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ABSTRACT:

The three-center-four-electron halogen bond (3c4e X-bond) presents a new design concept
for catalysis. By integrating halogen(I) (X*: I" or Br"), bis-pyridyl ligand NN, and
non-nucleophilic counter anion Y. [N---X:--N]SbFs, we developed non-metallic complex
catalysts, [N---X:-*N]Ys, which exhibited outstanding activity and facilitated the
Mukaiyama—Mannich-type reaction of N-heteroaromatics with sub-ppm-level catalyst
loading. The high activity of [N---X:--N]SbFs was clearly demonstrated. NMR titration
experiments, CSI-MS, computations, and UV-vis spectroscopic studies attribute the robust
catalytic activity of [N---X:--N]Y to the unique feature of the 3c4e X-bond for binding
chloride: 1) the partial covalent nature transforms [N---X:--N]* complexation to sp’CH as a
hydrogen bonding donor site, and ii) the noncovalent property allows for the dissociation of
[N:--X---N]" for the formation of [Cl---X---CI]". This study introduces a new application of

3c4e X-bonds to catalysis via halogen(I) complexes.

TEXT:

Organocatalysts are a 21% century development in the field of catalysis. The design of
organic molecules and ionic species as catalysts has advanced remarkably over the past two
decades, and these catalysts are now useful facilitators of various chemical reactions.!”!! In
situ-generated reactive intermediates through covalent bond formations involving
noncovalent interactions are essential to promoting the reaction in organocatalysis. The
hydrogen bond (H-bond) is the most frequently applied noncovalent interaction in
organocatalysis, and is the reason underlying the prominent success in the development of

organocatalysis.!>"13
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The halogen bond (X-bond) in solution!®2! has recently drawn considerable attention
owing to the similarity of its electrostatic property to that of the H-bond in solution. The
two-center-two-electron (2c2e) bond-based interactions are the most common features in
both the H- and X-bonds: the positive charge of a hydrogen atom or a small region of positive
charge on the terminus of a halogen atom can interact with the negative charge of an
electron-rich species (Fig. 1). Therefore, X-bond-based organocatalysts have been developed
and become rapidly widespread as a new research area of organocatalysis.??>2’ In 2008, Bolm
et. al. reported organocatalysis through X-bond activation using haloperfluoroalkanes for the
first time.?® Three years after Bolm’s report, Huber et. al. designed X-bond-based
organocatalysts using perfluorinated iodoterphenyls and their analogs with the ability to
facilitate the carbon—carbon bond forming reaction for the first time.?” Soon after this seminal
report, Huber et. al.,® Tan et. al.,! Takemoto et. al.,*> and Takeda et. al.** independently
developed azolium-based cationic X-bond donor catalysts that are currently identified as
being essential to the achievement of relatively strong X-bond donor abilities. Moreover,
iodine(III) species, such as diaryliodonium and cyclic iodolium compounds, were introduced
as organocatalysts with an X-bond donor site.>*>° Based on these remarkable contributions,
chiral molecules with X-bond donor sites for asymmetric catalysis were reported by Huber,*°
Arai,*"* Tan,** Yeung,* Manchefio,* and Yoshida*’. These achievements constantly focus
on the “classical” 2c2e X-bond donor sites where one halogen atom involves one Lewis basic

site to generate reactive electrophilic species.
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Fig. 1. Schematics of the “classical” two-center-two-electron (2c2e) bond in

hydrogen-bond and halogen bond-based organocatalysis.

Although the features of the halogen atom of the “classical” 2c2e X-bond exhibit
similarities with the hydrogen atom as the donor site of electrostatic interaction, the distinct
formation of the three-center-four-electron (3c4e) bond is unique to the halogen atom.
Although the 3c4e bond in the H-bond has been discussed and utilized in the design of

4852 jts structure (2c2e or 3cde bond) continues to be

H-bond-based organocatalysis,
ambiguous (Fig. 2a, left).”>° In contrast with the H-bond, the chemical and physical
properties of the 3c4e X-bond have been clearly and extensively demonstrated in numerous
studies over the past few decades. Halogen(I), generally X" (X = I, Br, Cl), acts as a strong

X-bond donor site, where one halogen concurrently interacts with two Lewis bases (Fig. 2a,
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right).9-63 Either the cationic or anionic 3c4e bond would be formed depending on the
neutral Lewis base or anion as the X-bond acceptor, which is in contrast with those of the
“classical”  2c2e  X-bond. In  particular,  Erdélyi, who  developed a
[1,2-bis(pyridine-2-ylethynyl)benzene] iodine(I) complex, is a pioneer in the redefinition of
the 3c4e X-bond. In addition, the derivatives and unique features of the 3cd4e X-bond were
revealed using NMR spectroscopy, density functional theory (DFT) calculations, and X-ray
crystal analysis (Fig. 2b).%*77 Otherwise, cationic 3c4e X-bond complexes have frequently
been utilized in organic syntheses: one of the representatives is [bis(pyridine)halogen(I)]*
tetrafluoroborate, also called Barluenga’s reagent, which has been used in halogenation,
cyclization, and oxidation.”®” In 2014, Takemoto et. al. demonstrated the potential of
Barluenga’s reagent as a promoter, where the stoichiometric amount of Barluenga’s reagent
facilitated desilylative semipinacol rearrangement of halohydrin silyl ethers in moderate yield
(Fig. 2c, top).2? For the anionic 3c4e X-bond, Minakata et al. demonstrated the utility of the
trilodide species in synthetic organic chemistry, which played a crucial role as the radical
resource for promoting the reaction of alkenes with N,N-diiodotosylamide dramatically (Fig.
2¢, bottom).?! Despite the utility of the 3c4e X-bond in synthetic chemistry, very little
attention has been paid to the 3c4e X-bond complexes as molecular catalysts.

To the best of our knowledge, the potential of 3c4e complexes as non-metallic complex
catalysts has not been fully investigated. This may be attributed to the focus of spectroscopy
and computational studies on the structures of supramolecular complexes of the 3cde
X-bonds; they are not regarded as transformative chemical species through the selection of
3c4e X-bond acceptors. Therefore, we focus on the partial covalent and total noncovalent
features of the 3cde X-bond to strategically design non-metallic complex catalysts and
particularly develop anion-binding catalysts (Fig. 2d).%2%¢ We envisaged that the cationic
[N---X---N]" bond-assisted H-bonding interaction would assemble anion Z, such as chloride,
at the initial stage of catalysis, and then electrophilic halogen X of the [N---X:--N]Ys
complex would be subjected to nucleophilic attack by anion Z~ to transform the anionic
[Z---X---Z] bond through ligand exchange from bis-pyridine to anion Z~, which becomes a
driving force in anion-binding catalysis (Fig. 2¢).

We report herein the development of bis-pyridine halogen(I) complexes 1
([N---X---N]Ys; N is substituted pyridine, X is I or Br; Y is a non-nucleophilic counter anion)
as halonium complex catalysts, thus demonstrating the viability of our design concept for
highly active anion-binding catalysis. [N---X:--N]Y's exhibits robust activity (up to 500 ppm
catalyst loading, 0 °C, 1 h) and a broad substrate scope (18 examples) in the Mukaiyama—
Mannich-type reaction of N-hetero aromatics. Furthermore, we provide evidence for the
dissociation, formation, and reformation of cationic and anionic X-bonds, i.e., [N---X--*N]" +
2CI" 2 [Cl---X---CI]” + NN (X is I, Br; NN is pyridyl ligand), through NMR titration

experiments, CSI-MS, DFT calculations, and UV-vis spectroscopic studies. Our catalysis
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design using the 3c4e X-bond addresses the limitation of catalytic activity in the previous

H-bond based anion-binding catalysis, thereby allowing for high reaction efficiency with
sub-ppm-level catalyst loading.
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Fig. 2 Schematic of the three-center-four-electron (3c4e) bond and related information.
a). Comparison of the 3c4e X-bond with the 3c4e H-bond. b). Erdélyi’s complexes and their
helicates. ¢). Recent application of the 3c4e bond in organic synthesis. d). Our design concept
of the 3c4e bond complex catalysis. ). Working hypothesis, E* indicates an electrophilic
species, Nu-Si indicates a nucleophile, and Z indicates a chloride source.
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Results and discussion
Synthesis of halogen(I) complex catalysts. Initially, a variety of halogen(I) complex

catalysts were synthesized according to the reported procedure.®*

Among them,
1,2-bis(pyridine-2-ylethynyl)benzene iodine(I) triflate (1a), Erdélyi’s complex, was used as
the benchmark complex catalyst as it was easy to handle owing to complex stability.
Moreover, two types of protonated L1 triflates were prepared as references to prevent H*
from contaminating 1a (Supporting Information).%®#” We confirmed that 'H NMR spectra of
la were significantly different from those of the protonated L1, which clearly showed our
synthesized 1a iodine complex without the contamination of protonated complexes. All
complex 1s were synthesized and characterized accordingly. Therefore, we used complex 1 as

the halogen(I) complex catalyst for further studies.

Determination of target reaction. To prove our working hypothesis of the 3c4e X-bond
complexes as anion-binding catalysts, we determined the primary target based on scatter plots
of the yields (%) vs. catalyst loading (mol%) (Supporting Information). For this purpose, the
Mukaiyama—Mannich-type reaction of N-heteroaromatics via chloride-binding was selected
because the reaction provides a variety of useful nitrogen-containing intermediates for the

synthesis of pharmaceuticals.® 2

To generate scatter plots, data sets were prepared from 396
reactions of previously reported H-bond and X-bond-based anion-binding catalysts,
particularly  chloride-binding.”*>"'%  Of the representative N-heteroaromatics, i.e.,
isoquinolines, quinolines, and pyridines, the success of catalytic processes for the reaction of
pyridines was significantly limited. Therefore, the Mukaiyama—Mannich-type reaction of
pyridine compounds 2, chloroformates 3, and silyl enol ethers 4 was examined for our initial

study.

Reaction optimization. In our initial studies, we started with pyridine (2a), phenyl
chloroformate (3a), and silyl ketene acetal 4a at 0 °C for 1 h with or without 1a (Table 1).
The primary examinations revealed that 10 mol% of 1a efficiently accelerated the reaction,
thus excellently yielding y-adduct 5a (entry 1 vs. 2). Despite the lower catalyst loading of 1a,
such as 2.5, 1.0, 0.1, and 0.05 mol% (500 ppm), the reaction proceeded smoothly, producing
reasonable yields of Sa (entries 3, 4, 5, and 6). For comparison,
1,3-bis[3,5-bis(trifluoromethyl)phenyl] thiourea (Schreiner’s thiourea catalyst)!?” and
1,3-bis(1-(3,5-bis(trifluoromethyl)-phenyl)-1H-1,2,3-triazol-4-yl)benzene (mother skeleton of

Manchefio’s bis-triazole catalyst)®>:6:101,103,104,106,108

were examined as the representative of
the H-bond based anion-binding catalysts. Both catalysts were unable to considerably
accelerate the reaction to produce high yields of 5a (entries 7 and 8). Whereas
iodoimidazolium triflate and dibenzoiodolium triflate were recently recognized as strong

2c2e X-bond donor catalysts (entries 9 and 10), their activities were comparable to that by 1a.
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Otherwise, N-methylated pyridyl triflate ([2Me-L1]-20Tf) accelerated the reaction,!® but
yielded 10% less 5a than the corresponding iodine(I)complex 1a (entry 11). Overall, these
control experiments indicated the potential of catalyst design using halogen(I) complex 1.
Next, to establish the utility of 1 as the 3c4e-X-bond-based catalyst system, various
counteranions, the change in halogen(I), and the other pyridyl ligands were examined.
Screening of counter anions (entries 12—17) showed that antimonate complex le produced
the highest yield (90%) of product 5a, even with 0.1 mol% catalyst loading (entry 15).
Notably, a similar high yield (82%) and a satisfactory yield (74%) were obtained even when
le was reduced to 0.050 mol% (= 500 ppm), and further to 0.025 mol% (= 250 ppm) (entries
16 and 17) respectively, while 100 ppm catalyst loading only produced a moderate yield
(entries 18). Bromine(I) antimonate complex 1f, and iodine(I) complexes 1g, 1h, and 1i with
other pyridyl ligands—L2, L3, and L4—could be applied to achieve higher yields than that
in the case of le. Although the handling of these catalysts was complicated by the low
stability of the complexes, high yields similar to those of 5a were obtained (entries 19-22).
Although inorganic compounds, iodine monochloride (ICl), and elemental iodine (I»)
accelerated the reaction, the product yields of 5a were lower than that in the case of 1le
(entries 16 vs. 23 and 24). To exclude the possibility of hidden acids being real catalyst
species that resulted from moisture during the adjustments, the reactions were conducted in
tetrahydrofuran (THF) with 1 wt% or 5 wt% of H>O; no reactions were observed (entries 25
and 26). These results demonstrated that [N---X---N]Ys, composed of pyridyl ligand,
halogen(I), and non-nucleophilic counteranion, plays a significant role in efficiently

promoting the reaction.

Table 1. Evaluation of the catalytic activity of [N:--X:-*N]Y in the Mukaiyama—

Mannich-type reaction’
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Entry Catalyst (mol%) Yield (%)°
1 la (10) 98
2 None — 33
3 la (2.5) 90
4 la (1.0) 90
5 la (0.10) 76
6 la (0.050=500 ppm) 61
7 Schreiner’s thiourea (0.050=500 ppm) 33
8 Bis-triazole (0.050=500 ppm) 49
9 Iodoimidazolium OTf  (0.050=500 ppm) 62
10 Dibenzoiodolium OTf  (0.050=500 ppm) 61
11 [2Me-L1]-20Tf (0.050=500 ppm) 49
12 1b (0.10) 49
13 1c (0.10) 49
14 1d (0.10) 87
15 le (0.10) 90
16 le (0.050=500 ppm) 82
17 le (0.025=250 ppm) 74
18 le (0.010=100 ppm) 52
19 1f (0.050=500 ppm) 87

20 1g (0.050=500 ppm) 87
21 1h (0.050=500 ppm) 72
22 1i (0.050=500 ppm) 87
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23 ICI (0.05=500 ppm) 51
24 I (0.05=500 ppm) 60
25 le + 1 wt% H20 (0.05=500 ppm) <1
26 le + 5 wt% H>O (0.05=500 ppm) <1

“Reactions were run with pyridine (2a) (0.4 mmol), phenyl chloroformate (3a) (0.42 mmol),
and ketene silyl acetal 4a (0.6 mmol) in the presence of a catalyst for 1 h in tetrahydrofuran
(THF; 8 mL). ? Isolated yields.

Scope of 3c4e X-bond-based anion-binding catalysis. Following the acquisition of the
easy-to-handle and optimal complex catalyst 1e, the scope of the Mukaiyama—Mannich-type
reaction was examined (Fig. 3a). The reactions of 2a with B-disubstituted silyl ketene acetals,
4a, 4b, and 4c¢, were accelerated in the presence of 500 ppm of 1e and high yields of products
5a, 5b, and 5c, respectively, were obtained with y-selectivities. In particular, highly reactive
and unstable 4c¢ reacted seamlessly to complete the reaction at —78 °C within 15 min. The
reaction of 2a with B-unsubstituted silyl ketene acetals 4d and 4e produced remarkable yields
of 5d, along with a mixture of a- and y-products, regardless of the silyl substituents.
Unfortunately, 1e did not show any catalytic activity in the reaction of silyl enol ether 4f.
Other chloroformates such as 3b, 3¢, and 3d were also adequately tolerated in this reaction.
Although higher catalyst loadings of 0.1-1.0 mol% were required for 2-, 3-, and 4-substituted
pyridines 2b-2i owing to the substitution effect for the reactivity of pyridinium substrates,
moderate to high yields were obtained in the presence of le. In the cases that involved o/y
selectivity, the product regioselectivities of Sa—Sm were provided according to the electron
density of nucleophilic carbon in 4; otherwise, Sn—Sp depended on the influence of
pyridinium salt. In all cases, le affected the reaction acceleration, but did not involve a/y
selectivity. The 1e catalyst system also tolerated the reaction of quinoline, isoquinoline, and
dihydroxyisoquinoline to yield corresponding products 5q, 5r, and 5s. To clearly demonstrate
the robustness of the [N---X:--N|Ys catalyst system, all experimental data in the primary
study and reaction scope were plotted on previously reported 396 reaction data of the yields
(%) vs. catalyst loading (mol%) for the Mukaiyama—Mannich-type reaction of
N-heteroaromatics via chloride-binding (Fig. 3b). The [N---X:--N]Ys catalyst system realized
relatively high yield with relatively low catalyst loading than the previously reported system

in all cases, which addressed the drawback of catalytic activities in anion-binding catalysis.
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a Variation of N-heteroaromaticts, formates, and silyl enol ethers?
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Fig. 3 Scope of le-catalyzed Mukaiyama—Mannich-type reaction® a). Variation of
N-heteroaromatics, formates, silyl enol ethers. b) Scattered plots between the yields (%) vs.
catalyst loading (mol%), and color separated with respect to [N---X---N]Ys catalyst system
and reported system. ¢ Unless otherwise noted, reactions were run with 2 (0.4 mmol), 3 (0.42
mmol), 4 (R® = Mes, 0.6 mmol), 1e at 0 °C for 1 h in THF (8 mL).? Isolated yields. ¢ —78 °C,
15 min. ¢ 0.5 mol% 1le, 0.4 M solution. ¢ 1.0 mol% 1le,/ 1.0 mol% 1le, 0.4 M solution. £ 0.5
mol% le, 3 h, 0.1 M solution. ” 0.5 mol% le, 0.1 M solution. ’ 0.1 mol% 1le, 0.1 M.’/ —40 °C,
3h.

X-ray diffraction analysis of 3c4e X-bonds. As mentioned in previous reports,!!*116 Cl-I-
N and CI-I-Cl bonds were found in the crystal structures of halide complexes; therefore, we

preliminarily performed X-ray diffraction analysis to demonstrate the formation of
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[N---X:-N]" to [Cl---X---CI]". Although co-crystallization was not accomplished with the
mixture of any [N---X:--N]Ys and chloride source such as n-BusNCI, certain halide
complexes were fortunately obtained from L1, L2, and ICl (Fig. 4). The X-ray crystal
packing of L1 and ICl complex suggests a L1 ligand to ICI ration of 1:2, ie
[C1-~-I~-~NN--~I-~-C1] complex (Fig. 4a). For the crystals obtained from L2 ligand and ICI,

ligand to ICI complex, i.e. [Cl'“I“-F“NN“-I'--Cl] complex (Fig. 4¢), were observed. These
structures show the possibility of dissociation from [N---X:-*N]Y to [NN---I]*---ClI" and

further transformation to [Cl---I---Cl] in the presence of excess chloride.

X N Ve
. ciE)
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' -~ Gle)
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cl)

Fig. 4. X-ray diffraction analysis. a). 1:2 L1 to ICIl complex [CI-I-NN-I-CI]. b). 1:1 L2 to
ICI complex [F*N-I-N][CI-I-CI]. ¢). Twin crystal of [F*N-I-N][CI-I-Cl] and [CI-I-"*NN-I-
Cl].

Mechanistic studies. Based on X-ray crystal structures indicating the bond formation of
Cl---I:-*N and [C]---I:--CI]~, '"H NMR and CSI-MS measurements were undertaken using 1e
to gain insight into the binding modes of 1 to Cl™ in the solution (Fig. 5). Three phases of
peak changes were observed during '"H NMR titration (Fig. 5a): i) In the cases where 0.1 to
1.0 equiv. of n-BusNCI was added, aromatic peaks of le—green-filled dots—shifted
downfield, were observed, showing a trend similar to that in the report by Berkessel et al.>°
Furthermore, new broad aromatic peaks—blue-filled dots—as well as sharp aliphatic
peaks—red-filled dots—gradually appeared. ii) In cases where 1.0 to 2.0 equiv. of n-BusNCl
was added, sharp aromatic peaks of 1e—green-filled dots—gradually decreased in size and
completely disappeared in the 2 equiv. of »n-BusNCIl. Moreover, broad aromatic
peaks—blue-filled dots—as well as sharp aliphatic peaks—red-filled dots—gradually
increased in size. iii) In cases where more than 2 equiv. of n-BuwNCl was added, broad
aromatic peaks—blue-filled dots—shifted upfield and were sharpened. Conversely, sharp
aliphatic peaks—red-filled dots—shifted downfield and gradually increased in size. CSI-MS
spectra show four peaks at m/z = 719.5, 522.4, 407.0, and 242.3 in the positive mode, and
two peaks at m/z = 234.9 and 196.9 in the negative mode in the 1:1 mixture of le and
n-BusNCl (Fig. 5b). These peaks correspond to the L1-n-BusN*-[Cl---I---CI]", [L1-n-BusN]",

10
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[L1-I]", [n-BuwsN]*, SbFs", and [CI---1---Cl], respectively. Peak intensity of [L1-1]" in the 1:1
mixture is significantly stronger than that of L1-#-BusN*-[Cl---I---Cl]” following the addition

of 0.5 equiv. of n-BusNClI to 1e. In contrast, when a solution with 1e and n-BusN" in a 1:2
ratio was applied, the peak of [L1-1]" disappeared, whereas the peak of
L1-n-BuN*-[Cl---I---CI]” was maintained. These spectral changes strongly support the
following chloride-binding mode using complex catalyst 1: i) [N---X---N]Y + n-BusNCIl 2
[N-+-X:N|"--ClI" + n-BusN"---Y~, and ii) [N:--X--N]*---CI" + n-BuwNCIl 2 [NN]- - -n-BusN*
+[Cl---X---Cl].
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Fig. 5. Mechanistic studies with n-BusNCl as chloride source. a). NMR and b). CSI-MS
titration experiment on [N---I---N|SbFe (1e) and n-BusNCI. The titration of [N---I---N]|SbFs
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(1e) against n-BusNCl; THF-d8/CD3CN 9:1 (v/v), 0 °C for NMR; THF/CH3CN 9:1 (v/v), —
20 °C for CSI-MS.

Considering these experimental studies including X-ray diffraction analyses, we proposed
the catalytic cycle shown in Fig. 6. In this mechanism, the sp?CH next to ligand nitrogen in
le would initially interact with chloride, and then the nucleophilic attack of chloride on
halogen(I) would cause the formation of N---X*---CI" followed by [CI---X---Cl]” bonds. Both
[N---X---N]" the charge-assisted sp?CH-bond and [Cl---X---Cl]~ anionic 3c4e X-bond should
be synergistically involved to generate electrophilic 2-3" species. The resulting 2-3" would be
subjected to the nucleophilic attack by silyl enol ether 4 to yield the silylated intermediate
yielding product 5 and R°SiCl along with re-generated 1.

’ O)\

OR?
osi

\R(fﬁs (@-®-@|
2-[2-3+1...|II|-|1I| @ Q—»_<L1

2,3

Fig. 6. Proposed catalytic cycle. NN indicates ligand L1, and Si indicates trimethyl- or
tert-butyl dimethyl silyl groups.

To support the proposed mechanism, DFT calculations and UV-vis measurements were
performed. Molecular electrostatic potential (MEP) of 1e and [N---1---N]" was mapped on the
isodensity surface based on the calculation of the density functional theory (DFT)
calculations with the SMD18 model (Fig. 7a).'!'” In both cases, MEP maps show that positive
charges are delocalized on the pyridine ring of ligand, and not localized on the iodine atom.
These results suggested that [N---X:--*N]Y would promote the reaction through
charge-assisted noncovalent interactions, such as hydrogen bonding and anion—r interaction
at the initial stage. Moreover, DFT calculations with the SMD18 model support formation of
3c4e X-bond from a pyridine nitrogen atom to chloride, i.e. transformation of [N---1---N]Cl to
[NN---I---Cl] involving a Gibbs free energy change of —3.2 kcal/mol, and the transformation,
[NN---1---CI] + CI© — [NN] + [CI---1---Cl]", with a Gibbs free energy change of —3.7
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kcal/mol (Fig. 7b). Finally, UV-vis measurements were performed to identify the
re-formation of [N---I---N]Ys for the catalytic cycle. The UV-vis spectrum of the crude
reaction mixture shows absorption at 307 nm, which was similarly observed on the spectrum
of 1e (Fig. 7c), indicating that [Cl---X:--Cl]" is transformed back to [N---X---N]". This can be
explained by the robust catalytic activity of [V---X---N]Ys owing to the distinct feature of the

charged 3c4e X-bond: partially covalent and strongly electrostatic interaction derived from
halogen(I).

[NN] + [Cl-+1--CIf

\ Crude reaction mixture
1e L1

300
Wavelength [nm]

Fig. 7. Mechanistic studies of complexations. a). Molecular electrostatic potential map:
[N---1---N]SbFs (1e), and [N---I---N]".
SMD18(THF)/M06-2X-D3/6-311+G(d,p)-SDD-calculated electrostatic potentials on the

13



[N-X-N]Ys 220308 ChemRxiv
text Ol

molecular surface. b). DFT calculation of [N:--I---N]Cl — [NN---I---Cl], and [NN---1---Cl] +
CI" — [NN] + [Cl--I---CI] . ¢). UV-vis spectrum.

In summary, we demonstrate the use of bis-pyridine halogen(I) complexes (1:
[N---X---N]Ys) with the 3c4e X-bond as highly effective anion-binding catalysts.
[N---X:--N]Ys accelerated nucleophilic dearomatization of pyridines quite seamlessly in
significant yields under the sub-ppm level of catalyst loading. The charge-assisted H-bonding
followed by the formation of [Cl---X:--Cl]- enable [N---X:---N]Ys to function as an
anion-binding catalyst. The above results suggest that halogen(I) complexes may ultimately
be applied broadly in catalysis. The present study also represents the first successful use of
the N---X-based 3c4e X-bond catalyst and shows its potential use in other catalytic reactions,
whether through Lewis acid or Brensted acid catalysis. Studies on the application of
[N---X---N]Y catalysts to other reactions, and the catalytic asymmetric version of this system

are ongoing, and will be reported in due course.

Methods

General procedures for the nucleophilic dearomatization of pyridines

Pyridine (32 pL, 0.400 mmol, 1.0 equiv.) was dissolved in THF (8 mL) and stirred at 0 °C for
10 min. Phenyl chloroformate (55 pL, 0.420 mmol, 1.1 equiv.) was added and stirred for an
additional 30 min. A catalyst (0.20 pmol, 0.05 mol%) was added to the solution, which was
then stirred for 5 min. Methyl trimethylsilyl dimethylketene acetal (0.120 mL, 0.600 mmol,
1.5 equiv.) was added to the reaction mixture. The mixture was stirred for 1 h. The reaction
mixture was quenched with saturated aqueous NaHCO3 (20 mL), then the two phases were
separated. The aqueous phase was extracted with diethyl ether (10 mL x 3). The combined
organic phases were washed with NaOH (2 M, 10 mL) and brine (10 mL), then dried over
Na>SO4 and concentrated under reduced pressure after filtration. The crude product was
purified by silica gel column chromatography (ethyl acetate / hexane = 1:8) to yield a slight
yellow oil (99.3 mg, 0.330 mmol, 82%).

Data availability

All data in this study are provided in the supplementary information. The X-ray
crystallographic data can be accessed from the Cambridge Crystallographic Data Center
(CCDC) under accession code CCDC-2152341 ([F*N-I-N][CI-I-CI]), CCDC-2152342 (1d),
CCDC-2152343 (1e), CCDC-2152344 (5m), CCDC-2152345 (L1), CCDC-2152346
(INN]-2ICIl), CCDC-2152347 (L2), and CCDC-2152348 (["*N-I-N][CI-I-CI] and [Cl-I-
FNN-TI-CI]).
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