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Ruthenium-Catalyzed Oxidation of Alkenes, Alkynes, and Alcohols to
Organic Acids with Aqueous Hydrogen Peroxide
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Abstract: A protocol that adopts aque-
ous hydrogen peroxide as a terminal
oxidant and [(Mestacn)(CF;CO,),Ru'"-
(OH,)]CF;CO, (1; Mestacn=1,4,7-tri-

acid, the loading of 1 can be lowered
to 0.1 mol%. On the one-mole scale,
the oxidation of cyclohexene, cyclooc-
tene, and 1-octanol with 1 mol% of 1

yield), suberic acid (158 g, 91 % yield),
and 1-octanoic acid (129 g, 90 % yield),
respectively. The oxidative C=C bond-
cleavage reaction proceeded through

methyl-1,4,7-triazacyclononane) as a
catalyst for oxidation of alkenes, al-
kynes, and alcohols to organic acids in
over 80% yield is presented. For the
oxidation of cyclohexene to adipic

Introduction

The development of new processes for selective organic oxi-
dations with environmentally friendly oxidants has potential
practical applications in the synthesis of fine chemicals. De-
spite its importance, organic oxidations with molecular
oxygen or hydrogen peroxide are difficult to control and
usually result in mixtures of products. In the context of
metal-catalyzed organic oxidations with H,O, as a terminal
oxidant, there have been extensive studies on early transi-
tion metal catalysts.'! Recent papers by Noyori and co-
workers? highlighted the use of sodium tungstate for trans-
forming alkenes into carboxylic acids with H,O, as oxidant.
A notable feature of their work is that this one-pot reaction
can be applied to a 100-g scale for cycloalkene oxidation,
thus implying the feasibility of industrial/practical applica-
tions.

Ruthenium-catalyzed organic oxidations are well-docu-
mented for applications in organic synthesis.'**! In the last
few decades, a diverse range of structurally characterized
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85%  the formation of cis- and trans-diol in-
termediates, which were further oxi-
dized to carboxylic acids via C—C bond

alkenes -

cleavage.

oxoruthenium complexes were found to be highly reactive
and undergo C—H bond hydroxylation and alkene epoxida-
tion reactions.*”) Despite advances in the oxidation chemis-
try of oxoruthenium complexes,*” studies on ruthenium-
catalyzed organic oxidations with aqueous hydrogen perox-
ide as a terminal oxidant remain sparse. In the past ten
years, there were reports by various research groups on the
use of molecularly defined ruthenium catalysts for alkene
and alcohol oxidations with H,0,.®'% Recently, Beller and
co-workers® reported a protocol for ruthenium-catalyzed
alkene epoxidation in tert-amyl alcohol that employed hy-
drogen peroxide as oxidant. Previously, we reported that
[(Mestacn)(CF;CO,),Ru"(OH,)]CF;CO, (1; Mestacn=
1,4,7-trimethyl-1,4,7-triazacyclononane) is an active catalyst
for the oxidation of alkenes and alcohols by tert-butyl hy-
droperoxide (TBHP).""! We also reported the stoichiometric
alkene and alkyne oxidations by cis-[(Mestacn)-
(CF;CO,)Ru"'0,]ClO, to give cis-1,2-diols or dialdehydes in
aqueous medium, the latter arising from C—C bond cleava-
ge." Herein is a protocol for the oxidation of alkenes, al-
kynes, and alcohols, by using a slight excess of hydrogen per-
oxide as a terminal oxidant, to the corresponding carboxylic
acids in the presence of 1 (0.2-1 mol % ); complete reaction
was attained within a reasonable time span (4 h).

Results and Discussion

We previously reported that 1 is an active catalyst for the
oxidation of alkenes, alcohols, and alkanes by TBHP.'" A
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silica-gel-supported Ru-Me;tacn complex prepared by treat-
ing 1 with silica gel in absolute ethanol was found to be a
useful heterogeneous catalyst for organic oxidations.'*?
Herein, the catalytic activity of 1 toward organic oxidations
with aqueous hydrogen peroxide as a terminal oxidant is ex-
amined.

Oxidation of Alkenes

Aqueous H,0, (35%) was added slowly to a solution of cy-
clohexene (5 mmol) in aqueous fert-butanol (tBuOH/H,O =
2:1 v/v) in the presence of 1 (50 umol) at 60°C. Complete
substrate conversion was observed, with cis- and trans-1,2-
cyclohexanediol (30% and 68% yield, respectively) being
obtained (see Supporting Information). At room tempera-
ture, neither cis- nor trans-1,2-cyclohexanediol was formed,
and the starting cyclohexene was fully recovered.

Other cycloalkenes such as cyclooctene and cyclopentene
gave a mixture of cis- and trans-diols under the same reac-
tion conditions. Similar reaction of cyclooctene with H,O,
(1.2 equiv) gave cis-cyclooctane-1,2-diol and cyclooctene
oxide in 50% and 42% yield, respectively, based on com-
plete substrate conversion. For the oxidation of cyclopen-
tene, cis- and trans-cyclopentane-1,2-diol were obtained in
28 % and 57 % yield, respectively. These results are given in
the Supporting Information.

Abstract in Chinese:

FBEAAABTRIFAMA] [(Mestacn)(CF;CO,),Ru™(OH)ICF;CO, (1) LA
AEIE ~ RISHIBE S AR - IR 80% - BIRBRCMEMRC 1% - &1k
Bl 1B FIE AT MBS 0.1 mol% e FEEAT 1 mol%HyfE(E 1 H SR AZE] 1 mol
PRI - BROUS ~ BEGH 1-FRE AIE LR E T (85% > 124 g) ~ £
iz (91% - 158 ¢) 7l 1-3f% (90% > 129 g) o PRAH C=C RIS BAREIE
eSO IRNE- NS - Z RS - FRE— P S UER C-C 8 - Al -

International Advisory Board Member

Chi-Ming Che was born in 1957 and edu-
cated in Hong Kong. He is the Dr. Hui
Wai-Haan Chair of Chemistry at The
Univ. of Hong Kong, a member of the
Chinese Academy of Sciences, and a
Fellow of the World Innovation Founda-
tion and the Federation of Asian Chemi-
cal Societies. His current research interests
include metal-ligand multiple bonds,
metal-promoted organic transformations,
organometallic and inorganic photochem-
istry, electron-transfer reactions in biologi-
cal systems, luminescent materials, and
chemical biology of inorganic medicines.

“I would like to see Chemistry—An Asian Journal
become one of the best chemistry journals in the world,
comparable to the Journal of the American Chemical So-
ciety and Chemistry—A European Journal.”

As 1 is an effective catalyst for alkene epoxidation by
TBHP' and cis-[(Mestacn)(CF;CO,)Ru"'0,]CIO, can un-
dergo stoichiometric alkene dihydroxylation in fert-butanol/
H,0,[" the cis- and trans-diol products described above may
come from two or more reaction pathways. A possible path-
way for the trans-diol products is the ring opening of the ep-
oxide intermediates. We found that when the oxidation of
cyclohexene was conducted under reflux conditions for 4 h,
adipic acid was isolated in 88% yield; neither the cis- nor
the trans-diol was detected based on 'H NMR spectroscopic
analysis of the crude reaction mixture (Table 1, entry 2).

When 0.1 mol % catalyst was used, a longer reaction time
of 12 h was required for complete reaction, and 2-cyclohex-
en-1-one and 2-cyclohexen-1-ol were obtained as side prod-
ucts. With 1 mol% of catalyst 1, other cycloalkenes were
oxidized to the corresponding dicarboxylic acids in >85%
yield (Table 1, entries 1-7). For the acyclic aliphatic terminal
alkenes (Table 1, entries8 and9), oxidative C=C bond

Table 1. Oxidation of alkenes by aqueous H,O, catalyzed by 1.1Y

Entry Alkene Conversion Product Yield
[%] (o]
1 100 HOC -~ _-COH 85
2[c,d] 100 HO2C\/\/\CO2H 88
3 100 HOC._~_~_COH g5
4 100 HO.C A COH 93

100 Ho,e A" con 9

HO,C CO,H
100 95

w% %5{3&%@@@@

6
Me
7 100 HO,C_ A~ 85
CO,H
8 100 ST CoH 93
9 100 S -COH 90
100 coHE 100 CoHsCO,H 80
119 m-CICH,CH=CH, 100 m-CIC¢H,CO,H 80
fe.1] —
12 Cat 100 CeHsCO,H 82
130 CHe  CeHs 100 CeHsCOH 78

[a] 2.5 mL (25 mmol) of aqueous H,0O, was used. [b] Yield of isolated prod-
uct. [c] Adipic acid was obtained in 35% yield when distilled water (9 mL)
was used as solvent; the low product yield is probably due to the high volatil-
ity of cyclohexene under reflux conditions. With 0.5 mol% 1: adipic acid
(76 %), 2-cyclohexen-1-one (8 % ), 2-cyclohexen-1-ol (8 %); with 0.1 mol% 1:
adipic acid (60%), 2-cyclohexen-1-one (15%), 2-cyclohexen-1-ol (15%).
[d] With 1 mol substrate, introduction of H,0, took 6 h for completion, and
the reaction mixture was further heated at reflux for 6h. [e]17.5%
(25 mmol) aqueous H,0, was added over 12 h and the reaction was further
heated at reflux for 1 h. [f] Benzaldehyde was detected in 5-15% yield with
GC.
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cleavage to the corresponding carboxylic acids (>90%
yield) was observed.

For styrene oxidation under the typical reaction condi-
tions, that is, styrene (5 mmol), 1 (1 mol%), H,0O, (35%,
slowly added over 3 h with a syringe pump), and aqueous
tert-butanol (fBuOH/H,0=2:1 v/v, reflux, 4 h), benzalde-
hyde (53%) and benzoic acid (45%) were obtained. When
a dilute hydrogen peroxide solution (17.5% v/v) was em-
ployed, and its introduction was extended to 12 h, benzoic
acid was obtained in 80% yield (Table 1, entry 10). By this
protocol, other aryl alkenes underwent similar oxidative
C=C bond cleavage to give the corresponding organic acids
in >78% yield.

It is likely that the oxidation of alkenes to carboxylic
acids with the 14+ H,0, protocol would proceed via the for-
mation of alcohol intermediates. In support of this postula-
tion, 1 was found to be an effective catalyst for the oxida-
tion of alcohols, including the aliphatic ones (Table 3, en-
tries 3-6), to the corresponding carboxylic acids. cis-Cyclo-
octane-1,2-diol and trans-cyclohexane-1,2-diol were oxidized
by the 14+H,0, (3.3equiv) protocol (Table3, entries1
and 2) to the corresponding dicarboxylic acids in >96%
yield, and no 1,2-diketones were detected at the end of the
reaction. When the reaction was performed with cyclohex-
ane-1,2-dione as substrate, no substrate conversion was ob-
served, and all the starting diketone was recovered.

Oxidation of Alkynes

It is known that ruthenium trichloride and ruthenium
nanoparticles!"” are efficient catalysts for the oxidation of al-
kynes by NalO,. We previously reported that alkynes can be
stoichiometrically oxidized by cis-[(Mestacn)-
(CF;CO,)Ru"'0,]ClO, to 1,2-diketones.!” Herein we found
that alkynes can be oxidatively cleaved to carboxylic acids
with the 1+ H,O, protocol.

Treatment of 1-phenyl-1-propyne (5 mmol) with aqueous
H,0, (35%, 20 mmol) and 1 (50 umol) in aqueous terz-buta-
nol (9 mL, tBuOH/H,0=2:1 v/v) at reflux afforded benzoic
acid in 83 % yield, with 100 % substrate conversion (Table 2,
entry 1). No 1,2-diketone was detected. Similarly, 4-ethynyl-
toluene was oxidized to give 4-methylbenzoic acid in 88 %
yield (Table 2, entry 2).

Terminal alkynes such as 4-ethynyltoluene, 1-hexyne, 1-
octyne, and 4-methylpentyne (Table 2, entries 2-5) under-
went similar oxidative-cleavage reactions to give the corre-
sponding carboxylic acids as a single product (75-88%
yield) with 100 % substrate conversion.

When (2-nitro)-1-phenyl-1-propyne was used as substrate
(Table 2, entry 6), only 23% substrate conversion was ob-
tained with 89% product yield. Similarly, oxidation of 4-
octyne to butanoic acid proceeded with 89 % product yield
but only 36 % substrate conversion (Table 2, entry 7).

It was reported that the formation of [3+42] cycload-
ducts!™ took place in the reaction between alkynes and cis-
[(Mestacn)(CF;CO,)Ru"'0,]CIO,. However, we did not ob-
serve the corresponding [3+2] cycloadduct in the catalytic
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Table 2. Oxidation of alkynes by aqueous H,O, catalyzed by 1.1

Entry Alkyne Conversion Product Yield
[%] (%]

1 CeHs—=="CHs 100 CeHsCO,H 83

2 m-MeCeHi——"H 100 m-CICgH,CO,H 88

3 SN 100 o -COH 75

P NG N
4 i 1 COH 80
5 )\/\\ 100 )vCOzH 78

o

=z i
‘
=
©

n

COLH
. "
o NO,

7 SN 36 _~_-CO,H 89

[a] Reaction conditions: 1 (1 mol%) was added to a mixture of tert-buta-
nol (6 mL) and distilled water (3 mL) containing substrate (5 mmol). The
reaction mixture was heated at reflux, during which aqueous H,O,
(2.0 mL, 20 mmol) was added over 3 h. The reaction mixture was then
stirred for a further 1 h, and the product was purified by column chroma-
tography. [b] Yield of isolated product.

oxidation of alkyne with 1 as a catalyst (1 mol %) and aque-
ous H,0, as a terminal oxidant by ESI-MS analysis of the
reaction mixture, and no 1,2-diketone was detected. Further-
more, a control experiment with cyclohexane-1,2-dione as
substrate revealed no substrate conversion. Although the
mechanism underlying the catalytic alkyne oxidations re-
quires further investigation, the formation of reactive oxoru-
thenium species from the 1+H,0, protocol under reflux
conditions is plausible.

Oxidation of Alcohols and Aldehydes

Previous studies revealed that primary alcohols are poor
substrates for the 1-catalyzed organic oxidations with
TBHP.!"! Herein, when 1-hexanol was employed as sub-
strate (Table 3, entry 3), 100 % substrate conversion was ob-
tained when a slight excess of hydrogen peroxide (2.2 equiv)
was used, and hexanoic acid was isolated in 95 % yield.

Other aliphatic and benzylic alcohols such as 1-heptanol,
1-octanol, 1,6-hexanediol, and benzyl alcohol could also be
oxidized to the corresponding carboxylic acids in >92%
yield (Table 3, entries 4-7). For oxidation of benzyl alcohol,
a longer reaction time was needed to obtain full substrate
conversion (the introduction of H,0, (17.5%) took 12 h for
completion; see Experimental Section). Oxidation of hydro-
benzoin and 1-phenylethanol (Table 3, entries9 and 10)
gave benzoic acid and acetophenone in 93% and 98%
yield, respectively.

Although the 1+ H,0O, protocol successfully converted al-
cohols into carboxylic acids in good yields and selectivities,
studies of the reaction mixture with ESI-MS revealed the
presence of a single molecular ion cluster peak attributed to
1 (m/z=516), and no other ruthenium species was identi-
fied.

As for aldehydes, benzaldehyde was fully converted into
benzoic acid in 94 % yield (Table 4, entry 1). Aliphatic alde-
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Table 3. Oxidation of alcohols by aqueous H,O, catalyzed by 1.

Entry  Alcohol Conversion  Product Yield
[%] (o]
OH
101 Q 100 HOQC\/Q\}A\/COM 97
OH
OH
20 O/ 100 HOLC ™ con 96

“OH

39 M oH 100
49 T on 100

\/\/\COZH 95

o COH 96

s HToH 100 ] coH 9

g HO HOH 100 HOC A% COH gy

Fleeel  CoHY “OH 100 CeH:CO,H 93

81 mFCH.CH,OH 100 m-FCeH,CO.H 83
HO_ OH

[b.f.¢]
9 ol o, 100 CeHsCOH 93
OH o

10l 100 98!

CGHs)\ CsH5ﬂ\

[a] Yield of isolated product. [b] 1.7 mL (17 mmol) of aqueous H,O, was
added. [c] 1.1 mL (11 mmol) of aqueous H,O, was added. [d] 2.2 mL
(22 mmol) of aqueous H,0, was added. [e] At 60°C, 20% substrate con-
version was detected. [f] 5-8% benzaldehyde was detected with GC.
[g] 17.5% (11 mmol) aqueous H,0, was added over 12 h and the reaction
was further heated at reflux for 1 h. [h] Determined with GC.

hydes such as 1-hexanal and 1-heptanal could also be oxi-
dized by the 1+4+H,0, protocol to give the corresponding
acids in up to 87% yield and with 100 % substrate conver-
sion (Table 4, entries 2 and 3).

For the 1-catalyzed alkene and alcohol oxidations, only a
trace amount of aldehyde was observed by GC and
"H NMR spectroscopic analysis. It is likely that the alcohol
was first oxidized to aldehyde, which was then further oxi-
dized to the corresponding acid. At 298 K, the second-order
rate constants for the oxidation of benzyl alcohol and ben-
zaldehyde by cis-[(Tet-Meg)Ru"'0,](ClO,), (Tet-Meg=
N,N,N', N'-tetramethyl-3,6-dimethyl-3,6-diazaoctane-1,8-di-
amine) are 1.6x1072 and 1.4 dm*mol's™[™¥ respectively.
These rate constants reveal that oxidation of aldehyde to

Table 4. Oxidation of aldehydes by aqueous H,O, catalyzed by 1.1

Entry Aldehyde Conversion Product Yield
[%] (21"
CHO
1 ©/ 100 CeHsCO,H 94

2 \/\/\CHO 100 \/\/\COZH 85

S -COH g7

[a] Reaction conditions: 1 (1 mol%) was added to a mixture of ferr-buta-
nol (6 mL) and distilled water (3 mL) containing substrate (5 mmol). The
reaction mixture was heated at reflux, during which aqueous H,O,
(0.6 mL, 6 mmol) was added over 3 h. The reaction mixture was then stir-
red for a further 1 h, and the product was purified by column chromatog-
raphy. [b] Yield of isolated product.
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carboxylic acid proceeds much faster than oxidation of alco-
hol to aldehyde by the Ru=0O complexes. For the oxidation
of 1-heptanol, introduction of H,O, (1.1 equiv) led to 50%
substrate conversion, and heptanoic acid was detected exclu-
sively.

Scaled-Up Reactions

In the literature, most reported metal-catalyzed organic oxi-
dations with hydrogen peroxide as a terminal oxidant were
conducted on a millimole scale.*'¥) The recent tungstate-
catalyzed cyclohexene oxidations by H,O, reported by
Noyori and co-workers®? could be carried out on a 1-mol
scale with 1 mol % catalyst in a one-pot process. We exam-
ined the feasibility of scaling up the 14+H,0, oxidation with
1 mol of substrate. In the presence of 1 (6.29 g, 0.01 mol)
and cyclohexene (82.15¢g, 1mol)/cyclooctene (110.2 g,
1 mol), dropwise introduction of aqueous hydrogen peroxide
gave a yellow reaction mixture, the process of which took
6 h for completion. During the reaction, the color changed
from vyellow to purple, indicating the formation of
[(Mestacn),Ru™,(u-0)(u-CF;CO,),* .7 After the reaction
mixture was heated at reflux for another 6 h, adipic acid
(124 g; Scheme 1)/suberic acid (158 g) was obtained in 85%
and 91 % yield, respectively. At a lower catalyst loading
(0.2 mol %), the oxidation of cyclohexene on a 1-mol scale
took a longer time (12 h) for complete introduction of aque-
ous hydrogen peroxide, and the reaction mixture was heated
at reflux for a further 8 h. Adipic acid was obtained in 70 %
yield (102 g), and allylic oxidation products such as 2-cyclo-
hexen-1-one and 2-cyclohexen-1-ol were obtained in 12%
and 13 % yield, respectively.

QR
+ 1
tBuOH, H,0O

HO.C ~ 0o,

OH OH
CC-(x
OH “OH
H0,

{BUOH, H,0

Scheme 1. Production of adipic acid with the 1+ H,O, protocol.

The scaled-up protocol is also applicable to the oxidation
of alcohols. As an example, when aqueous hydrogen perox-
ide (2.2 mol) was added to a reaction mixture containing 1
(6.29 g, 0.01 mol) and 1-octanol (130.2 g, 1 mol), and the
mixture heated at reflux for another 6 h, 1-octanoic acid was
obtained in 90 % yield (129 g).

General Remarks

Oxidative-cleavage reactions of C=C and C=C bonds with
aqueous hydrogen peroxide as a terminal oxidant are re-
ported in the literature." Diols are usually proposed as re-
action intermediates, which undergo Baeyer—Villiger oxida-
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tion to give cleavage products. By employing the same cata-
lyst loading (1 mol%) and amount of hydrogen peroxide
(4.4 equiv) as that of the Na,WO,-catalyzed alkene oxida-
tions, 1-catalyzed oxidation of cyclohexene gave similar re-
sults. When 1 mol cyclohexene was employed as substrate,
the reaction took 12 h for completion, and adipic acid was
obtained in 85% yield. It was reported that the Na,WO,-
catalyzed oxidation of cyclooctene and 1-octene by aqueous
H,O, gave the corresponding acids in 9% and 36 % yield,
respectively. For the similar 1-catalyzed oxidation of cyclo-
octene and 1-octene, we obtained suberic acid and heptanoic
acid in 93% and 90 % yield, respectively. In previous work
by Noyori and co-workers,” phenanthrene was oxidized to
2,2"-biphenyldicarboxylic acid in 41% yield by the
Na,WO,+H,0, protocol. However, we did not observe any
substrate conversion in the oxidation of phenanthrene,
p-xylene, and toluene with the 14 H,O, protocol. Recently,
we reported that cis-[(Mestacn)(CF,CO,)Ru"'0,]CIO, un-
derwent [3+2] cycloaddition with alkenes to give the corre-
sponding Ru™ cycloadducts, further hydrolysis of which
gave diol products with concomitant formation of
[(Mestacn),Ru™,(u-O)(u-CF;CO,),](C10,),.l" Herein, when
cyclooctene was employed as substrate (either at 60°C or
reflux), slow introduction of H,0, into the reaction mixture
containing cyclooctene and 1 in aqueous tert-butanol gave a
yellow solution. This yellow solution displayed a distinct
UV/Vis absorption peak at A,,,, (CH,Cl,) =390 nm. A single
molecular cluster peak at m/z=529 [M]*, formulated as
[(Me;tacn)(CF;CO,)Ru™O(H)CH(CH,)HCO]*,™ was ob-
served in the ESI-MS spectrum. Upon introduction of satu-
rated aqueous NaClO, (2 mL) to the reaction mixture after
complete substrate consumption, [(Mestacn),Ru™,(u-O)(p-
CF;C0,),](Cl0,), was obtained in 10% yield. The residual
yellow solution was analyzed with ESI-MS, which revealed a
single prominent ion cluster peak at m/z =516 that matches
the formulation of 1. A similar observation was noted for
the 1-catalyzed oxidation of cyclohexene (4., (CH,Cl)=
396 nm, m/z=>501). If the oxidation was conducted at 60°C,
a mixture of cis- and trans-diol plus some allylic oxidation
products (2-cyclohexen-1-ol and 2-cyclohexen-1-one) were
obtained. We propose that the reaction between 1 and H,O,
gives one or more oxidizing intermediates, presumably via
Ru=0 species, which further undergoes cycloaddition with
alkenes.

Based on these observations, we suggest that the 1-cata-
lyzed oxidation of alkenes by H,O, proceeds through the
formation of diols as intermediates. The 1-catalyzed H,O,
oxidation of alkene to carboxylic acid is analogous to the
tungstate-catalyzed oxidation of cyclohexene;? the latter
was proposed to proceed through multiple steps, which in-
clude diols and a-hydroxy ketone intermediates, followed by
a subsequent Baeyer—Villiger oxidation.”!

The reaction of 1 with H,O, in the absence of organic
substrates was monitored by ESI-MS and UV/Vis spectral
analysis. From an aqueous solution of tert-butanol (9 mL,
tBuOH/H,0=2:1 v/v) containing 1 (0.01 mmol) and H,O,
(4.4 mmol) at reflux/60°C, aliquots of the reaction mixture
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were taken for analysis. According to the ESI-MS analysis,
molecular cluster peaks at m/z=516 ([(Mestacn)-
(CF,CO,),Ru™(OH,)]*) and m/z=899 ({[(Mestacn),Ru"™,
(1-O)(u-CF5CO,),](CF5CO,)} ") were detected. No ion clus-
ter peak (m/z=417) corresponding to [(Mestacn)-
(CF;CO,)RuO,]* was observed. According to previous
work,l”? [(Mestacn)(CF5CO,)Ru"'0,]* shows a strong ab-
sorption peak at 320 nm; however, in the present case, only
weak absorption peaks at 261 and 545 nm attributed to
[(Mestacn),Ru"™,(u-O)(u-CF;CO,),]** were found in the
UV/Vis spectrum of the reaction mixture. We determined
the second-order rate constants for the reaction of
[(Mestacn)(CF5CO,)Ru"'0,]* with cyclohexene and cyclo-
octene to be 233 and 872 dm’mol 's™!, respectively. It is
likely that any cis-[(Mestacn)(CF;CO,)Ru"'0,]* formed in
the reaction mixture would rapidly react with C=C bonds,
rendering its detection difficult.

In the absence of organic substrates at 60 °C/reflux with 1
(10 pmol), H,O, (35%, 4.4 mmol), and aqueous tert-butanol
(9 mL, rBuOH/H,0=2:1 v/v), no oxygen gas was evolved
over the 3-h process of adding H,O,. This is in contrast to
the reported ruthenium trichloride that spontaneously de-
composes H,0, even at room temperature.’” Notably, no
oxygen was evolved in the reaction of catalytic/stoichiomet-
ric amounts of cis-[(Mestacn)(CF;CO,)Ru"'0,]CIO, with
H,0,.

Conclusions

In summary, an environmentally friendly protocol has been
developed for catalytic oxidation of alkenes, alkynes, and al-
cohols to give the corresponding carboxylic acids. In the lit-
erature, the reported ruthenium-catalyzed organic oxida-
tions with hydrogen peroxide as a terminal oxidant require
a ruthenium catalyst loading of up to 5mol %" and up to
15 equivalents of hydrogen peroxide.®™ Herein, only
1 mol % of catalyst 1 and a nearly stoichiometric amount of
hydrogen peroxide (10% excess) were used. Our prelimina-
ry results showed that under aerobic conditions, treatment
of cycloheptene (5 mmol) with 1 (1 mol%) in aqueous fert-
butanol (9 mL) for 14 h gave cis- and trans-1,2-cyclohep-
tanediol in 31% and 65% yield, respectively, with 13%
alkene consumption. Our effort to develop an efficient pro-
tocol for ruthenium-catalyzed organic oxidations with air as
a terminal oxidant is in progress.

Experimental Section

All solvents and substrates were purified by standard procedures, 1 was
prepared according to the method in the literature,'' and characteriza-
tion of organic products was referenced to authentic samples. Dropwise
introduction of aqueous hydrogen peroxide was carried out with a sy-
ringe pump.
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General Procedure

1 (1 mol%) was added to a mixture of tert-butanol (6 mL) and distilled
water (3 mL) containing substrate (5 mmol). Aqueous H,O, was then
added to the reaction mixture at reflux over 3 h. For oxidation of aromat-
ic substrates, H,O, (17.5%) was added dropwise over 12 h, and the reac-
tion mixture was stirred for another 1h. The reaction mixture was first
cooled in an ice/salt bath, and all the unreacted H,O, was removed by
adding saturated aqueous sodium bisulfite (3 mL). After the internal
standard (1,4-dichlorobenzene) was added, the products were extracted
with diethyl ether (5x20mL), and the combined extracts were dried
over anhydrous MgSO, and filtered. The aliquots were taken for product
identification and quantification with GC or NMR spectroscopic analysis.

For reactions on the 1-mol scale, 1 (0.01 mol) was added to a mixture of
tert-butanol (1200 mL) and distilled water (600 mL) containing substrate
(1 mol). Aqueous H,O, (500 mL) was then added to the reaction mixture
at reflux over 6 h, and the reaction mixture was stirred for another 6 h.
The unreacted H,O, was removed by adding saturated aqueous sodium
bisulfite (100 mL). fert-Butanol was recycled by simple distillation at
83°C, and water was further distilled off to give a viscous layer contain-
ing residual solvent and crude product. The product was extracted with
diethyl ether (5x200 mL), and the combined extracts were dried over an-
hydrous MgSO, and filtered. The ethereal layer was evaporated to dry-
ness by a rotary evaporator to give the corresponding carboxylic acid
products (Scheme 1).
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