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and the distinction cannot be addressed experimentally with the 
available data.27 Since in its earliest recorded use 0700-705 means 
"the flat of the hand", it would be particularly apposite if agostic 
interactions stabilize the chirality (handedness) of this and other 
formally unsaturated transition-metal centers.28 
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(27) Interpretation of the first-order kinetics of the thermal conversion of 
[W(TT-C3Hs)2(CH2PMe2Ph)H]+ to [W(T)-CsHs)2(CH3)(PMe2Ph)I+ is subject 
to similar ambiguities."8 

(28) 0 d'fi/ natural. Ttawv eXe yaiav ayooTw. (Illiad 11.425) "And falling 
in the dust he grasped the earth with his hand". 

Measurement of Internuclear Distances in 
Polycrystalline Solids: Rotationally Enhanced Transfer 
of Nuclear Spin Magnetization 

D. P. Raleigh,u§ F. Creuzet,1-1- S. K. Das Gupta,1 

M. H. Levitt,1, and R. G. Griffin*'1 

Francis Bitter National Magnet Laboratory and 
Department of Chemistry 

Massachusetts Institute of Technology 
Cambridge, Massachusetts 02139 

Received December 5, 1988 

In this communication we demonstrate a magic angle spinning 
(MAS) NMR technique for measurement of the distance between 
two homonuclear sites separated by as much as 0.5 nm. In solution 
NMR distance determinations via the nuclear Overhauser effect 
are widely employed to determine molecular structure.1"3 

However, analogous experiments in solids, based on spin diffusion, 
have been only partially successful because of the complexity of 
the abundant spin dipolar coupling networks.4"10 The approach 
described here is based on the simplification which results when 
this multispin problem is reduced to one of two spins, coupled 
weakly to the environment. Experimentally, this is achieved by 
(i) proton decoupling during the magnetization exchange process, 
greatly attenuating the influence of abundant nuclear spins; (ii) 

^ Francis Bitter National Magnet Laboratory. 
•Department of Chemistry. 
' Present address: Inorganic Chemistry Laboratory, Oxford University, 

South Parks Road, Oxford OXl 3QR, United Kingdom. 
x On leave from: Laboratoire de Physique des Solides, CNRS, Bat 510, 

U.P.S., 91405 Orsay Cedex, France. 
(1) Ernst, R. R.; Bodenhausen, G.; Wokaun, A. Principles of Nuclear 

Magnetic Resonance in One and Two Dimensions; Oxford University Press: 
Oxford, UK, 1986. 

(2) Wiithrich, K. NMR of Proteins and Nucleic Acids; Wiley Press: New 
York, 1986. 

(3) Noggle, J. H.; Schirmer, R. E. The Nuclear Overhauser Effect; Aca­
demic Press: New York, 1971. 

(4) VanderHart, D. L; Garroway, A. N. J. Chem. Phys. 1979, 71, 2773. 
(5) Caravatti, P.; Deli, J. A.; Bodenhausen, G.; Ernst, R. R. J. Am. Chem. 

Soc. 1982, 104, 5506. 
(6) Douglass, D. C; McBrierty, V. J. Macromolecules 1978, 11, 776. 
(7) Bronniman, C. E.; Szeveranyi, N. M.; Maciel, G. E. J. Chem. Phys. 

1983, 79, 3694. 
(8) Linder, M.; Henrichs, P. M.; Hewitt, J. M.; Massa, D. J. J. Chem. 

Phys. 1985, S2, 1585. 
(9) Suter, D.; Ernst, R. R. Phys. Rev. B 1985, 32, 5605. 
(10) Kubo, A.; McDowell, C. A. J. Chem. Soc, Faraday Trans. 11988, 

84, 3713. 

Figure 1. The structure of tyrosine ethyl ester,14 showing the 0.505-nm 
separation between the labeled carbons. 
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Figure 2. Calculated and experimental evolution of the difference po­
larization for the n = 1 rotational resonance in tyrosine ethyl ester at 
ojr/2x = 9.400 kHz and a field of 9.4 T. Experimental points, (O); curve 
calculated for 0.555 nm, (--); curve calculated for 0.505 nm, (—); curve 
calculated for 0.455 nm, (—-—). Aromatic shielding tensors <rn = -92 
ppm, (T22 = -4 ppm, (T33 = 96 ppm, with the most shielded axis (an) 
perpendicular to the ring, least shielded axis (<r33) along the C-O bond; 
methylene shielding tensor on = -46 ppm, (T22 = CT33 = 23 ppm, with the 
most shielded axis (CTU) along the C-O bond. The results from 5000 
randomly oriented crystallites were averaged. 7fQ = 6.3 ms. 

selective isotopic labeling of both sites of interest, so that the system 
may be approximated as a set of magnetically dilute coupled spin 
pairs; (iii) MAS with matching of the rotational resonance 
condition, o)£° = ncor, for the spin pairs of interest, ensuring that 
the magnetization transfer is driven in an efficient and predictable 
fashion by the sample rotation.11"14 Here w'l" is the difference 
between the isotropic shift frequencies of the two sites, air is the 
spinning frequency, and n is a small integer. Under these con­
ditions the dynamics of magnetization exchange are predictable 
by numerical simulation, if the parameters characterizing the spin 
pair system are known. The dipolar coupling and therefore the 
internuclear separation may be measured by matching experi­
mental results with numerical simulations. We demonstrate the 
measurement of an internuclear distance of 0.50 ± 0.05 nm 
(corresponding to a coupling of ~50 Hz) on a sample of tyrosine 
ethyl ester (TEE), 13C-labeled at both the -CH2- of the ester 
moiety and at the 4'-OH aromatic carbon. 
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Figure 3. Calculated and experimental evolution of the difference po­
larization for (a) the n = 2 rotational resonance (+, —) and (b) the n 
= 3 rotational resonance (O, —-—) in TEE. Both results were obtained 
at a field of 7.5 T. Calculations assumed an internuclear separation of 
0.505 nm. Other parameters are given in the caption to Figure 2. 

TEE crystallizes in a "scorpion"-like conformation where the 
chain is bent back over the plane of the aromatic ring (Figure 
1) and the separation between labeled carbons is 0.505 nm.15 The 
magnetization transfer is followed using a simple technique:13,16 

a nonequilibrium initial condition is established by selectively 
inverting the Zeeman magnetization of one site. After evolution 
for a variable mixing time rm, a nonselective trjl pulse is applied 
to measure the new distribution of magnetization between the two 
sites. The exchange process is conveniently described as a decay 
of difference magnetization. Figure 2 displays experimental and 
calculated curves of the normalized difference magnetization for 
the n = 1 rotational resonance in TEE, and the line for 0.505 nm 
clearly provides the best fit. In Figure 3, experimental and 
calculated curves are shown for the « = 2 and n = 3 resonances. 
Again, there is good agreement, especially at short times, for a 
0.505-nm internuclear separation. 

The numerical calculations used to derive the curves (Figures 
2 and 3) will be described elsewhere.17 They differ from previous 
calculations13 in that the simultaneous influence of coherent fields 
and relaxation is incorporated by an integration of the Liouville 
superoperator over one rotational period. The parameters required, 
in addition to the internuclear distance, are the isotropic shifts, 
the principal values of the shift tensors, which are known for many 
functional groups,18 and the mutual orientation of the two tensors.19 

The decay time constant of the zero-quantum coherence of the 
two spins, TfQ, must also be estimated. Zero-quantum decay 
influences the magnetization transfer, since the difference po­
larization is continuously exchanged with zero-quantum coherence 
under the influence of the dipolar coupling. The zero-quantum 
relaxation rate is difficult to measure experimentally, but, under 
the assumption of dephasing by uncorrelated random fields, it may 
be estimated as the sum of the single-quantum transverse relax­
ation rates of the two spins.10 These may be obtained from the 

(15) Pieret, P. A.; Durant, F.; Griffe, M.; Germain, G.; Dehaerdemacker, 
T. Acta Crystallogr. 1970, B26, 2117-2124. 

(16) The experiments described in this note were performed on two 
home-built spectrometers with fields of 9.4 and 7.5 T. Sample spinning was 
performed in rotors and stators purchased from Doty Scientific (Columbia, 
SC). In all cases the spinning speed was stabilized within ±0.05% (see: de 
Groot, H. J. M.; Copie, V.; Smith, S. O.; Winkel, C; Lugtenburg, J.; Herzfeld, 
J.; Allen, P. J.; Griffin, R. G. J. Magn. Reson. 1988, 77, 251). Double 
13C-labeled TEE was prepared by esterifying [4'-13C1]TVr with [1'-13C1]-
ethanol. Data were collected on two samples containing 100% doubly labeled 
TEE, diluted to either 5% or 20% in nonlabeled material. The results were 
indistinguishable, suggesting that the 13C spin pairs were effectively well 
isolated from one another in both cases. 

(17) Levitt, M. H.; Raleigh, D. P.; Creuzet, F.; Griffin, R. G., to be 
published. 

(18) Veeman, W. S. Prog. Nuc. Magn. Reson. Spectrosc. 1984, 16, 193. 
(19) The relative orientation of the shift tensors has been determined from 

single-crystal experiments. Special thanks are accorded to Prof. G. S. Har­
bison for communicating these results prior to publication. 

spectral line widths, after correcting for magnet inhomogeneity. 
For the present simulations, the value 7fQ = 6.3 ms was used. 

It is necessary to comment on the sensitivity of the results to 
errors in the tensor orientations and 7fQ. Our calculations suggest 
that when the sideband intensities are small, as is the case for the 
TEE n = 1 resonance, the results are insensitive to the tensor 
orientations within 15°. However, the higher order resonances 
(n = 2, 3...) are dependent on the relative tensor orientations and 
thus can potentially provide information on the relative orientation 
of molecular groups as well as further constraints on the bond 
distance. As mentioned above, 7fQ was estimated as the sum of 
the single-quantum 7"2's, correcting for the small contribution from 
the inhomogeneous applied magnetic field. The conservative error 
margin of ±0.05 nm on the measured distance of 0.5 nm reflects 
an uncertainty of ± 1.4 ms in the value of 7fQ. The simultaneous 
fitting of the data for the n = 1,2, and 3 resonances with the same 
parameters raises confidence in the values used. 

The results presented here demonstrate that rotationally en­
hanced magnetization transfer can be used to measure specific 
internuclear separations up to at least 0.5 nm for 13C-13C spin 
pairs. The main requirement for quantitative experiments is an 
isolated two-spin system, which can be achieved with isotopic 
labeling.20 The technique is expected to be most useful for 
distinguishing among a set of possible distances and conformations 
in biochemical systems, where the menu of labeling schemes is 
expanding rapidly.21"23 
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(20) Rotational resonance is also possible between naturally occuring spin 
pairs—31P-31P, 19F-19F—thus circumventing the requirement of labeling. 
Moreover, since these nuclei have larger 7's, it should be possible to measure 
distances which are correspondingly larger than 0.5 nm. 
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Catalysis by neighboring carboxylate has been examined in a 
number of contexts, and the results have been summarized by 
Kirby.1 The behavior of carboxylate in such systems is frequently 
expressed as "effective molarity" (EM), in which the rate for an 
intramolecular reaction is compared to that of an appropriate 
bimolecular case. The usefulness of EM for reactions of car-
boxylates has been criticized by Gandour2 since the less basic anti 
lone pair (eq 1) is invariably involved in the intramolecular cases, 
whereas the more basic syn lone pair is likely to be involved in 
the bimolecular cases. Such stereoelectronic effects at carboxylate 
oxygen may be responsible for the low EM's observed in intra­
molecular general base catalyzed (igbc) processes, e.g., 1 and 2.2 

It has not been possible to assess the importance of lone pair 
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study see ref 10. 

0002-7863/89/1511-4503S01.50/0 © 1989 American Chemical Society 


