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ABSTRACT: Although reversible covalent activation of
molecular hydrogen (H2) by transition-metal complexes is a
common reaction, H2-mediated sophisticated reversible
arrangements of organometallic frameworks have not yet
been described. Herein, we report unusual organometallic
transformations in solution that can be accomplished by uptake
or release of H2. An efficient route for synthesizing air- and
moisture-stable 16-electron M2L2-type metallacycles under
very mild conditions has been developed. The new organo-
metallic metallacycles favor the binding of small ligands such as
MeCN, Cl−, CO, and pyridine. The reaction of a
coordinatively unsaturated 16-electron M2L2-type macrocyclic
complex featuring thione ligands with 1 atm of H2 leads to the
isolation of a 18-electron M2L3-type cylinder, along with hydride species. Remarkably, the obtained mixture underwent loss of H2
in a facile manner upon heating to re-form the starting M2L2-type complex. A possible mechanism is proposed for the reversible
transformations.

■ INTRODUCTION

In modern organometallic chemistry, molecular dihydrogen
(H2) is viewed as a fundamental reagent due to its use in most
homogeneous catalytic hydrogenations.1,2 Heterolytic cleavage
of the H−H bond is a key step in the function of
hydrogenases.3,4 Various transition-metal complexes1,2 and
main-group elements,5−7 together with metallic cluster
complexes,8−11 have been used to promote heterolysis of H2.
H2 also serves as an important ligand in coordination and
organometallic chemistry, a fact that has been well demon-
strated.12 Reversible H2 addition across an M−B bond was
recently reported.13 In the reported examples of transition-
metal-catalyzed H2 activation, it is clear that coordinatively
unsaturated organometallic species play a critical role in
stoichiometric and catalytic transformations mediated by
transition-metal complexes, as either catalyst precursors or
key intermediates or both.14 As a consequence, the isolation
and characterization of coordinatively unsaturated organo-
metallic complexes have become some of the most active and
exciting areas of current research.15 However, studies are
generally difficult because of the high reactivity of these species,
in conjunction with their air and moisture sensitivity.
We entered this arena by targeting air- and moisture-stable,

coordinatively unsaturated, organometallic complexes featuring
metal−sulfur bonds.16 We had hoped that using these species
in the heterolysis of H2 mediated by M−S bonds would provide
a novel model of [NiFe] hydrogenases.3,4 An unstable,
coordinatively unsaturated iridium complex, bearing a bulky

2,6-dimesitylbenzenethiolate (SDmp) ligand, has been reported
by Tatsumi et al.17 to exhibit activity in the reversible splitting
of H2. Although half-sandwich iridium-/rhodium-catalyzed H2

activation is well-known,18 an example of H2-catalyzed
reversible C−H and N−H bond formation in homogeneous
organometallic iridium systems was reported only recently.19

However, even under an H2 atmosphere (1 atm, room
temperature), a complete conversion to the known dinuclear
trihydride complex [Cp*2Ir2(μ-H)3]

+ occurred, along with the
release of free and protonated organic ligands.20 A similar
phenomenon was also observed in the reaction of an
unsaturated iridium amide with H2.

21

The reversible arrangement of molecular building blocks in
self-assembled architectures has led to numerous new and
fascinating molecular switching systems and dynamic materi-
als.22,23 An understanding of the supramolecular chemical
evolution of matter in response to different stimuli can provide
much information about molecular recognition processes and
also offer some opportunities in the design and synthesis of
dynamic materials and biologically active molecules.22−24

Various stimuli such as pH, light, redox processes, and
coordination metal ions have been used to compare their
effect on self-assembled structures.25 However, well-controlled
structural transformations of discrete self-assembled supra-
molecules have rarely been studied.26 A few examples of the

Received: August 20, 2014
Published: September 12, 2014

Article

pubs.acs.org/JACS

© 2014 American Chemical Society 14608 dx.doi.org/10.1021/ja508543y | J. Am. Chem. Soc. 2014, 136, 14608−14615

pubs.acs.org/JACS


transformation between 2D and 3D discrete structures were
described by Stang27 and Schmittel.28 A useful supramolecular
reaction known as the halide-induced ligand rearrangement
reaction has been developed and studied extensively by Mirkin
and co-workers.29 The relative arrangement in heteroligated
supramolecular coordination complexes can be regulated in situ
using small ancillary ligands such as halides, CO, and nitriles.
On the basis of the addition or removal of chemical stimuli,
supramolecular allosteric enzyme mimics were designed.30

Therefore, the design and construction of supramolecular
structures through structural transformations triggered by
external stimuli is still in demand. In particular, the
sophisticated rearrangement between organometallic assem-
blies, mediated by small organic molecules, is scarce. Some
small organic molecules such as N-heterocyclic carbenes have
been found to initiate unusual organometallic transformations
in solution at room temperature.31,32

For these reasons, it was of interest to target new
coordinatively unsaturated organometallic complexes based
on Cp*M−S fragments in order to investigate potentially new
reaction routes for new organometallic assemblies derived
therefrom. As described below, this work began with attempts
to synthesize a series of coordinatively unsaturated 16-electron
organometallic metallacycles as starting materials. An efficient
route for synthesizing air- and moisture-stable 16-electron
M2L2-type metallacycles under very mild conditions has been
developed. The new organometallic metallacycles favor the
binding of small ligands such as MeCN, Cl−, CO, and pyridine.
Preliminary studies show that some of these new complexes are
reactive with H2. In this context, unusual organometallic
switching between 2D 16-electron M2L2-type metallacycles and
3D 18-electron M2L3-type cylinders in solution was accom-
plished by uptake or release of H2.

■ RESULTS AND DISCUSSION
Synthesis of Coordinatively Unsaturated 16-Electron

Organometallic Metallacycles. The 16-electron complexes
1a(X)4 (X

− = OTf−, NO3
−, BF4

−), 1b(OTf)4, and 2(OTf)4−
7(OTf)4, generally formulated as [(Cp*M)2(μ-L)2](X)4, were
prepared in good yields from the sequential reactions of
[Cp*MCl2]2 (M = Ir, Rh) with silver salts and the
corresponding bidentate organosulfur ligands L1−L7, as
shown in Scheme 1 and Table 1. The structures of
coordinatively unsaturated 16-electron macrocyclic complexes
were unambiguously confirmed by single-crystal X-ray

diffraction studies of 1a(X)4 (X− = OTf−, NO3
−, BF4

−),
1b(OTf)4, 3(OTf)4, 5(OTf)4, 6(OTf)4, and 7(OTf)4. The
examples of 1a(OTf)4, 3(OTf)4, 5(OTf)4, 6(OTf)4, and
7(OTf)4 are shown in Figure 1. Selected bond lengths and
angles are summarized in Table S1 in the Supporting
Information.

As shown in Figure 1, each of the molecules has a dimeric
stucture that is composed of two [Cp*M(μ-L)] units with the
metal atoms being surrounded by two S atoms from different
ligands. It is worth noting that the structures are coordinatively
unsaturated 16-electron two-dimensional metallacycles. No
coordinating solvent was observed in the structures. All

Scheme 1. Synthesis of Coordinatively Unsaturated 16-
Electron Organometallic Metallacycles

Table 1. Scope of Formation of 16-Electron Organometallic
Metallacyclesa

entry M AgX L product yield (%)b

1 Ir AgOTf L1 1a(OTf)4 88
2 Ir AgNO3 L1 1a(NO3)4 89
3 Ir AgBF4 L1 1a(BF4)4 91
4 Rh AgOTf L1 1b(OTf)4 82
5 Ir AgOTf L2 2(OTf)4 88
6 Ir AgOTf L3 3(OTf)4 90
7 Ir AgOTf L4 4(OTf)4 90
8 Ir AgOTf L5 5(OTf)4 87
9 Ir AgOTf L6 6(OTf)4 87
10 Ir AgOTf L7 7(OTf)4 81

aReaction conditions: AgOTf (0.2 mmol), [Cp*MCl2]2 (0.05 mmol),
and L (0.1 mmol) in MeOH (20 mL). bIsolated product yields are
given.

Figure 1. Wire frame representations (with metal atoms shown as
space-filling spheres) of the single-crystal X-ray structures of the
cationic parts of molecular rectangles: (a) 1a(OTf)4, (b) 3(OTf)4, (c)
5(OTf)4, (d) 6(OTf)4, (e) 7(OTf)4. Color code: Ir, green; S, yellow;
N, blue; C, gray.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja508543y | J. Am. Chem. Soc. 2014, 136, 14608−1461514609



complexes are air and moisture stable. The solubility of these
complexes is not good in normal solvents such as CHCl3,
CH2Cl2, THF, and toluene, but the complexes are soluble in
MeOH.
The coordination geometry around the metal center is

almost a two-legged piano stool, and the S−M−S bond angle is
aproximately 90°. The average Ir−S bond length (ca. 2.30 Å) in
iridium complexes is shorter than that of the reported 18-
electron half-sandwich complex Cp*Ir(PMe3)Cl(SDmp) (2.42
Å); however, it is slightly longer than that of the cationic 16-
electron half-sandwich complex [Cp*Ir(PMe3)(SDmp)]

+ (2.21
Å).17 Similarly, the average Rh−S bond length (2.32 Å) in the
rhodium complex 1b(OTf)4 is shorter than that of saturated
thiolate complexes of rhodium but still longer than those of
unsaturated Cp*Rh(PMe3)(SDmp)+ (2.21 Å).17

H2-Initiated Transformation Reactions. Preliminary
studies show that the complex 1a(OTf)4 is reactive toward
H2. Exposure of a dark green CD3OD solution of 1a(OTf)4 to
1 atm of H2 at room temperature resulted in a red solution. To
our surprise, the complex [(Cp*Ir)2(μ-L1)3](OTf)4 (8(OTf)4)
was isolated in 89% yield (based on L1) as red crystals (Scheme
2). The reaction was monitored by its 1H NMR spectrum in

CD3OD, showing that 8(OTf)4 was formed quantitatively
together with the dinuclear trihydride [Cp*2Ir2(μ-H)3](OTf)
(9(OTf)).33 The dinuclear trihydride complex 9(OTf) can be
easily isolated. Subsequent 1H NMR analysis and a single-
crystal X-ray diffraction study confirmed the formulation of this
species (Figure S1, Supporting Information).34 Similarly, under
an atmosphere of H2, a CD3OD solution of the complex
1a(NO3)4 was completely converted into complex 8(NO3)4
along with 9(NO3), over the course of 2 h. Whereas in complex
1a(NO3)4 the methylene group of the ligand and methyl group
from the Cp* ring appear in the 1H NMR spectrum as signals
at δ 5.15 (broad) and 1.70 ppm in a 4:15 ratio of relative
intensity, in complex 8(NO3)4, these two signals are replaced
by two resonances at 5.83 (broad) and 1.51 ppm in a 6:15 ratio
of relative intensity (Figure 2). The last two signal ratios
indicate that the L1:Cp*Ir ratio should be 3:2. The resonance
attributed to the Cp* ring shifted from 1.70 to 1.51 ppm,
consistent with a change in valence electron count of the metal
center from 16 electrons to 18 electrons. The broad singlet
corresponding to the methylene group in the 1H NMR spectra
indicates the rapid rotation of bridging ligands in CD3OD
solution at room temperature.
The directing role of the H2-initiated transformation reaction

was further investigated by expanding the choice of thionated
ligands. Surprisingly, we have found that the internal bridged
pattern can influence the reactivity of the reactions. Under

similar reaction conditions, it was observed that the reactivity of
transformations with 2(OTf)4−4(OTf)4 is similar to that with
1(OTf)4. In all cases, the corresponding pure 18-electron
complexes 10(OTf)4−12(OTf)4 were obtained in high yields.
The formation of complexes 10(OTf)4 and 12(OTf)4,
cylindrical M2L3 species, were determined by single-crystal X-
ray crystallographic analyses. In contrast, the reactions of
6(OTf)4 and 7(OTf)4 with H2 are very difficult. In the case of
6(OTf)4, the formation of a type of M2L3 complex is difficult
due to the crowding of the anthracene ligand. In the case of
7(OTf)4, presumably the rigidity of the ligand inhibits the
formation of the M2L3 complex. This information indicates that
the selection of the right flexible bridging ligand is important. In
our system, the flexibility of ligands L1−L4, in which two
thione units are connected to a central aromatic core via
methylene groups, allows the assembly of ligands to adopt
whatever conformations are needed to satisfy the coordination
requirements of metal centers by the free rotation of the thione
ring around the methylene spacers.35 In addition, the size of the
bridging ligands should also be considered. It is worth noting
that the reaction with H2 is solvent dependent, as discussed
below.
Most interestingly, we have found that the obtained mixture

containing an M2L3-type 18-electron complex and the iridium
hydride species underwent loss of H2 in a facile manner. For
example, when argon was purged through a red solution
obtained from the reaction of complex 1a(OTf)4 and H2 in
MeOH solution at 80 °C for 5 h, the color changed to dark
green; complex 1a(OTf)4 was formed and isolated in a yield of
67%. Again, when the obtained solution containing complexes
10(OTf)4 and 9(OTf) from the reaction of complexes 2(OTf)4
and H2 was heated at 80 °C under an argon stream, complex
2(OTf)4 and H2 were regenerated, and complex 2(OTf)4 was
isolated in 68% yield as crystals. UV titration experiments also
supported this reversible conversion (Figure 3). In both cases,
when the obtained mixture in CD3OD was heated to 80 °C for
1 h in a sealed NMR tube, the formation of hydrogen was
confirmed by the observation of a signal at 4.58 ppm by 1H
NMR spectroscopy.

Structures of 18-Electron Organometallic Cylinders.
The single-crystal X-ray structures of 8(OTf)4, 8(NO3)4,
10(OTf)4, and 12(OTf)4 were determined. The crystal
structures revealed the cation of each complex to be a five-
component, three-dimensional binuclear metallosupramolecu-

Scheme 2. H2-Mediated Transformation Reactions from 16-
Electron to 18-Electron Species

Figure 2. Partial 1H NMR spectra (400 MHz, 300 K) of (a) 1a(NO3)4
and (b) 8(NO3)4 in CD3OD.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja508543y | J. Am. Chem. Soc. 2014, 136, 14608−1461514610



lar cylinder, as shown in Figure 4. Selected bond lengths and
angles of them are summarized in Table S2 (Supporting

Information). Two Cp*Ir units are bridged by three
corresponding thione ligands. In each complex, the iridium
atom adopts a typical three-legged piano-stool conformation
and was coordinated by three sulfur atoms and a Cp* ring. The
average Ir−S bond length (ca. 2.43 Å) in all complexes is
notably longer than those of coordinatively unsaturated 16-
electron organometallic metallacycles (ca. 2.30 Å), owing to the
18-valence-electron count of the metal center. However, the
bond length is still consistent with those of the reported 18-
electron half-sandwich complexes.17

Reactions of 16-Electron Metallacycles. As expected for
coordinatively unsaturated 16-electron iridium species, com-
plexes 1a(OTf)4 and 2(OTf)4 bind a wide range of ligands
(Scheme 3). The dissolution of 2(OTf)4 in CD3CN led
instantly to a light yellow solution, giving the expected CD3CN

adduct 2(NCMe)2](OTf)4. The MeCN ligands are labile and
can be removed by subjecting the solution to a vacuum, as
signaled by a color change from yellow to dark green.
Addition of CO to a dark green solution of 1a(OTf)4 in

MeOH resulted in formation of a light yellow solution of
[1a(CO)2](OTf)4 in a few minutes. The 1H NMR (CD3OD)
spectra revealed a significant shift for the protons of the Cp*
ring in comparison with those of the 16-electron complex
1a(OTf)4. Two carbon signals for coordinated CO were
observed in the 13C NMR (CD3OD) spectrum at ca. 170 ppm.
The reaction of pyridine (Py) with 2(OTf)4 induced complete
conversion to the pyridine adduct [2(Py)2](OTf)4 quickly, as
signaled by a color change from dark blue to yellow. The
chloride complex [2(Cl)2](OTf)2 was prepared from the
reaction of NaCl and 2(OTf)4. Chloride abstraction of the
complex [2(Cl)2](OTf)2 by AgOTf in a simple manner led to
instantaneous formation of the complex 2(OTf)4.
The solid-state molecular structures of [2(Py)2](OTf)4 and

[2(Cl)2](OTf)2 were determined by single-crystal X-ray
crystallographic studies (Figure 5a,b). Selected bond lengths
and angles are summarized in Table S3 in the Supporting
Information. These species were found to be binuclear
complexes in which the iridium is coordinated by two sulfur
atoms (from different ligands) and one nitrogen atom from the
Py of [2(Py)2](OTf)4 or the chloride atom of [2(Cl)2](OTf)2.

Figure 3. UV−visible titration of the regeneration of 2(OTf)4 from a
mixture in MeOH at high temperature (the mixture was obtained from
reaction of 2(OTf)4 and H2). Inserts: (a) UV−visible spectra of
complexes 2(OTf)4 (black line) and 10(OTf)4 (red line) in CH3OH;
(b) interconversion of methanol solutions of 16-electron (dark) and
18-electron (red) species.

Figure 4. Wire frame representations (with metal atoms shown as
space-filling spheres) of the single-crystal X-ray structures of the
cationic parts of molecular cylinders: (a) 8(OTf)4; (b) 10(OTf)4; (c)
12(OTf)4. Color code: Ir, green; S, yellow; N, blue; C, gray.

Scheme 3. Reactivity of 16-Electron Metallacycles

Figure 5. Wire frame representations (with metal atoms shown as
space-filling spheres) of the single-crystal X-ray structures of the
cationic parts of molecular rectangles: (a) 2(Py)2(OTf)4; (b)
2(Cl)2(OTf)2. Color code: Ir, green; S, yellow; N, blue; C, gray; Cl,
dark yellow.
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The Ir−S bond lengths in [2(Py)2](OTf)4 and [2(Cl)2](OTf)2
(ca. 2.42 Å) are notably longer than those of the 16-electron
complexes (ca. 2.30 Å) but are close to those of the 18-electron
cylindrical complexes.
Proposed Mechanism. Stirring the MeOH solution of

coordinatively unsaturated 16-electron organometallic metalla-
cycles such as 1a(X)4 (X

− = OTf−, NO3
−) and 2(OTf)4 in the

absence of H2 at 20 °C for several days did not lead to any
reaction, meaning that the organometallic framework trans-
formation is initiated by H2. In addition, MeCN inhibits the
hydrogenolysis by preventing formation of the η2-H2
intermediate. It seems probable that H2 may first coordinate
to the coordinatively unsaturated metal center, forming key η2-
H2 intermediates19 (structurally analogous to [1a(CO)2]-
(OTf)4 or [2(Py)2](OTf)4), and then the subsequent splitting
of H2 occurs. When the hydride iridium species is formed, the
released free ligand may coordinate to the coordinatively
unsaturated metal center, rapidly leading to the 18-electron
M2L3-type complex as described above. Once formed, the 18-
electron M2L3-type complex becomes stable toward H2. When
the mixture is heated at high temperature, the hydride iridium
species will lose H2 to give [Cp*Ir]2+ dications,20 and then the
16-electron complex is regenerated. It seems that a reversible
structural changeover between discrete 2D metallacyclic and
3D cylindrical assemblies can be effected simply by tuning the
thione ligand/[Cp*Ir]2+ ratio. The selective formation of
binuclear double-[M2L2] and triple-stranded [M2L3] complexes
can be controlled, depending on the metal/ligand ratio or
topology of the ligands.28,36

To confirm this mechanistic hypothesis, further experimental
work was performed. The rapidity of reactions of H2 with 16-
electron metallacycles suggests that a low-temperature search
for the intermediates might be informative. First, combining
complex 1a(OTf)4 with 1 atm of H2 in CD3OD at −78 °C and
then recording 1H NMR spectra at −40 °C after 10 min
showed the formation of a η2-H2 adduct (structurally analogous
to its carbonyl or pyridine adducts).19 Upon warming to 0 °C
over 20 min, a mixture of starting material 1a(OTf)4, the 18-
electron η2-H2 adduct, and 8(OTf)4 were observed (Figure 6).
At room temperature (26 °C), the η2-H2 adduct disappeared

and the rate of the transformation from 1a(OTf)4 to 8(OTf)4
became fast, while the corresponding hydride signals were
observed at high field.20 Second, stirring isolated M2L3-type
complexes under a H2 atmosphere for 1 week did not lead to
any change. However, upon addition of 0.5 equiv of [Cp*Ir]2+

dications to solutions of 8(OTf)4 and 10(OTf)4 in CD3OD,
conversion to 1a(OTf)4 and 2(OTf)4 occurred rapidly. Third,
when L2 was added to a dark green solution of complex
2(OTf)4 in CD3OD, a rapid color change to a clear red solution
was observed and a new set of signals for complex 10(OTf)4
appeared in the 1H NMR spectrum; the signals of complex
2(OTf)4 completely disappeared when the ligand to metal ratio
reached 3:2. On the basis of these results, the transformation
between the two organometallic species is presumed to occur
via the aforementioned mechanistic route.

■ CONCLUDING REMARKS
In general, we have found that H2 can initiate unusual
transformations between organometallic assemblies. If the Cp*
group acts as a monodentate ligand, then the reversible
constitutional switching between the two distinct complexes is
accompanied by reversible changes in the coordination mode of
the metal center from triangular to tetrahedral coordination

geometries. The present system reversibly provides a
foundation on which to develop organometallic switching
systems that can be triggered by hydrogen.

■ EXPERIMENTAL SECTION
General Procedures. All experiments were conducted under

nitrogen using standard Schlenk techniques. Nondeuterated solvents
were distilled under N2 from appropriate drying agents. The
compounds [Cp*IrCl2]2,

37 [Cp*RhCl2]2,
37 and thione ligands (for

details, see the Supporting Information)38 were prepared according to
literature procedures. All other chemicals were purchased from
commercial sources and used without further purification. NMR
spectra were recorded on Bruker AVANCE I 400 and VANCE-DMX
500 spectrometers. Spectra were recorded at room temperature unless
otherwise noted 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”. Mass spectra
were obtained with MicroTof (Bruker Daltonics, Bremen), Quattro
LCZ (Waters-Micromass, Manchester, U.K.), and Varian MAT 212
spectrometers. Elemental analyses were performed with an Elementar
Vario EL III analyzer. All of the samples were dried under vacuum at
80 °C over 24 h before analysis.

Synthesis of Coordinatively Unsaturated 16-Electron Orga-
nometallic Metallacycles. Preparation of [Cp*2Ir2(μ-L1)2](OTf)4
(1a(OTf)4). AgOTf (51 mg, 0.2 mmol) was added to a solution of
[Cp*IrCl2]2 (40 mg, 0.05 mmol) in CH3OH (20 mL) at room
temperature. The reaction mixture immediately turned pale yellow
from orange, and white solid AgCl precipitated from the solution over
the course of 10 min. The obtained suspension was filtered. L1 (33
mg, 0.1 mmol) was added to the filtrate. A rapid color change from
pale yellow to dark green was observed. The mixture was stirred at
room temperature for 2 h. The solvent was concentrated to 2 mL and
diethyl ether added. The resulting dark green solid was collected by
filtration and dried under vacuum to give the complex 1a(OTf)4 (84
mg, 88%). 1H NMR (400 MHz, CD3OD, ppm): δ 1.71 (s, 30H, Cp*),
3.82 (br, 12H, CH3), 5.25 (br, 8H, −CH2−), 7.23−7.65 (16H, Ar-H
and thione). 1H NMR (500 MHz, CD3OD, ppm, −40 °C): δ 1.71 (s,
30H, Cp*), 3.78 (s, 6H, N-CH3), 3.84 (s, 6H, N-CH3), 4.41 (d, J =
13.9 Hz, 2H, −CH2−), 5.22 (d, J = 14.4 Hz, 2H, −CH2−), 5.30 (d, J =
13.8 Hz, 2H, −CH2−), 5.53 (d, J = 14.1 Hz, 2H, −CH2−), 7.00 (d, J =
8.0 Hz, 4H, Ar-H), 7.59−7.62 (m, 6H, thione and Ar-H), 7.63 (d, J =
1.8 Hz, 2H, thione), 7.73 (d, J = 2.1 Hz, 2H, thione), 8.13 (d, J = 2.1
Hz, 2H, thione). 13C{1H} NMR (125 MHz, CD3OD, ppm): δ 9.96

Figure 6. Variable-temperature 1H NMR studies of reaction of
complex 1a(OTf)4 and H2 (only partial region for the proton of Cp*
ring was shown) in CD3OD: (a) 197 K; (b) 233 K, 10 min; (c) 253 K,
20 min; (d) 273 K, 30 min; (e) 293 K, 40 min; (f) 299 K, 70 min.
Legend: (●) 1a(OTf)4; (▲) η2-H2 adduct; (■) 8(OTf)4; (⧫)
9(OTf).
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(Cp*-CH3), 50.00 (N-CH3), 52.77 (CH2), 96.63 (Cp*-C), 121.85
(SO3CF3, JCF = 319.6 Hz), 123.43, 125.97, 131.36 (br), 136.66, 148.81
(CS). 19F NMR (376 MHz, CD3OD, ppm): δ −79.84. Anal. Calcd
for C56H66F12Ir2N8O12S8: C, 35.18; H, 3.48; N, 5.86. Found: C, 35.17;
H, 3.29; N, 5.92. MS (ESI, positive ions): m/z 807.1295 (calcd for [M
− 2OTf]2+ 807.1296), 1763.2138 (calcd for [M − OTf]+ 1763.2138).
Preparation of [Cp*2Ir2(μ-L1)2](NO3)4 (1a(NO3)4). This reaction

was carried out as for 1a(OTf)4, using AgNO3 (34 mg, 0.2 mmol),
[Cp*IrCl2]2 (40 mg, 0.05 mmol), and L1 (33 mg, 0.1 mmol) in
MeOH solution. 1a(NO3)4 was isolated as a dark green solid (70 mg,
89%). 1H NMR (400 MHz, CD3OD, ppm): δ 1.70 (s, 30H, Cp*),
3.82 (s, 12H, N-CH3), 5.15 (br s, 8H, −CH2−), 7.27 (s, 8H, Ar-H),
7.65 (d, J = 1.9 Hz, 4H, thione), 7.76 (br, 4H, thione). 13C{1H} NMR
(101 MHz, CD3OD, ppm): δ 9.80 (Cp*-CH3), 36.79 (N-CH3), 52.76
(CH2), 96.51 (Cp*-C), 123.69, 125.91, 131.31 (br), 136.61, 148.79
(CS). Anal. Calcd for C52H66Ir2N12O12S4: C, 39.94; H, 4.25; N,
10.75. Found: C, 39.72; H, 4.21; N, 10.93. MS (ESI, positive ions): m/
z 719.9188 (calcd for [M − 2NO3]

2+ 719.9189).
[Cp*2Ir2(μ-L1)2](BF4)4 (1a(BF4)4). This reaction was carried out as

for 1a(OTf)4, using AgBF4 (39 mg, 0.2 mmol), [Cp*IrCl2]2 (40 mg,
0.05 mmol), and L1 (33 mg, 0.1 mmol) in MeOH solution. 1a(BF4)4
was isolated as a dark green solid (76 mg, 91%). 1H NMR (400 MHz,
DMSO-d6, ppm): δ 1.62 (s, 30H, Cp*), 3.81 (s, 12H, N-CH3), 5.19−
5.26 (m, 8H, −CH2−), 7.08 (s, 8H, Ar-H), 7.47 (br s, 4H, thione),
7.78 (s, 4H, thione).
[Cp*2Rh2(μ-L1)2](OTf)4 (1b(OTf)4). This reaction was carried out as

for 1a(OTf)4, using AgOTf (51 mg, 0.2 mmol), [Cp*RhCl2]2 (31 mg,
0.05 mmol), and L1 (33 mg, 0.1 mmol) in MeOH solution. 1b(OTf)4
was isolated as a dark green solid (71 mg, 82%). 1H NMR (400 MHz,
CD3OD, ppm): δ 1.68 (s, 30H, Cp*), 3.80 (s, 12H, N-CH3), 5.26 (br,
8H, −CH2−), 7.28−7.49 (br, 16H, Ar-H and thione). Anal. Calcd for
C56H66F12Rh2N8O12S8: C, 38.80; H, 3.84; N, 6.46. Found: C, 38.52; H,
3.46; N, 6.18.
[Cp*2Ir2(μ-L2)2](OTf)4 (2(OTf)4). This reaction was carried out as for

1a(OTf)4, using AgOTf (51 mg, 0.2 mmol), [Cp*IrCl2]2 (40 mg, 0.05
mmol), and L2 (37 mg, 0.1 mmol) in MeOH solution. 2(OTf)4 was
isolated as a dark green solid (88 mg, 88%). 1H NMR (400 MHz,
CD3OD, ppm): δ 1.77 (s, 30H, Cp*), 2.31 (br, 18H, CH3), 3.85, 3.91
(12H, N-CH3), 5.39 (m, 8H, −CH2−), 7.01−7.61 (10H, thione and
Ar-H). Anal. Calcd for C62H78F12Ir2N8O12S8: C, 37.30; H, 3.94; N,
5.61. Found: C, 37.45; H, 3.59; N, 5.22. MS (ESI, positive ions): m/z
516.4665 (calcd for [M − 3OTf]3+ 516.4670), 849.1765 (calcd for [M
− 2OTf]2+ 849.1766), 1847.3078 (calcd for [M − OTf]+ 1847.3052).
[Cp*2Ir2(μ-L3)2](OTf)4 (3(OTf)4). This reaction was carried out as for

1a(OTf)4, using AgOTf (51 mg, 0.2 mmol), [Cp*IrCl2]2 (40 mg, 0.05
mmol), and L3 (33 mg, 0.1 mmol) in MeOH solution. 3(OTf)4 was
isolated as a dark green solid (85 mg, 90%). 1H NMR (400 MHz,
CD3OD, ppm): δ 1.70 (s, 30H, Cp*), 3.82 (s, 12H, N-CH3), 5.16 (br,
8H, −CH2−), 6.95 (br, 4H), 7.36 (m, 2H, Ar-H), 7.65 (d, J = 1.9 Hz,
4H, thione), 7.71−7.80 (6H). Anal. Calcd for C56H66F12Ir2N8O12S8: C,
35.18; H, 3.48; N, 5.86. Found: C, 35.15; H, 3.22; N, 5.63. MS (ESI,
positive ions): m/z 807.1294 (calcd for [M − 2OTf]2+ 807.1296).
[Cp*2Ir2(μ-L4)2](OTf)4 (4(OTf)4). This reaction was carried out as for

1a(OTf)4, using AgOTf (51 mg, 0.2 mmol), [Cp*IrCl2]2 (40 mg, 0.05
mmol), and L4 (40 mg, 0.1 mmol) in MeOH solution. 4(OTf)4 was
isolated as a dark green solid (92 mg, 90%). 1H NMR (400 MHz,
CD3OD, ppm): δ 1.73 (s, 30H, Cp*), 3.89 (s, 12H, N-CH3), 5.34 (s,
8H, −CH2−), 7.23 (d, J = 6.8 Hz, 8H, Ar-H), 7.39 (s, 4H, thione),
7.46 (d, J = 6.8 Hz, 8H, Ar-H), 7.67 (s, 4H, thione). 13C{1H} NMR
(101 MHz, CD3OD, ppm): δ 10.02 (Cp*-CH3), 37.12 (N-CH3),
53.55 (−CH2−), 96.85 (Cp*-C), 123.64, 125.91, 128.72, 130.63,
134.56, 141.68, 149.64 (CS). Anal. Calcd for C68H74F12Ir2N8O12S8:
C, 39.56; H, 3.61; N, 5.43. Found: C, 39.36; H, 3.41; N, 5.49.
[Cp*2Ir2(μ-L5)2](OTf)4 (5(OTf)4). This reaction was carried out as for

1a(OTf)4, using AgOTf (51 mg, 0.2 mmol), [Cp*IrCl2]2 (40 mg, 0.05
mmol), and L5 (27 mg, 0.1 mmol) in MeOH solution. 5(OTf)4 was
isolated as a dark green solid (78 mg, 87%). 1H NMR (400 MHz,
CD3OD, ppm): δ 1.83 (s, 30H, Cp*), 2.57 (m, 4H, −CH2−), 3.61 (s,
12H, N-CH3), 4.26 (m, 8H, −CH2−), 7.33 (4H, thione), 7.50 (4H,

thione). Anal. Calcd for C46H62F12Ir2N8O12S8: C, 30.90; H, 3.50; N,
6.27. Found: C, 30.49; H, 3.25; N, 6.31.

[Cp*2Ir2(μ-L6)2](OTf)4 (6(OTf)4). This reaction was carried out as for
1a(OTf)4, using AgOTf (51 mg, 0.2 mmol), [Cp*IrCl2]2 (40 mg, 0.05
mmol), and L6 (43 mg, 0.1 mmol) in MeOH solution. 6(OTf)4 was
isolated as a dark green solid (92 mg, 87%). 1H NMR (400 MHz,
CD3CN, ppm): δ 1.85 (s, 30H, Cp*), 3.73 (s, 12H, N-CH3), 6.30 (s,
8H, −CH2−), 6.60 (d, J = 2.3 Hz, 4H, thione), 7.21 (d, J = 2.3 Hz, 4H,
thione), 7.76−7.78 (m, 8H, Ar-H), 8.45−8.48 (m, 8H, Ar-H). Anal.
Calcd for C72H74F12Ir2N8O12S8: C, 40.94; H, 3.53; N, 5.30. Found: C,
40.84; H, 3.26; N, 5.47.

[Cp*2Ir2(μ-L7)2](OTf)4 (7(OTf)4). This reaction was carried out as for
1a(OTf)4, using AgOTf (51 mg, 0.2 mmol), [Cp*IrCl2]2 (40.0 mg,
0.05 mmol), and L7 (30 mg, 0.1 mmol) in MeOH solution. 7(OTf)4
was isolated as a dark green solid (74 mg, 81%). 1H NMR (400 MHz,
CD3OD, ppm): δ 1.55 (s, 30H, Cp*), 4.32 (s, 12H, N-CH3), 7.93−
8.04 (m, 16H, Ar-H and thione). 13C{1H} NMR (101 MHz, CD3OD,
ppm): δ 10.01 (Cp*-CH3), 46.87 (N-CH3), 97.01 (Cp*-C), 125.20,
125.85, 128.25, 138.45, 148.67 (CS). Anal. Calcd for
C52H58F12Ir2N8O12S8: C, 33.65; H, 3.15; N, 6.04. Found: C, 33.39;
H, 3.01; N, 6.32.

General Procedure for H2-Initiated Transformation Reac-
tions. An NMR tube with J. Young valve was charged with the
corresponding 16-electron metallacycle (1a(OTf)4 (28.7 mg, 0.015
mmol), 1a(NO3)4 (23.4 mg, 0.015 mmol), 2(OTf)4 (20.0 mg, 0.01
mmol), 3(OTf)4 (19 mg, 0.01 mmol), or 4(OTf)4 (20.0 mg, 0.01
mmol)) and CD3OD (0.6 mL). After freeze−pump−thaw processes, 1
atm of H2 was charged into the tube at room temperature. A color
change from dark green to red was observed in 10 min. After 2 h, the
1H NMR spectrum revealed complete disappearance of the starting
material. The crude red crystals were isolated by diffusing diethyl ether
into this solution at room temperature for 24 h. They were washed
twice with a minimum amount of CH2Cl2 and dried under vacuum,
yielding pure M2L3-type product.

[Cp*2Ir2(μ-L1)3](OTf)4 (8(OTf)4). This compound was isolated as red
crystals (19.6 mg, 0.0089 mmol, 89%). 1H NMR (400 MHz, CD3OD,
ppm): δ 1.51 (s, 30H, Cp*), 3.93 (s, 18H, CH3), 5.81 (br, 12H,
−CH2−), 7.29−7.45 (m, 24H, Ar-H and thione). 13C NMR (101
MHz, CD3OD, ppm): δ 8.83 (Cp*-CH3), 37.66 (N-CH3), 53.80
(CH2), 92.63 (Cp*-C), 121.82 (SO3CF3, JCF = 321.1 Hz), 122.32 (br,
thione), 124.51 (br, thione), 130.27 (Ar-CH), 136.37 (Ar-C), 150. 31
(CS). 19F NMR (376 MHz, CD3OD, ppm): δ −79.92. Anal. Calcd
for C72H84F12Ir2N12O12S10: C, 38.56; H, 3.78; N, 7.49, Found: C,
38.42; H, 3.97; N, 7.05. MS (ESI, positive ions): m/z 972.2184 (calcd
for [M − 2OTf]2+ 972.2186).

[Cp*2Ir2(μ-L1)3](NO3)4 (8(NO3)4). This compound was isolated as
red crystals (17.4 mg, 0.0092 mmol, 92%). 1H NMR (400 MHz,
CD3OD, ppm): δ 1.51 (s, 30H, Cp*), 3.94 (s, 12H, N-CH3), 5.83 (br,
12H, −CH2−), 7.21−7.32 (m, 18H, Ar-H and thione), 7.47 (d, J = 2.0
Hz, 6H, thione). 13C{1H} NMR (101 MHz, CD3OD, ppm): δ 8.74
(Cp*-CH3), 37.59 (N-CH3), 53.67 (CH2), 92.62 (Cp*-C), 122.35,
124.50, 130.39 (br), 136.39, 150.31 (CS). Anal. Calcd for
C68H84Ir2N16O12S6: C, 43.11; H, 4.47; N, 11.83. Found: C, 43.02;
H, 4.78; N, 11.52.

[Cp*2Ir2(μ-L2)3](OTf)4 (10(OTf)4). This compound was isolated as
red crystals (14.5 mg, 0.0061 mmol, 92%). 1H NMR (400 MHz,
CD3OD, ppm): δ 1.63 (s, Cp*), 1.66 (CH3), 1.79 (CH3), 2.21 (CH3),
2.30 (CH3), 2.40 (CH3), 2.62 (CH3), 3.83 (N-CH3), 3.97 (N-CH3),
4.13 (N-CH3), 4.81 (d, J = 14.91 Hz, −CH2−), 4.97 (d, J = 14.91 Hz,
−CH2−), 5.35 (d, J = 14.91 Hz, −CH2−), 5.51 (d, J = 14.91 Hz,
−CH2−), 6.32 (d, J = 14.91 Hz, −CH2−), 6.64 (d, J = 14.91 Hz,
−CH2−), 6.88−7.48 (thione and Ar-H). 13C{1H} NMR (101 MHz,
CD3OD, ppm): δ 7.86 (CH3, Cp*-CH3), 15.93 (CH3), 16.67 (CH3),
17.96 (CH3), 18.21 (CH3), 19.13 (CH3), 19.34 (CH3), 35.97 (N-
CH3), 36.22 (CH3), 36.31 (CH3), 47.11 (CH2), 48.95 (CH2), 51.03
(CH2), 91.02 (Cp*-C), 119.08, 119.28, 120.37, 122.54 (SO3CF3, JCF =
320.1 Hz), 122.43, 123.82, 124.08, 127.64, 128.29, 128.51, 130.98,
131.20, 131.29, 139.44, 139.54, 140.39, 147.23 (CS), 148.46 (C
S), 148.84 (CS). 19F NMR (376 MHz, CD3OD, ppm): δ −79.89,
−79.91. Anal. Calcd for C81H102F12Ir2N12O12S10: C, 41.07; H, 4.34; N,
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7.10. Found: C, 41.32; H, 4.56; N, 7.01. MS (ESI, positive ions): m/z
1035.2490 (calcd for [M − 2OTf]2+ 1035.2488).
[Cp*2Ir2(μ-L3)3](OTf)4 (11(OTf)4). This compound was isolated as

red crystals (13.5 mg, 0.006 mmol, 90%). 1H NMR (400 MHz,
CD3OD, ppm): δ 1.46 (s, 30H, Cp*), 3.79 (s, 18H, N-CH3), 5.69 (br,
8H, −CH2−), 7.16 (br, 12H), 7.48 (br, 6H), 7.51 (br, 6H). Anal.
Calcd for C72H84F12Ir2N12O12S10: C, 38.56; H, 3.78; N, 7.49. Found:
C, 38.39; H, 3.65; N, 7.22.
[Cp*2Ir2(μ-L4)3](OTf)4 (12(OTf)4). This compound was isolated as

red crystals (14.3 mg, 0.0058 mmol, 87%). 1H NMR (400 MHz,
CD3OD, ppm): δ 1.55 (s, 30H, Cp*), 3.99 (s, 18H, N-CH3), 5.90 (s,
12H, −CH2−), 7.28 (s, 24H, Ar-H), 7.37 (s, 6H, thione), 7.52 (d, d, J
= 2.0 Hz, 6H, thione). 13C{1H} NMR (101 MHz, CD3OD, ppm): δ =
9.00 (Cp*-CH3), 37.92 (N-CH3), 53.94 (−CH2-), 92.88 (Cp*-C),
122.71, 124.80, 128.45, 130.65, 135.68, 141.70, 150.82 (CS). Anal.
Calcd for C90H96F12Ir2N12O12S10: C, 43.75; H, 3.92; N, 6.80. Found:
C, 43.62; H, 3.64; N, 7.10.
Regeneration of 1a(OTf)4. The red solution obtained from the

reaction of 1a(OTf)4 and H2 in CD3OD (after 2 h at room
temperature, the 1H NMR spectrum showed the signals of 1a(OTf)4
had disappeared) was heated at 80 °C for 5 h under an argon
atmosphere. The solution turned dark green. The 1H NMR spectrum
revealed the regeneration of 1a(OTf)4 with 75% conversion.
Crystallization from diethyl ether and MeOH gave 1a(OTf)4 in 67%
yield as dark green crystals.
Regeneration of 2(OTf)4. The red solution obtained from the

reaction of 2(OTf)4 and H2 in CD3OD (after 2 h at room
temperature, the 1H NMR spectrum showed the signals of 2(OTf)4
had disappeared) was heated at 80 °C for 5 h under an argon
atmosphere. The solution turned dark green. Crystallization from
diethyl ether and MeOH gave 2(OTf)4 in 68% yield as dark green
crystals.
[Cp*2Ir2(μ-L2)2](OTf)4 (2(MeCN)2(OTf)4). Dissolution of 2(OTf)4

in MeCN led instantly to a light yellow solution. 1H NMR (400 MHz,
CD3CN, ppm): δ 1.73−1.78 (30H, Cp*), 2.09−2.11 (6H, CH3),
2.23−2.31 (12H, CH3), 3.66−3.70 (12H, N-CH3), 5.18−5.24 (8H,
−CH2−), 6.38−7.33 (10H, thione and Ar-H). 13C{1H} NMR (101
MHz, CD3CN, ppm): δ 9.28 (Cp*-CH3), 17.01 (CH3), 20.73 (CH3),
37.32 (CH3), 48.83 (CH2), 50.06 (N-CH3), 94.35 (Cp*-C), 120.55,
121.36, 122.15 (SO3CF3, JCF = 321.3 Hz), 124.82, 130.65, 132.81,
141.12, 149.46 (CS). Note: af ter removal of the solution under
vacuum, a dark green solid was obtained.
[(Cp*Ir)2(μ-L1)2(CO)2](OTf)4 (1a(CO)2(OTf)4). A solution of 19

mg (0.01 mmol) of 1a(OTf)4 in 0.6 mL of CD3OD was shaken under
1 atm of CO. A rapid color change from dark green to yellow was
observed. The conversion was quantitative. 1H NMR (400 MHz,
CD3OD, ppm): δ 2.00 (s, 15H, Cp*), 2.01 (s, 15H, Cp*), 3.84 (s, 6H,
N-CH3), 3.87 (s, 6H, N-CH3), 5.45−5.64 (m, 8H, −CH2−), 7.27 (s,
4H, Ar-H), 7.34 (s, 4H, Ar-H), 7.50 (d, J = 2.01 Hz, 2H, thione), 7.58
(d, J = 2.01 Hz, 2H, thione), 7.66 (m, 4H, thione). 13C{1H} NMR
(101 MHz, CD3OD, ppm): δ 9.15 (Cp*-CH3), 9.16 (Cp*-CH3),
37.80 (N-CH3), 37.81 (N-CH3), 53.83 (CH2), 53.87 (CH2), 106.02
(Cp*-C), 106.07 (Cp*-C), 123.90, 123.98, 124.76 (SO3CF3, JCF =
321.1 Hz), 125.71, 125.77, 129.82, 129.90, 136.17, 136.37, 147.06
(CS), 147.13 (CS), 170.04 (CO), 170.16 (CO).
[(Cp*Ir)2(μ-L2)2(Py)2](OTf)4 (2(Py)2(OTf)4). Pyridine (4 mg, 0.05

mmol) was added to a solution of 2(OTf)4 (50 mg, 0.025 mmol) in
CH3OH (20 mL) at room temperature, and the mixture was stirred for
3 h. A color change from dark green to yellow was observed. The
solvent was concentrated to about 3 mL. Diethyl ether was added
slowly to the solution, and the product was isolated by filtration. The
resulting yellow solid was dried under vacuum to give 2(Py)2(OTf)4
(47 mg, 87%). 1H NMR (400 MHz, [D6]-DMSO, ppm): δ 1.57 (s,
30H, Cp*), 2.13 (s, 6H, CH3), 2.39 (s, 12H, CH3), 3.66 (12H, N-
CH3), 5.32 (8H, −CH2−), 7.10−8.58 (20H, Ar-H, thione and
pyridine). Anal. Calcd for C72H88F12Ir2N10O12S8: C, 40.14; H, 4.12; N,
6.50. Found: C, 40.31; H, 4.37; N, 6.18.
[(Cp*Ir)2(μ-L2)2Cl2](OTf)2 (2(Cl)2(OTf)2). NaCl (2 mg, excess) was

added to a solution of 2(OTf)4 (20 mg, 0.01 mmol) in CH3OH (5
mL) at room temperature, and the mixture was stirred for 3 h,

followed by filtration to remove insoluble compounds. A color change
from dark green to red was observed. The solvent was concentrated to
about 1 mL. Diethyl ether was added slowly to the solution, and the
product was isolated by filtration. The resulting orange-red solid was
dried under vacuum to give 2(Cl)2(OTf)2 (15 mg, 85%). 1H NMR
(400 MHz, [D6]-DMSO, ppm): δ 1.71 (s, 30H, Cp*), 2.05 (s, 6H,
CH3), 2.22 (s, 12H, CH3), 3.50, 3.70 (12H, N-CH3), 5.06, 5.16 (8H,
−CH2−), 6.32−6.37 (m, 2H, thione), 6.78−6.82 (m, 2H, thione),
6.32−6.38 (m, 2H, thione), 6.32−6.37 (m, 2H, thione), 7.08−7.12 (m,
4H, thione and Ar-H), 7.56 (m, 2H, thione). Anal. Calcd for
C60H78Cl2F6Ir2N8O6S6: C, 40.74; H, 4.44; N, 6.33. Found: C, 40.49;
H, 4.63; N, 6.42. MS (ESI, positive ions): m/z 1619.3379 (calcd for
[M − OTf]+ 1619.3380).

Synthesis of 2(OTf)4 from 2(Cl)2(OTf)2. AgOTf (26 mg, 0.1
mmol) was added to a solution of 2(Cl)2(OTf)2 (88 mg, 0.05 mmol)
in CH3OH (20 mL) at room temperature, and the mixture was stirred
for 3 h. A color change from red to dark blue was observed. After
filtration, the solvent was concentrated to about 3 mL. Diethyl ether
was added slowly to the solution, and the product was isolated by
filtration. Yield: 88 mg, 88%.

X-ray Crystallography Details. Diffraction data were collected
on a Bruker AXS APEX CCD diffractometer equipped with a rotating
anode using graphite-monochromated Mo Kα radiation (λ = 0.71073
Å).39 Diffraction data were collected over the full sphere and were
corrected for absorption. The structures were solved by direct
methods using SHELXS and refined against F2 on all data by full-
matrix least squares with SHELXL-97.40,41 Additional details can be
found in the Supporting Information.
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