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The Mn(OAc)-mediated oxidative free radical cyclization
method has been successfully used for construction of polycyclic
ring structures found in many natural products, especially
terpenoids. The excellent stereoselectivities, mild reaction condi-
tions, and compatibility with a range of functional groups render
the radical cyclization method an attractive alternative to the
olefin-cation polycyclization methotiHowever, enantioselective
radical cyclization remains a significant challerfgelerein we
report a highly enantioselective radical cyclization approach to
(—)-triptolide (Figure 1), a potent antitumor and immunosup-
pressive agent isolated from the Chinese medicinal plaipk-
terygium wilfordiiHook F (Lei Gong Tengj.

In our synthetic route tof)-triptolide and its various ana-
logues; a Mn(OAck-mediated radical cyclization reaction of
compound4a or 4b was employed to construct the tricyclic core
(Scheme 1), providing trans produga or 5b, respectively, as
the major isomer. On the basis of Snider's metfode used
(—)-8-phenylmenthol as the chiral auxiliary, and obtained up to
9:1 diastereomer ratio & and 9 for the radical cyclization of
chiral 8-keto estef7 (Scheme 2). The oxidative radical cyclization
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Lanthanide triflates, Ln(OT$) have been used as Lewis acid
catalysts in protic solvents for a variety of reactions, such as Aldol
condensatiorfsand aza DielsAlder reactions. Thus, several
lanthanide triflates were tested in the Mn(O4o)ediated radical

Ml

reactions were proposed to proceed in at least three steps (Schemeyclization of achiral compoundéa and4b (Table 1). Without

3).5 Mn(OAc); functions as a Lewis acid (LA) to promote enol  Ln(OTf)s, cyclization reactions were very slow in HOAc at room
formation and then as a single electron oxidant to generate thetemperature or in GEH,OH at 0°C (entries +3). However, in
electrophilic radical, which subsequently adds to tkeGCdouble the presence of ytterbium triflate, the reactions proceeded
bond. We conjectured that, when a stronger LA is used, the enolremarkably faster, providing higher yields as well as better
formation would be more favorable and the electrophilicity of stereoselectivities (entries4). The reaction in CFEH,0OH at 0

the radical would be enhanced by chelation to the LA, thereby °C appeared to be faster than that in HOAc at room temperature
increasing the rates for radical cyclization reactions. Furthermore, (entry 4 vs 5). Among the lanthanide triflates tested, Yb(@Tf)
recent studies reveal that LA may enhance the stereoselectivityand Er(OTf} were found to be better than others (entries1).

of radical addition reactionsTherefore, the effect of LA on the
oxidative radical cyclization reactions was investigated.
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Most importantly, the use of a catalytic amount of Ln(QTd)d
not result in a significant decrease in yields (entry 7 vs 8). These
results clearly indicate thd&nthanide triflates catalyze the Mn-
(OAc)-mediated radical cyclization reactio$

For radical cyclization of the-{)-8-phenylmenthyl estera,
the syn and anti orientations of the two carbonyl groups may lead
to opposite chiral induction based on the favorable chairlike
transition states (Figure 2). In the syn orientation, the 8-phenyl
group can effectively shield thsif-face of the radical and restrict
the cyclization to therg)-face to give8a. In the anti orientation,
however, only theg)-face is accessible for the radical cyclization,
providing diastereomeda. As the bidentate chelation gfFketo
esters to Ln(OTHwould lock the two carbonyl groups in a syn
orientation, we expect to obtain higher diastereoselectivity for
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Table 1. Ln(OTf)s-Promoted Oxidative Free Radical Cyclization Mediated by Mn(Q2&¢),0?

reaction temp reaction time yield
entry substrate Ln(OTiYequiv) solvent (°C) (h) (%)° 5/6
1 4a none HOAc rt 89 45/15
2 da none CRCH,OH 0 24 36/7
3 4b none CRCH,OH Otort 27 29/6
4 da Yb(OTf)3°H,0 (1.0) HOAc rt 9 69/6
5e 4a Yb(OTf)s°H,0 (1.0) CRCH,OH 0 3 69/10
6 4b Yb(OTf)3-H,0 (0.3) CRCH,0OH 0 35 59/8
7 4a Er(OTf)s (1.0) CRCH,OH 0 25 7312
8 da Er(OTf)3 (0.2) CRCH,OH 0 6.5 67/7
9 4b Er(OTf)3 (0.2) CRCH,OH 0 6.5 62/9
10 da Sm(OTf) (1.0) CRCH,OH 0 3 63/8
11 4b Sm(OTf) (0.2) CRCH,OH 0 6.5 44/10
12 da Y(OTf)3 (1.0) CRCH,OH 0 5.5 5717
13 4a Pr(OTf) (0.2) CRCH,OH 0 5 63/7

a All reactions were run in degassed solvent at 0.1 M concentration with 2.2 equiv of Mn{QHgD. ° Isolated yield. Use of anhydrous
Yb(OTf); gave similar results.
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Table 2. Ln(OTf)s-Promoted Asymmetric Radical Cyclization

syn orientation
(re)-face cyclization

Mediated by Mn(OAcy2H,0?

Ln(OTh,

Mn(OACc);2H,0

7 —_——— 8 + 9
aR=CHMe, o1 =5C aR=CHMe, aR=CHMe,

anti orientation

{si)-face cyclization

|

9a

Scheme 4
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a2 Reagentsand conditions: (a) Mn(O4&2H.0 (2.2 equiv), Yb(OT#-H,O

(2.0 equiv), CECH,OH, =5 °C, 77%; (b) KHMDS, THF,—78 °C to
—30°C, then PhNT#, 95%; (c) DIBAL—H (2.2 equiv), CHCl,, —78 to
—30°C, 20 h, 63%,; (d) CO, ByN, Pd(PhP), LiCl, CHsCN, 65°C, 12
h, 93%; (e) BBg, CH.Cl,, —78 °C to rt, 98%; (f) CrQ, HOAc (aq), rt,
45%); (g) BBg, CH.Cl,, —78°C to rt, 99%; (h) NaBH, MeOH, 0°C, 2
h, 99%; (i) NalQ, MeOH/H,0 (3:1), 0 to 25°C, 96%; (j) CRCOCH;,

bR=H bR=H bR=H
Ln(OTf)z yield®  diastereomer
entry  substrate (equiv) (%) ratio® 8:9

1 7a Yb(OTf)s*H-0 (1) 77 38:1
2 7a Yb(OTf)3-H,0 (0.2) 71 26:1
3 7b Yb(OTf)3-H,0 (0.2) 66 36:1
4 7a Sm(OTf (0.2) 73 28:1
5 7a Pr(OTf) (0.2) 76 24:1
6 7a Eu(OTf) (0.2) 68 26:1
7 7b Er(OTf); (0.2) 67 27:1

oxone, NaHC@ CH;CN/H.O (3:2), 0°C, 70%; (k) HO,, NaOH, MeOH,

a All reactions were carried out in degassed;CH,OH at 0.05 M
concentration with 2.2 eq. of Mn(OAeRH,O at —5 °C. ° Isolated
yield. ¢ The ratios were determined B{# NMR analysis (500 MHz,
CDCls) of the crude product (for details see Supporting Information).

25 °C, 96%; (I) see ref 5.

We expect that our highly enantioselective radical cyclization
methodology should have tremendous potential in asymmetric
synthesis of many polycyclic natural products. In addition, our
study opens up the possibility of using chiral Lewis acids for

8awhen lanthanide triflates are used as catalysts. Indeed, in thecatalytic asymmetric radical cyclization reactidfs.
presence of Yb(OT$)(1.0 equiv), the cyclization ofa afforded

77% of trans product8a and9a (ratio 38:1) and a trace amount
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entry 1). Both the yield and diastereoselectivity were higher
compared to the case without Ln(OFfjScheme 2). Similar

Supporting Information Available: Experimental details for the
radical cyclization reactions, preparation#sand7b, determination of

diastereoselectivities (ratios higher than 24:1) were obtained whengjastereomeric ratio 08 and 9, and synthesis of and 3 (PDF). This

20 mol % of lanthanide triflates were employed in the cyclization material is available free of charge via the Internet at http://pubs.acs.org.
reactions offaand7b (Table 2, entries 27). The excellent chiral

induction suggests the importance of LA in controlling the

carbonyl rotamer population in the cyclization step.

Oxidative radical cyclization of theX)-8-phenylmenthyl ester
10in the presence of Yb(OT{)lafforded major diastereoméi
(dr 38:1), which was ultimately transformed inté)-triptophe-
nolide @) and (-)-triptonide @)* (Scheme 45.In view of the
prior work on the conversion ofH)-triptonide into )-trip-
tolide >1?a formal enantioselective synthesis ef)ftriptolide (1)

was thus accomplished.
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