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Chapter 3

Substituent effects in (σ-π)-conjugated systems: NMR
spectroscopy

3.1 Introduction

The influence of substituents in conjugated molecules on their ground-
and excited-state electronic properties is usually studied by spectroscopic
methods such as UV-VIS and fluorescence [1]. In addition to these
characterization methods, which will be discussed in Chapter 4, we have
investigated the substituent effects on the 13C and 29Si chemical shifts of
compounds with the structures Me3(5)Si(2)PhX and DPh(SiMe2)2PhA and their

relation to calculated ground-state dipole moments. The electron-donating or -
accepting strength of a particular substituent can be described by a quantitative
expression relating structure and reactivity in aromatic series, known as the
Hammett equation [2]:

log k = log k 
0 + ρ σ (3.1)

The substituent constant, σ, can be calculated by means of equation (3.1); k is the
rate or equilibrium constant associated with a reaction at R of compounds with
the para- or meta-substituted structure Y-C6H4-R and k0 is that of the

unsubstituted compound (R = H). σ represents the ability of the substituent to
attract or repel electrons and is different for meta-(σm) or para- (σp) substituted

aromatics. In contrast to σ, the parameter ρ is dependent on the type of reaction
and reaction conditions and represents the sensitivity of the reaction to polar
and resonance effects caused by the ring substituent. The ionization of benzoic
acid in water at 25 °C is the standard process for which ρ is defined as 1.000. The
Hammett constant, σp, measures the resultant of an inductive (through σ-bonds)

and a resonance (through π-bonds) effect:

σ p = σ i + σ r (3.2)

σi and σr are the inductive and resonance substituent constants, repectively.
However, σp is not always the sum of σr and σi, because the constants are

determined by different experimental techniques. The influence of the separate
substituent effects on a property p, expressed relative to hydrogen as
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substituent, e.g. p = log(k/k0) for chemical reactivity or p = (ν-ν0) for
spectroscopic frequencies, can also be expressed in Taft's Dual Substituent
Parameter (D.S.P.) equation [3]

p = ρ i σ i + ρ r σ r (3.3)

This property is a linear combination of the inductive (σi) and resonance (σr)
effect, with ρi and ρr  being the coefficients by which p depends on σi and σr,

respectively.
The substituent parameters, σ, have been found to correlate fairly well

with spectral properties such as the displacement of λmax of the primary

absorption bands of substituted benzenes [1] and infrared frequencies and
intensities [2]. Correlations of 1H, 13 C and 29Si NMR chemical shifts with
substituent parameters have been widely investigated and will be extensively
discussed in this chapter for silicon-bridged DσA-compounds. For series of
mono- and disubstituted oligosilanes we can obtain in this way some qualitative
(and semiquantitative) information about the transport of the substituent effects
through the molecules and the interaction between the substituents on both
sides of the conjugating bridge.

Table 3.1 shows the Hammett constants, σp, and Taft's parameters σr and
σi, of all donor and acceptor groups used throughout this thesis. The values are

taken from reference [2].

For a long time, substituent chemical shift (s.c.s.) correlations (an
empirical method) have been the only way to achieve a semiquantitative
rationalization of NMR data, because a theoretical basis was not yet available.
Particularly in the area of substituent effects in aromatic compounds, Hammett
correlations have proved to be a valuable tool. Extensive correlations of 13C
chemical shifts of monosubstituted benzenes with Hammett constants were first
reported by Spiesecke and Schneider [4] and a broadly linear relation of δ (Cp)
(aromatic carbon atom para towards substituent) with σr was found, while
inductive effects on the para-position were found to be small (ρi is about 5 to 6
times smaller than ρr). Currently, data are available on more than 700

monosubstituted benzenes [5]. S.c.s. studies have been performed on more
extended conjugated molecules such as styrenes [6], 1-aryl-propynes and 1-aryl-
propenes [7] and phenylvinyl ethers and sulfides [8], for which the influence of
the aromatic substituent on the double and triple bond carbon and hydrogen
atoms is discussed. Interesting to us is the investigation of the para-substituent



Chapter 3

71

effect on the methyl 13C chemical shifts of the series of t-butylbenzenes,
trimethylphenylsilanes and -germanes, since part of our study concerns

Table 3.1. Substituent constants of donor and acceptor groups used throughout this

thesisa..

Donor σp σr σi

Me2N -0.63 -0.52 0.06

MeO -0.18 -0.43 0.27

MeS -0.06 -0.25 0.31

F b 0.15 -0.34 0.49

H 0.00  0.00 0.00

Acceptor

F 0.15 -0.34 0.49

Br 0.26 -0.23 0.51

CHO 0.47  0.24 0.25
CF3 0.55  0.11 0.42
CH=C(CN)2 0.70  0.29 0.41
SO2Ph 0.70  0.14 0.52
SO2dim 0.70  0.14 0.52
SO2C4F9 1.10  0.30 0.73
a) Hammett constants, σp, and Taft's substituent parameters, σr and σi, are determined by different

methods: σp is not always the sum of σr and σi. b) Fluorine is used both as a donor and acceptor

group in disubstituted oligosilanes.

analogous monosilanes, which will be shown to produce comparable results on
the s.c.s. correlations [9].

S.c.s. concerning other nuclei have been studied, for example the 29Si
s.c.s. for silanes with the structure p-XC6H4SiY3

 [10]. The relation between the

observed 29Si chemical shifts and computed electron densities at the silicon
nucleus was found to be linear but in an opposite direction to what is commonly
expected. Other factors such as electronegativities of the Y substituents and
bond order were were found to determine the 29Si chemical shift trends for this
type of compounds [11].

It is usually assumed that nuclear shielding is proportional to electron
density at the nucleus. For 1H NMR this assumption is valid (except for
anisotropic and steric effects) but for heavier atoms, such as carbon and silicon,
other factors can contribute to the shielding. The chemical shift, δ, for any
nucleus, N, may be expressed according to equation (3.4) as a sum of different
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contributions to the nuclear shielding from electrons on the atom of interest
(δNN), from electrons on other atoms in the molecule (δlr

NN'') and from

interactions with the medium (δm
N):

δ 
N 

= δ dia 
NN

+ δ para
NN

+ δ lr
NN ' 

+ δ m 
N 

 (3.4)

The subscripts dia and para signify dia- and paramagnetic, respectively, and lr

long-range. The diamagnetic term describes the uniform circulation of electrons
on the atom containing nucleus N, induced by the applied field, giving rise to a
negative, upfield contribution, δdia

NN. Its value may be presented by the Lamb

equation [12]:

δ dia 
NN = − 

e 2 

3 mc 2 

 

 
 

 

 
 r i 

− 1 

i 
∑ (3.5)

where ªri-1º is the mean inverse distance of electron i from the nucleus and the

summation is over the electrons on the atom considered. Equation (3.5) indicates
a dependence of δdia

NN on electron density around the nucleus and if other

factors are not important δ should correlate linearly with substituent
electronegativity. The diamagnetic shielding is the most important contribution
to 1H chemical shifts; for heavier atoms, such as carbon and silicon, low lying p-
or d-orbitals are available and the paramagnetic term, δpara

NN, contributes most

to the shielding. This term can be expressed by the equation of Karplus and
Pople [13]:

δ para
NN =

e2
h

2

2m2c2 (∆ E)









 r −3

2 p
QNN'

N'
∑  (3.6)

where ªr-3º2p 
is related to the dimensions of the atomic p-orbitals and thus to the

electron density. ΣQNN' contains elements of the charge density-bond order

matrix in the MO description of the ground state of the molecule and reflects the
unsymmetrical distribution of orbital charge. The parameter ∆E is the average
excitation energy. This paramagnetic term is positive (acts in the opposite sense
to the diamagnetic shielding term) and represents a local correction for the
distortion of the electron motion and the nonspherical charge distribution of the
electrons by the applied field and involves mixing of ground and excited states.
The linear relationship between δpara

NN and electron density can be clearly

observed from equation (3.6), but this relation as a whole cannot be linear if all
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three variable factors contribute to the shielding. For structurally similar
compounds ∆E and QNN' are assumed to be constant. The dependence of δpara

NN

on electron density is contained principally in the ªr-3º2p 
term, which is

supported by the existence of many linear correlations of 13C and 19F NMR
chemical shifts with electron density However, ∆E and QNN' cannot be

disregarded and may sometimes be important.
In the second part of this chapter the unusual behaviour of 13C chemical

shifts upon para-substitution at the aromatic ring will be discussed in terms of
the above-mentioned theory. Furthermore, the effect of chain length on reactivity
of mono- and dichloro-oligosilanes will be discussed in relation to 1H, 13C, and
29Si NMR chemical shifts.

3.2 Experimental

1H NMR spectra were taken on a 200 MHz Varian Gemini spectrometer;
attached-proton test 13C NMR spectra (APT) and 29Si NMR spectra were taken
on a 300 MHz Varian (VXR300) spectrometer at 25 °C. Chloroform-d (1H and 13C
NMR) was used as an internal standard and TMS (29Si NMR) was used as an
external standard. All chemical shifts reported were externally referenced to
TMS (0 ppm). Negative values denote increased electron-density (upfield);
positive values denote decreased electron density (downfield). Assignments of
aromatic carbon atoms were based on additivity relationships, assuming a
carbon chemical shift of 128.5 ppm for benzene [14].

A description of the computational methods (ZINDO and AM1) that have
been used for the calculation of dipole moments can be found in the
experimental part of Chapter 5.

3.3 Results and discussion

3.3.1  29Si substituent chemical shifts (s.c.s.)

Compounds with the structure Me3(5)Si(2)Ph

In Table 3.2 the 29Si chemical shifts of the trimethylsilyl- and
pentamethyldisilanyl-substituted benzenes are shown together with the
substituent parameters, σp, σr and σi and their calculated ground-state dipole

moments. Below each column, the correlations of the various molecular
properties with the substituent constants are given and also the slopes, ρ, of the
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Table 3.2. 29Si chemical shifts (ppm) and correlations with Hammett constants, σp, Taft

values, σr and σi, and calculated dipole moments of compounds with the structure

Me3(5)Si(2)PhX.

29Si µ (D) µ (D)

X σp σr σi Me3Si- ΑΜ1 ZINDO

NMe2 -0.63 -0.52  0.06 -5.27 -1.84 -2.45

H b 0.0 0.0 0.0 -4.08 0.13 0.70

Br  0.26 -0.23  0.51 -3.38 1.48 2.25

CF3  0.55  0.11  0.42 -3.12 3.49 3.11

CH=C(CN)2  0.70  0.29  0.41 -2.54 4.60 5.72

SO2dim  0.70  0.14  0.52 -2.70 5.69 6.05

SO2C4F9  1.10  0.31  0.73 -1.82 8.15 6.60

r(σp) c 0.996 0.971 0.974

r(σr) 0.902 0.874 0.905

r(σi) 0.876 0.874 0.833

ρ(σp) 1.98 5.86 5.66

ρ(σr) 3.42 9.64 10.00

ρ(σi) 3.79 11.48 10.52

r(µ) ΑΜ1 d 0.965

0.969  e

r(µ) ZINDO 0.977

0.992
a) ∆δ is the chemical shift difference between the silicon atoms in the disilanes. b) for X = H, the 29Si
chemical shift values are taken from literature [15]. c) r(σ) represents the correlation coefficient of the
29Si chemical shifts or dipole moments with the Hammett constants, σp, and the Taft values, σr and
σi of the substituent X; ρ(σ) represents the slope of the correlation equation. d) r(µ) represents the
correlation of the 29Si chemical shifts with the calculated dipole moments. e) values in italic are
calculated without the SO2dim-values.

correlation equation, which indicate the sensitivity of the parameters towards
the substituents.

The 29Si chemical shifts of the silicon atoms bonded to the ring give good
correlations with the Hammett constant, σp, indicating that both inductive and

resonance substituent effects are contributing. Also the difference in chemical
shift, ∆δ, of the two silicon atoms in the disilane correlates very well with σp.
The chemical shift of the Me3Si part of the disilane correlates best with the
resonance parameter, σr, which means that the inductive effect is less

contributing at the second silicon atom. The difference in sensitivity towards the
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substituent is in agreement with this, since the atom closest to the substituent (α-
silicon) is a
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Table 3.2. (continued)

29Si: Me5Si2- µ (D) µ (D)

X Me3Si- -Me2Si- ∆δ (ppm)a AM1 ZINDO

NMe2 -19.47 -22.64 3.17 -1.99 -2.64

H b -19.30 -21.70 2.40 0.14 0.80

Br -19.33 -20.96 1.63 1.54 2.18

CF3 -19.21 -20.78 1.57 3.61 3.06

CH=C(CN)2 -18.66 -19.89 1.23 4.77 5.68

SO2dim -18.96 -20.26 1.30 5.52 5.71

SO2C4F9 -18.72 -19.32 0.6 8.62 6.63

r(σp) c 0.853 0.984 0.988 0.973 0.980

r(σr) 0.880 0.894 0.859 0.875 0.917

r(σi) 0.659 0.874 0.914 0.876 0.828

ρ(σp) 0.48 1.94 1.47 6.12 5.69

ρ(σr) 0.93 3.36 2.43 10.47 10.12

ρ(σi) 0.80 3.75 2.95 11.98 10.45

r(µ) ΑΜ1d 0.878

0.877 e
0.970

0.972

0.960

0.961

r(µ) ZINDO 0.904

0.913

0.984

0.995

0.968

0.978

factor 4 to 5 more sensitive than the second atom (β-silicon). This difference can
be explained by assuming that the substituent parameter, σp, has an inductive

component that influences mainly the chemical shift of the α-silicon. This also
explains the equal sensitivity of the α-silicon atom (from the disilanyl group)
and the mono-silyl silicon atom towards substitution. A similar correlation of
the 29Si chemical shifts of Me3SiPhX compounds and σp has also been found by

other authors [8], who ascribe the observed trends to changes in electron density
at the silicon nucleus.

The trend in chemical shift is as expected; electron withdrawing groups at
the para-position results in a downfield shift, which means deshielding of the
silicon nucleus. For the Me2N-substituent, the chemical shifts are found upfield
with respect to the unsubstituted compound, Me5Si2Ph; for the other

substituents, which are acceptors, the chemical shifts are found downfield.
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Concerning the calculated ground-state dipole moments, very good
correlations are found with σp and thus with the 29Si chemical shifts. For the
Me5Si2PhX series, ∆δ gives a slightly better correlation with the dipole moments

than the -Me2Si-δ values do, which makes ∆δ a good probe to estimate ground-
state dipole moments. The largest dipole moments are found for X = SO2C4F9,
the smallest for X = Br. For X = Me2N, the sign is opposite (from silicon to the

phenyl ring) and the sil(an)yl moiety acts here as an acceptor, while for the other
substituents this part is a donor. The (AM1) dipole moments of the disilanes are

a little larger than those of the analogous monosilanes, which indicates that the
donor and acceptor character of the disilanyl unit is somewhat larger than that of
the monosilyl group, which is possibly due to a larger polarizability of the
disilanyl group. The ZINDO dipole moments are less different for the mono-
and disilanyl molecules in which the sil(an)yl unit is a donor. Probably, ZINDO
does not predict the hyperconjugative effect very well, which results in almost
equal dipole moments for the mono- and disilanes. The dipole moments of the
sulfonic dimers deviate from the trend found for for the mono- and disilanes
and are calculated to be larger than expected from the 29Si NMR values. This can
be due to a different geometry of these molecules (see also Chapter 2), which
will alter the direction of µ. The difference in geometry of the dimers might also
cause the small deviation of the 29Si chemical shifts from the trends, due to steric
and/or anisotropic effects, which are usually constant throughout a given series.
The correlation of the the  29Si chemical shifts with the calculated dipole
moments is found to be somewhat better when the SO2dim-values are not

included in the calculation .

Compounds with the structure  DPhSiMe2SiMe2PhA

In Tables 3.3 and 3.4 the 29Si s.c.s., their correlation coefficients, r(σ), with
the Hammett and Taft constants and slopes, ρ(σ), of the corresponding
correlation equations are presented. Table 3.3 contains those of the silicon atom
bonded to the donor-substituted phenyl ring (D-Ph-SiMe2-) and Table 3.4 those
of the silicon atom bonded to the acceptor-substituted ring (A-Ph-SiMe2-). In

Table 3.3 all the substituent constants are given for both donor and acceptor
groups; these are omitted in the other tables for clarity. The acceptor s.c.s.
(variable acceptors with fixed donor) and the corresponding correlations with
substituent constants are presented vertically; the donor s.c.s. (variable donor
with fixed acceptor) horizontally.
The 29Si chemical shifts of the α-silicon atom (D-Ph-SiMe2- in Table 3.3 and A-
Ph-SiMe2- in Table 3.4) give evidently the best correlation with σp of the
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substituent (D and A, respectively). The chemical shifts of the β-silicon atom
(relative to A in Table 3.3 and to D in Table 3.4) are found to correlate best with
σr. From the slopes, ρ(σ), it is evident that the influence of the donor-substituent

on the α-silicon chemical shift is about 4-5 times (range: 1.3 ppm) as large as on
the β-silicon chemical shift (range: 0.3 ppm). For the acceptor series, this factor is
about 4 (2.0 compared to 0.5 ppm). The correlations with the two other
substituent parameters are much less and in all cases those with σi are worst.

The correlations and the sensitivity towards substitution are both comparable to
the results found for the Me5Si2PhX series. Also the trends in chemical shift are

similar: upfield shifts are observed for electron-donor and downfield shifts for
electron-acceptor substituents.

As an example of how to differentiate between resonance and inductive
contributions of substituents we can look at the molecules with a bromine
acceptor and with fluorine and hydrogen (no substitution) as donors. The α-
silicon atom (Table 3.3) towards the fluorine donor shows a chemical shift of -
21.69 ppm while for hydrogen the chemical shift is found more upfield at -21.97
ppm; this agrees well with values for σp of 0.15 and 0.0, respectively, which

means that the inductive effect of the fluorine substituent dominates. If we look
at the β-silicon atom (Table 3.4), the chemical shift with a fluorine donor is found
upfield (-21.40 ppm) from that of the hydrogen donor (-21.28 ppm), which agrees
with a higher resonance contribution (σr) for fluorine (-0.34) compared to

hydrogen (0.0). The 29Si chemical shift of diphenyldisilane is found at -21.80
ppm. If one of the two phenyl rings is substituted with a bromine acceptor
group, the chemical shift of the α-silicon is found downfield at -21.28 ppm
caused by the inductive effect of the bromine (largest contribution of σp); the β-

silicon resonance has shifted upfield to -21.97 ppm due to the electron donating
resonance effect which the bromine substituent has on this atom.

In Table 3.5 the 29Si chemical shift differences between the two silicon
atoms (Si(A) - Si(D)) are presented. For both rows and columns (constant
acceptor with varying donor and vice versa) the best correlations are found with
σp, which is the same result as for the Me5Si2PhX series. The largest chemical
shift difference is found for D = Me2N and A = SO2C4F9, which is 2.6 ppm. In
Figure 3.1 all ∆δ values from Table 3.5 are plotted against Σσp (σp(A) - σp(D))

and a correlation coefficient of 0.977 with a slope of 1.40 is found. The
substituent effects of donor and acceptor on the chemical shifts appears to be
additive; this can be understood from the fact that the substituent has a large
influence on the α-silicon chemical shift and only a minor effect on the β-silicon,
which suggests only a small interaction between donor and acceptor in the
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ground state. Since Hammett constants and ∆δ are a measure for ground-state
dipole moments of the Me5Si2PhX series, the same result is expected for

diphenyldisilanes.
Table 3.3. 29Si substituent chemical shifts (DPh-SiMe2-) (ppm) and correlations with

Hammett onstants, σp , and Taft values, σr and σi , of compounds with the structure

DPh-SiMe2SiMe2-PhA.

D

σp σr σi Me2N MeS MeO

σp -0.63 -0.06 -0.18

σr -0.52 -0.25 -0.45

σi -0.06 0.31 0.27

A:

H 0.00 0.00 0.00 -22.84

F 0.15 -0.34 0.49 -23.02

Br 0.26 -0.23 0.51 -22.99 -22.02 -22.38

CHO 0.47 0.27 0.25 -22.65 -21.66 -22.03

CF3 0.55 0.11 0.42 -22.84 -21.78

CH=C(CN)2 0.70 0.29 0.41 -22.44 -21.47 -21.83

SO2Ph 0.70 0.14 0.52 -22.74

SO2C4F9 1.10 0.31 0.52 -22.53 -21.57 -21.91

SO2dim 0.70 0.14 0.73 -22.74 -21.72

r(σp) a 0.741 0.723 0.764

r(σr) 0.922 0.948 0.952

r(σi) 0.150 0.010 0.040

ρ(σp) 0.43 0.49 0.52

ρ(σr) 0.78 0.89 0.89

ρ(σi) 0.14 0.01 0.04
a) r(σ) represents the correlation coefficient of the 29Si chemical shifts with the Hammett constants,
σp, and the Taft values, σr and σi, of the substituent A or D; ρ(σ) represents the slope of the
correlation equation.

Table 3.6 shows the correlations of calculated ground-state dipole
moments with the s.c.s. parameters (Table 3.6-a: AM1; Table 3.6-b: ZINDO). The
best correlations are those with the Hammett constant, σp: for D = Me2N and
nine different acceptors a value for r(σp) of 0.98 is found, which is rather good.

The correlation coefficients of the AM1 values seem to be somewhat better than
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those of the ZINDO values, but the general trends are comparable. The
correlation of the SO2dim-acceptor compounds, having various donors, with

their calculated dipole moments is much weaker than found for the other
acceptors (r(σp) is about 0.7). The dipole moments of the 'wide' conformation

Table 3.3. (continued)

D

F H r(σp) r(σr) r(σi) ρ(σp) ρ(σr) ρ(σi)

0.15 0.00

-0.34 0.00

0.49 0.00

-21.80

-21.69 -21.97 0.992 0.636 0.557 1.67 1.57 1.41

-21.36 0.991 0.835 0.976 1.67 3.89 3.07

-21.16 0.991 0.830 0.978 1.65 3.83 3.04

-21.50 0.991 0.841 0.22 1.64 1.70 0.67

-21.43 -21.68 0.999 0.639 0.580 1.69 1.71 1.48

0.804 0.836

0.932 0.996

0.461 0.450

0.83 0.34

0.85 0.86

-0.81 0.28

have been used, which are smaller than those of the molecules with the
'contracted' geometry and which give the best correlation of the acceptor series
with the substituent parameters (see Figure 3.2 for a schematic presentation of
these structures). However, this does not mean that the 'wide' conformation is
the energetically most favourable conformation.
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For combinations of the asymmetric donors (MeS and MeO) and
acceptors (CHO, CH=C(CN)2) and for SO2dim with two such donors, the dipole

moments of two possible conformations can be calculated. These are the syn

and anti geometry, which are determined by the orientation of the D and A
group

Table 3.4. 29Si substituent chemical shifts (-SiMe2-PhA) (ppm) and correlations with

Hammett constants, σp, and Taft values, σr and σi, of compounds with the structure

DPh-SiMe2SiMe2-PhA.
A\D Me2N MeS MeO F H r(σp) r(σr) r(σi) ρ(σp) ρ(σr) ρ(σi)

H -21.95 -21.80

F -21.75

Br -21.43 -21.36 -21.42 -21.40 -21.28 0.497 0.989 0.406 0.10 0.30 -0.13

CHO -20.94 -20.86 -20.92 -20.91 0.579 0.945 0.453 0.06 0.27 0.09

CF3 -21.20 -21.05

CH=C(CN)
2

-20.43 -20.36 -20.42 -20.40 0.598 0.967 0.489 0.06 0.25 0.09

SO2Ph -20.79

SO2C4F9 -19.93 -19.84 -19.89 -19.73 0.799 0.993 0.350 0.24 0.37 -0.20

SO2dim -20.84 -20.68 -20.68 -20.58 0.841 0.953 0.005 0.27 0.47 0.02

r(σp) a 0.970 0.959 0.989 0.958 0.998

r(σr) 0.788 0.792 0.807  0.861 0.786

r(σi) 0.638 0.545 0.537 0.370 0.875

ρ(σp) 1.82 1.82 1.81 1.92 1.85

ρ(σr) 2.18 2.09 2.04 1.51 3.09

ρ(σi) 1.98 1.86 1.76 -1.41 2.51

a) r(σ) represents the correlation coefficient of the 29Si chemical shifts with the substituent
constant, σ, of the substituent A or D; ρ(σ) represents the slope of the correlation equation.

with respect to each other. The syn values (the donor and acceptor pointing in
the same direction) are presented in Table 3.6 and give a slightly better
correlation with the substituent parameters than the anti values (donor and
acceptor pointing away from each other). In Figure 3.3 the calculated ZINDO
dipole moments from Table 3.6b are plotted against the chemical-shift difference
∆δ (which has been shown to correlate very good with Σσp). A correlation
coefficient of 0.91 is found, which is increased to 0.95 if the SO2dim-values are

not included. The AM1 values give a similar plot, with the correlation coefficient
being about 0.04 lower.
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For other donor-acceptor systems, such as mono- and disubstituted
stilbenes, a correlation of dipole moments with σp has also been observed [16].

These correlations were only good for structurally similar substituents. The
dipole moments of disubstituted stilbenes were found to correlate well with
Σσp, which indicates, also for π-conjugated systems, that there is no

enhancement of

Table 3.5. 29Si chemical shift differences (Si(A)-Si(D)) (ppm) and correlations with
Hammett constants, σp, and Taft values, σr and σi, of compounds with the structure

DPh-SiMe2SiMe2-PhA.
A\D Me2N MeS MeO F H r(σp) r(σr) r(σi) ρ(σp) ρ(σr) ρ(σi)

H 0.89 0.00

F 1.27

Br 1.56 0.66 0.96 0.29 0.70 0.987 0.539 0.650 -1.57 -1.25 -1.54

CHO 1.71 0.80 1.11 0.45 0.993 0.808 0.985 -1.61 -3.62 -2.98

CF3 1.64 0.73

CH=C(CN)2 2.01 1.11 1.42 0.76 0.993 0.808 0.985 -1.60 -3.59 -2.96

SO2Ph 1.95

SO2C4F9 2.60 1.73 2.02 1.77 0.989 0.773 0.330 -1.39 -1.33 -0.88

SO2dim 1.90 1.04 0.75 1.10 0.991 0.543 0.673 -1.43 -1.24 -1.46

r(σp) a 0.977 0.958 0.992 0.991 0.983

r(σr) 0.665 0.621 0.640 0.691 0.680

r(σi) 0.779 0.735 0.730 0.207 0.941

ρ(σp) 1.40 1.33 1.29 1.09 1.50

ρ(σr) 1.40 1.21 1.16 0.67 2.21

ρ(σi) 1.84 1.84 1.71 -0.38 2.24

a) r(σ) represents the correlation coefficient of the 29Si chemical shift difference with the substituent
constant, σ, of the substituent A or D; ρ(σ) represents the slope of the correlation equation.

dipole moment values by interaction of donor and acceptor groups in the
ground state.

It can be concluded that 29Si chemical shift values of this type of
molecules give a fairly good indication of ground-state properties and that both
resonance and inductive contributions of the substituents determine these
values.
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Figure 3.1. 29Si chemical shift difference, ∆δ, vs. Σσp of compounds with the structure
DPh-SiMe2SiMe2-PhA.
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Figure 3.2. 'contracted' and 'wide' geometry of the SO2dim-acceptor compounds.

Table 3.6a. Calculated dipole moments (AM1) and correlations with Hammett constants,
σp, and Taft values, σr and σi, of compounds with the structure DPh-SiMe2SiMe2-PhA.

A\D Me2N MeS MeO F H r(σp) r(σr) r(σi) ρ(σp) ρ(σr) ρ(σi)

H 1.92 0.0

F 3.61

Br 3.65 2.15 2.37 0.06 1.75 0.917 0.390 0.682 4.01 2.49 4.45

CHO 4.95 2.86 s 3.04 s 2.02 0.995 0.733 0.979 3.74 7.62 6.86

CF3 5.8 4.16

CH=C(CN)2 6.96 4.73 s 4.92 s 3.69 0.996 0.722 0.986 4.13 8.29 7.64

SO2Ph 6.65

SO2C4F9 11.4 9.42 9.60 9.13 0.995 0.751 0.285 3.60 3.32 1.92

SO2dim 6.49 6.24 s 3.68 5.73 0.705 0.05 0.727 2.63 0.30 4.09

r(σp) a 0.976 0.972 0.978 0.999 0.996

r(σr) 0.674 0.569 0.584 0.684 0.783

r(σi) 0.746 0.780 0.777 0.658 0.783

ρ(σp) 7.85 9.03 8.87 7.86 8.19

ρ(σr) 7.99 7.37 7.33 7.31 10.94

ρ(σi) 9.92 12.90 12.61 7.14 10.76

a) r(σ) represents the correlation coefficient of the dipole moments with the substituent constant, σ,
of the substituent A or D; ρ(σ) represents the slope of the correlation equation;
s: dipole moments are calculated for the syn-conformation of D with respect to A.

3.3.2 13C substituent chemical shifts (s.c.s.)

Compounds with the structure Me3(5)Si(2)PhX
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Table 3.7 presents the 13C chemical shift trends and correlations of the
silicon-methyl carbon atoms and the aromatic carbons para to the substituent
(Cp) of compounds with the structure Me3(5)Si(2)PhX. The correlations of the

methyl 13C chemical shifts of the disilanes show a behaviour opposite to that
observed for the 29Si chemical shifts: the methyl carbons closest to the ring (α-
methyl) give the best correlation with σr, while those at the second silicon atom
(β-methyl) correlate best with σp. However, the values of the correlation

coefficients, r(σp) and r(σr), lie closer to each other than for the 29Si NMR
correlations and are in general a little lower. For ∆δ a good correlation with σr is

found, which is also opposite to what has been found for ∆δ of the 29Si chemical
shifts. In general the correlation with σi alone is much lower, which makes the

resonance contribution most important.

Table 3.6b Calculated dipole moments (ZINDO) and correlations with Hammett
constants, σp, and Taft values, σr and σi, of compounds with the structure DPh-

SiMe2SiMe2-PhA.
A\D Me2N MeS MeO F H r(σp) r(σr) r(σi) ρ(σp) ρ(σr) ρ(σi)

H 1.99 0.0

F 4.10

Br 4.86 2.59 3.44 0.76 3.06 0.915 0.325 0.788 4.56 2.38 5.90

CHO 6.46 3.17 s 3.94 s 3.38 0.941 0.855 0.869 4.33 10.88 7.47

CF3 5.77 3.36

CH=C(CN)2 8.26 4.88 s 5.58 s 4.83 0.961 0.836 0.900 4.72 11.36 8.25

SO2Ph 7.19

SO2C4F9 9.66 6.90 7.81 7.70 0.932 0.589 0.567 3.82 2.95 4.33

SO2dim 6.98 6.43 s 4.05 6.82 0.692 0.11 0.980 2.76 0.70 5.87

r(σp) a 0.967 0.901 0.991 0.980 0.969

r(σr) 0.715 0.562 0.642 0.677 0.995

r(σi) 0.719 0.676 0.727 0.666 0.743

ρ(σp) 6.56 5.76 5.42 9.50 5.98

ρ(σr) 7.15 5.01 4.86 9.56 8.75

ρ(σi) 8.05 7.69 7.12 8.92 17.17

a) r(σ) represents the correlation coefficient of the dipole moments with the substituent constant, σ,
of the substituent A or D ; ρ(σ) represents the slope of the correlation equation;
s: dipole moments are calculated for the syn-conformation of D with respect to A.

The Cp chemical shifts correlate fairly good with both σp and σr, a result

which has also been found for monosubstituted benzenes [18]. For both mono-
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and disilanes these chemical shifts are almost equal and show a normal trend
towards substitution. From the slopes of the correlation equations it is obvious
that the sensitivity towards the substituent is drastically diminished when the
carbon atom under investigation is found in the side chain of the aromatic ring.
The α-methyl carbon (attached to the ring-bonded silicon) is about 30 times less
sensitive to the substituent than the Cp ring-carbon atom. The β-methyl carbon

(two silicon atoms between the ring and the methyl carbon) has this sensitivity
lowered by no more than a factor 2 to 3. For the disilanes in Table 3.7 the
dependency of the α-methyl 13C chemical shift on X is larger than that of the
methyl carbon of the monosilane (-0.93 vs. -0.77 for ρ(σr)), which suggests a

larger interaction of the disilanyl unit with the aromatic ring compared to the
monosilyl group, possibly through a hyperconjugative mechanism. The α-
methyl carbon and the β-silicon are bonded to the same silicon atom in an sp3

hybridization and both chemical shifts (29Si and 13C) depend on the resonance
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Figure 3.3. Calculated (ZINDO) dipole moments vs. ∆δ (29Si) of compounds with the
structure DPh-SiMe2SiMe2-PhA.

contribution of the substituent with equal sensitivity (ρ(σr ) = 0.93, see Table

3.2). This indicates that not only the nature of the nucleus (silicon vs. carbon) but
also the position with respect to the aromatic ring determines the interaction of
the atom with the substituent (see Chapter 1, § 1.2, for a presentation of the
hyperconjugative effect in mono- and disilanes).

It has been observed for systems of the structure p-XC6H4YMe3with Y =

C, Si and Ge, that the sensitivity of the methyl carbon chemical shift to the
substituent is about equal for Y = C and Si, except for the resonance effect. The
latter effect is a factor 1.5 larger for the silicon series compared to carbon,
probably due to the larger polarizability of the Si-Me bond [9]. This suggests
that the transmitting ability of silicon in monosilanes is comparable to that of a
nonconjugative carbon atom (sp3).
Table 3.7. 13C chemical shifts (ppm) and correlations with Hammett constants, σp, and

Taft values, σr and σi, of compounds with the structure Me3(5)Si(2)PhX.

13C 13C: Me5Si2- 13C: Ar-Cpara b

X Me3Si- Me3Si- -Me2Si- ∆δ a Si Si2

NMe2 -0.90 -2.24 -3.75 1.51 125.5 124.3

H d -1.16 -2.26 -4.03 1.77

Br -1.34 -2.38 -4.15 1.77 139.4 139.1

CF3 -1.46 -2.44 -4.29 1.85 145.3 145.1

CH=C(CN)2 -1.58 -2.50 -4.57 2.07 150.2 150.6

SO2dim -1.54 -2.52 -4.41 1.89 147.5 147.5

SO2C4F9 -1.58 -2.59 -4.57 2.02 152.5 152.9

r(σp) c 0.973 0.985 0.968 0.931 0.989 0.988

r(σr) 0.956 0.956 0.981 0.970 0.982 0.981

r(σi) 0.845 0.886 0.815 0.750 0.854 0.854

ρ(σp) -0.43 -0.21 -0.51 0.31 16.43 17.39

ρ(σr) -0.77 -0.36 -0.93 0.59 29.62 31.36

ρ(σi) -1.00 -0.50 -1.15 0.68 38.36 40.61
a) ∆δ is the difference between the 13C chemical shifts of the methyl carbons on the two silicon
atoms in the disilanes. b) Ar-Cpara represents the 13C chemical shift of the aromatic carbon atom,

para to the substituent X; Si and Si2 represent the mono- and disilanyl molecules, respectively. c)
r(σ) represents the correlation coefficient of the 13C chemical shifts with the Hammett constants, σp,
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and the Taft values, σr and σi of the substituent X ; ρ(σ) represents the slope of the correlation

equation. d)the 13C NMR values of Me5Si2Ph are taken from literature [17].

Compounds with the structure  DPhSiMe2SiMe2PhA

In Tables 3.8 and 3.9 the 13C chemical shifts of the methyl carbons closest
to the donor-phenyl ring (D-Ph-SiMe2-) and closest to the acceptor-phenyl ring
(A-Ph-SiMe2-), respectively, are presented. Like for the Me5Si2PhX series, the

correlations found are opposite to those of the 29Si chemical shifts: the α-methyl
carbon chemical shifts correlate best with σr and those of the β-methyl carbon
best with σp. The values of the correlation coefficients are found within a larger

range than for the 29Si chemical shifts. 13C NMR is thus a less accurate tool to
investigate relations with other properties of this type of compounds in an
empirical manner.

The sensitivity of the α-methyl 13C chemical shifts towards substitution is
a factor 2-3 larger than that of the β-methyl values. The resonance contribution of
the substituent dominates the α-methyl 13C chemical shift; the β-methyl 13C
Table 3.8. 13C substituent chemical shifts (DPh-SiMe2-) (ppm) and correlations with

Hammett constants, σp, and Taft values, σr and σi, of compounds with the structure

DPh-SiMe2SiMe2-PhA.
A\D Me2N MeS MeO F H r(σp) r(σr) r(σi) ρ(σp) ρ(σr) ρ(σi)

H -3.59 -3.96

F -3.63

Br -3.70 -4.08 -3.84 -3.96 -4.09 0.811 0.883 0.141 0.45 0.72 0.12

CHO -3.79 -4.13 -3.98 -4.03 0.851 0.945 0.75 0.37 1.13 0.61

CF3 -3.75 -4.14

CH=C(CN)
2

-3.86 -4.16 -3.95 -4.05 0.773 0.998 0.680 0.30 1.08 0.50

SO2Ph -3.87

SO2C4F9 -4.03 -4.33 -4.13 -4.36 0.904 0.924 0.040 0.50 0.63 0.04

SO2dim -3.84 -4.21 -4.08 -4.23 0.809 0.887 0.140 0.43 0.74 0.11

r(σp) a 0.986 0.972 0.932 0.952 0.996

r(σr) 0.756 0.618 0.783 0.784 0.741

r(σi) 0.686 0.736 0.490 0.078 0.911

ρ(σp) 0.40 0.30 0.31 0.23 0.36

ρ(σr) 0.45 0.27 0.36 0.17 0.56

ρ(σi) 0.44 0.40 0.29 -0.03 0.51
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a) r(σ) represents the correlation coefficient of the 13C chemical shifts with the substituent constant,
σ, of the substituent A or D; ρ(σ) represents the slope of the correlation equation.

chemical shift is determined by both inductive and resonance contributions.
However, the inductive effect is expected to be small at a large distance and the
sensitivity of the β-methyl carbon is therefore smaller than that of the α-methyl
carbon.

In Table 3.10 the 13C chemical shift differences, ∆δ, of the two silicon-
methyl carbons are presented. For both columns and rows (with constant donor
and varying acceptor and vica versa) the best correlations are found with σr. The

correlations are found in a wide range: from 0.75 to 0.97 and are thus less good
than those found for the 29Si chemical shift differences. In Figure 3.4 the ∆δ
values are plotted against Σσr (σr(A) - σr(D)) with a correlation coefficient of

0.872. The largest ∆δ values are found for the dicyanovinyl-acceptor series,
whereas for the 29Si chemical shift difference the SO2C4F9 acceptor gave the

largest values. This can be explained as follows: the 13C chemical shifts of the α-
methyl carbon of the compounds with the sulfonyl and dicyanovinyl acceptor
do Table 3.9. 13C substituent chemical shifts (-SiMe2-PhA.) (ppm) and correlations with

Hammett constants, σp, and Taft values, σr and σi, of compounds with the structure

DPh-SiMe2SiMe2-PhA.
A\D Me2N MeS MeO F H r(σp) r(σr) r(σi) ρ(σp) ρ(σr) ρ(σi)

H -3.81 -3.96

F -3.63

Br -3.89 -4.08 -4.03 -4.16 -4.05 0.972 0.437 0.734 0.32 0.21 0.36

CHO -4.16 -4.31 -4.32 -4.39 0.982 0.662 0.973 0.29 0.54 0.53

CF3 -4.01 -4.23

CH=C(CN)
2

-4.31 -4.44 -4.41 -4.52 0.989 0.732 0.998 0.26 0.53 0.49

SO2Ph -4.17

SO2C4F9 -4.39 -4.53 -4.50 -4.51 0.972 0.644 0.481 0.22 0.17 0.20

SO2dim -4.12 -4.33 -4.40 -4.31 0.988 0.527 0.687 0.35 0.29 0.30

r(σp) a 0.901 0.921 0.902 0.902 0.997

r(σr) 0.916 0.900 0.953 0.943 0.841

r(σi) 0.412 0.359 0.243 0.367 0.831

ρ(σp) 0.65 0.51 0.51 0.64 0.51

ρ(σr) 0.97 0.70 0.75 0.59 0.92

ρ(σi) 0.49 0.36 0.25 -0.44 0.67
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a) r(σ) represents the correlation coefficient of the 13C chemical shifts with the substituent constant,
σ, of the substituent A or D; ρ(σ) represents the slope of the correlation equation.

not differ as much as those of the β-methyl carbon atoms (0.8-0.9 ppm vs. 0.17-
0.18 ppm). The 13C chemical shift values of the β-methyl carbon are closer to
those of the α-methyl carbon (but most different from those of the acceptor-less
compounds) for the sulfonyl acceptor series than for the dicyanovinyl acceptor,
thus resulting in smaller values of ∆δ for the former series. The sulfonyl acceptor
will have a larger influence on the β-methyl chemical shift than the dicyanovinyl
acceptor due to the larger inductive effect of the former, (σi = 0.7) compared to
the latter (σi = 0.4) while the resonance effect on the α-methyl is about the same
for both acceptors or, which is similar, due to the larger σp value (1.1 vs. 0.7). The

fact that the 13C chemical shifts move upfield for compounds with a stronger
acceptor group is not unique and will be dicussed in the next paragraph.

Tables 3.11 and 3.12 show the 13C chemical shifts of the ipso-carbon atoms
of the phenyl ring (para towards the substituent and bonded to silicon). The
correlation of the Cp chemical shifts and the substituent on the same ring is best

Table 3.10. 13C chemical shift differences (∆δ: SiMe2 (A) - SiMe2 (D) in ppm) and

correlations with Hammett constants, σp, and Taft values, σr and σi, of compounds with the

structure DPh-SiMe2SiMe2-PhA.
A\D Me2N MeS MeO F H r(σp) r(σr) r(σi) ρ(σp) ρ(σr) ρ(σi)

H 0.22

F 0.00

Br 0.19 0.00 0.19 0.20 -0.04 0.330 0.878 0.414 -0.13 -0.51 0.25

CHO 0.37 0.18 0.34 0.36 0.296 0.793 0.147 -0.08 -0.59 -0.07

CF3 0.27 0.09

CH=C(CN)
2

0.46 0.28 0.46 0.47 0.202 0.753 0.059 -0.06 -0.56 -0.03

SO2Ph 0.30

SO2C4F9 0.36 0.20 0.37 0.15 0.763 0.955 0.185 -0.31 -0.47 0.14

SO2dim 0.28 0.12 0.32 0.08 0.229 0.816 0.480 -0.08 -0.44 0.25

r(σp) a 0.669 0.627 0.644 0.782 0.915

r(σr) 0.937 0.908 0.896 0.914 0.974

r(σi) 0.040 0.070 0.080 0.460 0.598

ρ(σp) 0.26 0.22 0.20 0.41 0.16

ρ(σr) 0.53 0.44 0.39 0.42 0.36

ρ(σi) 0.03 -0.06 -0.04 -0.41 0.16



Chapter 3

91

a) r(σ) represents the correlation coefficient of the 13C chemical shift difference with the substituent
constant, σ, of the substituent A or D; ρ(σ) represents the slope of the correlation equation.

with σr. These values and sensitivities are comparable to those of the
monosubstituted series, Me3(5)Si(2)PhX, discussed before and are normal for

substituted benzenes [17] . The influence of the substituent on the chemical shift
of its "own" Cp  is a factor 10-15 larger than on the chemical shift of Cp of the

other ring, for which the chemical shift range is about 1-2 ppm. The latter
chemical shifts correlate best with σp, a result which is the same as found for the

β-methyl carbons bonded to the same silicon atom.

3.3.3 Inverse behaviour of s.c.s of carbon atoms bonded to silicon

For all methyl 13C chemical shifts, the slopes of the correlation equation
have a negative sign, which indicates an inverse dependence of the 13C chemical
shift on the substituent parameter. Inverse means an upfield shift for electron
attracting groups and a downfield shift for electron donating groups. The
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Figure 3.4. 13C chemical shift difference, ∆δ, vs. Σσr of compounds with the structure
DPh-SiMe2SiMe2-PhA.

response of the chemical shift to the substituent is linear but opposite to what is
expected. This means that the effect is electronic in origin, but that electron
density alone cannot account for the observed shifts. This type of inverse
behaviour has also been observed for the p-XC6H4YMe3 series mentioned before

with Y = C, Si and Ge [9]. This means that it is not a typical effect of methyl
carbons bonded to silicon, but more general for carbon atoms in the β-position
of the substituent on the aromatic ring. Other examples are those of the p-
substituted ethylbenzenes [19], where the methyl carbon atoms show the inverse
and the methylene carbons the normal effect. The authors explain the observed
results by changes in electron density at the atom induced by the substituent.
Another example is that of the compounds p-XC6H4COZ [20]. An inverse

behaviour of the carbonyl carbon chemical shifts towards the inductive
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Table 3.11. 13C substituent chemical shifts (DPh-SiMe2-)a (ppm) and correlations with

Hammett constants, σp, and Taft values, σr and σi, of compounds with the structure

DPh-SiMe2SiMe2-PhA.
A\D Me2N MeS MeO F H r(σp) r(σr) r(σi) ρ(σp) ρ(σr) ρ(σi)

H 123.59 138.93

F 123.27

Br 123.00 134.50 129.03 133.79 138.48 0.873 0.916 0.123 17.5 26.8 3.70

CHO 122.59 133.98 128.62 132.50 0.922 0.951 0.852 14.2 40.6 24.5

CF3 122.73

CH=C(CN)2 122.15 133.60 128.34 133.20 0.950 0.934 0.894 15.4 41.9 27.1

SO2Ph 122.27

SO2C4F9 121.80 133.13 127.89 137.40 0.938 0.954 0.040 22.2 27.5 -1.80

SO2dim 122.37 133.75 133.27 137.90 0.891 0.915 0.160 17.3 28.1 4.77

r(σp) b 0.979 0.983 0.991 0.993 0.998

r(σr) 0.760 0.833 0.816 0.819 0.763

r(σi) 0.681 0.498 0.532 0.070 0.896

ρ(σp) -1.65 -1.58 -1.32 -1.25 -1.37

ρ(σr) -1.89 -1.86 -1.50 -0.91 -2.23

ρ(σi) -1.90 -1.43 -1.27 0.10 -1.93

a) 13C chemical shifts of aromatic carbon atom bonded to the silicon atom. b) r(σ) represents the
correlation coefficient of the 13C chemical shifts with the substituent constant, σ, of the substituent
A or D; ρ(σ) represents the slope of the correlation equation.

substituent parameter was observed, which was mainly attributed to local
(through space) π-polarization of the carbonyl group by the substituent X. 

The inverse substituent effect in our silanes is not a normal alternating
polarization effect, which can be concluded from the fact that the inverse
behaviour is not observed for the β-silicon atom (also directly bonded to the α-
silicon) but for the β-methyl carbon on this silicon atom. The inverse effect is
also observed for the Cp chemical shifts of the phenyl ring bonded to the β-

silicon. This means that the inverse behaviour is not restricted to sp3 carbon
atoms but is also found for sp2 carbon atoms. Since the inverse effect is not
observed for the chemical shift correlations of the Cp atom of the ring carrying

the substituent, it can be concluded that only the carbon atoms bonded to silicon
(either sp3 or sp2), which feel the substituent effect through the silicon atoms,
behave in an opposite way. Some examples of abnormal behaviour of chemical
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shifts in (permethyl)oligosilanes observed by other authors will be given, which
leads us
Table 3.12. 13C substituent chemical shifts (-SiMe2-PhA)a (ppm) and correlations with

Hammett constants, σp, and Taft values, σr and σi, of compounds with the structure

DPh-SiMe2SiMe2-PhA .
A\D Me2N MeS MeO F H r(σp) r(σr) r(σi) ρ(σp) ρ(σr) ρ(σi)

H 139.56 138.93

F 135.80

Br 138.60 137.90 138.10 137.60 137.88 0.994 0.567 0.617 -1.25 -1.04 -1.16

CHO 149.20 148.40 148.62 148.20 0.998 0.795 0.987 -1.41 -3.10 -2.60

CF3 145.02 144.28

CH=C(CN)2 150.78 149.90 150.30 149.63 0.980 0.848 0.969 -1.49 -3.57 -2.75

SO2Ph 147.17

SO2C4F9 153.08 152.16 152.53 152.22 0.980 0.792 0.315 -1.45 -1.43 -0.87

SO2dim 147.56 146.83 146.65 146.87 0.994 0.596 0.628 -1.16 -1.10 -1.11

r(σp) b 0.890 0.842 0.849 0.834 0.960

r(σr) 0.959 0.974 0.982 0.994 0.936

r(σi) 0.321 0.158 0.135 0.538 0.697

ρ(σp) 15.9 15.0 15.1 21.4 13.5

ρ(σr) 29.8 24.1 24.1 22.4 27.9

ρ(σi) 9.41 5.00 4.29 -23.3 15.3

a) 13C chemical shifts of aromatic carbon atom bonded to the silicon atom. b) r(σ) represents the
correlation coefficient of the 13C chemical shifts with the substituent constant, σ, of the substituent
A or D; ρ(σ) represents the slope of the correlation equation.

to conclude that the electron density is only one of several factors responsible
for the observed effects.

The inverse effect has also been observed for other nuclei such as in the
systems of the type p-XC6H4SiY3 [10]. For Y = H and Me, normal 29Si s.c.s.

behaviour was observed (as in our systems); for Y = F, Cl and OEt, it was the
inverse  effect. For these last three substituents, the relation of the 29Si chemical
shifts with computed electron densities at the silicon nucleus was also reversed
and factors such as electronegativity and bond order were proposed as
explanations for the observed results [11].

Inverse 13C chemical shift behaviour has also been observed for the
monochloro-permethyloligosilanes compared to permethyloligosilanes (2 to 6
silicon atoms) [21]. When an electron-withdrawing chlorine atom is introduced
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at the chain end, a downfield 13C chemical shift is observed for the methyl
carbon atoms bonded to  the α-silicon and upfield shifts for all other methyl
carbons e.g. 0.5 ppm for C2 and 0.1 ppm for C6 in ClSi6Me13. However, the

authors do not make any comment on these observations. We also observe
inverse 13C chemical shift behaviour for longer silicon chains, e.g. for all methyl
carbon atoms in disubstituted-diphenyloligosilanes (n = 2, 4, 6) an upfield
chemical shift is found when a bromine acceptor is replaced by the stronger
electron -attracting sulfonyl-acceptor (see next paragraph, Table 3.14).

Ruehl and Matyjaszewski [22] studied the reactivity of
diphenyloligosilanes (Ph-(SiMe2)n-Ph) towards protonation by triflic acid. They

found that protonation at the ipso carbon atom was rate-determining for the
silicon-phenyl bond-cleavage and that the reactivity increases with increasing
silicon chain length. However, 13C chemical shifts of the ipso-carbon atom were
found downfield with increasing chain length, which implies lower electron
density at the reaction centre and thus lower reactivity towards protonation.
This is in contrast to the experimental results, which is an indication that in this
case the 13C chemical shifts are inversely related to electron density.

Recently, Gelan et al. [23] observed some unexpected chemical shifts of
pyrenyl carbon atoms in 1-pyrenyl-substituted oligosilanes; e.g. in 1-(4-N,N-
dimethylanilino)-2-(1-pyrenyl)-tetramethyldisilane a downfield shift of the 1-
pyrenyl carbon atom is observed compared to the same atom in the analogous
molecule with the 1-pentafluorophenyl  (electron attracting) group instead of the
anilino one. They have ascribed these results to a through-space polarization
from the dimethylaniline (or pentafluorophenyl) ring folding over the pyrene
ring. For some of our fragment molecules, some of them with only a
trimethylsilyl group, a through-space interaction is not probable and the
observed effects are supposed to be through-bond. This might also apply to the
pyrenyl-oligosilanes of Gelan et al., but their series is not large enough for
observing linear, but inverse, relations with the substituents like we do. It can be
concluded that one should be careful with using 13C NMR as a probe to
differentiate between electron densities at carbon atoms.

3.3.4 1H, 13C and 29Si NMR chemical shifts of oligosilanes (n = 1, 2, 4, 6) and their

relation to reactivity

The influence of the silicon-chain length on the reactivity of mono- and
α,ω-dichloropermethyloligosilanes Cl(SiMe2)nMe and the relation to proton
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chemical shifts have been reported by Boberski and Allred [24]. They have
found a higher reactivity of the dichloro-oligosilanes compared to the
monochloro-oligosilanes towards methylmagnesium bromide. We have
performed a reaction of dichloropermethyloligosilanes (n=1, 2, 4, 6) with one
equivalent of p-

Table 3.13. 1H chemical shifts of oligosilanes (ppm).

δ -Si-SiMe2-Si δ -SiMe2Cl δ -SiMe2PhX a

Cl(SiMe2)Cl 0.79
Cl(SiMe2)2Cl 0.58
Cl(SiMe2)4Cl 0.27 0.54
Cl(SiMe2)6Cl 0.25, 0.26 0.53

BrPh(SiMe2)Cl 0.69
BrPh(SiMe2)2Cl 0.47 0.46
BrPh(SiMe2)4Cl 0.14, 0.14 0.48 0.41
BrPh(SiMe2)6Cl 0.13, 0.14,

0.20, 0.23

0.52 0.38

Ph(SiMe2)2Cl 0.50 0.50
FPh(SiMe2)4Cl 0.11, 0.15 0.45 0.40

δ -Si-SiMe2-Si δ-
SiMe2PhNMe2

δ -SiMe2PhBr

BrPh(SiMe2)PhNMe2 0.52
BrPh(SiMe2)2PhNMe2 0.29 0.32
BrPh(SiMe2)4PhNMe2 0.04, 0.05 0.31 0.34
BrPh(SiMe2)6PhNMe2 0.07, 0.08,

0.10, 0.11

0.34 0.37

δ -SiMe2PhSO2C4F9

F9C4SO2Ph(SiMe2)PhNMe2 0.59
F9C4SO2Ph(SiMe2)2PhNMe2 0.30 0.40
F9C4SO2Ph(SiMe2)4PhNMe2 0.02, 0.04 0.31 0.41
F9C4SO2Ph(SiMe2)6PhNMe2 0.05, 0.07,

0.11, 011

0.34 0.45

a) X = Br, H, F.

bromophenylmagnesium bromide. The results on the 1H chemical shifts are
given in Table 3.13; those of the 13C and 29Si chemical shifts in Table 3.14.

The 1H chemical shifts of the -SiMe2Cl group of the monosubstituted
BrPh(SiMe2)nCl series are found upfield compared to those of the dichloro-

oligosilanes, which is the same effect as has been found for the monochloro-
oligosilanes [23]. For the latter series, and for the dichloro-oligosilanes, an
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upfield trend has been observed for the -SiMe2Cl proton chemical shifts with

increasing chain length. This effect is explained by Boberski & Allred by an
increased backdonation of chlorine electrons into vacant polysilane orbitals for
longer chains. For our bromophenyl-substituted series, a downfield shift for
these protons with increasing chain length (n = 2, 4, 6) is observed. The

Table 3.14. 13C and 29Si chemical shifts of disubstituted diphenyloligosilanes.
13C chemical shifts (ppm)

δ -Si-SiMe2-Si δ -SiMe2PhBr δ -SiMe2PhNMe2

BrPh(SiMe2)PhNMe2 -2.24
BrPh(SiMe2)2PhNMe2 -3.86 -3.68
BrPh(SiMe2)4PhNMe2 -5.58, -5.71 -3.05 -2.69
BrPh(SiMe2)6PhNMe2 -4.48, -4.48,

-5.29, -5.44,

-3.01 -2.62

δ -SiMe2PhSO2C4F9

F9C4SO2Ph(SiMe2)PhNMe2 -2.65
F9C4SO2Ph(SiMe2)2PhNMe2 -4.35 -3.98
F9C4SO2Ph(SiMe2)4PhNMe2 -5.71, -5.88 -3.52 -2.81
F9C4SO2Ph(SiMe2)6PhNMe2 -4.49, -4.54,

-5.33, -5.51

-3.37 -2.66

29Si chemical shifts (ppm)

δ -Si-SiMe2-Si δ -SiMe2PhBr δ -SiMe2PhNMe2

BrPh(SiMe2)PhNMe2 -8.43
BrPh(SiMe2)2PhNMe2 -21.43 -22.99
BrPh(SiMe2)4PhNMe2 -44.53, -44.62 -17.26 -18.94
BrPh(SiMe2)6PhNMe2 -39.14, -39.06,

-43.31, -43.38

-17.30 -18.89

δ -SiMe2PhSO2C4F9

F9C4SO2Ph(SiMe2)PhNMe2 -7.50
F9C4SO2Ph(SiMe2)2PhNMe2 -19.93 -22.53
F9C4SO2Ph(SiMe2)4PhNMe2 -44.06, -44.28 -15.82 -19.09
F9C4SO2Ph(SiMe2)6PhNMe2 -38.79, -39.08,

-42.86, -43.27

-15.75 -18.93

difference in 1H chemical shift of the -SiMe2Cl group between the dichloro- and

(monosubstituted) monochloro-oligosilanes of the same chain length becomes
smaller with inceasing chain length and ranges from 0.11 ppm for the disilanes
to only 0.01 ppm for the hexasilanes. The almost equal -SiMe2Cl chemical shift

values for the dichloro- and monochlorohexasilane can explain the results found
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for the reactivities of these compounds. When the dichlorohexasilane is reacted
with one equivalent of p-bromophenylmagnesium bromide, a large amount (30
%) of disubstituted hexasilane is obtained (determined by integration of the
NMR resonance peaks of the crude reaction product). The reactivity of the first
and the second Si-Cl bond of the hexasilane is about the same, which means that
the electronic effect of an aromatic substituent through the silicon chain is small
or negligible for longer chains.

The suggestion of Boberski and Allred that dative π-bonding of the
chlorine electrons into vacant polysilane orbitals is responsible for the observed
upfield shifts of the Cl(SiMe2)nMe protons with increasing n, is in contradiction
with our results on the BrPh(SiMe2)nCl series. The upfield shift that we observe

for the disilane compared to the monosilane might be caused by the σ-π
conjugation of the π-electron cloud of the ring with the SiMe bonds. This effect
becomes less for SiMe bonds at larger distance from the ring, which is an
explanation for the downfield chemical shift trend with increasing chain length.
The 1H chemical shifts of the -SiMe2Cl group of FPh(SiMe2)4Cl are found
upfield and those of Ph(SiMe2)2Cl downfield compared to that of the bromo-

analogue. This proves that the electron-donating resonance contribution of the
halogen substituent (the values of σr are -0.34 for F and -0.23 for Br, respectively)

determines the proton chemical shifts for these compounds. It also implies that
the halogen-substituted phenyl ring influences the electron density through the
π-system, primarily in the adjacent part of the silicon chain, in a
hyperconjugative way.

The 1H chemical shifts of the BrPhSiMe2-methyl protons from the
BrPh(SiMe2)nCl series are found more upfield for longer silicon chains, which is

caused by the larger distance between these protons and the electron-attracting
chlorine atom at the chain end. When the second chlorine is substituted by an
electron-donating dimethylaminophenyl group, the 1H chemical shifts of the
BrPhSiMe2-methyl group are only a little influenced for the hexasilane (from

0.38 to 0.37 ppm). For the di- and the tetrasilanes the differences are 0.14 and 0.07
ppm respectively, which clearly shows a lower electronic transmittance ability
of longer silicon chains. Consistent with these results are also the 1H chemical
shifts of the BrPhSiMe2- and the Me2NPhSiMe2-methyl groups in
BrPh(SiMe2)6PhBr and Me2NPh(SiMe2)6PhNMe2,respectively, compounds

which are obtained as major byproducts in the synthesis of BrN6. The sum of the
chemical shifts of the two symmetrical compounds gives a spectrum almost
equal to that of the asymmetric BrN6, which means that the 1H chemical shift of
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the BrPhSiMe2-methyl protons are hardly affected by the presence of a Me2NPh-

substituent at the chain end and vice versa.
When the bromine substituent is replaced by the more electron-attracting

perfluorobutylsulfonyl group, a significant change of the chemical shift is only
observed for the F9C4SO2PhSiMe2 - methyl protons, which are found downfield
from the bromine analogues. The Me2NPhSiMe2- methyl protons have about the

same 1H chemical shift for the bromine and the sulfonyl acceptor, which
indicates the short range effect of the electron-accepting character of the latter.

From the 29Si chemical shift trend (Table 3.14) it is obvious that there is a
levelling off above n = 4 of the electronic effect through the chain. The trends
observed for 1H and 13C chemical shifts of disubstituted oligosilanes are
downfield with increasing chain length, which result was also found for the
Me(SiMe2)nMe and Cl(SiMe2)nMe series [20]. We have shown the inverse effect

of the 13C chemical shifts with the electron-donating or -accepting character of a
substituent for a large series of disilanes; this effect can also be seen for larger
silicon chain lengths (n=4, 6), where the SiMe2 13C chemical shifts are found

more upfield for the sulfonyl-acceptor compounds compared to the bromine
analogues, even for the Me2NPhSiMe2- methyl carbons in the hexasilane. The
13C chemical shifts are affected over a larger distance (to six silicon atoms away)
than the 1H and 29Si chemical shifts by aromatic substituents, but also this effect
decreases strongly from the tetra- to hexasilane. A through-space polarization
might be possible for the methyl carbons, but the inverse effect is not explained
by this. The inverse 13C NMR effect has been shown to be a linear substituent
effect, which is independent of chain length.

3.4 Conclusions

The effects of donor and acceptor substituents on the 29Si chemical shifts
and ground-state dipole moments of α,ω-disubstituted diphenyldisilanes seem
to be additive (a small interaction between donor and acceptor). Mainly the α-
silicon atom is influenced by either a donor or an acceptor, to an amount which
is determined by its Hammett constant, σp. The 29Si chemical shift difference

(Si(A) - Si(D)) was found to be a good probe to estimate ground-state dipole
moments.

The 13C s.c.s. cannot be correlated to ground-state properties. The
influence of the substituent on the α-methyl carbon chemical shift (bonded to the
α-silicon atom) is mainly determined by its resonance contribution, a result
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which was also found for the β-silicon chemical shift (both have about the same
sensitivity towards the substituent). This means that not the type of nucleus, but
the position towards the substituent determines the interaction, which is of a σ-
π, hyperconjugative character.

The transmitting ability of the silicon atom was found to be low, since the
sensitivity of the α-methyl carbon upon aromatic substitution is about 30 times
lower than that of the aromatic Cp atom.

The 13C s.c.s. show a linear but inverse correlation: electron donating
substituents give downfield chemical shifts (electron attracting: upfield) for both
sp3 and sp2 carbon atoms that feel the electronic effect through the silicon
atom(s). It is postulated that the chemical shift changes are opposite to electron
density changes and that factors such as bond order, electronegativity and
through-space polarization can cause this effect. Caution should be taken when
13C NMR is used as a tool to differentiate between electron densities at carbon
atoms.

The difference in reactivity of monochloro- and α,ω-dichloro-oligosilanes
towards aromatic Grignard reagents decreases with increasing chain length, and
is almost zero for the hexasilane. This can be concluded from the 1H chemical
shift values of the reaction intermediates and products. The silicon chain is
therefore not a good transmitter of electronic effects in the ground state.
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