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ABSTRACT: Strain-promoted “click” chemistry is used
to post-synthetically modify the pore walls of azide-
functionalized mesoporous bio-MOF-100 (N3-bio-MOF-
100). The reactions proceed in high yield and produce no
byproduct. This new method was used to introduce
various functional groups into the MOF mesopores,
including succinimidyl ester bioconjugation moieties that
allow for straightforward coupling of biomolecules to the
pore walls.

Microporous metal−organic frameworks (MOFs) have
emerged as potential centerpiece materials for various

applications in fields ranging from energy to medicine.1 Their
signature attributes include permanent porosity, periodicity,
and structural diversity. Moreover, their pores can be decorated
with functional groups or small molecules via the use of
functionalized linkers or post-synthetic framework modification
(PSM).2 Ultimately, however, their pore diameter (≤2 nm) will
limit the size and complexity of molecules that can be
incorporated into the framework.
Mesoporous MOFs3 having continuous mesoporous chan-

nels can serve as periodic scaffolds for organizing large and
complex molecules, thus enabling the creation of periodic
porous materials with unprecedented levels of pore complex-
ity.4 The straightforward introduction of increasing levels of
functional diversity and complexity into MOF mesopore
environments, beyond that which is currently possible for
microporous MOFs, will lead to a step change in the overall
application scope of MOF materials.
Facile incorporation of diverse molecular complexity into

mesopore environments requires post-synthetic pore modifica-
tion strategies. An ideal strategy would enable covalent pore
modification with a variety of species ranging from simple
organic molecules and catalysts to nanoparticles and complex
biomolecules. Moreover, the synthetic approach should (1) be
highly efficient under mild conditions; (2) be “clean”, in that it
should not yield byproduct or require input of additional
reagents or catalysts; (3) not impact the structural integrity of
the scaffold MOF; and (4) be orthogonal to a wide range of
possible functional groups that one might choose to introduce.
To our knowledge, no reported MOF PSM strategy meets all of
these criteria. In fact, the most common methods either require
catalysts (e.g., Cu+ for the Huisgen cycloaddition),5 produce
byproduct (e.g., H2O or HCl),6 or require the removal of
protecting groups to unmask the desired functional moieties;7

in some cases, these reagents and byproducts can cause

degradation of the scaffold MOF. It should be noted that
Diels−Alder-based PSM8 reactions have been reported and
these important and useful strategies yield either no byproduct
or simply N2 gas. In some cases, however, these reactions
require either a large excess of reagent (dienophile8b), long
reaction times (two8a or seven8b days), or elevated temper-
atures.8

To find a PSM method that addresses all of the criteria
outlined above, we examined the bioorthogonal chemistry
literature.9 From our search, we identified strain-promoted
“click” chemistry reactions based on cyclooctyne derivatives
that (1) proceed efficiently under mild conditions; (2) require
no Cu+ catalyst; and (3) yield no byproduct.10 Based on the
success of these reactions in the innocent modification of
biological systems, we reasoned that they could serve as ideal
platform reactions for a new universal pore modification
strategy. Such a strategy should allow for the straightforward
introduction of diverse molecules and functional groups into
MOF pores. Further, we note that the size of typical
cyclooctyne derivatives would make this strategy most useful
for mesopore PSM.
We chose azide-modified mesoporous bio-MOF-100 (Figure

1A) as the scaffold MOF for this study. Bio-MOF-10011 is a
permanently mesoporous material consisting of metal-adenin-
ate tetrahedral building blocks connected together through
biphenyldicarboxylate linkers into an open augmented lcs
network.12 Large interconnected channels run along [110],
[101], and [011], which allow for the unimpeded diffusion of
large molecules. To prepare the azide-modified version of bio-
MOF-100 (N3-bio-MOF-100), we replaced biphenyldicarbox-
ylic acid in our synthesis with 2-azidobiphenyldicarboxylic
acid.13 Powder X-ray diffraction (PXRD) was used to confirm
that the product material was isostructural to bio-MOF-100
(Figure 1B) and elemental analysis (Supporting Information)
of a dried product sample was used to determine the
composition: Zn8(Ad)4(N3-BPDC)6O2·2(Me2NH2)·6.25-
(CH2Cl2) (Ad = adeninate; N3-BPDC = 2-azidobiphenyldi-
carboxylate). Since three N3-BPDC linkers connect neighbor-
ing zinc−adeninate building units together, the mesopores of
the structure are densely decorated with azide groups (Figures
1A and S2), an aspect that should allow for dense coverage of
desired functional molecules after PSM.
We next prepared methyl 4-(11,12-didehydrodibenzo[b,f ]-

azocin-5(6H)-yl)-4-oxobutanoate (1) and N-dodecanoyl-5,6-
dihydro-11,12-didehydrodibenzo[b,f ]azocine (2), using a
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modified synthetic pathway,14 for our initial proof-of-principle
PSM studies (Figure 1C). We thoroughly washed a MOF
sample with dimethylformamide followed by dichloromethane
(DCM) and then stored the sample in DCM prior to reaction.
A solution containing 1 equivalent (i.e., 1 alkyne per every 1
azide in MOF sample) of either 1 or 2 in DCM was added to
separate vials containing samples of solid DCM-exchanged N3-
bio-MOF-100, and these mixtures were allowed to stand
overnight at room temperature. The following day, the
supernatants were removed and the MOF crystals were
thoroughly washed with DCM to remove any unreacted 1 or 2.
Light microscopy images (Figures 2A and S18−S20) provide

visual proof that the modified bio-MOF-100 crystals remain
intact throughout the PSM reaction, and PXRD patterns of the
product materials indicate retention of crystallinity (Figure 2B).
Fourier-transform infrared (FTIR) spectroscopy (Figure 2C)
revealed that the strain-promoted “click” PSM procedure, in
both cases, was nearly quantitative because the azide stretch
(2116 cm−1) present for the reactant MOF was nearly absent in
the product MOF. Comparison of the thermogravimetric
analysis data for N3-bio-MOF-100 to those for both 1-bio-
MOF-100 and 2-bio-MOF-100 reveals a significant decrease in
the amount of included solvent (Figure S8). To further study
the yield of the PSM reaction, we dissolved the product MOFs
in dilute HCl/acetonitrile and analyzed the resulting solution

using liquid chromatography coupled with mass spectrometry
(LCMS). For both samples, the negative mode total ion current
plots obtained from this analysis show peaks for the “click”-
modified biphenyldicarboxylic acid molecules (Figures 2D and
S7); the peak associated with 2-azidobiphenyldicarboxylic acid
(m/z = 282) was nearly absent in both samples. Finally, we
compared the efficiency of this new strain-promoted “click”
PSM methodology to the established Cu-catalyzed “click” PSM
methods.5d−f In short, a sample of N3-bio-MOF-100 was
reacted with 2 equivalents of 1-hexyne (i.e., 2 hexynes per every
1 azide in MOF sample) in the presence of CuI catalyst. An
FTIR spectrum of the product revealed a significant azide
stretch (Figure S9). Therefore, we next performed the Cu-
catalyzed reaction with 50 equivalents of 1-hexyne; in this case,
FTIR confirmed complete consumption of the azide (Figure
S9), which is in agreement with previous PSM studies.5f The
Cu-catalyzed approach requires a large excess of alkyne to
achieve levels of conversion that are comparable to those
achieved via the strain-mediated approach, which only requires
1 equivalent of alkyne.
To summarize, these proof-of-principle studies demonstrate

that strain-promoted “click” reactions in mesoporous N3-bio-
MOF-100 samples proceed nearly quantitatively under ambient
conditions and do not impact the structural integrity of the
MOF. These reactions proceed more efficiently than their Cu-
catalyzed counterparts and they also have the added benefit of
being free of byproduct (e.g., Cu+, H2O, or HCl, for example).
It is important to realize that 1, with its ester functionality, can
easily be modified with other molecules and functional groups;
therefore, 1 is an ideal platform molecule for this straightfor-
ward PSM methodology. In addition, we note that a variety of
other strained alkynes are commercially available, which should
allow for the broad application of this strategy.

Figure 1. (A) Perspective view of an azide-decorated channel in N3-
bio-MOF-100. This image was generated from the single-crystal X-ray
diffraction data for bio-MOF-100; Zn2+, dark blue tetrahedra; O, dark
red spheres; N, light blue spheres; C, dark gray spheres; H atoms
omitted for clarity. (B) PXRD pattern for bio-MOF-100 (black) and
N3-bio-MOF-100 (dark red). (C) Synthetic scheme for the strain-
promoted “click” modification of N3-bio-MOF-100 with 1 and 2.

Figure 2. (A) Light microscopy images of reactant N3-bio-MOF-100
(i) and products 1-bio-MOF-100 (ii) and 2-bio-MOF-100 (iii). (B)
PXRD patterns of reactant N3-bio-MOF-100 and products 1-bio-
MOF-100, and 2-bio-MOF-100. (C) FTIR spectra showing the
absence of an N3 stretch for bio-MOF-100, the strong N3 stretch for
reactant N3-bio-MOF-100, and the comparatively weak N3 stretches
for products 1-bio-MOF-100 and 2-bio-MOF-100. (D) LCMS
negative-mode total ion current plots for dissolved reactant N3-bio-
MOF-100 and product 1-bio-MOF-100. For all data: bio-MOF-100,
black; N3-bio-MOF-100, dark red; 1-bio-MOF-100, blue; and 2-bio-
MOF-100, green.
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To exploit the versatility of 1 and to explore the scope of this
PSM methodology, we prepared 3, a succinimide-modified
version of 1 that is ideal for coupling to primary amines, such as
those at the N-terminus of peptides. Reaction of 3 with N3-bio-
MOF-100 yields the succinimide-decorated product MOF.
Soaking this MOF in a solution of di-L-phenylalanine, a bulky
dipeptide, yields Phe2-bio-MOF-100 with di-L-phenylalanine
peptides anchored to its channel walls (Figure 3; section 8 of

Supporting Information). In principle, this straightforward
bioconjugation strategy could be used to tether other peptides,
proteins (including enzymes), or aminated nucleic acids and
biomolecules, polymers, dyes, and nanoparticles to the internal
surface of a mesoporous MOF.
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Figure 3. Scheme for the strain-promoted “click” introduction of
succinimidyl ester groups into bio-MOF-100 and the subsequent
bioconjugation of the Phe2 peptide.
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