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Facile chemoselective dithioacetalization of carbonyl compounds promoted by
Fe30,QMCM-41-GPTMS-Gu-Cu"NPs as an efficient magnetic nanostructured
catalyst

Hamid Mohammadzadeh Dovvom and Batool Akhlaghinia

Department of Chemistry, Faculty of Science, Ferdowsi University of Mashhad, Mashhad, Iran

ABSTRACT ARTICLE HISTORY
Dithioacetalization, as a well-known class of organic transformation, was carried out for protection Received 14 December 2022
of a wide variety of aromatic (with electron releasing and electron withdrawing substituents), het- Accepted 17 March 2023

eroaromatic and aliphatic aldehydes as well as ketones by 1,2-ethanedithiol/or 1,3-propanedithiol

in the presence of Fe;0,@MCM-41-GPTMS-Gu-Cu"NPs. The corresponding 1,3-dithiolanes and 1,3- KEW'%ORDS

dithianes were obtained chemoselectively in the presence of Fe;0,@MCM-41-GPTMS-Gu-Cu"NPs 233"?1?9\5‘ Aﬁg:\g;ﬂ lG PTMS-Gu-
with hexagonal.core-sh.ell structure, superparamagnetic behavior, and average particle sizg of 8- compo{mds; dit)flﬂolanes;
25nm under mild reaction conditions. The nanostructured catalyst could be separated easily from dithianes; dithioacetaliza-
the reaction mixture using a magnetic bar and reused in several reaction runs without any remark- tion; nanostructured

able reduction in its catalytic activity. Nearly neutral conditions, good to high yields of the prod- catalyst

ucts, operational simplicity, easy work-up procedure, compatibility with various functional groups

make the present method valuable in addition to the known methodologies.

Abbreviations: Fe;0,@MCM-41-GPTMS-Gu-Cu" NPs: Cu" immobilized on aminated 3-glycidyloxy-
propyl trimethoxysilane anchored on magnetic mesoporous MCM-41 nanoparticle; TEOS:
Tetraethyl orthosilicate; CTAB: Cetyltrimethylammonium bromide; GPTMS: 3-glycidyloxypropyltri-
methoxysilane; Gu.HCI: Guanidine hydrochloride; Cu(OAc),.H,O: Copper(ll) acetate monohydrate;
THF: Tetrahydrofuran; TLC: Thin-layer chromatography; NMR: Nuclear magnetic resonance; FT-IR:
Fourier-transform infrared spectroscopy; XRD: X-ray powder diffraction; FE-SEM: Field emission
scanning electron microscopy; ICP-OES: Inductively coupled plasma-optical emission spectrometry;
TEM: Transmission electron microscopy; EDX: Energy dispersive x-ray; Vsm: Vibrating-sample mag-
netometer; BET: Brunauer-Emmett-Teller; TGA: Thermogravimetric analysis

GRAPHICAL ABSTRACT

R! S
s
CH;CN | reflux
Fe;0,@MCM-41-GPTMS-Gu-Cu''NPs
R!: Aryl, Alkyl
R H, Alkyl, Aryl
1. Introduction both acidic and basic conditions and to a wide variety of

reagents as well.’~'*) Moreover, in organic synthesis S,S-ace-
tals could be used as precursors of acyl anions'>'®! for the
construction of carbon-carbon bonds and could be directly
reduced to their parent hydrocarbons by reductive desulfur-

Due to the reactivity of carbonyl group toward a wide range
of reagents with or without any activation, the chemistry of
carbonyl group is very fascinating. In this regard, protecting
carbonyl functionality is well known as one of the major
challenging problems in the field of multistep total synthesis isation.!"”) During the past decades, S,S-acetals were rou-
of multifunctional natural and non-natural products.“"sl tinely prepared by the condensation reaction between
Protection of a carbonyl group in the form of 1,3-dithiolanes aldehydes or ketones with 1,2-ethanedithiol or 1,3-propane-
and 1,3-dithianes is useful as they are inherently stable in dithiol using strong Brensted acids,!"**”) Lewis acids,!**™*!]
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|R! R? |

CH;CN, reflux

R!= Phenyl, 4-Nitro C4H,, 4-F CgH,, 4-Chloro C¢H,, 3-Bromo C¢H,, 4-Methoxy CgH,,
Phcnyl—CH=CH, I-Naphtyl,C4H30, C4H3S, CH3, C2H5, C3H7, C6H13, R2= H

R'= C,Hs, R?= CH;

R!= CsH;;, R>= CH;
R'=R’= (CHy),

R'=R’= (CH,)s

R'= Phenyl, R>= CH;
R'=4-Nitro C¢H,, R>= CH;
R!=R?= Phenyl

Scheme 1. Protection of various types of carbonyl compounds with 1,2-ethanedithiol/or 1,3-propanedithiol in the presence of Fe;0,@MCM-41-GPTMS-Gu-Cu"NPs.

. . . . 424 . . 43,4 L)
ionic hqulds,[ 8] high energy microwave,[*>**°% visible or

UV light irradiation!®'~>*! and solid supports®*~®? to acti-
vate the carbonyl group. Although there are many methods
in the literature for the protection of carbonyl compounds
as 1,3-dithiolanes and 1,3-dithianes, it is still desirable to
find more appropriate, mild, efficient, and chemoselective
practical methods by emphasizing the Lewis acidity of the
easily separable and recyclable catalysts. To follow the green
chemistry principles, the focus of chemists has shifted
toward the development of functionalized nano magnetic
catalysts as useful catalysts in organic synthesis. >~

Along the line of this idea and as a part of our continu-
ing interest in the development of new synthetic methodolo-
gies,!®” "% very recently, we reported the preparation of Cu"
immobilized on functionalized magnetic mesoporous MCM-
41(Fe30,OMCM-41-GPTMS-Gu-Cu""NPs). (Scheme S1, sup-
plementary material) For this purpose, the prepared Fe;O,
NPs(I) via the co-precipitation method was coated with
MCM-41 through the reaction with TEOS and CTAB to
achieve the magnetic nanoparticles entrapped in mesoporous
MCM-41(Fe;0,@QMCM-41 (II)) after calcination at 550°C
for 6 h. Then Fe;0,QMCM-41 (II) was in turn treated with
3-glycidyloxypropyltrimethoxysilane (GPTMS) and guan-
idine hydrochloride to produce 3-glycidyloxypropyl trime-
thoxysilane anchored on magnetic nanoparticles entrapped
in mesoporous MCM-41 (Fe;0,Q@MCM-41-GPTMS (III)
and aminated 3-glycidyloxypropyl trimethoxysilane anchored
on magnetic nanoparticles entrapped in mesoporous MCM-
41(Fe;0,G@MCM-41-GPTMS-Gu(IV)) respectively.  After
that, upon treatment of Fe;0,@MCM-41-GPTMS-Gu (IV)
with an ethanolic solution of Cu(OAc),.H,O, Cu" immobilized
on functionalized mesoporous MCM-41 (Fe;0,@MCM-41-
GPTMS-Gu-Cu'INPs (V)) (with 0.86 mmol.gfl copper content

according to the inductively coupled plasma optical emission
spectroscopy ~ (ICP-OES) measurement) was obtained.
Fe;0,Q@MCM-41-GPTMS-Gu-Cu'’NPs (V) was fully character-
ized and evaluated toward the synthesis of structurally different
5-phenyl-5,10-dihydropyrido[2,3-d:6,5-d']  dipyrimidine-2,4,6,8
(1H,3H,7H9H) tetraone derivatives through one-pot multi-
component condensation under green conditions.!””! (See
supplementary material, characterization of Fe;0,@MCM-
41-GPTMS-Gu-Cu"NPs"section)

As an extension of our studies in protecting carbonyl func-
tionality,””?) herein, we wish to disclose that Fe;0,G@MCM-
41-GPTMS-Gu-Cu"NPs is also an efficient catalyst for the
facile chemoselective dithioacetalization of various types of car-
bonyl compounds with 1,2-ethanedithiol/or 1,3-propanedithiol
(Scheme 1).

2. Results and discussion

2.1. Protection of carbonyl compounds with1,2-
ethanedithiol/or 1,3-propanedithiol promoted by
Fe;0,OMCM-41-GPTMS-Gu-Cu"NPs

As an initial attempt, the performance of the Fe;0,Q
MCM-41-GPTMS-Gu-Cu" was investigated for the reaction
of commercially available benzaldehyde (as a sample reac-
tion) with 1,2-ethanedithiol/or 1,3-propanedithiol. Various
conditions including the catalyst loading amount, tempera-
ture and solvent were tested to find the optimal reaction
conditions (Table 1). According to the literature search, in
the first reaction, protection of benzaldehyde was performed
in refluxing CH;CN. As we expected, by applying 1:2 molar
ratio of benzaldehyde:1,2-ethanedithiol/or 1,3-propanedi-
thiol, blank runs (in the absence of catalyst) provided no
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Table 1. Optimization of various reaction parameters for protection of benzaldehyde with 1,2-ethanedithiol/or 1,3-propanedithiol.

HS
0 + (>)n - >

H HS

S
RO

n=23

Molar ratio of Time(h) 1,2-ethane

Entry Catalyst (mol%) Solvent Temperature (°C) benzaldehyde: dithiol dithiol/1,3-propane dithiol Conversion (%)
1 - CHsCN Reflux 1:2 24/24 0/0

2 1 CH5CN Reflux 1:2 6.5/6 100/100
3 2 CH5CN Reflux 1:2 2.5/2.15 100/100
4 3 CH5CN Reflux 1:2 2/1.5 100/100
5 4 CH5CN Reflux 1:2 1.5/1 100/100
6 4 CH5CN Reflux 1:1.5 1.45/1.5 100/100
7 4 CH5CN Reflux 11 2.45/2.15 100/100
8 4 CH5CN 65 1:2 2/1.5 85/90
9 4 THF Reflux 1:2 3/2 85/90
10 4 CHCl3 Reflux 1:2 4/3 85/80
11 4 CH.Cl, Reflux 1:2 3/2 100/100
12 4 n-Hexane Reflux 1:2 4/3 85/80
13 4 1,4-dioxane Reflux 1:2 2.5/2 75/80
14 4 - 78 1:2 10/10 0/0
152 0.04(qg) CH5CN Reflux 1:2 15/14 50/50
16° 0.04(g) CH5CN Reflux 1:2 6/5 50/50
17¢ 0.04(g) CH5CN Reflux 1:2 6/5 50/50
18¢ 0.04(g) CH5CN Reflux 1:2 6/5 50/50
19¢ 4 CH5CN Reflux 1:2 7.5/6.5 40/40

Reaction conditions: benzaldehyde (1 mmol), 1,2-ethanedithiol (2 mmol), 1,3-propanedithiol (2mmol) and solvent(4 mL).

*The reaction was performed in the presence of Fe;04NPs.

PThe reaction was performed in the presence of Fe;0,@MCM-41.

The reaction was performed in the presence of Fe;0,@MCM-41-GPTMS.
%The reaction was performed in the presence of Fe30,Q@MCM-41-GPTMS-Gu.
“The reaction was performed in the presence of Cu(OAc),.H,0.

product (2-phenyl 1,3-dithiolane/or 2-phenyl 1,3-dithiane)
after 24/or 24h (Table 1, entry 1). Fe;0,@MCM-41-
GPTMS-Gu-Cu""NPs showed high efficiency for protection
reaction of benzaldehyde with 1,2-ethanedithiol/or 1,3-pro-
panedithiol in refluxing CH;CN (Table 1, entry 2). To find
out the optimum quantity of the catalyst, the protection
reaction of benzaldehyde was carried out using different
catalyst loading in refluxing CH3CN. As shown in Table 1,
the best yield of 2-phenyl 1,3-dithiolane/or 2-phenyl 1,3-
dithiane was achieved using 4mol% of Fe;O0,Q MCM-41-
GPTMS-Gu-Cu'" (Table 1, entries 2-5). To increase the
efficacy of Fe;0,QMCM-41-GPTMS-Gu-Cu''NPs, other
reaction parameters were tuned and optimized. The ratio of
benzaldehyde:1,2-ethanedithiol/or  1,3-propanedithiol and
temperature were also investigated, and it was found that
the best conversion in short reaction time was achieved in
refluxing CH3;CN by applying 1:2 molar ratio of reactants
(Table 1, entries 6-8). To choose the appropriate medium
for the transformation, we carried out the above model reac-
tion in different solvents and solvent-free condition as well
(Table 1, entries 9-14). The other solvents examined were
tetrahydrofuran, chloroform, dichloromethane, n-hexane
and 1,4-dioxane. It should be pointed out that in solvent-
free condition the reaction did not proceed even after pro-
longed reaction times. These results implied that acetonitrile
was the solvent of choice in terms of time and product yield.

To show the role of the Fe;0,QMCM-41-GPTMS-Gu-
Cu''NPs, further control experiments were conducted in the
presence of Fe;O4NPs, Fe;0,Q@MCM-41, Fe;0,Q@MCM-41-
GPTMS and Fe;0,@MCM-41-GPTMS-Gu (Table 1, entries
14-18). Surprisingly, in all cases the protection reaction of
benzaldehyde with 1,2-ethanedithiol/or 1,3-propanedithiol
under the optimized reaction conditions proceeded slowly
and furnished the target product in lower yield. Fe;O4 nano-
particles slightly promoted the reaction while this transform-
ation proceeded more efficiently in the presence of
Fe;0,QMCM-41 due to the presence of a large number
of hydroxy and silanol groups on the high surface area of
MCM-41 comparing to the magnetite nanoparticles (Table
1, entry 15 vs. entry 16). Moreover, surface modification of
Fe;0,@MCM-41 can be done easily because of the existence
of a great number of silanol groups which increased the
absorption capacity.”?! After, functionalization processes,
high density of functional groups on the surface of
Fe;0,Q@MCM-41 increases the active sites of the entire cata-
lyst as the main factor in promoting the reaction (as dis-
played in the suggested mechanism illustrated in Scheme 2)
resulting in boosted yields of the target product and
increased the reaction rate. Furthermore, to better under-
stand the catalytic activity of Fe;O,Q@MCM-41-GPTMS-Gu-
Cu''NPs the reaction was carried out in the presence of
Cu(OAc),.H,O (4/or 4mol%). The desired product was



| Fe30,@MCM-41-GPTMS-Gu-Cu'!

OAc
0Ac ACO-Cy-N
Cu \L N, NH
- N, 2
N wg { ﬁ(\"
}( /\ ; OH
vxs- /
O
- 07 \00 SSie
2 H ()
AcO, N\‘(N \A
/Lu -NH
AcO

R' R
® R¢ S CHy
HOQ [
am | H
9 $
R')\R

R__R'

&
(CHy),

(1)

@ Fe;0,@MCM-41-GPTMS-Gu-Cu''NPs

R: Alkyl, Aryl R': H, Alkyl, Aryl n:2,3

Scheme 2. The suggested mechanism for the protection reaction of aldehydes
and ketones with1,2-ethanedithiol/or 1,3-propanedithiol in the presence of
Fe30,@MCM-41-GPTMS-Gu-Cu"NPs.

obtained with 40/or 40% vyield after 7.5/or 6.5h (Table 1,
entry 19). This result leads to the conclusion that the immo-
bilization of Cu" on aminated 3-glycidyloxypropyl trime-
thoxysilane anchored on magnetic mesoporous MCM-41
nanoparticle improved the catalytic activity of Cu in
dithioacetalization reaction of carbonyl compounds.
Encouraged by this promising result, we then explored
the scope and limitations of this new procedure. The results
of these studies are tabulated in Table 2. Aromatic
aldehydes, with electron donating or electron withdrawing
substituents could be protected to afford the corresponding
1,3-dithiolanes and 1,3-dithianes with high conversions
under the optimized reaction conditions (Table 2, entries 1-
6). The generality and versatility of this protocol has been
proved with aldehydes bearing double bond like cinnamal-
dehyde. It was converted to the corresponding protected
product without any reaction on the double bond (Table 2,
entry 7). Interestingly, dithioacetalization of naphthaldehyde
was also achieved efficiently with a catalytic amount of
Fe;0,@MCM-41-GPTMS-Gu-Cu'’NPs to afford the corre-
sponding 1,3-dithiolanes/or 1,3-dithianes in high vyield
(Table 2, entry 8). Further, the usefulness of this method-
ology has also been extended for the protection of hetero-
aromatic aldehydes (Table 2, entries 9-10). As can be seen
from Table 2, this method is also applicable for protecting
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of heteroaromatic aldehydes. Dithioacetalization of linear
chain aldehydes were also examined in the presence of
Fe;0,QMCM-41-GPTMS-Gu-Cu'’NPs (Table 2, entries 11-
14). Comparatively, high yield of the corresponding
1,3-dithiolanes and 1,3-dithianes were obtained in longer
reaction time than aromatic ones. In spite of lower reactivity
of carbonyl group of ketones, it is worthy to note that
ketones can be protected byl,2-ethanedithiol/or 1,3-propane-
dithiol in the presence of Fe;O,Q@MCM-41-GPTMS-Gu-
Cu'NPs under the optimized conditions (Table 2, entries
15-20). As shown in Table 2, although the reactivity of ace-
tophenone seems to be slightly lower than that of cyclopen-
tanone and cyclohexanone, protection of acetophenone was
proceeded successfully by this method to afford the corre-
sponding products in satisfactory yield. This method is not
applicable for protecting of relatively unreactive and steric-
hindered ketone such as benzophenone (Table 2, entry 21).

The reaction progress was periodically monitored by the
disappearance of the carbonyl compounds and further for-
mation of the desired protected products on TLC. The
obtained products were known and isolated as oil or solid
after purification by column chromatography using #-hex-
ane as eluent. All purified solid products were characterized
by comparison of their melting points with those reported
previously or with authentic samples prepared by the con-
ventional methods. Moreover, the structure of certain
selected products was successfully validated by surveying
their high-field '"H NMR, >C NMR, and FT-IR spectral
data. FT-IR spectra of the obtained products did not contain
stretching frequency of carbonyl group. Furthermore, FT-IR
spectra exhibited a characteristic absorption band at 776-
526cm™' due to the C-S bond of 1,3-dithiolane/or 1,3-
dithiane ring. Additionally, the 'H and "’CNMR spectra are
in good accord with the structure. The singlet resonating
around 6.41-5.11 ppm established the protection of alde-
hydes. The signals related to the protons of thel,3-dithiola-
ne/or 1,3-dithiane ring appear at around 3.89-1.56 ppm (as
multiplets) (supplementary material).

Consistent with the literature survey and our results,
we would like to propose a plausible mechanism for the
protection of aldehydes and ketones with 1,2-ethanedithio-
l/or 1,3-propanedithiol in the presence of Fe;0,Q@MCM-41-
GPTMS-Gu-Cu""NPs (Scheme 2). The catalytic activity of
Fe;0,QMCM-41-GPTMS-Gu-Cu"’NPs in dithioacetalization
of carbonyl compounds was established by performing the
reaction in the absence of nanocatalyst. It could be seen that
no product was obtained even after a long reaction time
(Table 1, entry 1). Interestingly, lower yield of product was
obtained upon performing the standard reaction in the pres-
ence of Fe;O4NPs, Fe;0,Q@MCM-41, Fe;0,QMCM-41-
GPTMS and Fe;0,Q@MCM-41-GPTMS-Gu (Table 1, entries
15-18). It is speculated that the attached (=NH, -NH,,
-NH- and -OH) groups on the surface of Fe;0,Q@MCM-41
not only increase the nucleophilicity of 1,2-ethanedithiol/or
1,3-propanedithiol through hydrogen bonding but also acti-
vate the carbonyl group toward the nucleophilic attack.
Accordingly from the result of Table 1, entry 4, it can be

[27,58]
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Table 2. Protection reaction of various aldehydes and ketones with 1,2-ethanedithiol/or1,3-propanedithiol in the presence of Fe30,@MCM-41-GPTMS-Gu-Cu""NPs.

Entry Substrate Product Time (h) Conversion % Isolated yield %
S/> 1.5 100 95
S
(e}
1 H
S/j 1 100 92
S
S/> 1 100 96
S
[0}
O,N
- 2
2 5 0.5 100 97
O,N
S
O,N
S/> 3.15 95 87
S
(6}
F
H
3 S 245 90 85
F
S
F
S/> 35 95 89
S
O
Cl
H
4 S 3 90 85
Cl
S
Cl
S/> 4 95 90
Br
S
(0]
Br
5 H
S/j 345 98 92
Br
S
S/> 7 90 83
S
> H,CO
6 /©)LH 6.5 92 85
H,CO

&

H;CO

(continued)
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Table 2. Continued.

Entry Substrate Product Time (h) Conversion % Isolated yield %
S/> 25 98 92
N
S
[¢)
7 e H
S/j 1.45 95 89
N
S
/ \ 28 75 70
S S

S/> 23 85 80

. o I \ J s
\ / " S 20 80 74
o 1)
\ 2
S 23 85 80
, A
10 S \
\ / 2 S/j 20 90 84
S
\ 2

1 )L
H

)S\/j 35 96 90

12 \)J\

H S/j 3.45 90 85
A
S/> 35 90 84
S
(0]
13 H S/j 45 85 80
S

(continued)
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Table 2. Continued.

Entry Substrate Product Time (h) Conversion % Isolated yield %
S/> 5 80 74
0 \/\/\)\s
WS
s/> 14 90 85
/\’\S
(6]
" \)J\
S/j 12 95 920
/\1\8
S/> 16 85 79
& \/\/\’\S
16 /\/\/U\
S/j 15 90 84
\/\/\’\S
: Sj 26 80 73
17 OZO S
: S} 25 85 80
S
<:><Sj 23 85 81
S
<:><S:> 22 90 86
S
S/> 33 70 65
S
(0]
S
S/> 28 80 76
S
i ON
20
O,N
2 S
O,N

(continued)
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Entry Substrate Product Time (h) Conversion % Isolated yield %
/ \ 72 - -
S S
i
21
m 72 _ _

O(Il

Om

concluded that Fe;0,QMCM-41-GPTMS-Gu-Cu"NPs has a
significant effect on all steps of protection reaction.

It is supposed that the acidic active sites (Cu") increase
the electrophilicity of carbonyl group making it susceptible
to attack by 1,2-ethanedithiol/or 1,3-propanedithiol to pro-
duce the formal hemithioacetal-type intermediate (II). In the
following, losing an H,O molecule (intramolecular cycliza-
tion) afforded the corresponding dithioacetal derivative (IIT)
and regenerated Fe;0,@MCM-41-GPTMS-Gu-Cu'’NPs for
the consecutive runs as well.

Due to the difference in reactivity of Fe;0,QMCM-41-
GPTMS-Gu-Cu"'NPs toward aldehydes and ketones, in the
next stage of the present study, an equimolar mixture of
benzaldehyde (1.0 mmol) and 2-heptanone/or acetophenone
(1.0mmol) was allowed to react with 1,2-ethanedithiol/or
1,3-propanedithiol (2mmol) in the presence of Fe;0,Q
MCM-41-GPTMS-Gu-Cu" under the optimized reaction
conditions (Scheme 3). By employing this catalytic system,
after 3.5/or 2, h high selective conversion of benzaldehyde
to 2-phenyl-1,3-dithiolane/or 2-phenyl-1,3-dithiane was
observed, whereas the ketone is almost unreacted in the
reaction mixture as evident from Scheme 3.

In the next part of the present study, the recovery and
reusability of the nanostructured catalyst were also investi-
gated. For this purpose, in a typical experiment (the protec-
tion reaction of benzaldehyde with 1,2-ethanedithiol/or 1,3-
propanedithiol under the optimized reaction conditions)
after completion of reaction, the catalyst was separated using
an external magnetic field, washed successively with ethanol
(4 x5mL) to remove the residual of organic compounds
and then dried at ambient temperature for 16 h. Thereafter,
the catalyst was subjected to another run under essentially
the same reaction conditions. It is worth mentioning that
the magnetic nanostructured catalyst could be recovered and
reused for at least four consecutive reaction runs with rea-
sonable yield in comparison to the fresh nanostructured
catalyst. The practical recyclability of this magnetic nano-
structured catalyst was clearly demonstrated by the average
chemical yields for 4 runs to be 82/or 84.75% (Tables 3 and
4). The turn over frequency (TOF) and turn over number
(TON) of the catalyst were also calculated and the results
are shown in Tables 3 and 4.

The stability of the 4th reused Fe;O,@MCM-41-GPTMS-
Gu-Cu''NPs was confirmed by the FT-IR, XRD, FE-SEM
and ICP-OES techniques (Figures S1(f, g), S2d, and S4(e, f),

supplementary material). The resemblance between the FT-
IR spectrum of the fresh and the 4th reused nanostructured
catalyst from the reaction of benzaldehyde with 1,2-ethane-
dithiol/or 1,3-propanedithiol (Figure S1 (compare le with 1f
and 1g), See supplementary material) is obvious interest-
ingly. Moreover, the obtained results from XRD analysis
showed no significant difference between the chemical struc-
ture of the fresh nanostructured catalyst and the reused
Fe;0,Q@MCM-41-GPTMS-Gu-Cu'INPs from the reaction of
benzaldehyde with 1,3-propanedithiol even after four runs
(Figure S2 (compare 2c¢ with 2d), supplementary material).
Likewise, FE-SEM images of the 4th reused nanostructured
catalyst from the reaction of benzaldehyde with 1,3-propane-
dithiol are as the same as the freshly prepared nanostruc-
tured catalyst (Figure S4 (compare 4(e, f) with 4(c, d), See
supplementary material). The obtained images recognized
the stable morphology of Fe;0,Q@MCM-41-GPTMS-Gu-
Cu"NPs with an approximately spherical shape and no
agglomeration even after being used four times. Based on
ICP-OES analysis, the fresh nanostructured catalyst contains
0.86 mmol of Cu per 1g of catalyst, whereas this amount
decreased to 0.65/or 0.70mmol of Cu per 1g of the 4th
reused nanostructured catalyst from the reaction of benzal-
dehyde with 1,2-ethanedithiol/or 1,3-propanedithiol. The
results demonstrated the 25/or 19% of Cu' leaching from
the structure of the catalyst after four runs. Consequently,
the obtained results clearly authenticated good stability and
reusability of Fe;0,Q@MCM-41-GPTMS-Gu-Cu'"™NPs with no
significant loss in catalytic reactivity during the recycling
process.

Then, the homogeneity or heterogeneity nature of
Fe;0,@ MCM-41-GPTMS-Gu-Cu" in the protection reac-
tion of aldehydes and ketones withl,2-ethanedithiol/or 1,3-
propanedithiol was investigated. For this purpose, in a set of
experiments hot filtration test, kinetics study, and poisoning
test were done.

The hot filtration test was performed for the protection
reaction of benzaldehyde with 1,2-ethanedithiol/orl,3-pro-
panedithiol under the optimized reaction conditions. In half
time of the model reaction (45/or 30 min), the nanostruc-
tured catalyst was separated from the reaction medium by
an external magnetic field. Then the reaction was continued
for another 45/or 30 min, under similar conditions, while
the progress of the reaction was monitored by thin-layer
chromatography. According to the obtained results, in the
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Scheme 3. Chemoselective conversion of aldehydes to corresponding1,3-dithiolanes and 1,3-dithianes in the presence of ketones using Fes0,QMCM-41-GPTMS-

Gu-Cu"NPs as catalyst.

Table 3. The protection reaction of benzaldehyde with 1,2-ethanedithiol in
the presence of the reused Fe;0,@MCM-41-GPTMS-Gu-Cu"NPs.

Table 4. The protection reaction of benzaldehyde with 1,3-propanedithiol in
the presence of the reused Fe;0,@MCM-41-GPTMS-Gu-Cu"NPs.

Run Time (h) Conversion % Isolated Yield %  TOF (h™") TON Run  Time (h)  Conversion % Isolated yield %  TOF (h™h TON
1 1.5 100 95 0.16 0.24 1 1 100 92 0.23 0.23
2 1.5 100 95 0.16 0.24 2 1 100 92 0.23 0.23
3 1.5/2 80/100° 75/95 0.13/0.12  0.19/024 3 1/1.15 85/100% 80/92 0.2/0.2 0.2/0.23
4 1.5/3 65/100° 63/95 0.11/0.08 0.16/0.24 4 1/2 80/100% 75/92 0.19/0.12 0.19/0.23

*The first number in the third column corresponds to conversion after 1.5 h.

second half of the reaction time no further substantial
improvement in the vyield of protection reaction was
observed. Considering the ICP-OES analysis of the reaction
mixture reveals the negligible leaching of Cu" ions in the
reaction mixture. It confirms the heterogeneous nature of
catalyst as well as the stability during the catalytic reaction
(Figures S11 and S12, supplementary material).

Additionally, poisoning test was performed to explore the
true nature of the Fe;0,@MCM-41-GPTMS-Gu-Cu''NPs.
To this end, and in two separate flasks, the model protection
reaction (reaction of benzaldehyde with 1,2-ethanedithiol/or
1,3-propanedithiol) was performed in the presence and in
the absence of ethylenediaminetetraacetic acid (EDTA).
EDTA with high affinity to take the homogeneous Cu" ions
forms the stable complex (Scheme S2, supplementary mater-
ial), which deactivates the leached-out copper species. If the
catalyst has a homogeneous behavior a complete loss in the
catalytic activity should be observed. Interestingly, the pro-
tection reaction in the presence of EDTA was proceeded as
the same as in the absence of EDTA (Figures S13 and S14,
supplementary material). The obtained results confirmed no
leaching of Cu" ions was happened during the course of
protection reaction. Thus, the heterogenous nature and sta-
bility of Fe;0,QMCM-41-GPTMS-Gu-Cu'’NPs was estab-
lished truly under the described reaction conditions.

The catalytic quality of Fe;0,Q@MCM-41-GPTMS-Gu-
Cu''NPs in the protection reaction of benzaldehyde with
1,2-ethanedithiol/or 1,3-propanedithiol was compared with
some reported results in the literature (Tables 5 and 6).

*The first number in the third column corresponds to conversion after 1h.

With respect to the merits and superiority of most of the
previously reported methods, the present catalytic system
acts better rather than others in terms of mol% of catalyst
(Table 5, entries 1, 4, Table 6, entries 1, 4), reaction time
(Table 5, entries 2-4, Table 6, entries 2-4, 7, 8), and reus-
ability (Table 5, entries 1-2, 4-6, Table 6, entries 1-2, 4-6)
as well. Comparatively, among the other methods in Tables
5 and 6, the present investigation affords a truly mild pro-
cess using a magnetic separable nanostructured catalyst with
high yield of the product.

3. Material and methods
3.1. General

All chemical reagents and solvents (Benzaldehyde: for syn-
thesis, >98%; 4-Nitrobenzaldehyde: for synthesis, >98%; 4-
Fluorobenzaldehyde: for synthesis, >98%; 4-Chlorobenzaldehyde:
for synthesis, >98%; 3-Bromobenzaldehyde: for synthesis, >97%;
4-Methoxybenzaldehyde: for synthesis, >98%; Cinnamaldehyde:
for synthesis, >98%; 1-Naphthaldehyde: for synthesis, >97%;
Furfural: for synthesis, >98%; Thiophene-2-carbaldehyde: for
synthesis, >98%; Acetaldehyde: for synthesis, >99%;
Propionaldehyde: for synthesis, >98%; Isobutyraldehyde: for
synthesis, >98%; Heptanal: for synthesis, >97%; 2-Butanone:
for synthesis, >98%; 2-Heptanone: for synthesis, >98%;
Cyclopentanone: for synthesis, >99%; Cyclohexanone: for
synthesis, >99%; Acetophenone: for synthesis, >98%; 4-
Nitroacetophenone: for synthesis, >98%; Benzophenone: for
synthesis, >99%; Silica gel: for column chromatography, 60;
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Table 5. Comparison of the catalytic activity of Fe;0,@MCM-41-GPTMS-Gu-Cu"NPs with some literature precedents for protection reaction of benzaldehyde with

1,2-ethanedithiol.

Entry Catalyst Mol% Solvent Temperature (°C) Time (min) Isolated yield (%) Reusability Ref.
1 Y(OTf); 5 CH5CN RT 90 92 1 [41]
2 NiCl, 13 CH,Cl,-MeOH RT 2.75h 96 - [35]
3a [Cu(2,3-tmtppa)]** 0.0017 gr CH5CN Reflux 4h 98 8 [71]
4b ™M 10 CH,Cl, RT 10h 92 - [26]
5 SBA-15-Ph-SO3H 0.01gr CH5CN RT 30 96 - [60]
6¢C SPSA 0.5gr CHsCN RT 45 98 - [54]
7 Fe;0,QMCM-41-GPTMS-Gu-Cu" 4 CH5CN Reflux 15h 95 4 Present study

2N,N’,N”,N"""-tetramethyltetra-2,3-pyridinoporphyrazinato copper(ll) methyl sulfate.

P Trichloromelamine.
“Silica phenyl sulfonic acid.

Table 6. Comparison of the catalytic activity of Fe;0,@MCM-41-GPTMS-Gu-Cu"NPs with some literature precedents for protection reaction of benzaldehyde with

1,3-propanedithiol.

Entry Catalyst Mol% Solvent Temperature (°C)  Time (min)  Isolated yield (%)  Reusability Ref.

1 Y(OTf); 5 CH5CN RT 45 89 1 4

2 NiCl, 13 CH,Cl,-MeOH RT 25h 94 - 35

3a [Cu(2,3-tmtppa)]*" 0.0017 gr CH5CN Reflux 3h 96 8 71

4b ™M 10 CH,Cl, RT 9h 94 - 27

5 SBA-15-Ph-SO;H 0.01gr CH5CN RT 30 90 - 60

6¢ SPSA 0.5gr CH;CN RT 45 90 - 54

7d PMO-Py-IL 0.02 gr - RT 1.5h 99 12 47

8e IL@SBA-15-Pr-SO3H 3 - RT 2h 98 8 48

9 Fe30,@MCM-41-GPTMS-Gu-Cu" 4 CHyCN Reflux 1h 92 4 Present Study

IN,N’,N” ,N"""-tetramethyltetra-2,3-pyridinoporphyrazinato copper(ll) methyl sulfate.

BTrichloromelamine.
SSilica phenyl sulfonic acid.
dProtic pyridinium ionic liquid silica.

®SBA-15 functionalized sulfonic acid confined hydrophobic and acidic ionic liquid.

1,2-Ethanedithiol: for synthesis, >99%; 1,3-Propanedithiol: for
synthesis, >98%; Iron(III) chloride hexahydrate: for analysis
EMSURE®, >99%; Iron(II) sulfate heptahydrate: for analysis
EMSURE®, 99.5-102%; Cetyltrimethylammonium bromide:
for analysis EMSURE®, >99%; Tetraethyl orthosilicate: for
synthesis, >99%; 3-Glycidyloxypropyl trimethoxysilane: for
synthesis, >98%; Guanidinium chloride: LAB, >99%; Sodium
hydrogen carbonate: for analysis EMSURE®, 99-101%;
Copper(II) acetate monohydrate: for analysis EMSURE®,
>99%; Ammonia solution: for synthesis, >25%; Ethanol: for
synthesis, >99.5%; Toluene: Emplura®, >99%; Acetonitrile:
Emplura®, >99%; Tetrahydrofuran: Emplura®, >99%;
Chloroform: Emplura®, >99%; Dichloromethane: Emplura®,
>99%; n-hexane: Emplura®, >95%; 1,4-Dioxane: Emplura®,
>99%) were purchased from Merck Chemical Company and
were used as received without any further purification. The
reaction progress was monitored by TLC on silica gel poly-
gram STL G/UV 254 plates. The melting points of the prod-
ucts were determined with an Electrothermal Type 9100
melting point apparatus. The FT-IR spectra were recorded on
an AVATAR 370FT-IR spectrometer (Therma Nicolet spec-
trometer, USA) using KBr plates at room temperature in the
range between 4000 and 400cm ' with a resolution of
4cm™". The NMR spectra were recorded on a Bruker Avance
200, 250, 300, 400, 500 and 600 MHz instrument in CDClI; as
solvent at room temperature. Elemental analyses were per-
formed using a Thermo Finnigan Flash EA 1112 Series
instrument (furnace: 900 °C, oven: 65 °C, flow carrier: 140 mL
min~!, flow reference: 100 mL min~"). The crystal structure
of the catalyst was analyzed by XRD using a D8 ADVANCE
Bruker diffractometer operated at 40kV and 30 mA utilizing

Cu Ko radiation (1=0.154 A°). The BET surface area and
pore size distribution were measured on a Belsorp-mini II
system at —196°C using N, as the adsorbate. Transmission
electron microscopy (TEM) was performed with a Leo 912
AB microscope (Zeiss, Germany) with an accelerating voltage
of 120kV. The particles were first dispersed in ethanol for
30 minutes by applying a frequency of 40KHz in an ultra-
sonic bath at room temperature. Then they were dripped on
the GRID (Carbon coated 300 mesh copper) surface and after
drying they were analyzed by TEM.

FE-SEM images, EDX and EDX-mapping were recorded
using a TESCAN, model: MIRA3 scanning electron micro-
scope operating at an acceleration voltage of 30.0kV and a
resolution of about 200, 500 nm and 1pm (manufactured in
the Czech Republic). The surface of sample was coated with
gold and then analyzed. The magnetic properties of the cata-
lyst were determined using a vibrating sample magnetometer
(VSM, Magnetic Danesh Pajoh Inst). The sample was placed
in the cap of sample holder and then a teflon layer was placed
on it. Next, the powder was crammed by holding bar. The
vibrator was linked to the holding bar, and the analysis was
performed. Thermogravimetric analysis (TGA) was carried out
using a Shimadzu Thermogravimetric Analyzer (TG-50) in the
temperature range of 25-800°C at a heating rate of 10°C
min~', under nitrogen atmosphere. ICP analysis was carried
out on a Varian, VISTA-PRO, CCD, Australia. The sample
(0.0358 g) was poured into a beaker and digested by aqua regia
and hydrogen peroxide. Afterwards, the resulting mixture was
heated at 120°C and cooled before addition of deionized water
to obtain a 100mL suspension. After calibrating the device
using the Cu 100 ppm approach, samples were injected into
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ICP instrument and analyzed. All yields refer to the isolated
products after purification by column chromatography.
Fe;0,Q@MCM-41-GPTMS-Gu-CulINPs was prepared by the
method reported previously.””’ Supplementary material con-
tains complete characterization of the NP and the known
products (Figures S1-S11).

3.2. Typical procedure for dithioacetalization of
benzaldehyde promoted in the presence of
Fe;0,QMCM-41-GPTMS-Gu-Cu"NPs

To a solution of benzaldehyde (0.1061g, 1 mmol) and 1,2-
ethanedithiol/or 1,3-propanedithiol (0.1884g, 2mmol)/or
(0.2164 g, 2mmol) in acetonitrile (4 mL), Fe;O,Q@MCM-41-
GPTMS-Gu-Cu™NPs  (4mol%, 0.0880 g)or  (4mol%,
0.0880g) was added and the mixture was refluxed. After
completion of the reaction (1.5/or 1h), which was moni-
tored by TLC, the nanostructured catalyst was separated
using an external magnetic field, washed successively with
ethanol (4 x 5mL) to remove the residual of organic com-
pounds and then dried at ambient temperature for 16 h (for
using in the subsequent catalytic run). The obtained crude
product was purified by column chromatography using #-
hexane to afford the pure 2-phenyl 1,3-dithiolane/or 2-phe-
nyl 1,3-dithiane (0.161g, 95% yield/or (0.176 g, 92% yield).

4. Conclusion

In conclusion, in the present study, we have introduced an
efficient and facile catalytic dithioacetalization of carbonyl
compounds in the presence of the previously prepared and
characterized Fe;0,@MCM-41-GPTMS-Gu-Cu""NPs  with
superparamagnetic  core-shell structure. Fe;O,@MCM-
41-GPTMS-Gu-Cu''NPs with average diameter of about
8-25nm can be considered as bench-top reagent for the
protection reaction of aldehydes and ketones with 1,2-etha-
nedithiol/or 1,3-propanedithiol with high chemoselectivity.
A wide variety of aromatic (with electron releasing and elec-
tron withdrawing substituents), heteroaromatic and aliphatic
aldehydes as well as ketones were protected by 1,2-ethanedi-
thiol/or 1,3-propanedithiol in the presence of Fe;0,Q@MCM-
41-GPTMS-Gu-Cu""NPs under mild reaction conditions.
The present methodology can be considered as a promising
candidate for potential applications in some organic reac-
tions due to impressive catalytic activity of Fe;0,QMCM-
41-GPTMS-Gu-Cu''NPs in dithioacetalization of carbonyl
compounds without any by-product formation, good to
excellent yields of products, excellent functional group toler-
ability, mild reaction conditions as well as simple experi-
mental and work-up procedures. Moreover, the catalyst can
be easily separated from the reaction mixture by using an
external magnetic field and reused in several reactions with
only slight loss of its catalytic activity.

Acknowledgments

The authors gratefully acknowledge the partial support of this study by
Ferdowsi University of Mashhad Research Council (Grant No. p/3/56445).

Disclosure statement

No potential conflict of interest was reported by the authors.

ORCID

Batool Akhlaghinia

http://orcid.org/0000-0002-9940-5045

References

(1]

(2]
(3]
(4]
(5]

(6]

(7]
(8]

(9]

(10]

(11]

(12]

(13]

(14]

[15]

(16]

(17]

(18]

(19]

Kunz, H.; Waldmann, H. Protecting Groups in Comprehensive
Organic Synthesis; B. M. Trost, ed.; Pergamon Press: Oxford,
1991; Vol. 6, pp 631-701

Kocienski, P.-]. Protecting Groups, 3rd ed.; Georg Thieme
Verlag: New York, 2005; Vol. 15, p 668.

Greene, T.-W.; Wuts, P.-G. Protective Groups in Organic
Synthesis, 3rd ed.; John Wiley & Sons: New York, 1991.
Hoffmann, R.-W. Protecting-Group-Free Synthesis. Synthesis.
2006, 3531-3541. DOI: 10.1055/5-2006-950311.

Young, I.-S,; Baran, P.-S. Protecting-Group-Free Synthesis as an
Opportunity for Invention. Nat. Chem. 2009, 1, 193-205. DOL
10.1038/nchem.216.

Roulland, E. Protecting-Group-Free Total Syntheses: A
Challenging Approach. Angew. Chem. Int. Ed. Engl. 2011, 50,
1226-1227. DOI: 10.1002/anie.201006370.

Greene, T.-W.; Wuts, P.-G.-M. Protective Groups in Organic
Synthesis, 4th ed.; John Wiley & Sons: New York, 2007.

Corey, E.-J; Seebach, D. Phenylthiomethyllithium and Bis
(Phenylthio) Methyllithium. J. Org. Chem. 1966, 31, 4097-4099.
DOI: 10.1021/jo01350a052.

Eliel, E.-L.; Morris-Natschke, S. Asymmetric Syntheses Based
on 1, 3-Oxathianes. 1. Scope of the Reaction. J. Am. Chem. Soc.
1984, 106, 2937-2942. DOI: 10.1021/ja00322a033.

Corey, E.-].; Seebach, D. Carbanions of 1, 3-Dithianes. Reagents
for C-C Bond Formation by Nucleophilic Displacement and
Carbonyl Addition. Angew. Chem. Int. Ed. Engl. 1965, 4, 1075-
1077. DOI: 10.1002/anie.196510752.

Seebach, D.; Corey, E.-]. Generation and Synthetic Applications
of 2-Lithio-1, 3-Dithianes. J. Org. Chem. 1975, 40, 231-237.
DOI: 10.1021/j000890a018.

Seebach, D. Methods and Possibilities of Nucleophilic
Acylation. Angew. Chem. Int. Ed. Engl. 1969, 8, 639-649. DOI:
10.1002/anie.196906391.

Grobel, B.-T.; Seebach, D. Umpolung of the Reactivity of
Carbonyl Compounds through Sulfur-Containing Reagents.
Synthesis. 1977, 357-402. DOIL: 10.1055/s-1977-24412.

Page, P.-C; van Niel, M.-B.; Prodger, J.-C. Synthetic Uses of
the 1, 3-Dithiane Grouping from 1977 to 1988. Tetrahedron
1989, 45, 7643-7677. DOL: 10.1016/S0040-4020(01)85784-7.
Wauts, P.-G.-M. Greene’s Protective Groups in Organic Synthesis,
5th ed.; John Wiley & Sons: New Jersy, 2014.

Vale, J. R; Rimpildinen, T.; Sievanen, E.; Rissanen, K.; Afonso,
C. A. M., Candeias, N. R. Pot-Economy Autooxidative
Condensation of 2-Aryl-2-Lithio-1, 3-Dithianes. J. Org. Chem.
2018, 83, 1948-1958. DOI: 10.1021/acs.joc.7b02896.

Olsen, R.-K; Currier, J.-O, Jr. The Chemistry of the Thiol
Group; S. Patai, ed.; John Wiley & Sons: New York, 1974; Part
2, p 519.

Dong, D.; Ouyang, Y.; Yu, H,; Liu, Q; Liu, J; Wang, M.; Zhu,
J. Chemoselective Thioacetalization in Water: 3-(1,3-Dithian-2-
Ylidene) Pentane-2,4-Dione as an Odorless, Efficient, and
Practical Thioacetalization Reagent. J. Org. Chem. 2005, 70,
4535-4537. DOI: 10.1021/jo050271y.

Das, B.; Ramu, R; Reddy, M.-R; Mahender, G. Simple, Mild
and Efficient Thioacetalization and Transthioacetalization of
Carbonyl Compounds and Deprotection of Thioacetals: Unique
Role of Thiols in the Selectivity of Thioacetalization. Synthesis.
2005, 250-254. DOI: 10.1055/s-2004-834934.


https://doi.org/10.1080/10426507.2023.2194651
https://doi.org/10.1080/10426507.2023.2194651
https://doi.org/10.1055/s-2006-950311
https://doi.org/10.1038/nchem.216
https://doi.org/10.1002/anie.201006370
https://doi.org/10.1021/jo01350a052
https://doi.org/10.1021/ja00322a033
https://doi.org/10.1002/anie.196510752
https://doi.org/10.1021/jo00890a018
https://doi.org/10.1002/anie.196906391
https://doi.org/10.1055/s-1977-24412
https://doi.org/10.1016/S0040-4020(01)85784-7
https://doi.org/10.1021/acs.joc.7b02896
https://doi.org/10.1021/jo050271y
https://doi.org/10.1055/s-2004-834934

[20]

[21]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

Ouyang, Y.; Dong, D.; Zheng, C; Yu, H; Liu, Q; Fu, Z
Chemoselective Thioacetalization Using 3-(1, 3-Dithian-2-
Ylidene) Pentane-2, 4-Dione as an Odorless and Efficient
Propane-1, 3-Dithiol Equivalent under Solvent-Free Conditions.
Synthesis 2006, 22, 3801-3804. DOI: 10.1055/s-2006-950298.
Rudrawar, S.; Besra, R.-C.; Chakraborti, A.-K. Perchloric Acid
Adsorbed on Silica Gel (HCIO,-Si0,) as an Extremely Efficient
and Reusable Catalyst for 1, 3-Dithiolane/Dithiane Formation.
Synthesis 2006, 2006, 2767-2771. DOI: 10.1055/5-2006-942474.
Ralls, J.-W.; Dodson, R.-M.; Riegel, B. Addition of Mercaptans
to Unsaturated Steroid Ketones. J. Am. Chem. Soc. 1949, 71,
3320-3325. DOI: 10.1021/ja01178a014.

Djerassi, C.; Gorman, M. Studies in Organic Sulfur Compounds.
VI. 1 Cyclic Ethylene and Trimethylene Hemithioketals. J. Am.
Chem. Soc. 1953, 75, 3704-3708. DOI: 10.1021/ja01111a029.
Miyake, H.,; Nakao, Y; Sasaki, M. Oxalic Acid-Promoted
Preparation of Dithioacetals from Carbonyl Compounds or
Acetals. Chem. Lett. 2007, 36, 104-105. DOI: 10.1246/cl.2007.104.
Karimi, B.; Khalkhali, M. Silica Functionalized Sulfonic Acid as a
Recyclable Interphase Catalyst for Chemoselective Thioacetalization
of Carbonyl Compounds in Water. J. Mol. Catal. A: Chem. 2007,
271, 75-79. DOI: 10.1016/j.molcata.2007.02.018.

Hazarkhani, H. Trichloromelamine (TCM)-Catalyzed Efficient
and  Selective  Thioacetalization = of  Aldehydes and
Transthioacetalization of Acetals and Oxathioacetals under
Mild Reaction Conditions. Synth. Commun. 2008, 38, 2597-
2606. DOI: 10.1080/00397910802219338.

Hajipour, A.-R; Pourmousavi, S.-A.; Ruoho, A.-E. An
Efficient Method for Thioacetalization of Carbonyl
Compounds in the Presence of a Catalytic Amount of
Benzyltriphenylphosphonium Tribromide under Solvent-Free
Conditions. Phosphorus Sulfur Silicon Relat. Elem. 2007, 182,
921-937. DOI: 10.1080/10426500601088739.

Firouzabadi, H.; Iranpoor, N.; Karimi, B. Lithium Bromide-
Catalyzed Highly Chemoselective and Efficient
Dithioacetalization of o« f-Unsaturated and Aromatic
Aldehydes under Solvent-Free Conditions. Synthesis. 1999, 58-
60. DOI: 10.1055/s-1999-3679.

Shaterian, H.-R; Hosseinian, A.; Ghashang, M.; Khorami, F.
Chemoselective Dithioacetalization of Carbonyl Compounds
Using Magnesium Hydrogensulfate as Efficient Heterogeneous
Catalyst. Phosphorus Sulfur Silicon Relat. Elem. 2008, 183,
2490-2501. DOI: 10.1080/10426500801967740.

Lai, J; Du, W, Tian, L; Zhao, C; She, X; Tang, S. Fe-
Catalyzed Direct Dithioacetalization of Aldehydes with 2-
Chloro-1, 3-Dithiane. Org. Lett. 2014, 16, 4396-4399. DOI: 10.
1021/01502276r.

Kamal, A; Chouhan, G. Scandium Triflate as a Recyclable
Catalyst for Chemoselective Thioacetalization. Tetrahedron Lett.
2002, 43, 1347-1350. DOI: 10.1016/5S0040-4039(01)02378-4.
Besra, R.-C; Rudrawar, S Chakraborti A.-K. Copper (II)
Tetrafluoroborate as an Extremely Efficient Catalyst for 1,3-
Dithiolane/Dithiane Formation from Carbonyl Compounds under
Solvent-Free Conditions at Room Temperature. Tetrahedron Lett.
2005, 46, 6213-6217. DOI: 10.1016/j.tetlet.2005.07.059.
Muthusamy, S.; Babu, S.-A.; Gunanathan, C. Indium (III)
Chloride as an  Efficient, Convenient Catalyst for
Thioacetalization and Its Chemoselectivity. Tetrahedron Lett.
2001, 42, 359-362. DOI: 10.1016/S0040-4039(00)01966-3.

De, S.-K. Cobalt (II) Chloride Catalyzed Chemoselective
Thioacetalization of Aldehydes. Tetrahedron Lett. 2004, 45,
1035-1036. DOI: 10.1016/j.tetlet.2003.11.082.

Khan, A.-T.; Mondal, E.; Sahu, P.-R.; Islam, S. Nickel (II)
Chloride as an Efficient and Useful Catalyst for Chemoselective
Thioacetalization of Aldehydes. Tetrahedron Lett. 2003, 44,
919-922. DOI: 10.1016/S0040-4039(02)02771-5.

Ceschi, M.-A,; de Araujo Felix, L; Peppe, C. Indium Tribromide-
Catalyzed Chemoselective Dithioacetalization of Aldehydes in Non-
Aqueous and Aqueous Media. Tetrahedron Lett. 2000, 41, 9695-
9699. DOI: 10.1016/S0040-4039(00)01741-X.

PHOSPHORUS, SULFUR, AND SILICON AND THE RELATED ELEMENTS e 763

(37]

(38]

(39]

[40]

(41]

[42]

(43]

[44]

[45]

[46]

(47]

(48]

[49]

(50]

(51]

Varala, R; Nuvula, S.; Adapa, S.-R. Efficient Copper Bromide
Catalyzed Chemoselective Thioacetalization of Carbonyl
Compounds: Selectivity and Scope. Bull. Korean Chem. Soc.
2006, 27, 1079-1082. DOI: 10.5012/bkcs.2006.27.7.1079.
Bracher, F; Litz, T. 2-Aryl-2-[1-(2-Hydroxypropyl)]-1,3-
Dithianes as Versatile Building Blocks for the Preparation of
Enantiomerically Pure Drugs. Arch. Pharm. Pharm. Med. Chem.
1995, 328, 235-238. DOI: 10.1002/ardp.19953280306.

Weng, S.-S.; Chang, S.-C.; Chang, T.-H.; Chyn, J.-P.; Lee, S.-W;
Lin, C.-A,; Chen, F.-K. Chemoselective (Trans)
Thioacetalization of Carbonyl Compounds with a Reusable
Lewis Acid-Surfactant-Combined Copper Bis (Dodecyl Sulfate)
Catalyst in Water. Synthesis. 2010, 1493-1499. DOI: 10.1055/s-
0029-1218693.

Firouzabadi, H.; Iranpoor, N.; Hazarkhani, H. Iodine Catalyzes
Efficient and Chemoselective Thioacetalization of Carbonyl
Functions, Transthioacetalization of O, O-and S, O-Acetals and
Acylals. J. Org. Chem. 2001, 66, 7527-7529. DOI: 10.1021/
jo015798z.

De, S.-K. Yttrium Triflate as an Efficient and Useful Catalyst for
Chemoselective Protection of Carbonyl Compounds. Tetrahedron
Lett. 2004, 45, 2339-2341. DOI: 10.1016/j.tetlet.2004.01.106.

Bao, S; Chen, L; Ji, Y; Yang, J. Efficient Procedure for
Oxathioacetalization Using the Novel Ionic Liquid. Chin. J.
Chem. 2010, 28, 2119-2122. DOI: 10.1002/cjoc.201090351.
Gupta, N,; Sonu; Kad, G. L, Singh, J. Acidic Ionic Liquid
[Bmim] HSO,: An Efficient Catalyst for Acetalization and
Thioacetalization of Carbonyl Compounds and Their
Subsequent Deprotection. Catal. Commun. 2007, 8, 1323-1328.
DOI: 10.1016/j.catcom.2006.11.030.

Hajipour, A.-R.; Azizi, G.; Ruoho, A.-E. An Efficient Method
for Chemoselective Thioacetalization of Aldehydes in the
Presence of a Catalytic Amount of Acidic Ionic Liquid under
Solvent-Free Conditions. Synlett 2009, 12, 1974-1978. DOI: 10.
1055/5-0029-1217550.

Hajipour, A.-R; Hosseini, P.; Ruoho, A.-E. Application of
Bu,N* HSO, as an Ionic Liquid and Acid Catalyst for
Thioacetalization of Aldehydes and Ketones. Phosphorus Sulfur

Silicon Relat. Elem. 2008, 183, 2502-2508. DOI: 10.1080/
10426500801967757.
Kamal, A,; Chouhan, G. Investigations towards the

Chemoselective Thioacetaliztion of Carbonyl Compounds by
Using Ionic Liquid [Bmim] Br as a Recyclable Catalytic
Medium. Adv. Synth. Catal. 2004, 346, 579-582. DOI: 10.1002/
adsc.200303171.

Rajabi, F.; Karimi, N.; Luque, R; Voskressensky, L. Highly
Ordered Mesoporous Functionalized Pyridinium Protic Ionic
Liquid Framework as a Highly Efficient Catalytic System in
Chemoselective Thioacetalization of Carbonyl Compounds
under Solvent-Free Conditions. Mol. Catal. 2021, 515, 111919.
DOI: 10.1016/j.mcat.2021.111919.

Karimi, B.; Vafaeezadeh, M. SBA-15 Functionalized Sulfonic
Acid Containing a Confined Hydrophobic and Acidic Ionic
Liquid: A Highly Efficient Catalyst for Solvent-Free
Thioacetalization ~of Carbonyl Compounds at Room
Temperature. RSC Adv. 2013, 3, 23207-23211. DOI: 10.1039/
c3ra42286Kk.

Bez, G; Gogoi, D. A Rapid and Efficient Method for 1,3-
Dithiolane Synthesis. Tetrahedron Lett. 2006, 47, 5155-5157.
DOI: 10.1016/j.tetlet.2006.05.057.

Zarei, A.; Hajipour, A. R; Khazdooz, L. Mirjalili, B. F,;
Zahmatkesh, S. Efficient and Chemoselective Method for
Thioacetalization and Transthioacetalization Using Catalytic
Amount of P,0s/Al,0; under Microwave Irradiation. J. Mol.
Catal. A: Chem. 2009, 301, 39-46. DOI: 10.1016/j.molcata.
2008.11.005.

Xing, Z.; Yang, M.; Sun, H,; Wang, Z.; Chen, P; Liu, L; Wang,
X,; Xie, X;; She, X. Visible-Light Promoted Dithioacetalization
of Aldehydes with Thiols under Aerobic and Photocatalyst-Free


https://doi.org/10.1055/s-2006-950298
https://doi.org/10.1055/s-2006-942474
https://doi.org/10.1021/ja01178a014
https://doi.org/10.1021/ja01111a029
https://doi.org/10.1246/cl.2007.104
https://doi.org/10.1016/j.molcata.2007.02.018
https://doi.org/10.1080/00397910802219338
https://doi.org/10.1080/10426500601088739
https://doi.org/10.1055/s-1999-3679
https://doi.org/10.1080/10426500801967740
https://doi.org/10.1021/ol502276r
https://doi.org/10.1021/ol502276r
https://doi.org/10.1016/S0040-4039(01)02378-4
https://doi.org/10.1016/j.tetlet.2005.07.059
https://doi.org/10.1016/S0040-4039(00)01966-3
https://doi.org/10.1016/j.tetlet.2003.11.082
https://doi.org/10.1016/S0040-4039(02)02771-5
https://doi.org/10.1016/S0040-4039(00)01741-X
https://doi.org/10.5012/bkcs.2006.27.7.1079
https://doi.org/10.1002/ardp.19953280306
https://doi.org/10.1055/s-0029-1218693
https://doi.org/10.1055/s-0029-1218693
https://doi.org/10.1021/jo015798z
https://doi.org/10.1021/jo015798z
https://doi.org/10.1016/j.tetlet.2004.01.106
https://doi.org/10.1002/cjoc.201090351
https://doi.org/10.1016/j.catcom.2006.11.030
https://doi.org/10.1055/s-0029-1217550
https://doi.org/10.1055/s-0029-1217550
https://doi.org/10.1080/10426500801967757
https://doi.org/10.1080/10426500801967757
https://doi.org/10.1002/adsc.200303171
https://doi.org/10.1002/adsc.200303171
https://doi.org/10.1016/j.mcat.2021.111919
https://doi.org/10.1039/c3ra42286k
https://doi.org/10.1039/c3ra42286k
https://doi.org/10.1016/j.tetlet.2006.05.057
https://doi.org/10.1016/j.molcata.2008.11.005
https://doi.org/10.1016/j.molcata.2008.11.005

764 H. MOHAMMADZADEH DOVVOM AND B. AKHLAGHINIA

(52]

(54]

[55]

(58]

(59]

(60]

[61]

[63]

Conditions. Green Chem. 2018, 20, 5117-5122. DOI: 10.1039/
C8GC02237B.

Chaiseeda, K.; Chavasiri, W. Thioacetalization of Aldehydes and
Ketones Catalyzed by Hexabromoacetone. Phosphorus Sulfur
Silicon Relat. Elem. 2017, 192, 1034-1039. DOI: 10.1080/
10426507.2017.1321646.

Du, K; Wang, S.-C; Basha, R.-S; Lee, C.-F. Visible-Light
Photoredox-Catalyzed Thioacetalization of Aldehydes under
Metal-Free and Solvent-Free Conditions. Adv. Synth. Catal.
2019, 361, 1597-1605. DOI: 10.1002/adsc.201800999.

Veisi, H.,; Sedrpoushan, A.; Zolfigol, M.-A.; Mohanazadeh, F.;
Hemmati, S. Silica Phenyl Sulfonic Acid as a Solid Acid
Heterogeneous Catalyst for Chemoselective Thioacetalization of
Carbonyl Compounds and Dethioacetalization under Mild
Conditions. J. Heterocycl. Chem. 2013, 50, E204-E206. DOL
10.1002/jhet.1011.

Aoyama, T.; Suzuki, T.; Nagaoka, T.; Takido, T.; Kodomari, M.
Silica-Gel Supported Sulfamic Acid (SA/SiO,) as an Efficient
and Reusable Catalyst for Conversion of Ketones into
Oxathioacetals and Dithioacetals. Synth. Commun. 2013, 43,
553-566. DOI: 10.1080/00397911.2011.604458.

Ali, M.-H; Gomes, M.-G. A Simple and Efficient Heterogeneous
Procedure for Thioacetalization of Aldehydes and Ketones.
Synthesis 2005, 8, 1326-1332. DOI: 10.1055/s-2005-865303.
Hajipour, A.-R; Zarei, A, Khazdooz, L. Zahmatkesh, S;
Ruoho, A.-E. A Mild and Chemoselective Catalyst for
Thioacetalization under Solvent Free Conditions. Phosphorus
Sulfur Silicon Relat. Elem. 2006, 181, 387-395. DOI: 10.1080/
104265091000877.

Roy, B.; Sengupta, D.; Basu, B. Graphene Oxide (GO)-Catalyzed
Chemoselective Thioacetalization of Aldehydes under Solvent-
Free Conditions. Tetrahedron Lett. 2014, 55, 6596-6600. DOI:
10.1016/j.tetlet.2014.10.043.

Shaterian, H.-R; Azizi, K.; Fahimi, N. Silica-Supported Phosphorus
Pentoxide: A Reusable Catalyst for S,S-Acetalization of Carbonyl
Groups under Ambient Conditions. J. Sulfur Chem. 2011, 32,
85-91. DOI: 10.1080/17415993.2010.542155.

Sedrpoushan, A.; Ghazizadeh, H. Mesoporous SBA-15 Silica
Catalyst Functionalized with Phenylsulfonic Acid Groups (SBA-
15-Ph-SO;H) as Efficient Nanocatalyst for Chemoselective
Thioacetalization of Carbonyl Compounds. J. Sulfur Chem.
2017, 38, 112-118. DOI: 10.1080/17415993.2016.1257929.

Jin, T.-S;; Sun, X; Ma, Y.-R; Li, T.-S. A Rapid and Efficient
Method of Thioacetalization of Carbonyl Compounds Catalysed
by POCl;-Montmorillnite. Synth. Commun. 2001, 31, 1669—
1673. DOI: 10.1081/SCC-100103985.

Jung, N.; Grassle, S.; Lutjohann, D.-S.; Brase, S. Solid-Supported
Odorless Reagents for the Dithioacetalization of Aldehydes and
Ketones. Org. Lett. 2014, 16, 1036-1039. DOI. 10.1021/
0l403313h.

Bahrami, S.; Hassanzadeh-Afruzi, F.; Maleki, A. Synthesis and
Characterization of a Novel and Green Rod-like Magnetic
ZnS/CuFe,0,/Agar Organometallic Hybrid Catalyst for the
Synthesis of Biologically-Active  2-Amino-Tetrahydro-4H-

[64]

[65]

(6]

[67]

(68]

[69]

(70]

(71]

(72]

(73]

Chromene-3-Carbonitrile Derivatives. Appl. Organomet. Chem.
2020, 34, €5949. DOI: 10.1002/a0c.5949.

Maleki, A.; Azadegan, S. Amine-Functionalized Silica-Supported
Magnetic Nanoparticles: Preparation, Characterization and
Catalytic Performance in the Chromene Synthesis. J. Inorg.
Organomet. Polym. 2017, 27, 714-719. DOI: 10.1007/s10904-
017-0514-z.

Maleki, A.; Taheri-Ledari, R; Ghalavand, R.; Firouzi-Haji, R.
Palladium-Decorated O-Phenylenediamine-Functionalized Fe;O,/SiO,
Magnetic Nanoparticles: A Promising Solid-State Catalytic System
Used for Suzuki-Miyaura Coupling Reactions. J. Phys. Chem. Solids
2020, 136, 109200. DOI: 10.1016/j.jpcs.2019.109200.

Maleki, A.; Panahzadeh, M.; Eivazzadeh-Keihan, R. Agar: A
Natural and Environmentally-Friendly Support Composed of
Copper Oxide Nanoparticles for the Green Synthesis of 1,2,3-
Triazoles. Green Chem. Lett. Rev. 2019, 12, 395-406. DOI: 10.
1080/17518253.2019.1679263.

Ghodsinia, S.-S; Akhlaghinia, B. Cu' Anchored onto
Mesoporous  SBA-16  Functionalized by Aminated 3-
Glycidyloxypropyltrimethoxysilane ~ with ~ Thiosemicarbazide
(SBA-16/GPTMS-TSC-Cu'): A Heterogeneous Mesostructured
Catalyst for S-Arylation Reaction wunder Solvent-Free
Conditions. Green Chem. 2019, 21, 3029-3049. DOI: 10.1039/
C8GC03931C.

Ghasemzadeh, M.-S.; Akhlaghinia, B. 2-Aminoethanesulfonic
Acid Immobilized on  Epichlorohydrin  Functionalized
Fe;0,QWO; (Fe;0,@WO0;-EAE-SO;H): A Novel Magnetically
Recyclable Heterogeneous Nanocatalyst for the Green One-Pot
Synthesis of 1-Substituted-1H-1, 2, 3, 4-Tetrazoles in Water.
BCSJ. 2017, 90, 1119-1128. DOI: 10.1246/bcsj.20170148.
Mohammadinezhad, A.; Akhlaghinia, B. Fe;O0,@Q Boehmite-
NH,-Co” NPs: An Inexpensive and Highly Efficient
Heterogeneous Magnetic Nanocatalyst for the Suzuki-Miyaura
and Heck-Mizoroki Cross-Coupling Reactions. Green Chem.
2017, 19, 5625-5641. DOI: 10.1039/C7GC02647A.

Mazloum Farsi Baf, M.; Akhlaghinia, B.; Zarei, Z.; Ghodsinia,
S.-S. Ecofriendly and Facile One-Pot Multicomponent Synthesis
of 5-Phenyl-5,10-Dihydropyrido [2, 3-d: 6, 5-d’] Dipyrimidine-
2, 4, 6, 8 (1H, 3H, 7H, 9H)-Tetraone Derivatives Catalyzed by
Cu" Immobilized on Functionalized Magnetic Mesoporous
MCM-41 (Fe;0,@MCM-41-GPTMS-Gu-Cu"). ChemistrySelect.
2020, 5, 15195-15208. DOI: 10.1002/slct.202004112.
Akhlaghinia, B.; Tavakoli, S; Asadi, M.; Safaei, E. N. N’, N”,
N"-Tetramethyltetra-2,3-Pyridinoporphyrazinato Copper(1I)
Methyl Sulfate as a New and Efficient Catalyst for the
Dithioacetalization and the Oxathioacetalization of Carbonyl
Compounds. J. Porphyr. Phthalocyanines. 2006, 10, 167-175.
DOI: 10.1142/5108842460600020X.

Akhlaghinia, B.; Makarem, A. Dithioacetalization of Carbonyl
Compounds under Catalyst-Free Condition. J. Sulfur Chem.
2011, 32, 575-581. DOI: 10.1080/17415993.2011.622394.
Pourhasan-Kisomi, R.; Shirini, F.; Golshekan, M. Fe;0,@ MCM-
41@ NH-SOsH: An Efficient Magnetically Reusable Nano-Catalyst
for the Formylation of Amines and Alcohols. Silicon. 2022, 14,
2583-2594. DOI: 10.1007/512633-021-01000-y.


https://doi.org/10.1039/C8GC02237B
https://doi.org/10.1039/C8GC02237B
https://doi.org/10.1080/10426507.2017.1321646
https://doi.org/10.1080/10426507.2017.1321646
https://doi.org/10.1002/adsc.201800999
https://doi.org/10.1002/jhet.1011
https://doi.org/10.1080/00397911.2011.604458
https://doi.org/10.1055/s-2005-865303
https://doi.org/10.1080/104265091000877
https://doi.org/10.1080/104265091000877
https://doi.org/10.1016/j.tetlet.2014.10.043
https://doi.org/10.1080/17415993.2010.542155
https://doi.org/10.1080/17415993.2016.1257929
https://doi.org/10.1081/SCC-100103985
https://doi.org/10.1021/ol403313h
https://doi.org/10.1021/ol403313h
https://doi.org/10.1002/aoc.5949
https://doi.org/10.1007/s10904-017-0514-z
https://doi.org/10.1007/s10904-017-0514-z
https://doi.org/10.1016/j.jpcs.2019.109200
https://doi.org/10.1080/17518253.2019.1679263
https://doi.org/10.1080/17518253.2019.1679263
https://doi.org/10.1039/C8GC03931C
https://doi.org/10.1039/C8GC03931C
https://doi.org/10.1246/bcsj.20170148
https://doi.org/10.1039/C7GC02647A
https://doi.org/10.1002/slct.202004112
https://doi.org/10.1142/S108842460600020X
https://doi.org/10.1080/17415993.2011.622394
https://doi.org/10.1007/s12633-021-01000-y

	Abstract
	Introduction
	Results and discussion
	Protection of carbonyl compounds with1,2-ethanedithiol/or 1,3-propanedithiol promoted by Fe3O4@MCM-41-GPTMS-Gu-CuIINPs

	Material and methods
	General
	Typical procedure for dithioacetalization of benzaldehyde promoted in the presence of Fe3O4@MCM-41-GPTMS-Gu-CuIINPs

	Conclusion
	Acknowledgments
	Disclosure statement
	Orcid
	References


