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Abstract : Several chiral Cu(Il)-complexes of cyclic amino acids catalyse the enantioselective allylic
oxidation of cyclohexene to cyclohexenyl esters. Cyclohexenyl propionate was obtained in 86% yield
with e.e’s up to 61%.

Enantioselective oxygenation of olefins! and hydroxylation of alkanes? are particularly challenging goals in
asymmetric synthesis. The efficient procedures for the epoxidation of allyl alcohols (Scheme 1, route a) and
dihydroxylation of a wide range of olefins (Scheme 1, route b), developed by Sharpless and co-workers,>* lead to
virtually enantiomerically pure 1,2- and 1,3-functionalized products. Several catalytic asymmetric epoxidations of
unfunctionalized olefins have been developed based on mononuclear metal complexes mimicking heme and non-heme
oxygenases.” A major breakthrough in this respect was the discovery by Jacobsen and co-workers of the enantioselective

epoxidation of alkenes by chiral manganese salen catalysts (Scheme 1, route a).®
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The asymmetric allylic oxidation (Scheme 1, route c) can be considered as an attractive alternative for direct
functionalization of olefins exploiting the special nature of the allylic CH bond.” Following the early studies by
Kharasch,® a number of copper complexes has been found to mediate the oxidation of olefins to allylic esters.®1
Furthermore, palladium(II) catalyzed allylic oxidation is well established!! and recently a Pd(Il)/benzoquinone system
for allylic acetoxylation was reported.1? Despite these findings and the synthetic potential” of the transformation depicted

in scheme 1, route c, the asymmetric allylic oxidation has met little success so far.!3
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We wish to report a catalytic enantioselective allylic oxidation in the presence of propionic acid and peresters
to yield allylpropionates. In preliminary experiments chiral dinuclear Ni(Il) - and Cu(Il) - complexes 1 and 2,
catalytically active in dehydrogenation'® and epoxidation,'® were used in the oxidation of cyclohexene and allylbenzene
with fert-butylperoxy-acetate (or -propionate) but only low enantioselectivities (up to 10%) were reached.

Using cyclohexene as a model olefin it was subsequently found that enantioselectivities up to 35% could be
reached under ambient conditions using Cu(Il)-amino acid complexes and peracetates as oxidants in acetic acid. The
conversions however were low. Much to our surprise both catalytic activity and enantioselectivity were greatly enhanced

by adding 10 equiv. (with respect to Cu(Il) catalyst) of copper bronze and employing a propionic acid/acetonitrile solvent
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mixture (Scheme 2).

In a typical reaction, using 0.5 mol% cupric acetate in the presence of 6 equiv. of (S)-proline as the ligand and tert-
butylperoxybenzoate as the oxidant, cyclohexenyl propionate (5)!® was obtained with 38% conversion and an
enantiomeric excess of 51% after 16 hours at 0 °C. The influence of the variation of a number of reaction parameters
is shown in Table 1. The use of Cu(Il) triflate or Cu(I) cyanide lowers the enantioselectivity (entries 4 and 10) whereas
the conversion is reduced employing Cu(l) triflate (entry 5). Without additional copper bronze only 5-9% conversion
is reached albeit e.e.’s up to 57% are found. It should be noted that instead of copper the use of zinc results in 58% e.e.
after 1 day at 20 °C, highlighting the role of the metal as reducing agent in the catalytic cycle (entry 9). The highest
enantioselectivity (e.e. 61%) in the formation of 5, at synthetically useful levels of conversion, was obtained using 20
equiv. of (S)-proline with respect to Cu(I) (10 mol% of chiral ligand) (entry 7). The yield of 5 could be further
improved up to 70% when a larger amount of catalyst was employed (entry 8) without appreciable deterioration of the
enantioselectivity. The results obtained so far suggest the involvement of a chiral copper-proline complex in the catalytic
cycle. Structurally well defined bis-aquo-bis-(S)-prolinato-Cu(II)!” (3) used in the presence of additional copper gave

similar results compared to the in situ prepared copper proline catalyst (entry 2).
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Table 1. Copper-(S)-proline catalysed cyclohexenyl ester formation.

entry catalyst ligand temp time conversion? eel
CuX (mol%) Cu (mol%) (mol%) (°C) (hours) (%) (%)
1 CuAcg, (0.5) 5)° proline (3) 0 16 71 35
2 CuAc, (0.5) 5) proline (3) 0 16 38 51
3 CuAc, (0.5) ®) proline (3) 0 60 74 41
4 CuTf, (0.4) 5) proline (3) 0 60 47 36
5 CuTf (0.3) o) proline (3) 0 60 20 44
6 CuAc;, (0.5) - proline (3) 1} 16 0 -
7 CuAc;, (0.5) 5)° proline (10) 20 16 39 61
8 CuAc, (2.5) (202 proline (15) 20 16 70 57
9 CuAc, (0.5) (5) proline (3) 20 16 14 58
10 CuCN (0.5) 5) proline (3) 0 16 25 15

* In alf cases conversion to cyclohexeny! ester is denoted as determined by GC-analysis using n-dodecane as an internal standard. b Determined by chiral
GC-analysis (HP5890A with a capillary column coated with CP cyclodextrin -B-2,3,6-M-19). © Acetic acid was used as solvent, product is cyclohexenyl
acetate. ¢ As its benzene complex. © 1.5 mL of 1,I-dimethylpropyl-peroxypivaloate was used. 72 mg of zinc dust was used. When acyclic amino acids,
chiral amines or amino alcohols were used as ligands under the standard reaction conditions (vide supra), allylic oxidation could be executed although
e.e.’s of only 5-11% (18-48% yield) were found.

Next a variety of peresters was examined in the catalytic oxidation of cyclohexene using in situ prepared Cu(II)-(S)-
proline complex (Table 2; entries 1-7). It is clearly seen that the yield of cyclohexenyl propionate strongly depends on
the nature of the perester used whereas the enantioselectivity is much less influenced with e.e.’s in the range of 37 - 52%.

In the series of peresters investigated so far 1,1-dimethylpropyl peroxypivaloate gives the highest selectivity.

Table 2. Variation of perester and amino acid ligand.

entry temp time conversion ee.
0 (hours) (%) (%o)
perester®
1 t-Butylperoxyacetate v} 16 86 43
2 t-Butylperoxypropanoate 0 16 9 43
3 1,1-Dimethylpropylperoxypivaloate 0 16 6 52
4 t-Butylper-3-methyl-5-dimethylhexanoate 0 16 61 43
5 t-Butylperoxy-2,2-dimethylpropanoate ] 16 3 37
6 Di(z-butylperoxy)di-cyclohexanoate 0 16 23 37
7 t-Butylperoxybenzoate 0 16 43 45
ligand®
8 a-methyl-proline 0 16 11 20
9 a-benzyl-proline 0 16 37 26
10 N-benzyl-proline 0 16 18 7
Il azetidine-2-carboxylic acid 0 16 37 35
12 proline 0 16 50 42
13 pipecoline-2-carboxylic acid 0 16 7 8
14 indoline-2-carboxylic acid 20 16 34 7

# In entries 1-7 the same reaction conditions were used as described above using (S)-proline as chiral ligand. ® In entries 8-14 the same reaction
conditions were used as described above using tert-butylperoxybenzoate as oxidant.

In order to etucidate steric and electronic requirements of the chiral ligands employed, a number of cyclic amino

acids was studied. (table 2; entries 8-14). Introduction of a methyl or benzyl substituent in the a-position of proline
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lowered the e.e., whereas in the case of N-benzyl-(S)-proline, hardly any selectivity was observed. Variation of the ring
size of the chiral ligand, i.e. (S)-proline, (S)-azetidine-2-carboxylic acid and (S)-pipecoline-2-carboxylic acid, resulted in
a decrease in enantioselectivity. Finally, it should be noted that although the benzannelated proline analog (S)-indoline-
2-carboxylic acid yields an active catalyst with Cu(II), the enantioselectivity is drastically reduced. In conclusion a
catalytic system for the direct enantioselective allylic oxidation of cyclohexene has been found with attractive
conversions and enantioselectivities, based on readily available amino acids ligands. Studies to improve the asymmetric
induction and to extend the scope of the allylic oxidation towards other olefins are currently in progress.
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