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This paper reports a simple method wherein manganesg (2 o 80
salts, for example, MnSQcatalyze epoxidation of alkenes using '>Q< 70
30% aqueous hydrogen peroxide as the terminal oxidant. The S 60
reactions are performed by dissolving the substrate and catalyst o
in DMF or tert-butyl alcohol and then slowly adding a mixture ‘s 50
of 30% hydrogen peroxide and aqueous 0.2 M sodium hydrogen © 40 Mn(ll) mol %
carbonate buffer. This method has several desirable attributes with '% 30 |
respect to cost, simplicity, and environmental factors. 20 —001 —01 —1 —0
This project emerged from a control experiment performed 10 F s
while screening new, chiral, 1,4,7-triazacyclononane (TACN) 0 I 1 I I 1 !
complexes as potential asymmetric epoxidation catalysts. High
throughput screens in a simple plate appafandicated simple 2 3 4 5 6 7 8 9 10
manganese (2) salts, without any organic ligand, mediated the equivalents of hydrogen peroxide

epoxidationbut only in hydrogen carbonate buffefhere was Figure 1. Opimization of the number of the hydrogen peroxide/catalyst
no epoxidation in buffers based on triethanolamine,N3-[  stoichiometry. Yield determined by HPLC versus an internal standard.
morpholino]propanesulfonic acid (MOPS), phosphate, or borate. Error bars represent the standard deviation of two trials
Alkenes are epoxidized by hydrogen peroxide/NaH@OH,0 ) ) ) ) ) )
(for water soluble a|kenes) or in acetonitrile/water mixtliés. Entries 2, 3, and 16 illustrate that disubstituted allphath alkenes
We suspected that the transformations in the presence ofwere reactive, and an excellent yield of cyclohexene oxide was
manganese (2) salts were fundamentally different because the Obtained. Oxidation of the tetrahydroanthraquinone (entry 3) gave
reaction times reported for the metal-free systevere signifi- a significant amount of the corresponding quinone as a major
cantly longer than those required in the current study. Moreover, byproduct. No BaeyerVillager oxidation was observed for this
the rates of epoxidation in the metal-free system were known to Material or in a control experiment using benzophenone as a
be significantly slower whetert-butyl alcohol was used as the Substrate (no reaction occurred, data not shown). Entrie& 4
solvent rather than acetonitr”e; however, the former solvent was illustrate epoxidations of trisubstituted alkenesPinene reacted
effective in the manganese_containing systeml WlthOUt CyCI(_)butane _rupture (entl’y 4), and Ci_trone.”al was
A set of experiments was performed to test for differences €poxidized without oxidation of the aldehyde functionality (entry
between the metal-free and manganese-containing systems. Figur®; NMR). Similarly, the alcohol functionality of 3-methyl-2-buten-
1 shows a direct comparison of epoxidation of 4-vinylbenzoic 1-0l was preserved in the epoxidation process, and no Payne
acid under exploratory, unrefined conditions (i.e., hydrogen per- rearrangement product was observed either (entry 6). Entry 7
oxide added all at once at the beginning of the reacttert: tested for the generation of radical character adjacent the
butyl alcohol solvent). These data showed that the extent of con- cyclopropane in the epoxidation, but no cyclopropane opening
version of alkene to epoxide was comparable when 0.1 and 1.0Was observed. Epoxidation of linalool (entry 8) demonstrated that
mol % of manganese sulfate were used. It is less for 0.01 mol % trisubstituted aliphatic alkenes can be selectively epoxidized in
Mn2*, but still much greater than the background conversion that the presence of terminal alkenes. This experiment also implies
occurred when no metal salt was used. that the allylic hydroxyl does not activate the terminal alkene via
Epoxidation Oﬁransllz_diphen)”ethene was chosen as a model & dlreCtlng effect. Entries912 illustrate that ep.OXiqationS of aryl-
to optimize the conditions. This lypophilic substrate was selected Substituted alkenes proceed smoothly; qualitatively, the rates of
so that solubility issues could be addressed using a relatively these reactions were observed to be appreciably faster than for
difficult case. When the substrate, 10 equiv of 30% hydrogen aliphatic alkenes. The only complication was that a sig-
peroxide, and 1 mol % MnSQwere mixed in 0.2 M NaHC® nificant amount ofrans-3-phenylpropenal was formed in entry
(pH 8.0) and DMF (1.0:1.4) and the reaction was stirred for 24 11. Epoxidation of the acid shown in entry 12 was not ac-
h, the yield of the epoxide was only 20%. Precipitation was companied by decarboxylation or double bond migration. Some
observed in this experiment, indicating solubility prob- reactions with less catalyst were then attempted since it was
lems. Consequently, slow addition of the aqueous componentsevident that aryl alkenes were more reactive than aliphatic ones.
was investigated to minimize the precipitation, and the yield of Only 0.1 mol % of manganese sulfate was used for the reactions
product increased. Conversely, increasing the buffer concentrationdepicted in entries 1315, and these epoxidations proceeded
above 0.2 M would be expected to accentuate the insolubility Smoothly. Entries 14 and 15 illustrate that even extremely acid-
problem, and indeed lower yields were obtained when higher sensitive epoxides can be formed, and the products are stable
buffer concentrations were used. Finally, a set of conditions were Under the reaction conditions. The last entry in the table was
developed wherein a mixture of the buffer and 10 equiv of the Performed @ a 1 mol scale; a detailed procedure for preparation
peroxide were gradually added over 16 h to a solution of the and isolation of 84.5 g of cyclooctene oxide is provided Here.
substrate and catalyst in DMF. These reactions gave 1,2-diphen- The featured catalytic epoxidation method has numerous attri-
ylethene oxide in 92% isolated yield. butes. Manganese+3 salts are cheap, readily available, and rela-
Table 1 summarizes the data obtained using various alkenestively nontoxic, and only small amounts (0.1 mol %) are

1-Decene was unreactive under these conditions (GC; entry 1).required. Hydrogen peroxide and sodium hydrogen carbonate are
widely used in large-scale production of other chemicals. No

12((112;;?&%1%7'\/"; Reibenspies, J.; Burgess, K.Am. Chem. S0d998 halide is involved in the transformation. Slow addition reduces
(2) Frank, W. C.Tetrahedron Asymmetr}098 9, 3745-3749. the effective concentration of peroxide and the corresponding risk
(3) Yao, H.; Richardson, D. . Am. Chem. So200Q 122, 3220-3221. of explosion. The reaction is run at room temperature in solvents
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that are amenable to process chemistry, and no halogenated liquidgable 1. Epoxidations of Representative Alkenes

or ones with low flash points are required. No organic ligands or R MnSO4, 10 q HOp, DMF, R ,

S X - . : > 2 R
additives are used, and this facilitates isolation of the desired RJ\( 02 M pH 80 NaH GO B R/i?(
epoxide. R R

It is difficult to be certain that the process reported here is  Entry Substrate Product % Yield"
completely unprecedented because studies involving transition- (iso'd yield)

metal salts and hydrogen peroxide are so ubiquitddswever,
it is clear that these Mn-catalyzed reactions are much cleaner than

/4

NP 0

Fenton’$ and related systems that generate hydroxyl radicals. 2 @ (/\[/o 99 (84)°
Several groups have reported epoxidation reactions usjy H
mediated by TACN-manganese complex&8put the catalysts i
tend to be relatively inaccessible or require larger excesses of 3 O“ 0 63°
hydrogen peroxidé:'! One of these studies mentions Mp@k
a control, and epoxidation activity was detected, but this finding o o
was not exploited® Most importantly, in prior studies of metal- 4 \é? \Mo 59 (54)°
catalyzed epoxidations the special importance of bicarbonate in
the media has either not been investigated, realized, or empha- =0 =0
sized. Investigations to elucidate the role of bicarbonate are in 5 95 (82)
progress. Our working hypothesis is that percarbonate (HCO = Y
formed in sitd?> combines with the manganese to give the active oH OH
intermediate. 6 >=/- M 98
Nearly all of the existing methods for using hydrogen peroxide 2
as an epoxidation reagent have clear disadvantages compared with 7 ° o 92
the one reported here. For instance, most of them involve acidic = ) La
reagents that tend to decompose the epoxide proéi@ise not- H © H
able exception is catalytic methyltrioxorhenium (MT&)uffered 8 S - W 77 (69)°
with pyridine®> However, that procedure features a much more 0
expensive catalyst and media that are explosive or environmentally 9 (ﬁ 87 (78)
hazardous, that is, nitromethane or dichloromethane. Moreover,
separation of acid-sensitive epoxides from pyridine is likely to O . O
be inconvenient for many substrates. On the other hand, the 10 \ 92 (86)
protocol reported here requires 10 equiv ofCH to drive the O O
reaction to completion, whereas near stoichiometric amounts are ~
used in the MTO/pyridine method. The two procedures are 11 @/\/\OH ©/<&\OH 784
(4) Large-Scale Synthesis of Cyclooctene Oxio&F (1.68 L) and MnSQ@ . OH
(1.69 g, 0.01 mol) were placed in a 12 L three-neck flask, equipped with a 12 On 78 (64)e,f
mechanical stirrer and a vent to an oil bubbler. Cyclooctene (110 g, 1.00 mol) o
was added all at once. The flask was then placed in a water bath ‘@ 20 o
(cryocooler) A 3 L two-neck flask equipped with a magnetic stirrer, was /_W q < > ( e
charged with 20.6 g of NaHC£0.123 g of NaCO;s, and 1.2 L of HO, and 13 74 OH OH 94 (89)
the pH of the resulting solution was adjusted to 8.chwlitM HCI. The flask
was then placed into a water bath maintained &€ &and then 1.1 L of 30% 14 ©/\ 93(83)¢
H,0, was added all at once. The aqueous solution of buffer/peroxide was
then added dropwise to the DMF solution over a period of 36 h via a cannula.
CAUTION! The reaction exotherms if the buffer/peroxide solution is added
too quickly or if heat transfer from the receiving flask is inadequate to maintain 15 96 (95)¢
the desired temperature. The reaction mixture was extracted i@ (200
mL x 4), washed with brine (900 mL), and dried ({$£x). The organic 95(93)¢
fraction was concentrated, and residual DMF was fractionally distilled from 16 O\ @o
it at 5 mmHg. The final product was purified via bulb-to-bulb distillation at Ph Ph
5 mmHg and 57C oven temperature, 84.5 g, mp53—55 °C. Small-Scale
Epoxidation ProcedureSimilar to the above except that 23 mL of DMF and 17 O Oo (67)h
17 mL of 0.2 M NaHCQyq Were used per 1 mmol of substrate. The aqueous
mixture of O, and NaHCQ was added dropwise over a period of 16 h. aUnless otherwise specified, the reactions were performed using 0.01
BOE)EQSJE&e_s,géplr\]/@gﬁllrba‘gorgggHydrogen Peroxide and Deatives MPG equiv of MnSQ on a 1 mmol scale; yields determined by NMR or GC
(6) Boguslavskaya, L. SRuss. Chem. Re1965 34, 503-15. versus an internal standar0.1 mol scale® The corresponding
(7) Sheldon, R. A.; Kochi, J. KMetal-Catalyzed Oxidations of Organic anthraquinone (35%) was also obs_er\/étdans-?,-Phenylpropenal was
CompoundsAcademic Press: New York, 1981. also observed (16%}§ BuOH used in place of DMF.Isolated as the

(8) Vos, D. E. D.; Meinershagen, J. L.; Bein, Angew. Chem., Int. Ed. methyl ester? 0.001 equiv of MnS@were used! 1 mol scale.
Engl. 1996 35, 2211-3; Vos, D. E. D.; Sels, B. F.; Reynaers, M.; Rao, Y.
V. S.; Jacobs, P. ATetra_lhedron Lett1998 39, 3221-4.

E%)Bﬂlga'ecﬁé Kﬁﬁée'ﬁ‘ EI;;' \ég'riiﬁ'%'ér“’?y-”&%télkgﬁzﬁ ‘87L;r8ﬁpers E.L M. complementary insofar as aliphatic terminal alkenes are epoxi-
Martens, R. j.; ﬁacheriya, 'U."S.; Russell,‘s."\/\/.; Sv(/afthdff, T, Vliety, M.R.P. dized bY MTO/py”d'_ne’ whereas selective epox'_dat'on O_f the_
v.; Warnaar, J. B.; Wolf, L. v. d.; Krijnen, BNature 1994 369, 637-9. nonterminal alkenes in the presence of monosubstituted, aliphatic

(11) Quee-Smith, V. C.; DelPizzo, L.; Jureller, S. H.; Kerschner, J. L.; i i i _ i .
Hage, R.Inorg. Chem.1996 35, 6461-5; Vos, D. D.; Bein, T.Chem. alkenes is possible in the Mn-catalyzed reactions. In summary,
Commun1996 917-8: Vos, D. E. D.: Wildeman, S. d.: Sels, B. F.. Grobet,  the epoxidation protocol presented here has the potential to fulfill

P. J.; Jacobs, P. Mngew. Chem., Int. EA.999 38, 980-3; Brinksma, J.; unmet needs in exploratory syntheses and large-scale reactions.
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305;%56(:2?;‘?107”2‘95'351’ Yao, H.; Frank, K. M.; Bennett, D.JAAm. Chem. Florida, for helpful discussions. This research was supported by The
(13) Jorgensen, K. AChem. Re. 1989 89, 431—58: Sato, K.: Aoki, M.; Robert A. Welch Foundation. , L
Ogawa, M.; Hashimoto, T.; Noyori, R.. Org. Chem1996 61, 8310-1. Supporting Information Available: Outlines of optimization pro-
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Figure S1. Dependence of Rate on MnSQ, Concentration
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A cuvet, equipped with a stir bar, was charged with 1.534 mL of 0.2 M, pH 8.0, aqueous
NaHCOj3 and 2.75 pL of 0.05 M MnSO4(aq) per equivalent of catalyst used. To this was
added 1.863 mL of DMF and 200 pL of 6.875 x 10™* M rans-stilbene in DMF. The
solutions were mixed well, then 1.5 pl of 30 % hydrogen peroxide per equivalent of
catalyst used was added, and the reaction was followed by monitoring the UV absorbence
of trans-stilbene at 310 nm for every minute for 45 minutes. The catalyst to substrate
stoichiometry was designed to mimic the reaction during the first catalytic cycle. The
kinetics was complicated by the decomposition of peroxide by the metal. Increasing
equivalents of catalyst result in an increased reaction rate. '
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Figure S2. Screen of Metal Salts for Catalytic Activity

1 mol % metal salt, 'BuOH _CO.H

CO,H
LT -
N
1h, 0.2 M, pH 8.0 NaHCO3, ¢

10 eq HzOz

100

% yield

metal salt

Yield determined by HPLC versus an mternal standard. All reactions were performed on
a 0.0337 mmol scale.



© 2001 American Chemical Society, J. Am. Chem. Soc., Lane ja004000a Supporting Info Page 3
’ ~ ' s3

Figure S3. Optimization Process

0.01 MnSOy4, 10 H202, DMF,

Ll 02 M NaHCO3, pH 8.0, 24 h Ph/dph

Conditions % Yield
add H,0, all at once to premixed reagents 20
add 20eq. of H,0, all at once to premixed reagents | 35
slow addition of H,0, with syringe pump 46
NaHCO; and H,0, added to reagents with addition funnél 40
NaHCO, and H,0, added to reagents at4.1 mL/h 80
0.8 M NaHCO, and H,0, added to reagents at 4.1 mL/h 32
NaHCO, and H20§ added to reagents at 1.2 mL/h 92

? Yields were determined by NMR analyses versus an internal standard. ®All reactions
were done on a 1 mmol scale following the conditions in footnote 4 in the text. “DMF
was used as the solvent as the substrate is more soluble in DMF/water than ‘BuOH/water.
High yields are only obtained when the reaction remains homogeneous.
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General Procedure for Isolation of Epoxides from DMF. After the reaction was
complete (1 mmol scale reaction), 10 ml of water was added and the reaction was
extracted with pentane (5x, 30mL). The organic layer was then washed with brine (2X,
10ml). The product was dried over sodium sulfate, filtered, and the pentane was removed
by atmospheric distillation. The product was further purified by distillation. '

(an overall procedure is given in note 4 of the main text of the paper)




