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ABSTRACT: In modern coordination chemistry, supramolecular coordination
complexes take advantage of ligand design to control the shapes and sizes of such
architectures. Here we describe how to utilize starting building blocks and a
multifunctional ligand to rationally design and synthesize different types of discrete
assemblies. Using a hydroxamate ligand featuring two pair of chelating sites
together with half-sandwich iridium and rhodium fragments, we were able to
construct a series multinuclear organometallic macrocycles and cages through
stepwise coordination-driven self-assembly. Experimental observations, supported
by computational work, show that selective coordination modes were ascribed to
the significant electronic density differences of the two chelating sites, (0,0") and
(N,N’). The results underline the advantages of the discrimination between soft
and hard binding sites, and suggest that hydroxamic acids can be used as a versatile
class of facile multifunctional scaffold for the construction of novel two-dimensional

and three-dimensional architectures.

B INTRODUCTION

Over the past decade, considerable progress has been made in
the chemistry of supramolecular coordination complexes
(SCCs)."~* A large number of discrete two-dimensional (2D)
metallacycles and 3D metallacages displaying intriguing
structures with well-defined shape- and size-tunability* and
promising applications’ have been prepared by design, using
metal—ligand bonds. To achieve predictable architectures, the
self-assembly process has to be optimized by taking into
account inherent preferences for particular coordination
geometries and binding motifs, which are “encoded” in certain
molecules depending on the metals and functional groups
present.’ Thus, it is vital to make a judicious choice of metal-
containing subunits and organic ligands with multifunctional
groups.

Often, multidentate ligands are used to create architectures
of increasing scale and complexity, but it is difficult to design
and control the shapes and sizes of target structures.” This is
especially true if selective coordination are required. According
to the hard and soft acids and bases theory (HSAB), one
promising method is to explore a ligand with two or more
binding sites, which have significantly electronic density
differences.” Hydroxamic acids, a very important family of
chelating bioligands, have been widely investigated in both
coordination chemistry and chemical biology.” However, only a
few examples of these hydroxamic acid ligands have been used
as building blocks to construct 2D metallacycles or 3D
metallacages.'” This is surprising considering that such ligands
are easily accessible, and especially a-aminohydroxamic acids'’
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can function as a rigid bridging ligand with two different types
of chelating sites, (0,0’) and (N,N').

In recent years, organometallic half-sandwich fragments
Cp*M (M = Ir, Rh; Cp* = 5’-pentamethyl-cyclopentadienyl)
and (p-cymene)Ru have proven to be versatile metal-containing
subunits for the construction of supramolecular organometallic
frameworks.'” Such polynuclear organometallic assemblies have
been discussed for their various potential applications, including
host—guest chemistry,” catalysis,"* sensors'® and drug
delivery.'® Given this potentially useful characteristic, we
embarked on detailed synthetic and structural studies into the
formation of 2D metallacycles and 3D metallacages bearing
Cp*M subunits and a new multifunctional ligand pyrazine-2,5-
dihydroxamic acid (H,LK,). Here, we reported the con-
struction of different types of 2D and 3D discrete supra-
molecular architectures, facilitated by differences in the
electron-donating ability of the two chelating sites. It was
confirmed from experimental and theoretical results that the
ligand L appeared to be a promising scaffold for construct novel
SCCs by taking advantage of the discrimination between soft
and hard binding sites.

B RESULTS AND DISCUSSION

The ligand H,LK, was prepared through the reaction of
pyrazine-2,5-dicarboxylic acid dimethyl ester with hydroxyl-
amine. The hydroxamic acid H,LK, can exhibit several
tautomeric and resonance structures: A, B (hydroxamate
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anion) and C, D (hydroximate dianion) (Scheme 1). It also
displays two types of bidentate chelating sites: the “soft” N,N’
site, and the electronegative and “hard” 0,0’ site.

Scheme 1. Structures of H2L and L
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Homometallic Complexes. After treatment with AgOTf
(8.0 equiv), solutions of [Cp*MCL,], (M = Ir, Rh) (2.0 equiv)
in methanol were added to a mixture of H,LK, (1.0 equiv) with
a few milliliters of DMF in methanol (Scheme 2). Deep green
solutions formed, which upon treatment with diethyl ether led
to the precipitation of 1a or 1b. It is interesting to note that a
significant change of color was observed from dark red to deep
green after dropping several drops of coordinating solvent
(such as CH;0H and CH,CN) into a solution of 1a in CH,ClL,.
A similar color change was also found if the dried dark red
powders of 1a,b were placed in a moist environment. The dark
red color is a feature of unsaturated 16e~ derivatives.'” This
significant color change is caused by the change in geometry of
the half-sandwich metal centers, from unsaturated five-
coordinate to six-coordinate by the binding of coordinating
solvent, which may be expected to ralse the energies of the
metal—ligand antlbondmg orbitals.'” The structures of lab
were confirmed by 'H NMR spectroscopy and single-crystal X-
ray diffraction (Figure S2).

Suitable crystals of 1a were obtained from slow diffusion of
hexane into a solution of 1a in CH,Cl, and crystals of 1b were
grown by slow diffusion of diethyl ether into CH;OH. In the
structure of 1a-2H,0, the coordination geometry around the
two O,0’-bonded iridium atoms is best described as a two-
legged piano stool. This 16-electron structure is presumably
stabilized by 7 donation from two oxygen atoms to the metal
center.'® The other two N,N'-bonded iridium centers are
coordinated by two water molecules, forming a three-legged
piano stool geometry. However, crystals of la obtained from
vapor diffusion of diethyl ether into an acetonitrile solution of
la show a structure in which acetonitrile coordinates to the
iridium atoms, generating a saturated six-coordinate complex
(Figure S3). The structure of 1b-4CH;OH is similar to la-
4CH;CN, all thodium atoms adopt 18-electron configuration
due to the binding of methanol. The length of the C(3)—N(2)
bond (1.285(13) A) and C(3)—O(1) bond (1.322(12) A) in
the crystal structure of 1a-2H,O reflects considerable C=N
double bond and C—O single bond character, respectively. In
the 18/18-electron species 1a-4CH;CN, however, an increase
in the C(3)—N(2) (1.316(11) A) bond length is coupled to a
decrease in the C(3)—O(1) (1.295(10) A) bond length. Taken
together, the bond length data from these tetranuclear
complexes (Table S3) suggest that the dominant resonance
structure of L in the 16/18-electron complexes is D, while that
in the 18/18-electron complexes is C.

Octanuclear cages were constructed by using [(Cp*M),L]*
(1a,b) as building blocks, which can subsequently be connected
by bidentate bridging ligands. Depending on the orientation of
the ligands, the octanuclear cages can adopt approximate D, or
C,, point symmetries where the metal ions define the vertices
of a cuboid. Pyrazine was initially used as the bridging ligand,
from which reaction we obtained the crystal structure of 2b-Cy,
(Figure SS). However, the '"H NMR spectra of 2a and 2b are

Scheme 2. Synthesis of Homometallic Complexes
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complicated and cannot be assigned. As no evidence could be
gathered for the formation of the D, isomer, we decided to use
4,4'-bipyridine (bpy) as the bridging ligand. Two sets of
opaque crystals with different crystalline aspects were isolated
by vapor diffusion of diethyl ether into a methanol solution of
3b. The resulting single-crystal X-ray analyses (Figure lab)
revealed that two diastereoisomers have crystallized separately.
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Figure 1. X-ray crystal structure of cationic parts of octanuclear cage
OTf C 3b-D, and 3b-Cy,. (a) Side view of OTf™ C 3b-D,. (b) Side
view of 3b-Cy. (c) Side view of the D, structure with the
stereochemical configuration of metal centers labeled. (d) Side view
of the Cy, structure with the stereochemical configuration (R/S) of
metal centers labeled. External anions and hydrogen atoms are omitted
for clarity except for involved in hydrogen bonding (N, blue; O, red;
C, gray; F, green; S, yellow; Rh, orange).

In both isomers, two [(Cp*Rh),L]* building blocks are
bridged by four bpy ligands to create cage-like complexes with
approximate D, and C,, point symmetries. In 3b-D,, the
[(Cp*Rh),L]* fragment is twisted by 60° with respect to the
other; the O,0’-bonded rhodium centers thus sit directly
opposite the N,N’-bonded rhodium centers. Each metal center
of R configuration is linked to three other S metal centers, with
the inverse being true of the S metal centers (Figure 1c). The
four bpy ligands of 3b-D, slightly bend to adjust to the length
difference of adjacent rhodium centers (4.88 A in one direction
and 7.90 A in the other). Notably, there is a triflate anion
hosted in the cavity, stabilized by weak hydrogen bonding to
the bpy protons, with the C—H:-O-S and C—H:-F-C
distances in the range 2.67—2.74 A. The single crystal structure
of OTf™ C 3a-D, (Figure S6) is almost the same as OTf™ C 3b-
D,, except with iridium centers in place of rhodium centers.
The structure of 3b-C,, is a right parallelepiped-shaped cage
with eight Cp*Rh fragments as the corners (Figure 1b,d). The
two tetranuclear building blocks lie parallel to each other and
are linked by the axial ligands. However, no triflate anion was
found in the cavity of this cage.

The solution structure also supports the solid-state structure.
The '"H NMR spectrum of OTf C 3b-D, (Figure S25) gave
exclusively peaks corresponding to the D,-symmetric diaster-
eomer. For the mixture of 3a,b, there are some minor peaks in

the "H NMR spectra presumably corresponding to other minor
isomers, but two distinct sets of NMR peaks suggest that most
of the samples upon self-assembly exist as two diasteromers. A
'H diffusion-ordered spectroscopy (DOSY) NMR spectrum of
3a (Figure S22, CD,0D-d,) showed that the signals for the
aromatic and Cp* units displayed similar diffusion constants,
confirming the presence of two diastereoisomers. Furthermore,
the appearance of a new signal in the "’F NMR spectra of 3a,b
confirmed the encapsulation of an OTf™ anion. In the '"H NMR
spectrum of 3a, 3a-D, and 3a-C,;, were observed in a 4:1 ratio.
However, according to the '’F NMR, the host—guest: empty-
cage ratio was about 8:5. We inferred that there exists a certain
amount of an empty D, isomer, which means a template was
not required for the formation of D, isomer. Gratifyingly, a
crystal structure of the empty 3b-D, cage (Figure S7) was
obtained, further supporting the suggestion that the con-
struction of the D, isomer is not through an anion-templated
process.

The isomerization may be thermodynamically driven, as
there are more D, isomers in the mixture. The 'H NMR
spectrum (Figure S27) showed that the reaction temperature
can affect the population of the two diasteromers in solution.
When the reaction was carried out in methanol at 300 K, the
D,:C,, ratio is about 8:5, while at 338 K the ratio is about 5:1.
Once the assemblies had formed, no conversions were observed
after heating a sample of either pure OTf  C 3b-D, or the
mixture of 3b at 323 K for 1 week, indicating that the skeleton
structure of both isomers is relatively stable in solution state.

To further investigate the isomerization, we tested a longer
bridging ligand bpe (trans-1,2-bis(4-pyridyl) ethylene). Both
isomers were also observed in this system, as evidenced by 'H
NMR spectra (Figure $28). The two isomers in solution were
observed in a 8:1 ratio, suggesting that the longer ligand also
favored the D, isomer. However, the '’F NMR spectrum of 4
showed only one sharp peak, which suggests that it is more
energetically favorable for the larger cage to remain empty than
for it to adapt to bind the OTf™ anion. The crystal structure of
4-D, (Figure S8) confirmed the absence of the OTf™ anion
within the capsule.

Taking advantage of the thermal stability of the 16-electron
0,0’-bonded metal centers, we speculated that the N,N'-
bonded metal centers of the tetranuclear building block
[(Cp*M),L]* would be more favorable toward the generation
of 18-electron chloride adducts. Then, open cages could be
prepared if the tetranuclear building blocks were connected by
bridging ligands through the remaining two vacant sites of the
coordinative unsaturated O,0’-chelated Ir cores (Scheme 2).

After treatment with AgOTf (6.0 equiv), [Cp*IrCl,], (2.0
equiv) reacted with H,LK, (1.0 equiv) at room temperature,
affording tetranuclear complex 5, as confirmed by 'H NMR
spectroscopy. The X-ray structure of § (Figure 2a) confirmed
the exact coordination modes of the iridium centers. As
expected, the 0,0'-bonded iridium centers display an
unsaturated five-coordinate structure and the N,N’-bonded
iridium centers have 18-electron configurations due to the
binding of chloride ligands.

However, attempts to synthesize analogous Cp*Rh com-
plexes failed to produce pure products, which indicated the
great influence of the metal source. To understand why
replacing Ir with Rh will not give S, charge population analyses
and density functional theory (DFT) binding energy
calculations were performed (see Supporting Information). It
can be seen that the negative charges of the L ligand are mostly
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Figure 2. Cationic part of the crystal structure of (a) § and (b) 6.
Hydrogen atoms, OTf™ anions, solvent molecules and disorder are
omitted for clarity (N, blue; O, red; C, gray; Cl, lime; Ir, pink).

located on the oxygen atoms (—0.92e and —0.82¢) (Figure S1).
Therefore, after binding with the oxygen atoms it is
energetically less favorable for the metal ions to bind to the
chloride anion. This can be verified from the binding energies
(Table S1). The binding energy of Cl~ with the metal centers
bound to the nitrogen atoms are higher than with those bound
to the oxygen atoms. It can also be concluded that the bonding
of CI” to Ir in § is stronger than to Rh. In addition, the binding
of CI” in § is more selective if the metal atom is Ir since the
binding energy of CI” to nitrogen-bound Ir centers is higher
than that to the oxygen-bound Ir centers by 30.7 kcal/mol
while for Rh this energy difference is just 26.7 kcal/mol.
Similarly, the tetranuclear building block $§ can react with
bridging ligands pyrazine and tpt (2,4,6-tri(4-pyridyl)-1,3,5-
triazine), affording octanuclear metallamacrocyle 6 and
dodecanuclear metallocage 7, respectively (Figure 3a). In

Figure 3. Cationic part of the crystal structure of S-7. (a)b) Side and
top view of S-7(i). (c,d) Side and top view of S-7(ii). Hydrogen atoms,
OT{™ anions, solvent molecules and disorder are omitted for clarity
(N, blue; O, red; C, gray; Cl, lime; Ir, pink).

addition, when 4.0 equiv of AgOTf and 2.0 equiv of pyrazine
was added to a CH;OH solution of the open octanuclear
macrocycle 6, the octanuclear cage 2a formed. The '"H DOSY
NMR spectra of both 6 and 7 (Figure S34, S36) showed that
the aromatic and Cp* signals displayed a single diffusion
constant, suggesting that only one stoichiometry of assembly
was formed in each case.

The crystal structure of 6 revealed the complex cation to be a
half-sandwich iridium metallamacrocycle, which adopts a
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centrosymmetric structure (Figure 2b). The four 0,0’-bonded
Ir atoms that are connected by the bridging pyrazine ligands
participate in the 24-membered macrocycle, while the other
four N,N'-bonded Ir atoms, which are coordinated by chloride
ligands, can be seen as accessories of the macrocycle.

Single crystals of 7 were grown by slow diffusion of hexane
into a solution of 7 in CH,Cl,. X-ray diffraction of 7 confirmed
the dodecanuclear structure, and showed that complex 7 is a
racemic mixture. In the solid state, complex 7 could display
different diastereomers due to the orientation of the ClI ligands,
facing either “in” or “out” of the cage. Only two of them are
found in this assembly: (i) two neighboring Cl ligands on
different tetranuclear building blocks are oriented toward the
center of the cage (Figure 3a,b); (ii) all six Cl ligands are on the
outside of the structure (Figure 3c,d). In case (ii), all Cp*
groups are oriented toward the center of the cage, and as a
result, the distance between the central triazine rings (10.8 A) is
slightly longer than that of case (i) (10.4 A) due to steric
hindrance. Within each isomer, every Ir center at the corner of
the trigonal prism structure has the same coordination
stereochemistry (R or S). The combination of these different
chiralities leads to the two S-7 isomers (Figure 3) plus their
enantiomers R-7 (Figure S9).

Heterometallic Complexes. To increase the size of the
cavity of the self-assembled structures and to create more
complexity, we considered heterometallic systems. Based on
HSAB theory, we inferred that L could be a suitable ligand for
taking advantage of the differing hardness of the 0,0’ (hard)
and N,N’ (soft) chelating sites, which may lead to selective
coordination with different metal centers. While in most
instances the hydroxamates can form stable metal complexes
through the two oxygen atoms of the hydroxamate functional
group with hard transition metals,”” complexes of hydrox-
amate ligands with the softer platinum-group metals in other
coordination modes have also been reported.'” Thus, [Pd-
(en)]?** (en is ethane-1,2-diamine) was selected as the second
metal ion, and the relatively soft nitrogen donors of the en
group would prevent the possible formation of complex
polymeric species.

The heterometallic complexes 9ab were isolated as the
products of self-sorting reactions (Scheme 3). Upon addition of

Scheme 3. Synthesis of Heterometallic Complexes
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2.0 equiv of Cp*M(OTf), (M = Ir, Rh) to a purple-red solution
of 8 (1.0 equiv) in a mixture of MeOH/DMF, a rapid color
change to a dark green solution was observed. As a result of the
self-sorting reaction, 9a,b were isolated as dark green crystals.
The structure of heterometallic complex 9b was established by
X-ray crystallography (Figure 4), in which Rh ions bind the

I\

Figure 4. Cationic part of the crystal structure of 9b. Hydrogen atoms,
OT{" anions, solvent molecules and disorder are omitted for clarity
(N, blue; O, red; C, gray; Rh, orange; Pd, gold).

(0,0') sites and Pd ions the (N,N’) sites. The theoretical
calculations (Table S2) also support the selective binding of
metal ions since the potential energies of 9 are lower than that
of 9’ (by exchanging Ir/Rh and Pd in 9) by 12.4 and 17.6 kcal/
mol, respectively.

Reaction of 9ab (1.0 equiv) with pyrazine (1.0 equiv)
afforded the heterometallic macrocycles 10ab (Scheme 3).
Isomers are not observed in this case. The structures of 10a,b
were confirmed by single-crystal X-ray diffraction analysis. The
cation of 10a was found to be a heterometallic macrocycle
composed of two heterometallic tetranuclear building blocks
(9a) which are connected by two pyrazine ligands, with
dimensions of 11.12 and 6.94 A (Ir---Ir nonbonding distances,
Figure Sa). The overall structure of the tetranuclear part of the
macrocycle is close to planar with slight bends toward the en
ligands. Similar to that of 6, two pyrazine ligands apparently
curve inward, with a distance of 9.62 A between the two
pyrazine planes. Two OTf™ anions were found between two
neighboring macrocycles, linked by the hydrogen bonds formed

Figure S. X-ray crystal structure of cationic parts of heterometallic
cage 10a and 11. (a) Side view of 10a. (b) Stacking of the molecules in
crystals of 10a viewed along the z axis. (c,d) Side and top view of 11.
Hydrogen atoms and OTf~ anions are omitted for clarity (N, blue; O,
red; C, gray; S, yellow; Ir, pink; Pd, gold).

between the NH,/CH, protons of the en group and the O/F
atoms of the OTf™ anions, with distances ranging from 1.95 to
2.74 A (Figure S11). Because of these hydrogen bonds, the
cations of the heterometallic macrocycle 10a form a one-
dimensional rectangular channel, propagated along the z axis of
the crystal (Figure Sb). A disordered molecule of methanol was
found hosted in the cavity of the macrocycle, consistent with
the result of the DOSY NMR experiment (Figure S41) which
shows two diffusion constants for methanol: one corresponding
to the bulk solvent and one that codiffuses with the cage. The
single crystal structure of 10b (Figure S10) is almost the same
as 10a, except with iridium centers instead of rhodium centers.

With the cavity increase of the macrocycle, the heterometallic
macrocycles are large enough to accommodate some guest
molecules. Tetrathiafulvalene (TTF), a well-known 7z-electron
donor,” can be encapsulated by the heterometallic macrocycle
10a. Within host 10a, the encapsulated TTF guest’s 'H NMR
signals were observed as two doublet at 7.33, 7.03 ppm,
downfield from that of free TTF (6.46 ppm, CD;0D). The
solid state structure of 11 was determined by crystallographic
analysis. As shown in Figure 5¢,d, a TTF molecule is inserted in
a centrosymmetric fashion through the center of the macro-
cycle 10a, with a distance between the plane of the TTF unit
and the plane of L of 3.4 A.

B CONCLUSIONS

In summary, a series of different type of multinuclear
organometallic assemblies were constructed through stepwise
coordination-driven self-assembly, by using a multifunctional
hydroxamate ligand (L) featuring two pair of chelating sites
together with half-sandwich iridium and rhodium fragments. It
shows that the differences in the electron-donating ability of the
two kinds of chelating sites played an important role in the
formation of these assemblies. Remarkably, the tetranuclear
half-sandwich iridium-based building block can be structurally
regulated through the selective introduction of chloride ions to
the N,N’-bonded iridium centers, resulting in the formation of
“open” structures. Such an interesting selectivity is rare for most
homometallic systems in which all metal ions have the same
coordination environment. Furthermore, by making use of the
different chemical hardness of the two types of metal-binding
sites, heterometallic macrocycles 10a and 10b were con-
structed. These heterometallic macrocycles are large enough to
be efficient hosts for the recognition of z-donor guests. Taken
together, the findings in this study show that the ligand (L)
provides a versatile scaffold for construct organometallic
assemblies due to the discrimination between soft and hard
binding sites. We hope that our results will help motivate the
design of more effective new building blocks and the creation of
increasingly complex systems, and advance the field of
supramolecular assembly chemistry

B EXPERIMENTAL SECTION

General Methods. All reagents and solvents were purchased from
commercial sources and used as supplied unless otherwise mentioned.
The starting materials [Cp*MCl,], (M = Ir, Rh)*" and 2,5-pyrazine-
dicarboxylic acid dimethyl ester”> were prepared by literature method.
NMR spectra were recorded on Bruker AVANCE I 400 and VANCE-
DMX 500 Spectrometers. Spectra were recorded at room temperature
and referenced to the residual protonated solvent for NMR spectra.
Coupling constants are expressed in hertz. Complex multiplets are
noted as “m” and broad resonances as “br”. Elemental analyses were
performed on an Elementar Vario EL III analyzer. IR spectra of the
solid samples (KBr tablets) in the range 400—4000 cm™' were
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recorded on a Nicolet AVATAR-360IR spectrometer. ESI-MS spectra
were recorded on a Micro TOF II mass spectrometer using
electrospray ionization.

Synthesis of Dipotassium Salt of Pyrazine-2,5-dih2/droxamic
Acid (H,LK;). Following a modified literature method, 3 hydroxyl-
amine hydrochloride (781 mg, 11.2 mmol) was added to potassium
hydroxide (1.259 g, 22.5 mmol) in methanol (12 mL). Precipitation of
KCl was removed by filtration. The solution was then added dropwise
to dimethyl pyrazine-2,S-dicarboxylate (551 mg, 2.8 mmol) in
methanol (10 mL) in an ice bath. The mixture was then stirred for
24 h. A yellow, gelatinous precipitation was collected, washed with
methanol (2 X 10 mL) and diethyl ether (2 X 10 mL) and dried in a
vacuum.

H,LK,. 478 mg, yield: 62%. 'H NMR (400 MHz, D,O, ppm) & =
8.89 (s, L-H). *C{'"H} NMR (101 MHz, D,0O, ppm) § = 160.17,
147.53, 143.64, 141.34, 141.18. IR (KBr disk, cm™) v = 3246, 1652,
1587, 1563, 1490, 1472, 1395, 1345, 1301, 1203, 1180, 1032, 896, 745,
672, 639, 527. Anal. Caled for CaH,K,N,O,: C, 2627; H, 1.47; N,
20.42. Found: C, 26.30; H, 1.43; N, 20.51.

Synthesis of 1a,b. AgOTf (103 mg, 0.4 mmol) was added to a
solution of [Cp*MCl,], (0.1 mmol, M = Ir (80 mg), Rh (62 mg)) in
CH;0H (20 mL) at room temperature. The reaction mixture was
stirred in the dark for 24 h and then filtered. H,LK, (14 mg, 0.0S
mmol) and N,N’-dimethylformamide (DMF) (0.5 mL) was added to
the filtrate. The mixture was stirred at room temperature for 24 h to
give a dark green solution. The solvent was concentrated to about 3
mL. Upon the addition of diethyl ether, a dark green solid was
precipitated and collected, and dissolved by CH,Cl,. The dark red
solution was filtered through a pad of Celite, and the product was
recrystallized from a CH,Cl,/diethyl ether mixture to afford a black
solid.

Ta. 73 mg, yield: 68%. '"H NMR (400 MHz, CD,;0D, ppm) § =
899 (s, 2H, L-H), 1.83 (s, 30H, Cp*-H), 1.81 (s, 30H, Cp*-H).
BC{'H} NMR (101 MHz, CD;0D, ppm) & = 9.12 (Cp*), 9.63
(Cp*), 86.13 (Cp*), 92.21 (Cp*), 121.69 (q, Jcr = 320.0 Hg,
SO,CF,), 145.40, 147.16, 171.72 (C=0). ""F NMR (376 MHz,
CD,OD, ppm) § = —80.0 (s, OTf"). IR (KBr disk, cm™) v = 2969,
2925, 1631, 1554, 1498, 1428, 1386, 1259, 1224, 1162, 1032, 952, 822,
757, 639, 554, 518. Anal. Calcd for CooHgFyoIrN,0,68,2H,0: C,
28.11; H, 3.11; N, 2.62. Found: C, 28.04; H, 3.15; N, 2.57. ESLMS m/
2z = 1953.1835 (caled for [M — 2H,0, OTf]* 1953.1843).

1b. 70 mg, yield: 79%. 'H NMR (400 MHz, CD,OD, ppm) & =
8.93 (s, 2H, L-H), 1.81 (s, 30H, Cp*-H), 1.79 (s, 30H, Cp*-H).
BC{'H} NMR (101 MHz, CD;OD, ppm) & = 9.05 (Cp*), 9.06
(Cp*), 9398 (Cp*), 9949 (Cp*), 12170 (q, Jez = 320.8 Hz,
SO,CF,), 143.90, 146.96, 165.13 (C=0). YF NMR (376 MHz,
CD,0D, ppm) § = —80.0 (s, OTf"). IR (KBr disk, cm™) v = 2975,
2916, 1640, 1537, 1478, 1383, 1262, 1168, 1035, 946, 639, 583, 524.
Anal. Caled for CoHgF,Rh, N,0,8,2H,0: C, 33.76; H, 3.74; N,
3.1S. Found: C, 33.83; H, 3.68; N, 3.09. ESI-MS m/z = 722.0005
(caled for [M — 2H,0, OTf]** 722.0010), 1592.9538 (calcd for [M —
2H,0, OTI]* 1592.9546).

General Synthesis of Octanuclear Cages. Pyrazine (6.4 mg,
0.08 mmol)/4,4'-bipyridine (bpy) (12.5 mg, 0.08 mmol)/trans-1,2-
bis(4-pyridyl)-ethylene (bpe) (14.6 mg, 0.08 mmol) was added to a
solution of 1a/1b (0.04 mmol) in methanol. The mixture was then
stired for 24 h. The solution was filtered through Celite and
evaporated to dryness. The product was crystallized from CH;0H/
ether.

2a. 79 mg, yield: 87%. 'H NMR (400 MHz, CD;OD, ppm) & =
9.46—9.08(m), 8.96(s), 8.94(s), 8.90(s), 8.83(s), 8.78(s), 8.77(s),
8.74(s), 8.73(s), 8.51(m), 8.17(s), 7.90(s), 1.76—1.68 (m, Cp*-H). *°F
NMR (376 MHz, CD;0D, ppm) 6 = —79.6 (s, OTf"). IR (KBr disk,
em™) v = 3108, 2969, 2925, 1634, 1554, 1496, 1428, 1386, 1265,
1227, 1159, 1032, 952, 639, 554, 521. Anal. Calcd for
CrieH140FoultsN 1058 C, 30.82; H, 3.12; N, 4.96. Found: C,
30.87; H, 3.14; N, 4.89.

2b. 60 mg, yield: 79%. '"H NMR (400 MHz, CD;OD, ppm) & =
9.41-9.04(m), 9.02(s), 8.90(s), 8.85(s), 8.76(s), 8.71(s), 8.64(s),
8.47—8.28(m), 8.10(m), 7.71(m), 1.81-1.68 (m, Cp*-H). ’F NMR

(376 MHz, CD;0D, ppm) 6 = —79.6 (s, OTf"). IR (KBr disk, cm™") v
= 3106, 2970, 2924, 1639, 1550, 1492, 1431, 1385, 1264, 1226, 1162,
1032, 952, 639, 560, 521. Anal. Calcd for C;;¢H 4oF,4IrsN;c03,Ss: C,
36.60; H, 3.71; N, 5.89. Found: C, 36.56; H, 3.74; N, 5.81.

3a. 80 mg, yield: 83%. D,: "H NMR (400 MHz, CD,0D, ppm) & =
9.09 (s, 4H, L-H), 8.86 (d, ] = 6.8 Hz, 8H, bpy-H), 8.48 (d, ] = 6.8 Hz,
8H, bpy-H), 8.05 (d, ] = 6.8 Hz, 8H, bpy-H), 7.88 (d, ] = 6.8 Hz, 8H,
bpy-H), 1.77 (s, 60H, Cp*-H), 1.70 (s, 60H, Cp*-H). Cy: '"H NMR
(400 MHz, CD,0OD, ppm) & 9.02 (s, 4H, L-H), 8.95 (d, ] = 6.8 Hz,
8H, bpy-H), 8.37 (d, ] = 6.8 Hz, 8H, bpy-H), 8.24 (d, ] = 6.0 Hz, 8H,
bpy-H), 7.45 (d, ] = 6.4 Hz, 8H, bpy-H), 1.75 (s, 60H, Cp*-H), 1.73
(s, 60H, Cp*-H). F NMR (376 MHz, CD,0D, ppm) & = —=77.8 (s,
[OTf™ C 3a-D,]), =79.6 (s, OTf"). IR (KBr disk, cm™) v = 3102,
2969, 2925, 1614, 1549, 1490, 1419, 1383, 1280, 1259, 1226, 1162,
1032, 952, 822, 757, 639, 577, 521. Anal. Calcd for
CoaoH 56FIrN 1605,Sg: C, 34.85; H, 3.26; N, 4.64. Found: C,
34.91; H, 3.19; N, 4.57.

3b. 70 mg, yield: 85%. D,: '"H NMR (400 MHz, CD;0D, ppm) & =
9.04 (s, 4H, L-H), 8.79 (d, ] = 6.4 Hz, 8H, bpy-H), 8.31 (d, ] = 6.4 Hz,
8H, bpy-H), 7.97 (d, ] = 6.4 Hz, 8H, bpy-H), 7.80 (d, ] = 6.4 Hz, 8H,
bpy-H), 1.81 (s, 60H, Cp*-H), 1.72—1.68 (m, 60H, Cp*-H). C,: 'H
NMR (400 MHz, CD,0D, ppm) & = 8.96 (s, 4H, L-H), 894 (d, ] =
6.0 Hz, 8H, bpy-H), 8.36 (d, ] = 6.0 Hz, 8H, bpy-H), 8.11 (d, ] = 6.0
Hz, 8H, bpy-H), 7.41 (d, ] = 6.0 Hz, 8H, bpy-H), 1.79 (s, 60H, Cp*-
H), 1.78—1.74 (m, 60H, Cp*-H). F NMR (376 MHz, CD,0D,
ppm) 8 = =784 (s, [OTf™ C 3b-D,]), =79.7 (s, OTE"). IR (KBr disk,
am™) v = 3101, 2970, 2922, 1610, 1541, 1484, 1415, 1384, 1279,
1259, 1224, 1160, 1031, 945, 822, 757, 639, 574, 518. Anal. Calcd for
C40H,56F24RhgN 1 405,Sg: C, 40.91; H, 3.83; N, 5.45. Found: C, 40.79;
H, 3.88; N, 5.39.

4. 68 mg, yield: 81%. D,: "H NMR (400 MHz, CD,0D, ppm) & =
9.07 (s, 4H, L-H), 8.68 (d, ] = 6.4 Hz, 8H, bpe-H), 8.10 (d, ] = 6.4 Hz,
8H, bpe-H), 7.81 (d, ] = 6.4 Hz, 8H, bpe-H), 7.51 (d, ] = 6.4 Hz, 8H,
bpe-H), 7.37 (d, ] = 16.8 Hz, 4H, bpe-H), 7.47 (d, ] = 16.8 Hz, 4H,
bpe-H), 1.80 (s, 60H, Cp*-H), 1.74 (s, 60H, Cp*-H). Cy: 'H NMR
(400 MHz, CD,0D, ppm) & = 8.98 (s, 4H, L-H), 8.77 (d, ] = 5.6 Hg,
8H, bpe-H), 8.01-7.98 (m, 8H, bpy-H), 7.78 (s, 4H, bpe-H), 7.25 (d,
J = 6.4 Hz, 8H, bpe-H), 7.11 (s, 4H, bpe-H), 1.78 (s, 60H, Cp*-H),
1.78 (s, 60H, Cp*-H). °F NMR (376 MHz, CD,0D, ppm) & = —79.7
(s, OTf). IR (KBr disk, cm™) v = 3099, 2966, 2922, 1610, 1540,
1484, 1428, 1383, 1277, 1259, 1227, 1162, 1032, 946, 843, 639, 574,
518. Anal. Caled for C,gH,5F,,RhN 405,Ss: C, 42.18; H, 3.92; N,
5.32. Found: C, 42.29; H, 3.90; N, 5.25.

Synthesis of 5. AgOTf (77 mg, 0.3 mmol) was added to a solution
of [Cp*IrCL,], (80 mg, 0.1 mmol) in CH;OH (20 mL) at room
temperature and stirred in the dark for 24 h, followed by filtration to
remove AgCl. H,LK, (14 mg, 0.05 mmol) and DMF (0.5 mL) were
added to the filtrate. The mixture was then stirred at room
temperature for 24 h. A dark green solution was formed. The solvent
was concentrated to about 3 mL. Upon the addition of diethyl ether, a
dark green solid was precipitated and collected, and dissolved by
CH,Cl,. The dark red solution was filtered through a pad of Celite,
and the product was recrystallized from a CH,Cl,/diethyl ether
mixture to afford a dark red solid.

5. 70 mg, yield: 80%. "H NMR (400 MHz, CD,0D, ppm) & = 8.82
(s, 2H, L-H), 1.84 (s, 15H, Cp*-H), 1.82 (s, 30H, Cp*-H), 1.82 (s,
15H, Cp*-H). 'H NMR (400 MHz, CDCl,, ppm) 5 = 8.85 (s, 2H, L-
H), 1.95 (s, 30H, Cp*-H), 1.83 (s, 30H, Cp*-H). *C{'"H} NMR (101
MHz, CDCL,, ppm) & = 8.99 (Cp*), 10.43 (Cp*), 88.04 (Cp*), 90.98
(Cp*), 120.78 (g, SO5CFs, Jcr = 321.8 Hz), 143.78, 147.58, 170.45
(C=0). IR (KBr disk, cm™") v = 2970, 2922, 1658, 1631, 1546, 1462,
1404, 1384, 1272, 1223, 1152, 1032, 966, 638, 599, 573, 517. Anal.
Caled for CgHg, CLFIr,N,O,,S,: C, 30.78; H, 3.34; N, 2.99. Found:
C, 30.84; H, 3.27; N, 2.93. ESI-MS m/z = 788.1326 (calcd for [M —
20Tf]** 788.1303), 17252146 (caled for [M — 20Tf]* 1725.2131).

Synthesis of Octanuclear Macrocycles. A mixture of pyrazine
(3.2 mg, 0.04 mmol) and § (0.04 mmol) in CH,Cl, (10 mL) was
stired for 24 h to give dark green solution. The solvent was
concentrated to about 3 mL. Upon the addition of diethyl ether, a dark
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green solid was precipitated and collected, and dissolved by CH;OH.
The product was crystallized from CH;OH/diethyl ether.

6. 66 mg, yield: 85%. '"H NMR (400 MHz, CD,0D, ppm) § =
9.16(s, 4H, L-H), 9.00—8.97(m, 1H, pyrazine-H), 8.86—8.72(m, 4H,
pyrazine-H), 8.66—8.54(m, 3H, pyrazine-H), 1.87—1.61 (m, 120H,
Cp*-H). IR (KBr disk, cm™) v = 3104, 2970, 2923, 1551, 1495, 1425,
1404, 1386, 1262, 1224, 1158, 1031, 952, 825, 756, 639, 599, 573, 554,
518. Anal. Caled for C,o,H;3,CLF ,)IrgN,0,0S4: C, 31.98; H, 3.41; N,
4.30. Found: C, 31.88; H, 3.46; N, 4.26.

Synthesis of Dodecanuclear Cage 7. A mixture of tpt (2,4,6-
tri(4-pyridyl)-1,3,5-triazine) (6.3 mg, 0.02 mmol) and S (0.03 mmol)
in CH,Cl, (10 mL) was stirred for 24 h to give dark green solution.
The dark red solution was filtered through a pad of Celite, and the
product was crystallized from CH,Cl,/Hexane.

7. 53 mg, yield: 85%. 'H NMR (400 MHz, CD,OD, ppm) & =
8.93—8.54 (m, 30H, L-H and tpt-H), 1.88—1.64 (m, 180H, Cp*-H).
IR (KBr disk, cm™) v = 2921, 1630, 1544, 1519, 1485, 1402, 1374,
1264, 1224, 1154, 1058, 1031, 954, 850, 812, 671, 645, 554, 517. Anal.
Caled for Cig0H,,0ClF 5Ir1,N,,050Ss: C, 34.63; H, 3.39; N, 5.38.
Found: C, 34.52; H, 3.35; N, 5.44

Synthesis of Heterometallic Complexes. Synthesis of 8.
AgOTf (51 mg, 0.2 mmol) was added to a solution of (en)PdCl,
(24 mg, 0.1 mmol) in CH;0H (20 mL) at room temperature and
stirred in the dark for 24 h, followed by filtration to remove AgCl.
H,LK, (14 mg, 0.05 mmol) and DMF (0.5 mL) were added to the
filtrate. The mixture was then stirred at room temperature for 6 h. A
purple red solution was formed. The solvent was concentrated to
about 3 mL. Upon the addition of diethyl ether, a purple red solid was
precipitated and collected, and dried under vacuum.

8. 40 mg, yield: 97%. '"H NMR (400 MHz, DMSO-d,, ppm) & =
9.34 (s, 2H, —OH)), 8.63 (s, 2H, L-H), 5.65 (br, 4H, —NH,), 5.59 (br,
4H, —NH,), 2.67 (br, 4H, —CH,—), 2.60 (br, 4H, —CH,—). IR (KBr
disk, cm™) v = 3246, 3154, 1633, 1485, 1383, 1258, 1229, 1168, 1032,
920, 761, 719, 640, 576, 519. Anal. Caled for C,,H,,FNiO,,Pd,S,: C,
17.42; H, 2.44; N, 13.54. Found: C, 17.36; H, 2.51; N, 13.60.

Synthesis of 9a,b. AgOTf (51 mg, 0.2 mmol) was added to a
solution of [Cp*MCl,], (0.0 mmol, M = Ir (40 mg), Rh (31 mg)) in
CH;0H (20 mL) at room temperature. The reaction mixture was
stirred in the dark for 24 h and then filtered. DMF (0.5 mL) and 8
(0.05 mmol) was added to the filtrate. The reaction mixture was
turned to a dark green solution in several minutes and stirred for 24 h.
The solvent was concentrated to about 3 mL. Upon the addition of
diethyl ether, a dark solid was precipitated and collected, and dried
under vacuum. The product was crystallized from CH;OH/DMEF/
diethyl ether.

9a. 70 mg, yield: 80%. 'H NMR (400 MHz, CD,0D, ppm) & =
8.56 (s, 2H, L-H), 2.92—2.89 (m, 4H, —CH,—), 2.86—2.83 (m, 4H,
—CH,-), 1.75 (s, 30H, Cp*-H). IR (KBr disk, cm™") v = 3243, 3130,
1613, 1552, 1497, 1385, 1252, 1225, 1165, 1074, 1058, 1029, 955, 904,
758, 639, 575, 518. Anal. Calcd for Cy,H,gF,Ir,NO,ePd,S,: C, 22.96;
H, 2.72; N, 6.30. Found: C, 22.87; H, 2.61; N, 6.22. ESLMS m/z =
740.0056 (caled for [M — 20Tf]** 740.0076), 1628.9675 (caled for
[M — OTf]* 1628.9678).

9b. 66 mg, yield: 82%. 'H NMR (400 MHz, CD,0D, ppm) & =
8.37 (s, 2H, L-H), 2.91-2.88 (m, 4H, —CH,—), 2.85—2.82 (m, 4H,
—CH,—-), 1.71 (s, 30H, Cp*-H). IR (KBr disk, cm™") v = 3251, 1630,
1543, 1482, 1384, 1258, 1227, 1168, 1081, 1059, 1031, 952, 904, 759,
640, 576, 519. Anal. Calcd for C;,H,sF,Rh,N;O,,Pd,S,: C, 25.53; H,
3.02; N, 7.00. Found: C, 25.46; H, 2.95; N, 7.08. ESI-MS m/z =
650.9572 (caled for [M + 2H — 20Tf]** 650.9588), 1450.8674 (calcd
for [M + 2H — OTf]* 1450.8702).

Synthesis of 10a,b. A mixture of pyrazine (3.2 mg, 0.04 mmol) and
9a/9b (0.04 mmol) in CH;0H (20 mL) was stirred for 24 h to give
dark green solution. The product was crystallized from CH;O0H/
DMEF/diethyl ether.

10a. 67 mg, yield: 90%. 'H NMR (400 MHz, CD,0D, ppm) & =
8.84 (s, 8H, pyrazine-H), 8.36 (s, 4H, L-H), 5.98 (br, 4H, —NH,),
5.78 (br, 4H, —NH,), 5.47 (br, 4H, —NH,), 4.98 (br, 4H, —NH,),
3.00-2.77(m, 16H, —CH,~), 1.61 (s, 60H, Cp*-H). IR (KBr disk,
em™) v = 3251, 3158, 1660, 1606, 1552, 1498, 1423, 1386, 1254,

1166, 1109, 1079, 1031, 957, 760, 639, 576, 552, 519. Anal. Calcd for
Co6H 04Falr,NyO5,Pd,Se: C, 24.56; H, 2.82; N, 7.54. Found: C,
24.68; H, 2.77; N, 7.42.

10b. 61 mg, yield: 91%. "H NMR (400 MHz, CD,0D, ppm) 5 =
8.89 (s, 8H, pyrazine-H), 8.21 (s, 4H, L-H), 2.93—2.76 (m, 16H,
—CH,—), 1.65 (s, 60H, Cp*-H). IR (KBr disk, cm™") v = 3243, 3143,
1629, 1545, 1487, 1420, 1384, 1256, 1226, 1163, 1081, 1060, 1030,
953, 758, 639, 575, 519, 493. Anal. Calcd for
Co6H 104F2Rh Ny 05,Pd,Se: C, 27.17; H, 3.12; N, 8.34. Found: C,
27.25; H, 3.16; N, 8.39.

Synthesis of 11. A mixture of tetrathiafulvalene (TTF) (1 mg, 0.005
mmol) and 10a (19 mg, 0.005 mmol) in CH;0H (20 mL) was stirred
for 24 h. The product was crystallized from CH;OH/diethyl ether.

11. 18 mg, yield: 93%. 'H NMR (400 MHz, CD;0D, ppm) & =
9.03 (s, 8H, pyrazine-H), 8.34 (s, 4H, L-H), 5.94 (br, 4H, —NH,),
5.66 (br, 4H, —NH,), 5.30 (br, 4H, —NH,), 4.78 (br, 4H, —NH,),
2.92—2.81(m, 16H, —CH,—), 1.63 (s, 60H, Cp*-H). Anal. Calcd for
CaoH 0sFoalr,NyO0,Pd,S o: C, 25.12; H, 2.78; N, 7.14. Found: C,
2521; H, 2.69; N, 7.13.
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