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SUMMARY

Ethylphosphonothioic dichloride reacts selectively with bifunctional com-
pounds containing OH, NH, and COOH groups to form derivatives which are stable
to gas chromatography. These derivatives can be determined at the low picogram
level with the nitrogen—phosphorus detector or with the flame photometric detector.
The cyclic ethylphosphonothioic derivatives produce characteristic mass spectra
with prominent molecular ions. The derivatives are suitable for identification pur-
poses by gas chromatography-mass spectrometry and the prominent ion
[M — C,H,S]* should be useful for trace analysis by single ion monitoring.

INTRODUCTION

From the advent of gas chromatography (GC), derivatives have been used to
improve the thermal stability and chromatographic properties of polar molecules. In
many cases, this was the only way these substances could be separated by GC. In
recent years the development of sensitive and specific GC detectors has added an
~xtra dimension to the general technique of derivatization —namely a method of
introducing a label into a molecule which enables that substance to be determined
selectively in a mixture with great sensitivity. If the derivative reaction can be made
selective as well as the detection system used, then a simple form of analysis can
be devised for selected substances in complex mixtures which does not rely entirely
on complete chromatographic resolution. For biological and environmental samples.
complete component resolution is rarely achieved with even the most advanced high-
performance chromatographic systems.

Largely because of historical precedent, most derivatizing reagents commercial-
‘v available are broad spectrum in application, reflecting the search for a single re-
agent which could be used with all functional groups. These reagents can obviously

* For Part VI see ref. 6.
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be applied to bifunctional compounds but in this case no discrimination is achieved
among the different types of functionalized molecules. The number of selective
reagents which can be used for the analysis of bifunctional compounds is few. The
most common reagents are the boronic acids, diacetoxydimethylsilanes and dichloro-
dimethylsilanes, ketones and o-phenylenediamine (for a review see ref. 1). With a few
exceptions, thése reagents are not suitable for use with selective GC detectors, so full
advantage could not be taken of their use for trace analysis in complex mixtures.
Recently, we have described the properties of a new series of substituted boronic
acids for use with the electron-capture detector*—° for this purpose.

Although largely unevaluated in terms of analytical potential, many of the
non-metal elements of the first three rows of the periodic table (e.g. sulfur, selenium,
phosphorus, antimony, arsenic, germanium, silicon etc.) are known to form cyclic
derivatives with bifunctional compounds. . the case of phosphorus and sulfur,
specific element selective detectors are avail. e commercially and widely available in
many laboratories. It was for this reason * -t phosphorus reagents were initially
selected for study and are reported here. Ja. cgt and co-workers’~!> have pre-
pared phosphorus derivatives of monofunctionz: compounds with a series of dimeth-
ylphosphinic and dimethylthiophosphinic reagents and shown these to have good
GC and mass spectrometric (MS) properties. Diethylphosphate derivatives of al-
cohols and phenols!'3!*, A°tetrahydrocannabinol'® and amino acid methyl esters'®
are suitable for their determination by GC with selective phosphorus detection.
Dimethylthiophosphoryl derivatives were used to analyse eight phenols obtained
from the hydrolysis of carbamate pesticides!”. Chlorophosphorolones have been used
for the determination of small amounts of alcohols with the thermionic detector’®.

EXPERIMENTAL

Ethyl dichlorothiophosphate (Aldrich. Milwaukee, Wisc., U.S.A.) and ethyl-
phosphonothioic dichleride (EPTD) (Ethyl Corporation, Ferndale, Mich., U.S.A))
were obtained commercially.

For GC, a Perkin-Elmer Sigma 2 gas chromatograph with flame-ionization
(FID), flame photometric (FPD), nitrogen—phosphorus rubidium bead (NPD) and
electron-capture (ECD) detectors was used. For the determination of retention index
values 2 90 cm < 0.2 cm L.D. nickel column packed with 1 2; OV-17 on Gas-Chrom Q
(100-120 mesh) and a nitrogen flow-rate of 30 ml min~! was used. For studies of
detector sensitivity a 90 cm < 0.4 cm L.D. glass column packed with the above column
material and operated with a nitrogen flow-rate of 30 ml min~! was used.

For GC-MS a Hewlett-Packard 3992A mass spectrometer equipped with a
single-stage glass-jet separator and a 6 ft. x 0.4 cm L.D. glass column packed with
39 OV-1 on Gas-Chrom Q (100-120 mesh) and operated with a nitrogen flow-rate
of 30 ml min~! was used. Electron-impact mass spectra were recorded at an ionization
potential of 70 eV.

For the preparation of derivatives for GC, 15 ul of EPTD and 33 ul of triethyl-
amine were added to a 10 mmole solution of the bifunctional compound in 1.0 ml ot
acetonitrile. The mixture was heated for 30 to 45 min at 80 °C in a nitrogen atmo-
sphere, cooled to room temperature and a few drops of water added with a Pasteur
pipette (sufficient to dissolve all the salt formed). Finally, 1.0 ml of diethyi ether was
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added to the mixture and the solution shaken for 1.0 min. For analysis, a 1.0-ul
aliquot was removed from the upper layer and injected into the gas chromatograph
with an injection port temperature of 250 °C.

For studies of reaction rate and of derivative stability, 2,7-dimethylnaphtha-
lene was added as an internal standard.

The cyclic ethylphosphonothioic derivative of pinacol was prepared on the
preparative scale, essentially by the above method and the fraction boiling between
90-95 °C at 0.4 mmHg collected.

RESULTS AND DISCUSSION

EPTD reacts with bifunctional compounds containing OH, NH, and COOH
groups in the presence of triethylamine to form cyclic ethylphosphonothioic deriva-
tives according to the following equation:

R—CH——XH as (C15) 0 R—CH—X,_3
(CHa),, R ((‘:Hz),7 /p—czus

R'— CH—XH C1 R'—CH——X

n =0,1

XH = OH, NH;, COOH

EPTD also reacts with ortho-substituted bifunctional aromatic compounds as weli as
with compounds containing enolizable ketone groups (e.g. 2,4-pentanedione) to form
derivatives stable to GC. Chromatographically stable derivatives were not obtained
with dicarboxylic acids (e.g. succinic acid), «-hydroxy acids (e.g. lactic acid, mandelic
acid} or with diols and diamines in which » > 2. Retention index data for a re-
presentative series of bifunctional compounds forming EPTD derivatives are summa-
rized in Table 1. The structures of all derivatives were confirmed by MS. All derivatives
gave symmetrical peaks on the silicone phases used in this study and could be stored
for at least 24 h in the extraction solution without appreciable decomposition.

TABLE 1

RETENTION INDEX DATA FOR THE CYCLIC ETHYLPHOSPHONOTHIOIC DERIVA-
TIVES

Cyclic ethylphosphonothioic derivative Retention index Column temperature
(loy13) (°C)
1st Peak 2nd Peak

Ethylene glycol 1563 — i10

1.3-Propanediol 1568 — i10

Pinacol 1639 - 110

Catechol 1733 — 130

3-Amino-1-propanol 1788 — 130

!,3-Propanediamine 1968 — 150

‘is-1,2-Cyclohexanediol 1961 2020 150

»~Aminophenol 2042 — 150

henyl-1,2-ethanediol 2185 2221 170

;-Phenyienediamine 2385 — 170
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Fig. 1. The mass spectra of the diastereoisomers resulting from the reaction of ethylphosphonothionic
dichloride with phenyl-1,2-ecthanediol.

Some derivatives produced two peaks on gas chromatography (2nd peak in
Table I) and the origins of these peaks were investigated by GC-MS. In the case of
phenyl-1,2-ethanediol, two peaks of equal height were obtained which produced
essentially identical mass spectra (Fig. 1). These peaks are most probably diastereo-
isomers (see below) and are not separated on short GC columns.

C.H C.H
6\5 M 6{ P
IR DA
Hy oH H” g o H
\ \

Collg CoH5

In the case of the cis-1,2-cyclohexanediol derivative, two peaks of approximately
equal height were obtained on GC. The mass spectra had identical molecular ions and
similar principles modes of fragmentation. The most likely explanation here is that
under the conditions used for derivatization cis—trans isomerization occurred giving
a mixture of the two geometrical isomers.

- Although the reaction rate depends on the steric arrangement and the chemical
nature of the bifunctional group (aromatic bifunctional compounds react slower than
their aliphatic equivalent) the reactions of all compounds studied were complete
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within 30-45 min at 80 °C. With the exceptions mentioned above, single peaks free of
any significant byproducts were obtained in all cases.

In an exactly similar manner to that described for EPTD, ethyl dichlorothio-
phosphate was tested. This reagent did not form any derivatives stable to GC, perhaps
due to the greater lability of the phosphorus-ethoxy bond compared to the phos-
phorus—ethyl bond under the conditions necessary for derivative formation.

A derivative of pinacol was prepared to assess the possibility of using different
selective detectors for the sensitive determination of the cyclic ethylphosphonothioic
derivatives. Phosphorus can be determined with the NPD and the FPD, sulfur can be
determined with the FPD and also the thiophosphono group can be determined with
the ECD'. Optimum conditions of operation were established for each detector and
the minimum detectable quantity (MDQ) for the pinacol derivative determined. The
results are summarized in Table II. Hetero-element detection limits are in agreement
with the manufacturers specifications for the instrument with the most favorable de-
tection limit being obtained with the NPD. This detector also responds to nitrogen in
the NP mode so that the FPD would be preferrable for some applications when a high
degree of selectivity is required. To optimize the ECD a study of the effect of detector
temperature on detector response (Fig. 2) was made?®. This indicated a dissociative
mechanism of electron-capture with the greatest response being obtained at high
detector temperatures. However, with this detector at 385 °C, detection limit is not
sufficient for general use.

TABLE I
MINIMUM DETECTABLE QUANTITY (MDQ) OF THE EPTD DERIVATIVE OF PINACOL
Detector MDQ
Pinacol P Y
( x 107°) (g sec™, x 10~%) (g sec™t, x 10-1%)
Nitrogen—phosphorus detector 0.002 20 -
Flame photometric detector 0.5 3000 —
(P mode)
Flame photometric detector 1.0 — 20 -
(S mode)
Electron-capture detector 10.0 — —

The principal phosphorus-containing ions in the mass spectra of the cyclic
ethylphosphonothioic derivatives of the bifunctional compounds studied are summa-
rized in Table II1. These ions often constitute an appreciable quantity of the total ion
current for the mass spectrum. A notable feature of the spectra is the prominent
molecular ion observed in all cases. The loss of the fragments of ethyl sulfide from the
molecular ion is a facile cleavage providing the base peak for many of the mass
spectra. This plus the ions [C,HsPS}’ (m/e 92] and [PS}* (m/e 63) serve to characterize
the derivatives. As a general observation, those derivatives with an oxygen atom
ponded directly to phosphorus tend to show a loss of ethene [C,H,] from the molecular
ion while those with phosphorus nitrogen bonds shows a preferential loss of ethane
{C,H,] (see Table I1I). The mass spectra of the EPTD derivatives of ethylene glycol
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Fig. 2. The effect of detector temperature on detector response for the EPTD derivative of pinacol,
plotted in the form of In A737 vs. 1/T where A4 = peak area for a fixed amount of derivative and
T = detector temperature in “K.

TABLE 11

PRINCIPAL IONS IN THE MASS SPECTRA OF THE EPTD DERIVATIVES OF SOME
BIFUNCTIONAL COMPOUNDS

M* M—GH, M—C:H,] M—CHsSj CHPS PS
(mje92) (mfe 63)

Compound Relative abundance

. 2 100 - 7.8 14.0

Ethylene glycol 51.2 314 4.5

Phenyl-1,2-ethanediol 56.6 57 59 114 34.3 40.2
Pinacol 396 0.2 0.2 7.5 59.9 9.5
cis-1,2-Cyclohexanediol 29.6 1.5 — 285 39 14.2
1,3-Propanediol 48.5 245 2.7 100 25 12.8
2,4-Pentanedione 100 7.9 4.9 38.5 23 21.8
Catechol 33.83 11.7 3.2 100 124 28.1
o-Phenylenediamine 47.1 4.0 39.7 100 7.3 8.9
o-Aminophenol 30.0 4.8 9.6 100 1.6 —
Salicylic acid 41.0 8.1 1.9 100 539 30.1
Anthranilic acid 13.1 8.1 100 219 205
1,3-Propanediamine 854 11.6 93.7 100 189 55.1
3-Aminopropanol 54.3 7.1 8.2 100 3.9 21.3
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(Fig. 3), o-phenylenediamine (Fig. 4) and anthranilic acid (Fig. 5) can be considered
to be typical of the spectra studied here.

Compared to the monofunctional dimethylthiophosphinic derivatives studied
by Jacob, Vogt and co-workers®-!2 no evidence for partial isomerization of the P-O,
P-S bonds was observed and thus the mode of fragmentation for the bifunctional
derivatives is different to that of the monofunctional derivatives described by these
workers.
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Fig. 3. Mass spectrum of the EPTD derivative of ethylene glycol.
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FFig. 4. Mass spectrum of the EPTD derivative of o-phenylenediamine.
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Fig. 5. Mass spectrum of the EPTD derivative of anthranilic acid.

An analysis of the mass spectra of the diol derivatives indicated that the four
ions, mje 65, 97, 109 and 126 (Table 1V) were characteristic of aliphatic dihydroxy
derivatives (phenolic OH groups do not produce these fragments). These ions were
either absent or not generally prominent in the spectra of the diamines or aromatic
carboxylic acid derivatives.

TABLE 1V
CHARACTERIST[C IO\S IN THE MASS SPEC’I‘RA OF EPTD DlOL DER[VAT[VES
C ompuund 7 7 I—Qelaﬁ v er ;b:l;;iﬂll(‘é h
P(OH) P(OH,S) CstPS(OH) , C,HsPS(OH)
m/e 65 mje 97 m/e 109 mje 126
Ethylene glyvcol l 1.6 7.0 3.7 20
Phenyl-1.2-ethanediol 257 0.7 7.9 14.9
Pinacol 0.9 — 20.7 10.4
cis-1,2-Cyclohexanediol 9.1 11.2 11.2 2.2
2 4-Pentanedione 279 28.8 13.0 6.4
Propane-l 3-diol "l 4 3.9 7.7 3.5

*An altemanve aSSIgnmem could be [H PS] (ref. 9)

CONCLUSIONS

The cyclic ethylphosphonothioic derivatives of bifunctional compounds are
thermally and hydrolytically stable. They can be determined at the low picogram
fevel using the NPD or the FPD. The derivatives have characteristic mass spectra
with prominent molecular ions suitable for identification and analysis.
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