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The Use of Nuclear Magnetic Double Resonance to Study Reversible 
Intramolecular Processes 

By I. C. CALDER, P. J. GARRATT, and F. SONDHEIMER 
(University Chemical Laboratory, Lensfield Road, Cambridge) 

WE report the use of nuclear magnetic double 
resonance to detect proton exchange between non- 
equivalent sites in a slow reversible intramolecular 
process. 

perdeuterotoluene at 100" shows a single band at  
T 4.5. On cooling, the band broadens, disappears 
a t  ca. 60", and at  20" two new broad signals have 
appeared at  7 13.0 and 1.2 (Figure la). On further 

The n.m.r. spectrum1 of [18]annulene ( I ) a  in cooling these bands are resolved, and at  -660' 
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appear as a high-field quintet (7 14.22, 6 inner 
protons) and a low-field quartet (7 0.75, 12 outer 
protons) .3 

When the high-field absorption band of (I) is 
irradiated a t  -60°, in a double irradiation fre- 
quency-swept experiment, the low-field quartet 
collapses to a singlet. Under the same conditions, 
irradiation of the low-field absorption band causes 
the collapse of the high-field signal to a broad 
singlet. However, when these experiments are 
performed at  ZOO, the absorption due to the non- 

H H  

proton to the position of an inner proton, before 
spin relaxation has completely occurred. 

N.m.r. studies of the hindered internal rotation of 
p-nitrosodimethylaniline (11) have been reported.616 
We have investigated the effect of double irradia- 
tion on this compound. 

In  perdeuteroacetone, at  -60°, the spectrum of 
the aromatic protons of (11) consists of a low-field 
doublet (T 1.12, H3), and a double doublet (T 3.07, 
H2) and a multiplet (T 3.39, H6, H6) at  higher field.6 
A t  -6O", normal decoupling occurs, and the 
observed changes in the spectrum support the 
above assignments. Figure 2a shows the spectrum 
of the aromatic protons of (11) at  -2OO. '  Irradia- 
tion a t  the frequency of the HS, H6 absorption 
causes the disappearance of the low-field (H3) band 
(Figure 2b). Irradiation at  the frequency of the 
H3 absorption causes the virtual disappearance of 
all of the Ha, H6, H6 signals (Figure 2c). Since 

H H  

irradiated signal completely disappears (Figures 
lb, c ) . ~  At temperatures between 20" and -60", 
effects intermediate between these extremes are 
observed; as the temperature is lowered, the non- 
irradiated signal appears as a decoupled singlet, 
the intensity of which increases with decreasing 
temperature. These observations are due to the 
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FIGURE 2 : The lH resonance frequency-swept spectrum of 
p-nitrosodimethylaniline in (CD,),CO at - 20". 

(a) With no double irradiation. 
(b) With strong irradiation at the H6,H6 frequency. 
(c) With strong irradiation at the HS frequency. 
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FIGURE 1 : The lH resonance frequency-swept spectrum of 
[18]annuZene in C,D,CD, at 20'. 

(a) With no double irradiation. 
(b)  With strong irradiation at the high-jield frequency. 
(c) With strong irradiation at the low-field frequency. 

transfer of an irradiated inner proton to the 
position of an outer proton, or an irradiated outer 

rotation of the nitroso-group converts H3 into 
H6, irradiation at the frequency of the H3 
absorption leads to the saturation of the H6 signal. 
As H6 and H6 have almost identical chemical shifts 
and are strongly coupled (J5,6 = 9.1 c./sec.),6 
saturation of H6 will lead to saturation of H6 due to 
spin-spin interaction.* The rotation of the nitroso- 
group interconverts H2 and He, and thus saturation 
of H6 is equivalent to saturation of H2. Hence, 
provided that the rate of rotation of the nitroso- 
group is faster than the relaxation process, irradia- 
tion at  the frequency of the low-field proton 
absorption will lead to disappearance of the high- 
field aromatic resonance. 

In  deuterochloroform, at -6O", the spectrum of 
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the aromatic protons of (11) consists of a low-field 
double doublet (7 1.19, H3), and a multiplet 
(7 3.25, Ha, H5) and a double doublet (7 3.55, H6) at  
higher field.6 At -60", normal decoupling again 
occurs, and the changes in the spectrum support the 
above assignments. Figure 3a shows the spectrum 
of the aromatic protons of (11) at  - Z O O . '  Irradia- 
tion at  the frequency of the Ha, H5 absorption 
causes the disappearance of the low-field (H3) band 
(Figure 3b). Irradiation a t  the H3 frequency 
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FIGURE 3 : The 1H resonance frequency-swept spectrum of 
p-nitrosodimethylaniline in CDC1, at - 20". 

(a) With no double irradiation. 
(b) With  strong irradiation at the Hz, H5frequency. 
(c) With  strong irradiation at the H3 frequency. 

approximately halves the intensity of the Ha, H6 
band, but leaves the H6 signal essentially un- 
changed (Figure 3c). Rotation of the nitroso- 
group converts H3 into H6, and thus irradiation at 
the frequency of the H3 absorption leads to the 
saturation of the H5 proton signal. In this case, 
however, H5 and H6 do not have nearly identical 
chemical shifts, and therefore saturation of H5 does 
not lead to saturation of H6. The H6 and H2 
protons do have nearly identical chemical shifts, 
but the spin-spin interaction is small (J2,5 = 0 c./ 
~ e c . ) , ~  and hence saturation of H5 does not result in 
saturation of the Ha resonance. Irradiation at  the 
position of the low-field absorption will thus only 
result in the removal of the H5 signal. 

Double-irradiation experiments on substituted 
[ 18]annulenesg suggest that spin-spin interaction of 
protons with nearly identical chemical shifts is an 
important factor in the disappearance of the non- 
irradiated signals in these compounds, and thus 
probably in [ 18lannulene itself. 

The presently described intramolecular exchange 
phenomena are comparable to the recently 
described intermolecular processes.lo The double- 
irradiation technique should provide an additional 
method for the investigation of slow reversible 
intramolecular processes between nonequivalent 
sites. The method, of course, is difficult to apply 
in those cases in which the chemical-shift difference 
of the protons in the two environments is small 
(e.g., ring inversion in saturated six-membered 
rings) .l1 
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