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Two-step reactions of [Cp*M(u-Cl)Cl]o (M = Ir, Rh) and [(p-cymene)Ru(u-Cl)Cl], with first AgOTf or AgPFg and then

pyridyl-substituted dionate ligands [3-(4-pyridyl)pentane-2,4-dione (L4), 1-(4-pyridinyl)butane-1,3-dione (Ly), 1-(3-
pyridinyl)butane-1,3-dione (L3)] resulted in the formation of the hexanuclear 48-membered metallacycles
[(Cp*In(Ly)]s-(OTHs (1) and [(Cp*Rh)(Ly)]s:(OTf)s (2), the tetranuclear 28-membered metallacycle
[(Cp*IN(La)]4+ (OTh)4 (3), and the 24-membered metallacycle [(p-cymene)Ru(L3)]s-(OTf), (4), as well as the
hexanuclear 48-membered metallacycles {[(p-cymene)Ru(L;)]s(OTf)}-(OTf)s (5) and {[(p-cymene)Ru(Ly)]s-
(PFe)} - (PFs)s (6) showing encapsulation of the counteranions. Compounds 1—6 were characterized by single
crystal X-ray analyses and revealed that these metallacycles constructed from half-sandwich metal corners and

pyridyl-substituted diketone linkers formed large ring structures. In add|t|on when the couteranions of 5 and 6 were
exchanged, the shapes and sizes of the host units [(p-cymene)Ru(L+)]¢® " underwent some self-adjustment to allow
for accommodahon of the different anionic guests. Weak hydrogen bonding of the type C(S)—F(0)- - -H—C(sp?) and
P—F.--H— C(sp ) and electrostatic interactions are considered the basic forces to establish the metallacyclic units in
5 and 6 with anion encapsulation. The found variation in the metallacyclic geometries was explained on the basis of a
structural flexibility of the corner fragments, subtle changes in coordination geometries, and changes in the orientation
of the coordinate vectors in the given ligands, as well as the dihedral angles between the two binding fragments (the
chelate and the monodentate fragments) in the nonplanar ligands.

Introduction

In the past two decades, significant progress was made in
the development of effective routes to access organometallic

*To whom correspondence should be addressed. Tel.: +86-21-65643776.
Fax: +86-21-65641740. E-mail: gxjin@fudan.edu.cn.

(1) Fujita, M.; Yazaki, J.; Ogura, K. s 1990, //2, 5645.

(2) (a) Caulder, D. L.; Raymond, K. N. pimafissiiag. 1999, 32, 975. (b)
Leininger, S.; Olenyuk, B.; Stang, P. jnmisheitsey 2000, /00, 853. (c)
Zangrando, E.; Casanova, M.; Alessio, Enzo. eligidesiay. 2008, /08, 4979. (d)
Fujita, M.; Tominaga, M.; Hori, A.; Therrien, B. pimsissiiag. 2005, 38, 371.
() Holliday, B. J.; Mirkin, A. | R AR 2001, 40, 2022. (f) Han,
Y.-F.; Jia, W.-G.; Yu, W.-B.; Jin, G.-X. suiniiiny. 2009, 38, 3419.

(3) (a) Fujita, M. seiemesiamiiny. 1998, 27, 417. (b) Jones, C. juinlifiiiasntss
Rey. 1998, 27,289. (c) Ni, Z. H.; Tao, J.; Wernsdorfer, W.; Cui, A. L.; Kou, H. Z.
Itiiieisiss. 2009, 2788. (d) Pardo, E.; Carrasco, R.; Ruiz-Garcia, R.; Julve,
M.; Llort, F.; Munoz, M. C.; Journaux, Y.; Ruiz, E.; Cano, J. il
2008, 730(2), 576. (e) Slone, R. V.; Yoon, D. I.; Calhoun, R. M.; Hupp, J. T.
I 1995, /77, 11813. (f) Rosenthal, U.; Burlakov, V. V.; Bach,
M. A.; Beweries, T. siiian. 2007, 36, 719.

(4) (a) Chen, H.; Ogo, S.; Fish, R. H. . 1996, 118, 4993.
(b) Smith, D. P;; Baralt, E.; Morales, B.; Olmstead, M. M.; Maestre, M. F.; Fish,
R. H. ity 1992, /14, 10647. (c) Fish, R. H. Coord. Chem. Rev.
1999, 185—186, 569.

(5) (a) Klausmeyer, K. K.; Rauchfuss, T. B.; Wilson, S. R.

Lur Ed 1998, 37, 1694. (b) Klausmeyer, K. K.; Wilson, S. R.; Rauchfuss, T. B.
. 1999, 121,2705. (c) Kuhlman, M. L.; Rauchfuss, T. B. [ggrg,
Chen. 2004, 43, 430. (d) Boyer, J. L.; Kuhlman, M. L.; Rauchfuss, T. B. 4d¢c,

higies 2007, 40, 233.

© 2010 American Chemical Society

macrocycles and cages, which exhibited properties typical of
supramolecular arrangements.'~® In 1990, the first case of a
metallacycle, the molecular square [{Pd(en)(u-4,4'-bipy)}4]-
(NO3)g, was discovered, prepared by self-assembly of the cis-
protected square-planar Pd(II) precursor with two adjacent
labile ligands [Pd(en)(ONO,),] (en = ethylenediamine) with
alinear linker 4,4'- b1pyr1d1ne (4,4'-bipy), and was reported by
Fujita and co-workers.' Since then, metallacycles and cages
have been the focus of many directed studies. Ordered
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Scheme 1. Synthesis Routes of 1-6
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macrocyclic structures were often obtained by rational
design using self-assembly principles.” Using metal centers
as corners and organic linkers in the buildup of such
metallacycles led to materials with new properties including
guest inclusion,*® magnetic behavior,’*  luminescence
properties,* and catalysis.*

Organometallic half-sandwich complexes have also been
widely used as building blocks in the construction of supra-
molecular complexes.* > Much of this area involved
(arene)Ru and (cyclopentadienyl)M (M = Ir, Rh) fragments
due to their relative stability and inertness toward substitu-
tion reactions and their advantageous basic properties, like
solubilities, thermal stabilities, and others needed for flex-
ibility in fine-tuning processes.®® Fish and co-workers pre-
pared a series of cationic trinuclear metallacycles by using
Cp*Rh fragments as metal corners and deprotonated
9-substituted adenine or hypoxanthine derivatives as linkers,
which were capable of aromatic amino acid recognition in
aqueous solution.* The group of Rauchfuss used cyanome-
tallates such as [CpCo(CN);]~ and [Cp*Rh(CN)5] ™ in com-
bination with other metal complexes derived from dinuclear
units like [(CsHsMez)Mo(CO);), or [Cp*RhCly], or mono-
nuclear ones like [Cp*Rh(NCCHj3);](PFs), and [Cp*Ru-
(NCCH;);]PF4 to prepare a series of cubic half-sandwich
complexes. In this way, [{CpCo(CN)3}4{Cp*Rh}4] was for

instance obtained, which showed that the cage acts as a potent
receptor for K* and Cs™.> Besides this, a series of neutral
metallacycles and cages were prepared and characterized by
Severin and co-workers, using 2,3-dihydroxypyridine, 3-acet-
amido-2-hydroxypyridine, 2,3-dihydroxyquinoline, 2,3-dihy-
droxyquinoxaline, 6-methyl-2,3-phenazinediol, and 3,4-
dihydroxy-2-methylpyridine as linkers and (arene)Ru or
(cyclopentadieny)M (M = Ir, Rh) as metal corners.® These
metallacycles proved to be excellent receptors for Lit and
Na™. In particular, the Li" containing metallacycles were
found to be specific receptors for F~.% Recently, we and the
group of Siiss-Fink reported that (Cp*MCl,), (M = Ir, Rh)
and [(p-cymene)RuCl,], complexes can be combined with
various organic linkers to build 2- and 3-dimensional molec-
ular structures of squares, prisms, and boxes.** These com-
plexes looked particularly suited for host—guest interactions
and seemed to be prone to including small molecules.®*

The half-sandwich Cp*M (M = Ir, Rh) and (p-cymene)Ru
units acting as corners in various framework geometries are
of a basic three-legged piano stool shape, where the piano
stool legs can be variably connected with N-, O-, S-, or
P-donor ligands.'” Within this context and in an effort to
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develop new supramolecular structures, a series of pyridyl-
substituted S-diketonate ligands were designed as relatively
rigid bridges with a 180° or 120° bridging angle between the
n”-diketonate group and the Npyriqy connecting atoms. These
ligands contain both binding sites—a monodentate and a
chelating unit, as shown in Scheme 1. They were used as
linkers for the construction of coordination polymers."!
Here, they are recognized as particularly useful linkages in
the construction of large ring arrangements.

Herein, we describe the formation of hexanuclear 48-
membered metallacycles 1 and 2 with distorted trigonal-
antiprismatic metal-based geometries, 28- and 24-membered
tetranuclear metallacycles 3 and 4 with distorted tetrahedral
and parallelogram type geometries, and hexanuclear 48-
membered counteranion encapsulating metallacycles {[(p-
cymene)Ru(Ly)]s(OT)}-(OTf)s (5) and {[(p-cymene)Ru-
(L1)]6(PF¢)} - (PFg)s (6) with trigonal-antiprismatic geome-
tries, respectively (Scheme 1), which were obtained from
the two-step reactions of (Cp*MCl,), (M = Ir, Rh) and
[(p-cymene)RuCl,], with initial activation by AgOTf or
AgPFgto create labile coordination sites, and then via reaction
with the pyridyl-substituted dionate ligands (L, L,, L3).

Results and Discussion

Synthesis and Characterization of the Hexanuclear Me-
tallacycles 1 and 2. As shown in Scheme 1, when
(Cp*MCl,), (M = Ir, Rh) was treated with more than
four equivalents of AgOTf followed by separation of the
AgCl precipitate, the subsequent reactions with the li-
gands of type L; resulted, after recrystallization, in the
desired crystalline compounds [(Cp*Ir)(L;)]e: (OTf)s (1)
(yield: 51%) and [(Cp*Rh)(L)]¢- (OTf)e (2) (yield: 53%).
These products were air- and also thermally stable.
Thermal gravimetric analysis (TGA) of 1 revealed no
weight loss when heated to 301 °C. The IR spectra showed a
strong band at approximately 1571 ecm ! for 1 and
1572 ecm™ ! for 2, owing to the »(C=0) stretching of the
bridging B-diketonate ligands. The "H NMR spectra of 1
and 2 in CDCl; exhibited a sharp singlet at about 6 =
1.60 ppm due to the Cp* protons, and, for the two pyridyl
protons, at = 7.85 and 8.26 ppm for 1 and 6 = 7.81 and
8.24 ppm for 2, indicating the typical chemical shift involve-
ment of the pyridyl-substituted diketonates in metal coor-
dination. Compounds 1 and 2 are soluble in common polar
organic solvents, such as CH,Cl,, CHCl;, and MeOH.

Synthesis and Characterization of the Tetranuclear Me-
tallacycle 3. A mixture of (Cp*IrCl,), and more than four
equivalents of AgOTf were stirred at room temperature.
After filtration of the AgCl precipitate, L, was added to
the filtrate. [(Cp*Ir)(L,)]4- (OTf)4 (3) was obtained after
recrystallization in a yield of 67%. The IR spectra showed
a strong band at approximately 1585 cm ™" assigned to the
v(C=0) stretching vibration of the bridging 5-diketonate
ligands. The '"H NMR spectra of 3 exhibited in CDCl; a
sharp Cp* singlet at about 0 = 1.63 ppm, and, for the two
pyridyl protons, at 6 = 8.05 and 8.59 ppm.
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Figure 1. Molecular view of the cationic parts of 1. Hydrogen atoms
have been omitted for clarity. Ellipsoids are shown at 30% probability
level. (a) Top view of the metallacycle of 1 with thermal ellipsoids. (b) Side
view of the metallacycle of 1 with thermal ellipsoids model. (¢) Compound
1 can be described as a distorted trigonal antiprism, in which the metals
occupy the vertices, and the pyridine-substituted dione ligands link these
vertices along the drawn red lines (the graphical sketch is based on the true
crystal structure of 1. Ir, purple; C, black; O, red; N, blue).
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Synthesis and Characterization of the Tetranuclear
Metallacycle 4. Initial activation of [(p-cymene)RuCl,],
required more than four equivalents of AgOTf followed
by separation of the AgCl precipitate. Subsequent reac-
tion with the ligand of type L3 resulted after recrystalliza-
tion in the desired crystalline compound [(p-cymene)-
Ru(L;)]4-(OTh), (4) (yield: 70%). In the '"H NMR spec-
tra, 4 displays signal patterns of 6 = 1.39, 2.18, and
2.88 ppm for the proton of the p-cymene ligands and 0 =
7.41, 7.80, 8.51, and 8.75 ppm for the four unsymmetric
3-pyridyl protons. The IR spectra also showed a strong
band at approximately 1587 cm™', attributed to the
v(C=O0) stretching of the bridging S-diketonate ligands.

Synthesis and Characterization of the Hexanuclear Me-
tallacycles 5 and 6. [(p-cymene)RuCl,], was treated with
more than four equivalents of AgOTf or AgPFg, followed
by separation of the AgCl precipitate. Subsequent reac-
tions with the ligand system L; resulted, after recrystalli-
zation, in the desired crystalline compounds {[(p-
cymene)Ru(L)]¢(OTh)}-(OTf)s (5) (yield: 48%) and
{[(p-cymene)Ru(L)]¢(PFq)} - (PFe)s (6) (yield: 60%).
The IR spectra showed a stron% band at approximately
1572 cm™ ! for 5 and 1571 cm™ ! for 6, attributed to the
v(C=O0) stretching of the bridging f-diketonate ligands.
The "H NMR spectra of 5 (MeOD) and 6 (DMSO—Dy)
exhibited typical signal patterns for the protons of the
p-cymene ligands and the pyridyl protons. Both com-
pounds 5 and 6 are not soluble in CHCl;: 5 was found to
be soluble in CH,Cl, and MeOH and 6 in CH,Cl, and
DMSO, but not in MeOH.

Description of the Molecular Structures of Complexes.
Detailed structural information of 1—6 came from single
crystal X-ray diffraction analyses. The molecular struc-
tures of 1 and 2 turned out to be very similar, therefore
compound 1 is prevailingly discussed. Perspective draw-
ings of 1 are shown in Figure la,b, and selected bond
lengths and angles of 1 and 2 are given in Tables 1 and 2.
As shown in Figure la,b, the molecular structures re-
vealed a novel hexanuclear metallacycle possessing a
48-membered inner ring. The six #°-Cp*M fragments
are bridged by six 3-(4-pyridyl)pentane-2,4-dionate(L;)
ligands. Each metal center is thus coordinated by two
adjacent Ogiketonate atoms and one Npyrigy1 atom, forming
the mentioned three-legged piano stool. Both compounds
1 and 2 show crystallographic C2/c symmetry. The edge
dimension (Ir---pyridyldionate- - -Ir) of the metalla-
cycles averages to 9.77 A. In a simplified view, the
geometry of the hexanulear metallacycle can be described
as adistorted trigonal antiprism (Figure 1¢). The Ir atoms
are located at the six vertices of the antiprism with average
diagonal lengths of 16.4 A (Ir- - - Ir’), and the six edges are
occupied by the bridging ligands to result in me-
tal—metal—metal angles of 73.6° (Irl---Ir2::-Ir3’),
92.7° (Ir2+ « +Ir3’- - -Irl’), and 90.4° (Ir3’- - - Irl’- - -Ir2").
Furthermore, the top and bottom faces have two small
openings, in which the Ir---Ir distances are on the
average 13.2 A and the Ir---Ir---Ir angles are 64.2°
(Ir2’+ - -Irl---Ir3’), 66.5° (Irl---1r3’- - -1r2"), and 49.3°
(Ir3’««+1r2’- - -1Irl), providing a volume considerably lar-
ger than required by the counterions.

Similar to 1 and 2, compound 3 also bears units with a
three-legged piano stool shape, but in this case, four
metals are linked by four 1-(4-pyridinyl)butane-1,3-dionate
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Table 1. Selected Bonds Distances and Angles for 1

Bond Distances (A)
Ir(1)—0(2) 1.9939)  Ir(1)—O(1) 2.030(8)
Ir(1)—N(2) 2.125(8)  Ir(2)—O(4) 2.057(8)
Ir(2)—0(3) 2.130(7)  Ir(2)-NQ3) 2.039(13)
Ir(3)-N(1) 2.100(10)

Bond Angles (deg)
0(2)—Ir(1)—0(1) 87.13) 00)-Ir(1)-N@2)  83.5(3)
O(1)-Ir(1)-N(2) 86.6(3) O4)-Ir(2)-N(3)  84.0(4)

0(4)—Tr(2)—0(3) 86.5(3)
O(6A)—Tr(3)—O(5A)  88.7(3)
O(A)-Ir(3)-N(1)  83.34)

NG3)-Ir2)-03)  84.1(4)
O(6A)—Ir(3)—N(1)  84.4(4)

Table 2. Selected Bonds Distances and Angles for 2

Bond Distances (A)

Rh(1)-N(1) 2.106(8) Rh(2)—O(1) 2.041(6)
Rh(2)—0(2) 2.075(6) Rh(2)-N(2) 2.095(7)
Rh(3)-0(4) 2.041(7) Rh(3)-0(3) 2.076(6)
Rh(3)-N(3) 2.085(9)

Bond Angles (deg)
O(6A)—Rh(1)—O(5A) 89.4(3) O(6A)—Rh(1)—N(1) 86.9(3)
O(5A)—Rh(1)—N(1) 85.0(3) O(1)—Rh(2)—0(2) 88.7(2)
O(1)—Rh(2)—N(2) 85.5(3) 0O(2)—Rh(2)—N(2) 86.3(3)
0O(4)—Rh(3)—0(3) 88.9(2) 0O(4)—Rh(3)—N(3) 85.0(3)
0O(3)—Rh(3)—N(3) 85.9(3)

ligands (L) to form a 28-membered inner ring (Figure 2).
Perspective drawings of 3 are shown in Figure 2a, and
selected bond lengths and angles are given in Table 3.
Compound 3 can be described as having a distorted tetra-
hedral geometry for clarity (Figure 2b). Each metal center is
located at one of the four vertices of the tetrahedron with the
same Ir--:L,---Ir edge dimensions of 9.07 A and
Ir---Ir- - -Ir angles of 81.9°. Four of the six tetrahedral
edges are occupied by L, ligands to form a folded square in
which the distance between the digonal atoms is 11.9 A.

Compound 4 connected by L3 builds up a parallelo-
gram type geometry, which is shown in Figure 3, and
selected bond lengths and angles are given in Table 4.
The four ruthenium centers form the four vertices of the
parallelogram plane with a 24-membered inner ring.
As shown in Figure 3b, compound 4 shows average
lengths of the edges of 8.52 A, somewhat shorter
than the corresponding length in 3, as well as M—M—M
angles of 102.9° (Rul::-:Ru2’---Rul’) and 77.1°
(Ru2’-«+-Rul---Ru2).

The structures of {[(p-cymene)Ru(L)]s(OTf)}-(OTH)s
(5) and {[(p-cymene)Ru(L)]s(PF¢)}: (PF¢)s (6) were de-
termined by X-ray single crystal diffraction and clearly
established the inclusion of the anions in the solid state
host of both structures. Perspective drawings of the
cations {[(p-cymene)Ru(L)](OTf)}*" and {[(p-cymene)Ru-
(L))]¢(PFe)}>" are shown in Figure 4, and selected bond
lengths and angles of 5 and 6 are given in Tables 5 and 6.
As shown in Figures 4 and 5, the compounds 5 and 6 both
revealed hexanuclear metallacycles as basic motifs pos-
sessing a 48-membered inner ring and containing one of
the six counteranions (OTf ™, PFy ) centrally. Each metal
center is bridged by two binding sites of the ligands Ly,
forming the three-legged piano stool like in 1 and 2.
Interestingly, when the counteranions were exchanged
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Figure 2. Molecular view of the cationic parts of 3. Hydrogen atoms
have been omitted for clarity. Ellipsoids are shown at the 30% probability
level. (a) Top view of the metallacycle of 3 with the thermal ellipsoids
model. (b) Compound 3 can be described as having distorted tetrahedral
geometry, in which the metals occupy the vertices, and the pyridine-
substituted dione ligands connect these vertices along the drawn red lines
(the graphical sketch is based on the true crystal structure of 3. Ir, purple;
C, black; O, red; N, blue).

Table 3. Selected Bonds Distances and Angles for 3

Bond Distances (A)
Ir(1)—0(2) 2.083(6)  Ir(1)—O(1) 2.102(8)
Ir(1)—N(1A) 2.118(8) C(4)—C(7) 1.470(12)
0(2)—C4) 1.284(11)  O(1)—C(2) 1.201(12)
Bond Angles (deg)

0(2)—Ir(1)-0(1) 88.3(3)
O()—Ir()-N(1A)  82.8(3)
C#)—-0Q2)—Ir(1)  125.5(7)

0Q2)—Ir()-N(1A)  82.4(3)
C2)—-0(1)~Ir(1)  130.6(8)

in 5 and 6, the shapes and sizes of the same host units [(p-
cymene)Ru(L,)]¢*" underwent self-adjustment to accom-
modate the different anionic guests. The geometries of the
hexanuclear metallacycles 5 and 6 can be described as
trigonal antiprisms (Figure 5). The Ru atoms are posi-
tioned at the six vertices, and the six red edges are
occupied by the ligands L;. The edge dimensions
(Ru- - -pyridyldionate- - - Ru) of compounds 5 and 6
average to 9.77 A (5) and 9.76 A (6), nearly the same
distances as in 1 and 2. However, the host units of 5and 6
formed obviously by the template effect of the centrally
arranged counteranions. The M—M—M angles in 5 are
74.3° (Ru2---Rul’- - -Ru3’), 71.9° (Rul’ - - Ru2- - - Ru3),
and 74.9° (Rul’- - - Ru3 - - - Ru2’), much larger than the corre-
spondingM—M—M anglesin 6, 64.5° (Rul’- - - Ru2- - - Ru3),
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Figure 3. Molecular view of the cation of 4. Hydrogen atoms have been
omitted for clarity. Ellipsoids are shown at the 30% probability level. (a)
Top view of the metallacycle of 4 with thermal ellipsoids of the atoms. (b)
Compound 4 can be described as having parallelogram geometry, in
which the metal centers occupy the vertices, and the pyridine-substituted
dione ligands bridge the vertices along the drawn red lines (the graphical
sketch is based on the true crystal structure of 4. Ru, orange; C, black; O,
red; N, blue).

Table 4. Selected Bonds Distances and Angles for 4

Bond Distances (A)

Ru(1)—0(2) 2.040(4)  Ru(1)—O(1) 2.049(5)

Ru(2)—0(3) 2.044(5) Ru(2)—0(4) 2.059(4)

Ru(2)—N(1) 2.106(5)  Ru(1)—N(2A) 2.105(5)
Bond Angles (deg)

0O(2)—Ru(1)—0(1) 89.13(18)  O(2)—Ru(1)—N(2A)  82.73(19)

O(1)—Ru(1)-NQ2A)  84.9(2) 0O(3)—Ru(2)—0(4) 88.37(18)

O(3)—Ru(2)—N(1) 85.1(2) O(4)—Ru(2)—N(1) 84.06(18)

64.5° (Ru2---Rul’---Ru3), and 64.0° (Rul:--Ru3’---
Ru2). Furthermore, these different angles result in two
distinct top (or bottom) openings of the metallacycles
with different sizes and shapes. In compound 5, these
Ru---Ru distances are 11.90 A (Rul---Ru2), 11.44 A
(Rul---Ru3), and 11.80 A (Ru2---Ru3’) and the
Ru---Ru---Ru angles are 61.6° (Rul--:Ru3’---Ru2),
57.8° (Rul-:-Ru2---Ru3’), and 60.7° (Ru2---Rul---
Ru3’). Compared with these openings in 5, the distances
and angles of 6 appear to form an equilateral triangle with
three shorter sides [10.34 A (Rul’---Ru2’), 10.42 A
(Rul’-++-Ru3’), 1042 A (Ru2’-:--Ru3’)] and angles
[59.5° (Rul’---Ru3’---Ru2’), 60.3°(Rul’---Ru2’---
Ru3’), 60.3°(Ru2’: - -Rul’: - - Ru3’)]. The host units of 5
and 6 shows that the cavities adjust in shapes and sizes to
the needs for accommodation of the anions. Spheric
guests, like PF4, apparently induce more symmetric
cavities of the corresponding host than ellipsoidally
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Figure 4. Molecular view of the anion encapsulated in the cations (a)
{[(p-cymene)Ru(Ly)](OTNH} ™ and (b) {[(p-cymene)Ru(L)]s(PFq)}*".
Hydrogen atoms were omitted for clarity. Ellipsoids are shown at the
30% probability level.

shaped guests, like OTf . The snug fit of the anionic
guests within the cavities is manifested in the form of
directed hydrogen bonds superimposed by electrostatic
interactions between the [(p-cymene)Ru(L,)]s>" host and
one of the uninegatively charged anions OTf  or PF¢ .
As shown in Figure 6, the F(O)—C(S) unit of the OTf™
group and the F—P unit of the PF4 anion are in close
contact with one of the C(sp*)—H hydrogen atoms of the
methyl group pointing toward the inside of the cavity.
Weak hydrogen bonding in organometallic supramole-
cular structures has considerably extended the scope for

Wang et al.

Figure 5. Compounds (a) 5 and (b) 6 can be described as trigonal
antiprismatic geometries, in which the metal centers occupy the vertices,
and the pyridine-substituted dione ligands connect the corners along the
drawn red lines (the graphical sketches are based on the true crystal
structures of 5 and 6. Ru, orange; C, black; O, red; N, blue; F, green; S,
yellow; P, purple).

Table 5. Selected Bonds Distances and Angles for 5

Bond Distances (A)

Ru(1)—0(2) 2.040(5) Ru(1)—0O(1) 2.043(4)

Ru(2)—0(4) 2.049(5) Ru(2)—0(3) 2.054(4)

Ru(2)—N(1) 2.111(6)  Ru(3)—0(5) 2.053(5)

Ru(3)—0(6) 2.063(5) Ru(3)—N(2) 2.138(5)
Bond Angles (deg)

O(2)—Ru(1)—0(1) 88.52(17)  O(2)—Ru(1)—N(3A)  83.0(2)

O(1)—Ru(1)-N(3A)  82.25(19)
O(4)-Ru(2)-N(1)  82.8(2)

O(4)—Ru(2)—0(3)  86.69(18)
0(3)-Ru(2)-N(1)  83.9(2)

O(5)—Ru(3)—0(6) 87.56(18)  O(5)—Ru(3)—N(2) 84.32(19)
0O(6)—Ru(3)—N(2) 81.4(2)
Table 6. Selected Bonds Distances and Angles for 6
Bond Distances (A)
Ru(1)—0O(1) 2.060(5)  Ru(1)—0(2) 2.065(5)
Ru(1)—N(2) 2.141(6)  Ru(2)—0(3) 2.049(6)
Ru(2)—0(4) 2.078(7)  Ru(2)—N(3) 2.115(6)
Ru(3)—0(5) 2.049(5)  Ru(3)—0(6) 2.057(5)
Bond Angles (deg)

O(D—Ru(1)-0(2)  85.4(2)
0Q2)-Ru()-N(@2)  85.1(2)
0(3)-Ru(2)-N3)  84.6(2)
O(5)—-Ru(3)-0(6)  86.6(2)
0(6)—-Ru(3)=N(1A)  83.5(2)

O()-Ru()-N@)  83.2(2)
0(3)-Ru(2)-0(4)  87.2(2)
O@)-Ru(2)-N@3)  82.503)
0(5)-Ru(3)-N(I1A)  82.4(2)
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Figure 6. (a) F(O)---Hand (b) F- - - H distances and hydrogen bonding
angles in (a) F(O)---H—C and (b) F---H—C occurring between the
central anionic guests and the hexanuclear hosts (the graphical sketches
are based on the true crystal structures of 5 and 6; Ru, orange; C, black; O,
red; N, blue; F, green; S, yellow; P, purple; H, light blue).

tuning within this class of compounds.'?> The F(O)---H
and F- - -H hydrogen bonding distances and the angles in
F(O):---H—C and F---H—C are also presented in
Figure 6. Although this type of hydrogen bonding is
expected to be weak, the forces are apparently large
enough to preclude disorder of the central anions. We
consider that cooperation between the hydrogen bonds
and the electrostatic forces go together to stabilize
the metallacycles of 5 and 6 along with counteranion
encapsulation.'?

Reasoning for the Observed Geometries. Several general
attempts have been made to explain the term “self-
assembly” in order to understand supramolecular struc-
tures and to design structures on a rational basis.” Gen-
erally speaking, the metal coordination geometry and the

(12) (a) Desiraju, G. R. gimeisemiiag. 2002, 35, 565-573. (b) Steiner, T.
. 2002, 41, 48-76. (c) Braga, D.; Grepioni, F.; Desiraju,
R. (ebaimBey 1998, 98, 1375-1405.
(13) Beer, P. D.; Gale P.A. I 2001, 40, 486-516.
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Chart 1. Geometries of the Metallacycles Created from the Combina-
tion of Half-Sandwich Metal Corners and the Ditopic Building Ligands
with Various Predetermined Coordinate Vectors

m = Ir,Rh.Ru

s
< =Cp orp-cymene

orientation of the interacting sites in the given ligand
types govern the sizes and shapes of the resulting struc-
tures.”® The half-sandwich metal corners of this paper
are 3-fold connecting units with 2 + 1 distinction, accom-
modating one bidentate and one monodentate ligand.
The coordination angle between the chelate plane and the
M—N vector is about 80° (Chart 1). The coordinate
vector (the vector from the coordinating atom of the
ligand directed toward the metal center) and the chelate
vector (the vector that bisects the chelating group and is
directed toward the metal ion) of the ligands as defined by
Raymond and Caulder® are additionally demonstrated
in Chart 1, as well as the dihedral angles between the
two binding fragments. In some early reports, Severin and
co-workers found that 9-substituted adeninate deriva-
tives afford trinuclear metallacycles, with their two
coordinate vectors approximately rectangular. When
the coordinate vectors become >90°, the free adeninate
induces formation of much wider angles and the buildup
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Figure 7. Proposed structure for a tetranuclear metallacycle with L.

of molecular squares.' In L;—Ls, all of the two coordi-
nate vectors are of approximately 120° and 180° and tend
to promote the formation of tetranuclear metallacycles in
accord with the “rules”. The cases of 3 and 4 are explica-
tive with the “rules”. Furthermore, when considering the
dihedral angles between the two binding units in L, and
L;, the dihedral angle of about 20° in L, enforces the
folded square shape of 3; the approximately orthogonal
dihedral angle in L provides the geometric condition for
the formation of a hexanuclear metallacycle with this
ligand. This can be further substantiated by the following
argument: If L; gave a tetranuclear compound with the
piano-stool coordination mode of the half-sandwich me-
tal corners and the coordinate vectors of the ligand L, the
resulting structure would be that of Figure 7a.

As depicted in Figure 7, this structure would be un-
stable due to repulsion between the two hydrogen atoms
of the pyridine group and the adjacent large groups—
both the Cp* or p-cymene and the acetylacetonate ones.
Actually, in all the reported structures mentioned in the
Introduction section, besides the structures of 1—6, these
piano-stool compounds took the sterically available co-
ordination mode (Figure 4c), not the steric hindrance
mode (Figure 4b).

Conclusion

In conclusion, we have described the formation of iridium,
rhodium, and ruthenium metal-based hexanulear and tetra-
nuclear macrocycles, which have distorted trigonal antipris-
matic, distorted tetrahedral, and parallelogram type
geometries directed by varying shapes of the linking pyri-
dyl-substituted dionate derivatives. The resulting structures
were found to depend on the metal coordination geometry
and the orientation of the coordinate vectors in the given
ligands, as well as the dihedral angles between the two
binding fragments in nonplanar ligands. The shapes and
sizes of the host units [(p-cymene)Ru(L,)]*" in 5 and 6 self-
adjust to encapsulate the different anionic guests. Weak
hydrogen bonds of the C(S)—F(O)---H—C(sp’) and
P—F---H—C(sp”) type and Coulombic interactions coop-
erate to establish the metallacycles in 5 and 6 with anion
encapsulation. Further investigations are sought to
explore host—guest behavior not only in the solid state but
also in solution. On the basis of the derived principles
for the construction of supramoelcular structures, we are
approaching the preparation of new molecules with designed
properties.
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Experimental Section

General Considerations. All reactions were carried out under
a nitrogen atmosphere using standard Schlenk techniques. All
of the solvents were freshly distilled prior to use. CH,Cl, was
dried over CaH,, and CH;OH was distilled over Mg/I,.
(Cp*IrCly),, (Cp*RhCly),, and [(p-cymene)RuCl,], and 3-(4-
pyridyl)pentane-2,4-dione  (L;), 1-(4-pyridinyl)butane-1,3-
dione (L), 1-(3-pyridinyl)butane-1,3-dione (L3z) were prepared
according to reported procedures.!® Infrared spectra were re-
corded on a Nicolet AVATAR-360IR spectrometer, whereas
"H{500 MHz} NMR spectra were obtained on a Bruker DM X-
500 spectrophotometer in proper solvents. Elemental analyses
were performed on an Elementar vario EI Analyzer after
vacuuming the samples.

Synthesis of [(Cp*Ir)(Ly)]s:(OTf)s (1). A mixture of
(Cp*IrCl,), (0.38 mmol, 300 mg) and AgOTf (1.52 mmol, 390
mg) in MeOH was stirred at room temperature for 3 h. After
filtration of AgCl, L; (0.85 mmol, 150 mg) was added to the
filtrate. The solution was kept stirring for 12 h. Then, the solvent
was removed under reduced pressure, producing a yellow solid
which was extracted from CH,Cl,. The residue solids were
recrystallized from CH,Cl,/Et,O to give light yellow crystals
of 1 (250 mg, 51% yield). Elemental analysis calcd: C, 38.64; H,
3.86; N, 2.15. Found: C, 38.44; H, 4.00; N, 2.14. "H NMR
(500 MHz, CDCl;): 6 1.60 (s, —CHs, 15H), 1.79 (s, —CHs3, 6H),
7.85 (d, —pyridyl, 2H), 8.26 (b, —pyridyl, 2H). IR (KBr disk):
2918, 1618, 1571, 1425 1384, 1268, 1149, 1102, and 1032 cm ™"

Synthesis of [(Cp*Rh)(L1)]s - (OTf)s (2), [(Cp*Ir)(L2)l4- (OTH)4
(3), [(p-cymene)Ru(Ly)]4-(OTh)s (4), {[(p-cymene)Ru(L;)]s-
(OT1)} -(OTH)s (5), and {[(p-cymene)Ru(L;)]¢(PFe)} - (PFs)s (6).
The synthesis of 2—6 represents a typical procedure similar to
that of 1. Generally, the products crystallized from CH,Cl,/
Et,O within days. For 2 (150 mg, 53% yield), elemental analysis
caled: C, 44.77; H, 4.47; N, 2.49. Found: C, 44.17; H, 4.53; N,
2.45. "TH NMR(500 MHz, CDCl5): 6 1.62 (s, —CHs, 15H), 1.75
(s, —CHj;, 6H), 7.81 (d, —pyridyl, 2H), 8.24 (b, —pyridyl, 2H).
IR (KBr disk): 2923, 1618, 1572, 1421, 1265, 1150, and 1031
cm™'. For 3 (214 mg, 67% yield), elemental analysis calcd: C,
37.61; H, 3.63; N, 2.19. Found: C, 37.72; H, 3.77; N, 2.21. '"H
NMR(500 MHz, CDCls): 6 1.63 (s, —CH3s, 15H), 2.29 (s, —CH3;,
3H), 7.01 (s, —CH—, 1H), 8.05 (d, —pyridyl, 2H), 8.59 (d,
—pyridyl, 2H). IR (KBr disk): 2960, 2921, 1585, 1514, 1436,
1383, 1155, 1030, and 638 cm™'. For 4 (190 mg, 70% yield),
elemental analysis caled: C, 43.95; H, 4.06; N, 2.56. Found: C,
43.88; H, 4.05; N, 2.34. "H NMR(500 MHz, CDCl5): 6 1.39 (s,
6H, —CH(CH;),), 2.18 (s, 3H, —CH3), 2.88 (m, 1H, —CH-
(CH3),), 2.10 (s, —CHs, 3H), 5.59 (d, C¢Hy, 2H), 5.87 (d, CsHy,
2H), 6.80 (s, —CH—, 1H), 7.41, 7.80, 8.51, 8.75 (m, —pyridyl,
4H). IR (KBr disk): 2966, 2927, 1604, 1587, 1517, 1384, 1263,
1155, 1030, and 638 cm™!. For 5 (135 mg, 48% yield), elemental
analysis calcd: C, 44.92; H, 4.31; N, 2.50. Found: C, 44.87; H,
4.25; N, 2.56. '"H NMR(500 MHz, MeOD): ¢ 1.38 (s, 6H,
—CH(CHs),), 1.81 (s, 6H, —CHs), 2.88 (m, 1H, —CH(CHs),),
2.12 (s, —CH3, 3H), 5.62 (d, C¢Hy4, 2H), 5.90 (d, C4¢Hy, 2H), 7.90
(d, —pyridyl, 2H), 8.32 (d, —pyridyl, 2H). IR (KBr disk): 2968,
2919, 1611, 1572, 1500, 1426, 1366, 1263, 1165, 1034, 840, 805,
and 640 cm ™. For 6 (172 mg, 60% yield), elemental analysis
caled: C, 43.08; H, 4.34; N, 2.51. Found: C, 43.13; H, 4.40; N,
2.43. "H NMR(500 MHz, DMSO—Dy): 6 1.36 (s, 6H, —CH-
(CH3),), 1.74 (s, 6H, —CH3;), 2.84 (m, 1H, —CH(CH3),), 2.10 (s,
—CHs;, 3H), 5.70 (d, C4¢Hy, 2H), 6.01 (d, C¢Hy, 2H), 7.88 (d,
—pyridyl, 2H), 8.36 (d, —pyridyl, 2H). IR (KBr disk): 2962,
2920, 1615, 1571, 1532, 1402, 1385, 1342, 1262, 1032, 844, and
637 cm™ .

X-Ray Crystallography. Each crystal was mounted on a glass
fiber. Crystallographic measurements were made on a Bruker

(14) Lehaire, M.-L.; Scopelliti, R.; Herdeis, L.; Polborn, K.; Mayer, P.;
Severin, K. Gickcmbe. 2004, 43, 1609.

(15) (a) Sanders, K. M. J. Chem. Soc. Perkin. Trans. 1995, 1, 2269. (b)
Singh, B. sl 1992, 35, 4858.
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Table 7. Crystallographic Data for Compounds 1-6
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1 2 3
empirical formula IrsC126F18N6030S6H 150 RhC26F18N6O30ScH 150 Ir4CgoF 12N4020S4Ho,
temperature (K) 293(2) 293(2) 293(2)
fw 3916.08 3380.34 2554.62
cryst size (mm?) 0.12 x 0.10 x 0.04 0.25 x 0.15 x 0.12 0.20 x 0.16 x 0.10
cryst syst monoclinic monoclinic tetragonal
space group C2/c C2/c P4(2)/n
a(A) 47.034(16) 47.13(3) 19.715(12)
b(A) 11.708(4) 11.671(8) 19.715(12)
c(A) 35.107(12) 35.01(3) 12.650(11)
o (deg) 90 90 90
B (deg) 128.854(4) 128.995(9) 90
y (deg) 90 90 90
V(A% 15055(9) 14966(19) 4917(6)

VA 4 4 2
Peated (g/cm®) 1.728 1.500 1.726
u (Mo Ka) (mm ™) 5.456 0.820 5.567
no. of collected reflns 30559 30407 26673
no. of unique reflns 13214 13147 5324
no. of params 755 779 286
goodness of fit 0.910 0.969 0.905

Ry, Ry [I > 20(D]"
Ry, R, (all data)”

0.0550, 0.0931
0.1160, 0.0986

0.0695, 0.1171
0.1607, 0.1253

0.0497, 0.0986
0.1406, 0.1138

max./min residual density (e 1373) 1.774/—0.848 0.876/-0.632 1.416/-0.397
4 5 6

empirical formula RU4C80F12N4OQOS4H83 RUGCIZGF]g N603086H144 RU(,C120F36N60|2P6H144 . CH2C12

temperature (K) 293(2) 203(2) 293(2)

fw 2186.06 3363.25 3423.58

cryst size (mm?) 0.15 x 0.12 x 0.08 0.20 x 0.12 x 0.10 0.15 x 0.12 x 0.10

cryst syst triclinic triclinic monoclinic

space group P1 P1 P2(1)/m

a(A) 10.812(6) 12.6905(13) 15.338(16)

b(A) 14.418(8) 18.6147(19) 34.43(3)

c(A) 15.527(9) 18.9997(19) 16.281(17)

o (deg) 90.438(8) 111.8390(10) 90

p (deg) 106.249(8) 107.3050(10) 106.436(14)

y (d°e§) 94.686(7) 100.1340(10) 90

V(A) 2315(2) 3763.8(7) 8247(15)

VA 1 1 2

Peated (2/cm?) 1.568 1.484 1.379

u (Mo Ka)) (mm™") 0.821 0.760 0.715

no. of collected reflns 10455 18913 34114

no. of unique reflns 8819 13075 14758

no. of params 555 836 869

goodness of fit 0.940 1.128 0.972

Ry, R [I > 20(D]"
Ry, R, (all data)” i
max./min residual density (e A™°)

0.0616, 0.1262
0.1291, 0.1391
1.281/—0.664

0.0682,0.1914
0.0929, 0.2098
1.671/=1.190

0.0760, 0.2024
0.1194,0.2212
1.219/—0.840

“Ry = SN F,| — |[FJl (based on reflections with F,* > 20F). wR, = [S[w(Fy> — FA/S[w(F, 2% w = 1/[0*(Fo?) + (0.095P)%]; P = [max(F,>,0) +

2F2)/3 (also with F,2 > 20F).

Smart Apex 100 CCD area detector using graphite monochro-
mated Mo Ka radiation (A = 0.71073 A) at 293 K. The
structures were solved by directed methods (SHELXS-97) and
refined on F? by full-matrix least-squares (SHELX-97) using all
unique data. All non-hydrogen atoms were refined anisotropi-
cally. In hexanuclear compounds 1 and 2, two of the six triflate
anions and solvent molecules are strongly disordered and
cannot be refined properly. So new data sets corresponding to
omission of the disordered anions and solvents were generated
with the SQUEEZE algorithm before the structures were refined
to convergence. Another triflate anion of the asymmetric unit is
also disordered so that the carbon, oxygen, and fluorine atoms
of it were refined isotropically. Other non-hydrogen atoms were
refined anisotropically. In hexanuclear compound 5, one of the
six triflate anions and solvent molecules are also strongly
disordered. Thus, new data sets corresponding to omission of
the disordered anions and solvents were generated with the
SQUEEZE algorithm before the structures were refined to
convergence. Atom C62 was refined isotropically because of

nonpositive definition and other non-hydrogen atoms were
refined anisotropically. In all compounds, hydrogen atoms
which could be found were placed in the geometrically calcu-
lated positions with fixed isotropic thermal parameters.

Crystal data, data collection parameters, and the results of the
analyses of compounds 1—6 are listed in Table 7.
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