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Summary

Silicon-29 NMR has been used, with proton noise decoupling, to study a
number of cyclic siloxanes with asymmetric units. The chemical shifts observ-
ed are discussed in relation to the configurations of the various possible
isomers. In the case of [MePhSiO], the four possible isomers were examined
separately; neighbour effects on chemical shifts are markedly non-additive, in
contrast to the situnation for the [MeHSiO], isomers.

Introduction

Silicon-29 nuclear magnetic resonance spectroscopy is rapidly becoming a
very important tool for structure determination in organosilicon chemistry,
particularly in the study of silicones [3]. This situation has been made possible
by the development of Fourier transform techniques, together with proton
noise decoupling, better known for **C NMR. In the preceding paper of this
series [2], we showed that the ZSi chemical shifts of silicones containing the
D' unit, —0,,,Si(Me)(H)O,,,—, were influenced by the stereochemistry of neigh-
bouring D' units, i.e. tacticity effects were observable. The D' group seems to be
especially suitable for demonstrating these effects, since they have not been
reported [4,5] for related chiral silicone groupings. As a consequence of this
work, we felt it would be of interest to see whether 2°Si NMR could be used to
differentiate between the various isomers of cyclic silicones containing the D’

* Parts I.and II are references 1 and 2 respectively.
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B umt or related groups. We chose to examme a series of cyc.lc tetrasﬂoxanes of
general formula [MeR81O]4 where R is hydrogen ‘phenyl (Ph) or vinyl (Vi). We
have also cxammed some related cyclic siloxanes of formula [MeRSiO],,, where
~n =3 or 5. In the case of the two isomers of [MePhSiO]; and the four isomers
" of [MePhSiO],s we were able to examine the pure compounds, Whlch had been
separated prev10usly [6], but in the other cases mlxtures of i isomers were
studied.

For the trisiloxanes the possibie isomers are I and II, whereas for the tetra-
siloxanes the isomers III—VI may occur.
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. For linear silicones containing the D’ unit only nearest-neighbour asymmetry
effects on 2°Si chemical shifts were noticed [2], causing the resonance of a
mid-chain D' group to be split into a 1 : 2 : 1 triplet of average spacing ca. 0.8
Hz (the high-frequency spacing is smaller than the low-frequency spacing by ca.
0.4 Hz). For such compounds the asymmetry effects are presumably averaged
over internal rotation, and it might be anticipated that larger variations are
likely for cyclic molecules. If the tetrasiloxanes III to VI are considered it can
be seen that there is a single 2%Si environment for each isomer except IV, which
contains three different types of ?°Si. If a ddd or 1/l triad arrangement is designat-
ed A, the ddl or dil type of arrangement denoted B, and C refers to the dId or
1d1 sequence, then the following environments are predicted: III — A, IV—A+
2B + C, V. — 2B and VI — C. The relative coefficients given to these environments
reflect the statistical probabilities of a given isomer and the equivalence of the
silicon nuclei. Thus, for each of the isomers II1, V and VI a single peak in the :
298i—{'H} spectrum is predicted, whereas for IV three peaks of relative intensity
1 : 2 : 1 are expected. If a statistically random mixture of isomers-is in question,
a1l : 2 :1 system of peaks due to environments A, B and C is also expected;
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however, long-range effects from the fourth siloxy grouping will cause a further
doublet splitting for each of these peaks since, for example, the A environments
for I and IV are not identical. In general, such a splitting will presumably be
appreciably smaller than the triplet average spacing. In an ideal situation, the
influences of different orientations of neighbours would be additive, and a
regular triplet of doublets would be seen. This is unlikely to be true in practice,
so that the two triplet spacings are likely to be unequal (as observed [2] for the
linear silicones containing the D’ group) as are the doublet spacings. Any such
inequalities would undoubtedly be increased if there are differences in geometry
between the isomers, as becomes likely if R is large. In such circiimstances a
random distribution of isomers may not be prepared, so that intensities can also
vary from the ideal mentioned above.

Similar considerations can be applied to the analogous series of compounds
[MeRSiO], with n # 4. For n = 3, clearly I should give a single resonance of the
type A, whereas I1 is expected to give two signals with intensity ratio 2 :1 of
the B and C types, respectively. A statistically random mixture of I and II would
thus give three signals with intensity ratio 1 : 2 : 1, and no further splittings
would be expected. For n = 5 random mixtures of all isomers would again give
three signals with intensities 1 : 2 : 1 in each case. Long-range effects would, of
course, lead to additional fine structure. There are four isomers for n = 5, and it
can be shown that these contain in total three types of A environment (one
type being twice as probable as thé other two) and, similarly, three types of C
environment. There are four equally-probable B environments, two of which are
rather similar (differing only in the sense that llddd differs from dlddl). Thus for
a random mixture of n = 5 isomers a maximum of 10 2°Si—{'H} peaks is expect-
ed. For an ““‘ideal” situation these would simplifytoal : 2 : 1 tripletof1:2:1
triplets; Additionally, as n increases from 4 the splittings due to asymmetry
should decrease due to the extra flexibility of the ring systems. In the limit when
n is very large, the influence of asymmetry should presumably approach the
magnitude found [2] for linear systems.

Results and discussion

Figure 1 shows the *?Si—{'H } spectrum of a mixture of the cyclic com-
pounds D', and D’s, as prepared. The signals at the left are due to D4, and the
less intense lines on the right are due to D’s. The frequencies of all the lines are
given in Table 1. The shift difference between the arrowed peaks in Fig. 1 is
2.00 ppm, which is comparable to the shift difference for the corresponding
cyclic compounds [Me,Si0O], (6(Si) —20.0 [8], —19.51 [9] ppm) and [Me,SiO]s
(8(Si) —22.8 [8], —21.93 [9] ppm). The shifts for D', are in reasonable agree-
ment with the value (—33 ppm) reported by Holzman et al. [10] (no asymmetry
effects were mentioned by these authors).

The D', signals form an approximate 1 : 2 : 1 triplet, with a further doublet
splitting for the central and high-frequency members. (It may be assumed that
the lowest frequency triplet peak consists of an unresolved doublet.) This is the
situation to be expected for a statistical distribution of isomers III—VI1. The
asymmetry effects are an order of magnitude greater than those found [2] for
linear silicones containing the D’ group. The influences of the neighbours on the
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Fig. 1. 19.87 MHz 295i—{1H } spectrum of a mixture of isomers of D's and D's. The spectrum results from
the accumulation of 504 transients with acquisition time 16.0 s and pulse width 50 gs. The arrowed peaks
are referred to in the text. The vertical dashed line gives the reported position [2] of the central peak for
mid-chain D’ groups of MD59M, where M = Me35i0,2-

shift of a given Si are not additive, but the discrepancies are not large. The long-
range effect is an order of magnitude less than the shifts caused by nearest
neighbours. :

The D’ peaks are less easy to interpret. The total range is somewhat smaller
than for D';, as expected because of the greater flexibility. Nine lines can be
separately identified. Presumably there is a degeneracy for one of these, so that

TABLE I
255i CHEMICAL SHIFTS ¢ FOR D4 and D's

D's D's
5(Si) (ppm) Splitting (Hz) 5(Si) (ppm)
—32.39 —34.45
Zeaart 0.5 : —34.55
—32.68 —34.61
32691 0.2 —34.68
—33.02 —34.73
—34.75
—34.77
—34.83

—34.85

@ Obtained indirectly (with respect to the signal of Me4Si) as deseribed previously [71.
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TABLE 2
295i CHEMICAL SHIFTS FOR THE ISOMERS OF [MePhSiOls

Isomer Environment =z)? 5(Si) (indirect) ¥ (ppm) 5(Si) (direct) € (ppm)
m - A ‘19 866 579.8 —30.41 ) —30.42
v B 19 866 583.4 —30.23 —30.25
AorcC 19 866 582.4 —30.28 —30.29
CorA 19 866 581.9 —30.30 —30.33
v 0B 19 866 585.6 —30.12 —30.11

VI , C 19 866 581.0 —380.35 —30.33

@ Frequency for a field such that the protons in Me4Si resonéte exactly at 100 MHz {11]. b Obtained via
= as described previously [7]. € Obtained directly with respect to the 29sj signal of internal MesSi.

the sample contains a complete mixture of isomers, as for D';. However, the
spectrum cannot be readily assigned as a triplet with further fine structure, and

it appears that long-range effects are relatively more important than is the case

for D’',. It is tempting to suggest that the three lines at highest frequency represent
A (or C) environments, the next four are of B type, and the last two are C

(or A) type with a degeneracy, but this is only one of several possible assign-
ments, albeit the most likely. Definitive assignment would require separation

of the isomers. The resonances for the central D’ units ¢f a long-chain linear
polymer would also occur [2] in this region of the spectrum (see Fig. 1).

The availability of separate isomers of [MePhSiO]4 has enabled a detailed
investigation to be made. The number of ?°Si—{'H} peaks observed in each
instance is as expected, confirming the published structures, and the shift
information is given in Table 2. The pattern of shifts is reproduced in Fig. 2.
Two facts are immediately apparent:

(a) The total spread of frequencies is appreciably less than for [MeHSiO],,
and it is clear that the D’ unit is particularly good for showing nearest-neighbour
asymmetry influences on chemical shifts. Presumably it would not be easy to
resolve taeticity splittings for linear silicones containing the —O,,,Si(Me}(Ph)Oy,s—
unit.

(b) The shift effects are not even remotely additive. There is, in fact, no
discernible pattern to them. This is presumably an indication that steric or
electronic influences distort the molecular structures. This reduces the value of
the data as assignment aids, for example it does not allow the A-type and C-
type peaks for D’; to be unambiguously distinguished.
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Fig. 2. Silicon-29 chemical shift pattern for the isomers of [MePhSiOla. The dashed lines refer to isomer
IV. See the text for further explanation.
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* Fig. 3. 19.87 MHz 295;— {IH } spectrum of a sample of [MeViSiOlz of unknown isomeric composition.
The spectrum was obtained from the accumulation of 4223 transients.

Holzman et al. [10] have reported the shift of [MePhSiO], (an unspecified
isomer, or perhaps a mixture) as 6(Si) —32.0 ppm. This result is not in very
good agreement with our data. The earlier authors did not mention any splitting
of their peak.

The data for the [MePhSiO], isomers was of some value in interpreting the
29Gj spectrum of a mixture of [MeViSiO], isomers of unknown composition
(Fig. 3), the chemical shifts for which are given in Table 3. Since four distinct
peaks are seen, the sample must contain isomer IV plus at least one other
isomer. In fact it is regarded as unlikely that the sample is other than a random
mixture of isomers. This implies that there are several degeneracies in the
spectrum. It is probable that each of the higher-frequency pair of peaks consists
of two superimposed lines with intensity ratio 2 : 1, giving intensity ratios for
the four observed peaksas 3:3:1: 1.

The two isomers of [MePhSiO]; were also studied. In this case isomer II was
studied first, giving two lines with a 2 : 1 intensity ratio. The more intense peak
(environment) B is at = = 19 866 773 Hz (6(Si) —20.66 ppm), and the second

TABLE 3
29Si CHEMICAL SHIFTS ¢ FOR A SAMPLE OF [MeViSiOls

=z b &(Si) (ppm) ©

19 866 535.4 —32.65

19 866 534.9 —32.67 19 866 534.9
19 866 533.7 —32.73 T

19 866 533.3 —32.75

2 See Fig. 3. b Frequency for a field such that the protons in Me,Si resonate exactly at 100 MHz [111.
€ Obtained directly via = as described previously [7].
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-peak is 0.7 Hz to low frequency. Since the solution concentration for isomer II was
‘unknown, isomer I was then added to the same NMR tube so that relative solvent
effects were minimised. The peak due to I was found to be nearly superimposed

" on the weaker of the two peaks due to II. There was a small shift arising from
concentration changes, the peak due to isomer I being at §(Si) —20.67 ppm,
with those due to isomer IT being 0.3 and 0.9 Hz to higher frequency. It will be
‘noted that the shift effects due to nearest-neighbour configuration for [MePhSiO];
are smaller than those for [MePhSiO];. The C- and A-Type environments give
signals to low frequency of the B environments for both [MePhSiO]; and
[MePhSiO],. The isomers with n = 3 resonate to substantially higher frequency
than those for n = 4, as is the case for [Me,SiO]; (6(Si) —9.2 [8], —9.12 [9]
ppm) and [Me,SiO1, (8(Si) —20.0 [8], —19.51 [9] ppm).

A mixture of isomers of the cyclopentasiloxane [MePhSiO]; showed seven
resolvable peaks of varying intensity in the 2°Si—{'H} spectrum between
8(81) —32.77 and —32.39 ppm. It did not prove possible to assign these signals.
The total range (7.5 Hz) is comparable to that for [MeHSiO]s (8.0 Hz), in
contrast to the corresponding cyclotetrasiloxanes.

The examples studied show that contraction of the ring from five to four
siloxane units causes deshielding at 2°Si of between 1.8 and 2.8 ppm, which may
be compared with the ca. 10 ppm deshielding caused by further ring-contrac-
tion to three siloxane units.

Experimental

The mixed sample of D', and D’s, and the sample of [MeViSiO], came from
the Silicones Operations Group, I.C.I. Ltd. (Organics Division). The isomeric
[MePhSiO],, compounds were prepared by hydrolysis of MePhSiCl,. Distillation
under reduced pressure gave [ MePhSiO];, [MePhSiO]s and [MePhSiO];s fractions
as mixtures of stereoisomers. The individual isomers of [MePhSiO]; and
[MePhSiO], were separated as described previously [6]. For all the compounds
CsDg was added to provide a 2H signal for field/frequency locking and referenc-
ing, and to provide a solvent. In the case of the isomers of [MePhSiO], only, a
consistent concentration was used, viz. 67.8% w/v in ca. 10% CsDs/CsH,, with
tetramethylsilane added (to the extent of one-third of the volume of the solvent),
after spectra had been recorded once, to serve as an internal reference for a
second series of experiments. The samples were placed in 12 mm NMR tubes,
which were not sealed.

The ?°Si—{'H} spectra were obtained at 19.87 MHz using a Varian XL 100
spectrometer as described previously [1,7]. In general the spectra were obtained
using pulse widths of 15 us (corresponding to a flip angle of ca. 10°), acquisi-
tion times of 8 s, spectral widths of 250 Hz, and ca. 200 transients were record-
ed. The experimental parameters for the spectra of D’; and D's are, however,
given in Fig. 1. In most cases the chemical shifts were calculated indirectly, as
discussed in a previous publication [7]. All shifts §(Si) are quoted with respect
to the 2°Si signal of Me,Si, a positive number indicating that the sample resonates
to high frequency of the reference.

The spectra were all arbitrarily phased to give positive intensities; the nuclear
Overhauser enhancement factor was not measured.
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