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A.  Microscopy: Does your protocol involve video microscopy, such as filming a complex dissection or microinjection technique? (Y/N) N  

Can you record movies/images using your own microscope camera? (Y/N) N/A 

If no, JoVE will need to record the microscope images using our scope kit (through a camera port or one of the oculars). Please list the make and model of your microscope: _____________________________________________

B.   Software Usage: Does your protocol include detailed, step-by-step, descriptions of software usage? (Y/N) N 

C.  Which steps of your protocol will viewers benefit most from having filmed? Please list 4-6 individual steps using the step numbers listed in this document. (Please do not list entire sections.) 3.4, 3.6, 4.5, 4.6, 5.3, 5.6
D.  What is the single most difficult aspect of this procedure and what do you do to ensure success?  Please list 1-2 individual steps using the step numbers listed in this document. (Please do not list entire sections.) 3.6 and 4.6
E.  Will the filming need to take place in multiple locations? (Y/N) N If yes, how far apart are the locations? ___________________________________________________

1. Introduction (Experimental Goal and Author Interviews) – As the beginning of your video, the introduction should clearly present the goal of your method to the viewer and its significance.  Other information can be provided according to the various statements below, but the total introduction should not exceed 150 words. 
A. Experimental Goal: (read by voice talent at JoVE)
The overall goal of this procedure is to remove a used homogeneous catalyst from a crude product solution by simple filtration of host-guest interaction. (Intro) 
*Note to the Authors: The interview statements have been edited/removed to conform to the specified

length restriction.
B.  Required Interview Statements: (Said by you on camera. Don’t forget to smile!)  
1.1. Hoyong Chung: This method can help answer key questions in the practical application of transition-metal catalysis fields, such as polymers and pharmaceutical industries. We can produce ultra-pure product using the technology. 
1.2. Hoyong Chung: The main advantage of this technique is that we can easily remove the homogeneous catalyst, which is difficult to do, by using host-guest interaction. 
C.  Optional Interview Statements: (Said by you on camera. Don’t forget to smile!)  
1.3. Cheoljae Kim: The implications of this technique extend toward recyclable homogeneous catalysis, because the catalyst removal method, host-guest interaction, is reversible.  
1.4. Cheoljae Kim: Though this method can provide insight into ruthenium metathesis catalyst removal, it can also be applied to other metal-containing catalysts, such as palladium, platinum, copper, nickel, and gold catalysts. 
1.5. Cheoljae Kim: Visual demonstration of this method is critical as the synthesis procedure and homogeneous catalyst removal are difficult to learn, because host-guest catalyst removal is new.   
Protocol: (read by voice talent at JoVE)
2. Synthesis of Ruthenium Olefin Metathesis Catalyst 1
2.1. First, dry a 25 milliliter round-bottomed flask containing a magnetic stir bar, a 20 milliliter vial, and a spatula in an oven [1-WIDE/MED].
2.1.1. Talent places glassware and spatula in oven.
2.2. Place 118 milligrams of imidazolium salt in a 4 milliliter vial [1-MED-over the shoulder-TXT].
2.2.1. Talent adds imidazolium salt in vial. TEXT: See text for imidazolium salt prep.
2.3. Place the prepared imidazolium salt, the dried glassware, a septum and the spatula in a glove box chamber and vacuum for 2 hours [1-MED].            
2.3.1. Talent places vial with imidazolium salt, glassware, septum and spatula in glove box chamber, closes the chamber, and starts the vacuum.
2.4. After completely removing the air in the glove box chamber, purge inert gas into the chamber [1-MED-over the shoulder]. Then, move the imidazolium salt, glassware, septum and spatula into the glove box [2-MED].
2.4.1. Talent switches from vacuum to inert gas to purge the chamber.

2.4.2. Talent moves all the components from the chamber into the glove box.
2.5. In the glove box, add 54 milligrams of first generation Hoveyda-Grubbs catalyst in the 20 milliliter vial [1-MED-over the shoulder]. 
2.5.1. Talent adds catalyst to vial.
2.6. Dissolve the imidazolium salt in 2 milliliters of toluene and transfer it into the 25 milliliter round-bottomed flask containing the magnetic stir bar [1-MED].

2.6.1. Talent adds toluene to vial containing imidazolium salt and then transfers the solution to the round-bottomed flask.
2.7. Next, add 0.18 milliliters of a 0.5 molar KHMDS solution to the imidazolium salt solution [1-MED-over the shoulder]. Swirl the flask to mix the reagents [2-MED].
2.7.1. Talent adds KHMDS solution to flask containing imidazolium salt solution. Show KHMDS container label in frame if possible.
2.7.2. Talent swirls the flask.
2.8. Now, dissolve the catalyst in 3 milliliters of toluene and add this solution to the reaction flask [1-MED-over the shoulder].

2.8.1. Talent adds toluene to vial containing catalyst and then transfers it to flask containing reaction mixture.
2.9. Seal the flask with the septum [1-MED]. Then, remove the flask from the glove box [2-MED-over the shoulder].

2.9.1. Talent secures the septum on the flask.
2.9.2. Talent places flask in chamber and then removes flask from glove box.
2.10. Following this, stir the reaction mixture for 3 hours at 80 degrees Celsius [1-MED].  
2.10.1. Talent places flask in oil bath on hot plate and turns on stirring and heat.
2.11. After cooling the reaction mixture to room temperature, purify the catalyst by chromatography on neutral alumina, using a 15 to 1 mixture of ethyl acetate and methanol [1-MED-over the shoulder-TXT]. Collect the dark green solution [2-MED].      
2.11.1. Talent adds reaction mixture and eluent to previously prepared column. TEXT: Rf = 0.46.

2.11.2. Talent collects dark green solution in test tubes.
2.12. After combining the fractions containing product, remove the solvent under reduced pressure [1-MED-over the shoulder]. When finished, dry the final residue under vacuum to obtain a dark green waxy solid [2-MED].   
2.12.1. Talent attaches flask to rotary evaporator and turns it on.
2.12.2. Talent places flask under vacuum.
3. Metathesis Reaction and Removal of Catalyst Residue in Aqueous Media

3.1. Prepare degassed deuterium oxide by bubbling with nitrogen gas for over 2 hours [1-MED-TXT].  
3.1.1. Talent places nitrogen gas stream in container of deuterium oxide and turns nitrogen gas valve on. TEXT: DI H2O can also be used.
3.2. Add 4.4 milligrams of the ruthenium catalyst and 41 milligrams of the tetraalkyl ammonium substrate in separate 4 milliliter vials [1-MED-over the shoulder-TXT]. Dissolve the tetraalkyl ammonium substrate in 0.5 milliliters of degassed deuterium dioxide [2-MED]. Then, add the solution to the catalyst [3-MED-over the shoulder].
3.2.1. Talent adds catalyst and substrate in separate vials. TEXT: 2-allyl-N,N,N-trimethylpent-4-en-1-aminium chloride. Video Editor: overlay should appear at mention of “tetraalkyl ammonium substrate”.
3.2.2. Talent adds degassed solvent to vial containing substrate.

3.2.3. Talent adds substrate solution to vial containing catalyst.
3.3. Seal the reaction vial and heat the reaction mixture for 24 hours at 45 degrees Celsius [1-MED]. Monitor the reaction conversion by proton NMR [2-LM-TXT].             
3.3.1. Talent seals vial, places it in oil bath on hot plate and turns on heat and stirring.
3.3.2. *To be submitted by Author. NMR spectra of substrate (before reaction) and product (after reaction). TEXT: Monitor peak conversion from 3.25 to 3.52 ppm.

3.4. After the reaction is complete, cool the reaction vial to room temperature [1-MED]. Then, add 150 milligrams of beta-CD grafted silica to the reaction mixture [2-MED-over the shoulder-TXT].  
3.4.1. Talent removes vial from oil bath to cool.
3.4.2. Talent adds grafted silica gel to vial containing reaction mixture. Note: 1.57 ( 10-4 mmol/mg. Video Editor: overlay should appear at mention of “beta-CD grafted silica”.
3.5. Stir the reaction mixture for 10 hours at room temperature [1-MED].  
3.5.1. Talent places vial on stir plate and turns stirrer on.
3.6. After 10 hours, filter the reaction mixture through a cotton plug [1-MED-over the shoulder]. Then, remove the solvent in a freeze dryer [2-MED].
3.6.1. Talent filters reaction mixture through cotton plug into a vial.

3.6.2. Talent places vial containing filtered solution in freeze dryer.
4. Ring-opening Metathesis Polymerization and Removal of Catalyst Residue in Aqueous Media
4.1. Prepare degassed deuterium oxide by bubbling with nitrogen gas for over 2 hours [1-MED-over the shoulder-TXT].  
4.1.1. Talent places nitrogen gas stream in container of deuterium oxide and turns nitrogen gas valve on. TEXT: DI H2O can also be used.
4.2. Add 4.4 milligrams of the ruthenium catalyst and 17.1 milligrams of monomer in in separate 4 milliliter vials [1-MED-TXT]. Dissolve the monomer in 0.5 milliliters of degassed deuterium oxide [2-MED-over the shoulder]. Then, add the solution to the catalyst [3-MED].
4.2.1. Talent adds catalyst and monomer in separate vials. TEXT: See figure 5 for monomer. 
4.2.2. Talent adds degassed solvent to vial containing monomer.

4.2.3. Talent adds monomer solution to vial containing catalyst.
4.3. Seal the reaction vial and heat the reaction mixture for 2 hours at 45 degrees Celsius [1-MED]. Monitor the reaction conversion by proton NMR [2-MED-over the shoulder/LM-TXT].              
4.3.1. Talent seals vial, places it in oil bath on hot plate, and turns on heat and stirring.
4.3.2. *To be submitted by Author. NMR spectra of substrate (before reaction) and product (after reaction).  TEXT: Monitor peak disappearance at 6.14 ppm.
4.4. After the reaction is complete, cool the reaction vial to room temperature [1-MED]. Then, quench the reaction mixture with 0.1 milliliters of ethyl vinyl ether [2-MED-over the shoulder-TXT].  
4.4.1. Talent removes vial from oil bath to cool.
4.4.2. Talent adds ethyl vinyl ether to vial containing reaction mixture. TEXT: Quenching dissociates Ru catalyst from polymer chain terminal.

4.5. Next, add 150 milligrams of beta-CD grafted silica to the reaction mixture [1-MED]. Stir the reaction mixture for 10 hours at room temperature [2-MED-over the shoulder].
4.5.1. Talent adds grafted silica gel to vial containing reaction mixture.

4.5.2. Talent places vial on stir plate and turns stirrer on.
4.6. Filter the reaction mixture through a cotton plug [1-MED]. Then, remove the solvent in a freeze dryer [2-MED-over the shoulder].
4.6.1. Talent filters reaction mixture through cotton plug into a vial.

4.6.2. Talent places vial containing filtered solution in freeze dryer.
5. Metathesis Reaction and Removal of Catalyst Residue from CH2Cl2
5.1. Add 4.4 milligrams of the ruthenium catalyst and 48 milligrams of diethyl diallylmalonate in separate 4 milliliter vials [1-MED-over the shoulder]. Dissolve the diethyl diallylmalonate in 0.5 milliliters of dichloromethane [2-MED]. Then, add the solution to the catalyst [3-MED-over the shoulder].
5.1.1. Talent adds catalyst and diethyl diallylmalonate in separate vials. 
5.1.2. Talent adds dichloromethane to vial containing diethyl diallylmalonate.

5.1.3. Talent adds diethyl diallylmalonate solution to vial containing catalyst.
5.2. Seal the reaction vial and keep the reaction mixture at room temperature for 1 hour [1-MED]. Monitor the reaction conversion by proton NMR [2-LM-TXT].            
5.2.1. Talent seals vial and places vial on lab bench.
5.2.2. *To be submitted by Author. NMR spectra of substrate (before reaction) and product (after reaction). TEXT: Monitor peak conversion from 2.63 to 3.01 ppm.

5.3. After the reaction is complete, transfer the reaction mixture into a 30 milliliter vial [1-MED]. Dilute the mixture with 15 milliliters of diethyl ether [2-MED-over the shoulder]. Then, wash the organic solution five times with 15 milliliters of water [3-MED].
5.3.1. Talent transfers reaction mixture to vial.

5.3.2. Talent adds diethyl ether to vial containing reaction mixture.

5.3.3. Talent adds water to vial containing diluted reaction mixture, shakes the vial, and places it on the lab bench to allow the layers to separate. Show one wash.
5.4. Dry the organic layer with magnesium sulfate [1-MED-over the shoulder]. Then, filter the solution through a cotton plug to remove the magnesium sulfate [2-MED].  
5.4.1. Talent adds magnesium sulfate to vial containing organic layer.

5.4.2. Talent filters solution through cotton plug into a vial.
5.5. Following this, add a magnetic stir bar and 60 milligrams of activated carbon to the filtered solution [1-MED-over the shoulder]. Stir the mixture for 24 hours at room temperature [2-MED].  
5.5.1. Talent adds stir bar and activated carbon to vial containing filtered solution.

5.5.2. Talent places vial on stir plate and turns stirrer on.
5.6. Filter the solution through a cotton plug to remove the activated carbon [1-MED-over the shoulder]. Finally, remove the solvent under reduced pressure [2-MED].  
5.6.1. Talent filters reaction mixture through cotton plug into a vial.

5.6.2. Talent attaches vial to rotary evaporator and turns it on.

6. Results: Removal of Water-Soluble Ruthenium Olefin Metathesis Catalyst via Host-Guest Interaction
6.1. The ligand exchange reaction for the ruthenium olefin metathesis catalysis is shown here [1-LM]. The proton NMR spectrum is displayed here [2-LM].
6.1.1. 58706fig2.jpg
6.1.2. 58706fig3.jpg

6.2. The ring-closing metathesis reaction in aqueous solution and subsequent removal of used catalyst via host-guest interaction is shown here [1-LM]. The dark reaction solution turned clear after the host-guest removal [2-LM]. 
6.2.1. 58706fig4.jpg

6.2.2. 58706fig4.jpg: Highlight image (e).
6.3. The quaternary ammonium substrate was fully converted into the corresponding product with 1 mole percent of the catalyst, and 53 ppm of residual ruthenium was detected in the final product by ICP-MS [1-LM]. Full conversion of the primary ammonium substrate was achieved with 3 mole percent of the catalyst, and the residual ruthenium level in the product was 284 ppm [2-LM].
6.3.1. 1.xlsx: Highlight entry 1.
6.3.2. 1.xlsx: Highlight entry 2.
6.4. Ring-opening metathesis polymerization in aqueous solution is displayed here, and the residual ruthenium content detected by ICP-MS was 269 ppm [1-LM]. 
6.4.1. 58706fig5.jpg 
6.5. The ring-closing metathesis reaction in dichloromethane and subsequent removal of used catalyst via extraction is shown here [1-LM].

6.5.1. 58706fig6.jpg: Highlight images (a) and (b) at mention of “the ring-closing metathesis reaction in dichloromethane” and images (c), (d), and (e) at mention of “and subsequent removal of used catalyst via extraction is shown here”.
6.6. With the exception of highly hindered substrates, the substrates achieved complete conversion in the ring-closing metathesis reaction with 1 mole percent of the catalyst [1-LM]. ICP-MS detected 5.9 ppm of ruthenium in the product [2-LM]. Without activated carbon treatment, the residual ruthenium level was 63 ppm, which is not acceptable for pharmaceutical purposes [3-LM]. 
6.6.1. 2.xlsx: Highlight entry 3 at mention of “with the exception of highly hindered substrates”.

6.6.2. 2.xlsx: Highlight entry 1 and 5.9 ppm result.

6.6.3. 2.xlsx: Highlight entry 1 and 63 ppm result.

7. Conclusion (said by authors on camera)

7.1. Hoyong Chung: Once mastered, this technique can be done in 12 hours if it is performed properly. My research group is currently doing research to shorten the time and to increase the efficiency of catalyst removal.
7.2. Hoyong Chung: While attempting this procedure, it’s important to remember to add sufficient guest-bound solid to capture all available host-containing catalyst molecules.
7.3. Hoyong Chung: Following this procedure, other catalysts like palladium, platinum, copper, nickel, and gold centered catalysts can be easily removed from the product by using the new guest-containing NHC ligand and host-guest interaction principle.

7.4. Hoyong Chung: After its development, this technique paved the way for researchers in the field of organometallic catalysis to explore the convenient and efficient removal method of homogeneous catalyst to produce ultra-pure polymers and pharmaceutical products.
7.5. Hoyong Chung: After watching this video, you should have a good understanding of how to remove a homogeneous organometallic catalyst from a reaction mixture by host-guest interaction.
7.6. Hoyong Chung: Don't forget that working with ethyl acetate, methanol, methylene chloride, and diethyl ether can be extremely hazardous and precautions such as conducting the reaction in the fume hood should always be taken while performing this procedure.   
Provided Media

Authors, Please list all images, movie files, or 3-D rendered animations that can be included in the video per editor’s request.  The step in the script/video where these images will be inserted should be specified.   For example:

6.2 –  0123_PIname_Figure1.tif -  dual color imaging of tumor angiogenesis at 40X 

6.2 –  0123_PIname_Figure2.tif -  dual color imaging of tumor angiogenesis at 100X

Formats:  For static images we prefer .tiff, .eps, Illustrator, Powerpoint or Photoshop files at dimensions of at least 720X480 pixels and 300 dpi.  The higher resolution, the better.  Likewise any exported movie files should have at minimum these dimensions and be rendered to .mov, .mp4, or .avi files.  

Insert your media filenames here.

General Preparation

It’s critical for a smooth and organized shoot that all reagents are accounted for, in advance.   

Any overnight or long incubation steps should be recognized and specimens/samples be prepared in advance so that prior steps can be recorded and shooting can continue with pre-prepared specimens/samples.  

All tubes/flasks should be pre-labeled neatly before we arrive.  

Ex. Luciferase assay done in 96 well plates should be labeled with negative/positive control wells and experimental samples are labeled accordingly.

You will receive more detailed preparation instructions are included in the email accompanying the finalized script.
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