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Figure 2. Molecular structure of la with selected bond distances and 
angles. 
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zirconium(IV) metallathiirane, there is some contribution of the 
zirconium(II) 7r-thioaldehyde form. 

Compounds la,b are stable in benzene solution at 100 0C for 
an extended period of time, but they react with a variety of organic 
and inorganic compounds (Scheme II). For example, la is 
oxidized by iodine to yield thioacetaldehyde trimer (2,4,6-tri-
methyl-l,3,5-trithiane) as a mixture of a and 0 isomers.6 Pro-
tonation by methanol yields ethanethiol and trimethylphosphine 
(quantitatively by 1H NMR), along with dimethoxyzirconocene.7 

Treatment of la with excess methyl iodide yields the a-zircono-
cenyl thioether 3. 3 appears to be ?j2,8 as evidenced by the 
downfield chemical shift of the thiomethyl protons. In addition, 
the failure of the zirconium to migrate to the neighboring primary 
carbon is in contrast to the behavior normally manifested by 
alkyl(halo)zirconocenes.9 Butyronitrile reacts with la to yield 
imine metallacycle 4 (observed by 1H NMR), which tautomerizes 
under the reaction conditions to cleanly give enamine metallacycle 
5.10 

(6) Campaigne, E.; Chamberlain, N. F.; Edwards, B. E. J. Org. Chem. 
1962, 27, 135 and references therein. 

(7) Gray, D. R.; Brubaker, C. J., Jr. Inorg. Chem. 1971, 10, 2143. 
(8) Ward, S. A.; Mintz, E. A.; Ayers, M. R. Organomelallics 1986, 5, 

1585 and references therein. 
(9) Hart, D. W.; Schwartz, J. J. Am. Chem. Soc. 1974, 96, 8115. 
(10) All new compounds were characterized by 1H NMR, 13C NMR, IR, 

and high-resolution mass spectrometry. Details are available in the supple­
mentary material. 

We are currently investigating the reactivity of zirconocene 
thioaldehyde complexes toward other substrates, the use of ligands 
other than trimethylphosphine, and the application of our meth­
odology for the synthesis of thioaldehyde complexes of other early 
transition metal systems. 
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The 1H-1H nuclear Overhauser effect (NOE) plays a central 
role in NMR studies of the conformation and dynamics of small 
proteins. Griffey, Redfield, and co-workers have described several 
powerful, one-dimensional techniques for observing specific NOEs 
in biological macromolecules which have been isotopically labeled 
at selected sites.1,2 These experiments employ conventional NOE 
difference methods which are modified to make use of hetero-
nuclear decoupling to edit the resulting one-dimensional spectra. 
In this paper we present a very simple, alternative method for 
obtaining isotopic label-edited NOE difference spectra that has 
several practical advantages over the previously proposed tech­
niques. 

The basic pulse sequence is shown in Figure la. The principle 
of the experiment is to invert selectively the Zeeman order of the 
protons directly bonded to a heteronuclear label (referred to as 
the labeled protons) and subsequently to allow cross-relaxation 
with the unlabeled protons to occur during a mixing period rm. 
The selective population inversion is achieved through the use of 
the bilinear rotation sequence (BIRD).3"5 This experiment is 
fundamentally equivalent to the well-known transient NOE ex-
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Figure 1. Pulse schemes of the site-selective NOE experiment, (a) For 
ID spectra: the phase 4> = ±X with alternate addition and subtraction 
of the resulting FIDs to select only that part of the signal originating from 
labeled protons, T is tuned to 1/(27XH), and rm is the NOE mixing 
period, (b) For 2D X-H correlated spectra: the phase <p is cycled in steps 
of 90° in successive experiments to achieve quadrature detection in O)1." 

periment,6'7 except that the frequency-selective 180° pulse em­
ployed in the latter technique is replaced with the label-selective 
BIRD sequence in the present experiment. A reference spectrum 
is obtained by omitting the heteronuclear 180° pulse, which de­
couples the labeled protons from the heteronuclei so that all proton 
populations are at thermal equilibrium at the start of the mixing 
period (ignoring homonuclear coupling effects and relaxation 
during IT). The difference between the spectra acquired with and 
without the heteronuclear pulse yields a spectrum in which NOE 
peaks are observed only for those protons which cross-relax with 
the labeled protons (in the absence of spin diffusion). 

The advantages of the proposed technique are as follows: (i) 
it is more easily implemented than the heteronuclear decoupling 
techniques,1'2 since no heteronuclear decoupling hardware is re­
quired and the exact resonance frequencies of the labeled protons 
or the heteronucleus need not be predetermined; (ii) it is not 
necessary to preirradiate the labeled proton resonance; and (iii) 
the experiment can be easily implemented in a two-dimensional 
mode as shown in Figure lb. The first 90^(X) pulse converts 
proton single quantum coherence to heteronuclear two-spin co­
herence which is subsequently converted back to proton single 
quantum coherence after an evolution period ^1.

8"10 After a 
refocusing period, the second 90°(H) pulse creates a nonequilib-
rium Zeeman order for the labeled protons. The first heteronu­
clear pulse is phase-cycled to eliminate contributions from unla­
beled protons. Two-dimensional Fourier transformation yields 
heteronuclear shift information in the O)1 dimension and proton 
shifts in cc2. Thus, a slice parallel to the o>2 axis of the 2D matrix 
at the chemical shift of the heteronuclear label will contain res­
onances at the frequencies of the directly bonded protons and the 
corresponding NOE peaks. If multiple heteronuclear labels have 
been employed, the 2D experiment allows proton NOE subspectra 
to be obtained for each of the labeled sites. 

We demonstrate the application of the isotope-edited NOE 
experiment to [l-13C]ethyl isocyanide labeled leghemoglobin (MW 
~ 16 000) in Figure 2. A I D isotope-edited NOE spectrum is 
shown in Figure 2b. The largest peaks arise from the diaste-
reotopic methylene protons directly bonded to the 13C label and 

(6) Solomon, I. Phys. Rev. 1955, 99, 559-565. 
(7) Gordon, S. L.; Wiithrich, K. J. Am. Chem. Soc. 1978,100, 7094-7096. 
(8) Mtiller, L. / . Am. Chem. Soc. 1979, 101, 4481-4484. 
(9) Bendall, M. R.; Pegg, D. T.; Doddrell, D. M. J. Magn. Resort. 1983, 

52, 81-117. 
(10) Bax, A.; Griffey, R. H.; Hawkins, B. L. J. Am. Chem. Soc. 1983,105, 

7188-7190. 
(11) Bodenhausen, G.; Kogler, H.; Ernst, R. R. J. Magn. Reson. 1984, 58, 

370-388. 
(12) Gilman, J. G. Biochemistry 1979, 18, 2273-2279. 
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Figure 2. (a) Part of the 500-MHz 1H NMR spectrum of [1-13C] ethyl 
isocyanide labeled leghemoglobin. (b) ID site-selective NOE spectrum 
of the sample of a, obtained by using the sequence shown in Figure la 
with 4096 scans, T = 3.55 ms, and rm = 150 ms. (c) Spectrum of 
leghemoglobin with unlabeled ethyl isocyanide ligand, obtained under the 
same conditions as b, showing the background signals arising from pro­
tons attached to the natural abundance 13C. (d) Slice taken from a 2D 
site-selective NOE spectrum of the labeled leghemoglobin at the u, 
frequency of the 13C label of the ethyl isocyanide ligand. The spectrum 
was obtained with the sequence of Figure lb; 448 scans were recorded 
for each of 128 T1 values. The W1 spectral width was 2000 Hz. Samples 
were prepared by addition of [l-13C]ethyl isocyanide (synthesized by 
literature methods12) to soybean deoxyleghemoglobin in phosphate buffer 
(3.5 mM, 6.9 pH) in 2H2O under argon in a 5-mm NMR tube. The 
NMR experiments were performed at 30 0C on a modified Bruker AM-
500 spectrometer. Details of the modifications will be supplied on re­
quest. Assignments were obtained from COSY and NOESY spectra. 

appear as doublets due to the heteronuclear coupling, 7CH = 140 
Hz. Large NOEs are observed to the methyl resonance of the 
ethyl isocyanide ligand at -0.88 ppm and one of the C8H3 groups 
of the distal Leu 65 (Ell) at -1.24 ppm. Other NOEs to aromatic 
resonances between 5 and 7 ppm are observed, including the C2H 
and C4H (6.17/6.02 ppm) of the distal histidine, His 61 (E7). 

Unambiguous identification of the NOEs involving the labeled 
protons is difficult due to an intense background of peaks arising 
from protons attached to natural abundance 13C nuclei. The 
background spectrum can be measured directly by repeating the 
experiment with a similar sample in which the ethyl isocyanide 
is unlabeled (Figure 2c). In cases where the background signal 
poses a problem, the 2D version of the experiment becomes most 
useful: since the natural abundance 13C signals are spread over 
a range of chemical shifts, the undesired signals are dispersed in 
the o>i domain such that their contribution to any particular 
subspectrum in most cases will not be observable. The dramatic 
improvement in the site-selective NOE spectrum is demonstrated 
in Figure 2d. 

In the complex proton spectra of biopolymers, where direct 
selective excitation is not possible, the presence of a heteronucleus 
provides a means of selecting specific proton resonances through 
coherent and incoherent magnetization transfer processes. The 
label-edited NOE experiment effectively uses the heteronucleus 
as a site-specific label from which information about the local 
structure of the molecule can be obtained. 
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From extensive investigations into the factors which influence 
Co-C bond cleavage in coenzyme B12,

1 a few features are now 
well established: (i) the enzymatic cleavage is homolytic; (ii) the 
measured dissociation energy is ca. 25-30 kcal/mol;lb,d (iii) this 
energy increases with increasing basicity of the trans ligand in 
relevant organocobalt compounds.lb Many structures of such 
compounds with different substituents at both the axial carbon 
and nitrogen ligating atoms have shown that in some cases the 
Co-C and Co-N bonds can elongate by >0.1 A from unstrained 
values (Co-C « 2.00, Co-N « 2.10 A).2 This elongation is 
evidence for the dependence of bond length on steric effects and 
on the trans influence. Approximate ab initio studies of geo­
metrical deformations introduced in a model system did not reveal 
the existence of any major electronic effect.3 

Herein we outline some insights, based on qualitative MO and 
perturbation theories,4 into the Co-C dissociation process. The 
shortcomings of EHMO5 in providing correct bond distances do 
not obscure the essential effects which our study illustrates. The 
model employed, 1, contains simplified ligands, especially for the 
corrin. 
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2682. 
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(6) In B12 the coordination environment of the metal is not perfectly oc­
tahedral and the four equatorial ligands are not all equivalent. The NH2 group 
simulates the two-electron cr-donor function of benzimidazole as well as some 
of its ir-donor character. 
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Figure 1. Evolution of MOs for the model [(NH2)Co(HN=CH-
CH=NH)2Co(CH3)]+: (A) the Co-N (amido group) bond is elon­
gated with Co-C fixed at 2.05 A; (B) the Co-C bond is elongated with 
Co-N fixed at 2.1 A; (C) the Co-C bond is elongated with Co-N 
fixed at 2.4 A. 

However, our interest focuses on the axial interactions along 
N-Co-C as illustrated in 2.7 The metal atom in the square plane 

contributes with two fundamental levels: i.e., almost pure z2 and 
pr orbitals. The groups NH2 and CH3 each utilize a <r hybrid. 
For electronegativity reasons, <r(NH2) lies below 0-(CH3), which 
is closer to z2. 

Of the four MOs, the two lower ones (<sx and <r2) are populated. 
An oversimplified view of the nature of ax and a2 is to equate them 
with the bonding combinations z2-c(NH2) and pz-<r(CH3), re­
spectively. Actually, second-order perturbations complicate the 
composition of <r2, 3> Both the metal z2 and <r(NH2) levels are 

(7) As found by others,8 we observe that the important axial MOs are 
perturbed by p combinations of the conjugated equatorial ligands (the cor-
rinoid ring in coenzyme B12). However, the perturbation does not alter other 
important features and may be disregarded as a first approximation. 

(8) Salem, L.; Eisenstein, 0.; Ann, N. T.; Burgi, H. B.; Devaquet, A.; 
Segal, A.; Veillard, A. Now. J. Chim. 1977, 1, 335. 
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