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Abstract: Chiral acyclic allylic alcoholsl have been chemo-, regio-, and diastereoselectively epoxidized to
the corresponding epoxy alcoh@sy catalysis with the achiral manganese(salen) and iron(porphyrin) complexes
3 and4 and iodosyl benzene as oxygen donor. Thireodiastereoselectivities establish that hydrogen bonding
accounts for the observed hydroxy-group directivity. The dramatically reduced stereoselection in the protic
methanol and the opposite sense in the diastereoselectvitth(o instead ofthreo) for the ether and ester
derivatives5 of the allylic alcohol1f confirm that hydrogen bonding between the allylic alcohol and the
oxo—metal complex operates in this oxygen-transfer process, with 1,3-allylic strain as the conformationally
controlling feature. That metaklcoholate bonding does not apply is displayed by the regioselectivities obtained
in the epoxidation of 1-methylgeranidllf). By comparison of the diastereo- and regioselectivities with those

of mechanistically defined catalytic and stoichiometric metal and nonmetal oxidants, we propose likely transition-
state structured andB for the present epoxidation.

Introduction VO(acac)y TBHP,” methyltrioxorhenium/UHR and noncatalytic
) ) ) o _ (DMD,® mCPBA’) methods have already been extensively
The catalytic and selective oxyfunctionalization of organic gy,died and valuable information on the geometry of the oxygen-
compounds for the preparation of optically active products yransfer process have been aquired. The mentioned catalytic
is a subject of current interest and intensive stu@atalysis oxidants include peroxy and peroxe-metal complexes; how-
is desirable for the preservation of natural resources and gyer, the well-known oxemetal-mediated oxidations, catalyzed
enwronmental compatibility, selectivity a necessity for the by metal(salery or metal(porphyrin) complexéé have not yet
synthesis of complex natural products and biologically active peen subjected to this stereochemical scrutiny. Presumably, this
compounds. omission rests on the literature claim that allylic CH insertion
Undoubtedly, among such oxidations the catalytic and ste- to afforda.,3-enones overrides epoxidation, a preferred reaction
reoselective epoxidations present still a challenging §oal. path that erases all stereochemical informatfon.
Catalysis is achieved by means of transition-metal complexes We report herein the chemo-, regio-, and diastereoselective
with common oxygen sources, while the stereoselectivity may epoxidation of the chiral allylic alcoholsto the corresponding
be controlled either by an optically active oxidizing spe¢@s  epoxy alcohols by the Mn(salen) and Fe(porphyrin) complexes
by a chiral substratéProminent examples are the Sharptess 3 and 4 (eq 1). The synergistic interplay between 1,3-allylic
Katsuki epoxidation of allylic alcohotd and the Jacobsen
Katsuki epoxidation of unfunctionalized alkeridsd both

. : . OH OH OH

utilizing optically active metal complexes. Stereocontrol by the g2 2 2
. . . R R 1 R, 1
substrate, however, has been successfully applied in the dias- PhIO, 3 or 4 ol R . o R €q)
. . . . . _— > |

tereoselective epoxidation of chiral allylic alcohols. These gt>g? CH,Cl; R NR? R&TNR
compounds have proven to be useful mechanistic stereochemical 1 threo-2 erythro-2
probes for the investigation of the transition-state struc-
tures. Several catalytic [Ti(@Pr)W/TBHP? Ti-zeolite/HO,,°
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strain and hydroxy directivity was probed with the chiral Table 1. Diastereoselectivities for the Epoxidation of Chiral
Allylic Alcohols 1

/\ catalyst:  3(Mn)™  4(Fe)” VO(acac),” Ti(OPNL
_N N— [O]donor:  PhIO PhIO TBHP TBHP  m-CPBAY DMD’
~ A solvent:  CH,Cl CH,Cl, CH:Cl, CDCly CH,Cl,  acetone
/M n\ entry  substrate threo : erythro®
o OH
PFe 1 K\ 1a 54:46  45:55 20:80  71:29  60:40 50:50
3 OH
Ar 2 | b 52:48"  37:63" 29:71 66:34 64:36  64:36
OH
g ¥
3 | 1c 48:52 42:58 05:95 22:78 45:55 56: 44
Ar Ar  Ar=
OH
Cl 4 jﬁ\ 1d 61:39 70:30 10:90 24:76 48:52 51:49
Ar OH
4 5 ﬁ\ le 89:11 89: 1 71:29 91:09 95:05 67:33
hydroxy-capped allylic derivativesto afford the corresponding ™
epoxidest (eq 2) and the regioselectivity was examined with /ﬁ\ i (g;i gg)” B4:16 86114 95:05  95:05  76:24
the geraniol derivativdh (eq 3).
OH
oX 10)'4 104 7 \ﬁ\ 1g 81:19 81:19 33:67 83:17 90:10 87:13
/ﬁ\ PhIO, 3 or 4 o/i\ + O<K (eq2) 20.30 equiv of 4-phenylpyridineN-oxide (PPNO) as additive.
CHyCl, b Conversions and mass balances were higher than 80% in most cases
5 threo-6 erythro-6 (see Supporting Information for exact valuesiEntries +-3, 5, 6 (ref
7a,b); entry 4 (ref 7c); entry 7 (ref 7d)Reference 5¢ Entries 1-3,
5, 6 (ref 7a,b); entry 4 (ref 7c); entry 7 (ref 7dEntries -3, 5-7
)\/\/K/L PhiO,3ord (ref 14); entry 4 (ref 7c)9 Diastereomeric ratios (dr) determined by
OH CH,Cl, 'H-NMR analysis of characteristic epoxide signals directly on the crude
1h reaction mixture; erro#-5% of the stated value8 Also ketone 15%)

3 |
(ea3) was observed.Methanol as solvent.

w OH W Table 2. Diastereoselectivities of the Metal-Catalyzed Epoxidation
o] + 74 OH of Chiral Oxyfunctionalized Substrat&s

3,4-epoxide 2h 7,8-epoxide 2h' threaerythrd
(threo, erythro) entry substrate X 3(Mn)2b 4(Fep
1 5a Me 39:61 22:78
Results (72) (n.d.y
The Mn(salen) and Fe(porphyrin) complex@sand 4, the 2 5b ‘BuMe;Si 1@;;86 O‘ﬁ%
chiral allylic alcoholsl, and their derivative$ (for structures 3 5c Ace 3(6:6)4 1(0:30
see tables) were synthesized according to literature procedures (56) (35)
(see Supporting Information). The epoxy alcoligere formed 4 1f H 91:09 84:16
preferentially in the metal-catalyzed oxidation of chiral allylic (95) (91)

alcqhol_sl with iodosyl benzene as the oxygen source, only for = ag 30 equiv of 4-phenylpyridina-oxide (PPNO) as additivé.Mass
derivativelb some enone was observed. Conversions and masshalances were80% in every case (see Supporting Information for
balances were high to excellent in every case (see Supportingexact values); conversions (%) are given in parenthédeiastereo-
Information). meric ratios (dr) determined b¥H-NMR analysis of characteristic

. . . . . epoxide signals directly on the crude reaction mixture; ettb6% of
The allylic alcoholslab with no allylic strain were epoxi- the stated value$.Not determined because of severe signal overlap in

dized nondiastereoselectively by the Mn(sal@@nd in a low  the!H-NMR spectrume *H-NMR spectral data for the epoxy acetates
but insignificanterythroselectivity by the Fe(porphyrin) catalyst ~ 6chave been inadvertently switched in ref 14; for chemical correlation
4 (Table 1, entries 1,2). For the substratesl (Table 1, entries ~ See Supporting Information.

3,4) with 1,2-allylic strain, also a low, insignificant diastereo-

selectivity (slightthreo preference fodd) was found. Clearly, dominates the stereochemical outcome of these-oxetal-

1,2-allylic strain does not play a significant role in this exo ~ mediated reactions.

metal-mediated epoxidation of chiral allylic alcohols. The hydroxy-protected derivativés—c displayed a reversed
The allylic alcoholslef possess 1,3-allylic strain and their  diastereoselectivityefythro) in these metal-catalyzed epoxida-

epoxidation in the nonpolar Gi&l, proceeded with higkthreo tions (Table 2). For these substrates ¢ingthro diastereoselec-

diastereoselectivity (Table 1, entries 5,6). In the polar protic tivity is significantly higher with the Fe(porphyrirj than the
methanol, however, ththreo selectivity dropped drastically,  Mn(salen)3 catalyst and the differences in the magnitudes of
as is shown for the allylic alcohdlf (Table 1, entry 6). the stereoselectivities are much more pronounced than those
Substratelg contains both 1,2- and 1,3-allylic strain and for the allylic alcoholsl. A striking example is the acetafe

serves, therefore, as a stereochemical mechanistic probe to asseéfable 2, entry 3), which is epoxidized in low selectivity by
which type of allylic strain dominates for a particular oxidéht.  the Mn(salen)3, but with high erythro selectivity by the Fe-
Since in the epoxidation ofg the threo diastereoselectivity (porphyrin) 4 catalyst. Steric effects are responsible for this
decreased only slightly (Table 1, entry 7), 1,3-allylic strain pronouncecerythroselectivity. The highestrythro selectivity
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Table 3. Diastereo- and Regioselectivities in the Epoxidation of
1-Methylgeraniol th) M
selectivities o]
diastered®  regid®
entry oxidant solvent threa erythro  3,4:7,8 HsC
1 3(Mn)/PhIO! CH,Cl, 94:06 47:53 A 100-115° c 40-50°
2 4(Fe)/PhIO CHCI, 88:12 27:73 {ox ca. ) (oxca. )
3 Ti(Oi-Pr)/TBHP®  CH.Cl, 98:02 95:05
4 VO(acac)yTBHP®  CH.Cl, 89:11 95:05 >L o..
5 m-CPBA® CCly 90:10 49:51 O--TiT” wiNoa H
e . . 0O o0 1 \
6 DMD acetone 84:16 16:84 e %,.UCHS (;/‘!\ o
a Diasteromeric ratios (dr) of the 3,4 epoxides; for the 7,8 epoxides HaC W CH Hao/'—]'_|$<"'CH3
the dr values are 50:50 Determined by*H-NMR analysis of charac- 8 CHz
teristic epoxide signals directly on the crude reaction mixture; error 900 o R
+5% of the stated value§Regioselectivity of the 3,4 and 7,8 epoxides. D (o ca. 70-90%) E (xca. 120°) F(ccca. 130%)
40.30 equiv of 4-phenylpyridinél-oxide (PPNO) as additivé.Ref- Figure 1. Transition-state structures for the epoxidation catalyzed by
erence 13. the manganese(salen) and iron(porphine) complexeB), VO(acacy

TBHP (C), Ti(OPr/TBHP (D), mCPBA (E), and DMD ).
was observed for the bulky silyl-protecting group in derivative
5b (Table 2, entry 2). catalysts (entries 3 and 4) substantiates that the hydrogen-
The mechanistic probe 1-methylgeranibh), which has been  bonding mechanism rather than metalcoholate formation
recently established by d8was applied to assess the regio- as applies. The higher regioselectivity in favor of the 7,8 epoxide
well as stereochemistry of the present metal-catalyzed epoxi-for the iron-catalyzed reaction versus that of manganese reveals
dations. As expected, analogous to the related 1,3-allylically that hydrogen bonding is less effective for thefeao than

strained alcoholLf (Table 1, entry 6), also a very highreo for the Mn—oxo intermediate and less of the 3,4 epoxide is
diastereoselectivity was obtained for the 3,4 epoxite€Table formed.

3, entries 1 and 2).

In regard to the regioselectivity (Table 3, entries 1 and 2),
for the Mn(salen)3 catalyst both the 3,4 and 7,8 epoxides are
formed in nearly equal amounts, while for the Fe(porphy4in)
catalyst the 7,8 epoxide is favored.

Now that hydrogen bonding has been established to be
responsible for the observed hydroxy-directieto selectivity
in the present metal-catalyzed epoxidation, an unprecedented
fact for oxo—metal complexes with valuable mechanistic
information, it remains to inquire about the transition-state
structure of this oxygen-transfer process. Decisive for this
purpose is the dihedral angle-@—C=C () between ther

The present results demonstrate, despite literature cf&mns, plane of the double bond and the hydroxy group of the allylic
that allylic alcohols may be effectively epoxidized by Mn(salen) system (Figure 1), which assumes characteristic values for
and Fe(porphyrin) complexes with iodosyl benzene as the catalytic and stoichiometric epoxidations of chiral allylic
oxygen source. CH insertion to formf-unsaturated ketones  gjcohols with allylic strain. For the established oxidants (Figure
was observed only to a minor extent for substieigTable 1, 1), optimal dihedral angles (@C—C=C) have been estimated
entry 2). o ) _ ) to be 406-50° for VO(acac) TBHP (structureC), 70—90° for

For mechanistic scrutiny, our data establish unequivocally Ti(Oi-Pr)y/ TBHP® (structureD), ca. 120 for mCPBA’ (struc-
the hydroxy-directing effect in this oxemetal-mediated ep- e E), and ca. 130for DMD4 (structureF) to rationalize the
oxidation on three counts: (i) 1,3-Allylically strained alcohols  ohserved diastereoselectivities. Inspection of the complete set
afford threo epoxy alcohols with high (d.r. ca. 90:10) diaste-  of thregerythro diastereoselectivities in Table 1, which serves

reoselectivity in the aprotic Ci€l; solvent (Table 1), (ii) in as a stereochemical fingerprint for the transition-state structure,
the protic MeOH, the diastereoselectivity drops to 57:43 (Table suggests that the dihedral angles for the -emmtal oxidants

1, entry 6), and (iii) when the hydroxy functionality is protected  3/pp10 and 4/PhiO fit qualitatively best between that for
with an alkyl, silyl, or acyl groupgrythro selectivity applies Ti(0i-Pr)/TBHP (70-90°) andm-CPBA (120), more closely
due to repulsive steric interactions (Table 2). These experimental;, ‘iha |atter. and may be assigned to be 2005’. The match
findings support hydrogen bonding between the allylic hydroxy s ot perfect, but most indicative in this stereochemical
group and the oxemetal intermediate as attractive interaction. comparison aré the 1,3-allylically strained substraand1f.
That metat-alcoholate bonding does not operate in this metal- ;o meta+alcoho|a£e bonding, as is the case for Ti@y/
catalyzed oxygen transfer comes from the regioselectivities TBHP (structureD), is not in\,/olved for the oxemetal

observed W.ith the 1-_methy|gerani01r() as _probe (Taple 3)- complexes3 and4, a hydrogen-bonded transition-state structure
For comparison, previously we have establiSRéuat oxidants similar to that ofm-CPBA (structureE) applies

such as Ti(@Pr/TBHP and VO(acagjTBHP (entries 3 and . .

4), typical for metat-alcoholate bonding, afford with high We propose the transition stawsor B (Figure 1) to account
preference (95:5) the 3,4 epoxide, while the characteristic fOr the stereochemical results of the exwetal-mediated
hydrogen-bonding systems-CPBA and dimethyldioxirane epOX|dat!on of chiral allyllc alcohols. 1,3-Allylic strain pI’OVIde.S
(entries 5 and 6) favor the 7,8 regioisomer. The fact that the the required conformational alignment and hydrogen bonding
oxo—metal catalyst8 and4 lead to proportionally more of the with the incoming oxidant the necessary attractive interaction

7,8 epoxide (entries 1 and 2) than the titanium and vanadium for the preferredhreo w-facial attack. In the absence of 1,3-
strain, e.g. substrateka,b, or for the 1,2-allylically strained

Discussion

Leélﬁl) (S). *j:g)lé'gé;-lé NI.\|10|'Orcatélr'1 :\rﬁggalég ggggl_%g 4(5’) (S)h$g9'| Osr-? derivativeslc,d (the influence of 1,2-allylic strain is negligible),
T. G.: Miksztal, A. R.J. Am. Cghem_ S0d.989 111, 7443-7448. yior low if any threo selectivity is found, which is in good accord

(13) Adam, W.; Mitchell, C. M.; Paredes, R.; Smerz, A. K.; Veloza, L.
A. Liebigs Ann./Recueil997 1365-1369. (14) Adam, W.; Smerz, A. KJ. Org. Chem1996 61, 3506-3510.
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with the proposed transition-state structu#esand B. This B for this oxygen-transfer process. For the time being, both
favorable hydroxy-directing effect accelerates the reaction rate transition statesA and B (Figure 1) apply, but previous
because the hydroxyl-protected derivatiég@able 2) are less  experimentdf and computation& results favor the metallaox-
efficiently epoxidized than the parent allylic alcohdlf. etane optiorA, although the mechanism is still under del3&t&2°
Moreover, the substrat&possess no hydrogen-bonding donors ~ These novel results establish that the hydroxy-directed
and, hence, since there is no hydroxy-group directivity, steric epoxidation of chiral allylic alcohols may be effectively
effects promoteerythro diastereoselectivity, as convincingly catalyzed by achiral manganese(salen) and iron(porphyrin)
manifested in the case of tfiBuMe,Si-protected derivativéb complexes. The highlthreo-diastereoselective epoxide forma-
(Table 2, entry 2). As for the proposed hydrogen bond between tion is controlled by the synergistic combination of 1,3-allylic
the oxo functionality of the oxemetal complexes derived from  strain and hydrogen bonding.

the catalysts3 and 4 and the hydroxy group of the allylic

alcoholsl, Jergensen et &F.have reported computational results ~ Acknowledgment. This work was supported by the Deutsche
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