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SYNTHESIS OF PHOSPHONIC ACIDS RELATED TO 
THE ANTIBIOTIC FOSMIDOMY CIN FROM ALLYLIC 

a- AND y-HYDROXYPHOSPHONATES? 

ELISABETH OHLER* and SILVIA KANZLER 
Institut fur Organische Chemie der Universitat Wien, Wahringer StraJe 38, 

A-1090 Wien, Austria 

(Received September 19, 1995; in final form October 12, 1995) 

Pd(0) catalyzed amination of dialkyl (1 -methoxycarbonyloxy-2-alkenyl)phosphonates 4 (Ft’ = H) with 
the N.0-alkoxycarbonyl protected hydroxylamines BocNHOBoc (3a) and MocNHOMoc (3b) proceeds 
regiospecifically and with high (E)-stereoselectivity to give the protected (3-N-hydroxyamino-1 -alkenyl)- 
phosphonates 5 and 6, respectively, with very good yields. Alternatively compounds 5 and 6 are obtained 
in excellent yields from the (3-hydroxy-l -alkenyl)phosphonates 2 under Mitsunobu conditions using 3a 
and 3b, respectively, as nucleophiles. Much less satisfactory yields of compounds 7 and 8 have been 
obtained in both pathways using the hydroxylamine derivatives BocNHOBn (3c). and AcNHOAc (3d). 
respectively, as  nucleophiles. Compounds 5-8 have been further transformed to various precursors and 
analogues of the natural phosphonic acid antibiotics FR 32863 and FR 31564 (fosmidomycin). 

Key words: (3-N-hydroxyamino- 1 -alkenyl)phosphonic acids, phosphonate substituted allylic carbonates, 
N-hydroxyamination, N-hydroxyureas, tert-butyl (rert-butoxycarbonyloxy)carbamate, rotational re- 
striction. 

INTRODUCTION 

In 1980, the Fujisawa Company reported the isolation of four related phosphonic 
acid antibiotics from the culture broth of Streptomyces strains.’-6 The compounds 
contain a unique hydroxamic acid functionality in the y-position of a prop(en)yl 
skeleton (Scheme I), and exhibit high antibacterial activity. The most active com- 
pound (FR 31564, fosmidornycin), which is now assumed to act by inhibition of the 
bacterial isoprenoid synthesis,’ has been the object of extensive pharmacological 
studies, and was recommended for further clinical evaluation.* Since the discovery 
of these natural compounds extensive synthetic activity revealed interesting antibi- 
otic, bactericidal and herbicidal properties of synthetic N-hydroxyaminophosphonic 
acid derivatives.’-’* 

In continuation of our work dealing with the synthetic potential of allylic hydroxy- 
phosphonates” we present here two very efficient routes to variously substituted [3- 
N-hydroxyamino-1-alk(en)yl]phosphonic acid derivatives through N-hydroxyamina- 
tion of allylic a- or y-hydroxyphosphonates. 

?Presented in part at the XIIIth ICPC, Jerusalem, Israel, July 16-21, 1995. 
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12 E. c)HLER and S. KANZLER 

FR-32863 FR-31664 Or, R=H) 
FR-900098 (X=H, R=CH.q) 
FR33289 (X=OH, R=CH,) 

SCHEME I 

REGIOSELECTIVE PALLADIUM(0) CATALYZED AMINATION OF 

HYDROXYLAMINE DERIVATIVES 
CARBONATES OF ALLYLIC a-HYDROXYF’HOSPHONATES WITH 

As part of a study of the utility of allylic a-hydroxyphosphonates for the 1,3-inter- 
change of functionality we recently developed a novel and convenient route to the 
natural antibiotics FR 32863, FR 31564, and FR 900098 (Scheme I), the key step 
being the regioselective amination of the acrolein derived allylic carbonate 4b (R3, 
RZ = H) with tert-butyl (tert-butoxycarbony1oxy)carbamate (BocNHOBoc, 3a).I4 

This part of our report describes the results of an application of this method to 
homologous aldehyde derived carbonates 4 (R’ = H, RZ # H) in the reaction with 
BocNHOBoc (3a), as well as with the hydroxylamine derivatives MocNHOMoc 
(3b), BocNHOBn (3c), and AcNHOAc (3d). The starting a-hydroxyphosphonates 1 
are easily available by the regioselective, fluoride catalyzed 1.2-addition of dialkyl 
phosphites to a,punsaturated  aldehyde^,'^ and are further converted to the carbon- 
ates 4 under standard conditions. Addition of dialkylphosphites and subsequent ac- 
ylation with methyl chloroformate can also be effected by a “one pot procedure” 
as exemplified in the Experimental Part. 

The Pd(0) catalyzed amination of compounds 4a-e with BocNHOBoc (3a) pro- 
ceeded smoothly to yield the 3-substituted (1-alkeny1)phosphonates 5 with complete 
regiocontrol and with high (E)-stereoselectivity (Table I, entries 1-5). Use of the 
bis-methoxycarbonyl substituted analogue (MocNHOMoc, 3b) provided satisfactory 
results with propenylphosphonates (entry 6), as well as with the crotonaldehydede 
derived carbonate 4d (entry 7), but we have not been able to isolate the 3-phenyl- 
substituted derivative 6e from the complex reaction mixture obtained upon reacting 
carbonate 4e with 3b (run 8). Using t-butyl N-benzyloxycarbamate (3c) as nucleo- 
phile, which could enable a selective removal of the protective groups, yield and 
stereocontrol were evidently less satisfactory, even with the most reactive propen- 
ylphosphonate 4a (entry 9). Finally, the use of (N-acety1oxy)acetamide (AcNHOAc, 
3d), which previously has been used by us for the synthesis of (E)-8b (entry lO),I4 
provided only a modest yield of the homologous butenylphosphonate (E)-8c, along 
with a substantial quantity of the corresponding (E) -  1,3-butadienylphosphonate (en- 
tlr 11). 

ALKYLATION OF HYDROXYLAMINE DERIVATIVES WITH ALLYLIC 7- 
HYDROXYPHOSPHONATES BY MITSUNOBU REACTION 

For the synthesis of a-substituted or cyclic compounds 5-8 with R’ # H we had to 
develop an alternative pathway. Stimulated by previous work of other authors,I6 we 
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HYDROXYAMMOALKE~PHOSPHONIC ACIDS 

R3 = 

73 

ClCO2Me / pyridine 
CHzClz/ 0°C - r.t. 

‘0 H R3 # H 

1 b H  

1, 2, 4, 
5-8. 10-13 

R1 

h i a b c d e f g 

Me iPr Me iPr iPr Et Me M e  M e  

TPP / DEAD 
R4NHOR6 (3) 
toluene, -2OOC I 

- 
R‘ 

R6 

R3 

3145 3b.6 3c,7 Sd.8 

Boc Moc Boc Ac 

Boc Moc B n  Ac 

0 
! 

OCOzMe 40°C (R2 # H) I 
X 

R2 

R4 
I 

Y N - O R 5  

4 5 - 8  

H H Me Me Ph Et I I I 
H H H H H M e l  I I 

(CH2)z (CH2)3 (CH2)4 

SCHEME II 

investigated the direct N-alkylation of (3-hydroxy- 1-alkeny1)phosphonates 2 with the 
hydroxylamine derivatives 3 under Mitsunobu’s conditions.” 

As outlined in Scheme 11, the starting phosphonates 2 are easily available by 
methods elaborated in this laboratory: Open chain compounds 2 are obtained quan- 
titatively by the reduction of the corresponding (3-0x0- 1-alkeny1)phosphonates. The 
latter can be prepared either by Arbusov reaction of P-chlorovinylketones with tri- 
alkyl phosphites” (compounds with R3 = H), or by Wittig olefination of acylphos- 
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74 E. C)HLER and S. KANZLER 

TABLE I 
Pd(0) catalyzed hydroxyamination of carbonates 4 with 

hydroxylamine derivatives 3 

Entry 4 3 Reaction Temp. Producffs) 
Time(h) ("C) (Yield, % )a 

1 4a 3a 2 r.t. E-5a Z-5a 
(85) (12) 

(87) (5) 
2b 4b 3a I .5 r.t. E-5b 2-5b 

3c 4c 3a 3 40 E-5c Z - 5 ~  
(86) (2) 

4 4d 3a 3.5 40 E-5d - 
(70) - 

5 4e 3a 2.5 40 E-5e - 
(89) 

6 4b 3b 1.5 r.t. E-6b Z-6b 
(90) (7) 

7 d  4d 3b 3.5 40 E-6d ~ 

(75) 
8 e  4e 3b 4.5 40 
9 4a 3c 1.5 r.t. E-?a Z-?a 

(49) (15) 

(64) (10) 

(58) 

l o b  4b 3d 1.5 r.t. E-8b 2-8b 

llf 4c 3d 1.5 40 E-8c - 

'Yields of isolated compounds. 
bResults taken from our preliminary communication in Reference 

FDirnethyl (E)-(3-methoxy-l-butenyl)phosphonate has been ob- 

dDiisopropyl (E)-l,3-butadienyl-phosphonate (1 1%) has been ob- 

'4e was consumed, but 6e could not be separated from the com- 

'Dimethyl (E)- 1,3-butadienylphosphonate (18%) has been ob- 

14. 

tained as byproduct in ca. 5% yield. 

tained as byproduct. 

plex reaction mixture. 

tained as byproduct. 

phonates (R'O),P(0)COR3 with 2-oxoalkylidene triphenylphosphoranes" Ph3P= 
CHCOR' (compounds with R3 # H). Cycloallcenyl derivatives as 2g-i are most 
conveniently available by rearrangement of the corresponding 1 -hydroxy isomers 1.= 

The TF'PDEAD mediated N-alkylation of the bis(alkoxycarbony1)-substituted hy- 
droxylamines 3a and 3b with various hydroxyphosphonates 2 proceeded smoothly 
in toluene at - 20°C to give the corresponding protected N-hydroxyamino derivatives 
5 and 6, respectively, with excellent yields (Table 11, entries, 1-7). However, the 
reaction of a 3-phenyl-substituted hydroxyphosphonate 2 (R' = iPr, RZ = Ph, R3 = 
Me) with 3a resulted in a complex reaction mixture, from which the corresponding 
amination product could not be isolated. Finally, reaction of 2d with r-butyl (N- 
benzy1oxy)carbamate (3c) provided only a very low yield of the corresponding phos- 
phonate (E)-7d, together with a hydrazine derived substitution product, arising from 
the nucleophilic participation of diethyl hydrazo- 1 ,2-dicarboxylateZ4 (entry 8). 
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HYDROXYAMINOALKENYLPHOSPHONIC ACIDS 15 

TABLE II 
Hydroxyarnination of y-hydroxyphosphonates 2 with 

hydroxylarnine derivatives 3a-c' by Mitsunobu reaction 

Entry 2 3 Reaction Product Yield 
Time ( h )  (% ) b  

1 2d 3a 1.5 E-5d 91 

2 2f 3a 1 E-5f 95 

3 2g  3a 1 5g 81 

4 2h 3a 1.5 5h 95 

5 2i 3a 4 5i a i  
6 2d 3b 0.75 E-6d 91c 

7 2h 3b 1 6h 89 

8 2d 3c 2 d  E -  7 d  28e 

'AcNHOAc (3d) was not investigated in this pathway, as 0- 
protected acetohydroxamates have been reported to react by 
predominant O-alkylation in intermolecular Mitsunobu reac- 
tions." 

bYield of isolated compounds. 
'Product contained 10- 15% TPPO. 
dl h at -20°C, 1 h at r.t. 
'A hydrazine derived y-substitution product was isolated with 

43% yield. 

TRANSFORMATION OF COMPOUNDS 5-8 

Some of the synthetic potential of compounds 5 (and 6) has been demonstrated by 
the reactions outlined in Scheme 111: Simultaneous removal of phosphonic acid and 
hydroxylamino protecting groups from compounds 5 (R4, R5 = Boc) was accom- 
plished simply by refluxing in hydrochloric acid (6M), or by treatment with bro- 
motrimethylsilane at room temperature, followed by hydrolysis to yield, upon sub- 
sequent treatment with propylene oxide, the new (3-hydroxy amino- 1-alkeny1)- 
phosphonic acids 9, precursors for homologues of the natural antibiotic FR 32863. 

Selective removal of the Boc-groups from compounds 5 was effected with trifluo- 
roacetic acid in dichloromethane at room temperature to give the trifluoroacetates 
11. These have been transformed to the N-hydroxy ureas loz6 by reaction with po- 
tassium cyanate in THF/H20, and to the diacetylated derivatives 8 by reaction with 
Ac,O.~' Selective cleavage of the O-acetyl bond in compounds 8 was achieved by 
sodium methoxide catalyzed transesterification in methanol to afford the hydroxa- 
mates 12. Similarly, compounds 6 (R4, RS = Moc) have been partially deprotected 
by brief treatment with NH,/MeOH to give the N-hydroxy carbamates 13 with ex- 
cellent yields. ' 

Finally, as outlined by the examples given in Scheme IV, hydrogenation over 
palladium-carbon of the unsaturated compounds 5-8 was shown to proceed without 
competitive cleavage of the N-0-bond to afford the corresponding saturated deriv- 
atives, which now bear the skeleton of the antibiotics fosmidomycin and FR 9OOO98. 
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76 E. OHLER and S. KANZLER 

2) HzO 

oxide oxide 

TFA /CHZClZ 
r.t., 6 h 5 

KOCN / H+ / THF / HzO 
18 h, r.t. 

1) NaHC03 / AczO 

2) AczO I pyridine 
CHzClz 

NaOMe (cat.) 

30 min, r.t. I II 
R2 0 12 

0 
II OH 

NH3/MeOH (R10)2P R3*AyocH3 

20 min, r.t. 
6 -  

1s R2 0 

SCHEME m 

SPECTROSCOPY OF N,O-DIACYLATED AND N-MONOACYLATED [3-N- 
HYDROXYAMINO- 1 -KK(EN)YL]PHOSPHONATES 

According to the literature data for N,O-diacylated h y d r o x y l a m i n e ~ ~ ~ * ~ ~ * ~ ~ ~ ~ ~  the in- 
frared spectra of the fully protected phosphonates 5, 6, and 8 show two distinct 
carbonyl absorptions (Boc-protected compounds 5: OCO at 1782- 1793, NCO at 
1705- 1724 cm-'; Moc-protected derivatives 6: OCO at 1794-1799, NCO at 
1732- 1734 cm-'; N,O-diacetylated compounds 8: OCO at 1795- 1798, NCO at 
1676- 1681 cm-I). The carbonyl absorptions of the N-monoacylated compounds are 
shifted to 1633-1650 cm-' (N-acetyl derivatives 12 and 15), 1694-1706 (carba- 
mates 13 and 16). and 1644-1682 cm-I (N-hydroxy ureas 10 and 17), 
respe~tively. '~*~*'~~ 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
0
7
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



HYDROXYAMINOALKENYLPHOSPHONIC ACIDS 77 

0 
II OBn 

1) TFA/CHzCl2/r.t. 

2) NaHC03/AczO/CHzClz 
w 7a 

14a 0 

P d C  (1O%)/Hz /1 atm 
MeOH, r.t. I 

6 15a 

0 OH 
II 1) PdC (1O%)/H2 11 atm 

2) NH3 / MeOH, 20 min, r.t. 

6d MeOH, r.t. * ~ i P ~ ~ ~ P y A K o ~ e  

Me 0 16d 

0 OH 
II I 

h KNHZ 
(iPr0)ZP WN 1) P d C  (1O%)/Hz /1 atm 

2) TFA / CHzClz / r.t., 6 h 
5b 

0 17b 3) KOCN/H+ / THF / HzO 
18 h, r.t. 

SCHEME Iv 

The CO-absorptions of 0-acylhydroxylamines without an N-acyl substituent are 
reported to occur at u = 1726-1745 ~ r n - ' . ~ ' . ~ ~  It should be mentioned, that the IR- 
spectrum of compound 15a, depicted in Scheme IV (CO: Y = 1633 cm-') does not 
agree with the data reported for the compound produced by esterification of the 
natural antibiotic FR 900098 with diazomethane (two carbonyl absorptions at 1740 
and 1640 cm-')? which suggest the presence of both types of monoacetylated com- 
pounds, in the latter case. 

Satisfactory 'H and ',C-NMR spectra have been obtained at room temperature for 
all N-monoacylated compounds, and for most of the bis(methoxycarbony1) protected 
derivatives 6. However, very broad and unresolved signals have been observed in 
the 'H-NMR spectra of all N,O-diacylated compounds 5 and 8 with R' # H, if 
measured in CDCl, at room temperature. Moreover, in the I3C-Nh4R spectra of these 
compounds various signals (C-1 to C-3, CO) could not be detected at room temper- 
ature, evidently due to a rotational restriction of the N-acyl group.34 Thus, for a 
complete analysis, most of these spectra had to be taken in toluene-d8 at 90-100°C 
to give satisfactory results. 
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78 E. C)HLER and S. KANZLER 

EXPERIMENTAL 

Melting points were taken with a Kofler apparatus and are uncorrected. IR spectra (solids: Nujol, liquids: 
film on Si-plates" were recorded on a Perkin-Elmer lT 1650 Infrared spectrophotometer. 'H and J- 
modulated "C NMR spectra were recorded on a Bruker WM 400 spectrometer. Mass spectra were 
obtained on a Finnigan MAT spectrometer 311A connected with a Vector meknivent data system. TLC 
was performed on Merck silica gel 60 F254 plates (visualization of alkenyl derivatives by KMnOJacetone 
spray, visualization of satd. compounds by iodine vapour). Flash chromatography was performed on 
glass columns packed with Merck silica gel 60 (230-400 mesh). THF was freshly distilled from potas- 
sium under Ar atmosphere prior to use. Oily dialkyl phosphonates were dried by repeated coevaporation 
with toluene prior to use. BocNHOBoc (3a) was prepared according to the new protocol given in 
Reference 36, MocNHOMoc (3b) was prepared by the procedure given in Reference 37, and was distilled 
over a 20 cm column at 0.01 Torr (b.p. 70-73°C) to give a colorless oil. BocNHOBn (3c) was prepared 
according to Reference 38, and AcNHOAc (3d) was prepared by the protocol given in Reference 39, 
and was stored at 4°C under Ar. The a-hydroxyphosphonates 1 with R' = H were prepared by the 
protocol of Te~ier-Boullet.'~ The (3-hydroxy-I-alkeny1)phosphonate was prepared by reduction of 
the corresponding (3-0x0- 1 -alkenyl)phosphonate with sodium borohydride. The cyclic analogues 2g23 
and 2hZ3 have been prepared from 2-cyclopentenone and 2cyclohexenone, respectively, by our protocol 
in Reference 40. 2iZ3 was prepared analogously from 2-cycloheptenone with 78% overall yield. Abbre- 
viations: TPP = triphenylphosphane, TPPO = triphenylphosphane oxide, DEAD = diethyl 1.2-azodicar- 
boxylate, TMSBr = bromotrimethylsilane, TFA = trifluoroacetic acid, Boc = rerr-butoxycarbonyl, Moc 
= methoxycarbonyl, PE = petroleum ether. 

Dialkyl (I -Methoxycarbonyloxy-2-alkenyl)phosphonates 4 

A. To a cold (0- 
5°C) stirred solution of dry 1 (10.0 mmol) and pyridine (1.90 g, 24.0 mmol) in dry dichloromethane (20 
ml) is added dropwise under Ar a solution of methyl chloroformate (1.13 g, 12.0 mmol) in dichloro- 
methane (20 ml). The ice bath is removed after 0.5 h, and stirring continued until disappearance of 1 
(TLC control). Then the solution is extracted with 1 M HCI and brine (each 25 ml), dried O'Ja2S0,), 
and evaporated in vacuo. The residue is purified either by Kugelrohr distillation at 0.01 Torr or by flash 
chromatography on silica gel to yield 4 as a colorless oil. 

B. A mixture of 
the a&unsaturated aldehyde (10.0 mmol), dialkylphosphite (10.0 mmol). and KF (2.90 g, 50 mmol) is 
stirred at r.t. under Ar until c0mp1etion.l~ Then dry CH2Cl, (35 ml) is added with vigorous stirring. The: 
solids are rapidly filtered off and washed with dry CH2C12 (20 ml). The cooled (0-5°C) filtrate containing 
the crude a-hydroxyphosphonate 1 is further converted to 4 as given above. 

Dimethyl (1-methoxycarbonyloxy-2-propenyl)phosphonare (4a): Acrolein (1.26 g, 22.4 mmol) and di- 
methyl phosphite (2.20 g, 20 mmol) were caused to react by GP2. Purification by Kugelrohr distillation 
(bath temp. 100- 1 10°C/O.O1 Torr), yield 3.31 g (74%). 

Dimethyl (E)-(  I -Methoxycarbonyloxy-2-burenyl)phosphonate (4e) 

A. 
according to GP2. Yield 4.50 g (63%) after Kugelrohr distillation (bath temp. 100- 105"C/0.01 Tom). 

B. 

Diisopmpyl (E)-( I-Merhoxycarbonyloxy-2-bureny1)phosphonafe (4d) 
1. Diisopropyl (E)-(I-hydroxy-2-buteny1)phosphonate (Id) was prepared with 85% yield by the KF 
catalyzed addition of diisopropyl phosphite to (E)-2-butenal analogously to the procedure of Texier- 
Boullet" (reaction time 24 h, TLC and flash chromatography with CH2CI2/EtOAc, 1:1, Rr = 0.26, col- 
orless crystals, m.p. 28"C).-'H-NMR (CDCI,): 6 = 1.28 (d, 3H), 1.29 (br d, 6H), 1.30 (d, 3H) [ J  
6.4 Hz, FQCH(C~),], 1.72 (mc, 3H, CKCH), 3.30 (br s ,  1H. OH), 4.29 (mc, IH, CHOH), 4.70 (mc, 
2H, POCH), 5.52-5.61, 5.77-5.88 (2m, each IH, 2-H, 3-H). 

2. colorless oil (Kugelrohr distillation, bath temp. 100- 1 lO"C/O.Ol Tom. yield 
93%. TLC: CH,CIJEtOAc, 7:3, Id: R, = 0.22, 4d: Rr = 0.66). 

Diisopropyl (E)-(  I-Merhoxycarbonyloxy-3-phenyl-2-propenyl)phosphonate (&): 

1. Diisopropyl (I-hydmxy-3-phenyl-2-propenyl)phosphonate (le) was prepared analogously to the pro- 
cedure of Te~ier-Boullet'~ [reaction time 18 h, TLC: CH,CIfltOAc, 1:1, R, = 0.32, m.p. 88-90°C 

From dialkyl (I-hydroxy-2-alkeny1)phosphonafes 1. General Procedure I (GPI): 

One pot procedure from a,p-unsaturated aldehydes. General Procedure 2 (GP2): 

(E)-2-Butenal (2.25 g, 32 mmol) and dimethyl phosphite (3.30 g, 30 mmol) were caused to react 

le" (5.40 g, 30 mmol) was caused to react according to GPI. Yield 6.43 g (90%). 

4d from Id by GPI: 
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HYDROXYAMINOALKENnPHOSPHONIC ACIDS 79 

TABLE III 
Carbonates 4 prepared 

Proce- Yield Molecular Elemental Analysis IR (Si) 
dure (8) Formula eale. (found) v (cm-1) 

4a GP2 74 C7H1306P (224.2) 37.50 (37.28) 5.86 (5.65) 1755, 1257, 1028 

4c GP2 63 C8H1506P (238.2) 40.33 (40.51) 6.36 (6.18) 1751, 1255, 1027 

4d GP1 93 C12H23OI.d' (294.3) 48.97 (48.72) 7.89 (7.98) 1756, 1264,991 

4e GP1 83 C17H250I.d' (356.4) 57.29 (57.34) 7.08 (7.34) 1755, 1260,991 

8 C  8 H  

GP1 90 

TABLE IV 
NMR data of carbonates 4 [CDC13. 6. J (Hz)] 

1H-NMR 13C-NMR 
3.80 (CO.&'H3), 5.37 (me, 3-Hb), 5.44-5.52 (m, 
2H,3-Ha, 1-H), 5.92 (dddd,&,a = 17.2, J2,b = 10.8, 
J2,l = 5.9,J2,~ =4.4,2-H). 

(brdd,J1,3 = 1,51,2= 7.9,J1,p = 12.8, 1-H), 5.54, 
5.94 ( 2 ~ ,  2-H, 3-H) 
1.76 (mc, ChCH), 3.80 (5, C02CH3), 5.34 (dd, 

3-H) 
3.79 (5, CWH$, 5.55 (ddd, J1,3 = 1, J1.2 = 7.4, 
J1,~=14.3,l-H),6.22(ddd,Jz,p=5.4,52,1=7.4, (Up~=4.3,C-2), 126.74(J= 1.2,+CH),128.30 

4a 55.35 (8, co&H3), 72.82 (upc = 168.5, Pc), 119.69 
(3JpC = 11.5 Hz, C-3), 128.70 ( U ~ C  = 4.2, C-2), 
154.60 (3Jpc = 9.3, CO) 
17.92 cH3CH), 55.20 (Cofi&), 72.89 ('Jpc = 
171.5, PC), 121.48 (upc = 3.8, C-2), 138.88 (3Jpc = 
12.8, C-3), 154.68 (3Jpc = 10.0, CO) 
17.84 (GHBCH), 55.00 (co&H3), 73.69 ( u p c  = 

12.6, C-3),154.84 (3Jpc = 10.4, CO) 
55.23 (coGH3), 73.81 (upc = 172.6, PC), 120.11 

4c 1.73 (mc,ChCH), 3.77 (s,CO0CHd,5.39 

4d 
J1 ,2= 7.9,J1,P = 12.8, l-H), 5.57,5.94 (am, 2-H, 173.6, PC), 122.07 ( 2 J p ~  = 3.7, C-2), 133.07 ( ~ J P c =  

4e 

J2,3 = 15.8,2-H), 6.73 (br dd, 53.1 = 1, J3,p = 3.4, 
J3,2 = 15.8,3-H), 7.21-7.32 (3HarOm), 7.34-7.39 

@-CH), 128.56 (m-CH), 135.05 (3JPC = 12.4, c-3), 
135.73 (Jpc = 2.2, i-C), 154.87 (3Jpc = 10.1, CO) 

(2Harom) 

(Et20)].-'H-NMR (CDCI,): 6 = 1.32 (d, J = 6.4 Hz, 3H), 1.33 (d, J = 5.9 Hz, 6H). 1.34 (d, J = 5.9 

2H, POCH), 6.31 (dt, J 2 . 3  = 15.8, J2.L = J2.p = 5.4 Hz, IH, 2-H), 6.77 (ddd, J3.2 = 15.8, J3.p = 4.9, J3,, 

Hz, 3H) [POCH(C&)2], 4.07 (br s, IH, OH), 4.61 (br dd, JI.p = 12.3, = 5.4 Hz, 1H. PCH), 4.77 (m, 

1.5 Hz, IH, 3-H), 7.24 (m, IH), 7.31 (m, 2H), 7.39 (m, 2H).-I3C-NMR (CDCI,): 6 = 23.88, 23.96, 
24.10, 24.14 [4d, J = 5.3, 4.8, 5.2. 4.9 Hz, POCHGH3)J. 69.75 (IJ,  = 161.8 Hz, PC), 71.61 (Jpc = 7.5 

p-CH), 128.51 (m-CH), 132.01 (Jpc = 13.0 Hz, C-2),136.60 (Jpc = 2.9 Hz, i-C). 

2. &from l e  by GPI:  

Dialkyl N.0-Protected (3-N-Hydro.qamino-1dkenyl)phosphonates 5-8 

A. To a solution of dry 4 and 3 (each 5.0 
mmol) in dry THF (25 ml) is added Pd(Ph3P), (280 mg, 5 mol%) under Ar atmosphere. The solution is 
stirred at r.1. (propenyl compounds with R2 = H), or at 40°C (compounds with R2 # H) until consumption 
of 4. After evaporation of the solvent under reduced pressure the products are isolated by flash 
chromatography. 

B. To a solution of 2 (10.0 
mmol) and TPP (3.40 g, 13 mmol) in dry toluene (50 ml) is added under Ar atmosphere with stining 
at -20°C a solution of 3 (13 mmol) in toluene (20 ml) rapidly and then dropwise a solution of DEAD 
(2.26 g, 13.0 mmol) in toluene (20 ml). Stirring is continued at the same temperature until consumption 
of 2. The solvent is evaporated, the residue is dried at 0.01 Tom, then treated with dry Et20 (7-10 ml), 
and stored at -20°C for 1 h. TPPO and diethyl hydrazo-l,2-dicarboxylate are then filtered off, the filtrate 
is evaporated and the products are purified by flash chromatography. 

Dimethyl { 3-[(tert-buto.qcarbonyl)(te~-butoxycarbanylo~)~ino]-l-propenyl] phosphonate (5s): 

Hz), 71.81 (Jpc = 7.4 Hz) [POCH], 124.26 (Jpc = 4.6 Hz, C-3). 126.55 (Jpc = 1.8 Hz, 0-CH), 127.70 ( 

Yield 83%, TLC and flash chromatography: CH,CIJEtOAc, 19:l. R, = 0.25. 

From allylic carbonates 4. General Procedure 3 (GP3): 

From allylic y-hydroxyphosphonates 2. General Procedure 4 (GP4): 

4a 
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80 E. C)HLER and S. KANZLER 

(448 mg, 2.0 mmol) was caused to react with 3a (466 mg, 2.0 mmol) according to GP3 for 2 h at r.t. 
Flash chromatography (60 g silica gel, CH,CIJEtOAc, 7:3, afforded sequentially (Z)-5a (91 mg, 12%. 
Rr = 0.39. yellowish oil), and (E)-5a [650 mg, 8 5 8 ,  Rr = 0.29, colorless crystals, m.p. 60-64°C from 
Et,O/PE (40"C)l. 

Dimerhyl { 3-[(tert-butoxycarbonyl )(fert-bu~oxycarbonyloxy)amino]-I-butenyl) phosphonare (5c): 4c 
(1.19 g, 5.0 mmol) was caused to react with 3a according to GP3 for 3 h at 40°C (TLC control with 
CH,CI,IEtOAc, 7:3). Flash chromatography (1 20 g silica gel, hexaneslacetone, 4: 1) yielded sequentially 
(Z1-5~ (Rr = 0.35, 50 mg, 2%). ( 0 - 5 ~  [Rf = 0.24, 1.70 g, 86%. with PE (40°C) colorless crystals, m.p. 
43-45"CI. and dimethyl (E)-(3-merhoxy-l-burenyl)phosphonnre (R, = 0.15). The latter was separated 
from traces of TPPO by Kugelrohr distillation (bath temp. 80-9o0UO.01 Tom) to yield 46 mg (4.7%) 
of an analytical sample ['H-NMR (CDCI,): S = 1.23 (d, J = 6.9 Hz, 3H, CBCH), 3.28 (s, 3H, OCH,), 
3.69 (2d, J = 10.8 Hz, each 3H, POCH,), 3.85 (mc, IH, 3-H), 5.80 (ddd, Jl.3 = 1.5, J , ,  = 17.2, JI.p = 
20.7 Hz, lH, 1-H), 6.66 (ddd, J2.3 = 5.4, .I2.' = 17.2, Jz.p = 22.2 Hz, lH, 2-H).-I3C-NMR (CDCI,): 6 = 
20.01 ( 5 J ~  = 2.0 Hz, CHKH), 52.24, 52.28 (2d, J = 5.9 Hz, P-OCH,), 56.62 (OCH,), 76.94 (,Jm = 
21.8 Hz, C-3), 115.08 = 188.5 Hz, P-C), 154.28 ('Jm = 4.3 Hz, C-2).-MS (70 eV): m/z (a) 
= 194 (M+, 3). 179 (100). 163 (32), 147 (59)]. 

Diisopmpyl (E) - (  3-[(tert-Bufoxycarbonyl)(~ert-bufoxycarbonyloxy)omino]-I-burenyl] phosphonare [ (E)-  
5 4  

A. 4d (882 mg, 3.0 mmol) was caused to react with 3a for 3.5 h at 40°C according to GP3. Flash 
chromatography (60 g silica gel, Et20) afforded 941 mg (70%) (E)-5d [R, = 0.38. with PE (40°C) 
colorless crystals, m.p. 66"CI. 

B. 2d (236 mg, 1.0 mmol) was caused to react with 3a under the conditions of GP4 (reaction time 
1.5 h). Flash chromatography (50 g silica gel, Et,O) afforded 409 mg (91%) (E)-5d. 

Diisopmpyl (E)-  (3-[(tert-butoxyca~nyl)(tert-buroxycur~nylo~)~i~]-3-p~~l-~-p~penyl )phospho- 
nare [(E)-5e]: 4e (1.78 g, 5.0 mmol) was caused to react with 3a according to GP3 for 2.5 h at 40°C. 
The product was purified by flash chromatography (150 g silica gel, CH,CI,/EtOAc, 9:1, Rr = 0.17) and 
crystallization with PE (40°C). Yield 2.28 g (89%). m.p. 54-56°C. 

Diethyl (E)-(3-[(rerr-Butoxycarbonyl)(rert-buroxycarbonyloxy)amino]-l-methyl-l-pentenyl)phospho- 
nare [(E)-5TJ 

1 .  Dierhyl (E)-(I  -methyl-3-oxo-l-pentenyl)phosphonate: Diethyl(1 -oxoethyl)phosphonate and (2-ox- 
obutylidene)triphenyIphosphorane4' (each 30 mmol) were caused to react in dry toluene (150 ml) for 9 
h at 90°C according to the protocol given in Reference 22. Purification by flash chromatography (CH,CIJ 
acetone, 15:l) and subsequent Kugelrohr distillation (bath temp. 90-100°U0.01 Tom) afforded 7.70 g 
(92%) as a pale yellow oil.-'H-NMR (CDC13): 6 = 1.12 (t. J = 6.9 Hz, 3H, COCH,CB), 1.34 (t. J = 

4.12 (m, 4H, POCH,), 6.98 (qd, JHH = 1.5, ,.IHp = 24.6 Hz, lH, 2-H).-I3C-NMR (CDCI,): 6 = 7.43 
(COCHKH,), 14.65 ('Jpc = 6.8 Hz, P-C-GH,), 16.21 ( J K  = 6.1 Hz, POCH,CH,). 37.72 ("1, = 2.4 
Hz, CWH,), 62.15 (JK = 5.7 Hz, POCH,), 136.12 ('Jm = 9.1 Hz, C-2), 140.46 ('J= = 169.4 Hz, PC), 
201.43 (,& = 22.8 Hz, CO). 

2. Diethyl (E)-(3-hydmxy-l-mefhyl-I-penfenyl)phosphonafe (20: The above 3-oxophosphonate was 
caused to react with sodium borohydride as described previously for the synthesis of to give 2f 
quantitatively as a colorless oil (TLC: CH,CI,/EtOAc, 1:9, Rf = O.I7).-'H-NMR (CDCI,): 6 = 0.93 (t, 
J = 7.4 Hz, 3H, C-CH,C&), 1.32 (t. J = 6.9 Hz, 6H, POCH,C&), 1.53, 1.68 (2m,, each IH, C- 
CH,), 1.83 (dd, JHH = 1.5, JHp = 14.7 Hz, 3H, PCCH,), 3.54 (br.d, J - 5 Hz, lH, OH), 4.05 (mc, 4H, 
POCH,), 4.36 (mc, IH, CHOH), 6.48 (qdd, "J,, = 1.5, J,,, = 8.4, Jz.p = 24.1 Hz, lH, 2-H).-13C-NMR 

POCH,CH,), 29.59 c J p c  = 1.2 Hz, C-GH,), 61.63, 61.66 ( J p c  = 5.4 Hz, POCH,), 69.17 ( 3 J ~  = 20.9 

3. 2f (944 mg, 4.0 mmol) was caused to react with 3a according to GP4 for 1 h at -20°C. 
The product was isolated by flash chromatography (100 g silica gel, Et,O, Rf = 0.70) as a colorless oil. 
Yield 1.72 g (95%). 

Dimerhyl ( 3-[(te~-buroxycurbonyl)(tert-bu~o~curbonyloxy)umi~]-~-~clopenten-I -yl ] phosphonute (5g): 
2g40 (768 mg, 4.0 mmol) was caused to react with 3a according to GP4. Flash chromatography (80 g 
silica gel, elution with EtZO until the appearance of diethyl hydrazo- 1,2-dicarboxylate, followed by 
CH,C12/acetone, 9:l) yielded 5g [1.41 g, 87%, with PE (40OC) colorless crystals, m.p. 67-69"CI. 

6.9 Hz, 6H, POCH,C&). 2.19 (dd, Jm = 1.5, JHp = 15.7 Hz, 3H, PCCH,), 2.58 (4. J = 6.9 Hz, COCH,), 

(CDCI,): S = 9.48 (C-CHCH,), 12.82 ('J- = 10.1 Hz, P-C-GH,), 16.20 (Jpc = 6.3 Hz, 

Hz, C-3), 124.84 ('Jpc = 177.3 Hz, P-C), 148.36 ('JK = 8.3 Hz, C-2). 

(E)-5f 
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HYDROXYAMINOALKENYLPHOSPHONIC ACIDS 81 

TABLE V 
Compounds 5-8 prepared 

Molecular Elemental analysis m.p. IR 
Formula calc. (found) ("C) v (cm-l)a 

% C  % H  % N  OCO N C O  C = C  
47.23 
(47.77 
47.23 
(47.58 
48.59 
(48.93 
48.59 
(48.83 
53.19 
(53.59 
59.04 
(58.73 
53.19 
(53.58 
50.10 
(50.33 
51.29 
(51.64 
52.39 
(51.97 

44.18 
(44.36 
44.18 
(44.58 
45.77 
(45.37 

54.97 
(54.63 
54.97 
(54.80 
59.84 
(60.07 
43.00 
(42.78 

7.41 3.67 
7.29 3.48) 
7.41 3.63 
7.30 3.53) 
7.66 3.54 
7.51 3.41) 
7.66 3.54 
7.59 3.49) 
8.50 3.10 
8.54 3.14) 
7.87 2.73 
7.94 2.71) 
8.50 3.10 
8.47 3.30) 
7.44 3.44 
7.42 3.42) 
7.67 3.32 
7.74 3.31) 
7.88 3.22 
7.76 3.01) 

6.86 3.96 
7.08 3.79) 
6.86 3.96 
7.12 3.51) 
7.15 3.81 
7.41 3.61) 

707 3.77 
6.88 3.61) 
7.07 3.77 
6.78 3.52) 
8.23 3.17 
8.01 2.98) 
6.51 5.02 
6.33 4.78) 

Oil  

60-64 

Oil 

43-45 

66 

54-56 

Oil 

67-69 

64-66 

78-79 

Oil  

Oil 

O i l  

Oi l  

Oi l  

Oi l  

<20 

Oil  

Oi l  

1784 1714 1633 

1786 1724 1642 

1789 1716 1629 

1790 1714 1639 

1790 1715 1637 

1793 1712 1636 

1790 1716 1640 

1782 1718 1618 

1789 1714 1637 

1791 1705 1640 

1798 1732 1633 

1794 1734 1639 

1799 1732 1637 

1797 1732 1641 

- 1698 1632 

- 1698 1641 

- 1707 1634 

1798 1681 - 

1795 1676 - 

'Nujol for compounds (E)-5a, c, d, 5g-i, (E)-8c; film on Si-plates for (Z)-5a, c, (E)-5f, 6b, 
(E)-6d,  6h, 7a, (E)-7d, 8h. 

b6h was immediately converted to 13h. 
'8h was immediately converted to 12h. 
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82 E. C)HLER and S. KANZLER 

TABLE VI 
'H-NMR spectra of N.0-diprotected compounds 5-8 [6, J ( H z ) ~  

1-H 2-H 3-H J1,p J12 JIJ JZP J2,3 R2 -R5 
(Zb5a 

(E)-5a 

(Z)-5C 

( E 1 - 5 ~  

(E)-5d 

(E)-5e 

( E  )-5f 

5g 

5h 

5i 

(Zb6b 

(E)-6b 

(EJ-6d 

6h 

(ZI-7a 

(Eb7a  

(E1-7d 

( E J - ~ c  

8h 

5.71 6.60 4.68 

5.91 6.71 4.32 

5.36 6.51 5.95 

5.80 6.78 4.76 

5.91 6.83 4.80 

6.00 7.12 5.88 

- 6.68b 4.88 

- 6.50 5.30 

- 6.78 4.78 

- 7c 4.95 

5.76 6.47 4.80 

5.93 6.65 4.37 

5.84 6.65 4.89 

- 6.51 4.81 

5.59 6.46 4.51e 

5.77 6.70 4.09f 

5.78 6.76 4.69 

5.73 6.63 5.2 

- 6.46 5.18 

17.2 

19.2 

16.2 

18.1 

18 

17.9 

16.2 

18.7 
.d 

17.7 

19.7 

18.7 

18.7 

13.3 2.0 

17.2 1.5 

13.2 1 

17.3 1.5 

17.2 1.5 

17.3 1.5 

- -  

- -  

- -  

- -  

13.3 1.5 

17.2 1.5 
17.2 -cl 

- -  

13.3 1.5 

17.2 1.5 

17.2 1.5 

17.2 1.5 

- -  

51.7 

22.1 

51.4 

22.0 

22.2 

21.7 

23.1 

11.0 

22 

25C 

51.2 

22.2 

22.1 

22.2 

52.2 

21.7 

22.2 

22.2 

22.1 

6.4 

4.9 

9.1 

5.2 

5.0 

5.8 

8.8 

2.2 

2 

6.4 

4.9 

4.9 

.d 

6.4 

5.4 

5.4 

4.9 

2 

1.47, 1.50 [2s, C(CH3)3I 

1.45, 1.49 [2s, C(CH3)31 

1.35, 1.39 [as, C(CH3)31, 1.39 (d, 6.9, 
C b C H )  
1.15 (d, 6.9, C b C H ) ,  1.34,1.36 [2s, 
C(CH3)31 
1.20 (d, 7.0, C&CH), 1.35, 1.38 [2s, 
C(CH3)d 
1.28, 1.34 [as, C(CH3)31, 6.95-7.08,7.31- 
7.35 (5Harom) 
0.86 (t, 7.4, C-CHzCh), 1.36,1.37 [ZS, 
C(CH3)31, 1.50, 1.81 (adquin, JAB = 13.7, 
JAH = JBH =7, C-CbCH3) 1.93 (dd, 

1.33, 1.38 [Zs, C(CH3)3I, 1.97 (br.q, 7,2H), 
2.28,2.57 (2mc, each 1H) [CH21 

1.35, 1.38 [as, C(CH3)3I, 1.58(rn, lH), 1.73- 
1.79 (rn, 2H), 2.05 (rn,lH), 2.09 (m, 2H) 
[CHd 
1.37, 1.39 [as, C(CH3)31, 1.20 (mc, lH),  1.3- 
1.5 (m, 2H), 1.65-1.85 (m, 2H), 1.88- 1.97 
(rn, lH), 2.05 (rn, lH), 2.45 (mc, 1H) [CHzI 
3.79,3.88 (29, COzCH3) 

3.79,3.88 (2s, C02CH3) 

1.34(d,6.9,C&CH1,3.77,3.86 

(2s, C02CH3) 

4JHH = 1.6,3JHp = 14.3, PCCH3) 

1.64 (me, 2H), 1.80-2.00 (rn, 2H), 2.13 (mc, 
2H) [CHz], 3.75,3.82 (29, COzCH3) 

1.42 [s, C(CH3)3], 4 .78(~ ,  OCHz), 7.23-7.29 
(SHarom), 7.31-7.35 (2Harom) 
1.47 [s, C(CH3)3I, 4.82 (s, OCHZ), 7.30-7.37 
(m, 5Harom) 
1.34 (d, 6.9, C&CH), 1.49 [s, C(CH3)3I, 
4.79 (&A), 4.86 (6s) [JAB = 9.4,OCHzI, 7.30- 
7.39 (m, 5Harom) 
1.25 (d, 6.9, C h C H ) ,  1.96,2.14 

(COCH3) 

1.55-1.72 (m, 2H), 1.80-1.96 (m, ZH), 2.12- 
2.19 (m, 2H) [CHz], 1.99,2.14 (COCH3) 

'Solvent CDCI,, 25°C for compounds 5a, 6, 7, and 8; solvent toluene-$, 90- 100°C for compounds 

"J, = 1.6 Hz. 
'Signal partially overlapped with solvent signals. 
"Not resolved. 

flj.p = 2.9 Hz. 

5c-i. 

'J3.p = 3.0 Hz. 
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HYDROXYAMINOALKENYLPHOSPHONIC ACIDS 83 

TABLE W 
“C-NMR spectra of N,O-diprotected compounds 5-8 [S, J (Hz)~’ 

C-1 Upc C-2 Vpc C-3 3Jpc R2-R5 

(Z)-5a 117.97 182.9 147.68 3.0 49.55 7.8 

(E)-5a 118.07 188.5 146.32 5.7 52.30 24.6 

(2)-5cb 118.12 182.5 151.60 4.3 56.87 7.3 

(E)-5cC 120.20 187.1 151.32 5.0 58.49 22.9 

(E)-5dc 123.13 187.2 149.45 5.2 58.54 23.1 

(E) -5e  125.26 184.6 147.19 5.9 67.03 23.3 

(E)-5td - - 142.25 br.s - 

5g 139.14 187.2 143.90 13.9 67.88 22.9 

5h 133.98 176.6 141.32 9.0 57.53 19.7 

5i 134.13 177.4 148.51 10.1 63.17 25.4 

(Zk6b 121.89 182.6 144.40 2.8 49.80 7.8 

(Eb6b 121.96 188.2 143.01 5.9 52.54 24.9 

(E)-6d 120.91 184.0 147.49 5.1 57.42 23.2 

6he - - 56.68 20.1 

(Z)-7a 117.43 183.2 148.95 3.7 48.82 7.8 

(E)-7a 117.93 188.4 147.43 5.3 52.49 24.5 

(E)-7d 11965 187.6 149.76 4.9 57.16 23.1 

27.41, 27.88 [C(CH3)3],82.69, 84.76 LCMesl, 
151.90, 154.35 [COI 
27.50, 27.96 [C(CH3)3], 83.06,85.16 [CMesI, 
152.00, 154.45 [COI 
19.21 (4Jpc = 2.0, GH3CH), 28.81,29.37 
[C(cH3)3], 83.07,84.73 EMegl, 155.63 [COI 

16.91 (CHEH), 28.77,29.29 ICGH3)31,83.34, 
84.99 (€Me31 

17.02 (CH3CH). 28.81,29.31 [CGH3)31,83.21, 
84.85 EMegl 

28.71, 29.23 [C(CH3)31,83.49,84.95 ZMesl, 
129.27, 129.71 (0-,  m-CH), 129.68 (X), 130.13 
@-CH), 153.58, 155.80 “201 
11.47 (C-CHEH31, 14.56 (ZJPC = 9.6, PCGH3), 
26.32 (br. s, C - ~ H P C H ~ ) ,  28.55,29.08 [CGH3)31, 
82.81,84.66 GMesl, 153.86 (CO) 
28.77,29.34 [C(CH3)3], 29.17 (10.2), 33.71 (12.5) 
[CHz], 83.05,85.02 LC;Me31, 154.25.155.33 [COI 

22.17 (10.9), 25.65(8.2), 26.91 (s)[CHzI, 83.11, 
84.97 GMesl, 154.15, 155.59 [COI 

27.20 (7.2), 29.49(9.3), 29.62 (s), 32.09 (s) [CHzI, 
28.82,29.34 [C(CH3)3],83.28,85.00 EMegl, 
154.15, 155.86 [COI 

53.83, 56.11 [COaH31, 154.61, 155.93 [COI 

53.82.56.06 [CO&HJ, 154.37, 155.70 [COI 

15.57 (br s, CH3CH), 53.87.56.13 [CO&H31, 
154.87, 156.00 [COI 
20.65 (11,2), 23.80 (8.4),24.70 (br. s)  [CHzI, 
53.89,56.15 [CO&H31, 154.93, 155.97 KO1 

28.17 [C(CH3)31, 76.88 (OCHz), 81.82 (€Me3), 
128.30, 129.50 (0-,  m-CH), 128.47 (p-CH), 
135.23 (C-C), 156.28 (CO) 
28.14 [C(CH3)31, 77.30 (OCHz), 81.99 (CMe3), 
128.38, 129.31 (0-, m-CHI, 128.54 @-CHI, 

15.96 (CHEH),  28.21 [C(€H3)31, 78.57 (OCHz), 
81.85 (GMe3), 128.30, 129.20 (0-, m-CHI, 

135.29 (C-C), 156.23 (CO) 

128.41 @-CH), 135.30 (C-C), 156.73 (CO) 

( E M C  120.44 187.3 151.01 5.1 56.54 23.3 

8hf - - 139.88 br.s - 

16.88 (CH3CH), 18.40, 21.25 [COS;Hsl, 169.46, 
171.26 (‘20) 
18.18,20.56 (COS;H3), 20.69 (11.2), 23.78 (8.7), 
25.21 (s) [CHd 

“Solvent CDCI,, 25°C for compounds 5a, 6, 7, 8h; solvent toluene-d,, 90-100°C for compounds 
5c-i, 8c. 

COcarbon missing. 
30 CO-signals registered. 
“No signals detected for C-1, C-3 and one CO. 
‘No signals detected for C-1 and C-2 at r.t. 
‘No signals registered at r.t. for C-I, C-3, and both carbonyl carbons. 
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84 E. BHLER and S. KANZLER 

Dimethyl (3-[(~ert-bu~oxycarbonyl)(tert-butoxycarbonyloxy~i~]-l-~c~~n-l-yl)phosphonate (5h): 
2h*O (640 mg, 3.1 -01) was caused to react with 3a according to GP4. Reaction time 1.5 h at -20°C. 
Flash chromatography (80g silica gel, elution with Et,O until the appearance of diethyl hydrazo-1,2- 
dicarboxylate, followed by hexanedacetone, 7:3) yielded 5h (1.19 g, 91%). with PE (40°C) colorless 
crystals, m.p. 64-66°C. 

Dimethyl ( 3 - [ ( ~ e r t - b u t o x y c a ~ ~ l ) ( ~ e ~ - b u t o ~ c a ~ n y l o x y ~ i ~ ] - l - ~ c ~ ~ p t e n - l - y l ) p h o s p h o n a ~ e  (9): 
2i (220 mg, 1.0 mmol) was caused to react with 3a according to GP4. Reaction time 4 h at -20°C; 
flash chromatography (20 g silica gel, Et,O, Rr = 0.19) yielded 5i (377 mg, 87%). with PE (WC) 
colorless crystals, m.p. 78-79°C. 

Diisopmpyl ( 3-[(methoxycarbonyl )(methoxycarbonylo~)oxy)amiM]-l -propenyl )phosphonare (6b): 4b 
(560 mg, 2.0 mmol) was caused to react with 3b for 1.5 h at r.t. according to GP3. using 70 mg (3 
rnol%) Pd(Ph$’)+ Flash chromatography (50 g silica gel, CH,CI,EtOAc, 1:l) yielded sequentially 54 
mg (7.6%) (Z)-6b (oil, Rr = 0.52). and 633 mg (90%) (E)-6b (oil, Rr = 0.28). 

Diisopropyl (El-( 3-[(Methoxycarbonyl)(me~~xycarbonyloxy)omino]-I -butenyl )phosphonate (6d) 

A. 4d (294 mg, 1.0 mmol) was caused to react with 3b for 3.5 h at 40°C according to GP3. Flash 
chromatography (30 g silica gel, hexanedacetone, 4: 1) yielded sequentially diisopropyl (E)-(I ,3- 
butadieny1)phosphonate (Rr = 0.30, 24 mg, 11%) as a colorless oil [’H-Nh4R (CDCI,): S = 1.23 (d, J 
= 6.4 Hz, 6H), 1.27 (d, J = 5.9 Hz, 6H) [POCH(CH,),], 4.60 (mc, 2H, POCH), 5.37 (mC, JIbl = 10.8 
Hz, lH, 4-H& 5.47 (d, Ju3 = 17.2 Hz, lH, 4-HJ, 5.67 (br dd, JI2 = 16.7, JIp = 18.7 Hz, lH, 1-H), 
6.34 (m. lH, 3-H), 6.98 (ddd, I ,  = 10.8, = 16.7, J2* = 20.7 Hz. 1H. 2-H).-”C-NMR (CDCI,): S 
= 23.92 (Jpc = 4.6 Hz). 24.02 ( J p c  = 4.0 HZ) IPOCHcHy),], 70.35 (Jpc = 5.6 Hz. POCH), 119.77 (‘Jpc 

= 191.0 Hz, C-1). 124.38 (C-4). 135.83 (’Jpc = 26.8 Hz, C-3), 147.85 (’JK = 5.8, C-2)], and (E)-6d 
(275 mg, 75%. Rr = 0.10) as a viscous oil. 

B. 2d (236 mg, 1.0 mmol) was caused to react with 3b under the conditions of GP4. Reaction time 
45 rnin at -20°C. Flash chromatography (25 g silica gel, Et,O until the elution of diethyl hydrazo-1.2- 
dicarboxylate and then CH,ClJacetone, 9:l) yielded (E)-6d (336 mg, 91%), which contained 10-15% 
TPPO and was converted to 13d without further purification. 

Dimethyl ( 3-[(methoxycurbonyl)(me~hoxycarbonyloxy)oxy)amino]-l -cyclohexen-1 -yl ) phosphonate (6h): 2h 
(412 mg, 2.0 mmol) was caused to react with 3b according to GP4. Reaction time 1 h at -20°C. Flash 
chromatography (40 g silica gel, EtzO for the elution of diethyl hydrazo-l,2-dicarboxylate, then CH,ClJ 
acetone, 2:l for the elution of 6h, Rr = 0.59) yielded 6h (600 mg, 89%) as an oil, which after spectro- 
scopical investigation was converted to 13h. 

Dimethyl ( 3-[(N-bentyloxy-N-rerr-butoxycarbonyl)~~no]-l -pmpenyl ) phosphonate (7a): 4a (672 mg, 
3.0 mmol) was caused to react with 3c for 1.5 h at r.t., according to GP3. Flash chromatography (75 g 
silica gel, CH,ClJacetone, 15:l for (Z)-7a, and then CH,ClJacetone, 9:l) afforded (Z)-7a (168 mg, 
15%. Rr = 0.31). and (E)-7a (545 mg, 49%. R, = 0.16). both as viscous oils. 

Diisopmpyl (E)- (  3-[(N-bentyloxy-N-tert-butoxycarbonyl)amino]-l -buzenyl ) phosphonare (7d): zd 
(236 mg, 1.0 mmol) was caused to react with 3c under the conditions of GP4 for 1 h at -20°C. then 1 
h at r.t. Flash chromatography (45 g silica gel, Et,O until the elution of diethyl hydrazo-l,2-dicarboxylate, 
then CH,ClfitOAc, 7:3 to 1:9) yielded sequentially (E)-7d (Rr = 0.50, CHzCIJEtOAc, 7:3, 125 mg, 
28%. forming colorless crystals at -20°C) and diethyl [I-(E)-(3-diisopropoxyphosphonyl-I-methyl-2- 
propenyl)-l,2-hydrazine]dicarboxylnte [Rr = 0.1 1, CH,ClJEtOAc. 7:3, 170 mg, 43%. oil; ‘H-Nh4R (tol- 
uene-d8, 100°C): S = 1.04. 1.05 (2t, J = 7.1 Hz, each 3H, CO,CH,Cb), 1.19 (d. J = 6.0 Hz, 3H), 1.20 
(d, J = 6.0 Hz, 3H), 1.23 (d, J = 6.3 Hz, 6H) [POCH(CH,),], 1.19 (d, J = 7.5 Hz, 3H, CSCH), 4.01 
($, 4H, CO,CH,), 4.67 (mc, 2H. POCH), 4.83 (br m, lH, CHN), 5.78 (ddd, J1.] - 1.5, J,,, = 17.3, Jl,p 
= 18.7 Hz, lH, 1-H), 6.90 (ddd, = 5.5, Jzl = 17.3, J2.p = 22.3 Hz, lH, 2-H), 7.16 (br s. lH, NH).- 
”C-Nh4R (toluene-d,, 100°C): 6 = 15.63, 16.49, 17.60 (CH,), 25.12 ( J p c  = 3.8 Hz. lC), 25.16 (Jpc = 
4.2 Hz, lC), 25.26 (JR = 4.1 Hz, 2C) [POCHcH,),], 57.56 (,Jpc = 23.6 Hz, CHN). 62.68, 63.28 
(CO,cH,), 71.24 (Jpc = 3.6 Hz, POCH), 121.73 (‘JX = 189.2 Hz, PC), 151.72 (Jet = 4.9 Hz, C-2). 
156.75, 158.14 (CO)]. 

Dimethyl (E)-  ( [3-(N-Acetyl-N-ace~loxy)amino]-l-butenyl) phosphonate [(E)-8c] 

A. 4c (544 mg, 2.28 mmol) was caused to react with 3d for 1.5 h at 40°C according to GP3. Flash 
chromatography (70 g silica gel, CH,Cl,/acetone, 4: 1) yielded sequentially dimethyl (E)-(I ,3- 
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HYDROXYAMINOALKENYLPHOSWOMC ACIDS 85 

butadieny1)phosphonate (66 mg, R, = 0.48, 18%. identified by 'H-NMR spectrosc~py~~),  and (E)-& (R, 
= 0.26, 368 mg, 58%. oil). 

B. A solution of (E)-5c (395 mg, 1.0 mmol) in TFA/CH2C12 (each 2 ml) was left at r.t. for 6 h. then 
evaporated and dried for 1 h at 0.01 Tom. To a stirred solution of the residue in dry CH2C12 (5 ml) was 
added NaHCO, (ca. 1.5 g), and stirring was continued for 45 min. Then Ac20 (1 ml) was added and 
the reaction monitored by TLC (EtOAclMeOH, 19: 1). After 4 h [TLC showed invariably (E)-& (R, = 
0.33) together with a second reaction product with very similar p~larity] '~ the solids were filtered off, 
the filtrate was evaporated in vacuo and the residue caused to react with Ac,O/pyridine (each 1 ml) for 
3 h at r.t. Evaporation at reduced pressure, followed by flash chromatography (15 g silica gel, EtOAc/ 
MeOH, 19:l) afforded then (E)-& (225 mg, 81%) as the sole product. 

Dimethyl [ [3-(N-acetyl-N-ncetylaxy)amino]-l-cyclohexen-I-yl) phosphomte (8h): A solution of 5h 
(210 mg, 0.5 mmol) in TFA/CH2C12 (each 1 ml) was left at r.t. for 6 h, then evaporated and dried 
thoroughly at 0.01 Tom. To a stirred solution of the residue in dry CH2C12 (5 ml) was added NaHCO, 
(0.5 g) and stirring was continued for 45 min. Then Ac20 (1 ml) was added and stimng continued for 
2.5 h at r.t. Then the solids were filtered off, the filtrate was evaporated at reduced pressure. The residue 
was dried at 0.01 Tom and caused to react with Ac,O/pyridine (each 1 ml) for 16 h at r.t. After evap- 
oration and flash chromatography (6 g silica gel, EtOAclMeOH, 19: 1, R, = 0.27) 8h (123 mg, 81%) 
was isolated as a colorless, viscous oil, which was immediately converted to 12h. 

[3-(N-Hydroxyamino)-I-alkenyl]phosphonic Acids 9 from Compoundr 5 

A. A suspension of 5 (1 mmol) in 6 M 
HCI (6 ml) is refluxed for 6 h, then cooled to r.t., diluted with water (10 ml), and extracted with toluene 
(3 X 5 ml) and Et20 (5 ml). The aqueous solution is evaporated at reduced pressure. The residue is 
dried at 0.01 Torr, then dissolved in a minimum amount of MeOH, and adjusted to pH 4-5 by the 
dropwise addition of propylene oxide under vigorous stirring. The solid is filtered off after 15 min and 
dried for 5 h at 50°C. Analytically pure samples are obtained upon recrystallization from H20/MeOH. 

B. Deprotection wirh TMSBr/HBr/H20. General Procedure 6 (GP6): A suspension of 5 (1 mmol) in 
TMSBr (ca. 1.5 ml, 10 mmol) is stirred for 24 h at r.t. and then evaporated at reduced pressure. To the 
residue is added H20 (10 ml) and aqueous HBr (48%. 1 drop), and stirring is continued for 24 h at r.t. 
The solution is then washed with toluene (2 X 2 ml) and Et20 (5 ml), and then evaporated at reduced 
pressure. The residue is dried at 0.01 Tom for I h, and then treated with propylene oxide as given above 
to liberate 9. 

Deprotection wirh boiling HCI. General Procedure 5 (GP5): 

(E)-[3-(N-Hydmxyumino)-I-butenyl]phosphonic Acid [(E)-9c] 

A. From (E)-5c by GP5: Yield 90%. m.p. 150- 152°C (dec.). 

B. From (E)-5d by GP6: Yield 73%, m.p. 175°C (dec.), after recrystallization from H,OlMeOH.- 
'H-NMR (D20): 6 = 1.54 (d, J = 6.9 Hz, 3H, CKCH), 4.26 (br quin, J - 7 Hz, lH, CHN), 6.31 (br t, 
J1.2 p;I JI,P - 17 Hz. 1H, 1-HI, 6.45 (ddd, J2.3 = 6.9, .I2.' = 17.2, J2.p = 20.2 Hz, IH, 2-H).--I3C-NMR 
(D2O): 6 = 17.77 (CH,), 63.42 (,Jpc = 22.5 Hz, C-3). 134.93 ('JK = 173.3 Hz, PC), 140.63 (2Jpc = 4.1 
Hz, C-2). 

C,H,JVO,P (167.1) Calc.: C 28.75 H 6.04 N 8.38 
found: C 29.07 H 5.82 N 8.22 

(E)-[3-(N-Hydroqamino)-l-methyl-l-pentenyl]phosphonicacid ( m j k m  5f by GP6: Yield 71 %, m.p. 
194-197°C (dec.) after recrystallization from H20/MeOH.-'H-NMR (D20): 6 = 1.04 (t. J = 7.4 Hz, 
3H, C&CH,), 1.75, 2.05 (2m,, each IH, C&CH,), 2.02 (d, Jw = 13.8 Hz, 3H, P-C-CH,), 4.35 (mc, 
IH, CHN), 6.12 (dd, 5 2 3  = 9.8, J2.p = 21.2 Hz, lH, 2-H).-I3C-NMR (D20): 6 = 13.05 CH,CH2), 17.90 
(,JK = 10.1 Hz, PCCH,), 26.55 gH2CH3), 64.92 ('Jpc = 19.2 Hz, C-3), 132.92 ('JK = 10.5 Hz, C-2). 
145.91 ('JK = 166.5 Hz, PC). 

C,H,,NO,P (195.2) Calc.: C 36.92 H 7.24 N 7.18 
found: C 37.30 H 7.10 N 7.18 

[3-(N-Hydroqmnino)-I-cyclohexen-l-yl]phosphonic acid (9h) from 5h by GP5: Yield 87%. m.p. 
200-204°C (dec.).-'H-NMR (D20): 6 = 1.72-1.93 (m, 2H), 1.93-2.04 (m, lH), 2.14-2.24 (m, IH), 
2.38 (m, 2H) [CH,], 4.24 (mc, lH, 3-H), 6.44 (br d, JHp = 19.7 Hz, lH, 2-H).-I3C-NMR (D20): 6 = 
23.06 (Jpc = 9.8 Hz), 26.56 (s ) ,  28.77 (Jpc  = 8.7 Hz) [CH2];61.45 ('JK = 18.3 Hz, CHN), 129.44 (2JK 
= 10.0 Hz, C-2). 147.80 ('Jpc = 168.8 Hz, F'C). 
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86 E. OHLER and S. KANZLER 

C,H,,NO,P (193.2) Calc.: C 37.30 H 6.27 N 7.25 
found: C 37.58 H 6.20 N 7.13 

N-Hydmxyureas 10. General Procedure 7 (GP7): A solution of 5 (1.0 mmol) in TFA/CH,CI, (each 2 
ml) is left at r.t. for 6 h, then evaporated and dried at 0.01 Tom for 1 h. To a solution of the remaining 
trifluoroacetate 11 in THF/€120 (each 2 ml) is added KOCN (100 mg, 1.24 mmol) and stirring is con- 
tinued at r.t. for 18 h. Then the mixture is evaporated to dryness and the product isolated by flash 
chromatography. 

[N-(E)-(3-Diisopropoxyphosphonyl-2-propenyl)-N-hydroxylurea (lob): 
silica gel, CH,CIJMeOH. 15:l. R, = 0.14). yield 658,  m.p. 110°C (EtOAc). 

[N-(E)-3-(Diisopropoxyphosphonyl-I-me~hyl-2-propenyl)-~-hydroxylurea (lOd): Flash chromatogra- 
phy (25 g silica gel, CH,Cl,MeOH, 12:1, Rr = 0.54), yield 65%. colorless crystals, m.p. 131 -133°C 
(EtOAc). 

[N-(E)-(3-Diisopropoxyphosphonyl- Z -phenyl-2-propenyl )-N-hydroxy]urea (1Oe): Flash c hromatogra- 
phy (30 g silica gel, CH2CIJMeOH, 15:l. Rr = 0.25). yield 85%. colorless crystals, m.p. 143-144°C 
(EtOAc). 

[N-(3-Dimethyoxypho~ph~nyl-2-cyclohexen-I-yl)-N-hydroxy]urea (10h): 
silica gel, CH,CIJMeOH, 15:1, R, = 0.46. yield 698,  m.p. 152-155°C (dec.) from MeOHEtOAc. 

Dimerhyl (E) - (  [3-(N-acetyl-N-hydroxy)nmino]-I-butenyl) phosphonare (12c): To a stirred solution of 
(E)-& (279 mg, 1.0 mmol) in dry MeOH (5 ml) was added at r.t. a catalytical amount of NaOMe in 
MeOH (sat., 2 drops). After completion of the reaction (TLC. EtOAclMeOH, 19:l. &: R, = 0.33. 12c: 
R, = 0.20, ca 30 min), solid CO, was immediately added in small portions, the mixture was evaporated 
and the crude product purified by flash chromatography to yield 1% (211 mg, 89%) as a colorless 
viscous oil. 

Flash chromatography (25 g 

Flash chromatography (14 g 

Dimethyl ( [3-(N-ucetyl-N-hydro~)~ino]-l-cyclohexen-l-y1~ phosphonare (12h): To a stirred solution 
of 8h (110 mg, 0.36 mmol) in dry MeOH (2 ml) was added at r.t. a catalytical amount of NaOMe in 
MeOH (sat., 1 drop). After completion of the reaction (TLC, EtOAc/MeOH, 19:1, 8h: Rr = 0.27, 12b: 
Rr = 0.13, ca. 30 min) solid C02 was immediately added in small portions, the mixture was evaporated 
and the crude product purified by flash chromatography (5 g silica gel) to yield 12h (86 mg, 91%) as 
colorless crystals. m.p. 116- 117°C (EtOAc/Et,O). 

Dialkyl [3-[(N-Hydroxy-N-methyoxycarbonyl)amino]-I-alkenyl Jphosphonares (13) from compounds 6. 
General Procedure 8 ( G f 8 ) :  To a solution of 6 (1 mmol) in MeOH (1 ml) is added at r.t. NHJMeOH 
(sat., 1 ml). and transesterification is chequed by TLC. If 6 has disappeared (10-20 min) the solvent is 
removed imrnediatelg' and 13 isolated by filtration over silica gel. 

Diisopropyl (E)-{  3-[N-hydroxy-N-methoxycarbonyl)amino]-l -propenylJ phosphonare (13b): Reaction 
time 15 min f n C ,  CH,ClJacetone, 4: 1, (E)-6b: Rr = 0.46.13b: R, = 0.201. Yield 86%. colorless crystals 
m.p. 50-52°C [EtOAciPE (40"C)l. 

Diisopropyl (E)-(3-[N-Hydroxy-N-me~ho~c~rbonyl)amino]-l-butenyl)phosphonare (13d): Reaction 
time, TLC, and work up as given for 13b. Yield 85%. m.p. 6244°C (Et,O). 

Dimethyl [ 3-[N-hydroxy-N-methoxycarbonyl)amino]-l -cyclohexen-1 -yl J phosphonare (13h): Flash 
chromatography (CH,CI,/acetone, 2:1, 6h: Rr = 0.59, 13h: R, = 0.24). yield 89%. with Et,O colorless 
crystals, m.p. 120-122°C. 

Dimethyl ( E ) - {  3-[(N-acetyl-N-benzylo~)amino]-Z-propenylJ phosphonare (14a): A solution of (E)-7a 
(275 mg, 0.74 mmol) in TFA/CH2CI2 (each 1 ml) was left at r.t. for 6 h, then evaporated and dried for 
1 h at 0.01 Torr. To a cold (5°C) stirred solution of the residue in dry CH,CI, (10 ml) was added NaHCO, 
(1.20 g) and stirring was continued for 45 min at the same temperature. Then Ac,O (2 ml) was added. 
After 5 h the solids were filtered off, the filtrate was evaporated at reduced pressure and 14a (187 rng, 
81%) isolated by flash chromatography (CH,Cl,/acetone, 4:1, R, = 0.37) as a colorless, viscous oil.- 
'H-NMR (CDCM: 6 = 2.04 (s, 3H, COCH3), 3.61 (d, J = 11.3 Hz, 6H, POCH,), 4.27 (mc, ZH, NCH,), 

= 17.2, Jz.p = 22.2 Hz, lH, 2-H), 7.24-7.33 (m, 5H,3.--13C-NMR (CDCI,): 6 = 20.14 (CKH,), 48.47 
4.75 (S, 2H. OCHA 5.69 (tdd, J1.1 1.5, J1.2 = 17.2, J , , p  = 19.0 Hz, lH, 1-H), 6.63 (tdd. J2.3 = 5.4, Jz.1 
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HYDROXYAh4INOALKENYLPHOSPHONIC ACIDS 87 

TABLE VIII 
N-hydroxy derivatives 10, 12, and 13 prepared 

_ _ _ _ _ ~ ~ ~  _______ 

Molecular Elemental analysis m.p. IR (Nujol) 
Formula calc. (found) ( "C)  v (cm-l)a 

% C  % H  % N  
lob CioH21N205P 42.85 7.57 10.00 110 3426 3184 1650 

10d 

1 Oe 

10h 

12ca 

12h 

13b 

13d 

13h 

(280.3) 

C 1 iH23N205P 
(294.3) 

C 1 6 H 2 a 2 0 5 p  
(356.4) 

CgHi7N205P 
(264.3) 

C e H i 6 N 0 5 P  
(237.2) 

C l O H l f l O 5 P  
(263.3) 

C i iH22N06P  
(295.3) 

C12H24NO6P 
(309.4) 

CioHiaN06P 
(279.3) 

(43.25 
44.88 

(45.06 
53.92 

(53.94 
40.90 

(41.11 
40.51 

(40.98 
45.62 

(45.38 
44.73 

(45.08 
46.59 

(46.37 
43.00 

(42.74 

7.54 
7.89 
7.69 
7.08 
7.10 
6.50 
6.12 
6.81 
6.62 
6.91 
7.05 
7.52 
7.34 
7.84 
8.01 
6.51 
6.33 

10.02) 
9.52 
9.48) 
7.86 
7.84) 

10.60 
10.50) 
5.91 
5.61) 
5.32 
5.13) 
4.74 
4.52) 
4.53 
4.51) 
5.02 
5.12) 

131-33 

143-44 

152-55 

O i l  

116-17 

50-52 

62-64 

120-22 

3445 

3431 
1659 
3492 

3405 

3112 

3188 

3215 

3157 

3204 1657 

3290 3166 

3213 1682 

3162 1633 

1650 

1704 

1706 

1695 

'MS (70 eV): d z  (%) = 237 (14. M*), 195 (12). 178 (55). 164 (100). 

TABLE IX 
'H-NMR spectra of N-hydroxy derivatives 10, 12 and 13 [ti, J ( H z ) ~  

1-H 2-H 3-H OH Ji,p J1,z Ji,3 JZ,P 52,s Substituents 
10b 5.88 6.52 4.10 9.45 20.2 17.2 1 22.2 4.9 6.43(s, NH2) 

10d 5.78 6.57 4.78 9.17 18 17.2 1 22.1 4.9 1.17(d,6.9,CfiCH),6.43(s,NHz) 
10e 5.79 7.12 6.02 9.54 19.2 17.2 1.5 22.2 4.9 5.49(s,NH~),7.23-7.37(m,5H,,,,) 

10h - 6.53 4.82 9.35 - - 23.6 2 1.63-1.90(m,3H), 1.98(rnc, 1H),2.18 

12c 5.75 6.81 5.25 9.30 19.2 17.7 1.5 22.6 4.9 1.32(d,6.9,C&CH), 2.15(s,COCH3) 

12h - 6.68 5.18 9.51 - - 22.6 2 1.66 (mc, lH) ,  1.80 (mC, lH) ,  1.82-1.99 

(mC, 2H) [CHzl, 6.58 (s, NHz) 

(m, 2H), 2.10 (me, 2H) [CHzI, 2.15 (s, 
COCH3) 

13b 5.87 6 7 1  4.25b 9.20 19.7 17.2 1.5 22.2 4.9 3.69(s,COzCH3) 

13d 5.78 6.86 4.83 8.80 19.2 17.2 1.5 22.6 4.9 1.34(d,6.9, CfiCH), 3.72(s,COzCH3) 

13h - 6.75 4.73 8.77 - - 23.1 2 1.62 bnC, lH), 1.79-1.98 (rn. 3H), 2.08 
(me, 2H) [CHzI, 3.73 (s, C02CH3) 

'Solvent CDCh, 25°C: compounds 10e, 12c.h. 13b.d.h; solvent DMSO-4.25"C: compounds l0b.d.h. 
J , ,  = 3.0 Hz. M 

( ' J r  = 22.8 Hz, CHzN), 52.23 (JK = 5.9 Hz, POCH,). 76.83 (OCH,), 118.05 ( 'J, = 188.6 Hz, PC), 
128.52, 129.01 (0-, m-CH), 128.88 (p-CH), 133.99 (i-C), 146.60 (2JK = 5.5 Hz. C-2), 172.81 (CO). 

Dimethyl (3-[N-Acetyl-N-hydroxy)amino]propyl) phosphonaie (15a) 

A. Hydrogenation with Pd-C/H,: A solution of 14a (54 mg, 0.17 mmol) in dry methanol (2 ml) was 
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TABLE X 
”C-NMR spectra of N-hydroxy derivatives 10, 12 and 13 [6J (Hz)] 

~~ 

C-1  Vpc C-2 ZIpC C-3 3Jpc CO Substituents 

lob 119.46 185.5 147.03 4.9 52.17 23.7 161.47 - 
10d 118.52 184.4 151.12 4.4 54.49 22.4 161.55 15.77 (CH3CH) 
10e 120.56 187.9 149.95 6.1 63.05 24.0 161.52 127.94 (p-CH), 128.34, 128.93 (0-, m-CH), 

137.22 (Z-C) 
10h 129.03 176.8 144.05 8.4 54.39 18.9 161.65 20.78 (11.4), 23.61 (8.7), 24.05 (9) [CHzI 
1 2 ~  115.40 188.7 153.03 s 52.61 23.7 172.20 15.59 (CHGHs), 20.57 (COCH3) 
12h  129.20 180.0 144.70 9.7 52.56 21.1 172.06 20.90 (11.3), 23.71 (8.31, 24.40 (9) [CHzI, 20.56 

(CocH3)  
13b 119.72 189.9 146.43 5.5 53.06 25.2 157.88 53.16 (C02cH3) 
13d 118.51 189.5 151.17 5.2 56.16 23.7 157.67 15.67 (CHsCH), 53.03 (co&H3) 
13h 129.36 180.1 144.34 9.8 55.97 20.3 157.63 20.93 (11.3), 23.63 (8.1), 24.24 (1.3) [CH21, 53.07 

(Co&Hd 
~ ....___ 

‘Solvent CDCI,, 25°C for compounds lOe, 12c.h. 13b.d.h; solvent DMSO-&, 25°C for compounds 
10b.d.h. 

stirred over 10% Pd-C (16 mg) under H2-atmosphere for I h at r.t. After filtration, the solvent was 
removed and 15a (34 mg, 89%) isolated by flash chromatography (4 g silica gel, EtOAclMeOH, 9:1, R, 
= 0.18) as a colorless viscous oil. 

B. By catalytic transfer hydrogenolysis: To a solution of 14a (62 mg, 0.2 mmol) in dry EtOH (2 ml) 
was added at r.t. with stirring under Ar atmosphere ammonium formate (75 mg, 1.19 mmol) and 10% 
Pd-C (20 mg). After 50 min 15a was isolated as given above. Keld 36 mg, 80%. ‘H-NMR (CDCI,): 6 
= 1.78-2.02 (m, 4H, 1-H, 2-H), 2.14 (s, 3H, COCH,), 3.70 (d, J = 10.8 Hz, 6H, POCH,), 3.72 (t, J = 
5.9 Hz, 2H, CH,N), 9.52 (br s, IH, OH).--”C-NMR (CDCI,): 6 = 19.15 (’JW = 5.2 Hz, C-2). 20.17 
(CKH,), 21.17 = 140.9 Hz, PCHz), 47.42 (,JK = 10.1 Hz, CHZN), 52.61 (Jpc  = 6.8 Hz, POCH,), 
172.77 (Cob-IR (Si): u (cm-’) = 3417, 3158, 1633, 1235, 1032 (The CO absorption agrees with the 
value for the corresponding diisopropylphosphonate, but is different from the values reported for the 
dimethylester obtained upon esterification of FR 900098 with diazomethane5).-MS (7OeV): m/z (%) = 
225 (5 ,  M+), 166 (45). 138 (25). 110 (50), 56 (100) 

Diisopropyl (3-[(N-hydroxy-N-methoxycarbonyl)amino]butyl) phosphonate (16d): A solution of 6d 
(195 mg, 0.53 mmol) in dry MeOH (6 ml) was stirred over 10% Pd-C (65 mg) under H, atmosphere 
for 1 h at r.t. After filtration the solvent was concentrated to 1 ml at reduced pressure. To the solution 
of the crude butylphosphonate (TLC: CH,CIJEtOAc, 1:9, R, = 0.38, detection by iodine vapour) was 
added NHJMeOH (sat., 2 ml). Transesterification to 16d (R, = 0.21) was complete after 20 min. The 
solvent was removed and 16d (151 mg, 92%) isolated by filtration over silica gel (CH,CI&tOAc, 1:9) 
as a colorless, viscous oil.--’H-NMR (CDCl,): 6 = 1.16 (d, I = 6.4 Hz, 3H, CSCH), 1.25, 1.27, 1.28, 
1.29 [4d, J = 6.9, 5.9, 6.9, and 6.9 Hz, each 3H, POCH(CH,),], 1.59-1.97 (m, 4H, I-H, 2-H), 3.72 (s, 
3H, OCH,), 4.14 (m, IH, CHN), 4.62 (mc, 2H, POCH), 8.70 (br s, lH, OH).--”C-NMR (CDCI,): 6 = 
17.02 gH,CH), 23.39 ( I J K  = 142.6 Hz, PCH,), 23.84, 23.90, 23.94, 23.95 [JW = 4.6, 4.3, 4.5, and 4.8 
Hz, POCHcH,)J, 25.23 (’Jpc = 5.1 Hz, C-2). 52.87 (OCH,), 55.19 (3JE = 9.0 Hz, CHN), 70.46, 70.75 
(’& = 6.9, 6.7 Hz, POCH), 158.16 (CO).-IR (Si) v (cm-I) = 3188 (OH), 1694 (CO).-MS (7OeV): 
d z  (%) = 311 (4, M+), 227 (15). 137 (28), 135 (l(0). 

[ N - ( 3 - D i i s o p r o p o x y p h o s p h o n y l p r o p y l ) - N - h y a  (17b): 5b (437 mg, 1 .O mmol) was prepared 
and hydrogenated as given in Reference 14. The catalyst was filtered off, the filtrate was evaporated at 
reduced pressure, the residue dried by coevaporation with toluene and at 0.01 Torr, then dissolved in 
CH,CIJIFA (each 2 ml), and left for 6 h at r.t. After evaporation, the trifluoroacetate was dried at 0.01 
Torr, and then dissolved in THF/H,O (each 4 ml). To the solution was added KOCN (100 mg, 1.24 
mmol) at r.t. Stirring was continued for 16 h, then the solvents were evaporated and 17b (129 mg, 45%) 
isolated by flash chromatography (14 g silica gel, CH,ClJMeOH 1 5 1 ,  R, = 0.36) as colorless crystals, 
m.p. 115-117°C (EtOAc).-’H-NMR (CDCI,): 6 = 1.29 [d, J = 6.4 Hz, 12H, POCH(C&),], 1.75-1.97 
(m, 4H, I-H, 2-H), 3.58 (t, J = 5.9 Hz, 2H, NCH2), 4.62 (mc, 2H, POCH), 5.38 (br s, 2H, NH,), 9.74 
(br s, IH, OH).-”C-NMR (CDCI,): 6 = 19.66 (’JK = 5.4 Hz, C-2). 23.59 (IJW = 142.2 Hz, PCH,), 
23.91, 23.95 [JW = 4.6 and 3.8 Hz, POCH~H,)J, 49.43 (’Ipc = 8.7 Hz. CH,N), 70.75 (’JW = 6.9 Hz, 
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POCH), 161.58 (CO).-IR (Nujol): v (cm-I) = 3423, 3200, 1644, 1228. 
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