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4-Azafluorenones are typically obtained by acid-mediated
cyclization of 2-arylnicotinates. However, this approach fails to
give 5-oxygenated 4-azafluorenones due to lactonization of 2-
(2-alkoxy)phenylnicotinate intermediates. Herein, we report two
modifications of established approaches to 4-azafluorenone
synthesis that, either in combination or by themselves, enable
the flexible preparation of 4-azafluorenones with diverse oxy-
genation patterns in the benzenoid ring. Undesired lactoniza-
tion was circumvented via tert-butyl hydroperoxide (TBHP)-
mediated radical cyclization of 2-aryl-3-(hydroxymeth-

yl)pyridines. In the absence of suitable protecting groups for
phenolic intermediates, bromide substituents were regioselec-
tively introduced as latent hydroxy groups and later converted
under palladium catalysis. We present the first total syntheses
of five 4-azafluorenone alkaloids muniranine, darienine, 5,8-
dimethoxy-7-hydroxyonychine, 5,6,7,8-tetramethoxyonychine,
and 6,8-dihydroxy-7-methoxyonychine in addition to new total
syntheses of six 4-azafluorenone alkaloids and one related
pyridocoumarin alkaloid.

Introduction

4-Azafluorenone alkaloids isolated from various plants like those
belonging to the Annonaceae family comprise a small group of
tricyclic fused heterocycles speculated to be biosynthetically
derived from aporphine precursors.[1] 4-Azafluorenones and
their derivatives, both naturally occurring and synthetic, have
emerged as compounds of profound pharmacological interest
on account to their diverse biological properties that make
them attractive scaffolds for drug development, such as
antibacterial activity against multiple strains including Bacillus
subtilis,[2] as well as antifungal,[3] antiprotozoal,[4] herbicidal[5] and
antiproliferative qualities.[6] Furthermore, they have been re-
ported for their role in enzyme activity regulation such as
exhibiting adenosine A2 receptor binding and phosphodiester-
ase inhibition,[7] thrombin inhibition[8] and calcium antagonistic
activity.[9] Moreover, natural 4-azafluorenones like polyfothine
(1), cyathocaline (2) and isoursuline (3; sometimes referred to as
oxylopine), display DNA damaging,[6c] DNA modifying[10] and
antimalarial[11] activity, respectively (Scheme 1).
Azafluorenones are also used in organic light-transmitting

devices (OLED) as electron-transporting host materials.[12] The
isomeric 2-azafluorenones specifically have been shown to
inhibit phosphatidyl-inositol specific phospholipase C
activation,[13] and were demonstrated to be effective photo-

activatable fluorescent probes for lipid droplet-specific live cell
imaging.[14]

The simplest member of the 4-azafluorenone alkaloids is
onychine (4), which was first isolated in 1976 from Onychopeta-
lum amazonicum (Annonaceae).[15] Its initially published struc-
ture was reassigned to be 4-aza-1-methylfluoren-9-one by
independent synthesis in 1979 after an initial erroneous
report.[16] Noticeably, onychine (4) was first synthesized as an
intermediate for the total synthesis of the diazafluoranthene
alkaloid eupolauridine even before it was identified as a natural
product.[17] The most pervasive approaches to onychine (4)
synthesis concern themselves with the construction of the 1-
methyl-4-azafluorene framework by means of catalytic dehydro-
cyclization of 2-aryl-3-methylpyridines,[18] Pummerer cycloaddi-
tion cascade,[19] hetero-Diels-Alder cycloaddition[20] and intra-
molecular aza-Wittig reaction[21] followed by oxidation
(Scheme 2, I). The most prominent methods feature 2-aryl-4-
methylnicotinate esters[22] or corresponding carboxylic acids[8,23]

or acyl chlorides[24] as key intermediates, which are then
subjected to intramolecular Friedel-Crafts-type acylation in
strongly acidic media or using zeolites (Scheme 2, II).[25]

Consequently, the development of new synthetic methods to
access appropriate 2-arylnicotinate esters has been the topic of
extensive research. Published methods include Suzuki-Miyaura
coupling,[22a] condensation of 1,5-dicarbonyl compounds with
hydroxylamine hydrochloride,[22b,c,24] C� H arylation of 2-halopyr-
idine N-oxides with Grignard reagents,[22d] multicomponent
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Scheme 1. Representative examples of pharmacologically active azafluore-
none alkaloids: polyfothine (1), cyathocaline (2) and isoursuline (3).
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tandem reaction using a Blaise intermediate,[26] FeCl3-mediated
condensation of α-phenylenamino esters and enones[22f] and
reaction of azatrienes with α,β-unsaturated aldehydes as their
key steps.[27] Although no example for onychine (4) synthesis
was provided, tert-butyl hydroperoxide (TBHP) has been
successfully employed in the radical cyclization of 3-
hydroxymethyl-2-phenylpyridine, 2-(pyridinyl)benzylalcohols[28]

and nicotinaldehydes[29] for the synthesis of various 1-, 2-, 3-
and 4-azafluorenones, respectively. Further noteworthy syn-
thetic strategies for onychine (4) synthesis include biaryl linkage
of azabenzophenones via Pd-catalyzed intramolecular Heck
reaction[30] (Scheme 2, III), application of the aza-Morita-Baylis-
Hillman reaction,[31] as well as directed ortho-metalation of 2-(4-
chloro-2-pyridyl)benzamide and subsequent methylation via
Suzuki-Miyaura cross-coupling.[32]

Finally, thermal cyclization of both indanoneoxime O-crotyl
ethers[33] (Scheme 2, IV) and indanone N-propargyl enamines
have been reported,[34] although plausibly affording isomeric
mixtures of 4-azafluorenones with respect to the position of the
methyl group.

To date, 30 natural congeners of onychine (4) have been
isolated and identified, which differ in position and degree of
hydroxy and/or methoxy substituents (Scheme 3).[1,2d,6c,11,15,23,35]

Total synthesis of most ring C monosubstituted derivatives,[36]

including our group’s regioselective synthesis of 6-meth-
oxyonychine,[37] and a select few disubstituted derivatives[30a,35d]

using the methods described above have been reported. Still,
there are no reports on the total synthesis for derivatives with
more complex substitution patterns. Simple protocols reported
for the synthesis of onychine (4) derivatives containing phenolic
hydroxy groups in ring C feature regioselective O-demeth-
ylation of single methoxy groups.[35b,36] Phenolic derivatives that
are not as conveniently accessible require a different approach,
however, as demonstrated by Koyama’s total synthesis of
ursuline (5) and isoursuline (3)[35d] and Achenbach’s synthesis of
2-methoxyonychine alkaloids containing phenolic hydroxy
groups,[22e] respectively. While many approaches appear elegant
in their final steps, they are often limited by the complexity of
the starting materials and require harsh reaction conditions. In
summary, a flexible protocol for the synthesis of ring C
hydroxylated 4-azafluorenones is long-needed. Susceptibility of
nicotinate esters with 2-(2-methoxy)phenyl residues to lactoni-
zation in strongly acidic media employed for Friedel-Crafts
acylation further restricts accessibility of 4-azafluorenone alka-
loids furnishing alkoxy residues at C-5 with many known
procedures (Scheme 4).[23,38] Unpublished experiments of our
group with 2-(2-benzyloxy)phenyl residues suggest that this
behavior extends to alkoxy residues in general. Related
cyclizations of 2’-methoxybiphenyl-2-carboxylates or esters with
SOCl2

[39] and BBr3
[40] respectively to furnish lactones have also

been reported. Notably, one lactone of this type, polynemora-
line C (14) (Scheme 3) has been identified as a natural product
from Polyalthia nemoralis (Annonaceae).[41]

Herein, we report a general procedure for the synthesis of
phenolic 4-azafluorenone alkaloids building on a previously

Scheme 2. Selected general approaches to the synthesis of onychine (4;
R=H) and related 4-azafluorenone alkaloids.

Scheme 3. Known 4-azafluorenone alkaloids and related natural products. Note: The structure of dielsine is questionable.[42]
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published synthesis of ours for onychine (4)[22b] that employs a)
TBHP-mediated radical cyclization of 3-pyridinemethanol-type
intermediates to circumvent lactonization of nicotinate ester
intermediates with 2-(2-alkoxy)phenyl residues, and b) bromide
substituents as latent hydroxy groups. With these two methods,
either alone or in combination, we circumvented the undesired
lactonization of 5-methoxy/hydroxyazafluorenone precursors
and the lack of phenol protective groups stable to the diverse
reaction conditions of the synthesis route presented herein.
Furthermore, in some cases, brominated benzaldehydes (as
precursors of 2-arylnicotinates) are easier accessible than the
corresponding hydroxybenzaldehydes.

Results and Discussion

We commenced our investigations with onychine (4) as the
model synthesis route (Scheme 5). Commercially available ethyl
3-oxo-3-phenylpropionate (15) was reacted with catalytic
amounts of benzyltrimethylammonium hydroxide and crotonal-
dehyde in a base-catalyzed Michael-Addition and the in situ
generated intermediate was treated with hydroxylammonium
chloride to give 2-phenylnicotinic acid ester 16 in a yield of
40%.[22b] In search for an alternative, non-acid promoted intra-
molecular cyclization, we opted for a TBHP-mediated radical
cyclization protocol utilizing hydroxymethylated phenylpyri-
dines which had been employed by Laha[28] for the synthesis of
azafluorenones, and by us for structurally related fluorenones
starting from 2-arylbenzylamines.[43] For this purpose, the
nicotinic acid ester 16 was first reduced with LAH[44] to give

pyridinemethanol 17, and subsequent cyclization with TBHP in
nonane (TBHPnon) gave onychine (4) with a yield of 55%. The
reaction conditions employed for the TBHP-mediated radical
cyclization (Scheme 5, reaction c)) represent the best result
achieved after attempts at reaction optimization in aforemen-
tioned work on fluorenone synthesis.[43] In addition, the
commonly employed additive tert-butyl ammonium iodide for
TBHP-mediated acyl radical reactions[45] was also tested, how-
ever, this promoted the generation of more side-products
(detected by TLC control).
Although in comparison with the more commonly em-

ployed Friedel-Crafts cyclization in strongly acidic media (PPA)
an additional step is required to generate the pyridinemethanol
from the nicotinic acid ester, we expected to avoid lactonization
with esters furnishing a 2-(2-alkoxyphenyl) residue, as we had
been successful in synthesizing 5-oxygenated fluorenones using
a related method in previous research.[43] To put this theory to
the test, we proceeded with the synthesis of ursuline[35d] (5),
bearing a methoxy group at C-5 and a free hydroxy group at C-
6 (Scheme 6). In unpublished research of ours, we found that
free hydroxy groups favored formation of unwanted side-
products during construction of the pyridine ring and would
most likely cause similar issues during TBHP-cyclization.[43]

Moreover, conventional phenol protecting groups like TBS or
SEM were not stable to the conditions of at least one of the
steps in the synthesis route. Therefore, starting material bearing
a bromide-substituent acting as a latent hydroxy group was
employed.
2-Bromophenol (18) was regioselectively ortho-formylated[46]

and the resulting crude aldehyde 19 O-methylated to give
aldehyde 20 in two steps with a yield of 62%. This aldehyde
was then directly converted into β-ketoester 21 with ethyl
diazoacetate under SnCl2 catalysis

[47] with a yield of 35%. Keto-

Scheme 4. Lactonization of 2-(2-alkoxyphenyl)-substituted nicotinic acid
esters.

Scheme 5. Total synthesis of onychine (4). Conditions: a) Benzyltrimeth-
ylammonium hydroxide (catalytic), crotonaldehyde, then hydroxylammo-
nium chloride, 1,4-dioxane/AcOH (1 :1), rt – 100 °C, 1 h, 40%; b) LAH, THF, rt,
16 h, 65%; c) TBHPnon, 1,2-DCE, 100 °C, 18 h, 55%. Total yield: 14% over three
steps.

Scheme 6. Total synthesis of ursuline (5).[35d] Conditions: a) MgCl2, parafor-
maldehyde, NEt3, THF, 100 °C, 18 h; b) K2CO3, CH3I, DMF, rt, 16 h, 62% over
two steps; c) SnCl2 (catalytic), ethyl diazoacetate, DCM, rt, 1 h, 35%; d)
benzyltrimethylammonium hydroxide (catalytic), crotonaldehyde, hydroxy-
lammonium chloride, 1,4-dioxane/AcOH (1 :1), rt – 100 °C, 1 h, 34%; e) KOH,
H2O/EtOH, 100 °C, 4 h, 82%; f) BH3 ·SMe2, THF, 39%; g) TBHPnon, 1,2-DCE,
100 °C, 18 h, 23%; h) Pd2(dba)3 (catalytic), KOH, Me4tBuXPhos (catalytic), 1,4-
dioxane/H2O (1 :1), 18 h, 100 °C, 70%; i) PPA, 1.5 h, 150 °C, 59%.
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enol tautomerism between β-ketoesters and their two enol
forms result in complex NMR spectra.[48] The β-ketoester 21 was
reacted with crotonaldehyde and hydroxylammonium chloride
in the manner described above to give nicotinic acid ester 22 in
34% overall yield. To illustrate the problem with undesired
lactonization under acidic conditions, we reacted ester 22 with
PPA, which furnished, as expected, the lactone 23 with a yield
of 59% instead of the desired azafluorenone 26. The previously
employed one-step ester to primary alcohol reduction with LAH
(Scheme 5) ran risk of reductive removal of the bromide
substituent, so a more suitable two-step reduction was
performed to avoid the use of complex metal hydrides.
Carboxylic acid 24 was furnished via alkaline ester hydrolysis of
22 in 82% yield, which then gave pyridinemethanol 25 by
means of reduction with BH3 ·SMe2

[49] with a yield of 39%.
Subsequent TBHP-mediated radical cyclization of pyridineme-
thanol 25 provided azafluorenone 26, albeit with a poor yield
of 23%. Finally, the bromide residue was converted into a free
phenol moiety under Pd-catalysis.[50] The method published by
Buchwald et al. gave the natural product ursuline (5) in a high
yield of 70% without any reaction optimization.
The synthesis of muniranine (6), an alkaloid containing a

hexasubstituted benzene ring, commenced with the conversion
of commercially available 2,4,5-trimethoxybenzoic acid (27) to
the acyl chloride with SOCl2. β-Ketoester synthesis under
published conditions[51] furnished the product 28 by reacting
the in-situ generated acyl chloride directly with ethyl potassium
malonate, MgCl2 and NEt3 (Scheme 7). Preparation of nicotinic
acid ester 29 performed unexpectedly sluggishly, and co-
eluting side-products made purification by flash column
chromatography difficult. As such, the crude ester 29 was used
in the following step directly. Reaction with PPA gave the
lactone-type natural product polynemoraline C (14) with a poor
yield of 4% (over two steps from 28). Meanwhile, LAH reduction
of ester 29 gave pyridinemethanol 30, which was then cyclized

to furnish azafluorenone 31 by treatment with TBHP with a
yield of 9% over two steps. The 6-hydroxy group was
introduced by late-stage functionalization. This was accom-
plished via regioselective bromination at C-6 with NBS and
subsequent bromide-to-phenol conversion of bromoarene 32
gave muniranine (6) (63% yield) in a total of six steps.
The synthesis of darienine[52] (7) followed the same rationale,

whereby pyridinemethanol 36 was prepared starting from 2,3-
dimethoxybenzoic acid (33) over three steps in acceptable
yields, comprising the synthesis of β-ketoester 34 and nicotinic
acid ester 35, followed by LAH reduction of the ester group
(Scheme 8). Subsequent TBHP-mediated cyclization of pyridine-
methanol 36 afforded azafluorenone 37 in a yield of 24%. Late-
stage functionalization via regioselective bromination at C-6
and subsequent Pd-catalyzed bromide-to-phenol conversion of
azafluorenone 38 gave the natural product darienine (7) in a
yield of 32%.
This late-stage functionalization strategy was also employed

for the total synthesis of 7-hydroxy-5,8-dimethoxyonychine[53]

(8) (Scheme 9). Commercially available carboxylic acid 39 was
converted to pyridinemethanol 42 in three steps. TBHP-
mediated cyclization thereof afforded azafluorenone 43 with a
yield of 21%. Subsequent ring bromination with NBS gave a
single regioisomer in a yield of 91%. Determining whether the
C-6 or C-7 brominated isomer had formed, however, proved
difficult. As such, the carbonyl group of the bromination
product 44 was reduced with NaBH4[54] to give azafluorenol 45
to facilitate elucidation of the bromine substituent’s position via
2D NMR spectroscopy. A HMBC experiment gave a 3J-correlation
of H-9 to one of two methoxy carbon signals. This methoxy
carbon signal in turn showed a 3J-correlation to the H atom
signal of the phenyl ring, which allowed us to confirm both
compounds 44 and 45 as the C-7 brominated regioisomers.
Finally, bromoazafluorenone 44 was converted to the hydroxy-
lated natural product 8 in 59% yield.

Scheme 7. Total synthesis of muniranine[2d] (6) and polynemoraline C[41] (14).
Conditions: a) SOCl2, ethyl potassium malonate, MgCl2, NEt3, EtOAc, 66%; b)
benzyltrimethylammonium hydroxide (catalytic), crotonaldehyde, hydroxy-
lammonium chloride, 1,4-dioxane/AcOH (1 :1), rt – 100 °C, 1 h; c) LAH, THF,
18 h, 9% over two steps; d) TBHPnon, 1,2-DCE, 100 °C, 18 h, 16%; e) NBS,
H2SO4, 50 °C, 1.5 h, 65%; f) Pd2(dba)3 (catalytic), KOH, Me4tBuXPhos (catalytic),
1,4-dioxane/H2O (1 :1), 18 h, 100 °C, 63%; g) PPA, 1.5 h, 150 °C, 4% over 2
steps.

Scheme 8. Total synthesis of darienine[52] (7). Conditions: a) SOCl2, ethyl
potassium malonate, MgCl2, NEt3, EtOAc, 67%; b) benzyltrimethylammonium
hydroxide (catalytic), crotonaldehyde, hydroxylammonium chloride, 1,4-
dioxane/AcOH (1 :1), rt – 100 °C, 1 h, 57%; c) LAH, THF, rt, 16 h, 67%; d)
TBHPnon, 1,2-DCE, 100 °C, 18 h, 24%; e) NBS, H2SO4 conc., 50 °C, 1 h, 69%; f)
Pd2(dba)3 (catalytic), KOH, Me4tBuXPhos (catalytic), 1,4-dioxane/H2O (1 :1),
18 h, 100 °C, 32%.
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For the synthesis of 5,6,7,8-tetramethoxyonychine[35c] (9), the
precursor carboxylic acid 48 had to first be prepared from
commercially available 3,4,5-trimethoxybenzoic acid (46) via
bromination and ensuing copper(I)-catalyzed methoxylation[55]

of aryl bromide 47 (Scheme 10). Pyridine 51 was prepared from
here as usual. A final cyclization of pyridinemethanol 51 with
TBHP afforded the natural product 9 with a yield of 14%.
Next, we attempted to synthesize both natural products

polyfothine (1) and 5-hydroxy-6,7-dimethoxyonychine (10)
(Scheme 11). Precursor aldehyde 54 was herein prepared from
isovanillin (52) by way of regioselective bromination[56] and
subsequent O-methylation.[57] Aldehyde 54 was then converted
to nicotinic acid ester 56 following our established protocols.
Different from other routes, the absence of an alkoxy group at
C-2’ of the intermediate 2-arylnicotinic acid ester 56 allowed us

to employ PPA for the ring closure reaction and circumvent the
additional ester reduction step since inadvertent lactone
formation was not an issue here. This, however, gave bromoaza-
fluorenone 57 in an unexpectedly low yield of 10%. Never-
theless, with azafluorenone 57 in hand, both natural products 1
and 10 should be easily accessible via hydrogenolysis of the
bromo substituent, for 1, and the established bromide-to-
phenol conversion we used in our previous syntheses, for 10,
respectively. Unfortunately, attempts to achieve the latter
conversion were unsuccessful. During the bromide-to-phenol
conversion, the majority of the starting material 57 was not
consumed and only trace amounts of the desired product 5-
hydroxy-6,7-dimethoxyonychine (10) were detected. An at-
tempted bromide-to-phenol conversion via a two-step Miyaura
borylation/borane oxidation[58] gave, under ring debromination,
natural product polyfothine (1) instead with a yield of 66%.
For the synthesis of isoursuline (3), 2-bromo-3-hydroxyben-

zyldehyde (58) was converted into nicotinate ester 61 in the
established way in three steps (Scheme 12). Cyclization with
PPA afforded azafluorenone 62 with a yield of 21%. Subsequent
bromide-to-phenol conversion gave isoursuline (3) with a yield
of 46%.
Finally, in order to demonstrate that the bromide-to-phenol

conversion can be generally applied in 4-azafluorenone
chemistry, 7-methoxyonychine (11), oncodine (12) and 6,8-
dihydroxy-7-methoxyonychine (13) were synthesized starting
from commercially available ethyl (4-methoxybenzoyl)acetate
(63) (Scheme 13). For construction of the pyridine ring, employ-
ment of NaH as the catalytic base gave a better yield of
nicotinic acid ester 64 (23%) compared to benzyltrimeth-
ylammonium hydroxide used so far.
Subsequent PPA-catalyzed cyclization, however, afforded 7-

methoxyonychine (11) in a low yield of 9%. Ester 64 was
therefore first converted to the carboxylic acid 65 via alkaline

Scheme 9. Total synthesis of alkaloid 5,8-dimethoxy-7-hydroxyonychine[53]

(8). Conditions: a) SOCl2, ethyl potassium malonate, MgCl2, NEt3, EtOAc, 76%;
b) benzyltrimethylammonium hydroxide (catalytic), crotonaldehyde, hydrox-
ylammonium chloride, 1,4-dioxane/AcOH (1 :1), rt – 100 °C, 1 h, 45%; c) LAH,
THF, 18 h, 58%; d) TBHPnon, 1,2-DCE, 100 °C, 18 h, 21% e) NBS, H2SO4 conc.
50 °C, 1.5 h, 91%; f) Pd2(dba)3 (catalytic), KOH, Me4tBuXPhos (catalytic), 1,4-
dioxane/H2O (1 :1), 18 h, 100 °C, 59%; g) NaBH4, MeOH, rt, 1 h, 85%.

Scheme 10. Synthesis of 5,6,7,8-tetramethoxyonychine[35c] (9). Conditions: a)
NBS, MeCN, rt, 16 h, 70%; b) Na, MeOH, CuBr, 70 °C, 18 h, 97%; c) SOCl2,
ethyl potassium malonate, MgCl2, NEt3, EtOAc, 54%; d) benzyltrimeth-
ylammonium hydroxide (catalytic), crotonaldehyde, hydroxylammonium
chloride, 1,4-dioxane/AcOH (1 :1), rt – 100 °C, 1 h, 24%; e) LAH, THF, 18 h,
66%; f) TBHPnon, 1,2-DCE, 100 °C, 18 h, 14%.

Scheme 11. Total synthesis of polyfothine (1). Conditions: a) NBS, DCM, rt,
18 h, 95%; b) K2CO3, MeI, DMF, rt, 18 h; 96% c) SnCl2 (catalytic), ethyl
diazoacetate, DCM, rt, 1 h, 38%; d) benzyltrimethylammonium hydroxide
(catalytic), crotonaldehyde, hydroxylammonium chloride, 1,4-dioxane/AcOH
(1 :1), rt – 100 °C, 1 h, 31%; e) PPA, 140 °C, 1 h, 10%; f) Pd2(dba)3 (catalytic),
KOH, Me4tBuXPhos (catalytic), 1,4-dioxane/H2O (1 :1), 18 h, 100 °C, trace
amounts. g) first Bpin2, Pd(dppf)Cl2 · CH2Cl2, KOAc, DMF, 80 °C, 18 h, then
NaOHaq, H2O2, 0 °C – rt, 66%.
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ester hydrolysis before reaction thereof with PPA gave 7-
methoxyonychine (11) in a somewhat higher yield of 15% over
two steps. 7-Methoxyonychine (11) has been previously synthe-
sized by Pan et al. in comparable overall yield using a similar
methodology where the carboxylic acid 65 was first converted
to the acyl chloride prior to AlCl3-catalyzed cyclization.[24]

Bromination of 7-methoxyonychine (11) with 1.1 and 2.1
equivalents of NBS afforded the 6-bromo derivative 66 and 6,8-
dibromo derivative 67 in high yields, respectively. The 6-bromo
derivative 66 was converted to oncodine (12) in 72% yield
using our well-tried bromide-to-phenol conversion protocol.
The same reaction with the 6,8-dibromo derivative 67, however,
gave a separable mixture of the desired alkaloid 6,8-dihydroxy-
7-methoxyonychine (13) and oncodine (12) in yields of 24%
and 63%, respectively.

Bearing in mind the respective bromide-to-phenol conver-
sions discussed previously, no clear pattern can be established
for educts bearing bromide substituents at C-5 and C-8, as they
are either readily converted (for 5-bromo-6-methoxyonychine
62), very sluggish to react (for 5-bromo-6,7-dimethoxyonychine
57) or susceptible to reductive debromination (for 6,8-dibromo-
7-methoxyonychine 67). Conversions of the educts bearing
bromide substituents at C-6 and C-7 proceeded smoothly and
formation of debromination products was not observed.

Conclusion

In conclusion, we developed a general method to synthesize a
variety of 4-azafluoren-9-one alkaloids with a broad spectrum of
oxygenation patterns at the phenyl ring, including C-5-oxy-
genated 4-azafluoren-9-ones, which are virtually inaccessible
with conventional strong acid media cyclization of 2-arylnicoti-
nates. Key steps include intramolecular radical acylation of 2-
aryl-3-(hydroxymethyl)pyridines and regioselective introduction
of bromo substituents as latent hydroxy groups, followed by
bromide-to-phenol conversions. While the overall yields of
these multi-step total syntheses are low, total syntheses of the
alkaloids muniranine (6), darienine (7), 5,8-dimethoxy-7-hydrox-
yonychine (8), 5,6,7,8-tetramethoxyonychine (9) and 6,8-dihy-
droxy-7-methoxyonychine (13) are reported here for the first
time in the literature. Furthermore, alternative total syntheses
of the alkaloids polyfothine (1), isoursuline (3), onychine (4),
ursuline (5), 7-methoxyonychine (11), oncodine (12), polyne-
moraline C (14) and eleven unnatural congeners were accom-
plished by using crucial steps of this new methodology. With
this work, we close a significant gap in the methods for total
synthesis of 4-azafluorenone alkaloids and demonstrated the
utility of our methods by first total synthesis of five alkaloids
and confirmation of the postulated structures. Our protocol
opens the door for flexible synthesis of highly substituted 4-
azafluorenones, and we are confident that it will be of
significant value in both natural products and medicinal
chemistry.

Experimental Section
All solvents were purchased from commercial sources and used
without further purification. Solvents were dried, if necessary,
according to standard methods and stored over activated molec-
ular sieves under a nitrogen atmosphere. Standard vacuum-line
techniques were used, and glassware was flame- or oven-dried
prior to use. Reactions were monitored via thin-layer chromatog-
raphy (TLC) using POLYGRAM SIL G/UV254 polyester sheets coated
with 0.2 mm silica gel (Macherey-Nagel). Plates were visualized
using UV light (254 nm or 365 nm). Reaction monitoring was
performed by mass spectrometry using an atmospheric pressure
solids analysis probe (ASAP) with atmospheric pressure chemical
ionization (APCI) on an expression LCMS device (Advion, Ithaca,
USA). Products were purified by flash column chromatography
(normal-phase silica gel chromatography) using SiO2 60 (0.040–
0.063 mm, 230–400 mesh ASTM) from Merck. Melting points were
measured with a Büchi Schmelzpunktapparatur B-540 and are
reported in °C. Infrared spectra were recorded from 4000 to

Scheme 12. Total synthesis of isoursuline 3. Conditions: a) K2CO3, MeI, DMF,
rt, 18 h, 98%; b) SnCl2 (catalytic), ethyl diazoacetate, DCM, rt, 1 h; c)
benzyltrimethylammonium hydroxide (catalytic), crotonaldehyde, hydroxy-
lammonium chloride, 1,4-dioxane/AcOH (1 :1), rt – 100 °C, 1 h, 18% over two
steps; d) PPA, 140 °C, 1 h, 21%; e) Pd2(dba)3 (catalytic), KOH, Me4tBuXPhos
(catalytic), 1,4-dioxane/H2O (1 :1), 18 h, 100 °C, 46%.

Scheme 13. Total synthesis of 7-methoxyonychine[59] (11), oncodine[35b] (12)
and 6,8-dihydroxy-7-methoxyonychine[60] (13). Conditions: a) NaH (catalytic),
crotonaldehyde, hydroxylammonium chloride, 1,4-dioxane/AcOH (1 :1), rt –
100 °C, 1 h, 23%; b) KOH, H2O/EtOH, 100 °C, 16 h; c) PPA, 140 °C, 1.5 h, 9%
directly from 64, 15% over two steps from 64 and 65; d) NBS (1.1 equiv),
H2SO4 conc. 50 °C, 1.5 h, 91%; e) NBS (2.1 equiv), H2SO4 conc. 50 °C, 1.5 h,
76%; f) Pd2(dba)3 (catalytic), KOH, Me4tBuXPhos (catalytic), 1,4-dioxane/H2O
(1 :1), 24 h, 100 °C, 72%; g) Pd2(dba)3 (catalytic), KOH, Me4tBuXPhos
(catalytic), 1,4-dioxane/H2O (1 :1), 24 h, 100 °C, 24% for (13) and 63% for
(12).
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650 cm� 1 on a PERKIN ELMER Spectrum BX-59343 FT-IR instrument.
A Smiths Detection DuraSamp IR II Diamond ATR sensor was used
for detection. The absorption bands are reported in wavenumbers
(cm� 1). NMR spectra (1H NMR, 13C NMR, DEPT, COSY, HSQC, HMBC)
were recorded using Avance III HD 400 MHz Bruker BioSpin and
Avance III HD 500 MHz Bruker BioSpin spectrometers (1H NMR:
400 MHz and 500 MHz, 13C NMR: 101 MHz and 126 MHz) and the
deuterated solvent stated. Chemical shifts (δ) are quoted in parts
per million (ppm) and are referenced to the residual solvent peak.
Multiplicities are denoted as s (singlet), d (doublet), t (triplet), q
(quartet) and derivatives thereof. Coupling constants J are given in
Hz. High-resolution mass spectrometry (HRMS) was performed
using a Jeol MStation 700 or JMS GCmate II Jeol instrument for
electron impact ionization (EI). A Thermo Finnigan LTQ was used
for electrospray ionization (ESI). For a comprehensive investigation
on GC-MS behavior of the 4-azafluorenones prepared as part of this
study, see ref. [61].

General procedures

General procedure 1 A: Synthesis of β-ketoesters:[47] A Schlenk
flask was charged with SnCl2 (0.25 equiv.) under an N2
atmosphere after which dry DCM (5 mL per mmol aldehyde)
and ethyl diazoacetate (1.2 equiv.) were added. The aldehyde
(1.0 equiv.), dissolved in dry DCM, was then added dropwise to
this suspension and the mixture stirred at rt until gas evolution
stopped. The suspension was filtered, the filter cake washed
with DCM and the filtrate evaporated under reduced pressure
to give the crude product.

General procedure 1B: Synthesis of β-ketoesters: The
carboxylic acid was dissolved in DCM or toluene (5 mL per
mmol). After adding SOCl2 (1.5–10 equiv.) the mixture was
heated to reflux. After 2 h, the volatiles were removed under
reduced pressure.
To a mixture of potassium ethyl malonate (1.3–1.5 equiv.) in

EtOAc (5.0 mL per mmol acid chloride) NEt3 (2.2–3.5 equiv.), and
subsequently MgCl2 (1.7–2.5 equiv.) were added at 0 °C. The
mixture was then stirred at 35 °C for 6 h. After cooling the
reaction to 0 °C, the crude acyl chloride (1.0 equiv.) was added
dropwise over 30 min. The mixture was stirred overnight at rt
and then cooled to 0 °C before acidifying with HCl (2 M)
dropwise to pH~4. The aqueous layer was separated and
extracted with EtOAc. The combined organic phases were
washed with HCl (2 M) followed by H2O and then concentrated
under reduced pressure.

General procedure 2: Preparation of nicotinic acid
esters:[22b] Benzyltrimethylammonium hydroxide (0.22 equiv.)
and crotonaldehyde (1.3–1.5 equiv.) were added consecutively
to a solution of β-ketoester (1.0 equiv.) in 1,4-dioxane (0.5 mL
per mmol β-ketoester) under an N2 atmosphere and the
resulting solution was stirred for 30 minutes. Hydroxylammo-
nium chloride and AcOH (0.50 mL per mmol β-ketoester) were
added, and the solution was heated to reflux for 30 minutes.
The mixture was allowed to cool to room temperature before it
was poured into water and alkalized with K2CO3 until no further
gas evolution could be observed. The mixture was extracted
with EtOAc and the combined organic phases were washed
with water and brine. The combined organic phases were dried

(MgSO4), filtered and concentrated under reduced pressure. The
crude product was purified via flash column chromatography.

General procedure 3: Reduction of esters to give primary
alcohols:[44] LAH (2.0 equiv.) was added to a solution of ester
(1.0 equiv.) in dry THF (5 mL per mmol) and the mixture was
stirred overnight. In case of incomplete conversion (TLC
control), additional LAH (2.0 equiv.) was added. Once the
reaction had completed, the mixture was quenched by
dropwise adding MeOH and then water consecutively until no
further gas evolution could be observed. The suspension was
stirred an additional 30 minutes, then filtered and concentrated
under reduced pressure to dryness. The residue was taken up in
EtOAc and washed with water and brine. The organic phase
was dried (MgSO4), filtered and concentrated under reduced
pressure. The crude product was purified via flash column
chromatography.

General procedure 4 A: Ester hydrolysis to give carboxylic
acids: KOH (4.0 equiv.) was added to a solution of the ester
(1.0 equiv.) dissolved in a mixture of ethanol and water (2 : 1,
2.0 mL per mmol ester) and the resulting solution was heated
to reflux overnight. After cooling to room temperature, the
ethanol was removed under reduced pressure. Additional water
was added to the concentrate and the solution was acidified to
pH 5–6 with HCl (2 M), and the resulting precipitate was
collected by filtration and washed with water. The crude
product was further purified by flash column chromatography
on silica gel.

General procedure 4B: Ester hydrolysis to give carboxylic
acids: KOH (4.0 equiv.) was added to a solution of the ester
(1.0 equiv.) dissolved in a mixture of ethanol and water (2 : 1,
2.0 mL per mmol ester) and the resulting solution was heated
to reflux overnight. After cooling to room temperature and
acidification to pH 5–6 with HCl (2 M), the solvent was removed
under reduced pressure. The resulting crude product was
washed on a bed of celite with EtOAc and then eluted with
DCM/MeOH (4 :1). The product was used in the next step
without further purification.

General procedure 5: Carboxylic acid reduction to give
primary alcohols:[49] Borane-dimethylsulfide (3.0 equiv.) and
trimethylborate (3.0 equiv.) were added to the carboxylic acid
(1.0 equiv.) in dry THF (2 mL per mmol carboxylic acid) at 0 °C
under an N2 atmosphere. The resulting solution was stirred at rt
for 18 h, cooled to 0 °C, quenched with MeOH and evaporated
under reduced pressure. After adding water to the residue, the
resulting mixture was extracted with EtOAc and the combined
organic phases were washed with water and brine. The organic
phase was dried (MgSO4), filtered and concentrated under
reduced pressure. The crude product was purified by flash
column chromatography on silica gel.

General procedure 6: TBHP-mediated cyclization:[43] TBHP
in nonane or decane (5.5 M) was added to a solution of the
pyridinemethanol (1.0 equiv.) in 1,2-DCE (4.0 mL per mmol) in a
vial lined with a teflon cap and the resulting mixture was
heated to 100 °C for 18 h. The solvent was evaporated under
reduced pressure and the crude product purified by flash
column chromatography on silica gel.
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General procedure 7: Bromination:[62] NBS (1.1 equiv.) was
added to a solution of the azafluorenone (1.0 equiv.) in
concentrated sulfuric acid (0.50 mL per mmol azafluorenone) in
a preheated oil-bath at 50 °C under vigorous stirring. After 1 h,
the reaction mixture was poured carefully into water and
alkalized with aqueous ammonia solution (32%) until a
precipitate formed. The suspension was extracted with EtOAc,
the combined organic phases washed with brine, dried (MgSO4)
and concentrated under reduced pressure. The crude product
was purified by flash column chromatography on silica gel.

General procedure 8: Bromide-to-phenol conversion:[50] A
glass tube with an aluminum cap and septum containing a stir
bar was charged with bromoazafluorenone (1.0 equiv.), Pd2dba3
(4.0 mol%), Me4tButylXphos (8.0 mol%) and KOH (4.0 equiv.).
The tube was evacuated and backfilled with nitrogen three
times, after which dry 1,4-dioxane was added (1.0 mL per mmol
aryl bromide). The mixture was stirred in a preheated oil bath
(100 °C) for 24 h. The reaction mixture was cooled to room
temperature and acidified with dilute aqueous HCl. The
resulting mixture was extracted with EtOAc. The combined
organic phases were dried (MgSO4), filtered, and concentrated
under reduced pressure. The crude product was purified by
flash column chromatography on silica gel.

General procedure 9: O-Methylation of phenols: K2CO3
(2.0 equiv.) and MeI (1.1 equiv.) were added subsequently to a
solution of the phenol in DMF (1.0 mL per mmol). The mixture
was stirred at rt overnight. After the reaction had completed,
the mixture was poured into diluted HCl (2 M) and extracted
with EtOAc. The organic phases were washed with water and
brine, dried with MgSO4, and then filtered and concentrated
under reduced pressure. The crude product was purified by
flash column chromatography on silica gel.

General procedure 10: PPA-mediated cyclization: A flame-
dried flask was charged with the 2-arylnicotinate ester and PPA
(10 mg per mg ester) under an N2 atmosphere and the mixture
was heated to 150 °C for 1.5 h under vigorous stirring. The
mixture was then hydrolyzed with water under ice-cooling, and
the resulting suspension extracted with EtOAc. The combined
organic phases were dried (MgSO4) and concentrated under
reduced pressure. The crude product was purified by flash
column chromatography on silica gel.
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