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ABSTRACT

A highly convergent strategy to prepare phenanthroindolizidines is reported involving three consecutive C-C coupling reactions. This sequence
features a novel VOF3-mediated aryl-alkene coupling in the final step, which enables regioselective preparation of C5-substituted
phenanthroindolizidines for the first time. This strategy has been applied to the synthesis of eight natural and unnatural members in this class
to investigate the scope of this chemistry and to explore structure-activity relationships.

The phenanthroindolizidine and phenanthroquinolizidine
alkaloids have received increasing attention over the past
decade for their newfound potent anticancer1 and anti-
inflammatory activity.2 Salient members of this class
tylophorine,3 antofine,4 and boehmeriasin A,5 for example
inhibit tumor growth with IC50 values in the low nanomolar

to picomolar range, on par with currently used anticancer
drugs. These medicinal properties have inspired numerous
total syntheses of the alkaloids and their unnatural analogs.
Yet despite a plethora of synthetic strategies,1,6 several
members of this class cannot be prepared efficiently.

The prevailing strategy to construct the phenanthrene
system in these natural products whether used early or later
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in the reaction sequence is through dehydrogenative biaryl
coupling (Scheme 1). Although this approach is flexible with

respect to the aryl substituents being installed, it poses a
noteworthy limitation on the accessibility of particular
phenanthrene substitution patterns. Specifically, these reac-
tions cannot accommodate sterically disfavored substituents,
such as the obtrusive C5-methoxy group seen in tylocrebrine
(1a), with any practical degree of selectivity.

To avoid the problem of regioselectivity, we designed a
new approach for the phenanthrene construction that involved
three sequential C-C bond forming steps (Scheme 2). The

key step is the final ring closure, involving an aryl-alkene
dehydrogenative coupling. Unlike the standard biaryl-
coupling strategy to phenanthrenes, this disconnection im-

poses regioselective control by exploiting the problematic
C5-substituent (R3) to block coupling at C5, thereby,
preventing regioisomer formation. The requisite precursor
2, in turn, could be derived from a Negishi reaction of
biphenylzinc reagent 3 and a triflate derived from indolizidine
4. Having recently developed a concise route to six-
membered cyclic enaminones involving the cyclization of
amino acid derived ynones,7 we thought these versatile
synthons would be apt precursors to enantiomerically pure
phenanthropiperidines. The third C-C bond could be realized
through a Suzuki-Miyaura biaryl coupling reaction from
iodobromobenzene (5) and boronic acid (6) precursors.

First looking to the indolizidine fragment, we began our
synthesis with commercially available Boc-D-�-homoproline
(Scheme 3). Weinreb amide R-7 could be formed directly

using 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI).
In order to facilitate library development, a scalable approach
was developed for the synthesis of the racemic Weinreb
amide (()-7. Boc-pyrrolidinone was reduced to hemiaminal
9 and then subjected to HWE conditions. The resultant ring-
opened ester spontaneously cyclized to provide the racemic
�-proline derivative 10. Amide (()-7 was then obtained from
ester 10 using conditions reported by Williams et al.8

Although this sequence is more lengthy than that of amide
R-7, the payoff is the ease and economy of scale-up.

Constructing the indolizidine fragment was our next goal.
We have conducted extensive studies into the formation of
cyclic enaminones from �-amino ynones.7 Grignard addition
of ethynylmagnesium bromide to Weinreb amide R-7 provided
the desired ynone 11 in excellent yield (Scheme 4).

Indolizidine formation could be achieved using our
one-pot deprotection/cyclization strategy. Either 4 N HCl
in dioxane or NaI in HCO2H can be used for Boc-
deprotection.7b Although the yields of the latter conditions
(i.e., NaI/HCO2H) were generally higher, workup following
the cyclization was easier using the HCl method. It should
be noted that the use of HCl promotes retro-Michael/
Michael-type racemization of the �-stereocenter and, there-
fore, was not used for constructing indolizidine R-4. With
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Scheme 1. Typical Strategy for Synthesis of Phenanthrene Moiety

Scheme 2. Phenanthroindolizidine Retrosynthetic Analysis

Scheme 3. Synthesis of Weinreb Amide
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the indolizidine core assembled, triflate 12 was prepared
using a 1,4-reduction and enolate trapping with Comins’
reagent.

We then turned to the synthesis of the biaryl fragment via
Suzuki-Miyaura cross-coupling. Fürstner and Kennedy have
reported a straightforward route to biarylbromides that was
used for the synthesis of several phenanthropiperidine
alkaloids.9 This method was well-suited for our purposes
(Table 1). Although biarenes with ortho substituents had not

been previously synthesized by this method, the reported
conditions worked well with these hindered boronic acids
(entries 1 and 3, Table 1). Coupling phenyl boronic acid to
1-bromo-2-iodo-4,5-dimethoxybenzene (entry 8), however,
was problematic due to the formation of an inseparable
impurity.10 Nevertheless, the mixture could still be used in
subsequent reactions without detrimental effects.

We next employed a Negishi cross-coupling reaction
between either triflate (()-12 or (R)-12 and the appropriate

biarylzinc coupling partner. Only two biarenes, 13a and 13b,
were appended to the enantiopure indolizidine core as a proof
of concept and to complete the synthesis of (R)-tylocrebrine
for the first time. We were pleased to find that these cross-
couplings proceeded in under an hour at room temperature
providing near quantitative yields of indolizidines 2a-h
without significant variation (Table 2).

Having all the desired carbons in place, we explored the
oxidative aryl-alkene coupling. To our knowledge there has
only been only one report of such a reaction.11 Concerned
by this lack of precedent, we undertook a systematic
investigation using reagents that have found use in the related
biaryl coupling reaction.12 Using indolizidine 2a as a model
system, we identified VOF3, which gave the desired product
in 70% yield by NMR, as a suitable reagent for this
transformation.

With this initial success, we applied this reaction to our
small collection of biarylindolizidines 2a-h to prepare the
corresponding phenanthroindolizidines 1a-1h (Table 3).
Notably, we did not observe the formation of regioisomers
in substrates lacking the C5-methoxy group. However, there
were noticeable differences between the reactivity of sub-
strates 2a and 2c, where R3 ) OMe, compared with the rest,
and as such, two variations of the oxidative coupling method
were employed. Substrates 2a and 2c required warming the
reaction mixture from -78 to -10 °C and addition of up to
4.5 equiv of VOF3 to drive the reaction to completion
(Method A). For all other substrates, where the C5-methoxy
group was absent, the reactions were kept at -78 °C and
only 2.2-2.5 equiv of VOF3 were required for complete
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Scheme 4. Synthesis of Indolizidine Fragment

Table 1. Synthesis of Biaryl Fragment

entry R1 R2 R3 R4 R5 yield (%)a

1 OMe OMe OMe OMe H 72 (13a)
2 OMe OMe H OMe OMe 67 (13b)
3 OMe OMe OMe H H 77 (13c)
4 OMe OMe H OMe H 68 (13d)
5 OMe OMe H H OMe 70 (13e)
6 H OMe H OMe OMe 70 (13f)
7 H H H OMe OMe 75 (13g)
8 OMe OMe H H H 40b (13h)
a Isolated yield. b Isolated along with 4′,5′-dimethoxy-1,1′:2′,1′′-terphenyl

as an inseparable mixture.

Table 2. Coupling of Indolizidine and Biaryl Fragments

entry R1 R2 R3 R4 R5 yield (%)a

1 OMe OMe OMe OMe H 95 (2a)
2 OMe OMe H OMe OMe 98 (2b)
3 OMe OMe OMe H H 97 (2c)
4 OMe OMe H OMe H 95 (2d)
5 OMe OMe H H OMe 98 (2e)
6 H OMe H OMe OMe 98 (2f)
7 H H H OMe OMe 95 (2g)
8 OMe OMe H H H 92 (2h)
a Isolated yield.
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conversion (Method B). We suggest that these observations
can be explained by the rates of intramolecular versus
intermolecular coupling. The C5-substituent evidently slows
the progression of this reaction resulting in the starting
material, product or both being shunted into competing
intermolecular coupling pathways. The end result is non-
productive consumption of VOF3, hence the requirement for
excess amounts of this reagent to prepare tylocrebrine (1a)
and its unnatural analogue 1c. In spite of the consequential
loss in yield, all of the desired products could be obtained
in sufficient quantities to assess their antiproliferative proper-
ties.

As seen in Table 4, these alkaloids are very potent
antiproliferative agents in COLO-205, MCF-7, and drug-
resistant NCI/ADR-RES cell lines. Most of these analogs
have comparable activity with paclitaxel for COLO-205 and
MCF-7 cells and retain their antiproliferative effects in the
paclitaxel-resistant NCI/ADR-RES cell line. It has been
previously shown that (S)-tylophorine is more active than
its R-enantiomer.13 Although this is not clear from the present
data in the COLO-205 and MCF-7 cells, tylophorine’s

racemate shows greater activity in the NCI/ADR-RES cell
line than pure (R)-tylophorine. On the other hand, (R)-
tylocrebrine exhibits greater activity than its racemate, which
suggests that the (R)-enantiomer is more active. With the
exception of analog 1f, the removal or relocation of each of
the methoxy groups has surprisingly little effect on the
alkaloids’ activity. The NCI/ADR-RES cell line, however,
appears to be more sensitive to these structural modifications,
particularly in analogs 1e, 1f, 1g, and 1h. The retention of
activity across this series is an indication that the phenan-
throindolizidines are well suited for further lead development
in order to improve their potential for use in the clinic.

In summary, we have developed a highly convergent route
to phenanthroindolizidine alkaloids by aid of a novel aryl-
alkene oxidative coupling reaction. Most notably, this method
gives access to C5-substituted analogues, such as tylocrebrine
(1a), with complete regioselectivity for the first time. The
modularity of this approach allows for late stage diversifica-
tion and has enabled the synthesis and biological evaluation
of eight alkaloids with varying phenanthrene substitution
patterns.
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Table 3. Aryl-Alkene Biaryl Couplings

a Isolated yield. b Method A: VOF3 (2.5 equiv), CH2Cl2, EtOAc, TFA,
TFAA, -78 °C; then VOF3 (1.5-2.0 equiv), -10 °C. Method B: VOF3

(2.5 equiv), CH2Cl2, EtOAc, TFA, TFAA, -78 °C.

Table 4. Antiproliferative Activity of Phenanthroindolizidinesa

IC50 (nM)

product COLO-205 MCF-7 NCI/ADR-RES

paclitaxel 5.3 2.3 >6400
(R)-tylocrebrine (1a) 1.3 15 26
(()-tylocrebrine (1a) 12 39 46
(R)-tylophorine (1b) 17 32 160
(()-tylophorine (1b) 10 42 50
(()-1c 9.5 22 16
(()-antofine (1d) 2.8 21 23
(()-1e 270 530 1300
(()-1f 8.5 5.8 200
(()-1g 48 25 180
(()-1h 29 21 180

a COLO-205 ) human colorectal adenocarcinoma; MCF-7 ) human
breast carcinoma; NCI-ADR-RES ) drug-resistant human ovarian
adenocarcinoma.
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