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SUMMARY 

The synthesis of a new sily!ating reagent, tert.-butylpentaflubrophenylmethyl- 
chlorosilane (tert.-buflophemesyl chloride) is described. The reagent forms volatile 
derivatives of alcohols, phenols, carboxylic acids, tbiols and amines w-bkh are 
suitable for gas chromatography with electron-capture detection. The rerk-btiophe- 
mesyi derivatives are many-fold more stable towards hydrolysis than the flophemesyl 
derivatives to conditions such as partitioning between organic solvents and acid or 
base, thin-layer chromatography and column chromatography. The maSs spectra of 
the derivatives show characteristics of both the flophemesyl and tete.-butyldimetbyl- 
silyl derivatives and are suitable for compound identikation.. 

INTRODUCTiON 

Trimethylsilyl reagents are the most versatile of all derivatization reagents, 
reacting with a wide range of protonic functional groups and some enolizable ketone 
groups’_ Their derivatives are volatile and generally thermally stable, with good sepa- 
ration characteristics, which has led to their widespread use in gas chromatography 
(cc). However, for use in trace analysis two problems remain. The trimetbykilyl 
derivatives are not very stable towards hydrolysis, which makes the manipulation of 
trace amounts in preliminary putication OF sample clean-up operations [e.g., thin- 
layer chromatography (TLC), -.cohmm chromatography, partition with protonic 
soIvents] likely to result in large ed variable losses of derivatives through hydrolysis. 
Secondly, the search for a silicon%elective and specik detector for tract analysis has 
not been sIxce.ssfUF. 

Owing to theit poor stability towards hydrolysis, trimethylsilyl ethers have made 
littIe impact as a protecting group in organic synthesis. Recently, bigher alkyl ho- 
mologues than the trimethylsilyl ethers have been used in the synthesis ofprostagland- 
ins and nuckosides and shown to be stable to a wide range of chemical reagents (for a 
review, see ref. 2). Corey and Venkateswarlu3 found that tert.-butyldimetbylsilyl etheti 
were PW1W times more stable towards hydrolysis than trimetbylsilyl ethers. Tkis 
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observation has not gone unnoticed by analytical chemists and the last few years have 
seen an increasing use of reagents of this type in gas chromatography2. 

To improve the detection limit of the silyl ethers, reagents have been devised 
that contain halomethyl or pentafluorophenyl groups, which can be used with the 
selective and sensitive electroncapture detector. Halomethylsilanes are vulnerable to 
nucleophilic attack, resulting in displacement of the halomethyl group and thus 
limiting their general usefuhre&. PentafluorophenyIdimethylsilyl reagents (abbrevi- 
ated to flophemesyl for convenience) have been shown to form derivatives with 
steroids-, alcohols’-lo and phenols, amines and carboxylic aciclsg*‘9 These derivatives 
can be detected with the electroncapture detector at the picogram to femtogram 
(IO-1z-10-‘5 g) level and have similar stabilities towards hydrolysis to trimethylsilyl 
derivatives. 

In an attempt to improve the stability towards hydrolysis of Eophemesyl 
derivatives while maintaining the high response to the electron-capture detector, the 
new reagent terf.-butylpentafiuorophenylmethylchlorosilane was synthesized and 
evaluated. For convenience this reagent has been given the name ter?.-buflophemesyl 
chloride: 

EXPEZIMENTAL 

Flophemesyl chloride and tert.-buflophemesyl chloride are availabfe from 
Lancaster Synthesis (St- Leonard Gate, Lancaster, Great Britain) and Alfa Products 
Division, Ventron Corp. (Danvers, Mass., U.S.A.). 

tert.-Butlophemesyl chloride was prepared for the first time in this laboratory 
by a three-step reaction sequence as described below. 

All reactions were carried out under a nitrogen atmosphere in oven-dried glass- 
ware and using anhydrous solvents. Methyldichlorosilane was obtained from Sigma 
(St. Louis, MO., US-A.), ?ert.-butyllithium from Tridom Chemical (Hauppauge, 
New York, KY., U.S.A.), n-butyllithium from Aldrich Chemical (Milwaukee, 
Wise., USA.) and _pentafluorobenzene from PCR Research Chemicals (Gainesville, 
Fla., U.S.A.). 

To a solution of methyklichlorosilane (1 .O M) in approximately 250 ml of 
n-pentane was added slowly over about 2 h a solution of tert.-butyllithium (500 ml, 
2 M) in n-pentane. The mixture wss allowed to r&lux spontaneously for about 1 h and 
was then heated to refiux for a further 1 h. The solution was cooled, the precipitate of 
lithium chloride filtered off and the solvent removed in VQCUO. The residue was frac- 
tionally distilIed at atmospheric uressure to give rert.-butylme~ylchforosilane, b-p- 
89-91 “C, in 56% yield. IR: v (Si-H) 2160 cm-’ (s). NMR: CH& 0.38 ppm (d), 
(CH,), C-Si 0.95 ppm (s), Si-H 4.50 ppm (Q). MS: m/e 136/138 (16.4/5.9) M*, 93/95 
(31.8/15.6), 79/81(46.2/17.1) @%-tert.-Bu]+, 57 (100). 
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A solution of n-butyllithium (0.5 moles of a 1.6 M so1ution in n-hexane) was 
added slowly with stirring to pentafluorobeuzene (0.5 iW) in diethyl ether (160 ml) at 
-70 “C. The mixture was allowed to warm up to -20 “C, stirred for 0.5 h and cooled 
again to -70 “C. To this was added s1owly tert.-butylmethy1chorosilane (0.5 M) in 
diethyl ether (50 ml) over about l h and the mixture allowed to warm up to -20 “C 
for 1 h and fmally to reach room temperature. The precipitate of lithium chloride was 
filtered off and the solvent removed fit vacua. The remaining liquid was distilled to 
give terz_-butylpentafluorophenylmethylsilane, b-p. 105-107 “C at 152 mmHg, in 
61% yield. IR: Y (Si-II) 2160 cm-l (s). NMR: CH,-Si 0.40 ppm (d), (CH,),C-Si 
0.93 ppm (s), Si-H 4.35 ppm (q). MS: m/e 268 (15.1) M’, 129 (IO), 125 (11.5), 81 
(21.8) 77 (15-S), 75 (10.2), 63 (22.2), 57 (100) 47 (11.9), 41 (25.3). 

Chlorine was bubbled through a solution of tert.-buty1pentafluorophenylsilane 
(0.5 M) in cabon tetrachloride (250 ml) in a reaction vessel covered with aluminium 
foil to exclude light and arranged so that it could be intermittently immersed in an 
ice-salt bath to maintain the temperature below 25 “C_ A buffer volume in the gas 
line prior to the reaction vessel and an auxilliary supply of nitrogen connected to the 
chlorine were used in order to prevent loss of material due to suck-back_ The reaction 
was rapid and when complete (approximately 1 h, monitored by GC), excess of chlo- 
rine was purged with nitrogen, the solvent removed in vacua and the remaining liquid 
distilled to give terr-butylpentafluorophenylmethylchlorosilaue, b.p. 99-100 “C at 
12 mmHg, in 77% yield. NMR: Si-CH, O-73 ppm, Si-C(CH& O-97 ppm (s)_ MS: 
m/e 302/304 (24.9/S-7) M*, 245/247 (7.9/4-O) Ff--rert.-Bu]+, 129 (10.2) 125 (9-S), 99 
(11.5), 97 (22.9), 81(13.6), 57 (100). 

Preparation of derivatives 
For the preparation of derivatives, 20 ~1 of reagent (flophemesyl ch1oride or 

tert.-buflophemesyl chloride) and 20 ~1 of triethylamine were added to 20 ~1 of 
ethanol (or other substrate) in 100 ~1 of acetronitrile or n-hexane in a 1.0 m! Reacti- 
Vial. The mixture was heated at 60 “C until the reaction was complete. For studies on 
reaction rate and stability towards hydrolysis using n-octanol as a representative al- 
cohol, n-tridecane for the flophenesyl derivative and n-tetradecane for the tert-- 
buflophemesyl derivative were used as internal standards. 

Gas chromatography 
For gas chromatography, a Perk&Elmer Sigma 2 gas chromatograph with a 

flame-ionization and a nickel-63 constant-current electron-capture detector was used. 
Retention times were determined on a 3 ft. x l/S in. I.D. nickel column packed with 
5 % SE-30 on Gas-Chrom Q (100-120 mesh) with a nitrogen flow-rate of 4Q ml min-r. 
For gas chromatography-mass spectrometry, a Hewlett-Packard 5992A mass specirom- 
eter equipped with a single-stage glass-jet separator and a 6 ft_ x 0.4 cm I.D. glass 
column packed with 3 oA OV-1 on Gas-Chrom Q (100-120 mesh) and operated with a 
helium flow-rate of 30 ml mi~--~ was used_ Electron-impact mass spectra were 
recorded at an ioniza$on potential of 70 eV. 

--. - 
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RESULXS AND DISCUSSION 

Flophenxsyl and tert.-buflop~emzsyl chlorides in the presence of an acid accep 
tor ca+SysS= such as triethylamine show a similnt range of application as far as the 
alcohols, amines, tbiob, carboxylic acids and phenols used in this study are concerned. 
Although we were primarily interested in the deter&n&ion of &xhols, for which 

retention time data are given in Table I, derivatives of phenol, I-propionic acid, 
1-butenoic acid, benzoic acid, n-butylamine, sec.-butylamine, tert.-butylamine, aniline, 
n-butanethiol and n-dodmethiol were also easily formed with t-t.-buliophemesyl 
chloride. For some derivatives tert.-buflophemesyl chloride reacted more slowly than 
the flophemeq~l chloride; whereas the latter gave a complete nzaction within 0.25 h at 
room temperature, the former occassionally required heating at 60” for 0.51.0 h. This 

slower rate of reaction is probably a consequence of the greater steric bulk of the 
reagent due to the presence of the ?ert.-butyl group. All derivatives showed good 
sepkation properties and peak shapes in gas chromatography. For the alcohols listed 
in Table I, the tert.-btiophemesyl derivatives were approximately 2-3 times less 
volatile than the equivalent flophemesyl derivatives on the non-polar SE-30 column. 

TABLE I 

EtELATIvE VOLATILrnEs OF FLOPHEMESYL AN-D err.-BUlYLPENTAFLUORO- 
PHENYLMETHYLSILYL ALCOHOL DERIVATIVES 

AIwhoZ 

M&O1 

Ethazol 
I-Ropanol 

2.R~panol I-5lltar01 
2-BU‘anOl 
err.-Butanol 
2-Rdanol 
I-Hexanol 
1-He#t.oi 
l-octanol 
Benzyl alcohol 
Cyciohexanol 
Phenol 
1-Decal01 
I-Ddecanol 

Ropiimesy~ 
akivative 

CR3 fminl 

1.2 
1.6 
2.0 

1.8 3.8 
3.3 
- 

1.5 
2.9 
5.1 

2: 
3.4 
3.8 
26 
4.9 

tert.-Buty&entajikorophmyl- 
nzetiiykily~ derivhe 

(&I (min) 

3.2 
3.2 
5.8 

4.8 10.1 
8.5 
- 

37 
6.9 

10.3 
16.4 
13.6 
8.3 
9.0 
5-O 
9.7 

W& 

2.67 
2.aJ 
220 

2.67 2.66 
2.58 

- 
2.43 
2.24 
2.00 
2.22 
2.16 
2.44 
237 
1.92 
1.98 

colwm 
temperafure 

(W 

120 
12.0 
120 

:: 
120 
- 

150 
1SO 
150 

:: 
150 
150 
180 
la 

StaEiIity towizrch hydrolysis 

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 preliminaq chromatography of the derivatives by thin- 
layer or column chromatography, etc., is required. The stabiities of the tlophernesyl 
and tert.-buflophemesyl derivatives of n-o&an01 under a variety OF hydrolytic condi- 
tions are compare in Table II. The fert.-b&lopheme# derivative is many times more 
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TABLE 11 

CONDITIONS FOR HYDROLYSIS OF n_OCTANOL DERIVATIVES 

Hy&oiysir llzeh Hydroiysis I%)’ 

Ac&onitri!&watet (4:l) 7O%in5min 
95%in3Omk 

Acetooiti~cetic acid (4:l) 78%in5min 
95%in2h 
lGCQin24h 

Toluene-acetic acid (4: I) SO%iSl5SEliII 
95%in2h 

Toluened N HCI (4:l) lO%in5min 
17%in3Omin 

-Acetonitrik-6 N HCI (2: I) 90%in5min 

-Aceto&&- NN2OH (2:l) 
100%iQ30miIl 
95%illSmin 
laQ%in30min 

5%hlSUlhl 
5%in6h 
5%klSiiliIl 
S%in2h 
12%in24h 
S%iIl5EliQ 
8%in24h 
No change over 24 h 

5%iIl5Silill 
5%in24h 
No change over 24 h 

* fS% is approximately the reproducibility of the analytical data. 

stable towards hydrolysis than the flophemesyl derivative and is not affected by par- 
titioning an organic solution of *he derivative against 6 M sodilrm hydroxide or hy- 

drochloric acid. The tert.-buffophemesyl derivative is also remarkably stable towards 
dissolution in acidic or basic media under conditions in which the flophemesyl deriv- 
ative is extensively hydroiysed- The tert.-buflophemesyl alcohol derivatives have also 
been submitted to column and thin-layer chromatography without noticeable hydrol- 
ysis. The tert.-buflophemesyl derivatives can be detected by their absorption of UV 
light on fluorescent TLC plates. 

i%n&ivity to the electron-capture detector 
A general feature of the operation of the electron-capture detector is the 

dependence of its sensitivity on temperature ll. This feature arises as a consequence of 
the mechanism of the interaction between thermal electrons and the compound being 
d~termined~_ The mechanism can be evaluated by a plot of ln AT31z vers& l/T (A = 
peak area for a tied mass of derivative and T = absolute detector temperature). For 
the flophemesyl derivatives, the mechanism is dissociative and the optimal detector 
temperature for their determination is the highest that can practically be used’. For 
the tert.-buflophemesyl derivative of n-octanol, a plot of In APi2 versus l/T shows 
regions of both dissociative and non-dissociative electron-capture (Fig. 1). 

For convenience a high detector temperature is preferred as this allows the 
downtime due to contamination to be minimized as well as providing the *highest 
detector response for the derivatives over the temperature range likely to be used for 
the gas chromatographic separations. With a detector temperature of 350 “C, the 
detection limit for the n-octanol derivative was 12. 10-lL g_ This response is of the 
same order as that obtained with the flophemesyl derivative previously discussed7*9. 
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Fig, 1. Temperature dependence of ekctron~pture detector response to the wt.-buflophemesyl 
duxintivei of n-octaoI_ 

Moss spectra of tert_-inrj7ophernesyi derivatives 
The mass spectra of the terr.-butlophemesyl derivatives show the combined 

features of the prominent modes of fragmentation observed with the tert.-butyl- 
dimethylsily12 and the flophemesyl derivatives 6*10_ The molecular ion is generally weak 
or absent but the molecular weight can be established by the abundant ion [M--57]+ 
due to facile loss of the tert.-butyl radical (phenols show a loss of 56 rather thau 57 
a.m.u.). An abundant rerz.-butyl (m/e 57) and allylic ion @z/e 41) are also characteristic 
ofthe mass spectra, The alfylic ion is usually very abundant, in some instant the base 
peak, and is presumably derived directly from the tert.-butyl radical or by exchange of 
a methyl group in ?erL-butyl with fluorine on the pentafluorobenzene ring with in- 
volvement of the silicon centre and Zknination as indicated in Fig. 2 (ref. 13). Au 
exchange of this type is the probable origin of the ion at m/e 225 [GF,Si(CE&)J’ 
observed in some mass spectra. Phillipo~~~ has discussed the origjn of ions character- 
istic of the trimethylsilyl group in the mass spectra of tert.-butyldimethylsilyl derivativ- 
es_ Unlike the flophemesyl derivatives, siliconcontaining fmgments are more promi- 
nent although relatively few in number. The mass spectra of the derivatives of n-pro- 
pan01 (Fig. 3), 3-butenoic acid (Fig_ 4), aniline (Fig- 5). n-butanetbiol (Pig 6) and 
phenol (Fig. 7) are typical of those studied. The phenol and aniline tert.-buflopheme- 
syl derivatives, analogous to the gophemesyl derivativesxo, have some characteristic 
differences in the mass spectra from those of the alcohols, carboxylie acids and thiols. 
The presence of a prominent silatropylium ion (m/e 175) is observed and is derived 
from the aromatic portion of the derivative by an as yet unknown rearrangement 
process. Cyclic fiuorohydrocarbon ions are not important ira the mass spe&um of the 
phenol derivative; Stable. ions of this type (Pig. 2) derivea from methyl and guorine 
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Fig. 2. schematic representation of the origin of fluorohydrocxbon tropylium ions in the mass 
spectra of ferr.-SufIophemesyl derivatives. 

Fii 3. Eltxh-on-impact mass spectra of the fern.-buflophemesyl detimtie of n-propanal. 
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Fig. 4. Ekctron-impact IE+.SS spectra of the ferz.-btiophemesyl derivative of 3-butenoic acid_ 
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Fe_ 5_ Ekctron-impact mass spectra of the fer~I~&ophemesyI derivative of aniline. 

interchange and elimication dominate the remaining features of the alcohol, carbox- 
ylic acid, thiol and amine mass spectra. The ions at nz/e 163,159 and 145 ~formulated 
as tropylium ions) and their f&er decomposition by elimication of neutral 
fragments are of moderate intensity’l. 

.-‘, 0 ;+I 
L,, Sihtropyha~ ion (m/e 175) 
si 



Fig. 6. Electron-impact mass spectra of the m-r.-buflophemesyl derivative of Amtarxetiol. 
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Fii 7. Electron-impact mass spectra of Fhe tert.-buflophemesyl derivative of phenol. 

CONCLUSiONS 

In comparison with flophemesyl chloride, tert.-buflophernesyl chloride reacts 
less rapidly but to completion under mild conditions, forms derivatives with alcohols 
that have retention times lol;ger by a fztor of 2-3 on GC, has similar sensitivity to the 
ekctronxapture detector and forms derivatives that are many. times more stable 
towards hydrolysis. The mass spectra of these derivatives show chakcteristic features 
witi fragmentation Wig directed by both the terr.-butyl and the pentafiuoropbenyl 
group. The greater stabiity towpres hydrolysis of the tert.-btiophesnesyl derivatives 
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and their high response to the electron-capture detector should make them very useful 
for trace level analyses of complex mixtures for which derivative stables to a wide 
range of chemical conditions are required. 
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