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Scheme 1.Epoxidation of 1-Phenylcyclohexene by Oxone/
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epoxidé diol®

entry amine (%) yield (%) yield (%)

Receied February 7, 2000 1 none 2 0 2

2 EtNH, 0 0 0

We report herein the discovery of a novel process for 3  EtNH 40 36 4
epoxidation of alkenes, using Oxone, which, remarkably, is 4  E&N 16 13 2
catalyzed by simple amines. This process, which does not rely >  NEWOAC 2 0 2
on transition metal catalysts, utilizes Oxone/NaHC& the g pyrro_l:jo_lme 133 gg 12
oxidant and simple, cheap, and readily available amines (see Table 8 fn'g%'h C')Ti?] e 60 58 5
1) as catalyst precursors for alk_ene epoxidation. The standard g N-methylpyrrolidine 65 62 3
reaction procedure is illustrated in Scheme 1. 10 EDTA 0 0 0
Normally, Oxone buffered with NaHCOin MeCN:H,O 11 pyrrolidinone 2 2 0
epoxidizes unfunctionalized alkenes only when oxygen-transfer 124 pyrrolidine 10% 100 60 40
reagents such as ketorldsjines? or iminium salts® are present. 13 pyrrolidine 10%+ 100 95 4

Aqueous solutions of Oxone at approximately neutral pH are also Py (0.5eq)

known to oxidize alkenes to give epoxides but in variable yiéld. ~ 14°  pyrrolidine 5% 65 35 30
At lower pH, mixtures of epoxides and diols are obtaified. 15 gyrrgllgme 5%+ 59 56 3
During our studies on iminium salt-catalyzed epoxidations of p)}//ri(di.neequw) 1 1 0

alkene® we discovered that simple amines were also capable of
epoxidizing our test substrate, 1-phenylcyclohexene and so we 2Unless otherwise stated all reactions conducted with 1-phenylcy-
tested a broad range of amines (Table 1). In a control experiment,clohexene (0.125 mmol), 1 equiv amine, 2 equiv Oxone, 10 equiv
alkene and oxidant were combined in the absence of amine, and\aHE® 0-5 M g'dMgng:?\lZ,\oAégfﬁg’ﬂ 2 . Remainder s alkene.
essentially no e_pOXIde was Obta'ﬂed (entry 1). Primary amines (nitrobenzene)? Concentration of 1-phenylcyclohexene increased to
were not effective (entry 2), but in the presence of secondary g gs mol/L.

and tertiary amines (entries 3, 4;-8) rapid epoxidation ensued.

Secondary amines gave the highest yields, and within this class,y anq it was found that good yields of epoxides could be obtained
pyrrolidine (entry 6) was optimum. 1,2-Diamines (entry 10) and iy most cases although the Treaction was sensitive to both the
amides (entry 11) were not effective catalysts. We therefore testedgctyre of the alkene and the amine. The substituted pyrrolidine
pyrrolidine at loadings of 10 and 5 mol % and discovered that 1 \yas a more effective catalyst for a broader range of alkenes
good levels of trnover could be achieved (entries-13). than pyrrolidine itself (compare entries-3, and 9) and gave up
Unfortunately, with lower amine loadings (entries 12,14) a {5 5794 enantioselectivity with 1-phenylcyclohexene (entry 5).
significant amount of hydrolysis of the epoxide occurred despite Amine 1 was an effective catalyst for most alkenes; only stilbenes,
the fact that an excess of NaHEe@as present. Although less  gjiphatic disubstituted and terminal alkenes gave low yields.
hydrolysis could be achieved by increasing the ratio of water  \ye have carried out competition experiments with structurally
present, this also resulted in reduced converSidttempts to  gimilar alkenes, and found that the amine-catalyzed epoxidation

increase the pH of the media with other inorganic bases were rgactions showed much greater selectivity compared to MTO-
unsuccessful but the use of 0.5 equiv of pyridine did largely catalyzed epoxidatiof®(Table 3).

suppress epoxide hydrolySigentries 13 and 15). A control The mechanism of the reaction is intriguing. We found that in
experiment showed that pyridine itself was not able to catalyze i presence of Oxone (1 equiv) pyrrolidine was oxidizéd

the epoxidation process (entry 16). Pyrrolidine and a chiral ¢ corresponding hydroxylamine (10%), nitrone (60%), and
derivative [§)-2-(diphenylmethyl)pyrrolidinet®] were tested as  N_hydroxylactam (2-3%), but none of these oxidation products
catalysts at just 5 mol % loadifgiith a range of alkenes (Table  gijther transferred their oxygen or acted as catalysts for epoxida-
tion. Tertiary amineN-oxides were similarly inactive catalysts.
However, the fact that asymmetric induction is observed means
that the amine is intimately involved in the oxygen transfer
process, but not simply as phase-transfer catalyst as quaternary
ammonium salts were also inactive (Table 1, entry 5). We have
considered the possibility that a single electron-transfer process
may be involved (Scheme 2). It is possible that the amine is
oxidized to its radical catidA*3which in turn oxidizes the alkene
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Table 2. Alkene Epoxidation Using 5 Mol % of Either Pyrrolidine or Amirié

Communications to the Editor

pyrrolidine catalyst

$—2-diphenylmethylpyrrolidinet catalyst

entry alkene cony% epoxidé diold conve % epoxidé (e€%) diol
1 methylenecyclohexene 33 29 4 33 29 4
2 1-methylcyclohexerbe 100 90 10 100 90 (15R,9 10
3 octahydronaphthalene 100 92 8 100 93 7
4 indené 29 19 10 31 20 (25) 11
5 1-phenylcyclohexene 59 56 3 100 96 (57S9 4
6 o-methylstyren 77 38 38 88 65 (159 23
7 p-methylstyrene 15 15 0 21 21 (BD 0
8 norbornylene 77 74 2 80 74 6
9 styrene 30 27 2 100 930 6
10 octa-4-ene 0 0 0 0 0 0
11 trans-stilbene 2 2 0 6 6 0
12 cis-stilbené 6 6 0 9 9 0
13 dec-1-ene 0 0 0 0 0 0

a Alkene (0.424 mmol), 5 mol % amine, 2 equiv Oxone, 10 equiv Nakl@® mL d-MeCN:D,O (95:5), 0.5 equiv pyridine, 4 h, rt.1 equiv
pyridine.¢ Remainder is alkené.Yields determined byH NMR relative to an internal standard (nitrobenzene). See Supporting Information for
isolated yields® Enantioselectivities determined by chiral HPLC using a Chiracel OD column and correlated with literatut®’ Gataversion
after 2 h.9 The same results are obtained in the absence of afg.ratio ofcis:trans epoxides.

Table 3. Competition Experiments with Structurally Similar
Alkenes and Comparison of Different Oxidation Procedures

Scheme 3.Epoxidation of Triene2

o\

10 mol% 1, 2 eq. Oxone®,
0.5 eq. pyridine,10 eq. NaHCO4

Amine®
Pyrrolidine 1
100:0 100:0

Alkenes
A B

1 O, Ph e
2 _Ph 100:0 100:0 100:0 70:50
O ‘ 2 61%

3 O,ph O/Me 2100 7100 5100 6575 We have circumstantial evidence for the intermediacy of radical

cations. (i) In competition experiments similar selectivity is
a1 equiv of each alkene is used in all experimerits. NMR observed to Bauld's aminium-cataly_zed reactiérwmic_h ha_ve
convers?on of the two alkenes A:B are given rglative to an internal been ShQWﬂ to oceur via _radlcal Catlons_ (Table 3). (ii) Tnéne:
standard (nitrobenzené)Alkene (each 0.424 mmol); amine (0.04 gave a single mono epoxide, ””CO”t"’.‘”?'”ated by other regioiso-
mmol), Oxone (0.85 mmol), NaHG@4.24 mmol) 0.5 mL ob-MeCN: mers (Scheme 3). The same selectivity has been observed in
D,0 (95:5), pyridine (0.424 mmol), 4 h, 1120 mol % AN**SbCk, aminium ion-catalyzed epoxidati®rand cyclopropanation of the
3 equiv Se@, d-CH,Cly, rt, 5 min.¢ 0.5 mol % MTO (methyltrioxo- same substraté.(iii) In competition experimentgransstilbene
rhenium), 12 mol % pyridine, 1.5 equivzB,, d-CH.Cl, 6 h. reacted~2.5 times faster thacdis-stilbené? (similar observations
for radical cation®), whereas in electrophilic oxidations tiés
isomer is more reactive. (iv) Most substrates that are inert to
Bauld’s radical cation-mediated oxidatidhare also inert in our
system (Table 2, entries 10, 13).

Entry ALNTSHClC MTO
d

100:0 70:50

MeCN:H,0 (95:5), t, 2 h.

Scheme 2.Proposed Catalytic Cycle for Alkene Epoxidation
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H auto- . . .
, . decomposition In summary, we have discovered a novel process for oxidation
e ‘o, KHSOs of alkenes which is catalyzed by simple amines. It is believed
R O R® R' R? that the reactions are mediated by chiral amine radical cations,

and this is the first report of such a species. The plethora of readily
available chiral amines makes the likelihood of finding highly
enantioselective catalysts a real possibility. Efforts in this area
are in progress.
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to the radical catiod* In the presence of suitable oxidants alkene  Supporting Information Available: General procedures for alkene
radical cations are converted to epoxides’ in what is often a epoxidation, the effect of water, pyridine, and base on yields of epoxide
diffusion-controlled process. In our case the amine must still be and diol; tables of isolated yields of epoxides and results obtained using
associated (complexed) with the alkene radical cation at the time 1 mol % of aminel (PDF). This material is available free of charge via
of the epoxidation process for asymmetric induction to be the Intemet at http://pubs.acs.org.
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