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Review Article

Ruthenium(ll)-Catalyzed ortho C-O Bond formation of Substituted
Aromatics with Oxygen Nucleophiles though C-H Bond Activation
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The present review describes a ruthenium-catalgethd C-O bond formation such as hydroxylation, benzoxylation and
acetoxylation of substituted aromatics with oxygen nucleophiles via C-H bond activatimus oxygen sources such as
trifluoroacetic anhydride, aromatic carboxylic acids and acetic acid are used as nucleophiles in the reaction. Most of the
reactions shown in the review mechanistically proceeds via a concerted deprotoriationetalation pathway five-
membered ruthenacycle intermediate was proposed in the read@tiase reactions provide arfieient route for the
synthesis obrtho-hydroxy-, acetoxy- and benzoxy substituted aromatics in a highly regioselective manner in one pot.

Key Words: Ruthenium(ll) Catalyst; Alkoxylation; Benzoxylation; Hydr oxylation; C-H Activation; Oxygen
Nucleophiles

Intr oduction are needed for this reaction. In the reaction,
heteroatom of chelating group coordinates with metal
and brings the orth@-H bond of aromatics to close
proximity to the reactive metal sitéhus, C-H bond
activation takes place very selectively at dmtho
position via either oxidative addition pathway or
deprotonation metalation pathwayoviding a five-
membered metalacycle intermediadeor B.
Generally M(0) or M(l) active species favours
oxidative addition pathway and M(Il)(ORpr
'M(II)(OR) , species favours deprotonation pathway
Based on the active catalyst, the reaction pathway
can be altered selectively

Metal-catalyzed chelation-assisted functionalization
at theortho C-H bond of aromatics with nucleophiles
via C-H bond activation is an fafient method to
construct the chemical bonds inganic synthesis
(Pfefrer et al, 2002; Lautens et al2007; lyons and
Sanford, 2010; Ellman et.al010; Lei et al.2011;
Ackermann, 201; Chenget al.,2012; Dixneutt al,
2012;Ackermannet al, 2014). By employing this
method, various chemical bonds such as C-C, C-N
C-X (X = Halogens) and C-O are fafiently
constructed in a highly atom economical and
environmentally friendly mannelC-H Bond of
aromatics can be activated by several ways in the Palladium, rhodium and ruthenium complexes
presence of metal catalysts. Howewke control of  are widely used as catalysts for this reaction. In the
regioselectivity is key problem in most of cases. But, presence of these catalysts, C-C, C-X (X = halogen)
the regioselective issue can be controlled by and C-N bond formation have been extensively
activating the C-H bond via chelation-assisted studied in the literature. But, C-O bond formation
metalation pathway (Scheme 1). Heteroatoms suchhas not been well explorethis is most probably
as nitrogen or oxygen containing chelating groupsdue to the high electronegativity of the oxygen
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element and the strong metal-oxygen bond strengthortho-Hydr oxylation of Substituted Benzoates

Li and Sun, 2012Warious oxygen sources such as
( M yg gao’s group (Racet al, 2012) demonstrated a

acetates, alkoxides, alcohols, aldehydes, anhydride ? )
4 y ruthenium-catalyzedortho-hydroxylation of

and carboxylic acids are used as nucleophiles in the bstituted b tes (Schemdaat t of ethvl
reaction. Several directing groups such as 2-pyridy|,Su stituted benzoates (Schemel&atment of ethy

carbonyl, estemitrile, carboxylic acid, MNacetyl and penzoatela)with trifluoroacetic anhydride (A
amide can be @&tiently used for the reactioiVith in the presence of [Ruftp-cymene)] (2.5 mol%)

the assistance of these directing groups, acetoxylatio nd Selectfluor oxidant (1.1 mmol) TiFA at 80°C

(Henry, 1971;Yoneyama and Crabtree, 1996; Sanford orOJ_l _h gave.ouhohy.droxylated benzoate (Pén
etal, 2004 Yuet al., 2005Yu et al., 2006; Coregt 75% yield.various oxidants such as¥0, KIO,,

al., 2006;Wu et al,, 2008; Chen et gl2009; Zhang ’:\aloﬁl’ ';':IOS’ SSe|TCt1;|]:IJOF anc! dPhIt(OAgy\;ﬁrebtetstted?.S(y
etal, 2010; Chengt al, 2010Yu et al, 2010:Yu et mong them, Selectliuor oxidant gave the better 75

al., 201; Sanford et al 2012; Kim et a| 2013), yield of producT_Za Under similar reactit_)n conditions,
alkoxylation (Sanford et al., 2008yang andvuan, electron-donating and halogen substituted benzoates
2010), hydroxylation (¥ et al, 2009; Racet al, 1 were smoothly converted into.the corresponding
2012; Dong et a) 2012) and benzoxylation (Sanford ortho—hydrgxylated bgnz.oatelz in moderate to

et al, 2005; Chengt al, 2011) at theortho C-H expellent yieldsWhen iodic apld was u§ed as the
bond of directing group substituted aromatics with oxidant instead of Selectfluaatisfactory yields were

various oxygen nucleophiles have been studied.opserve.CI with substrates containing electron-
Palladium and copper complexes aréicént withdrawing groups such as -CBnd -NQ on the

catalysts for this type of reaction. Recendyless benzoate moietyNotably heteroaromatic ethyl-

expensive ruthenium complex has gained tremendough|o;l)her:je_-zt-r(]:arboxglateBwas allsq sutf]cessfuII{
attention in the heteroatom directed C-H bond EMP'OYed In Ihe reaction. By empioying the presen

activation of aromatics due to its remarkable Protocol ortho-hydroxyl-3-nitobenzoat¢2l) was
s . :

reactivity and selectivityln this review we would prepa_red I72% yield. Compounﬂl ISa ke_zy startlng

like to highlight the recent observations of a material for the synthesis of a biologically active

ruthenium-catalyzedrtho C-O bond formation such molecule Mesalaziné possible reaction mechanism

as hydroxylation, acetoxylation and benzoxylation of involving Ru(1V) mte_rmed!atg ha_vm@r?Ru-O boqd
substituted aromatics with oxygen nucleophiles Sucth“OWGd by reductive elimination gives the final
as trifluoroacetic anhydride/trifluoroacetic acid product was proposed.

(TFAA/TFA), PhI(TFA),, acetic acid and aromatic

carboxylic acids via a concerted deprotonation

metalation pathway

R1 R1
M= Ru(0), Rh {I} mx @,x
§—
R1 Mﬂ""'\-H
A
x oxidative addition pathway
1 1
X=NR, O 0 R
M atom: strong chelation . ~X - ROH | =X
0 atom: weak chelation M .
M= Ru(ll), Rh {1il} RO™ “oR = M-"“OR
deprotonation pathway B

Scheme 1: General Mechanism foMetal-Catalyzed Chelation-Assistecbrtho C-H Bond Activation of Substituted Aromatics
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Scheme 2: ortheHydr oxylation of Substituted Benzoates

ortho-Hydr oxylation of Substituted Benzamides

In the same yeghckermanns group (Ackermann et
al., 2012) showed a ruthenium-catalyzed site-
selective ortho-hydroxylation of substituted
benzamides (Scheme 3). Initiallythe ortho-
hydroxylation ofN,N-di(iso-propyl)-benzamide3g)
was tested with a combination BFAA/TFA in the
presence of various Ru complexes such as [RpCl
cymene)], [Ru(O,CMes),(p-cymene)], [Ry(OAc),

Cl] and [Ry(hp),Cl] and oxidants such as
Cu(OAc),H,0, AgOAc, Oxone, KS,O4 and
PhI(OAc),. The optimization studies revealed that
[Ru(O,CMes),(p-cymene)] was a best catalyst and
PhI(OAc), was a best oxidant for the reaction. In the
reaction,ortho-hydroxylated benzamidéa was
observed in 96% yield at 80°for 8 h.The present
methodology was also compatible with varioysN
di(iso-propyl)-substituted benzamides. Similarly
various electron-donating and electron-withdrawing

group substituted benzamides gave the correspondin
ortho-hydroxylated benzamides 4 in good to excellent

yields.Also, an inexpensive [RugtH,O)n] complex
served as an fifient catalyst for the reaction at
120°C.

To understand the reactivity of the reaction, the
competitive experiment between 4-fluoro (3p)d
4-methyl N,N-di(iso-propyl)-benzamide 3q) was

carried out (eg. 1). In the reactiamtho-hydroxylated
4-fluoro benzamide 4pvas observed in the better
yield compared withortho-hydroxylated 4-methyl
benzamidéq. Moreoveytheortho-hydroxylation of
deuterium labeled benzamifii®} .-3a highlighted that
a significant D/H exchange was observed abttt®o
position of benzamide (eq. 2Jhus, this study
indicated that thertho C-H bond activation is a
reversible process.

ortho-Hydr oxylation of Substituted Acetophe-
nones

Later, the same group reported a highly chemo- and
site-selectiveortho-hydroxylation of substituted
aromatic ketones (Thirunavukkarasu ae#lermann,
2012) (Scheme 5Whent-butyl acetophenonég)
was treated with TFAA in presence of
[Ru(O,CMes),(p-cymene)] (2.5 mol%) and
PhI(OAc),in TFA at 120°C for 22 hortho-hydroxy-

9—butylacetophenon6e) was observed in 85% vyield.

The catalytic reaction was examined with various Ru
catalysts such as [Ruf{GOMes),(p-cymene)],
[RuClL(p-cymene)], [Ru,(hp),Cl] and [Ru(OAc),

Cl] and oxidants such as oxone,<¥0,, PhI(TFA),
and PhI(OPiv). Among them, [Ru(QCMes),(p-
cymene)] catalyst and Phl(OA@xidant was suitable
conditions for the reaction. Next, the reaction was
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Scheme 3:.ortho-Hydroxylation of Substituted N,N-di(iso-propyl)-benzamides

Scheme 4: Competitive and deuterium labeling experiment

tested with benzophenortehj under similar reaction  having substituents such as®, Br, |, methyl and
conditions. In the reaction, a mixture ofono CF; at the ortho-para- and metgositions. In all
hydroxylated 6b and bis-hydroxylated 6b’ these reactions, the correspondimgtho-
benzophenones were observed in 28% and 57%hydroxylated aromatic ketonesvéere observed in
yields, respectivelyFurtherthe versatility of reaction  good to excellent yield¥he reaction was also tested
was tested with variousbutyl aromatic ketones with acetophenone5k). In the reactionprtho-
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Scheme 5:0rtho-Hydr oxylation of Substituted Acetophenones

ruthenium catalyst. It is important to note that the
present methodology was also compatible with
benzophenone, ethyl benzoate and benzamide in the
presence of Rh(OAgxatalyst.

hydroxy acetophenonék) was observed only in very
low 2% yield. In addition, hydroxylation was also
observed at methyl group of acetophengkien 4%
yield. Under the present reaction conditions, ofly t
butyl acetophenones and benzophenone worked very  The catalytic reaction involves coordination of
well compared with acetophenone. the carbonyl oxygen atom of acetophenone to Ru(ll)
species followed by thertho metalation &brds a
five-membered Ru(ll) intermediate. LatBu(ll) was

Recently Raos group (Rao et 312013) reported a  ©xidized into the possible Ru(lV) intermediate in the
regio- and chemoselective hydroxylation of aromatic Presence off FAA and oxidant.The final step
ketones by using Rh(OAg)or Ru(ll) catalysts involves the carbon-oxygen bond forming reductive
(Scheme 6)The practicality of this method was elimination at the orth€-H bond of acetophenone
proved by a gram-sca|e Synthesis of substituted 2-pr0viding the trifluoroacetated acetophenone and

acylphenols from substituted acetophenones. Ru(ll) species for the next catalytic cycléhe
trifluoroacetated product was further converted into

(2-Chlorophenyl) (phenyl) methano&{was  the hydroxylated acetophenones after the agueous
allowed to react with a mixture GfFAA/TFA in workup.

presence of Ru catalyst angO, or PhI(OAc}) to
give orthchydroxylated benzophenone &a75%
yield. The reaction was examined with various
substituted benzophenonedi¥ these reactions, the Later, Ackermanns group (Ackermann et al., 2013)
corresponding hydroxylated benzophenonesge disclosed theortho-hydroxylation of arylWeinreb
observed in good yield¥he catalytic reaction also amides under the mild reaction conditions by using
worked equally with the rhodium catalyst as like the Ru(ll) catalyst (Scheme 7)reatment oN-Methoxy-

ortho-Hydr oxylation of Aromatic Ketones

ortho-Hydr oxylation of Weinreb Amides
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Scheme 6:.0rtho-Hydr oxylation of Aromatic Ketones

N-methyl benzamide (9avith TFAA in presence of
[RuCl(p-cymene)] (2.5 mol%) and PhiI(OAg)1.0
mmol) in TFA at 50°C gaveortho-hydroxylated
benzamidelOain 84% yield (Scheme 6). Initially
the hydroxylation reaction was examined with various
oxidants such as J§,0,, Cu(OAc)Z-HZO, m-CPBA,

AgOAc and Phi(OAc) Among them, Phi(OAg)was
effective for the reactionThis methodology was
compatible with various substituted benzamides.
Also, the scope of the orthmydroxylation was also
shown with halogen group such as Cli,land CE
substituted benzamides. Latertho-hydroxylated

Scheme 7:ortho-Hydr oxylation of Weinreb Amides
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benzamides were converted into the correspondingeasily removed into 2-aminophendl4@ in the
ortho-hydroxylated aromatic aldehydes by LiAIH presence of NENH,H,O.

reduction. But, a similar type of hydroxylation _

reaction was not compatible with aromatic aldehydes©rtho-Hydroxylation of Aryl Carbamates

with a combination oT FAA/TFA in the presence of |, the same yeahckermanns group (Ackermann et

ruthenium catalyst and oxidant. al., 2013) reported a highly regioselective
Ru(ll)-catalyzedortho-hydroxylation of aryl
carbamates (Scheme Bhis methodology provided
Rao’s group (Raoet al., 2013) reported a an eficient method for the synthesis oftho-
ruthenium-catalyzedortho-hydroxylation of hydroxylated aryl carbamates under the mild reaction
substituted anilines having a removable directing conditions.To optimized the reaction, various Ru
group (CO-Ar) on the nitrogen moiety (Scheme 8). catalysts such as [R(CO),,], [Ru(O,CMes),(p-
The reaction of 2,6-difluorobenzoyl 4-chloro- cymene)], [RuCJ(PPh),], [RuCl,(H,O)] and
acetanilide 12a)with TFAA in presence of [RuQlp- [RuCl,(p-cymene)] were screenedamong them,
cymene)] (2.5 mol %), oxidant KS,0,4 (2.0 mmol) [RuClL(p-cymene)] was very efective catalyst for

in TFA gave a mixture of mono-tho-hydroxylated  the reactionAmong oxidants tested, PhI(AF, was
substituted aniline 13m 64% yield and bis-ortho  very eficient for the reactionwhen aryl carbamate
hydroxylated aniline derivative 13a’ in 27 % yield, 15a was reacted with PhI(j, in presence of
respectivelyIn the reaction, kKS,05 was a suitable  [RuCl,(p-cymene)]in 1,2-dichloroethane at 80 for
oxidant.The catalytic reaction worked very well with 3 h, the expected orthoydroxyl aryl carbamate 16a
various ortho-, meta-, angara- substituted aniline  was observed in 67% yield (Scheme)e catalytic
derivatives having substituents such as halideg, CF reaction was compatible with various substituted aryl
ester methyl and methoxy.ater the directing group  carbamates. In the present reaction, substituted
(CO-Ar) on the orthehydroxylated anilind2awas anisoles als@5i-k also reacted with PhI(H¥,, under

ortho-Hydr oxylation of SubstitutedAnilines

Scheme 8: ortheHydr oxylation of Aniline Derivatives
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Scheme 9ortho-Hydroxylation of Aryl Carbamates

similar reaction conditions yielding 4-hydroxy anisole mmol) in 1,2-dichloroethane at 1@for 24 h gave
derivativesl6i-k in good to excellent yields. ortho-benzoxylated acetanilidé9ain 72% yield
(Scheme 10). Initiallythe reaction was examined
ortho-Benzoxylation of SubstitutedAcetanilides with various oxidants such 4g,CO,, AgOAc,Ag,0,
Cu(OAc),, CsOAc, KOAc, KS,Og, PhI(OAc), and
(NH,),S,05 Among them, (NH),S,04 oxidant was
compatible for the reactiomhe present methodology
was widely applicable with electron donating as well
as electron withdrawing group substituted aromatic
acetanilides including OMe, Me, ClI, BF and

Several reports are disclosed for tbetho
hydroxylation of substituted aromatics. But, the
ortho-benzoxylation of substituted aromatics is less
focused in the literatur&his is mainly due to the
rapid complex formation of the carboxylic acids with

the metal complexeslo suppress the metal CO.Me. Wh q o ith th
carboxylate complex formation, carboxylate sources ~ =2 €. en S“% y was carre out wit _t N
substituted aromatic acids, only halogen substituted

such as benzoate iodonium salts, benzoyl chlorides; i id has Cl Brand E ked I
benzaldehydes and aromatic carboxylic anhydrides]‘:’lromﬁ1 ICacl S‘_SUC Nas ' hr an .worl € .vgry W?
are usedAlso, the known benzoxylation reaction is or the reaction. Next, the regioselectivity o

limited with 2-pyridyl, oxime and N#cetyl directing urr:lsyrrl:l)metr!cal gcetamhdeﬂ(?j_n-dp ;N:\;h h4-
group substituted aromatics. chlorobenzoic acid18a) was studied. 3-Methoxy

acetanilide {7n), 3-bromo acetanilidel{f o) and 3,4-
Very recently our group (Padala and dimethoxy acetanilidel(7p) underwentortho-

Jeganmohan, 2013) has reported a Ru(ll)-catalyzedbenzoxylation selectively at a less hindered C-H bond
highly regioselectiveortho-benzoxylation of  with 4-chlorobenzoic acid18a) under similar
acetanilides with aromatic acids (Scheme Tbe reaction conditions &rding ortho-benzoxylated
reaction of acetanilidel{a) with 4-chlorobenzoic  anilides 19n-p in good yields.
acid (183 in presence of [{RuG(p-cymene)}] (3.0
mol %),AgSbF; (15.0 mol %) and (NE),S,04 (2.0
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Scheme 10: orthdBenzoxylation of Acetanilides

ortho-Benzoxylation of NAlkyl Benzamides compatible with electron-donating, halogen and
d electron-withdrawing functional group substituted
aromatic acids and substituted benzamidédse
catalytic reaction was also examined with
substituted benzamides suclisaspropyl and benzyl
20k-I with 4-chloro benzoic acidl8ad).

Very recently we have reported (Padala an
Jeganmohan, 2014) a Ru(ll)-catalyzed highly
regioselectiveortho-benzoxylation ofN-alkyl
benzamides with aromatic acids (ScherheWhen
N-methyl 3,4-dimethoxy benzamid€(a) was
reacted with 4-chlorobenzoic acid ()8 the
presence of [{RuG{p-cymene)}] (4 mol%)AgSbF; The ortho C-H bond of benzoxylated-alkyl
(20 mol%) and (NH),S,04 (2.0 mmol) in 1,2-  benzamide1i-j were eficiently alkenylated with
dichloroethane (DCE) at 100C for 24 h,ortho- methyl acrylate (2Rin the presence of [{RuQlp-
benzoxylated benzamiddawas observed in 85% cymene)}] (5 mol %), KPF (20 mol %) and
yield (scheme 10). In this reaction also, (43,0, Cu(OAc),H,0 (2.0 mmol) in water solvent at 100
was a suitable oxidant for the reactidhe catalytic =~ °C for 24 h, yielding produc®&3a-bin 73% and 71%
reaction was highly regioselective; C-H activation yields, respectively (Schemé)l Subsequentythe
takes place selectively at a sterically less hinderedbenzoxyl moiety of benzamide 21gas converted
C-H bond of20a The coupling reaction was into the hydroxyl group, in which product 2-hydroxy-
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Scheme 1: ortho-Benzoxylation of N-Substituted Benzamides

Scheme 12ortho Alkenylation of N-Substituted Benzamides
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Scheme 13: Poposed mechanism

N-methyl benzamide2@da) was obtained in 92% yield 26. Coupling of benzoic acit8into the ruthenacycle
in the presence of NaOH base (Scheme 12). Further26 affords an intermediate 2Reductive elimination
ortho-benzoxylated benzamide 21m was converted of intermediate 2gives the final product 24nd Ru
into ortho-hydroxyl benzamide 24m 81% yield in (0) species. Later(NH,),S,0, oxidizes Ru(0) to
the presence of J$O, solution. active Ru(ll) specie®5in the presence of carboxylic

_ _ _ acid for the next catalytic cycle.
A possible reaction mechanism was proposed

for the present benzoxylation reaction in Scheme 13.ortho-Acetoxylation of Acetanilides with Acetic
AngF6 likely removes the chloride ligand from the Acid

[{RuCl,(p-cymene)}] complex, providing a cationic
ruthenium carboxylate complex .25oordination of
the carbonyl oxygen of the benzamige to the
cationic specie25followed by theortho-metalation
affords a five-membered metallacycle intermediate

In 2013, we have reported (Padala and Jeganmohan,
2013) a ruthenium-catalyzed orthcetoxylation of
acetanilides with acetic acid (Scheme T4g¢atment
of acetanilide (17pwith acetic acid (28in presence

Scheme 14: orthd\cetoxylation of Acetanilides



1010

Sandeep Pimparkar et al.

of [{RuCl,(p-cymene)}] (3.0 mol %) AgSbF; (15.0
mol %) and (NH),S,04 (2.0 mmol) in 1,2-
dichloroethane at 10 for 24 h gavertho-acetoxy
acetanilide29ain 56% yield. Similarly 4-methoxy
acetanilide 17b) affordedortho-acetoxy acetanilide
29bin 62% yield.

Conclusions

In this review we have discussed the recent
observations of a ruthenium-catalyzedho C-O
bond formation of substituted aromatics with oxygen
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