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Abstract

The first enantioselective peroxidation of prochiral allylic and benzylic C—H compounds by the use of chiral
bisoxazoline—copper(l) complexes, generated in situ from the lig8nalsd 4a—d, and t-BuOOH as oxidant
is reported. Cyclohexeng cyclopentené, x-angelica lactond, allylbenzened and 2-phenylbutan&l were
converted into the optically active allylic and benzytigct-butyl peroxide<, 6, 8, 10aand12in good yields and
ee values of 4-20%. Oxidations of 1-substituted 1-cyclohex&Ba< led to mixtures of regioisomeric peroxides
16a—c, 17a—c and 18a— with different regio- and enantioselectivities, depending on the 1-substituent and the
ligand used. The highest ee values (up to 84%) were observef)f8rtért-butylperoxy-1-methyl-1-cyclohexene
17a © 1998 Elsevier Science Ltd. All rights reserved.

1. Introduction

The direct enantioselective oxidation of C—H bonds is still one of the most difficult problems in
oxidation chemistry. In the last few years significant progress has been achieved in this type of trans-
formation, especially in the asymmetric Kharasch—Sosnovsky reaction (Eqg. 1), i.e. the enantioselective
allylic acyloxylation of olefins. By usingert-butyl hydroperoxide (in the presence of carboxylic acids) or
peresters as oxidants and chirg)-proline- or bis- and trisoxazoline—copper complexes, optically active
allylic esters with ee values of up to 60% (oxidaBuOOHY and up to 93% (oxidant: PhGBBu)?
were obtained.

* Corresponding author.
t Dedicated to Prof. Dr. Ernst Schmitz (Berlin) on the occasion of his 70th birthday.
¥ See Referencés.
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; ) 2 +-BuOOH
L" Cu(I)/Cu(II) \/\r 2)
o
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By contrast, the direct (nonenzymatic) asymmetric introduction of a peroxy group in prochiral C—H
substrates remains to date an unsolved problem in peroxide chemistry. No example of an asymmetric
variant of the Kharasch reaction, i.e. the copper-catalyzed allylic peroxidation of olefins to optically
active peroxides (Eq. 2), has been hitherto reported, although the corresponding racemic peroxidation
has been known for a long tinfe.

We have recently demonstrated that allylic peroxides may serve as synthetically useful substrates,
namely for the further highly diastereoselective functionalization of the double bond (epoxidation and
bishydroxylation)® Thus, if such a peroxidation could be performed asymmetrically, this would open the
way to interesting new optically active functionalized peroxides.

2. Results and discussion

First attempts to achieve an asymmetric induction in the peroxidation of cycloh&xeittet-BuOOH
(solvent: MeCN, temp.: 25-70°C) were made by employing chiral copper complexes, geharataal
from (S)-amino acids (pro, phe, val, leu, ile, ala anans-OH-pro). Indeed, the obtained peroxidevas
optically active, but had ee values of at most 4%. The application of copper complexes derived from
Cu(l)OTf and chiral bisoxazoline ligandsand4ab, which have been successfully used in asymmetric
acyloxylation reaction3? allowed the oxidations to be carried out at lower temperatures and led to an
increase of the ee value 8fto 8-9% (Eq. 3).

00t-Bu

tBuOOH A
O —_— O yield 75% (3)
12 mol-% Cu(l)OTf ee 9%

17 mol-% 3 or 4
MeCN, -40 °C 2
conv. 31%
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4a-d
a: (S,S) R'= tBu, R?= Me
b: (S,S) R'= Ph, R%*= Me
¢: (R,R) R'=Bn, R?= Me
d: (S,S)R'=Ph, R?= H

00t-Bu
Q —_— Q yield 95% (4)
-40°C ee 4%

conv. 51%

5

/& t BuOO@O

18°C (5)
conv. 65%
7 8 yield 70%
ee 20%
00t-Bu
—_— ~
P N PN+ P "00tBu
-18°C (6)
9 conv. 82% 10a (ee 13%) 10b

yield 50%
(10a: 10b = 72 :28)

WOO0t-Bu
Ph — > Ph yield 70% (7)
ee 4%

-18°C
conv. 67% 12

Similarly, cyclopenten®, x-angelica lacton&, allylbenzened and racemic 2-phenylbutarid were
oxidized witht-BuOOH in the presence of Cu(l)OBf/ The optically active peroxides, 8, 10aand12
were isolated in good yields and with ee values in the range of 4 to 20% (Eqs. 4-7).

Oxidation of 1-substituted cyclohexen&8a—c with the oxidantt-BuOOH and Cu(l)OTf2 or 4a—d
led to mixtures of isomeric peroxides$a-—c, 17a-c and18a—c (Egs. 8 and 9, Table 1), which are the
products of the intermediate regioisomeric allylic radicds— (16a—c and17a<c) and15a— (18a-<c),
formed by the initial radical attack on the different allylic positions of the substrates. The optically active
isomeric peroxided6ab 17a-c and18b were separated by flash chromatography and characterized by
elemental analysis, NMR spectroscopy and optical rotation measurements. The i&6mansl 18a,c
were identified directly in the reaction mixtures (comparison with the racemic sanipylédC-MS and
IH NMR).
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R R R
O = 0 O
(8)

13a-c 14a-c 15a-c

a: R=Me
b: R=Ph
c¢: R=¢Bu

R R
{-BUOOH R__0OOt-Bu £BUOO
13a-c @ + + (9)
00t-B

12 mol-% Cu(l)OTf, u
17 mol-% 3,
-50 to 0°C 16a-c 17a-c 18a-c

The influence of the reaction conditions (ligand, solvent, temperature) on the regio- and enantioselec-
tivity of the peroxidation is evident from the results obtained in the oxidation of 1-methylcyclohexene
13a Low dependence of the product ratibbét+173):18a (between 68:32 and 74:26), representing the
regioselectivity of the formation of the allylic radicalgta and 15a was observed in the temperature
range from —48°C to 0°C. Products of the &group attack were only detected in traces. In contrast, the
isomer ratiol6al7a(products of radical4d) is influenced both by the chiral ligand and by the reaction
temperature. Using the ligarg] the formation of the regioisomér6awas favoured ovel7aat lower
temperatures (entries 1-7 of Table 1).

The highest ee values were obtained by employing the tridentate ligathdt the ees of the
regioisomerd6a 17aandl18adiffer significantly. Whilst the peroxidé8awas obtained almost racemic
(except entry 5, ee 10%)6ahad a max. 32% ee, but unexpectedly high ee values of up to 84% were
observed for the regioisoméf7a (the ee value oi7ashowed a stronger dependence on the temperature
compared with the isomel6a). Surprisingly, the regioisomeric peroxidéSa and17awere obtained
with opposite configurations.

The use of the bidentate bisoxazoline ligadd@sd, which have been shown to give comparable or
better enantioselectivities in the corresponding acyloxylation reaction (compared with Sgaiet to
drastically lower ee values (e&0%) in the peroxidation df3a(Table 1, entry 8; only#ais shown4b—d
gave analogous results).

The highest ee values were observed when the reactions were carried out in acetone or MeCN as
solvent, while the use of CKI, resulted in a decreased enantioselectivity (entry 6).

Attempts were made to diminish the amounts of Cu(I)OTf and of the expensive enantiomerically pure
ligand 3, but they resulted in lower ee values of the allylic peroxidés and17a This disadvantage
was compensated by the addition of molecular sieves to tie up the water formed by the decomposition
of t-BUOOH, which may destroy the active catalys€ This led to comparable ee values by employing
only 1 mol% Cu()OTf and 1.5 mol98 (less than one twelfth of the initial amount, entry 7 of Table 1),
but lower conversions were observed.

The effect of the substituent in the 1-position of substituted cyclohexenes on the regio- and enan-
tioselectivity of the peroxidation became more apparent when 1-phenylcyclohd@nand ltert-
butylcyclohexenel3c were oxidized by thé-BuOOH/Cu(l)OTf8 combination (Table 1). Analogous
regioisomeric peroxideg6b,c, 17b,c and 18b,c were formed, but in contrast to the oxidation of 1-
methylcyclohexenéd3a the isomerd7b and17cwere obtained as the main products. This is probably a
consequence of the increasing size of Rwubstituent (Pht-Bu) which influences the regioselectivities
of both the hydrogen atom and the peroxy-group transfer. Additionally, lower ee values were found for
the peroxided7b and17ccompared to the analogous methyl-substituted isdiarin the case of the
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Table 1
Enantioselective allylic oxidation of 1-substituted 1-cyclohexed8s—c with t-BuOOH in the
presence of Cu(l)OTf and chiral bisoxazoline ligaldmd4a

4345

entrya) ligand educt T [°C]b) t[d] conv. yield products: ee [%]0
[%]9  16+17+18 [%]¥ (configuration)®
(16/17/18)°
1 3 13a 0 14 82 72 16a: 19.6 (R) 17a: 32 (S) 18a: 0
(35/33/32)
2 3 13a -36 23 44 52 16a: 23 (R) 17a: 66 (S) 18a: 0
(51/23/26)
3 3 13a -40 20 40 89 16a: 28 (R) 17a: 70 (S) 18a: 0
(53/19/28)
4v 3 13a -40 13 19 50 16a: 27 (R) 17a: 75 (S) 18a: 0
(49/19/32)
5" 3 13a -48 20 29 54 16a: 32 (R) 17a: 84 (S) 18a: 10
(57/17/26)
6" 3 13a -48 17 26 60 16a: n.d. 17a: 40 (S) 18a: 0
(56/18/26)
7m0 3 13a -45 17 9 75 16a: n.d. 17a: 68 (S) 18a: 0
(51/18/31)
8 4a 13a -40 18 73 64 16a: 7 (R) 17a: 5 (S) 18a: 5
(20/48/32)
9 3 13b 20" 23 61 98 16b: -™ (+)” 17b: 4 (-) 18b: 0
(28/55/17)
10 3 13c 0 14 69 73 16¢: -™ 17¢: 8 (S) 18¢: -™
(5/75/15)
11 3 13c 20" 27 76 67 16¢: -™ 17¢: 16 (S) 18¢c: -™
(4/81/15)

3 Cy(I)OTf: 12 mol-%, 3 or 4: 17 mol-% (relative to the oxidant); solvent: MeCN.  0°C (+ 1°C): a refrigerator was used; -36/-48°C
(£ 2°C): a freezer was used. © Conversion of the oxidant. ¥ Isolated mixture of the regioisomers relative to conversion. © Product ratio,
determined by GC (13a,¢) or 'H NMR (13b) analysis. D 17a, 18a: determined by chiral GC (column: FS-Hydrodex B-PM); 16a, 17¢:
determined by chiral GC (FS-Hydrodex B-PM) after reduction with DIBAH; 17b, 18b: determined by chiral HPLC (Chiralcel OD). &
16a, 17a, 17c: determined after reduction (DIBAH) to the corresponding allylic alcohols by optical rotation measurements.  Solvent:
acetone. ” Solvent: acetone/MeCN (1/1). ? Solvent: CH,Cl,. ¥ 1 mol-% Cu(I)OTf and 1.5 mol-% 3 were used (addition of molecular
sieves 3A). " No oxidation products detected at -40°C after 14d. ™ Separation of the enantiomers on chiral GC or HPLC column was
not achieved. ™ Sign of optical rotation, the configuration could not be determined because the reduction with DIBAH failed.
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regioisomersl6b,c and 18¢ separation of the enantiomers on chiral GC and HPLC columns was not
achieved).

Since the allylic and benzylic peroxides were obtained here for the first time in optically active
form, the determination of their configuration was necessary. Determination of the specific rotations
allows only a tentative assignment of the configurations by supposing the same sign of rotation for
the allylic peroxides and the corresponding allylic alcohols. This supposition was previously made for
optically active benzylic alcohols and hydroperoxidé8,but a rigorous configurational assignment
required an independent chemical correlation. Since it has been shown that the reduction of optically
active hydroperoxides and endoperoxides with aluminium hydrides proceeds under retention of the
configurationt the allylic and benzylitert-butyl peroxide<, 6, 10a, 12, 163, 17aand17cwere reduced
with diisobutyl aluminium hydride (DIBAH) to the corresponding optically active alcohols (Table 2).
Under the reduction conditions (nonpolar solvent, 30—60°C), decomposition or racemization of the
optically active peroxides did not occur (determined by GC aqjg [neasurements). The application of
LiAlIH 4 as reductant was not successful, because partial reduction of the double bond was also observed.
The configuration of the isolated allylic alcohols was easily determined by optical rotation measurements
or by comparison with authentic samples of known enantiomeric purity by GC analysis on a chiral
column (see Experimental section). From Table 2 it is evident that the isolated allylic alcohols and the
introduced peroxides show, indeed, the same sign of optical rotation. Reduction of the pei@kides
17band18b,c was not achieved even by raising the reaction temperature to 110°C (at higher temperature
decomposition occurred); therefore, their configuration could not be determined unequivocally.

The above reduction method was also applied for the determination of the ee values of those optically
active allylic peroxides for which the separation of the peroxide enantiomers was not achieved on chiral
GC or HPLC columns.

At first sight, the asymmetric peroxidation seems to proceed analogously to the known acyloxylation
reaction, but on comparison of the results for the peroxidation reaction of 1-methylcyclohE3ane
(Table 1) with those of the corresponding benzoyloxylation (Eq. 10), remarkable differences become
evident: (i) comparable ratios were observed for the products of the raditaBnd15a but opposite
regioselectivities were found for the peroxidegga/17aand the benzoatd®9a20aderived from the same
radical14g (ii) different ee values were observed for the analogous regioisoh®ef$9a 17a20aand
18a21a (iii) more significantly, the tertiary peroxidé6aand the corresponding estEahad opposite
configurations, thusR)-(+)-16a was obtained in the peroxidation @Ba with both §S)-configured
ligands3 and4a, while (S)-(-)-19awas formed preferentially in the benzoyloxylation I8a with the
oxidant PhC@t-Bu in the presence of Cu(I)OT/(in agreement with the findings of Pfaltz et*8land
Andrus et aBb); (iv) a stronger ligand influence on the regio- and enantioselectivities was observed in
the peroxidation reaction. Consequently, we conclude that the transfer steps of the peroxy group and the
acyloxy group are different.

\\OBZ
PhCO;t Bu BzO,,
13a
Cu(I)OTf 3 (10)

acetone, 0°C, 14 d

conv.: 37%
yield (2): 59% 17% (ee 72%) 55% (ee 73%) 28% (ee 70%)

The peroxidation and the acyloxylation are competitive reactions when mixtures of the oidant
BuOOH and carboxylic acids are employed in the presence of the chiral bisoxazoline—copper complexes.
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Table 2
Reduction of optically active allylic and benzylic peroxides to optically active allylic and benzylic
alcohols with DIBAH

peroxide reduction allylic alcohol
ee [o]p (c)/ conditions yield® ee [%] [a]p® (c)
[%] T[°C]” [%]  (config.)
2 99 -14.4(1.43)/25 n-hexane OH 70 89 (5)? n.d.?
30°C, 10 h @
6 -7 -40(01.23)26 n-hexane OH 62 49 (5 -3.2(1.22)0°
40°C, 10 h Q
10a -° n.d® n-hexane OH 50 139 R)? n.d.?
40°C, 24 h ph N7
12 -9 +3.5(0.19) 24" n-hexane HQ 540 49 (R)Y n.d.?
60°C, 8 h Ph/ﬂ
16a -" +27.5(1.42)/25 benzene %, JOH 37 289 RV +25.9(0.30)°
55°C,24 h @
17a 709 nd. n-hexane 75 509(5)? n.d.®
40°C,24 h
OH
17¢ -7 -9.2(0.44)/ 27 n-hexane 73 8 (5 -5.2(0.57)*
50°C, 10 h tBu
17¢ -9 -20.0(1.93)/22 n-hexane @OH 73 169 179 n.d.?
50°C, 10 h Y

* Solvent: CHCI;. ® Isolated pure material. © Determined by chiral GC analysis (FS-Hydrodex B-PM). ¢ Determined by chiral GC
(comparison with an authentic sample of known configuration). © Not determined. ? Separation of the enantiomers on chiral GC or
HPLC columns was not achieved. & Determined by '°’F NMR spectroscopy [de value of the (S,S) Mosher ester'?]. ™ Determined from
the sign of optical rotation. " Solvent: CH,Cl,. ¥ GC analysis. ¥ Solvent: E,0. " A sample of 17a (ee 66%, entry 2 of Table 1)

showed [a]p> -40.7 (c 1.33, CHCL;).

This is shown in the oxidation of cyclohexeheavith t-BuOOH/acetic acid resulting in both the peroxide
2 and the acetatg2 (Eq. 11)314

OOt-Bu OAc

t-BUuOOH/AcOH
O 0

Cu salt, 3 or 4a-d
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Table 3
Oxidation of cyclohexenel with t-BuOOH/acetic acid in the presence of bisoxazoline—copper
complexes (ligands3 and4a-d)

entry Cu salt ligand L* conditions” products ee [%]d)
(amount [mol-%])” (amount [mol-%])®  (temp. [°C])  (yields [%])°  (config.)® of 22”
1 Cu(I)OTf (5.0) 3(6.5) A (65) 22 (33)2(11) 59 (S)
2 Cu(OAc); (5.0) 3(6.5) A (65) 22 (40) 2 (7) 38(S)
3 Cu(OAc), (5.0) Cu’ (3.0)2 3(6.5) A (25) 22 (80) 2 (14) 34 (S)
4 Cu,0 (2.5) 3(6.5) A (65) 22 (71) 2 (23) 66 (S)
5 Cu,0 (2.5) 3(6.5) B (65) 22 (72)2(22) 41 (S)
6 Cu,0 (2.5) 3(6.5) C (65) 22 (38)2(24) 27 (S)
7 Cu,0 (2.5) 3(6.5) D (65) 22 (20) 2 (46) 15(S)
8 Cu,0 (2.5) 3(6.5) E (65) 22 (15)2(76) 14 (S)
9 Cu0 (2.5) Cu’ (3.0) 3(13) A (25) 22 (32)2(14) 67 (S)
10 Cu0(2.5) 4a (6.5) A (65) 22 (20) 2 (70) 5(@S)
11 Cu0O(2.5) 4b (6.5) A (65) 22 (36) 2 (40) 47 (S)
12 Cu0(2.5) 4c (6.5) A (65) 22 (27) 2 (26) 56 (R)
13 Cu0(2.5) 4d (6.5) A (65) 22 (33)2(24) 24 (S)

» Amounts relative to -BuOOH. ® Reaction time 24 h; temp. £ 3°C; molar ratios 1/AcOH/-BuOOH: A 5/2.5/1, B 5/4/1, C 5/2.5/2, D
5/2.5/3, E 5/2.5/4. 9 Isolated pure material relative to --BuOOH consumed. Conversion of t~-BuOOH >95% (exceptions: entry 7, 63%;
entry 8, 36%). ¢ Determined by chiral GC analysis (FS-Hydrodex B-PM). e) Determined by optical rotation measurements (see
Experimental part), by comparing (chiral GC) with a sample (5)-22 (ee 25%) prepared by an independent method,'*and by hydrolysis
of (5)-22 to (S)-1-cyclohexen-3-ol. ? The ee value of 2 was <4% in all experiments (chiral GC). ® When Cu,O was used, the actual
amount of Cu in the filtered solution was 0.15 mol-% (determined by AES analysis).

The product ratio2;22 depends on the chiral ligand, the reaction temperature and the tratio
BuOOH:acetic acid used (Table 3). Preferential formation of the ac22ates observed with the ligand
3, whilst a higher peroxide yield was obtained for the ligaad Peroxide2 is favoured over aceta@?
by increased amounts 6BuOOH and at lower temperatures (in the presence of CBD&kclusively
peroxide2 was observed at 0°C). Both isolated peroxitieand acetat®2 were optically active. While
the ee value of the peroxidewas<4% in all cases, the aceta2@ was obtained with substantially higher
ee values. The highest enantioselectivities for the acetoxylatidn(eé of 22 59-67%, entries 1, 4
and 9 of Table 3) were achieved under A conditions (excess substrate) by us@gp€CuOTf in the
presence of the ligand. The addition of copper powd&r (entries 3 and 9) allowed a decrease in the
reaction temperature from 65 to 25°C without a decrease of the conversion, but had no significant effect
on the enantioselectivity. Increased concentrationsBXiOOH or AcOH led to significantly decreased
ee values of the aceta®2 (entries 5-8 of Table 3).

To examine the diastereoselectivity of the peroxidation reaction, both enantiomerpioéne, (-)-
(1S59)-2-pinene23a and (+)-(R,5R)-2-pinene23b, were chosen as chiral substrates &#RUOOH
as the oxidant in the presence of Cu(l)OTf and the chiral ligdn@&g. 12). Oxidation of23a led
to four regioisomeric pinene peroxides (products of the hydrogen atom abstraction from the allylic
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CH, and CH; groups). Three of the isome&Aa25a 26d27a and 28a29a were obtained as pairs
of diastereoisomers. The isomeric peroxid&a-28a were separated by flash chromatography and
their structure was proven b\H and13C NMR spectroscopyH,'H-COSY, 'H,'H-NOESY, 1H,13C-
HETCOR and APT experiments). The minor isom@ea and 30a were identified directly from the
crude mixture ¥H NMR and GC-MS). The main product $4R,55)-4-tert-butylperoxy-2-pinene26a
was isolated in 17% yield (relative to conversion).

z, ,00t-Bu t-BuOQ,
7" 7
24a (16.4%) 252 (0.8%)
BuOOH %j‘
< e B B
Cu()OTT, 3 N (12)
/, | /, '/,
7 C. 104 OOt-Bu OOt-Bu
232 v 85% 26a (46.7%) 27a (21.8%)
yield (£): 58%
%j,OOt Bu WOOf-Bu
28a (8.3%) 29a (1.4%) 30a (4.5%)

The product ratio (GC) observed in the oxidation23a demonstrates the preferential substitution
at the 4-position (formation d26a 2749 of the pinene skeleton (ca. 69%). Nevertheless, in contrast to
the corresponding acyloxylation 88,16 substitution at the 2-positior4a, 25awas also observed (ca.
17%). The introduction of the peroxy group occurred maaniyi to the dimethyl-substituted bridgexo
substitution), and the de values of the isomeric peroxides varied in the range from 36% up to 90%, which
depended on the position of the peroxy group.

The regioselectivities of the peroxidation of the pin@8aare different from those observed in the
oxidation of 1-methylcyclohexent3a The predominant formation of the secondary peroxiikes 27a
and the increased amounts of the substitution prod284s30a of the methyl group in the case of pinene
23amay be the result of the sterically demanding dimethyl-substituted bridge.

The oxidation of the enantiomeric (+)RbR)-2-pinene23b under the same conditions (as described
for 239 resulted in the analogous isomeric pinene perox#s-30b (enantiomers 0R4a-30a). The
following product composition was observed by GC analy2#h (20%), 25b (1.5%), 26b (42.1%),
27b (20.5%), 28b (7.8%), 29b (1.2%) and30b (5.7%). Thus, no significantly different regio- and
diastereoselectivities are displayed in the peroxidation of both enanti@8&esd23b. In the oxidation
of pinene23, the substrate structure (steric hindrance by the dimethyl-substituted bridge) seems to be the
determinant factor for the stereochemical course of the reaction compared with the stereodifferentiation
by the chiral copper complex.

From our results obtained in the copper-catalyzed allylic peroxidation, it is evident that this reaction
cannot be explained by a simple radical combindtion by trapping of carbenium ions formed by
electron transfér 2from the corresponding allylic radical. Instead, in view of the formation of optically
active peroxides with ee values up to 84%, a chiral copper complex must be involved in the peroxy-
group transfer. It is well established that allylic radicals are formed inittalyt little is known on how
the peroxy residue is transferred. For the similar acyloxylation reaction, the formation of a copper(lll)
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Figure 1. Possible transition states for the transfer of the acyloxy-graumdcording to Beckwith et df) and of the
peroxy-group B-D) in the oxidation of 1-methyl-1-cyclohexen&3g). Formation ofexo products fromx-pinene23a via
endocoordinated copper(lll) compleX] or by homolyticexosubstitution F)

allyl species by the very fast reaction of copper(ll) and the allylic radical (compare with Cohen and
Meyerstein®) and the transfer of the acyloxy group in an intramoleculg®’Sike pericyclic process
was proposed by Beckwith et #l.(Fig. 1, transition staté), which is in agreement with the observed
regio- and enantioselectivitiés.

An analogous process is unlikely for the peroxidation reaction because of the significantly different
regio- and enantioselectivities. The formation of the oppositely configured peroRiid&d and ©)-
17ain the peroxidation of 1-methylcyclohexerd@a shows that the peroxy group has been introduced
mainly from the same enantiotopic side of the substrate for both regioisomers. This result might
imply the occurrence of an external nucleophilic attack of the hydroperoxide on an intermediate
copper(lll) allyl complex (Fig. 1, transition staB), analogous to the well-established mechanism of the
palladium-catalyzed allylic substitutid.However, this mechanism is inconsistent with the prefeseml
substitution observed in the peroxidationoepinene23ab, because it would requirendocoordination
of the metal (Fig. 1, transition stak). Instead, the exclusive coordination on theside of the pinene
was demonstrated in the case of an analogous palladium(ll) corfiphaditionally, the formation of the
secondary and tertiary peroxidé8aandl6aas the main regioisomers in the oxidation of allyloenze&ne
and 1-methylcyclohexenE3ais in contrast to the preferred reaction of nucleophiles at the less substituted
carbon atom of the allyl palladium complex@s.

As alternative pathways (Fig. 1, transition sta@sD or F), we would like to propose the reac-
tion of the allylic radicals with an intermediate alkylperoxy—copper(ll) comifigperoxy—copper(ll)
complexes have been isolated recetilyr with an alkylperoxy radical coordinated to the copper(ll)
centre (metal-coordinated peroxy radicals were detected by ESR spectfd$cBogh pathways are in
better agreement with the observed regio-, diastereo- and enantioselectivities of the peroxidation and they
avoid the formation of an unstable copper(lll) intermediate. In biochemical oxidations, e.g. for galactose
oxidase, the participation of copper(lll) complexes was likewise excléel@ustead, aryloxy radicals
coordinated to the copper(ll) centre were shown to be the active key intermediates (corresponding model
complexes of aryloxy radicals and different metals were prepared by Wieghard€kt al.

In summary, our results represent the first examples for the direct asymmetric peroxidation of prochiral
C-H substrates, achieved by the use of chiral bisoxazoline—copper complexes. The new optically active
peroxides were isolated in moderate to good yields, and side reactions (formation of alcohols, carbonyl
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compounds or epoxides) were not observed in amounts worth mentioning. Although the ee values of the
peroxides were rather modest (ee 4-32%) in most cases, high enantioselectivities were obtained in the
asymmetric peroxidation of 1-methylcyclohexet®s, which yielded §)-3-tert-butylperoxy-1-methyl-1-
cyclohexenel7awith ee values up to 84%. This is the first example for which a higher enantioselectivity
was found in the peroxidation reaction compared with the corresponding acyloxylation (the b@tzoate

was obtained with ee values of max. 73%).

3. Experimental
3.1. General

IH NMR spectra were recorded on a Varian Gemini 300 (300 MHz) or a Varian Unity 500 (500
MHz) spectrometer with CDGlas the solvent and hexamethyldisiloxane (HMDSO) as internal reference.
Chemical shifts §) are given in ppm. GC analyses of the enantiomers were performed on a Chrompack
CP 9000 gas chromatograph (FID) by the use of a chiral capillary column FS-Hydféd (50
mx0.25 mm, Macherey-Nagel). Otherwise a Varian GC 3300 gas chromatograph (FID, 30 m DB 5
capillary column) or a Varian Saturn Il GC-MS system was utilized. For the HPLC analyses of the
enantiomers a Merck-Hitachi D-6000 apparatus (pump: L-6250) was used, equipped with a L-3000 diode
array detector and a Knauer chiral detector (solvestexanea-PrOH 1000:1; flow rate: 0.5 ml/min).
Optical rotation measurements were carried out with a Perkin—Elmer polarimeter 341. The solvent MeCN
and the olefind and5 (commercial products from Fluka) were distilled from Gagbfior use under an N
atmosphere. Acetone was distilled oveOrPy and was stored over molecular sieves undgrtétt-Butyl
hydroperoxide (80% in diert-butyl peroxide) andert-butyl perbenzoate (98%) were purchased from
Fluka; the peroxide contents were determined by iodometric titration before use. The chiral bisoxazoline
ligands 3, 4ab and 4d were commercially available from Aldrich and Fluka and were used without
further purification. Copper(l) triflate [Cu(l)OT®.5CHs] (90%) was obtained from Fluka. Silica gel
for flash chromatography (Mallinckrodt Baker) was used for the chromatographic purifications. The
reactions at lower temperatures were carried out by using a refrigeratdr@) or a freezer (=20 to
-50+2°C).

3.2. General procedure for the asymmetric peroxidation reactions

The oxidation of cyclohexengis representative. A solution of 456 mg (1.48 mm®&)$-2,6-bis-(4-
isopropyl-2-oxazolin-2-yl)-pyridin® and 280 mg (1 mmol) [Cu(l)OTD.5(GHe)] in 20 ml dry acetone
was stirred at rt for 2 h under N The catalyst solution was filtered over a Celite bed (Merck, particle
size 0.1 mm) and the residue was washed with 2 ml acetone. Then 3.3 g (40 mmol) cyclobaene
added and the mixture was degassed and then cooled to —45°C. Undedéyassed solution of 0.904
g t-BuOOH (8 mmol, 80% solution in diert-butyl peroxide) in 2 ml acetone was added within 10 min
with stirring. The reaction mixture was kept at —45°C for 17 days. The conversioiBo©OH (31%)
was determined by iodometric titration. After the addition of 40 ml saturated aq. NgH&8®mixture
was extracted with EO (3x30 ml). The combined organic layers were washed with ice-cold 1 N HCI
and with brine and dried over MgSORemoval of the solvent in vacuo (rt, ca. 50 mbar) gave the crude
peroxide.
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3.3. (§)-3-tert-Butylperoxy-1-cyclohexeriz

Chromatographic purificatiom{pentane:EtO 50:1) of the crude product (see above) yielded 160 mg
(75% rel. to conv.) of the pure peroxi@q[ ®]p?°® -14.4 (c 1.43, CHQG)); ee 9% )} as a colourless oil.
The ee value was determined by chiral GC analysis [temp. 40°C-1 K/min—-14062;5 min R), 62.8
min (S)]. The configuration o (S) was determined by reduction with DIBAH t&)1-cyclohexen-3-ol
(see below)!H NMR (300 MHz): 1.19 (s, 9Ht-Bu), 1.35 (m, 1H, CH), 1.71 (m, 4H, 2CH), 2.05 (m,
1H, CHp), 4.48 (m, 1H, OCH), 5.75 (m, 1H, Cdd), 5.86 (m, 1H, CHer). 1*C NMR (75 MHz): 18.3,
25.2,26.3,26.7,76.2,79.4,124.5, 132.8. GC-MS (El): m/z 97 (6534H50), 81 (100, M-C4Ho05).
Reduction of2 with DIBAH: To a solution of 80 mg (0.47 mmoB in 2 ml dry benzene (B, 1 ml
(2 mmol) DIBAH (1 M in hexane, Aldrich) was added and the mixture was stirred at 30°C (4 h). After
the completion of the reaction (TLC), water was added dropwise and the precipitate was filtered off and
washed with ether. The filtrate was dried over MgS@d the solvent was evaporated (rt, ca. 50 mbar).
The crude product was purified by flash chromatography to yield 32 mg (70%) pure 1-cyclohexen-3-ol
[ee 8% ©), chiral GC: temp. 40°C-1 K/min—140°@ 35.6 min §), 36.3 min R)]. The configuration
was determined by comparison with a sampleS)}1(-cyclohexen-3-ol (GC), obtained by hydrolysis of
the correspondingSj-acetate22.2 ThelH NMR data corresponded well with the reported déta.

3.4. (§)-3-tert-Butylperoxy-1-cyclopentert

According to the general procedure, 10 g (146.8 mmol) cycloperiewas oxidized with 3.25 g
(28.8 mmol)t-BuOOH (80%) in the presence of 0.4 g (1.86 mmol) Cu(l)OTf and 0.84 g (2.8 mmol)
bisoxazoline3 in 30 ml acetone at —40°C (15 d, conv. BBUOOH: 51%). After work up and flash
chromatographyr-pentane:BtO 25:1), 1.25 g (95% rel. to conv.) pure peroxsif «]p2® -4.0 (c 1.23,
CHCl), ee 4% §} was isolated. The ee value and the configuration were determined after reduction of
6 with DIBAH and transformation of the obtained 1-cyclopenten-3-ol to the corresponding Mosher ester
(see later)!H NMR (300 MHz): 1.26 (s, 9Ht-Bu), 2.02 (m, 2H, CH), 2.28 (m, 1H, CH), 2.49 (m, 1H,

CHpy), 5.09 (m, 1H, OCH), 5.86 (m, 1H, GJds), 6.11 (m, 1H, CHjef). 3C NMR (75 MHz): 26.5, 28.3,
79.7, 88.9, 129.0, 137.6.

Reduction of6: As described for the reduction & 234 mg (1.5 mmol% in 3 ml n-hexane was
reacted with 2 ml (2 mmol) DIBAH (1M solution in hexane) at 40°C (10 h). After analogous work
up and chromatography, 78 mg (6298)-1-cyclopenten-3-ol {]p?® -3.2 (¢ 1.22, CHG)}?"2 was
isolated. For the determination of the ee value, 12 mg (0.14 mmol) of the pure alcohol was treated
with 38 ul (0.15 mmol) §-(+)-MTPA chloride (Fluka) in CHG at 0°C in the presence of pyridine
according to the procedure of Mosher etéto yield 39 mg (88%) 1-cyclopenten-3-ylgf-x-methoxy-
a-trifluoromethylphenyl] acetate [de 4%, °F NMR analysis]°F NMR (282.3 MHz): -70.97%,9,
-70.87 R,9 (external reference: GEO,H, § —77 ppm). ThelH NMR data corresponded with the
published datd?

3.5. (+)-5tert-Butylperoxy-2,5-dihydro-5-methyl-2-furanoBe

According to the general procedure, 1.96 g (20 mnecngelica lactone7) was oxidized in 7 ml
MeCN with 360 mg (4 mmol}-BuOOH (98%), 140 mg (0.5 mmol) Cu(l)OTf and 228 mg (0.75 mmol)
of the ligand3 at —40°C (24 d, conv. of-BuOOH: 65%). After usual work up and chromatography (
pentane:EO 10:1), 170 mg (70% rel. to conv.) puBavas obtained as a colourless oibf[p2° +2.06 (¢
0.26, CHC}), ee 20%}. The ee value was determined by chiral GC analysis (temp. 18028;0 min,
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29.0 min). Elemental analysis: calc. (found) C: 58.04 (58.10), H: 7.58 (ZAWONMR (300 MHz): 1.19
(s, 9H,t-Bu), 1.61 (s, 3H, CH), 6.12 (d, 1H, CHJ 5.5 Hz), 7.15 (d, 1H, CHJ 5.5 Hz).13C NMR (75
MHz): 20.7 (CH), 26.2 (CH), 81.4 (C), 110.1 (C), 123.6 (CH), 152.8 (CH), 169.9 (CO). IR (neat):
(cm™) 1801 (G=0).

3.6. (R)-1-tert-Butylperoxy-1-phenyl-2-properi®a

Oxidation of 2.38 g (20 mmol) allylbenzeewith 360 mg (4 mmolX-BuOOH (98%) in 7 ml MeCN
in the presence of 140 mg (0.5 mmaol) Cu(l)OTf and 228 mg (0.75 mmol) bisoxazbthe18°C (20 d,
conv. oft-BuOOH: 82%) gave, after aqueous work up and chromatographic purificatjpentane:EtO
40:1), 250 mg of a mixture of the isomeric peroxidk®a and 10b (ratio 10a10b=72:28,'H NMR
analysis). Repeated chromatographypéntane:EO 100:1) yielded 165 mg (49% rel. to conv.) pure
10alee 13% R)] as colourless oil. The ee value and the configuratiohQzfwere determined by chiral
GC analysis after reduction dDato 1-phenyl-2-propen-1-ol (see later). The structure of the byproduct
trans-3-tert-butylperoxy-1-phenyl-1-propend. @b) was determined directly from the crude mixture by
IH NMR analysis.

10a Elemental analysis: calc. (found) C: 75.70 (75.50), H: 8.74 (8. 34)NMR (300 MHz): 1.22
(s, 9H,t-Bu), 5.21 (d, 1H, CHef, J 11.3 Hz), 5.27 (ddd, 1H, Chkdier, J1 17.5 Hz,J» 1.5 Hz,J3 1.3
Hz), 5.35 (d, 1H, CHOJ 6.8 Hz), 6.04 (ddd, 1H, Ckks, J1 17.5 Hz,J> 11.1 Hz,J3 6.8 Hz), 7.29 (m,
5H, CHarom). 13C NMR (75 MHz): 26.5 (CH), 80.4 (OCH), 86.8 (C), 117.7 (G} 127.5, 127.9, 128.3,
136.9, 139.3.

10b: 'H NMR (300 MHz): 1.26 (s, 9Ht-Bu), 4.58 (d, 2H, CH, J 6.5 Hz), 6.3 (dt, 1H, Cllef, J1 15.9
Hz,J, 6.6 Hz), 6.61 (d, 1H, Chler, J 16.0 Hz), 7.31 (m, 5H, Cklom).

Reduction ofl0a Reduction of 309 mg (1.5 mmolOain 3 ml n-hexane with 2.5 ml (2.5 mmol)
DIBAH (1 M solution in hexane) at 40°C (24 h) yielded, after work up and chromatography (see reduction
of 2), 101 mg (50%) R)-1-phenyl-2-propen-1-ol (ee 13%). The ee value and the configuration were
determined by chiral GC analysis [temp. 140%%;21.3 min R), 21.7 min §] by comparing with
racemic and (-)9)-1-phenyl-2-propen-1-ol (Fluka). THéd NMR data were in accordance with those
of the authentic samples.

3.7. R)-2-tert-Butylperoxy-2-phenylbutant?

2-Phenylbutane (2.684 g, 20 mmol) was oxidized in 7 ml MeCN at —18°C (20 d) by using 360 mg (4
mmol) t-BuOOH (98%), 140 mg (0.5 mmol) Cu(l)OTf and 228 mg (0.75 mmol) of the liga(mbnv. of
t-BUOOH: 67%). Usual work up and chromatographypéntane:EtO 80:1) yielded 126 mg (70% rel. to
conv.) pure peroxidé?2 {[ «]p?* +3.54 (c 0.19, CHCl,), ee 4% R)}. The ee value and the configuration
were determined by reduction to 2-phenyl-2-butanol (see beldtiNMR (300 MHz, C0;0D): 0.79 (t,
3H, CHg, J 7.5 Hz), 1.27 (s, 9H-Bu), 1.62 (s, 3H, CH)), 1.86 (m, 2H, CH), 7.02—7.44 (m, 5H, Ckon).
13C NMR (75 MHz, CD»OD): 18.95, 24.35, 27.37, 34.48, 79.94, 85.11, 127.28, 127.79, 128.97, 146.73.

Reduction o2 89 mg (0.4 mmolL2, dissolved in 1 mh-hexane, was reacted with 0.5 ml (0.5 mmol)
DIBAH (1 M solution in hexane) at 60°C (8 h) t&R}-2-phenylbutanol (yield: 54%, GC). The ee value
(4%) and the configuratiorR) were determined by chiral GC analysis [temp.: 60°C-1 K/min—14@3C;
29.87 min §), 32.78 min R)] by comparing with an authentic sample [ee 62RJ7E].
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3.8. Peroxidation of 1-methyl-1-cyclohexeliga

(a) (Entry 1 of Table 1)According to the general procedure, 1.952 g (20 mm@&& was oxidized
with 0.455 gt-BuOOH (4 mmol, 80%) in the presence of 228 mg (0.75 mn3o§nd 140 mg (0.5
mmol) Cu(l)OTf at 0°C in 10 ml MeCN (14 d, conv. 6fBUOOH: 82%, iodometric titration) to yield,
after work up and evaporation of the solvent in vacuo (rt, ca. 50 mbar), 220 mg (72% rel to conv.) of a
mixture of the regioisomeric peroxidé$a-18a (ratio 16al7al8a=35:32:33, GC analysis). Separation
by flash chromatographyn{hexane:EtOAc 50:1) afforded 62 mg (21%) purdeB-butylperoxy-3-
methyl-1-cyclohexend6a {{ ®]p?® +19.1 (0.9, CHG); ee 20% R), chiral GC after reduction with
DIBAH — see below} and a mixture df7aand18a Repeated chromatographyliexane:EtOAc 400:1)
of this mixture gave 50 mg (16%) puret&rt-butylperoxy-1-methyl-1-cyclohexen&1a) {[ «]p?°> -22.9
(c 1.59, CHC}); ee 32% §), chiral GC: temp. 80°C-2 K/min—-140°@x 26.17 min R), 26.40 min §)}.

The configurations ol 7aand 18awere determined by reduction to the corresponding allylic alcohols
(see below). The peroxideBawas not isolated in pure form, the ee value was determined directly from
the crude mixture (ee 0%, chiral GC: temp. 80°C-2 K/min—14@Q24.06 min, 24.30 min).

16a 1H NMR (300 MHz): 1.20 (s, 9Ht-Bu), 1.27 (s, 3H, CH), 1.40-2.10 (m, 6H, 3C}), 5.57 (dm,
1H, CHyef, J 10 Hz), 5.81 (dt, 1H,J; 10 Hz,J, 3.6 Hz).13C NMR (75 MHz): 19.4, 25.3, 25.5, 32.9,
77.2,78.4,130.6, 130.8. GC-MS (EIl): m/z 95 (100,-T4Hg05).

17a *H NMR (300 MHz): 1.20 (m, 1H, Ch), 1.24 (s, 9Ht-Bu), 1.53 (m, 2H, CH), 1.68 (s, 3H,
CHjz), 1.90 (m, 3H, 2CH), 4.37 (m, 1H, CHO), 5.46 (m, 1H, GJdf). 13C NMR (75 MHz): 18.41 (CH),
23.94 (CH), 26.43 (Ch), 26.51 (CH), 30.4 (CH), 77.01 (CHO), 79.74 (CO), 118.48 (CH), 142.23
(C). GC-MS (EIl): m/z 95 (100, N+C4Hg0).

18a (analysis of the mixture witd7&): H NMR (300 MHz): 1.25 (s, 9Ht-Bu), 1.78 (s, 3H, CH),
1.40-2.10 (m, 6H, 3C}), 4.23 (m, 1H, CHO), 5.66 (m, 1H, GJds). 13C NMR (75 MHz): 17.3, 21.7,
25.6, 27.0, 79.6, 83.2, 129.1, 130.7. GC-MS (EI): m/z 95 (100;G4Hq0y).

(b) (Entry 2 of Table 1)From the oxidation of 10 g (102.5 mmalBa with 2.135 g (20.5 mmol)
t-BUOOH, 1.168 g (3.84 mmol3 and 0.717 g (2.56 mmol) Cu()OTf in 80 ml MeCN at -36°C
(23 d, conv. oft-BuOOH: 44%), 427 mg (52% rel. to conv.) of the crude peroxide mixture (ratio
16al17a18a=51:22:27, GC) was obtained. Analogous chromatographic separatiofa$emve 130
mg (16%) pure peroxidé6a{[ ®]p?® +21.5 (c 1.39, CHQG); ee 23% R)} and 65 mg (8%)17a{[ «]p?°
-40.7 (c 1.33, CHQ)); ee 66% §)}. The regioisomerl8a(ee 0%, chiral GC) was not isolated.

(c) (Entry 3 of Table 1):As described above, 1.952 g (20 mmaBa was reacted with 452 mg (4
mmol) t-BUOOH, 228 mg (0.75 mmol} and 140 mg (0.5 mmol) Cu(l)OTf in 10 ml MeCN at -40°C
(20 d, conv. ott-BuOOH: 44%) to yield 144 mg (89% rel. to conv.) of the crude peroxide mixture (ratio
16a17a18a=53:19:28). Chromatographic separation gave 52 mg (28%) péag[ x]p2° +27.46 (c
1.42, CHC}); ee 28% R)} and 22 mg (12%)17a[ee 70% §)]. For the isomerl8aan ee value of 0%
was determined (GC analysis of the crude mixture).

(d) (Entry 5 of Table 1)Analogously, 1.952 g (20 mmol)3awas oxidized with 360 mg (4 mmol)
t-BuOOH (>98%), 228 mg (0.75 mmo8 and 140 mg (0.5 mmol) Cu(l)OTf in 10 ml acetone:MeCN
(1:1) at —48°C (20 d, conv. adiBUOOH: 29%) to yield 57 mg (54% rel. to conv.) of the crude peroxide
mixture (ratiol6al7a18a=57:17:26, GC). The ee values bfa(84%) andl8a(10%) were determined
directly from the crude mixture by chiral GC analysis. The ee valusaf(32%) and the configurations
of 16a(R) and17a(S) were determined by chiral GC analysis of the mixture of allylic alcohols obtained
by reduction of the crude peroxide mixture with DIBAH.

Reduction ofl6a with DIBAH: Likewise treatment of 90 mg (0.49 mmaol6a with 1 ml 1 M
DIBAH as described above fd (55°C, 24 h) yielded, after usual work up and flash chromatography
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(n-hexane:EtOAc 10:1), 20 mg (37%) pure 3-methyl-1-cyclohexen-3-ol {ee % &]p?° +25.9 (c
0.3, EbO)?°}. The ee was determined by chiral GC [temp. 80°C—2 K/min—14@3A;8.3 min ), 18.6
min (R)]. All spectroscopic data corresponded well with those repdited.

Reduction oft7awith DIBAH: Analogous treatment df7a (313 mg, 1.7 mmol; ee 70%) in 3 mt
hexane with 3 mmol DIBAH (40°C, h) as described fitBa gave, after chromatographic purification
(n-hexane:EtOAc 10:1), 143 mg (75%) pure 1-methyl-1-cyclohexen-3-ol [ee B)PoThe ee was
determined by chiral GC [temp.: 80°C-2 K/min—140%&23.4 min §), 24.4 min R)]. The configuration
was determined by comparing (chiral GC) with a sample of 8xe@nfigured alcohol (ee 73%) obtained
after hydrolysis of the benzoat&)¢{20a with KOH/MeOH (see below). The analytic data were in
agreement with the reported valués.

3.9. Peroxidation of 1-phenyl-1-cyclohexetizh

Following the general procedure, 8.512 g (51.23 mri8h) was oxidized in 30 ml MeCN with 1.16 g
(20.25 mmol}X-BuOOH, 584 mg (1.92 mmoB and 359 mg (1.28 mmol) Cu(l)OTf at -20°C (23 d, conv.
of t-BUOOH: 61%). After column chromatography-pentane:EO 10:1), 770 mg (98% rel. to conv.) of
the crude peroxide mixture (ratib6b:17b:18b=28:55:17,"H NMR analysis) was obtained. 200 mg of
this mixture was separated by flash chromatographyefhtane:EO 100:1) to yield 50 mg (25%) pure
3-tert-butylperoxy-3-phenyl-1-cyclohexerisb {[ «]p?! +0.17 (c 1.57, CHG)}, 123 mg (62%) 3tert-
butylperoxy-1-phenyl-1-cyclohexerd&b{[ «]p22 —0.24 (c 2.24, CHG); ee 4%, chiral HPLC: Chiralcel
OD,tgr 12.8 min (<), 14.2 min (+)} and 16 mg (8%) t&+t-butylperoxy-2-phenyl-1-cyclohexeris3b [ee
0%, chiral HPLC: Chiralcel ODtg 10.9 min (+), 12.3 min (-)].

16b: Elemental analysis: calc. (found) C: 78.04 (78.58), H 8.94 (9 41 \MR (300 MHz): 1.20 (s,
9H, t-Bu),1.50-2.10 (m, 6H, 3C}), 5.96-6.08 (m, 2H, 2Ctks), 7.20-7.30 (m, 3H, Ckon), 7.45 (d,
2H, CHarom J 7.4 Hz).13C NMR (75 MHz): 19.13 (CH), 25.16 (C4), 26.77 (CH), 34.85 (CH), 79.03
(C), 81.51 (C), 126.58 (CH), 126.78 (CH), 127.68 (CH), 129.83 (CH), 130.93 (CH), 145.20 (C). GC-MS
(El): m/z 158 (100, M-88).

17b: Elemental analysis: calc. (found) C: 78.04 (78.02), H: 8.94 (8 35NMR (300 MHz): 1.28 (s,
9H, t-Bu), 1.70-2.50 (m, 6H,3C}), 4.61 (m, 1H, CHO), 6.13 (m, 1H, GJds), 7.27 (m, 2H, CHom),
7.33 (M, 1H, CHon), 7.41 (d, 2H, CHrom, J 7.3 Hz).13C NMR (75 MHz): 18.98 (CH), 24.20 (CH),
26.54 (CH), 27.84 (Ch), 77.25 (CH), 79.91 (C), 121.27 (CH), 125.48 (CH), 127.45 (CH), 128.21 (CH),
141.48 (C), 142.71 (C).

18b: 'H NMR (300 MHz): 1.16 (s, 9Ht-Bu), 1.50-2.20 (m, 6H, 3C}), 4.88 (m, 1H, CHO), 6.28 (m,
1H, CHoef), 7.26—7.40 (M, 5H, Chom). 3C NMR (75 MHz): 16.43 (CH), 26.16 (CH), 26.59 (CH),
26.64 (ChH), 76.62 (CH), 79.49 (C), 126.08 (CH), 126.71 (CH), 128.05 (CH), 132.48 (CH), 134.22 (C),
141.18 (C).

3.10. 1tert-Butyl-3tert-butylperoxy-1-cyclohexerfrc

(@) (Entry 11 of Table 1):Following the general procedure, 9.96 g (60 mmoljeft-butyl-1-
cyclohexenel3c dissolved in 30 ml MeCN was oxidized with 1.365 g (12 mmeBuOOH in the
presence of 684 mg (2.25 mm@&jand 420 mg (1.5 mmol) Cu(l)OTf at —20°C (27 d, convt-®uOOH:
76%). Chromatographic work up-pentane:E{O 10:1) gave 696 mg (67% rel. to conv.) of the peroxide
mixture 16¢c-18c (ratio 16¢17¢18c=4:81:15, GC andH NMR analyses). Repeated chromatography
(n-pentane:EtO 100:1) yielded 316 mg (30%) puterc {[ ®]p?% —20.0 (c 1.93, CHG)); ee 16% §),
determined by chiral GC after reduction with DIBAH—see below}. The minor prodli6tsand 18c
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were not isolated, they were identified from the crude mixture by comparing with the racemic ptoducts
(GC and'H NMR analyses)17c Elemental analysis: calc. (found) C: 74.34 (74.34), H: 11.50 (10.98).
IH NMR (300 MHz): 1.02 (s, 9H{-Bu), 1.24 (s, 9H{-Bu), 1.40-2.10 (m, 6H, 3CH), 4.42 (m, 1H,
CHO), 5.50 (M, 1H, Cllef). 13C NMR (75 MHz): 19.3 (CH), 24.7 (CH), 26.5 (CH), 26.9 (CH), 28.8
(CHs), 35.5 (C), 77.7 (CH), 79.7 (C), 115.45 (CH), 152.8 (C). GC-MS (El): m/z 137 (108.Q4Hy0).

(b) (Entry 10 of Table 1)The analogous oxidation df3c(3.32 g, 20 mmol) at 0°C (14 d, conv. of
t-BUOOH: 69%) led to 226 mg (73% rel. to conv.) of the mixture of isomeric peroxiéesl8c (ratio
16¢17¢186=5:75:15), from which 180 mg (58%) puf&’c{[ ®]p%’°>-9.2 (c 0.44, CHGJ); ee 8% ©),
see above} was isolated by chromatography.

Reduction ofLl7c As described for the peroxidg 215 mg (0.95 mmoll7cin 3 ml n-hexane was
treated with 2 mmol DIBAH (50°C, 10 h). Chromatographic purificatioshéxane:EtOAc 10:1) yielded
107 mg (73%) ltert-butyl-1-cyclohexen-3-ol. Reduction &7c{[ ®]p%? -20 (c 1.93, CHGJ); exp. (a)}
afforded the allylic alcohol with an ee value of 16% [chiral GC: temp. 1563@5.3 min R), 15.6 min
(9)]. From the reduction of 7¢{[ ®]p?’°-9.2 (c 0.44, CHQ); exp. (b)}, 1tert-butyl-1-cyclohexen-3-ol
with 8% ee and&]p?® -5.2 (¢ 0.57, CHG) was obtained.

3.11. Peroxidation of (-)-($,55)-2-pinene23a

According to the general procedure, 1.36 g (10 mn23a was oxidized in a solvent mixture of
MeCN:acetone (1:1) using 180 mg (2 mmoiBuOOH (98%), 70 mg (0.25 mmol) Cu(l)OTf and 114
mg (0.375 mmol)3 at 0°C (10 d, conv. of-BUOOH: 85%). After usual work up and chromatography
(n-pentane:EtO 100:1), 100 mg (58% rel. to conv.) of the mixture of peroxi@ds-30a [product
composition:24a(16.4%),25a(0.8%),26a(46.7%),27a(21.8%),28a(8.3%),29a(1.4%),30a(4.5%);
GC-MS analysis] was obtained. The main prodR6a was isolated in pure form as a colourless oil
{yield: 32 mg, 17% rel. to conv.;&]p2® -0.1 (c 0.86, CHCI,)} by chromatographic separatiom-(
pentane:EtO 100:1). The other isomers were obtained as enriched samples of the following purities
(GC analyses)24a (90%), 27a (80%) and28a (60%). They were identified byH and 13C NMR
spectroscopyl@,'H-COSY, 1H,'H-NOESY, APT and'H,13C-HETCOR experiments). The peroxides
25a (comparison of théH and GC-MS data with those of the isolated enantiomeric comp@&hg
see below)29a(GC-MS analysis) an80a(*H NMR, 13C NMR and GC-MS analysis) were identified
directly from the crude mixture.

(1R,2S,5R)-2-tert-Butylperoxy-3-pinene2@da): *H NMR (500 MHz): 0.95 (s, 3H, Ckl H-9), 1.19 (s,
9H, t-Bu), 1.35 (s, 3H, Ch, H-8), 1.39 (s, 3H, Ch, H-10), 1.77 (d, 1H, H-&o, J 8.8 Hz), 2.14 (q, 1H,
H-5,J 6.2 Hz), 2.21 (td, 1H, H-1}; 6.3 Hz,J» 2 Hz), 2.27 (dt, 1H, H-dnhdo J1 9 Hz,J2 5.7 Hz), 5.48
(dm, 1H, H-3,J 8.8 Hz), 6.33 (dd, 1H, H-4); 9 Hz, J, 6.5 Hz).13C NMR (100 MHz): 24.05 (C-9),
25.9 (C-10), 26.70t{Bu), 27.58 (C-8), 32.41 (C-7), 42.55 (C-5), 46.39 (C-6), 50.46 (C-1), 126.75 (C-3),
139.84 (C-4). GC-MS (El): m/z 135 (3, ™ C4Hg0y).

(1R,2R,5R)-2-tert-Butylperoxy-3-pinene26a): 'H NMR (500 MHz): 1.06 (s, 3H, Ck), 1.19 (s, 9H,
t-Bu), 1.30 (s, 3H, CH, H-9), 1.33 (s, 3H, Ch), 1.40 (d, 1H, H-%o J 9 Hz), 2.10-2.14 (m, 2H, H-1
and H-5), 2.47 (dt, 1H, Hwfdo J1 9 Hz,J» 5.3 Hz), 5.68 (dd, 1H, H-3); 9 Hz,J, 1.5 Hz), 6.24 (dd, 1H,
H-4,J; 9 Hz,J5 6.5 Hz). GC-MS (EI): m/z 135 (3, M-C4Hg05).

(1S,4R,5S)-4-tert-Butylperoxy-2-pinene26a): *H NMR (500 MHz): 0.87 (s, 3H, Ckl H-9), 1.23 (s,
9H, t-Bu), 1.33 (s, 3H, CH, H-8), 1.40 (dt, 1H, H-&¢, J1 9 Hz,J, 1.4 Hz), 1.71 (t, 3H, Ck, H-10,J 1.5
Hz), 2.0 (td, 1H, H-1J; 5.1 Hz,J, 1.3 Hz), 2.21 (dt, 1H, H-%hdo J1 9 HZ,J> 5.6 Hz), 2.43 (m, 1H, H-5),
4.52 (m, 1H, H-4), 5.30 (m, 1H, H-3$3C NMR (100 MHz): 20.36 (C-9), 22.80 (C-10), 26.46Ru),
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26.46 (C-8), 28.80 (C-7), 43.02 (C-5), 45.76 (C-6), 47.99 (C-1), 79.74 (C-0O), 82.30 (C-4), 114.13 (C-3),
151.26 (C-2). GC-MS (El): m/z 151 (1.5), 135 (5, MC4H90O>).
(1S,4S,55)-4-tert-Butylperoxy-2-pinene2fa): *H NMR (500 MHz): 0.98 (s, 3H, Ckl H-9), 1.23 (s,
9H, t-Bu), 1.30 (d, 1H, H-4xo, J 8.8 Hz), 1.31 (s, 3H, CK H-8), 1.71 (t, 3H, CH, H-10,J 1.8 Hz), 1.94
(t, 1H, H-1,J 5 Hz), 2.45 (dm, 1H, H-ghdo J 9 HZ), 2.48 (m, 1H, H-5), 4.68 (m, 1H, H-4), 5.45 (m,
1H, H-3).13C NMR (100 MHz): 22.67 (C-9), 26.54-Bu), 26.73 (C-8), 35.22 (C-7), 39.04 (C-6), 44.76
(C-5), 48.05 (C-1), 79.49 (CO), 84.58 (C-4), 115.87 (C-3), 148.71 (C-2). GC-MS (El): m/z 151 (2), 135
(7, M*=C4Hg0Oy).
(1R,3S,5R)-3-tert-Butylperoxy-2(10)-pinene28a): *H NMR (500 MHz): 0.65 (s, 3H, Ch), 1.19 (s,
3H, CHg), 1.25 (s, 9H{-Bu), 1.23-1.27 (m, 2H, C}J, 1.55 (d, 1H, CH, J 9.8 Hz), 1.92 (m, 1H, CH),
2.35(m, 1H, CH), 2.45 (m, 1H, CH), 4.61 (d, 1H, CHQ,6.5 Hz), 4.92 (s, 1H, Ck H-10), 5.13 (s, 1H,
CH>, H-10).23C NMR (100 MHz): 21.85 (CH), 25.85 (CH), 26.29 (CH), 27.85 (Ch), 34.05 (CH),
39.51 (CH), 50.58 (CH), 78.42 (CH), 114.88(©H121.6 (C). GC-MS (El): m/z 135 (11, MC4Ho0,).
(1R,5S)-10-tert-Butylperoxy-2-pinene30a): *H NMR (500 MHz): 1.28 (s, 3H, Ck), 2.09 (m, 3H),
2.21-2.26 (m, 3H), 2.39 (m, 1H), 4.28 (dq, 1H, O&£B; 10.5 Hz,J; 1.4 Hz), 4.33 (dqg, 1H, OCH J;
10.4 Hz,J; 1.4 Hz), 5.53 (m, 1H, CH)!3C NMR (100 MHz): 26.15 (CH), 31.20 (CH), 31.51 (CH),
40.73 (CH), 44.13 (CH), 78.26 (OGH 122.58 (CH). GC-MS (El): m/z 135 (11, MC4Hg0Oy).

3.12. Peroxidation of (+)-(R,5R)-2-pinene 23b)

Analogous oxidation (as described 284 of 1.36 g (10 mmolR3b at 0°C afforded, after chroma-
tography (see above), 120 mg (63% rel. to conv.) of the mixture of isomeric pinene per4la&db.
[Product composition24b (20.1%),25b (1.5%), 26b (42.1%),27b (20.5%),28b (7.8%),29b (1.2%),
30b (5.7%); GC-MS analysis.] The products were identified by comparingkthBMR and GC-MS
data with those of the enantiomeric compouBds-30a A sample (ca. 1 mg) of the minor isom2sb
(purity: 90%) was obtained by flash chromatograpmypéntane: 5O 100:1), thetH NMR and GC-MS
data were in accordance with those of the enantiazbar(see above).

3.13. General procedure for the enantioselective acyloxylation reactions

(a) Without addition of copper (entry 4 of Table 3 is representati@pper(l) oxide (0.05 mmol, 7.5
mg) and 44 mg (0.13 mmol) of the liga®dvere stirred for 12 h at 30°C in 5 ml MeCN undes.N\MWhen
Cu(l)OTf or Cu(OAc) were used, they were likewise treated for 2 h at rt.] After filtration over a Celite
bed (Merck, particle size 0.1 mm), and washing of the residue with 3 ml MeCN, the clear filtrate was
concentrated to 5 ml (rt, ca. 7 mbar). To the obtained catalyst solution, 821 mg (10 mmol) cyclohexene
(1) and then 300 mg (5 mmol) acetic acid were addeg).(M/ithin 10 min, a solution of mg (2 mmol)
t-BuOOH (80%) dissolved in 2 ml MeCN was added dropwise under stirring at rt. The temperature was
raised to 65°C£3°C) and stirring was continued for 24 h{NAfter cooling to rt, iodometric titration
showed the complete conversionteBuOOH. The solvent and the excess olefiy Were removed in
vacuo (rt, ca. 50 mbar). The residue was purified by flash chromatograghgxane:EtOAc 25:1) to
yield 40 mg (23%) pure [ee ~3% (9), chiral GC]. As the second (main) fraction, 200 mg (71%) 3-
acetoxy-1-cyclohexene®) [ee 66% §)] was isolated. The ee value 22 was determined by chiral GC
[temp. 40°C-1 K/min—-140°Qk 58.8 min R), 59.3 min §)]. The configuration o22was determined by
chiral GC by comparing with a sample )22 prepared by the method of Muzir{ee 25%, [x]p2°
-53 (c 1.95, CHQJ) and by optical rotation measurement of a sampleS)2@ (ee 63%), showing
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[x]p?® —109 (c 1.59, CHG).3° Additionally, the hydrolysis of §)-22 gave (-)-§)-1-cyclohexen-3-ol
(see below). The spectroscopic datd NMR, MS, IR) of 22 are in agreement with the published d#fa.

(b) Oxidations in the presence of copper(0) (entry 9 of Table 3 is representafifte): analogous
preparation of the catalyst solution from 7.5 mg (0.05 mmol}@and 72 mg (0.24 mmof} in 5 ml
MeCN as described under (a), 4 mg (0.06 mmol) copper powder were adgletl(der stirring at rt, 827
mg (10 mmol) cyclohexend) and 300 mg (5 mmol) acetic acid were added. After dropwise addition of
2 mmolt-BuOOH (dissolved in 2 ml MeCN) within 10 min, stirring was continued for 24 h. Analogous
work up and chromatography yielded 90 mg (32%) p22¢ee 67% §), chiral GC]. GC analysis of the
reaction mixture showed the formation@{15%) and 1-cyclohexen-3-one (5%) as byproducts.

Hydrolysis of §)-22: By adopting Muzart's metho#f 70 mg (0.5 mmol) §)-22 (ee 63%, chiral GC)
were treated with 4 ml of a 4 M KOH solution in MeOH at 0°C (2 h). After complete conversi@® of
(TLC), the solvent was removed in vacuo (rt, ca. 50 mbar) and the residue extracted »@tl3&B0
ml). The collected organic phases were washed with 1 ml ice-cold 1 N HCI, then with 2 ml brine and
dried over MgSQ. After evaporation of the solvent and chromatographic purificatiepefitane:EtO
5:1), 20 mg (41%) pure 1-cyclohexen-3-ol {ee 57%), (x]p?®> -68.2 (c 1.0, CHG)?’} were isolated.
The ee value was determined by chiral GC (see above, reduction of pe®xitiee'H NMR data were
in agreement with the published valiés.

3.14. Enantioselective benzoyloxylation of 1-methyl-1-cyclohekgae

To the catalyst solution, prepared by stirring 56 mg (0.2 mmol) Cu(l)OTf and 91.3 mg (0.3 rBmol)
in 7 ml acetone at rt for 2 h (}y, 1.7 g13awas added and the mixture was degassed. At 0°C, a solution
of 783 mgtert-butyl perbenzoate (4 mmol, 98%) in 2 ml acetone was added with stirring over a period
of 1 h. The reaction mixture was allowed to stand for 14 d at 0°C (conv. of BeB@ 37%, iodometric
titration). The excess perester was destroyed by treatment with 10 ml saturated ag. Kl and 4 ml 2 M
HCI. After addition of 20 ml saturated ag. NaHGQhe mixture was decolourized by treating with
37% NaHSQ@ and then extracted with #D (3x30 ml). The combined organic phases were washed with
brine, dried over MgS@and the solvent was evaporated. Chromatographic purificatibexXane:EtOAc
10:1) of the residue yielded 90 mg (59% rel. to conv.) of a mixture of the isomeric benA®mesla
(ratio 19a20a21a=17:52:31,'H NMR analysis). The ee values and the configurafibnéthe benzoates
were determined directly from the mixture by chiral HPLC analysis (comparison with the corresponding
racemic compounds).

3-Methyl-1-cyclohexen-3-yl benzoal®§): ee 66% §); [HPLC, Chiralcel ODitg 16.3 min §), 28.9
min (R)]; *H NMR (300MHz): 1.63 (s, 3H, Ch), 1.60-2.05 (m, 6H, 3C}J, 5.80 (m, 1H, CHe), 6.20
(dm, 1H, CHyes), 7.30 (m, 2H, CHom), 7.40 (m, 1H, CHom), 7.97 (d, 2H, CHiom, J 7.2 HZ).

1-Methyl-1-cyclohexen-3-yl benzoa20§): ee 64% §); [HPLC, Chiralcel OJir 18.0 min R), 19.3
min (9]; *H NMR (300 MHz): 1.72 (s, 3H, Chk), 1.60-2.05 (m, 6H, 3C}}, 5.50 (m, 1H, OCH), 5.60
(m, 1H, CHef), 7.40 (t, 2H, CHrom J 7.2 HZz), 7.50 (M, 1H, Cklom), 8.00 (d, 2H, CHrom J 7.5 Hz).

2-Methyl-1-cyclohexen-3-yl benzoafl§): ee 70% §); [HPLC, Chiralcel OD;tg 15.2 min §), 17.5
min (R)]; *H NMR (300 MHz): 1.70 (s, 3H, Ch), 1.60-2.05 (m, 6H, 3C}J, 5.45 (m, 1H, OCH), 5.70
(m, 1H, CHyef), 7.40 (m, 2H, CHom), 7.50 (M, 1H, CHom), 8.00 (m, 2H, CHom).

Because in the case @Paand20ano baseline separation was achieved (chiral HPLC), 80 mg of
the mixture of the optically active benzoates was hydrolyzed (24 h, rt) with KOH/MeOH as described
for 22 to yield, after chromatographic purification-pentane:EtO 5:1), 20 mg (48%) of a mixture of
the corresponding allylic alcohol§)¢3-methyl-1-cyclohexen-3-ol (ee 72%, chiral GC, conditions: see
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reduction ofl6a), (S-1-methyl-1-cyclohexen-3-ol (ee 73%, chiral GC) agjt2-methyl-1-cyclohexen-
3-ol (ee not determined, no separation on the chiral GC column).
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