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Low se nsitivi ty of z9S i N M R. s low z9S i re laxation. and ncga ti ve Overhausc r effec t seve rl y limit 
practical appliCa ti ons of 29Si NMR . T he need fo r the la rge amo unt o f the sample o r of spectro­
meter time is dramatically redu ced if the spectra can be recorded by I NE RT technique. It is shown 
that a sta nda rd se t of acq uisition pa rameters a llows routine measurements of proton decoupled 
z9Si NMR spec tra by IN EPT technique in trimethylsilyl derivatives of organic compounds 
with unknown structure. The IN EPT technique makes measurements of z9 Si chemical shifts from 
a s litle as 20 ~Imol o f co m pound practical. 

Low sensitivity of silicon - 29 to NMR detec tion I has been the major problem in analytical 
applications of 29Si NMR. Thcse applications arc based o n a strong dependence of 29Si chcmical 
shift o n structural effects in compounds conta inin g (C H3hSiO- or {CH3hSiN groups2.J 
Dcspite that such groups are casil y introd uced into functional organic compound s by sim plc 
trimcthylsilylation4

, the a nalytical potential o f the method could be expl o ited until recently onl y 
if a rela ti ve ly la rge a mo unt of the parent compound with unknown struc ture was available. 

Analytical applica tions require rccording of proton deco upled z9Si NMR spectra. In addition 
to the inherentl y low sensitivity of 29Si, efficiency of recording decoupled spectra is further reduced 
by nega tive nuclear Overhauser effect (N O E. due to nega tive magnetogyric ratio of 29Si nucleu s 
ls i) and by usuall y slow relaxa tion of 29Si nucleus. Two techniques are now in genera l uses for 
overcoming these factors in pul sed Fourier transform NM R: i) the use of relaxation reagents and 
ii) gated proton decoupling. Addition of a relaxatio n reagent to the sa mple is feared because the 
reagents are not necessa rily inert and shiftless and , a lso, the sample is contaminated with the added 
reagent. Therefore. ga ted proton decoupling is preferable for samples of unkn own structure, but 
that technique removes only the effect of nega tive NOE; the measuring time is still long since the 
problem of slow relacation remains. 

Recent ad va nces in NMR instrumentation has made possible the introduction of sophisticated 
method s for sensitivity enhancements. They all are based on a transfer of the large proton po­
larizatio n to nuclei with low magnctogyric ratio through the scalar spin-spin coupling. Since the 
optimum use of these enhancement techniques requires knowledge of the coupling constant the 
techniques are not thought to be suitable for routine applications when the coupling constants 
and line multiplicity are not known. However. we sha ll show here, that some of the enhancement 
methods can be applied on a routine basis to trimethylsil yl derivat ives of compounds with unknown 
structure. The use of these techniques, even not under the optimum conditions, leads to con­
siderable shortening of measuring time and dramatically expands the ran ge of possible ana lytical 
applications of 29Si NMR. 
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Thlee of the so far described polarization transf~ r methods allow FI D acquisiti on 
with proton decouplirg and arc not critically ~: eJl~itive to coupling constant estimates. 
The methods, usually known by their acro r. yms, arc : IN EPT. in sensitive nuclei en­
hallCed by polari za tion tran sfer b

- ", PR EP. populati on r~d i ~ tributi o I1 foreni1aneemcnt 
with proton deeoupliI' gIO, and DEPT. di,lOrtionle s ~ cnhanccmen t by polariza ti on 
tra ns fer " . We have chosen to try for the ro utine app lica tio ns the IN EPT technique 
since the corre~poI1dirg pu be sequen ce is simpler <.ln d Ie,s sensitive to erroneo us 
estimate of coupling constant than the PR EP technique; the DEPT meth od was not 
known at the o nset of our work. The resu lt s obtai.Jleci here fo r IN EPT ca n be extended 
to the DEPT technique which is in so me respect s 1 2 even superio r to IN E PT. 

RESULTS 

The INEPT pul se sequence used here (Fig. 1) inco rporates all the developments 
described in refs6 -

9 including the appropriate phase cycling. The equilibration time, 
(cq' assures telaxation of proton s, which is usually much fa ster than tha t of silicon. 
The optimum polarization tran sfer time , (pI' is 6 - 9 

(pI = 1/(2J ) , (1) 

where J is the value of the spin-spin coupling constant employed in the polarization 
transfer. The optimulll refocusing tim e, trcf, is 13

•
I4 

(2) 

'H TRAN5M. 

1Jl=-SCrLJ(~-e-c~-~~. ) 

2"si TRP.N5M. 
c-

FIG. 1 

The pulse scheme for INEPT. (The flip angle of the pul se is given above the pulse in degrees, 
the index indicates the phase. The distances and lengths are not to scale. The first dashed 29Si 

pul se was not used here) 
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3404 Schraml: 

(n is the number of coupled protons). Under optimum conditions (i.e. when the times 
'PI and t,ef are determined from the known value of J) the decoupled INEPT spectrum 
is enhanced by the factor 14 

(3) 

In trimethylsilyl derivatives the two-bond spin-spin couplings 2 JC9Si - C- l H) 
can be used for polarization transfer as already demonstrated for the case of hexa­
methyl disiloxane l5

• Then, the number of coupled protons 11 = 9 and EdoPI = 9,4, 
i.e. INEPT gives almost tenfold increase in signal intensity over "normal" recording 
with the same number of scans . The achieved enhancement per unit of time is even 
larger as fa ster proton relaxation allows to use teq shorter than the delay necessarily 
for 29Si relaxation in "normal" measurements. In our experiments teq varied be­
tween 1-4 seconds depending on the molecular weight and sample viscosity. 

Literature surveys 16 -19 of the reported 2 JC9Si-C_ 1 H) coupling constants 

indicate that they range from 6 to 9 Hz; lower values occuring only for silicon substi­
tuted by electropositive substituents, larger values are characteristic for silicon with 

two or mOle electronegative substituents. In (CH3)3SiO and (CH3)3SiN groups the 
couplings vary only within 6·5 to 7·5 Hz. In our routine applications we assume J' = 

= 6'7 Hz which corresponds to tp , = 0·07463 and t,ef = 0·01614 seconds. 

Fig. 2 demonstrates the improvement in signal-to-noice ratio achieved by the 
INEPT technique. The two spectra were measured in the identical sample in the_same 
total measuring time. The sample was O' 3M deuteriochloroform solution of hexa­
methyldisiloxane in which the two-bond coupling is J = 6·7 Hz (reUO), the enhance­
ment factor found for the same number of scans is somewhet larger (10'2) than the 
theoretical value apparently due to the fact that "normal" measurements were not 
optimalized. In other compounds in which the true coupling constant J differs from 
the assumed value 1', the enhancement factor is 

where L1 = (JIl') - 1 and A = arcsin (IItO .5. 

According to tlus equation the routine INEPT technique would yield spectra with 
signal to noice ratio worse than the "normal" technique only if the true coupling 
constant was either smaller than 2 Hz or larger than 12 Hz, which is far beyond the 
range of found values. We have also recorded good INEPT spectra of compounds 
in which the coupling constant could not be determined 19 supposedly because of 
quadrupolar effects of nitrogen. 
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Typical routine INEPT enhance ment for it compound wilh unknown values of 

co upling constants is shown ill Fig. 3. The sa mple was 0·5 ml Or O'IM deuteriochloro­

for m solution of 1,6-anhydro-2,3,4-lri-O-trimelhylsilyl-p-o-gllicopyranose , the total 

I11 casUling time was 18 minutes. Simple calculalion shows that using the sa me 

spectrometer and similar routine INEPT enhancement il would be fea sible to measu re 

29Si chemical shifts from as littl e as 20 ~ttll01 of the paren! compound in 24 hours. 

CONCLUSION 

The results show that the INEPT technique can be used for routine measurements of 

29 Si chemical shifts in trimethylsilyl derivatives of unkn own structure. The routine 

application is possible becau se the technique is not critically dependent on the values 

of coupling constants and because the 29Si lines in all trimethylsily derivatives have 

the same multiplicity and the coupling constants are not structurally sen sitive . Similar 

conclusion would apply to the DEPT technique. With these method s 29Si chemical 

shifts can be determined from as little as 20 I1mol of compollnd and thu s the two 

techniques remove the practical limitations for application of 29Si N M R to organic 

analytical problems. 

FIG. 2 

T he " normal " (a) and INEPT (b) 29Si NMR 
spectra ofhexamethyldisiloxane. (0'3M sol u­
tion in deuteriochloroform, for the details 
see Experimental) 
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FIG. 3 

The "normal" (a) the routine INEPT (b) 

29Si NMR spectra of ],6-anhydro-2,3, 4-tri­
-O -trimethyl silyl-~-D-gl ucOpyranose. (0'] M 

solu tion in deute riochloroform with 1% of 
hexamethyldisi lane as a reference, for details 
see the text) 
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EXPERIMENTAL 

All the spectra shown were obtained on a Varian XL-200 spectrometer operating at 200 MHz 
for proton and at 3'97 MHz for silicon with 50101 broad band probe. The " norma l" spectra were 
recorded using the standard S2PUL pulse sequence with gated proton decoupling to suppress the 
negative Overhallser effect. Delay of 15 s bet ween successive pulses was used with flip angle of 30° 
and acquisition time 1 s. Spectral width 4 kHz and zero data filling of FlO to 16 k of memory. 
Exponential weighting function was employed with line-broadening 1·6 Hz. 

The IN EPT spectra were measured with slightly modified standard pulse sequence provided 
by the manufacturer. The 90° observe pulse was 13 IlS. the 90° decoupler pulse was 63 IlS. The 
same data treatement as of "normal" spectra was utilized . 
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