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The Synthesis and Rotational Isomerism of I -Amino-2-imidazol- 
4-ylethylphosphonic Acid [ Phosphonohistidine, His( P)] and I -Amino-2- 
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The synthesis of phosphonohistidine [His( P)] and phosphonoisohistidine [Isohis( P)] is described, in 
each case by a strategy in which the x-aminophosphonic acid grouping is assembled first and the 
imidazole ring is built last. The key ct-aminophosphonic acid building block is phosphonoaspartic 
acid, protected as the N-acetyl phosphonate diethyl ester derivative. The n.m.r. spectra of histidine, 
is0 h istid i ne, p hosp hono h istid i ne, and p hosp honoisoh istidine are anal ysed at three pH va I ues, using 
an iterative spin simulation program to confirm results where necessary. The preferred 
conformations of the four compounds are determined from vicinal H,H and H,P coupling constants. 
This allows prediction of the conformational differences to be expected in replacing carboxylate by 
phosphonate groups. In free energy terms, phosphonate appears to exert a larger steric effect than 
carboxylate by ca. 1 kcal mol-‘. 

The concentration of free serum histidine has been observed to 
be significantly decreased in patients with rheumatoid arthritis. * 
This decrease is specific for histidine and is not associated with a 
fall in the serum levels of other free amino acids2 The role of 
endogenous serum histidine and a possible mode of action of the 
slow acting antirheumatic drug D-penicillamine in man have 
been combined in a hypothesis based on formation in uiuo of 
copper complexes with superoxide dismutase-like a~ t iv i ty .~  
We have, therefore, undertaken the synthesis of analogues of 
histidine for biological evaluation. One aspect of this approach 
involved the synthesis of analogues and derivatives of a-amino- 
2-imidazolepropionic acid (isohistidine), and certain of these 
compounds showed particularly interesting biological proper- 
ties4 In view of these encouraging results we undertook 
the synthesis of the phosphonic acid analogues of histidine 
[phosphonohistidine, His(P)] (16) and isohistidine [phos- 
phonoisohistidine, Isohis(P)] (21) for biological evaluation. 

Results and Discussion 
Synthesis.---Phosphonohistidine is the only phosphonic acid 

analogue of the common amino acids whose synthesis has not 
yet been de~cr ibed .~  Earlier attempts in these laboratories to 
prepare phosphonohistidine from imidazole-containing pre- 
cursors with subsequent incorporation of the a-aminophos- 
phonate grouping have been unsuccessful. For the synthesis of 
both His(P) (16) and Isohis(P) (21) we, therefore, decided to 
adopt a strategy which involved first assembling the x-amino- 
phosphonic acid grouping in a suitably protected form, then 
elaborating the carbon backbone if necessary and finally 
building the imidazole ring. 

The preparation of phosphonoaspartic acid has already been 
described,6 and involved hydrolysis and decarboxylation of the 
crude protected intermediate (2) by heating with concentrated 
hydrochloric acid. We chose this dicarboxylic ester (2), which 
we were able to isolate in pure form, as our a-aminophosphonic 
acid building block. This diester (2) was hydrolysed by 
treatment with 1 equiv. of sodium hydroxide to give a solution 
of pH 7 which was then boiled under reflux to give the mono- 
carboxylic acid (3). This was then re-esterified by treatment with 
ethanol-sulphuric acid to form the monocarboxylic ester (4). 
No conditions were found which gave the desired carboxylic 
ester (4) directly from (2). 
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The acetamido group was then cleaved by successive 
treatment with phosphorus pentachloride-N-methylmor- 
pholine, methanol-N-methylmorpholine, and water,’ and 
the resulting amino group reprotected as the phthalimido 
derivative by reaction with phthalic anhydride. Hydrolysis of 
the carboxylic ester group in compound (6) with base brought 
about undesired concomitant ring-opening of the phthalimido 
group, which was recyclised by treatment with trifluoroacetic 
anhydride to give the fully protected carboxylic acid 
intermediate (8). This was converted into the corresponding 
acid chloride, which was treated with diazomethane and then 
hydrogen chloride to form the chloromethyl ketone (9). 

This key intermediate (9) contained the full backbone of 
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carbon atoms with the appropriate functionality for building 
the required imidazole ring.' Displacement of the chlorine 
with dibenzylamine followed by hydrogenolysis of the resulting 
dibenzylamino group gave the benzylamino ketone (1 1) which 
readily formed the imidazole (12) on treatment with potassium 
thiocyanate. All that now remained was to remove the mercapto 
function and the protecting groups to give His(P) (16). Treat- 
ment with Raney nickel removed the mercapto group, then 
successive treatment first with hydrazine then with strong 
hydrochloric acid cleaved the phthalimido and phosphonate 
ester groups respectively. The N-benzyl group was most con- 
veniently removed by hydrogenolysis to give the desired amino 
acid analogue His(P) (16). Cleavage of the N-benzyl group 
could also be brought about with sodium in liquid ammonia but 
then there were problems in completely removing the resulting 
sodium ions. The sequence shown which uses volatile reagents 
and gives either volatile or water insoluble by-products is the 
most convenient for isolating His(P) (16). 
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The ester (4) was also a suitable a-aminophosphonic acid 
building block for the synthesis of Isohis(P) (21). Treatment of 
this ester (4) with aqueous ammonia gave the corresponding 
amide (17) which was dehydrated to the nitrile (18) by heating 
with acetic anhydride. We found that the addition of a catalytic 
amount of nickel acetateg gave an improved yield of crude 
nitrile (18) which was then easier to purify. The initial product of 
the dehydration reaction with acetic anhydride was the N,N- 
diacetyl derivative of the acetamido compound (18). This could 
be mono-deacetylated by treatment with ammonia, but the by- 
product acetamide could only be removed completely from the 
desired acetamido compound (18) by column chromatography. 
However, mono-deacetylation by treatment with ethane-1,2- 
diamine gave the still basic 2-acetamidoethane-l-amine, so that 
both it and unchanged reagent could be simply removed by 
extraction with aqueous acid.* Reaction of the nitrile (18) with 
methanolic hydrogen chloride gave the imino ester hydro% 
chloride (19). This imino ester was very sensitive to moisture, 
forming the corresponding carboxylic ester which was readily 
detected by n.m.r. Subsequent reaction of the imino ester hydro- 
chloride (19) with aminoacetaldehyde diethyl acetall' gave 
the amidine hydrochloride (20). This was treated with 6~ 
hydrochloric acid, first at room temperature for 24 h then at 
80 "C for 24 h to give, after evaporation, a crude product which 
by n.m.r. analysis contained no OEt or NHAc groups but did 
show imidazole protons at 6 ca. 7.5. The Isohis(P) (21) was 
isolated by absorption onto a cation exchange (H+) column 
followed by elution with ammonia and thorough evaporation of 
the eluate under reduced pressure. Recrystallisation from water 
unfortunately gave a poor recovery, but sufficient material was 
obtained for characterisation and in oitro biological evaluation. 

N.m.r. Spectra.-The rotational isomerism of histidine (22) 
has been examined previously and the populations about the 
C,-C, bond determined at various pH values.' I - '  The 
phosphorus atom in His(P) (16) provides an additional handle 
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particularly for the assignment of the p protons, since three bond 
H,P coupling constants are subject to the same cos2q torsion 
angle dependence as their H,H counterparts.' This was 
demonstrated effectively in a recent paper analysing the n.m.r. 
spectra and rotational isomerism of phosphonoaspartic acid.' 
Comparison of the rotamer populations of histidine (22), 
isohistidine (23), and their phosphonic acid analogues (16) 
and (21) respectively enables the steric requirements of tetra- 
hedral phosphonate to be determined relative to the planar 
carboxylate group. This has implications for drug design in the 
synthesis of false amino acids and peptide mimetics containing 
the phosphonate group. 

Chemical shifts and coupling constants for these four 
compounds are recorded in Tables 1 and 2 respectively. In cases 
where the three protons a, P, and p' were closely coupled, 
assignment was made easier by the fact that the pp' coupling 
*JHH varied very little in the four compounds and was in the 
range - 14 to - 16.5 Hz. Individual assignment of the two p 
protons required an analysis of the rotameric forms present at 
each pH, using the well established dependence of 3JHH and 3JHp 
on cos2cp, where cp is the torsion angle between the C-H and/or 
C-P bonds.16 For example, His(P) (16) in basic solution shows 
small and similar 3JHp values of 6.05 and 6.42 Hz suggesting a 
strong favouring of rotamer (IIb), with the C-P bond bisecting 
the two C-Hp bonds. (9 in each case = 60°.) It is then clear that 
the 'Jab coupling of 11.4 Hz is assigned to that p proton trans to 
the x proton in (IIb). In this way the assignment of the p protons 
in His(P) (16) and Isohis(P) (21) is readily achieved. In His (22) 
and Isohis (23), though the biasing of the conformation is much 
less than in the phosphonate derivatives [rotamer (IIa) mole 
fraction 0.52 for His and 0.67 for IsoHis, both in basic solution], 
the assignment of the P-protons is nevertheless clear, assuming 
the carboxy group to exert a similar influence to that of the 
phosphonate albeit to a lesser extent. 

Model compounds for calculating the absolute values of the 
vicinal coupling constants in the four compounds were alanine 
and the corresponding phosphonate Ala(P) ' which were 
examined in acid, neutral, and basic solution to ensure that 
ionisation did not affect the 3-bond couplings significantly. The 
results (Table 3) allowed the prediction of 3JHp (trans) = 
34.6 and 3JHp (gauche) = 4.9 Hz, using the procedure of 
Siatecki and Kozlowski.' Similarly a combination of several 
approaches 9-21 provided the relevant 3 J ~ ~  values for each 
rotamer. 

The equations finally used to determine rotamer populations 
were as follows: 

' H  J13 = 3.0 pI + 13.0 pII + 2.5 pIII (1) 

J 2 3  = 13.0 PI + 3.0 ~ 1 1  + 3.3 

* We are grateful to Professor J. E. Baldwin for this suggestion. 3 1 P  (3) 
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A small computer program allowed rapid calculation of pI, pII, 
and plrI for each possible assignment of the two p protons. The 
values obtained are recorded in Table 4. The additional con- 
formational information in the two phosphonates provided by 
the JHp values allowed us to discard the assignment which was 
obviously wrong. The rotamer populations for His(P) (16) and 
Isohis(P) (21) determined from 3JHH values on the one hand, 
and from 3JHp values on the other are in reasonable agreement 
considering the approximations involved in the calculation. 

pK, Values (Table 5) were obtained by classical titration 
methods. The imidazole pK, has values between 6.1 and 6.9, as 
proven by following chemical shift changes in the 'H n.m.r. 
spectrum with pH. 

The pK, values obtained allow the prediction of the state 
of ionisation of the 4 compounds at their 'natural' pH. For 
histidine (22) and isohistidine (23) at pH 7.4 and 7.5 respec- 
tively, 95% of the molecules are in zwitterionic form with the 
imidazole unprotonated. For His(P) (16) at pH 5.8 ca. 927; of 
the molecules are neutral, with positive charges on the pro- 
tonated amino and imidazole groups, and the phosphonate as 
the dianion. For Isohis(P) (21) ca. 89% of the molecules are in 
this state. 

The rotamer populations determined from vicinal H,H and 
H,P coupling constants reflect the structural differences which 
cause the conformational biasing. Rotamer (11) with the 
imidazole trans to the carboxylate or phosphonate is preferred 
in all four compounds at all pH values, though more so in base 
than in acid solution. It is tempting to interpret the extra 
population of (11) in base as reflecting some attraction between 

Table 1 .  'H  Chemical shifts in D 2 0  solution 

pH Ha HP HP' H2'* H4'b H5'b 
Histidine 1.7 4.36" 3.48 3.45 7.47 8.72 

7.4 3.99 3.23 3.73 7.10 7.77 
13.3 3.50 2.97 2.80 6.91 7.65 

Isohistidine < 1 4.62 3.77 3.73 7.47 7.47 
7.5 4.04 3.38 3.24 7.10 7.10 

13.5 3.60 3.11 2.84 7.02 7.02 
His(P) - 1 3.68 3.42 3.26 7.45 8.68 

5.8 3.42 3.37 3.14 7.34 8.46 
13.2 2.87 3.08 2.60 6.92 7.66 

Isohis(P) 1.1 3.80 3.52 3.63 7.42 7.42 
6.0 3.77 3.64 3.80 7.34 7.34 

12 2.97 3.18 2.73 7.02 7.02 

" 6 Values, referred to internal TSP. Imidazole ring protons. 

the uncharged NH, and imidazole groups, perhaps by intra- 
molecular hydrogen bonding, however unlikely in aqueous 
solution. The difference between the carboxylates and the 
phosphonates reflected for instance in the differences in 
preference for rotamer (11), indicates that the gauche steric effect 
of phosphonate is larger than carboxylate by ca. 1 kcal mol-'. 
As the phosphonate is tetrahedral and the carboxylate planar 
this may be as expected. The 'A' value (axial/'equatorial energy 
difference) for cyclohexane phosphonate dimethyl ester is 1.9 
kcal mol-' 2 2  and for methyl cyclohexanecarboxylate 1.1 kcal 
m01- l .~~  The difference of 0.8 kcal mol-' is close to the estimate 
found in this work of 1 kcal mol-' for the acid functions P03H, 
and C0,H. In neutral and basic solution the 'A' values for the 
anions of these groups may be considerably larger due to pre- 
ferential solvation. The 'A' value for C02- is 2.2 kcal r n ~ l - ' , ~ ~  
suggesting that the value for PO,H- would be at least 3 kcal 
mol-', explaining to some extent that marked preference for 
rotamer (11) in basic solution. 

Table 3. Variation of Jae and Jep with pH in alanine and 
phosphonoalanine 

PH Jnn JHP 

Alanine 1 7.3 
-7* 7.3 

10 7.0 
Ala(P) 1 7.3 15.6 

-6* 7.2 14.8 
10 7.0 14.7 

* Natural pH in D 2 0  solution. 

Table 4. Rotamer populations" 

Compd. pH PI 
His 1.7 0.34 

7.4 0.17 
13.3 0.20 

Isohis < 1  0.27 
7.5 0.20 

13.5 0.17 

calculated from equations (1)-(4) 

PI, PI,, 
0.37 0.28 
0.5 1 0.32 
0.50 0.30 
0.60 0.13 
0.53 0.27 
0.62 0.2 1 

His(P) -1 0.29 (0.25) 0.61 (0.62) 0.10 (0.13) 
5.8 0.21 (0.17) 0.60 (0.70) 0.19 (0.13) 

13.2 0.01 (0.05) 0.85 (0.91) 0.17 (0.04) 
Isohis(P) 1.1 0.38 (0.39) 0.54 (0.44) 0.08 (0.17) 

6.0 0.35 (0.23) 0.43 (0.55) 0.22 (0.22) 
12.0 0.02 (0.04) 0.85 (0.89) 0.13 (0.07) 

" Calculated from ' H,'H couplings (estimated maximum errors & 20%). 
Bracketed figures calculated from 1H,31P couplings (estimated 

maximum errors & 16%). 

Table 2. Coupling constants J( 'H,'H) and J('H,31P) 

Compd. pH 4 4' PP' CXP PP 
Histidine 1.7 

7.4 
13.3 

7.5 
13.5 

His( P) - 1  
5.8 

13.2 
Isohis(P) 1.1 

6.0 
12.0 

Isohistidine < 1 

6.57" 6.53 
4.76 7.97 
5.12 7.85 
5.73 8.92 
5.1 1 8.1 1 
4.75 9.10 
5.97 9.00 
5.17 8.92 
2.9 1 11.40 
6.86 8.3 1 
6.52 7.20 
3.25 11.41 

- 16.00 
- 15.49 
- 14.63 
- 15.74 
- 15.79 
- 14.73 
- 16.00 - 13.67 8.80 
- 15.89 - 12.31 8.66 
- 14.97 - 11.26 6.05 
- 16.04 -13.22 16.51 
- 16.55 -13.02 11.78 
- 15.01 - 11.25 6.17 

P'P 02' 0'4' 2'4' 

0.09 
0.09 

1.22 
1.22 

12.43 1 .oo 0.69 1.46 
10.00 0.99 0.45 1.28 
6.42 1.05 0.50 1.28 
9.97 

11.31 
6.96 

" Accurate to - k0.05 Hz, and confirmed by simulation of spectra in second-order cases. 
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Table 5. Correlation of pK, values 

His a Isohis His(P)b Isohis(P) 
pK1 2.9 2.7 2.9 2.9 
PK2 4.9 4.6 
PK3 6.1 6.1 6.9 6.9 
PK4 9.4 8.9 9.8 9.5 

a Lit. values 1.8, 5.97, 8.97.26 
and 5-H, pK values of 6.9 and 10.1 are obtained. 
Radiometer Model D470 and Hewlett-Packard 85B computer. 

From chemical shift variation of 2-H 
Determined on a 

Differences between the 2- and 4-substituted imidazoles as 
reflected in rotameric preferences are much smaller than with 
the carboxylate/phosphonate change. Since the two groups are 
almost identical sterically, any conformational differences may 
reflect electrostatic effects which are more difficult to predict, 
since charge calculations do not take account of the critical role 
of solvation in dissipating charges. 

In conclusion, replacing carboxylate by phosphonate in 
amino acids or at the C-terminus of a peptide provides a more 
polar end group, for the extra steric requirements of such a 
group may well negate any extra binding to positively charged 
groups on the receptor protein. Introducing isohistidine as a 
replacement for histidine, on the other hand is a more subtle 
change which may well modify enzyme/substrate or enzyme/ 
inhibitor interactions. 

Biological Activity.-Both His(P) (16) and Isohis(P) (21) 
showed superoxide dismutase-like activity in uitro, but showed 
no interesting in uivo anti-rheumatic activity. 

Experimental 
'H N.m.r. spectra were determined on Bruker WM-300 and 
AM-400 spectrometers. Detailed analyses were carried out on 
spectra determined for acid (pH ca. l), neutral (pH 5-7), and 
alkaline (pH > 10) solutions (ca. 0.15~) of histidine, iso- 
histidine, and their corresponding phosphonic acids at 313 K to 
improve resolution. 'H Spectra were analysed, by first-order 
methods where appropriate, and using the Bruker iterative 
program PANIC in the more closely coupled systems to 
simulate the spectra. The chemical shifts were determined to 
+O. 1 Hz and the coupling constants to 0.05 Hz except where 
stated. Chemical shifts are referred to internal TSP (3-trimethyl- 
silyl propionate). The pK, values for the four compounds were 
determined by classical titration methods. In one case [His(P)], 
the pK, values were confirmed by titration using the n.m.r. 
chemical shifts to obtain the curves. 

Thin layer chromatograms (t.1.c.) were run on Merck silica gel 
F-254 plates in the solvent systems (A) H,O-CH,CN 1 :4; (B) 

NH, 3:3:2:1; (E) Pr'OH-EtOAc 2:3. 
EtOAc; (C) MeOH-CH,Cl, 1 19; (D) BuOH-EtOH-H20-880 

Diethj'l [Acetamido(diethoxyphosphinoyl)methyl]malonate 
(2).6--A mixture of diethyl acetamidomethylenemalonate (229 
g, 1 .O mol) (1)  and freshly distilled diethyl phosphite (1 5 1.8 g, 1 . 1  
mol) was stirred and heated to 60 "C. The heating bath was then 
removed while ethanolic sodium ethoxide ( 1 ~ ;  5 ml) was added 
in 1 ml portions, whereupon an exothermic reaction took place, 
the reaction temperature rising to ca. 105 "C. The reaction 
mixture was stirred and heated at 100 "C for 1.5 h and then 
cooled to below 30 "C. The mixture was boiled under reflux with 
ether (400 ml) until a clear solution was formed, then this 
solution was filtered and the filtrate cooled at 0 "C. The 
precipitated pale yellow crystals of the dicarboxylic ester (2), were 
filtered off and dried (308.9 g, 8404), m.p. 63-65 "C (Found: C, 

46.1; H, 7.0; N, 4.0; P, 8.1. Cl,H2,N08P requires C, 45.8; H, 7.1; 
N, 3.8; P, 8.4%);* G(CDC1,) 1.3 (12 H, m, CH,CH,O), 2.03 (3 H, 
d, CH,CONH), 3.9 [l H, m, CHCH(CO,Et),], 4.2 (8 H, m, 
CH,CH,O), 5.18 [l H, m, P(O)CHCH], and 7.02 (1 H, d, NH). 

3- A ce tamido- 3 -(die thoxyphosph in oy 1 )prop ionic Acid (3)  .- 
The malonate diester (2) (184 g, 0.5 mol) was dissolved in 
aqueous sodium hydroxide ( IM; 500 ml) and the solution kept 
at room temperature for 24 h. The solution, now pH ca. 7, was 
boiled under reflux for 3 h, then passed down a column of 
Duolite C225 (Hf form) (600 ml wet resin) and the column 
eluted with water until the eluate pH was ca. 4. The eluates were 
combined and evaporated under reduced pressure. The colour- 
less syrup obtained was dissolved in ethanol (400 ml) and the 
solution evaporated once more. Trituration of the residual 
colourless gum with ether (500 ml) gave crystals (126.7 g, 9573, 
m.p. 108-1 15 "C. Two recrystallisations from methyl ethyl 
ketone gave the pure carboxylic acid (3), m.p. 130-132OC 
(Found: C, 40.2; H, 6.75; N, 5.3; P, 11.5. C,H ,NO,P requires C, 
40.45; H, 6.8; N, 5.2; P, 11.6%); 6(D20) 1.31 (6 H, t, CH,CH,O), 
2.0 (3 H, d, CH,CONH), 2.7 and 2.91 (2 H, m, CHCH,CO,H), 
4.2 (4 H, m, CH,CH,O), and 4.78 [l H, m, P(O)CHCH,]. 

Ethyl 3-Acetamido-3-(diethoxyphosphinoyl)propionate (4).- 
The crude acid (3)  (78.5 g, 294 mmol) was added to a solution of 
concentrated sulphuric acid (1.6 g) in ethanol (630 ml), and the 
mixture stirred and boiled under reflux for 4.5 h; the solid 
dissolved during the first hour. The solution was cooled to room 
temperature and 10% aqueous potassium hydrogen carbonate 
added to adjust the pH to 7-8. The mixture was evaporated at 
40 "C under reduced pressure and the residue partitioned 
between dichloromethane (300 ml) and saturated aqueous 
potassium hydrogen carbonate (300 ml). The aqueous phase 
was extracted with more dichloromethane (2 x 150 ml), and 
the extracts were combined and evaporated at 30 "C under 
reduced pressure to give a mobile colourless syrup (48.0 g, 55%) 
which slowly crystallised with time. Sublimation at 160 "Cl0.l 
mmHg gave the pure carboxylic ester (4) as low-melting 
deliquescent crystals (Found: C, 43.05; H, 7.8; N, 4.6; H,O, 4.0. 
Calculated to dryness C, 44.8; H, 7.7; N, 4.8. C,,H,,NO,P 
requires C, 44.75; H, 7.5; N, 4.7%); G(CDC1,) 1.30 (9 H, m, 
CH,CH,O), 2.0 (3 H, s, CH,CONH), 2.75 (2 H, m, 
CHCH,CO,Et), 4.18 (6 H, m, CH,CH,O), 4.9 [l H, m, 
P(O)CHCH,], and 6.4 (1 H, d, NH). 

Ethyl 3-Amino-3-(dietho.~~,phosphinoyl)propionate (5).-A 
solution of the acetamido compound (4) (29.5 g, 0.1 mol) and 
N-methylmorpholine (24.2 g, 0.24 mol) in dry carbon tetra- 
chloride (280 ml) was cooled in ice-salt and stirred while a 
solution of phosphorus pentachloride (25.0 g, 0.12 mol) in dry 
carbon tetrachloride (280 ml) was added during 30 min, the 
reaction temperature being kept at - 10 "C. The resulting 
yellow mixture was stirred for 1 h at 0-5 "C, then recooled in 
ice-salt, and treated with a solution of N-methylmorpholine 
(24.2 g, 0.24 mol) in methanol (140 ml) at < O  "C. After being 
stirred for a further 2 h at 0-5 "C, the mixture was diluted with 
water (340 ml) and transferred to a separating funnel. The 
aqueous layer was separated and concentrated under reduced 
pressure until ca. 150 ml of distillate had been collected. The 
residue was extracted with dichloromethane (2 x 150 ml) and 
then cooled in ice and neutralised to pH 8 by addition of 2M 
aqueous sodium hydroxide. The solution was extracted again 
with dichloromethane (4 x 150 ml), the dried (Na,SO,) 
extracts evaporated under reduced pressure, and the residual 

* This compound with first obtained crystalline by Dr. P. J. Machin of 
these laboratories. 
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syrup dissolved in ether (100 ml). The ether solution was filtered 
from a little insoluble material then evaporated under reduced 
pressure to give the carboxylic ester (5) (21.0 g, 83%) as a yellow 
syrup, RF 0.65 (system A, ninhydrin spray); G(CDC1,) 1.20 (3 H, 
t, CO,CH,CH,), 1.26 [6 H, t, PO(OCH,CH,),], 1.72 (2 H, br s, 
NH,), 2.43 and 2.73 (2 H, dm, CHCH,CO,Et), 3.48 [l H, m, 
P(O)CHCH,], 4.10 (2 H, q, CO,CH,CH,), and 4.12 [4 H, q, 
PO(OCH,CH,),]. 

Ethyl 3-( Dietho.uyphosphinoyl)-3-phthalimidopropionate 
(6).-A solution of the amino compound (5 )  (21.0 g, 83 mmol) 
and phthalic anhydride (13.4 g, 91 mmol) in toluene (400 ml) 
was boiled under reflux for 3 h. Water (1.5 ml) which formed 
during the reaction was collected using a Dean and Stark trap. 
The solution was cooled, washed successively with 2~ hydro- 
chloric acid (2 x 200 ml), 1~ aqueous sodium carbonate 
(2 x 200 ml). and water (200 ml), and dried (Na,SO,). 
Evaporation of the toluene solution under reduced pressure 
gave crude phthalimido compound (6) (24.3 g, 76%) as a yellow 
syrup. A sample was chromatographed on silica gel 60 using 
ethyl acetate-hexane (70: 30) as the eluting solvent. The purified 
product was obtained as a colourless syrup, R F  0.60 (system B, 
U.V. absorption); G(CDC1,) 1.17 (3 H, t, CO,CH,CH,), 1.36 
[6 H, dt, PO(OCH,CH,),], 3.07 and 3.64 (2 H, dm, 
CHCH,CO,Et), 4.09 (2 H, m, CO,CH,CH,), 4.22 [4 H, ni, 
PO(OCH,CH,),], 5.12 [l H, m, P(O)CHCH,], and 7.77 and 
7.87 (4 H, dm, ArH). 

3-(2-Carbo x ~~bt~nzamido)-3-(diethoxyphosphinoyl)propionic 
Acid (7).-Aqueous sodium hydroxide (IM; 124 ml, 124 mmol) 
was added to a stirred solution of the crude phthalimido 
compound (6) (22.7 g, 59 mmol) in ethanol (7 ml). After 1 h a 
clear solution was obtained which was kept at room temper- 
ature overnight. The solution was concentrated to remove 
ethanol and then passed down a column containing Duolite 
C225 cation exchange resin (300 ml of wet resin, H +  form). The 
column was eluted with water and the acidic eluate collected 
and evaporated under reduced pressure. The residue was 
dissolved in ethanol (300 ml) and evaporated and then dissolved 
i n  dichloromethane (300 ml) and evaporated again to give a 
crisp foam (2  I .4 g, 97'%,). This product could be crystallised from 
ethanol to give white crystals of the 3-(2-carboxybenzamido) 
compound (7) cfhtinol solcute. m.p. 93-98 "C, R, 0.38 (system 
A, U . V .  absorption) (Found: C, 48.5; H, 6.25; N, 3.25; P, 7.6. 
ClSH2,NO,P~C,H,O requires C, 48.7; H, 6.25; N, 3.3; P, 
7.4",,); b(CDC1,) 1.19 (3 H, t, CH,CH,OH), 1.32 [6 H, dt, 
PO(OCH,CIf,)21, 2.85 (2 H, m, CHCH,CO,H), 3.67 (2 H, q, 
CH,CH,OH), 4.17 [4 H, m, PO(OCH,CH,),], 5.04 [ l  H, m, 
P(O)CHCH,]. 7 5 (4 H. m, ArH), 7.84 (1 H, d, NH), and 8.49 
(3 H, br s, X 0 2 H  and CH,CH,OH). 

3 - ( ll ic t I? ox ypho \pli inoj.1)- 3 -ph t hcdirn itloprop ionic A cid (8). - 
The crude 3-(2-carboxybenzamido) compound (7) (21.3 g, 57 
mmol) was diswlved in trifluoroacetic anhydride (42 ml) with ice 
cooling. The solution was kept at room temperature overnight 
and then evaporated to dryness under reduced pressure. The 
residue was treated with water (200 ml) and the mixture stirred 
for 15 min; It uiis then extracted with dichloromethane (200 ml, 
100 ml). The combined extracts were washed with water (100 
ml), dried (NaZSO,). and evaporated under reduced pressure to 
give a syrup (20.1 g) which crystallised. Recrystallisation from 
ethyl acetate gave the phthcrlirnido compound (8) (12.3 g, 61",), 
m.p. 153.5 - IS7 5 "C. A second recrystallisation from ethyl ace- 
tate gave material. m.p. 155-158 OC, RF 0.45 (system C, U.V. 
absorption) ( F  ound: C,  5 1 .O: H, 5.2; N, 4.0; P, 8.5. C 5H ,NO-P 
requires C.  50.7. H. 5.1; N, 3.9; P, 8.77;); G(CDC1,) 1.3 [6 H, dt, 
PO(OCH,CH, )I. 3 05 and 3.56 (2 H, dm, CHCH,CO,H), 4.16 

[4 H, m, PO(OCH,CH,),], 5.05 [l H, m, P(O)CHCH,], 7.77 
(4 H, 2m, ArH), and 8.5 (1 H, br s, C0,H). 

1 -Chloro-4-dietho.~~phosphino~vl-4-phthulimidobutc~n-2-one 
(9).-A suspension of the carboxylic acid (8) (30 g, 84.5 mmol) in 
toluene (150 ml) was stirred and cooled in ice while a solution of 
phosphorus pentachloride (21.1 g, 102 mmol) in toluene (180 
ml) was added during 15 min, the reaction temperature being 
kept below 10°C. The resulting solution was stored at room 
temperature overnight and then evaporated to dryness under 
reduced pressure in a carefully dried rotary evaporator to yield 
the corresponding acid chloride (31.6 g) as a syrup. This was 
dissolved in anhydrous ether (300 ml) and the solution added 
gradually to a stirred solution of ethanol-free diazomethane 
(7.86 g, 187 mmol) in ether (634 ml) (prepared from N-methyl- 
N-nitrosotoluene-4-sulphonamide) with cooling in ice-salt. The 
solution was stirred at t O  "C for 1 h and then stored at room 
temperature overnight. The solution was again cooled in ice- 
salt while it was saturated with dry hydrogen chloride gas. The 
mixture was then filtered and the filtrate evaporated to dryness 
under reduced pressure. The residual syrup was dried azeo- 
tropically with toluene (400 ml) and then dissolved in warm 
ether (150 ml) and the solution filtered. On cooling (finally to 
-20 "C), the filtrate deposited crystals of the chloro ketone (9) 
(26.2 g, go%), m.p. 7&73 "C. A sample recrystallised from ether 
had m.p. 72.5-74.5 "C, RF 0.50 (system B,  U.V. absorption) 
(Found: C, 49.6; H, 5.0; C1, 9.2; N, 3.7; P, 8.0. C,,H,,ClNO,P 
requires C, 49.6; H, 4.9; C1,9.1; N, 3.6; P, 8.0%; G(CDC1,) 1.33 [6 
H, dt, PO(OCH,CH,),], 3.40 and 3.98 (2 H, dm, CHCH2CO), 
4.21 [6 H, m, PO(OCH,CH,), and COCH,Cl], 5.16 [l H, m, 
P(O)CHCH,], and 7.79 (4 H, dm, ArH). 

1 - Diben~ylar?~ino-4-detho.u~~~~osphino~~l-4-p/it/iulimi~obutan- 
2-one (lo).-A solution of dibenzylamine (55.0 g, 279 mmol) 
in acetonitrile (250 ml) was added during 10 min to a stirred 
solution of the chloro ketone (9) (51.5 g, 133 mmol) in aceto- 
nitrile (250 ml). The yellow solution was stirred at room 
temperature for 20 h, during which time a precipitate of dibenzyl- 
amine hydrochloride separated. The mixture was evaporated to 
dryness under reduced pressure and the residue shaken with a 
mixture of water (500 ml) and toluene (500 ml). The mixture was 
filtered and the aqueous layer separated and extracted again 
with toluene (100 ml). The combined toluene extracts were 
washed with water (100 ml), dried (Na,SO,), and evaporated 
under reduced pressure to yield a syrup which crystallised on 
trituration with light petroleum (b.p. 60-80 "C; 100 ml). The 
product was filtered off, washed with light petroleum, and dried 
in twcuo to give the diberzzylumirzo compound (10) (70.3 g, 9600, 
m.p. 78-82.5 "C. A sample recrystallised twice from diethyl 
ether had m.p. 83-85.5 "C, R F  0.70 (system B, U.V. absorption) 
(Found: C, 65.7; H, 6.1; N, 5.2; P, 5.6. C30H33N206P requires C, 
65.7; H, 6.1; N, 5.1; P, 5.65%); G(CDC1,) 1.31 [6 H, dt, 
PO(OCH2CH,),],3.20,and 3.78(2 H,dm,CHCI-I,CO),3.23 (2 
H, s, COCH,N), 3.63 [4 H, q, N(CH,Ph),], 4.17 [4 H, m, 
PO(OCH,CH,),], 5.12 [ l  H, m, P(O)CHCH,], 7.3 [lo H, m, 
(CH,Ph),], and 7.76 (4 H, dm, Phth). 

1 - Benzj~lamino-4-dic t h o s j  phosp h inojil-4-ph t halim ido hu t (I FI  - 2- 
one Hj,droc/iluride (1 l).-A solution of the dibenzylamino 
compound (10) (68.0 g, 124 mmol) in IM ethanolic hydrogen 
chloride (1 500 ml) was hydrogenated at room temperature and 
atmospheric pressure in the presence of 10% Pd-C catalyst (5.0 
g) until uptake of hydrogen ceased. The catalyst was filtered off 
and the pale yellow filtrate evaporated to dryness under reduced 
pressure to give the crude hydrochloride (11 )  (61.4 g) as a crisp 
foam. 

Dietlij.1 [2-( 1 - Brnrj~l-2-niercuptoinii~u~~l-4-j~l)-  I -phthIi- 
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midoethy1)phosphonate (12).-A solution of potassium thio- 
cyanate (17.5 g, 180 mmol) in ethanol (450 ml) was added at 
room temperature to a stirred solution of the crude hydro- 
chloride (11) (61.0 g, 120mmol) in ethanol (450 ml), to give a red 
suspension. The red mixture was stirred and boiled under reflux 
for 2 h during which time it turned yellow. It was evaporated 
then to dryness under reduced pressure and the residue 
partitioned between 1~ hydrochloric acid (500 ml) and dichloro- 
methane (500 ml, 250 ml). The combined extracts were washed 
with water (250 ml), dried (Na,SO,), and evaporated under 
reduced pressure. The residue (60.5 g) was crystallised from 
ethanol (480 ml) to give the imidazole (12) (46.8 g, 76%), m.p. 
169-171 "C. A sample recrystallised from ethanol had m.p. 
171.5-173 "C, R, 0.42 (system B, U.V. absorption) (Found: C, 
57.5; H, 5.2; N, 8.5; P, 6.2; S, 6.2. C,,H,,N,O,PS requires C, 
57.7; H, 5.25; N, 8.4; P, 6.2; S, 6.4%); G(CDC1,) 1.33 [6 H, dt, 
PO(OCH,CH,),],3.32 and 3.78 (2 H,dm,CHCH,),4.28 [4 H, 
m, PO(OCH,CH,),], 5.07 (2 H, d, NCH,Ph), 5.10 [l H, m, 
P(O)CHCH,], 6.25 (1 H, s, Imid. CH), 7.1 ( 5  H, m, CH,Ph), 
7.76 (4 H, m, Phth), and 11.62 (1 H, br s, SH). 

Diethyl [2-( 1 -Benzylimidazol-4-yl)- 1 -phthalimidoethyl]phos- 
phonate (13).-A solution of the thiol (12) (32 g, 64 mmol) in 
ethanol (600 ml) was stirred with W-5 Raney nickel25 (75 g of 
ethanol-wet solid) and boiled under reflux for 3 h. If the reaction 
was incomplete at this stage, as shown by t.1.c. (system C, U.V. 
absorption), further portions of Raney nickel were added and 
refluxing continued until no remaining thiol could be detected. 
The nickel was removed by filtration through 'Hyflo' and the 
filtrate evaporated to dryness. The residual syrup was recrystal- 
lised from toluene to give the title compound (13) (19.8 g, 6670, 
m.p. 1 2 6 1 2 7  "C (Found: C, 61.9; H, 5.6; N, 8.75; P, 6.5. 
C,,H26N30,P requires C, 61.7; H, 5.6; N, 9.0; P, 6.6%); 
G(CDC1,) 1.34 [6 H, dt, PO(OCH,CH3),], 3.27 and 3.75 (2 H, 
dm, CHCH,), 4.23 [4 H, m, PO(OCH,CH,),], 4.95 (2 H, s, 
CH,Ph), 5.05 [l H, m, P(O)CHCH,], 6.60 (1 H, s, Imid. 4-H), 
6.89 and 7.16 (2 H, and 3 H, dm, CH,Ph), 7.34 (1 H, s, Imid. 
2-H), and 7.72 (4 H, dm, Phth). 

Diethyl [ 1-Amino-2-( 1-benzylimidazol-4-yl)ethyl~phos- 
phonate (14).-A solution of the phthalimido compound (13) 
(25.7 g, 55 mmol) in ethanol (120 ml) was stirred at room 
temperature while a solution of hydrazine hydrate (4.21 g, 84 
mmol) in ethanol (120 ml) was added. The solution was boiled 
under reflux for 3 h and then evaporated to dryness under 
reduced pressure. The residue was treated with 1~ hydrochloric 
acid (250 ml), and the phthalohydrazide filtered off and washed 
with water (2 x 25 ml). The combined filtrates were extracted 
with dichloromethane (2 x 100 ml) and then adjusted to pH 8 
by addition of 2~ aqueous sodium hydroxide. The solution was 
then extracted with dichloromethane (150 ml, 2 x 100 ml) and 
the combined extracts were dried (Na,SO,) and evaporated to 
dryness under reduced pressure to give the crude amino 
compound (14) as a syrup (17.3 g, 93%). 

[ 1 -Amino-2-( 1 -benzylimidazol-4-yl)ethyl]phosphonic Acid 
(15).-A solution of the crude phosphonate diester (14) (25.5 g, 
76 mmol) in 6~ hydrochloric acid (255 ml) was stirred and 
boiled under reflux for 20 h. The solution was evaporated to 
dryness under reduced pressure and the residue treated with 
water (250 ml) and evaporated again. The residue was redis- 
solved in water (50 ml) and the solution adjusted to pH 6 by 
addition of ammonia (d 0.880) and refrigerated for 2 h. The 
crystalline solid which separated was filtered off, washed with 
ice-cold water (25 ml), and dried to give the phosphonic acid (15) 
(14.8 g), m.p. 257-258 "C (decomp.). A second crop (2.5 g) was 
obtained by concentration of the filtrate followed by readjust- 
ment of the pH to 6; total yield 17.3 g (82%). A sample 

recrystallised from water had m.p. 258.5-260 "C (decomp.), R, 
0.38 (system D, ninhydrin spray) (Found: C, 46.1; H, 6.4; N, 13.6; 
P, 10.0; H,O, 9.5. Calc. to dryness: C, 50.9; H, 5.9; N, 15.0; P, 
11.0. C12H,6N,03P requires C, 51.25; H, 5.7; N, 14.9; P, 11.0%); 
G(D,O/DCl) 3.2 and 3.4 (2 H, dm, CHCH,), 3.66 [l H, m, 
P(O)CHCHJ, 5.40 (2 H, s, CH,Ph), 7.47 (6 H, m, CH,Ph and 
Imid. 4-H), and 8.80 (1 H, d, Imid. 2-H). 

1 - Atnino-2-imidazol-4-ylethylphosphonic Acid (Phosphono- 
histidine) (16).-A solution of the N-benzyl compound (15) 
(20.7 g, 74 mmol) in water (1 500 ml) containing ammonia 
(d 0.880) (4 ml) was hydrogenated at room temperature and 
atmospheric pressure in the presence of 10% Pd-C (10 g) until 
t.1.c. (system D, ninhydrin spray) showed that no N-benzyl 
compound (15) remained (ca. 40 h). The catalyst was removed 
by filtration and the colourless filtrate evaporated to dryness. 
The residual solid foam (13 g) was recrystallised from water 
(45 ml) to give the phosphonohistidine (16) as colourless crystals 
(7.1 g, after drying at 60 "C in uacuo followed by overnight 
equilibration by exposure to the atmosphere), m.p. 255-256 "C 
(efferv.) (Found: C, 26.5; H, 6.35; N, 18.6; P, 13.6; H,O, 15.6. 
C5H,,N303P-2H,0 requires C, 26.4; H, 6.2; N, 18.5; P, 13.6; 
H,O, 15.9%). A second crop of product (3.7 g) was obtained by 
concentration of the recrystallisation mother liquors, total yield 
10.8 (64%). 

3 -A cet amido- 3-( die t hoxyp hosphinoy 1 )propionamide ( 1 7)- 
The ethyl ester (4) (1 11 g, 376 mmol) was dissolved in ammonia 
(d 0.880; 900 ml) and the solution was stored at room temper- 
ature for 24 h. It was then evaporated to dryness under reduced 
pressure at 40 "C and the residue dissolved in ethanol (250 ml); 
the solution was once more evaporated to dryness. The residual 
oil was dissolved in acetone (500 ml), seeded, and the mixture 
stored in the refrigerator for 24 h. The precipitated 3-acetamido 
compound (17) was filtered off, washed with acetone (200 ml), 
and light petroleum (b.p. 4&60 "C, 2 x 200 ml) and then dried 
(84.1 g, 84%), m.p. 141-147 "C, R, 0.2 (system E, Cl,/KI 
visualisation). Recrystallisation from butanol gave material 
with m.p. 159-161 "C (Found: C, 40.6; H, 7.1; N, 10.5; P, 11.3. 
C,H,,N,O,P requires C, 40.6; H, 7.2; N, 10.5; P, 11.6%); 6 (100 
MHz, D,O) 1.30 (6 H, t, CH,CH,O), 2.0 (3 H, d, CH,CONH), 
2.7 (2 H, m, CHCH,CONH,), 4.2 (4 H, m, CH,CH,O), and 4.8 
[l H, m, P(O)CHCH,]. 

3-Acetamido-3-dietho.~yphosphinoylpropionitrile (IS).-A 
solution of the amide (17) (28.7 g, 108 mmol) and nickel acetate 
tetrahydrate (0.29 g, 1.16 mmol) in acetic anhydride (250 ml) 
was stirred at 160 "C (bath temperature) under reflux for 3 h. 
The solution was cooled and evaporated to dryness under 
reduced pressure. The residual oil was dissolved in water 
(2 x 150 ml) and the solution evaporated to dryness once more. 
The pale brown syrup was dissolved in water (50 ml), ethane- 
1,Zdiamine (6.5 g, 108 mmol) added, and the strongly alkaline 
solution was stored for 2 h at room temperature. The solution 
was extracted with dichloromethane (4 x 50 ml) and the com- 
bined extracts were washed with 4~ HCI (40 ml), dried 
(Na,SO,), and evaporated to dryness under reduced pressure to 
give the nitrile (18) (14.3 g, 5373, R,  0.7 (system A, U.V. 
absorption). Recrystallisation from toluene gave material with 
m.p. 91-92 "C (Found: C, 43.4; H, 6.8; N, 11.2; P, 12.3. 
C,H,,N,O,P requires C, 43.55; H, 6.9; N, 11.3; P, 12.5%); 
G(CDC1,) 1.37 (6 H, dt, CH,CH,O), 2.08 (3 H, d, CH,CONH), 
2.85 (2 H, m, CHCH,CN), 3.20 (4 H, m, CH,CH,O), 3.73 [l H, 
m, P(O)CHCH,], and 7.75 (1 H, d, NH). 

Diethyl (1 -Acetumido-3-imino-3-methoxypropyl)phosphonate 
Hydrochloride (19).-All the reagents used in this preparation 
were carefully dried before use, and moisture was excluded 
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throughout. The nitrile (18) (2.0 g, 8 mmol) was dissolved in 
dichloromethane (20 ml), methanol (0.32 g, 10 mmol) added and 
the solution cooled in ice-salt and saturated with hydrogen 
chloride. The mixture was cooled thus for 1 h and then stored 
in the refrigerator overnight. The solution was evaporated to 
dryness under reduced pressure (oil-pump) and the residue 
redissolved in dichloromethane (20 ml) and re-evaporated to 
dryness to leave the imino ester hydrochloride (19) as a white 
foam (2.7 g) still containing a little residual dichloromethane. 

Diethjd [ 1 - Acetumido-3-(2,2-diethoxyethylamino)-3-imirzo- 
propyl lphosphonute Hydrochloride (20).-The crude imino 
ester hydrochloride (19) (2.7 g, 8 mmol) was dissolved in dry 
methanol (20 ml) and a solution of aminoacetaldehyde diethyl 
acetal (1.07 g, 8 mmol) in dry methanol (20 ml) added. After 
storage at room temperature over the weekend, the solution was 
evaporated to dryness under reduced pressure to leave the crude 
amidine hydrochloride (20) as an oily solid (3.5 g) containing a 
little methanol. 

1 - Amino-2-imidazol-2-ylethylphosphonic Acid (Phos- 
phonoisohistidine) (21).-The crude amidine hydrochloride (20) 
(3.5 g) was dissolved in 6~ hydrochloric acid (45 ml) and stored 
at room temperature for 24 h. An n.m.r. spectrum of a sample 
evaporated to dryness showed ca. 92% loss of ethoxy groups. 
The reaction mixture was then heated at 8 0 ° C  for 24 h. An 
n.m.r. spectrum of a sample evaporated to dryness now showed 
almost complete loss of ethoxy and acetyl groups and the 
presence of an imidazole peak at 6 7.5. The reaction mixture was 
evaporated to dryness under reduced pressure, the residue 
dissolved in water (30 ml), and the solution applied to a column 
of Duolite C225 cation exchange resin (12 ml, Hf  form). Elution 
with water (100 ml) and evaporation of the eluate to dryness 
gave a dark brown gum (1.17 g), the n.m.r. spectrum of which 
showed only a small peak at 6 7.5. The column was then eluted 
with I M  ammonia (30 ml), 3h.1 ammonia (70 ml), and 5h.1 
ammonia (50 ml). The combined eluates were evaporated to 
dryness under reduced pressure to leave a brown gum (0.84 g), 
the n.m.r. of which was consistent with the desired product. 

This product was combined with material from earlier prep- 
arations (total 1.92 g) and crystallised from water (9 ml). The 
precipitated crystals were filtered off, washed with ice-cold 
water (2 x 1 ml), and dried. The almost white hygroscopic 
phosphonoisohistidine (21) was allowed to equilibrate in the air 
overnight: yield 0.27 g, m.p. 160 “C (softened and decomp.), R, 
0.6 (cellulose, BuOH-H,O-AcOH 5 : 3 : 2, ninhydrin spray) 
(Found: C, 26.4; H, 6.3; N, 18.4; H,O, 16.0%. Calc. to dryness C, 
31.4; H, 5.4; N. 21.9. C,H,,N,O,P requires C, 31.4; H, 5.3; N, 
22.0”,,). 
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