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We report an efficient halogen bond-catalyzed Pictet—Spengler
reaction using diaryliodonium salts as catalysts as a metal-free
alternative to traditional acid catalysis. Through systematic optimi-
zation, exceptional catalytic activity was achieved with only
0.5 mol% of a simple dibenzoiodolium with a perfluorinated borate
counterion. The protocol demonstrates a broad substrate scope,
converting various N-protected tryptamines and diverse carbonyl
compounds (aromatic, heteroaromatic, and aliphatic aldehydes)
into the corresponding tetrahydro-p-carbolines (THBCs) in up to
98% yield. The reaction versatility was further demonstrated by a
successful oxa-variant using tryptophol. Control experiments
revealed the crucial role of halogen bonding in ensuring efficient
reaction progress.

The tetrahydro-B-carboline (THBC) skeleton represents a struc-
tural key element of thousands of naturally occurring and
synthetically accessible indole alkaloids." Due to their privi-
leged potential as pharmacologically and biologically active
motifs, such as Tadalafil (Scheme 1A) for male erectile
dysfunction,” (+)-vincamine for the treatment of primary degen-
erative and vascular dementia,® or as a novel and selective
inhibitor of the translocator protein (ONO-2952),* this struc-
tural framework has emerged as a key research target.’

Since the first synthetic approach of THBCs was introduced
by Pictet and Spengler in 1911,° various synthetic protocols
have been well-documented utilizing Lewis- and Brensted acids
as well as organocatalysts and enzymes.” In most cases, the
reaction proceeds in a two-step manner: first, condensation of a
carbonyl derivate with an amine followed by cyclization of the
in situ formed iminium to the desired THBCs.

Besides its role in crystal engineering,® molecular recognition’
and medicinal chemistry,'® halogen bonding'* (XB) has recently
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been established as a novel mode of interaction in non-covalent
organocatalysis (Scheme 1B).'? Hypervalent iodine com-
pounds,”® more precisely cyclic diaryliodonium salts,* have
been employed as more powerful XB donors compared to their
iodine(1) analogs, particularly for the activation of neutral Lewis
bases.'® These strong Lewis acids were already described to
efficiently activate carbonyl derivates, for example, in the Diels-
Alder,'® Michael'” or Groebke-Blackburn-Bienaymé reaction.'®
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Scheme 1 (A) Overview of the Pictet—Spengler reaction and pharmaco-
logically active THBBC:s. (B) I(n) Derivates in halogen bond (XB) catalysis. (C)
This work: XB-catalyzed Pictet—Spengler reaction.
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Herein, we report a successful deployment of diaryliodo-
nium salt catalysts for the activation of carbonyls in an
XB-catalyzed Pictet-Spengler reaction using N-protected trypta-
mines as the amine source to form THBCs (Scheme 1C).

We started our investigations by examining the Pictet-Spen-
gler reaction of N-benzyl-protected tryptamine 1a (Scheme 2A)
and benzaldehyde (2a) to potentially yield THBC 3aa. Using
CDCl; as the solvent, we initially followed the reaction progress
in an NMR tube via "H-NMR spectroscopy for various mono-
cationic iodolium salts 4a-c and their heteroatom-bridged six-
membered analogs 5a,b. By variation of the counteranion for
iodolium salt 4, we observed the following trend in reactivity:
B(CeFs),~ > BArf,~ > OTf , with the perfluorinated borate as
the superior counterion, yielding 3aa in 81% after 48 h. In
comparison, heteroatom-bridged iodonium salts 5a and 5b
have shown diminished catalytic activity, which results in only
moderate yields of up to 65% after the indicated time. In
contrast to our previous studies about dicationic N-hetero-
cyclic iodazolium salts 6a-d in XB catalysis,"””'® the more easily
accessible dibenzoiodolium salt 4a outperforms them in this
reaction after 48 h (Scheme 2B). Only the C-bound pyrazole 6d
has shown a comparable conversion rate with 78% yield after
the indicated time. In the initial 4 h, catalysts 6a and 6d showed
surprisingly higher activity than 4a (see ESI,f for detailed
analysis). While we are still investigating the mechanistic basis
for this enhanced early-stage performance, these findings
demonstrate the value of accessing diverse diaryliodonium
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salts as catalysts, as their varying reactivity profiles can be
optimized for specific applications.

To validate the role of halogen bonding in this reaction, we
performed several control experiments (Scheme 2C). Neither
common Lewis acids (BF;-OEt,) nor strong Brensted acids
(TFA) effectively catalyzed the reaction, with yields remaining
below 10% after 48 h. The use of NaB(CeFs), or H(OEt,),
B(C¢Fs), as activators resulted in a reduced yield of 50% and
52%, respectively. Also, reactions of 4a with NBu,Br or
NaB(CeFs), and 15-crown-5 gave no product. These findings
underscore the essential role of the iodolium for the activation.
Next, we optimized the reaction under batch conditions
(Scheme 2D) starting with 5 mol% of 4a. Screening of different
solvents indicated the necessity of aprotic less polar solvents for
a positive reaction outcome (entries 1-4), with CHCIl; as the
preferred one to give 3aa in 79% yield after 24 h. Highly polar or
protic solvents yielded the product only in traces (entry 5).
Further optimization of the reaction temperature and the
catalyst loading revealed, that the latter could be stepwise
decreased to 0.5 mol% at an elevated temperature of 80 °C in
24 h with an isolated yield of 89% (entries 6-11).

With these optimized conditions (Scheme 2D, entry 11), we
investigated the generality of our Pictet-Spengler approach.
First, we upscaled our method (5.00 mmol), which confirmed
the scalability with a yield of 91%. We explored a range of para-
substituted benzaldehydes (2) as coupling partners and found
that the reaction performed well regardless of their electronic
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Scheme 2 Catalyst comparison and reaction optimization. (A) Comparison of both monocationic XB catalysts 4 and 5 and various weakly coordinating
anions. (B) Comparison of 4a and dicationic N-heterocyclic iodazolium salts 6. (C) Control experiments. (D) Optimization of the reaction conditions
under batch conditions (0.1 mmol scale) with additional stirring. Yields were determined via *H-NMR spectroscopy with TES as the internal standard.

Isolated yields are in parentheses.
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Scheme 3 Substrate scope of the XB-catalyzed Pictet—Spengler reaction. General reaction conditions: 1 (0.1 mmol), 2 (1.1 eq.), 4a (0.5 mol%), CHCls

(0.1 M), 80 °C, 24 h. 5.00 mmol scale.

properties, delivering products 3ab-ah in high yields (79-94%,
Scheme 3). Extended n-systems, like the naphthyl-substituted
product 3ai, are suitable substrates as well, with a yield of 93%.
With the anthracenyl derivate 3aj, the yield dropped to 38%,
mainly due to the steric influence of the system in the ring
closure step. This phenomenon was also observed for the
sterically-hindered 2,6-dimethylbenzaldehyde, resulting in a
low yield of 25% for 3am. Hydroxy-substituted aldehydes could
be successfully transformed into the Pictet-Spengler products
3ak and 3al with yields of 68% and 71%.

The highly electron-deficient perfluorinated benzaldehyde
gave 3an in 91% yield. The reaction of tryptamine l1a with
aliphatic aldehydes was likewise suitable with yields of up to
94% for tetrahydro-p-carbolines 3ao-aq. Only by using the

4830 | Chem. Commun., 2025, 61, 4828-483]1

cinnamaldehyde the yield significantly dropped to 43% for
3ar, probably due to further unexplored side reactions of the
contained double bond. We were further interested in the
formation of heteroarene-substituted THBCs. While pyridinyl-
substituted aldehydes yielded the desired products 3as and 3at
in up to 93% yield, the five-membered N-heterocycles indole or
pyrrole, resulted in slightly diminished yields of 74% and 45%,
respectively. Furanyl- and thiophenyl-substituted analogs 3aw
and 3ax as well as the bis-heteroatom-containing heterocycles
3ay and 3az were obtained in up to 98% yield. Different
N-benzyl-protecting groups were tested further to expand the
substrate scope of the developed method. Using electron-
donating and electron-withdrawing groups or extended
n-systems, the Pictet-Spengler products 3ba-da were obtained

This journal is © The Royal Society of Chemistry 2025
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in yields of up to 96%. N-Methylation of the indole proved
compatible with the reaction conditions, furnishing 3ea in 91%
yield, indicating that a free NH is not required for reactivity.
Further substitution of the indole moiety on the annulated
aromatic ring indicates independence of the reaction mecha-
nism from electronic or steric properties with yields from 88%
to 96% for the desired products 3fa-ja. With the protected
p-tryptophan as the starting material, we exclusively observed
the diastereoselective formation of 3ka in 88% yield. This
phenomenon has already been described and studied in the
literature for various N-benzyl-protected tryptophans.”® It is
known that ketones instead of aldehydes are suitable reagents
in Pictet-Spengler reaction as well, however, mostly under
harsher conditions.”” We also investigated substituted aceto-
phenones and cyclohexanone but observed no product for-
mation. Among the tested ketones, only isatin provided the
desired product 7e in an unexpectedly high 89% yield. The
methodology also proved effective for the oxa-Pictet-Spengler
variant, converting tryptophol and benzaldehyde to product 8
in 67% yield.

We have developed an efficient halogen bond-cataly-
zed Pictet-Spengler reaction using dibenzoiodolium tetrakis-
(pentafluorophenyl)borate, achieving high yields with only
0.5 mol% catalyst loading. This metal-free protocol demon-
strated exceptional scope, converting 38 different substrates to
the corresponding tetrahydro-f-carbolines in up to 98% yield.
The reaction tolerates diverse functional groups and operates
under mild conditions, offering advantages over traditional
acid catalysis. Beyond methodology development, this study
highlights the utility of readily accessible diaryliodonium salts
as tunable halogen bond donors, expanding their potential in
organic synthesis.

Data availability

Experimental procedures and analytical data (‘H-, *C- and
'9F-NMR-chemical shifts, IR-bands, melting points) including
the corresponding NMR-spectra for unknown compounds can
be found in the ESI.}

Conflicts of interest

There are no conflicts to declare.

References

1 (a) T. Herraiz and J. Galisteo, J. Agric. Food Chem., 2003, 51,
7156-7161; (b) J. R. F. Allen and B. R. Holmstedt, Phytochemistry,
1980, 19, 1573-1582; (¢) P. Maity, D. Adhikari and A. K. Jana,
Tetrahedron, 2019, 75, 965-1028; (d) J. P. Soni, Y. Yeole and
N. Shankaraiah, RSC Med. Chem., 2021, 12, 730-750; (e) S. Aaghaz,

This journal is © The Royal Society of Chemistry 2025

o

10

11

12

13

14

15

16

17

18

19

20

View Article Online

ChemComm

K. Sharma, R. Jain and A. Kamal, Eur. J. Med. Chem., 2021,
216, 113321.

A. Daugan, P. Grondin, C. Ruault, A. C. Le Monnier De Gouville,
H. Coste, J. Kirilovsky, F. Hyafil and R. Labaudiniere, J. Med. Chem.,
2003, 46, 4525-4532.

P. K. Fischhof, R. Modslinger-Gehmayr, W. M. Herrmann,
A. Friedmann and D. L. Russmann, Neuropsychobiology, 1996, 34,
29-35.

K. Mitsui, T. Niwa, Y. Kawahara, N. Morimoto, K. Ohmoto, M. Kato,
Y. Yamaura, N. Yoshimoto, H. Suna and S. Katsumata, Neuropharmacology,
2015, 99, 51-66.

J. Stockigt, A. P. Antonchick, F. Wu and H. Waldmann, Angew.
Chem., Int. Ed., 2011, 50, 8538-8564.

A. Pictet and T. Spengler, Ber. Dtsch. Chem. Ges., 1911, 44,
2030-2036.

(@) E. D. Cox and ]J. M. Cook, Chem. Rev., 1995, 95, 1797-1842;
(b) W. Yan, H. M. Ge, G. Wang, N. Jiang, Y. N. Mei, R. Jiang, S. J. Li,
C.]. Chen, R. H. Jiao, Q. Xu, S. W. Ng and R. X. Tan, Proc. Natl. Acad.
Sci. U. S. A., 2014, 111, 18138-18143; (c¢) R. N. Rao, B. Maiti and
K. Chanda, ACS Comb. Sci., 2017, 19, 199-228; (d) C. Zheng and
S.-L. You, Acc. Chem. Res., 2020, 53, 974-987; (e) A. Calcaterra,
L. Mangiardi, G. Delle Monache, D. Quaglio, S. Balducci,
S. Berardozzi, A. lazzetti, R. Franzini, B. Botta and F. Ghirga,
Molecules, 2020, 25, 414; (f) Y. Du, A. Semghouli, H. Mei, L. Kiss
and J. Han, Adv. Synth. Catal., 2024, 366, 3050-3084.

(@) P. Metrangolo, F. Meyer, T. Pilati, G. Resnati and G. Terraneo,
Angew. Chem., Int. Ed., 2008, 47, 6114-6127; (b) L. C. Gilday,
S. W. Robinson, T. A. Barendt, M. J. Langton, B. R. Mullaney and
P. D. Beer, Chem. Rev., 2015, 115, 7118-7195.

(@) M. S. Taylor, Coord. Chem. Rev., 2020, 413, 213270; (b) R. Kampes,
S. Zechel, M. D. Hager and U. S. Schubert, Chem. Sci., 2021, 12,
9275-9286.

(@) R. Wilcken, M. O. Zimmermann, A. Lange, A. C. Joerger and
F. M. Boeckler, . Med. Chem., 2013, 56, 1363-1388; (b) N. K.
Shinada, A. G. de Brevern and P. Schmidtke, J. Med. Chem., 2019,
62, 9341-9356.

(@) P. Metrangolo and G. Resnati, Halogen bonding: fundamentals and
applications, Springer, 2008; (b) G. Cavallo, P. Metrangolo, R. Milani,
T. Pilati, A. Priimagi, G. Resnati and G. Terraneo, Chem. Rev., 2016,
116, 2478-2601; (c) S. Huber, Halogen Bonding in Solution, John
Wiley & Sons, 2020.

(@) D. Bulfield and S. M. Huber, Chem. - Eur. J., 2016, 22,
14434-14450; (b) R. L. Sutar and S. M. Huber, ACS Catal., 2019, 9,
9622-9639; (c) M. Breugst and J. J. Koenig, Eur. J. Org. Chem., 2020,
5473-5487.

(@) T. Wirth, Hypervalent Iodine Chemistry, Springer, 2016;
(b) A. Yoshimura and V. V. Zhdankin, Chem. Rev., 2016, 116,
3328-3435; (¢) F. V. Singh, S. E. Shetgaonkar, M. Krishnan and
T. Wirth, Chem. Soc. Rev., 2022, 51, 8102-8139.

(@) X. Peng, A. Rahim, W. Peng, F. Jiang, Z. Gu and S. Wen,
Chem. Rev., 2023, 123, 1364-1416; (b) N. Chatterjee and A. Goswami,
Eur. J. Org. Chem., 2017, 3023-3032.

R. Robidas, D. L. Reinhard, C. Y. Legault and S. M. Huber,
Chem. Rec., 2021, 21, 1912-1927.

F. Heinen, D. L. Reinhard, E. Engelage and S. M. Huber, Angew.
Chem., Int. Ed., 2021, 60, 5069-5073.

A. Boelke, T. J. Kuczmera, E. Lork and B. J. Nachtsheim, Chem. - Eur. J.,
2021, 27, 13128-13134.

M. V. II’in, A. A. Sysoeva, A. S. Novikov and D. S. Bolotin, J. Org.
Chem., 2022, 87, 4569-4579.

(@) A. Boelke, T. ]J. Kuczmera, L. D. Caspers, E. Lork and
B. J. Nachtsheim, Org. Lett., 2020, 22, 7261-7266; (b) E. M.
Galathri, T. J. Kuczmera, B. ]J. Nachtsheim and C. G. Kokotos, Green
Chem., 2024, 26, 825-831.

L. Deng, K. Czerwinski and J. M. Cook, Tetrahedron Lett., 1991, 32,
175-178.

Chem. Commun., 2025, 61, 4828-4831 | 4831


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cc06635a



