Open Access Article. Published on 30 October 2014. Downloaded on 3/10/2026 7:21:19 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

ROYAL SOCIETY
OF CHEMISTRY

Dalton
Transactions

View Article Online
View Journal | View Issue

Catalytic oxygenation of sp> “C—H" bonds with
Ir(n) complexes of chelating triazoles and
mesoionic carbenest

CrossMark
& click for updates

Cite this: Dalton Trans., 2015, 44,
686

Stephan Hohloch,? Selina Kaiser,? Fenja Leena Duecker,? Aljosa Bolje,”
Ramananda Maity,® Janez Ko$mrlj® and Biprajit Sarkar*?

Cp*-Ir(n) complexes with additional chelating ligands are known active pre-catalysts for the oxygenation
of C—H bonds. We present here eight examples of such complexes where the denticity of the chelating
ligands has been varied from the well-known 2,2'-bpy through pyridyl-triazole, bi-triazole to ligands con-
taining pyridyl-triazolylidene, triazolyl-triazolylidene and bi-triazolylidenes. Additionally, we also compare
the catalytic results to complexes containing chelating cyclometallated ligands with additional triazole or
triazolylidene donors. Single crystal X-ray structural data are presented for all the new complexes that
contain one or more triazolylidene donors of the mesoionic carbene type. We present the first example
of a metal complex containing a chelating triazole-triazolylidene ligand. The results of the catalytic
screening show that complexes containing unsymmetrical donors of the pyridyl-triazole or pyridyl-
triazolylidene types are the most potent pre-catalysts for the C—H oxygenation of cyclooctane in the pres-
ence of either m-CPBA or NalO,4 as a sacrificial oxidant. These pre-catalysts can also be used to oxygenate
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C-H bonds in other substrates such as fluorene and ethyl benzene. The most potent pre-catalysts pre-
sented here work with a lower catalyst loading and under milder conditions while delivering better product
yields in comparison with related literature known Ir(i) pre-catalysts. These results thus point to the poten-

www.rsc.org/dalton tial of ligands with unsymmetrical donors obtained through the click reaction in oxidation catalysis.

Introduction

1,2,3-Triazoles, the product of the best “click” reaction known
so far, have found extensive use as ligands in coordination and
organometallic chemistry.1 Furthermore, 1,2,3-triazoles can be
easily methylated to generate 1,2,3-triazolium salts, which are
direct precursors of 1,2,3-triazol-5-ylidenes, compounds that
have been variously called abnormal or mesoionic carbenes.>
Due to their mesoionic character, such 1,2,3-triazolylidenes
have been shown to have excellent o-donor properties.” Metal
complexes of chelating pyridyl-triazoles have been widely
studied.® On the triazolylidene front, most efforts have focused
on monodentate ligand systems,”> with the use of chelating
ligand motifs being still rather limited.*”*

Within the last 5 years, iridium based catalysts have gained
special interest for their potential in water oxidation cataly-
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sis.”® The direct oxygenation of inactivated C-H bonds to
obtain alcohols or ketones can also be catalysed using similar
iridium catalysts.” In 2010, Crabtree and co-workers were able
to catalytically oxidize cis-decaline to the corresponding
alcohol with retention of the stereocenter using Ir(m) pre-cata-
lysts.”* Three years later the same group reported on sodium
periodate promoted oxidation of cyclooctane to cyclooctanone
using these pre-catalysts.”” They found complexes C1 and C2
to be the most active complexes for such transformations
(Scheme 1).

Interestingly, although N-heterocyclic carbenes and mesoio-
nic carbenes, especially 1,2,3-triazolylidenes, have already
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Scheme 1 IrCp*-(pre)catalysts reported by Crabtree et al. for the cata-
lytic oxidation of inactivated alkanes.””
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Scheme 2 Ligand systems used in this work.

proven to generate very active complexes for the water oxi-
dation reaction,® in direct oxidations of alkanes, they have not
found any use so far. Some of us have recently reported on the
selective synthesis of pyridyl-triazolium salts, which are useful
precursors for the generation of metal complexes containing
chelating pyridyl-triazolylidene ligands.* In the following, we
present the results for the catalytic direct oxygenation of sp’
C-H bonds in the presence of a sacrificial oxidant using eight
different Cp*-Ir(m) (Cp* = pentamethylcyclopentadienyl) pre-
catalysts with the ligands shown in Scheme 2. The ligands
have been systematically varied in terms of their donor pro-
perties as well as their coordination symmetry (the same or
different donor atoms within the same ligand).

Results and discussion

Synthesis and crystal structures

The synthesis of ligands L', L%* L’ and L% has been
reported previously. The synthesis of all other ligands or
ligand precursors followed literature known procedures as
shown in the Experimental section.

Complexes 1-3 with ligands L'-L® containing only
N-donors were obtained by the direct reaction of [Cp*ClIr-
(p-Cl),IrCICp*] with the ligands, followed by salt metathe-
sis.”®” Complexes 4-6 that contain one or more mesoionic
carbene donors were synthesized by a transmetallation route
using silver oxide. Complexes 7 and 8 containing cyclometal-
lated ligands have been reported by us previously.*? The identity
and purity of all complexes were established by 'H-, *C-NMR
spectroscopy and mass spectrometry (see ESIT). The existence of
the carbene complexes 4, 5 and 6 was unambiguously proven by
BC-NMR spectroscopy, displaying resonances at § 156.5, 154.5
and 155.4 ppm respectively for the carbene C atom.

For complexes 4-6 that display one or more mesoionic
carbene donors, we were able to obtain single crystals suitable
for an X-ray diffraction analysis (Fig. 1). An analysis of the
bond lengths in 4, 5-CHCI;-0.25H,0 and 6-CH,Cl, shows that
the double bonds within the triazolylidene ligands are deloca-
lized as is expected for complexes of this type.® On the other
hand, the triazole moiety in 5-CHCl;-0.25H,0 shows the
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Fig.1 ORTEP plot of 4, 5.CHCl;3:0.25H,0 and 6:CH,Cl,. Hydrogen
atoms, counter ions and solvent molecules are omitted for clarity.
Thermal ellipsoids are drawn at 50% probability.

Table 1 Selected bond lengths (A) and angles (°) for the molecular
structures of complexes 4—6

Atoms 4 5-CHCl;-0.25H,0 6-CH,Cl,
N2-Irl 2.14(1) 2.10(1)

C1-Ir1 2.03(1) 2.04(1) 2. 03(1)
C2-Ir1 — — 2.05(1)
C3-C4 1.45(1) 1.42(1) 1.42(1)
Cl1-Ir1 2.39(1) 2.42(1) 2.40(1)
C1-C3 1.37(1) 1.38(1) 1.41(1)
C2-C4 — 1.37(1) 1.41(1)
C3-N1 1.35(1) 1.36(1) 1.38(1)
C4-N2 1.36(1) 1.36(1) 1.35(1)
N1-N3 1.32(1) 1.33(1) 1.32(1)
N2-N4 — 1.31(1) 1.33(1)
N3-N5 1.34(1) 1.33(1) 1.33(1)
N4-N6 — 1.35(1) 1.34(1)
N5-C1 1.36(1) 1.36(1) 1.37(1)
N6-C2 — 1.33(1) 1.35(1)
Ir-Cp*(cent) 1.817(1) 1.808(1) 1.849(1)
C3-C1-N5 102.8(7) 102.6(7) 102.9(8)
C4-C2-N6 — 105.4(7) 101.7(8)
N2-Ir1-C1 76.2(3) 75.7(3) —
C1-Ir1-C2 — — 76.5(4)
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Scheme 3 General conditions for Method A and Method B.

expected azo character. The Ir-C and Ir-N distances are all in
the expected range (Table 1).*>® Complex 5 is the first example
of a metal complex containing a triazole-triazolylidene type
chelating ligand.

Catalysis

We next turned to the catalytic performances of these com-
plexes in the direct oxygenation of inactivated alkanes. Two
different sacrificial oxidants, m-CPBA (3-chloroperoxybenzoic
acid) in non-aqueous solutions (Method A)'® and NalO, in
aqueous solutions (Method B, Scheme 3),”” were chosen for
this purpose.

Table 2 summarizes the obtained conversion for the m-
CPBA supported oxidation reaction. All complexes show
reasonably high conversions, ranging from 22% to 59% con-
version of the starting materials. Remarkably, although we
have used an excess of the oxidant, a lot of “under-oxidized”
cyclooctanol was detected after workup and in selected cases
was also found to be the main product of the reaction. For
example, if the cyclometallated complex 7 was applied,
cyclooctanol was obtained in a conversion of 35% while only
16% cyclooctanone was observed. Complexes with two
different donor atoms (with unsymmetrical ligands) showed
the highest overall conversion of cyclooctane (except for 5).

The most active complex with m-CPBA as an oxidant was
found to be the pyridyl-triazolylidene complex 4, displaying
overall conversions of 59% with cyclooctanone as the desired
main product in 40% conversion. The second most active
complex was the pyridyl-triazole complex 2, displaying an

Table 2 Results of catalytic oxidation of cyclooctane using complexes
1-8 with method A

Cat Overall” [%] Cyclooctanone” [%] Cyclooctanol® [%]
1 22 10 12
2 45 27 18
3 38 14 24
4 59 40 19
5 24 13 11
6 32 23 9
7 51 16 35
8 47 27 20

¢ All reactions were carried out using 1 mmol of cyclooctanone and 4
equivalents of the oxidant at 45 °C overnight with 0.5 mol% catalyst.
Conversions were determined by proton NMR spectroscopy averaged
from 3 independent runs using 0.4 eq. of 1,2-dichlorobenzene as an
internal standard.
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overall conversion of 45% with 27% cyclooctanone. However,
for complex 2 the selectivity is low, since the amount of
“under-oxidized” cyclooctanol is relatively high for that catalyst
(Table 2).

After establishing the unsymmetrical pyridyl containing
complexes 2 and 4 as the most active complexes for the
m-CPBA promoted oxidation reaction, we next tested the
activity of complexes 1-8 with sodium periodate as a sacrificial
oxidant. The results are summarized in Table 3.

Again all complexes displayed reasonable activity for this
transformation. In agreement with Crabtree’s report from
20137” we also found the over-oxidation to the two-fold oxidized
1,4- and 1,5-cyclooctanediones, but only upto a maximum of
7% yield. Complexes 1, 3 and 6 with symmetrical ligands
showed a lower activity than the complexes having a non-sym-
metrical chelator, 2 and 4. Excluded from this trend is the
triazol-triazolylidene complex 5 showing only a minor activity.
Using sodium periodate in an aqueous solution the cyclometal-
lated complexes 7 and 8 also show less overall conversion com-
pared to the m-CPBA promoted oxidation (Tables 2 and 3). This
is most likely related to the fact that under aqueous conditions,
water oxidation occurs as a side reaction. Cyclometallated Ir(i)
complexes have already been proven to give very active catalysts
for the water oxidation reaction.® With an overall conversion of
62% and formation of 56 and 55% cyclooctanone respectively,
the pyridine containing complexes 2 and 4 have the highest
catalytic potential under these conditions as well. Except for
complexes 7 and 8 all other complexes showed higher conver-

Table 3 Results of catalytic oxidation of cyclooctane using complexes
1-8 with method B

Cat  Overall” [%] Cyclooctanone® [%] Cyclooctanedione” [%]
1 24 21 3
2 62 56 6
3 28 27 1
4 62 55 7
5 21 20 1
6 32 30 2
7 37 35 2
8 32 31 1

“All reactions were carried out using 1 mmol of cyclooctanone and 10
equivalents of the oxidant. Conversions were determined by proton
NMR spectroscopy averaged from 3 independent runs using 0.2 eq. of
1,4-dibromobenzene as an internal standard. °Conversions to
cyclooctanedione are given as the sum of the conversions to 1,4- and
1,5-cyclooctanedione.

This journal is © The Royal Society of Chemistry 2015
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sions to cyclooctanone if method B is applied. Furthermore,
using method B the reaction is more selective than when
using method A. Method B delivers large conversions to
cyclooctanone. Reactions without any iridium complexes
resulted in no conversions at all, no matter which conditions
were applied. The use of the [IrCp*Cl,], precursor or IrCl,
hydrate as a catalyst for this transformation has already been
explored by Crabtree et al. and resulted in only small conver-
sions of the starting materials (6-17%).”” Both these experi-
ments indicate that both the metal and the additional
chelating ligands are crucial for the catalytic oxidations of C-H
bonds.

We further focused on optimizing the reaction towards
higher conversions and a better atom efficiency with the most
efficient catalysts 2 and 4. Since applying method B results in
higher conversions with better selectivities, we focused our
studies exclusively on those conditions.

At first we investigated the reaction time to see whether
overnight reaction times are really needed and also studied the
influence of the amount of oxidant used in catalysis. Hence,
we recorded a time-conversion diagram with 0.5 mol% of
complex 4 as a catalyst, with 10 equivalents of sodium perio-
date at 45 °C. As can be seen from Fig. 2, after 10 hours, the
reaction does not proceed any further. At that point we added
another 5 equivalents of sodium periodate. After the addition
of more oxidants (Fig. 2, dotted line), the reaction starts to
proceed again. This shows that indeed the conversion deter-
mining step is the amount of oxidant used, while the catalyst
stays active over time. It could be seen that the reaction should
be run for at least 10 hours to achieve good conversions and
hence we continued to carry out the subsequent reactions with
overnight reaction times.

We found that lowering by 50% the amount of oxidant used
has strong effects on the catalytic performances of 2 and 4 at
45 °C. The overall conversions achieved decreased by approxi-
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Fig. 2 Time conversion for the catalytic oxidation of cyclooctane using
0.5 mol% 4 with 10 equivalents of sodium periodate at 45 °C. The
dotted line indicates the addition of another 5 equivalents of sodium
periodate.
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Table 4 Effects of oxidant amounts and temperature on the catalytic
performances of complexes 2 and 4

Temp. NalO, Overall Cyclooctanone Cyclooctanedione
Cat [°C]  [eq]  [%] [%] [%]
2 45 10 62 56 6

45 5 40 35 5

RT 10 13 12 1

RT 5 8.5 8 0.5
4 45 10 62 55 7

45 5 42 35 7

RT 10 53 46 7

RT 5 42 38 4

mately 20% (Table 4). Also, when the temperature is decreased
from 45 °C to room temperature a strong difference in reactiv-
ity is observed between complexes 2 and 4. For 2, the conver-
sion decreases from 56% of cyclooctanone to only 12% if 10
eq. of the oxidant is used. In contrast, if the pyridyl-triazolyli-
dene complex 4 is used as a pre-catalyst, lowering the tempera-
ture has only minor effects. The conversion to cyclooctanone
decreases only from 55% to 46% using 10 eq. of the oxidant.
Furthermore, reducing the amount of oxidant used to only
5 equivalents still afforded 38% conversion to the desired
product (Table 4). The above data thus show that the pyridyl-
triazolylidene complex 4 is the best pre-catalyst.

In the next step, we investigated the effect of catalyst
loading on the conversion. The results are summarized in
Table 5.

From Table 5 it can be seen that using 1 mol% of complex
4 with only 5 equivalents of the oxidant at room temperature
we were now able to achieve the highest conversion of all our
test reactions. Furthermore we were able to show that with
increasing the catalyst loading to 2 mol%, the catalytic activity
seems to decrease again, which might be attributed to the fact
that at higher catalyst loadings the water oxidation side reac-
tion might become the favored reaction.””® Decreasing the
catalyst loading to only 0.1 mol% results in only minor conver-
sions of the starting material.

Finally, we turned our attention to the substrate scope of
the reaction. Fluorene and ethyl benzene were tested with

Table 5 Influence of the catalyst loading used for the catalytic oxi-
dation of cyclooctane to cyclooctanone with 5 equivalents sodium
periodate and 4 as the catalyst at room temperature

Loading Overall” Cyclooctanone® Cyclooctadione”
[mol%] [%] [%] [%]
2 60 49 11
1 67 57 10
0.5 42 38 4
0.1 9.4 9 0.4

¢All reactions were carried out using 1 mmol of the cyclooctane at
room temperature in an acetone-water mixture 4 : 1. Conversions were
determined by proton NMR spectroscopy averaged from 3 independent
experiments using 0.2 eq. of 1,4-dibromobenzene as an internal
standard.

Dalton Trans., 2015, 44, 686-693 | 689
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Table 6 Substrate scope using complex 4 as the most efficient (pre)
catalyst”

Loading Temp. Overall® Acetophenone®
Substrate [mol%]  [°C] [%] [%]
0.5 RT 11 —
0.5 45 52 —
1 45 87 —
0.5 RT 78 17
0.5 45 95 47
1 45 90 69

“All reactions were carried out using 1 mmol of the substrate.
Conversions were determined by NMR spectroscopy using 0.2 eq. of
4-bromobenzaldehyde as an internal standard.

special interest in the latter, since the desired product would
be acetophenone, which is a major starting material in organic
synthesis. For fluorene, performing this reaction at room
temperature with only 0.5 mol% of the catalyst we were not
able to obtain good conversions. Raising the temperature to
45 °C using 0.5 mol% of 4 we were already able to achieve a
moderate conversion of 52%. Increasing the catalyst loading to
1 mol% we were able to achieve excellent conversions of 87%
in an average of 2 runs (Table 6). Switching to ethyl benzene as
the substrate we were able to obtain the same trends. While
performing the reaction at room temperature with low catalyst
loadings we could only find moderate conversions of 78% of
the starting material and 17% of acetophenone. Increasing the
temperature results in higher conversions to acetophenone
(Table 6). The best results were again obtained using 1 mol%
of the catalyst at 45 °C. Hence, these conditions afforded an
average conversion of 90% of ethyl benzene, and 69% of aceto-
phenone was found in the solution after the reaction. Despite
all our efforts, we were not able to determine the fate of the
starting material that is not converted to acetophenone.

Conclusions

We have reported here on five new Ir(ir) complexes (2-6) with
chelating “click”-derived 1,2,3-triazoles and 1,2,3-triazolyli-
denes. This is the first report of a complex where a mono-
methylated triazol-triazolylidene N/C-donor (L) is bound to
only one metal center in a chelating fashion (complex 5). A
total of eight complexes were tested towards their catalytic
activity in the direct oxidation of cyclooctane under two
different conditions with 0.5 mol% of the catalyst at elevated
temperatures. The complexes (2 and 4) with unsymmetrical
ligands form much better catalysts compared to complexes 1,
3 and 6 with symmetrical ligands. Optimizing the catalytic
conditions, we were able to produce cyclooctanone in high
yields, using mild conditions (room temperature) and low cata-
lyst loadings (1 mol%). Additionally, we were able to show that
other substrates such as fluorene and ethylbenzene can be
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converted to their corresponding ketones. Compared to Crab-
tree’s system,’” under optimized conditions we achieved about
the same conversion (57%) as them (54%) but by using only a
fifth of the amount of catalyst and half the equivalents of the
oxidant.”” In comparison with general literature reports, this
result is one of the best as well. There are a few reports on
using ruthenium,'®'**” iron,"*** manganese' ¢ or copper''”
based catalyst systems to reach higher conversion but the
method also requires the use of higher catalyst loadings of up
to 10 mol% and usually uses relatively complicated ligand
systems. In view of the importance of direct C-H oxidations,
we are trying to further optimize the reaction conditions with
the unsymmetrical, pyridine containing ligands, especially for
the use of lighter alkanes and to extend the methodology pre-
sented here to the oxidation of sp> carbons.

Experimental section
Materials and physical methods

[IrCp*Cl,], and bipyridine (L') were purchased from Merck.
L%% 17 and L% were synthesized according to known pro-
cedures. The complex [IrCp*CI(L")] PF6 (1) was synthesised as
reported before.® All the reagents were used as supplied. The
solvents used for metal complex synthesis were dried and dis-
tilled under argon and degassed by common techniques prior
to use. "H and >C NMR spectra were recorded on a Jeol ECS
400 spectrometer or a Bruker Avance 700 spectrometer. Mass
spectrometry was performed on an Agilent 6210 ESI-TOF.

Synthesis of ligands

2-(1-Ethyl-1H-1,2,3-triazol-4-yl)pyridine (L?). This ligand was
reported earlier by M. Albrecht et al.*® but was synthesized
here following a different procedure.'” Ethyliodide (1 eq.,
700 mg, 4.5 mmol) and sodium azide (3 eq., 875 mg,
13.5 mmol) were mixed in a THF-water-tert-BuOH mixture
(15/15/7 ml) and stirred for 1 hour. Afterwards copper sulfate
pentahydrate (0.025 eq., 28 mg, 0.11 mmol), sodium ascorbate
(0.25 eq., 222 mg, 1.1 mmol) and TBTA (0.006 eq., 15 mg,
0.03 mmol) were added, followed by ethynylpyridine (0.5 eq.,
0.289 mg, 2.75 mmol). The mixture was refluxed at 70 °C for
24 hours. After refluxing the mixture was diluted with dichloro-
methane (100 ml) and extracted 5 times with a saturated
aqueous NH3;-EDTA solution (each washing 30 ml) until the
aqueous phase remained colorless. The organic layers were
dried over sodium sulfate (30 g) and evaporated. The remain-
ing brown oil was then purified by silica gel column chromato-
graphy  using  first  dichloromethane  and  then
dichloromethane-acetone 5:1 as eluents. The desired product
was obtained as a light yellow oil. Yield: 83% (397 mg,
2.29 mmol). "H NMR (400 MHz, CDCly; 25 °C, TMS): § (ppm) =
1.60 (t, J = 7.4 Hz, 3H, CH;); 4.48 (q, J = 7.4 Hz, 2H, CH,);
7.17-7.24 (m, 1H, py-H); 7.77 (m, 1H, py-H); 8.08-8.22 (m, 2H,
py-H + triazole-5H); 8.57 (m, 1H, py-H) *C NMR (100 MHz,
CDCl;, 25 °C, TMS): § (ppm) = 15.5 (CH,), 45.5 (CH,), 120.3
(py-C), 121.4 (py-C), 122.9 (triazole-4C), 137.0 (triazole-5C),

This journal is © The Royal Society of Chemistry 2015
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149.4 (py-C), 150.4 (py-C) MS (ESI): m/z cacld 175.0984 found
175.0988 [CoH (N, + H'].

1,1-Diethyl-1H,1'H-4,4"-bi(1,2,3-triazole)  (L*). Ethyliodide
(3.3 eq., 1.4 g, 10 mmol) and sodium azide (9 eq., 1.75 g,
27 mmol) were mixed in a THF-water mixture (30/30 ml) and
stirred for 1 hour. Afterwards 1,4-bistrimethylsilylbuta-1,3-
diyene (1 eq., 582 mg, 3 mmol), copper sulfate pentahydrate
(0.4 eq., 300 mg, 1.2 mmol), sodium ascorbate (0.8 eq.,
480 mg, 2.4 mmol), potassium carbonate (2 eq., 830 mg,
6 mmol) and pyridine (2.5 ml) were added to the reaction
mixture and the reaction was stirred at room temperature for
3 days. The crude reaction mixture was diluted with dichloro-
methane (80 ml) and extracted 5 times with a saturated
aqueous NH;-EDTA solution (each washing 30 ml) until the
aqueous phase remained colorless. The organic layers were
dried over sodium sulfate (30 g) and evaporated, giving a
yellow solid. The crude product was purified by silica gel
column chromatography using first dichloromethane and then
dichloromethane-acetone 5:1 as an eluent. The desired
product was obtained as a white powder. Yield: 72% (414 mg,
2.16 mmol). "H NMR (400 MHz, CDCly; 25 °C, TMS): § (ppm) =
1.55 (t, J = 7.4 Hz, 6H, CH3); 4.43 (q, J = 7.4 Hz, 4H, CH,); 8.03
(s, 2H, triazole-5H) >C NMR (100 MHz, CDCl;, 25 °C, TMS):
5 (ppm) = 15.6 (CH3), 45.5 (CH,), 112.0 (triazole-4C), 140.3
(triazole-5C), MS (ESI): m/z caled 193.1202, found 193.1202
[CsH NG + H'].

1-Ethyl-3-methyl-4-( pyridin-2-yl)-1H-1,2,3-triazol-3-ium tetra-
fluoroborate (HL'[BF,]). The synthesis method was adapted
from a literature known procedure.” L* (1 eq., 1 mmol,
172 mg) was dissolved in chloroform (15 ml) and m-CPBA
(2 eq., 344 mg, 2 mmol) was added and the mixture was
refluxed for 30 minutes. Afterwards, the reaction mixture was
poured into dichloromethane (100 ml) and washed three
times with aqueous KOH (1 M, 50 ml each). The organic layer
was collected, dried over sodium sulfate (50 g) and filtered. All
volatiles were removed under vacuum giving the pure pyridine
N-oxide as a white powder. This powder was directly used for
methylation. It was mixed with Meerwein salt (4 eq., 588 mg,
4 mmol) in dry dichloromethane (3 ml). This mixture was
stirred for 4 days under a nitrogen atmosphere. The reaction
mixture was then evaporated to dryness and the residue was
dissolved in abs. ethanol (40 ml) and Mo(CO); (1 eq., 264 mg,
1 mmol) was added. The mixture was again refluxed for 1 hour
before all solvents were removed under vacuum and the crude
reaction product was purified by silica gel column chromato-
graphy using a mixture of dichloromethane-methanol, 10:1.
The product was obtained as a light brown solid. Yield: 90%
(248 mg, 0.9 mmol). *H NMR (400 MHz, CDCly; 25 °C, TMS):
5 (ppm) = 1.64 (t, J = 7.2 Hz, 3H, CH3); 4.56 (s, 3H, N-CH;);
4.65 (q, J = 7.2 Hz, 2H, CH,); 7.37-7.45 (m, 1H, aryl-H);
7.85-7.91 (m, 1H, aryl-H); 7.96-8.00 (m 1H, aryl-H); 8.65-8.69
(m, 1H, Py-H); 9.04 (s, 1H, triazol-5H) >C NMR (100 MHz,
CDCl;, 25 °C, TMS): § (ppm) = 14.5 (CH3), 41.2 (N-CH3;), 50.1
(N-CH,), 125.5 (py-C), 125.9 (py-C), 129.7 (triazole-4C), 138.6
(triazole-5C), 140.9(py-C), 143.0 (py-C), 149.8 (py-C), MS (ESI):
m/z caled 189.1140, found 189.1140 [CoH;5N,'].
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1,1"-Diethyl-3-methyl-1H,1'H-[4,4"-bi(1,2,3-triazol)]-3-ium tetra-
fluoroborate (HL’[BE,]). L* (1 eq., 192 mg, 1 mmol) was dis-
solved in dichloromethane (15 ml) and Meerwein salt (1 eq.,
149 mg, 1 mmol) was added. The mixture was stirred under a
nitrogen atmosphere for 3 days. The crude mixture was poured
into hexane (150 ml) and the precipitate was collected by fil-
tration. The desired product was obtained as a white powder.
Yield: 66% (196 mg, 0.66 mmol). "H NMR (400 MHz, DMSO-
de; 25 °C, TMS): § (ppm) = 1.48 (t, J = 7.2 Hz, 2H, CH3); 1.54 (t,
J = 7.2 Hz, 2H, CH;); 4.42 (s, 3H, N-CH;); 4.52 (q, J = 7.2 Hz,
2H, CH,); 4.64 (q, J = 7.2 Hz, 2H, CH,); 8.92 (s, 1H, triazol-5H);
9.29 (s, 1H, triazolium-5H) “C NMR (100 MHz, DMSO-d,,
25 °C, TMS): 6 (ppm) = 14.6(CH;), 15.73 (CH3), 45.96 (CH,),
49.45 (CH,), 126.07 (triazole-4C), 128.08 (triazolium-4C),
131.97 (triazole-5C), 134.9 (triazolium-5C), MS (ESI): m/z calcd
207.1358, found 207.1356 [CoH,5Ng'].

1,1'-Diethyl-3,3"-dimethyl-1H,1'H4,4'-bi(1,2,3-triazole)]-3,3'-
diium di-tetrafluoro-borate (H,L[BF,],). L* (1 eq., 192 mg,
1 mmol) was dissolved in dichloromethane (15 ml) and Meer-
wein salt (2.5 eq., 374 mg, 2.5 mmol) was added. The mixture
was stirred under a nitrogen atmosphere for 3 days. The crude
mixture was then poured into hexane (150 ml) and the precipi-
tate was collected by filtration to give the desired product as a
white powder. Yield: 66% (261 mg, 0.66 mmol). 'H NMR
(400 MHz, DMSO-dg; 25 °C, TMS): & (ppm) = 1.57 (t, ] = 7.2 Hz,
6H, CH,); 4.29 (s, 6H, N-CH,); 4.75 (q, J = 7.2 Hz, 4H, CH,);
9.38 (s, 2H, triazole-5H) >*C NMR (100 MHz, DMSO-dg, 25 °C,
TMS): 6 (ppm) = 14.2 (CH3), 39.2 (N-CH;), 49.6 (CH,), 126.5
(triazole-4C), 132.6 (triazole-5C), MS (ESI): m/z caled 111.0791,
found 111.0795 [C;oH15Ne>"].

Synthesis of the iridium complexes

Complexes with N”N coordination motifs. The corres-
ponding ligand (2 eq., 0.2 mmol) and [Ir(Cp*)CL], (1 eq.,
80 mg, 0.1 mmol) were dissolved in methanol (10 ml) and
stirred at room temperature overnight. The volume of the solu-
tion was then reduced to 50% and afterwards KPFg (8 eq.,
147 mg, 0.8 mmol) was added. The mixture was stirred for
20 minutes before it was slowly diluted with water (80 ml) to
cause precipitation of the desired complexes. The solutions
were filtered and the desired metal complexes were obtained
in moderate yields of 58% and higher.

[IrCp*CI(L?)] PF6 (2). From L? (35 mg). Yield: 58% (79 mg,
0.12 mmol). '"H NMR (400 MHz, acetone-dg; 25 °C, TMS):
5 (ppm) = 1.69 (t, J = 7.2 Hz, 3H, CH;); 1.79 (s, 15H, Cp-CH,);
4.81 (q, J = 7.2 Hz, 2H, N-CH,); 7.71-7.75 (m, 1H, py-H);
8.25-8.29 (m, 2H, py-H); 9.02-9.04 (m, 1H, py-H); 9.10 (s, 1H,
triazole-5H) *C NMR (100 MHz, acetone-ds; 25 °C, TMS):
8 (ppm) = 8.0 (Cp-CH3;), 14.4 (CH,), 48.0 (N-CH,), 89.2 (Cp-C),
122.2 (triazole-4C), 125.2 (py-C), 127.2 (py-C), 140.6 (triazole-
5C), 147.8 (py-C), 148.8 (py-C). 152.3 (py-C), MS (ESI): m/z
caled 537.1402, found 537.1389 [Cy6H,6N,ClyIr; ']

[trCp*CI(L?)] PF6 (3). From L? (38 mg). Yield: 70% (97 mg,
0.14 mmol). 'H NMR (400 MHz, acetone-ds; 25 °C, TMS):
5 (ppm) = 1.65 (t, J = 7.2 Hz, 6H, CHj;); 1.81 (s, 15H, Cp-CH,);
4.76 (q, J = 7.2 Hz, 4H, N-CH,); 8.74 (s, 2H, triazole-5H); '*C
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NMR (100 MHz, acetone-ds; 25 °C, TMS): § (ppm) = 8.2
(Cp-CHj,), 14.5 (CH3;), 47.9 (N-CH,), 88.9 (Cp-C), 122.5 (triazole-
4C), 139.5 (triazole-5C), MS (ESI): m/z caled 555.1620, found
555.1614 [C1gH,6N6ClyIr; ']

Complexes with C*N or C*C coordination motifs

The complexes were synthesized according to literature known
procedures.’” The corresponding ligands (2 eq., 0.2 mmol)
were mixed with basic silver(r) oxide (7 eq., 163 mg, 0.7 mmol)
and a chloride source, potassium chloride (20 eq., 155 mg,
2 mmol), and were dissolved, under nitrogen, in acetonitrile
(10 ml). The mixtures were stirred under the exclusion of light
for 2 days. Afterwards the black mixture was filtered and all
solvents were removed under high vacuum. The remaining
white-yellowish solids were then dissolved in dichloromethane
(15 ml) and [Ir(Cp*)CL], (1 eq., 80 mg, 0.1 mmol) was added,
and the mixture was again stirred for 2 days under the exclu-
sion of light. The precipitated silver(r) chloride was filtered off
through a pad of Celite and all volatiles were removed. The
crude product was then dissolved in methanol (5 ml) and KPF,
(8 eq., 147 mg, 0.8 mmol) was added, and the solution was
stirred for another 20 minutes before water (80 ml) was slowly
added to cause precipitation of the desired complexes. The
yellow solids were filtered and dried under air. When precipi-
tation from water was not successful, the aqueous phase was
extracted with dichloromethane (3 times x 20 ml). The organic
layer was collected, dried over NaSO, and the solvents were
evaporated unitl only 5 ml of dichloromethane was left.
Addition of hexane (50 ml) to that solution caused precipi-
tation of the desired complexes and the yellow solids were col-
lected by filtration. The complexes were obtained as yellow
powders in moderate yields of 40% and higher.

[trCp*CI(L*)] PF6 (4). From HL*(BF,) (55 mg). Yield: 57%
(80 mg, 0.115 mmol). "H NMR (400 MHz, acetone-ds; 25 °C,
TMS): 6 (ppm) = 1.60 (t, J = 7.2 Hz, 3H, CH3); 1.79 (s, 15H,
Cp-CH,); 4.67-4.75 (m, 4H, N-CH; and 1 x N-CH,); 4.89-4.80
(m, 1H, 1 x N-CH,); 7.63-7.66 (m, 1H, py-H); 8.19-8.23 (m, 1H,
py-H); 8.27-8.30 (m, 1H, py-H); 8.99-9.01 (m, 1H, py-H) *C
NMR (100 MHz, acetone-ds, 25 °C, TMS): § (ppm) = 8.5
(Cp-CH3), 15.3 (CH3), 38.8 (N-CH3;), 48.9 (N-CH,), 90.8 (Cp-C),
121.5, 126.2, 139.9, 147.9, 148.9, 153.9, (all aryl-C), 156.5
(carbene-C), MS (ESI): m/z caled 551.1558, found 551.1546
[CaoH,,N,Cl I, ']

[trCp*CI(L%)] PF6 (5). From HL’(BF,) (59 mg). After precipi-
tation the white solids are filtered and the yellow aqueous
phase was extracted with dichloromethane. The organic layer
was dried over sodium sulfate and evaporated to yield the pure
desired complex as a yellow solid. Yield: 45% (64 mg,
0.09 mmol). "H NMR (400 MHz, CD,Cl,; 25 °C, TMS): § (ppm) =
1.72-1.63 (m, 6H, CH,); 1.82 (s, 15H, Cp-CH,); 4.37 (s, N-CH,);
4.55-4.48 (m, 1H, 1 x N-CH,); 4.71-4.60 (m, 3H, 3 x N-CH,);
8.41 (s, 1H, triazol-5H); "*C NMR (175 MHz, CD,Cl,, 25 °C,
TMS): & (ppm) = 9.2 (Cp-CH,), 14.6, 15.5 (CH3), 38.4 (N-CH3),
48.2, 49.0 (N-CH,), 90.5 (Cp-C), 120.8 (triazole-5C), 139.0 (tria-
zole-4C), 141.04 (triazole-4C), 154.5 (carbene-C), MS (ESI): m/z
caled 569.1776, found 569.1750 [CyoH,oNCl4Ir, '].
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[1rCp*CI(L®)] PF6 (6). From H,L%(BF,), (79 mg). Yield: 35%
(50 mg, 0.068 mmol). 'H NMR (400 MHz, CD,Cl,; 25 °C, TMS):
8 (ppm) = 1.59 (t, J = 7.2 Hz, 6H, CH;); 1.79 (s, 15H, Cp*CH,);
4.43-4.53 (m, 8H, N-CH, + N-CH3;); 4.56-4.65 (m, 2H, N-CH,);
3C NMR (100 MHz, CD,Cl,, 25 °C, TMS): § (ppm) = 10.1
(Cp-CH3), 16.2 (CH3), 40.2 (N-CH3), 49.3 (N-CH,), 92.5 (Cp-C),
141.6 (triazole-4C), 155.4 (carbene-C) MS (ESI): m/z calcd
583.1933 found 583.1945 [C,oH;;NClyIr; .

X-ray crystallography

X-ray quality crystals of 4 and 6 were obtained by layering con-
centrated solutions in dichloromethane with hexane at 8 °C.
Single crystals of 5 were obtained by layering a chloroform
solution with hexane at room temperature. X-ray data were col-
lected on a Bruker Smart AXS. Data were collected at 140(2) K
using graphite-monochromated Mo Ka radiation (4, =
0.71073 A). The strategy for the data collection was evaluated
using the Smart software. The data were collected by the
standard ‘omega scan techniques’, and were scaled and
reduced using Saint+ software. The structures were solved by
direct methods using SHELXS-97 and refined by full matrix
least-squares with SHELXL-97, refining on F>.'* CCDC
1002759, 1010867 and 1002758 contain the CIF files for 4,
5-CHCI;-0.25H,0 and 6-CH,Cl, respectively.
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