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295i- and '>C-NMR chemical shifts are presented for the compounds of the type (CH4)3_ X,
.Si(CH,) ,H with various combinations of substituent X (X = C,H;, OC,H;s, OC(O)CH3,
and Cl), their number #, and alkyl chain length m (m = 1—5). Silicon-29 chemical shifts are
shown to follow general trends of the dependence on the total charge or on the number and
nature of the substituents on the silicon atom, the alkyl chain length playing only a minor role.
It is demonstrated that the silicon upfield shift due to a y-methyl group varies between is —0-9
and —1-8 ppm in the compounds, the silicon atom of which bears only one secondary carbon
atom. The '3C chemical shifts also follow the general dependence on the total charge. In the
trimethylsilyl derivatives methylene carbon chemical shifts correlate with the corresponding
shifts in carbon analogues and with those in hydrocarbons in which the trimethylsilyl group is
replaced by a methyl group. For the short alkyls (m = 1—3) the substituent chemical shifts of
various silyl groups depend on the alkyl chain length, @ and f effects seem 1o depend on the
number and nature of the substituents on the silicon atom.

In the previous papers!™® of this series we investigated the NMR spectra of com-
pounds having the general formula (CH,);-,X,Si(CH,),Y where the first atom
of the substituent Y had an NMR active isotope (**C, N, *'P, or *°F) and was either
p-bonded (benzene! and ethene® derivatives) or had unshared electrons (amines?,
mhosphines®, and fluorides®). Before proceeding further to study the compounds with
substituents Y like chlorine, hydroxy, alkoxy or acetoxy groups, the first atoms
of which cannot be studied by the NMR technique (or the lines of which are broader
than the chemical shift changes), it is necessary to examine first the compounds
with Y = H.*** Data on such model compounds have been sporadically quoted
before! ~¢ but only now they are presented in full.

* Part IX in the series NMR Study of Organosilicon Compounds; Part VIII: This Journal 43,
3202 (1978).

> Presented in part at XX Colloguium Spectroscopium International, Abstract No 383,
Prague 1977.

***  Note added in proof: Owing to editorial changes these studies were accidentally published
earlier (¢f. This Journal 43, 3365 and 3202 (1978).
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Alkylsilanes of the Type (CH3); _ X, Si(CH,), H 855

RESULTS AND DISCUSSION

The experimentally determined chemical shifts in alkylsilanes of the above type are
summarized in Table I. It should be mentioned that the now reported data were
obtained at the same time and by the same techniques as those discussed much
earlier’. In the meantime the measuring techniques have been greatly improved and
the precision increased. Occasionally, some other authors have reported chemical
shifts with a higher accuracy for some of the compounds described here. But for the
sake of consistency and in order to make comparisons possible, the data are present-
ed here as obtained earlier. Though the more precise pieces of data are in some
instances at difference with the values given in Table I they do not change the trends
discussed here.

29Si-Chemical Shifts

As it is apparent from the data in Table I, visualized in Fig. 1, the alkyl chain length m
has only a minor influence on the silicon chemical shift. Similarly as in other com-
pounds of this type' ~® the substituents attached directly to the silicon atom (e sub-
stituents) have the dominating influence on its shift. For this reason good linear
correlations exist between the chemical shifts in the corresponding compounds
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295i-Chemical Shifts, 5(>?Si), versus Number
n of Substituents X in the Compounds of the
Type (CHj);_oX,Si (CHp),H

1 m=1,2m=2and 3 m=23; 1—3
X = 0C,Hs, 1,2 X = Cl.

298i-Chemical Shifts, &(2°Si), versus Al-
kyl Chain Length m in the Compounds
of the Type (CHjz);_,X,SiR where R =
= (CH,),,CH; (Me = CH, and Et = C,H;

1 (Et0);SiR, 2 Me(Et0),SiR, 3 Me,SiR,
4 Cl3SiR, 5 Me,(EtO)SiR.
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of different chain length m. The 2°Si-chemical shifts in ethoxy(methyl)alkylsilanes
fit the U-shaped dependence on the total net charge on the silicon atom (Qy; in Ta-
ble II) (as calculated according to the Del Re method described earlier® and justified
theoretically?).

If, instead of studying the dependence of the shift on the nature of the substituent X
and their number n (Fig. 1), one follows the dependence of the shift on the alkyl
chain length m for the fixed X and n as shown in Fig. 2, the trends in substituent
chemical shifts (SCS) of the terminal methyl group on ?°Si-chemical shift are readily
apparent as the vertical distance between the two consecutive points. Numerically,
the methyl SCS values, 4 (*°Si), are given as

A(**Si) = 8(°Si in (CH,);_,X,Si(CH,),H) —
—8(*Si in (CHj)3-nX,Si(CH,),_ H) .

In analogy to '3C-NMR spectroscopy in which simple direct additivity of SCS
values is usually well satisfied®, the SCS values for m = 1, 2, and 3 are called the
o, f3, and y effects, resp., of the methyl group. Nonadditivity of the « effects of various
substituents on the silicon chemical shifts (which is also apparent from Fig. 1) has
been recognized in early studies of 2°Si-NMR (ref.”'%) and relatively recently
a pairwise additivity scheme was suggested by Vongehr and Marsmann'' (and later
theoretically justified by Radeglia'?) to take account of the effects of the directly
attached substituents. The « effects of methyl groups could not be evaluated for all
the compounds studied here since the data for the corresponding silicon hydrides
were not available. The effects in trimethyl and trichloro derivatives are considerably
different.

The (B and y) effects of electronegative substituents (like F (ref.#), Cl (ref. '3),
NH, (ref.?) or OC(O)CH; (ref.">!*) on the silicon shielding were shown to de-
pend on the nature and number of the o substituents X (directly bonded to the silicon
atom). The present data demonstrate that it is also so for the § effect of the methyl
group. The y effect is, however, in all the investigated compounds of the same sign
(i.e. negative or upfield shift) and varies between —1-8 and —0-9 ppm only. (In con-
trast, the y effect of chlorine varies between —2-0 to —6-4 ppm.)

The y effect of the methyl group has received considerable attention in :*C-NMR
spectroscopy. In molecules without any sterical hindrance and with flexible methylene
chain connecting the observed carbon with the y methyl group the y effect amounts?*
to about —2-5 ppm which is about 2 times larger effect than that observed on the
silicon. The y effects on the silicon shielding of such large magnitude (—2-7 ppm) were
observed by Harris and Kimber!®in compounds of the type R;SiH and also by Maciel
group'” who found the y effect of —2ppm in tetraalkylsilanes (actually, those
which contained y methyl groups were either of C,H;SiR; or of (C,Hs);SiR type).
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Since the latter authors!” noticed roughly additive effects in tetraalkylsilanes, Har-
ris!® collated 18 pieces of data and treated them according to equations similar
to those of Paul and Grant'® for **C-chemical shifts (including correction terms for
branching at the observed and o nuclei). Though with such corrections direct com-
parison of the effects is difficult, the obtained y effect of methyl group, —2-24 ppm,
is still Jarger than that observed here. Since among the nine pieces of data which
affected the value of the y effect only two were derived from the compounds of the type
(CH;);SiR while all the other compounds were either of (C,Hj;),SiR or R;SiH
type, it seems that a condition for observing the larger y effect is that at least three
secondary carbon atoms must be bonded to the silicon atom in question. One can
speculate that with three large alkyl groups the y effect is amplified by a gear motion
of the terminal methyl groups. It should be noted, however, that the y effects observed
on the silicon shift in trimethylsilyl derivatives should be compared with that ob-
served on carbon in analogous compounds, i.e. in tert-butyl derivatives rather

TabLE 11
13C-Chemical Shifts in the Alkanes of the Type R(CH,) H*

Carbon chemical shift 6

m R
Ca C-p Cy C-6 C-e R(C) R(CH,)

1 H —211

-C4H, 316 28:0™ - 316
2 H 5-9 59

t-C,H, 365 85 303 28-7
3 H 156 16:1 156

t-C4H, 473 181 151 306 295
4 H 132 250 250 13-2 ’

t-C,Hy 441 27-0 237 139 301 29-2
5 H 137 22:6 345 22:6 137

t-C4H, 44:4 24-4 33-0 22-8 13-8 302 29-2

H* 11-5 31-6 29-9 21-9 -

t-CoHg? 42:0 339 28-9 22:5 - 301 29-3
6 H 139 22:9 32:0 32:0 22:9

H® 141 20-7 41-8 27-8 225

% The values for the alkanes with R = H converted from the original datal’ using 8(CgHs) =
= 128-7, those for the alkanes with R = t-C,Hg were taken from ref.!?. ® The carbon’s position
is relative to the substituent R. € Isomeric compound of the structure H—CH,CH,CH(CHS,),,
data from ref.!?. ¢ Isomeric compound of the structure (CH,);C—CH,CH, CH(CH,),. € Iso-
meric compound of the structure H—CH, CH, CH, CH(CHj,),, data from ref.19,
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than in the linear alkanes. Using the data on '*C-chemical shifts in 2,2-dimethyl-
butane and 2,2-dimethylpentane (Table III), the y effect of the terminal methyl
group appears much different (+0-3 ppm) from the value usually quoted?®. But,
nevertheless, there is no apparent clear relationship between the 2°Si chemical shifts
in trimethylalkylsilanes and the '*C-chemical shifts in analogous tert-butylalkanes
which both vary only little. Obviously, many more data on varied classes of organo-
silicon compounds are needed in order to evaluate the true values of y substituent
effects.

The importance of the y effects in *3C-NMR spectroscopy stems from its steric
origin which is conveniently demonstrated2® by the difference in the methyl carbon
shifts in cis- and trans-2-butene. Exactly analogous compounds of silicon have not yet
been investigated, but we have shown?! that different silicon chemical shifts are
observed in cis- and trans-bis(trimethylsilyl)ethenes. Hence, it seems very likely that
the y effects of methyl group on the silicon shielding is also of steric nature.

13C-Chemical Shifts

Similarly as the 2°Si-chemical shifts, the ! 3C-chemical shifts in the studied compounds
fit the described®** approximate (linear) correlations of the shift with the total net
charge on the carbon atom (Qc in Table II) calculated by the Del Re method from the
parameters given earlier®. Considerable deviations from the correlation line which
occur for methylene carbon chemical shifts are in agreement with the complex
nature of the shielding, while the correlation with the Del Re net charges takes
only inductive influences into account.

In contrast to silicon chemical shifts, (methyl, o, and p methylene) carbon chemical
shifts in trimethylsilyl derivatives show good linear correlations with the shifts of the
corresponding carbons in tert-butyl derivatives as illustrated in Fig. 3. At the same

50 IJ(c) 30

JC)

20

FiG. 3 —F3
13C-Chemical Shifts of CH;, C-a, and C-B o
Carbons in Trimethylalkylsilanes versus the 30
Shifts of the Corresponding Carbons in Car- 0

bon Analogues (7 CHj, 2 C-a, and 3 C-8)
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time, the carbon chemical shifts in trimethylsilylalkanes show also linear correlations
with the corresponding shifts in alkanes wherein a methyl group replaces the tri-
methylsilyl group. Parameters of the linear correlations of the type

3(C—p)RSUSHD = g F(C—p)*™s 4 b

(where the index p runs through o, B,and y carbon atoms) are listed in Table IV. Similar
correlations have been found useful earlier by Roberts and coworkers?* for alcohols
and by Eggert and Djerassi’® for amines. A comparison of the parameters of regres-
sion lines for the three substituents shows that while the slopes are rather similar
(they are all in the range 0-8 —1-0) the corresponding intercepts for amino and hydro-
Xy groups are of the same signs, but those for the trimethylsilyl group are of oposite
signs. This observation is in agreement with the signs of the inductive effects of the
involved groups, but the fact that different signs are also observed on y carbon atoms
(the trimethylsilyl group deshields while OH and NH, groups shield) indicates the
complex nature of this carbon chemical shift to which certainly the paramagnetic §
effects of the three methyls of the trimethylsilyl group contribute.

It would be convenient, for the purpose of future comparisons, to have a method
by which the chemical shifts in the not yet measured alkylsilanes could be predicted.
Various mathematical schemes based on direct additivity of substituent effects
have been used in this respect with considerable success in *C-NMR spectroscopy.
Limited number of data and their precission do not allow a similar mathematical
treatment of the present data as applied by Grant and Paul'® to alkanes or more
recently by Rakita and coworkers?®~2° to other organosilicon compounds. For tri-
methylsilyl derivatives the above correlations can be employed for this purpose
but for other derivatives it is necessary to resort to substituent chemical shifts (SCS),
i.e. to use the effects caused by replacement of a hydrogen atom in a hydrocarbon
by a silyl group. Table V gives the SCS values as calculated from the data in Tables I

TABLE 1V
Parameters of Linear Correlations 6(C— p)(CH3)3SIR — 4 §(C—p)CHsR 1 p

P° a b, ppm » No¢
o 1-0t —6'79 0-990 6
B 1-00 —9:03 0-994 5
¥ 0-90 +593 0-999 4

@ Position of the carbon atom relative to the substituent ((CH3)3Si or CH; group). b Correla-
tion coefficient. ¢ Number of da‘a points.
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TABLEV
13 C-Substituent Chemical Shifts®

Effects®
Substituent R m°
a B ()
(CH3),c! i 337
2 30:6 2:6
3 317 20 —05
4 30-9 20 —13(—07)
5 307 18 —15 (02
(C,Hg),C? 1 253
2 21-2 12
(CH3),Si 1 21
2 1-9 03
3 4-0 15 2:6
4 31 1-0 10 (0-2)
5 24 0-4 0-8 (—0-8)
5¢ 2:6 15 (0
(CH3),(C,H;0)Si 1 2-1
2 2:3 05
3 37 0-8 2:4
4 24 —01 0-6 (~—0-4)
CH,4(C,H;0),Si 1 —14
2 =02 0-4
3 09 0-4 2:2
4 —03 —05 0-4 (—0-3)
(C,H;0),Si 1 —53
2 =34 02
3 —24 05 1-8
4 =37 —07 0-0(—0-8)
(CyHg),Si 1 —49
2 =3l 1-0
(CH,),CISi 1 53
2 52 06
CH,Cl,Si 1 89
2 89 0-8
Cl3Si 1 11-8
2 12:0 0-8
3 117 0-7 15

“SCS values in ppm calculated as SCS = §(R—(CH,),H) — (H—(CH,)H), positive values
indicate paramagnetic shift due to the substituent R. Data in Tables I and III used in deriving
the SCS values. ® m is the alkyl clain length H—(CH,),,H or R—(CH,),,H. € The effects (SCS)
are labelled according to the carbon’s position relative to the substituent R. 4 Data from ref.!?
used. ¢ Data for the isomeric compound of the structure (CH,),SiCH, CH,CH(CH,),.
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and III, for the substituents studied here. As it is apparent from Table V, the SCS
values of all the investigated substituents are for the first or the first two homologues
(m = 1, 2) different from those found in the longer alkyl chains. The same was also
found in amines?, alcohols?%, and sulphur derivatives®?; in general, the trend in the
effects can be described as increasingly diamagnetic with increasing alkyl chain
fength or with increasing number n of electronegative substituents on the silicon atom
(xand B effects) but there are exceptions to such simplifying description. It should be
noted that the y effects of all silyl groups are downfield while tert-butyl or methyl
groups show upfield y effects as demonstrated by the y effect of tert-butyl group
in Table V and by about 2-7 ppm (average) upfield shift of methyl carbon on the
silicon atom in ethane derivatives (m = 2) as compared with methane derivative
(m = 1) in Table I.
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