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ABSTRACT: The synthesis and characterization of a series of mono-,
homo-, and heterobimetallic complexes involving iridium and rhodium \’/P
Cl—yf
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centers have been achieved through the reaction of the proligand, 1-pyridyl-
4-phenyl-1,2,3-triazole, and [M(Cp)*ClL], (M = Ir, Rh). The ligand N
undergoes coordination of the N,N fragment and subsequent N-directed C— N‘I N Nop
H activation at the 1,2,3-triazole and phenyl or pyridyl moieties. “cpt < C./ “cp ‘ /
Alternatively, direct N-directed C—H activation can be achieved. The M= Ir. Rh

structures of the prepared complexes were determined using spectroscopic

techniques and confirmed by X-ray crystallography. The electrochemical properties of the complexes show a differentiate redox
behavior between Ir—Ir centers and a clear influence of the second metal in heterobimetallic complexes. This flexible approach could
have potential applications in catalysis and other areas of chemistry.
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B INTRODUCTION

The selective functionalization of C—H bonds is a long-
standing problem in chemistry. Methodologies based on
transition metal complexes are still the most efficient and
versatile of these transformations. The heteroatom directed
C—H functionalization of aromatic rings is highly eflicient in
terms of selectivity.! Among the several systems used for this
purpose, 1,2,3-triazole ligands having heterocycle chelating
pendants” have been repeatedly studied. Thus, pyridine-1,2,3-
triazole-based ligands are archetypical of these classes of
compounds. The pyridine fragment may be located at carbon
C4 or at nitrogen N1 of the 1,2,3-triazole ring, giving rise to
the termed regular chelators (reg) A or inverse chelators (inv)
B, respectively (Scheme 1). Regular chelators A coordinate
through the more electron-rich nitrogen N3, while inverse
chelators B coordinate through nitrogen N2.” Although both

Scheme 1. Regular and Inverse Chelators Derived from
1,2,3-Triazoles
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isomers (A and B) have been described, inverse chelators and

their complexes are less common.*
The preparation of bimetallic complexes derived from a

single 1,2,3-triazole ligand having two coordinating pendants
has been scarcely studied. In fact, to the best of our knowledge,
Albrecht reported the single example of a bimetallic complex of
this type, namely, complex 1 derived from pyridinium salt 275
Complex 1 was prepared from [Ir(Cp)*CL,], in the presence
of NaOAc (Scheme 2).

Scheme 2. Synthesis of a Bimetallic Complex 1 Having a
1,2,3-Triazole Ligand with Two Pendant Coordinating
Moieties
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Our previous work in the chemistry of MIC-derived
complexes® has led to the preparation of various enantiopure
chiral at metal Ir(III) and Rh(III) complexes. This synthesis
was achieved using enantiopure 1,2,3-triazolium salts derived
from alkynylsulfoxides in the enantioselective-directed C—H
metalation of an aromatic ring attached to the triazole CN1.”
Subsequent work using these enantiopure 1,2,3-triazolium salts
resulted in a sequence of chirality transfer from central (the
sulfoxide) to metal (first C—H enantioselective functionaliza-
tion forming a chiral at the metal half-sandwich moiety) to
planar chirality (C—H activation of a ferrocene moiety)

(Scheme 3).°

Scheme 3. Synthesis of Homochiral Sulfoxide-Directed
Enantiopure Complexes
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Based on these premises, we explored the use of easily
available 1-pyridyl-4-phenyl-1,2,3-triazoles to prepare homo-
and heteropolymetallic complexes. Reported here is the
preparation of these novel new bimetallic complexes and
their structural and electrochemical characterization. Zwitter-
ionic bimetallic complex having two difterently coordinated Ir
centers will be described.

B RESULTS AND DISCUSSION

1-Pyridyl-4-phenyl-1,2,3- trlazole 3 was obtained according to
the literature procedure.” Treatment of 3 with 0.5 equiv of
[IrCp*CL,], in dichloromethane (DCM) at rt afforded after 18
h pure complex 4 in nearly quantitative yield (Scheme 4). The
'H NMR of complex 4 showed signals for five H
corresponding to the aromatic ring, four H assignable to the
pyridyl moiety and one triazolyl hydrogen, in a pattern similar
to the free ligand 3, with the expected shifts due to the
coordination of the Ir fragment. In addition, one signal singlet
(1SH) assignable to the pentamethylcyclopentyl ring (Cp*)

Scheme 4. Synthesis of Complexes 4 and $
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confirms the incorporation of the [IrCICp*] fragment to 3
(see Experimental Section). These data suggest that Ir
coordinated both the triazole N2 and the pyridine nitrogen.
In fact, the triazole proton shifts from 8.80 ppm in ligand 3
(measured in DMSO-d;) to 11.22 ppm (measured in CDCl;)
in complex 4. This strong downfield shift agreed with the
proposed structure of complex 4. The downfield shift of the
CH in the 1,2,3-triazole ring is analogous to the one observed
in the formation of 1,2,3-triazolium salts, which support the
coordination of the 2-nitrogen of the 1,2,3-triazole moiety.
Next, complex 4 was reacted with 0.5 equiv of [IrCL,Cp*],
in refluxing dichloroethane (DCE) in the presence of K,COj.
After 18 h of reaction, complex 5§ was obtained in 62% yield
(Scheme 4). The structure of complex § was determined by
spectroscopic and spectrometric means. First, the appearance
of two signal singlets in the '"H NMR spectra attributable to
two different [Ir(Cp*)] units unequivocally confirms the
presence of two nonequivalent [IrCICp*] moieties (H 1.79
and 1.59 ppm, 15H each). Moreover, no signals for the triazole
proton appeared, while three signals corresponding to 3H of
the pyridine ring in ligand 3 were present, and the phenyl
hydrogens remained unaltered. These data suggest the
formation of a half-sandwich metallacycle by C—H activation
between the C3 of the pyridine and the CS5 of the 1,2,3-triazole
rings. No metallacycles derived from the phenyl C—H ring
activation were detected in this reaction. It is notable that
although bimetallic complex 5 has two chiral Ir centers, only
one diastereomeric racemate was obtained. A single crystal of
complex § was obtained by crystallization from DCM/hexane.
The structure of complex § was unambiguously established by
an X-ray diffraction analysis (Figure 1). The two iridium atoms

Figure 1. X-ray structure of complex $ depicted as an ellipsoid plot at
a 50% level. Selected bond lengths (A) and angles [°]: Ir1—Cl1
2.406(2), Ir2—CI2 2.408(2), Ir1—N2 2.100(6), Ir1-N4 2.137(7),
Ir2—C1 2.049(7), Ir2—C10 2.073(7), N1-N2 1.335(8), N2—N3
1.316(9), N3—C2 1.374(9), C1-C2 1.417(10), C1-N1 1.340(9),
N2—Ir1-N4 77.7(2), N2-Ir1-Cl1 87.7(2), N4—Ir1-Cl1 85.3(2),
C1-Ir2—C10 80.4(3), C1-Ir2—CI2 85.6(2), C10—Ir2—CI2 88.2(2).

form a tetracyclic system with the deprotonated triazole and
the deprotonated pyridine substituent. This tetracyclic system
is nearly perfectly planar with a mean deviation of the best
plane formed of only 0.082 A. As depicted in Figure 1, the
obtained diastereomer has the two Cp* rings in relative
anticonfiguration with respect to the plane defined by the
bimetalla-tetracyclic system. Therefore, the metalation reaction
proceeds in a complete regio and diastereoselective manner.
Bimetallic iridium complex S deserves some additional
comments. The complex is neutral, and the computed NBO
charges of both centers were nearly identical (Figure 2).1°
Therefore, complex 5 may be described as a zwitterionic
complex having a positive Ir-center (the one complexed by two
strong o-donor carbon ligands) and a negative Ir-center (the

https://doi.org/10.1021/acs.organomet.4c00079
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Figure 2. HOMO (left) and LUMO (right) of complex S.

one coordinated to the less electron donor N,N ligand). The
HOMO orbital is located in the C—Ir—C moiety, while the
LUMO orbital is located in the N-Ir-N moiety. The initial
coordination of the Ir to the N,N moiety of the 1-pyridyl-1,2,3-
triazines moiety undoubtedly is responsible for the second
coordination of the Ir to the CS of the 1,2,3-triazine and the 3-
CH of the phenyl group, probably by strongly increasing the
acidity of the hydrogen at the C5 carbon of the 1,2,3-triazine
ring.

The increased acidity of the hydrogen at the CS carbon of
the 1,2,3-triazine ring in complex 4 with respect to the
proligand 3 is supported by the strong deshielding of this
hydrogen. Thus, as indicated above, this hydrogen appears at
8.80 ppm in the "H NMR spectra of proligand 3 and at 11.22
ppm in the 'H NMR spectra of complex 4. This AS = 2.4 ppm
corresponds to a decrease of &7.6 units of pK, upon Ir
complexation."

1,2,3-Triazole 3 was next treated with one equivalent of
[IrCp*Cl,], in boiling acetonitrile and in the presence of
K,CO; (Scheme S). A new neutral bimetallic complex was

Scheme 5. Synthesis of Bimetallic Ir-Complex 6
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obtained in a 37% yield. By switching the base to NaOAc, the
yield of this product increased to 59%. Analogously to complex
3, the '"H NMR spectrum for the new compound showed two
singlet signals attributable to two inequal Cp* rings, as well as
the disappearance of the triazole proton. In addition, signals
corresponding to the four protons of the pyridine ring were
clearly identified, but only four signals (two doublets and two
triplets) attributable to the four hydrogens of the phenyl ring
were observed. With these data, two possible structures 6 or its
isomer 7 can be proposed for the new bimetallic complex
(Scheme 5).

X-ray structural analysis unambiguously established structure
6 for the new bimetallic complex (Figure 3). Again, the
metalation process was regio and diastereoselective. Now, one
iridacycle formed involves the nitrogen of the pyridine and the
Cl1 of the 1,2,3-the triazole moiety, while the other one is
formed from coordination of N3 of the 1,2,3-triazole and the o-
carbon of the phenyl ring. The alternative structure of 7 has
not been detected under any reaction conditions. Irl is only

1130

Figure 3. X-ray structure of Ir bimetallic complex 6 depicted as an
ellipsoid plot at the 30% level. Noncoordinating CHCl; molecules are
omitted for clarity. Selected bond lengths [A] and angles [°]: Ir1—Cl1
2.390(4), Ir2—CI2 2.390(5), Ir1-N3 2.046(12), Ir1—C13 2.027(18),
Ir2—C1 2.020(11), Ir2—N4 2.072(12), N1-N2 1.345(13), N2—N3
1.308(17), N3-C2 1.373(17), C1-C2 1.396(19), C1-NI1
1.365(18), N3—Ir1—C13 78.2(6), N3—-Ir1—Cl1 83.0(3), C13—Ir1—
Cl1 87.9(4), C1-Ir2—N4 77.0(5), C1-1r2—CI2 93.5(4), N4—Ir2—
CI2 87.0(4).

0.18 A out of the plane formed by N3—C2—C8 and C13, while
Ir2 is clearly out of the plane formed by C1 N1 C3 and N4
with a distance of 0.39 A in respect to this plane.

Both complexes 5§ and 6 are bimetallic pentacyclic systems,
but their origins are clearly different. Thus, while complex § is
formed by the initial N,N’-coordination of Ir to 1,2,3-
triazolepyridine system followed by double C—H activation
of both the pyridine C3 and the HS of the 1,2,3-triazole
heterocycle, complex 6 derives from the nitrogen-directed
(both pyridine and N3 of the 1,2,3-triazole ring) double CH
activation of the aromatic and heteroaromatic rings. As
indicated above, probably, the initial coordination of Ir to
the NN system of the pyridine and the 1,2,3-triazole ring
determines the fate of the second Ir reaction by strongly
increasing the acidity of the HS of the 1,2,3-triazole ring,
leading in these conditions to the observed complex S. It is
therefore foreseeable that complex 6 would be formed from
complex § by initial decoordination of the Ir moiety followed
by sequential N-directed C—H activation.

To further expand the scope of these metalation processes,
ligand 3 was reacted with 0.5 eqzuiv of [RhCp*Cl], in DCM at
rt in the presence of AgSbFs.'* Complex 8 was obtained in
92% yield in these conditions (Scheme 6). "H- and *C- NMR
spectra showed a signal pattern almost identical to those of Ir-
complex 4. In addition, HRMS analysis yielded a molecular

Scheme 6. Preparation of Mononuclear Rh-Complexes 8
and 9
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peak accounting for the molecular formula C,;H,CIN,Rh
corresponding to the monorhodium complex 8 (Scheme 6).
Subsequently, 1,2,3-triazole 3 was treated with 0.5 equiv of
[RhCp*Cl], in refluxing acetonitrile, in the presence of
NaOAc to promote the C—H insertion. However, no reaction
was observed after 18 h under these conditions. By increasing
the amount of [RhCp*Cl], to 1.0 equiv, mononuclear complex
9 was obtained in 70% yield, as evidenced by HRMS and 'H
NMR data. Both the '"H NMR and HRMS confirmed the
presence of only one Cp* ring in the molecule (6H 1.50 ppm,
15H; 5C 9.45 ppm, SCH,). In addition, the "H NMR spectra
of complex 9 lack the singlet signal characteristic of the triazole
ring of the free ligand 3. These data agree with structure 9 in
which Rh has been inserted in the C5 C—H bond of the 1,2,3-
triazole moiety. Finally, X-ray analysis confirmed unambigu-
ously the structural hypothesis for complex 9 (Figure 4).

Figure 4. X-ray structure of mononuclear Rh-complex 9 depicted as
an ellipsoid plot at a 50% level. Only one of two independent
molecules in the asymmetric unit is shown. Selected bond lengths [A]
and angles [°]: Rh1-Cll 2.391(1), Rh1-C1 2.025(4), Rh1-N4
2.100(3), N1-N2 1.370(5), N2—N3 1.299(5), N3—C2 1.387(5),
C1-C2 1.389(5), C1-N1 1.363(5), C1-Rh1-N4 77.7(2), Cl1—
Rh1—ClI 90.1(2), N4—Rh1—Cl1 87.2(1).

Unfortunately, the synthesis of homobimetallic complexes
analogous to complexes 5 and 6 was not possible, either using
ligand 3 or complexes 8 and 9 as starting materials. The
different reaction conditions tested, which include different
solvents, stoichiometries, and reagents ratios, were unsuccess-
ful, leading either to recovering unaltered materials or complex
reaction mixtures.

The preparation of heterobimetallic Ir—Rh-complexes
turned out to be challenging. Thus, Ir-complex 4 was reacted
with [RhCp*Cl,], under different reaction conditions that
favor C—H activation (K,CO;, boiling DCE, or NaOAc in
refluxing MeCN). None of these conditions produced the
desired bimetallic complexes. In contrast, treatment of Rh-
complex 9 with [IrCp*CL], in the presence of NaOAc in
boiling MeCN produced a new heterobimetallic complex 10
(Scheme 7) isolated as an orange solid in 43% yield. HRMS in
the positive mode allows the identification of a molecular peak
at 821.1447 uma, accounting for a molecular formula

Scheme 7. Synthesis of Heterobimetallic Complex 10

Cp*
\ cl
Cl~ \Rh
/Rh [IrCIZCp i’ C|\ C| or
No N Neoms N/
| _ MeCN,A ‘ X \N I
/ —cl
Cp*
9 10 11

1131

C43H;3CIIrN,Rh, that proves the presence of Rh and Ir in
the complex. In fact, the '"H and *C NMR spectra showed
signals for two unequal Cp* fragments. With these data
structures, 10 and 11 (Scheme 7) are possible. The
comparison of the 'H NMR spectrum of the new
heterobimetallic complex with those of the bis-iridium
complexes 5 and 6 makes evident that the pattern for the
aromatic hydrogens of the new complex and compound 6 are
similar (Figure S). Thereof, we propose structure 10 for the
Rh—Ir bimetallic complex.

|
i bl

bl

W

\
e A e

939.2919.089888786858483828.18.07.9787.77.6757473727.17069 68 6.7
f1 (ppm)

Figure 5. Comparative "H NMR spectra of compounds 5, 6, and 10.

Electrochemistry. The electrochemistry of complexes 4
and 8 was next studied. Ir-complex 4 and Rh-complex 8 show
clear reduction waves at —1.21 and —1.13 V that are congruent
to the two electron M(III) to M(I) reduction (M = Ir and Rh,
respectively)'” (Figure 6 and Table 1). Additionally, Ir(III)

i(mA)

1 0 1 2

Potential (V) vs. Fc

Figure 6. Cyclic voltammogram of complexes 4 and 8 in MeCN
solution (1072 M/[Bu,N]PF4 0.1 M) at 0.1 V/s referred to Fc*/Fc’.

complex 4 shows an irreversible oxidation at 0.76 V wave
attributable to the Ir(III) to Ir(IV) oxidation, while the
additional wave observed for this complex should be a ligand
oxidation event.'

The zwitterionic complex S exhibits three irreversible
oxidation waves at 0.36, 0.89, and 1.13 V. According to the
HOMO (Figure 2) of this complex, the first oxidation (with a
strong cathodic shift compared to complex 4) must correspond
to the oxidation of Ir(IIl)/Ir(V) of the C,C-coordinated Ir-
center. By analogy with complex 4, the second oxidation wave
should correspond to the oxidation of the N,N-coordinated-Ir-

https://doi.org/10.1021/acs.organomet.4c00079
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Table 1. Electrochemical Data of Complexes 4—10

compound E* Ed E'f/d2
4 0.76 -1.01¢ —-1.21
1.46 —1.40"
S 0.36 -1.90
0.89
1.13
6 0.41 -2.07
0.87
1.04
8 1.17 -1.07% —-1.13
—1.18
—2.13
9 0.97 —1.567 —1.65
1.21 —1.73¢
10 0.40 —1.65
0.96 —1.86
1.22
“Quasireversible

center, while the third wave at 1.13 V should correspond to a
ligand oxidation. Analogous to the oxidation process, the
reduction wave is strongly shifted toward the cathode (—1.90
V), and according to the LUMO, it must correspond to the
reduction of the N,N-coordinated Ir-center. The strong shifts
observed in both oxidation and reduction events are justified
by a considerable increase in the electronic density of the
involved centers due to the zwitterionic nature of the system.

Complex 6 has a voltammogram similar to that of complex §
(Figure 7). The analysis of the frontier orbitals (Figure 8) of

0.1
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0.02
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0 c
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-3 -2 -1 0 1 2
Potential (V) vs. Fc

Figure 7. Cyclic voltammogram of complexes S and 6 in MeCN
solution (107> M/[Bu,N]PF4 0.1 M) at 0.1 V/s referred to as Fc*/
Fc.

Figure 8. HOMO (left) and LUMO (right) from the homobimetallic
complex 6.
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complex 6 explains this similar behavior with the Ir(III) C,N-
bound to the triazole nitrogen and the phenyl ring oxidizing
first and, again by analogy, the second and third oxidation
waves corresponding to the additional Ir(III) atom and the
ligand. The strong cathodic shift of the reduction (—2.07 V)
indicates a strong increase in the electronic density of the
metal atoms of the complex. This wave is shared between the
Ir(1II) bound to the MIC and the pyridine and 1,2,3-triazole
ligands.

Finally, the heterobimetallic complex 10 exhibits electro-
chemical behavior similar to 6 in the oxidation section, with
three oxidation waves (0.40, 0.96, and 1.22 V) due to the Ir
fragment (Figure 9). Complex 10 shows two reduction waves.

0.12

0.1

0.08

0.06

0.04

i(mA)

0.02 10

0
-0.02
-0.04

-0.06
-3 -2 -1 0 1 2
Potential (V) vs. Fc

Figure 9. Cyclic voltammogram of complexes 9 and 10 in MeCN
solution (1072 M/[Bu,N]PF4 0.1 M) at 0.1 V/s referred to Fc*/Fc.

The first reduction wave (—1.65 V) is attributable to the
reduction of the Rh(III) center with ligand participation
according to the LUMO of this complex represented in Figure
10 and the voltammogram of complex 10. The second wave at

Figure 10. HOMO (left) and LUMO (right) from heterobimetallic
complex 10.

—1.86 V is strongly displaced toward the cathode with respect
to the analogous wave of complexes 5 and 6 (see Table 1).
This is due to the strong electron withdrawing exerted by the
Rh(III) center."®

Bl CONCLUSIONS

The synthesis and characterization of several monometallic,
homo- and heterobimetallic complexes of Ir and Rh from 1-(2-
pyridyl)-1,2,3-triazoles have been accomplished. Several
coordination modes with or without C—H activation have
been obtained depending on the reaction conditions. The key
for these processes is the formation of the cationic
monometallic complexes of Ir(Ill), 4, and Rh(II), 9, in
which the metal coordination occurs through the nitrogen of
the pyridine and the N2 of the triazole ring. The generation of
these complexes results in a deshielding of the signal
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corresponding to the triazole proton by about 2 ppm, which
derives from a strong increase in the acidity of the HS of the
1,2,3-triazole ring. The reaction of the cationic monometallic
complex 4 with [IrCL,Cp*], in DCE at reflux leads to a neutral
bimetallic compound 5 where the 1,2,3-triazole coordinates
with a CplIrCl unit as a bidentate N,N’-chelate and the other as
a bidentate C,C’-ligand. Complex 5 can be described as having
a zwitterionic structure in which one Ir nucleus would be
positively charged, while the other Ir would be negatively
charged.

When the reaction between proligand 3 and [IrCL,Cp*],
was carried out in MeCN at reflux, bimetallic complex 6 was
obtained. Complex 6 has one Ir coordinated between the
nitrogen of the pyridine and the CS of the 1,2,3-triazole and
the second Ir complexes with the N3 of the triazole ring
activating the CH of the phenyl ring. This double N-directed
C—H activation is totally regio- and diastereoselective.

Interestingly, while the reaction of the 1,2,3-triazole 3 with
[RhCLCp], in the presence of AgSbF, yielded the cationic
Rh(III) complex 8, the analogous reaction in the presence of a
base (NaOAc) yielded the complex 9 in which the Rh
activated HS of the 1,2,3-triazole moiety. Rh-bimetallic
complexes analogous to Ir complexes 5 and 6 could not be
obtained under the different conditions tested. Nevertheless,
starting with complex 9, the heterobimetallic complex 10
analogous to complex 6 was obtained in 43% yield.

The formation of the different products is directly related to
the increase in the acidity of the hydrogen on C5 that causes
the metal coordination to the N,N’ fragment. This increase in
acidity subsequently promotes the remaining CH activation
reactions directed by the activation of the CH on CS of the
1,2,3-triazole.

The electrochemistry of the prepared complexes demon-
strates that the introduction of a second metal causes drastic
changes in the position of the oxidation waves (a strong
cathodic shift) as well as the reduction waves (an analogous
shift) compared to complexes 4 and 8 in which the metal is
coordinated to the nitrogens of the 1,2,3-triazole and the
pyridine. This is consistent with the higher donating capacity
of the NHC and C-M (M = Ir, Rh) ligands in complexes 5, 6,
and 10. The analysis of the HOMO and LUMO of these
complexes allows observing a similar behavior in the series of
bimetallic complexes prepared, with the more easily oxidizable
metal center being the one in which the MIC ligand does not
participate. By contrast, the reduction occurred in the electron
deficient moiety, the one attached to the MIC ligands.

Subsequent results on the use of these ligands in catalysis
will be reported in due time.

B EXPERIMENTAL SECTION

General Methods. Unless noted otherwise, all manipulations
were carried out under an argon atmosphere using standard Schlenk
techniques. DMF, toluene, CH,Cl,, and CH;CN were dried by
passage through solvent purification columns containing activated
alumina. Other solvents were HPLC grade and were used without
purification. All reagents were obtained from commercial sources and
used without additional purification unless noted otherwise. Flash
column chromatography was performed using silica gel 60 (Merck, n°
1.09385, 230—400 mesh). 'H and *C NMR spectra were recorded at
400 or 500 MHz ("H NMR) and at 100 or 126 MHz (**C NMR)
using CDCl; or acetonitrile-d; as solvents with the residual solvent
signal as internal reference (CHCl; 7.26 and 77.2 ppm) (acetonitrile
1.94, 118.26, and 1.32 ppm). The following abbreviations are used to
describe peak patterns when appropriate: s (singlet), d (doublet), t
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(triplet), q (quadruplet), m (multiplet), and br (broad). The NMR
peak assignments were based on the analysis of "H—"*C—HMBC and
HSQC recorded spectra along with previously reported data for
related compounds. High-resolution mass spectrometry (HRMS) by
the ESI technique was performed with an Agilent 6500 accurate mass
apparatus with a Q-TOF analyzer. IR spectra were recorded on a
PerkinElmer 681 spectrophotometer. 2-Azidopyridine was prepared
following the reported method.'® The remaining starting materials
were obtained from commercial sources and used without further
purification.

Computational Details. All calculations were performed at the
DFT level in vacuo using the B3LYP functional'” as implemented in
Gaussian16'® supplemented with the Grimme’s dispersion correction
D3'" and the def2-SVP basis set.””

Preparation of Proligand 3. Compound 3 was prepared following
a modified literature procedure.”’ A mixture of 2-azidopyridine (300
mg, 2.5 mmol, 1 equiv), phenylacetylene (255 mg, 2.5 mmol, 1
equiv), and (CuOTf),-C4Hy (189 mg, 0.375 mmol, 0.1S equiv) in
toluene (16 mL) was refluxed under argon until completion of the
reaction (TLC analysis). The mixture was extracted with CH,Cl,
three times. The organic layer was dried over MgSO, and filtered. The
solvent was removed under a vacuum. The crude product was purified
by SiO, column chromatography (hex:AcOEt, 1:1) to afford the pure
triazole (422 mg, 76%). 'H NMR (300 MHz, CDCl,) & 8.80 (s, 1H),
8.54—8.49 (m, 1H), 824 (d, J = 8.3 Hz, 1H), 8.01-7.81 (m, 3H),
7.58=7.39 (m, 2H), 7.44—7.26 (m, 2H).

Preparation of Ir-Complex 4. To a solution of 60.0 mg (0.27
mmol, 1 equiv) of triazole 3 in CH,Cl, (5 mL) was added 107.6 mg
(0.135 mmol, 0.5 equiv) of [IrCL,Cp*],. The reaction mixture was
stirred under argon at room temperature for 18 h. The solvent was
removed under vacuum, and the resulting residue was solved in the
minimum amount of CHCl; and precipitated with MeCN. The
solvents were decanted, and the solid was washed with cold MeCN
(x3) and vacuum-dried to yield pure complex 4 as a yellow solid
(165.8 mg, 99%). 'H NMR (400 MHz, CDCl;) § 11.22 (s, 1H), 9.53
(d, ] = 8.0 Hz, 1H), 8.66 (d, ] = 4.9 Hz, 1H), 8.35 (t, ] = 7.5 Hz, 1H),
8.11 (d, J = 7.4 Hz, 2H), 7.67 (m, 1H), 7.45 (t, ] = 7.3 Hz, 2H), 7.39
(m, 1H), 1.77 (s, 15H). *C NMR (101 MHz, CDCl;) § 151.6 (C),
149.9 (CH), 146.3 (C), 144.3 (CH), 129.9 (CH), 129.2 (2CH),
128.5 (C), 127.4 (CH), 126.6 (2CH), 124.7 (CH), 117.7 (CH), 90.2
(5C, Cp*), 9.1 (SCH;, Cp*). HRMS (ESI) m/z calculated for
C,3H,<ClIrN,: 585.1384 [M]*; found $85.1379. IR (KBr): v, 3059,
2969, 2920, 1614, 1497, 1482, 1383, 1091, 1029, 752, 697. Mp:
decomposes before melting.

Preparation of Rh-Complex 8. To a solution of 28.9 mg (0.130
mmol, 1 equiv) of compound 3 in CH,Cl, (S mL) were added 40 mg
(0.065 mmol, 0.5 equiv) of [RhCL,Cp*], and 53.6 mg (0.156 mmol,
1.2 equiv) of AgSbF, After complete addition, the reaction was
stirred under an argon atmosphere for S h. The solvent was decanted,
and the resulting residue was washed with AcOEt (x3) and vacuum-
dried to yield the pure complex as an orange solid (87.6 mg, 92%). 'H
NMR (400 MHz, acetonitrile-d;) § 9.22 (s, 1H), 8.80 (dd, J = 5.5, 1.6
Hz, 1H), 8.38 (td, ] = 8.0, 1.6 Hz, 1H), 8.05 (m, 3H), 7.83 (m, 1H),
7.58 (m, 3H), 1.79 (s, 15H). *C NMR (101 MHz, acetonitrile-d;) &
152.1 (C), 151.9 (CH), 146.4 (C), 144.0 (CH), 131.0 (CH), 130.3
(2CH), 1289 (C), 128.0 (CH), 126.9 (2CH), 121.6 (CH), 115.1
(CH), 99.3 (5C, d, Janu = 8.6 Hz, Cp*), 9.26 (SCH;, Cp*). HRMS
(ESI) m/z calculated for C,;H,;CIN,Rh: 495.0817 [M]*; found
495.0811 IR (KBr): v, 3408, 1614, 1496, 1455, 1362, 1085, 895,
697, 660 Mp: decomposes before melting.

Preparation of Complex 5. [IrCL,Cp*], (19.3 mg, 0.024 mmol,
0.5 equiv) and K,CO; (13.4 mg, 0.097 mmol, 2.0 equiv) were added
to a solution of complex 4 (30 mg, 0.048 mmol, 1.0 equiv) in 1,2-
dichloroethane (9.0 mL), and the resulting mixture was refluxed
under argon with good stirring for 18 h. After cooling, filtering
through Celite, and removal of the solvent, the residue was purified by
SiO, column chromatography (3—5% MeOH in CH,Cl,) to yield
complex 5 as an orange solid (29.2 mg, 62%). '"H NMR (400 MHz,
CDCl,) 6 8.25 (dd, J = 7.2, 1.2 Hz, 1H), 8.08 (dd, J = 8.2, 1.4 Hz,
2H), 7.85 (dd, J = 5.6, 1.2 Hz, 1H), 7.42 (t, ] = 7.7 Hz, 2H), 7.30 (m,
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1H), 6.98 (dd, J = 7.2, 5.6 Hz, 1H), 1.79 (s, 15H), 1.59 (s, 15H). °C
NMR (101 MHz, CDCl,) 6 159.3 (C), 155.5 (C), 147.8 (CH), 138.0
(C), 137.9 (CH), 135.4 (C), 134.2 (C), 128.2 (2CH), 127.8 (2CH),
127.3 (CH), 123.7 (CH), 90.0 (5C, Cp*), 87.7 (5C, Cp*), 9.38
(5CH,;, Cp*), 9.30 (SCH; Cp*). HRMS (ESI) m/z caled for
Cy3H3ClIrN,: 9112026 [M]*; found 911.2029. IR (KBr): v,
2914, 1502, 1447, 1381, 1203, 1075, 1033, 773, 700. Mp: decomposes
before melting.

Preparation of Complex 6. To a solution of proligand 3 (14 mg,
0.063 mmol, 1.0 equiv) in MeCN (6.0 mL) were added [IrCL,Cp*],
(50 mg, 0.063 mmol, 1.0 equiv) and NaOAc (10.3 mg, 0.126 mmol,
2.0 equiv). The resulting mixture was refluxed under argon with good
stirring overnight. The residue was purified by SiO, column
chromatography (Hex:AcOEt, 2:8) to yield complex 6 as an orange
solid (35 mg, 59%). '"H NMR (400 MHz, CDCl,) & 8.55 (d, ] = 5.8
Hz, 1H), 8.09 (d, ] = 7.9 Hz, 1H), 7.96 (tt, ] = 8.4, 1.5 Hz, 1H), 7.76
(m, 2H), 7.30 (t, ] = 6.6 Hz, 1H), 7.05 (t, ] = 7.3 Hz, 1H), 6.99 (t, ] =
7.2 Hz, 1H), 1.81 (s, 15H), 1.66 (s, 15H). '*C NMR (101 MHz,
CDCl,) 6§ 161.2 (C), 156.5 (C), 152.3 (C), 150.8 (CH), 140.5 (CH),
139.1 (C), 138.5 (C), 135.0 (CH), 127.8 (CH), 123.2 (CH), 122.1
(CH), 121.2 (CH), 112.8 (CH), 90.4 (5C, Cp*), 88.7 (SC, Cp*),
9.42 (5CH,, Cp*), 9.32 (5CH,, Cp*). HRMS (ESI) m/z calcd for
C33H3ClIN,: 9112026 [M]*; found 911.2044. IR (KBr): v,
2961, 2914, 2318, 1616, 1484, 1452, 1382, 1276, 771, 756 Mp:
decomposes before melting.

Preparation of Complex 9. [RhCL,Cp*], (50 mg, 0.081 mmol, 1.0
equiv) and NaOAc (13.3 mg, 0.162 mmol, 2.0 equiv) were added to a
solution of proligand 3 (18 mg, 0.081 mmol, 1.0 equiv) in MeCN (6.0
mL). The mixture was refluxed under argon for 6 h with good stirring.
After cooling, filtering through Celite, and removal of the solvent, the
residue was purified by SiO, column chromatography (Hex:AcOEt,
2:8) to yield complex 9 as an orange solid (25.0 mg, 70%). "H NMR
(400 MHz, CDCl,) 6 8.58 (d, ] = 5.5 Hz, 1H), 8.18 (d, ] = 8.3 Hz,
1H), 7.98 (m, 3H), 7.42 (t, ] = 7.5 Hz, 2H), 7.31 (m, 2H), 1.50 (s,
15H). 3C NMR (101 MHz, CDCl;) § 153.3 (C), 152.6 (C), 150.3
(CH), 140.6 (CH), 134.6 (2C), 128.5 (2CH), 128.4 (2CH), 1274
(CH), 122.8 (CH), 113.0 (CH), 972 (5C, d, Janu = 6.8 Hz, Cp*),
9.45 (SCH,, Cp*). HRMS (ESI) m/z calculated for C,3;H,,N,Rh:
459.1051 [M]*; found 459.1046. IR (KBr): v, 2963, 2915, 2220,
1613, 1486, 1468, 1228, 989, 774, 754. Mp: decomposes before
melting.

Preparation of Complex 10. [IrCL,Cp*], (32.2 mg, 0.04 mmol,
0.5 equiv) and NaOAc (13.3 mg, 0.16 mmol, 2.0 equiv) were added
to a solution of complex 9 (40.0 mg, 0.08 mmol, 1.0 equiv) in MeCN
(6.0 mL). The resulting mixture was refluxed with good stirring under
argon overnight. After cooling, filtration through Celite, and removal
of the solvent, the residue was purified by SiO, column
chromatography (3—5% MeOH in CH,Cl,) to yield complex 10 as
an orange solid (30.0 mg, 43%). '"H NMR (400 MHz, CDCl;) § 8.60
(d, J = 4.8 Hz, 1H), 8.07 (d, J = 8.2 Hz, 1H), 7.99 (t, ] = 8.4, 1H),
7.78 (t, ] = 7.1, 2H), 7.36 (t, ] = 7.2 Hz, 1H), 7.07 (t, ] = 7.4, Hz,
1H), 6.99 (t, ] = 7.2, Hz, 1H), 1.80 (s, 15H), 1.61 (s, 15H). *C NMR
(100 MHz, CDCl,) 6§ 162.5 (C), 156.6 (C), 152.0 (C), 151.6 (C),
150.7 (CH), 140.7 (CH), 138.6 (C), 135.2 (CH), 127.8 (CH), 123.1
(CH), 122.2 (CH), 121.4(CH), 113.2 (CH), 97.7 (5C, d, Jrpu = 6.8
Hz, Cp*), 88.7 (5C, Cp*), 9.65 (SCH,, Cp*), 9.33 (SCH,, Cp*).
HRMS (ESI) m/z caled for Cy3H;ClIrN,Rh: 821.1457 [M]*; found
821.1447. IR (KBr): v, 3436, 2914, 1613, 1481, 1381, 1271, 1020,
1002, 770, 734 cm™". Mp: decomposes before melting.

Crystallographic Data for Complexes 5, 6, and 9. All data
were collected at low temperature using oil-coated shock-cooled
crystals at 110(2) K (5), 140(2) K (6), and 100(2) K (9) on a
Bruker-AXS APEX II diffractometer with MoKa radiation (4 =
0.71073 A). The structures were solved by direct methods,”* and all
nonhydrogen atoms were refined anisotropically using the least-
squares method on F*.** The X-ray crystallographic data for 9, 6, and
S have been deposited at the Cambridge Crystallographic Data
Centre (CCDC) under deposition no. CCDC 2334796—2334798.

S: C33H;5CLIN Ny, M, = 945.97, crystal size = 0.30 X 0.20 X 0.20
mm?®, orthorhombic, space group Pbca, a = 14.42(2) A, b = 15.10(2)
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A, ¢ =29.18(3) A V = 6354(11) A3, Z = 8, 108,223 reflections
collected, 9653 unique reflections (R;,, = 0.0564), R1 = 0.0478, wR2 =
0.1009 [I > 26(I)], R1 = 0.0638, wR2 = 0.1074 (all data), residual
electron density = 4.243 e A7,

6: CysH,oCLIr,N,, M, = 1184.71, crystal size = 0.40 X 0.10 X 0.0S
mm®, monoclinic, space group P2,/n, a = 13.98(2) A, b = 19.30(3) A,
¢ = 14.75(2) A, g = 101.54(2)°, V = 3898(9) A% Z = 4, 53,647
reflections collected, 7707 unique reflections (R, = 0.0633), R1 =
0.0592, wR2 = 0.1255 [I > 26(I)], R1 = 0.1050, wR2 = 0.1537 (all
data), residual electron density = 2.336 e A2,

9: C,3H,,CIN,Rh, M, = 494.82, crystal size = 0.30 X 0.20 X 0.05
mm?, triclinic, space group P1,a=8761(1) A, b=14373(1) A, c =
17.402(1) A, a = 77.274(1)°, B = 81.430(2)°, y = 82.967(2)°, V =
2104.4(1) A3, Z = 4, 29,649 reflections collected, 8960 unique
reflections (Ry,, = 0.0439), R1 = 0.0484, wR2 = 0.1391 [I > 26(I)], R1
= 0.0520, wR2 = 0.1416 (all data), residual electron density = 1.416 e
A3,
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