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Abstract

The complex [Ru™(Me,tacn)(OH ,),(CF,CO,)XCF;CO,), (Mestacn = 1,4,7-trimethyl-1,4,7-triazacyclononane, CF;CO,
= trifluoroacetate) is an effective catalyst for the oxidation of organic substrates by tert-butylhydroperoxide. It exhibits high
activity and selectivity for alkene epoxidation under mild conditions. A heterolytic O-O cleavage mechanism and an
alkylperoxoruthenium(VI) active intermediate are suggested for the catalytic alkene epoxidation.
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1. Introduction

The design of new metal catalysts for selec-
tive oxidations of organic molecules is an area
of considerable interest in homogenous molecu-
lar catalysis [1]. The combined features of eco-
nomics, selectivity, and safety make tert-butyl-
hydroperoxide (TBHP) as one of the best sources
of oxygen atoms for organic oxygenations [2].
Recent advances in the peroxide oxidations in-
clude the epoxidation of alkenes and asymmet-
ric epoxidation of allylic alcohols catalysed by
CH;ReO, and Ti(O-i-propyl),, respectively
[3.4]. In biological systems, fatty acid hydro-
peroxides are common in living organisms and
may participate in biological oxidations [5].
Thus, a study of the metal ion mediated hydro-
peroxide oxidation reactions may provide in-
sight towards the reactions that occur in biologi-
cal systems.

" Corresponding author.

Previous studies showed that oxoruthenium
complexes are versatile oxidants [6-10]. Groves
and Quinn first underlined the use of a sterically
bulky ruthenium(I) porphyrin which catalyses
aerobic oxidation of alkenes with high stere-
ospecificity at room temperature [10]. However,
the low turnovers impede its use to be an effec-
tive oxidation catalyst. Thus the search for
ruthenium complexes for hydrocarbon oxida-
tions using inexpensive co-oxidants like H,0,,
TBHP and dioxygen still remain a challenge in
the area. Recently, Drago and coworkers
demonstrated that the sterically bulky cis-
[Ru'(2,9-Me, phen),(OH,),I** complex (2.,9-
Me, phen = 2,9-dimethyl-phenanthroline) could
mediate alkene epoxidation by dioxygen and
alkane hydroxylation by hydrogen peroxide [8].
Surprisingly, the use of TBHP in conjunction
with ruthenium catalysts for alkene epoxidations
has met with limited success by far and the low
yields as well as poor selectivities of the organic
epoxides so obtained could be reasoned by the
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predominant homolytic autooxidation pathway
[11,12]. Herein is described the catalytic activi-
ties of [Ru(Me,tacn)(OH,),(CF,CO,)]-
(CF,C0,), (Mejtacn = 1,4,7-trimethyl-1,4,7-
triazacyclononane), which has been shown to be
an effective catalyst for selective epoxidation of
alkenes by TBHP.

2. Experimental
2.1. Materials

The complex [Ru(Me,tacn)Cl,] was synthe-
sized according to the published procedure [13].
tert-Butylhydroperoxide (about 80% in di-tert-
butylperoxide) was purchased from Merck and
was used as-received. The concentration was
determined by iodometric titration. Distilled wa-
ter was distilled twice from KMnO,. All other
solvents and reagents used in syntheses were
analytical grade.

2.1.1. [Ru(Me;tacn)(OH,),(CF;CO,)]-
(CF;C0,), 1

A mixture of [Ru(Me,tacn)C1,1(0.2 g, 1 eq.)
and Ag(CF,CO,) (045 g, 3.3 eq.) in CF;CO,H
(25 ml 0.2 M) was refluxed for 1 h. The AgCl
thus formed was hot-filtered to give a pale red
filtrate. The volume of the filtrate was reduced
by slow evaporation. A pale yellow microcrys-
talline solid was precipitated (ca. 10 ml). Com-
plex 1 was collected on a frit and then dried in
vacuo (yield ca. 70%). Elemental analysis: Calc.
for RuC sH,N;O.F,: C, 27.83; H, 3.89; N,
6.49; Found: C, 27.67; H, 3.58; N, 6.35. UV-
vis. [0.2 M CF,CO,H, A, /nm (€, /mol~'
dm? cm™1]): 286 (1500).

2.1.2. cis-[Ru(Me tacn)O,(CF;C0,)ICIO, 2-
Clo,

To an ice cooled solution of 1 (0.10 g) in
CF,CO,H (ca. 10 ml, 0.2 M), a saturated solu-
tion of (NH,),[Ce(NO;),] (1 g in 2 ml water)
was added. The solution gradually changed to
pale green. Addition of a saturated solution of
NaClO, to this pale green solution induced the
precipitation of 2 as a pale green microcrys-

talline solid, which was collected on a frit and
air dried (yield ca. 55%). Elemental analysis:
Calc. for RuC,;H,;N;0,CIF;: C, 25.56; H,
4.10; N, 8.13; Found: C, 25.86, H, 4.01; N,
821. UV-vis. [02M CF,CO,H, A, /nm
(€,,,/mol ' dm?® cm™")]: 329 (2400), 675 (50).

Caution: Complex 2 was isolated as a per-
chlorate salt, which is potentially explosive and
should be handled in small amounts.

2.2. Physical measurements and instrumenta-
tion

UV-vis. absorption spectra were recorded on
a Milton Roy (Spectronic 3000 Array) Diode
array spectrophotometer. IR spectra were ob-
tained on a Nicolet model 20 FXT FT-IR spec-
trophotometer as nujol-mulls (4000400 cm ™ ").
'"H-NMR spectra were run on a JEOL mode] FX
270 Q spectrometer.

2.3. General procedure for tert-butylhydro-
peroxide oxidation of hydrocarbons

In a typical run, a mixture of organic sub-
strate (1 mmol) and TBHP (1 mmol) in
dichloromethane (10 cm®) was stirred at 25°C.
Complex 1 or 2 (0.01 mmol) was added to the
mixture which was subsequently stirred for 8 to
12 h. A blank containing the same amount of
solvent, substrate and TBHP but without the
metal catalyst was simultaneously stirred under
identical conditions. After addition of internal
standard, the aliquot was taken for quantifica-
tion with GLC or NMR analysis. Gas chromato-
graphic analyses were conducted by using a
Hewlett—Packard 5890 series II with flame ioni-
sation detector and a HP-17 column (cross-lin-
ked 50% PhMe Silicone, 0.2 pm film thick-
ness). High purity grade nitrogen was used as
carrier gas. Component identification was estab-
lished by comparing the retention time with the
authentic samples as well as gas chromato-
graphic mass spectral analysis. Quantification of
individual gas chromatographic components was
performed by an internal standard method em-
ploying a Hewlett—Packard 3396 series II elec-
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tronic integrator. The yields of the catalytic
oxidations were calculated based on the amount
of substrate used.

3. Results and discussion

The synthesis of the complex
[Ru(Me,tacn)(OH ,),(CF,CO,))(CF;CO,), (1)
was achieved by reacting [Ru(Me,tacn)Cl,] with
3 eq. of Ag(CF,CO,) in 0.2 M trifluoroacetic
acid. It was isolated as a pale yellow solid in a
high yield.

Our previous work revealed that the Ru(II)
complexes, cis-[Ru"(6,6'-Cl,bpy),(OH,),I**
(6,6'-Cl,bpy = 6,6'-dichloro-2, 2'-bipyridine)
[11] and [Ru(terpy)(6,6'-Cl,bpy)(H,0)]**
(terpy = 2,2":6',2"-terpyridine) [12], are able to
catalyse oxidation of alkenes by TBHP. Unfor-
tunately, the organic epoxides were obtained in
a relatively low yield and significant loss of
stereochemistry with respect to the starting
alkene had been observed in some cases. These
were attributed to the radical-chain reaction(s)
arising from the homolytic cleavage of the O-O
bond (Eq. (1))

Ru" + t-BuOOH — Ru-OH + t-BuO -
t-BuO - + t-BuOOH — t-BuOH + t-BuOO -

(1)

Recently, the cis-[Ru(Me tacn)-
0,(CF;C0,)ICIO, complex has been prepared
by Ce!" oxidation of 1. It has been shown to be
a versatile oxidant for organic oxidations. Some
of its reactions with organic molecules in the
presence of TBHP have also been communi-
cated [14]. In this work, we find that alkene
epoxidation and ketonization of methylene with
TBHP catalysed by 1 exhibit high product yields
and selectivities. The results based on the cata-
lyst /oxidant /substrate ratio of 1,/100/100 are
summarized in Table 1.

Norbornene was oxidized to exo-norbornene
oxide exclusively without the formation of
endo-epoxide, cyclohexene carboxaldehyde or
norcamphor. With cyclohexene, epoxidation

prevailed over allylic oxidation and cyclohexene
oxide was the major product. For the oxidation
of styrene, styrene oxide was the predominant
product though a minor formation of benzal-
dehyde has also been found. The turnover num-
ber for styrene oxide could be over 900 using
the catalyst/oxidant/substrate ratio of
1 /1000 /1000 and when this ratio increased to
1/8000 /8000, the turnover number increased
to well over 6000 after 300 h. The results are
summarized in Table 2. Such a high turnover
number is remarkable. Recently, Traylor et al.
also reported the hemin system to be an effec-
tive catalyst for the epoxidation of norbornene
by TBHP. However, using this system, a signif-
icant loss of stereochemistry was still observed
in the epoxidation of cis-B-methylstyrene [15].
In this work, however, epoxidation of cis-B-
methylstyrene, cis-stilbene, trans-B-methyl-
styrene and trans-stilbene were found to give
the corresponding epoxides in high yields and
with high stereoselectivity (entries 3—6 in Table
1. In all cases, benzaldehyde, which is one of
the C=C bond cleavage products, was detected
in a minor amount. The yields of the organic
epoxides as well as their stereoselectivity are
not affected by the presence of the radical scav-
enger, 2,6-di-tert-butyl-4-methylphenol. These
findings cannot be reconciled with the ho-
molytic cleavage of the O-O bond. This is
because reaction of cis-alkene with tert-butyl-
peroxy radical would give the t-BuOOCHR-
CHR' - intermediate which undergoes C—C bond
rotation before expulsion of t-BuO - [16] (Eq.

).

BuOO
BuOO* + / \ >
K R g R
BuOO R 0 R
C-C bond > / - Bu0O* /N
e i _
rotation R R

2

In the reaction with limonene, the 1,2-epoxide
arising from the epoxidation at the more elec-
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Table 1
Oxidation of various organic substrates (1 mmol) by TBHP (1 mmol) in dichloromethane (10 ml) and in the presence of 1 (0.01 mmol) at
25°C
Entry Substrate Product(s) Yield (%) * Turnover °
1 Styrene Styrene oxide 78 88
Benzaldehyde 7
Phenylacetylaldehyde 3
2 Styrene © Styrene oxide 79 88
Benzaldehyde 6
Phenylacetylaldehyde 3
3 trans-Stilbene trans-Stilbene oxide 54 62
Benzaldehyde 8
4 cis-Stilbene cis-Stilbene oxide 60 68
trans-Stilbene oxide 35
Benzaldehyde 4
5 trans-B-Methylstyrene trans-B3-Methylstyrene oxide 55 67
Benzaldehyde 12
6 cis-B-Methylstyrene cis-B-Methylstyrene oxide 70 77
trans-B-Methylstyrene oxide 3
Benzaldehyde 4
7 Norbornene exo0-2,3-Epoxynorbornane 72 72
8 Cyclooctene Cyclooctene oxide 90 90
9 Cyclohexene Cyclohexene oxide 85 88
Cyclohexen-2-ol 3
10 (+)-Limonene cis-1,2-Limonene oxide 39 71
trans-1,2-Limonene oxide 15.5
8,9-Limonene oxide 16
11 Cyclohexane ¢ Cyclohexanone 0.25 mmol 73 (ky /kp = 4.5)
Cyclohexanol 0.23 mmol
12 Cyclohexane © Cyclohexanone 0.28 mmol 78
Cyclohexanol 0.22 mmol

Reaction time 8 h.

a

c

Based on the amount of substrate used.
® Based on the ratio of mol of oxidised products formed to mol of metal catalyst used.
2,6-di-tert-butyl-4-methylphenol (50 mg) was added.

® Reaction condition: cyclohexane (2 g), TBHP (1.0 ml) and 1 (0.01 mmol) in CH,Cl, for 16 h.
® Reaction condition: cyclohexane (2 g), cumene hydroperoxide (80% v/v, 1.0 ml) and 1 (0.01 mmol) in CH,Cl, for 16 h.



W.-C. Cheng et al. / Journal of Molecular Catalysis A: Chemical 113 (1996) 311-319 315

Table 2

Oxidation of styrene by TBHP in dichloromethane and in the
presence of 1 at various catalyst/oxidant/substrate ratios. Tem-
perature at 25°C

Entry Catalyst /oxidant / Reaction Turnovers
substrate time /h of epoxide *

1 1,/100/100 8 78

2 1,/1000 /1000 24 905

3 1 /8000 /8000 300 6040

 Based on the ratio of mol of styrene oxide formed to mol of
metal catalyst used.

tron-rich but more hindered double bond is the
preferred product though quite a significant
amount of the 8,9-epoxide has also been found
(Scheme 1, entry 10 in Table 1).

Previous studies by other workers had shown
that the ratio of the 1,2 to 8,9-epoxides could be
sensitive to the steric environment. For exam-
ple, the ratio is 19.6 with the Fe(TPP)C1-PhIO
system (TPP = tetraphenylporphyrinato dianion)
and it decreases to 6.9 if the more sterically
bulky catalyst, Fe(TMP)CI, is used (TMP =
5,10,15,20-tetramesitylporphyrinato  dianion)
[17]. Thus, the observed ratio of 3.4 in the
present catalytic system (c.f a ratio of 8.9 found
in the limonene oxidation by m-chloroper-
oxybenzoic acid (mcpba)) indicates that the
steric requirement is one of the governing fac-
tors for the oxidation to occur. It should be
noted that the cis:trans ratio for the 1,2-epoxide

3 /K (o]
16 9
limonene cis-1,2- trans-1,2- 8.9-epoxide
epoxide epoxide
Scheme 1.

is 2.5:1 which is significantly higher than that
of 1:1 for similar reactions with mcpba and that
of 1.8 with the Mn(TDCPP)Cl/PhIO system
(TDCPP = 5,10,15,20-tetrakis(2’,6'-dichloro-
phenyl)porphyrinato dianion) [18]. This would
be in good agreement with a more hindered
approach of the ruthenium catalyst to the double
bond plane on the side cis to the iso-propenyl
group.

Study on the competitive oxidations of nor-
bornene and cyclohexene has always been used
to probe the nature of the transition state [19].
For those reactions that involve a five-mem-
bered intermediate, the norbornene
oxide /cyclohexene oxide ratios would lie in the
range 72.3 to 8000 whereas for a three-mem-
bered reaction intermediate, the ratios are much
smaller (1.2-5.5). In this work, a norbornene
oxide/cyclohexene oxide ratio of 5 has been
found (Table 3), which compares well with that
of 5.5 for similar oxidations by CrO?~ [19].

Table 3
Competitive oxidations of various substrates (5 mmol) by TBHP (1 mmol) in dichloromethane (10 ml) and in the presence of 1 (0.01 mmol)
Entry  Substrates Products Yield (mmol)
1 cis + trans-Stilbene cis-Stilbene oxide 0.55 cis- / trans-epoxide = 2.2
trans-Stilbene oxide 0.25
Benzaldehyde 0.1
2 cis + trans-3-Methylstyrene cis-B-Methylstyrene oxide 0.65 cis- / trans-epoxide = 3.6
trans-B-Methylstyrene oxide 0.18
Benzaldehyde 0.09
3 Norborene + cyclohexene Norborene oxide 0.79 Norborene oxide /cyclohexene oxide = 5
Cyclohexene oxide 0.16
Cyclohexen-2-ol 0.01

Reaction time 8 h.
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Table 4
Relative reactivities of oxidation of para-substituted styrenes by
TBHP in the presence of 1

p-X-styrene at logk,,
OCH, —-0.78 0.608
CH, -031 0.302
H 0 0

Cl 0.11 -0.194
NO, 08 ~0.790

This implies that the oxygen atom is transferred
to the C=C through a three-membered reaction
intermediate.

The relative reactivities for the oxidation of
para-substituted styrenes has also been deter-
mined and a linear Hammett plot of logk , vs.
o* has been found (Table 4). This is shown in
Fig. 1. The p* value is —0.94 which is close
to that of —1.04 using mcpba as oxidant and is
much smaller than the values of —1.9 to —2.1
that are commonly found for similar oxidations
by metal oxo complexes. [20-23]

Cyclohexane can also be oxidized to a mix-
ture of cyclohexanol and cyclohexanone. The
results are listed in Table 1. Similar to that
found in the PhIO oxidation catalysed by com-
plex 2 [14], the reaction has a rather large
primary kinetic isotope effect (k/kpy=4.5).
This ky/kp value is considerably larger than
that of 1.1 reported for similar oxidation by
-OH radical [24]. Using cumene hydroperoxide
as the terminal oxidant, oxidation of cyclohex-

084
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02+

004 (]

log ky

024
04
06+

08+

-10 T T — T

-10 05 0g 05 10
ot

Fig. 1. Hammett plot of log k,, versus o* for the epoxidation of
para-substituted styrenes.

ane yields products similar to the TBHP oxida-
tion (entries 11-12 in Table 1), and aceto-
phenone (formed by the B-scission of ‘free’
cumyloxyl radical) has not been detected. This
suggests that the reactive intermediate is un-
likely to be a free organic radical, such as
t-BuOO -, t-BuO - or -OOH [25].

Fig. 2 shows the time dependence of the
formation of styrene oxide, phenylacetaldehyde
and benzaldehyde for the TBHP oxidation of
styrene in dichloromethane at 25°C. The cata-
lyst/TBHP /styrene ratio used is 1,/100/100
and the reaction was completed in 4 h after all
TBHP was used up. The first 8 min were found
to be an induction period.

The rate of formation of styrene oxide after
the induction period is 4.9 wmol min~! which
is 26 times faster than that of 0.19 wmol min ™!
for phenylacetaldehyde. This finding is in ac-
cordance with the styrene oxide:phenyl-
acetaldehyde ratio of 26:1 found after the reac-
tion.

1.0

M styrene oxide
®  phenyhcetaldehyde
&  benzaldehyde
0.8+
ammE =
n
[
0.6
n
— =
[=]
£
= n
0.4
[
[
n
024
n
X $44% e . .
n cse o
o.oque‘,“. e ——————r——T
0 50 100 150 200 250

Time / min.

Fig. 2. Time dependence of the formation of styrene oxide,
phenylacetaldehyde and benzaldehyde for the TBHP oxidation of
styrene dichloromethane. Reaction conditions: catalyst 1 (0.01
mmol), TBHP (1 mmol), styrene (I mmol); temperature 25°C;
dichloromethane (10 ml).
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Concerning the reaction mechanism, the in-
volvement of a Ru™ active intermediate is quite
unlikely, in particular, under the oxidizing con-
ditions employed. In this work, no oxidized
product was detected during the induction pe-
riod. Since tert-butylhydroperoxide is known
to be activated by electrophilic metal centre,
1 could be oxidized by TBHP to give an
active oxoruthenium species, either [Ru'"
(Me,;tacn)O(OH, (CF,CO,)]* (here labelled as
RuV=0) or cis{Ru"(Me,tacn)O,(CF,CO,)]"
(2). However, we anticipate that under the oxi-
dizing condition, complex 1 should be oxidized
to 2. Complex 2 could not be the species actu-
ally responsible for the oxidations because it
was found to oxidize styrene to give benzal-
dehyde predominately, which is in contrast to
the present finding that styrene oxide is the
major product in the catalytic oxidation [14].
We propose that the active reaction intermediate
is a Ru—OO'Bu species. Reaction of Ru"Y=0
with TBHP would generate 3 (Eq. 3).

] | Eﬁzﬁ:ﬁ“]

H

RuV=0 3

(3)

An isoelectronic Fe™Y(OH)(OOH) complex
had previously been proposed by Sawyer and
coworkers to be the reactive intermediate in the
iron catalysed oxidation of alkenes and alkanes
by hydrogen peroxide [26]. However, complex 3
is likely to play a minor role in the oxidations
since it would be easily oxidized to 2. Our
independent studies show that complex 2 also
catalyses the oxidation of hydrocarbons by
TBHP [14,27]. Thus, we suggest that another
reactive intermediate is likely to be formed by
the reaction of [Ru"(Me,tacn)O,(CF,CO,)]*
with TBHP. Depending on which oxygen atom
coordinates to the Ru centre two activated com-

plexes, 4 and S, are possible. The formation of
complex 4 is shown in Eq. (4).

] I |

" CFi00;

4

This involves coordination of the metal cen-
tre to the more hindered oxygen atom of the
hydroperoxide. Unfavourable steric interaction
exists between the tert-butyl group and the bulky
Me,tacn ligand. We believe that due to steric
reason this activation pathway is not favoured.

The alkylperoxide-ruthenium(VI) complex 5
could be generated by nucleophilic addition of
TBHP to the cis-dioxoruthenium(VI) (Eq. 5).

G| | e

- CFCOy

&)

The use of alkylperoxide metal complexes in
alkene epoxidations has precedent in literature.
For example, alkylperoxide-vanadium(V) com-
plexes of the type VO(OOBu'XROPhsalR’)
(where ROPhsalR’ = tridentate N-(2-
oxidophenyl)salicylidenaminato Schiff’s base
ligand) were reported to epoxidize alkenes to
the corresponding epoxides in a stereoselective
manner and with high yields [28]. The preferen-
tial oxidation of cis-stilbene over that of trans-
stilbene found in this work could be explained
by the unfavourable steric interaction between
the phenyl rings and the bulky Mestacn ligand,
as shown in Fig. 3.

Bu

Fig. 3. Transition states of the epoxidation of cis-stilbene and
trans-stilbene. The N~Me groups are omitted for clarity.
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A peroxomolybdenum(VI) complex, MoO-
(0),(HMPA)H,0) (HMPA = hexamethyl-
phosphoric triamide), has been shown to be a
selective oxidant for alkene epoxidation [19,29].
A peroxoruthenium(VI) complex 6, produced
from 5 by elimination of a t-BuOH (Eq. 6) may
not be unreasonable, but there has no known
example on peroxoruthenium(VI) in literature.

E@%

N 2
E ‘,T‘j<1 + BuOH
T

(6)

4. Remarks

Complex 1 is able to catalyse alkene and
alkane oxidations with TBHP. Its remarkable
catalytic activity and selectivity using TBHP as
cooxidant have few comparable ruthenium
counterparts. We suggest the presence of a la-
bile CF,CO; in 1 is essential to the TBHP to
find a way to coordinate to the ruthenium cen-
tre. Another cis-dioxoruthenium(VI) complex,
cis-[Ru¥(tet-Me )0, 1**  (tet-Meg =
N,N,N’,N'-Tetramethyl-3,6-dimethyl-3,6-dia-
zaoctane-1,8-diamine) which does not have a
labile ligand has been found not to catalyse
oxidation of alkenes by TBHP [30].

(\ | i}
E
k/N\

cis-[Ru"(tet-Meg)Oo1**

In literature, RuO,Cly and
RuO,Cl1,(OPPh,)~ are more effective catalysts
than [RuO,Cl,]*~ and [RuO,Cl,py]™ in the

alcohol oxidations [7]. The availability of a
vacant coordination site could be invoked to
explain the difference in catalysts performance.
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