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Abstract: Many attempts to synthesize AspY(P02CH2)Ala phosphinic pseudodipeptides by 

Michael addition of aspartyl aminophosphinic acid to ethyl methacrylate have failed. The preparation 

of such phosphinic peptides was finally achieved starting from a protected PheY(P02CH2)Ala 

phosphinic building block. The key step is a mild oxidation of the phenyl group to carboxylic acid by 

use of the ruthenium trichloride-sodium metaperiodate system.0 1999 Elsevier Science Ltd. All rights reserved. 

In the last decade, several studies have demonstrated that the synthesis of phosphinic peptides is 

a very effective approach to develop highly potent inhibitors of zinc metalloproteases.’ While many 

phosphinic peptides, containing in the RI and R2 positions various alkyl and arylalkyl groups, have 

been successfully prepared,* the synthesis of corresponding derivatives bearing functional side chains 

in RI and R2 was more problematic. 

Nevertheless, the synthesis of pseudo-peptides harboring a carboxylic acid side chain at RI will 

have important applications for the development of phosphinic peptide inhibitors of zinc-proteases able 

to specifically cleave peptide bonds following an aspartic or glutamic residue.3 

0040-4020/99/$ - see front matter 0 I999 Elsevier Science Ltd. All rights reserved. 
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A first attempt to synthesize compound 13a was based on the Michael addition of ethyl 

methacrylate to compound 2* using HMDS to form phosphorus (III) intermediate 21.’ This reaction, 

which was used successfully in many cases to prepare various phosphinic pseudo-dipeptidic blocks,‘Cd 

failed in the present case. Other assays, based on the use of milder conditions to perform the Michael 

addition, employing the TMSCl/i-Pr*EtN method for phosphorus activation, were also unsuccessful 

(Scheme 1).7 

\ 
(e) 

21 - 61 
C02R 

13a 

Compound Intermediate R X 

2 21 -Si(CH& -Si(CH& 

3 31 -Ad -Ad 

4 41 -t-Bu -t-Bu 

5 51 -Ad -Si(CH& 

6 61 -t-Bu -Si(CH& 

Scheme 1: (a) BoczO, EtsN, MeOH, 50°C 3h then rt 24h. (b) AdBr, Ag,O, CHCI,, reflux, 2h. (c) N,N-dimethylformamide di- 

tert-butyl acetal, benzene, reflux, 30 min. (d) 5% TFA/CHZC12, 7h (e) 5% TFA/CH2CIj, 3h. (f) HMDS, 1 lO’C, Ih or TMS-Cl. i- 

Pr*EtN, 0°C to rt. (g) H$=C(CHz)COOEt, 90°C, 3.5h or H2C=C(CH,)COOBzl, 0°C to rt, then EtOH, then deprotection 50% TFA 
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As the formation of trivalent phosphorus trimethylsilyl ester 21 can be affected by the presence 

of a free carboxylic function, the same reactions were performed starting from phosphinic precursors, 

in which the hydroxyphosphinyl and the carboxylic functions were protected. 

When compound 3 was submitted to Michael addition, using the two methods of activation 

described above, (Scheme 1, reaction (f)) the expected product was not formed. Unequal sharing of 

electrons in the phosphorus intermediate, due to the lack of symmetry and/or steric reasons caused by 

the presence of the adamantyl group, might explain this lack of reactivity. Thus, to maintain the 

symmetry of the phosphorus intermediate, a tert-butyl group, which is close in structure to the 

trimethylsilyl group, was used as the protecting group for the acidic functions. Refluxing compound 2 

in benzene with N,N-dimethylformamide di-tert butyl acetal,’ led to the formation of compound 4. 

Again,with this starting material, no Michael addition was observed. 

In a final attempt, free hydroxyphosphinyl aminophosphinic derivatives, incorporating a 

carboxylic function protected with either an adamantyl or tert-butyl ester, were prepared (compounds 5 

and 6). Compounds 5 and 6 were obtained from compounds 3 and 4 by selective cleavage of the 

hydrophosphinyl ester group with 5% TFA/CH2C12 (Scheme 1). Once again, attempts to perform 

Michael addition using 5 and 6 as nucleophiles did not proceed. 

7a-lla n=l 

7b-llb n=2 

Scheme 2: (a) Boc20, Et,N, MeOH, 5O“C 3h then rt 24h. (h) HMDS, I IO’C, lh then H,C=C(R,)COOEt, 90°C 3.5h then 

EtOH 7O’C. (c) AdBr, Ag*O, CHC&, reflux 2h. (d) R&IX, NalOl, CHSCN, HZO, rt, 3h. 
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The reason for these unsuccessful results might be an unexpected role played by the neighboring 

carboxylate groups (this particular problem is under investigation in our lab). This led us to consider 

the possibility of introducing the carboxylic acid side chain after the Michael addition. In this respect, 

compound 10 was chosen, as the phenyl group can be oxidized under mild conditions to a carboxylic 

acid. The synthetic process which was followed is illustrated in Scheme 2. This strategy requires the 

replacement of the Cbz- group by tert-butyloxycarbonyl as the protecting group of the 

aminophosphinic acid. Starting from compound 7, compound 10 was obtained in three steps following 

a method previously described.6 Compounds of type 10 were smoothly transformed to compounds of 

type 11 using a ruthenium catalyzed oxidative reaction.’ This transformation proceeds in satisfactory 

yields within 3 h, also producing a small amount of overoxidized side products. It is worth noting that 

if the hydroxyphosphinyl group is not protected, overoxidized products are exclusively obtained. Using 

this method, two phosphinic dipeptides AspY(P02CH2)Ala and GluY(P02CH2)Ala, compounds 13, 

were prepared (Scheme 3). 
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Scheme 3: (a) 50% TFA/CH&IZ, rt, 3h (b) Cbz-Cl, MgO, H20, 4h (c) AdBr, A&O, CHC13, reflux, 2h. (d) 0.4M 

NaOH/MeOH then aq. HCI. (e) HCOONH4, 10% Pd/C, MeOH. (tJ Fmoc-Cl, 10% Na2C03, dioxan. 
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Even after saponification of the C-terminal ester of compound 13, the resulting phosphinic 

building block cannot be used for the synthesis of longer phosphinic peptides, due to the presence of a 

free side chain carboxylic group. Convenient building blocks, compatible with conventional solid- 

phase peptide synthesis, were thus prepared using the pathway described in Scheme 3. 

Both carboxylic and hydroxyphosphinyl groups were protected by the adamantyl group. The 

adamantyl group was chosen as a protecting group, since it can be removed easily under the classical 

deprotection conditions required by the Fmoc solid-phase peptide synthesis protocol from both 

carboxylic and phosphinic functions.6”0 In addition, these esters are quite resistant to acidic conditions, 

since they remain stable during acidification which follows saponification.” After the saponification 

step, the Cbz group was removed using ammonium formate as a hydrogen donor, in the presence of 

palladium/carbon catalyst.‘* The final synthons 17 were obtained after the introduction of the Fmoc 

group to the intermediates 16 in moderate yields. 

Although this synthetic strategy to obtain compound 17 consists of 10 steps, affording overall 

yields of 16%, it is the only method described which can lead to aspartyl or glutamyl phosphinic 

peptides. This fact gives a boost to the development of various important inhibitors for zinc proteases 

by parallel or combinatorial chemistry since building blocks 17 are perfect synthons for such an 

approach.13 

Experimental part 

General. All of the compounds, for which analytical and spectroscopic data are quoted, were homogenous by TLC. TLC 

analyses were performed using silica gel plates (E. Merck silica gel 60 F-254). and components were visualized by the following 

methods: ultraviolet light absorbance, iodine vapor, and charring after spraying with a solution of NH4HS0., and ninhydrii spray. The 

solvents systems used for TLC development were (I) I -butanol-acetic/acid-water (4: I: I), (2) chloroform/methanol/acetic acid (7:2: I), 

(3) chloroform/methanol/acetic acid (7:O.S:O.S) (4) chloroform/2-propanol(9.8:0.2), (5) hexane/ethyl acetate/acetic acid (3:3:0.2), (6) 

chloroform/methanol/acetic acid (7:0.2:0.2). In most solvent systems close, but different, &values have been observed for the various 

stereoisomers of these compounds, due to the presence of asymmetric centers. Thus, the R/values quoted correspond to an average 

value. Column chromatography was carried out on silica gel (E.Merck, 70-230 mesh). All the compounds were characterized by ‘H, 

13C and “P-NMR spectroscopy. The presence of asymmetric centers in these compounds complicates the interpretation of the spectra, 

especially when the hydroxyphosphinyl function is protected by the adamantyl group. Numbers I and 11 were used to describe the “C 

resonances corresponding to the different diastereoisomers. Assignment of the NMR signals was achieved using DQ-COSY and 

DEPT experiments. ‘H, “C and “P-NMR spectra were recorded on a 200 MHz Mercury Varian spectrometer. ‘sC and “P-NMR 

spectra are fully proton decoupled. “P-NMR chemical shifts are reported on 6 scale (in ppm) downfield from 85% HsPO+ Mass 

spectroscopy and analytical data are also provided. Before microanalysis, samples were dried under high vacuum at 40°C for 24 h in a 

dry pistol. These analyses were obtained from the Laboratory of Inorganic Chemistry, University of Athens, 15771, Athens, Greece. 

Electron spray mass spectroscopy (ES-MS) was performed on a Micromass Platform II instrument with positive ionization mode by 

Dr. Reto Sttkklin (Atheris Laboratories, 314 CH-1233 Bemex, Geneva, Switzerland). (R+S)-(I-(amino)-2-carboxyethyl)phosphinic 
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acid was prepared according to the Soroka procedure.4* (R,s)-( I-(amino)-Z-phenylethyl)phosphinic acid and (R,s)-( I-(amino)-3- 

phenylpropyl)phosphinic acid were synthesized according to the Baylis procedure .I4 

IRS)-3-/N-(6enrvloxvcarbonvl)amino)-3-hvv~ DroDanoic acid 2: The aminophosphinic analogue of aspartic 

acid 1 (1.53 g, IO mmol) was dissolved in HZ0 (17 ml). To this solution were added Et,0 (5 ml) and magnesium oxide (I .22 g, 30 

mmol). The mixture was cooled in an ice water bath and benzyl chloroformate (2.55 g, 2. I5 ml, I5 mmol) was added dropwise over a 

period of I h. After the end of the addition, the mixture was stirred at rt for 3 h. Then, the mixture was acidified with 2M HCI to pH 1, 

and two extractions with AcOEt (2x IO ml) were performed. The combined organic layers were concentrated in vacua and the residue 

was treated with a 10% aqueous solution of Na2C03 (IO ml) and Et20 (5 ml). The aqueous phase was separated, washed with Et20 

(2x5 ml) and acidified with 2M HCI to pH I. The aqueous phase was extracted with AcOEt (2x10 ml) and the combined organic 

layers were washed with Hz0 (5 ml), dried over Na2S04 and concentrated in vacua to afford the pure 2 derivative (2.28 g, 90%) as a 

white solid, m.p. 193-194 “C. TLC RAI) 0.47, R,(2) 0.64; IR v,,,(KBr) 3650-3250(br), 3037, 2950, 2392, 1694, 1534, 1438, 1265, 

1243, 1182, 1052,985, 736,695 cm-‘; ‘H NMR (200 MHz, D,O) 6 1.94-2.15 (m, I H, CHHCOOH), 2.24-2.40 (m. 1 H, CWCOOH), 

3.61-3.83 (m, IH, PCH), 4.86 (s, 2H, PhCHrO), 6.27 (d, lH, ‘Jpu = 522 Hz, PH), 7.16 (s, 5H, aryl); “C-NMR (50 MHz, DrO) 633.5 

(d, J= 3.6 Hz, CHrCOOH), 52.3 (d, J= 101.9 Hz, PCH), 65.5 (PhC’HZO), 126.1, 126.8, 127.3, 134.9 (aryl), 156.3 (d, J= 3.1 Hz, 

CONH), 177.5 (d, J= 15.0 Hz, COOH); “P-NMR (81 MHz, DzO) 622.02; ESMS m/r calcd for CllHISN06P (M+H)’ 288.0, found 

287.6; Anal. Calcd for CllHr4N06P+Hr0 (287.06); C, 43.43; H, 4.97; N, 4.60. Found: C, 43.63; H, 4.73; N, 4.65. 

[R.S~-3-fN-lbe~~o~carbo~l~amino~-3-adaman~~oxvohosohinv~ orooanoic acid adamantvl ester 3: Compound 2 (0. I4 g, 

0.5 mmol) and I-adamantylbromide (0.26 g, 1.2 mmol) were dissolved in chloroform (10 ml). This reaction mixture was refluxed. 

Then, silver oxide (2.78 g, 1.2 mmol) was added in five equal portions, over 50 min. This solution was refluxed for an additional 1 h. 

After, the solvents were removed, the residue was treated with diethylether and filtered through celite. The filtrates were concentrated. 

The residue was purified by column chromatography using chloroform/isopropanol (9.8:0.2) as eluent. Compound 3 (0.19 g, 70%) 

was obtained as a colourless gum. TLC R,(4) 0.78, R,(5) 0.86; IR v,,,,(liquid film) 3660-3230(br), 3036, 2976, 2950, 2849, 2388, 

1697, 1541, 1437, 1371, 1311, 1265, 1243, 1182, 1126, 1054, 1000,934,831,747,699 cm”; ‘H NMR (200 MHz, CDCb) 61.53-1.75 

(m. 12H, CHCH,CH of Ad group), 2.01-2.36 (m, 18H, CH of Ad group, CCH, of Ad group), 2.14-2.3 1 (m, lH, CHHCOOH), 2.42- 

2.66 (m, IH, CWCOOH), 4.01-4.23 (m, IH, PCH), 4.86 (s, 2H, PhCHrO), 6.23 (d, IH, ‘JpH = 552 Hz, PH), 7.07 (s, SH, aryl); “C- 

NMR (50 MHz, CDClr) 6 30.6 (CH of Ad in carboxyl group), 30.9 (C’H of Ad in phosphinyl group), 35.2 (CHCHzCH of Ad in 

carboxyl group), 35.6 (CHC’H,CH of Ad in phosphinyl group), 41.3 (COOCCHZ), 44.3 (d, J = 3.2 Hz, POCCH2), 33.7 (d, J = 4.4 Hz, 

CHsCOOAd), 48.1 (d, J= 110.1 Hz, PCH), 66.2 (PhCHzO), 127.7, 127.9, 128.1, 135.7 (aryl), 155.4 (d, J= 5.2 Hz, CONH), 169.4 (d, 

J = 11.7 Hz, COOAd); “P-NMR (81 MHz, CDCI,) 624.99, 26.3 1; ESMS m/z calcd for C31H13N06P (M+H)’ 556.7, found 556.3; 

Anal. Calcd for C31H42N06P (555.7); C, 67.01; H, 7.62; N, 2.52. Found: C, 67.16; H, 7.87; N, 2.57. 

fR.SI-3-lN-fbenzvloxvcarbonvl)amino)-3-tert-bu~foxvohosohinvl Drooanoic acid tert-butvl ester 4: A suspension of 2 (0.28 

g, I mmol) in dry benzene (3 ml) was refluxed. N,N-Dimethylformamide di-tert-butyl acetal (I .92 ml, 8 mmol) was added to the 

refluxing mixture, dropwise, over a period of I5 min. The mixture was refluxed for an additional 2 h. Then, the mixture was 

concentrated in vacua and the oily residue was treated with Et20 (IO ml) and 5% NaHCOr (IO ml). The organic layer was separated 

and two more extractions with EtzO (2x10 ml) were performed. The combined organic layers were dried with NaZS04 and 

concentrated in vacua. Compound 4 was obtained after silica gel column chromatography puritication, using chloroform/isopropanoI 

(9.7:0.3) as eluent. Compound 4 (0.22 g, 55%) was obtained as a colourless gum. TLC R,(4) 0.72, R,(5) 0.79; IR v,(liquid film) 

3660-3230(br), 3031, 2950,2849,2389, 1689, 1542, 1431, 1374, 1312, 1272, 1245, 1181, 1126, 1046,936, 832, 752,696 cm-‘; ‘H 

NMR (200 MHz, CDCI,) 6 1.15 (s, 9H, COOC(CH3)& I. 19 (s, 9H, POC(CH&), 2.1 l-2.34 (m, I H, CHHCOOH), 2.40-2.70 (m, IH, 

CWCOOH), 3.97-4.18 (m, IH, PCH), 4.84 (s, 2H, PhCHrO), 6.29 (d, lH, ‘JpH = 560 Hz, PH), 7.05 (s, 5H, aryl); ‘?-NMR (50 

MHz, CDClr) 6 27.5 (COOC(CH,),), 29.6 (POC(CH,),), 33.6 (d, J = 14.9 Hz, CHrCOOH), 47.1 (d, J = 112.8 Hz, PCH), 66.2 

(PhCHrO), 80.7 (COOC(CH&), 82.7 (POC(CH,),), 127.6, 128.0, 136.3 (aryl), 155.7 (d, J = 3.8 Hz, CONH), 169.2 (d, J= 13.4 Hz, 
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CODC(CH&); “P-NMR (81 MHz, CDCI,) 6 23.59, 24.71; ESMS m/z calcd for Cj9HllN06P (M+H)’ 400.6, found 400.2; Anal. 

Calcd for CI~HJONO~P (399.6); C, 57.13; H, 7.57; N, 3.51. Found: C, 57.42; H, 7.29; N, 3.57. 

~RS~-3-(1V-(benrvlaxvcorbonvl)amino~-3-hvdro~ohosohinvl twooanoic acid, adamantvl ester 5: Compound 3 (0.11 g, 0.2 

mmol) was dissolved in 5% TFA/CH& (3 ml) and the reaction mixture was stirred for 7 h. The proper reaction time was determined 

by “P NMR in a time-arrayed experiment in which the changes of phosphorus signal were observed in a solution of 3 in 5% 

TFA/CDCb (displacement of the signal downfield at 36. I I ppm). Then, the mixture was evaporated to dryness. Methylene chloride 

was added to the residue, and the solution was evaporated to dryness. The residue was dissolved in 5% NaHCQ (10 ml) and the 

aqueous solution was extracted with Et,0 (2x10 ml). The aqueous phase was ice-cooled and acidified with I M aqueous solution of 

KHSOd to pH 2.5. Two extractions were performed to the aqueous phase with AcOEt (2x10 ml) and the combined organic layers 

were dried with Na2S04. The solvent was evaporated and the oily product that was obtained was used in the next step without further 

purification due to its sensitivity. TLC Rx2) 0.87, R,J3) 0.61. 

@S)-3-~-fbenzvloxvcarbonvl)amino)-3-hvdl twooanoic acid, tert-butvl ester 6: Compound 4 (0.16 g, 0.4 

mmol) was dissolved 5% TFA/CH2C12 (6 ml) and the reaction mixture was stirred for 2 h. The proper reaction time was determined 

by “P NMR in a time-arrayed experiment in which the changes of phosphorus signal were observed in a solution of 4 in 5% 

TFAICDCIs (displacement of the signal downfield at 35.94 ppm). Then, the mixture was evaporated to dryness. Methylene chloride 

was added to the residue, and the solution was evaporated to dryness. The residue was dissolved in 5% NaHCOX and the aqueous 

solution was extracted with Et,0 (2x20 ml). The aqueous phase was ice-cooled and acidified with 1 M aqueous solution of KHSO, to 

pH 2.5. Two extractions were performed on the aqueous phase with AcOEt (2x10 ml) and the combined organic layers were dried 

with NaZS04. The solvent was evaporated and the oily product which was obtained was used in the next step without further 

purification due to its sensitivity. TLC Rx2) 0.83, R,(3) 0.54. 

[R.S~-(l-OV-ftert-buntloxvcarbonvl~amino~-2-~henv~et~l~ Dhowhinic acid 8a: To a solution of (R,S)-((I-amino)-2- 

phenylethyl) phosphinic acid 7a (1.85 g, IO mmol) in Et,N (10 mmol) and MeOH (100 ml), BocZO (3.27 g, 15 mmol) was added. The 

resulting mixture was stirred at 50 “C over a period of 2 h and then in rt for another 5 h. The reaction mixture was concentrated in 

vacua and the residue was treated with 5% aqueous solution of NaHCOJ (IO ml) and Et20 (10 ml). The aqueous phase was separated, 

ice-cooled and acidified with 0.5 M HCI to pH I. Then, ethyl acetate (I 5 ml) was added and the compound was extracted from the 

aqueous phase. Two more extractions with ethyl acetate (2x10 ml) were performed and the combined organic layers were dried with 

Na2S04 and concentrated in vacua. The pure product was afforded in quantitative yield (4.3 g) as a white solid, m.p. 124-125 “C. TLC 

Rl2) 0.63, R,(3) 0.47; IR v,,,,(KBr) 3540-3240(br), 3028, 3006, 2984, 2930, 2394, 1685, 1522, 1456, 1444, 1369, 1253, 1207, 1197, 

1161, 1022,976, 963, 731, 699 cm-‘; ‘H NMR (200 MHz, CDCI3) 6 1.33 (s, 9H, CCH,), 2.76-2.99 (m, IH, PhClW), 3.09-3.27 (m, 

IH, PhCHH), 4.12-4.22 (m. IH, PCH), 5.03 (br d, lH, NH), 7.08 (d, IH, ‘J rH = 573 Hz, PH), 7.18-7.34 (s, 5H, aryl); “C-NMR (50 

MHz, CDCI,) 628.1 (CCH,), 33.0 (d, J = 3.5 Hz, PhCHz), 50.6 (d, J= 106.5 Hz, PCH), 80.4 (CCH3) 126.8, 128.5, 129.2, 136.0, 

136.2, 134.9 (aryl), 155.5 (d, J = 3.5 Hz, CONH); “P-NMR (81 MHz, CDCI3) 632.52; ESMS m/z calcd for CUH~INO~P (M+H)’ 

286.3, found 285.9; Anal. Calcd for CI~HZONOhP (285.3); C, 54.73; H, 7.07; N, 4.91. Found: C, 54.73; H, 7.03; N, 4.85. 

~,S)-(l-(N-ltert-butvloxvcarbonvl)amino)-3-ohenv~Droov~~ Dhowhinic acid 8b: (R,S)-(( I -amino)-3-phenylpropyl) 

phosphinic acid 7b was treated as described above. Compound 8b was obtained in quantitative yield, m.p. 130-131 “C. TLC Rx2) 

0.59. R,(3) 0.42; IR v,,(liquid film) 3580-3190(br), 3030, 3007, 2987, 2935, 2356, 1685, 1507, 1457, 1444, 1367, 1251, 1207, 1172, 

1050, 970, 966, 75 I, 699 cm”; ‘H NMR (200 MHz, CDC&) 6 1.54 (s, 9H, CC&), 1.79-2.01 (m, 1 H, CHCHH), 2.06-2.28 (m, IH, 

CHCHH), 2.65-2.93 (m, 2H, PhCH*), 3.86-4.07 (m, lH, PCH), 5.09 (br d, IH, NH), 7.02 (d, lH, ‘JpH = 563 Hz, Pm, 7.16-7.42 (s, 

5H, a@); ‘k-NMR (50 MHz, CDCI,) 6 28.2 (CCH,), 28.6 (CHf&), 3 I .9 (d, J = 11.8 Hz, PhCH?), 49.0 (d, J = 106.2 Hz, PCH), 

80.4 (CCHS) 126.2, 128.5, 129.1, 140.6 (aryl). 155.6 (d, J = 4.1 Hz, CONH); “P-NMR (81 MHz, CDCI3) 632.46; ESMS m/z calcd 

for Ck4Hz3N04P (M+H)’ 300.1, found 299.9; Anal. Calcd for C14H2;N04P (299.1); C, 56.18; H, 7.41; N, 4.68. Found: C, 56.13; H, 

7.02; N, 4.78. 
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[R.R.S.SJ 2-methvl-3f/1-lN-ltert-butvloxvcarbonvl~amino~-2-~henvle~hvl~-~dro~ohos~hi~l~ pooanoic acid. ethvlester 9a: 

A suspension of compound 8a (2.35 g, 8 mmol) in hexamethyldisilazane (6.5 g, 8.4 ml, 40 mmol) was heated at 110°C for I h, under 

nitrogen. Then ethyl methacrylate (1.19 g, 1.29 ml, 10.4 mmol) was added dropwise over 15 min. This reaction mixture was stirred 

for an additional 3 h at 1 IO’C. This mixture was allowed to cool to 70°C and ethanol (25 ml) was added dropwise. After cooling to rt 

the reaction mixture was concentrated. The residue was treated with 5% aqueous solution of NaHCOj (20 ml) and Et20 (15 ml). The 

aqueous phase was separated, ice-cooled and acidified with 0.5 M HCI to pH 1. Then, ethyl acetate (15 ml) was added and the 

compound was extracted from the aqueous phase. Two more extractions (2x15 ml) with ethyl acetate were performed and the 

combined organic layers were dried with Na2S04 and concentrated in vacua. A white solid was obtained, which was further purified 

by column chromatography, using chlorofornVmethanol/acetic acid (7:O.S:O.S) as eluent, to give compound 9a (3.05 g, 96%) as a 

white solid, m.p. 72-73 “C. TLC R,J2) 0.84, Rx3) 0.81; IR v,,(liquid film) 3600-3150(br), 3073, 3032, 3007,2982,2936, 1736, 1685, 

1560, 1509, 1455, 1393, 1369, 1309, 1250, 1164, 1042,963, 754, 700 cm“; ‘H NMR (200 MHz, CDCI,) 6 1.33 (t. J= 7.4 Hz, 3H, 

CH2CHJ), 1.37 (s, 9H, C(CH&), 1.41 (d,J= 7.2 Hz, 3H, CH,), 1.70-2.04 (m, IH, PCHH), 2.28-2.53 (m, IH, PCHH), 2.77-3.10 (m, 

2H, PhCHH. CHCO), 3.27-3.45 (m, IH, PhCHH), 4.26-4.41 (m, lH, PCH), 4.23 (q, J = 7.4 Hz, 2H, CH2CH3), 5.10 (d. J = 10.4 Hz, 

lH, NH), 7.28-7.44 (m, 5H, aryl); ‘k-NMR (50 MHz, CDCII) S 14.1 (CH~C’HT), 18.9 (d, J= 8.1 Hz, CHs, I), 19.1 (d, J= 9.8 Hz, 

CH2, II), 28.1 (C(CH&), 29.8 (d, J= 91.5 Hz, PC&, I), 30.1 (d, J= 91.5 Hz, PCHZ, II), 33.7 (d, J= 5.1 Hz, PhCH& 33.7 (d, J= 3.8 

Hz, C’HCOOEt), 50.1 (d, J= 105.6 Hz, PCH, I), 50.6 (d, J= 105.6 Hz, PC’H, II), 60.9 (CHzCH,), 80.0 (C(CH,),), 126.6, 128.4, 129.2, 

136.6, 136.8 (a@), 155.3 (d, J= 6.3 Hz, OCONH), 175.5 (d, J= 8.2 Hz, COOEt); “‘P-NMR (81 MHz, CDC13) 652.09, 53.73; ESMS 

m/z calcd for C19H31N06P (M+H)’ 400.4, found 400.1; Anal. Calcd for C,,H,,NOhP (399.4); C, 57.13; H, 7.57; N, 3.51. Found: C, 

56.98; H, 7.16; N, 3.50. 

[R. RSS) 2-melhvI-3f~I-~N-~tert-bu~loxvcarbonv~~amino~-3-~he~loroov~~-hvdro~ohos~hinv~~ orovanoic acid, ethvl ester 

m: Compound 9b was obtained in 98% yield as a white solid, m.p. 104-105 “C. TLC Rx2) 0.85, RA3) 0.83; IR v,,,,(liquid film) 3650- 

3160&@, 3068,3024,3001,2981,2932, 1737, 1687, 1559, 1507,1455, 1394, 1369, 1307, 1247, 1161, 1020,968,864,753,700 cm-‘; 

‘H NMR (200 MHz, CDCl3) 6 1.31 (t. J= 7.1 Hz, 3H, CHZCH~), 1.32 (d, J = 6.7 Hz, 3H, CH& 1.54 (s, 9H, C(CHj)3), 1.75-2.01 (m, 

2H, PCHCHH, PCHH), 2.08-2.40 (m, 2H, PCHCHH, PCHH), 2.62-3.01 (m, 3H, PhCH2, CHCO), 3.99-4.09 (m, lH, PC/f), 4.19 (q, J 

= 7.1 Hz, 2H, CH,CH,), 5.14 (d, J = 10.2 Hz, IH, NH), 7.20-7.41 (m, 5H, aryl); “C-NMR (50 MHz, CDCI?) 6 14.1 (CH&YI-l,), 18.7 

(d, J= 7.7 Hz, Cl-i,, I), 19.0 (d, J= 9.5 Hz, CH,, II), 28.3 (C(CH,),), 29.4 (PCHCH2, I), 29.5 (PCHC&, II), 29.6 (d, J= 91.8 Hz, 

PCl&, I), 29.9 (d, J= 91.8 Hz, PC&, II), 32.0 (d, J= 11.3 Hz, PhC’HZ), 33.6 (d, J= 3.9 Hz, CHCOOEt), 48.6 (d, J= 105.6 Hz, PC’H, 

I), 49.1 (d, J= 105.6 Hz, PCH, II), 60.8 (C’H,CH,), 80.1 (C(CH,),), 126.0, 128.1, 128.4, 128.4, 140.8 (aryl), 155.5 (d, J= 5.0 Hz, 

OCONH), 175.3 (d, J = 10.3 Hz, COOEt); 3’P-NMR (81 MHz, CDCIs) 6 52.90, 54.11; ESMS m/z calcd for C20H33N06P (M+H)’ 

414.4, found 414.1; Anal. Calcd for CZOH32N06P (413.4); C, 58.10; H, 7.80; N, 3.39. Found: C, 57.82; H, 7.94; N, 3.57. 

fR.R.S.S) 2-melhvl-3/11-fN-/t-buntlorvcarbonvl~amino~-2-ohenvlethvl)-odoman~loxvohosohinvl) orooonoic acid, 

ethvlester 10a: Compound 9a (2.71 g, 6.8 mmol) and I-adamantylbromide (I .76 g, 8.2 mmol) were dissolved in chloroform (70 ml). 

This reaction was refluxed. Then, silver oxide (I .90 g, 8.2 mmol) was added in five equal portions, over 50 min. This solution was 

refluxed for an additional 2h. then, the solvent was removed, the residue was treated with diethylether and filtered through celite. The 

filtrates were concentrated. The residue was purified by column chromatography using chloroform/isopropanoI (9.8:0.2) as eluent. 

Compound 10a (3.45 g, 95%) was obtained as a white foam. TLC Rx4) 0.66, Rx5) 0.83; IR v,_(liquid film) 3660-3150(br), 3065, 

3028,2976,2904,2853, 1736, 1686, 1560, 1541, 1507, 1457, 1392, 1368, 1353, 1303, 1246, 1174. 1120, 1089, 1051,992,933,850, 

8 14,755,698 cm“; ‘H NMR (200 MHz, CDCI,) S 1.20-l .34 (s+d+t, J = 7.1, 7.0 Hz, 15H, C(CH,),, CH,, CH,CH,), 1.57-I .78 (m, 7H, 

PCHH, CHC&CH of Ad group), 2.03-2.22 (m, 9H, CH of Ad group, CCH2 of Ad group), 2.25-2.47 (m, IH, PCHH), 2.59-2.98 (m, 

2H, PhCHH, CHCO), 3.12-3.39 (m, IH, PhCHH), 4.05-4.24 (m+q, J = 7.0 Hz, 3H, PCH, CH$H& 4.98 (d, J = 10.6 Hz, lH, NH), 

7.21-7.31 (m, SH, aryl); “C-NMR (50 MHz., CDCI,) S 14.1 (CH#H& 19.0 (d, J= 7.5 Hz, C’H3, I), 19.5 (d, J= 8.6 HZ, Cl&, II), 28.0 

(C(CH&). 3 1.7 (d, J = 88.6 Hz, PC& I), 32.0 (d, J = 88.6 Hz, PCH2, II), 30.9 (CH of Ad group), 33.8 (d, J = 4.4 Hz, CHCOOEt), 



D. Georgiadis et al. /Tetrahedron 55 (1999) 14635-14648 14643 

34.2 G-I, J = 5.9 Hz, PhCHz), 35.6 (CHCHzCH of Ad group), 44.3 (d, J = 3.2 Hz, CCH, of Ad group), 50.9 (d, J = 102.3 Hz, PCH, I), 

51.4 (d,J= 102.3 Hz, PCH. II), 60.7 (CHzCHj), 79.6 (C(CH&), 83.9 (d, J= 11.3 Hz, POC), 126.4, 128.2, 129.2, 129.5, 132.7, 136.9, 

137.0 @VI), 155.7 (d, J= 7.1 Hz, OCONH), 175.8 (d,J= 8.5 Hz, COOEt); “P-NMR (81 MHz, CDCI,) 647.59, 48.36, 48.72, 48.88; 

ESMS m/z calcd for CZ~H~,NO~P (M+H)’ 534.6, found 534.3; Anal. Calcd for C29H44N06P (533.6); C, 65.27; H, 8.31; N, 2.62. 

Found: C, 65.44; H, 8.10; N, 2.71. 

(R,R.S.S) ~-methv~-~~1]-f~-fterr_butvloxvcorbonv~~amino~-3-~he~~oro~v~~-adaman~lo~ohos~hi~~) oropanoic acid, 

ethvlester lob: Compound 10b was obtained in 96% yield as a colourless gum. TLC Rk4) 0.69, R,(5) 0.84; IR v_(liquid film) 3660- 

3170(br), 3092,3065,3028,2976,2931,2860, 1736, 1686.1560, 1542, 1507, 1459, 1394, 1364, 1357,1303, 1249, 1171,1120, 1089, 

1054, 989, 934, 851, 814, 752, 701 cm-‘; ‘H NMR (200 MHz, CDCII) 6 1.31 (t. J = 7.1 Hz, 3H, CH,C&), 1.32 (d, J= 6.7 Hz, 3H, 

C&), 1.54 (s, 9H, C(W)& 1.75-2.01 (m, 2H, PCHCHH, PCHH), 2.08-2.40 (m, 2H, PCHCHff, PCHH), 2.62-3.01 (m, 3H, PhC&, 

CHCO), 3.99-4.09 (m, IH, PCH), 4.19 (q, J= 7.1 Hz, 2H, CH2CH,), 5.14 (d, J= 10.2 Hz, IH, NH), 7.20-7.41 (m, 5H, aryl); “C- 

NMR (50 MHz, CDCI,) 6 14.1 (CHXH,), 18.7 (d, J= 7.7 Hz, CH,, I), 19.0 (d, J= 9.5 Hz, Cl+, II), 28.3 (C(CH&, 29.4 (PCHCH>, 

I), 29.5 (PCHCW, II), 29.6 (d, J= 91.8 Hz, PCHz, I), 29.9 (d, J= 91.8 Hz, PC&, II), 32.0 (d, J= 11.3 Hz, PhCH*), 33.6 (d, J= 3.9 

Hz, CHCOOEt), 48.6 (d, J= 105.6 Hz, P’X I), 49.1 (d,J= 105.6 Hz, PCH, II), 60.8 (CH$H& 80.1 (C(CH&), 126.0, 128.1, 128.4, 

128.4, 140.8 (aryl), 155.5 (d, J = 5.0 Hz, OCONH), 175.3 (d, J = 10.3 Hz, COOEt); ); “P-NMR (81 MHz, CDCI,) 647.63, 48.33, 

48.77,48.95; ESMS m/z calcd for CJ~H~~NO~P (M+H)’ 548.7, found 548.3; Anal. Calcd for C,0H46N06P (547.7); C, 65.79; H, 8.46; 

N, 2.55. Found: C, 65.69; H, 8.44; N, 2.52. 

~: To 

a solution of 10a (2.67 g, 5.0 mmol) in AcOEt (13 ml) and Hz0 (130 ml), sodium metaperiodate (2.78 g, 130 mmol) was added. The 

resulting mixture was stirred vigorously and ruthenium trichloride (46.7 mg, 0.23 mmol) was added, The solution was stirred for 3 h 

and then Hz0 (100 ml) and AcOEt (50 ml) was added to the mixture. The organic layer was separated. Two more extractions with 

AcOEt (2x30 ml) were performed and the combined organic layers were washed with Hz0 (30 ml), dried with Na2S04, and 

concentrated in vacua. A solid residue was obtained which was purified by column chromatography using chloroform/methanol/acetic 

acid (7:O. 15:O. 15) as eluent, to afford 1 la (1.13 g, 45%) as a white solid, m.p. 78-79 “C. TLC Rk4) 0.22, R,(6) 0.64; IR v_(liquid 

film) 3600-3130(br), 2979,2914,2857, 1736, 1726, 1698, 1559, 1540, 1500, 1459, 1396, 1368, 1356, 1302, 1252, 1163,1105, 1051, 

1004, 935, 854, 815, 756 cm-‘; ‘H NMR (200 MHz, CDC&) 6 1.21-1.36 (d+t, J = 7.4, 6.9 Hz, 6H, CH,, CH,CH,), 1.44 (s, 9H, 

C(CH&), 1.58-I .67 (m, 6H, CHC&CH of Ad group), I .81-2.17 (m, 1 OH, CH of Ad group, CCH2 of Ad group, PCHH), 2.27-2.52 

(m, IH, PCHH), 2.56-2.97 (m, 3H, CHCO, CH$O), 4.14 (q, J=6.9 Hz, 2H, Cff2CHI),4.25-4.52 (m, lH, PCH), 6.08 (d, J= 10.2 Hz, 

IH, NH); ‘k-NMR (50 MHz, CDCI,) S 14.1 (CH,CH& 19.1 (d, J= 9.1 Hz, CH,, I), 19.7 (d, J= 10.8 Hz, CH3, II), 28.3 (C(CH,),), 

31.2 (CH of Ad group), 33.3 (d, J = 82.4 Hz, PCH?, I), 33.5 (CH&O), 33.6 (d, J = 82.4 Hz, PC&, II), 33.9 (d, J = 4.2 Hz, 

CHCOOEt), 35.6 (CHCT&CH of Ad group), 44.2 (d, J = 3.4 Hz, CCH2 of Ad group), 46.3 (d, J = 110.3 Hz, PCH, I), 47.3 (d, J = 

110.3 Hz, PCH, II), 60.8 (C’H$H& 80.1 (C(CH&), 84.5 (d, J= 12.3 Hz, POC), 155.0 (d, J= 16.0 Hz, OCONH), 172.9(d, J= 9.5 

Hz, COOH), 175.1 (d, J = 10.7 Hz, COOEt); “P-NMR (81 MHz, CDC13) 6 48.97, 49.14, 49.44, 50.33; ESMS m/z calcd for 

C29H45N06P (M+H)’ 502.5, found 502.2; Anal. Calcd for CzgHd4N06P (501.5); C, 57.47; H, 8.04; N, 2,79. Found: C, 57.87; H, 8.12; 

N, 2.76. 

[R.R.S.S~-3-OV-ltert-buntloxvcarbonvl)amino~-4-~~2methvl-etho~or~io~l~adaman~~o~oho~ohi~l~ butanoic acid llb: 

Compound lob was obtained in 47% yield as a white solid, m.p. 85-86 ‘%I. TLC R,(4) 0.24, Rx6) 0.66; IR v&liquid film) 3630- 

315O(br), 2981,2914,2856, 1734, 1726, 1696, 1558, 1540,1503, 1459, 1397, 1369, 1356, 1304, 1252, 1231, 1167, 1102, 1048,999, 

935, 851, 815, 755 cm-‘; ‘H NMR (200 MHz, CDCI,) 6 1.10-1.23 (d+t, J= 7.1, 6.9 Hz, 6H, CH3, CH$H& 1.34 (s, 9H, C(CH&), 

1.46-1.59 (m, 6H, CHCYCH of Ad group), 1.63-1.83 (m, 2H, PCHH, PCHCHH), 1.89-2.14 (m, IOH, CH of Ad group, CCH, of Ad 

group, PCHCHH), 2.18-2.47 (m, IH, PCHH, CH#ZO), 2.62-2.87 (m, IH, CHCO), 3.66-3.93 (m, lH, PCH), 4.03 (q, J= 6.9 Hz, ZH, 

CHzCHj), 5.93 (d, J= 10.1 Hz, IH, NH); “C-NMR (50 MHz, CDCIJ) 6 13.9 (CH>CH,), 18.9 (d, J= 8.6 Hz, CH,, I), 19.6 (d, J= 11.0 
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Hz, CH3, II), 28.0 (C(CH&), 30.3 (C&CO), 3 I .O (C’H of Ad group), 3 I.5 (d, J = 90.1 Hz, PCHr, I), 3 1.7 (d, J = 90.1 Hz, PC&, II), 

34.2 (d, J= 3.0 Hz, CHCOOEt), 35.4 (CHCHrCH of Ad group), 44.0 (d, J= 3.1 Hz, CCHr of Ad group), 49.0 (d, J= 111.6 Hz, PCH, 

1),49.3 (d,J= 111.6 Hz, PCH, 11),60.6(CH,CH& 79.7(C(CH&), 84.2(d, J= 10.8 Hz, POC’), 155.8(d, J=6.3 Hz,OCONH), 175.2 

(d, J=9.9 Hz, COOH), 175.6 (d, J= 10.4 HZ, COOEt);“P-NMR (81 MHz, CDCI,) 649.27.49.46.49.57, 50.56; ESMS m/z calcd for 

CrJHJ,NOsP (M+H)’ 516.6, found 516.3; Anal. Calcd for CZSH4rN08P (515.6); C, 58.24; H, 8.21; N, 2,72. Found: C, 58.23; H, 8.42; 

N, 2.58. 

[R.R.S.SI-3-/N-fbenrvloxvcarbonvl)amino~-3-~(2methvl-ethoxvorvionvl~~dro~vhosvhinvl~ provanoic acid 13s: To an ice 

cooled solution of 1 la (1 .OO g, 2.0 mmol) in CHrClr (3 ml), a 10:7 TFAKHrClr (17 ml) mixture and Hz0 (0.5 ml) was added. The 

resulting solution was stirred for 3 h at rt. Then, the mixture was concentrated to dryness in vacua. A mixture of EtrOihexane (1: 1) 

was added to the solid residue. The precipitate was filtrated and washed with EtrO. The salt 12a which was obtained (0.50 g, 91%) is 

very hygroscopic and it was used immediately in the next reaction. Compound 128 (0.45 g, I .5 mmol) was dissolved in Hz0 (4 ml). 

Magnesium oxide (0.18 g, 4.5 mmol) was added to the mixture. The resulting solution was ice cooled and benzyl chloroformate (0.5 I 

g, 0.43 ml, 3.0 mmol) was added dropwise over a period of 1 h. When the addition was complete, the mixture was acidified with 1 M 

HCl to pH 1, and two extractions with AcOEt (2x10 ml) were performed. The combined organic layers were concentrated in vacua 

and the residue was treated with 5% aqueous solution of NaHCOr (10 ml) and Et20 (5 ml). The aqueous phase was separated, washed 

with Et20 (2x5 ml) and acidified with 1M HCl to pH 1. The aqeuous phase was extracted with AcOEt (2x10 ml) and the combined 

organic layers were washed with Hz0 (5 ml), dried with NarSO., and concentrated in vacua to afford the pure 13a derivative (0.42 g, 

70%) as a white solid, m.p. 129-130 “C. TLC R,(2) 0.47, R,(3) 0.18; IR v,,,,(liquid film) 3660-3170(br), 3073, 3026, 2976, 2920, 2855, 

1736, 1718, 1686, 1563, 1519, 1500, 1459, 1371, 1357, 1305, 1267, 1169, 1118, 1089, 1058,996,932,849, 817,753,699,667 cm”; 

‘H NMR (200 MHz, DrO) SO.98-1.18 (d+t J= 7.0, 6.6 Hz, 6H, CHrCfI,, C&), 1.34-1.52 (m, lH, PCHH), 1.75-1.95 (m, 1H. PCHH), 

2.08-2.24 (m, lH, CHICO), 2.47-2.81 (m, 2H, CHCO, CHICO). 3.91-4.08 (m+q, J = 7.0 Hz, 3H, PCH, CHrCH,), 5.06 (s, 2H, 

PhCHrO), 7.25-7.40 (m, 5H, aryl); “C-NMR (50 MHz, DrO) 6 11.9 (CHrCH,), 16.9 (d, J= 6.6 Hz, CH,, 1). 17.3 (d, J= 9.0 Hz, CH,, 

II), 29.4 (d, J= 91.5 Hz, PC&, I), 29.6 (d, J= 91.5 Hz, PCHr, II), 32.9 (C’HrCO), 34.5 (d, J= 4.5 Hz, C’HCOOEt), 47.9 (d, J= 103.8 

Hz, PCH, I), 48.1 (d,J= 103.8 Hz, PCH, II), 60.5 (C’HrCHr), 65.5 (PhCH20), 126.1, 126.9, 127.4, 135.3 (a@), 156.5 (d, J= 10.0 Hz, 

OCONH), 176.9 (d, J = 11.5 Hz, COOH), 178.1 (d, J = 10.3 Hz, COOEt); 3’P-NMR (81 MHz, CDClr) 6 51.48, 51.63; ESMS m/z 

calcd for CirHr5NOsP (M+H)’ 402.3, found 402.0; Anal. Calcd for Ci7Hr4N0rP (401.3); C, 50.87; H, 6.03; N, 3.49. Found: C, 50.48; 

H, 5.84; N, 3.37. 

/R.R.S.S~-3-~-~benloxvcarbonvl~amino~-~-~~2-methvl-ethoxvuruionvl)hvdro~phosohinvl) butanoic acid 13b: The salt 12a 

was obtained in 94% yield and compound 13a was obtained in 79% yield as a white solid, m.p. 139-140 “C. TLC Rx2) 0.50, R,(3) 

0.20; IR v&liquid film) 3630-3150(br), 3071,3017,2976,2918,2849, 1736, 1724, 1685, 1562, 1519, 1497, 1457, 1377, 1359, 1305, 

1266, 1172, 1121, 1086, 1056, 1002, 932, 848, 818, 753,700, 665 cm.‘; ‘H NMR (ZOO MHz, CDClr) S 1.15-1.25 (d+t J- 7.0, 5.6 Hz, 

6H, CHrCHr, C&), 1.62-1.99 (m, 2H, PCHCHHr, PCHH), 2.04-2.51 (m, 4H, C&CO, PCHCHHr, PCWI), 2.71-2.92 (m, lH, 

CHCO), 3.87-4.15 (m+q, J = 7.0 Hz, 3H, PCH, CHrCHr), 5.08 (s, 2H, PhCHrO), 7.26-7.37 (m, 5H, aryl); “C-NMR (50 MHz, 

CDCIr) 614.0 (CH,CH,), 18.8 (d, J= 8.6 Hz, C’H,, I), 19.1 (d, J= 9.4 Hz, CHp, II), 22.8 (d, J= 4.5 Hz, PCHCHr), 28.8 (d, J= 89.8 

Hz, PC&, I), 29.5 (d, J= 89.8 Hz, PCHr, II), 30.3 (CHrCO), 33.6 (CHCOOEt), 49.3 (d, J= 103.6 Hz, PCH, I), 49.7 (d, J= 103.6 Hz, 

PCH, II), 61.1 (CH&Hr), 67.2 (PhCHZO), 127.9, 128.1, 128.2, 128.5, 136.1 (aryl), 156.5 (d, J= 4.3 Hz, OCONH), 175.5 (d, J = 9.4 

Hz, COOH), 177.0 (d, J= 11.0 Hz, COOEt); “P-NMR (81 MHz, CDCII) 6 52.75, 52.89; ESMS m/r calcd for C,rHZ7N01P (M+H)’ 

416.3, found 416.0; Anal. Calcd for ClsH26N0sP+2Hz0 (451.3); C, 48.11; H, 6.28; N, 3.12. Found: C, 48.33; H, 6.55; N, 3.09. 

fR.R.S.S~-2-methvl-3-(f3-/N-(benrvloxvcarbonvl~amino~adaman~lo~orouio~l)adaman~lo~ohos~hi~l) orooonoic acid, 

ethvlester 14a: Compound 13a (0.40 g, 1 .O mmol) and I-adamantylbromide (0.52 g, 2.4 mmol) were dissolved in chloroform (10 ml). 

This reaction was refluxed. Then, silver oxide (0.93 g, 4.0 mmol) was added in five equal portions, over 50 min. This solution was 

refluxed for an additional I h. Then, the solvent was removed, the residue was treated with diethylether and filtered through celite. The 
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filtrates were concentrated. The residue was purified by column chromatography using chloroforrn/isopropanol (9.8:0.2) as eluent. 

Compound 14a (0.66 g, 98%) was obtained as a colourless gum. TLC RA4) 0.65, R&) 0.79; IR v,,,&liquid film) 3670-3 12O(br), 3070, 

3022,2976,2923,2861, 1736, 1718, 1686, 1561, 1520, 1501, 1459, 1371, 1355, 1309, 1253, 1113, 1091, 1052,997,936, 849, 813, 

755, 697,668 cm”; ‘H NMR (200 MHz, CDClj) S 1.24 (d, J= 6.5 Hz, 3H, CH,), 1.26 (t, 7.2 Hz, 3H, CHIC&), I .56-1.69 (m, 13H, 

CHCH,CH of Ad groups, PCHH), 1.78-l -91 (m, l H, PCHH), 1.99-2.22 (m, 18H, CH of Ad groups, CCHz of Ad groups), 2.29-2.53 

(m, lH, CHHCO), 2.63-2.97 (m, 2H, CHCO, CHICO), 4.14 (q, J = 7.2 Hz, 2H, CH2CHJ), 4.27-4.55 (m, lH, PCH), 5.14 (s, 2H, 

PhC&O), 5.58 (d, J= 10.0 Hz, 1 H, NH), 7.23-7.42 (m, SH, aryl); ‘k-NMR (50 MHz, CDCIj) 6 14.2 (CH,CH,), 19.1 (d, J= 8.6 Hz, 

Cl-&, I), 19.7 (d, J = 6.2 Hz, Cl-h, II), 30.8 (Cl-I of Ad in carboxyl group), 3 1.2 (Cl-I of Ad in phosphinyl group), 3 I .52 (d, J = 91.5 Hz, 

PC&, I), 32.03 (d, J = 91.5 Hz, PCH~, 11), 32.9 (CHJO), 34.4 (d, J = 4.1 Hz, CHCOOEt), 35.7 (CHC’H&H of Ad in carboxyl 

group), 36. I (CHClWH of Ad in phosphinyl group), 4 I. I (COOCCIQ, 44.3 (d, J = 3.3 Hz, POCCH& 47.6 (d, J = 108.7 HZ, PCH, 

I), 48.4 (d, J= 108.7 Hz, PCH, II), 60.8 (C’H2CH& 67.0 (PhCH20), 81.6 (COOC), 84.0 (d, J = 10.2 Hz, POC), 128.1, 128.5, 128.6, 

136.0 (aryl), 155.5 (d, J = 8.6 Hz, OCONH), 176.3 (d, J = 9.9 Hz, COOAd), 175.4 (d, J = 10.1 Hz, COOEt); +-NMR (81 MHz, 

CDCl3) 646.82,47.22,47.56; ESMS calcd for C~~H~JNO&’ (M+H)’ 670.8, found m/z 670.4; Anal. Calcd for CJ,H52N08P (669.8); C, 

66.35;H,7.82;N,2.09.Found:C,66.77;H, 8,12;N, 1.86. 

(R. R,S.S~-4-Ov-/ben~loxvcarbonvl~amino~-4-/12-methvl-ethoxvpro~ionvl~adaman~Io~~hoshinvI) butanoic acid, 

adamantvlester 14b: Compound 14b was obtained in 96% yield as a colourIess gum. TLC R,(4) 0.69, Rk5) 0.81; IR v_(liquid film) 

3660-317O(br), 3073,3023,2981,2923,2862, 1735, 1718, 1685, 1560,1519, 1500, 1459, 1371, 1355, 1309, 1251, 1115, 1089, 1058, 

996, 934, 850, 814, 752, 699, 667 cm-‘; ‘H NMR (200 MHz, CDC&) 6 1.19 (t, J = 7.2 Hz, 3H, CH,CH3), 1.24 (d, J = 7.4 Hz, 3H, 

CHJ), 1.45-1.71 (m, 13H, CHCH$H of Ad groups, PCHH), 1.88-1.73 (m, 2H, PCHCHH2, PCHH), 1.92-2.16 (m, l8H, CH of Ad 

groups, CC& of Ad groups), 2.20-2.41 (m, 4H, CH$O, PCHCHH2, PCHH), 2.64-2.93 (m, IH, CHCO), 3.79-4.01 (m, lH, PCH), 

4.09 (q, J= 7.2 Hz, 2H, CH#H,), 5.08 (s, 2H, PhC&O), 5.60 (d, J = IO.1 Hz, lH, NH), 7.23-7.36 (m, 5H, aryl); S 14.0 (CH$J&), 

19.0 (d, J= 8.8 Hz, CH3, I), 19.5 (d, J= 10.5 Hz, Cl-I,, II), 23.8 (d,J= 4.0 Hz, PCHCl+), 31.9 (Cl-I&O), 31.5 (d, J= 90.1 Hz, PCI&, 

I), 31.8 (d, J = 90.1 Hz, PCH2, II), 30.6 (CH of Ad in carboxyl group), 31.0 (CH of Ad in phosphinyl group), 34.3 (d, J = 3.8 Hz, 

CI-ICOOEt). 35.5 (CHCH$H of Ad in carboxyl group), 36.0 (CHCH$H of Ad in phosphinyl group), 4 I. 1 (COOCC’I$), 44.2 (d, J = 

3.5 Hz, POCCH&, 49.4 (d, J= 107.6 Hz, PCH, I), 50.6 (d, J= 107.6 Hz, PCH, ll), 60.7 (CH,CHj), 66.8 (PhCI+O), 80.4 (COOC), 

83.5 (d, J= 9.7 Hz, POC), 127.8, 127.9, 127.9, 128.4, 136.2 (aryl), 156.2 (d, J= 6.2 Hz, OCONH), 171.7 (d, J= 6.5 Hz, COOAd), 

175.5 (d, J= 9.6 Hz, COOEt); 3’P-NMR (81 MHz, CDCI,) S46.95, 47.18,47.71,47.92; ESMS calcd for &HsSNOaP (M+H)* 684.8, 

found m/z 684.5; Anal. Calcd for C38H54NOgP (683.8); C, 66.74; H, 7.96; N, 2.05. Found: C, 66.74; H, 8.28; N, 1.89, 

fR. R.S.S1-2-methvI-3-~(3-~N-/benzvloxvcarbo~i~amino~adaman~lo~oro~io~l~ adamantyvloxvphosphinvl) Dropanoic acid 

m: To a stirred solution of 14s (0.53 g, 0.8 mmol) in methanol (5 ml), a 4 M aqueous solution of NaOH (0.9 ml) was added 

dropwise. The reaction mixture was stirred for 2h. Then the solvent was removed and the residue was diluted with water and acidified 

with 0.5 M HCI in an ice water bath. This aqueous solution was extracted with AcOEt (2x10 ml) and the combined organic layers 

were dried over Na2S04 and concentrated to give 15a (0.44 g, 85%) as a white solid, m.p. 69-70 “C. TLC Rh4) 0.28, Rk5) 0.75; IR 

v,,,&liquid film) 3670-3130(br), 3071,3026,2976,2924,2861, 1736, 1726, 1686, 1563, 1518, 1502, 1459, 1369, 1356, 1309. 1271, 

1114, 1086, 1052,981,932,846,813,757, 697,663 cm-‘; ‘H NMR (200 MHz, CDC&) 6 1.28 (d, J= 7.7 Hz, 3H, CH3), 1.56-1.73 (m, 

l3H, CHC&CH of Ad groups, PCHH), 1.62-1.88 (m, lH, PCHH), 1.90-2.22 (m, 18H, CH of Ad groups, CCH2 of Ad groups), 2.28- 

2.53 (m, lH, CHHCO), 2.58-3.02 (m. 2H, CHCO, CHHCO),4.27-4.63 (m. lH, PCH), 5.14 (s, 2H, PhCHZO), 6.50 (d, J= 9.3 Hz, lH, 

NH), 7.24-7.42 (m, 5H, a@); 13C-NMR (50 MHz, CDCIJ) 6 19.1 (d, J= 8.9 Hz, Cl-&, I), 19.6 (d, J= 9.4 Hz, CH,, II), 30.8 (CH of Ad 

in carboxyl group), 31.2 (0-l of Ad in phosphinyl group), 31.52 (d, J = 88.8 Hz, PCI$, I), 32.2 (d, J = 88.8 Hz, PCH2, II), 32.7 

(CH2CO), 34.0 (d, J = 4.1 Hz, CHCOOEt), 35.6 (CHCH&H of Ad in carboxyl group), 36.1 (CHCH&H of Ad in phosphinyl group), 

41 .l (COOCCl-12), 44.3 (d, J = 3.4 Hz, POCCH& 47.3 (d, J = 1 IO.1 Hz, PCH, I), 48.2 (d, J = 110.1 Hz, PC’H, II), 66.9 (PhC&O), 

81.6 (COOC), 84.2 (d, J= 10.0 Hz, POC’), 128.1, 128.4, 128.6, t28.9, 136.3 (aryt), 155.9 (d, J= 6.6 Hz, OCONH), 176.0 (d, J= 9.3 
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Hz, COOAd), 177.9 (d, J = 9.8 HZ, COOH); “P-NMR (81 MHz, CDCI,) 6 48.01, 48.57, 49.94, 50.27; ESMS m/z calcd for 

C&t9NOsP (M+H)’ 642.7, found 642.4; Anal. Calcd for &HesNOsP (641.7); C, 65.51; H, 7.54; N, 2.18. Found: C, 65.99; H, 7.81; 

N, 1.93. 

~R.R.S.S~-2-methvl-3-l~4-~N-fbenrvloxvcarbonvllamino~adaman~lo~bu~rovll adamantvloxvohosohinvl) DroDanoic acid 

m: Compound 151, was obtained in 88% yieldas a white solid, m.p. 76-77 “C. TLC f7A4) 0.31, R,(5) 0.78; IR v,,(liquid film) 3610- 

3160(br), 3068,3019,2982,2923,2856, 1736, 1715,1687, 1561, 1518, 1500, 1459, 1370, 1357, 1279, 1253, 1188, 1115, 1085, 1051, 

994,934,845,814, 759,698,666 cm-‘; ‘H NMR (200 MHz, CDC13) 6 1.14 (d, J= 6.8 Hz, 3H, C/f,), 1.44-1.72 (m, 13H, CHCYCH 

of Ad groups, PCHH), 1.88-I .74 (m, 2H, PCHCH& PCI-W), 1.92-2.16 (m, 18H, CH of Ad groups, CCH, of Ad groups), 2.26-2.49 

(m, 4H, CHZCO, PCHCHHr, PCHH), 2.65-2.91 (m, lH, CHCO), 3.78-4.12 (m, IH, PCH), 5.09 (s, 2H, PhCHrO), 6.38 (d, J= 10.3 

Hz, IH, NH), 6.98-7.41 (m, 5H, aryl); “C-NMR (50 MHz, CDClr) 6 19.0 (d, J= 10.0, CHz, I), 19.8 (d, J= 13.2 Hz, CHr, II), 23.0 (d, 

J = 3.6 Hz, PCHC’Hr), 32.3 (CHrCO), 31. I (d, J = 87.2 Hz, PC&, I), 3 1.6 (d, J = 87.2 Hz, PCHr, II), 30.6 (CH of Ad in carboxyl 

group), 31.0 (CH of Ad in phosphinyl group), 34.5 (d, J = 3.6 Hz, CHCOOEt), 35.4 (CHCHrCH of Ad in carboxyl group), 36.0 

(CHCIQZH of Ad in phosphinyl group), 41.1 (COOCCHr), 44.1 (d, J = 2.9 Hz, POCC’H2), 49.4 (d, J = 112.9 Hz, PCH, I), 50.2 (d, J 

= 112.9 Hz, PCH, II), 66.9 (PhC&o), 80.6 (COOC’), 84.6 (d, J= 10.0, POC), 127.7, 127.9, 128.1, 128.2, 128.3, 136.3 (a@), 159.6 

(d, J= 6.4 Hz, OCONH), 171.9 (d, J= 8.9 Hz, COOAd), 178.2 (d, J= 8.4 Hz, COOH);“P-NMR (81 MHz, CDClr) 649.04, 49.53, 

49.64, 50.3 1; ESMS m/z calcd for C36Hs1N06P (M+H)’ 656.8, found 656.4; Anal. Calcd for C36HSON0sP (655.8); C, 65.94; H, 7.69; 

N, 2.14. Found: C, 66.11; H, 7.53; N, 1.80. 

~R,R.S.S)-2-met~l-3-f~3-~-~9-fluorenvlmet~lcarbo~l~amino~adaman~loxvurooionv~~ adamantvloxvohowhinv~ 

proaanoic acid 17a: To a solution of methanol (4 ml), containing compound 15a (0.38 g, 0.6 mmol) and ammonium formate (0.15 g, 

2.4 mmol), 10% Pd/C (0.15 g) was added. ARer 12 min at rt, the catalyst was removed by filtration through celite, and the filtrate was 

evaporated to dryness. Methylenechloride was added to the residue, and the solution was evaporated to dryness. This procedure was 

repeated twice. The residue, compound 168, was dissolved in 10% NazC03 (2 ml). The reaction mixture was concentrated in vacua 

until half of the volume was removed, and then water (1 ml) and dioxane (1.5 ml) were added. The mixture was ice-cooled and a 

solution of Fmoc-Cl (0.19 g, 0.72 mmol) in dioxane (1.5 ml) was added dropwise over a period of 1 h. After the solution was stirred 

for 2 h at 4°C and 4 h at rt, the reaction mixture was diluted with water (15 ml), cooled in an ice-water bath, and acidified to pH 2 with 

2 M HCI. The solid product which was precipitated was quickly taken up by diethylether, and the organic layer was rinsed with water, 

dried over Na2S04, and evaporated to dryness to give the crude product 15a which was purified by silica column chromatography 

using chloroform/methanol (9.7:0.3) as eluent. The pure product 15a (0.23 g, 53%) was obtained as a white solid, m.p. 84-84 “C. TLC 

R,(4) 0.33, Rk5) 0.79; IR v_(liquid film) 3630-3140(br), 3069, 3020, 2980, 2926, 2862, 1736, 1717, 1684, 1562, 1532, 1505, 1459, 

1373, 1355, 1312, 1209, 1109, 1048, 991, 935, 852, 814,769, 744, 667, 621 cm-‘; ‘H NMR (200 MHz, CDClr) 6 1.26 (d, J= 6.5 Hz, 

3H, CH,), 1.49-1.75 (m, 13H, CHCH,CH of Ad groups, PCA’H), 1.79-2.23 (m, 19H, CH of Ad groups, CCH, of Ad groups, PCHH), 

2.3 l-2.49 (m, IH, CHICO), 2.55-3.00 (m, 2H, CHCO, CWCO), 4.15-4.54 (m, 4H, CHCH*O, CHCHrO, PCH), 6.36 (d, J = 10.1 

Hz, IH, NH), 7.25-7.80 (m, 5H, aryl); ‘“C-NMR (50 MHz, CDCls) 6 19.4 (d, J= 10.1 Hz, CH,, I), 20.0 (d, J= 12.7 Hz, G-Is, II), 30.7 

(CH of Ad in carboxyl group), 3 1.2 (CH of Ad in phosphinyl group), 32.7 (d, J = 88.2 Hz, PC&, I), 33.1 (d, J = 88.2 Hz, PCHr, II), 

33.1 (C&CO), 34.7 (d, J = 4.1 Hz, C’HCOOH), 35.6 (CHCHrCH of Ad in carboxyl group), 36.1 (CHCH,CH of Ad in phosphinyl 

group), 41.2 (COOCC&), 44.3 (d, J= 3.1 Hz, POCCH& 47.0 (CHCHIO). 47.8 (d, J= 104.9 Hz, PCH, I), 48.3 (d, J = 104.9 Hz, 

PCH, II), 67.6 (CHCHIO), 81.8 (COOC), 84.8 (d, J= 11.0 Hz, POC), 119.8, 119.9, 125.0, 125.2, 127.0, 127.1, 127.7, 141.1, 143.8 

(aryl), 156.2 (d, J= 6.2 Hz, OCONH), 169.3 (d, J = 13.8 Hz, COOAd) 178.0 (d, J = 9.0 Hz, COOH); “P-NMR (81 MHz, CDCI,) S 

47.73, 48.29,48.88; ESMS m/z calcd for C4rHs3NOsP (M+H)’ 730.2, found 729.8; Anal. Calcd for C1rHr2N0sP+0.5H20 (738.8); C, 

68.27; H, 7.17; N, 1.89. Found: C, 68.51; H, 7.29; N, 2.12. 

(R.R.S.S~-2-melhvl-3-1~4-fN-19-fluorenvlmelhvlcarbo~l~amino~adaman~lo~bu~rovl~adamantvloxvohosohinvl) Drovanoic 

acid 17b: Compound 17b was obtained in 65% yield as a white solid, m.p. 90-91 “C. TLC R,(4) 0.81, Rk5) 0.36; IR v,,(liquid film) 
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3650-312O(br), 3073,3021,2982,2923,2866, 1736, 1719, 1687,1561, 1535, 1509, 1459, 1370, 1355, 1279, 1208, 1115, 1042,993, 

934,855, 815, 763,743,667,621 cm”; ‘H NMR (200 MHz, CDCI,) 6 1.23 (d, J= 7.44 Hz, 3H, CH& 1.48-1.74 (m, 13H, CHCH2CH 

of Ad groups, PCHH), 1.92-1.75 (m, ZH, PCHCI-LX PCHH), 1.97-2.18 (m, 18H, CH of Ad groups, CCHz of Ad groups), 2.27-2.56 

(m, 4H, CH$O, PCHCI-Uf,, PCHH), 2.72-2.99 (m, IH, CHCO), 3.88-4.12 (m, IH, PCH), 4.16-4.46 (m, 3H, CHCH*O, CHCH*O), 

5.99 (d,J= 9.8 Hz, lH, NH), 7.23-7.79 (m, SH, aryl); “C-NMR (50 MHz, CDCl,) 6 19.1 (d, J= 9.3 Hz, CH,, I), 19.9 (d, .I= 19.9 HZ, 

CHa, II), 29.6 (d, J = 5.0 Hz, PCHCHr), 30.8 (C’H of Ad in carboxyl group), 30.8 (d, J = 83.8 Hz, PCH,, I), 31.4 (Cl-l of Ad in 

phosphinyl group), 31.4 (d, J = 83.8 Hz, PC&, II), 32.1 (CH,CO), 34.4 (d, J = 4.6 Hz, CHCOOH), 35.4 (CHCH&H of Ad in 

carboxyl group), 35.9 (CHCHZCH of Ad in phosphinyl group), 41.2 (COOCCH2), 44.2 (d, J = 2.9 Hz, POCC&), 46.9 (CHCH20), 

49.2 (d,J= 108.0 Hz, PCH, I), 50.0 (d, J= 108.0 Hz, PCH, II), 67.4 (CHCI&O), 80.5 (COOC), 84.7 (d, J= 10.3 Hz, POC), 119.7, 

124.9, 125.3, 127.0, 127.5, 141.1, 143.7 (aryl), 156.8 (d,J= 6.7 Hz, OCONH), 171.8 (d,J= 5.7 Hz, COOAd), 178.2 (d, J= 8.3 Hz, 

COOH); “P-NMR (81 MHz., CDCI,) S 49.07, 49.53, 49.46, 50.33; ESMS m/z calcd for C&HS~NO~P (M+H)+ 744.9, found 744.6; 

Anal. Calcd for C.+~HJ~NO~P (743.9); C, 69.43; H, 7.32; N, 1.88. Found: C, 69.41; H, 7.71; N, 1.85. 
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