) are involved in a two-way positional
disorder; therefore, the displacement parameters of the opposite fluorine positions were
€quated by means of constraints in order to minimize variables. In the case of the [PFg]
anion, the displacement parameters of related fluorine atoms were also constrained. The
final refinement cycle was based on 3459 reflections with Fo>406(Fp) that were used to fit
419 parameters which led to R1 = 0.0765 and wR2 = 0.1075. The goodness-of-fit index
Was 1.030, and the highest peak in the final difference map was 1.25 e/A>. Extensive

disorder accounts for the slightly higher than usual R factors.
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[Nis(bptz)4(CH3CN)s][C104][104],2CH3CN (9).

Crystals of the product were grown by slow diffusion of a acetonitrile solution of
[Nig(bptz)4(CH3CN)g][ClO4)s into a toluene solution containing a large excess of
[BusN][IO4]. Crystals grew at the interface of the two solvents within two weeks. A pale-

3

brown rectangular crystal of dimensions 0.3 x 0.1 X 0.06 mm” was mounted on the tip of

a glass fiber with Dow Corning silicone grease and placed in a cold Ny(g) stream at
100(1) K. A total of 35238 reflections was collected of which 8434 were unique. Atoms
C(34), C(32), O(6A) and O(8A) were heavily disordered, and were therefore refined
isotropically. In addition, four of the [IO4] anions are involved in a two-way
positional/rotational disorder. Restraints on I-O distances were applied (1.710 A). The
displacement parameters of related oxygen atoms were constrained to be equivalent in
order to minimize variables. The final refinement cycle was based on 3996 reflections
with Fo>40F, that were used to fit 727 parameters; this produced residuals of R1 =
0.1063 and wR2 = 0.2895. The goodness-of-fit index was 1.161, and the highest peak in
the final difference map was 1.25 e/A’. The extensive disorder accounts for the higher
than usual R factors.

[Cobopd);(H;0)1[PFl: (10).

Crystals of [Co(bopd)(H20),][PFe]; grew as a side-product from the 1:1 reaction
between [Co(CH;CN)][BF,]. and bptz. Slow diffusion of the reaction mixture into a
toluene solution saturated with [TBA][PF¢) afforded crystals of (10) within one week. A
brown platelet of dimensions 0.06 x 0.1 x 0.09 mm® was secured on the tip of glass fiber

With Dow Corming silicone grease and placed in a cold N(g) stream at 110(1) K. Full-

matrix least-squares refinement of 2950 reflections with Fo>40(Fo) observed reflections
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using 727 parameters produced residuals of R1 = 0.0561 and wR2 = 0.1275. The
goodness-of-fit index was 1.020, and the highest peak in the final difference map was
0.548 /A,

[Cu(bopd)2(H,0):][BF4]; (11).
Crystals of [Cu(bopd),(H20).][BF,], were obtained by slow diffusion of a 1:1

ratio of [Cu(CH3CN),4][BF.], and bptz in acetonitrile with toluene. A single green platelet
of dimensions 0.15 x 0.13 x 0.08 mm’® was mounted on the tip of glass fiber with Dow
Coming silicone grease and placed in a cold Ny(g) stream at 110(1) K. The final
refinement cycle was based on 2607 reflections with Fo>40(Fp) that were used to fit 727
parameters. The final R values are R1 = 0.0582 and wR2 = 0.1586. The goodness-of-fit

index was 1.092, and the highest peak in the final difference map was 0.595 e /A°.

[Niz(abpy)(CH3CN).][NOsl4 (12).

Crystals of the product were grown by slow vapor diffusion of diethyl ether into
an acetonitrile solution of the title compound. A dark brown prism of dimensions 0.2 X
0.32 x 0.13 mm® was secured on the tip of a glass fiber with Dow Corning silicone grease

and placed in a cold Nx(g) stream at 110(1) K. A total of 8160 reflections was collected

of which 3252 were unique. The final refinement cycle was based on 2815 reflections
With Fo>4.6(F,) that were used to fit 199 parameters which led to R1 = 0.0416 and wR2 =
0.1054. The goodness-of-fit index was 1.087, and the highest peak in the final difference
Mmap was 1.337 e7/A°.

[Cux(abpy)(CH,CN)sI[BF s (13)
Light green platelet crystals of [Cuy(abpy)(CH3;CN)g][BFy]s were obtained by

Placing an acetonitrile solution of the compound in the freezer at 4 °C for a week. A
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light green platelet was secured on the tip of a glass fiber with Dow Corning silicone
grease and placed in a N(g) stream at 110(1) K. The data collection involved a total of
7358 reflections of which 3484 were unique. The final refinement cycle was based on
2907 reflections with Fy>46(Fp) that were used to fit 298 parameters which led to R1 =
0.0750 and wR2 = 0.2053. The goodness-of-fit index was 1.058, and the highest peak in
the final difference map was 1.121 e/A°.
{[Cu(abpy),](BF4]}. (14).

Crystals of {[Cu(abpy),][BFs]}~ grew over the period of three weeks from a
solution of (13) layered with toluene. The crystals formed as dark green needles on the
edges of the glass tube. A green needle of dimensions 0.05 x 0.03 x 0.12 mm’® was
covered with Paratone oil, secured on the tip of a glass fiber with Dow Coming silicone
grease, and placed under a Ny(g) stream at 110 (1)K. A total of 11151 reflections was
Collected of which 2040 were unique. The final refinement cycle was based on 1096
reflections with Fo>46(F) that were used to fit 181 parameters which led to R1 = 0.0861
and wR2 = 0.2055. The goodness-of-fit index was 0.987, and the highest peak in the final
difference map was 1.361 e/A>.

[Ny (bptz)«(CH;CN)sI][SbFels (15).
Single crystals of [Nis(bptz)s(CH3CN)g](I][SBF¢}; grew over the period of one
Month from a solution of [Nis(bptz)s(CH3CN),0][SBFe]io in acetonitrile that had been
layered with a toluene solution saturated with [BusN]I. A light brown prism of
approximate dimensions 0.1 x 0.08 x 0.2 mm® was mounted on the tip of a glass fiber
with Dow Corning silicone grease and placed in a cold N;(g) stream at 110 (1)K. A total

of 19922 reflections was collected, of which 5202 were unique. The final refinement
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cycle was based on 4618 data points with Fp>40(Fp) that were used to fit 396 parameters
which led to R1 = 0.0741 and wR2 = 0.2283. The goodness-of-fit index was 1.092, and

the highest peak in the final difference map was 2.094 e/A’.

I11. Results and Discussion.

A. Self-Assembly of Molecular Squares.

A.1. Syntheses of [M4(bptz)s(CH3CN)s][X]s (M = Ni** and Zn**) Compounds.

tonitril
[M(CH,CN)Gl[X], + bptz (M (bpt2)a(CHyCN)g][X g (Eq.2)

4-8 hours

M =Ni** ; X = [BF,] : 70-80%
M =Ni** ; X = [CIO,] : 60-65%
M = Zn®* ; X = [BF,] : 60-67%
M =Zn* ; X<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>