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Urea-engineering mediated hydrogen-bond
donating Friedel–Crafts alkylation of indoles and
nitroalkenes in a dual-functionalized microporous
metal–organic framework with high recyclability
and pore-fitting-induced size-selectivity†

Manpreet Singh a,b and Subhadip Neogi *a,b

As an effective alternative to Lewis-acid activation, hydrogen-bond donating (HBD) organo-catalysis rep-

resents a powerful construction tool for important classes of carbon–carbon bonds, wherein metal–

organic frameworks (MOFs) alleviate issues like self-quenching, solubility and reactivity. However, size-

selectivity is rather challenging in such catalysis, while the status quo is still unexplored when both

H-bonding and open-metal sites (OMS) are present together in a single system. The pillar-bilayer Cd(II)

MOF with a rare (3,8)-connected 2-nodal network upholds uni-directional microporous channels inte-

grated with free –NH groups from the urea-moiety of the N,N-donor linker, and aqua-molecule bound

[Cd3(COO)6] cluster. The activated framework allows the highly efficient Friedel–Crafts alkylation of

indole and β-nitrostyrene under relatively mild conditions with low catalyst loading and no leaching. The

strategically designed MOF exhibits unaltered activity over multiple catalytic cycles, and corroborates its

effectivity towards a wide range of substituted electrophiles and nucleophiles. Importantly, suitably sized

pores generated by two-fold interpenetration restrict the entry of a sterically encumbered substrate and

result in poor conversion, demonstrating the rarest pore-fitting-induced size-selectivity. Given that this

pore-engineered MOF contains both coordination unsaturated Cd(II) centres and unbound –NH groups

as active interaction sites, explicit proof of the interaction of the MOF functionality with the –NO2 group

of the reactant is elaborated for the first time in light of the change in emission intensity of the framework

in the presence of an electrophile, a judicious choice of substrate, and an in-depth comparison of the

catalytic activity of an isostructural framework without a urea-moiety. These control experiments unpre-

cedentedly authenticate urea-moiety-mediated two-point hydrogen bonding in the proposed catalytic

route, and simultaneously exclude any major role for OMS at the SBU. Apart from pore-induced size-

exclusive reactions, this MOF exemplifies site-specific Friedel–Crafts alkylation, and paves the way to

tailor-made engineering of advanced functionalities in contemporary materials for unconventional HBD

reactions at the interface of structure–property synergies.

Introduction

Recent advances in developing a practical approach for the
construction of important classes of carbon–carbon bonds will
substantially dictate the overall synthetic efficacy of technologi-
cally relevant building blocks. For example, the Friedel–Crafts
alkylation reaction of nitroalkene with indole is one of the fun-
damental C–C bond forming reactions, catalyzed by the pres-
ence of suitable Lewis acids.1–4 Among diverse substrates,
β-nitrostyrene is considered the most preferred Michael accep-
tor in this reaction because of the strong electron-withdrawing
nature of the nitro group.5,6 However, the lower nucleophilicity
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of non-N-substituted indoles compared to their N-alkylated
(viz. 1-methylindole) analogues7,8 leads to much more sluggish
Friedel–Crafts reactions. Clearly, there is an urgent need for an
advanced methodology to overcome the barriers in this crucial
transformation, which often assists in synthesizing tryptamine
derivatives as precursors to important biologically active
alkaloids.9–14 In this milieu, hydrogen bond donor (HBD) cata-
lysts have emerged as potential pseudo-Lewis-acidic com-
pounds, capable of activating electrophiles towards nucleophi-
lic addition via cooperative hydrogen bonding, and have been
shown to be an alternative approach to Lewis-acid activation
because of their rigid conformation, tunable reactivity and
anchored functional sites.15–18 Generally, thiourea or urea
groups are used as key functional parts in such catalysts that
make use of two-point hydrogen bonding through acidic N–H
bonds. In principle, such hydrogen bonding diminishes the
lowest unoccupied molecular orbital (LUMO) of the electro-
phile, thereby lowering the activation barrier for subsequent
nucleophilic attack.15 Thus far, homogeneous HBD catalysts
have proven capable of plentiful bond-forming reactions,
including Claisen rearrangements,19 Mannich reactions,20

Diels–Alder reactions,21 Strecker reactions,22 and Friedel–
Crafts reactions23 with excellent selectivity and yield. However,
these functional groups are prone to self-quenching that
involves unproductive self-assemblies formed through dimeri-
zation or oligomerization of the catalyst. Alternatively, the pres-
ence of intermolecular hydrogen bonding further engenders a
noteworthy reduction in the catalytic activity of these
assemblies.24,25 Keeping these drawbacks in mind, the best
possible approach for efficient HBD catalysis could be to amal-
gamate metal-free (organo-catalytic systems) and hetero-
geneous catalysts over a single platform.26 One promising strat-
egy consists of incorporating homogeneous catalytic sites into
a porous structure so as to nullify the possibility of self-
quenching by the way of uniform spatial regulation of the
responsive H-bonding centres without compromising the
specific surface area.27,28

Metal–organic frameworks (MOFs) are well-defined porous
crystalline materials with intriguing properties suitable for a
plethora of applications, viz. gas adsorption and separation,
heterogeneous catalysis, luminescent sensing, proton conduc-
tion, water purification, drug delivery, magnetism and so
forth.29–36 Due to the definite structural organization, tunable
porosity, and strategic incorporation of guest-responsive func-
tional sites, these hybrids are extensively used in different
avenues of multifaceted attributes.37–39 In view of their
efficient HBD catalysis, their key capabilities lie in the careful
incorporation of functional hydrogen-bonding sites, and their
uniform distribution throughout the porous structure in
MOFs. However, this feat is often tricky as functional organic
groups (FOGs) either coordinate with metal ions or are not pre-
cisely oriented along the pore structure to exhibit desired cata-
lytic activity. Then again, a suitable choice of hydrogen-bond
donor system is critical, considering the fact that thioureas
generally reveal thermal stability issues during MOF synthesis,
whereas the corresponding ureas have no such effects, yet

exhibit high tendency to act as hydrogen-bond donors.21,40

Importantly, the periodic arrangement of building units aids
in developing a reliable structure–performance correlation,
leading to an unambiguous elucidation of the role of appropri-
ate functionality in the underlying catalytic mechanism,
which is otherwise unavailable with traditional porous solid
systems.41–43 A number of reports have thus far overlaid the
mechanistic conduit in MOF-based HBD catalysis, using FOGs
as the sole active sites. However, the status quo is still unpre-
cedented when both an open-metal node and an H-bonding
site are simultaneously present in a single system. In contrast
to surface catalysis, these materials can also provide a micro-
reactor type environment due to the pore confinement effect,
which assists in increasing the effective number of collisions
between substrates and active centers, and promises pore-
fitting-mediated size selectivity.26

Considering the above-mentioned facts and challenges,
coupled with our ongoing quest to develop functionalized
porous crystalline materials for environmentally benign and
size-exclusive catalysis,44–50 we constructed a Cd(II)-based
framework, CSMCRI-12 (CSMCRI = Central Salt & Marine
Chemicals Research Institute) via the self-assembly of a tripo-
dal carboxylate ligand and a urea functionality grafted di-
pyridyl linker. Structural elucidation divulged a number of fas-
cinating attributes like (i) activation-induced generation of
high-density unsaturated Cd(II) centers, (ii) N-functionality-
actuated guest interaction sites in the carboxylate ligand, (iii)
perfect positioning of urea functional groups within the cavity,
and (iv) the two-fold-interpenetration-mediated formation of
suitably sized unidirectional pores. The catalytic performance
of the desolvated framework in the Friedel–Crafts alkylation
reaction of indole and β-nitrostyrene under mild reaction con-
ditions is studied with a detailed understanding of substrate
scope and recyclability. For the best HBD coupling reaction,
the narrow pore channel assists the diffusion of substrates
with compatible molecular dimensions and unveils the rarest
size-selectivity. The major role of the hydrogen-bonding inter-
action between the functionalized linker and the nitro group
of electrophiles over an open metal site in the dual-functiona-
lized MOF is supported by a battery of experimental evidence,
including comparison with a similar framework without a
urea-moiety and in view of the change in luminescence inten-
sity of the MOF upon addition of β-nitrostyrene.

Results and discussion
Crystal structure of CSMCRI-12

Block-shaped colourless crystals of CSMCRI-12 were solvo-
thermally grown by the reaction of Cd(NO3)2·4H2O (0.1 mmol),
C3-symmetric 4,4′,4″-tricarboxytriphenylamine (H3TCA) ligand
(0.05 mmol) and functionalized 1,3-di(pyridin-4-yl)urea (L)
linker (0.1 mmol) in a mixed-solvent system of N,N-dimethyl-
acetamide/water (2 : 1) at 85 °C. Single-crystal X-ray diffraction
(SCXRD) analysis showed triclinic space group P1̄ with three
crystallographically independent Cd(II) ions, two deprotonated
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TCA3− ligands, one linker, and a metal-bound water molecule
in the asymmetric unit. Three Cd(II) ions are bridged together
by six carboxylate groups from diverse TCA3− ligands to form a
tri-nuclear [Cd3(COO)6] cluster (Fig. S2, ESI†) with average Cd–
Cd distance of 3.78 Å, which is regarded as the secondary
building unit (SBU). The coordination environment around
each Cd(II) center in the SBU reveals six coordination with dis-
torted octahedral geometries from dissimilar atom-connec-
tions. While the middle Cd(II) ion is entirely ligated to six car-
boxylate oxygen atoms, each terminal metal node is attached
to one pyridyl ring of the linker. These SBUs are joined
through long aromatic arms of carboxylate ligands and propa-
gate along the crystallographic ac plane to create a two-dimen-
sional (2D) bilayer framework, containing large hexagonal
rings (Fig. 1a) of dimension 18.77 × 15.98 Å2 (considering
atom-to-atom connection).

The 2D layers are further connected through the di-pyridyl
linker that results in the formation of a bilayer-pillar frame-
work.45 A perspective view of the single-net 3D structure is
depicted in Fig. 1c, which shows large rhombohedral channels
of size 25.11 × 22.33 Å2 along the b axis. Importantly, the urea
functionalities in the linker remain uncoordinated and are
projected inside these porous channels, conferring an appro-

priate environment for the activation of the substrate through
their accessible (N–H) hydrogen-bonding sites. The formation
of big pores by the presence of a long tripodal ligand as well as
a urea-grafted linker (10.29 Å) prompts two-fold inter-
penetration into the overall framework (Fig. 1d). Topological
analysis revealed a rare (3,8)-connected 2-nodal 3D network
(Fig. S2c and S2d, ESI†) with the corresponding Schläfli
symbol (436248)(43)2.

51 Though voids are somewhat reduced,
nearly rectangular cavities of dimensions 6.67 × 10.61 Å2 still
exist along the b axis (Scheme 1) with a sufficient solvent-
accessible void volume (44%) per unit cell.52 Nevertheless,
interpenetration instigates a couple of positive effects for
CSMCRI-12 as (i) the number of suitably oriented, free urea-
groups virtually doubles per cavity, and (ii) the generation of
smaller-sized channels (Fig. 1b) can result in size-selective cat-
alysis by virtue of the pore-confinement effect. The guest
solvent molecules inside the pores could not be crystallogra-
phically mapped because of high disorder. However, their
presence was otherwise confirmed from the combined inputs
of Fourier-transform infrared (FT-IR) spectral data, elemental
analysis, thermogravimetric weight loss, and PLATON calcu-
lations that correspond to the molecular formula [Cd3(TCA)2L
(H2O)]·2DMA·10H2O (see ESI† for calculation details).

Fig. 1 (a) View of the nearly hexagonal pores in a single net of CSMCRI-12 along the ac plane. (b) Representation of the doubly interpenetrated
nets along the ac plane (for clarity, each single net is shown in a different color). (c) Rhombohedral channels in a single net along the b axis. (d)
Two-fold interpenetration in the framework.
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Structural characterizations and porosity measurement of the
framework

The phase purity of CSMCRI-12 was endorsed by the exact cor-
relation of powder X-ray diffraction (PXRD) peaks of the bulk

material to those of simulated peaks (Fig. 2a), obtained from
the X-ray structure. Thermogravimetric analysis (TGA) under
an N2 atmosphere (Fig. S3, ESI†) revealed a two-step curve
without a plateau, where 11.93% initial weight loss (calcd
11.97%) occurs around 120 °C. A second loss of 9.34% (cal.

Scheme 1 Illustration of the salient features of multiple functionalities in the ligand, linker and SBU in CSMCRI-12 along with its microporous struc-
ture and an image of single-crystals.

Fig. 2 (a) Simulated (black), as-synthesized (red) and activated (blue) PXRD patterns of the framework. (b) PXRD profiles of CSMCRI-12 after
exposure to common organic solvents. (c) N2 adsorption isotherm of 12a up to a relative pressure (p/p0) of 1.0 at 77 K (the inset shows the pore-size
distribution plot). (d) SEM images of the as-synthesised MOF, and elemental mapping from SEM-EDX showing the uniform distribution of elements
(mixed elements, Cd, O, N, C) in the selected area of the crystal.
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9.77%) ensues up to 300 °C, and further heating results in
framework decomposition. The as-synthesized MOF was
soaked in various common organic solvents for 24 h and the
PXRD patterns were recorded. As depicted in Fig. 2b, the PXRD
profiles in all these media display fair accordance to the pris-
tine material and substantiate its structural robustness.
Subsequently, guest solvents in CSMCRI-12 were exchanged
upon soaking in acetone for 3 days, and the solvent-free frame-
work (12a) was acquired by heating the solvent-exchanged crys-
tals at 120 °C under vacuum for 6 h. The PXRD pattern of the
desolvated MOF showed insignificant changes in the peak
positions (Fig. 2a), confirming the unaltered structural integ-
rity and crystallinity. The FTIR spectrum of CSMCRI-12
(Fig. S4, ESI†) showed strong peaks at 1596 cm−1 and
1384 cm−1, corresponding to antisymmetric stretching of the
coordinated carboxylate groups. On the other hand, broad
peaks in the range ∼3200–3400 cm−1 resemble the presence of
water molecules while the carbonyl stretching frequency for
the free DMA molecule could be observed at 1755 cm−1. In
contrast, the FT-IR spectrum of 12a reveals the absence of
these peaks and confirms the removal of the solvent mole-
cules, which was further endorsed by there being no weight
loss in the TGA curve up to 300 °C (Fig. S3, ESI†). The micro-
structure of CSMCRI-12 was studied through field emission-
scanning electron microscopy (FE-SEM), which revealed a

nearly rectangular block-shaped morphology (Fig. 2d), consist-
ent with the transmission electron microscopy (TEM) image
(Fig. S5, ESI†) of the same crystal. Further, SEM energy disper-
sive X-ray (EDX) analysis showed uniformly distributed
elements: C, N, O and Cd (Fig. 2d) throughout the MOF
surface. To obtain insight into the electronic structure and
surface composition of the as-synthesized framework, X-ray
photoelectron spectroscopy (XPS) was employed. The survey
spectra (Fig. S6, ESI†) showed the presence of the expected
elements. Further deconvolution of the spectrum was carried
out to understand the bonding of elements (Fig. 3a–d). The
high-resolution C 1s spectrum shows binding energy (BE)
values at 284.5, 285.63, and 287.7 eV, corresponding to CvC,
C–N, and C–O bonding, respectively.53,54 The high-resolution
XPS of N 1s was fitted to two nearly symmetrical peaks
because of the presence of the bridge-head tertiary N-atom of
tripodal ligand, and N–H binding in the N-donor linker at
399.59 and 400.62 eV, respectively.55,56 Two spin–orbit orien-
tations in the high-resolution XPS spectrum of Cd 3d corres-
pond to Cd 3d5/2, and Cd 3d3/2 that appeared at 412.27 eV and
405.54 eV, respectively, with a spin–orbit splitting value ∼7
eV.57,58 The distinguishing peaks of O 1s were further deconvo-
luted into two peaks that relate to the metal-bound ligand
moiety (O–Cd), and O–C bonding in the organic struts at BE
530.3 and 531.9 eV, respectively.59

Fig. 3 High-resolution XPS spectra of the framework: (a) Cd 3d, (b) C 1s, (c) O 1s, and (d) N 1s.
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The porosity of 12a was measured from the N2 adsorption
isotherm at 77 K, which displayed a nearly type-I isotherm
with a steep rise in the low-pressure region (Fig. 2c), archetypal
of a microporous material. The saturated N2 uptake of
149.77 cm3 g−1 corresponds to a Brunauer–Emmett–Teller
(BET) surface area of 503 m2 g−1 and the pore volume was cal-
culated to be 0.239 cm3 g−1 from this experimental adsorption
isotherm. The non-local density functional theory (NLDFT)
model-derived pore size distribution (PSD) curve (Fig. 2c,
inset) shows an average pore diameter of 1.022 nm that stems
from the presence of smaller-sized pores in the two-fold inter-
penetrated framework. In spite of the moderate BET surface
area, the porosity of this framework exceeds that of many
recent MOFs, including TMOF-1 (Table S3, entry 1, ESI†),
NKMOF-1-Ni (Table S3, entry 3, ESI†), CoMOF-2 (Table S3,
entry17, ESI†), CSMCRI-7 (Table S3, entry 22, ESI†), and
CSMCRI-8 (Table S3, entry 22, ESI†). Moreover, the PXRD
pattern of the framework after surface area analysis was
checked and found to comply with that of the as-made one,
substantiating the maintenance of structural integrity (Fig. S7,
ESI†).

Friedel–Crafts alkylation of indole and β-nitrostyrene with
recyclability

On the basis of strategically positioned urea functionality in
CSMCRI-12, together with its robust nature and suitably sized
pores generated by two-fold interpenetration, we set out to

determine the heterogeneous catalytic activity of the activated
MOF in the alkylation of nitroalkenes with indoles. The coup-
ling between 1H-indole (0.12 mmol) and (E)-(2-nitrovinyl)
benzene (β-nitrostyrene) (0.1 mmol) was considered as a
model reaction (Scheme 2) and formation of the product was
analyzed by 1H NMR spectral data (Fig. S8–S22, ESI†).41 The
influences of different parameters, including reaction
medium, catalyst amount, temperature, and duration were
thoroughly checked (Table 1). From the knowledge that low-
polar solvents reduce unfavourable interactions with the active
sites in an HBD catalyst,60 the reaction was performed in sol-
vents like dichloromethane, chloroform, acetonitrile, and
toluene, which showed toluene to be the most suitable
(Table 1, entries 1–4). The coupling between indole and
β-nitrostyrene hardly afforded any product at room tempera-
ture (Table 1, entry 6), and the alkylation was therefore tar-
geted at higher temperature. Maximum yield of the desired
product 3-(1-nitro-2-phenylethyl)-1H-indole was perceived
upon increasing the temperature to 60 °C (Fig. 4). It may be
noted that the present reaction temperature is still below that
of contemporary reports.23

Subsequently, Friedel–Crafts alkylation was monitored at
different loadings of 12a, which showed that an increase in
catalyst amount from 5 mol% (conversion: 61%) to 8 mol%
(conversion: 85%) has a positive effect on conversion (Table 1,
entries 7 and 8). Maximum product was achieved with
10 mol% of catalyst in toluene at 60 °C (Table 1, entry 5). A
comparison of available data of MOF-catalysed HBD reactions
showed that this catalyst loading is comparable to others.8,61

Then again, the reaction was found to be very dependent on
time in the sense that a noteworthy decline in conversion
occurred with a shorter time span. This trend is depicted in a
plot of conversion (%) vs. time presented in Fig. 4b, which
elaborates a 46% conversion up to a period of 4 h that increased
to 68% in 6 h. The reaction showed maximum conversion
(100%) at 16 h, and the activity remained unchanged even up
to 24 h. In addition to this, we performed another set of experi-

Scheme 2 Model reaction between β-nitrostyrene and indole, cata-
lysed by 12a.

Table 1 Optimization of reaction conditions for the Friedel–Crafts alkylation between indole and β-nitrostyrene using 12a

S. no. Catalyst Catalyst mol (%) Time Solvent Temp (°C) Conversiona (%)

1. 12a 10 16 DCM 40 15
2. 12a 10 16 Chloroform 60 16
3. 12a 10 16 Acetonitrile 60 46
4. 12a 10 16 Toluene 60 100
5. 12a 10 24 Toluene 60 100
6. 12a 10 24 Toluene 25 31
7. 12a 5 16 Toluene 60 61
8. 12a 8 16 Toluene 60 85
9. 12a 12 16 Toluene 60 100
10. Cd(NO3)2·4H2O 10 16 Toluene 60 39
11. L 10 16 Toluene 60 65
12. L/Cd(NO3)2·4H2O 10 16 Toluene 60 74
13. H3TCA 10 16 Toluene 60 7
14. CSMCRI-12 10 16 Toluene 60 29
15. No catalyst 10 24 Toluene 60 5
16. Activated CSMCRI-9 45 12 24 Toluene 60 34

aDetermined by 1H NMR spectroscopy.
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ments (Table 1, entry 9) considering a slightly higher amount of
12a (12 mol%), and the kinetics profiles exhibited maximum
conversion in the case of the 10 mol% catalyst. Given that an
excess amount of 12a did not make any difference to the conver-
sion (%), all the additional experiments and substrate scopes
were performed by using the 10 mol% catalyst.

Therefore, the optimized conditions for alkylation reaction
were established as 10 mol% of 12a, at 60 °C for 16 h in
toluene, and all additional experiments were performed under
these conditions. Though there are a handful examples of
HBD catalysis by MOFs (Table S4, ESI†), some reports suffer
seriously from long reaction time, the need for additives, and
multistep catalyst synthesis through post-synthetic exchange
(PSE) and/or post-synthetic modification (PSM), which limit
their practical applicability.61–64 In view of these limitations,
the present system is advantageous as the MOF can be easily
synthesized, and used for the C–C coupling reaction under
moderate conditions after mild activation. The heterogeneous
nature of 12a in the reaction between indole and nitroalkene
was confirmed from leaching as well as hot filtration tests.
First, the catalyst was separated after completion of the reac-
tion, and the remaining mixture was evaporated to dryness.
Inductively coupled plasma-optical emission spectroscopy
(ICP-OES) of the resulting solid mass revealed insignificant
cadmium (0.002 ppm), ruling out any possibility of leaching of
metal ions into the product. Next, the progress of the reaction
was monitored after 6 h, and the dispersed catalyst was then
removed via filtration. No further conversion to the product
could be observed upon continuing the reaction for an
additional 18 h (Fig. S50, ESI†), indicating that heterogeneous
catalyst 12a is essential for the progress of this reaction. To
crosscheck the catalyst recyclability, the material was first
recovered from the reaction mixture after the initial run,
washed with acetone and heated at 120 °C for 4 h before
further use. To make sure that the catalyst was free from reac-
tants or products, we heated the recovered 12a in toluene at

60 °C for 6 h, and the solution did not reveal the presence of
either reactant or product in 1H NMR. We were delighted to
find that the catalyst reusability shows insignificant loss of
activity up to 5 cycles (Fig. 6a). Nevertheless, a slight decrease
in the product yield is ascribed to a minor loss of catalyst
during the recovery process of each cycle.

The XPS studies of the recovered catalyst (Fig. 6b) show it is
identical to the pristine MOF without any reduction in
cadmium content and/or additional peaks associated with
ligand/linker moieties (Fig. S45, ESI†), indicating no degra-
dation of the material. The symmetric and asymmetric stretch-
ing peaks of the carboxylate group and peak for the urea
moiety in FT-IR are consistent with the pristine framework
(Fig. S44, ESI†). Moreover, every peak position in the PXRD
profile of recovered 12a matches that of CSMCRI-12 (Fig. S43,
ESI†), while the selected area electron diffraction (SAED)
pattern after catalysis showed (Fig. S47, ESI†) maintenance of
the crystalline nature. Alongside, we measured the BET surface
area of the filtered catalyst after the first and fifth catalytic
cycles, which revealed the similar nature of the N2 adsorption
isotherm (Fig. S51, ESI†) to that of 12a. Further, SEM images
of the recovered MOF showed no alteration in the surface mor-
phology with a uniform distribution of elements (Fig. 6c).
These observations mutually confirm that the structural
integrity, crystallinity and phase purity of the microporous
architecture are well maintained after multicyclic Friedel–
Crafts alkylation.

With knowledge of the optimum reaction conditions, we
subsequently strove to figure out the impact of the strategic
design of the present framework in Friedel–Crafts alkylation.
As described in entry 15 of Table 1, no reaction ensues in the
absence of 12a, whereas very low conversion occurred in the
presence of a tripodal carboxylate ligand (Table 1, entry 13)
due to the lack of potential active sites. While Cd(NO3)2·4H2O
as a catalyst showed only moderate conversion to the product
over a period of 24 h (Table 1, entry 10), the use of a functiona-

Fig. 4 (a) Effect of solvent and temperature on conversion (%) of HBD reaction. (b) Kinetic study of the model reaction using various concentrations
of the catalyst (12a) in toluene.
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lized linker afforded 65% conversion under identical con-
ditions (Table 1, entry 11). Unsurprisingly, this reduction in
the catalytic activity of L in comparison to 12a is attributed to
the self-quenching of the free N–H bonds through di/oligomer-
ization as a means of generating non-constructive self-
assembly.61,65,66 To support this verdict more explicitly, and to
investigate how functional-group-assisted pore-environment
modulation can substantially mitigate HBD catalysis via alle-
viating unfavourable self-aggregation of the urea-based linker,
a control experiment with a urea-linker-free MOF is a worthy
alternative.27,28 In fact, such a study should be also beneficial
as this dual-functionalized framework contains both frustrated
Cd(II) centres and a urea-moiety as interaction sites, where a
convincing conclusion on an exact active site can be drawn
from direct comparison of activity between the MOFs with
identical structure and topology, differing in the nature of
functionalization. Though reports of well-known systems (MIL
or UiO) are available in the literature (Table S4, ESI†), such an
approach is still cumbersome with new systems because of the
unfavourable binding between additional functionality and
transition metal ions.8,61 Fortunately, one of our previous
systems, CSMCRI-9 has an identical 2-fold interpenetrated
bilayer-pillar framework and (3,8)-connected 2-nodal 3D
network (Fig. S2, ESI†).45 Similar to CSMCRI-12, this robust
MOF is also composed of a TCA3− ligand, and aqua molecule
bound [Cd3(COO)6] SBUs, except for the fact that the pyridyl
linker lacks a urea-moiety. A control experiment with higher
loading (12 mol%) of this new catalyst (9a) provided only 34%
conversion to the product under a prolonged reaction time
(Table 1, entry 16). This observation undoubtedly signifies that
the noteworthy catalytic efficacy in dual-functionalized 12a
arises mainly from the presence of urea groups as two-point
hydrogen-bonding donor moieties. Moreover, substrate vari-
ation studies also reflected this corroboration (vide infra).
Nevertheless, the observed catalytic activity of framework 9a
arises due to Lewis acidity around the central metal ions in the
SBU, which is not unprecedented and is in compliance with
prior reports.23,45,64 These results collectively endorse that
engineering of the well-organized, porous 3D architecture of
CSMCRI-12 with a urea-unit is highly beneficial as it prevents
catalytically detrimental self-association of active sites via a
spatially controlled arrangement, and “turns-on” the perform-
ance of the hydrogen-bonding motif. To the best of our knowl-
edge, such a systematic study focussing on the exact active site
in HBD catalysis using a dual-functionalized MOF has hitherto
been unexplored, and promises the opening up of a new
avenue to tailor-made engineering of task-specific functional-
ities for advanced attributes at the interface of structure–prop-
erty synergies.

Substrate variation and size-selectivity in HBD catalysis

The generosity of C–C bond formation reaction with various
substrates was targeted under optimized conditions to under-
stand the functional group tolerance in targeted transform-
ation. The conversion (%) was confirmed by the method
described in the Experimental section (vide infra) and observed

catalytic data are provided in Table 1. At the outset, the effect
on β-nitrostyrene was studied by varying substituents at
different positions. A maximum conversion of 100% was wit-
nessed upon the inclusion of a methoxy group (Table 2, entry
2) at the para position, which leaves no residual peak of
unreacted (E)-1-methoxy-4-(2-nitrovinyl)benzene (Fig. S24,
ESI†). Fortunately, we were able to grow quality single-crystals
of 3-(1-(4-methoxyphenyl)-2-nitroethyl)-1H-indole (Table 2,
entry 2), and SCXRD analysis furnished the crystal structure of
the product (Fig. 8). While substitution of the methyl group
(Table 2, entry 3) somewhat reduced the conversion to 56%
(Fig. S25, ESI†), chloro substitution provided a satisfactory
transformation with a decent yield (Table 2, entries 4 and 5).
These variations can be ascribed to diverse electronic effects of
substituents on the aromatic ring of β-nitrostyrene, wherein
inclusion of an electron-withdrawing group increases the elec-
trophilicity at the attacking centre, while incorporation of a
–CH3 group reduces the same through electron donation and
causes lower conversion.23,41

Likewise, substituents on the nucleophile were varied to
understand the impact on the C-3 centre of the indole moiety.
The results revealed considerable alteration from the catalytic
efficacy of 12a. For example, electron-rich 7-methyl-indole
(Table 2, entry 6) assists activation of the indole ring toward
nucleophilic attack, resulting in 100% conversion to the
respective product. In contrast, electron-withdrawing groups
containing 6-chloro-indole (Table 2, entry 7) or 5-bromo-indole
(Table 2, entry 8) furnished 52% and 58% yields of the pro-
ducts, respectively. A drastic reduction in yield for 5-nitro-
indole (Table 2, entry 10) further confirms this point. In par-
ticular, N-alkylated indole gave a dramatically decreased yield
(Table 2, entry 12) compared to that of free indole, as also
observed previously.23 Surprisingly, 7-(benzyloxy)-1H-indole
(Table 2, entry 11) produced only 19% conversion based on
NMR data (Fig. S33, ESI†). This phenomenon points to the fact
that this particular indole derivative may have difficulty in
diffusing through the relatively narrow pore aperture in the
interpenetrated framework to interact with the H-bonding
sites of the MOF.

A pore-size distribution (PSD) plot using NLDFT (inset of
Fig. 2c) shows the micropores of 12a are centred around
1.022 nm. Given that the model substrate (Fig. 5b) has mole-
cular dimensions of 2.84 × 4.47 Å2, it can quickly diffuse
inside the cavity to form the desired product. However, the
reaction of bulkier 7-benzyloxyindole, with molecular dimen-
sions of 11.36 × 4.47 Å2 (Fig. 5c), might occur over the catalyst
surface, resulting in lower conversion to the product. To expli-
citly prove this hypothesis, we did an additional controlled
experiment, wherein recovered 12a was used as it was for the
model reaction without any proper washing. The 1H NMR
(Fig. S49, ESI†) showed only 28% conversion that can be attrib-
uted to the non-availability of adequate H-bonding sites for
the HBD reaction.67,68 In contrast, thorough washing of the
same material followed by the usual activation furnished the
expected conversion (99%) in the subsequent cycle (Fig. 7b) as
a result of the regeneration of the porous structure, which
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Table 2 Substrate scope in the Friedel–Crafts alkylation reaction with various β-nitrostyrenes and indoles

Entry β-Nitrostyrene Indole Product Conversiona Yieldb TOFc (h−1)

1. 100% 96% 53

2. 100% 97% 53

3. 56% 52% 29

4. 87% 84% 46

5. 81% 77% 42

6. 100% 94% 52

7. 57% 52% 29

8. 65% 58% 32

9. No product — —

10. 10% — —

11. 19% — —

12. 5% — —

aDetermined by 1H NMR spectroscopy (refer to ESI†). b Isolated yield after purification of the products. cNumber of moles of product per mole of
the catalyst per hour.
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Fig. 5 Optimised structures of (a) β-nitrostyrene, (b) indole, and (c) 7-(benzyloxy)-1H-indole with their molecular dimensions (considering atom-to-
atom connection).

Fig. 6 (a) Multicyclic catalytic performance of 12a. (b) Intact XPS spectra before and after catalysis. (c) Elemental mapping (SEM-EDX) showing the
uniform distribution of elements (mixed elements Cd, O, N, C) in the selected area of the material after catalysis.
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allows the reaction to take place inside the MOF channel.
These experimental outcomes clearly support the optimal
pore-aperture in 12a aiding pore-fitting-induced catalysis, and
exemplifies the second-ever size-selective Friedel–Crafts alkyl-
ation through the HBD reaction in MOFs.23

Mechanistic validation of H-bonding driven Friedel–Crafts
alkylation

Building on the knowledge that Friedel–Crafts alkylation in
this MOF occurs inside the urea-moiety engineered pores, we

Fig. 7 (a) Change in the luminescence intensity of 12a upon gradual addition of β-nitrostyrene. (b) Conversion (%) to the product without and with
proper activation of the catalyst.

Fig. 8 Plausible H-bonding-mediated reaction mechanism for the Friedel–Crafts alkylation of indole with β-nitrostyrene by 12a (a partial view of
the framework is presented for clarity).
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subsequently strove to find a tentative mechanism from experi-
mental observations and previous reports in the literature
(Table S4, ESI†). Fig. 8 details the route to HBD catalysis,
wherein a part of the framework containing the urea function-
ality is considered for clarity. The cyclic hydrogen-bonded
motif between the urea-group of the framework and the
β-nitrostyrene molecule (step-1) leads to electron deficiency at
the CvC position that consecutively enhances the electrophi-
lic character of the carbon atom to facilitate attack from the
C-3 position of the indole.26,69,70

Fluorescence spectroscopy was used as a measure to
support41 the interaction of β-nitrostyrene with functional
organic sites in 12a. 2 mg of finely grounded MOF powder was
well-dispersed (in 2 mL of toluene) in a cuvette, and freshly
prepared β-nitrostyrene solution (1 mM in toluene) was incre-
mentally added under stirring. As displayed in Fig. 7a, a sig-
nificant decrease in the luminescence intensity of the MOF is
evidenced, signifying host–guest interactions.45,46 Nevertheless,
a similar addition of indole did not greatly influence the spec-
tral intensity of MOF (Fig. S48, ESI†).41 In a separate experi-
ment, 5-fluoro-1H-indole-2-carboxylic acid (Table 2, entry 9)
did not afford any product with the nucleophile under opti-
mised reaction conditions. This phenomenon is ascribed to
the strong interaction between the carboxylic acid group in the
substrate and the urea-moiety, which leaves no place for the
–NO2 group to interact, and alternatively confirms the two-
point H-bonding in HBD catalysis. Both these investigations
clearly support the interaction between the –NO2 group of
β-nitrostyrene and the H-bonding sites in the framework. In
step-2, indole attacks the α-carbon atom of β-nitrostyrene
through its C-3 carbon centre to provide the expected product
through delocalization of electron density (step-3), and finally
releases the MOF catalyst for participation in the next cycle
(step-4).

Conclusions

In conclusion, we have demonstrated the construction of a
rare (3,8)-connected 2-nodal 3D network CSMCRI-12, from an
astute combination of a C3-symmetric tricarboxylate ligand, a
functionalized N,N-donor linker and a [Cd3(COO)6] cluster
containing secondary building units (SBUs). The microporous
metal–organic framework (MOF) upholds a number of
impressive structural attributes, including (i) the two-fold-
interpenetration-mediated formation of suitably sized pores,
allowing the entrance of guests with an appropriate molecular
dimension, (ii) the provision of activation-induced generation
of coordination-frustrated Cd(II) ions along the pore-wall in the
SBUs, and (iii) free –NH groups of the urea-moiety in the pillar-
ing strut as active hydrogen-bonding sites for substrate mole-
cules. The guest-free structure (12a) reveals effective Friedel–
Crafts alkylation of indole with β-nitrostyrene under relatively
mild conditions with broad substrate scope, including a
variety of substituted indoles and nitro-alkenes, wherein
single-crystal X-ray diffraction analysis is used for the first time

as a characterization tool for the product. Remarkably, 12a dis-
plays multicyclic usability towards the C–C coupling reaction
with low catalyst loading and no leaching, signifying the
potential of the catalyst system for long-term usage. For the
best Friedel–Crafts alkylation, sterically encumbered substrates
with an incompatible molecular dimension to that of two-fold-
interpenetration-generated pores reveal poor conversion and
corroborate pore-fitting-induced size-selectivity. Since this
dual-functionalized MOF contains both unsaturated Cd(II)
centres and a urea-moiety as active interaction sites, a series of
controlled experiments were employed to confirm the exact
mechanistic route to catalysis, including consideration of
an isostructural framework without a urea-moiety, change in
emission intensity of the framework in the presence of both
an electrophile and a nucleophile, and a judicious choice of
substrate molecules. The results unequivocally validate hydro-
gen-bond donating (HBD) catalysis through two-point
H-bonding interaction of free –NH groups from a urea-engin-
eered MOF with the nitro group of an electrophile, and simul-
taneously excludes any major role for the open metal site at
the SBU. This report not only exemplifies how functional-
group-assisted pore-environment modulation in the MOF can
mitigate unfavourable self-aggregation-induced quenching and
recyclability issues in homogeneous HBD catalysis through
uniform spatial regulation of the responsive H-bonding
centres, but also sheds light on the tremendous potential of
optimised pores in these crystalline hybrids for size-exclusive
reactions.

Experimental section
Synthesis of ligands

Synthetic details of the ligand and linker are provided in the
ESI.† 71

Synthesis of CSMCRI-12

A mixture of Cd(NO3)2·4H2O (30 mg, 0.1 mmol), linker (L)
(21.4 mg, 0.1 mmol) and H3TCA (19 mg, 0.05 mmol) was dis-
solved in a mixed solvent system (N,N-dimethylacetamide :
water = 4 mL : 2 mL) in a 15 mL glass vial. The mixture was
homogenised under ultrasonic treatment for 15 min, followed
by heating at 85 °C for 4 days, and then slowly cooled down to
room temperature. Shiny, colourless, and rectangular block-
shaped X-ray quality crystals were obtained, which were then
filtered, thoroughly washed with fresh DMA and air dried
(yield: 75%). Anal. Calcd for [Cd3(TCA)2L(H2O)]·2DMA·10H2O:
Calculated: C, 43.39; H, 4.42; N, 6.64; Found: C, 44.15, H, 5.39;
N, 5.94.

General procedure for HBD catalysis

β-Nitrostyrene (15 mg, 0.1 mmol), indole (14 mg, 0.12 mmol),
and 10 mol% catalyst were mixed in 5 mL round-bottom screw
cap vials. To these, 500 μL of toluene was added and the reac-
tion mixture was stirred at 60 °C for varying times as per
Table 1. After the reaction mixture had cooled to room temp-
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erature, the catalyst was centrifuged and separated. The
solvent was evaporated under a vacuum to get the final
product. The product was analysed by 1H NMR (CDCl3).
Selected products were purified using a 25% ethyl acetate/
hexane mixture and reported as isolated yield.
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