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Nuclear spin interactions not averaged by isotropic motions 
can be exploited for the study of molecular structure in solids. 
Internuclear distances have been precisely measured from 
dipolar interactions.1 However, such measurements require 
specific labeling of sites between which internuclear distances 
are determined. The preparation of such a specifically labeled 
sample is not trivial, and the number of spin—spin interactions 
measured for a single sample is limited. 

Multidimensional isotropic-shift correlated NMR increases 
the number of spin connectivities obtainable in a single 
experiment by introducing additional frequency axes. Actually, 
heteronuclear multidimensional NMR for isotope-labeled mol­
ecules has been successful in structural determination of large 
molecules such as proteins and nucleic acids in solution.2 This 
success is partially due to relatively easy preparation of 
uniformly labeled biomolecules. Recently, several methods 
have been proposed for broad-band magnetization transfer under 
magic angle spinning (MAS) conditions by spin—spin couplings 
in solids.3-9 Theoretical background and an overview of the 
methods are given in ref 1. These methods have been used in 
2-D isotropic-shift correlated NMR7-1 'for isotope-labeled mol­
ecules. We show that complete 13C and 15N assignments of 
organic solids can be performed by applying 13C homonuclear 
and 1 3C-1 5N heteronuclear 2-D dipolar correlation NMR to the 
uniformly labeled organic molecules. 

A 13C homonuclear dipolar correlation experiment was carried 
out with the pulse sequence shown in Figure IA. The two 
isotropic-shift evolution periods are connected by a 13C homo­
nuclear dipolar mixing period under the USEME sequence.3 The 
13C correlation spectra obtained for labeled adenosine are shown 
in Figure 2. The mixing time for 13C homonuclear magnetiza­
tion transfer was 1.2 ms, which was chosen for the spin pairs 
connected only with direct covalent bonds to give rise to cross 
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Figure 1. Pulse sequence for 2-D 13C homonuclear dipolar correlation 
(A) and heteronuclear 13C-15N correlation (B) under MAS conditions. 
The narrow and wide pulses represent Jill and n pulses, respectively. 
The initial magnetization is prepared by cross polarization (CP) from 
proton. In sequence A, magnetization is mixed among 13C spins by 
homonuclear dipolar interactions recovered with pulse sequence 
USEME, in which spin echo (SE) and magic echo (ME) sequences are 
synchronized with the sample spinning period rR under continuous wave 
(CW) decoupling. The phase cycle is 6\ = (-x, x), O2 = (x), and 
acquisition = (x,— x). The phases for the Jil2{6i) pulse and acquisition 
are further cycled according to CYCLOPS. The pulse phase Bi is shifted 
by 90° to generate hypercomplex data for phase sensitive detection. In 
sequence B, 15N magnetization is transferred to 13C with a TEDOR 
dipolar mixing sequence. The phase cycle is 0CP = (x, —x), 4>\ = (x, 
—x, —x, x), fa = (x), xp] = (x, —x), Ip2 = (x, x, —x, —x), and acquisition 
= (x). The phases for the Ji/2(ip]) and Ji(ip2) pulses and acquisition are 
further cycled according to CYCLOPS. The constant-phase jr/2 pulse 
immediately before CP cancels the initial 13C magnetization. The CP 
phase is changed for the pure-phase detection in t\. The phases of the 
carbon n pulses before nl2(xp\) and those of the nitrogen it pulses 
following x/2(4>2) are modulated so as to make a pulse train of 
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Figure 2. Purine (A) and ribose (B) regions of a 2-D 13C homonuclear 
dipolar correlation spectrum. The carbon-13 experiment was carried 
out for 20 mg of [13C, 15N]adenosine on an Otsuka Electronics CMX400 
spectrometer operating at a 13C resonance frequency of 100.1 MHz. 
Adenosine was uniformly enriched with '5N and 13C at 99% by the 
procedure in ref 12. The contact time for CP was 4 ms. The dipolar 
HOHAHA mixing (USEME) was carried out with a carbon if amplitude 
of 50 kHz under 5-kHz MAS. The 1H decoupling rf amplitude was 95 
kHz during the mixing period. The recycle delay was 40 s. The number 
of scans for an FID was 8. A complex data matrix 128(fi) x 512(^) 
acquired was zero-filled to a 1024 x 1024 matrix. A Gaussian window 
function was applied. A spinning sideband is indicated by the asterisk 
(*). A sequential connectivity is shown by solid lines. 

peaks. Since dipolar coupling constants between directly 
bonded nuclei are more than 4 times as large as those between 
nuclei not connected with direct covalent bonds, it is possible 
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Figure 3. 2-D 13C-15N dipolar correlation spectrum and corresponding 
1-D spectra obtained for 40 mg of [l3C,'5N]adenosine. The contact time 
for CP was 7.5 ms. The 13C and 15N if amplitudes were 42 kHz. The 
1H rf amplitude was 52 kHz during the 13C-15N mixing and acquisition. 
The number of scans for an FID was 16. Chemical shifts for 13C and 
15N are relative to hexamethylbenzene at 17.17 ppm and saturated ,s-
NH4CI at 27.34 ppm, respectively. The other experimental conditions 
were the same as those given in the caption below Figure 2. The atom 
numbering of adenosine and the signal assignments are also presented 
in the figure. The chemical shifts of the labeled adenosine are as 
follows: CK92.6), C2<75.4), C3<(71.5), C4<(85.1) C5<(63.2), N,(223.9), 
C2(154.8), N3(217.2), C4(148.5), C5(120.8), C6(155.6), N7(237.7), C8-
(138.1), N9( 172.5), and NH2(85.2). 

to find such a mixing time. Carbon connectivities in the sugar 
region are easily traced. Assuming that the signal at 92.6 ppm 
is the Cr resonance, we can automatically assign the other sugar 
carbon signals; the C5' signal should be a resonance at 63.2 ppm. 
Since three carbons C4, C5, and C6 in the purine are linearly 
connected by covalent bonds, only the C5 carbon has two cross 
peaks as shown in the spectrum. 

A 2-D 1 3C-1 5N correlation spectrum (Figure 3) was obtained 
with the pulse sequence shown in Figure IB. After the 15N 
isotropic chemical shift evolution for fi, the magnetization was 
transferred to carbon by the 1 3C-1 5N dipolar couplings recov­
ered under the TEDOR sequence.58 At the mixing time of 1.6 
ms, large cross peaks appear only for pairs connected with 1 3 C -
15N covalent bonds. The cross peak between a nitrogen and a 
sugar carbon is due to magnetization transfer between Cr and 
N9. Therefore, the assumed assignment of the Cr resonance in 
Figure 2B was verified by this experiment. The N9 resonance 
couples with two adenine carbons, Cs and G», as shown in the 

spectrum; and only C4 of the two carbons has a cross peak in 
the 13C homonuclear correlation spectrum (Figure 2A). A small 
chemical shift difference between C 2 and Ce resonances can be 
measured from the C2/N3 and C6/NH2 cross peaks. Thus, all 
13C and 15N signals of adenosine were identified unequivocally 
through one-bond dipolar couplings. The assignments are 
consistent with those of adenosine in solution.13-15 So far, the 
'3C and '5N signals of nucleosides and nucleotides in solids1617 

have been assigned with the aid of those in solution. 
Complete assignments of 13C and 15N signals of organic 

molecules in solids are difficult in natural abundance, because 
there are no spin—spin couplings among 13C and 15N nuclei 
and chemical shifts of 'H are usually not available owing to 
difficulties in the proton observation. Though the method 
presented in this work requires fully labeled molecules, it enables 
unambiguous assignments based on one-bond dipolar couplings 
recovered by the multipulses under MAS as long as signals are 
resolved in multidimensional spectra. Classification of carbons 
and nitrogens by the number of attached protons17 complements 
this method. This method for the complete assignment shown 
in this paper will contribute to opening new horizons for 
structural analysis not only of biological molecules but also of 
organic solids and polymers. 
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