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ABSTRACT: Postsynthetic modification (PSM) of the linkages in covalent organic frameworks (COFs) is usually performed on

isolated samples due to their incompatibility with the crystallization conditions. In this work, we report a one-pot PSM

strategy that reduces imine-linked to amine-linked COFs via an iminium-activated process under acidic conditions. Using

Hantzsch ester as a mild, chemoselective reductant, this method eliminates the need for isolating pristine COFs prior to

transformation and shows better functional group tolerance compared to previous methods (NaBHs and HCOOH). The

resulting amine-linked COFs retain high porosity and crystallinity. As a demonstration, a H3POs-loaded amine-linked pyrene

COF achieves a proton conductivity of 4.9x1072 S cm™ at 95 °C and 80% relative humidity with a low activation energy of

0.16 eV. This one-pot strategy offers a streamlined and general approach to accessing functionalized COFs.

Introduction

Guided by the principle of dynamic covalent chemistry,*
chemists have successfully crystallized organic polymers, once
thought impossible, into two- and three-dimensions held
together entirely by strong covalent bonds.> ¢ These new
materials, known as covalent organic frameworks (COFs), show
great potential in gas storage/purification, catalysis,
optoelectronics, and more, owing to their permanent porosity,
ordered structure, and designable architecture.””?® Among
various reactions developed for crystallizing COFs, the Schiff
base condensation reaction stands out due to its rich library of
linkers and the exceptional crystallinity of the resulting imine
network.!! Recently, there has been a surge of interest in
postsynthetic modifications (PSMs) that convert and lock the
C=N linkage, enhancing the stability and functionality of the
framework.12"%4 Examples of successful PSMs include oxidation
cyclization to
heterocycles like oxazole,'71° thiazole,'”> 20 oxadiazole,?! and
others 2224, PSMs indispensable
complementary method to access diverse linkages that are
challenging to make via de novo synthesis. However, a key
challenge associated with PSMs is the incompatibility between

to amide,’®> reduction to amine,’® and
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crystallization and  transformation  conditions, which
necessitates the isolation and purification of COFs before the
desired transformation, complicating the stepwise process.
Furthermore, the specific conditions required for PSMs can
potentially lead to partial or complete loss of crystallinity.
Therefore, developing compatible conditions for both COF
crystallization and subsequent PSMs would not only simplify the
overall synthetic process in a one-pot manner but also crucially
reduce the risk of crystallinity loss.

One-pot reactions, where several reaction sequences are
conducted in a single reaction vessel, offer a powerful and green
approach to synthetic organic chemistry.?>27 This strategy
minimizes chemical waste, saves energy and time, and
simplifies practical aspects. However, the one-pot synthesis of
COFs remains largely unexplored. To the best of our knowledge,
only one report describes a one-pot Suzuki coupling followed by
Schiff base condensation for imine COFs preparation.?® Imine
COFs are typically crystallized solvothermally with an acid
catalyst, protic or metallic.2®-31 As a matter of fact, the primary
amine-derived imines are basic, and they readily exist as
iminium ions in an acidic solution.32 The same phenomenon was
observed on various imine COFs as well.33-3> Iminiums are more
electrophilic, up to 10 orders of magnitude, than the
corresponding aldehydes or ketones.3® This type of activation
has triggered iminium catalysis, or described as “LUMO-
lowering catalysis” by MacMillan and co-workers,3” for various
reactions such as cycloadditions, nucleophilic additions, retro-
aldol reactions, and so on.32 38 |n this context, imine COFs are
inherently activated for PSMs under their acidic preparation
conditions, yet overlooked in previous studies. Therefore, we
propose a highly practicable one-pot PSM protocol for imine
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COFs that leverages the acidic synthetic conditions via an
iminium-activated process (Fig. 1).
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Fig. 1 Streamlined one-pot imine COF formation and

subsequent PSM via an iminium-activated process (LA, Lewis
acid).

As a proof of concept, this work demonstrates the catalytic
one-pot reduction of imine- to amine-linked COFs using
Hantzsch ester, a biomimetic, inexpensive, stable, and safe
reductant commonly employed in transfer hydrogenation
reactions, including imines.3°4 This protocol features high
selectivity and broad COF scope. Amine-linked COFs have been
shown to display superior catalytic performance and enhanced
stability compared to their imine counterparts. 16 4245 The
amine linkage could also serve as a reactive handle for further
functional group installation.*® 46 47 Current methods for
converting imine- to amine-linked COFs rely on borohydride-
based reagents, which suffer from limited selectivity and poor
functional group tolerance.'® %8 Formic acid as an alternative
reductant only works for metal nanoparticle-free COFs to avoid
detrimental catalytic reduction that disrupts crystallinity.*7 4°
While in situ reduction using bifunctional H3POs3 catalysts has
been reported, it often results in limited crystallinity.*3 In this
regard, a milder and more general method for the
hydrogenation of imine COFs is highly desirable.

Results and discussion
Chemoselective reduction of 3D COF.

We first studied the catalytic capability of acetic acid for the
model imine reduction reaction between N-benzylideneaniline
and diethyl 1,4-dihydro-2,6-dimethyl-3,5-pyridinedicarboxylate
(HEH). In the presence of 3 equiv. of acetic acid, ca. 90% of N-
benzylideneaniline was converted to N-benzylaniline with a
stoichiometric amount of HEH at 70 °C for 6 hours in THF (Fig.
S1-S2). No reaction occurred without acetic acid, proving its
critical role as a catalyst. Encouraged by the successful model
reaction, we then started to apply the same chemistry to imine
COFs. 3D pts COF, reticulated from 3,3'5,5'-tetra(4-
aminophenyl)-bimesitylene (BMTA) and hexa(4-
formylphenyl)benzene (HFB), was judiciously chosen to probe
whether our proposed strategy would solve the
aforementioned drawbacks for the following two reasons: 1) it
is a substoichiometric network with one pair of unreacted
reductant-sensitive formyl groups on HFB linker; 2) it has
palladium contaminant inheriting from the Suzuki coupling
produced linkers.>°

To perform the one-pot reduction, 3 equiv. HEH (relative to
amine groups) was introduced into the reaction vessel after
which 3D pts COF was formed in a mixture of
dichlorobenzene/n-butanol/6 M acetic acid (Scheme 1). The
mixture was heated at 120 °C for 24 h. The reduction using

2| J. Name., 2012, 00, 1-3
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Scheme 1 One-pot PSM strategy for the synthesis of amine-
linked 3D pts-R COF.
successful reduction of C=N to C-N linkage with HEH as well as
NaBH4 and HCOOH. FT-IR spectra show the absence of the C=N
vibration band at 1624 cm™ and the presence of C-N vibration
at 1247 cm™ for 3D pts-R COF in all three cases (R stands for
reduced, footnote indicates the reductant, Fig. 2a). Meanwhile,
the strong vibration band at 1702 cm™ and the absence of OH
vibration confirm the survival of formyl groups when HEH and
HCOOH were used. However, in the case of NaBH4, complete
reduction of formyl to alcohol occurred, judging from the
disappearance of the carbonyl vibration band and the presence
of the OH vibration band at 3370 cm™. Solid-state cross-
polarization magic angle spinning (CP/MAS) 3C NMR
spectroscopy corroborates the FT-IR results. The appearance of
secondary amine carbon at 48.5 ppm and the vanished imine
carbon at 158.4 ppm confirm full reduction of imine bonds for
all three reduced COFs (Fig. 2b). The absence of the aldehyde
carbon peak and the presence of a peak at 64.3 ppm ascribed
to the CH,OH group for pts-Rnasna, certify the non-selective
reduction with NaBHa. In contrast, no aldehyde reduction was
observed for pts-Ruen and pts-Rucoon. X-ray photoelectron
spectroscopy (XPS) study shows the N 1s binding energy shifts
from 398.4 eV for 3D pts COF to higher energy at 399.0 eV for
3D pts-R COF, while the O 1s binding energy does not change in
the case of HEH and HCOOH being used (Fig. 2c). The reduction
of formyl to alcohol with NaBH; is also evident from the shifted
O 1s binding energy from 531.6 to 532.2 eV. All these results
demonstrate the capability of HEH to exert a quantitative and
selective reduction of imine into amine linkages. The
crystallinity of 3D pts-R was examined by powder X-ray
diffraction (PXRD) measurements. Interestingly, only pts-Ruen
showed a diffraction pattern similar to that of the parent imine
COF (Fig. 2d). pts-Rucoon and pts-Rnasna are amorphous, likely
resulting from the non-selective reduction process.*’” The
presence of Pd nanoparticles in pst-R is evident in the
transmission electron microscope (TEM) images (Fig. S3).
Inductively coupled plasma-mass spectrometry (ICP-MS)
reveals that the Pd content in 3D pts COF is 0.064%. The
permanent porosity of 3D pts-R was assessed by N sorption
experiments at 77 K (Fig. 2e). The BET surface areas were
calculated to be 1160, 722, and 558 m? g for pts-Ruen, pts-
Rucoon, and pts-Rnasna, respectively, lower than that of the

CHO
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parent imine COF (2153 m? g'1). It should be noted that pts-Ruen
shows a more pronounced hysteresis in its N, isotherm than
Rucoon and pts-Rnasra. This is possibly from an enhanced
framework-adsorbate interaction in the ordered flexible amine-
linked structure. The pore size distribution of 3D pts-R was
calculated based on the quenched solid-state density functional
theory method. 3D pts-R shows a narrow pore-size distribution
centered at 2.1 nm (Fig. 2f). All the reduced COFs show two
major pores centered at 1.2 nm and 2.1 nm. The smaller pore
likely results from the framework collapse due to the flexible C-
N linkages. We measured the CO; adsorption properties of the
reduced pts COFs, considering that the CHO group is reported
to enhance CO; adsorption in addition to the more basic amine
linkage. >! The adsorption capacity of pts, pts-Ruen, pts-RnasHa,
and pts-Rucoon COF is measured to be 32.9, 31.5, 25.1, and 23.0
cm3 gl respectively (298 K, 1 atm, Fig. S4). Despite much
reduced surface areas compared to the pristine imine COF
(1160 vs 2153 m? g1), pts-Ruen has a comparable CO; adsorption
capacity to that of pts COF. In contrast, pts-Rnasna and pts-Rucoon
show much lower capacity, highlighting the importance of
crystallinity and aldehyde groups. Scanning electron microscopy

Materials Chemistry: Frontiers

(SEM) analysis shows that the reduction does,net..change
morphology and particle size (Fig. S5)°/0UrOp?6tefetI0Gas
represents a chemo-selective linkage transformation method,
especially useful where polar formyl groups are needed as
preferred functional groups.® >2 Moreover, a detailed
comparison of different reduction methods was summarized in
Table S1. The HEH method requires less reagent consumption
with comparative yields compared to other methods at a
moderate cost. However, the reduction with HEH generates
bulky pyridine-derived byproducts, resulting in a much lower
atom economy than HCOOH and NaBH4. Nevertheless, HEH is a
far more convenient and safer reductant than both formic acid
(corrosive, fuming liquid) and sodium borohydride (moisture-
sensitive, flammable gas hazard), requiring no special inert
atmosphere, corrosion-resistant equipment, or quenching
protocols. Due to the relatively large molecular size of HEH (ca.
1.2 x 0.8 nm), COFs with small pore sizes are not suitable
substrates. For instance, our attempt to reduce the imine
linkages in COF-303 (pore size 0.8 nm) to amine linkages using
HEH was unsuccessful (Fig. S6).
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Fig. 2 FT-IR spectra (a), solid-state 13C NMR spectra (b), N 1s XPS spectra (c), PXRD spectra (d), 77 K N3 isotherms (e), and pore size
distribution profiles (f) of 3D pts and pts-R COFs. Spinning sidebands are labelled with an asterisk in NMR spectra. To avoid the
interference of spinning sidebands, NMR data of 0-60 ppm and 60-250 ppm were acquired at a spinning rate of 10 and 12.5 kHz,

respectively.
Catalytic reduction with Lewis acids.

Lewis acids have been proven to be superior catalysts to
commonly used acetic acid for synthesizing imine COFs in some
cases.3% 31 Hexagonal 2D TAPB-DMTA COF, which could be
crystallized with various Lewis acids, including Sc(OTf)s,%2
Fe(NOs)3-9H,0,%3 and Sbls,®* besides acetic acid,®® was chosen to
test the generality of the one-pot reduction procedure (Fig. 3a).

This journal is © The Royal Society of Chemistry 20xx

Successful reduction to the amine-linked TAPB-DMTA-R COF
was achieved for all tested catalysts as evidenced by FT-IR
analysis (Fig. 3b). All the reduced samples display similar spectra
featuring a disappeared C=N stretching band at 1616 cm™ and
an emerged C-N stretching band at 1260 cm™. Additionally, the
increased N 1s binding energy (Fig. 3c) and presence of the
carbon of secondary amine signal at 44.4 ppm in the CP/MAS

J. Name., 2013, 00, 1-3 | 3
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13C NMR spectrum corroborate the FT-IR results (Fig. 3d).
However, PXRD analysis shows that TAPB-DMTA-R COF is
amorphous (Fig. 3e), despite various mild activation procedures
being used (solvent exchange with low surface tension solvents
like hexane, diethyl ether, and scCO,).%¢ This is in line with the
observed lower framework stability resulting from the high
flexibility of the secondary amine bond.?? 47: 87 To rule out the
possibility of crystallinity damage induced by our PSM protocol,

a partial reduction of TAPB-DMTA COF with a redyced ameunt
of HEH was performed. In this case, 8Qr{3taliHEcCHPOWAS
obtained (Fig. S7-S10), supporting that the crystallinity loss of
fully reduced TAPB-DMTA-R COF results from the framework’s
inherent flexibility rather than the reduction method. SEM
analysis reveals that the reduction did not alter the morphology
under these conditions (Fig. $11-512).
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Fig. 3 (a) Synthetic scheme of TAPB-DMTA-R COF. b) FT-IR spectra of TAPB-DMTA-R COF synthesized with different catalysts.
Comparison of (c) N 1s XPS spectra, (d) solid-state 13C NMR spectra, and (e) PXRD spectra of TAPB-DMTA and TAPB-DMTA-R COF.

Synthesis of stable 2D amine-linked COF for proton conduction.

After demonstrating the generality of the proposed one-pot
reduction method, a stable amine-linked 2D COF was prepared
against pore collapse using pyrene linkers (Fig. 4a). Py-Py COF
condensed from 1,3,6,8-tetrakis(4-aminophenyl)pyrene
(TAPPy) and 1,3,6,8-tetrakis(4-formylphenyl)pyrene (TFPPy)
was crystallized in a mixture solvent of
mesitylene/dioxane/DMA first.>3 Then 3 equiv. HEH was
introduced, and the mixture was heated at 120 °C for 24 h (see
Sl for details). Multiple spectroscopic techniques confirmed the
successful reduction of the C=N bond to a C-N linkage. FT-IR
spectra show the absence of the C=N vibration band at 1621 cm-
1 and the presence of the C-N vibration at 1253 cm-! for Py-Py-
R COF (Fig. S13a). Solid-state CP/MAS 13C NMR spectroscopy
reveals a new signal at 49.4 ppm ascribed to the carbon of
secondary amine linkage (Fig. S13b), while no residual signal for
the imine carbon at 156.2 ppm is present. XPS study shows the
N 1s binding energy shifts from 398.2 eV for Py-Py COF to higher
energy at 398.6 eV for Py-Py-R COF (Fig. S13c). All these results
are consistent with a quantitative reduction of imine into amine
linkages. The crystallinity of Py-Py-R was examined by powder
X-ray diffraction (PXRD) measurements. The PXRD pattern of

4| J. Name., 2012, 00, 1-3

Py-Py-R is similar to that of the parent imine COF, showing a
prominent diffraction peak at 26 = 2.60°, along with other minor
peaks at 5.07, 7.19, 10.19, 15.31, and 23.41° respectively (Fig.
4b). The permanent porosity of Py-Py-R was assessed by N
sorption experiments at 77 K (Fig. 4c). The BET surface areas
were calculated to be 718 m? g, slightly lower than that of the
parent imine COF (1109 m? g1), and the pore volume is 0.61
cm3/g. The pore size distribution of Py-Py-R was calculated
based on the quenched solid-state density functional theory
method, showing a narrow pore-size distribution centered at
1.46 and 2.36 nm (Fig. 4c). SEM and TEM analysis show that the
reduction does not change the morphology and particle size of
Py-Py-R COF (Fig. S14-S15).

The saturated C-N linkage provides increased chemical stability
and stronger interactions with acids, which render Py-Py-R a
potential proton conduction material candidate when loaded
with acids.>* 55> We prepared H3POs-loaded Py-Py-R composites
(HsPO4s@Py-Py-R) via the impregnation method (see S| for
details). FT-IR spectrum of H3PO4,@Py-Py-R shows new bands at
2910, 1155, 1000, and 490 cm™, assigned to the O—H vibration,
asymmetric P-O vibration, symmetric P-O vibration, and O—P—
O bending modes, respectively, indicating successful H3PO4

This journal is © The Royal Society of Chemistry 20xx
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loading (Fig. 4d).>% 57 The theoretical maximum phosphoric acid
loading capacity of Py-Py-R estimated from its pore volume is
ca. 110 wt%. According to the increased mass amount, the
H3PO,4 loading of H3PO,@Py-Py-R was calculated to be 100 wt%,
close to the theoretical maximum. Then, H3PO,@Py-Py-R
powder was pressed into cylindrical pellets with a diameter of
6.0 mm and a thickness of around 1.0 mm for proton
conduction  tests using electrochemical impedance
spectroscopy (EIS). As shown in Fig. 4e, the Nyquist plots of
H3PO,@Py-Py-R at 80% relative humidity (RH) exhibit typical
ionic conduction characteristics, confirming its proton transport
capability. When the temperature increases from 45 °Cto 95 °C,

istry:Frontiers:

ARTICLE

the impedance of H3POs@Py-Py-R steadily degreases.olhe
corresponding proton conductivity incr@43es0fe¥ P OX 0258
cm™ at 55 °C to 4.9x10°2 S cm™ at 95 °C (Fig. S16). This
performance is comparable to those of the reported best-
performing COF materials under similar conditions (Table 52).58
59 The activation energy (E.) fitted from the Arrhenius plot is
0.16 eV (Fig. 4f). This value is substantially lower than the typical
threshold for the vehicle mechanism (> 0.4 eV), indicating that
proton transport occurs predominantly via concerted hopping
along the hydrogen-bonded network (the Grotthuss
mechanism). These results demonstrate that amine-linked COFs
could be potential proton conduction materials.

a ) ; b c
) \ . ) )y
O 0 ——Py-Py-R —e— adsorption
——Py-Py —o—desorption
- Q cg O T D OOQ Q - -~ 200 f,f’
> ’ { = 5y oo o
El £ P
5 5 | o) [
o .
N Py-Py-R %‘ 8 7 = [jree
5 =
} ﬁ § % |||y23em
=" 100 g
J LLA g
7 4 r r r = ~ 0 : Pore V\‘ﬁnum (nm)m ’
¢ ' C o ot o200 @ Bh @s 00 02 04 06 08 1.0
d) 2) 20 (deg.) f) Relative Pressure (P/P,)
3.0
—H,;PO,@Py-Py-R % 55°C
A LR - 85°C
: 40 ——75°C 7
- i ——85°C ol 28
2 : ——095°C g o <
P 1 30 e r.
é : G : 490 cm | a 2 / E
2 | OH | oP0 | g o . ] w 26
E | | J N 204 o e S =
2 | e e 5
© . vt =
e I //,’3/ 4 2.4
1 10 4 ;:f,; &
1 o
1155, 1000 em”! e
PO i
—t : . 04 M . . 22 - T y
4000 3000 1500 1000 500 10 20 30 40 50 27 238 29 3.0 34
Wavenumber (cm) 7'(Q) 1000/T (K')

Fig. 4 (a) Chemical structure of Py-Py-R COF. (b) PXRD patterns of Py-Py and Py-Py-R. (c) 77 K N; isotherm of Py-Py-R (inset shows
the pore size distribution profile). (d) Comparison of the FT-IR spectra of H3POs@Py-Py-R and Py-Py-R. (e) Nyquist plots of
H3PO,@Py-Py-R at various temperatures with 80% RH. f) Arrhenius plot of H3PO,@Py-Py-R at 80% RH.

Conclusions

In summary, we reported here a one-pot PSM procedure to
reduce imine to amine-linked COFs via iminium activation using
Hantzsch ester as the reductant. The procedure is not only
operationally simple but also circumvents various drawbacks of
the previous methods, such as poor functional group tolerance
and sensitivity to metal impurities. Besides, both 2D and 3D
COFs can be successfully reduced. Moreover, this iminium
activation strategy is not only effective in systems catalyzed by
Brgnsted acids, but likewise in those employing Lewis acids. We
believe the presented iminium activation concept would
expand the applications of amine-linked COFs and inspire new
functionalization methods for imine-based materials beyond
COFs.

This journal is © The Royal Society of Chemistry 20xx
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