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ABSTRACT: Arranging multiple guests in large-pore organic
framework materials relies on a fundamental understanding of the
framework—substrate and substrate—substrate interactions. In this
work, we prepared a series of hydrogen-bonded organic framework
complexes (HOF-1-guests) with aniline, o-toluidine, m-toluidine, p-
toluidine, toluene, and N-vinyl-2-pyrrolidone. Single-crystal struc-
tural analyses revealed that these guests formed similar cyclic
tetramers in HOF-1 due to the strong HOF-1-guest hydrogen
bonding and N-H--7z interactions. Weak C-H--w or C-H:--O
interactions between guests were found to further stabilize these
cyclic tetramers. The strong framework—substrate interaction
enabled the uptake of aniline and N-vinyl-2-pyrrolidone in the
same voids of HOF-1, and the residual acid in HOF-1 catalyzed an
alkylation reaction within the voids.

B INTRODUCTION

Host—guest interactions are widely found in supramolecular
systems"” in solution® and the solid state.” Depending on the
cavity size of the host molecule, one or multiple guests could
be encapsulated via hydrogen bonding,”~’ hydrophobic
effects,”” and electrostatic interactions.'”'" Macrocycles
including )/-c?fclodextrin,lz’13 cucurbit[8]uril,'*" and cyclo-
bisparaquats' ®'” have been reported to form ternary
complexes in solution, respectively. These ternary complexes
are further stabilized through guest—guest interactions. In the
solid state, organic cages'”'” and porous crystals’’~>* have
also been reported to include multiple guests. Sometimes,
these guests are arranged in unique geometries through
multivalent host—guest and guest—guest interactions. For
example, Kim et al. reported a fullerene tetramer and a
porphyrin cage assembly in the solid state,”* and Kubik et al.
stabilized a dihydrogenphosphate tetramer using a cyclic
pseudopeptide.”*

In porous framework materials, such as metal—organic
frameworks (MOFs),”>™*® covalent organic frameworks
(COFs),””*° and hydrogen-bonded organic frameworks
(HOFs),>' " the large and interconnected voids allow for
the adsorption of multiple guests. In HOFs, discrete guest
molecules, including organic solvents®>*® and aromatic
compounds,””~*’ have been identified to bind the functional
groups decorated on the pore surfaces. This 2phenomenon is
well illustrated in HOF-1 (Figure 1),*"** which binds
acetylene selectively through framework—substrate hydrogen
bonding for ethylene/acetylene separation.”” Apart from
gaseous substrates, the large one-dimensional (1D) porous
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channels of HOF-1 also allow for the uptake of multiple guest
molecules either in the liquid or solid form. Therefore, the
investigation of nongaseous substrates and HOF-1 complexes
in the solid state will provide important structural insights into
the understanding of multivalent host—guest and guest—guest
interactions in porous organic materials.

In this work, we chose HOF-1 as the crystalline framework
host and aniline and its analogues toluidine and toluene as
guests for the investigation. Different from the reported aniline
or toluidines complexes formed in MOFs* or HOFs,**** the
single-crystal X-ray structure of HOF-1-PhNH, revealed that
anilines were assembled in the voids of HOF-1 as cyclic
tetramers. Furthermore, cyclic guest tetramers are found in five
other HOF-1-guest complexes, including toluidine isomers (o-,
m-, p-Tld), toluene (Tol), and N-vinyl-2-pyrrolidone® (VP)
(Figure 1a), respectively. We have discovered that the strong
HOF-1/substrate interactions, including hydrogen bonding
and N-H---7 interactions, direct the assembly of guests as cyclic
tetramers. They are further stabilized via C-H---7 interactions.
We noticed that the strong HOF-1/substrate interaction
dominates the arrangement of guests in the voids of HOF-1.
This feature allows for the coadsorption of different guests in
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Figure 1. (a) Chemical structures of H1 and substrates used in this
investigation. (b) Solid-state structure of HOF-1 viewed along the c-
axis. Vacant amino groups are highlighted in red color. Disordered
solvent molecules are omitted for clarity. (c) Hydrogen-bonding
arrays formed between 2,4-diamino-1,3,5-triazine (DAT) arms.

the same porous channel, as evident from the alkylation*® of
the coadsorbed aniline and VP in HOF-1.

B EXPERIMENTAL SECTION

HOF-1 and HOF-1-Guest Complexes. A solution of H1 (100.0
mg, 0.132 mmol, in 0.75 mL of 1,4-dioxane and 1 mL of formic acid)
in a 4 mL vial was placed in a 20 mL vial with 8 mL 1,4-dioxane for
solvent diffusion. After 10 days at room temperature, transparent
needle-like HOF-1 crystals were obtained (~60 mg). HOF-1 single
crystals (~S mg) were picked and transferred to a vial containing 2
mL of neat guest liquid (aniline, toluene, o-toluidine, m-toluidine, p-
toluidine, N-vinyl-2-pyrrolidone). The samples were kept at 25 or SO
°C for 24 h. Crystals of HOF-1-guest complexes were selected for
single-crystal X-ray diffraction (SCXRD) analysis.

Coadsorption of Guest Mixtures. HOF-1 single crystals (~$
mg) were selected, transferred to a mixture of guests, and kept at
room temperature for 48 h. The crystals were washed with water and
dried under reduced pressure. The crystals were dissolved in DMSO-
dg for '"H NMR analysis. Fed PhNH,/Tol mixture: PhNH, (1.112 g,
1.09 mL, 12 mmol) and Tol (1.104 g, 1.27 mL, 12 mmol); found H1/
PhNH,/Tol = 1:3.4:0.7. Fed PhNH,/Tld isomer mixtures: PhNH,
(0.556 g, 0.51 mL, 6 mmol), o-Tld (0.642 g, 0.64 mL, 6 mmol), m-
TId (0.642 g, 0.66 mL, 6 mmol), and p-Tld (0.556 g, 0.61 mL, 6
mmol); found H1/PhNH,/0-Tld/m-T1d/p-Tld = 1:1.1 + 0.1:1.0 +
0.0:1.0 £ 0.0:1.2 = 0.1.

Alkylation of Aniline and N-Vinyl-2-pyrrolidone in HOF-1.
HOF-1 single crystals (~5 mg) were selected, washed with water, and
transferred to a mixture of PANH, (1.112 g, 1.09 mL, 12 mmol) and
VP (1.332 g, 1.28 mL, 12 mmol). After 48 h at room temperature, the
mixture of PhNH, and VP was carefully removed for 'H NMR
analysis. The crystals were washed with water and dried under
reduced pressure. These crystals were dissolved in DMSO-d,; for 'H
NMR analysis. 1-(1-Anilinoethyl)-2-pyrrolidinone (AEP) was not
detected in the mother liquid. Found H1/PhNH,/VP/AEP = 1:3.1 +
0.1:0.8 + 0.1:0.3 £+ 0.0.
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B RESULTS AND DISCUSSION

The compound H1, which is the molecular building block of
HOF-1, was synthesized according to previous reports.”” H1
consists of a tetraphenyl methane (TPM) core and four DAT
arms (Figure 1la). Diffusing 1,4-dioxane into the mixed
solution of formic acid/dioxane of H1 afforded HOF-1 crystals
that are suitable for SCXRD analysis. In HOF-1, each DAT
arm is hydrogen-bonded with two adjacent H1 molecules. One
vacant amino group of DAT (red, Figure 1b) points toward the
pore surface. There are square-shaped 1D porous channels”
with an aperture of 8.2 A in HOF-1, which allows for the
uptake of multiple guest molecules.

The HOF-1-PhNH, complex was prepared by immersing
solvent-filled HOF-1 crystals in neat aniline at 25 °C. After 24
h diffusion, the obtained crystal sample was subjected to
SCXRD analysis. In HOF-1-PhNH,, four aniline molecules are
packed in an edge-to-face manner (Figure 2a) as a cyclic
tetramer at the cross section of the 1D channel. SCXRD and
'"H NMR analyses showed that the molar ratio between H1
and aniline is 1:4 (Table 1). Compared to HOF-1, the unit cell
volume of HOF-1-PhNH, contracted by 2.1%, indicating that
the uptake of aniline does not significantly impact the
hydrogen-bonded network of HOF-1. The vacant amino
groups of H1 form hydrogen bonds (Figure 2b) with anilines
via an N(5)-H--N(6)-Ph interaction (2.48 A, Table 1).
Additional N-H---7 interactions (Figure 2c) are also noticeable
between the amino groups and aniline (3.68 A, Table 1).
Within the pore voids, four anilines are bonded to each other
as a cyclic tetramer (Figure 2d) via C-H---7 interactions (3.68
A, Table 1). The cyclic tetramers are repeated along the c-axis
of HOF-1 (Figure 2e). Compared to the solid-state structure
of aniline (Figure 2f),*” the spatial arrangement of anilines in
HOF-1 is very different, suggesting that the strong HOF-1-to-
aniline interaction competes against the aniline—aniline
hydrogen bonding (2.51 and 2.36 A) in the solid state. To
understand the framework—substrate interactions, we replaced
aniline with toluene and prepared a toluene-filled HOF-1
crystal (HOF-1-Tol) for SCXRD analysis. Surprisingly, cyclic
toluene tetramers were also formed within the voids of HOF-1
(Figure 2g), similar to HOF-1.-PhNH,. Only N-H:-x
interactions (4.29 A, Table 1) are established between the
vacant amino groups of HOF-1 and toluene (Figure 2h). The
Ph-H--z distance (3.95 A, Table 1) between toluene
molecules (Figure 2i) is larger than those of the aniline
molecules (3.68 A). These analyses suggest much weaker
framework—substrate and substrate—substrate interactions in
HOF-1-Tol compared to that of HOF-1-PhNH,. When HOF-
1 single crystals were immersed in a 1:1 mixture of aniline/
toluene at 25 °C for 24 h, the adsorbed aniline/toluene ratio
was measured as 4.9:1 by 'H NMR spectroscopy (Figure
$26)."® In vapor sorption experiments (Figure S31), the
adsorption of toluene in HOF-1 is relatively low at the lower—
pressure range, but the adsorption amount rapidly increased at
higher pressure. This phenomenon is also observed in
MOFS,49’SO suggesting that the guest—guest interaction
prompts the guest uptake in HOF-1 voids.

Expanding the substrate scope from aniline to 0-T1d, m-Tld,
and p-Tld, we sought to investigate the co-conformations of
toluidine regioisomer assemblies in HOF-1. Three HOF-1-
toluidine complexes were prepared by immersing solvent-filled
HOF-1 crystals in neat 0-Tld, m-Tld at 25 °C, and p-T1d melt
at 50 °C, respectively. Despite different shapes of toluidine
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Figure 2. (a) Solid-state structure of HOF-1-PhNH, viewed along the c-axis. (b) Hydrogen bonding and (c) N-H--7 interaction between HOF-1
and aniline. The N-H:--7 distance is measured as the distance between the N atom and the center of the phenyl ring. (d) Cyclic aniline tetramer in
HOF-1-PhNH, with C-H:--7 interactions highlighted. (e) Layered packing of cyclic aniline tetramers in HOF-1-PhNH,. Anilines are highlighted in
red color. (f) Solid-state structure of aniline.*’ (g) Solid-state structure of HOF-1-Tol viewed along the c-axis. (h) N-H---7 interaction between
HOF-1 and toluene. (i) Cyclic toluene tetramer in HOF-1-Tol, with C-H---7 interactions highlighted.

isomers, cyclic toluidine tetramers were found in HOF-1-0-T1d,
HOF-1-m-Tld, and HOF-1-p-Tld (Figure 3a). The amino
groups of 0-Tld, m-Tld, and p-TId are hydrogen-bonded to the
vacant amino group of DAT in HOF-1 (Figure 3b), and the
N(5)-H--N(6) distances are measured as 2.45, 2.44, and 2.43
A, respectively (Table 1). The N(5)-H-x interactions were
also found in HOF-1-0-T1d (4.01 A), HOF-1-m-T1d (3.92 A),
and HOF-1-p-Tld (3.96 A) (Figure 3c). Both Ph-H-z and
CHj;+-7 interactions were found between the neighboring
toluidine molecules in HOF-1-0-Tld and HOF-1-p-Tld (Figure
3d), while only a Ph-H:--7 interaction was found in HOF-1-m-
Tld. The short hydrogen bonds and N-H:--z interactions
between the p-toluidine tetramer and HOF-1 and the 2-fold C-
H---7 interactions within the cyclic tetramer suggest that HOF-
1-p-T1d possesses slightly stronger host—guest and guest—guest
interactions among the HOF-1-TId complexes. Experimentally,
when HOF-1 crystals were immersed in an equal amount of
PhNH,, 0-Tld, m-Tld, and p-T1d mixture, the uptake ratio of
PhNH,, 0-Tld, m-Tld, and p-Tld was measured as 1:1.1 +
0.1:1.0 + 0.0:1.0 + 0.0:1.2 + 0.1 using '"H NMR spectroscopy
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(Figure $27).** The greater uptake amount of p-Tld in the
adsorption experiment is consistent with SCXRD analyses.

When the substrates were changed from toluidine isomers
(both hydrogen bonding donors and acceptors) to N-vinyl-2-
pyrrolidone (a hydrogen bonding acceptor), tetrameric cyclic
assemblies of VP were also found in the solid state (Figure 4a).
In the HOF-1-VP crystal, the carbonyl groups of VP tetramers
form hydrogen bonds via a N(5)-H:-O(1) interaction (2.13 A,
Figure 4b), directing the vinyl groups to point toward the pore
surface of HOF-1. The closest vinyl-to-vinyl distance is
measured as 6.37 A. In the VP tetramer, only weak C(14)-
H--O(1) dipole interactions (2.68 A, Figure 4c) were
discovered, suggesting the assembly of VP molecules in
HOF-1 is primarily driven by the framework—substrate
interaction.

The strong framework-guest and weak guest—guest inter-
actions within HOF-1-PhNH,, HOF-1-Tol, HOF-1-0-Tld,
HOF-1-m-Tld, HOF-1-p-Tld, and HOF-1-VP complexes
directed the formation of guest cyclic tetramers. These cyclic
tetramers were weakly packed along the 1D voids of HOF-1.
Therefore, we speculated that the voids of HOF-1 could
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Table 1. Summary of Crystallographic Data of HOF-1 and HOF-1:Guest Complexes®

HOF-1 HOF-1-PhNH, HOF-1-Tol HOF-1-0-Tld HOF-1-m-Tld HOF-1-p-Tld HOF-1-VP

formula H1-4dioxane- HCO,H H1-4PhNH, H1-4Tol H1-40-Tld H1-4m-Tld H1-4p-T1d H1-4VP
unit cell (A)

a 20.466(8) 20.3468(10) 20.1754(6)  20.2713(4)  20.1198(3) 202017(4)  20.3140(7)

b 20.466(8) 20.3468(10) 20.1754(6)  202713(4)  20.1198(3) 202017(4)  20.3140(7)

c 7.185(2) 7.1118(6) 7.2479(4) 7.1255(2) 7.20870(10) 7.1518(2) 7.3565(4)
cell volume change (%) -2.1 -2.0 -2.7 -3.0 -3.0 0.9
HI:guest
SCXRD” 1:4.0 1:4.0 1:4.0 1:4.0 1: 4.0 1:4.0
'"H NMR® 1:3.9 1:3.24 1:4.0 1:4.2 1:4.1 1:3.9
N-H--N distance (A) 2.48 2.45 2.44 2.43 2.13 (N-H--0)°
N-H---7 distance’ (A) 3.95 4.29 4.01 3.92 3.96
C-H-- distance? (A) 3.68 3.95 379" 3.65 3.79"

4.01" 4.15"

distance of tetramers’ (A) 3.24 2.60 223 2.30 222 2.92

“All Crystals are Tetragonal in the I-4 Space Group with a = ff = y = 90°. le:guest ratios determined by X-ray crystallography. “H1:guest ratios
determined by "H NMR experiment. “Fewer toluene molecules per H1 measured in '"H NMR analysis, attributed to the high volatility of toluene.
“The N-H-N hydrogen bond distance between the vacant amino group of H1 and nitrogen atoms of the substrate. FThe N-H--7 distance is
measured as the distance between the N(5) atom and the center of the phenyl ring. ¥The C-H---r distance is measured as the distance between the
carbon atom and the center of the phenyl ring. "Measured Ph-H--z and CH;~-7 distances, respectively. “The measured distance between the
nearest atoms of two cyclic tetramers.

(b) hydrogen bonding () N-H---11 (d) C-H---mr (e) tetramer distance
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Figure 3. Crystal structures of HOF-1-0-Tld, HOF-1-m-T1d, and HOF-1-p-T1d in descending order. (a) Solid-state structure of HOF-1-0-Tld,
HOF-1-m-Tld, and HOF-1-p-Tld viewed along the c-axis. (b) Hydrogen-bonding interactions and (c) N-H:--x interaction between HOF-1 and o-
Tld, m-Tld, and p-T1d, respectively. (d) C-H:--7 interactions in the cyclic tetramers of 0-Tld, m-Tld, and p-Tld, respectively. (e) Layered packing
structures of cyclic tetramers of 0-T1d, m-Tld, and p-T1d from top to bottom. The 0-T1d, m-T1d, and p-TId are highlighted in yellow, green, and blue
colors, respectively.
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Figure 4. (a) Solid-state structure of HOF-1-VP complex viewed along the c-axis. (b) Hydrogen-bonding interactions between HOF-1 and VP (c)
C-H:+-O interactions between VP molecules in the channels of HOF-1. (d) Process by which aniline and VP meet and react with each other in the

channels of HOF-1. Aniline and VP are first coadsorbed into HOF-1, and they are catalyzed by the residual formic acid within HOF-1 to afford 1-
(1-anilinoethyl)-2-pyrrolidinone (AEP). The amino and olefin groups are highlighted in yellow and green colors, respectively.
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accommodate two different guests simultaneously as a mixture
of cyclic tetramers.”’ To confirm this, we immersed HOF-1
crystals in the mixture of two reactive substrates (PhNH, and
VP). PhNH, and VP could undergo an alkylation46 to form 1-
(1-anilinoethyl)-2-pyrrolidinone (AEP, Figure 4d) in the
presence of an acid. In the solvent-filled HOF-1 crystals,
formic acid residuals are present in the 1D voids, which could
catalyze the formation of AEP when PhNH, and VP are
adsorbed in the same channel. Experimentally, we immersed
HOF-1 crystals in a 1:1 mixture of PhANH, and VP at room
temperature. After 48 h, the crystals and mother liquid were
subjected to "H NMR analysis (Figures S22—523). No AEP
was detected in the mother liquid mixture, and '"H NMR
analysis shows the H1/PhNH,/VP/AEP ratio in the dissolved
crystal sample as 1:3.1 + 0.1:0.8 # 0.1:0.3 + 0.0 (Figure S30).
The formation of AEP in HOF-1 confirmed that PhNH, and
VP molecules were coadsorbed within the same 1D channel of
HOF-1. The found H1/PhNH,/VP ratio revealed that HOF-1
binds PhNH, stronger than VP, and VP was not consumed
completely. This incomplete alkylation in HOEF-1 indicates
that PhNH, and VP are coadsorbed as cyclic tetramer
aggregates, and the alkylation only occurred at the interface
of PhNH, and VP aggregates (Figure 4d).

Bl CONCLUSIONS

In summary, a series of HOF-1-guest complexes with aniline,
0-, m-, p-toluidine, toluene, and N-vinyl-2-pyrrolidone were
prepared, and their corresponding single-crystal X-ray
structures are reported here. Despite the different sizes of
guests, the strong HOF-1—substrate interactions, including
hydrogen bonding and N-H---z interactions, direct the
assembly of guests as cyclic tetramers within the 1D voids of
HOF-1. These cyclic tetramers are further stabilized through
the guest—guest interactions, which include C-H:--7 and van
der Waals interactions. By comparing the packing structures of
0-, m-, p-toluidines in HOF-1, we discovered that the methyl
groups of toluidine regioisomers only resulted in very small

3425

changes in the HOF-1-toluidine interactions. These cyclic
tetramers are packed along with the 1D voids of HOF-1. No
specific interactions are noticed between neighboring cyclic
tetramers, which allowed for the coadsorption of different
guests inside the same 1D voids of HOF-1. This coadsorption
of different guest molecules in HOF-1 was confirmed by the
alkylation between aniline and VP inside HOF-1. Our work
suggests that strong framework—substrate interactions could
effectively arrange multiple guests in desired co-conformations,
while guest—guest interactions differ depending on the size and
functional groups of the guests. These results provide
important structural insights into multiple guests inclusion
and methods for conducting chemical reactions in confined
environments.””>>
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