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Metal organic frameworks (MOFs) provide unique opportunities for molecular heterogeneous catalysis by
mimicking the active sites of enzymes. However, understanding and controlling the interaction between
the metal node and the organic linker carrying the catalytic unit and the resulting confinement effects
remain challenging. Here, in a combined theoretical and experimental approach, Zr-UiO-67-MOFs with
ortho-N-acylproline-functionalized biphenyl-dicarboxylate linkers were prepared and compared with the
corresponding MOFs with regioisomeric meta-linkers. As benchmark catalysis, the organocatalytic aldol
reaction of p-nitrobenzaldehyde and cyclohexanone was studied. Experimental results revealed that the
ortho-linker accelerated the aldol reactions, whereas the regioisomeric meta-linker decreased the reac-
tion rate, which was rationalized by pore blocking of the meta-linker via molecular dynamics simulations.
Moreover, the acid modulator used in the MOF preparation also played a critical role in the formation of
acetal byproducts through competing acid catalysis. Our study provides novel insights into the coopera-
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Introduction

Defined spatial co-arrangement of active sites inside defined con-
fined space is a critical feature of the catalytic activity and selecti-
vity in enzymes. Metal-organic frameworks (MOFs) are porous
crystalline solids consisting of organic linkers and inorganic nodes
of various geometries, which determine the structure, pore size,
and topology of the crystal lattice.'" By changing the size of the
linkers while keeping the nodes constant, a series of isoreticular
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tive catalysis between the linker-attached organocatalyst and the MOF metal center.

MOFs can be prepared."*” The high porosity, structural tailorabil-
ity and controllable properties render MOFs as particularly attrac-
tive materials for molecular heterogeneous catalysis which may
allow to mimic sophisticated microenvironments compared to
enzymes.®” The catalytically active sites can be introduced into the
nanoporous framework either as part of the building blocks, by
post-synthetic covalent attachment to the linker, or by coordination
onto unsaturated coordination site of the inorganic node.*® Due to
the long-range order and nanoporosity, the chemical environment
of individual active sites is, in theory, well defined and comparable
throughout the whole crystal. Keeping in mind that the size com-
patibility of the substrates and the framework enabling the reac-
tants to access the MOF-encapsulated catalysts and products to
escape from them, MOFs enable heterogeneous molecular catalysis
under confinement carrying a great potential for enhanced selecti-
vity and activity. Given its hybrid nature, the incorporation of
organocatalysts in MOFs has been targeted in the past.>**"*

In these first studies, the linker lengths, solvent,
presence of defects and bulky functional groups, as well as the
presence of coordination sites of the inorganic node in close
proximity of the organocatalyst have been shown to influence
the conversion, diastereo- and enantioselectivity.'"> For
example, seminal work has been published on organocatalytic

This journal is © the Partner Organisations 2025
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aldol additions"® with proline-functionalized MOFs,'>'*'* in
which r-proline or derivatives were either directly attached to
the linker pre- or postsynthetically (e.g. IRMOF-10,"**
Ui0-67,"°“? MUF-77 '*) or coordinated to the metal node (e.g.
DUT-67, H,N-MIL-101,"?? MIL-101(Cr), CUP-1).*” In particular
the latter is interesting for Zr-based MOFs in which modu-
lators (monocarboxylic acids) are used to control the crystalli-
zation process, but are also incorporated as capping agents to
produce low-connective metal nodes and structural defects
(missing linker, missing cluster). The study on organocatalytic
activity of DUT-67 utilized this aspect by incorporating
L-proline as a capping agent on an 8-connective Zr-cluster.'?
Organocatalytic studies showed a cooperative effect between
the Lewis acid sites of the Zr-node and the active organocataly-
tic site of L-proline. However, in this approach the presence of
other modulators (TFA, acetic acid) as well as the ill-defined
distribution and dynamic attachment/detachment of mole-
cular proline via reversible coordination chemistry results in a
complex active site environment and difficult interpretation of
the actual catalytic mechanism and mixed effects on selecti-
vity. This is in stark contrast to MOFs in which proline is co-
valently attached (e.g. via amide formation) to the linker back-
bone and spatially fixed within the whole crystal lattice.
Interestingly, the majority of proline-functionalized MOFs
are based on biphenyldicarboxylate linkers for which so far
only the meta-proline amide-functionalized linkers were
studied (Schemes 1 and 2). Using this linker geometry, the
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proline points inwards the respective pores and is spatially iso-
lated from the inorganic nodes.'”> We anticipate that MOFs
with a proline function in ortho-position to the framework
forming carboxylate and consequently in close proximity to
the inorganic node might influence the organocatalysis by
cooperative interaction with the metal node while still co-
valently fixating the proline within the framework for a
defined confined microenvironment. Such cooperativity effects
between catalytically active sites and support surfaces are very
poorly understood, but have the potential to both hinder or
enhance catalysis.'?®*2! Niefliing et al. previously demon-
strated such cooperativity between the metal node and the
proline active site, proposing that electrophile activation can
influence enantioselectivity. Their findings indicate that alde-
hyde coordination occurs at a distant metal center rather than
the one adjacent to the proline substituent due to ring
strain'??, Being able to control the distance between the metal
node and the organocatalyst via substitution changes to the
organic linker in MOFs has the potential to yield unpre-
cedented insights into the role of the interaction between cata-
lysts and supports.

In this work, we detail the synthesis and characterization of
UiO-67 derivatives based on ortho- and meta-proline amide
biphenyldibenzoate linkers and investigate their performance
in heterogeneous asymmetric organocatalytic aldol reactions.
We identify that next to the proline position on the linker also
the nature and concentration of the modulator used in the syn-
thesis as well as the solvent used in the organocatalytic reac-
tions have strong effects on structural features, selectivity, and
activity of the catalyst. Moreover, we detail how the mor-
phology, surface area and modulator used in the MOF syn-
thesis takes on an active role in acetal formation as competing
side reaction. Additionally, molecular dynamics (MD) simu-
lations are performed to study the spatial orientation of the
proline catalysts and the mobility of guest molecules and
accessible volume in the MOFs. These properties play a critical
role for catalytic efficiency, as they can determine the accessi-
bility of reactants to catalytic sites and ensure that products
can be removed promptly (Scheme 1).

Results and discussion

In order to characterize the impact of proline position relative
to the metal center in UiO-67 on the catalysis of the aldol reac-
tion we first synthesized the respective proline amide functio-
nalized benzoate linkers.

Synthesis of organic proline-functionalized linker

As outlined in Scheme 2 the synthesis of ortho-proline-functio-
nalized linker and soluble catalyst commenced with the
Suzuki coupling of methyl 2-amino-4-bromo-benzoate 1 and
boronic acid 2 in the presence of 4 mol% of Pd(OAc),, followed
by condensation of N-Boc-proline 3 with diisopropyl-
carbodiimide (DIC) and N,N-Dimethylpyridin-4-amin (DMAP)
to give the N-Boc-protected dimethylester 4 in 61% overall
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yield over 2 steps. Deprotection of the N-Boc group with TFA
yielded the diester ortho-5 suitable for homogeneous reference
catalysis. Saponification of 4 with KOH in THF gave the N-Boc-
protected linker ortho-6.

Synthesis and characterization of proline-functionalized
Ui0-67 MOFs

The synthesis of proline-functionalized UiO-67-type MOFs
(visualized in Fig. 1) follows the procedures previously pub-
lished by using the Boc-protected linkers ortho-6 and meta-6,
respectively, to prevent side reactions of non-protected proli-
ne.'®® In previous reports, it was found that upon solvothermal
synthesis of meta-6 with benzoic acid in DMF at 120 °C for 4
days, the Boc group was thermally cleaved during the MOF syn-
thesis, liberating the catalytically active secondary amine.

To study the influence of the modulator on the de-
protection, framework crystallization, and ultimately catalytic
activity we synthesized 0-UiO-67-Pro by solvothermal synthesis
in DMF with TFA (120 °C, 24 h, further denoted to as o-
Ui0-67-NH-Pro-TFA), BA (120 °C, 96 h, further denoted to as o-
Ui0-67-NH-Pro-BA),'®* AcOH (120 °C, 96 h, further denoted to
as 0-UiO-67-NH-Pro-AcOH). The same reaction procedures
were carried out using meta-6 as the organic linker and
resulted in the MOFs further denoted to as m-UiO-67-NH-Pro-
TFA, m-UiO-67-NH-Pro-BA, m-UiO-67-NH-Pro-AcOH. In
addition, we synthesized UiO-67 with the three modulators as
a non-functionalized reference, further denoted as UiO-67-
TFA, UiO-67-BA, and UiO-67-AcOH. For all reactions, a white
microcrystalline powder was obtained that was washed with
fresh DMF (3 times over 2 days), suspended and washed in
acetone (5 times over 2 days), and dried in dynamic vacuum
for at least 16 h (<3 x 107 kPa, 80 °C).

The structure and phase purity of the samples was evalu-
ated by PXRD on as made, and dried samples. As shown in
Fig. 2, the PXRD patterns for both functionalized and non-
functionalized MOF samples, synthesized using all three
modulators, align with the predicted powder pattern for
Ui0-67."%"

Following the specified washing and drying procedures, the
reflections observed in some ortho and meta proline-functiona-
lized samples became broader, suggesting a potential
reduction in crystallinity and/or long-range order.
Nonetheless, the samples showed improved crystallinity upon
re-immersion in the reaction solution, indicating that these
materials maintain their long-range order under the reaction
conditions (details can also be seen in Fig. S1-S31).

The Boc-deprotection during synthesis was examined by
analyzing the "H NMR spectra of the digested samples in a
NaOH/D,O solution.?” Both ortho- and meta-proline functiona-
lized UiO-67 samples, synthesized with TFA as a modulator,
underwent in situ Boc deprotection within 24 h, as indicated
by the disappearance of the methyl peaks associated with the
Boc at the chemical shift of around 1 and 1.2 ppm for o-
UiO-67-NH-Pro-TFA and 1.2 ppm for m-UiO-67-NH-Pro-TFA
(Fig. S7-S91). In contrast, the ortho- and meta-proline functio-
nalized MOFs synthesized with BA and AcOH as modulators

This journal is © the Partner Organisations 2025
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Fig.1 UiO-67 and UiO-67-NH-Pro structures synthesized and studied in this work. SEM pictures of UiO-67 (a), m-UiO-67-NH-Pro (b) and
0-UiO-67-NH-Pro (c) generated with the acetic acid modulator. The respective molecular representations of one defect-free unit cell (d—f), and the
individual linkers (g—i). In the experimental structure of UiO-67 all linkers were manually substituted for proline-modified linkers with proline in posi-
tion meta or ortho to obtain m-UiO-67-NH-Pro and o-UiO-67-NH-Pro, respectively.** For visualization of UiO-67 type MOFs with defects, see ESI
Fig. S22.1 Oxygen atoms are shown in red, nitrogen atoms in blue, zirconium atoms in yellow and carbon atoms in grey. Hydrogen atoms are white

in the bottom row but omitted for clarity in the unit cell representation.

showed partial Boc deprotection (80 to 96% deprotection esti-
mated from 'H NMR), after an extended reaction time of 4
days (Fig. S10 and S117).

Previous research by Kutzscher et al.'®® highlighted the key
role of the strong Lewis acidity of Zr*" ions in facilitating the
in situ Boc deprotection of proline, typically requiring a reac-
tion time of 96 h. However, our observations showed a signifi-
cant acceleration of Boc deprotection when TFA as a much
stronger Brgnsted acid was used as a modulator, reducing the
time for complete deprotection to only 24 h.

Given these findings, we proceeded with a thermal post-syn-
thetic Boc deprotection treatment,'>® which involved placing

This journal is © the Partner Organisations 2025

the MOF samples in a microwave vial containing DMF and
heating them at 180 °C for 3 h. The effectiveness of this treat-
ment was confirmed by "H NMR spectroscopy, as indicated by
the absence of peaks corresponding to the Boc group post-
treatment, as illustrated in Fig. S7-S9.7 The 'H NMR analysis
of digested samples also allows us to evaluate the presence of
modulators in the MOF samples. Indeed, we observe the pres-
ence of all three types of modulators in all three MOF systems
in different concentrations (see Table S1t). Given that the con-
centrations of the modulators in the MOFs are in a comparable
range, we expect a comparable impact on the catalysis. In the
solid framework, these modulators act as capping ligands at

Inorg. Chem. Front., 2025, 12, 5792-5802 | 5795
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Fig. 2 (a) PXRD patterns of the as-made MOF samples with TFA as
modulator; (b) nitrogen adsorption of as-made MOF samples with TFA
as modulator (filled circles) and desorption (empty circles) isotherms at
77 K.

the clusters, resulting in missing linker defects,”® that can give
additional access to Lewis acid sites as well as additional
nanoporosity.

We have performed thermogravimetric analysis (TGA) to
obtain the chemical composition of the MOFs. Since the
MOFs were dried under mild conditions and containing
residual solvent and solvent decomposition products (as indi-
cated by the H NMR spectra of the digested samples), along
with the possibility of having missing cluster defects, the
defect quantification using a combination of TGA and 'H
NMR may not have yielded a fully accurate chemical compo-
sition (Table S27). Nevertheless, detailing the chemical compo-
sition and quantifying defects is crucial, as these factors can
influence the MOF’s pore structure, chemical properties, and
ultimately, its catalytic performance.

We have taken SEM micrographs to analyze the morphology
of the MOFs. The bare and functionalized UiO MOFs in each
modulator system, have comparable crystal size and mor-
phology within the distinct modulator system (Fig. S13-S157).
This consistency within each modulator group allows us to
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state that crystal size and morphology effects will play a critical
factor influencing the observed differences in catalytic
properties.

To evaluate the impact of the functionalization on the poro-
sity of the samples, we recorded nitrogen adsorption isotherms
at 77 K. In Fig. 2 (bottom), the MOF samples synthesized with
TFA as a modulator exhibit a type-Ib isotherm. A decrease in
nitrogen uptake is evident when proline functional groups are
introduced, which can be attributed to the occupancy of the
porosity with proline and a partial collapse of the framework
upon solvent removal. The isotherms of the MOFs synthesized
with AcOH and BA can be found in the ESI (Fig. S4 and S5%).

Homogeneous and heterogeneous catalysis

In order to compare the catalytic activity of 0-Ui0-67-NH-Pro
with the known m-Ui0-67-NH-Pro,"®” the organocatalytic aldol
reaction of 4-nitrobenzaldehyde 7 with cyclohexanone 8 to the
syn- and anti-aldol products syn-9 and anti-9 was studied as
benchmark reaction (Table 1).

First, the soluble proline-functionalized linkers ortho-5,
meta-5 were examined under homogeneous conditions. When
employing a catalyst loading of 5 mol%, the aldol reaction did
not go to completion even after 7 days, regardless of the tested
solvent (CDClz, MeOH, DMSO). For example, ortho-5 gave after
7 days in CDCl; 15% of aldol 9 with anti-9 as the major diaster-
eomer [dr (syn-9/anti-9) = 27:73, er syn-9 = 43:57, anti-9 =
41:59] and in DMSO 26% of 9 [dr (syn-9/anti-9) = 33:67, er
syn-9 = 56: 44, anti-9 = 29 : 71] (Table 1, entries 1 and 2).

In case of meta-5 yields were even lower: 7% 9 [dr (syn-9/
anti-9) = 38:62, er syn-9 = 35:65, anti-9 9:91] (entry 3).
However, in MeOH the acetal 10 was isolated as the major
product in 40% for ortho-5 (15% for meta-5), whereas the aldol
products 9 were obtained only as minor byproducts (22% for
ortho-5, 6% for meta-5) with similar diastereomeric and enan-
tiomeric ratios as discussed above (entries 4 and 5).
Monitoring the homogeneous catalysis in CDCl; by "H NMR
over 7 days revealed a higher reaction rate for ortho-5 as com-
pared to meta-5 (Fig. S9 and S10%). The reactivity difference
between the regioisomers was clearly visible, when higher cata-
lyst loadings were employed. For 20 mol% ortho-5 the reaction
was complete after 1 day [dr (syn-9/anti-9) = 20: 80, er syn-9 =
44 :56, anti-9 = 36:64], whereas 20 mol% meta-5 required 3
days for completion [dr (syn-9/anti-9) = 25:75, er syn-9 =
59:41, anti-9 = 20:80] (entries 6 and 7). In general, for the
homogeneous catalysis diastereoselectivities of 9 differed only
little between ortho-5 and meta-5. In all cases the anti-aldol
anti-9 was the major diastereomer. In contrast, with respect to
the enantioselectivity anti-aldols anti-9 possessed higher er
values as compared to syn-aldols syn-9 and er values for ortho-5
were somewhat smaller than for meta-5 (For further details,
see Tables S4, S5 and Schemes S4-S7f for proposed
mechanism).

Preliminary heterogeneous catalysis experiments with
5 mol% of 0-UiO-67-NH-Pro-mod gave low yields (<12%) even
after 7 days in CDCl; with both AcOH, BA or TFA modulators
which did not reveal any trends (for all optimization experi-

This journal is © the Partner Organisations 2025
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Table 1 Homo- and heterogeneous organocatalytic aldol addition of 4-nitrobenzaldehyde 7 and cyclohexanone 8 under various conditions*®?

OH O OH O
(R 5 (S)
(R + (R)
0 0 2 OR
H Cf:(t)a‘l’ycst OoN OaN H
* - OH O * OR
ON Table 1 OHS) Q ® OaN
© + © 10
7 8 1
O,N O,N
syn-9 anti-9
Time Yield” Yield” 9 dr“ syn/ syn-9 er™* minor/ anti-9 er”
Entry Catalyst mol% [d] Solvent 9 [%] 10 [%] anti major (S,R)/(R,S)
(1) ortho-5 5 7 CDCl; 15 0 27:73 43:57 41:59
(2) ortho-5 5 7 DMSO 26 0 33:67 56:44 29:71
3) meta-5 5 9 cDCl, 7 0 38:62 35:65 09:91
(4) ortho-5 5 7 MeOH 22 40 40:60 59:41 27:73
(5) meta-5 5 7 MeOH 6 15 13:87 43:57 17:83
(6) ortho-5 20 1 CDCl; >99 0 20:80 44:56 36:64
@) meta-5 20 3 cDal, >99 0 25:75 59:41 20: 80
(8) 0-Ui0-67-NH-Pro-TFA 5 7 MeOH 9 9 91:9 42:58 35:65
9) m-UiO-67-NH-Pro-TFA 5 7 MeOH 5 75 61:39 56:44 05:95
(10) 0-Ui0-67-NH-Pro-TFA 20 7 DMSO 59 0 79:21 50:50 50:50
(11) 0-UiO-67-NH-Pro-TFA 20 7 CDCl; 95 0 81:19 50:50 49:51
(12) m-UiO-67-NH-Pro-TFA 20 7 DMSO 17 0 81:19 50:50 43:57
(13) m-UiO-67-NH-Pro-TFA 20 7 CDCl; 25 0 78:22 53:47 44 :56
(14) UiO-67-TFA (0% Pro) 20 7 CDCl; 60 0 79:21 50:50 48:52

“Determined from the "H NMR spectrum of the crude product using mesitylene as the external standard.  Determined by HPLC on a
CHIRALPAK® AD-H column, 250 x 4.6 mm, 5 pm, hexane : i-PrOH (90 : 10), 0.8 mL min~", 254 nm, 22 °C. ° syn-9: minor (R,R) or (S,S) ; major (R,

R) or (S,S).

ments on heterogeneous catalysis, see Table S6%). Use of
MeOH as the solvent resulted in preferred formation of the
acetal 10, e.g. 5 mol% of 0-UiO-67-NH-Pro-TFA gave 9% of
acetal 10 and 9% aldol 9, while m-UiO-67-NH-Pro-TFA gave
75% of 10 and only 5% 9 (entries 8 and 9). A long-term experi-
ment utilizing 5 mol% of 0-UiO-67-NH-Pro-TFA further sup-
ported this observation (Fig. S11t). When a hot filtration test
was carried out after 2 days, the NMR yield of the acetal 10
increased with increasing time, while the concentration of the
aldol 9 remained constant (Fig. S11bt). These results indicate
that the heterogeneous catalysis takes place as anticipated only
in the presence of the solid catalyst, whereas the acetal for-
mation proceeded after removal of the solid catalyst, presum-
ably via leached TFA modulator. Fortunately, at 20 mol%
loading with the proline-modified Zr-MOFs containing TFA
modulator the heterogeneous catalysis of the aldol addition
was significantly accelerated. As shown in Table 1, entry 10, in
DMSO 0-UiO-67-NH-Pro-TFA gave 59% aldol 9, preferably as
the syn-aldol syn-9 (dr 79:21), but racemic for both syn- and
anti-diastereomers [er syn-9 = 50:50, anti-9 = 48:52]. Under
similar conditions m-UiO-67-NH-Pro-TFA gave only 17% 9 with
similar diastereoselectivity [dr (syn-9/anti-9) = 81: 19, er syn-9 =
50:50, anti-9 = 43 : 57] (entry 12). Gratifyingly, the reactivity of
the Zr-MOFs could be further improved by using CDCl; as the
solvent. Thus, 0-UiO-67-NH-Pro-TFA gave 95% aldol 9 [dr (syn-
9/anti-9) = 81: 19, er syn-9 = 50: 50, anti-9 = 49 : 51] after 7 days
(entry 11), whereas m-UiO-67-NH-Pro-TFA produced 25% aldol
9 [dr (syn-9/anti-9) = 78:22, er syn-9 = 53:47, anti-9 = 44 :56]

This journal is © the Partner Organisations 2025

(entry 13). It should be noted, that UiO-67-TFA (0% Pro)
(20 mol% in CDCl;) was already catalytically active, yielding
60% of 9 [dr (syn-9/anti-9) = 79: 21, er syn-9 = 50: 50, anti-9 =
48 : 52] with the syn-9 as major diastereomer (entry 14).

Thus, both the regioisomer of the proline-functionalized
linker as well as the solvent had a major impact on the reac-
tion rate and yields. Presumably, the reversal of the diastereo-
selectivity from the anti-preference under homogeneous con-
ditions to the syn-preference under heterogeneous conditions
is due to the Lewis acid catalysis taking place at the Zr nodes
of the MOF in agreement with Kaskel’s earlier report."**

This rationale was further supported by catalytic control
experiments with ZrOCl,-8 H,O (15 mol%) in CDCl;, which
gave 5% aldol 9 albeit as an almost equimolar mixture of dia-
stereomers [dr (syn-9/anti-9) = 55 : 45] (entry 13, Table S77). An
additional control experiment employing ZrOCl,-8 H,0O
(15 mol%) in MeOH yielded already after 20 h 96% acetal 10
(entry 14), indicating that in MeOH the Zr-catalyzed acetaliza-
tion is strongly favoured over the aldol reaction,!2%5¢21,24

While MeOH accelerates the acetal formation at the
expense of the aldol reaction, DMSO or CDCIl; gave higher
yields of the aldol product as compared to MeOH. The ben-
eficial effect of polar solvents on the aldol reaction has been
recently examined in theoretical studies by Gavali,*® Lustosa®®
and Swiderek.?” The increased yields of CDCl, as compared to
DMSO might be due to Bregnsted acid catalysis accelerating
both condensation step towards the iminium ion, iminium
ion - enamine equilibrium, as well as final hydrolysis to
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release the aldol product. On the other hand, diastereo-
selectivities were little affected by the solvent, presumably due
to the cyclic transition states. The proposed mechanistic
details of homogenous and heterogenous catalysis are
depicted in Schemes S3-S5 in the ESL.{

It should be noted that the involvement of Lewis acid cataly-
sis by the Zr nodes has also been discussed by Kaskel for
Ui0-66 with r-proline defect sites.'¥ The Lewis acid catalysis
by the Zr node would also explain the experimental obser-
vation, that the unmodified MOF UiO-67-TFA (0%Pro)
(Table 1, entry 14) gave a similar diastereoselectivity as com-
pared to the proline-modified MOFs (entries 8-13). According
to Kaskel the reversed diastereoselectivity might also be
explained by the close proximity of the proline units from the
other linker units in the MOF pore.'®® Moreover, Telfer has
emphasized that differences in the diastereomeric transition
states are very small and these energetic differences are influ-
enced by weak interactions of the catalytic intermediates with
modulators and solvents.">

Finally, hot filtration tests for the catalytic reactions with
20 mol% of catalysts were carried out in CDCl3, which revealed
that for both UiO-67-TFA as well as proline-modified MOFs o-
UiO-67-NH-Pro-TFA, m-UiO-67-NH-Pro-TFA heterogeneous cat-
alysis took place, i.e. the yield of the aldol 9 remained constant
after removal of the catalyst indicating no leaching of active
linkers into the reaction mixture as shown in Fig. 3.

Moreover, the following qualitative trend regarding the reac-
tion rate was observed: 0-UiO-67-NH-Pro-TFA > UiO-67-TFA >
m-UiO-67-NH-Pro-TFA (Fig. 3).

These observations indicate that the spatial orientation of
the proline group within the framework plays a pivotal role in
the catalytic activity and potentially other factors that may
influence the heterogeneous reaction such as mass transport
in the nanoporous frameworks.

Molecular dynamics simulations of proline-functionalized
MOF

Consequently, the spatial orientation and arrangement of the
proline groups in the UiO-67 frameworks and its influence on
the mobility of the individual molecules in the porous frame-
works was studied by all-atom molecular dynamics (MD)
simulations.

Our averaged MD simulations revealed markedly different
spacing of the NH group on the proline catalyst and the metal
centers for 0-Ui0-67-NH-Pro and m-UiO-67-NH-Pro (Fig. 4, top
row). In detail, the NH group is most of the time 0.7-0.9 nm
away from the nearest Zr in m-UiO-67-NH-Pro. In 0-UiO-67-
NH-Pro, on the other hand, the NH group positions itself sig-
nificantly closer to the nearest Zr, namely 0.3-0.7 nm. Thus,
for more than 50% of the time the proline’s NH group inter-
acts either directly with the oxygens/hydroxyl ions of the metal
center or indirectly via methanol OH group. Similar trend is
observed for the distance of the enamine “spacer” NH group
and the metal center (shown in ESI Fig. S231). Whereas the
distance of 0.7-0.8 nm in the m-UiO-67-NH-Pro system is too
large to simultaneously stabilize the aldehyde interacting with
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Fig. 3 Comparison of hot filtration UiO-67-TFA, 0-UiO-67-NH-Pro-
TFA and m-UiO-67-NH-Pro-TFA in the presence of 20 mol% catalyst in
CDCls.

the TS3'/4' (see Scheme S67) by both the metal center and the
spacer NH, the spacing of 0.3-0.5 nm in the 0-UiO-67-NH-Pro
is suitable for simultaneous stabilization, thus most likely
improving the syn/anti selectivity of the reaction.

The drastic reduction (by 51.6% in case of 0-UiO-67-NH-Pro
and 58.9% in m-UiO-67-NH-Pro compared to UiO-67) of the
accessible volume by the attachment of the catalyst on the
linker is depicted in Fig. 4, bottom left. Notably, 0-UiO-67-
NH-Pro retains a higher accessible volume compared to m-
UiO-67-NH-Pro, which suggests that the catalyst next to the
metal cluster occupies less space. Fig. 4, bottom middle shows
that both the presence of the catalyst inside the MOF and the
catalyst’s position influence the movement of methanol as a
guest molecule in the pore. In agreement with the higher
accessible volume of 0-UiO-67-NH-Pro, methanol diffuses
better in the 0-UiO-67-NH-Pro compared to m-Ui0O-67-NH-Pro,
yet the mobility is even more reduced than the accessible
volume, in detail methanol travels only 29% and 22% of the
average distance in 0-UiO-67-NH-Pro and m-UiO-67-NH-Pro
compared to UiO-67, respectively. The reduced mobility of
methanol in m-UiO-67-NH-Pro results from the catalyst block-
ing the pore windows and from higher entangling of methanol
with the catalyst. In 0-UiO-67-NH-Pro, on the other hand, the
catalyst is positioned at the outer edge of the linker, resulting
in more open pore windows and thus increased methanol
mobility.

Similarly, the movement of the substrates is much easier in
catalyst-free UiO-67. Transport properties are more drastically
impacted for the larger substrate and product molecules of the
aldol reaction. Even though the total distance the substrates
travel within 1 ps in UiO-67 is more than ten times shorter
than that of methanol, the substrates readily pass from one
cage to another passing within 1 ps almost 2 unit cells (the
unit cell has dimensions of x =y = z = 2.69 nm). The presence
of the catalyst strongly restricts also the movement of the
reactants. Substrate 7 reaches only 9% and 16% of the traveled
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Fig. 4 Exemplary positions of the proline catalysts described by the distance of the NH-group to the nearest Zr atom in 0-UiO-67-NH-Pro (a) and
m-UiO-67-NH-Pro (b). Oxygen atoms are shown in red, nitrogen atoms in blue, zirconium atoms in orange, carbon atoms in gray, hydrogen atoms
in white. (c) Minimal distance distributions of the NH-group of the catalyst to the Zr atom of the metal cluster in respect of catalyst position in
defect-free MOFs. (d) Accessible volumes in each system. (e) Average distance that MeOH traveled in 1 ps in each system. (f) Average distance that
the product syn-9 covered in 1 ps in each system. The errors denote standard deviations.

distance in 0-UiO-67-NH-Pro and m-UiO-67-NH-Pro compared
to the catalyst-free UiO-67, respectively (ESI Fig. S25 and S267).
Substrate 8 is also drastically slowed down, in detail to 8% in
0-Ui0-67-NH-Pro and to 8% in m-UiO-67-NH-Pro. The compar-
ably high error bars in the distances the substrates travel does
not allow for distinction of the effect of the catalyst position
on the mobility of the substrates in the timescale of our simu-
lations. The situation becomes even more severe for the bicyc-
lic syn-9 product as can be seen in Fig. 4, bottom right. While
the product can move slowly but steadily through the catalyst-
free UiO-67 (the average traveled distance of 0.89 nm per 1 ps
corresponds to 1.4 transitions from pore to pore per 1 ps), it
gets stuck in the smaller, tetrahedral pore in presence of the
catalyst (0 pore to pore transitions in 0-Ui0-67-NH-Pro and 0.1
per 1 ps in m-UiO-67-NH-Pro). Obviously, more extensive
sampling is required to ultimately analyze the product
diffusion. In order to test the ability of the product to diffuse
through UiO-67 with the catalyst attached on the linker either
in the meta or ortho position, additional simulations were per-
formed at a higher temperature of 813 K. The great number of
product transitions from pore to pore has enabled us to calcu-
late average travelled distance per 1 ps, amounting to 6.89 *
1.56 nm and 11.24 + 2.61 nm for 0-UiO-67-NH-Pro and m-
UiO-67-NH-Pro, respectively. These values, being even larger

This journal is © the Partner Organisations 2025

that the distances the substrates travel at 313 K through cata-
lyst-free UiO-67, prove the general ability of the product to
diffuse through 0-UiO-67-NH-Pro and m-UiO-67-NH-Pro. Yet,
the slow diffusion at experimental temperature of 313 K can
clearly limit the reaction efficiency by insufficient mass trans-
port of reagents and inhibition by immobilized products.
Thus, improving the mobility of the product through the MOF,
e.g., by utilizing a mixed linker approach or by extending the
linker size or utilizing dynamic aspects of the framework, is
holding a great promise for improving the UiO-67-NH-Pro-cata-
lyzed aldol condensation of 4-nitrobenzaldehyde with
cyclohexanone.

To estimate the role of missing linker defects, one or two
linkers per simulation cell were substituted by two or four
TFAs, respectively, and additional simulations have been con-
ducted. The defect-rich MOFs show only a slight increase in
the overall accessible pore volume (see Fig. 4 bottom left) but
the defects systematically increase the mobility of methanol
(shown as average traveled distance per 1 ps in Fig. 4 bottom
middle). The removal of linkers creates additional pathways
and larger pores, thus increasing methanol diffusion.
However, the structural alterations introduced by missing-
linker defects with TFA modulator, fail to significantly alter
the mobility of substrates 7 and 8 (see ESI Fig. S25 and S267),
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as well as of the product syn-9 (shown in Fig. 4 bottom right).
Given that the traveled distance of the substrates and the
product exhibit only minimal variation in the defective
systems compared to the defect-free UiO-67, the steric hin-
drance imposed by the proline catalyst persists in restricting
the overall mobility of larger molecules.

Conclusion

This study highlights how confinement and positioning of
active site groups on the linker in UiO-67 MOFs influence cata-
lysis, distinguishing it from MOF systems with lack of pos-
itional variability and further addressing the importance of
understanding structure-function relationships in nanoporous
MOF catalysts. As demonstrated by computational methods, by
placing the proline group and its “spacer” enamine group in
closer proximity to the metal clusters we achieve higher diffu-
sivity of the molecules in the ortho-functionalized MOF while
also providing spatial proximity of the proline and enamine
“spacer” groups to the metal cluster, enabling better coordi-
nation of the transition states. We also identify the critical role
of the acidic modulator in the in situ deprotection of the Boc
group from the proline-based linker as well as their influence
on the catalytic formation of acetals when reactions are carried
out in methanol. We envision that our approach is viable to
the construction of multifunctional active catalysts in other
chemical transformations in which both Lewis acid and
proline sites will act in a cooperative manner. Our extensive
computational analysis indicates that linker functionalization
may come at the price of reduced substrate/product mobility
in the nanoporous network of MOFs and that individual
missing linker defects do not alleviate this effect if substituted
by TFA. The limited access of active sites in particular in the
crystal interior by blocking of pore windows by the proline
groups is an aspect we intend to study further also by experi-
mental methods. To the best of our knowledge, our study is
the first to consider these aspects with respect to catalytic
activity in nanoporous confinement of MOFs'>*?® and we
believe this to be a critical area of research for the improved
design of active molecular MOF catalysts.
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