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ABSTRACT. A series of ‘Ru"(n‘-arene)’ complexes with 1,2 3-triazolylidene ligands have been
prepared and fully characterized. The molecular structure of one of the new complexes has been
determined by means of X-ray diffractrometry. The new complexes have been tested in a set of catalytic
reactions involving alcohols and amines as substrates, including: i) base-free oxidation of benzylic
alcohols to benzaldehydes, ii) homocoupling of amines to imines, and iii) oxidative coupling of amines
and alcohols to amides. The results show the high versatility of the catalysts used and illustrate the

application potential of 1,2,3-triazolylidene ligands in the design of effective homogeneous catalysts.

Introduction

The formation of carbon-nitrogen bonds is one of the most important transformations in organic



chemistry.' Homogeneous catalysis has provided effective methodologies to allow for the alkylation of
amines by hydrogen-borrowing strategies.>”*” In addition, great efforts have been devoted to the
development of oxidative cross-coupling reactions between alcohols and amines to selectively form
imines®’ or amides,*”'""” because these types of carbon-nitrogen compounds are key functional groups
of peptides (amides)," and also because of their versatile applicability in laboratory and industrial
synthetic processes (amides and imines)."”” Although the principles governing the oxidation processes
are common to alcohols and imines, versatile homogeneous catalysts capable of reacting with both types
of substrates are rare, with Shvo’s catalyst being one of the most representative examples in terms of
high efficiency and versatility.'*"

In the formation of amides by direct coupling between alcohols and amines, N-heterocyclic-
carbene (NHC) ruthenium-based catalysts have recently played an important role.*'"""*'® Notably, simple
well-defined ‘(n°-arene)Ru(NHC)’ complexes are among the best catalysts for this transformation,
which can be performed using a wide variety of amines and alcohols." The use of NHC-based ligands
seems to bring a series of advantages to the development of this catalytic reaction, because NHCs
combine a number of attractive features.” Firstly, the azolium ligand precursor is stable towards
oxidation.”® Secondly, the number of possible coordination modes of the carbene to the metal, paired
with the large library of NHC-type ligands, may allow the electronic properties of the metal to be fine-
tuned, with obvious implications for catalytic outcomes. And thirdly, the carbene ligand displays a

*'22 thus accommodating positive and negative partial charges in the

pronounced mesoionic character,
same heterocycle. These latter properties may be key for coordinating metal centers in different
oxidation states.” Low-valent electron-rich centers may be stabilized by an increased carbene-type
neutral resonance contribution, whereas the mesoionic contribution may prevail when coordinated to an
electron-poor metal in high oxidation state, resulting from a carbanionic metal binding site that is

charge-compensated intramolecularly by an iminium fragment. Indeed, a number of applications have

been disclosed, predominantly in transfer hydrogenation under basic conditions, which involves the



oxidation of a sacrificial hydrogen donor.***

Aiming to expand the family of abnormal N-heterocyclic carbene ligands,” we recently reported the
preparation of 1.4-substituted 1,2,3-triazolium salts, which provided versatile ligand precursors for the
synthesis of new 1,2 3-triazolylidene metal complexes.” The new ligands were coordinated to a wide set
of metals, such as Ag, Rh, Ir, Ru and Pd, and their donor properties were estimated to compare well
with the most basic 2-imidazolylidenes, although being slightly less basic than other abnormal
carbenes.”’ In a very recent report, Bertrand and co-workers were able to isolate and determine the X-
ray molecular structure of one of such 1,2 3-triazolylidenes,” and these authors signaled its potential
application in nucleophilic organocatalysis. We thought that the new ligand may have great potential for
the development of new catalysts with unprecedented ligand-induced reactivity patterns, a largely
underdeveloped area.'””® Based on our experience in employing several ‘Ru(n’-arene)(NHC)’-derived
catalysts for the coupling of alcohols and amines,” and because of the extraordinary industrial interest in
these reactions, we investigated the potential of such abnormal carbenes as spectator ligands for
oxidation catalysts using alcohol and amine substrates. Here we report on a first proof of principle of
this approach by using ruthenium(Il) complexes comprising a 1,2,3-triazolium-derived carbene ligand
as catalyst for the selective oxidation of benzylic alcohols, amines, and for the oxidative coupling of

alcohols and amines to amides.

Results and discussion

Synthesis of the complexes. The new ruthenium(Il) complexes 2 comprising a mesoionic
triazolylidene ligand were prepared according to an established protocol from the corresponding
triazolium salt 1 (Scheme 1). This salt is available from butyl azide and hexyne through Cu-mediated
click chemistry and subsequent alkylation with Mel, according to a synthetic method previously
reported in our group.” The ruthenium center was installed via a transmetallation procedure, involving a

stepwise reaction of 1 with Ag,0 followed by the addition [Ru(n’-arene)CL,], (arene = p-cymene,



hexamethylbenzene) to afford complexes 2, as depicted in Scheme 1.

Scheme 1 ¢
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“ Reagents and conditions: i) Ag,0, CH,Cl,, rt; ii) [RuCl,(arene)],, CH,Cl,, rt; iii) Na,CO,, EtOH, rt.

Carbene-type bonding of the triazolylidene ligand was indicated by the low-field resonance in the °C
NMR spectrum (5. 160.9 for 2a, 165.5 for 2b). The chemical shift difference may reflect the stronger
electrondonating power of hexamethylbenzene to ruthenium as compared to p-cymene. Steric
implications of the arene spectator ligand are evident when considering the '"H magnetic resonances due
to the a-CH, groups of the heterocycle substituents. In 2a, both the NCH, and the carbon-bound CH,
appear each as one multiplet, while in 2b, the permethylated arene ring induces a splitting of these
resonances in four distinct multiplets. The diastereotopicity of these protons suggests a sterically rigid
conformation of the heterocycle and hindered rotation about the heterocycle—CH, and the C,,—Ru bonds.

An X-ray diffraction analysis of single crystals of 2b confirmed the connectivity pattern and the
expected 3-legged piano-stool geometry of the complex (Fig. 1). The Ru(1)-C(1) bond is 2.093(6) A
and hence sligthly longer when compared to similar bonds in other ‘Ru(n’®-arene)(NHC)’ complexes.’*
The long bond may be a consequence of the steric constraints imposed by the hexamethylbenzene as
suggested by '"H NMR spectroscopy. The chloride ligands and the triazolylidene are occupying a regular

face of the ruthenium center, with L-Ru-L’ bond angles between 86.0 and 90.4°.



Fig. 1. ORTEP representation of 2b (50% probability, hydrogens omitted for clarity). Selected bond
lengths (A) and angles (°): Ru(1)-C(1) 2.093(6), Ru(1)-CI(1) 2.4386(19), Ru(1)-Cl(2) 2.4377(19),
Ru(1)—C(centroid) 1.718(1), C(1)-Ru(1)-CI(1) 87.11(19), C(1)-Ru(1)-CI1(2) 90.44(18), CI(1)-Ru(1)-

Cl1(2) 86.08(7).

Anion metathesis with ethanolic Na,CO, gave the corresponding carbonate complexes 3 as air- and
moisture-stable yellow solids (Scheme 1). Direct evidence for the presence of the carbonate group was
provided by the new C NMR resonance around 170 ppm and by the strong IR absorption band at 1610

cm™', as shown for other previously reported ‘Ru(n’-arene)(NHC)(CO,)’ complexes.” In the 'H NMR

spectrum, an upfield shift of the NCH, resonance (e.g. from &y 4.61 in 2a to §, 4.34 in 3a) constitutes
another evidence for successful chloride substitution. In addition, the separation of the multiplets in 3b
is considerably less pronounced than in 2b, which may be attributed to a substantial decrease of the X—
Ru-X bond angle from 86.1° in 2b (X = Cl) to an estimated 60° in 3b.”' Accordingly, rotation should
become less hindered and the chemical environment of the two hydrogens in each methylene group is
indeed less disparate.

Catalytic oxidation of alcohols. Complexes 2 and 3 together with the known NHC ruthenium
complex 4, were evaluated as catalyst precursor in the base- and oxidant-free oxidation of alcohols.
We decided to evaluate the catalytic properties of compound 4 because of its steric similarity to 2a (cf

Scheme 1). Hence, catalytic differences can be attributed predominantly to the distinct electronic



properties imparted by the two different types of carbene ligands. The homogeneously catalyzed base-
free dehydrogenation of alcohols is a highly attractive process for the synthesis of reactive carbonyl
species from readily accessible alcohol substrates, constituting a much more benign methodology than
(typically used) Cr-mediated oxidations.” Moreover, this process generates molecular hydrogen as most
useful side product.'”

Oxidation reactions were carried out in refluxing toluene under base-free conditions, using a catalyst
loading of 5 mol%. An initial test using BnOH as model substrate revealed highest activity for complex
2a (Table 1). Full conversion to benzaldehyde was observed within 16 h, while the C(Me, analogue 2b
performed considerably worse. Substitution of the chlorides in the catalyst precursor for carbonate had
diverging effects. While in 3a, the activity was reduced as compared to 2a, a significant increase from
55% to 85% conversion was noted for the hexamethylbenzene analogue 3b. Lowering the temperature

to 70 °C still provided high conversion, though increased catalyst loading (10 mol%) and reaction times

were required (compare entries 7 and 8).

Table 1. Catalyst screening in the oxidation of benzylalcohol™
H

OH _ cat o
toluene

Entry catalyst  t(h) yield (%)™

1 --- 20 <2
2 2a 16 > 95
3 2b 20 55

4 3a 16 82

5 3b 16 85

6 4 20 60

7 2a" 24 32

8 2a'¢ 24 95

2 General conditions: benzylalcohol (0.2 mmol), catalyst (0.01 mmol) in toluene (2 mL) at reflux.
®Yields determined by 'H NMR (C,Me, as internal standard). At 70°C. At 70°C using 10 mol% of
catalyst.



Variation of the substrate revealed the scope and limitations of the best catalyst 2a (Table 2). Both
primary and secondary benzylic alcohols were oxidized readily into benzaldehyde and acetophenone,
respectively, with good conversions (entries 1, 2). Aliphatic alcohols such as 2-phenylethanol or 1-
octanol were not oxidized (entries 3, 4). The electronic nature of the aryl group plays an important role.
Electron-withdrawing substituents reduced the activity of the catalyst although the conversions to the
final benzylic alcohols were still high (entries 5—7), while neutral or electron-donating substituents gave

conversions of 90% or higher (entries 8—10).

Table 2. Oxidation of different alcohols using 2a"!
OH cat. 2a O

e Tomene midN

R? R2 toluene R! R2
Smr R! R? T(h) yield (%)"
1 CH; H 16 >95
2 CeH; CH, 24 >95
3 CH,-C(H, H 20 <5
4 CH;s H 20 <5
5 4-C,H,-NO, H 22 65
6 4-C,H,-Cl H 22 68
7 2-C¢H,-Cl H 22 70
8 4-C,H,-Br H 16 91
9 4-C¢H,-CH; H 16 >95
10 4-CH,-OCH, H 16 90

2 General conditions: alcohol (0.2 mmol), catalyst (0.01 mmol) in toluene (2 mL) at reflux. ™Yields
determined by '"H NMR (C,Me, as internal standard).

Catalytic oxidation of primary amines. In recent years considerable attention has been devoted to
the oxidation of amines to imines.**”* Extensive efforts have been made in particular to develop catalytic
systems that use green oxidants for the synthesis of imines from primary amines. Due to the promising
catalytic behavior of complexes 2—4 in the oxidation of alcohols, we were interested in seeing if an

extension of the catalytic activity to amines under oxidant-free conditions was accessible, hence



contributing to the development of greener methods for imine production. Our results are summarized in
Table 3. At 150 °C, with a catalyst loading of 5 mol%, and in the absence of an auxiliary base, oxidative
homocoupling of amines was observed, cleanly affording the corresponding imines. The normal NHC
complex 4 was more active than the triazolylidene-based complex 2 and reached full conversion after 12
h (¢f 20 h for complexes 2, entries 2—-6). In contrast, the carbonate-containing complexes were inactive
(entries 4, 5), maybe because the exchange of the carbonate ligand by an amine is thermodynamically
unfavored. Aliphatic amines were also effectively oxidized, albeit at a lower rate (entries 7, 8). The
somewhat harsher conditions in amine oxidation as compared to alcohol oxidation may be a
consequence of the stronger bonding of imines as opposed to ketones to the ruthenium(Il) center, thus
insinuating that product release from the metal coordination sphere could be rate-limiting.

Table 3 Oxidative homocoupling of amines to imines'™

cat.

2 R7ONH, toluene/150°C RTINTR
Entry catalyst R t(h)y  yield (%)™
| C.H, 20 <2
2 2a C.H; 20 >095
3 2b C.H; 20 >095
4 3a C¢H; 20 <5
5 3b C¢H; 20 <5
6 4 C.H. 12 >095
7 4 CH,, 2 70
8 4 C.H, 2 6
9 4 4-C,H,-Cl 22 90

2 General conditions: amine (0.2 mmol), catalyst (0.01 mmol) in toluene (2 mL) at 150 °C. "Yields
determined by 'H NMR (decane as internal standard).

Catalytic amide formation. As a consequence of the catalytic activity of the complexes in both
alcohol and amine oxidative dehydrogenation, a combination of these two processes conceivably

provides a convenient protocol for amide synthesis.'"”" Indeed, reaction of benzyl alcohol or 2-



phenylethanol with benzylamine or n-hexylamine in the presence of catalytic amounts of 2 or 4 and
NaH gave the corresponding amide (Table 4, entries 1-3). When using complex 4 as catalyst precursor,
aliphatic and benzylic substrates (both as amine or alcohol) were successfully converted (entries 4, 5).
Interestingly, 2-phenylethanol behaves as an excellent substrate for this type of coupling, contrary to
what may be suggested by the results shown in Table 2, where the same substrate is inert toward
oxidation under base-free conditions. The difference in behavior in this coupling reaction is probably
due to the presence of base, which obviously facilitates the oxidation of the primary alcohol to the
aldehyde in the step preceeding the coupling to the amine. Yields for the different catalyst precursors
seem to correlate with the activity in amine oxidation (cf Table 3) and compare well with recent studies
using related Ru(NHC) catalyst precursors.'""” The absence of any imine in the product mixture
indicates efficient suppression of H,O elimination from the postulated hemiaminal intermediate.
Presumably, the hemiaminal displays an enhanced stability when bound to the ruthenium carbene unit,
viz. intermediate A (Fig. 2), which is reminiscent of the carbonate complexes 3. Subsequent 3-hydrogen
elimination to produce the amide in the metal coordination sphere is apparently more favorable than

ligand dissociation, which would complete the Schiff’base

H Ly
. . . . . Bu \ / —~n2
reaction and would result in imine formation via water >\(R“""'NH R
- AU\ N
elimination. Hydrogen migration from the carbon in intermediate N-N- 1
Bu R
A

A to ruthenium is surmised to subsequently yield a ruthenium

Fig. 2. Schematic representation of
dihydride species that has been proposed as a further intermediate the ruthenium-bound hemiaminal

very recently by Hong and coworkers in the same context.'"" as intermediate in thesynthesis of

amides catalyzed by 2.

Table 4. Amide formation from alcohols and amines'"

o)

cat., NaH
ROOH +R2 ONH, ———— R1J\N/\R2
toluene H

Entr catalyst

y R' R’ t (h) yield (%)™




2 2b CH,-CcH; CeH; 15 40

3 4 CH,-CGH; CeH; 15 >95
4 4 CeH; CeH; 20 >95
5 4 CeH; GH,;, 20 >95

2 General conditions: alcohol (0.2 mmol), amine (0.8 mmol), NaH (0.04 mmol), catalyst (0.01 mmol) in
toluene (2 mL) at reflux. ™Yields determined by 'H NMR (C,Me, as internal standard).

Conclusions

We have explored the catalytic properties of a series of ‘Ru(n’-arene)(NHC)’ (NHC = 1,2.3-
triazolylidene, imidazolylidene) complexes in various oxidations of alcohols and amines. The results
demonstrate the catalytic potential of 1,2,3-triazolylidene-based metal complexes, and complement our
previus studies on the coordination ability of this type of abnormal NHC ligands. The catalytic activity
of the triazolylidene-based Ru complexes 2 and 3 has been compared with that shown by the
isostructural imidazolylidene analogue 4. The triazolylidene complexes are more effective than the
imidazolylidene systems in the base-free oxidation of alcohols, while this trend is inverted for the
oxidative homocoupling of amines and the coupling of amines and alcohols to amides. This work thus
illustrates how subtle changes in the electron-donating properties of spectator ligands may affect the
catalytic activity of Ru(n’-arene)(NHC) scaffolds. These changes may not have the same effect in
different although related transformations, as seen here in the catalytic dehydrogneation of alcohols and
amines. Most significantly, the catalytic oxidations take place in the absence of base and oxidants. Only
few catalysts have shown appreciable activity under such mild conditions for the oxidation of alcohols,

and we are unaware of similar behavior towards amines.

Experimental section
General procedures. The metal complexes [RuCl,(p-cymene)],,” [RuCL,(CMe),],,”” complex 4, and
1 4-dibutyl-1,2 3-triazole*® were prepared according to literature procedures. All other reagents were

commercially available and used without further purification. NMR spectra were recorded on Varian
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Innova 300 MHz and 400 MHz spectrometers at 298 K. Chemical shifts () were referenced to the
residual protiated solvent signals and are reported downfield of SiMe,. Electrospray mass spectra (ESI-
MS) were recorded on a Micromass Quatro LC instrument; nitrogen was employed as drying and

nebulizing gas. Elemental analyses were carried out on a EuroEA3000 Eurovector Analyser.

Synthesis of (1,4-dibutyl-3-methyl-1,2,3-triazolium iodide) 1. To a solution of 1,4-dibutyl-1,2,3-
triazole (1 g, 5.5 mmol) in acetonitrile (7 mL) was added iodomethane (3.5 mL, 55 mmol) and the
mixture was stirred under microwave irradiation for 5 hours at 90 °C. The solvent was removed in
vacuo. The oil residue was washed with diethyl ether several times and dried to afford the triazolium
salt 1. Yield: 1.5 g (85%). '"H NMR (400 MHz, CDCls): & 9.14 (s, 1H, CHy,), 4.74 (t, *J(H,H) = 6.00
Hz, 2H, NCH, ,..5.), 4.34 (s, 3H, NCH3), 2.98 (t, *Jun = 6.00 Hz, 2H, C,~CH> ,.8.), 2.06 (m, 2H, CH, ,.
Bu), 1.80 (m, 2H, CH, ,.-4), 1.47 (m, 2H, CH, ,.51) 0.99 (t, *Jun = 6.00 Hz, 6H, CH3 ,.5.). "C{'H} NMR
(100 MHz, CDCl3): 6 144.6 (Cy—Bu), 129.2 (CHy), 54.0 (NCH> ,.84), 38.8 (CHj3), 31.3, 39.0, 23.7,
22.2,19.4 (5 x CH; ,.p4), 13.6, 13.3 (2 x CH3 ,.p,). Electrospray MS (30 V): m/z: 196.3 [M-I]". Anal.

Calcd for C;1H»IN3(H20): (341.10): C, 38.72; H, 7.09; N, 12.31. Found: C, 38.59; H, 7.17; N, 12.10.

Synthesis of 2a. Silver oxide (107 mg, 0.46 mmol) was added to a solution of 1 (150 mg, 0.46 mmol)
in CH,Cl, (20 mL). The suspension was stirred at room temperature for 2 h under the exclusion of light.
The suspension was filtered through Celite and [Ru(p-cymene)Cl;], (140 mg, 0.23 mmol) was added.
The mixture was stirred at room temperature for 3 h. The suspension was filtered through Celite and the
solvent was evaporated. The crude solid was purified by column chromatography. Elution with a
mixture of CH,Cl,/Acetone (9:1) induced the separation of 2 as an orange band containing. Addition of
cold Et,0 induced the precipitation of 2 as an orange solid (164 mg, 71%). 'H NMR (300 MHz,
CDCl3): & 5.35, 5.03 (2 x d, *Jun = 6.0 Hz, 2H, CHp-cym), 4.61 (m, 2H, NCH, ,,.84), 3.97 (s, 3H, NCH3),
2.98 (m, 2H, Cy,-CHb 4-Bu), 2.94 (m, 1H, CHiso p-cym), 2.03 (s, 3H, CH3 p-cym), 1.99 (m, 2H, CHa ,.Bu),

1.56 (m, 2H, CH, ,.8,), 1.48 (m, 4H, CH, ,5,), 1.29 (d, *Jin = 6.0 Hz, 6H, CHs 50 peym), 0.98 (m, 6H,
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CHj3 ,.80). PC{'H} NMR (100 MHz, CDCl3): & 160.9 (Cyr—Ru), 147.2 (Cy~Bu), 106.9, 97.1 (2 x Cp-
cym), 84.9, 82.7 (2 x CHp-cym), 54.4 (NCH2 ,-8u), 36.3 (NCH3), 33.0 (CHiso peym) 32.0, 30.7, 26.0, 23.1 (4 x
CHb »-8u), 22.7(CH3 iso p-cym), 20.2 (CH2z -Bu), 18.7 (CH3 pcym), 13.9, 13.8 (2 x CH3 ,.pu). Electrospray MS
(30 V): m/z: 466.1 [M—CI]". Anal. Calcd for RuCl,C,;H3sN3: (501.50): C, 50.29; H, 7.03; N, 8.38.
Found: C, 50.08; H, 7.13; N, 8.11.

Synthesis of 2b. Following the same procedure as described for 2a, reaction of 1 (150 mg, 0.46
mmol) with Ag,O (107 mg, 0.46 mmol) in CH,Cl, (20 mL) and subsequently with [Ru(C¢Meg)Cl,]>
(140 mg, 0.23 mmol) yielded 2b as an orange solid (149 mg, 62%). '"H NMR (300 MHz, CDCl;): 8 4.75
(m, 1H, NCH; ,-u), 4.06 (m, 1H, NCH ,,.84), 3.96 (s, 3H, NCH3), 2.96 (m, 1H, C,—CHa ,-B4), 2.51 (m,
1H, Cy,—CHa 4-Bu), 2.05 (m, 1H, CH; ,.84), 1,95 (s, 18H, C,—CH3), 1.87 (m, 1H, CH> ,-84), 1.47 (m, 4H,
CH: ,.8u), 0.96 (m, 6H, CH3 ,.5,). “C{'H} NMR (100 MHz, CDCl5): § 165.5 (Cy~Ru), 146.7 (Cy—Bu),
92.8 (Cy—Me), 54.3 (NCH3 ,.B4), 36.5 (NCHs), 33.2, 31.5, 26.5, 23.4, 20.6 (5 x CH; ,.By), 15.6 (Co—
CH;), 14.1, 14.0 (2 x CH; ,p.). Electrospray MS (30 V): m/z: 494.1 [M—CIl]". Anal. Calcd for
RuCl,C»3H39N3: (529.55): C, 52.17; H, 7.42; N, 7.94. Found: C, 52.15; H, 7.70; N, 7.99.

Synthesis of 3a. Sodium Carbonate (42.6 mg, 0.4 mmol) was added to a solution of 2a (40 mg, 0.08
mmol) in EtOH (15 mL). The suspension was stirred at room temperature for 3 h. The yellow solution
was filtered through Celite and the solvent was removed. The solid was redissolved in CH,Cl, (10mL)
and filtered again. Concentration of the solution and subsequent precipitation with cold Et,O gave 3a as
a yellow solid (18 mg, 45%). "H NMR (400 MHz, CDCls): & 5.42, 5.06 (2 x d, *Jun = 8.0 Hz, 2H, CH,.
cym), 4.34 (8, 3Jun = 8.0 Hz, 2H, NCH, ,.84), 3.96 (s, 3H, NCH3), 2.80 (m, 1H, Cy,—CH, 1), 2.74 (m,
1H, CHiso p-cym), 2.64 (m, 1H, Ci,—CHb 4-8u), 2.07 (s, 3H, CH3 pcym), 2.03 (m, 1H, CH» ,.84), 1.91 (m,
2H, CH; ,.p0), 1.73 (m, 1H, CH, ,8u), 1.46 (m, 4H, CH, 1), 1.32 (d, *Jun = 8.0 Hz, 6H, CHs 5o p-cym)s
1.00 (m, 6H, CH3 ,.8.). “C{'H} NMR (100 MHz, CDCls): 8 166.7 (CO3), 165.1 (C,~Ru), 146.5 (Cirim

Bu), 105.6, 94.3 (2 x Cpecym), 82.7, 80.4 (2 x CHycym), 53.8 (NCH, .5u), 36.1 (NCHs), 32.2 (CHigo peym)
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31.9,31.8,25.4,23.1 (4 x CHz 5-84), 22.9 (CH3 iso p-cym), 20.2 (CH2 p-8y), 19.1 (CH3 pocym), 13.8, 13.7 (2 x
CHj3 ,.g0). IR (KBr): v=1611 cm™ (s; C=0). Electrospray MS (30 V): m/z: 448.2 [M—CO;+OH]", 492.2
[M+H]". Anal. Calcd for RuC»»H;3sN;30s: (490.60): C, 53.86; H, 7.19; N, 8.57. Found: C, 53.61; H, 7.16;
N, 8.48.

Synthesis of 3b. According to the procedure described for 3a, complex 3b was obtained from 2b (53
mg, 0.1 mmol) and Na,CO3 (42.6 mg, 0.4 mmol) in EtOH (15 mL) as a yellow solid (39 mg, 75%). 'H
NMR (400 MHz, CDCl3): 6 4.25 (m, 1H, NCH; ,.gu), 4.15 (m, 1H, NCH, ,..8u), 3.95 (s, 3H, NCH3), 2.62
(m, 2H, Cy,—CHa 4-Bu), 2.09 (s, 18H, C,—CH3), 1.84, 1.77 (2 x m, 1H, CH; .4), 1.45 (m, 4H, CH; ,,.84),
0.97 (m, 6H, CH3 ,.5.). "C{'H} NMR (100 MHz, CDCl5): 8 169.0 (CO3), 166.8 (Cir,~Ru), 146.2 (Cirim
Bu), 91.6 (Cx—Me), 53.8 (NCH3 ,-Bu), 36.3 (NCHs), 32.0, 31.2, 25.5, 23.3, 20.4 (5 x CH3 ,-Bu), 16.0 (Cy—
CHs), 13.9, 13.8 (2 x CHj .50). IR (KBr): v= 1602 cm ™' (s; C=0). Electrospray MS (30 V): m/z: 476.2
[M-COs+OH]", 520.2 [M+H]". Anal. Calcd for RuC,4H39N30; (518.6): C, 55.38; H, 7.58; N, 8.10.
Found: C, 55.12; H, 7.70; N, 7.97.

General procedure for alcohol oxidations. A mixture of alcohol (0.2 mmol) and the ruthenium
complex (0.01 mmol) was refluxed in toluene (2 mL) for the time indicated in Table 1 or 2. The reaction
mixture was analyzed by '"H NMR spectroscopy. Hexamethylbenzene (0.033 mmol) was used in all
cases as internal standard in order to determine conversions and yields. Products were identified
according to commercially available samples (benzaldehyde, acetophenone, phenylacetaldehyde,
octanal, 4-nitrobenzaldehyde, 4-chlorobenzaldehyde, 2-chlorobenzaldehyde, 4-bromobenzaldehyde, p-
tolualdehyde and 4-methoxybenzaldehyde).

General procedure for amine oxidations. A mixture of amine (0.2 mmol) and the ruthenium
complex (0.01 mmol) was heated in toluene (2 mL) to 150 °C in a thick-walled glass tube fitted with a
Teflon cap. The reaction mixture was analyzed by 'H NMR spectroscopy using decane (0.2 mmol) as
internal standard. Products were identified according to commercially available samples (N-

benzylidenbenzylamine) or previously reported spectroscopic data (N-hexylidenhexylamine,” N-
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butylidenbutylamine® and N-(4-chlorobenzylidene)-4-chlorobenzylamine).”

General procedure for the formation of amides. A mixture of alcohol (0.2 mmol), amine (0.8
mmol), NaH (0.04 mmol), and the ruthenium complex (0.01 mmol) was refluxed in toluene (2 mL). The
reaction mixture was analyzed by '"H NMR spectroscopy using hexamethylbenzene (0.033 mmol) as
internal standard. Products were identified according to previously reported spectroscopic data (N-
benzylphenylacetamide, N-benzylbenzamide and N-hexylbenzamide).

X-Ray Diffraction Studies. Single crystals of 2b were mounted on a glass fiber in a random
orientation. Data collection was performed at room temperature on a Siemens Smart CCD
diffractometer using graphite monochromated Mo-Ko. radiation (A=0.71073 A) with a nominal crystal
to detector distance of 4.0 cm. Space group assignment was based on systematic absences, E statistics
and successful refinement of the structures. The structure was solved by direct methods with the aid of
successive difference Fourier maps and were refined using the SHELXTL 6.1 software package.” All
non-hydrogen were refined anisotropically. Hydrogen atoms were assigned to ideal positions and
refined using a riding model. The diffraction frames were integrated using the SAINT package.”
Further crystallographic details are compiled in the Supporting Information. CCDC 803583 contains the
supplementary crystallographic data for this paper. These data can be obtained free of charge from the

Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Oxidations and Oxidative Couplings Catalyzed by

Triazolylidene Ruthenium Complexes

Amparo Prades, Eduardo Peris and Martin Albrecht

OH cat 0]
areine R1)\R2 > R‘JJ\RZ
cat. = >\‘/Ru.,,”0I t
cat. x~
—NO) \CI R NH, ~ RTONTR
N~ N
Bu
arene = p-cymene R SOH cat. o
CsMeS + > R.I)‘kN/\RQ
R2™ NH, H

A series of ‘Ru"(n’-arene)’ complexes with 1,2 3-triazolylidene ligands have been prepared and tested
in a set of catalytic reactions involving alcohols and amines as substrates, including: i) base-free
oxidation of benzylic alcohols to benzaldehydes, ii) homocoupling of amines to imines, and iii)

oxidative coupling of amines and alcohols to amides.
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