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Abstract: 
2 1 
H/ H isotope effects on 

13 
C chemical shifts in toluene-a-d3 and relat- 

ed compounds are reported and discussed in terms of hyperconjugation 

It is generally agreed upon that secondary deuterium isotope effects on reaction 

rates are of vibrational origin. 1) On the other hand, Halevi 2) has introduced a 

model that treats these effects in terms of inductive and hyperconjugative contri- 

butions as if they were conventional substituent effects. Notwithstandingthe true 

physical cause of the observed phenomena, Halevi's model is attractive as it al- 

lows to rationalize the experimental findings in familiar chemical terms. 

NMR isotope effects are also of vibrational origin and it seems that for those 

over one bond a satisfactory theoretical treatment is available. 3) On the other 

hand, NMR isotope effects over more than one bond are still not fully understood, 

and it is unlikely, at least in the majority of cases encountered, that these 

effects can be predicted from simple considerations of shifts in the frequencies 

of localized vibrations. The Halevi model is thus an attractive alternative and 

in fact has already been used by Maciel 4) in discussions of NMR isotope effects. 

More recently, the hyperconjugative mechanism has been advanced to explain re- 

suits for carbenium ions 5) and a few data for cyclophanes. 6) This prompts us to 

report here data from a more systematic study on unsaturated neutral systems und- 

ertaken in our laboratory after the discovery of negative (downfield) 2H/1H NMR 

isotope effects on 
13 
C chemical shifts over three and four bonds in saturated sy- 

7) 13 
stems. Clearly, the study of long-range deuterium isotope effects on C chemi- 

cal shifts is now greatly facilitated through the increased availability of super- 

conducting high-field NMR spectrometers. For obvious reasons, these parameters 

are of special interest to organic chemistry and further investigations of their 

relation to chemical structure seem rewarding both for possible applications and 

a better understanding of the mechanisms involved. 
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In the present communication we describe data for a-deuterated toluenes Cl-j), 

ethylbenzene-a-d, (2)~ and cumene-a-d, (2). l3 C NMR spectra were obtained at 

100.6 Hz using mixtures of the deuterated (D) and the isotope-free (H) system. 

The spectral assignments of the parent compounds are known 4b) , those for their 

deuterated counterparts could easily be established from the observed 13C,2H 

spin-spin splittings. In cases where these were not resolved, a second measure- 

ment with different D/H ratio was always sufficient. Further experimental de- 

tails are given in Fig. 1 that shows the spectrum of toluene-a-d,/toluene. The 

observed isotope effects for i-5, are collected in Table I. 

R : 
R = CD, 4 = R = CHDCH, 

R = CHD, 5 = R = CD(CH,), 

3 = R = CH,D 

From an inspection of Table I it is immediately clear that negative isotope ef- 

fects are observed for positions wherehyperconjugative interactions are involved. 

Following Halevi 2) and others8' , the less effective electron release of the C-D 

as compared to the C-H bond leads to deshielding effects in the ortho- and para- 

position (C-2,6 and C-4, respectively). The shift in the ortho-position is less 

negative since here the "normal", mostly positive 3,7) , through-bond isotope ef- 

fect operates in addition to the hyperconjugative contribution. Both effects are 

zero in the meta-position (C-3,5) and it is reasonable to assume that the para- 

effect is mainly of hyperconjugative nature (see below). With interest we note 

c-3,5 

C-l 5 "co, (H) 

H D C-2,6 A c-4 

Fig. 1. 100.61 MHzi3C-FT-NMR spectrum of the aromatic carbons of a mixture of toluene-cY-d, 
and toZuene (3:1, 1:l for C-4) in CDCl, I1 molar) with isotope effects nA over n bonds; 
scale 2 Hz/division; H broadband decoupling; digital resolution >0.02 Hz IFT-NMR spectrome- 
ter Bruker WH 4001. The resonance of C-4 was resoZved with Gaussian multiplication,3A at 
C-2,6 was determined from the frequency difference between the center of the outer lines 
and the center line at various ratios of the two compounds. 
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Table I 
benzene 

2 1 
H/ H Isotope Effects on 

13 
C Chemical Shifts in Toluene, Ethyl- 

; and Cumene (in parts per billion, ppb) ; exp. error ~0.4 ppb or 
less, positive values are shielding effects 

0-R C-l C-2,6 c-3,5 c-4 C-a C-D 

R = -CD, +104.9 - 1.6 0 -12.1 +825.5 ___ 
= -CHD, + 69.2 - 1.1 0 - 8.0 +550.8 ___ 
= -CH,D + 34.1 - 0.2 0 - 3.9 +275.5 --- 
= -CHDCH, + 29.3 + 2.0 0 - 2.1 +349.1 + 81.1 
= -CD(CH,), + 29.6 +14.3 0 0 +434.4 +109.4 

that Maciel" was able to detect a small downfield isotope effect of similar 

magnitude (-10 ppb) as that for C-4 in 1 on the 
19 
F resonance of p-fluorotoIuene- 

a-d3, which he attributed to an isotope-induced perturbation of hyperconjugation. 

It is further important that all isotope effects in I-2, including the negative 

ones, are within exp. error strictly cumulative with respect to the number of 

deuterons involved. 10) 

Turning now to the methyl-substituted systems 2 and $, the ortho-effect becomes 

increasingly positive and the papa-effect is diminished and finally vanishes. 

Even without detailed knowledge of the population of the different rotational iso- 

mers present we can assume that the C,-D bond in the series z/$/z increasingly 

occupies a position less favorable for hyperconjugation as indicated by the Newman 

projections A and B. The observed changes of the isotope effects in ortho- and 

para-position are thus best explained as being of conformational origin: hyper- 

conjugation is reduced and the normal through-bond effect remains. This view 

is supported by the experimental finding that for cumene conformation B (D=H) 

is preferred. 11) 

Further support for the dual mechanism proposed for NMR isotope effects comes 

from data for rigid systems observed in our laboratory. 12a) For indane-a,a-d2 we 

measured the following isotope effects (in ppb): 
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The larger negative shift at position 6 is understood as the sum of the hypercon- 

jugative contribution and the negative through-bond effect found for cyclopen- 

tane": -37 + 2 x (-12) = -61, in excellent agreement with the observed value. 

Finally, we would like to point out that long-range isotope effects are also ob- 

served for situations where hyperconjugation is not involved. The data (in ppb) 

for phenylacetylene-B-d,, toluene-4-d,, and ethylbenzene-P-d3 selected from un- 

published results derived in our laboratory may serve to illustrate thispoint: 12b) 

t 7.6 32-D Dv3 (=&-CD3 + 12.6 

In our opinion it seems, therefore, at present too early to propose 21-I/1R iso- 

tope effects on 
13 
C chemical shifts as probes for hyperconjugation, but further 

investigations along these lines are certainly encouraged. 
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