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As a contribution to bioorganometallic chemistry, an enantioselective synthesis of novel carbocyclic nucleoside analogues with a ferroceno-

cyclopentene backbone was developed. Diastereoselective cuprate 1,4-addition or Mukaiyama —Michael addition to a planar-chiral enoate (ethyl
(E)-2-[2-methoxycarbonyl-ferrocenyl]-acrylate) allowed for the introduction of different side chains (RCH 2)- Other important steps include a
Dieckmann cyclization and the attachment of the nucleobase (NB) in an iron-assisted S n1 reaction. Some of the target compounds were

shown to exhibit significant apoptosis-inducing activity (LD 50 = 10-20 uM) against tumor cells.

Nucleosides are of fundamental importance for all living
systems, for instance, as structural modules of nucleic acids,
cofactors, and messenger substaideis.thus not surprising NH;
that they have been a source of inspiration in the discovery N
of new drugs for many decades. Variation of both the TDSO N‘ko
carbohydrate and the nucleobase led to the development of 0
important antiviral and antitumoral agenits. &
A few years ago, concurrently with the emergence of the Et0,C
field of bioorganometallic chemistd/we discovered that ‘CO

nucleoside analogues such as(Figure 1), bearing an
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* Humboldt University of Berlin. Figure 1. Iron-containing nucleoside analogues.
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fragment, we envisaged synthesizing ferrocenyl nucleoside ||| | | R N

derivatives of type2® In such structures, the butadiene
Fe(CO} unit of 1 would be formally replaced by a ferrocene,

i.e., a stable metallocene moiety, which had successfully been
incorporated before into other bioactive molecules (such as

ferrocifen, a tamoxifen analogu®).

As a key intermediate for the enantioselective synthesis

of ferrocenyl nucleosides of typt we took the planar chiral
complex6, which was prepared from ferrocene-carboxalde-
hyde 37 as shown in Scheme 1.

Scheme 1. Enantioselective Preparation 6f
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The synthesis 06 follows the protocol of Kagan and co-
workers who had shown that the chiral acefatan be
functionalized through highly diastereoselective ortho-lithia-
tion2 When the lithiated species, derived frotrby treat-
ment withtert-BuLi in diethyl ether, was added to an ex-
cess of methylchloroformate at50 °C (reverse addition),
the methoxycarbonylated produ& was obtained as a
virtually pure diastereomer in 69% yield. Removal of the
chiral auxiliary group by acidic acetal hydrolysis and sub-
sequent Horner—Wadsworth—Emmons olefination of the

intermediate aldehyde with triethyl-phosphonoacetate gave

the (S)-(E)-configured dieste ([a]p = +1297 in CHCY)
as a pure stereoisomer.

As revealed by an X-ray crystal structure analysis (Figure
2), compound6 minimizes allylic strain by adopting a
conformation in which thex,-unsaturated ester chain is
pointing away from the methyl ester group, whereas both
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La Colla, M.; La Colla, PTetrahedror2004 60, 6555 and references cited
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Borges, A.; Del Ponte, &Z. Anorg. Allg. Chem2002,628, 209.
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Figure 2. X-ray crystal structure 06.

substituents lie within the plane of the ferrocene ring to
benefit from conjugation with the electron-ricttsystem.
On the way toward nucleosides of tygewe planned to
introduce a side chain (RGHthrough conjugate addition
to the enoate substructure. The reactioB wfith the cuprate
derived from neopentylmagnesium bromide and CuB¥ie,
(Scheme 2) proceeded smoothly to afford the prodweith

Scheme 2. Conversion of6 into the Nucleoside40 and11
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high diastereoselectivity (dr 98:2). The relative configu-
ration of 7 was assigned on the basis of the assumption that
6 would exist in its preferred conformation (Figure 2) while
being attacked by the nucleophile from the less-hindered face
(opposite to the FeCp unit).

To close the five-membered ring by Dieckmann condensa-
tion,? 7 was treated with sodium hydride in refluxing THF.
Without purification, the resulting-keto ester was subjected
to a saponification-decarboxylation sequence to give the

Org. Lett, Vol. 8, No. 13, 2006



ferroceno-cyclopentenor ([o]p = +213.6 in CHCY}) in
63% vyield (two steps). At this stage, the predicted config-
uration of the chirality center formed in the 1,4-addition step
was proven by NOE NMR spectroscopy (contact of the
neopentyl CH group to the lower Cp ring).

To prepare for the introduction of the nucleobase, com-
pound8 was first reduced with NaBjand the crude alcohol
formed was directly acetylated to afford tkado-acetat®
as a pure diastereomer after flash chromatography.

The synthesis of the ferrocenyl nucleoside®and 11
(Scheme 2) was completed by reaction @fwith the
respective silylated nucleobase in the presence of TMS
triflate #1°We assume that these\(Stype) reactions proceed
via a stabilized ferrocenyl! catiod which is diastereoselec-
tively attacked from the unhindered face. Starting from
ferrocene, we obtained the nucleoside analodesnd11
in ca. 12% overall yield (over 13 steps).

As an alternative for the conversion of the key intermediate

catalyst!® 13 was isolated in 47% vyield as the expected
product of a MukaiyamaMichael reactior* In addition,
significant amounts (43%) of the already cyclized product
14a were obtained, remarkably, as a pure diastereomer
(Scheme 3). Obviously, the O-silylated ketene acetal formed
diastereoselectively froand12, as the initial product was
able to undergo a Dieckmann-type 5-exo-trig-cyclization to
give 14ain a tandem process. The trans configuration of
the two ester substituents Itawas determined by means
of an NOE experiment. All our attempts to improve the yield
of 14ain this reaction, e.g., by using longer reaction times,
were not successful so far. Treatmentl@fwith LDA (1.1
equiv) at—60 °C resulted in a 58:42 mixture of the two
diastereoisomerd4a and 14b (98% combined yield). In
contrast, reaction df3with KH in refluxing THF led to the
preferential formation of diastereom&fawith good selec-
tivity (dr = 89:11).

The conversion ofl4ainto the nucleoside analogué3d

6 into suitable nucleoside precursors, we also explored the@nd18is shown in Scheme 4. At first, ester hydrolysis and

possibility to introduce an ethyl acetate side chain through
conjugate addition (Scheme 3). As the resulting triesger

Scheme 3. Mukaiyama—Michael Addition to Dieste®
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possesses two diastereotopie & acidic ester functions, we

were curious whether a group-selective Dieckmann conden-

sation could be achieved to place the BHroup (compare

general structur@) in either the endo or the exo position.
By treatment of6 with the O-silyl ketene acetal2*? in

the presence of Al(OT$)as an in situ generated Lewis acid

(9) Shirafuji, T.; Odaira, A.; Yamamoto, Y.; Nozaki, HRull. Chem.
Soc. Jpnl1972,45, 2884.

(10) (a) Niedballa, U.; Vorbruggen, H. Org. Chem1974,39, 3654.
(b) Vorbriiggen, H.; Krolikiewicz, K.; Bennua, BChem. Ber1981,114,
1234. For a extensive review on nucleoside synthesis, see also: (c)
Vorbriggen, H.; Ruh-Polenz, @rg. React.2000,55, 1-630.

(11) Gokel, G.; Marquarding, D.; Ugi, 0. Org. Chem1972,37, 3052.
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Scheme 4. Synthesis of Nucleoside Analogu&g and18
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decarboxylation led to a keto acid, which was directly
reduced with LiAlH, to yield the endo diol5. A recrystal-
lized sample of this compound was analyzed by X-ray
crystallography (see Supporting Information) revealing its
relative and absolute configurations. After selective protec-
tion of the primary alcohol function using exactly 1 equiv
of chlorodimethylthexylsilane (TDSCI), the remaining sec-
ondary alcohol was acetylated to afford compousd The
introduction of the nucleobase was finally achieved using
the di-TMS-protected cytosine under the same conditions as
before (compare Scheme 2). Surprisingly, the desilylated

(12) Kita, Y.; Segawa, J.; Haruta, J.-i.; Yasuda, H.; Tamural. Chem.
Soc., Perkin Trans. 1982, 1099.

(13) Minowa, N.; Mukaiyama, TChem. Lett1987, 1719.

(14) Saigo, K.; Osaki, M.; Mukaiyama, Them. Lett1976, 163.
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product 7) was obtained which, however, could easily be

reprotected in good yield to give the nucleoside analogue

18.

The cytotoxic activity of the new ferrocenyl nucleosides
10,11, 17, and18 was evaluated in vitro and ex vivo using
BJAB tumor cells (Burkitt-like lymphoma cells) and primary
lymphoblasts from children with acute lymphoblastic leu-
kemia (ALL).*® It was found that compound$) and18 both
exhibit significant apoptosis-inducing activity in the lower
micromolar range (LB = 10—20uM), whereas compounds
11and17 are not active. Apoptosis induction was determined
by measuring DNA fragmentation (see Figure 3). Cells
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Q0 Q o o Q

Figure 3. Concentration dependency of apoptosis induction.

Percentage of apoptotic cells as determined by DNA fragmentation

via flow cytometry after treatment of BJAB cells for 72 h with
different concentrations df0.

treated with10 or 18 also showed cell shape changes,

cytoplasm condensation, nuclear envelope changes, an

blebbing characteristic for apoptosis (Figure 4).

Moreover, it was found in an ex vivo experiment using
primary lymphoblasts isolated from children with a relapse
of ALL that 10 is able to overcome resistante.

These results convincingly demonstrate that ferrocenyl

nucleosides of typ2 exhibit pronounced apoptosis-inducing
activity with a structure-activity dependency similar to that
for the butadiene-Fe(C@ylerived nucleosides (e.gl)4

Again, a lipophilic side chain (CHR) seems to be important

(15) For a description of the methods used, see ref 4b as well as: (a)

Wieder, T.; Prokop, A.; Bagci, B.; Essmann, F.; Bernicke, D.; Schulze-
Osthoff, K.; Dérken, B.; Schmalz, H. G.; Daniel, P. T.; Henze| @ukemia
2001,15, 1735.
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Figure 4. Morphology of BJAB cells under the microscope. Left:
negative control after 45 h (intact cells). Right: cells treated with
10 (50 uM) for 45 h. The progress of apoptosis is indicated by
typical morphological changes.

for activity, with cytosine belonging to the preferred nucleo-
bases.

In conclusion, we have elaborated an efficient, stereo-
selective, and modular synthetic route to novel ferrocene-
derived nucleosides of typawhich were identified as a new
promising class of organometallic antitumoral agents.

The work described herein represents an important basis
for the future synthesis of various substituted ferroceno-
cyclopentenes as potentially bioactive compounds. Further
studies currently being performed in these laboratories are
aimed at the elucidation of the mechanism of action of the
new compounds and also explore the specific role of the
metal fragment for biological activity.
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