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Introduction

Alcoholic extracts of the powdered leaves and stems of
Cephalotaxus genera yield cephalotaxine (1, Figure 1) as the
most abundant alkaloid constituent,[1,2] whose structure was
unambiguously verified by X-ray crystallographic analy-
sis.[3–6] While cephalotaxine (1) accounts for approximately
50% of the mass of the crude alkaloid extract mixture,
many minor constituents have also been identified. Among
these are several rare C3-ester derivatives, including com-
plex variants such as deoxyharringtonine (2),[7] homohar-
ringtonine (3),[8] homodeoxyharringtonine (4),[9] and anhy-
droharringtonine (5).[10]

Early biological evaluations of these alkaloids revealed
that several Cephalotaxus esters demonstrate acute toxicity
toward various murine leukemia, murine lymphoma, and
human epidermoid carcinoma cells.[8,11] Deoxyharringtonine
(2), homoharringtonine (3), and homodeoxyharringtonine
(4) exhibit IC50 levels of 7.5, 17, and 56 ngmL�1, respective-
ly, against P388 leukemia cells. Likewise, anhydroharringto-
nine (5) was reported to induce 98% growth inhibition of
P388 leukemia cells at 1 mgmL�1, a level comparable to that
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of deoxyharringtonine (2).[12] By contrast, cephalotaxine (1)
itself was found to be biologically inactive.[13] The cytotoxic
properties of the Cephalotaxus esters arise from reversible
inhibition of protein synthesis[14] via induction of rapid
breakdown of the polyribosome, with concomitant release
of the polypeptide chain.[15] The remarkable antileukemia
activity of several Cephalotaxus esters spawned intense in-
vestigations into their therapeutic potential. Clinical studies
were first performed in the mid-1970s in China, where the
seeds of Cephalotaxus plants had long been used in tradi-
tional medicine. These results prompted Phase I clinical
evaluation of homoharringtonine (3) in the US in 1981,[16]

advancing to more recent phase II studies.[17] While difficul-
ties in production, coupled with its hematologic toxicity and
susceptibility to multidrug resistance (MDR),[18] have hin-
dered the development of 3, it is still viewed as a useful
drug for the treatment of chronic myeloid leukemia in com-
bination therapy.[17]

Cephalotaxine (1) has received considerable and enduring
attention in the arena of total synthesis. Several elegant syn-
theses of 1 have been reported over the past three decades.
The racemic approaches have embodied several key trans-
formations, including Nazarov cyclization,[19] photo-stimulat-
ed SRN1 cyclization,[20] Claisen rearrangement,[21,22] oxidative
ring contraction,[23] acylnitroso Diels–Alder cycloaddi-
tion,[24,25] transannular N-conjugate addition,[26,27] intramolec-
ular alkyne hydroamination,[28] and reductive ring expansion
of tetrahydrosioquinoline intermediates.[29,30] Non-racemic
routes have featured electrophilic aromatic substitution,[31]

Heck arylation,[32,33] Pummerer-electrophilic aromatic substi-
tution cascade,[34–36] and acid catalyzed ring expansion of cy-
clobutanol derivatives.[37]

On the other hand, the significance of the complex Ceph-
alotaxus esters (e.g., 2–5) extends beyond that of 1 on sever-
al levels, the most prominent being their exceedingly potent
antiproliferative properties. Moreover, the scarcity of these
complex ester derivatives from the natural source is far
more pronounced than that of 1; complex Cephalotaxus
esters are typically attainable in only <0.1% of the plant
dry weight. Thus, a principal goal in the work described
herein was the establishment of a synthetic approach to the
bioactive Cephalotaxus esters by a route completely distinct
from previous efforts.[38] Several key elements in the synthet-

ic strategy include (6, Figure 2): 1) introduction of the nitro-
gen atom via Neber rearrangement; 2) construction of the
benzazepine core via the strain-release rearrangement of N-
vinyl-2-aryl aziridines; 3) assembly of the spiro-fused pyrro-

lidine core via 1,3-dipolar cycloaddition of azomethine
ylides derived from vinylogous amides; and 4) synthesis of
strained variants of advanced side chain intermediates to fa-
cilitate late-stage cephalotaxine acylation. Notably, the latter
three elements had not been applied to complex natural
product synthesis, yet ultimately played critical roles in the
non-racemic syntheses of the Cephalotaxus esters 2–5.

The success of these synthetic endeavors enabled exten-
sive cytotoxicity evaluation of several advanced natural and
non-natural compounds with an array of well established
human hematopoietic and solid tumor cell lines. Potent cyto-
toxicity was observed in several cell lines previously not
challenged with these alkaloids. Moreover, comparative cy-
totoxicity assays reveal the potential of synthetic structural
modification of this family of alkaloids to modulate suscepti-
bility to multi-drug resistance.

Results and Discussion

Dihydro[3]benzazepine construction via strain-release rear-
rangement : The first challenge addressed in the synthesis of
cephalotaxine (1) focused on construction of its seven-mem-
bered N-heterocycle. Strain-release [3,3]-sigmatropic rear-
rangements, in which a high energy three-membered ring is
incorporated into the 1,5-diene system of the substrate, have
been widely used for the construction of seven-membered
rings. Although the all-carbon divinyl cyclopropane rear-
rangement has received the most attention, the heterocyclic
epoxide-, thiirane-, and aziridine-containing variants are
also documented.[39] However, the aziridine-to-azepine ver-
sion of this transformation[40–46] has only been sporadically
used in target-directed synthesis. In this context, adaptation
to the synthesis of benzazepines and heterocyclic variants
thereof have focused on N-aryl-2-vinyl aziridines to form di-
hydro[1]benzazepines.[47–49]

However, the [3,3]-sigmatropic rearrangement of N-vinyl-
2-aryl aziridines to form dihydro[3]benzazepines, such as
that present in 1, had not been reported. Thus, investigations
into this reaction commenced with the synthesis of a few N-
vinyl-2-aryl aziridines (Scheme 1) via the condensation of
acetophenone derivatives 7/8/9 with hydroxylamine hydro-
chloride to provide the corresponding oximes (10/11/12) in
high yields (95/95/87%, respectively).[50] Each of these
oximes was exposed to LiAlH4 and iPr2NH at elevated tem-
peratures to induce reductive Neber rearrangement,[51] fur-
nishing the corresponding aziridines (13/14/15) in good
yields (76/74/88%), and providing a series of substituted 2-
aryl aziridines available for N-vinylation. This was most con-
veniently accomplished via addition-elimination with the
readily available alkene electrophile 3-chloro-2-cyclopente-
none (16), prepared in one step from the reaction of 1,3-cy-
clopentanedione with oxalyl chloride.[52] Condensation of
the two substrates 13 and 16 with expulsion of HCl provided
the vinyl aziridine 17 in moderate yield (58%). By compari-
son, coupling of aziridine 14 or 15 with chloroenone 16 pro-
ceeded with significantly diminished efficiency, resulting in

Figure 2.
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only a 16% and 26% isolated yield of vinyl aziridines 18
and 19, respectively.

Nevertheless, access to these three 2-aryl-N-vinyl aziri-
dines 17–19 allowed for investigations into the feasibility of
the ring expansion rearrangement. An optimized procedure
for the thermal rearrangement of aziridine 17 involved its
heating in a dilute [10 mm] solution in 1,4-dioxane at 180 8C,
in the presence of Cs2CO3, to provide the desired dihy-
dro[3]benzazepine 23 in low yield (30%). Importantly, var-
iation in the aromatic substituents within the aziridine sub-
strates was found to have a significant effect on the efficien-
cy of the rearrangement. For example, the p-methoxyaceto-
phenone-derived aziridine 18 was subjected to the same
thermal rearrangement conditions, resulting in its transfor-
mation to the dihydro[3]benzazepine 24 with significantly
increased efficiency (52%) compared to that of its predeces-
sor 17!23. Likewise, rearrangement of aziridine 19, incor-
porating the 3,4-methylenedioxy-substituted aryl group, re-
sulted in the formation of dihydro[3]benzazepine 25 in the
most efficient example of the rearrangement thus far
(68%). As expected, the rearrangement proceeded with
complete regioselectivity.[53,54] Rationales for the favorable
effect of electronically activating groups on the aromatic
ring in the rearrangement (i.e., 18/19!24/25) may arise
from compression of the HOMO–LUMO gap in a concerted
[3,3]-sigmatropic rearrangement. Conversely, a stepwise
ionic mechanism for rearrangement might also be enhanced
by initial aziridine opening to form a stabilized benzylic
cation.

Although the rearrangements of aziridines 17–19 all pro-
vided the corresponding dihydro[3]benzazepine products,

one exception to this trend was uncovered with the N-vinyl-
2-arylaziridine substrate 26 (Scheme 2), derived from the
conjugate addition of aziridine 15 into DMAD (57%). This
substrate exhibited a clear propensity for a stepwise rear-
rangement pathway, as heating led exclusively to the forma-
tion of the pyrrole 27. Its formation can be rationalized by
initial aziridine opening in 26 to form the highly reactive p-
quininone methide zwitterion 28, presumably due to the en-
hanced electron-deficient character of its N-vinyl substitu-
ent. Subsequent 5-exo cyclization by the C-nucleophile onto
the benzylic position provided the dihydropyrrole 29, which
underwent facile air oxidation to provide the substituted
pyrrole 27.

Despite this final example of pyrrole formation (27,
Scheme 2), the majority of examples of successful dihy-
dro[3]benzazepine formation (23–25, Scheme 1) boded well
for the synthesis of cephalotaxine (1). However, access to
the tricyclic dihydro[3]benzazepine 25 was compromised by
the low yielding condensation of aziridine 15 with b-chloroe-
none 16, reflecting a trend in which p-donor substituents on
the aromatic ring elicit a detrimental effect on the addition–
elimination step. Further investigation of this transformation
revealed that the N-vinylaziridine adduct 19 has an in-
creased susceptibility to nucleophilic attack at its benzylic
position, resulting in post-coupling chloride-mediated aziri-
dine cleavage. Thus, a minor variation in the protocol to
prepare dihydro[3]benzazepine 25 was implemented
(Scheme 3). The addition of aziridine 15 into chloroenone

16 was conducted at elevated temperature, resulting in the
isolation of benzylic chloride 30 (64%). Treatment of b-
chloroamine 30 with Cs2CO3 in THF led to the generation
of the desired dihydro[3]benzazepine 25 (68%), presumably
via re-formation of the aziridine functionality in situ and
subsequent rearrangement. This sequence provided a means

Scheme 1. a) HONH2·HCl, NaOH, EtOH, H2O, 60–80 8C; b) iPr2NH,
LiAlH4, THF, 60 8C; c) Et3N, THF, 23–60 8C; d) Cs2CO3, 1,4-dioxane,
100–150 8C. Scheme 2. (a) DMAD, PhH, 23 8C, 57%; (b) Cs2CO3, 1,4-dioxane, 100 8C,

92%.

Scheme 3. a) Et3N, THF, 60 8C, 64%; b) Cs2CO3, 1,4-dioxane, 100 8C,
68%.
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for large scale access to dihydro[3]benzazepine 25, facilitat-
ing investigation into the challenge of pyrrolidine construc-
tion.

Pyrrolidine construction via azomethine ylide 1,3-dipolar cy-
cloaddition : The azomethine ylide 1,3-dipolar cycloaddition
is a powerful tool for the synthesis of highly substituted pyr-
rolidine rings within many complex alkaloid targets.[55–59]

Many methods exist for the generation of these transient
4p-electron dipoles, both in stabilized and non-stabilized
forms, wherein a common approach to the formation of the
latter involves the desilylation of iminium salt intermediates.
This strategy, first developed by Vedejs,[55,60] has seen use in
a variety of complex molecule syntheses and has spawned a
number of variants. In particular, a method of Padwa in-
volves N-alkylation of vinylogous imidates with trimethylsi-
lylmethyl electrophiles followed by desilylation.[61] Recently,
we disclosed a complementary strategy to generate non-sta-
bilized azomethine ylides from N-CH2TMS substituted terti-
ary vinylogous amides via initial O-activation followed by
desilylation.[62]

This method was found to be suitable for the generation
of pyrrolidine structures bearing a fully substituted carbon
at the a-position, a structure that directly maps onto the C5-
spiro-fused pyrrolidine substructure within cephalotaxine
(1). These efforts commenced with N-alkylation of dihy-
dro[3]benzazepine 25 (Scheme 4), accomplished with
TMSCH2I to afford the tertiary vinylogous amide 31 (62%).
Carbonyl O-activation of vinylogous amide 31 was per-
formed by treatment with Tf2O. This was followed by the se-
quential addition of DMAD as an activated dipolarophile
and tetrabutylammonium triphenylsilyldifluorosilicate
(TBAT)[63] as the desilylating agent. The cycloadduct 33, in-
corporating the C5-spiro-fused pyrrolidine core of cephalo-
taxine, was isolated in 53% yield, indicating successful gen-
eration and cycloaddition of the azomethine ylide 32.

Azomethine ylide generation from vinylogous amides via se-
quential O-sulfonylation and nucleophilic exchange : The
successful synthesis of pyrrolidine 33 provided rapid access
to the complete pentacyclic core of cephalotaxine. More-
over, a vinyl triflate moiety was installed at C3, the position
of acyl chain attachment in the Cephalotaxus esters. While a

number of avenues could have been pursued to use this
functionality as a direct precursor for installation of the acyl
side chain, there existed the possibility of adapting this key
cycloaddition step not only to pyrrolidine formation, but
also for concomitant installation of the acyl chain.

Implicit in this vinylogous amide activation protocol is the
initial formation of the C3-vinylogous iminium triflate 34
(Scheme 5). Vinylogous iminium triflates have been demon-
strated to engage in electrophilic substitution reactions at
the enol triflate carbon center.[64,65] That intermediates such
as 34 are susceptible to nucleophilic attack suggested the
possibility of its interception with an external nucleophile
(Nu) prior to azomethine ylide formation and cycloaddition
(34!35!36!38). This presented the prospect of directly
introducing the Cephalotaxus ester side chain in the pyrroli-
dine-forming event. Additionally, this pursuit may find gen-
eral utility in the preparation of differentially functionalized
pyrrolidines from vinylogous amide precursors.

The hypothesis was evaluated with a simple model vinylo-
gous amide 39 (Table 1), which was activated with Tf2O.
Subsequent introduction of an activated dipolarophile
(DMAD), a variety of halide nucleophiles, and TBAT, led
to rapid cycloaddition at 23 8C. Importantly, the external
halide nucleophiles were successfully incorporated into the
cycloadducts 40–42 (entries 1–3), thereby validating the fea-
sibility of this in situ nucleophilic exchange protocol for azo-
methine ylide cycloadditions.

The concept was further extended to that of the Cephalo-
taxus esters, involving exchange with external carboxylate

Scheme 4. a) TMSCH2I, NaH, THF, 50 8C, 62%; b) Tf2O; DMAD;
TBAT, CH2Cl2, 23 8C, 53%.

Scheme 5.

Table 1. Azomethine ylide generation from vinylogous amides via se-
quential O-sulfonylation and nucleophilic exchange.

Entry Bu4N
+Nu� Cycloadduct Yield [%]

1 Bu4NI 40 (Nu= I) 52
2 Bu4NBr 41 (Nu=Br) 45
3 Bu4NCl 42 (Nu=Cl) 52
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nucleophiles. Activation of the dihydro[3]benzazepine-de-
rived vinylogous amide 31 (Scheme 6a) with Tf2O was per-
formed to provide the corresponding transient triflyl imi-
date. Prior to ylide formation via desilylation, triethylammo-
nium benzoate was introduced to generate the correspond-
ing acyl-imidate, which underwent subsequent azomethine
ylide formation with TBAT and cycloaddition with DMAD
to provide the C3-substituted cycloadduct 43 in 35% yield.
A significantly improved efficiency for this reaction was ach-
ieved with cesium benzoate as the nucleophilic species, af-
fording the cycloadduct 43 in 64% yield. While this promis-
ing result presented a convenient method for transient nu-
cleophilic exchange in an azomethine ylide cycloaddition,
the ultimate purpose for which it was developed, that of in-
troduction of an intact Cephalotaxus ester side chain in the
cycloaddition event, met with no success. For example, the
racemic cesium carboxylate 44 (Scheme 6b) was prepared
from itaconic acid via a modification of the sequence of
Weinreb,[66] and was introduced as a nucleophilic exchange
reagent for the azomethine ylide cycloaddition with vinylo-
gous amide precursor 31. Unfortunately, none of the desired
cycloadduct 45, incorporating the deoxyharringtonine acyl
chain, was detected in this operation, despite extensive at-
tempts at optimization.

Asymmetric synthesis of (�)-cephalotaxine (1)—Azome-
thine ylide generation and cycloaddition via O-acylation of
vinylogous amides : The varied difficulties encountered in
the above-mentioned synthetic approach prompted an alter-
ation in strategy. While the aziridine-rearrangement/dipolar-
cycloaddition reactions (Schemes 5 and 10) remained at the
heart of the synthetic plan, the goal of installing the acyl
chain in an operation concomitant with azomethine ylide cy-
cloaddition was set aside in favor of pursuing an asymmetric
construction of the cephalotaxine core 1 as the initial target.
Investigations on this front were initiated to determine the
responsiveness of the 1,3-dipolar cycloaddition reaction to
elements of relative stereochemical control in the formation

of the C5-spiro ring fusion. Thus, a chiral azomethine ylide
such as 46 (Scheme 7), incorporating proximal C1 and C2
substituents, was anticipated to bias facial-selective ap-
proach of the dipolarophile.[67] Such a substrate was envi-
sioned to take the form of b-chloroenone 53 (Scheme 8),
which could be prepared in non-racemic form from d-
ribose.

The early incarnation of the synthesis of chloro-enone 53
relied on a key olefination sequence first reported by Borch-
ardt and coworkers,[68–70] and indeed provided initial quanti-
ties of b-chloroenone 53 for investigation.[38] However, the
unpredictability of the above-mentioned olefination reaction
crippled subsequent attempts at securing larger workable
quantities of this intermediate. As a result, a second genera-
tion synthesis of 53 was developed (Scheme 8). The selec-
tively protected d-ribofuranose 48[71] was treated with tri-
phenylphosphonium methylide to effect C1 olefination
(75%). This was followed by C4 oxidation (SO3·Pyr) to
afford enone 49 (88%). Addition of vinyl magnesium bro-
mine to ketone 49 proceeded stereoselectively (8:1 dr) via
Cram chelation control to provide the allylic alcohol 50
(93%), whose 1,6-diene functionality underwent ring closing
olefin metathesis (Grubbs II) to afford the cyclopentene 51
(95%).[72] Regioselective chloroselenylation of the alkene
within 51 followed by selenide oxidation and elimination af-
forded the chlorocyclopentene 52 (98%). Finally, silyl ether
deprotection revealed a vicinal diol (99%), which under-
went periodate-mediated oxidative cleavage to furnish the
chiral b-chloroenone 53 (90%) in a robust and scalable syn-
thetic sequence.

Scheme 6. a) Tf2O; PhCO2H·NEt3; DMAD; TBAT, CH2Cl2, 23 8C, 35%;
b) Tf2O; PhCO2Cs; DMAD; TBAT, CH2Cl2, 23 8C, 64%; c) 31, Tf2O; 44,
Cs2CO3; DMAD; TBAT, CH2Cl2, 23 8C.

Scheme 7.

Scheme 8. a) KHMDS, Ph3PMeBr, THF, 60 8C, 75%; b) DMSO, Et3N,
SO3·Pyr, CH2Cl2, 23 8C, 88%; c) CH2=CHMgBr, THF, �78!23 8C, 93%,
dr 8:1; d) Grubbs II, CH2Cl2, 23 8C, 95%; e) PhSeCl, MeCN, 0 8C;
mCPBA, Et3N, CH2Cl2, 0!23 8C; 98%; f) TBAF, THF, 23 8C, 99%; g)
NaIO4, CH2Cl2, H2O, 23 8C, 90%.
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Use of b-chloroenone 53 in the synthesis of the dihy-
dro[3]benzazepine core of cephalotaxine (1) involved addi-
tion-elimination with the racemic aziridine nucleophile 15 at
ambient temperature (Scheme 9). This afforded a 1:1 diaste-
reomeric mixture of the N-vinyl aziridine 54 (85%), inter-
estingly with no evidence of chloride induced aziridine
opening (cf. 30, Scheme 3). Heating of a dilute solution of
54 in 1,4-dioxane led to efficient rearrangement to afford
the dihydro[3]benzazepine 55 (76%).

It is worth noting that although the rearrangement precur-
sor 54 existed as a 1:1 mixture of diastereomers, the forma-
tion of 55 proceeded in >50% yield. This implies that the
C11-R diastereomer 54a (Scheme 10) likely proceeded
through an aziridine rupture step prior to azepine forma-
tion. For example, if the rearrangement occurred in a con-
certed fashion, a strain-release variant involving an internal
aziridine ring would necessitate an endo-disposed boat-like
transition state (Scheme 10), such as 56a for the C11-R-dia-
stereomer 54a, or 56b for the C11-S-diastereomer 54b.
While the concerted conversion of the C11-S-diastereomer
54b to 57 via the transition state 56b appears reasonable,
direct rearrangement of the C11-R-diastereomer 54a is un-
likely, given the severe steric interaction between the aryl
ring and the isopropylidene ketal in transition state 56a. As
a consequence, the C11-R-diastereomer 54a could relieve
this strain by first forming the p-quinone methide zwitterion
58 followed by re-closure to the C11-S-diastereomer 54b
prior to sigmatropic rearrangement via 56b. Conversely, if a
stepwise ionic mechanism is invoked, both aziridine diaste-
reomers may open to the common p-quinone methide zwit-
terion 58, followed by 7-exo-trig cyclization to afford the
azepine 57.

At this stage, advancement of the pentacyclic dihydro[3]-
benzazepine 55 to cephalotaxine (1) relied on the 1,2-di-O-
isopropylidene substituent to serve as a chiral controller in
establishing the stereoselectivity of the key azomethine
ylide cycloaddition. The dihydro[3]benzazepine 55
(Scheme 11) was N-alkylated with TMSCH2I to afford the
tertiary vinylogous amide 59. O-Activation of the vinylogous
amide group in 59 was then investigated with an electrophil-
ic agent distinct from Tf2O in order to preclude any possibil-
ity of nucleophilic exchange involving the transient iminium
intermediate (see above). As a result, the highly reactive
acyl electrophile, pivaloyl triflate, generated in situ by the
reagent combination of pivaloyl chloride and AgOTf,[73]

proved suitable for this purpose. Subsequent desilylation

with TBAT led to azomethine ylide formation (60) and cy-
cloaddition with phenyl vinyl sulfone, affording the spiro-
fused pyrrolidine 62 (77%) as a single constitutional stereo-
isomer. This high level of stereoselectivity in the cycloaddi-
tion signals the effectiveness of the C1–C2 isopropylidene
ketal as a stereodetermining element, albeit with an unanti-
cipated result.[74]

With the formation of the putative non-stabilized azome-
thine ylide 60, the phenylvinyl sulfone dipolarophile was ini-
tially thought to approach the dipole face distal to the iso-
propylidene ketal (i.e. , 63) in an early transition state. This
would lead to the generation of a C5-S cycloadduct 64,
which would be appropriate for the synthesis of ent-(1) as
an enantiomeric model system. However, the sole product
of cycloaddition, 62, possessed the C5-R configuration, veri-
fied by single crystal X-ray analysis. While this unexpected
outcome provided a convenient means to access the natural
enantiomer of cephalotaxine from naturally abundant d-
ribose, the reason for the stereochemical outcome is unclear.
Favorable bias for transition state 61 over 63 could be ra-
tionalized in a late transition state model where the nitrogen
atom is significantly pyramidalized.[75] As a consequence,
transition structure 61, with a-approach of the dipolarophile,
would lead to a smaller net dipole given that the developing
nitrogen lone pair is oriented opposite to that of the electro-
negative oxygen atoms of the isopropylidene ketal. By con-
trast, b-approach of the dipolarophile (63) would lead to an
enhancement of a net dipole, despite a more sterically for-
giving arrangement of atoms. This dipole moment rationali-
zation, be it in a concerted cycloaddition or a stepwise ionic
mechanism, is of course predicated on a kinetically con-
trolled reaction. Indeed, one cannot discount the possibility
of thermodynamic selection via either a reversible cycload-
dition process, or post-cycloaddition C5-epimerization path-
ways such as reversible trans-annular ring fragmentation.

Scheme 9. a) Et3N, THF, 23 8C, 85%; b) Cs2CO3, 1,4-dioxane, 100 8C,
76%.

Scheme 10.
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Unfortunately, these hypotheses could not be explored since
the C5-S diastereomer 64 could not be detected.

The remaining sequence in the non-racemic synthesis of
(�)-cephalotaxine (1) involved functional group manipula-
tions of hexacyclic cycloadduct 62 (Scheme 12). Reductive
desulfurization of 62 to produce pyrrolidine 65 (74%) pro-
ceeded with SmI2 in the presence of HMPA[76,77] with
10 equiv of tBuOH as a proton source to avoid rupture of
the pyrrolidine ring via elimination.[78] Subsequent extensive
experimentation revealed that the pivaloate enol ester
moiety in 65 was recalcitrant to both hydrolysis and hydro-
genation.[79] As a result, reductive cleavage of the enol ester
in 65 was performed with Schwartz’ reagent[80,81] to provide
the enol 66 (99%), which was then re-acylated with benzyl
chloroformate and KHMDS to provide the enol benzyl car-
bonate 67 (86%). Interestingly, when Et3N was used as base
for this transformation, N-acylation occurred with concomi-
tant b-elimination to afford enone 68. Differentiation of the
C1 and C2 oxygen substituents in 67 was then initiated with
isopropylidene removal (99%). Regioselective derivatiza-
tion of the corresponding diol proved challenging, as several
attempts at regioselective silylation, acylation, and alkyla-
tion with numerous reagent combinations were unsuccessful.
The only suitable derivatization protocol involved the Lewis
acid catalyzed acylation procedure of Clarke and co-work-
ers,[82–84] in which treatment of the C1,C2-diol with Boc2O

and Yb ACHTUNGTRENNUNG(OTf)3, necessarily in its polyhydrated form, led to
selective C1-O-acylation. Subsequent C2 Oxidation using
IBX furnished enone 69 (50%, from 67), allowing for CrCl2-
mediated reductive deoxygenation of the Boc carbonate and
benzylcarbonate hydrogenolysis to provide the enol 70
(42%, 2 steps). Sequential methyl enol ether derivatization
of the C2 ketone and stereoselective reduction of the C3
enol functionality with NaBH4

[31] concluded the synthesis of
(�)-cephalotaxine (1).[38]

Synthesis and attachment of the acyl chain of antitumor
cephalotaxus esters : The bulk of the synthetic reports con-
cerning the Cephalotaxus alkaloids have focused on cephalo-
taxine (1, see Figure 1). On the other hand, reports on the
synthesis of natural antileukemia Cephalotaxus esters have
been relatively scarce, likely a result of the difficulties asso-
ciated with appending a fully intact acyl side chain onto the
C3-OH of cephalotaxine. The challenge of such an acylation
arises from extensive steric obstruction, marked by the sec-
ondary C3-hydroxyl nucleophile buried within the concave
face of cephalotaxine, and exacerbated by a fully a-substi-
tuted acyl electrophile in the side chain. Indeed, the difficul-
ty of this acylation event is highlighted in numerous semi-
syntheses of the Cephalotaxus esters from cephalotaxine (1),
wherein the bulk of these efforts employed a less hindered
prochiral C2’-sp2 hybridized side chain derivative in the acy-
lation event, followed by subsequent nonstereoselective
functional group manipulation.[85–88] A notable exception to
this strategy used an acyl chain substrate specifically appro-

Scheme 11. a) Cs2CO3, TMSCH2I, MeCN, 23 8C, 75%; b) Me3CCOCl,
AgOTf; PhSO2CH=CH2; TBAT, CH2Cl2, �45!23 8C, 77%.

Scheme 12. a) SmI2, HMPA, tBuOH, THF, �45 8C, 74%; b) Cp2ZrHCl,
THF, 40 8C, 99%; c) Et3N, CbzCl, CH2Cl2, 23 8C, 50%; d) KHMDS,
CbzCl, THF, 0 8C, 86%; e) 2n HCl, MeOH, 23 8C; Boc2O, Yb-
ACHTUNGTRENNUNG(OTf)3·xH2O, CH2Cl2, 0 8C; f) IBX, DMSO, 23 8C, 50% (2 steps); g)
CrCl2, acetone, H2O, 23 8C; h) H2, Pd/C, EtOAc, 23 8C, 42% (2 steps); i)
HC ACHTUNGTRENNUNG(OMe)3, pTsOH, CH2Cl2, 55 8C, 90%; j) NaBH4, MeOH, �78!23 8C,
95%.
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priate for homoharringtonine in which the C1“-ester moiety
was constrained as a cyclic derivative to allow for acylation
with the C1’-electrophile.[89] This approach was introduced
with racemic substrates and has recently evolved to non-rac-
emic examples wherein enantio-enriched side chain sub-
strates were prepared in >10-step sequences.[90]

Since the most pressing late-stage challenge in the synthe-
sis of the Cephalotaxus esters is the efficient attachment of
hindered acyl chain derivatives, an approach was explored
whereby novel bond angle strain elements were imparted to
these substrates to enable their use in high yielding acyla-
tions of cephalotaxine (1). This strategy initially led to the
facile synthesis deoxyharringtonine (2), and subsequently to
other members of this alkaloid class, namely anyhydrohar-
ringtonine (5), homoharringtonine (3), and homodeoxyhar-
ringtonine (4) (i.e., see Figure 1).

The initial steps in the synthesis of several Cephalotaxus
acyl chains involved the application of the Seebach concept
of “self-reproduction of chirality,”[91] an approach that has
shown promise in the preparation of chiral non-racemic a-
alkylmalates.[92,93] Beginning with (R)-malic acid (71,
Scheme 13) as a readily available chiral starting material, its
C1’ carboxylic acid and C2’ hydroxyl were tethered by a
tert-butyl acetal upon treatment with 2,2-dimethylpropanal
and TMSOTf. Only a single diastereomer of the acetal 72
was observed (82%), after which double deprotonation was
induced with excess LHMDS. Although the formation of di-
lithium carboxylate-enolate 73 resulted in destruction of the
C2’ stereocenter, its stereochemical information was pre-
served in the chiral acetal carbon bearing the tert-butyl
group. This sterically demanding substituent forced enolate
alkylation with prenyl bromide from the distal face, thereby
securing the C2’-R configuration in 74 (66%). Transesterifi-
cation of 74 with NaOBn removed the acetal to afford
benzyl ester 75 (88%) as a single enantiomer.

In an effort to facilitate the esterification of cephalotaxine
(1), the strategy of constraining both the C2’-hydroxyl and
the C1’’-carboxylic acid in 75 into a b-lactone functionality
such as 76 appeared attractive. The strain energy arising
from endocyclic bond angle compression within b-lactone
ring in 76 would necessarily induce exocyclic bond angle ex-
pansion, thereby relieving local steric congestion at the elec-
trophilic C1’ site. Moreover, the angle strain in a four-mem-
bered ring imparts higher hybrid orbital s-character in the
exocyclic bonds, an effect that could result in increased C1’
electrophilicity through induction. In addition, the increased
p-character of the endocyclic bonds within the b-lactone
may also aid in stabilizing the formation of C1’-acylium like
intermediates in activated ester derivatives of 76 through vi-
cinal p-delocalization. Despite these potential advantages,
however, the strain associated with the b-lactone moiety in
76 could also serve to be a liability, as undesired ring expan-
sion reaction manifolds may ensue upon C1’-ester activa-
tion.

Nevertheless, these aspects were investigated by the treat-
ment of hydroxy acid 75 with 2,4,6-Cl3C6H2COCl[94] to
afford the corresponding b-lactone, which was subsequently

treated with H2 and Pd to reduce both the alkene and the
benzyl ester to afford the carboxylic acid 76 (50%, 2 steps).
Fortunately, activation of the acid 76 as the Yamaguchi
mixed anhydride allowed for efficient acylation of cephalo-
taxine to form the ester 79 (81%, 23 8C, <1 min) without
compromising the integrity of the b-lactone. Subsequent
methanolysis of the b-lactone provided (�)-deoxyharringto-
nine (2, 76%), whose spectral data was identical to that of
the natural product. To get a better measure of the benefi-
cial effects of the b-lactone moiety in the acylation step, an
analogous acyclic acyl electrophile 78 was prepared, begin-
ning with trimethylsilyldiazomethane treatment of hydroxy
acid 75 to afford the methyl ester 77 (>99%). Acetylation
of the C2’ hydroxyl group in 77 followed by benzyl ester hy-
drogenolysis and alkene hydrogenation provided the carbox-
ylic acid 78 (74%, 2 steps), which was devoid of the ring
strain elements present in the b-lactone 76. Attempts at
cephalotaxine acylation with 78 under otherwise identical
conditions led to only trace quantities of protected deoxy-
harringtonine. Furthermore, heating of the reaction for sev-
eral hours was also unsuccessful, signaling the critical bene-
ficial effect of the b-lactone moiety in 76 in the synthesis of
the bioactive cephalotaxus esters.

Scheme 13. a) TMSCl, TMS2NH, CH2Cl2, 23 8C; Me3CCHO, TMSOTf,
CH2Cl2, �25 8C, 82%; b) LHMDS, Me2C=CHCH2Br, THF, �78 8C, 66%;
c) NaH, BnOH, THF, 0 8C; 88%; d) 2,4,6-Cl3C6H2COCl, DMAP, CH2Cl2,
23 8C, 50%; e) H2, Pd/C, EtOAc, 23 8C, 99%; f) 2,4,6-Cl3C6H2COCl,
DMAP, 1, CH2Cl2, 23 8C, 81%; g) NaOMe, MeOH, 23 8C, 76%; h)
TMSCHN2, 7:2 PhH/MeOH, 23 8C, 100%; i) Ac2O, DMAP, pyr, 23 8C,
74%; j) Pd/C, H2, EtOAc, 23 8C, >99%.
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The successful synthesis of deoxyharringtonine (2) also al-
lowed for rapid access to the antileukemia alkaloid anhydro-
harringtonine (5) through interception of the chiral hydroxy
diester 77 (Scheme 14), previously prepared in the acylation
studies toward 2 (see Scheme 13). This substrate was sub-
jected to intramolecular alkene alkoxymercuration and re-
duction (Scheme 14) to furnish the corresponding tetrahy-
drofuran (77%). Subsequent benzyl ester hydrogenolysis
provided the acylation precursor 80 (99%). Although the
strain imparted by the tetrahydrofuran ring in 80 is signifi-
cantly less than that of b-lactone 76 in the synthesis of 2, the
use of 80 in the acylation of cephalotaxine produced (�)-an-
hydroharringtonine (5) in excellent yield (99%, 23 8C, 1 h),
yet with a significantly extended reaction time (i.e., 1 h for
80 as opposed to <1 min for 76). This effort furnished two
natural product cephalotaxus esters (2 and 5), as well as a
host of non-natural synthetic intermediates for expansive
antitumor evaluation.

Antiproliferative activity of deoxyharringtonine (2), b-lac-
tone 79, and anhydroharringtonine (5): The completion of
the synthesis of 2 and 5 permitted, for the first time, an ex-
panded evaluation of their in vitro cytotoxicity. Following
the early screening of the cephalotaxus esters against
murine P388 and L1210 cell lines,[95] many of the cytotoxic
evaluations focused on leukemia and lymphoma, with com-
paratively fewer reports on activity profiles against solid
tumor cell lines.[17] As a result, deoxyharringtonine (2), an-
hydroharringtonine (5), and the b-lactone intermediate 79
(generated in the synthesis of 2, Scheme 13) were evaluated
against a variety of human hematopoietic and solid tumor
cell lines (Table 2).[96,97] These include HL-60 (acute promye-
locytic leukemia), HL-60/RV+ (a P-glycoprotein over-ex-
pressing multidrug resistant HL-60 variant which was select-
ed by continuous exposure to the vinca alkaloid vincristine),
JURKAT (T cell leukemia), ALL3 (acute lymphoblastic
leukemia recently isolated from a patient treated at
MSKCC and characterized as Philadelphia chromosome
positive), NCEB1 (Mantle cell lymphoma), JEKO (B cell
lymphoma), MOLT-3 (acute lymphoblastic T-cell), SKNLP
(neuroblastoma), Y79 (retinoblastoma), PC9 (adenocarci-
noma), H1650 (adenocarcinoma), H1975 (adenocarcinoma),
H2030 (adenocarcinoma), H3255 (adenocarcinoma), TC71
(EwingQs sarcoma), HTB-15 (glioblastoma), A431 (epithelial
carcinoma), HeLa (cervical adenocarcinoma), and WD0082
(well-differentiated liposarcoma).

Several general features are evident in the cytoxicity data
accumulated in the initial screening campaigns (Table 2). As
expected, evaluation of deoxyharringtonine (2) revealed ex-
ceedingly potent cytotoxic activity against all of the hemato-
poietic cell lines tested (HL-60, HL-60/RV+ , JURKAT,
ALL3, NCEB1, JEKO, MOLT-3); moreover, the alkaloid
exhibited similarly high activity against most of the solid
tumor cell lines tested (SKNLP, PC9, H1650, H1975, H2030,
H3255, A431, HeLa, TC71, HTB-15, WD0082). Interesting-
ly, the late-stage b-lactone variant 79 (see also Scheme 13)
exhibited significant cytotoxicity, yet at attenuated levels
compared to the parent alkaloid 2, revealing the likely ne-
cessity of a hydroxyl group or an H-bond donor functionali-
ty at the C2’-position. Surprisingly, the cytoxicity profile of
anhydroharringtonine (5) revealed fairly poor antitumor ac-
tivity. While an early report noted comparable cytotoxic ac-
tivity of anhydroharringtonine (5) to that of deoxyharringto-
nine (2) against murine P388,[12] the present result indicates
that the activity of 5 is generally several orders of magnitude
lower in human HL-60 tumor cells. This unimpressive poten-
cy level of 5 thus effectively disqualifies it as a potential
therapeutic agent despite previous cytotoxicity data, and is
consistent with the proposed need for a 2’-hydroxy group in
the acyl chain to confer adequate activity (see above).

Synthesis of additional Cephalotaxus ester natural products
and variants to probe susceptibility to multidrug resistant
cancer : The development of vincristine-resistance in cancer
cells, such as HL-60/RV+ (Table 2) is believed to arise from
classic multidrug resistance (MDR). This involves the over-
expression of ATP-dependent efflux pumps, such as P-glyco-
protein (Pgp) and multidrug resistance-associated protein
(MRP), leading to expulsion of natural product hydrophobic
drugs (e.g., vinca alkaloids, anthracyclines, actinomycin-D,

Scheme 14. a) HgACHTUNGTRENNUNG(OAc)2, NaBH4, 1:1 THF:H2O, 23 8C, 77%; (b) Pd/C,
H2, EtOAc, 23 8C, 99%; (c) 2,4,6-trichlorobenzoyl chloride, DMAP,
TEA, 1, CH2Cl2, 23 8C, 99%.

Table 2. Cytotoxicity of deoxyharringtonine (2), b-lactone 79 and anhy-
droharringtonine (5).

Cell Line 2
IC50 [mm]

79
IC50 [mm]

5
IC50 [mm]

HL-60 0.02 2.68 22.7
HL-60/RV+ 0.22 21.8 >100[a]

JURKAT 0.04 5.71 42.99
ALL3 <0.1[b] 1.47 >100[a]

NCEB1 0.07 8.62 >100[a]

JEKO 0.08 10.48 >100[a]

MOLT-3 0.02 2.68 26.83
SKNLP <0.1[b] 6.46 5.34
Y79 70.59 >100[a] >100[a]

PC9 0.03 4.23 29.08
H1650 0.04 4.53 n.a.
H1975 0.06 8.42 n.a.
H2030 0.10 7.72 n.a.
H3255 0.08 5.55 n.a.
A431 0.06 n.a. n.a.
HeLa 0.04 n.a. n.a.
TC71 0.06 12 >100[a]

HTB-15 0.20 52 >100[a]

WD0082 0.10 5 >100[a]

[a] Highest compound concentration tested. [b] Lowest compound con-
centration tested and yielding 100% cellular killing.
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paclitaxel) from the transformed cell.[98] Previous reports
have noted that the activity of homoharringtonine (3), the
cephalotaxus ester currently being evaluated in clinical
trials, is also compromised in MDR human leukemia cells.[18]

Remarkably, the susceptibility of MDR cancer cells to dif-
ferent Cephalotaxus esters has not been systematically
probed. Prevention of MDR would significantly improve
therapeutic response to this family of chemotherapeutics
and extend their use in the clinic. One possible way to ach-
ieve this would be to develop anticancer agents that are not
substrates for these ATP-dependent transporters, thus over-
coming their efflux from cells.

In examining variations in potencies of deoxyharringto-
nine (2) against this extensive panel of cell lines (Table 2), it
is worth noting that its activity against vincristine-resistant
HL-60/RV+ cells (IC50 0.22 mm), relative to its non-resistant
counterpart HL-60 (IC50 0.02 mm), shows only a �10-fold de-
crease in potency. This trend is also reflected in the b-lac-
tone derivative 79 (albeit with lower absolute cytotoxicity
levels). This rather low observed 10-fold resistance index
spawned an interest in probing potential molecular design
criteria that may offset MDR susceptibility in this class of
alkaloids. Fortunately, our current synthetic approach to de-
oxyharringtonine (2) permits the rapid and versatile attach-
ment of sterically demanding acyl chains onto the cephalo-
taxine core. Thus, the synthetic strategy to deoxyharringto-
nine (2) was further extended to the construction of two ad-
ditional antileukemia Cephalotaxus ester natural products,
namely homoharringtonine (3), and homodeoxyharringto-
nine (4), all reported to be potent antileukemia alkaloids.

The syntheses of homoharringtonine 3 and homodeoxy-
harringtonine 4 involved a common early sequence
(Scheme 15) beginning with the R-malic acid derived acetal
72, which underwent double deprotonation and diastereose-
lective enolate alkylation with allyl bromide (59%).[91] Fol-
lowing NaOBn-mediated transesterification of the resultant
acetal-ester to afford the R-a-hydroxy benzyl ester 81
(85%), b-lactone formation was accomplished via the Ya-
maguchi mixed anhydride to provide the strained intermedi-
ate 82 (67%). Subsequent alkene cross metathesis (Grubbs
II) with excess alkene 83[99,100] provided disubstituted alkene
85 (61%) along with the dimeric bis ACHTUNGTRENNUNG(lactone) 84 (22%) as
an equilibrium mixture. Although the direct conversion of
82 to 85 was moderate, the recovered dimer 84 could be re-
equilibrated under olefin metathesis conditions with excess
83 to accumulate additional quantities of 85. Following se-
lective transfer hydrosilylation of 85, the resultant acid 86
(85%) was employed in a highly efficient cephalotaxine acy-
lation to prepare the corresponding ester (97%), whose b-
lactone was then subjected to methanolysis to furnish 87
(79%). This intermediate was then diverged to both of the
natural products homoharringtonine (3) and deoxyhomohar-
ringtonine (4). When the allylic benzyl ether in 87 was sub-
jected to Pd/C-catalyzed hydrogenolysis/hydrogenation in
MeOH, followed by the addition of AcOH in the latter
stages of the reaction, (�)-homoharringtonine (3, 79%) was
isolated (presumably through initial alkene hydrogenation

followed by benzyl ether hydrogenolysis). On the other
hand, when the Pd/C-catalyzed reduction was performed in
glacial AcOH solvent at the outset, deoxygenation preceded
alkene reduction (presumably through E1 elimination of the
allylic benzyl ether prior to hydrogenation) to afford (�)-
homodeoxyharringtonine (4, 69%).

The efficient synthesis of the acyl chain precursors in the
preparation of the natural product cephalotaxus esters 3 and
4 also presented the opportunity to prepare a non-natural
analogue for biological evaluation with only a minor varia-
tion in the synthetic sequence. This analogue took the form
of bis ACHTUNGTRENNUNG(demethyl)deoxyharringtonine 89 (Scheme 16), also
anticipated to exhibit potent antiproliferative activity, al-
though much simpler in structure and more easily prepared
than 3 or 4. The synthesis of Cephalotaxus ester 89
(Scheme 16) involved interception of the b-lactone acyl
chain 82, derived from (R)-malic acid in three steps (refer to
Scheme 15). Following hydrogenolysis/hydrogenation of the
alkenyl ester 82 (97%), the resulting carboxylic acid was ac-
tivated as the Yamaguchi mixed anhydride to effect the acy-
lation of cephalotaxine (1), providing the ester-b-lactone 88
(81%). Methanolysis of the b-lactone in 88 proceeded effi-
ciently to afford the non-natural bis ACHTUNGTRENNUNG(demethyl)deoxy-
harringtonine analogue 89 (93%).

The completion of the syntheses of the natural Cephalo-
taxus esters 2–4 together with two non-natural synthetic ana-

Scheme 15. a) LHMDS, allyl bromide, THF, �78 8C, 59%; b) BnOH,
NaH, THF, 0!23 8C, 85%; c) 2,4,6-trichlorbenzoyl chloride, DMAP,
Et3N, CH2Cl2, 23 8C, 67%; d) Grubbs II, 23 8C, 61%; e) Pd ACHTUNGTRENNUNG(OAc)2,
Et3SiH, Et3N, CH2Cl2, 23 8C, 85%; f) 2,4,6-trichlorobenzoyl chloride,
DMAP, Et3N, 1, CH2Cl2, 23 8C, 97%; g) NaOMe, MeOH, 0 8C, 79%; (h)
Pd/C, H2, MeOH then 9:1 MeOH/HOAc, 23 8C, 79%; i) Pd/C, H2,
HOAc, 23 8C, 69%.
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logues, namely benzyldehydrohomoharringtonine 87 and
bis ACHTUNGTRENNUNG(demethyl)deoxyharringtonine 89, permitted their compa-
rative biological evaluation against “sensitive” and MDR
tumor cell lines (Figure 3). When tested against the “sensi-

tive” HL-60 cell line, all were found to be exceedingly
potent (IC50 < 0.08 mm). When evaluated against the “resist-
ant” HL60/RV+ cell line, stark differential response levels
were observed within this collection of cephalotaxus esters
(Figure 4). Interestingly homoharringtonine (3) displayed a
125-fold decrease in activity toward HL-60/RV+ relative to
that of HL-60 (resistance index=125). By contrast, much
lower resistance indices of 11, 3, 12, and 19 were observed
with the esters 2, 4, 87, and 89, respectively, indicating that
these latter natural and non-natural products are significant-
ly less susceptible to MDR. One possible explanation for
the high MDR susceptibility of homoharringtonine (3) is its
decreased lipophilicity as a consequence of its acyl chain
structure, thereby rendering it a good substrate for the
efflux pumps.

The relationship of the calculated lipophilicity values
(clogP) to the resistance indices for the highly potent cepha-
lotaxus esters 2–4, 87, and 89 is presented in Figure 4,
wherein compounds with clogP values greater than 1.2 lead
to generally low susceptibility to MDR (i.e. , resistance indi-

ces=19 for the cephalotaxus esters 2, 4, 87, and 89). The ex-
ception is homoharringtonine (3), exhibiting a relatively low
clogP value (0.95, relatively more polar) to reflect an in-
creased susceptibility to MDR (i.e., resistance index 125).
Although these data were obtained on a limited set of ana-
logues, they provide for the first time new insights into the
contribution of acyl chain structure modification toward
overcoming MDR for this class of compounds.

It is worth emphasizing that the only structural difference
on the acyl chain between homoharringtonine (3) and ho-
modeoxyharringtonine (4) is a hydroxyl group on the 6’-po-
sition (Figure 4). While only a minor structural perturbation,
this 6’-substitution difference drastically affects the lipophi-
licity of the molecules, ranging from a clogP value of 0.95
(polar) for 3 to a more hydrophobic compound 4 with a
clogP value of 2.33 (i.e., Figure 5). Importantly, with a resist-
ance index of only 3 (as in the case with homodeoxyharring-

Scheme 16. a) Pd/C, H2, EtOAc, 23 8C, 97%; b) 2,4,6-trichlorobenzoyl
chloride, DMAP, TEA, 1, CH2Cl2, 23 8C, 81%; c) NaOMe, MeOH, 23 8C,
93%.

Figure 3. Comparative antitumor effects of cephalotaxus esters against
sensitive (filled symbols) and vincristine-resistant (open symbols) HL-60:
*/*: 4, !/!: 3, &/&: 2, ^/^: 89, ~/~: 87.

Figure 4. Comparative antitumor effects of cephalotaxus esters against
sensitive and vincristine-resistant HL-60.

Figure 5. Correlation of calculated logP values and MDR ratio for deoxy-
harringtonine (2), homoharringtonine (3), homodeoxyharringtonine (4),
benzyldehydrohomoharringtonine 87, and bis(demethyl)deoxyharrinto-
nine 89.
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tonine 4), both comparative cell lines can be considered as
“sensitive” to the compound of interest. As a consequence,
this minor structural variation from 3 to 4 has allowed for
effective quelling of MDR in this cell line. Given this find-
ing, it is thus surprising that despite its MDR liability, homo-
harringtonine (3) is employed as the favored cephalotaxus
ester for advancement in the clinic, exemplified by a current
phase III clinic prospective trial with 3 for use as a combina-
tion therapy for chronic myeloid leukemia.[101] One practical
reason for this may lie in the increased natural abundance
of homoharringtonine (3) relative to other cephalotaxus
esters.[102] Moreover, semisynthetic sources of homoharring-
tonine have built on the seminal work of Kelly, wherein the
6’-oxygen functionality is a prerequisite for efficient acyl
chain attachment to cephalotaxine.[89] Notably, this semi-syn-
thetic approach is uniquely suited for homoharringtonine
(3). Fortunately, the synthetic strategies described herein
enable unfettered access to other, more therapeutically
viable cephalotaxus esters, such as 2, 4, 87, and 89, for the
development of additional lines of chemotherapeutic de-
fense against leukemia.

Resistance of vincristine-sensitive Y79 retinoblastoma to
cephalotaxus esters : In the initial cytotoxicity evaluation
(Table 2), it is also worth highlighting that the Y79 retino-
blastoma cell line uniquely showed significant resistance to
both deoxyharringtonine (2) and its b-lactone derivative 79.
Indeed, this selective resistance of Y79 appears to be a gen-
eral phenomenon (Table 3) upon evaluation with a few of
our active cytotoxic non-natural synthetic Cephalotaxus
ester analogues, including the benzyldehydrohomoharringto-
nine 87, the b-lactone ester 88, and bis-
ACHTUNGTRENNUNG(demethyl)deoxyharringtonine 89. All of these compounds
behaved similarly to that of deoxyharringtonine (2) and its
b-lactone derivative 79 (cf. Table 2), exhibiting broad spec-
trum cytoxicity with the exception of the Y79 cell line, to
which the molecules were essentially impotent.

Though this specific lack of cytotoxicity in Y79 could also
be attributed to the overexpression of multidrug resistance
genes (MDR), Conway and co-workers have reported the
Y79 cell line to be sensitive to vincristine with an IC50 value

of approx 0.8 mm.[103] Furthermore, a comparative microarray
analysis of the Y79 cell line with normal retinal tissue de-
tected upregulation of several genes typically found to be
markers of stem cell like characteristics including the mdr
gene ABCG2.[104] Based on this, we postulate that perhaps
the mechanism of resistance to cephalotaxus esters by Y79
is not entirely mediated through the classical ATP-depen-
dent efflux pumps alone but rather through an as yet un-
known mechanism involving stem cell like characteristics.
This is consistent with the hypothesis that the appearance of
subsequent tumors in leukemias, brain tumors, breast
cancer, lung cancer, as well as many other cancers, is linked
to the persistence of cancer stem cells. This observation sug-
gests that designed Cephalotaxus esters have the potential
to serve as small molecule probes for interrogating the ge-
netic basis of this highly resilient retinoblastoma cell line as
well as potentially shedding some light on how to overcome
this persistence phenomena in these dormant progenitor
cancer stem cells.

Conclusion

The development, optimization, and application of novel
synthetic strategies have enabled the synthesis of the potent
antileukemia agents (�)-deoxyharringtonine (2), (�)-homo-
harringtonine (3), (�)-homodeoxyharringtonine (4), and
(�)-anhydroharringtonine (5). Several advances served as
key elements in the preparation of (�)-cephalotaxine (1)
and should find general applicability in complex N-heterocy-
cle synthesis. These included 1) a strain-release aziridine re-
arrangement of 2-aryl-N-vinyl aziridines for dihydro[3]ben-
zazepine synthesis, and 2) a vinylogous amide-derived azo-
methine ylide cycloaddition which takes an unusual and un-
expected stereochemical course. Efforts to advance these
synthetic pursuits beyond that of (�)-1 to that of the rare
antineoplastic C3-O-ester derivatives (i.e., 2–5) have led to
an efficient non-racemic synthesis of several cephalotaxus
acyl chains. Construction of strained b-lactone intermediates
enabled late-stage C3-O-acylation of cephalotaxine, a long-
standing challenge in the synthesis of sterically congested
bioactive Cephalotaxus esters. This technology enabled cyto-
toxicity screening of several natural and non-natural Cepha-
lotaxus esters against an expansive array of human hemato-
poietic and solid tumor cell lines. These evaluations were in-
strumental in discovering novel non-natural cephalotaxus
esters with potent antitumor effects. Moreover, these efforts
have uncovered the potential of specific members of this
family of alkaloids to overcome resistance in MDR HL-60/
RV+ tumor cells through the preparation of acyl chain var-
iants, uniquely made available with our acyl chain attach-
ment approach. This presents new avenues for molecular
design of these alkaloids to offset multi-drug resistance, of-
fering new lines of chemotherapeutic defense against leuke-
mia.

Table 3. Cytotoxicity of compounds 87–89.

Cell line 87
IC50 [mm]

88
IC50 [mm]

89
IC50 [mm]

HL-60 0.01 5.73 0.08
HL-60/RV+ 0.19 40.30 0.80
JURKAT 0.03 12.01 0.19
ALL3 <0.01 4.24 0.16
NCEB1 0.06 39.24 0.50
JEKO 0.08 25.1 0.56
MOLT3 0.01 6.41 0.06
SKNLP <0.01 10.04 0.11
Y79 >100 >100 >100
PC9 0.04 11.29 0.13
TC71 0.03 24 0.20
HTB-15 0.10 58 0.50
WD0082 0.05 11 0.20

www.chemeurj.org F 2008 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 4293 – 43064304

D. Y. Gin, H. Djaballah et al.

www.chemeurj.org


Acknowledgements

This research was supported by the NIH-NIGMS (GM67659), Merck,
Pfizer, Eli Lilly, and Abbott. A Procter & Gamble graduate fellowship to
J.D.E. is acknowledged. M.T.E. thanks NSF and AstraZeneca for predoc-
toral fellowships. The HTS Core is partially supported by the Mr. Wil-
liam H. Goodwin, and Mrs. Alice Goodwin and the Commonwealth
Foundation for Cancer Research, the William Randolph Hearst Fund in
Experimental Therapeutics, and the MSKCC Experimental Therapeutics
Center.

[1] L. Huang, Z. Xue, Alkaloids 1984, 23, 157–226.
[2] W. W. Paudler, J. McKay, G. I. Kerley, J. Org. Chem. 1963, 28,

2194–2197.
[3] R. G. Powell, D. Weisleder, C. R. Smith, I. A. Wolff, Tetrahedron

Lett. 1969, 10, 4081–4084.
[4] D. J. Abraham, R. D. Rosenstein, E. L. McGandy, Tetrahedron

Lett. 1969, 10, 4085–4086.
[5] S. K. Arora, R. B. Bates, R. A. Grady, J. Org. Chem. 1974, 39,

1269–1271.
[6] S. K. Arora, R. B. Bates, R. A. Grady, G. Germain, J. P. Declercq,

R. G. Powell, J. Org. Chem. 1976, 41, 551–554.
[7] K. L. Mikolajczak, C. R. Smith, R. G. Powell, Tetrahedron 1972, 28,

1995–2001.
[8] R. G. Powell, D. Weisleder, C. R. Smith, Jr., W. K. Rohwedder, Tet-

rahedron Lett. 1970, 11, 815–818.
[9] I. Takano, I. Yasuda, M. Nishijima, Y. Hitotsuyanagi, K. Takeya, H.

Itokawa, J. Nat. Prod. 1996, 59, 965–967.
[10] D. Z. Wang, G. E. Ma, R. S. Xu, Acta Pharm. Sin. 1992, 27, 173–

177.
[11] H. Morita, M. Arisaka, N. Yoshida, J. Kobayashi, Tetrahedron

2000, 56, 2929–2934.
[12] D. Z. Wang, G. E. Ma, R. S. Xu, Acta Pharm. Sin. 1992, 27, 178–

184.
[13] M. A. J. Miah, T. Hudlicky, J. W. Reed, Alkaloids 1998, 51, 199–

269.
[14] M. T. Huang, Mol. Pharmacol. 1975, 11, 511–519.
[15] M. Fresno, A. Jimenez, D. Vazquez, Eur. J. Biochem. 1977, 72,

323–330.
[16] S. S. Legha, M. Keating, S. Picket, J. A. Ajani, M. Ewer, G. P.

Bodey, Cancer Treat. Rep. 1984, 68, 1085–1091.
[17] H. M. Kantarjian, M. Talpaz, V. Santini, A. Murgo, B. Cheson,

S. M. OQBrien, Cancer 2001, 92, 1591–1605.
[18] Z. Benderra, H. Morjani, A. Trussardi, M. Manfait, Leukemia

1998, 12, 1539–1544.
[19] J. Auerbach, S. M. Weinreb, J. Am. Chem. Soc. 1972, 94, 7172.
[20] M. F. Semmelhack, B. P. Chong, R. D. Stauffer, T. D. Rogerson, A.

Chong, L. D. Jones, J. Am. Chem. Soc. 1975, 97, 2507–2516.
[21] S. Yasuda, T. Yamada, M. Hanaoka, Tetrahedron Lett. 1986, 27,

2023–2026.
[22] S. Yasuda, Y. Yamamoto, S. Yoshida, M. Hanaoka, Chem. Pharm.

Bull. 1988, 36, 4229–4231.
[23] M. E. Kuehne, W. G. Bornmann, W. H. Parsons, T. D. Spitzer, J. F.

Blount, J. Zubieta, J. Org. Chem. 1988, 53, 3439–3450.
[24] T. P. Burkholder, P. L. Fuchs, J. Am. Chem. Soc. 1988, 110, 2341–

2342.
[25] T. P. Burkholder, P. L. Fuchs, J. Am. Chem. Soc. 1990, 112, 9601–

9613.
[26] X. D. Lin, R. W. Kavash, P. S. Mariano, J. Am. Chem. Soc. 1994,

116, 9791–9792.
[27] X. D. Lin, R. W. Kavash, P. S. Mariano, J. Org. Chem. 1996, 61,

7335–7347.
[28] Y. Koseki, H. Sato, Y. Watanabe, T. Nagasaka, Org. Lett. 2002, 4,

885–888.
[29] W. D. Z. Li, Y. Q. Wang, Org. Lett. 2003, 5, 2931–2934.
[30] W. D. Z. Li, B. C. Ma, J. Org. Chem. 2005, 70, 3277–3280.
[31] N. Isono, M. Mori, J. Org. Chem. 1995, 60, 115–119.

[32] L. F. Tietze, H. Schirok, Angew. Chem. 1997, 109, 1159–1160;
Angew. Chem. Int. Ed. Engl. 1997, 36, 1124–1125.

[33] L. F. Tietze, H. Schirok, J. Am. Chem. Soc. 1999, 121, 10264–
10269.

[34] H. Ishibashi, M. Okano, H. Tamaki, K. Maruyama, T. Yakura, M.
Ikeda, J. Chem. Soc. Chem. Commun. 1990, 1436–1437.

[35] M. Ikeda, M. Okano, K. Kosaka, M. Kido, H. Ishibashi, Chem.
Pharm. Bull. 1993, 41, 276–281.

[36] M. Ikeda, S. A. A. El Bialy, K. Hirose, M. Kotake, T. Sato, S. M. M.
Bayomi, I. A. Shehata, A. M. Abdelal, L. M. Gad, T. Yakura,
Chem. Pharm. Bull. 1999, 47, 983–987.

[37] L. Planas, J. Perard-Viret, J. Royer, J. Org. Chem. 2004, 69, 3087–
3092.

[38] J. D. Eckelbarger, J. T. Wilmot, D. Y. Gin, J. Am. Chem. Soc. 2006,
128, 10370–10371.

[39] T. Hudlicky, R. Fan, J. W. Reed, K. G. Gadamasetti, Org. React.
1992, 41, 1–133.

[40] W. Lwowski, T. J. Maricich, T. W. Mattingly, Jr., J. Am. Chem. Soc.
1963, 85, 1200–1202.

[41] E. L. Stogryn, S. J. Brois, J. Org. Chem. 1965, 30, 88.
[42] J. C. Pommelet, J. Chuche, Tetrahedron Lett. 1974, 15, 3897–3898.
[43] M. Zora, J. Org. Chem. 2005, 70, 6018–6026.
[44] A. Hassner, R. Dcosta, A. T. McPhail, W. Butler, Tetrahedron Lett.

1981, 22, 3691–3694.
[45] L. Viallon, O. Reinaud, P. Capdevielle, M. Maumy, Tetrahedron

Lett. 1995, 36, 4787–4790.
[46] U. M. Lindstrom, P. Somfai, J. Am. Chem. Soc. 1997, 119, 8385–

8386.
[47] P. Scheiner, J. Org. Chem. 1967, 32, 2628.
[48] H. P. Figeys, R. Jammar, Tetrahedron Lett. 1980, 21, 2995–2998.
[49] H. P. Figeys, R. Jammar, Tetrahedron Lett. 1981, 22, 637–640.
[50] T. Harada, T. Ohno, S. Kobayashi, T. Mukaiyama, Synthesis 1991,

1216–1220.
[51] H. Tanida, T. Okada, K. Kotera, Bull. Chem. Soc. Jpn. 1973, 46,

934–938.
[52] J. W. Ullrich, F. T. Chiu, T. Tinerharding, P. S. Mariano, J. Org.

Chem. 1984, 49, 220–228.
[53] W. T. Dixon, Tetrahedron Lett. 1968, 9, 189.
[54] V. K. Dauksas, G. V. Purvaneckas, E. B. Udrenaite, V. L. Gineityte,

A. V. Barauskaite, Heterocycles 1981, 15, 1395–1404.
[55] E. Vedejs, F. G. West, Chem. Rev. 1986, 86, 941–955.
[56] K. V. Gothelf, K. A. Jorgensen, Chem. Rev. 1998, 98, 863–909.
[57] C. Najera, J. M. Sansano, Curr. Org. Chem. 2003, 7, 1105–1150.
[58] W. H. Pearson, P. Stoy, Synlett 2003, 903–921.
[59] I. Coldham, R. Hufton, Chem. Rev. 2005, 105, 2765–2809.
[60] E. Vedejs, G. R. Martinez, J. Am. Chem. Soc. 1979, 101, 6452–

6454.
[61] A. Padwa, G. Haffmanns, M. Tomas, Tetrahedron Lett. 1983, 24,

4303–4306.
[62] M. T. Epperson, D. Y. Gin, Angew. Chem. 2002, 114, 1856–1858;

Angew. Chem. Int. Ed. 2002, 41, 1778–1780.
[63] A. S. Pilcher, H. L. Ammon, P. Deshong, J. Am. Chem. Soc. 1995,

117, 5166–5167.
[64] I. L. Baraznenok, V. G. Nenajdenko, E. S. Balenkova, Tetrahedron

1998, 54, 119–128.
[65] I. L. Baraznenok, V. G. Nenajdenko, E. S. Balenkova, Eur. J. Org.

Chem. 1999, 937–941.
[66] J. Auerbach, T. Ipaktchi, S. M. Weinreb, Tetrahedron Lett. 1973, 14,

4561–4564.
[67] Exhaustive investigation of azomethine ylide precursors incorpo-

rating only a C2 group led to no diastereoselectivity in the cycload-
dition.

[68] S. M. Ali, K. Ramesh, R. T. Borchardt, Tetrahedron Lett. 1990, 31,
1509–1512.

[69] A. Blaser, J. L. Reymond, Helv. Chim. Acta 1999, 82, 760–768.
[70] C. K. Chu, Y. H. Jin, R. O. Baker, J. Huggins, Bioorg. Med. Chem.

Lett. 2003, 13, 9–12.
[71] J. S. Yadav, S. Pamu, D. C. Bhunia, S. Pabbaraja, Synlett 2007, 992–

994.

Chem. Eur. J. 2008, 14, 4293 – 4306 F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 4305

FULL PAPERAnticancer Drugs

http://dx.doi.org/10.1021/jo01044a010
http://dx.doi.org/10.1021/jo01044a010
http://dx.doi.org/10.1021/jo01044a010
http://dx.doi.org/10.1021/jo01044a010
http://dx.doi.org/10.1021/jo00923a024
http://dx.doi.org/10.1021/jo00923a024
http://dx.doi.org/10.1021/jo00923a024
http://dx.doi.org/10.1021/jo00923a024
http://dx.doi.org/10.1021/jo00865a030
http://dx.doi.org/10.1021/jo00865a030
http://dx.doi.org/10.1021/jo00865a030
http://dx.doi.org/10.1016/0040-4020(72)88007-4
http://dx.doi.org/10.1016/0040-4020(72)88007-4
http://dx.doi.org/10.1016/0040-4020(72)88007-4
http://dx.doi.org/10.1016/0040-4020(72)88007-4
http://dx.doi.org/10.1021/np9604543
http://dx.doi.org/10.1021/np9604543
http://dx.doi.org/10.1021/np9604543
http://dx.doi.org/10.1016/S0040-4020(00)00091-0
http://dx.doi.org/10.1016/S0040-4020(00)00091-0
http://dx.doi.org/10.1016/S0040-4020(00)00091-0
http://dx.doi.org/10.1016/S0040-4020(00)00091-0
http://dx.doi.org/10.1111/j.1432-1033.1977.tb11256.x
http://dx.doi.org/10.1111/j.1432-1033.1977.tb11256.x
http://dx.doi.org/10.1111/j.1432-1033.1977.tb11256.x
http://dx.doi.org/10.1111/j.1432-1033.1977.tb11256.x
http://dx.doi.org/10.1002/1097-0142(20010915)92:6%3C1591::AID-CNCR1485%3E3.0.CO;2-U
http://dx.doi.org/10.1002/1097-0142(20010915)92:6%3C1591::AID-CNCR1485%3E3.0.CO;2-U
http://dx.doi.org/10.1002/1097-0142(20010915)92:6%3C1591::AID-CNCR1485%3E3.0.CO;2-U
http://dx.doi.org/10.1038/sj.leu.2401166
http://dx.doi.org/10.1038/sj.leu.2401166
http://dx.doi.org/10.1038/sj.leu.2401166
http://dx.doi.org/10.1038/sj.leu.2401166
http://dx.doi.org/10.1021/ja00775a062
http://dx.doi.org/10.1021/ja00842a031
http://dx.doi.org/10.1021/ja00842a031
http://dx.doi.org/10.1021/ja00842a031
http://dx.doi.org/10.1016/S0040-4039(00)84438-X
http://dx.doi.org/10.1016/S0040-4039(00)84438-X
http://dx.doi.org/10.1016/S0040-4039(00)84438-X
http://dx.doi.org/10.1016/S0040-4039(00)84438-X
http://dx.doi.org/10.1021/jo00250a008
http://dx.doi.org/10.1021/jo00250a008
http://dx.doi.org/10.1021/jo00250a008
http://dx.doi.org/10.1021/ja00215a076
http://dx.doi.org/10.1021/ja00215a076
http://dx.doi.org/10.1021/ja00215a076
http://dx.doi.org/10.1021/ja00182a019
http://dx.doi.org/10.1021/ja00182a019
http://dx.doi.org/10.1021/ja00182a019
http://dx.doi.org/10.1021/ja00100a071
http://dx.doi.org/10.1021/ja00100a071
http://dx.doi.org/10.1021/ja00100a071
http://dx.doi.org/10.1021/ja00100a071
http://dx.doi.org/10.1021/jo961179s
http://dx.doi.org/10.1021/jo961179s
http://dx.doi.org/10.1021/jo961179s
http://dx.doi.org/10.1021/jo961179s
http://dx.doi.org/10.1021/ol017114f
http://dx.doi.org/10.1021/ol017114f
http://dx.doi.org/10.1021/ol017114f
http://dx.doi.org/10.1021/ol017114f
http://dx.doi.org/10.1021/ol035098b
http://dx.doi.org/10.1021/ol035098b
http://dx.doi.org/10.1021/ol035098b
http://dx.doi.org/10.1021/jo048046o
http://dx.doi.org/10.1021/jo048046o
http://dx.doi.org/10.1021/jo048046o
http://dx.doi.org/10.1021/jo00106a023
http://dx.doi.org/10.1021/jo00106a023
http://dx.doi.org/10.1021/jo00106a023
http://dx.doi.org/10.1002/ange.19971091027
http://dx.doi.org/10.1002/ange.19971091027
http://dx.doi.org/10.1002/ange.19971091027
http://dx.doi.org/10.1002/anie.199711241
http://dx.doi.org/10.1002/anie.199711241
http://dx.doi.org/10.1002/anie.199711241
http://dx.doi.org/10.1021/ja991650+
http://dx.doi.org/10.1021/ja991650+
http://dx.doi.org/10.1021/ja991650+
http://dx.doi.org/10.1039/c39900001436
http://dx.doi.org/10.1039/c39900001436
http://dx.doi.org/10.1039/c39900001436
http://dx.doi.org/10.1021/jo049884l
http://dx.doi.org/10.1021/jo049884l
http://dx.doi.org/10.1021/jo049884l
http://dx.doi.org/10.1021/ja063304f
http://dx.doi.org/10.1021/ja063304f
http://dx.doi.org/10.1021/ja063304f
http://dx.doi.org/10.1021/ja063304f
http://dx.doi.org/10.1021/ja00891a039
http://dx.doi.org/10.1021/ja00891a039
http://dx.doi.org/10.1021/ja00891a039
http://dx.doi.org/10.1021/ja00891a039
http://dx.doi.org/10.1021/jo01012a022
http://dx.doi.org/10.1021/jo050711l
http://dx.doi.org/10.1021/jo050711l
http://dx.doi.org/10.1021/jo050711l
http://dx.doi.org/10.1016/S0040-4039(01)81995-X
http://dx.doi.org/10.1016/S0040-4039(01)81995-X
http://dx.doi.org/10.1016/S0040-4039(01)81995-X
http://dx.doi.org/10.1016/S0040-4039(01)81995-X
http://dx.doi.org/10.1021/ja971572v
http://dx.doi.org/10.1021/ja971572v
http://dx.doi.org/10.1021/ja971572v
http://dx.doi.org/10.1021/jo01283a063
http://dx.doi.org/10.1016/0040-4039(80)88018-X
http://dx.doi.org/10.1016/0040-4039(80)88018-X
http://dx.doi.org/10.1016/0040-4039(80)88018-X
http://dx.doi.org/10.1016/S0040-4039(01)92510-9
http://dx.doi.org/10.1016/S0040-4039(01)92510-9
http://dx.doi.org/10.1016/S0040-4039(01)92510-9
http://dx.doi.org/10.1055/s-1991-28422
http://dx.doi.org/10.1055/s-1991-28422
http://dx.doi.org/10.1055/s-1991-28422
http://dx.doi.org/10.1055/s-1991-28422
http://dx.doi.org/10.1246/bcsj.46.934
http://dx.doi.org/10.1246/bcsj.46.934
http://dx.doi.org/10.1246/bcsj.46.934
http://dx.doi.org/10.1246/bcsj.46.934
http://dx.doi.org/10.1021/jo00176a002
http://dx.doi.org/10.1021/jo00176a002
http://dx.doi.org/10.1021/jo00176a002
http://dx.doi.org/10.1021/jo00176a002
http://dx.doi.org/10.1021/cr00075a014
http://dx.doi.org/10.1021/cr00075a014
http://dx.doi.org/10.1021/cr00075a014
http://dx.doi.org/10.1021/cr970324e
http://dx.doi.org/10.1021/cr970324e
http://dx.doi.org/10.1021/cr970324e
http://dx.doi.org/10.2174/1385272033486594
http://dx.doi.org/10.2174/1385272033486594
http://dx.doi.org/10.2174/1385272033486594
http://dx.doi.org/10.1021/cr040004c
http://dx.doi.org/10.1021/cr040004c
http://dx.doi.org/10.1021/cr040004c
http://dx.doi.org/10.1021/ja00515a061
http://dx.doi.org/10.1021/ja00515a061
http://dx.doi.org/10.1021/ja00515a061
http://dx.doi.org/10.1016/S0040-4039(00)88326-4
http://dx.doi.org/10.1016/S0040-4039(00)88326-4
http://dx.doi.org/10.1016/S0040-4039(00)88326-4
http://dx.doi.org/10.1016/S0040-4039(00)88326-4
http://dx.doi.org/10.1002/1521-3757(20020517)114:10%3C1856::AID-ANGE1856%3E3.0.CO;2-2
http://dx.doi.org/10.1002/1521-3757(20020517)114:10%3C1856::AID-ANGE1856%3E3.0.CO;2-2
http://dx.doi.org/10.1002/1521-3757(20020517)114:10%3C1856::AID-ANGE1856%3E3.0.CO;2-2
http://dx.doi.org/10.1002/1521-3773(20020517)41:10%3C1778::AID-ANIE1778%3E3.0.CO;2-R
http://dx.doi.org/10.1002/1521-3773(20020517)41:10%3C1778::AID-ANIE1778%3E3.0.CO;2-R
http://dx.doi.org/10.1002/1521-3773(20020517)41:10%3C1778::AID-ANIE1778%3E3.0.CO;2-R
http://dx.doi.org/10.1021/ja00123a025
http://dx.doi.org/10.1021/ja00123a025
http://dx.doi.org/10.1021/ja00123a025
http://dx.doi.org/10.1021/ja00123a025
http://dx.doi.org/10.1016/S0040-4020(97)10263-0
http://dx.doi.org/10.1016/S0040-4020(97)10263-0
http://dx.doi.org/10.1016/S0040-4020(97)10263-0
http://dx.doi.org/10.1016/S0040-4020(97)10263-0
http://dx.doi.org/10.1002/(SICI)1099-0690(199904)1999:4%3C937::AID-EJOC937%3E3.0.CO;2-3
http://dx.doi.org/10.1002/(SICI)1099-0690(199904)1999:4%3C937::AID-EJOC937%3E3.0.CO;2-3
http://dx.doi.org/10.1002/(SICI)1099-0690(199904)1999:4%3C937::AID-EJOC937%3E3.0.CO;2-3
http://dx.doi.org/10.1002/(SICI)1099-0690(199904)1999:4%3C937::AID-EJOC937%3E3.0.CO;2-3
http://dx.doi.org/10.1002/(SICI)1522-2675(19990505)82:5%3C760::AID-HLCA760%3E3.0.CO;2-S
http://dx.doi.org/10.1002/(SICI)1522-2675(19990505)82:5%3C760::AID-HLCA760%3E3.0.CO;2-S
http://dx.doi.org/10.1002/(SICI)1522-2675(19990505)82:5%3C760::AID-HLCA760%3E3.0.CO;2-S
http://dx.doi.org/10.1016/S0960-894X(02)00841-7
http://dx.doi.org/10.1016/S0960-894X(02)00841-7
http://dx.doi.org/10.1016/S0960-894X(02)00841-7
http://dx.doi.org/10.1016/S0960-894X(02)00841-7
www.chemeurj.org


[72] Y. H. Jin, P. Liu, J. N. Wang, R. Baker, J. Huggins, C. K. Chu, J.
Org. Chem. 2003, 68, 9012–9018.

[73] F. Effenberger, J. K. Eberhard, A. H. Maier, J. Am. Chem. Soc.
1996, 118, 12572–12579.

[74] Extensive efforts were directed at the generation and use of a com-
plex acyl triflate derived from an intact Cephalotaxus ester side
chain for vinylogous amide activation, although with no success.

[75] D. H. Ess, K. N. Houk, J. Am. Chem. Soc. 2007, 129, 10646–10647.
[76] H. Kunzer, M. Stahnke, G. Sauer, R. Wiechert, Tetrahedron Lett.

1991, 32, 1949–1952.
[77] D. Craig, P. S. Jones, G. J. Rowlands, Synlett 1997, 1423–1425.
[78] Notably, attempts at reductive desulfurization with a variety of tra-

ditional Raney-Ni protocols led to highly variable yields.
[79] Attempts at cleavage of the C3-pivaloyl enol ester were problemat-

ic, resulting in unproductive dihydro[3]benzazepine fragmentation.
Moreover, attempts at reduction of the C3–C4 enol ester, either by
conjugate addition protocols or hydrogenation protocols at hydro-
gen pressures up to 2500 psi, led only to its decomposition.

[80] J. Schwartz, J. A. Labinger, Angew. Chem. 1976, 88, 402–409;
Angew. Chem. Int. Ed. Engl. 1976, 15, 333–340.

[81] N. Cenac, M. Zablocka, A. Igau, J. P. Majoral, A. Skowronska, J.
Org. Chem. 1996, 61, 796–798.

[82] P. A. Clarke, R. A. Holton, N. E. Kayaleh, Tetrahedron Lett. 2000,
41, 2687–2690.

[83] P. A. Clarke, N. E. Kayaleh, M. A. Smith, J. R. Baker, S. J. Bird, C.
Chan, J. Org. Chem. 2002, 67, 5226–5231.

[84] P. A. Clarke, P. L. Arnold, M. A. Smith, L. S. Natrajan, C. Wilson,
C. Chan, Chem. Commun. 2003, 2588–2589.

[85] K. L. Mikolajczak, C. R. Smith, D. Weisleder, T. R. Kelly, J. C.
McKenna, Christen. Pa, Tetrahedron Lett. 1974, 15, 283–286.

[86] K. L. Mikolajczak, C. R. Smith, J. Org. Chem. 1978, 43, 4762–4765.
[87] S. Hiranuma, T. Hudlicky, Tetrahedron Lett. 1982, 23, 3431–3434.
[88] S. Hiranuma, M. Shibata, T. Hudlicky, J. Org. Chem. 1983, 48,

5321–5326.
[89] T. R. Kelly, R. W. McNutt, M. Montury, N. P. Tosches, K. L. Miko-

lajczak, C. R. Smith, D. Weisleder, J. Org. Chem. 1979, 44, 63–67.

[90] J. P. Robin, R. Dhal, G. Dujardin, L. Girodier, L. Mevellec, S.
Poutot, Tetrahedron Lett. 1999, 40, 2931–2934.

[91] D. Seebach, R. Naef, G. Calderari, Tetrahedron 1984, 40, 1313–
1324.

[92] S. A. A. El Bialy, H. Braun, L. F. Tietze, Eur. J. Org. Chem. 2005,
2965–2972.

[93] P. Q. Huang, Z. Y. Li, Tetrahedron: Asymmetry 2005, 16, 3367–
3370.

[94] J. Inanaga, K. Hirata, H. Saeki, T. Katsuki, M. Yamaguchi, Bull.
Chem. Soc. Jpn. 1979, 52, 1989–1993.

[95] R. G. Powell, D. Weisleder, C. R. Smith, J. Pharm. Sci. 1972, 61,
1227–1230.

[96] C. Antczak, D. Shum, S. Escobar, B. Bassit, E. Kim, V. E. Seshan,
N. Wu, G. L. Yang, O. Ouerfelli, Y. M. Li, D. A. Scheinberg, H.
Djaballah, J. Biomol. Screening 2007, 12, 521–535.

[97] D. Shum, C. Radu, E. Kim, M. Cajuste, Y. Shao, V. E. Seshan, H.
Djaballah, J. Enzyme Inhib. Med. Chem. in press.

[98] M. M. Gottesman, T. Fojo, S. E. Bates, Nat. Rev. Cancer 2002, 2,
48–58.

[99] R. G. Salomon, J. M. Reuter, J. Am. Chem. Soc. 1977, 99, 4372–
4379.

[100] A. K. Chatterjee, T. L. Choi, D. P. Sanders, R. H. Grubbs, J. Am.
Chem. Soc. 2003, 125, 11360–11370.

[101] L. Legros, S. Hayette, F. E. Nicolini, S. Raynaud, K. Chabane, J. P.
Magaud, J. P. Cassuto, M. Michallet, Leukemia 2007, 21, 2204–
2206.

[102] R. G. Powell, Phytochemistry 1972, 11, 1467–1472.
[103] R. M. Conway, M. C. Madigan, F. A. Billson, P. L. Penfold, Eur. J.

Cancer 1998, 34, 1741–1748.
[104] G. M. Seigel, A. S. Hackam, A. Ganguly, L. M. Mandell, F. Gonza-

lez-Fernandez, Mol. Vision 2007, 13, 823–832.

Received: December 18, 2007
Published online: March 25, 2008

www.chemeurj.org F 2008 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 4293 – 43064306

D. Y. Gin, H. Djaballah et al.

http://dx.doi.org/10.1021/jo034999v
http://dx.doi.org/10.1021/jo034999v
http://dx.doi.org/10.1021/jo034999v
http://dx.doi.org/10.1021/jo034999v
http://dx.doi.org/10.1021/ja9624331
http://dx.doi.org/10.1021/ja9624331
http://dx.doi.org/10.1021/ja9624331
http://dx.doi.org/10.1021/ja9624331
http://dx.doi.org/10.1021/ja0734086
http://dx.doi.org/10.1021/ja0734086
http://dx.doi.org/10.1021/ja0734086
http://dx.doi.org/10.1055/s-1997-1054
http://dx.doi.org/10.1055/s-1997-1054
http://dx.doi.org/10.1055/s-1997-1054
http://dx.doi.org/10.1002/ange.19760881204
http://dx.doi.org/10.1002/ange.19760881204
http://dx.doi.org/10.1002/ange.19760881204
http://dx.doi.org/10.1002/anie.197603331
http://dx.doi.org/10.1002/anie.197603331
http://dx.doi.org/10.1002/anie.197603331
http://dx.doi.org/10.1021/jo951222w
http://dx.doi.org/10.1021/jo951222w
http://dx.doi.org/10.1021/jo951222w
http://dx.doi.org/10.1021/jo951222w
http://dx.doi.org/10.1016/S0040-4039(00)00224-0
http://dx.doi.org/10.1016/S0040-4039(00)00224-0
http://dx.doi.org/10.1016/S0040-4039(00)00224-0
http://dx.doi.org/10.1016/S0040-4039(00)00224-0
http://dx.doi.org/10.1021/jo0257041
http://dx.doi.org/10.1021/jo0257041
http://dx.doi.org/10.1021/jo0257041
http://dx.doi.org/10.1039/b308171k
http://dx.doi.org/10.1039/b308171k
http://dx.doi.org/10.1039/b308171k
http://dx.doi.org/10.1021/jo00419a012
http://dx.doi.org/10.1021/jo00419a012
http://dx.doi.org/10.1021/jo00419a012
http://dx.doi.org/10.1016/S0040-4039(00)87634-0
http://dx.doi.org/10.1016/S0040-4039(00)87634-0
http://dx.doi.org/10.1016/S0040-4039(00)87634-0
http://dx.doi.org/10.1021/jo00174a031
http://dx.doi.org/10.1021/jo00174a031
http://dx.doi.org/10.1021/jo00174a031
http://dx.doi.org/10.1021/jo00174a031
http://dx.doi.org/10.1021/jo01315a015
http://dx.doi.org/10.1021/jo01315a015
http://dx.doi.org/10.1021/jo01315a015
http://dx.doi.org/10.1016/S0040-4039(99)00327-5
http://dx.doi.org/10.1016/S0040-4039(99)00327-5
http://dx.doi.org/10.1016/S0040-4039(99)00327-5
http://dx.doi.org/10.1016/S0040-4020(01)82417-0
http://dx.doi.org/10.1016/S0040-4020(01)82417-0
http://dx.doi.org/10.1016/S0040-4020(01)82417-0
http://dx.doi.org/10.1016/j.tetasy.2005.09.009
http://dx.doi.org/10.1016/j.tetasy.2005.09.009
http://dx.doi.org/10.1016/j.tetasy.2005.09.009
http://dx.doi.org/10.1246/bcsj.52.1989
http://dx.doi.org/10.1246/bcsj.52.1989
http://dx.doi.org/10.1246/bcsj.52.1989
http://dx.doi.org/10.1246/bcsj.52.1989
http://dx.doi.org/10.1002/jps.2600610812
http://dx.doi.org/10.1002/jps.2600610812
http://dx.doi.org/10.1002/jps.2600610812
http://dx.doi.org/10.1002/jps.2600610812
http://dx.doi.org/10.1177/1087057107300463
http://dx.doi.org/10.1177/1087057107300463
http://dx.doi.org/10.1177/1087057107300463
http://dx.doi.org/10.1038/nrc706
http://dx.doi.org/10.1038/nrc706
http://dx.doi.org/10.1038/nrc706
http://dx.doi.org/10.1038/nrc706
http://dx.doi.org/10.1021/ja00455a027
http://dx.doi.org/10.1021/ja00455a027
http://dx.doi.org/10.1021/ja00455a027
http://dx.doi.org/10.1021/ja0214882
http://dx.doi.org/10.1021/ja0214882
http://dx.doi.org/10.1021/ja0214882
http://dx.doi.org/10.1021/ja0214882
http://dx.doi.org/10.1038/sj.leu.2404772
http://dx.doi.org/10.1038/sj.leu.2404772
http://dx.doi.org/10.1038/sj.leu.2404772
http://dx.doi.org/10.1016/S0031-9422(00)90102-X
http://dx.doi.org/10.1016/S0031-9422(00)90102-X
http://dx.doi.org/10.1016/S0031-9422(00)90102-X
http://dx.doi.org/10.1016/S0959-8049(98)00234-2
http://dx.doi.org/10.1016/S0959-8049(98)00234-2
http://dx.doi.org/10.1016/S0959-8049(98)00234-2
http://dx.doi.org/10.1016/S0959-8049(98)00234-2
www.chemeurj.org

