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Abstract: A novel, neutral catalytic cycle
for the synthesis of epoxides from car-
bonyl compounds and diazo compounds
using catalytic quantities of transition
metal salts and sulfides has been devel-
oped. In this catalytic cycle, the diazo
compound is decomposed by the transi-
tion metal salt to give a metallocarbene,
and this is picked up by the sulfide to give
a sulfur ylide, which then reacts with the

affecting the outcome of the reaction were
studied. The reactions are relatively insen-
sitive to solvent, but are sensitive to the
structure of the sulfide, the metal salt and
the concentration. Unhindered sulfides
give good yields of epoxides with any
metal salt, but with hindered sulfides
higher yields are obtained with Cu(acac}),
than with Rh,(OAc),. The yields of epox-
ides are sensitive to sulfide concentration

especially when using substoichiometric
amounts of sulfides. Higher concentra-
tion leads to faster rates of formation and
subsequent reaction of the sulfur ylides,
and consequently to higher yields. This
novel catalytic cycle has also been applied
to base-sensitive aldehydes. We found
that our new catalytic cycle for epoxida-
tion gives much improved yields of epox-
ides compared to those obtained by tradi-

aldehyde to give an epoxide and returns
the sulfide back into the catalytic cycle. To

tional sulfur ylide chemistry and is
tolerant to a wide variety of sensitive func-

. . . o & d . . . .
obtain good yields of epoxides it is neces- ) Reviards _ tional groups. Ketones also participate in
Lo . vitlalvsis © diszo compounds © epoxi- . .
sary to maintain a low concentration of : o lid R the catalytic cycle, although they give re-
the diazo compound (by slow addition), “'“;'”‘i el Sl S L duced vyields of epoxides compared to
methods

otherwise dimerisation of the diazo com-
pound is the dominant reaction. Factors

Introduction

Sulfur ylides have been extensively used for epoxidations of
carbony! compounds.!' =7 The standard conditions for this re-
action utilise the original Corey method: treatment of a sulfoni-
um salt with a strong base in the presence of an aldehyde.!*- ®!
We considered an alternative strategy which involved generating
sulfur ylides from sulfides and diazo compounds,!®! since this
would provide neutral reaction conditions for the epoxidation
process. If sulfur ylides could be generated in the presence of an
aldehyde, then the sulfide would be regenerated following epox-
idation and, in principle, the reaction would be caralytic in sul-
fide (Scheme 1). The reaction of sulfides with diazo compounds
to give sulfur ylides is well documented!® and has been carried
out thermolytically, photochemically!! ® and more recently with
transition metal catalysts.!®- ! = 14) Thus, there was ample prece-
dent for the individual steps of the catalytic cycle, but none for
the cycle itself. Of particular concern was the compatibility of
the different reagents and the tuning of their reactivities so as to
achieve the desired results. In this paper we provide a full ac-
count of this novel catalytic process.!'
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aldehydes and require a slightly elevated
temperature.

® 0
R,S—CHR'  Rhp(OAc),

[Rh]=CHR'

Scheme 1. Proposed catalytic cycle for epoxidation.

Results and Discussion

Development of Reaction Conditions: In attempting the catalytic
process shown in Scheme 1, choice of diazo compound, catalyst
and sulfide are critical. Most literature examples of sulfur ylide
formation by this method use the reaction of diazocarbonyl
compounds with sulfides, but the corresponding ylides are too
stabilised and do not react with aldehydes.!*®~ !9 Sulfur ylide
formation with diazomethane is problematic owing to the high
reactivity of this diazo compound and its tendency to dimerise
very readily in the presence of transition metals.[2% 2] We there-
fore chose phenyldiazomethane, as it is more stable than dia-
zomethane,??! has less of a tendency to dimerise than dia-
zoalkanes,'?? 241 and the corresponding sulfur ylide is known to
react readily with aldehydes.[?5) Another unwanted side reac-
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tion that could potentially occur is the direct reaction of the
diazo compound with the carbonyl component to give homolo-
gated products (Scheme 2).128! To limit the extent of this and the
dimerisation of the diazo compound, it was decided to maintain
a low concentration of the diazo compound by slow addition.

) o
Xy
RCHO + P \Nz——’R/“\/Ph J,H)krph
R

Scheme 2. Potential side reaction.

Similar problems relating to competitive dimerisation of diazo
compounds during cyclopropanation of alkenes have also been
solved by either using an excess of the alkene?%) or by slow
addition of the diazo compound.!?”!

Rhodium acetate was initially chosen as the catalyst, as this
metal salt is commonly used for decomposition of diazo com-
pounds and shown to be efficient for sulfur ylide formation in
particular.'” Diphenyl sulfide was initially chosen for conve-
nience as it is easily manipulated and nonodorous. Stoichiomet-
ric amounts of sulfide were initially used before attempts were
made to make the epoxidation process catalytic in sulfide (vide
infra).

In our early attempts, a solution of phenyldiazomethane was
added over three hours to a solution of PhCHO, Ph,S and
Rh,(OAc),. but only stilbene was isolated. We were encour-
aged, however, by the lack of formation of homologated prod-
ucts, which indicated that direct addition of the diazo com-
pound to the aldehyde was not a serious side reaction in this
process. The formation of stilbene instead of epoxide indicated
that the intermediate metallocarbene was being intercepted by
the diazo compound at a faster rate than capture by sulfide
(k,>k,) (Scheme 3). Whilst it may have been possible to reduce

ki

Rh=CHPh + RRS —0uw R.Rzg—éHPh

k2 Ph
Rh=CHPh + NCHPh ——— g\

Scheme 3. Reactions of the rhodium carbenoid.

the rate of dimerisation (k,) further by even slower addition of
phenyldiazomethane, this would have required inordinately
long addition times for success. Instead, in an attempt to influ-
ence k,, we used dimethyl sulfide rather than the less nucle-
ophilic dipheny! sulfide,!?8! and we were pleased to find clean
epoxidation with essentially no stilbene formation (Scheme 4).

Rhy(OAC),
RCHO + PhYy,

R/<<])‘_,Ph

Mezs

Scheme 4. Process of epoxidation.

A range of aldehydes were tested in the catalytic cycle and the
resuits are summarised in Table 1. It was found that all alde-
hydes gave good yields of epoxides, but as mixtures of
diastereomers. Aromatic aldehydes gave much higher ratios of
trans epoxides than aliphatic aldehydes. Factors affecting the
outcome of cis—trans selectivity in epoxidation has not been
previously studied.
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Table 1. Yields and ratios of epoxides formed from aldehydes (Scheme 4) [a].

Entry Aldehyde % Yield trans:cis
{ benzaldehyde 70 88:12

2 p-nitrobenzaldehyde 79 >98:2

3 p-chlorobenzaldehyde 81 84:16

4 cyclohexane carboxaldehyde 66 79:21

S isobutyraldehyde 64 60:40

6 valeraldehyde 55 56:44

7 ethyl-2-formyi-1-cyclopropane carboxylate 72 50:50

[a] Procedure: a solution of phenyldiazomethane (1.5 mmol in 6 mL tBuOMe) was
added over 3 h to a solution of aldehyde (1 mmol), dimethyl sulfide (1 mmol) and
Rh,(OAc), (0.01 mmol) in CH,Cl, (4 mL), and the reaction mixture was stirred at
RT for 18 h.

We confirmed that all the reagents were necessary for the
operation of the catalytic cycle. Thus, in the absence of sulfide,
only stilbenes were isolated, and in the absence of rhodium
acetate only homologated products were obtained.

Solvent Effects: Reactions were carried out with both p-chloro-
benzaldehyde and valeraldehyde in a variety of different sol-
vents to determine the solvent effect on yield and diastereoselec-
tivity of epoxidation, and the results are summarised in Table 2.

Table 2. Influence of solvent on the reaction in Scheme 4 [a].

Entry Solvent Aldehyde % Yield trans:cis
1 DMF p-CICqH,CHO 62 97:3
2 DMSO p-CIC(H,CHO 52 100:0
3 MeCN p-CICgH,CHO 60 94:6
4 Me,CO p-CICiH,CHO 56 95:5
5 CHCl, p-CIC;H,CHO 60 94:6
6 PhCH, p-CiICH,CHO 80 94:6
7 DMF n-C . H,CHO 60 89:11
8 DMSO n-C,H,CHO 14 100:0
9 MeCN n-C,H,CHO 58 86:14
10 Me,CO n-CH,CHO 56 86:14
1 CH,Cl, n-C.H,CHO 55 56:44
12 PhCH, n-C,H,CHO 70 83:17

[a] Procedure: a solution of phenyldiazomethane (1.5 mmol in 6 mL of solvent) was
added over 3 h to a solution of aldehyde (1 mmol), dimethyl sulfide (1 mmol) and
Rh,(OAc), (0.01 mmol) in solvent (4 mL), and the reaction mixture was stirred at
RT for 18 h.

It was found that good yields were obtained in most solvents,
and higher ratios of trans epoxides were obtained in more polar
solvents. This observation suggests that there is an increasing
degree of reversibility in betaine formation when the reactions
are conducted in solvents of increasing polarity. In less polar
solvents the rate of ring closure of the betaine is expected to be
enhanced, and therefore the possibility of reversal back to the
ylide and aldehyde is reduced.

Use of Catalytic Amounts of Sulfide: The reaction represented
by Scheme 1 can, in principle, be catalytic in sulfide. However,
with decreasing amounts of sulfide, we observed a correspond-
ing reduction in the yield of epoxide and increase in the yield of
stilbenes (Scheme 5). This indicated that sulfide was not turning
over within the catalytic cycle and was being held up at either the
sulfur ylide stage (slow reaction of the ylide with the aldehyde)
or the betaine stage (slow ring closure of the betaine to release
sulfide). In order to solve this problem we needed to either
increase the rates of reactions of the sulfur ylide or allow the
reactions more time to go to completion before the next addition
of diazo compound. We elected to allow the reactions to go to
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Me,S (eq.) yield of epoxide

0.1 0%

0.2 14%

0.5 42%

1.0 70%

Scheme 5. Attempts to use catalytic amounts of sulfide.

completion by slower addition of the diazo compound over a
longer period of time. We were pleased to find that addition of
phenyldiazomethane over 24 hours with 0.2 equivalents of sul-
fide gave stilbene oxide in good yield. A range of aldehydes were
investigated, and the results are summarised in Table 3.

Table 3. Yields and ratios of epoxides formed from aldehydes with 0.2 equiv of
dimethy} sulfide (a].

Entry Aldehyde % Yield trans:cis
1 benzaldehyde 76 88:12

2 p-nitrobenzaldehyde 89 >98:2

3 p-chlorobenzaldehyde 76 84:16

4 cyclohexane carboxaldehyde 51 79:21

s valeraldehyde 45 56:44

6 ethyl-2-formyl-1-cyclopropane carboxylate 54 50:50

[a] Procedure: a solution of phenyldiazomethane (1.5 mmol in 6 mL tBuOMe) was
added over 24 h to a solution of aldehyde (1 mmol), dimethyl sulfide (0.2 mmol) and
Rh,(OAc), (0.01 mmol) in CH,Cl, (4 mL).

Application to Base-Sensitive Aldehydes: One of the significant
features of this catalytic cycle is the neutral conditions for effect-
ing epoxidation of carbonyl compounds, and this has been high-
lighted by carrying out the epoxidation of base-sensitive alde-
hydes.??! A number of base-sensitive aldehydes (1-5) were
subjected to epoxidation by the two traditional methods (KOH/
NaOHP? 2! in wet acetonitrile or dimsyl sodium in DMSO)
and by our newly developed catalytic cycle; the results are sum-
marised Table 4.

Table 4. Yields and ratios of epoxides formed from aldehydes 1-5 under different
conditions.

CHO
oCHO @ "
><0T EtQ Ph" CHO “ “CHO
o]
AcO

For all the aldehydes tested, no epoxide was obtained with the
KOH method, owing to their base sensitivity (except a low GC
yield for acrolein/?%)), The dimsyl sodium method gave lower
yields of epoxides than our new catalytic cycle. Particularly
noteworthy are the successes with glyoxylate 3 and acrolein § as
these provide important epoxides with useful functionality for
further manipulation.

Effect of Sulfide Structure and Metal Catalyst: The effect of
sulfide structure on yield and diastereoselectivity in epoxidation
was investigated, and the results are shown in Table 5. It was

Table 5. Yields and ratios of epoxides formed from aldehydes using different sul-
fides in the catalytic cycle [a].

Entry Aldehyde Sulfide % Yield trans:cis
1 p-CIC,H,CHO Me,S 81 86:14
2 p-CIC,H,CHO THT {b] 84 86:14

3 p-CIC,H,CHO EtS/Pr 56 97:3)
4 p-CIC(H,CHO iPr,S 24 100:0

5 n-C,H,CHO iPr,S 0 -

6 PhCHO MeSPh 0 -

7 PhCHO Ph,S 0 -

[a] Procedure: a solution of phenyldiazomethane (1.5 mmol in 6 mL :BuOMe) was
added over 3 h to a solution of aldehyde (1 mmol), sulfide (1 mmol) and Rh,(OAc),
(0.01 mmol) in CH,Cl, (4 mL), and the reaction mixture was stirred at RT for 18 h.
[b] Tetrahydrothiophene.

found that increasing steric hindrance of the sulfide resulted in
reduced yields of epoxides and increased yields of stilbenes.
Evidently, less nucleophilic sulfides were less able to react with
the rhodium carbene (Scheme 3, top), and the dominant reac-
tion became the reaction of the rhodium carbene with further
diazo compound (Scheme 3, bottom).

In order to influence the relative rates of the two equations
shown in Scheme 3 (with the aim of increasing &, at the expense
of k,), we decided to alter the ligands around the rhodium,
particularly since it had previously been shown that, in the case
of intramolecular reactions, partitioning of reaction pathways
can be dramatically influenced by altering ligands around rhodi-
um.B327351 A range of rhodium salts were therefore prepared
and tested in the catalytic cycle. The results are summarised in
Table 6.

It was found that changing ligands on rhodium did not sub-
stantially affect the relative rates of these processes. With hin-
dered sulfides (entries 5, 6) only very low yields of epoxides were
obtained (8-15%), but with unhindered sulfides (entries 1, 2, 4)
much higher yields resulted (64-98%). Rhodium mandelate
was a much less effective catalyst than any of the other rhodium

1 2 3 4 5
Entry Aldehyde % Yield Ratio [d) Table 6. Yields of epoxide formed from p-chiorobenzaldehyde using different
Me,S[a) DMSO{b] KOH [c] (trans:cis) rhodium salts [a].

1 1 73 (54fe]) 33 _ >05:5 Entry Catalyst Sulfide % Yield

2 2 78 (63 [e]) 34 - 33:33:33 [f]

3 3 55{45[e]) 53 - 100:0 1 Rh,(0,CCF,), Me,S 98

4 4 83 (69 [e]) 43 - 90:10 2 Rh,(CF,CONH), Me,S 94

5 s 7543 [e]) 23 16 {g] 92:8 3 Rh,(mandelate), Me,S 17 (0% ee)
4 Rh,((55)-MEPY,) [b] Me,S 64 (0% ee)

{a] Procedure: a solution of phenyldiazomethane (1.5 mmol in 6 mL BuOMe) was N Rh,(0,CCF,), iPc,S 8

added over 24 hto a solution of aldehyde (1 mmol), dimethyl sulfide (0.5 mmol) and 6 Rh,(CF,CONH), iPr,S 15

Rh,(OAc), (0.01 mmol) in CH,Cl, (4 mL). [b] Dimsyl sodium in DMSO and 7 Rh,(mandelate), iPr,S 0

dimethylbenzylsulfonium perchlorate (ref. [1]). [c] KOH in wet acetonitrile and
dimethylbenzylsulfonium perchlorate (ref. [31]). {d] Ratio of epoxide dia-
stereomers from the Me,S reaction (determined by NMR integration). [e] 0.2 equiv
of dimethyl! sulfide. [f] trans—trans: trans—cis: cis—cis ratio of epoxy diastereoiso-
mers. [g] Obtained from ref. [25].
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[a} Procedure: a solution of phenyldiazomethane (1.5 mmol in 6 mL CH,Cl,) was
added over 3 h to a solution of aldehyde (1 mmol), sulfide (1 mmol) and rhodium
salt (0.01 mmol) in CH,C), (4 mL), and the reaction mixture was stirred at RT for
18 h. [b] Methyl 2-oxapyrrolidine-(55)-carboxylate. [36]
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salts investigated (entries 3, 7). Chiral carboxamide ligands on
rhodium were also investigated in the catalytic cycle, owing to
their ability to induce high enantioselectivity in related cyclo-
propanation and C-H insertion reactions.*¢! However, no
enantioselectivity was obtained in epoxidation; this indicated
that the sulfur ylide had probably dissociated from the metal at
the time of reaction with the aldehyde.

We have interpreted our results in the following manner. It is
believed that the rhodium carbene retains the ligands around
rhodium and so presents a wall of ligands to an incoming nucleo-
phile.’™ Therefore, the rate of reaction of the nucleophile with
the metal carbenoid will be highly sensitive to the steric encum-
brance of the nucleophile (Scheme 6). Thus, with increasing

1,07,0 07,0
o o5
//OYO PN, >0, 0 Ph
=0 0 =Q
QG Y —— { G

0 0= Ph>N, o Pn

Scheme 6. Carbenoids from Rh and Cu salts.

steric hindrance of the sulfide, k, will be reduced relative to &,
(Scheme 3) and ultimately dimerisation of the diazo compound
dominates. Changing the ligands around rhodium still leaves a
wall of ligands around the carbenoid and evidently does not
drastically alter the relative rates of the two processes. To allow
efficient carbene transfer to hindered sulfides, less crowded
metal carbenoids are therefore required. In principle, copper
salts are ideal, as copper(11) is reduced to copper(1), and one of
the charged ligands dissociates prior to formation of the car-
benoid (Scheme 6).1381 The copper carbenoid should thus
present a less sterically sensitive moiety to incoming nucleo-
philes. We therefore investigated various Cu salts, and the re-
sults are presented in Table 7.

Table 7. Yields of epoxides formed from p-chlorobenzaldehyde and dimethyl sul-
fide in the presence of different copper salts {a].

Entry Copper salts % Yield
1 Cu(OTh), 30
2 Cu(acac), 97
3 Cu(tsacac), [b] 84
4 Cu(hgacac), [c] 44

(a] Procedure: a solution of phenyldiazomethane (1.5 mmo! in 6 mL CH,Cl,) was
added over 3 h to a solution of aldehyde (1 mmol). dimethyl sulfide (1.0 mmol) and
Cu" salt (0.1 mmol) in CH,Cl, (4 mL). and the reaction mixture was stirred at RT
for 18 h. [b] Cu(trifluoroacetoacetate),. [c] Cu(hexafluoroacetoacetate),.

Of the copper salts investigated, Cu(acac), gave the highest
yields in the epoxidation process. The lower yields obtained with
the more electron deficient ligands around copper could be due
to stronger complexation of the sulfide to the metal, resulting in
a coordinatively saturated metal complex, thereby limiting its
ability to effect decomposition of the diazo compound. We in-
vestigated the use of Cu(acac), with various sulfides and p-
chlorobenzaldehyde and the results are presented in Table 8.

Chem. Eur. J. 1996, 2, No. 8
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Table 8. Yields of epoxides formed from p-chlorobenzaldehyde with Cu(acac), and
different sulfides [a].

Entry Sulfide % Yield of epoxide trans: cis
1 Me,S 97 90:10
2 E1SiPr 53 100:0
3 iPr,S 44 100:0
4 MeSPh 60 77:23

fa] Procedure: a solution of phenyldiazomethane (1.5 mmol in 6 mL CH,Cl,) was
added over 3 h to a solution of p-chlorobenzaldehyde (1 mmol), sulfide (1.0 mmol)
and Cu(acac), (0.1 mmol) in CH,Cl, (4 mL), and the reaction mixture was stirred
at RT for 18 h.

It was found that higher yields of epoxides were indeed ob-
tained with Cu(acac), compared to Rh,(OAc), for all suifides,
and that the Cu complex was less sensitive to the steric and
electronic nature of the sulfide used. Notably, thioanisole gave
epoxide in 60 % yield (Table 8, entry 4), whereas no epoxide was
obtained in the corresponding reaction using Rh,(OAc),
(Table 3, entry 6). It was also noted that higher trans:cis ratios
of epoxides were obtained with more hindered sulfides. How-
ever, surprisingly, thioanisole gave a much poorer trans: cis ra-
tios than the dialkyl sulfides.[*?

Attempts at carrying out the reaction with catalytic amounts
of EtSiPr (used as a representative hindered sulfide) resulted in
epoxidation but with reduced yields (23%; Table 9, entry 1).

Table 9. Yields and ratios of epoxides formed from aldehydes.

Entry Aldehyde % Yield trans:cis
1 p-CIC(H,CHO 23 [a] 100:0

2 p-CIC¢H,CHO 90 [b] 100:0

3 p-CICH,CHO 94 [c] 100:0

4 PhCHO 73 [c] 98:2

5 p-NO,C,H,CHO 82 [c] 100:0

6 cyclo-C,H,,CHO 64 [c] 67:33

7 n-C,H,CHO 61 [c] 67:33

[a] A total volume of 10 mL of CH,Cl, was used. [b} Procedure: a solution of
phenyldiazomethane (1.5 mmol in 1 mL CH,Cl,) was added over 16 h to a solution
of aldehyde (1 mmol), ethyl isopropyl sulfide (0.2 mmol) and Cu(acac), (0.1 mmol)
in CH,Cl, (1ml). [c] As in [b] but addition over 3 h.

Since the sulfide is involved in the rate-limiting steps, reduced
concentration of sulfide would necessarily reduce rates. We
therefore decided to maintain the original concentrations by
reducing the volume of solvent by the same factor as the reduc-
tion in the amount of sulfide used. Following this change we
were pleased to find significantly improved yields in the epoxi-
dation process (Table 9, entry 2). Under these more concentrat-
ed conditions we also found that the addition of the diazo com-
pound could be conducted over a shorter period of time without
suffering from reduced yields (Table 9, entry 3). These are
now the conditions of choice for the catalytic epoxidation pro-
cess and were applied to a range of aldehydes (Table 9, en-
tries 4-7).

Application to Ketones: It is known that dimethylbenzylsulfoni-
um ylide reacts with ketones to give epoxides, but the reactions
require elevated temperatures (60 °C).[?5! We therefore investi-
gated reactions with cyclohexanone at various temperatures
(Table 10, entries 1-3). In order to allow variation in reaction
temperature, we decided to use the higher boiling sulfide te-
trahydrothiophene instead of dimethyl sulfide. It was found that
optimum yields were obtained at 35°C. Presumably, at lower
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temperature the ylide does not react rapidly enough, and at
elevated temperature the ylide may suffer decomposition. Sever-
al other ketones were studied at 35°C, and moderate yields of
epoxides were obtained (Table 10, entries 4, 5).

Table 10. Yield of epoxides formed from ketones with 1.0 equiv of tetrahydrothio-
phene [a].

Entry Ketone T/°C % Yield
1 cyclohexanone RT 10
2 cyclohexanone 35 45
3 cyclohexanone 60 0
4 p-nitroacetophenone 35 62
5 acetophenone 35 38

[a] Procedure: a solution of phenyldiazomethane (1.5 mmol in 1 mL CH,Cl,) was
added over 3 h to a solution of ketone (1 mmol), tetrahydrothiophene (1.0 mmol)
and Cufacac), (0.1 mmol) in CH,Cl, (1m}) at 35°C.

Sulfide - Rhodium Complexes: Sulfides are well known to poison
transition metal catalysts. Indeed, upon addition of dimethyl
sulfide to a suspension of Rh,(OAc),, the metal salt dissolved
completely and the colour changed from green to red; this indi-
cated that the sulfide had complexed to rhodium!*!! (through
the vacant axial coordination sites). However, this would give
rise to a coordinatively saturated complex, which would not be
capable of decomposing a diazo compound. We therefore stud-
ied the rate of decomposition of phenyidiazomethane in the
presence of Rh,(OAc), with and without dimethy! sulfide. We
found that, in the absence of dimethyl sulfide, rapid evolution of
nitrogen occurred at —20°C; in the presence of sulfide, decom-
position was slower by at least an order of magnitude.

The nature of the complex between dimethyl sulfide and
Rh,(OAc), was studied by *H NMR. Dimethyl sulfide was ti-
trated into a solution of Rh,(OAc),, and 'H NMR spectra were
recorded (Fig. 1). The peak at 6 =1.9 corresponds to the methyl
signal of Rh,(OAc), and remains invariant throughout the
NMR study. It was found that, when the sulfide concentration
was increased up to a 1:2 ratio of Rh,(OAc),:Me,S, a single
peak for Me,S was observed at § = 2.58 (Fig. 1, spectra a,b).
This species corresponded to sulfide bound to rhodium. Above
this concentration, the Me,S peak shifted upfield, but only one
peak was observed (Fig. 1, spectra c—f). This indicated that a

{ppm)

Fig. 1. '"H NMR spectra of the titration of Me,S into a solution of Rh,(OAc), in
CDCl,. The ratio of Rh,(OAc),:Me,S was a) 1:1, b) 1:2,¢) 1:3,d) 1:4,¢) 1:5
and f) 1:10.
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time-averaged signal for free and bound Me,S was obtained and
that free and bound Me,S were in rapid equilibrium. Thus,
decomposition of the diazo compound can occur when the sul-
fide decomplexed from the rhodium, and the much slower rate
of decomposition of the diazo compound in the presence of
sulfide is due to the much lower concentration of sulfide-free
metal.

Conclusion

We have found conditions under which epoxides can be ob-
tained from aldehydes using catalytic quantities of sulfides. The
reactions are relatively insensitive to solvent, but are sensitive to
sulfide structure, metal salt and concentration. Unhindered sul-
fides give good yields of epoxides with any metal salt, but with
hindered sulfides higher yields of epoxides are obtained with
Cu(acac), . The yields of epoxides are sensitive to sulfide concen-
tration especially when using substoichiometric amounts of sul-
fides. Higher concentrations lead to faster rates of formation
and subsequent reaction of the sulfur ylides and consequently to
higher yields. This novel catalytic cycle has also been applied to
base-sensitive aldehydes. We found that our new catalytic cycle
for epoxidation gives much improved yields of epoxides com-
pared to those obtained by traditional sulfur ylide chemistry and
is tolerant to a wide variety of sensitive functional groups. Ke-
tones also participate in the catalytic cycle although they give
reduced yields of epoxides compared to aldehydes and require a
slightly elevated temperature.

Experimental Procedure

General: All reactions were run under a nitrogen atmosphere. Melting points were
determined on a Reichert hot stage micro melting point apparatus and are uncor-
rected. 'H (250 MHz) and '3C (62.9 MHz) NMR spectra were recorded in CDCI,
on a Bruker AC-250 instrument unless otherwise noted. Chemical shifts () are given
in ppm units relative to CHCI;. Infrared spectra were run on a Perkin-Eimer 684
Spectrophotometer. Elemental analyses were carried out on a Perkin-Elmer 2400
elemental analyser. Commercially available inorganic reagents were used without
further purification. Rhodium trifluoroacetamide [42], rhodium trifluoroacetate
{43]. rhodium mandelate [44]. copper acetylacetonate {45] and phenyldiazomethane
[46) were prepared according to literature procedures. Compounds were purified by
flash column chromatography on silica gel 40-63 mesh. All liquid aldehydes and
ketones were distilled prior to use. Solid aldehydes and ketones were used without
further purification. Tetrahydrofuran (THF) was distilled from K-benzophenone
ketyl under nitrogen. Dichloromethane and 1.2-dichloroethane were distilled from
CaH,. When epoxides were obtained as a mixture of diastereoisomers, then super-
scripted ¢ = c¢is and superscripted t = trans.

Preparation of epoxides using 1equiv of dimethyl sulfide: Phenyldiazomethane
(1.5 mmol in 6 mL of tBuOMe) was added to a solution of Rh,{OAc), (0.01 mmol),
dimethyl sulfide (1 mmol) and aldehyde (1 mmol) in CH,Cl, (4 mL) over 3 h by
means of a syringe pump. After the addition was complete the reaction mixture was
stirred at room temperature for 18 h. The solvent was removed in vacuo, and the
residue was chromatographed over silica to give the corresponding epoxide.

trans-Stilbene oxide: After chromatography [eluent CH,Cl,: petroleum ether (2:3),
R, = 0.35] the epoxide was obtained in 70% yield as a white solid, m.p. 67-68 °C
(ref. [47): 69°C). "H NMR (CDCl,): § =7.35 (m. 10H, ArH), 3.85' (s, 2H, 2x CH).

trans-2-(4-Nitrobenzenyl)-3-phenyloxirane:  After  chromatography [eluent
CH,Cl,:petroleum ether (2:3), R, = 0.25] this epoxide was obtained in 79 % yield
as a white solid, m.p. 126128 °C (ref. [47]): 127°C). 'H NMR (CDCl;): § = 8.30
(m. 2H, ArH), 7.30 (m, 7H, ArH), 3.98 (d, 3J(H.H) =1.9 Hz, 1H. CH). 3.85 (d,
3J(H,H) =1.9 Hz, 1 H, CH). IR (CHCl,): ¥ = 2290, 1600, 1510, 1460, 1350, 1100,
860, 840 and 760 cm ~*.

2-(4-Chlorobezenyl)-3-phenyloxirane: After chromatography [eluent

CH,Cl,:petroleum ether (2:3), R, =0.35] this epoxide was obtained (84:16.
trans:cis) in 81% yield as a white solid. m.p. 90-91°C (ref. [48]: 91-93°C).
'H NMR (CDCl,): § =7.04-7.50 (m. 9H, ArH), 4.37°(d, J(H.H) = 4.6 Hz, 1 H.
CH). 4.31°(d, *J(H H) = 4.6 Hz, 1 H, CH). 3.85' (d, 3/(H,H) =1.8 Hz, 1H, CH),
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3.82 (d, 3J(H,H) =1.8 Hz, 1H, CH). IR (CHCl;): ¥ = 3030, 1495, 1460, 1420,
1090, 1010, 820 and 750 cm ™~ !.

2-Cyclobexyl-3-phepyloxirane: After chromatography [elueni CH,Cl,:petroleum
ether (2:3), R, = 0.30] this epoxide was obtained'(79:21, trans:cis) in 66% yield as
a clear oil. 'H NMR (CDCl,): § =7.20 (m, SH, ArH), 4.08° (d, *J(H,H) = 4.2 Hz,
1H), 3.68' (d, 3J(H,H) = 2.1 Hz, 1 H), 2.91° (dd, 3J(H,H) = 89 Hz, 3/HH) =
4.2 Hz, 1 H, CH). 2.76' (dd, *J(H,H) = 6.8 Hz, 3J(H,H) = 2.1 Hz, 1 H, CH), 2.09~
0.76 (m, 10H, 5xCH,). *C NMR (CDCl,): § =138.18 (C), 135.18 (C), 128.42
{CH). 127.97 (CH), 127.91 (CH), 127.35 (CH), 126.33 (CH), 125.50 (CH), 67.43
(CH), 63.92 (CH), 57.46 (CH), 40.53 (CH}, 34.92 (CH), 30.33 (CH,). 29.62 (CH,),
29.02 (CH,), 28.10 (CH,), 26.29 (CH,), 26.20, (CH,), 25.71 (CH,), 25.56 (CH,),
25.27 (CH,). IR (CHCI,): v = 2980, 1450, 1400, 1320, 1180, 1090, 1040, 870 and
750 cm ™. Caled. for C,,H,0, C 81.77, H 9.15; found C 81.54. H 9.35.

2-(1-Methylethyl)-3-phenyloxirane: After chromatography [eluent CH,Cl;:pe-
troleum ether (2:3), R, = 0.28] this epoxide was obtained (60:40, trans:cis)in 64%
yield as a clear oil. 'H NMR (CDCl,}: § =7.35 (m, SH, ArH), 4.05° (d. *AH H) =
42Hz, 1H, CH), 3.60 (d, *J(HH) = 2.2 Hz), 2.85° (dd, SJ(H,H) = 4.2 Hz,
3HH,H) = 2.2 Hz, 1H, CH), 2.70' (dd, *J(H,H) = 4.2 Hz, J(H.H) = 2.2 H2, {H,
CH), 1.64 (m, 1 H, CH), 1.02 (d, *J(H,H) = 6 Hz, 3H, CH,). 0.90 (d, *J(H.H) =
6 Hz, 3H, CH,) [ref. [49]: 4.10° (d, *XH.H) = 4.15Hz, 1H. CH), 3.66' (d,
3JH,H) = 2.22 Hz, tH, CH), 2.86° (d, *J(H.H) = 4.15Hz, 1H, CH), 2.76' (d,
AJ(H,H) = 2.22 Hz, 1H, CH}. "*C NMR (CDCl,): 4 =138.05 (C). 135.85 (C),
128.43 (CH), 127.97 (CH), 127.38 (CH), 126.32 (CH), 125.52 (CH), 68.36 (CH),
65.18 (CH), 57.79 (CH). 57.65 (CH). 30.984 (CH). 25.87 (CH), 19.91 (CH3), 19.04
(CH,). 18.43 (CH,), 17.91 (CH,).

2-n-Butyl-3-phenyloxirane: After chromatography [eluent CH,Cl,:petroleum ether
(2:3), R, = 0.28] this epoxide was obtained (56:44, trans: cis) in 55% yield as a clear
oil. '"HNMR (CDCl;): 4 =7.35 (m, SH, ArH), 4.08° (d, 3/(H.H) = 4.3 Hz, 1H,
CH).3.61'(d, *J(H,H) = 2.1 Hz, 1H, CH), 3.15¢ (m, 1 H, CH), 2.95'(dt, 3/(H.H) =
2.1.5.5 Hz, 1H, CH). 1.90-0.90 (m, 7H, n-C,H,). ! *C NMR (CDCl,): 5 =137.98
(C). 135.82 (C), 128.58 (CH), 128.44 (CH), 127.98 (CH), 127.43 (CH), 126.49
(CH), 125.53 (CH), 63.12 (CH). 62.85 (CH), 59.57 (CH), 58.64, 57.46 (CH), 32.08
{CH,), 28.18 (CH,), 28.02(CH,), 22.55(CH,) 14.02(CH,), 13.89(CH,). Calcd. for
C,4H,50, C 83.12, H 8.97; found C 83.24, H 8.68.

Epoxide derived from ethyl-2-formyl-1-cyclopropanecarboxylate: Afier chromatog-
raphy [eluent CH,Cl,: petroleum ether (2:3), R, = 0.30] this epoxide was obtained
(50:50, trans: cis) in 72% vyield as a clear oil. '"HNMR (CDCl,): 6 =7.25 (m, 5H,
ArH), 4.2(m, 2H, CH,), 3.65° (d, *J(H,H) = 1.8 Hz, 1 H, CH), 3.60" (d. >*J(H.H) =
1.8 Hz, 1H, CH), 2.95° {(dd. >J(H,H) = 2.0 Hz, *J(H,H) = 3.5 Hz, 1H, CH), 2.8
(dd, *J(H.H) = 2.0 Hz, XH.H) = 4.7 Hz, 1 H, CH), 1.75 (m, 2H. CHCH), 1.25
(m, 5H, CHCH + CH,). Caled. for C,,H,,0; C 72.39, H 6.94; found C 72.51. H
6.73,

trans-p-Acetoxy stilbene oxide: After chromatography [eluent CH,Cl,:petroleum
ether (2:3), R, = 0.35] this epoxide was obtained in 73% yield as a white foam.
'HNMR (CDCly): § =7.10-7.45 (m, 9H, ArH), 3.86 (d, 3/(H,H) =1.7 Hz, 1 H,
CH). 3.83 (d. 3/(H.H) =1.7 Hz. 1 H, CH) 2.25 (s, 3H, CH,). Calcd. for C . H,,0,,
€ 75.58, H 5.55; found C 75.64. H 5.68 .

1-Phenyl-1,2-anhydro-3,4-isopropylidene erythritol: After chromatography [eluent
CH,Cl,:petroleum ether (2:3), R, = 0.35] this epoxide was obtained (33:33:33,
trans: trans:cis) in 78 % yield as a clear oil. 'HNMR (CDCl,): 6 =7.40-7.20 (m,
5H, ArH), 4.30-3.90* (m, 3H, CH + CH,), 3.80-3.10%' (m, 2H, CH + CH),
1.30 (s, 3H, CH,) 1.25 (s. 3H, CH,). Calcd. for C,,H,;0,, C 70.89; H 7.32; found
C 70.91; H 7.10.

Ethyl-2,3-epoxy-3-phenyl propionate: After chromatography [eluent CH,Cl,:pe-
troleum ether (2:3), R, = 0.33] this epoxide was obtained in 55% yield as a white
foam. 'H NMR (CDCly): § =7.3-7.1 (m, SH, ArH), 4.30 (m, 2H, CH,), 4.12° (d.
3J(H,H) = 20Hz, 1H, CH), 3.50' (d, *J(H.H) =20Hz, {H, CH), 1.25 (t,
3J(H.H) =7.0 Hz, 3H, CH ) [ref. [50]: 4.00 (d, 1 H, CH), 3.34(d, 1 H, CH) in CCl,).

1,3-Diphenyl-2,3-epoxypropane:: After chromatography {eluent CH,Cl,:petroleum
ather (2:3). R, = 0.35] this epoxide was obtained (90:10, trans:cis) in 83% yield as
a clear oil. '"HNMR (CDCl,): 6 =7.3-7.1 (m, 10H, ArH), 4.15° (d, 3/(H,H) =
4.5 Hz, 1 H, CH}, 3.7 (d, 3J(H,H) = 2.0 Hz, 1 H, CH), 3.45° (dt. *J(H.H) = 4.5 Hz,
3J(H,H) 6 Hz, 1H, CH), 3.20* (dt, *J(H,H) = 6 Hz, *J(H,H) = 2.0 H2, 1H, CH),
3.10 (d, *4(H,H) = 6 Hz, 2H, CH,), 2.8° (dd, 3J(H,H) = 6, 4.5 Hz, 1 H, CHCH),
2.55¢ (dd, 3J(H,H) = 6, 4.5 Hz, 1 H, CHCH), [ref. [S1] 4.11° (d, *J(H,H) = 4.5 Hz.
1H, CH). 3.64' (d, >J(H,H) = 2.0 Hz, / H, CH)}.

2-Phbenyl-3-vinyloxirane: After chromatography [efuent CH,Cl,:petroleum ether
(2:3), R, = 0.28] this epoxide was obtained (92:8, trans:cis) in 75% yield as a clear
oil. 'THNMR (CDClLy): 6=7.20 (m. 5H, ArH), 5.75 (m, 1H, CH), 5.50 (dd,
3JHH)=2Hz, 3NHH)=12Hz, 1H, CH), 485 (dd, *J(HH)=2Hz
3J(HH) =9 Hz, 1H, CH). 3.55 (d. *J(H,H) =2Hz, 1H, CH). 3.30 (dd,
AJ(H,H) = 2 Hz, “J(H,H) = 6 Hz, { H, CH) [ref. [S2] 3.30 (dd, KH.H) = 2 Hz,
*J(H,H) = 6 Hz, 1H, CH}.
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Preparation of epoxides asing Cu(acac), and 0.2 equiv of ethyl isopropyl suifide:
Phenyldiazomethane (1.5 mmol in { mL of CH,Cl,) was added to a solution of
Cu(acac), (0.1 mmol), sulfide (0.2 mmol) and aldehyde (1 mmol) in CH,Cl, (1 mL}
over 3 h by means of a syringe pump. After the addition was complete the reaction
mixture was stirred at room temperature for 18 h. The solvent was removed in
vacuo, and the residue chromatographed over silica to give the corresponding epox-
ide. Yields and diastreoselectivities with various aldehydes are given in the text. The
products had the same data as those obtained from reactions carried out previously.

Epoxides derived from ketones: The following general procedure was used in all of
the reactions. To a stirred solution of dimethyl sulfide (1.0 mmol), Cu(acac),
(0.1 mmol) and the ketone (1 mmol) in CH,Cl, (1 mL) was added a solution of
phenyldiazomethane (1.5 mmol in 1 mL of CH,Cl,) at 25-35°C over a period of
3 h. After the addition was complete the solvent was removed in vacuo and the
residue was chromatographed over silica [eluent CH,Cl,:petroleum ether (2:3)].

Epoxide derived from cyclohexanone: Following the procedure above and after chro-
matography [eluent CH,Cl,:petroleum ether (2:3), R, = 0.30} this epoxide was
obtained in 45% yield as a clear oil. 'HNMR (CDCl,): § =7.41-7.20 {m, SH,
ArH), 3.88 (s, 1 H, CH), 1.91-1.18 (m, 16H). }3C NMR (CDCl,): 6 =136.35 (C),
127.94 (CH), 127.23 (CH), 126.33 (CH), 65.50 (C), 64.54 (CH), 35.45 (CH,), 28.39
(CH,), 25.49 (CH,). 25.34 (CH,) 24.53 (CH,). IR (CHCL,): 7 = 2975, 1455, 1400,
1325, 1180, 1090, 1040, 870 and 750 cm ™.

trans-2-(4-Nitrobenzenyl)-2-methyl-3-phenyloxirane: Following the procedure
above and after chromatography [eluent CH,Cl, : petroleum ether (2:3), R, = 0.25)
this epoxide was obtained in 62% yield as a yellow solid, m.p. 126-128°C.
'"HNMR (CDCl,): é = 8.05 (m, 2H, ArH), 6.95-7.45 (m, 7H, ArH),4.25 (s, 1H,
CH), 1.8 (s, 3H, CH,). '3C NMR (CDCl,): § =145.81 (C), 134.46 (CH;), 127.96
(CH), 127.90(CH}, 127.79 (CH), 123.17 (CH), 65.68 (CH), 65.26 (C), 24.77 (CH,).
IR (CHCY;): ¥ =2290, 2920, 1600, 1520, 1450, 1350, 1250, 1050, 1010 and
860 cm ~*. Calcd. for C, H,;NO;, C 70.58: H 5.13; N 5.05 found C 70.26; H 5.16:
N 4.87.

trans-2,3-Dipbenyl-2-methyloxirane : Following the procedure above and after chro-
matography [eluent CH,Cl,:petroleum ether (2:3). R, = 0.30} this epoxide was
obtained in 38% yield as a white solid, m.p. 46-47°C (ref. [25]: 45-47°C).
'HNMR (CDCl,): 6 =7.50-7.00 (m, 10H, ArH), 4.20 (s, 1 H, CH), 1.80 (s, 3H,
CH,). 13C NMR (CDC},): 6 =138.37(C), 135.56 (C), 127.80 (CH), 127.61 (CH),
127.31 (CH), 127.07 (CH). 126.99 (CH), 126.52 (CH), 66.08 (C), 65.59 (CH), 25.75
(CH,).

Received: December 8, 1995 [F263]

{1] E. J. Corey, M. Chaykavsky, J. Am. Chem. Soc. 1968, 87, 1353,
{2] B. M. Trost, L. S. Melvin, Sulfur Ylides, Academic Press, New York, 1978.
{3} C. R. Johnson in Comprehensive Organic Chemistry (Eds.: D. H. R. Barton,
W. D. Oliis), Pergamon Press, Oxford, 1979, Vol. 3, pp. 247.
[4] A. C. Knipe in The Ch 'y of the Sulph Group (Ed.: C. J. M. Stirling),
Wiley, New York, 1981, pp. 313.
{5} E. Block in The Chi "y of the Sulph
Wiley, New York, 1981, pp. 673.
[6] G. Robertson in Comprehensive Organic Synthesis (Eds.: B. M. Trost and 1.
Fleming), Pergamon Press, Oxford, 1991, Vol. 3, pp. 563.
[7 Y. G. Gololobov, A. N. Nesmeyanov, V. P. Lysenko, L. E. Boldeskul, Tetrahe-
dron 1987, 43, 2609.
[8] E. J. Corey, M. Chaykovsky, J. Am. Chem. Soc. 1962, 84, 867.
[9] A. Padwa, S. F. Hornbuckle, Chem. Rev. 1991, 91, 263.
[10] W. Ando, Acc. Chem. Res. 1971, 10, 179.
[11} M. P. Doyle, Acc. Chem. Res. 1986, 19, 348.
[12] M. P. Doyle, Chem. Rev. 1986, 86, 919.
[13] G. Mass, Top. Stereochem. 1987, 137, 75.
[14) J. Adams, D. M. Spero, Tetrahedron 1991, 47, 1765.
[15) V. K. Aggarwal, H. Abdel-Rahman, R. V. H. Jones, H. Y. Lee, B. D. Reid, J
Am. Chem. Soc. 1994, 116, 5973.
[16) K. W. Ratts, A. N. Yao, J. Org. Chem. 1966, 31, 1689.
[17) G. B. Payne, J. Org. Chem. 1968, 33, 3517.
[18] A. W. Johnson, R. T. Amel, J Org. Chem. 1969, 34, 1240.
{19] K. O. Koua, M. E. Borredon, M. Delmas, A. Gaset, Synth. Commun. 1981, 17,
1593.
[20] G. D. Buckley, L. H. Cross, N. H. Ray, J. Chem. Soc. 1950, 2714,
[21] Y. Y. Tomilov, V. A. Dokichev, U. M. Dzhemilev, O. M. Nefedov, Russ. Chem.
Rev. 1993, 62, 799.
[22) C. G. Overberger, 1. P. Anselme, J. Org. Chem. 1963, 28, 592.
[23]) M. P. Doyle, J. H. Griffin, V. Bagheri, R. L. Dorow, Organometallics 1984, 3,
53.
[24] B. K. R. Shankar, H. Shechter, Tetrahedron. Let:. 1982, 23, 2277.
[25] M. J. Hatch, J. Org. Chem. 1969, 34, 2133.
[26] G. R. Krow, Tetrahedron 1987, 43, 3.
[27) M. P. Doyle, D. van Leusen, W. H. Tamblyn, Synthesis 1981, 1981, 787.
28) B. M. Trost, M. J. Bogdanowicz, J. Am. Chem. Soc. 1973, 95, 5298.

Group (Ed., C. J. M. Stirling),

0947-6539/96/0208-1029 § 15.00+ .25/0 1029



FULL PAPER

V. K. Aggarwal et al.

[29] V. K. Aggarwal, H. Abdel-Rahman, R. V. H. Jones, M. C. H. Standen, Tetra-
hedron. Let1. 1995, 36, 1731.

130} E. Borredon, M. Delmas, A. Gaset, Tetrahedron. Lett. 1982, 23, 5283.

{31] M. E. Borredon, M. Deimas, A. Gaset, Tetrahedron 1987, 43, 3945,

[32] M. P. Doyle, L. J. Westrum, W. N. E. Wolthuis, M. M. See, W. P. Boone, V.
Bagheri, M. M. Pearson, J. Am. Chem. Soc. 1993, 115, 958.

[33] A. Padwa, D.J. Austin, A. T. Price, M. A. Semones, M. P. Doyle, M. N.
Protopopova, W. R. Winchester, A. Tran, J Am. Chem. Soc. 1993, {15,
8669.

[34] D. 8. Brown, M. C. Ellic&t, C. J. Moody, T. 1. Mowlem, J. P. Marino, A. Pad-
wa, J. Org. Chem. 1994, 59, 2447,

[35] A. Padwa, D. J. Austin, Angew. Chem. Int. £d. Engl. 1994, 33, 1797.

(36] M. P. Doyle, R. E. Austin, A. S. Bailey, M. P. Dwyer, A. B. Dyatkin, A. V.
Kalinin, M. M. Y. Kwan, S. Liras, C. J. Oalmann, R. J. Pieters, M. N. Proto-
popova, C. E. Raab, G. H. P. Roos, Q. L. Zhou, S. F. Martin, J. Am. Chem.
Soc. 1995, 117, 5763.

[371 M. P. Doyle, Recl. Trav. Chim. Pays-Bas 1991, 110, 30S.

[38) R. G. Salomon, J K. Kochi, J. Am. Chem. Soc. 1973, 95, 3300.

[39] H. Nozaki, S. Moriuti, M. Yamabe, R. Noyori, Tetrahedron. Leit. 1966, 59.

{40] There is only one example in the literature where the issue of trans: cis selectiv-
ity is addressed (A. W. Johnson, V. J. Hruby, I L. Williams, J. Am. Chem. Soc.
1964, 86, 918). In this paper, high trans selectivity was obtained with diphenyl-
sulfonium benzylide. It is therefore surprising that methylphenyisulfonium
benzylide only gave a 77:23 ratio of trans:cis epoxides.

[41) R.S. Drago, J. H. Long, R. Cosmano, Inorg. Chem. 1981, 20, 2920.

{42] A. M. Dennis, R. A. Howard, D. Lacon, K. M. Kadish, J. L. Bear, J. Chem.
Soc. Chem. Commun. 1982, 399.

{43] S. A. Johnson, H. R. Hunt, H. M. Newmann, Inorg. Chem, 1963, 960.

[44]) G. H.P. Roos, M. A. McKervey, Syath. Commun. 1992, 22, 1751,

[45) W. C. Fernelius, B. E. Bryant, fnorg. Synth. 1957, 5, 105.

[46] X. Creary, Org. Synth. 1985, 64, 207.

[47) M. Imuta, H. Ziffer, J Org. Chem. 1979, 44, 2505.

[48] N. Furukawa, Y. Sugihara, H. Fujihara, J Org. Chem. 1989, 54, 4222.

[49) M. Shimagaki, Y. Matsuzaki, 1. Hon, T. Nkata, T. Oishi, Tetrahedron. Leit.
1984, 4779.

{S0] V. R. Valent, J. L. Wolfhagen, J Org. Chem. 1966, 31, 2509.

[51] Y. Tumura, S. M. Bayomi, K. Sumoto, M. lkeda, Synthesis 1977, 693.

[52] T. Harada, E. Akiba, A. Oku, J. Am. Chem. Soc. 1983, 105, 2771.

1030 ——

© VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1996  0947-6539/96/0208-1030 $ 15.00 +.25/0

Chem. Eur. J. 1996, 2, No. 8



