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Summary 

Ion cyclotron resonance spectroscopy has been employed in the study of gas 
phase transaminations of silanamines. The dominant reaction pathway is found 
to involve a bimolecular nucleophilic substitution at silicon. Under suitable 
conditions the ICR method permits direct observation of intermediate reaction 
complexes. The possible relationship of these complexes to SN2 intermediates 
is discussed_ 

Ion cyclotron resonance spectroscopy (ICR) has been used to study nucleo- 
philic substitution reactions unencumbered by solvent effects [ 11. This technique 
promises to be particularly useful in understanding structure-reactivity relation- 
ships in organosilicon chemistry since the influence of solvent on reaction rate 
end product stereochemistry can be particularly complex [2,3]. Several investiga- 
tions of gas phase reactions of organosilicon compounds are now known [43. We 
report here the results of a study of ion-molecule reactions of silanamines con- 
ducted by the trapped ion, pulsed ICR technique. Our results emphasize the 
striking difference in nucleophilic susceptibility of carbon and silicon and also 
permit us to speculate on the nature of certain Sn2 reaction complexes of 
organosilicon compounds. 

Experimental 

ICR instrumentation and experimental techniques have been described else- 
where [5,6]. Gas mixtures are inlet into the ICR cell through separate leak valves 
in a parallel inlet manifold_ Absolute gas pressures are determined using a Bayard- 
Alpert ionization gauge calibrated separately against an MKS Baratron capacitance 
manometer. The operating pressure for the experiments varied between 5 X lo-’ 
and 5 X 10m5 Torr. Ions are generated by a 1.25 ms pulse of a 19 eV beam through 
the analyzer cell. The ions are analyzed by a pulsed marginal oscillator detector. 
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Dimethylaminosilane was prepared by a literature procedure [7]; IR and mass 
spectral analysis confirmed its purity. All other amines were purchased commer- 
cially and purified by preparative VPC (Varian 90-P gas chromatograph; 5’ glass 
column, 10% Pennwalt 223 + 4% KOH on 80/100 Gas Chrom R). Spectral 
properties, NMR and mass spectroscopy, were used to confirm their chemical 
purity. It was observed that flushing the inlet manifold with silanamine before 
inletting to the analyzer section eliminated extraneous peaks that presumably 
resulted from hydrolysis or reaction of the amine on the inlet manifold surface. 

A mass spectral analysis (19 eV, 100 ms delay before detection) of dimethyl- 
aminotrimethylsilane reveals no impurities. In addition to m/e 118 (Me$i(dma)H+) 
fragment ions at m/e 116 and 102 were present (relative abundance l/0.8/0.4). 

Results and discussion 

ICR has been successfully utilized to determine the gas phase base strengths 
of a number of aliphatic amines [S]. The technique provides for the precise 
determination of the standard free energy change for the general gaseous proton- 
transfer reaction shown in eq. 1. 

R3N + R’,NH’ = R3NH+ + R13N (1) 

Proton equilibrium is readily achieved for a wide variety of carbon bases. In 
contradistinction, most simple silanamines do not achieve proton equilibrium, 
rather a second reaction manifold is observed. For example, attempted proton 
equilibration of trimethylsilyldimethylamine (I) with piperidine (pip)H * was 
unsuccessful, eq. 2; the intensity of protonated silanamine (II, m/e 118) decayed 
rapidly and a new ion (m/e 158) grew in. This ion corresponds to the protonated 
substitution product resulting from amine exchange on silicon, eq. 3. 

Me,Si(dma) + (pip)H*+ * Me&i(dma)H+ + (pip)H (2) 

(1) (m/e 86) (II, m/e 118) 

Me$i(dma)H’ + (pip)H + Me3Si(pip)H+ + (dma)H (3) 

(II, m/e 118) (m/e 158) 

These exchange reactions have been observed with a number of silanamines 
and bases; several examples are shown in the equations below. A typical ion 
intensity vs. time plot for the reaction of trimethylsilyldimethylamine with 
trimethylamine (eq. 5) is shown in Fig. 1. 

It should be emphasized that transamination reactions of carbon amines 
are rare; we are not aware of any examples in the gas phase. There are, how- 
ever, examples of analogous solution phase amine exchange reactions at silicon 
[9]. These observations are consistent with the general trend of silicon’s greater 
susceptibility towards nucleophilic attack [ 2,3]. 

* Standard abbreviations for alkyl amides, e.g.. (dma) = dimethylamide. MezN. (ema) = ethylmethyl- 
amide. EtMeN. and amines, (tma) = trimethylamine. are used throughout the text. 
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Fig. 1. Ion intensity vs. time plot for tht reaction Me$G(dma)H+ + tma + Me3Si<tma)* + <dma)H. 
p(MegSi<dma)) = 5.2 X lo-’ Torr;p<MegN) = 4.1 X lo-’ Torr; 1.25 ms ionization puke at 19 eV. 

Me3Si(dma)H’ i (dea)H + Me,Si(dea)H* + (dma)H 

(m/e 151) 

Me$i(dma)H+ + tma + Me3Si(tma)+ + (dma)H (5) 

(4) 

(m/e 132) 

H$i(d_ma)H+ + py + H,Si(py)+ + (dma)H 

(m/e 110) 

(6) 

(Me,Si),NH,+ + (dma)H + Me,Si(dma)H+ + Me3SiNH, (7) 

(m/e 118) 

It is interesting that formation of quaternary ammonium ions, eq. 5,6, occurs 
readily with either methyl or hydrogen substituents on silicon. Trimethylsilyl- 
ammonium compounds have been proposed as reaction intermediates in the 
amine catalyzed silylation of many organic substrates [lo]. Analogous ammonium 
compounds have now been isolated and characterized in condensed media 
[11-14-j. 

The transamination products can arise from any one of a number of reaction 
pathways. Two such examples, amine capture of trimethylsilyl cation (eq. 8), 
and bimolecular nucleophilic substitution * (eq. 9), are shown below. 

* Nucleophilic substitution can occur from either protonated silanamine (m/e 118) or from the frag- 
ment ion m/e 116. Both reactions contribute to the transamination prodtict. 
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MesSi(dma) + Me&+ ‘dea)r? Me$i(dea)H+ 

m/e 73 m/e 146 

Me$i(dma)H+ (dea)$ [H(dma)-.--SiMe3----(dea)H]+ + 

Me$!li(dea)H* + (dma)H 

m/e 146 

Our evidence suggests that the latter mechanism, eq. 9, is the dominant 

(8) 

(9) 

reaction pathway. This conclusion is based upon the following: (a) trimethylsilyl 
cation peak (m/e 73) falls to negligible intensity in 20 msec during a time-mass 
scan of trimethylsilyldimethylamine (I); under transamination conditions (I + 
dimethylamine) product ion (m/e 146) steadily increases in intensity beyond 
1500 msec (see, for example, Fig. 1). (b) The rate of transamination is propor- 
tional to the the partial pressure of diethylamine. (c) The transamination reaction 
is sL?presssed by substituting a t-butyl group for methyl on silicon *. This 
respoiise is typical for a bimolecular nucleophilic substitution reaction. Addi- 
tional evidence in support of this suggestion is presented in the following sec- 
tion. 

High pressure mass spectrometry [16] and ICR 1173 have been used to observe 
stable adducts between anions and a number of alkyl substrates. These adducts 
have been proposed to correspond to intermediates in the 5’,2 reactions, eq. 10. 

RX + Y- = [RXY]- = RY + X- (IO) 

To establish if the ICR conditions are suitable for detecting analogous cationic 
reaction intermediates in the transamination of silanamines, the following experi- 
ments were undertaken. Trimethylsilyldimethylamine (I) and ethylmethylamine 
(4 X 10e7 Torr of each reactant) were allowed to react in the presence of a bath 
gas (n-butane) to enhance collisional stabilization of high energy species present 
(total_ pressure, 5 X 10T5 Torr). Transamination proceeded as expected, only 
this time a new ion, m/e 177, was observed, eq. 11. 

Me$i(dma)H+ + (ema)H + [Me&i(dma)H - (ema)H]+ + 

(II, m/e iisj (m/e 3.77) 

(dma)H + Me$i(ema)H+ 

(11) 

(m/e 132) 

The new. ion corresponds to a complex of II and ethylmethylamine_ Double 
resonance experiments reveal the transamination product (m/e 132) is coupled 
to this complex. Additional information regarding the identity of this ion is 
more difficult to obtain. For example, our evidence does not permit us to choose 
between hydrogen attachment (III), or silicon attachment (IV) of the second 
amine molecule. 

l The failure of t-butyldimethyl~yldimethylamine to undergo transam ination provided an oppor- 
tunity to quantitatively evaluate the proton affinity of a silanamine (cf. ref. 15). 
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<III) (IV) 

This distinction has not been made for protonated dimers of carbon amines in 
the gas phase [18,19]; hydrogen bonded complexes are assumed. We have made 
several observations that are pertinent to this question and propose that, at 
least in certain systems, silicon attachment (IV) is energetically as favorable as, 
if not more favorable than, hydrogen attachment (III). 

In principle, the structural ambiguities can be removed by studying quater- . 
nary silylammonium ions since these ions do not have acidic hydrogens *. We 
therefore undertook a “high pressure” study of quatemary silylammonium 
ions that were “synthesized” in the gas phase by the transamination reaction. 

Our fit& effort, however, was unsuccessful. When trimethylsilyldimethyl- 
amine (I) was treated with trimethylaniine at a total neutral pressure of 5 X lo-’ 
Ton-, no ion corresponding to [Me$Si(tma)J; m/e 191, could be detected. 
The peak corresponding to the complex [Me&Zi(dma)H - (tma)]‘, m/e 177, how- 
ever, was also absent. This result suggests steric effects may influence the stability 
of these highly substituted molecular complexes. Replacing the methyl groups 
on silicon with hydrogen should relieve steric effects and also enhance the accep- 
tor properties of silicon. Confirmation of this proposal was obtained from a 
study of the reaction of dimethylaminosilane (V) with trimethylamine. At a 
total neutral pressure of 2 X 10s6 Torr the spectra consists of v-dually a single 
ion, m/e 135, which corresponds to a complex of protonated silanamine and 
trimethylamine (eq. 12). 

H$i(dma)H’ + (tma) + [H3Si(dma)H l (tma)]’ (12) 

(V, m/e 76) (VI, m/e 135) 

Interestingly, the peak corresponding to the hydrogen-bonded dimer of tri- 
methylamine (Me3N-H-NMe3)+ (m/e 119) was absent from this spectra, 
suggesting VI is considerably more stable. Since silanamines are less ba& than 
the analogous carbon amines 1151, they are not expected to be superior to 
carbon amines in hydrogen bonded dimer formation; the ion at m/e 135 is 
perhaps best represented by attachment of the second amine (tma) to silicon, 
e:g., VII. 

/(dma)H + 

[ 1 H$i 
‘( tma) 

Some additional zipport for this hypothesis is obtained from the reaction of 

l Strictly speaking this is not true. Observations of weak hydrogen bonding by hydrogens on 
carbons Q to a positive nitrogen have been reported (cf. ref. 20). 
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dimethylaminosilane with pyridine, 

HBSi(dma)H’ + py + HsSi(py)+ 

(VIII, m/e 110) 

(13) 

&Si(py)+ + PY-+ HS(py),+ (14) 

(VIII) (IX, m/e 189) 

The transamination product is observed as expected (VIII, m/e 110, eq. 13) In 
addition; a very stable ion at m/e 189 is also observed (IX). This ion corresponds 
to a dipyridine complex of Si&+. Double resonance experiments establish the 
relatioship m/e 110+189 (eq. 14). Furthermore, consideration of the intensity 
of m/e 159 (50% of total ion intensity) implies the free energy of reaction 14 
is negative. The unlikely occurrence of an unusually stable hydrogen bonded 
complex, e.g., [py----H-SiH,Py]*, argues, in this case, for silicon attachment 
of the second pyridine molecule. Noteworthy in this respect is the product from 
the solution phase reaction of iodosilane and pyridine (eq. 15), characterized 
as the pentacovalent ion X [Zl]. 

HxSiI -I- 

+ 

I- (15) 

The observed free energy of reaction 14 would appear to be a first step in 
establishing energy relationships between reaction intermediates in nucleophilic 
substitution at silicon. 
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