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SUMMARY 

Flophemesyl, BP-flophemesyl, tert.-buflophemesyl and CM-flophemesyl 
derivatives of a wide range of organic functional groups can be prepared and have 
good gas ckromatograpkic and electron-capture detector properties. Tke derivatives 
are compared in terms of volatility, hydrolytic stability, detector response and mass 
spectral properties. Bis(penta&rorophenyl)chloromethylmethylsilane is evaluated as 
a reagent for preparing derivatives of strong nucleopkiles. CM-flophemesyl chloride 
is evaluated as a cyclizing reagent for preparing derivatives of @- and y-hydroxy- 
amines. Tke flophemesyl derivative of N-nitrosodiethanolamine is shown to be 
suitable for detecting this compound at trace levels. 

INTRODUCTION 

In gas chromatography (GC) frequent use is made of the technique of deriv- 
atization to improve the thermal stability and the chromatographic performance of 
polar molecules. Derivatization techniques are also ideally suited for tke introduc- 
tion of specitic tags into polar molecules so that they match the requirements of the 
available selective and sensitive detectors used in GC. IQ terms of their range of 
application, the timethylsilyl reagents are the most versatile and widely employed 
derivatizing reagents used in GCL. Nearly all functional groups which .can present 
a problem in GC carr be converted to trimethylsilyl derivatives (Fig. 1). However, 
QO derivative is ideally suited to all problems, and among the less desirable features 
of the trimetkylsilyl derivatives are their limited kydrolytic stability and poor intrinsic 
detection characteristics for trace analysis. The kydrolytic stability of the silyf deriv- 
atives is very much a function of the steric bulk of the alkyl groups attached to 
silicon and the ter?.-butyldimethylsilyl and the isopropyldimetkylsilyl derivatives are 
several orders of magnitude more resistant to hydrolysis than the trimetkylsilyl 
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derivatives2. This increase in hydrolytic stability is bought at the expense of a reduced 
rate of reaction and an increasing probability that hindered functional groups will 
no longer react to completion. For those compounds that do not possess by virtue 
of their structure or composition the required features to generate a high response 
to one of the selective GC detectors [e.g. electron-capture (ECD), flame photometric 
(FPD) and nitrogen-phosphorus (NPD) detectorsl, the trimethylsilyl derivatives 
provide few possibilities for trace analysis. Suitable selective and sensitive silicon 
detectors have not been forthcoming. The microwave emission, hydrogen atmos- 
phere flame ionization, glow discharge and atomic absorption spectrophotometer 
silicon detectors have inadequate sensitivity to promote their general use for the 
analysis of the trimethylsilyl derivative3. 
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Fig.l.Organk functional groups formingtrimethyIsilylderivatives. 

The electron-capture detector (ECD) is a selective detector with unrivaled 
sensitivity for an ill-defmed range of electronegative compounds3. The trimethyl- 
silyl group shows no particular electron-capturing properties “per se” but the necessary 
detector oriented response can be conferred on the trimethylsilyl group by in- 
troducing a halogen atom (Cl, Br, J) into one of the methyl groups or by replacing 
a methyl group by a pentatkorophenyl ring. The latter reagents, pentafluorophenyl- 
dimethylsilyl (contracted to flophemesyl for convenience) are of particular interest 
to this paper. The flophemesyl derivatives are surprisingly volatile in spite of their 
high molecular weight and have good chromatographic properties and detector 
sensitivity. The flophemesyl derivatives have been used for the analysis of steroids+‘, 
alcoholss-lo, phenols, amines and carboxyhc acidsg.1o, salmefamol and labetalolrl, 
fatty acid methyl ester chlorohydrinsU*13 and fluoride ions” by GC-ECD. The 
flophemesyl derivatives have similar hydrolytic stability to the trimethylsilyl deriv- 
atives. To improve the hydrolytic stability of the flophemesyl derivatives, tert.-butyl- 
pentafiuorophenylmethylchlorosilane (tert.-buflophemesyl) derivatives have been 
preparedIs. In keeping with the tidings for the &rt.-butyldimethylsilyl derivatives, the 
tert.-butIophemesy1 derivatives were much more hydrolytically stable than the 
flophemesyl derivatives, but reacted less readily with hindered functional groups and 
were less volatile than the flophemesyl derivatives. 

In order to expand the areas of usefulness of the flophemesyl reagents, three 
new reagents structurally related to the flophemesyl compounds have been prepared. 
The structures and appropriate abbreviations for the reagents are shown below: 
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R = CJ&, penF&orophenyldFhykhlorosikme; flophemesyl chloride 
R e CK(CEE&, pentaftuorophenylisopropylmethylchlorosi; BP-fiophemesyl chloride 
R = C(CJ3&, rerf.-butylpentafluorophenylmethylchloros~~e; rert.-buflophemesyl chloric!e 
R = C&Cl, chIoromeFhylpenF&uorophenylmethylcNarosikne; CM-ffophemesyl chloride 

Pentafiuorophenylisopropyhnethylchlorosilane was prepared in the hope that 
the less bulky isopropyl group would provide a convenient compromise between the 
properties of the flophemesyl and ret?.-buflophemesyl reagents. The isopropyl 
group should itiueuce the rate and exknt of reaction of hindered functional groups 
less than the bulky tert.-butyl group while at the same time providing sufficient 
hydrolytic stability to prevent the hydrolysis of derivatives subjected to a variety of 
sample clean-up conditions. 

Chlorometbylpentafiuorophenylmethylcblorosilane was prepared as a selective 
reagent for the determination of bifunctional compounds by GC-ECD. It was noted 
by HammaP that #?- and y-hydroxy primary, secondary, tertiary and quaternary 
amines react with a mixture of 1,3-bis(chloromethyl)-l,1,3,3-tetramethyldisilazane 
(CMTMDS) and chloromethyldimethylchlorosilane (CMDMCS) in a selective 
manner to form stable heterocyclic derivative,. = This selective derivatization reaction 
was used to elucidate the metabolism of the &adrenoceptor antagonist drug, al- 
prenolol in man and dog by GC-mass spectrometry (MS)“. To exp!oit the chemical 
specif&y of the reaction for trace analysis the reagent described by Hammar was 
modified to contain a pentafluorophenyl group in place of one of the methyl groups 
bonded to silicon for use with the ECD. This same reagent should also form deriv- 
atives of polar functional groups in the usual way by virtue of the much greater 
reactivity of the chlorosilane group compared to the chloromethylsilyl group. The 
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reagent should also be suitable for the formation of derivatives of alcohols, phenols 
and carboxylic acids in which it might be anticipated that the close proximity of the 
two electron-capturing groups (pentafhzorophenyl and chloromethyl groups) would 
interact synergistically to provide a high detector response. Such synergistic inter- 
actions of two electron-capturing groups when brought into close proximity in 
organic compounds have been found to increase the detector response significantiy 
from the response of either center in isolation provided that some electronic path- 
way exists for the two centers to interact. 

Related to the cyclization reagent of Hammar, it is known that the chlorine 
atom of the chloromethyl group can be displaced by aminesxg and that the chloro- 
methyl group itself can be displaced by strong nucleophiles under vigorous reaction 
conditions5~‘*. It has also been observed that short chain aliphatic acids when deriv- 
atized with bromomethyldimethylchlorosilane and diethylamine formed bromo- 
methyltetramethylmethyldisiloxane esters rather than the expected bromomethyl- 
dimethylsilyl esterslg. 

I AH I I 
R-C-QH + BrCH,Si-Cl DPAi R-C-CXH,Si-O-Si-CH~Br 

II 1 II I I 
0 CH, 0 CH, CH, 

The chloromethyl group is thus a selective leaving group as it only interacts with 
strong nucleophiles and could be used to derivatize such compounds in the presence 
of less reactive polar compounds. By incorporating two pentatluorophenyl groups 
into the reagent exceptional electron-capturing sensitivity with reasonable volatility 
on GC might be expected. To investigate this possibility, the reagent bis(penta- 
fluorophenyl)chloromethylmethylsilane was prepared. 

EXPERIMENTAL 

Flophemesyl chloride, flophemesylamine and terr.-buflophemesyl chloride 
were obtained from Lancaster Synthesis (St. Leonardgate, Great Britain) or from the 
Alfa Products Division (Ventron Corp., Danvers, MA, U.S.A.). All other flophemesyl 
reagents were prepared for the first time in our laboratories as described below. 

All reactions are carried out under argon or nitrogen in oven-dried glassware 
and using anhydrous solvents. Methyldichlorosilane was obtained from Sigma (St. 
Louis, MO, U.S.A.), chloromethylmethyldichlorosilane from Fhrorochem (Dinting 
Vale, Great Britain), pentafluorobenzene from PCR Research Chemicals (Gainesville, 
FA, U.S.A.) and lithium wire, n-butyllithium and 2chloropropane from Aldrich 
(Milwaukee, WI, U.S.A.)_ 

Synthesis of pentqfZuorophenyiisopropyEmethylchlorosihzne 
IsopropyZZithium. To 1.5 moles of 2chloropropane (127.8 g) in anhydrous 

pentane (200 ml) under an argon atmosphere were added 3.0 moles (20.8 g of wire 
flattened and cut into small pieces, washed with ether) of lithium. The stirred solution 
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was maintained at -1OT for at least 10 h. The violet colored solution was filtered 
under argon to give a pale yellow solution of isopropyllitbium in approximately 40 % 
yield by titration. 

Me~kyZ~opropyZckZofo~~~osilmze. 3% a solution of methyldichlorosilane (0.6 moles) 
in pentane (80.0 ml) was added slowly over about I.0 h a pentane solution of isopro- 
pyllitbium (300 ml, 2 M) under an argon atmosphere. The reaction flask was 
surrounded by a coolant bath (-30 to -40°C) under which conditions a gentle 
reflux was maintained during the addition and for a further 1.0 h after the addition 
of reagent was complete. When the spontaneous reflux ceased the reaction was com- 
pleted by heating to reflux for a further 1.0 h. The solution.was cooled, the precipi- 
tate of lithium chloride filtered off and the solvent removed in VQCUO. The residue 
was fractionally distilled at atmospheric pressure to give methylisopropylchlorosilane, 
b.p. 88-91 “C in 65 % yield (liLzO b .p. 90.6”C), infrared (HR): Y (Si-H) 2175 cm-’ (s). 

Pentafruoopke~y~~opfopy~~eiky~s~~~e. To a solution of pentafluorobenzene 
(0.3 moles) in diethyl ether (100 ml) at -70% under a nitrogen atmosphere was added 
dropwise a solution of n-butyllithium (0.3 moles, 1.6 M solution) in hexane. The 
mixture was allowed to warm up to -2O”C, stirred for a further 0.5 h and cooled 
again to -70°C. To this solution was added dropwise metbylisopropylchlorosilane 
(0.3 moles) in die&y1 ether .(50-O ml) over about 1.0 h, the temperature raised to 
-20°C and stirred for a further 1.0 h prior to completing the reaction by allowing 
the reactants to attain room temperature. The precipitate of lithium chloride was 
filtered off and the solvent removed in vczcuo. The residue was fractionally distilled 
to give pentafluorophenylisopropyhnethylsilane b-p. 14%144°C at 144 mmHg in 
53 % yield. IR: Y (Si-H) 2160 cm-’ (s); nuclear magnetic resonance (NMR): Si-CH, 
0.53 ppm, Si-CH-&H,), 1.15 ppm, Si-CH-(CH& 5.35 ppm; Si-H 4.35 ppm; MS: 
m/e 254 (50) M+, 211(38) w-CH3 I+, 145 (lOQ), 125 (44), 101(30), 81(95), 63 (81). 

Pentqfluoropkeny~isopropykne~ky~ck~orosihe. Through a solution of penta- 
fluorophenylisopropylmethylsilane (0.15 moles) in anhydrous carbon tetrachloride 
(250 ml) was bubbled chlorine into a reaction vessel covered with aluminum foil to 
exclude light and arranged so that it could be intermittently immersed in an ice-salt 
bath to maintain the reaction temperature below 20°C during the chlorination. 
A buffer volume in the gas line prior to the reaction vessel and an auxiliary supply 
of nitrogen connected to the chlorine line were used to prevent loss of material due to 
suck-back. The reaction was complete within 0.5 h (monitored by GC) and excess 
of chlorine was purged from the solution with nitrogen. The solvent was removed in 
VQCUO and the remaining liquid fractionally distilled to give pentafiuorophenyliso- 
propylmethylchlorosilane b.p. 94-95°C at 13 mmHg in 56% yield. NMR: Si-CH, 
0.95 ppm, S&CH-O, 1.18 ppm, Si-CH-(CH& 5.3 ppm; MS: m/e 288/290 
(39/13) M+, 245/247 (100/34) [M--C&H,]+. 219 (18), 179/181 (51/19), 141 (42), 
129 (30), 125 (69), 97 (83), 81 (49), 75 (31). 

Syntkesis of ckIorometkylpen~ct~uoropkerzykne~ky~ckloro.dme 
CkZorometkyknetkylsiZme (H151/28). A 250~ml three-necked flask was fitted 

with a 30-cm vacuum-jacketed Vigreux c&.unn connected to a distillation head, 
condenser with receiving flask and cold finger protected by a drying tube. In the fiask 
under an argon atmosphere was stirred a solution of chloromethylmethyldichloro- 
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silane (0.3 moles) in rt-butyl ether (250 ml) and lithium aluminum hydride (0.45 
moles). The reaction mixture was refluxed and the product distilled off through the 
Vigreux column at a distillation temperature of 4%90°C. The reaction and distillation 
were complete within a 4%min period. The product collected in the receiving flask and 
cold finger, 21.0 g in all, contained 16.5 g of chloromethyhnethylsilane, 1.1 g of 
dimethylsilane and 3.4 g of n-butyl ether and was used without further purifkation. 
NMR: S&CH, 0.33 ppm, Si--cH,Cl 2.93 ppm, Si-H 4.0 ppm. 

ChloromethyImethyichtorosikme (H151/27). To 21.0 g of the chloromethyl- 
methylsilane product (containing 0.19 moles of silane) in ether (150 ml) under argon 
was added dropwise with stirring tin(W) tetrachloride (0.19 moles, 22.6 ml) over a 
0.5-h period. The heavy white precipitate formed was stirred for a further 4.0 h and 
the solution decanted off and distilled through a l&m Wgreux column to give 
16.5 g (0.128 moles) of chloromethyhnethylchlorosilane b-p. 9PlOO”C (lit.2L 95- 
97°C). NMR: S&CH, 0.65 ppm, Si-CH,Cl 3.06 ppm, Si-H 4.95 ppm. 

ChZoromethyZpentajluorophenyImethy~siZane (H151/31). Pentiuorophenyl- 
lithium was prepared as described above and transferred to a nitrogen equal&d 
dropping funnel maintained at -70°C. The pentafluorophenyllithium (0.128 moles) 
solution was added dropwise with stirring under argon to chloromethylmethylchlo- 
rosilane (0.128 moles) in ether at -70°C. The solution was allowed to attain room 
temperature by stirring overnight (without removing the coolant bath), the precip- 
itate of lithium chloride filtered off and the solvent removed in VLICUO. The res- 
idue was fractionally distilled to give chloromethylpentafiuorophenylmethylsilane 
b-p. 8%92°C at 17 mmHg in 67% yield (0.086 moles). NMR: S&CH, 0.60 ppm, 
Si-CH,CI 3.17 ppm, Si-H 4.80 ppm; MS: m/e 260/262 (21/7) MC, 211(72) [M-CH2- 
Cl]*, 145 (69), 129 (28), 125 (31), 111 (51), 81 (96), 63 (100). 

ChloromethylpentqfIrcorophenylmethyichloe (H151/25). Chloromethyl- 
pzntafluorophenyhnethylsilane (0.086 moles) in carbon tetrachloride (100 ml) was 
chlorinated as described under PentafluorophenyZisopropyZmethyZchlorosiZcme_ After 
removal of solvent in VLTCUO, the residue was fractionally distilled to give chloro- 
methylpentafiuorophenylmethylchlorosilane b_p_ 102-107°C at 17 mmHg in 74% 
yield (0.064 moles). NMR: Si-CH, 0.98 ppm, Si-CH,Cl 3.30 ppm; MS: m/e 
294/296/298 (18/13/2) Mt, 245/247 (100/37), 209 (17), 179/181 (37/16), 125 (71), 97 
(96), 81(84), 63 (36). 

Synthesis of bti(pentafluorophenyl)cblor~methylmethyMane’ (HI51 126). Pen- 
tafiuorophenyllithium (from 0.14 moles of pentafluorobenzene) was prepared as 
described under PentaPKorophenylisopropylmethylsilmre and transferred to a nitrogen 
equal&d dropping funnel maintained at -70°C. The pentafluorophenyllithium 
was added dropwise with stirring under nitrogen to chloromethyklichlorosilane 
(0.14 moles) in ether (50 ml) at -70°C. The reaction mixture was allowed to attain 
room temperature by stirring overnight (without removal of the coolant bath), the 
precipitate of lithium chloride was filtered off, the solvent removed in VQCKO and the 
residue fractionally distilled to give bis@enWIuorophenyl)chloromethylmethylsile 
b.p. 164-166°C at 20 mmHg in 50% yield (0.07 moles). IR: 1642, 1520, 1470, 1380, 
1295, 1090, 975, 795 cm- l; NMR: Si-CH, 0.98 ppm, Si-CH2Cl 3.48 ppm; MS: 
m/e 426/428 (15/5) M*, 377 (41) [M-CH,Cl]+, 277 (74), 227 (19), 129 (24), 81 (100). 

- Molar ratios not optimized to rnaximh product yield. 



PENTAFLUOROP HENYJLDIALKYLCHLOROS~ANES FOR GC 129 

Formation of derivatives 
For the preparation of derivatives, 20 ~1 of reagent (flophemesyl chloride, 

&rt.-buflophemesyl chloride or ISP-flophemesyl chloride) and 20 ~1 of triethylamine 
were added to 10 ~1 of alcohol or other substrate in 100,4 of acetonitrile in a l&ml 
Reacti-vial. The mixture was heated at 60°C until the reaction was coinplete. The 
CM-flophemesyl derivatives were prepared by adding 20 yl of CM-flophemesyl 
chloride and 50 ,~l of pyridine to 20 pl of substrate in 100 yl of acetonitrile. The 
mixture was heated at 60°C to completion. For studies on reaction rate and stability 
towards hydrolysis using n-octanol as a representative alcohol, n-tridecane or n-tetra- 
decane were used as internal standards. 

Gas chromatography and mass spectrometry 
For GC, a Varian 3700 gas chromatograph with a flame-ionization detector 

and a 63Ni constant-current ECD was used. Retention times for the low-molecular- 
weight derivatives were determined on a 3 ft. x l/8 in. I.D. nickel column packed 
with 5 oA SE-30 on Gas-Chrom Q (100-120 mesh) with a nitrogen flow-rate of 40 ml 
min-‘. For GC-MS, a Hewlett-Packard 5992A mass spectrometer equipped with a 
single-stage glass-jet separator and a 6 ft. x 0.4 cm I.D. giass column packed with 
3% OV-1 on Gas-Chrom Q (100420 mesh) and operated with a helium flow-rate of 
30 ml min-’ was used. Electron-impact mass spectra were recorded at an ionization 
potential of 70 eV. 

RESULTS AND DISCUSSION 

Synthesis of reagents 
General methods for the synthesis of pentafluorophenyldialkylchlorosilanes 

have been developed in our laboratories 5*15. ISP-Flophemesyl chloride was prepared 
by this route in the usual way. However, CM-flophemesyl chloride was more 
problematical and a new scheme was developed for this reagent. To begin with, the 
addition of pentafluorophenyllithium to chloromethyhnethyldichlorosilane resulted 
in the formation of bis(pentafiuorophenyl)chloromethylmethylsilane and not the 
expected CM-flophemesyl chloride. The key intermediate for the synthesis of CM- 
flophemesyl chloride was considered to be chloromethyhnethylchlorosihme which 
containing only one chlorosilane group could not give rise to the bis(pentafluoro- 
phenyl) compound. This material was prepared in two steps from the commercially 
available chloromethyhnethyldichlorosilane by reduction to the disilane followed by 
selective chlorination with tin(W) tetrachloride. Attempts at the selective reduction 
of the dichlorosilane to the monochlorosilane were unsuccessful. The chloromethyl- 
methylchlorosilane was then converted to the desired product, CM-flophemesyl 
chloride in the usual way. 

Reactivity and volatility of pentafIuorophenyZdiaZkyZsiZyZ reagents and derivatives 
Flophemesyl, ISP-flophemesyl and fert.-buflophemesyl chlorides in the 

presence of an acid acceptor catalyst such as triethylamine show a similar range of 
application as far as reacting with alcohols, amines, thiols, phenols and carboxylic 
acids was concerned. CM-flophemesyl chloride is unstable in the presence of strong 
organic bases such as triethylamine, undergoing a self-condensation reaction (see 
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later under cyclic derivatization reactions). It is stable in pyridine which can be used 
as both solvent and catalyst for its reactions. Under vigorous reaction conditions 
with phenol a modest amount of a by-product shown below was also formed as well 
as the expected CM-flophemesyl derivative. To avoid the possibility of such side 
reactions, derivatization should be performed under mild conditions with this reagent. 
All the pentatluorophenyldiallcylsilyl derivatives studied had good chromatographic 
properties. 

a3 =d=s ws 

o- 

I I I 

OH + C6F5-fi-Cl pyfidne 

I AH o- 

OFSi-0-Si-CHZCI 
I I 

-ki=’ CH3 m3, 

The trimethylsilyl group is more bulky than the tert.-butyl group and as such 
both the rate and extent of reaction are intluenced by steric factors. The ffophemesyl 
reagents being studied here are all larger than the trimethylsilyl group and this would 
be e:cpected to influence their reaction rates with hindered functional groups. For our 
initial screening, all reagents were prepared in the chloride form and this will also 
effect reaction rates. From our knowledge of the trimethylsilyl reagents, one would 
expect the chlorosilane to be a poor silyl donor by comparison with reagents con- 
taining such leaving groups as imidazole. The flophemesyl reagents show a different 
order of silyl donor efficiency than the trimethylsilyl reagents due to the electronic 
effects of the pentafluorophenyl group but the general analogy regarding the silyl 
donor power of the chloride ion remains trues. Some preliminary data obtained with 
sterically hindered steroid hydroxyl groups supports the argument that the bulkiness 
of the new flophemesyl reagents inhibits their reaction rates with hindered functional 
groups. The 17/3-OH group of 17cr-methyl-17/Ghydroxyandrostan-3-one requires 
heating at 60°C for 3 h for complete reaction using ISP-flophemesyl chloride or 
tert.-buflophemesyl chloride compared to 15 min at room temperature with flophem- 
esyl chloride. Similarly the 1 l#kOH group of 1 I&hydroxyandrost-kn-3,17-dione was 
derivatized in 3 h at 60°C with flophemesyl chloride, &rt.-buflophemesyl chloride or 
ISP-flophemsyl chloride. CM-flophemesyl chloride using pyridine as catalyst did not 
react with either of the steroid hydroxyl groups. None of the flophemesyl reagents 
reacts quantitatively with the 17a-OH group in 17a,21-dihydroxypregn-km-3,11,20- 
trione. For all the reactions using the flophemesyl reagents, the ketones were con- 
verted to their methoxime derivatives prior to derivatization and in some cases this 
led to the production of two peaks due to the separation of the syn and anti- 
methoxime isomers. 

A wide range of substituted triallcylsilyl or aryldialkylsilyl reagents have been 
prepared_ for use with the ECD. In terms of relative volatility, these are compared in 
Table I for the separation of cholesterol. Compared with the trimethylsilyl ether 
derivative of cholesterol, all the pentafluorophenyl containing derivatives are less 
volatile. However, these derivatives are surprisingly volatile when account is taken 
of the molecular weight of the pentatluorophenyl group (the increase in molecular 
weight being offset by a decrease in intermolecular bonding forces in the fluorocar- 
bon). Based on Table I, the volatility of the pentatluorophenyl group lies somewhere 
between that of the chloromethyl and bromomethyl substituents Of particular 
interest to this study is the relatively small decrease in volatility observed when one 
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of the methyl groups in the flophemesyl derivative is changed for an isopropyl group 
compared to the much greater change in volatility when a terr.-butyl or chloro- 
methyl group is introduced. For a series of alcohol derivatives separated on a non- 
selective SE-30 cohunn (T’able n), the order of elution was observed to be 

flophemesyl < ISP-fiophemesyl < rerr.-buflophemesyl c CM-flophemesyl 

For the low-molecular-weight alcohols, the difference in volatility between the 
HP-flophemesyl and tert.-buflophemesyl derivatives is less dramatic but still 
significant. 

TABLE I 

RELATiVE VQLATILW OF A SERIES OF RJ&(C%)Si-CKOLmmROL ETHERS 

Determined on a 1.0 m x 2.0 mm I.D. nickel column of 1% OV-101 on Gas-Chrom Q (100-120 
mesh), temperature 2SO”C, nitrogen flow-rate 75 ml rnin-‘. 

Relative retention time 

I.00 
1.26 
1.37 
2.10 
4.57 3.14 

5.13 
6.30 6.26 

12.82 

Hyciiolytic stability of the pen~rrflurophenyldialkylsilyl derivatives 
The limited stability towards hydrolysis of the trimethylsilyl and flophemesyl 

derivatives is a disadvantage for some applications in which more than the minimum 
of sample manipulation or preliminary chromatography of the derivatives by thin- 
layer or column chromatography, etc. is required. The stability towards hydrolysis 
of the flophemesyl, ISP-flophemesyl, ret-t.-buflophemsyl and CM-flophemesyl deriv- 
atives of n-octanol under a variety of hydrolytic conditions are compared in TabIe 
III. Although there are some inconsistencies in the magnitude of the resistance towards 
hydrolysis between the HP-flophemesyl and tert.-butlophemesyl derivatives, it can be 
clearly seen that both of these derivatives are many times more hydrolytically stable 
to both acid and base hydrolysis than the flophemesyl and CM-flophemesyl deriv- 
atives. The hydrolysis conditions employed in this study are severe and it can con- 
fidently be predicted that both ISP-flophemesyl and terr.-buflophemesyl derivatives 
cau withstand the general clean-up procedures employed in analytical chemistry as 
far as the analysis of alcohols is concerned. We have previously shown that the 
tert.-buflophemesyl derivatives can be submitted to column and thin-layer Lhroma- 
tography without noticeable hydrolysis15. 

ECD sensitivity 
The response of the ECD to the compounds eluting from the column is 
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temperature dependent. For this reason it is essential that the detector temperature 
is optimized for maximum response of each derivative being compared23. 'Fhe data 
for the peak area (response) qf the derivative with respect to detector temperature 
(T, “K) can be plotted in the form of in AT3/L vs. I/Tfrom which some insight into the 
detection mechanism cau be obtained 24. In Fig. 2 the fiophemesyl, ISP-flophemesyl 
and CM-flophemesyl derivatives show a dissociative mechanism of electron capture 
with the bond breaking process being favored by the use of high detector temperatures. 
The rert.-buflophemesyl derivative shows regions of both dissociative and non- 
dissociative electron capture. To minimize detector contamination with biological 
extracts, +-he use of high detector temperatures are preferred and the relative response 
of all derivatives were determined under these conditions. The minimum detectable 
quantity of octanol for the four derivatizing reagents is compared in Table IV. All 
reagents show excellent- sensitivity with detection limits at the low picogram level. 
The nature of the alkyl group (methyl, isopropyl, tert.-butyl) has little effect on the 
detector response. The CM-flophemesyl derivative in which one of the a&y1 sub- 
stituents is the weakly electroncapturing chloromethyl group is approximately five 
times more responsive to the ECD than the other reagents. Thus the synergistic 
response of the two electrophores, the pentafluorophenyl and chloromethyl groups, 
co~ected through the silicon center is quite small and insticient to promote the 

11. 

10. 

10. 
1.5 1.6 1.7 1.6 1.9 2.0 2.1 2.2 

+x 10’ 

Fig. 2. Temperature dependence of the response of the ECD towards the tlophemesyl (A); ISP- 
flophemesyl (B); terr.-buflophemesyl (C); and CM-ffophemksyl (D) derivatives of n-cxrzmol. 
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TABLE N 

ECD RESPONSE OF THE PENTAFLUOROPHENYLDIALKYLSKLYL DERIVA’ITVES OF R- 
OCIXNOL 

Derivafive 

nophelilesyl 
ISP-Flophemesyl 
fert.-Buflophemesyl 
CM-Flophemesyl 

Minimum defecrabfe quantity ( x IO-1z g) Detector temperature (“C) 

4.0 350 
5.0 320 
6.0 350 
0.9 320 

use of the CM-flophemesyl reagent over the other reagents studied when account is 
taken of its unfavorable reaction and hydrolytic stability features. 

Mass spectra of IS&flophemesyl and CM-flophemesyl derivatives 
The mass spectra of the ISP-flophemesyl and CM-flophemesyl derivatives are 

charaterized by weak or absent moledular ions, very few dominant silicon-containing 
ions and a relatively abundant series of fluorohydrocarbou ions. Also, loss of a 
methyl or pentafluorophenyl group from the molecular ion or the principal daughter 
ions does not occur commonly. In the mass spectra of the alcohol derivatives (Fig. 3), 
elimination of a chloromethyl group in the CM-flophemesyl derivatives and an 
isopropyl group in the ISP-flophemesyl derivatives occurs readily to give au abundant 
[M-CH,Cl]+ or [M-C&I,]+ ion, respectively. This ion provides the base peak in 
most spectra. This cleavage is not so dominant in the non-alcohol derivatives. It is 
absent in the mass spectra of the CM-flophemesyl derivatives of n-butanethiol 
(Fig. 4), 3-butenoic acid, aniline (Fig. 5) and of only moderate abundance in the 
benzoic acid (Fig. 6) and phenol (Fig. 7) spectra. For the HP-flophemesyl deriv- 
atives, the relative abundance of the ~-C&I,]+ ion is more variable, being weak 
in the n-butauethiol (Fig. 4) and phenol (Fig. 7) derivative mass spectra but is one 
of the dominant peaks in the mass spectra of the benzoic acid (Fig. q’ derivative. 
The mass spectra of the ISP-flophemesyl derivatives resemble those of the tert.- 
buflophemesyl derivatives with the exception that the &I--tert.-bu@l]* ion is much 

Fig. 3. Eb%oI~-impact SMSS spectra of the ISP-flophemesyl (A) and CM-ffophemesyl (B) derivative 
of 2-butanol. 
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Fig. 4. Electron-impact mass spectra of the ISP-flophemesyi (A) znd CM-fiophemesyl (B) derivatives 
of n-lYubrEthi01. 

more abundantl’. The base peak in the mass spectra of the phenol derivatives is a 
silatropylium ion of m/e 175 which we have observed previously in the spectra of the 
flophemesylg and &rt.-bufiophemesy115 derivative. 

Silatropylium ion 
m/e 175 

The principal ions of Iower m/e in all the mass spectra are dominated by the presence 
of fluorosilane ions @z/e 47 [SiF]+, m/e 17 [Si(CH,),F]+, nt/e 81 [Si(CH,)F,}+) and 
fluorohydrocarbon ions originating from the fluorohydrocarbon tropylium ions 

100 
80 

60 

40 

20 

0 

j,. 
I VI II 

40 60 80 100 120 140 160 180 200 220 

80 

60 

40 

I . ..I .I.. L. I,, 
1 1 ,L-, 1 I 1 

320 340 360 380. 

Fii. 5. Ekckon-impact mass spectra of the CM-flophemesyl derivative of aniline. 
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I.,,. , ., , I , , ; , 160 ta0 zao 220 ' ’ 240 260 2~0 2ao 320 340 160 

iao- t3 
ao- 

Ti. Ii1 .I,, dn.r,ll I+ I,, I,! .a, JJI,,, dl.d . lb . &I . > *II I ,I . , . , ) &I , , , 
CCW.cc 

40 60 60 li0 120 140 160 160 zao 220 240 260 260 2au 320 340 160 

Fig. 6. Ekctron-impact mass spectra of the BP-ffophemesyl (A) and CM-ffophemesyl (B) derivatives 
of bmzoic acid. 

(m/e 181 C&F,, m/e 163 C&F,, m/e 159 C&&F, and m/e 145 C.&F& The 
fluorohydrocarbon tropylium ions arise by exchange between the alkyl groups on 
silicon and fluorine on the pentiuorobenzene ring, a rearrangement which has been 
thoroughly investigated for the flophemesyls*9*u and tert.-buflophemesyP5 deriv- 
atives. Further fragmentation and elimination of hydrocarbon and fluorocarbon 
groups from the tropylium ions gives rise to the ions of m/e 143, 125, 119, 117, 111, 
LOS, 101, 99, 97, 95 and 93 which are of moderate abundance in all spectra. The 
characteristic ion m/e 129 occurs in all pentiuorophenylsilicon mass spectra and 
its origin has been discussed previouslyzL. 

Cy&ation reactions with CM-jlophemesyl chloride and hydroxymines 
As described in the introduction, chloromethyldimethylsilyl reagents undergo 

a very selective cyclizing reaction with p- and y-hydroxyamineP. Such a grouping 
is present in the side chain of the b-androceptor antagonist drugs, the so-called 
/3-blockers, used for the long term control of hypertension. To f&ill the need for a 

115 
A 

40 SO 10 100 l20 140 160 140 zao 220 240 260 2uo 3ao 320 240 lb0 

Fig. 7. E!ktron-impact mass spectra of the Is&flophernesyi (A) and CM-iIophernesy1 (I3) derivatives 
of phenol. 
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very specific reagent for their detection at trace IeveIs in biological &ids, CM- 
fiophemesyl chloride was synthesized and its ability to form cyclic derivatives for 
me.with the ECD investigated. From the outset of this investigation a probfem was 
discovered wkick presumably does not exist witk the chlorometkyldimetkyIsiIy~ 
reagents. In the presence of a strong organic base suck as diethyIamine. or triethyl-, 
amine (added as a catalyst), the CM-fiophemesyl chloride reagent undergoes a self- 
condensation reaction to produce a non-voIatiIe poorly soIubIe poiymeric-Iike sub- 
stance. CM-flophemesyl chloride is stabb in pyridiue but under these reaction con- 
ditions no volatile derivatives were formed on GC when alprenolol, metoprolol or 
propanoIo1 were added to tke reaction mixture. Evaporation of most of the pyridine 
from the reaction mixture gave a heavy oiIy precipitate. A simiIar tiding was 
obtained when at&mpts were made to derivatize L-metkyI-3-isopropylaminopropan- 
2~1 or 3-amino-l-propanol. We attribute this to the base induced condensation 
reaction of the reagent. The isopropylamino group of the side chain of the /l-blocking 
drugs is sufficiently basic to catalyze tie condensation reaction of the reagent which 
occurs in preference to the cyclization reaction. In a separate set of experiments, 
using acetonitrife as solvent and N,Ndimethylaniline, imidazole, acetamide or 
ammonium carbonate as cataIyst, no voIatiIe derivatives for the /?-blocking drugs 
were obtained. It would seem tkat the pentafiuorophenyl group exerts an infhrence on 
the reactivity of tke ckloromethyl group in CM-flophemesyl chioride which is 
su&ient to inhibit the cychzation reaction with fl- and y-kydroxyamines in favor of 
a self-condensation reaction to produce a polymeric-like product. 

Reactions of b~fpentrFfZuorophenyZ/c~loromeftrylmertryZsilane 
The chloromethyi group when attached to silicon is a labile group undergoing 

displacement reactions with strong nucleophiles. It aIso retains some “benzyl-like” 
c-haracter which unables the chloride ion to be displaced by strong nucleophifes 
resulting in the formation of a new carbon bond; Examples of reactions of the above 
type are shown below 

R$iC&Cl + RXH + RxSiXR + C&Cl 
R&icH,cI t RN&-+ RSiC&NHR -I- HCI 
X=O,N,Setc. 

The chtoromethyi group in bis@entafIuorophenyl)chlorometkyhnethyIsihme is more 
unreactive than would be predicted from a knowledge of the properties of its kydro- 
carbon analogues. Direct reaction of the reagent with benzoic acid, butanoic acid, 
phenol and o&an01 either at room temperature or 60°C for up to 24 k did not show 
any appreciable .consumption of reagent and no new products were found on GC. 
With la-butyhunine, #LphenyIethylamine, 3-aminopentsne and trietkylamine some 
cunsumption of reagent occurred and four new principal products appeared on GC 
accompanied by several minor peaks. However, the retention times of the main 
products remained the same independent of the amine reacted and were increased 
markedly as the molar excess of bis@entatiuorophenyl)chlorometkyhnetkyIsiIane 
was increased to that of the amine. From this information we inferred that the new 
products formed were generated from the reagent itself in the presence of an organic 
base catalyst and were not derivatives of the amines. M+ss spectra of tke four prin- 
cipal products contained few ions of diagnostic value. All spectra contained weak 
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ions in the high m/e region extending beyond m/e IOOO. On standing, the solutions 
gave some precipitate, presumably the amine salt (this material was a water soluble 
fine- white powder) indicating :&at reaction .fo at Ieast some extent occurred with 
chloride: elimin,ation. 

The chloride ion.of the chloromethysilyf group czm be replaced by iodine in a 
halide ion-exchange reaction employing potassium iodide as the nucleophilic source 
of iklidG4. Potassium iodide was added as catalyst to the reactions between bis- 
(pentafluorophenyl)chforomethylmethykilane and benzoic acid, phenol, octanol and 
fl-phtinylethykmine. The hoped for inCrease in reactivity by zk S&X formation of the 
iodomethyl group was not found in practice. 

The nucleophiiicity of phenols and carboxylic acids can be increased by salt 
formation. For phenol and the carboxylic acids studied here, formatioa of their 
so’dium or tetrabutylamnonium salts did not effect the extent of the reaction and QO 
derivative peaks were obtained on GC. 

Thus the chloromethyl group of bis(pentafluorophenyl)chloromethyhnethyl- 
silane was found to be relatively inert to nucleophiiic attack with the possible excep- 
tion of some instability towards amines. Under the reaction conditions investigated, 
this reagent was not found to be useful as a selective derivatization reagent. 

Applhztfon of afZophemeyl reagent to the detection of N-nirrosodiethanolmnine 
Triethanolamine is a popular surfactant incorporated into a wide range of 

cosmetic products. When brought into contact with nitrite ions or nitrogen oxides 

(e.g. NO, NO& nitrosation and bond ckavage occuis to produce N-nitrosodi- 

A B 

‘ , 7 

0 5 10 0 5 10 15 

Fig. 8. Gas ~hromatogram with ECD of the flophemesyl derivative of N-nitrosodiethanolamine 
before (A) and after (B) W irradiation. For the separation, a 6 ft. x 0.125 in. I.D. nickel column 
of 3 % OV-17 on Gas-Chrom Q (100420 mesh) at 220°C iso&ermalIy and carrier gas 10% methane 
in argon at 30 ml mifl-’ was used. 
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ethanolamine (NDELA). The latter is of interest as-it is a.mild carcinogen which 
may accumulate unintentionally in commercial cosmetic products. 

Preliminary. results in our laboratories have shown aat N-nitrosodiethanol- 
an&e (20 ,u!) in toluene (90 pl) reacts quantitatively with fiophemesylamine (IO ~1) 
upon .heating at 6@“C for 15 min to produce a thermally stable flopbe&syl.derivat 
with good peak shape on GC. The structure of the derivative was confirmed by mass 
spectiometry (Fig. 8, m/e 582, Mt ; 567 )J@-CHS]’ ; 552, m-2(CR,)]* ; 536, 
&M--G&O]+ ; 522 @kz-C&NO]’ ; 517, [M-C&F,]+ ; 503, @A-GHeFNO]+; 
415, m-C&]+; 384, w-C,F,l+ ; 296, [C&Si(CH,),oGHzNJf; 282, [296-w* ; 
269 [296-HCNj+; 253, [C&Si(CHJO~H$. 

& No flophemesylamine 

I-- 15 min, 60°C 
ii-NO 
I 

The principal ions occurrin g at low m/e values are characteristic of the flophemesyl 
grou~~.~.~. With the ECD the NDELA flophemesyl derivative was easily detected in 
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low picogram a~mounts. As well as MS the instabiiity of the nitroso group to W 
irradiatioti can be used to qualitatively iden&@ N-nitroso compounds in extracts. 
Fig. 9 shows an ECD chromafogram of 2.0 ng of NDELA as its flophemesyl 
derivative before (A) and after 4 h W irradiation (B). After irradiation the peak arezt 
for the NDELA derivative is very much reduced. The flophemesyl reagents have 
useful properties for the determination of NDELA and should prove valuabIe for 
the analysis of NDELA at trace levels in cosmetic products. 

CONCLUSIONS 

The pentafluorophenyldial&khlorosilancs are useful derivatizing reagents 
for a wide range of functional groups and can be used with the ECD for the deter- 
mination of trace quantities of these substances. The volatility order of their deriv- 
atives was found to follow the sequence flophemesyl > ISP-flophemesyl > tert.- 
buflophemesyl > CM-flophemesyl and the ISP-flophemesyl and tert.-btiophemesyl 
derivatives were many times more hydrolytically stable than the flophemesyl and 
CM-flophemesyl derivatives. Bis(pentafluorophenyl)chloromethylmethylsilane was 
found to be too unreactive for use as a derivatizing reagent. CM-flophemesyl chloride 
preferred to polymer& rather than act as a cyclizing reagent for y-hydroxyamines. 
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