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Abstract: Optically active allylic esters have been obtained with ee's up to 54% by acyloxylation
of the corresponding alkenes with -BuOOC(O)Ph or -BuOOH + RCOOH in the presence of
catalytic amounts of copper compounds and homochiral aminoacids ((S)- and (R)-prolines and
their structural analogs). The influence of the nature of the alkene and acyl groups, the oxidant,
solvent and chiral promotor on the enantioselectivity has been studied. A key role of Culp* (L* =
aminoacid) in the enantioselective catalysis is suspected.

INTRODUCTION

The introduction of a stereogenic center into an achiral compound remains often a fastidious objective despite the
large amount of work devoted to this subject. As part of current research programmes targeted towards metal-
catalyzed oxidation reactions on the one hand! and the formation of stereogenic centers on the other,2 we have
been interested in the asymmetric allylic oxidation of alkenes. Indeed, chiral allylic alcohols have an important role
as buiding blocks in the synthesis of biologically active compounds.3 Possible approaches to such oxidations are

based on the well known Kharash-Sosnovsky reactions: 4

Cu(iyCu(h) OR
X\ + +BUOOC(O)R & + +BuOH M
80-120°

Cully/Cu(ll \j.iOR
X\ + -BuOOH + RCOOH N + tBUOH+H,0 (2)
80-120°

The allylic esters thus obtained in the processes (1) and (2) can be easily converted to the corresponding allylic
alcohols by alkaline hydrolysis or by reduction with LiAlH,. The first atiempts to use chiral auxiliaries to obtain
optically active products in processes (1)52 and (2)5P led to low enantioselectivities (ee's up to 15%). More
recently,5¢ (S)-2-cyclohexenyl-1-acetate 1 was obtained with an ee up to 30% using catalytic amounts of (§)-
aminoacids as chiral promotors (process (3)):

", MeCN + OCOCH;,3
@ + +-BuOOH + CH,COOH -_— +1-BuOH + H,O (3)
70°C 1

Ct*: Cu(OOCCH3), or CipO + Aminoacid*

#0n leave from Riga Technical University, Latvia.
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In this last paper, the best enantioselectivity was achieved in the presence of (8)-proline. Despite of the rather low
ee's, process (3) is interesting because it requires only inexpensive commercial reagents and is simple to carry
out. In the current work the scope and limitations of enantioselective variants of processes (1) and (2) have been
studied in detail.

RESULTS AND DISCUSSION
Optimization of the model reaction

In the first stage of the work, optimization of reaction conditions has been undertaken with the aim of
maximasing ee's. We chose the oxidation of cyclohexene to 2-cyclohexenyl-1-benzoate 2 (process (4)) as a

Cuz0, (S)-proline . OCOPh
+ [OX] +PhCOOH ——— @
MeCN, reflux 2

[Ox : 70% aqueous -BuOOH or -BuOOC(O)Ph)

model reaction since (i) the acyloxylations (1) and (2) of cyclohexene were more selective than for other alkenes,
by-products being practically not formed;* (ii) the use of Cu,O + S-proline as chiral catalyst and MeCN as

solvent allowed us to achieve maximum ee in the process (3);5¢ (iii) the benzoate 2 is more convenient than the
acetate 1 for purification by flash-chromatography, because of its low volatility and its ability to be detected on

TLC by UV-light; (iv) anhydrous --BuOOH solutions in Table 1. Range of experimental conditions used
organic solvents have been previously employed,5 but we for the optimization of the process (4)
havesubsequently observed that the use of commercial Parameter Min. Max.
70% aqueous #-BuOOH did not led to a decrease in the Cyclohexene, mmol 5.0 80
chemical yield or ee of 2; (v) although it has been reported4 #-BuOOH or

that the processes (1) and (2) were inhibited by oxygen and | --BuOOC(O)Ph, mmol 1.0 8.0
therefore have to be carried out under an inert atmosphere, | PhCOOH3, mmol 3.0 10.0
we have observed that at reflux of acetonitrile, results under | Cu,O, mmol 0.06 0.20
argon atmosphere were similar to those achieved without S-proline, mmol 0.10 0.60
any particular precaution. MeCN, mmol 0 220
For experimental optimization, both the variation of several | Reaction timeb, h 1 10
parameters and the Sequential Simplex Method® have been | 8Some of the experiments with -BuOOC(O)Ph
used. The studied range of reaction conditions is shown in | have been done in the absence of PhCOOH.
Table 1. The optical rotation of 2 was used as the main bThe reaction was followed by iodometric
response function but chemical yields and reaction times titration and stopped when conversion of oxidant
were also taken into consideration. was = 95%.

The optimization resuits (Fig. 1, curve la) show that the optical activity of 2 is determined mainly by the ratio "$-
proline/Cu(l)" achieving the maximum value for 2. A small increase in the enantioselectivity was also observed
when the ratio "substrate/oxidant" was increased (curve 1b). The chemical yield of 2 (related to the amount of ¢
BuOOH or --BuOOC(O)Ph) was low (20-50%) in most experiments. [t was found rather surprisingly that the
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yield of 2 can be improved by increasing the initial amount of substrate both with and without decreasing the
amount of MeCN (curve 2b). Nevertheless, a lower yield and ee were observed in the absence of MeCN. The
increase of the amount of (S)-proline led to a drop in the yield of 2 (curve 2a). These facts allow us to deduce that
the rather low yield of 2 in the process (4) is connected with the parallel decomposition of peroxide rather than
with the formation of by-products. It seems that the decomposition of the peroxide is catalysed by the copper-
proline complex and is greatly supressed by excesses of cyclohexene.

86[_&] O Y'e_“;b % [a] Yield %
904D - 100
la|
603 - 80
] - 60 804 2b b
- 60
401
o - 40
L 50 70 i
20 - 20
] 2a
O{' v r . r . 40 60 —t r T v 1. T T T 0
0 ] ) 3 0O 10 20 30 40 50

[(S)-proline}/[Cu(l)] [cyclohexene]/[t-BuOOH]

Fig. 1. Influence of reaction conditions on the optical purity (curves 1) and yield of product (curves 2) in

process (4). (a) cyclohexene: 10 mmol, ~BuOOH: 2 mmol, PhACOOH: 5 mmol, Cu20: 0.1mmol (3, ¢) or 0.2
mmol (0), MeCN: 96 mmol, 82°C. (b) 7-BuOOH: 2 mmol, PhCOOH: 5 mmol, Cu20: 0.1 mmol, (§)-proline:

0.5 mmol, without solvent (4, A) or with MeCN: 150 mmol (3, 4) or 38 mmol (o,e), 82°C.

As a conclusion for the optimization experiments, the best result (84% yield of 2, [a]p= -87, which corresponds

t0 48% ee from the data of NMR in Table 2. "Model conditions" used for the experiments with variation of

the presence of Eu(hfc),) has been substrate, RCOOH, chiral ligand and solvent.

achieved under the following Conditions A B

conditions: 60 mmol of cyclohexene, | Substrate 10.0 mmol 10.0 mmol

5.0 mmol of PhNCOOH, 2.0 mmol of Al: 2.0 mmol -BuOOC(O)Ph | 4.0 mmol t-BuOOC(O)Ph

-BuOCH, 0.1 mmol of Cuy0, 0.5 | Reagent + 3.0 mmol PhCOOH + 3.0 mmol PhCOOH

mmol of (S)-proline, 38 mmol of A2 2.0 mmol t-BuOOH

MeCN, t = 82°C, reaction time: 4 h. + 5.0 mmol RCOOH

However, these conditions, which | Catalyst 0.1 mmot Cu,O 0.2 mmol Cu,0

require a great excess of alkene, + 0.5 mmol aminoacid* + 1.0 mmol aminoacid*

cannot be recommended for more Solvent 5.0ml 5.0 ml

expensive or difficultly-available Temperature Reflux of solvent 2 40°C

substrates. Therefore "model Atmosphere Air Ar

conditions" (Table 2) based on the 4n the case of sulfolane (b.p.: 283°C) the reactions were carried out at
L 80°C under an Ar atmosphere.

optimization results, have been
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proposed for further work.

Use of various substrates

The results of application of the conditions of process (4) for the oxidation of various alkenes are enumerated in
Table 3. The data of Table 3 show the strong tendency of enantioselectivities to decrease when the size of the

alkene molecule was increased (runs 1, 2, 3a, 4a and Sa).

Table 3. Oxidation of various alkenes in the process (4)

Run Substrate Condi | Sol- | Time Product Yield [alp ee B¢
tions? | vent h b in CHCl, 54

B MeCN | 24¢ @\ 39 -103 54
OCOPh

B | MecN| 24¢ ’:j 45 70 39
0COPh

Al [MeCN| 2.0f 59 -67 37

2
3a
3b Al PhH | 4.0f 59 -81 45

’, * -
4a @ Al | MeCN| 2.0f O-ocoph 27 10.6 23
4b Al | pPnH | 5.0 63 -1.3 4
/m\\/

5a Al |MeCN| 5.0f Q 2 +3.1 4
5b Al PhH | 9.0f OCOPh 34 +0.4 0.5
A OCOPh
6a Al | MeCN/| 2.0f . 238 -2.08 9
T Ja >~ =80/20
6b Al PhH | 5.0f ARV N0coPh 338 -0.58 2
P OCOPh
7a| P | Al |MeCN| 55 g 778 08 0
Ph + ~65/35
Al PhH | 2.0f 38¢ 08
70 ph/\\/\OCOPh 0

agee Table 2, chiral promotor: (S)-proline. bIsolated yield calculated on the reacted amount of --BuOOC(O)Ph.
Determined by NMR in the presence of Eu(hfc)3. 4Determined by hydrolysis of esters and comparison of optical
rotations of the alcohols obtained with literature data.3.7 €Conversion of oxidant: S0%. fConversion of oxidant >
95%. 8Data for the mixture of esters.

Cyclopentene (run 1) was oxidized at 40°C because of its low boiling temperature (44°C). In this case, a
satisfactory yield of product can be achieved only with doubled amounts of catalyst and oxidant (conditions B in
Table 2; very low yields were obtained under A conditions). The relatively high ee observed in run 1 is not
connected with a decrease of the reaction rate, because the oxidation of cyclohexene at both 40 and 82°C afforded
2 with similar ee's (runs 2 and 3a). For the open-chain alkenes, 1-octene (runs 6) and allylbenzene (runs 7), and

in agreement with the literature data,# a mixture of two esters was obtained, only one of them being potentially
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optically active. However, the chiral oxidation product of allylbenzene, unlike that of 1-octene, did not show any

optical activity.

Variation of the solvent

Ambiguous results have been obtained using benzene as solvent instead of acetonitrile in the process (4): ee is
increased in the case of cyclohexene (run 3b in Table 3) and considerably decreased for the other alkenes (runs
4b, 5b, 6b). The chemical yield of ester is usually higher in benzene than in acetonitrile, except in the case of

allylbenzene (run 7b).

The influence of the nature of the solvent on the enantioselectivity in the process (4) has been studied in more

detail using cyclohexene as substrate. The number of useful solvents is very limited because they have to be

(i) aprotic, (ii) non-oxidizable, (iii) with
suitable boiling temperature, (iv) sufficiently
polar to dissolve the components of the
catalytic system.

Besides acetonitrile and benzene, 1,2-
dichloroethane and sulfolane appeared to
correspond to such conditions. The results of
experiments with different solvents are shown
in Fig 2. The solvents are shown on the X-
axis according to their polarity which is the
most common empiric characteristic of solvent
properties (we followed the quantitative
description of polarity proposed by Carlson et
al.6).

Data of Fig. 2 show the absence of any
correlation between solvent polarity and
enantioselectivity of process (4).
Nevertheless, similar dependences were
observed using either -BuOOC(O)Ph
(conditions A1) or -BuOOH ( conditions A2)
as oxidants.

Variation of the chiral promotor

Fig. 2. Enantioselectivity of process (4) in different
solvents. Substrate: cyclohexene, chiral promotor: (S)-
proline. A1 and A2 (R = Ph) conditions (see Table 2).

ee %
50~

benzene dichloroethane acetonitrile  sulfolane
Increasing polarity of the solvent

Various structural analogs of proline were tested as potential chiral promotors in the reaction (4) (Table 4). (R)-2
can be obtained with the same enantioselectivity as ($)-2 in using (R)-proline instead of (S)-proline (run 1, for
comparison see run 3a in Table 3). In other cases, the conformity between absolute configurations of the chiral

promotor and product was not observed (runs 8 and 9). Surprisingly, excess of (R)-2 was obtained using (S)-
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methylproline as chiral promotor (run 4). From all tested substances, (S5)- and (R)-prolines allow us to achieve

the best ee's of 2 in the process (4).

Table 4. Oxidation of cyclohexene using various chiral promotors under the process (4) conditions2

Run Aminoacid Time Yield of 2¢ [alp ee %4
hb % in CHCl; | (abs. config.)
mCOOH
1 N H 2.0 62 +66 36 (R)
(R)
2 Q‘COOH 4.0 62 0 0
Boc O)
3 7 Zgj =COOH 6.5 55 0 0
()
4 Q‘COOH 4.0 62 +27 15 (R)
C
5 (8)
5 (NXCOOH 2.0 70 -49 27 ($)
H (8)
S
.
6 N COOH 1.0 65 -6.8 <5(8)
(R)
7 @N\‘COOH 3.0 52 5.5 <5(8)
H Q)
.+ COOH
8 @:}‘“ 10¢ 80 -10.3 55(5)
H (R)
H
.1 COOH
9 m H 4.0 60 9.1 5.0 (5)
N
H
H (R)
Qs
10 H _Cul H 2.0¢2 71 -69 38 (9)
(5

aConditions A1 from Table 2, solvent: MeCN. bConversion of ~BuOOC(O)Ph > 95%. <Isolated yield (estimated
to reacted amount of +-BuOOC(O)Ph). 9See notes (c and d) in Table 3. ¢Conversion of +-BuOOC(O)Ph: 17%.
0.2 mmol di-((S)-prolinato) Cu(Il) in the absence of Cup0. 8Conversion of +-BuOOC(O)Ph: 50%.
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Structure of chiral catalyst

The green colour of the reaction mixture ( Amax= 690 nm) for the non-enantioselective processes (1) and (2) has
been related to the formation of Cu(Il) acylates.? In contrast, we have observed a deep blue coloration of the
reaction mixture (Amax = 610 nm ) for the process (4) carried out in the presence of proline or its analogs. This
color change evokes the formation of stable CuL,* chelates (L*:aminoacid).10 The strong dependence between
the blue color of reaction mixtures and the formation of optically active products was shown for the process (4).
The use of N-Boc-(S)-proline or (5)-pyroglutamic acid as chiral auxiliaries (runs 2 and 3 in Table 4) has led to
green-coloured reaction mixtures (Amax= 690 nm) and to racemic products. Obviously, these two aminoacids are
unable to form chelates with Cu(II) because of the withdrawing electron pair fixed to the nitrogen atom.

When allylbenzene was oxidized in the presence of (S)-proline (run 7 in Table 3), the reaction mixture was
brown-colored ( Amax < 400 nm). In this case, we suppose a strong complexation between allylbenzene or its
oxidation products and Cu(Il), which lead to displacement of the chiral auxillary from the reaction sphere.

From the data described above, the formation of CuLZ* complex can be assumed to be the reason for
enantioselectivity in the process (4).!! The following observations are in agreement with this assumption: (i) the
maximum enantioselectivity was achieved with the ratio (S)-proline/Cu(l) = 2 independently of the total amounts
of Cu and aminoacid (see Fig. 1), (ii) the use of di-(S-prolinato)-Cu(ll) as a chiral calalyst instead of the
Cu,O/(S)-proline mixture led to the same enantioselectivity (run 10 in Table 4).

Variation of the acyl group

Since only -BuOOC(O)Ph and +-BuOOC(O)Me | Table §. Variation of RCOOH in the process (4).2
are commercially available, only allylic benzoates Time | Yield of [olp [ee%®
and acetates have been usually obtained in Run R hb | ester, % ¢ | in CHCl; | (5)d
process (1)4 On the contrary, very different 1 CF;- 3.0 0% - -
carboxylic acids can be used in process (2). 2 CCl,- 5.0 0° - -
Thus, an additional degree of freedom appears 3 CICH,- 5.0 43 -62 38
for the enantioselective variant of the process (2) 4 CH;- 7.0 44 -57 41
in comparison with (1). One can suppose that the | 5 (CH3)3C- 18 6.5 -51 52
modification of R in the process (2) will lead to 6 c-CeHj1- 30 37 -50 43
differences in the transition state geometries and 7 Ph- 9.0 36 -71 39
hence to different enantioselectivities. The results | 8f Ph- 5.0 53 -56 31
of experiments with various cyclohexene/ 9 208 38,5 -32 32
t-BuOOH/RCOOH systems are summarized in {\I@_
Table 5. These data do not show any clear 10 N@— 10 21 -26 25
dependence between the enantioselectivity and
the nature of R, except a weak increase in ee for 4Conditions A2/Table 2 with cyclohexene in MeCN. by
aliphatic acids (runs 3-6) relatively to aromatic BuOOH conversion 390%. CIsolated yield estimaled from
reacted 7-BuOOH. “%See notes (¢) and (d) in Table 3.
ones (runs 7-10). The esters of the strongest €Unidentified products are formed. f98% PhCMe20O0H is
carboxylic acids cannot be obtained under the used instead of +~BuOOH. 8-BuOOH conversion: 17%

present reaction conditions (runs 1, 2).
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Variation of the oxidant

For the conversion of cyclohexene to (§)-2-cyclohexenyl-1-benzoate in the presence of (S)-proline as chiral
promotor and MeCN as solvent, the enantioselectivity slightly decreases using the following range of oxidants:
tert-butylhydroperoxide ~teri-butylperbenzoate > cumylhydroperoxide ( see run 3a in Table 3 and runs 7, 8 in
Table 5).

Hydrolysis of opticaly active allylic esters

Alkaline hydrolysis (0.4 M KOH solution in MeOH) was used as method to obtain corresponding allylic alcohols
from allylic esters. Typical results are shown in Table 6. Although not optimized, this method appears to be
useful independently of the nature of the alkene and acyl groups. The ee's for allylic alcohols obtained (calculated
from previously reported [a]p)3:7-12 are in good agreement with those of the corresponding esters determined by
NMR in the presence of Eu(hfc)s.

S)

Table 6. . OH .
Q\OCOR Q\OH
Ester Conditions of Alcohol
Run| n R [a]lp eed hydrolysisb Yield [alp eed
in CHCl3 Jo© in CHCI3

1 2 Ph -49 27 (S) 3 hat20°C

or 12 hat 5°C 58 -28 21 (S)
2 2 Ph +66 36 (R) 12 hat 5°C 50 +38 29 (R)
3 2 CH2Cl -62 38 () 10 min at 20°C 50 -43 33 (5)
4 1 Ph -103 54 (3) 3hat 20°C 30 -54 46 (5)
5 3 Ph -10.6 23 (S) 3hat 20°C 51 -6.3 24 (S)
6 4 Ph +3.1 3.5(5) 12 hat 5°C 71 +1.6 3.0 (5)

aDetermined by NMR with Eu(hfc)3_bS ml of 0.4 M KOH in MeOH was added to 0.5-1.0 mmol of allylic ester.
9solated yield. Losses of the alcohols during purification are significant because of their solubility in water and

rather low boiling temperature. dCalculated from [a]p values reported for optically pure substances: (R)-2-
cyclopenten-1-ol: +116.6 (c= 0.64, CHClz) (R)-2-cyclohexen-1-ol: +130.6 (c= 1.21, CHCl3), (R)-2-
cyclohepten-1-ol: +26.1 (c= 1.27, CHCI3),3:12 (§)-2-cycloocten-1-ol: +51.2 (c= 6.52, CHaClp). 70

CONCLUSION

Chiral (S) and (R)-allylic esters and alcohols can be obtained with low to moderate ee's by a simple procedure
from the corresponding alkenes using catalytic amounts of (S) or (R)-proline as the chiral source. The
enantioselectivity of the process is determined mainly by the nature of both the alkene and chiral auxiliary and is
less dependent on the nature of the acyl group.
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EXPERIMENTAL PART

Materials and equipment. Most reagents were commercially available. Di-((S)-prolinato)-copper(II) and N-
Boc-(8)-proline have been synthesized by standard procedures 10:13, Structural analogs of proline (used for runs
5 to 9 in Table 4) have been obtained from Pr. J. Martens' laboratory.14 Alkenes and solvents have been distilled
from CaHj before use. Perkin-Elmer-241 automatic polarimeter has been used for optical rotation measurements.
TH NMR spectra were recorded using a Bruker AC 250 spectrometer. Eu(hfc); was used as chiral shift agent.
UV-VIS spectra were recorded with an UVICON 941 spectrometer.

(S)-2-Cyclohexenyl-1-benzoate 2 (representative procedure for obtaining allylic esters)

Al conditions. A mixture of CuyO (14.3 mg, 0.1 mmol), (S5)-proline (57.7 mg, 0.5 mmol), Ph\COOH (366
mg, 3.0 mmol) and cyclohexene (1.0 ml, 10 mmol) was dissolved by stirring and heating (82°C) in 5.0 ml (96
mmol) of anhydrous MeCN. Addition of 1-BuOOC(O)Ph (98%, 0.39 ml, 2.0 mmol) to the resulting colorless
solution led immediately to a deep blue coloration. The resulting mixture was refluxed for 2 h. After this time,
the blue color changed to green and iodometric titration showed the virtual absence of peroxides (conversion of
oxidant = 97%). The reaction mixture was cooled to room temperature, diluted with 50 ml of saturated NaHCO;3
aqueous solution and extracted with 2 x 15 ml of Et»O. The ether layer was washed with water and dried over
MgSO,4. Column chromatography (SiO,, petroleum ether/EtOAc = 95/5) gave 232 mg (1.15 mmol, 59% to
reacted - BuOOC(Q)Ph) of 2, [a]p=-67 (c= 4.64, CHCly).

A2 conditions. The procedure was as described above except that 5.0 mmol (611 mg) of PhCOOH and 2.0
mmol (0.27 ml) of 70%"aqueous -BuOOH were used instead of 1-BuOOC(O)Ph. After heating for 9 h,
iodometric titration showed the high conversion of peroxides (> 95%). The purification led to 2 (137 mg, 0.68
mmol, 36% to reacted -BuOOH), [a]p=-71 (c= 2.74, CHCl3).

These procedures were used for varying the alkene, RCOOH, solvent and chiral auxillary. For the oxidation of
1-octene and allylbenzene, the mixture of esters obtained by column chromatography were then separated by
preparative TLC (SiO,, petroleum ether/EtOAc = 95/5). The structure and purity of substances obtained were
confirmed by 'H NMR data.

(R)-2-cyclohexen-1-ol (representative procedure for obtaining allylic alcohols)

5.0 ml of 0.4 M KOH solution in MeOH was added to 133 mg (0.66 mmol) of (R)-2-cyclohehenyl-1-benzoate
([a]p= +66, ee = 36%). The mixture was kept in the fridge (= 5°C) for 12 h. After this time, TLC showed the
complete dissappearance of the benzoate. MeOH was removed under reduced pressure and the resulting mixture
extracted with Et,O. The ether layer was washed with minimal amounts of 1M HCI and brine, then dried over
MgSOy. Column chromatography (SiOj, pentane/acetone = 80/20) gave 32 mg (0.33 mmol, 50%) of (R)-2-
cyclohexen-1-ol ([a]p= +38, ee = 29%).

Todometric titration. The standard procedure!5 was used for titration of t-BuOOH. Before titration, f-
BuOOC(O)Ph was converted to --BuOOH by alkaline hydrolysis ( 0.4 M KOH in MeOH, 20°C, 2 min).16
Optical rotation measurements. [a]p values were measured at 20°C in CHCI3 solutions with concentrations
c= 0.2-8.0 g/100 ml. The independence of [a]p values and concentrations (error < 3%) has been determined

under the conditions used.
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