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13C and 29Si NM R chem ical ~h irt s are reported fo r ,cveral I-trimethylsiloxycycloalkenes and 1,2-
-bis(trimethybiloxy)cycloalkcnes, (C H.3)3SiO),C,J12n _ 2 _ x (x = I, 2), dissolved in hexa deute rio­
acetone. Several correlations of tile cilemical , hifts with structural parameters (ring size, inter­
atomic distances ele.) arc noted and an atte mpt is made to ex plain the found strong dependence 
of the 29Si chemical shifts on the ring size. Steric crowd in g with the nearest CHo group drives 
the trimethylsilyl group Ollt of the double bond plane and thus causes ,teric inhibition of the 
resonance of unshered oxygen electron pairs wi th electrons of the double bond . Since the crowding 
becomes more accute with increa, ing ring , ize, the rin g size is in this way projected into the chemi­
cal shifts of silicon and olef1nic carbonsThis mechanism provides a united interpretat ion of all 
observed NMR chemical shifts. 

The very first investigation of 29Si NMR spectra J has revealed con siderable sensitivity 

of the silicon chemical shift to the structure of siloxanes, namely to the ring size 
of cyclosiloxanes. Subsequent ~tudies2- 4 have shown that high structural sensitivity 

is not limited to siloxanes but it is found in a general class of (CH 3)jSiOR com­
pounds. This finding has led to analytical applications of 29Si NMR spectroscopy 
to trimethylsilylated derivatives of carbohyd rates2

.
5

•
6 and other polyfunctional 

compounds7
. 

In the course of our investigation of limits of possible analytical utilization 
of 29Si NMR we have investigated a series of trimethylsilyl derivatives of cyclic enols 

and endiols with different ring sizes. The found (see the preliminary communica­
tionS) strong dependence of the chemical shift of the exocycIic silicon on the ring 

size is not only of analytical importance but has some interesting consequences 
for the theory of 29Si chemical shift . The~e aspects and 13C NMR spectra of title 

compounds are discussed in the present paper. 

RESULTS AND DISCUSSION 

The experimental results for I-trimethylsiloxycycloalkenes (1) and 1,2-bis(trimethyl­

siloxy)cycloalkenes (II) are summarized in Tables I and II. 
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(CH') ,Si-O-C---....... 
II (CH 1 ) · 

HC ---------

1/ 

The strong dependence of 29Si chemical shifts on n in the compounds I and II 
was already reported and its potential analytical applications discussed 8 , lo. When 
looking for possible explanation of this dependence we noted several interesting 
facts and correlations. A similar dependence (though not so strong) exists for 13C 
chemical shifts of methyl carbons in I-methoxycycloalkenes (11 = 5, 6 and 8)11. 
Our 29Si chemical shifts can be linearly correlated with 13C chemical shifts 

of C(4) and CIS) aromatic carbons in benzocycloalkenes (data of ref.12), but while 
the shielding of the carbons decreases with increasing n the shielding of the silicon 
increases (both nuclei are in a ~ position to the branching carbon atoms). The 29Si 
chemical shifts in J and II do not show any obvious relation to the ring strain in cyclo­
alkenes (using the data of ref. 13). They exhibit, however, an acceptable linear cor­
relation with Taft's Es values of the corresponding cycloalkyls14 and a good linear 
correlation with the calculated non-bonding distances between cis olefinic protons 
in the parent cycloalkenes. The last two mentioned correlations suggest steric oligin 
of the observed dependence. 

All these observations and 13C chemical shifts in compounds I and II can be ex­
plained if the interpretation of NM R chemical shifts 15

, in trimethylsiloxy derivatives 
of acyclic alkenes is extended to cyclic compounds. This interpretation places the 
origin of the observed effects into steric interactions but the mechanim by -~liich they 
affect the chemical shifts is not a direct steric (through-space) interaction with the 
observed atoms. The chemical shifts, or the electron density distribution, are the 
results of competing mechanism which can be conventiently described by resonance 
scheme: 

III 

c- c 
/ / o 
I 

Si 

IV 

c= c 
/ / o 

II 
Si 

V 

Contribution of structure IVwhich is responsible for deshielding of the silicon atom 
and for the shielding of ~ olefinic carbon, strongly depends on rotamer population. 

s-Iralls s-cis s-gallche 
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Because of steric inhibiti on of resonance , structure J V is unimportant if the mole­

cu le is predominantly in a pure s-gauche confo rmati o n. In such a conformation 

TABLE I 

29Si and 13C NMR chemical shifts in I-trimcth ybil oxycycloa lkenc," 

Cycloalkene
b 

J( 29Si) 
1l 

4e 

5 17-82 
5e 

15·22 
6e 

7 14·87 
8 14·74 
8e 

---------- -----------

148·48 102· 15 20·01 34'39 
155·26 101· 55 28'67 21 ·25 33'49 
155·26 101 '39 29·08 21·57 33'89 

150·56 103·56 23'79d 23 '22d 22'46d 29'98" 
150'61 103·27 24·16 23·50 22·79 30'31 
15(, -46 107-85 28·Q3e1 25'42d 25'24d 3 I '69d 35·62 
153·20 104'72 30'96d 26'39d 25'47d 26· 39d 27'80el 

153' 19 104'63 28·05 26'60 25·87 31·25 25·65 

0·10 
- 0'57 

0'00 

- 0'21 
0'43 

- 0'24 

31 ' 10 - 0·11 

31'39 0'47 

" Chcmical shift s in J-scale, approximate error ± 0 ·02 ppm . b 11 is the number o f carbon atomS 
in the cycloalkene ring . e Taken from ref. 9 Meas ured in C6 D 6 , 29Si chemical shift s no t given. 
d Assignment of the lines with the sa me index in the raw is not determined ex perimentally. "The 
line coincides with one of hexadeu terioacctone lincs . 

TABLE II 

29Si and 13 C NM R chemical shifts in 1,2-bis(trimcthylsil oxy)cycloa lkenesu 

---~-------------~---------------------.--

Cycloalkeneb Je 3q 
J( 29Si) 

C(l ,2) C(3) C(4) C(5) C(G) C(7) CH3 

19·48 120·1 I 25· 86 25·86 - 0,17 

17· 60 130'47 30'32 16·8 1 30'32 0'31 
16· 15 132'25 29 ·87 23 ·45 23·45 29·87 0'39 
15·92 136·72 33·12 25·70c 30'55e 25·70 33·12 0·26 

14·88 133·1 I 31·26 28 ·90 26·44 26·44 28·90 0'72 
17·72 134' 15 30·95 25'26c 24·88 26' 41 24·88 0 ' 74 

10 14'62 133·56 29'14 26· 48 24'94c 20' 82e 20'82e 0'97 

12 15·56 134·75 28· 00 24'92c 24' 47c 24'18c 22'34c 0·70 

13 15·62 134·46 29'97 26'84c 26' 43c 26'33c 25'49c 0 ' 63 

a Chemical shifts in ,)-scale, precission ± 0'02 ppm. b 1l is the number of carbon atoms in the 
eycloalkene ring. c Assignment of the lines with the same index in the raw is uncertain . 
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the role of structures III and V increases with concomitant increase in 29Si shielding 
(lower (; va lues) and decrease of C p shielding. 

In cycloalkenes the C= C-C bond a ngle increases with /1 increasing from 4 to 6 
(in cyclobutene 94·0°, ref. 16

, in cyclopentene 111·5°, reL l7
, in cyclohexene 123·3°, 

ref. 18
). Larger C = C- C bond angle leeds to more accute ste ric interaction between 

the trimethylsilyl group and the nearest CH2 group (i .e. the interaction with C(Il) 
carbon in I and with C(3) or C(n ) carbons in II). The interaction is, of course, relieved 
by conformational motion of the trimethylsilyl group around the Ca-O bond. The 
more accute is the interaction, the farther is the trimethylsilyl group driven out of the 
double bond plane. As the stable conformation approaches that of s-gauche 
rotamer, the silicon becomes more shielded for reasons described above. In cyclo­
alkenes with larger rings (/1 < 7), the changes in the steric conditions are not so drastic 
and the steric interactions can be also relieved through the ring flexibility. For that 
reason the dependence levels-off for larger n values and the chemical shifts are cl ose 
to those in acyclic derivatives 1 5 . Small dip on the dependence observable for the 
cycloheptene derivative might be related to the fact that a "normal" 120° bond angle 
is assumed 19 for this compound (i.e. a smaller angle than observed in cyclohexene 1 8). 

This interpretation not only provides a satisfactorily account for the trend in 29Si 
shieldings but it also explains adequately the 13C chemical shifts and 13C substituent 
chemical shifts (SCS) induced by the trimethylsi loxy group (Table lIT). 

In monotrimethylsiloxy derivatives I the trimethylsiloxy group causes shielding 
of the olefinic ~ carbon Cs2 ). Only in cyclobutenc derivative the SCS(C(2») value 
approaches the values usually encountered in strain free vinyl ethers (approx. - 36 
ppm, ref.lI). In thi s derivative the small C = C-C bond angle allows the-Dulky tri­
methylsilyl group to assume conformation with dihedral angle <p between the C=C 
and O- Si bonds close to 180° (s-trans) and hence structure IV is important with 
increased electron density on C(2) carbon ato111. With increasing /1 this structure 
becomes less important and the SCS values algebraically decrease ; for n = 7 they 
reach the values found in acyclic derivatives. Varying values of SCS(C(n») reflect 
variations in geometry in the fragment CH2- C-O- Si. Comparison with the chemi­
cal shifts in I-methoxycycloalkenes indicates almost constant difference in the cor­
responding shifts in the two classes of compounds suggesting that already methoxy 
derivatives assume very similar conformations as the much bulkier trimethylsiloxy 
derivatives (constant SCS( C(n») values). Positive SCS( C(2») values can be caused 
by a contribution of structure V 

In bis(trimethylsiloxy) derivatives II the substituent chemical shifts of CHz carbolls 
adjacent to the double bond show again large variations irrespective whether eva­
luated for both trimetbylsiloxy groups combined or for the "second" group 
only. This variation in SCS values reflects similar changes in local geometry in the 
fragment CH2- C-O- Si as in compounds I. The substituent chemical shifts 
of olefinic carbons show also similar trends as in compounds I (because of numbering 
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sys tem , C(1) carbon in 11 should be compa red with C(2) carbon in 1 a nd vice versa). 
Similar interpretation of these shift s can be offered but as both o lefinic carbon 

a toms are at the sa me time CJ. and P carbons to the " fir st" and "second" trimethyl­
siloxy groups, the interpreta tion is complicated by other facto rs which affect the 

shifts of CJ. carbons and which are not yet fully understood . 
The above interpreta tion con sid ers the depend ence of 29Si cl:emica! shirt s on the 

ring size to be in fact a conformational dependence. ]f so, 2'lS i NMR could be used 

in conformational studies of simi lar systems. 

EXPERIMENTAL 

Preparatioll oj trimetiry lsilylated ellols (I) alld elldiuls crl) . All I-tr imcthy lsil oxycycloa lkenes(/) 
were prepared by trimethylsil yla tion of the co rrcspond in g ketones with chlorotrimethybilane 
in dimet hylformamide21 ) . Acyloin condcnsation 22 o f eth yl a lkaned ioa tes in the presence 
of chlorotrimethy lsil ane afforded der ivatives II. Purity of the prepa red co mpound s was checked 
by gas chromatography and their identity va rif"icd by ) Hand l3 C NMR spectroscopy. 

Sample preparation. T he sampl es wcre mea sured as 20 - 30% (V/ V) so lutions in hexad eutcrio­
acetone (Merck, Uvasol) with 5% (v / V) of hexal11et hy l d i ~ il a ne (HMDSS) added to serve as 

TABLE III 

1 3 C Substituent chemica l shifts (SCS) in duced by trimethybi loxy ancl trimethybil y l groups" 

Compounds 
-----.~.--.,.-~--- .------.----. - ---.. --- -- . -- -.--.--~.-.. ,-.--- ----- -

SCS(c(ll 12 ·5e 25·7 24-4 25 '0 24 ·0 

SCS(C(2/ - 33'8'" - 2S'0 - 22,6 - 23'6 - 24'5 

SCS(c(nl 4'2c J'9 5·5 7·2 6·2 

SCS(C(I/ 5'S - 4·9 - 5· 1 

SCS(C(2)d 9·2 1 J'6 I J'2 

SCS(c(nl 2·1 3'1 2'S 

II SCS(C( II )e - 28-4'" - 24'S - IS'3 - 19·7 - 20· J 

SCS(C(2/ J8'Oc 2S'9 2S·7 2S'9 2S'4 

SCS(C(3 »" 5'Sd 1·6 6· 1 5·1 _ f 

CSCS(C(l)9 - J5' 9 0·9 6·0 5'2 3'9 

CSCS(C(3»9 - 4'3 J '3 5·4 4·7 

a SCS values in ppm given as the chemical shift reJative to the corresponding shift in the parent 
compound. b Relative to the shifts in cycloalkenes given in ref. 2o

, precission ± 0'5 ppm. c Data 
taken from rer. 9 . d Relative to the shifts in l-meth oxycycl oalkenes, rer.)}. "SCS of the second 
(CH3h SiO group relative to compound J. f Assignment uncertain . 9 Combined SCS of two 
(CH

3
h SiO groups relative to pa rent cyc\oalkene, ref. 20 
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secondary reference. Precautions were made to prevent decomposition of the samples by moisture, 
the solvents were dried over ac tivated molecular sieve (Fisher Scientific, 4A grade), 5 mm NMR 
tubes were either sealed or closed by septum caps. 

Spectral measurements. 29Si and 13C NMR spectra were measured on a Varian XL-200 
spectrometer operating a t 39·7 and 50'3 MHz, respectively. The pro be temperature was 23 - 25°C. 
29Si F IOs were recorded using a flip angle of 30°, an acquisition time of 1 s, a delay of 5 s 
between the pul ses, and the gated incoherent (Chirp) proton decoupling in order to suppress 
the negative Overhauser elTec!. Typically 300 scans provided sufficient signal / noice ration with no 
need for exponential weighting. The spectra were referrenced to the line of HMOSS with 8 
(HMOSS) = - 19,75. With a spectral width of 4 kHz and zero filling of the data points to 16K, 
the chemical shifts were accurate within 0·02 ppm. J 3C NMR spectra were measured both 
with noice decoupling and single frequency off-resonance decoupling of protons. The spectra 
were refe renced to the line of the acetone methyl ca rbon with the chemical shift 8«CD3hCO) = 

= 29·20 (in this sca le the line of BMOSS occurs at 8(HMDSS) = - 2'9 1). A flip angle of 30° 
was employed together with acquisition time of 1 s and a 1 s delay between the pulses. Using 
a spectra l width of 14 kHz a nd z~ ro filling of the FJD data point s to 32K the chemica l shifts 
were reported with a n approximate error of ± 0 '02 ppm. 

The carbon chemical sllifts were assigned according to their value (Jp2 verSIiS sp3 carbons) 
and multiplicity in the off-resonance decoupled spectra (substituted versus unsubstituted car­
bons). The sp3 ca rbon line with the larges t shift value was assigned to the carbon adjacent to the 
double bond ; the remaining sp3 carbon-lines were assigned on the basis of intensity and symmetry 
consid eration and comparison with the spectra of unsubstituted cycloalkanes2o In the mono­
siloxy derivatives (I) tile carbon attached to the substituted olefinic carbon was ass umed to be 
the least shielded sp3 carbon. 

The alltirors are grote/ul to lvlr M. Svihla and lvlrs J . LneniCkovd, InJlilUte a/Chemical Process 
Fundamelllals, Prague, for carring out the chromatographic preparations. 
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