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Abstract: The chiral allylic alcohols 1a—d and their acetate (1e) and silyl ether (1f) derivatives have been
oxidized by the H,0,/MoO.?~ system, a convenient and efficient chemical source of singlet oxygen. This
chemical peroxidation (formation of the allylic hydroperoxides 2) has been conducted in various media,
which include agueous solutions, organic solvents, and microemulsions. The reactivity, chemoselectivity,
and diastereoselectivity of this chemical oxidation are compared to those of the sensitized photooxygenation,
with the emphasis on preparative applications in microemulsion media. While a similar threo diastereo-
selectivity is observed for both modes of peroxidation, the chemoselectivity differs significantly, since in
the chemical oxidation with the H,O,/M0oO,2~ system the undesirable epoxidation by the intermediary
peroxomolybdate competes efficiently with the desirable peroxidation by the in situ generated singlet oxygen.
A proper choice of the type of microemulsion and the reaction conditions furnishes a high chemoselectivity
(up to 97%) in favor of threo-diastereoselective (up to 92%) peroxidation.

Introduction organic sources such as phosphite ozdhide polycyclic
aromatic endoperoxidéshe latter require previous preparation.

yet selective oxidant. Most commonly, it is generated by A more serious disadvantage is the fact that they are used in

photosensitization of triplet molecular oxyge#This versatile ~ Stoichiometric amguntﬁl a:d Iarget?uaﬂtltlles Iof.orgafmﬁ byprod-d
and convenient method may be conducted in a large variety of UCtS aré generated, which encumber the isolation of the wante

nonpolar and polar solvents and a wide range of temperatureoxIdatlon product. ) i
More recently, a catalytic chemical source has been devel-

(—100 to+100°C); the low temperatures are particularly ad- - . - o - .
oped, in which the!O, is quantitatively generated in a mild

vantageous when labile oxidation products have to be prepared. ) h . .
10, may also be generated in high yields in a number of and convenient method, namely the disproportionation of

chemical reaction:5 These have been employed mainly in hydrogen peroxide, effected catalytically by sodium molybdate

8,9a-d
mechanistic studies but scarcely used in organic synthesis. The€d D>
reasons are that they involve either highly oxidizing inorganic MoO,2-
reagents (CIO, BrO™), which may cause side reactions, or 2 H,0, water,pH 9-10

Singlet molecular oxygerQ, (*Ag), is a highly reactive but

2 H,0 + 'O, (100%) (1)

TLCOM, Equipe de Recherches “Oxydation et Formulation”. On mixing of these commercially available reagents, a high flux
¥ University of Wirzburg. of 10, may be produced in situ at room temperature without

§ Current address: Department of Chemistry, University of Puerto Rico, . . . .
Rio Piedras, Puerto Rico 00931. the need of light and photochemical equipment. The reaction

(1) (a) Kochevar, I. E.; Redmond, R. Wlethods EnzymoR00Q 20—-28. (b)

Schenck, G. O. German Patent 933,925, 1943. (6) Caminade, A. M.; Khatib, F. E.; Koenig, M.; Aubry, J. I@an. J. Chem.
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Ed.; Jai Press: Greenwich, CT, 1988; Vol 1, pp-822. (8) Aubry, J. M.J. Am. Chem. S0d 985 107, 5844-5849.
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proceeds efficiently in alkaline aqueous solutittsd or in called cis, thggemdirecting, and therionbonding-large-group
highly polar organic solvents such as methal§dlydrophilic, effects1®21 The stereochemistry, specifically the diastereo-
low-molecular-weight organic substrates may be effectively selectivity, is subject to the recently recognized “hydroxy-group
oxidized on the preparative scale under these condititvfike directivity”,18 in which the synergism between conformational
use of microemulsions (submicronic biphasic systems), however,and electronic factors may dictate a high degree of stereochem-
allows us to extend the scope to any organic substrate withoutical control.
loss of efficiency, neither in the chemical yield nor in the The incentive of the present work was to assess the chemo-
trapping efficiency oft0,.11 selectivity and the diastereoselectivity in the ene reaction of a

A microemulsion consists of water, an organic solvent (oil), series of chiral allylic alcohols and derivativdswith 1O,
a surfactant, and in most cases a cosurfactant (alcohol). It formschemically generated by the,8,/MoO?~ source in micro-
a transparent or translucent, thermodynamically stable, isotropicemulsion media. Our unprecedented results are to be compared
dispersion of two immiscible liquids, with microdomains of one with conventional methods, namely photooxygenation and
or both liquids stabilized by an interfacial film of surface-active chemical oxidation by kHD,/M0oO4*~ in homogeneous solvent
moleculesi? Although more complex in composition than systems. The purpose was to develop a convenient and selective
traditional reaction media, microemulsions present definite chemical peroxidation process under catalytic conditions for the
advantages: (i) they are particularly well-suited for the chemical preparation of allylic hydroperoxides through the ene reaction
peroxidation of highly hydrophobic substrates on the preparative with 1O, but without the use of light and photochemical
scale! (ii) they protect substrates and products sensitive to equipment. For this purpose, the allylic alcolial (mesitylol)
alkaline conditions; and (iii) they limit the direct contact of the was chosen as model substrate, since its diastereoselectivity has
oxidant source with the substrate and the product. In particular, been well studied for photochemically produc&g,, which
the chemicalO, source under consideration herein, namely the should enable a detailed comparison with the data to be acquired
H,0,/M004?~ system, which generates efficientBO, in hereinl®22These chemical oxidations were to be carried out in
alkaline medium, actually also acts as an efficient epoxidizing various reaction media, which encompass organic solvents,
agent under acidic and neutral conditidf&Consequently, the  water, and especially water-in-oil (W/O) microemulsions. Such
chemoselectivity may be of concern for substrates with electron- microemulsions, which consist of water microdroplets dispersed
rich double bonds, which may be readily epoxidized under in a continuous organic phase, should limit the direct interaction
normal conditions, instead of being oxidized to the desired between the substrate and the peroxomolybdate intermediates
peroxides by the in situ generatéd,. (precursors to the chemically generaté@,), to minimize

One of the prominent peroxidations B9. is its ene reaction ~ thereby the substrate epoxidation and guarantee a high chemo-
with alkenes, the so-called Schenck reacfidif. constitutes a selectivity. The W/O microemulsions to be used for the present
convenient preparation of allylic hydroperoxides; the latter have study were to be made up of sodium dodecyl sulfate (SDS) as
proven to be synthetically useful building block&!3 Much the surfactant, ethanol or butanol as cosurfactant, angCGH
work has been devoted to the elucidation of the mechanistic oF CCl as continuous organic phase. The reactivity, chemo-
aspects of the ene reaction of allylic alcohols by photochemically Selectivity, and diastereoelectivity of the chemically generated
generated'O,, notably the regiochemistry and stereoselec- 'Oz in the microemulsion medium were to be determined by
tivity.14-16 Expectedly, for substrates with several allylic Vvarying the substrate structure in terms of the degree and pattern
hydrogen atoms, abstraction may be expected to take place aff the methyl substitution on the double bond in the allylic
all possible sites to result in complex mixtures of isomeric allylic alcohols. Herein, we report our findings, which unequivocally
hydroperoxided? Nevertheless, significant regioselectivity may demonstrate the preparative feasibility and synthetic advantages
be achieved in the ene reaction through the choice of appropriateof the present concept.

structural features within the allylic substrate, namely the so-
Results

(10) (a) Nardello, V.; Bouttemy, S.; Aubry, J. M. Mol. Catal. 1997, 117,
439-447. (b) Nardello, V.; Aubry, J. M.; Linker, TRhotochem. Photobiol.
1999 70, 524-530. (c) Aubry, J. M.; Cazin, B.; Duprat, B. Org. Chem.
1989 54, 726-728.

(11) (a) Aubry, J. M.; Bouttemy, Sl. Am. Chem. S0d 997, 117, 5286-5294.
(b) Nardello, V.; HerveM.; Alsters, P. L.; Aubry, J. MAdv. Synth. Catal.
2002 344, 184-191. (c) Bouttemy, S.; Aubry, J. M.; Sergent, M.; Phan
Than-Luu, R.New J. Chem1997, 21, 1073-1084.

(12) (a) Friberg, S. E.; Bothorel, Rlicroemulsions: Structure and Dynamjcs
CRC Press: Boca Raton, FL, 1987. (b) Lattes, A.JMChim. Phys1987,

84, 1061-1073. (c) Bourrel, M.; Schechter, R. $licroemulsions and
Related SystemSurfactant Science Series; Dekker: New York, 1988; Vol.
60

Substituent Effects on the Reactivity.To assess the reactiv-
ity of the chiral allylic alcoholsl toward singlet oxygen as a
function of the degree and pattern of methyl substitution of the
double bond, the so-called “Foote reactivity indeg"value)
was determined for these substrates. Bhelue corresponds
to the minimum concentration of the required substrate, such
that the overall interaction dfO, with the substrate surpasses

(1

. Prein, M.; Adam, WAngew. Chem., Int. Ed. Engl996 35, 477—494.
(13) (a) Matsumoto, M.; Frimer, A. A.; Stephenson, L. M.Singlet Oxygen 1

8
9) Orfanopoulos, M.; Gardina, M. B.; Stephenson, L.MAmM. Chem. Soc

Frimer, A. A, Ed.; CRC Press: Boca Raton, FL, 1985; Vol. Il, pp-79
and 212-230. (b) Porter, N. A. InOrganic PeroxidesAndo, W., Ed.;
Wiley & Sons: Chichester, 1992; pp 18156. (c) Dussault, P. H.; Schultz,
J. A.J. Org. Chem1999 64, 8419-8422.

(14) Brinker, H.-G.; Adam, W.J. Am. Chem. So0d.985 117, 3976-3982.

(15) Griesbeck, A. G.; El-Idreesy, T. T.; Adam, W.; Krebs, OORC Handbook
of Organic Photochemistry and Photobiolo@nd ed.; Horspool, W., Lenci,
F., Eds.; CRC Press LLC: Boca Raton, FL, 2004; ppl8o 8-20.
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Adam, W.; Nestler, BJ. Am. Chem. S0¢993 115 5041-5049. (c) Adam,
W.; Saha-Mdler, C. R.; Schambony, S. B.; Schmid, K. S.; Wirth, T.
Photochem. Photobiol999 70, 476-483. (d) Adam, W.; Renze, J.; Wirth,
T. J. Org. Chem1998 63, 226-227.

(17) Clennan, E. LTetrahedron200Q 56, 9151-9179.

(20) Adam, W.; Griesbeck, AAngew. Chem., Int. Ed. Endl985 24, 1070~
1071.

(21) (a) Orfanopoulos, M.; Stratakis, M.; Elemes, Am. Chem. Sod.99Q
112 6417-6419. (b) Stratakis, M.; Orfanopoulos, NMetrahedron200Q
56, 1595-1615.

(22) Adam, W.; Bimker, H. G.; Kumar, A. S.; Peters, E.-M.; Peters, K.;
Schneider, U.; von Schnering, H. G.Am. Chem. S0od996 118 1899
1905.

(23) (a) Wilkinson. F.; Helman, W. P.; Ross, A. B. Phys. Chem. Ref. Data
1995 24, 663-1021. (b) Vever-Bizet, C.; Dellinger, M.; Brault, D.; Rougee,
M.; Bensasson, R. VPhotochem. Photobiol1989 50, 321-325. (c)
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Table 1. Overall Rate Constants (k + kq) and 8 Values for the Photooxygenation of the Chiral Allylic Alcohols 1a—d, as Determined by
Laser Flash Photolysis@

HO
R2
= ko +k 8
1 3 T
R R 10* M5y M)
R] R2 R3
Ta CH, CH, H 24 043
1b H CH, CH, 14 0.074
Ie CH, H CH, 18 0.058
1d CH, CH, CH, 320 0.0032

a]n CD30D with sodium tetraphenylporphine sulfonate (TPPS) as sensitizer; er#e5%s of the stated valué.In CHxCly; error is+5% of the stated
value.

Scheme 1. Photooxygenation (a) and Chemical Oxidation (b) of Mesitylol (1a)

OH OH
HOO, H,
hV/O ", “1s,,
e B »ﬁi\ + Hoo//kk
/ sensitizer A X
OH (a)
threo-2a erythro-2a
|
1 OH OH OH
a
3 HOO. H, H,
H,0,/MoO ., .
\&, »f . HOC))/\\ + %o\ + /g'o\
(b) X X

threo-2a erythro-2a threo-3a erythro-3a

the physical deactivation (quenching) by the solvent. For this Table 2. Substituent Effects on the Chemoselectivity for the
| flash photolvsi | d h Chemical Oxidation? of the Allylic Alcohols 1a—d by the H,O,/
purpose, laser tlash photolysis was employed to measure theyy,0,2- oxidant, Solubilized in Microemulsions®

overall rate constants(+ kg) in CD;OD, in whichky andk: o

represent the physical quenching and the chemical reaction of RR

10, by the substraté324 A 2:3
The kinetic data are given in Table 1 for the alcohbds-d. R R R’

Clearly, the results indicate that both the degree (substtates T o CH ] B

versusld) and the pattern (substratés versuslb and 1c), o u CH, CH, 89:11

but not thecis—transgeometry (substrateldb versuslc) of the le CH, H’ CH, 05 05

methyl substitution, affect the chemical reactivity!@k toward 1 CH; CH, CH; - 9505

these allylic alcohols. As shall become evident, in view of the
quite low reactivity of the allylic alcohol¢a—c toward!O,, a . - - ] )
large excess of hydrogen peroxide will be needed to peroxidizebThg?ﬁiC‘iggﬁ:ﬂf’s?gnﬁrsecgmggs'gdg%%'f%g‘?agﬁgﬁg'g%'sngggj}ﬁ“rﬁ”)'
them by the HO,/MoO,?~ system in the microemulsion. dodecyl sulfate) in the proportions 74.8:6.2:9.5:9.5 (wt %8roduct ratios

Substituent Effects on the Chemoselectivityln the photo- were determined b}_H NMR spectroscopy on the isolated reaction mixture
oxygenation, only the expected allylic hydroperoxidks-d for > 95% conversion; error it 5% of the stated value.
were produced, as illustrated for mesitylol as model substrate
in Scheme 1la.

In contrast, in the chemical peroxidation,B$/Mo0,42") of
the allylic alcoholsla—d, solubilized in a microemulsion made
up of CH,ClI, as the solvent, SDS as the surfactant, and EtOH
as the cosurfactant, also the corresponding epox3des! are
formed in appreciable amounts (Scheme 1b). The formulation
of the microemulsions was chosen in order to permit the
solubilization of a large amount of hydrogen peroxide without
demixing, such that the oxidation of the substrateould be
conducted on the preparative scale (0.50 motkgvithin a . .
reasonable time (fopr tf?e actual condit(ions, see ¥%|e S3in theT"’.‘ble 2. It IS notewqrthy that, in the GBI/EtOH/SDS/DO
Supporting Information section). Thus, the microemulsions made mic roemuIS|.on', mesitylolia) showed the Iowe;t chemoselgc-
of CH,Cl, (or CCL)/EtOH (or BUOH)/SDS/HO (or D;0) in tl\{lty (2:3 ratlp is 83:17). Furthermore, no ep(_)?qde was obtained
the proportions 74.8/9.5/9.5/6.2 (wt %) and 49.0 mmolkof with the allylic alcoholld under these conditions.

sodium molybdate were found to solubilize up to 20% (by Substitgent Effects on the Diaste_reoselt_ecti\_/ityThe photo- _
oxygenation as well as the chemical oxidation of the allylic

(24) Higgins, R.; Foote, C. S.; Cheng, Adv. Chem. Ser1977, 77, 102—117. substrated afforded thethreo and theerythro diastereomers

volume) of aqueous #D,. Furthermore, the presence of the
allylic alcohol 1 increased the water content without demixing
up to 35% in the BuOH-based microemulsion and up to 25%
in the EtOH-based one. This may be rationalized in terms of
the amphiphilic nature of the allylic alcohtd) which plays the
role of a cosurfactant. For preparative purposes which were
advantageous, the use of EtOH instead of BUOH considerably
facilitates the isolation of the oxidation products by simple
evaporation of the solvent at reduced presstie.

The hydroperoxide 2)/epoxide 8) ratios are presented in

10694 J. AM. CHEM. SOC. = VOL. 126, NO. 34, 2004
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Table 3. Dependence of the Diastereoselectivity on the Substrate Structure in the Peroxidation of the Allylic Alcohols 1a—d, Acetate 1e,
and Silyl Ether 1f by Photochemically (CDCl; Solution) and Chemically (CH2Cl, Microemulsion) Generated 1O,

X
R2>=27 Oy/sens./hv*" H,0o/MoO,* *¢
R R3
R' R? R} X threo-2  erythro-2  threo-2  erythro-2

la CH; CH; H OH 94 6 85 15
1b H CH; CH; OH 88 12 86 14
1c CH; H CH; OH 61 39 50 50
1d CH; CH; CH; OH 94 6 78 22
1d° CH;3; CH; CH; OH 80 20 - -
1d¢ CH; CH; CH; OH 79 21 - -
le CH; CH; H OAc 35 65 12 88
1f CH, CH, H OSiMe,-1Bu 82 18 78 22

a Product ratios were determined By NMR spectroscopy on the isolated reaction mixture; errer58o of the stated valué.CDCls, tetraphenylporphine
(TPP).¢ The microemulsion is composed of @El,, D,O, EtOH, and SDS in the proportions 74.8:6.2:9.5:9.5 (wt®Photooxygenation in the microemulsion
with TPP as sensitizef.Photooxygenation in the microemulsion with sodium tetraphenylporphine sulfonate (TPPS) as sensitizer. Conv@$8tgrand

the yield of isolated products ranged between 65 and 93%.

Table 4. Solvent Effects on the Diastereoselectivity in the
Photooxygenation of Mesitylol (1a)

OH OH
HOO,, H.,,
solvent® HO
AN X

entry
threo-2a° erythro-2a®
1 CCI¢ 96 4
2 CDCI* 94 6
3 CH,CL* 91 9
4 EtOH! 59 41
5 PrOH* 59 41
6 BuOH* 59 41
7 H,0* 80 20
8 D,0¢ 78 22
9 CCLy/H,0 (90/10)%* 90 10
10 microemulsion”® 78 22
11 microemulsion®® 78 22

a The conditions are given in Table S2 (see Supporting Information).
b Determined by*H NMR spectroscopy on the isolated reaction mixture;
error is £5% of the stated valué.Tetraphenylporphine as sensitizer.
d Methylene blue as sensitizérWith and without sodium molybdatéThe
microemulsion consisted of GBI, D,O, EtOH, and SDS in the proportions
74.8:6.2:9.5:9.5 (wt %) TPPS as sensitizer. Conversien95%.

of the allylic hydroperoxideg, as illustrated for mesityloll(g)
in Scheme la. The observélttederythro ratios are given in
Table 3 for both modes of peroxidation.

The photooxygenation of allylic alcohotka, 1b, and 1d,
which all bear a methyl substituewis to the hydroxyethyl
group, proceeded in highreodiastereoselectivity, whereas the
allylic alcohol 1c showed only a moderatireo preference.
Compared to the chiral allylic alcohdla, the corresponding
silyl ether 1f gave a lower diastereoselectivity in favor of the
threo-configured hydroperoxid@f. In contrast, the opposite

threo-diastereomer 2a (%)

20 40

1-BuOH (%)
Figure 1. Dependence of théhreo diastereoselectivity on the solvent

composition in the photooxygenation of mesityldia) in CCly/n-BuOH
(®) and CHCIy/n-BuOH (O) mixtures.

60

experimental error) to those observed in the photooxygenation,
whereas for the allylic alcoholda, 1c, and 1d the threo
configured hydroperoxides are produced in a lower diastereo-
selectivity. In the ene reaction of the allylic acetdte the
opposite sense of stereochemical control is observed and the
erythroselectivity is even more pronounced than that found in
the photooxygenation.

Medium Effects on the Chemoselectivity and Diastereo-
selectivity. The photooxygenation of mesitylolg) in various
solvents afforded the corresponding allylic hydroperoxi2ias
for which the threderythro ratio depends markedly on the
solvent nature (Table 4).

In nonprotic solvents (entries-B), significantly highethreo
selectivities were observed compared to protic ones (entries
4—8). Mechanistically significant, the diminution of tllereo
selectivity is more pronounced in the alcohols (entriess}
than in HO and DO (entries 7 and 8), although water is the
most “protic” solvent of all. Clearly, the diastereoselectivity is
not sensitive to the alkyl chain of the alcohol (entriesé,

sense of stereocontrol was observed in the ene reaction of thenor does it matter whether regular or deuterated water is used

allylic acetatele, for which theerythro-configured hydroper-
oxide 2e dominates.
Thethrederythrodiastereoselectivities of the hydroperoxides

(entries 7 and 8).
The photooxygenation of mesitylolld) in the solvent
mixtures CCJ{/BuOH and CHCI,/BuOH gavethrederythro

2a—f, generated from the allylic substrates on chemical oxida- ratios which are a sensitive function of the solvent composition,

tion (Table 3), are similar for the substratds and 1f (within

as displayed in Figure 1.

J. AM. CHEM. SOC. = VOL. 126, NO. 34, 2004 10695
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Table 5. Medium Effects on the Chemoselectivity and Diastereoselectivity in the Chemical Oxidation of Mesitylol (1a) by the HO2/M0042~
Oxidant

selectivity?
[1a] chemo diastereo

entry medium® mol-kg~* 2:3 threo-2:erythro-2 threo-3:erythro-3
1 DO 0.50 07:93 ¢ 85:15
2 CH:OH 0.05 39:61 ¢ ¢
3 CCl/H,0 (90:10} 0.05 07:93 ¢ 90:10
4 CCL/D,O/EtOH/SDS 0.50 68:32 72:28 89:11
5 CCly/H,0O/BUOH/SDS 0.10 55:45 91:09 89:11
6 CH,Cl,/D;O/EtOH/SDS 0.50 83:17 85:15 83:17
7 CH,Cl,/D,O/EtOH/SDS 0.05 91:09 85:15 ¢
8 CH,Cl/D,O/BUOH/SDS 0.50 79:21 83:17 91:09
9 CH,Cl,/D,O/BUOH/SDS 0.05 97:03 87:13 ¢

10 CHCIy/H,O/BUOH/SDS 0.05 97:03 84:16 ¢

11 CHCIl,/D,O/BuOH/SDS 0.10 92:08 92:08 ¢

aProduct ratios determined B§1 NMR spectroscopy on the isolated reaction mixture; errat%6 of the stated valué. The microemulsion (entries
4—11) is composed of organic solvent, water, alcohol, and SDS in the proportions 74.8:6.2:9.5:9.5 fWheoliastereoselectivity was not determined
because an insufficient amount of product was isolgtédgorously stirred at 500 turns/min.

Table 6. Changes of the Chemoselectivity and Diastereoselectivity in the Photooxygenation (hv/Oz/Sensitizer) and Chemical Oxidation
(H202/M00,4%7) in Various Reaction Media

chemoselectivity diastereoselectivity?

experimental parameter 2:3 table (entry) threo/erythro table (entry)
hv/Oz/sens— HyOo/MoO42~ decrease 2 @4) no effect 3 (4-6)
hydrophobicity ofl increase 2 (34) complex effect 3(%4)
concentration ol decrease 5(8,9) no effect 5(8,9)
protic and polar environment large decrease 5(1,2,6) large decrease 4(1,8)
biphasic medium~ microemulsion large increase 5(3,5) b b
H2O — D20 (microemulsion) no effect 5(9,10) no effect 5(9,10)
CCly — CHyCl; (microemulsion) large increase 5(4,6) increase 5(4,6)
EtOH— BUOH (microemulsion) no effect 5(6,8and 7,9) no effect 5(6,8and 7,9)

aFor the hydroperoxided.The diastereoselectivity of the hydroperoxides in the biphasic medium could not be determined because an insufficient amount
of product was isolated.

In both pure CCJ and CHCl,, mainly thethreo-configured been caused by changing a variety of experimental reaction
hydroperoxide of mesityloll@) is produced, but increasing the parameters during the oxidation of the model allylic alcahol
amounts of butanol lowers the diastereoselectivity significantly.

Moreover, a highthrederythroratio of 90:10) diastereoselec- Discussion
tivity is observed for the photooxygenation of substrkdén a The aspects we shall address and compare for the photo-
stirred biphasic 90:10 C@H,O (entry 9) mixture with or sensitized and chemical oxidation of the chiral allylic alcohols
without sodium molybdate. 1 (Scheme 1) concerreactivity, chemoselectity, and dia-

The chemical oxidation of mesitylolL&) by HO,/M0O42~ stereoselectity. In particular, we shall examirgubstituenaind

in various reaction media afforded a mixture of the hydroperoxy mediumeffects and point out advantages and disadvantages of
allylic alcohol2aand the epoxid&a (Scheme 1b). The observed these two modes of singlet-oxygen generation in regard to
product ratios are given in Table 5. preparative-scale applications.

In neat DO, in methanol, or in the biphasic C£H,0O (90: Before entering into the mechanistic rationalization of the
10) medium (entries -23), mesitylol (La) leads mainly to the present data on the reactivity, chemoselectivity, and diastereo-
undesirable epoxid@ain a highthreodiastereoselectivity. On  selectivity, it is instructive to emphasize the complexities of

the contrary, in the ChkCl, microemulsion (entries-611), the the composition and dynamics that a microemulsion presents
allylic alcoholslagave mainly the desirable hydroperoxiziz (Scheme 2).
but also in highthreoselectivity. Yet, in the CGlmicroemulsion For this purpose, the various constituents of the microemul-

(entries 4 and 5), epoxide formation competed more significantly sion in the three possiblecales namely the aqueous phase,
with the hydroperoxidation; both products were obtained the interfacial boundary, and the organic phase may be viewed
preferably inthreo diastereoselectivity. It is also noteworthy in the form of a cartoon. As may be appreciated from this
that BUOH and EtOH provided similar results in terms of scheme, the hydrophilic species (b3, MoO42~, and the
chemoselectivity and diastereoselectivity (entries 6 and 8). This peroxomolybdates) are confined in the aqueous droplets,
was also observed when,® was replaced by D (entries 9 whereas the amphiphilic components (SDEBuUOH or EtOH,
and 10); however, an increase of the substrate concentratiorthe allylic alcohol1, the hydroperoxide produ@, and the
led to a lower chemoselectivity but similar diastereoselectivity epoxide producB) are distributed in the interfacial boundary
(entries 6 versus 7, 8 versus 9). between the aqueous and organic phases and in the latter phases.
For convenience, an overview of the mechanistically and The interfacial boundary may be considered as a pseudo-phase,
preparatively important effects on the chemoselectivities and constituted of amphiphilic compounds in equilibrium between
the diastereoselectivities are summarized in Table 6. These havehe aqueous and the organic phases.
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Scheme 2. Localization of Reactants, Substrates, and Oxidation Products in the Aqueous Microdomain, in the Organic Continuous Phase,
and at the Interface of the Microemulsion; for Sakes of Clarity, the Configurations of the Two Diastereoisomers Are Not Shown
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The relative amount of these materials in these distinct localesi.e., 1a < 1b,c < 1d, may be accounted for by the synergistic
depends, of course, on their hydrophobicities and amphiphi- interplay between the reactivity of the substrateoward 1O,
licities. For sakes of clarity, in Scheme 2 only the transport of and its hydrophobicity. Actually, the allylic alcohdlsare smalll
the substratd and'O, across the interfacial boundary into the lipophilic molecules with only a moderate hydrophilicity due
water and organic phases is portrayed in the form of equilibrium to the hydroxy functionality; hence, these quite hydrophobic
arrows because evidently the whereabouts of these two reactingsubstrates are mainly located in the organic phase of the
components of the microemulsion will be relevant for the microemulsion, but appreciable amounts are also present in the
mechanistic rationalization of the results. aqueous phase as well as at the interfacial boundary. Conse-

As becomes conspicuous from Scheme 2, the allylic alcohol quently, when their hydrophobicity is enhanced by increasing
1is distributed over all three possible locales, namely the water the number of methyl groups on the allylic double bond, the
phase, the interfacial boundary, and the organic phase. Inamount of the substraté in the agueous phase will also
contrast, like ordinary molecular oxygefQg), 10O, is both decrease, which favors peroxidation H9,, i.e., 1d > la—c
hydrophilic and lipophilic but not amphiphilic; consequently, (Table 6, entry 2).
this small and uncharged molecule diffuses freely through the Inregard to the substituent effects on the diastereoselectivity
charged interfacial boundary and mainly resides in the water in the oxidation of allylic alcoholdl, it is the pattern rather
and organic regions. Since the typical size of a microdroplet than the extent of methylation of the double bond that is
(ca. 10 nm) is much smaller than the mean travel distance of decisive. Both in the peroxidation as well as epoxidation, a
10, in water (ca. 200 nm), a snapshot will shd®, to be relatively highthreo diastereoselectivity is observed for the
concentrated in the water and organic phases. Moreover,chiral substrates (Tables 3 and 5). The preferred formation of
previous flash-photolysis studies have disclosed that an equi-thethreooxidation products is the consequence oftilgdroxy-
librium is established fotO, between the water and organic group directiity,18-21.252250jn which the two diastereotopic

phases of a CyCl,-based microemulsion; the locD, con- faces in the chiral allylic alcohdl are differentiated on account
centration in the organic phase was determined to be about 4.2of the 1,3-allylic (A3) strain during the attack of the oxidant.
times higher than that in the aqueous dropléts. Conformational effects in the substrate are responsible, as

Substituent Effects.In concordance with the general para- portrayed for the reaction 80, with mesitylol (La) in Scheme
digm of substituent effects in electrophilic oxidations, the 3.
reactivity of the allylic alcoholda—d toward'O; increases as Analogously, the photooxygenation of the allylic alcohbls
the number of electron-releasing methyl groups on the allylic and 1d with a methyl group cis to the hydroxy functionality
double bond increases, as confirmed by the rate data in Tableproceeds withthreo selectivity on account of A3 strainl6.22
1 for the photooxygenation. Qualitatively, this trend applies The absence of a methyl group cis to the hydroxy-bearing
irrespective of whether the singlet oxygen is generated by substituent in the derivativic signifies little AlS strain and,
photosensitization in solvents or by chemical generatio®gH consequently, a substantially lower diastereoselectivity is ob-
MoO4%7) in microemulsions. served (Table 3, entry 3). Furthermore, the presence of an
The chemical oxidation of the allylic alcohdlsby the HO,/ additional methyl group next to the hydroxy-bearing substituent,
MoO42~ system was found to be more intricate than the which exerts 1,2-allylic (A9 strain, causes only a minor effect
photochemical one: Besides the desirable peroxidation throughon thethreo diastereoselectivity (Table 3, entry 4).
the ene reaction withO, (the major process), in the chemical Protection of the hydroxy functionality by an electron donor
mode the undesirable epoxidation also takes place, as indicatedsilyl ether1f) leads to a substantial drop in thefacial threo
in Scheme 1b for mesitylol 1@). This chemoselectivity, selectivity compared to the parent allylic alcolal (Table 3,
measured in terms of the hydroperox@lepoxide3 ratio, also entries 1 and 6). This derivative lacks the efficacy of hydrogen
varies with the degree and pattern of methyl substitution on bonding between the allylic hydroxy functionality and the
the double bond (Table 2), but to a lesser extent than the oxidant; nevertheless, the preference forttiveodiastereomer
reactivity data in Table 1. The observed trend in 2@ ratio, implies some, but less effective, association ofihgwith the
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Scheme 3. Diastereoselective Control in the Photooxygenation of the Allylic Alcohol 1a [Hydroxy-Group Directivity (ref 25a,b)] and Its
Acetate le [cis Effect (ref 25c)]
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oxygenophilic silyl functionalityt®2> Additionally, probably micelles to react with the double bond; such unpolar environ-
steric hindrance by the silyl group impedes the approach of the ment favorsthreo selectivity.

10; so that the cis effet¥2> competes and reduces thieeo When mesitylol {a) is photooxygenated in mixtures of CLI
selectivity. In the case of the acetdwith an electron acceptor  BuOH or CHCI,/BUOH of varying proportions, the increase
(Table 3, entry 5), despite the fact that this substrate possessesf the amount of butanol leads to a significant decreaskrao

an AlS strain, a low preference for therythro product is diastereoselectivity (Figure 1). In the case of LTH, a smooth
expressed in its photooxygenation. This may be rationalized in linear variation is observed, whereas, in ¢;CGhe diastereo-
terms of combined steric and electrostatic repulsion by the OAc selectivity diminishes first sharply and then remains almost
functionality on the incoming dioxygen molecule; hence, the constant. Thus, when 10% of BuOH is added to these

peroxidation is governed by thas effect. chlorinated solvents, a 4% and a 20% decrease of the dia-
In regard to substituent effects on the diastereoselectivity of stereoselectivity is observed for @El, and CC}. This differing
the peroxidation by the chemically generatédb in micro- behavior may be explained in terms of the Hildebrand solubility

emulsions (Table 3), we observe the same sense, nahrely parameterdy,?” which is 20.3 Mpé&> for CH,Cl, and 23.1
stereoselectivity, but a systematic drop in the efficacy of control. MP&-5 for BUOH. We suggest that for the substrdte this
Evidently, this difference between the photooxygenation (Table parameter must be close to that of hexandl (~ 21.5
4) and chemical peroxidation (Table 5) arises from medium MP&9).27° Consequently, the similady values of the three
effects, as shall be divulged in the following subsection. components CbCl,, BUuOH, andla in the microemulsion
Medium Effects. For a meaningful comparison of the suggest a strong affinity for each other, such that their molecules
medium effects on the selectivity of the photooxygenation and are effectively randomly distributed as a nearly ideal mixture.
the chemical oxidation, the model substrate, namely mesitylol In contrast, thedy value of CC}, is only 17.8 MP&>5 and,
(1a), was photooxygenated (Table 4) as well as chemically therefore, quite different from that of BUOH and the substrate
oxidized (Table 5) in a variety of corresponding media. The la On the macroscopic scale, a mixturelafin CCl,/BuOH
solvents for the photooxygenation were selected to take properappears perfectly homogeneous, but on the microscopic scale,
account of the constituents in the microemulsions used for the the substratda is preferentially surrounded by BuOH rather
chemical oxidation, i.e., C@lversus CHCI,, EtOH versus than by CC} molecules; thus, a proportionally lowehnreo
BuOH, and HO versus DRO. selectivity is expected for such a BuOH environment, as verified
The fact that the allylic hydroxy functionality of the substrate by the data in Figure 1.
lais directly involved in the control of the diastereoselectivity The nature of the medium is a key factor in the type of
is inferred from its solvent dependence (Table 4). In aprotic chemoselectivity observed for the,®,/Mo0O42~ system, as
solvents (CCJ, CDCk, CH.Cly), the photooxygenation proceeds illustrated for mesitylol {a) in Table 5. In water (entry 1),
in a highthreo diastereoselectivity, whereas a significant drop mesitylol (La) affords mainly the epoxid8a. Also in methanol,
is found in alcohols (EtOH, PrOH, BuOH). The reason for this a solvent particularly well-suited for the preparative oxidation
is the competitive hydrogen bonding of the allylic hydroxy of the allylic alcoholsl, since large amounts of the substrate
functionality with the alcoholic solvent, rather than with the may be solubilized, the epoxidation mode dominates (entry 2).
attacking singlet oxygen, which results in the observed decreaseThis chemoselectivity is quite unexpected, since it has been
of the threo diastereoselectivity. Surprisingly, the diastereo- recently shown that even hydrophilic organic substrates may
selectivity is higher in water than in alcohols despite the strong be efficiently peroxidized in methanol by the,®,/MoO42~
hydrogen-bonding ability of this solvent. This unexpected result system, provided that the ,@,/Mo ratio is about 3.8 To
may be rationalized in terms of the amphiphilic nature of the rationalize this unusual result, it should be recalled that #@&H
allylic alcohol 1a on account of its hydrophobics@hain. The MoO4?~ system is well-known to be also an efficient epoxidizing
hydrophobic portion of the substrate molecule minimizes its agent?®=37 In view of the fact that sodium tiglate (no allylic
cqntact with wa}ter, which induces aggrggation or poss_ibly EVeN 6\ Fukasawa, T.. Tominaga, Y.. Wakisaka, 2 Phys. Chem. 2004 108
micelle formatior?® Although the 'O, is generated in the 59-63.

[T H i (27) (a) Aubry, J. M.; Mandard-Cazin, B.; Rougee, M. Bensasson, R. Xm.
aqueous phase, it diffuses into the hydrophobic core of the O/W Chem. 801995 117, 9159-9164. (b) Barton, A. F. MHandbook of

Solubility Parameters and other Cohesion Parametésd ed.; CRC

(25) (a) Adam, W.; Wirth, TAcc. Chem. Re4.999 32, 703-710. (b) Adam, Press: Boca Raton, FL, 1991.
W.; Bottke, N.; Krebs, O.; Lykakis, I.; Orfanopoulos, M.; Stratakis, M. (28) Jorgensen, K. AChem. Re. 1989 89, 431-458.
Am. Chem. So002 124, 14403-14409. (c) Griesbeck, A. G.; Adam, (29) Sharpless, K. B.; Townsend, J. M.; Williams, D. R.Am. Chem. Soc.
W.; Bartoschek, A.; El-Idreesy, T. Photochem. Photobiol. S@003 2, 1972 94, 295-296.
877-881. (30) Mimoun, H.; Seree de Roch, I.; Sajus, Tetrahedron197Q 26, 37—50.
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Scheme 4. Template Effect in the Threo-Selective Epoxidation of Mesitylol (1a) by Peroxomolybdates

hydroxy functionality) is not epoxidized under these conditi¥as, readily explained by examining the substrate amount in the
we speculate that a direct interaction between the hydroxy groupaqueous phase, where the ionic epoxiding peroxomolybdates
of the allylic alcohols1l and the peroxomolybdates occurs. are located. Thus, the concentrationlafis maximal in pure
Presumably, the substrati@ binds through its hydroxy func-  water, whereas, in the C£and CHCI, microemulsions, the
tionality to the molybdenum center and experiences subsequentlyproportion of substratéa in the aqueous phase is lower; the
epoxidation (Scheme 4). amount may be estimated from the independently determined
Indeed, in such an aggregate, the double bond of the allylic equilibrium constanK = [1&]or¢/[18lag { K(CCls) = 2.4 and
substratel is quite close to one of the peroxo bridges of the K(CH.Cly) = 6.4} to be 7% and 2%. Expectedly, the extent of
molybdate and expected to be readily epoxidized. Such a peroxidation increases in the ordes@< CCl, (microemulsion)
template effect would also account for the prefertedeo < CH,ClI; (microemulsion), as confirmed by the chemoselec-
selectivity (dominance of A3 strain) in this epoxidation. tivity ratio 2a:3ain Table 5 (entries 1, 4, and 6). In the same
In a heterogeneous aqueous medium, however, the allylic manner, an increase of the amount of substi@eauses its
alcohols1 should be efficiently peroxidized rather than epoxi- concentration in the aqueous phase to be larger, which favors
dized by the HO,/MoO,2~ system, since these moderately €poxidation (Table 5, entries 6 and 7).
hydrophilic substrates mainly populate the organic phase. Furthermore, when theJ@® is replaced by BD in the CHCl,
Contrary to this expectation, predominantly the epox3dds microemulsion (Table 5, entries 10 and 11), #ae3aratio stays
formed in the oxidation of mesitylollg) under biphasic aqueous  constant within the experimental error. Clearly, since the lifetime
conditions (Table 5, entry 3). This may be rationalized by the of 10, is ca. 15 times longer in D than in HO, the quenching
fact that in the aqueous phase, the intermediary peroxomolybdateof 10, by water is not the kinetically determining step under
may either epoxidize the substrate or decompose into singletour experimental conditions (Table 5). The reason for this is,
oxygen. Since most of the generaté@, is wasted in the of course, thatO, habitates mainly in the organic phase; the
aqueous phase through quenching by water molecules (the meaaistribution constanKgis = [*Oz]ad[*O2]org is 0.24112
travel distance of'O, in water is only about 200 nm), Finally, to account for no epoxidation in the chemical
epoxidation prevails in the aqueous phase (Table 6, entry 5). 5xidation of substratd.d (Table 2, entry 4), we propose that
Consequently, microemulsions are the more appropriate the combined high hydrophobicity of the allylic alcoHa and
reaction media to carry out the peroxidation of the allylic jts high reactivity toward!O, are responsible, since a low
alcoholsl by the'O,, chemically generated from®,/MoO,?", amount of this substrate will be located in the aqueous phase
irrespective of the degree and pattern of the double-bond for epoxidation by the peroxomolybdate, such that peroxidation
methylation (Table 2). The reason for this is that the substrate jn the interfacial boundary and in the organic phase prevail
and the oxidant are compartmentalized in such a microhetero-(Scheme 2).
geneous mediuntl{sgca. 10 nm) and cannot directly reactwith 1, reqard to the diastereoselectivity of the two oxidation
one another; hence, the intermediary peroxomolybdate may ,4es of the model substratain the microemulsion, we notice
freely dgcompo§e mtéOZ to perform peroxidation rather than that in the peroxidation as well as in the epoxidationttireo
engage in epoxidation of the substrate. selectivity dominates (Table 5). As already stated above, the
The?2a:3aratio of the oxidation in the microemulsion depends peroxidation of the substrate B, occurs in the organic phase
not only on the nature _Of the medium but als_o on the (CCly or CH:Cly), and thus, a similar diastereoselectivity is
concentration of the allylic alcohola both experimental  oyxpected for the chemical oxidation in the microemulsion as
varie_tbles play a decisive _role in the control of chemoselectivity, that for the photooxygenation in the corresponding neat solvents
as displayed by the data in Table 5. The observed trend may be(TabIe 4). Evidentally, théhrederythro ratio depends on the
(31) Beg, M. A Ahmad, 1. Catal, 1975 39, 260-264 medium; thus, it is about 95:5 for CCand 90:10 for CHCI,,
(32) Beg, M. A" Ahmad. lindian J. Chem., Sect, 2977, 15, 105-107. but only about 60:40 for ROH and 80:20 fop®l. In contrast,
(33) Allan, G. G.; Neogi, A. NJ. Catal. 197Q 16, 197-203. in the microemulsion, the diastereoselectivity is always lower

(34) (a) Camprestinin, S.; Di Furia, F.; Rossi, P.; Torboli, A.; Valle JGMol. . .
Catal. 1993 83, 95-105. (b)Catalytic Oxidations with Hydrogen Peroxide  than in the neat organic solvent because of the presence of some

as Oxidant Strukul, G., Ed.; Kluwer: Rotterdam, 1992. (Qrganic i i
Synthesis by Oxidation with Metal Compountfjs, W. J., de Jonge, C. butanol (or thanOD .In all three |ocales (W.ater and .Orgamc
H. R. I, Eds.; Plenum Press: New York, 1986. phases, and interfacial boundary) of the microemulsion (see
(35) Thiel, W. R.; Priermeir, TAngew. Chem., Int. Ed. Engl995 34, 1737~ Table 4 and Figure 1), which reduces the efficacy of the
(36) Tanaka, S.; Yamamoto, H.; Nozaki, H.; Sharpless, K. B.; Michaelson, R. hydroxy-group directivity. Consequently, thiereo preference
C.; Cutting, J. DJ. Am. Chem. Sod 974 96, 5254-5255. ; ; ; B B
(37) Rossiter, B. E.; Verhoeven, T. R.; Sharpless, KT&rahedron Lett1979 should be mte_rmedlate betwegn that obtained in the organic and
49, 4733-4376. aqueous media. Indeed, as Figure 1 shows, a small amount of
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BuOH in CHCI; or in CCl, decreases notably the diastereo- alternative to the usually employed method of generatidg
selectivity of the'O, ene reaction. This behavior was addition- namely photosensitization. This chemical mode of singlet-
ally confirmed by photooxygenating the substrategTable 4 oxygen generation may be readily conducted at the preparative
entries 10 and 11) antd (Table 3) directly in the microemul-  scale and the oxidation performed in short reaction times,
sion. As anticipated, in both cases we observe a decrease in thaevithout the need of photochemical equipment. The use of EtOH

threo diastereoselectivity. instead of BUOH as cosurfactant facilitates the workup and
The high chemoselectivity dfd is explained by its hydro- isolation of the oxidation product. When applied to the labile
phobicity on account of which the derivativiad is virtually chiral allylic alcoholsl as substrates, a high chemoselectivity

absent from the aqueous phase. As a consequence, no epoxidgip to 97%) and diastereoselectivity (up to 928teo prefer-
is observed, since the epoxidation takes place only in the waterence) may be achieved. In regard to the latterthieoz-facial
microdroplets. In contrast, substratd, like the other allylic control is subject to thdaydroxy-groupdirectivity 25 in which
alcoholsla—c, is an amphiphilic molecule and, thus, will be the AL3 strain of the allylic subtrate and hydrogen bonding
located as a cosurfactant in the organic phase as well as at théetween the allylic hydroxy functionality and the attacking
interfacial boundary (see Scheme 2). In the latter locale, the singlet oxygen play the decisive role. A chemoselectivity in
threodiastereoselectivity should decrease, since the interfacialfavor of the desirable peroxidation by singlet oxygen versus
boundary is a highly polar environment (constituted of SDS the undesirable epoxidation by the intermediary peroxomolyb-
and alcohol) and should reduce the efficacy of the hydroxy- date may be obtained through the proper choice of the
group directivity. Indeed, as experimentally confirmed in Table microemulsion to attain the necessary hydrophobic conditions
4, such media lead to the lowdstreo diastereoselectivities in  for the oxidation. This is acquired by selecting an organic solvent
the photooxygenation. which is not miscible with water but possesses a strong affinity
Finally, compared to the other derivatii@a—c, the allylic for organic substances (Gl is particularly well suited) and
alcoholld has the lowest threo diastereoselectivity, which may by employing BUuOH as cosurfactant, which minimizes the
be explained in terms of its high&®, reactivity (see Table 1).  substrate concentration in the aqueous phase.
Since theld derivative is about 100 times more reactive toward o )
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