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Histidine and deuterium labelled histidine by asymmetric catalytic
reduction with gaseous H2 or D2; the role of strong
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Abstract—An efficient and convenient route for the preparation of natural and unnatural histidine by asymmetric hydrogenation with
rhodium–phosphine complexes is described. The reductions were performed in the presence of HBF4 to generate an essential imidazolyl
cation. Stereoselective incorporation of D2 in the a,b-positions was obtained by catalytic deuteration in the presence of MeOD.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The discovery that a massive dose of LL-dopa, a rare a-ami-
no acid, was useful in treating Parkinson’s disease created
the conditions that led to the development of the catalytic
asymmetric hydrogenation with a modified Wilkinson cat-
alyst; at present, this technology is one of the methods of
choice for the preparation of enantiomerically pure bio-
active molecules, particularly a- and b-amino acids, both
natural and unnatural ones.1

From the pioneering works of Knowles2,3 and Kagan,4 an
enormous amount of literature and excellent books are
now available on the industrial applications of transition
metal asymmetric hydrogenation.1,5,6

When hydrogen is substituted by deuterium it is possible to
prepare amino acids selectively dideuterated at the a and b
carbon atoms; deuterium labelled amino acids are useful
probes to establish protein/peptide biochemical and meta-
bolic pathways, as well as for absolute protein quantization
using stable isotope labelled peptides and HPLC–MS.7

Hence, deuterium labelled amino acids represent a signifi-
cant synthetic target and a substantial catalogue of syn-
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thetic and biosynthetic strategies for the preparation of
labelled a-amino acids are currently available.

Not all the proteinogenic amino acids are available selec-
tively deuterated in high enantiomeric purity and among
the missing aminoacids, histidine 1 and its deuterium
labelled analogue, especially stand out.

Among others, a potential application of deuterated LL-his-
tidine is to better understand the biochemical and meta-
bolic fate of histidine dipeptides, such as carnosine 2 and
homocarnosine (Fig. 1). Such peptides are contained in a
mM concentration range in some tissues such as skeletal
muscle, heart and brain, and in humans their source is
food. Although carnosine 2 was discovered in the begin-
ning of the 20th century, its biological function has not
been clarified, and several theories have been put forward:
intracellular buffer, immune modulator, neurotransmitter,
H
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metal-ion chelator, antioxidant, and free-radical scaven-
ger.8 More recently, it has been proposed that carnosine
detoxifies reactive carbonyl species, cytotoxic compounds
deriving from the oxidative degradation of polyunsatu-
rated fatty acids and carbohydrates, involved in the devel-
opment/progression of a variety of chronic diseases and
recently recognized as potential drug target.9 To gain a dee-
per insight into the biological functions of this class of his-
tidine peptides, as well as to elucidate their metabolic and
pharmacokinetic properties, deuterium labelled carnosine
is required for MS studies. Moreover, we recently found
that the isomerization of LL- to DD-histidine aminoacid leads
to a derivative (DD-carnosine),10 which is not recognized by
the catalytic site of carnosinase (a specific serum dipepti-
dase that rapidly hydrolyzes LL-carnosine in vivo)11 while
maintaining its ability to detoxify reactive carbonyl species.

To study the bioavailability and pharmacokinetic profile of
DD-carnosine, a deuterium labelled derivative is needed to be
distinguished by endogenous LL-carnosine in LC–MS exper-
iments. Hence, the aim of the present work is to synthesize
deuterium labelled LL- and DD-histidine as synthons of
labelled LL- and DD-carnosine, respectively.

DD-Carnosine is cited as an equivalent to LL-carnosine, but
due to its favourable pharmacokinetic properties, durabil-
ity to hydrolysis by the carnosinases, and stability in the
plasma, DD-carnosine seems to produce better therapeutic
results than the LL-form.
2. Results and discussion

Asymmetric hydrogenation by means of transition metal
phosphine complexes gives access to both the enantiomers
of histidine and to the corresponding deuterated analogues,
which in turn can be used in the preparation of labelled
peptides.

In this work, we present our results concerning the prepa-
ration of the precursor of DD-carnosine, the unnatural enan-
tiomer DD-histidine, by asymmetric hydrogenation with
[Rh(COD)(Diphosphine)]BF4 of (Z)-2-benzamido-4(5)-N-
imidazolylpropenoic acid 3a and (Z)-2-benzamido-4(5)-N-
imidazolylpropenoic acid methyl ester 3b, readily available
by standard azalactone methods (Fig. 2).12 Many different
routes are described to the a,b-didehydro-a-aminoacid
derivatives;13 usually the substituent on the nitrogen atom
in the enamide precursor is an acetyl group; in the case of
histidine, however, the N-acetyl imidazolyl propenoic acid
is not accessible either with the Erlenmayer-azalactone
method or with the Wadsworth–Emmons variation of the
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Figure 2.
Wittig reaction;14 on the other hand, benzamido 3a and
3b can be prepared by Erlenmayer method from hippuric
acid in the pure Z form in an almost quantitative yield.

The chiral diphosphine ligands investigated (Fig. 3) are the
commercially available (S,S)-(+)-DIOP, (R,R)-(�)-Me-
DuPHOS and (S,S)-(�)-BDPP, together with (R)-(�)-
Prolophos,15 the prototype of a successful class of chelating
aminophosphine-phosphinite ligands derived from chiral
a-amino alcohols developed in our laboratory.

The results are summarized in Table 1.

Reductions are performed in MeOH, at 293 K under 1 bar
of H2 if not otherwise stated; catalysts precursors are pre-
pared by standard procedures, that is, by ligand exchange
between [Rh(COD)2]ClO4 and the appropriate diphos-
phine in CH2Cl2 followed by evaporation of the solvent.

One of the oldest papers dealing with the preparation b-
heteroarylalanines by asymmetric hydrogenation stated
that (Z)-2-benzamido-4(5)-N-(R)-imidazolylpropenoic acid
3a underwent no hydrogenation.16

More recently, non-natural nitrogen containing amino-
acids such as 3- and 4-pyridylalanines have been obtained
by asymmetric hydrogenation in the presence of 1 equiv
of HBF4 to generate the corresponding pyridinium
salts.17,18

Really, we failed in reducing the free (Z)-2-benzamido-
4(5)-N-imidazolylpropenoic acid 3a in all the reaction con-
ditions investigated as well as in the presence of 1 equiv
(with respect to the substrate) of HCl (entry 2).

This confirms that basic nitrogen in the substrate, close to
the metal when coordinated, may compete with the amido
moiety and block the formation of the reactive enamide–
rhodium complex. This could be avoided by protonation
of the imidazolyl basic nitrogen with a strong non-coordi-
nating acid.

Substrate 3a is quantitatively reduced in high enantiomeric
purity only when the ratio of HBF4/substrate is increased
to 4 (entry 3). It is worth mentioning however that, due
to the great excess of HBF4 necessary to ensure complete
hydrogenation in a reasonable reaction time, N-benzoyl-
histidine is isolated only as methyl ester 3b.

Because (Z)-2-benzamido-4(5)-N-imidazolylpropenoic acid
methyl ester 3b is hydrogenated with comparable rate and
stereodifferentiation than acid 3a and because 3a�HBF4 and
3b�HBF4, quantitatively formed by the excess of HBF4, are
soluble only in methanol (or ethanol), the solvent of choice
for the catalytic reduction, we did not investigate if esteri-
fication occurred prior or after hydrogenation as in both
the cases, only methyl (or ethyl) ester 1b was obtained.

In the absence of HBF4 ester 3b is reduced to a very low
extent (6%, entry 4); decreasing the ratio of substrate/cata-
lyst to 50/1 conversion increases to 57% (entry 5). Only
reducing the substrate/catalyst ratio to an unacceptable
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Table 1. Asymmetric hydrogenation of substrates 3a and 3b

Entry Sub. Ligand Acid Sub/acid Time (h) Yield (%) ee (%)

1 3a (S,S)-(+)-DIOP — — 24 0
2 3a (R,R)-(�)-Me-DUPHOS HCl 1/1 120 0
3 3a (R,R)-(�)-Me-DUPHOS HBF4 1/4 120 100 87.32
4 3b (R,R)-(�)-Me-DUPHOS — — 120 6 N.D.
5a 3b (S,S)-(+)-DIOP — — 120 57 5.53
6b 3b (R,R)-(�)-Me-DUPHOS — — 72 100 25.02
7 3b (R,R)-(�)-Me-DUPHOS HBF4 1/4 72 100 79.07
8 3b (S,S)-(+)-DIOP HBF4 1/4 72 100 14.93
9 3b (R)-Prolophos HBF4 1/4 72 100 71.01

10 3b (S,S)-BDPP HBF4 1/4 48 100 67.96

a Sub/cat 50/1, P H2
30 atm.

b Sub/cat 6/1.
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6/1 means that it is possible to obtain complete conversion
but with a moderate stereodifferentiation (25% ee, entry 6).

Increasing the ratio of HBF4/substrate from 0/1 to 4/1 con-
version becomes quantitative and ee% reaches the highest
values (compare entries 4 vs 7 and entries 5 vs 8, respec-
tively). The best stereodifferentiation is obtained with
(R,R)-(�)-Me-DUPHOS (entry 3) followed by (R)-(�)-
Prolophos (entry 9), (S,S)-(�)BDPP (entry 10), and
(S,S)-(+)-DIOP (entry 8).

Labelled aminoacids and peptides are of paramount
importance in life sciences; because labelled histidine seems
not to be commercially available in any form, we found it
obvious to extend our research to prepare LL- and DD-histi-
dine in the double deuterated form by catalytic asymmetric
deuteration; the results are summarized in Table 2 and in
Scheme 1.

The extent of deuterium incorporation is determined by
mass spectrometry (ESI) and confirmed by 1H NMR.
The reduction under D2 in MeOH/HBF4 gives the desired
dideuterated N-benzoyl-histidine methyl ester 1b(D2) to-
gether with a variable percentage of monodeuterated N-
benzoyl-histidine methyl ester 1b(DH) incorporating deute-
rium only at the C2 carbon (entries 1, 2, and 4).
Table 2. Asymmetric deuteration of (Z)-2-benzamido-4(5)-N-imidazolylprope

Entry Solv. S/C Ligand

1 MeOH 1000/1 (�)-Me-DUPHOS
2 MeOH 200/1 (�)-Me-DUPHOS
3 MeOD 200/1 (�)-Me-DUPHOS
4 MeOH 200/1 (R)-PROLOPHOS
5 MeOD 200/1 (R)-PROLOPHOS
In Figure 4a are shown the 1H NMR spectra of 1b(H2)
(M++1 = 274) obtained by asymmetric hydrogenation un-
der H2 as reported in Table 1, entry 7. Figure 4b shows the
1H NMR spectra of 1b(D2) (M++1 = 276) obtained by
asymmetric reduction under D2 in MeOD as reported in
Table 2, entry 3; in this case, the hydrogen on C1 at
4.8 ppm is not detectable. Because the mass spectrometry
(MS-ESI+) does not indicate the presence of 1b(D3)
(M++1 = 278), we conclude that the product is exclusively
the a,b-dideuterated product 1b(D2); this is confirmed by
the 3:1 integration of the methyl ester at 3.65 ppm versus
the signal of the hydrogen on C2 at 3.15 ppm. For the sake
of clarity, Figure 4c shows the 1H NMR spectra of a mix-
ture of 1b(D2) (89%) and 1b(DH) (11%), obtained by asym-
metric reduction under D2 as reported in Table 2, entry 5,
and confirmed by MS-ESI+ spectroscopy.

The mechanism of asymmetric hydrogenation of a-amino-
acid precursors with rhodium(I) complexes has been eluci-
dated in detail19,20 and the rate determining step has been
identified in the oxidative addition of hydrogen (or deute-
rium) to the square planar Rh(I)phosphine/substrate ad-
duct. Because no trideuterated 1b(D3) or monodeutereted
1b(DH)C1 species of histidine incorporating deuterium at
the C1 are detected, we argue that the monodeutereted his-
tidine incorporating hydrogen selectively at the C1 is essen-
noic acid methyl ester 3b

Time (h) Yield (%) ee (%) 1b (DH)%

72 12 N.D. 40
72 100 87.73 27.3
72 100 89.15 0
72 100 67.94 75
72 72 69.32 11
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Figure 4. 1H NMR spectra of (R)-(+)-N-benzoyl-histidine-methylester, 1b(H2), 4a; 100% incorporating D2, 1b(D2), 4b; a mixture of 1b(D2) and
monodeuterated 1b(DH), 4c.
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tially due to the competition between reductive elimination
and external protonation of the r-deutero-Rh-alkyl inter-
mediate by H+ of the solvent (Scheme 1); because the rate
of protonation could be assumed to be constant, the per-
centage of monodeuterated 1b(DH) should depend on the
overall activity of the catalysts; thus, to obtain the desired
dideuterated N-benzoyl-histidine methyl ester 1b(D2) in
100% chemical purity we are forced to use MeOD, as sol-
vent (entry 3). But even in MeOD the less reactive but
cheaper [Rh(R)-Prolophos] catalyst still gives 11% mono-
deuterated histidine 1b(DH), incorporating deuterium
selectively at C2.

The reason is the essential presence of HBF4 as it is demon-
strated by the asymmetric deuteration of N-benzoyl-cin-
namic acid methyl ester 4b (Scheme 2).

The results are summarized in Table 3.

[Rh((R,R)-(�)-Me-DUPHOS)] gives higher enantiodiffer-
entiation and affords N-benzoyl-phenylalanine methyl ester
5b(D2), 100% dideuterated, either in MeOH or in MeOD
(entries 1 and 2); addition of 4 equiv of HBF4 in MeOH
gives 4% of the monodeuterated 5b(DH) (entry 3), in turn
suppressed completely when MeOD is used as a solvent
(entry 4).

[Rh((R)-(�)-Prolophos)] gives 29% of 5b(DH) (entry 5) in
MeOH, completely suppressed when MeOD is used (entry
6). Addition of HBF4 in MeOH brings back the percentage
of monodeuterated 5b(DH) to 30% (entry 7); lowered but is
not completely suppressed when MeOD is used (entry 8).
3. Conclusion

We have demonstrated that it is possible to prepare histi-
dine derivatives in high enantiomeric purity and to incor-
porate deuterium regiospecifically to obtain D2

isotopically labelled histidine. Our results confirm that deu-
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Table 3. Asymmetric deuteration of N-benzoyl-cinnamic acid methyl ester 4b

Entry Solv. Acid Ligand

1 MeOH — (�)-Me-DUPHOS
2 MeOD — (�)-Me-DUPHOS
3 MeOH HBF4 (�)-Me-DUPHOS
4 MeOD HBF4 (�)-Me-DUPHOS
5 MeOH — (R)-PROLOPHOS
6 MeOD — (R)-PROLOPHOS
7 MeOH HBF4 (R)-PROLOPHOS
8 MeOD HBF4 (R)-PROLOPHOS
terium is introduced onto the a and b-positions from gas-
eous D2; the competitive incorporation of deuterium or
hydrogen in the a-position is probably dependent on the
competition between reductive elimination and proton-
ation of the intermediate r-alkylrhodium by the H+ of
the solvent; anyway we cannot definitively rule out an
exchange reaction of type [Rh]-D M [Rh]-H between the
r-monohydride complex and the solvent, at least until we
are be able to obtain pure DBF4.

Work is in progress to investigate the role of strong acids
other than HBF4 and the substrates with different substit-
uents on the imidazolyl ring.
4. Experimental

Catalytic reactions are performed in a 100 mL glass auto-
clave equipped with magnetic stirrer. Unless otherwise
stated, materials are obtained from commercial source
and used without further purification. The rhodium cata-
lyst is prepared according to the established literature
procedure.21

1H NMR spectra: Bruker DRX Avance 300 MHz
equipped with a non-reverse probe and Bruker DRX
Avance 400 MHz. HPLC analysis: Merck-Hitachi L-7100
equipped with Detector UV6000LP and Diacel Chiralcel
OD or Chiralpak AD. Polarimetry analyses: Perkin Elmer
343 Plus equipped with Na/HaI lamp.
4.1. Preparation of 3a, 3b, and 4b

(Z)-4-((1H-Imidazol-5-yl)methylene)-2-phenyloxazolidin-5-
one, (Z)-2-benzamido-3-(1H-imidazol-5-yl)acrylic acid
3a, (Z)-methyl 2-benzamido-3-(1H-imidazol-5-yl)acrylate
3b, and (Z)-methyl 2-benzamido-3-phenylcrylate 4b are
prepared according to the literature methods.22
+
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Time (min) Yield (%) ee (%) 5b (DH)%

30 100 95.12 0
120 100 88.14 0
30 100 94.03 4

120 100 95.07 0
15 100 73.96 29
15 100 87.015 0
15 100 67.95 30
20 100 79.01 4
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4.2. General procedure for asymmetric hydrogenation

In a Schlenk tube under argon, a suspension of substrate
and the proper amount of HBF4 in ether is stirred for
30 min at room temperature. The resulting solution is
transferred with a cannula to a Schlenk tube containing
the proper amount of Rh(I) catalyst and then into a glass
autoclave connected to a gas burette filled with H2 or D2.
4.3. Preparation of racemic and (S)-(�)-methyl 2-benz-
amido-3-(4,5-dihydro-1H-imidazol-5-yl)propanoate as
HPLC standards

Thionyl chloride (1.05 mL, PM = 118.97, d = 1.63, 14.38
mmol) is added dropwise to the suspension of commer-
cially available (S)-(+)-histidine monohydrochloride
(2.2967 g, PM = 193, 11.9 mmol) in 50 mL of methanol
and the solution is refluxed for 12 h then reduced under
vacuum to give racemic or (S)-(+)-histidine methyl ester
dihydrochloride as a white solid. Elemental Anal. Calcd
for C7H13N3O2Cl2: C, 34.73; H, 5.41; N, 17.36. Found:
C, 34.66; H, 5.52; N, 17.52. 1H NMR: ppm 2.25 (m, 2H),
3.73 (s, 3H), 7.52 (s, 1H), 9.07 (s, 1H), 14.63 (s, 2H).
2.7799 g, yield 96.6%.

Under an inert atmosphere, a solution of benzoyl chloride
(2.1 mL, PM = 140, d = 1.212, 18.5 mmol) and TEA
(5.12 mL, PM = 101, d = 0.726, 36.8 mmol) is added drop-
wise to the suspension of racemic or (S)-(+)-histidine
methyl ester dihydrochloride (2.2118 g, 9.2 mmol) in
30 mL of dry chloroform. The suspension is stirred at room
temperature for 2 days, then 30 mL of water is added and
the solution is extracted with 2 � 20 mL of chloroform.

The combined organic layers are dried and evaporated in
vacuum to give yellow oil. The crude oil residue is dissolved
in 50 mL of MeOH saturated with NaHCO3; after 15 min
of vigorous stirring at room temperature the excess of
NaHCO3 is neutralized with glacial acetic acid. The solvent
is removed in vacuum and the oily residue is dissolved in
25 mL of water and extracted with 4 � 20 mL of chloro-
form. The combined organic layers are dried and evapo-
rated to leave yellow oil. The oil is triturated with 30 mL
of hexane to give (S)-(�)-methyl 2-benzamido-3-(4,5-
dihydro-1H-imidazol-5-yl)propanoate as a white solid
(PM = 273, 1.9 mmol, yield 21%).

Elemental Anal. Calcd for C14H15N3O3: C, 61.53; H, 5.53;
N, 15.38. Found: C, 61.30; H, 5.51; N, 15.64. 1H NMR:
ppm 3.2 (d, 2H), 3.65 (s, 3H), 4.8 (q, 1H), 6.8 (s, 1H), 7.5
(m, 4H), 7.8 (d, 2H), 8.8 (d, 1H). For (S)-(�)-methyl
2-benzamido-3-(4,5-dihydro-1H-imidazol-5-yl)propanoate
½a�25

D ¼ �70:7 (c 0.5 in HBF4 1.6 M in CH3OH).
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