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/. The Molecular State Approach to Silicon 
Compounds 

The fascination of organosilicon radical cations, i.e. 
positively charged molecular ions with doublet ground 
states readily generated because of the low effective 
nuclear charge of the Si centers, has stimulated two 
reviews in 1989, one comprehensive1 and the other 
based on a lecture in Hawaii.2 

Today, more than 6 years later, a further progress 
report is justified. We will have to begin again with 
the basics of molecular states, the building blocks of 
the space-age chemist. Even if interested predomi
nantly in preparative chemistry, a chemist will profit 
considerably by looking at instrumental analysis 
spectra from the point of view that these represent 
"molecular state fingerprints":1 In addition to the 
analytical "ear-tagging", such measurements afford 
valuable but often unused information about the 
compound investigated, including the energies and 
the symmetries of its various states, as well as the 
energy-dependent electron distribution over the ef-
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fective nuclear potentials. Let us, therefore, tenta
tively take a "molecular-state magnifying glass" 
(Figure 1) and examine the relation between struc
ture and energy for selected compounds of silicon.2 

Molecular states are—as documented, for example, 
by photochemical synthesis steps or by redox reac
tions—the real components of chemistry and can be 
ordered with respect to both energy3,4 (Figure 2) and 
time scales4,5 (Figure 3). 

For closer elaboration of the abundant radical 
cation states on energy and time scales (Figures 2 
and 3) photoelectron1 ~3,6,7 and electron spin resonance 
(ESR/ENDOR)8 spectroscopic techniques are most 
valuable and have complementary time scales (Fig
ure 3): "Vertical" ionization energy patterns are 
measured with a time resolution of less than ICT15 s 
and, therefore, can be correlated to the eigenvalues 
calculated for the neutral molecule by applying 
Koopmans' theorem, IE„V = -6jSCF.1_3 In contrast, 
ESR/ENDOR signal patterns are recorded "adiabati-
cally" with a considerably smaller time resolution of 
> 10~8 s, that is, long after the activation of molecular 
dynamics at about 1O-13 s. The spin populations gfl 

detected for the individual radical ion centers // can 
be rationalized according to the McConnell relation, 
Qn «* CJ,?, by comparison with the calculated squared 
orbital coefficients Cj,,2.8 The two measurement tech
niques complement each other for radical cation 
investigation because of their different time resolu
tion and together, when combined with approximate 
hypersurface calculations,9 allow reliable estimates 
of structural changes in molecules M on adiabatic 
one-electron oxidation M — M ,+ + e~. 

Numerous molecular state data (Figure 2), espe
cially those for radical cations, can be discussed 
advantageously on the basis of a qualitative molec
ular state model (1) supported by quantum-chemical 
calculations, which only consider the topological 
connection between centers, the symmetry of their 
spatial arrangement, their effective nuclear poten
tials, and the resulting electron distribution:1"4 

Connection Spatial arrangement Potentials Electron 
(topology) !symmetry) (Zeff) distribution 

> w ' > w * 

Structure « » Energy 

Dynamics (D 
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Figure 1. "Molecular-state magnifying glass" for the 
silicon chemist. 

Despite the ra ther drastic simplifications within 
such a qualitative approach, however, the calcula
tions accentuate tha t each molecular s tate defined 
must possess an individual structure, and t ha t 
changes in energy and charge distribution (Figure 2) 
will always provoke structural changes through the 
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inherent molecular dynamics (1) within the complex
ity of the 3N - 6 degrees of freedom.9 

In conclusion, the general point of view is put 
forward that molecules act as "self-dedicated comput
ers" "printing out" measurement data which provide 
complete, (self-consistent) and completely correlated 
solutions of the Schrodinger equation.3 The follow-
up question, whether to measure or to calculate, 
resulting from the rapid development of numerical 
quantum mechanics, is best answered with reference 
to how successful and stimulating the combination 
of the two proves to be. Among the numerous 
measurement techniques available, the above men
tioned (Figure 2) photoelectron (PE)1 6 and electron 
spin resonance (ESR/ENDOR)8 spectroscopy have 
proven to be especially informative for preparatively 
oriented molecular s tate investigations (Figures 2 
and 3). The assignment of "vertically" recorded 
ionization energy patterns via Koopmans' correlation, 
IE„V = -€ j S C F , with SCF eigenvalues allows PE 
spectrometers to be regarded as "eigenvalue meters". 
ESR/ENDOR instruments, which record signal pat
terns adiabatically, on the other hand might be 
considered as 'Vr-eigenfunction-squared meters",2 be
cause the detected jr-spin population Q1,* of radical 
centers can be correlated via 1V^2 — Xc,T//

2 with the 
squared orbital coefficients. 

The provocative question of how a preparative 
silicon chemist can profit by looking at molecular 
s tate fingerprints comes at a time, when at least one 
chemical publication appears in every one of the 
525 600 min of a 365-day year and can be best 
answered by examining the information revealed by 
spectroscopic band or signal pat terns. Not only can 
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Figure 2. Schematic energy scale for electronic ground 
(r) and exited (*/') states of a neutral molecule M, its radical 
cation M'+ or dication M2+ generated by ionization or 
oxidation and its radical anion M*~ and dianion M2-

resulting from electron insertion. Representative measure
ment methods used in many investigations are NMR, IR, 
UV, PE, ESR, and ENDOR spectroscopy as well as po-
larography (POL) or cyclic voltammetry. 

the respective compounds be identified and charac
terized from these patterns but the information is 
also of considerable benefit in molecular-state-guided 
planning and evaluation of experiments as is outlined 
in this review for the exemplary case of organosilicon 
radical cations. 

II. Introductory "Classic" Examples 

An examination of the literature for the years 1989 
to 1994 presented in sections III and IV under the 
various aspects specified should be preceded by some 
selected representative examples to introduce the 
basics needed for comparison and rationalization. 
With their landmark character, the examples include 
some historical aspects such as (1) the discovery of 
the CTsiSi/^siSi i ° m z a t i ° n band splitting in the PE 
spectra of polysilanes in 1971,10,11 (2) the 29Si ENDOR 
spectroscopy established in 1983,12 (3) the generation 
of unstable molecules under unimolecular conditions 
in the gas phase comprising HsCeN=Si in 1985,13 still 
uniquely exhibiting a triply bonded Si of coordination 

number 1, (4) some of the useful theoretical principles 
for the discussion of the experimental results such 
as substituent perturbation, and (5) an overview on 
the largely satisfactory reproduction of both energy 
values and structural details by semiempirical cal
culations.1,2 

1. Electron Derealization in Polysilane Radical 
Cations 

One of the most informative ionization fingerprint 
comparisons is that of the isovalence electronic 
molecules disilane and ethane (Figure 4). 

From comparison of the He I PE spectra12 (Figure 
4) it is possible to see that both molecules each have 
14 valence electrons, giving rise to seven M,+ states, 
of which six are within the He I measurement range 
up to 21.21 eV. The difference in the effective nuclear 
charges of individual centers (I),3 here Zeff<Si) <<< 
•Zefl(C),2 which is extremely important for specific M,+ 

states, shows the tremendous shifts of 3.6 eV = 347 
kJ mol-1 for the 3ssi — 2sc ionizations and of 3.0 eV 
= 290 kJ mol-1 for the asisi *~ occ ionizations. In both 
radical cations, the formerly degenerate CTEH (Eg + E J 
states exhibit Jahn/Teller distortions between 0.3 and 
0.8 eV (Figure 4, J/T), indicating a DM — C2n 
structural change. The biggest difference, however, 
between the two isoelectronic radical cations is the 
low-energy ground state of HsSi-SiHs*+ with pre
dominant positive charge derealization in the SiSi 
bond. 

As expected from the ground state T(SiSi) of H3-
Si-SiH3*+ at only IEiv = 10.53 eV (Figure 4), the SiSi-
bond-dominated M,+ states of linear polysilanes 
SinH2n+2 are so easily ionized that the corresponding 
PE bands are lowered out of the crsiH ionization area 
betwen 11 and 14 eV (Figure 5).1,2,11 The splitting-
somewhat unsymmetrical due to the considerable 
density of symmetry-equivalent states at higher 
energy—convincingly demonstrates the electron hole 
derealization along the Sin molecular backbone. 

The photoelectron spectra1,210 of permethylated 
polysilanes also exhibit characteristic band patterns 
in the low-energy region up to 10 eV, which have been 
assigned analogously (Figures 5 and 6) to radical 
cation states with predominant SiSi framework 
contributions. For rationalization, a linear combina
tion of bond orbitals (LCBO) based on the molecular 
orbital (MO) approach provides a fully occupied 
energy-level scheme (Figure 6) with eigenvalues, 
6,.HMO = OsiSi + x/̂ /̂JsiSi/siSi, which on correlation with 
the PE spectroscopic vertical ionization energies IE„V 

(eV) yield a satisfactory linear regression. The center 
of the energy level scheme is the Coulomb term asisi 
= 8.69 eV, which represents the first ionization 
energy of hexamethyldisilane. Its gradient defines 
the interactions parameter /3siSi/sisi « 0 . 5 eV. 

The applicability of a topological LCBO-MO 
model1'2,10 to rationalize CTSISI ionization patterns of 
polysilanes SinRn, is further supported by the repro
ducibility of numerous experimental details: To 
begin with, all "alternating"3,14 chain polysilanes as 
well as the six-membered ring show approximately 
equally spaced splitting patterns around asisi- Ex
pectations from an isoconjugate perimeter model3,4 

are also met by the spectroscopic observations that 
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Figure 3. Schematic time scale for molecular states and their changes (in seconds). 
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Figure 4. Comparison of the He I PE spectra of ethane 
and disilane, exhibiting Jahn/Teller splitting (J/T) of their 
M*~ (e) states with predominant contributions (D) to 
positive hole derealization (cf. the text). 

the highest SiSi ionization energies, IE5
V = 9.80 eV 

and IE6
V = 9.78 eV, of the five- and six-membered 

rings are almost identical (Figure 6) as predicted 
from their identical eigenvalues, ^HM0 = a + 2/S,3 and 
that some of their lower-energy ionizations are 
predicted and found to be pairwise degenerate.1-3 

Altogether, the 21 IEn values measured 20 years 
ago for polysilanes were fit into the simple topological 
LCBO-MO model for their radical cation states and 
yielded the experimental Coulomb and interaction 
parameters, asiSi = 8.7 eV and /fosi/sisi % 0.5 eV. 
Comparison of the latter with the analogous data for 
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Figure 5. He I spectra of open-chain silanes SinH2n+2 (n 
= 2 -5 ) with enlarged asiSi/^Sisi splitting patterns between 
9 and HeV (cf. the text). 

n interaction in the M*+ states of linear polyenes, 
/?c-c/c-c * 1,2 eV,15 further confirms the—albeit less 
effective—derealization of the positive charge over 
the SiSi skeleton in the radical cations of permeth-
ylated polysilanes. This stabilization of charges 
resulting in one-electron ejection from the organo-
silicon compounds with several Si centers of low 
effective nuclear charge (1), vice versa, causes the 
rather low first vertical ionization energies measured 
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Figure 7. Prototype organosilicon radical cations, generated by AICI3/H2CCI2 oxidation from neutral parent compounds, 
exhibiting vertical first ionization energies below 8 eV and characterized by their ESR or ENDOR spectra (Figure 8). 

(Figures 3 -5 ) and, therefore, are the starting point 
for generation of organosilicon radical cations in 
solution also.16-17 

2.29Si ENDOR Spectroscopy of Organosilicon 
Radical Cations 

Since the oxygen- and water-free, easy-to-handle, 
and highly selective one-electron oxidation system 
AICI3/H2CCI2 was discovered 20 years ago,18 a mul
titude of organosilicon radical cations, M'+, have been 
generated from polysilanes, from R3SiCH2-substi-
tuted JT systems and amines, from R3Si-substituted 
hydrazines and tetrazenes, or from persilylated di-
methylacetylene (Figure 7).16 Cyclovoltammetric 

measurements1 7 approximate an (irreversible) po
tential of about +1.7 V for this couple, which corre
sponds to a first vertical ionization energy of the 
respective organosilicon molecule below 8 eV.16 Thus, 
straightforward predictions of feasible one-electron 
oxidations by AlCl3 in H2CCI2 solution to generate 
the respective radical cations from examination of the 
numerous literature photoelectron data can easily be 
made. 

Even high-resolution ESR spectra hardly can re
solve the sometimes enormous number of lines and 
intensity differences especially in fluctuating orga
nosilicon radical cations.16 As another example 
(Figure 7), l,4,5,8-tetrakis(trimethylsilyl)-A4a(8a)-oc-
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1 8 O K 3 1 O K (—H2CCH2—)-wagging vibrations. The ESR spec
t rum (Figure 8, 200 K) is dominated by the quintet 
signal from the four H(CSiRa) hydrogens: the satel
lites flanking both sides of each line arise from the 
corresponding quintet of a radical with a single 29Si 
nucleus present in 4.170 x 4 = 18.8% natural 
abundance. Upon irradiation with an additional 
frequency8 into the 1H main signal, the 1H ENDOR 
spectrum results (Figure 8, H), and upon saturation 
of the satellite signal the 29Si + 1H ENDOR spectrum 
can be observed (Figure 8, Si + H). The resulting 
advantages of using ENDOR spectroscopy are tre
mendous: The ESR complexity of 13 875 signals is 
reduced to just single line pairs for each set of 
equivalent nuclei, N; i.e. altogether there are 2N — 
2 x 5 = 10 lines for our example, which according to 
the ENDOR resonance condition, VENDOR = |VN ± CN/ 
2|, are centered either around the nuclear frequency 
VN with a separation a^, or—for QSN/2 > v^—around 
ON/2 with a separation 2VN (Figure 8). The gain in 
resolution when going from ESR to ENDOR amounts 
to several orders of magnitude8 1 2 and allows the 
determination of the hyperfine coupling constants 
even when the ESR spectrum is resolved incom
pletely or not at all. From TRIPLE resonance 
measurements, the relative signs of the 1H and 29Si 
couplings can be determined,812 providing complete 
information on the ESR multiplet signal pattern of 
((H3C)3Si)4Ci0H12'+ (Figure 8): 

(H3C)3
29Si 

I »1.33 l i ».094 IHr7^iT - I l -.020"! 

5 10 15 20 25 30 35 MHz 
1.33 1 H " ~ 

H 

(2) 

Figure 8. ESR and ENDOR spectra of 1,4,5,8-tetrakis-
(trimethylsilyl)-l,2,3,4,5,6,7,8-octahydronaphthalene radi
cal cation generated with AlCl3/H2CCl2. The temperature 
depencence of the ESR line splitting between 180 and 300 
K is due to flip-flops of the six-membered rings. H and Si 
indicate the points of ESR saturation for the additional 
NMR sweep to record the 1H + 29Si ENDOR spectra (cf. 
the text). 

talin radical cation (Figure 8) has been selected, for 
which a total of IK2nN/N + 1) = 5 x 5 x 5 x 37 + 2(5 
x 5 x 5 x 37) = 13 875 lines are predicted due to 
four sets of each 4, 4, 4, and 36 equivalent 1H nuclei 
and one 29Si nucleus (7si = 1/2, natural abundance 
4,70%): Of the 925 lines expected alone for the ESR 
central region with no silicon hyperfine splitting, only 
about 50 can be distinguished at 180 K12'18 (Figure 
8, 180 K). The sterically shielded radical cation is 
persistent even at room temperature and exhibits 

Since the 29Si nucleus has a negative magnetic 
moment, the positive s-spin density at the Si center 
demonstrated in this radical cation corresponds to a 
negative 29Si coupling. Easy ENDOR monitoring of 
the hyperfine splittings as a function of experimental 
parameters reveals that in the tetrakis(trimethylsi-
lyl)-octahydronaphthalene radical cation the coupling 
constant a.29si decreases and anCH increases with 
increasing temperature:12 For the molecular dynam
ics on the ENDOR time scale it follows, therefore, 
contrary to steric requirements, tha t the H(CSiR3) 
hydrogens have a higher probability of being located 
in the axial position, favoring hyperconjugative spin 
transfer.12 

Summarizing, the ENDOR effect of the 29Si nuclei 
in organosilicon radical cations is in general compa
rable with that of the hydrogens. The "quantum 
jump" increase in NMR resolution8 yields consider
able information (2) and contributes to a better 
understanding of the structure and dynamics of 
organosilicon radical cations in solution, which can 
be generated in large numbers from Jt systems 
substituted with R3SiCH2 donor groups using the 
highly selective, powerful, and oxygen-free one-
electron transfer system AICI3/H2CCI2 (Figure 7) with 
its added advantage of being "ENDOR capable". 
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3. Gas Analysis by Ionization Fingerprints: 
H5C6N=Si 

The assumption that the main-group elements of 
the higher periods exhibit only limited ability to form 
p.Tp,T-multiple bonds, the so-called "double bond rule", 
has been disproved again and again, even for orga
nosilicon compounds:19 Numerous short-lived parent 
molecules such as silabenzene1,2,20,21 or silaethene1'2,20'21 

can be generated selectively under unimolecular gas 
phase conditions, which can be optimized using 
photoelectron spectroscopic ionization "fingerprints" 
(sections I and ILl): 

(3) 

H"\I 

Hv 
J-H 

63OK 

.CF, 

CF, 

4-S! 

H 

(4) 

Other derivatives with Si=C ld or Si=Sile double 
bonds, which are stabilized kinetically by bulky 
substituents, can be isolated and often their structure 
determined.19 

Another valuable technique for investigation of 
short-lived intermediates is isolation in inert matri
ces at low temperatures:19 The matrix photolysis of 
azidosilane HaSiNs to HNSi + H2 + N2 reported in 
1966,13 and the extensive quantum-chemical calcula
tions on the isomers HSiN ** HNSi,23 which suggest 
that HN=Si is the thermodynamically more stable 
by 237 kJ mol-1, have been the starting point for our 
attempt to pyrolyze triazidophenylsilane at 1O-4 

mbar (Figure 9):13 

O-S i ^ N 3 o~- (5) 

The "controlled explosions" of the triazidophenyl
silane in a close to unimolecular flow system at low 
pressure can only be accomplished using a white-hot 
quartz tube, i.e. temperature in excess of 1000 K! As 
with other azides,24 this can be carried out safely with 
small amounts of sample using PE spectroscopic real
time gas analysis.7 Optimization of the N2 extrusion 
conditions by inspection of the ionization patterns 
recorded with increasing temperature shows H5C6-
Si(Ns)3 to be completely desomposed at 1100 K: its 
strong CTN3-ionization band24 between 15 and 16 eV 

cps 

©~3 
(340 K) 

1100K 

<0 

•AH, 

—N =S i 

8~ 9, ti> 1.1 % 13 ,M 15 16 17 IE(«VJ 

b, O2 b2 b/o^b^b,) 
\ 1 \ 1 \ \ »1 1 
i 1 , \ 11 >t 1 1 

-»•—00* 

-«""""(• V) 

-OOOCO—r-OOCH—QOO—rO-O-i r 
M4lVl«1 

Figure 9. He I spectra of triazidophenylsilane at 340 K 
and its pyrolysis products at 1100 K (N2 bands in black). 
The assignment of the 1100 K spectrum to one of the 
isomers HsCeN=Si or H5CeSi=N via Koopmans' correla
tion, IEn

v = — ejMND0, is based on the eigenvalues from 
geometry-optimized MNDO calculations (see the text). 

has been replaced by the intense N2 ionization peaks 
(Figure 9, filled peaks). 

In the low-energy region between 8 and 14 eV, the 
pyrolysis mixture exhibits an ionization pattern 
consisting of nine well-separated bands (Figure 9). 
These are assigned to phenyl silaisocyanide on the 
basis of comprehensive calculations via Koopmans' 
theorem, -6jSCF = IEn

v.1-3 In contrast, for the iso
meric silacyanide HsCeSi=N, only two ionization 
humps of strongly overlapping bands between 9.5 and 
11 eV and around 13 eV are suggested (Figure 9, 
unfilled circles), which do not fit the observed PE 
spectroscopic pattern. Fully geometry-optimized 
MNDO calculations also predict HsCeN=Si to be 
more stable than HsCeSi=N by some 400 kJ/mol, 
paralleling the calculated total energies for the 
parent isomers HNSi and HSiN.23 Furthermore, the 
optimized bond length dN=siMND0 = 152 pm agrees 
well with the 154 pm determined by IR spectroscopy 
and from highly correlated calculations for HN=Si.13,23 

For the pyrolysis product HsCeN=Si, a linear ar
rangement of (C)N=Si with a singly coordinated, 
triply bonded silicon is calculated. 

In addition, the PE spectroscopic results have been 
further supported by the matrix isolation of phenyl 
silaisocyanide.13 The two experiments complement 
each other and, therefore, provide overlapping evi
dence that the pyrolysis of triazidophenylsilane, 
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Figure 10. First- and second-order perturbations exemplified for benzene and its symmetry correct (open arrows) internal 
and external ring monosubstitution from DSh to C^, which lifts inter alia the degeneracy of the Jt(eig) molecular orbitals. 
Within first-order ring center exchange C - X , only the orbital Jr8 with no nodal plane through the substituted center is 
lowered by electron donors X(—dex) and raised by electron acceptors X(+6e„). For skeleton extensions by an additional 
external center X within second-order perturbation, the molecular orbitals of the same symmetry representation are "mixed" 
and, therefore, lowered (+de„) by additional bonding (O-O) interaction and raised (—<5e.T) by a corresponding antibonding 
(O—•) one. First-order perturbations da are proportional to the square of the coefficient (c,™) of the perturbed center pi, 
while second-order perturbations increase with the squared interaction parameter (B2) as well as with the decreasing 
energy difference (Aa) between the starting levels. 

Chart 1 

s$5— 

Prediction Experiment 

8.2 eV 8.11 eV 

9.3 eV 9.46 eV 

11.4 eV 11.31 eV 

21 

(6) 

H 12 > i 10 J J6 
N CP As Sb! Bi 

IIESi = 8.15eVl 

driven by the energetically favorable extrusion of four 
molecules of N2, enforces, under the unimolecular 
conditions applied, the formation of the first, and still 
unique, organosilicon molecule with a terminal silicon 
of coordination number 1 within a N=Si triple bond. 

4. First- and Second-Order Silicon Substituent 
Perturbations 

For the interpretation of molecular state measure
ments (Figures 1 and 2), a comparison of data for 
chemically related compounds is extremely valuable, 
especially those for differently substituted parent n 
systems based on first- and second-order perturbation 
arguments (Figure 1O).1-3 

Among the numerous rationalizations of radical 
cation state data by first-order perturbation (Figure 
10), an especially impressing one has been the correct 
prediction3 of the three lowest vertical ionization 
energies of silabenzene, which was generated and 
characterized by PE spectroscopy (3) only 2 years 
later.21 The starting point was a known25 correlation 

between the PE spectroscopically determined vertical 
^-ionization energies of benzene and its monohetero 
derivatives (HO5XR and the ionization energies (4Sm 
— 3P0) of the perturbing atoms X, in which the 
gradients of the resulting regression lines (Chart 1, 
values in boxes) reflect the squared coefficients, (c-^2) 
of the perturbed center pi (Figure 10). 

On insertion of the silicon atom ionization energy 
of 8.15 eV, correct approximate predictions of the 
^-ionization energies of the then still unknown sila
benzene3 resulted (Chart 1, unfilled circles), which 
helped considerably in optimizing the thermolysis 
conditions for its first generation in a newly designed 
short path flow system under nearly unimolecular 
conditions1 '220 '21 by PE spectroscopic real-time gas 
analysis.7 

The most clear-cut example of second-order per
turbation orbital mixing (Figure 10) in organosilicon 
radical cation states is provided by silylacetylene. 
(Caut ion: explosive mixtures with air!) The elec
tron distribution can be formally subdivided into a 
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cylindrical electron cloud around the CC bond and 
the C3lrsymmetric "three-bladed HaSi propeller". The 
"hyperconjugative" interaction in HsSiC=CH"+ be
tween the two 2E radical cation states of identical 
symmetry can be determined by calibration with the 
ionization energies IEiv = otcc to HC=CH'4" and the 
mean value IE2_5(SiH3) = asiH3 for the Jahn/Teller-
distorted H3SiSiH3*"*" (Figure 4) as suggested by the 
photoelectron spectrum and the obvious splitting 
scheme:26 

cps 

10-

12 

14 

IeV) 

H3SiCSCH 

Vu> 

10.7 

13.5 

V 111.5) 

1121) 

0COSiH3 = v W " «) («WH, ~ «) 

1.2 eV (7) 

Inserting the respective ionization energies into the 
second-order interaction determinant (7) yields the 
parameter 

/3cc/SiHq = V(IE1(HC=CH) - IE1)(IEn(SiH3) - IE1) 

= 7(11-05 - 10.7X12.6 - 10.7) 
= (-)1.2 eV 

which on comparison with the interaction parameter 
/?CC/CH3

 = _2.1 eV for methylacetylene26 confirms that 
the hyperconjugation JTCC/OCHU, is even more effective, 
as expected from the shorter bond length C-C(H3) 
and the resulting increased overlap.26 Hyperconju
gation radical cation state models (7) are widely 
applicable and include, inter alia, doubly substituted 
disilylacetylene, H3SiC=CSiH3, or silicon halides, H3-
SiHaI.1-2 

ESR/ENDOR spectroscopic nuclear hyperfine cou
pling constants (cf. section II.2) of organosilicon 
radical cations generated in solution (Figure 7), 
provide interesting information on the distribution 
of the unpaired electron over the molecular skeleton16 

(cf. Figure 8 and (2)). In (R3Si)„CH3-„-substituted 
cations, the spin population g31 is transferred by 
angle-dependent "cr/Tt-hyperconjugation". The cou
pling constants ax are best rationalized by the Heller/ 
McConnell equation,816 ax = (B0 + B2 cos2 0cx)@/. 
All constants S0

H, B0
Si, and B2

H, B2
Si are accessible 

from correlations of aH,si vs cos2 0cx within series of 
radical cations with preferred conformations such as 
those shown in Chart 2.1,2'16 

The conformational assignments from the ESR/ 
ENDOR spectra can be further substantiated by a 
simplified first-order perturbation model for their 
vertical first-ionization energies using the same 
angular increments (cos2 ©ex):1'2,27 Parametrization 
for toluene and its 3-fold R3Si-substituted derivative 
(1 x cos2 0° + 2 x cos2 60° = 1.5) and for the 
corresponding xylenes (X(cos2 0) = 3.0) yields den — 
0.27 eV and dcsi = 0.68 eV as average "hyperconju
gation" values. On insertion into the perturbation 
formula, IEiv = Ldcx(cos2 0), a good reproduction of 
the experimental data is achieved. For the mono-

and disubstituted benzene derivatives R3SiH2CC6Hs 
and 1,4-R3SiH2CC6H4CH2SiR3, for instance, the PE 
spectroscopically determined first vertical ionization 
energies, IEV = 8.35 and 7.75 eV, are satisfactorily 
predicted to be 8.43 and 7.60 eV.1-27 To rationalize 
the procedure within the general first-order pertur
bation approach (Figure 10), the parameter (5ccx has 
been replaced by the angle-dependent bond incre
ment, dcx(cos2 0x), which allows both spin transfer 
and electron ionization to be included. 

In closing this essential subsection, which attempts 
to sketch out the importance of molecular state data 
correlation within series of chemically related com
pounds based on various perturbation approaches 
(Figure 10), two more facets need to be emphasized. 

The first concerns the size effects in larger mol
ecules such as are obvious in the 4-fold (H3C)3SiCH2-
substituted ethene and benzene derivatives, C1SH44-
Si4 and C22H46Si4. They exhibit almost identical first 
vertical ionization energies and, therefore, the two 
very different n subunits, ethene and benzene, seem 
to lose their identity:1-3 

IE*» 7.15 ev (8) 

IE''71OeV 

The spin and charge derealization observed in 
organosilicon radical cations and the additional in
formation from the structures of sterically over
crowded molecules4 allow an easy explanation that 
both of the above molecules are tetrahedrally shaped 
(8) each with two R3SiCH2 groups above and below 
the central skeletal plane. Accordingly, the positive 
hole generated by electron expulsion must be dis
tributed in an analogous way within their hydrocar
bon skins.1-3 

Secondly, more general remarks referring to the 
molecular state model (1) introduced at the very 
beginning and its properties are directed to the 
topological connection between the individual centers 
within molecules, their overall symmetry, their ef
fective nuclear potentials, and the resulting electron 
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Chart 2 

— H 

H 3 .n C < S i M e 3>n 

(n = 1-3) 

distribution.3 Many more criteria are available for 
informative correlation of experimental data such as 
coordination numbers of essential centers, the con
nection of the individual subunits and their spatial 
arrangement especially in isoconjugate systems or for 
heteroconjugate systems, the different framework 
potentials, and the respective number of valence 
electrons. The tremendous achievements in both 
hardware and software for quantum-chemical calcu
lations have provided indispensable help in under
standing molecular states within the general ap
proach (1). This will be elaborated on within the last 
introductory subsection presented here. 

5. Semiempirical Calculations for Si-Containing 
Molecules 

Within the period covered by this review, 1988 to 
1994, the progress of numerical quantum chemistry 
has been overwhelming. Referring to more authori
tative reviews by professional theoreticians, the 
application-minded chemist has witnessed the de
velopment from medium-sized, main-frame comput
ers to fast, readily accessible workstations and the 
improvement in ab initio methods including Moeller/ 
Plesset perturbation correlation as well as the rebirth 
of an old method, density functional calculations, to 
an effective and fashionable tool. Understandably, 
the following remarks will be confined to semiem
pirical approaches such as the already outdated 
CNDO or INDO and increasingly old-fashioned meth
ods such as MNDO,28 AMI,29 or PM3.30 Neverthe
less, all of these have been effective and valuable over 
many years to silicon chemists, who in general have 
been satisfied with the parametrization31 offered for 
most of their organosilicon compounds. 

An illustrative example, typical for organosilicon 
radical cation investigation in solution and which 
provided unexpected, puzzle-solving, and, therefore, 
extremely helpful answers at the time, when any 
information concerning both energy as well as spin 
distribution was otherwise inaccessible, is the oxida
tion of silyl-substituted hydrazine derivatives by the 
oxygen-free and selective one-electron-transfer re
agent AICI3/CH2CI21817 (Figure 7). One of the corner
stone results has been the satisfactory simulation of 
the high-resolution ESR spectrum including the 29Si 
coupling (Figure 8) of the planar l,5-diaza-2,4,6,8-
tetrasilabicyclo[3.3.0]octane derivative in its para
magnetic doublet ground state: 

v -plane (9) 

(H3CKsK^Sl(CH,), 

N-N 

(H1C)8SU0^Sl(CH3), 
Hj 

(AlO?) 

(10) 

Problems, however, resulted on comparison with 
the analogous silyl hydrazine radical cations such as 
the branched chained ((H3C)3Si)2N'+N(Si(CH3)3)2, for 
which the obvious different angular dependence of 
the dominant couplings <ZN and an remained an 
unsolved question. INDO open shell hypersurface 
calculations9 for the parent compound H2N-NH2'"

1",16 

in which all degrees of freedom for the 3N - 6 = 12 
dimensional problem could be considered by choosing 
the three possible angles a(HNH), /3(NNH), and co-
(H2NNH2),

9 yielded all the information needed (Fig
ure 11): Upon one-electron removal, H2NNH2 — 
H2NNH2'+ + (e~), the 87° twisted neutral parent 
compound with a 145 pm long N-N single bond 
becomes planar, going from C2 to D^h symmetry. The 
N=N'+ bond shortens by 17 pm to 128 pm! The 
calculated ON and an coupling hypersurfaces predict 
different angular dependence, with <ZN exhibiting a 
single minimum at Co(H2NNH2'+) = 90° and an two 
minima at about 60° and 120°. 

All the facets revealed by the approximate INDO 
open shell hypersurface calculations for the model 
radical cation H2NNH2'+, especially the predicted 
drastic structural changes C2 ~* D2h, including the 
formation of a two-center/three-electron multiple 
bond N=N'+ and the differing angular dependence 
of the <ZN and an coupling constants, have been 
confirmed. A tetraalkylated hydrazine radical cation 
salt, [(H2C)6(HC)2N=N(CH)2(CH2V

+][PF6-], was crys
tallized a year later and its structure determination 
demonstrated a 127 pm long N=N'+ bond32 close to 
the approximate estimate of 128 pm (Figure 11). The 
a?jlan diversity has been detected, e.g. also for 
boron-substituted hydrazine radical cations.33 

There have been numerous other successes of 
semiempirical calculations, for example, the PE 
spectroscopic assignment for the novel molecule 
HsC6N=Si with a singly coordinate, triply bonded 
silicon and the comparison with the isomer HsC6-
Si=N and its MNDO-predicted ionization pattern, 
structure, and enthalpy of formation (Figure 9). 
Except for small conformational changes, the semiem
pirical calculations reproduced most experimental 
data almost numerically correctly. Bond lengths 
were determined to within ±3 pm and angles usually 
to better than ±3°. The unavoidable Koopmans' 
deviations, D — IE„V - ejSCF, of eigenvalue sequences 
rarely exceeded 0.5—1 eV, depending on molecular 
size and moderate effective nuclear charges for most 
centers. In general, semiempirical calculations by 
various procedures were essential for the discussion 
and the understanding of the organosilicon radical 
cation states.12 
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Figure 11. INDO open shell hypersurfaces both for the total energy and the structure of the radical cation H2NNH^+ as 
well as for the angular dependence of the coupling constants OIN and an including a structural estimate for the sterically 
overcrowded tetrakis(trimethylsilyl)hydrazine radical cation in solution (cf. the text). 

///. Recent Photoelectron Spectroscopic 
Investigations 

The preceding introductory "classical" examples 
were intendend to provide the minimum necessary 
basics1-3 for a discussion of more recent research 
results for organosilicon radical cations both in the 
gas phase and in solution (sections III and IV). 
Methods of generation of ions by single electron 
ionization in the gas phase under nearly unimolecu-
lar conditions or by one-electron oxidation in aprotic 
inert solvents (sections II. 1. and II.2), instrumental 
techniques to investigate their various molecular 
states such as photoelectron as well as ESR/ENDOR 
spectroscopy (sections II.1-3), principles to compare 
equivalent M*+ states of chemically related molecules 
M such as first- and second-order perturbation (sec
tion II.4), and the much appreciated help of quantum 
chemistry to solve numerous experimental problems 
(section II.5) have been presented. In addition, a 
most valuable and basically qualitative approach to 
structure ** energy relationships in molecular states 
(1) has been proposed, specifying the topological 
connections and symmetry aspects in detail. In 
conclusion, all PE spectra reported since the publica
tion of the previous reviews12 are compiled and 
commented upon. 

1. Silylenes 

Silylenes SDC2 are an interesting class of molecules 
with doubly coordinated silicon.12 They are attrac
tive from theoretical,34 spectroscopic,135'36 prepara
tive,19 and industrial37 points of view. Highlights are 
selected from the vast literature: The parent mol
ecule SiH2 has a singlet ground state X(1Ai) in 
contrast to the triplet X(3Bi) of the isoelectronic 
carbene.34 Some organosilylenes are colored;19 even 

(HsC)2Si is yellow. Derivatives with bulky substit-
uents R dimerize to disilanes, 2R2Si — R2Si=SiR2.

19 

HsCSiCl is presumably the intermediate in the 
Rochow/Miiller process for methylchlorosilanes.37 

Gas-phase structures have been determined for SiCl2 
and for SiBr2 by electron diffraction.1 

The PE spectroscopic studies of silylenes, confined 
so far to the dihalogen derivatives SiX2, with X = F, 
Cl, and Br1,1835 (Figure 12), have now been extended 
to the kinetically unstable SiI2 (Figure 12) and to the 
surprisingly stable five-membered ring derivative 
(HC)2(NC(CH3)2)2Si (Figure 13). In addition, H3CSiH 
has been investigated by Fourier transform ion 
cyclotron resonance spectroscopy.38 

The SiI2 story concerns a novel triatomic molecule 
with a relativistic touch and begins with a topological 
exercise (1) based on combinatorics:35 The 13 most 
important nonmetal elements (H, B, C, Si, N, P, O, 
S, F, Cl, Br, I, Xe) allow the construction of 1638 
triatomic molecules, of which 1183 are linear and 455 
are cyclic. A literature search demonstrates that 
most of them have already been reported, but that 
the monomer SiI2 is one of the few exceptions and, 
therefore, became the first triatomic molecule dis
covered by the Frankfurt PES group! Its prepara
tion35 in a short path gas flow system by passing SiI4 
over heated silicon [SiL is analogous to that for SiCl2 
and SiBr2 (Figure 12). 

For the assignment of the radical cation state, it 
is advantageous to start with the less relativistically 
dominated SiBr2, for which MNDO diagrams are 
presented (Figure 12, bottom). These predict the 
following plausible sequence35 for the seven lowest 
ionizations within the He I measurement region, 
which are expected from the altogether 12 3psi and 
4pBr and the two 3ssi valence shell electrons. The M,+ 

ground state X(2Ai) is generated by electron expulsion 
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Figure 12. Preparation and PE spectroscopic character
ization of SiF2, SiCl2, SiBr2, and SiI2, with Koopmans' 
assignment of the radical cation states of SiBr2, based on 
MNDO eigenvalues and eigenfunctions calculated without 
spin/orbit coupling (cf. text). 

from the silicon electron pair (4ai), followed by four 
nBr bromine electron pairs (Figure 12, 3b2, Ia2, and 
3ai) and two asiBr ionizations (2b2 and 2ai), the latter 
with a dominant 3sSi contribution. On comparison 
of PE spectra of SiF2, SiCl2, and SiBr2 (Figure 12), 
the lowering of the halogen electron pair ionization 
nF > nci > nBr catches the eye. The effect reflects 
the tremendous influence of the decreasing effective 
nuclear charge of the halogen substituents.39 For 
SiI2, its different ionization band pattern (Figure 12) 
already suggests that relativistic effects can no longer 
be neglected. According to relativistic Dirac-Fock 
calculations, the 5s and 5pi/2 orbitals are contracted 
by 3.9 and 4.0%, whereas the 5p3/2 expands slightly 
by 0.6%. Energetically, the 5s and 5pi/2 orbitals are 
stabilized by 1.52 and 0.7 eV, whereas the 5p3/2 
orbital is destabilized by 0.39 eV. Experimentally, 
hyperfine splittings of the (5s2, 5p5) states are deter
mined to be 0.94 eV for the iodine atom and 0.67 eV 
for HI,+.39 Relativistic two-component pseudopoten-
tial SCF calculations with a double £ polarization 
function basis set35 satisfactorily reproduce the ion
ization sequence observed by PE spectroscopy for 

SiBr; the largest Koopmans' deviation amounts to 
only 0.33 eV. The spin/orbit coupling effects are 
calculated to be negligibly small.35 The optimized 
structural parameters of dga = 250 pm and ZISiI = 
103° as well as the charges of Si +0.54 and I -0.27 
fit nicely into the dihalogen silylene series (Figure 
12), which is dominated by the decreasing effective 
nuclear charges of the halogen substituents.39 

The other silylene story, published in 1994, is also 
breathtaking: Following the surprising discovery of 
the first "bottlable" carbenes by Arduengo and col
laborators40 as well as of the subsequent analogous 
germanium derivatives,41 the first isoelectronic si
lylene has been synthesized and crystallized and its 
structure determined.42 

(CH,),C 

- N . 

C •N 

(CHjfeC 

» ' £ ' • 3 [K]x 
THF, 60 "C 

-2 KCI 

(CHj)1C 

-N, Oo 
-N 

(CHj)8C 

(11) 

The photoelectron spectrum36 (Figure 13) is best 
discussed by radical cation state comparison with the 
isosteric C and Ge derivatives and, as emphasized, 
based on the results of density functional calculations 
with a triple-^ basis set (e.g., Si, 73111/6111/1). 

The comparison of the radical cation states of the 
three isosteric molecules (HC)2(NC(CH3)3)2X with X 
= C, Si, or Ge reveals (Figure 13) that the ground 
state of the carbene X(2Ai) is dominated by an nc lone 
pair contribution, whereas both the silylene and the 
germylene exhibit jr-type states, X(2Bi). According 
to the density functional calculations, the crossover 
nc/jri — jri/nsi (Figure 13, 7.68 — 8.21 eV and 8.22 — 
6.96 eV) can be readily rationalized by the calculated 
densities, viewed both in the molecular plane (Chart 
3, part A) and in the plane bisecting the C=C double 
bond and the two-coordinate main group element 
(Chart 3, part B). 

In close-to-perfect agreement with the experimen
tally determined electron distribution in 1,3,4,5-
tetramethylimidazol-2-ylidene-di2,

36 around the di
valent C center an ellipsoidally distorted nc lone pair 
density is calculated, whereas the distribution at both 
the Si and the Ge centers36 is essentially spherical. 
Therefore, although the decrease in effective nuclear 
charge C < < Si < Ge shows a considerable decrease 
in the n\ ionization energies (Figure 13; C, 8.22 —• 
Si, 6.96 —* Ge, 66.5 eV) there is a smaller charge, 
AIE3

V = 9.24-8.80 = 0.44 eV, for the JT2 ionization.36 

The ionization energies of the lone pair increases in 
the opposite direction, nc -* nsi, as can be rationalized 
by their varying electron density shape from el
lipsoidal nc to circular ns;.43 

Further literature without direct relevance to 
experimental investigations on organosilicon radical 
cation states, such as results of collisional activation 
and neutralization-reionization mass spectroscopy 
on (H3C)2Si'+ 44 or H2SiCO+,45 reaction products from 
Si+ + R„SiH3-n,

45 the detection of SiCl' by resonance-
enhanced multiphoton ionization spectroscopy,47 or 
calculations for SiH2'

+ 48 or SiX2'+,49 are not presented 
in detail. 
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Figure 13. High-resolution photoelectron spectra in the 6—10 eV region of the carbene (l,3-di-tert-butylimidazol-2-ylidene), 
the silylene (l,3-di-tert-butyl-l,3,2-diazasilol-2-ylidene), and the analogous germylene (l,3-di-tert-butyl-l,3,2-diazagermol-
2-ylidene), with assignment of the first two M'+ states by density functional molecular orbitals nx and jri (cf. the text). 

Chart 3 
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2. Siloxanes and Silathianes 
Lone pair nx vertical ionization of saturated mol

ecules with heteroatom centers often generate their 
radical cation in the ground state (Figure 1) and, 
therefore, are well-suited to probe substituent ef
fects.12 Within the review period 1989 to 1995, 
organosilicon oxygen50 and sulfur51-54 derivatives 
have been investigated by photoelectron spectroscopy 
with special emphasis on the sometimes tremendous 
donor properties of of groups CH3-^(SiR3),,.1'2'18 

Starting with the organosilicon sulfur derivatives 
(Figure 14), the first vertical "sulfur n lone pair" 
ionizations of the molecules ranging from the parent 
triatomic H2S through saturated sulfides with alkyl 
and silyl substituents span a wide range of 2.8 eV 
down to ((H3C)Si)3CSCH3, with its "Guiness book of 
records" low IEiv = 7.66 eV.51 The substituent 
effects, which increase in the order H < SiH3 < 
Si(CH3)3 ~ CH3 < CH2Si(CH3)3 < C(Si(CH3)3)3, are 

(12) 

mostly nonadditive: For instance, within the series 
of /?-[(trimethylsilyl)methyl] derivatives SH2-n(CH2-
SiR3)„ the differences between n = 0, 1 and n = 1, 2 
are 10.47-8.96 = 1.51 and 8.96-8.03 = 0.93 eV51 

(Figure 14). For rationalization, orbital pertubation 
models (section II.4) are unsatisfactory, due to both 
the large size of many compounds and their low 
symmetry. With respect to the equivalent radical 
cation ground states of the chemically related sulfide 
molecules, however, and the fact6 tha t vertical elec
tron expulsion, M — M , + + e~, occurs within 1O-15 s, 
i.e. a period orders of magnitude before vibrations 
start to change the "frozen" M ground state structure 
to the optimal state for M , + stabilized by charge 
derealization, the preceding molecule-specific "elec
tronic relaxations" must be essential in the ionization 
process. For this reason, the charge distributions 
around the sulfur centers in the neutral sulfides have 
been calculated and correlated with the respective 
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Figure 14. First vertical ionization energies IEiv(ns) (eV) 
of H2S and its alkyl, silyl, trimethyl and (trimethylsilyl)-
methyl derivatives: ( ) identical mono- and disubstitu-
tion, (• •) alkyl/silyl comparison, (— • —) /3-silyl substituent 
effects. 

first vertical ionization energies, as seen in Chart 4.50 

Obviously, this approach, which neglects all other 
aspects of the complex ionization process and does 
not account specifically for the change in correlation 
energies between M and M,+, nevertheless yields a 

R'. 
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Figure 15. First vertical ionization energies IEiv(no) (eV) 
of H2O and its alkyl, silyl, trimethyl, and (trimethylsilyl)-
methyl derivatives: ( ) identical mono- and disubstitu-
tion, (• •) alkyl/silyl comparison, and (- • -) /3-silyl substit
uent effects. 

satisfactory linear regression and thus provides some 
indication that the charge derealization in the radi
cal cations generated vertically in the "frozen" stru-
ture of the neutral molecules, i.e. to their electronic 
relaxation before the onset of vibration, is an es
sential feature in the ionization process of organo-
silicon sulfides,51-53 a point of view not covered by 
orbital interaction models.54 

The siloxane derivatives (Figure 15) show ad
ditional features. The perturbation of the lone pair 
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by the /S-silyl group is greater in the oxides than in 
sulfides:52 

R R 
HC-CH 

\ i 
X 

IEv,(eV) 

X = O 
S 

R = H 

10.57 
9.03 

Si(CH3)3 

9.07 
8.19 

AIEv,(eV) 

1.50 
0.84 

(14) 

tf 

CH2Si(CH3J3 

^CH2Si(CH3J3 

9.30 eV 

.CH(Si(CHs)3)J 

CH3 

8.49 eV 

For rationalization, the very different effective 
nuclear charges, ZedO) >> Zeff{S),2 as well as the 
much shorter bond lengths of ~142 pm for CO vs 
~182 pm of CS55 are dominant factors. Conse
quently, the differences in vertical first-ionization 
energies range from 12.62 eV for H2O over 4.7 eV to 
7.92 eV for H3CSC(Si(CH3)3)3 (Figure 14), a difference 
of almost 170%! The /?-silyl pertubation of no lone 
pairs is one of the largest substituent effects ever 
detected by PE spectroscopy.1-315 Again no additive 
increments are found for /J-silyl groups, as is convinc
ingly demonstrated by the ionization energies IEiv 

for isomers such as those shown below.50 

(15) 

Due to steric overcrowding in the organosilicon 
oxygen derivatives, which is increased due to the 
shorter OC bonds relative to that in the respective 
sulfides, the simple correlation of IEiv(ns) vs the sum 
^XSX30 °f calculated charges around the ionized S 
center has to be extended to an angle-dependent 
model such as that introduced as a classic example 
(Chart 2). The total perturbation, P, for example H3-
COC(Si(CH3)3)3

+, may be calculated from the geom
etry-optimized semiempirical structures, calibrated 
by the measured IEiv (eV) values, and includes for 
the difference AZea(0/Si) additive, angle-independent 
increments. Using the calculated values, the first 
vertical ionization energy is reproduced satisfactorily 
in Chart 5. 

Additional cyclovoltammetric measurements yielded 
(irreversible) oxidation potentials E0x between +1.54 
and +1.87 V, which nevertheless can be linearly 
correlated to the first ionization potentials, E0x (V) 
= -0.576 + 0.259IEiv (eV) with R = 0.985.50 

Other publications on gas phase investigations of 
/3-silyl-substituted oxygen and sulfide radical cations 
either neglect known facts,116 and therefore, base 
their arguments on misleading assumptions,56 present 
calculations for silicon oxygen hydrides Si(OH)i-457 

or focus on nN lone pair containing organosilicon 
nitrogen derivatives, which are reported in section 
III.5. 

3. Compounds with Bulky Organosilicon 
Substituents 

Continuing with heterosubstituted organosilicon 
radical cations, the bis- and tetrakis(trimethylsilyl)-
p-phenylene diamines57,58 provide an interesting ex
ample for steric overcrowding. Single crystal struc
tures have been determined by X-ray diffraction and 
the gas phase conformations investigated by photo-
electron spectroscopy.57 The starting point was the 
"Wurster's Blue" radical cation, discovered in 1879 
and thoroughly investigated since then. The struc
tures for both the A/yVyV'jAT'-tetraalkyl-p-phenylene 
diamine precursors and their isolated redox-salts 
(Chart 6), exhibit a molecular skeleton in which the 
pyramidal N centers of the (H3C^N groups are 
completely flattened. 

Surprisingly, the tetrakis(trimethylsilyl)-substi-
tuted p-phenylendiamine can be reduced to a "Wurst
er's Blue" radical anion as demonstrated by the 
observed benzene ring hydrogen quintet and the 
29Si silicon satellites in the ESR spectrum (section 
II.2). This seemingly strange attempt to reduce an 
already electron-rich molecule was stimulated by the 
assumption that due to H/H repulsion between the 
bulky (H3C)3Si substituents with their van der Waals 
radius of 380 pm4 and the adjacent ortho ring 
hydrogens, the [(H3C)3SiLN groups should be twisted 
around the NC ring bond. The electron-donating 
n^/ji derealization is replaced by Si — N electron 
withdrawal due to the huge difference in the effective 
nuclear charges, Si < < N.2 In 1994 we succeeded in 
proving the validity of this argument both for the 
solid neutral molecule by single crystal structure 
determination57 as well as for the gas phase by 
quantum chemical analysis of the photoelectron-
spectroscopic ionization pattern57 (Figure 16). The 
optimized gas phase structure most likely applies for 
solution in aprotic solvents. 

The structure-determining influence of the tri-
methylsilyl groups is clearly visible (Figure 16, AMI 
geometry-optimized structural diagrams and space
filling representations of the X-ray analyses57): In 
the A^'-disubstituted p-phenylenediamine, the nN 
lone pairs of the planar (R3Si)HN subunits are coaxial 
with the jr-vector perpendicular to the six-membered 
ring. In the tetrasubstituted derivative, the p-type 
N electron pairs of the also planar (R3Si)2N subunits 
are twisted into the benzene plane due to the spatial 
overlap of the bulky (H3C)3Si groups with the ortho 
ring hydrogens. The lack of n^/jr derealization 
lengthens the NC bond from 141 to 144 pm57 (Figure 
16, structural diagrams, experimental values in 
brackets). The structure-determining interplay of 
counteracting n-^/ji stabilization and H/H repulsion 
between the bulky (H3C)3Si groups and the adjacent 
ring ortho hydrogens becomes especially apparent in 

C h a r t 5 

COC-Ebene PtoUI " 10.04eV - IE1} - 2 d s i C <cos2 9> *n0.37eV 

- 0.48eV (cos2 23° + cos2 28° • cos2 88°) + 3-0.37 eV 
- l.89eV 

IE^ loale.) - 10.0+eV - 1.89 eV - 8.15eV 

IEy (exp.) 8.2OeV (16) 
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Chart 6 
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Figure 16. He I photoelectron spectra (6-18 eV) of iV^V'-
bis(trimethylsilyl)- and iV^V>N'^v"'-tetrakis(trimethylsilyl)-
p-phenylenediamines with Koopmans' assignment, IEn = 
—gj^1, based on the eigenvalues of geometry-optimized 
AMI calculations, the structural data of which are given. 
Also shown are space-filling representations of the single 
crystal structures carried out for the neutral molecules 
(values in brackets; cf. the text). 

the flattened conformation of A^'-bis(trimethylsilyl)-
p-phenylene diamine which shows a gauche arrange
ment and an astounding widening of the angle CNSi 
to 130° (Figure 16). 

For gas phase structure determinations by quan
tum chemical evaluation of the sequences of the 
radical cation state recorded (section II.3), the two 

silyl-substituted p-phenylene diamines with their 
tremendously differing structures provide a "par 
excellence" example:5758 The photoelectron spectra 
of both compounds (Figure 16) exhibit n^/n ionization 
band splittings either smaller than 1 eV or larger 
than 3 eV and suggest that the gas phase structures 
as deduced from the geometry-optimized AMI cal
culations for the assignment of their ionization pat
terns must resemble approximately those in their 
crystal.57 The sterically congested tetrakis(trimeth-
ylsilyl)-p-phenylenediamine should also be twisted in 
solution. Because of both the zero n^/jt donation and 
the considerable a-acceptor perturbation of the ben
zene ring due to the high effective nuclear charge of 
the adjacent N centers, electron insertion to the 
"Wurster's Blue" radical anion can be achieved, as 
had been correctly anticipated in planning the ESR 
experiment (Chart 6). 

The PES investigations have included less over
crowded molecules such as l,4-bis(trimethylsiloxy)-
benzene, which however still exhibits intramolecular 
interactions between trimethylsilyl and ortho ring 
hydrogens (Figure 17).59 

l,4-Bis(trimethylsiloxy)benzene has been crystal
lized both by vacuum sublimation and from n-
heptane solution. Both methods yielded colorless 
plates of the same monoclinic modification,60 in which 
the molecular conformation of Cl symmetry shows 
the two (H3OsSiO substituents to be conrotationally 
twisted around the OC6H4O axis by dihedral angles 
of ±60° (Figure 17A). According to photoelectron 
spectroscopic ionization pattern and its Koopmans' 
assignment, I E / = - e / ^ 1 , by AMI eigenvalues, the 
molecular structure in the gas phase should also have 
Ci symmetry (Figue 17C). Surprisingly, a compari
son of geometry-optimized MNDO, AMI, or PM3 
calculations for the monosubstituted model com
pounds H5C60Si(CH3)3 does not support the 60° 
dihedral angle predicted from the Koopmans' cor
relation. The diverging results obviously demon
strate a borderline for semiempirical calculations of 
medium-sized molecules (section II.5): The enthalpy 
differences between the rather shallow minima (Fig
ure 17B) are too small to be calculated correctly 
without including correlation. In conclusion, it is 
pointed out that the second-order perturbation of the 
benzene JI system by two (H3C)3SiO substituents 
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Figure 17. l,4-Bis(trimethylsiloxy)benzene: (A) single 
crystal structure in side view and in axial view (50% 
thermal ellipsoids), (B) semiempirical one-dimensional 
enthalpy hypersurfaces for changes of the dihedral angle 
u in the monosubstituted model compounds, and (C) 
photoelectron spectrum with Koopmans' assignment based 
on AMI eigenvalues. 

amounts to 9.24-7.96 = 1.28 eV at a 60° dihedral 
angle (cos2 60° = 0.25) and, therefore, approaches 
that of the ((H3C)3Si)2N substituents (Figure 16). 

Discussion of both the structural distortions due 
to supersilyl substituents and their electronic effects 
as exemplified by two rather recent investigations 
(Figures 16 and 17) should stimulate further intensi
fied effort. Comparison of the first vertical ionization 
energies determined by photoelectron spectroscopy 
for a series of chemically related compounds such as 
methyl sulfides51 (Figure 14 and (18)), methyl ethers50 

(Figure 15 and (19)), 1,4-benzene derivatives50-61 (20), 
trans-1,2-disubstituted ethylenes62 (21), disubstituted 
acetylenes50-62'63 (22), and last, but not least, satu
rated disilane derivatives5058'64 (23) all prove without 
any exception that the bulky groups C(Si(CH3)3)3 and 
Si(Si(CH3)3)3 always cause the strongest lowering 
effect: 
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In the ground states of the radical cations gener
ated, the derealization of the positive charge is 
energetically favorable. In general, /?-silyl half-shell 
substituents such as C(SiR3)3 and Si(SiR3)3 are excel
lent electron donors for molecules containing adjacent 
electron pair centers (18 and 19), for n systems (20-
22), and even for a skeletons such as the ones in 
polysilanes ((23) and Figures 5 and 6). The electron-
donating effect can be traced back predominantly to 
the low effective nuclear charge of the Si centers,2 

which lowers the first vertical ionization energy of 
the parent compound by 1.8 eV for H3CSH (18), 3.0 
eV for H3COH (19), 1.9 eV for benzene 1,4-disubsti-
tution (20), 2.7 eV in (£)-l,2-ethylenes (21), 3.8 eV 
for HC=CH (22), and 2.8 eV for disilanes (23). The 
latter exhibit further increases of 0.4 and 2.7 eV on 
Cl and F substitution, supporting the assumption of 
dominant effective nuclear charges.64 

For the special case of hexakis(trimethylsilyl)-
disilane, the topological asisi bond model with its 
parameter set osisi = 8.7 eV and /Jsisi/sisi = 0.5 eV 
(section ILl, Figure 6) can be applied after introduc
ing the additional Coulomb value a<siSi)Si6 = 9.05 eV 
for the central SiSi disilane bond: As shown in Chart 
7, the band pattern in the low-energy PES ionization 
region can be deconvoluted to yield seven bands, the 
approximate maxima of which (Chart 7, IE„V (eV)) 
correlate satisfactorily with the topological eigenval
ues —xj (eV). Within this context, it is pointed out 
that Si(Si(CH3)3)4 has been remeasured111 using 
various photon energies65 and the previous assign
ment11 confirmed by Xa calculations.65 
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4. Silicocene and Metal Organic Silicon 
Derivatives 

This section is opened with a discussion of the 
silicocene radical cation states6 6 for two reasons. In 
the preceding report 1989, l only a preliminary per
sonal communication could be included and, more 
importantly, the bis(?/5-pentamethylcyclopentadi-
enyDsilicon sandwich exhibits a Si coordination 
number of 10, the highest observed so far.2 The 
compound is synthesized by reacting bis(pentameth-
ylcyclopentadienyDsilicon dichloride (R5Cs^SiCl2 with 
sodium naphthalide. The crystal s tructure proves 
two conformers, one with rings coparallel (D5d) and 
the other one bent (Cz0) with an interplanar angle of 
25°. Electron diffraction in the gas phase yields 
an average (large amplitude motion) value of 23°.66 

The novel compound could be evaporated and its PE 
spectrum recorded (Figure 18). 

By SCF calculations on the probably insufficient 
STO-3G level, the twisted conformer Ia of C3 sym-
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Figure 18. He I PE spectrum (6-10 eV) of bis(?75-
pentamethylcyclopentadienyDsilicon as the most likely 
conformer Ia (cf. the text) and its assignment by both 
Koopmans' correlations, IE„V = €jMND0, as well as by radical 
cation state comparison with its Ge and Sn analogues (cf. 
the text). 

EXeV) 

h 8 

• * * * • ( % ) 

( a , ) - G ! 

(24) 

-10 

-11 

metry is predicted to be a global minimum, with Ib 
and I c differing only by 5—6 k J mol - 1 . On the other 
hand, both the different steep—broad—steep band 
contours (Figure 18) and the M0+ s tate comparison 
with the Ge and Sn derivatives leave no doubt tha t 
the sequence of the three lowest vertical ionizations 
of silicocene (in orbital notation for D*,a symmetry) 
is jr(3eig) < 3ssi + n < n (3eiu). The doublet radical 
cation ground state X(2Ei8), therefore, by symmetry 
arguments has its positive charge exclusively delo-
calized within the n system of the pentamethylcy-
clopentadienyl ligand. 

A closely related example with silicon of coordina
tion number 6 is that of l,2-dimethyl-l,2-disila-cZoso-
dodecaborane(12),67 the PE spectrum of which can 
also be recorded at 10~5 mbar pressure using a heated 
inlet system (Figure 19). 

Si-CH3 

OSm(Ua1) OQatfb,) OtS (4*2) 

Figure 19. He I PE spectrum of l,2-dimethyl-l,2-disila-
c/oso-dodecaborane(12) ((H3CSi)2B10HiO) with Koopmans' 
assignment by MNDO eigenvalues and cluster orbital 
diagrams for the three radical cation states of lowest 
energy. 
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Following the literature assignment67 for the par
ent cZoso-dodecaborane(12) (HO2B10H10 framework, 
in addition to 13 cluster and 10 BH ionizations, a 
further 14 are expected for the two HsCSi subunits. 
On the basis of the relative He I photoelectron 
spectroscopic band intensities (Figure 19) about 25 
ionizations with predominant atomic contributions 
2s, PB, ISH, 3psi, and 2pc are observed within the He 
I measurement region. The recommended67 geometry-
optimized MNDO calculations suggest that the ion
izations of lowest energy can be grouped into nine 
cluster-type transitions within the band hill between 
9.5 and 10.5 eV, five of BH and SiC character within 
the bands overlapping between 12 and 13.5 eV, and 
another five of predominant BH and CH contribu
tions within the double band region between 14 and 
16 eV (Figure 19). Although the overall PES band 
pattern is satisfactorily reproduced by the Koopmans' 
correlation, IE„V = ^MN00 , considerable Koopmans' 
defects, ejMND0 - IE„V % 1.5 eV, are calculated, 
indicating that the proposed sequence of the radical 
cation states assigned has to be viewed with some 
caution. 

A comparison with the respective ionizations of the 
1,2-carborane67 demonstrates that upon replacement 
of the cluster CH subunits by SiCH3 all three ioniza
tion regions are shifted to lower energies by at least 
1.5 eV.67 This observation can be traced again to the 
considerable decrease in effective nuclear charge from 
carbon to silicon centers.2 Accordingly, silicon cluster 
subunits SiCH3 are expected to act as electron donors 
even to the surrounding B(H) centers. This assump
tion is substantiated by the calculated MNDO charge 
distributions for both 1,2-carborane and 1,2-bis-
(silamethyl)-c/oso-dodecaborane(12), which suggest 
that the (H3C)SiSi(CH3) subunit considerably in
creases the electron density within the (BH)io cluster 
framework and thus provides a plausible explanation 
for the remarkable 1.5 eV shift of the three separated 
bands to lower energy67 (Figure 19). 

(H-O2B10H10 (H3C-Si)2B10H10 

(25) 

Summarizing, l,2-dimethyl-l,2-disila-cZoso-dode-
caborane(12), which exhibits in its PE spectrum the 
lowest ionization onset, 9.5 eV, observed so far for 
analogous compounds,67 may be viewed as being 
presently the most electron-rich cluster, XYB10H10, 
with two adjacent main group element centers, XY. 

Continuing with a reference to the PE spectrum 
of Ge(Si(CH3)3)4, which has been recorded together 
with that of the already quoted analogous molecule 
Si(Si(CH3)3)4,65 we note that only few silicta contain
ing metalorganic radical cation states have been 
investigated in the gas phase. The series of publi
cations68-70 discussed here first concerns information 
from photoelectron spectroscopic comparison on metal-
catalyzed hydrosilylation: 

X metal catalyst 

SiR3 

SIR3 
M n - * - , , 8 " * 3 versus Mn> M n . 

Jb 
O 0 

versus Mn^ 1 8 ' 1 * 3 

O 0 

(26) 

The PE spectra have been assigned on the basis of 
both reliable Fenske-Hall calculations as well as the 
partly impressive He I /He II intensity differences:70 

The Fe 3d photoionization cross sections, for instance, 
are predicted to rise by a factor of 1.6, while those of 
C 2p, Cl 3p, and Si 3p ionizations decrease on going 
from He I to He II excitation (Figure 20). In the 
corresponding manganese complexes (26) two pos
sibilities for bonding exist, which are partly sup
ported by neutron diffraction structures:70 either a 
Mn (d6) complex with asm "~* Mn donation or a Mn 
(d4) oxidative addition product with both 0MnH and 
M̂nSi bonds. According to the PE spectra, the first is 

found with HSiCl3 and the other with HSiR3.
68'69 The 

SiH bond activation, unfortunately, is discussed 
exclusively within the fictional orbital approach23 

including even unoccupied asm* and 3dsi orbitals, 
which are useless for interpreting the PE spectra and 
radical cation states. 

Within the review period 1988 to 1994, a Chemical 
Abstracts Service (CAS) on line search yielded only 
four further PE spectroscopic investigations of silicon-
containing organometallic compounds (R = CH3):

71-73 

a. 16 
.CH, 

H2 

^SiR2 

71 
Me : Ti, Zr, Mo, Th 

R2Si 

R - C l R 3 S I N 

Me 
SiR 3 

1 R C ' R ? S i / 

N—Me—Ns 

301 SiR 3 

72 73 (27) 
Me : Zr, Hf, Fe Me / ;> : Mn, Fe 

He I /He II PE spectra suggest that the bis(<75-
cyclopentadienyl)-l-sila-3-metallacyclobutanes can be 
evaporated under reduced pressure without ring 
opening.71 The X-ray PES investigation of Zr 3ds/2, 
Hf 4f7/2, and Fe 2p3/2 ionizations shows that the 
binding energies decrease by about 0.1 eV per R3Si 
group. The PE spectra of bis(bis(trimethylsilyl)-
amido)manganese and iron are assigned by compari
son with analogous compounds, showing metal 3d 
ionizations at 7.9 eV and those from the nitrogen lone 
pairs at 8.5 eV.73 

Altogether, radical cation states containing silicon 
centers with coordination numbers as high as 10 in 
silicocene (Figure 18) or 6 in disilacarbene (Figure 
19) can be discussed within Koopmans' correlations 
with SCF eigenvalues. The same applies to meta
lorganic derivatives, for which metal d ionizations are 
advantageously assigned based on He I /He II inten
sity differences (Figure 19). 
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Table 1. Survey of Additional Photoelectron Spectra 
Recorded for Organosilicon Molecules from 1989 to 
1994 Arranged According to Compounds Type1 [cf. 
(18)-(23)] 

IEV (eV) 

Figure 20. He I/He II trends in the PE spectra (8-12.5 
eV) of (^-C6H5)Fe(CO)2SiCl3 due to the different cross 
sections70 of Fe 3d and Cl lone pair ionizations. 

5. Compilation of Vertical Ionization Energies 
since 1989 

Referring to the more detailed discussions of the 
preceding topics—silylenes with Si of coordination 
number 2 (section III.l), siloxanes and silthianes with 
no and ns lone pairs (section III.2), and compounds 
with bulky organosilicon substituents, e.g. coordina
tion numbers as high as 10 or 6 (section III.4)—the 
remaining gas phase investigations resulting from 
the CAS on line search of data from 1989 to 1994 
are listed with characteristic ionizations according 
to the type of compound1 (Table 1) and commented 
on below. 

The molecules and their first vertical ionization 
energies listed (Table 1) supplement those already 
presented as examples. The parent silylene has been 
generated by SiH4 + 2F* — SiH2 + 2 HF and 
investigated by photoionization mass spectroscopy 
(PES), which yields the adiabatic onset value quoted.74 

Numerous molecules with 2-fold coordinated silicon, 
including some that are stable at room temperature, 
are known (section III.l) The silyl derivatives such 
as C(SiHa)4 have been thermally decomposed to 
detect new routes to amorphous, hydrogen-containing 
silicon, a promising new material.75 The precise 
redetermination of the methylsilane ionization using 
synchrotron radiation65 should be augmented by 
remarks pointing to both the simultaneous vibra
tional 2psi core level measurements8 5 and also to the 
correlated calculations on Jahn/Teller distortions, e.g. 
for SiH4*+ and Si(CH3)4

,+.86 Other polysilanes were 
presented under various aspects [cf. Figures 4 - 6 or 
(23) and Chart 7]. Both chlorofluorosilanes have 
been prepared by reacting Na2SiFe with (AICIS)2 .7 6 

The differences in ionization energies of cyclic per-
chlorosilanes [(SiCl2)4-6j may be rationalized by their 
geometry-optimized, calculated structures OfD4A, Ci, 
or Dzd symmetry.77 The pyrolyses of the trimethyl-
silyl esters yielded mixtures,78 containing RaSiF and 
RaSiOH,78 which is of interest for comparison with 
the oxygen derivatives discussed in detail [section 
II.2, Figures 14, 15, and 17, Chart 4, and (18), (19)]. 

compound 
(R=CH3) 

(D 
SiH2 
C(SiH3J2HR 
C(SiH3)3H 
C(SiHa)4 
SiR4 
Si2Re 
Si(SiR3J4 

Ge(SiRa)4 
(SiR2)6 

references IEiv (eV) 

ff-Type Molecules 
74 
75 
75 
75 
65 
65 
65 
65 
65 

(8.2), onset X(1Ai) 
10.30, X(2A") 
10.58, X(2E) 
10.75, X(2T2) 
10.35, X(2T2) 
8.45, X(2A1) 
8.26, X(2T2) 
8.13,X(2A2) 
7.89, X(2Aiu) 

(2) Halogen Derivatives 
SiF2Cl2 
SiFCl3 

(SiCW4 
(SiCl2)5 

(SiCl2)B 
R3SiF 

76 
76 
77 
77 
77 
78 

12.66, X(2Bi) 
12.21, X(2A2) 
8.85, X(2B28) 
9.50, X(2A) 
9.00, X(2AiJ 
11.00, X(2E) 

(3) Group VI Derivatives 
R3SiOH 
R3SiOSO2CF3 
R3SiOCOCF3 
R3SiOCOCH3 
XSi(OCH2CHs)3N 

X = CH3 
X = CH2Cl 
X = HC-CH2 
X = Cl 
X = F 

78 
78 
78 
78 
79 

10.00, X(2A) 
(10.0) 
(10.9) 
(10.2) 

8.5, crsiN 

9.2 , CTSiN 
8 .5 , ffsiN 
9.6, crsiN 
9.7, ffsiN 

(4) Group V Derivatives 
C6H5Si(NCO)3 
(PSiCR3), 
(C6Hs)2XSiR3 

X = N 
X = P 
X = As 
X = S b 

C6H5HNSiR3 
(C6Hs)2NSi(C6Hs)3 

(C6Hs)2NSi(C6Fs)3 

80 
81 
82 

83 

9.73, X(2Eig) 
7.6, X(2E) + A(2B2) 

7.44, nN 
7.74, nP 
7.72, nAs 
7.66, nsb 
7.70, nN 
7.32, nN 
8.07, nN 

(5) Carbon JZ Systems 

>~<^>-< 

>i-^J< 
> ^ < R R l I R 
D CJ 

R ^ l 1 - R 
RU LR 

84 7.8, X(2B3u) 

7.4, X(2Au) 

7.4, X(2Au) 

The publication quoted for the silatranes,79 which 
contain silicon of coordination number 5, reports on 
a total of 17 derivatives with partly substituted alkyl 
chains or groups. The lower ionization energies for 
isothiocyanates relative to cyanates have been re
ported before1 and amount to AIEiv = 1.56 eV for the 
parent molecules HaSiNCX and to 1 eV for the larger 
methylated species R3SiNCX.80 Tetraphosphatet-
rasilacubane, [PSiC(CHa)a]4, has been synthesized 
from (H3C)3CSiCl3 and Li+[A1(PH2)4]- and its ioniza-
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tion is 0.25 eV higher than that of its carbon 
analogue, [PCC(CH3)3]4.

81 In the group IV diphenyl-
(trimethylsilyl) derivatives [(H5Ce)2XSiR3], the sec
ond, benzene-jias-assigned ionization energy remains 
constant, as expected.82 For iV-phenyl derivatives, 
the discussion of the conformers of /?-phenylenedi-
amines (R3Si)nH2-nNC6H5NH2-„(SiR3)n (Figure 16) is 
noteworthy.57 The discussion82 includes the intensity 
ratios of He I /He II bands (Figure 20). The paracy-
clophane derivatives, quoted last but not least,84 

convey another example of jr-perturbation, as has 
been discussed for first- and second-order perturba
tions (Figure 10) through out this third section [cf. 
Figure 7, Charts 1 and 2, and (8) and (20)-(22)], 
which provides an update of the previous review1 up 
to the end of 1994. 

IV. Recent Investigations of Organosilicon 
Cations in Solvents 

Frequently, the gas phase measurement of the first 
vertical ionization energy preceded the generation of 
the radical cation in solution (Figure 8).1'2,16 Espe
cially when the selective, oxygen-free, and powerful 
redox reagents AICI3/H2CCI2 or SbCl5ZH2CCl2 have 
been applied,17 the correlation with IEiv < 8 eV for a 
successful one-electron transfer never failed to yield 
persistent paramagnetic species (Figures 7, 8, and 
11). The above redox systems have the additional 
advantage of allowing ENDOR8 and especially 29Si-
ENDOR spectroscopy12 (Figure 8) in the resulting 
methylenedichloride solutions. In addition, matrix 
isolation techniques87 have proven valuable for in
vestigations of rather reactive intermediates. 

1. Matrix Isolation 

The application of matrix techniques to investiga
tion of organosilicon compounds, including the al
ready mentioned matrix photolysis of phenyltriazi-
dosilane (H5C6Si(Ns)3) to phenylsilaisonitrile (H5C6-
N=Si)13 (cf. Figure 9) were included in the preceding 
review1 and, therefore, will be introduced here by 
another "classical" 0 and n example of each88-92 

(Figures 21 and 22). 
Starting from the photoelectron spectrum of tet-

ramethylsilane,1 which has been assigned assuming 
a Jahn/Teller distortion from Td symmetry,86 the 
radical cation Si(CH3V

+ has been generated in the 
matrix. The ESR signal pattern consists of a septet 
of septets due to two pairs of equivalent, freely 
rotating methyl groups, which thus excludes distor
tions Td -* Dih or Td —• Du- A satisfactory rationale88 

for the most likely structural change on one-electron 
expulsion, Td —• C2V, is provided by the predicted 
orbital splitting, lti — 2ai (t) > Ib2 (H) > lbi (H). 

For silyl-substituted ethylene radical cations, quan
tum chemical calculations predict that the two mo
lecular halves are twisted around the central C=C 
bond9091 by about 30°, lowering the total energy by 
about 5 kJ mol-1 (cf. also ref 4). The recorded ESR 
multiplets (Figure 21) with g values between 2.0031 
and 2.0038 fulfill these expectations. For the CH2 
hydrogens, a triplet with cm = 4.42 mT results, while 
for single hydrogens (CHR), doublets with an = 4.53 
and 6.45 mT are observed. According to the open 

tp-vVW 
(g = 2.0050) 

1.36 mT 
0.48 mT 

Figure 21. Tetramethylsilane radical cation in 8% mol 
solid solution in trichlorofluoromethane at 90 K, generated 
by y-irradiation (dose, 1 Mrad): (A) first- and (B) second-
derivative ESR spectra as well as (C) stick diagram 
reconstruction consisting of a septet of septets showing the 
line component assignment. 

( H 3 C ) 3 S I N . © ,H 
C=Cx 

(H3C)3Si7 "H 

(HJC) 3 SI N . ® ,CH3 

C=Cx 

(H3C)3Sr H 

( H 3 C ) 3 S I N . 0 ,SKCHa)3 

(H3C)3Si7 H 

" H 
(mT) 

40 . 

20 • 
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^ ft 

V 
f * 

H3Si 

1 

H3 

H 

0 30 (0 (!) (") 

Figure 22. ESR spectra of organosilicon radical cations 
generated in trichlorofluoromethane matrices at 77 K by 
60Co y-irradiation: (A) l,l-bis(trimethylsilyl)ethylene, (B) 
l,l-bis(trimethylsilyl)-2-methylethylene, and (C) 1,1,2-tris-
(trimethylsilyl)ethylene (X, signals from unidentified spe
cies; cf. the text). (D) INDO open shell hypersurface for the 
dependence of the coupling constants OH on the dihedral 
angle (co) in vinylsilane. 

shell INDO hypersurfce calculations as a function of 
the dihedral angle a> (Figure 22D; cf. Figure 11), the 
rather large ethylene hydrogen couplings recorded 
indicate the twisting. Analogous investigations have 
been performed for other prototype radical cations 
such as /3-silyl-substituted ethylenes H2C=CHCH2-
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(A) 
•© 
Si<r£i2o° 

3170 3200 3230 3260 R f(MHz) 

Figure 23. Silylene radical cation, SiH2*+, generated by 
Sir!* photolysis in a 4 K neon matrix: (A) low field part of 
the 29Si (I = 1/2) ESR doublet hyperfine coupling in 0 = 
90° position and (B) its simulation (for details, cf. ref 93). 

SiR3,90 of benzene derivatives HsCeSiRs and H5C6-
SiR2SiR392 or of siloxanes and silthiane derivatives.92 

The literature search found no organosilylene radi
cal cations (R2Si'4"), but the parent (H2Si*"1") has been 
generated in a neon matrix at 4 K by photoionization 
OfSiH4 and the solid state ESR recorded for its X(2Ai) 
ground state (Figure 23). 

The A tensor assignment was facilitated by isola
tion of preferentially oriented SiH2*"1" in a neon lattice, 
and all the X, Y, Z components were resolved as 
demonstrated by the spectrum simulation (Figure 
23B). In addition, correlated wave function calcula
tions on the MP4 level confirm the exclusive genera
tion of SiH2*+ and exclude SiH4*+ or SiH*+- • -H2. An 
angle ZHSiH = 120° and bond lengths dsm = 148 
pm are predicted. 

A variety of alkylsilane radical cations have been 
investigated.94^96 Radicals from H3Si(CH2)„=i 2 3CH3, 
(H3C)H2Si(CH2)n=i,2CH3, and H2Si(CH2CHa)2

94 have 
been generated in a 77 K matrix of F3CCCl3 by 60Co 
y-irradiation. Their ESR spectra can be approxi
mated by INDO open shell calculations, e.g. for 
H3CH2CH2SiCH3 (OH couplings observed experimen
tally; calculated ones in brackets): 

(28) 

The reasonable correlation between experimental 
and calculated coupling constants (28, OHAOH)) dem
onstrates that the largest effect is observed for the 
/3-trans hydrogen, which encounters the largest (hy-
perconjugative)94 transfer of spin predominantly 
located in the Si-C0 bond. Molecular dynamics are 
indicated by the temperature depencence of ESR 

Bock and Solouki 

signal patterns of 1-methylsilacyclohexene and sila-
cyclobutane radical cations, generated in C7F16 ma
trices at 77 K by y-irradiation.95'96 The experimental 
data can be rationalized by two-site jump models, in 
which either a distorted bond is dynamically moved 
to an equivalent position95 or a ring-puckering motion 
activated96 (coupling constants in brackets): 

(29) 

^ H i . 
Sf(1.7mT) 

(30) 

Another study in FCCl3 matrices at 77 K compares 
analogous tin and silicon radical cations and their 
different stability. Whereas the (p-methoxybenzyl)-
tributyltin radical cation on temperature increase 
splits off a benzyl radical:97 

0 
H 3 CO^ ^ - ^ 

H2 

,C-SnR3 
AT 

H 3 C O ^ ^ - ^ 

TSnR3?) (31) 

No such decomposition is observed for the analo
gous silicon derivative even upon heating the matrix 
up to its melting point.97 For H5C6SiCl3*+, the ESR 
multiplet suggests—as is expected by perturbation 
arguments (section II.4, Figure 10)—that the spin 
population can be rationalized by a single occupied 
;ras benzene orbital and, therefore, the Cl3Si group 
acts as an acceptor substituent.98 

Other hetero-organosilicon radical cations and 
especially nitrogen derivatives might be studied as 
well by the 14N coupling (7 = 1; natural abundance, 
99.63%), which provides additional information. Their 
generation is accomplished straightforwardly by 
60Co y-irridiation in FCCl3 matrices99 (isotropic N 
coupling constants Ai80 in mT; R = CH3): 

(R 3Si) nN^R 3 

n = 1 2 3 

Ajso(mT) 16.0 15.0 14.3 

(R3Si)2 N-2N(SiR3J2 

(10 - 240) 

10.3 

R 3 Si -N-N-N 

(-3.3) 

10.7 4.0 

(32) 

The N coupling in the trimethylsilylamine radical 
cations is smaller than that observed for the corre
sponding alkyl derivatives (e.g. (H3C)3N*+: Ai80 = 
18.399), The matrix-isolated tetrakis(trimethylsilyl)-
hydrazine radical cation exhibits less twisted molec
ular halves than in solution (section II.2, Figure 11, 
Co Rs 45°) and the trimethylsilyl azide radical cation 
has by far the highest spin population at the nitrogen 
center adjacent to silicon99 (32). 

In summary, ESR investigations of organosilicon 
radical cations in inert matrices, generated at rather 
low temperatures, can be considered to be a comple-
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Chart 8 

IH3CI3C 
\ 

(HJCI5HCN N — ^ 

/ S i x ^C-CICH1), —?-

(H3CI2HC S2 

• AlCt3 * H2CCI2 

[AICI4)9 IH2C Cl) 
• e e 

••» IH1C Cl) 

mentary method to vertical gas phase measurements, 
providing otherwise partly inaccessible and valuable 
information. 

2. ESR/ENDOR Spectroscopic Investigations 
Referring to the introductory "classical" examples 

(section II. 2), a large number of organosilicon radical 
cations16 have been generated in AICI3/H2CCI2 solu
tion by single electron oxidation from their neutral 
precursors, sometimes crystallized as radical cation 
tetrachloroaluminates, and their structures have 
been determined (Chart 8).100 

Both the isolated and structurally characterized 
salt M,+[AlCLr] and the 1,2-dichloroethane identified 
by gas chromatography provide clues about the still 
unknown single electron transfer mechanism: Pre
sumably, AICI3 will abstract Cl" from H2CCI2, form
ing the counteranion AlCU-. The resulting carbon-
ium ion H2CCl+ could, upon selective single-electron 
transfer, yield the radical H2CCl*, which should 
vanish in subsequent dimerization reactions to ClH2C-
CH2Cl.1'218 The same applies to the SbCl5ZH2CCl 
oxidation, which due to a slightly higher potential 
and 2:1 stoichiometry can be used to prepare numer
ous dication salts [M2+] [SbCIe-I2 of main group 
element molecules M.4 The oxidation potential of the 
AICI3/H2CCI2 single electron transfer system is ap
proximately +1.7 V. By linear correlation based on 
nine sterically uncrowded compounds, 2£0x(V) = -4.59 
+ 0.78IEiv (eV) with SE = 0.107, this corresponds to 
IEiv = 8.0 eV for gas phase ionization12'18 (Figure 7). 
The first ionization potential of a promising precursor 
can either be found in the literature, predicted from 
heuristic correlations of suitable properties of chemi
cally related molecules, estimated by fast semiem-
pirical calculation, or even be recorded on an avail
able photoelectron spectrometer within 1 h. Thus 
organosilicon radical cations62 can be readily gener
ated by the elegant addition of AICI3 to their H2CCI2 
solutions (Figure 24). More time-demanding cyclo-
voltammetric measurements in aprotic (CH+ < lppm) 
solution101 provide criteria for reversible electron 
transfer processes such as a 59 mV distance between 
"forward and backward" peaks, which can be, but are 
not necessarily, indicative of whether the radical 
cation exhibits a lifetime long enough for ESR and 
especially for ENDOR characterization816 (Figure 24). 
In addition, the same solution in H2CCl2, DME, DMF, 
or other solvents can be used to screen the reduction 
side for potential radical anion generation (Figures 
24 and 25). 

(33) 

2x 
••*- CIH,C-CH,Cl 

The assignment of ESR multiplet splitting, the 
"molecular state fingerprints" of radical cations (Fig
ures 2, 8, 22-25), can be accomplished in many 
ways,8 of which the following proved to be advanta
geous for those of organosilicon molecules: any 1H, 
13C, and 29Si ENDOR spectra allow a direct and 
precise read-off of the respective coupling constants 
from the line pair distances (Figure 8).812 In case, 
the ESR signals cannot be saturated for ENDOR 
recordings, often the ESR line patterns can be 
simulated optimally by trial-and-error fit of varied 

Figure 24. l,l,l,4,4,4-Hexakis(triinethylsilyl)-2-butene 
(IEiv = 7.78 eV):62 (A) cyclovoltammograms for oxidation 
(H2CCI2/O.I M R4N+ClO4

-, GCE vs SCE, recording velocity 
v = 50 to 500 mV/s) and reduction between 0 and —3 V (v 
= 100 mV/s), (B) ESR signal pattern of its radical cation 
generated with SbCl5 in H2CCI2, and (C) optimized simula
tion with the trial-and-error coupling constants ajj(CH) = 
0.606 mT, OH(CH3) = 0.022 mT, and o*>Si = 0.767 for 2, 54, 
and 6 equivalent centers, respectively (see the text). 
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H,C>SJ, 

M-(Li^0)V)2 

Figure 25. The two-electron reduction of 2,5-bis(trimeth-
ylsilyl)-p-benzoquinone in THF under aprotic (CH+) < 1 
ppm) conditions: (A) cyclovoltammograms in THF with 0.1 
M R4N

+ClO4- or Li+(B-(C6Hs)4) as conducting salt (GCE 
vs SCE, v = 100 mV/s); (B) ESR spectra of "naked" 2,5-
bis(trimethylsilyl)-p-benzoquinone radical anion, generated 
by lithium metal reduction in the presence of [2.1.1]-
cryptand, of the radical [M*~Li+]* formed directly upon 
reduction with lithium metal and the triple ion radical 
cation [Li+M'~Li+]-+ prepared on increasing the Li+ con
centration in the THF solution by addition of the THF 
soluble salt Li+[B-(CeHs)4]; and (C) addition of the second 
electron to the final reduction product, the dilithium salt 
of hydroquinone dianion. 

coupling constants, some of which might be directly 
accessible from the high- or low-field satellites.16 

Sometimes molecular state comparison of related 
radical cations16 or open-shell quantum-chemical 
calculations (Figure 11) provide hints.16 For the 
ethylene radical cation,62 substituted at both centers 
with bulky C(Si(CH3)3)3 substituents, the 1H- and 

29Si-coupling constants had to be determined by an 
optimized ESR spectrum simulation (Figure 24), 
because ENDOR saturation could not be achieved. 

ESR and ENDOR spectra of organosilicon radical 
cations yield a wealth of partly otherwise inaccessible 
information16 such as on the spin distributions, on 
structural changes during adiabatic relaxation, and 
on rigidity or flexibility within the ESR time scale of 
ICT7 s, orders of magnitude longer than the 10"15 s 
required for vertical ionization. Several spectacular 
effects have been discovered: for instance, the spin 
(and charge) distribution in the dodecamethylcyclo-
hexasilane radical cation differs considerably from 
that in its radical anion:102 

(34) 

The high g value = 2.0093 for the radical cation 
reflects the spin population at the Si centers. The 
ESR multiplet (34) can be simulated satisfactorily by 
two different couplings of each 18 hydrogens indicat
ing nonplanarity and some 29Si coupling admix
ture.102 In contrast, the radical anion exhibits a 37 
line pattern due to either a planar Si6*" skeleton or 
rapid dynamic interconversion. The rather large 
observed 13C coupling of 1.46 mT together with the 
valueg = 2.0028 suggests a jr-type radical anion with 
considerable spin (and charge) at the peripheral 
methyl groups.102 Structural distortions are gener
ally well-reproduced (Figure 11) or predicted by 
quantum-chemical calculations: For the period cov
ered in this review, the energy hypersurface calcu
lated for cyclotrisilane radical cation is empha
sized,103 on which both (SiH2V

+ and H3SiHSi=SiH2*+ 
have been found in local minima. 

Organosilicon radical cation dynamics, which can 
be determined in temperature-dependent ESR inves
tigations,16 cover the wide range from unhindered 
rotations in sterically unblocked derivatives via 
restricted cogwheel gearing in (CH3)3SiCH2)3N'+ (Chart 
9A),16 for which only two bulky (H3C)3Si groups can 
be accommodated on the same side of the NC3 plane 
and, therefore, both have to change places simulta
neously to the completely blocked radical cation 
hexakis[(trimethylsilyl)methyl]benzene,16 for which 
the tremendous overcrowding can be visualized by a 
space-filling structure representation (Chart 9B).104 

Other structure determinations of neutral organo
silicon compounds, from which radical cations have 
been generated and characterized by ESR spectro-
scopicy,16 include (R3SiH2C)2C=C(CH2SiRs)2

 105 and 
(R3Si)2C(HC=CH)2C(SiR3)2

106 as well as R3SiN-
(RC=CR)2NSiR3,

107 a dihydropyrazine derivative. 
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Continuing with the novel, ruby-colored hexakis-
(trimethylsilyl)-2-butene radical cation101 (Figure 24), 
the following information on electronic and dynamic 
radical cation properties can be extracted: Compari
son of the CH hydrogen coupling constants proves 
that only dimethylamino groups are stronger electron 
donators.1 

afr-js* 
H X 

H 

x: / y v > 
if 

cr <r H 
-e -2.0 oH (CH)[mTl 

(36) 

Applying the Heller/McConnell equation, cm = 
|QH|@C'T with the factor for jt carbon radical cations 
|QH| = 3.5 mT, yields a n spin density Qi1 = 0.606/ 
3.5 = 0.173. For both C=C centers this amounts to 
0.346 and suggests that about two-thirds of the total 
spin has been delocalized in the bulky substituents, 
C(SiR3)a! From a simplified approach, C29Si = B2(Si) 
(cos2 0), with the value (cos2 co) = 0.5 for free rotation 
and the 29Si coupling of 0.767 mT measured, a 
parameter Ba(Si) = 3.1 mT results, which indicates 
that the bulky groups C(SiR3)3 can still rotate almost 
unhindered around the connecting C-C bonds.101 

Within the review period, several iV-trialkylsilyl 
derivatives have been oxidized by the powerful one-
electron transfersystem AICI3/H2CCI2 (Figure 7 and 
Chart 8)108-110 or by Ag+AsF6

- m to their radical 
cations (R = CH3): 

<A> SiR3 

II-® 
R3Sk X ^ 

^ N ' ^H 
! 

R3Si 

(B) „ _ i r R (C) 
R2SiCR3 R3 c 

R^ ^ Jl 

(D) 

W ^ N R 

R3CSiR2 

4-
,FAsFf 

V(R3Si)2N' 

• © / ' 318pm 
'Te 

197pm 

N(SiR3 I2 , 

(37) 

(JE)-1,1,4,4-Tetrakis(trimethylsilyl)-1,4-diazabut-2-
ene, which is prepared by complete reductive silyla-
tion of 2-(trimethylsilyl)-l,2,3-triazole,108 upon AlCl3/ 
H2CCI2 oxidation yields, according to the ESR, a 
mixture containing the radical cation as the main 
component (37A). The permethylated dihydropyra-
zine derivative, the structure of which has been 

shown to be butterfly-shaped,109 can be reversibly 
oxidized to its persistent radical cation as expected 
(37B). The octamethyl derivative of a l-thia-3-sila-
2,4-dimethyldiacetidine heterocycle is an electron-
rich intermediate in the reductive cyclization of 
RsSiN=S=NSiRa and can be oxidized to its radical 
cation (37C), exhibiting an ESR N quintet accompa
nied by 29Si satellites. The blue radical cation of 
tetrakis(trimethylsilyl)telluriumdiamide, oxidized by 
Ag+AsF6

- in H2CCI2 under silver metal powder 
deposition crystallizes in an orthorhombic cell with 
four formula units. The AsF6

- anions connect the 
radical cations to an infinite string forming contacts 
with distances of 318 pm, which are about 11% 
shorter than the sum of the (Te + F) van der Waals 
radii.111 

Altogether, within the review period, the pace of 
ESR/ENDOR investigations has not continued at 
previous levels and the hope is expressed that more 
information on the ground state properties of orga
nosilicon radical cations, especially concerning spin 
derealization phenomena, will be gathered in the 
future. 

3. Reaction Intermediates 

Microscopic reaction pathways for medium-sized 
molecules with N > 6 centers, and, therefore, 3iV -
6 > 12 degrees of freedom are almost completely 
unknown.112 In general this includes also quantum-
chemical energy hypersurface calculations,9 which 
would have to be carried out within the 12- or more 
dimensional hyperspace. In special cases, however, 
for some degrees of freedom higher activation barri
ers can be assumed and, therefore, the problem of 
the unknown reaction dynamics considerably simpli
fied.9,112 An illustrative example of experimental 
information gathered concerning a microscopic reac
tion pathway of medium-sized molecules is provided 
by the reduction of 2,5 bis(trimethylsilyl)-p-benzo-
quinone in THF solution to its hydroquinone deriva
tive in the presence of soluble lithium salts such as 
Li+(B-(C6Hs)4). Another type of a silicon containing 
radical cation (section IV.2) has been discovered by 
ESR spectroscopy2-18-112 (Figure 25). 
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(38) 

In detail, the cyclovoltammogram recorded for 2,5-
bis(trimethylsilyl)-p-benzoquinone (Figure 25A) in 
aprotic THF or DMF solution containing tetra-n-
butylammonium perchlorate as the conducting salt 
shows two completely reversible consecutive electron 
transfer steps. Exchanging the rather large, well-
shielded R4N

+ for the small, strongly solvated Li+ 

counter cation lowers the second and now irreversible 
reduction potential by 0.6 V due to the formation of 
contact ion pairs, which can be observed by the 
changing ESR multiplet pattern of 2,5-bis(trimeth-
ylsilyl)-p-semiquinone radical anion in THF with 
increasing Li+ concentration (Figure 4B): Reduction 
using lithium metal in the presence of [2.1.1]cryptand 
generates the "naked" radical anion M'~, for which 
the ESR 1:2:1 triplet proves two equivalent ring 
hydrogens. On reduction with lithium metal without 
a complexing agent, the ion pair radical [M'~Li+]' is 
formed, exhibiting a 1H doublet of doublets with each 
line further split into a quartet for the one 7Li+ (7 = 
3/2, natural abundance 92.58%) fixed into one of the 
two equivalent positions near the carbonyl subunits. 
Increasing the Li+ concentration by addition of THF-
soluble Li+(B-(C6Hs)4) leads to the contact triple ion 
radical cation [Li+ M'~Li+]'+, as proven by the split
ting of the 1H triplet lines into septets due to the two 
7Li+ ions in equivalent positions near the negatively 
charged carbonyl oxygens of the semiquinone and 
formation of a most likely precursor for the second 
electron insertion to the final product, the dilithium 
salt of 2,5-bis(trimethylsilyl)hydroquinone (Figure 
25C). 

In general, application of the appropriate physical 
measurement techniques from the tremendous array 
now available from the armory of physics makes it 
possible to prove the existence of numerous reaction 
intermediates previously only suspected. For orga-
nosilicon radical cations, the literature search pro
duced entries for the application of neutralization-
reionization as well as collisional activation mass 
spectroscopy,113-116 ion cyclotron resonance mass 
spectroscopy,117 or chemical-induced dynamic nuclear 
polarization (CIDNP) NMR118 techniques. 

Starting with 9-silaanthracenes, the radical cations 
M'+ have been generated in the gas phase from 
9,10-dihydrosilaanthracene precurcors by neutraliza-
tion-reionization mass spectroscopy and their ther-
modynamical stability proved. The neutral com

pounds have been prepared by flash vacuum pyroly-
sis and isolated in a 15 K argon matrix (e.g. R = 
C6H5) (Chart 1O).113 

The self-explanatory Chart 10 shows the mlz 
selection of the radical cations RHM'+, M,+, and R'+ 
generated by electron ionization, their neutralization 
by K atoms, and their reionization by oxygen. On 
isolation in 15 K Ar matrices after preparative flash 
vacuum pyrolysis (Chart 10, AT), the neutral silaan-
thracene derivatives (R = H, CeHs) exhibit charac
teristic electronic absorptions between 27,600 and 
19 500 cm"1.113 

In other neutralization-reionization and collisional 
activation experiments, the isolation of rather short
lived intermediates has been replaced by partly high 
level calculations of correlated wave functions. Chemi
cal ionization with 70 eV electrons either of H5CeSiHa 
or of the mixture C6HeZSi(CHa)4 produces radical 
cations (H6C6Si)*+, for which open shell MP2/631G**/ 
/UHF/321G* calculations suggest as a sequence of 
decreasing stability from the Tt-complex: (Si'+(2P) 
••-C6H6) > H5C6SiH'+ > (HC)6Si'+.114 Starting from 
Si(OCH3)4, 70 eV electron impact ionization produced 
radical cations such as the distonic 'H2COSi+, which 
can be neutralized at high collision energies to the 
biradical 'H2COSi'.115 In addition, investigations of 
carbon-free species such as HSiO' and HSiO+, also 
generated on 70 eV electron impact from Si(OCHs)4,

116 

or such as the radical cation SiO3'+, generated by the 
reaction of SiO2'+ with N2O,117 are pointed out. 

The CIDNP technique has been used to obtain 
additional information on the photochemical reaction 
between p-benzoquinone derivatives and hexameth-
yldisilane in chloroform solution, which yields the 
mono- or bis(trimethylsilyl)hydroquinone derivatives 
and R3SiCl (Chart H).118 

In the absorptive CIDNP phase during irradiation 
with a 1 kW high-pressure mercury lamp, three new 
NMR signals are observed, which suggest the follow
ing "in solvent cage" reaction pathway: The quinone 
excitation yields the triplet state, which is reduced 
by R3SiSiR3 (IEiv = 8.7 eV, cf. Figure 6) to the 
semiquinone radical anion contact pair (M'-R3Si-
SiR3

+) (cf. Figure 25). In a consecutive slow reaction, 
presumably, the radical pair (R3SiM'- • -SiR3"} is 
generated, which by fast H transfer produces the 
hydroquinone mono(trimethylsilyl)ether R3SiMH and 
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(R3SiCl) 

by Cl abstraction from the Cl3CH solvent also pro
duces R3SiCl.118 

Disappointingly, in most of the other numerous 
references obtained from the CAS on line search 
under the heading "organosilicon radical cations", 
mere speculation wins over attempts to prove a 
paramagnetic intermediate. Nevertheless, the fol
lowing selected examples are presented in more 
detail. 

Cyclovoltammetric measurements of silatranes 
RSi(OCH2CH2)3N in H3CCN solution under reported 
aprotic conditions suggest partly reversible one-
electron oxidation at low temperatures and high scan 
rates.119 During oxidation of unsaturated six-mem-
bered ring hydrocarbons by iodine, ESR signals are 
reported as well as pyridine adduct formation to some 
of the radical cations generated.120 For anodic olefin 
intramolecular coupling reactions including vinylsi-
lane subunits, a proposal is put forward to view the 
initial addition "as if it occurred in a reversible 
radical-like fashion" without any experimental evi
dence for radical intermediates.121 An analogous 
unjustified claim concerns the addition of silyl enol 
ethers to (NH4

+)2[Ce+4(N03")6] oxidation products of 
allyl sulfides.122 No experimental evidence supports 
the numerous assumptions for the proposed radical 
reaction pathway in a one-electron oxidation of 2,2-
dimethyl-2-silaindane by K5

+Co+3CWi2O40
-8).123 

According to the CIDNP experiments with p-
benzoquinones,118 and other photochemical reactions 
of124 or with125 disilane derivatives,39 the reaction will 
most likely proceed via radical cations in solvent 
cages. Further proof of paramagnetic species in
volved, however, still has to be provided. 

Numerous publications concern photochemical 
reactions.126"132 The desilylation of phenyKtrimeth-
ylsilyDmethyl ethers RC6H4CH2OSiR3 in the presence 
of electron acceptors as well as sensitizers is an 
example. Upon attempted spin-trapping of interme
diates by adding 5,5-dimethyl-l-pyrroline iV-oxide, 
ESR signals (although largely unresolved) were 
recorded.126 In most other publications, however, 
efforts to prove paramagnetic intermediates by ESR112 

(Figure 25), by CIDNP,118 or by other direct physical 
measurements have been, unjustifiably, replaced by 
a web of assumptions and speculations.127"132 There
fore, interesting photochemical reactions such as 
those between silylalkylamines R2NCH2SiR3 and 
cyclohexenones,127 benzyl and other silane derivatives 
XCH2SiR3 with cyanohydrocarbons128"130 as well as 
with aryl carbocations,131 or the addition of allylsi-
lanes to pyrrolinium salts132 have to be either rein
vestigated or no organosilicon radical cation inter
mediates should be claimed for fictious reaction 
mechanisms. 

Summing up the proposals discussed for reactions 
via organosilicon radical cations in solution, both 
single electron transfer (SET) and photo electron 
transfer (PET) mechanisms are very likely to occur 
due to the low first vertical ionization energies of the 
neutral molecules (Figures 7, 14, and 15 as well as 
(18)-(23)). This point of view is further supported 
by the evidence compiled for well over 10 years that 
numerous types of reactions such as nucleophilic 
substitution, Diels/Alder addition, Wittig ylide syn
thesis, Claisen condensation, and especially carban-
ion and hydride anion acid/base exchanges do not 
necessarily proceed via electron pair attack, but often 
start with SET or PET redox exchanges.133 Never
theless, most of the selected literature reports re
viewed above, which speculate about organosilicon 
radical cation participation, should be reinvestigated, 
for example, by short-time spectroscopic methods 
available nowadays to exclude additional possibilities 
for reaction pathways such as formation of reactive 
donor/acceptor complexes, radical dimerization, or 
dication generation within the solvent cages or on 
escape from them.133 

V. Retrospective and Perspectives 

The fascinating organosilicon radical cations re
viewed for the last 6 years together with the previous 
basic knowledge can be characterized by their fol
lowing prominent features.1'216 

(1) The low effective nuclear charge of silicon 
centers in organic molecules stabilizes positive charges 
in their radical cation states (section I). Depending 
on the substituent perturbation pattern (section II), 
their first vertical ionization potentials in the gas 
phase as well as their oxidation potentials in solution, 
therefore, can be extremely low. 

(2) In photoelectron spectroscopic gas phase inves
tigations (section III) and ESR/ENDOR measure
ments in solution (section IV), which complement 
each other both as eigenvalue-determined (via Koop-
mans' theorem) and as eigenfunction squared cor
related (via McConnell relation) as well a conse
quence of their different 10"15 and 10"7 s time scales, 
numerous relevant properties of organosilicon radical 
cations are accessible from energies for generation 
via spin and charge distribution to their dynamics. 

(3) For main group element chemistry, striking 
substituent effects of partly bulky and kinetically 
shielding trialkylsilyl groups on jr-systems and elec
tron-rich lone-pair centers have been discovered, 
many of which are nowadays used in organic syn
thesis. The exploration of organosilicon radical cat
ions has extended the range of the known, electron-
deficient species from those with singly coordinate, 
triply bonded Si centers such as in HsCeN=Si^+ 
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(Figure 9) to 10-fold coordination such as in the 
sandwich jr-complex (RsCs)2Sr1+ (Figure 18). 

In the future, both academic research as well as 
industrial applications will vigorously explore the 
many unique properties of organosilicon radical 
cations, because they are easily predicted (e.g. from 
first ionization energies) and easily generated (e.g. 
by AICI3 addition to precursor solutions in H2CCI2) 
and because their properties can be easily rational
ized (e.g. by quantum-chemical calculations). Special 
emphasis is anticipated in the following directions:2 

(1) The steric and electronic effects of supersilyl 
substituents such as ((HsOsSi^Si, the huge van der 
Waals spheres of which are covered by each 27 
hydrogens, will both kinetically shield and thermo-
dynamically stabilize organosilicon radical cations 
and, therefore, should allow crystallization and struc
tural characterization (Chart 8). 

(2) Novel methods of measurements enlarging the 
scope of, for example, ionization—reneutralization 
and collisional activation mass spectroscopy or pulsed 
ESR techniques will widen the horizon of unique 
properties of organosilicon radical cations. 

(3) The investigation of excited states might be 
explored by correlated quantum-chemical calcula
tions including Rydberg states.2 Furthermore, the 
evaluation of microscopic reaction pathways by en
ergy hypersurface gradient methods coupled with all 
the experimental evidence available does offer inter
esting aspects. 

(4) Last but not least, novel materials from doped, 
conducting polysilane polymers134 to those with elec
tron-rich heterocenters135 open a window for future 
technical applications. 

In closing, Galileo Galilei may be quoted also in 
reference to organosilicon radical cations: "Measure 
everything and the unmeasurable make measure-
able." 
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