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Abstract - Michael addition of the metallated camphor derivatives 2 to 
vinylogous esters and subsequential hydrolysis afforded phosphonic analogues 
of glutamic acid. The enantiomerically pure lactam 6 was reduced by 
LiBH@F3*OEt, to phosphoproline 7. 

L Intruduction 

a-Aminophosphonic acids1,2 as phosphonic analogues of naturally occurring cc-amino acids are of great 

pharmacological interest.3 They mimic tetrahedric intermediates of hydrolyzed esters, amides and peptides due to 

the tetrahedric structure of the phosphonic moiety. Thus they often act as inhibitors for esterases. peptidases and 

related enzymes. Many of these substances have been reported to show biological activity.4 

Recently we described1 the base-induced alkylation of the chiral (+)-camphor derivative 1.5 After hydrolysis of the 

corresponding alkylated products with citric acid, the diethyl esters of cr-aminoalkanephosphonic acids wets 

isolated in optical yields up to 95%. 

At this point we would like to report on the asymmetric synthesis of phosphonic derivatives of glutamic acid and 

pmline esters which, to our knowledge, have not been prepared in enantiomerically pure form yet. 
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II. Results and Discussion 

The lithium derivative 2a reacts with diethylethenephosphonate~ to yield the adduct 3 in 74% with 79% d.e.. Due 

to the significant upfield shift of the C-8’ methyl group of the (iR)-diastereomcr,7 the (IS)-configuration was 

assigned to the major diastereomer. 

II - RuLi 
4p03Et2 

. 

QEt2 P03E12 

2a 
Li’ 

NHAc 

After hydrolysis 

isolated in 73% 

3 4 

with 90% aqueous acetic acid, the tetraethylester of the N-acetylated diphosphonic acid 4 was 

yield. As will be shown below, no racemizntion occurs under the conditions of hydrolysis. 

(+)-Camphor was recovered in 68% yield without any decrease of optical purity. 

ZnCl2 
2a- 

U&Me 
--/ 

WJEtz - MeO& 
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In contrast to the reaction of 2a with diethylethenephosphonate, the lithium derivative 2a gave upon treatment with 

methyl acrylate only unchanged starting material 1 and polymeric products. Thus the lithium compound 2a was 

converted into its magnesium-, copper- and zinc derivatives, respectively. Only the reaction of the zinc compound 
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2b with methyl acrylate afforded the desired product 5 in 66% with 71% d.e.; unchanged starting material 1 was 

recovered in 25% yield. The (IS)-configuration for the major diastereomer was once more assigned due to the 

absorption of the C-8’ methylprotons in the tH NMR specwa. The minor diastereomer was easily removed by flash 

chromatography on silica gel. After hydrolysis of diastereomerically pure (IS)-5, the pyroglutamic acid derivative 

6 was isolated in 64% yield. The optical purity of 6 will be shown below to be 195% e.e.. (+)-Camphor - the cbiral 

auxiliary in this synthesis - was recovered in 60% yield. 

6 

LiBH4/ 
BF3’0Et2 PO& 

The pyroglutamic acid analogue 6 was reduced with LiBH4/BF3.0Et2* to the phosphoproline diethylester 7. Under 

these reduction conditions, no evolution of phosphines as the result of a reduction of the phosphonic ester function 

was observed. The greatest obstacle proved to be the removal of persisting, boron-containing impurities. Pure 

phoshoproline diethylester was obtained in 61% yield after workup of the crude product with ammonia/methanol, 

column filtration and flash chromatography. 

The phosphoproline ester 7 was not obtainable by alkylation of 2a with diiodopropane and subsequential 

hydrolysis.9 

The optical purities of the phosphoproline 7 and the glutamic acid analogue 6 were determined by conversion of 

the amine 7 into amide 8 with (R)-a-methoxy-a-(trifluorometbyl)phenylacetyl chloride (Mosher reagent).‘0 

According to tH NMR-, l3C NMR- and 191: NMR-data, the amine 7 and thus the lactam 6 were obtained in an 

optical purity 2 95% e.e.. 

Since camphor is available in both enantiomeric forms, both (R)- and (S)-enantiomers of 4,6 and 7 are accessible. 
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EXPERIMENTAL 

lnfmred (lR) spectra were obtained using a Perkin-Elmer 298 spectrometer. NMR spectra were recorded on Vatian 
XL 200 and a VXR 200 spectrometer for ‘H and 13C NMR, a Bruker WP 80 SY specmnneter for l?F NMR and a 
Broker AM 250 spectrometer for 3lP NMR Chemical shifts are given in parts per million (8) using 
teuamethylsilane as an internal standard for lH- and 13C NMR, CFCI, for 1% NMR and orthophosphoric acid 
(85%) as external standard for 3tP NMR. Mass spectra were recorded on Varian MAT 731 or 311 A spectrometers. 
opicd rotations were measured on a Perlcm Elmer Mod. 141 polatimeter. TLC analyses were performed on 
Polygram Sil G/UV, silica gel plates. Silica gel (30-60 pm) from Baker was used for flash chromatography. 
Combustion analyses were carried out by the microanalytical laboratory of the University of G&t.ingen. All 
reactions were carried out under a nitrogen or argon atmosphere except those involving hydrolysis. All reagents 
were purified and dried if necessary before use. The (+)-camphor derivative 1 was prepared as described 
previously. l 

(1 'R#R,lS)-1 -(I ‘,71,7*-T~~thy~~yc~[2~.l]hept-2’-ylidenamino)-lJ-te~~thy~~~e-l~-p~sp~~ (3): 
TO a stir& solution of 1 (0.90 g, 3.0 mmol) in THP (15 ml), a solution of n-butyllithium in hexane (1.6 N, 2.1 ml, 
3.3 mmol) was added at -70’C. After stirring at -7o’C for 15 min, the formation of 2a was completed and a cooled 
solution of diethylethenephosphonatea (0.54 g, 3.3 mmol) in THP (5 ml) was added dropwise; stirring was 
continued for 16 h at 7o’C. Then acetic acid (0.21 g, 3.5 mmol) was added, and the solvent was removed in vacua 
at room temp.. The residue was dissolved in ether (30 ml) and washed with aqueous 5% NaHC03 (30 ml) and 
saturated NaCl(30 ml). Aqueous layers were reextracted twice with ether (20 ml), and the combined organic layers 
were dried over MgSO4. Ether was removed in vacua and crude 3 was purified by bulb to bulb distillation to yield 
1.03 g (2.2 mmol, 74%) 3 as a colorless oil; b.p. 14o”C/O.O1 Tom - d.e.: 79%. - IR (neat): 1675 (C=N). 1240 
(P--O), 1025 cm-l (P-O). - 1H NMR (CDCls): 6 = 0.74 (s; 3H, 8’-CH3, minor diastereomer), 0.86 (s; 3H, 8’-CH3, 
major diastereomer), 0.92 and 0.96 (2s; 6H, 9’- and lO’-CH3), 1.12-1.26 (m, 2H, aliph. H), 1.28-1,32 (m; 12H, 
GCH$H3). 1.15-2.30 (m; 8H, aliph. H), 2.48-2.67 (m; lH, 4-H), 3.72 (ddd, Jl = 12 Hz, J2 = 8 HZ, J3 = 4 HZ; lH, 
I-H), 4.00-4.24 (m; 8H, OCH2). - UC NMR (50.3 MHz, CDCls): a) (IS)-diastereomer: 6 = 11.31 (C-lo’), 16.41 
and 16.52 (CH,), 19.05 and 19.49 (C-8’ and C-9’), 22.45 (dd, lJp~ = 140 Hz, 3Jpc = 15 Hz; C-3). 24.25 (dd. 
Jl = J2 = 3.5 Hz; C-2), 27.44 (C-S), 32.76 (d, J = 2 Hz; C-6’), 36.53 (d, J = 2 Hz; C-3’), 43.86 (C-4’), 47.49 (C-7’). 
54.53 (d, J = 2 Hz; C-l’), 60.19 (dd, ‘Jpc = 155 Hz, 3Jpc = 16 Hz; C-l), 61.44 (d, J = 6.5 Hz; GCH2). 62.05 and 
62.74 (26, J = 7 Hz; OCHz), 187.28 (d, J = 13.5 Hz; C=N). b) (I@-diastereomer: 6 = 11.46 (C-10’). 18.78 and 
19.60 (C-8’ and C-9’), 27.27 (C-S), 31.79 (d, J = 4.5 Hz, C-6), 35.80 (C-3’), 46.49 (C-7’), 59.69 (dd, lJpc = 154 
Hz, 3Jpc = 15 Hz; C-l), 186.75 (d, J = 12.5 Hz; C=N); the other signals were not detectable. - stP NMR (CDCIJ): 
6 = 24.24 and 31.93 [2d, J = 9 Hz; (JR)-diastereomer], 24.47 and 32.00 (2d, J = 9 Hz; (IS)-diastereomer). - MS 
(7OeV): 465 (18%, M+), 328 (42%, M+-P03Et2), 314 (lOO%, M+-PG,Et,-CH,). - HRMS (70eV): cak 
for C#41NO& 465.2409, found 465.2409.- C2tH4tNOSP2 (465.5) talc. C,54.18;H,8.88, found 
C,54.16;H,8.74%. 

(lS)-l-Acercunido-~~~thyl-propane-IJ-m (4): The Michael adduct 3 (1.01 g, 2.16 mmol) was 
dissolved in 90% aqueous acetic acid (20 ml). After stirring at 6OC for 6 d, the acetic acid was removed at WC 
under reduced pressure and ethyl acetate (30 ml) and saturated aqueous Na&!O, (20 ml) were added. The layers 
were separated and the aqueous layer was reextracted twice with ethyl acetate (20 ml). The combined organic 
layers were dried over MgSO4, the solvent removed in vacua and the residue purified by flash chromatography on 
silica gel (ethyl acetate/methanol 5:l) to yield 4 (0.59 g, 1.61 mmol, 73%, Rt = 0.25) as a colorless oil. - 
[o$,m = + 12.2’ (c = 2.5, CHC13). - IR (neat): v = 3250 (N-H), 1675 (C=O), 1225 (P=O), 1020 cm-l (P-O). - tH 
NMR (CDCIJ): 6 = 1.23, 1.24, 1.25 and 1.27 (4dt, Jr = 7 HZ; JpH = 0.5 Hz, 12H, 4CH3), 1.76-2.40 (m; 4H, 2- and 
3-H). 2.07 (s; 3H, COCH3), 4.10 (m; 8H, GCH2), 4.50 (m; lH, l-H), 6.74 and 6.93 (26, J = 8 Hz; lH, NH; &X- 
isomers). - tw NMR (CDC13): 6 = 16.32, 16.38, 16.44 and 16.50 (CH3, 22.10 (dd, ‘Jpc = 121 Hz, 3Jpc = 21 m 
C-3), 22.79 (CmH3), 22.88 (d, J = 4 Hz; C-2), 45.39 (dd, lJpc = 157 Hz, 3Jpc = 18 Hz; C-l), 61.74,62.51,62.54 
and 62.99 (4d, J = 7 Hz, OCH2), 170.38 (d, J = 5 Hz; C=G). - s’P NMR (CDC5): 6 = 24.43 and 31.85 (2d, 
J = 6.5 Hz). - MS (7OeV): 373 (48, M+), 236 (86%, M+-P03Et2), 194 (100%. M+-PG3Et2-NHCGCH,). - 
C~Hz$IOrPa (373.3) talc. C,41.83;H,7.83, found C,41.83;H,7.91%. 

(I 9,4’R,lS)-3-Methoxycarbonyl-l-(I P,71-7’-trimethylbicyclo[2.2S]hept-2’-ylidenaminodiethyl propmtephoepho 
nate (5): To a stirred solution of 2a (3.0 mmol, see above) in THP (15 ml), a suspension of ZnCl2GEt2 in ether 
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(0.8 N, 4.5 ml, 3.6 mmol) was added at -70’C. The solution was allowed to warm up to O’C and stirred for 30 min 
at O’C. Then, the solution was cooled to -7o’C, and a cooled solution of methyl acrylate (0.3 ml, 3.3 mmol) in THF 
(5 ml) was added dropwise. The reaction mixture was stirred for 2 h at -7o’C and then allowed to warm up to O’C 
witbin 16 h. Acetic acid (0.3 ml, 5.0 mmol) was added and the solvent was removed in vacua. Ether (15 ml) and 
10% aqueous NH&l (15 ml) wem added and the layers were separated. The organic layer was washed with 5% 
NaHC.0~ (IO ml) and saturated NaCl(l0 ml), and the aqueous layers were reextracted tsvice with ether (15 ml). 
The combined organic layers were dried over MgSO4 and the solvent was removed in vacua. The residue was 
purified by flash chromatography on silica gel (ethyl acetate/cyclohexane 3:l) to afford diastereomerically pure 
(Is)-5 (0.60 g, 51%, Rf = 0.30). Moreover, a mixture of both diastereomers of 5 [0.18 g, 15% Rf = 0.23 for (I&S] 
and unchanged starting material 1 (0.22 g, 0.73 mmol, 25%) was isolated. - IR (neat) : v = 1730 (C=O), 1670 
(C=N), 1240 (P=O), 1020 cm-1 (P-O). - tH NMR (CDCI,): a) (IS)-diastereomer: S = 0.86 (s; 3H, 8’-CH3), 0.92 
and 0.96 (2s; 6H, 9’-and lo’-CH3), 1.32 and 1.33 (2dt, Jt = 7.5 Hz, Jpc = 0.5 Hz, 6H, CH3), 1.10-1.38 (m; W, 
aliph. H), 1X0-2.48 (m; 8H, aliph. H), 2.48-2.64 (m; lH, 4-H), 3.68 (s; 3H, OCH$, 3.70-3.85 (m; lH, l-H), 4.04 
4.26 (m; 4H, OCH$. b) (If?)-diastereomer: S = 0.74 (s; 3H, 8’-CH3), 0.93 and 0.96 (2s; 6H, 9’- and lo’-CH3), 1.30 
(m; 2H, aliph. H), 1.33 and 1.34 &it, Jl = 7.5 Hz, JpH = 0.5 Hz; 6H, CH3), 1.58-2.50 (m; 9H, aliph. H), 3.66 (s; 
3H, OCH,), 3.72-3.84 (m; lH, l-H), 4.04-4.26 (m; 4H, 0CH2). - UC NMR (CD@): a) (Wdiastereomer: S = 
11.31 (C-8’), 16.44 and 16.55 (CH3), 19.06 and 19.51 (C-9’ and C-10’), 26.13 (d, J = 3.5 Hz, C-2), 27.50 (C-5’), 
30.56 (d, J = 15.5 Hz; C-3), 32.58 (d, J = 3.5 Hz; C-6’), 36.43 (d, J = 2 Hz; C-3’), 43.90 (C-4’), 47.51 (d, J = 1.5 Hz; 
C-7’), 51.52 (OCH3), 54.52 (d, J = 2 Hz; C-l’), 59.00 (d, J = 156 Hz; C-l), 62.06 (d, J = 7 Hz; Of&), 62.80 (d, J = 
6.5 Hz; OCH2), 173.48 (C=O), 187.16 (d, J = 13.5 Hz; C=N). b) (IR)-diastereomer: S = 11.47 (C-8’), 16.46 and 
16.57 (CH3), 18.85 and 19.43 (C-9 and C-10’), 26.04 (d, J = 3 Hz; C-2), 27.30 (C-S), 30.75 (d, J = 16 Hz; C-3). 
31.86 (d, J = 4.5 Hz; C-6’), 35.72 (d, J = 1.5 Hz, C-3’), 43.96 (C-4’), 46.53 (C-7’), 51.48 (OCH3), 54.58 (d, J = 2 Hz; 
C-l’), 58.89 (d, J = 154 Hz; C-l), 62.21 (d, J = 7 Hz; 0CH2), 62.53 (d, J = 6.5 Hz; OCH$, 173.54 (C=o), 186.73 
(d, J = 13 Hz; C=N). - 31P NMR (CD(&): S = 24.67 ((IR)-diastereomer), 24.89 ((IS)-diastereomer). - MS (70eV): 
387 (13%; M+), 250 (100% M+-P03Et2). - HRMS (70eV): talc. for Cl$-l3NO,P 387.2175, found 387.2175. - 
C$IMNO~P (387.5) talc. C,58.90;H,8.84, found C,58.83;H,8.94%. 

(S)-2-Dietlro~p~sphoryl-pyrroliclin-S~ne (6): The diastereometically pure lactam (Is)-5 (2.40 g, 6.19 mm01) 
was dissolved in 90% aqueous acetic acid (40 ml) and hydrolyzed as described above. After usual workup (se 

above) and flash chromatography on silica gel (ethyl acetate/methanol 5:1), the lactam 6 (880 mg, 648, Rt= 0.28) 
was isolated as a colorless oil; [alo 20 = +8.7’ (c = 0.97, CDCl,). - IR (neat): v = 3200 (N-H), 1690 (P=O), 1020 
cm-l (P-O). - tH NMR (CDCQ: S = 1.35 and 1.36 (2t, J = 7.5 Hz, 6H, CH3), 2.24-2.59 (m; 4H, 3-H and 4-H), 
3.86 (dd, Jl = 6 Hz, 52 = 7 Hz; 2-H), 4.08-4.30 (m; 8H, OCI-l$, 6.50 (broad, lH, NH). - tJC NMR (CDQ): S = 
16.50 (d, J = 2.5 Hz; CH3), 16.60 (d, J = 2 Hz; CH3), 21.77 (d, J = 3.5 Hz; C-3), 29.45 (d, J = 2 Hz; C-4), 50.10 (d, 
J = 163.5 Hz; C-2), 62.73 (d, J = 7.5 Hz; 0CH2), 63.03 (d, J = 7 Hz; OCl-I$, 178.56 (d, J = 5 Hz; C=o). - 31P 
NMR (CDCls): S = 24.19. - MS (70eV): 221 (2O%,M+), 84 (100%. M+-P03EtZ). - HRMS (7&V): talc. for 
CsH16N04P 221.0817, found 221.0817. - CsHt6N04P (221.2) talc. C,43.44,H,7.29, found C,43.37;H,7.34%. 

(S)-2-Diethoqphosphorylpyrrolidine (7): BF,OEt, (4.43 g, 31.2 mmol) was added dropwise at O’C to a stirred 
solution of the lactam 6 (690 mg, 3.12 mmol) in THF (10 ml). This mixture was dropped through a teflon hose to a 
stirted solution of LiBH4 (103 mg, 4.73 mmol) in THF (5 ml) at 0°C. The solution was kept at O’C for 15 min and 
stirring was continued at 25°C for 36 h. Then the solvent was removed in vacua, the residue was cooled to O’C, and 
methanol (3 ml) and ammonia (3 ml) were added. After stirring for 30 min at 25’C, ether (30 ml) was added, and 
the solution was decantatcd from the precipitate. The residue was washed three times with 
ether/methanol/ammonia (1OO:lO:l) (20 ml), the solvent was removed in vacua, and the crude product was 
preputified by column filtration on silica gel (ether/methanol/ammonia loO:lO:l, Rf = 0.4). After flash 
chromatography on silica gel (ether/methanol 10: l), the pyrrolidine 7 (400 mg, 624, Rf = 0.23) was isolated as a 
colorless liquid; bl~a = + 16.4’ (c = 1.0, CHC13). - IR (neat): v = 3300 (N-H), 1230 (P=O), 1025 cm-l (P-O). - 
lH NMR (CDCl$: S = 1.34 (t. J = 7 Hz; 6H, CH3), 1.64-2.12 (m; 4H, 3-H and 4-H), 2.12 (broad, lH, NH), 2.93 
and 3.08 (ABMN system, JAB = 10 Hz, JAhrI = 1 Hz, JAN = 7.5 Hz, JuM = 7.5 Hz, JBN = 6 Hz, 2H, 5-H), 3.35 (ddd, 
Jl = 8 Hz, J2 = 7.5 Hz, J3 = 5.5 Hz; lH, 2-H), 4.10-4.28 (m; 4H, OCH2). - t3C NMR (CDCl3: S = 16.58 (d, J = 
5.5 Hz; Cl-l3), 26.03 (d, J = 8 Hz; C-4), 26.81 (C-3), 47.65 (d. J = 11.5 Hz; C-5). 54.03 (d, J = 163 Hz; C-l), 62.14 
(d, J = 7 Hz; 0Cl-l~). - 31P NMR (CDC13): S = 28.90. - MS (70 eV): 70 (10096, M+-PO3Et2). 207 (7%). M+). - 
HRMS (78eV): talc. for CsHlaNO,P 207.1024, found 207.1024. - CaHtaNO# (207.2) talc. C,46.37;98.76 
found C,46.02;H,8.96%. 
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(2S~‘R)-2-~~~p~sphoryl-I-(2’-~~~-2’~~~uororne~hyl~p~ny~e~~~~ne (8): The pyrrolidine 7 
(20 mg, 97 pmol) was treated with R-(+)-a-methoxy-or-(triflu~methyl)pheny~aCetyl chloride (30 mg, 0.12 
mm01) under standard conditions.1o After usual workup, the product was examined by tH NMR-, 13C NMR- and 
‘9; NMR spectmscopy. - ‘H NMR (CDCls): 6 = 1.43 and 1.45 @it, J, = 7 Hz, JpH = 0.5 Hz; 6H, CI-IH,,, 1.46 (m; 
lH, aliph. I-I), 1.78-2.33 (m: 3H, aliph. H), 3.05 and 3.32 (m: 2H, 5-H), 3.75 (q, JFH = 2 Hz, 3H, OCH3), 4.10-4.38 
(m; 4H, 0cH2), 4.81 @Id, Jt = 9 Hz, J2 = 6.5 Hz, J3 = 4.5 Hz; lH, 2-H), 7.35-7.85 (m; SH. phenyl). - lsC NMR 
(CDCl,) : 6 = 16.23 (d, J = 7 Hz; CH3), 16.36 (d, J = 6.5 Hz; CH3), 24.69 (d, J = 2 Hz; C-4), 24.76 (C-3). 46.93 
(C-5), 52.20 (d, J = 159 Hz; C-2), 55.14 (OCH3), 62.08 (d, J = 7 Hz; OCH& 62.67 (d, J = 6 Hz; OCH,), 84.49 (q, J 
= 25.5 Hz; F3CmMe), 123.60 (q, JFc = 290 Hz; CF$, 126.65 128.33 and 129.38 (arom. CH), 133.14 (arom. Cs>, 
164.82 (d, J = 2 Hz; 0). - 1q NMR (75.4 MHz, CDCl$: 6 = -70.54; signals for (IR)-8 were not detectable. 
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