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Abstract: Mn(lll)-mediated oxidative free radical cyclization reactions are useful for construction of polycyclic
compounds. In the total synthesis of triptolic® &nd its related compounds, construction of tricyclic skeletons

4 and5 was achieved by the Mn(OAgnediated oxidative radical cyclization of a series of acyclic precursors
6—9. The addition of a catalytic amount of lanthanide triflates was found to significantly improve the rate and
stereoselectivity of those radical cyclization reactions. The effects of the benzylic oxygen substituents and
o-substituents (chloro and methyl) on the radical cyclization reactions were also investigated. Transition-state
models were proposed to explain the observed stereoselectivity.

Introduction Scheme 1

Mn(lll)-mediated oxidative free radical cyclization reactions ~ o \ 7 ~Mn" ~ eyclization
are an important class of reactions for organic synthiesihe Q,\ALOR’ M ——= CZiOR—L' UOR—’ C/Lcooa
oxidative free radical cylization reactions of unsaturgiddeto © BN o’ o
esters were proposed to proceed in at least three steps (Scheme
1).28 Mn(OAc)s promotes enol formation and then functions Scheme 2
as a single-electron oxidant to generate the electrophilic radical, o
which subsequently adds to the=C double bond. These MeOD:E COR' ““’:%‘l MEO%E — HO@%%%%J;H
reactions allow formation of multiple -€C bonds with excellent ° © o
stereoselectivities, mild reaction conditions, and compatibility
with a range of functional groups. As an attractive alternative
to the olefin-cation polycyclization methddthe oxidative
radical cyclization method has been successfully applied to the
construction of monocyclic, bicyclic, tricyclic, and tetracyclic
compounds. For examples, Snider et al. used cyclization of
f-keto esterl to obtain tricyclic compoun, the key inter-
mediate for the synthesis of podocarpic acid (Schenfe 2).

Mnlll

1laR=H,R'=Me 2a R, = CO,Me, R, = H (70%)
1bR=Me, R =Et 2b R, =Me, R, = CO,Et (50%)

Podocarpic acid

In our total synthesis of triptolide3}” and its related com-
pounds, construction of tricyclic skeletoignd5 was achieved
by the Mn(OAc}-mediated oxidative radical cyclization of a
series of acyclic precursor8—9 (Chart 1). We found that
lanthanide triflates have significant effects on the rate and
stereoselectivity of those radical cyclization reactions. We also

(1) (a) Bush, J. B., Jr.; Finkbeiner, . Am. Chem. So2968 90, 5903. investigated the effects of the benzylic oxygen substituents and
(b) Heiba,(E). L; Dbessau, R. M.; Koehl, W. J., alr.Arr;dChem. Sod%GS o-substituents (chloro and methyl) on the radical cyclization
90, 5905. (c) Heiba, E. |.; Dessau, R. M.; Rodewald, PJGAM. Chem. ; ; ; ;

S0c.1974 96, 7977 (d) Corey. E. J.: Kang, M-O. Am. Chem. S0d984 reactions. The results are disclosed herein. A portion of the work
106, 5384. was published earliét.

(2) For an excellent recent review on manganese(lll)-based oxidative

free radical cyclizations, see: Snider, B. Bhem. Re. 1996 96, 339. Results and Discussion

(3) (a) Snider, B. B.; Patricia, J. J.; Kates, S.JAOrg. Chem1988 53, o ) o . )
2137 and references therein. (b) Curran, D. P.; Morgan, T. M.; Schwartz,  Oxidative Radical Cyclization Reactions in the Absence

¢, & Snider, B B. Dombroski, M. A1 Am. Chem, Soa991. 113%2885- of Lewis Acids. Acyclic precursor$—9 were designed for the
(11)2 2759, e R ' Mn(lll)-based radical cyclization reactions (Chart 1). Com-

(4) For reviews on olefin cation cyclization reactions, see: (a) Bartlett, poundst and7 possess oxygen substituents at the benzylic posi-
P. A.InAsymmetric Synthesilorrison, J. D., Ed.; Academic Press: New  tjon, whereas8 and 9 have none. Compoundsb and 9 con-

York, 1984; Vol. 3, part B, p 341. (b) Sutherland, J. K.Gomprehensie ; _ : ; _
Organic SynthesjsTrost, B. M., Flemming, I., Eds.; Pergamon: Oxford, tain an a-substituent (chloro or methyl) in thg-keto ester

1991; Vol. 3, Chapter 1.9, p 341. portion. The above precursors were synthesized by dianion dis-
(5) For examples, see: (a) Snider, B. B.; Kiselgof, J. Y.; Foxman, B. placemerf®® with various allylic bromidesA—D (Scheme 3).

M. J. Org. Chem1998 63, 7945. (b) Snider, B. B.; Dombroski, M. A.

Org. Chem.1987 52, 5487. (c) Dombroski, M. A.; Kates, S. A.; Snider, (6) (a) Snider, B. B.; Mohan, R.; Kates, S. A.Org. Chem1985 50,

B. B. J. Am. Chem. Sod99Q 112 2759. (d) Zoretic, P. A.; Fang, H.; 3659. (b) Zhang, Q.-W.; Mohan, R. M.; Cook, L.; Kazanis, S.; Peisach,

Ribeiro, A. A.J. Org. Chem1998 63, 4779. (e) Zoretic, P. A.; Zhang, Y.; D.; Foxman, B. M.; Snider, B. BJ. Org. Chem1993 58, 7640.

Fang, H.; Ribeiro, A. A.; Dubay, GJ. Org. Chem.1998 63, 1162. (f) (7) Yang, D.; Ye, X.-Y.; Xu, M.; Pang, K.-W.; Zou, N.; Letcher, R. M.
Zoretic, P. A.; Wang, M.; Zhang, Y.; Shen, 4. Org. Chem.1996 61, J. Org. Chem1998 63, 6446.

1806. (g) Zoretic, P. A.; Chen, Z.; Zhang, Y.; Ribeiro, A. Petrahedron (8) Yang, D.; Ye, X.-Y.; Gu, S.; Xu, MJ. Am. Chem. S0d.999 121,
Lett. 1996 37, 7909. (h) Jones, P.; Pattenden, $ynlett1997, 398. 5579.
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Free Radical Cyclization Reactions
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The radical cyclization reactions of compounfis9 were
carried out in acetic acid with 2.1 equiv of Mn(OA€QH,O
either at 50°C or at room temperature. The results are
summarized in Table 1.

Effect of Oxygen Substituent at the Benzylic Position.
Radical cyclization of substrat&s and7, both bearing oxygen
substituents at the benzylic position, gave 40% vyield for the
transring junction products and 8% yield for theis-ring
junction products at 50C (entries 1 and 3), but no reaction

J. Am. Chem. Soc., Vol. 122, No. 8, 2@HED

(TS2). Molecular mechanics calculations using the Macromodel
v4.5 programit were carried out to account for the observed
stereoselectivity. The minimum global energies for ttans

ring junction products with different configurations at the
benzylic position were calculated. The acetonide protected
compound4a was found to be more stable than its benzylic
a-epimer by 1.32 kcal mol, and the MOM-protected com-
poundl1was found to be more stable than its benzghepimer

by 1.36 kcal mot?, consistent with our experimental result. The
formation of compoundsta and 11 demonstrated the high
stereoselectivity of the radical cyclization reactions as four stereo
centers were set up in one step.

In Snider’s case (Scheme 2), the cyclization reactions took
place at room temperature, and only tin@ns products were
found$2 Surprisingly, we obtained botlrans- and cis-ring
junction products at 56C for radical cyclization 06—8 (Table
1, entries 1, 3, and-57). For substrate8a—c, thecis products
were isolated in up to 20% yield, and thmngcis ratio was
only 5.5:2 as compared to the ratio of 5:1 for entries 1 and 3.
The isolation ofcis products suggests that the cyclization of
thoseoa-unsubstitute@-keto esters@a and7—8) might not go
through the concerted process which leads to the formation of
thetrans products (Figure 2). Instead, a two-step process may
proceed. The intermediate radical (or catiBrgdopts a chairlike
conformationt? Further cyclization of this radical (or cation)
may occur in both the axial and the equatorial directions, which
gives thecis and thetrans products, respectively.

Effect of a-Substituent. a-Chloro Substituent. According
to the literaturé? the presence of am-chloro group can prevent
the overoxidation of thg-keto esters and increase the yield.
We found that, in the presenceafchloro group, the substrates
6b and9awere more reactive and the cyclization reactions could

took place at room temperature (entries 2 and 4). In comparison,pa carried out at room temperature (entries 8 and 9). The

for the radical cyclization of8a—c that have no benzylic

cyclization productd6—19 all have thetransconfiguration for

substituent, both the reaction rate and the yield were increasedig ring junction, with the ester group of the major diastereomers
(entries 5-7). It seems that substitution at the benzylic position 1g44418in the axial positiondis to the angular methyl group),

has a deleterious effect on the rate and yield of the radical

whereas that of the minor isomet3 and 19 in the equatorial

cyclization reactions, probably due to the increased tendencyposition transto the angular methyl group). The structures of

for hydrogen abstraction at the benzylic position. This is

corroborated by the fact that the benzylic oxidation products

21and22were isolated respectively from the radical cyclization
of 6a in MeOH and 6b under condition B (Scheme 4).
Compound22 was further converted to its 2,4-DNP derivative
2310 The structures o21 and 23 were determined by X-ray
analysis.

The stereochemistries of cyclization produg#s 10, 11, and
12 were determined by using 2D-COSY and NOESY, and the
structures of4a and 10 were further confirmed by X-ray

structural analysis. Interestingly, the oxygen substituents at the

benzylic position ofransring junction productdaand11 have

completely different orientations, that is, the acetonide group

cisto the angular methyl group whereas the OMOM grtaps

16, 18, and 19 were determined by X-ray analysis. The fact
that nocis-ring junction product was found suggests that in the
presence ofi-chloro group the radical cyclization reaction is
fast enough and proceeds through a concerted pathway.
Subsequent dechlorination of compoud@sl7 and18/19 with

zinc in acetic aci#t* afforded the tricyclic productsa (99%
yield) and4b (88% yield), respectively. Although one more
step is required, the overall yield B&is higher compared with

the direct cyclization oBa (entry 5).

The stronger preference for the ester group in the axial
position than for the chloro group is surprising given that the
ester group in the axial position of a cyclohexane is less fav-
orable than the chloro group due to larger 1,3-diaxial repufSion.

to it. The observed high stereoselectivities could be explained HoWever, ab initio calculation using Gaussian 94 progfam

using chairlike transition-state models shown in Figure 1. For

the cyclization of6a, the acetonide group prefers the pseu-
doequatorial position due to ring constraint, affording the
cyclization productda with the benzylic oxygen in thg-ori-

entation (TS1). However, the OMOM group at the benzylic
position of7 prefers the pseudoaxial orientation in order to avoid
the steric interaction with the methoxy group on the phenyl ring

(9) (a) Axelrod, E. H.; Milne, G. M.; van Tamelen, E. E.Am. Chem.
So0c.197Q 92, 2139. (b) Huckin, S. N.; Weiler, L1. Am. Chem. Sod974
96, 1082.

(10) Behforouz, M.; Bolan, J. L.; Flynt, M. S. Org. Chem1985 50,
1186.

(11) Mohamadi, F.; Richards, N. G. J.; Guida, W. C.; Liskamp, R,;
Caufield, C.; Chang, G.; Hendrickson, T.; Still, W. &.Comput. Chem.
199Q 11, 440.

(12) Jensen, F. R.; Gale, L. H.; Rodgers, JJEAM. Chem. Sod.968
90, 5793.

(13) (a) Snider, B. B.; McCarthy, B. ATetrahedron1993 49, 9447.
(b) Lee, E.; Lim, J. W,; Yoon, C. H.; Sung, Y.-S.; Kim, Y. K,; Yun, M,;
Kim, S.J. Am. Chem. So0d.997, 119, 8391.

(14) Corey, E. J.; Gross, A. WLetrahedron Lett1985 26, 4291.

(15) In the cyclohexane system, the conformational energi®&° (or
A values) for Cl group and COOGHjroup are 0.530.64 kcal mot* and
1.2-1.3 kcal mof?, respectively. See: Eliel, E. L.; Wilen, S. H.; Mander,
L. N. In Stereochemistry of Organic Compoundshn Wiley & Sons: New
York, 1994; Chapter 11, pp 69%97.
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Table 1. Mn(lll)-Based Oxidative Free Radical Cyclization 692

entry substrates  reaction conditions” products (yield) ©
=<0 <0
1 6a A )\%\Cozfﬂe + COzMe
o ) OH
4a (40%) 10 (8%)
2 6a B No reaction observed
MeO QMOM MeO QMOM
3 A /k%\cozm + cone
7 o ) OH
11 (40%) 12 (8%)
4 7 B No reaction observed
OMe OMe
Heor 4 “HCOzR
5 8a/8b A <
o OH
5a R =Me (55%) 13a R =Me (20%)
5b R =Et (52%) 13b R =Et (20%)
6* 8a B 5a (45%) + 13a (15%)
OMOM OMOM
A /ké;et\z\cozm + COzMe
7 8c o ' OH
14 (55%) 15 (20%)
OMe OMe
*C%ECOZMe +*%002Me
8 9a B < ¥
16 (78%) 17 (6%)
™o 00
\H + ,\H
WM co,et \Co,Et
9 6b B *%IC' . J\%C' .
o (o)
18 (55%) 19 (6%)
OMe
M coyet
10° 9b B e z
20 (64%)

Yang et al.

2 All reactions were carried out in degassed acetic acid with 2.2 equiv of Mn@2)0 at 0.1 M of the substrate concentrati6iCondition
A: 50 °C, 1 h; condition B: room temperature--8 h. ¢ Isolated yield.? The reaction time was-89 h with 80% conversiorf The reaction time

was 8 h.

indeed suggested a slightly stronger preference for the axialpresence ofx-methyl substituent also accelerates the radical
cyclization reaction§.X-ray structural analysis of compound

The 'H NMR spectra revealed higher percentages of enol 20revealed the axial orientation of the ester group. This can be
explained using transition-state models shown in Figure 4. There
and8a (5%), respectively, due to the electron negativity of the are two transition states for the cyclization reaction, one having
the ester group in the axial position and the other having the
9amight correlate with the percentage of the enol forms present ester group in the equatorial position. It is more favorable to

CO,CHjz group than for the axial Cl group (Figure 3).
forms present irbb (30%) and9a (21%) than those i6a (5%)
a-chloro group. The relative reactivity @&a vs 6b and8a vs

at equilibrium3a Furthermore, the electron-withdrawing chloro
group makes thex-radical more electrophilic, and thus the
addition of this radical to the €C bond is also accelerated.
o-Methyl Substituent. The cyclization reaction of compound
9b was carried out at room temperature in HOAc, affording
transring junction produc®0 as a single isomer in 64% yield
(Table 1, entry 10). Na&is-ring junction product was isolated.

(16) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T. A.; Peterson, G.
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Oriz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J. Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
- " - ) Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94revision A.1; Gaussian,
Comparing entry 10 with entries 5 and 6, we find that the Inc.: Pittsburgh, PA, 1995.
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entry 1). In the presence of 1.0 equiv of Yb(OsH,0, the
radical cyclization reaction dawas completeri 9 h with the

o transandcis products isolated in 69 and 6% yields, respectively

e 0& (entry 2). Apparently, the reaction was faster andtthag'cis

MeO,C H éojMe ‘\ﬂ_face ratio was improved from 2.2:1 to 11:1.
42 We then examined the solvent effect. The reaction in DMSO
was slow at room temperature even with 1.0 equiv of Yb(@Tf)
(Table 2, entry 3). In methanol, the reaction was very slow in
the absence of Ln(OT§)(entry 4). With the addition of Yb-

OMe (OTf)s (1 equiv), the reaction in methanol proceeded much faster
o ! 07 "omom (entry 5), but the yield was not satisfactory. In MeOH or HOAc/
MeO,C CoMe  ar-face MeOH mixed solvents at €C, the radical cyclization resulted
TS2 1 in low yields even in the presence of Yb(OF {entries 6-8).
Figure 1. Using CRCH,OH as the solvent, the reaction at© was very
slow in the absence of Yb(OTEf)entry 9). However, with 1.0
Scheme 4 equiv of Yb(OTf), the reaction was complete in 3 h, and the

mona 50 ove trans product was isolated in 69% yield together with 10% of
coome Weon 43 (0%) * 10.(10%) + O‘ H_coome thecis product (entry 10). Therefo_re, QEH?OH_ was found to
55°C/h I on be a suitable solvent for the radical cyclization of compound
21 (5%) 8a, with satisfactory rate and yield.
Besides Yb(OTH, more than 10 lanthanide triflates were
% evaluated in the Mn(lll)-based radical cyclization8z (Table
oAk o HCO o 2, entries 16-22). Among them, Yb(OTf and Er(OTf} are
Cleokt “home 2 72 . . . . . .
o more effective Lewis acids than others in promoting the radical
cyclization (entries 10 and 13). In addition, the use of a catalytic
amount of lanthanide triflates did not decrease the yields

"Y"\ 24DNPH' T2 y significantly (entries 10 vs 11, 13 vs 14, and entry 18). These
_’ )\Q\%&?“‘ o Yo results clearly indicate that lanthanide triflates catalyze the
o NNH Q“"? Mn(lll)-based radical cyclization reactions.
22(5%) 365wy To elucidate the effect of lanthanide triflatéls, NMR studies

on the enol formation of ethyl acetoacetate in the presence and

have the ester group in the axial position than it is for the methyl in the absence of Yb(OTf)were carried out (Table 3). The
group because the ester group has less 1,3-diaxial repulsion withresults revealed that, in the presence of Yb(@THe percentage
the angular methyl groul. As a result, compoun@0 was of the enol form was significantly increased. It seems possible
obtained as the major cyclization product. This is in agreement that the Yb(OTf} accelerates the radical cyclization through
with the selectivity observed by Snider and co-workers for the the increase of enol population. Furthermore, with the chelation
cyclization of1b (Scheme 2§. by Yb(OTf)s, the a-radical may become more electrophilic

Oxidative Radical Cyclization Reactions in the Presence  (Figure 5), and the addition of this radical te=C bond may
of Lewis Acids. According to the proposed mechanism for the also be accelerated, hence increasing the reaction rate and the
Mn(lll)-mediated oxidative radical cyclization reactions (Scheme trang(cis ratio.
1),2 one of the functions of Mn(OAg)is to act as a Lewis acid We also examined the effect of lanthanide triflates on the
to promote the enol formation. We conjectured that, when a radical cyclization of compoundsa, 6b, 9a, and9b. We found
stronger Lewis acid is used, the enol formation would be more that, in the presence of Yb(OEf)substrate$a, 6b, and 9a
favorable and the electrophilicity of the radical would be bearing the benzylic acetonide-protecting group orotfehloro
enhanced by chelation to the Lewis acid, thereby increasing thegroup decomposed quickly (Table 4, entries3). For the
rates for radical cyclization reactions. In fact, recent studies o-methyl-substituted substra®b (entry 4), the radical cycliza-
reveal that Lewis acids can accelerate some radical reactionstion reaction carried out at 0C in the absence of Yb(OTH)
including radical addition and atom-transfer reactions, and can was not completeni 8 h (74% conversion), and two diastere-
enhance the stereoselectivity of those reacti®iherefore, the omers 20 and 24 were isolated in 26% and 5% yields,
effect of Lewis acids on the oxidative radical cyclization respectively. The predominant formation 20 is a result of
reactions was investigated. the steric effect in the transition states as shown in Figure 4. In

Lanthanide triflates, Ln(OT$) have been used as Lewis acid contrast, the cyclization 08b in the presence of 1 equiv of
catalysts in protic solvents for a variety of reactions, such as Yb(OTf)s proceeded faster as the starting material disappeared
Aldol condensation reactions, Michael reactions, Frie@¥hfts in 8 h (entry 5). Thetransring junction product20 and 24
acylations, and DielsAlder reactions? Thus, a series of  were isolated in 7 and 18% vyields, respectively, along with a
lanthanide triflates were tested in the Mn(OAo)ediated side produc®25 (31% vyield).
radical cyclization of compoun8a (Table 2). . e . . .

In the absence of lanthanide triflates, the radical cyclization Re(nlaSJd'TOl;_féz(;stgtnrmﬁge\?\,f_ '(‘:eh";';ficl'rﬂ_s é&ggg g%?'gggfacnon& see:

reaction of8a was very slow at room temperature in HOAc, (19) (a) For the review of Ln(OT$)as Lewis acid catalysts in organic

and some starting material remained even after 20 h (Table 2, syntheSIS see: Kobayashi,$nlett1994 689. (b) Kobayashi, S.; Hachiya,
J. Org. Chem1994 59, 3590. (c) Kobayashi, S.; Hachiya, |.; Takahori,

(17) In the cyclohexane system, the 1,3-diaxial interaction (expressed T Arak| ; Ishitani, H.Tetrahedron Lett1992 6815. (d) Kawada A,
as free energy difference AG°) for CHz/CHs groups and CEHCOOEt Mitamura, S.; Kobayashi, . Chem. Soc., Chem. Commad®893 1157.
groups are 3.7, and 2:8.2 kcal mol?, respectively. See: Eliel, E. L.; (e) Kawada, A.; Mitamura, S.; Kobayashi, Synlett.1994 545. (f) Yu,
Wilen, S. H.; Mander, L. NStereochemistry of Organic Compoundshn L.-B.; Li, J.; Ramirez, J.; Chen, D.-P.; Wang, P. &.0rg. Chem1997,

Wiley & Sons: New York, 1994; Chapter 11, pp 70807. 62, 903.
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Note that, in the presence of Yb(OZfthe ratio of20/24

Yang et al.

Table 2. Ln(OTf)s-Promoted Oxidative Free-Radical Cyclization
of 8a Mediated by Mn(OAcy-2H,0?

reaction yield
Ln(OTf)3 temp reaction (%)°
entry (equiv) solvent (°C) time(h) 5a/l3a
1 none HOAc rt 9 45/15
2 Yb(OTf)s;:H20 (1.0) HOAc rt 9 69/6
3 Yb(OTfsHz0 (1.0) DMSO rt 24 NA
4 none MeOH rt 24 NA
5  Yb(OTf)s:H2O (1.0) MeOH rt 10 30/trace
6 Yb(OTf)zH,0 (1.0) MeOH 0 17 26/trace
7  Yb(OTf)z*H20 (1.0) (g(iaAc/MeOH 0 24 NAC
8  Yb(OTf)s*H20 (1.0) (HO,)Ac/MeOH 0 24 NAC
8:2
9 none CECH,OH 0 24 36/7
10¢  Yb(OTf)3*H20 (1.0) CRCH,OH 0 3 69/10
11 Yb(OTfHz0 (0.3) CRCH0H 0 35 59/8
12 Eu(OTf}(1.0) CRCH,0H 0 2 52/14
13 Er(OTfk (1.0) CRCH,OH 0 25 732
14  Er(OTfx(0.2) CRCH,OH 0 6.5 6717
15  Sm(OTf} (1.0) CRCH,OH 0 3 63/8
16  Tb(OTfx(1.0) CRCH,OH 0 25 53/9
17 Y(OTf)s(1.0) CRCH,OH 0 35 57/7
18  Pr(OTf}(0.2) CRCH,OH 0 5 63/7
19 La(OTfi (1.0) CRCH,OH 0 2 39/13
20  Tm(OTfx(1.0) CRCH,OH 0 25 29/6
21 Dy(OTf)(1.0) CRCH,OH 0 25 33/14
22 Gd(OTf} (1.0) CRCH,OH 0 2 21/3

a All reactions were carried out at 0.1 M concentration in the
degassed solvent with 2.2 equiv of Mn(OA@H.O. ° Isolated yield.
¢The reaction was very slow. No attempt was made to isolate the
products.d Use of anhydrous Yb(OT§)gave similar result.

Table 3. NMR Studies on the Enol Population of Ethyl
Acetoacetate

substrate

percentage of enol form (%)

Yb(OTf); (0.5 eq.)

Yb(OTD; (0 ¢q.)

JEt
NO 18.1

H

Yb(OTH; (1.0 eq.)

66.9 72.0

aThe'H NMR spectra (300 MHz) were recorded in gDD. ® The
percentage of enol form was calculated by the integration of the C-4
methyl signals.

was reversed (5.2:1 for entry 4, and 1:2.6 for entry 5). We

explain this result using the Yb(OEfthelation model (Scheme
5). Yb(OTf); can bind to thes-keto este®b and lock the two
carbonyl groups in @yn orientation, thereby accelerating the
radical cyclization process and affordigg (the thermodynami-
cally less stable isomer) as the major product. The side produ
25 was also formed as a result of the chelation of Yb(Q1d)
the two carbonyl groups (Scheme 5). In this case, the firsEC

agents’ In addition, our study opens up the possibility of using
chiral Lewis acids to catalyze the enantioselective Mn(lll)-based
free radical cyclization reactior?8 Work in that direction is in

progress.
ct

Experimental Section

Typical Procedure for the Radical Cyclization in the Absence

bond was formed significantly faster than the second one, and o | anthanide Triflates. To a solution ofSc (376 mg, 1.0 mmol) in

the radical intermediat& was further oxidized by M# to

cationG, which was then trapped intramolecularly by the ester

group to form25.
In summary, lanthanide triflates can catalyze the Mn(lll)-
based oxidative radical cyclization reactionsfbketo esters

with or withouto-substituents. For the latter class of substrates,

excellent stereoselectivities and yields have been obtained.

Conclusions

An efficient and stereoselective Mn(OAeahediated oxidative
free radical cyclization method has been developed, whic
utilizes lanthanide triflates as Lewis acid catalysts. This metho
should have many applications in synthesis of polycyclic natu
ral products. In fact, compound$ 5, 14, and 16 have re-
cently been demonstrated as key intermediates in synthesis
triptolide (3) and its various analogues in our efforts on

degassed acetic acid (10 mL) was added Mn(Q@2¢).0 (590 mg,
2.2 mmol). The mixture was stirred at 5C for 1 h. A solution of
NaHSQ (10%) was added to quench the reaction. The mixture was
extracted with CHCl,. The extracts were dried with anhydrous sodium
sulfate, filtered, and concentrated. The residue was purified by flash
column chromatography to afford compout#i(205.7 mg, 55% yield)
and 15 (74.8 mg, 20% yield).
Typical Procedure for the Radical cyclization in the Presence
of Lanthanide Triflates. To a solution of acyclic precurs@a (346
mg, 1.0 mmol) in degassed gFH,OH (10 mL) was added Yb(OT§)
H.O (620 mg, 1.0 mmol) under argon atmosphere. The mixture was
h stirred at room temperature for 10 min, then cooled {€0Mn(OAcC)-
d 2H,0 (590 mg, 2.2 mmol) was added in one portion. The reaction was
monitored by TLC. Saturated NaH$Qolution was added to the

(20) (a) Sibi, M. P.; Porter, N. AAcc. Chem. Red99Q 23, 163. (b)
f/\lu, J. H.; Radinov, R.; Porter, N. A. Am. Chem. S0d.995 117, 11029.
(©)

0 c) Sibi, M. P.; Ji, J. Wu, J. H.; Guirtler, S.; Porter, N.Am. Chem. Soc.

1996 118 9200. (d) Porter, N. A.; Wu, J. H.; Zhang, G.; Reed, A.D.

developing new antiinflammatory and immunosuppressive Org. Chem.1997 62, 6702.
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Table 4. Effect of Lanthanide Triflates on the Mn(lll)-Based Radical CyclizatioraeBubstituted Acyclic Precursdrs

entry substrate  Yb(OTf); reaction products (yields) °
(eq.) time (h)
1 6a 1.0 1 _d
2 6b 1.0 1 4
3 9a 1.0 1 —d
OMe OMe
4 9b°¢ none 8 /l\@;EfEcozEt + )\%coza
“Me Me
(¢} o
20 (26%) 24 (5%)

OMe

20 (7%) + 24 (18%) + JH o 25(31%)
5 9b 1.0 8 ;0
o

aAll of the reactions were carried out in degassecs@H,OH (0.1 M concentration) at OC with 2.1 equiv of Mn(OAc)-2H0. ° Isolated
yields. ¢ 74% conversiond Starting material decomposed.

L Scheme 5
o i o o o o N
Electrophilicity of a-radicals MOR > )J\/U\OR " W - e Ve L
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Figure 5. oThart o ove MeOLL |y i €Y Y
. . . . Mn(111)
mixture which was then extracted with dichloromethane. The extracts KMn(“)

were dried with anhydrous sodium sulfate, filtered, and concentrated. ve Me M, e
The residue was purified by flash column chromatography (8 to 16% ‘fw - O,L)?\%
EtOAc in n-hexane) to affordba (237 mg, 69% vyield) and.3a (34 . ° MeOL
mg, 10% yield). 25 G
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