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Abstract 

Studies of the derivatization of aminoalkanephosphonic acids by means of carboxylic anhydrides-trialkyl 
orthoester systems are reported. Gas chromatographic separations of mixtures of derivatized 1-aminoalkane- 
phosphonic acids and low-resolution electron impact mass spectra for the derivatives studied are presented. 

1. Introduction O R' 

II I 
Phosphonic acids bearing amino functions (HO)2p - C_NH 2 

have been found to possess substantial impor- 
tance in pure, applied and environmental ] 
chemistry owing to their chelating [1,2] and R 
biological properties [3,4]. For these reasons, 1 
their determination, mainly based on chromato- O R'  
graphic methods, is of current interest in the [[ [ 
analytical chemistry of organophosphorus corn- (R20)2P - C - N = C H - O R  2 
pounds [5-7]. 

Recently we reported on the scope of the [ 
derivatization of 1-aminoalkanephosphonic acids R 
(1) by means of trialkyl orthoformates [8,9], 4 
according to the equation 
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where TFA = trifluoroacetic acid. The volatile 
derivatives 4 and 5 have been found to be the 
suitable models for analysis by gas chroma- 
tography-mass spectrometry (GC-MS),  similar- 
ly to their amino ester analogues 3 [10]. How- 
ever, the formation of two sets of derivatives 4 
and 5 during the derivatization of 1 is a limita- 
tion of this procedure, especially in the analysis 
of more complex mixtures of 1. 

In this paper, we report another approach, 
involving the derivatization of 1-aminoal- 
kanephosphonic acids (1) into the volatile N- 
acylaminoalkanephosphonates (5), which is 
based on the use of carboxylic anhydride-trialkyl 
orthoformate systems. This two-step, one-pot 
procedure is described by the general scheme 
presented in Eq. 2. 
{The 1-(N-formylamino) alkanephosphonates 
2AA* and 2AB * were described in previous 
papers [8,9].} An illustration of the GC-MS 
characteristics of the N-acylaminoalkanophos- 
phonates 5 is also presented. 

2. Experimental 

2.1. Materials 

Acetic acid, acetic anhydride, trimethyl ortho- 
acetate, triethyl orthoformate, trimethyl ortho- 
formate, trifluoroacetic acid and trifluoroacetic 
anhydride were purchased from Aldrich (Mil- 
waukee, WI, USA). 1-Aminoalkanephosphonic 
acids (1) were prepared according to Ref. [11] 

and phosphonoglycine (la) according to Ref. 
[12]. All aminoalkanephosphonic acids were of 
the purity reported previously [11,12]. 

2.2. Preparation of  derivatives 5 

The conversions of 1-aminoalkanephosphonic 
acids (1) into the volatile derivatives 5 were 
carried out in a Wheaton 1-ml micro product 
V-vial, equipped with a spin vane, placed in a 
thermostated oil-bath. 

In order to prepare a series of 1-(N- 
acetylamino)alkanephosphonates (5B), samples 
of 1 (0.1-5 mg) were dissolved in acetic acid 
(0.05 ml)-acetic anhydride (0.05 ml) and the 
resulting solutiot.s were heated with stirring at 
100°C for 10 min. Then the reaction mixture was 
cooled to ca. 40-50°C and trialkyl orthoformate 
(0.4 ml) or trialkyl orthoacetate (0.4 ml) was 
added. The resulting mixtures were stirred at 
100°C for 1.5 h (the derivatizations were usually 
completed after 1 h) and after this time the 
reaction mixtures were analysed by GC and/or 
GC-MS.  

For the preparation of 1-(N-trifluoro- 
acetylamino)alkanephosphonates (5C), samples 
of 1 (0.1-5 mg) were dissolved in trifluoroacetic 
acid (TFA) (0.05 ml)-trifluoroacetic anhydride 
(0.05 ml) and the solutions were heated with 
stirring for 10 min at 30-40°C. Then trialkyl 
orthoformate (0.40 ml) was carefully added and 
the resulting mixtures were stirred at 100°C for 
1.5 h (the derivatizations were usually completed 
after 1 h). 

O R ~ o o O R ~ O 

TFA-Y-C-O-C-Y (HO)=p-  C-NH  , (HO) p- C -NH-C-Y 

R 

2 

2B (Y = Me) 

2C (Y = CF3) 

HE(OR2)3 

O R ~ O 

II I il 
> (R20)2P - C - N H - C - Y  

I 
D 

(2) 

5 

5BA * (Y = Me, R 2 = Me) 

5BB* (Y = Me, R 2 - -  Et) 

5CA* (Y = CF3, R 2 = Me) 

5CB * (Y = CF3, R 2 = Et) 
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2.3. Gas chromatography-mass spectrometry 3. Resul ts  and  discuss ion 

A Finnigan M A T  95 mass spectrometer  was 
used for G C - M S  analysis of the multi-compo- 
nent  mixture of derivatives. Sample introduction 
was via a Varian 3400 gas chromatograph 
equipped with a 30 m × 0.25 mm I.D. capillary 
column coated with BP-17. The column tempera- 
ture was 100°C for 3 min, then increased at 10°C 
min -1 to 250°C. The injector temperature was 
maintained at 200°C and the transfer line tem- 
perature  was 250°C. The column was introduced 
directly into the ion source of the mass spec- 
t rometer .  Mass spectra were recorded at an 
electron energy of 70 eV. 

2.4. 31p N M R  

31p NMR  spectra were recorded on a Bruker 
A C 200 spectrometer  operating at 81.01 MHz. 

3.1. Derivatization 

The esterification of aminoalkanephosphonic 
acids (1) by means of trialkyl orthoformates 
afforded a mixture of forminoalkoxy (4) and 
N-formyl derivatives (5) according to Eq. 1 [8,9]. 
It was found that both the structure of 1 and the 
nature of the acidic catalyst exert a substantial 
influence on the course and the rate of de- 
rivatization [9]. Thus, 1-aminoalkanephosphonic 
acids with primary and secondary amino groups 
reacted with the TFA-tr ia lkyl  orthoformate sys- 
tem smoothly, with formation of corresponding 
amido esters. On the other hand, the esterifica- 
tion of 1-(N,N-dialkylamino)alkanephosphonic 
acids occurs much more slowly [8], which sug- 
gests that the formylation of the amino group in 
1 constitutes the key step in the whole esterifica- 

I I 
I 

I ] 

I 

¢0.0 35,0 30.0 25.0 20.0 15.0 0.0 5.0 010 
PPM 

Fig. 1. 31p NMR spectrum of the derivatization products 5BA* (a-g) of the mixture of aminophosphonic acids [amino- 
methylenephosphonic (la), 1-aminoethanephosphonic (lb), 1-aminopropanephosphonic (lc), 1-amino-l-methylethanephosphonic 
(ld), 1-aminopentanephosphonic (le), 1-aminophenylmethanephosphonic (If) and 1-amino-2-phenylethanephosphonic acid (lg)] 
obtained by means of acetic acid-acetic anhydride and trimethyl orthoacetate. Conditions as described under Experimental. 
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tion process of 1-aminoalkanephosphonic acids 
by means of orthoformates. Based on this ob- 
servation (the results on the reaction course of 
various types of aminophosphonic acids with 
trialkyl orthoformates will be presented else- 
where) and in order to facilitate the conversion 
of 1 into their 5, we pretreated 1 with carboxylic 
acid-acid anhydrides mixtures to induce the in 
situ formation of the N-acyl derivatives 2. Sub- 
sequent treatment of the intermediates 2 with 
orthoesters afforded the desired 1-amidoal- 
kanephosphonates (5) with almost quantitative 
NMR yields (Figs. 1 and 2). 

When the N-acylation of 1 was carded out in 
TFA (owing to the good solubility of 1 in TFA)- 
acetic anhydride mixture (TFA-Ac20,  10 min, 
40-50°C), followed by O-alkylation of the inter- 
mediate 2 with triethyl orthoformate, N- 
acetylaminoalkanephosphonates (5BB *) and N- 
trifluoroacetylaminoalkanephosphonates (5CB * ) 
were found in the reaction mixture, presumably 

owing to the formation of mixed trifluoroacetyl- 
acetic anhydrides: 

CF3C(O)OH + CH3C(O)OC(O)CH 3 > 

CH3C(O)OH + CF3C(O)OC(O)CH 3 (3) 

T F A - A c 2 0  
2B 

+ 

2C 

HC(OEt )  3 

HC(OEt )  3 

> 5 B B  * 

> 5 C B  * 

(4) 

In order to determine the relative rate of 
esterification of amino acids 1 by means of 
trimethyl and triethyl orthoformates, the starting 
amino acids 1 were converted into 1-(N-TFA- 
amino)alkanephosphonic acids (2) and these 
were esterified with the mixture of trimethyl and 
triethyl orthoesters (1:1): 

° 1 11 
I 

I 

J 
4.0.0 35 .0  30 .0  25 .0  20 .0  15 .0  10.0 5 .0  

PPH 

Fig. 2. 31p NMR spectrum of the derivatization products 5CB * (a-g) of the mixture of aminophosphonic acids Is, lb, le, ld, le, 
If and lg obtained by means of trifluoroacetic acid-trifluoroacetic anhydride and triethyl orthoformate. Conditions as described 
under Experimental. 
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R R 
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MeO I 
R 

5CC • 

(5) 

The relative amounts  of the amido esters 
5 C A *  (O,O-dimethyl) ,  5CB* (O,O-diethyl)  
and mixed 5CC* (O-methyl-O-ethyl)  formed 
reflected the alkylation capability of all the types 
of  or thoesters  applied towards the phosphonic 
function. Thus,  the alkylation rate of derivatives 
2 by means  of these orthoesters generally ex- 
hibit the orders HC(OMe)3  < H C ( O E t )  3 

MeC(OMe)3  for N-TFA-aminoalkanephospho-  
nic acids (2C) and HC(OMe)3--~MeC(OMe)3 < 
HC(OEt )3  for N-acetylaminoalkanephosphonic 
acids (2B). 

A similar approach based on the prior tri- 
f luoroacetylation of 1 in the two-stage proce- 
dures for their esterification was also applied in 
the methods  elaborated by Ruppel  et al. [13] and 

Table 1 
Comparison with other methods of aminoalkanephosphonic acid derivatization 

Conversion to derivative Reagent Time Temperature Range Ref. 
(h) (°C) (rag) 

(I) O,O-Dibutyl (Ms. pr.) ca. 3 0.25-10 [13] 
1-(N-TFA-amino)alkane (1) TFA-TFAA 1 40 
phosphonate (2) Diazobutane 0.2 20 

(I1) O,O-Diethyl (Ms. pr.) ca. 10 10 [14] 
1-(N-TFA-amino)alkane (1) TFA-TFAA 1 20 
phosphonate (20 HC(OEt)3 8 >130 

(III) O,O-Diethyl (One-pot pr.) [9] 
1-(N-formylamino)alkane TFA-HC(OEt)3 2 120 0.1-5 
phosphonate 

(IV) (One-pot pr.) ca. 2 0.1-5 
(IVa) O,O-Dialkyl (1) AcOH-A%O 0.2 100 

1-(N-acetylamino) (la) HC(OR)3 1.5 100 
alkanephosphonate or MeC(OR)3 

(IVb) O,O-Dialkyl (1) TFA-'ITAA 0.2 30-40 
1-(N-TFA-amino)alkane (la) Hc(oR)3 1.5 100 
phosphonates 

This work 

Abbreviations: Ac = acetyl; A C 2 0  = acetic anhydride; TFA = trifluoroacetic acid; TFAA = trifluoroacetic anhydride; N-TFA = N- 
trifluoroacetyl; Ms. pr. = multi-stage procedure; One-pot pr. = one-pot procedure. 
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Huber [14]. The comparison of the present 
method with those procedures is given in Table 
1. 

Optimization of the reaction conditions was 
carried out using 31p NMR monitoring. These 
investigations revealed the complete conversion 
of aminoalkanephosphonic acids 1 into the corre- 
sponding diester derivatives 5. The 31p NMR 
spectra of the derivatization products (SBA * and 
5CB*) of 1 obtained with the carboxylic 
anhydride-orthoester systems are presented in 
Figs. 1 and 2. The phosphorus chemical shifts for 
all the derivatives obtained, 5BA*, 5BB*, 
5CA* and 5CB*,  are given in Tables 2 and 3. 

Table 2 
31p NMR chemical shifts (& ppm) of N-acetylaminoal- 
kanephosphonates 5B (SBA* and 5BB *) 

Starting 5B derivatives 
amino acid 1 

No. R (R l # H) 
P(O)(OMe)2 P(O)(OEt)2 

la  H 26.6 23.2 
lb  Me 29.1 25.6 
lc  Et 28.3 25.0 
ld  Me (Me) 31.0 27.6 
le  Bu 28.1 24.7 
I f  Ph 24.8 21.6 
lg PhCH 2 27.5 24.1 

3.2. Chromatographic properties of derivatives 5 

The derivatives 5 can be stored for several 
weeks at 0°C without extensive decomposition 
(31p NMR) and have been found to be suitable 
for characterization by means of GC. These 
compounds give reproducible retention data. 
The separation of derivatives 5 from derivatiza- 
tion of the mixture of 1-aminoalkanephosphonic 
acids la, lb, lc, ld, le, If  and lg, achieved on a 
DB-17 column, is presented in Figs. 3 and 4. 

The DB-17 column was suitable for the sepa- 
rations of all the N-acylaminoalkanephospho- 
nates 5BA* and 5BB*. The higher polarity of 
N-trifluoroacetylamino derivatives 5CA* and 
5CB* had the result that, in two cases (Fig. 4) 
(5CB * d and 5CB * b ;  5 C B  * a and 5CB * c ) ,  the 
overlapping effect occurred. This suggests that, 
for better separation, a column of higher polarity 
should be used (e.g., DB-225). 

The elution of the amidoalkanephosphonates 5 
did not follow the order of their molecular 
masses. The derivatives 5d appeared first, then 
the others in the order 5b, 5c, 5a, 5e, 5f and 5g 
(in all four series of derivatives 5, i.e. 5BA*, 
5BB *, 5CA* and 5CB*). The comparison of 
the retention times of acetyl (5B) and trifluoro- 
acetyl derivatives (5C), and also different O- 
alkyl amidoalkanephosphonates (5CA*, 5CB* 
and 5CC*) revealed the following orders of 
increasing retention times: 5B > 5C and 5CA* < 
5CC* < 5CB *. 

Table 3 
31p NMR chemical shifts (8, ppm) of N-trifluoro- 
acetylaminoalkanephosphonates 5C (SCA * and 5CB * ) 

Starting 5C derivatives 
amino acid 1 

No. R (R 1 # H) 
P(O)(OMe)2 P(O)(OEt)2 

l a  H 25.4 21.3 
l b  Me 26.8 24.4 
1¢ Et 26.3 23.8 
ld  Me (Me) 28.5 26.3 
le  Bu 26.0 23.6 
I f  Ph 22.6 20.5 
lg PhCH 2 24.6 23.0 

3.3. Mass spectral properties of 
N-acylaminoaIkanephosphonates 5 

The partial mass spectra of N-acyl derivatives 
5 are summarized in Tables 4-8. 

The N-acylaminoalkanephosphonates 5 pres- 
ent distinct structural differences caused by (a) 
the constitution of the acyl group, (b) the type of 
O-alkyl phosphonate function and (c) the type of 
hydrocarbon side-chain attached to C a. How- 
ever, in spite of these structural differences, the 
whole group present some common features, 
which are refected in their fragmentation pat- 
terns, and consequently determine the shape of 
all the mass spectra. 
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Fig. 3. GC-MS analysis of the derivatization products 5BA * (a-g) of the mixture of aminophosphonic acids la ,  lb,  lc, ld, le, I f  
and lg obtained by means of acetic acid-acetic anhydride and trimethyl orthoacetate. Conditions as described under 
Experimental. The 31p NMR spectrum of the derivatization products of this reaction mixture is presented in Fig. 1. 
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Fig. 4. GC-MS analysis of the derivatization products 5CB * (a-g) of the mixture of aminophosphonic acids la,  lb,  le, ld,  le, I f  
and lg obtained by means of trifluoroacetic acid-trifluoroacetic anhydride and triethyl orthoformate. Conditions as described 
under Experimental. The 31p NMR spectrum of the derivatization products of this reaction mixture is presented in Fig. 3. 
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3.4. Mass spectral properties of  
N-acetylaminoalkanephosphonates 5B 

The molecular ions [M] +' of these derivatives 
were observed in low abundance, except the 
lowest homologue 5Ba derived from phos- 
phonoglyeine (la, GIyP). Charge localization on 
the nitrogen atom produced ions [ M -  
(RZO)zP(O)] + and [M - R] + ions (R is the alkyl 
chain at C,) resulting from a-cleavage. The ions 
[RCH-NH2]+ or [M - (R20)2P(O)] + constitute 
the base peaks for the majority of N-acyl deriva- 
tives 5BA* and 5BB*. The ions [ M - l ]  + and/ 
or [ M -  R] +, excluding compound 5BB * g, de- 
rived from phosphonophenylalanine (lf, Phe p) 
were not observed or were observed in very low 
abundances. 

The ions resulting from the competitive charge 
localization on the phosphonate moiety were 
very abundant. Thus, the ions at m/z 138, 137, 
110 and 82 were characteristic of the presence of 
the O,O-diethyl phosphonate system and had the 
mechanism of formation reported previously 
[15]. The ions at m/z 110, 109, 95 and 79 were 
characteristic of the presence of the O,O-di- 
methyl phosphonate system. 

Cleavage of the acetate or acetamide group 
from the molecular ions of derivatives 5B gave 
rise to the ions at [M-43]  + or [M-57]  +, 
respectively. Ions at [M - 42] +" which were more 
abundant for derivatives of 5BB* than for 
5BA*, were produced by the loss of ketene 
(CH2--C=O) from [M] +'. Considerable scram- 
bling between the acetate methyl hydrogens and 
the amide hydrogen accompanied these elimina- 
tions. 

Cleavage of the alkoxy group of the phospho- 
nate moiety from the molecular ions of deriva- 
tives 5B afforded the ions [M-31]  + or [ M -  
45] + . 

5CB*f). Generally the highest abundances 
occurred for O,O-diethyl derivatives 5CB* and 
the lowest for O,O-dimethyl derivatives 5CA*. 
Charge localization on the nitrogen atom pro- 
duced ions [M-(R20)2P(O)]  + and [ M - R ]  + 
ions (R is the alkyl chain at Ca) resulting from 
a-cleavage. The ions [M - (RZO)zP(O)] + repre- 
sent the base peaks for most of the N-trifluoro- 
acetyl derivatives 5BA* and 5BB*. The ions 
[ M -  1] + were not observed or were observed in 
very low abundances. The ions [ M -  R] + ap- 
peared for R > Et and R = PhCH2, and were of 
low abundance. 

The ions resulting from competitive charge 
localization on the phosphonate moiety were 
very abundant. Thus, the ions at m/z 138, 137, 
!10 and 82 were characteristic of the presence of 
the O,O-diethyl phosphonate system. The ions 
at m/z 124, 97, 96 and 81 indicated the presence 
of the O-ethyl-O-methyl phosphonate system 
and the ions at m/z 110, 109, 95 and 79 were 
characteristic of the presence of the O,O-di- 
methyl phosphonate system. The ions 
[(RZO)zPOH] + at m/z 138, 124 and 110 consti- 
tute the base peaks of derivatives 5CB*, 5CC * 
and 5CA*, respectively. 

Cleavage of the trifluoromethyl, the trifluoro- 
acetyl or the trifluoroacetamide group from the 
molecular ions of derivatives 5C gave rise to ions 
at [M - 69] +, [M - 97] + or [M - 112] +, respec- 
tively. The ions [RCH=NH2] +" appeared at low 
abundances, if they were observed at all. 

Cleavage of the alkoxy group of the phosphate 
moiety from the molecular ions of derivatives 
5CA* afforded the ions [M-31]  ÷. The corre- 
sponding cleavage in the derivatives 5CB* and 
5CC* gave rise to the ions [ M -  45] +. 

4. Conclusions 

3.5. Mass spectral properties of  
N-trifluoroacetylaminoalkanephosphonates 5C 

The molecular ions [M] +" of these derivatives 
were observed in abundances varying from 0.4% 
(for 5CA*e) to over 50% (for 5CB*a and 

A general derivatization method for amino- 
alkanephosphonic acids using carboxylic 
anhydrides-trialkyl orthoesters has been de- 
veloped. 31p NMR spectroscopic investigations 
confirmed the complete conversion of 1-amino- 
alkanephosphonic acids into the volatile diester 
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derivatives 5 within 2 h. The ester products of 
this reaction, N-acetyl (SB) or N-trifluoroacetyl 
(5C) derivatives of aminoalkanephosphonates 
are satisfactory for characterization by both GC 
and GC-MS. The mass spectra of these deriva- 
tives were structurally informative. Ions charac- 
teristic of the phosphonate system were present 
in the mass spectra of all derivatives 5, permit- 
ting rapid identification of these compounds. 
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