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Various C-16 hydroxy steroids have been prepared with the aid of CrO3/BuyNIO,. Out of the two possible reaction courses, transition state B
is favored because of less steric interference between substrate and CrO,. Thus, C-H bonds at C-16 are oxidized selectively.

The availability of efficient synthetic methods for the have achieved various levels of success. While chemical and
o-hydroxylation of cyclic ethers has been of considerable biochemical hydroxylatiorffften proceed with high stereo-
interest in organic chemistry. Many oxidations mediated by and regioselectivity, chemoselective-hydroxylation of
transition-metal complexes and organic oxidants have beencyclic ethers remains an open question.

investigated. For example, dioxiranes including DMeDd

In our efforts to synthesize structurally complex and

TFMDO,? and transition-metal complexes such as manga- biologically hyperactive cephalostatin'dwe envisioned

nese’ coppert vanadiun®, iron® cobalt! and rutheniung,

C—H oxidationa to cyclic ethers as an important value-
added operation with regard to improved access to the north

t Cephalostatin Support Studies. 30. Oxidation 5. For part 29, see: Wei, Unit of cephalostatin 1 (Scheme 1).
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Scheme 1

spiroketal substrates underwent decomposition or isomer-
ization due to the strong acidity ofsHDg required in the
catalytic protocol. Therefore, stoichiometric oxidation condi-
tions viz. (CrQ (3 equiv), BuNIO4 (3 equiv), MeCN/CH-

Cl, (3:1, 0.1 M),—40 °C, 10 min}* were employed in all
the C—H oxidations.

We propose that a neutral dioxo, monoperoxo £i©
generatedh situ by the reaction of Cre@with BusNIO,. This
species, which is structurally similar to dioxirart@gresum-
ably serves as the active C—H oxidant (Scheme 2).

Scheme 2. Proposed Mechanism for Generation of GrO
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-stable at -40°C for hours
-deep orange color

CrOy =

-Cr peroxy stretch (0O-0); 945cm™!

The attack of the periodate on Cr followed by loss ofBu
NIOs produces the dioxoperoxy €rspecies. The generated
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oxidant is stable at -48C for several hours and has an orange
color typical of C¥'. A Cr peroxy stretch is observed at 945
cmtin the IR spectrum.

We first assessed the compatibility of the/Gixidant with
various functional groups (Table 1). While acetate, benzoate,

Table 1. Regio-, Stereo-, and Chemoselective I€ Oxidation
of Steroid Substrates

X d
OR PN

Zz
CrO3 (3eq)

BugNIO4 (3eq)
AcO -40°C 10 min
entry OR X Y Y Y" Z product yield (%)
1 OAc OAc #CH, &CH, H 1 84
2 OBz OBz #CH, &CH, OBz 2 75
OBz H CHYOH H COH H 3 78
4 OBz H CH;0Ac H CH,OAc H 4 97
5 OAc OAc CHOTs H CHO0Ts H 5§ 88
6 OBz H CH,OTBS H CH,OTBS H 6 33
7 OBz H CH,OTBDPS H CH,OTBDPS H 7 86
§ OBz H CH,I H CHyl H 8 72
9 OAc OAc CHyl H CHyl H 9 73

olefin, iodide, TBDPS, and tosylate functionalities (entries
1, 2, 4, 5, and #9) are stable to oxidation conditions,
primary alcohol (entry 3) is rapidly converted to carboxylic
acid along with formation of the Ct60H. The substrate
bearing a TBS protecting group (entry 6) gave a low yield,
due to its marginal stability under the acidic reaction
conditions (pH 2). The TBDPS protected steroid (entry 7)
gave substantially improved yield. Oxidation-susceptible
olefin and iodide moieties (entry 1, 2, 8, and 9), which
ultimately give epoxides under the influence of DMDO or
m-CPBA, are inert under this oxidation condition, highlight-
ing the chemoselectivity of the Cr-mediated-8 oxidation.

The value of this oxidation is its extremely mild conditions
combined with exquisite selectivity. The observed retention
of configuration strongly suggests that the-B& oxidation
proceeds through a concerted “three center two electron”
oxenoid insertion into €H bonds rather than through radical
intermediates®

It has been suggested that8 bonds aligned with oxygen
atoms bearing relatively small dihedral angles—Et+0O-
nonbonding electron pairs) enjoy pronounced stereoelectronic
activation resulting in higher rates of hydrogen atom abstrac-

%ion than other sites (Scheme 13).
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s E-ring opened products. The formationidfacan be viewed
Scheme 3. Possible Transition States of-& Oxidation as sequential allylic oxidation, hydroxyl group directed
face epoxidation, and E-ring openingubstitution at C-15

with an electron-withdrawing acetate group (entry 13)
dramatically changed the site of G+oxidation.With C-16
deactivated by the adjacent acetate groupHCoxidation

, free rotation occurs at C-22 to provide hemiacetdBa. This result
A AcQ illustrates an important electronic effect on the regioselec-
disfavored favored tivity of C—H oxidation. It is therefore likely that deactiva-
tion of C16 by the oxirane or dibromide moieties enables

N ) oxidations ofL0and12 (Scheme 4) to initially take place at
Thus, positions at C16 and C22 are both considered

preferred oxidation sites. Transition stétés disfavored due _
to the presence of severe steric interaction betwe(_an the Scheme 4. Electronic Effect on the €H Oxidation
approaching Cr@and thea-C21 methyl and free rotating _

C23—27 alkyl side chain. Transition staBeoffers a more C-22 activated
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AcO

, —~0OBz —0Bz
accessible approach vector, so that the oxidation preferen- osz » ;| : oBz % OH °
tially generates the C16 lactol. 5 "CrOy" 6
The unusual chemoselectivity for-¢ oxidation over EE voo13 Hﬁ 13a
epoxidation is in keeping with a theoretical study that'Cr * A os deactivated " A
peroxo species have higher calculated activation barriers for C-22 activated
oxygen transfer to ethylene; they are less prone to epoxida- . OAc _-OAc _Ohc

tion than similar M¢' and W' specieg?

We next examined the effect of proximal C-14,15 substi- W ]
tution on the C16 oxidation (Table 2). Unlike the substrates  *;

C 16

deactlvated

"Cro," 3
“o
© 10a

C22. Sequential oxidation of the-hydroxyketone will then
—onc ~one afford the E-ring-opened product®aand12a, respectively.
B0 % ; : C—H oxidation of other sized spiroketals (Table 3) was

Table 2. C14,15 Substitution Effect on the-@4 Oxidation

entry substrate product(s) yield (%)?

. . . . ;
10 o 10 S l0a 79 also studied. In the case of dibromidel, no reaction
3 o
[8) @)
) _OAc . Z/OAC ) _OAc
B2O % : ; ; : Table 3. C—H Oxidation of Steroid Spiroketals
11 (o] 1 o lla m‘% 5/48 entry substrate product yield (%)
. :/OAc 3 _OAc _/OAc .
BzQ : H i 14 - NR!
P T T .
(1:1.9) /VOB
Br Br : / z b
_ 0Bz —/OBZ s : ", 92
BzQ : oH 2
13 «
‘g o 13 § O 13a 69
k3 bAc OAc 16 OBz 91

a|solated yield? Ratio determined byH NMR integration.

COgH
which possess dihydro C-14,15 (Table 1), the presence of . 43/45
oxirane, olefin, and dibromides (entries-102) leads to
(18) (a) Di Valentin, C.; Gisdakis, P.; Yudanov, I. V.; R6sch,INOrg.
Chem200Q 65, 2996. (b) Dickmann, M. H.; Pope, M. Them. Re. 1994 46/41
94, 569. (c) Amato, G.; Arcoria, A.; Ballistreri, F. P.; Tomaselli, G. A;; OH
Bortolini, O.; Conte, V.; Di Furia, F.; Modena, G.; Valle, G&.Mol. Catal OH 18b

1986, 37, 165. (d) Mimoun, HAngew. Chem., Int. Ed. Engl982,21,
734. (e) Paquette, L. A.; Kobayashi, Tetrahedron Lett1987,28, 3531.
(f) Jorgensen, K. AChem. Re»1989,89, 431. (g) Romao, C. C.; Kuhn, @Reaction conditions:-40 to+25°C, 2 h.> —10°C, 1 h.
F. E. Herrmann, W. AChem. Rev1997,97, 3197.
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occurred, presumably because of the combined steric andijj

electronic effect Qf bromine at C-15. Stoichiometric oxipiation Table 4. Regioselective C—H Oxidation
of saturated spiroketald5 and 16 afforded the tertiary
alcohols15a and 16a, respectively. It is worth noting that
the oxidation of15 which posseses an oxirane moiety,
requires higher reaction temperatures and a prolonged
reaction time (—10°C, 1 h). Unlike the 5/5 spiroketals,
oxidation of 5/6 spiroketal 7 results in the formation of the
E-ring opened produdt7btogether with the hemiacetala

The formation of17b is attributed to the presence of an
irreversible alcohol oxidation sted{d to 17b in Scheme

5) which serves to the opening of the 5-ring hemiacetal.

entry substrate product yield (%)

Scheme 5
B0 . O o B0 3 O o
0 — OH
21 =~/ OH =0 46p
162 B0 - RS RuG, and HIOs in 74% vyield after 2 h, while prolonged
Oo OBZ reaction afforded 17% of C16, 22-diketo22b, probably

resulting from oxidation of thev-hydroxyketones in equi-
librium with the initially produced hemiacetals. In the case

of CrV'-mediated oxidation, hemiacet2®aor diketone22b
OH OH was selectively produced under milder reaction conditions.
17a \} e

GO.H
BzO

: ol Table 5. CV'- vs RW"-Mediated C—H Oxidation
W o i&/gﬂd\/\ . Ac(::) E/OAc

17|

A 5/6 spiroketall8 with a C-14 OH group is oxidized to
give the corresponding hemiacetaBb along with 6/6

AcO

spiroketall8a. The structure di8ahas been unambiguously  entry conditions 22a (%)/22b (%)
determined by X-ray crystallography. Oxidation &8b, 22 CrO/BusNI1Oy (3 equiv), 92/0
followed by acid-catalyzed transketalization, seems to be a MeCN/MC, —40 °C, 10 min
reasonable rationale for the formati@8a. 23 CrOs/BusNIO, (3 equiv), MeCN/MC, 28/62
Unusual regioselectivities are observed in the case of bis- —40to —20°C,2h
tetrahydrofurari9 and menthol derivativ@0 and21 (Table 24 CrOs/BusNIO4 (5 equiv), 0/84
4). Out of many products possible (arrows shown for MeCN/MC, —401t0 —20°C, 2 h
potential oxidation sites in Table 4), C16 hemiacetfh 25 RuO; (5 mol %), HslOs (5 equiv), 7410
and tertiary alcohoROaand2laare obtained as the major CCl/MeCN/H0, 25 °C, 2 h
26 RuO; (5 mol %), Hs10¢ (5 equiv), 55/17

products. The ;tgrically less hindered tertiary € bond c_>f CCl/MeCN/H,0, 25 °C, 24 h
20 has been oxidized preferentially owscondanpenzylic
position also adjacent to oxygen, the tertiaryposition of

the acyclic ether, and sterically more hindered tertiaryHC In summary, the Ct C—H oxidant offers strong induce-
bonds. Formation of keton21b presumably results from  ment to further understand the scope and limitations of this
hydroxyl directed production of a 1,2-diol frog1a followed powerful and selective reagent.
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