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Practical Total Synthesis of (+)-Camptothecin: The Full Story

Marco A. Ciufolini**' and Frank Roschangar

Department of Chemistry, Rice University, P.O. Box 1892, Houston, Texas 77251, U.S.A.

ABSTRACT: The evolution of our strategy for the synthesis of (+)-Camptothecin
and related substances is presented in detail. © 1997 Elsevier Science Ltd.

Introduction.. Camptothecin (CPT, 1)’ and related compounds® have recently returned to the forefront of
experimental cancer treatment.* Good evidence regarding their biomolecular target and mode of action has been
produced.” Furthermore, previously unrecognized antiviral properties® and modulation of protein synthesis’ have
now been observed for 1 and related natural products. Not surprisingly, renewed biomedical interest, scarcity of
the natural product, and difficulties encountered in the preparation of derivatives with a better pharmacological
profile directly from 1, have stimulated a flurry of new synthetic activity in the CPT area®

The numerous syntheses of CPT known to date® rest largely’® on four strategic ideas, depicted in Scheme 1
as retrosynthetic paths A - D. Of these, paths A'® and B'' emerged during the “classical” era of CPT chemistry,
and the fact that new and ever more efficient developments of these themes continue to appear'? is a testament to
the soundness of the original formulations and the vision of their formulators. Routes C** and D* may be
termed “contemporary” and reflect recent advances in synthetic technology.

Scheme 1
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Our own interest in establishing a practical synthesis of CPT and related substances led us to evaluate the
potential of our methodology for the preparation of pyridines (Scheme 2)'* for the creation of ring D of 1. The
retrosynthetic scenario of Scheme 3 reflects our surmise that the immediate forerunner of CPT should be the seco
intermediate 2 (L = leaving group), which would have to be amenable to facile formation of the N-4-C-5 bond.
The pyridone unit would result upon Polonovski oxidation of pyridine 4, which in accord with the logic of
Scheme 2 would be assembled through merger of quinoline 7, scalemic aldehyde 8, and building block 6. The
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Scheme 2
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precise nature of 6 was to be defined through experiment. It was already apparent that diverse analogues of 1
could be prepared by the same general approach. A communication describing this work has already appeared.'*
Full details of problems and solutions relating to the implementation of this plan are discussed herein.

Scheme 3
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Initial_Investigations . The construction of a competent pyridine forerunner of 1 posed two obvious
problems. First, enone 5 required for pyridine formation displays a highly branched C atom (the future C-20 of
1) immediately adjacent to the 7 system destined to engage ether 6 in a heterocycloaddition.'” Steric interactions
could well undermine the feasibility of this crucial step. Second, substituent “Z” in 6 must provide the hydroxy-
methyl segment of the lactone portion of 1. An expressed CH,OH is not tolerated during the cycloaddition,'®
while an O-protected variant would render compound 6 unstable. A good synthetic equivalent of a hydroxy-
methyl group needed to be identified, with the additional proviso that maneuvering and total number of steps be
kept to a minimum, in order to create a synthesis competitive with the then-best enantioselective route to CPT.

Steric concerns were soon allayed by the observation that enone 10" reacts well, if slowly, with ethyl
viny! ether (EVE) to give adduct 11, and thence pyridine 12, in good overall yield (Scheme 4). The fert-butyl
group present in 10 seemed a good mimic of the sterically demanding substituent present in the *“real” enone 5.

Scheme 4
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{a) tBu-CHO, ag. EtOH, NaOH, 57 %; (b) CH,=CHOEY, 2 mol % Yb(fod),, 1,2-DCE, reflux, 76 %; (c) HO-NHsHCI, MeCN, refiux, 90 %.

Possible solutions to the second problem were sought in ether 14 and in methoxyallene (15) both of
which could be predicted to react well with enone 5, computationally modeled by quinoline 13. The energy gap
between the HOMO of the electron-rich ether and the LUMO of the electron-deficient enone seems to be the most
significant qualitative predictor of reaction rates, barring unfavorable sterics.'® The LUMO of 13 is slightly lower
in energy than that of 10 (-10.40 eV),'® while the steric properties of the two molecules are comparable. Thus,
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13, and related derivatives (5) should react well with EVE, because so does 10; moreover, reaction with 14 or
15 should be faster yet than with EVE, because the higher-lying HOMO of these ethers diminishes the HOMO-
LUMO gap (Scheme 5). Pyridine 18 theoretically available from adduct 17 could then undergo Tamao
oxidation' to the desired 19. The logic behind our choice of methoxyallene was more adventurous. It was
hoped that adduct 20 would combine with moist HO-NH2*HCl to form reactive intermediate 21, which might
undergo conjugate addition of H;O to produce 22. This molecule resembles a putative reactive intermediate in the
Knoevenagel-Stobbe reaction,” and therefore it should readily suffer dehydrative aromatization to 19.
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Despite their appeal, the above hypotheses led only to synthetic dead-ends. Methoxyallene?' added rapidly
to various chalcones, but reaction of the cycloadducts with HO-NH*HCI gave complex mixtures containing
insignificant amounts of desired hydroxymethyl pyridine. Ether 14** behaved as predicted with ordinary
chalcones; however, quinoline-containing enones such as 23 produced the adduct 24 in a meager 29% yield, with
the majority of the enone undergoing an unusual aza-Nazarov cyclization to indolizine” 25 (Scheme 6), an air-
sensitive compound that was best characterized as the acetate 26. This interesting reaction, which could be
induced simply by heating the substrate with 3-5 mol % of Yb(fod)s, has yet to be fully explored, but it already
appears to have limited scope. Even more distressingly, exposure of 24 to HO-~NH,HCl gave only
protiodesilylated methylpyridine 30 (79 %) which probably formed as suggested in the mechanism of Scheme 6.

Scheme 6
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(a) 14, 3-5 mol % Yb(fod)s, 1,2-DCE, reflux; (b} 3-5 mol % Yb(fod)s, 1,2-DCE, reflux; (c) HO-NH=HCI, MeCN, reflux; (d) Ac:0, pyrid.

Substituent “Z” in 6 clearly could not be a carbonyl or a similar electron-withdrawing group (“EWG”) so
long as pyridine formation remained the centerpiece of our strategy. Many EWG's would serve well as latent
CH,OH’s, but they would also lower the HOMO of the molecule to the point that the crucial cycloaddition would
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be seriously compromised. Conversely, pyridine 4 would later be oxidized to a 2-pyridone 3. Soon, the idea
materialized that direct pyridone formation from § may actually benefit overall efficiency. In this new light, it was
now desirable to have Z = EWG, because the pyridone would best be made by oxidative fusion of § with an
active methylene amide; that is, compound 6 would now have to be malonamic ester or cyanoacetamide.

The merger of active methylene amides with enones constitutes a long-recognized route to 2-pyridones,
but as many as three steps may be necessary to complete such an operation.”* Experiment revealed that a one-step
synthesis could be achieved in DMSO solution through in situ oxidation (O, atmosphere) of Michael adducts of
many conjugated carbonyls with the above amides. Details of this chemistry are published elsewhere;* therefore,
here we shall recount only two weaknesses of the new procedure. Generally, substrates containing base-resistant
functionality reacted efficiently; not so those incorporating base-sensitive groups. More significantly, enones 31
wherein group R*® may depart as a stabilized radical afforded various amounts of abnormal pyridones 33.
Mechanistic implications of this observation have been addressed.”” The extent of abnormal product formation
ranged from none for R® = aryl or n-alkyl; trace for R>=cycloalkyl; ca. 5% for R*=1,1,-diethoxyethyl, to 100%
for R*=3-hydroxy-1-penten-3-yl.2¢

Scheme 7
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(a) 1.1. eg. NC—CHz-CONH: or EtOOC~CHCONHz, 4 eq. of base, no cooling, 60-90% of 38 plus variable amounts of 39 (text).

We were now eager to evaluate the new reaction with several enones of the type S, preparation of which
required access to phosphonates such as 7 and aldehydes resembling 8. The quinoline sector of the phosphonates
displays a C, substituent at position 3, a feature that may be introduced especially readily through the Meth-Cohn
quinoline synthesis.”’ This excellent reaction afforded quantities of 2-chloroquinolines, e.g. 34b-¢, which were
expected to be amenable to replacement of the halogen atom with an ester unit, thereby opening a Corey-
Kwiatkowski®® avenue to the desired phosphonates. Indeed, many 2-chloroquinolines, unlike most aryl
chiorides, were found to undergo Pd-mediated reactions readily and without the need for specialized catalysts.”
The complex, [Pd(dppp).Cl2] was particularly effective for carbomethoxylation (Scheme 8). In all cases, the
esters advanced to the phosphonates in excellent yield. Compound 7a proved to be especially valuable for the
preparation of CPT itself. An early route to this phosphonate commenced with quinoline 35b,'* but an even
shorter, more efficient synthesis starts with aldehyde 36, which is now an article of commerce.*®

Scheme 8
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(a) 5 mol % Pd(dppp):Cl,, NaOAc, MeOH, DMF, 1500 psi CO, 110 °C, 72% for 35a, 98% for 35b, 61% for 356¢; (b) 2 eqiv.
(MeQ):P(O)CH:Li, THF, -78°C, 98-100 %; (¢} NaBHs, EtOH, 99%; (d) Mel, tBUOK, DMSO, 82%; (e) NBS, CCl, Bz:0z, hv; {f) MeOH,
HzS04, heat, 55 % e-f.
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Various racemic aldehydes of the type 8 were made by straightforward procedures that will not be
discussed here, except for the case of () 40. This aldehyde was manufactured from useful, readily available
building block 37*' as shown in Scheme 9, and it occupies a privileged position in the grand scheme of CPT
synthesis, because it furnished enones that could ultimately be advanced to 1 in an especially direct fashion.

Scheme 9
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(@) CH2=CHMgBr, THF, -78°C, 84%; (b} MOMCI, i-Pr=NE, . t., 62%; (c) Os, CH2Cl-MeOH (4:1), -78°C; then Me:S, r. t., 70-95%.

An unpleasant turn of events awaited us at this juncture. Whereas Wadsworth-Emmons condensation*? of
pairs of phosphonates 7 and (+)-aldehydes 8 furnished several enones (41) in 70-80% yield, most such enones
were either poor substrates for pyridone formation or exhibited a strong inclination to fragment as alluded-to
earlier. Only three of eleven enones tested vis-a-vis cyanoacetamide produced satisfactory results (Scheme 10),
but ironically, none of them incorporated functionality conducive to a quick synthetic endgame. A search for
ways to circumvent these difficulties was launched immediately. Simultaneously, pyridones 42a-¢ were utilized
to identify good conditions for conversion of the nitrile to the crucial hydroxymethyl unit.

Scheme 10
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(a) 1.1. eq. NC-CH-~CONH:, DMSO, base, no cooling, precise conditions as per footnotes (d)-(e); (b) unoptimized yields of
chromatographed products; (c) in each case, about 5 % of abnormal pyridone was also formed. (d) 5 equiv. t-BuOK, 1 atm O,; (e} 1
equiv. -BuOK, DMSO, r.t. Ar (completion of Michael step), then 4 equiv. +BuOK.

Chemical or catalytic reduction of the nitrile, or base hydrolysis to an acid as a prelude to further reduction,
were problematic. The quinoline seemed to interfere with reductive manipulations, a disturbing observation that
foreshadowed the most serious challenge we were yet to encounter in our synthetic venture. Base hydrolysis
required vigorous conditions and was inefficient, probably because N-deprotonation of the pyridone strongly
diminished the electrophilic reactivity of the nitrile. We thus chose to explore hydrolysis in strongly acidic media.
Our experiments soon revealed a key property of those substrates wherein a methoxymethyl substituent is present
at position 3 of the quinoline: exposure to strong protonic acid prompted not only nitrile hydrolysis, but also
closure of the future ring C of camptothecin. This process appears to be mechanistically related to the Williams
oxacycle formation,*® and it occurred especially efficiently upon heating the starting pyridone in 60% ethanolic

Scheme 11

(a) 60% sthanolic H:SO., 115° C, 10 min for complete conversion to 44, 4 h to reach 45, 100 %.
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H,S0, at 115°C (4 h, essentially 100% yield). Furthermore, natural camptothecin was perfectly stable under such
conditions. The reaction is exemplified in the conversion of 42b to 45 (Scheme 11), which also illustrates that
the presence of an alcoholic or (latent) enolic OH at the future C-20 of CPT results in rapid lactonization during
acid treatment. We therefore assumed that the crucial CH,OH could be installed by hydride reducuon of Iactones
akin to 45. These decisive observations became central to the formulation of our ultimate strategy.*

Soon, a two-step protocol emerged, that permitted facile pyridone formation from previously recalcitrant
substrates. Reaction of enones 46 (Scheme 12) with the anion cyanocacetamide in DMSO delivered Michael
adducts 47 in practically quantitative yield. These substances were obtained as a mixture of diastereomers and of
ring-chain tautomers; therefore they were not purified beyond a quick filtration through silica gel. We confirmed
earlier reports that oxidation of 47 to full-fledged pyridones was most easily accomplished with excess SeO; in
refluxing acetic acid.*® A significant advantage of this procedure was that MOM group in 47 was released under
the acidic conditions of the reaction, and the resulting alcohol lactonized to 48. A major disadvantage was that
three equivalents of highly toxic SeO, were necessary for complete oxidation; furthermore, it was extremely
difficult to fully remove reduced forms of selenium from the final pyridone. A significant improvement was
realized by the use of catalytic (20 mol%) Shirahama SeO, on silica gel’*® in conjunction with 70% aq. tert-butyl
hydroperoxide (3 equivalents) in AcOH as the solvent. The oxidation thus proceeded faster than with plain SeO,
(30-60 min. vs. 2-3 hrs), at lower temperature (110°C compared to reflux), and in better yields. To our surprise,
no MOM release / Jactonization was observed under the new conditions, leading us to speculate that free selenous
acid (H.SeO;, a strong Brgnsted acid) may have been responsible earlier for that desirable event. While
subsequent treatment of the pyridones with mineral acid in a separate step did result in lactonization, it was found
that addition of 10 vol % of aq. 10% H:SOs to the oxidation reaction after complete formation of the pyridone had
occurred would again furnish lactones 48 directly from 47 after brief heating, as illustrated in Scheme 12.

Scheme 12
ONHg Entry a b c
R?2 | COOEt CH=CH, CONEt,
Et"| TR 47 48 Yield%| 68 68 70
OMOM

OMOM
a. Cyanoacetamide, 1 equiv. -BuOK, DMSO, r. 1., 100%; b. 0.2 equiv. of 5 % SeQ: on SiO2, 3 equiv. 70% aq. tBuOOH, AcOH, 110°C,
1h, then add 10 vol % of 10 % aq. H=SOs, 110°C, 1 h.

Synthesis of (+)-Camptothecin. The value of compound 46¢ as a forerunner of 1 is now apparent. The carbon
atoms that will eventually translate into ring E of camptothecin are in the correct oxidation state, removing the need
for later redox operations. In particular, the future CPT lactone carbonyl is present as a robust diethylamide,
minimizing the likelihood of interference during reductive manipulation of intermediate 48c¢ to a diol. In turn, the
diol was expected to cyclize readily to 1 under the acidic conditions of Scheme 11. We embarked toward the
climax of our endeavor by charting an efficient enantioselective synthesis of the crucial fragment 40. Issues of
practicality and cost-effectiveness immediately ruled out the use of resolution methods or chiral auxiliaries. The
hidden symmetry present in 40 suggested an enzymatic desymmetrization of a malonate’” as a viable alternative.
Accordingly, compound 51 was prepared from commercial dimethyl 2-ethylmalonate (49, Fluka, Scheme 13) by
hydroxylation and MOM protection. Hydroxylation was best effected by solid-state reaction with ozone,”® and
while excellent results were also obtained in the reaction of the enolate of 49 with the Davis oxaziridine,* the
convenience of the highly effective ozone protocol was sans pareil. Enantioselective hydrolysis of §1 with pig
liver esterase*®,*' provided what later proved to be the R enantiomer of carboxylic acid 52, [a]o™ = +10.0°
(CHCl;, ¢ = 6.15), of at least 98 % ee, as determined by scrutiny of 'H NMR spectra of crude amides obtained by
condensation of scalemic and racemic 52 with enantiopure (S)-o-methylbenzylamine. Initially, the configuration
of this acid was not secure, nor could we easily conduct a correlation with simple materials of known absolute
stereochemistry. While the Jones model for PLE selectivity*’ would predict the S configuration for 52 (the
opposite of that shown in Scheme 13), we were aware that the Jones rule is not infallible.** It was fortunate
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Scheme 13
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(@) Os, Si0z, 25°C, 71 %,; (b) MOMCI, iPr2NEt, CHzCk, 25°C, 100 %; (c) PLE, 25 % aq. DMSO, pH 6.8-7.4, 35°C, 90 %; (d) N-methyl-2-
chioropyridinium iodide, ENH, EtsN, CH:Clz, 25 °C, 90 %; (e) DIBAL, THF, —78 °C, 100 %; (f} Et2NLi, THF, =78° to 0°C; (g) CH:Nz, 62 %
f-g.

indeed that the R acid was in fact obtained from this reaction, because this antipode of 52 may be more
expeditiously incorporated into CPT. However, we felt that the stereochemical ambiguity could be safely resolved
only by manufacturing both enantiomers of aldehyde 40 from 52, and by advancing each individual antipode of
the aldehyde to the corresponding enantiomer of 1: stereocorrelation would be made with the natural product.

Acid 52 was best converted to the diethylamide under Mukaiyama conditions.** Chemoselective DIBAL
reduction of the emerging 53, [a]o® = —43.3° (CHCl;, ¢ = 5.25), proceeded quantitatively to afford aldehyde
(8)-(-)-40, shown in Scheme 13 as compound 54, [a]p® = —40.8° (CHCls, ¢ = 10.25), which in “crude” form
was already spectroscopically and microanalytically pure. Preparation of (R)-(+)—40, indicated above as 57, was
achieved by exposure of 52 to excess Et:NLi, followed by diazomethane esterification and DIBAL reduction.

Condensation of 54 with phosphonate 7a (Scheme 15) produced enone 61, [a]p® = —56.1° (c 4.720),
80% yield, which was advanced in 68% yield to lactone 63, [a]p® = -38.8° (c 1.025), as discussed above. We
were ready to execute the reduction of 63 to the diol, a step that we naively regarded as nothing more than a
footnote to the camptothecin story. We were dismayed to find that this seemingly trivial operation was extremely
problematic. Veiled warnings exist in the literature conceming the perils associated with reduction of lactones
similar to 63, but the extent of such difficulties does not seem to have ever been explicitly addressed. It was
astonishing to observe pure 63 and related lactones of the type 48 rapidly degrade to complex mixtures of
overreduced products, among which only small and variable amounts of the desired diol were evident, upon
exposure to one boron— or aluminum hydride reagent after another. This complication loomed large, and for a
time it cast a dark shadow on our overall synthetic design. Powerful hydride agents (LAH, RedAl) caused
overreduction of the quinoline unit, decarbonylative loss of the amide group, and generally formation of complex
mixtures. Similar difficulties were encountered with LiBHs, reportedly the reagent of choice for the reduction of
related lactones lacking the quinoline portion.*® Reaction of lactones of the type 48 with DIBAL in CH:Cl, (-78°
to 0°C) resulted not only in formation of the diol, but also in clean demethoxylation to 60, probably through the
mechanism delineated in Scheme 14. This disastrous side reaction seemed to occur at a rate comparable to that of
lactone reduction and could not be suppressed. Its perniciousness derived from our inability to reactivate the
quinoline methyl group as required for ring C formation, e.g., through radical bromination (mixtures of
products). Even more serious problems were encountered upon attempted reduction of intermediates with a
complete ring C. It is noteworthy that in a landmark 1977 Science paper, H. W. Moore hypothesized that CPT
may require bioreductive activation to an intermediate related to 58 in order to express cytotoxicity."’ That
provocative surmise now appears to be untenable, but one cannot help to wonder whether the ease of quinoline
reduction in many CPT precursors / analogues, especially those with ring C in place, may be at the roots of some
of the other physiological effects of 1.

Scheme 14
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Overreduction could be controlled, but not repressed, by the use of NaBHj in refluxing ethanol. Diol 64
was thus isolated from the reaction mixture in disappointing yield; moreover, a large excess of NaBH4 (>20
equivalents, added in portions over 24 h) was necessary to complete the reaction. Reduction with a suspension
of NaBH, in refluxing THF fared better and gave the diol in about 40-45 % yield. * Innumerable experiments
finally brought to light an outstanding solution in the form of a modified Luche reduction. Ethanolic
NaBH.,/CeCl;*7H;0 at 0°C induced fast (20 min), clean conversion of 63 to a mixture of diastereomeric lactols,
which rapidly converged to diol 64 upon warming to 45°C. No demethoxylation or quinoline reduction was
apparent. The diol is a polar substance that was best advanced to the next step without purification. Fully
synthetic, pure 20-(S)-(+) camptothecin, 1, identical in all respects, including rotation, [0]p® = +34.8° (8:2
CHC; - MeOH, ¢ = 0.565; lit.:* +35°) to authentic samples from two different sources,”® emerged in 94 % yield
after flash chromatography, upon treatment of 64 with hot ethanolic H:SOs. In an identical manner and yields,
biologically inactive ent—1 was prepared from 57, thus completing the stereochemical cormrelation of all our
intermediates. The soundness of our plan had been fully vindicated.

Scheme 15
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(a) tBUOK, DME, reflux, 80 %; (b) 6, tBUOK, DMSO, 100 %; (c) 5 % SeO: on silica gel, tBUOOH, AcOH, 110° C, then add 10 % aq.
H2S04, 70 %; (d) NaBHs, CeCls7H.0, EtOH, 0-45°C; (8) 60 % H:SOx in EtOH, 115° C, 94 % chrom. d-e.

In summary, CPT was obtained in 30 % overall yield through a sequence requiring a maximum of ten
linear steps from 49 (Scheme 16). This compares favorably with the best enantioselective alternatives currently
available (8 steps longest sequence & 15 % overall yield for the Comins-Glaxo synthesis; 10 steps longest
sequence & 3 % overall yield for the Curran synthesis). We are hopeful that the synthesis detailed above will
facilitate the creation of novel CPT analogues for bioassay and for the eventual development of better anticancer
resources based on this interesting natural product.

Scheme 16
4 steps 5 steps, 51 % 5 steps
7a 54
59 % 1 58 %

(+)-CPT (30 % from 36 or from 49)—l
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Experimental Section®'
Methyl Ether 34a. A solution of 2-chloroquinoline-3-carbaldehyde 36 (7.7 g, 40.1 mmol) in EtOH (80 mL) was treated with
NaBHa: (1.9 g, 48.2 mmol) at 0°C. The mixture was allowed to warm to room temperature. Upon completion of the reduction (TLC)
the reaction mixture was poured into saturated aqueous NH«Cl and extracted with ether. The extracts were washed (sat. aq. NaCl), dried
(NazS0Q4) and evaporated to yield the intermediate alcohol (7.7 g, 99%), white crystals, m.p. 149°C, which was methylated without
further purification. Thus, Mel (508 uL, 8.1 mmol) was added at room temp. to a solution of this alcohol (520 mg, 2.7 mmol) in
DMSO (27 mL) containing suspended finely ground KOH (301 mg, 5.4 mmol). The reaction completed instantaneously. The
mixture was poured into sat. aq. NaHCO: and extracted with CHCls. The extracts were washed (H20, then sat. aq. NaCl), dried
(Na:S0s) and concentrated. Chromatography (10% EtOAc / hexanes) afforded 463 mg (82%) of desired 34a as a yellow oil. 'H: 8.18
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(s, 1H), 7.99-7.96 (d, 1H, J=8.2 Hz), 7.79-7.76 (d, 1H, J=8.1 Hz), 7.70-7.63 (dt, 1H, Ji=7.0 Hz, J>=1.5 Hz), 7.54-7.47 (dt, 1H, J,=7.0
Hz, J,=1.2 Hz), 4.61 (d, 2H, J=1.0 Hz), 3.53 (s, 3H). “C: 148.9, 146.7, 136.2, 130.1, 130.0, 128.0, 127.4, 127.1, 126.9, 70.8,
58.9. IR: 1619, 1597, 1568, 1330, 1116. MS: 207 (M*), 176, 140 (100%). HRMS Calc. for CuH1oNO*Cl: 207.0451 (M),
Found: 207.0450.

Quinoline Ester 35a. An open vial containing a stirring bar, 2-chloroquinoline 34a (137 mg, 0.7 mmol), Pd(OAc): (3 mg, 0.01
mmol), 1,3-bis-(diphenylphospino)propane (11 mg, 0.02 mmol), NaOAc (54 mg, 0.7 mmol), MeOH (0.2 mL) and 1-methyl-2-
pyrrolidinone (0.6 mL), was placed inside a Parr bomb, which was sealed and pressurized to 105 atm of CO. The mixture was stirred
for 2 days at 100°C, then cooled, diluted with ether, filtered through celite, washed (H20, then sat. aq. NaCl), dred (Na:SOs) and
concentrated. Chromatography of the residue with 20% EtOAc / hexanes gave 110 mg (72%) of pure 35a as a pale yellow oil that
solidified upon standing, m.p. 63-64°C. 'H: 843 (d, 1H, J=0.7 Hz), 8.25-8.22 (d, 1H, J=8.4 Hz), 7.89-7.86 (dd, 1H, J,=8.1 Hz,
1,=0.9 Hz), 7.79-7.72 (dt, 1H, J,;=6.9 Hz, J,=1.4 Hz), 7.67-7.60 (dt, 3H, J,=7.0 Hz, J,=1.2 Hz), 4.95 (d, 2H, J=1.0 Hz), 4.05 (s, 3H),
3.54 (s, 3H). C: 166.0, 146.4, 145.7, 135.0, 131.5, 129.5, 128.3, 128.0, 127.1, 70.6, 58.4, 52.5. IR: 1723. MS: 231 (MY,
216, 184 (100%). HRMS Calc. for CisHisNOs: 231.0895 (M*), Found: 201.0895.

Phosphonate 7a. A 2.5 M solution of n-BuLi in hexanes was added dropwise to a cold (~78°C) solution of 2-3 crystals of 1,10-
phenanthroline in THF (4.5 mL) in a flame-dried flask. When the indicator changed color (2-3 drops), 5 mL of BuLi solution was
added (12.5 mmol), followed by slow addition of neat dimethyl methylphosphonate (1.4 mL, 12.9 mmol). The mixture was stirred -
78°C for 30 minutes, then quinoline ester 35a (1.4 g, 5.9 mmol) in THF (4 mL) was added. Stirring at -78°C was continued for 2.5
hours, then the reaction was carefully quenched with 3.15 mL of 4 N HCI and warmed to room temperature. Extraction with EtOAc
and concentration left a residue that was Kugelrohr-purified at 55°C. The thick yellow oil left in the distillation flask was
microanalytically pure 7a (1.9 g, 100%), which slowly solidified upon standing, m.p. 51°C. 'H: 8.52 (d, 1H, J=0.8 Hz), 8.18-8.14
(dd, 1H, J,= 8.5 Hz, J,=0.5 Hz), 7.91-7.88 (dd, 1H, J,=8.0 Hz, J,=1.0 Hz), 7.80-7.73 (dt, 1H, J,=8.5 Hz, J,=1.5 Hz), 7.69-7.63 (dt,
1H, J,;=8.1 Hz, 1,=0.5 Hz), 4.99 (d, 2H, J=1.2 Hz), 4.28-4.19 (d, 2H, J=22.3 Hz), 3.79-3.74 (d, 6H, J=11.2 Hz), 3.58 (s, 3H). "C:
195.6, 195.5, 149.3, 145.6, 134.8, 132.7, 130.0, 129.9, 129.4, 129.1, 127.6, 71.2, 58.9, 53.0, 52.9, 46.3, 37.7, 35.6. IR: 1797.
MS: 323 (M+), 308, 291, 182 (100%). HRMS Calc. for CisHisNOsP: 323.0923 (M*) Found: 323.0919. EA: (Calc.): C: 55.43
(55.73); H: 591 (5.61); N: 4,11 (4.33); P 9.86 (9.58).

Hydroxymalonate 50. Ozonized oxygen was passed through ethyl dimethylmalonate, 49 (5.5 g, 20.5 mmol) adsorbed onto silica
gel (66 g) at room temperature for 2 h. The mixture was transferred to a chromatographic column. Elution with 10% EtOAc/hexanes
gave 1.1 g (20%) 54 and 4.3 g (71%) of hydroxymalonate 50 as a colorless oil. 'H: 3.81 (s, 6H), 3.73 (s, 1H), 2.12-2.03 (q, 2H,
J=7.4 Hz), 0.94-0.88 (1, 3H, J=7.4 Hz). “C: 171.0, 79.4, 53.3, 28.1, 7.4. IR: 1691.

MOM Ether 51. Chloromethyl methyl ether (11.9 mL, 157 mmol; CAUTION: carcinogenic) was added at room temp. 1o a
solution of alcohol 50 (9.1 g, 52.0 mmol) and iPr2NEt (46 ml, 265 mmol) in CH2Cl2 (36 mL), and the mixture was then stirred at
room temp. for 3 days. The reaction mixture was added to sat. ag. NaHCOs and extracted with EtOAc. The combined extracts were
washed (H20, then sat. aq. NaCl), dried (Na,SO,) and concentrated. The residue was chromatographed (10% ethyl acetate / hexanes) to
furnish 11.4 g (100%) of 51 as a pale yellow oil. 'H: 4.86 (s, 2H), 3.77 (s, 6H), 3.36 (s, 3H), 2.17-2.08 (q, 2H, J=7.5 Hz), 0.91-
0.85 (1, 3H, J= 7.4 Hz). "*C: 169.5, 93.2, 56.2, 52.7, 27.0, 7.4. IR: 1696. MS (CI+): 221 (MH*), 189 (100%). HRMS (CI):
Calc. for CsHi70s: 221.1025 (MH*) Found: 221.1025.

Carboxylic Acid 52. Malonate 51 (1.4 g, 6.3 mmol) was suspended in 42 mL of 25% ag. DMSO maintained at 35°C, and the
pH was adjusted to 7.0 with 1 N NaOH. Pig Liver Esterase (Sigma, 1568 units) was added and the pH was maintained between 6.9
and 7.4 by addition of 1 N NaOH. When one equivalent of base had been added (3.5 hours), the reaction came to a halt (no further pH
drop) and the system had become homogeneous. The mixture was basified to pH 8 and washed with ether, then acidified to pH 2,
saturated with solid NaCl, and extracted with EtOAc. The extracts were dried (Na:SOs), and concentrated. Kugelrohr removal of
DMSO at 45°C provided 1.2 g (90%) of pure 52 as a colorless oil, [a]o® = +10.0° (¢ 6.15, CHCl3). 'H: 8.81 (br, 1H), 4.84 (s, 2H),
3.75 (s, 3H), 3.36 (s, 3H), 2.17-2.07 (dq, 2H, J,=7.4 Hz, J,=2.9 Hz), 0.91-0.85 (1, 3H, J=7.5 Hz). *C: 172.3, 169.3, 93.1, 82.9,
56.3, 52.8, 26.6, 7.2: IR: 1691. MS (CI): 207 (MH"), 175 (100%). HRMS (CI) Calc. for CsHisOs: 207.0869 (MH") Found:
207.0870.

Amide 53. 2-Chloro-N-methylpyridinium iodide (6.3 g, 23.9 mmol) was carefully added to a cold (0°C) solution of acid 52 (3.1 g,
14.9 mmol), EtzNH (3.1 mL, 29.9 mmol) and EtN (7.3 mL, 52.4 mmol) in CH:Clz2 (150 mL). The mixture was allowed to warm to
room temp. over 20 min. Upon completion of the reaction (NMR), the mixture was added to sat. aq. NaHCOs and extracted with
EtOAc. The extracts were washed (H20, then sat. aq. NaCl), dried (Na2SOs) and concentrated. Chromatography (10% EtOAc /
hexanes) gave 3.5 g (90%) of desired 53 as a pale yellow oil, [&]o® = - 67.4° (c 6.85, CHCls). 'H: 4.69 (s, 3H), 3.76 (s, 3H), 3.72-
3.10 (m, 4H), 3.41 (s, 3H), 2.36-2.06 (m, 2H), 1.12-1.06 (t, 3H, J=7.1 Hz), 1.07-1.02 (t, 3H, J=7.1 Hz), 0.87-0.81 (t, 3H, J=7.5
Hz). “C: 170.5, 166.4, 92.7, 84.9, 56.8, 52.3, 40.6, 40.4, 27.1, 13.1, 11.9, 7.4. IR: 1711, 1650. MS (CI+): 262 (MH"), 230
(100%). HRMS (CI) Calc. for C12H24NOs: 262.1654 (MH*), Found: 262.1654. EA (Calc.): C: 55.48 (55.17); H: 8.88 (8.81); N:
5.29 (5.36).

Aldehyde 54. Diiscbutylaluminum hydride (1.5 M in toluene, 13.9 mL, 20.9 mmol) was added at a slow dropwise rate into a cold
(-78°C) solution of ester 53 (2.0 g, 7.7 mmol) in toluene (19 ml). The mixture was stirred at -78°C for 2 hours after completion of
addition, then treated with cold MeOH (-78°C, 3.5 ml) and poured into cold sat. aq. NaHCOs (0°C), with vigorous swirling, over 15
minutes. The resulting slurry was extracted with EtOAc and the extracts were washed (sat. ag. NaCl), dried (Na2SOs) and concentrated
to give 1.8 g of microanalytically pure 54 (100%), pale yellow oil, [a]o® = — 49.5° (c 6.60, CHCI3). 'H: 9.58 (s, 1H), 4.68-4.61
(AB, 2H, J=6.9 Hz), 3.56-3.04 (m, 4H), 3.30 (s, 3H), 2.21-2.09 (m, 1H), 1.91-1.79 (m, 1H), 1.09-1.01 (dt, 6H, J=6.9 Hz), 0.82-0.76
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{t, 3H, J=7.6 Hz). “C: 196.1, 167.2, 92.7, 86.7, 56.1, 40.5, 40.1, 24.6, 13.5, 12.1, 7.6. IR: 1785, 1646-1619 (br). MS (CI):
232 (MH*), 200 (100%). HRMS (CI) Calc. for CuH2NO«: 232.1549 (MH"), Found: 232.1539. EA (Calc.): C: 57.50 (57.14); H:
9.25 (9.09); N: 5.88 (6.06).

Enone 61. Phosphonate 7a (1.5 g, 4.6 mmol) in 1,2-dimethoxyethane (DME, 3.0 mL) was transferred into a cold (0°C) solution of
tBuOK (603 mg, 5.1 mmol) in DME (3.3 ml) in a flame-dried flask, and the resulting mixture was stirred at 0°C for 30 min. The ice
bath was removed and aldehyde 54 (1.3 g, 5.6 mmol) in DME (3.0 mL) was added. The mixture was heated to 50°C for 12 hours,
then cooled, poured into sat. aq. NaHCOs and extracted with ether. The extracts were washed (sat. aq. NaHCO3, then H20, then sat. aq.
NaCl), dried (Na,SO,) and concentrated. The residue was chromatographed with 10% EtOAc / hexanes to provide 1.588 g (80%) of
enone 61 as a yellow oil, [a]o® = - 56.1° (c 4.72, CHCl3). 'H: 8.45 (d, 1H, J=0.7 Hz), 8.16-8.13 (d, 1H, J=8.0 Hz), 7.89-7.86 (dd,
1H, J|=8.1 Hz, J,=1.1 Hz), 7.78-7.72 (dt, 1H, J,=6.8 Hz, J,=1.5 Hz), 7.78-7.71 (d, 1H, J=16.1 Hz), 7.67-7.60 (dt, 1H, J,=6.9 Hz,
J;=1.2 Hz), 7.12-7.06 (d, 1H, J=16.1 Hz), 4.98 (br. s, 2H, ), 4.77-4.69 (AB, 2H, J=6.4 Hz), 3.88-3.22 (m, 4H), 3.55 (s, 3H), 3.49
(s,3H), 2.36-2.24 (m, 1H), 2.08-1.93 (m, 1H), 1.19-1.13 (t, 3H, J=7.0 Hz), 1.11-1.06 (1, 3H, J=7.0 Hz), 0.94-0.88 (1, 3H, J=7.4 Hz).
BC: 191.6, 169.0, 148.0, 145.9, 134.8, 132.4, 130.0, 129.6, 128.9, 128.6, 127.5, 126.0, 92.8, 84.4, 77.2, 71.4, 58.9, 56.8, 41.5,
40.8, 28.6, 13.6, 12.3, 7.4. IR: 1677, 1641, 1619. MS: 428 (M+), 383, 328, 100 (100%). HRMS Calc. for C,H,,N,0O,:
428.2311 (M*), Found: 428.2310. EA (Calc.): C: 67.20 (67.27); H: 7.69 (7.53); N: 6.40 (6.54).

Lactone 63. A mixture of tBuOK (523 mg, 4.4 mmol), 2-cyanoacetamide (345 mg, 4.1 mmol), and DMSO (27 mL) in a flame-
dried flask was stirred at room temp for 15 min prior to addition of a solution of enone 61 (1.6 g, 3.7 mmol) in DMSO (10 mL). The
mixture was stirred at room temp. for 30 min, then it was poured into sat. aq. NaHCO3-NaCl solution and extracted with 2:8
EtOH/CHCls. The extracts were washed (H20, then sat. aq. NaCl), dried (Na2SO4) and concentrated. Flash chromatography (0.5%
MeOH / CHCl,) provided Michael adduct 62 (mixture of isomers, 1.9 g, 3.7 mmol, 100 %). This material was dissolved in AcOH
(38 mL) containing 5 % SeO: on silica gel (2.1 g, 0.9 mmol) and 70% aq. tBuOOH (1.5 mL) and heated to 110°C for one hour
(complete oxidation to a pyridone, TLC), then 10% aq. H2SO« was added (4 ml) and stirring at 110°C was continued for one additional
hour. The solution was cooled to room temp., neutralized with sat. aq. NaHCO»-NaCl (CAUTION: vigorous foaming), and
extracted with 2:8 EtOH / CHCls. The extracts were washed (H:0, then sat. aq. NaCl), dried (NazSO4) and concentrated to afford 1.1 g
(68% from enone 61) of 63 as a yellow foam, [0 = - 38.8° (¢ 1.02, CHCI3). 'H: 8.38 (s, 1H), 8.18-8.14 (dd, IH, J,= 8.7 Hz,
1,=0.7 Hz), 7.93-7.89 (dd, 1H, 1,=8.6 Hz, 1,=0.9 Hz), 7.87-7.81 (dt, 1H, J,=6.9 Hz, J,=1.4 Hz), 7.71-7.65 (dt, IH, J,=7.0 Hz, J,=1.2
Hz), 7.63 (s, 1H), 4.84-4.67 (AB, 2H, J=11.2 Hz), 4.00-3.91 (m, 1H), 3.64 (s, 3H), 3.61-3.45 (m, 1H), 3.38-3.17 (m, 2H), 2.51-
2.39 (m, 1H), 2.23-2.08 (m, 1H), 1.30-1.25 (t, 3H, J=7.0 Hz), 1.19-1.13 (1, 3H, J=7.0 Hz), 1.00-0.94 (1, 3H, J=7.4 Hz). “*C: 169.3,
166.4, 166.2, 157.4, 148.3, 148.2, 146.8, 140.4, 131.3, 129.5, 128.9, 128.7, 128.0, 127.5, 113.7, 104.7, 88.9, 72.3, 58.6, 42.7,
319, 14.8, 14.1, 7.7. IR: 1780, 1677, 1635. MS: 449 (M+), 349, 317, 100 (100%). HRMS Calc. for CasH21N:Os:  449.1951
(M"), Found: 449.1951. EA (Calc.): C: 66.99 (66.80); H: 6.52 (6.05); N: 8.95 (9.35).

Diol 64. NaBH4 (366 mg, 9.4 mmol) was added in two portions to a cold (0°C) solution of lactone 63 (424 mg, 0.9 mmol) and
cerium(1II) chloride (624 mg, 2.4 mmol) in EtOH (47 mL). The mixture was allowed to warm to room temp., whereupon reduction of
the lactone to the corresponding lactol occurred (20 minutes). The mixture was then heated to 45°C for 30 minutes to effect reduction
to the diol, cooled, poured into sat. ag. NaHCO3-NaCl, and extracted with 2:8 EtOH / CHCIs. The extracts were dried (Na:SOs) and
concentrated to afford extremely polar diol 64 (428 mg, 100%, yellow foam), {oo®® = +72.1° (¢ 1.20, CHCls), which was used
without further purification. 'H: 8.31 (s, 1H), 8.14-8.11 (d, 1H, J=8.4 Hz), 7.90-7.86 (dd, 1H, J,=8.2 Hz, J,=1.0 Hz), 7.83-7.77 (dt,
1H, J,=7.0 Hz, 1,=1.3 Hz), 7.66-7.60 (t, 1H, J=7.2 Hz), 7.51 (s, 1H), 5.44 (s, 1H), 4.78-4.60 (AB, 2H, J=11.4 Hz), 4.71 (s, 2H),
4.31 (s, 1H, br), 3.63-3.04 (m, 4H), 3.55 (s, 3H), 2.28-2.08 (m, 2H), 1.20-1.15 (1, 3H, J=7.0 Hz), 1.00-0.94 (1, 3H, J=7.3 Hz), 0.94-
0.88 (t, 3H, J=7.2 Hz). “C: 171.8, 164.1, 151.4, 149.1, 146.8, 140.3, 140.0, 132.2, 130.9, 129.3, 128.2, 127.7, 127.5, 106.9,
77.2,76.7, 72.6, 58.4, 42.1, 41.6, 31.3, 12.7, 12.4, 7.7. IR: 3330 (br), 1623. MS (CI): 454 (MH").

(20S)-(+)-Camptothecin 1. A solution of crude diol 64 (428 mg, 0.9 mmol) in 60% ethanolic HzSO4 (19 mL) was heated to
115°C for 5 hours. The cooled reaction mixture was added to sat. aq. NaHCO:3-NaCl (CAUTION: vigorous foaming) and extracted
with 2:8 EtOH / CHCI,. The extracts were dried (Na2SOs), and concentrated and the residue was chromatographed (1% MeOH /
CHCIl3) to yield 309 mg (94% from lactone 63) of pure 1, m.p. 273-274°C (dec., lit. m.p. 276, dec.), identical in all respects,
including rotation, [0tJo® = +34.8° (c 0.40, 8:2 CHCl, / MeOH; lit. + 35°) to two authentic samples of natural 1. 'H: 8.40 (s, 1H),
8.26-8.23 (d, 1H, J=8.4 Hz), 7.96-7.93 (d, 1H, J=8.3 Hz), 7.87-7.81 (¢, 1H, J=7.0 Hz), 7.71-7.64 (t, J=8.0 Hz), 7.69 (s, 1H), 5.80-
5.28 (AB, 2H, J=16.4 Hz), 5.31 (s, 2H), 3.74 (s, 1H), 1.99-1.82 (m, 2H), 1.08-1.02 (1, 3H, J=7.4 Hz). MS: 348 (M*, 100%), 304,
275, 248, 219. HRMS Calc. for C20HisN20s: 348.1110 (M*), Found: 348.1112.
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