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Abstract The transition-metal-free total syntheses of the oxygenat-
ed carbazole natural products glycoborine, carbazomycin A and carba-
zomycin B are reported. The key step involves an NBS-mediated cy-
clobutanol ring expansion to 4-tetralones for the preparation of the
tricyclic carbazole core.

Key words total synthesis, ring expansion, cyclization, antifungal
agents, rearrangement

In the last few decades, the carbazole core has attracted

the interest of synthetic organic chemists due to its versa-

tile application in various fields of chemistry, such as the

design of efficient photochemical materials or active phar-

maceutical ingredients (APIs). The development of APIs,

such as carazolol or carvedilol, is often inspired by initial

hits from naturally occurring biologically active carbazoles

(Scheme 1, a). Interestingly, these marketed drugs contain

oxygenated functionality at the 5-position, which is rarely

found in naturally occurring carbazoles.

The first natural 5-oxygenated carbazole alkaloid, glyco-

borine, was reported by Chakravarty only two decades ago.

It was isolated as a constituent in trace amounts (0.0001%

w/w) of the petroleum ether extract of the roots of Glycos-

mis arborea (Scheme 1, a),1 and extracts of this plant have

been used in traditional treatments of fever or liver diseas-

es.2 Given the low structural complexity of glycoborine, it

has been a suitable target for synthetic chemists to test the

applicability of their newly developed methodologies to-

wards the carbazole core. In fact, the majority of these pro-

tocols focus on the assembly of the pyrrole core as the stra-

tegic step by using the Fischer indole synthesis,1,3 nickel-

catalyzed reductive cyclization,4 palladium-catalyzed cy-

clization of diarylamines,5 or a variant of the Cadogan–

Sundberg reaction (Scheme 1, b).6–12

The carbazomycins are a family of naturally occurring

carbazoles that also contain oxygenation on the same posi-

tion (Scheme 1, a). These compounds were isolated by

Nakamura from the extract of cultured mycelia of Strep-

toverticillium ehimensis strain H1051-MY10,13–15 and they

are characterized by their unusual asymmetric substitution

pattern, in which only one aromatic ring is fully substituted

with electron-donating substituents. Several carbazomy-

cins exhibit antifungal,16 antibacterial13 and anticancer ac-

tivity;17,18 in addition, carbazomycin B displays inhibitory

activity against 5-lipoxygenase (IC50 = 1.5 g/mL)19 and is

active against malaria (IC50 = 2.37 g/mL against Plasmodi-

um falciparum, K1 multi-drug resistant strain).20 Given

these interesting biological effects, their total synthesis has

received considerable attention (Scheme 1, b).21–34 Elegant

examples include an iron-mediated one-pot oxidative cou-

pling by Knölker,21,22,30,31 a radical cyclization by Crich and

Rumthao,32 and most recently, a one-pot domino benzan-

nulation between indole-3-ynones and nitroalkanes by

Mehta.34

To complement these previously reported approaches to

carbazole natural products, and encouraged by a recent to-

tal synthesis report utilizing a cyclobutanol ring expan-

sion,35 we were inspired to develop a strategy based on our

previously developed cyclobutanol ring expansion method-

ology (Scheme 1, c). In 2018, we reported that heteroaro-

matic-substituted cyclobutanols undergo regioselective

ring expansion to 4-tetralones by treatment with N-bromo-

succinimide in acetonitrile.36–40 Following our group’s long-

standing interest in the synthesis of biologically active nat-
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ural products,41–44 we now report the successful total syn-

theses of glycoborine, carbazomycin A and carbazomycin

B.45

Our synthetic plan was guided by the oxygenation pat-

tern of the carbazoles of interest (Scheme 1, c). Thus, we hy-

pothesized that the respective carbazole cores could be ac-

cessed by aromatization of a suitably substituted 4-te-

tralone intermediate 2. The key feature of our synthetic

plan is the disconnection of the tricyclic intermediate to cy-

clobutanol 1, provided by the addition of protected indole

to an appropriately substituted cyclobutanone.

With our synthetic plan laid out, we initiated our stud-

ies towards the total synthesis of glycoborine (Scheme 2).45

Synthesis of the core began with tosyl-protection of com-

mercially available 5-methylindole (3) in 92% yield. Subse-

quent C2-lithiation with n-butyllithium, followed by addi-

tion to commercially available cyclobutanone (5) provided

the cyclobutanol 6 in 88% yield on a decagram scale. This

key intermediate was then converted into the 4-tetralone 7
by our previously reported cyclobutanol ring expansion in

the presence of N-bromosuccinimide in acetonitrile. Nota-

bly, the 4-tetralone 7 was afforded on a multigram scale

within 30 minutes.

To complete the total synthesis of glycoborine in short

order, we next aimed to convert 4-tetralone 7 into the phe-

nol 8 (see the Supporting Information). To our surprise, this

proved to be a non-trivial quest: several aromatization con-

ditions were examined, including bromination–elimination

Scheme 1  (a) Biologically active carbazoles, (b) previous routes to oxygenated carbazoles, and (c) the present approach via a cyclobutanol ring expan-
sion
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sequences, DDQ in toluene, or dichloromethane, and 10%

Pd/C in boiling diphenyl ether. Yet, these conditions fur-

nished the desired phenol in trace quantities only. Finally,

we turned our attention to an iodine-mediated procedure

reported by Tecle.46 To our delight, treatment of 4-tetralone

7 with a superstoichiometric quantity of iodine in boiling

methanol not only affected the desired aromatization but

also afforded anisole 9 in 47% yield. Finally, removal of the

N-tosyl protecting group with potassium hydroxide in boil-

ing degassed ethanol delivered glycoborine in 85% yield.47

Our synthetic sample exhibited identical spectroscopic

properties to those of the natural isolate.1

We then turned our attention to the structurally more

challenging carbazomycins A and B.45 The synthetic se-

quence began with the preparation of trans-2,3-dimethyl-

cyclobutanone (16) in 30% yield by a stereospecific thermal

[2+2]-cycloaddition between trans-but-2-ene gas and the

keteniminium salt of dimethylacetamide (15), followed by

mild hydrolysis in boiling dichloromethane according to an

adapted procedure by Ghosez.48,49 Although the isolated

yield of the cyclobutanone was reduced by its volatility and

that of trans-but-2-ene, we found the reaction to be scal-

able to gram-quantities nonetheless; producing sufficient

quantities for the total synthesis (Scheme 3). Next, addition

of C2-lithiated Mbs-protected indole50 to cyclobutanone 16
afforded key cyclobutanol 11 in 55% yield as a single unde-

fined C1-epimer on a multi-gram scale. Treatment of cy-

clobutanol 11 with N-bromosuccinimide under our stan-

dard ring-expansion conditions afforded the trans-1,2-di-

methylated 4-tetralone 12 as a single diastereomer in 50%

yield within only five minutes.

In line with our previous studies, full stereochemical re-

tention, as well as exclusive formation of the ,-substitut-

ed 4-tetralone (vs the ,-substituted 4-tetralone) was ob-

served (Scheme 3). This regioselectivity is attributed to ex-

clusive initial migration of the most-substituted carbon as

the partial carbocation character in the transition state is

stabilized by inductive effects and hyperconjugation.51,52

The migratory ability of carbon moieties in such migratory

shifts has been well-studied and not only explains the ob-

served regioselectivity, but also the retention of stereo-

chemistry at the migrating center. A further 1,2-sigma-

tropic rearrangement—supported by the acylium-like char-

acter of the carbonyl group—affords the trans-1,2-

dimethylated 4-tetralone after aromatization, intercepting

Nishida’s route towards carbazomycins A and B in very

short order (three vs eight synthetic steps in the longest lin-

ear sequence from indole).28,53

With the tricyclic backbone in hand, we turned our at-

tention to installing the -methoxy group. We initially fol-

lowed Nishida’s described two-step protocol consisting of

silyl enol ether formation by treatment of ketone 12 with

Hünig’s base and trimethylsilyl trifluoromethylsulfonate in

dichloromethane, followed by removal of volatiles and sub-

jection to [bis(trifluoroacetoxy)iodo]benzene in metha-

nol.28 In our hands, this protocol returned starting material

exclusively, which we reasoned to be a consequence of the

conjugate acid of Hünig’s base removing the labile TMS

group before the nucleophilic substitution with the hyper-

valent iodine species. To our delight, substitution of Hünig's

base with lower boiling triethylamine, and inclusion of a

mild aqueous work-up after silyl enol ether formation ren-

dered the subsequent -methoxylation successful to afford

ketone 13 in 43% yield. Notably, the -methoxylation pro-

ceeded stereospecifically to afford the cis-trans-substituted

4-tetralone exclusively (Scheme 3). 

Conversion into the natural products was then achieved

following Nishida’s report (Scheme 3).28 Aromatization of

ketone 13 with four equivalents of N-bromosuccinimide in

THF afforded carbazole 14 in 44% yield. The importance of

the Mbs-protecting group and the stereochemical relation-

ship between the substituents on the tetralone ring for the

success of the aromatization is key to note at this stage. Ear-

lier studies within our group revealed that the N-tosyl-pro-

tected derivative failed to deliver the desired phenol under

NBS-mediated conditions or alternative protocols, includ-

ing Saegusa–Ito and iodine-mediated conditions. We attri-

bute the aromatization of the Mbs-protected analogue to

the greater electron-density induced by the alkoxy-reso-

nance donor. Equally, we observed that, unlike the cis-

trans-isomer, the cis-cis-isomer does not undergo aromati-

zation under NBS-mediated conditions, confirming the ne-

Scheme 2  Total synthesis of glycoborine; NBS = N-bromosuccinimide
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cessity for control of the stereochemical relationship be-

tween the methyl groups from the outset of the synthetic

sequence.

Finally, reduction of the sulfonyl protecting group using

sodium anthracenide provided carbazomycin B in 57%

yield, and this was converted, using Moody’s methylation

conditions, into carbazomycin A in 87% yield (Scheme

3).26,54 Our synthetic samples of carbazomycins A and B

were spectroscopically identical to those of the natural iso-

lates.14

In conclusion, we have reported a complementary strat-

egy to oxygenated carbazoles. The total synthesis of glyco-

borine was achieved in a scalable, five-step and transition-

metal-free sequence in 10% overall yield. Carbazomycin B

was synthesized in six steps and converted into carbazomy-

cin A in one further synthetic step. The reported syntheses

are enabled by an NBS-mediated cyclobutanol ring expan-

sion developed by our group, demonstrating its immediate

applicability for medicinal chemistry or total synthesis ap-

plications. Extension to other classes of natural products, as

well as biological evaluations are currently ongoing.
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data (1H NMR, 13C{1H} NMR and IR) are consistent with the liter-

ature.1
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(54) Carbazomycin B
Carbazomycin B was synthesized according to a procedure by

Nishida and co-workers.28 A solution of anthracene (65 mg, 0.36

mmol) in THF (1.5 mL) was purged with nitrogen for 10 min-

utes, before sodium metal (13 mg, 0.57 mmol) was added. The

suspension was stirred at room temperature for 30 minutes,

before being sonicated for a further 20 minutes. The dark blue

solution was removed from the sonication bath, and a solution

of 3-methoxy-9-((4-methoxyphenyl)sulfonyl)-1,2-dimethyl-

9H-carbazol-4-ol (14) (30 mg, 0.073 mmol) in THF (1 mL) was

added in one portion. The resulting green solution was stirred

at room temperature for 1 hour, before it was diluted with

dichloromethane (10 mL), and deionized water (10 mL) was

added. The aqueous layer was separated and extracted with

dichloromethane (3 × 10 mL). The combined organic extracts

were washed with deionized water (20 mL), dried over sodium
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sulfate, filtered, and concentrated under reduced pressure. The

crude material was purified by flash column chromatography

(10–30% EtOAc/pentane) to afford the title compound (10 mg,

0.041 mmol, 57%) as a white solid.

IR (neat): 3425, 3053, 2988, 2923, 2854, 1638, 1612, 1500,

1453, 1411, 1321, 1300, 1144, 1083, 1003 cm–1. 1H NMR (400

MHz, CDCl3):  = 8.25 (m, 1 H), 7.78 (br s, 1 H), 7.43–7.32 (m, 2

H), 7.22 (ddd, J = 8.1, 6.8, 1.4 Hz, 1 H), 6.06 (s, 1 H), 3.83 (s, 3 H),

2.40 (s, 3 H), 2.37 (s, 3 H). 13C{1H} NMR (101 MHz, CDCl3):  =

142.0, 139.2, 138.4, 136.7, 127.0, 124.8, 123.3, 122.6, 119.5,

110.0, 109.3, 109.3, 61.5, 13.2, 12.8. HRMS (APCI): m/z [M + H]+

calcd for C15H16NO2: 242.1176; found: 242.1182. The spectro-

scopic data (1H NMR, 13C{1H} NMR and IR) are consistent with

the literature.28

Carbazomycin A
Carbazomycin A was synthesized according to a procedure by

Moody and Shah.26 To a solution of carbazomycin B (8.0 mg,

0.033 mmol) in acetone (2 mL) was added dried potassium car-

bonate (50 mg, 0.36 mmol) and iodomethane (0.3 mL, 4.8

mmol) sequentially. The resulting reaction mixture was then

heated at reflux for 3 hours, before it was allowed to cool to

room temperature, and diluted with dichloromethane (5 mL).

The organic phase was separated and washed with deionized

water (3 × 5 mL), dried over sodium sulfate, filtered, and con-

centrated under reduced pressure. The crude material was puri-

fied by flash column chromatography (10% EtOAc/pentane) to

afford the title compound (7.3 mg, 0.029 mmol, 87%) as a yellow

oil.

IR (neat): 3436, 3351, 2998, 2989, 2930, 1610, 1498, 1455,

1395, 1293, 1088, 1051 cm–1. 1H NMR (400 MHz, CDCl3):  =

8.23 (m, 1 H), 7.83 (s, 1 H), 7.45–7.33 (m, 1 H), 7.22 (ddd, J = 8.0,

6.8, 1.5 Hz, 1 H), 4.11 (s, 1 H), 3.90 (s, 1 H), 2.41 (s, 1 H), 2.39 (s,

1 H). 13C{1H} NMR (101 MHz, CDCl3):  = 146.0, 144.5, 139.4,

136.4, 128.8, 125.1, 122.9, 122.5, 119.5, 114.4, 113.5, 110.3,

61.1, 60.6, 13.7, 12.6. IR (neat): 3436, 3351, 2998, 2989, 2930,

1610, 1498, 1455, 1395, 1293, 1088, 1051 cm–1. HRMS (APCI):

m/z [M + H]+ calcd for C16H18NO2: 256.1332; found: 256.1329.

The spectroscopic data (1H NMR, 13C{1H} NMR and IR) are con-

sistent with the literature.28
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