Journal of Chromatography A, 655 (1993) 346-354
Elsevier Science Publishers B.V., Amsterdam

CHROM. 25 516

Short Communication

Orthoformates as reagents for derivatization of
aminoalkanephosphonic acids for characterization by
gas chromatography—mass spectrometry*

Zbigniew H. Kudzin*

Department of Organic Chemistry, University of £.6d%, Narutowicza 68, £.6d? 90-136 (Poland)

Marek Sochacki

Centre of Molecular and Macromolecular Studies, Polish Academy of Sciences, Sienkiewicza 112, £.6d% 90-363 (Poland)

Wilodzimierz Kopycki

Institute of Organic Chemistry, Technical University of Léd%, Zwirki 36, Léds 90-924 (Poland)

(First received March 25th, 1993; revised manuscript received August 17th, 1993)

ABSTRACT

Studies of the derivatization of aminoalkanephosphonic acids by trialkyl orthoformates are reported. Gas chromatographic
retention data and low-resolution electron impact mass spectra for the derivatives are presented.

INTRODUCTION

Functionalized alkanephosphonic acids consti-

tute technologically important class of phos--

phoroorganic compounds [1,2]. Many phosphonic
acids, e.g., aminophosphonic acids, also exhibit
biological activity and are therefore of pharma-
cological interest [3,4]. For these reasons their
analysis, mostly based on chromatographic meth-
ods, is a continuing problem in the analytical
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chemistry of organophosphorus compounds [5-
7].

However, nonvolatile phosphonic acids are
only suitable for liquid chromatographic tech-
niques [6,8-11] and their study by gas-phase
methods necessitates prior derivatization to vol-
atile compounds, usually diester-based deriva-
tives [5]. Such derivatization, occurring smoothly
for several acids derived from phosphorus with a
variety of reagents (e.g., silylating agents [9-23],
benzyl- and benzacyl-based bromides [23,24],
diazoalkanes [25-31]) became more difficult
when applied to alkanephosphonic acids bearing
an amino function. Thus silylation, widely used
in the derivatization of organophosphorous
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acids, when applied to aminoalkanephosphonic
acids does not give satisfactory results owing to
the lability of the silylamino functions [11,20,32].
Also, the conversion of alkanephosphonic acids
by means of diazoalkanes, which leads to diester
derivatives [25,30,31], cannot be recommended
for the direct esterification of aminophosphonic
acids owing to a non-selective N-alkylation of the
amino group [33,34].

Therefore, the derivatization procedures of
aminoalkanephosphonic acids include the protec-
tion stage of the amino function (in the form of a
Schiff base [20], isothiocyanate [20] or amide
[20,29,35]) in addition to the esterification of the
phosphonic moiety. O,O-Diethyl 1-aminoal-
kanephosphonates were also found to be suitable
for gas chromatographic (GC) and gas chro-
matographic-mass  spectrometric  (GC-MS)
characterization [36].

Esters of phosphonic and polyphosphonic
acids [37], N-trifluoroacetyl derivatives of amino-
alkanephosphonic acids [35] and free 1-amino-
alkanephosphonic acids (synthetic application)
[38] have also been obtained using trialkyl ortho-
formates. In the last application, the formation
of the corresponding 1-(N-formylamino)al-
kanephosphonate diesters has been reported
[38]. Recently we have reported on the scope of
the derivatization of functionalized alkanephos-
phonic acids by means of orthoformates [39].

In this paper, we present our findings on the
application of orthoformates to the derivatiza-
tion of various aminoalkanephosphonic acids.

EXPERIMENTAL

Materials

Trimethyl and triethyl orthoformates, tri-
fluoroacetic acid and tridecane were purchased
form Aldrich (Milwaukee, WI, USA). Triiso-
propyl orthoformate was prepared according to
ref. 40 and aminoalkanephosphonic acids accord-
ing to refs. 41-43. All compounds applied were
of the purity previously reported.

Preparation of derivatives

The reaction was carried out in Wheaton 1-ml
microproduct V-vials equipped with a spin vane,
placed in a thermostated oil-bath. The samples
of aminoalkanephosphonic acids (0.1-5 mg)
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were suspended in a mixture of trifluoroacetic
acid (0.075 ml) and orthoformate (0.30 ml) and
the suspensions were stirred at 120°C (at 100°C
for trimethyl orthoformate) for 2 h. Aliquots of
these reactions mixtures were diluted with ace-
tonitrile (0.2 ml) and analysed.

Gas chromatography

Gas chromatographic analyses were performed
with a Chrom 5 gas chromatograph equipped
with a flame ionization detector and a CI 100
integrator (Laboratérni Pfistoje, Prague, Czech
Republic). The columns were 2.8 m X 4 mm I.D.
glass columns packed with 5% OV-17 on acid-
washed and silanized Chromosorb W AW DMCS
(80-100 mesh). Helium was used as the carrier
gas and the flow-rate was adjusted to 30 ml
min~' at 200°C. The injector and the detector
temperatures were maintained at 250°C.

Mass spectrometry

An LKB 2091 GCMS instrument was used to
record the low-resolution mass spectra of the
derivatives. Sample introduction was via the
chromatographic column inlet, a 2.7 m X 2 mm
L.D. glass coil packed with 3% OV-17 on 80-100-
mesh Waraport. The initial column temperature
was 50°C, programmed at 10°C min ' to 250°C.
Electron ionization mass spectra were recorded
at an electron energy of 70 eV, ion source
temperature 250°C and accelerating voltage 3.5
kV.

A Finnigan MAT 95 mass spectrometer was
used for the GC-MS analysis of multi-compo-
nent mixtures of derivatives. Sample intro-
duction was via a Varian 3400 gas chromatograph
equipped with a2 25 mx0.22 mm LD. BP-5
capillary column (SGE). The column tempera-
ture was 100°C for 2 min, then programmed at
10°C min~' to 250°C. The injector temperature
was maintained at 200°C and the transfer line
temperature was 250°C. The column was directly
introduced to the ion source of the mass spec-
trometer. Mass spectra were recorded at an
electron energy of 70 eV.

P NMR
*P NMR spectra were recorded on a Bruker
AC 200 spectrometer operating at 81.01 MHz.
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RESULTS AND DISCUSSION

Derivatization

The esterification of aminoalkanephosphonic
acids (1) by means of trialkyl orthoformate
afforded a mixture of diester derivatives (3 and
4), according to eqn. 1 [the formation of the
diester derivative 2, with a free amino function,
was found to occur only in trace amounts, during
esterification of 1-amino-1-methylethanephos-
phonic acid (1h)].
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The structural assignment of derivatives 3 and
4 was accomplished on the basis of the chro-
matographic and mass spectral analysis of com-
pounds 3, 3A and 4 obtained during esterification
of 1-aminoethanephosphonic acid [Ala(P); 1la]
and 1-(N-methylamino)ethanephosphonic acid
[Me-Ala(P); 1Aa] by means of triethyl and
trimethyl orthoformate, respectively [39].

The structure of aminoalkanephosphonic acids
and the acidic catalysis exert a substantial in-
fluence on the course of derivatization and the
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Fig. 1. P NMR spectrum of the derivatization products of the mixture of aminophosphonic acids 1a, 1b, 1c and 1f obtained by
means of triethyl orthoformate. Conditions as described under Experimental.
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reaction rate [39]. Thus, the optimum reaction
conditions were obtained in the reaction system
consisting of triethyl orthoformate, trifluoro-
acetic acid and aminoalkanephosphonic acid in
amounts of 0.30 ml, 0.075 ml and 1 mg, respec-
tively. In this rection system the amino acids 1
were found to form homogeneous solutions in
which at 120°C the derivatizations were usually
completed in 1 h. The results on the reaction
course of various types of aminophosphonic
acids with trialkyl orthoformates will be pre-
sented elsewhere.

The optimization of the reaction course was
carried out using >’P NMR monitoring. These
investigations revealed the complete conversion
of aminoalkanephosphonic acids to mixtures of
derivatives 3 and 4 with only small amounts of
unidentified by-products. The °'PNMR spec-
trum of the derivatization products of a mixture
of amino acids 1a, 1b, 1c and If for the reaction
run under standard conditions is presented in
Fig. 1. A comparison of this and other repre-
sentative procedures for the derivatization of
aminoalkanephosphonic acids is given in Table 1.

TABLE I
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It is worth noting that in earlier reports
[11,29,35] the application of *'PNMR spectro-
scopic investigations for optimization and con-
firmation of the quantitative course of the de-
rivatization procedure was omitted.

Chromatographic properties of derivatives 3
and 4

Two sets of peaks of varying height were
obtained on OV-17 for all the compounds
studied. Analysis by mass spectrometry revealed
that the first compounds eluted are formino-
alkoxy derivatives 4 and the second are N-formyl
derivatives 3. These derivatives could be stored
for several weeks at (°C without extensive de-
composition and were found to be suitable for
characterization by means of GC. Both types of
compounds give reproducible retention data.
The results for their relative retention volumes
(vs. tridecane) as a function of temperature (OV-
17) are given in Fig. 2. The separation of
derivatives 3 and 4 obtained from derivatization
of the mixture of aminoalkanephosphonic acids
1a, 1b, Ic and If is presented on the Fig. 3.

COMPARISON WITH REPRESENTATIVE METHODS OF AMINOALKANEPHOSPHONIC ACIDS DERIVATIZATION

Conversion to derivative Reagent’ Time Temperature Range Ref.
(h) (4] (mg)

(I} 0,0-Bis(trimethylsilyl) (Ms. pr.) =<8 1 11
1-(N-acetylamino)alkane- (1) BSTFA-TMSC =4 80
phosphonate (2) Py-Ac,0 0.5 80

(3) BSTFA-TMSC 0.2 80
(II) O,0-Bis(trimethylsilyl) (Ms. pr.) =8 1 1
1-(2-propenimine)- (1) BSTFA-TMSC =<4 80
alkanephosphonate (2) Acetone 0.5 80

(3) BSTFA-TMSC 0.2 80
(III) O,0-Bis(trimethylsilyl) (Ms. pr.) 16-18 1 11
1-isothiocyanato-alkanephosphonate (1) BSTFA-TMSC =<4 80

2) Cs, ca. 12 20
(IV) 0,0-Dibutyl (Ms. pr.) ca. 3 10 29
1-(N-trifluoroacetyl-amino)alkane- (1) TFA-TFAA 1 40 0.25-0.5
phosphonate (2) Diazobutane 0.2 20
(V) 0,0-diethyl (Ms. pr) ca. 10 10 35
1-(N-triftuoroacetyl-amino)alkane (1) TFA-TFAA 1 20
phosphonate (2) HC(OEt), 8 r.t?
(VI) This work TFA-HC(OEt), 2 120

* Ac=acetyl; Ac,0O = acetic anhydride; BSTFA = bis(trimethylsilyl)trifluoroacetamide; TFA = trifluoroacetic acid; TFAA =
trifluoroacetic anhydride; TMSC = trimethylchlorosilane; Py = pyridine; Ms. pr. = multi-stage procedure.

® Reflux temperature.
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Fig. 2. Relationship between relative retention volume (J vs. tridecane) and temperature for the N-formyl (3) and N-
forminoethoxy (4) derivatives.
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Fig. 3. GC-MS of the derivatization products of the mixture of aminophosphonic acids 1a, 1b, 1c and 1f obtained by means of
triethyl orthoformate. Conditions as described under Experimental. The **P NMR spectrum of the derivatization products of this
reaction mixture is presented in Fig. 1.
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Mass spectral properties of derivatives 3 and 4

N-Formylaminoalkanephosphonates (3). The
partial spectra of N-formyl derivatives 3 are
summarized in Table II. The molecular ions
[M]™" (and [M+1]") of these derivatives were
observed in low abundance. Charge localization
on the nitrogen atom produced ions [M—
(R*0),P(0)]*([M — 109]" or [M — 137]" for the
O-methyl or O-ethyl derivatives, respectively)
and [M —R]" ions (R is the alkyl chain at C-1)
resulting from a-cleavage. The ions [M-
(R'0),P(0)]" or [RCH =NH,]" represent the
base peaks for majority of the N-formyl deriva-
tives 3. For derivatives 3 with R <Et the latter
ions were dominant. This tendency turned in
favour of [M — (R'0),P(0)]* for higher homo-
logues of 3 (R > Et), especially for the O-methyl
esters (3ba and 3ca). All compounds 3 exhibited
in distinct abundance (1.7-5.1%, except for 3f)
the ions [M — 43]", formed presumably by elimi-
nation of a molecule of isocyanic acid from the
molecular ions of 3.

The mass spectra of the sulphur-containing
derivatives 3d and 3e differ from those of the
other compounds 3. They contained molecular
ions [M]*" and [M+1]* in relatively higher
abundance. The base peaks were [M—R +1]"
for 3e, formed by elimination a molecule of
olefin from the molecular ion, and [M-—
(EtO),P(O)H]* for 3d. The ions [M-—
(EtO),P(0O)]" and [RCH = NH,] " (for 3e) were
of relatively low abundance (1.4% and 5.4%,
respectively).

The ions at m/z 138, 137, 110 and 82 were
characteristic of the presence of the diethylphos-
phonate system (or the ion at m/z 109 and
related ions for O-methyl esters 3) and had the
mechanism of formation reported previously
[44]. »

Forminoalkoxyalkanephosphonates (4). The
partial spectra of derivatives 4 are summarized in
Table III. Molecular ions of these derivatives
were observed in low abundance and the latter
decreased slightly with increasing molecular mass
(0.8% in 4a to 0.2% in 4¢). The presence of a
sulphur atom in the molecule of compounds 4
caused a substantial increase in the molecular
ions (5.7% in 4d and 6.2% in 4e).

Fragmentation was found to be predominantly
directed by charge localization on the nitrogen
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atom. a-Cleavage, resulting in the loss of the
0,0-diethyl phosphonate moiety, [M —137]",
produced the base peaks most of the for-
minoethoxyphosphonates 4, with the exception
for sulphur-containing derivatives (13% for 4d
and 21% for 4e). Further cleavage of the C-1-C-
2 bond in compounds 4 produced the ions [M -
R]", m/z =180 for O-methyl and m/z =222 for
O-ethyl derivatives, respectively. The third a-
cleavage (C-1-H) resulted in the formation of
ions [M~1]", which were observed in low
abundance in the spectra of 4b, 4ca, 4c, 4e and 4f
(0.1-0.3%), and in distinct abundance in the
spectrum of 4g (12%). The ion at m/z 223 in 4d
and 4e was produced by the migration of an
aliphatic hydrogen to the phosphonate moiety
and the loss of the alkyl chain by cleavage at
C-1-C-2, respectively. Its higher abundance in
the spectrum of 4e implied its formation via a
McLafferty rearrangement from the molecular
ion. The ions at [M —58]" and [M —72]" (for
O-methyl and O-ethyl derivatives) resulted from
the a-cleavage of the imine moiety from the
molecular ions. These ions were accompanied by
[M—57]" and [M —71]" ions derived from the
migration of aliphatic hydrogen from the alkoxy-
imine function to the phosphonate moiety and
subsequent cleavage of the C-1-N bond in com-
pounds 4.

CONCLUSIONS

A general derivatization procedure for amino-
alkanephosphonic acids by means of triethyl
orthoformate has been developed. *'P NMR
spectroscopic investigations confirmed the com-
plete conversion of 1-aminoalkanephosphonic
acids into volatile diester derivatives in 2 h,
which is faster than in earlier procedures. The
ester products of this reaction, N-formyl deriva-
tives 3 and forminoalkoxy derivatives 4, are
satisfactory for characterization by both GC and
combined GC-MS. The mass spectra of deriva-
tives 3 and 4 were structurally informative. Ions
characteristic of the phosphonate system were
present in the mass spectra of all derivatives 3
and 4, permitting rapid identification of these
compounds.
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