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Abstract 
 
Herein, we present the synthesis of chiral triazole-based diaryliodonium salts and their 

application as monodentate asymmetric iodine(III) derivates in halogen bond (XB) catalyzed 

reactions. These potential Lewis acids were successfully benchmarked in the vinylogous 

Mannich reaction of cyanomethyl coumarin with isatin-derived ketimine to obtain the addition 

product in up to 99% yield and >99:1 e.r. Furthermore, these halogen bond catalysts allowed 

an efficient functionalization of ketimines with various alcohols toward N,O-acetals in up to 99% 

yield and 90:10 e.r. Additionally, we studied the origin of the enantioselectivity based on Density 

Functional Theory (DFT) and the catalyst crystal structure. These unveiled the first approach 

of asymmetric induction facilitated by using σ-hole stabilized chiral moieties in iodine(III)-based 

catalysts and exclusively predicated upon XB activation. 
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Introduction 
 

Over the last years, the utilization of halogen bonding1 as a noncovalent interaction has been 

established in crystal engineering,2 molecular recognition,3 medicinal chemistry,4 and 

organocatalysis.5 Several mono- and multidentate iodine(I)-based XB donors, predominantly 

derived from dual iodo(benz)imidazolium or iodotriazolium motifs (Figure 1A), showed 

considerable strength as catalysts and can be referred to as halogen-based Lewis acids. For 

example, they efficiently catalyze halogen-abstraction reactions,6 Nazarov cyclizations,7 Diels-

Alder reactions,8 or Michael additions.9  

 

 
Figure 1. A) Iodine(I)-based activation mode in XB catalysis and commonly applied dual iodo(benz)imidazolium 
or iodotriazolium scaffolds. B) Binding mode of iodine(III)-based compounds in XB catalysis. 

After extensive research and development of novel iodine (I) catalysts, the field was extended 

to iodine(III)-based XB donors by Han and coworkers in 2015.10 They efficiently catalyzed a 

three-component Mannich reaction using electron-poor acyclic iodonium salts. Most of the 

iodine (III) XB donors so far are diaryliodonium salts with weakly coordinating anions, like BF4-, 

OTf-, or BArF-, to easily access the free cation for effective catalysis.11 The synthesis of these 

compounds is simple: Oxidation of an iodoarene followed by acid-mediated ligand exchange 

with another aryl moiety yields the desired iodonium salts in general moderate to high yields 

depending on electronic and steric effects.12 In 2017 and 2020, Legault and coworkers 

experimentally and computationally quantified the Lewis acidity of several diaryliodonium salts 

and compared them with conventional Lewis acids.13 In 2018, the concept of Lewis acid-

mediated catalysis was further examined by Huber and coworkers, verifying the XB-mediated 
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mechanism for diaryliodonium salts in halogen abstractions and Diels-Alder reactions.14 

Therein, they could show that ortho-substitution in cyclic diaryliodonium salts leads to blockage 

of the XB axis and results in deactivation of the catalyst (Figure 1B). In particular, cyclic 

iodonium salts have shown promising activity, and the more rigid structure compared to their 

acyclic counterparts can benefit their XB ability. In the following years, the research was 

focused on the development of stronger diaryliodonium salt-based XB catalysts. While Huber 

and coworkers established a thiophene-based bis-iodonium salt as a very potent bidentate XB 

donor,15 Nachtsheim and coworkers were able to obtain similar or even higher activity in 

several benchmark reactions by introducing N-heterocyclic iod(az)olium salts and especially 

their N-methylated derivates.16 

Most XB donors utilized so far were of an achiral nature,5 with enantioselective adaptations of 

these catalytic processes being relatively underexplored. Several factors contribute to the 

increased complexity of achieving enantioinduction through XB in comparison to analogous 

hydrogen bond (HB) mediated enantioselective processes. Halogen bonding has a high 

directionality (with R-X⋅⋅⋅LB (Lewis base) angles approximating 180°), and this, combined with 

the elongated R-I and I⋅⋅⋅LB distances, results in a considerable spatial separation of the chiral 

backbone from the Lewis basic substrate. Furthermore, in contrast to hydrogen bonding, the 

design of chiral XB motifs demands a de novo approach, due to the absence of readily available 

templates. One feasible strategy to create a chiral environment proximal to the substrate entails 

integrating XB donor motifs into intricate interlocked systems.  

First promising instances of enantioselective applications emerged by the groups of Tan17 and 

Arai18. However, these examples involve XB as one interaction beside several other 

noncovalent interactions or by the introduction of Lewis/Brønsted-basic moieties to provide a 

more rigid chiral environment. In 2020, Huber and coworkers introduced novel bidentate chiral 

bis(imidazolium)-based iodine (I) halogen bond donors as the first example where the 

enantioinduction was solely reliant on XB (Scheme 1, A).19 These bidentate catalysts were 

applied to the Mukaiyama aldol reaction with glyoxylates to yield the desired products in 

moderate enantioselectivities of up to 66.5:33.5 e.r.  

Shortly afterward, Mancheño and coworkers reported a chiral tetrakis iodo-triazole system for 

enantioselective anion-binding catalysis.20 While first obtaining comparable low 

enantioselectivities for a Reissert-type reaction, they just recently published a novel fine-tuning 

substrate-catalyst halogen-halogen interaction strategy to enable high enantiocontrol with up 

to 95:5 e.r. for the same reaction type.21 In 2021, the first and so far only catalyst system for 

chiral halonium(III) based XB donors was reported by Yoshida and coworkers.22 They used the 
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common chiral binaphthyl moiety with an additional HB donor to effectively catalyze the 

functionalization of isatin-derived ketimines in the vinylogous Mannich reaction with 

cyanomethyl coumarins or by simple addition of thiols in up to 98:2 e.r.23 

 

 
Scheme 1. A) Previously reported halogen bond (XB) catalysts for asymmetric transformations. B) This 

work: Synthesis of novel chiral triazole-based diaryliodonium salts and their application in XB catalysis. 

In the present work, we want to present a novel catalyst system for underexplored 

enantioinduction by chiral iodine (III) based XB donors. Regarding our previously established 

and highly modular chiral triazole-based iodoarene scaffold for hypervalent iodine-mediated 

oxidative transformations,24 we were interested if this chiral sidearm can also effectively 

catalyze enantiocontrolled XB reactions. Our initial idea was to use one σ-hole of the 
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diaryliodonium salt to interfere with the chiral sidearm (O or N-coordination could be possible) 

to build up a rigid structure with a defined chiral environment and the remaining σ-hole for the 

activation of the lewis basic substrate. 
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Results and Discussion 
 

The synthesis of novel chiral triazole-based oxygen-bridged six-membered diaryliodonium 

salts 1 (Scheme 2) started from commercially available 3-hydroxybenzylalcohol (3), which was 

arylated in an Ullmann coupling with chlorobenzene followed by lithium-mediated iodination 

toward iodobenzyl alcohol 5 in 60% over 2 steps. For the five-membered diaryliodonium salts 

2, the synthesis started from readily available 3-bromo anthranilic acid (4). This compound was 

arylated in a Suzuki coupling, iodinated by Sandmeyer reaction, and followed by reduction to 

yield the corresponding benzyl alcohols 6 in high yields over 3 steps. 

 

 
Scheme 2. Synthesis of novel chiral triazole-based diaryliodonium salts 1a-c and 2a-f. Reaction 

conditions: a) i. PhCl, CuI, BPPO, K3PO4, DMSO ii. nBuLi, I2, THF; b) i. R1-B(OH)2, Pd(PPh3)4, K3PO4, 

EtOH ii. NaNO2, HCl, KI, H2O iii. BH3·DMS, THF; c) MnO2, CHCl3; d) EthynylMgBr, THF; e) CALB, 

isopropenyl acetate, Na2CO3, toluene; f) BnN3, H2O; g) R2-X, THF/DMF or R2-OTf, DCM; h) 

Selectfluor®, TfOH, MeCN or mCPBA, TfOH, DCM.  

 

The alcohols 5 and 6 were oxidized quantitatively to the corresponding aldehydes 7 with MnO2, 

followed by Grignard reaction and enzymatic resolution with CALB to the (S)-propargylic 
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alcohols (S)-8 in good yields and with excellent enantioselectivities. Afterward (S)-8 reacted 

with benzyl azide toward chiral triazole derivates 9 in high yields of up to 95%. These derivates 

were protected (Me, Bn, TIPS) nearly quantitatively toward compounds 10. Subsequently, the 

oxygen-bridged derivates (except the TIPS-substituted) were oxidized and cyclized by our 

effective method for iodaoxinium salts25 with Selectfluor® as oxidant and TfOH as acid to yield 

1a-b in up to 98%. The TIPS-substituted derivate 1c and the five-membered counterparts 2a-
f were obtained through conventional synthetic methodologies for diaryliodonium salts with 

mCPBA as oxidant and TfOH as acid in high yields of up to 99%.  

 

To explore our hypothesis on the activation of the substrate by one σ-hole and stabilization of 

the chiral moiety by the other σ-hole of the iodonium salt, the previously synthesized 

diaryliodonium salts 1 and 2 were initially benchmarked in the vinylogous Mannich reaction of 

cyanomethyl coumarin 12 with isatin-derived ketimine 13a (Table 1). 

 
Table 1. XB catalyst benchmark – Vinylogous Mannich reaction with cyanomethyl coumarin 12 and 

isatin-derived ketimine 13a toward 14. 

 
entrya XB catalyst yield / % e.r.b 

1 1a 74 >99:1 

2 1b 82 >99:1 

3 1c 69 >99:1 

4 2a 80 18:82 

5 2b 74 3:97 

6 2c 65 90:10 

7 2d 99 2.5:97.5 

8 2e 52 3.5:96.5 

9 2f (60)c 55.5:44.5 
a Reaction conditions: coumarin 12 (0.05 mmol, 1.0 eq.), isatin derivate 13a (1.1 eq.), K2CO3 (5 mol-%), toluene (0.05 M). 
b Determined via chiral HPLC analysis.  
c Product/starting material mixture (1:1). 
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Surprisingly, almost all XB donors have shown excellent enantioselectivities at room 

temperature with moderate to excellent yields in this reaction. Particularly, with all oxygen-

bridged diaryliodonium salts, the (S)-enantiomer of 14 was obtained in >99:1 e.r. (entry 1-3), 

while the benzyl-protected salt 1b has shown the highest yield of 82% among them. 

Interestingly, the methyl and benzyl-protected five-membered analogs 2a and 2b revealed an 

almost complete reversal of the stereochemistry, yielding the (R)-enantiomer in up to 80% yield 

and up to 97:3 e.r. (entry 4 and 5) while the TIPS-protected salt gave the other enantiomer in 

a moderate yield of 65% with 90:10 e.r. (entry 6). By using the more electron-poor derivate 2d, 

the yield could be increased to 99% with almost the same selectivity of 97.5:2.5 e.r. (entry 7), 

but the other analogs 2d and 2f have shown diminished yields and enantioselectivities (entry 

8 and 9). While the yields and enantioselectivities were excellent, it was difficult to achieve 

insights regarding the activity and selectivity of these catalyst class because of the almost 

complete inversion of the enantioselectivity by just changing from the oxygen-bridged iodonium 

salts to the five-membered ones 2a-f. 
 

Since we knew that the isatin-derived ketimine 13a could be excellently activated by our 

catalysts, we investigated in a less sterically and electronically simpler nucleophilic coupling 

reagent – benzyl alcohol (15a). Unfortunately, while conducting the first reactions with our XB 

catalysts we observed only low yields and enantiomeric ratios for the formation of the desired 

product 16a beside decomposition products. Due to these circumstances, we performed a 

preoptimization of the reaction conditions (See ESI, Table S1). Under these optimized 

conditions, with K2CO3 as an additional base and toluene as the solvent, we have screened 

our triazole-based diaryliodonium salt XB catalysts at -10 °C (Table 2). It is worth mentioning 

that most of them, except the TIPS-protected iodonium salts, formed 16a in nearly quantitative 

yields, while again the oxygen-bridged iodonium salts 1a-c generally show higher 

enantioselectivities compared to their five-membered analogs 2a-f.  
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Table 2 Catalyst screening of the XB catalyzed addition of benzyl alcohol (15a) to isatin-derived 

ketimine 13a toward N,O-acetal 16a. 

 
entrya XB catalyst time / min yield / % e.r.b 

1 1a 60 98 69:31 

2 1b 60 99 76:24 

3 1c 20 58 65:35 

4 2a 60 97 64:36 

5 2b 60 98 61:39 

6 2c 20 43 59.5:40.5 

7 2d 60 99 68:42 

8 2e 60 97 61:39 

9 2f 20 52 57.5:42.5 
a Reaction conditions: isatin derivate 13a (0.05 mmol, 1.0 eq.), BnOH (15a, 1.1 eq.), K2CO3 (5 mol%), toluene (0.05 M). 
b Determined via chiral HPLC analysis. 

 

In particular, the benzyl-protected salt 1b has shown the most promising enantiocontrol with 

76:24 e.r. Further optimizations with 1b regarding base, catalyst loading, solvent, and 

temperature have not shown any improvement in this reaction (See ESI, Table S1-3).  

With these conditions in hand, we further explored the substrate scope of this reaction 

(Scheme 3). By using the ortho methyl substituted benzylalcohol 15b the N,O-acetal 16b was 

obtained in 95% yield with an increased enantiomeric ratio of 90:10. When we used the 4-

methylbenzyl alcohol (15c) instead, we observed the same enantioinduction like for the 

unsubstituted benzylalcohol of 76:24 e.r. This indicates that there might be steric or other 

noncovalent interactions in ortho-substituted substrates and ruled out their electronic 

properties. To further explore if more bulky groups can enhance the enantiocontrol we 

conducted the reaction with the ethyl, isopropyl, and tert-butyl-substituted benzylalcohols 15d-
f. While the ethyl-substituted product 16d gave a slightly diminished enantiomeric ratio of 

84:16, the more steric product 16e was obtained only as the racemate, while the tBu-

substituted derivate 16f could not be obtained under these reaction conditions. The 2,6-

dimethyl-substituted benzyl alcohol 15g yields the product 16g in an almost similar 

enantiomeric ratio of 89:11 in comparison to the monomethyl-substituted derivate 16b but in 
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just 64% yield due to prolonged reaction times. To further rule out the steric interactions for 

enantiocontrol we were able to generate the halogen-substituted products 16h and 16i in up 

to 98% yield, while the chloro-substituted derivate gave a superior enantiomeric ratio of 77:23 

compared to the more sterically iodo-substituted counterpart with just 69:31 e.r. 
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Scheme 3. Substrate scope for the XB catalyzed addition of alcohols 15 to isatin-derived ketimines 13 
toward N,O-acetals 16. General reaction conditions: 13 (0.05 mmol, 1.0 eq.), 15 (1.1 eq), 1b 
(2.5 mol-%), K2CO3 (5 mol-%), toluene (1 mL), -10 °C, 2 h. 

 

To evaluate the effect of ortho-substituted benzylalcohols we conducted the reaction using 

phenyl-substituted benzylalcohol 15j which yielded the acetal 16j in an excellent yield of 99% 

and with 85:15 e.r. The naphthol derivate 16k was obtained in 95% yield with just 65:35 e.r. 

More coordinating groups like OMe, NO2, and CF3 led to the products 16l-n in high yields of 

up to 97% and with up to 79:21 e.r., while the heterocyclic pyridyl benzylalcohol derivate 16o 
was obtained in 95% yield with a low enantiomeric ratio of 65:35. By investigating the amide-

substituted benzylalcohol 15p as substrate, the acetal 16p was yielded in 96% with a good 

enantiomeric ratio of 85:15. This might indicate a possible intermolecular hydrogen bonding of 

ortho substituents with the isatin-derived ketimine 13a or the catalyst 1b, which can increase 

the enantiocontrol by building a more rigid system for chirality transfer. The origin of the ortho-

substituted substrate-dependent enantiocontrol is still under current investigation in our 

laboratory. We next expanded the substrate scope to alkyl alcohols. With methanol as the 

nucleophilic reagent, the product 16q was obtained in 91% yield with moderate 68:32 e.r. 

Higher levels of enantioinduction could be observed by using isopropanol to yield N,O-acetal 

16r (83:17 e.r.) in comparable yields. The more steric tBuOH led not to product formation of 

16s under the investigated reaction conditions. Furthermore, using secondary benzyl alcohols 

15t and 15u yielded the products 16t and 16u with almost the same enantioinduction (up to 

77:23 e.r.) with a diastereomeric ratio of 2:1 for derivate 16t. The reaction of isatin-derived 

ketimine 13a with phenol led to the decomposition of the starting material, while allyl alcohol 

and propargyl alcohol yielded the desired products 16w and 16x in up to 84% yield but with 

low (69:31 e.r. for 16w) or no enantioinduction. We further expanded the scope regarding 

isatin-derived ketimines 13. The N-methyl-protected derivate 16x was obtained in 89% yield 

with 65:35 e.r., while the unsubstituted ketimine 13c led to racemic product formation in 93% 

yield. This indicates that N-protection is crucial for enantioinduction with our XB catalyst. 

 

Furthermore, we were interested in the origin of enantioselectivity for our catalysts in the XB-

mediated activation of isatin-derived ketimines. The X-ray structure was obtained for the 

methyl-protected iodaoxinium salt 1a (Figure 1). This shows the typical T-shaped structure for 

iodine (III) compounds with one aryl moiety and the BF4- anion were located in apical positions. 

Interestingly, there is a clearly observable dative O-interaction derived from the methoxy 

substituent instead of an N-coordination from the triazole toward the hypervalent iodine center, 
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which was calculated to be more favorable in hypervalent iodine-mediated oxidative 

transformations.26 

 
Figure 1. X-ray structural analysis of chiral XB catalyst 1a (CCDC 2330036). Selected bond lengths (Å) 

and angles (°): I-O1: 2.63, I-F1: 2.85, C1-I-O1 155.9, C2-I-F1 167.9.  

 

With this initial information in hand and to gain more insights into the interactions of the XB 

catalyst leading to enantioinduction, computational investigations based on density functional 

theory (DFT) were performed at the B3LYP-D327/def2-TZVP28 level of theory as implemented 

in ORCA 5.0.29 The cation of the catalyst 1a and isatin-derived ketimine 13a were used to study 

possible activation complexes toward the formation of major and minor enantiomers (Figure 2, 

A). Among the different obtained activation complexes, 1a-COM (major and minor) has shown 

the most probable state of activation in accordance with previously obtained experimental 

observations. Herein, we calculated a free Gibbs energy difference between the two possible 

complexes regarding the two enantiomers of 0.8 kcal mol-1, which can already be a first 

indicator for the low enantiomeric induction through catalyst 1a. However, the calculations 

show the XB interaction for the 1a-COM (major) is stronger regarding the shorter distance 

(2.87 Å vs. 3.00 Å) and the NCI plot analysis (higher attractive interaction). It has also a more 

ordinary halogen bond interaction angle (167° vs 153°). In accordance with these results, we 

further calculated the halogen bonding complexes 1b-COM (major and minor) of our best-

performing catalyst 1b (Figure 2, B). The free Gibbs energy difference of 3.4 kcal mol-1 

between the two possible complexes is in good agreement with the experimental results 

showing a promising enantioinduction for the benzyl-substituted catalyst 1b. The main factor 

for the higher enantioselectivity compared to the methyl-substituted derivate 1a is due to a 

rising number of noncovalent interactions like CH-π or π-π interactions between the catalyst 

and the substrate. These interactions form a small pocket between the benzyl moiety of catalyst 

1b and the ketimine 13a, indicative for the experimentally observed higher enantioinduction. 
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Figure 2. Visualization of structures and NCI plots of halogen bonding complexes 1a-COM (A) and 

1b-COM (B), as obtained by DFT calculations (prepared with CYLview30 and VMD31). Structure 

optimization and frequency analysis were performed at the B3LYP-D3/def2-TZVP level of theory using 

a continuum solvation model (C-PCM)32 in toluene (ε = 2.4). The relative free energies (ΔG and ΔΔG 

in kcal mol-1) were calculated at 263 K. Color code for NCI plots: red = repulsion, green = van der Waals 

attraction/weak interaction (e.g. hydrogen bonding, halogen bonding), blue = strong interaction (e.g. 

hydrogen bonding, halogen bonding).
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Summary  
 

In conclusion, novel chiral triazole-based diaryliodonium salts were synthesized and introduced 

as effective XB donors in enantioselective halogen bond catalysis. In particular, the oxygen-

bridged iodonium salts showed high performance and good selectivity in the investigated 

functionalizations of ketimines with up to 99% yield and >99:1 e.r. Further installation of more 

electron-deficient aryl moieties, especially N-heterocycles, in the iodonium system and fine-tuned 

chiral sidearms could allow more efficient transformations in the future. These additional 

variations and their implementation into bidentate structures are under current investigation in our 

laboratory. 

 

Experimental Section 
 

Detailed optimization studies, experimental procedures, analytical data (1H-, 13C- and 19F-NMR-

chemical shifts, IR-bands, melting points, optical rotations, HPLC chromatograms) including the 

corresponding NMR-spectra, X-ray data as well as the computational details can be found in the 

supporting information.  
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