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We present a convenient and efficient deoxygenation method for
synthesizing disulfides and thioethers. The reaction involves an
iodide-catalyzed reduction of methyl sulfinates or sulfoxides,
respectively, employing formic acid as a stoichiometric reductant.
The methodology demonstrates excellent yields and remarkable
orthogonality towards other reducible functional groups. In silico
explorations revealed the synergistic action of formic acid and
in situ generated hydroiodic acid as Brensted donors within a
formic acid framework. This molecular arrangement activates the
sulfinyl group and promotes subsequent deoxygenation. Notably,
this approach enables the deoxygenation of sulfur-based func-
tional groups using formic acid as the stoichiometric reductant
without needing transition metals or strong acidic media such as
hydroiodic acid. Overall, this methodology contributes to the
advancement of the reduction of diverse oxygenated sulfur-con-
taining compounds in a sustainable approach.

Organosulfur compounds are prevalent in both natural and
synthetic settings. Among them, disulfides and thioethers play
essential roles in diverse areas of chemistry, such as biological
and synthetic organic chemistry.”> They are mainly syn-
thesized by thiol oxidation, both industrially and in the
laboratory.>* However, the formation of disulfides by the
reduction of higher oxidation species is more limited to their
role as intermediates in more complex synthetic processes,’
although direct syntheses have been developed.® In contrast,
sulfoxide deoxygenation is one of the most fundamental reac-
tions in synthetic organic chemistry.'®” The sulfinyl and sulfa-
nyl functional groups are frequently combined in synthetic
efforts. One attractive feature of the sulfoxide/sulfide combi-
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nation is the potential for an asymmetric structural elabor-
ation based on the stereochemistry and activating properties
of a sulfinyl group, which can be followed by reduction. This
can be accomplished through the asymmetric induction capa-
bilities of a sulfoxide, followed by deoxygenation, resulting in
an asymmetrically functionalized thioether.?

During experiments on the Mannich-type synthesis of struc-
turally diverse sulfonylmethyl formamides (3) from methyl sul-
finates (1),” we sporadically observed impurities in the form of
disulfides (2, Scheme 1a). We speculated that high water
content in certain formic acid (FA) batches or operational errors in
the laboratory may have led to the formation of disulfides (2), as
the concentration of N-formyl iminium species would not have
been sufficient for successful Mannich reactions. After failing to
reproduce the direct reduction of sulfinates to disulfides using
sole formic acid (Scheme 1b) and exploring various possibilities,
such as contamination from glassware (phantom reactivity),'
we observed that the incorporation of bromide salts resulted in
the reproducible production of disulfides in modest yields
(Scheme 1c, see the ESIT)."" However, a significant improvement
was observed when substituting bromide with iodide (Scheme 1d).
This substitution increased the yield and enhanced the overall
reaction conditions and time. The remarkable efficacy of iodide as
a reductant of sulfur-based functional groups is consistent with
previous studies of its use under acidic conditions."? Additionally,
this method employs a sustainable sacrificial reductant, as formic
acid can be derived from biomass processing and holds increasing
significance in chemical synthesis.">'* Furthermore, the success-
ful application of this method to sulfoxides, an important sulfur-
based organic family (vide supra), is worth noting.

Our initial investigations into the reduction of methyl sulfi-
nates (1) using I /FA involved screening various iodide sources
and examining sulfinates with alkyl groups of varying steric
demand (see the ESI{). We first evaluated sodium iodide (Nal)
and compared it to other iodide sources such as TBAI, Znl,,
and I,. However, none of these alternatives performed as well
as sodium iodide (Nal, 88% conversion) and potassium iodide
(KI, 95% conversion). Interestingly, we found that the combi-
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a) Disulfides found in Mannich-type formamide syntheses
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d) This work: Formic Acid/iodide as a green reagent for the
deoxygenation of sulfur-based functional groups
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Scheme 1 (a) Early findings of disulfides in the Mannich-type synthesis
of p-toluenesulfonylmethylformamide 3a; (b) irreproducible synthesis of
disulfide 2a by sole FA or FA/H,SO4; (c) utilization of bromide as a pro-
moter for the reduction of methyl sulfinates 1 to disulfides 2; (d)
reduction of alkyl sulfinates 1 for the synthesis of disulfides 2 using FA/
I7, and its application to the deoxygenation of sulfoxides 5 to deliver
thioethers 6.

nation of FA and either Nal or KI yielded better results than
HI. The reaction with HI resulted in a less desirable outcome,
with the yield of disulfide not exceeding 50%. As anticipated,
the kinetics was slightly influenced by the steric demand of
the alkoxy component of the sulfinate during the early stages
of the reaction (¢ > 1 h). Nevertheless, complete conversion
could be achieved in methyl (1a), ethyl, and isopropyl p-tolyl-
sulfinates after 2 h (see the ESIY).

To maintain optimal atom economy, methyl sulfinates (1)
were chosen to explore the scope of our disulfide synthesis
method (Table 1). We found that both electron-withdrawing
group (EWG) and electron-donating group (EDG)-bearing sub-
strates were tolerant to the reduction. Notably, an aryl bromide
(1h) and a cyano-based substrate (1i) were chemoselectively
reduced exclusively at the sulfur center, with no reductive deb-
romination'® or reduction or hydrolysis of the cyano group
observed.'® Methoxy-substituted substrates (1b-d) were well
tolerated, and satisfactory reductions were achieved for benzyl-
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Table 1 Substrate scope for the reduction of methyl sulfinates 1

o
g KI (20 % mol) S_ _R
—_— ~ -
R”~>OMe HCO,H (10 eq) S
1a-l ""sz ?10 c 2a-|

N
| s
5 MeO—+
Me 2a, 95% £ 2b, ortho-OMe 82%

2c, meta-OMe 82%
O 2d, para-OMe 85%°
2e, 77%

/©/ 2f X=F 91%
2g X=Cl 81%
2h X=Br 84%°
NC
2k, 78%"
Cl
2j, 80%"
S\S/: : /%ﬁ\/

21, 78%° 2m, 74%

QQ

All reactions were performed usmg a MW Blotage® Inltlator reactor.
Some reactions were carried out at 100 °C; %110 °C or 120 °C.

based substrates (1j and k).'” Alkyl disulfides (21 and m) were
obtained in fair yields, although higher reaction temperatures
were required to achieve complete conversions in the 2 h time-
frame. The need for a higher temperature (120 °C) for the
cyclohexyl substrate (11) can be attributed to the steric environ-
ment dictated by its bulky secondary alkyl scaffold.

The application of the I"/FA reductive method to another
class of sulfinyl-based compounds proved to be successful.
Various sulfoxides (5) containing both EWGs and EDGs exhibi-
ted complete chemoselectivity towards the sulfinyl group
reduction, resulting in excellent yields of thioethers (6)
(Table 2). The reduction of sulfoxides was mildly influenced by
steric hindrance, as demonstrated by isopropyl and tert-butyl-
substituted substrates (5d and f), requiring longer reaction
times than the standard 2 h timeframe for complete conver-
sion. Sulfoxides with cyano substituents (e.g., 5g), including
one with an acetonitrile flanking fragment (5h), displayed
complete chemoselective deoxygenation. Similarly, anisyl sulf-
oxides with para-, meta- or ortho-methoxy substitutions (5i-k)
delivered good yields of thioethers (6i-k). Remarkably, no deb-
romination occurred with a p-bromo substrate (5n), and
additional halogenated sulfoxides (51 and m) provided excel-
lent yields. The reaction exhibited complete orthogonality
towards carbonyl compounds, including aldehydes and
ketones (50-q). This is particularly remarkable considering the

This journal is © The Royal Society of Chemistry 2023
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Table 2 Substrate scope for the deoxygenation of sulfoxides 5

o
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PN ——— > RR
R R HCO,H (10 eq)
Sar MW, 100 °C 6a-r

2h

6a, R= Me 88%, 85%° /©/
0y
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6i, ortho-OMe 84% 61 X=F 96%
6j, meta-OMe 87% 6m X= Cl quant.
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~ 00
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o) 60, 86%° o) 6p, 87% O 6q, 96%°
s S
R v\\\
6r, ~2%° 6s, 0%

6u, Alk= n-pent 91%°
6v, Alk= Bn 95%°

SN
<A[k s
6t, 31%° 2

All reactions were performed using a MW Biotage® Initiator reactor.
Some reactions were carried out for 3 h; ?4 h or °2 h at 90 °C.
4 Scaled-up experiment yield (2 g of 5a) under standard conditions.

abundant literature on carbonyl reductive transformations
based on iodide.'® Although benzylic substrates such as 5¢
and 5g showed robustness under reductive conditions, an
allyl-based sulfoxide (5r) yielded a minimal product (<2%),
while a propargylic sulfoxide (5s) underwent complete
decomposition. The alkenylic substrate that performed the
best was an isolated and terminal olefin (5t) which exhibited a
modest yield of 31% and needed appropriate reaction tuning.
The deoxygenation of dialkyl sulfoxides was also effectively
applicable in this method, as demonstrated by the successful
transformation of dipentylsulfoxide (5u) and dibenzyl sulfox-
ide (5v), yielding outstanding results. Furthermore, a scaled-up
experiment involving 2 g of the initial sulfoxide (5a) was con-
ducted to explore the practicality of deoxygenation. The results
obtained closely paralleled those from the microscale experi-
ment, showing a yield of 85% compared to 88%. This concur-
rence underscores the practicality and viability of the method
presented.

The mechanistic pathway for the reductive deoxygenation
of the sulfinyl group was originally based on the known
insight described by Hogeveen." In the case of methyl sulfi-
nates (1), we first propose their conversion to the corres-
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ponding sulfinic acids (7) (Scheme 2a).°”*° The sulfinic acid
(7) could evolve reversibly towards an ephemeral sulfinylsul-
fone (8),”" which in turn could (a) disproportionate®* to gene-
rate a thiosulfonate (4) and a sulfonic species (9)** or (b)
follow an iodide-mediated deoxygenation assisted by Bronsted
acid-activation of the sulfinyl group. Previous studies have pro-
posed the formation of an iodosulfonium intermediate
(15*),°*** while others,*® including Hogeveen, have hinted that
the reduction may proceed directly through a 10-electron
sulfur intermediate. Regardless of the specific deoxygenation
mechanism, the reduction involves an iodide attack on the
sulfur atom, followed by reductive deiodination by another
iodide unit. The generated iodine is then converted to iodide
by FA under MW heating.’*”?® It is worth noting that
when formic acid was substituted with acetic acid or acids of
comparable pK,, such as glycolic or lactic acid, poor yields
were observed due to the lack of regeneration of iodide
(Scheme 2b). Interestingly, the reaction mixtures often dis-
played a reddish/brown hue, implying the presence of residual
iodine, while also showing reactor pressurization, suggesting
the generation of gaseous products such as CO,.>” However, it
is noteworthy that under our specific reaction conditions,
iodide ions are effectively regenerated at a synthetically ade-
quate rate, as the complete conversion ensues without the
requirement of elevated temperatures for iodide regeneration,
as has been previously reported.*¢

? 0 maoyss MO Qo
R” “OMe  ref. 9b R™ “OH ~Sig R
Il 8
1 7 le}
+2 H* (not observed)
+21 ,
' decomposition
Ly i refs. 20-21
o +2HT OHz oo
I _+2 _S. ¢/ 4
R /S\R z i R R g7
= -R' (from sulfoxides, 5) +RSO3H 9
=-SO,R (from sulfinates, 1) + H,0
l- H,0
direct
duction /- z R
reauction i ::20 I'\?ﬁ iodosulfonium (IS*)
| formation?
S reductive
z R deiodination HCO,H
- R'6 l, ——2— 2HI+CO,
-H,0 refs. 26, 14b
i | ref. 20c +4H" +41 |R s 2
Z=-SOR 4 -2H,0,-21, S _R
HA (10 eq)
9 KI (20%) o o
90 °C 2h, MW < /s}\ \//
oSN -Tol + S -Tol
pTol” “OMe P A
pKa 2a 4a

conditions: HA= acetic acid  4.75
glycolic acid 3.86

~1% 59%
5% 48%

lacticacid  3.83 4% 56%

Scheme 2 (a) Plausible reaction pathway following Hogeveen's mecha-
nism for the reduction of disulfides and sulfoxides using iodide (I7) and
formic acid (FA). (b) Control experiments featuring other organic acids
lacking reducing properties. Isolated yields.
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The orthogonality of the present method towards HI-sensi-
tive functional groups, such as carbonyl, motivated us to
investigate the mechanistic details using DFT calculations
(0B97XD/def2-TZVP;*® see section 11 of the ESIf for compu-
tational details, performed with Gaussian 09).>° We considered
three scenarios for the activation of sulfinyl followed by reduc-
tive deiodination: (a) in situ HI formation involving two units
for S=O activation and iodide donation, (b) multiple FA mole-
cules acting within a formic acid/KI template for S=O acti-
vation and iodide donation, and (c) a unit of HI and FA jointly
promoting sulfinyl activation and iodide delivery (vide infra).
The first scenario was deemed unlikely based on the thermo-
dynamically unfavorable equilibrium between FA and iodide
(¢f PKa,, = =9.5°° vs. pK,,, = 3.77),”" which would require the
convergence of two HI units. This observation is consistent
with our experimental findings on chemoselectivity. The
second scenario appeared to lack sufficient acidity for sulfinyl
activation. Intuitively, the plausibility of the third scenario
became apparent, as it involved a single HI unit that was more
likely to participate in the transition state compared to the
first scenario. This scenario leveraged a formic acid network to
bring relevant species (H" and I7) into proximity, facilitating
the desired transformation. Furthermore, a 20% mol iodide
load was required to establish the necessary equilibria to gene-
rate sufficient HI. Nevertheless, explorations on the potential
energy surface (PES) revealed a favorable configuration for the
first scenario. By using dimethyl sulfoxide (DMSO)** as a com-
putational probe, we discovered that double Brgnsted sulfinyl
activation could occur effectively in a single step, with a negli-
gible protonation barrier due to the high acidity of HI in
Brgnsted media (Scheme 3a). This results in a net activation
barrier of AA*G,.rs = 14.3 keal mol™ and a relative transition-
state free energy of 50.8 kcal mol™,** which is significantly
high and reflects the energy cost of generating two HI units
from KI and FA. The second scenario involved the partici-
pation of two units of FA and one unit of KI (Scheme 3b). Also,
in this case, there is only one activation/iodination stage,
which is synergistically facilitated by the formic acid units
anchored by a potassium ion. This arrangement positions the
iodide quasi-apically relative to the ejecting oxygen, with
double protonation occurring asynchronously. Regrettably, for
this case, the relatively low acidity of the two FA units results
in a considerably high energetic barrier of AAIGB_TS =36.5 keal
mol ™", despite the relatively lower transition state free energy
of 36.9 kcal mol™*.** In the third scenario, a “hybrid” FA/HI
framework exhibited a favorable energetic profile (Scheme 3c).
This case involves a progressive protonation process, cwith the
first step effected by HI, followed by a subsequent protonation
by FA, deoxygenation, and iodination. A detailed PES explora-
tion revealed a first protonation barrier of AA*Gors: = 4.1 keal
mol ™", followed by a second one by FA with concurrent deoxy-
genation-iodination steps with an activation energy of
AA*Gers, = 23.7 keal mol™.%° The associated relative tran-
sition-state free energies are 17.8 and 33.3 kcal mol™, respect-
ively. The third scenario appears to be the most plausible
based on the thermochemical data. It is consistent with the
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Scheme 3 Plausible molecular arrangements for the sulfinyl Brensted
activation and deoxygenation/iodination mechanisms. Energies in kcal
mol™" at 363.15 K.

formic acid framework/media without overlooking the possi-
bility of discrete HI formation derived from KI/FA equilibria. It
is worth noting that the three scenarios converge on forming a
quasi-stable iodosulfonium intermediate (IS+), as suggested in
previous works involving the iodide-mediated deoxygenation
of sulfinyl groups (vide supra).

Further investigations into the involvement of a more
complex network and the synergy between FA molecules were
prompted by a recent study that recognized the enhancement
of Brensted acid catalysis through hydrogen bonding net-
works.*® To explore this for our reaction system, the transition

This journal is © The Royal Society of Chemistry 2023
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state B-TS (B-TS-2FA) was gradually modified by adding an
increased number of formic acid units connected through
hydrogen bonding, up to four units (B-TS-3FA-HT,
B-TS-3FA-HH, B-TS-4FA) (Scheme 4).

Remarkably, the stabilization of the transition state in the
sulfinyl activation/deoxygenation/iodination process through
the increasing association of Brgnsted acids via hydrogen
bonds was evident. This led to a gradual decrease in the rela-
tive TS free energy from AGrepasara = 36.9 keal mol™ to
AGrerp1s.ara = 32.3 keal mol™. More importantly, this increase
in FA units’ participation also led to a gradual decrease in the
energy barrier from AA*Gpasora = 36.5 keal mol™t to
AA*GB_TS_4FA =28.1 keal mol™. Interestingly, a “head-to-head”
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Scheme 4 Structures and related energy barriers for the concerted
Brensted activation of sulfinyl only by FA units, followed by deoxyiodina-
tion on the DMSO probe, showcasing their influence in an increasingly
complex hydrogen bond network and its impact on the reduction of TS
energies. Energies in kcal mol™ at 363.15 K.
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hydrogen bonding arrangement from the additional activating
FA unit exhibited a more favorable kinetic profile, decreasing
the activation barrier by ca. 1.5 kcal mol™'. This reduction is
directly attributed to a slight increase in the energy of the pre-
cursory stationary arrangement. The stabilization of the TS
remains unaffected by the specific mode of hydrogen bonding
within the network. To validate that the stabilization energy
provided by hydrogen bonding is independent of the acid-
base Lewis association of FA units with the potassium cation,
B-TS-4FA was modified by a dihedral rotation and subsequent
optimization to obtain a new TS lacking the additional hydro-
gen bond (B-TS-4FAbis). Our findings reveal that the relative
TS free energy increases by approximately 6.1 kcal mol

1%
e, 2979
) J“ 2
o L. 9 %
#JOJ 1 -3* 9
o AA:GC-CTSZ-ZFA= 287 3§
C2 (C2-2FA) AN Hg.crs2.2Fa= 31.2 [C-TS2 (C-TS2-2FA)
AGre 1= 96 AGrel.c.s2-2FA= 33.3
AHrerp1=-258 AHrei.c.152.2FA= -5.4
+
.4. Y .J-.
3.8 ¢ P
2999 ‘4 »
@ 2.9 RS
Ny — $ o 53
9@ 3A¢GC-TSZ-3FA-FA= 235 & ®
o o AA"He rs2.3raFa= 18.6
C2-3FA-FA C-TS2-3FA-FA _|

AGel.c.T52-3FA-FA= 33.9
AHiel.c.1s2-3FaFA= -11.6

AGrel.c2.3ra-Fa= 10.4
AHrel.c2-3ra-Fa= -30.2

9,
£ 2 *
PN ) ,
0s°0 Y%
o’ o ¥ ° {:{
® > AA::GC-Tsz-sFA-l:zo-2 .O 3
Y AN He.1s2.3ra1= 18.8 ¢ ®
C2-3FA-I 9
C-TS2-3FA-I

AGrg).c2.3ra1= 12.7

AHye.c2.3rAFA= -30.8 AGrei.c.1s2.3FA1= 32.9

AHrei.c.1s2.37A1= -12.0

9 ? +
J‘ J.& e
2 [ J
e 529 4‘. °® %
® o9 o O
" P J‘, AA:GC-TSZ-AFA-I-I= 22.2 P ° o
AA"He rsz4paaqa= 17.7 ’ )
9 . J
C2-4FA-I-l C-TS2-4FA-I-l

AGrei.c.s2-3Fa4= 38.3
AHrel.c.1s2.37A1= -15.8

AGygi.c24FA44= 16.1
AHrei.co.4rAFA11= -33.5

2,9, %
2 .; # JJ. 2
‘ Jf) # s i "’ 2
. By e AA¢GC-TSZ-4FA-I-FA= 21.9 @ ‘

? }3: AN He rszara1Fa= 16.3 . IS
S |
9 (] c ng 4FA--FA
C2-4FA-I-FA

AGrgi.c.152-4FAFA= 37.3

AGig). J.FA= 154 3
Ieboas b ALt AHrel.c.1524FA1FA= -15.8

AHrelc2.4FAFALFA= -32.1
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nation on the DMSO probe featuring the influence of additional FA units.
Energies in kcal mol™ at 363.15 K.
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accompanied by an enthalpic increase of 6.6 kcal mol™, which
directly correlates to a significant contribution of the stabiliz-
ing enthalpic factor associated with the hydrogen bond within
the formic acid network. A similar investigation was conducted
to explore the preferential scenario (Scheme 3c) where both HI
and FA synergistically participate in the activation of sulfinyl
groups.

The results revealed relatively modest stabilization exerted
by an additional FA unit, showing its preferential association
with iodide (¢f C-TS2-3FA-FA and C-TS2-3FA-I). However, the
introduction of a second additional hydrogen-bonded FA unit,
H-bonded to either iodide (C-TS2-4FA-I-I) or FA (C-TS2-4FA-I-
FA), did not lead to an improvement in the thermochemical
profile. In fact, it resulted in a destabilizing effect, apparently
of steric nature. Therefore, based on these findings, we estab-
lish that the third scenario either with 2 (C2-2FA) or 3 formic
acid units, the one H-bonded to iodide (C2-3FA-I, Scheme 5),
remains the most plausible scenario among all the cases con-
sidered. This scenario favorably combines the kinetic factors,
such as a stronger acid (HI) and hydrogen bond interactions,
to a lesser extent, contributing to the formation of the key
iodosulfonium intermediate (IS*). Nonetheless, the role of
other more complex hydrogen bond networks cannot be dis-
regarded, as evidenced by the improved energetics when only
FA units participated in the Brgnsted activation of the sulfinyl
group (see Scheme 4).

Conclusions

Formic acid, a sustainable reagent, plays multiple roles in the
iodide-catalysed deoxygenation of sulfinates and sulfoxides,
serving as a Brensted catalyst, solvent, and reductant. This
methodology yields excellent results and demonstrates remark-
able tolerance towards reducible functional groups, including
carbonyl, cyano, benzyl, and bromo. Using iodide as a redu-
cing catalyst significantly enhances the reproducibility and
performance of the reaction by preventing the decomposition
of in situ generated sulfinic species through a known dismuta-
tion process. Although the mechanistic pathway can be ration-
alized based on the established knowledge of sulfinyl deoxy-
genation by iodide in Brensted media, the tolerance towards
HI-reducible groups prompted a DFT study to explore energeti-
cally-favorable molecular arrangements leading to a key iodo-
sulfonium intermediate. Through in silico explorations, we dis-
covered a molecular scenario where both formic acid and an
HI unit (formed via a Brensted equilibrium between KI and
FA) synergistically participate. Additionally, more sophisticated
models incorporating an elaborate formic acid network
through hydrogen bonding were found to stabilize crucial tran-
sition states, where sulfinyl is Brensted acid-activated and
undergoes deoxygenation through iodide displacement. These
findings support the notion of Breonsted catalyst activity
enhancement through the development of hydrogen-bonding
networks.*® Overall, our aim with this investigation was not
only to contribute to sustainable and transition metal-free syn-
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thetic methodologies for relevant chemical transformations
but also to stimulate mechanistic studies focusing on the rela-
tively overlooked aspect of catalyst activation from the perspec-
tive of hydrogen bonding networks.
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