
J. Am. Chem. Soc. 1985, 107, 4087-4088 4087 

The organosilane-F~ reagent system allows us to study the 
stability and reactivity of metal-free carbanion species which are 
otherwise labile even at low temperatures. 

(18) Protodesilylation of (polyfluorovinyl)silanes with the aid of KF in 
aqueous dimethyl sulfoxide is recently disclosed: Martin, S.; Sauvetre, R.; 
Normant, J. F. Tetrahedron Lett. 1983, 24, 5615. 

(19) Hiyama, T.; Obayashi, M. Tetrahedron Lett. 1983, 24, 4113. 
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Iron-57 has a very large nuclear magnetic resonance (NMR) 
chemical shift range1,2 and is expected to be a sensitive probe of 
heme-ligand coordination, or electronic structure, in heme proteins. 
Unfortunately, it is not a sensitive nucleus (/ = x J2, 2.2% natural 
abundance, vL = 11.7 MHz at 8.45 T (360-MHz 1H resonance 
frequency)), so to date no iron-57 NMR spectra of proteins have 
been reported. In this paper, we report the first observation of 
iron-57 NMR spectra of a metalloprotein, carbonmonoxy-
myoglobin (M1. —18 000 daltons), which has been made possible 
by combined use of isotopic enrichment and a sensitive "home-
built" NMR spectrometer, equipped with a 20-mm sideways-
spinning probe.3 Sensitivity is adequate to record partially relaxed 
spectra for T1 measurements, and we show that combined Tx and 
T2 determinations yield values for the anisotropy of the chemical 
shielding tensor and the rotational correlation time, rR, of the 
protein, the latter values being in accord with previous carbon-13 
NMR determinations.4 Our results indicate that the iron-57 
isotropic chemical shifts ((T1) and chemical shift anisotropics (|rj| 
- <7jJ) of a variety of other proteins (e.g. hemoglobin, chloro-
peroxidase, cytochrome P450) should be accessible via iron-57 
enrichment and high-field large-sample operation, yielding po
tentially useful information on the nature of iron-ligand inter
actions in such systems. 

We show in Figure IA the natural-abundance iron-57 NMR 
spectrum of ferrocene ((7T-C5Hs)2Fe, 0.8 M in C6H6) obtained 
in a 20-mm sideways-spinning probe at 8.45 T (corresponding to 
an 57Fe resonance frequency of 11.7 MHz). This spectrum (S/N 
~ 9 , total acquisition time = 30 min) compares favorably with 
results presented previously by others.2,5-7 On the basis of previous 
work, we assign ferrocene a chemical shift of 1531 ppm downfield 
from Fe(CO)5.

5 The line width is ~2.5 ± 0.5 Hz, in accord with 
the 2.6-Hz value (at 9.7 MHz) observed by Nozawa et al.7 

In contrast to the narrow line spectrum of ferrocene, we show 
in Figure IB the iron-57 NMR spectrum of [57Fe] carbonmon-
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Figure 1. Iron-57 NMR spectra of ferrocene and [57Fe]carbonmonoxy-
myoglobin at 8.45 T (corresponding to an 57Fe resonance frequency of 
about 11.6 MHz or a 1H resonance frequency of 360 MHz) and partially 
relaxed Fourier transform (PRFT) data set for MbCO. (a) 0.8 M Cp2Fe 
in C6H6, 1040 scans, 2-s recycle time, 35- îs 90°-pulse excitation, 2-Hz 
line broadening; (B) [57Fe]MbCO (15 mM in 50 mM phosphate buffer, 
pH 7.1, 23 0C) 120001 scans, 500-ms recycle time, 35-MS pulse excita
tion, 20-Hz line broadening; (inset) spectra of natural abundance MbCO 
and [57Fe]MbCO recorded under same sample and spectrometer con
dition as in (B), except only 27 400 scans per spectrum; (C) PRFT data 
set using the basic conditions noted in (B), the T values are given on the 
Figure. 
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Figure 2. log-log plots of T1 and T2 vs. TR (both in seconds) for iron-57 
relaxation via a chemical shift anisotropy mechanism at 8.45 T and 
assuming |<7| - <r±\ = 3600 ppm. 7",/TR combinations appropriate for 
Fe(PP-IX)(CO)(py), MbCO, and HbCO are indicated. 

oxymyoglobin (MbCO, 15 mM in 50 mM phosphate buffer, pH 
7.1, at 23 0 C) . The chemical shift observed is 8227 ppm downfield 
from Fe(CO)5 , slightly more deshielded than the 8211 ppm value 
found for Fe(PP-IX)(CO)(py) (PP-IX = protoporphyrin-IX) 0.05 
M in pyridine,' and the line width (55 ± 5 Hz) is considerably 
greater than the ~ 2 . 5 - H z value found for ferrocene, due to the 
increased rotational correlation time of the protein. The protein 
sample appeared to contain exclusively MbCO, as determined by 
visible absorption spectrophotometry and by natural abundance 
carbon-13 N M R spectroscopy (data not shown), shortly after 
iron-57 N M R data acquisition. A second set of iron-57 N M R 
experiments (inset in Figure IB) showed no N M R signals from 
a natural-abundance sample of M b C O but again contained a 
well-resolved signal at 8227 ppm from the enriched material. 

We now consider the relaxation of iron in proteins. We show 
in Figure IC inversion-recovery ( 1 8 0 ° - T - 9 0 ° , ref 8) partially 
relaxed Fourier transform (PRFT) data for [57Fe]MbCO, at 8.45 
T. Analysis of the results in Figure IC yields Tx = 17 ± 3 ms, 
at 23 0 C. Since there are no protons particularly close by, it seems 
reasonable to believe that relaxation will be dominated by the 
chemical shift anisotropy mechanism,1,8 in which case8 

\/Tx = yx5y
2HQ

2(a,-aJ2 2rR 

1 + O)2TR2 (D 
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and 

WT2 = fco72iV(*i - " J 2 {, ^ , , + 8TR> (2) 
( 1 + 10JTR' J 

where the symbols have their usual meanings.8 For the planar 
heme moiety, the chemical shift tensor is likely to be axially 
symmetric, as indicated in eq 1 and 2. 

There are thus two unknowns, \<rt - <xjj and TR, but also two 
observables, Tx and T2. Thus, both \<rt - cr±\ and TR can be 
determined, at least if we assume T2 can be obtained from the 
line width. Alternatively, we can use the known TR for MbCO 
under these conditions (TR = 20 ns, ref 4) to obtain |<T| - aL\ from 
eq 1 and then predict the CSA contribution to the line width from 
eq 2. 

For TR = 20 ns, eq 1 yields | crM - Cr1I = 3600 ppm, and eq 2 
predicts a line width, W, of 48.6 Hz, which is close to the observed 
line width of 55 ± 5 Hz (Figure IB). Alternatively, we can use 
the observed Tx (17 ms) and line width (55 Hz) and eq 1 and 2, 
as shown in Figure 2, to predict \a^ - <r±\ = 3680 ppm and TR 

= 22 ns. Iron-hydrogen dipolar contributions to the iron-57 
relaxation are minimal since the nearest hydrogens are at least 
~ 3 A away (on the proximal histidine residue) and yield Tx'

1 

and T2"
1 contributions of 0.003 and 0.009 s"1, respectively. 

A second source of relaxation could be via 57Fe-14N scalar 
coupling of the second kind, to the four heme nitrogens directly 
coordinated to iron. On the basis of the 14N quadrupole coupling 
constants for pyrrole and a series of metal-coordinated pyridines9"11 

we estimate TS for 14N to be ~ 2 X 10~5 s (assuming TR = 20 ns). 
Since '7Fe-N ~ 6 Hz,2,12 we compute scalar contributions of T1

8 

= 2 X 108s and T2 = 50 s, which are both quite negligible. Thus, 
as observed experimentally, there is no resolvable Fe-N / coupling, 
and the ~50-Hz line widths predicted from the Tx and TR data 
are in excellent agreement with observation. 

We now consider the prognosis for iron-57 NMR studies of 
proteins. The results of Figure 2 show, at least for the case |CT( 

- oL\ = 3600 ppm, that for small proteins characterized by TR 

~20 ns (such as cytochrome c and myoglobin, ref 4), Tx values 
will be at or close to the minimum value possible (15.8 ms at rR 

= 14 ns), favorable circumstance for rapid data acquisition. In 
future studies using optimum recycle/pulse width combinations, 
it is clear from the results of Figures IB (inset, 27 400 scans) and 
2 that acceptable signal-to-noise ratio spectra should be achievable 
in ~ 27 400 X 2T1 « 15 min of data acquisition. 

For larger species, the results of Figure 2 indicate longer Tx 

values and broader line widths. For hemoglobin (rR ~44 ns, ref 
4, corrected for rcii = 1.10 A), we predict Tx ~28 ms and a line 
width of ~92 Hz—not greatly different from the results with 
MbCO. For much larger proteins (Mr ~ 200000, rR ~0.1 /is), 
T, values will be ~60 ms and line widths ~200 Hz, and again 
such species should be accessible, although of course the inherent 
dilution expected will increase data acquisition periods consid
erably. 

Note for a system the size of hemoglobin, or larger, eq 1 reduces 
to 

1/T1 = 2((T11-<rx)2/15rR (3) 

so that Tx values are independent of magnetic field strength (and 
the gyromagnetic ratio of the nucleus in question). However, the 
full sensitivity gains expected from high-field operation will be 
partially offset by the quadratic increases in line width. Indeed, 
we find for MbCO at 11.7 T Tx = 15 ms and W = 110 Hz, which 

(8) Farrar, T. C; Becker, E. D. "Pulse and Fourier Transform NMR"; 
Academic Press: New York, 1971. 

(9) Schempp, E.; Bray, P. J. / . Chem. Phys. 1968, 48, 2380. 
(10) Nygaard, L.; Nielsen, J. T.; Kirchheiner, J.; Maltensen, G.; Rastr-

up-Andersen, J.; Sorensen, G. O. J. MoI. Struct. 1969, 3, 491. 
(11) Rubenacker, G. V.; Brown, T. L. Inorg. Chem. 1980, 19, 392. 
(12) Kidd, R. G.; Goodfellow, R. J. In "NMR and the Periodic Table"; 

Harris, R. K., Mann, B. E., Eds.; Academic Press: New York, 1978; pp 
195-278. 

compares favorably with the predicted values of 14.6 ms and 98 
Hz, respectively. 

Note Added in Proof. The 57Fe chemical shift of the isopropyl 
isocyanide adduct of (57Fe)Mb is at 9256 ppm, over 1000 ppm 
from the carbonmonoxy species. 
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Asymmetric induction reactions involving sulfoxides possessing 
chiral sulfur have received increasing attention in the past decade. 
The reactions of chiral a-sulfinyl anions with a variety of elec-
trophiles often proceed with substantial asymmetric inductions 
at the newly formed chiral centers.1 However, asymmetric in
duction in reactions involving anions of allylic sulfoxides has only 
been observed with benzaldehydes.2 Generally, facile racemization 
at the sulfur atom occurs via a reversible [2,3] sigmatropic pro
cess.3,4 We now report the regio- and stereochemical aspects of 
reactions of chiral sulfinylallyl anions with various cyclic enones5 

and the utilization of these reactions in the asymmetric synthesis 
of (+)-hirsutene (1), one of a variety of sesquiterpenoids isolated 
from the extract of Coriolus consors6 and presumed to be the 
biogenetic precursor of coriolin,7 hirsutic acid,8 and complicatic 
acid.9 

Treatment of (+)-(/?)-allylp-tolyl sulfoxide (2)3 with lithium 
diisopropylamide (LDA) in THF at -78 0C for 1 h followed by 
1 equiv of HMPA and 1 equiv of 2-cyclopentenone at -78 0C for 
5 min provided the 1,4-adduct 310 in 90% yield with 96% ee 
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