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ABSTRACT: Mono-cationic Ru(ll)-complexes [RUJX(CHsCN),JIX 1~4 (1, L=2,6-bis(benzimidazol-2-yl)
pyridine (1), X=ClI; 2, L=L1, X=0OTf; 3, L=2-(N-benzyl-benzimidazole-2-yl)-6-(benzimidazoleA@pyridine
(L2), X=CI; 4, L = 2,6-bis(N-benzyl-benzimidazole-2-yl)pyridind.3), X=CI) were prepared and fully
characterized. The two acetonitrile ligands of eammplex are coordinated to the metal ceaitgto each other.
Complex2 was also structurally characterized by X-ray ajsgraphy. It was found that complexes4 can
catalyze the acceptorless dehydrogenation of pyiralohols to corresponding carboxylic acids andrHhe
basic aqueous solution, and the reactivity folldkes orderl = 2 > 4 > 3. Furthermore, complexdsor 2 can
efficiently catalyze the conversion of various iy alcohols to carboxylic acid in good yields (#298%)
and high selectivity in an alcohol/CsOH system (Iibl/mol). Using an excess amount of alcohol t©Bs
results in the formation of the carboxylic acichigher yield (up to 100%, based on CsOH) and higimeover
numbers (TON ~ 10000) accompanied by theedolution. Complexed and2 can act as a new class of

phosphine- and N-heterocycle carbene free Ru(iypexes for efficient conversion of primary alcahdbd

carboxylic acids and Hn a homogeneous system.
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1. Introduction

In the past decade, Ru(ll) complexes with “bulkyfiger ligands have been well demonstrated for yidal

acceptorless dehydrogenation of primary alcohoksters [1], amides [2], aldehydes [3] and imirgsWhich

presents a “green” pathway for transforming alcshol carbonyl derivatives. However, the pincerriggin

these Ru(ll) pincer systems reported normally dostat least one phosphine or N-heterocycle carbener,

which are essentially sensitive t@ @ the moisture. It is worthy to develop new meiaker systems in which

the ligands contain only N or O donors and can fepared through a simple and low energy-consuming

procedure. In 2013, Szymczak’s group [5] report&NdN-amide Ru(ll) hydride complex which can effictly

dehydrogenate alcohols to ketones or esters andu this complex still contains two triphenylppbge

ligands. Although a Ru(ll) complex with a quadritkge bis(olefin)diazidiene ligand was used to efidy

catalyzed the dehydrogenation of MeOKIHo0 CQ and H in a basic aqueous system, the conversion of other

primary alcohols to the corresponding carboxyli@daovas not reported [6]. Up to now, the examplés o

ruthenium(ll) complex based on NNN-typed pinceafig are scarce to the best of our knowledge.

Carboxylic acids and salts are important chemigalsoth laboratory and industry. One of the promgti

synthetic processes of carboxylic acids is direaation of primary alcohols in one step [7]. Howevmost of

the reported methods have been performed by ustich®metric amounts of toxic oxidation reagerfi§ [

highly pressurized dioxygens [9], or additionalrffazal substrates as the hydrogen acceptors [&0]far only

three Ru(ll) systems have been developed for efftailehydrogenation of primary alcohols to carbioxgtid

and H in a basic aqueous solution[11-14] (Scheme 13.rbted that an excess amount of water is negesgsar

these systems in order to increase the selectofitgarboxylic acid. Milstein and co-workers[11] sty

presented a Ru(ll)-PNNyped complex (Scheme 1), which acceptorlesslyeds various primary alcohols to



carboxylic acid salts in a basic aqueous solufidre yields are 61~91% when the ratio of substatsic is

500/1 (mol/mol)). Similarly, Belleand co-workers[12a] reported a Ru(ll)-PNP comp&sheme 1), which can

convert ethanol to acetic acid and i a NaOH-water solution with high turnover nunst€érON ~80000)

when the reaction was performed for 96 h. Howether,amount of by-products (a mixture of 1-butanud a

ethyl acetate) increased to 30% yield when the mitiwater/ethanol was 1/9 (v/v), while the soledarct of

acetic acid was obtained in a 1/3 (v/v) ratio ofewethanol solution. Herein, we report four Ru@dmplexes

based on 2,6-bis(benzimidazole-2-yl)pyridine’'NN’) ligands, which efficiently catalyze the accepsssd

dehydrogenation of primary alcohols to carboxybeda and H in a homogeneous alcohol-CsOH system. The

reactivity of our complexes can be compared to riémorted Ru(ll) complexes bearing the ligands with

phosphine- or N-heterocycle carbene donors [11~1Akhough several Ru(ll) complexes with

2,6-bis(benzimidazole-2-yl)pyridine or 2,6-bis(imible-2-yl-)pyridine ligands have been found uses i

transfer hydrogenation of ketones[15], anion-sgt&fraerobic oxidation of alcohols to imine [1&hd C-H

bond activation [18]. None of them has been appheitie acceptorless alcohol dehydrogenation tdo#ést of

our knowledge.

Previously reported catalysts and reactions
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Scheme 1Catalytic dehydrogenation of primary alcohols éoboxylic acid salts and H

2. Results and Discussion

2.1 Synthesis and Characterization of Ru(ll) Complees 1~4:

N'NN' pincer ligand 2,6-bis(benzimidazole-2-yl)pyridifiel) was prepared from pyridine-2,6-dicarboxylic
acid and benzene-1,2-diamine according to the known method[19].
2,6-bis(N-benzyl-benzimidazole-2-yl)pyridine3) was synthesized froinl with an excess of benzyl bromide
[15b]. The new ligand 2-(N-benzylbenzimidazole-2-yl)-6+fbienidazole-2-yl)pyridine L(2) was synthesized
from L1 with one equivalent of benzyl bromide in a modésid (57%) by using a slightly modified procedure
for the synthesis df3. WhenL1 and 0.5 equivalent of [Rugp-cymene)] were heated in acetonitrile for 12h,
complex [RuC(L1)(MeCN),][TI (1) was obtained in good yield (88%). Th& NMR spectrum ofl shows two
singlet peaks with the integration of three proteash at 2.06 and 3.17 ppm, which can be assigrige tCH
groups of two acetonitrile ligands. This observatiodicates the two acetonitrile ligands are camatid to the
metal center in the axial and equatorial positioespectively [20], which is further confirmed thet°C NMR
and HSQC spectra (see supporting information). Atraé complex [RuG(L1)(MeCN)] was previously
reported by Dayast al through a procedure similar to ours [15c].

Complex [Ru(OTfjL1)(MeCN)]{IOTf) (2) was prepared by the extraction of two chloridesnf1 with
two equivalents of AgOTf in methanol. THe NMR spectrum of exhibits a singlet peak at 14.95 ppm for the
two magnetic equivalent N-H moieties bof, presenting an upfield shift of 0.22 ppm relativethat of1 (&
15.17 ppm). The two magnetically nonequivalent uigile ligands of2 are also confirmed by it4d NMR
spectrum which shows two singlet signals with eqgaggration of three protons at 2.09 and 3.20 ppm,
respectively. For further characterization2pfingle crystals suitable for X-ray diffractiorudy were obtained

by slow diffusion of diethyl ether into a concemé 2,2,2- trifluoroethanol solution @f Although the crystal



data are not very satisfied, the structur@ sfill clearly displays the Ru(ll) center adoptiastorted octahedral
coordination geometry with the coordination plarefited by three N atoms dfl and one N atom of
acetonitrile, while another acetonitrile ligand amte water ligand occupy the axial positions (Hig.The
water is probably from the solvents since the zi@ff2oroethanol was simply treated by the distilbn from
commercially available reagent. The bond distarideugl)-N(7) (2.053(8) A) is larger than that of @)+N(6)
(1.994(9) A), which is consistent with the largians effect of pyridyl N atom relative to that of wa@ratom.
The bond distances of Ru(ll)-N(pyridyl) and Ru(N}benzimidazol-2-yl) match well with other reported
Ru(ll)-L1 and Ru(ll)-terpyridines complexes[15, 21]. The th@mgle of N(6)-Ru(1)-N(7) (94.1(3) A) confirms
the two acetonitrile ligands are coordinated tortiegtal centecis to each other, which is consistent with the

observations in itfH NMR and**C NMR spectra.

Figure 1. The structure oR-H,O with thermal ellipsoids drawn at the 30% proligpilevel. All hydrogen
atoms are omitted for clarity. Selected bond les@kh Rul-N1, 1.982(8); Rul-N2, 2.080(8); Rul-N4,
2.076(8); Rul-N6, 1.994(9); Rul-N7, 2.053(8); Rul-Q.090(7); Selected bond angfgs(N1-Rul-N6,

90.0(3); N1-Ru1-N7, 175.9(3); N6-Ru1-N7, 94.1(3}-Rul-N6, 177.8(3).

In comparison with1l, complexes [RW2)CI(CH;CN)J[CI 3 and [Rul3)CI(CH3;CN),]JICI 4 were



synthesizedrom [RuCly(p-cymene)] with L2 andL3 by using the procedure similar to the one usedLfor
respectively (Scheme 2). The structure$ @ihd4 are similar to that of. The'H NMR spectrum oB shows
one singlet peak with integration of two proton$ &5 ppm, which is assigned to the benzyllic ,Céf L2. In
addition, the two acetonitrile ligands 8fwith different chemical environments are confirniedits ‘HNMR
spectrum, which exhibits two singlet signals at72ahd 3.19 ppm with equal integration of three qmef
respectively. Similarly, the two acetonitrile ligéshof4 attached to the metal cents to each other is also
approved by itsH NMR (two singlet signals with integration of terrotons each at 2.09 and 3.22 ppm for
the —GH; moiety, respectively) and itd&C NMR (two singlet peaks at 3.48 and 4.50 ppm lier-CH; moiety,
respectively) spectra. No signal is observed a6%gim in theH NMR spectrum indicates the absence of N-H
of 4.
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Scheme 2The structures of complex8sand4.

2.2. Catalytic dehydrogenation of primary alcohols

In preliminary studies, benzyl alcohol was chossrite substrate for the acceptorless dehydrogenahio
typical reaction was carried out under argon atrnesp by using as the catalyst precursor (0.2 mol% to the
alcohol) in the basic aqueous solution (bi-phag#) the procedure reported by Milstesnal [11]. When KOH
was used as the base, benzoic acid was obtaing@%nyield (TON 95) after 24h (Table 1, entry 1)tekf
optimizing the effect of various bases, we fourat the highest yield of benzoic acid was obtairgat¥q, TON
~ 185) with the use of CsOH (Table 1, entry 5).ndsweaker bases (LIOH or MaO;) afforded relatively

lower yields (6% and 4%, respectively) (Table 1trer@ and 4). As expected, almost no benzoic aad w



observed without the base under the same condifetsle 1, entry 6).

Table 1.Base screening for the catalytic reaction in abdtetater system

0
1) 0.2% mol 2, base,
©/\ OH water, reflux, 24h __ ©)L OH
2) 6M HCI
Entry Base Yield * (%)
1 KOH 17
1 NaOH 21
3 LiOH-H,O 6
4 N&CO; 4
5 CsOH-HO 37
6 none <2

#Reaction condition: benzyl alcohol (5mmol), bas&ifEmol), catalys® (10umol), H,O (2mL) were refluxed
in an oil bath under an argon atmosph@rh&olated yield of benzoic acid=n (acid)/n (alcgh&enzoic acid

was obtained by acid treatment of the salts.

When a solution of benzyl alcohol and 1.5 equivisleri CsOHH,O with 0.2 mol% of2 was refluxed for
24h, benzoic acid was obtained in 44% yield (T&plentry 2), suggesting the use of an excess anufurase
just afforded slightly higher yield. As expectedplpnging the reaction time to 72h resulted infthrenation of
benzoic acid in the higher yield (82%) (Table 2ire8). Complexl shows almost the same catalytic activity
with 2 under the same condition (Table 2 entry 1 ang@}ably because of the same intermediates formed i
the catalytic cycle by extraction of chloride dflate anions with hydroxide anions frotnand2, respectively.
However, when compleg or 4 was tested instead @f benzoic acid was obtained in the relatively loeld/

(10% and 28%, respectively), indicating the two Nptdups ofL1 play an important role in the catalytic cycle.



Table 2. Catalyst screening for the catalytic reaction

0]

1) 0.2% mol Ru(ll), CsOH
©AOH H,0, reflux 24h _ OH
2) 6M HCI
Entry Catalyst Yield (%)

1 1 44
2 2 44
3 2 82°
4 3 10
5 4 28
6 none <1

 Reaction condition: benzyl alcohol (5mmol), CsOLPH7.5mmol), catalyst (16nol), H,O (2mL) were
refluxed in an oil bath under an argon atmospher@4h, isolated yield of benzoic acid=n (acidpcohol).”

The reaction time is 72h.

Since OH can be used as the oxygen source for the conweddi@lcohol to carboxylic acid, and the
existence of large amount of water reduces the esdration of the base, we think reducing the amaiint
water might benefit the alcohol coordinated to fhgll) center, followed by th@-H elimination of alkyloxide
occurring to produce the aldehyde as the initiap stf the catalytic cycle. So, further investigaiowvere
carried out in the homogeneous alcohol-CsOH systenaur delight, when benzyl alcohol and one edaeiva
of CsOHH,0 with 0.2 mol% of were heated at 150°C (oil bath) under an argowsirere for 7 minutes, the
evolution of H gas (confirmed by the GC, see supporting inforomtiwas observed from the initial
homogeneous solution, accompanied by the formatfaresium benzoate as a white solid. The benzadit ac
was achieved in 75% vyield after 4h (Table 3, eddrypresenting the reaction rate is much faster that in

water-alcohol bi-phase system (72h, 82%). Howewrly 80% yield of benzoic acid was obtained whes th



reaction time was 24h, probably because of thedtan of benzoate salt solidifying the reactiorusoh. The
unreacted benzyl alcohol was recovered in 17% yiatdl the small amounts of benzaldehyde and benzyl
benzoate (total lower than 2%) were detected byM&ECand'H NMR spectrum (see supporting information).
Under such condition, using an excess amount oHCafibrded a lower yield (75%, 24h) (Table 3, er8)y
Under the optimized reaction conditions, other jmnalcohols can also be dehydrogenated to the
corresponding carboxylic acids in good vyields byngscomplex 2 as the catalyst (Table 3MWhen
4-methoxybenzyl alcohol and one equivalent of CEBB with 0.2 mol% of2 were heated at 180 for 24h,
4-methyloxy-benzoic acid was obtained in 84% yi&Mhile 3-trifluoromethylbenzyl alcohol was used as
substrate, 3-trifluoromethyl benzoic acid was aiediin 57% yield (Table 3, entry 6 and 7), probdi#gause
of the electron-withdrawing group of the aromaticoaiol reducing the nucleophilicity of the alcohol the
Ru(ll) center, which is important in the dehydroggon. Various diols can be converted to a mixtafe
monocarboxylic acids and di-carboxylic acids in ggeelds (75~98%) under the similar condition (EaB|
entry 8-11). As expected, a longer reaction timsilted in the formation of di-carboxylic acid inetthigher
yield (Table 3, entry 12). Aliphatic alcohols casmbe efficiently dehydrogenated to carboxylicdaici good
yields. For example, the hexylic acid was obtaimed7% isolated yield when 1-hexanol was loadedl@8,

entry 4). In all cases, the unreacted alcoholsbearecovered within 3% lose.

Table 3.Dehydrogenation of alcohols to carboxylic acid ih: & (mol/mol) ratio of alcohol/CsOH

0
1) 2 (0.2 mol%), 24h, A
R“OOH + CsOH )2)(6M :Col ) > R)J\OH + 2H2T
Base Yield #
Entry Alcohol Products
(equiv.) (%)

OH COOH \
1 1.0 75
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HOOC \O/COOH 88

# Reaction condition: alcohol (entries 1-7, 5Smmaitries 8-12, 2.5mmol), CsOH,8 (entries 1-2, 4-7 and
10-12, 5mmol; entries 8-9, 2.5mmol; entry 3, 7.5Mmeoatalyst (entries 1-7, Lfnol; entries 8-12, jmol)
were heated under 150°CThe reaction time is 4f.The ratio of mono-carboxylic acid and di-carbogydicid
was determined by tht4 NMR of the mixed acid isolated from the reactimixture. Carboxylic acids were

obtained by acid treatment of the sdltShe reaction time is 48h.

In many cases, the large amounts of carboxylic aelts precipitate from the reaction solution, hne
magnetic bar stop stirring, so the dehydrogenatite decreases quickly. This problem might be @raeby
adding proper solvents to the reaction system. Wewehe addition of normal solvents such as THF, 1
4-dioxane, toluenetc did not afford the higher yield of carboxylic acMle think using an excess of alcohol
may promote the reaction. When a solution of beaiggdhol and 0.5 equivalent of Cs@HO with 0.1 mol%
of 1 was heated at 150°C for 24h under an argon atreospbenzoic acid was obtained in 95% yield (based
the CsOH) (Table 4, entry 1), presenting the higleld and higher TON (~475) than that in a 1/1 mol)
ratio of benzyl alcohol/CsOH,O system (80% yield). Upon increasing the ratic®ehzyl alcohol /CsOH to
5/1 (mol/mol), the reaction completed after 2.5nd dhe benzoic acid was obtained in 94% isolateddyi
(Table 4, entry 2), which is consistent with the pdoduction test (table 5). Moreover, with a loveatalyst
loading, the carboxylic acids were also obtainetigh yields (Table 4, entries 3~5). For examplbew 0.01
mol% of 1 and CsOHH,0 (25 mmol) in the excess of benzyl alcohol (125ahwere heated at 150°C for 24h,
benzoic acid was obtained in quantitative yieldhviie TON ~ 10000 (Table 4 entry 4). As expectesihqi
anhydrous NaOH as a base resulted in the formafitr@nzoic acid in only 33% yield (TON 3300) undee
same condition (table4, entry 6). For reasonsrératin to be determined CsOH gives much betteftsetfian

NaOH, we think the concentration of alkyloxide anion pkary important role in our reaction system. Since



CsOH is a stronger base than NaOH or KOH in thehalc solution, the use of CsOH results in a higher
concentration of alkyloxide anion according to #muilibrium: ROH + MOH =——=RO + M" +H,0. In
addition, CsOH may neutralize the carboxylic aciorenefficiently than other metal hydroxides in #ieohol
solvent, which is favor to the dehydrogenation lobhol [11]. In the case of benzyl alcohol used: Holid
benzoate salt can be easily isolated by filtrateord the remaining solution is subjected to themsgcatalytic
cycle without obviously catalytic efficiency decsea(see supporting information). For example, tia tyield
of benzoic acid was 98% with TON ~ 19600 in the twond cycles. When cyclohexylmethanol was used as
the substrate under the similar condition, cyclamecarboxylic acid was obtained in 83% yield witAN ~
8300 after 24h (table 4, entry 5), which is higtien that in a 1/1 ratio of cyclohexylmethanol/Cs&}dtem

(72%, TON ~ 360).

Table 4.Catalytic dehydrogenation with excess alcohol assthivent

0]

1)1,24h, A

R™OH + CsOH R”OH + 2H,
2) 6M HCI

Catalyst  Reaction  Yield ®"

Entry Alcohol n(alcohol/base) TON°®
(mol%) time(h) (%)

OH

1 O/\ 2:1 0.2 24 95 475
OH

2 O/\ 5:1 0.2 25 94 470
OH

3 O/\ 5:1 0.02 24 100 5000
OH

4 O/\ 5:1 0.01 24 100 10000
OH

5 O/\ 5:1 0.01 24 83 8300




d OH
6 5:1 0.01 24 33 3300

% Reaction condition: For entries 1-2. Alcohol (gnfr, 10mmol; entry 2, 25mmol), CsOH,®I (5mmol),
catalysts (1pmol) were stirred and heated under argon; for estB-6. Alcohol (125mmol), CsOH.@&
(25mmol), catalyst (entry 3,ubnol; entries 4-6, 2,imol) were stirred and heated under arg?)h;olated

yield=n (acid)/n (CsOH)): TON=n (acid)/n (catalyst}NaOH was used as the base.

2.3. The K Production from catalytic dehydrogenation of benzyl alcohol

The formation of H from the catalytic system was confirmed by GC wsial(see supporting information)
and quantified by the gravity drainage method atiogr to the reported literature [12]. The typicahction
was carried out under an argon atmosphere by Wsthgol% ofl and CsOHH,0 (5 mmol) in an excess of
benzyl alcohol (25 mmol). The results are listedable5. It is noted that the Hgas was observed in 74.2%
(based on CsOH) after 1h and the catalytic react@npleted after 2.5h. The total amount gfwhs double

mol to that of CsOH, which is consistent with teelated yield of benzoic acid (94%).

Table 5 The H production during the catalytic reaction

1 (0.2 mol%) COOCs
OH -
g + CsOH —55c ©/ + 2H,

Hydrogen Gas TON
Time (h) n (mmol) TOF (HY
Volume (mL) (Ho)

0.25 38 1.57 157 628
0.5 82 3.38 338 676
1.0 180 7.42 742 742
15 223 9.20 920 614

2.0 233 9.62 962 480




2.5 243 10.03 ~1000 400

3.0 250 10.06 ~1000 -

Reaction condition: Benzyl alcohol (25mmol), CsOBDH5mMmol), and complef (10umol) were heated
under argon. A blank experiment without catalyss waken at the same time.
The standard atmospheric pressure P=101.325KPg) temperature T=289.15K; the corresponding water
saturated vapor pressure under the temperagk8185KPa. The approximate amount gfwhs calculated

by Van der Waals equation: (Ry?=nRT (R=8.314 KPa-L-mdlK™). TON=n(H,)/n(catalyst); TOF=TON\.

3. Conclusion

We have demonstrated new Ru(IDNW' pincer complexes with high efficiency in dehydrogton of
primary alcohols to corresponding carboxylic aadsl H in the alcohol-base system. The highest yield was
obtained by using CsOH as the base. The highetytataeactivity was achieved in the homogeneous
alcohol-CsOH system than that in the alcohol-wdtiephase system, while only very small amounts of
aldehydes and esters (total lower than 2%) werergbd as the by-products. Moreover, the much higtedds
(up to 100%) and high turnover number (TON ~ 10006j)e obtained by using an excess of alcohol with a
lower catalyst loading. Complexdsand?2 present a new example of phosphine- and N-hetel®carbene
free Ru(ll) complexes with high efficiency for camting primary alcohols to carboxylic acids ang Bur
work may open a thread to design new transitiorahtatmplexes for acceptorless dehydrogenationauihall

to corresponding carbonyl derivatives. The invegian of the detail catalytic mechanism is underway

4. Experimental Section

4.1. General Information



All experiments with metal complexes were carrietiunder a purified argon atmosphere using thedstah
schlenk techniques. Ethanol, n-butanol, 1-hexaoptlohexyl-methanol and benzyl alcohol were pudifie
according to standard procedures under argon atreospOther reagents were used as received. Sehent
degassed with argon or nitrogen and kept in theriped reservoir bottle with 4A molecular sieve.eThi and
3¢ spectra were recorded at 300MHz/75MHz Varian @eB00 spectrometer. THel NMR chemical shifts
were referenced to the residual hydrogen signalketieuterated solvent or TMS, and 1@ NMR chemical
shifts were referenced to thi€ signals of the deuterated solvent. Compoundsldfl9], [RuCh(p-cymene)]

[22], L3 [15b] were synthesized according to published proeed

4.2. Synthesis and characterization of Ru(ll) comgixes (1~4)

4.2.1.[Ru(L1)CI(CH sCN),]- ClI (1) LigandL1 (0.622 g, 2mmol) and [Rug(p-cymene)] (0.616 g, 1mmol)
were dissolved in acetonitrile (50 mL) and the Boluwas refluxed for 12h under an argon atmosphsiter
cooling to room temperature, the red-brown preaipitwas filtered, washed with diethyl ether (3x5)rahd
then dried under vacuum for 12h. Complewas obtained as a red-brown power (1.0 g, 88BbNMR (300
MHz, DMSO-d) 3 (ppm): 2.06 (s, 3H); 3.17 (s, 3H); 7.49-7.58 (H)#47.80 (d, J=8.0 Hz, 2H); 8.01 (d, J=7.3
Hz, 2H); 8.22 (t, J=8.0 Hz, 1H); 8.57 (d, J=8.0 B&l); 15.17 (s, 2H, -NH)-3C NMR (75 MHz, DMSO-¢) 5
(ppm): 3.86; 4.71; 114.07; 118.64; 121.62; 122125.04; 126.11; 129.95; 134.57; 136.09; 143.29;852
153.45. Elemental Anal. Calcd. fop4£1oN;Cl,Ru(%): C, 48.85; H, 3.39; N, 17.34. Found: C, 431903.60,
17.12.

4.2.2. [Ru(L1)(CH3CN)(OTH]-OTf (2) Complex 1 (0.226 g, 0.400 mmol) and silver

trifluoromethanesulfonate (0.206 g, 0.800 mmol)eveissolved in methanol (20 mL) and the mixtureisoh
was stirred at room temperature for 4 hours inddwéx under an argon atmosphere. After the whiteipitate

of AgCl were filtered off through a celite pad, thesl solution was evaporated to dryness under vaciihe



yellow residue was then dissolved in ethanol (6 enhd diethyl ether (30 mL) was added slowly to jmitate
the brown micro-crystals, which was filtered, washeith diethyl ether (3 x5 mL), and then dried unde
vacuum for 12h to yiel@ (0.275 g, 82%)*H NMR (300 MHz, DMSO-g) § (ppm): 0.5 (t, J=7.0Hz, 3H), 2.09
(s, 3H, CH-CN), 2.86 (p, 2H), 3.20 (s, 3H), 6.04 (t, J=4.8, HH), 7.60-7.65 (m, J=7.7 Hz, 4H,), 7.89 (d,
J=6.7 Hz, 2H), 8.06 (dd, J=6.0, 2.5 Hz, 2H), 8.dd, (0=22.7, 6.9 Hz, 3H), 14.95 (s, 2H, -NHC NMR (75
MHz, DMSO-d) & (ppm): 4.10 (s), 4.78 (s), 17.21 (s), 19.23 (9)78 (s), 62.93 (s), 114.58 (s), 118.05 (d),
118.76 (d), 122.24 (s), 123.48 (s), 126.28 (d),. 1B1s), 134.68 (s), 138.56 (s), 143.15 (s), 157s)/7153.58
(s). Elemental Anal. Calcd for,@H,50/N-FsS;Ru (Contain one molecule of ethanol) (%): C, 381663.00; N,
11.69 Found: C, 38.26, H, 2.89, 11.42. A brown leirggystal of2- H,O suitable for X-ray diffraction analysis
was obtained by slow diffusion of diethyl ether &b concentrated 2,2,2-trifluoroethanol af at room
temperature for several weeks.

4.2.3.2-((N-benzylbenzimidazole-2-yl)-6-benzimidazole-2hpyridine (L2). Under an argon atmosphere,
a solution ofL1 (1.00g ,3.2mmol) andBuOK (0.36g, 3.2mmol) in acetone (60mL) was stiradroom
temperature for 1h, then the benzyl bromide (0.8682mmol) was added dropwisely and the mixture was
refluxed for another 12h. After cooling to room f@mature, the solvent was evaporated, and theuesias
extracted with a mixed solvent of @El, / CH;OH (10:1, V: V, 3x50 mL). The combined organic ¢mn was
evaporated under reduced pressure and the crudagprof L2 was purified by the column chromatography
using silica gel (elute: Ci€l./ethyl acetate, 3/1 (V/V)). Yield: 0.75g (58%H NMR (300 MHz, DMSO-¢) &
(ppm): 6.35 (s, 2H), 6.97 (d, J=7.3 Hz), 7.27 (dbe$45.0, 25.6, 6.9 Hz, 7H), 7.62 (d, J=7.9 Hz, TH)6-7.68
(m, 3H), 8.16 (d, J=7.8 Hz, 1H), 8.29 (d, J=7.7 M), 8.40 (d, J=7.8 Hz, 1H), 12.54 (s, 1T NMR (75
MHz, CDCI3) 5 (ppm): 49.16 (s), 110.53 (s), 111.55 (s), 120991 ¥20.67 (s), 121.86 (s), 122.90 (s), 123.55

(s), 124.23 (d), 125.35 (s), 126.11 (s), 127.99 189.58 (s), 133.78 (s), 136.83 (s), 137.74 (3B.39 (s),



143.01 (s), 144.40 (s), 147.66 (s), 149.29 (s)mektal Anal. Calcd for &HioNs (%): C, 77.76; H, 4.47; N,
16.63. Found: C, 77.79; H, 4.77; N 16.44.

4.2.4. Ru(L2)(CHCN),CI]-ClI (3). LigandL2 (0.15g, 0.373mmol) and [Rugb-cymene)] (0.115g, 0.187
mmol) were dissolved in acetonitrile (15mL) and 8wution refluxed for 12h under an argon atmospher
After cooling to room temperature, the mixture vidtered, the crude products was further purifiedthe
column chromatography using silica gel (elute: etiaand dried under vacuum to afford compias a
red-brown solid (0.085g, 35%)H NMR (300 MHz, DMSO-g) & (ppm): 2.07 (s, 3H), 3.19 (s, 3H), 6.35 (s,
2H), 7.23 (dd, J=67.2, 6.5Hz, 4H), 7.85-7.44 (m),3403 (d, J=13.7 Hz, 3H), 8.15 (t, 1H), 8.29Jd8.2 Hz,
1H), 8.48 (d, 1H), 15.03 (br}*C NMR (75 MHz, DMSO-d6) (ppm): 48.11, 112.54, 113.90, 118.25, 121.78,
123.17, 124.85, 125.52, 126.15, 126.44, 128.31,4929130.00, 134.54, 135.53, 136.21, 136.36, 142.20
142.88, 151.55, 152.27, 152.65, 153.70; Elementell ACalcd for GoH,sN;Cl,Ru (%): C, 54.97; H, 3.84; N,
14.96. Found: C, 55.22; H, 4.05; N, 14.68.

4.2.5. Ru(L3)(CHCN).CI]-CI (4) Ligand L3 (0.15g, 0.305mmol) and [Rugb-cymene)] (0.094g, 0.153
mmol) were dissolved in a mixed solvent of acetdaif{5mL) and ethanol (5mL) and then refluxed i&h
under an argon atmosphere. After cooling to roomptrature, the solution was taken to dryness under
vacuum, the residue was passed through the colanematography using silica gel (elute: methanoBftord
pure4 as a red brown powder (0.077g, 3496).NMR (300 MHz, DMSO-g) 5 (ppm): 2.09 (s, 3H), 3.22 (s,
3H), 6.34 (s, 4H), 7.49-6.99 (m, 11H), 7.65 (m, 4HB6 (t, J=8.2 Hz, 1H), 7.95 (d, 2H), 8.10 (d,) 28125 (d,
2H). °C NMR (75 MHz, DMSO-g) & (ppm): 3.48, 4.50, 48.12, 112.65, 118.77, 12182.75, 125.68,
126.12, 126.47, 128.26, 129.48, 130.57, 136.22,4836141.93, 151.40, 153.15. Elemental Anal. Cétod

CsHsiN7Cl.Ru: C, 59.60; H, 4.19; N, 13.15. Found: C, 59.834180; N, 12.97.

4.3. General procedure for catalytic reactions



4.3.1. Method A [L1]: Benzyl alcohol (0.54g, 5mmol®, (8.3mg, 0.01mmol), base (5.5mmol) and 2mL
degassed water were mixed in a 25mL schlenk tutighenreaction mixture was refluxed for 24h in gem
system under argon. After cooling to room tempeegtthe degassed water (5mL) was added and thenaixt
was extracted with diethyl ether (3 x10 mL). Theemus phase was acidified with 6M HCI and extracted
ethyl acetate (5 x 20mL). The combined organic phvesre washed with brine (25mL), dried over anhydro
NaSQ,, and evaporated to dryness under reduced presbher@ure benzoic acid was obtained and further
characterized bJHNMR which is consist with the standard sample.

4.3.2. Method B To a schlenk tube (25mL) benzyl alcohol (0.54gynol), complex1 (or 2, 3, 4)
(0.02mmol), CsOH- kD (1.26g, 7.5mmol) and 2mL deionized water weresddahd the reaction mixture was
refluxed for 24h in an open system under argonerA¢boling to room temperature, the degassed waitel)
was added and the mixture was extracted with dietther (3 x10mL). The aqueous phase was acidifigu
6M HCI and extracted with ethyl acetate (5 x20mLhe combined organic phase was washed with brine
(25mL), dried over anhydrous b&0,, and evaporated under vacuum, the pure benzalcveas obtained and
weighed for calculating the yield, which was furtliharacterized by it HNMR which is consist with the
standard sample.

4.3.3. Method C Complex2 (8.3 mg, 1@mol), CsOH-HO (0.84 g, 5 mmol), alcohol (5 mmol) was added
to a 25 mL schlenk tube and the solution was heatd®0°C (oil bath) for 24h in an open system urzsigon.
After cooling to room temperature, the degassectm@mL) was added and the mixture was extractéld wi
diethyl ether (3 x10mL). A sample of ether phases wabjected to the GC-MS analysis and the residual
solution was evaporated, then subjected to the NM&lysis. The aqueous phase was acidified with @bl H
and extracted with ethyl acetate (5 x20mL). The lwoed organic phase was washed with brine (25nmigdd

over anhydrous N&O,, and evaporated under reduced pressure, the purexylic acid was collected and



weighed for calculating the yield, which was furtidaracterized by ittH NMR which is consist with the
standard sample.

4.3.4. Method D For substrates of benzyl alcohol and cyclohexifraeol: To a 100 mL schlenk tube
complex1 (1.4mg, 2.5imol), CsOH-HO (4.2g, 25mmol), and alcohol (125mmol) were added then the
solution was heated at 150°C (oil bath) for 24ham open system under argon. After cooling to room
temperature, the degassed water (20mL) was addethamixture was extracted with diethyl ether ZBmL).
The ether phase was evaporated under vacuum anediokele was subjected to the GC-MS and the NMR
analysis. The aqueous phase was acidified with 68 &hd extracted with ethyl acetate (5 x30mL). The
combined organic solution was washed with brinemB)) dried over anhydrous MO, and evaporated
under vacuum, the pure acid was obtained and weidgbe calculating the vyield, which was further

characterized by itH NMR which is consist with the standard sample.

4.4. Procedure for H gas production

Under an argon atmosphere, benzyl alcohol (2.78gyn2ol), CsOH-HO (0.84g, 5mmol), and compleix
(5.7mg, 0.01mmol) were added to a 25 mL schlenk tuhich is connected with a gas collection instmime
through gravity drainage method. The reaction mextwas heated at 150°C (oil bath). Over a periotinad,

the volume of the gas was recorded. A blank expartrwithout catalyst was taken at the same comditio

4.5. X-ray crystallography

A Bruker SMART APEX Il diffractometer with graphimonochromated Mo-& (A= 0.71073 A) was
employed to collect the intensity data for the Engystal of2. The data was collected at about 100K using
®-scan techniques. The structure was solved bytdinethods using SHELXL-97 [23]. Multi-scan empitica

absorption corrections were applied to the datasieg the program SADABS [24]. The structure wefsed



with SHELXL-97[23]. Hydrogen atoms bound to carbwere placed at calculated positions and refinedgusi
a riding mode. All non-hydrogen atoms were refitgdfull-matrix least squares orf Esing the SHELXTL
grogram package [25]. Cell refinement, data cdbectand reduction were done by Bruker SAINT[26heT

crystallographic data is available in the Sl as fi#é-
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Synthesis of ruthenium(l11) complexes bearing rigid N'NN’-typed pincer ligands;
Catalytic dehydrogenation of primary alcoholsto carboxylic acids and Hy;
Higher yields and higher selectivity obtained in homogeneous a cohol-CsOH system

Quantitative yield of benzoic acid and TON~10000 achieved in 24h.



