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a b s t r a c t

The indoline scaffold of hypoxia selective prodrugs of DNA-alkylating agents related to the duocarmycin
natural products was synthesized via an enantioselective Friedel–Crafts alkylation. Easily accessible
starting materials and good stereoselectivity in the alkylation step provide an enantioselective synthesis
of the DNA-alkylating subunit.

� 2011 Elsevier Ltd. All rights reserved.

Cytotoxic drugs for cancer chemotherapy ideally need to be
highly potent and very selective for cancer cells. The natural prod-
ucts yatakemycin,1 the duocarmycins [see for example duocarmy-
cin SA (1) in Fig. 1] and CC-1065 are well known for their very
potent cytotoxic activity and are therefore of interest as potential
candidates for anticancer drug development.2–4 They consist of a
spirocyclic subunit that sequence-specifically alkylates AT-rich
sites of the minor groove of DNA. Alkylation of N3 of adenine gen-
erates long-lived adducts that ultimately leads to apoptosis of the
affected cells. Unfortunately, the natural products are not very
selective for cancer cells. Thus, two of the duocarmycin analogues,

carzelesin and adozelesin that progressed to clinical trials failed
due to lack of specificity.5–8 Improving the selectivity of drugs re-
lated to the duocarmycins has become a priority for researchers
world-wide.2,9,10 One approach to this has been the prodrug con-
cept, where a non-toxic prodrug form is administered and trans-
ported through the vascular system to reach the targeted cancer
cells, where it exploits a particular condition present in the cancer
tissue to activate the drug.

One such cancer-specific condition is that many solid tumours
are oxygen deprived (hypoxic) due to their high turnover number
related to the malignant growth and the poor development of tu-
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Figure 1. (+)-Duocarmycin SA (1) and the nitroCBI prodrugs (2/3) derived from the natural product.
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mour blood vessel networks often observed in cancer tissue.11–13

This makes hypoxia a target for selective cancer treatment, using
non-toxic prodrugs that can be activated in hypoxic cells,10,14

releasing the active drug which then leads to apoptosis of the can-
cer cell.15 Our group previously developed the nitro seco-1,2,9,9a-
tetrahydrocyclopropa[c]benz[e]indol-4-ones (nitroCBIs)/aminoCBI
seco-prodrug concept with hypoxia as the target.14 The non-alkyl-
ating seco-nitroCBI prodrug is activated in hypoxic cells by a multi-
ple-step reduction of the nitro group to the corresponding amine
which then undergoes rapid spirocyclisation to the DNA-alkylating
active form.16 The selectivity arises because of the reversibility of
the first one-electron reduction step, which is reversed rapidly by
oxygen in normal well-perfused cells.

The potency of the duocarmycins and related aminoCBIs can be
modulated by different means. Substituents on the naphthoindo-
line subunit modulate in vivo activity and DNA sequence selectiv-
ity.17 The only chiral centre in the seco-prodrug plays an important
role as well. The R-enantiomers of the alkylating subunit of both
the natural products and known derivatives are considerably less
potent than the S-enantiomers.18 The sequence selectivity of DNA
alkylation is also influenced by the chiral centre.19

The significant variation in potency of the enantiomers has led
to several endeavours aimed at the enantioselective synthesis of
the DNA-alkylating subunit,20 in order to produce only the desired
S-enantiomer. The known synthetic approaches to the S-enantio-
mer all target 1,2,9,9a-tetrahydrocyclopropa[c]benz[e]indol-4-one
(CBI) as the alkylating subunit.2,21 The prodrug concept is realised
by attaching a cleavable protecting group to the hydroxy moiety at
the 6-position of the indole,9,22 causing the drug to become inert.
Once the prodrug is inside the cancer cell, the protecting group is
cleaved through a mechanism specific for the cancer cell, for exam-
ple a galactosidase cleaves the attached galactose and therefore re-
leases the drug.23

However, in the nitro-CBI approach, the 5-position of the indo-
line needs to be left unoccupied in order to introduce the nitro
group into the aromatic cycle later in the synthetic pathway.14 This
means the aromatic moiety of the indoline of nitroCBI precursors
has electronic properties that differ from the derivatives previously
published and that have been utilised successfully in enantioselec-
tive approaches. Thus several of the above synthetic pathways did
not work for the nitro-CBIs,9,24,25 suggesting the need for a new
enantioselective approach.

This project aimed at synthesising indoline 2 which can be con-
verted by known methods into 3 (Fig. 1) which is part of the syn-
thetic sequence previously reported by us for the racemic synthesis
of nitro-CBIs.26

Our first approach was based on the work of Chen and co-workers
who showed that naphthol could be alkylated enantioselectively via
a Friedel–Crafts alkylation, promoted by a chiral thiourea catalyst.27

The stereochemistry was assigned by derivatization of the product
as a crystalline intermediate and X-ray analysis of the derived
crystals.

For our means, catalyst 4 and nitro olefin 5 (Scheme 1) were the
most useful. We anticipated that alkylation product 6 could be oxi-
dized, after protecting the hydroxy group (7), to the corresponding
acid 8. Reduction of acid 8 would give the alcohol 9. Reduction of
the nitro group and Boc-protection of the resulting amine 10
would provide precursor 11 which might be suitable for cyclisa-
tion to give the desired indoline building block 12. Cyclisation of
the precursor 11 to the desired indoline 12 could be achieved un-
der various conditions. However, to date, only a few examples
have been reported where intramolecular cyclisation between a
sulfonamide and an aryl triflate leads successfully to an indo-
line,28–30 while the intramolecular cyclisation of carbamates (such
as the Boc-protected amine 11) is only known for aryl halide
examples.31

According to the literature protocol we synthesized chiral (S)-1-
[1-(furan-2-yl)-2-nitroethyl]naphthalen-2-ol (6) in 75% yield and
90% ee. The Friedel–Crafts product was then converted into the
p-toluenesulfonate 7 in 85% yield. Oxidation with RuCl3/NaIO4 pro-
vided the acid 8 in 71% yield. The corresponding alcohol 9 was ob-
tained by reduction of the free acid. Reduction to alcohol 9 was
initially attempted using LiAlH4 and BH3�Et2O complex, which in
the case of LiAlH4 led to decomposition of the starting material,

OH
NO2
OH4, 5, molecular sieves

O

NO2
OTs

ONO2
OTs

O

HO

NO2
OTs

HO

TsCl

RuCl3, NaIO4

Mixed anhydride
reduction

toluene, -50 °C, 96 h

py, r.t.

CCl4, H2O, r.t., 1 h

2-naphthol 6 (75%)

7 (85%)8 (71%)

9 (traces, <5%)

NH2
OTs

HO

NHBoc
OTs

HO
NBoc

HO

Reduction

Boc-protection

Cyclisation

10

1112

N

H
N N

H
N

F3C

F3C

S
NO2O

4

5

Scheme 1. Initial strategy for the synthesis of indoline 10.
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