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57Fe NMR spectra of 35 organoiron complexes predominantly of the type 
[Fe(CO),(diene)] have been measured by direct detection at 2.9 MHz and at 
natural isotope abundance (2.2%). The 57Fe chemical shift range so far ob- 
served is 3000 ppm, corresponding to about 9 KHz. The majority of the reso- 
nances are at higher frequency than that of Fe(CO),, which is proposed as a 
secondary standard. The 57Fe resonance frequencies are also reported as ratios 
relative to the 73Ge frequency of GeCI,. 

The 57Fe shielding is discussed qualitatively in terms of charge distribution in 
the complexes, very large deshielding effects being observed for cationic 
olefinic ligands. For q4-diene complexes, the shielding also depends upon ligand 
geometry and decreases with increasing ring size or CCC bond angle. Two types 
of ferrocenylcarbenium ions may be distinguished, indicated by high- or low- 
frequency shifts relative to ferrocene. For a number of [ Fe(CO),(olefin)] com- 
plexes ‘J( 57Fe, 13C) coupling constants involving the carbonyl carbon are also 
reported_ 

Introduction 

The detection of NMR signals of transition metal nuclei with very small mag- 
netic moments and low natural isotope abundance, i.e., with low magnetic 
receptivity, has become feasible by a combination of suitable pulse-FT-tech- 
niques with large diameter sample tubes and, possibly, high magnetic field 
strengths. Because of the wide distribution of iron in organometallic and 
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biological complexes, NMR studies of the 57Fe nucleus (I = l/2, 2.2% abun- 
dance) present an interesting challenge to the structural chemist [I]. At a given 
fieId strength, however, the receptivity of the 57Fe isotope to NMR detection is 
only 0.4% of the 13C receptivity_ An additional handicap is the very long relaxa- 
tion times, which means that the widths of the recorded NMR lines are governed 
by the unavoidable inhomogeneity of B0 and not by the transverse relaxation time 
T2, which gives rise to inhomogeneously broadened NMR lines and a consider- 
able loss of NMR signal intensity. By special steady-state pulse techniques 121, 
the NMR lines can be broadened to any desired width, and a loss of NMR sig- 
nal due to the inhomogeneity of the field B. can be avoided without addition 
of paramagnetic reagents to the sample, a technique with well known disadvan- 
tages. One of the authors has previously shown [3,4] that the 57Fe resonances 
of Fe(CO)S and ferrocene can be detected in the pure liquid or a concentrated 
solution using steady-state free precession and the Quadriga Fourier Transform 
technique [ 51. 

A further disadvantage of long relaxation times is the influence of any chem- 
ical exchange in the complex under investigation on the transverse relaxation 
time T2, as pointed out by Meiboom [6] and by Allerhand and Gutowsky 171. 
In this way T2 of the 57Fe resonance may be shortened by orders of magnitude. 
For any measuring technique, the “Fe NMR signal intensity is reduced at least 
by the factor (TJTJ II2 and, therefore, the 57Fe NMR signal will be too weak 
to be detectable_ 

An alternative mode of detection of this very weak resonance is given by 
heteromlclear double resonance which requires spin coupling of 57Fe to a more 
sensitive nucleus, for example 13C Koridze et al. [8,9] have used such 13C- _ 
{ 57Fe) double resonance experiments on “Fe enriched samples (SO-90%) to 
obtain chemical shifts of substituted ferrocenes. 

We have now initiated an investigation of organoiron complexes with a large 
variety of ligands by direct observation of the 57Fe nucleus, in order to estab- 
lish the 57Fe chemical shift scale and to examine the significance of this param- 
eter for structural studies. 

Experimental 

The “Fe measurements were performed with a pulse spectrometer, espe- 
cially developed for investigations of weak NMR signals in the frequency range 
l-4.5 MHz [2]. The static field B,, = 2.114 T (corresponding to a 90 MHz 
proton Larmor frequency) was achieved by a Bruker B-E 45 electromagnet and 
externally locked on a proton signal by the Bruker NMR stabilizer B-SN 15. 
The spatial homogeneity of IA&,1 < IOW6 T in the range of the relatively large 
sample (20 mm inner diameter, 40 mm filling height) was achieved by 12 gra- 
dient electric shims. The temperature of the samples was stabilized to (300 F 1) 
K by a thermostate. 

For all 57Fe investigations, equal, periodic, and coherent rf pulses were 
applied with a repetition rate of 83 Hz. The pulse spacing T was chosen 2’ << 
T,’ (the time constant, describing the decay of the transverse magnetization 
due to the inhomogeneity of B,) in order to avoid any loss of NMR signal due 
to this inhomogeneity, cf. p_ 381 in ref. 5. To search for the unknown S7Fe 
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NMR signals in the widespread frequency range 2.910-2.925 MHz, the 
Quadriga technique 151 was used; the flip angle of the rf pulses was chosen 
-60” (this is the optimum value for the ratio T1/Tz = 2). As all the 57Fe NMR 
spectra consisted of one single NMR line, an accurate determination of the 
resonance frequency vL was achieved in a single steady-state free precession 
experiment, with the irradiation frequency VE fulfilling the condition uL - 
VE = (n + 1/2)/T = (n + l/2) X 83 Hz (n = integer number), and with the opti- 
mum flip angle [lo] resulting from the estimated ratio T1/T2. Depending on 
the concentration of the samples (3-0.12LZ) and the ratio T1/T2, measuring 
times from 2 hours up to 4 days were necessary to achieve a signal-to-noise 
ratio of at least 10. 

Thus it is not advisable to refer the “Fe resonance frequencies to that of a 
“Fe standard. The 73Ge NMR frequency of GeCl, (-3.139 MHz), which is 
independent of temperature, and which is referred to the Larmor frequency of 
‘H in D,O with high accuracy [4], was used as standard; the spectrometer can 
be tuned to the 73Ge resonance frequency within less than 5 minutes. To deter- 
mine the ratios of the Larmor frequencies v( Fe)/v(Ge), the sample replacement 
technique was used; for each sample at least 8 frequency ratios were deter- 
mined_ 

The following compounds were obtained from commercial sources: Fe(CO),, 
Fe,(CO) 12 and ferrocene (Fluka), [ Fe(CO),(cyclobutadiene) ] , [ Fe(CO),- 
(1,3-cyclohexadiene)], I: Fe( CO),( butadiene)] , [ Fe( CO&( C,H,)] 2 (Strem Chem- 
icals, Inc.), [Fe(CO))butadiene),] (Emser Werke). Gifts of samples of 
[Fe,(CO),(tetracyclopropylbutatriene)] (Prof. S. Sarel, Hebrew University, 
Jerusalem), acetylferrocene and benzoylferrocene (Dr. F. Kijhler, Technische 
Universitgt, Winchen), triferrocenylcyclopropenium tetrafluoroborate (Prof. I. 
Agranat, Hebrew University, Jerusalem) and diferrocenylmethylium tetraflu- 
oroborate (Prof. M. Cais, Technion, Haifa) are gratefully acknowledged. 

All other complexes were synthesized by literature procedures, the relevant 
references being given in Tables 1 and 2. Slight modifications are described in 
ref. 11. 

The compounds were dissoived under an inert gas atmosphere in the appro- 
priate solvent and filtered directly into the sample tube (Pyrex ampoule, 22 
mm o-d., 20 mm i-d.) through alumina, silicagel or microcrystalline cellulose. 
Afterwards, the samples were degassed by several freeze-thaw cycles and sealed. 

Results 

The iron complexes investigated may be divided into derivatives of pentacar- 
bonyliron of the general type [Fe(CO),_,(en),,] and complexes containing 
cyclopentadienyl ligands. In some cases the olefinic ligand exhibits cyclic 
r-electron delocalisation, as for example in [ Fe( CO),( cyclobutadiene), 
[Fe(CO),(tropone)], [Fe(C0),(6,6-diphenylfuIvene)], and in the ferrocene 
derivatives. Octahedral iron(I1) complexes were also investigated, but only in 
the case of K3[ Fe(CN)6] was a signal observed_ 

The chemical shift data observed so far span a range of’about 3000 ppm, 
corresponding to 9 kHz in a field of 2.114 Tesla. K3[Fe(CN&] has the highest 
resonance frequency so far detected, whereas that of [ Fe(CO),(cyclobuta- 

(Continued on P_ 216) 




















