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Abstract: In the past decade halogen bond (XB) catalysis has gained considerable attention. Halo-triazoles are known XB donors, yet 

few examples detail their use as catalysts. As a continuation of our previous work the catalytic properties of substituted 

enantiomerically pure halo-triazolium salts were explored in the reaction between an imine and Danishefsky`s diene leading to the 

formation of dihydropyridinones. The catalytic activity of the XB donors was highly dependent on the choice of the halogen atom and 

on the counterion. Also, it was found that impurities in the diene affected the rate of the reaction.

Introduction

Halogen bonding is the process in which a Lewis acidic halogen atom interacts with a Lewis base.1 It has been applied mainly in 

supramolecular chemistry and its use in solution is also growing.2,3,4 Halogen bonds (XBs) are similar to hydrogen bonds (HBs), which 

have been extensively used in catalysis.5 On the other hand, some properties of XBs can be considered more advantageous than 

HBs in catalysis, namely the high directionality of XBs and the use of soft donor atoms.6,7 In 2008 Bolm et al. showed the potential of 

XBs in organocatalysis.8 Since then there have been several reports describing the use of XBs to catalyse Diels-Alder,9 Michael 

addition,10 halogen abstraction11 and other miscellaneous reactions.12 In addition, computational studies have explored the catalytic 

potential of XB donors.13 Nevertheless, the field is only starting to expand and even more importantly no examples of asymmetric 

catalysis based solely on XB activation have been reported. There are some examples of enantioselective reactions in which 

simultaneous different interactions, including XBs, are involved to achieve asymmetric induction.14 Surprisingly, there are a limited 

number of examples utilizing halo-1,2,3-triazoles and their salts as catalysts, although these compounds are known XB 

donors,9a,11b,11e,15 even more so, considering the ease of triazole synthesis via a copper-catalysed click reaction between alkyne and 

azide.16 Easy access to a wide variety of chiral azides and the opportunities to modify the triazole ring make these compounds very 

attractive potential catalysts. The catalytic activity of the triazoles can be increased via quaternization, making the core of the triazole 

more electronegative and increasing the magnitude of the  hole on the halogen atom.15c,17 We have previously shown that chiral 

halogen substituted triazolium salts form complexes with imines and thioureas, and are additionally capable of enantiodiscrimination in 

solution.18 To evaluate the catalytic potential of the triazolium salts, we used them in an aza-Diels-Alder19 reaction between imine 1 

and Danishefsky`s diene 2 (Scheme 1). 
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Scheme 1. The model reaction under study.
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In this paper we demonstrate the high catalytic activity of the triazolium salts and describe how the catalytic activity is affected by the 

structure of the XB donor. In addition, an alternative mechanistic pathway for product formation is proposed and the importance of 

diene quality is described.

Results and Discussion

First, the set of synthesised XB donors was expanded compared to the one described in our previous publication18 using the same 

general synthetic scheme (Figure 1).20 
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Figure 1.Triazolium salts used in the study.

The reaction of azide 4 derived from (R)-α-methyl benzyl amine and differently substituted aromatic 1-iodoalkynes 5 in the presence of 

copper(I)iodide and tris(1-tert-butyl-1H-1,2,3-triazolyl)methylamine (TTTA) afforded 5-iodo-1,2,3-triazole derivatives 6, which were 

converted into triazolium salts 7 or tetrafluoroborate salts 8. In addition, tetrakis-3,5-bis(trifluoromethyl)phenylborate (BARF) salt 9a 

was also synthesised. Bromotriazole 10 was obtained starting from the corresponding bromoalkyne,21  chloro derivative 11 via 

halogen exchange from 6a22 and hydrogen analogue 12 from the terminal alkyne (see Experimental Section for details). The 

substitution pattern of the phenyl ring involves various electronegative groups (6b-d). 

The electrostatic potential surfaces (ESP) of the triazoles and corresponding cationic structures (Table 1) were modelled to find

Page 2 of 17

ACS Paragon Plus Environment

The Journal of Organic Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



N
N

N

X
Ar

Ph N
N

N

X
Ar

Ph

Table 1. The most positive electrostatic potential value VS,max (a.u.) (mapped on electron density isosurface of 0.001 a.u.) 

on the halogen atom X in the XB donor structure.a

Entry Ar X VS,max Entry Ar X VS,max

1 4-NO2C6H4 I 0.1644 7 4-NO2C6H4 I 0.0597

2 3,5-(CF3)2C6H3 I 0.1642 8 3,5-(CF3)2C6H3 I 0.0589

3 C6F5 I 0.1646 9 C6F5 I 0.0570

4 Ph I 0.1565 10 Ph I 0.0479

5 Ph Br 0.1443 11 Ph Br 0.0370

6 Ph Cl 0.1350 12 Ph Cl 0.0287

aThe ESP values were modelled only for the cationic part of the XB donors 7a-d, 10 and 11 to avoid the anion having an influence on the VS,max value on X and to 

evaluate the effect of the halogen atom, aromatic substituent and positive charge on the VS,max value.

structural factors that most influenced the  hole. The DFT calculations were carried out with the Gaussian09 program23 using the 

CAM-B3LYP24 and M062X25 functional with the DEF2TZVP26 basis set. ESP values were calculated with the help of the Multiwfn 

program27 and visualisation was made with the MOLEKEL28 program. Charge has the most influence on the magnitude of the  hole 

and similarly to previous results a positive charge of the triazole core increased the size of the  hole on the halogen atom (Table 1, 

comparing entries 1-6 to entries 7-12).15c,17 Next, the polarisability of the halogen atom had a smaller influence on the size of the  

hole (Table 1, comparing entries 4-6 or entries 10-12). The aromatic substituent of the triazole ring had a more subtle influence on the 

 hole and can thus be used for the fine tuning of the properties of the catalyst (Table 1, entries 1-4). 

Calculations show, in addition to the previously obtained affinity constant of Ka(CDCl3) = 8,18 that halogen bonding between 

imine 1 and iodo-triazolium salt 7d is plausible. Interestingly, in the minimum energy structure of 7d the triflate counterion is not 

halogen bonded to the iodine atom (Figure 2, A). Based on 
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169.4o
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Figure 2. A) The most stable conformer of the XB donor 7d; B) the most stable conformer of 7d + 1 adduct.

solid state data we assumed that a XB to the counterion would be favoured.18 This conformer is stable, but higher in energy (For 

further details, see SI Figure S2 and Table S1). When imine 1 is added to the 7d system a stable adduct is formed containing an 

almost linear XB with an angle of 169.4° and a bond length of 2.943 Å (Figure 2, B). This data reveal that the activation of imine 1 by 

triazolium salt 7d using a XB is plausible.

Based on previous results by Minakata et al., the aza-Diels-Alder reaction between imine 1 and Danishefsky’s diene 2 was 

chosen as a model reaction (Scheme 1).9b Since neutral triazoles 6 showed no catalytic activity in this reaction, they were omitted from 

the later part of the study. Proceeding to catalytic experiments, we also had to take into account the solubility of the donors in 

dichloromethane. Compounds 7d and 8a were not used as catalysts because of their poor solubility. Based on the previous, triflate 7a 

was chosen as the reference catalyst in the study. A pentafluorophenyl group and a 4-nitrophenyl group have an influence on the  

hole comparable to that of a 3,5-bistrifluormethylphenyl group (Table 1, entries 1-3). Fortunately, the corresponding salts 7b and 7c 

were soluble in dichloromethane and could thus be used to probe the influence of the aromatic substituent on the reaction. Also, salts 

8c, 9a, 10, 11 and 12 were included in the study to evaluate the influence of the counterion and halogen atom. 

The reaction in the presence of triazolium salt 7a gave promising results showing high conversion of imine 1 in a reasonable 

time. Although the triazolium salts were enantiomerically pure we observed no stereoselectivity in any of the following reactions. To 

get a better understanding of the reaction, we decided to run it in CD2Cl2 with 20 mol% of the catalyst and follow it by 1H NMR, using 

p-xylene as an internal standard to determine the conversion. This change helped to reveal an unexpected lag period that preceded a 

rapid period of conversion of imine 1 to product 3 (Figure 3, purple line). 
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Figure 3. The dependence of the conversion of the model reaction on the halogen/hydrogen atom on the triazole ring of the 

catalyst.

Control experiments supported the idea that the reaction proceeded by XB activation. The hydrogen analogue 12 was 

markedly less active than 7a (Figure 3, comparing purple and grey lines). After a few days only a moderate level of conversion was 

achieved. Also, no reaction took place if TBA-Cl was added to the reaction mixture with catalyst 7a.29 Bases have been successfully 

used to exclude the possibility of Brønsted acid catalysis.9b,11f Unfortunately, the product was not formed if K2CO3, Et3N or Hünig’s 

base was added to the reaction mixture. However, in all instances we observed the decomposition of 6a into 12. This indicates 

towards an unwanted interaction between the base and the XB catalyst. Therefore, the reactions in the presence of an added base 

were inconclusive and the possibility of hidden Brønsted acid catalysis could not be ruled out. Bromotriazole derivative 10 (Figure 3, 

magenta line) exhibited a similar reaction profile to 7a with a gentler slope. The conversion of imine remained below 20% in the 

presence of chloro derivative 11 (Figure 3, green line) during the first eight hours. This is in agreement with our computations and 

previous results that have reported on the dependence of the XB donor ability on halogen atom polarisability.11c,30 Elemental halogens 

might form in solution and act as the true catalysts. To rule this out, the reaction with bromotriazolium salt 10 was run in the presence 

of cyclohexene, which should quench free Br2 and HBr.10b,11d Fortunately, we observed no change in reaction profile compared to the 

reaction with only 10 (For further details see SI Figure S4). In our opinion these results show that the catalytic activity comes from the 

halogen and the rest of the structure is relatively inactive.

The rate of the reaction was highly dependent on the quality and on the batch of the diene 2 used. The delay present in the 

reaction with 7a was different in the case of various batches of diene (Figure 4, comparing the purple line to the others).
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Figure 4. The influence of different batches of Danishefsky`s diene 2 and time after opening on the model reaction with 

catalyst 7a. 

Also, the reaction was slower when the diene was used sometime after its first use (Figure 4, comparing the brown, orange and blue 

lines). Therefore all comparable studies were carried out with the same batch of diene in a minimal time frame. Although these 

findings significantly complicate the interpretation of data, we feel confident that general observations can still be made. The lag 

period, although shorter, was still present when different batches of diene were used with the catalyst 7a. It was assumed that self-

aggregation of the catalyst may also reduce its effective concentration in solution. We have observed the dependence of the chemical 
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shift values of the catalyst on its concentration (For further details, see SI Figure S5). Therefore the delay may have been caused by 

the kinetics of deaggregation to achieve sufficient concentration of the catalyst to activate imine 1. Initially we assumed that product 

formation could increase the speed of deaggregation. To determine the influence of other reaction components on the catalyst, we 

incubated imine 1, diene 2, and product 3 in separate experiments with the catalyst for 30 minutes before adding the second reactant 

(For further details, see SI Figure S6).31 Only in the case of incubation with the diene 2 was the reaction slower than the reference 

reaction and hence compounds 1 and 3 do not accelerate the reaction through facilitating deaggregation and exclude the possibility of 

autocatalysis.32 On the other hand, diene 2 or its decomposition products might inhibit the catalyst. It is known that trimethylsilyl 

trifluoromethanesulfonate (TMSOTf) can catalyse Mannich33 reaction and Diels-Alder reaction.34 However, we did not detect the 

formation of TMSOTf by HRMS during the course of the reaction. Also, if TMSOTf is the actual catalyst then we should not observe 

any dependency of the reaction on the choice of halogen atom.

Next, the influence of the counterion on the catalytic activity was investigated (Figure 5). Surprisingly, compound 8c 
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Figure 5. The dependence of the conversion of the model reaction on the counterion of the catalyst.

containing the tetrafluoroborate counterion was completely inactive (Figure 5, red line). The BARF counterion containing compound 9a 

(Figure 5, green line) exhibited no delay at the start of the reaction. However, the reaction did not go to completion within eight hours. 

Both of these counterions are considered to be less coordinating than the triflate counterion and therefore compounds 8c and 9a 

should give a stronger XB with the imine.35 Hence, these compounds should be more active than the triflate salt 7a. Unusual and 

unpredictable influence of the counterion on the catalytic activity of the XB donors has also been described in earlier papers.11c,36,37 

The inactivity of 8c can partly be explained by its lower stability in the reaction mixture compared to the others salts (For further 

details, see SI Figure S8). On the other hand, the absence of product formation again implies that the decomposition products were 

not catalytically active. 

The influence of the aromatic substitution pattern of triflate salts 7a-c on the reaction was investigated (Figure 6). 
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Figure 6. The influence of the aromatic substituent of the catalyst on the conversion of the model reaction.

Pentafluorophenyl derivative 7b was a very efficient catalyst. The reaction was complete in almost 30 minutes (Figure 6, orange line). 

The lag period could not be observed but also not excluded on such a short time-scale with the better XB donor 7b compared to donor 

7a. When we lowered the catalyst loading of 7b from 20 to 2 mol% (Figure 6, yellow line), the lag period was again detected and the 

reaction profile was similar to that of the reaction with catalyst 7a. The reaction was almost complete within 2 hours indicating high 

efficiency of the catalyst. p-nitrophenyl derivative 7c was as active as catalyst 7a.38 

Finally, a more thorough study of NMR spectra revealed the formation of some new peaks that were converted into peaks 

corresponding to the product 3 during the course of the reaction (Figure 7). Based on HRMS and NMR analysis, 

HMe HCH2 HCHH HMe(ref)
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Figure 7. Outtake of 1H NMR spectra (CD2Cl2, 297 K, 400 MHz) from the reaction catalysed by 7a showing the methyl protons 

HMe of 1, the methylene protons HCH2 of 14, one of the methylene protons HCHH of 3, and the methyl protons HMe(ref) of p-

xylene.

this compound could correspond to the Mannich intermediate 14 (Scheme 2, A).39 It is assumed that the iodotriazolium salt 7 activates 
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Scheme 2. A) Mannich/Michael path to product 3; B) 4+2 cycloaddition path to product 3.
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imine 1 towards a nucleophilic attack of silyl enol ether. Preliminary results by Minakata et al. also showed the feasibility of using a XB 

donor to catalyse the Mannich reaction.9b The intermediate 16 is formed by cyclization via an aza-Michael reaction followed by 

demethoxylation. The target compound 3 is obtained after desilylation. The initially expected 4+2 cycloaddition pathway could also be 

at work in parallel (Scheme 2, B).40

Conclusions

Halo-1,2,3-triazole-based XB donors were successfully used as catalysts to obtain dihydropyridinone 3, although no enantioenriched 

products were formed. By modifying the structure of triazolium salts we were able to tune the catalytic properties of the XB donors to 

varying degrees. By introducing a pentafluorophenyl substituent, the catalyst loading could be lowered from 20 to 2 mol% without 

significant loss in activity. Both the choice of halogen atom and the counterion had a significant impact on the catalytic activity of the 

XB donors. Yet again, the counterion affected catalytic activity in an inexplicable way and therefore counterion effects in XB catalysis 

should receive closer examination. From a catalyst design perspective we are now interested in using different azides in the click 

reaction to move towards stereoselective XB catalysis. As the product might form through a tandem Mannich-Michael pathway, the 

catalytic potential of these compounds in the Mannich reaction could be of interest.

Experimental Section
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All commercially available reagents were used without further purification. MeOH was dried by distillation over sodium metal. All air or 

moisture sensitive reactions were carried out under argon atmosphere using oven-dried glassware. The reactions were monitored by 

thin layer chromatography (TLC) with silica gel-coated aluminum plates (Merck 60 F254) and visualized with KMnO4, anisaldehyde, 

vaniline or ninhydrine stain. Yields refer to chromatographically purified or crystallised products. 1H NMR spectra were recorded on a 

Bruker Avance III instrument at 400 MHz and are reported in parts per million (δ) referenced to the residual solvent signal (CDCl3 δ = 

7.26, CD3OD δ = 3.31 ppm, D6DMSO δ = 2.50 ppm). Data for 1H NMR spectra are as follows: chemical shift δ (ppm), multiplicity (s = 

singlet, bs = broad singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublets, m = multiplet), coupling constant J Hz, and 

relative integration. 13C{1H} NMR spectra were recorded at 101 MHz and are reported in parts per million (δ) referenced to the residual 

solvent signal (CDCl3 δ = 77.16, CD3OD δ = 49.00 ppm, D6DMSO δ = 39.52 ppm). HRMS spectra were recorded with an Agilent 

Technologies 6540 UHD Accurate-Mass Q-TOF LC/MS spectrometer by using AJ-ESI ionization. Optical rotations were obtained with 

an Anton Paar GWB Polarimeter MCP500. IR spectra were recorded on a Bruker Tensor 27 FT-IR spectrophotometer. IR absorption 

frequencies in wavenumbers are listed, with the relative strength in parentheses (w = weak, m = medium, s = strong). 

(Iodoethynyl)benzene,20 4,41 6a,18 6d,18 7a18 and 7d18 are known and were prepared following the literature procedure. A CEM 

Discover microwave reactor was used for the microwave assisted synthesis of (R)-5-chloro-4-phenyl-1-(1-phenylethyl)-1H-1,2,3- 

triazole. The reaction vessel was sealed with a Teflon cap and the reaction temperature was monitored by a non-contact infrared 

sensor.

(R)-5-iodo-4-(perfluorophenyl)-1-(1-phenylethyl)-1H-1,2,3-triazole (6b): 1-ethynyl-2,3,4,5,6-pentafluorobenzene: 

Bromopentafluoro-benzene (3.0 mL, 24.1 mmol), PdCl2(PPh3)2 (0.342 g, 0.49 mmol), and CuI (0.187 g, 0.46 mmol) were dissolved in 

THF (60 mL). Hünig’s base (16.0 mL, 89.9 mmol) was added, followed by ethynyltrimethylsilane (6.8 mL, 49.1 mmol), and the mixture 

was stirred for 24 h at 72 °C. The suspension was poured onto a pad of Celite, washed with THF and the filtrate was concentrated 

under vacuum. Purification by flash column chromatography on silica gel (100% petroleum ether) afforded the Sonogashira coupling 

product and the Glaser coupling product as a mixture. The mixture was concentrated under vacuum and dissolved in MeOH (100 mL) 

and KOH (50%, 0.078 mL) was added. The reaction was stirred for 1 h, then quenched with H2O (30 mL) and acidified with HCl (7 mL, 

1M). The combined organic phase was dried over MgSO4 and purification by distillation (130 °C, 1 atm) gave 1-ethynyl-2,3,4,5,6-

pentafluorobenzene as an orange oil (0.74 g, 16% yield, solvent impurities were not completely removed). 1H NMR (400 MHz, CDCl3) 

δ 3.62 – 3.61 (m, 1H). 1,2,3,4,5-pentafluoro-6-(iodoethynyl)benzene: 1-ethynyl-2,3,4,5,6-pentafluorobenzene (0.30 g, 1.56 mmol), 

dissolved in THF (4 mL), was treated with CuI (0.029 g, 0.15 mmol) and 4-iodomorpholine hydroiodide (0.59 g, 2.0 mmol) and the 

reaction mixture was stirred for 3.5 h at rt. The suspension was poured onto a pad of neutral alumina, the solid phase was washed 

with THF and CH2Cl2, and the filtrate was concentrated under vacuum. The combined organic fractions were pooled and washed with 

a solution of Na2S2O3 (100 mL, 5% w/w) and a solution of saturated NaCl (50 mL). The organic phase was dried over Na2SO4, 

concentrated and purified by column chromatography on silica gel (100% petroleum ether) to provide 1,2,3,4,5-pentafluoro-6-

(iodoethynyl)benzene as an orange oil (0.35 g, 70% yield). 13C{1H} NMR (101 MHz, CDCl3) δ 150.1 – 147.0 (m), 139.2 – 136.1 (m), 

143.5 – 140.4 (m), 100.5 – 99.9 (m), 77.7 (q, J = 3.6 Hz), 21.7 (q, J = 3.9 Hz). 6b: CuI (0.006 g, 0.032 mmol) and TTTA (0.015 mg, 

0.035 mmol) were dissolved in freshly distilled THF (3.5 mL) under argon atmosphere and stirred at rt for 30 min. Then (R)-(1-

azidoethyl)benzene (0.097 mL, 0.680 mmol) and 1,2,3,4,5-pentafluoro-6-(iodoethynyl)benzene (0.215 g, 0.676 mmol) were added and 

the reaction mixture was stirred at rt for 23 h. The reaction mixture was concentrated, NH4OH (20 mL, 10% w/w) was added and the 
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aqueous phase was extracted with CH2Cl2 (2 x 25 mL). The combined organic phase was passed through a phase separator, 

concentrated and purified by column chromatography on silica gel (from 10% of EtOAc in petroleum ether) to provide triazole 6b as 

colourless crystals (0.271 g, 86% yield). mp 157 – 160 oC; αD
20 32.0 (c 0.21, CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.43 – 7.28 (m, 5H), 

5.79 (q, J = 7.1 Hz, 1H), 2.14 (d, J = 7.1 Hz, 3H). 13C{1H} NMR (101 MHz, CDCl3) δ 139.7, 129.2, 128.6, 126.7, 82.7, 62.3, 22.4. IR 

(KBr) ν=: 1659 (w), 1554 (m), 1495 (s), 1413 (w), 1393 (w), 1238 (m), 1165 (m), 1126 (m), 1046 (m), 987 (s), 917 (w), 841 (s), 765 

(m), 698 (s) cm-1. HRMS (ESI/Q-TOF) m/z: M + H+ Calcd for C16H9F5IN3 465.9834; found: 465.9831. 

(R)-5-iodo-4-(4-nitrophenyl)-1-(1-phenylethyl)-1H-1,2,3-triazole (6c): 1-(iodoethynyl)-4-nitrobenzene: Iodoform (4.10 g, 

10.42 mmol), triphenylphosphine (2.87 g, 10.94 mmol) and tBuOK (1.11 g, 9.93 mmol) were added to THF (20 mL) under argon 

atmosphere. The suspension was stirred at rt for 5 minutes and turned brown. 4-nitrobenzaldehyde (0.75 g, 4.96 mmol) was added. 

After 30 minutes, the brown suspension was cooled to -78 °C and tBuOK (2.80 g, 24.95 mmol) was added. After an additional 30 

minutes the reaction was quenched with brine (90 mL) at -78 °C. After warming to rt the two layers were separated and the aqueous 

phase was extracted with diethylether (3 x 90 mL). The combined organic phase was passed through a phase separator, 

concentrated and purified by column chromatography on silica gel (starting from 0% of EtOAc in petroleum ether) to provide the 

product as a yellow solid (1.17 g, 86% yield). 1H NMR (400 MHz, CDCl3) δ 8.24 – 8.15 (m, 2H), 7.62 – 7.54 (m, 2H). 13C{1H} NMR 

(101 MHz, CDCl3) δ 147.5, 133.3, 130.1, 123.7, 92.5, 14.3. 6c: CuI (0.006 g, 0.032 mmol) and TTTA (0.015 mg, 0.035 mmol) were 

dissolved in freshly distilled THF (3.5 mL) under argon atmosphere and stirred at rt for 30 min. Then 1-(iodoethynyl)-4-nitrobenzene 

(0.186 g, 0.681 mmol) and (R)-(1-azidoethyl)benzene (0.097 mL, 0.680 mmol) were added and the reaction mixture was stirred at rt 

for 5 h. The reaction mixture was concentrated, NH4OH (20 mL, 10 % w/w) was added and the aqueous phase was extracted with 

CH2Cl2 (2 x 25 mL). The combined organic phase was dried over Na2SO4, filtered, concentrated and purified by column 

chromatography on silica gel (from 10% of EtOAc in petroleum ether) to provide triazole 6c as yellow crystals (0.253 g, 88% yield). mp 

153 °C dec in the presence of visible light; αD
20 25.9 (c 0.16, CHCl3); 1H NMR (400 MHz, CDCl3) δ 8.34 – 8.28 (m, 2H), 8.23 – 8.14 (m, 

2H), 7.41 – 7.29 (m, 5H), 5.82 (q, J = 7.1 Hz, 1H), 2.14 (d, J = 7.1 Hz, 3H). 13C{1H} NMR (101 MHz, CDCl3) δ 147.7, 147.6, 139.8, 

136.8, 129.1, 128.6, 128.1, 126.7, 124.0, 78.3, 62.0, 22.5. IR (KBr) ν=: 2992 (w), 2937 (w), 1602 (s), 1521 (s), 1458 (m), 1382 (m), 

1346 (s), 1288 (m), 1245 (w), 1110 (m), 989 (m), 977 (m), 855 (s), 712 (s), 604 (w), 540 (w) cm-1. HRMS (ESI/Q-TOF) m/z: M + H+ 

Calcd for C16H13IN4O2 421.0156; found: 421.0151.

(R)-5-bromo-4-phenyl-1-(1-phenylethyl)-1H-1,2,3-triazole: (bromoethynyl)benzene: To ethynylbenzene (0.75 mL, 6.85 

mmol), dissolved in acetone (70 mL), were added NBS (1.35 g, 7.59 mmol) and AgNO3 (0.119 g, 0.70 mmol). The resulting mixture 

was stirred at rt for 3.5 hours. The suspension was filtered and the filtrate was concentrated under reduced pressure. Then, the 

resulting crude mixture was added to water (50 mL) and extracted with Et2O (3 × 50 mL). The combined organic phase was dried over 

K2CO3, concentrated and purified by column chromatography on silica gel (100% petroleum ether) to provide (bromoethynyl)benzene 

as a yellow oli (1.13 g, 91% yield). 1H NMR (400 MHz, CDCl3) δ 7.54 – 7.42 (m, 2H), 7.42 – 7.28 (m, 3H). 13C{1H} NMR (101 MHz, 

CDCl3) δ 132.1, 128.8, 128.5, 122.8, 80.2, 49.9. The triazole: Cu(OAc)2 (0.024 g, 0.132 mmol), CuBr (0.019 g, 0.132 mmol) and TTTA 

(0.058 mg, 0.135 mmol) were dissolved in freshly distilled THF (6.0 mL) under argon atmosphere and stirred at rt for 30 min. 

(bromoethynyl)benzene (0.239 g, 1.32 mmol) and (R)-(1-azidoethyl)benzene (0.194 g, 1.32 mmol) were added and the reaction 

mixture was stirred at 60 °C for two weeks. The reaction mixture was concentrated, NH4OH (28 mL, 18 % w/w) was added and the 

aqueous phase was extracted with CH2Cl2 (3 x 30 mL). The combined organic phase was dried over anhydrous Na2SO4, concentrated 
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and purified by column chromatography on silica gel (from 10% of EtOAc in petroleum ether) to provide the Br-triazole as colourless 

crystals (0.176 g, 41% yield). αD
20 27.0 (c 0.18, CHCl3); 1H NMR (400 MHz, CDCl3) δ 8.00 – 7.95 (m, 2H), 7.48 – 7.41 (m, 2H), 7.41 – 

7.28 (m, 6H), 5.78 (q, J = 7.1 Hz, 1H), 2.11 (d, J = 7.2 Hz, 3H). 13C{1H} NMR (101 MHz, CDCl3) δ 144.8, 140.0, 129.8, 129.0, 128.7, 

128.6, 128.4, 127.0, 126.6, 108.1, 60.0, 22.0. IR (KBr) ν=: 3031 (w), 2988 (m), 2943 (w), 1607 (w), 1494 (m), 1477 (m), 1447 (m), 

1374 (m), 1306 (w), 1280 (m), 1232 (s), 1049 (m), 989 (m), 975 (m), 771 (s), 733 (s), 698 (s), 536 (m) cm-1. HRMS (ESI/Q-TOF) m/z: 

M + H+ Calcd for C16H14BrN3 328.0444; found: 328.0439 (79Br). The assignment is supported by an X-ray crystallographic structure.

(R)-5-chloro-4-phenyl-1-(1-phenylethyl)-1H-1,2,3-triazole: 6a (0.186 g, 0.496 mmol) was suspended in MeCN (1.5 mL) 

and EtOAc (0.5 mL) in a microwave vial, water (1.0 mL) and KCl (0.110 g, 1.47 mmol) were added to the mixture and the vial was 

sealed with a Teflon cap. The suspension of the reaction mixture was heated until most of the triazole 6a was dissolved. The vial was 

placed into a microwave reactor and heated at 150 °C for 30 min. The reaction mixture was cooled, diluted with water and the 

aqueous phase was extracted with EtOAc (2 x 10 mL) and with DCM (3 x 10 mL). The combined organic phase was dried over 

anhydrous MgSO4, concentrated and purified with column chromatography on silica gel (starting from 5% of EtOAc in petroleum 

ether) to provide the Cl-triazole as pale yellow crystals (0.115 g, 81% yield). mp 115 – 116 °C; αD
20 22.6 (c 0.37, CHCl3); 1H NMR (400 

MHz, CDCl3) δ 8.00 – 7.94 (m, 2H), 7.49 – 7.41 (m, 2H), 7.40 – 7.28 (m, 6H), 5.75 (q, J = 7.1 Hz, 1H), 2.11 (d, J = 7.1 Hz, 3H). 13C{1H} 

NMR (101 MHz, CDCl3) δ 142.1, 139.7, 129.5, 129.1, 128.8, 128.6, 128.5, 126.6, 126.5, 121.6, 59.1, 21.6. HRMS (ESI/Q-TOF) m/z: 

M + H+ Calcd for C16H14ClN3 284.0949; found: 284.0954.

(R)-4-phenyl-1-(1-phenylethyl)-1H-1,2,3-triazole: CuI (0.010 g, 0.053 mmol) and TTTA (0.021 mg, 0.049 mmol) were 

dissolved in freshly distilled THF (3.5 mL) under argon atmosphere and stirred at rt for 30 min. Phenylacetylene (0.231 g, 1.013 mmol) 

and (R)-(1-azidoethyl)benzene (0.150 g, 1.019 mmol) dissolved in THF (2.0 mL) were added and the reaction mixture was stirred at rt 

for 21 h. The reaction mixture was concentrated, NH4OH (20 mL, 10 % w/w) was added and the aqueous phase was extracted with 

CH2Cl2 (4 x 20 mL). The combined organic phase was dried over anhydrous Na2SO4, concentrated and purified by column 

chromatography on silica gel (starting from 0% of EtOAc in petroleum ether) to provide the H-triazole as colourless crystals (0.320 g, 

84% yield). mp 115 – 116 °C; αD
20 -48.9 (c 0.20, CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.85 – 7.75 (m, 2H), 7.64 (s, 1H), 7.47 – 7.28 

(m, 8H), 5.87 (q, J = 7.1 Hz, 1H), 2.03 (d, J = 7.1 Hz, 3H). 13C{1H} NMR (101 MHz, CDCl3) δ 147.9, 140.0, 130.8, 129.2, 128.9, 128.7, 

128.2, 126.7, 125.8, 118.5, 60.4, 21.5. IR (KBr) ν=: 3121 (m), 3091 (w), 2985 (m), 1606 (w), 1496 (m), 1481 (m), 1463 (m), 1449 (m), 

1356 (m), 1232 (m), 1219 (m), 1153 (m), 1075 (s),1026 (m), 992 (m), 916 (w), 818 (m), 764 (s), 714 (s), 692 (s), 521 (m) cm-1. HRMS 

(ESI/Q-TOF) m/z: M + H+ Calcd for C16H15N3 250.1339; found: 250.1336.

(R)-5-iodo-3-methyl-4-(perfluorophenyl)-1-(1-phenylethyl)-1H-1,2,3-triazol-3-ium trifluoromethanesulfonate (7b): 

Triazole 6b (0.200 g, 0.230 mmol) was dissolved in CH2Cl2 (9.0 mL) under argon atmosphere. Methyl triflate (0.073 mL, 0.645 mmol) 

was added dropwise and the reaction mixture was stirred at rt for 21 h. After removal of the solvents under reduced pressure the solid 

was dissolved in CH2Cl2 (6.0 mL) and Et2O (10.0 mL) was added to the solution and after 10 minutes a fine precipitate formed which 

was filtered to provide triflic salt 7b as colourless crystals (0.231 g, 85% yield). mp 134 – 137 °C; αD
20 12.6 (c 0.21, CHCl3); 1H NMR 

(400 MHz, CDCl3) δ 7.49 – 7.37 (m, 5H), 6.10 (q, J = 6.9 Hz, 1H), 4.39 (s, 3H), 2.18 (d, J = 7.0 Hz, 3H). 13C{1H} NMR (101 MHz, 

CDCl3) δ 136.2, 130.0, 129.8, 127.2, 120.6 (q, J = 320.4 Hz), 77.5, 67.5, 40.6, 21.7. IR (KBr) ν=: 3034 (w), 1661 (m), 1505 (s), 1450 

(m), 1246 (s), 1161 (s), 1078 (m), 1030 (s), 994 (s), 867 (m), 754 (m), 699 (m), 638 (s), 574 (w), 518 (m) cm-1. HRMS (ESI/Q-TOF) 

m/z: M - CF3O3S+ Calcd for C17H12F5IN3 479.9991; found: 479.9998; OTf- Calcd for CF3O3S 148.9526; found 148.9550. 
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(R)-5-iodo-3-methyl-4-(4-nitrophenyl)-1-(1-phenylethyl)-1H-1,2,3-triazol-3-ium trifluoromethanesulfonate (7c): Triazole 

6c (0.102 g, 0.243 mmol) was dissolved in CH2Cl2 (5.0 mL) under argon atmosphere. Methyl triflate (0.041 mL, 0.363 mmol) was 

added dropwise and the reaction mixture was stirred at rt for 23 h. The reaction mixture was concentrated and dissolved in CH2Cl2 

(1.5 mL). Et2O (10.0 mL) was added to the reaction mixture and a precipitate formed after 20 minutes, which was filtered to provide 

triflic salt 7c as colourless crystals (0.123 g, 87% yield). mp 84 – 87 °C; αD
20 34.8 (c 0.25, MeOH); 1H NMR (400 MHz, CDCl3) δ 8.48 – 

8.36 (m, 2H), 8.01 – 7.89 (m, 2H), 7.51 – 7.37 (m, 5H), 6.02 (q, J = 6.9 Hz, 1H), 4.32 (s, 3H), 2.19 (d, J = 7.0 Hz, 3H). 13C{1H} NMR 

(101 MHz, CDCl3) δ 149.8, 145.4, 136.4, 132.1, 129.7, 129.6, 128.4, 127.1, 124.6, 120.5 (q, J = 320.0 Hz), 88.7, 67.0, 39.9, 21.6. IR 

(KBr) ν=: 3107 (w), 1605 (m), 1527 (s), 1488 (w), 1454 (w), 1349 (s), 1277 (s), 1158 (s), 1030 (s), 856 (m), 757 (w), 704 (m), 638 (s), 

600 (w), 574 (w) cm-1. HRMS (ESI/Q-TOF) m/z: M - CF3O3S+ Calcd for C17H16IN4O2 435.0312; found 435.0327; OTf- Calcd for 

CF3O3S 148.9526; found 148.9549. The assignment is supported by an X-ray crystallographic structure.

(R)-5-iodo-3-methyl-4-phenyl-1-(1-phenylethyl)-1H-1,2,3-triazol-3-ium tetrafluoroborate (8a): Triazole 6a (0.124 g, 

0.330 mmol) was dissolved in CH2Cl2 (6.5 mL) under argon atmosphere. Trimethyloxonium tetrafluoroborate (0.061 mg, 0.412 mmol) 

was added and the reaction mixture was stirred at rt for 24 h. The reaction was quenched by adding MeOH (10.0 mL) and stirred for 1 

h. After removal of the solvents under reduced pressure the crude produce was dissolved in MeOH (10.0 mL) and Et2O (5.0 mL) was 

added to the solution and a fine precipitate formed which was filtered. The crystallisation was repeated a second time using MeOH 

(5.0 mL) and Et2O (25.0 mL) to provide tetrafluoroboronic salt 8a as colourless crystals (in total: 0.140 g, 89% yield). mp 193 – 195 °C; 

αD
20 36.0 (c 0.16 in MeOH); 1H NMR (400 MHz, CD3OD) δ 7.77 – 7.57 (m, 5H), 7.55 – 7.37 (m, 5H), 6.23 (q, J = 6.9 Hz, 1H), 4.27 (s, 

3H), 2.12 (d, J = 6.9 Hz, 3H). 13C{1H} NMR (101 MHz, CD3OD) δ 148.6, 138.8, 133.1, 131.4, 130.7, 130.4, 130.3, 128.2, 124.3, 91.3, 

67.4, 39.8, 22.0. HRMS (ESI/Q-TOF) m/z: M – BF4+ Calcd for C17H17IN3 390.0462; found 390.0455; BF4- Calcd for BF4: 86.0071; 

found 86.0072 (10B), 87.0037 (11B). The assignment is supported by an X-ray crystallographic structure.

(R)-5-iodo-3-methyl-4-(4-nitrophenyl)-1-(1-phenylethyl)-1H-1,2,3-triazol-3-ium tetrafluoroborate (8c): Triazole 6c 

(0.112 g, 0.267 mmol) was dissolved in CH2Cl2 (5.5 mL) under argon atmosphere. Trimethyloxonium tetrafluoroborate (0.055 mg, 

0.372 mmol) was added and the reaction mixture was stirred at rt for 3 days. The reaction was quenched by adding MeOH (5.5 mL) 

and stirred for 40 min. After removal of the solvents under reduced pressure the solid was dissolved in CH2Cl2 (2.0 mL) and Et2O (5.0 

mL) was added to the solution and a precipitate formed after 20 minutes, which was filtered to provide tetrafluoroboronic salt 8c as 

pale yellow crystals (0.132 g, 95% yield). mp 98 – 101 °C; αD
20 39.4 (c 0.19, MeOH); 1H NMR (400 MHz, CD3OD) 8.56 – 8.45 (m, 2H), 

8.01 – 7.88 (m, 2H), 7.56 – 7.36 (m, 5H), 6.25 (q, J = 6.9 Hz, 1H), 4.32 (s, 3H), 2.13 (d, J = 6.9 Hz, 3H). 13C{1H} NMR (101 MHz, 

CD3OD) δ 151.3, 146.9, 138.7, 133.2, 130.38, 130.37, 130.3, 128.2, 125.5, 92.1, 67.6, 40.0, 22.0. IR (KBr) ν=: 1605 (w), 1526 (s), 

1487 (w), 1453 (w), 1348 (s), 1287 (w), 1061 (s), 855 (m), 763 (w), 704 (m), 600 (w) cm-1.  HRMS (ESI/Q-TOF) m/z: M – BF4+ Calcd 

for C17H16IN4O2 435.0312; found 435.0315; BF4- Calcd for BF4 86.0071; found: 86.0089 (10B), 87.0054 (11B). The assignment is 

supported by an X-ray crystallographic structure.

(R)-5-iodo-3-methyl-4-phenyl-1-(1-phenylethyl)-1H-1,2,3-triazol-3-ium tetrakis3,5-bis(trifluoromethyl)phenylborate 

(9a): Sodium tetrakis3,5-bis(trifluoromethyl)phenylborate: A three-neck round bottom flask fitted with a reflux condenser was 

evacuated, flame dried and filled with argon prior to use. Magnesium (1.11 g, 45.7 mmol), NaBF4 (0.71 g, 6.4 mmol) and Et2O (150 

mL) were added to the flask. To start the reaction dibromoethane (0.49 mL, 5.7 mmol) was added and the flask was heated for 5 

minutes followed by the dropwise addition of 3,5-bis(trifluoromethyl)bromobenzene (5.0 mL, 35.9 mmol) dissolved in Et2O (40 mL) 
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over 70 min. The solution was then stirred over night at rt. As all of the magnesium had not reacted the reaction was refluxed for an 

additional 24 h. Then the reaction mixture was quenched by the addition of Na2CO3 (16.2 g, 153 mmol) dissolved in H2O (200 mL) and 

stirred for 1 h and filtered. The aqueous phase was extracted three times with Et2O (50 mL), the combined organic phase was dried 

over Na2SO4. The solvent was removed and the remaining crude product was dissolved in toluene (50 mL) and concentrated to 

remove remaining traces of water, this was repeated three more times. The product was dried under reduced pressure with heating 

(100 °C) for 10 h to yield a brown solid. This solid was washed with CH2Cl2 and toluene, dried under reduced pressure with heating 

(100 °C) in the presence of P2O5 for 2 days to yield the NaBARF as a pale grey solid (2.70 g, 47% yield). 1H NMR (400 MHz, 

D6DMSO) δ 7.64 (s, 4H), 7.61 (s, 8H). 13C{1H} NMR (101 MHz, D6DMSO) δ 161.0 (q, J = 49.9 Hz), 134.9, 129.1 – 127.9 (m), 124.0 

(q, J = 272.2 Hz), 118.0 – 117.1 (m). Tetramethylammonium tetrakis3,5-bis(trifluoromethyl)-phenylborate: NaBARF (1.76 g, 1.99 

mmol) was suspended in CH2Cl2 (100 mL) and tetramethylammonium iodide (0.60 g, 2.98 mmol) was added and the reaction mixture 

was stirred at rt for 3 days open to air (moisture helps to increase the solubility of NaBARF). Then the mixture was filtered and the 

filtrate concentrated under reduced pressure. The obtained solid was suspended in Et2O and then filtered (to remove excess Me4NI). 

The filtrate was concentrated under reduced pressure and the resulting solid was recrystallised from CH2Cl2 at 0 °C for three times to 

yield the tetramethylammonium BARF salt as a colourless powder (in total: 1.49 g, 80% yield). 1H NMR (400 MHz, D6DMSO) δ 7.66 

(s, 4H), 7.64 – 7.57 (m, 8H), 3.10 (s, 12H). 13C{1H} NMR (101 MHz, D6DMSO) δ 161.0 (q, J = 49.9 Hz), 134.0 (s), 129.1 – 127.9 (m), 

124.0 (q, J = 272.4 Hz). 117.9 – 117.27 (m), 54.7 – 54.0 (m). 9a: Triazolium 7a (0.153 g, 0.284 mmol) was dissolved in a mixture of 

CH2Cl2 (17.4 mL) and MeOH (5.8 mL), tetramethylammonium BARF (0.293 g, 0.313 mmol) was added and the reaction mixture was 

stirred at rt for 22 h. After removal of the solvents under reduced pressure the precipitate was suspended in Et2O (11.5 mL) and stirred 

for 45 minutes at 0 °C. The precipitate was removed by filtration and the filtrate was concentrated. The obtained solid was suspended 

in CHCl3 (11.5 mL) and stirred for 30 minutes at 0 °C. The precipitate was removed by filtration and the filtrate was concentrated 

under reduced pressure to provide BARF salt 9a as colourless crystals (0.342 g, 96% yield). mp 173 – 174 °C; αD
20 12.5 (c 0.37, 

CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.67 – 7.56 (m, 9H), 7.53 – 7.47 (m, 2H), 7.43 (s, 4H), 7.39 – 7.30 (m, 3H), 7.30 – 7.25 (m, 2H), 

7.24 – 7.19 (m, 2H), 5.87 (q, J = 7.0 Hz, 1H), 4.04 (s, 3H), 1.99 (d, J = 7.0 Hz, 3H). 13C{1H} NMR (101 MHz, CDCl3) δ 161.8 (q, J = 

49.9 Hz), 147.9, 135.1 – 134.8 (m), 135.0, 133.5, 130.7, 130.5, 130.0, 129.7 – 128.5 (m), 129.3, 127.0, 124.63 (q, J = 272.6 Hz), 

120.6, 117.8 – 117.5 (m), 86.4, 67.7, 39.5, 21.3. IR (KBr) ν=: 1610 (m), 1355 (s), 1277 (s), 1131 (s), 888 (m), 839 (m), 763 (w), 745 

(m), 715 (m), 697 (m), 683 (m), 670 (m) cm-1. HRMS (ESI/Q-TOF) m/z: M – C32H12BF24+ Calcd for C17H17IN3 390.0462; found 

390.0460; BARF-: Calcd for C32H12BF24 862.0691; found 862.0696 (10B).

(R)-5-bromo-3-methyl-4-phenyl-1-(1-phenylethyl)-1H-1,2,3-triazol-3-ium trifluoromethanesulfonate (10): The Br-

triazole (0.096 g, 0.29 mmol) was dissolved in CH2Cl2 (6.0 mL) under argon atmosphere. Methyl triflate (0.050 mL, 0.439 mmol) was 

added dropwise and the reaction mixture was stirred at rt for 22 h. After removal of the solvents under reduced pressure the product 

was purified by column chromatography on silica gel (from 5% of MeOH in CH2Cl2) to provide triflic salt 10 as an off colourless oil 

(0.049 g, 34% yield). αD
20 -1.6 (c 0.18, CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.70 – 7.55 (m, 5H), 7.49 – 7.37 (m, 5H), 6.06 (q, J = 7.0 

Hz, 1H), 4.31 (s, 3H), 2.19 (d, J = 7.0 Hz, 3H). 13C{1H} NMR (101 MHz, CDCl3) δ 143.2, 136.6, 132.4, 130.2, 129.8, 129.8, 129.7, 

127.1, 122.4, 120.8 (q, J = 320.4 Hz), 116.5, 65.4, 39.9, 21.3. IR (film) ν=: 3063 (w), 1566 (w), 1493 (m), 1455 (m), 1266 (s), 1225 (m), 
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1154 (s), 1031 (s), 795 (w), 760 (m), 702 (s), 638 (s), 573 (w) cm-1. HRMS (ESI/Q-TOF) m/z: M - CF3O3S+ Calcd for C17H17BrN3 

342.0600; found 342.0601 (79Br); OTf- Calcd for CF3O3S 148.9526; found 148.9525.

(R)-5-chloro-3-methyl-4-phenyl-1-(1-phenylethyl)-1H-1,2,3-triazol-3-ium trifluoromethanesulfonate (11): Triazole 11 

(0.1005 g, 0.354 mmol) was dissolved in CH2Cl2 (6.0 mL) under argon atmosphere. Methyl triflate (0.060 mL, 0.531 mmol) was added 

dropwise and the reaction mixture was stirred at rt for 23 h. After removal of the solvents under reduced pressure the product was 

mixed overnight in MeOH (1 mL) in the presence of activated charcoal (0.025 g) to remove some of the coloured impurities. In addition 

11 was purified by column chromatography on silica gel (from 5% of MeOH in CH2Cl2) to provide triflic salt 11 as a colourless oil 

(0.132 g, 83% yield. αD
20 -15.5 (c 0.27, CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.63 – 7.49 (m, 5H), 7.43 – 7.28 (m, 5H), 6.00 (q, J = 7.0 

Hz, 1H), 4.24 (s, 3H), 2.14 (d, J = 7.0 Hz, 3H). 13C{1H} NMR (101 MHz, CDCl3) δ 140.5, 136.4, 132.5, 130.1, 129.9, 129.8, 129.7, 

129.2, 127.0, 120.7, 64.4, 40.0, 20.9. IR (film) ν=: 1494 (w), 1455 (w), 1266 (s), 1225 (m), 1155 (s), 1032 (s), 761 (m), 701 (m), 638 

(s), 574 (w) cm-1. HRMS (ESI/Q-TOF) m/z: M - CF3O3S+ Calcd for C17H17ClN3 298.1106; found 298.1110; OTf- Calcd for CF3O3S 

148.9526; found 148.9544.

(R)- 3-methyl-4-phenyl-1-(1-phenylethyl)-1H-1,2,3-triazol-3-ium trifluoromethanesulfonate (12): (R)-4-phenyl-1-(1-

phenylethyl)-1H-1,2,3-triazole (0.050 g, 0.201 mmol) was dissolved in CH2Cl2 (4.0 mL) under argon atmosphere. Methyl triflate (0.045 

mL, 0.401 mmol) was added dropwise and the reaction mixture was stirred at rt for 21 h After removal of the solvents under reduced 

pressure the product was purified by column chromatography on silica gel (from 3% of MeOH in CH2Cl2) to provide triflic salt 12 as a 

colourless oil (0.074 g, 89% yield). αD
20 -27.6 (c 0.09, CHCl3); 1H NMR (400 MHz, CDCl3) δ 8.54 (s, 1H), 7.63 – 7.50 (m, 7H), 7.48 – 

7.38 (m, 3H), 6.17 (q, J = 7.1 Hz, 1H), 4.26 (s, 3H), 2.11 (d, J = 7.0 Hz, 3H). 13C{1H} NMR (101 MHz, CDCl3) δ 143.6, 136.7, 132.1, 

130.0, 129.8, 129.7, 129.6, 128.0, 127.7, 122.0, 120.9 (q, J = 320.3 Hz), 65.4, 38.8, 20.3. HRMS (ESI/Q-TOF) m/z: M - CF3O3S+ 

Calcd for C17H18N3 264.1495; found 264.1502; OTf- Calcd for CF3O3S: 148.9526; found 148.9551.

General procedure for the reactions with 1H NMR monitoring between 1 and 2: All of the crystallised XB donors were 

additionally purified by column chromatography (from 5% of MeOH in CH2Cl2) before their use in the catalytic experiments. 

Danishefsky`s diene of purity 96% was purchased from Alfa Aesar and used as received. (E)-1-(4-methoxyphenyl)-N-

phenylmethanimine 1: MgSO4 (6.8 g, 56.4 mmol) was suspended in CH2Cl2 (13 mL), then p-anysaldehyde (1.8 mL, 13.8 mmol) and 

aniline (1.2 mL, 13.1 mmol) were added. The reaction mixture was stirred at rt for 24 h and filtered. After removal of the solvent under 

reduced pressure, the crude product was purified by crystallisation from a mixture of CH2Cl2 and Et2O to yield imine 1 as colourless 

crystals (1.94 g, 70% yield). 1H NMR (400 MHz, CDCl3) δ 8.40 (s, 1H), 7.93 – 7.79 (m, 2H), 7.40 (dd, J = 8.7, 6.9 Hz, 2H), 7.22 (td, J = 

7.6, 7.2, 1.5 Hz, 3H), 7.04 – 6.93 (m, 2H), 3.87 (s, 3H). 13C{1H} NMR (101 MHz, CDCl3) δ 162.3, 159.8, 152.5, 130.6, 129.4, 129.2, 

125.7, 121.0, 114.3, 55.5. 

The XB donor (0.052 mmol, 0.2 equiv.) was dissolved in a stock solution of CD2Cl2 (0.650 mL) containing imine 1 (0.4 M, 1.0 equiv.) 

and p-xylene (0.2 M, 0.5 equiv.). Then 0.600 mL of the solution was transferred to a NMR tube and the 1H spectrum was measured. 

Then Danishefsky`s diene 2 (0.063 mL, 1.3 equiv.) was added and the 1H spectra were measured at approximately 8, 15 and 30 

minute intervals for at least the first 8 h of the reaction. In certain cases the product 3 was isolated by purification with column 

chromatography on silica gel (from 20% of EtOAc in petroleum ether) to provide 3 as a yellow oil with yields usually 10% lower than 

the corresponding conversion.
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Parameters specific to the experiment: T = 297 K, Relaxation delay = 36 s, Number of Scans = 8. Data Processing was performed 

using MestreNova. The spectra were phased, baseline-corrected and zero-filled (To spectrum size 128K). Then line fitting function 

(deconvolution) was used to more accurately integrate the peaks corresponding to the protons of the methoxy group of imine 1 and 

methyl group of p-xylene. 

2-(4-methoxyphenyl)-1-phenyl-2,3-dihydropyridin-4(1H)-one (3): 1H NMR (400 MHz, CDCl3) δ 7.64 (dd, J = 7.8, 1.2 Hz, 1H), 7.35 – 

7.27 (m, 2H), 7.21 – 7.15 (m, 2H), 7.15 – 7.07 (m, 1H), 7.07 – 7.00 (m, 2H), 6.90 – 6.81 (m, 2H), 5.32 – 5.26 (m, 1H), 5.24 (dd, J = 

6.9, 3.2 Hz, 1H), 3.76 (s, 3H), 3.26 (dd, J = 16.3, 7.0 Hz, 1H), 2.75 (ddd, J = 16.3, 3.3, 1.2 Hz, 1H). 13C{1H} NMR (101 MHz, CDCl3) δ 

190.5, 159.2, 148.3, 144.8, 129.9, 129.6, 127.5, 124.5, 118.8, 114.4, 102.9, 61.4, 55.4, 43.7.
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