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Catalytic hydrogenation is one of the methods of choice for the preparation of optically pure bioactive molecules, particularly α- and β-amino acids, both natural and unnatural ones. When hydrogen is substituted by deuterium it is possible to prepare amino acids selectively di-deuterated at the α and β carbon atoms; deuterium labeled amino acids are useful probes to establish protein/peptides biochemical and metabolic pathways, for absolute protein quantization using stable isotope labelled peptides and HPLC-MS. Hence deuterium labelled amino acids represent a significant synthetic target and a substantial catalogue of synthetic and biosynthetic strategies for the preparation of labeled α-amino acids. 
Among others, a potential application of deuterated D or L-histidine consists to better understand the biochemical and metabolic fate of histidine dipeptides, such as carnosine and homocarnosine. Such peptides are contained in an mM concentration range in some tissues such as skeletal muscle, heart and brain, and in humans their source is food.

its biological function has not been clarified, and several theories have been put forward: intracellular buffer, immune modulator, neurotransmitter, metal-ion chelator, antioxidant, and free-radical scavenger.
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The chiral diphosphine ligands investigated are the commercially available (S,S)-DIOP,  (R,R)-MeDuPHOS, (S,S)-BDPP and (R)-Prolophos (our laboratories):
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Results are summarized in Table1.

	Entry
	Catalyst
	Co-Cat.
	Sub/ 
co-cat
	Time
(h)
	Yield
	e.e.%

	1
	(S,S)-(+)-DIOP
	//
	//
	24
	0
	

	2
	(R,R)-(-)-Me-DUPHOS
	HCl
	1/1
	120
	0
	

	4
	(R,R)-(-)-Me-DUPHOS
	//
	//
	120
	6 %
	N.D.

	5 
	(S,S)-(+)-DIOP
	//
	//
	120
	57 %
	5.5

	6 
	(R,R)-(-)-Me-DUPHOS
	//
	//
	72
	100 %
	25

	7
	(R,R)-(-)-Me-DUPHOS
	HBF4
	1/2
	120/66
	45/63 %
	86.1

	8
	(R,R)-(-)-Me-DUPHOS
	HBF4
	1/4
	72
	100 %
	80.9

	9
	(S,S)-(+)-DIOP
	HBF4
	1/4
	72
	100 %
	15.4

	10
	(R)-Prolophos
	HBF4
	1/4
	72
	100 %
	70.3

	11
	(S,S)-BDPP
	HBF4
	1/4
	48
	100 %
	67.6


Table 1
The basic nitrogen on the substrate can poison the catalytic species coordinating with metal, it may compete with the amido moiety blocking the formation of the reactive enamide-rhodium complex. This could be avoided by protonation of the imidazolyl basic nitrogen with a strong non coordinating acid.

The substrate was quantitatively reduced in high optical purity only when the ratio HBF4/substrate was increased to 4 (entry 4 and 7 vs entry 8).In absence of HBF4 the ester  was reduced to a very low extent (6%, entry 4); decreasing the ratio substrate/catalyst to 50/1 conversion increased to 57% (entry 5). Only reducing the substrate/catalyst ratio to an unacceptable 6/1 was possible to obtain complete conversion but with a moderate stereodifferentiation ( 25 % e.e., entry 6).

Increasing the ratio HBF4/substrate from 0/1 to 4/1 conversion became quantitative and optical purities reached the highest values (compare entries 4, 7, 8 and entries 5, 9 respectively). The best stereodifferentiation was obtained with (R,R)-Me-DUPHOS (entry 3) followed by (R)-Prolophos (entry 10), BDPP (entry 11) and DIOP (entry 9).
The crude products can be recrystallized to increase the e.e.: using Me-Duphos as ligand we obtaine 80% yield and e.e. higher to 99% in only one crystallization.
Using deuterium instead hydrogen we can obtain labelled D or L-Histidine:
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the results are summarized in Table 2:
	Entry
	Solv.
	S/C
	Catalyst
	Time

 (h)
	Yield
	e.e.%
	DH %

	1
	MeOH
	1000/1
	(R,R)-(-)-Me-DUPHOS
	72
	12
	n.d.
	40

	2
	MeOH
	200/1
	(R,R)-(-)-Me-DUPHOS
	72
	100
	87.7
	27

	3
	MeOD
	200/1
	(R,R)-(-)-Me-DUPHOS
	72
	100
	89.1
	0

	4
	MeOH
	200/1
	(R)-Prolophos
	72
	100
	67.9
	75

	5
	MeOD
	200​​​​/1
	(R)-Prolophos
	72
	72
	69.3
	11


Table 2
The reduction under D2 in MeOH/HBF4 gave the wanted dideuterated N-benzoyl-Histidine methyl ester (D2) together with a variable percentage of monodeuterated N-benzoyl-Histidine methyl ester (DH) incorporating deuterium at the C2 carbon only (entries 1, 2, 4). 

Because no trideuterated (D3) or monodeutereted (DH)C1 species of histidine incorporating deuterium at the C1 were detected, we argued that the monodeutereted histidine incorporating hydrogen selectively at the C1 was due essentially to the competition between reductive elimination and external protonation on the σ-deutero-Rh-alkyl intermediate by H+ of the solvent (scheme 1).
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Scheme 1

Because the rate of protonation could be assumed constant, the percentage of monodeuterated  product depend on the activity of the catalyst, then on the characteristic to the ligand used; thus to obtain the wanted dideuterated N-benzoyl-Histidine methyl ester (D2)  in 100% chemical purity we were forced to use MeOD as solvent (entry 3). But even in MeOD the less reactive but cheaper [Rh(R)-Prolophos] catalyst gave still 11% monodeuterated histidine (DH).
The reason was the essential presence of HBF4 how was demonstrated by the asymmetric deuteration of N-benzoyl-cinnamic acid methyl ester :
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Results are summarized in Table 3.

	Entry
	Solv.
	CoCat
	Catalyst
	Time

(min)
	Yield
	e.e.%
	 DH % 

	1
	MeOH
	-
	(-)Me-DUPHOS
	30
	100
	95
	0

	2
	MeOD
	-
	(-)Me-DUPHOS
	120
	100
	88
	0

	3
	MeOH
	HBF4
	(-)Me-DUPHOS
	30
	100
	94
	4

	4
	MeOD
	HBF4
	(-)Me-DUPHOS
	120
	100
	95
	0

	5
	MeOH
	-
	R-PROLOPHOS
	15
	100
	74
	29

	6
	MeOD
	-
	R-PROLOPHOS
	15
	100
	87
	0

	7
	MeOH
	HBF4
	R-PROLOPHOS
	15
	100
	68
	30

	8
	MeOD
	HBF4
	R-PROLOPHOS
	20
	100
	79
	4


Table 3

[Rh(-)MeDUPHOS] gave the higher enantiodifferentiation and afforded N-bezoyl-phenylalanine methyl ester (D2) 100% dideuterated, either in MeOH or in MeOD (entries 1,2); addition of 4 equivalents of HBF4 in MeOH gave 4% of the monodeuterated (DH) (entry 3) in turn completely suppressed when MeOD was used as solvent (entry 4).

[Rh(R)-Prolophos] gave 29% of (DH) (entry 5) in MeOH, completely suppressed when MeOD was used (entry 6). Addition of HBF4 in MeOH brought back the percentage of monodeuterated (DH) to 30 % (entry 7); lowered but not completely suppressed when MeOD was used (entry 8).
This work will continue to study other stong acid as additives like HClO4, CH3SO3H, CF3SO3H in order to verificate the inlfuence of the counter anion in the hydroganation reaction; moreover  CF3SO3H is commercially available also as CF3SO3D, in order to substitute the extremely efficient but expensive Me-Duphos with other chelating ligands like Prolophos to get only the dideuterated product.

We will also extend the catalytic hydrogenation and deuteration to the histidine with  different substituents on the imidazolyl ring.
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