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The complex [Ru(tpy)(pydic)] (1a) is an active catalyst for epoxidation of alkenes by aqueous 30% hydrogen peroxide in tertiary alcohols. The
protocol is simple to operate and gives the corresponding epoxides in good to excellent yields. Chiral enantiopure [Ru(tpy*)(pydic)] complexes
have been synthesized and successfully applied in this procedure.

Oxidation reactions of olefins to give epoxides are of major  Traditionally, epoxides are synthesized by reaction of
importance for organic synthesis. Nowadays, especially olefins with peroxoacids generated from hydrogen peroxide

asymmetric epoxidation reactidnand the use of environ-
mentally benign oxidantsare the focus of methodological
developments. Apart from molecular oxygémydrogen
peroxide is an ecologically sustainable, “green” oxidaltt.

and acids or acid derivatives\ drawback of this convenient

(3) For some examples of transition metal-catalyzed oxidations using
molecular oxygen, see: (a) Débler, C.; Mehltretter, G. M.; BellerAkgew.
Chem., Int. Ed1999,38, 3026—3028. (b) Ddbler, C.; Mehltretter, G. M.;

can reach up to 47% atom efficiency in epoxidation reactions Sundermeier, U.; Beller, Ml. Am. Chem. So2000,122, 10289—10297.

and generates only water as a byproduct. Moreover, it is

economical and readily available.
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method is the limited use for acid-labile olefins or epoxides
and the generation of significant amounts of waste (salts).
To control the selectivity of epoxidation reactions and to
overcome the aforementioned problems, transition metal-
catalyzed oxidations using hydrogen peroxide have been
developed.Among them, probably the most general method
to epoxidize alkenes in neutral conditions is the well-known
methyltrioxorhenium (MTO) systefhNevertheless, from a
practical point of view, the development of more active and
productive catalysts for stereoselective and racemic oxidation
reactions using kD, is an important and challenging goal
in oxidation chemistry.

Recently, we became interested in the use of ruthenium
catalyst8 for olefin epoxidations® For example, we were
able to make optically active ruthenium (pyridine-bisoxazo-
line)(2,6-pyridinedicarboxylate) complexes [Ru(pybox)-

benign tertiary alcohol with 30% aqueous hydrogen peroxide
as the oxidant as well as the initial attempt for its asymmetric
version.
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Figure 1.

(pydic)]’c (2) to become more practical oxidation catalysts
by adding a defined amount of water to the reaction
mixture!! This also led to the development of novel

enantioselective epoxidation protocols applying alkyl per-
oxides$? and hydrogen peroxid&as oxidants in the presence

of ruthenium pybox and pyboxazine complexes.

Figure 1 shows 3 of over 50 ruthenium complexes we have

synthesized and applied in asymmetric epoxidations. Despite

Complex 1a was introduced by Nishiyamat al. for
epoxidation of alkene¥. The original protocol in dichlo-
romethane used 5 mol %awith oxidants such as Phl(OAg)
oxygen/BuCHO, andBuOOH. Unfortunately, the catalyst
showed only low activity (the reaction took 72 h to complete)
and no general substrate variations were demonstrated.

In our recent work on catalytic asymmetric epoxidatidhs,

the advantages of these catalytic systems such as (enantio)/e Were able to emplotert-amyl alcohol as the solvent and
selectivity, generality, and tunability, we looked for more 30% aqueous hydrogen peroxide as the oxidant. In a

active and robust complexes that would diminish the catalyst
loading (5 mol %), which is typically needed for the [Ru-
(pybox)(pydic)] protocol, and allow at the same time for

prototypical reaction/5-methyl styrene was used as the
substrate. To our delight, compléa showed, under the same
conditions and in comparison t@—4, a significantly

epoxidation of a broader substrate range. Here, we reportincreased reactivity and stability.

for the first time a general epoxidation protocol that uses
[Ru(terpyridine)(2,6-pyridinedicarboxylate)]4) and is car-
ried out under mild neutral conditions in an environmentally

(6) Examples using peracids for olefin epoxidation without metal
catalyst: (a) Crawford, K.; Rautenstrauch, V.; Uijttewaal S{nlett2001,
1127-1128. (b) Wahren, U.; Sprung, |.; Schulze, K.; Findeisen, M.;
Buchbauer, G.Tetrahedron Lett1999,40, 5991—-5992. (c) Kelly, D. R;
Nally, J. Tetrahedron Lett1999,40, 3251—3254.

(7) (a) Bregeault, J. MDalton Trans 2003 3289-3302. (b) Lukasiewicz,
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Int. Ed. Engl.1991,30, 1638—1641. (b) Rudolf, J.; Reddy, K. L.; Chiang,
J. P.; Sharpless, K. Bl. Am. Chem. Socl997, 119, 6189—-6190. (c)
Hermann, W. A.; Kratzer, R. M.; Ding, H.; Thiel, W. R.; Glas, H.
Organomet. Cheml998,555, 293—295.
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see: (a) Barf, G. A.; Sheldon, R. A. Mol. Catal. A1995,102, 23-39.
For recent achievements in Ru-based asymmetric epoxidation, see: (b)
Kureshy, R. I.; Khan, N. H.; Abdi, S. H. R.; Bhatt, K. N.etrahedron:
Asymmetn1993,4, 1693—1701. (c) Nishiyama, H.; Shimada, T.; Itoh, H.;
Sugiyama, H.; Motoyama, YChem. Commurl.997, 1863-1864. (d) End,
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Lett. 1999, 1, 2077—2080 and references therein. (f) Stoop, R. M.;
Bachmann, S.; Valentini, M.; Mezzetti, Rrganometallic000,19, 4117
4126. (g) Pezet, F.; Ait-Haddou, H.; Daran, J.-C.; Sadaki, I.; Balavoine, G.
G. A. Chem. Commur2002 510-511. For recent examples using Ru salen
complexes, see: (h) Takeda, T.; Irie, R.; Shinoda, Y.; Katsuk&ynlett
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R.; Katsuki, T.Chem. Eur. J2001,7, 3776—3782.
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Even at 0.01 mol % catalyst loading with 0.1 mol % of
both terpyridine (tpy) and pyridine-2,6-dicarboxylic acic{H
pydic), conversions of 93 and 88% were observed, which

corresponds to a TON of 8800. At a ruthenium content of
as low as 0.001 mol %, there was still an observable activity
(Table 1).

Table 1. Influence of Catalyst Loadirig
catalyst loading conversion® yield®

entry (mol %) (%) (%) TON
1 1 100 96 96

2 0.1 100 95 950
0.01 22 18 1800

4 0.01 93¢ 88¢ 8800

5 0.001 14¢ 8¢ 8000

a8 Reaction conditions: In a 25 mL Schlenk tube, the catalygstvas
stirred at room temperature tert-amyl alcohol (9 mL) for 10 min3-Methyl
styrene (0.5 mmol) and dodecane (GC internal standard,d)Qvere
added. To this reaction mixture was added a solution of hydrogen peroxide
(A70uL, 1.5 mmol) intert-amyl alcohol (83Q:L) over a period of 12 h
via a syringe pump? Determined by comparison with authentic samples
on GC-FID.¢ At the outset, 0.1 mol % tpy and 0.1 mol %pydic were
added.

Catal. A2004,218, 13-19.

(11) Tse, M. K.; Bhor, S.; Klawonn, M.; Ddbler, C.; Beller,
Tetrahedron Lett2003,44, 7479—7483.

(12) Bhor, S.; Tse, M. K.; Klawonn, M.; Débler, C.; Beller, M
Mégerlein, W.Adv. Synth. Catal2004,346, 263—267.
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The continuous addition of #D, by a syringe pump was
proven to be a reliable method to avoid nonproductive
decomposition of the oxidant. Interestingly, also an addition
of all the oxidant at once gave good results in most cases,

Org. Lett, Vol. 7, No. 6, 2005



especially with electron-rich substrates suchpgasethyl

styrene or 1-phenylcyclohexene. Nevertheless, we persistedy . 3. Epoxidation of Various Alkenes with 40,2

with the continuous addition to allow for a more general

. e Entry Alkene Conv” (%) Yield” (%)
method. From the data in Table 1, the beneficial effect of
additional ligands suggests that the development ofnan C% 100 84
situ-type reaction is possible. Thus, by simply adding some ©/\ 100 7
ruthenium source and the ligands separately, the additional
preparation ofLla can be avoided. In Table 2, the feasibility 3 /©/\ 100 83
4 o 100 86
| i
Table 2. Epoxidation Using arin situ Catalyst Systefh 5 o /©A\ 100 >99
tpy Hopydic  conversion® yield? selectivity N
entry (mol %) (mol %) (%) (%) (%) 6 CF3©/\ 920 89
1° 25 AR O R 100 >99
2¢ 0.5 5 <2 <40 m
3¢ 0.5 29 21 72 8 100 >99
4¢ 0.5 0.5 40 37 93
5¢ 32 9 100 80
64 0.5 12 <2 <20 O <
7d 05 42 24 57 10 \ 100 88
d A
8 0.5 0.5 45 35 78 1 m 100 ~99
aReaction conditions: In a 25 mL Schlenk tube, the ruthenium source, Q '
tpy, and pydic were stirred at room temperaturetért-amyl alcohol (9 12 " 100 91
mL) for 10 min.-Methyl styrene (0.5 mmol) and dodecane (GC internal
standard, 10@L) were added. To this reaction mixture was added a solution =
of hydrogen peroxide (170L, 1.5 mmol) intert-amyl alcohol (83QuL) 13 ©/\O 100 86
over a period of 12 hia a syringe pump® Determined by comparison
with authentic samples on GC-FIPPerformed with 0.0025 mmol 14 O N O 100 95
RuCk-nH,O as the Ru sourcé.Performed with 0.00125 mmol [Rp{
cymene)C]; as the Ru source. O
15 O S O 66 66
of such a concept is demonstrated using two readily available 16 100 86
ruthenium sources, Rug£hH,O and [Rup-cymene)Cl,,
along with tpy and kpydic at 0.5 mol % each (Table 2, 17 Q/%/ 100 9
compare Table 1, entry 3). 18 ©/\AOH 100 97
No epoxide was observed without any added ligand and S oraoms
with only terpyridine. Hpydic as the sole ligand showed 19 @M 100 >99

some reactivity; however, the selectivity toward the desired
product was lower than that in the case when both ligands
were applied. The differences between the two ruthenium 21
sources were insignificant. These results suggest that both

ligands are necessary for obtaining a high epoxide selectivity. 22

N
0 T 100 08
N
o 100 96
N
o 100 99
CHs0

Hopydic is mainly responsible for the reactivity and tpy for
the selectivity. 23 Q/\/\OQ 100 92
Since the yields in th@ situ systems are somewhat lower 24 N\ °o 100 62°

compared to that obtained by the application of the pre-made
1a, we used the protocol described in Table 1 as the standard 25

~ Cl
She 100 94
procedure.

0
As shown in Table 3, a large number of different alkenes 26 ©/\/\N¢© > 90 81¢
were epoxidized in good to excellent yields. All substitution é
92° 87°

patterns of aromatic olefins such as monosubstituted, 1,1- 57
disubstituted, 1,2istrans-substituted, 1,1,2-trisubstituted,
and f_'na“y tetraSUbSt't_Ut.e_d alken_es gave the.corresp.ondmg aReaction conditions: In a 25 mL Schlenk tube, the catdlggD.0025
epoxides. The compatibility of this protocol with functional mmol) was stirred at room temperaturetént-amyl alcohol (9 mL) for 10

- o o _ _ min. Alkene (0.5 mmol) and dodecane (GC internal standardyg1)@vere
groups such .as OH-, O,R, , ~OTBDMS:-, _halOgen ’ added. To this reaction mixture was added a solution of hydrogen peroxide
acetal-, and nitrogen-containing compounds is noteworthy (170 4L, 1.5 mmol) intert-amyl alcohol (83QL) over a period of 12 h
Table 3). In cases of less reactive substrates (entries 15 andfia @ syringe pump® Determined by comparing with authentic samples
( . ) . . . ( on GC-FID.¢ Performed with 0.05 mmol [RtBus-tpy)(pydic)] 1b as the
26), neither increasing the concentrationlafto 1 mol %

! : ! ’ catalyst.d Isolated yield.c Determined by*H NMR.
nor conducting the reaction at 5@ resulted in higher

Org. Lett, Vol. 7, No. 6, 2005 989



epoxide yields (>50%). We thought that this may be due to literature!®> All complexes 5—8 were synthesized under

the insufficient solubility ofla at higher concentration (1  similar conditions ad and?2 (see Supporting Information).

mol %) and the increased decomposition of the hydrogen With our model substratg,s-dimethyl styrene, excellent

peroxide at elevated temperature. A solution to this problem yields were reached fd, 6, and8 applied at a comparably

was found in the application of a more soluble ruthenium low concentration of 0.5 mol %. F@&, a moderate enantio-

terpyridine complex [RuiBus-tpy)(pydic)] 1b. Itis interesting selectivity of 54%ee (Table 4) was achieved.

to note that the reaction conditions could be easily scaled

up to 10 mmol in a 10-fold substrate concentration smodthly. _
Of all epoxidation procedures using hydrogen peroxide Table 4. Epoxidation off,3-Dimethyl Styreng

in neutral conditions known in the literature, our protocol

compares best to the MTO-system. Advantageously, our

entry catalyst conversion® (%) yield® (%)  ee (%)

system runs in environmentally benign solvents and the ! z 188 22 :L;id
catalyst is more easily prepared compared to methyltrioxo- " 53 45 1 94d
rhenium. 4 8 100 96 —29

a Reaction conditions: In a 25 mL Schlenk tube, the catalyst was stirred
at room temperature itert-amyl alcohol (9 mL) for 10 min. Olefin (0.5
mmol) and dodecane (GC internal standard, Z0Pwere added. To this
reaction mixture was added a solution of 30% hydrogen peroxides(70
1.5 mmol) intert-amyl alcohol (83Q:L) over a period of 12 hia a syringe
pump.® Determined by comparison with authentic samples on GC-FID.
¢ Determined by HPLCY (R)-(+)-1-Phenyl-2-methyl-1-propene oxide was
the major enantiomer.

In summary, we have developed a ruthenium-catalyzed
epoxidation protocol that runs under mild conditions in an
environmetally friendly manner. In general, highly selective
epoxidation of aromatic and branched aliphatic alkenes is
achieved at low catalyst loading, and moderate enantio-
selectivity was obtained for the asymmetric protocol. Further
work using other ruthenium terpyridine pydic complexes for
epoxidation is currently in progress.
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Figure 2.

Due to the excellent performance dfa in racemic
epoxidations we started to explore an enantioselective . _ _ _
procedure by variation of the terpyridine ligand. The ligands ~ Supporting Information Available: - Synthesis and char-
were prepared according to a reaction scheme known in theacterization of all complexes, experimental procedures, and
characterization data for all epoxides. This material is

(14) 1-Phenyl-2-cyclohexene (9.5 mmol) and [Ru(tpy)(pydit}, 0.05 available free of charge via the Internet at http:/pubs.acs.org.
mmol, 0.5 mol %) were dissolved by stirring tert-amyl alcohol (20 mL).

To this mixture was added 30% aqueous hydrogen peroxide (3.04iaL) OL0476041

syringe pump over 12 h. After quenching the reaction (30 mL of 10%
aqueous N#50; solution), extraction (three times with 20 mL of ethyl (15) (a) Ziegler, M.; Monney, V.; Stoeckli-Evans, H.; Von Zelewsky,
acetate), and purification (column chromatography, Merck silica gel 60, A.; Sasaki, |.; Dupic, G.; Daran, J. C.; Balavoine, G. G.JAChem. Soc.,
hexane to hexane/ethyl acetate 95:5 as the gradient eluent), 1.37 g (83%Dalton Trans.1999, 667—675. (b) Kwong, H.-L.; Lee, W.-Setrahe-
yield with respect to 1-phenyl-2-cyclohexene) of the epoxide remained. dron: Asymmetry2000,11, 2299—2308.

990 Org. Lett, Vol. 7, No. 6, 2005



