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ABSTRACT: Accurate and precise control of the transition-
metal ions in the docking sites of porous functional materials
especially covalent-organic frameworks (COFs) is a challenging
task in the synthesis of hybrid materials. In this work, we
demonstrate the successful synthesis, characterization, and
utilization of two stable vanadium docked COFs, namely VO-
TAPT-2,3-DHTA and VO-PyTTA-2,3-DHTA as efficient
heterogeneous catalysts for Mannich-type reactions. The
obtained results revealed that the as-prepared vanadium-
decorated COFs are robust and maintain framework crystallinity,
reusability, and efficiency under the sway of electronic and steric
effects. Significantly, this work opens up the opportunity for
docking other metals and exploring practically and industrially
important catalytic reactions.
KEYWORDS: Covalent-organic frameworks, Postsynthetic modification, Heterogeneous catalysis, Mannich reaction,
Vanadium catalyst

■ INTRODUCTION

The Mannich reaction is one of the most vital carbon−carbon
bond forming reactions widely used by organic chemist in the
synthesis of aminocarbonyl compounds (Mannich base) and
has attracted a great deal of attention since its discovery in the
early 20th century.1−4 The diversity of this reaction is rapidly
growing in the field of synthetic organic chemistry due to
various reasons,5−16 first, it withstands a range of functional
groups; second, it offers a robust way for the preparation of
aminocarbonyl and several other derivatives; and last, it is useful
in the synthesis of medicinally important materials such as β-
lactams, α- and γ-amino alcohols, α- and β-amino acid
derivatives, peroxy acetylenic alcohols, and others. Despite its
significant synthetic worth, the Mannich reaction is confronted
with a number of serious shortcomings such as the formation of
undesired side products and inability to control stereo- and
regioselectivity.17−19 To overcome the drawbacks, imines and
iminium salts, chiral auxiliaries and chiral catalysts, basic
nanocrystalline magnesium oxide, copper nanoparticles, poly-
(amidoamine) and others have been developed and extensively
used.20−24

Mechanistically, this reaction comprises the addition of a
carbon nucleophile to an iminium ion to from secondary or
tertiary derivatives liable on the nature of the substrates. Among

the various methods reported for the formation of iminium
ions,25−28 the most commonly used approach is Polonovsky or
modified Polonovsky reaction in which tertiary amine oxide is
reacted with a promoter such as SO2, (CH3CO)2O, and
(CF3CO)2O as shown in Scheme 1. These promoters are
difficult to handle and used in excess amounts to facilitate the
reaction. In contrast, vanadium facilitated reactions are feasible
and afford excellent yield, depending on the vanadium source
(V2O5, VO(acac)2, VOSO4·2H2O).

29 Furthermore, the syn-
thesis of safe, effective, recyclable and reusable new catalysts
would be of great importance from an application point of view.
Within this context, burgeoning classes of porous functional
materials, such as metal−organic frameworks (MOFs),
covalent-organic frameworks (COFs), porous organic polymers
(POPs) synthesized under the principle of reticular chemistry
are of escalating interest.
Of particular relevance to the present paper, COFs, which

represent a new class of porous crystalline materials built by
strong covalent bonds in a periodic arrangement from lighter
elements (C, H, B, N, O), have attracted enormous attention
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due to structural versatility, high porosity, low density, and
excellent chemical and thermal stability.30−48 These fascinating
properties make COFs not only a new area of materials research
in recent years, but also an outstanding candidate for a plethora
of applications related to catalysis,49−61 gas storage/separa-
tion,62−67 environmental remediation,68,69 optoelec-
tronics,70−72 and others.73−86 Importantly, COFs with imine
or hydrazone linkage are stable in air and in various protic or
aprotic solvents, whereas, boronate ester linkage or boroxines
framework are unstable in the same environment. Moreover,
postsynthetic chemical modification of COFs or docking with

various transition metal ions opens up enormous opportunities
in materials science and engineering.87,88 In this contribution,
successful employment of highly stable vanadium-docked
COFs (VO-TAPT-2,3-DHTA89 and VO-PyTTA-2,3-DHTA)
is presented as a promising and efficient heterogeneous catalyst
for a Mannich-type reaction with superior catalytic activity,
recyclability, and retainment of crystallinity.

■ EXPERIMENTAL SECTION
Materials. All solvents and deuterated solvents were purchased

from commercial sources and used as received without any further

Scheme 1. Synthesis of Iminium Ions Using Promoter (Polonovsky Reaction)

Scheme 2. Schematic Representation of 2D TAPT-2,3-DHTA COF, PyTTA-2,3-DHTA COF, and Vanadium Docked VO-
TAPT-2,3-DHTA COF,89 VO-PyTTA-2,3-DHTA COF Synthesis
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purification. 4-Aminobenzonitrile (Matrix Scientific, 98%), trifluor-
omethanesulfonic acid (Acros Organics, 99%), 4-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)aniline (Oakwood products, 98%), palladium
tetrakis(triphenyl phosphine (Sigma-Aldrich, 99%), potassium carbo-
nate (Sigma-Aldrich, 99%), sodium acetate (Sigma-Aldrich, 99%),
hydrochloric acid (Sigma-Aldrich, ACS grade), veratrole (Acros
Organics, 98%), catechol (Alfa Aesar, 99%), vanadyl sulfate (Bio
Medical), n-butyllithium solution (Aldrich), boron tribromide (Acros
Organics, 99%), trimethyl amine N-oxide (Aldrich, 98%), vanadyl
acetylacetonate (Alfa Aesar, 97%), ammonium chloride (Sigma-
Aldrich, ≥ 99.8%), chloroform (Fischer chemical), ethyl acetate
(Sigma-Aldrich, ≥ 99.8%), tetrahydrofuran (Acros Organics, 99%),
and dimethylformamide (Sigma-Aldrich, ≥ 99.8%) were used as
received. K2[VO(catechol)2],

90 2,3-dihydroxyterephthaldehyde (2,3-
DHTA),91 4,4′ ,4′′ ,4′′′-(pyrene-1,3,6,8-tetrayl) tetraaniline
(PyTTA),92 and 1,3,5-tris(4-aminophenyl) triazine (TAPT)93 were
synthesized according to previously reported procedures.

Synthesis of TAPT-2,3-DHTA COF. TAPT-2,3-DHTA COF was
prepared as per the previously reported procedure.94 A Pyrex tube
measuring o.d. × i.d. = 9.5 × 7.5 mm2 was charged with 2,3-dihydroxy
terephthalaldehyde (7.5 mg, 0.045 mmol) and 1,3,5-tris(4-amino-
phenyl) triazine (10.6 mg, 0.03 mmol) in 1.2 mL of a 5:5:2 v:v solution
of o-dichlorobenzene/n-butanol/3 M aqueous acetic acid. The tube
was flash frozen at 77 K (liquid N2 bath) evacuated and flame-sealed.
The reaction mixture was heated at 120 °C for 3 days to afford a red
precipitate which was isolated by filtration and washed with dry
tetrahydrofuran and dry acetone. The fluffy powder was dried at 120
°C under vacuum for 12 h before it was subjected to any
characterization.

Synthesis of PyTTA-2,3-DHTA COF. PyTTA-2,3-DHTA COF
was prepared as per the previously reported procedure.95 A Pyrex tube
measuring o.d. × i.d. = 9.5 × 7.5 mm2 was charged with 2,3-dihydroxy
terephthalaldehyde (6.6 mg, 0.04 mmol) and 4′,4′′,4′′′,4-(pyrene-
1,3,6,8-tetrayl) tetraaniline (11.3 mg, 0.02 mmol) in 1.2 mL of a 5:5:2
v:v solution of o-dichlorobenzene/n-butanol/3 M aqueous acetic acid.

Figure 1. Graphic extended view of the stacking structure: (a) VO-TAPT-2,3-DHTA COF; (b) VO-PyTTA-2,3-DHTA COF. Unit cell of (c) VO-
TAPT-2,3-DHTA COF; (d) VO-PyTTA-2,3-DHTA COF. Comparison of experimental and simulated PXRD pattern of (e) VO-TAPT-2,3-DHTA
COF; (f) VO-PyTTA-2,3-DHTA COF.

Figure 2. N2 sorption isotherms comparison of TAPT-2,3-DHTA/VO-TAPT-2,3-DHTA COF (left) and PyTTA-2,3-DHTA/VO-PyTTA-2,3-
DHTA COF (right).
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The tube was flash frozen at 77 K (liquid N2 bath) evacuated and
flame-sealed. The reaction mixture was heated at 120 °C for 3 days to
afford a dark red precipitate which was isolated by filtration and
washed with dry tetrahydrofuran and dry acetone. The fluffy red
powder was dried at 120 °C under vacuum for 12 h.
Synthesis of VO-TAPT-2,3-DHTA COF. To the 25 mL Schlenk

tube, as-synthesized TAPT-2,3-DHTA COF (10 mg) was added into a
solution of VO(acac)2 (61 mg) in THF (15 mL). The reaction mixture
was heated at 50 °C in an oil bath under an inert atmosphere for 24 h.
The precipitate so formed was centrifuged and washed with anhydrous
THF and then with dry acetone to remove any excess metal ions. The
product was dried under vacuum for 12 h before being subjected to
any characterization.89

A similar procedure was used to synthesize VO-PyTTA-2,3-DHTA
COF except the amount and volume of VO(acac)2 (55 mg) and THF
(10 mL).
Catalytic Tests. In a typical procedure for the Mannich-type

reaction, alcohol (1 mmol), NMO (1.2 mmol), and VO-TAPT-2,3-
DHTA or VO-PyTTA-2,3-DHTA COFs (35 mg) in anhydrous
CH2Cl2 (5 mL) was continuously stirred in a 10 mL Schlenk tube at 40
°C under inert atmosphere for 12 h. At the end of the reaction, the
catalyst was separated and the filtrate was evaporated under vacuum to
dryness to form a Mannich base in a quantitative yield. In a few cases,
column chromatography was used to obtain pure product.
Recyclability Examination of VO-TAPT-2,3-DHTA COF/VO-

PyTTA-2,3-DHTA COF. The catalyst was separated after the
Mannich-type reaction was washed with anhydrous CH2Cl2, THF,
acetone, and dried overnight at 80 °C under vacuum. Later, the
catalyst was reused for the next Mannich-type reaction under the same
reaction conditions. This procedure was repeated at least five times to
inspect the recyclability of vanadium decorated COFs.

■ RESULTS AND DISCUSSION

The two-dimensional imine-linked TAPT-2,3-DHTA and
PyTTA-2,3-DHTA COFs bearing hydroxyl functionalities
were successfully synthesized by the reaction of 1,3,5-tris(4-
aminophenyl) triazine (TAPT)/4,4′,4′′,4′′′-(pyrene-1,3,6,8-

tetrayl)tetraaniline (PyTTA) and 2,3-dihydroxy terephthalal-
dehyde (2,3-DHTA) in the presence of 3 M acetic acid
according to the previously reported procedure94,95 as shown in
Scheme 2. Powder X-ray diffraction patterns (PXRD)
confirmed the crystalline nature of both porous frameworks.
TAPT-2,3-DHTA COF exhibited an intense peak at 2.8° along
with few minor peaks at 4.9°, 5.9°, 7.6°, 10.1° and 23.2°
attributed to the (100, (110), (200), (120), (220), and (001)
facets respectively with P1 space group (Figure S2), whereas
PyTTA-2,3-DHTA COF displayed diffraction peaks at 3.8°,
5.6°, 7.6°, 8.7°, 11.6°, 12.4°, 15.5°, 23.9°, which are ascribed to
(110), (020), (220), (030), (040), (240), (440) and (001)
facets, respectively (Figure S3), with PMM2 space group. The
simulated PXRD patterns of both frameworks show a good
match with experimental ones, and an extraordinary high
crystallinity of frameworks arose from the strong intramolecular
hydrogen bonding between the imine nitrogen and hydroxyl
group of aldehydes which in turn, kept the phenyl rings in one
plane and facilitated stacking interaction between the layers.
The Fourier-transform infrared (FT-IR) analysis of both

Figure 3. XPS spectra of (a) VO-TAPT-2,3-DHTA COF; nitrogen (left) and vanadium (right). (b) PyTTA-2,3-DHTA COF; oxygen (left), VO-
PyTTA-2,3-DHTA COF; oxygen (middle) and vanadium (right).

Figure 4. EPR spectra of VO-TAPT-2,3-DHTA COF.
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TAPT-2,3-DHTA and PyTTA-2,3-DHTA COFs showed the
disappearance of the −CO stretching vibrational band at
1680 cm−1 and the appearance of the −CN stretching
vibration peak at 1618 cm−1 as shown in Figure S4−5, further
confirming the dynamic imine condensation reaction between
aldehyde and amines. Thermogravimetric analysis (TGA)
showed high thermal stability with a breakdown temperature
at 450 °C (Figure S6,7), suggesting the maintenance of
framework crystallinity at elevated temperatures. To further
support this thermostability, a variable temperature PXRD
(VT-PXRD) pattern at higher temperatures showed complete
retention of major and minor peaks as shown in Figures S8 and
S9. Moreover, the chemical structure of TAPT-2,3-DHTA and
PyTTA-2,3-DHTA COFs were affirmed by 13C cross polarized
magic angle spinning (CP-MAS) solid state NMR spectrum.
The complete consumption of 2,3-DHTA was ascribed to the
absence of a formyl group signal at ∼190 ppm, whereas the
imine linked carbon at ∼160 ppm established the condensation
reaction between aldehyde and amine as shown in Figures S10
and S11. The porosity of both COFs was measured by nitrogen
sorption isotherms at 77 K. The Brunauer−Emmett−Teller
(BET), Langmuir surface area, and pore size (nonlocal density
functional theory) of TAPT-2,3-DHTA and PyTTA-2,3-
DHTA COFs are 1151 m2 g−1, 1490 m2 g−1, 3.0 nm and
1892 m2 g−1, 2345 m2g−1, 1.6 nm respectively (Figure 2, Figures
S12 and 13). Moreover, the adsorption maxima of CO2 uptake
at 1 bar and 298 K is 38 cm3 g−1 and 35 cm3 g−1 for TAPT-2,3-
DHTA and PyTTA-2,3-DHTA COFs, respectively, (Figures
S14 and S15).
Encouraged by the high crystallinity and the presence of

hydroxyl functionality in both porous frameworks, dark brown
colored vanadium-docked frameworks, denoted as VO-TAPT-
2,3-DHTA and VO-PyTTA-2,3-DHTA, were prepared by the
single step reaction of TAPT-2,3-DHTA/PyTTA-2,3-DHTA
with VO(acac)2 at 50 °C for 24 h (Scheme 2). With vanadium-
functionalization in hand, the PXRD patterns revealed that VO-

TAPT-2,3-DHTA and VO-PyTTA-2,3-DHTA COFs with
different vanadium content retained characteristic diffraction
peaks at 2.8° and 3.8°, respectively, thereby indicating that the
structural crystallinity of COFs had been well-maintained
during postsynthetic modification. The experimental PXRD
patterns of both modified frameworks match well with the
simulated patterns (Figure1e,f). This structural retainment
during different chemical or metal modifications in various 2D
and 3D COFs was also observed by different research groups
including ours as well.96−98 The successful grafting of vanadium
moieties in porous frameworks was further confirmed by
elemental analysis (Table S1), FT-IR spectra, which showed an
intense −CN stretching vibration band at ∼1620 cm−1 along
with −VO functionalities at ∼970 cm−1 (Figure S16 and
S17). Given the high thermal stability (up to 400 °C) of VO-
TAPT-2,3-DHTA and VO-PyTTA-2,3-DHTA COFs as shown
by TGA (Figure S18−19), this class of vanadium-based
frameworks can be used as potential heterogeneous catalysts
at room or higher temperature. To investigate the porosity of
VO-TAPT-2,3-DHTA and VO-PyTTA-2,3-DHTA COFs,
nitrogen sorption isotherms at 77 K were collected. The
BET, Langmuir surface area and pore size (nonlocal density
functional theory) of VO-TAPT-2,3-DHTA and VO-PyTTA-
2,3-DHTA is 562 m2 g−1, 750 m2 g−1, 2.5 nm and 1382 m2 g−1,
1714 m2 g−1, 1.5 nm, respectively (Figure 2, Figures S20 and
S21). The substantial reduction in surface area and pore size is
possibly due to partial impasse of framework channel by
incorporation of vanadium moieties in the parent TAPT-2,3-
DHTA and PyTTA-2,3-DHTA frameworks.
To understand the deeper insight of vanadium docking

condition in the modified frameworks, X-ray photoelectron
spectroscopy (XPS) was conducted. XPS spectra of pristine
TAPT-2,3-DHTA, PyTTA-2,3-DHTA, and modified VO-
TAPT-2,3-DHTA, VO-PyTTA-2,3-DHTA COFs were ana-
lyzed. The N 1s spectra of VO-TAPT-2,3-DHTA showed two
different peaks at 397 and 399 eV, the same as pristine TAPT-
2,3-DHTA, which can be assigned to the triazine units
underlining the absence of any coordination with triazine
nitrogen (Figure 3a). Moreover, O 1s spectra showed an
additional peak at 529 eV assignable to the VO bond present
in the VO-TAPT-2,3-DHTA. To identify the oxidation state of
vanadium, the XPS spectra of V 2p region in the VO-TAPT-2,3-
DHTA highlighted the binding energy of V 2p1/2 and V 2p3/2 at
524 and 517 eV, respectively, which in turn indicated the
presence of V(IV) in the modified framework (Figure 3a). A
similar observation was also noted for the O 1s and V 2p region
in the VO-PyTTA-2,3-DHTA as presented in Figure 3b. The O
1s spectra of pristine PyTTA-2,3-DHTA showed only one peak
(C−O) at 534 eV, whereas VO-PyTTA-2,3-DHTA exhibited a
slight shift along with extra peaks at 532.6 and 530 eV,
respectively, corresponding to the oxygen binding with
vanadium and VO bond present in the modified heteroge-
neous catalyst. The fact that the V 2p region contained two
distinct peaks of V 2p1/2 and V 2p3/2 at 526 and 514 eV,
respectively, revealed the presence of V4+.
To further support the presence of V4+, electron para-

magnetic resonance (EPR) spectroscopy of VO-TAPT-2,3-
DHTA COF was conducted. The EPR spectrum exhibited a
characteristic of V(IV) with an axial pattern as shown in Figure
4. Maurya and co-workers also reported similar observation for
polymer anchored vanadium complex.99 The vanadium content
of VO-TAPT-2,3-DHTA and VO-PyTTA-2,3-DHTA COFs
was measured to be 4.9 and 3.8 wt %, respectively, by

Table 1. Role of Different Catalysts and Conditions for
Preliminary Mannich-Type Reactiona

no. catalyst solvent
temp
(°C)

time
(h)

%
yield

1b VOSO4 2H2O DCM 40 12 49
2b VO(acac)2 DCM 40 12 91
3b VO(catechol)2 DCM 40 12 89
4 TAPT-2,3-DHTA COF DCM 40 12 <5
5 PyTTA-2,3-DHTA COF DCM 40 12 <5
6 VO-TAPT-2,3-DHTA COF DCM 40 12 98
7 VO-PyTTA-2,3-DHTA COF DCM 40 12 96
8 reused VO-TAPT-2,3-DHTA

COF
DCM 40 12 96

9 reused VO-PyTTA-2,3-DHTA
COF

DCM 40 12 98

aReaction conditions: β-Naphthol (1.0 mmol), NMO (1.2 mmol).
bCatalyst (10 mol %); {(VO-TAPT-2,3-DHTA COF = 35 mg,
containing 0.034 mmol of vanadium); (VO-PyTTA-2,3-DHTA COF
= 35 mg, containing 0.027 mmol of vanadium)} and DCM = 5 mL.
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inductively coupled plasma mass spectrometry (ICP-MS).

Additionally, scanning electronic microscopy (SEM), and

transmission electronic microscopy (TEM) revealed that

modified VO-TAPT-2,3-DHTA and VO-PyTTA-2,3-DHTA

COFs showed petal or flake-like morphologies similar to the

parent frameworks (Figures S23 and S24). SEM-EDS mapping

revealed uniform distributions of the C, N, O, V elements in the

modified frameworks (Figure S23 and S24) thereby implying

Table 2. Mannich-Type Reaction with Differently Substituted Substrates Catalyzed by VO-TAPT-2,3-DHTA and VO-PyTTA-
2,3-DHTA COFsa

aReaction conditions: substituted alcohol (1.0 mmol), amine N-oxide (1.2 mmol), {(VO-TAPT-2,3-DHTA COF = 35 mg, containing 0.034 mmol
of vanadium); (VO-PyTTA-2,3-DHTA COF = 35 mg, containing 0.027 mmol of vanadium)}; DCM = 5 mL; temperature = 40 °C; NMO = N-
methylmorpholine N-oxide; TMNO = trimethylamine N-oxide.
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that a postsynthetic modification has occurred evenly
throughout the porous frameworks.
After determining the porosity, stability, and high density of

vanadium docked frameworks, the role of VO-TAPT-2,3-
DHTA and VO-PyTTA-2,3-DHTA as new heterogeneous
catalysts for Mannich-type reaction was undertaken. In doing
so, the stability of vanadium modified frameworks in DCM as a
solvent was investigated using both PXRD and FT-IR as
illustrated in Figures S25 and S26. In a preliminary screening, a
Mannich-type reaction of β-naphthol and 4-methylmorpholine
N-oxide (NMO) was carried out in DCM at 40 °C for 12 h
using VOSO4·2H2O, VO(acac)2, VO(catechol)2, TAPT-2,3-
DHTA, PyTTA-2,3-DHTA, VO-TAPT-2,3-DHTA, and VO-
PyTTA-2,3-DHTA as catalysts (Table 1). Virtually, VOSO4·
2H2O, as well as TAPT-2,3-DHTA and PyTTA-2,3-DHTA
COFs showed poor catalytic performance (Table 1, entries 1, 4,
5), whereas VO(acac)2, VO(catechol)2, VO-TAPT-2,3-DHTA,
and VO-PyTTA-2,3-DHTA COFs almost gave rise to
quantitative yield of the major product (Table 1, entries 2, 3,
6, 7).100 In spite of the high percentage yield (91%) that was

obtained when VO(acac)2 is used as a catalyst (Scheme 1), it
exhibited poor catalytic efficiency for a variety of other
substrates such as phenol and substituted naphthol derivatives.
Practically, the difficulty in the separation of VO(acac)2 catalyst
along with the excess production of vanadium waste profoundly
limited its utilization. In contrast, because VO-TAPT-2,3-
DHTA and VO-PyTTA-2,3-DHTA are heterogeneous cata-
lysts, the probability of deactivation during the reaction of
phenol or substituted naphthol with NMO is reduced. This
enables recyclability, minimal waste, and easy separation of the
catalyst.
This remarkable catalytic efficacy of our VO-based COFs

prompted us to examine a range of substrates under steric and
electronic influence as illustrated in Table 2. Significant
catalytic conversion had been achieved for almost all the
substrates used. In contrast, the VO(acac)2 homogeneous
system showed less than 75% yield for products 2 and 3, and
less than 40% yield for product 5, even after longer reaction
time. It is noteworthy that these heterogeneous catalytic
systems are broadly applicable and showed tolerance to a
variety of electron donating or electron withdrawing sub-
stituents on the aromatic ring. This excellent catalytic activity
can be ascribed to various reasons such as robustness of
frameworks, large surface area, pore volume, ingress of substrate
and egress of product and more importantly, the presence of
coordinating sites in the parent framework.
After detailed study of the modified Mannich-type reaction, a

plausible mechanism was proposed to explain the step-by-step
conversion to Mannich base. First, active vanadium centers (V
= O) of VO-TAPT-2,3-DHTA and VO-PyTTA-2,3-DHTA
COFs are coordinated to 4-methylmorpholine N-oxide
(NMO), followed by an intramolecular elimination thereby
promoting a six-membered transition intermediate structure
that results in the formation of iminium ions. Second,
[V(OH)(O−)] abstracts acidic proton from β-naphthol to
create a negatively charged oxygen species which in turn,
generates acidic carbon that afterward reacts with iminium ions
to form a Mannich-base. Lastly, a water molecule is eliminated
from [V(OH)2] allowing for regeneration of vanadium-docked
catalyst as shown in Figure 5.
Recyclability and stability are some key traits of catalysts to

be considered for a large-scale industrial application. In this
regard, we found that VO-TAPT-2,3-DHTA and VO-PyTTA-
2,3-DHTA can be recovered by filtration after completion of
the catalytic reaction, followed by extensive wash with copious
amount of dichloromethane and tetrahydrofuran before being
used for the next catalytic reaction. The percentage yield of

Figure 5. Proposed mechanism of Mannich-type reaction catalyzed by
vanadiummodified frameworks (VO-TAPT-2,3-DHTA COF and VO-
PyTTA-2,3-DHTA COF).

Figure 6. Recycling test of VO-TAPT-2,3-DHTA COF (left) and VO-PyTTA-2,3-DHTA COF (right) catalysts for Mannich-type reaction.
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Mannich base, structure (1) in Table 2 for five repeated runs is
shown in Figure 6. No significant difference in percentage yield
of product is observed, thereby implying the excellent
recyclability of vanadium-docked frameworks. In addition, the
turn over frequency (TOF) for both vanadium docked
heterogeneous catalyst up to five catalytic cycles is shown in
Table S4. The recovered VO-TAPT-2,3-DHTA and VO-
PyTTA-2,3-DHTA catalysts were exposed to physio-chemical
analysis such as PXRD, FT-IR, SEM, and TEM in order to
establish the crystallinity, and the presence of −CN linkage
together with probing any changes in morphology. The
comparative PXRD patterns of pristine VO-TAPT-2,3-
DHTA, VO-PyTTA-2,3-DHTA, and the recovered catalysts
after finishing the last catalytic cycle (Figure S28), confirmed
the structural integrity of both VO-TAPT-2,3-DHTA and VO-
PyTTA-2,3-DHTA. FT-IR spectra of the recovered vanadium-
docked heterogeneous catalysts showed the −CN stretching
vibration at ∼1619 cm−1 representing the complete retention of
imine linkage (CN) without any change in the structure of
vanadium-modified frameworks after five successive runs
(Figure S29). The vanadium content of recyclable VO-
TAPT-2,3-DHTA and VO-PyTTA-2,3-DHTA COFs catalyst
after the last catalytic cycle are comparable to pristine docked
frameworks, thereby, discarding any possibility of vanadium
leaching. Moreover, SEM and TEM images (Figure S30) of the
recycled catalysts showed similar morphology as those of
pristine frameworks, which further supports the successful reuse
of these heterogeneous catalysts for a modified Mannich-type
reaction. Taken together, the overall finding of this work clearly
demonstrates that the incorporation of vanadium moieties in
COFs as a promising strategy for utilization of these porous
materials and others as a potent heterogeneous catalyst for
Mannich-type as well as various key organic transformations
and name reactions.101−107

■ CONCLUSIONS
We have successfully explored the potent role of two vanadium-
docked COFs (VO-TAPT-2,3-DHTA and VO-PyTTA-2,3-
DHTA) as efficient and effective heterogeneous catalysts for
the Mannich-type reaction. These porous vanadium catalysts
can be utilized for a wide range of substrates, including electron
donating and/or electron withdrawing substituents, and can
easily be recycled and reused for many times without any loss of
structural integrity, stability, and activity. The catalysis protocol
envisaged in this study can be applicable to other important
named reactions as well as the docking of other transition
metals for various organic and organometallic catalytic
reactions.
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(1) Mannich, C.; Krösche, W. Ueber ein Kondensationsprodukt aus
Formaldehyd, Ammoniak und Antipyrin. Arch. Pharm. 1912, 250,
647−667.
(2) Arend, M.; Westermann, B.; Risch, N. Moderne Varianten der
Mannich-Reacktion. Angew. Chem. 1998, 110, 1096−1122.
(3) Notz, W.; Tanaka, F.; Barbas, C. F., III Enamine-Based
Organocatalysis with Proline and Diamines: The Development of
Direct Catalytic Asymmetric Aldol, Mannich, Michael, and Diels-Alder
Reaction. Acc. Chem. Res. 2004, 37 (8), 580−591.
(4) Kobayashi, S.; Mori, Y.; Fossey, J. S.; Salter, M. M. Catalytic
Enantioselective Formation of C-C bonds by Addition to Imines and
Hydrazones: A Ten-year Update. Chem. Rev. 2011, 111 (4), 2626−
2704.
(5) Nie, J.; Guo, H.-C.; Cahard, D.; Ma, J.-A. Asymmetric
Construction of Stereogenic Carbon Centers Featuring a Trifluor-
omethyl Group from Prochiral Trifluoromethylated Substrates. Chem.
Rev. 2011, 111 (2), 455−529.
(6) Candeias, N. R.; Montalbano, F.; Cal, P. M. S. D.; Gois, P. M. P.
Boronic acids and esters in the Petasis-Borono Mannich Multi-
component Reaction. Chem. Rev. 2010, 110 (10), 6169−6193.
(7) Handa, S.; Gnanadesikan, V.; Matsunaga, S.; Shibasaki, M.
Heterobimetallic Transition Metal/Rate Earth Metal Bifunctional
Catalysis: A Cu/Sm/Schiff Base Complex for Syn-Selective Catalytic
Asymmetric Nitro-Mannich Reaction. J. Am. Chem. Soc. 2010, 132
(13), 4925−4934.
(8) Hashimoto, T.; Kimura, H.; Nakatsu, H.; Maruoka, K. Synthesis
Application and Structural Elucidation of Axially Chiral Dicarboxylic
Acid: Asymmetric Mannich-type Reaction with Diazoacetate,
(Diazomethyl)phosphonate, and (Diazomethyl)sulfone. J. Org.
Chem. 2011, 76 (15), 6030−6037.
(9) Colpaert, F.; Mangelinckx, S.; Kimpe, N. D. Asymmetric
Synthesis of New Chiral β-Amino Acid Derivatives by Mannich-type
Reactions of Chiral N-Sulfinyl Imidates with N-Tosyl Aldimines. Org.
Lett. 2010, 12 (9), 1904−1907.
(10) Shibasaki, M.; Kanai, M. Asymmetric Synthesis of Tertiary
Alcohols and α-Tertiary Amines via Cu-Catalyzed C-C Bond
Formation to Ketones and Ketimines. Chem. Rev. 2008, 108 (8),
2853−2873.
(11) Lou, S.; Taoka, B. M.; Ting, A.; Schaus, S. E. Asymmetric
Mannich Reactions of β-Keto Esters with Acyl Imines Catalyzed by
Cinchona Alkaloids. J. Am. Chem. Soc. 2005, 127 (32), 11256−11267.
(12) Hayashi, W.; Tsuboi, W.; Ashimine, I.; Urushima, T.; Shoji, M.;
Sakai, K. The Direct and Enantioselective, One-Pot, Three-
Component, Cross-Mannich Reaction of Aldehydes. Angew. Chem.
2003, 115, 3805−3808.

ACS Sustainable Chemistry & Engineering Research Article

DOI: 10.1021/acssuschemeng.8b05373
ACS Sustainable Chem. Eng. 2019, 7, 4878−4888

4885

http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.8b05373/suppl_file/sc8b05373_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.8b05373/suppl_file/sc8b05373_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.8b05373/suppl_file/sc8b05373_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.8b05373/suppl_file/sc8b05373_si_001.pdf
http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acssuschemeng.8b05373
http://pubs.acs.org/doi/abs/10.1021/acssuschemeng.8b05373
http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.8b05373/suppl_file/sc8b05373_si_001.pdf
mailto:sqma@usf.edu
mailto:amenizi@ksu.edu.sa
http://orcid.org/0000-0002-3018-3608
http://orcid.org/0000-0002-1897-7069
http://dx.doi.org/10.1021/acssuschemeng.8b05373


(13) Kobayashi, S.; Hamada, T.; Manabe, K. The Catalytic
Asymmetric Mannich-type Reactions in Aqueous Media. J. Am.
Chem. Soc. 2002, 124 (20), 5640−5641.
(14) Matsunaga, S.; Kumagai, N.; Harada, S.; Shibasaki, M. Anti-
selective Direct Catalytic Asymmetric Mannich-type Reaction of
Hydroxyketone providing β-Amino Alcohols. J. Am. Chem. Soc. 2003,
125 (16), 4712−4713.
(15) Zhang, H.; Mifsud, M.; Tanaka, F.; Barbas, C. F., III 3-
Pyrrolidinecarboxylic Acid for Direct Catalytic Asymmetric anti-
Mannich-Type Reactions of Unmodified Ketones. J. Am. Chem. Soc.
2006, 128 (30), 9630−9631.
(16) Co ́rdova, A. The Direct Catalytic Asymmetric Mannich
Reaction. Acc. Chem. Res. 2004, 37 (2), 102−112.
(17) Tramontini, M.; Angiolini, L.; Ghedini, N. Mannich Bases in
Polymer Chemistry. Polymer 1988, 29, 771−788.
(18) Roman, G. Mannich Bases in Medicinal Chemistry and Drug
Design. Eur. J. Med. Chem. 2015, 89, 743−816.
(19) Biersack, B.; Ahmed, K.; Padhye, S.; Schobert, R. Recent
Developments Concerning the Application of the Mannich Reaction
for Drug Design. Expert Opin. Drug Discovery 2018, 13, 39−49.
(20) Karmakar, B.; Banerji, J. A Competent Pot and -Efficient
Synthesis of Betti Bases over Nanocrystalline MgO involving a
Modified Mannich Type Reaction. Tetrahedron Lett. 2011, 52, 4957−
4960.
(21) Kidwai, M.; Mishra, N. K.; Bansal, V.; Kumar, A.; Mozumdar, S.
Novel One-Pot Cu-Nanoparticles-Catalyzed Mannich reaction.
Tetrahedron Lett. 2009, 50, 1355−1358.
(22) Ruan, S.-T.; Luo, J.-M.; Du, Y.; Huang, P.-Q. Asymmetric
Vinylogous Mannich Reactions: A Versatile Approach to Function-
alized Heterocycles. Org. Lett. 2011, 13 (18), 4938−4941.
(23) Ranieri, B.; Curti, C.; Battistini, L.; Sartori, A.; Pinna, L.;
Casiraghi, G.; Zanardi, F. Diastereo- and Enantioselective Catalytic
Vinylogous Mukaiyama-Mannich Reactions of Pyrrole-based Silyl
Dienolates with Alkyl-substituted Aldehydes. J. Org. Chem. 2011, 76
(24), 10291−10298.
(24) Wang, C.-J.; Dong, X.-Q.; Zhang, Z.-H.; Xue, Z.-Y.; Teng, H.-L.
Highly Anti-Selective Asymmetric Nitro-Mannich Reactions Catalyzed
by Bifunctional Amine-Thiourea-Bearing Multiple Hydrogen-Bonding
Donors. J. Am. Chem. Soc. 2008, 130 (27), 8606−8607.
(25) Leonard, N. J.; Klainer, J. A. Small charged rings. XIV. Dimer
Formation through 2-arylaziridinium salts. J. Heterocycl. Chem. 1971, 8,
215−219.
(26) Leonard, N. J.; Paukstelis, J. V. Direct Synthesis of Ternary
Iminium Salts by Combination of Aldehyde or Ketones with
Secondary Amine Salts. J. Org. Chem. 1963, 28 (11), 3021−3024.
(27) Ahond, A.; Cave, A.; Kan-Fan, C.; Husson, H.-P.; De Rostolan,
J.; Potier, P. Facile N-O Bond Cleavages of Amine Oxides. J. Am.
Chem. Soc. 1968, 90, 5622−5623.
(28) Edward, J. T.; Whiting, J. Reactions of Amine Oxides and
Hydroxylamines with Sulfur dioxide. Can. J. Chem. 1971, 49, 3502−
3514.
(29) Hwang, D.-R.; Uang, B.-J. A Modified Mannich-type Reaction
Catalyzed by VO(acac)2. Org. Lett. 2002, 4 (3), 463−466.
(30) Jin, Y.; Hu, Y.; Zhang, W. Tessellated Multiparous Two-
Dimensional Covalent Organic Frameworks. Nat. Rev. Chem. 2017, 1,
0056.
(31) Feng, X.; Ding, X.; Jiang, D. Chem. Soc. Rev. 2012, 41, 6010−
6022.
(32) Ding, S.-Y.; Wang, W. Covalent Organic Frameworks (COFs):
From Design to Applications. Chem. Soc. Rev. 2013, 42, 548−568.
(33) Bisbey, R. P.; Dichtel, W. R. Covalent Organic Frameworks as a
Platform for Multidimensional Polymerization. ACS Cent. Sci. 2017, 3
(6), 533−543.
(34) Beuerle, F.; Gole, B. Covalent Organic Frameworks and Cage
Compounds: Design and Applications of Polymeric and Discrete
Organic Scaffolds. Angew. Chem., Int. Ed. 2018, 57, 4850−4878.
(35) Das, S.; Heasman, P.; Ben, T.; Qui, S. Porous Organic Materials:
Strategic Design and Structure-Function Correlation. Chem. Rev. 2017,
117 (3), 1515−1563.

(36) Diercks, C. S.; Yaghi, O. M. The Atom, The Molecule, and The
Covalent Organic Framework. Science 2017, 355, No. eaal1585.
(37) Slater, A. G.; Cooper, A. I. Function-led Design of New Porous
Materials. Science 2015, 348, 988−998.
(38) Waller, P. J.; Gandara, F.; Yaghi, O. M. Chemistry of Covalent
Organic Frameworks. Acc. Chem. Res. 2015, 48 (12), 3053−3063.
(39) Huang, N.; Wang, P.; Jiang, D. Covalent Organic Frameworks:
A Materials Platform for Structural and Functional Design. Nat. Rev.
Mater. 2016, 1, 16068.
(40) Diaz, U.; Corma, A. Ordered Covalent Organic Frameworks,
COFs and PAFs. From Preparation to Application. Coord. Chem. Rev.
2016, 311, 85−124.
(41) Lohse, M. S.; Bein, T. Covalent Organic Frameworks: Structure,
Synthesis and Applications. Adv. Funct. Mater. 2018, 28, 1705553.
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