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could be recovered from the treated solids, which further made
the process more cost-effective on manufacturing scale.
Several options were explored for removal of the undesired



enantiomer through crystallization. The minor enantiomer of 1
was not rejected when 1 was isolated as its phosphate salt, due
to the formation of a stable racemate crystal form. After several
experiments, we found that isolation of 1 as its free base was a
viable approach for upgrading the enantiomeric purity. Solid-
state characterization of both enantiomerically pure 1 and its
racemic mixture revealed that racemate 1 crystallized as a
conglomerate and was much more soluble than enantiomerically
pure 1.
Since the free base 1 is prone to decomposition under thermal



conditions (vide ante), to ensure stability of 1 the crude Ecosorb-
treated methanol stream was solvent switched to i-PrOH via
vacuum distillation below 45 °C. After nearly all of the methanol
was removed, heptane was then added. Thus, crystalline free
base 1 was isolated in 84% yield with an upgrade in enantio-
meric excess from 95% ee to >99% ee. Finally, 1 was isolated
as its phosphate monohydrate from aqueous i-PrOH in 96%
yield with >99.9 A% purity and nearly perfect ee.



Conclusion



In summary, a highly efficient, asymmetric synthesis of 1,
which has been implemented on manufacturing scale, has been
described. The entire synthesis is carried out with a minimum



number of operations: a one-pot process affords the crystalline
dehydrositigliptin 9 in >99.6 wt %; the highly enantioselective
hydrogenation of 9 in the presence of as low as 0.15 mol %
tBu JOSIPHOS-Rh(I) gives 1 in high yield and >95% ee. After
all of the precious metal catalyst is selectively recovered/
removed from the process stream, 1 is isolated as its free base,
which was then converted to its final desired pharmaceutical
form, its monohydrate phosphate salt, in >99.9 A% purity and
>99.9% ee. The use of low Rh(I) loading for asymmetric
hydrogenation in combination with an ease of recovery of the
precious rhodium metal made this process highly cost-effective.
The overall yield of this process is up to 65%.
The route described in this manuscript is a good example of



a synthetic target driving the discovery of new chemistries,
enantioselective hydrogenation of unprotected enamine amide.
The route contains all of the elements required for a manufac-
turing process. The route essentially is short and efficient and
prepares 1 with the high quality required for pharmaceutical
use. More importantly, by devising a more straightforward
approach to prepare 1, the amount of waste produced in the
process was reduced significantly. Figure 5 compares the waste
produced for the production of 1 for both the first generation
route and the asymmetric hydrogenation route. In comparison
to the first-generation route, the total waste generated per
kilogram of 1 produced in this environment-friendly ‘green’
process is reduced from 250 kg to 50 kg. Most strikingly, the
amount of aqueous waste produced in the process was reduced
to zero. The drastic reductions in waste, realized over virtually
the entire product lifetime for 1, coupled with the new chemistry
discovered in this efficient process, led to the awarding of both
a Presidential Green Chemistry Award and the ICHEME Astra-
Zeneca award for sustainability. 8



Exper imenta lSect ion
(Z)-3-Amino-1-(3-trifluoromethyl-5,6-dihydro-8 H-[1,2,4]triazo-



lo[4,3-a]pyrazin-7-yl)-4-(2,4,5-trifluoro-phenyl)-but-2-en-1-one (9).
2,4,5-Trifluorophenylacetic acid (11, 2.5 kg, 1 3.15 mol),Meldrum’s
acid (10 , 2.09 kg, 14.46 mol), DMAP (128.5 g, 1.052 mol), and
acetonitrile (7.5 L) were charged into a 50 L three-neck flask. N,N-
Diisopropylethylamine (4.92 L, 28.27 mol) was added in portions
at room temperature while maintaining the temperature below 50
°C. Pivaloyl chloride (1.78 L, 14.46 mol) was added dropwise over
1- 2 h while maintaining the temperature below 55 °C. The reaction
was aged at 45- 50 °C for 2- 3 h. Triazole hydrochloride 6 (3.01



F i g u r e4 . Effects of reaction pressure and catalyst loading on conversion.
Plots of conversion of 9 vs amounts of catalyst Rh(I)- 18 at 50 °C after
14 h at different pressures of hydrogen.



Scheme 4 .Plausible Mechanism for the Asymmetric
Hydrogenation of 9



F i g u r e5 .Waste generation per kilogram of sitagliptin produced. For this
analysis, the volumes of pilot plant waste streams were compared between
the two routes, once normalized to a per kilogram of 1 produced. The total
waste was analyzed, as well as the amount of aqueous waste streams.
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Asymmetric hydrogenation

“Due to the diversity of unsaturated functional groups (and diverse organic compounds) there is no universal catalyst/reagent known and requires often a screening for different substrates.” R. Noyori

Asymmetric hydrogenation is one of the best established methods to introduce a chiral center in the molecule. Because of its efficiency (high TON and TOF) it is one of the most common asymmetric transformations used on industrial scale. These reactions often are highly chemo-, region- and enantioselective (depending on the substrate). Unfortunately screening of multiple reaction parameters need to be performed.  
Variables, which can be changed in the reaction, include: hydrogen source, amount of hydrogen (pressure), temperature, solvent and most importantly the metal and the ligand. 

	Substrates
	[image: image86.png]



	[image: image2.emf]


C O










C O


	[image: image3.emf]


C N










C N



	Products
	[image: image4.emf]


CH CH










CH CH


	[image: image5.emf]


CH OH










CH OH


	[image: image6.emf]


CH NH










CH NH



	Catalysts
	Rh, Ru, Ir
	Ru (Rh, Ir) and CBS cat
	Ir, Ru, Pd

	Ligands
	Chelating Diphosphines,

P,N Ligands
	Chelating Diphosphines and diamine lignads
	

	Comments
	established e.e. > 95% for substrates with directing group
	Ru-BINAP and transfer hydrogenation system
	Not as general as C=C and C=O hydrogenation


                                                                                                                  Inorganic Chemistry III, Togni, 2011

1 Hydrogenation of olefins (C=C)
1.1 Activated alkenes and alkenes with a directing group

1.1.1
Rhodium-catalyzed 

Asymmetric hydrogenation is favored for substrates having a functional group close to C=C double bond, which could serve as a stereoselective anchor in the chiral pocket of the catalyst. 
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The BINAP-Rh-catalyzed hydrogenation occurs very slowly and due to its mechanism (for reference see: PNAS 2004, 101, 5356) has to proceed at low substrate concentration and low hydrogen pressure. The substrate scope is rather narrow. 
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Vineyard J. Mol. Catal. 1983, 19, 159
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Noyori PNAS 2004, 101, 5356
However, using appropriate (JosiPhos type) ligands it is possible to hydrogenate substrates with unprotected amine functionalities. The high selectivity can be explained with the substrate preference to adapt enamine form because of the conjugation of the double bond and the intramolecular hydrogen bond. 
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                    Hsiao, Rivera, and Rosner J. Am. Chem. Soc. 2004, 126, 9918
1.1.2 Ruthenium-catalyzed

With the replacement of Rh(I) by Ru(II) with BINAP as a ligand the mechanism of the hydrogenation changes.  Most notably, the newly formed stereocenter is generated with opposite absolute configuration in comparison with the Rh-catalyzed reaction.

	[image: image11.emf]


COOMe



NHCOMe



[RuII((R)-BINAP)],
            H2 COOMe



NHCOMe



92% ee



Ph2
P



P
Ph2



Ru
O



O



Me



O



Me



O










COOMe

NHCOMe

[Ru

II

((R)-BINAP)],

            H

2

COOMe

NHCOMe

92% ee

Ph

2

P

P

Ph

2

Ru

O

O

Me

O

Me

O




Noyori PNAS 2004, 101, 5356
Due to the different mechanism, Ru(II)/BINAP-catalyzed asymmetric hydrogenation has a broader substrate scope including allyl/homoallyl alcohols, - and -carboxylic acids and enamides.
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Noyori J. Am. Chem. Soc. 1986, 108, 7117
Geraniol and Nerol can be hydrogenated with good ee s to the corresponding products, which are used later in the industrial synthesis of menthol. The alcohol moiety serves as a handle for chemo- and enantioselective hydrogenation of the double bond.
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Noyori J. Am. Chem. Soc. 1987, 109, 1596
Tri- and tetrasubstituted -unsaturated carboxylic acid could be hydrogenated with moderate to good ee depending on the substituents. 
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Noyori J. Org. Chem. 1987, 52, 3174
1.2 Unfunctionalized alkenes
Olefins with no coordinating functionalities, especially tri- and tetrasubstituted, have been identified as the most difficult substrates for asymmetric hydrogenation. These olefins are particularly difficult to hydrogenate due to the absence of the polar group which is required for Rh or Ru catalysts to obtain high catalytic activity and enantioselectivity. Several groups in 1990’s and 2000’s have developed Ir based catalyst systems with chiral P-N ligands based on Crabtree’s catalyst, which has been reported as an efficient catalyst for the reduction of unfunctionalized alkenes. 

The high reactivity of Crabtree’s catalyst can be explained by the fact that the alkene does not have to compete with dissociated phosphine or coordinating solvent molecules for a free site on the metal.   
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1.2.1
Iridium/PHOX-catalyzed

Unfunctionalized olefins can be hydrogenated with Ir-PHOX (Phosphinooxazoline) catalyst developed by Andreas Pfaltz in 1990’s. The coordination sphere of Ir-PHOX complex is similar to that of Crabtree’s catalyst, which was already known to hydrogenate unfunctionalized tri- and tetrasubstituted olefins.

The versatile library of PHOX ligands can be prepared easily in 2 to 4 steps depending on the structural features of the ligand. 

	[image: image18.emf]


Me



MeO



P
IrI(COD)



N



+



BArF1 mol%



50 bar H2



Me



MeO



*
(o-Tol)2P N



O



Me
Me



Me



P



N
=



98% ee
L1










Me

MeO

P

Ir

I

(COD)

N

+

BAr

F

1 mol%

50 bar H

2

Me

MeO

*

(o-Tol)

2

P N

O

Me

Me

Me

P

N

=

98% ee

L1




Pfaltz Adv. Synth. Catal. 2003, 345, 33
However, for different substrates the reaction requires a screening for the ligands to obtain the best enantioselectivity. In the following case L2 afforded product in 99% ee, while the L1 provided only 81% ee.
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Pfaltz Adv. Synth. Catal. 2003, 345, 33
By using the Ir-PHOX system, it is possible to hydrogenate tetrasubstituted olefins with excellent enantioselectivity (97%).
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Pfaltz Angew. Chem. Int. Ed. 2007, 46, 8274
Hydrogenation of purely alkyl-substituted olefins was achieved with pyridine-phosphinite ligands. In  the case below, the two C=C double bonds were hydrogenated in a highly stereoselective fashion to the vitamin E side chain. 
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Pfaltz Science 2006, 311, 642
1.2.2 Iridium/NHC-catalyzed

Carbene ligands bind more strongly to the metal than electron-rich phosphines. Their strong -donating and weak -accepting properties make the metal center more electron-rich relative to the analogous metal complex with phosphine ligand (compare metal complexes for alkene metathesis). Therefore the carbene complexes are highly active in oxidative addition step, and the reactivity can be further tuned changing sterical properties of the NHC ligand. 
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Elschenbroich, C. (2006). Organometallics (3rd edition), Willey-VCH, Weinheim

In 2003 Burgess reported a new class of iridium catalysts with a NHC-ligand, which were able to hydrogenate trisubstituted aryl alkenes in good ee. 

The library of ligands can be prepared by combining a carbene and an oxazoline moiety, which provides a good starting point for fast and easy screening.

	[image: image23.emf]


N
N



Ar
N



O



R Ar R



N



N



N
OI










N

N

Ar

N

O

R

Ar

R

N

N

N

O

I




Burgess J. Am. Chem. Soc. 2003, 125, 113
The preparation of the final iridium complex is done by deprotonation of the NHC ligand (pKa ca. 16-18) with LiOtBu base and mixing it with an Ir precursor complex. 
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 Burgess J. Am. Chem. Soc. 2003, 125, 113
2 Hydrogenation of ketones
2.1 Functionalized Ketones (directed hydrogenation).
Ru(BINAP) catalyst used in the previous section for the hydrogenation of activated olefins is unreactive towards structurally similar ketones. By changing the anionic ligands on the complex, from carboxylates to chlorides, it is possible to achieve high catalytic activity and enantioselectivity for the newly formed hydroxyl group.
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This change in the catalytic activity can be attributed to the higher acidity of the HCl produced in the catalytic cycle in comparison to the acetic acid. HCl is a strong acid that can protonate the carbonyl group and render it more prone to reduction.
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-Keto esters can be hydrogenated in very good yields using the modified Ru/BiNAP catalyst.
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Noyori Acc. Chem. Res. 1990, 23, 345
PNAS 2004, 101, 5356
Various ketones with different functional (directing) groups can be used as substrates for hydrogenation with Ru/BINAP system.
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Noyori Angew. Chem. Int. Ed. 2001, 40, 40
2.2 Simple ketones
2.2.1
Asymmetric transfer hydrogenation

Transfer hydrogenation is another very efficient strategy to reduce ketones or imines (see 3.1.2) to the corresponding alcohols or amines. These reactions are easier to control because the hydrogen source most often is not H2 gas, but isopropanol or formic acid (and its salts).   
Hydride transfer from the H-donors can occur through two mechanisms:

· Direct H-transfer 

· Metal-templated concerted process (Metal acts as a template for the concerted shift of hydride from H-donor to acceptor)
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2.2.1.1
Ru/diamine hydrogen-transfer catalyst

For the mechanistic reason simple unfunctionalized ketones are inert to the Ru/BINAP catalyst described in section 2.1. On the other hand replacing the solvent or weak ligands by chiral 1,2-diamine ligand allows one to hydrogenate simple unfunctionalized ketones in good ee. Another important feature of this system is the use of the base, KOH or tBuOK.
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Noyori J. Am. Chem. Soc. 1998, 120, 13529
The reactivity and the activation of simple ketones by this catalyst can be explained by metal-ligand bifunctional activation. Carbonyl group is activated/polarized by metal and NH-group in a six-membered pericyclic transition state and can be hydrogenated enantioselectively.
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2.2.1.2 Other catalytic asymmetric transfer hydrogenations
In the following examples Ru and Rh catalysts are used as a hydrogen-transfer catalyst exploiting formic acid and 2-propanol as the hydrogen source.
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2.2.2 CBS Reduction (Corey-Bakshi-Shibata): Catalytic asymmetric metal hydride reduction

	Corey developed the chiral oxazaborolidine catalysts, which are extremley effective in the reduction of a wide variety of aromatic, unsaturated, and cyclic ketones with high enantioselectivities. 
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Corey Angew. Chem. Int. Ed. 1998, 37, 1986
This proline derived ligand coordinates to the borane (BH3) rendering its hydride more nucleophilic. This catalytically generated species is a better reducing agent than BH3 and the reduction can proceed without a background reaction. 
The stereochemistry can be explained by the following transition state model:
	[image: image38.emf]


O



B
N



Ph



Ph R



H2B
O



RS



RLH










O

B

N

Ph

Ph

R

H

2

B

O

R

S

R

L

H




The ketone is coordinating to the catalyst in such way that the interaction with R group on boron is minimized.

3.
Hydrogenation of imines: C=N Reduction

Chiral amines are important synthetic intermediates due to their use in pharmaceutical, agrochemical and fine chemical industry. However, the C=N reduction is not as well developed as hydrogenation of other unsaturated systems. 

3.1
Transition metal-catalyzed

For a review see: ChemCatChem 2010, 2, 1346
Despite several drawbacks and problems associated with asymmetric hydrogenation of imines (E/Z mixture of acyclic imines, catalyst poisoning by resultant amine) new catalytic systems have been developed providing high activity and ee.

3.1.1
Ir-catalyzed hydrogenation

Iridium systems are the most used due to their excellent enantioselectivities and mild conditions.
In 2001 Zhang reported a highly enantioselective system for N-arylimines using a chiral ferrocenyl phosphine ligand. Addition of I2 has a beneficial influence on the ee of the reaction.
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Zhang Angew. Chem. Int. Ed. 2001, 40, 3425
Asymmetric hydrogenation of unprotected imines was also achieved using the (S,S)-f-binaphane ligand.  
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3.1.2
Transfer hydrogenation

Albeit the transfer hydrogenation catalysis is used in reduction of imines, the substrate scope is narrow and high ee’s can be obtained only with certain substrates.  
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4 Catalytic hydrogenation with frustrated Lewis pairs
While frustrated Lewis pairs are not commonly used in asymmetric reductions, nevertheless it is an area, which has been studied more and more and has found applications not only in hydrogenation but also in hydroamination, polymerization catalysis and other fields.  

4.1 Definition of frustrated Lewis pair (FLP)
	Lewis acids tend to form a dative bond with Lewis bases, in order to have a closed shell of valence electrons. However, certain pairs cannot form a stable dative bond, mainly due to steric effects.  These examples are known in the literature as frustrated Lewis pairs (FLPs).
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	Stephan & Erker Angew. Chem. Int. Ed. 2010, 49, 46


4.2 Formation of “frustrated” complexes
A frustrated Lewis pair does not have a stabile dative bond. A theoretical work revealed that secondary interactions can lead to an encounter or “frustrated” complex of the LA and LB.  Its structural flexibility ensures that the boron - phosphorus (nitrogen) can adopt the optimal distance for the incoming hydrogen molecule, and this bifunctional system provides an empty orbital on boron and a donor orbital from the phosphorus (nitrogen).
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Soós & Pápai ACIE 2008, 47, 2435
The term “frustration” is not associated exclusively with the steric effects but also with the strain, which is utilized for bond activation. This strain raises the ground state energy of the FLP and lowers the overall activation barrier of the reaction also increasing the exothermicity of the process by reactant-state destabilization. 


[image: image47.png]RaP--H-H--BR’;

RyP—BR3

(classical)




LA LB distance – energy chart
Soós & Pápai ACIE 2008, 47, 2435
4.3 History of FLPs

Already in 1942 H. C. Brown noted, that dative bond formation between Lewis acid and base are influenced not only by electronic but also by steric effects.
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Brown J. Am. Chem. Soc. 1942, 64, 325
In 2003, W. E. Piers prepared various amino boranes, which have neighboring electron donor and electron acceptor groups to act as a trap for reactive molecules through the synergetic effects of the orthogonal functionalities. However, the intermediate he synthesized deliberated hydrogen, but these systems were unable to cleave the hydrogen-hydrogen bond.
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Piers J. Organomet. Chem. 2003, 680, 218
In 2006 D. W. Stephan reported the first hydrogen bond cleavage with a FLP, what resulted in the birth and rapid development of this field.
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Stephan Science 2006, 314, 1124
4.4 Reduction of imines and enamines
Stephan demonstrated that the FLP system could be used for catalytic hydrogenation of imines.
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Erker reported that the ethylene-bridged P/B system hydrogenated bulky imines and enamines.
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Recently, a binaphthyl aminoborane catalyst was applied to asymmtric hydrogenation of imines.
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4.5 Lewis acid-catalyzed hydrogenation of imines

The recently discovered FLPs are the first main group element based systems which can activate the hydrogen-hydrogen bond under very mild conditions (room temperature and 1 atm H2).

Imines can be reduced in the presence of electron poor Lewis acid (BAr3) via initial FLP formation between the Lewis base (imine) and the Lewis acid.        
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	Stephan Chem. Commun. 2008, 1701


In the case below, the chiral diene acts like a "ligand", generating the active borane catalyst in situ.
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4.6 Reduction of carbonyl groups

Recently, Stephan and Ashley have independently reported B(C6F5)3-catalyzed reduction of carbonyl groups. In both cases, the weakly Lewis basic solvents play an important role.
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5 Catalyst Design, Synthesis, Screening: Case Studies in Catalysis

Unfortunately, the rational design of catalysts is largely elusive and the process is based mostly on luck. The development of new catalysts is an iterative process. Metal ligand complexes are formed and screened to determine their enantioselectivity and efficiency. Upon identification of trends, newer generations of ligands and catalysts are prepared and screened again. 

Because the success of catalyst development is dependent on the ability to quickly and easily prepare diverse libraries of chiral catalysts/ligands, the realization of this is the greatest challenge.

Jacobsen Science, 2003, 299, 5613 & Blaser Chem. Rev. 1992, 92, 935
5.1 Case Study I – The Monsanto L-Dopa Process. 

	5.1.2 Isicom
Isicom, a drug for the treatment of Parkinson’s disease, is a drug combination of L-dopa and L-carbidopa
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	A group of researchers led by William S. Knowles at Monsanto realized that the chiral amine could be prepared by hydrogenation with a chiral catalyst.
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	H.U. Blaser and E. Schmidt. Asymmetric Catalysis on Industrial Scale “Asymmetric Hydrogenations- The Monsanto L-Dopa Process.” 23


5.1.3 Chiral Phosphane Ligands

	Wilkinson’s catalyst had been commonly applied in the hydrogenation of alkenes.
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	Knowles recognized that the replacement of the (Ph)3P ligands with chiral phosphines would produce a chiral catalyst. Around the same time, new methods for the resolution of tertiary phosphines were also developed.
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	The researchers prepared a chiral phosphine and incorporated this into a catalyst of the structure RhClL3 where the L=(R)- or (S)-methyl propyl phenyl phosphine. They used this first catalyst to catalyze the hydrogenation of α-phenylacrylic acid. The 15 % ee obtained proved the hypothesis that such asymmetric hydrogenations were possible. 
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5.1.4 Ligand Screening and Optimization 

	The researchers conducted a mechanistic study that revealed that only two ligands would be needed on the catalyst. The catalyst was generated in situ by mixing a Rhodium(I)-diene complex of the type [Rh(1,5-hexadiene)Cl2 with two chiral ligands and prehydrogenating for 5 min at 1 atm hydrogen.
A number of new catalysts were thus prepared. Chirality on the alkyl side chains of the phosphorous showed undetectable changes to the ee of the products so chiral phosphines rather than a chiral backbone were prepared. A model screening process was established with a simple phenylalanine derivative as the test reaction. In order to obtain the ee, they compared the optical rotation of the total mixture to that of a blank made with the authentic acylated amino acid in order to factor for the workup enrichment. 
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	The researchers then changed the aromatic group to an anisyl group, a possible hydrogen bonding site as well as a more hindered group. Toggling the position of the methoxy functionality eventually yielded a high ee of 88 % after optimizing the reaction conditions. The most active catalyst was named CAMP. The reaction conditions and substrates were optimized. 
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5.1.5 L-Dopa Synthesis
	After the discovery of CAMP, the focus moved from catalyst screening to the development of a commercial synthesis of L-Dopa using this methodology. At the time, CAMP was a state of the art ligand. An improved synthesis was developed. 
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	Soon after this synthesis was commercialized and optimized, a newer type of ligand called DIOP was discovered by Kagan et al. 
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	- This chelating bisphosphane ligand with chirality on the backbone of the ligand gave similar results to CAMP disproving the previous hypothesis that chirality had to reside on the phosphorous in order to effect an asymmetric hydrogenation. As a result, a new chelating ligand called DIPAMP was prepared that worked in 95 % ee on the L-Dopa system. 
- The synthesis of DIPAMP, a stable solid, is simpler than CAMP, but still requires a multistep route and was quite expensive. This ligand was applied to the commercial synthesis of the drug.
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5.1.6 Conclusion
	The development of chiral phosphine ligands and their application to the asymmetric hydrogenation of enamides was developed through a ligand screening and optimization process. The researchers were able to optimize their results from 28 % ee to 88 % ee, and later to 95 % ee. William S. Knowles would later be awarded the Nobel Prize in chemistry in 2001, along with Ryoji Noyori and K. Barry Sharpless for the development of catalystic asymmetric synthesis. 

	Knowles Chem. Commun. 1972, 10


5.2 Case Study II – Merck Synthesis of Januvia
	Sitagliptin/Januvia is Merck’s popular drug for the treatment of type 2 diabetes. It generated 1.9 billion dollars in sales in 2009. 
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5.2.2 Synthesis
	The efficient synthesis of Januvia begins with a three step sequence to an enamine intermediate.

	[image: image70.emf]


F
F



F



COOH



O



O



O



O



tBuCOCl
iPr2NEt3
Cat. DMAP
MeCN



F
F



F



O-



O



O



O



O



iPr2N+HEt



CF3CO2H
F



F



F
O



C O



+H2N
N



N
NCl-



CF3



F
F



F
N



O O



N
N



N



CF3



NH4OAc



MeCN/MeOH



F
F



F
N



NH2 O



N
N



N



CF3



85 % yield over 3 steps













	The final crucial step is the asymmetric hydrogenation of this intermediate utilizing a rhodium based chiral catalyst. Only the hydrogenation of N-acyl enamines had been documented in the literature. It was necessary to design and screen new ligands for an efficient hydrogenation of this enamine. 


	5.2.3 Catalyst Screen Round I
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The study began with a small focused screen of commercially available chiral bisphosphines. Ir, Ru and Rh metal precursors were used because of their efficiency in other asymmetric hydrogenations. A high catalyst loading was used for the initial screen before optimization. The trends observed in the screen are shown.
The most efficient systems were metal precursors such as [Rh(cod)2OTf], with ferrocenyl-based Josiphos-type catalysts. The tert-butyl variant afforded the product in 99% conversion with 95% ee.
5.2.4 Catalyst Screen Round II
A larger comprehensive screen of ligands was conducted. Cheaper Rh(cod)Cl]2 dimer was used as a precursor instead of [Rh(cod)2OTf]. Several ligand classes catalyze the reaction with good yield and enantioselectivity. Ultimately, the researchers chose [Rh(cod)Cl]2-tBu-Josiphos as their model after a comparison of the yields, enantioselectivity and rate of the other systems. The ligand and metal precursor are air-stable solids that can be stored for prolonged periods. The active catalyst is generated in situ by mixing the two solids in degassed reaction solvent.
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5.2.5 Optimization of Reaction Conditions
	Catalyst performance was still below standards of practical utility. A hydrogenation with deuterium was conducted to understand the reaction mechanism.

	[image: image73.emf]


F
F



F
N



NH2 O



N
N



N



CF3



F
F



F
N



O



N
N



N



CF3



MeOH
50 °C
250 psi H2
18 h



[(COD)RhCl]2
Ligand



F
F



F
N



N O



N
N



N



CF3



Rh D2



F
F



F
N



NH O



N
N



N



CF3



+MeOH
-MeOD



D



DH



NH2D



[Rh]













	A number of reaction parameters were changed.

Solvent: A kinetic study was conducted using in situ FT-IR technology to optimize the reaction rate by minimizing the effects of product inhibition over time. The reaction was thus conducted as a slurry in MeOH, in which the starting material is more soluble.

Additive: Consistent ee and conversion rate were realized upon the addition of 0.15-0.3 mol % of NH4Cl.
Temperature: ee decreases with elevation of the temperature.

Catalyst loading: Decreased from 0.3 mol % to 0.15 mol %.

Pressure: Increased to 250 psig




	5.2.6 Conclusion

A robust and cost effective asymmetric hydrogenation was developed on a manufacturing scale. The reaction proceeds in the presence of NH4Cl (0.15 mol%), catalyzed by [Rh(cod)Cl]2 (0.15 mol%), and tBu Josiphos (0.155 mol%) in MeOH under 250 psig of hydrogen at 50 °C for 16-18 h in 98 % yield and 95 % ee. 



5.3 Case study III ​– Merck Synthesis of Januvia using Transaminases
	Transaminases are a type of enzyme that has been known to catalyze the hydrogenation of enamines. Researchers at Merck developed a system to synthesize Januvia using reactions of this class. 11 rounds of evolution conducted yielded an active transaminase enzyme with high activity, tolerance and >99.9% ee. The final catalyst contained 27 mutations, 10 of which were predicted by computational studies to be required. The catalytic system was able to convert 200g/L of prositagliptin ketone to sitagliptin of >99.95% ee with 53 % higher productivity and 19 % less waste than the original conditions. 
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	Savile Science 2010, 329, 305


5.4 Case study IV – Merck's nanomole-scale high-throughput screening
	The discovery of drug leads involves the synthesis of various complex molecules. To find successful reaction conditions, the screening of catalysts, reagents, and other reaction parameter is conducted that typically requires at least milligram quantities of substrate per reaction. However, even milligram quantities of material are precious in medicinal chemistry. Therefore, a high-throughput screening method where lower quantities of materials are needed is of great importance.

In 2015, the Merck team reported a nanomole-scale high-throughput method. They combined the high-precision nanoliter robotics used in biochemistry lab with the high-throughput mass spectrometric analysis. Using Pd-catalyzed cross-coupling reactions as a test reaction, they could carry out 1536 reactions in less than a day, and each reaction required as little as 20 g of material. The data obtained by nanomole-scale screening could be also applied to large-scale synthesis.
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6 General Methods of Catalyst Screening and Optimization

In screening and optimizing reactions for practical utility the enantiomeric excess, yield, rate, catalyst turnover frequency (TOF), turn over number(TON), cost effectiveness and environmental impact are considered. Optimal reaction conditions are determined in order to ensure that the screen reflects the best results possible. 

6.1 Catalyst Optimization

	6.1.2 Temperature
Reaction temperature, enantiomeric ratio and enantiomeric excess are related. ΔΔG‡=RTln(krel) where krel is the enantiomeric ratio and ΔΔG‡ is the difference in transition state energies. Energy difference in diastereomeric pathways allows changes in temperature to be used to increase the ee. 
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	Evans JACS 1999, 121, 686


	6.1.3 Solvent
Solvents have the potential to behave as ligands, participate in hydrogen bonding, shuttle reactive intermediates and therefore change the ee. As there are no general rules, a solvent screen must be conducted.
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	6.1.4 Concentration and Pressure
The concentration does not usually drastically affect the enantioselectivity of a reaction, although sometimes lower concentrations may reduce the enantioinduction through competition with background reactions. For practical utility, it is best to optimize for higher concentrations. 

There is no general relationship between pressure and enantioinduction.  


6.2 Catalyst Screening Methods

Rapid determination of ee is frequently hampered by the availability of a suitable chiral assay. Relatively few general methods for high-throughput screening of catalysts have been devised. Ideal screening methods should require little or no workup of the reaction and a systematic method of assaying effectiveness.
	6.2.2 Chromatography
Chromatographic methods such as HPLC, SFC, GC are commonly used in catalyst screening processes. A disadvantage is the laborious development of chiral HPLC and GC assays.

For example, a library of chiral triazolium organocatalysts was screened in a γ-lactam forming reaction. The ee, relative d.r and relative conversion were directly assayed by injecting reaction mixtures onto a chiral column on supercritical fluid chromatography.
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	Bode Chem. Asian J. 2011, 6, 614


	6.2.3 Capillary Electrophoresis
Electrophoresis can separate charged enantiomers under the influence of an external electric field. This is possible through the use of a chiral polymer or appropriate chiral selectors as part of the electrolyte. In capillary array electrophoresis a high number of capillaries are operated in a parallel manner so that separations can be performed automatically with high-throughput. 

	Reetz ACIE 2000, 39, 3891


	6.2.4 Fluorescent Probes

Assays can be developed with chromogenic or fluorogenic substrates. The assay couples product formation to the release of a fluorescent signal. Pronounced differences in color enable rapid identification and determination of absolute configuration. HELIXOL, for example, is a fluorescent sensor for chiral amines and amino alcohols that is selectively quenched by a single enantiomer. 
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	Reetz Tetrahedron 2001, 57, 2515 &  Shair JACS 2001, 123, 361 & Reymond ACIE 2000, 39, 4067


	6.2.5 IR
Infrared Thermography has been used to screen substrate specificity of enzyme-catalyzed reactions. Thermal imaging of a reaction measured the enantioselectivity due to the differential heat generated by the R or S enantiomers. The method has not yet been widely applied. 

	Mahmoudian Org. Proc. Res. Dev. 2002, 6, 463


	6.2.6 Optical Rotation

In the Monsanto synthesis of L-Dopa, the enantioselectivies of each reaction mixture were directly assayed by dilution and measurement of optical rotation.

	Knowles Chem. Commun. 1968, 1445


6.2.7 Chiral Shift NMR
If a transient diastereomeric complex is formed in solution it can be used to detect and quantify chiral molecules.
	6.2.8 Mass Spectrometry

The assay is based on the use of isotopically labeled substrates in the form of pseudo-enantiomers or pseudo-prochiral compounds.
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	Pfaltz ACIE 2004, 43, 2498; Chen ACIE 2003, 42, 2832


	The power of this method lies in the simultaneous screening of various catalysts and the direct analysis of the catalyst intermediates by means of their different m/z values.
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	6.2.9 Circuar Dichroism.

Chiral catalysts can be screened on a nonchiral HPLC column using a detection system based on circular dichroism (CD). Continuous monitoring of stationary phases allows the simultaneous monitoring of the CD signal, Δε. Where ε is the absorption

Disymmetry Factor, g= Δε/ ε
g is independent of concentration and linearly related to ee. So, the ee of products can be determined within minutes without separation of the enantiomeric products.

The method has been applied to the screening of asymmetric activation of chiral diol-zinc catalysts by chiral nitrogen activators for the enantioselective addition of diethylzinc to aldehydes.
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	Mikami ACIE, 1999, 38, 497


6.2.10 Computational Methods.

Because catalyst efficiency is governed by the subtle interplay of sterics and electronics, it is hard to predict computationally. However, there are examples of computational predictions aiding in the discovery of new catalysts. Sigman have used three dimensional free energy relationships to correlate steric and electronic effects of varying the functionality in a given ligand and therefore derive a mathematical model. They have been able to design and optimize a ligand class, which was screened for enantioselectivity in a Nozaki-Hiyama-Kishi propargylation of ketones.
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