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Stereoselective effects in the solid-phase hydrogenation 
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The solid-phase catalytic hydrogenation of (R)-4-tert-butoxy-~XLpyrroline-2-carboxylic 
acid under the action of hydrogen spillover was studied. The reaction proceeds stereoselectively 
with the predominant formation of the L-amino acid. The configuration of the asymmetric 
center formed is determined by that of the asymmetric C(4) atom. The major portion o f  the 
isotope label is incorporated into the allylic C(3) and C(5) positions, and the ~-[-t atoms are 
more mobile. Using quantum-chemical calculations, the geometric structure of  the 
L-hydroxyproline molecule was calculated, and the spin-spin coupling constants for this 
tritium-!abeled amino acid were determined. 
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Tr i t ium labeling of  amino  acids is widely used in 
medical  biological  studies. A mult iple  tr i t ium label, 
which decreases the limits of  de te rmina t ion  of  labeled 
compounds ,  is especial ly valuable.  Liquid-phase cata-  
lytic reduct ion  o f  unsaturated compounds-precursors  is 
the main me thod  for the incorpora t ion  of  tr i t ium into 
al iphatic amino  a c i d s )  I f  this react ion is carried out in a 
solid mixture  o f  a finely dispersed p la t inum group metal ,  
an inorganic  support ,  and an unsaturated amino  acid 
derivative, the degree  of  incorpora t ion  of  tr i t ium into 
the  a m i n o  acid  increases .  2,3 S o l i d - p h a s e  ca ta ly t i c  
hydrogenat ion  ( S C H )  can be per formed in the absence 
of  a direct con tac t  be tween  the catalyst and the sub-  
strate. The  transfer  o f  hydrogen activated on the catalyst 
to the react ion zone  is called hydrogen  spillover. 4 Asym-  
metr ic  cyc lohexanols  were obta ined by the react ion o f  
hydrogen spi l lover  (HS)  with asymmetr ic  crystals of  
substi tuted phenol .  5 In this work, the s tereochemist ry  o f  
the sol id-phase  hydrogena t ion  o f  the diastereotropic 
mul t ip le  bond in (R)-4-tert-butoxy-M-pyrroline-2-car- 
boxylic acid under  the act ion o f  H S  was studied. 

Experimental 

The studied transformations of L-hydroxyproline deriva- 
tives are presented in Scheme 1. 

Synthesis of (R)-4-tert-butoxy-ALpyrrolin-2-carboxytie acid 
(2). (R)-4-tert-Butoxy-L-proline 1 (0.56 g, Bachem) was added 
to a 0.3 M solution of CuSO 4 (5 mL). 7"lien 5 M KOH 
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(6 mL) was added dropwise with stirring at T_< 20 ~ followed 
by 33% H202 (I mL) (over 15 min). After 15 min, MnO 2 
(30 rag) was added to decompose the excess of H202, and the 
mixture was stirred for 15 rain. The solution was filtered, and 
25% H2SO 4 (4 mL) was added dropwise to the filtrate 
(T _< 20 ~ to pH 7. An equal volume of EtOH was added to 
the solution, the precipitate of K2SO 4 that formed was filtered 
off, and the filtrate was concentrated in vacuo to give the Cu 
salt of acid 2 (0.38 g). To isolate acid 2. the salt was dissolved 
in H20 (5 mL), and the solution was passed through a column 
(8x50 mm) with Dowex Ai (Serva). The solution was concen- 
trated in vaeuo. Acid 2 (0.29 g, overafl yield 52%) was ob- 
tained as a yellow oil. IH NMR (D20),  8:1.25 (s, 9 H, But); 
2.45 (m, 2 H, ABX, H2C(3)); 3.98 (dd, 1 H, ct-HC(5), 3j = 
9.1 Hz, 3j = 2.46 Hz); 4.37 (t, 1 H, ~-HC(5),  !J  l = 9.1 Hz. 
3J 2 = 9.1 Hz); 4.42--4.56 (m, 1 H, I--IC-4). 
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Synthesis of 4-(2)-hydroxy-L-[G-3H]proline (4). Follow- 
ing the procedure for the synthesis of tritium-labeled amino 
acids, 2 acid 2 (2 rag) was supported onto A1203 (40 rag) from 
an aqueous solution and mixed with the catalyst, 5% Pd on 
BaSO 2 (20 rag). The solid mixture was placed in a 10-ink 
tube. which was evacuated, filled with gaseous tritium to a 
pressure of 20 kPa, and heated at 100 ~ for I h. Then the 
tube was cooled, evacuated, and flushed with hydrogen. Amino 
acid 3 was desorbed by 0. l N aqueous NH 3 containing 20% 
EtOH. The solution was evaporated to dryness, then 20% 
aqueous EtOH was twice added, the solvent was evaporated to 
remove labile tritium, and [G-3H](O-But)Hyp (3) was ob- 
tained. Chromatographic purification and determination of the 
tritium distribution were performed after removal of the tort- 
butyl ether group. This was carried out by treatment with I M 
h:/drochloric acid at 20 ~ for 1 h. Amino acid 4 was 
chromatographed on an Amberlite CG carboxyl cation-ex- 
change resin (Serva) in the Cu" ' - fo rm 3 using 0.1 M aqueous 
ammonia as the eluent. The solution of amino acid 4 was 
concentrated to obtain [G-3Hl(O-But)Hyp (3) (148 mCi). The 
amino acid was separated into optical isomers by ligand- 
exchange chromatography on chirai sorbents. 6 L-[G-3H]Hyp 
(4) (122 mCi) with a molar radioactivity of 50 Ci tool -I  was 
obtained in a chemical yield of 23%. o-[G--;H]Hyp (20 mCi) 
was also isolated. The tritium distribution in the labeted amino 
acids was studied by 3H NMR spectroscopy. The incorpora- 
tion of tritium into amino acids was determined by liquid 
scintillation counting. 

3H NMR spectroscopy. 3It and IH NMR spectra of solu- 
tions of amino acids in D20 were recorded on a Broker AC 
250 spectrometer (266.8 and 250 MHz, respectively). The 
tr i t ium-labeled amino  acid (50 mCi) dissolved in D20 
(500 mL) was used for measurements. 7 

The refined data on stereochemistry of the isotope label 
distribution were obtained by a procedure described previ- 
ousiy. 8 

Calculation methods. Geometric parameters of hydroxy- 
proline were calculated by the semiempirieal AM1 method 
realized in the AMPAC program. 9 More exact calculations 
were performed by the GAUSSIAN-94 program t~ in the 
Hartree--Fock approximation using the 3-21G basis. All cal- 

culations of molecular systems in the ground electronic state 
were performed with full optimization of geometry. The elec- 
tron density distribution in a neutral amino acid molecule was 
analyzed according to Mulliken. A DEC AXP 3000-400 work- 
ing station was used for calculations. 

Results and Discussion 

It is known  tha t  L,D-proline can  be o b t a i n e d  by the  
ca ta ly t ic  h y d r o g e n a t i o n  o f  a n  a q u e o u s  s o l u t i o n  of  
.4 l -pyr ro l ine -2 -ca rboxy l i c  a c i d . i t  The  s o l i d - p h a s e  ca ta-  
lytic hydrogena t ion  of  this  c o m p o u n d  us ing  gaseous  
t r i t ium resulted in the  f o r m a t i o n  of  L ,D- [G-3H]Pro  with 
the  incorpora t ion  of  t r i t ium exceed ing  the  s t o i c h i o m e t -  
t ic add i t ion  to the  C = N  bond .  2 T h e  effect o f  t h e  asym-  
met r ic  C(4)  a tom on the  s t e r eochemis t~"  o f  t r i t ium 
incorpora t ion  was s tudied in the  S C t t  o f  c o m p o u n d  2. 
The  results of  q u a n t u m - c h e m i c a l  (ab  initio) ca l cu l a t i ons  
of  4 -hydroxy-L-pro l ine  were used  for analysis  o f  the  IH 
and  3H N M R  spectra .  The  g e o m e t r i c  p a r a m e t e r s  o f  this 
a m i n o  acid are p resen ted  in Tab le  l. The  n u m e r a t i o n  of  
a toms  is shown  in the  s t ruc tu re  5. 

(R) H13 B.H11 
H ~ O ~  ~' ~ "~'HI~ 8 
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The  sp in - sp in  coupl ing  (SSC)  cons t an t s  o f  p ro tons  
depend  on  the  dihedral  angles  be tween  C - - H  bonds ,  jz 
The  analysis of  the  tH N M R  spec t ra  wi th  a c c o u n t  of 
the  geomet ry  of  the  molecu le  a l lowed one  to d e t e r m i n e  
the  SSC cons t an t s  (3J lo_! l  = 10.1, 3J l0_i2  = 7.9, 

Table 1. lnteratomic distances (r), bond angles (co), and dihedral angles (q~) in the 
4-hydroxy-t.-proline molecule obtained by the HF 3-21G method 

Distance r/A Angle 03/dog 

N( t )--C(2) ] .49 N ( l ) --C(2)--C(3) 107.4 
C(2)--C(3) 1.55 C(2)--C(3)--C(4) 103.9 
C(3)--C(4) [.54 C(3)--C(4)--C(5) 103.6 
C(4)--C(5) 1.53 C(4)--C(5)--N( t ) 103.2 
C(5)--N(1) 1.49 C(5)--N(1)--C(2) 103.6 
C(2)--C(7) 1.53 Angle ~/deg 
C(7)--O(8) 1.34 N(I) - -C(2)- -C(3)- -C(4)  3.7 
O(8)--H(I  7) 0.98 C(2)--C(3)--C(4)--C(5) 21.2 
C(7)--O(16) 1.20 C(3)--C(4)--C(5)--N(1)  -39.9  
C(4)--O(6) 1.45 C(4)--C(5)--  N( 1 )--C(2) 42.3 
O(6)--H(18) 0.97 a- H(10)--C(2)--C(3)--[3- H(11) - 114.0 
N(1)--H(9)  1.01 ct- H(10)--C(2)--C(3)--ct-H (12) 8.6 
C(2)--cx-H(10) 1.08 H(13)--C(4)--C(3)--.3-H([ 1) 26.6 
C(3)--I3-H(1 i) 1.08 H(I  3)--C(4)--C(3)--c~-H(12) -95.0  
C(3 ) - - a -H( t2 )  1..08 H(I 3)--C(4)--C(5)--H(14) 76.4 
C(4)--H(13) 1.08 H(I 3)--C(4)--C(5)--H(15) -47.0  
C(5)--H(14) 1.08 !3-H(1 l ) - -C(3)--C(5)--H(14)  79.7 
C(5)--H(15) 1.08 c~-H(I2)--C(3)--C(5)--H(14) -163.7 
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Table 2. Tritium distribution in 4-hydroxy- 
i.-[G-3H]proline (4) obtained by the solid- 
phase hydrogenation of (R)-4-terr-butoxy- 
,.Xl-pyrroline-2-carboxylic acid (I) and solid- 
phase isotope exchange at 150 ~ (lI) 

8 Assignment Distribution 
I II 

2.10 3~ 29 i 
2.40 3~ 20 6 
3.30 5~ 0 59 
3.45 5~ 35 21 
4.25 2 16 9 
4.65 4 0 4 

Table  3. Tritium distribution in L,o-[G- 
3H]proline with a molar radioactivity of 56 
Ci mmo1-1 obtained by the solid-phase hy- 
drogenation of A I-pyrroline-2-carboxylic acid 
at 100 ~ 

8 Assignment Tritium 
distribution (%) 

1.95 4 0 
2.05 3~ 34 
2.35 3a 34 
3.35 5 6 
4.25 2 26 

2Jt l_t2 = 13.3, 3J l l_t3  = 4.0, 3Jib_t3 = 1.6, 
4J12_14 1.6, 3J13_15 3.2, - 1~-15 9.8 Hz) and 
assign the peaks in the spectrum of  4-hydroxy-e-prol ine.  

The reaction between compound 2 and activated 
tritium was performed with the spatial separation of  the 
unsaturated compound and the heterogeneous catalyst. 
Thus, the hydrogenation involved HS. The addition at 
the diastereotropic multiple bond occurs stereoselectively. 
The content of the L-form exceeded that of the D-amino 
acid more than sixfold. The tri t ium distribution for 
compound 4 is presented in Table 2. The degree of 
substitution of the H atom by tritium at the C(2) atom 
was only 27%. It can be assumed that the addition of 
hydrogen at C(2) was due to the intramolecular transfer 
from the allytic positions of the molecule.  The configu- 
ration of the asymmetric  center appearing at the C(2) 
atom is determined by the asymmetric  C(4) atom. The 
substitution of the hydrogen atoms at C(3) and C(5) by 
tritium is also stereoselective. The allylic I3-H atoms that 
are located at the same side as the carboxyl group are 
predominantly substituted. It has been shown previously 
that the carboxyl group participates in the stabilization 
of the transition state in the isotope exchange of hydro- 
gen in alanine involving HS. 13 It can be assumed that 
this group also participates in the stabilization of  the 
transition state, which is formed when HS is added to 
the unsaturated compound.  

The incorporation of  tritium due to the isotope 
exchange of  hydrogen accompanying the solid-phase 
hydrogenation can be compared to the tritium distribu- 
tion obtained by the solid-phase catalytic isotope ex- 
change. The refined data on the stereochemistry of  the 
isotope label distribution are presented in Table 2. The 
substitution of hydrogen in the diastereotropic CH 2 
groups of 4-hydroxy-L-prol ine is also stereoselective. 
However, the C--(x-H bonds with the same arrangement 
relative to the plane of the ring as the C(4)OH group are 
more reactive. The mechanism of  the solid-phase cata- 
lytic isotope exchange can be presented as the reversible 
monomolecular  electrophilic interaction of HS in the 

form of a proton with the saturated C atom of  the solid 
organic compound.t3 Positively charged complexes with 
the five-coordinate C atom can be formed in this inter- 
action. The stability of the complexes with the proton at 
the C(3) and C(5) atoms of 4-hydroxy-e-prol ine  was 
calculated by the quantum-chemica l  semiempiricat AM 1 
method. The predominant substitution of the c~-H atoms 
is related to the participation of the C(4)OH group in 
the stabilization of the complexes formed with the pro- 
tons at C(3) and C(5). 

The sol id-phase  cata lyt ic  hydrogena t ion  of the 
~l-pyrrol ine-2-carboxylic  acid was carried out to eluci- 
date the effect of  the asymmetric C(4)OH group on the 
reactivity (Table 3). The 3H N M R  spectroscopic data 
were assigned as described prev ious ly)  4 The isotope 
label is incorporated predominant ly  into the allyl C(3) 
atom and is uniformly distributed between ct-H(3) and 
!3-H(3). The hydrogenation react ion results in the for- 
mation of racemic proline. 

Thus, the solid-phase catalytic hydrogenation of (R)- 
4- ter t -butoxy-Ai-pyrrol ine-2-carboxyl ic  acid under the 
action of  HS occurs stereoselectively with the predomi-  
nant formation of the L-amino acid. The configuration 
of the asymmetric center appearing at the C(2) atom is 
determined by the asymmetric C(4) atom. The major 
portion of the isotope label is predominant ly  incorpo- 
rated at the allylic C(3) and C(5) atoms, and the 13-H 
atoms are more mobile. The observed stereoselectivity of  
hydrogen exchange at these C a toms can be explained 
by an additional stabilization of the  intermediate prod- 
uct of  the addition of one HS part icle  with the participa- 
tion of the carboxyl group. 

This work was carried out on a setup tbr work with 
multicurie quantities of  gaseous tri t ium. 
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