Anion-cation synergistic metal-free catalytic
oxidative homocoupling of benzylamines by
triazolium iodide salts
Joseph P. Byrne,† Martin Albrecht*

Department of Chemistry and Biochemistry, University of Bern, Freiestrasse 3, 3012 Bern,
Switzerland
†Present address: School of Chemistry, National University of Ireland Galway, University Road,
Galway, Ireland.
*martin.albrecht@dcb.unibe.ch

Abstract
Triazolium iodide salts are excellent catalysts for the selective oxidative coupling of benzylamines to
yield imines. This metal-free reaction proceeds in quantitative spectroscopic yields when run in
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refluxing 1,2-dichlorobenzene and open to the air. No catalytic activity was observed with related
triazolium tetrafluoroborate salts. Variation of catalyst and reaction atmosphere provides mechanistic
insights, and revealed dioxygen as the terminal oxidant and the iodine/iodide couple as key redox
component in the catalytic dehydrogenation pathway. While molecular iodine is competent as a
catalyst in its own right, the triazolium cation triples the reaction rate and reaches turnover
frequencies up to 30 h–1, presumably through beneficial interactions of the electron-poor azolium π
system and I2, which facilitate the electron transfer from the substrate to iodine and concomitant
formation of I–. This acceleration is specific for triazolium cations and represents a hybrid anion/cation
catalytic process as a simple and straightforward route towards imine products, with economic
advantages over previously reported metal-based catalytic systems.
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Introduction
Imines are an important class of compounds that serve as building blocks in fine chemicals synthesis,
pharmaceuticals and biologically active molecules.1 Traditionally, imines, or Schiff bases, have been
prepared by condensation of aldehydes and amines, often employing dehydrating agents to prevent
the backward reaction, as well as Lewis acid catalysts. The instability of many aldehydes and the
inherent impossibility of intermolecular homocoupling of a single reagent are limitations of this
approach and significant research into alternative methods to access this class of molecules have been
reported.1,2
Recently, increasing interest has focussed on oxidative coupling of amines and alcohols to form imine
intermediates, with particular interest directed towards the oxidation and coupling of amines.3 This
process typically relies on the use of metal catalysts. Noble metals have been employed to catalyze
these reactions, including bulk Au, supported Au and HAuCl4⋅3H2O/CeO2 nanoparticles,4,5 Pd
coordination compounds6, and Ru(OH)x/TiO2 systems.7 Research from our lab and others has shown
that Ru and Ir complexes of triazolylidene N-heterocyclic carbene (NHC) complexes to catalyze
dehydrogenative amine homocoupling, when reacted at 150 °C in toluene or 1,2-dichlorobenzene.8–10
In an effort to lower costs and increase sustainability of the process, recent work has focussed on the
use of non-noble metals such as Cu,11–14 Mn,15,16 and Fe,17,18 with impressive results.
Strategies for conversion of amines to imines without involving metal-based catalysts offer benefits in
terms of cost and purification.1 To this end, diverse purely organic systems have been reported for
this transformation, such as bleach19, catalytic AIBN20, graphene oxide21, bio-inspired ortho-quinone
organocatalysts,22 and salicylic acid derivatives,23 the latter of which were also used to construct
benzimidazoles. Photocatalytic reactions have been reported with WS2 nanosheets24 and truxenebased polymers.25 Molten ionic liquids like (NBu4)Br have also recently been reported to mediate this
transformation, when used as a solvent.26
Based on our interest in triazolium salts as ligand precursors to 1,2,3-triazolylidene complexes,27–31
and inspired by the activity of some of the ionic liquids for amine homocoupling,32 we decided to
investigate the possibility for these organic salts to act as molecular catalysts for oxidative amine
coupling. An attractive feature of triazolium salts is their versatility for incorporating (functionalized)
substituents, since triazole precursors are conveniently prepared through Cu(I)-catalyzed azide-alkyne
cycloaddition chemistry.33–38 Here we report an efficient amine oxidation protocol based on a dual
catalysis system consisting of triazolium cations and iodide as redox-active counteranion, with
synergistic efficiencies that surpass by far the most active organic catalyst for this oxidative
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transformation23, even when carried out under air, and allowing for a shorter timescale for
quantitative yields.

Results and discussion
Model reaction and controls

The catalytic oxidative dehydrogenation of benzyl amine (Scheme 1) was chosen as a model reaction
for this study (Table 1). 1,2,3-Triazolium iodide salt 1, with methyl and phenyl substituents, was first
explored as a catalyst for this reaction, in refluxing 1,2-dichlorobenzene. These conditions have
previously been used for this transformation when catalyzed by precious metal complexes.8–10 With a
loading of 5 mol% of 1, selective formation of the imine product in quantitative spectroscopic yields
was observed within 3 h (entry 1), with no other side-products detected by 1H NMR analysis of the
reaction mixture (Figure S13). No reaction was observed over the same timescale in the absence of
triazolium salt (entry 2). Lowering the temperature to 115 °C or refluxing in lower-boiling solvents
(toluene, 1,2-dichloroethane) resulted in no discernible reaction progress (Table S1).

Table 1. Optimization of reaction conditions for the triazolium-catalyzed homocoupling of
benzylamine to benzylidene benzylimine.a

Entry
1
2
3
4
5
6
7
8

Catalyst
mol%
5
1
0
—
2.5
1
1
0.5
5
1
5
1
5
1
5
1

Additive
—
—
—
—
H2O
H2O
KOtBu
TsOH

Yield (%)b
1h
3h
60
100
0
<2
33
79
24
60
51
93
0
0
47
93
47
91

mol%
—
—
—
—
1,000
10,000
5
5

4h
99
<2
94
75 c
88 d
0
98
96

General conditions: benzyl amine (0.25 mmol), triazolium salt 1 (5 mol%) and hexamethylbenzene (internal standard), 1,2dichlorobenzene (2 mL), 150 °C; b Spectroscopic yield determined by 1H NMR analysis with respect to hexamethylbenzene;
c 99% after 6h; d 6% benzaldehyde formed in addition.
a
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Decreasing catalyst loading to 2.5 mol% gave 94% yield after 4 h, with the rate of reaction
approximately halved in line with the decrease in substrate/catalyst ratio. A low catalyst loading of 0.5
mol% also gave quantitative yields, albeit after 6 h (entry 3, 4; Fig. S1). The robustness of the catalytic
species derived from 1 was tested by performing the reaction with only 0.05 mol% triazolium salt.
After 16 h a maximum yield of 36% was reached, indicating a catalyst turnover number of
approximately 740 under these conditions.
No special precautions were taken to dry 1,2-dichlorobenzene for these reactions in order to achieve
selective imine formation. Indeed, deliberate addition of 10 equivalents of H2O did not significantly
slow the transformation (entry 5), although, notably, a drop in yield occurred towards the end of the
reaction (at 4 h) and a corresponding amount of benzaldehyde was observed by 1H NMR analysis,
indicating that the presence of water leads to hydrolysis of the imine product. Increasing the water
content tenfold completely inhibited catalysis (entry 6). Neither base nor acid additives were
beneficial, as neither stoichiometric KtOBu nor TsOH accelerated conversion (entries 7,8). Notably,
with either of the additives, quantitative yields of the imine product were still achieved after 4 h.
Different benzylamines with electronically active para-substituents were successfully oxidized with
triazolium salt 1 (Table 2, entries 1–4). No specific trend correlating the Hammett parameter σp and
catalytic activity was noted. Aliphatic n-butylamine was not oxidized to an imine under these
conditions, demonstrating a limitation to the type of amine substrate for dehydrogenation.

Table 2. Reactivity of different amine substrates in the presence of catalyst 1.a

cat.

R2
NH2

1
2
3
4
5

I–

Substrate
R2
R1
OMe H
H
H
H
F
H
CF3
H
CH3

R2

Ph

R1

σpara
–0.27
+0.00
+0.06
+0.54
+0.00

R2
N

1
1,2-dichlorobenzene
150 °C, air

R1

Entry

+
N N
N

1h
32
60
19
65
26 d

R1

Yield (%)b
3h
97
100
71
98
35 d

TOF25 (h–1)
4h
92 c
99
91
100
33 d

6
16
4
21
5

General conditions: benzyl amine (0.25 mmol), triazolium salt 1 (5 mol%), hexamethylbenzene (internal standard), 1,2dichlorobenzene (2 mL), 150 °C; b Spectroscopic yield determined by 1H NMR analysis with respect to hexamethylbenzene; c
8% aldehyde formed in addition; d Acetophenone formed in addition (9% after 1 h, 20% after 3 h, 26% after 4 h; total
conversion after 4 h is 59%).
a
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Catalysts for oxidative coupling of amines are often applied to alcohol oxidation,1,10,39 however 1 was
specific for amines as benzyl alcohol was not converted at all. Reaction of a 1:1 mixture of benzyl
alcohol and benzylamine led to exclusive formation of the same imine product as is formed in the
presence of benzylamine only (>98% yield after 4 h), while benzyl alcohol remained unreacted and
was still present in the final reaction mixture after 6 h. Finally, branched primary amine αmethylbenzylamine was also employed as a substrate for the homocoupling reaction (entry 5), but
this transformation was less selective. While complete conversion occurred, only 33% yield of imine
was seen within 4 h in addition to acetophenone (26%) and other unidentified products.

Catalyst variation

In order to better understand this new catalytic system and identify its relevant components, a
number of related species were tested for their catalytic activity. Variation of the wingtip groups of
triazolium iodide catalyst 1 was investigated through use of salts 2–4 (Table 3, entries 2–4), which
have been reported previously for applications including as ionic liquids32 and precursors to 1,2,3triazolylidene organometallic ligands27–29. All these triazolium iodide salts efficiently catalyze the
oxidative homocoupling. Salts 2 and 4 displayed activities comparable to 1 (TOF50 = 9, 9 and 13 h–1,
respectively) and give quantitative spectroscopic yields within 3 h, while 3 required 6 h to reach
completion (TOF50 = 5 h–1). Bearing in mind the similarities between imidazolium and triazolium salts,
1,3-dimethylimidazolium iodide 5 was also assessed as a catalyst (entry 5) and did demonstrate
activity. However, the imidazolium salt was a poorer catalyst than any of the triazolium salts, reaching
only 19% spectroscopic yield after 3 h (TOF50 <2). Considerably lower activity of 4 and, in particular, 5
strongly suggests that the azolium cation plays a relevant role in tuning the activity of catalysts for this
dehydrogenative coupling.

Table 3. Catalytic activity of triazolium and imidazolium salts.a
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Entry

Catalyst

Heterocycle

R

R’

X

1
2
3
4
5
6
7
8
9

1
2
3
4
5
1’
2’
3’
5’

triazolium
triazolium
triazolium
triazolium
imidazolium
triazolium
triazolium
triazolium
imidazolium

Me
n
Bu
n
Bu
n
Bu
Me
Me
n
Bu
n
Bu
Me

Ph
n
Bu
Ph
Mes
Me
Ph
n
Bu
Ph
Me

I
I
I
I
I
BF4
BF4
BF4
BF4

Yield (%)b
1h
3h
60
100
45
99
16
75 c
47
100
5
19 d
0
0
0
0
0
0
0
0

TOF50 (h-1)
13
9
5
9
<2
–
–
–
–

General conditions as described in Table 1; b Spectroscopic yield determined by 1H NMR analysis with respect to
hexamethylbenzene; c 96% after 6 h; d 48% after 6 h.
a

To evaluate potential interaction between the triazolium cation and the anion, triazolium
tetrafluoroborate 1’ was synthesized by treating 1 with AgBF4. 1H NMR analysis (300 MHz, CDCl3) of 1’
showed only minor changes in the spectrum compared to 1, most diagnostically a significantly upfield
shifted resonance at 8.65 ppm attributed to the triazolium CH (cf δH 9.36 for 1).27 Such a resonance
shift in the spectra of these azolium salts is indicative of less hydrogen-bonding counterions in
solution.40
Both 1 and 1’ were further characterised by single crystal X-ray diffraction analysis (Fig. 1, Table S2).
The molecular structure of iodide salt 1 displays weak non-classical interaction between the triazolium
CH and iodide counterion (Fig. 1a), with a H⋅⋅⋅I distance of 2.857 Å. Similar interactions exist in other
triazolium iodide structures,41,42 and molecular modelling of iodide anion binding by tetra-triazolium
receptors by Beer and co-workers predicted binding distances on the same scale.43 There was also a
potential anion-π interaction with a centroid⋅⋅⋅I distance of 3.710 Å. The structure of the
tetrafluoroborate salt 1’ revealed the BF4– counterion disordered over two sites without a clear
hydrogen bonding pattern (Fig. 1b), in agreement with solution analysis.

Figure 1. (a) Molecular structure of triazolium salt 1, determined by single crystal X-ray diffraction analysis. Selected bond
lengths (Å) and angles (°): |Ctrz⋅⋅⋅I| = 3.783(3), |Htrz⋅⋅⋅I|= 2.857, |∠ Ctrz–Htrz⋅⋅⋅I| = 173.69. (b) Molecular structure of triazolium
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salt 1’, determined by single crystal X-ray diffraction analysis. BF4 anion is disordered over two sites B2 (65.2%) and B2A
(34.8%).

This tetrafluoroborate analogue allowed the role of the anion in the catalysis to be probed. In contrast
to the triazolium iodide 1, the tetrafluoroborate analogue 1’ was catalytically completely inactive
under the same conditions (Table 3, entry 6). This inactivity was also observed with tetrafluoroborate
analogues 2’, 3’30 and 5’ (entries 7–9), pointing towards a critical role of the iodide anion in catalysis.
To further explore the role of cations and anions for catalysing this transformation, various other salts
were evaluated (Table S2). Ionic liquid (Bu4N)Br, previously reported to catalyze amine homocoupling
of benzylamines when used as a solvent26, gave negligible conversion when added in catalytic
amounts. Similarly (H4N)Cl was inactive, while (Et4N)I gave modest yields and reached nearly 40% after
4 h, a level of activity similarly to imidazolium salt 5 and indicative for an essential role of iodide for
inducing catalytic activity. In agreement with this model, KI gave comparable yields, which implies a
notable 8 turnover numbers (TONs) for this simple salt. While active, these yields are significantly
lower than those of the triazolium iodides, which suggests a prominent role of the cation for inducing
high conversion. In line with this notion, experiments with KI in the presence of 5 mol% of 18-crown6 to passivate the cation quenched activity completely.

Mechanistic insight

From the catalytic reactions described above, it is possible to gain some insight into mechanistic
aspects of this process, and rule out certain pathways. For instance, involvement of an N-heterocylic
carbene as catalytically active species is unlikely, since addition of stoichiometric KtOBu to triazolium
salt 1 induced slower conversion (cf Table 1, entry 7), even though this base promotes the formation
of free carbenes.44 Although NHCs generated in situ have been reported as organocatalysts for various
transformations,45–48 a similar reaction pathway is evidently not occurring here.
Instead, iodide plays an essential role, which may be related to its unique redox properties and the
low potential to form molecular iodine, I2.49 To probe this hypothesis, reactions were performed under
deliberately oxidizing or reducing conditions. Thus, when the reaction was performed in deaerated
solvent and under inert atmosphere, significantly slower conversion rates were observed (Table 4,
entry 1 vs 2), while saturation with O2 accelerates amine oxidation when compared to standard
conditions in air (entry 3, TOF50 ~30 h–1 vs 13 h–1). Dependence on dioxygen as an oxidant for amine
homocoupling has previously been observed in ionic liquid solvents,26 as well as with photocatalytic
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systems.24,25 Carrying out the reaction in the absence of light had no notable impact on catalyst activity
(entry 4), discounting the possibility of photocatalysis occurring under these conditions.

Table 4. Catalytic activity of various iodine-containing species, with variation of dioxygen content.a
Entry
1
2
3
4
5
6
7
8
9
10

Catalyst

Atmosphere b

1
1
1
1
I2
I2
6
6
1’ + I2
1’ + I2

air
N2
O2
air (darkness)
air
N2
air
N2
air
N2

1h
60
0
96
52
42
10
57
13
87
11

Yield (%)c
3h
100
19
97 d
97
91
15
100
22
100 d
20

TOF50 (h–1)
4h
99
32
—
—
98
28
—
36
—
33

13
—
30
11
7
—
11
—
17
—

General conditions: Benzyl amine (0.25 mmol), catalyst (5 mol%), hexamethylbenzene (internal standard), 1,2dichlorobenzene (2 mL), 150 °C; b Solution saturated with the corresponding gas (N2 or O2) for 10 min before substrate
addition; c Spectroscopic yield determined by 1H NMR analysis with respect to hexamethylbenzene; d Yield at 2 h.
a

These results point to a potential catalytic activity of molecular iodine for this transformation. I2catalyzed and -mediated reactions are of increasing interest for organic chemistry, including e.g.
oxidative couplings of 2-aminopyridines and 1,3-diones, and for synthesis of other heterocycles.13,50–
52

Of relevance to this work, iodine was reported to produce imines as either proposed intermediates

or low-yielding by-product upon oxidation of benzylamines to nitriles, indicating that high loadings of
I2 (0.25-3 equivalents) induce transformations of these substrates.53,54 However, no efficient and
selective intermolecular imine synthesis by related catalytic methods has been reported.
Indeed, when 5 mol% molecular iodine was reacted with benzyl amine under the conditions described
above for triazolium iodide 1 (Table 4, entry 5), quantitative spectroscopic yields of the corresponding
imine were obtained within 4 h. This activity is only slightly lower than with the triazolium iodide (7 vs
13 h-1, cf entry 1, though the mol% in iodide is doubled). Upon addition of the substrate benzylamine,
the initially purple I2 solution in 1,2-dichlorobenzene underwent a characteristic color change to
yellow, which may be attributed to an amine-induced reduction of iodine to iodide.55 The activity of I2
as a catalyst, as well as the key role of dioxygen described above, suggests that molecular iodine may
indeed be on the catalytic cycle of this reaction. Interestingly, when catalysis is carried out with I2 (5
mol%) under inert atmosphere (entry 6), 10% of imine was observed after 1 h, indicating
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approximately one turnover achieved in the absence of O2. Notably, the triazolium iodide 1 is inactive
under identical inert conditions.
We therefore propose the reaction mechanism shown in Scheme 2, consisting of a cascade redox
process with as key process the presumably rate-limiting iodine-mediated oxidation of primary amine
to the aldimine. Aldimine condensation with another equivalent of amine generates the final
secondary imine, while the iodide by-product is regenerated under aerobic conditions back to iodine.
The H2O2 by-product was not directly observed in the reaction mixture, but it is proposed that the
well-known ability of iodide to catalyze H2O2 decomposition56 makes detection unlikely. Moreover,
iodide-mediated peroxide detection strategies are based on the development of a diagnostic yellow
color of the solution,57 which was observed to evolve when using 1 as catalyst (vide supra). The
accelerating role of the triazolium salt has been tentatively attributed to potential interactions
between the electron-poor azolium ring and molecular iodine, which induces polarisation of the I–I
bond and facilitates the reduction to I-.52,58 The concomitant benzylamine C–H activation is postulated
to be the rate-determining step and accordingly, activation of I2 through polarisation increases the
observed reaction rate. A further beneficial role of the azolium cation may also be imparted by the
stabilization of the iodide through hydrogen bonding or anion⋅⋅⋅p interactions.35,59,60 This amine
oxidation may therefore be considered as an anion-cation dual catalytic process, where the cation
assists the redox process of the anion, which in turn induces substrate oxidation.

+
δ- δ

I

I
O2

–

N N+
N
R'
R

O2

H

Ph
H 2N

HN

I–
R'

H 2N

Ph

Ph

NH3
Ph

N

Ph

H2O2

N+ N R
N

Scheme 2. Proposed reaction pathway and role of the azolium salt and iodine in the amine
oxidation.

To evaluate the possible involvement of a triiodide anion due to the presence of both iodide and
iodine,49,61 the triazolium triiodide salt 6 was prepared by mixing an equimolar ratio of 1 and I2 in
solution (Scheme 3). In CDCl3, this reaction led to an immediate color change from yellow to orange
and the triazolyl proton resonance shifted about 1 ppm upfield to δH = 8.55 in the 1H NMR spectrum,
indicative of weaker C–H⋅⋅⋅X hydrogen bonding upon transforming I– to I3– (Figure S8). Compound 6
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crystallized upon slow evaporation and the single crystals were analyzed by X-ray diffraction (Figure
S11). The use of this triiodide salt 6 as precatalyst gave identical results, under air as the iodide salt 1
(Table 4, entry 7, TOF50 11 vs 13 h-1). Under inert conditions compound 6 achieved 13% yield after 1
h (entry 8), again suggesting one turnover in the absence of dioxygen. This behavior is reminiscent of
that of I2. Finally, when the inactive triazolium tetrafluoroborate 1’ was used in combination with I2,
excellent catalytic activity was observed that was far superior to I2 alone (entry 9, TOF50 17 vs 7 h-1 in
air), and in fact even more active than 1 or 6 under aerobic conditions. Again, under inert atmosphere
(entry 10), only a single turnover was observed in the first hour of reaction. These data support the
mechanistic model with I2 as the catalytically active species for oxidation of the amine, and the
triazolium cation playing a crucial role in accelerating turnover frequency.

Scheme 3. Synthesis of triiodide salt 6.

Conclusions
We report a novel metal-free approach to the oxidative homocoupling of benzylic amines catalyzed
by triazolium iodide salts, selectively giving imine products in quantitative yields. Turnover frequencies
of up to 13 h-1 were achieved with 1 under aerobic conditions and up to 30 h–1 under O2 atmosphere.
Preliminary mechanistic investigations indicate critical roles of both the cation and the anion of the
precatalyst, which has been attributed to an iodide/iodine couple for the actual oxidation, and a
triazolium…I2 interaction for facile iodine reduction and concomitant amine oxidation. Moreover, the
activity of the triazolium iodide catalysts is dependent on dioxygen as benign terminal oxidant. While
the substrate scope is limited to benzylic amines, the simplicity of the system is appealing. This
triazolium iodide/iodine catalysis constitutes a more cost-effective approach to amine oxidation than
the more widely reported transition-metal based strategies. Notably, the synergistic effects of
triazolium cations and iodide/iodine-mediated redox cataylsis may be of broader relevance and an
advantageous new concept to other organocatalytic redox reactions such as the azapyrrole synthesis
or Bayer-Villiger oxidation.
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Experimental Section
General considerations. All compounds, unless otherwise stated, were obtained from commercial
sources and used as provided. Triazolium salts 127, 2,32 2’,28 3,29 3’,30 and 428 were prepared according
to literature procedures, as were imidazolium salts 56> and 5’.63 NMR spectra were recorded on a
Bruker spectrometer operating at room temperature. Chemical shifts (δ in ppm, J in Hz) were
referenced to residual solvent resonances and are reported downfield from SiMe4. High resolution
mass spectrometry was performed by the Analytical Research Services at University of Bern.
General catalytic procedure. Benzyl amine (27 μL, 0.25 mmol) and triazolium salt 1 (3.6 mg, 0.012
mmol, 5 mol%) were dissolved in 1,2-dichlorobenzene (2 mL) and heated at 150 °C in round-bottomed
flasks fitted with water-cooled condensers. Hexamethylbenzene was added as internal standard and
reaction progress monitored by 1H NMR analysis (Fig. S1–S5, S13–S18). For reactions under N2
atmosphere or O2 atmosphere, reaction was carried out in a sealed Schlenk tube, and the reaction
mixture was saturated with the relevant gas for 10 minutes before addition of benzyl amine, and the
mixture was kept under a balloon of gas.
Synthesis of 1’. Triazolium salt 1 (0.100 g, 0.33 mmol) was dissolved in CH2Cl2 (20 mL). AgBF4 (0.070 g,
0.34 mmol) was added and the reaction mixture stirred at room temperature for 2 h. This was filtered
through Celite to remove insoluble silver salts and concentrated under reduced pressure to yield 1’ as
an off-white solid (0.080 g, 0.31 mmol, 92%). HRMS (ESI+): Calculated for C10H12N3 m/z = 174.1026 [M–
BF4]+. Found m/z = 174.1022; 1H NMR (300 MHz, CDCl3): δ = 8.65 (s, 1H, CtrzH), 7.51–7.65 (m, 5H, CPhH),
4.43 (s, 3H, N–CH3), 4.26 (s, 3H, C–CH3); 13C NMR (75 MHz, CDCl3): δ = 132.0, 129.9 129.8, 129.5 (4 ×
CPh), 128.9, 125.8 (2 × Ctrz), 40.5, 38.3 (2 × NCH3).
Synthesis of 6 in situ. Triazolium salt 1 (0.006 g, 0.02 mmol) and I2 (0.005 g, 0.02 mmol) were dissolved
in CDCl3 (or 1,2-dichlorobenzene). 1H NMR (300 MHz, CDCl3): δ = 8.55 (s, 1H, triazolium CtrzH), 7.69–
7.75 (m, 5H, CPhH), 4.57 (s, 3H, N–CH3), 4.37 (s, 3H, C–CH3). Single crystals suitable for X-ray diffraction
analysis grew upon slow evaporation of this sample.
Crystal-Structure Determination. Triazolium iodide 1 crystallized upon slow diffusion of diethyl ether
into a saturated methanol solution of the compound. Triazolium tetrafluoroborate 1’ and triazolium
triiodide 6 crystallized by slow evaporation of CDCl3 solutions. All crystals were mounted in air at
ambient conditions. The measurements for 1 were made on an Oxford Diffraction SuperNova areadetector diffractometer6> using mirror optics monochromated Mo Kα radiation (λ = 0.71073 Å) and Al
filtered.65 The unit cell constants and an orientation matrix for data collection were obtained from a
least-squares refinement of the setting angles of reflections in the range 2.6° < θ < 27.7°. A total of
1402 frames were collected using ω scans, with 1.0+1.0 seconds exposure time, a rotation angle of
1.0° per frame, a crystal-detector distance of 65.0 mm, at T = 173(2) K. All measurements for 1’ and 6
were made on a RIGAKU Synergy S area-detector diffractometer64 using mirror optics monochromated
Cu Kα radiation (λ = 1.54184 Å). The unit cell constants and an orientation matrix for data collection
were obtained from a least-squares refinement of the setting angles of reflections in the range 5.6° <
θ < 76.9° (for 1’) or 4.4° < θ < 76.4° (for 6). A total of 2578 frames (1’) or 3102 frames (6) were collected
using ω scans, with exposure times of 0.05 and 0.18 s (1’) or 5 and 20 s (6), a rotation angle of 0.5° per
frame, a crystal-detector distance of 34.0 mm, at T = 173(2) K. Data reduction for all three data sets
was performed using the CrysAlisPro64 program. The intensities were corrected for Lorentz and
polarization effects. For 1, a numerical absorption correction based on gaussian integration over a
multifaceted crystal model was applied. For 1’ and 6, the intensities were corrected for Lorentz and
polarization effects, and an absorption correction based on the multi-scan method using SCALE3
ABSPACK in CrysAlisPro1 was applied. Data collection and refinement parameters are given in Table
11

S3. The structure was solved by direct methods using SHELXT66, which revealed the positions of all
non-hydrogen atoms, which were refined anisotropically. All H-atoms were placed in geometrically
calculated positions and refined using a riding model where each H-atom was assigned a fixed
isotropic displacement parameter; for 1 and 1’, this value was equal to 1.2Ueq of its parent atom
(1.5Ueq for the methyl groups), while for 6 the value was equal to 1.5Ueq of its parent atom. In the
structure of 1’, the BF4 anion is disordered about two orientations. The geometries of the two moieties
were restrained to be similar. Its ADP’s were restrained by the SHELX SIMU and RIGU instructions.
Refinement of the structure was carried out on F2 using full-matrix least-squares procedures, which
minimized the function Σw(Fo2 – Fc2)2. The weighting scheme was based on counting statistics and
included a factor to downweight the intense reflections. All calculations were performed using the
SHELXL-2014/767 program in OLEX2.68 The crystal of 6 used for structure determination was twinned,
and thus the integration of just the major domain was used. The quality of this single crystal structure
determination is lowered by this fact. The results are sufficient for a discussion of the crystal packing
but do not allow a discussion of bonding geometry. Further details are given in Table S4.
Crystallographic data for all structures have been deposited with the Cambridge Crystallographic Data
Centre (CCDC) as supplementary publication numbers 2016764 (1), 2016765 (1’), and 2016766 (6).
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For ToC use only

Triazolium iodides are excellent catalysts for the oxidative
coupling of benzylamines due to a synergistic cation/anion
effect, with iodide acting as I–/I2 redox manifold and the
triazolium cation facilitating the oxidative catalyst
regeneration.
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