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5 available in four steps from commercially available 
materials represents a most direct synthetic intermediate 
for their synthesis. 
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Ferric Chloride Induced Activation of Hydrogen 
Peroxide for the Epoxidation of Alkenes and 
Monoxygenation of Organic Substrates in 
Acetonitrile 

Summary: In dry acetonitrile anhydrous Fe"'C1, activa- 
tates H20z for the efficient epoxidation of alkenes and the 
monoxygenation of alkanes, alcohols, ethers, aldehydes, 
thioethers, and sulfoxides. 

Sir: The recent observation1 that iron(I1) in ligand-free 
acetonitrile activates hydrogen peroxide to act as a mon- 
oxygenase and dehydrogenase (but not as an initiator of 
radical reactions via Fenton chemistry)2 has prompted the 
consideration of other iron salts. Here we report that 
anhydrous ferric chloride (Fe"'C1,) in dry acetonitrile 
(MeCN) activates hydrogen peroxide to epoxidize alkenes 
and to monoxygenate or dehydrogenate other organic 
substrates. 

Table IA summarizes the conversion efficiencies and 
product distributions for a series of alkene substrates 
subjected to the FemCl3-H2O2/MeCN system. The extent 
of the Fe"'Cl,-induced monoxygenations is enhanced by 
higher reaction temperatures and increased concentrations 
of the reactants (substrate, Fe"'Cl,, and H202). For 1- 
hexene (representative of all of the alkenes) a substantial 
fraction of the product is the dimer of 1-hexene oxide, a 
disubstituted dioxane., 

BU 
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With other organic substrates (RH) Fe"'C1, activates 
H202 for their monoxygenation; the reaction efficiencies 
and product distributions are summarized in Table IB.4 
In the case of alcohols, ethers, and cyclohexane a sub- 
stantial fraction of the product is the alkyl chloride, and 

(1) Sugimoto, H.; Sawyer, D. T.  J. Am. Chem. SOC. 1984,106,4283. 
(2) Walling, C. Acc. Chern. Res. 1976, 9, 175. 
(3) Independent experiments confirm that Fe"'C1, in dry MeCN cat- 

alyzes the rapid dimerization of epoxides to dioxanes. 
(4) For all of the experiments summarized in Table I, the Fe"'C1, 

catalyst remains completely in the Fe(II1) state and there is no evidence 
for radical processes or for attack of the solvent. In dry MeCN the 
reduction potential for the Fe"rC1,/FerlC1~ couple is +0.46 V vs. NHE, 
and for the Fe1"C1,-/(Fe1'Cl3- + Cl-) couple is +0.34 V. 
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with aldehydes [PhCH(O)] the acid chloride represents 
one-half of the product. In the absence of substrate the 
Fe"'Cl,/MeCN system catalyzes the rapid disproportion- 
ation of H202 to O2 and H20. Within the time constraints 
for the experiments (<20 min) there is no net reaction 
between H202 and the substrates or solvent in the absence 
of the Fe"'C1, catalyst. 

The activation of H202 by Fe"'C13, which is an excep- 
tionally strong Lewis acid and electrophilic center: prob- 
ably involves the initial formation of at least two reactive 
forms of an Fe'"Cl3(HOOH) acid-base adduct that are in 
dynamic equilibrium (eq 1). We propose that this adduct 

L A 

stimulates the disproportionation of H202 via concerted 
transfer of the two hydrogen atoms from a second Hz02. 
This dehydrogenation of H202 is a competitive process 
with the FemCl3~ubstrat.eH2O2 reactions. The controlled 
introduction of dilute H202 into the Fe"'Cl,-substrate 
solution limits the concentration of HzO2 and ensures that 
the substrate-Hz02 reaction can be competitive with the 
second-order disproportionation process. The substrate 
reaction efficiencies in Table I appear to be proportional 
to the relative rates of reaction for the Fe"'C1,-H202 ad- 
duct with substrates and H202. The mode of activation 
of H202 by Fe"'C1, is likely to be analogous to that by 
Fen(MeCN)2+;l both are strong electrophiles in ligand-free 
dry MeCN and induce HzOz to monoxygenate organic 
substrates. 

The epoxidation of alkenes (Table IA) appears to involve 
an 0-atom transfer from the end-on configuration of the 
Fe"'Cl,(HOOH) adduct. The electrophilicity of Fe"'C1, 
should promote the initial activation of the alkene bond 
prior to the binding of H20z (eq 2). The resulting epoxides 

l R \  7 I 
'C' 

Fe"'CI3 + RCH=CHR' 1 1 Feif1Cl31 nPOp 

1 

L \ R '  H '  J 
are rapidly dimerized to dioxanes. A control experiment 
has demonstrated that the complete conversion of an al- 
kene to its epoxide is precluded; the more complete the 
conversion the higher the fraction of dioxane in the 
product mixture. With the cyclohexadienes and the stil- 
benes (PhCH=CHPh), the FelllC1,-HzOz/MeCN system 
promotes their dehydrogenation via a parallel catalytic 
process (Table IA), which may be equivalent to that for 

The present electrophilic activation of H202 by Fe"'C1, 
for the epoxidation of olefins is much more facile and 
efficient than that by base in aqueous or methanolic sol- 

H202. 

(5) Donor solvents and ligands neutralize the acidity of Fe"'C1,. The 
addition of Cl- to the Fewl3-RH-H,O,/MeCN reaction system promotes 
formation of Fe1"C14-, which does not activate H202 for its dispropor- 
tionation or for the monoxygenation of substrates and does not catalyze 
the dimerization of epoxides. 
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Table I. Products and Conversion Efficiencies for  the Ferr ic  Chloride (Fe*"C13) Induced Oxygenation/Dehydrogenation of 
Olefins and Organic Substrates  (RH) by HzOz in  Acetonitrile 

reactn convnU~* 
substrate (RH) efficiencv. % Droductsc 

blank (HZOZ) 
1-hexene 
I-hexene (+5 oC)d 
1-hexene (+25 oC)e 
1-hexene (+5 "C, 2H20z)dJ 
1-octene 
cyclohexene 
cyclohexene (-20 "C)g 
cyclohexene (FelllC1,-)h 
MezC=CMez 

l,4-cyclohexadiene 

1,3-cyclohexadiene 

PhOCH2CH=CHz (20 min)' 
PhCH=CHz (20 min)' 
PhCH=CHMe 

cis-PhCH=CHPh (Fell'C1[)h 
trans-PhCH=CHPh 
trans-PhCH=CHPh (FelllC1,-)h 

cis-PhCH=CHPh 

cyclohexanol 

PhCH20CMe3 
PhCH(0) 

PhCHzOH 

PhCHzPh 
PhCHB (25 oC)e 
PhH 
cyclohexane 
PhzS 
PhzSO 
PhSP 
PhCECPh (40 min)k 

A. Olefins (-5 "C, 10-min reaction times) 
100 0 2 ,  HzO 
10 
23 
55 
45 epoxide (35%), dimer (25%) 
60 epoxide (53%), dimer (10%) 
25 epoxide (45%), dimer (30%) 
50 epoxide (36%), dimer (5%) 
11 epoxide (60%), dimer (2%) 

epoxide (1-hexene oxide) (71%), dimer (dioxane) (lo%), others (19%) 
epoxide (55%), dimer (15%), others (30%) 
epoxide (O%), dimer (75%), others (25%) 

/ o \  
Me&-CMet lsO%I, dimers and others (50%) 

15x1, PhH (95%) 

40 

60 Do 
0 45 

10 
15 
8 
49 
36 
42 
40 

epoxide (70%) 
epoxide (SO%), PhCH(0) (5%) 
epoxide (81%), PhCH(0) (8%) 
cis epoxide (40%), trans epoxide (17%), PhCH(0) (14%), PhCECPh (29%) 
cis epoxide (48%), trans epoxide (16%), PhCH(0) (17%), PhC=CPh (10%) 
epoxide (17%), PhCH(0) (37%), PhCECPh (7%) 
PhCH(0) (44%), PhC=CPh (26%) 

B. Other Substrates (+5 "C, 20-min reaction times) 
52 cyclohexanone (88%) 

56 
75 PhC(0)OH (55%), PhC(0)Cl (45%)j 
10 PhC(0)Ph (85%) 
2 
trace PhOH 
22 

63 PhCH(0) (51%), PhCHzCl (21%), PhC(0)OH (14%), PhC(0)Cl (14%) 
PhCH(0) (72%), PhCHzCl (ll%), PhC(0)OH (3%), PhC(0)Cl (14%) 

PhCHzOH, PhCH(O), PhC(O)Cl, PhC(O)OH, cresols 

cyclohexyl chloride (45%), cyclohexanol (40%), cyclohexanone (15%) 
58 PhzSO (100%) 
60 PhzSOz (100%) 
80 PhSPO (100%) 
30 PhC(O)C(O)Ph (To%), [PhCH(O), PhC(O)Cl, PhC(O)OH] (30%) 

"RH and Fe"'C13 (1.0 mmol of each) combined in 10-20 mL of dry MeCN, followed by the slow addition of 1 mmol of HzOZ [I M HzOz 
(98%) in MeCN]. *Percentage of substrate converted to products. eAfter the indicated reaction time, the product solution was quenched 
with water, extracted with diethyl ether, and analyzed by capillary gas chromatography and GC-MS. dReaction at +5 "C. eReaction at +25 
"C. f 2  mmol of H202 added. #Reaction at -20 "C. hAn equivalent (1 mmol) of (Me,N)Cl present; Fe"'C1, + C1- + Fe"'Cl,-. '20-min 
reaction time. jHydrolysis of PhC(0)Cl to PhC(0)OH was less than 

vents (5040% yields after reaction times of 3-40 h).6-8 
The results of Table IB indicate that the Fe"'C13(HO- 

OH) adduct monoxygenates selected alkanes, alcohols, and 
aldehydes. A mechanism that is consistent with this in- 
volves the homolytic scission of the HO-OH bond in the 
side-on configuration, induced by the bound substrate, and 
the subsequent abstraction by one HO. of an H-atom from 
the a-carbon and addition of the second HO. to the re- 
sulting carbon radical (eq 3). An analogous process ap- - - .  

PhCH20H t Fe"'C1, t H202 - - 

I H H  
I .I 

(PhC-'C:)Fe'UC13(.0H)(OH2) - IPhCH(OH)?l FerTrCl&OH2) - 
PhCH(0) t FeU1C13(OH212 (3) 

pears to occur for the oxygenation of benzaldehyde to 
benzoic acid by the side-on Fe"'Cl,(HOOH) adduct, but 

(6) Payne, G. B. J. Am. Chem. SOC. 1959,81,4901. 
(7) Payne, G. B. J.  Org. Chem. 1959,24, 2048. 
(8) Payne, G. B. Tetrahedron 1962,18, 763. 

2% for reaction and analysis conditions. 40-min reaction time. 

50% of the product is the acid chloride. 
This result indicates that the activated side-on complex 

has some hypochlorous acid (HOCl) character and can add 
a chlorine atom to the carbon radical that results from the 
H-atom abstraction by the .OH group. This also occurs 
with alkanes, alcohols, and ethers (Table IB). Such 
chemistry is similar to the activation of chloride ion and 
HzOz to HOCl by myeloperoxidase (a heme p r ~ t e i n ) . ~ , ' ~  

Phosphines, dialkyl sulfides, and sulfoxides appear to 
be monoxygenated by the end-on configuration of the 
Fe"'Cl,(HOOH) adduct in a manner that is analogous to 
that for the epoxidation of alkenes (see eq 2). 
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Chiral Phase-Transfer Catalysis. Enantioselective 
Alkylation of Racemic Alcohols with a 
Nonfunctionalized Optically Active Phase-Transfer 
Catalyst 

Summary: Racemic sec-phenethyl alcohol and 1- 
phenyl-1-propanol can be alkylated to produce optically 
active methyl ethers in a phase-transfer-catalyzed reaction 
with dimethyl sulfate when the optically active quaternary 
ammonium salt 1 is used as the phase-transfer agent. 

Sir: Recent literature reports have demonstrated the vi- 
ability of conducting asymmetric syntheses using the 
principle of chiral phase-transfer catalysis.' Virtually all 
of the work reported in this area has dealt with the use 
of highly functionalized quaternary ammonium salts de- 
rived from cinchonidine, ephidrine, quinine, and most 
commonly cinchonine.2 An elegant ion pairing scheme 
based on crystal structure data and molecular modeling 
studies has been invoked to explain functional group in- 
teractions in intimate ion pairs and the efficiency of this 
chiarl phase-transfer agents? We report the first example 
of asymmetric induction in the phase-transfer-catalyzed 
alkylation of racemic alcohols employing the simple, 
nonfunctionalized, chiral quaternary ammonium salt 1. 

1 

~ ~~ 

(1) (a) Saigo, K.; Koda, H.; Nohira, H. Bull. Chem. SOC. Jpn. 1979,52, 
3119. (b) Julia, S.; Ginabreda, A. Tetrahedron Lett. 1979, 2171. (c) 
Colonna, S.; Fornasier, R.; Pfeiffer, U. J .  Chem. SOC., Perkin Trans. 1 
1978, 8. (d) Colonna, S.; Fornasier, R. J. Chem. Soc., Perkin Trans. I 
1978, 371. (e) Julia, S.; Ginebreda, A.; Guixer, J. J .  Chem. SOC., Chem. 
Commun. 1978,742. (f) Balcells, J.; Colonna, S.; Fornasier, R. Synthesis 
1976, 266. 

(2) (a) Wynberg, H.; Helder, R.; Hummelen, J.; Laane, R.; Wiering, J. 
Tetrahedron Lett. 1976, 1831. (b) Wynberg, H.; Hummelen, J. Tetra- 
hedron Lett. 1978, 1089. (c) Julia, s.; Ginebreda, A.; Guixer, J.; Tomas, 
A. Tetrahedron Lett. 1980, 21, 3709. 

(3) Dolling, U.; Davis, P.; Grabowski, E. J. Am. Chem. So. 1984,106, 
446. 

Table I. Methylation of sec-Phenethyl Alcohol in the 

uncata- 
Presence of 1" 

lyzed 
yieldb of 

solvent [.Iz5=, deg ee, % yield, % 5 ,  % 
methyl ether product 5 

pentane +I  8.4 48 84 0.0 
toluene +15.8 39 88 0.5 
dichloromethane +3.2 8 87 5.0 

"1.0 mol 70 catalyst on the basis of starting alcohol was used. 
bYield of methyl ether after 1 h at  25 O C .  

Alkylation of triethylamine with (S)-(+)-l-bromo-2- 
methylbutane, [ a I z 5 D  +3.80° (acetonitrile), in refluxing 
acetonitrile for 24 h followed by evaporation to dryness 
and washing with ethyl acetate afforded a 91% yield of 
the optically active quaternary ammonium salt 1 [ a I z 5 D  
+3.15" (acetonitrile), as colorless needles, mp 97-98 0C.4 
The methylation of 1.0 equiv (4.88 g) of racemic 2 with 0.5 

OR 
I 

OR 
I 

CH3 
?R 1 

2, R = H  3, R=H 4 ,  R=H 
5, R = M e  6 ,  R=Me 7, R=Me 

equiv (2.52 g) of dimethyl sulfate in a two-phase system 
(50% aqueous NaOH, 10.0 g/pentane, 40.0 g) with 0.1 g 
(1.0 mol 70) of 1 as a phase-transfer catalyst was performed 
at 25 "C for 1 h. Neutralization of the reaction mixture 
with 8 mL of 50% NH,OH followed by aqueous extraction, 
drying (Na2S0,), and evaporation produced an 84% yield 
of the crude methyl ether as an oil contaminated with a 
trace of a~etophenone.~ Purification by column chro- 
matography ( CH2C12/silica gel) afforded (R) -  (+) - 1- 
phenyl-1-methoxyethane ( 5 )  in 48% ee in 75% overall 
yield.6 Attempts to verify the enantiomeric excesses by 
'H NMR with chiral shift reagents were unsuccessful as 
the enantiomers of 5 were not resolved. However, the 
unreacted alcohol recovered from the aqueous phase by 
acidification afforded (S)-(-)-sec-phenethyl alcohol in 40% 
ee. These results were most surprising in view of the 
absence of functional groups in the chiral phase-transfer 
catalyst 1. In control reactions, only unreacted starting 
material was recovered in the absence of a phase-transfer 
catalyst while the product obtained from a methylatioLi 
reaction employing tetrabutylammonium bromide as a 
catalyst exhibited no optical activity. Similarly, the me- 
thylation of racemic 1-phenyl-1-propanol (3) in the pres- 
ence of 1 afforded, after isolation and purification, a 73% 
yield of 1-phenyl-1-methoxypropane (6), [a]25D +13.6' 
(acetonitrile). In contrast the methylation of racemic 
2-see-butylphenol (4) in the presence of the chiral phase- 
transfer catalyst yielded only the racemic methyl ether 7. 
We first thought that this result might suggest that the 
chiral center located three bonds away from the reaction 
site had reduced the ability of the catalyst to differentiate 

(4) 'H NMR (CDC13): 6 1.25 (18 H, m), 3.25 (2 H, d), 3.55 (6 H , q ) ;  
13C NMR (ppm) 8.70, 11.07, 19.75, 29.09, 29.70, 46.13, 54.04, 64.12; high 
resolution atom bombardment ionization mass spectra, M ( m / e )  calcd, 
172.2065, obsd 172.2044, quaternary ammonium ion. 

(5) Optically pure (R)-(+)-1-phenyl-1-methoxyethane, [ciIz50 +38.3' 
(acetonitrile), was synthesized from optically pure (R)-(+)-sec-phenethyl 
alcohol, [a]25D +39.5O (acetonitrile), via phase-transfer-catalyzed meth- 
ylation with dimethyl sulfate. 

(6) The isolated product was identified by comparison with an au- 
thentic sample and gave satisfactory spectral analyses. Enantiomeric 
excesses were measured by optical rotation and comparison with an 
authentic sample. 
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