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Covalent organic frameworks (COFs) are a prominent class of
organic materials constructed from versatile building blocks via
reversible reactions. The quality of imine-linked COFs can be
improved by using amine monomers protected with benzophenone
forming benzophenone imines. Here, we present a study on sub-
stituted benzophenones in COF synthesis via formal transimination.
12 para-substituted N-aryl benzophenone imines, with a range of
electron-rich to electron-poor substituents, were prepared and
their hydrolysis kinetics were studied spectroscopically. All substi-
tuted benzophenone imines can be employed in COF synthesis
and lead to COFs with high crystallinity and high porosity. The
substituents act innocent to COF formation as the substituted
benzophenones are cleaved off. Imines can be tailored to their
synthetic demands and utilized in COF formation. This concept can
make access to previously unattainable, synthetically complex COF
monomers feasible.

Covalent organic frameworks (COFs) are an emerging class of
organic materials."”” Linked by dynamic covalent bonds, they are
constructed from organic building blocks yielding permanently
porous, crystalline, and stable frameworks. Their modular design
allows for precise tailoring of the framework structure and
properties.®> Owing to these properties, COFs are promising
organic materials for various applications including energy
storage,” catalysis,® gas storage and separation,” and sensing.®
In imine-linked COFs, multivalent amines and aldehydes rever-
sibly form imine bonds, ultimately leading to a crystalline,
stable COF. However, the mechanisms of COF formation are
complex’ ™ and not well understood. Tedious optimizations of
reaction conditions are often required to obtain materials of high
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crystallinity and porosity. Employing specific rigid or geometri-
cally constrained monomers,'® metal triflate catalysis,"> using
modulators,™ or reconstruction of COFs'* are strategies that have
been developed to improve the quality of COFs.”'° Dichtel and
coworkers proposed a strategy generally applicable to imine COFs,
where multivalent free amines are replaced by N-aryl benzophe-
none imines, which react with aldehydes in a formal transimina-
tion reaction yielding high-quality COFs (Fig. 1a)."® This strategy
of using benzophenone-protected amines has two key advantages:
(1) higher porosity is achieved in comparison to a conventional
reaction between a free amine and aldehyde; (2) benzophenone
imines are more easily obtained and purified,'® with higher
stability than their free amine counterparts.

So far, this strategy has only been utilized on a few examples
while most COFs published until now, were constructed from free
amines (Fig. 1b). Dichtel and coworkers have used a benzophe-
none imine substituted phenazine to construct a redox-active
COF."” Feng and coworkers have utilized a benzophenone
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Fig.1 (a) Schematic depiction of formal transimination approach as
developed by Dichtel and coworkers and formal transimination with
substituents on benzophenone. (b) Recent literature examples of benzo-
phenone imines utilized in COF synthesis.
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imine-decorated phthalocyanine in the formation of a conjugated
COF to achieve suitable crystallinity.'® For Liu’s tribenzimidazole-
linked COF, the use of benzophenone imines was hypothesized to
ensure a slow release of the COF node before an irreversible
reaction locks the COF-linkage.'® In our lab, for the synthesis of
antiaromatic dibenzopentalene (DBP) COFs, the use of benzophe-
none imine protection was essential as a diamino-DBP is not
stable and degrades immediately at ambient conditions.*® Hence,
the use of benzophenone imines makes the synthesis of a robust,
stable COF from an unstable building block feasible.

Until now, the formal transimination strategy has been
limited to pristine benzophenone imines bearing no further
substituents, though expanding this concept beyond benzophe-
none opens up new opportunities. One example has been
shown recently where a COF building block equipped with
benzophenone imines with —OiPr groups for solubility was
successfully used.’® This is the first demonstration of how
difficulties in the synthesis of complex COF building blocks
can be tackled by functionalization of benzophenone imines.
Another example could be conceived where electron-
withdrawing groups could help further stabilize oxidatively
unstable electron-rich COF building blocks. At the same time,
quality optimization of the resulting COF is also in the scope of
functionalized imines in COF synthesis. The above reflections
have encouraged us to systematically explore the use of sub-
stituted imines in the synthesis of COFs via formal transimina-
tion. We synthesized a series of 12 N-aryl benzophenone imines
with electron donating or -withdrawing groups in para-position.
COFs with excellent crystallinity and porosity were constructed
from these imines, showing that benzophenone substituents
are compatible and innocent in COF formation. While electron
donating and -withdrawing groups on the benzophenone
moiety influence the rate constant of imine hydrolysis, the
quality of COF is not clearly affected. The work shows that a
variety of imines is compatible with COF synthesis, offering
potential solutions for synthetically challenging COFs.

Motivated by the well-studied nonlinear Hammett plot of
imine hydrolysis,?’ ™ we aimed at a substituent analysis with
benzophenone imines to investigate the hypothesis of a slow-
release mechanism.'> For a systematic substituent analysis
we selected the N-benzophenone imines of benzidine (BND)
and synthesized a series of benzophenones 1a-l1 containing
electron-withdrawing and electron-donating functional groups
in para-position (Scheme 1). The benzophenones la-1 were
coupled to BND, using DABCO and TiCl,.">** The reactions
gave the imines in moderate to good yields, and the crude
products were conveniently purified by recrystallization, avoiding
the use of column chromatography. We obtained 12 previously
unreported BND-benzophenone imines spanning the Hammett
scale from the electron-rich, -NMe, substituted 2a to the
electron-poor, -NO, substituted 21. All imines show excellent
stability in ambient conditions and exhibit an improved
solubility compared to the free-amine BND. Especially OiPr-
containing 2b and OMe-containing 2c¢ show significantly
enhanced solubility. Single-crystals suitable for single-crystal
X-ray crystallography of CF;-substituted imine 2j and
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Scheme 1 Synthesis of N-benzidine benzophenone imines 2a-l includ-
ing crystal structures of imines 2g and 2j.

unsubstituted imine 2g were grown giving unambiguous proof
for the structure of the imines.

The hydrolysis rates of imine bonds under reaction condi-
tions similar to COF reaction conditions were investigated by
following the intensity change at one wavelength using UV-vis
spectroscopy (50 °C, 1,4-dioxane, 5000 equiv. AcOH, Fig. 2a and b).
These conditions were chosen as the exact COF reaction condi-
tions are not compatible with a spectroscopic setup (biphasic
system, 120 °C, above boiling point in a pressurized tube). The
hydrolysis of imines 2a-1 occurred with different rate constants

a) b)

-NMe.

NOj
. 3]

-CN

cleaved benzophenone

OOOeq AcOH NH,
N 1,4-dioxane,50°C /‘/‘(
”‘ free COF linker 08

protected COF linker

-Br

[n(A/An)

-1.0

c) d)
Q o, Ko -
NMe, -0.83  -0.001 00+ T
OPr 045  -0.119 Sier M e
OMe =-0.27  -0.146 05 o
Bu  -020  -0.211 - oBr
Me  -047  -0.189 500
SMe 000  -0.086 < %
H 000  -0.188 g CN
F 0.06 -0.063 A5
Br 023 -0.039 oNO,
CF, 0.54 -0.016 20
CN 066  -0.012 oNMe,
NO, 0.78 -0.003 40 08 06 04 02 00 02 04 06 08 10

Hammett Constant o,

Fig. 2 (a) Reaction scheme of acid catalyzed imine hydrolysis, (b) kinetic
plot In(A/Ap) vs. t (linear regressions) following the hydrolysis of benzo-
phenone imines at the absorption maximum in 1,4-dioxane, 50 °C,
(c) reaction rate constants and para-Hammett parameters ¢, and
(d) reaction rate constant kops vs. Hammett parameter oy,
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kops dependent on the electronic nature of their substituent
(Fig. 2c). Neutral to slightly electron-withdrawing substituents,
with Hammett constants from —0.2 to 0, resulted in the highest
imine hydrolysis rates whereas the moderately electron-donating
substituents, -Me and -¢Bu, did not impact the reaction rate.
Higher Hammett parameters led to slower hydrolysis in an
approximately linear trend. With increasingly electron-rich sub-
stituents -OMe, -OiPr, and -NMe,, the rate of hydrolysis was
decreased (Fig. 2d). The results indicate that the conclusions
drawn from earlier Hammett studies on imine formation and
hydrolysis®* are also viable in COF reaction conditions. This
inspired us to study the electronic modulation of the benzophe-
none moieties for improving COF quality. To investigate the
implications on COF formation, we reacted the 12 substituted
N-benzidine benzophenone imines 2a-1 with 1,3,5-triformyl-
benzene (TFB). The reaction affords BND-TFB COF, while the
substituted benzophenone is being cleaved (Fig. 3). COF synthesis
was carried out under solvothermal conditions (mesitylene/1,4-
dioxane 1:1, 120 °C, 3 d). All substituents are tolerated in COF
formation, leading to BND-TFB COF (Fig. 3a). Characterization of
the material matches with previous reports (ESL Sections S5 and
$6).">?>7*7 BND-imines with -OMe, -Me, or -SMe substituent lead
to COFs with moderately increased Brunauer-Emmett-Teller sur-
face area (SAggr) compared to the COF from unsubstituted
benzophenone imine (-H), while other substituents lead to COFs
with slightly or markedly decreased SAggr. Plotting the Hammett
constant of the benzophenone substituents against the SAggr of
the resulting COF reveals a widely scattered plot (Fig. 3b). The
most electron donating substituent -NMe, and the most electron
withdrawing substituents -CN and -NO, give a comparatively
lower SAggr. All other entries gave high SAggr ranging from
1823 m” g ' to 2388 m* g~ '. While surface areas vary consider-
ably, all COFs show high-crystallinity in their powder X-ray
diffractograms (Fig. 4). To quantitatively compare crystallinities
we used estimated domain sizes as a measure of crystallinity.
Scherrer analysis using the full-width half maximum of the (100)
reflex, revealed estimated domain sizes between 28 nm and
40 nm, typical values for COFs. The domain sizes are uniformly
scattered showing that all substituents across the Hammett scale
act innocent in COF formation, leading to high-quality materials
(Fig. 3c). Contrary to our initial consideration, the quality of a COF
is not modulated by the electronic nature of the protecting imine
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Fig. 4 (a) N, adsorption—desorption isotherms at 77 K and (b) improved
SAger of COFs after scCO, activation compare to SAger after vacuum
activation.

but gives reliable high-quality materials in the substituent range
from -OiPr to -CF; (—0.45 < ¢, < 0.54) throughout. This
suggests that the mechanism by which formal transimination
improves the COF quality is more complex than the previously
proposed slow-release mechanism."” The practical implication of
this result lies in the variety of substituents that are tolerated in
COF formation. Imine groups can be tailored to any synthetic
demands, enabling the incorporation of building blocks that are
not attainable with conventional methods. For instance, the -OiPr
group can solubilize otherwise poorly soluble monomers. Substitu-
tion with electron-withdrawing functional groups (-CN, -NO,) can
improve stability of particularly electron-rich monomers.

In addition to the COF synthesis conditions, the so-called
activation process (removal of solvents from the microporous
material) plays a crucial role in obtaining high-quality COFs.**?°
Among several methods, activation by supercritical CO, (scCO,)
has proven to be especially superior.*® To shed further light to
our study and to further investigate a possible correlation
between Hammett parameter and COF quality, we replicated
the COF syntheses, this time followed by scCO, activation. We
picked five benzophenone imines across the Hammett scale and
repeated the COF synthesis in duplicates. For all examples we
achieved significantly higher SAggr with this method compared
to using vacuum activation (Fig. 4). scCO, might be more
efficient than solvent washes in removing residual benzophe-
none from the COF pores. With scCO, activation, using benzo-
phenone imines substituted with -NMe,, -OiPr, -H or -CN all
gave very high, similar surface areas, independent of the imine-
substituent. Only para-nitro benzophenone imine consistently
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and is uncorrected for peak asymmetry and instrument line broadening.
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gave lower porosity COFs of SAger = 939 m”> g~ '. The highest
surface area for BND-TFB COF was achieved using -CN sub-
stituted benzophenone imine 2d. With 2783 m”> g™, the BET
surface area is only 60 m* g~ ' below the theoretical surface area
and the highest value for BND-TFB COF reported so far in the
literature. It is interesting to note that the reaction of unsub-
stituted BND-benzophenone imine (R = H) with TFB very con-
sistently yields COFs with a high surface area. In comparison,
the functionalized benzophenone imines (R = NMe,, OiPr, CN,
NO,) also lead to high surface area COFs though with BET
surface areas varying in a wider range for repeated experiments.

In summary, we have prepared a series of 12 para-substituted
N-benzidine benzophenone imines and studied their hydrolysis
under COF formation conditions. The imines were employed in
COF reactions with TFB, all yielding high-quality BND-TFB COF.
Unsubstituted benzophenone-imines give the most reliable and
reproducible results while substitution with electron-donating or
electron-withdrawing groups increases the variance in surface
area. Although the Hammet parameter of the substituents clearly
influences the hydrolysis rate of the imines, no clear trend can be
observed for COF surface areas. The results indicate that electro-
nic effects of the imines are not the decisive factor for COF quality
(based on SAggy). It is likely that imine hydrolysis occurs too fast
for the imines to efficiently act as slow-release agent but they
rather act as initial solubilizing group and modulators in the
dynamic COF formation reaction. Therefore the hydrolysis rate of
the imine monomer does not influence the quality of the resulting
COF (i.e. SAggr), although the imine hydrolysis rates are in a
similar time range as the initial COF formation.*’ Further
research is necessary to elucidate the complex mechanism of
COF formation involving benzophenone imines. We show that
para-substitution of benzophenone imines is well tolerated in the
synthesis of COFs, emphasizing the generality of the formal
transimination approach. This can facilitate the synthesis of
previously unattainable, synthetically complex COF monomers
as benzophenone imines can be tailored to the synthetic
demands, e.g. with solubilizing or electronically stabilizing sub-
stituents. Utilizing such substituted benzophenone imines or
even imines beyond benzophenone will be a vital tool in the
preparation of synthetically demanding high-performance imine
COFs in the future.
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