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MOF-Zn-NHC as an efficient N-heterocyclic
carbene catalyst for aerobic oxidation of aldehydes
to their corresponding carboxylic acids via

a cooperative geminal anomeric based oxidationt

Saeed Babaee, Mahmoud Zarei®* and Mohammad Ali Zolfigol /= *

As an efficient heterogenous N-heterocyclic carbene (NHC) catalyst, MOF-Zn-NHC was used in the aerobic
oxidation of aryl aldehydes to their corresponding carbocyclic acids via an anomeric based oxidation.
Features such as mild reaction conditions and no need for a co-catalyst or oxidative reagent can be
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Introduction

Nowadays, N-heterocyclic carbenes (NHCs), with unique
features such as strong c-donor ability and electronic tenability,
are considered as new complexes by the chemical commu-
nity."* N-Heterocyclic carbene (NHC)-complexes have exclusive
properties, which can be utilized to conduct exceptional
chemical reactions.*® The NHC-complexes have been used as
catalysts in the synthesis of pharmaceutical and chemical
compounds; they can also be used as stable ligands in the
synthesis of various metal complexes with diverse biological
properties.”™** In situ generation of carbene, in the course of the
reaction, has allowed researchers to use NHC-complexes in
a wide range of chemical processes. Also, metal-organic
frameworks (MOFs) with N-heterocyclic carbene pillars, as
a new class of nanoporous materials, have been used as multi-
purpose materials.">**

In the last few years, there has been an increasing penchant
for researching the oxidation of organic compounds. In this
regard, choosing a convenient oxidation method is considered
to be the main objective in this research subject.***>*>® Previ-
ously, many of the presented oxidation strategies were focused
on the conversion of aryl aldehyde to their corresponding
carbocyclic acids (when O, or oxidative reagent was used)
(Scheme 1).>**** Therefore, these approaches suffer from
significant drawbacks, mainly: (i) using many catalysts and co-
catalysts, (ii) longer reaction times, (iii) using toxic solvent,
catalyst and oxidative reagent and (iv) using oxidizing agents.
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considered as the major advantages of the presented method in this study.

Therefore, mild oxidation methodologies need to be developed
for more efficient operation strategy.

In the course of organic reactions, the anomeric effect can
support the conversion of susceptible molecules and/or inter-
mediates to the desired products.”” For example, we recently
proposed adding hydroxide (OH™) to the carbonyl group of
aldehydes in the Cannizzaro reaction, which did not any have o-
hydrogen (Scheme 2), sharing the lone pairs electrons from
both geminal oxygen atoms at the tetrahedral carbon into the
anti-bonding orbital of C-H bond (ny—0o,_,;) and weakening
it. The resulting labile hydride acts as a powerful nucleophile
that attaches to the second molecule of aldehyde. Finally, the
aforementioned reaction produced an equal amount of acid
and alcohol.** We have recently introduced the term “anomeric
based oxidation” or ABO for these types of reactions.”"*° In the
discussion section of the presented work, the anomeric based
oxidation is considered for proposing a rational mechanism. To
the best of our knowledge, carbon is the core element and one
of the major components of organic chemistry. However,
oxygen plays the major role of stereoelectronic control in
organic chemistry, since C-O bond has both a strong donor
(lone pair) and a strong acceptor (d,_, orbital). This unique
property of oxygen provides a slew of opportunities to influence
the organic functional transformations. Also, we recently wrote
a comprehensive review article about the stereoelectronic power
of oxygen in controlling the chemical reactivity.>

As for the next step in our investigation into the development
of the chemoselective oxidation of alcohols,*** heterocyclic
carbene complexes® and catalytic application of metal organic
frameworks,”*™ we aim to use MOF-Zn-NHC as an efficient
heterogenous N-heterocyclic carbene (NHC) catalysts for
aerobic oxidation of aryl aldehydes into their corresponding
carbocyclic acids under mild and green conditions (Schemes 3
and 4). The hydrolysis of aryl nitriles was occurred under the
same conditions.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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H

S OH

Condition A/ B/ C/ D/ E/ F

A: Hydrogen peroxide, acetic acid, 90 °C, 7 h, Yield: 86%

B: 4-Ethyl-1-methyl-4H-[1,2,4]-triazol-1-ium iodide; water; 1,8-diazabicyclo[5.4.0]undec-7-

ene, tetrahydrofuran, 20 °C, 24 h, Yield: 95%

C: Zinc diacetate; water; tetra-(n-butyl)ammonium iodide, 80°C; 24 h, Yield: 97%

D: [MoOs(1,2,4-triazole), 5]; hydrogen peroxide, water, 70 °C; 24 h: Yield: 80%

E: Iron(IIT) nitrate nonahydrate; oxygen; sodium 2,2,2-trifluoroacetate, ethyl acetate, 25

°C; Pressure: 760.051 Torr, 16 h, Yield: 90%

F: Tin(Il) oxide, hydrogen peroxide, water-acetonitrile, 60 °C, 1 h, 89%

Scheme 1 Previously reported methods of oxidation of aldehyde to their corresponding carboxylic acid.

Na+ Cooperative Geminal
(\Q@ Anomeric Based Oxidation

Scheme 2 Anomeric based oxidation leads to oxidation-reduction in the mechanism of Cannizzaro reaction.*®

The described catalyst converts both aldehyde groups of
isophthalaldehyde to their carboxylic acid groups (Scheme 4).

Experimental
General procedure for the preparation of MOF-Zn-NHC

MOF-Zn-NHC was synthesized according to the previously re-
ported experimental procedure.®® A mixture of 1,3-bis(4-

0 0
MOF-Zn-NHC (15 mg)

Et;N (10 mol %)

Refluxing H,O
X X

Scheme 3 The conversion of aldehydes to their corresponding
carboxylic acids in the presence of MOF-Zn-NHC.

© 2021 The Author(s). Published by the Royal Society of Chemistry

carboxyphenyl)-1H-imidazol-3-ium chloride (1 mmol, 0.344 g)
and zinc nitrate hexahydrate (4 mmol, 1.19 g) was stirred in
20 mL of dimethyl formamide (DMF) for 10 minutes. The
resulting solution was heated in a Teflon-lined autoclave at
140 °C for 24 h. After the reaction mixture was cooled down to
room temperature, a cream solid was collected and washed with
DMF. Finally, the desired product was dried at 150 °C in
a vacuum oven (Scheme S17).

(0] 0} 0} (6]

MOF-Zn-NHC (15 mg)
HO OH

Et;N (10 mol %)
Refluxing H,O

Scheme 4 The conversion of isophthalaldehyde to the isophthalic

acid (2p) in the presence of MOF-Zn-NHC.
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Fig. 1 The FT-IR spectrum of MOF-Zn-NHC and 1,3-bis(4-carbox-
yphenyl)-1H-imidazol-3-ium chloride as ligand.

General procedure for the conversion of aldehydes to the
corresponding carboxylic acids

A mixture of aldehyde (2 mmol), triethylamine (10 mol%, 0.01 g)
and MOF-Zn-NHC (15 mg) were stirred in a 25 mL round-
bottomed flask under refluxing water. Moreover, thin-layer chro-
matography (TLC) technique was used to assess reaction progress.
After the reaction was completed, the catalyst was removed from
the reaction using a centrifugation at 1000 rpm. Then, by using
hydrochloric acid (0.5 N), the pH of the reaction mixture was
reduced to 4. In the next step, ethyl acetate (5 mL) was added the
reaction mixture and then, the product was extracted using
a separator funnel. Finally, the solvent of organic layer was
evaporated and its residue was purified using the flash chroma-
tography technique (n-hexane-ethyl acetate: 10/1) (Scheme 3).
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Typical procedure for the conversion of isophthalaldehyde to
the isophthalic acid (2p)

According to the abovementioned oxidation method, a mixture of
isophthalaldehyde (1 mmol), triethylamine (10 mol%, 0.01 g) and
MOF-Zn-NHC (15 mg) were stirred in a 25 mL round-bottomed
flask, under refluxing water. Moreover, thin-layer chromatog-
raphy (TLC) technique was used to assess the reaction progress.
After the reaction was completed, the catalyst was removed from
the reaction using a centrifugation at 1000 rpm. Finally, the
solvent of organic layer was evaporated and its residue was
purified using the flash chromatography technique (n-hexane-
ethyl acetate 10/1) (Scheme 4 and Table 2, product 2p).
4-Methylbenzoic acid (2a). White solid; Mp: 180-183 °C; IR
(KBr): » (em ™) = 3071, 2975, 2830, 2652, 2545, 1678, 1611. 'H
NMR (600 MHz, DMSO-ds) dppm: 12.81 (s, 1H), 7.84 (d, J =
8.0 Hz, 2H), 7.30 (d, J = 8.0 Hz, 2H), 2.37 (s, 3H). "*C NMR (100
MHz, CDCl3) dppm: 171.0, 163.5, 131.9, 121.1, 113.3, 55.0.
4-Methoxybenzoic acid (2b). White solid; Mp: 185 °C; IR
(KBr): v (cm™') = 2984, 236, 1686, 1603, 1262. 'H NMR (400
MHz, CDCls) 6ppm: 8.10 (d, J = 9.0 Hz, 2H), 6.98 (d, ] = 9.0 Hz,
2H), 3.91 (s, 3H). ">C NMR (100 MHz, CDCl;) 8ppm: 171.0, 163.5,
131.9, 121.1, 113.3, 55.0.
4-Nitrobenzoic acid (2c). White solid; Mp: 185 °C; IR (KBr): »
(em™) = 3064, 2894, 2859, 2745, 2439, 1681, 1602. (400 MHz,
CDCl) Sppm: 8.24 (d,J = 8.9 Hz, 1H), 8.08 (d,J = 8.9 Hz, 1H). °C
NMR (100 MHz, CDCl;) 6ppm: 170.6, 151.7, 131.5, 120.7, 120.6.
3-Methylbenzoic acid (2d). White solid; Mp: 260-261 °C; IR
(KBr): » (em ™) = 3087, 3006, 2823, 2663, 1691, 1611, 1280. 'H
NMR (400 MHz, DMSO-d) dppm: 12.91 (s, 1H), 7.77 (s, 1H), 7.75

Table 1 The effect of different amounts of catalysts, temperature and solvent (5 mL) in the oxidation of aldehydes

(0]

(e}

/@)J\H Optimization reaction /©)kOH
MeO MeO

Entry Solvent Temp. (°C) Base (mol%) Catalyst (mg) Time (h) Yield” (%)
1 H,0 r.t. Et;N (10) 5 12 Trace
2 H,0 50 Et;N (10) 5 7 45

3 H,0 80 Et;N (10) 5 5 50

4 H,0 Reflux Et;N (10) 5 3 60

5 H,0 Reflux Et;N (10) 10 2 75

6 H,0 Reflux Et;N (10) 15 2 87

7 H,0 Reflux Et;N (10) 20 6 87

8 H,0 Reflux Et;N (15) 10 2 87

9 H,0 Reflux Et;N (10) — 12 —

10 H,O Reflux — 10 12 Trace
11 H,O Reflux NaOH (10) 10 6 45

12 H,0 Reflux KOH (10) 10 5 55

13 H,0 Reflux Pyridine (10) 10 10 45

14 H,0 Reflux K,CO; (10) 10 6 40

15 CH,CI, Reflux Et;N (10) 10 10 Trace
16 DMF 90 Et;N (10) 10 12 —

17 EtOH Reflux Et;N (10) 10 12 —

18 CH;CN Reflux Et;N (10) 10 12 —

19 — 100 Et;N (10) 10 6 —

“ Isolated yield.
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(d,J = 7.6 Hz, 1H), 7.43 (d, J = 7.6 Hz, 1H), 7.38 (t, ] = 7.6 Hz,
1H), 2.36 (s, 3H).

4-Chlorobenzoic acid (2e). White solid; Mp: 238-242 °C; IR
(KBr): » (em™) = 2984, 2839, 2674, 2562, 1682, 1592. 'H NMR
(400 MHz, CDCl;) 6,pm: 8.07 (d, J = 8.5 Hz, 2H), 7.48 (d, ] =
8.5 Hz, 2H). *C NMR (100 MHz, CDCl;) dppm: 169.1, 149.0,
136.2, 131.1, 128.4.

4-Hydroxybenzoic acid (2h). White solid; Mp: 214-216 °C; IR
(KBr): v (em™") = 2893, 2497, 1655, 1604, 1574, 1271. "H NMR
(400 MHz, CDCl3) 6ppm: 13.20 (s, 1H), 10.22 (s, 1H), 8.08 (d, ] =
9.0 Hz, 2H), 6.96 (d, J = 9.0 Hz, 2H). *C NMR (100 MHz, CDCI;)
dppm: 170.6, 163.1, 131.5, 120.7, 112.9.

Cinnamic acid (2i). White solid; Mp: 130 °C; IR (KBr): »
(em™") = 3070, 3027, 2833, 2592, 1682, 1329. "H NMR (400 MHz,
DMSO-de) bppm: 12.46 (s, 1H), 7.70 (d, ] = 3.6 Hz, 1H), 7.68 (d,] =
2.2 Hz, 1H), 7.61 (d, J = 16.0 Hz, 1H), 7.43-7.40 (m, 3H), 6.55 (d,
J = 16.0 Hz, 1H).

View Article Online

RSC Advances

2-Chlorobenzoic acid (2j). White solid; Mp: 143-144 °C; IR
(KBr): v (em™") = 2995, 2821, 2651, 1691, 1591, 1256. "H NMR
(400 MHz, DMSO-d) 6ppm: 13.42 (s, 1H), 7.79 (d, ] = 7.2 Hz, 1H),
7.57-7.51 (m, 2H), 7.46-7.40 (m, 1H).

4-Fluorobenzoic acid (2k). White solid; Mp: 185-186 °C; IR
(KBr): v (em™") = 2991, 2836, 2678, 2556, 1682, 1529. "H NMR
(400 MHz, DMSO-d) 6ppm: 13.08 (s, 1H), 8.02 (d, J = 5.6 Hz, 1H),
7.99 (d, J = 5.6 Hz, 1H), 7.34-7.27 (m, 2H).

Isophthalic acid (2p). White solid; Mp: >300 °C; IR (KBr): »
(em™) = 3103, 3069, 2814, 1682, 1283. '"H NMR (400 MHz,
DMSO-ds) dppm: 13.29 (s, 2H), 8.49 (t,/ = 1.7 Hz, 1H), 8.17 (dd, J
= 7.8, 1.8 Hz, 2H), 7.64 (t, ] = 7.8 Hz, 1H).

Result and discussion

Since the chemoselective and aerobic oxidation of functional
groups is a basic organic reaction, we decided to study the

Table 2 The catalytic aerobic oxidation of aryl aldehyde to their corresponding carboxylic acids using MOF-Zn-NHC

OH OH

2.
2.

Me MeO

2a 2b

Mp °C: 180-183 (181- Mp °C: 185 (184-186)I%],
183)1%], Yield: 85 %, Time:  Yield: 87 %, Time: 2 h

25h
O O
N~
Cl
2e 2f

Mp °C: 308-309 (310)[62],
Yield: 72 %, Time: 2 h

Mp °C: 238-242 (238-241)1%2],
Yield: 89 %, Time: 1.5 h

OH
OH

1
3

2i 2

Mp °C: 143-144 (141-142)[6]
, Yield: 84%, Time: 1.5 h

Mp °C: 130 (130-132)[64],
Yield: 78 %, Time: 3 h

(0]

OH OH

M.

OH

)
=]

Mp °C: 156-159(158-
159)17] Yield: 83 %,
Time: 3 h

Mp °C: 140 (139-140)[67],
Yield: 83 %, Time: 2 h

“ Isolated yield.

© 2021 The Author(s). Published by the Royal Society of Chemistry

OH

=
; O

(@]
ﬁ o
O,N
< 2¢

Mp °C: 237-239 (237-
239)12] Yield: 91 %, Time:
1.5h

O
= OH
o

2g
Mp °C: 125-126 (125-

2d
Mp °C: 260-261 (263)[63],
Yield: 90 %, Time: 2 h

OH

2.

HO
2h

Mp °C: 214-216 (214-
129)[62] Yield: 76 %, Time:  216)[63], Yield: 80 %, Time:
25h 3h

(0]
o
F Br
2k

Mp °C: 185-186 (185-187)[0°]
Yield: 82 %, Time: 2 h

(0]
©)kOH
20

Mp °C: 120-121(121-123)
1671 Yield: 80 %, Time: 3.5 h

OH

3

21

Mp °C: 225 (225-227)1%7],
Yield: 82 %, Time: 2 h

O O

HO OH

q

2p

Mp °C: > 300 (341-343) [67]
Yield: 85 %, Time: 3 h
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aerobic oxidation of aldehydes. Based on our previous experi-
ence and our knowledge of the catalytic applications of N-
heterocyclic carbene complexes® and metal-organic frame-
works® and for the purpose of aerobic oxidation of aryl alde-
hydes to their corresponding carbocyclic acids, we decided to
use MOF-Zn-NHC; this catalyst has both of them in a single
structure (Scheme 3). Although the aerobic oxidation of aryl
aldehydes using N-heterocyclic carbenes under different reac-
tion conditions,>**?*** has been reported, no recorded report
was found about using metal-organic frameworks with N-
heterocyclic carbene pillars for this purpose. At the first step,
the desired catalyst MOF-Zn-NHC was synthesized and charac-
terized according to a previously reported procedure.*®

The FT-IR spectrum of 1,3-bis(4-carboxyphenyl)-1H-
imidazol-3-ium chloride as ligand and MOF-Zn-NHC are illus-
trated in Fig. 1. The absorption bands at 480 cm ™" are linked to
the stretching vibrational modes of Zn-O groups in N-
heterocyclic carbene. The absorption band at 1708 cm™' is
related to the C=O0 stretching in ligand. Also, a broad peak is
evident at about 2600-3500 ¢cm ™', which is related to OH of
CO,H groups in ligand. Finally, the differences between ligand
and MOF-Zn-NHC in the FT-IR spectrum confirms the synthesis
of N-heterocyclic carbene (NHC). The FT-IR spectrum data
seems to be in close agreement with data reported in the
literature.®

The XRD diagram for the MOF-Zn-NHC as N-heterocyclic
carbene (NHC) in the domain of 20 = 10-50° is shown in
Fig. S1.f The XRD pattern of MOF-Zn-NHC as N-heterocyclic
carbene (NHC) and simulated MOF-Zn-NHC are compared in
Fig. S1.7°°

After the synthesis and characterization of MOF-Zn-NHC, in
order to show the catalytic efficiency of MOF-Zn-NHC in the
aerobic oxidation of various aldehyde to their carboxylic acids, it
was used in aforementioned reactions. In this work, the
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reaction of 4-methoxybenzaldehyde (2 mmol, 0.272 g) in the
presence of MOF-Zn-NHC (15 mg) was selected as a model
reaction and tested at different temperatures, bases and in
various solvents such as CH,Cl,, DMF, EtOH, CH;CN (5 mL),
compared to solvent-free conditions (Table 1). The results of
Table 1 indicates that reflux and 15 mg of NHC were the best
conditions, in which the optimal efficiency was achieved (Table
1, entry 6). Also, increasing the catalytic amount had no effect
on the efficiency (Table 1, entry 7). Moreover, the reaction
recorded lower efficiency under lower temperature conditions
and lesser amount of the catalyst. This conversion did not occur
in catalyst-free conditions (Table 1, entry 9). Also, no improve-
ment was detected in the yield of conversion reaction when
using different bases (co-catalyst) (Table 1, entries 11-14).
Therefore, the best reaction condition was determined to be
15 mg MOF-Zn-NHC in refluxing H,O for the aerobic oxidation
of the various aldehyde to their corresponding carboxylic acids
(Table 1, entry 5). The higher efficiency observed in the water
solvent is due to the formation of more hydrogen bonds
compared to other solvents. This phenomenon causes the raw
materials to be closer to each other, which in turn leads to more
interaction between the materials and therefore, increases the
efficiency.®

After optimizing the reaction condition, various aryl alde-
hydes containing the electron-releasing substituents, the
electron-withdrawing substituents, the heterocycle and the
halogens on the aromatic ring were reacted with MOF-Zn-NHC
to give the desired carboxylic acid compounds. All the products
were prepared in high yields and in very short reaction times
(Table 2).

The proposed mechanism for the aerobic oxidation of an aryl
aldehyde to its corresponding carboxylic acid is shown in Scheme
5. N-Heterocyclic carbene (I) was generated in situ by removing
hydrogen with triethylamine (base) from imidazole salt, which is

MOF —~
| 0=0

N OH
MOF r il [;I; iPh

/
H~ \
[’Q‘\G),f o MOF !
MOF
III N~
N e o b oe
I [ \>—€O§*
FOM FOM N s
5 \ Base ®N MOF I\éff t
Jia Ry h o
Ph H N N .
/ FOM MOF .. Cooperative
FOMI 3 O) Geminal
| "2 @S, | Anomeric
j\ N ppO: | Based
\ e
MOF O\ OXIdatlon

Scheme 5 The proposed mechanism for the aerobic oxidation of an aryl aldehyde to its corresponding carboxylic acid using MOF-Zn-NHC.
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Fig. 2 The recyclabilty of MOF-Zn-NHC for the synthesis of
carboxylic acid compounds.

a pillar of MOFs. The generated N-heterocyclic carbene I reacts
with the aldehyde to afford intermediate II. Then, intermediate II
would give intermediate III via a tautomerization process. Inter-
mediate III reacts with a molecule of oxygen to afford interme-
diates IV and V respectively. In the latter step, intermediate V is
fragmented to an N-heterocyclic carbene I and an anion of
carboxylate via a cooperative geminal anomeric based oxidation
mechanism. As mentioned in the introduction section of the
article, sharing the lone pairs electrons from both geminal
oxygen atoms of tetrahedral carbon at the intermediate V into the
anti-bonding orbital of C-C bond (no—0_) lead to the C-C
bond cleavage. We think that a cooperative geminal anomeric
effect is supporting the C-C bond cleavage at the intermediate V.
Finally, this reaction produced an equal amount of carboxylate
and N-heterocyclic carbene L.*¢

According to the illustrated results in the Fig. 2, MOF-Zn-
NHC can be separated by centrifugation and reused without
significantly reducing its catalytic activity. For this purpose, the
recyclability of the catalyst was tested on the reaction of 4-
methoxy benzaldehyde (2 mmol, 0.268 g) as a model reaction
under the aforementioned optimized reaction conditions.
Therefore, MOF-Zn-NHC can be reused up to five runs without
any noticeable changes in the catalytic activity.

Conclusion

In this work, MOF-Zn-NHC was used as an efficient heteroge-
neous catalyst for the aerobic oxidation of aryl aldehydes to
their corresponding carboxylic acids under mild conditions.
Similar to the Cannizzaro reaction, a cooperative geminal
anomeric effect was proposed for the latter step of the aerobic
oxidation mechanism. Mild reaction conditions, good to

© 2021 The Author(s). Published by the Royal Society of Chemistry
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excellent yields, and no need for a co-catalyst or oxidizing
reagent can be considered as the major advantages of the
described methodology.
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