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Summary 

Phosphono-analogues of glutathione containing the O=P(OR)2 

imide and sub- 

. The inhibition of the 

analogues The Ic50 values were 
1 FM for the dimethyl, diethyl, 
respectively. The results clearly 
of the glutathione thiol function 

question of whether or not these glutathione analogues are suitable 
for a modulation in chemotherapy are in progre\s 

Introduction 

Glutathione S-transferases (GSTs, EC 2.5.1.18) are a family 
of multifunctional proteins involved in the cellular detoxifi- 
cation of a broad range of electrophilic xenobiotic and reac- 
tive endogenous compounds of the oxidative metabolism[I]. 
GSTs have been subdivided into Alpha, Mu, Pi, Theta, 
Sigma, and microsomal species-independent gene classesl'l. 
Elevated levels of class Alpha, Mu, or Pi GSTs are factors 
associated with the increased resistance of tumours to a 
variety of antineoplastic agentsr3]. The resistance towards 
alkylating agents such as, for example, chloramb~cil[~],  mel- 
phalan['I, and nitrosoureas['], is caused by a direct conjuga- 
tion with reduced glutathione[3el. Another mechanism for 
lowering the response to antineoplastic drugs is the repair of 
cellular injuries by the selenium-inde endent peroxidase ac- 
tivity of glutathione S-transferases13e7. Anthracyclines, e.g., 
doxorubicin, probably act via the release of superoxide an- 
ionL7]. This leads to the formation of hydroperoxides of lipids 
and DNA, which could be reduced enzymatically to the 

corresponding alcohols by mainly class Alpha glutathione 
S-transferasesr3el. An effective way of overcoming drug re- 
sistance as a result of increased glutathione S-transferase 
activity would be the use of inhibitors before or during 
antineoplastic therapy. This conce t of modulation cancer 

combination of thiotepa and ethacrynic acid, a glutathione 
S-transferase inhibitor, was found in a first phase I clinical 
trial"]. However, there are limitations to the use of ethacrynic 
acid: ethacrynic acid enhances the expression of glutathione 
S-transferases["'l, inhibits NAD(P)H (quinone acceptor) oxi- 
doreductases[''], induces dihydrodiol dehydrogenasesl'*], 
shows no notable isoenzyme-specific inhibition of the tar- 
geted glutathione S-transferases'131, and causes a marked 
diuresis and simultaneously an electrolyte imbalance in vivo 
in humans[']. Another drug used as a modulator in the che- 
motherapy of malignant tumours is su l fasa la~ine[ '~~ .  The 
results are somewhat contradictory for the responsc of cancer 
patients['41. Hence there is still a need for isoenzyme specific 
inhibitors with minor side effects. 

Crystallographic studies of glutathione S-transferases indi- 
cate that the proteins are organised generally into two do- 
mains, a GSH-binding domain at the N-terminus (G-site) and 
a hydrophobic substrate-binding domain (H-site) composed 
of the C-terminal two-thirds of the protein"51. 

The possibility for the formation of hydrogen bonds be- 
tween a tyrosine residue of the active centre and the thiol 
function of glutathione to form a thiolate anion is considered 
to be an important catalytic mechanism['61. In an earlier 
study, the structural requirements for binding at the G-site 
were investigated by determining the substrate specificities 
and inhibition constants of a series of glutathione ana- 
l ogue~"~ ' .  These studies were considered to constitute a 
rational approach for the development of new glutathione 
S-transferase inhibitors. It was assumed that glutathione ana- 
logues containing an O=P(OR)2 moiety in place of the cyste- 
inyl residue CH2SH would bind to the G-site of glutathione 
S-transferascs. On account of the absence of a free thiol 
function, these analogues should inhibit glutathione S-trans- 
ferases. Both the interactions with the backbone of the tripep- 
tide and the possibility for the formation of hydrogen bonds 
with an oxygen atom of the phosphonic acid ester should lead 
to low binding constants. 

therapy was recently reviewed[3c, ! I .  A positive effect of a 
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In this paper the first preparation of phosphono-glutathione 
analogues with the structures given in Scheme 1 is described 
and their inhibitory properties towards human class Pi glu- 
tathione S-transferase are examined. 

Results and Discussion 

Chemistry. To obtain the desired phosphono-glutathione 
analogues la-ld, a synthetic route was chosen using the 
methyl Z-amino-(dialkyloxyphosphiny1)-acetates 3a-3d as 
the central amino acid of the tripeptide. 

Compounds 3a-3d were readily synthesised starting from 
inexpensive glyoxylic acid and benzyl carbamate via methyl 
2-benzyloxycarbonylamino-2-methoxyacetate (2) by chlori- 
nation and a subsequent by Michaelis-Arbusov reaction with 
the respective trialkyl phosphitesl'*]. This multistep reaction 
could be extended to more lipophilic phosphonic acid esters, 
e.g. 3d, without any significant changes in the reaction rate 
or the occurrence of side reactions. Hence it may be assumed 
that this reaction route could be used to obtain a greater 
variety of these amino acid derivatives. 

Two routes starting from 3a-3d are available for the coil- 
struction of the tripeptides. Either the C-terminal amino acid 
is introduced after deprotection of the amino functions of 
3a-3d or it is linked with frri-butyl glycinate after hydrolysis 
of the methyl esters 3a-3d. Since the hydrolysis of the car- 
boxylic ester exhibits the lowest selectivity, this critical step 
was placed at the beginning of the synthetic sequence and, 
accordingly, the dipeptides 4a-4d were prepared first 
(Scheme 2). 

The synthescs of the desired glutathione analogues were 
performed by solution phase peptide methods comprising 
hydrogenolytic removal of the Z group and coupling with 
DCC. The addition of reagents such as l-hydroxybenzotria- 
zole, used frequently to decrease race~nisation[ '~~],  was not 
necessary since no a-amino acids were directly involved 
(Scheme 2). The introduction of the (S)-glutamoyl residue 
leads to the diastereomers 5a-5d in a diastereoineric ratio of about 
SO : SO.  They were not further separated. A selective cleavage of the 
protecting groups of the glutamoyl residue was achieved by hydro- 
genolysis (Scheme 2). Treatment of the frrf-butyl glycinates 6a-6d 
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with HBdacetic acid yielded the desired tripeptides la-ld. The 
purities of all compounds were checked by HPLC with UV detection 
or with fluorescence detection using precolumn OPA derivatisa- 
tion[201. Under the chosen reaction conditions, no appreciable hy- 
drolysis of thc phosphonic esters was observed. The stability ofthese 
tripeptides in aqueous solutions was tested at neutral pH. Over a 
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Table 1. Chromatographic behaviour of the dialkylphosphonatea 1,3-6 

t~ values/min * s 

Cmpd. dimethyl diethyl diisopropyl di-n-butyl Method”) 

3 11.77 f 0.02 14.82 f 0.03 17.58 f 0.04 21.33f0.04 A 

4 15.32 f 0.04 17.64 f 0.03 19.93 k 0.06 23.14 f 0.03 A 

5b’ 19.60 f 0.05 21.05 f 0.05 22.56 ? 0.02 25.09 f 0.02 A 
19.71 f 0.05 21. I7 f 0.06 22.68 f 0.02 25.21 f 0.02 

6 15.57 f 0.05 16.31 f0 .02  17.30 * 0.02 18.69 f 0.02 B 

1 b, 10.41 f0.04 I 1.65 f 0.03 13.12 f 0.02 15.47 f 0.04 B 
10.97 f 0.04 12.1 5 f 0.03 13.56 f 0.02 15.78 20.03 

”) For details see experimental section. 
b) Diastereoiners were separated, diastereomeric ratios are given in the experimental section. 

period of 48 h no remarkable decomposition (>I0 %) could be 
detected by HPLC (method B). The chromatographic behaviour of 
the synthesised dialkylphosphonates are summarized in Table 1. 

Enzyme inhibition. The glutathione analogues 6a-6d and 
la-ld were tested for inhibition of the conjugation of 1- 
chloro-2,4-dinitrobenzene with glutathione catalysed by hu- 
man placental glutathione S-transferase. The results are given 
in Table 2. Glutathione S-transferase P1-1 is the predominant 
form of placental tissue[1a1; thus, it is to be expected that the 
IC50 values obtained from the commercially available en- 
zyme preparation, presented in Table 2, would be in good 
agreement with those of the purified enzyme. 

Table 2. Inhibition of human placental glutathione S-transferases by phos- 
phono analogues of glutathione. 

Ic50 values/pM 

Cmpd. dimethyl diethyl diisopropyl di-n-butyl 

6 912 829 756 688 

1 29 1 139 64 21 

Since the inhibition of glutathione S-transferases is highly 
stereospecific towards the a-carbon of the respective cyste- 
inyl residue[17a9 17d1, it is assumed that the IC50 values of the 
“right” diastereomer of la-ld will be about 2-fold lower than 
those of the diastereomeric mixture. Work by Askelof et 
aLr2I1 had previously shown that the potency of S-function- 
alised glutathione analogues as inhibitors of rat GSTs corre- 
lated positively with the increasing length of the n-alkyl 
chains bonded to the sulfur. These findings are in harmony 
with the inhibition characteristics of the phosphono analo- 
gous of glutathione 6a-6d and la-ld presented in this paper 
(Table 2). An addition interaction of the alkyl group of the 
phosphonic ester unit with the H-site of glutathione S-trans- 
ferase must most certainly be taken into consideration to 
explain the high affinities of the lipophilic derivatives. It 

needs to be clarified by e.g. molecular modelling studies 
whether this interaction can make a decisive contribution to 
the inhibition. The generally much improved binding of la- 
Id in comparison with 6a-6d, resulting from the cleavage of 
the tert-butyl group, is in contrast to the methyl and ethyl 
esters of other glutathione analogues whose interactions with 
the enzyme are only slightly influenced[’7a1. A steric hin- 
drance caused by the bulky tert-butyl residue might be a 
possible explanation. 

The most effective of the compounds in the series studied 
in this work is the di-n-butyl derivative Id with an IC50 value 
in the lower pmolar region (Table 2). This inhibitory potency 
against human glutathione S-transferase P1- 1 is comparable 
to other glutathione analogues that have shown the ability to 
enhance chlorambucil toxicity in HT-29 human colon adeno- 
carcinoma cells[22]. The overexpression of GST P1-1 is 
strongly related to, e.g., adriamycin-resistance of MCF-7 
breast cancer cells[23], to cisplatin-resistance of human gas- 
tric cancer and to chlorambucil of HT-29 cells. Thus, 
inhibitors of this particular isoenzyme are good candidates 
for modulation of the drug resistance of these tumours. 
Whether or not the here presented phosphono analogues can, 
at least partially, overcome a drug resistance remains to be 
elucidated. In this context two major problems has to be taken 
into consideration: first, could these analogues pass the cell 
membranes? and second, are these analogues stable enough 
to withstand a degradation by e.g. y-glutamyl transferase? 
Additional investigations on the mechanism of inhibition and 
on the isoenzyme specificity of these glutathione analogues 
are in progress. 

Abbreviations 

CDNB, I-chloro-2,4-dinitrobenzene; H-site, hydrophobic substrate bind- 
ing site of glutathione S-transferases; G-site, glutathione binding site of 
glutathione S-transferases; GSH, reduced glutathione; GST, glutathione 
S-transferase. 
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Experimental 
Gmcf"7/: Melting points: Bhchi 5 I 0  apparatus (uncoi-r.i.- 1K data: Perkin 

Elmer Fourier FTlR 16PC spectrophotometer - 'H and ' jC N M R  \pectra: 
Brukcr ARX 300 and Urnker A M  400 spectrometer. solvent a \  indicated. 
internal standard TMS: 'C NMR spectra were H decouplcd and assignment 
of signals was done with the asSistance of DEPT135 and GATED experi- 
ments.- Thermospray-MS: HP 5989A. solution of compounds in  0. I M 
amnioniuin acetateimethanol 75:'s ( V N ) . -  I lemcntal analysis: CHN- 
Autoanalyzcr, Hewlett-Packard.- Preparative \ i  ica gcl column chroniatog- 

s carried out using Mcrck 7734 (70-230 mesh) silica gel.- T1.C 
Machcrcy-Napel Polyprein SJL G/UV?iJ precontcd pla\tic \beet\.- 

HPLC analyses was performed with Mcrck-tlitachi equipment with the 
exception of a Waters 470 flnorescence detector: Method A for pi-otected 
amino acids and peptick\, UViVlS dctcction iit h = 210 nm.  column dimeii- 
aion I25 x 3 mni. \tntionarq phase Nucleosil 120-5 C18. eluent A 
wateriMeCN X0:20 (V/V). eluent B MeCU. linear gradient from 0% B to  
100% €3. 30 min, flow rate 0.5 in1 min-'. Mctliod B for deprotecteil and 
peptides: fluorescence detection at ho 330 n n i  and E,,,,, 450 nm. prepacked 
column as mentioned aboLe. eluent A acetate buffer (50 mM, pH 7.O)/MeOJI 
80:20 (V/V) ,  eluent B MeOH, linear gradient from (1';; B to 100'X U. 20 min, 
flow I-ate (1.5 ml niin I. prccolumn derivatization u ith o,.t/io-plithaldialdc\- 
hyde a\ described by Graser et al.""'. (2RS)-Methyl 2-bcnzyloxycai-boiiyl~ 
amino-2-(diinethoxyph[i\phi ny1)-acctate (3ai wa\ synthesised by the method 
of Schmidt et a1.125'. 

Eir;~i?iic, A v t r ~ . \ -  

The glutathione S-transfcrase activity towards 1 -chloro-?.4-dinitrobt.n- 
x n e  (CDNB) wa\ measured at 25 "C. containing max. 2% ethanol ""'. lCso 
values were determined by rneawring the rcaction rate in the presence and 
in the absence of inhihitor. The concentration of inhibitor giving 50% 
inhibition, the Icy) balue, was determined by nonlinear fits ofthc data to the 
hybei-bolic function: VdVo = ICs~t/(lCs(t + ( 1  f7' where Vo is the observcd 
activity without inhibitor and \TI i \  the activitj i n  the presence of inhibitor. 

igmaPlot from Jandel Scientific, Erkrath. Germany. 
Inhibitor solutions were diluted appropriately before addition to the :issay 
solution in order to maintain a constant concentration of organic svl\en( 
(DMSO) when the inhibitor concentration wii\ varied. The reactioti uus 
started generally by addition of en/yme preparation\. 

tic~iic~rul Mrrhorlfi)r fhe  Ptq)ur(itioii of i i i ~ t h ~ l  2-/wii:~/o~ 
2-(c/iti~koi?pho,\/~hif~~/)-cic~c/rite.r 13b-3d)' '8 ' . 

0. I mol of methyl 2-beii~yloxycarbonyl~inino-2-1iietli~x~~~icetate (2)  ixi 

was dissolved i n  100 in1 toluene at 70 "C. phosphorus(JI1) chloride (0.1 mol, 
was kept at 70 'C for I8h. The respective trialkyl 
ubsequently added dropwise to the stirred mixture 

at 70 'C and stirring wah continued for further 2h at 70 "C. Aftei- i-emo\ al of 
the solvent i i i  I 'LICUU,  the oil-like residue m a s  redissolved in ctliyl acetate. 
washed with saturated sodi iim hydrogen carbonate \elution (3 x 30 ml). and 
dried with sodium sulfate. Ci-y\talliLation of the product was acliiebed by 
adding n-hexanc to this solution. 

(2K.Si-(*)-Mothi 2 - / ~ r i r ; ~ l o ~ ~ ~ i ~ ~ i r - l ~ r ~ i i ~ l r i i i i i i i o - 2 - i ~ l ~ ~ ~ / / i o . ~ ~ ~ ~ l i o s p h i r i ~ i )  
tii'c't(it(' (3h J""'. 

Yield i0.8g ( ~ 6  (L J co~our~ess  po\\dei-.- nip SO 'c- (rct..'29L': 79-SI c).- 
IR (KRr): v = 3228 cniC'. 3038, 2982. 2965. 1751. 1712. 1541. 1329. 1267. 
1236, 120s.- 'H-NMR (300.13 MHZ. C D C I ~ I :  6 = 1.26-1.32 ppin (111. 6 ~ .  
OCHXHI),  3.80 (s, 3H, OCHI), 4.OX-4.18 (in. tH .  OCH.CH?), 4.82 (dd.  J I  
= 9. I HL, J? = 22.5 HL. 1 H. P ) , ~ . I I . S . I ~ ( ~ . ' J ~ I , ~ I ~ . ~ H Z , ~ H , C H I P ~ ) .  
5.6 I lbr. d, J = 9.2 Hr I H. . 7.35 (a. SH, Ph).- "C-NMK (100.62 MHI. 
CDCI?): \=  16.2 ( C H ~ C H ~ J ,  52.6 (il. 'Jc p = 147.5 HI. CHP). 53.2 iOCH;). 
63.9 (d. - . l cp  = 5.9 HI. CH?CH;), 67.5 (( 'H~PII). 128.1. 128.3, 128.5 
(H-bonded aromatic C ) .  136.0 (alkyl-bonded aromatic C). I 
8.5 HI. NHCOO). 167.4 (COOCH?).- MS ( I00 eV): m/: ( 
JM+NHj+]. 360 178) jM+H+j.- Anal. iClsH2?N07P). 

(2KSJ- i * ) -A"~J f l i~ /  ~ ~ / ~ ~ ~ i i ; ~ / O . \ ~ Y ~ ~ t l ~ h ~ ~ i l ~ ~ ~ ~ i i i 2 ~ i ~ O - ~ - ( ~ ~ i ~ . \ ~ ~ / J ~ O ~ ~ ~ ~ . ~ \ . / ~ ~ 2 O . \ . l , h ~ i i  Y/)- 
(ic'rtcrte' (3C) 

Yield 30.5 g (75 57) coloui less powder.- nip 56 T-  IK (KBr): v = 324 I 
ci i i  I, 3048. 2979, 2939, 1746. 1707. 1545. 1458. I3 12. 1263, 1245. 1222.- 
'H-NMR (300.13 MHz. CDCI?): S =  1.28-1.3.5 ppm lm. 12H, CHCHI). 3.80 
(s. 3H, OCHi). 4.73 (\ept, .I = 6.5 HL.?~H. CHCHj). 4.82 (dd. ./I = 9.2 Hr,  
J '=22.8Hz. lH.CHP),5.10.5.I6(d.~J.,h= 12.2H7.2H,CH2Ph),S.S0(br. 
d. J = 6.2 H7, I H. NII).  7.35 (5. 5H. Ph).- I3C-NMR (100.62 MHz, CDCII): 
6=23.7.24.0.(CHCH1).5.~.0(OCH~).53.3(d.'Jc.~= 147.5Hz.CHP).67.5 
( C H ~ P h ) , 7 2 . 0 ( d , ~ J ~ , 1 ~ ~ 6 . 8 l ~ 1 ~ , ~ 7 1 C l I ; ) . 7 2 . 8 ~ d , ~ . I ~ . ~ ~ 5 . ' ~ H ~ , C H C H ~ ) ,  
I2X.2. 128.3. l28.5 (H-bonded aromatic Ci. 136.0 (alkyl-bonded aromatic 
C ) .  155.7, (d. './c.p = 8.5 H/. NHCOO). 167.7 (COOCH;).- MS (I00 eV):  
l i d :  (%I = 388 (21) [M+H+I, 178 (IOU).- Anal. ( C I ~ H Z ~ N O ~ P ) .  

Yield 36.0 g (87 % ) colnui-less powder.- nip 56 "C.- IR (KBr): v = 3253 
ct i i - ' .  3035. 2960. 2936. 1753. 1725. 1533. 1456. 1312. 1260.- 'H-NMR 
(300. I3 MH7. CDCI;): 6 = 0.80-0.95 ppiu (111, 6H. CHK'H?). I .35-1 .41 ppni 
(in. 4H. CHICHI) ,  I .hO-I .66 ppni (m. 4H. OCHKIf:). 3.81 (s, 3H. OCH?), 
1.02-.1.12ppin(in.4H.OCH?CH2),1.S9(dd.J1 = 9 . 2 H z . J ~ = 2 2 . 4 H ~ .  IH, 
CHP).5.10.5.16(d.'.l.ii~= I ~ . ~ H I . ~ H . C H ~ P ~ ) . ~ . ~ O ( ~ ~ - . ~ . J = ~ . ~ H Z I H ,  
N H ) .  7.35 ( 5 .  5H.  P h . -  "C-NMR (100.62 MH7, CDCI?): 6 = 13.5 
(CH.CH3). 18.6 (CHK'HI), 32.3 (OCH2C'H:). 57.5 (d. 'Jc.p = 147.5 HL. 
CHI'). 53.1 (OCHI). 65.5 (OCHzCH2). 67.5 (CH2Ph). 128.1. 128.3, 128.6 
(H-bonded aromatic C ) ,  135.9 (alkyl-bonded aromatic C), 155.7 (d, 3,/c..r1 = 
7.6 H7. NHCOO). 167.4 (COOCHI).- MS (100 cV):  i ~ ;  (%) = 416 (100) 
LM+H+] .-- Anal. (C I ~ H x I N O ~ P ) .  

Griic>rci/ Mc,thvt/ fi)r r/ie Pi-e/1rri.trtioi7 o f N - ~ 2 - h c ~ ~ i ~ ~ ~ l o . ~ ~ c ~ r r r . h o i i ~ l r i ~ ~ i i i i o -  
2 - f t l i c r / k o ~ . ~ ~ / ~ / 7 r ~ ~ p / ? i r i ~ i J - ~ i ~ ~ c ~ r ~ l ] ~ , ~ l ? c i r i r  fc,rt-/7u/j~l e.sfcr ( 4 a 4 d  

30 ininn1 of the corrc\ponding methyl 2-benzyloxycarbonylarnino-2- 
(dialkoxyphosphinyl)-~cet~~te (3a-3d) wa\ di\solved i n  30 ml dioxane. the 
solution was cooled to 0 "C and I 5  nil of ice cold 2 normal aqucou~ sodiuin 
hydroxide wa\ added wbsequently to the mixture. The hydrolysis was 
controlled by TI,C and when completed the dioxane was removed under 

ure. The remaining aqueous wlut ion  was washed with ethyl 
icd with 6 normal hydrochloric acid and extracted 2 limes with 

ethyl acetatc. The coiiibined extracts were dried with sodium sulfate and the 
sol\ent \\as evaporated to give a oil-like or ct-ystnlline residue, that was 
weighted for the calculation of the appropriate amount of  coupling reagents 
(yield\: 50-60 56). hut not further charactcrised. A sircam of dry gaseous 
cimtnonia u :is passed through a slimed ice-cooled suspen\ion of /cr-/-hutyl 
glycinale hydrochloride ( 1 equi\ ,  refered to the frcc acid\ of 3a-3d respec- 
tiielyl i n  80 nil dicliloroinetliane. The precipitate was  filtered off and the 
solvent was carefully i-eiiioved under reduced pressure. The r e d u e  and the 

id of 3a-3d were combined and dissolved in  20 nil dry 
acctoiiitrilc and wlitl dicyclohexylcarbodiimide ( I .  1 equib.) 
stiriring cit 0 "C. Stirring wii\ continued at 0 "C fnr I h and wbscquently at 
i-ooni tcinperaturc for I4 11. The precipitated urea \\;I\ filtered off. the filtrate 
\ v x  concentrated iu i ' ( i c ~ i o  and redis\olvcd i n  ethyl acctate ( 100 nil). The 
solution wa\ washed \ \ i t h  I nornial potassium h!drogen sulfate (30 ml) and 
with saturated sodium hydrogen carbonate solution (30 inl). dried with 
sodium sulfate. and evaporated. The oil-like crude products were purified by 
column jilica gel chrom;ilograpliy (eluent: ethylacetatiii~liexane 8:2 ( V N ) ,  
column dimension: 500 x 40 mm) and followed by crystallisation from ethyl 
acetate 

;~- / iZK.S)- f+) - - ' - /~r i i~ \ . / (J ,~ \ . ( .~fr /~~) i i \ . / c~f i i ; i i i i -2-1[ / ; i i i t , / / io .~?i~/ i ( / . s i )h; i i? . /~-  

c i ~ . r t ~ / / - g 2 ~  c i w  rerr-/xrr~/ e ~ / e i -  (Ja) 

Yield 7.3 g (57 B coloui-lc\\ crjstal\.- nip 105 ,('.- IR (KBr) :  v = 
3347 cin-', 3264, 3075, 2980. 2960, 1739. 1712. 1676, 1557. 1522. 1377. 
1266, 1244.- 'H-NMR (300.13 MHz, CDCI) :  6 = 1.47 ppin (s. 9H, 
C(CH2iI). 3.79. 3.84 (d. J = 10.9 Hz. 6H. POCH3), 3.96 id, J = 5.2 H7. 2H. 

OCII2ChH4). 5.72 (br. d. .I = 8.0 H/.IH. NH). 7.20 (br. s. IH. NH) .  7.35 (s, 
5H. l'h).- "C-NMR (100.62 MHz. CDCI?): 6 = 28.0 (C(CHIi3). 42.5 
(Gly-C;xH:). 51.7 (d. I J r p  = 150.0 Hz. CHP). 54.0, 54.3 (POCH?). 67.5 

Gly-Ccrlf?). 4.88 (dd. JI = 8.5 HI, J r  = 20.5 Hz. IH. CHP). 5.14 (s, 2H, 
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(CHzPh), 82.3 (C(CH3)3), 128.1,128.2, 128.5 (H-bonded aromatic C), 136.0 
(alkyl-bonded aromatic C), 156.0 (NHCOO), 164.7 (CONH), 168.1 
(COOC(CH3)3).- MS (100 eV): m/z (%) = 431 (95) [M+H+], 375 (loo).- 
Anal. (CIXH~~NZOSP) .  

N-[(N-Reniylox~carbonyl-O~-ben~yl-~S)-~lutarn~yl)-(2RSj-(+)-2-arnino- 
(L(irnethoxyphosphinyl)-acetyl~-~lycine tert-butyl ester (5a) 

Yield 3.2 g (63 %) colourless oil.- IR: v = 3305 cm-'; 3066, 3035, 2958, 
1744, 1700, 1669, 1534, 1369, 1248.- 'H-NMR (300.13 MHz, CDCI3, 

N-[(2RS)-(+)-2-Benz~loxycarbonylamino-2-~d~eth~~xyph~~.spki~~yl)-ace~l]- 
glycine tert-butyl ester (4b) 

Yield 12 g (87 '70) colourless crystals.- mp 78-79 "C.- 1R (KBr): v = 3298 
cm-I, 2977, 2931, 1741, 1713, 1661, 1543, 1369, 1261.- 'H-NMR (300.13 
MHz, CDCI?): 6 = 1.26-1.34 ppm (m, 6H, OCHzCH3), 1.47 (s, 9H, 
C(CH3)3), 3.95 (d, J = 5.1 Hz, 2H, Gly-CuHz), 4.1 14.23 ppm (m, 4H, 
OCH2CH3), 4.89 (dd, Ji = 8.5 Hz, J2 = 21.1 Hz, IH, CHP), 5.1 I ,  5.17 (d, 
2Ja~=l2.2Hz,2H,CH2Ph),5.62(br .d ,J=6.5HzlH,NH),7.20(br .s ,1H,  
NH), 7.35 ( 5 ,  SH, Ph).- "C-NMR (100.62 MHz, CDCI3): 6 = 16.3 
(CHzCH3), 28.0 (C(CH3)3), 42.5 (Gly-CaHz), 52.2 (d. 'Jc,P = 148.4 Hz, 
CHP), 63.7 (d, *Jc,p = 6.8 Hz, CHzCH3), 64.0 (d, *Jc,P = 5.1 Hz, CH2CH3), 
67.4 (CHzPh), 82.2 (C(CH3)3), 128.1, 128.2, 128.5 (H-bonded aromatic C), 
136.1 (alkyl-bonded aromatic C). 156.0 (NHCOO), 164.9 (CONH), 168.1 
(COOC(CH3)3).- MS (100 eV): m/z (9%) = 459 (95) [M+H+J, 403 (loo).- 
Anal. ( C ~ O H ~ I N ~ O ~ P ) .  

N-[(2RS)-(i~-2-Ben~yloxycarbon~lurn~n~~-2-(dii~opropoxyphosphi~i~l~~ 
acetyll-glycine tert-butyl ester (4c) 

Yield 8.8 g (60.5 %) colourless powder.-mp 125 "C.-IR (KBr): v = 3326 
cm?, 3255,2981, 1743, 1721, 1643, 1528, 1385, 1260.- 'H-NMR (300.13 
MHz, CDC13): 6 =  1.25-1.36 ppm (m. 12H, CHCH?), 1.46 (s, 9H, C(CH3)3), 
3.95(d,J=5.1Hz,2H,Gly-CoSlz),4.76(sept,J=6.2Hz2H,CHCH3),4.80 
(dd,J1=9.0H~,J~=22.1Hz,1H,CHP),5.10,5.17(d,~J,~=12.2Ha,2H, 
CHzPh), 5.52 (br. d,J=7.8  HZ 1H, NH), 7.35 (s, 5H, Ph).- "C-NMR (100.62 
MHz, CDCI3): 6 = 23.7, 24.0, (CHCTh), 28.0 (C(CH3)3), 42.5 (Gly-CaHz), 
52.9 (d, 'Jc,P = 150.9 Hz, CHP), 67.4 (CHzPh), 72.8 (d, 2Jc,p = 6.8 HL, 
CHCHI), 73.1 (d, *Jc,P = 6.8 Hz, CHCH3), 82.1 (C(CH?)?), 128.1, 128.2, 
128.5 (H-bonded aromatic C), 136.1 (alkyl-bonded aromatic C), 156.1 
(NHCOO), 165.1 (CONH), 168.1 (COOC(CH3)3).-MS (100 cV): r d z  (56) 
= 487 (12) [M+H'], 221 (loo).- Anal. (CzzH35N208P). 

N-[(2RS)-(f)-2-Benzyloxycurb~nylumino-2-(di-n-butox~pho.~~~hin~l)- 
acetyl]-glycine tert-butyl ester (4d) 

Yield 6.3 g (41 %) colourless crystals.- mp 78-79 "C.-IR (KBr): v = 3336 
cm-', 3265, 2960, 2935, 1743, 1723, 1672, 1528, 1373, 1225.- 'H-NMR 
(300.13 MHz, CDCl3): 6 = 0.87-0.94 ppm (m, 6H, CHzCH3), 1.31-1.41 (m, 
4H, CHzCH3), 1.46 (s, 9H, C(CH?)j), 1.59-1.67 (m. 4H, OCHzCHz), 3.95 
(d ,J=5.2Hz,  2H, Gly-C&2), 4.05-4.12ppm (m, 4H, OCH2CH2L4.89 (dd, 
J1=9.lHz,Jz=22.3Hz, IH,CHP),5.10,5.17(d,2Ja~=12.1 Hz,2H,CHzPh), 
5.60 (br. d, J =  8.5 Hz IH, NH), 7.26 (br. s, IH, NH), 7.35 (5, 5H, Ph).- 
"C-NMR (100.62 MHz, CDC13): 6 = 13.6 (CH2CH3), 18.6 (CHZCH~), 28.0 
(C(CH3)3). 32.4 (OCHZCH~), 42.5 (Gly-CaHz), 52.1 (d, 'Jc,P = 148.4 Ha,  
CHP), 67.4 (CHzPh), 67.6 (OCHzCHz), 82.3 (C(CH3)3), 128.1, 128.2, 128.5 
(H-bonded aromatic C), 136.1 (alkyl-bonded aromatic C), 156.0 (NHCOO), 
164.9 (CONH), 168,0(COOC(CH3)3).-MS (100eV): m/z(%)  =515 (100) 
[M+H+].- Anal. (Cz4H39NzOaP). 

General Method for  the Preparation cf the Fully Protected Tripeptides 
(5-Sd) 

A solution of N-[2-benzyloxycarbonylamino-2-(dialkoxyphosphinyl)- 
acetyll-glycine tert-butyl ester (4a4d, 7.5 mmol) in methanol (20 ml) was 
hydrogenated at 3 atm in the presence of palladium on charcoal (10 9%; 0.4 
g). After 2-4 h, hydrogenation was complete (checked by TLC.), the suspen- 
sion was filtered and the filtrate was concentrated in vucuo. The unstable 
N-(2-amino-2-dialkoxyphosphinylacetyl)-glycine terr-butyl ester was im- 
mediately N-acylated by reaction with N-Benzyloxycarbonyl-L-glutamic 
acid a-henzyl ester (7.5 mmol) and dicyclohexylcarbodiimide (8.4 mmol) in 
acetonitrile (20 ml) as described above for the synthesis of N-[2-benzyloxy- 
carbonylamino-2-(diaIkoxyphosphinyl)-acetyl]-glycine tert-butyl ester (4a- 
4d). The crude products were purified by column chromatography on silica 
gel using ethyl acetateln-hexane 7:3 to 9: 1 (VN)  as eluent (column dimen- 
sion: 500 x 30 mm) and by subsequent crystallisation from ethyl acetate. 

diastereomeric ratio 52:48): 6 = 1.45, 1.46 ppm (s, 9H, C(CH3)3), 1.90-2.10 
(m, 2H, Glu-CpHz), 2.22-2.39 (m, 2H, Glu-CyHz), 3.74-3.83 (m. 6H, 
POCH3), 3.92, 3.94 (d, J = 5.1 Hz, 2H, Gly-CuHz), 4.364.55 (m, IH, 
Glu-CUEE), 5.09, 5.10 (s, 2H, NHCOzCHzC6H5 and lH, CHP), 5.17 (br. s, 
2H, CHCO~CHZC~HS), 5.69,5.75 (br. d, J = 7.9 HZ IH, NHCOZCH~C~HS), 
6.68 (br. d, J = 7.3 Hz lH, CONHCHP), 7.18 (br. t, J = 5.0 Hz, IH, 
CONHCHz), 7.34 (br. s, 10H, Ph).- I3C-NMR (100.62 MHz, CDC13): 6 = 

(d, 'Jc,p = 148.0 Hz, CHP), 53.5 (Glu-CaH) 53.8,54.4, (POCH3), 67.1,67.3 
(CHZPh), 82.3 (C(CH3)3), 128.2,128.3,128.5, 128.6 (H-bondedaromatic C), 
135.2, 136.2 (alkyl-bonded aromatic C), 156.0 (NHCOO), 164.8, 165.0 
(CONH), 168.1 (COOC(CH3)3), 171.8 (Glu-COO).- MS (100 eV): m/z (70) 
= 650 (24) [M+H+], 559 (loo).- Anal. ( C ~ O H ~ O N ~ O I  IP). 

28.0 (C(CH3)1), 28.2 (Glu-CpHz), 3 1.9 (Clu-CyHz), 42.5 (Gly-CaHz), 49.8 

N-[(N-Benzylox~c~rb~~n~~l-~~-bet~z~~l-(S)-gl~~~umoyl)-(2RS)-(+)-2-urnino 
(diethoxyphosphin~l)-ucetvl/-filL.cine tert-butyl ester (5b) 

Yield 3.2 g (63 %) colourless powder.- mp 130 "'2.- IR (KBr): v = 
3320 cm-', 3068,3037,2981, 2935, 1751, 1690, 1649, 1540, 1368, 1242.- 
'H-NMR (300.13 MHz, CDC13, diastereomeric ratio 50:SO): 6 = 1.24-1.33 
ppm (m, 6H, OCHzCH3), 1.45, 1.46 (s, 9H, C(CH3)3), 1.90-2.10 (m, 2H, 
Glu-CpW), 2.25-2.39 (m, 2H, Glu-CyHz), 3.90-3.95 (m, Gly-CuHz), 4.17 
ppm (mc, 4H, OCHZCH~), 4.364.57 (m. IH, Glu-CaH), 5.08 (s, 2H, 
NHCOzCHzC6Hs and IH, CHP), 5.17 (s, 2H, CHC@CH?C6H5), 5.71,5.78 
(br. d, J = 7.8Hz 1H, N H C O ~ C H ~ C ~ H S ) ,  6.61, 6.67 (hr. d, J = 8.6 Hz IH, 
CONHCHP), 7.22(br. t,J=S.OHz, IH,CONHCH2), 7.34(hr.s, IOH,Ph).- 
"C-NMR (100.62 MHz, CDC13): 6 = 16.3 (CHzCH3), 28.0 (C(CH3)3), 28.4 
(Glu-CpHz). 31.9 (Glu-CyHz), 42.5 (Gly-CaH2), 50.3 (d, 'Jc,P = 148.4 Hz, 
CHP), 53.5 (Glu-CaH), 63.6 (d, 2 J c , ~  = 5.9 Ha, CHzCH3), 64.1 (d, 'Jc,P = 
5.9 Hz, CH2CH3), 67.1, 67.3 (CHzPh), 82.2, 82.3 (C(CH3)3), 128.2, 12x3, 
128.4, 128.5, 128.6 (H-bonded aromatic C), 135.3, 136.2 (alkyl-bonded 
aromatic C), 156.3 (NHCOO), 165.0, 165.1 (CONH), 168.1, 168.2 
(COOC(CHi)?), 171.8 (Glu-COO).- MS (100 eV): m/z (%) = 678 (59) 
[M+H+], 225 (loo).- Anal. (C32HuN301 IP). 

N-[(N- B~nz~lox~curbot~~I-Oa-b~nz~l-(S)-~lutam~~l)-(~RS)-(+)-2-urnino- 
(diisopropox\phosphinyI)-acet).l]-glycine tw-buiyl ester (Sc) 

Yield 3.75g (71 %) colourless powder.- mp 125 "C.- IR (KBr): v = 
3317 cm-', 3037, 2977,2938, 1739, 1687, 1642, 1534, 1456, 1387, 1263.- 
'H-NMR (300.13 MHz, CDCl3, diastereomeric ratio 54:46): 6 = 1.25- 
1.35 ppm (m, 12H, CHCH3), 1.45, 1.46 (s, 9H, C(CH3)3), 1.97 (mc, 2H, 
Glu-CpHz), 2.23-2.39 (m, 2H, Glu-CyH2), 3.92 (d, J = 5.0 Hz, 2H, Gly- 
CaH2), 4.43, 4.52 (mc, IH, Glu-CaH), 4.75 ppm (mc, 2H, CHCH3), 5.08, 
5.10 (s, 2H, NHCOzCHzC6H5 and IH, CHP), 5.17 (s, 2H, C H C O ~ C H ~ C ~ H S ) ,  
5.71,5.81 (br.d,J=8.2HzlH,NHCOzCHzC~Hs),6.43,6.76(br.d,/=9.0 
Hz IH, CONHCHP), 7.24 (hr. t, J = 4.0 Hz, IH, CONHCHz), 7.34 (br. s, 
10H, Ph).- I3C-NMR (100.62 MHz, CDCl3): 6 = 23.7,24.0, (CHCH3), 28.0 
(C(cH3)3), 28.5 (Glu-CpHz), 32.1 (Glu-CH2), 42.5 (Gly-CaHz), 50.8 (d, ]Jc,P 
= 142.4Hz, CHP), 53.4,53.6(Glu-CaH), 67.0,67.3 (CHzPh), 73.1 (d,'Jc,p 
= 5.1 Hz, CHCH3), 82.1, 82.2 (C(CH3)3), 128.1, 128.3, 128.4, 128.5, 128.6 
(H-bonded aromatic C), 135.3, 136.2 (alkyl-bonded aromatic C), 156.3 

(100 eV): m / z ( % )  = 706 (100) [M+H+].- Anal. (C34H48N301 IP). 
(NHCOO), 165.1 (CONH), 168.1 (COOC(CH3)3), 171.8 (Gl~-C00).-  MS 

N-[(N-Benz~loxycurb~nyl-Oa-benzyl-(S)-glutarnoyl)-(2RS)-(f)-2-arnino- 
(di-ri-Dutox~pho.~p~ii~iyl)-ucrtyl]-gly~~i~~ tert-butyl ester (5d) 

Yield 2.9 g (53 %) colourless crystals.- mp 63 "C.- IR (KBr): v = 
3324 cm-', 3066, 3036,2960,2934, 1748, 1700, 1654, 1540, 1368, 1274.- 
'H-NMR (300.13 MHz, CDCI3, diastereomeric ratio 50:SO): 6 = 0.88-0.93 
ppm (m. 6H, CH2CH3), 1.32-1.40 (m, 4H, CH2CH3), 1.45, 1.46 (s, 9H, 
C(CH3)3), 1.60-1.66 (m, 4H, OCHzCHl), 1.90-2.06 (m, 2H, Glu-CpHz), 
2.27-2.39(m,2H,Glu-CyHz),3.90,3.92(d,J=4.9Hz,2H,Gly-CuHz),4.10 
ppm (mc, 4H, OCH2CHz), 4.354.57 (m, IH, G l u - C a ,  5.09, 5.10 (s, 2H, 
NHCOzCHzC6Hs and IH, CHP), 5.17 (s, 2H, CHcOzCHzC6H5), 5.755.81 
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(br. d, J =  8.2 HL IH, N H C O ~ C H ~ C ~ H S ) ,  6.63. 6.74 (br. d, J =  9.0 HL IH, 
CONHCHP), 7.21 (br. t, J = 4 . 5  Hz, IH, CONHCH?). 7.34 (br. $, IOH, Ph).- 
"c-NMR (100.62 MHZ,  CDC:I+ 6 = 13.6 (CHKW. 18.6 (CHXH~). 28.0 
(C(CHI)I), 28.6 (Glu-CpH?), 32.0 (GIu-C.IH2). 32.4 (OCH2CH2j. 42.4.42.5 
(Gly-CaH2), 50.1 (d, 'Jc.P= 149.2 Hr. CHP). 53.6 (Glu-CuH), 63.6 (d, ' Jc .P 
= 5.9 HL, CHICH~), 64.1 (d. 'JJc.~ = 5.9 Hz, CH~CHI),  67.1, 67.3 (CH?Ph), 
67.7 (d, 2 J c , ~  = 5.1 Ha, OCH2CH2). 82.2, 82.3 (C(CH~)I). 128.1, 128.3. 
128.5. 128.6 (H-bonded aromatic C), 135.2, 136.2 (alkyl-bonded aromatic 

(COOC(CH3)i). 171.8 (Glu-COO).- MS (I00 eV): in/: (%) = 743 (9) 
LM+H+], 225 (loo).- Anal. ( C ~ ~ H ? ? N ~ O I I P ) .  

c), 156.2, 156.3 (NHCOO), 164.9.  165.0 (CONH), 168.0. ~ 6 8 . 1  

Generul Mrr/?od f i i r  rhr Pre/xrrcrtion oj (S)-y-,~/ritcinioy/-(2RSi-2-aiiiirio- 
(d iu / kox -~~~/ io . s~ : l , h in~ l ) -uce /~ / / - y /~c~ in~  &r/ - /x i /y /  e.,ter (6a-6b) 

A $0 I u t i  on o f  Iv-~(N-benzyloxycarbonyl-~~a-benz~~l-(S)-gl~it~inioyl)- 
(2RS)-(ij-2-amino-(di-n-al koxyphosphiny1)-acetyl 1-glycine terr-butyl ester 
(5a-5b) (2.0 mmol) in methanol (20 ml) waz, hydrogenated at 3 atm and 
ambient temp. in the presence of palladium on charcoal (10 %: 0.4 g). After 
2 4  h, hydrogenation was coniplete (checked by TLC.), the suspension was 
filtered and the filtrate was concentrated in iwwo. Ethyl acetate I20 inl) was 
added to the residue and the suspension was extracted with 20 nil I N  aqueous 
solution offormate. The aqueous fraction was washed two times with dicthyl 
ether reduced to 5 ml in vacuo and freeze-dried. The products were checked 
by HPLC (method A and B). No UV-active compound nor ninhydrin 
detectable impurities (> 3%) were detected. 

(.S)-y-Clutcririo~/-(2RS)-~+)-2-anirr1o-(diriIrrhr,s!.l,hos~,hirz~l)-c1c.ct~/-g/~~c~i11c 
tert-hnty/ e,y/cr triono~oriiintr s d t  (6a) 

Yield 0.69 g (73 c/) colourless amorphouz, powder.- IK (KBr): v = 
31 IOcrn-', 3005, 1748, 1682, 1552, 1418. 1240.- 'H-NMK (400.13 MHz. 
[D6]DMSO, diastereoineric ratio 52:48): 6 = 1.40 (s. 9H, C ( C H I ) I ) .  I .96 (in', 
2H, Glu-C~jHz), 2.46-2.53 (m, 2H, Glii-C.IHr). 3.34-3.38 ( i n ,  I H, Glu-CoH). 

(dd. ./I = 9.6 Hz, J2 = 21.6 Hz, lH,  CHP),  8.22 (s. IH. HCOOHj, 8.54 (inc. 
IH, NH), 8.65-8.75 (in. NH, OH).- "C-NMR (100.62 MH/, [DhIDMSO): 

50.1 (d, './c,r= 146.7H~,L7-1P),53.5(Glu-C~H).53.1.53.8(POCH~),81.3 
(C(CH~)I), ), 163.7 (HCOOH), 164.8, 165.0, 170.5, 171.4 (CONH, COO). 
168.3 (COOC(CH?)?).- MS (100 eV): ni/c (%) = 426 (60) [M+H+/ .  

3.78 (d, J = 6.1 HL, 2H. Gly-CaH?). 3.75-3.85 (111, 6H. POCH?). 5.09. 5.11 

6 = 27.3 (Glu-CpHz). 27.0 (C'(CH?)?). 31.7 (Glu-C-/H>), 42.2 (Gly-L;rH2), 

( S ) - y - G / ~ 1 r u ~ i i o ~ / ~ ( 2 R S ) - ( i - ) - 2 - i i 1 ~ i i r i o ~ ( d i ~ t / i o . ~ y ~ ~ / i ~ ~ , s ~ ~ / i i ~ i y / ) - c 1 c ~ r t ~ / - , ~ / ~ ~ ~ i i 1 ~  
tei-t-hulyl ester ti~onofor-nrcitc .>n/r 16b) 

Yield 0.81 g (81 % )  colourless amorphous powder.- 1K (KBr):  v = 3 I 15 
cm-', 3002. 1745, 1654. 1502. 1353, 1249.- 'H-NMR (400.13 MHz. 
[DhIDMSO, diastereoinetric ratio 50:SO): 6 = I .2 I ppni (br. t, .I = 5.2 Hz, 6H. 
CHKHI), 1.40 (s. 9H. C ( C H I ) < ) ,  1.86 (illc. 2H, Glu-CpHz). 2.37-2.42 (m, 
2H, Glu-CyH2), 3.32-3.35 (m, IH, GILI-C~H). 3.73. 3.74 (d, J =  5.9 Hr, 2H. 
Gly-CnHz). 4.04 ppm (inc. 4H. CHzCH3). 5.09. 5.1 I (dd, JI  = 9.6 137. .I? = 
21.6 Ha. IH. CHP),  8.22 (s. IH. HCOOH), 8.54 (mc. IH, NH). 8.65-8.75 
(m, NH, OH).- "C-NMR (100.62 MHz, [DhlDMSO): 6 = 16.28. 16.33 

(Gly-CH?), 50.5 (d, ' J ~ J  = 145.8 Hz, CHP), 53.5 (Glu-CaH), 62.9 (d. -Jc.p 
= 6.8 HL, CH?CH3), 80.9 (C(CH)i), 163.7 (HCOOH), 165.9. 170.9, 171.7 
(CONH, COO). 168.5 ICOOC(CH3)1).- MS (100 eV): nr/r (Q) = 454 (100) 

(CH~CHI), 27.2 (Glu-CpHz). 27.9 (C(CH3)Ij. 31.5, 31.6 (Glu-CyH~).Pl.9 

[M+H+J. 

(S~-~~--G/ i i ror i io~/ -~?R~S)- (+)-2-a i i i r r io- (~ / i i . so~~r- i i~~o.~~~~/ io . s~: l , /1 i i i~ / ) - rr t~ /  
glyciiie /ert-hut\/ e.ster rnoiiofijt-iiiiutr sulf i6c) 

Yield0.91 g(86% )colourles,amorphouspowdcr.-mp 125 "C.-IR(KBrj: 
v = 2992 cm-', 2940, 1745, 1648. 1550, 1395. 1254.- 'H-NMR (400.13 
MH7. [D(,lDMSO, diastereomeric ratio 5 I :49): 6 = I .  19-1.26 ppm (111. 1211, 
CHCHi), 1.40 (s, 9H. C(CHI)I). 1.86 (mc, 2H, Glu-CpHz), 2.32-2.44 (m, 
2H, Glu-CyH?), 3.22, 3.26 (1. J = 6.8 Hi. IH, GILI-CJ~), 3.71, 3.73 (d, J = 
5.7 HL, 2H, Gly-CaHzj, 4.61 ppin (rn', 2H. CHCH3). 5.00,5.02 (dd. JI = 9. I 
Hz,J2=22.4Hz, IH,CHP),8.30(a, lH,HCOOH).8.48(mc. IH.NH).8.64 
(mc. NH, OH).- "C-NMK (100.62 MH7, [DhJDMSO): 6 = 23.5, 23.6. (d, 
'Jc.p = 5.6 Hz. CHCHI), 27.9 (C(CH?)3). 28.4 (Glu-CpHz), 32.0 (Glu-C.{H?). 

41.9 (Gly-CaHr). 51.1 (d, 'Jc,p = 146.2 HI, CHP). 53.4, 53.6 (Glu-CnH), 
71.4 (CHCH3), 82.0 (C(CHi)i), 163.5 (HCOOH), 165.8, 170.9. 171.6 
(CONH, COO), 168.6 (COOC(CH?)I).- MS (100 eV): in/; (Yr) = 482 (100) 
[M+H+]. 

(S)~y-G/rrtnnioy/-(2RS)~(~ j - 2 - n r i i i r r o - ( d i - r r - h i i t o . ~ ~ ~ : l , / i o s ~ ~ / r i ~ i ~ / ) - ~ ~ ~ c ~ / ~ / -  
g l ~ i r r r  tPr/-hu/ j , /  e.ster nionqfiirniin/e so// (6di 

Yield 0.84 g (78 L/c) colourless amorphous powder.- IR (KBr): v = 
2956cm-'. 1744, 1679, 1567, 1373, 1241.- 'H-NMK (400.13 MHz, 
[DhlDMSO. diastereoineric ratio 5 1 :49): 6 = 0.87 ppm (br. t. J = 7.4 Hz, 6H, 
CHKH?). 1.31 (mc. 4H. CHKH?), 1.40 (s, 9H. C(CHI)ij, 1.55 (mc. 4H, 
OCH2CHz). 1.88 (mc. 2H, Glu-CpHz). 2.39 (mc, 2H. Glu-CyH2), 3.36-3.45 
(m. IH. GILI-C~~H), 3.73. 3.75 (d, J =  5.8Hr. 2H, Gly-CaH2), 3.99ppm(mC, 
4H, OCH~CHZ), 5.07, 5.10 (dd, ./I = 9.3 Hz, J? = 21.3 Hz, IH, CHP), 8.21 
(s, IH, HCOOH), 8.52 (mc, IH. NH), 8.62-8.70 (in, NH, OH).- "C-NMR 
(100.62 MHz, IDhJDMSO): 6 = 13.6 (CH~CHI), 18.3 (CH~CHI), 27.1 
(Glu-CpH?), 27.8 (C(CH3)3). 3 1.4 (Glu-CyH?), 32.1 (OCH~CHZ), $1.9 (Gly- 
CaH:).50.5(d.'J~.p= 147.5Hz,CHP).53.0(Glu-C~xH),66.4(d, 'J~.~=6.8 
Hz, CHzCH3). 80.9 (('(CH?)?), 163.6 (HCOOH). 165.9. 171.5. 171.6 
(CONH, COO). 168.5 (COOC(CHI)~).- MS (100 eV): in/: (%) = 510 (100) 
[M+H+]. 

G'erwrd Methodfor the Prepurntion of (S)-y- '- f i /1~torii0~/-(2RS)-2-~iii i i i~- 
iditrlkox\pho.s/~/iinvl)-ocer\/-g/~eii?t,.s (la-ld) 

IS)-y-Glutamoyl-(2KS)-2-ainino-(dial koxyyhosphiiiyl)-acetyll-glycine 
tert-butyl ester (6a-6d) (0. I mmol) were dissolved in ice cold 0.25 N HBr in  
acetic acid (0.5 ml). The reaction was usually complete after 10-15 h a t  4 "C 
(checked by HPLC. method B).  The solvent and excess of reagent was 
removed with a stream of nitrogen at 0 "C. After evaporation over night 
(0.05 Ton) ,  the residue was diasolved in 100 1.11 DMSO for inhibition studies 
or IDhlDMSO for NMK analysis. The products were checked (method A and 
R )  and quantified (method B) by HPLC. UV-active compounds or ninhydrin 
detectable impuritiey were generally below 5%.  

/Si-y-G/utoiiio?./-(2R~~-(fr j -2- t rr i z i r1o- (d ir~i~ .~ /ro~~~~/ io . s~~/1 i i?~/ ) -ac .e f )~ / - f i /~c i i~e  
liylrohroniic/e (1  a)  

Yield 0.047 g (92 % )  pale brown solid.- 'H-NMK (400.13 MHz, 
[DhIDMSO. diastereomeric ratio 52:48): 6 = I .96 (mc. 2H. Glu-CpHz), 
2.46-2.53 (rn, 2H. Glu-C$?), 3.34-3.38 (in, 1H. Glu-CaH), 3.78 (d. J = 
6.1 H7, 2H, Gly-CoH2j, 3.75-3.85 (in, 6H. POCH?), 4.84 (dd. ./I = 9.6 Hz, 
J? = 21.6 Hz, IH, CHI'), 8.54 (mc, IH, NH), 8.65-8.75 (rn, NH, OH).- MS 
(IOOcVj: 11d:(%)=370(31j [M+H+]. 

(S)-y-G/utrtiizo~~/-(2RS)-(fr)-2-aiiziiio-~diet/io.~~~~/~o.s~,hiii~/l-ncet~/-g/~~c~ii1e 
/iydmhroriiit/e ( lb)  

Yield 0.050 g (94 5%) pale yellow solid.- ' H - N M R  (400.13 MHz. 
/DhIDMSO, diastereorneric ratio 5O:SO):  6 = 1.21 pprn ( t ,  J = 7.0 Hz. 6H, 
CHzCHjj, I .98 (mc. 2H, Glu-CpH?). 2.44 ( n k ,  2H. Glu-C,H2), 3.79, 3.81 (d, 
J = 5.4 Hz. 2H. Gly-CII2). 3.93 (m', IH, Glu-CnH). 4.04, 4.06 ppm (q, J = 
5.4 Hz, AH, CHzCH?), 5.11 (dd. JI = 8.7 H/. 52 = 21.3 Hz. IH, CHP), 
8.12-8.32 (m, NH,  OH), 8.38 (inc, IH. NH), 8.54 (br. d, J = 9.2 Hz, IH, 
NH).- MS (I00 eV): nr/z (%) = 398 (45) [M+H+]. 

( ~ ) - y - ~ ~ / r l t c l n i o ~ / - ( 2 ~ ~ ) - ~ ~ j - 2 - ~ i l i l i n o - ( d i i s o ~ ~ r o ~ o . \ - ~ ~ ~ / l o . s ~ ~ / l i ~ l ~ / ) - u c ~ e f y /  
f i / ~ i n e  /ytlrohronzide (1 c )  

Yield 0.055 g (97 %j pale yellow solid.- 'H-NMR (400.13 MHz. 
[DhlDMSO, diastereorneric ratio 51:49): 6 = 1.20-1.27 ppin (m. 12H, 
CHCH;), 2.00 (inc, 2H, Clu-CpHz), 2.50 (mc. 2H, Glu-C,H2), 3.77-3.82 (m, 
2H, Gly-C,Hz), 3.92 (mc, IH. Glu-Cfl. 4.58-4.64 ppiii (in, 2H, CHCH?), 
5.08 (dd, J I  = 9.5 Hz, J? = 21.8 Hz, IH. CHP). 8.26 (in. NH. OH), 8.45 (br. 
d. J = 9.2 Hz, IH, NH). MS (100 eV): in/: (%) = 426 (44) [M+H+]. 
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(S)-~-Glutamoyl-(2RS)-(~)-2-arnino-(di-n-butox~~~l1osphin~l~-ace~l- 
glycine hydrobromide (Id) 

Yield 0.054 g (91 %) pale yellow solid.- ’H-NMR (400.13 MHz, 
[D6]DMSO, diastereomeric ratio 54:46): 6 = 0.87 ppm (t, J = 7.3 Hz, 6H, 
CHzCH3), 1.27-1.35 (m,4H, CH2CH3), 1.52-1.57 (m,4H, OCH2CH2), 1.99 
(mc, 2H, Glu-CpHz), 2.41 (m, 2H, Glu-CyH2), 3.77-3.81 (in, 2H, Gly-C,&), 
3.964.02 ppm (m, 5H, OCH2CH2 and Glu-CIdSI). 5.15 (d, Jt = 9.3 Ha, Jz  = 
21.4 H7, IH, CHP),  8.25 (mc, NH, OH), 8.37-8.39 (m, IH, NII), 8.54 (br. d, 
J = 9.3 Hz, IH, NH).- MS (100 eV): m/z  ($6) = 454 (56) [M+H+]. 

References 

[ I ]  a) B. Ketterer, D. J. Meyer, A.G. Clark in  Glutathione Conjugation 
(Eds.: B. Ketterer, H. Sies), Academic Press, London, 1988, 73-135; 
b) B. Coles, B .  Ketterer, Riochem. Mol. Bid.  1990, 25, 47-70; 
c) B. Ketterer, L. G. Christodoulides. Adv. Pharmacol. 1994, 27, 37- 
69; d) B. Ketterer, G. J. Mulder in Glutathione conjugation in Conju- 
gation reactions in drng metabolism: An integrated approach (Ed.: 
G. J. Mulder), Taylor & Francis, London; New York; Philadelphia 
1990,307-364. 

a) B. Mannervik, P. A h ,  C. Guthenberg, H. Jensson, M. K .  Tahir, 
M. Warholm, H. Jornvall, Proc. Natl. Acud. Sci. USA 1985, 82, 7202- 
7206: b) J. L. DeJong, R. Morgenstem, H. Jornvall, J. W. DePierre, 
C.-P. D. Tu, J.  Biol. Chem. 1988, 263, 8430-8436; c) D. J. Meyer, 
B. Coles, S. E. Pemble, K. S. Gilmore, G. M. Fraser, B. Ketterer, 
Biochem. J .  1991,274,409-414; d) T. M. Buetler, D. L. Eaton, Envirun. 
Carcirzug. Ecotoxicol. Rev. 1992. C/O, 181-203; e) 1). J. Meyer, 
R. Muimo, M. Thomas, D. Coates, R. E. Tqaac, B i d z e m .  J. 1996, 313, 
223-227. 

a) S. Tsuchida, K. Sato, Cnt. Rev. Biochern. Mol. B i d .  1992, 27, 
337-384; b) S. M. Black, C. R. Wolf, Pharmacol. Ther. 1991, 51, 
139-154;c)T.M.T. Mulders,H. J .  Keizer, D. D. BreiIncr, G. J. Mulder, 
Drug Metub. Rev. 1995, 27, 191-229; d) P. J. van Bladeren, B. van 
Ommen, Pharmacol. Ther. 1991,51,3546; e) S .  Kuzmich, K. D. Tew, 
Med. Res. Rev. 1991, 11, 185-217: t] D. J. Waxman, CuncerRes. 1990, 
50,6449-6454; g) K. D. Tew, CancerRes. 1994,54,43134320. 

a) D. M. Dulik. 0. M. Colvin, C. Fenselau, Bion7ed. Environ. Mass 
Spectrom. 1990,19,248-252; b) D. J. Meyer. K. S. Gilmore, J. M. Har- 
ris, J. A. Hartley, B. Ketterer, Br. J .  Canrer 1992, 66, 433438. 

a) D. M. Dulik, C. Fenselau, Drug Metub. Ui.spos. 1987, 15, 195-199; 
b) T. M. Guenthner, R. Whalen, V. Jevtovic-Todorovic, 1. Phtrrmacol. 
Exp. Ther. 1992, 260, 1331-1336; c) A. G. Hall, E. Matheson, 
I. D. Hickson, S. A. Foster, L. Hogarth, Cancer Res. 1994, 54, 3369- 
3372. 

a) K. Berhane, X.-Y. Hao, S. Egyhazi, J. Hansson, U. Ringborg, 
B. Mannervik, Cancer Res. 1993, 53, 42574261; b) M. T. Smith, 
C. G. Evans, P. Doane-Setzer, V. M. Castro, M. K. Tahir, B. Man- 
nervik, Cancer Res. 1989,49,2621-2625. 

a) N.  R. Bachur, S. L. Gordon, M. V. Gee, Cancer Res. 1978, 38, 
1745-1750; b) C. Myers. J. Zweier, L. Gianni, J. Batist, B.  Sinha, 
J. Muindi, R. Klecker, G. Yeh, UCLA Synzp. Mu/. Cell. Biol. 1985,28, 
531-546. 

121 

[3] 

[4] 

[5] 

161 

171 

[ 1 I] P. Joseph, M. C. Sharma, A. K. Jaiswal, Biochem. Pharmacol. 1994, 
47,2011-2015. 

[I21 a) P.J. Ciaccio, J. E. Stuart, K. D. Tew, Mol. Pharmacol. 1993, 43, 
845-853; b) P. J. Ciaccio, A. K. Jaiswal, K. D. Tew, J.  Bid .  Chem. 
1994,269, 15558-15562. 

[I31 J .  H. T. M. Ploemen, B. van Ommen, P. J. van Bladeren, Biochem. 
Phurmacol. 1990,4O, 1631-1635. 

[ 141 V. Gupta. J. P. Jani, S. Jacobs, M. Levitt, L. Fields, S. Awasthi, B.H. Xu, 
M. Sreevardhan, Y. C. Awasthi, S. V. Singh, Cancer Chemother. 
Pharniucol. 1995,36, 13-19. 

[IS] a) P. Reinemer, H. W. Dirr, R. Ladenstein, J. Schaffer, 0. Gallay, 
R. Huber. EMBO J .  1991, 10, 1997-2005; b) X. Ji, P. Zhang, 
R. N. Armstrong, G. L. Gilliland, Biochemistry 1992, 31, 10169- 
10184; c )  A. D. Cameron, I .  Sinning, G. L’Hermite, B. Olin, 
P. G. Board, B. Mannervik, T. A. Jones, Structure 1995 3, 7 17-727; 
d) B. Mannervik, ti. Berhane, R. Bjiirnestedt, P. G. Board, T. A. Jones, 
R. €1. Kolm, B. O h ,  I. Sinning, G. E. Sroga, G. Stenberg, S. Tardiolin, 
M. Wider5ten in Structure and Function of Glutathione Transferases 
(Eds.: K. D. Tew, C. B. Pickett, T. J. Mantle, B. Mannervik, 
J. D. Hayes), CRC Press, Boca Raton; Ann Arbor; London; Tokyo, 
1993,29-38. 

[ 161 a) G. F. Graminski, Y. Kubo, R. N. Armstrong, Biochemistry. 1989,28, 
3562-3568; b) P. Reinemer, H. W. Dirr, R. Huber, Methods Enzymol. 
1995,251.243-254. 

[I71 a) A. E. P. Adang, J. Bmssee, A. van der Gen and G. J. Mulder, 
Biuchem. J.1990, 269, 47-54; b) A. E. P. Adang, D. J. Meyer, 
J. Brussee, A. Van der Gen, B. Ketterer, G. J. Mulder, Biochem. J .  1989, 
264.759-764; c) M. H. Lyttle, M. D. Hocker, H. C. Hui, C. G. Caldwell, 
D. T. Aaron, A. Engqvist-Goldstein, J. E. Flatgaard, K.  E. Bauer, 
J .  Med  Chem. 1994,37, 189-194; d)A.  E. P. Adang, J. Brussee,A. van 
der Gen, G. J .  Mulder, J. B id .  Chem. 1991, 266, 830-836. 

[I81 a)  U. Zoller. D. Ben-lshai, Terrahedron 1975, 31, 863-866; 
b) U. Schmidt, A. Lieberknecht, U. Schanbacher, T. Beuttler, J. Wild, 
Angew. Chem. 1982, 94, 797-798. 

[ 191 W. Konig, R. Geiger, Chem. Ber. 1970, 103,788-798. 

1201 T. A. Grascr, H. G. Godel, S. Albers, P. Foldl, P. Furst, And.  Biochem. 
1985, 151, 142-152. 

[21] P. Askelof, C. Guthenberg, 1. Jakobson, B. Mannervik, Biochem. J .  
1975,147,513-522. 

(221 A. S. Morgan, P. J. Ciaccio, K. D. Tew, L. M. Kauvar, Cancer 

[23]  G. Batist. A. Tulpule, B. K. Sinha, A. G. Katki, C. E. Myers, 

[24] T. Okuyama, Y. Maehara, K. Endo, H. Bada, Y. Adachi, M. Kuwano, 

Cheniother. Pharmacol. 1996, 37, 363-370. 

ti. H. Cowan, J. Biol. Chenz. 1986,261, 15544-15549. 

K. Sugimachi, Cancer 1994, 74, 1230-1236. 

[25] U. Schmidt, A. Lieberknecht, J. Wild, Synthesis, 1984,53-60. 

1261 a) W. H. Habig, M. J. Pabst. W. B. Jakoby, J. Biol. Chem. 1974,249, 
7130-7139; b) W. H. Habig, W. B. Jakoby, Methods Enzymol. 1981, 
77.2 18-23 1. 

[27] M. K. Tahir, B. Mannervik, J.  Uiol. Chem. 1986,261, 1048-1051. 

1281 U. Schmidt, A. Lieberknecht, U. Schanbacher, T. Beuttlcr, J. Wild, 
Angew. Clzem. Suppl. 1982, 1682-1689. 

1291 a) C. Shin, T. Obara, S. Segami, Y. Yonezawa, Tetrahedron Lett. 1987. 

181 A.M. Gulick, W. E. Fahl, Pharmac. Ther. 1995,66, 237-257. 

191 p, J ,  o ’ D ~ ~ ~ ~ ,  F, L ~ c ~ ~ ~ ~ ,  S. ~ ~ ~ h ,  p, W, ~ i ~ ~ l ~ ~ ,  R, schi1der, 
M. L. Clapper, K. D. Tew, L. Panting, S. Litwin, R. L. Comis, R. F. 
Ozols, Ccmcer Res. 1991, 51, 6059-6065. 

28.3827-3830; b) R. Shankar, A. L. Scott, Tetrahedron Lett. 1993,34, 
23 1-234; c) B. Ku, D. Y. Oh, Tetrahedron k t t .  1988, 29,44654466. 

[lo] a) 11. Shen, S. Ranganathan, S. Kuzmich, K. D. Tew, Biochem. Phar- 
macol. 1995. SO, 1233-1238; b) S.  Kuzmich, L. A. Vanderveer, 
E. L. Walsh, F. P. LaCreta, K .  D. Tew, Biochem. J .  1992,281,219-224. Received: August 20, 1996 [FP146] 

Arch Pharm. Phcnn7. Med. Chnn. 329, 503-SO9 (1996) 




