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SUMMARY:

Here, we present a protocol for active site validation of metal-organic framework catalysts by
comparing stoichiometric and catalytic carbonyl-ene reactions to find out whether a reaction
takes place on the inner or outer surface of metal-organic frameworks.

ABSTRACT:

Substrate size discrimination by the pore size and homogeneity of the chiral environment at the
reaction sites are important issues in the validation of the reaction site in metal-organic
framework (MOF)—based catalysts in an enantioselective catalytic reaction system. Therefore, a
method of validating the reaction site of MOF-based catalysts is necessary to investigate this
issue. Substrate size discrimination by pore size was accomplished by comparing the substrate
size versus the reaction rate in two different types of carbonyl-ene reactions with two kinds of
MOFs. The MOF catalysts were used to compare the performance of the two reaction types (Zn-
mediated stoichiometric and Ti-catalyzed carbonyl-ene reactions) in two different media. Using
the proposed method, it was observed that the entire MOF crystal participated in the reaction,
and the interior of the crystal pore played an important role in exerting chiral control when the
reaction was stoichiometric. Homogeneity of the chiral environment of MOF catalysts was
established by the size control method for a particle used in the Zn-mediated stoichiometric
reaction system. The protocol proposed for the catalytic reaction revealed that the reaction
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mainly occurred on the catalyst surface regardless of the substrate size, which reveals the actual
reaction sites in MOF-based heterogeneous catalysts. This method for reaction site validation of
MOF catalysts suggests various considerations for developing heterogeneous enantioselective
MOF catalysts.

INTRODUCTION:

MOFs are considered a useful heterogeneous catalyst for chemical reactions. There are many
different reported uses of MOFs for enantioselective catalysis™*°. Still, it has yet to be determined
whether the reactions take place on the inner or outer surface of the MOFs. Recent studies have
raised questions concerning the utilization of the available surface and reduced diffusion?%-23, A
more striking issue is that the chiral environment varies with the location of each cavity in the
MOF crystal. This heterogeneity of the chiral environment implies that the stereoselectivity of
the reaction product depends on the reaction site?*. Thus, designing an efficient enantioselective
catalyst requires identification of the location where the reaction would take place. To do so, it
is necessary to ensure that the reaction occurs either only on the inner surface or only on the
outer surface of the MOF while leaving the interior intact. The porous structure of MOFs and
their large surface area containing chiral environment active sites can be exploited for
enantioselective catalysis. For this reason, MOFs are excellent replacements of solid-supported
heterogeneous catalysts?>. The use of MOFs as heterogeneous catalysts needs to be reconsidered
if the reaction does not occur inside them. The location of the reaction site is important, as well
as the size of the cavity. In porous materials, the size of the cavity determines the substrate based
on its size. There are some reports of MOF-based catalysts that overlook the cavity size issue?>.
Many MOF-based catalysts introduce bulky catalytic species (e.g., Ti(O-iPr)s) to the original
framework structure®®13, There is a change in the cavity size when bulky catalytic species are
adopted in the original framework structure. The reduced cavity size caused by the bulky catalytic
species makes it impossible for the substrate to fully diffuse into the MOFs. Thus, discrimination
of substrate size by the cavity size of the MOFs needs to be considered for these cases. The
catalytic reactions by MOFs often make it difficult to support evidence of reactions taking place
inside the MOF cavity. Some studies have shown that substrates larger than the MOF cavities are
converted to the expected products with ease, which seems contradictory®*3. These results can
be interpreted as a contact between the functional group of the substrate and catalytic site
initiating the catalytic reaction. In this case, there is no need for the substrate to diffuse into the
MOFs; the reaction occurs on the surface of the MOF crystals?® and the cavity size is not directly
involved in the discrimination of the substrate based on its size.

To identify the reaction sites of MOFs, a known Lewis-acid promoted carbonyl-ene reaction was
selected?. Using 3-methylgeranial and its congeners as substrates, four types of enantioselective
carbonyl-ene reactions (Figure 1) were studied?’. The reactions, which have been previously
reported, were classified into two classes: a stoichiometric reaction using a Zn reagent and
catalytic reactions using a Ti reagent?’. The reaction of the smallest substrate requires a
stoichiometric amount of Zn/KUMOF-1 (KUMOF = Korea University Metal-Organic Framework);
it has been reported that this reaction takes place inside of the crystal?’. Two kinds of MOFs were
used in this method, Zn/KUMOF-1 for the stoichiometric reaction and Ti/KUMOF-1 for the
catalytic reaction. Owing to the distinct reaction mechanisms of these two kinds of MOFs, a
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comparison between the reaction rate versus substrate size is possible??32°, The effect of particle
size on the carbonyl-ene reaction with Zn/KUMOF-1?” demonstrated that, as seen in the previous
report, the chiral environment of the outer surface was different from the inner side of the MOF
crystal?4. This article demonstrates a method that determines the reaction sites by comparing
the reactions of three kinds of substrates with two classes of catalysts and the effect of particle
size as reported in the previous paper?’.

PROTOCOL:

1. Preparation of (S)-KUMOF-1 crystals in three sizes

NOTE: Each step follows the experimental section and supplementary information of previous
reports??4?7_ Three different sizes of (S)-KUMOF-1 were prepared: large (S)-KUMOF-1-(L),
medium (S)-KUMOF-1-(M), and small (S)-KUMOF-1-(S) with particle sizes >100 um, >20 um, and
<1 um, respectively. When out of the solvent, (S)-KUMOF-1 dismantles. Therefore, the crystals
should always be kept wet while in use.

1.1. Synthesis of small size (S)-KUMOF-1-(S)

1.1.1. In a 10 mL cell, dissolve Cu(NO3)2:3H20 (0.2 mg, 0.0008 mmol) and (S)-2,2'-dihydroxy-
6,6'-dimethyl-[1,1'-biphenyl]-4,4'-dicarboxylic acid? (0.24 mg, 0.0008 mmol) in 4 mL of
DEF/MeOH (DEF = N,N-diethylformamide, 1/1, v/v).

NOTE: It is best to use newly prepared DEF and MeOH (methanol). (S) in (S)-KUMOF-1 means that
the stereochemical configuration of the ligand used in KUMOF synthesis is S.

1.1.2. Cap the reaction cell with a PTFE (polytetrafluoroethylene) cap and place it into a
microwave reactor (65 °C, 100 psi, 50 W, 20 min).

NOTE: To obtain the required number of crystals, repeat the above steps (1.1.1. and 1.1.2.)
several times.

1.1.3. Whisk gently with a small spatula to float the obtained blue cubic crystals (45% vyield).
1.1.4. Pour the floating crystals on filter paper, and wash 3x with 3 mL of hot DEF.

1.1.5. Exchange the solvent 3x with 3 mL of anhydrous dichloromethane (DCM) for storage.
NOTE: Every step requiring DCM in the protocol is DCM distilled over CaH,.

1.2. Synthesis of medium size (S)-KUMOF-1-(M)

1.2.1. Dissolve Cu(NOsz)2:3H,0 (7.2 mg, 0.030 mmol) in 1.5 mL of MeOH and (S)-2,2'-dihydroxy-
6,6'-dimethyl-[1,1'-biphenyl]-4,4'-dicarboxylic acid (9 mg, 0.030 mmol) in 1.5 mL of DEF.
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NOTE: The compounds and solvents mentioned are for one vial set. Scaling up is needed to obtain
the required number of MOFs for catalytic use. Multiply the scales in this step and make stock
solutions for each compound. Then subdivide the stock solutions into each vial.

1.2.2. Combine the two solutions in a 4 mL vial.

1.2.3. Cover the 4 mL vial with PTFE tape and punch the cover with a needle to make a hole.

1.2.4. Put this small vial into a 20 mL vial and add 1.0 mL of N,N-dimethylaniline into the space
between the small and large vials.

1.2.5. Cap the large vial tightly and place in an oven at 65 °C for 1 day.
1.2.6. Whisk gently with a small spatula to float the obtained blue cubic crystals.
1.2.7. Pour the floating crystals on a filter paper and wash 3x with DEF/MeOH (3 mL/3 mL).

NOTE: After pouring the floating crystals, tilt the vial above the filter paper. Then eject the solvent
with a syringe to wash down every crystal remaining in the vial.

1.2.8. Exchange the solvent 3x with 3 mL of anhydrous DCM for storage.
1.3. Synthesis of large size (S)-KUMOF-1-(L)
1.3.1. Use the same procedure as in section 1.2, except at step 1.2.3, leave the 4 mL vial open.

NOTE: The yield of the obtained crystal is based on the ligand used. The yield for the medium and
large size (S)-KUMOF-1 were almost the same (35% yield) after final washing.

2. Preparation of Zn/(S)-KUMOF-1 in three sizes

NOTE: Each step follows the experimental section and supplementary information of previous
reports?2427,

2.1. Add dimethylzinc (0.68 mL, 1.2 M in toluene, 0.81 mmol) to a suspension of (S)-KUMOF-1
(102 mg, 0.27 mmol) in 2 mL of DCM at -78 °C and shake 3 h at this temperature.

CAUTION: All steps at -78 °C are done with a cryogenic cooling bath (dry ice with acetone). Always
be careful when handling this equipment.

NOTE: All shaking procedures are done using a plate shaker (180 rpm).
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2.2. Decant the supernatant and wash with 3 mL cold DCM several times for complete removal
of unreacted dimethylzinc.

NOTE: Three sizes of Zn/KUMOF-1 are required for the carbonyl-ene reaction. Follow the same
steps as described for the three sizes of KUMOF-1. The number of catalytic sites is calculated
assuming that one catalytic site is present in a Cu and a ligand pair. For this reason, the Zn/Cu
and Ti/Cu ratios of the prepared crystals were determined as in the previous report using
inductive coupled plasma atomic emission spectroscopy (ICP-AES)?’. The amounts of Zn and Ti
reagents used in this protocol were the same as those used in our previous study?’.

3. Preparation of Ti/(S)-KUMOF-1 in three sizes

NOTE: Each step follows the experimental section and supplementary information of previous
reports>2427,

3.1. Add Ti(O-iPr)a (59 pL, 0.20 mmol) to a suspension of (S)-KUMOF-1 (24 mg, 0.063 mmol) in 2
mL of DCM and shake for 5 h at room temperature.

3.2. Decant the supernatant and wash with 3 mL of cold DCM several times for the complete
removal of residual Ti(O-iPr)a.

4. Carbonyl-ene reaction using the prepared MOFs

NOTE: Prepare a series of substrates according to the method described in our previous report?’.
All three substrates are used individually in each carbonyl-ene reaction except for the particle
size effect determination, in which only the smallest substrate (1a) is used?’. Each step follows
the experimental section and supplementary information of previous reports>?+27,

4.1. Heterogeneous stoichiometric carbonyl-ene reaction by Zn/(S)-KUMOF-1.

4.1.1. Add the substrate solution (0.089 mmol) in 0.1 mL of DCM to a suspension of Zn/(S)-
KUMOF-1 (102 mg, 0.27 mmol) in 2 mL of DCM at -78 °C.

4.1.2. Warm the reaction mixture slowly to 0 °C and shake for 3.5 h at this temperature.
4.1.3. Quench the reaction mixture with 3 mL of an aqueous solution of 6 N HCI.
4.1.4. Filter the resultant mixture through a diatomaceous silica pad.

4.1.5. Concentrate the filtrate in vacuo and purify the residue by flash chromatography (n-
hexane/ethyl acetate 10:1).
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NOTE: Silica gel 60 (230-400 mesh) and an appropriate n-hexane/ethyl acetate mixture as the
eluent are used for flash chromatography. The product is a pale yellow oil. Optical purity of all
products in this protocol were determined as described previously?’. The same procedure should
be followed for the three sizes of Zn/(S)-KUMOF-1.

4.2. Heterogeneous catalytic carbonyl-ene reaction by Ti/(S)-KUMOF-1.

4.2.1. Add the substrate solution (0.29 mmol) in 0.1 mL of DCM to a suspension of Ti/(S)-KUMOF-
1 (12 mg, 0.029 mmol) in DCM (2 mL) at 0 °C, and shake for 36 h at this temperature.

4.2.2. Collect the supernatant and wash the resultant crystals 3x with 3 mL of DCM.

4.2.3. Concentrate the collected supernatant in vacuo and purify the residue by flash
chromatography (n-hexane/ethyl acetate 10:1).

REPRESENTATIVE RESULTS:

The enantioselective carbonyl-ene reaction using the Zn reagent is stoichiometric because of the
difference in the binding affinities of the alkoxy and carbonyl groups to the metal (Figure 2). For
this reason, the substrates were converted into the products at the reaction site and remained
there. The desired products were obtained by dismantling the crystals, as detailed in section 4 of
the protocol. The results of the heterogeneous enantioselective carbonyl-ene reaction of
substrates by Zn/(S)-KUMOF-1 (Table 1) showed that the smallest substrate (1a) could diffuse
inside the crystal and convert to the product in a high yield (92%), proving that all reaction sites
of the MOF were available. The yield and enantiomeric excess (ee) decreased as the substrate
size increased, which suggests that the larger substrates could not access the reaction sites inside
the MOF crystal. The largest substrate (1c) did not undergo the reaction in this system. It is
plausible that the reaction channel was blocked by the corresponding reaction products in this
case (Figure 3). When the size of the substrate is sufficiently small in comparison to the size of
the void, additional substrates can penetrate the crystal. If the size of substrate is too large, the
surface reaction site makes the first contact and directly blocks the entrance of the channel,
which makes it impossible for other substrates to penetrate (Animation 1). As the reaction takes
place near the surface, the ee is lower?* and the blockage of the reaction site decreases the
reaction yield.

Particle size effect results (Table 2) showed that the larger crystals were better than the small
crystals in utilizing the reaction sites inside the crystal, clearly demonstrating the identification
of the reaction site in this system. The yields in the carbonyl-ene reaction of 1a using the three
sizes of Zn/(S)-KUMOF-1 were similar, which indicates that the efficacies of the three MOFs are
identical. The optical purity dramatically decreased with the decreasing size of the crystals
because their surface area increased. In contrast, a larger sized crystal had much lower surface
area, which allowed 1a to penetrate deeply and have better access to the inner reaction sites.

Unlike the Zn-mediated system, the Ti-catalyzed system provided more information about the
events occurring at the catalytic reaction sites. The results of the heterogeneous catalytic
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carbonyl-ene reaction by Ti/(S)-KUMOF-1 (Table 3) revealed no discrimination by the substrate
size; indeed, the effect of the substrate size on the yield was marginal. The optical purity of 2a
was much lower compared to the product obtained via the Zn-mediated reaction. Most of the
product was found in the reaction solution, and the amount inside the crystal was negligible.
These results indicate that most reactions occurred on or beneath the surface and the products
were immediately removed to the solution (Figure 4) (Animation 2). The substrate that is larger
than the cavity size undergoes the reaction upon contact with the reaction site on the surface.
The product dissociates quickly from the catalytic site without penetrating the crystal.

Based on these results, the reaction sites of MOFs can either be on the outer surface or the inner
side of MOFs. However, as previously reported, the chiral environment of the reaction site varies
by its location. A reaction that is catalytic with MOFs should follow the method proposed in this
article to determine the location of the reaction site. Therefore, if the reaction is catalytic, claims
of the reaction occurring inside the channel should be reconsidered.

FIGURE AND TABLE LEGENDS:

Figure 1: Two classes of enantioselective carbonyl-ene reactions. Lewis acid Cat | and Il were
used for a homogeneous model reaction in a previous report?’. This figure has been reprinted
with permission from Han et al.?’

Figure 2: Possible mechanism of the homogeneous stoichiometric carbonyl-ene reaction.
Difference of binding affinity between the alkoxy and carbonyl group to metal makes the Zn-
mediated carbonyl-ene reaction stoichiometric. This figure has been reprinted with permission
from Han et al.?’

Figure 3: Schematic presentation of the heterogeneous stoichiometric carbonyl-ene reaction.
Pink colored molecules represent the substrates while greens indicate the products attached to
the reaction sites. (A) 1a is small enough to penetrate the crystal regardless of blockage by 2a.
(B) 1b suffers from blockage of 2b but still diffuses into the channel. (C) 1c makes first contact
with the reaction site at the surface and directly blocks the entrance of the channel by 2c, which
makes it impossible for another substrate to penetrate. This figure has been reprinted with
permission from Han et al.?’

Figure 4: Schematic presentation of the heterogeneous catalytic carbonyl-ene reaction. Pink
colored molecules represent the substrates while greens indicate the products. (A) to (D)
illustrate the steps of the reaction. Dissociation of the products from the reaction site is very fast
and penetrating the crystal is not necessary. This figure has been reprinted with permission from
Han et al.?’

Table 1: Heterogeneous stoichiometric carbonyl-ene reaction of 1. NR = no reaction, under
detection limit; NA =not applicable. This table has been reprinted with permission from Han et

al.?’

Table 2: Result of particle size effect determination. Only 1a was used for this determination.
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Entries 1-3 correspond to large, medium, and small sized particles, respectively. This table has
been reprinted with permission from Han et al.?’

Table 3: Heterogeneous catalytic carbonyl-ene reaction of 1. NA = not applicable. This table has
been reprinted with permission from Han et al.?’

Animation 1: Animated illustration of the heterogeneous stoichiometric carbonyl-ene reaction.
Animation 2: Animated illustration of the heterogeneous catalytic carbonyl-ene reaction.

DISCUSSION:

After the synthesis of (S)-KUMOF-1, crystals in some vials seem to be powdery and are not
appropriate for use in catalysis. Therefore, proper crystals of (S)-KUMOF-1 need to be selected.
The vyield of (S)-KUMOF-1 is calculated using only those vials in which it was successfully
synthesized. When withdrawn from the solvent, (S)-KUMOF-1 dismantles. Therefore, the crystals
should always be kept wet. For this reason, weighing of intact (S)-KUMOF-1 crystals dipped into
the solvent is difficult. The amount of (5)-KUMOF-1 needs to be determined before its use in
catalysis. By synthesizing (S)-KUMOF-1 on a massive scale and abandoning some crystal samples
in the vial, a statistical calculation of the yield was possible. The yield was calculated by weighing
perfectly dried samples per vial. Samples were selected randomly from the population of
synthesized (S)-KUMOF-1 averaged by the number of vials. This method gave a statistically
defined amount of (S)-KUMOF-1 in one vial. The amount of (S)-KUMOF-1 required for catalysis
was prepared by collecting the crystals in vials (e.g., the required amount of (S)-KUMOF-1 =
amount of (5)-KUMOF-1 per vial x number of vials). Subdivision of (S)-KUMOF-1 floating in the
solvent is incorrect for matching the calculated equivalents of substrates; the amount of
substrate used is calculated from the calculated amount of (S)-KUMOF-1. The crystal structure
and characteristics have been reported previously??’.

Homogeneous carbonyl-ene reactions with Zn and Ti catalysts have been performed previously
to prove that there is no discrimination by substrate size in the homogeneous reaction. At this
point, the influence of the substrate size on the reaction efficiency can be neglected as the same
as in the heterogenous reaction. The temperature required for the carbonyl-ene reaction using
Ti/(S)-KUMOF-1 is 0 °C. Owing to the smashing problems of crystals, all reactions should be
performed by shaking and not stirring. However, a low temperature shaking incubator chamber
was not available. Instead, a polystyrene foam icebox was used. A stainless steel wire test tube
rack was installed in the icebox and tightly sealed reaction vials were fixed into the rack. Water
was poured to ~1 cm height into the icebox, and ice cubes were added. The lid-covered icebox
was put on the shaker and fixed with adhesive tape. New ice cubes were added to replace the
melting ice. For the carbonyl-ene reaction using Zn/(S)-KUMOF-1, the reaction vial was kept in a
cryogenic cooling bath (dry ice with acetone) before adding the substrate to the solution. After
adding the substrate, the reaction vial was moved to the icebox described above.

Additional well-marked data for the reaction site validation of Zn/(S)-KUMOF-1 and Ti/(S)-
KUMOF-1 used in the carbonyl-ene reaction can be visualized by Two-Photon Microscopy (TPM)



350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393

measurements?’. Characterization of (S)-KUMOF-1 crystals by TPM has been previously reported.
To gauge the cavity size of newly synthesized MOFs, TPM measurements with various size of dyes
are available3°,
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entry substrate t(h) yield (%) ee (%)
1 la 3.5 92 50
2 1b 3.5 52 5

3 1c 20 NR NA
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entry catalyst yield (%) ee (%)
1 Zn/(S )-KUMOF-1-(L) 92 70
2 Zn/(S )-KUMOF-1-(M) 89 50

3 Zn/(S )-KUMOF-1-(S) 91 0


https://www.editorialmanager.com/jove/download.aspx?id=1124268&guid=cbf567f1-b6cf-4fda-a05b-cf1b6be3f5a3&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1124268&guid=cbf567f1-b6cf-4fda-a05b-cf1b6be3f5a3&scheme=1

Click here to access/download;Table;Table 3.xIsx %

product obtained from solution product obtained from MOF
entry substrate vyield (%) ee (%) yield (%) ee (%)
1 la 85 24 2.8 NA
2 1b 89 7 0.7 NA

3 1c 83 0 0.2 NA
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n-Hexane

Normiject All plastic syringe 5 mL luer tip 100/pk
Pasteur Pipette 150 mm

PTFE tape
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Synthetic Oven
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Vial (20 mL)

Vial (5 mL)
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Article, including any extensions thereto) license (a) to
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CRC License.
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4, Retention of Rights in Article. Notwithstanding
the exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE’s copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
remain with the Author.

5. Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JoVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum
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rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JoVE to take steps in the Author(s) name and on their behalf
if JoOVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. JoVE Discretion. If the Author requests the
assistance of JoVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JOVE may, in its sole
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accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JOVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
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sterilization, lack of cleanliness or by contamination due to
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the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE’s attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JoVE, its
employees, agents or independent contractors.
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Editorial comments:

Q1. (General) Please take this opportunity to thoroughly proofread the manuscript to ensure that there
are no spelling or grammar issues.

Al. Thank you for suggestion. We have carefully proofread the whole manuscript with all authors and
professional editing service. We do not highlight general changes including grammar issues and
rephrasing for better understandings.

Q2. Please define all abbreviations before use, e.g., KUMOF, PTFE.

A2. We have inserted full define for all abbreviations in the revised manuscript such as KUMOF = Korea
University Metal-Organic Framework, PTFE (polytetrafluoroethylene), ICP-AES (Inductive Coupled
Plasma Atomic Emission Spectroscopy), hexane/ethyl acetate, and Two-Photon Microscopy (TPM).

Q3. (Summary) Please rephrase the Summary to clearly describe the protocol and its applications in
complete sentences between 10 and 50 words, e.g., “Here, we present a protocol to ...”

A3. We have modified Summary section according to Editorial comment.

(Original) Prejudice with enantioselective catalytic reaction using MOF catalysts; size discrimination of
substrate and homogeneity of the chiral environment of reaction sites was able to be broken by using
two different chiral MOF catalysts in two different reaction system (stoichiometric and catalytic carbonyl-
ene reaction).

(Revised version) Comparison for substrate size vs reaction rate and particle size effect in the carbonyl-
ene reaction of MOF-based catalyst was studied. Here, we present a protocol for active site validation
of MOF catalyst by comparing stoichiometric and catalytic carbonyl-ene reaction whether reaction takes
place inner or outer surface of MOF.

Q4. (Protocol) For each protocol step/substep, please ensure you answer the “how” question, i.e., how
is the step performed? Alternatively, add references to published material specifying how to perform the
protocol action. If revisions cause a step to have more than 2-3 actions and 4 sentences per step,
please split into separate steps or substeps.

A4. We have revised “Protocol” section to answer “how” question, and divided to single sentence for
each step/substep.

Q5. (Specific Protocol steps) 1.1.2 Note: Do you mean steps 1.1.1 and 1.1.2? What is the usual yield
for each prep? 2.1, 3.1, 4.1.2, 4.2.1: How fast do you shake (e.g., in rpm) during these steps?

A5. We have modified 1.1.2 Note, and mentioned for detail information such as yields and rpm.

Q6. (Figures) Please obtain explicit copyright permission to reuse any figures from a previous
publication. Explicit permission can be expressed in the form of a letter from the editor or a link to the
editorial policy that allows re-prints. Please upload this information as a .doc or .docx file to your Editorial
Manager account.

A6. We have obtained copyright permission to reuse all figures from our previous publications.
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Q7. (Reference) Please do not abbreviate journal titles.

A7. We have modified all journal names in the reference section without abbreviation.

Q8. (Table of Materials) Please ensure the Table of Materials has information on all materials and
equipment used, especially those mentioned in the Protocol.

A8. We have modified ‘Table of Materials’ to include all materaials and equipment used. For example,
information of copper nitrate is changed; Copper(ll) nitrate trihydrate, catalog # : 61194, Hexane — n-
Hexane, N,N-Diethylforamide — N,N-Diethylformamide

Reviewer #1:

The proposed work deals with the determination of the location of active sites in MOF catalysts. The
topic is interesting and the methodology deserves visualization. However, | have important remarks as
well as some minor comments concerning the paper. They are listed according to the appearance in
the text. Therefore, | recommend a major revision before publication.

We thank the referee for his/her kind comments and endorsement for publication in JOVE.

Q9. Lines 8, 9: The affiliations provided are not full.

A9. Thank you for suggestion. We have inserted city, country and ZIP code for the affiliations.

Q10. Line 34. The abstract should be modified in order to focus on the methodology. Now it is rather
oriented to the scientific part of the paper.

A10. Thank you very much for constructive comments. As Referee’s comment, our original abstract
was focused “why” this research is important, now we have modified abstract section to “why this work
is important” and “how this question is handled”.

(Original) Substrate size discrimination by the pore size and homogeneity of the chiral environment at
the reaction sites are important issues in validation of the reaction site in MOF-based catalysts in an
enantioselective catalytic reaction system. Ideas to confirm the upright perspective for these issues are
the goal of this study. Breaking stereotype in substrate size discrimination by pore size was
accomplished by comparing substrate size versus reaction rate in two different types of carbonyl-ene
reaction with two kinds of MOFs. MOF catalysts were used to compare in two different media the
performance of two reaction types (Zn-mediated stoichiometric carbonyl-ene reaction and Ti-catalyzed
carbonyl-ene reaction). It clearly demonstrates that the whole MOF crystal is working, and the inside of
crystal pore is important part for chirality controls when the reaction is stoichiometric. By controlling
the size of particle used in a desired reaction system (Zn-mediated stoichiometric reaction), novel
concept for homogeneity of chiral environment of MOF catalysts is suggested. In case of catalytic
reaction, reaction mainly occurs on the surface regardless of the substrate size, and this gives
information on actual reaction site of MOF-based heterogeneous catalysts.

(Revised version) Substrate size discrimination by the pore size and homogeneity of the chiral
environment at the reaction sites are important issues in the validation of the reaction site in MOF-based
catalysts in an enantioselective catalytic reaction system. Therefore, a method of validating the reaction
site of MOF-based catalysts is necessary to gain perspective on this issue. Substrate size discrimination
by pore size was accomplished by comparing the substrate size versus reaction rate in two different
types of carbonyl-ene reactions with two kinds of MOFs. The MOF catalysts were used to compare the
performance of the two reaction types (Zn-mediated stoichiometric and Ti-catalyzed carbonyl-ene
reactions) in two different media. By following the proposed method, it was observed that the entire



MOF crystal participated in the reaction, and the interior of the crystal pore played an important role in
exerting chiral control when the reaction was stoichiometric. Homogeneity of the chiral environment of
MOF catalysts was established by the size control method for a particle used in the Zn-mediated
stoichiometric reaction system. The protocol proposed for the catalytic reaction revealed that that
reaction mainly occurred on the catalyst surface regardless of the substrate size, which gives evidence
of the actual reaction sites in MOF-based heterogeneous catalysts. This method for reaction site
validation of MOF catalysts suggests various considerations for developing heterogeneous
enantioselective MOF catalysts.

Q11. Line 52: Several different cases reported cases -> Several different reported cases / Line 57:
product depend -> product dependent / Line 59: to make the reaction occur -> to make the reaction to
occur

A11. Thank you for kind comments. Theses contents have been corrected.

Q12. Line 59: General comment. The authors write: "reaction occur only in the inside of MOFs or only
at the surface leaving the inside intact." This is not clear. | propose to use the widely accepted for porous
materials terms inner and outer surface. In fact, the reaction could occur only at the outer surface or at
both, the inner and outer surface. This is not clear from the presented material. The remark is valid also
for the following text.

A12. Thank you very much for suggestion. We have modified the above sentence to “To resolve the
issue, it is necessary to make the reaction to occur only on the inner side of MOFs or only on the outer
surface leaving the inner intact which can specify the reaction site inner or outer surface.”. In addition,
we have revised the whole manuscript with inner and outer concept.

Q13. Line 66: Many MOF-based catalysts introduce bulky catalytic species to original framework
structure - the sentence is not clear / Line 81. The term KUMOF should be defined (most of the readers
do not know that it refers to Korea University MOF). The same is valid for (s)-KUMOF-1 / Line 101.
Diethylforamide -> Diethylformamide / Line 160. Three sizes of Zn/KUMOF-1 are needed for carbonyl-
ene reaction. The sentence is not correct. / Line 185. Warm the reaction mixture slowly to 0 °C slowly -
> Warm the reaction mixture slowly to 0 °C

A13. Thank you for kind comments. We have corrected these contents in the revised manuscript.

Q14. Line 290. | am not satisfied by the Discussion section and suggest rewriting with a focus on the
protocol. In particular, the information that " When placed out of the solvent, (S)-KUMOF-1 dismantles"
should be moved before the Discussion section.

A14. Thank you for suggestion. We prepared the Discussion section based on the JoVE’s guide line
and instruction to include troubleshooting of the methods. Dismantling problem of KUMOF-1 makes
hard for its storage and weighing for catalytic applications. Therefore, we mentioned and suggested the
solutions for this problem in Discussion section. We have also mentioned this dismantle issues before
the Discussion section.

Reviewer #2:

The Authors have studied the enantioselectivity of chiral MOF catalysts. In order to demonstrate the
same, they have considered 4 types of Lewis-acid promoted model carbonyl-ene reactions considering
Zn and Ti reagents. Two kinds of reactions were considered a) stoichiometric and b) catalytic. The Zn-
based MOF was used for the stoichiometric reactions and the Ti-based MOF was used for the catalytic



reactions. They have considered 3 different sizes of (S)-KUMOF-1 crystal: small, medium and large.
The stoichiometric reaction based on Zn-reagent suggests that the larger crystal is better than the small
one, but the optical purity decreases with the decreasing crystal size. However, the ee remains almost
the same. On the other hand, the catalytic reaction seems to remain marginally affected by the altering
substrate sizes. The optical purity is lesser than the Zn-mediated reaction. Most of the product was
found in the solution as compared to the products inside the crystals. These results indicate that the Ti-
mediated reactions happen on or beneath the surface and the product goes to the solution as soon as
they are formed. Their main motive is to show that the chiral MOF can takes place on either location
(surface or inside the MOF). The preparation method and demonstration looks clear to me and the
results were very clearly presented. the animation was also understandable.

Therefore, | recommend its publication.

We thank the referee for his/her kind comments and endorsement for publication in JOVE.

Reviewer #3:

Despite the growing interest in MOF catalysis in the community, it remains unclear whether reactions
occur inside MOFs or on the surface. In this work, the authors addressed this important question of
MOF enantioselective catalysis, by studying the carbonyl-ene reaction in Zn/KUMOF-1 and Ti/KUMOF-
1, which exhibited different selectivity patterns and thus provided insights into the location of the
catalytic site. The reader of this journal will learn much from this work.

We thank the referee for his/her kind comments and endorsement for publication in JOVE.

Reviewer #4:

It took me a while to realize that the manuscript submitted to JOVE is mainly the visualized
demonstration of key experiments that have already been previously published in ACS Catalysis by the
same group of authors. It's eye-opening for me to read about the difference between the carbonyl-ene
reactions happening on MOF surface versus inside cavities of chiral MOFs. The results with the catalytic
Ti/KUMOF-1 are indeed surprising. The work challenges assumptions that many researchers take for
granted without in-depth analysis. It provides a valid protocol for thorough evaluation of new MOF-
based catalytic systems and makes practitioners in the field want to review and reexamine results that
have already been published. | consider the work to be significant and suitable for publication in JOVE.
With my overall positive evaluation, | think there are deficiencies with the manuscript that should be
properly addressed before publication.

We thank the referee for his/her kind comments and endorsement for publication in JOVE.

Q15. On line 87 the word "introduce" should be changed to "demonstrate" or another word of similar
strength. The word "introduce" gives a sense of bringing out something new, but the results have already
been "introduced" in the previous publication (ref. 27).

A15. Thank you for suggestion. We have corrected this issue.

Q16. The previous publication tells a complete story with comprehensive data, which is absent in the
current paper. | would like the authors to provide more data and comparison on the three kinds of
KUMOF-1, namely, large, medium, and small. Other than TPM imaging, what are the surface area and
pore size distribution of the three MOFs before and after catalyst installation? These data can be easily
obtained from standard measurements using liquid nitrogen or other gases. Is surface area the crucial
factor in making the difference? | don't see such discussion in the ACS Catalysis paper, and it would be



the perfect place for the current paper to address the issue.

Al16. Thank you for comments. As Referee’s suggestion, we have added more, detail information for
KUMOF-1 such as yields and size. However, based on the aim and theme of JoVE journal, the present
manuscript is more focused on the protocol of KUMOF-1 catalysis along with preparation. The detall
characterizations were performed and focused in the previous publications. In the present manuscript
and previous publications, we didn’t focus on the surface area analysis (such as BET and/or Langmuir)
rather than TPM experiment since we performed the catalysis in the solution level and KUMOF-1 is not
highly stable in the desolvated condition under vacuum.

Q17. line 51 the word "several" should be changed to many or a significant number of. Nineteen
references are not just several.

A17. Thank you for suggestion. We have corrected this word.

Q18. Onlines 70 to 76, the sentences create an impression that all catalytic reactions by MOFs happen
at the surface, which is certainly not true. Revision is needed to clarify the scope to the current work
and acknowledge reports in which catalytic reactions did happen inside MOF cavities with excellent
enantioselectivity.

A18. Thank you for suggestion. We have revised related part.

(Original) Thus, discrimination of substrate size by MOFs cavity needs to be considered. The catalytic
reaction by MOFs have limitations in providing evidence of reactions taking place inside of MOFs cauvity.
Some studies also illustrate that substrates larger than the cavities in size were converted to expected
products easily, which seems to be contradicted.®12 Contact between functional group of the substrate
and catalytic site initiates catalytic reaction. Thus, there is no need for the substrate to diffuse into the
MOFs. Reaction occurs on the surface of the MOFs crystals?® and the cavity size is not directly involved
in the discrimination of substrate size.

(Revised version) Thus, discrimination of substrate size by the cavity size of the MOFs needs to be
considered for these cases. The catalytic reactions by MOFs often make it difficult to support evidence
of reactions taking place inside the MOF cavity. Some studies have shown that the substrates that are
larger in size than the MOF cavities are converted to the expected products with ease, which seems
contradictory.812 These results can be interpreted as a contact between the functional group of the
substrate and catalytic site initiating the catalytic reaction. In this case, there is no need for the substrate
to diffuse into the MOFs; the reaction occurs on the surface of the MOF crystals?® and the cavity size is
not directly involved in the discrimination of the substrate based on its size.

Q19. On line 144 it's not clear what "step 3" is referring to.

A19. We have modified to step 1.2.3.

Q26. The paper mentions three sizes (line 196) and "different sizes" at different places. What are the
exact physical measurement numbers? It's nonprofessional to simply say small, medium, and large.

A26. Thank you for comments. We have added particle size information in protocol section with related
reference: Three different sizes of (S)-KUMOF-1 were prepared: (S)-KUMOF-1-(L) with a particle size
of >100 ym, (S)-KUMOF-1-(M) with a particle size of >20 ym, and (S)-KUMOF-1-(S) with a particle size
of <1 ym.?%"
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