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The indolizidine structural motif forms the core of many
natural products with pharmacological relevance, such as
indolizidine[1] and phenanthroindolizidine[2] alkaloids (septi-
cine (1), antofine (2), and tylophorine (3)), camptothecin (4,
CPT),[3] and aromathecin alkaloids[4] (rosettacin (5) and 22-
hydroxyacuminatine (6)). While a number of synthetic
methods for the construction of these scaffolds have been
reported,[1–4] the development of conceptually different
synthetic approaches is still of great interest.

The rhodium(III)-catalyzed oxidative C�H activation has
received significant interest in recent years because of its high
efficiency, selectivity, and functional-group tolerance.[5] Gen-
erally, these reactions require stoichiometric amounts of
external oxidants [Eq. (1)],[6] thus resulting in the generation
of undesired waste. Recently, Fagnou et al. reported an
oxidizing-directing-group strategy[7] for the rhodium-cata-
lyzed synthesis of isoquinolones by intermolecular C�H
activation of N-methoxy/pivaloyloxy benzamides and alkynes
[Eq. (2); Piv = pivaloyl],[8] which not only obviates the need

for an external oxidant, but also increases the reactivity and
selectivity under mild conditions. During our investigation of
the reactivity of a-oximino carbenoids,[9] we observed facile
intramolecular N�O insertion of oxime ether moieties, which
results in the formation of 2-alkoxy/aryloxy-2H-azirines.[10]

The cleavage of the N�O bond plays an important role in
Fagnou�s rhodium-catalyzed intermolecular C�H activation
of N-methoxy/pivaloyloxy benzamides and in our N�O
insertion of a-oximino carbenes. Based on this observation,
we became interested in the intramolecular reaction of
alkyne-tethered hydroxamic esters [Eq. (3)]. The successful
development of this reaction would lead to a general and
facile synthesis of hydroxyalkyl-substituted isoquinolone/2-
pyridone derivatives, which could be readily transformed into
indolizidine scaffolds. Herein, we wish to report these results,
and the total synthesis of (�)-antofine, (�)-septicine, (�)-
tylophorine, and rosettacin based on rhodium(III)-catalyzed
C�H bond functionalization as the key step.

Our synthetic attempts began with the reaction of 7a by
employing Fagnou�s intermolecular reaction conditions[7]

(Table 1, entries 1 and 2). We found that treatment of 7a
with [(Cp*RhCl2)2] (2.5 mol %) and CsOAc (30 mol%) in
MeOH at 60 8C gave isoquinolones 8a and 8a’ (29:1) in 98%
yield in 0.2 hours (Table 1, entry 1). Similar results were
obtained with a reduced catalyst loading (0.5 mol%) and
reaction temperature, however, a longer reaction time was
required in this case (12 h; Table 1, entry 2). Improved
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regioselectivity (54:1) and reaction time (4 h) was achieved by
using 1 mol% of catalyst at RT (Table 1, entry 3). The
regioselectivity could be further improved under high-dilu-
tion conditions (0.01m), although a longer reaction time (10 h)
was again needed (Table 1, entry 4). A ruthenium catalyst
([(RuCl2{p-cymene})2], 3.0 mol %)[11] also gave the isoquino-
lones in excellent yields, however, with poor regioselectivity
(3:1; Table 1, entry 5). The structure of 8a was unambiguously
assigned by 1H/13C NMR spectroscopy and X-ray crystallog-
raphy.[12]

It is noteworthy that this intramolecular rhodium-cata-
lyzed C�H/N�O bond functionalization reaction provides
isoquinolones with reverse regioselectivity compared to the
reported intermolecular version. In the latter case, when
internal alkynes substituted with alkyl and aryl groups are
employed, aryl groups are typically installed at the 3 position
of isoquinolones.[5–8, 13] In contrast, our intramolecular reac-
tion allows the installation of aryl groups at the 4 position of
isoquinolones. This reverse regioselectivity offers a great
synthetic potential for the construction of benzoindolizidine
and indolizidine frameworks [Eq. (3)].

With the optimal conditions in hand, we surveyed various
substrates to determine the scope of the reaction. The
annulation reactions proceeded smoothly to afford isoquino-
lones and heteroaryl analogues in good to excellent yields
(Table 2). A wide range of important functional groups on the
aryl moieties of benzamides 7, such as chloro, bromo, nitro,
ester, and cyano groups, were well tolerated under the
reaction conditions. Substrates with both electron-donating
and electron-withdrawing groups at the para position of aryl
groups participated in this reaction; electron-deficient sub-
strates generally reacted faster than electron-rich ones (8a–
g). Reactions with ortho-substituted benzamides also
smoothly proceeded to give the corresponding products in
excellent yields, albeit with diminished reaction rates (8h and
8 i). meta-Substituted benzamides smoothly reacted to give
the corresponding isoquinolones in excellent yields with
regioisomers (8j and 8k) in a ratio of approximately 10:1.
Extension of this reaction to heteroaryl carboxamides, such as
thiophene and indole, proved successful when the reaction
was performed in the presence of 2.5 mol % of catalyst at

60 8C (8m and 8n). Variation of the substituents on the phenyl
group or replacement of the phenyl group with an alkyl group
(such as methyl) showed that the electronic environment of
the alkyne moiety had little impact on the reaction efficiency;
8p, 8q, and 8r were obtained in 98%, 97%, and 97 % yield,
respectively. The reaction with TMS-protected alkyne turned
out to be more efficient than that with phenyl-substituted
alkyne and afforded 8o in excellent yield, thus providing
a useful handle for further transformation.

Next, we investigated the length of the tethers between
the oxygen atom and the alkyne. All of the substrates with
three-carbon-atom tethers gave the corresponding isoquino-
lones in excellent yields (8a–q). Furthermore, a rigid tether
bearing an aryl group was well tolerated (8u). While the
substrate with the two-carbon-atom tether also afforded 8s in
high yield with 11:1 regioselectivity, that with the four-carbon-
atom tether was less effective and provided 8t in moderate
yield.

In 2010, Li and co-workers reported the rhodium(III)-
catalyzed synthesis of 2-pyridones through oxidative alkene
C(sp2)�H activation of N-arylacrylamides.[14] While this
represents a remarkable progress, the regioselectivity of the
coupling with unsymmetrical alkynes is moderate. Later,
Rovis et al. developed a new rhodium(III) catalyst with
a bulkier ligand (1,3-di-tert-butylcyclopentadienyl) to
improve regioselectivity, still favoring the normal regioselec-
tivity in which aryl groups are substituted adjacent to nitrogen
atoms.[15] We reasoned that our new intramolecular rhodium-

Table 1: Optimization of reaction conditions.

Entry Catalyst (x mol%) Additive t
[h]

Yield [%][a]

(8a :8a’)

1[b] [(Cp*RhCl2)2] (2.5) CsOAc 0.2 98 (29:1)
2 [(Cp*RhCl2)2] (0.5) CsOAc 12 98 (27:1)
3 [(Cp*RhCl2)2] (1.0) CsOAc 4.0 98 (54:1)
4[c] [(Cp*RhCl2)2] (1.0) CsOAc 10 98 (98:1)
5 [(RuCl2{p-cymene})2] (3.0) NaOAc 8 96 (3:1)

[a] Yields determined by 1H NMR spectroscopy. [b] Reaction at 60 8C.
[c] Reaction at 0.01m. The entry in bold marks optimized reaction
conditions. Cp*= pentamethylcyclopentadienyl.

Table 2: Scope for aryl and heteroaryl substrates.[a]

[a] Yields of isolated products are given. [b] Isolated as a 10:1 mixture of
regioisomers. [c] Reaction at 60 8C. [d] 2.5 mol% [(Cp*RhCl2)2] used;
reaction at 60 8C. [e] 2.2 mmol scale reaction was also performed in the
presence of 0.5 mol% catalyst at RT to complete in 3 h in 98% yield.
[f ] Regioselectivity of 11:1. TMS= trimethylsilyl.

.Angewandte
Communications

2 www.angewandte.org � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2012, 51, 1 – 6
� �

These are not the final page numbers!

http://www.angewandte.org


(III)-catalyzed reaction of alkyne-tethered hydroxamic esters
could provide 2-pyridones with an alternative substitution
pattern. The results of the annulation reaction of various N-
(pent-4-yn-1-yloxy)acrylamides are summarized in Table 3.

We were delighted to find that in the presence of
[(Cp*RhCl2)2] (2.5 mol%) and CsOAc (30 mol%), the reac-
tion smoothly proceeded at 60 8C to afford 2-pyridones in
a regioselective manner in good to excellent yields. Extensive
substitution on the acrylamide at both a and b positions is
tolerated well. a Substitution facilitates the reaction with
shorter reaction time compared with b substitution and
a,b disubstitution under identical conditions (10 b–i vs. 10 j–
s). Aryl substitution results in shorter reaction time compared
to alkyl substitution (10b vs. 10c–i and 10 j, 10 k vs. 10 l–o).
Various substituents on the alkyne, including 4-MeOC6H4,
TMS, and methyl groups, also afforded the corresponding 2-
pyridones in excellent yields (10t, 10 u, and 10w). In addition
to the substrates with three-carbon-atom tether (10a–u),
those with two-carbon-atom tether also gave the correspond-
ing products in excellent yields (10v and 10w); the substrate
with the four-carbon-atom tether afforded 10x in a slightly
decreased yield (81 %).

To shed light on the reaction mechanism of this intra-
molecular redox-neutral process, deuterium-labeling experi-
ments were performed. Reactions with 7 a and 9a were
performed under identical conditions in deuterated CH3OH.
No deuterium incorporation was detected in the recovered
starting materials 7a and 9a and the products 8 a and 10 a
[Eq. (4) and (5)]. These results indicate that the C�H bond-
metalation step is irreversible under the reaction conditions,
and the results are consistent with those from the intermo-
lecular version of the reaction of benzhydroxamic ester with
alkyne.[8b] Moreover, a competition between protio and
deutero 7a showed a 3:1 product ratio at early conversions,

thus demonstrating that the product determining step is the
C�H bond cleavage.[16]

Based on the above results, a mechanistic pathway is
proposed (Scheme 1). First, an irreversible C�H bond cleav-

age occurs to produce a five-membered rhodacycle inter-
mediate A with concomitant loss of acetic acid. Next,
coordination of alkyne affords intermediate B, which under-
goes insertion into the Rh�C bond to form seven-membered
rhodacycle C. Reductive elimination followed by oxidative
addition into the N�O bond gives intermediate D. Upon
protonation by acetic acid, product 8a is released with
regeneration of the catalyst. The formation of minute
quantities of regioisomers from certain substrates could be
ascribed to the presence of a minor pathway in which N�O
bond cleavage occurs prior to alkyne insertion.

With this efficient route to 6-hydroxyalkyl-substituted 2-
pyridones in hand, we next turned our attention to the
synthetic utility of these compounds. Because of both their
remarkable biological profiles and unusual pentacyclic archi-

Table 3: Scope for alkenes.[a]

[a] Yield of isolated products. [b] 5 mol% [(Cp*RhCl2)2] used.

Scheme 1. Proposed mechanism.
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tectures, phenanthroindolizidine alkaloids, such as antofine
(2) and tylophorine (3), are attractive targets for total
synthesis.[2,17] Alkaloids 1, 2, and 3 could be readily prepared
from amides 9y and 9z (Scheme 2). In the presence of

[(Cp*RhCl2)2] (2.5 mol%), the reaction of 9y and 9z
produced 2-pyridones 10y and 10 z in excellent yields.
Under the standard Mitsunobu conditions, 10y and 10 z
were converted to indolizidines, from which the TMS group
was easily removed to give 12 a and 12b in 82 % and 86%
yields, respectively. Reduction of 12a and 12b under Moore�s
conditions[18] provided seco-antofine (13) and alkaloid septi-
cine (1) in high yields. Finally, synthesis of antofine (2) and
tylophorine (3) was achieved by oxidative coupling of seco-
antofine (13) and septicine (1) under the Liepa conditions.[19]

The synthetic utility of our methodology is further
illustrated by the synthesis of rosettacin (5 ; Scheme 3).
Benzoindolizidine 14 could be obtained from isoquinolone
8o in excellent yield through the Mitsunobu reaction and

subsequent deprotection of the TMS group. Sequential
oxidation of 14 by SeO2 and DMP afforded ketone 15 in
good yield; 15 was further reacted with N-(2-aminobenzyly-
dene)-p-toluidine to produce rosettacin in 94 % yield.

In summary, we have developed an efficient and practical
rhodium(III)-catalyzed intramolecular annulation of alkyne-
tethered hydroxamic esters for the synthesis of 3-hydroxy-
alkyl isoquinolones and 6-hydroxyalkyl-2-pyridones. This
reaction features high reverse regioselectivity, broad sub-
strate scope, and excellent functional-group tolerance, pro-
ceeds under mild reaction conditions with low catalyst loading
and obviates the use of external oxidants. Furthermore, the
highly efficient total synthesis of (�)-antofine, (�)-septicine,
and (�)-tylophorine, and rosettacin, involving rhodium(III)-
catalyzed C�H bond functionalization as a key step, was
accomplished. We expect this intramolecular protocol to
complement existing intermolecular methods and to gain
broad applications in chemical synthesis.

Experimental Section
Without any particular precautions to extrude oxygen or moisture,
the starting material (0.25 mmol), the indicated amount of
[(Cp*RhCl2)2], and CsOAc (14.4 mg, 30 mol%) were weighted into
a screw-cap vial equipped with a stirrer bar. MeOH (2.5 mL, 0.1m)
was added, and the mixture was stirred for the indicated time at RT,
or the vial was placed in a preheated aluminum block and the mixture
was stirred at 60 8C and then cooled to RT (reactions monitored by
TLC). The solvent was removed in vacuo, and the residue was
purified by flash column chromatography on silica gel (eluent:
EtOAc/MeOH = 100:1!50:1) to give the desired product.
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C�H Activation
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Rhodium(III)-Catalyzed Intramolecular
Annulation through C�H Activation:
Total Synthesis of (�)-Antofine, (�)-
Septicine, (�)-Tylophorine, and
Rosettacin

Annulation : The efficient synthesis of 3-
hydroxyalkyl isoquinolones and 6-hydro-
xyalkyl 2-pyridones is enabled through the
intramolecular annulation of alkyne-teth-
ered hydroxamic esters (see scheme,
Cp* = pentamethylcyclopentadienyl). The

reaction features high regioselectivity,
broad substrate scope, and excellent
functional group tolerance, proceeds
under mild reaction conditions with low
catalyst loading, and obviates the need
for an external oxidant.
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