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Abstract

Dinuclear manganese(IV) complex [LMn(§M)nL](PFe)2 (1, L = 1,4,7-trimethyl-1,4,7-triazacyclononane) efficiently catalyzes epoxida-
tion of sterically accessible olefins, including natural compounds by hydrogen peroxide in acetonitrile at room temperature if a small amount
of a carboxylic acid is present in the solution. The kinetics of dec-1-ene epoxidation and accompanying dioxygen evolution (catalase activity)
under the action of this system in the presence of acetic acid has been studied. The initial rates of both epoxidati@vealotcd are
proportional to the catalyst initial concentration. First order has been found for cdtédydioth processes, whereas the rate dependences of
the dec-1-ene epoxidation is first order and the@lution is second order ford®,. The epoxidation rate increases and thee@lution rate
decreases with growing of acetic acid concentration. Zero order has been found for dec-1-ene in its epoxidation. The reaction proceeds with an
induction period for a few minutes during which changes in the electronic spectra of the reaction solution are observed. It has been proposed
that the processes of the alkane oxidation and dioxygen evolution on the one hand and of the olefin epoxidation on the other hand are induced by
different intermediate species. An assumption has been made that the epoxidation occurs with participation of oxo-hydroxy Mn(V) derivative
[LMnY (=0)(O)%(HO)Mn"V L] %, whereas di(hydroperoxy) complex [LM{OOH)(OR(HOO)MnV L] is responsible for the alkane oxida-
tion with simultaneous dioxygen evolution. The following equations for the initial rates were proposed fZQgH] = 0.25 mol dnt3:
dlepoxide]/d = ken(epoxide)L][H20;] with ke (epoxide) = 2.8-3.7 mot dm®s1; d[CyOOH]/d = Kei(CyOOH)[L][H ,0,]?[CyH] with
ket (CYOOH) = 4.1-6.2 mol® dm® s71; d[O,]/dt = kegt (O2)[ LI[H 20,12 with ket (O2) = 2.8-7.0 mot? dmP s~1. Many different carboxylic acids
were checked as cocatalysts and it has been found that oxalic acid acts with the highest efficiency in the epoxidation whereas the accompa-
nying catalase activity of the system is very low in this case. It has been also demonstrated that taswfégque catalyst because similar
compounds containing only one Mn(1V) cent&) 6r dinuclear complex with bridging phenylboronic acg) ére very poor catalysts in the
olefin epoxidation. No epoxidation has been found when hydrogen peroxide was repldeeeboyyl hydroperoxide. The system based on
1, H,O, and acetic and/or oxalic acid was employed for the efficient epoxidation of terpenes limonene, citral, carvone and linalool, while other
terpenes containing sterically hindered double bonds (citroneHandp-isomers of pinene) were epoxidized only with <15% yield. Using
limonene as example, it has been demonstrated that regioselectivity of the epoxidation (predominant formation of product with addition of
the O atom either to internal ring or external double bond) can be controlled by replacing acetic acid by oxalic acid.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In 1988, Wieghardt et al. describgd] the synthe-
sis and the crystal structure of binuclear manganese(lV)
complex [LMnY (u-0)sMn'V L](PFe)2-H20 (1) where L is
1,4,7-trimethyl-1,4,7-triazacyclononane (TMTACN). X-ray

crystallography showed that the complex contains an un-

precedented short Mn—Mn distance of 2.296"(2)Nhich
“seems to indicate a direct bonding interaction between
the two MY centers’[1]. It is interesting to comparé
with a molecule containing undisputed bond between the
two manganese ions, M(CO)jo, in which the Mn—Mn
distance is 2.9A. Two years later an analogous bin-
uclear (v-peroxo)dimanganese(lV) derivative, [LMr{u-
0O)(u-0)Mn'VL](ClO4),, was synthesized and character-
ized [2]. More recently an improved synthesis of complex
1 and analogous derivatives has been repdBgds well as
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catalyzed by [[oMn"' (n-O)(u-AcO),](PFs)2 (L’ is an
enantiopure g-symmetric TACN derived from.-proline)
proceeds at-25°C with 28% conversion and gives the
S-enantiomer of the epoxide with 24% ee; Brinksma et
al. [14] described the olefin epoxidation catalyzed with
complex [L'Mn2(O)(OAc)](ClOg4)2 (L” is N,N,N,N-
tetrakis(2-pyridylmethyl)propane-1,3-diamine).  Recently
Feringa, Alsters and co-workers report&g-hydroxylation
and epoxidation of olefins with #D, catalyzed by complex

1 in combination with glyoxalic acid methylester methyl
hemiaceta[15]. Complex1 was shown to initiate oxidation

of cyclohexanecarboxaldehyde with air to produce cyclohex-
anecarboxylic acid and considerable amounts of oxidative
decarboxylation products (cyclohexane, cyclohexanol, and
cyclohexanone]16]. Finally, in a very recent publication
Gilbert et al.[17] carried out a kinetic and mechanistic study
of the H,O2 oxidation of a number of azonaphthol dyes in

an efficient synthesis of binucleating 1,4, 7-triazacyclononane aqueous solution, catalyzed hynd related compounds.

(TACN) ligandsl[4].
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Complex 1

Hage et al[5] were the first to demonstrate that manganese
complexes derived from TMTACN and related ligands are ef-
fective catalysts for the bleaching of stains by hydrogen per-
oxide. It was also shown that mononuclear Mn(IV) complex
[LMn'Y (OMeX](PFs) (2) catalyzes in aqueous solution the
H,0O, oxidation of 4-vinylbenzoic acid to the corresponding
epoxide and of styrilacetic acid to a mixture of the epoxide,
diol and a ring-closed lactorié].

Me

Complex 2

Complex 1 and relative compounds with various-

It is interesting that alternative systems have been
reported which used a catalyst prepared by mixing in
the reaction solution both TMTACN or its analogue and a
simple manganese(ll) salt (sulfate or acetate) agfdths an
oxidant. De Vos, Bein and Jacobs with co-workers described
in a series of publication§18-23] olefin epoxidations,
Bolm et al.[24] were able to epoxidize olefins enantios-
electively catalyzing the reaction with the combination
of Mn(OAc), and chiral N-substituted TACNs. Fish and
co-workers[25] invented the “fluorous biphasic catalysis”
allylic oxidation withtert-BuOOH and oxygen catalyzed by
R; TACN—[R; (CH2),COORLMn. Efficient systems for olefin
epoxidations based on a manganese(ll) salt and a TACN
derivative were proposed by De Vos and co-workeéj (see
also[27]) and Berkessel et gl28] and contained an oxalate
buffer or ascorbate buffer, respectively, as a co-catalyst.
Feringa, Rossini and their co-workers described oxidation
of sulfides to sulfoxides in acetone using hydrogen peroxide
under catalysis by in situ prepared manganese complexes
with N-containing ligands[29]. Recently, Srinivas and
co-workers studied benzylic oxidation and revealed the
formation of terminal oxo— ang@.-oxo-Mn(IV)-TMTACN
complexes during the reacti¢80].

In 1998, a principally new systefi31-39] was discov-
ered by us in cooperation with Lindsay Smf81,35] This

substituted 1,4,7-triazacyclononanes (TACN) were used assystem operating at room or even lower temperature uses
CataIyStS by Gilbert and Lindsay Smith and their co-workers Comp|exl as a Ca‘[a|yst, hydrogen peroxide as an oxidant
[7,8] for the H,O, oxidation of phenols in water, by Barton  and a carboxylic acid in a relatively low concentration as a
et al.[9] for the oxidation of sulfides to sulfones by periodic  co-catalyst. Saturated hydrocarbons were employed as sub-
acid in pyridine and by Koek et gJ10] for the epoxidation  strates and acetonitrile or nittomethane were used as sol-
of styrene with hydrogen peroxide in a two phase system yents. It was also show[81,35] that m-chloroperbenzoic
(H20-CHCl). It has been demonstrated that complexes acid and peroxyacetic acid are capable of oxidizing alkanes
of such type can catalyze the€, oxidations of benzyl al-  jf complex 1 is used as a catalyst of these processes, how-
cohols to corresponding benzaldehy(tel] and oxidations  ever the most interesting was alkane hydroperoxidation with
of phenolic compounds modeling lignii2]. Manganese  the “H,0,—compound—MeCOH” system. Itisimportant to
complexes with similar structure and with similar ligands emphasize that no alkane oxidation occurred in the absence of
were used for epoxidations with2@; in acetone solution.  carboxylic (usually acetic) acid. Turnover numbers (TONS)
Thus, Bolm et al[13] found that the reaction of styrene  attained 3300 after 2 h, the yield of oxygenated products was
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46% based on the alkane. Higher alkanes (cyclohexane, ofthereactionsolutionwas5 mL.Inatypical experiment, ini-
pentanen-heptane, methylbutane, 2- and 3-methylpentanes, tially, a portion of 30% aqueous solution ob8- (“Merck”)
3-methylhexanegis- and trans-decalins) were oxidized at was added to the solution of the catalyst, co-catalyst and a
20°C in acetonitrile (or nitromethane) solution to afford ini- hydrocarbon substrate in acetonitrile (was distilled ow€4>
tially the corresponding alkyl hydroperoxides as the predom- before the reaction).
inant products. In the course of the reaction these compounds  After certain time intervals samples (about 0.2 mL) were
decomposed to produce the corresponding ketones and alcotaken, the reaction was typically quenched by addition of
hols. Light alkanes (methane, ethane, propane, normal butanesolid MnO, to decompose an excess of hydrogen perox-
andisobutane) can also be easily oxidized by the same reageritle. The solutions were filtered and the concentrations of
in acetonitrile solution. The “pO,—compound—carboxylic epoxides, diols and starting olefins were determined by GC
acid” system transforms secondary alcohols into the corre- (HP Series 6890). In order to determine the concentrations
sponding ketones with quantitative yields at room tempera- of all cyclohexane oxidation products the samples of re-
ture within a few minute$33,39] Preliminary results have  action solutions were typically analyzed twice (before and
been also obtainef83], which demonstrated that terminal after their treatment with PBhby GC (HP Series 5890-
aliphatic olefins are quantitatively epoxidized by this sys- Il, Carbowax 20M, 25mx 0.2mmx 0.2um; helium as a
tem. Finally, dimethylsulfide was quantitatively and selec- carrier gas) measuring concentrations of cyclohexanol and
tively converted[33] into dimethylsulfoxide within 3h at  -hexanone. This simple and convenient method (an excess of
room temperature. solid triphenylphosphine is added to the samples 10—-15 min
The aim of the present work is to study the kinet- before the GC analysis) which was invented and described
ics and mechanism of the dec-1-ene epoxidation with our by us earlief91-100] allows us to detect alkyl hydroper-
“H202—compoundl—carboxylic acid” system and to ex- oxides and to measure also the real concentrations of all
pand this system to the epoxidation of natural terpenesthree products (alkyl hydroperoxide, alcohol and aldehyde
containing G:C double bonds. Some experiments on oxi- or ketone) present in the reaction solution, because usu-
dation of saturated hydrocarbons were also carried out inally alkyl hydroperoxides are decomposed in the gas chro-
order to compare various systems and make mechanisticmatograph to produce mainly the corresponding alcohol
conclusions. and ketone. In the experiments on competitive oxidation of
It is reasonable to note here that various manganese comdec-1-ene and cyclohexane concentrations of all products
plexes, containing Mn ions in low oxidation states (Il or Ill) were determined only after the reduction with BBkcause
are known to catalyze epoxidation of olef{d9-59]includ- in this case we were interested only in relative oxidation
ing natural compound$0-65] Complexes of such type cat- rates.
alyze also relatively efficient oxidations of other organic sub-  The volume of dioxygen evolved was measured using a

strates including saturated hydrocarb{®&-85] It is note- thermostated burette. The reaction system was connected to
worthy that MnSQ catalyzes epoxidation with #D5 in the a manometric burette with water, which was saturated with
presence of aqueous sodium hydrogen carbonate j88gr  oxygen prior to use. After certain time intervals, the pressure
(see alsd87,88). was equilibrated using a separation funnel by adjusting the

water level to the same heights.

2. Experimental
3. Results and discussion
Syntheses of compounds[1,3], 2 [6], and 3 [89,90]

were described in the literature. Dec-1-ene (“Aldrich%){ 3.1. Mechanistic studies of dec-1-ene epoxidation
citronellal (“Merck”), citral (a mixture ofcis- and trans
isomers; “Merck”), linalool (a mixture of enantiomers; We used dec-1-ene as amodel compound in our mechanis-

“Merck”), (—)-and (+)-limonenes (“Aldrich”), £ )-a-pinene tic studies of olefin epoxidation with the 4@,—compound
(“Aldrich™), B-pinene (a mixture of enantiomers; “Eucatex 1—carboxylic acid” system. We investigated first of all some
Quimica, Brazil"), (+)-carvone (“Fluka”) were used as re- general features of the reaction and then kinetic behaviour
ceived. of the epoxidation in the presence of acetic acid. A num-

A stock solution of anhydrous #D, was prepared by  ber of publications have been devoted to mechanisms of
the following method: 2.8 mL of 70% hydrogen peroxide olefin epoxidations catalyzed by various manganese com-
(“Peroxidos do Brasil”) was dissolved in 60 mL of MeCN  plexes[101-110] The “productive” usage of hydrogen per-
and anhydrous MgSf(4.6 g) was added to the solution. oxide forthe olefin epoxidation proceeds simultaneously with
After 3h the solution was filtered and used in further the “non-productive” decomposition to form molecular oxy-
oxidations. gen and water (so-called catalase activity of the catalyst; see

The experiments on olefin and alkane oxidations were car- the most recent publications on dimanganese catalases and
ried out in MeCN usually at 25C in thermostated Pyrex their modeld111-113]as well as references in our previous
cylindrical vessels with vigorous stirring. The total volume papen[34]).
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3.2. General features and kinetics of the dec-1-ene The character of the rate dependences on the initial hydro-
epoxidation in the presence of acetic acid gen peroxide concentration is different from the dependence
on the Mn concentration and different for the epoxidation
The oxidation of dec-1-ene with the 9@,—compound and the Q evolution Fig. 2). It can be seen that the rate de-
1-acetic acid” system gives rise predominantly to the forma- pendency of the dec-1-ene epoxidation catalyzetl isyfirst
tion of the corresponding epoxide (Eq. (1)) whereas the diol order for hydrogen peroxide at p@;]o < 0.5moldnt3. It

is formed only in much smaller amount. is interesting that simultaneous dioxygen evolution is second
order for HO> at [Ho05]o < 0.7 mol dnt3.
A The rate dependency of the dec-1-ene epoxidation is zero
\/\(CHz)BCHS (!>/\(CH2)GCH3 order for the initial dec-1-ene. The initial rate ob@vo-

lution rises only slightly with growing the initial dec-1-ene
Dec-1-ene Dec-1-ene epoxide (1) concentrationFig. 3).
The initial rate of the epoxidation is proportional to
Fig. 1demonstrates the kinetic curves for epoxidation and the added acetic acid concentration at ECID,H] <
accompanying dioxygen evolution at various concentrations 0.15 mol dnt and is practically independent on the changes
of the catalyst (compleg) as well as the initial rate depen-  in its concentration at [C5CO,H] > 0.15 mol dnm3 (Fig. 4).
dences on the concentration of the catalyst used. As bothat the same time the initial rate of LQevolution decreases
processes occur with an auto-acceleration we measured maxwith growing the added acetic acid concentration.
imum rate (slope of a dotted line) of the reaction in the initial The concentration of water present in the reaction mix-
period. Since the dependences are depicted as straight linegure only very slightly affects the epoxidation whereas the
the epoxidation and the @volution are first order in respect  curve for the corresponding &volution has a maximum at

to the manganese catalyst. [H20]added™ 3 mol dnt 3 (Fig. 5).
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Fig. 1. Epoxidation of dec-1-ene (0.25 mol dfacurves a) and simultaneous dioxygen evolution (curves b) in the reaction with(d.65 mol dnv3) catalyzed
by complex1 at different concentrations (mol dr) of the catalyst: 2.5¢< 105 (curves 1), 10x 10~ (curves 2) and 20« 107 (curves 3). Dependences

of the maximum reaction rates (two examples of measuring are shown for curves 2a and 2b: the rate was determined from the slop of a dotted straight line

on initial concentration of catalydtare depicted by curves 4. The reactions were carried out @ 26 the presence of acetic acid (0.25 moldiy solvent
acetonitrile, total volume of the reaction solution was 5 mL. Hydrogen peroxide was used as 30% solution in water (concentration of water iortheaeacti
2.6 mol dnt3) prepared by dilution of 70% aqueous ®b.
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on initial concentration of hydrogen peroxide are depicted by curves 4. The reactions were carried 6G, & #% presence of acetic acid (0.25 moldip

solvent acetonitrile, total volume of the reaction solution was 5 mL. Anhydrous hydrogen peroxide was used and water (concentration of wadetionthe re

was 5.56 mol dm?) was added to the reaction solution.
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A study of the reaction at different temperatures showed
that the higher the temperature the lower final yield of epox-
ide although at low temperature the initial rate is less and
a pronounced induction period can be observEid.(6).
From measuring the initial reaction rates at different tem-
peratures effective activation energy for epoxidatibg £
7 kcalmol1) and G evolution €5 ~ 5kcal motl) were
estimated.

Changes in UV-vis spectra in the course of dec-1-ene
epoxidation are shown iRig. 7. Just after the addition of hy-
drogen peroxide to the reaction mixture its spectrum exhibits
some changes: after a few minute induction period the ab-
sorptions at 404 and 500 nm grow until 4 or 30 min depend-
ing on the concentration of catalyst It is important that
the induction period in the epoxidation coincides with the
induction period in the changes in absorption spectra (com-

Fig. 3. Dependences of the reaction rates on initial concentration of dec-1- pare graphs B and C, as well as D and Brig. 7). After
ene in epoxidation of dec-1-ene (curve a) and simultaneous dioxygen evo- approximately 30 min the absorptions at 404 and 500 nm be-

lution (curve b) in the reaction with #D, (0.65 mol dnT3) catalyzed by
complexl (5 x 10~° mol dmi~3). The reactions were carried out at’5, in
the presence of acetic acid (0.25 moldi; solvent acetonitrile, total vol-

gin to decrease rather sharply and the epoxidation stops. In
special experiments, we added to such a reaction solution a

ume of the reaction solution was 5 mL. Hydrogen peroxide was used as 30% N€W portion of dec-1-ene and hydrogen peroxide after 60 min,

solution in water (concentration of water in the reaction was 2.6 mofim

prepared by dilution of 70% aqueous®b.

however almost no addition in the epoxide concentration was
detected. This testifies that a catalytically active form of the
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Fig. 4. Dependences of the reaction rates on initial concentrations of acetic
acid in epoxidation of dec-1-ene (0.25 mol dfncurve a) and simultaneous
dioxygen evolution (curve b) in the reaction withp®; (0.65 mol dnt3)
catalyzed by comples (5 x 10-°moldm3). The reactions were carried

out at 25°C, solvent acetonitrile, total volume of the reaction solution was
5 mL. Hydrogen peroxide was used as 30% solution in water (concentration
of water in the reaction was 2.6 mol df) prepared by dilution of 70%
aqueous HO;.

Fig. 6. Epoxidation of dec-l-ene (0.25mold® with H,O,
(0.65moldnT3) catalyzed by complexl (5 x 10-°moldm3) at
different temperatures (graph A). Dependences of the maximum reaction
rates of epoxidation (curve 1, corresporigis= 7.0 & 2 kcal mott) and
simultaneous @evolution (curve 2, correspondi = 5.2+ 2 kcal mol1)

on temperature are shown on graph B. The reactions were carried out in the
presence of acetic acid (0.25 mol d#), solvent acetonitrile, total volume

of the reaction solution was 5mL. Hydrogen peroxide was used as 30%
solution in water (concentration of water in the reaction was 2.6 mofjim
prepared by dilution of 70% aqueous®b.

Mn-containing species is formed within first minutes of the
reaction and then this catalyst works during approximately
40 min after which the catalyst completely decomposes. Thus
three different processes compete in the course of this re-
action: olefin epoxidation, dioxygen evolution, and catalyst
decomposition.

104/ mol dm=3 ™!

o

o)

|

@)

}

|

N

o

|
[4;]
104/ mol dm=3 s’
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;31 —loss 3.3. On the epoxidation mechanism
ool | I 1 | | | —oo Previously we concludef34] on the basis of our data on
0 1 2 3 4 5 & selectivities and kinetics of cyclohexane oxidation accord-
[HsOlaggeq / Mol dm=3 ing to Eq. (2) that a species which induces the oxidation of

saturated hydrocarbons, RH, is not hydroxyl radical,"HO
Fig. 5. Dependences of the rates of epoxidation of dec-1-ene We assumed that the alkane hydroperoxidation is due to the

(0.25moldnT3; curve a) and dioxygen evolution (curve b) in the formation of a mixed-valent oxo-peroxy Mn(V)Mn(IV) com-
catalyzed by complex (5 x 10-°>moldm3) reaction with O, on plex

concentration of added water. The reactions were carried out&,26 the h K h . I
presence of acetic acid (0.25 mol df), solvent acetonitrile, total volume In the present work we demonstrated that experimentally

of the reaction solution was 5 mL. Anhydrous hydrogen peroxide was used determined kinetic features of the olefin epoxidation are dis-
and water was added to the reaction solution. tinct from that found for the case of cyclohexane hydroperox-
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105 mol dm2 for graphs D and E) in the presence of acetic acid (0.25 moRinSolvent acetonitrile, 25C. Absorbance of the reaction mixture after 0,

0.5, 2, 2.515 and 90 min is shown on graph A. Kinetics of the absorbance changes at 404 and 500 nm are shown on graph B. Kinetics of dec-1-ene epoxide
accumulation are shown in graphs C and E.

idation[34]. Due to this fact we assumed that the processes of epoxidizing react with the olefin. If we assume that in both

of alkane oxidation and olefin epoxidation are induced by cases the same oxidizing species operates we need to accept

different intermediate species generated during catalytic hy-that the reaction rate constant for the interaction between X

drogen peroxide decomposition catalyzed by comgléx and the olefin is much higher than that for the analogous in-

the presence of acetic acid. teraction of X with the alkane. In accordance with such an
Linear dependence of the cyclohexane (CyH) oxidation assumption we might expect that added olefin would depress

(Eq. (2)) rate on its initial concentration (sEey. 4, plot C the cyclohexane oxidation whereas added alkane cannot af-

in [34]) testifies that only small portion of generated by the fect the epoxidation rate.

system oxidizing species X interact with the alkane. On the

contrary, the mode of the initial rate dependence on the ini- ooH on o

tial dec-1-ene concentration in its epoxidation (§ég 3, O © (j N ij =

curve a in the present paper) shows that even at relatively low

olefin concentration all generated species which are capable = ©velonexane  Lvolonexy ige CYCIONexancl Cyelohexanone
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4a in the present paper). The dioxygen evolution Y©-)
' ___________ L2 in the presence of dec-1-ene is proportional to the square of

- 0101= hydrogen peroxide concentratiofig. 2, curve 4b here). As

E W(O,) does not depend practically on the dec-1-ene concen-
2 B 1a tration (Fig. 3, curve b) we can conclude that the epoxidation
= Epoxidation and the dioxyge_n evolution react?ons are _diff_erent rqutes of
S 0.05 of dec-1-ene the process, which are realized with participation of different
§ intermediate active species.

()

The modes of acetic acid additives influence on the dioxy-
gen evolution ratéMO-), the cyclohexyl hydroperoxide for-
[ 1 1] mation rate, W(CyOOH), and the epoxide formation rate,
W(epoxide), are similar, i.e., the acid affects in common the
three processes initial stage of the catal@stf, generation

0.0

0.10 — Hydroperoxidation i
. of cyclohexane 3 from its precursor, complex
I
S
S CH3COzH, H202
g 1 = 3)
T g05 Taking into account all obtained kinetic data we can propose
7 the following kinetic schemes (4-10) for the three process
g (the olefin epoxidation, alkane hydroperoxidation and dioxy-
gen evolution), which includes four intermediatés,B, C
0.0 andD.
0 10 20 30 40 50 60
Time / min Cat+H;O, = A Kau ()
Fig. 8. Accumulation of dec-1-ene epoxide (curve 1a) and a sum of cy- A=B Ks=kis/k_s (5)
clohexanol and cyclohexanone (curve 1b) in the competitive oxidation of
a mixture of dec-1-ene and cyclohexane, as well as (for comparison) ac- A+HO2=C Ke (6)

cumulation of dec-1-ene epoxide (curve 2) and a sum of cyclohexanol and
cyclohexanone (curve 3) in the oxidation of pure dec-1-ene and cyclohex-
ane, respectively. Reaction conditions: dec-1-ene (for curves la and 2),

C=D K7 @)

0.15 mol dnT3; cyclohexane (for curves 1b and 3), 0.23 motdincom- B -+ olefin — epoxide kg (8)
plex1, 1 x 107 moldm3; H,0, (30% aqueous), 0.65 mol dr; acetic
acid, 0.25moldm?3; 25°C. Concentrations of all products were measured C—>02 ko (9)
by GC after the reduction of the reaction samples with2Ph 0,

D+ CyH — . —> CyOOH k10 (10)

Our experiments on the competitive oxidation of dec-1- This scheme assumes that intermediates generated in the
ene and cyclohexan€ig. 8) demonstrated that under identi- course of consecutive transformation of complegxhibit
cal conditions the epoxidation rate for dec-1-ene concentra-different reactivities towards alkane on the one hand and
tion 0.15 mol dn3 is approximately five times higher than olefin on the other hand. As we proposed previoysH]
the rate of the cyclohexyl hydroperoxide formation from cy- catalytically active specie€at can be generated in the
clohexane at [CyH] = 0.23 moldn73. Cyclohexane added interaction between initial form of complek with acetic
to the epoxidation reaction solution does not practically af- acid and one molecule of hydrogen peroxide, and this
fect the epoxidation rate. Finally the most important feature species could be complex [LMHO)(HO)Mn'YL]?t.
has been found: added to the cyclohexane solution dec-1-ené\n interaction ofCat with a hydrogen peroxide molecule
at its concentration when all oxidation-induced species are according td=g. (4)can lead to the formation of intermediate
accepted by the olefin only weakly decreases the cyclohex-A which could be a hydroperoxy derivative of binuclear
ane oxidation rate. These results testify that the processes ofnanganese complex, [LMhOOH)(OpMn'VL]%t. Inter-
alkane oxidation and olefin epoxidation are induced by dif- mediateA is transformed tdB, for example, oxo-Mn(V)
ferent species generated in the course of hydrogen peroxidederivative [LMn' (=0)(O»(HO)Mn'V L]2+. We assume that
decomposition catalyzed by binuclear manganese complex intermediateB can easily react with the olefin to afford the

Other kinetic data also support the assumption about thecorresponding epoxide as depicted By. (8) (see recent
different nature of intermediate species, which induce the publications devoted to mechanisms of olefin epoxidation
alkane oxidation and the olefin epoxidation. Thus quadratic by high-valent metal complex¢$01—-110). Experimentally
dependence of the initial rates for both dioxygen evolution found first order for hydrogen peroxide and zero order for
and cyclohexane oxidation on $B,]o has been found (see the olefin are in accordance with this assumption. In another
Fig. 5in [34]) whereas the epoxidation rate is proportional route, intermediaté reacts with one more hydrogen perox-
to the initial hydrogen peroxide concentratidfig. 2, curve ide molecule which gives rise in the presence of acetate anion
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to the formation of di(hy('iljﬁperoxy) binuclear c?\;nplfk concentration (0.25 mol dn?):

with apparent structure [LMh(OOH)(Op(HOO)Mn™Y L] . . '

IntermediateC reacts in turn via two routes: either it de- W (epoxide)= dlepoxide] _ ksks5K4[CatlH 20;][olef|n]

composes according catalaSe. (9)to produce dioxygen dr k-5 + kg[olefin]

or it is transformed in reaction (7) into an active in alkane

hydroperoxidation (10) intermediaf2 with possible struc-

ture [LMnY(=0)(O)(HOO)MNnVL]%* which is similar d[CyOOH]

to the structure of intermediaté. It is known that a W(CyOOH) = ———

Mn—OOH fragment is present in Mn-superoxide dismutase dr

[114]. Second order for hydrogen peroxide found in both = k10K7K6K4[Cat][H202]2[CyH] (13)

the dioxygen evolution and the alkane hydroperoxidation

are in accordance with this hypothesis. We assume that 4[0]

intermediated andD react selectively with either alkanes _ A 2

or olefins:B is more reactive towards olefins. W(©2) = dr koKoK4[CatlH20,] (14)
A hypothetical catalytic cycle showing the olefin epoxida- 1t follows from the data presented Fig. 3, curve a, that

tion and dioxygen evolution as well as the alkane oxidationis ;. « kg[olefin] at [olefin] > 0.05 mol dm?3 and thus

presented ischeme 1This Scheme proposes that intermedi- .

ateB is formed fromA via formally intramolecular hydroxyl ~ d[epoxide]

anion transfer from Mn(lll) ion to the neighbouring Mn(1V) dt

ion which affords a oxo-Mn(V)-hydroxy-Mn(IV) derivative  Taking into account that, according Eaj. (3)

B. A catalytic cycle for the alkane hydroperoxidation was

proposed and discussed previougy], and intermediates [Cat] = o[1] (16)

Cat, A, C andD in the present paper correspond to interme- \yhere coefficient depends on the G O,H concentration,

[34]. o _ _ o able to calculate effective rate constants for the processes of
A kinetic analysis of schemes (4-10) in quasi-stationary epoxidation

approximation forB and quasi-equilibrium approximation _ 1 1
for Cat, A, C andD accepting the following conditions: kefi(epoxide)= kysK10 = 2.8 — 3.7mol tdm’s™  (17)

hydroperoxidation

(12)

= kysKa[Cat][H20;] (15)

[Cat] > [N], where N=A, B, CandD (1))
keff(CyOOH) = k10 K4 KeK70t

gives rise to the below shown equations for the initial rates 349 -1
=41-6.2molr>dm’s (18)

of epoxidation and dioxygen evolution at fixed acetic acid

[¢]
>A< CHyCOO™  CHyCOOH
— 0.
HO. 2+ - \ +
LM 5=mMn L LMy =MV L
(5) Cat
0  Ho H,0; o /} o
202 +
L Ll,an/o\\ MnV L—| 2 Epoxidation > (1) decomposition (6) 2 2
—o H,0
B H\ H\ /H
o
\ 0 H,0, ? 9
@) 0 CH3COO™ CHyCO0H O o\
LM —O~mnv []%* \ 5 / M—O—mnV ] *
_ n _] L Mn\ — n —|
o o]
A 3) c
Hydro-
peroxidation ‘ )
Cat m D
7
ROOH RH( )

Scheme 1.
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Me Me, 0 Me Me o
_— + +
o o}
Me Me Me Me
CH H
2 4 C 2 5 6 7
(+)- or (=)-Limonene Limonene epoxides
Me Me Me Me
Xy CHO Xy CHO CHO CHO
H . H - -
| 0 | o)
Me” “Me M M Me”™ "Me Me™ Me
8 e e 0 10 1
Citral Citral epoxide (—)-Citronellal Citronellal epoxide
_ +
CH
2 12 13
(+)-Carvone Carvone epoxide
CH,

(38)
|
(35 /s
&)=
|
V)

Me Me
+
Me\é/\mo
16 17

15 18 19
(-)-a-Pinene o-Pinene epoxide B-Pinene B-Pinene epoxide
Me Me, OH Me Me, OH Me Me, OH
+
20 © 21 © 2
Linalool Linalool epoxide
Scheme 2.
and @ formation to introduce high concentration of the hydrogen peroxide

though in this case the absolute value of its “non-productive
catalase decomposition to,0Oand HO will be also

In accordance with the obtained kinetic expressions the rateshigh.
of the three processes are proportional to concentration of the
catalyst precursor, i.e., compléx It follows also from the 3.4. Various acids as co-catalysts in the epoxidation
experimental data that the epoxidation efficiency grows with
decrease in initial hydrogen peroxide concentration: It was interesting to compare a co-catalytic action of var-
. ious acids in dec-1-ene epoxidations. The obtained data are
W (epoxide) 1 . . :
~ (20) summarized inTable 1andFig. 9. It can be clearly seen
W(Oy) [H202] from this table that various carboxylic acids exhibit different
Eqg. (20)shows that for the most efficient usage of hydrogen initial rates of the epoxidation and final yields of the epox-
peroxide in the olefin epoxidation one should introduce this ide. Ascorbic and citric acids do not co-catalyze the process
oxidant into the reaction in low concentration (or portion by at all. Acids containing electron-withdrawing substituents in
portion). On the contrary, in the cyclohexane oxidation, in benzene ringg-trifluoromethylbenzoicp-cyanobenzoic and
order to rise a “productively used” 40, portion we need p-nitrobenzoic acid) turned out to be the most efficient co-

ket(02) = kgK4Kea = 2.8 — 7.0mol > dm®s~* (19)
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Table 1
Epoxidation of dec-1-ene with 4D, catalyzed by complek in the presence of various acfds
Entry Added acid Initial ratg Wop x Yield of epoxidé Yield of diol® TONd
10° moldn3s1 (mol dm3) (mol dm3)
1 Acetic acid 4.7 0.051 0.014 1300
2 Oxalic acid 3.0 (5.6) 0.171 (0.2009 (0.198 0.000 (0.006) (0.000§ 3420 (41205 (3960
3 Succinic acid 35 0.081 0.005 1720
4 p-Methylbenzoic acid 25 0.024 0.013 740
5 Benzoic acid 3.2 0.065 0.070 1440
6 p-Chlorobenzoic acid 2.3 0.029 0.005 680
7 p-Trifluoromethylbenzoic acid 4.7 0.075 0.022 1940
8 p-Cyanobenzoic acid 6.8 0.090 0.032 2440
9 Terephthalic acid 15 0.015 0.011 520
10 p-Nitrobenzoic acid 5.8 0.095 0.033 2560
11 Phenylboronic acid 0.3 0.014 0.000 280
12 (-)-Camphanic acid 9.2 0.081 0.012 1860
13 Pyrazine-2-carboxylic acid 2.6 0.029 0.010 760
14 Ascorbic acid 0.0 0.000 0.000 0
15 Citric acid 0.0 0.000 0.000 0

a Reactions at 25C; dec-1-ene, 0.25 mol dm; acid, 0.05 mol dm? (in the case of a dicarboxylic acid, i.e., oxalic, succinic, terephthalic, 0.025 moldm
catalyst, 5x 107 mol dn3; H,O, (30% aqueous), 0.65 mol dr#; reaction time, 2 h.

b Maximum rate of the epoxide accumulation in the initial period of the reaction (approximately after 10 min).

¢ Concentrations of the epoxide and the diol after 2 h.

d Number of moles of the formed epoxide and diol per 1 mol of the catalyst after 2 h.

€ After 3h.
f H,0, (70% aqueous), 0.65 mol dr#; 3 h.

catalysts. £)-Camphanic acid also exhibited high activity,

especially at the beginning of the epoxidation. It is interest-
ing that in the presence of this chiral compound hydroperox-
idation of ethylbenzene gives a racemic mixture of the enan-
tiomers (the experiments were carried out in cooperation with

Prof. Carsten Bolm and Miss Chiara Pavan).

Unexpectedly, the epoxidation in the presence of oxalic

acid (Table 1, entry 2) turned out to be very efficient: TONs

exceeded 4000 and the selectivity of the reaction was very
high (unlike other acids, oxalic acid as a co-catalyst gave very
small amounts of decane-1,2-diol). Another interesting fea-
ture of the epoxidation in the presence of oxalic acid is the
reaction occurring without auto-acceleration in its beginning

(seeFigs. 9 and 10 Moreover, in the case of oxalic acid the

simultaneous dioxygen evolution is depressed in comparison

with the reaction co-catalyzed with acetic adiy. 10 graph

D). Finally, in the presence of oxalic acid the catalyst is not
completely decomposed after long period (many hours) as

shown inFig. 10 graph C. It is noteworthy that enzyme ox-
alate decarboxylase which converts oxalate to give &
formate contains two Mn-binding sit¢515,116](see also a
recent publication om-ketocarboxylate derivatives of iron
[127]).

3.5. Comparison of manganese complexes in oxidations
with different oxidants

In addition to the study of complek, we checked the
activity of mono- and dinuclear manganese compl&asd
3in epoxidation of dec-1-ene as well as in oxidation of cy-
clohexane. Hydrogen peroxide atalt-butyl hydroperoxide
were used as oxidants. The results are giveifahle 2 It

0.20

o
o
o

o
-
o

c(epoxide) / mol dm=2

©
o
o

g
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c(epoxide) / mol dm=2
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Fig. 9. Epoxidation of dec-1-ene (0.25mold®) in the reaction with
H20, (0.65mol dnT3) catalyzed by compled (5 x 10~°moldn3) at
25°C in the presence of different acids (0.05 moldhfior monocarboxylic
acids; 0.025moldm? for dicarboxylic acids): acetic (curve 1), oxalic
(curve 2), succinic (curve 3), phenylboronic (curve 4), benzoic (curve 5),
p-nitrobenzoic (curve 6)p-trifluoromethylbenzoic (curve 7), camphanic
(curve 8) acids.
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Fig. 10. Epoxidation of dec-1-ene (0.25mold#n the consumption is shown by curves 1) with® (0.65moldnT3) catalyzed by compled (5 x
10-5moldm3) at 25°C in the presence of oxalic acid (0.025 moldth Kinetics of the absorbance changes at 404 and 500 nm are shown on graph A.
Kinetics of dec-1-ene epoxide (curves 2) and decane-1,2-diol (curve 3) accumulation are shown in graphs B and C. At the moment denoted by arjow (after 3
a new portions of dec-1-ene (0.25 mol d#) and HO, (0.65 mol dnT3) were added to the reaction solution. Graph D (curve 4) presents dioxygen evolution
under the same conditions (i.e., oxalic acid, 0.025 mot#rdec-1-ene, 0.25 mol dn¥; as well as dioxygen evolution (curve 5) when for comparison oxalic

acid is replaced by acetic acid (0.05 mol o).

can be concluded that only compouhdxhibits a unique  3.6. Epoxidation of natural terpenes

activity in both epoxidation and alkane oxidation. Moderate

activity was found for the epoxidation of dec-1-ene by We also investigated oxidation by the above system of

tert-butyl hydroperoxide under catalysis with compl&x certain natural terpenes shownScheme 2We have found

(TONSs up to only 40). that the olefin is practically inactive in the absence of a small
quantity of acetic or oxalic acid.

Epoxidation of limonene, which contains two different
double bonds, gives products of addition to both the internal
ring double bond%) and the double bond in the side chain
(6). The obtained results are summarizedable 3 When

Me 4 Me acetic acid is used as a co-catalyst produdbminates and
/ J Yo \ the ratio5/6 varies from 1.4 (entry 9), to 3.5 (entry 12) de-
(\N\ Iy ,VN / _Me pending on the reagent concentrations and the reaction time.
Me/¢_-::M\kO/yQ\")N (PFe)2 The non-optimized maximum vyield of both monoepoxides
N\ o_ 0 N was almost 50% based on starting limonene. In experiments
Me B md with an excess of hydrogen peroxide the product of double

epoxidation at both double bondg) (s produced in signif-

icant quantities after long time (entries 11, 12 and 13). The

overall yield of epoxides was up to 72% based on starting
Complex 3 limonene. It should be noted that another product (GC) of
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Table 2

Comparison of certain systems based on Mn—-TMTACN complexes as catalysts for oxidations of dec-1-ene and cyclohexane with hydrogen peroxide and
tert-butyl hydroperoxid@

Catalyst Epoxidation of Epoxidation of dec-1-ene Oxidation of cyclohexane Oxidation of cyclohexane
dec-1-ene with KO, with tert-BuOOH with H,O, with tert-BuOOH

1 TONS up to 4000 No epoxide (TON < 0.2) TONS up to 3300 TONSs up to 2000

2 No epoxide (TON < 0.2) No epoxide (TON < 0.2) TON¢2 TON =2

3 No epoxide (TON < 0.2) TONS up to 40 TON =4 TON=9

a Reactions at 25C; dec-1-ene, 0.25 mol dm; cyclohexane, 0.46 mol dn¥; acetic acid, 0.25 mol dr?; catalyst, 5< 10> mol dm3; H,0; (30% aqueous)
andtert-BuOOH (70% aqueous), 0.65 mol df reaction time, 2 h.

b See alsd32].

¢ See alsd36).

d See alsg34].

unknown structure was formed in several experiments, how- ilar structure but which does not contain the second double
ever, the amount of it was much less than those of the targetbond gives only very low yield of the two diastereomeric
epoxides. epoxidesll (Table 5. Lower reactivity of10 in compari-

It is noteworthy that the limonene epoxidation in the pres- son with8 can be explained if we take into account that the
ence of oxalic acid occurs with the opposite selectivity: prod- C=CMe, bond in10is connected with less bulky (due to the
uct6 dominates and the rat®/6 varies from 0.86 (entry 14)  most compact second double bond) substituent.
to 0.65 (entry 17). This observation is in accordance with  The same reason can explain the high yield (up to 90%) of
an assumption about bulkiness of a reactive complex formedisomeric epoxide¢3and14in the oxidation of (+)-carvone
betweenl and oxalic acid. (12). Concentrations of a mixture of isomers after different

Epoxidation of a mixture ofis- andtrans-isomers of cit- times of the reaction are summarizedlable 6
ral (8) in the presence of oxalic acid gives isomeric epoxides  Epoxidation of both pinene isomet$ and 18 exhibited
9, predominant epoxidation of less hindered boreOMe, low efficiency (Tables 7 and &espectively). The yield of the
occurs and almost no epoxidation of the second doubletarget epoxide was only around 10%. Furthermore, signifi-
bond bearing electron-withdrawing CHO group was noticed cant quantities of side products appeared (one of them was

(Table 4. The reaction with{)-citronellal (L0) having sim- identified as cyclopentene derivatit& for oxidation ofa-
Table 3
Epoxidation of limonene (4) isomers by the ;8,—complexl—carboxylic acid” systefh
Entry  Acid added (moldm3)  Complex1 H20, (mol dm3)P Time (min)  Products (mol dm?)¢ Total yield (%}
(>< 10_5, mol dr’rT3) 5 6 7
Acetic acid (0.25)
1 5 0.25 (anhydrous) 15 0.007 0.004 0.00
2 60 0.018 0.010 0.00 11
3 5 1.25 (anhydrous) 30 0.017 0.013 0.00 12
4 25 0.25 (anhydrous) 30 0.024 0.014 0.001 16
5 25 1.25 (anhydrous) 30 0.062 0.029 0.080 68
6 5 0.11 (30% aqueous) 60 0.003 0.002 0.00 2
7 5 0.43 (30% aqueous) 60 0.032 0.014 0.005 20
8 5 1.3 (30% aqueous) 60 0.023 0.014 0.00 15
9 120 0.021 0.015 0.00 14
10 20 1.3 (30% aqueous) 15 0.066 0.027 0.042
11 60 0.082 0.030 0.068 72
12 25 1.25 (30% aqueous) 15 0.094 0.027 0.034 62
13 25 1.25 (70% aqueous) 15 0.083 0.026 0.059 67
Oxalic acid (0.025)
14 5 0.65 (70% aqueous) 5 0.006 0.007 0.00
15 10 0.007 0.009 0.00
16 15 0.011 0.015 0.00
17 30 0.032 0.049 0.00 32
18 120 0.026 0.039 0.005
19 180 0.027 0.041 0.008

@ In the oxidation in the presence of acetic or oxalic acids (+)- angigomers of limonene were used, respectively. Reactions a€286monene,
0.25mol dnr3,

b For the preparation of anhydrous hydrogen peroxide Ssetion 2

¢ Two peaks in GC correspond to compounds 5, 6 and 7 because they exist as mixtures of two diastereomers.
4 Yield of a sum of all identified products based on starting olefin.
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Table 4
Epoxidation of citral 8) isomers by the “HO,—complex1-oxalic acid”
systen?
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Table 7
Epoxidation of ¢)-a-pinene (5) by the “H,O,—complex1—-oxalic acid”
systen?

Entry  Time (min) Products (mol dn?) Total yield (%} Entry  Time (min) Products (mol dn?) Total yield (%}
9a 9b 16 17
1 5 0.006 0.006 Acetic acid (0.25 mol dm?3)°
2 10 0.011 0.011 1 15 0.024 0.007
3 15 0.011 0.011 2 30 0.019 0.013 13
4 30 0.024 0.024 3 60 0.010 0.017
5 60 0032 0031 Oxalic acid (0.025 mol dm?3)d
6 120 0.047 0.045
7 180 0.055 0.052 43 4 > 0.015 0.000
. ’ 5 60 0.027 0.000 11

a Reactions at 25C; H,0» (30% aqueous), 0.65moldr; citral,
0.25 mol dnT3; catalystl, 5 x 10~°mol dm~3; oxalic acid, 0.025 mol drr?.
b Yield of a sum of all identified products based on starting citral.

Table 5
Epoxidation of ¢)-citronelal (L0) by the “H,O,—complexl—-oxalic acid”
systend

a Reactions at 25C; (—)-a-pinene, 0.25moldmm?; catalyst1, 5 x
107 mol dnm 2.

b Yield of a sum of all identified products based on starting citronelal.

¢ H,0, (30% aqueous), 1.3 mol dr.

4 H,0, (70% aqueous), 0.65 mol drd.

Table 8

Entry  Time (min)  Products (mol dn¥) Total yield (%} Epoxidation of3-pinene (.8) by the “H,O,—complexi—oxalic acid” systerh

1la 11b Entry Time (min) 19 Total yield (%}
1 5 0.000 0.005 Acetic acid (0.25 mol dm?)
2 10 0.000 0.004 1° 15 0.005 2
3 15 0.000  0.004 2d 30 0.025 10
4 30 0.0020.006 Oxalic acid (0.025 mol dirf)e
5 60 0.002 0.006

4 30 0.004 2

6 120 0.004 0.009 5 60 0.012 5
7 180 0.007 0.011 7 .

a Reactions at 25C; H,O, (70% aqueous), 0.65moldrm; (—)-
citronelal, 0.25moldm?; catalyst1, 5 x 10°moldn3; oxalic acid,
0.025 mol d3.

b Yield of a sum of all identified products based on starting citronelal.

pinene). We can propose again that the low efficiency of this
system for pinene oxidation is due to extensive steric hin-

drance by the substituents to approach of the bulky catalyst

molecule. This gives additional evidence that the epoxidation
occurs via a mechanism that does not involve the formation
of free radicals. In contrast, their generation during oxidation
of alkanes bytert-BuOOH catalyzed byt has been assumed
previously[33,36] This oxidation occurs also in the absence

of acetic acid although it accelerates oxygenation of saturated

hydrocarbons. In accordance with our observation on the re-
action betweettert-BuOOH and dec-1-ene (s&ection 3.5

Table 6
Epoxidation of (+)-carvonel@) by the “H,O,—complex1-oxalic acid”
systend

Entry Time (min) 13+ 14 (mol drm3) Total yield (%}
1 5 0.023

2 10 0.049

3 15 0.062

4 30 0.092

5 60 0.156

6 120 0.202

7 180 0.226 90

2 Reactions at 25C; H,0, (70% aqueous), 0.65 mol dr; (+)-carvone,
0.25 mol dnT3; catalystl, 5 x 10~°mol dm~3; oxalic acid, 0.025 mol dr®.
b Yield of a sum of all identified products based on starting (+)-carvone.

a Reactions at 25C; B-pinene, 0.25 mol drre.

b Yield of 19 based on starting citronelal.

¢ Catalystl, 5 x 107> mol dn3; H,0, (30% aqueous), 0.43 mol dr.
d Catalyst1, 25 x 107> mol dm3; H,0, (anhydrous), 1.25 mol dn¥.
€ Catalystl, 5 x 107> mol dm~3; H,0, (70% aqueous), 0.65 mol dr.

andTable 2, we found thatl does not catalyze epoxidation
of limonene bytert-BuOOH even in the presence of acetic
acid. This is also consistent with the proposal that oxidation
by hydrogen peroxide proceeds without the formation of free
radicals.

Oxidation of linalool @0), which contains two double
bonds and hydroxy group gives rise to the predominant for-
mation of the 6,7-epoxid&lwhereas 1,2-isom&2is formed

in much lower concentratiorméble 9.

Table 9
Epoxidation of linaool 20) by the “H,O,—complexl—oxalic acid” systerh

Entry Time (min) 20 Products (mol dm?3)
21 22
1 5 0.234 0.006 0.000
2 10 0.231 0.008 0.003
3 15 0.235 0.008 0.002
4 30 0.194 0.018 0.005
5 60 0.141 0.034 0.008
6 120 0.044 0.048 0.007
7 180 0.047 0.046 0.003

a Reactions at 25C; H,O, (30% aqueous), 0.65moldm; linalool,
0.25 mol dnT3; catalystl, 5 x 10-> mol dm3; oxalic acid, 0.025 mol drre.
Yield of a sum of both isomeric epoxides (based on starting linalool) was
22% after 2 h.



C.B. Woitiski et al. / Journal of Molecular Catalysis A: Chemical 222 (2004) 103-119 117

4. Conclusions

Under the action of the catalytic system described in this
paper the processes of the alkane oxidation and dioxygen
evolution on the one hand and of the olefin epoxidation on
the other hand are induced by different intermediate species.
The system is useful for efficient epoxidation of sterically
accessible olefins, including natural compounds.
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