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® Chalcogen-Bond Catalysis: Telluronium-Catalyzed [4 + 2]-

Cyclocondensation of (in situ Generated) Aryl Imines with

Alkenes

Loic Groslambert,”? Andres Padilla-Hernandez,® Robin Weiss, Patrick Pale,*? and

Victor Mamane*®!

Abstract: In the chalcogen series, tellurium species exhibit
the strongest chalcogen bonding (ChB) interaction with
electron-rich atom. This property explains the renewed
interested toward tellurium-based derivatives and their use in
different applications, such as organocatalysis. In this context,
the catalytic activity of telluronium salts in the Povarov
reaction is presented herein. Different dienophiles, as well as
imines of variable electronic nature, efficiently react in the
presence of catalytic amount of either diarylmeth-
yltelluronium or triaryltelluronium salts. Both catalysts could
also readily perform the three-component Povarov reaction

starting from aldehyde, aniline and dihydrofuran. The reac-
tivity of telluroniums towards imines and aldehydes was
confirmed in the solid state by the ability of Te atom to
interact through ChB with the oxygen carbonyl of acetone,
and in solution with significant shift variations of the imine
proton and of the tellurium atom in 'H and 'Te NMR
spectroscopy. For the most active telluronium catalysts
bearing CF; groups, association constants (K) with N-phenyl
phenylmethanimine in the range 22-38 M™' were measured
in dichloromethane.

J
Introduction i
Chalcogen bond (ChB) is a non-covalent interaction, identified | &+ (o-hole) i
as such relatively recently, analog to the now more common C
halogen bond (XB)." Both are due to attraction between a &- . .
nucleophilic entity (Lewis base) and an electrophilic region, Vimay Scale EWG: Electron-withdrawing group
- -+ B, = Lewis base

called o-hole, present on a halogen or a chalcogen atom. Due
to dissymmetric electron distribution around such atoms upon
covalent bonding, the o-hole region (blue area in Figure 1) is
located at the antipode of the X— or Ch—R bond and spatially
coincides with the LUMO orbital (0*) of the X— or Ch—R bond.”
In contrast to monovalent halogens, chalcogen atoms exhibit
two o-holes due to their divalent character (Figure 1).%!
Although comparable to hydrogen bond (HB) in term of
strength, XB and ChB are highly directional in sharp contrast to
HB. This interesting property has initiated over the last decade
for XB**! and very recently for ChB their exploitation in crystal
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Ch=8§, Se, Te

Figure 1. Location of o-holes along covalent bond involving halogen or
chalcogen.

engineering,”” supramolecular assemblies,” anion recognition

and transport tools and even more recently in
organocatalysis.®” In the latter area, the high directionality of
XB over HB has led to amazing developments. Combining this
directionality to the presence of at least two o-holes on
chalcogen atom should allow even greater precision in 3D
control. Organocatalysis based on ChB should thus be even
more powerful.

As for XB, ChB strength depends on the polarizability of the
chalcogen atom (S<Se<Te) and thus, chalcogen interactions
involving tellurium are the strongest.®*'” Tellurium derivatives
are thus becoming the most promising for applications based
on o-hole interactions, with a few emerging in anion
recognition and binding""” and in catalysis."? Nevertheless,
those applications remain scarce, especially in catalysis, in
comparison to the lighter chalcogen-based derivatives.""

Since we and others recently demonstrated that some
tellurium and telluronium derivatives 1-4 indeed act as efficient

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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catalysts in a few cases (Figure 2),!'? we embarked on a program

exploring the possibility and limit of such catalysts in organic
synthesis.

To implement this goal, we reported here the synthesis of
di- and triaryl telluronium derivatives 4-5 and their use as
efficient catalysts in [4+ 2]-cycloadditions, namely the Povarov
reaction (Scheme 1) While we were working on this
reaction,”” Huber et al. reported that derivatives of type 2 were
also efficient catalysts in the Povarov reaction between imines
and 1,2-dihydrofuran."

This cycloaddition was selected for its synthetic interest, as
it provides (hydro)quinoline derivatives. The latter is a common
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Figure 2. Few known ChB-based Te catalysts and the one proposed here.
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Figure 3. Selected examples of bioactive compounds containing a hydro-
quinoline motif.
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structural motif in bioactive compounds, either natural or not,
some having ended up as drugs (Figure 3), and as such have
initiated various syntheses.""”

Results and Discussion
Telluronium synthesis

To tune the tellurium o-holes and thus enhance stronger
interactions, ftriaryltelluronium derivatives carrying electron-
withdrawing substituents or groups (EWG) 5b were prepared
and compared to those without such EWG 5a and to the
analogous methyldiaryltelluronium salts 4a-b (Scheme 2). The
latter were obtained in three steps from the corresponding
diaryl ditellurides 7a-b. While 7a is commercially available, its
trifluoromethyl analog 7b has to be prepared from aryl
bromide 6."% Its metalation through halogen-lithium exchange
in the presence of t-butyllithium provided an aryl metal species,
which could then be converted to diaryl ditelluride 7b"® by
addition of tellurium powder at low temperature, ethanolysis
and air oxidation. 7a-b were then very efficiently converted to
the corresponding diaryltellurides 8a-b in the presence of
powdered copper."® Alkylation with methyl iodide in the
presence of silver triflate gave the corresponding diarylmeth-
yltelluronium triflate 4a-bor; with excellent yields. Because

Fa a) t-BuLi, R Cu, Tol
Br THF, - 78°C % 100°C Te
b) Te
F.C c) EtOH, air R R
3 2 2
7a (R=H) Commercial 8a (R=H) 99%
7b (R=CF3) 76% 8b (R=CF3) 86%
Mel, AgOTf, ; _NaBArF i
Te ® @
DCE dark eOTf DCE dark BArF
rt, 14h rt, 24h
4aon(R— 95% 4agacr (R=H) 96%
4bors (R=CF3) 98% 4bgarr (R=CF3) 99%
5ac (X =Cl)
PhLi AgOTf or AgBF 4 or NaBArF
TeCl ' @Te ® DCE, dark, rt, 24h
“"Et,0, -78°C ©x
94% Sagts (X= OTf, 97%)
5agg4 (X = BF 4, 98%)
Sac (X =Cl)  5agarr (X =BArF, 99%)
F3C
F1C CF,
a) Mg, 5bg, (X = Br)
Et,0, rt ®
6 W Te Ox AgOTf or AgBF 4 or NaBArF
-10°C to RT Fol CFs DCE or MeOH, dark, rt, 24h
69% 5bg1s (X= OTF, 98%)
F3C 5bgrg (X = BF4, 97%)
5bg, (X = Br) 5bgarr (X = BArF, 99%)

Scheme 2. Di- and triaryltelluronium syntheses.
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triflate anion is known to act as weak Lewis base towards
several elements,*® the non-coordinating anion tetrakis[3,5-
bis(trifluoromethyl)phenyllborates (BArF) was also introduced to
minimize any competition in solution. Anion metathesis readily
occurred in the presence of sodium BArF salt and provided the
telluronium BArF 4a-bg,,; in very high yields. A shorter one- or
two-step route was used for the preparation of the triaryltel-
luronium salts 5a-b. Triphenyltelluronium chloride®” 5a, was
directly obtained from addition of PhLi to TeCl,. For the
fluorinated aryl derivatives, addition of Mg turnings to 6
generated the Grignard reagent to which was added TeCl, at
low temperature. Upon warming, the tellurate intermediate
evolved to the corresponding triaryltelluronium bromide 5bg,.
X-ray analysis revealed that the counter-ion was a bromine in
this case. As for the above mentioned methyldiaryltelluroniums
4a-b, anion metathesis could be applied to triaryltelluroniums
5aq and 5bg with either AgOTf, AgBF, or NaBArF. The
corresponding telluronium salts 5a-bqr, 5a-bg, and 5a-bgye
were obtained in near quantitative yields.

Telluronium structures and interactions

To look for o-hole interactions in the solid state, numerous
attempts to get suitable crystals out of the diarylmethyl- or
triaryltelluronium salts having coordinating ions were pursued.
Among them, 5agy, and 5ag,s were successfully crystallized
from a dichloromethane solution in the dark by slow diffusion
of cyclohexane and their solid-state molecular structures were
determined by single crystal X-ray diffraction (XRD) (See § Ill in
S.l.). 5agg, structure exhibits close contacts between three
fluorine atoms from one anion and three different tellurium
atoms. Lengths and angles strongly suggest the presence of o-
hole interactions. Indeed, the Te--F distances d.¢ are all below
the sum of van der Waals radii and the C,-Te—F angles are in
the range 166-178°, showing the high linearity of the
interaction. It is worth noticing that although dichloromethane
molecule was found in the XRD structure, no interaction of the
chlorine atoms with tellurium atom could be observed.

Due to these results, attempts to co-crystallize triaryltelluro-
nium salts in the presence of Lewis bases were undertaken.
Rewardingly, 5ag,, 5bg, and 5bg,,: gave crystals from mixture of
dichloromethane and acetone, and their XRD structures con-
tained an acetone molecule in close contact with one o-hole of
the tellurium atom (Figure 4). In the crystal structure of adduct
[5agr,.CH;COCH,], the Te--O distance dr. is 2.996 A, far below
the sum of van der Waals radii (r,g,e=2.08 A, r4.0=1.52 A, RR
(reduction ratio) = (ryqure + Nvaws)/dre0 =0.83) and the C,~Te—O
angle (0) is 177.0°. In agreement with the higher Te o-hole
activation in the trifluoromethylated telluronium 5b, shorter
dreo values of 2.851 A (RR=0.79) and 2.714 A (RR=0.75) were
noted in the «crystal structures of [5bg.CH;COCH;] and
[5bgar.CH;COCH;], respectively.

As expected from the lower coordinating ability of the BArF
anion,?” the Te--O interaction in the BArF salt is much stronger
than in the bromide one. The two geometrical parameters
(RR<1 and 0 in the range 160-180°) confirm the Te--O ChB

Chem. Eur. J. 2023, e202203372 (3 of 8)

Figure 4. X-ray structures of the triaryltelluronium 5ageg, (up, left), 5bg, (up,
right) and 5bg,, (bottom) co-crystallized with acetone. Hydrogen atoms are
omitted for clarity. Color code: carbon in gray, tellurium in orange, oxygen in
red, boron in pink, fluorine in green, bromine in brown.

between telluroniums 5a/5b and acetone. It is worth noting
that in the structures of [5agg,.CH;COCH,] and [5bg,.CH;COCH,],
the two other Te o-holes respectively interact with BF,” and Br~
anions through strong Te-F and Te--Br ChBs leading to the
formation of anion bridges between two telluronium-acetone
adducts (See § Il in S.L.).

These results in the solid state anticipate the fact that
carbonyl groups and thus related imines can be activated in
solution through ChB by telluronium catalysts. This was
confirmed by conducting NMR experiments of a 1:1 CD.Cl,
mixture between the simplest non-functionalized imine, i.e. the
N-phenyl phenylmethanimine, and telluroniums 4bg,,; and
Sbgas (see § VI in S. L). In 'H NMR, the signal of the imine
proton at 8.474 ppm was deshielded to 8.498 ppm and
8.480 ppm upon addition of 4bg,; and 5bg,, respectively.
Accordingly, variations were also observed in '*Te NMR, with a
shift from 655.08 ppm for 4bg,,e to 663.77 ppm in the presence
of imine (Ad 8.69 ppm), and with a larger shift for 5bg,,, from
774.94 to 787.14 ppm in the presence of imine (Ad 12.2 ppm).
The capacity of telluroniums 4bg,: and 5bg,, to interact with
N-phenyl phenylmethanimine could be compared by determin-
ing their association constants K through titration experiments
(see Figures S7 and S8 in Supporting Information). Thus, the
chemical shift variations for 4bg,,: and 5bg,,e Uupon addition of
increasing amount of the imine were monitored by '*Te NMR.
The so-obtained K values revealed a slightly higher interaction
of 4bgye with the imine (K(4bgae/imine)=38+£5M"" vs. K-
(5bga/imine) =224+4 M),

It is worth noting that a slow decomposition of 4bg,,¢ to the
parent tellane 8b occurred upon prolonged contact times as

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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evidenced by NMR. After 16 h at room temperature, '°F NMR
indicated the formation of about 50% of 8b. Such decom-
position could not be detected with 5bgp,.

Telluroniums as catalysts in Povarov reaction

As expected from a ChB-driven reaction, a preliminary solvent
survey revealed that coordinating or (Lewis) basic solvents
hamper the Povarov reaction (See Table S1 in S.I.). Only the
chlorinated solvents dichloromethane or 1,2-dichloroethane
allowed the formation of the expected tetrahydroquinoline
adducts. These results are in line with the absence of interaction
between dichloromethane and telluronium in XRD structure,
while clear interactions with co-crystallized acetone do exist in
other XRD structures (see above).

The performances of the telluronium catalysts were first
evaluated in the reaction between N-phenyl phenylmethani-
mine, and 2,3-dihydrofuran, known for its high activity in
Povarov reaction (Table 1). While no reaction occurred without
catalyst, even after 24 h (entry 1), the simple diphenylmeth-
yltelluronium BArF 4ag,; was able to catalyze this model
reaction at room temperature within a few hours (entry 2).
Moderate conversion and yield were nevertheless observed
after 5h without significant selectivity for one or the other
endo or exo stereoisomers. As expected, the trifluorometh-
ylated analog 4bg,,: proved more efficient and allowed to get 9
in high yield, but still without much selectivity (entry 3). The
corresponding triflate 4bgy¢ provided similar results, but with a
selectivity in favor of the endo isomer (entry 4). As noted from
NMR studies, a small amount of tellane 8b was observed at the
end of the reaction. To attest that the reaction was only
catalyzed by the telluronium, the catalytic activity of 8b was
also evaluated and no conversion was observed (entry 5).

In the triaryltelluronium series, the triphenyltelluronium
BArF salt 5ag,,s only led to slow reactions at room temperature.
Upon slight heating, it nevertheless proved as efficient as its
diphenylmethyl analog 4ag,,, leading to similar results both in
term of yields and selectivity (entry 6 vs. 2). The corresponding
triflate 5aqr afforded the expected adducts in similar yields but
with a higher selectivity and without heating (entry 7 vs. 6).
Under the same conditions, the tetrafluoroborate 5ag, exhib-
ited a slightly lower reactivity, but induced a slightly higher
selectivity in favor of the endo isomer (entry 8 vs. 7 vs. 6).
Interestingly, the trifluoromethylated derivative 5bg,,: exhibited
a much higher efficacy as catalyst but with the same lack of
selectivity (entry 9 vs. 6). Here again, shifting from BArF as
counter-ion to triflate or tetrafluoroborate provided similar
yields with better selectivity, especially with the triflate
derivative 5bgy¢ (entry 9 vs. 10 vs. 11). This salt effect on the
diastereoselectivity was also observed by Huber et al. but could
not be clearly rationalized."® The results in our hands did not
allow to get more insight.

Subsequently, control experiments to assess the role of o-
hole interactions in the reaction were performed with the BArF
catalyst 5bgys. Known for its strong interaction with o-holes,
two equivalents of chloride salt (tetrabutylammonium chloride)

Chem. Eur. J. 2023, e202203372 (4 of 8)

Table 1. Telluronium-catalyzed Povarov reaction starting from pre-formed
imines: catalyst screening.”’

0 (o]
o : _-\
D 5mol % Cat. @(1
—_——
2 equiv Nﬁ DCE, 25°C N Ph N Ph
Ph Sl - H
gendo gexo
endo : exo
Entry Telluronium structure Catalyst Yield (%)
(endo:exo)!
1 - None 0
2 @ /@ 4asnr 5364
T‘eG (55:45)
CF CF
3 : ° 4bgar 88
(48:52)
FiC T‘e@ CF3
4 4bor 950
(68:32)
CF3 CF,4

5 1 8b 0
FaC Te CF

3

6 @\ /@ 5aparr 49icel
Tel, (49:51)
7 5ao'rf 47[c]
(68:32)
8 Sasra 39
(73:27)
F
9 G Sbaar 85
FiC CF, (45:55)
10 Te® Sbort 98
(67:33)
FiC CF3
1 Sbera 92
FsC (61:39)
12 Sbearr [olll
13 Sbearr 84
(48:52)
[a] Reaction conditions: imine (0.055 mmol), 2,3-dihydrofurane

(0.110 mmol) in 1,2-DCE (0.4 mL) at 25°C for 5 h; [b] Yield and endo/exo
ratio were estimated by 'H NMR by using 1,4-trimethylsilylbenzene as
internal standard; [c] incomplete conversion; [d] Tellane 8a or 8b was
observed at the end of the reaction; [e] reaction performed at 40°C; [f]
Addition of 10 mol% of tetrabutylammonium chloride; [g] Addition of
5 mol% of 2,6-ditertbutyl-4-methylpyridine.

were added relative to the telluronium salt. This presence
totally suppressed the reaction (entry 12 vs. 9). To ensure that
no acid trace could catalyze the reaction, another experiment
was performed in the presence of a base, hindered to minimize
competition for ChB. A stoichiometric amount of 2,6-ditertbu-
tyl-4-methylpyridine relative to the telluronium salt was thus
added and the cyclization proceeded as without it (entry 13 vs.

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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9). Both results clearly show the key role o-hole interactions
play in this reaction.

These results clearly highlight the higher reactivity and
efficiency of catalysts carrying trifluoromethyl substituents, as
expected. Yields were indeed improved in the meth-
yldiarytelluronium series (53 vs. 88-95 % yield, entries 3-4 vs. 2)
as well as in the triaryltelluronium series (39-49 vs. 85-98%
yield, entries 6-8 vs. 9-11). Whatever the series, similar reactivity
was observed (entry 2 vs. 6 and entries 3-4 vs. 9-11), despite
the measured association constants slightly in favor of the
methyldiarytelluronium (see above). However, triaryltelluronium
catalysts proved more stable than the methyldiarytelluronium
analogs (see above).

To go further towards synthetic applications, we then
investigated the capacity and tolerance of these catalysts.

We first surveyed the dienophile partner. A series of
variously substituted alkenes were thus reacted with the same
non-functionalized N-phenyl phenylmethanimine (Table 2). For
comparison purpose, both the trifluoromethylated meth-
yldiphenyl- and triphenyltelluronium BArF salts, 4bg,: and
Sbg,.+ respectively, were engaged as catalysts in reactions with
the same dienophile. Since classical Povarov reactions usually
involve electron-rich alkenes, especially enol ethers and con-
jugated dienes,"" we have engaged a representative panel of
such dienophiles in our telluronium-catalyzed version (en-
tries 1-8 and 9-10). Nevertheless, norbornene was also en-
gaged as a few strained alkenes already proved reactive enough
in classical Lewis acid-catalyzed Povarov reactions.*?

Enol ethers rapidly reacted with the methyldiaryltelluronium
4bg,, catalyst and very efficiently yielded the expected hydro-
quinolines (entries 1, 3 and 6) but with variable stereoselectivity.
Indeed, the endo/exo ratio could be partly reversed (from
85:15, entry 3, to 35:65, entry 6) depending on the alkene size.
The small ethoxyethene mostly provided the endo isomer,
while the larger dihydropyran mostly gave the exo isomer
(entry 3 vs. 6). In contrast, the triaryltelluronium 5bg,,: required
longer reaction times, except for dihydrofuran (entry 2 vs. 1).
Dihydropyran could not be fully converted, even after 20 h
(entries 7-8), while ethoxyethene was within the same time
(entries 4-5). The same reversal in stereoselectivity was also
observed with this catalyst (from 82:18, entries 4-5, to 35:65,
entry 8).

Another catalyst activity difference was observed with
conjugated and strained alkenes. In the presence of 4bgy,,
cyclopentadiene provided the corresponding hydroquinoline,
mostly as its endo isomer, within a few hours and in high yield
(entry 9). However, a complex mixture was obtained in the
presence of 5bg,,s, in which the expected hydroquinoline could
barely be detected (entry 10). Similarly, norbornene readily
reacted in the presence of 4bg,,, although longer reaction time
was required (entries 11-12), while 5bgu,s induced the norbor-
nene polymerization (entry 13).

The very high exo-exo stereoselectivity of the latter reaction
(entries 11-12) suggests the intervention of an asynchronous
Diels-Alder type mechanism rather than a stepwise
mechanism.”? The fact that a stereoselectivity change occurred
with enol ethers, according to their size, corroborates such

Chem. Eur. J. 2023, e202203372 (5 of 8)

Table 2. Telluronium-catalyzed Povarov reaction starting from pre-formed
imines: screening of dienophiles.”!
®
R@ BArF
CF
CF3
L LR Cat ’6 mol%) ©\/1
DCE, 25°C
2 equiv
endo : ex
Entry  Catalyst Dienophile Time  Yield® Product
(h) (%) Structure
[§)
1 4bsarr I 0 5 88l
(46:54)
o N "Ph
2 Sbeare I 5 85 9umw : gexu
(46:54)
E OEt
3 dbear (O : 5 94
‘ (85:15) m
N""Ph
4 Sbearr rOE‘ 5 48t 10 H'1ll
\ (82:18) ondo * 10ex0
5 20 80
(81:19)
6 4bsare o 5 92
1 (35:65)
7 Sbear @ 5 266 e Mo
8 20 501
(35:65)
9 4bsarr @ 5 91t
(74:26) O
10 Sbaar O 5 m i 2
11 4bgarr Lb 5 60(c
(5: 95)
12 24 79
(5: 95)
exo-ando sxo-exo
13 S5bearr Lb 24 _lal
[a] Reaction conditions: imine (0.055 mmol), dienophile (0.110 mmol) in
1,2-DCE (0.4 mL) at 25°C; [b] Yield and endo:exo ratio were estimated by
'H NMR by using 1,4-trimethylsilylbenzene as internal standard; [c] Tellane
8b was observed at the end of the reaction; [d] Incomplete conversion; [e]
Endo:exo ratio could not be clearly determined; [f] Complex mixture; [g]
Polymerization of the dienophile.

Diels-Alder type mechanism in which increasing steric inter-
actions tend to shift the dienophile approach.

These results show that the methyldiaryltelluronium 4bg,,;
catalyst reacts similarly whatever the alkene (91+£3% yield),
except for the hindered norbornene (entries 1,3,6,9 vs. 11), in
contrast to the triaryltelluronium 5bg,: more sensitive to
hindrance (entry 2 vs. 4 vs. 7 vs. 13), probably due to its larger
size. Despite slower reactions with the latter catalyst, almost the
same selectivity was achieved whatever the catalyst, at least in

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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reaction with enol ethers (entries 4-5 vs. 3, 2 vs. 1 and 7-8 vs.
6).

It is worth mentioning that this telluronium-catalyzed
Povarov reaction compared well with other versions catalyzed
by more classical catalysts, which usually required either higher
catalyst loading and/or longer reaction time and sometimes
higher temperatures®? (See Table S2 in Supporting Informa-
tion).

To further exemplify the present telluronium-catalyzed
Povarov reaction and in attempts to shed light on the possible
mechanisms,*” we prepared and investigated a series of imines
carrying a N-phenyl group tuned with electron-withdrawing or
donating substituents (EWG or EDG) at each ortho-, meta-, para-
position (Scheme 3).

Submitted to the more electrophilic trifluoromethylated
triphenyltelluronium BArF salt 5bgy,, these imines provided the
expected hydroquinolines usually in high and nearly quantita-
tive yields (see 14-m, 15-o0-m-p, 16-0). Except the strongly
electron-withdrawing nitro group, which slowed the reaction
(see 17-0-m-p), no clear electronic effects seem to affect the
reaction (see 16-o vs. 15-0). Nevertheless, and surprisingly, the
ortho- and para-methoxy substituted derivatives were produced
with lower yields than the meta isomer (see 14-0-p vs. 14-m)
and than the methyl substituted derivatives (see 14-0-p vs. 15-
o-p).

Looking for a truly multi-component one-pot reaction, we
performed the same reactions starting from the imine precur-
sors, i.e. aniline and benzaldehyde (Table 3). The latter in the
presence of dihydrofuran and catalytic amount of methyl or aryl
telluronium BATrF salts gave the expected adducts usually in the
same or similar yields and stereoselectivity compared to the
reaction starting from pre-formed imines (entries 1-4 and 6).

— o
2 equiv Z (0] % R "\
5bgarr (5 mol%)
Q '
DCE, RT, 5h N N~ Ar
Y, H
Ar” "N H endo : exo
(0] (0]
OMe Me
N NS
H _ _

14-0 (77%, 52:48)
14-m (97%, 46:54)
14-p (63%, 49:51)

0
cl
N YA
Ho |l
4

16-0 (96%, 49:51)
16-m (90%, 48:52)
16-p (91%, 47:53)

15-0 (97%, 49:51)
15-m (97%, 46:54)
15-p (97%, 49:51)

o)
NO,
N A
Ho |l
4

17-0 (28%, 57:43)1%
17-m (54%, 51:49)
17-p (57%, 51:49)

Scheme 3. Telluronium-catalyzed Povarov reaction starting from pre-formed
imines: screening of the imine. Reaction conditions: imine (0.055 mmol), 2,3-
dihydrofurane (0.110 mmol) in 1,2-DCE (0.4 mL) at 25°C; Yield and endo:exo
ratio were estimated by 'H NMR by using 1,4-trimethylsilylbenzene as
internal standard; ® Incomplete conversion.
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Table 3. Telluronium-catalyzed Povarov reaction from in situ formed
imines.
e
R & BArF
FsC Te CF;
=
e
; CF3 CFs o} o
e Cat. (5 mol%) : .\
O H DCE, RT, 5h m
Y NH» N Ar N "Ar
i H
1 equiv 1.05 equiv endo : exo
Entry Catalyst Ar Yield™ (%) Product
(endo:exo)
1 4bearr CeHs 800 9
(49:51)
2 5bgarr CeHs 84 9
(51:49)
3 Sbearr p-ClCsHs 91 16-p
(51:49)
4 Sbearr m-ClCsHa 80 16-m
(51:49)
5 Sbearr 0-CICeHa 66 16-0
(53:47)
6 Sbearr m-MeCsHs 98 15-m
(49:51)
[a] Reaction conditions: aldehyde (0.055 mmol), aniline (0.0558 mmol), 2,3-
dihydrofurane (0.110 mmol) in 1,2-DCE (0.4 mL) at 25°C; [b] Yield and
endoexo ratio were estimated by 'H NMR by using 14-trimeth-
ylsilylbenzene as internal standard; [c] Tellane 8b was observed at the end
of the reaction.

However, the one-pot reaction with the ortho-chlorobenzalde-
hyde provided the adducts with a significantly lower vyield,
probably linked to the slower in situ imine formation (entry 5).

Conclusion

The synthesis of telluronium salts and their catalytic activity in
the Povarov reaction involving imines, or their components,
and alkenes was reported. The ChB ability of the telluronium
salts was first attested in the solid state by co-crystallization
with acetone. The geometrical parameters of Te--O contacts
(distances and angles) clearly correspond to a o-hole based
interaction. Moreover, the strength of the Te--O ChB could be
correlated to the electron-withdrawing ability of Te substituents
(m,m-(CF;),—C¢H; vs. C¢Hs) and to the coordinating ability of the
counter-ion (BArF vs. Br). In solution, addition of a stoichiomet-
ric amount of the telluronium BArF salts to the imine induced
significant chemical shifts variations in 'H and '*Te NMR as a
result of the Te--N ChB, allowing to determine association
constants. Subsequently, the catalytic performances of the
telluronium BArF salts and its generality were demonstrated
through various Povarov reactions involving either different
dienophiles or imines. Finally, a one-pot protocol for the
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Povarov reaction was developed, starting from various alde-
hydes and aniline.

Further work to expand the scope of chemical functions
that could be activated by the telluronium salts are underway
in our group.

Experimental Section

General procedure for the Povarov reaction: In a 1 mL sealed tube
containing the imine (0.055 mmol), catalyst (5 mol%) in 0.4 mL of
freshly distilled and degazed 1,2-DCE was added the dienophile
(0.1170 mmol). The reaction mixture was shaken at 25°C with a
vortex. At the appropriate time, the standard (1,4-trimeth-
ylsillylbenzene, 200 pL, 80 mM in acetone) was added to the
reaction mixture. The solvent was removed under reduced pressure
to remove volatile dienophile and solvent. Deuterated solvent was
added and the resulting mixture was monitored by 'H NMR.

X-Ray Diffraction: Single crystals of 5agr, and 5ag,+ Were obtained
by slow diffusion at 10°C of cyclohexane into a solution of the
telluronium in  dichloromethane.  Single  crystals  of
[5agr4.CH;COCH,], [5bg.CH,COCH,] and [5bg,:.CH;COCH,] were
obtained by slow diffusion at 4°C of cyclohexane into a solution of
the telluronium in acetone. The crystals were placed in oil, and a
single crystal was selected, mounted on a glass fiber and placed in
a low-temperature N, stream. X-ray diffraction data collection was
carried out on a Bruker PHOTON Il DUO CPAD diffractometer
equipped with an Oxford Cryosystem liquid N, device, using
Mo—Ka radiation (A=0.71073 A). The crystal-detector distance was
37 mm. The cell parameters were determined (APEX3 software)®!
from reflections taken from 1 set of 180 frames at 1 s exposure. The
structures were solved using the program SHELXT-2014.%9 The H-
atoms were included in calculated positions and treated as riding
atoms using SHELXL default parameters. The non-H atoms were
refined anisotropically, using weighted full-matrix least-squares on
F2. A semi-empirical absorption correction was applied using
SADABS in APEX3; transmission factors: T, Tmax=0.7091/0.7456 for
5agr4; Trnin/Tmax = 0.7264/0.7456 for 5aga; Tomin/Tmax = 0.6819/0.74650
for [5ages.CH;COCH,], T Tmax = 0.6876/0.7460 for [5bg,.CH;COCH,]
and Ty Trnax = 0.7187/0.7456 for [5bga.CH;COCH;].

Depositions Numbers 2212565 (for 5agg,), 2212566 (for 5aga),
2212567 (for [5ag,.CH;COCH;]), 2212568 (for [5bg,.CH;COCH;]) and
2212569 (for [5bga.CH;COCH;]) contain the supplementary crystal-
lographic data for this paper. These data are provided by the joint
Cambridge Crystallographic Data Centre and Fachinformationszen-
trum Karlsruhe Access Structures service www.ccdc.cam.ac.uk/
structures.

Acknowledgements

This research was funded by the International Center Frontier
Research in Chemistry (icFRC), the LabEx CSC (ANR-10-LABX-
0026 CSC) and French National Research Agency (ANR-21-CE07-
0014). RW thanks the LabEx CSC, Strasbourg, for a PhD
fellowship. LG thanks the ANR for a PhD fellowship and AP-H
thanks the French Ministry of Research for a PhD fellowship.

Conflict of Interest
The authors declare no conflict of interest.

Chem. Eur. J. 2023, e202203372 (7 of 8)

Data Availability Statement

The data that support the findings of this study are available in
the supplementary material of this article.

Keywords: chalcogen bonds - o-holes

organocatalysis - tellurium

cycloaddition -

[1] For an historical perspective, see: S. Kolb, G. A. Oliver, D. B. Werz, Angew.
Chem. Int. Ed. 2020, 59, 22306-22310.

[2] V. Oliveira, D. Cremer, E. Kraka, J. Phys. Chem. A 2017, 121, 6845-6862.

[3] a) J.S. Murray, P. Lane, T. Clark, P. Politzer, J Mol Model 2007, 13, 1033-
1038; b) T. Clark, Faraday Discuss. 2017, 203, 9-27.

[4] a) J. Bamberger, F. Ostler, O.G. Manchefno, ChemCatChem 2019, 11,
5198-5211; b) R. L. Sutar, S. M. Huber, ACS Catal. 2019, 9, 9622-9639;
¢) M. Breugst, J. J. Koenig, Eur. J. Org. Chem. 2020, 5473-5487.

[5] a) A. Mukherjee, S. Tothadi, G.R. Desiraju, Acc. Chem. Res. 2014, 47,
2514-2524; b) A. Brown, P.D. Beer, Chem. Commun. 2016, 52, 8645-
8658.

[6] N.Biot, D. Bonifazi, Coord. Chem. Rev. 2020, 413, 213243.

[7] R. Gleiter, G. Haberhauer, D. B. Werz, F. Rominger, C. Bleiholder, Chem.
Rev. 2018, 118, 2010-2041.

[8] a) H. Zhao, F. P. Gabbai, Nat. Chem. 2010, 11, 984-990; b) G. E. Garrett,

G. L. Gibson, R.N. Straus, D. S. Seferos, M.S. Taylor, J. Am. Chem. Soc.

2015, 137, 4126-4133; c) L. M. Lee, M. Tsemperouli, A.l. Poblador-

Bahamonde, S. Benz, N. Sakai, K. Sugihara, S. Matile, J. Am. Chem. Soc.

2019, 141, 810-814; d) B. Zhou, F. P. Gabbai, Chem. Sci. 2020, 11, 7495-

7500.

L. Vogel, P. Wonner, S. M. Huber, Angew. Chem. Int. Ed. 2019, 58, 1880-

1891.

[10] P. Pale, V. Mamane, ChemPhysChem 2022, 10.1002/cphc.202200481.

11] For a recent review, see: A. Frontera, A. Bauza, Int. J. Mol. Sci. 2021, 22,
12550.

[12] @) S. Benz, A.l. Poblador-Bahamonde, N. Low-Ders, S. Matile, Angew.

Chem. Int. Ed. 2018, 57, 5408-5412; Angew. Chem. 2018, 130, 5506-

5510; b) P. Wonner, A. Dreger, L. Vogel, E. Engelage, S. M. Huber, Angew.

Chem. Int. Ed. 2019, 58, 16923-16927; Angew. Chem. 2019, 131, 17079-

17083; ¢) P. Wonner, T. Steinke, L. Vogel, S. M. Huber, Chem. Eur. J. 2020,

26, 1258-1262; d)T. Steinke, P. Wonner, E. Engelage, S. M. Huber,

Synthesis 2021, 53, 2043-2050; e)R. Weiss, E. Aubert, P. Pale, V.

Mamane, Angew. Chem. Int. Ed. 2021, 60, 19281-19286; f) B. Zhou, F.

Gabbai, J. Am. Chem. Soc. 2021, 143, 8625-8630; g) B. Zhou, F. Gabbai,

Organometallics 2021, 40, 2371-2374.

a) S. Benz, J. Lopez-Andarias, J. Mareda, N. Sakai, S. Matile, Angew. Chem.

Int. Ed. 2017, 56, 812-815; b) S. Benz, J. Mareda, C. Besnard, N. Sakai, S.

Matile, Chem. Sci. 2017, 8, 8164-8169; c) P. Wonner, L. Vogel, F. Kniep,

S. M. Huber, Chem. Eur. J. 2017, 23, 16972-16975; d) P. Wonner, L. Vogel,

M. Duser, L. Gomes, F. Kniep, B. Mallick, D. B. Werz, S. M. Huber, Angew.

Chem. Int. Ed. 2017, 56, 12009-12012; e) S. Benz, C. Besnard, S. Matile,

Helv. Chim. Acta 2018, 101, e€1800075; f) P. Wonner, A. Dreger, E.

Engelage, S. M. Huber, Angew. Chem. Int. Ed. 2019, 58, 16923-16927;

g) W. Wang, H. Zhu, S. Liu, Z. Zhao, L. Zhang, J. Hao, Y. Wang, J. Am.

Chem. Soc. 2019, 141, 9175-9179; h) R. Weiss, E. Aubert, P. Peluso, S.

Cossu, P. Pale, V. Mamane, Molecules 2019, 24, 4484; i) W. Wang, H. Zhu,

L. Feng, Q. Yu, J. Hao, R. Zhu, Y. Wang, J. Am. Chem. Soc. 2020, 142,

3117-3124; j) X. He, X. Wang, Y.-L.S. Tse, Z. Ke, Y.-Y. Yeung, ACS Catal.

2021, 11, 12632-12642; k) H. Zhu, P.-P. Zhou, Y. Wang, Nat. Commun.

2022, 13, 3563; I) X. Yuan, Y. Wang, Angew. Chem. Int. Ed. 2022, 61,

€202203671; m) Q. Zhang, Y.-Y. Chan, M. Zhang, Y.-Y. Yeung, Z. Ke,

Angew. Chem. Int. Ed. 2022, 61, €202208009; n) Y. Lu, Q. Liu, Z.-X. Wang,

X.-Y. Chen, Angew. Chem. Int. Ed. 2022, 61, e202116071; o) M. V. Il'in,

A. S. Novikov, D. S. Bolotin, J. Org. Chem. 2022, 87, 10199-10207.

[14] a) V. V. Kuznetsov, Tetrahedron 2009, 65, 2721-2750; b) W. Ferreir-
a de Paiva, Y. de Freitas Rego, A. de Fatima, S. A. Fernandes, Synthesis
2022, 54,3162-3179.

[15] R. Weiss, PhD Thesis, “Etude en solution des interactions basées sur un
trou-o : conception, synthése et applications de nouveaux donneurs de
liaison halogéne et chalcogéne”, University of Strasbourg, 2021.

[16] T. Steinke, P. Wonner, R. M. Gauld, S. Heinrich, S. M. Huber, Chem. Eur. J.
2022, 28, €202200917.

[17] a) V. Sridharan, P. A. Suryavanshi, J. C. Menéndez, Chem. Rev. 2011, 111,
7157-7259; b) B. Nammalwar, R. A. Bunce, Molecules 2014, 19, 204-232;

)

=
»

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/chem.202203372
https://doi.org/10.1002/anie.202007314
https://doi.org/10.1002/anie.202007314
https://doi.org/10.1021/acs.jpca.7b06479
https://doi.org/10.1007/s00894-007-0225-4
https://doi.org/10.1007/s00894-007-0225-4
https://doi.org/10.1039/C7FD00058H
https://doi.org/10.1002/cctc.201901215
https://doi.org/10.1002/cctc.201901215
https://doi.org/10.1021/acscatal.9b02894
https://doi.org/10.1002/ejoc.202000660
https://doi.org/10.1021/ar5001555
https://doi.org/10.1021/ar5001555
https://doi.org/10.1039/C6CC03638D
https://doi.org/10.1039/C6CC03638D
https://doi.org/10.1016/j.ccr.2020.213243
https://doi.org/10.1021/acs.chemrev.7b00449
https://doi.org/10.1021/acs.chemrev.7b00449
https://doi.org/10.1021/ja512183e
https://doi.org/10.1021/ja512183e
https://doi.org/10.1021/jacs.8b12554
https://doi.org/10.1021/jacs.8b12554
https://doi.org/10.1039/D0SC02872J
https://doi.org/10.1039/D0SC02872J
https://doi.org/10.1002/anie.201809432
https://doi.org/10.1002/anie.201809432
https://doi.org/10.3390/ijms222212550
https://doi.org/10.3390/ijms222212550
https://doi.org/10.1002/anie.201801452
https://doi.org/10.1002/anie.201801452
https://doi.org/10.1002/ange.201801452
https://doi.org/10.1002/ange.201801452
https://doi.org/10.1002/anie.201910639
https://doi.org/10.1002/anie.201910639
https://doi.org/10.1002/ange.201910639
https://doi.org/10.1002/ange.201910639
https://doi.org/10.1002/chem.201905057
https://doi.org/10.1002/chem.201905057
https://doi.org/10.1002/anie.202105482
https://doi.org/10.1021/jacs.1c04482
https://doi.org/10.1021/acs.organomet.1c00279
https://doi.org/10.1039/C7SC03866F
https://doi.org/10.1002/chem.201704502
https://doi.org/10.1002/anie.201704816
https://doi.org/10.1002/anie.201704816
https://doi.org/10.1002/anie.201910639
https://doi.org/10.1021/jacs.9b03806
https://doi.org/10.1021/jacs.9b03806
https://doi.org/10.3390/molecules24244484
https://doi.org/10.1021/jacs.9b12610
https://doi.org/10.1021/jacs.9b12610
https://doi.org/10.1021/acscatal.1c03622
https://doi.org/10.1021/acscatal.1c03622
https://doi.org/10.1021/cr100307m
https://doi.org/10.1021/cr100307m

Chemistry
Research Article Europe v
Chemistry—A European Journal doi.org/10.1002/chem.202203372 Soories Publishig

) I. Muthukrishnan, ¢. Sridharan, J. C. Menéndez, Chem. Rev. 2019, 119, [23] S. Kobayashi, H. Ishitani, S. Nagayama, Synthesis 1995, 1195-1202.

5057-5191. [24] a) F. Palacios, C. Alonso, A. Arrieta, F. P. Cossio, J. M. Ezpeleta, M. Fuertes,
[18] R. Weiss, E. Aubert, L. Groslambert, P. Pale, V. Mamane, Chem. Eur. J. G. Rubiales, Eur. J. Org. Chem. 2010, 2010, 2091-2099; b) L. R. Domingo,

2022, 28, e202200395. M. J. Aurell, J. A. Sdez, S. M. Mekelleche, RSC Adv. 2014, 4, 25268-25278.
[19] M. Akiba, M.V. Lakshmikantham, K.-Y. Jen, M. P. Cava, J. Org. Chem. [25] Bruker (2012). APEX3. Bruker AXS Inc., Madison, Wisconsin, USA.

1984, 49, 4819-4821. [26] G. M. Sheldrick, Acta Cryst. 2015, A71, 3-8.
[20] a) R. Diaz-Torres, S. Alvarez, Dalton Trans. 2011, 40, 10742-10750; b) S.

Alvarez, Chem. Eur. J. 2020, 26, 4350-4377.
[21] W. H. H. Gunther, J. Nepywoda, J. Y. C. Chu, J. Organomet. Chem. 1974,

74,79-84. Manuscript received: October 31, 2022
[22] C.D. Smith, J. 1. Gavrilyuk, A.J. Lough, R. A. Batey, J. Org. Chem. 2010, Accepted manuscript online: December 16, 2022
75,702-715. Version of record online: IR, I

Chem. Eur. J. 2023, €202203372 (8 of 8) © 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH


https://doi.org/10.1021/acs.chemrev.8b00567
https://doi.org/10.1021/acs.chemrev.8b00567
https://doi.org/10.1021/jo00199a014
https://doi.org/10.1021/jo00199a014
https://doi.org/10.1002/chem.201905453
https://doi.org/10.1016/S0022-328X(00)83763-8
https://doi.org/10.1016/S0022-328X(00)83763-8
https://doi.org/10.1021/jo9021106
https://doi.org/10.1021/jo9021106
https://doi.org/10.1055/s-1995-4066
https://doi.org/10.1039/c4ra02916j

RESEARCH ARTICLE

Telluronium salts bearing electron-
withdrawing groups were prepared,
and their ability to drive chalcogen
bonds with ketones and imines was
demonstrated in the solid state and in
solution. These strong o-hole bond
donors were able to efficiently
catalyze the Povarov reaction through
chalcogen bond activation of imines

and subsequent reaction with alkenes.

The title reaction was found to be as
efficient with pre-formed or in situ
generated imines.
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