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Catalytic Hydrogenation of Esters: A Catalyst and  Process Development of  (R)-1,2-propanediol and 2-(l-mentoxy)ethanol
ABSTRACT
[bookmark: _Hlk513806606]A ruthenium catalyst for the hydrogenation of esters and the development of synthetic procedures for (R)-1,2-propanediol and 2-(Ll-menthoxy)ethanol processes are herein described. The catalyst showed a good catalytic activity in for the reduction of methyl esters in methanol, and with a the TON was high as up to 4,000. In addition, (R)-1,2-propanediol was manufactured with higher optical purity was synthesized via hydrogenation of R-methyl (R)-lactate than asymmetric hydrogenation of hydroxyacetone, and a higher optical purity was obtained as compared with the procedure based on the asymmetric hydrogenation of hydroxyacetone. Finally,, and LAH reduction used in a process of 2-(Ll-menthoxy)ethanol was replaced successfully synthesized with by a hydrogenation procedure using the ruthenium catalyst, thus allowing to replace the usual reduction with lithium aluminum hydride reduction.
INTRODUCTION
Hydrogenation and hydride reduction are synthetic procedures used in for industrial scale esterthe reduction of esters at industrial scale. Heterogeneously catalyzed hHydrogenation at high temperatures under hydrogen pressure reduction is a method employed forin manufacturinge of structurally simple chemicaompoundls, such as fatty acid esters, with heterogeneous catalyst under high temperature and hydrogen pressure,.1 On the other hand whereas, hydride reduction is used in pharmaceutical processes, which deal with structurally more complex compounds.2 While Although hydrides reagents are versatile reagents for thein reduction of esters,3 their hazardous nature, concomitant ensuing complex work-up procedures, and high level of associated waste are represent issues the matters of concern in operations at an industrial scaleoperations.2 Replacing hydride reductions with hydrogenation reductions allows On the other hand, some manufacturers of pharmaceutical intermediates companies, whohave have expertise in hydrogenation reaction and are involved in pharmaceutical intermediate production;, therefore, replacing hydride reduction with hydrogenation would allow these companies to plan rely on more convenient processes where and, at the same time, they tocan enjoy draw on their expertisetechnique of specialty. Herein we describe a catalyst for the hydrogenation of methyl esters and the development of synthetic procedures for (R)-1,2-propanediol and 2-(Ll-mMenthoxy)ethanol (Coolact® 5, an original cooling agent of owned by Takasago) process using the as-prepared catalyst.	Comment by Editor: Rewritten for clarity and to improve the academic tone. Please check that your intent is retained.
Ru-MACHO, a catalyst for ester hydrogenation of esters
RecentlySome procedures involving the  catalytic hydrogenation reductions of esters under relatively mild conditions have recently been reported.4 Among the catalysts usedm, thea catalyst system of RuCl2(H2N(CH2)2PPh2)2 with /NaOMe catalyst complex showed an excellent catalytic activity in THF.4r Based on this, wWe conductarried out a research study to make develop a new catalyst possessing a similar Ru / NH bifunctionality,5 and we obtained complex 1, having formula RuClH(CO)HN(CH2CH2)PPh2)2 1, which was found to catalyzed the hydrogenation reduction of esters in the presence of NaOMe.6 The Ccomplex 1 was readily synthesized from RuClH(CO)(PPh3)3 and HN(CH2CH2PPh2)2 , and was named Ru-MACHO because after its chemical structure  which looks like looks like a brawny athlete proudly holdings up the ruthenium robust atom (Ffigure 1). 	Comment by Editor: Based on the following sentence, I have the impression that more than one procedure was reported, please check that my assumption is correct.
Figure 1. Chemical structure of the Ru-MACHO catalyst


Advantageously, The merit of Ru-MACHO 1 is that it shows a good catalytic activity even in methanol, which. This means that the catalyst is not deactivated by methanolthis solvent. Thise property reis presents a benefit advantageous for the reduction of methyl esters, which are one of the most easily available substrates, because as it is known, assumed that methanol is produced as a by-product consequence ofin methyl ester reductions.1r In addition, this allows using methanol as solvent, making solvent recyclabilitye is much easier when methanol is used as the solvent because separation of the by-side product (methanol) from the solvent is no longert necessary. This represents a substantial advantage since iIn pharmaceutical processes, the use of solvents use has a high environmental impact and therefore, potential for solvent recyclabilityovery is highly important.7 	Comment by Editor: Please note that I have deleted “which are one of the most easily available substrates” because it is somewhat confusing, does not seem to fit well within the sentence, and you have already stated that your objective is to reduce methyl esters by hydrogenation using the Ru-MACHO catalyst.	Comment by Editor: Please consider an introductory clause such as this one to ease the flow across sentences.
Ru-MACHO-catalyzed hHydrogenation of methyl esters with Ru-MACHO
The rReduction of methyl esters with using Ru-MACHO as the catalyst is summarized in Ttable 1. Aromatic and alkanoic aliphatic acid methyl esters were successfully reduced successfully (entries 1 and 2). The rReduction of the diester also proceeded to completioned with using 0.1 mol% of the catalyst complex (0.05 mol% per ester group) to afford the corresponding diol in a good yield (entry 3). Furthermore, the presence of oOxygen- and nitrogen- containing functional groups in the substrate did not show have a negative effect on catalystic activity (entries 4 and 5).
Table 1. Ru-MACHO-catalyzed rReduction of various methyl esters in methanol a


	Entry
	Ester
	Alcohol
	Yieldb

	1
	

	

	90

	2
	

	

	90

	3
	

	

	89

	4
	

	

	92

	5
	

	

	86


a RStandard reaction conditions:  sSubstrate (200 mmol), Ru-MACHO (0.2 mmol), NaOMe (28% in MeOH, 20.0 mmol), MeOH (160 mL), H2 (5 MPa), 100 °oC, 16 h. b Isolated yield after distillation.	Comment by Editor: Below in Table 2 you give the concentration in M (NaOMe, 0.2 M in MeOH). It is better to use always the same units, be it % or M, for uniformity.	Comment by Editor: Because this is a solution rather than the solid product, it would be better to give the amount in mL.
Development of a synthetic procedure for (R)-1,2-propanediol process withusing Ru-MACHO as the catalyst
In order to explore the industrial applicabilitytion of the catalyst, we firstly focused on the reduction of R-methyl lactate. Enantiomerically pure Non-racemic 1,2-propanediol is a useful chiral building block for the synthesis of pharmaceuticals, and we have been producinged this compounde material via asymmetric hydrogenation of acetol since 1992.8 The Ru-SEGPHOS complex is a good catalyst for thise reaction:. the TON increasess up to 10,000 and the enantiomeric excess (ee) of the product is as high as 98.5 %ee., Hhowever, we were lookingaiming to develop for an alternative proceduress to improve the quality of the product and obtain R-1,2-propanediol over with an ee of 99% ee. It is desirable tof successfully perform the Ru-MACHO-catalyzed Ru-MACHO could catalyze hydrogenation of R-methyl lactate (> 99% ee) efficiently without drop incompromising its optical purity, it as would be the best solution for us, because thise new process would allow us to continue take leveraging advantage of our expertise in hydrogenation by just changing the substrate and the catalyst.	Comment by Editor: Please note that this is the same as saying “improve the quality of the product”, so I have removed it to avoid redundancy.
Scheme 2. Existing and new procedures for the synthesis of R-1, 2-pPropanediol processes


In laboratory research, Rreaction temperature was found to be an important parameter for optical yield purity (Ttable 2). At 80 °oC, the product optical purity of the product decreasedropped from 99.2% ee (optical purity of the substrate) to 35.9% ee from 99.2% ee of the substrate purity (entry 1). At 40 °oC, the optical yield purity was significantly improved and the drop decrease was less than 1% ee (entry 3). Even at a substrate -to -catalyst (S/C) molar ratio (S / C) ofas high as 4,000, Ru-MACHO exhibitshowed an excellent catalytic activity in the synthesis ofto R-afford 1,2-propanediol from R-methyl lactate, in good yield with a loss in optical purity of less than 1% ee loss of optical purity (entry 3).	Comment by Editor: Please note that I have added some information, such as that you have synthesized 1,2-propanediol from methyl lactate. I have also removed “in good yield”, because it can very easily be inferred that if the catalyst shows an excellent activity, good yields are achieved.
Table 2. Ru-MACHO-catalyzed reduction of R-methyl lactatea


	Entry
	S/Cc
	Temp.
	Esterd
	Diold
(yield)e
	ee

	1a
	1,000
	80
	< 1
	99
(-)
	35.9

	2a
	1,000
	40
	2
	98
(-)
	98.6

	3b
	4,000
	30
	-
	-
(87)
	98.6


a Reaction conditions:  sSubstrate (10 mmol), Ru-MACHO (0.01 mmol), NaOMe (0.2 M in MeOH, 0.5 mmol), MeOH (5.5 mL), H2 (5 MPa), 16 h. b Reaction conditions:  sSubstrate (48  mmol), Ru-MACHO (0.012 mmol), NaOMe (0.96 mmol), MeOH (5 mL), H2 (4 to 6 MPa), 24 h. c Substrate / cCatalyst molare ratio. d GC peak area expressed as % of total peak area. e Isolated yield after silica gel column chromatography. 	Comment by Editor: As per comment above in Table 1, please use the same units to express the concentration of solutions.	Comment by Editor: Because this is a solution rather than the solid product, it would be better to give the amount in mL.	Comment by Editor: Is this the same solution as used in reaction conditions “a” or is NaOMe added as a solid?	Comment by Editor: Please check whether this is what you meant.
After further optimization of the reaction conditions, (R)-1,2-propane diol with  99.2% ee was produced on multi ton scale from R-methyl  (R)-lactate with 99.6% ee.
Scheme 2. Large scaleRu-MACHO-catalyzed reduction of R-mMethyl lactate at multiton scalereductiona


a Reaction conditions:  sSubstrate (2,200 kg, 21,131 mol), Ru-MACHO (6.4 kg, 10.6 mol), NaOMe (28% in MeOH, 50.96 kg, 256.2 mol), MeOH (6369.2 kg), H2 (4.0 to 4.2 MPa), 26 to 28 °C, 12 h.	Comment by Editor: Keep consistency with the other legends and express the concentration either in % or in M.	Comment by Editor: As noted above, please say in liters, as we are dealing with a solution.	Comment by Editor: You have expressed the amount of solvents in volume in the previous legends.
Development  of a synthetic procedure for 2-(L-l-mMenthoxy)ethanol (Coolact® 5) process withusing Ru-MACHO as catalyst
Coolact® is are a series of menthol- basrelated cooling agents.9 In particular, Coolact® 5, (2-(Ll-mMenthoxy)ethanol), shows a longer-lasting effect than menthol, and has with a mild odorsmell character.


We originally reported a synthetic procedure for 2-(lL-menthoxy)ethanol process involving a LAH reduction of menthoxyacetic acid with lithium aluminum hydride (LAH)., Hhowever, the large scale LAH reduction with LAH was troublesome for us, especially because due of to an step involving exothermic post reaction quenching stepat the end of the reaction.10 Thus, wWe thought in this case alsohypothesized that the Ru-MACHO- catalyzed hydrogenation of menthoxyacetic acid methyl esther reduction would may be a good solutionalternative. Thise reaction would allow us to use ing a common intermediate, menthoxyacetic acid (after  methyl esterification), and as well as to enjoying our technique of specialtyleverage our expertise in hydrogenation  accompanied with easier and achieve a streamlined operation procedure and with reducedtion of waste. 	Comment by Editor: Please, check that the name that I have provided for your starting material in the Ru-MACHO-catalyzed reaction is correct.









Scheme 3. Existing and new 2-(l-menthoxy)ethanol process


Scheme 4. Reduction of mMethyl 2-(l-menthoxyl)acetatea


a Reaction condition:  Substrate (160 mmol), Ru-MACHO (0.08 mmol), NaOMe (28%in MeOH, 1.55 g, 8 mmol), MeOH (73.2 mL), H2 (4.5 MPa), 80°C, 5h. 
Ru-MACHO showed good catalytic activity in reduction of Methyl menthoxyacetate. Reaction completed in 5 hours under 80oC at the S/C ratio of 2,000. 
CONCLUSION
We have described Ru-MACHO, a catalyst for hydrogenation of methyl esters, and its utility in development of 1,2-propanediol and 2-(l-menthoxy)ethanol process. The remarkable feature of Ru-MACHO is its good catalytic activity in methanol. In production process of (R)-1,2-propanediol, Ru-MACHO process afforded the product with better quality than existing process via common technique of specialty. In process development of 2-(l-Menthoxy)ethanol, Ru-MACHO process gave the product from the same material with the existing process via technique of specialty. Ru-MACHO catalyst allows us to enjoy our expertise in reduction of esters. Ru-MACHO is commercially available from Strem Chemicals and Sigma Aldrich.
EXPERIMENTAL SECTION
Genaral information
All reactions and manipulations were conducted under a nitrogen atmosphere in commercial solvents unless otherwise noted. NMR Spectra were obtained on Varian Mercury plus 300.  NMR chemical shifts are reported in ppm relative to CHCl3 (7.26 ppm for 1H, and 77.0 ppm for 13C), DMF (2.91 ppm for 1H), and H3PO4 (0 ppm for 31P as an external reference). Optical rotations were obtained on JASCO P-1020 Polarimeter. Mass spectra were recorded on a SHIMADZU LCMS-IT-TOF. 
Synthesis of Ru-MACHO 1
To a stainless steel vessel, were added toluene (183 kg), HCl·HN(CH2CH2PPh2)2 [S1] (42 kg, 87.9 mol), water (42 kg), NaOH (10.5 kg, 262.5 mol) under N2 atmosphere. The mixture was stirred at 44°C for 15 min.  Two phases were separated and organic layer was washed with water (2 × 42 kg). The organic layer was concentrated under atmospheric pressure to recover 74 kg of toluene. To the solution, were added RuClH(CO)(PPh3)3 (72 kg, 75.6 mol) and toluene (111 kg). The mixture was stirred under reflux for 2 h, then cooled to ambient temperature, and stirred for additional 1.7 h. The resulting precipitate was filtered and washed with toluene (3 × 72 kg), and then dried in vacuo at 65°C for 6h to afford Ru-MACHO  (38.8 kg, 63.9 mol, 85% based on RuClH(CO)(PPh3)3) as a pale yellow solid.　Ru-MACHO 1 was obtained as a mixture of two isomers.
General procedure for reduction of methyl esters summarized in table 1
To a 1000 mL stainless steel autoclave equipped with a mechanical stirrer, was placed Ru-MACHO 1 (121.4 mg, 0.2 mmol). The atmosphere was replaced with nitrogen gas, followed by addition of MeOH (160 mL), substrate (200 mmol), and NaOMe (28% in MeOH, 3.86 mL, 20 mmol). The vessel was purged three times with hydrogen gas (0.5 MPa), and was pressurized with hydrogen (5 MPa). The mixture was stirred at 100°C for 16 h and then cooled to ambient temperature followed by hydrogen gas purge. To the mixture, was added citric acid (1.41 g, 22 mmol). The mixture was stirred for 30 min and concentrated in vacuo, filtered through Celite and then the residue was distilled.
General procedure for reduction of methyl (R)-lactate summarized in table 2
To a stainless steel autoclave equipped with a Teflon coated stirrer bar, was placed Ru-MACHO 1. The atmosphere was replaced with nitrogen gas, followed by addition of MeOH, methyl (R)-lactate (99.2 %ee), then a solution of NaOMe (0.2 M in MeOH). The autoclave was purged three times with hydrogen gas (0.5 MPa), and was pressurized with hydrogen (5 MPa). The mixture was stirred and then cooled to ambient temperature followed by hydrogen gas purge.
Entries 1 and 2
Reaction mixture was analyzed by GC. See supporting information.
Entry 3.
To the reaction mixture, was added citric acid (184.4 mg, 0.96 mmol) and the mixture was concentrated in vacuo. The residual oil was purified by silica gel column chromatography (CHCl3/MeOH=20/1 to 10/1). The diol was obtained as colorless oil (3.19 g, 41.9 mmol, 87%, 98.6% ee).
Large scale hydrogenation Reduction of Methyl (R)-lactate in scheme 2.
To a 14,000 L stainless steel autoclave equipped with a mechanical stirrer, were added methyl (R)-lactate (2,200 kg, 21,131 mol, 99.6 %ee) and MeOH (2,384.6 kg). NaOMe (28% in MeOH, 50.96 kg, 256.2 mol) was added to the mixture and the input line was washed with MeOH (160 kg). To the mixture a suspension of Ru-MACHO 1 (6.414 kg, 10.6 mol) in MeOH (320 kg) was added and the input line was washed with MeOH (320 kg). The atmosphere was replaced with nitrogen gas and then with hydrogen gas. The vessel was pressurized with hydrogen (4 MPa) and stirred for 12 h under hydrogen pressure between 4 and 4.2 MPa at 26 to 28°C and then hydrogen gas was purged. The gas was transferred to the other vessel and the transfer line was washed with MeOH (160 kg). To the reaction mixture, were added citric acid (58.36 kg, 303.8 mol) and the inlet line was washed with MeOH (160 kg). The mixture was concentrated in vacuo and the residual oil was purified by distillation. The diol was obtained as colorless oil (1477.0 kg, 19,411 mol, 92%, 99.2 %ee).
Reduction of methyl l-menthylacetate in scheme 4
To a 200 mL stainless steel autoclave equipped with a mechanical stirrer, was placed Ru-MACHO 1 (48.6 mg, 0.08 mmol). The atmosphere was replaced with nitrogen gas, followed by addition of MeOH (73.2 mL), methyl l-menthoxyacetate (36.6 g, 160 mmol), and NaOMe (28% in MeOH, 1.55 g, 8 mmol). The vessel was purged three times with hydrogen gas (0.5 MPa), and was pressurized with hydrogen (4.5 MPa). The mixture was stirred at 80°C for 5 h and then cooled to room temperature followed by hydrogen gas purge. The reaction mixture was concentrated in vacuo. To the residue was added toluene (73 mL) and the mixture was washed with water (3 × 74 mL) and concentrated in vacuo. The residual oil was purified by distillation to afford 2-(l-menthoxy)ethanol (27.9 g, 139.3 mmol, 87%).



[bookmark: _GoBack]Proofreading Test
Proofread the following test keeping American English conventions in mind.
SAMPLE:
[bookmark: _Hlk523851445]Marine biopolymer-based nanomaterials as a novel platform for theranostic applications
Abstract
Marine biopolymer-based nanomaterials is one of the most active research areas in recent decades for theranostics applications. Marine biopolymers are interesting biomaterials for clinical applications due to their good biocompatibility, biodegradability, inexpensive, abundance, stability, ease of surface modification, and nontoxic in nature. The development of new nanoparticles are coated with marine polymers to combine therapeutic and diagnostic (Theranostic) applications because of the strongly enhanced absorption and scattering in near-infrared (NIR) regions. In this review article, the use of marine biopolymer-based nanomaterials for theranostic applications are evaluated addressing potential applications in drug delivery, photothermal therapy (PTT), photodynamic therapy (PDT), hyperthermia therapy, photoacoustic imaging (PAI), magnetic resonance imaging (MRI) and computed tomography (CT). In addition, the most recent progresses on the biocompatibility of marine biopolymer-based nanomaterials in vitro and in vivo is discussed along with a promising future scope and have been used for treatment of major life threatening diseases such as cancer. 
Keywords: Marine biopolymer, Nanomaterials, Theranostic applications, Cancer, Near-infrared. 

Introduction
	Marine biopolymer-based nanomaterials have attracted much attention in the latest decades for theranostic applications, including drug delivery, photothermal therapy (PTT), photodynamic therapy (PDT),  hyperthermia therapy, photoacoustic imaging (PAI), magnetic resonance imaging (MRI),  and computer tomography (CT)  [1-3]. Marine organisms are known as the rice sources of polymers, including fucoidan, alginate, carrageenan, porphyran, chitosan, and chitosan oligosaccharides. Marine biopolymers are one of the main constituents of all living organisms and are interesting biomaterials in recent years for medical field due to their good biocompatibility, biodegradability, inexpensive, abundance, stability, ease of surface modification, and nontoxic in nature [2, 4]. In the past decade, inorganic nanoparticles such as gold (Au), silver (Ag), magnetic, mesoporous silica, copper sulfide, and upconversion nanoparticles have been coated with marine polymers and have opened several new avenues for these nanomaterials for biomedical applications because of their  strongly enhanced absorption in NIR regions [5]. 
Cancer is one of the main public problem worldwide [6] and is one of the major problems facing the biomedical study in our time [7]. Presently, cancer treatments are commonly relying on radiotherapy and chemotherapy and is considered as a problematic disease to treat because of the very limited available treatment options, very difficult timely diagnosis, and various side effects [8]. In this context, much more effort has been dedicated on discovery new strategy for diagnostic and therapeutic applications. In recent years, the development of novel nanomedicine has made great breakthrough in the biomedical fields [9]. A wide range of marine biopolymer-based nanomaterials have been developed and used for theranostic applications. In this review focuses on the marine biopolymer-based nanomaterials that prove to be an important tool for several theranostic applications, including drug delivery, photoablation therapy, imaging and treatment of major life threatening diseases.

Marine biopolymer
	Marine biopolymers are one of the most abundant naturally occurring polymers produced by all living organisms. Biopolymers are long chains of carbohydrate molecules of repeating monosaccharide units combined together by glycosidic bonds [1]. Marine biopolymers have various resources from marine algae and crustaceans. Fucoidan, alginate, carrageenan, and porphyran are natural biopolymers obtained from seaweeds. Chitosan and chitosan oligosaccharide are natural biopolymer isolated from marine crustaceans [2]. Marine biopolymers are naturally occurring polymers with storage and structural functions, which are one of the major constituents in biosystems, including the glycocalyx and the extracellular matrices. Marine biopolymers are renewable, stable, cheap, abundant, biocompatible, biodegradable, and nontoxic in nature. In recent years, biopolymer are commonly used for various applications in cosmeceuticals, nutraceuticals, and pharmaceuticals [10].   
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