
FULL PAPER 
Asymmetric Catalysis, 105["l 

Stereoselective Hydrogenation of Folic Acid with Immobilized Optically Active 
Rhodium(I)/Diphosphane Catalysts 
Henri Brunner*, Petra Bublak, and Martina Helget 

Institut fiir Anorganische Chernie, Universitiit Regensburg, 
UniversitatsstraBe 31, D-93053 Regensburg, Germany 

Received July 3, 1996 

Keywords: Diastereoselective hydrogenation / Folic acid / Immobilized optically active rhodium(Ij/diphosphane 
catalysts / Leucovorin / HPLC analysis of 5-formyltetrahydrofolic acid derivatives 

For the hydrogenation of the C=N bonds in the pyrazine ring 
of the vitamin folic acid (1) optically active rhodium(I)/di- 
phosphane complexes immobilized on supports such as silica 
gel or A1203 were used. The reduction was carried out at 50 
bar hydrogen pressure in an aqueous solution buffered to pH 
3 .  Thus, 5,6,?,8-tetrahydrofolic acid (2) was obtained which 
contains a new asymmetric center at C-6 of the pterine sys- 
tem. Therefore, in combination with the (S) configuration of 
the natural L-glutamic acid part of the molecule two diastere- 
omers with (6S,S)  and (6R,S)  configuration arise. The relati- 

The folates are a group of water-soluble vitamins, con- 
sisting of a pterine system, a p-aminobenzoic acid bridge 
and a L-glutamic acid moiety (folic acid 1) or a polygluta- 
my1 chainc2]. In the body, the biologically active species 
5,6,7,8-tetrahydrofolic acid (2) is formed by the enzymatic 
reduction of folic acid in two steps. In the first step 7,s- 
dihydrofolic acid is obtained, which is transformed into 
5,6,7&tetrahydrofoIic acid by the enzyme dihydrofolate re- 
ductase in the second step. 2 plays an important role in the 
biosynthesis of precursors of DNA bases, because it acts as 
a carrier in the transfer of C1 fragments, and 3 (5-methyl- 
tetrahydrofolic acid) is the methyl donor in the methylation 
of homocysteine to methi~nine[*-~I. 

In the chemotherapy of different kinds of cancer the car- 
rier function of the folates is utilized. Fast growing tumor 
tissues need purine and pyrimidine bases for their DNA 
synthesis. This process can be stopped by the competitive 
inhibition of the enzymes thymidylate synthase and di- 
hydrofolate reductase, which participate in the biosynthesis 
of nucleic acids. Pseudoirreversible inhibitors of dihydrofol- 
ate reductase are methotrexate and aminopterine. Their 
cytotoxicity is due to a breakdown of the DNA synthesis. 
The dihydrofolate reductase inhibitors cause a drop in the 
pool of reduced folates in the cell, preventing important 
metabolic processes and resulting in cell death. In particu- 
lar, folate antagonists rapidly affect proliferating cells such 
as tumor celI~[~-*]. 

lo] Part 104: Ref."]. 

vely unstable tetrahydrofolic acid (2) was converted into its 
5-formyl derivative folinic acid (4) by treatment with methyl 
formate/formic acid in a 5 : 1 mixture of DMSO/pyridine. The 
Ca salt of folinic acid (4) is the widely used drug leucovorin. 
The diastereomers were separated by silica gel HPLC. To the 
column bovine serum albumine (BSA) is covalently bound. 
With optically active rhodium(I)/diphosphane catalysts, im- 
mobilized on silica gel supports, a diastereoselectivity of up 
to 90 % could be achieved in the hydrogenation of folic acid 
(1). 
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After the application of high doses of methotrexate in the 
treatment of osteosarcomas, leucovorin, the Ca salt of 5- 
formyltetrahydi-ofolic acid or folinic acid (4) has to be ad- 
ministered as a rescue agent to maintain a certain level of 
~ne tabol i sm[~.~~~] .  Another important application of leuco- 
vorin is the therapy of colorectal adenocarcinomas in com- 
bination with 5-fluorouracil. Leucovorin is also used in the 
treatment of megaloblastic anemia, psoriasis, and rheu- 
matic arthritis['(']. 
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In folic acid, there is an asymmetric center of (S) con- 
figuration in the natural glutamic acid group. In the re- 
duction of folic acid to tetrahydrofolic acid a new asymmct- 
ric center is generated at C-6 of the pterine system. Thus, 
two diastereomers with (6S,S) and (6R,S) configuration are 
possible for tetrahydrofolic acid. In the body, only the 
(6S,S) isomer is formed by enzyme catalysis[11]. In the in- 
dustrial synthesis, however, a 1 : 1 mixture of the two dia- 
stereomers, the natural (653) isomcr and the unnatural 
(6R,S) isomer, is produced. 

Early experiments indicated, that the growth of microor- 
ganisms is more effective with (bS,S)-leucovorin than with 
the racemic compound[l21. Further studies showed, that 
only the (6S,S) diastereomer acts as a carrier of C, groups. 
Moreover, the unnatural (6R,S) diastereomer is an enzyme 
inhibitor and medical experiments demonstrated, that it is 
more slowly metabolizcd than the natural (6S,S) iso- 
mer[R*9.”,’4]. Thus, application of a 1 : 1 mixture of (6S,S)- 
and (6R,S)-leucovorin leads to an accumulation of the un- 
natural tetrahydrofolates in the central nervous systcni and 
to an intoxication of the patients in the long run[14 l61. 

Nevertheless, even today, leucovorin used in therapy is a 
1 : 1 mixture of the (6S,S) and (6R,S) diastereomers. 

The commercial leucovorin synthesis is based on the 
hydrogenation of folic acid with PtOz or Pd catalysts in 
high-polarity solvents such as glacial acetic acid, trifluoro- 
acetic acid or formic The reduction of folic acid 
is also possible with NaBH4 in weakly alkaline aqueous 
solution[20,211. In these reductions there is almost no optical 
induction from the (S)-configured glutamic acid moiety in 
the formation of the new asymmetric center at C-6 of the 
pterine system. 

Many efforts had been undertaken to separate the two 
diastereomers (6S,S)- and (6R,S)-leucovorin, e.g. by pre- 
parative chromatography of folinic fractional crys- 
tallization of its alkaline earth  salt^['^,^^], extraction of 5- 
menthyloxycarbonyltetrahydrofolic acid[7.”], and fraction- 
ation of the Ca derivatives with ethylenediaminotetraace- 
tateLz4]. In addition to a couple of inefficient chemical and 
enzymatic approaches to synthesize diastereomerically pure 
( 6 S , S ) - l e u c o ~ o r i n [ ~ ~ ~ ~ ~ l ,  a biotechnological procedure was 
reported, in which dihydrofolic acid was reduced with di- 
hydrofolate reductase to (6S,S)-tetrahydrofolic acid in 50 YO 
yield. The dihydrofolic acid must be prepared by hydrogen- 
ation of folk acid in a separate ~ t e p [ ’ ~ , ~ ~ ] .  

Another approach to the synthesis of (6S,S)-leucovorin 
is the asymmetric hydrogenation of folic acid. In the litera- 
ture there is only one communication, which describes a 
successful homogeneous hydrogenation of folk acid with a 
catalyst, synthesized from py3RhC13. NaBH4, and various 
chiral a~nides[~~] ,  which turned out to be wrong, In this 
study the diastereomeric excess was determined indirectly 
by a semiquantitative bioassay[31]. Surprisingly, there are no 
reports in the literature on the stereoselective hydrogenation 
of folk acid with rhodium(I)/phosphane complexes, which 
played such a dominant role in enaiitioselective cataly- 

Also in our hands, homogeneous rhodium(1)lphos- 
phane catalysts proved to be ineffective in the hydrogen- 
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ation of folk However, in a previous paper we 
could demonstrate, that heterogeneous hydrogenation of fo- 
lic acid with immobilized rhodium(l)/diphosphane catalysts 
is a promising approach[”] However, our first attempts suf- 
fered from an inferior product analysis, based on the deriva- 
tization of tetrahydrofolic acid with (-)-menthy1 chloro- 
formate, which interrered with the product composition[34]. 
In the present paper we describe a new efficient product 
analysis and much better stereoselectivities, which resulted 
from a screening of new procatalysts, optically active li- 
gands, immobilization supports, and reaction condi- 
tions[35.361. 

Standard Reaction 

The standard procedure in the synthesis of N.5-formyl- 
tetrahydrofolic acid (4) consists of two steps. In the first 
step, folic acid (I) is hydrogenated during 24 hours with an 
immobilized optically active rhodium(1)ldiphosphane cata- 
lyst at 80°C and at a H2 pressure of 50 atm. The solvent is 
a NaH2P04/Na2HP04 buffer of pH 7, in  which folic acid 
dissolves on addition of NaOH. For the immobilization of 
the catalyst on the support, the procatalyst (usually 
[Rh(cod)ClI2, cod = 1,5-~yclooctadiene) and a diphospliane 
(ratio Rh/PP = 1 : 1.18) are placed in a glass vessel fitting 
into a 100-ml stainless steel autoclave together with 0.7-0.8 
g of the support, in most cases silica. After the addition 
of methylene chloride a yellow-orange rhodium-phosphane 
complex is formed, which at first dissolves in the methylene 
chloride. However, it absorbs within a few minutes on the 
surface of the support and the supernatant solution be- 
comes colorless. After removal of the solvent in vacuo the 
catalyst powder should be used immediately in thc hydro- 
genation, because storage for some days results in de- 
creased stereoselectivities. 

The hydrogenation product 5,6,7,8-tetrahydrofolic acid 
(2) is very light- and air-sensitive and decomposes easily. 
As the derivatiyation of the 5-amino group with electron- 
withdrawing substituents, such as a forrnyl group, increases 
its stability appreciably, tetrahydrofolic acid (2) is not iso- 
lated but formylated immediately with methyl formate/for- 
mic acid in a 5:  1 mixture of DMSO/pyridine at room tem- 
perature to give 5-formyltetrahydrofolic acid (4), which is 
precipitated by addition of ether. In the normal procedure, 
4 is dissolved in aqueous NaOH. Addition of ethanol pre- 
cipitates the Na salt of 4, which is suitable for a subsequent 
HPLC determination of the (6SJ)- and (6R,S)-leucovorin 
ratio using a NaH2P0JNa2HPO4 buffer In some cases 4 
was dissolved in boiling water, treated with CaC1, and pre- 
cipitated with ethanol as the Ca salt. the actual drug leuco- 
vorin. 

For a long time the variable water content of the folinate 
samples was a problem for the determination of the chcmi- 
cal yield by weighing. 5-6 hours of drying in high vacua 
did not result in samples with a constant water content. 
Therefore, in Tables 1-5 for our early measurements only 
the diastereomeric excess of leucovorin is given and not its 
chemical yield. Later on we solved the problem on the basis 
of thermogravimetry and differential scanning calorimetry 
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measurements. These measurements showed that at a tem- 
perature of 130°C in vacuo the water can be completely 
removed from samples of the Na salt of folinic acid[36]. 
Thus, the chemid  yield can be determined by weighing 
after heating of the final product at 130 "C for 1 hour. 

HPLC Analysis 

For the analytical separation of the diastereomers of leu- 
covorin silica gel HPLC columns were used, to which bo- 
vine scrum albumine (BSA) is covalently Elu- 
tion with a NaH2P04/Na2HP04 buffer of pH 7.5 resulted 
in a base line separation of the leucovorin diastereomers 
(Figure 1). The assignment was made on the basis of 
samples of pure (6S,S)-leucovorin and a 1 : l  mixture of 
(6R,S)- and (6S,S)-leucovorin. The diastereomeric excess 
was calculated by using the equation % de = ( [A,  - ARI)/ 
(As + A n )  . 100Y0, in which As  and A R  are the integration 
areas of the (6S,S) and (6R,S) diastereomers. For repeated 
measurements the diastereomeric excess varied by approxi- 
mately f2.5 YO. 
Figure 1. HPLC chromatogram of (6S,S)-leucovorin (retention 
time 6.8 min) and (6R,S)-leucovorin (retention time 10.1 min); dia- 
stereomeric excess: 50.9 'YO de by integration: two Resolvosil BSA7 
columns (150 X 4 mm), connected with each other; eluent: aqueous 
NaH,P04/Na2HP04 buffer of pH = 7.5; flow rate: 0.9 ml/min; 

pressure: 120 atm 

In the case of incomplete hydrogenation. in addition to 
the two peaks of the leucovorin diastereomers two further 
peaks appear in the chromatograms, the peaks of unreacted 
starting material folic acid (retention time 17.5 min) and of 
its N10-formyl derivative (retention time 8.8 min). Incom- 
pletely hydrogenated samples may also give rise to other 
small peaks, which probably are due to partly hydrogenated 
folic acid and itc formylation products. Completely reduced 
samples do show only the two diastereomer peaks in the 
chromatograma 

Catalysts with Different Ligands 

A series of mono-, bi-, and tridentate optically active 
phosphancs were used in the preparation of the immobil- 

ized catalysts for the hydrogenation of folic acid[35 361. Bi- 
dentate chelate ligands turned out to be most suitable. In 
Tdbk I only systems arc summarized for which the diastcr- 
eoselectives exceeded 20 YO de. The standard procatalyst in 
this series of experiments was [Rh(cod)C1I2 and the support 
was silica gel 60 (125-200 pm; Merck). For the optically 
active ligands the corresponding acronyms were used. All 
the ligands were characterized by their chemical names and 
a leading reference in the footnotes of the tables or the ref- 
erences section. 

Table 1. Hydrogenation of folk acid (1) with in situ catalysts con- 
sisting of the procatalyst [Rh(~od)Cl]~ and different optically active 

diphosphanesl"] 

No. I.igand % d e  Config. Yield% Runs 
1 (-)-BDPP~" 18.4. 20.7 (S) 93, 94 2 

(.)-BPPM['] 

(-)-B,Ilap[fl 
(-)-BDPPP[~] 

(-)-DiopCdl 
(I)-Binap[e' 

(+)-OMe-BDPPP[h' 
( 1 )-Ph-ProNOP[" 

(+)-Ph-5-oxo-ProNOPti1 

51.3 - 54.5 
49.0 - 53.0 
50.0. 51.2 
50.1, 50.0 
25.6,26.4 
30.2, 32.5 
27.0: 31.3 
29.7. 31.7 

Q 85 - 87 6 
(s) 8 6 - 8 8  6 
(S) 40,44 2 
(R) 47,49 2 
(9 2 
(s) 70,72 2 
(s) 67,69 2 
(s) 63. 67 2 

La] Standard conditions: ratio Rh/PP = 1 : 1.18, ratio RWfolic 
acid = 1 : 40, H2 pressure 50 atm, 80 "C, 24 h, support: silica gel 60 
(125 -200 pm, Merck). - Lb] (S+S)-2,4-Ris(diphenylphosphanyl)- 
pentane["']. - ICl (2S,4S)-l-tevt-Butoxycarbon 1 4 diphenylphos- 
phanyi-2-diphenyllphosphanylmetliylpyrr0lidine~~~~~~.~- kiI (4R,5R)- 
t~nns-4,5-Bis(diphenylphosphanylmethyl)-2,2-diniethyl- 1,3-dioxo- 
lane[46]. - re] (R)-2.2'-Bis(diphenylphosphanynyl)-I, 1 '-binaphthalcner'"1. 
- [fl (S)-2,2'-Bis(diphenylphosphanyI)-l, 1 '-bina hthalene[47]. - 
'€1 (S)-l,4-Bis(diphenylphosphanyl)pentane[481. - @f (R)-1-Methoxy- 
2,5-bis(diphcnylphosphanyl)pentane[;'*]. - Lil (S)-2-Dithenylphos- 
phanoxymethyl-N-diphenylphosphanylpyrr~lidine~~'~. - 1 (S)-j-Di- 
phenylphosphanoxyinethyl-2-~~-diphenylphosphanylpyrrolidinone~s"~. 

The stereoselectivity of the hydrogenation of folic acid 
turned out to be decisively dependent on the si7e of the 
chelate ring which the ligands form with the rhodium. Chel- 
ating phosphanes forming five-membered rings, extremely 
efficient in the hydrogenation of dehydrwdmino acids, gave 
only poor results, including (+)-Propho~[~']  (-3% de) and 
( + ) - N o r p h o ~ [ ~ ~ ]  (- I5 %I de). (-)-BDPP, forming a six- 
membered chelate ring, gave a diastereomeric excess of 
about 20% de and good chemical yields of 93 and 94% 
(Table 1, no. 1). 

Bidentate phosphanes, forming seven-membered chelatc 
rings, were thc most efficient ligands in folic acid hydrogen- 
ation catalysts. The cocatalyst (-)-BPPM, derived from the 
amino acid hydroxyproline, reproducibly gave a stereoselec- 
tivity of 50-.55% de as well as high cheinical yields (no. 2). 
In addition to (-)-BPPM the three related derivatives (-)- 
PPMr5l1, (-)-MCCPM[521, and (-)-BCPM1531 were tested 
in folic acid hydrogenation. In (-)-PPM the tert-butoxycar- 
bony1 substituent at the N atom in the pyrrolidine ring of 
(-)-BPPM is replaced by a H atom. In (-)-MCCPM and 
(-)-BCPM instead of a diphenylphosphanyl group a bulky 
dicyclohexylphosphanyl group is bound to C-4 of the pyr- 
rolidine ring. Interestingly, there was no catalysis with the 
(-)-MCCPM and (-)-BCPM systems and (-)-PPM gave 
only low stereoselectivities of 1.1 and 4.5 YO de. 
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With the ligand (-)-Diop (no. 3) a diastereomeric excess 
of49.0-53.0% and a chemical yield of 86-8896 could be 
achieved for the (6S,S) isomer. (+)-Diop induced the unde- 
sired (6R,S) configuration in the hydrogenation product 
with 10.6 and 12% deL3'1. In contrast to the Diop enanti- 
omers, both Binap enantiomers (nos. 4 and 5) gave similar 
stereoselectivities of approximately 50% de, (+)-Binap in- 
ducing the (C;S,s)- and (-)-Binap the (6R,S) configuration 
in the hydrogenation product. However, the chemical yields 
in the Binap systems were only 40-50%. Thus, the Binap 
ligands are inferior to (-)-BPPM and (-)-Diop in the 
hydrogenation of folic acid. With the ligands (-)-BDPPP 
(chemical yield not determined), (+)-OMe-BDPPP, (S)-Ph- 
ProNOP, and (S)-Ph-5-oxo-ProNOP stereoselectivities of 
25530% de and chemical yields of 60-70% were obtai- 
nend (nos. 6-9). 

Different Procatalysts 

In the rhodium(1) precursors, the olefin component as 
well as the anion can be modified. In this procatalyst 
screening the cocatalysts (-)-BPPM and (-)-Diop were 
used. The support was silica gel 60 (125-200 pm, Merck). 
The results are summarized in Table 2. 

Table 2. Hydrogenation of folic acid (1) with in situ catalysts con- 
sisting of different rhodium precursors and the o tically active h- 

gands (-)-BPPM and ()-Diop['Y 

No Procatalyst Ligand %de Config Yield% Runs 

(-)-RPPM 51 3 - 5 4 5  (S, 85-87 6 
1 [Rh(cod)Cl],lhl (-)-Dlop 490 - 53 0 (S> R6 - 88 6 

(-)-BPPM 500,529 (S) 86,89 2 
2 [Rh(hxd)Cl],'"] (-)-Diop 23 I ,  266  (s) 72,75 2 

(-)-BPPM 726,34 8 (9 81.84 2 
[Rh(nM)Cll,[dl (-)-D~op 15 8,220 (A? 83 ,87  2 

(-)-BPPM 36 7,39 1 (s) 49, 52 2 
[Rh(C2H4)~C112@1 (-)-Dlop 21 9 ,244  (9 61,66 2 

(-)-BPPM 21 4,25 0 (s) 66 69 2 
5 l ~ ~ c o e ~ 2 c l l ~ r ~  (-)-Diop 172,187 (9 62 64 2 

(-)-BI'PM 41 5 4 4 5  (S) 82 ,83  2 
6 [Rh(eod)OAc]," (-)-Dlop 23 1 25 7 (s) 86 89 2 

(-)-BPPM 21 4 25 8 (3 18,20 2 
[Rhicod)acacl'h' (-)-DIo~ 31 6,32 6 (S) 28,31 2 

(-)-BPPM 404,450 (5') 79 82 2 
[w('l-d1Y1)2c11?J I-bDion 21 0 23 7 (3 73 75 2 

La] Standard conditions: ratio R h P P  = 1:  1.18, ratio Rhlfolic 
acid = 1 ;40, H, pressure 50 atm, 8O"C, 24 h, support: silica gel 60 
(1257200 pm, Merck). - Cb] Bis{p-chloro[l,Z: 5,6-q-(l.5-cyclo- 
octad1ene)jrhodium) Ls4I. ~- 1'1 Bis[F-chloro{ 1,2 : 5,6-q-( 1,5-hexa- 
diene)]rh~diurn]'~q. - Id] Bis[p-chloro{2.3 : 5,6-q-(2,5-norborn- 
adiene))rhodi~rn][~~'. - lei Bis[~-chlor~{di(ethylene)}rhodium]~~~~. 
- rfl Bis{ p-chloro[di(q2-cyclooctene)]rhodium) [581. - fgl Bis[p- 
acetate{ 1.2: 5,6-q-~1,5-cyclooctadiene)}rhodi~~m]~~~~. - Ihl Acetyl- 

chloro {di($-aIlyl)} rhodium], a rhodium(I1I) 
acetonato)[l,2 : 5,6-q-(1,5-cyclooctadiene)]rhodium~60~. - 1' \ Bis[p- 

The standard precursor [R h(~od)Cl]~  turned out to be the 
most efficient procatalyst for the folk acid hydrogenation. 
Its de values (Table 2; no. 1) are higher than those of the 
the corresponding 1,Shexadiene and 2,s-norbornadiene 
complexes (nos. 2 and 3). On the other hand, complexes of 
the diolefins induce higher stereoselectivities than the com- 
plexes of the monoolefins ethylene and cyclooctene (nos. 4 
and 5). Also, the exchange of the chloride anion for acetate 
or acetylacetonate (nos. 6 and 7) or the introduction of the 
q-ally1 ligand (no. 8) does not increase the diastereomeric 

excess in the folk acid hydrogenation. Interestingly, for all 
the procatalysts of Table 2, (-)-BPPM proved to be a more 
efficient cocatalyst than (-)-Diop except for [Rh(cod)acac] 
(no. 7). 

Catalysts Immobilized on Different Supports 

In the screening of the cocatalysts and procatalysts silica 
gel 60 (125-200 pm, Merck) was used as the support for 
the immobilization of the catalyst. In this section the use of 
different silica gel supports, differing in particle sizc and 
particle size distribution, is described. Interestingly, the type 
of the silica gel has a profound influence on the chemical 
yield and, in particular, on the stereochemistry of the 
hydrogenation of folk acid (1). The standard procatalyst 
[Rh(cod)C1l2 and the ligands (-)-BPPM and (-)-Diop 
were used together with silica gels no?. 1 - 13 (Table 3) in 
the heterogeneous reduction of folic acid (1). 

Throughout, the ligand (-)-BPPM was more suitable 
than f-)-Diop, except for the support Florisil, a Mg silicate 
(MgO/Si02 = 15 : 85), for which (-)-Diop proved more ef- 
fective than (-)-BPPM (no. 13). Most of the silica supports 
gave good chemical yields in the range between 80 and 
92 %. The highest stereoselectivity was achieved with the 
silica gel Merckosorb S160 (no. 3). (-)-Diop gave a diaster- 
eomeric excess of 80.4 and 84.1 %, and with (-)-BPPM 
even 87.9-92.3Y0 de were attained. This silica gel had a 
medium particle size of 40 pm. For comparison, silica1 gel 
60 (no. 1) and silica gel 60 (no. 2) have particle sizes of 
63-200 pm and 125-200 pm, respectively. 

Other supports were not as useful as silica gels in the 
heterogeneous hydrogenation of folic acid (I). No catalysis 
took place with [Rh(cod)Cl],/( -)-BPPM or (-)-Diop cata- 
lysts immobilized from methylene choride solution onto the 
surface of BaS04, Ti02, MgO, molecular sieve, sephadex, 
or cellulose. On AlzOi (A1203 90, 63-200 pm, Merck), 
[Rh(cod)Clj,/( -)-BPPM induced a diastereomeric excess of 
47.3-49.1 % and on celite [Rh(cod)Cl],/(-)-Diop gave 
23.20/0 de1351. Immobilization of [Rh(cod)CI],/( -)-BPPM 
and [Rh(cod)Cl],/(-)-Diop from ethanol solution onto 
charcoal resulted in only 4.6 and 4.9% de and 46 and 60% 
chemical yield in folic acid 

Repeated Use of the Immobilized Catalyst 

With the procatalyst [Rh(cod)C1I2, the optically ligand 
(-)-BPPM and the silica gel 60 (125-200 pm, Merck) it 
was investigated whether the immobilized catalyst could be 
used repeatedly in the heterogeneous hydrogenation of folic 
acid (1). After completion of the previous run, the catalyst 
was separated by filtration, washed three times with watcr 
and dried for 4 h in vacuo. We tried to reuse the catalysts, 
loaded with [Rh(cod)Cl],/{ -)-Diop or (-)-BPPM on differ- 
ent silica gels. However, in all successive hydrogenations the 
stereoselectivity decreased, e.g. in the system [Rh(cod)Cl]2/ 
(-)-BPPM with silica gel 60 (125-200 vm, Merck), from 
51 % de in the first run to 40% de in the second run[35]. 

We also tried to supply used-up catalysts with a fresh 
catalyst load. To this end, the catalyst obtained after com- 
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Table 3. Hydrogenation of folic acid (1) with in situ catalysts consisting of the procatalyst [Rh(cod)C1J2 and the cocatalyst (-)-BPPM 

and (-)-Diop immobilized on different silica gels as 

No. Silica Gel Particle Size Ligand % de Config. Yield % Kuns 
(-)-BPPM 45.6.46.8 2 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

silica gel 60'b1 

silica gel 60Lb1 

Merckosorb S160Lb1 

LiChrosorb S1601b1 

LiChrosorb SI1OO[bl 

LiChroprep Si60Lb1 

LiChroprep Si60Lb1 

silica gel 60" 

David 60"' 

David 

SiO,, type Aa 1 6 d d 1  

SO,, type Aa 1 

Florisil" 

63 - 200 pm 

125 - 200 pm 
medium 

particle size 40 pm 

10 pm 

10 urn 

40 - 63 pm 

15 -25 pm 

0.2 - 0.5 IUII 

60 A 

100 A 

75 - 150 pm 

. ,  
(-)-Diop 

(-)-BPPM 
(-)-Diop 

(-)-BPPM 
(-)-Diop 

(-)-BPPM 
(-)-Diop 

(-)-Diop 
(-)-BPPM 
(-)-Diop 

(-)-Diop 

(-)-Diop 

(-)-Diop 

(-)-Diop 

(-)-Diop 

(-)-Diop 
(-)-BPPM 
(-)-Diop 

(-)-BPPM 

(-)-BPPM 

(-)-BPPM 

(-)-BPPM 

(-)-BPPM 

(-)-BPPM 

(-)-RPPM 

50.7, 52.3 
51.3 - 54.5 
49.0 - 53.0 
87.9 - 92.3 
80.4,84.1 
47.9, 53.9 
29.6, 32.5 
45.4, 52.0 
30.7,32.5 
16.2, 17.2 
22.6,23.8 
48.4, 50.6 
17.2. 18.8 
44.9, 48.6 
23.2.24.2 
20.7, 26.6 
18.3, 23.4 
43.0,47.5 
19.6, 24.5 
49.6, 51 .O 
22.9, 25.3 
30.5, 35.1 
19.5, 23.1 
35.3, 38.5 
38.3,44.9 

85 - 87 
86 - 88 
86 - 89 
86; 88 
85,88  
86,88 
79.82 
80,83 

87,90 
89,92 
82,84 
85,86 
84,87 
85,87 
75.80 
82,83 
77,79 
19,81 
43,45 
39,42 

2 
6 
6 
6 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 

la] Standard conditions: ratio RWPP = 1 : 1.18. ratio Rh/folic acid = 1 :40, H2 pressure 50 atm, 80"C, 24h. - Cb] Merck. - 
Cdl Heraeus. 

Aldrich. - 

pletion of the previous run was subjected to the usual im- 
mobilization procedure with [Rh(cod)CI], and (-)-BPPM 
in methylene chloride. These catalysts showed a somewhat 
reduced activity and an appreciably reduced stereoselectiv- 
ity (Table 4)[361. The diastereomeric excess decreased from 
51.3-54.5 to 32.6-34.5 in the fourth reuse. Obviously, in 
the first immobilization step, surface sites on the silica gel 
are occupied, which are no longer available for the next 
catalyst loads. 
Table 4. Hydrogenation of folic acid (1) with in situ catalysts con- 
sisting of [Rh(cod)Cl], and (-)-BPPM, loaded on catalysts used in 

previous hydrogenation reactionsk'l 

No. ligand Use '4, de Config. Yield% Runs 
1 (-)-BPPM 1 51.3 - 54.5 (9 85 - 87 6 
2 (-)-BPPM 2 43.2,44.8 (XJ 84, 86 2 
3 (-)-BPPM 3 40.3. 41.6 (3 83. 84 2 
4 (-)-BPPM 4 35.2, 17.2 (S) 79, 80 2 
5 (-)-BPPM 5 32.6, 34.5 (5') 75, 76 2 

''1 Standard conditions: raiio Rh/PP = 1 : 1.1X. ratio Rhlfolic 
acid = 1 :40. H2 pressure SO atm, 80°C. 24 h, support: silica gel 60 
(125-200 pm, Merck). 

Variation of the Catalyst Substrate Ratio 

In all the experiments described, the catalyst-to-folic acid 
ratio was 1 : 40. We tried to improve this ratio in the two 
systems procatalyst [Rh(cod)Cl],, cocatalysts (-)-BPPM 
and (-)-Diop on silica gel 60 (125-200 pin, Merck) 
(Table 5). 

In both series the same trends were observed, a decrease 
of the diastereomeric excess with rising amounts of sub- 
strate and, more scriously, a drop of the chemical yields 

Table 5. Hydrogenation of folic acid (1) with in situ catalysts con- 
sisting of [Rh(cod)C1I2 and (--)-BPPM or (-)-Diopl"I; variation of 

the catalyst/substrate ratio 

No. Ligand Cat./Substr. %de Config. Yield% Runs 
1 I-)-BPPM 1:40 51.3 - 54.5 iSI 85- 87 6 
2 (-j-BPPM 1:80 49.1,51.7 49, 51 2 
3 (-)-BPPM 1:120 46.3,48.7 (S') 46.48 2 
4 (.)-BPPM 1:160 38.9,42.9 (9 36, 38 2 
5 (-)-Diop 1:40 49.0. 53.0 (X) 86,  88 2 
6 (-)-Diop 1:SO 39.9,42.4 (X) 52,55 2 
7 (-)-Diop 1:120 35.6,37.0 (8 40,42 2 
8 (-)-Diop 1:160 27.6,30.7 (S) 26,29 2 

Standard conditions: ratio R h P P  = 1 : 1.18, H2 pressure SO atm, 
80"C, 24h, support: silica gcl 60 (125-200 pm, Merck). 

(Table 5). After work-up and derivatization, there were 
peaks of folic acid and its derivatization products in the 
HPLC chromatograms. Thus, by increasing the amount of 
substrate with respect to the catalyst the folic acid hydro- 
genation under standard conditions was no longer quanti- 
tative. 

In conclusion, it is possible to reduce folic acid (I) suc- 
cessfully to tetrahydrofolic acid (2) by using immobilized 
rhodium(l)/diphosphane catalysts with a high stereoselec- 
tivity, but, unfortunately, with a low substrate-to-catalyst 
ratio (40: 1). However, compared to the separation of the 
(6R,S)- and (6S,S)-leucovorin diastereomers, in which half 
of the material cannot be used, in the stereoselective hydro- 
genation of folic acid (1) there is almost no waste, which 
has to be thrown away. 

We thank the Deutsche Furschu~zgsgt.meins~h~~ft, the Funds d u  
Chemischen Industrie, the BMBF and the BASE Lurtwigshufen, for 
support of this work. 
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Experimental Section 

All reactions were carried out under nitrogcn by using standard 
Schlenk techniques. Solvents were dried under N2 by standard pro- 
cedures. Water was bidistilled and saturated with nitrogen. The 
phosphate buffers were obtained by dissolution of sodium mono- 
phosphate and sodium biphosphate (Merck) in water and were 
saturatcd with nitrogen. The transition-metal complexes [Rh(cod)- 
Cl]2[541, [ R h ( h ~ d ) C l ] ~ [ ~ ~ ] ;  [Rh(nbd)C1]2[561, [Rh(C2H4)2Cl]Z1571, [Rh- 
(~oe)~C1]~[~*] ,  [Rh(~od)OAc]~[~~] ,  [Rh(cod)acac][hO1, and [Rh(q-al- 
lyl)zCl]2["'l were prepared by reported methods. The bidentate 
phosphanes were commercially avaible or obtained as described in 
the literature. The supporting materials were degassed in vacuo and 
flushed with nitrogen. Folic acid was commercially avaible from 
Fluka. - 'H NMR: Bruker WM 250 and Bruker ARX 400. - 
Analytical HPLC: Liquid chromatograph Spectra Physics SP8000, 
detector Spectra Physics SP8210 with wavelength 254 nm. - pH 
determination: pH meter CG 820 (Schott). 

Prepparation ofthe Immobilized Catalysts: Under nitrogen. 7.0 mg 
(0.014 mmol) of [Rh(cod)CI], (0.028 mmol of Rh) and 0.033 niniol 
of the bidentate phosphane (ratio rhodium/phosphanc = 1 : 1 . 1  8) 
were dissolved in 10 ml of methylene chloride in a glass vessel fit- 
ting into a 100-ml stainless steel autoclave, which was connected 
with a vacuum line via a joint, and 0.7-0.8 g of the catalyst sup- 
port was added. The intensely orange suspension was stirred for 30 
min at room temperature. During this time the rhodium-phosphanc 
complex that formed was adsorbcd on thc support, which was ap- 
parent from the decolorization of thc solution. The inethylene 
chloride was removed in vacuo and the yellow-orange catalyst pow- 
der was dried for 30 min. 

Catalytic Hydrogenation of Folk Acid (1): Into the glass vessel, 
containing the heterogcneous catalyst, a solution of folic acid in an 
aqueous phosphate buffer was gven. The solution was obtained by 
suspending folic acid (500 mg, 1.13 mmol) in 25 ml of a NaHzPOd 
Na2HP04 buKer (pH 7) and dissolving it with about 45.0 mg ( I .  13 
mmol) of sodium hydroxide. The buffer was obtained by appropri- 
ate mixing of 67.0 mmolll solutions of NaH2P04 and Na2HP04. 
Thc glass vessel was inserted into a uitrogcn-purged 100-ml stain- 
less steel autoclave, which was flushed 3 times with 20 atm of H2. 
Then the H2 pressure in the reactor was adjusted to 50 atm. The 
reaction mixture was stirred for 24h at 80-82°C in an oil bath. 
After cooling to room temperature, the yellow solution was sepa- 
rated from the heterogeneous catalyst, which usually had become 
brown, by filtration. The solid rcsidue was washed twice with 3.0 
ml of the phosphate buffer. From the combined aqueous solutions 
the water was removed in vacuo (water bath, 45OC). leaving a vis- 
cous residue, which contained the light- and air-sensitive 5.6.7,8- 
tetrahydrofolic acid (2). 

Derivutizution of' Tetrahydrofolic Acid (2) to 5-For~nyltetral~vdro- 
f o l k  Acid (4): Thc rcsidue, containing 5,6,7&tetrahydrofolic acid 
(2), was suspended in 10 ml of a 5 :  1 mixture of DMSOlpyridine 
and 6.5 ml of methyl formatc and dissolved with 2.5 ml of formic 
acid. After 24 h and 48 h methyl forinate (6.5 ml) was added again. 
After 72 h, 10 ml of ethanol and 10 mg of charcoal were added and 
the mixture was filtered. To the filtrate, ether (150 ml) w'as added. 
The voluminous precipitate was filtered off, washed 3 times with 
ether and dried in vacuo. 

Sodium Salt oJ 5-Frjrnz~ltetruh~~drofolic Acid: 5-Formyltetra- 
hydrofolic acid (4) (200 mg) was dissolved in 5.0 ml of a 0.1 N 
NaOH solution. After the addition of 50 nil of ethanol (99%) the 
solution was cooled to -20°C for 3 d. N a  folinate precipitated as 
a fine yellow powder, which was filtered off, washed with ether and 
dried in vacuo at 130°C for I h. Then the yield was determined by 

weighing. 'H NMR (DzO, NaOD (40%), Na salt of 3-(trimethylsi- 
1yl)propionic acid-d4): 6 = 1.93-2.25 (m, 2H,  C(P)H,, glutaniic 
acid). 2.31 -2.34 (m, 2H,  C(y)H2, glutamic acid), 3.15-3.50 (m, 
5 H, C(7)H2 - C(6)H - C(9)H2), 4.24-4.32 (m, 1 H. C(a)H, glu- 
tamic acid), 4.81 (s, H20), 6.7816.84 and 7.69/7.75 (AA'BB' system, 
4H,  3J = 8.8, C6H4), 8.72 (s, 1 H, N5-formyl). 

Analyfical HPLC: The diastereomers of leucovorin were sepa- 
rated on two Resolvosil BSA7 columns (150 X 4 mm) connected 
with cach other. The eluent was a buffer of pH 7.5, obtained by 
appropriate mixing of 50.0 mmoVl solutions of' NaH2P04 and 
Na2HP04. The eluent and the HPLC system were degassed with 
helium. The leucovorin isomers were separated at a flow-rate of 0.9 
ml/min and detected at a wavelength of 254 nm. The retention 
times were 6.8 min for (6S,S)-leucovorin, 10.1 min for (6R,S)-leu- 
covorin and 17.5 min for unreacted folic acid (1). 
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