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Abstract: Chalcogen bonding results from non-covalent interaction
occurring between electrodeficient chalcogen atoms and Lewis
bases. Among the chalcogens, tellurium is the strongest Lewis acid
but Te-based compounds are scarcely used as organocatalyst. For
the first time, telluronium cations demonstrated impressive catalytic
property at low loading in three benchmark reactions: the Friedel-
Crafts bromination of anisole, the bromolactonization of -
unsaturated carboxylic acids and the aza-Diels-Alder between
Danishefsky’s diene and imines. The ability of telluronium cations to
interact with a Lewis base through chalcogen bonding was
demonstrated on the basis of multi-nuclear (*’O, 3P and ?°Te) NMR
analysis and DFT calculations.

Although known since 1783, tellurium only slowly gained
interest.M! It is employed in some alloys, solar panels and
semiconductors. Its implication in organic chemistry is more
diverse, owing to the special properties of this element.?
Tellurium is the last stable element of the chalcogen group,®® and
as such, the largest! and the less electronegative,?! that is the
more polarizable and ionizable in this series. For these reasons,
tellurium species exhibit the strongest non-covalent interaction
with electron-rich atom through the so-called chalcogen bond
(ChB), compared to their sulfur and selenium analogs.®” ChBs
are defined in analogy with halogen bonds (XB) as the interaction
of an electron donor (Lewis base) with the electropositive region
(o-hole) located at the outermost end of a o-bond including a
chalcogen atom.!

ChB has been sparingly investigated in the last few decades
and mostly in solid state.®! Following the development of XB
applications in biology!*® and organic chemistry,!Y ChBs have
very recently raised increasing interest in organic chemistry,
especially in anion recognition and transport as well as in
organocatalysis.!'? In the latter growing area, mostly S and Se
derivatives have so far been investigated.'® Nevertheless, in
2018, Matile studied perfluorophenylselenide and telluride as ChB
donors in chloride-binding catalysis (Sch. 1, up)* and more
recently, Huber used a bidentate triazolium-based tellurium
catalyst in the same reaction and in Michael reactions with indoles
(Scheme 1, middle).!*> While working on this manuscript, Gabbai
very recently demonstrated that telluronium species can bind
chloride and even act as chloride transporter. 1€l

Engaged
organocatalysis,

in XB and ChB study for applications in
we have recently designed new chiral

catalysts.*”) To further explore this area and take benefit of the
tellurium enhanced ChB property, we are currently designing
tellurium-based catalysts. Inspired by the works of Lenardol*®!
and Yeung!*® who demonstrated that selenonium could act as
organic Lewis acid and promote reaction, we designed new
telluronium salts and studied them, and we report here their ChB
ability and for the first time the high efficiency of these telluronium
species as organocatalysts in typical reactions (Sch. 1, bottom).
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Scheme 1. Te-based organocatalysis: The two sole examples known and those
described here.

To tune the expected ChB intensity, a series of telluronium
derivatives carrying electron-rich or electron-poor substituent was
prepared by alkylation of diaryltellurides. Addition of methyl triflate
to diaryltellurides provided telluronium triflates but in modest
yields (10-20%), while methyl iodide addition delivered unstable
telluronium iodides. Adding silver triflate, tetrafluoroborate,



nitrate, or hexafluoroantimonate together with methyl iodide
readily gave the corresponding telluroniums la-b, 2a-b, 3a-b, 3d-
e and 4a-b with excellent yields (Scheme 2). The tetrakis[3,5-
bis(trifluoromethyl)phenyllborate (BArF) telluroniums 1c, 2c, 3c,
4c and tetrakis(pentafluorophenyl)borate telluronium 3f were
quantitatively obtained by anion metathesis from the
corresponding triflates. They proved stable at room temperature
for months as solids, except for 3d, as well as in solution, except
for 3e, which slowly evolved to the starting diaryltelluride.?”
Among them, 3a and 3e provided suitable crystals for X-ray
analysis, confirming the structures of these new telluronium salts.
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Scheme 2. Synthesis of the telluronium ChB donors.

In the solid state, 3a and 3e both crystallize with two
independent cations in the asymmetric unit, all four molecules
exhibiting a similar conformation (Fig. S9-S11 in S. I). In each
structure, the telluronium cation exhibits close interaction with
three neighbouring anions, one in each direction opposite to the
Car-Te and Cye-Te bonds, almost aligned with the Te c-holes (Fig.
1a). With anion-Te distances ranging from 2.831 to 3.048 A, well
below the sum of the van der Waals radii of the two elements (O
1.52 A, Te 2.06 A) and with a nearly linear arrangement of the
TfO/NOg3e+Te—C bonds (166 to 175°; Fig. S12-S15, S16-S17 and
Table S10), these structures revealed the presence of ChB
between each Te-C c-hole and the non-bonding electrons of the
triflate or nitrate oxygen atom (Fig. 1b).

Figure 1. a) Molecular packing about tellurium Tel in telluronium triflate 3a
(intermolecular Te:--O bond distances in A) and its superposition with the
location of the ESP extrema (Vsmax, magenta dots; O---Te---Vsmax angles are
indicated in °); b) ESP map for the telluronium 3* on DFT p=0.001 a.u. isodensity
surface. Location of the three most positive extrema of ESP (Vs max points) are
indicated with black arrows.
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DFT calculations performed on the isolated telluronium cation
3* confirmed the presence of three o-holes along the three Te-C
bonds, as shown by the positive electrostatic surface potential
(ESP) around the tellurium centre (Fig. 1b). The corresponding
Vs max vValues perfectly reflect the electron-withdrawing or donating
properties of the substituent (Table S23), and as expected, the
CF; group induces a significant increase (Vsmax (kcal/mol): 130.3
(3") vs 113.0 (1*) vs 103.2 (2*)) deepening the c-holes. The Vs max
values of the two Te-Ar c-holes are almost identical to one
another whatever the telluronium, while the Te-Me o-holes are
always slightly lower. Superimpositions of the molecular packing
around telluronium cations in 3a and of the positions of the ESP
extrema (Fig. la and S16-S17) show that the position of the
anions is governed by the electrostatic interaction with the cation,
guided through the three o-holes that are responsible for the
Vs max observed on the molecular surface.

Encouraged by these positive structural results, we further
studied the telluronium ChB in solution. For that, ’O-labelled
PhsPORY was used as a probe in NMR, expecting that direct 17O
and *?°Te NMR monitoring of the interacting atoms would give key
information on the interaction between the basic Ph;PO oxygen
atom and the Te o-holes. Using a phosphine oxide as ChB
acceptor could further allow 3P NMR monitoring?? Once added
to a telluronium d?-dichloromethane solution, PhsPO induced
significant shifts of the 170, 3'P and ?°Te NMR signals (Table 1).

Table 1. %Te, Y70 and P NMR chemical shift differences from telluronium
salts 1-3 in the presence of PhsPO.[&

R R 5
ls o PheP=0 /® X
Te X oo Te,
CD,Cl, “0=PPhy
R 2 R 2

Entry  Telluronium (R, X)  ?TeAdlP! 170 A8l 31p AS
1 la (H, OTf) 2.08 0.57 6.71
2 1b (H, BFa) 4.13 4.96 1.89
3 1c (H, BAr%) 31.64 10.37  3.07
4 2a (OMe, OTf) 4.16 4.69 4.45
5 2b (OMe, BFa) 4.10 5.03 1.65
6 2c (OMe, BArFs) 29.90 9.69 3.78
7 3a (CFs, OTf) -3.13 4.47 0.98
8 3b (CFs3, BFs) -4.26 8.41 2.27
9 3c (CFs, BArRy) 11.62 21.10 6.83
10 3d (CFs, SbFe) -4.65 7.25 3.17
11 3e (CFs, NOs) 6.33 2.21 0.70
12 3f (CFs, B(CeFs)s)  0.06 9.45 3.22
13 4a (t-Bu, OTf) 0.78 1.81 0.55
14 4b (t-Bu, BFa) 1.50 2.09 0.66
15 4c¢ (t-Bu, BArFs) 24.48 5.04 241

[a] Conditions: 1:1 mixture (20 mM) of telluronium salts and PhsPO in CD2Cl. at
25 °C; [b] dte of the telluronium salts before and after addition of PhsPO are



given in S.I. (Tab. S1) as well as NMR incertitudes (Tab. S2); [c] do in the
presence of 1-4 (given in S.I. (Tab. S1) as well as NMR incertitudes (Tab. S4))
compared to do of free PhsPO (47.41 ppm); [d] &p in the presence of 1-4 (given
in S.I. (Tab. S1) as well as NMR incertitudes (Tab. S3)) compared to &p of free
PhsPO (27.45 ppm).

Expected to be driven by Te o holes deepness, the equilibrium
occurring upon PhzPO addition should be affected by the
electronic effect of the telluronium aryl substituent, but also by the
ability of the anion to act as a Lewis base and thus to compete
with the added OPPh;. Such competition may be responsible for
the variable peak broadening observed in some spectra for
certain telluronium-OPPh; complexes.

Therefore, electronic effect should best be detectable if no
competition for Te ¢ holes occurs. The telluronium series 1c, 2c,
3c and 4c, carrying the less coordinating anion BArF, was
designed and prepared for these reasons in order to maximize
PhsPO-+Te interaction. Rewardingly, these BArF derivatives
exhibited the largest NMR shifts (entries 3, 6, 9 and 15), whatever
the measured nucleus. Furthermore, good correlations between
A$ and ¢ Hammett constants were obtained in 'O and P NMR
(R? = 0.9375 and 0.9846 respectively; see Fig. S4). The latter
clearly confirms the formation of PhsPOe<+Te complexes, and the
role electronic effects played in this formation: the most effectively
formed was obtained with the more electrodeficient telluronium
3*, the one having the largest ¢ holes (see Vsmax values above),
inducing the largest 7O and 3P NMR shifts.

Alternatively, the anion effect could be best evaluated within
the telluronium series which exhibits the largest ¢ holes (see
Table S21), i.e. the 3* derivatives. Interestingly, the a index
proposed by Alvarez to define the coordination ability of anions
toward transition metal ions?%@ allowed to rationalize the
observed AS variations. Remarkable correlations were indeed
achieved with 17O and 3P NMR shifts for the 3a-3f telluronium salt
series (entries 7-12; see Fig. S5, R? = 0.9607 and R? = 0.9420
respectively). These results confirm that coordination of the
telluronium counterions compete with Ph3sPO for the formation of
PhzPO-+Te complexes.

It is worth noticing that, although a values were reported for
transition metals, lanthanides, and s-block metals,?® the present
correlations suggest that they are also well suited for telluronium
cations.

In contrast to Ado and Adp, only moderate to poor correlations
could be achieved with Adre, both for electronic and anion effects
(see Fig. S6). This was expected because °Te NMR
spectroscopy is highly sensitive to electronic and geometry
changes in the tellurium environment.?4 Nevertheless, the
correlation profile between Adte and a for the telluronium salt
series 3*X" showed that Adre is differently influenced if the anion
is well or poorly coordinating. Thus, by considering only low (BArF
and BCgFs) and medium (SbFs and BF,4) coordinating anions, a
very good correlation (R? = 0.9931) was obtained between Ade
and a. With the more coordinating anions (NO3; and TfO), the
effect of PhsPO addition is balanced by other parameters,
probably related to their competition for interaction with the
telluronium and may be some modifications of the telluronium
geometry if both the anion and Phs;PO interact with.

A complementary analysis of '%Te chemical shifts was
performed by calculating the chemical shielding of the tellurium in
telluronium cations 1*-4* (see S. |., section VII). Interestingly, the
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good linear correlation between the chemical shifts of
telluroniums 1c-4c measured in solution and the calculated
chemical shielding of 1*-4* showed that the &r. trend in this series
can be well reproduced by DFT calculations (R?> = 0.9076,
Fig.S18). This result confirmed that 8te in telluroniums 1c-4c is
mostly influenced by electronic parameters. However, no
correlation was observed between the calculated chemical
shielding and the measured &r. for the telluronium-OPPhs
adducts (Fig. S20). This was expected because the measured 3re
in solution corresponded to an equilibrium process whereas the
chemical shielding were calculated for the adducts only.

It is interesting to note that the measured and calculated
chemical shift values of the telluroniums reported here nicely fit
with those recently reported (Fig. S19).24d

To further probe this PhsPOe+Te interaction and to assess the
formation of a monoadduct PhsPO--Te+, we performed NOESY
experiment (Fig. S7) on the solution containing PhsPO and 3c, the
most effective salt for such complex formation (see above). This
experiment clearly established the spatial proximity of ortho
protons of PhsPO with the ortho protons of the 3,5-
di(trifluoromethyl)phenyl group of the telluronium entity (Fig. 2a).
Furthermore, nOe was also detected between the ortho-protons
of PhsPO and the methyl group of the telluronium. Interestingly,
calculations performed on a complex PhzPO-3* also highlighted
the proximity of these protons (Fig. 2b and S25), with a very short
distance between Te and O (2.570 A), in line with the strongest
70 NMR shift (A521.1 ppm) observed with this complex. Its
formation was further confirmed by in situ mass spectrometry,
which allowed to detect the species present in the corresponding
solution with a mass peak at 849.0448 within a set of peaks typical
for the isotopic distribution of a 1:1 adduct between 3c and Ph3sPO
(Fig. 2c and S8).

c) 849.0448
847.0421

845.0421

| esmous || 8500477
s aal] | s;e:uu [ "‘ Il | 8510474
JAl \ I\ I\ I\ )\ 8520499

841.0409 A A

Figure 2. a) Representation of the interactions between OPPhs and the
telluronium protons of 3c as suggested from O, 3'P and **Te NMR and
NOESY experiment (only one single hydrogen was highlighted for clarity); b)
B3LYP-D3/Def2TZVPP calculations of the 3*-PhsPO complex; c) mass
spectrum of the 3*-PhsPO complex.

Overall, these effects established the presence of a ChB
between Te and O of Ph3PO through interaction of the latter with
the aryl-Te o-hole located between the telluronium methyl and the
other aryl group, as schematically shown in Fig. 2a.

As these observations clearly showed the Lewis acidity of the
cationic chalcogen and its ability to activate a carbonyl-type
derivative, it was worth evaluating their propensity to act as



catalyst in some reactions. The bromination of anisole with N-
bromosuccimide (NBS) was first used as benchmark reaction with
catalysts 1-3 (Table 2). Interaction of the NBS carbonyl with the
Te o-hole should lower the N-Br bond LUMO and favour its attack
by the electron-rich aromatic moiety of anisole.

At room temperature, no reaction occurred without telluronium
(entry 1), but in the presence of catalytic amount of it (5 mol%),
anisole bromination was achieved within 5 min. All the telluronium
salts gave the expected 4-bromoanisole in high yields and no
significant difference was noted between TfO and BF, anions. As
expected from the preceding studies, the BArF telluroniums 1c,
2c and 3c provided the best results, giving within 5 min the
brominated product in high yields and almost quantitatively with
3c as catalyst (entries 4, 7 and 10). Based on these results and
on the higher Vsmax values (Table S23), catalyst 3c was used for
further catalytic tests (entries 11-15) and for other reactions
(Tables 3 and 4). Increasing or decreasing the catalyst amount
did not change the catalyst efficiency (entries 11, 12 vs 10), and
interestingly, as low as 0.5 mol% of catalyst still very efficiently
promoted this reaction within 5 min. (entry 13). The catalyst 3c
was then evaluated in competition with chloride, known to strongly
interact with Te species.[7215216251 Accordingly, the catalytic
activity of 3c was suppressed in the presence of an equivalent
amount of tetrabutylammonium chloride (entry 14). The possibility
of hidden Brgnsted catalysis was ruled out by adding potassium
carbonate which did not modify the reaction course and its yield
(entry 15). It is worth to mention that this reaction could be
performed at mmol scale without significant change (entry 10).
The catalyst stability was also attested by NMR monitoring of the
reaction; *H and **F NMR confirmed the structural integrity of the
catalyst after reaction (see S.I. p 31-33).

Table 2. Bromination of anisole catalyzed by telluroniums.

O
OMe
Cat. (x mol%) e
N-Br ———
CD2C|2' rt Br
(0]
Entryl Catalyst loading Yield (%)
1 None 0
Oort
2 @/T\e® la 5 mol% 790
1a
OgF
3 lo ¢ 1b 5 mol% 86
®/Te
1b
e
4 lo BAT 1c 5 mol% 89
o
1c
Oorr
5 MeO T\e@ OMe 2a 5 mol% 84
MeO 2a OMe
©gr
6 MeO T‘g@ 4 OMe 2b 5 mol% 81
MeO 2 OMe
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Opnf
7 MeO Jo BATS oMe 2c 5 mol% 87
MeO 2¢ OMe
Oorr
8 FsC T\@ CFy 3a 5 mol% 82
o7
FC 5, CFs
©gF
9 F3C T\@ 4 CFs 3b 5 mol% 87
FC 5y CFs
©Bar
10 FiC T‘® " CFs 3c 5 mol% 96 (94)1
O3
FC o 5e  CFs
11 3c 10 mol% 96
12 3c 1 mol% 97
13 3c 0.5 mol% 97
140 3c 1 mol% 0
150 3c 1 mol% 98

[a] Reactions were carried out with anisole (0.054 mmol), catalyst and NBS
(0.056 mmol) in CD2Cl at rt for 5 min.; [b] Determined by *H NMR (see Sl for
details, NMR yield incertitude: + 5%); [c] The same yield was obtained with 1a
synthesized directly from MeOTf, thus ruling out catalysis by silver salts; [d] In
the presence of 1 mol% of nBusNClI after 24h; [e] In the presence of 10 mol% of
K2COs after 5 min; [f] Isolated yield in brackets for a reaction performed at 1
mmol scale.

As NBS was efficiently activated by the telluronium catalyst in
the aryl bromination described above, it seemed worth to examine
another  classical reaction induced by NBS, the
bromolactonization reaction. A series of w-unsaturated carboxylic
acids was submitted to NBS in the presence of telluronium
catalyst 3c (Table 3). Rewardingly, the expected bromolactones
were obtained within 30 min in good to quantitative yields for 4 to
6 membered rings (entries 1-8), but in lower yields for larger rings
(entries 9-10), while no reaction occurred without catalyst (entry
1). The y-lactone was quantitatively formed (entries 5-6), even
with only 1 mol% of catalyst (entry 5) but higher catalyst loading
proved necessary for efficiently producing the - or é-lactones,
(entries 3-4 and 7-8 vs entry 5). For each case, the observed
regioselectivity corresponds to what is expected from Baldwin
‘rules’.”! Here again, the reaction could be performed at mmol
scale without significant change (entry 69) and the catalyst
remained stable during the reaction (see S.I. p 31-33), despite the
role Lewis bases could play in bromo- and iodolactonisation.?”]

Table 3. Bromolactonisation catalyzed by telluronium.

F3C /

o
,:

F.C /o BATa

x mol% o) Br

(o]
OH
)\M/\ N-Bf ————————— ow_/
A
© n CH,Cly, rt, 30 min. n
(¢]

Entry @  Alkene  x Lactone YieldP-l




1 n=1 0 ° o 0

2 1 t& 29 (26)

3 5 Br 70

4 10 77 (68)

5 n=2 1 ox© 100 (98)
6 5 @/\Br 99 (92)

O, O
7 n=3 5 Usr 62
8 10 82
o
9 h=4 5 UW 32
o
10 n=8 5

29
o
Br

[a] Reactions were carried out with @-unsaturated carboxylic acid (0.23 mmol),
catalyst and NBS (0.23 mmol) in CH2Cl2 at rt for 30 min.; [b] Determined by *H
NMR (see SI for details, NMR yield incertitude: = 5 %); [c] Isolated yield in
bracket; [d] reaction performed at 1 mmol scale.

In order to further illustrate the o-hole catalytic property of
telluronium species, we evaluated the ability of the telluronium 3c
to catalyze aza-Diels-Alder-type reaction. As an archetypal
reaction, the Danishefsky’s diene condensation with various
imines was investigated (Table 4). Such reaction is known to
follow a step-wise mechanism with soft Lewis acids or in protic
solvents, driven by N-coordination or protonation.?®! Therefore,
the soft telluronium 3c should here similarly activate the imine and
induce Mannich-type addition of the Danishefsky’s diene. All the
examined imines readily afforded the expected N-phenyl 2,3-
dihydro-4-pyridinones in good to high yields with only 1 mol% of
catalyst within 2 h at room temperature (entries 1, 3, 7). As
expected, higher catalyst loading further improved the catalysis
efficiency (entry 5 vs 4) and up to 91% of adducts could be
obtained with 10 mol% of catalyst (entry 6 vs 4). Longer reaction
times did not much improve yields (entries 2 vs 1, 4 vs 3 and 8 vs
7). A slight electronic effect was observed, with electron-poor
imine being less reactive (entries 7,8) as expected from the
envisaged mechanism. As in the preceding reactions, the reaction
could be performed at mmol scale (entry 6%) and the catalyst
stability could be assessed by*H and '°F NMR (see S.I. p 31-33).

Table 4. Telluronium-catalyzed condensation of imines with the Danishefsky’'s
diene.

F3C /
@
Ph Te o
N FC /o BAf o -Ph
Y\/OME K©\ X mol%
OSiMes % CH,Cl, 1t
R
Entry @ Imine Catalyst Time Yield®P<
loading
1 R=H 1 mol% 2h 87 (84)
(76)@
2 ‘ 1 mol% 24 h 87
3 R = OMe 1 mol% 2h 73
4 ‘ 1 mol% 24h 78 (73)
5 “ 5 mol% 24 h 87
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6 " 10 mol% 24 91 (88)
7 R =NO; 1 mol% 2h 60
8 " 1 mol% 24h 64 (56)

[a] Reactions were carried out with imine (0.14 mmol), Danishefsky’s diene
(0.18 mmol) and catalyst in CHzCl> at rt for 2 h; [b] Determined by *H NMR (S|
for details, NMR yield incertitude: + 5 %); [c] Isolated yield in bracket; [d] reaction
performed at 1 mmol scale.

In conclusion, after having prepared new telluronium salts, we
demonstrated the presence of three c-holes on these telluronium
and their importance in solution as indicated by PhzPO binding
studies through 170, 3!P and *?°Te NMR. The enhanced properties
of these telluronium salts could be readily translated for the first
time into high catalytic performance. These telluronium salts,
especially the BArF telluronium carrying electron-withdrawing
groups (3c), were able to efficiently catalyze various reactions,
even at low loading. Quantitative reactions were thus achieved in
the bromination of aromatic and in bromolactonization with only
0.5 mol% of catalyst. Aza-Diels-Alder-type reactions were also
very effective (up to 90%) with 5 mol% of catalyst. The versatility
of telluronium salts in their applications uncovered here opens up
new routes/strategies in organic syntheses. Further works in
those area are underway in our group.
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