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Half-sandwich Rhodium and iridium complexes with carboxylic acid ligands were combined with pyrazine, 4,4"-bipyridine

(bpy) or trans-1,2-bis(4-pyridyl)-ethylene (bpe) to give a series of tetranuclearmacrocycles. Themetallamacrocycles

www.rsc.org/

[(Cp*Rh)s(Li)x(pyrazine),][OTf], (1), [(Cp*Rh)s(L1)2(bpy)][OTf]: (2), [(Cp*Rh)s(Li)x(bpe)][OTH]s (3) and [(Cp*Ir)u(La):

(pyrazine),] (4) (L; = 3-(2-pyridyl)acrylic acid, L, = 1,4-di(4-carboxyphenyl)benzene were characterized by elemental

analysis, NMR, IR and single-crystal X-ray analyses. Due to the different structures of the carboxylate ligands, the

complexes 1a-3a,1b-3b and 4 were synthesized through double-site C-H activation, and complexeslc-3ewere obtained by

onesite C-H activation.

Introduction

The activation of C-H bonds is a key elementary step of
organometallic reactions, and plays an important role in organic and
inorganic synthesis. Whereas there have been a number of examples
of C-H bond formation or cleavage promoted by transition metal
complexes, either stoichiometric or catalytic, noble metal elements
have been used in most cases.' In particular, complexes containing
the Cp*Rh or Cp*Ir fragment readily undertake oxidative addition
of C-H bonds.? The intramolecular C-H activation of half-sandwich
metal complexes can lead to formation of metallamacrocycles, and
such complexes have shown promise in several fields of chemistry.’
Thereby, the construction and modification of ligands by C-H
activation and self-assembly has been developed.**> A wide range of
metal-organic architectures such as metallacycles, metallaprisms,
metallaboxes and metallacages have been reported based on half-
sandwich metal fragments (CpM/Cp*M) as metal centers. The
synthesis of these C-H activation compounds generally involves the
use of simple starting materials and a relatively general procedure,
and proceeds under mild conditions. For example, we normally rely
on functionalization of C-H bonds of aromatic compounds (such as
carboxylic acid ligands) and pyridine linkers based on half-sandwich
binuclear complexes as building blocks to construct
tetranuclearmacrocycles. Because of this, the size and type of the
carboxylic acid proligand can significantly influence the properties
of the macrocycle.*’
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The carboxylic acids ligands for this purpose can be divided
into symmetrical and unsymmetrical groups, as shown in Scheme 1.
Symmetrical carboxylate ligands with interesting structural features
and technologically useful functions have been topics of intense
study, and have considerable potential. Nevertheless, there have
been comparatively few reports on C-H activation of unsymmetrical
carboxylate ligands in the construction of metallamacrocycles until
now.*’

The C-H activation of unsymmetrical carboxylate ligands has
proven very useful for constructing a wide array of molecular
architectures. This structure diversity also makes the half-sandwich
metal macrocycles or cages suitable for various applications,
including utility in host—guest chemistry, molecular recognition,
electrochemical sensing and anticancer research. The intramolecular
C-H bond activation of unsymmetrical carboxylate ligands can also
lead toisomer complexes, and such complexes have shown promise
in several fields of chemistry, particularly catalysis.'*'?

unsymmetrical proligand symmtrical proligand

H H
= " . . . g
o OH
H O H

L4 L,

/N
=N

Scheme 1 Examples of symmetrical and unsymmetrical carboxylic acid
proligands for C-H activation.

Over the past few years, our group has reported a range of
metallamacrocycles by using C-H bond activation and Cp*Rh or Ir
(Cp* = #°-CsMes) units as building blocks for self-assembly. In
general, symmetrical binuclear complexes with two available
coordination sites at each metal center can be used as building
blocks with bipyridine ligands to form macrocycle complexes.'>
5The rigorous exclusion of water or oxygen has become a general
requirement for the C-H activation steps in this field. It is also worth

Dalton Transactions, 2015, 00, 1-3 | 1



Dalton Transactions

Dalton Transactions

?, 2t 2*

’?‘ \Rh/CI /y‘ ! ) L © lignd a b ¢
L Cl N N \ / < 7 e 8 5
RA c Rh—®—®-RH Rh—@—0—Rh_ Rh-@—O-RH. _

/N + @—® CHClL AgOTf, L o oN” N7 0 / N" pyrazine 1la 1b  1c
drel — 5 o NS o s IAANA 4 ~70 ==
\Ré pyrazine or NaOAc /N o] S O NA N o "N ?\O 40TF by 2a 2 2
— =N )2 - Z . —
or o7 beyorbpe  Chl Rh-®—@-RH  20TF O o ‘@ on 20Tf /RhMRQ e s 8h
o %_ _&/ *ﬁ/‘ _ﬁ ﬁ‘ %
; 1b-3b

P\ A
pyrazme.N\ﬁN bpy:N_ > N

e
bpe: ND—/_QN

TEA: triethylamine

Scheme 2. Synthesis of complexes 1 to 3.

mentioning that the quantity of sodium acetate also plays a decisive
role in the formation of these C-H activation complexes.'®In this
work, we illustrate that unsymmetrical and symmetrical carboxylate
ligands provide both high rigidity and structural stability and are not
be found when ligands contain rotation axes or labilecoordinate
bonds to the metal centers. Rational control of the unsymmetrical
structure of carboxylic acid proligands can lead to two kinds of half-
sandwich metallamacrocycles through C-H activation. One difficulty
of using the proligand 3-(2-pyridyl)acrylic acid(L,)for half-sandwich
self-assembly processes is the fact that L; can form conformational
isomers with a different relative orientation of the N-donor groups.
In one case this led to double-site C-H activation involving o-
coordination to the double bond of the olefin. A number of
complexes based on isomerization of L; were observed and
unambiguously confirmed by single-crystal X-ray crystallography.
Another outcome involved one-site C-H activation, coordination
with the pyridyl group of 3-(2-pyridyl)acrylic acid,while the
carboxylate group was found to bind through both oxygen atoms to
the rhodium atom.

Inspired by these results, we also designed a symmetrical
carboxylic acid as proligand through a general and efficient
procedure in order to construct macrocycles via C-H bond activation.
Using this proligand, C-H bond activation was induced by
employing an alkaline environment. Rigid, symmetrical proligand L,
(Scheme 1) is used to prepare metallacyclic tubular architectures by
self-assembly.'"In particular, macrocyclic complexes such as these
may have the ability to selectively adsorb CO,.

Results and Discussion

As depicted in Scheme 2, we have attempted to synthesize a series of
macrocycles complexes involving unsymmetrical ligands via C-H
bond activation of olefinic carboxylate proligands. Therefore, the
precursor complex [Cp*RhCl,], was initially reacted with L (L =
pyrazine, 4,4'-bipyridine or trans-1,2-bis(4-pyridyl)-ethylene) in
dichloromethane at room temperature to produce binuclear
complexes [Cp*RhCl,],L. Four equivalents of silver trifluoro
methane sulfonate (AgOTf) were then added to the solution and the
reaction was carried out in the dark for 12 hours. Sodium acetate
(NaOAc) and 3-(2-pyridyl) acrylic acid were added to the solution,
and the mixture was stirred for a further 10 hours. The products were
washed and recrystallized from dichloromethane / diethyl ether, and
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then isolated by careful selection of the crystals. Single-crystal X-ray
structural analysis revealed that 1a, 1c, 2b, 2¢ and 3¢ were formed
through C-H activation. The structures of complexes were also
confirmed by their 'H NMR, IR spectra, and elemental analyses. All
of these metallamacrocycles were fully characterized by 'H NMR
and "H-"H COSY. In the "H NMR spectra, signals attributable to the
3-(2-pyridyl) acrylic acid ligand and the Cp* groups were split into
two equal parts, indicating different chemical environments of this
group. The existence of isomers is presumably due to the direction of
the nitrogen atom from the 3-(2-pyridyl) acrylic acid ligand as
shown in Scheme 2.

As shown in Scheme 2, one of the influencing factors about the
C-H bond activation was the coordination site with the carboxylate
ligands and metal centers. Another was the coordination model was
chelating coordination or coordination with the C-H bonds to formed
macrocyclic compounds. Herein, we report a method that different
from previous to synthesize half-sandwich rhodium macrocycles by
directed muticomponent self-assembly in which C-H activation
occurs under mild conditions.

The first coordination model involves coordination of the two
carboxylate ligands to rhodium atoms in a two-site coordination
mode and direction. As shown in Figure la, each rhodium atom of
la is connected to one pyrazine and one pyridyl/carboxylic acid
ligand; two Rh atoms are bound through C,N atoms and two Rh
atoms bind through C,O atoms. The lengths of Rh4-O3, Rh1-N1,
Rh3-N2, and Rh2-O1 bonds are 2.1392(2), 2.1081(2), 2.1392(2), and
2.0879(2) A, respectively. There were disordered solvents (half of
one diethyl ether molecules) which could not be restrained properly.
Therefore, SQUEEZE algorithm was used to omit them. Figure 1b
shows asimplified wireframe view of macrocyclic complexes 1la.
Figure 1c shows that the two neighboring layers of the complexes 1a
are linked by hydrogen bonds and the distances between the
complexes 1a are 2.7911(2), 2.7222(3) and 2.6491(2) A. One should
note that weak hydrogen bonding of this kind has frequently been
observed for enantiomers based on asymmetric ligands. Through
these weak hydrogen bonding interactions a one-dimensional
structure was formed (Figure 1c). The one- and two-dimensional
stacking structure are produced by hydrogen bonding interactions
between the OTf anions and the carbon atoms of Cp* groups
(Figure 1d). The structures of these complexes were confirmed by
"H NMR and elemental analysis. The features of the 'H NMR
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spectra of complexes 1a, 1b and 1c are similar to each other. The
Cp*Rh groups [ = 1.54 ppm (1a,1b), and 1.57 (1¢)] indicate that the
Cp*Rh moieties of the complexes exist in similar chemical
environments. The signals of complexes 1a,1b and 1c¢ are different
from each other due to the different configurations of the C—H
activation. The existence of isomers (1a and 1b) is probably due to
the direction of the nitrogen atom from the 3-(2-pyridyl)acrylic acid
ligand as shown in Scheme 2. The Cp*Ir group also proved to be
capable of mediating the double-site C—H activations, giving 1bs as
supporting products (Figure S1). Overall, the investigation of the
complexes through "H-'"H COSY spectra illustrates the existence of
these compounds, but it is very difficult to physically separatela-1b
and 1c in solution.

c)
27911 6
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e 27911
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)

Figure 1. (a) Simplified wireframe view of complex 1a; (b) Space-filling
view of complex 1a; (c) View showing hydrogen bonds between the OTf
anions and carbon atoms of complex 1a; (d) View showing the two-
dimensional hydrogen-bonded network (gray for C, blue for N, red for O,
pink for Rh, yellow for S, green for F, hark green for H).

The second coordination model is significantly different from
the first, but also results in rectangular macrocycles. The carboxylate
ligand undergoes C-H activation at only one position, while the two
carboxylate oxygen atoms of each ligand chelate one rhodium atom
(Figure 2a,b). This plasticity can be attributed to the presence of
unsymmetrical ligands, which are kinetically labile and have flexible
coordination geometries. The hydrogen bonds between complex 1¢
are 2.7061(2) (F7-H53C), 2.6607(2) (F9-H50C), 2.5474(2) (F6-
H31A), and 2.8714(2) (F5-H19) A, respectively (Figure S2). There
was one disordered dichloromethane molecule which could not be
restrained properly. Therefore, SQUEEZE algorithm was used to
omit it. Further analysis of the structure of complex 1¢ explains why
the one-dimensional channel forms. Four OTf anions were found
between two neighboring layers of the macrocycles that are linked
with hydrogen bonds. Among the four OTf anions, four anions were
found inside the channel formed by the macrocycles with one F atom
hydrogen bonding to a hydrogen atom of the Cp* group, the
distances being 2.6565(2) (F4-H53C), 2.7347(2) (F3-H31D),
2.7401(2) (F9-H32F), and 2.7716(2) (F10-H34A) A (Figure S2).

This journal is © The Royal Society of Chemistry 2015
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Figure 2. (a) Simplified wireframe view of complex 1¢; (b) Space-filling
view of complex 1¢ (gray for C, blue for N, red for O, pink for Rh).

In order to test whether the singly-activated ligands of complex 1¢
could be induced to undergo a second C-H activation, we
investigated the reaction of 1lc¢ under basic conditions. Mixing a
dichloromethane (10 mL) solution of C-H-activated complexes 1a-
1c (0.1 mmol) with #riethylamine (0.2 mL) for 12 h resulted in the
formation of complexes 1a,b which contain double-site C-H
activated ligands. The "H NMR spectra of complexes 1a,b showed a
single set of signals for the 3-(2-pyridyl)acrylic acid ligands and
pyrazine ligands, in accordance with a two-site C-H activation
structure (Figure S8). As a consequence, the interconversion
between the two types of C-H bond activation does not proceed in
both directions: the one-site activated complex (1¢) can be converted
to two-site complexes (1a,b) but not vice versa.

A similar fetranuclear structure was confirmed for complex 2b
by single-crystal X-ray diffraction study. This assumption was also
confirmed by "H-'"H COSY spectra analysis of the complexes 2a-2¢
(Figure S10). Figure 3a shows that the two 4,4-bipyridine ligands
are orthogonal to the planes made by the two rhodium atoms and the
pyridyl/carboxylate ligands. The fetranuclear structure 2b shows a
rectangle with dimensions of 4.8195(3) and 11.3083(6) A for the
Rh1B-Rh2A and Rhl1A-Rh2A distances. There were disordered
solvents (three water and one methanol molecules) which could not
be restrained properly. Therefore, SQUEEZE algorithm was used to
omit them. The two OTf anions and the Cp* groups lead to the one-
and two-dimensional hydrogen bonded networks as previously
described (Figure S3).

Figure 3. (a) Simplified wireframe view of complex 2b; (b) Space-filling
view of complex 2b (gray for C, blue for N, red for O, pink for Rh).

The structure of complex 2¢ is shown in Figure 4a, the
distances between the pyridyl/carboxylate-bridged and bpy-bridged
Rh atoms are 5.470 A and 11.277 A, respectively. The two bpy
groups were found to be nearly perpendicular to the 3-(2-
pyridyl)acrylic acid ligands. The average Rh2B-02B (2.1526(3) A)
and Rh2B-O1B (2.1561(3) A) bond lengths are similar to those
found for the double-site C-H activation complex 2b (Rh2A-O1 A=
2.0918(1) A; RhiB-NIB = 2.0993(1) A). There were disordered
solvents (four methanol and three water molecules) whichcould not
be restrained properly. Therefore, SQUEEZE algorithm was used to
omit them. The two-dimensional network of complex 2¢ in the

Dalton Transactions, 2015, 00, 1-3 | 3
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crystal is shown in Figure S4. There are some weak hydrogen
bonding interactions between the F atoms of the OT{ anions and the
hydrogen atoms of the Cp* groups. Attempts to crystallographically
characterize complex 2a were not successful due to poor quality data
and large numbers of solvent molecules.

Figure 4. (a) Simplified wireframe view of complex 2¢; (b) Space-filling
view of complex 2¢ (gray for C, blue for N, red for O, pink for Rh).

As shown in Figure 5a, complex 3¢ has an analogous
connectivity to lc and 2¢; however, its rectangular structure is
significantly distorted. The two bridging bpe ligands are also slightly
bent. As a consequence, the distance between the two parallel
ethylene C atoms was 5.4849(7) A, whereas the N atoms, being
5.9950(8) and 5.4950(7) A apart, were nearly parallel to each other.
There were disordered solvents (one dichloromethane and one
diethyl ether molecules) which could not be restrained properly.
Therefore, SQUEEZE algorithm was used to omit them. We also
obtained an analogous iridium complex 3es shown in Figure S15.
From the Figure 5b, it can be seen that the bpe ligands are not
strictly ~ parallel, ~which may unfavorable for [2+2]
photocycloaddition. When single crystals or a powered crystalline
sample of complex 3¢ was subjected to UV irradiation using an Hg
lamp for a period of approximately 25 h, no dimerization reaction
was observed, as evident by "H NMR spectroscopy.To gain further
insight into this complex 3¢, "H NMR experiments were carried out
in CD;0OD to investigate the the ability and selectivity of the
metallarectangle to host small organic molecules. However, no
obvious shift changes for observed.Figure S5 shows four OTf"
anions connected to the Cp* groups of two neighboring macrocycles
through their F atoms, with hydrogen bonds distances from 2.689 to
2.821 A. The two-dimensional extended structure of complex 3¢ in
the crystal is shown in Figure S5.

Figure 5. (a) Simplified wireframe view of complex 3c¢; (b) Space-filling
view of complex 3¢ (gray for C, blue for N, red for O, pink for Rh).

These results with unsymmetrical ligands prompted us to
explore the supramolecular coordination chemistry of symmetrical
ligands using iridium complexes suitable for C-H activation.
Therefore, we attempted to obtain a macrocycle by using
symmetrical ligands based on 1,4-di(4-carboxyphenyl)benzene. As
indicated in Scheme 3, the macrocycle 4 was obtained by reaction of
[Cp*IrCl,],with pyrazine. Similarly, a tetranuclear complex was
obtained by reaction of binuclear complexes with 1,4-di(4-

4 | Dalton Transactions, 2015, 00, 1-3

Dalton Transactions

carboxyphenyl)-benzene in the presence of sodium acetate. This may
indicate that the C-H activation and metallacycle formation is
cooperative, and that the symmetry and stability of the metallacycle
partly restriction the self-assembly formation. And the size and steric
hindrance of the C-H bond is one of the crucial factors to affect the
interaction between the four Cp*Ir units and symmetric ligands.

0O~ Ir—N \Y
cl =
CR

. cl
_AgOTf Ly _

[ j NaOAc

Y J
I, Cl<p.
o e 7ge
7N\
Ir—N N—Ir.
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Scheme 3. Synthesis of metallacycle 4.

The structure of complex 4 shows two pyrazine ligands linked
by two 1,4-di(4-carboxyphenyl)benzene units to form a MyL,
macrocycle (Figure 6a). Figure 6b shows that the most salient
feature of 4is that the 1,4-di(4-carboxyphenyl)benzene unit binds as
a bidentate ligand at two positions, via activation of two C-H bonds.
The Ir1A-O1A and Ir1B-O1B distances are both 2.0115(2) A. There
were disordered solvent molecules (half of a dichloromethane
molecule) which could not be restrained properly. Therefore,
SQUEEZE algorithm was used to omit it. The high symmetry and
stability of the structure is presumably due to the formation of five-
membered chelate rings at each Ir center. The complex 4 adopts a
rectangular structure with Ir1A-Ir1B distances of 12.5286(19) A.
The Ir1-Ir3 distance is 6.9285(11)A, while the Ir1A-N1A and Ir1D-
NID distances are both 2.0673(3) A. Interestingly, three-
dimensional molecular tunnels are obvious from viewing the crystal
packing (Figure6d).

Figure 6. (a) Simplified wireframe view of complex 4; (b) Space-filling view
of complex 4; (c) Crystal-stacking structure of complex 4; (d) Channel-
stacking architecture of complex 4 (gray for C, blue for N, red for O, purple
for Ir).

Furthermore, the possibility of adsorption and separation of
CO, using porous, solid adsorbents has received much attention
during the past decade as an alternative for amine-based absorption-
desorption processes. The group of Zhang reported that purely

This journal is © The Royal Society of Chemistry 20xx
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organic cages with N—H groups show ideal selectivity of CO,/N,.'®
In this work, single-component gas sorption experiments were
carried out on CO, and N, up to 1 atm at 77.35K (Fig. S12). We
observed that almost no adsorption of nitrogen and the highest
selectivity ratio CO, of the unsymmetric ligand complex 3a,b was
shown to be 4.05cm’/g at 77.35 K and 0.87atm. The symmetric
ligand complex 4 can improve the adsorbed amounts of CO,
(4.62cm’/g at 77.35 K and 0.96atm) which corresponds to the
defects, such as mesopore formation as a result of fragmentary
framework collapse during the transformation. The influencing
factors on adsorptive gas separation include the molecular sieving
effect, the thermo-dynamic equilibrium effect, and the kinetic effect
which have contribution to the highly selective capture of CO, rather
than N,.

Experimental Section

General procedures: The syntheses of the complexes were carried
out under an atmosphere of nitrogen using standard Schlenk
techniques. Dichloromethane and methanol were purified by
standard methods prior to use. The starting materials [Cp*RhCl;],
and [Cp*IrCl,], were prepared according to literature procedures.”
Other chemicals were obtained commercially and used without
further purification. Elemental analyses were performed on an
Elementar III Vario EI analyzer. '"H NMR spectra (400 MHz) were
recorded on a Bruker DMX-500 Spectrometer in CD;0D (83.31) or
CDCl; (87.26) solutions. IR spectra were measured on a Nicolet
Avatar-360 spectrometer.

Syntheses and Characterizations.

Preparation of 1la-Ic.A solution of [Cp*RhCL], (31.0 mg,
0.05mmol) and pyrazine (4 mg, 0.05 mmol) in dichloromethane (10
mL) was stirred for 4 h at room temperature. AgOTf (0.2 mmol) was

added to the solution and the reaction was stirred in the dark for 12 h.

Subsequently, 3-(2-pyridyl)acrylic acid (7.5 mg, 0.05 mmol) was
added to the solution along with sodium acetate (41 mg, 0.5mmol),
and vigorous stirring was continued for 4 hat room temperature. The
products were crystallized from dichloromethane / diethyl ether to
give complexes la-lc. (Yield: 1a-1b: 42.6 mg, 66.2%, red block
crystals; 1c: 4.8 mg, 7.4%, orange block crystals). Data for complex
la-1c:  Elemental  Analysis:  la,b:  Anal. Caled for
CesH76NgRh4FsO10S,: C 46.55, H 4.50, N 4.93. Found: C46.03, H
4.26, N 4.61; Ic: Anal. Caled for CegH7sNgRhyF,016S4: C 40.05, H
3.97, N 4.25. Found: C 40.53, H 4.20, N 4.58.Data for complexes
la-1c : '"H NMR: 1a,b 'H NMR (400 MHz, CD;0D, ppm): & = 8.84-
8.70 (d, 2H, Py-H), 8.47-8.43 (d, 4H, pyrazine-H), 8.32-8.27 (d, 4H,
pyrazine-H), 7.87-7.83 ('t, 2H, Py -H), 7.42-7.35 (t, 2H, Py-H), 7.32-
7.26 (t, 2H, Py-H), 1.63-1.54 (m, 60H, Cp*-H); Ic 'H NMR (400
MHz, CD;0D, ppm): § = 9.04-9.01 (d, 2H, Py-H), 8.97-8.90 (d, 2H,
Py-H),8.71-8.62 (d, 2H, Py-H), 8.40-8.37 (d, 4H, pyrazine-H),8.17-
8.16 (t, 2H, Py-H), 8.04-8.02 (d, 4H, pyrazine-H), 7.54-7.50 (t, 2H,
CH=C), 1.65-1.57 (d, 60H, Cp*-H). Data for complex la-l1c IR
(KBr disk): 3100, 2963, 2914, 1602, 1573, 1557, 1538, 1455, 1396,
1260, 1223, 1156, 1105, 1030, 801, 754, 637, 572,517 cm .

Preparation of 2a-2¢. [Cp*RhCl,], (31.0 mg, 0.05mmol) and 4,4'-
bipyridine (8 mg, 0.05 mmol) were added to a solution of the

This journal is © The Royal Society of Chemistry 2015

dichloromethane (10 mL). The following operation was same as la-
lc.  Subsequently, the products were crystallized from
dichloromethane / diethyl ether to give complexes 2a-2¢. (Yield:
2a,b: 39.12 mg, 56.8%, orange block crystals; 2¢: 12.5 mg, 18.2%,
yellow block crystals). Data for complex 2a-2c: Elemental Analysis:
2a,b: Anal. Caled for C;gHggNgRhyF5O10S,: C 50.39, H 4.77, N 4.52.
Found: C 50.82, H 498, N 4.84; 2¢: Anal. Caled for
CrsHgoNRh4F1,046S4: C 43.87, H 4.25, N 3.94. Found: C 43.42, H
4.02, N 3.63. Data for complex 2a-2¢ :'H NMR: 2a,b 'H NMR (400
MHz, CD;0D, ppm): é = 9.01-8.96 (d, 2H, Py-H), 8.39-8.35 (d, 2H,
Py-H), 8.21-8.17 (d, 2H, Py-H), 8.01-7.95 (t, 2H, Py-H), 7.84-7.70 (t,
18H, bpy-H), 7.29-7.21 (t, 18H, bpy-H), 1.63-1.62 (m, 60H, Cp*-H);
2¢'H NMR (400 MHz, CD;0D, ppm): 8 = 9.08-9.02 (d, 2H, Py-H),
8.44-8.40 (t, 2H, Py-H), 8.28-8.23 (t, 2H, Py-H), 8.09-7.96 (t, 8H,
bpy-H), 7.44-7.30 (t, 8H, bpy-H),7.20-7.17 (s, 2H, CH=C), 1.67-
1.63 (d, 60H, Cp*-H). Data for complex 2a-2c¢: IR (KBr disk): 3094,
2975, 2919, 1619, 1572, 1500, 1460, 1438, 1379, 1260, 1218, 1161,
1065, 842, 791, 756, 639, 580, 559,516cm™.

Preparation of 3a-3c. 4,4"-bpe (9 mg, 0.05 mmol) was stirred with
[Cp*RhCl,]; (31 mg, 0.05 mmol) in dry dichloromethane (10 mL)
for 4 h at room temperature. The solution was then worked up
according to the synthetic method of complexes la-Ic. Finally, the
products were crystallized from dichloromethane / diethyl ether to
give complexes 3a-3c. (Yield: 3a,b: 38.2 mg, 54.7%, orange block
crystals; 3c: 11.8 mg, 16.9%, yellow block crystals). Data for
complex 3a-3c: Elemental Analysis:3a,b: Anal. Calcd for Cg;Hy,Ng
RhyFs040S,: C 51.53, H 4.85, N 4.40. Found: C 51.91, H 5.14, N
4.65; 3c: Anal. Calcd for CgyHoyNgRh4F1,014S,: C 45.02, H 4.33, N
3.84. Found: C 45.62, H 4.65, N 4.08. Data for complex 3a-3¢ 'H
NMR: 3a,b 'H NMR(400 MHz, CD;0D, ppm): = 8.97-8.91 (d, 2H,
Py-H), 8.57-8.44 (d, 2H, Py-H), 8.25-8.20 (d, 2H, Py-H), 8.12-8.07
(d, 4H, Py-H), 7.88-7.70 (t, 2H, Py-H),7.23-7.02 (m, 16H, bpe-H),
1.67-1.63 (m, 60H, Cp*-H); 3¢ 'H NMR (400 MHz, CD;0D, ppm): &
=9.07-8.98 (d, 2H, Py-H), 8.76-8.71 (d, 2H, Py-H), 8.31-8.24 (d, 2H,
Py-H),8.18-8.14 (t, 2H, Py-H), 8.03-7.89 (t, 8H, bpe-H), 7.88-7.70 (t,
8H, bpe-H), 7.41-7.32 (d, 4H, ethylene-H), 7.31-7.26 (d, 2H, CH=
(©),1.63-1.61 (d, 60H, Cp*-H). Data for complex 3a-3c: IR(KBr
disk): 3100, 2965, 2916, 1609, 1568, 1455, 1413, 1383, 1261, 1223,
1157, 1071, 1030, 821, 756, 638, 573, 517 cm™".

Preparation of 4.A solution of [Cp*IrCl,], (80.0 mg, 0.1 mmol) and
pyrazine (8 mg, 0.1mmol) in dichloromethane (10 mL) was stirred
for 4 h at room temperature. AgOTf (0.4 mmol) was added to the
solution and the reaction was carried out in the dark for 12 h. 1,4-
di(4-carboxyphenyl)benzene (31.8 mg, 0.1mmol) was then added to
the solution along with sodium acetate (82 mg, 1.0mmol), vigorous
stirring was continued for 4 h. The solution was concentrated to give
a dark red solid, which was washed with diethyl ether and dried
under vacuum. Finally, the products were crystallized from
dichloromethane / diethyl ether to give complex 4 (Yield: 54.2 mg,
78.1%, orange block crystals). Data for complex 4: Elemental
Analysis: Anal. Caled for CggHeglryN4Og: C 50.85, H 3.30, N 2.70.
Found: C 50.31, H3.11, N 2.43. "H NMR (400 MHz, CD;0D, ppm):
§ = 8.81-8.62 (d, 8H, benzene-H), 7.90-7.75 (d, 8H, benzene-H),
7.48-7.02 (t, 8H, benzene-H), 5.88-5.04 (d, 4H, benzene-H), 1.64-
1.42 (d, 60H, Cp*-H). Data for complex 4 IR (KBr disk): 3510, 1607,
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1473, 1416, 1393, 1223, 1175, 1073, 1030, 821, 791, 779, 756, 638, TheCambridge Crystallographic Data Centre via www.ccdc.cam.
573,517,465 cm ™. ac.uk/data_request/cif.
Single-Crystal X-ray Structure Determination. All the
determinations of unit cell data was performed with graphite- Conclusions
monochromated MoK, radiation (.}\. =0.71073 A) for complexes 1 to In summary, we have employed C-H bond activation to construct
4. All the data were collected at different temperature (1a, 2b, 2¢, 3c, half-sandwich iridium and rhodium macrocycles utilizing
4, 3est 173K; 1e: 193K; 1bs: 293K) using the o scan technique. symmetrical and unsymmetrical carboxylate ligands. As expected,
These structures were solved by direct methods, using Fourier  the formation of the metallamacrocycle complexes was achieved
techniques, and refined on F2 by a full-matrix least-squares method.  through C-H activation with L;.The macrocyclecomplexes with
All the calculations were carried out with the SHELXTL program.21 more flexible unsymmetrical carboxylate ligands lead to the
A summary of the crystallographic data and selected experimental existence of isomers during macrocycle construction. In solution,
information are given in Tablel. CCDC-960936(3¢), 960937(1a), complexlc can transform into complexes 1a-1b, as determined by
960938(2b), 1436256 (1c), 1436257 (2¢), 1436258 (4), 1437166 'HNMR and 'H-'"H COSY spectra in CD;0OD-d,with triethylamine.
(1bs), 1456394(3cs) contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from
Tablel. Crystallographic data for complexes 1a, 1¢, 2b, 2¢, 3¢, 4.

Complex la 1c 2b 2¢ 3¢ 4
empirical formula CeoHysFNGO, | sRh,S, Cy7HyF1;Ng O ¢Rh,S, CyoH, 12FNs O5Rh,S, CigHysoF 12NGO30R S C1Hy20NGRh,F,0,08, CorHogIr,N, O
crystal size [mm’] 0.11x0.03x0.02 0.18x0.10x0.10 0.18x0.08x0.07 0.45%0.20%0.10 0.08x0.06x0.06 0.21x0.130x 0.08
space group P21/ P21/ C2/c C2/c C2/c Fmmm
a[A] 16.5853(17) 22.8010(19) 35.819(2) 29.337(5) 20.953(4) 10.157(16)
b[A] 14.0474(14) 12.6790(11) 14.2489(9) 14.113(2) 15.154(3) 25.995 (4)
c[A] 32.107(3) 32.042(3) 19.1425(13) 14318(2) 35.765(7) 53.545(8)
al°] [a] 90 90 90 90 90 90
B 102.123(2) 97.4570(10)° 109.8460(10) 112.280(3) 101.596(3) 90
Wl 90 90 90 90 90 90
Volume 7313.4(13) 9184.7.7(13) 9189.7(10) 5485.3(16) 11124(4) 14137(4)
z 4 4 4 2 4 4
F(000) 3596 4536 4288 2584 5512 4736
max./min. transmission 0.745/0.575 0.746/0.635 0.745/0.675 0.745/0.617 0.745 /0.633 0.746/0.374
data/restraints/parameter 12848/173 /928 21129/168/1107 9331/44 /566 11168 /55 /555 9739 /741 656 4334/25/219
goodness of fit 1.061 1.025 1.095 0.964 1.092 1.048
Reflections collected/ 43045 66884 30406 18510 32280 25216
Independent reflections 12848 21129 9331 11168 9739 4334

R1/WR2 [1>20(D)] [a] 0.0807/0.2049 0.0557/0.1378

R1/wR2 (all data) [a] 0.1204/0.2275 0.0829/0.1500

Crystal system Monoclinic Monoclinic

0.0544/0.1488
0.0653/0.1565

Monoclinic

0.0519/0.1324 0.1272/0.3125 0.0516/0.1500

0.0719/0.1424 0.1489/0.3256 0.0659/0.1567

Monoclinic Monoclinic Orthorhombic

[a] RI=x[F|-F| (based on reflections with Fy >20F"). WR=[X[W(Fo -F. ) VE[W(Fo ) 115 w=1/[0"(Fo')+(0-095P) J; P=[max(Fy’, 0)+2F . ]/3(also with Fo'>2GF")

Furthermore, nano-sized channels self-assemble by hydrogen bond
interactions in complexes 1-3. Therefore, varying the structural
characteristics of these half-sandwich complexes employed in the
self-assembly process may give rise to new functional properties.
Finally, the ligand L, can provide both strong M-C bonds via C-H
activation, and a geometrically convenient route for intramolecular
channel stacking. The results of CO, adsorption and separation
experiments indicate that complexes constructed using symmetrical
carboxylic acid ligands may be useful in the controllable release of
CO, molecules.
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