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Selective Construction of Alkaloid Scaffolds by Alcohol-
Based Direct and Mild Aerobic Oxidative Pictet–Spengler 
Reactions†
Haicheng Liu,a Feng Han,a Huan Li,a Jianping Liu,a*  and Qing Xua,b*

Employing TBN/TEMPO as the catalysts and oxygen the oxidant, 
the biologically and pharmaceutically significant tetrahydro-β-
carboline and β-carboline alkaloid scaffolds that used to be 
obtained by multi-step processes, can now be selectively obtained 
in only one-step via direct aerobic oxidative Pictet–Spengler 
reactions of tryptamines with alcohols under mild conditions, with 
water generated as the byproduct. In this reaction, TBN/TEMPO 
was interestingly found able to facilitate the cylization step of the 
whole reaction. This method tolerates a variety of C- and N-
substituted tryptamines, and both the more reactive benzylic and 
allylic alcohols and the less reactive aliphatic alcohols. This 
method can also be extended to dihydro-β-carboline synthesis and 
applied to the more available and more economic tryptophan for 
β-carboline synthesis, revealing its broad substrate scopes and 
potential in synthetic applications.

Alkaloid scaffolds are abundant in numerous natural products 
and biologically active compounds. For exhibiting various 
remarkable and interesting biological and pharmacological 
activities, a plethora of alkaloids have been extracted from 
plants, which clearly cannot meet the tremendous demands in 
modern society. Therefore, their synthesis has also attracted 
extensive attention among the synthetic and bio-organic 
chemists.1 Tetrahydro-β-carboline (THBC) derivatives, one of 
the alkaloid scaffolds, are also frequently used as drugs or drug 
candidates for having various significant biological and 
pharmaceutical activities (Scheme 1a).1-10 Among the methods 
reported, THBCs were largely obtained by the famous Pictet–
Spengler reaction (PSR) of tryptamines and aldehydes1 using 
Brønsted acids,2,3 Lewis acids,4 iodine,5 heterogeneous,6 or 
enzyme catalysts,7 or under microwave-irradiated8 and even 
catalyst-free9 conditions (Scheme 1b). In recent years, 
asymmetric PSRs have also been well-developed to obtain 
enantio-enriched THBCs for further synthesis of natural 
products or drugs.1,3,7,10 However, using aldehydes is a 

disadvantage as they are more odor, more toxic, not stable, 
and not easy to store and handle. Thus, using the greener 
alcohols11 as the substrate to replace the aldehydes for one-
step construction of THBCs may be a useful and practical 
project in the field.
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(a) Some natural products or drugs containing THBC scaffold

(b) Conventional Pictet-Spengler reactions (PSRs) for THBC and stepwise BC construction

N
H

NH2

R O

N
H

NH

R
N
H

N

R

LA or BA

[O]

THBC BC
(c) This work: Transition metal-free alcohol-based mild, direct, and selective PSRs

N
NH

R OH

N
NR2

R
N

R
N

N

R
or orTBN/TEMPO

O2, AcOH
N

THBC DHBC BC

conditions

R1
R3 R3 R3 R3R1 R1 R1R2

H(COOH)

- H2O
62 examples, up to 94% isolated yield, up to 98% selectivity

Scheme 1. Tetrahydro-β-carboline derivatives and their 
synthetic methods.

We have previously focused on alcohol-based dehydrative 
alkylation12 and imination reactions,13 as well as construction 
of heterocycle compounds.14 Herein we report the first 
transition metal-free alcohol-based aerobic oxidative Pictet–
Spengler reaction (PSR),15 which can provide direct methods 
for selective construction of THBC, dihydro-β-carboline (DHBC) 
and β-carboline (BC) skeletons under mild conditions (Scheme 
1c). This protocol can also be extended to the more available 
and more economic tryptophan for BC construction.

Referring to our previous findings,12-14 we initially 
investigated the reaction of tryptamine (1a) and benzyl alcohol 
(2a) under air using alkali hydroxides as the catalyst (Table 1). 
However, no target PSR products were observed under a 
variety of conditions, with observation of the imine 
intermediate only (entry 1). Realizing that base catalysis may 
not be a good choice, other catalysts frequently used in 
alcohol oxidation (such as DDQ, HCl, HBr, HNO3, NaNO2, TBN, 
TEMPO, Cu salts/ligands, Pd salts/ligands, NMI, etc.) were then 
investigated.13,16 This extensive catalyst screening showed that 
the transition metal-free combination of tert-butyl nitrite (TBN) 
and 2,2,6,6-tetramethylpiperidyl-1-oxy (TEMPO) was more 
effective, which led to a higher conversion of 1a with 
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observation of PSR products 3aa/4aa/5aa if acetic acid was 
used as the solvent (entry 2). Further condition screening 
showed that reduced temperature (entry 3) and higher 
catalyst loadings could enhance the selectivity for 3aa (entries 
4-5). Employing pure oxygen as the oxidant also led to a higher 
selectivity (88%) and a higher yield of 3aa (entry 6). As 
observed, TBN, TEMPO, and acetic acid are all crucial for this 
reaction (entries 7-9).

Table 1. Condition Screening for aerobic oxidative PSR of 
tryptamine with benzyl alcohol.a

N
H

NH2 Ph OH

1a 2a
N
H

NH

Ph
3aa

N
H

N

Ph
N
H

N

Ph
+ +

4aa 5aa

+
conditions

entry cat. (mol%) sol., atm., T con.% 
(3/4/5)b

3aa%c

1 MOH (50)d DCE, air, 100 oC - NP

2
TBN (10)

TEMPO (10)
AcOH, air, 100 oC

94 
(26/61/14)

24

3
TBN (10)

TEMPO (10)
AcOH, air, 80 oC 65 (69/23/5) 45

4
TBN (20),

TEMPO (20)
AcOH, air, 80 oC 85 (52/38/8) 44 (30)

5
TBN (30)

TEMPO (30)
AcOH, air, 80 oC 92 (62/29/9) 57 (51)

6
TBN (30)

TEMPO (30)
AcOH, O2, 80 oC >99 (88/9/3) 88 (82)

7 TBN (30) AcOH, air, 80 oC - -
8 TEMPO (30) AcOH, air, 80 oC 30 (47/53/0) 14

9
TBN (30)

TEMPO (30)
AcOH,e O2, 80 oC 98 (8/55/36) trace

a Unless otherwise noted, the mixtures of 1a (0.5 mmol), 2a (1.2 
equiv.), catalyst, and solvent (0.5 mL) in a 100 mL Schlenk tube was 
heated and then monitored by TLC/GCMS. bConversion of 1a and 
3/4/5 ratios are based on GCMS analysis. cGC yields (isolated yields in 
parenthesis) based on 1a. dMOH: LiOH, NaOH, KOH, CsOH. eWith only 
1.5 equiv. AcOH.

Various substituted alcohols and tryptamines were then 
investigated to extend the scope of the method (Table 2). Like 
the model reaction (Table 2, entry 1), electron-rich benzylic 
alcohols, including the sterically more bulky ortho-substituted 
ones, all afforded good to high yields of the THBCs (entry 2-6). 
The reactions of electron-deficient alcohols were less efficient 
(entries 7-13), but the yields could be improved by adding 
more catalysts or the alcohols (entries 8-12). For p-nitrobenzyl 
alcohol (entry 13), a satisfactory yield of the product could be 
obtained by using excess 1a and more catalysts at a milder 
temperature of 40 oC. Similar to benzylic alcohols, the more 
bulky 1- and 2-napththylmethanols and heteroarylmethols (3-
pyridylmethanol and 2-thienylmethanol) also afforded the 
target products in moderated to good yields (entries 14-17). 
The products’ yields could also be enhanced using more 
alcohols (entries 15-17). Possibly due to the high activity and 
low stability of the generated cinnamyl aldehyde, only trace 
product was observed in the reaction of cinnamyl alcohol 
(entry 18). Thus, by adding more catalysts and the cinnamyl 

alcohol, a satisfactory yield of the product could be obtained 
at a lower temperature of 40 oC.

Table 2. Scopes of substrates for construction of THBC scaffold.a

N
NHR2

R OH

1
2

N
NR2

R3
+

R3

TBN (30 mol%)
TEMPO (30 mol%)

AcOH, O2, 80 oC, 24 h
R3

N
H

NH

Ph
N
H

NH

OCH3

N
H

NH

CH3

N
H

NH

CH3

N
H

NH

CH3

N
H

NH

F

N
H

NH

Cl

N
H

NH

Br

N
H

NH

CF3

N
H

NH
N
H

NH

Cl Cl

N
H

NH

t-Bu

(1) 82% (88% sel.)
1.71 g (10 mmol, 69%)

(2) 94% (3) 89% (4) 80%

(5) 91% (6) 71% (7) 75% (8) 64%; 78%b

(10) 65%; 80%b(9) 53%; 72%b (11) 60%; 83%c

R1

3ah

R1

3aa

3ab 3ac 3ad

3ae 3af 3ag

3ai 3aj 3ak 3al
NO2

(12) 56%; 76%b

N
H

NH

N
H

NH

H3C

N
H

NH
F

N
H

NH

N
H

NH

N
H

NH

S

N
H

NH

Cl

N
H

NH

MeO

N
H

NH

N

N
H

NH

n-C6H13

(16) 63%; 75%c

(17) 47%; 77%c

(15) 65%; 80%c

(18) trace; 69%b,c,e

(24) 58%; 79%f(23) 61%; 92%f

(26) 43%; 64%[f](25) 78% (A)

N
H

N
CH2Ph

(27) 63%

N
H

NH

(14) 74%

N
H

NH

(20) 53% (A)(19) NP; 44% (A)

(21) 43% (A)

N
H

NH

n-C8H17

(22) 37% (A)

N
H

NH

n-C11H23

N
H

N
n-C7H15

(28) 71%

N
NH

CH3

(29) 78%

N
NH

Ph

(30) 72%

3av 3ba 3ca

3fa

3am 3an 3ao 3ap

3aq 3ar 3at3as

3au

3da 3ea

3ga 3ha 3ia

NO2
(13) trace; 67%b,d,e

a See entry 6 of Table 1 for detailed conditions. For alternative conditions (A) 
for aliphatic alcohols, solvent AcOH was replaced by 1.5 equiv. TFA and 0.5 
mL of the corresponding alcohol (100 oC). bTEMPO (0.5 equiv.), TBN (0.5 
equiv.). c2.0 equiv. of 2. d0.5 mmol 2, 2.0 equiv. of 1. e40 oC. fTEMPO (0.15 
equiv.), TBN (0.15 equiv.), 60 oC.

Aliphatic alcohols were then investigated, but no product 
was initially observed, which may be due to their low 
reactivities in aerobic oxidation reactions. Condition 
modification revealed that heating 1a at 100 oC using 2s as the 
solvent and 1.5 equiv. trifluoroacetic acid the additive could 
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successfully afford the target product 3as (Table 2, entry 19). 
These conditions were then applied to 2-phenylethanol, 
longer- and shorter-chained aliphatic alcohols, all affording the 
target products successfully (entry 20-22).

For Ar-substituted tryptamines with electron-donating or –
withdrawing groups, all gave slightly lower yields of the 
products than the model reaction (Table 2, entries 23-26). 
Then, it was found that reducing both the catalyst loadings and 
the temperature could enhance the yields of the products. This 
may be due to the activation of tryptamine by the substituents. 
For N-substituted tryptamines, it seemed N-substitution at 
either the indole or the amino moiety does not affect the 
reaction at all. Thus, good yields of the products were easily 
obtained with either N-benzyl, -alkyl, or -phenyl substituents 
(entries 27-30). Moreover, a 10 mmol scale reaction of 1a and 
2a was performed to test the synthetic practicality of the 
present method. The reaction afforded 1.71 gram of 3aa (69% 
isolated yield, entry 1), revealing that the method is indeed 
synthetically practical.

Besides, unlike 3-pyridylmethanol (1p) that gave THBC 3ap 
as the product (Table 2, entry 16), the reaction of 2-
pyridylmethanol (2w) selectively afforded dihydro-β-carbolines 
(DHBC) 4aw in 77% isolated yield under the same conditions 
(eq. 1). Thus, a series of DHBC 4bw-4dw could be obtained in 
good yields starting from 2w.

N
H

N

N

N
H

N

N

MeO

N
H

N

N

H3C

N
H

N

N

F

4aw, 77%

4cw, 70%4bw, 81% 4dw, 71%

(1)
N
H

NH2

1a
+

TBN (30 mol%)
TEMPO (30 mol%)

AcOH, O2, 80 oC, 24 h

N
OH

2w

We then turned our attention to β-carbolines (BCs), 
another class of biologically and pharmacologically active 
alkaloids17 that were mostly obtained by dehydrogenation18 or 
oxidation19 of THBCs. To date, examples for direct preparation 
of BCs from aldehydes and tryptamines, even via one-pot 
stepwise dehydrogenation20 or oxidation21 methods, were still 
very limited. Therefore, direct construction of BCs from 
alcohols may be a challenging task, but it may also be a 
meaningful and practical advance in the field if a one-pot 
straight method can be successfully developed. 

In initial screening of the reaction conditions (Table 1), the 
observed selectivities for 5aa suggested that BC construction 
may be promising but modification is still necessary.22 Hence, 
at higher temperatures, the reaction of 1a and 2a got tarred 
and gave only moderate yields of 5aa (130 oC, 53-69%). 
Additives were also found not helpful to the reaction. Then, by 
keeping the reaction at 80 oC to avoid getting tarred, the yield 
of 5aa could be improved by adding more catalysts. Thus, with 
100 mol% catalysts being the best condition, the reaction 
afforded 5aa in 98% selectivity and 85% isolated yield (Table 3, 
entry 1). Like 2a, both electron-rich and -deficient benzylic 
alcohols including the more bulky ortho-substituted ones 
(entries 5, 13) all gave good to high yields of the BC products 

(entries 2-14). Similarly, heteroarylmethanols (2-, 3-, and 4-
pyridylmethols and 2-thienylmethanol) also afforded good to 
high yields of the products (entries 15-18). Under the present 
conditions, cinnamyl alcohol also afforded a satisfactory yield 
of the target 5ar (entry 19), which could be enhanced at a 
lower temperature. In addition, most substituted tryptamines 
afforded moderate to good yields of the target products 
(entries 20-26). Moreover, tryptophan methyl ester that was 
not suitable for THBC construction under prior conditions also 
afforded the target BC 5ka in a moderate yield (entry 27).

Table 3. Scopes of substrates for construction of BC scaffold.a

N
NH2 R OH

2
1

N
N

Ph
5

+

R3

TBN (100 mol%)
TEMPO (100 mol%)

AcOH, O2, 80 oC, 24 h R3

N
H

N N
H

N

OCH3

N
H

N

CH3

N
H

N

CH3
(1) 5aa, 85%

(98% sel.) (2) 5ab, 78% (3) 5ac, 80% (4) 5ad, 71%

N
H

N

CH3

(5) 5ae, 74%

N
H

N

F

N
H

N

Cl

N
H

N

t-Bu
(6) 5af, 71% (7) 5ag, 84% (8) 5ah, 61%

N
H

N

Br

N
H

N

Cl Cl

(10) 5aj, 74%(9) 5ai, 88%

N
H

N

CF3

N
H

N

NO2

(11) 5ak, 83% (12) 5al, 90%

R1
R1

R2 R2

N
H

N

S

N
H

N
N
H

N
N
H

N

N

N
H

N

N
H

N
F N

H
N

Cl

N
H

NN
H

N

N

N
H

N

MeO
(17) 5ax, 87%

(15) 5ap, 80%

(18) 5aq, 70%

(13) 5an, 64% (14) 5ao, 69%

(19) 5ar, 58%, 66%b (20) 5ba, 75%

(22) 5ca, 82% (23) 5da, 70% (24) 5ea, 25%, 47%c

N
H

N

COOMe

N
N

Me
N

N

Ph

(25) 5ha, 72% (26) 5ia, 52% (27) 5ka, 51%

H3C

N
H

N

N

(16) 5aw, 65%

N
H

N

(21) 5ja, 73%

MeO

a The mixtures of 1a (0.5 mmol), 2a (1.2 equiv.), TBN (100 mol%), and 
TEMPO (100 mol%) in AcOH (0.5 mL) in a 100 mL Schlenk tube was 
sealed under O2 and heated at 80 oC fro 24 h. b2.0 equiv. of 2, 40 oC, 24 
h. cTEMPO (50 mol%), TBN (50 mol%).

Based on above results, this alcohol-based PSR method 
was also applied to tryptophan as it’s more stable, more 
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available, and more economic, and the potential 
decarboxylation is also a green process. To our knowledge, not 
to mention the reaction of tryptophan with alcohols, even the 
one-pot decarboxylative PSR of tryptophan with aldehydes 
was not known yet; whereas, only stepwise methods have 
been described in the literature so far.23 Therefore, as shown 
in eq. 2, although the reaction of tryptophan (6) and 2a may 
require further condition optimization, preliminary 
investigation showed that a moderate yield of 5aa could be 
obtained under similar conditions. This result revealed the 
potential application of this alcohol-based PSR to tryptophan-
type substrates.

N
H

NH2 Ph OH

6
2a

5aa: 52%

+
AcOH, 80 oC, 24 h

COOH

TBN/TEMPO (100/100 mol%), O2 (2)N
H

N

Ph

As to the mechanism of the present PSRs, firstly, it was 
observed that a high yield of PhCHO (6a) could be generated 
from PhCH2OH (2a) under the standard conditions (eq. 3).22 
Besides, no reaction occurred without TEMPO (Table 1, entry 7) 
and using TEMPO alone led to only low yields of the product 
(Table 1, entry 8). Therefore, TEMPO may work as the direct 
oxidant to oxidize the alcohols to the aldehyde intermediates, 
and TBN (the NO source) may serve as the catalyst for 
TEMPOH re-oxidation to TEMPO via generation of NO and NO2 
in the presence of O2. The above findings are consistent with 
those observed in NO equivalents/TEMPO-catalyzed aerobic 
alcohol oxidation reactions.16 

TBN (30 mol%)
TEMPO (30 mol%)

AcOH, O2, 80 oC, 24 h
Ph OH Ph O

2a 6a, 92%
(3)

N
H

NH2 +
MS 4Å

CH2Cl2, N2, rt, 18 h

7aa, 94%1a

N
H

N
Ph O

6a Ph

(4)

AcOH
N2, rt, 24 h N

H
NH

Ph
3aa, 92%

N
H

NH2 +

1a

Ph O
6a

(6)

N2, rt, 24 h (5)

7aa

N
H

N

Ph

AcOH

N
H

NH

Ph
3aa, 95%

TBN (100 mol%)
TEMPO (100 mol%)

AcOH, O2, 80 oC, 24 h
(7)N

H
N

Ph
N
H

N

Ph
+

3aa 4aa, 1% 5aa, 83%

N
H

NH

Ph

Moreover, the reaction of tryptamine (1a) and 
benzaldehyde (6a) in a neutral solvent CH2Cl2 could lead to 
isolation of imine intermediate 7aa in a high yield (eq. 4),22,24 
which could further cyclize to give a high yield of 3aa in the 
standard solvent AcOH at room temperature (eq. 5), without 
detecting other possible products 4aa and 5aa.22 Similarly, the 
reaction of 1a and 6a in AcOH at room temperature could 
directly lead to 3aa in a high yield without detecting 4aa and 
5aa, either (eq. 6).22 Then, aerobic oxidation of 3aa under the 
standard conditions for BC construction (see Table 3) afforded 
1% yield of 4aa and 83% yield of 5aa as detected by GC (eq. 
7),22 revealing that DHBCs and BCs are indeed the oxidation 
products of the THBCs as documented in the literature.18,19 

On the other hand, although exposing 7aa (or the mixture 
of 1a and 6a) to O2 in AcOH could lead to a good yield of 3aa 
along with lower yields of 4aa and 5aa at room temperature 
(eqs. 5-6), no 3aa was observed when the same reaction was 
performed at 80 oC, with detection of considerable amounts of 
unreacted 7aa along with 4aa and 5aa (eq. 8).22 These results 
not only confirmed again that 4aa and 5aa should be the 
aerobic oxidation products of 3aa, but may also support that 
the conversion of 7aa to 3aa is an equilibrium.1-9 That is, in the 
absence of any facilitating reagents, 3aa may convert back into 
7aa at elevated temperatures. Interestingly, addition of 
standard loadings of TBN and TEMPO to the above reaction 
could lead to complete conversion of 7aa, a good yield of 3aa, 
along with low yields of 4aa and 5aa (eq. 9).22 This means that 
TBN/TEMPO or their derivatives may work as the facilitating 
reagent to promote the cyclization of 7 to 3, thus providing 
high selectivities and high yields of THBC 3 and BC 5, 
respectively, under the corresponding optimized conditions 
(vide supra). However, although we also tried more control 
reactions and as rather complicated results were obtained, it is 
still unclear at present how TBN/TEMPO facilitated these 
alcohol-based PS reactions.
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AcOH

7aa
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+
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N
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(8)

TBN (30 mol%)
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AcOH, O2, 80 oC, 24 h
N
H

N
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N
H

N

Ph

+

7aa
3aa, 56% 4aa, 16% 5aa, 28%

N
H

NH
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+N

H

N
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(9)

47% remained unreacted
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t-BuNO2 NO NO2

O2

TEMPO TEMPOH

OHR OR
N
H

NH2

N
H

NH

R

- H2O

N
H

NH

R

AcOH

[O]

2

1

3

4 or 5

6 N
H

N

R
7

80 oC
[TBN]

[TEMPO]
AcOH

Scheme 2. Proposed reaction paths for the alcohol-based PSRs: 
[TBN] and [TEMPO] means their derivatives or active 
facilitating reagents generated from TBN and TEMPO.

Based on above findings and the literature knowledge,1-9,16 
as shown in Scheme 2, TEMPO may work to directly oxidize the 
alcohols (2) to aldehydes (6) with itself being transformed into 
TEMPOH. Meanwhile, TBN (the NO source) may firstly 
generate NO, which is oxidized by O2 to give NO2. NO2 then 
oxidizes TEMPOH to regenerate TEMPO. On the other hand, 
tryptamines (1) may condense with 6 to firstly give imine 
intermediates 7, which quickly cyclizes to THBC 3 in AcOH. As 
can be implied by the control reactions (eq. 8),22 this step may 
be an equilibrium, so that the absence of a facilitating reagent 
may convert 3 back into 7 at higher temperatures; while 
facilitated by the presence of TBN/TEMPO or their derivatives, 
7 can readily convert into 3. Upon formation of 3, under the 
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corresponding optimized controlled conditions, this alcohol-
based PSRs can selectively afford THBC 3 as well as DHBC 4 or 
BC 5 via further aerobic oxidation by O2.

Conclusions
In conclusion, the biologically and pharmaceutically significant 
tetrahydro-β-carboline and β-carboline scaffolds can now be 
selectively obtained by a mild and direct aerobic oxidative 
Pictet–Spengler reaction of tryptamines with alcohols in only 
one step using TBN/TEMPO as the catalyst, oxygen the oxidant, 
and acetic acid a green solvent. This new method is more 
advantageous than the known methods for tetrahydro-β-
carboline and β-carboline construction from aldehdyes, not 
only because the greener alcohols, transition metal-free 
catalyst, and waste-free oxidant O2 can be used, but because 
the synthetic and purification processes can be greatly 
shortened and simplified, i.e., overall efficiency for 
construction of β-carboline scaffolds is greatly enhanced. 
Moreover, this method has a relatively broad scope of 
substrates, and can be extended to dihydro-β-carboline 
synthesis and applied to the more available and more 
economic tryptophan. Interestingly, TBN and TEMPO are not 
only the oxidation catalyst for the reaction, they are also found 
to be capable of facilitating the cyclization of imine 
intermediates into the THBC products though the reason was 
still remained to be clarified. Further extension and 
applications of the TBN/TEMPO-catalyzed aerobic oxidative 
cyclocondensation method in construction of other 
heterocycle compounds are still in progress in this group.
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