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Total Synthesis of Camptothecin and Related Natural Products by

a Flexible Strategy
Ke Li, Jinjie Ou, and Shuanhu Gao*

Abstract: A flexible strategy for constructing natural products
containing indolizinone or quinolizinone scaffolds and their
analogues was developed, which was based on a cascade
exo hydroamination followed by spontaneous lactamization.
This method was applied in the total synthesis of camptothecin
in nine steps in a new ring-forming approach. It was also used
to efficiently prepare five biogenetically or structurally related
natural alkaloids, including 22-hydroxyacuminatine, oxypal-
matine, norketoyobyrine, naucleficine, and nauclefine, as well
as 35 natural-product-like molecules. We believe that this
method and the small-molecule library prepared with it can
open new avenues for studying the bioactivity of camptothecin
and Nauclea natural products.

Camptothecin (CPT, 1; Figure 1a) was isolated by Wani and
Wall in 1966!" from the bark and stem of Camptotheca acu-
minata (“Xi Shu”), a plant native to China. This natural
alkaloid potently inhibits tumor growth by binding to top-
oisomerase I, preventing DNA religation. The resulting DNA
damage leads to cell apoptosis.’! Both the academic com-
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Figure 1. The camptothecin family and structurally related natural
products.
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munity and the pharmaceutical industry have made signifi-
cant efforts in chemical synthesis® as well as bioactivity and
mechanistic studies®*"* of CPT for cancer chemotherapy.
However, initial drug development studies with CPT failed
because of its poor solubility and severe, unpredictable
toxicity.”! Subsequent structural modifications of CPT have
led to the commercially available anticancer drugs topotecan
(Hycamtin, 3; Figure 1a),/ belotecan (4),”! and irinotecan
(Camptosar, 5)® as well as several CPT analogues that are
anticancer drug candidates.

We herein report the development of a flexible strategy
for the efficient synthesis of CPT and biogenetically or
structurally related natural products, including 22-hydroxy-
acuminatine (6),”) oxypalmatine (8),'” norketoyobyrine
(11),"" naucleficine (12),' and nauclefine (13)." This
strategy is based on a cascade cyclization reaction for the
construction of the indolizinone or quinolizinone scaffold (B/
C or C/D rings). We thus generated a small library of natural-
product-like molecules for future bioactivity studies.

CPT (1; Figure 1a) contains a highly conjugated pentacy-
clic skeleton with quinoline (A/B rings), indolizinone (C/D
rings), and a-hydroxylactone moieties (E ring).'¥ 22-Hy-
droxyacuminatine (6) and CPT differ in the E ring, which is
a substituted arene ring in 6. We reasoned that taking the
indolizinone scaffold (C/D rings) as a point cut and expanding
the C ring by one carbon atom should lead to a large family of
alkaloid-containing quinolizinones (Figure 1b) differing pri-
marily in the various fused aromatic or heteroaromatic rings
connected to the quinolizinone moiety (7-14). Compounds
11-14 belong to a large family of indoloquinolizidine-type
alkaloids isolated from Nauclea latifolia plants, which are
traditionally used in ethnomedicine.'”) Extracts and com-
pounds isolated from different parts of this plant, most likely
indoloquinolizidine alkaloids,*'! exhibit a broad spectrum
of bioactivities.

We reasoned that both indolizinone (5/6-membered ring
system, I) and quinolizinone (6/6-membered ring system, II)
scaffolds could be effectively constructed from substrate III
by cascade cyclization (Scheme 1). This process would involve
a key hydroamination (C—N bond formation) followed by
lactamization. We envisioned that C—N bond formation could
be achieved by two pathways: 1) alkyne group activation with
ni-Lewis acids or 2) alkyne group polarization by introduction
of conjugated electron-withdrawing groups. We predicted
that this cascade reaction would present two major chal-
lenges: 1) controlling the endolexo regioselectivity of the
cyclization and 2) controlling the geometry of the cyclized
product to ensure subsequent lactamization. We aimed to use
a convergent approach in which III would be prepared from
the coupling components IV and V and ethynylsilane in
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Scheme 1. Synthetic plan. EDG =electron-donating group, EWG =elec-
tron-withdrawing group.

Sonogashira coupling reactions. We predicted that
changing the coupling components I'V and V would
allow for the facile preparation of various polycyclic
rings, making this synthetic strategy quite flexible.
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electron-withdrawing ester in 15b may polarize the alkyne
group through a conjugative effect, facilitating the desired
5-exo hydroamination.

To test this hypothesis, we treated 15a with TFA in DCM
at 0°C, which afforded the primary amine trifluoroacetate.
This salt was dissolved in DCE, and K,COj; (3 equiv) was
added to neutralize the excess TFA. Gold(I) catalysis using
PPh;AuNTHY, led to full consumption of the substrate but low
yields of the cyclized products rosettacin (18) and 19 (entry 7).
In the absence of gold catalyst, cyclization products were not
detected, even after 18 h (entry 8). In strong contrast, treating
the trifluoroacetate salt 15b with K,CO; in methanol at 40°C
generated rosettacin (18) in 74% yield (entry9). The
cyclization proceeded with good regioselectivity; the

Table 1: Optimization of the reaction conditions.”!

S
/NBOC \ NBoc

MeO,C

condlllons[a] MeO.C

With these considerations in mind, we began by 5-6x0, 16 6-ondo, 17
investigating the key cyclization reaction using 15a
and 15b as model substrates. These substrates were R=Boc, 15a; R =H, 15b % %
efficiently prepared in four steps (see the Supporting rosettacin (18)
Information). We initially focused on pathway 1 by Entry Substrate Catalyst Base Solvent t  Conv. Yield
taking advantage of previous reports on gold-cata- h (%™ [%]lbl
lyzed carbon—heteroa%t'om bor?d-forming reactions.!"” ] 15a PPh,AUNTE, — DCE 13 20 6(12),17 (8)
As soft and carbophilic Lewis acids, Au complexes 2 15a AgNTY, _ DCE 18 3 6 (4),17 (4)
have emerged as some of the strongest activators of 3 15a [RhCl(cod)], - DCE 20 32 6 (7)
C—C triple bonds; they effectively coordinate to 4 15a Pt(NTF), - DCE 18 53 6 (3), 17 ( 7)
various C—C zt-bonds, facilitating nucleophilic attack 5 15a Cu(0Th), - toluene 6 100 6 (22), 17 (27)
by diverse functional groups.""! We first screened © 152 InBrs - DCE 6 100 17 (8), 18 (27)
various cationic gold(I) complexes with different Y
phosphine ligands and anions for their ability to  Jeaq 5p PPhAUNT, KCO, DCE 2 100 18(6),19 (3)
promote the intramolecular hydroamination of 15a.  geda 15} _ K,CO, DCE 18 100 ND
PPh;AuNTf, (generated in situ from PPh;AuCl and 94 15b — K,CO;  MeOH 18 100 18 (74)
AgNTTf,) gave the best result, furnishing a mixture of 10  15b - Na,CO; MeOH 18 100 18 (43)
regioisomers 16 (5-exo-cyclized product) and 17 1 15b - DBU MeOH 18 100 18 (10)
(6-endo-cyclized product) in respective yields of 129 15b - Cs,CO, MeOH 18 100 18 (77)

12% and 8% (Table 1, entry 1; see the Supporting
Information for more screening results). We inves-
tigated various transition-metal-based catalysts in
the hydroamination reaction, including AgNTf,,
[RhCl(cod)],, Pt(NTL,),, and Cu(OTf), (entries 2—
5).I The results were similar to those obtained with
gold catalysts.

Based on these results, we postulated that the low reaction
conversion may be due to the Boc protecting group decreas-
ing the nucleophilicity of the primary amine, and that the low
regioselectivity of the cyclization might be due to the
interaction of the metal catalyst with the nitrogen atom of
the quinoline moiety. Interestingly, treatment of 15a with
InBr; in DCE at 80°C yielded the desired cyclized product
rosettacin (18)?"! in 27 % yield (entry 6), together with the 6-
endo-cyclized products 17 (8 % yield) and 19 (7 % yield). We
realized that deprotection and lactamization occurred spon-
taneously after poorly regioselective hydroamination. We
concluded that substrate 15b (R = H) might be more suitable
than 15a for the formation of indolizinones. The ortho
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[a] Conditions: Starting material (0.05 mmol, ¢=0.05 molL™"), 40°C. [b] Deter-
mined by '"H NMR analysis of the crude reaction mixture using CH,Br, as the
internal standard. [c] With EtOH (5 equiv). [d] Conditions: 1) 15a, TFA, DCM, 0°C,
2 h; 2) base, solvent, 40°C. Boc = tert-butoxycarbonyl, DBU =1,8-diazabicyclo-
[5.4.0]undec-7-ene, DCE =1,2-dichloroethane, DCM =dichloromethane, Tf=tri-
fluoromethanesulfonyl.

6-endo-cyclized product was not detected. We further opti-
mized the reaction conditions by screening different bases
and solvents. Using the weaker base Na,CO; or the stronger
base DBU reduced the yield (entries 10 and 11; see the
Supporting Information for more screening results). In the
end, we selected Cs,CO; as the base for the cyclization
because of its better solubility in methanol (entry 12).

We then explored the scope and generality of the reaction
under the optimized conditions to obtain a library of
polycyclic indolizinones, including related natural products
such as 6 and their derivatives. We focused on the functional-
group tolerance and the properties of the two fragments (A
and B) that are connected to the alkyne. With a quinoline ring
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as fragment A and an arene ring as fragment B, we first tested
the effect of the electron density of fragment B on the
reaction. The reaction was not affected by electron-donating
substituents (-OMe, -Me, -OCH,0O-) and electron-withdraw-
ing substituents (-CO,Me, -F, -CF;) on the aryl ring (20-28,
Scheme 2). The desired cyclized products were obtained in
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Scheme 2. Scope of the cascade cyclization for the preparation of
polycyclic indolizinones. MOM = methoxymethyl.

good yields as single regioisomers. A naphthyl-substituted
substrate also reacted smoothly to give the desired product 29
in excellent yield. We then changed fragment B to a cyclo-
pentene or dihydropyran ring, and obtained the desired
products 30-32 in acceptable yields. The structure of 30 was
confirmed by X-ray analysis. The cyclized product 32 is of

fragment A

fragment B iRz
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particular interest because it contains the basic skeleton of
CPT at a lower oxidation state, making it potentially useful as
a synthetic precursor. When fragment B was a cyclohexene
ring, the regioselectivity of the cyclization changed, generat-
ing 33’ and 34’ as the major products by 6-endo cyclization.
When both fragments A and B were arene rings, substrates
bearing electron-donating or -withdrawing substituents
worked well in the cascade cyclization, yielding the corre-
sponding annulated products 35-38 in yields of 74-92%. It is
noteworthy that 22-hydroxyacuminatine (6) could be pre-
pared in a one-pot operation from its alkyne precursor
through the key cascade cyclization and deprotection in 70 %
yield over three steps.

Next, we turned our attention to constructing natural
products with a quinolizinone scaffold, as well as analogues of
such molecules (Scheme 3). Cascade cyclization by 6-exo
hydroamination followed by spontaneous lactamization usu-
ally furnished the desired products smoothly in yields of 49—
98 % under the optimized conditions. Oxypalmatine (8) was
efficiently prepared in a four-step sequence, and some
analogues with various substituents (40—-44) were also pro-
duced. When fragment A was an indole, norketoyobyrine
(11), nauclefine (13), and related structures (45-48) were
generated in excellent yields through the same one-pot
cyclization. The cyclized product 47 could be transformed
into naucleficine (12) in 75% yield over two steps.’!! The
structures of these analogues were confirmed by X-ray
diffraction analysis of single crystals of 41 and 48. We also
tested reaction compatibility with substrates bearing quino-
line rings that are one-carbon homologues of the substrates
shown in Scheme 2. The corresponding cyclized products 49—
52 were obtained in acceptable yields. In a few cases,
cyclization proceeded mainly through the 7-endo pathway,
generating unusual 7-5 fused skeletons (53'-55’). The struc-
tures of these compounds were confirmed by X-ray analysis of
single crystals of 53'.%4

Studies of the generality of the cascade cyclization showed
that in all cases, lactamization occurred spontaneously after

R'=H, 40, 73%
R’ =OMe, 41, 82%
R' =CF3, 42, 50%
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|
N
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OMe
33%, 53/53'=1:3
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Scheme 3. Scope of the cascade cyclization for the preparation of polycyclic quinolizinones. DMS = dimethyl sulfide.
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intramolecular hydroamination. The regioselectivity of the
cyclization in most cases reflected the 5- or 6-exo pathway.
Based on these results, we postulate a mechanism for the
reaction (Scheme 4). The alkyne group is effectively polarized
by the ortho electron-withdrawing ester group, facilitating
C—N bond formation through primary amine addition under
basic conditions. The resulting enamine adduct VI can
theoretically form with Z or E geometry. We speculate that
the Z olefin easily cyclizes to afford the desired indolizinone
or quinolizinone while the enamine with E geometry may
undergo lactamization through E/Z isomerization to form the
final products via imine intermediate VII.

n O
LY
Cs,C04 \ /)
Y
MeOH "J
indolizinone  R2
quinolizinone
alkyne
polarization - R30H T lactamization
R2 R?
dNH Y JAN Oy
7NN : : ati N\ E :
"~ tautomerization s
¢ =X —— =X
el 07 N0R3 Sel 07 N0R3
1
R Vi R vii

Scheme 4. Proposed reaction process.

To further demonstrate the synthetic potential of this
method, we used this cascade cyclization as a key ring-
forming step in the total synthesis of CPT (1). The synthesis
commenced with the preparation of the coupling fragments,
vinyl triflate 58 and quinoline 61 (Scheme 5). Treatment of
the known [-hydroxyketone 56 with LDA and TMSCI
followed by SnCl,-promoted cyclization with triethyl ortho-
formate gave rise to acetal 57 in 39 % yield over two steps.””!
The resulting acetal 57 was treated with LDA and Mander’s

(0]
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reagent (NCCO,Et) to afford the B-keto ester intermediate,
which was efficiently transformed into enol triflate 58 in 73 %
yield over two steps. Sonogashira coupling®! between
2-chloroquinoline 59 and (trimethylsilyl)acetylene followed
by removal of the TMS group afforded terminal alkyne 61 in
88 % over two steps. A second Sonogashira reaction was used
to couple fragments 58 and 61, which furnished the densely
functionalized alkyne 62 on large scale and in good yield.
Then the key cascade cyclization was tested to build the basic
skeleton of CPT. Treatment of compound 62 with trifluoro-
acetic acid in dichloromethane for 4 h yielded the Boc-
deprotected product. After azeotropic dehydration with
toluene, the free primary amine was dissolved in anhydrous
methanol and treated with cesium carbonate in the dark,
affording the desired pentacyclic structure 63 as a single
regioisomer in 76 % yield. Compound 63 was transformed
into CPT through two pathways. Treatment of 63 with
trifluoromethanesulfonic acid (TfOH) in acetonitrile at
room temperature resulted in the formation of the known
advanced intermediate 64 in 95% yield. 64 was efficiently
converted into (+)-1 by Sharpless asymmetric dihydroxyla-
tion using (DHQD),PYR as the ligand, followed by I,/
CaCOs;-based hemiacetal oxidation, which was developed by
Chavan®" and Yao."*! In the second pathway, acetal 63 was
hydrolyzed to semiacetal 66 under weakly acidic conditions at
40°C, and 66 was easily obtained by Dess—Martin periodinane
oxidation to generate deoxycamptothecin (67) in 83 % yield.
67 can be easily converted into (4)-1 by asymmetric
a-hydroxylation of the lactone as previously reported.’*!

In summary, we have developed a flexible strategy for
constructing indolizinone- or quinolizinone-containing skel-
etons. These intramolecular cyclizations involve a cascade
exo-type hydroamination followed by spontaneous lactam-
ization. This rationally designed cascade reaction occurs
under extremely mild conditions in the absence of transition

metals, and it provides good
regioselectivity. The reac-
tion precursors can be effi-

¢) LDA, NCCO,Et oTf . K
/\j\/\ a) LDA, TMSCI d\Me d) KHMDS ElOQC\ﬁrMe NHBo ciently prepared from easily
E . 11
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o ps 73% over 2 steps Me h) TFA
- CUTELN okt Ton Ca,00 through a  convergent
Nl ) =—TMS ')chos MeOH ‘/\){ 91% brsm 6% approach, enabling the
EtO,C . . .
@[LNHBOC PA(PPhs),Cl, NHBoc88% ovefZS‘eps NHBoc o divergent synthesis of vari-
Cul, EtsN -
5 ’ ous substrates simply by
i) TIOH j) Sharpless 511012 200, changing the coupling frag-
—— % over 2 steps .
P 95% J— ) o \ ments. This method also
2 D dihydroxylation SN . . o pe
NN 6  OHOH provides a reliable, unified
Me~ oer | o - el approach for synthesizing
e = camptothecin (1) CPT and Nauclea natural

82% brsm

deoxycamptothecm (67)

Scheme 5. Total synthesis of camptothecin. a) LDA, TMSCI, THF, —78°C to 25°C; b) HC(OEt);, SnCl,, CH,Cl,,
—78°C, 39% over 2 steps; c) LDA, NCCO,Et, THF, —78°C; d) KHMDS, THF, Comins reagent, —78°C to
25°C, 73% over 2 steps; €) Pd(PPhs),Cl,, PPh;, Cul, Et;N, toluene, 25°C; f) K,CO;, MeOH, 0°C, 88 % over

2 steps; g) Pd(PPh;),Cl,, PPh;, Cul, Et;N, toluene, 60°C, 91% brsm; h) TFA, CH,Cl,, 0°C; then Cs,CO;,
MeOH, 25°C, 76%; i) TFOH, MeCN, 25°C, 95%; j) K,0sO,(OH),, (DHQD),PYR, K;Fe(CN),, K,CO;,
CH,SO,NH,, t-BuOH, H,0, 0°C; k) I,, CaCOs;, MeOH, H,0, 40°C, 81% over 2 steps; |) HCO,H, H,0, 40°C,
82% brsm; m) DMP, CH,Cl,, 25°C, 83 %. brsm=based on recovered starting material, DMP = Dess—Martin
periodinane, KHMDS = potassium bis(trimethylsilyl)amide, LDA =lithium diisopropylamide, TFA=trifluoro-
acetic acid, TMS =trimethylsilyl.
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alkaloids, as shown by the
synthesis of six natural
products and 35 analogues.
Using this method, we ach-
ieved the total synthesis of
CPT (1) in nine steps in
a novel ring-forming
approach. We believe that
this approach, together with
the small-molecule library
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that it created, may open the door to novel bioactivity studies
of both types of natural products. Currently, we are using this
strategy to synthesize more challenging natural alkaloids;
these studies will be reported in due course.

Acknowledgements

We thank the National Basic Research Program of China (973
Program 2015CB856600) and the National Natural Science
Foundation of China (21272076, 21422203) for generous
financial support.

Keywords: camptothecin - hydroamination - indolizinones -
quinolizinones - total synthesis

[1] M. E. Wall, M.C. Wani, C.E. Cook, K.H. Palmer, A.T.
McPhail, G. A. Sim, J. Am. Chem. Soc. 1966, 88, 3888.

[2] Y. H. Hsiang, R. Hertzberg, S. Hecht, L. F. Liu, J. Biol. Chem.
1985, 260, 14873.

[3] a) G. Stork, A. G. Schultz, J. Am. Chem. Soc. 1971, 93, 4074;
b) R. Volkmann, S. Danishefsky, J. Eggler, D. M. Solomon, J.
Am. Chem. Soc. 1971, 93, 5576; c) M. Boch, T. Korth, J. M.
Nelke, D. Pike, H. Radunz, E. Winterfeldt, Chem. Ber. 1972, 105,
2126; d) M. C. Wani, H. F. Campbell, G. A. Brine, J. A. Kepler,
M. E. Wall, J. Am. Chem. Soc. 1972, 94, 3631; ¢) C. Tang, H.
Rapoport, J. Am. Chem. Soc. 1972, 94, 8615; f) E. Winterfeldt, T.
Korth, D. Pike, M. Boch, Angew. Chem. Int. Ed. Engl. 1972, 11,
289; Angew. Chem. 1972, 84, 265; g) T. Sugasawa, T. Toyoda, K.
Sasakura, Tetrahedron Lett. 1972,13,5109; h) A. 1. Meyers, R. L.
Nolen, E. W. Collington, T. A. Narwid, R. C. Strickland, J. Org.
Chem. 1973, 38,1974, 1) A. S. Kende, T. J. Bentley, R. W. Draper,
J. K. Jenkins, M. Joyeux, I. Kubo, Tetrahedron Lett. 1973, 14,
1307;j) C. S. Tang, C. J. Morrow, H. Rapoport, J. Am. Chem. Soc.
1975, 97, 159; k) E. J. Corey, D. N. Crouse, J. E. Anderson, J.
Org. Chem. 1975, 40, 2140, 1) T. Kametani, T. Ohsawa, M. Thara,
Heterocycles 1980, 14, 951; m) M. Thara, K. Noguchi, T. Ohsawa,
K. Fukumoto, T. Kametani, Heterocycles 1982, 19, 1835; n) M.
Ihara, K. Noguchi, T. Ohsawa, K. Fukumoto, T. Kametani, J.
Org. Chem. 1983, 48, 3150; o) R. A. Earl, K. P. C. Vollhardt, J.
Am. Chem. Soc. 1983, 105, 6991; p) A. Ejima, H. Terasawa, M.
Sugimori, H. Tagawa, Tetrahedron Lett. 1989, 30, 2639; q) A.
Ejima, H. Terasawa, M. Sugimori, H. Tagawa, J. Chem. Soc.
Perkin Trans. 1 1990, 27; r) D. P. Curran, H. Liu, J. Am. Chem.
Soc. 1992, 114, 5863; s) D. L. Comins, M. F. Baevsky, H. Hong, J.
Am. Chem. Soc. 1992, 114, 10971; t) W. Shen, C. A. Coburn,
W. G. Bornmann, S. J. Danishefsky, J. Org. Chem. 1993, 58, 611,
u) F. G. Fang, S. P. Xie, M. W. Lowery, J. Org. Chem. 1994, 59,
6142; v) A. V. Rao, J.S. Yadav, M. Valluri, Tetrahedron Lett.
1994, 35, 3613; w) D. P. Curran, S.-B. Ko, H. Josien, Angew.
Chem. Int. Ed. Engl. 1995, 34, 2683; Angew. Chem. 1995, 107,
2948; x) M. A. Ciufolini, F. Boschangar, Angew. Chem. Int. Ed.
Engl. 1996, 35, 1692; Angew. Chem. 1996, 108, 1789; y) J. M. D.
Fortunak, A. R. Mastrocola, M. Mellinger, N. J. Sisti, J. L. Wood,
Z.-P. Zhuang, Tetrahedron Lett. 1996, 37,5679; z) J. M. Fortunak,
J. Kitteringham, A. R. Mastrocola, M. Mellinger, N. J. Sisti, J. L.
Wood, Z.-P. Zhuang, Tetrahedron Lett. 1996, 37, 5683; aa) N.
Murata, T. Sugihara, Y. Kondo, T. Sakamoto, Synlett 1997, 298;
ab) M. A. Ciufolini, F. Roschangar, Tetrahedron 1997, 53, 11049;
ac) H. Josien, S.-B. Ko, D. Bom, D. P. Curran, Chem. Eur. J. 1998,
4, 67; ad) S. P. Chavan, M. S. Venkatraman, Tetrahedron Lett.
1998, 39, 6745; ae) K. Tagami, N. Nakazawa, S. Sano, Y. Nagao,

Angew. Chem. Int. Ed. 2016, 55, 1—7

Communications

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Heterocycles 2000, 53, 771; af) D. L. Comins, J. M. Nolan, Org.
Lett. 2001, 3, 4255; ag) M. L. Bennasar, E. Zulaica, C. Juan, Y.
Alonso, J. Bosch, J. Org. Chem. 2002, 67, 7465; ah) B. S. Blagg,
D. L. Boger, Tetrahedron 2002, 58, 6343; ai) S. P. Chavan, R.
Sivappa, Tetrahedron Lett. 2004, 45, 3113; aj) S. P. Chavan, K.
Pasupathy, M. S. Venkatraman, R. R. Kale, Tetrahedron Lett.

2004, 45, 6879; ak) H. Twin, R. A. Batey, Org. Lett. 2004, 6, 4913;

al) S. P. Chavan, M.S. Venkatraman, ARKIVOC 2005, 165;

am) R. J. Anderson, G. B. Raolji, A. Kanazawa, A. E. Greene,

Org. Lett. 2005, 7, 2989; an) R. Peters, M. Althaus, A.-L. Nagy,

Org. Biomol. Chem. 2006, 4, 498; ao) C. J. Tang, M. Babjak, R. J.

Anderson, A. E. Greene, A. Kanazawa, Org. Biomol. Chem.

2006, 4, 3757; ap) H.-B. Zhou, G.-S. Liu, Z.-J. Yao, Org. Lett.

2007, 9, 2003; aq) Y.-Y. Kuang, F.-E. Chen, Molecules 2007, 12,

2507; ar) S. P. Chavan, A. B. Pathak, U. R. Kalkote, Synlett 2007,

2635; as) L.-P. Zhang, Y. Bao, Y.-Y. Kuang, F.-E. Chen, Helv.

Chim. Acta 2008, 91, 2057; at) G.-S. Liu, Q.-L. Dong, Y.-S. Yao,

Z.-J. Yao, Org. Lett. 2008, 10, 5393; au) Y.-S. Yao, J.-L. Liu, J. Xi,

B. Miu, G.-S. Liu, S. Wang, L. Meng, Z.-J. Yao, Chem. Eur. J.

2011, 17, 10462; av) L. Zhao, F.-J. Xiong, W.-X. Chen, E-E.

Chen, Synthesis 2011, 4045; aw)F. Grillet, C. Sabot, R.

Anderson, M. Babjak, A. E. Greene, A. Kanazawa, Tetrahedron

2011, 67, 2579; ax) S. B. Yu, Q.-Q. Huang, Y. Luo, W. Lu, J. Org.

Chem. 2012, 77, 713; ay) C. Q. Wei, Z. H. Jiang, S. J. Tian, D. Z.

Zhang, Tetrahedron Lett. 2013, 54, 4515; az) P. Xu, D.-S. Chen, J.

Xi, Z.-J. Yao, Chem. Asian J. 2015, 10, 976.

a) R. C. Gallo, W. P. Jacqueline, R. H. Adamson, J. Natl. Cancer

Inst. 1971, 46, 789; b) D. E. Uehling, S.S. Nanthakumar, D.

Croom, D. L. Emerson, P. P. Leitner, M. J. Luzzio, G. Mclntyre,

B. Morton, S. Profeta, J. Med. Chem. 1995, 38, 1106; c) S.-S. Jew,

H.-J. Kim, M. G. Kim, E.-Y. Roh, Y.-S. Cho, J.-K. Kim, K.-H.

Cha, K.-K. Lee, H.-J. Han, J.-Y. Choi, H. Lee, Bioorg. Med.

Chem. Lett. 1996, 6, 845; d) X.-D. Pan, R. Han, P.-Y. Sun, Bioorg.

Med. Chem. Lett. 2003, 13, 3739; e) R. S. Tangirala, R. Dixon,

D.Z. Yang, A. Ambrus, S. Antony, K. Agama, Y. Pommier, D. P.

Curran, Bioorg. Med. Chem. Lett. 2005, 15, 4736; f) C.R.

Hutchinson, Tetrahedron 1981, 37, 1047; g) W. Du, Tetrahedron

2003, 59, 8649; h) C.J. Thomas, N.J. Rahier, S. M. Hecht,

Bioorg. Med. Chem. 2004, 12, 1585; i) Q.-Y. Li, Y.-G. Zu, R.-Z.

Shi, L.-P. Yao, Curr. Med. Chem. 2006, 13, 2021; j) R. P. Verma,

C. Hansch, Chem. Rev. 2009, 109, 213.

[5] C.G.Moertel, A.J. Schutt, R. J. Reitemeier, R. G. Hahn, Cancer
Chemother. Rep. 1972, 56, 95.

[6] W.D. Kingsbury, J. C. Boehm, D. R. Jakas, K. G. Holden, S. M.
Hecht, G. Gallagher, M. J. Caranfa, F. L. Mccabe, L. F. Faucette,
R. K. Johnson, R. P. Hertzberg, J. Med. Chem. 1991, 34, 98.

[7] H.-J. Ban, 1.-J. Oh, K.-S. Kim, J.-Y. Ju, Y.-S. Kwon, Y.-I. Kim, S.-
C. Lim, Y.-C. Kim, Tuberc. Respir. Dis. 2009, 66, 93.

[8] Y.Kawato, M. Aonuma, Y. Hirota, H. Kuga, K. Sato, Cancer Res.
1991, 51, 4187.

[9] L.-Z. Lin, G. A. Cordell, Phytochemistry 1989, 28, 1295.

[10] P. M. M. Pinho, M. M. M. Pinto, A. Kijjoa, K. Pharadai, J. G.

Diaz, W. Herz, Phytochemistry 1992, 31, 1403.

X. H. Pan, T. D. Bannister, Org. Lett. 2014, 16, 6124.

M. Lin, X. Liu, D. Q. Yu, Planta Med. 1984, 459.

F. Hotellier, P. Delaveau, Phytochemistry 1975, 14, 1407.

E. L. Ezell, L. Smith, J. Nat. Prod. 1991, 54, 1645.

B. Boucherle, R. Haudecoeur, E. F. Queira, M. D. Waard, J. L.

Wolfender, R. J. Robins, A. Boumendjel, Nat. Prod. Rep. 2016,

33,1034.

[16] P. Abreu, A. Pereira, Nat. Prod. Lett. 2001, 15, 43.

[17] a) T. Enomoto, A.L. Girard, Y. Yasui, Y. Takemoto, J. Org.
Chem. 2009, 74, 9158; b) S. Fustero, 1. Ibanez, P. Barrio, M. A.
Maestro, S. Catalan, Org. Lett. 2013, 15, 832.

[18] a) Z. G. Li, C. Brouwer, C. He, Chem. Rev. 2008, 108, 3239;
b) D.J. Gorin, B. D. Sherry, F. D. Toste, Chem. Rev. 2008, 108,
3351; ¢) A. Corma, A. L. Pérez, M. J. Sabater, Chem. Rev. 2011,

[4

—

(11]
[12]
[13]
[14]
[15]

www.angewandte.org

These are not the final page numbers

Angewandte

intemationalEdition’y Chemie

(AR

5


http://dx.doi.org/10.1021/ja00968a057
http://dx.doi.org/10.1021/ja00745a056
http://dx.doi.org/10.1021/ja00750a045
http://dx.doi.org/10.1021/ja00750a045
http://dx.doi.org/10.1002/cber.19721050706
http://dx.doi.org/10.1002/cber.19721050706
http://dx.doi.org/10.1021/ja00765a064
http://dx.doi.org/10.1021/ja00779a073
http://dx.doi.org/10.1002/anie.197202892
http://dx.doi.org/10.1002/anie.197202892
http://dx.doi.org/10.1002/ange.19720840611
http://dx.doi.org/10.1016/S0040-4039(01)85182-0
http://dx.doi.org/10.1021/jo00951a003
http://dx.doi.org/10.1021/jo00951a003
http://dx.doi.org/10.1016/S0040-4039(01)95926-X
http://dx.doi.org/10.1016/S0040-4039(01)95926-X
http://dx.doi.org/10.1021/ja00834a028
http://dx.doi.org/10.1021/ja00834a028
http://dx.doi.org/10.1021/jo00902a034
http://dx.doi.org/10.1021/jo00902a034
http://dx.doi.org/10.3987/R-1980-07-0951
http://dx.doi.org/10.1021/jo00167a003
http://dx.doi.org/10.1021/jo00167a003
http://dx.doi.org/10.1021/ja00361a057
http://dx.doi.org/10.1021/ja00361a057
http://dx.doi.org/10.1016/S0040-4039(00)99086-5
http://dx.doi.org/10.1039/p19900000027
http://dx.doi.org/10.1039/p19900000027
http://dx.doi.org/10.1021/ja00040a060
http://dx.doi.org/10.1021/ja00040a060
http://dx.doi.org/10.1021/ja00053a049
http://dx.doi.org/10.1021/ja00053a049
http://dx.doi.org/10.1021/jo00055a012
http://dx.doi.org/10.1021/jo00100a006
http://dx.doi.org/10.1021/jo00100a006
http://dx.doi.org/10.1002/ange.19951072344
http://dx.doi.org/10.1002/ange.19951072344
http://dx.doi.org/10.1002/anie.199616921
http://dx.doi.org/10.1002/anie.199616921
http://dx.doi.org/10.1002/ange.19961081513
http://dx.doi.org/10.1016/0040-4039(96)01204-X
http://dx.doi.org/10.1016/0040-4039(96)01205-1
http://dx.doi.org/10.1055/s-1997-785
http://dx.doi.org/10.1016/S0040-4020(97)00365-7
http://dx.doi.org/10.1002/(SICI)1521-3765(199801)4:1%3C67::AID-CHEM67%3E3.0.CO;2-F
http://dx.doi.org/10.1002/(SICI)1521-3765(199801)4:1%3C67::AID-CHEM67%3E3.0.CO;2-F
http://dx.doi.org/10.1016/S0040-4039(98)01415-4
http://dx.doi.org/10.1016/S0040-4039(98)01415-4
http://dx.doi.org/10.1021/ol0169271
http://dx.doi.org/10.1021/ol0169271
http://dx.doi.org/10.1021/jo026173j
http://dx.doi.org/10.1016/S0040-4020(02)00633-6
http://dx.doi.org/10.1016/j.tetlet.2004.02.091
http://dx.doi.org/10.1016/j.tetlet.2004.07.101
http://dx.doi.org/10.1016/j.tetlet.2004.07.101
http://dx.doi.org/10.1021/ol0479848
http://dx.doi.org/10.1021/ol0509641
http://dx.doi.org/10.1039/B514147H
http://dx.doi.org/10.1039/b611202a
http://dx.doi.org/10.1039/b611202a
http://dx.doi.org/10.1021/ol0706307
http://dx.doi.org/10.1021/ol0706307
http://dx.doi.org/10.3390/12112507
http://dx.doi.org/10.3390/12112507
http://dx.doi.org/10.1055/s-2007-991054
http://dx.doi.org/10.1055/s-2007-991054
http://dx.doi.org/10.1002/hlca.200890218
http://dx.doi.org/10.1002/hlca.200890218
http://dx.doi.org/10.1021/ol802250y
http://dx.doi.org/10.1016/j.tet.2011.02.017
http://dx.doi.org/10.1016/j.tet.2011.02.017
http://dx.doi.org/10.1021/jo201974f
http://dx.doi.org/10.1021/jo201974f
http://dx.doi.org/10.1016/j.tetlet.2013.06.057
http://dx.doi.org/10.1002/asia.201403190
http://dx.doi.org/10.1021/jm00007a008
http://dx.doi.org/10.1016/0960-894X(96)00131-X
http://dx.doi.org/10.1016/0960-894X(96)00131-X
http://dx.doi.org/10.1016/j.bmcl.2003.08.012
http://dx.doi.org/10.1016/j.bmcl.2003.08.012
http://dx.doi.org/10.1016/j.bmcl.2005.07.074
http://dx.doi.org/10.1016/S0040-4020(01)92034-4
http://dx.doi.org/10.1016/S0040-4020(03)01203-1
http://dx.doi.org/10.1016/S0040-4020(03)01203-1
http://dx.doi.org/10.1016/j.bmc.2003.11.036
http://dx.doi.org/10.1021/cr0780210
http://dx.doi.org/10.1021/jm00105a017
http://dx.doi.org/10.4046/trd.2009.66.2.93
http://dx.doi.org/10.1016/0031-9422(89)80242-0
http://dx.doi.org/10.1016/0031-9422(92)80301-T
http://dx.doi.org/10.1021/ol5029783
http://dx.doi.org/10.1016/S0031-9422(00)98638-2
http://dx.doi.org/10.1021/np50078a025
http://dx.doi.org/10.1039/C6NP00039H
http://dx.doi.org/10.1039/C6NP00039H
http://dx.doi.org/10.1080/10575630108041256
http://dx.doi.org/10.1021/jo901906b
http://dx.doi.org/10.1021/jo901906b
http://dx.doi.org/10.1021/ol3035142
http://dx.doi.org/10.1021/cr068434l
http://dx.doi.org/10.1021/cr068430g
http://dx.doi.org/10.1021/cr068430g
http://dx.doi.org/10.1021/cr100414u
http://www.angewandte.org

GDCh
~~—~

6
R

111,1657; d) Y. Zhang, T. P. Luo, Z. Yang, Nat. Prod. Rep. 2014,
31, 489; e) D. Pflasterer, A. S. K. Hashmi, Chem. Soc. Rev. 2016,
45, 1331.

[19] H. Chiba, S. Oishi, N. Fujii, H. Ohno, Angew. Chem. Int. Ed.
2012, 51, 9169; Angew. Chem. 2012, 124, 9303.

[20] a) B. M. Fox, X. S. Xiao, S. Antony, G. Kohlhagen, Y. Pommier,
B. L. Staker, L. Stewart, M. Cushman, J. Med. Chem. 2003, 46,
3275;b) K. J. Cheng, N. J. Rahier, B. M. Eisenhauer, R. Gao, S. J.
Thomas, S. M. Hecht, J. Am. Chem. Soc. 2005, 127, 838.

[21] T. Naito, E. Doi, O. Miyata, I. Ninomiya, Heterocycles 1986, 24,
903.

[22] CCDC 1492777 (30), 1492779 (41), 1492782 (48), and 1492785
(53') contain the supplementary crystallographic data for this

Communications

Angewandte

intemationaldition’y) Chemie

paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre.

[23] a) V. A. Martin, D. H. Murray, N. E. Pratt, Y. B. Zhao, K. F.
Albizati, J. Am. Chem. Soc. 1990, 112, 6965; b) F. Perron-Sierra,
M. A. Promo, V. A. Martin, K. F. Albizati, J. Org. Chem. 1991,
56, 6188.

[24] M. Toyota, C. Komori, M. Thara, J. Org. Chem. 2000, 65, 7110.

Received: August 11, 2016
Published online: Il HE, EEEN

www.angewandte.org

&These are not the final page numbers!

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2016, 55, 1—7


http://dx.doi.org/10.1021/cr100414u
http://dx.doi.org/10.1039/c3np70075e
http://dx.doi.org/10.1039/c3np70075e
http://dx.doi.org/10.1039/C5CS00721F
http://dx.doi.org/10.1039/C5CS00721F
http://dx.doi.org/10.1002/anie.201205106
http://dx.doi.org/10.1002/anie.201205106
http://dx.doi.org/10.1002/ange.201205106
http://dx.doi.org/10.1021/jm0300476
http://dx.doi.org/10.1021/jm0300476
http://dx.doi.org/10.1021/ja0442769
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/anie.201607832
http://www.ccdc.cam.ac.uk/
http://www.ccdc.cam.ac.uk/
http://dx.doi.org/10.1021/ja00175a034
http://dx.doi.org/10.1021/jo00021a043
http://dx.doi.org/10.1021/jo00021a043
http://dx.doi.org/10.1021/jo000816i
http://www.angewandte.org

GDCh
~~—

Communications
K. Li, ). Ou, S. Gao* ______ 111E-1111

Total Synthesis of Camptothecin and
Related Natural Products by a Flexible

Strategy

Angew. Chem. Int. Ed. 2016, 55, 1-7

Communications

cyclization

substrate
activation

R2
R',R?2 =EWG, EDG

Natural products containing indolizinone
or quinolizinone moieties and analogues
thereof were obtained by a cascade exo
hydroamination followed by spontaneous
lactamization. This method was applied

R~ ..
cascade P
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intemationalEdition’y Chemie

n =1 indolizinone

n = 2 quinolizinone :

X,Y=CH, N, orO : camptothecin
41 examples

to the total synthesis of camptothecin in
nine steps and to efficiently prepare five
biogenetically or structurally related nat-
ural alkaloids.
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