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Abstract: cis-Stilbene (1) has been epoxidized by a set of diverse oxygen donors [OxD], catalyzed by the
Mn'(salen)X complexes 3 (X = Cl, PFg), to afford a mixture of cis- and trans-epoxides 2. The cis/trans
ratios range from 29:71 (extensive isomerization) to 92:8, which depends both on the oxygen source [OxD]
and on the counterion X of the catalyst. When (1a,2(,3a)-(2-ethenyl-3-methoxycyclopropyl)-benzene (4)
is used as substrate, a mechanistic probe which differentiates between radical and cationic intermediates,
no cationic ring-opening products are found in this epoxidation reaction; thus, isomerized epoxide product
arises from intermediary radicals. The dependence of the diastereoselectivity on the oxygen source is
rationalized in terms of a bifurcation step in the catalytic cycle, in which concerted Lewis-acid-activated
oxygen transfer competes with stepwise epoxidation by the established Mn"(oxo) species. The experimental
counterion effect is attributed to the computationally assessed ligand-dependent reaction profiles and
stereoselectivities of the singlet, triplet, and quintet spin states available to the manganese species.

Introduction substituted olefind:3 To account for this loss of stereoselectivity,
a radical intermediate has been proposed, which leadssto
trans-epoxides through isomerization by simple bond rotation.
Alternatively, thetrans-epoxides may be formed from tloés-
olefins through carbocationic intermediatésto distinguish
between these two options, we selected,28,30)-(2-ethenyl-
3-methoxycyclopropyl)benzend)(as a mechanistic probe for
the JacobsenKatsuki epoxidation. A similar cyclopropane
Eerivative (a methyl instead of the vinyl substituent) has already
een used by Newcomb and co-workets elucidate the

Direct oxygen transfer to olefins is a well-established and
popular route to prepare epoxides, valuable building blocks in
synthetic organic chemistdyln recent years, there has been
much effort to conduct this transformation selectively under
catalytic conditiong. To date, the best known method to
epoxidize unfunctionalized olefins enantioselectively is the
JacobsenKatsuki epoxidation, in which optically active Mr
(salen) complexes are employed as catalysts and PhIO or NaOC

as oxygen sources, with the Mxo) species as the actire i ) o
yg Miwxo) sp mechanism of the iron-catalyzed CH oxidation; they found that

oxidant2—4 - o . . ;
. . L . cationic as well as radical intermediates are involved. Evidently,
Although the synthetic value of this reaction is undisputed,

its mechanism is currently under intensive delSaBibstrate (3) (a) Dalton, C. T.; Ryan, K. M.; Wall, V. M.; Bousquet, C.; Gilheany, D.

. i . . . . G. Top Catal. 1998 5, 75-91. (b) Finney, N. S.; Pospisil, P. J.; Chang,
isomerization has been of considerable concern, in wbigh S.; Palucki, M.; Konsler, R. G.; Hansen, K. B.. Jacobsen, EAhgew

i i i i Chem, Int. Ed. Engl. 1997, 36, 1720-1723. (c) Palucki, M.; Finney, N.

olefins afford a mlx_ture ot_ls- andtrans-epoxides (Scheme 1), S Pospisil P. - Gar M. L. ishida, T Jacabsen. E. N. Am Chern

a process which is particulary prone to occur for phenyl- Soc 1998 120, 948-954. (d) Linker, T.Angew Chem, Int. Ed. Engl.

1997, 36, 2060-2062.

_mail- (4) (a) Feichtinger, D.; Plattner, D. Angew Chem, Int. Ed. Engl. 1997, 36,
*To whom correspondence should be addressed. E-mail: adam@ 1718-1719. (b) Feichtinger, D.; Plattner, D. A.Chem Soc, Perkin Trans

chemie.uni-wuerzburg.de. Fax: (internat$9-931/888-4756. 2200Q 1023-1028. (c) Feichtinger, D.; Plattner, D. &hem-Eur. J. 2001,
T University of Wirzburg. 7, 591-599.
* Eidgerissische Technische Hochschule. (5) (a) Srinivasan, K.; Michaud, P.; Kochi, J. K.Am Chem Soc 1986 108
(1) (a) Johnson, R. A.; Sharpless, K. B. @atalytic Asymmetric Synthesis 2309-2320. (b) Jacobsen E. N Deng, L.; Furukawa, Y.; Mez, L. E.
Qjima, |., Ed.; VCH: New York, 1993; Chapter 4.1. (b) Jacobsen, E. N. Tetrahedron1994 50, 4323—4334 (c) Llnde C. Ph.D. TheS|s Royal
In Catalytic Asymmetric SynthesiBjima, I., Ed.; VCH: New York, 1993; Institute of Technology, Stockholm, 1998.
Chapter 4.2. (6) (a) Newcomb, M.; Le Tadic-Biadatti, M.-H.; Chestney, D. L.; Roberts, E.
(2) (a) Katsuki, T.Coord Chem Rev. 1995 140, 189-214. (b) Katsuki, TJ. S.; Hollenberg, P. FJ. Am Chem Soc 1995 117, 12085-12091. (b)
Mol. Catal. A 1996 113 87—107. (c) Ito, Y. N.; Katsuki, TBull. Chem Newcomb, M.; Shen, R.; Choi, S.-Y.; Toy, P. H.; Hollenberg, P. F.; Vaz,
Soc Jpn 1999 72, 603-619. A. D. N.; Coon, M. J.J. Am Chem Soc 200Q 122, 2677-2686.
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Scheme 1. Possible Mechanism of the Isomerization in the Scheme 2. Vinylcyclopropane 4 as a Mechanistic Probe To
Jacobsen—Katsuki Epoxidation of cis-Stilbene (1) Distinguish between Radical and Cation Intermediates
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the advantage of the vinylcyclopropadeover the simpler l
probes that have been employed so far in the Jacetisatsuki
epoxidation is the fact that it differentiates between cationic radical cation
and radical intermediates (Scheme 2). products products
Among thg facto.rs that ianuenpe the diastereoselectivity in o - 11 ee Pathways A—C for the Reaction of the
the epoxidation otis-stilbene (), it was recently shown that  FeoOR(porph) Adduct in the Iron-Catalyzed Epoxidation

N

ligation of the counterion in the Mn(salen)X compl&yplays path B o

an important rolé. Thus, thecig/trans-epoxide ratio was ca. RO _(heterolysis) @ > epoxidation

30:70 (extensive isomerization) faris-stilbene, when the path A ¢ -RP r

complexes3 were employed with the ligating counterions Cl epodxiifj:t‘ion — o

Br=, and AcO. In contrast, the cis/trans ratio is ca. 75:25 L (h(ﬁitohlycsis) v

(moderate isomerization) for the complex@sith the non- o (4D — allylic oxidation
ligating counterions BF, PR, and Sbk~. This counterion L

effect was rationalized mechanistically in terms oftilve-state

reactivity model89 the oxygen donor ROOH may be cleaved either heterolytically

That also the oxygen source may affect the selectivity of (Path B) to yield an Fe(V)oxo species [actually the Fe(IV)oxo/
metal-catalyzed oxidations has recently been demonstrated byPOrPhyrin radical catiolt] or homolytically (path C) to give an
Nam and co-workers, who have investigated the mechanism of F€(IV)oxo complex. Whereas the Fe(V)oxo species affords high
the epoxidation by iron complexésWhen peroxidic oxygen yields of epoxides, the Fe(IV)oxo complex preferably performs
donors (OxD) such as hydrogen peroxitet-butyl hydroper- allylic oxidation. The ratio between heterolytic and homolytic
oxide, andmCPBA, were employed with the Fe(porph) com- cleavage depends on the type of oxygen donor ROOH and the
plexes, initially an FeOOR(porph) adduct is formed, which axial ligand L. Evidently, this study provides clear-cut evidence
oxidizes the substrate by the three different pathwaysCA for _the pqrticipation of several metal-activated intermediates as
(Scheme 3). First, the FeOOR(porph) adduct may epoxidize active oxidants.
olefins directly, which constitutes Lewis-acid activation of the I view of the experimental facts for the Fe(porph) catalyst,

oxygen donor ROOH (path A); alternatively, the O,0 bond of it was of mechanistic relevance to examine also the influence
of the oxygen donor on the diastereoselectivity of the''Mn

] ?ﬁeih”l'ééf%%"'e‘ig% éggn%b)\/\/t;né%cogseg}n%klj\l.:M Wogg}rglrlﬂgrg-o (salen)-catalyzed epoxidation eofs-stilbene (). Besides the
X — . i , C.; , M.; y, P.-O; . .
Akermark, B. Angew Chem, Int. Ed. Engl 1997, 36, 1723-1725. () foutinely used iodosyl benzene (PhlO) and bleacHMal°),
ﬁgqa@hg\r%;Sl\ggc;(;ggolbzlaéuggég_.é (?giha'm' C. R, Herderich, MJ. we decided to employ also iodosyl pentafluorobenzengC
(8) Adam, W.: Roschmann, K. J.; Sahalio, C. R.Eur. J. Org. Chem 200Q 10),122 periodate (TBAI0,°),12* ozone, hydrogen persulfate
3519-3521. (TBA®PHSG:®),12¢ and dimethyldioxirane (DMD¥d as oxygen

(9) Schrdler, D.; Shaik, S.; Schwarz, Acc Chem Res 200Q 33, 139-145.
(10) (a) Nam, W.; Lim, M. H.; Lee, H. J.; Kim, Cl. Am Chem Soc 2000
122 6641-6647. (b) Nam, W.; Han, H. J.; Oh, S.-Y.; Lee, Y. J.; Choi, (11) Dawson, J. HSciencel988 240, 433-439.

M.-H.; Han, S.-Y.; Kim, C.; Woo, S. K.; Shin, W.. Am Chem Soc 200Q (12) (a) Schmeisser, M.; Dahmen, K.; SartoriCiem Ber. 1967, 100, 1633~
122 8677-8684. (c) Nam, W.; Lim, M. H.; Moon, S. K.; Kim, Cl. Am 1637. (b) Pietikimen, P. Tetrahedron Lett 1995 36, 319-322. (c)
Chem Soc 2000 122 10805-10809. (d) Nam, W.; Lim, M. H.; Oh, S.- Pietikdnen, P.Tetrahedron200Q 56, 417-424. (d) Ferrer, M.; Gibert,
Y.; Lee, J. H.; Lee, H. J.; Woo, S. K.; Kim, C.; Shin, Wngew Chem, M.; Sanchez-Baeza, F.; Messeguer, Petrahedron Lett1996 37, 3585—
Int. Ed. 200Q 39, 3646-3649. 3586.
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Table 1. Counterion and Oxygen-Donor Effects on the Cis/Trans Scheme 4. Synthesis of the Epoxide 5 and the Cationic
Ratios of the Epoxides 2 in the Mn''-Catalyzed Epoxidation of Ring-Opening Products 6 and A—C
cis-Stilbene (1)

Mn"'(salen)X (10 mol%)

=
[0xD] (1 equiv.) o) 0 DMD
TN e
P Fh PhAP] ’ A\ A
Ph OMe
4

-

CH,Cly, 20 °C h Ph Ph

PK M
cis-1 cis-2 trans-2 5 OMe
epoxides®
entry [oxD] catalyst convn? [%] cis/trans Cr(salen)PFg
1 Phio 3a(X = Cl) 43 29:71 7 o
2 3b (X = PRy 64 76:24 - .
3 CeFsl0 3a(X = Cl) 89 47:53 /CD
4 3b (X = PRy) 95 82:18 hoOMe o
5 TBA®I0,° 3a(X = Cl) 62 38:62 6a (12%) ®)
6 3b (X = PRy 67 40:60 oh
7 o 3a(X = Cl) 47 56:44 H
8 3b (X = PFR) 86 90:10 OMOH I —
9 TBA®HSO® 3a(X = Cl) 21 57:43 P oM
10 3b(X = PRy 20 77:23 6b (<3%) L M
11 NEZelol 3a(X = Cly 14 75:25 + AB,C
12 3b(X = PRy 26 69:31
13 DMD¢ 3a(X = Cl) 39 75:25 (77%)
14 3b (X = PRy 31 92:8

o . L . cis-stilbene (); yet even at this low temperature, the oxidative
aConversion is relative tais-stilbene (); mass balances were80%. ! . .
b The cis/trans ratios were determinedyNMR analysis directly on the cleavage of stilbene to benzaldehyde was the main reaction (ca.
crude product mixture; all cis/trans ratios have been run at least in duplicate 7505). Nevertheless, the cis/trans ratios obtained with ozone
and are reproducible within an error 8f5% of the stated value§The . . .
reaction was performed at78 °C and gave benzaldehyde as the main deémonstrate again a pronounced counterion effect with the

product (ca. 75%) due to ozonolysfDimethyldioxirane, used as acetone-  catalysts3aand3b, although theeis-epoxide dominates in both
free CHCI, solution (0.185 M), see ref 12d. cases (entries 7 and 8).

sources. As catalysts, the Mn(salen)X comple3a¢X = Cl) In the case of TBRHSG°, more isomerization takes place
and3b (X = PFs) were used to evaluate as in the case of  with catalyst3athan with catalys8b (entries 9 and 10). When
PhIO — whether a counterion effect operates on the diastereo- compared to PhlO, less isomerization is observed with
selectivity also for these oxygen donors. TBA®HSQ® for catalyst3a (entries 1 and 9), whereas for
Results catalyst 3b the cis/trans ratio stays about the same within
experimental error (entries 2 and 10). Significantly, the oxygen
donor N®OCI® affords almost the same cis/trans diastereo-

carried out with 10 mol % of catalyst and 1 equiv of the g0 acivity for both catalyst3aand3b (entries 11 and 12), with
oxygen donor (OxD). The results are summarized in Table 1. the cis-epoxide preferred

For the set of oxygen donors examined herein, the general trend . . - . .
displayed by cataly®a (X = Cl) is that the cis/trans ratio ranges The least isomerization is exhibited by dlmethyldlo?urane
from mainly trans-2 (entry 1) to mainlycis-2 (entries 11 and ~ (PMD) as oxygen source for both catalySaand3b (entries
13), whereas with cataly8b (X = PFy), thecis-epoxide prevails 13 and 14). Direct epoxidation by DMD rather than metal-
for all oxygen donors, except TBAO,® (entry 6). Specifically, ~ catalyzed oxygen transfer by the manganese catdyd
when iodosyl benzene (PhlO) is used as oxygen donor, the unlikely, since DMD in combination with the Jacobsen Mn-
Mn" (salen)Cl catalysBa leads mostly to isomerization (cis/ (salen*)Cl catalyst epoxidizes 2,2-dimethy#-2hromenes highly
trans 29:71, entry 1), whereas the W(salen)PE catalyst3b enantioselectively (8393%e6.22 If the achiral DMD were the
affords mostly the cis product (cis/trans 76:24, entry 2). oxidant, necessarily racemic epoxide would be formed.
Similarly, the related iodosyl pentafluorobenzengRglO) also The (10,26,3a)-(2-ethenyl-3-methoxycyclopropyl)benzene
displays a counterion effect on the diastereoselectivity, but less(4) was synthesized according to the literature proceéits;
pronounced. Thus, the cis/trans ratio of 47:53 for cateédgst ~ epoxide5 was prepared by DMD epoxidation as a 54:46 mixture
with CgFsIO (entry 3) indicates less isomerization than with of diastereomers (Scheme 4). The epoxkldés extremely
PhIO (entry 1), while for the catalystb (X = PF), the cis/ sensitive to acids, and it decomposes on attempted purification
trans ratio is nearly constant for both iodosyl oxygen donors py chromatography on deactivated silica gel and even on Florisil.
(entries 2 and 4). This presented severe difficulties in the workup of the epoxi-
The tetrabutylammonium periodate (TBWD,®) as oxygen  dation mixture that is obtained with the Jacobsen catalyst Mn-
donor is exceptional, for which no counterion effect is observed. (salen)Cl B8a), which requires removal of the paramagnetic
Not o_nly is the cis/trans ratio the same (ca. 4_0:60) within manganese species by silica gel chromatography to enable
experimental error for both catalysta and3b (entries 5 and  proquct analysis by NMR spectroscopy. Fortunately, the epoxide
6), but TBA®IO,° is the only oxygen donor for which g persists exposure to the Mn(salen)Cl compBexestablished

|some|r|z§tt|)on to the trans diastereomer dominates also for by a control experiment), and the polymer-bound Mn(salen)
complex3b.

In contrast to the other oxygen sources, the epomdaﬂ_on with (13) Adam, W.: Jeko, J.: hai, A.: Maier, Z.: Nemes, C.. Patonay, T Ranyi,
ozone was performed at78 °C to minimize the ozonolysis of L.; Sebok, PTetrahedron Asymmetryl99§ 7, 2437-2446.

The manganese-catalyzed epoxidatiocisfstilbene () was
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catalyst p-MnCl was employed to circumvent these problems Scheme 5. Catalytic Cycle for the Mn''-Catalyzed Epoxidation of

by simple filtration (see Supporting Informatloﬁ'). ggeiggl;e(r';eat(ﬁ)z?y Lewis-Acid Activation (Path 1) versus MnV(oxo)

Ph Ph Ph

bl Loy Lo

Ph Q_) Ph Ph
cis-2 i cis-2 trans-2

— N N
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a Ph ,%OxD] Ph
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Furthermore, for the same reasons, the usual HPLC analysis )|( %
on a silica gel column, to assess the product distribution in the \{'
epoxidation mixture, had to be conducted on a reversed-phase A%

column. Although under these HPLC conditions there is also
some decomposition of the epoxid@e the resulting products
did fortunately not elute to interfere with the product analysis.
The authentic mixture of the cationic ring-opening products
6 was prepared by treatment of the epoxBlevith catalytic
amounts of Cr(salen)RFas Lewis aci® (see Supporting
Information). Whereas 12% of the cyclic acegalwas isolated
after column chromatography (Figure S1), no aldehglevas
detected; instead, as outlined in Scheme 4, a mixture of three
unknown productéA, B, andC (HPLC analysis, Figure S2)

to thecis-epoxide or undergo C,C-bond rotation and cyclize to
the trans-epoxide. If the MN(ox0) complex were the only
oxidant in this epoxidation, irrespective of which oxygen donor
is used to generate the reagent, the cis/trans selectivity should
be the same. Yet this is not the case (Table 1); besides some
qualitative similarities, each oxygen donor displays a distinct
cisltrans-epoxide ratio. Thus, the Jacobsedfatsuki catalytic
cycle must be extended to accommodate this divergence

was formed in 77% yield (determined gravimetrically). mechanistically (Scheme 5). The fact that the type of oxygen
In a test reactioncis-stilbene () was treated with p-MnCl donor affects the diastereoselectivity of the epoxidation requires
4-phenylpyridineN-oxide (PPNO), and iodosyl benzene (PhlO) that besm_jes the WOX.O) speC|e_s, at least one other oxidant
to yield a 63:37 mixture of the diastereomeric epoxideat a must be involved in this catalytic process. Consequently, we
conversion of 67%. When the probea(28,3a)-(2-ethenyl-3- propose the following unprecedented diastereoselectivity-
methoxycyclopropyl)benzend)(was epox,idized under these contrpllir!g bifurcatip n .Step In the catalytic cycle for this
conditions, 83% of the olefin was consumed to give 2% of epoxidation: After ligation between the Mncatalyst and the

epoxide5 and 33% of ring-opened products, at a mass balance oxyvgen donqr (OXD) to result in th.G.M“OLG) addu_ct, the
of 51% (see Figure S3). No cationic ring-opening prodicts MnV(oxo) oxidant is released by splitting off the leaving group
or A—C were detected by RP-HPLC analysis (see Figures S4 LG, and subsequent unselective epoxidation of the substrate

and S5). Consequently, the observed ring-opening products'(flathwa,y 1|) arf]forlfjs a dm|\i/>|<vt1u§Lg¢is- da(ljnd tr?nsgpoxiggsz.l
derive from radical intermediates, and, hence, the following tematively, the ligate ( ) adduct functions directly

mechanistic discussion shall be limited to such species. as Lewis-acid-activated epoxidant by concerted oxygen transfer
to give thecis-epoxide (pathway 2). The latter alternative has

Discussion already been suggested for the Mn(sal®d)and Fe(porph)-

From the data listed in Table 1, it may be concluded that not catalyzed>!” epoxidation withmCPBA as oxygen donor and
only the counterion of the Mn(salen)X complexgagb (X = for the manganese-catalyzed sulfimidati®h The transition
Cl, PR), but also the oxygen donor [OxD], has an influence on Structure for the concerted oxygen transfer by the!N@D)
the cis/trans diastereoselectivity of the Jacobséatsuki ep- ~ adduct with HS@” as oxygen donor may be similar to the
oxidation ofcis-stilbene ). We shall first address the influence  Putterfly” structure for peracid epoxidations.

of the oxygen donor on the diastereoselectivity and subsequently AN @ppropriate admixture of the stepwise epoxidation by the
the counterion effect. Although we mechanistically interpret the €Stablished Mi(oxo) species (path 1 affords a mixture of the
stereochemical trends separately in terms of the oxygen-donorCiS” andtransepoxides?) and of the concerted epoxidation (path
and counterion effects, it should be kept in mind that both factors 2 Yields onlycis-epoxidé?) accounts for the stereochemical data

L. . . . i 19
are intimately intertwined and cause the complexity of the N Table 1:

observed diastereoselectivity. As shown in the bifurcation step of Scheme 5, the formation

The Effect of the Oxygen Donor.It is generally accepted  ©f the Mn’(oxo) species depends on the leaving group LG of

that the first step in the Jacobsekatsuki epoxidation is the ~ the oxygen donor; thus, the type of oxygen donor [OxD] is
formation of the M (oxo) species as the actual oxidant. responsible for the observed cis/trans diastereoselectivity. This

After addition of the MiY(oxo) species tais-stilbene (), the is most apparent in the cis/trans ratios for cataBetwhich
resulting radical intermediate may either collapse immediately 16

) (a) Bryliakov, K. P.; Babushkin, D. E.; Talsi, E. £.Mol. Catal. A200Q
158 19-35. (b) Ohta, C.; Katsuki, TTetrahedron Lett2001, 42, 3885-

(14) Sellner, H.; Karjalainen, J. K.; Seebach,@hem-Eur. J. 2001, 7, 2873~ 3888.
2887. (17) (a) Vaz, A. D. N.; McGinnity, D. F.; Coon, M. Proc. Natl. Acad Sci
(15) (a) Martnez, L. E.; Leighton, J. L.; Carsten, D. H.; Jacobsen, EJ.Mm U.SA. 1998 95, 3555-3560. (b) Toy, P. H.; Newcomb, M.; Coon, M. J.;
Chem Soc 1995 117, 5897-5898. (b) Larrow, J. F.; Schaus, S. E.; Vaz, A. D. N.J. Am Chem Soc 1998 120, 9718-9719.
Jacobsen, E. NI. Am Chem Soc 1996 118 7420-7421. (c) Lebel, H,; (18) Yang, Y.; Diederich, F.; Valentine, J. 3. Am Chem Soc 1991 113
Jacobsen, E. NTetrahedron Lett1999 40, 7303-7306. 7195-7205.
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vary from dominant trans selectivity for the PhlO oxygen donor Therefore, moreis-epoxide is observed with £as compared
(entry 1) to dominant cis selectivity for DMD (entry 13). For to with PhlO (entries 1 and 7).

this reason, we shall analyze the effect of the oxygen donor for ~ Effect of the Counterion. While for all oxygen donors a
catalyst3a and thereby keep the counterion constant, i.es X counterion effect on the diastereoselectivity is observed, this is

Cl. not the case for TBAIO,® (entries 5 and 6) and N@CIP
Evidently, based on the cis/trans ratios, the oxygen donors (entries 11 and 12). For these oxygen donors, the cis/trans ratios
fall into two classes: PhlO, 510, TBA®I0,®, and Q afford are about the same (within the experimental error) for both

the Mn'(oxo) species as the dominant oxidant with extensive catalysts3aand3b. This may be rationalized by the fact that a
isomerization (pathway 1) through the stepwise radical processligating anion (IQ° and CP) is released from the oxygen donor
(cis/trans ratio 29:71 to 56:44 for cataly34, entries 1, 3, 5, (1042 and OCP), which then coordinates to the positively
and 7); for TBAPHSGO:®, Na®OCIe, and DMD, the concerted  charged manganese catalyst. Thus, both catedgsind3b are
process through Lewis-acid catalysis (pathway 2) is also ligated by the same counterion, causing similar stereoselectivi-
operative, as reflected by the higher cis selectivity with catalyst ties. The ligating properties of ¥ and CP have been
3a (cis/trans ratio 57:43 to 75:25, entries 9, 11, and 13). confirmed by means of control experiments (see Supporting
However, if for the first set of oxygen donors the K{oxo) Information).
were the principal oxidant, the same diastereoselectivity should The counterion effect on the cis/trans selectivity in the
be displayed by them since the leaving group of the oxygen manganese-catalyzed epoxidatiorciststilbene () was previ-
donor is no longer involved. This is definitively not the case, ously rationalized in terms of thivo-statereactivity model®
because all cis/trans ratios differ (entries 1, 3, 5, and 7). While our results (Table 1) are consistent with this model, recent
For both GFsIO and PhlO, the MK(oxo) species is the main  computation3® on the mechanism of the oxygen transfer in the
oxidant, but the small differences in the diastereoselectivity for JacobsenKatsuki epoxidation are informative, which show that
the CP as counterion (see entries 1 versus 3) may be explainedthe singlet, triplet, and quintet spin states are all accessible in
by the fact that the former is capable of oxidizing the chloride the Mn(oxo) complex. From the qualitative energy profiles
counterion of complexa to the hypochlorite ion but PhlO is  (Figure 1), it is evident that for the neutral Moxo) species¢
not. This has been confirmed by a control experiment with with chloride as counterion, the singlet state is lowest in energy
TEBA®CI® as the chloride source (see Supporting Information). (Figure 1a), whereas in the case of the cationicV{émo)
Consequently, the in-situ-generated ©Cbmpetes as oxygen  specie® (Figure 1b), the triplet is the ground state; clearly,
donor with GFsIO. Because from the data in Table 1 (entry the energies of the spin states in the “naked cation” are spaced
11) we suppose that the hypochlorite ion epoxidizes mainly by more closely. For the final Mh(epoxide) adduct, the situation
the concerted Lewis-acid-catalyzed pathway 2, a higher cis is reversed. For the chloride as counterion, the energies of the
selectivity is observed for 50, as compared to PhlO (entries  spin states fall within a much narrower range than for the
1 and 3). As for the oxygen donor TBAO4®, the slightly higher  hexafluorophosphate; in both cases, the quintet is favored as
cis selectivity (entry 5) may be caused in the same way, since ground state. According to these calculations, the nature of the
the reaction of periodate with chloride to form iodate and counterion X affects drastically the relative energy ordering of
hypochlorite is feasible (according to their oxidation poten- the spin states in the Miioxo) complex as well as of the final
tials9), whereas for TBARHSO;® (entry 9), this possibility was ~ Mn'! (epoxide) adduct.

ruled out by a control experiment. Also for DMD (entry 13), Moreover, the computations reveal a mechanistically impor-
thz Z?CP oxygen donor is generated in situ by oxidation of ant feature with respect to the effect of the counterion on the
CI°#* as is evident from the 75:25 cis/trans ratio. stereoselective behavior of the three spin states. Whereas the

The somewhat higher cis selectivity for ozone (entry 7) versus singlet state of MH(ox0)Cl is predicted to epoxidizss-alkenes
PhIO (entry 1) with catalysgamay be explained in terms of a  concertedly (the energy curve displays no minimum) and hence
temperature effect since the experiments wigw@re performed  djastereoselectively, the triplet and quintet states involve step-
at —78 °C, and those with PhIO at ca. 2€C (a comparative  jse oxygen transfer (the energy curves display minima) and
run with PhlO was not possible at78 °C, because no reaction  should undergo extensive cis/trans isomerization. As for the
occurs at this low temperature). At78 °C, the C,C-bond  mnY(oxo)® complex, the triplet und singlet states should display
rotation responsible for cis/trans isomerization is sufficiently 5 similar stereoselectivity as the neutral Woxo)Cl species;
slowed? such that ring closure becomes the faster process. that is, the triplet should be unselective (stepwise) and the singlet

— » - ~ selective (concerted), but the quintet state should transfer its
(49 e pricipaton of a o) spcies may i be proposed 0 xplan e’ o Concertedly in'a diastereoselective manner.

[(@) Groves, J. T.; Stern, M. K. Am Chem Soc 1987, 109, 3812-3814. itati i H H

(b) Groves, 3. T.. Stern. M. KI. Am Chem Soc 1988 110 86258638, The qualitative energy profllez_:, in Figure 1_sugge§t that for
(c) Lee, R. W.; Nakagaki, P. C.; Bruice, T. @.Am Chem Soc 1989 hexafluorophosphate as counterion, the epoxidation is expected
111, 1368-1372. (d) Arasasingham, R. D.; He, G.-X.; Bruice, T.L. — t5 proceed mainly on the quintet surface; the triplet and the

Am Chem Soc 1993 115 7985-7991. (e) Groves, J. T.; Lee, J.; Marla, X X . .

S. S.J. Am Chem Soc 1997 119 6269-6273.] On the basis of our ~ Singlet channels constitute only minor reaction pathways.
experimental data, this mechanistic alternative cannot be the dominant ;

pathway: Whercis-stilbene () is treated with the authentic N4{oxo) B.ecause the M{.(OX('))EB quintet transfers the oxygen atom
species in EtOAc, that is, under stoichiometric conditions, a 36:64 mixture diastereoselectively, it follows that for the Mn(saleryB&talyst

of thecis- andtrans-epoxide<? is formed?c however, a control experiment
under our catalytic conditions in EtOAc gave even more isomerization (cis/
trans 25:75). Moreover, the authentic Mrspecies leads to substantial (23) (a) Linde, C.; Akermark, B.; Norrby, P.-O.; Svensson, MAm Chem

amounts of chlorinated products in @E,, which we do not observe. Soc 1999 121, 5083-5084. (b) Cavallo, L.; Jacobsen, Wingew Chem,
(20) Lide, D. R.Handbook of Chemistry and Physi@$th ed; CRC Press: Boca Int. Ed. 200Q 39, 589-592. (c) Abashkin, Y. G.; Collins, J. R.; Burt, S.

Raton, FL, 1995; pp 8-218-26. K. Inorg. Chem 2001, 40, 4040-4048. (d) Strassner, T.; Houk, K. irg.
(21) Montgomery, R. EJ. Am Chem Soc 1974 96, 7820-7821. Lett 1999 1, 419-421. (e) El-Bahraoui, J.; Wiest, O.; Feichtinger, D.;
(22) Lau, H. H.Angew Chem 1961, 73, 423-432. Plattner, D. A.Angew Chem, Int. Ed. 2001, 40, 2073-2076.
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Figure 1. Qualitative energy profiles of the singlet (@), triplet (t, ), and quintet (qA) trajectories for chloride (a) and hexafluorophosphate (b) as
counterions (ref 23).

3b thecis-epoxide2 is formed preferentially. When the chloride  branching, the unselective epoxidation by way of the stepwise
ion is the counterion, all three spin states of Wxo)Cl radical process with the Mifoxo) complex (path 1) competes
participate in the oxygen-transfer process. Thus, since only thewith the concerted Lewis-acid-activated selective epoxidation
singlet state reacts diastereoselectively through a concertechy the M (OxD) adduct (path 2). The counterion effect on
epoxidation and the triplet and quintet states give rise to the stereoselectivity may be explained in terms of ligand-
isomerization through the stepwise pathway, for cata8gsiX dependent reaction profiles for the three available spin states

= Cl) moretrans-epoxide2 is expected as compared to catalyst (singlet, triplet, and quintet) of the Mioxo)X species.
3b (X = PR), as experimentally observed (Table 1). Indeed,
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in the JacobsenKatsuki epoxidation could be ruled out.

Consequently, the formation of stereochemically isomerized
epoxide product is attributed to radical pathways. To account
for the complex behavior of the diverse oxygen donors, the
generally accepted catalytic cycle had to be extended to
incorporate a bifurcation step (Scheme 5). For the latter product JA0177206

Conclusion

Supporting Information Available: Experimental details and
spectral data (PDF). This material is available free of charge
via the Internet at http://pubs.acs.org.

J. AM. CHEM. SOC. = VOL. 124, NO. 18, 2002 5073



