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The chemical ionization mass spectra of the trimethylsilyl derivatives of various types of compounds have been 
determined in tetramethylsilane reagent gas. Data are presented showing the occurrence of intermolecular ex- 
change reactions between sample trimethylsilyl groups and reagent gas ions, and involving part or all of the sample 
trimethylsilyl moicty. The extent of interaction between reagent siliconium ions and sample molecules is 
strongly influenced by steric effects. 

In recent years there has been a growing interest in 
the chemistry of organosilicon compounds as applied to 
biochemistry and analytical organic chemistry. JIost 
of this interest stems from the technique of trimethyl- 
silylation, i.e., replacement, of labile hydrogens in or- 
ganic compounds with trimethylsilyl groups for the 
purpose of application in gas chromatography-mass 
spectrometry. The mass spectra of trimethylsilyl 
derivatives frequmtly exhibit rearrangcrnents explain- 
able by silyl cation attack on an electronegative center.* 
Indicative of the high reactivity of the siliconium 
center, these rearrangemerits have been shown t.o occur 
both intra- and intermole~ularly.~ We have taken ad- 
vantage of the latter property by ut'ilizing tctramethyl- 
silane as a reagent gas in chemical ionization mass 
~pectrometr):.~ Siliconium ions were produced at high 
pressures (0.1-0.5 Torr) from t'his gas and the resulting 
chemical ionization mass spectra w r e  usually charac- 
terized by the predominance of the [A, I  + 731" adduct 
ions. This corresponds to the addition of a trimethyl- 
siliconium ion I(CH,),Si] +. Other abundant adduct 
ions have also been observed at [M + 131]+ and 
[AI 4- 145]+ corresponding to the addition of (CH& 
Si-Si *(CH& and (CH,),Si-Si+(CH&(CH?), respec- 
tively. 

In our preliminary experiments we were able to ob- 
tain chcmical ionization mass spectra in tetramethyl- 
silane using microgram quantities of a variety of or- 
ganic compounds, including steroids arid prosta- 
glandins.4)5 Because of this demonstrated high reac- 
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Willard, J. Amer. Chem. Soc., 91, 0544 (1869); (c) P. D. Woodgate, It. T. 
Gray, and C. Djerassi, Ore.  Mass Speclrom.. 4, 257 (1970); (d) E. White, 
s. Tsuboyama, and J .  A .  McCloskey, J. Amer. Chem. Soc., 98, 6340 (1971); 
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Ciiem., 86, 4060 (19il), and references cited therein. 
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(4) T. J Odiorne, I) .  J. Harvey, and P. Vouros, J. Phys. Chem., 76, 3217 
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( 5 )  D. 33. Deaiderio. B. S. hliddleditch, and P. Vouros, Chim. Chron., in 
press. 

tivity of the siliconium ion there exists a good possi- 
bility for application to the analysis of biological com- 
pounds. In view of the fact that the vapor-phase 
analysis of many such compounds is conducted with 
their trimethylsilyl derivatives, it seemed logical to 
acquire some additional information about any inter- 
action between sample trimcthylsilyl groups and 
alltylsiliconium ions from the reagent, especially since 
considerable structural information is carried by ions 
containing the trimethylsilyl moiety.fi 

Results and Discussion 

The extent of interaction between the reagent gas 
and sample is indicated not only by adduct ion forma- 
tion, but also by the occurrence of silyl group exchange 
between the reagent gas and the trimcthylsilyl group of 
the sample. Assessment of this interaction was made 
by using perdeuteriotrimcthyldyl derivatives of the 
sample.' The lability of the sample trimethylsilyl 
group possibly influences the amount and type of inter- 
action, and as a consequence me investigated the reac- 
tions of two general types of trimethylsilyl groups, 
ethereal and the more labile acidic group. Com- 
pounds chosen from the first category included the 
perdeuteriotrimethylsilyl and/or trimethylsilyl deriva- 
tives of n-tetradecanol (I) ,  n-hexadecanol (2)) n- 
docosanol (3), 2-tetradecanol (4), 5-hexadecanol (5 ) ,  
and 5a-androstan-17/3-01 (6). Compounds 1-3 con- 
tained a primary trimethylsilyloxy function whereas 4-6 
had a secondary trimethylsilyloxy group. Compounds 
in the second category included the derivatives of n- 
tetradecanoic acid (7), L-a-glycerophosphate (S), phenyl- 
phosphonic acid (9), and benzylphosphonic acid (10). 

Exchange Reactions. --E'igurc 1 Shov 9 thr  chomical 
ionization m8ss spectra of thc trimcthylsilyl derivative 
of n-tetradwanol (1 ,  I'igure la) and of its perdt.uteriotri- 
methylsilyl ttnslog (Figure lb) ,  obtained in tetra- 
methylsilanct reagent gaq under similar conditions. 

(6) J. Diekman end C. Djerassi, J .  Ore. Chon. ,  83, 1008 (1967). 
(7) J. A. McCloskey, R. N. Stillwell, and A .  M. Lawson, And .  Chem., 40, 

233 (1968). 
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Figure 1.-The chemical ionization mass spectra with tetramethylsilane as the reagent gas of (a) the trimethylsilyl derivative of n- 
tetradecanol and (b) the perdeuteriotrimethylsilyl derivative of n-tetradecanol. 
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The [AI + 731+ ion (?n/e 359, Figure la) carries ap- 
proximately SOYo of the total ion current and a further 
14% is carried by the [I\! + 1]+ peak a t  m/e 287. 
Elimination of either CH, from [ A I  + l]+ or Si(CH& 
from [II + 73]+ yields the peak at  m/e 271 and both 
processes were indeed confirmed by metastable de- 
focussing. Finally, the peak at m/e 417 corresponds to 
the [Ad + 131]+ adduct ion. The spectrum (Figure 
lb) of the perdeuteriotrimethylsilyl derivative showed 
the expected nine mass unit shift in the principal ions 
in agreement with sample analysis by electron impact 

mass spectrometry, which had indicated a perdeuter- 
ation greater than 99.9%. In addition, however, peaks 
were observed at  m/e 359 and 365 corresponding to ex- 
change of an entire trimethylsilyl group and of a 
methyl group, respectively. A much smaller peak a t  
m/e 362 indicated exchange of two methyls of the 
silyl-dg function. Similar results were obtained with 
the other primary trimethylsilyl ethers 2 and 3. This 
exchange was evident in mass spectra recorded at  var- 
ious ion source pressures ranging from 0.045 to 0.400 
Torr. 

Table I summarizes the types of exchange observed 
in the chemical ionization mass spectra of compounds 
1-10. The numbers in Table I should be taken as 
qualitative indicators, rather than precise measure- 
ments. In  all cases where accurate intensity measure- 
ments could be made there was definite evidence for 
exchange of an entire silyl-dg function in the [ N !  + 11 + 

and [RT + 73]+ adduct ions. It is of interest to note 
that in the spectra of the secondary trimethylsilyloxy 
derivatives (4-6) there was a marked decrease in the 
abundance of the [If  + 731 + ions, coupled with a sharp 
increase in the relative intensity of [ad + 1]+.  The 
latter ion in the spectra of 4-6 exhibited exchange of an 
intact silyl-d9 function but no &-methyl exchange. In 
the spectra of compounds 7-10, which contain more 
labile silyl functions, there was a measurable exchange 
of the entire silyl-c& groups but no detectable silyl 
methyl scramble with the reagent gas. Progressively 
decreasing in relative intensity, multiple silyl-dg ex- 
changes were evident in compounds containing two or 
more trimethylsilyl groups (8-10). 

The nonthermal nature of the observed group ex- 
changes was confirmed by simulating the ion source 
conditions (less ionization) in an experiment which in- 



4276 J. Org. Chem., Vol. 38, No. 25, lQ73 ODIORNE, HARVEY, AND VOTJROS 

TABLE I 
TYPES OF EXCHANGE IN THE [M + I]  + AND [M + 731 + ADDUCT 
IONS O F  THE PERDEUTERIOTRIMETHYLSILYL ANALOQS OF I-XW 

[M + [M + [M + 
Compd IM + 731 73 - 3Ib 73 - 91' [M + 11 1 - 91 

I d  100 8 12 14 1 
2 d  100 9 7 e e 
3 d  100 13 9 11 2 
4 11 1 100 10 
5f e e e 74 3 
6' e e e 54 29 
7 100 3 7 9 
8Q 100 24 25 8 
9Q 100 15 9 1 

1 O B  100 8 6 0 . 5  
a All peak intensities normalized to the base peak in the spec- 

trum. The numbers should be treated qualitatively rather than 
quantitatively. Indicates exchange of one silyl methyl from 
the perdeuteriotrimethylsilyl derivative. c Indicates exchange of 
the entire ailyl-dg function from the perdeuteriotrimethylsilyl 
derivative. Exchange of two methyl groups observed in minor 
amounts. Peak intensities were too low t o  obtain accurate 
measurements. f Base peak corresponds to elimination of 
(CH3)3SiOH from [M + 11 +. Q Exchange of two silyl-de groups 
observed in the M + 73 adduct, ions. 

volved heating samples of the perdeuteriotrimethyl- 
silyl derivatives in a closed container in the presence of 
tetramethylsilane and stainless steel a t  temperatures 
ranging from 100 to 120'. The samples were then 
analyzed by electron impact mass spectrometry, and 
even after 1 hr at this temperature less than 0.1% ex- 
change of a trimethylsilyl function could be detected. As 
a comparison it may be noted here that this l-hr period is 
obviously orders of magnitude longer than any possible 
residence time of sample molecules in the ion source. 
It is thus apparent that the group exchanges sum- 
marized in Table I are ionically induced. 

Probably the bulk of the [A!! + 73]+ ions are formed 
by direct addition of the trimethylsiliconium ion to the 
sample molecules. The relatively high pressures used 
in chemical ionization provide collisional stabilization 
of the adduct ion. Furthermore, energy dissipation 
can be effected by equilibration throughout the vibra- 
tional modes of the polyatomic systems discussed 
here. The [M + 73]+ ion, however, can also be 
formed by the unimolecular decomposition of activated 
complexes resulting from the reaction of secondary 
reagent gas ions with the sample. Metastable de- 
focussing experiments were conducted and indeed con- 
firmed the formation of [Ill + 73]+ from adduct ions of 
the type [M + 103]+, [M + 131]+, [M + 1451') and 
[SI + 161]+. This is analogous with the findings of 
Bursey and coworkers,8 who studied ion molecule reac- 
tions in butanedione utilizing ion cyclotron resonance 
spectrometry. 

In line with this and based on a single collision argu- 
ment and proper mass balance, a reasonable explana- 
tion for the observed exchange would involve partic- 
ipation of the most abundant secondary ion of m/e 
161 [(CH3)7Si2]+ as shown in Scheme I. The proposed 
mechanism provides for elimination of tetramethyl- 
silane, a process occurring readily under electron im- 
pact in systems possessing adjacent silyl groups as in 
the case of trimethylsilyl derivatives of  phosphate^.^ 

(8) &I. M. Bursey, T. A. Elwood, M. K. Hoffman, T. A. Lehman, and 

(9) D. J. Harvey, M. G. Homing, and P. Vouros, J.  Chem. So&, Perkin 
J. M. Tesarek, Anal. Chem., 41, 1370 (1970). 

Trans. 1 ,  1074 (1972). 

SCHEME I 
CD., 

H,C 
H,C' [M + 73 - 9]* 

Bonding of the pentavalent silicon of the m/e 161 ion 
with the ROSi(CD& oxygen can be justified by the 
ability of silicon to expand its valence shell and partic- 
ipate in bond formation with its 3d orbitals. In this 
case the silicon with the expanded valence shell in inter- 
mediate A (Scheme I) exists in an octahedral sp3d2 con- 
figuration and forms a bond with the oxygen.'O The 
proximity of the various methyl groups in interme- 
diate A can induce intramolecular methyl scramble and 
elimination of Si(CHa),(CD3)4-, (where n = 1-4) to 
give peaks at  [M + 73]+, [AI + 73 - 3]+, and [h'I + 
73 - 9]+ in compounds 1-3 (Table I). An analogous 
[M + 161]+ intermediate can also be attained by con- 
sidering a mechanism based on the direct reaction of the 
trimethylsiliconium ion with a sample molecule. The 
[&!I + 73]+ adduct ion arising from the latter reaction 
can then collide with a neutral reagent gas molecule to 
form an [>!I + 161]+-type ion analogous to A, which 
subsequently undergoes group exchange in the process 
of fragmenting to [M + 73]+. It is not possible from 
the present data to distinguish between those two or 
other mechanisms without the employment of ion 
cyclotron resonance spectrometry, but the metastable 
defocussing experiments clearly show the participation 
of a t  least the [ A t  + 161]+ intermediate in the ex- 
change process. 

An interesting feature may be noted when examining 
the further loss of tetramethylsilane from the [h!l + 
73]+ ion to form the fragment ion of m/e 271 in the 
spectrum of the trimethylsilyl derivative of l-tetra- 
decanol (Figure la) .  The shift of m/e 271 to m/e 277 
in the spectrum of the perdeuteriotrimethylsilyl de- 
rivative (Figure lb)  indicates the nonequivalence of the 
trimethylsilyl groups in the [ A t  + 731 + system. Three 
possible fragmentation pathways are outlined in 
Scheme 11. While the combined routes a and b seem 
attractive from Scheme I, the lack of any m/e 271 sug- 
gests the likelihood of route c. Thus it is apparent 
that other alternatives must be considered in addition 
to the normally conceptionalized silicon-oxygen 
bonding as in Scheme I. 

Stereochemical Effects.-In most ionic organic reac- 
tions in solution steric factors have been shown to play a 
very significant role. Trimethylsilyl reactions in soh- 
tion have also followed this pattern and thus it seemed 
reasonable to investigate steric parameters in gas- 
phase reactions as well. In  compounds containing a 
secondary trimethylsilyloxy function (4-6) we observed 
virtually no formation of the [M + 73 I + adduct ion but 
instead the spectrum was dominated by the [hl + I ]+  
peak. This is exemplified by the spectra of the tri- 
methylsilyl derivatives of l-hexadecanol and 5-hex- 
adecanol shown in Figure 2. The absence of the 
[M + 73]+ ion can be rationalized by the increased 

(10) J. F. Klebe, Accounts Chem. Res., 3, 299 (1970). 
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Figure 2.-The chemical ionization mass spectra with tetramethylsilane as the reagent gas of the trimethylsilyl derivative of (a)  
whexadecanol and (b) bhexacedanol. 

SCHEME I1 
C",(CH,),,OSi(C'D,), + (CH,),Si* 

I C H ,  

CDJ 

[M + 731' 

I CH , 

[M -+ 731' 1 

[M + i 3 ~ +  

steric hindrance, in view of the bulky groups involved 
in the adduct ion formation. The [PI + 1 - 90]+ 
peak in the spectrum of the trimethylsilyl derivative of 
5-hexadecanol corresponds to elimination of trimethyl- 
silanol from the protonated molecule. 

The high relative abundance and, for that matter, even 
the presence of the intense [PI + 1 + peak was somewhat 
puzzling, since sample protonation from the reagent gas 
ions would require transfer of a methyl hydrogen or 
possibly of a methylene hydrogen in the case of m/e 

131. It is much more likely that the majority of the 
[M + 1]+ ions are formed through participation of 
water impurities present in the system. Reaction of 
(CH&Si+ with water yields protonated trimethyl- 
silanol, [(CH&SiOH,]+, which reacts as a Brgnsted 
acid with the sample to give [A4 + l]+. This hypoth- 
esis is supported by the presence of a strong peak at  
m/e 91 in the spectrum of the reagent gas. It was 
further confirmed by an experiment in which we intro- 
duced DzO vapor into the system and correlated the 
ratio of [M + HI+ and [ A I  + D ] +  to that of [(CH3)3- 
SiOHt]+ (mle 91) and [(CH&SiOD2]+ (m/e 93). 
When the bulky alkyl siliconium ions are unable to 
react with sterically hindered heteroatoms, protonation 
from [(CHa)rSiOH2] + becomes predominant (Scheme 
111). Intermediate B seems to be of sufficient lifetime 

SCHEME 111 
CD, R, / 

'0-Si'-CD, R-- OLSi(CHJJ 
I 

- ( C D 3 ) 3 S ~ O H  H 
H,C \ j+IjL 'CD~ 

HJC 

HjC -Si, ' 
/ 0-H [M + 1 - 91' 

B 

to allow a trimethylsilyl scramble via elimination of the 
stable perdeuteriotrimethylsilanol as shown in Scheme 
111. 

In spite of the low energy release upon protonation by 
[(CH&SiOH2] + the difference in the steric environ- 
ment between the primary and secondary trimethyl- 
silyloxy isomers 2 and 4 is sufficient to produce signifi- 
cantly different amounts of fragmentation of the [M + 
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1]+ ion. By contrast the methane chemical ionization 
mass spectra of both isomers are very similar, with the 
base peak occurring at  [M + 1 - go]+. On the other 
hand the isobutane chemical ionization spectra of 2 and 
4 were not informative because of the poor reactivity of 
the reagent. 

Conclusions 

The examples presented above provide new evidence 
about functional group interactions during ionic vapor- 
phase reactions of alkyl siliconium ions. The vapor- 
phase reaction of these ions lyith sample molecules con- 
taining a trimethylsilyl function results in exchange of 
methyl groups as well as the entire trimethylsilyl 
group. The extent of intermolecular exchange of 
either the methyl groups or the entire trimethylsilyl 
function is in part determined by the acidity of the 
trimethylsilyl derivative. This indicates that a finite 
lifetime is probably required for the postulated inter- 
mediates to effect methyl group scramble. Recogni- 
tion of ionically induced trimethylsilyl group exchanges 
such as the ones reported here is important in analytical 
studies of trimethylsilyl derivatives, since in the spectra 
of the latter compounds much of the structural infor- 
mation is carried by ions containing the silyl function. 
The data presented also point out that stereochemical 
factors play a significant role in vapor-phase reactions. 
Unlike proton transfer reactions from XH4+ or CHS+, 

which are generally not sterically “sensitive”, chemical 
ionization studies with alkyl siliconium ions may pro- 
vide important information about stereochemical re- 
quirements in vapor-phase ionic reactions. 

Experimental Section 
Chemical ionization mass spectra were obtained with a modified 

CEC 21-llOB mass spectrometer.ll All spectra were recorded a t  
ion source pressures of 0.2 Torr, temperatures of 100-135°, a 
repeller field of 10 V/cm, and ion-accelerating voltage of 8 kV. 
The total filament emission current was 100 pA and the electron 
energy was 400 V. The ion beam was focussed for maximum 
secondary ion intensity a t  m/e 161. The principal ions in the 
spectrum of tetramethylsilane at  ion source pressure of 0.2 Torr 
and temperature of 125’ occurred a t  m/e 73 (75% 131 
(2.5% 2 4 0 ) t  145 ( < l %  &a), and 161 (18% 240). Trimethylsilyl 
derivatives of the compounds investigated were prepared accord- 
ing to established procedures.12 The samples were introduced 
into the ion source via the standard solid probe inlet of the mass 
spectrometer. 
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Acid-catalyzed condensation of 6-hydroxymethyl-4-methylguaiacol produced a new cyclic trimer similar to 
cyclotrjveratrylene (CTV). Its structure was determined by proton magnetic resonance spectroscopy and mass 
spectrometry to be 10,1~-dihydro-1,6,11-trihydro?ry-2,7,12-trimethoxy-4,9,14-trimethy1-5H-tribenzo[a,d,g1- 
cyclononene (3). In contrast to CTV, neither 3 nor its triacetate 3a adopt rigid “crown” conformations normal 
for compounds of this type; nor do they form inclusion complexes. Similar properties were exhibited by the tri- 
propyl unalog, 10,15-dihydro-1,6,1 l-trihydroxy-2,7,12-trimethoxy-4,9,14-tripropyl-Sf-tribenzo [a,d,g] cyclono- 
nene ( 4 )  and its triacetate 4a. 

Although originally described as a dimer1 and subse- 
quently as a hexamer,2 the condensation product of 
veratrole with formaldehyde under acid conditions, 
with the general formula (CsH,02),, has been shown by 
L i n d ~ e y , ~  Erdtman, et and others6-8 to be in fact a 
trimer (n = 3). The trivial name for this trimer, 
cyclotriveratrylene (CTV) , was coined by Lindsey. 

(1) G. M. Robinson, J .  Chem. SOC., 107, 267 (1915). 
(2) A. Oliverio and C. Casinovi, Ann. Chtm. (Rome), 41, 168 (1952); 46, 

926 (1956). 
(3) A. S. Lindsey, J .  Chem. Soc., 1685 (1965); Chem. Ind. (London), 823 

(1963). 
(4) H. Erdtman, F. Haglid, and R.  Ryhage, Acta Chem. Scand., 18, 1249 

(1964). 
( 5 )  R. C. Cookson, B. Halton, a n d I .  D.  R .  Stevens, J .  Chem. Soc. B ,  767 

(1968); N. K. Anand, R.  C. Cookson, B. Halton, and I. D.  R. Stevens, J .  
Amer. Chem. Soc., 88, 370 (1966). 
(6) B. Miller and B. D. Gesner, Tetrahedron Lett., No. 88, 3351 (1965). 
(7) T. Sato and K. Uno, J .  Chem. SOC., Chem. Commun., 579 (1972): 

(8) A. Goldup, A. B. Morrison, and TV. G. Smith, J .  Chem. Soc., 3864 
J .  Chem. Soc.. Perkin Trana. I ,  895 (1973). 

(1965). 

The stereochemistry of this tribenzocyclononene sys- 
tem has been investigated by several On the 
basis of pmr spectra, CTV adopts a rigid “crown” con- 
formation. This is also the most stable conformation 
for cyclononatriene,Q although here interconversion be- 
tween two equivalent “crown” conformations occurs a t  
room temperature. However, unlike cyclononatriene, 
CTV does not show any tendency to invert its confor- 
mation, even a t  2 0 O O . 5 ~ 6  CTV forms clathrate com- 
plexes with a large number of organic compounds1° 
suggesting that this molecule must adopt a rigid non- 
planar conformation. 

An alternative conformation proposed in the litera- 
ture is a flexible ‘(saddle” form, which would be ex- 

(9) P. Radliok and S. Winstein, J .  Amer. Chem. Xoc., 86, 344 (1963); 

(10) V. Gaglioti, A. M. Liquori, N. Galo, E. Giglio, and M .  Scrocoo, J .  
K. G. Untch and R. J. Kurland, (b id . ,  86, 346 (1963). 

Inorg. Nucl. Chem., 8, 572 (1958). 


