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ABSTRACT: Herein, we demonstrate the first example of a
multistep solid-state organic synthesis, in which a new imine-

linked two-dimensional covalent organic framework (COF-
170, 1) was transformed through three consecutive post-
synthetic modifications into porous, crystalline cyclic
carbamate and thiocarbamate-linked frameworks. These
linkages are previously unreported and inaccessible through
de novo synthesis. While not altering the overall connectivity
of the framework, these chemical transformations induce

significant conformational and structural changes at each step,
highlighting the key importance of noncovalent interactions

and conformational flexibility to COF crystallinity and
porosity. These transformations were assessed using ~N
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multiCP-MAS NMR spectroscopy, providing the first quantitation of yields in COF postsynthetic modification reactions, as well
as of amine defect sites in imine-linked COFs. This multistep COF linkage postsynthetic modification represents a significant
step toward bringing the precision of organic solution-phase synthesis to extended solid-state compounds.

B |NTRODUCTION

Covalent organic frameworks (COFs) are a class of designed,
porous, crystalline materials built from the covalent linkage of
geometrically predefined building units into two- and three-
dimensional extended networks."” The ability to control the
relative positioning of chemical functionalities in covalently
linked solids represents an extension of organic chemistry into
the solid state.” This extension includes not only the ability to
crystallize these ordered networks from molecular building
blocks but also the ability to treat the extended solids as
molecules. It has been demonstrated in numerous cases that
chemical transformations can take place on COFs much as
they do in solution due to the ability of reactants and
byproducts to diffuse through the pores of a COFE.>~” Notably,
postsynthetic modifications can be performed on COF linkages
without alteration of topology.®™" Linkage transformations, in
particular, distinguish themselves from reactions performed on
molecules appended to solid supports, such as solid-phase
peptide synthesis, because the stability, reactivity, and structure
of a COF is largely defined by its linkages.'>"*

Postsynthetic modification allows access to new linkage
functionalities without the need to develop reaction conditions
capable of directly generating an ordered network reticulated

by those linkages. This has been demonstrated for a number of
imine-linked COFs, the linkages of which were converted to
secondary amides, secondary amines, thiazoles, oxazoles, and
quinolines.*™"* However, amide- and oxazole-linked COFs
have been formed directly from molecular building units,'>'®
and in principle, each of these linkages could be made directly,
by employing a one-pot strategy whereby COFs are formed
from a reversible imine condensation followed by a less
reversible or irreversible second step in situ.'’~*°

In organic synthesis, we are not limited to compounds
accessible in a single synthetic step. The translation of
multistep organic synthesis to the solid state, however, requires
extending not only the chemistry but also the rigor of
characterization found in small-molecule synthesis to solids.
Herein, we describe the first extension of both these features of
organic chemistry to covalent solids, achieved by the multistep
postsynthetic modification of a COF to generate porous,
crystalline cyclic carbamate and thiocarbamate-linked frame-
works accessible only through multistep synthesis. Each
reaction in this synthesis involves transformation of the



Scheme 1. Synthesis of Cyclic Carbamate and Thiocarbamate-Linked COFs by a Three-Step Solid-State Synthesis
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Figure 1. (a) FT-IR spectra of COFs 1—S5, labeled with diagnostic stretching frequencies reported for each linkage. (b) PXRD patterns of COFs 1—
S, demonstrating the retention of crystallinity through all but amine-linked 3. (c) N, adsorption isotherms performed at 77 K for COFs 1-§,
displaying permanent porosity for all but amine linked 3. Solid and open circles designate adsorption and desorption points, respectively. Uptake is

defined as cm® of N, at 1 atm and 0 °C per gram of sample.

material’s linkage and as such occurs with concomitant
structural changes, but preservation of the underlying topology.
Furthermore, each compound was analyzed by N multiple
cross-polarization magic angle spinning nuclear magnetic
resonance spectroscopy (multiCP-MAS NMR), allowing for
the first quantitative evaluation of chemical transformations in
COFs. This work sets a new standard for the execution and
evaluation of multistep chemical transformations of solids and
in doing so lays the groundwork for further exploration of
solid-state organic synthesis.

B RESULTS AND DISCUSSION

A new kgm topology COF, COF-170 (1), was synthesized
solvothermally from the condensation of (E)-3,3',5,5'-tetrakis-
(4-aminophenyl)stilbene (TAPS) and 3,5-dimethoxytereph-
thalaldehyde (DMTP) in a 5:5:1 mixture of o-dichloroben-
zene, 1-butanol, and 6 M AcOH at 120 °C for 3 days. COF-
170 served as the starting material for the synthesis of
isostructural cyclic carbamate- and thiocarbamate-linked COFs
(Scheme 1). This synthesis began first with demethylation of
1I’s methoxy groups, followed by reduction of the imine linkage
with sodium cyanoborohydride and acetic acid in THF.*' This



amine-linked COF (3) was then treated with 1,1’-carbon-
yldiimidazole (CDI) or 1,1’-thiocarbonyldiimidazole (TCDI)
and N,N-dimethylaminopyridine (DMAP) in dichloromethane
to yield cyclic carbamate- (4) and thiocarbamate- (5) linked
COFs, respectively.”” Between each of these steps, and prior to
characterization, the intermediate compounds were subjected
to thorough solvent exchange and activation to prepare the
material for the subsequent transformation. In order to provide
rigorous data consistency, all characterization, including SN
multiCP-MAS NMR spectroscopy, was performed on the same
33% 'SN-labeled samples. All relevant synthetic procedures can
be found in sections 2—4 of the Supporting Information.

The progress of these transformations was initially
monitored by FT-IR spectroscopy (Figure 1a). Demethylation
of I’s methoxy groups was observed through the disappearance
of its ether C—O—C symmetric and asymmetric stretches at
1038 and 1288 cm™’, respectively.”” Upon reduction of the
imine linkages of 2, we observed the disappearance of its imine
C=N stretch at 1614 cm™' and the emergence of an amine
C—N stretch at 1516 cm™.'" After cyclization to carbamates
and thiocarbamates, characteristic C=O0 and C=S stretches
were observed at 1719 and 1156 cm™, respectively, and
corroborated by comparison to molecular models (see SI,
section $5).**

Although diagnostic, FT-IR spectroscopy alone does not
constitute evidence of reaction completeness and in this
context cannot provide quantitative information on the
composition of the analyzed COFs. "N solid-state NMR
spectroscopy provides an alternative means to clearly track the
conversion between linkages across the multiple steps of this
synthetic process. While commonly employed in the character-
ization of COF linkage transformations, traditional CP-MAS
NMR does not provide quantitative integrations of resonances
due to variable polarization rates between 'H and the target
nucleus across different chemical functionalities. Quantitative
solid-state NMR spectra may be achieved by direct observation
of N; however, long T, relaxation times combined with the
low sensitivity of the nucleus can make these measurements
impractical. MultiCP-MAS NMR spectroscopy provides a
means to measure quantitative solid-state NMR spectra in
solids with reasonable measurement times.”*® To date, the
multiCP method has only been applied to the measurement of
3C NMR spectra. In applying this method to '*N, we found it
necessary to enrich the sample due to its low natural
abundance. However, full enrichment was not necessary to
obtain routine spectra.

N multiCP-MAS NMR of 33% '*N-labeled substrates
yielded quantitative insight into the postsynthetic modification
process (Figure 2). In the spectrum of each COF, the primary
resonance observed corresponds to the major product of the
preceding reaction step. As the resonances for each chemical
site showed some degree of inhomogeneous broadening due to
structural disorder, resonances corresponding to different sites
were fit to Gaussian lineshapes, and their relative areas were
compared (see SI, section S6). Using this method, the
composition of each COF along the synthetic pathway was
analyzed (Table 1). In imine-linked COFs 1 and 2, residual
primary amine sites were found to make up 6 and 8% of total
SN sites, respectively. The chemical shifts of the imine sites
within these two materials are distinct enough to enable
monitoring of the demethylation step, which occurred in 91%
yield. The reduction of imine species in 2 to make 3 was found
to be complete within the detection limit of the NMR
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Figure 2. "N multiCP-MAS NMR spectra of 33% '*N-labled COFs
1-35, colored to highlight the composition of each sample. Spinning
side bands are indicated by asterisks.

Table 1. Linkage Composition of COFs 1—5, Determined
from Peak Fitting of '*’N MultiCP-MAS NMR Spectra”
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“Composition ranges given for 4 and § reflect the fact that primary
amines and secondary amines with adjacent methoxy groups present
in 3 may be forming O-methyl carbamate and thiocarbamate species
which contribute to the observed carbamate and thiocarbamate
resonances.

experiment. In contrast to the imine resonances, the chemical
shifts of the methoxy-adjacent, hydroxy-adjacent, and primary
amine linkages cannot be clearly resolved. Nonetheless, the
relative composition of secondary amine linkages can be
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inferred under the assumption that the amount of primary
amine remains unchanged after the reduction. Treatment of 3
with CDI and DMAP affords a material 4 in which 86% of >N
sites are carbamates, and the remainder are a mixture of amine
sites. Thiocarbamate-linked § shows a similar conversion of
86% thiocarbamate with 14% mixed amines remaining. The
carbamate and thiocarbamate resonances in 4 and $ are likely a
mixture of species, as only the secondary amine with an
adjacent hydroxyl group can form cyclic carbamates or
thiocarbamates. The primary amines and the secondary amines
with adjacent methoxy groups are capable of generating O-
methyl carbamates and O-methyl thiocarbamates from the
addition of those amines to CDI or TCDI followed by
quenching with methanol during the solvent exchange
process.””*® For this reason, the yields of cyclic carbamate
and cyclic thiocarbamate are reported as a range that considers
the possibility that the O-methyl species may be contributing
to the observed resonance.

Having determined the composition of these COFs, we
sought to understand their structures in more detail and how
they may have changed during the synthetic pathway. COFs
1-5 were evaluated by powder X-ray diffraction (PXRD) and
N, adsorption isotherm experiments (Figure 1b,c). Pawley
fitting of imine-linked COFs 1 and 2 shows good agreement
with simulated structures, confirming that their connectivity
and kgm topology are preserved during the demethylation step
(see SI, section S7). Additionally, both 1 and 2 are porous,
with Brunauer—Emmett—Teller (BET) areas of 1229 and 1233
m?/g, respectively. While these experiments confirm the
topology and porosity of these materials, they do not provide
a complete picture of the structures of 1 and 2. Due to the
broad diffraction peaks common to most COF materials, the
diffraction data cannot provide enough information to
determine the orientation of the methoxy- or hydroxy-
substituted phenyl rings relative to the imine bond. The
orientation of this ring relative to the linkage is critical to the
formation of cyclic carbamates, as the cyclization cannot
proceed unless the amine and hydroxyl group are positioned
along the same side in close proximity. To gain insight into the
possible orientations of this site in each imine-linked COF
structure, molecular models of 1 and 2 were synthesized, and
their structures were determined by single-crystal X-ray
diffraction (see SI, section S11). For the model of 1, it was
found that the methoxy groups position themselves opposite
the imine bond to minimize steric interactions, while the
hydroxy groups in 2’s model compound position themselves
on the same side as the imine to form intramolecular hydrogen
bonds. The differences in energy between the two possible
phenyl orientations were explored for each model compound
by gas-phase DFT simulations (see SI, section S12). For the
hydroxy- and methoxy-substituted model compounds, the
orientations observed in the crystal structures were found to be
preferred by 62.5 and 39.6 kJ/mol, respectively. "N NMR
chemical shifts for each orientation of the model compounds
were calculated (see SI, section S12) and suggest that these
species should be distinguishable by our "N NMR experi-
ments. Comparing these predictions to experiment, not only
are the methoxy-adjacent and hydroxy-adjacent imine sites
distinguishable between the "N spectra of 1 and 2 but also 1
contains two independent imine resonances. Based on the
insights gained from the crystal structures and DFT
calculations of the model compounds, we believe that both
orientations of the methoxy-substituted phenyl ring are present

in 1, and only the orientation which yields intramolecular
hydrogen bonding is present in 2. This suggests that upon
demethylation the COF undergoes a structural rearrangement
to adopt its most stable conformation (Scheme 2).

Scheme 2. Reorientation of Hydroxyl Groups in the Solid
State after Demethylation
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In contrast to 1 and 2, amine-linked 3 is noncrystalline and
less porous, with a BET area of only 61 m*/g. Based on these
results, it would appear the COF had irreversibly degraded
after the reduction; however, carrying the synthesis through to
generate 4 or § yields materials which are both crystalline and
porous. Pawley fitting of the diffraction data for 4 and S shows
good agreement with their respective model structures,
confirming that they possess both the connectivity and
eclipsed stacking arrangement of their imine progenitor 1
(see SI, section S7). Additionally, the BET areas of 4 and $
were found to be 780 and 791 mz/g, retaining 64 and 63% of
the BET area of 1, respectively. This retention of surface area
occurs despite the COF being subjected to three consecutive
postsynthetic modifications, one of which resulted in a
noncrystalline framework. From these experiments, we can
infer that 3 possesses the same topology as 1, 2, 4, and §,
despite a lack of crystallinity. The loss of crystallinity and
porosity upon reduction of 2 and its subsequent reemergence
in 4 and $ can be attributed to the conformational flexibility of
the secondary amine linkages of 3. In contrast, imines, cyclic
carbamates, and cyclic thiocarbamates are significantly less
conformationally flexible and adopt comparatively planar
conformations as observed in molecular model crystal
structures (see SI, section S11).

This same pattern of crystallinity loss and recovery can be
observed from the reduction of the imine linkages of 1 to
amines, followed by reoxidation back to imines with 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ).”” Both the
starting and ending imine-linked materials are crystalline,
while the intermediate amine is noncrystalline. Loss and
recovery of crystallinity upon reduction and reoxidation of the
imine linkage is even observed for ILCOEF-1, despite the
presence of strongly stacking pyrene units and a smaller pore
size than 1 (see SI, section $13).”” Dynamics of this type have
previously been observed in molecular crystals, as well the
woven COF-50S, for which crystallinity can be lost and
recovered by the removal and reintroduction of Cu* templates
within the structure.”"

In an effort to evaluate the necessity of performing the
demethylation of 1 in the solid state, we examined the
synthesis of 4 and $ starting from de novo synthesized 2 (2'),
which can be formed directly from the condensation of TAPS
and 3,5-dihydroxyterephthalaldehyde (see S, section S3). This
would shift the demethylation, which we know to be
incomplete in the solid state under our conditions, to the
solution state. Even after extensive screening of crystallization
conditions, 2’ possesses poorer crystallinity and significantly
lower surface area than 2 (see SI, section S10). The quality of
this COF has a significant impact on subsequent postsynthetic
modifications (see SI, section S6). Despite being performed
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under identical conditions, reduction under this route proceeds
at only 80% yield. Subsequent treatment with CDI or TCDI
and DMAP yields 4’ and §’, in which only 62 and 68% of '°N
sites are carbamates and thiocarbamates, respectively.
Furthermore, the BET areas of 4’ and §’ are only 217 and
332 m?/g respectively. The differences between these two
synthetic routes illustrate the importance of the quality of COF
starting material in postsynthetic modifications. In this case,
one additional synthetic step in the solid state provides access
to significantly higher yields and higher quality products due to
our ability to access a more crystalline and porous COF
starting material.

B CONCLUSIONS

In conclusion, an imine-linked COF was transformed through
three consecutive synthetic steps to isostructural cyclic
carbamate- and thiocarbamate-linked COFs. These new
linkages are the first for which one-pot small-molecule
equivalent reactions do not exist, necessitating the need for
multistep synthesis in the solid state. Each substrate in this
synthesis was analyzed by "N multiCP-MAS NMR spectros-
copy, for the first time allowing quantitative compositional
analysis of each compound along the synthetic route.
Furthermore, each solid-state chemical transformation per-
formed in this work was accompanied by a structural or
conformational transformation, highlighting the critical im-
portance of linkages in COF structure and properties. This
work constitutes an extension of organic synthesis—both
multistep transformations and the analytical rigor necessary to
characterize them—from the solution to the solid state.
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