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a b s t r a c t 

A highly efficient and concise bromocyclization has been successfully achieved, in which 

tryptamine/tryptophol derivates can be transformed to valuable HPI/TFI scaffolds with economic 

and green manners. Moreover, a controllable cascade transformation of bromocyclization and aromatic 

bromination has also been smoothly achieved to form dibrominated HPIs and TFIs. Production could be 

successfully scaled up under both the batch process and a continuous flow fashion. The most remarkable 

peculiarity of our process over all previous methods is that the generated water is the major waste. 

Notably, successful application of this new protocol has been demonstrated by the pharmaceutical and 

natural products syntheses. 

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia 

Medica, Chinese Academy of Medical Sciences. 
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Over the last decades, hexahydropyrrolo[2,3- b ]indoles 

HPIs)/tetrahydrofuroindolines (TFIs), as representative indo- 

ine alkaloids, possessing the fused pentacyclic skeleton have 

ttracted significant attention from the synthetic community 

1–11] due to their family of biologically active natural products 

isplaying the remarkable structural diversity ( e.g. , acetylardeemin, 

sychotriasine, WIN 64821 , WIN 64745 , chimonanthine, physove- 

ine, madindoline A, etc .) [12–20] and encompassing clinically 

mportant pharmaceutical molecules (physostigmine is clinically 

tilized for the treatment of myasthenia gravis, glaucoma, and 

lzheimer’s disease) ( Fig, 1 ) [ 21 , 22 ]. Furthermore, 3a-bromo- 

ubstituted pyrroloindolines/furoindolines are significant and 

ersatile building blocks to readily access a library of HPI and TFI 

lkaloids, in which the C–Br bond can be facilely transformed to a 

ew C–C, C–N or C–O bond via a substitution process with reten- 

ion of configuration [23–46] . The cyclization reaction is regarded 

s one of the most practical methods to produce structural diverse 

 -heterocycle derivates [47–53] , therefore bromocyclization is 

n attractive way to construct 3a-bromo substituted pyrroloindi- 
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olines/furolinolines. As a result, tremendous effort s have been 

evoted to the construction of these scaffolds in the past decades 

 Scheme 1 A). Among them, the classical approach has utilized 

xcessive amount of the highly sensitive and active bromine to 

onstruct these frameworks [27–29] . Moreover, many remark- 

ble methodologies have employed stoichiometric electrophilic 

romo reagents (PyHBr3 [30] , NBS [31–42] , DBDMH [43] , NBAc 

44] , and DABCO-derived bromine salts [45] ) to approach both 

hiral and achiral derivatives, while the organic waste would be 

roduced ( Scheme 1 A, Path I). In addition, the in-situ generated 

lectrophilic bromide assisted by the combination of bromo salts 

nd extra oxidants would be successfully involved to the efficient 

romocyclization ( Scheme 1 A, Path II) [54–57] . In this matter, 

ong and co-workers have developed an oxone-mediated pro- 

edure, in which the organic waste could be eliminated, while 

he formation of less environmentally polluting salt (K2 SO4 ) is 

nevitable [48] . Recently, the electrochemical bromocyclization has 

een well-off for the establishment of 3a-bromopyrroloindolines 

nd 3a-bromofuranoindolines along with the production of stoi- 

hiometric inorganic residues [ 58 , 59 ]. Though numerous methods 

ave been applied to fabricate these units in high-efficiency, the 

evelopment of more concise and efficient, greener, and milder 
nstitute of Materia Medica, Chinese Academy of Medical Sciences. 
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Fig. 1. Significant indole alkaloids bearing an HPI or TFI core. 
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Scheme 1. From inspiration to access economic and green bromocyclization of 

tryptamine/tryptophol scaffolds. 
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ethodologies to achieve these exquisite entities remains highly 

esired and sought-after [ 60 , 61 ]. 

Hydrobromic acid (HBr) is the readily available and least ex- 

ensive bromine source ( Scheme 1 B), which serves as a potential 

lectrophilic bromine reagent [62–64] . Theoretically, HBr can be 

xidized to Br2 [ E0 (Br2 /Br−) = + 1.07 V vs. standard hydrogen elec- 

rode (SHE)] under the oxygen atmosphere [ E0 (O2 /H2 O) = + 1.23 V 

s. SHE] along with water as the single by-product ( Scheme 1 C, 

eft) [65] , however, a relatively slow reaction rate is displayed due 

o an activation barrier of 14 kJ/mol [66] . Therefore, enhancement 

f the reaction rate would achieve a concise, efficient, and green 

oute to access bromocyclization. The key to success of the pro- 

ocol lies in employment of a matching medium to bridge the gap 

etween O2 activation and HBr reoxidation. Naturally, there are nu- 

erous nitrogen oxides and related salts possessing oxidability and 

he potential to be an activator [67–74] . Notably, the facilely avail- 

ble nitrite salt, such as NaNO2 and KNO2 , possesses the unique 

edox feature that can release nitric oxide (NO) under acidic con- 

itions [69–74] . Mechanistically, the in situ -generated NO can be 

xidized by O2 to access nitrogen dioxide (NO2 ), which re-oxidizes 

Br to Br2 with a controllable manner. In addition, HNO3 formed 

y dissolving NO2 in water can oxidize HBr to Br2 as well. There- 

ore, the nitrite-catalyzed oxidation can achieve an appropriate rate 

o release Br2 , resulting in the mild brominating reaction. In the 

hole process, the major by-product is water ( Scheme 1 C, right). 

Herein, we have developed a nitrite-catalyzed economic, sus- 

ainable and scalable bromocyclization of tryptamine/tryptophol 

erivates to successfully approach the valuable HPI/TFI scaffolds 

nder both bath and flow conditions with high efficiency, in which 

ater is generated as the byproduct ( Scheme 1 D). Notably, an aer- 

bic bromocyclization and subsequent aromatic bromination cas- 

ade transformations have also been facilely established to ac- 

ess dibrominated HPIs and TFIs. These unique analogues could be 

moothly applied to achieve total synthesis of pharmaceuticals and 

atural products. 

We started our optimization with the bromocyclization of 

ryptamine 1a to give 3-bromohexahydropyrrolo[2,3- b ]indole 3a in 

he presence of HBr (48 wt% in H2 O) as bromine source, NaNO2 

s catalyst, O2 as oxidant, and dichloromethane as solvent. To our 

elight, the product 2a could be obtained in yield of 23% at room 

emperature ( Table 1 , entry 1). Solvents were subsequently exam- 

ned, and ethyl acetate was the optimized solvent leading to access 

he desired product in 90% yield ( Table 1 , entries 1-6). Notably, the

itrite salt screening process demonstrated that KNO was the best 
2 

2

romoter to achieve the highest reactivity and obtain the desired 

ntity 2a in 93% yield ( Table 1 , entry 7). Moreover, the efficiency of

his transformation was insusceptible under air atmosphere ( Table 

 , entry 8). The catalyst loading screening was shown that decreas- 

ng the equivalent amount of KNO2 to 5 mol% would decrease the 

ield of the product 2a to 85% ( Table 1 , entry 9). The controlled

xperiments were then carried out and proved that nitrite salt and 

2 were essential ( Table 1 , entries 10 and 11). When the solu- 

ion of HBr in acetic acid was instead of aqueous HBr as bromine 

ource, the desired product 2a was obtained in trace amount ( Table 

 , entry 12). It might be that water can serve as both the reagent

nd cosolvent for nitrite salt. 

With the optimized conditions in hand, we examined the 

cope of this KNO2 -catalyzed economic and green bromocycliza- 

ion ( Scheme 2 ). A range of tryptamine derivatives bearing carba- 

ate, acyl, or sulfonyl protecting groups on both nitrogen atoms 

ere smoothly employed to the transformation, leading to ac- 

ess the corresponding HPIs ( 2a –2k ) in excellent yields (80%–94%). 
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Scheme 2. Substrate scope for controllable bromocyclization of tryptamine and tryptophol derivatives. a Standard conditions A: 1 (0.2 mmol, 1 equiv.), aq. HBr (0.24 mmol, 

1.2 equiv.), and KNO2 (0.02 mmol, 10 mol%) were stirred in EtOAc (2 mL) at r.t. for 3 h under air atmosphere. b Isolated yields. c The dr value was determined by 1 H NMR 

analysis. d NaNO2 (0.02 mmol, 10 mol%) was instead of KNO2 (0.02 mmol, 10 mol%). e Standard conditions B: 1 (0.2 mmol, 1 equiv.), aq. HBr (0.24 mmol, 1.2 equiv.), and 

NaNO2 (0.02 mmol, 10 mol%) were stirred in MeCN (2 mL) at r.t. for 8 h under O2 atmosphere. f KNO2 (0.02 mmol, 10 mol%) was instead of NaNO2 (0.02 mmol, 10 mol%). 
g Standard conditions C: 1 (0.2 mmol, 1 equiv.), aq. HBr (0.72 mmol, 3.6 equiv.), and KNO2 (0.04 mmol, 20 mol%) were stirred in MeCN (2 mL) at r.t. for 10-15 h under O2 

atmosphere. h NaNO2 (0.04 mmol, 20 mol%) was instead of KNO2 (0.04 mmol, 20 mol%). 
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ext, 2-methyl or phenyl substituted tryptamines were excellent 

ubstrates for the bromocyclization to obtain the desired prod- 

cts ( 2l –2n ) in high efficiencies. The indole rings substituted with 

lkyl, halogeno, and alkoxy on the 4-, 5-, 6-, or 7-position could be 

uccessfully and efficiently transformed to the counterparts ( 2o - 

w ). Moreover, 7-benzyloxy substituted scaffold could simultane- 

usly underwent an electrophilic bromination and a bromocycliza- 

ion cascade, resulting in generation of the desired HPI 2x in 

3% yield. Significantly, the tryptophan derivatives were well tol- 

rant of this transformation, in which the related products 2y - 2z 

ould be formed in high yields with excellent diastereoselectivities 

 dr = 12:1). This process exhibited the highly potential application 

o access optically pure nature products and pharmaceuticals. To 

urther expand the substrate scope, we subsequently utilized tryp- 

ophol analogues in the oxidative bromocyclization and found that 

hey also possessed high compatibilities to afford TFIs 2aa –2ai in 

igh yields under oxygen atmosphere. Inspired by the formation 

f dibromosubstituted product 2x , we next explored and achieved 

he cascade reaction of bromocyclization and aromatic bromina- 

ion (For details, please see the P12 of Supporting information). A 
3

eries of tryptamine derivatives containing substituents of carba- 

ate, acyl, or sulfonyl on both nitrogen atoms were well compati- 

le with the procedure, leading to access the related dibromosub- 

tituted HPIs ( 3a –3f ) in good yields. Moreover, the dibromosubsti- 

uted TFIs ( 2ag , 3g - 3k ) could be facilely obtained in this process. 

To further evaluate the potential environmental impact of our 

eveloped nitrite-catalyzed transformation with the most efficient 

r green method, we analyzed four major green chemistry met- 

ics: E -factor [ 75 , 76 ], atom economy (AE) [77] , reaction mass ef-

ciency (RME) [78] and process mass intensity (PMI) (For details, 

lease see the PS29 of Supporting information) [79] . A lower value 

f E -factor (ideal: 0.00) [ 75 , 76 ] and PMI (ideal: 1.00) [79] demon-

trates that less waste is formed or less total mass of substrates 

s required per mass of the related product, while a higher value 

f AE (ideal: 100%) [77] and RME (ideal: 100%) [78] means better 

esource and atom efficiency. The compound 2b as a representa- 

ive example was chose to calculate these metrics ( Fig. 2 a). The 

 -factor was 0.54 for the NBS-involved bromocyclization [34] , 0.49 

or the MgBr2 -promoted electrochemical bromocyclization process 

51] , 1.85 for the oxone-mediated system [48] , and 0.22 for our 
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Table 1 

Optimization of reaction conditions. a 

Entry Cat. (X mol%) Solvent Time (h) Atmosphere Yield (%) b 

1 NaNO2 (10) CH2 Cl2 12 O2 23 

2 NaNO2 (10) THF 12 O2 35 

3 NaNO2 (10) MeCN 3 O2 89 

4 NaNO2 (10) EtOAc 3 O2 90 

5 NaNO2 (10) PhMe 12 O2 31 

6 NaNO2 (10) H2 O 12 O2 N.R. 

7 KNO2 (10) EtOAc 3 O2 93 

8 KNO2 (10) EtOAc 3 Air 93 (93 c ) 

9 KNO2 (5) EtOAc 12 Air 85 

10 KNO2 (10) EtOAc 12 N2 N.R. 

11 KNO2 (0) EtOAc 12 Air N.R. 

12 KNO2 (10) EtOAc 12 Air trace d 

a Reaction conditions: 1a (0.2 mmol, 1 equiv.), HBr (48 wt% in H2 O, 0.24 mmol, 

1.2 equiv.), and Cat. (X mol%) were added to solvent at room temperature. r.t. = 25 

°C. N.R. = No reaction. 
b Yield was detected by 1 H NMR. 
c Isolated yield. 
d HBr (33 wt% in AcOH) was instead of HBr (48 wt% in H2 O). 

Fig. 2. Green chemistry metrics analysis for bromocyclization of tryptamine 2b . 
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Scheme 3. The gram-scale operation and further transformation. 

Scheme 4. Gram-scale synthesis of 2f under continuous flow conditions. 
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ystem, which indicated our reaction system generated the low- 

st waste. Similarly, the PMI values (NBS: 1.54, MgBr2 : 1.49, Ox- 

ne: 2.85, KNO2 /HBr: 1.22) suggested a highest mass reduction of 

aterials for our developed method in the bromocyclization re- 

ction system. Moreover, the values of AE (96%) and RME (84%) 

ere highest in these transformations demonstrated our new pro- 

ocol was the best efficient among all the procedures. Notably, 96% 

E value of our nitrite-catalyzed strategy was almost approaching 

he ideal green chemistry. The value of these four green chemistry 

etrics was tabulated in Fig. 2 a, which clearly indicated our de- 

eloped process was both an efficient and environmental-friendly 

ransformation that approached the ideality of green chemistry 

 Fig. 2 b). Additionally, the generated waste of the NBS system was 

he toxic organic byproduct, while the waste formed from the 

xone–KBr procedure was non-hazardous inorganic salt. Therefore, 

he MgBr system was the second but far greener than the oxone–

Br, and NBS protocols. 

To demonstrate the practicability of our established method, 

he concise gram-scale operation and further transformation were 

moothly performed ( Scheme 3 ). Firstly, 1.14 g of HPI compound 
4

a (86% yield) could be successfully obtained under standard con- 

itions A; meanwhile, TFI 2ab was also formed in 75% yield un- 

er standard conditions B. Furthermore, the gram-scale operation 

f bromocyclization and subsequent aromatic bromination cascade 

eaction occurred for the formation of the dibromo-substituted 

erivative 3a (1.82 g) in 75% yield. Notably, the solvolytic substitu- 

ion of bromine with acetate afforded 4a in 81% yield upon heat- 

ng a solution of 3a in AcOH at reflux with the assistance of AgOAc 

80] . 

The recently emerging continuous flow technology features 

igher safety and efficiency, accurate control, better heat and 

ass transfer, easier amplification and better sustainability [81–

0] . Thus, we also explored the application of this protocol un- 

er continuous flow conditions: water was used as the cosolvent 

o promise a good solubility of KNO2 , by contrast with 8-h re- 

ction time in batch, better mixing efficiency in microreactor led 

o the full conversion in 26 min, delivering the desired product in 

0% yield ( Scheme 4 ; for details, please see the PS32 of Supporting

nformation). This result implied that this economic and sustain- 

ble bromocyclization could be a powerful tool for the synthesis 

f valuable HPI/TFI building block for organic synthesis and drug 

iscovery. 

To further highlight the utility of our new green strategy for the 

xidative bromocyclization, we commenced the formal total syn- 

hesis of some representative pharmaceuticals and natural prod- 

cts of (-)-physostigmine, (-)-psychotriasine, WIN 64821 and WIN 

4745 , respectively ( Scheme 5 ). Our synthetic procedure to ac- 

ess (-)-physostigmine began with the N -Boc protections of the 

ommercially available l -tryptophan methyl ester 5 to obtain 1y . 

he oxidative bromocyclization of 1y utilizing our new developed 

rotocol leaded to approach the tricyclic HPI 2y (1.19 g) in 80% 

ield with high diastereoselectivity (12:1 dr ). In this process, a 

2:1 mixture of diastereomers were facilely isolated by column 
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Scheme 5. Formal total syntheses of pharmaceuticals and natural products. 
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p

B

a

hromatography. A cyclopropylazetoindoline formation proceeded 

moothly to give the structure 6 in the presence of KOt Bu, fol- 

owed by a strain release process to access 7 by using AlMe3 as nu- 

leophile. The formation of 7 intercepted an intermediate used in 

he construction of (-)-physostigmine [24] . The synthetic route of 

-)-psychotriasine was also investigated through our approach, in 

hich l -tryptophan methyl ester 5 was subjected to N -protection 

rocesses and transformed to the product 8 . Our new established 

ram-scale bromocyclization was then occurred to generate sub- 

tituted HPI 2aj in 76% yield with good diastereoselectivity (8.5:1 

r ), followed by a substitution reaction to obtain the key interme- 

iate 10 by using 9 as nucleophile. The interception of 10 was 

tilized to synthesize (-)-psychotriasine [ 91 , 92 ]. Furthermore, d - 

ryptophan methyl ester 5’ was also employed to obtain the highly 

iastereoselective bromo-substituted HPI 2y’ - 1 followed by a re- 

uctive dimerization mediated by Ni-catalysis to afford the key 

imeric hexahydropyrrolo[2,3- b ]indole 11 that could be applied to 

ynthesize WIN 64821 and WIN 64754 [32] . 

A plausible mechanism is depicted in Scheme 6 . Initially, NO2 
−

an be transformed to NO under acidic conditions. The oxidation 

f in situ -generated NO using O2 can smoothly access NO2 , which 

e-oxidizes HBr to Br2 with a controllable manner. Meanwhile, 

NO3 generated by dissolving NO2 in water can also promote the 

xidation of HBr to Br . Subsequently, the 3a-bromo-substituted 
2 

5

yrroloindoline/furoindoline 1 can react with the in situ -released 

r2 to obtain the recycled HBr and a bromonium ion intermedi- 

te TS-1 , leading to successful access the product 2 . Furthermore, 
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he dibromosubstituted product 3 can be generated undergoing an 

lectrophilic substitution of Br2 to 2 , in which intermediate TS-2 

an be formed. 

In conclusion, we have realized a highly efficient and concise 

romocyclization of tryptamine/tryptophol derivates to access the 

aluable HPI/TFI scaffolds with economic, sustainable and scalable 

anners under both bath and flow conditions. Furthermore, a cas- 

ade transformation of bromocyclization and aromatic bromina- 

ion was also successfully achieved to form dibrominated HPIs and 

FIs. The gram-scale operation and further transformation were 

moothly performed to access the significant scaffold. Notably, 

he efficiency and utility of this new protocol were also demon- 

trated by the formal total synthesis of cyclotryptamine alkaloids, 

uch as (-)-psychotriasine, WIN 64821 and WIN 64745 , and anti- 

holinesterase agent (-)-physostigmine. The most striking feature 

f our protocol over all previous methods is that water generated 

rom the reaction is the major waste. Further studies on develop- 

ent of more sustainable and economic transformations are ongo- 

ng and will be reported in due course. 
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