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Modulating the functionality of a synthetic transition metal complex by external stimuli is highly important

for designing switchable systems. One prerequisite for achieving such dynamic activity is to generate

molecular systems with in situ controllable electronic properties. To achieve dynamic control of the elec-

tronic properties, here we report the synthesis of two new N-heterocyclic carbene (NHC)—pyridyl I

(3) and Ru'"/Ru"" (4) bimetallic complexes. These complexes include a latent stimuli-responsive labile site.
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Introduction

Bifunctionality of a molecule is a highly desirable property in
view of designing smart and modular systems in catalysis,
materials, and many other applications." This is simply
because one can regulate the property of one function by
modifying the other in a single molecule. However, a serious
limitation of having two fixed/static functional units is the lack
of on-demand control and/or switching of a given property.
One attractive alternative approach involves the addition of a
dynamic functional unit, whose influence can be modulated
by applying external stimuli (e.g., coordination environment,
light, redox, pH). Thus one can envision a stimuli-controllable
bifunctional architecture within a single molecule. This would
enable the on-demand, real-time tuning of a property and
avoid the synthesis of an array of various static bifunctional
molecules. The enormous success of N-heterocyclic carbene
(NHC) ligands recently has prompted coordination and orga-
nometallic chemists to design and develop interesting tunable
scaffolds in the domains of catalysis and materials.> Specifi-
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This is utilized successfully for the on-demand, real-time modulation of the electronic properties of the
systems in a reversible manner using external agents, as probed by spectroscopic and electrochemical
techniques. These results display promising scope in the domain of transition metal-NHC chemistry,
which can guide us in developing future smart organometallic systems.

cally, biscarbene ligands have been reported which incorporate
the same or different metal precursors to achieve tandem reac-
tions,” and these can be used in various elegant photo-
physical/materials applications.* Stimuli-active NHC ligands®
and stimuli-switchable catalysis by NHC complexes,® recently
introduced by Bielawski, Lavigne, Glorius, Plenio, Schanz and
others, are receiving growing attention in this field.

In this context, we have focused our research on exploring
an exciting opportunity to develop NHC-pyridyl-based hetero-
ditopic ligands’ for applying a dynamic platform (Fig. 1) for
the in situ modification of electronic properties. We expect that
the pyridyl-based unit would be utilized to operate stimuli-trig-
gered (e.g., coordination environment, light, redox, pH) func-
tional changes which could induce the tuning of the electronic
properties of the NHC-based complexes. A dynamic, reversible
stimuli-responsiveness at the pyridine site via a labile coordi-
nation approach, would thus form the basis of designing
switchable materials with variable electronic properties.
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Fig. 1 Pictorial diagram of the NHC—-pyridyl-based dynamic platform.
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Herein, we report the experimental execution of the above
approach by interlinking non-symmetric “M-NHC”/“M-pyri-
dine” (M = Ir'™", Ru") centers within a heteroditopic NHC-
pyridyl ligand scaffold, through orthogonal cyclometalation
and coordination strategies. An on-demand (chemical) stimuli-
controlled reversible modulation of the electronic properties of
the functional Ir'" and Ru" complexes has been demonstrated
in this report, which can be considered as a prerequisite for
potential switchable systems based on transition metal-NHC
complexes.

Results and discussion

The non-symmetric NHC-pyridyl Ir'™/Ir™ and Ru"/Ru" homo-
bimetallic complexes, [CICp*Ir™(u-PyIm)Ir'™'Cp*Cl,] (3) and
[Cl(p-cym)Ru"(p-PyIm)Ru"(p-cym)Cl,] (4) (Cp* = pentamethyl-
cyclopentadienyl, CsMes; p-cym = para-cymene), were syn-
thesized from the imidazolium salt [PyImH,]"Cl™ (1) via a one-
step transmetalation reaction with Ag,O and an orthogonal
complexation reaction with the Ir'™ or Ru" precursors
(Scheme 1). The reaction of 1-(4-pyridyl)-3-methyl imidazolium
chloride, [PyImH,]'CI7(1) with 0.55 equiv. of Ag,0 in dry
dichloromethane, and the subsequent addition of 1 equiv. of a
half-sandwich dimer, [Cp*IrCl,], or [(p-cym)RuCl,],, resulted
in the selective formation of 3 and 4 respectively in excellent
yields. We did not get monometallic cyclometalated complexes
(free of pyridine coordination) when 0.5 equiv. of the half-
sandwich Ir or Ru dimer was used. It is worth mentioning here
that the intermediate transmetalating silver carbene complex 2
was isolated from an independent reaction of 1 with Ag,O in a
mixture of dry CH,Cl,~CH3;OH (1:1) at ambient temperature,
and it was also found to react efficiently with the iridium and
ruthenium precursors to generate 3 and 4 respectively
(Scheme 1).

Coordination of the N-heterocyclic carbene center to
iridium or ruthenium was accompanied by an intramolecular
aromatic C-H bond activation at the pyridine ring to afford the
five-membered  cyclometalated  Ir'™(Cearbene Cpyriayt) ~ and
Ru"(CearbeneCpyridy1) COTes in 3 and 4 respectively. In addition,
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Scheme 1 Synthesis of 3 and 4.
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an orthogonal coordination of the “Cp*IrCl,” or “(p-cym)-
RuCl,” unit to the pendant pyridyl ligand site occurred simul-
taneously, to generate a non-symmetric homobimetallic
environment in both complexes. These new Ir'"/Ir'" (3) and
Ru"/Ru" (4) complexes were characterized by 'H and "*C{'H}
NMR spectroscopy, electrospray ionization mass spectroscopy
(ESI-MS) and single-crystal X-ray diffraction analyses. In the "H
NMR spectra of 3 and 4, the absence of an imidazolium C-H
signal, and the appearance of three distinct signals for the
pyridyl ring, provided evidence in favor of the cyclometalated
IrHI(CcarbeneAprridyl) and RuH(CcarbeneAprridyl) motifs featuring
a loss of symmetry of the pyridyl ring. In CDCl;, these three
pyridyl proton signals appeared with an integration ratio of
1:1:1 at9.03, 8.49, and 7.05 ppm in the case of 3, and at 9.52,
8.52, and 6.91 ppm in the case of 4. On the other hand, the
intermediate monodentate carbene-coordinated silver complex
2 displayed a multiplet and a doublet of doublets (with an inte-
gration ratio of 2:2) at 8.69 and 7.87 ppm respectively, as
expected due to the free non-cyclometalated symmetric pyridyl
ring. Also, there were signatures present for two different types
of Cp* and para-cymene resonances, also indicating the non-
symmetric Ir'/Ir'™ and Ru"/Ru" environments in 3 and 4,
respectively. The "*C{'H} NMR spectra of 3 and 4 showed the
characteristic metal-Cearbene and metal-Cpyriqy1 Signals at 169.4
and 154.5 ppm and 192.5 and 157.7 ppm respectively. The Ir""/
" (in 3) and Ru"/Ru" (in 4) bimetallic architecture was con-
firmed by positive ion electrospray ionization mass spec-
trometry (ESI-MS) with a major intense peak at m/z = 884.1704
(3) and m/z = 700.0400 (4) assigned to [M — Cl]". Moreover,
HRMS analyses of 3 and 4 supported the proposed structures
based on a good agreement between the experimentally
obtained and theoretical spectra (see ESIT).

The proposed non-symmetric homobimetallic structural
arrangements in 3 and 4 based on NMR and mass spec-
troscopy results were unambiguously confirmed by X-ray diffr-
action studies. The molecular structure of 3 (Fig. 2) consisted
of one “Cp*Ir''Cl” fragment (Ir1) and one “Cp*Ir''Cl,” (Ir2)
interconnected by the NHC-pyridyl ligand through a hetero-
ditopic coordination mode. The NHC-coordination, along with
cyclometalation of the pyridyl ring in the ligand, led to the for-
mation of a five-membered chelate around the iridium center
(Ir1) with a Cearpene=Ir'"'~Cpyridine bite angle of 79.47(9)°, and
Ir'""-Cearbene and I'™-Cpyrigine bond distances of 2.0463(4) A
and 2.064(4) A, respectively. The characteristic three legged

Fig. 2 X-ray crystal structures of 3 and 4.% Thermal ellipsoids are at a
30% probability level. Hydrogen atoms are omitted for clarity.
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piano-stool arrangement around the other iridium center (Ir2)
could be viewed with the pyridine and two chloro ligands as
the legs and a Cp* ring as the seat, tethered by the metal
atom. The Ir'"-Njiqine bond distance was 2.069(11) A. The
structure of 4 (Fig. 2) was similar to that of 3. The Ccarbene—
Ru"-Cpyrigine bite angle was 76.76(16)°, whereas the Ru"-
Cearbene and Ru"-Cyrigine bond distances were 2.016(4) A and
2.067(4) A, respectively, around the chelated ruthenium (Ru1)
center. The intermetallic through-space distances in 3 and 4
were 6.008 A (Ir---Ir) and 6.106 A (Ru---Ru), respectively, which
are considered as optimum distances required for a possible
metal-metal cooperative communication.’

As we explained earlier, the reversible modulation and fine-
tuning of the electronic properties of metal-NHC complexes is
of growing interest in recent times. Regarding our systems, we
investigated the feasibility of remote switching the decoordina-
tion-recoordination of the transition metal centers at the pyri-
dine site, to modify the coordination environment and hence
the electronic effect. An illustration of the proposed dynamic
modification experiments with the representative ruthenium
complex 4 is detailed herein (Scheme 2, Fig. 3).

Gratifyingly, the addition of 1 equiv. of PPh; to a CDCl;
solution of 4 resulted in significant upfield shifts for the
pyridyl ortho protons (labelled as W, A) as well as the imidazole
backbone protons (labeled as ®) of the NHC-pyridyl scaffold,
as monitored by "H NMR spectroscopy (Fig. 3A(b) and
Scheme 2). This observation was presumably due to the
decoordination of the “(p-cym)RuCl,” (a Ru"™-d® ML;X, frag-
ment) site in 4 with the stronger PPh; ligand, generating
[Ru"(p-cym)(PPh;)Cl,]*° and the decoordinated complex 5.
This consequence reflected the pronounced effect of Ru-pyri-
dine coordination in 4, inducing a substantial electron-
deficiency in the system. 4 could comfortably be regenerated
via the addition of [(p-cym)RuCl,], to the reaction mixture
(Fig. 3A(c) and Scheme 2). The recoordination of different
metal centers with variable electronic influences and coordi-
nation environments, e.g., “IrCp*Cl,” (a Ir'"-d® ML,X; frag-
ment) to the open pyridine-site in the decoordinated complex
5, was also proved by observing different degrees of downfield
shift of the "H NMR signals for the relevant protons in the
mixed-metal system 7 (Fig. 3A(d) and Scheme 2). The above
insight prompted us to envision a reversible switching of elec-

[M'CI,L'(PPhg)] NEt;

N/m( m(

(p-cym) CI>Ru (p-cym) (YRU p-cym)
@ IM'CI,LT, @ ©

| CF3CO0
M CI2L' CF3COOH H
4 (M'=Ru; L' = p-cym)
7(M =1Ir, L' = Cp*)

6

Scheme 2 Proposed in situ stimuli-controlled reversible decoordina-
tion—recoordination and protonation—deprotonation switching pro-
cesses with 4.
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Fig. 3 Partial *H NMR spectra (400 MHz, CDCls, 300 K) for stimuli-con-
trolled reversible decoordination—recoordination (A) and protonation—
deprotonation (B) switching processes, demonstrated with [Cl(p-cym)-
Ru'"(u-Pylm)Ru'(p-cym)CL,] (4) (vide Scheme 2). (A) (a) 4 (starting); (b) 4
+ PPhgz; (c) regenerated 4 (via 4 + PPhz + [Ru(p-cym)Cl,l,); (d) 4 + PPhz
+ [IrCp*Cl,l,. (B) (a) complex 4 (starting); (b) 4 + PPhs; (e) 4 + PPhs +
CFsCOOH; (f) 4 + PPhz + CF;COOH + NEts; (g) regenerated 4 (via 4 +
PPhz + CF3sCOOH + NEtsz + [Ru(p-cym)Cl;],). The residual solvent peak
at 5 = 7.26 ppm in CDCls was taken as a reference for all the spectra.
The relevant protons in the complex backbone have been labelled (as B,
A, ¢, and @ on the structure) and shown in the figure. Generation of the
decoordinated/recoordinated and protonated/deprotonated species
was confirmed by the isolation and characterization of the corres-
ponding ruthenium complexes 5, 6, and 7 independently, as well as by
recording ESI-HRMS data in solution (see Experimental section and
ESI+).

tronic properties upon protonation-deprotonation of the
decoordinated system 5. Thus, the addition of CF;COOH to
the decoordinated ruthenium complex 5 caused downfield
shifts for the pyridyl protons (labelled as A, ) as well as the
imidazole backbone protons (labeled as ®) of the NHC-pyridyl
scaffold, due to the formation of protonated species 6
(Fig. 3B(e) and Scheme 2). Complex 6 may be considered as a
system with a pyridin-3-ylidene/imidazol-2-ylidene-based
ligand.”* /¢ Advantageously, complex 5 was recovered through
the addition of NEt; to the above solution (Fig. 3B(f) and
Scheme 2). To complete the cycle, 4 was regenerated again
through the addition of [(p-cym)RuCl,], to a solution contain-
ing the deprotonated species (Fig. 3B(g) and Scheme 2).
Notably, the Ir'™/Ir™ complex 3 was also shown to be an
equally efficient system for a similar type of coordination—
decoordination and acid-base dependent modulation behavior
(see ESL} Fig. $22). C{"H} NMR spectroscopic analyses also
highlighted a similar outcome of the electronic effects within
the ligand system (Fig. 4A; M = Ir in a-d; M = Ru in e-h).

The above-observed reversible NMR chemical shifts of only
the protons and carbons of the ligand backbone might not be
reliable as stand-alone evidence for the modulation or switch-
ing of the electronic properties of the supporting NHC-ligand
in 3 and 4. Therefore, to further evaluate the reversible,
stimuli-controlled electronic perturbation at the cyclometa-
lated “M(Ccarbene”Cpyriay)” center, we used electrochemical
methods, which are rather reliable and sensitive as a probe.
The half-wave potential (E;/,) values derived from differential
pulse voltammetry (DPV) of the Ir'"™/Ir" (in a-d) and Ru"/Ru™

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 (A) *C{*H} NMR (100 MHz, CDCls, 300 K) chemical shift values
(in ppm) of the "M—Cpyriqy" carbon atom and (B) E;/, values (in mV, vs.
SCE) of the Ir'"'/Ir'¥ and Ru"/Ru" redox couples in a cyclometalated “LM
(Cearbene” Cpyriay)Cl” motif: (a) 3 + PPhgz; (b) 3 (starting); (c) 3 + PPhz +
CFsCOOH; (d) 3 + PPhs + [Ru(p-cym)Cl,l,; (e) 4 + PPhgs; (f) 4 (starting);
(g) 4 + PPhs + CF3COOH; (h) 4 + PPhs + [IrCp*Cl,], (vide Scheme 2).
Generation of the decoordinated—recoordinated and protonated—
deprotonated species was confirmed by the isolation and characteri-
zation of the corresponding ruthenium complexes 5, 6, and 7 indepen-
dently, as well as by recording ESI-HRMS data in solution (see
Experimental section and the ESIf). Electrode potentials (E;z) were
determined by differential pulse voltammetry (DPV) in dry CHzCN.
Ferrocene (Ey», Fc/Fc* = 401 mV) was used as the calibration standard.
For details, see the ESIf.

(in e-h) redox couples are shown in Fig. 4B. For both the
iridium and ruthenium systems, coordination and protonation
at the remote pyridine site generated an electron-poor and less
electron-donating cyclometalating ligand when compared to
the decoordinated-deprotonated systems. This trend is evident
from the higher Ir'/Ir"V and Ru"/Ru™ oxidation potential
values in the homo- and heterobimetallic complexes, as shown
in b and d (by 56 mV and 36 mV) as well as in f and h (by
108 mV and 104 mV), compared to the decoordinated com-
plexes shown in a and e respectively (Fig. 4B). The effect of pro-
tonation on the decoordinated complexes is also in line with
the expected generation of a ligand backbone with less donat-
ing ability towards the metal center (the Ej, of the Ir"/Ir"
couple in the protonated complex (shown in c) is ~100 mV
higher than in the free complex; the Ej, of the Ru"/Ru™
couple in the protonated complex (shown in g) is ~70 mV
higher than in the free complex).

Reversible repeatability of the decoordination-recoordina-
tion and protonation-deprotonation processes was confirmed
in these systems by carrying out the steps several times suc-
cessfully without substantial decomposition or any other side
reactions. To validate all the above-described in situ pheno-
mena, we isolated the representative decoordinated ruthenium
complex 5 from the reaction of complex 4 with 1 equiv. of PPh;
in chloroform at ambient temperature followed by chromato-
graphic separation. Thereafter, we also isolated the protonated
complex 6 by treating complex 5 with CF;COOH, and the het-
erobimetallic complex 7 by treating it with [IrCp*Cl,],. The
NMR spectroscopic, HR-ESIMS and electrochemical data
obtained for the isolated complexes 5, 6 and 7 were found to
be identical with those observed for the in situ generated
systems. A similar strategy to isolate the decoordinated
iridium complex was not successful due to insufficient stability

This journal is © The Royal Society of Chemistry 2014
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of the species during column chromatography. Nevertheless,
we believe that the above experiments established a pro-
nounced on-demand, reversible and controlled modulation of
the electronic properties at an active center through a stimuli-
sensitive remote site. Potential applicability of the above-deve-
loped phenomenon is currently being explored in our
laboratory.

Conclusions

In summary, we have synthesized two new stimuli-active NHC-
pyridyl Ir™/Ir™ (3) and Ru"/Ru" (4) bifunctional complexes
which respond successfully to reversible modulation of their
electronic properties with external chemical agents. Both
coordination and protonation at the remote pyridine site
resulted in a reduced donating ability of the cyclometalated
NHC ligand toward the metal center, generating an electron-
deficient system. The original properties could be restored via
a reverse process. These dynamic platforms exemplify a prom-
ising discovery in the domain of transition metal-NHC chem-
istry. We expect that the reversible decoordination—-
recoordination and protonation-deprotonation switching be-
havior of the complexes could potentially guide the develop-
ment of stimuli-switchable materials.

Experimental section
General methods and materials

'H and "’C{"H} NMR spectra were recorded on Bruker AVANCE
III 400 MHz and 500 MHz NMR spectrometers. Chemical
shifts (5) are expressed in ppm using the residual proton reso-
nance of the solvent as an internal standard (CHCly: 6 =
7.26 ppm for the 'H spectra, 77.2 ppm for the "*C{"H} spectra;
DMSO: 6 = 2.50 ppm for the 'H spectra, 39.5 ppm for the
3C{"H} spectra). All coupling constants (/) are expressed in
hertz (Hz) and are only given for "H-'H couplings unless men-
tioned otherwise. The following abbreviations were used to
indicate multiplicity: s (singlet), d (doublet), t (triplet),
q (quartet), dd (doublet of doublets) and m (multiplet). ESI
mass spectroscopy was performed on a Bruker microTOF QII
spectrometer. UV-Vis spectra were recorded on a Perkin Elmer
Lambda 25 spectrophotometer. Electrochemical experiments
were done using a CHI 1120B Electrochemical Analyzer.
Elemental analyses were performed with a Thermo Scientific
FLASH 2000 elemental analyser at the Sophisticated Instru-
ment Centre (SIC) in IIT Indore, India. Single-crystal X-ray
diffraction data were collected using a Bruker SMART APEX II
CCD diffractometer with graphite monochromated Mo Ka (1 =
0.71073 A) radiation at 140 K. Dry solvents and reagents were
obtained from commercial suppliers and used without further
purification. Deuterated solvents were purchased from Aldrich.
IrCl;-xH,O and RuCl;-xH,O were purchased from Johnson
Matthey and used as received without further purification.
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[IrCp*ClL,], ** and [Ru(p-cym)Cl,], ** were synthesized accord-
ing to reported procedures.

Synthetic procedures

[1-(4-Pyridyl)-3-methyl-imidazolium chloride, 1. N-Methyl
imidazole (1.59 mL, 20 mmol) and 4-chloropyridine hydrochlo-
ride (1.5 g, 10 mmol) were mixed and stirred for 20 h at 90 °C
in a pressure tube. After cooling, the formed solid was purified
by repetitive precipitation from EtOH-Et,O and the resulting
product was dried in vacuo. Yield: 1.57 g (80%)."H NMR
(400 MHz, [Dg]DMSO, 27 °C): 6 = 10.19 (s, 1H, CHip,), 8.87
(dd, J = 1.6 Hz, J = 4.6 Hz, 2H, CH,,,), 8.51 (t, /] = 1.9 Hz, 1H,
CHipy), 8.03-8.02 (m, 1H, CHin,), 7.91 (dd, J = 1.6 Hz, J =
4.6 Hz, 2H, CHpy,), 3.97 ppm (s, 3H, CHyi,). C{'H} NMR
(100 MHz, [Dg]DMSO, 27 °C): § = 151.1, 142.0, 136.9, 125.0,
120.0, 115.4, 36.4 ppm. HRMS (ESI, positive ion): M' =
160.0894 (calculated as 160.0869 for CoH,oN;"). Anal. Calc. for
CoH,(N;Cl-0.25H,0: C, 54.01; H, 5.29; N, 20.99. Found: C,
53.98; H, 5.27; N, 21.23%.

Complex 2. Silver(i) oxide (64.0 mg, 0.275 mmol) was added
to a suspension of 1 (98.0 mg, 0.5 mmol) in a mixture of
CH,Cl,-MeOH (1:1) (15 mL) in a Schlenk tube. The reaction
mixture was protected from light and stirred for 4 h at room
temperature. After this period, the solution was filtered, and
solvent was reduced to 3 mL under vacuum and then precipi-
tated with Et,O. The solid product was isolated by filtration
and dried in vacuo. Yield: 75.0 mg (50%). 'H NMR (400 MHz,
[D6]DMSO, 27 °C): § = 8.70-8.69 (m, 2H, CH,,), 8.03 (d, ] = 1.7
Hz, 1H, CHiy,), 7.87 (dd, J = 1.4 Hz, 4.7 Hz, 2H, CH,y,), 7.78 (d,
J = 1.7 Hz, 1H, CHiy,,), 3.93 ppm (s, 3H, CHjin,). *C{'"H} NMR
(100 MHz, [Dg]DMSO, 27 °C): § = 151.4, 146.2, 124.8, 121.5,
117.9, 38.8 ppm. NCN was not visible."> HRMS (ESI, positive
ion): M" = 425.0676 (calculated 425.0638 for [C,sH;3NeAg]'.
The cation corresponds to [Ag(NHC),]" which is generated
under ESI-MS conditions from [Ag(NHC)CI]. A similar obser-
vation was reported earlier for this type of complex;'* (ESI,
negative ion): M~ = 178.8428 (calculated as 178.8415 for
[AgCL]").

Complex 3. Method A: silver(1) oxide (25.4 mg, 0.11 mmol)
was added to a suspension of 1 (39.1 mg, 0.2 mmol) in
degassed CH,Cl, (10 mL) in a Schlenk tube. The reaction
mixture was protected from light and stirred for 2 h at room
temperature under a nitrogen atmosphere. [IrCp*Cl,],
(79.6 mg, 0.1 mmol) was added to the resulting greyish brown
suspension and the reaction mixture was stirred for 4 h at
room temperature in the dark. The resulting solution was fil-
tered through a celite plug. The bright yellow filtrate was
reduced to a minimum volume under vacuum and the product
was isolated by precipitating it with Et,O, affording 3 as a
yellow powder. Yield: 75.0 mg (82% based on the metal precur-
sor). Recrystallization from CH,Cl,-Et,O resulted in an analyti-
cally pure product. Method B: in a Schlenk tube, a mixture of
[IrCp*ClL,], (52.7 mg, 0.066 mmol) and 2 (20.0 mg,
0.066 mmol) in degassed CH,Cl, (8 mL) was stirred for 4 h at
room temperature under a nitrogen atmosphere in the dark.
The reaction mixture was filtered through a celite plug. The

9360 | Dalton Trans., 2014, 43, 9356-9362

View Article Online

Dalton Transactions

bright yellow filtrate was reduced to a minimum volume under
vacuum and the product was isolated by precipitating it with
Et,0O, affording 3 as a yellow powder. Yield: 49.0 mg (80%
based on the metal precursor). Note: Performing the reaction
with a mixture of [IrCp*ClL,], (39.5 mg, 0.04958 mmol) and 2
(30.0 mg, 0.099 mmol) under the same conditions yielded the
complex 3 in a 79% yield (based on the metal precursor).
"H NMR (400 MHz, CDCly, 27 °C): 6 = 9.03 (s, 1H, CHpy,), 8.49
(d, J = 6.0 Hz, 1H, CHpy,), 7.40 (d, J = 1.9 Hz, 1H, CH;n,,), 7.08
(d, J = 1.8 Hz, 1H, CHjp,,), 7.05 (d, J = 6.0 Hz, 1H, CH,,), 4.01
(s, 3H, CHsim,), 1.85 (s, 15H, CHscp:), 1.51 ppm (s, 15H,
CHjcp+). *C{'H} NMR (100 MHz, CDCl;, 27 °C): § = 169.4,
160.3, 154.5, 147.5, 139.0, 123.2, 115.7, 107.0, 92.3, 85.6, 37.5,
10.3, 8.6 ppm. HRMS (ESI, positive ion): M" = 884.1704 (calcu-
lated 884.1690 for [C,oH33N3CLyIr,]"). UV-Vis (CH,Cl,): Amax/nm
(e/M™" em™): 229 (2.74 x 10™), 288 (9.83 x 10%). Anal. Calc. for
CyoH;5N5CLIr,: C, 37.88; H, 4.16; N, 4.57. Found: C, 37.77; H,
4.16; N, 4.62%.

Complex 4. Method A: silver(i) oxide (25.4 mg, 0.11 mmol)
was added to a suspension of 1 (39.1 mg, 0.2 mmol) in
degassed CH,Cl, (10 mL) in a Schlenk tube. The mixture was
protected from light and stirred for 2 h at room temperature
under a nitrogen atmosphere. [Ru(p-cym)Cl,], (61.6 mg,
0.1 mmol) was added to the resulting greyish brown suspen-
sion and the reaction mixture was refluxed for 3 h in the dark.
The resulting solution was cooled to room temperature and fil-
tered through a celite plug. The brownish yellow filtrate was
reduced to a minimum volume under vacuum and the product
was isolated by precipitating it with Et,O, affording 4 as a
brownish yellow powder. Yield: 63.0 mg (85% based on the
metal precursor). Method B: in a Schlenk tube, a mixture of
[Ru(p-cym)Cl,], (46.2 mg, 0.075 mmol) and 2 (22.6 mg,
0.075 mmol) in degassed CH,Cl, (5 mL) was refluxed for 3 h
under nitrogen atmosphere in the dark. The resulting solution
was cooled to room temperature and filtered over a celite plug.
The brownish yellow filtrate was reduced to a minimum
volume under vacuum and the product was isolated by precipi-
tating it with Et,O, affording 4 as a brownish yellow powder.
Yield: 44.0 mg (79% based on the metal precursor). Note: Per-
forming the reaction with a mixture of [Ru(p-cym)Cl,],
(15.2 mg, 0.02475 mmol) and 2 (14.9 mg, 0.050 mmol) under
the same conditions yielded the complex 4 in a 72% yield
(based on the metal precursor). "H NMR (400 MHz, CDCl;,
27 °C): § = 9.52 (s, 1H, CH,y,), 8.52 (d, 1H, J = 5.9 Hz, CH,,,),
7.37 (d, 1H, J = 1.1 Hz, CHip,,), 7.06 (d, 1H, J = 1.2 Hz, CHipy),
6.91 (d, 1H, J = 6.0 Hz, CH,y,), 5.73-5.66 (m, 2H, CHeym, aro),
5.63-5.59 (m, 2H, CHeym, aro), 5-45-5.44 (m, 2H, CHeym, aro),
5.24-5.21 (m, 2H, CHeym, aro)s 4.19 (8, 3H, CHsimy), 3.04 (m, 1H,
CHMeé,cym), 2.26 (m, 1H, CHMe,cym), 2.12 (s, 3H, CHseym), 2.02
(s, 3H, CHjeym), 1.35-1.32 (m, 6H, CHMe,cym), 0.89 (d, J = 6.9
Hz, 3H, CHMe,cym), 0.78 ppm (d, J = 6.9 Hz, 3H, CHMe;cym).
BC{"H } NMR (100 MHz, CDClj, 27 °C): § = 192.5, 164.6, 157.7,
153.7, 149.2, 123.6, 115.2, 107.0, 104.1, 103.3, 103.1, 97.1, 91.6,
90.3, 89.3, 86.3, 83.1, 82.7, 82.3, 82.2, 38.3, 31.2, 30.8, 23.4, 22.6,
22.4,21.8, 19.2, 18.4 ppm. HRMS (ESI, positive ion): M" = 700.0400
(calculated as 700.0371 for [ChoH3eN3CLRu,]"). UV-Vis
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(CH,CL,): Ama/nm (/M em™): 231 (3.65 x 10%), 294 (1.25 x
10%). Anal. Cale. for C,oH36N3;Cl3RU,-0.5CH,Cl,: C, 45.57; H,
4.80; N, 5.40. Found: C, 45.64; H, 4.86; N, 5.12%.

Complex 5. Complex 4 (8.8 mg, 11.88 pmol) was dissolved
in CHCl; (2 mL) in a Schlenk tube and PPh; (4.6 mg,
17.54 pmol) was added to it. The resulting solution was stirred
at room temperature for 1 h during which time the reaction
was completed (as confirmed by 'H NMR spectroscopy). The
solvent was evaporated to yield a reddish solid residue which
was then subjected to column chromatography on neutral
alumina. Elution with CH,CIl, afforded an orange solution
corresponding to Ru(p-cym)Cl,(PPh;). Complex 5 was eluted
thereafter with CH,Cl,-MeOH (99:1 v/v). Evaporation of the
solvent afforded pure complex 5 as a yellow solid. Yield:
3.1 mg (60%). "H NMR (400 MHz, CDCl;, 27 °C): § = 9.19 (s,
1H, CHyy), 8.21 (d, 1H, J = 5.3 Hz, CHyy), 7.39 (d, 1H, J =
1.8 Hz, CHyy,), 7.05 (d, 1H, J = 1.8 Hz, CH,,), 7.03 (d, 1H, J =
5.3 Hz, CHpy,), 5.71 (d, 1H, J = 6 Hz CHeym, aro); 5.67 (d, 1H, J =
5.9 Hz CHeym, aro)y 5.63 (d, 1H, J = 5.9 Hz CHeym, aro), 5.49 (d,
1H, J = 5.8 Hz CHeym, aro), 4.19 (S, 3H, CHzimy), 2.19 (m, 1H,
CHMeseym), 2.09 (s, 3H, CHseym), 0.89 (d, 3H, J = 6.7 Hz,
CHMe,cym), 0.75 ppm (d, 3H, J = 6.9 Hz, CHMe, ). *C{'H}
NMR (100 MHz, CDCl;, 27 °C): § = 192.4, 160.6, 156.8. 152.6,
139.2, 124.7, 115.5, 107.5, 106.8, 102.0, 92.3, 91.0, 89.3, 85.9,
38.4,31.3, 23.1, 21.9, 19.2 ppm. HRMS (ESI, positive ion): M* =
394.0833 (calculated as 394.0857 for [CyoH,,N3Ru]'). Anal.
Cale. for C,oH,,N;CIRu-CH,Cl,: C, 46.75; H, 4.71; N, 8.18.
Found: C, 46.68; H, 4.66; N, 8.11%.

Complex 6. To a CDCl; solution (0.4 mL) of isolated
complex 5 (4.0 mg, 9.34 pmol), an equivalent amount of
CF;COOH (72 pL, 0.13 M solution in CDCl;, ~9.34 pmol) was
added. Complete formation of complex 6 was achieved after
stirring for 1 h at an ambient temperature. Yield: quantitative.
'H NMR (400 MHz, CDCl3, 27 °C): § = 9.16 (s, 1H, CH,y,), 8.19
(d, 1H, J = 5.0 Hz, CH,,,), 7.37 (broad s, 1H, CHiy,), 7.15 (d,
1H, J = 5.1 Hz, CHpy,), 7.04 (broad s, 1H, CHjn,,), 5.70 (d, 2H,
J = 5.8 Hz CHeym, aro), 5.65 (d, 1H, J = 6.0 Hz CHeym, aro), 5.53
(d, 1H, J = 5.9 Hz CHeym, aro), 421 (s, 3H, CHzim,), 2.18 (m, 1H,
CHMeseym), 2.09 (s, 3H, CHsem), 0.88 (d, 3H, J = 6.7 Hz,
CHMeé,cym), 0.74 ppm (d, 3H, J = 6.9 Hz, CHMe,cym). *C{'H}
NMR (100 MHz, CDCl,, 27 °C): § = 193.8, 163.1, 160.7 (q, *Jcr =
37 Hz, CF;C00"7), 159.8, 148.9, 136.7, 125.6, 116.2 (q, Jcr =
194 Hz, CF;C007), 108.0, 107.8, 103.6, 92.6, 91.5, 90.3, 87.2,
38.6, 31.4, 23.0, 22.0, 19.2 ppm. (Note: one peak was not
detected). F{'H} NMR (376 MHz, CDCl;, 27 °C): § =
—75.8 ppm. HRMS (ESI, positive ion): M" = 430.0582 (calcu-
lated as 430.0620 for [C;oH,3N;CIRu]"). Elemental analysis of
complex 6 could not be attempted due to its hygroscopic
nature.

Complex 7. To a CDCl; solution (0.4 mL) of isolated
complex 5 (4.0 mg, 9.34 pmol), [IrCp*Cl,], (3.75 mg, 4.7 pmol)
was added and stirred for 1 h at an ambient temperature to
yield complex 7 in a quantitative yield. "H NMR (400 MHz,
CDCly, 27 °C): 6 = 9.42 (s, 1H, CHpy,), 8.49 (d, 1H, J = 5.9 Hz,
CH,,,), 7.38 (d, 1H, J = 1.9 Hz, CHjy,,), 7.06 (d, 1H, J = 1.8 Hz,

Pyr.
CHiny), 6.94 (d, 1H, J = 6 Hz, Cprr), 5.75 (m, 2H, CHeym, aro)y
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5.61 (d, 1H, J = 6 Hz CHeym, aro), 5.52 (d, 1H, J = 6 Hz
CHeym, aro)y 4.21 (s, 3H, CHyimy,), 2.32 (m, 1H, CHMe,cyrm), 2.03
(s, 3H, CHjeym), 1.53 (s, 15H, CHjzcp+), 0.89 ppm (m, 6H,
CHMe,cym),. *C{'H} NMR (100 MHz, CDCl;, 27 °C): & = 192.5,
163.2, 159.1, 153.7, 147.5, 123.7, 107.6, 103.6, 103.4, 90.5, 90.3,
90.0, 87.2, 85.6, 38.4, 31.4, 23.1, 22.1, 19.3, 9.5, 8.6 ppm.
HRMS (ESI, positive ion): M' = 792.1022 (calculated as
792.1022  for  [C,oH3,N3CLIrRu]).  Anal. Cale. for
CyoH3,N;ClRulr-CH,Cl,-0.5H,0: C, 39.11; H, 4.38; N, 4.56.
Found: C, 39.10; H, 4.36; N, 3.83%.
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