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Abstract The application of already established as well as novel seleni-
um- and sulfur-based cationic chalcogen bond donors in the catalytic
activation of quinoline derivatives is presented. In the presence of se-
lected catalysts, rate accelerations of up to 2300 compared to virtually
inactive reference compounds are observed. The catalyst loading can
be reduced to 1 mol% while still achieving nearly full conversion for elec-
tron-poor and electron-rich quinolines. Contrary to expectations, pre-
organized catalysts were less active than the more flexible variants.

Key words chalcogen bonding, Lewis acids, organocatalysis, nonco-
valent interactions, intermolecular interactions, chalcogens, reduction

In the field of organocatalysis, noncovalent interactions
play an important role, which was so far dominated by hy-
drogen bonding.1,2 In the last years, however, less typical
noncovalent interactions such as anion- 3,4 halogen,5–8 and
chalcogen9–12 bonding has become a focus of current re-
search and have predominantly been applied in supramo-
lecular assembly and anion recognition processes. To date,
both anion- and halogen bonding (XB) have been intro-
duced in organocatalysis, whereas the application of chal-
cogen bonding (ChB) in this area is far less studied.

Chalcogen bonding is based on electrophilic chalcogen
substituents in organic or inorganic compounds, which act
as Lewis acidic centers. The origin of the interaction with
Lewis bases can be explained by an n → * type orbital in-
teraction (Figure 1) and by electrostatic attraction, since the
chalcogen substituents feature a region of positive electro-
static potential (-hole) in the elongation of the R–Ch
bond.13–15 In comparison to halogen bonding, chalcogen-
bond donors possess two of these electron-deficient axes in
a perpendicular arrangement. Furthermore, the Lewis acid-

ity may be fine-tuned by variation of both substituents R
and R′ (Figure 1). In solid-state chemistry and crystal engi-
neering, chalcogen bonding has increasingly been utilized
in the last 20 years or so.11,15,16 As an intramolecular inter-
action, it has also been used in organic synthesis since the
pioneering works of Tomoda17 and Wirth.18 Pioneering
studies on intermolecular interactions in solution were re-
cently published by Taylor19,20 and Beer21–23 in anion-recog-
nition processes, and in 2017 the group of Matile24,25 and
our group26,27 reported the first applications of intermolec-
ular chalcogen bonding in organocatalysis: quinoline deriv-
atives were activated by neutral ChB donors, while cationic
ChB donors were used in halide abstraction reactions. Two
further reactions of the latter type were reported subse-
quently.28,29

However, the application of cationic ChB catalysts in the
activation of neutral compounds is still unexplored, even
though a significantly stronger activation should be expect-
ed compared with neutral catalysts. This is particularly true
since in these reactions – in contrast to halide abstractions
– no interfering anion (leaving from the substrate) is present.

Figure 1  Chalcogen bonding as n → * type interaction between a 
Lewis base (LB) and a chalcogen bond donor (Ch = S, Se, Te)

As a simple benchmark reaction, the reduction of quino-
line derivatives (Scheme 1) was chosen for several reasons:
(a) most importantly, a series of reports is available with
data on the performance of halogen or (neutral) chalcogen
bonding organocatalysts;24,25,30 (b) the reaction can be easi-
ly monitored via 1H NMR spectroscopy; (c) a large number
of quinoline derivatives can be employed; and (d) no back-
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ground reactivity is observed at room temperature in the
absence of activating agent (Table 1, entry 1). It should be
noted that, at the same time, the reaction is not without its
issues, particularly with regard to halogen bonding, as the
action of hidden acid traces such as HI cannot easily be
ruled out.31,32 This is less relevant for chalcogen bonding,
though, as the generation of acid seems much less likely.

As cationic ChB donors, sulfur- and selenium-based im-
idazolium and benzimidazolium derivatives were chosen,
with the selenium compounds already having been applied
in halide abstraction reactions.26,27

Scheme 1  Reduction of different quinoline derivatives 1a–d with 
Hantzsch ester 2 (2.4 equiv) in the presence of sulfur- and selenium-
based cationic chalcogen bond donors

The preparation of all ChB donors investigated herein
followed the same synthetic route, which is given in
Scheme 2 (yields for each step and more details are provid-
ed in the Supporting Information). The first step involves
the alkylation of the bis-heterocyclic compound, followed
by introduction of the chalcogen under basic conditions
and a second alkylation of the resulting chalcogenourea to
yield the final catalysts as triflate salts.26

The tested ChB donors and reference compounds are
shown in Figure 2. Each contains a characteristic cationic
bis(benz)imidazolium scaffold as well as octylated side
chains for improved solubility. Some of the compounds fea-
ture a trifluoromethyl group on the central benzene core.

This serves two purposes: it allows easy tracking of poten-
tial catalyst decomposition via 19F NMR spectroscopy and it
allows the separation of syn- and anti-isomers. Based on
the well-known supramolecular concept of preorganiza-
tion, the former is expected to be more active than analo-
gous compounds with freely rotating chalcogen bonding
moieties (such as 8 or 9).

First orientating experiments were performed with our
previously most active ChB catalyst26,27 syn-10SeMe and 2-
phenylquinoline (1a) as substrate to find an optimal reac-
tion profile regarding reaction time, catalyst loading, and
overall concentration (in view of solubility issues of com-
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Scheme 2  Schematic syntheses of different sulfur- and selenium-based chalcogen bond donors. (i) C8H17OTf (2.5 equiv), anhyd. CH2Cl2 (0.1 M), r.t., 
24 h; (ii) Ch(2.5 equiv), Cs2CO3 (2.5 equiv), anhyd. MeOH (0.1 M), reflux, 24 h; (iii) MeOTf (2.5 equiv), anhyd. CH2Cl2 (0.1 M), r.t., 24 h; Ch = S, Se.
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Table 1  Performance of Reference Compounds (Figure 2) in the Re-
duction of 2-Phenylquinoline (1a)

Entry Catalyst mol%a Yield of 3a (%)b

 1 – – <5

 2 8H 1 64

 3 9H 1 53

 4 syn/anti-10H c 1 18

 5 anti-10Cl 1 <5

 6 syn-10I 1 88

 7 11S 1 <5

 8 11Se 1 <5

 9 12S 1 <5

10 12Se 1 <5

11 syn-13S 1 <5

12 anti-13S 1 <5

13 anti-13Se 1 <5
a Catalyst loading with respect to the amount of 1a.
b After 12 h reaction time. Determined via 1H NMR spectroscopy and rela-
tive to TES as internal standard. Averaged values of three measurements. A 
measurement / analysis error of ±10% is assumed.
c Inseparable 40:60 mixture of syn-10H and anti-10H.
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pound 2). In the presence of 1 mol% of catalyst syn-10SeMe,
full conversion of the reaction in CDCl3 (0.042 mM) was ob-
served after 12 h.33 Accompanying 19F NMR measurements
(see the Supporting Information) confirmed the stability of
the catalyst under these reaction conditions. This was also
corroborated by a second run, in which further starting ma-
terial 1a was added to a fully converted reaction mixture,
giving a virtually identical yield of product 3a and thus rul-
ing out the action of accumulated decomposition products.

With this promising lead result in hand, various refer-
ence compounds (Figure 2) were investigated to dismiss an
activation that is not based on chalcogen bonding. Surpris-

ingly, however, the non-selenated compounds syn/anti-10H,
8H and 9H were also active (Table 1, entries 2–4). For in-
stance, the most active reference compound 8H gave 64%
yield of compound 3a after 12 h reaction time. To exclude
the possibility that the observed activation is solely driven
by cation- interactions or hydrogen bonds via the back-
bone protons, the chlorinated reference compound anti-
10Cl was tested.34 As previous work had shown that its chlo-
rine substituents do not form halogen bonds,35,36 its poten-
tial modes of action (cation- and hydrogen bonding)
would be shared by the core structure of syn-10SeMe. The
chlorinated compound showed no activity (Figure 3; Table
1, entry 5), which strongly indicates that the activity of syn-
10SeMe can indeed be ascribed to chalcogen bonding. As a
further consequence, the performance of compounds
syn/anti-10H, 8H and 9H is likely based on hydrogen bond-
ing. To verify these results, reference compound syn-10I and
urea derivatives 11–13 (Figure 2 and Scheme 2) were also
employed as catalyst candidates. The iodinated compound
syn-10I provided 88% yield of 3a after 12 h reaction time, in
line with expectations for this strong XB donor (Table 1, en-
try, 6). Compounds 11–13 showed no activity (Table 1, en-
tries 7–13), likely due to the lack of chalcogen bonding op-
tions and strong - interactions, respectively.

Based upon these findings, all remaining catalyst candi-
dates shown in Figure 2 were tested in the benchmark reac-
tion (Table 2, entries 1–8). Both sulfur- and selenium-based
bisbenzimidazolium catalysts 9–10 were similarly active
and induced nearly quantitative conversion of compound
1a after 12 h. This is somewhat unexpected given the high-
er polarizability of the heavier chalcogen, which should
form stronger ChB donors. It is also interesting to note that
the more flexible core structure in catalysts 9SMe and 9SeMe

is slightly superior to more preorganized framework struc-
tures such as in catalysts 10. For the latter, the difference in
activity between the syn- and anti-atropisomer is negligi-
ble in the observed timeframe. More precisely, catalyst
9SeMe yielded 95% of compound 3a, whereas syn-10SeMe and
anti-10SeMe provided 91% and 90% of the product, respec-
tively (Table 2, entries 4, 6 and 8). These findings could po-
tentially be explained by the fact that syn-10SeMe may not
bind in a clean bidentate fashion to the substrate. Its core
structure, it should be stressed, was developed for halogen
bond donors interacting with halides. Thus, it seems that
the more flexible backbone of 9SeMe is better able to adapt to
the coordination of the target. The corresponding sulfur-based
catalysts show the same trend (Table 2, entries 3, 5 and 7).

In contrast, a significant decrease in the conversion of
1a was observed when catalysts 8SMe and 8SeMe, with the
less polarizing imidazolium moieties, were used (Table 2,
entries 1 and 2). After 12 h reaction time, only 21% of com-
pound 3a were obtained with catalyst 8SeMe and only 15%
with catalyst 8SMe. Even after 24 h reaction time, both cata-
lysts yielded only approximately 50% of compound 3a. This

Figure 2  Overview of the tested chalcogen bond donors and reference 
compounds; Ch = S, Se (except syn-13); X = H, I, Cl (only anti-10).
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observation is in accordance with previous results concern-
ing the weak performance of imidazolium-based ChB do-
nors in carbon–chlorine bond activation.27

Finally, relative rate constants were determined for se-
lected catalysts (Table 3 and Figure 3; shown for the first 5 h
of reaction time, full kinetic profile is given in the Support-
ing Information). To this end, the least active reference
compound anti-10Cl served as standard for comparison (krel
= 1). For the most potent catalysts 9SMe and 9SeMe, relative
rate accelerations of about 2000 and 2300 were determined
(Table 3, entries 6 and 7). In both cases, the related syn-at-
ropisomers were markedly less active, with rate accelera-
tions being 1.7 (9SeMe vs. syn-10SeMe) or 1.8 times (9SMe vs.
syn-10SMe) higher for the more flexible catalysts (entries 4
and 5). The analogous hydrogen-bond donors syn/anti-10H

and 9H showed 5–15 fold less rate acceleration than the best
ChB donors (entries 2 and 3).

Table 3  Relative Rate Constants for Selected ChB Donors, with Refer-
ence Compound anti-10Cl as Standard.

The strong performance of the sulfur-based catalysts
may in fact not be entirely unexpected, as there are several
examples in the literature in which intramolecular sulfur-

based chalcogen bonds play a major role in the stabilization
of transition states of organocatalyzed reactions.37–43

In comparison to neutral ChB donors, which were re-
ported earlier as catalysts for this reaction, the selenium-
based cationic catalysts were approximately twice as active
(based on the time needed for full conversion),25 whereas
the sulfur-based compounds were about 24 times more ac-
tive, even though 1 mol% of catalyst was used compared
with the 30 mol% of the earlier reports.24 This impressively
demonstrates the power of charge-assisted chalcogen
bonding, particularly for the comparably weakly polariz-
able sulfur center.

Finally, the most active bisbenzimidazolium based cata-
lysts 9SMe and 9SeMe were applied in a small substrate
screening involving selected quinolines 1b–d, which had
proven to be very challenging for neutral chalcogen bond
donors.24,25 First, the background reactivity of the quinolo-
nes in the absence of any activating reagent was deter-
mined (Table 4, entries 1–3) and was found to be very low.
In contrast to neutral ChB donors, which provided no or
very low yields of products 3b–d, the cationic ChB catalysts
induced up to 82% product formation (Table 4, entries 4–9).

For both catalysts, the very electron-poor quinoline 3c
was reduced most efficiently (Table 4, entries 5 and 8). Sele-
nium-based catalyst 9SeMe seems less suitable for the reduc-
tion of electron-rich quinolines (such as 3d) than its sulfur-
based analogue 9SMe (cf. entries 6 and 9). This could be ex-
plained by either a stronger catalyst-substrate coordination
(which may result in a less favorable product liberation
from the catalyst) or by a competing coordination of the
catalyst to the electron-rich methoxy substituent of the
substrate.25

In conclusion, the first application of cationic sulfur-
and selenium-based chalcogen bond donors in the activa-
tion of neutral compounds was presented. Based on a series

Entry Catalyst krel
a

1 anti-10Cl    1

2 syn/anti-10H b  150

3 9H  450

4 syn-10SeMe 1200

5 syn-10SMe 1300

6 9SeMe 2000

7 9SMe 2300
a Normalized rate constant (relative to anti-10Cl as standard).
b Inseparable 40:60 mixture of syn/anti-10H.

Table 2  Overview of the Cationic Sulfur- and Selenium-Based Cata-
lysts (Figure 1) in the Reduction of 2-Phenylquinoline (1a)

Entry Catalyst Mol%a Yield of 3a (%)b

1 8SMe 1 15

2 8SeMe 1 21

3 9SMe 1 94

4 9SeMe 1 95

5 syn-10SMe 1 92

6 syn-10SeMe 1 91

7 anti-10SMe 1 90

8 anti-10SeMe 1 90
a Catalyst loading with respect to the amount of 1a.
b After 12 h reaction time. Determined via 1H NMR spectroscopy and rela-
tive to TES as internal standard. Averaged values of three measurements. A 
measurement error of ±10% is assumed.

Figure 3  Kinetic profile of the reduction of 2-phenylquinoline (1a) in 
the presence of selected ChB, HB and XB donors. Kinetic profile for 12 h 
reaction time is given in the Supporting Information.
Georg Thieme Verlag  Stuttgart · New York — Synlett 2019, 30, 1673–1678
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of comparison experiments, alternative modes of activation
could be ruled out. Overall, rate accelerations of up to 2300
were observed compared with inactive reference com-
pounds. The strong performance of the cationic ChB donors
allowed the activation of very electron-poor or electron-
rich substrates, which were hitherto difficult to activate.

Two findings in particular were somewhat unexpected:
the better performance of catalysts with flexible core struc-
tures in comparison to their conformationally locked syn-
atropisomers, and the potency of sulfur-based ChB donors.
Given that the latter are easier to synthesize and handle
than their selenium-based analogues, it seems that sulfur-
containing Lewis acids could have great potential in chalco-
gen-bonding-based catalysis. Additional studies to further
implement such compounds in noncovalent organocatalysis
are under way.
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3073  (w), 2928  (w), 2857  (w), 1738  (w), 1603  (w), 1501  (m),
1477  (m), 1429  (m), 1358  (w), 1250 (vs), 1223  (s), 1148  (s),
1086  (w), 1028 (vs), 926  (w), 831  (w), 800  (w), 752  (s), 698
(w), 635 (vs), 571  (m), 515  (s), 432  (w) cm–1. ESI-MS (+): m/z
[M-OTf]+ calcd. 873.21; found: 872.87; ESI-MS (–): m/z [OTf]–

calcd. 148.95; found 148.80. Anal. calcd. for CHNS: C, 51.82; H,
5.65; N, 6.04; S, 13.83; found: C, 51.79; H, 5.42; N, 5.77; S, 13.72.
Compound 9SMe: Yield: 620 mg (79%); solid; 1H NMR (300 MHz,
CDCl3):  = 8.50 (s, 1 H), 8.15 (m, 3 H), 7.68 (sd, J = 8.4, 1.3 Hz,
6 H), 7.43 (d, J = 7.7 Hz, 2 H), 4.64 (d, J = 7.7 Hz, 4 H), 2.51 (s,
6 H), 2.02 (p, J = 7.7 Hz, 4 H), 1.38 (m, 20 H), 0.87 (m, 6 H). 13C
NMR (101 MHz, CD3CN):  = 151.20, 135.35, 134.66, 134.08,
132.97, 131.67, 129.18, 128.83, 127.88, 114.53, 113.93, 48.76,
32.48, 30.11, 29.79 (d, J = 5.40 Hz), 27.35, 23.40, 18.51, 14.37.
19F NMR (235 MHz, CD3CN):  = −79.28 (s, 6 F). ATR-IR: 3073
(w), 2928  (w), 2857  (w), 1738  (w), 1603  (w), 1501  (w), 1477
(w), 1462  (w), 1431  (w), 1364  (w), 1254  (s), 1223  (m), 1150
(m), 1088  (w), 1028 (vs), 847  (w), 802  (w), 752  (m), 698  (w),
634 (vs), 571  (w), 515  (m) cm–1. ESI-MS (+): m/z [M + OTf ]+

calcd. 777.32; found: 777.51; ESI-MS (–): m/z [OTf]– calcd.
148.95; found: 149.00. Anal. calcd. CHNS: C, 51.82; H, 5.65; N,
6.04; S, 13.83; found: C, 51.79; H, 5.42; N, 5.77; S, 13.72.
Compound syn-10SMe: Yield: 323 mg (87%); solid; 1H NMR (300
MHz, CD3CN):  = 8.40 (t, J = 8.1 Hz, 1 H), 8.24 (d, J = 8.1 Hz, 2 H),

8.04 (dd, J = 7.3, 2.0 Hz, 2 H), 7.81 (dtd, J = 13.0, 7.3, 1.4 Hz, 4 H),
7.67 (d, J = 7.7 Hz, 2 H), 4.71 (td, J = 7.4, 1.9 Hz, 4 H), 2.51 (s,
6 H), 2.03 (m, 4 H), 1.28 (m, 20 H), 0.87 (m, 6 H).13C NMR (101
MHz, CD3CN):  = 151.83, 138.65, 136.31, 135.17, 133.42 (d, J =
1.60 Hz), 132.81, 129.84, 129.26, 127.14 (q, J = 31.0 Hz), 122.12
(d, J = 321.5 Hz), 114.93, 114.37, 49.30, 32.36, 29.88, 29.68 (d,
J = 8.80 Hz), 27.09, 23.30, 18.89, 14.34. 19F NMR (235 MHz,
CD3CN):  = −56.73 (s, 3 F), −79.32 (s, 6 F). ATR-IR: 2927  (w),
2857  (w), 1547  (w), 1501  (w), 1477  (w), 1433  (w), 1364  (w),
1256 (vs), 1223  (m), 1175  (m), 1140  (m), 1028  (s), 984  (w),
858  (w), 752  (m), 687  (w), 635  (s), 573  (m), 517  (w), 434
(w) cm–1. ESI-MS (+): m/z [M+OTf ]+ calcd. 845.31; found:
845.27; ESI-MS (–): m/z [OTf]– calcd. 148.95; found: 148.66.
Anal. calcd. CHNS: C, 49.49; H, 5.17; N, 5.63; S, 12.89; found: C,
48.55; H, 4.94; N, 5.53; S, 12.37.
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