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Foreword 

The large body of information that today forms organo—transition metal 

chemistry can be classified and discussed in two ways. The properties and 

reactivities of given ligands when attached to different metals can be empha- 

sized; alternatively, the chemistry of one metal can be defined in terms of 

the effect it has on differing ligands. A complete understanding requires 

both approaches and one long-term aim of the Organometallic Chemistry 

Monograph Series is to provide this. 

In addition to books on specific ligands and on more general topics, some 

years ago we inaugurated the survey of the organic chemistry of individual 

transition metals. Volumes on organo-titanium, —zirconium, —hafnium, 

—chromium, —nickel, —palladium, and —platinum chemistry have already 

appeared, and monographs on organo—molybdenum, —tungsten, —cobalt, 

—rhodium, —iridium, —ruthenium, and —osmium chemistry are in preparation. 

We were particularly pleased, at the time that these volumes were being 

planned, that Dr. Ernst A. Koerner von Gustorf of the Institut fiir Strahlen- 

chemie im Max-Planck-Institut in Miilheim agreed to undertake The 

Organic Chemistry of Iron. Koerner von Gustorf was an ideal choice; 

he had established himself as a very innovative organometallic chemist, 

particularly in respect to his work on the photochemical syntheses of 

organo—iron complexes, and he also had access to the archives of the Max- 

Planck-Institut in Miillheim with their reference files on organometallic 

chemistry. 

Even with this background, the task of organizing and compiling all the 

knowledge of organo—iron chemistry was impossible for one man to ac- 

complish within a reasonable space of time, and Koerner von Gustorf wisely 

enlisted the help of a number of other distinguished experts to author 

specific chapters of the work. 

The organization of all this material was just beginning at the time of 

Koerner von Gustorf’s untimely and tragic death in September 1975 at the 

age of 43. It accordingly fell to his collaborators, Dr. F. W. Grevels and Dr. 

Ingrid Fischler, to actually undertake the onerous task of collating and edit- 

ing the final manuscripts. This task was greater than it had been for other 

volumes in the series since it had been decided to print directly from camera- 



xii Foreword 

ready typescript and the work of editing as well as of organizing both the 

typing and the drawing of the diagrams and the formulas was a very exten- 

sive one. We are very grateful to Dr. Grevels and Dr. Fischler for having 

succeeded so well. 

From our knowledge of the scope of the topic we had expected a large vol- 

ume; in the event the project has grown beyond our original estimate and 

has, owing to Koerner von Gustorf’s death, taken longer. We hope that this 

first of|[two volumes will be well received and that the extra material that has 

gone into it will make it even more useful. We would also like to thank all 

the individual authors for their carefully and comprehensively organized 

contributions and also for their patience with the delays that have occurred. 

Doctors Grevels and Fischler have been able to ensure that all the contribu- 

tions have been updated and in most cases the literature has been covered up 

to and including the year 1975. 

It was not possible to adhere entirely to the order that Koerner von Gustorf 

had planned for the material, but the reader will see that a logical arrange- 

ment has been followed. Volume 1 covers the structures and bonding and the 

applications of a variety of physical techniques to organo—iron compounds, 

optically active compounds, as well as chapters on o-bonded, 7?-, 73-, and n4- 

organo—iron compounds. Volume 2 will be developed in a similar manner 

and will include further chapters on spectroscopy, both electronic and vibra- 

tional (Poliakoff and Turner), metal-metal bonded compounds and iron 

cluster chemistry (Dahl and Sinclair; Chini), complexes of polyenes (Kerber), 

arenes (King), and those derived from acetylenes and cumulenes (Miiller), 

complexes with N—bonded ligands (tom Dieck and De Paoli), as well as a 

short discussion of ferrocene chemistry (Eagar and Richards). 

P.M. MAITLIS 

F. G. A. STONE 

ROBERT WEST 
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2 Carl Kruger et al. 

I. INTRODUCTION 

SCOPE OF THE SURVEY. 

This article is concerned with the results of structural 

analyses, and to a lesser extent, with the bonding principles 

of organometallic iron compounds. The aim is to survey as 

completely as possible structural details presently available 

on these compounds, and to indicate problems which are still 

under discussion. Literature has been searched up to 1975, 

and all relevant structural results are summarized by tables 

referred to by each section of the article. However, due to 

delays in the editing, the discussion part of this review only 

covers those reports published up to 1972. Data quoted in 

these tables represent published values, including non-signif- 

icant digits. The outline of this review follows the editor- 

ial arrangement of this volume. 

For each class of compounds discussed, one or more typi- 

cal examples were selected for computer drawings. The se- 

lected illustrations are not intended to reflect the accuracy 

of the individual structural determinations. 

The author wishes to caution the uninitiated reader of 

structural publications from uncritical acceptance of accuracy 

of crystallographic data. Neither a low R-value (residual 

index, defined as 

Ellr.l - le, 
Si a ele 

thus describing the fit of a molecular model (F_) to a given 

data set (F_)) nor low standard deviations are alone an abso- 

lute measure for the accuracy of an X-ray structural determi- 

nation. A low R-value, which represents good precision and 

not necessarily good accuracy, could describe an excellent fit 

of a distorted structural model to a poor data set, hence giv- 

ing rise to erroneous interpretations. Systematic, but not 

obvious errors in intensity measurements, can give rise to 

underestimates of standard deviations. These values are ob- 

tained from the inverse error matrices of the usual least- 

squares refinement, and decrease with the increasing symmetry 

of the crystal system. Therefore one should avoid overly in- 

terpreting crystallographic data. If these data are the basis 

for theoretical computations, the advice of a specialist in 

the field should be sought. 

However, the precision of structural work increased tre- 

mendously during the last decade with the introduction of dif- 

fractometers and better mathematical formalisms and computa- 

tional techniques. The estimated errors in bonding distances 

between the non-hydrogen atoms may now be in the range of 



Structure, Bonding in Organic Iron Compounds 3 

0.005 to 0.01 A, and those of the bonding angles 0.5° to 2°. 
Hopefully some of the earlier, but fundamental, work will be 
repeated with the accuracy presently possible. Despite the 
limitations mentioned above, X-ray diffraction methods still 
yield the most accurate information about the geometry of com- 
plex molecules. 

II. O-BONDED IRON CARBON COMPOUNDS 

BONDING 

Compounds containing iron-carbon bonds are sensitive to 

homolytic cleavage, producing a free organic radical and the 

metal in a lower oxidation state. This instability is ex- 

plained by small energy differences between the filled d or- 

bitals and the valence s and p orbitals of the metal used in 

bonding to the carbon. As a result, high energy’ d electrons 

can transfer to antibonding orbitals of the Fe-C bond. In 

compounds of higher oxidation state, electrons of the Fe-C 

bond may move into vacant metal d orbitals. Both formalisms 

result in a weakening of the metal-carbon bond. 

From this scheme, Fe-C bonds may be stabilized in two 

ways. Often ligands with acceptor properties (such as carbon 

monoxide, n°-cyclopentadienyl, phosphines, arsines, etc.) are 

attached to the metal, along with additional ligands to com- 

plete a stable electronic configuration. Secondly, the Fe-C 

bond may be strengthened by altering the effective electroneg- 

ativity of the carbon by using different hybridization states 

of the carbon (sp? = sp* - sp). Attaching strongly electro- 

negative substituents to the carbon (e.g. fluorine) gives sim- 

ilar results. 

All effects mentioned are reflected in the observed Fe-C 

bond lengths. In addition, the geometry, the oxidation state 

of the iron, as well as the steric arrangement and the elec- 

tronic properties of the other ligands, may influence the ob- 

served bond lengths. Average values stated below should only 

be accepted within the limits of these considerations. 

STRUCTURAL DETAILS OF FE-C O-BONDS 

Few X-ray structures containing Fe-C(sp°) bonds have 

been reported so far. The observed bond lengths range from 

2.08 to 2.16 A (see Table 1), with the average value being 

ak ag se 

Introducing fluorine substituents at the bonded carbon 

(e.g. Fe-CFo-) shortens this value remarkably to 2.07 A (131). 

A similar value (2.06 A) has been reported for an acetic acid 
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dicarbonylcyclopentadieneiron complex, the acetic acid being 

the O-bonded group via the a-carbon (23,330) (see Figure db) 

In the latter compound, an interaction between Fe and the C 

atom of thescarboxylic group. (Fe-C 2925385 A) is suggested. 

This is supported by the unusually low pK value of the acid 

and correspondingly lengthened C-O bonds (1.32 A) in the car- 

boxylic group. 

Fig. 1: The molecular structure of (n°-CsHs) Fe (CO) »CH2COOH 

Interestingly, perfluorobutadiene is found to be o0-bonded 

to a tetracarbonyliron moiety (359). The average Fe-C dis- 

tance in this planar ring system (see Table 1, Nr. 3) is 

2.00 A. 
Among the earlier published structures containing Fe-C 

(sp*) and Fe-C(sp) bonds are those of hexamethylisocyanido- 

ferrous chloride (537) and B-tetramethyl ferrocyanide (379). 

This class of compounds, which include iron-o0-olefin, iron-O- 

arene, iron-carbene and ferracyclopentadiene moieties, is 

listed in Table 2. The observed Fe-C(sp*) distances in these 

compounds range from 1.89 A to 2.11 A, clustering around 1.98 
A. A typical example of this class, the structure of trans- 

1,4-bis[dicarbonyl-(n°-cyclopentadienyl) iron ]buta-1,3-diene, 

determined independendly by two groups, is shown in Figure 2. 

The olefinic bond in the butadiene system is not altered 

by the end-on bonding to the transition metal (C=C in 1,3- 

butadiene: 1.337(5) A). 

Examples of structures containing Fe-(C=C) groups coordi- 
nated to a second iron atom within one molecule are also known 
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(see Table 2). The reported Fe-C distances range from 1.96 to 

2.09 A in these compounds. The participation of the iron atom 

Fig. 2: The molecular structure of trans-1,4-bis[dicarbonyl- 

(n°-cyclopentadieny1l) iron] buta-1, 3-diene (Refs. 141,238). 

in an n°-ferra-allylic system, implying a partial multiple 

bond order of the Fe-C bond (see Figure 3), has been suggested 

in a compound where this Fe-C distance has been reduced to 

1,89 A. 

Fig. 3: The molecular structure of u-f1-n:1,2-N (trans-2- 

bromovinyl) ]-Uu-bromo-bis(tricarbonyliron)-(Fe-Fe) (Ref. 430). 
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Multiple bond character within iron-O-vinyl linkages has been 

claimed even when the vinyl group is not T-bonded to a second 

Fe atom (130,154). 

Ferracyclopentadienes, in which an iron atom replaces one 

carbon atom of a cyclopentadienyl system (see below), are sta- 

bilized by being coordinated to a second iron atom. The C-Fe- 

C angles within the five-membered ring range from 81° to 

82.3°. Substituents at the carbon atoms of the cis-diene 

fragment of the ring system do not significantly deviate from 

the best plane of the diene, suggesting a conjugated character 

of this system. The ring iron atom is displaced by 0.10 to 

0.28 A from the basal plane defined by the terminal diene 

carbon atoms and two carbonyl carbon atoms. A typical ferra- 

cyclopentadiene structure is shown in Figure 4. 

C2 C3 Vis. 

E35 -O5) . h38 

C& -O6 136 

€7-07 1:17 

Fig. 4: The molecular structure of (2,5-dihydroxy-3, 4- 
dimethyltricarbonylferracyclopenta-2,4-diene) tricarbonyliron 
(Refs. 364,363). 

X-ray structural analyses of two binuclear iron carbene 
complexes have been completed (293,449,488). The structure of 
U-diphenylvinylidene-bis (tetracarbonyliron)-(Fe-Fe) (see Table 
ZING au) is shown with its molecular dimensions in Figure 5. 
The sp° -hybridized atom C(9) bridges two iron atoms symmetri- 
cally. The system Fe(1)-Fe(2)-C(9)-C(10) is planar and twist- 
ed slightly with respect to the moiety C(9)-C(10) -c(11)-@(17) . 
The structure of bis (uU-phenyloxycarbene) -bis (tricarbonyliron) - 
(Fe-Fe) (see Table 2, Nr.25) is shown in Figure 6. The atomic 
arrangement possesses a crystallographic mirror plane passing 
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through Fe(1)-Fe(2). The sp°-hybridized Carbon atom €(5) ais 

coplanar with its neighbours, and the Fe(2)-C(5)-0(5) angle is 

iar 

Interesting structural frameworks were found in (uU-cyclo- 

Fe2- C7 | 182 

Fe2- C5 » 184 

C70 Tee 

(GE SHON Ips) 

Fig. 5: The structure of \-diphenylvinylidene-bis (tetracarbo- 

nyliron)-(Fe-Fe) (Ref. 488). 

Fig. 6: The molecular arrangement of bis (U-phenyloxycarbene) - 

bis(tricarbonyliron)-(Fe-Fe) (Refs. 293,449). 
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undeca-1,2-diene) heptacarbonyldiiron (450) as well as in (U- 

allene)hexacarbonyl-triphenylphosphine-diiron (237). Both 

products were obtained in the reaction of an allene with 

enneacarbonyldiiron. In the former, an eleven-membered ring 

is bonded to a heptacarbonyldiiron fragment through formation 

of a O-bond between one iron and the central carbon atom of an 

allylic group n?-bonded to) the second) iron.) Ther structures 

shown in Figure 13. The Fe-C bond is not found in the plane 

of the allylic group, but is bent towards the 1-bonded Fe(2) 

by about 30°. This effect is common to n?-bonded allylic sys- 

tems, therefore no conclusions can be drawn about the exact 

hybridization of the central (meso) carbon atom (see discus- 

sion of Noaally! compounds below). In the latter compound 

mentioned above (237), in which the allyl group is not incor- 

porated into a cyclic framework, similar structural features 

are evident. 

III. 1-BONDED ORGANOTRON COMPLEXES 

Although T-bonded organometallic compounds are among the 

longest known organometallic compounds, since the discovery of 

Zeise's salt [PtCl3(CoH,)] in 1827, their structural and 

bonding properties are still a matter of discussion and con- 

troversy. In recent years, diffraction methods have provided 

sufficient material on which theories can be developed regard- 

ing the metal to ligand interaction. Yet, clearly, diffrac- 

tion methods alone are not sufficient to answer the arising 

questions. 

The bonding theory of alkenes (and alkynes) to transition 

metals is based on three principal observations: 

lM 1 6 
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(1) The alkene is bonded with its T electron system ver- 

tical (a) or horizontal (b) to the coordination plane of the 

transition metal (see Figure 7). 

The observed geometries may be correlated with the population 

(oxidation state) of the d orbitals on the metal and their 

energy levels relative to those of the 1* orbitals on the ole- 

fin (see below). Both arrangements represent ideal descrip- 

tions; small amounts of tilt (362,615) and, sometimes, even 

full rotation of the olefin seem to be observed (218,371,511, 

543). The hybridization of the metal and the charge distribu- 

tion between metal and carbon have been studied by MO calcula- 

tions (615). The results of these calculations are in partial 

agreement with recent ESCA studies, which suggest a small par- 

tial negative charge at the olefin. For iron(0O), as well as 

for other zerovalent transition metals, only form (b) and 

slight deviations thereof have been reported. In,trigonal 

bipyramidal iron(O) complexes the equatorial attachment of the 

olefin (form (b)) affords better T-bonding than an apical at- 

tachment, because of the symmetry of the d orbitals in the 

equatorial plane, 

(2) The free olefinic bond distance, which has the ac- 

cepted value of 1.337 A, increases by 0.03 to 0.07 A upon co- 

ordination. If 1,3-dienes are complexed, the bond alternation 

of the free ligand is modified. The extend of these changes 

depends on the oxidation state of the transition metal and, 

importantly, on the nature of other ligands. The lengthening 

can be explained by a rehybridization of the carbon atoms of 

the complexed alkenes or alkynes. This rehybridization is 

towards sp° hybridization in complexed alkenes, and towards 

sp° hybridization in complexed alkynes, along with a mutual 

cis-bending of the substituents at the complexed bond. 

(3) The Dewar-Chatt-Duncanson (DCD) description of ole- 

fin complexation by a 0-1-bonding model, which is based on the 

electroneutrality principle and symmetry arguments, is still 

the basis for more detailed bonding theories. This descrip- 

tion was introduced by Dewar (248) for silver olefin com- 

plexes, and extended by Chatt and Duncanson (125) to platinum— 

olefin complexes. The main features are shown in Figure 8. 

The filled T-orbital (W,) of the olefin overlaps with an 

empty transition metal hybrid orbital to form a O-bond, the 

empty 1*-orbital (2) has the appropriate symmetry to overlap 

with a filled metal orbital to form a T-bond. McWeeny, Mason 

and Towe (478) have proposed that the charge distribution of 

the complexed ligand is identical with that of the free ligand 

in its first excited (triplet) state. The Dewar-Chatt-—Duncan- 

son scheme of bonding is reminiscent of that developed for the 

bonding of carbonyl groups to transition metals. The olefinic 

double bond has only one antibonding orbital available for T- 
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bonding, in contrast to carbon monoxide, where the backbonding 

is through two orthogonal antibonding orbitals. This differ- 

ence explains the greater amount of backbonding in carbonyl 

compounds, and is supported by shorter metal-carbon (carbony1) 

Olefin Metal 

Fig. 8: Dewar-Chatt-Duncanson model for olefin complexation at 

transition metals. 

distances. 

In the DCD bonding scheme, metal and olefin act simul- 

taneously as Lewis acids and bases. These donor and acceptor 

properties depend on the additional ligands, the oxidation 

state of the metal, and on the substituents of the olefin. In 

the special cases of octahedral and square planar complexes, 

ligands in the trans-position can have pronounced electronic 

effects. IR and Raman spectroscopic studies on Zeise's salts 

(357) emphasized the importance of the O and 7T contribution to 

the bonding. By analogy between Pt-olefin bonds and ethylene 

oxide, a nonplanarity of the complexed olefin, intermediate 

between that of the C-C part of ethylene oxide and ethylene 

was further suggested. 

Often the question arises over which hybrid orbitals of 

the transition metal are best incorporated in the DCD model. 

While the original DCD model incorporated dsp* platinum hybri- 

dization, results of recent molecular orbital calculations 

have suggested that the symmetry equivalent aap" orbital com- 

bination may be a better choice (615). This suggestion may be 

extended to other transition metals. For trigonal bipyramidal 
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iron complexes the d* p> orbital combination could be chosen 
instead of the usual dsp° hybridization. 

A. COMPLEXES OF IRON WITH NON-CONJUGATED OLEFIN SYSTEMS 

As mentioned previously all present structural evidence 
for zerovalent iron olefin compounds indicates that the 
ethylene moiety lies in the trigonal plane of the ideal dsp°* 

hybridization scheme. (Ethylene)tetracarbonyliron, the sim- 

plest compound of this type, has been investigated (236). 

BAG seo = SELUCCURe. Ol (n*-ethylene) tetracarbonyliron (Ref. 

236) te 

In an electron diffraction study, which assumed trigonal bipy- 

ramidal coordination, the C=C and Fe-C(olefin) bond lengths 

were found to be 1.46(6) and 2.12(3) A, respectively. 

A similar structure, determined by a low-temperature X- 

ray study, is shown in Figure 10, which illustrates the mole- 

cular geometry of (n?-acrylonitrile) tetracarbonyliron (458, 

459). The changes in the geometry of the acrylonitrile 

ligand, caused by the complexation, are evident by comparing 

the bond distances and angles of the free and the complexed 

species given in Figure 10. The ethylene moiety [C(5), c(6) J 

does not deviate significantly from the trigonal plane [C(1), 

C(3),C(5),C(6)]. The planar heavy-atom skeleton of the acryl- 

onitrile group forms a dihedral angle of 76.4° with the trigo- 

nal plane. This ‘bending back' is a common feature for sub- 

stituents on complexed ethylenes. 

The structure of two tetracarbonyliron complexes of fu- 

maric acid have been shown by X-ray methods to have the same 

basic geometry (Table 3, Nr. 2). In the racemic structure, 

the ethylenic group is reported to be rotated by 11° about the 

coordination bond with respect to the trigonal plane (523). 

In the optically active crystals, which contain three inde- 

pendent molecules per asymmetric unit, rotations of 17°, 17° 
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and O° were observed (524). This inconsistency was rational- 

ized by hydrogen bonding effects. Often small differences in 

bonding energy or crystal packing forces may cause sizeable 

distortions in molecules. 

Fig. 10: Molecular structure of (n°-acrylonitrile) tetracarbo- 

nyliron (Refs. 458,459). 

The structure of (1,5-cyclooctadiene) -bis (tetracarbonyl- 

iron) (427) is shown in Figure 11. The 1.5-cyclooctadiene 

Fig. 11: The molecular structure of wU-[1,2-n:5,6-N(1,5-cyclo- 

octadiene]-bis(tetracarbonyliron) (Ref. 427). 

ring, which is in its chair conformation, is complexed to two 



Structure, Bonding in Organic Iron Compounds 13 

Fe(CO), units. While the crystallographic symmetry is cmety: 
the molecular symmetry deviates only slightly from 2/m (Cc 
with the ethylene fragments lying in the respective trigonal 
planes. 

The iron coordination in (bicyclo[3.2.1]octadienyl) tri- 
carbonyliron tetrafluoroborate (see Table 3, Nr. 10) can be 

considered octahedral if the allyl moiety is assigned two co- 

ordination positions. The Fe-C(olefinic) distances (2.24 and 

2.26 A) are unusually long. This may be due to the cationic 

nature of the complex and the presence of a carbonyl group 

trans to the olefin. 

An unusual geometry is observed in (tetrafluoxobenzobi- 

cyclo[2.2.2]octatriene) tricarbonyliron (see Table 3, Nr. 12). 

The geometry was described as sqare pyramidal with the mid- 

points of the two ethylene moieties and two carbonyl carbon 

atoms defining the basal plane (380). Apparently the ethylene 

groups are perpendicular to the basal plane. The Fe-C and C-C 

distances do not differ Significantly from those often found 

in Fe(O) complexes with other geometries. 

B. (n3-ALLYL) IRON COMPLEXES 

Structural and bonding characteristics of n?-allyl tran- 

sition metal complexes have been reviewed recently (130,148). 

Coordinated ne-allyl fragments may be described as three- or 

four-electron donors, assuming either an allyl radical or an 

allyl anion, respectively. Formally, two coordination sites 

are assigned to the allyl anion. A common bonding scheme (see 

Figure 12) for these complexes assumes: (1) a O-bond between 

the filled bonding orbital of the allyl group and an empty 

hybrid orbital of the metal atom; (2) a bond between the 

filled nonbonding orbital of the allyl group and an empty 

hybrid orbital on the metal atom; (3) a 'back' bond formed by 

the empty antibonding orbital of the allyl group and a filled 

hybrid orbital of the metal atom. Theoretical calculations 

have cast doubt on the importance of the back-bonding contri- 

butions (428). 

A fully symmetric attachment of the ne -ally1 ligand to 

the transition metal is certainly an idealized concept. 

Intermediates between the symmetric form (A) and the 0O-T- 

bonded form (B) are well known. 

ARE 
Fe Fe 

A B 
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The degree of asymmetry depends on the nature of the other 

ligands about the metal. This ligand dependence enables these 

compounds to be important in organometallic catalysis. 

MSC), LA 

All (n3-allyl) Fe structures presently available are given 

in Table 4. General structural features of complexes with n- 

allyl groups will now be discussed. When an n*<allyl group 

and two other ligands (L) define a square-planar coordination 

sphere for a transition metal (M), the dihedral angle formed 

by the plane of the nN°-allyl carbon atom skeleton and the 

plane of ML2 is approximately 110° (413). Analogous situa- 

tions may be seen in octahedral (n3-allyl) iron complexes. 

Published C-C-C angles within the n?-allyl groups range from 

110° to 135°. While some workers have attributed this large 

variation to thermal motion effects (193), no definitive 

investigations have been reported. Carbocyclic groups which 

contain m°-allyl fragments have also been investigated (see 

Table 4 and Figures 13,14). 

The stereochemically non-rigid molecules (1,3,5,7-tetra- 

methylcyclooctatetraene) pentacarbonyldiiron (189) (see Figure 

15) and (cyclooctatetraene) pentacarbonyldiiron (295) have been 
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Fe2 -C17 :1.80 

C17 =O17 < 1.13 

Gh =G2" 12 

Gl sO sist 

(a e7 shci) 

Fel -Cl2 :1.61 

Fel -C14 :1.84 

C12 -012:1.14 

C14 -0146.1.11 

Fig. 13: The structure of U-(cycloundeca-1,2-diene) heptacarbo- 

nyldiiron (Ref. 450). 

Fig. 14: The structure of (acenaphthylene) pentacarbonyldiiron 

(Refs. 145,137). 
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included in this class. Another example is an azulene com- 

plex, which contains an n?-allyl fragment in the seven-mem- 

bered ring and an n°-cyclopentadienyl group bonded to a second 

iron atom (see Table 4 and Figure 16) (129,132). 

Fig. 15: The molecular structure of (1,3,5,7-tetramethylcyclo- 
octatetraene) pentacarbonyldiiron (Ref. 189). 

ate) Fel -Cil 

CI =O7” hits. 

Fe2 -CI5 :1.76 

Ch5) 05 e115 

Fig. 16: The structure of (azulene) pentacarbonyldiiron (Refs. 
HAD MED) 5 
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cS (CONJUGATED DIENE) IRON COMPLEXES 

cis-1,3-diene fragments of open chain and cyclic ligands 

form T complexes with transition metals. Two bonding arrange- 

ments have been proposed for cis-1,3-diene complexes. Form A 

emphasizes a T-donation from the ligand to the metal. Form B 

emphasizes O- and T-bonding contributions from the terminal 

and central carbon atoms, respectively, and supposedly indi- 

cates a stronger interaction than does Form A. 

ON ay 
Fe Fe 

Fig. 17: Bonding in (4-electron donor)-metal systems. 
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A molecular orbital description of bonding has also been 

given, where two molecular orbitals could be formed by f£2lled 

ligand 7 orbitals and empty metal hybrid orbitals (see Figure 

17). The two 1* orbitals of the ligand and filled d orbitals 

of the metal could form two molecular orbitals for back-dona- 

tion. The molecular orbital description can be compared to a 

linear combination of forms A and B, and thus allows for a 

Fig. 18: The structure of (n= 
butadiene) tricarbonyliron (Refs. 
485,486). 

Fig. 19: The molecular structure of (sorbic acid) tricarbonyl- 
iron, average distances of two independent molecules are given 
(Ref. 280). 
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smooth transition between them (35,130,413). The stability of 

MN '-1,3-diene complexes is greatly enhanced when additional 
ligands about the transition metal allow for more back- 
donation to the diene, therefore favouring form B. For 

example, poor acceptor ligands, such as n°-CsHs groups, favour 

form B, and good acceptor ligands, such as carbonyl groups, 

favour form A. 

The structure of (n*-butadiene) tricarbonyliron has been 

investigated by gas phase electron diffraction (236) and 

single-crystal X-ray (485,486) diffraction techniques. The 

coordination geometry (see Figure 18) is square-pyramidal with 

the two carbonyl carbon atoms and the mid-points of the diene 

"double' bonds defining the basal plane. The plane of the 

diene moiety is approximately perpendicular to the basal 

plane. 

The crystal structure of (sorbic acid) tricarbonyliron 

(see Figure 19), which contains two independent molecules per 

asymmetric unit, permits a comparison of the geometry of two 

n*-diene complexes of comparable precision (280). The sub- 

stituents at the 1,3-diene fragment do not lie in the 1,3- 

diene plane. The terminal C-C bonds are twisted by 8.5° about 

the central C-C bond. This twist was thought to increase the 

‘overlap between the ligand T orbitals and the iron orbitals. 

Seemingly this twist can be related to the frequently observed 

bending-back distortion of n?-olefin complexes (see above). 

Evidence for bond alteration in the hydrocarbon-1, 3- 

dienes is not consistent (see Table 5). In bis (n*-butadiene) - 

monocarbonyliron, the C-C bonds are all 1.40 A within experi- 

mental error. In bis(n*-1, 3-cyclohexadiene) monocarbonyliron 

(429) (see Figure 20), the two sets of bond lengths show an 

inequality that is on the borderline of significance; yet the 

average value for all C-C bond lengths is 1.402 A. 

In an interesting series of structures on T-bonded aro- 

matic vinyl compounds, a significant loss of T-electron delo- 

calization in the aromatic moieties is reported (242). Two 

examples are schown in Figure 21. Conformational changes upon 

complexation are frequently observed. For example, vitamin-A- 

aldehyde is coordinated to an Fe(CO)3 species through a cis- 

1,3-diene fragment, even though the polyene chain of the free 

ligand possesses an all-trans conformation. Hetero-1,3-diene- 

systems, such as azomethines or conjugated ketones, are also 

bonded as cis-1,3-diene entities. This has been shown in the 

structure of [n*-(1-aza-1,3-butadiene) ]tricarbonyliron (165) 

and others. 

Cyclooctatetraene (COT) complexes of transition metals 

are of interest because COT ligands can act as four, six and 

eight electron donors and achieve a variety of conformations 

(see Figures 22 and 23). In bis(cyclooctatetraene) iron, one 
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ligand is a six-electron donor and the other is a four-elec— 

tron donor. . This has been observed in solution (see 

Fig. 20: The molecular structure of bis (n'-1,3-cyclohexa- 

diene)monocarbonyliron (Ref. 429). 

» 
os 

1.42] ———Fe(CO)3 
ab N¥ 

1.33 

A B 

Fig. 21: Bond distances in vinylarene-Fe(CO)3 complexes. [In 

B average distances of two independent molecules are given. 

volume 2) and in the solid (8). The four-electron donor bonds 

to the iron via an fi =.) 2=ddene fragment; the dihedral confor- 

mation for this ligand is similar to that found in (cycloocta- 

tetraene) tricarbonyliron (see Figure 23). Several crystal 

structures of COT-dimers complexed to Fe(CO) 3 groups have 

also been reported to contain cis-1,3-diene entities (see 
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Table 5, refs. 544,552). In the reaction of bullvalene with 
Fe2(CO)9, one such complex was isolated, which contains a 

4 

Fig. 22: (Cyclooctatetraene)-bis(tricarbonyliron). (Ref. 250). 

Fig. 23: (Cyclooctatetraene)tricarbonyliron (Ref. 251). 

bicyclic ring system with a 1,3-diene moiety bonded to one 

Fe(CO)3 group. The second Fe(CO)3 group is attached to the 

1,4-diene part of the ligand. In the latter, the Fe-C dis- 

tances are somewhat longer than those in conjugated diene 

systems, indicating a weaker interaction (see Table 5, ref. 

SSE) 6 

Ferracyclopentadiene systems are complexed to a second 
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Fe(CO)3 group. One example of this type of compound is shown 

in Figure 4. 

Various seven-membered ring systems, several of which 

contain heteroatoms, coordinate to tricarbonyliron groups via 

cis-(n*-1,3-diene) fragments (see Table 5). 

CYCLOBUTADIENE- AND TRIMETHYLENEMETHANE COMPLEXES 

An electron diffraction study (236) has established the 

structure of (cyclobutadiene)tricarbonyliron. The Cy, ring, 

assumed to be square, has a C-C bond length of 1.456(15) A and 

the Fe-C distance was found to be 2.063(10) #. X-ray investi- 

gations of cyclobutadiene transition metal complexes also do 

not support large deviations from a square cyclobutadiene 

ring. In (tetraphenylcyclobutadiene) tricarbonyliron, obtained 

by the reaction of tolane with pentacarbonyliron, the cyclo- 

butadiene ring is found to be planar with the C-C distances 

averaging 1.459 A (see Figure 24). This value agrees with the 

Fig. 24: The structure of (tetraphenylcyclobutadiene) tricar- 
bonyliron (Ref. 256). 

corresponding C-C distances found in other transition metal 
cyclobutadiene complexes. The attached phenyl groups are bent 
away from the iron by an average angle of 10.8°. Slight, but 
probably not significant, alterations in bond lengths for the 
Cy skeleton of a benzocyclobutadiene derivative complexed to 
tricarbonyliron have been reported (242). 

The unisolated, free trimethylenemethane and its deriva- 
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tives form stable compounds with the Fe(CO) 3 Sensye bays Wei 
gand acts as a four-electron donor to the iron using its low- 
est bonding orbital and two degenerate nonbonding orbitals for 
overlap with the iron orbitals of appropriate symmetry; in 
addition a fourth (antibonding) orbital is available for back- 
bonding (139). This bonding situation is very Similar to that 
of cis-1,3-dienes described above. 

Fig. 25: The structure of (phenyltrimethylenemethane) tricar- 

bonyliron (Refs. 134,139). 

The ligand is nonplanar, the middle C atom, although hav- 

ing the shortest Fe-C distance, is displaced by 0.315 A from 
the plane of the other three carbon atoms in a direction away 

from the iron. The pyramidal ligand and the Fe(CO) 3 moiety 

adopt a staggered conformation. 

IV. FERROCENES AND RELATED COMPOUNDS 

An excellent review on transition metal Tl-complexes with 

aromatic systems has been published recently (614). For this 

reason, only a brief discussion of the subject and a litera- 

ture survey (Table 6) is included. 
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At the beginning of ferrocene chemistry, the stereochem- 

istry of these compounds was of fundamental interest because a 

new type of bonding was recognized. Subsequent structural 

studies have revealed conformational ambiguities in ferrocene- 

like complexes, as well as subtle differences from idealized 

bonding models. Ferrocene derivatives have been found in the 

eclipsed and staggered conformations and in orientations in- 

termediate between these two conformations. Occasionally in 

structures with two cyclopentadienyl rings complexed to the 

same transition metal, a significant tilt between the two cy- 

clopentadienyl planes has been observed. While tilts as large 

as 23.3° have been observed, calculations indicate only tilts 

as large as 45° may give rise to configurations with insuffi- 

cient overlap for bonding (40). Furthermore, non-equivalent 

C-C bond lengths in r\°-cyclopentadienyl ligands, illustrated 

in Figure 26, have been frequently found. Although these dis- 

tortions have been recognized to be only on the borderline of 

significance, trends may soon be realized. 

sl heme Oe 

The mean iron-(ligand plane) distance in unperturbed cy- 

clopentadienyl systems is 1.65 A, the average Fe-C distance is 

2.04 A. The C-C distances average 1.419 A and range from 
13 560A ston te 450RA: 

An interesting structure containing a planar five-elec- 
tron donating pentadienyl system within a six-membered ring is 
shown in Figure 27. The distances found in this compound 
(391) are very similar to those found in cyclopentadienyl com- 
plexes. 

V. IRON COMPOUNDS WITH MISCELLANEOUS LIGANDS. 

In Tables 7,8, and 9, structural information on compounds 
containing nitrogen, oxygen, and sulfur ligands is summarized. 
The Fe-O and Fe-N distances are given together with the corre- 
sponding literature references. One specific example of an 
octahedral Fe-O complex, the structure of ferric acetylaceton- 
ate, is shown in detail in Figure 28 (386). As in similar 
compounds, the acetylacetonate moieties were found to be es- 
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sentially planar. 

In Table 10, compounds of boron, silicon, phosphorus, 

Fig. 27: The molecular structure of dicarbony1-3-[n°-(2-cyclo- 

hexadienyl)]-O0-propenoyliron (Ref. 391). 

Fig. 28: The molecular structure of tris (2,4-pentanedionato) - 

iron (Ref. 386). 

arsenic, antimony etc. containing ligands are summarized. 

Table 11 gives a survey of iron-metal compounds. For a de- 
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tailed discussion of structure investigations on compounds 

containing Fe-Fe bonds and Fe-metal bonds see the chapter 

by L.F. Dahl et al.. Table 12 gives structural information 

about compounds of biological interest. 

We are deeply indebted to Frau Manuele Biermann of our 

institute for compiling and editing the numerical part and 

tables of this report. 



Table 1: Compounds Containing Fe-C (sp?) O-Bonds. 
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Table 1 (continued) 
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Table 2: Compounds Containing Fe-C(sp°) and Fe-C(sp) o-Bonds. 
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Table 2 (continued) 
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Table 2 (continued) 
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Table 2 (continued) 
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Table 2 (continued) 

No. Formula Distance [A] Ref. 
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49 (see Fig. 13) Fe (CO), DsO2(H) 450 

Fe(CO)3 

FOF 

Oa 2.021 (3) 

0 2.022 (3) 2 (CO),Fe-—Fe (Col, 

33 



34 Carl Kruger et al. 

Table 2 (continued) 

No. Formula Distance [A] Ref. 

Fe-C 

Fe(CO)3 CH2 

fa—CH ocx | C 2 

51 F oer 5 DaOs 2) 237 

PPh; 

2OSantl) 
Ae 5 e3 (CO) g (CeH5C2CeHs) 2 2.063 (1) 257 

_CH 

i Pate pom 
22035) 53 (co,Fe | 526 

Wo C as 2E OL 

ON cs Be 

x 5 | 
(CgHs)2 

ahr aah els) 

55 Cea 2.06 2. 
e 

(CO), 

(CoHslz eae 

N 

56 : Lens CO)3Fe Cc 3 Ak >< cr, 2207S 509 

P——>Fe(C0)2 

(CgHs) 
CH==CH—CO—CH, 

57 ee 2.09 (1) ULE SIL) 

oc c 
0 

58 (n°-CsHs)Fe(CO) (PPh3) (O-CgHs) ova 28 

0 

59 y} 2.2412) oe 
(CO)3Fe ——Fe(CO), 251893) 

cer 

Cc 
Fe(CO 

ce tcore Dyer Vn? 2.70(1) 566 
fe) Fe(CO), CH, 

e(CO), 
eo A 3 : 247 
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Table 2 (continued) 

No. Formula Distance [A] Ref. 

Fe-C 

a 1.925 (4) 
Le S 62 gee Ng eet 160 

0 0 
x 

vee He—G~ ech, 1.937 (21) 
oe fi fs 1,932 (21) S 

HC cae 
(CO)3Fe Fe(CO)3 

1.948 
as 2.001 ae 

(CO)3 
= on col, 2.070 

e 

De 2.052 “a 
| 
SilCH)3 
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diol, 3) 5 

Acetylenic Compounds. 

No. Formula 

CHG — ge t-CyHg 

1 (COlpFe— M2 

t-CyHg —~ Nt-CcHg 

HOOC : 
(1C04Fe— I 3 independent mole- 

COOH cules in asym. unit 

2 HOOC 
coyree I 

COOH " 

2 OC~Fec” CeHs)2 

"ies 

4 (CgHsC2CeHs) Fe3 (CO) 9 

(COs 

5 

(COl,Fe — Fe(COl3 

6 

7 (CO)Fe ~( (CO, 

N 
8 coyreef 

9 aes 

‘ ¥ 
(COl,Fe —Fe(CO), 

i (8F, I" 

i 
He"N cu 

ie « I 

G (co mere (CO) 
FLA 

12 F CH Fe(CO); 

ee 
14 [As (CH3) 2 ]C=C-CF2-CF2 [As (CH3) 2Fe3 (CO) 9] 

——— 
15 (CH3) 2As-C=C[As(CH3) » ]-CF2-CF) [Fe (CO) 3]> 

Distance [A] 
Fe=-¢ 

2.048 

2.113 

2.049 

2.116 

2.09 (3) 
2.06 (3) 
2.03 (3) 

2.04 (3) 

ZaLOt)) 

2.10(1) 

1.95 (2) 

1.95 (2) 

2.04 (2) 

2.10(2) 

2.05 (2) 

S970) 

2. 23,(1) 

2.18(1.3) 

2.22 (1.2) 

2.140(6) 

2.154(5) 

2.10(1) 

2.09(1) 

2.214(7) 

2.24 (3) 

2.26 (3) 

2.256 (27) 
2.104 (27) 
2.257 (28) 
2.071 (31) 

2.150(25) 

2.098 (10) 
2.103 (9) 
2.050(10) 
2.045 (10) 
2.163 (10) 
2.149(9) 

2.05 (3) 

2..16(3) 

2.09 (3) 
1.99 (3) 

C=C 

1.283 

1.30(4) 
1.40(4) 

1.40(4) 

1.42 (4) 

1.45 (2) 

1.41 (2) 

1.42(1.0) 

1.40(1.8) 

1.400 (9) 

1.40(2) 

1.386 (11) 

1.39(3) 

1.325 (41) 

1.411 (38) 

1.380(29) 

1.400 (29) 

1.433 (16) 

1.436(15) 

1.428(15) 

1.397(16) 

1.394(16) 

1.47(4) 

1.51(4) 

Complexes Containing n*-coordinated Olefinic and 

Ref. 

503 

187,524 

523,186 

54 

77 

418 

191 

427 

458,459 

190 

462 

380 

384 

271 



Structure, Bonding in Organic Iron Compounds 

Table 3 (continued) 

No. Formula Distance [A] 
Fe-C €=€ 

Ref. 

37 

16 Oo 

O Fe(CO), 
(CO) Fe 

18 (CO) 

Fe(COl, : 
PICHs)3 
4 

(CO),Fe —Fe(COl, 
19 

20 —> Fe(CO}, 

(CO);Fe——Fe(ca, 

: 
22 

23 CO 
CHy 

24 (CO), : 

Fe(CO) 

(CO), Fe N 
25 Fe(CO), 

Fe(CO)3 

H3C~c¢~ Nc—CHy 

26 H,C—7© ‘\—CH, 

(CO), Fe’ FeICO), 

27 

28 

(co) 

—— 29 CH, Z hie 6525 
ee 

30 { (CeHs) 2P-C=Cl (CHa) 2As ]-CF2-CF2 }yFe2 (CO) » 

31 tree > 

2.10 

2.134(10) 

2.186 (10) 
2.140(11) 

2.145 (10) 

2.087 (14) 

2.472 (12) 

2.189 (13) 

2.066 (12) 

2.261 (6) 

2.167 (6) 

2.156 (4) 
2.146 (3) 

2.199(4) 
2.214(4) 

2.092 (7) 
2.024 (5) 

2.220 
2.218 

2.102) 

2.16(2) 

2. 18519) 
2.057 (21) 
2.186 (19) 

2.083 (20) 

2.02 

2.05 

2.011/2.060 
2.061/2.082 

2.062/2.016 

2.073/2.069 

1.950(7) 
2.254(7) 

2.015 (6) 

2.023 (6) 

2.125 (8) 
2.304(7) 

i 

a 

47 

- 418 (13) 

377 (14) 

40 

4 

421 (5) 

- 401 (9) 

- 40(3) 

- 400 (30) 

+435 (28) 

1.405 (9) 

1.476 (8) 

1.232 (10) 

Lg 

383 

211 

210 

616 

567 

603 

533 

565 

Beye 

554 

277 

518 
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Table 3 (continued) 

No Formula Distance [A] Ref. 
‘ Fe-C C=C. 

2.046 (8) 1.260(11) 
(CO; Fe(CO), 2.076 (8) 

oe pone. 2.064 (8) 1.273(11) so 7N\ “CoH 
HsCg Cots 13 2.068 (8) 

33 [Fea (CO) 7{PhzPC(CO2Me)C (CF3) Cz (CF3) }- 2.039 (9) 1.433 (11) ans 
(PPh) ]*2Ce6He 2.077 (9) 

34 av. 1.96 1.40 276 

H 
2.105 (14) 1.377 (19) 

35 co onen 2.058 (14) <2 Ss % 

so 16 
Feo 2237 1.367 36 = 2.237 36 302 

7 H,c’ oS 

2.114(3) 1.402 (5) 
2.105 (4) 

2) + Ficoh 2. 205 (4) 1.369 (6) a2 
& 2.201 (4) 

CT Pones, 2.078 (14) 1.430(26) 
ae 2.112 (12) ee 

H Jes 

ale > 2.02 (2) 1.39(3) 39 . : Fs y 2.03 (2) 1.39(2) a= p_ 3 Felco, 
ee (ea FAC 

(col, 2.181 (6) 1.395 (8) 
2.246 (6) 40 
2.153 (5) 8 

OW) 2.047 (5) 
Hh (CO), Fe<—| 2.04(1) 1.35 (2) 41 \ 1.35 (2) 87 o Oo ©) 2.06 (1) 1.33 (2) 

r bac 90h 

©} 42 , 1.94(1) 1.39(2) 
2.04 (1) 88 



Structure, Bonding in Organic Iron Compounds 

Table 4: n?-Allyl-Iron Complexes 

No. Formula Distance [A] Angle Ref. 
Fe-C C=C 

2.26 (2) 1.35 (3) 121° (3) 
1 bir 2.09(2) 1.43(3) 489,490 

I 2.34 (2) 

2.200(8) 1nsoi(12)) ei22.82 
2 2.050(8) 1.432 (12) 132,129 

(COl,Fe —Fe(COh 2.142 (8) 

Felco}, 2.241 (8) 431i (1 123.82 17) 
3 2.051 (7) 1.431 (11) 145,137 

Felco), 2.242 (8) 
0,S-CgH,-CH3 

aa eee 2.116(13)  1.447(16) 116° (1) 
4 (co y 2.077 (10) 1.469 (16) 552 

= 2.138 (8) ' 
i a Fe(COly 4 

mou yo Aho enn 
5 a (see Fig. 15) 2. 12(2) E 126° (2) 189 

2.07 (2) 1.45 (2) 131° (2) 
2.11(2) 1.47 (2) 129° (2) 
2.13(2) 128° (2) 

he 2.194(18)  1.420(24) 124.3° (1.6) 
6 2.091(16)  1.440(23) 146,147 

cared 5 2.202 (17) 
(COls CH. 

ow | ee CH, 2.18 1.41 (2) 1162 (1.3) 
7 ere 1.93 1.45 (2) 237 

oc t co 2.19 
PPh 

2.20(1) 1.41 (1) 114.62 (8) 
8 pe 1.96 (1) 1.42(1) 450 

(Cl, 2.17(1) 

Pee 2.163(7) 1.407(11) 116.62 (7) 
care 2.094 (8) 1.424(11) 

5 2.159(8) fan 
2.117(7) 1.409(10) 127.6° (6) 
2.080(6) 1.420(10) 

(COls Pes VENT) 

Ph 1.97(1) 1.41 (1) 116° (1) 
10 ine 2.11(1) 1.43 (1) 418 

A ( 
ee 2.20(1) 

P 

idee 2.20(2) 1.40(3) 118° (2) 
11 oe 2.22 (2) 1.42 (3) 491 

I 2.20(2) 

Fe(CO)s 

2.13 (4) 1.40(4) 115° (2) 
12 MS 2.11(2) 1.49 (4) 327 

an 2.09 (2) 

2011) 1.44 (3) 
2.08 (2) 1.37(2) 606 
2 ATi) 

Ou oe 2.089 (6) 1.393(9) 
13 ¢ 2.061 (6) ie 
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Table 4 (continued) 

No Formula Distance [A] 
Fe-C c-c 

213602) 1.398(2) 

14 Be A 3i(A0) 1.410(2) 
Ze 2344y 

2321,(3) 1.39'(3) 

15 a Zagat) 1.44 (3) 

Ss 2.09 (3) 
Fe(COh ks 

cOlsF 2.146(11)  1.427(15) 
16 Fe(COl; 2.054 (9) 1.392 (14) 

2.174(9) 

Fe(CO)s 
CAS 2.19(3) 1.48(4) 

Ae Zt Zeal 3S) 1.45(4) 
* x FelCO), 2.20(3) 

) 
oe y 2.088 (2) 1.404 (3) 

18 2.078 (2) 1.413 (4) 
(CO};Fe —FeICOl, 2.081 (3) 

Pili 1.43 
19 2.16 1.43 

2522 

2.145(6) 

20 2.040 (6) 

2.125 (6) 

2.120(4) 
21 2.042 (4) 

2.140(4) 

i Jel 21a) 1.37(2) 
22 H Fe(CO); 2.14(2) 1 352) 

Fe(CO), 2.06(1) 

2.141(4) es o7 (Sy) Fe(co) (COhFe— =? 2.043 (3) 1.412(5) 
23 2.178(3) 

2.168 (3) 1.394(5) 

2.041 (4) 1.402 (5) 
2.116 (4) 

CHy 
2.210(12) 1.384(15) 

24 f ef me 2.087 (13) 1.404 (16) 

os 6 2.213(14) 

ae CO), é 2.141 (10) 1.380(15) 

25 \ —CH, | PFE 2.063 (9) 1.415(15) 
. fe) 2.144(8) 

O O Moo), 

O-CH 2.09 

26 refCo!, 2.07 
2.09 

Angle 

119° (4) 

PY5<42 (2) 

Ref. 

295 

462 

383 

625 

26 

53 

200 

192 

326 

346 

395 



Table 4 

No. 

a 

28 

29 

30 

31 

32 

33 

34 

Structure, Bonding in Organic Iron Compounds 

(continued) 

Formula 

(CO),Fe N 
(CO)y 

FelCOly 

(CO), 
Fe(COl, 

=0 

Fe(COl, 

en 
(CO),Fe 

oa FelCO), 

Distance [A] 

Fe-C 

- 16 (2) 
- 48 (2) 

Sl) 
+ 40(2) NNN ND 

2.131 (19) 

2.037 (16) 
2.104 (14) 

2.145 (9) 
2.038 (10) 
2.173(10) 

2.057 

2.089 

2.130 

1.989 (6) 
2.049 (7) 
2.103 (7) 

23 7)(3) 
2.069 (2) 
2.195 (3) 

C=C 

1, 38(3) 
1%.35'(2) 

1.330 

1.390 

1.371 (10) 
1.400 (10) 

1.399(4) 
1.382 (4) 

Angle Ref. 

603 

604 

604 

598 

583 

554 

207 

519 

41 



42 

Table 5: Complexes Containing 

No. 

ANE 

12 

Carl Kruger et al. 

Formula 

u \\ joes 
Fe—Ge—Cl 

Sal 

SfelCOls 
Fe(COl, 

Fe(CO), CHIC gts) 

ee 
HC! 3 H3C e(CO)3 

FelCOls 

eee i Wee CHO 

Fe(COl3 

2 molecules per asym. unit 

(CgHg) 2Fe 

(CO), Fe Sieh 
FelCO) 

Ons FelCOl3 

Creve, 

n*-coordinated Ligands. 

Distance [A] 
Fe-C 

2.14(4) 
2.06 (3) 
2.06 (3) 
2.14(4) 

2.18(2) 

2.09 (2) 
2.09 (2) 
2.13(2) 

2.07(1) 

ZOD) 
2.10(1) 
2.131) 

2.14 

2.09 

2.05 

2.18 

2.146 (7) 
2.061 (7) 
2.039(7) 
2.104 (7) 

2.158(7) 
2.063 (6) 
2.038 (7) 
2d L7GZ) 

Zea (2) 
197 (2) 
2.03 (2) 
2.27(2) 

25153) 

2.16 (3) 

2.15(3) 

2.03 (3) 

2.122 (15) 

2.027 (16) 

2.038 (16) 

2.128(13) 

20181) 

2. 05i(1) 

2.05(1) 
2.18(1) 

Ref. 

1.45 (5) 

1.46 (5) 
1.45(5) 

1.39 (3) 
1.45 (3) 
1.49 (3) 

1.44 (2) 
1.44(1) 

1.45 (2) 

1.46 

1.45 

1.45 

1.395 (10) 

1.399(10) 

1.425 (10) 

1.403(9) 

1.402 (10) 

1.436 (9) 

1.28 (4) 

1.36 (4) 

1.48 (4) 

1.56 (4) 

1.35(5) 

1.55 (4) 

1.40(2) 
1.38(2) 

1.41 (3) 

1.42 (2) 

1,.42(1) 

1.42 (2) 

18 

389 

389 

31 

486,485 

66,466 

625 

460 

280 

625 

544 

251 
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Table 5 (continued) 

Now Formula Distance [A] Ref. 
Fe-C c-c 

Dede 1.41 (5) 
2.07(1) 1142\(5) 

14 core JTL) 2.10(1) 1.46 (5) res 
2.14 (1) 

DVT 1.41 (2) 
15 2.05 1.43(2) 52 

HEE 1.43 (2) 

D2 : 
2.03 1.44 165 
2.07 

2.091 
16 nce | coms 2.149 1.43 166 

FelCOh 2.078 1.44 
é 

2.134 (6) 1.433 (9) 
2.068 (6) 1.413(7) 167 
2.086 (6) 

F3C é 2.043 (20) 1.365 (24) 
Te” 1.986 (22) 1.395 (42) ee 

ea ay ce 2.006 (19) 1.416 (33) 
3 3 

Fe(COl, 2.121 (22) 

F 
. 1.993 (8) 1.397(11) 

2.060(8) 1.376 (12) 
ua ore 2.060(8) Tasriay p27 *7t28 

nee 1.993 (8) 

este 2.091 (8) 1.398 (14) 
2.145 (10) 1.409 (13) 

Ee) " 2.041 (9) ‘Ameen AC 
CoocH 2.059 (10) 

Fe(CO)3 2.114(9) 1.442 (13) 
A ”\ 2.067 (10) 1.396 (13) 

20 : 2.042 (10) 1.435(14) ae 
2.149 (10) 

Rooney, 2.08(1) 1.38(1) 
e 1.41 (1) 

2H (co). reo) 10 
z " = 1.43 (1) 

De) 

2.182 (7) 1.392 (13) 
(CO) 3 Fe 

oO Loi, 2.063 (9) 1.457 (10) ae 
22 2.055 (9) 1.464 (13) 

4 2.168 (9) 

2.111 (8) 1.424 (10) 
CH, OH 

ae 2.150(8) 1.430(10) Ae ; 
23 \\ FelCOls 2.142 (8) 1.413 (10) 

“s ee Oe, 51 (UfS3)) 
HO 3 

2.03 1.418 
2.193 1.406 
2.203 1.404 Bi 

eos 2.043 

aS FelCOl3 2.203 1.406 (10) 
2.193 1.418 (10) 
2.043 1.404 (10) eae 
2.030 
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Table 5 (continued) 

ee Fowaneihel Distance [A] Ref. 
Fe-C C=C 

wis 2.127 (12) 1.440(15) 
SO (CO)3, 2.209 (12) 1.442 (15) 246 25 < 2.188 (10) 1.346 (16) 

2 2.132 (10) 
—\Felcol3 

26 Fe(CO)3 
41 

CH. Ba 3 2.08 1.42 (CO)3F. —~relcoly 2.01 1.41 53 
ai) 2.09 1.42 

AS 2.26 
CH; CH3 (CHy)3Si0 —-OSi(CH3) 

De av. 2.13(2) 28 [CHyS107 NFelCMs av. 2.19(2) g 
o FelCOl, 

OC) SiICHy) OA 

$e 2 29 OC) 2.043 3 
Fe(COls 4 2.052 

Cc yaw i Gio er: av. 2.18(2) oo 
av. 2.06(2) 

2.04 1.47 
CG (CO); 210 1.43 

2.05 1.44 
YG ar,2 2.04 1.47 31 O) 5 2.03 1.45 she 

2.03 1.41 ( Fells 2.09 1.41 
2.03 1.48 

CHy 2.156 (2) 1.407 (4) / a, wel) \g fee 2.063 (2) 1.407 (3) 
Fe(CO), NH: 25055i((2)) 14173) st 

2 ai7i(2) 

oe 2.156 (2) 1.413 (2) = we | Uda 2.068 (2) 1.401 (3) a Fetcoh NHO) 2.054 (2) 1.426 (3) 2 
2.138 (2) 

2.029 (8) 1.407 (13) 
2.090(9) 1.423(14) x O-+-€) 2.038 (8) 1.403 (13) ¥e8 
2.110(9) 

2.132(2) 1.417 (3) a Felco) 2.053 (2) 1.411(4) 
2.053(2) 1.412 (3) HOS 
2.139 (2) 

1.946 (2) 
Ny 2.175 (3) 36 Pr Fetcols 2.192 (3) Bay 

2.120(3) 

2.097 (3) 
2.048 (3) 
2.049 (3) 164 
2.098 (3) 37 (CO) Fe LFelC0), 

i 2.098 (3) 1.428 (4) 
2.049 (3) 1,387 (5) 
2.048 (3) 1.429 (4) sas 
2.097 (3) 
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Table 5 (continued) 

No. Formula Distance [A] Ref. 
He=C c-c 

(CgHs)3 
Fe(CO) 

38 : av. 2.085 av. 1.414 185 
(CH3)3S1 

2.153 1.407 
2.072 1.436 
2176 1.419 Hae 
2.082 

2.185 (9) 1.429 (10) 
WAS 2.076 (8) 1.419 (10) 

_ ae ie os 2.079 (8) 1.429 (10) ee 
: 2.165 (9) 

2.15 1.42 
DAG 1.42 
Ds 1.42 ele 
2.15 , 

2.152(4) 
40 eee MA 2.067 (4) 166,168 

Fe(COl3 2.031 (5) 

Z 2.10(1) 1.41 (1) 
( Felco) 2.04(1) 1372) 41 | 3 200 04 (1 1.40(2 Fe(CO); 

3 on . 
(CO),Fe N : 

42 ee 603 

Fe(CO), 

ie) 

(CO)3Fe. So, 2.151 (4) 1.431 (5) 
1k 2.053 (4) 1.406 (6) eee 

43 N 2.051 (4) 1.431 (5) 
o=c-9 2.096 (4) 

CHy—CH3 
2.116 (6) 1.401 (8) 

cone TT) 2.039 (6) 1.386 (7) 
44 2.052 (7) 1.404(7)° ride 

2.114(5) 

av. av. 

erste ak 2.110(4) 1.428(8) 
45 N 2.070(4) 1.425(7) 170 

Fe(CO) 
3 2.048 (4) 1.425 (9) 

2.128(5) 

PE Spreca 3 
36 (CO),Fe poe 

2.11 
N—CH3 2.04 

47 % mo 2.36 500 

(CO),Fe = CH3 (Fe-N) 2.05 
H! 

48 519 

ps FelCOl, 2.119 1.413 
2.033 1.394 

49 (Col, Le 2.050 1.408 ile 
De ae. 

Fe(Co), 

Leg 2.117(10) 
ee 2.018 (16) 

604 Pe. A] Fe(COl, 2.028 (15) 
2.138(14) 
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Table 5 (continued) 

N Formula Distance [A] Ref. i 
Fe-C C-C 

j@Oren 
51 HCO 

510 1 
CR wcorrev 52 \ 510 

are Ben 

Fe(CO). 
53 (CO);Fe CEC alee 

509 Cry 
P—+FeICO), 
CeHs)2 2 

l i) hes 2.16 (1) 1.43 (2) 241 
2.09(1) 1.46 (1) 617 

2.127 (3) 1.384 (6) 
2.038 (4) 1.432 (6) 

9 2.037 (4) 1.391 (6) 
55) a oe ee 429,42 2.115 (4) 1.396 (7) Git 

2.033(4) 1.408 (6) 60,0 2.037 (4) 1.404 (6) 
2.119 (3) 

56 “ 
241 

2.05 1.40 
2.05 1.43 

f 2.14 1.40 
2.14 57 Cet) 2.14 1.41 es 
2.14 1.40 
2.04 1.41 
2.04 

2.187 1.418 
MePente 2Ni77 1.410 

2 ; 2), 157 1.398 
nl oe 2.145 58 RBs COpCHy 2.048 1.385 a Myf 2.069 1.391 

2.063 1.413 
2.041 

ie 2.091 (5) 1.354 (8) 0 ; 59 Ce 2.025 (5) 1.361 (6) A394 

(CO), F. 60 : Re Sica, an 
— Felco), 

1.38 61 
1.42 242 

and related compounds 1.43 
— Felco), 

2.100(14) 1.41 (2) 
2.038 (16) 1.36 (2) 
2.041 (15) 1.42 (2) 

2 (COhFe {Brea 2.097 (14) e : 2.122 (13) 1. 40(2) ee” 
2.131 (13) 1.39(2) 
2.172(13) 
2.175 (13) 

2.06 1.39(3) (CO), F. Fi 63 9 > shee 2.15 1.49 (3) 250 
1.44(3) 
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Table 5 (continued) 

No. Formula 

Fe(CO)s 
64 

65 

FelCO), 

66 (CO), Fe, 

Fe(COl, 

Fe(COly 

67 AE 

Fae, 

68 (COLFe 2 = 

69 

70 Fe3 (CO) g (PhC2Ph) 2 
(ferracyclopentadiene-ring) 

71 

72 CFy 

av. 

Distance [A] 

Fe-C 

2. 103(3) 
2.032 (3) 
2.043 (3) 

2.114(2) 

2125) ((2)) 
2.039 (2) 

2.03)7,(2) 

2015 (2) 

2.062 

2.138(6) 

2.045 (6) 
2.055 (7) 

2.134 (6) 

2. 112(3) 

2.076 (3) 

2.051 (3) 

2.128 (3) 

2.00 

2.04 

26 N@) 

2.19 

2e2t 

205, 

2.04 

2.13 

2.109 (15) 
2.098 (16) 

2.065 (16) 

2.074 (16) 

2-191'(15) 

2.093 (15) 
2.169(15) 

2.165 (16) 

no) 

Za 

2.09 

1.81 

Ref. 

C=C 

67,64 

av. 1.468 495 

1.444 (9) 

1.371 (9) 
1.434 (9) 142,138 

4 

1.435 (4) 

1.415 (4) 

1.418 (4) 208. 

1.42 

1.44 

1.50 

1.44 238 
1.46 

1.46 

1.370(19) 
1.421 (19) 

1.393 (18) 207 

1.435(21) 
1.456 (22) 

1.459 (21) al 

437 

35 

47 
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5 , 5 : 
Table 6: %~-Cyclopentadienyl and n~-Heterocyclopentadienyl 

Iron Complexes. 

No. Formula Ref. 

H 

HG wn 84 1 CsH7B3Fe03 alas: Haile, 

SAV 
4 

2 CeHeClgFeOSi, (n°-CsHs) FeH(SiC13) y (CO) 461 

3 C7HsBr 3FeO2Sn (n°-Cs5Hs) Fe (CO) 2SnBr3 98,481 

4 C7Hs5Cl3Fe02Sn (n°-CsHs) Fe (CO) »SnCl3 98 , 332 

5  C7H, 6BaFe (n°-CsHs) Fe (BgC2H1 1) 626 
fy s 

6 CeHsFeFeO3P [ (n$-csHs)Fe (CO) 3] [PFs] 334 

7 CgHyF¢FeO2P Co 46,47 

8 CoHsF¢Fe03P Cn 46,47 

9 CoHgFeQy (n°-Cs5Hs) Fe (CO) 2-CH»-CO2H 23,330 

10 C1 pHeCl2FeOyS2 (n°-CsHySO,Cl) 2Fe O- 576 

\ 
11 C) 0HgS3Fe fe ; 234 

12 C) 0H1 0Fe (n°-CsHs) 2Fe Neutron diffraction 619 

268,269,292 

13 Ci 0H 0Fel3 [ (n°-CsHs) 2FelI3 62 

14 Cy 9H pFe2N202 [ (n°-CsHs) Fe (u-NO) ] 107 

15. Cy Hy 4Cl2FeGe (n°-CsHs) (n"-CyHg) Fe-GeC1 (CH3) 18,16 

16 Cj HsCoFe0, (n°-Cs5Hs) (CO) Fe (u-CO) 2Co(CO) 3 114 

17 C1 HsCoFeHGO¢ [ (n°-CsHs) (CO) Fe JHgCo (CO) » 93 

18 C1 Hy pFeOyS (n°-CsHs) Fe (CO) 2-(CyHsSOp) 154,147 

19 C, 2HsFeMnO7 (n°-CsHs) (CO) 2Fe-Mn (CO) 5 344 

Cl 
20 Cy) »HeFe20¢ r? 482 

(CO), Fe — Felco, 

21 C1 2H, oFeO2 (n°=CsHs) Fe (CO) » (n!-CsHs) 55 

f HO,C Fi 0 22 C, 2H oFed, 2 ~G+ econ a 515 

2 (CH) G-* CF 3 C) 2H) 90F2FeO Hy) 226 
ao ‘i 

; FelCO), 
24 C) 2H) 1)Fe20sP ¢ Bia aaa 

25 C, 2H, 3FeNO (n°-CsHs) Fe (1 5-C .H, -CH, -NH-CHO) 535. 

26 C1 2H, 4Fel, [ (n5-CsHy-CH3) 2Fe]T; - 

27 C1 3H} 0C 5 13H) 9Cl2FeO2Sn (N°-CsHs) (CO) 2Fe-SnCly (CeHs) 333 

O 
Ss, 

28 Cc AS 13H o0Fe205S LP, 160 fe caes 
29°C) 3H 1 FeN (n°-CsHs) Fe (1°-CsHy-CH=CH-CN) 80 



Table 6 (continued) 

No. 

30 C,3H)20Fe 

31 C14Hi oBF4Fe2 104 

32 C, 4H) 0Cl2Fe2Ge0y 

33 C) 4H} 0ClgFe20,Sb3 

34 C) 4H) 9Cl2Fe20,Sn 

35 C, 4H} o0ClegFeO2 

36 C148 oF eNy 

shy C1, 4H, 9FeN2 

38 Cy, 4H, 0Fe2N20gSn 

39 C1 4H) oFe20y 

40 C1 4H1 0Fe20¢6 

41 C1 4H; 9Fe20¢S 

42 C)4H,,FeO 

43 C,4H,4Fe02 

44 C,4H;6BFyFe202S2 

45 C1 4H, 7FeO2 

46 C;, 4H, gFeNO 

47  *C14H2 oFe2Sy 

48 C,5HgFe20s5 

19 C, 5H oFeO2 

50 C)5H13F6FeO2Sb 

Si Ci 5HieFeO 

52 C) 5H2 0AS2FeI2NiO 

{[ (n°-CsHs)Fe (CO) » ]21 }BF, 

[ (n°-CsHs) Fe (CO) 2 ]2GeC1lz 

{Lf (n°-Cs5Hs) Fe (CO) 2 ]ySbC12 }SbyC1l7 

[ (n°-CsHs) Fe (CO) 2 ]ySnCl2 

1 Cl 

HC. Fe OCH, 

cn cl ct 

NC N 
‘ve 

H HC——CH 

é Om ~ tN = 

bn 

[n>-CsHsFe (CO) 2 Iz (u-SO2) 
‘0 

Gur 

(n°-C5Hy-CO-CH3) 2Fe 

{L£ (n5-CsHs) FeCO]2 (u-SCH3) 2} [BFu] 

HG cH 

Ghat 
VD as 

nyc’ Cs 

(n°-C5Hy) Fe[n°-CsHy-N (0) -C(CH3) 3] 

[ (n°-CsHs5) Fe ]2 (u-SC2Hs) 2 (U-S2) 

es 
C. ~~ © Nee tain 

ent 
i? co. = co 

[atcorecorron(O) (SbF) 
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Ref. 

199) 

104,105 

278 

507 

91,304 

434 

68,72,69 

188,484,99 

pee) 

159 

296 

516 

180 

302 

301 

588 

442 

529 
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Table 6 (continued) 

No. 

53 C16H oFeNy 

54 C1¢6H,2Fe 

55 C1 6H1 2zFeN307 

56 C1 6H) 3CloFeOs, 

57 C1 6H; 3CoFeO, 

58 C,6H14Fe 

59 C1 6H, 4Fe2Sid, 

60 Ci 6Hi¢Fe2N202 

61 C1 6Hi¢6Fe20,Pb 

62 C, 6H, ¢6Fe20,Sn 

63 C1 6H20Fe 

64 Ci 7HeFe20s 

65 C1 7H} 0Fe2N203 

66 C1 7H) oFe20¢ 

67 C; 7H; »FeN,O2 

68 C,H, 4FeO, 

69  CigHi6FeO 

70 C1 eH) 9Fe2NO03 

71 Ci 8H) 9Fe2N03 

72 C1 aH2oFe 

73 Cy, yH2 2Fe,Ge205 

74 C) 9H) 6FeQ2 

75 C2 0H 0F12Fe20 

Formula 

[ (n°-CsHs) 2Fe][ (CN) 2C=C(CN) 2] 

[ (n5-CsHs) 2Fe]” [CeHz (NO2) 30] 
A cS 

[ (n°-CsH,) 2Fel [3CC13-Co,H] 

Fe. Co’ 
Ce Se SS 

ie) 0 fo) 

(n°-CsHs) Fe (n°-CsHy-CeHs) 
SilCHs), 

ae NCH, 
(ZS (ole co 
RS ae 

Ss c & & 

[ (n°-CsHs) Fe (CO) 2 Jo [u-Pb(CH3) 2] 

[ (n°-CsHs)Fe(CO)2]2[ -Sn(CH3)2] 
Shs CH; 

OH ES 
Fe 

Fe(CO}, 
° 
é a 

Z™ Fe(co), 
Fe Fe 
PEK ‘) 

ou c Nc-C-cn ° 

(CO)sFe Felco) 

] 

| px.— CICN), i) 
(co), Fe —c¢ 

2 — CICN), 

ons CH, — CoH 
Fe 

© 
(CH),CH-CH,-N=e 5 

(n°=CsHs) 2Fes (CO) 3[CNC(CH3) 3] 

Gr€ ox 
CH; 

[ (nP=C5Hs) Fe (CO) 2 15 [ i-Ge (CH) »OGe (CH) 2] 

()°-C5Hy-CO-CH3) Fe (1°-CsHy-CO-C¢Hs) 
Cr, cr 

O: Feco 

cr, CF, © 

Ref. 

161 

525 

556 

115 

407 

607 

201 

73 

69,70 

438,521 

145 

420 

164 

238,136,141 

337, 



Table 6 (continued) 

76 

77 

78 

79 

80 

81 

82 

83 

84 

85 

86 

87 

88 

89 

90 

91 

92 

93 

94 

C20Hi,FeO 

C20Hi¢6Fe2 

C20HisFe 

C2 0H; 6CL2Fe2 

Cz 0H eFe2 

C2 0Hz0FeySy 

Cz 0H20FeuSe 

Cy oH22Fe2N20, 

C20H3eFeSiy, 

C2 1H; 8Fe20 

Cz 1H20Fe205 

C2 1H24Fe0,S 

C22H;5C1lFe2Mo07Sn 

Cy 2H) eFe 

Co2H22F¢6FeP 

C22H24FeO 

C2 2H2 7FeNO2 

C2 3Hi4Fe205 

C2 3H; gCoFeOs5P 

Structure, Bonding in Organic Iron Compounds 

Formula Ref. 

[ (n°-cyHyCl) Fe (n°-Cs5Hy) J» 

[ (n°-CsHs) Fe (n°-CsHy) J2 

L(mo-CsHs) Fe ly (u3-S) y 

[ (n°-CsHs)Fely (W3-S2) 2 (W3-S )2 
(CH3)2N N(CH3)2 

CH——CH 

°) g O 
C 

/ et 
0 i] 6 fe) 

[ (n°-CsHy-Si (CH3) 2-Si(CH3) 3 ]2Fe 

[ (n°-CsHs) Fe (n°-CsH,) ]2co 

(CO); Fe. ae Ges 

H San 

cH;——C 

CH3 

[n°-Cs (CH3) 5 ]Fe (CO) 2S02-CH2 -CH=CH-C¢Hs 

441 

143 

140,135 

403,404,406 

407 ,400,472,405 

561,611 

601 

578 

596 

53 

152 

[ (n° CsHs) Fe (CO) » Jo (3-SnCL) [ (n°-C5Hs)Mo(CO)3] 508 

en x 

(CO) ,Fe—Fe 9. ) (o} 
(CO), ‘ eon ae 

NN C PIC gHs), 
CH; 

PFe- 

7,597,620 

592 

440 

50 

53 
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Table 6 (continued) 

95 

96 

97 

98 

99 

100 

101 

102 

103 

104 

105 

106 

107 

108 

109 

110 

CoyHi 6Fe2 

C24H1eFeO2 

C2yH20Fe2S202 

C24H2 0FeyOy 

C2y4H2 oF eFe,O,4P 

C24H29Fe20,Sn 

C24H22Fe20, 

C24H2 2Fe20, 

C2yH26Fe2 

C24H24Fe2 

C25H29FeO2Sn 

C26H20Fe20,4Sn 

C26H20Fe208S2Sn 

Co¢H2eFe 

C2¢6H36ClyuFe2N2Zn*H20 

C2 6H39FeN30 

C26Hy pAl2Fe20, 

Co6Hy2Fe 

Co 7H2 pFe30¢Sn 

Co gH2 0C1l, pFeyOgSbo 

C2 gH» 3FeOPS 

Formula Ref. 

(n°-CsH,-CO-C¢6Hs) 2Fe 

[ (n°-CsHs) Fe (CO) 15 (u-S-CgHs) 2 

[ (n°-CsHs) Fey (3-CO) , 

{L(n°-CsHs) Fel], (u3-CO),} PF. 

[ (n°-CsHs) Fe (CO) 2 Jy [u-Sn(n!-csHs) v1] 

es 
AA Fi e Ore 

0 i 
fe} 

[ (n°-CH30-Co-CsH,) Fe (n°-CsH,) Jo 

[ (n°=C2Hs-C5Hy) Fe (n°-CsHy) J 

(n°-C5Hs) Fe (CO) 2Sn(CgHs) 3 

[ (n°-CsHs) Fe (CO) 2 ]2[u-Sn(CeHs) 2] 

[ (n°-CsHs) Fe (CO) » Jo [u-Sn(SO2-CeHs) 2] 

“© 
Fe 

) 
an = 

{ (n°-CsHs) Feln°-CsHy—-CH-NH(CH3) 9 ]}2ZnCli 

co 
Oa aS ANCoHn 

Coe 
(CHy)3CHN~ SC“ SNHCgHy 

A pee 

OrS F © iG . 

J—AUIC Hs); 
PEs Ope & 

Fe 

hee Oho 

[ (n°-Cs5Hs) Fe (CO) 2 13 (\13-Sn-CgHs) 

[ (n°-CsHs) (CO) »Fe-C1 Jy (3-SbC1,) » 

319 

581 

291 

502 

594 

74,71,69 

198 

409 

40l 

477,476 

96 

69 

97 

370 

313 

624 

410 

69 

279 

I7 



Table 6 (continued) 

No. Formula Ref. 

Q,- 
116 = C39H20Cl2CugFe20y i Sate 92,171 

co 

2 2 

| 
117 C30H25FeOP GO 28,562 

PIC.H), 

118 C3oH26Fe3 (n°-CsHs) Fe (n°-CsHy, ) 2Fe (n°-CsHy) 2Fe (n°-CsHs) 402,405 

119 C3 Hz sFe02P GLO 124,563 
PICHG)3 = 9 i “ 

u 

120 C31H»sFe206P ae. 202 
e 

Fe(CO), ee See 
% Cc P(OCgHs) 5 

SF Dike 

ii As Ryemistnonn oe = CH, Cly 138 
2 e. 

Cc 

oS FelCO), CeHe 
cO,—CH, 

CH,—0,C ace 
0. — = 

1220 (Ca4Ho Fes Cpe aa 221 

di, 

123 C33H30Fe3 [ (n°-CsHy) Fe (n°-CsHy-CH2-) J3 457 

124 C33HyaFeN20,°H20 (n°-CH3-CsH,) Fe (n°-CH3-CsH3-CO2H) 119 
absolute configuration of quinidine salt 

125 C35H3,4Fe30 Crt] ae 3 

r 
Cc 

126 C3 H30FeOSn [> Femsnigty 565 
/ (e 
CoH, Y 

127 C3gH32Fe20)0S2Sn2 [ (n°-CsHs) Fe (CO) 2Sn (CgHs5) (OSO-CgHs) (OH) ]2 546 

(CeHe)2 
ee 

Q aes, 
to i4 Pe 
1 ~, 

128 C3gH34,F.¢FeOP2Sn Fea—p— 545,274 
(Ces). F2 

Sn(CH3)3 

129 Cy 1H35FeIO¢P2 (n°-Cs5Hs) Fe[P (OCgHs) 3 J2I 4p ly, 123) 

2 se. 
130 Cy 3H32ClgFe7012Sb2 {[ (n9-CsHs) Fe (CO) 213 (¥3-SbC1) }o[FeCl,]* *CH2Cl2 593 

+ 

° ° 

iv ANAC < > 131  CyoH34F¢Fe20,P3Rh Fi (Se = 340,468 4OH3ZyF ErE20KF 3 Nv; MG c PF, a 

0) ) 
Ph, Pha 

+ - 

132  Cy¢H39Au2BF,FeP2 { (n°-csHs) Fe[n°-C5H,-Au(PPh3) -Au(PPh3) ]} BF, 20,21 

133) Cs 2Hy pFeyOgP2 {{(n°-csHs) Fe (co) J (u-CO) 2 [ (n°-CsHs) Fe] }2- 120 

Structure, Bonding in Organic Iron Compounds 

[u- (CgHs) 2P-C=C-P (CeHs) 2] 

53 
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Table 7: Organoiron Complexes Containing Fe-N Bonds. 

No. Formula Fe-N Distance [A] Ref. 

0 2.104 (5) 
' 1 Cy6H36Fe6Fe2NsOPSy s i 2.086 (5) 411 

whe eon bridge 1.193(8) 

i> 
[ (FeL) 2NO]PF¢ 

L = N,N'-dimethyl-N,N'-bis (B-mercapto 
ethyl) ethylenediamine 

2  CgFeNsOSy, (NO) Fe[S2Cz (CN) 2 Jo 1.56 540 

F, (Coy), 

fyi a0 1.645 (7) 
3. C2 9H20FeFeN,O2P2 FC. Fe: i 348 

SS ae se 1.661 (7) 

Fy (CgHs) 2 

4 C36H30FeN202P2 Fe (NO) 2 [P(CgHs) 3 ]2 1.650(7) 6 

5  CyHi 0Fe2N,0,4S2 [Fe (NO) 2 ]2 (u-SC2Hs) 2 1.660(8) 589 

6  C10H20FeN30S, Fe (NO) [S2C-N(C2Hs) 2 Jy 1.690(4) 176 

® 
WICH 

[-) 
7h Cy4H35BFyFeN202P2 j= yetco BR, 1.702 (6) 349 

CeHs PICH) 

(at -80°C) 1.720(5) 229 8  C6H,2FeN30S Fe (NO) [S2C-N(CH3) , 6H) 2FeN30Sy (NO) [S2 (CH3) 2 ]2 1.705 (16) Sarr 

9 Cj yH) 5FeN,03P Fe (NO) 2 (CO) [P(CeHs) 3] Fe-N/C av. 1.709 6 
(CO + NO ligands are disordered) 

10 Cy 9H, 9Fe2N202 [ (n°-CsHs) Fe] 2 (u-NO) » av. 1.768(9) 107 
Vian 

11  CsH¢FeN,03 HC eee .N=CH, 1.830(3) 259 
(CO, a 

Ny sn 1.873(4) 12 CgHeFe2N20¢, = 
a ae (co), 1.882 (4) BOG 

HC, H 
Nr fae 1.89 

13. C39H27Fe2N20sP (cO)F6Sreicoy 1.91 ae 
Bo 1.95 

1293) 

14 C1 6H30FeNgOg bis (dimethylglyoximato) - 1.893 (6) 
diimidazoleiron(II)-dimethanol 

1.918(6) 82 
axial 1.985(5) 

2+ 

CHy 

‘ N CH; 

1.892 
15 C22H2yCloFeNgOg 1.899 324 

Neer ous IClQl,  (CH3CN) 1.938 

Ch; 
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Table 7 (continued) 

Formula Fe-N Distance [A] Ref. 

16 

17 

18 

19 

20 

21 

22 

23) 

24 

25 

26 

27 

28 

29 

C  3H9Fe3NO}) 0Si 

e (CO) 
(CO),Fe: (col Ne : 

\ 
Si(CH5) 

C2 3H2yClaFeNg0g [Fe (py3TPN) ][C10, ]. 
py3TPN = 1,1,1-tris(pyridine- 

2-aldiminomethy1l) ethane 

C,2H22FeNg,O0 

C2 eH27FeNy, 

Cy; gHgFe2N20¢ 

C1 H3 0FeNgOg 

CgHi sFeyNcOyS2 

Ci 9HsyFeN3Si¢ 

C2 9H) gBFe2N20¢ 

Cs56HyyFeNi 2 

Cyy4H2gFeNsO 

C36H2 eFe2N206 

Ca 3H2¢6FeN¢O 

C35H2 oFe3Ny09 

[Fe (NO) ], (u3-S) 2 [u3-N-C(CH3) 3 ]z 

{[ (CH3) 3Si]2N}3Fe 

(CO) Fe 

(CO)3Fe 

[ (Phthalocyanine) (4-methylpyridine) Fe] 
°2(4-methylpyridine) 

(Nitrosyl) (a,8,y,é-tetraphenyl- 
porphinato) iron (ITI) 

(CO), 

4 
emrcaine nego 

e: 

(CO); 

(CO),Fe 
Fe(CO), 

| 

bas (GH) 

av. 

av. 

1.920 

1.870 

1.907 

1.89 (2) 

OOK (2))) 

1594 (2)) 

2.01(1) 
1.90(1) 

2.01 (2) 

1.900(2) 

1.904 (2) 

1.906 (2) 

1.909 (3) 

1.915 (3) 

1.910(6) 

1.918 (6) 

IO LO(2)) 

1.970(1) 
2.050(2) 

1.914 (3) 
1.908 (3) 

1.917(4) 

W979 

1921 

1.960 

1.969 

2) 

(phthalocyanine) 

2.00 

(methy lpy) 

1.928 (6) 
2.001 (3) 

42 

299 

325 

323 

263 

538 

306 

631 

ZBL 

422 

555 

86 

322 

33 

55 
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Table 7 (continued) 

No. 

30 

31 

32 

33) 

34 

35 

36 

37 

38 

39 

40 

41 

42 

C24H27B2FeFeN7 

Cz oH, 3Fe2NOg 

Ci 8H) oFe2N20¢ 

C3 0H2 gCl2FeN,OgS2 *CH30H 

Cy gHy pAS2FeN,5 

CyyH2 gFeN¢0;,Sb2 *8H20 

CoHgFe2N207 

C3 3H24Fe2N20) 9 

C) 9H) 4B2CloFsFeNg03P 

C36H26C1l3FeN¢60) 3 

Ci 7H, yFeN20g 

CeHyFe2N20¢ 

C2 0H1 2Cl2Fe2N20g 

Formula Fe-N Distance [A] 

(imine) 1.95 av. ot 
{ | (NC, Hy-CH=N-CH2-CH,-) 3N]Fe}* [Bry ]2 

1.96 

(pyridine) Nee / 

1.98 Ha CH, CH, 

(CO), 1.960 

1.980 

2.000 ©) 2.020 

pee 1.979(11) 
(COl,Fe Felco), 2.024 (7) 

1.999 (9) 
2.017 (9) 

[Fe (NyS2) 1? (ClOy) 7*CH30H 1.950(2) 
N2Sy = 15,18-Dithia-1,5,8,12-tetraaza- 1.960(2) 

3,4:9,10:13,14:19, 20-tetrabenzo- 1.980(2) 
cycloeicosa-1,11-diene 2.000 (2) 

1.960(4) 
[(CeHs) yAs]oFe(N3) 5 1.970(1) 

2.040(2) 

[1-Tris(1,10-phenanthroline) - 1.96(1) 
iron(II) Jbis[antimony (III) -d-tartate ]-octa- 1.98(1) 
hydrate 

Te 9715) 
[Fe (C1 2HeN2) 3] [Sb(CyH20¢6) 2 ]*8H20 

i 
CH ve 7CH, 

N 
Pa) A CO,Me BSeektO) 

ph (COs ‘CO,Me 
re. 

By WZ aha 

ms (CO), 2.011 

[{FB(ONCHCsH3N) 3P}Fe] [BFy4] 1.972(7) - 1.984(8) 
*CH2Clo (pyridyl) 

{ [Fluoroboro-tris (2-aldoxi- 1.921(7) = 1.943(8) 

mo-6-pyridyl) phosphine Jiron (ITI) }- (aldoximo) 

tetrafluoroborate 

3° 

Oh Fe [cia]; 40 SCI S 

CG} 

CH;0,C COLH, 

‘i —> Fe(COk 1.979(2) 

HeCg 

1.982) 
[H2NFe (CO) 3] DSO rr(2)) 

1.98(2) 
a 1.96(2) 

“1D 
Se ee 1.980(1) 

TENS eae 2.020(1) 

Ref. 

480,454 

32 

32 

34 

585 

267 

628 , 587 

260 

433 

157 

38 

432 

222 

44,45 



Table 7 (continued) 

No. 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53) 

54 

55 

Structure, Bonding in Organic Iron Compounds 

Formula Fe-N Distance [A] Ref. 

C5 0H36C1FeN, *CH30H 

Cz6Hi¢6FeNc¢02S2 
*CHC13°C2HsOH*H20 

C1 9H o0Fe2N207 

C36H30Fe2Ny0¢ 

bis (imidazole) -a,8,y,6-tetra- 1.989 
phenyl-porphinatoiron(III) chloride 1.957(4) (imid) 

1.991 (5) 

e 
Fe vo “CHO, - CHOW + H:0 1.90 

2 

a ape 392 
ey ee 2.01 

(CO),Fe _~—— Fico}, 1.993 (9) 

2.004 (8) 
2.000(8) ~* one 
1.985 (8) 

anh eee 

1.990 

ees Fe(CO), 2.020 ae) 

(Nitrosyl) (a,8,y,6-tetraphenyl- 1993- 
Cy9H35C13FeN70 
persia e se. porphinato) (1-methylimidazole) iron 2.180 28 

on Vp 
N=N 

(co),Fé—eICol, 2.00(1) Bp 

Cy 6H14FeN209 -CH 2.01 (1) 

Ao 

bis (imidazole) octaethylporphinato- 2 
fe -O1 584 

Cu 2Hs2NeOuFeCl* 2CHCls iron(III) perchlorate 

2.001 

; 2.003 yi 
C34H32C1FeN,O, a-Chlorohemin 2.011 4 

2013 

C1 2HsFe2NO¢S 6 5 2.002 (4) 79 

b< 
(CO),Fe Fe(CO), 

CegHyFeN20, nOv— Fe(CO}, 2.031 (2) 204 

0,S-CgH,-CH3 
| __ OCH, 

C1 9H, 5Fe2NOi 0S (COl,Fe 2.040 553 

Fe(CO); 

2.04 

Cy 2Hy oFeNsO6S (p-Nitrobenzenethiolato) (proto- 2.07 423 

porphyrin IX dimethylester) iron (III) 2.09 
2109) 

CgHsFeNOy, Or- Fe(CO), 2.046 (5) 204 

217,179 

57 
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Table 7 (continued) 

No. 

56 

57 

58 

59 

60 

61 

62 

63 

64 

65 

66 

67 

68 

69 

70 

a 

72 

CgoHgFeN205 

C,H; 3FeNO3 

C30H2gClFeN202 

CgsHs¢6Fe2N20 

C22H2 oFeN¢S2 

C2 0H24C1lFeN202 

C22H;¢FeN¢S2 

CsuHsoFeNe 

C33H30Cly,Fe2Ny,Os 

C32H2eFe2NyOs 

C2 7H3yCl2Fe2N,04 

C,6H32ClFeIN, 

C1 2H eCleFe3Ne 

Cy oHy gBFe2NyOs 

C)2H30Br2FeN, 

Formula Fe-N Distance [A] Ref. 

2.05 500 

(COlyFe “CH3 

isco | N—cots ae (5) ae 
FelCOl; ot 

2.01 165 

Fe (SANE) 2Cl 2.14(1) 64 

SANE = N-(2-phenylethyl)salicylaldimine 2.12(1) 

(yu-oxo) bis[a,8,y,6-tetrapheny1- 
porphinatoiron(IITI) ] 2.087 (3) 365 
O(Fe-TPP) 9 

(NCS) 2.088 (4) 

Fe (CsHs5N) 4 (NCS) > (pyedatne) 2.241 (4) 574 

ise 2.268 (4) 

(chloro) bis (N-n-propylsalicylald- 2.09(2) 
iminato) iron (III) 2.096 eect 

(NCS) 2.09(3) 
Fe (bipy) 2 (NCS) 2 (bipy) Ze kit (2)) 425 

Nazi (2) 

bis (piperidine) (a,8,Y,6-tetra- (ax.} 2. 12743) 

phenylporphinato) iron(II) ( ) 2.008 (3) 541 

&d-" (2.000(3) 

u-o[Fe-salen® ],*CH2Cl2 Se 25 

u-O[Fe-salen®], Daahy 233 

[Fe (SALPA) Cl ]2*CgHsCH3 
SALPA = N- (3-hydroxypropyl) salicyald- 2.06 (1) 64 
imine 

cH, |* 
HC cH, 

N NH 
Ci J PA ch 321 

sal ra Bra Lea) 

cl 

CH, CH, 
CHy 

2.13(2) 
7 2.24(1) ae 

[ (CH3-C=N) ,Fe]? [Fecly, ]y 
220019) 

2.240(11) ae! 

: + - 
C) 0H) 2FeLiN 0, *3H2O {Li [Fe (EDTA) ] }*3H2O ae 506 

2.14(2) 

(u-oxo) bis[ (N-n-propylsalicylidene- 2.14(2) 232 

iminato) iron(III) ] 2ecst2) 

2.14(2) 

BOOT) 
FetN|-CH2-CH2-N (CH {N[-CH2-CH2-N(CH3) 213 }Br2 2.210(1) 600 

[Fe (NH2-NH-CS-NH; ) 2SOy J 2.164 (6) 
496 

CoH 0FeNcO,S , 
(polymeric) 2.195 (6) 



Table 7 (continued) 

No. 

Structure, Bonding in Organic Iron Compounds 

73 C26H gC1FeN202S2 

15 

DE Ci) 6H36Fe2NySy 

78 Cj 0H; 5FeN209 

79 C1 eHyoFe2NySy 

80 Cy 3H3 0Fes5N60) 3 

81 

82 C32H24Cl2FeNgOg 

86 C,1H) sFeNsOg*3H20 

87 C;¢Hy¢Fe2N) 9pOly 

Formula Fe-N Distance [A] Ref. 

(chloro) [bis (salicylideniminepheny]1) - 2.166(12) 5 
disulfido]iron (III) 2.204 (10) 6 

oe 

74 C27H24C1l3FeN,03°3H20 wlencenrn=ov-O)-c1 Fe” 2.18 36 

3 

C30Hs0ClyFe2Ny 9019 [ (H20) LFe-0-FeL (H20) ]**[clo, ]i Qo 

C1 7H2 3C1FeN70,S2 [FeL (NCS) 2 ]clo, 2.23 (5) vee 
(NCS) 2.01 (2) 

L= 2,13-dimethy1-3,6,9,12, 18-pentaazabicyclo[12.3.1 loctadeca- 
1(18) ,2,12,14,16-pentaene 

{ [NH 3-CH)-CH,-NH ]?* [LFe (111) - 2.200 76 C22HyoFe2Ng0)5*6H20 Basi? Gos 8 5 22Hy 0Fe2Ne01 5 2 O-Fe (III) L]? }*6H,0 Dh OHS 456 

HO- CH.—CH. CH,—C , 
Ls N= cHy-cHy—N 

0,c—chy FN cu coz 

(u-L) 2Fe2 2.20(1) 377 

L = N,N'-dimethyl-N,N'-bis (8-mer- 2a) 

captoethyl) ethylenediamine 

[Fe (HEDTA”) 470] 2.22 412 
2.325 360 

(u-L) 2Fe2 2.207 (7) 377 

L = N,N'-dimethy1l-N,N'-bis (8-mer- 2.33747) 

captoethy1)-1,3-propanediamine 

2.25 (3) 
21283) 

ot - 2293) 
[Fe (CsHsN) 6]? [Fe, (CO) 13]? b 2eK} 258 

2.22 (3) 
2.25 (3) 

a = 
Co gHyoCaFe2Ny,018*8H20 Ca* [FeL(H20)]2 *8H20 Don Ge 

L = trans-1,2-diaminocyclohexane- 

N,N'-tetraacetate 

2.284(11) 

2+ 2.188(10) 

2.213) 10) 

Fe (C10); 2.184(11) 

2.335 (10) oe 
she 2.378(11) 

2.465 (11) 
2.756(11) 

83 C) 0H, 4yFeLiN209°2H20 {ni* [Fe (EDTA?) (H20) ] }*2H20 av. 2.325 447 

a = 
84  CyoHiyFeN209Rb*2H,0 {Rb [Fe (EDTA?) (H,0)]}*2H,0 av. _2.317 447 

85 C1 9H14FeN2Na0g*2H20 {Na* [Fe (EpTa?) (H20) ] }*2H,0 av. 2.26 505 

{(CN3He) *[Fe (EDTA?) (#20) ]7}*2H20 av. 2.38 501 

2. 32)(S) 
(u-oxo) bis[tetraethylene penta- 2.36 (4) 
amineiron (III) Jiodide 2), 30\(3) 177 

2.12(4) 

2.13 (4) 

59 
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Table 7 (continued) 

No. 

88 

89 

90 

91 

92 

93 

94 

Formula Fe-N Distance [A] Ref. 

CyH3 0Fe2N2022S2 {[Fe (420) 6 ]?* oe 453 
[Fe (H20)y (H3N -CH2-COz)2][so,]3 } 

FeyNyOySy [Fe (NO) ]y (u3-S) 4 306 

C2 9Ha 2ClpFe2N70, [Fe (Sal=N- (CH) 30)Cl],, and other 
Sal=N-R complexes of iron(IITI) BBE 

On. Sal=N-R = al=N-R CoN 

H 

C1 2H, gB2F2FeN¢0¢ *4CeHi 2 FeL*4CeHi2 ee 

L = 1,8-bis(fluoroboro) -2,7,9,14,15,20-hexaoxa-3,6,10,13,16,19- 

hexaaza-4,5,11,12,17,18-hexamethylbicyclo[6.6.6 Jeicosa- 

3,5,10,12,16, 18-hexaene 

Oo 

Cy 7HeFe2N207 é 203 
© nS Fe Fe(CO), 

(CON 4 

7 
ie) 

= = 
C1 gH30F12FeN¢P2 [FeL (CH3CN) 2]? ([PF¢]2 

L = 2,3,9,10-tetramethyl-1,4,8,11-tetraaza- 571 
cyclotetradeca-1,3,8,10-tetraene 

Fa 
C1 1H21Cl2FeN705 [Cl-FeL(H20) ]°cl *2H20 

L = 2,6-diacetylpyridine-bis (semicarbazone) Oe) 

OH HO 
b HOC—CH, CH-COH Hrsalens bya Nezce H, EDTA = = CH)—CH,—N~ 

CH,—CH, eee CHy-CO2H 



Structure, Bonding in Organic Iron Compounds 

Table 8: Organoiron Complexes Containing Fe-O Bonds. 

No. Formula Fe-O Distance [.1] Ref. 

(u-Oxo) bis[a, 8, y,6-tetraphenyl- 1.763 (1) 
1 CggHseFe2NsO porphinatoiron (III) ] 365 

O(Fe-TPP) 2 

(u-Oxo) bis[tetraethylenepenta- Meera (As) 
Ze Crista cbe2NicOTK amineiron(III) Jiodide Wee 

a 
u-O[Fe-salen® ]» 1.93(1) 

3 C32H2aFe2NuOs (bridge) 1.78(1) 259 

4  CopHwoFe2Ne01s*6H20 —{ [NHy-CH-CH2-NH3]?" [LFe (III) - 1.79(1) 
O-Fe(III)L]*? }*6H,O 1.80(1) 

2.03 (1) ao HO- CH>—CH» CH,—CO> B 
Ls N—CH,—CH,—NO 0,¢-cHy" g—-CHy NcH,—cos (average) 

1.791 (9) 
1.797 (9) 

5  C33H30Cl2Fe2Ny0s5 u-o[Fe-salen]2*CH2Clz plat 25,174 1.924 (9) 
1.924 (9) 
1.916 (9) 

Fe (SANE) 2Cl 1.85 (1) 
6 C30H2 gClFeN20, SANE = N-(2-phenylethyl) sali- 19311) 64 

cylaldimine 15:98:(1) 

[Fe (SALPA) Cl ]2°CgHsCH3 1.86 (1) 
7 C27HseChaFe2n20s SALPA = N-(3-hydroxypropy1) sali- 1.88(1) Be 

cylaldimine 

(Chloro) [bis (salicylidenimine- 1.871 (8) 

Bom csH eC EeN20722 phenyl) disul£ido]Jiron (III) 1.909 (7) 63 

s a 1.879 (10) 
9 C)6H,yC1FeN202*CH3NO2 [Cl-Fe-salen™ ] 1.885 (11) 308 

a 1.898 (7) 
10 C,¢H,,4ClFeN202 [cl-Fe-salen™ ]2 1.978(7) 309 

: (Chloro) bis (N-n-propylsalicylal- 1.887 

ee ease renzo? diminato) tron (201) 1.89 (2) 290/224 

(bridge-O) 1.92 

12 Cy Hy gCl7Fe3N60yy { [Fe (III) (alanine) 2H20] 30} (C104) 7 369 
(H20) 2.07 

1.93 (1) 
(u-Oxo) bis[bis (N-n-propylsali- 1.92(1) 

1 SEE Cv ols aFeaNyOs cylideneiminato) iron (111) ] 1.94 (2) 232 
1.92 (1) 

aes (bridge-O) 1.79 
14  Cy2H3—8Fe2N60s yu-O[Fe-salen® ]>*py2 SNE ACR 310 

o 
; : .93 

15  Cy6H16FeN¢02S2*CHCl3*C2Hs0H*H20 | ™. : yon CHO, CaHeOH HO 1 a 426 

2 

i 
Cc H. A> CH3 

16. Cy oH14ClFe0, ee a a ae ae 
oH ‘o 

2 _ 

17 Cz6HisF12FeOPSy {[ (CeHs) s3PO]Fe[S2C2 (CF3) 2 Jz} 1.957(15) 289 

61 
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Table 8 (continued) 

a Formula Fe-O Distance [A] Ref. 

. 
ee 

F Fe— 
18 Cz0Hi0Fe208 (see Fig. 6) ee LESS) Bole 

H Ph 
0. 

re —o 1.969 (6) 591 
19 Co 0H, sFe207P Ree 1.974 (6) 

H3C : CH 

av. 1.98(1) 452 

20 C21H24FeN309 Fe (CgHs—CO-NH-O) 3° 3H20 av. 2.06 (1) 

b 
21 Cy0His5FeN209 [Fe (HEDTA )H20] 1.98 412 

22. C, 1H) 3Fe6FeO,4P PFE 1.987 (10) 326 

ee 4 

23 CisH21010AgClFe ye av. 1.99 497 
CH Fe -AgClQ, 

a ch; 1.99(1) 
O—N 3 2.01(1) 

Fe: | 2.00(1) 354 
24 C1 9H; sFeN¢0g O— NC, : 2.01 (1) 

4 1.99:(1) 
f 2<00(1) 

| Fe 
25 C1 5H2 1 Fed. ei eee | 1.992 (6) 386 

oO 0 
. 3 

¢ CH, | PFE 
26 CoHoFeFeOuP ne 1.995 (5) 346 

TA 
Fe(CO}; 

27 C1 1H, gFeNsOg°3H20 { (CN3H¢) * [Fe (EDTA?) (H20)] }*2H20 av. 2.0 501 

‘e val 

28  C7H¢BF3Fe0sS l 2.00(1) 144,146 
1 0=8F 

(COl,Fe2—o 

29° C1 14H9 0AG3FeOgP6Se {Ag[P(C6Hs) 3]2}3Fe(O2C2S2) 3 2.003 (6) 216,366 

30 CgH2yClgFe20,S, trans-{Cl2Fe[OS(CH3)91],}*[Fecl, ]7 2.006 (6) 57,56 

Fel, 6 00 

chal C2 1H, 5FeOg ib 2.008 (3) 342 

i ae 
32 C;2HeFeOy Hsp \ Ze 2.013'(3) 166,168 

Fe 

(CO), 
+ = 

33 CogHyoCaFe2Ny0;8*8H20 Ca? [FeL(H20) ]2*8H20 DEO (17) 
L = trans-1,2-diaminocyclohexane- 2.092 (5) 175 

N,N'-tetraacetate 

+ =- 

34 CroHiwFeNzNa3*2H20  {Na"[Fe(EDTA”) (H20)]}+2H20 89s 3°08 505 
2 3 
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Table 8 (continued) 

No. Formula Fe-O Distance [A] Ref. 

2.04 

ak = 187 
35 Cy 0H12FeLiN20,g*3H20 {Li [Fe(EpTa”) ] }*3H20 ‘OV 506 

1.8 

36 C, eH 4Fe2010 2.040(5) 382 

37 CosH, sFe208 2.07 395 

Catena-di (u-chloro) bis (formamido-0O) 21311) 
38 C2H¢Cl2FeN202 iron(II) 181 

39 C22H;,¢C1FeENg0g °6H20 Bis (10-methylisoalloxazine) ferrous 2.165 (5) 305 

perchlorate hexahydrate 

[Fe (NH2-NH-CS-NH2 ) 2SO, ] 2.187 (5) 
6 BOM CPE CECNeQuS2 (polymeric) 2.165 (4) 2) 

41 C2H2Fe02S*H20 Fe (S-CH2-CO2) *H20 2.207 (7) 

2.186 (7) 394 

2.126 (9) 

°2 I (II) late dihydrat an22 241 42 C2FeO, *2H20 ron oxalate dihydrate (H)0) 2.11 

cl 
CH; 

ey 1.91 (1) 
43 Co0H,zCl2Fe2N20¢ ee oe 2.73(1) 44,45 

So 

OL, 
cl 

rs = 
44 C2H24C1lFe 3020 [Fe (CH,-CO,) ,0-3H,0] [Clo,] 22 

45 C)1H21Cly,FeN70s5 [Cl-FeL (H»0) ]*c1~ +*2H,0 
L = 2,6-diacetylpyridine-bis (semi- 613 

carbazone) 

46 Co9H22Cl2Fe2N20y [Fe (Sal=N-(CH2) 30)C1]2, and Poy 
other Sal=N-R complexes of iron(II) 

HH 

Sal=N-R = Ox 
=N-R 

es ee ee oe 

a OH 

H,salen = CH=N 

CH,—CH, 

HO 

N==CH 

b HO,C—CH, CH,-CO;H 
H, EDTA = NH: CN 

HOC—CH; CHpCO2H 
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Table 9: Organoiron Complexes Containing Fe-S Bonds. 

No. Formula Fe-S Distance [4] Ref. 

10 

11 

12 

13 

14 

15 

a a 2. 206 (2) 
C1¢HigFe308S2 ae 2.142 (2) 

ra = 
CgH, Bz oFeN2S2 [N(CH3)y]2[Fe(B10H10S) 2]? 2.155 (3) 

+ = 
C24H36FizFeNS, [(n-CyHg) yN]°{FelS2C2(CF3)2]2} av. 2.17 

2.184(7) 
2.238(7) 

2.297(5) 
2.336 (6) 

2.343 (7) 
2.296 (6) 

C24H2)FeS7 [Fe (CH3-CgHy-CS3) (CH3-CgHy-CS2) » J 

2.185 (2) 
2.306 (1) 

2.232(1) 

2.303(1) 

oe S 
C32Hs¢Fe2N2S¢ [ (C2Hs) 4NJ2{ (u-S) 2Fe2[ (SCH2) 2CeHy Jo }* 

Fe 2.187(1) C, 3H; o0Fe205S oc Si Co ZAUBL (4)) 

2.195 (3) C1 4H2 oF 6FeN»S¢ Fe[S2CN(C2Hs) 2]2[S2C2 (CF3) 2] 2.310(3) 

2.199 (15) 

2.225 (£5) 

2.239(15) 

2.231 (15) 

C26H15F12FeOPS, {[(CeHs) 3PO]Fe[S2Co (CF3) 2 ]2}_ 

2.200 

2.202 
Pe FF] 

2.302 

se u Cu yHe aFe2NoS¢ [ (C2H5) yNJ2[ (u-S) 2Fe2 (S-CgHy-p-CH3) , 1? 

2.204 (4) 

2.250(8) 
C2 0H29FeySy [ (n°-CsHs) Fely (u3-S) 4 

av. 2.206(2) 

av. 2.256(3) 

FeyNyOy4Sy [Fe (NO) ]y (u3-S) 4 av. 2.217(2) 

C2 1H24Fe0,S [n>-cs (CH2) 5 ] (CO) 2Fe-SO2-CH)-CH=CH-CgHs 2.218(2) 

2..20'('3) 

Cy eH72Fe oN) Se [ (n-CyHs) NJ 2 {Fey [S2C2 (CN) » Jy} 27 ak 
2.28 (3) 

bridge 2.46 

bridge S 2.22(1) 
Cy, 6H30Fe2Si4 (u-SC2Hs5) 2 [Fe (S2C-S-C2Hs) Jo (u-S2C-S-C2Hs) 2 

bridge Sp 2.28(1) 
2.34(1) 

2.224(2 Cel) eBFeyNcgOuSp [Fe (NO) ]y (3-S) 2[ya-N-C(CH3) 3], 2 a 

2.26 (2) CyH, pFe2NyOyS2 (u-SC2Hs) 2[Fe (NO) 2 ]2 2.28(7) 

206 

235 

290 

212,213 

471 

160 

397 

471 

611 

561 

306 

LSz, 

341 

214 

306 

589 
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Table 9 (continued) 

No. 

17 

18 

19 

20 

21 

22 

23 

24 

25) 

26 

27 

28 

29 

30 

31 

32 

CgFeNsOSy 

CeFe20¢6S2 

C) 0H2 oFeN30S, 

CgoFe309S2 

Ci 0H2 0ClFeN2S, 

C14) 6BFyFe202Sy 

ot = 
C39H2eCl2FeN,OgS2*CH30H [Fe(NyS2)]* (C104) 2*CH30 

Cy4He eBFeyN2Se 

Ci 4He Fey01 253 

Ci 0H 0Fe206S2 

C2 0H} o0Fe206S2 

C24H2 0Fe2S202 

C32HyyFeN2Se 

Ce oHy o0AS2FeNeSe 

Cy oHasFe2N2Sa 

C,4H20Fe2Sy 

Formula Fe-S Distance [A] 

2.26 (6) 
2.26 (6) 

Fe (NO) [S2C2 (CN) 2 Jz 2.28 (6) 

2.29 (6) 

(u-S2) [Fe (CO) 3] 2.228 (2) 

2.28(1) 
2.30(1) 

Fe (NO) [S,C-N(C2Hs) 2] 2 2. 30(1) 
2.26(1) 

2.228 (9) 
2.225 (9) 

(W3-S) 2[Fe (CO) 313° (U-S2) [Fe (CO) 3] 2.233 (9) 
2.220(7) 
2.212(9) 

2.29(1) 
2.31(1) 

Cl-Fe[S2C-N(C2Hs) 2 J2 2.30(1) 

2.30(1) 

+ = 2.233 (4 
{ (u-SCH3) 2 [ (n°-CsHs)Feco]2} [BFy] ek 

2.236 (9) 
N,S2 = 15,18-Dithia-1,5,8,12-tetraaza- 2.246 (9) 
3,4:9,10:13,14:19,20-tetrabenzocyclo- 

eicosa-1,11-diene 

[(CoHs) »NIS[ (W3-S) y (FeS-CH2-CyHs)4]2 «2. 239(4) 

2.248 (8) 
(uy-S) { (u-SCH3) [Fe (CO) 3]2}2 2.274 (7) 

(u-SC2Hs) 2[Fe (CO) 3]2 2.259(7) 

Q Oo 2.259 (3) 
c==C 

ee 
i 

(CO),Fe Fe(CO), 

(u-SCeHs) »[ (n°-C5Hs) FeCl] > 2.262 (6) 

[ (CH3) yN]3 0 (W3-S) yFe (SCgHs) y 127 av. 2.263(3) 

: 3 2.264 (1) 
[ (CeHs) uAs]2{FelS2Co2 (CN) 213}? 2.258 (1) 

2.271 (2) 

2G Chole CUe 2.265 (3) 
wit De ee 2.236 (3) 

[ (n-CyH 9) uN] 2 se Fe 2.503 (3) 

} Lew. Ns 2.220(3) 
rd peda 2.247 (3) 

SMA) 
2.289 (2) 
2.129 (2) 

(u-S2) [ (n°-CyHs) Fe] (u-S-C2Hs) » 2.275 (2) 

2.285 (2) 
25 129)(2) 

Ref. 

540 

609,610 

176 

610 

373,375 

180 

178 

219 

93,94,608 

291 

564 

573 

588 

65 
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Table 9 (continued) 

33 

34 

35) 

36 

37 

38 

39 

40 

41 

42 

43 

44 

Formula Fe-S Distance [A] 

C1 eH oFe206S2 

Ci 6H36FeFe2NsOPSy, N 

[ (FeL) 2NOI]PF¢ 

L = N,N'-dimethyl-Nw,N'-bis (B-mercaptoethyl) ethylenediamine 

e e 
C14H1 pFe20¢S Git+© 

6 6 (0) 

C,2HsFe2NO0¢S ® 

<r? 
(CO), Fe Fe(CO), 

+ 

C74H74FeO;2P2S_6 [ (CeHs) 3 (CeHs-CH2) PJ 2{Fe[S2CC(CO2C»Hs) 213} 

Ci 5H27FeS9 Fe[S2C-S-C(CH3) 3]3 

CosHyF2yFeyS1106 —_{ (u-SCH3) 3[Fe (CO) 3]2} {Fea [SoCo (CF3) 2] 

cation 

anion av.} 

Ce6H) 2FeN30Sy ON-Fe[S2C-N(CH3) 2 I2 

22152) 

2.261 (2) 
2.281 (2) 
2.264 (2) 

9 : s ! / bridge 2.276(2) 

2.245 (2) 

2.298 (2) 

2.2790(6) 
2.2814(7) 

2.283 (2) 

2.289 (2) 

2592305 (2) 
2.301 (2) 

2.293 (3) 
2.296 (3) 

2.297'(3) 
2.310(3) 

2.291 (3) 
2.294 (2) 

2.295 (4) 
2.305 (3) 

is 2.310(3) 
2.310(4) 

2.303 (4) 
2.307 (4) 

2.206 (3) 
2.311(5) 

2.295 (2) 

2.298 (2) 

2.308 (2) 
2.294 (2) 

+ = 
C1 5H24C1lFeN30,S¢ [Fe (S2C-N )3] [clo,] av. 2.300(2) 

CoH) sFe03S¢6 Fe (S2C-OC2Hs) 3 
2.308 (3) 
2.326 (3) 

C27HsyFeN3S6 Fe[S2C-N(CyH9) 2]3 av. 2.418(6) 

C2yH2yFeNn3S¢ Fe[S2C-N(CH3) (CeHs) ]3 

2.308 (9) 
2.317%) 

2.307 (8) 
2.328 (9) 

2.280(9) 
2.334(8) 

Ref. 

355 

411 

159 

79 

367 

445 

560 

229,227 

463 

376 

374 

350 
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Table 9 (continued) 

No. Formula Fe-S Distance [A] Ref. 

67 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

Cy, sH24FeN3S¢— Fe son] d3 

C2 3H) 9FeO2PS 

(p-Nitrobenzenethiolato) (protoporphyrin IX 

Cu2Hy oFeNsO6S dimethylester) iron(II) 

Ci 4H2 oDFeN202Sy sp 0 

—S axial } 

C1 1H; 0B2Fe03S 

CgH2yFeN2Py4Sy Fe[S-P (CH3) 2-N-P(CH3) 2-S]2 

C1 5H30FeN3S¢ Fe[S2C-N(C2Hs) 2]3 

Dares 

S Cc 
C} gH2 eCl2FeMoS2 QL Pees 

Oo Pea ei 
meee 

CoH) pFeNg0y4S2 [Fe (NH2-NH-CS-NHy» ) 2SO, ] 

(polymeric) 

C2H2Fe02S*H20 Fe (S-CH2-CO2) *H20 

S. 

Fe] Sc—N 0 
C) 5H24FeN303S¢ °CH2Cl2 so iN / 

3 

Ci6H36Fe2NySy (u-L) 2Fe2 ns 

L= N,N'-dimethyl-N,N'-bis (R-mercaptoethy1) ethylenediamine 

trans to CO 

2.41 (1) 

2.40(1) 
2.44(1) 

2.41(1) 

2.38(1) 
2.40(1) 

Ages) 

4 

2.337 (6) 

2.340(6) 
2.309 (5) 

2.308(5) 

2.342 

2.356 (3) 

2.364 (3) 
2..339'(3) 
2.380(3) 

2.364 (3) 
2.362 (3) 

253523) 

2.356 (3) 
2. 361 (3) 

2.352 (3) 

2.384 (5) 
2.387 (5) 

2.427 (2) 
2.425 (2) 

2.436 (7) 

2.432 (5) 

2.452 (4) 
2.431 (4) 
2.424 (4) 
2.423 (4) 
2.432 (4) 
2.420(4) 

2.471 (5) 
2..379(5) 
2.304 (5) 

350 

583 

423 

547 

567 

149,153 

444 

111,112 

496 

394 

85d 

377 
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Table 9 (continued) 

No. 

57 

58 

59) 

60 

61 

62 

Formula Fe-S Distance [A] Ref. 

2.490 (3) 

Ci 6Hy oFe2NySy (u-L) 2Fe2 2.411 (2) 377 

L = N,N'-dimethyl-N,N'-bis (B-mercaptoethy1) -1,3-propane- Ze 2 D2) 

diamine 

C26H;eC1FeN202S2 (Chloro)-bis(salicylideniminephenyl) (di- 2.536 (4) 65 

sulfido) iron (III) 

C1 0H2 oFeIN2Sy I-Fe[S2C-N(CyzHs) 21> 2.82 (2) 351 

+ + - 
C2 gH, 2FeyNNasOgSg Nas[(CyH9)4N] { (u3-S) 4 [Fe (S-CH2-CH>-Co,) J, }® ae 
°5 (CsHgNO) *S5(N-methyl pyrrolidone) 

C1 gH2 9Fe204S2 [2, 3-nsurs (CHy-cHec-¢ZF) Ja [Fe (CO) 22 527 
CoHs 

CieF24Fe3Si0°%%Sg (U13-S) (u-S) [u3-S2Ce2 (CF3) 2 |[FeS2C» (CF3) 213°4S, 312 
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Table 10: Organoiron Compounds Containing Iron- (Main Group 
Element) Bonds. 

69 

No. Formula Distance [A] Ref. 

A. Boron Fe-B 

2.096 (6) 
1 C)2H1 sBeFe2 1,6-bis (n°-cyclopentadieny]) - 2.196 (6) 108 

-1,6-diferra-2, 3-dicarba-closo- 2.219 (6) 

decaborane (8) 1.930(6) 

2.089 (6) 

2.083 (6) 

gt a= 
2 CgHy4B20FeN2S2 [ (CH3) uN] 2 [Fe (Bi 0H10S) 2]? Pe MS (GU) 235 

gs 
\ Ziecvel, 

i SS 3 C1 1H 0B2Fe03S Ck 2.282 567 

Fe(CO), 
HH 

+ a 
4 C2 0HyaB7FeNO,y [ (n-CyH9)4N] [(n?-B,/Hi2)Fe(CO),4] av. 2.20(2)/ 368 

B. Silicon Fe-Si 

1  CeHeCleFeOSiz (n°-CyHs)FeH(SiC13) 2CO 2.252 (3) 461 

C. Germanium Fe-Ge 

| \ ots 
Fe—Gé—Cl 

1 Cy 9H14Cl2FeGe Pe 2.28 18 

2 Cy 4H 0Cl2Fe2Ge0, [ (n°-CsHs) Fe (CO) 2] 2Cu-GeC12) 2.357 (4) 105 

3 C1 8H22Fe2Ge205 [ m°-csHs) Fe (CO) 2 ]2Lu-Ge (CH3) 2- Qo STP 1 

OGe (CH3) 2] 
4 Cj oH) aFe2Ge30¢ [u-Ge (CH3) 2]3[Fe (CO) 3]2 2.398 (5) 89,281 

2.416 (3) 
2.432 (3) 

5 C31Hz9Fe2Ge207 (u-CO) [u-Ge (CeHs) 2 Jo [Fe (CO) 3]z 2.402 (3) 282 

2.440(3) 

i Qe — 2.433 (8) 58 

6 Ci6H10C1uCozFeGe20¢ eae 
() 

clyGe eCl, 2.438 (4) 283 

a 
(CO), 

7 C16H20Fe2Gex0g [u-Ge (CzHs) 2], [Fe (CO), ]2 av. 2.492 630 

D. Tin Fe-Sn 

5 2.465 (3) 98 
1 C7HsBr3Fe0O2Sn (n°-Cs5Hs5) Fe (CO) »SnBr3 2.462 (2) 481 

2  C7HsCl3Fe02Sn (n°-CsHs) Fe (CO) 2SnCl3 2. 466 (2) 98 

3. C1) 3Hj0Cl»FeO2Sn (n°-CsHs) (CO) »Fe-SnCl2 (C¢Hs) 2.467 (2) 333 

2.490(10) 
4  C26H20Fe20sS2Sn [ (n°-CsHs) Fe (CO) 2 J2[u-Sn(S02-C6Hs)2] 5° 557 (10) 97 

5 C1 4H 1 0Cl2Fe20.,Sn [ (n°-CsHs5) Fe (CO) 2 J2 (u-SnC12) 2.492 (8) 507 

6 C38H32Fe20) 9S2Sn2 [ (n°-CsHs) Fe (CO) »Sn(CeHs) (SOz,-C6Hs) (OH)], 2.499(1) 546 
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Table 10 (continued) 

Distance [A] No. Formula 

(CeHs)2 P 2 P Seat 

IS ya 
7 C3eH3y4Fe6FeOP2Sn fear 

| (CeHsle 
Sn(CH3)3 

8  CosH29FeO2Sn (n°-Cs5Hs) Fe (CO) 2Sn(Ce6Hs) 3 
(two independent molecules) 

9 Cy¢Fe,0;¢Sn (uy-Sn) [Fe (CO) 4 ]y 

ws D jes 
10 C38H3yFeOSn De x 

CéHs; CO CéHs 

11 Cy4Hy 0FezN20sSn [ (n5-CsHs) Fe (CO) 2 2 [u-Sn (ONO) 2 J 

12. Ci¢6Hi¢Fe20,4Sn [ (n°-CsHs) Fe (CO) 2 Jo[u-Sn(CH3) 2] 

13° CzyH2yFe20,Sn [ (n°-CsHs) Fe (CO) 2 Jo [u-Sn(n!-cyHs) 2] 

14 Co2HysClFe2Mo0,Sn_ —[ (n°-CyHs5) Fe (CO) 2 Jz (u-SnC1)- 
[ (n°-CsHs) Mo (CO) 3] 

15 C20H1 2Fey,01¢6Sn3 (u4-Sn) { [u-Sn (CH3) 2 [Fe (CO) 4 ]2 }2 

16 Cj 2H) 2Fe20gSn2 [u-Sn (CH3) 2 J2[Fe (CO) 4 Jo 
(two distinct molecules) 

E. Lead 

1 Cy 6H16Fe20,Pb [(n°-CyHs) Fe (CO) 2], [u-Pb(CH3)2] av. 

F. Phosphorus 

1 Cy, H35FeTO¢P, (n°-CyHs) Fel P(OCéHs) alot 

2 Cy 1H33FelOgP2 “isomer" of No. F. 1: 4 

(HsCg0)3P —= Fe—P(0CeHs), 

: 3 C31H25FeO2P Glo 

PICgH)s Q 
| 

4  Cz9H,3FeOPS G+ 

PICSHG) 

5  Cy2H34Fe02P> Ole es 
p- 
(Ces) 2 

roe 

6 Cy 3H20FeO2PI Creo 

2 
I 
F. 

7 C39Hz5FeOP G+—O 

2.536 (3) 

2.560(5) 

2.5335) 

2.540(5) 

2.540 

2.563 

2.602 

2.608 

2.568 

PNW S| 

2.583 (7) 
2.598 (7) 

2.625 (8) 

2.747 (8) 

2.631 (11) 

2.647 (8) 

Re=Pp 

2.708 

Be=P 

2.151) 

2.207 (3) 

2.234 (3) 

Ref. 

274 

545 

96 

448 

565 

69,72,70 

69,72,70 

74,71 

508 

582 

316 

73 

41,123,233 

11,14 

563 

124 

ul7} 

54 

491 

562 

28 
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Table 10 (continued) 

10 

11 

12 

13 

14 

15 

16 

20 

21 

22 

23 

71 

Formula Distance [A] Ref. 

(CHy)) P CgHs 

ae 

y- aN 2.242 (9) 
(CO)2Fe Fe(CO) C33H33Fe309P3 Se 2.232(9) 542 
ag i 2.236(9) 

0 
HeC_ P P Cos, 

fcr), (CH) 

Fe(CO), (CgHs),P—*Fe (CO), 

A 2.24(1) 
Cz 9H) 5Fe3P011 Ke a — B 2.25(1) 223,224 

(ConFe. A _felcols RS > 3 

; is (CgHs) 3° 

A B , 

Ep ae F 
c. 

af ee 2.240(2) Se 
Cy 9H2 oF 6 FeN202P 2 2 ' AOE Ne Ae no 2.248 (2) 

Fz (Cee) 

C16H11Fe0,P (CO) ,Fe*PH (CgHs) 2 2.237 (2) 415 

Cl P(CeHs) 

, 04Fe—— ( Se fe, CeHs - CH 2.24(2) 414 C39Hy gCl2Fe20gP2Pd2 (CO), a y Hs - CH, ‘ 

(CgHs),P cl 

i ot, 

oc c==CH, 
Wie 2.25 237 C2 7H; 9Fe20¢6P Fe 5 

o~ | co 

PPh; 

C1 2H) 2Fe20gP2 [y-P (CH3) 2-P (CH3) 2 J[Fe(CO) 4 ]z 2.260(5) 393 

(CH), 
uN 2.293 (6) 228 

C)0H1zFe2120,P2 se RS eS 2.312(6) 

ee 
5 C52Hy oFeyO6P2 {[ (n°-CyH5) Fe (CO) J (u-co) 2 L (n?- foe 

CsHs) Fe] }2[u- (CeHs) zP-C=C-P (CeHs) 2] 

CyH26Bi sFeP2 Fe (ByH9CHPCH3) 2 590 

C} 9H, sFeN203P Fe (NO) , (CO) [P(CeHs) 3] 2. 260(3) 6 

C36H30FeN,02P2 Fe(NO)»[P(CeHs) 3 ]2 2.267 (2) 6 
% 0 Bere me Ua 

f Ang Nar _: a 2.190(4) . 
CoHi2FeO9Py Yo | 4 / b 2.116(4) 

Cc 
{0} 

CH2 

(HeColP~ PUG Ce)2 2.250(3) Bae 
C32Hy2Fe20,/P2 ' De25043) 

Fe Fe (CO 
seo oo 2 Q (cH) 

I 

g y; ro ave 2.294 599 
H}1Fe2,0s5P C1 2H11Fez ¢ > 

(col, Fe je 
ee 2.239 (3) Ee 

C2 0H1 5Fe207P 2.236 (3) 

© ., 
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Table 10 (continued) 

No. Formula Distance [4] Ref. 

24  Cp3H, 9FeO2PS 2.238 583 

2.233 (3) 586 25 Cy 6H oF 20Fe206P2 (Col,Fe—Fe Co) 2.212(4) 

p< 
FsCo CeFs 

26 CigH3uFe2HgN206P2 — (U-Hg) {Fe (CO) 2 (NO) [P(C2Hs) 3] }y 2.223 (3) 577 
SS SS 27 CyoH32As2FeFe204P2 { (CgHs) 2P-C=C[As (CH3) 2 ]-CF2-CF2 }2- 2.270(2) 277 Fe? (CO) , 

fa 

28 CgH12F3FeP Ces 2.024 431 

Fe—PICF;) 29° CyHsF6FeO3P Cus Ve 2.191 (3) 46,47 

30 CoH, FeFeO2P Gere—rtery, 2.265 (3) 46,47 CO), HgCen 

HeCg iN 

31 C34H25FeNiO3P Gpni elCOly 2.220(3) 43 
43 

Pte on Coe Ces 
id Fe(CO). 

(Co)Fe c= a a alace 
32 C3 4H2 oF 6 Fe30gP2 P—+Fe(co), u 2.283 509 

(CgHs) 3 

+ 

ow Q § § Ox 
tes = : Pear 2.241 (3) 33 CyoH3yF6Fe,0,P3Rh CIS, yas : bee 468,340 2.222 (3) 

Ph, Ph, 

Ros Ss 

ZN 2.213(2) 34 C26Hi sFe206P (CO)3Fe. Fe(CO), : 
“cag? 2.224(2) 318 

CeHs 

Ae ae 287 (2 2.287 (2) 35  CygH30Fe20¢P2 seg renols 2.298 (2) st3 ae Hee Cots | COS HeCg Hs 
N: 

36 C39Hz,7Fe2N205P . (coupe Sretco), 2.06 435 
(HC), BT (Cg) ( 
RA : teh 2.299(5) 

= 2.248 (5 37 Ceg7HyyBBrCl2FeP, ne (BICgHs),1 = CHCl, 5 ioe 29 

\ > 2.215(5) 
Ms Sots CoH As(CH;), 

F 
38  C22H),ASF,Fe0,P (COFe ——p 4 2.224 (3) 275 

F 

CE, GH OE _ 

(CgHe)2P 

(CO},Fe ‘As (CH;) eo! 39 Co 7H1 ¢ASFyFe309P : % nigas 276 
(Co)5Fé ——Feico}, D 

(two molecules in the asymmetric unit) 



Table 

No. 

40 

41 

42 

43 

44 

45 

46 

47 

Structure, Bonding in Organic Iron Compounds 

10 (continued) 

Formula 

Cy pHg 2FeOgPy cis-H2Fe[P(CgHs) (OC2Hs) 24 

CoH) yFeOgP2 trans-[P (OCH3) 3]2Fe(CO) 4 

® 

WICoHls 

Cy4H35BFyFeN202P2 j= Fe(co, | 5% 

C,H Pl ary (CeHs) Hcg Sets 
mG 

(CO),Fea— CF; 

C37H20F 6Fe307P2 Fs 7% 
_p— te Felco}, 

EtsP—peico), HsCe / (COl, 
2 ¢ /\ Hs 

C2 1H27Fe205P Gu 

: 

q 
: 8 c 
Sh 

C31Hz5Fe205P EA Sea 

Y § P(OCgHs)3 
0 

(CgHs) 2 
oP 

C2 eH, 2FeO3P2 a Fe(CO); 

(CgHs) 9 Des Zs 

I 
C32H3He209P2 (CO),Fex— ‘e(CO)3 

(CgHe)2 

G. Arsenic 
(CO), (CH3), 
ih erate) 

\Oc=o Es 
(Coy Fe K 

Ci 8H12zAS2FyFe3010 Se CF, 
Fe <«—_——As 
(CO), (CH), 

(CH), 
en 

) 
C1 3H) 6As2Fe03 ol ee? = a 

‘As \ Yi 
(CH))2 aa 

H3C —As As—CH, 

C,0H1zAsyFe20o 2 | 

(CO Fé Fe(CO); 

C14H) 2AS2FyFe20¢6 { (CH3) 2As-C=C[As (CH3) z ]-CF2-CF2 }- 

[Fe (CO) 3]2 
———— 

C1 /H) 2As2FyFe30y [ (CH3) 2AS-C=C-CF,-CF2 ] [As (CH3) 2- 

Fe3 (CO) 9] 

(CgHe)P 
Co 7H) cASFyFe309P cos Vina 

(CO),#€ ——FeIco), 

(two molecules in the asymmetric unit) 

Distance [A] Ref. 

2.134 (2) 
2.119 (2) 
2.153 (2) oe 
2.151(2) 

2.155 (1) 317 

2.261 (2) 

2.266 (2) ide 

2.241 (6) 
2.173 (9) 122 
2.229(5) 

? 

2.220(2) 211 

2.126 (4) 
2.125 (4) ee 

2.209 (3) 
2.225 (3) eck 

2.226 (3) 
2.206 (4) oe 

Fe-As 

2.300(6) 
2.301 (7) ee 

2.36 
Zs ehil ge. 

2.336 : 7 
Ne Ban oe 

2.350(5) 71,27 
2.470(5) ede 

2.371 (4) 
2.322 (4) 272,273 
2.360(4) 

2.387 276 

73 
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Table 10 (continued) 

No. Formula Distance [A] Ref. 

F =m 7 CyoH32As2FeFe20,P2 { (CgHs) 2P-C=C[As (CH3) > ]-CF,-CF> }y- 2.449 (1) aye 
Fe, (CO) y 2.363 (1) 

8  Cy7H9AsFeO, (CO) yFe <-As (CH3) 3 2.30 443 
FeC, 

‘As 
9 C1 ¢6AS2F, pFed, 2.510 285 

| Fe(Co), 

As 

Fece 

H. Antimony 
Fe-Sb 

1  C7H9Fe0,Sb (CO) ,Fe <—Sb(CH3) 3 2.49 443 

2 C1 4H19ClgFe20,Sb3 {[ (n°-CsHs) Fe (CO) 2] 2SbC1 }Sboc17 av. 2.440 278 

3 CoH, 5Fe0,Sb (CO) ,Fe <—-Sb(CgHs) y 2.472 (1) 102 

4 Cy 3H32ClgFe70)2Sb2 {L (n°-CsHs5) Fe (CO) » 13 (u3-Sbe1) }t 
[Fecl,]* *cH2C1l2 av. 2.54 593 
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Table 11: Organoiron Compounds Containing Iron-Metal Bonds. 

No. Formula Distance [A] Ref. 

A. Iron Fe-Fe 
Ph 2 h 

t-B tea 
aS Fo=—— Fe — 

am SOs h 1 Cs,Hs¢Fe203 iat é 5 ee Qi n7(3)) 495 

1C¢Hg = tCiHg 

2 C24H36Fe20,4 (COnFE—<e-F*RAp DPX 503 

t-CyHg —~ te ccHy 

CH. 
CH, Lge Hy 

gs Gs 2. i] cee CH; 
3 CyyH32Fe20,4S2 Beer ores CHy S 27225 557. 

CHy Fe 
(CO, chy 

4 Cy0Hi vFe2N20z [ (n°-CsHs) Fel (u-NO) 2 2.326 (4) 107 

237 32 

Be CreBroFeaN20s HN e 2.372 (2) 34 
6s 

aes Fe(CO), ‘a 

omy ES 2th 
6 CgH¢Fe2N207 (co) cé eral reise) 260 

Coos : ? 
(CO)Fe sN=C 

z CeHs 
7 C29H, sFe2N2,0¢ “3 De JEP 121 

(CO);Fe N=C¢ 
Ce Hs 

(CHCA “i JEHCHy), 

| 
8 C36H30Fe2,NyO0¢ DX 2.40 30 

(CO), Fé<—___* Felco, 

(CO), 
F, 

9 C36Hz2—Fe2Ny0¢ jrrcanenn Prete 2.403 86 

¥ Q 
. iH 

LO} Ci2H5Fe2NO¢s ? (cO),Fe rico, Zor IW, te) 
C 

CeHs—NO  N—CyHy 
11 CyyH10Fe2N207 VOX 2.416 (3) 532 

(CO),Fe Fe(CO), 
CHa CoH Cy 

i} 

12 C20H,3Fe2NO¢ Ci sree, 2.43 52) 

ye (CO), 

a 
rea Va tte 2.43 
CO),Fe 

13 C3sH29Fe3N.09 a Ze Felco); 2.46 33 
\ (3.06) 

"Nog, 

2.436(7) 

14 C))HeFe3N20y (u3-N-CH3) 2 [Fe (CO) 3]3 2.488 (7) 261 
(3.044) 

CO,Me 
CO. res = 

15 C33H24Fe2N20)0 a / 2.459 433 

(CO), 

16 C,H, ¢6Fe20¢ 2.462 (3) 126 
(CO), 

FelCO) 
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Table 11 (continued) 

No. Formula Distance [A] Ref. 

17 Cyi6H36FeFe2NsOPS, 0 2.468 (2) 411 

s + p 
re a ae 

i> 
[ (FeL) 2NO]PF¢ 

L = N,N'-dimethyl-N,N‘-bis (B-mercaptoethy1) ethylenediamine 

18 C2oH22Cl2Fe2N20, [C¢H,OCHN (CH, ) 30]2Fe,Cl2 2.470 63 

2.480 

19 C23H,0Fe309 (CgHs-C=C-Ce6Hs5) Fey (CO) 9 2.500 fifi 

2.579 
Qe-AllCoHs)s 

fe 
aon 20 Co¢HyoAl2Fe20y CF > 2.491 (8) 498, 416 

co 
beAllcoHels 

21 C14Hy9Fe20, (n>-CsHy) 2Fe2 (CO) y 2.49(2) 484 
Hy OH 

22 C)2HgFe,0g weAX Fe(CO), 2.49 364 

Ho telCOls 

23 C,)HgFe2N20, (CsHgN2) Feo (CO) ¢ 2.490 264 

24 CygH2gFe20, 2.494 (5) 287 

(colFfe— Fe? re : = 

t-C.Hy J 
t-CH 

C—=¢ : 
/ \ 

26 C2 0H o0Fe20¢6S2 x] 2.50 93 
(CO),Fe— dee 

(CHy)3Si OSi(CHs) 

27 Cz2H36Fe20) oSiy ra 2.500(3) tcriysio- NCOs 60 

© Felco); 
S| i(CHy)5 2.570(6) 

2.600(5) 

28 Cy3H30FesNe0) 3 [Fe (CsHsN) 6]? * [Fey (co oF 2.580(5) 6]° [Fey (CO) 13] 2.500(6) 258 

(CO) 2.500(6) 
2.500 (6) 

29 C30H) e8Fe,0 e 30H) gFe,0¢ \ coy 2.501 (3) 418 

5 5 30 C24HyoFeyOy [(n°=-CsHs5) Fe], (13-CO) y 2.506 - 2.530 502 

2.506 (2) 
5 + = 31 C24H2 oF 6FeyOyP {[(n°-CsHs) Fe], (3-Co) 4} *[Pr¢] ae a 

2.484 (2) 
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Table 11 (continued) 

77 

No. Formula Distance [A] Ref. 

) 

t 
2 aa = 

32 Cj )5H,2Fe207 we {\ i lea 2.507 (8) 533 

Hct & CH; 

(CO},Fe Fe(CO), © ©) 

33) CyeHaFesNoO. NS 2.508 (4) AES 
(CH3)2 " WicHale (CO),Fe Fe(COl, 

Qn ® 

34 Co2oH2»Fe20,Ny Fe i Fi 2.510 473 

fiat 
(o) 4 (c} ie 

Fi Fi 
35. Cy9Hi0Fe,N203 Cri (2 2.511(4) » 420 

6 ne-¢-cn ° 

mre Sie 
36 C20Hi5Fe207P er Ze did) (2) 591 

H3C ° q CHy 

Si(CHy), 

ogcds 
37 Cy6H,4Fe2Si0, yee 2.512 (3) 607 

ae 
fets 

ees 

SS 38 C)—Hy0Fe20,S2 (CO),Fe———— Fe (CO) 2.516 (2) 355 

CeHs, Fe(COl, 

39 CaoHi6Fey01 0 (cole, 2.519 (2) 138 

Fe(COl, 

40 Ci 8H19Fe,NO3 (n°-CsHs) »Fe2 (CO) 3[C=N-C(CH3) 3] 28523)(2) 2 

ihe) 53) 6 41 CiyHieFe2NOs Ong et ae x 
(CHy),CH-CH)-N=C 5 

Br fe 

Pale 430 
42 CgH2Br2Fe20¢6 ee an 22525i(3) 

ee 
0) Br 

QT geteos 2.526 389 
43 C2y4H,4Fe206 Co '& : 

0 
ne ye 5 44 C1 2H¢Fe20¢6 *) 2.527 (6) 31 

(CORFe—>Feicol, 

(CO), (CH), 
pee é 2.530 

c=0 2 
2.650 549 

45 C,H) 2As2Fy4Fe3010 (COL Fe [=o cr, 2.650 

Fe As 
(CO) (CHy), 

HsCq Cots 

—* CF, 
oe 2.532 (11) ar 

46 C37H20Fe6Fe307P2 Fy \ 2.665 (8) 
p_te# Felco}, 

— 

HsCg_/ (CO), 
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Table 11 (continued) 

No. Distance [A] 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

a7 

58 

59 

60 

61 

62 

C39H2 7Fe2N205P 

C1 4Hi oFe20, 

C2 0H; 0Fe20¢S 

C1 4Hi oFe20, 

Ci eH14Fe20;y 

C1 3H9Fe3NO; ySi 

C16H1 6Fe2N202 

C1 eH 0Fe2O0gRh2 

Copy pFenO6P2 

C25Hi gFezOg 

C3 3H33Fe309P3 

C39H2 3F6Fe309P2 *2CeHe 

C31Hy 5Fe20¢6P 

Ci 4H) 0Fe20¢ 

CeFe,0¢S2 

Ci 5Fes01 5S, 

(CO);Fe «——Fe(co), 

eu. 
Cc 
b~o- 

(coyred \ 7oCrts 
Fe(CO), 

NCH, 
oc co 
\ A Hh 
Fi 
<7 2 

i 
NCH, 

HICgHs)2 

Fe(COl3 
(CH), P CoH H3c e(COly al ons 

geo 

eee 

u 5h 
HeCe P P Ces 

fcr), (CHy)y 

(CF3) ] (PPh2) }*2CgH, 

Sane? 
ot Ne 

0 

QR [PH=CH—CO—CH, 
7 Fe Fells 

(u-S2) [Fe (CO) 3], 

A 

P(OCgHs) 

(two molecules in the asymmetric unit) 

(W3-S) 2 [Fe (CO) 3]3* (u-S2) [Fe (CO) 3]. 

B 

av. 

{[ (n°-CsHs) Fe (CO) J] (u-Co) 2 [ (n°-CsH,) Fe] }2- 
[u-(CeHs) 2P-C=C-P (CeHs) 2] 

{Fe3 (CO) 7[Ph2PC(CO2Me) C (CF3)C2- 

Na) 
B 

2.531 (2) 
2.533 

2.533(1) 

2.534 (2) 

2./535\(2) 

2.535 (2) 

2.538(1) 

2.539(7) 

2.540 

2.54 

2.540(7) 

2.688 (7) 
2.689 (7) 

2.543 (2) 
2.683 (2) 

2.679 (2) 

2.543 (3) 
2.548 (3) 

2.556 

2.950 

3.371 (10) 

2.582 (9) 
2.609 (10) 

2.545 (11) 

Ref. 

435 

99,101 

100 

382 

42 

201 

148,156 

120 

31 

474,542 

512 

202 

15 

609,610 

610 
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Table 11 (continued) 

No. Formula 

+ = (bridged) 
63 CosH2yFegN20i4 —‘[ (CHa) wN]J2 [Fee (CO) 16C]? 2 

DNF Re 

(CO),Fe —| —Fe(CO), 

64 C)¢HsFe30)),Rh : 
e 

(CO), 

y Fp F OLY 
65 Cyx4H22Fe20, pox Wa 

cae 
Kegan as 

J |Ky Dretco, 
(CO),Fe eft 

66 C3 gH20Fe¢Fe-OgP, \ CF 
P—FelCO), 

(Ces). Re 

JEON 
(co)sFe—FeCo), 

67 C20H)0Fe208 pao 

Ph 

1,6-bis (n°-cyclopentadieny1) -1,6- 

68 Ci zHieBeF2 diferra-2, 3-dicarba-closo-decaborane (8) 

ce 
g Q) OQ Pr JQ 

69 C).6H16B2Fe204 chy | mer CH 

o % 

+ 4 
70 C,7Hi7Fe3NO)1 [ (C2Hs) 3NH] [HFe3 (CO) 11] 

CF, Cr 

71 C20Hi oF 12Fe202 CA AGA 

ch, CF, Fe-f> 6) 
(CO), 

| t=c—Fe (O) 
\x 72 C3y4HisFe206 (O) Fe—c=c 
(CO), 

0, (0) 2 
Qr< 8 

eae Sa 
73 C,3Hi0Fe205S to) i ic) 

(two molecules in the asymmetric unit) 

TN, 
N=N 

74 Co26Hi4Fe2N209 (co1,-é—}eIco, 

-CH 

CeH oO So Wy 9 

75 C26Hi sFe206P (col,Fe— Fe (co), 
Ca” 

© y. 0 
é we 

76 Cj ,7HgFe2N207 aes Fe(CO), 
{ 

Distance [A] Ref. 

2.533 (10) 

(non bridged) 2.646(10) 

2.553 (3) 

2.586 (3) 
2.594 (3) 

Z2.993(2) 

2.554 

2.568 

QeoT ih) 

2.574 (2) 

2.577 (3) 
2.685 (3) 
2.696 (3) 

2.590(2) 

2.596 (4) 

22597(1) 

2.584 (1) 

2.597 (3) 

SESH) 

2.611 

- 2.632(10) 163, 
= 2.743(10) 155 

w5i 

198 

509 

449,293 

108 

385 

220 

226 

88 

160 

518 

203 

79 
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Table 11 (continued) 

77 

78 

79 

80 

81 

82 

83 

84 

85 

86 

87 

88 

89 

90 

91 

92 

93 

Ci 6Hi6Fe30gS2 

C12H11Fe20s5P 

Ci6H30Fe2Si4 

C25Hi gFe20g 

FeyNy04Sy 

C22H1 oFe208 

C1 9H) 5Fe2NO) 90S 

CoH yFeyNg0yS2 

C2 0H2 0FeyS¢ 

C1 4H oFe207 

Ci eHi eFe207 

C2 oH2 oFeySy 

C31H20Fe2Ge207 

Ci 2Fe30)2 

C32H30Fe209P2 

C2 7H) 6ASF,Fe309P 

Ci 2HeFe20¢ 

Formula 

Zo 
—— Felco) 

— a : 

(two independent molecules) 

(u-SC2Hs) 2 [Fe (S)C-S-C>H,) ],- 

(u-S2C-S-C2Hs) » 

(W3-S) 4 [Fe (NO) ], 

(COFe Ph 

(coe Ph 

(U3-S) 2[u3-NC(CH3) 3]2[Fe (NO) ]y 

[ (nS-CsHs) Fe]y (u3-S) 2 (13-S2) 2 

0 

4 

O1S-CeH-CHy 

Fe(CO), 

(CO}sFe —Fe(col, 
FelCOk 

i eam 
(u3-S) 4L (n°-CsHs) Fel, 

(u-CO) [u-Ge (CgH5) 2 Jo [Fe (CO) 3 ]2 

Fe3 (CO) 12 

(HsC20}3P = Zoos 

(CO),Fe— (CO), 
P 
(CgHs)2 

a 

(Col, Fe — Fe(co), 

(CO) Fe ——FeIco), 

av. 

(non bridged) 

(bridged, av.) 

Distance [A] 

2.645 (2) 
2.611 (2) 

2.615 

2.638 

2.618 (2) 

2.634 

2.635 (3) 

2.636 (2) 

2.642 (1) 

225622) 
2.496 (1) 

2.64 

2.642 (1) 

2.645 (2) 

2.650(6) 
3.365 (6) 

2.666 (3) 

2.668 (7) 
2.560(6) 
2.678 (5) 

2.671 (2) 

2.676 

2.866 

2.679 

Ref. 

206 

599 

215 

395 

306 

488 

553 

306 

601 

26 

450 

611 

282 

612 

621 

276 

482 
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Table 11 (continued) 

Noe _ } Formula i ¥ Distance [A] Ref. 

HC CH3 
he 

As—‘s 

94 C)0H12ASyFe,O¢ H3C —As Pie 2.680 307 

Z (CO Fe Fe(CO), 
(CO),Fe-— 

95 Co4H1¢.Fe 309 By, Fe(CO), 2.684 (4) 603 

Fe(CO), 

7 és 
96 C37He¢Fe2NoSe | (CoHs) aN lof (u-S) Fes | (SCHy) CoH, Io }? 2.691 - 2.776 471 

Sree te 

ve 
Hee“ —CgHs 

Po , 

(CO),Fe Fe(CO), 
97 Cu6HiwF2oFe,O-,P2 See 2.697 (2) 586 

Fcc Nei 

CH2 

(H, Cg) P P (He Cg) 2 

205 98 C32H22Fe207P2 gala gta) 2.709 (2) 

4 

99 CyHy oFe2NyOuS2 [Fe (NO) 2 ]2 (u-SC2Hs) 2 Ze 7249) ee 
ie) 

¢ 
Ico1,F¢—Ye (co) 3 2 2 , .724(4 189 

100 C,7Hi6Fe295 2 

101 C)2H1 eFe2Ge306 [u-Ge (CH3) 2 ]3[Fe (CO) 3]2 EA) iged 

as 
{ (u-SCH3) 3[Fe (CO) 3 J2 } 3.062 (4) 

* 2.756 (4) 560 

102 CpsHoF24FeyS1106 {Fe2[S2C2 (CF3)2]u} 2.777(3) 

two cation - anion pairs in the unit cell 

P(CgHs)3 

co 

te 2.758 (8) 469 
103 Co7His5Fe209PPt ‘ 

(CO),Fe Fe(CO), 

2.765 53 
104 C23H14Fe20s Fe(CO), 

2.766 (1) 190 
105 C,7Hi6Fe205 

Fe(CO), 145,137 
106 C,2HeFe2 (CO) 5 Bi 2.769 (3) 7 

Fe(CO); 

7 
107 Cy6H12Fe206 

2.786 (2) JM) 

+ 2- 

Cg 0He oFe2N20gPy, *2CH3CN {[(CeHs) 3PloN}2[Fe2 (CO) al° - 2.787 (2) aoe 

oe « *©2CH3CN 

FOF 

1 59 

109 Cy yFyFe20s oe 2.797 (1) 

(CO),Fe (CO), 
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Table 11 (continued) 

No. 

110 

112 

P13 

114 

119 

C21H27Fe205P 

Ci 3HgFe20¢ 

Cy 0H32AS2FgFe20,Py 

C,6Fe,01.6Sn 

C1 4H) 2AS2FyFe206 

C1 7H) 3ASzFyFe30y 

C, 4H), BFyFe202S2 

Ci 6H36Fe2NySy 

C) gHy oFe2NySy 

C)2HyFe30))1 

B. Cobalt 

C) gH2gCO3FeO) ,P3 

C2 3H) gCoFeOsP 

Ci, .6H, 3CoFeO, 

C)1HsCoFeO¢ 

Cy 4H3 9p COFeNOgP 2 

C. Nickel 

Formula Distance [A] Ref. 

EtsP—reico), 

2.804 (1) 214 
(coyfe F200 Gon 

ae 2.866 (1) 192 

[Tihs ae 

{[ (CeHs) 2P-C=C[As (CHa) 2]-CF2-CF2]}2-5 969 (4) D8) 
Fe (CO), 

(uy-Sn) [Fe (CO) 4] 2.870 448 

So 

{ (CH3) 2As-C=C[As (CH3) 2 ]-CF2-CF2 }- 
2.89(1 271,270 

[Fe (CO) 3 ]2 “me : 
aan ai | 

[ (CH3) 2AS-C=C-CF2-CF? J [As (CH3) »— 2.917(5) 273 
Fe3 (CO) ] 2.667 (5) 272 

p = 
{[ (n°-csHs) FeCO]> (u-SCH3) 2} [BFy] 2.925 (4) 180 

(u-L) 2Fe2 3.206 (5) 377 
L = N,N'-dimethyl-N,N'-bis (8-mercaptoethyl) ethylenediamine 

(u-L) 2Fe2 3. 3742) 377 
L = N,N'-dimethyl-N,N'-bis(8-mercaptoethyl) -1,3-propanediamine 

Oc 

c 566 
berem 

(co),Fe yer \ 
Fe(CO), esas 

{H[FeCo3 (CO) 5 ][P(OCH3) 3]3} 2.560(2) 378 

x 2 2 
are. 
Fe—Co—co 2.540(4) 225 ws 

CPI gHs), 
Och 5 A 

— 2.520(1) ee -520 115 
oo ‘ se 

(n°-CsHs) (CO) Fe (-CO) 2Co (CO) 5 2.545 (1) 114 
+ = 

{[(CeHs) 3P]2N} [Feco(Co) a] 2.835 (3) 127 

Fe-Ni 

C34H2 5FeNi03P 

Ci 9H24FeNi03 

D. Ruthenium 

C;3H2FeO) 3Ru, 

HsCex 
Hs E \ 

Ghni Prec, Ms Hy 2.440(2) 43 

Cote Cots H3C 60), 
7 

ni CH, 
HyC CH, 2.449 (3) 288 

HxC CH, 

Fe-Ru 

2.620(1) 2.640(1) 
H2FeRu3 (CO) ,3 2.670(1) 2.670(1) 315 

2.270(1) 2.690(1) 
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Table 11 (continued) 

No Formula Distance [A] Ref. 

E. Rhodium Fe-Rh 

VP A 

(CO),;Fe —|——FeICol, 2.568 (3) 

1 Cy¢HsFe30)1Rh Fe 2.615 (3) 151 

(CO); 2.607 (3) 

() 

QS 2.570(5) 
2 CyeH10Fe20—Rh2 neal Seance 148,156 

(CO),;Fe «——Fe (CO), 

ale 2.674 (1) 
3 Cy oH34FeFe20,4P3Rh A i 2.659 (2) 468 

ens e: ZN >, a 

a EK PFE 2.671 26 

NEB ES Gs 2.660 
Ph, Pha 

aI 

F. Palladium Fe-Pd 

se P(CeHs), i 

1 C39H2eCl2Fe2OsP2Pd2 | (cokFe——pd¢ vs, Fe(cok | + CgH,-cH, 2-29 (1) 414 

(CgHs},P cl | 

G. Molybdenum Fe-Mo 

ae 

Q Oa 
1 C)gH2eCl2FeMoS2 Mo Fe (3.660) 721,113 

oO SSeS | 
n-CyHg 

H. Manganese Fe-Mn 

1 C,2HsFeMnO7 (n°-Cs5Hs) (CO) 2Fe-Mn (CO) 5 ie 344 

(two crystallographically independent molecules) 

I. Mercury Fe-Hg 

2.440(7) 
1 C,Br,FeHg20, (BrHg) 2Fe (CO) 4 2.590(7) 87, 

2 C)1HsCoFeHg0. [ (n°-Cs5Hs) (CO) 2Fe JHgCo (CO) » 2.49 93 

3 C1 6H30Fe2HgN206P2 (u-Hg) {Fe (CO) 2 (NO) [P(C2Hs)3]}2  2.534(2) 577 

4 C 14H) 9Cl2FeHg2N20, [ (CsH5N) HgC1 J2[u-Fe (Co) 4] 2.552 (8) 39 

J. Platinum Fe-Pt 

(CO), 
Fe 

2.583 (6) 5 

1 Cs9Hys5FeO;4P3Pte2 (H,C,0),;P—=Pt Fe FIOCsHily 2.550(5) 4, 

(HsC50)3 P. PlGgh)s 

Es) 
Pe Seis) 

2 C27H15Fe209PPt 
469 

Bea ee (COMFe Fe(COl, 2.530(5) 
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Table 12: Biorganic iron compounds and relevant model systems. 

Ref. 

1 a-Chlorohemin 424 

3 a, 8,7, 6-Tetraphenylporphine diacid, 579 

[H, TPP]? [ci1, Feels] 

3 Ferric hydroxide tetraphenylporphine monohydrate 294 

4 Methoxyiron(III) mesoporphyrin-IX dimethyl ester 361 

5 Chloroiron(III) tetraphenylporphine 362 

6 (u-Oxo) [bis (a, 8,Y,5-tetraphenylporphinato- 298, 365 
iron(III))] 

4 Bis (imidazole)-a,8,y,6-tetraphenylporphinato- 217 

TrOn( LLL) ehlonide 

8 Dilcyclohexane-1,2-dioximato (1-) ]diimidazole- ae 
iTOn\(EL) 

9 Bis (imidotetramethyldithiodiphosphino-SS) - 149,153 

iron(II), a model for Rubredoxin : 

10 Iron(II) sulphate pentahydrate glycine 453 

11 Ferrichrome-A tetrahydrate (fungal metabolite 627 

including a hexapeptide ring) 

2. Atrovenetin, orange trimethyl ether ferrichloride 520 

is (Vitamin-A aldehyde) tricarbonyliron 66 

[ (n°-CsHs5) 2Mo] (u-S-n-Cy4H9) 2[FeClo], 

ue a model for Nitrogenase System Att nA le 

iS Ferroverdin LA, 

16 Ferrioxamine E 534 

17 (Nitrosy1) (a, 6,Y,S-tetraphenylporphinato) - 528 
(1-methylimidazole) iron 

18 (w-methylimidazole) (dioxygen) (meso-tetra-a,8,y,6- 551 

o-pivalylamidephenyl-porphinato) iron (III) 

iG) Ferrichrysin 504 

20 Bis (10-methylisoalloxazine) iron (IT) 305 

perchlorate hexahydrate 
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I. INTRODUCTION 

Nuclear magnetic resonance spectroscopy is one of the 

physicochemical techniques responsible for the great flower- 

ing of transition metal organometallic chemistry during the 

last twenty years. Today, NMR is indispensable to the prac-— 

ticing organometallic chemist, but every year sees new devel- 

opments in theory, instrumentation, and techniques which prom— 

ise to reveal ever more of the intimate details of molecular 

structure and dynamics. This article endeavours to summarize 

the NMR spectroscopy of organic iron molecules, with a view 

not toward compiling massive amounts of data, but toward high- 

lighting important trends which have developed in this rapidly 

advancing field and at the same time providing a thorough set 

of authoritative references so that the reader may easily pur- 

sue any subject further. 

Space does not allow discussion of the basic theory of 

nuclear magnetic resonance; the reader is referred to a host 

of excellent texts (13,19,40,93,212). Likewise, several use- 

ful review articles have been written which introduce NMR with 

an.inorganic (41,88,140,188) or organometallic (108,142,165) 

slant. A number of publications are also available which com- 

pend spectroscopic data for large numbers of organometallic 

molecules (84,99,114,165,120), and these are of great utility 

for locating the spectra of specific compounds. 

II. PROTON MAGNETIC RESONANCE SPECTROSCOPY 

A. DIAMAGNETIC MOLECULES IN SOLUTION 

By far, the majority of organic iron molecules studied by 

NMR are diamagnetic, and most chemists will examine them in 

isotropic solutions. Valuable information about the compound 

under study can be obtained from the observation of chemical 

shifts and coupling constants in the proton magnetic resonance 

spectrum. 

1. Chemical Shifts 

The resonance position (chemical shift) of a proton in an 

Organoiron molecule will depend on a number of factors such as 

screening by valence electrons and shielding by neighbouring 
magnetically anisotropic groups. Since none of these terms 
can be predicted with great accuracy for complex organometal- 
lic molecules, it is unwise to draw far-reaching theoretical 
conclusions about electronic structure and bonding based upon 
comparison of chemical shifts (except possibly in a closely 
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related series of molecules). However, a great deal of empir- 
ical data is at hand which allows various EYDes OG aon 
organic ligand systems to be identified with gratifying relia- 
bility. 

The first generalization which can be made for iron orga- 
nometallics is that protons on complexed ligands almost invar- 
iably resonate at higher field than in the free ligand. This 
is probably due to the diamagnetic anisotropy of the iron atom 
and attendant groups rather than to any major net flow of 
electron density onto the ligand. Also, the amount protons 

shift upon complexation is characteristic of the different 

types of metal-ligand bonding systems. For example (Table 1), 

in simple mono-olefin tetracarbonyliron complexes (1), this 

shift is usually ca. 2.3-5.5 ppm (95,165), whereas in cationic 

complexes (2), the shift, presumably due to decreased electron 

density at the iron among other factors, is usually less, 

1-2.3 ppm (165). Magnetically anisotropic groups such as 

ne Cre can shift resonance positions by several ppm (95). 

Tricarbonyliron 1,3-diene complexes (3) show a characteristic 

pattern in which protons on carbons 1 and 4 ("outer protons") 

are shifted 3.5-4.5 ppm upfield while protons on carbons 2 and 

3 ("inner protons") are shifted only ca. 0.7-1.0 ppm (99,165). 

Structural studies indicate this trend may reflect proximity 

co the iron, atom.. In t-allyl molecules (4) the same charac- 

teristic pattern prevails. The unique proton on the center 

carbon of the nm —alivt fragment typically resonates at lower 

field, ca. T 5.0-6.0, and the accompanying syn and anti pro- 

(SOM Sm vie tere Olvere te lciieiau ie mmo, O77 .S.clc ib On 5 =o) s5) a he— 

spectively (69,99,165,199). Again greater proximity to the 

iron and other magnetically anisotropic ligands may explain 

the shift difference between syn and anti. These results are 

summarized in Table 1. As might be expected, shielding and 

deshielding substituents have the same general effect on 

neighbouring protons in complexes as in the free ligand, 

though the exact magnitude of induced shifts is unsystematic. 

N°-cyclopentadienyl protons “(5)) usually exhibit a reso- 

nance at T 5.0-6.0 in neutral organoiron molecules (165) and 

at ca. t—2 pom to lower field in cationic molecules (6) (165). 

The author has observed large (1-1.5 ppm) upfield shifts for a 

number of (Wp eCeHe)y re molecules in aromatic solvents (175), 

and though this phenomenon sometimes vitiates spectral compar- 

isons, it is useful for spectral simplification, and presuma— 

bly arises due to short-lived "collision complexes" in which 

the cyclopentadienyl protons are close to the shielding region 

Of the aromatic m-system (160,223). In the series of mole- 

cules (Cs5Hs5)Fe(CO) »CgHyX, a correlation was found between 

t(CsHs), V(CO) and Hammett 0 Gonstants for X (17). 

Arene iron complexes ) resonate in the region of T 5.0 
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Table 1: Typical Proton NMR Data for Organoiron Molecules 

(Refs...) 

Type of Complex Chemical Shifts [1t](234) Coupling Constants [Hz] 

a 6.2=9)54 

4 (165,99,95) 

ee 5.0-6.3 
Z : (165,99) 

Hp a 9.7: (R = Hl) (65, 3 2-S(R=a) (°C) -H,)~ 160(R=H_) 
He. Ar 99,72) (214) 

3 Lore ) Dyes 3 a 52 we EBA S R gory! ack = a 
Hy ec 4.2-5.2 aha 6.0-8.0 J ( C1-H,)% 160 

1.0 Beet 

J__,© 4.0-5.0 TU CoH 3% 170 
cc 

H ei ~ bia a 6.3-9.3(165,99) J4.¥ 0 
fa 

4 wt Fe b 6.0-7.3 Serge 4.0-10.0 

H te ~ 8.0-14.0 Hy a e) §5.0=6.'0 Us 8.0 

cle ie a 5.0-6.0(165) Tu 2ACZT) 3(73¢)-H.)~ 175 
@ ie aa (71) 

5 e 
ere 12 ne J (22-8) J) 633 Home ae, Fees Crea 

Tey SA 
Ha a 

a oa: 4.0-5.0(165) 

Ha 

7: IGE ca.5.0(165) 

Ho Ha 
13 8 jen ca.6.0(27-30, 214) Ja 0-0 g(13C,-H.)% 190 

Hq Hq: 5 by Be (27-30,214) 
aa" a 

ee 12.0-36.0(74,75,77, 
& - 90,121,165,183,198, 254) 

10 FescHRyy 7d —dontiati3)220) 

(165), cyclobutadiene complexes (Gy) im thes region o£ 116.0 
(27-30). As is usual for transition metal Sysc eens GlOoF iS) 
organoiron hydride protons (9) invariably resonate at fields 
greater than T 10.0 (e.g. (Cs5Hs)2FeH (74), [(céH,) Felco) len” 
(77) and related bimetallic species (0 121) PLOronaced olle— 
fin complexes (254), HoFeLy (183)). It has been observed 
(75,198) that the difference between T(CH3) and T(CH2) in sub- 
stituted ethyl compounds, is a rough measure of the electro- 
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negativity of the substituent. This reasoning implies that 

the (Cs5Hs)Fe(CO)2 group (113) is approximately as electron- 

withdrawing as zinc (199); of course the magnetic anisotropy 

of the other ligands on iron has been ignored in this simpli- 

fied treatment: Data for iron alkyls (1o) are given in Table 

ly 

It has also been reported that rare earth NMR "Shift re- 

agents" are of utility in studying organoiron molecules which 

have basic sites such as Cl, N3, CN, F, Fe-C-R and Fe-C-Fe 

(177,178,213). Besides permitting chemical, structural, and 

stereochemical (218) probing to be carried out via NMR spec- 

troscopy in solution, this technique is also useful for spec-— 

tral simplification. As might be anticipated, the shift rea- 

gents have been found to coordinate to standard organic basic 

sites on olefinic ligands (101,227). . 

Proton chemical shift data for diamagnetic organoiron 

compounds are summarized in Table 1. 

2. Coupling Constants 

When interpreted with care, spin-spin coupling constants 

are probably more reliable than chemical shifts for deducing 

structure and bonding in organic iron systems (119,219). 

Geminal and vicinal H-H couplings (12,18,95,195) and ers 

couplings (12,93,136,195) are quite sensitive to modest 

changes in dihedral angles and hybridization. Careful studies 

(119,171,219,72), for example, have shown that 11 rather than 

12 is the best description of diene-iron bonding. These re- 

sults appear to be in good accord with structural data. Low 

i | \ ra | Ss 

Fe Fe 

Adi A2 

geminal methyl proton couplings in molecules such as (Cs5Hs)Fe- 

(CO) »>CH»D (86) have been interpreted in terms of iron to alkyl 

group back-donation. Spectral analyses have also been per- 

formed on metallocene (71,217) and cyclobutadiene (27-30) com- 

pounds; data have been analysed for an isoindene tricarbonyl- 

iron complex (224). Table 1 presents typical values of 

proton-proton, and 13¢_proton coupling constants for the major 

structural types. 
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B. PARAMAGNETIC MOLECULES 

Protons in paramagnetic molecules frequently exhibit dis- 

placements from diamagnetic resonance positions which are due 

to contact (hyperfine) and pseudocontact (dipolar) interac— 

tions with unpaired electron spin density (41,78,89,140,141, 

241,157,83). Similar processes also account for broadening of 

proton resonances (41,78,89,140,141,241). If the spacially— 

dependent pseudocontact shift which arises from the magnetic 

anisotropy of the molecule can be accounted for or eliminated, 

then the remaining contact shift provides valuable information 

on electron delocalization and metal-ligand bonding. Ferri- 

cenium ions and related paramagnetic metallocenes have re- 

ceived considerable attention from NMR spectroscopists (103- 

105,146,220,221). It appears that the pseudocontact contri- 

bution is small in ferricenium compounds (103) (but by no 

means negligible (146)), and that the direction of the ring 

proton contact shifts cannot be attributed to delocalization 

through metal-ring T-bonding orbitals. Rather it appears that 

unpaired spin density is delocalized principally through the 

O-bonding system or via direct overlap of metal orbitals with 

Ying protons (105,141,220). Typical shift values for ferri— 

cenium ring protons are ca. 30 ppm downfield from the reso- 

nance position in ferrocene (104,141). Substituent protons 

(e.g. on alkyl groups) are usually shifted upfield, and the 

shift rapidly attenuates with the number of intervening bonds 

(104,141). 

A number of H-NMR studies have been carried out on para- 

Magnetic coordination compounds of iron. Dynamic processes 

such as ligand exchange kinetics (L2FeX2, L = R3P (207), hexa- 

methylphosphoramide (256) and 2-picoline (255)) and electron 

transfer (ferrocene-ferricenium ion (81), phenanthroline com- 

plexes (81,159) and dithiocarbamates (204)) are examples. 

Several complexes of octahedral Fe(II) (dithiocarbamates 

(208), pyrazolylborates (132,133)) and Fe(III) (dithiocarba- 

mates (l11,112)) exhibit temperature-dependent spin equili- 

bria. Electron delocalization studies are also available for 

pyrazolylborate (132,133), imidazole (248), aminotroponiminate 

(87), phenanthroline (154), benzamide (247) and (R3P) »FeX9 

(207) complexes. Depending on the ligand system, delocaliza- 

tion appears to occur via 0 or 7 mechanisms or via both. 

The use of NMR to study structure and bonding in heme 

complexes of biological interest has been summarized (2523) 

Extensive investigations of electron delocalization (155), 
magnetic anisotropy (155), axial ligation dynamics (155,238) 
and electron spin relaxation (158) have been published for 
synthetic iron porphyrins. ‘H-NMR studies indicate that LSe= 
tropic shifts in the cluster compounds [Fey,Sy4(SR),4]* , which 



NMR Spectroscopy of Organoiron Compounds 119 

are models for high potential ferredoxins are predominantly 
COnebaece in origin —4l27).. 

Proton NMR has also found great use in the study of iron 
containing proteins (206,252). Investigations have dealt with 

Magnetic anisotropy in cytochrome-c (129), the rate of elec- 

tron transfer between ferri- and ferrocytochrome-c (118) and 

the conformational behaviour of normal and abnormal hemo- 

G lobinise G63)". 

C. SPECTROSCOPY IN THE SOLID STATE AND IN ANISOTROPIC 

SOLVENT SYSTEMS 

Unlike solution spectra in which molecules are randomly 

tumbling, solid state NMR spectra are most strongly influenced 

by spacially dependent dipolar interactions between nuclear 

spins. Analysis of broad line spectra has afforded rough es- 

timates of internuclear distances in simple molecules such as 

(OC)4FeH, (16,228). Variable temperature studies have re- 

vealed rapid cyclopentadienyl ring reorientation in ferrocene 

and substituted ferrocenes (194). The barrier to ring 

"spinning" in solid ferrocene is estimated to be 2.3 kcal/mole 

(194). Recently, fluxional processes (vide infra) have been 

detected in the solid state (36,37,42). The broad line 1-NMR 

spectrum of the ferricenium ion infers that the molecule is 

magnetically isotropic (103). 

Anisotropic liquid crystal solvents offer unique media 

for structural studies by NMR (80,186). Inter- but not intra- 

molecular dipolar couplings are averaged to zero by solute 

motion in nematic mesophases. Thus, (n*-CyHy) Fe (CO) 3 has been 

found to have a rigorously square (C,) cyclobutadiene ring 

(253) 

III. MAGNETIC RESONANCE OF NUCLEI OTHER THAN PROTONS 

A. BORON 

Excellent reviews are available on general aspects of 

11B-NMR (91,125,226). Studies of bis(1,2-dicarbollide) and 
cyclopentadienyl-1,2-dicarbollide "sandwich" compounds of 

Fe(II) and Fe(III) have been reported (123,250). The para- 

magnetic Fe(III) complexes provide the first known example of 

well-resolved, contact-shifted _ 2 spectra (123,250). The 

mode of electron spin delocalization is predominantly ligand- 

to-metal charge transfer. The spectrum of the carbadecaborane 

complex [ (By 0H1 0CH) 2Fe(III)]? extends over 300 ppm and has 

not been described in detail (130). Boron NMR spectra of R2B- 

Fe(CO)>(Cs5Hs5) molecules (201), (CsHs)Fe(CO)2 derivatives of 
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BioH13 and 7,8-B9CoH;}2 (225), and iron pyrazolylborate com- 
plexes (133) have also been discussed. Generally coordination 

of boron to a diamagnetic transition metal results in a 10-20 

ppm deshielding. 

B. CARBON 

The advent of Fourier transform techniques (24,96,109) 

heralds the day when Ale spectra of organometallics will be 

recorded on a routine basis. There is already enough data 

Table 2: Typical 13¢ Chemical Shifts for Iron Organometallics 

a 
Compound OmmGReiaey) 

1 

2A C, 42 (recor, i OC 209(219,214) 

, Co 86 

(n*-C,H,)Fe(CO), HC 61 oc 209(214) 

(1°-CgHe) Fe HC 69(161) 

Ci BES OCen12 (92) 

Co 105 

(C3F7)Fe(CO),1 oc 199(161) 

e 
CH3CFe(CgH,) (CO), HC 87 (161) 

(C5Hs)Fe(CO)oI OC 214(161) 

Fe(CO). OC 210(161,20) 

Fe(NO)2(CO), Oc 207(20) 

Cis Ga LS 569) 
pee as iy 

Dewees 72 

a : ‘ 
Expressed in ppm relative to TMS. Positive shifts indicate 

resonance to low field of TMS. 6 = oe Sos, +7193 ppm" 



NMR Spectroscopy of Organoiron Compounds 121 

available to afford a number of extensive !3c reviews (Le2Z7 
187,230) for organic molecules, and three for organometallics 
(43,169,235). For organoiron molecules, it appears that, as 
in proton NMR, coordination to iron generally shifts free 
ligand carbon resonances to higher field. Data are available 
for (butadiene) tricarbonyliron (214,219), numerous cyclopenta- 
dienyls (106,143,148,161), indenyls (147), (cyclobutadiene)- 
tricarbonyliron (216), ferrocenyl carbenium ions (23,203), 

(trimethylenemethane) tricarbonyliron (92) and of many other 
carbonyl compounds (20,43,52,161,169,235). Resonances of ole- 

fin T-complexes invariably occur 33-93 ppm to low field of 

TMS. In (diene) tricarbonyliron complexes, "outer" carbons 

resonate at higher field than "inner" ones, a trend which is 

reminiscent of the !H-NMR spectra. Carbon resonances in ter- 

minal carbonyl groups appear at 193-220 ppm below TMS. Bridg- 

ing carbonyls resonate at ca. 275 ppm (107,235), Complexed 

carbenoid carbons resonate near 300 ppm (43). In (Cs5Hs5)Fe- 
(CO) 2X molecules, carbonyl shifts depend almost. linearly on 

themelectnoneqabivity Obexn (106,149) eCarbonschemicalwshitts 
are highly sensitive to diamagnetic and paramagnetic shielding 

effects. The former term arises from electronic screening in 

the ground state while the latter arises from magnetic field 

induced mixing of ground and excited electronic states. For 

carbon atoms bound directly to transition metal ions, the rel- 

ative contributions of these terms vary considerably and are 

difficult to predict with accuracy. For these reasons, at- 

tempts to relate 13¢ chemical shifts to bonding parameters are 

at best applicable to molecules in a closely related series 

(94). Carbon chemical shifts have also been reported for sev- 

eral iron cyanide complexes (76,126). 57 re (Gee WH PRS NS 

abundant) to ‘°c coupling constants have beén recently meas- 

ured for several carbonyl compounds (168) and ferrocene deriv- 

atives (149). Carbon magnetic resonance data are summarized 

in Table 2. 

C. NITROGEN AND OXYGEN 

To date, little material has been published on the NMR of 

these nuclei when incorporated in iron complexes (or any tran- 

sition metal complexes). Two reviews of 14N-NMR have appeared 

(215,251). For !"*N nuclei directly bonded to iron (21,126), 
high field shifts from the resonance position of the free 

ligand have been observed, while paramagnetic deshielding ap- 

pears to play a larger role in cyano complexes (126). Far 

larger shifts are observed in complexes with unpaired elec- 

trons) (126) 5. Linewadths of 1 'N spectra have been employed to 

study electron exchange between ferri- and ferrocyanide (229). 

179 chemical shifts have only been reported for Fe(CO)s5 and 
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Fe(CO)2(NO)2 (20). 

D. FLUORINE 

Excellent reviews have been written on the general as- 

pects of 19P_-NMR (98,135). The great "explosion" which has 

taken place in fluorocarbon organometallic chemistry has pro- 

duced considerable !°Fr-NMR data for iron-containing molecules. 

Several interesting trends have been revealed. It has been 

found for fluoroalkyl organometallics that resonances of flu- 

orines on carbons directly attached to transition metals such 

as iron are anomalously shifted 60-70 ppm downfield from the 

"normal" resonance positions found in fluoroalkanes and for 

the same group more distant from a transition metal (70). 

This effect has been attributed to paramagnetic deshielding, 

arising from the admixture of low-lying excited states in- 

volving fluorine p-electrons and empty metal d-orbitals (210). 

An exception to this trend occurs for those fluorines attached 

to Q@-carbons also bearing two CF3 groups - here the anomalous 

deshielding is not observed (144) (or it is cancelled by other 

effects). 

It has been proposed that the relative 19m shifts of 

m-FCgHyX and p-FCgHyX molecules provide a rough measure of the 

O- and 1-bonding ability of X (205,232). Application to sys= 

tems where X is (n°-Cs5Hs)Fe(CO)2 or (n°-Cs5Hs)Fe (CO) [ (CgHs) 3P] 
(17) demonstrates that the iron group is electron-releasing by 

both 0 and 7 mechanisms (17), and that the phosphine substitu- 

tion increases this electron-releasing power (17). Chemical 
shift and coupling constant data have also been published for 
a large number of fluoroaryliron compounds (26). That J(F-F- 
gem) in (OC),4Fe(F2C=CFC1) has increased over the value in the 
free olefin (131 vs 78Hz) has been interpreted as indicating 
increased sp° character in hybridization of the olefinic car- 
bon atoms upon complexation (97). 

Extensive }°r data are available for PF3 complexes (135, 
200). 

E. PHOSPHORUS 

For comprehensive reviews of 315_NMR, see references 73, 
180 and 200. In organoiron systems, all 315_NMR studies have 
been performed on complexes of formally trivalent phosphorus 
(phosphines) (200). It is generally observed that the coordi- 
nated phosphine resonates to low field of the free phosphine. 
The chemical shift difference in ppm has been designated as 
the coordination shift. Since the Magnitudes of these shifts 
involve both ground and excited state properties, they are dif- 
ficult to interpret, however, some trends are at least parti- 
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ally explicable in terms of the o-donor and T-acceptor ability 
of other ligands in the complex (200). Coupling constant data 
such as J(P-P'),J(P-H;PH3 complexes), J(P-F;PF3 complexes) 
BONS ae ed gare we for a number of organoiron compounds (200). 
Petton ip coupling constants have been measured for several 

phosphine substituted iron carbonyl molecules (168). 

Eee RON 

Ae sas has been possible to measure °’Fe chemical shifts by 

c{°’Fe} double irraditation studies in iron organometallics 

enriched to 82% in °’Fe (149). Resonance positions are ex- 

tremely sensitive to environment. For example, the iron res- 

onance frequency in ferrocene shifts 1098 ppm upfield on pro- 

tonation of the ferrocene and 216 ppm downfield on acetylation. 

, 

IV. STEREOCHEMICAL NONRIGIDITY 

Chemists have been aware for some years that molecules 

are dynamic entities. That is, when circumstances permit, 

they are rapidly tumbling, flexing, twisting, bending, and 

vibrating. However, it has only been in the last few years 

that chemists have begun to discover and to appreciate the 

extent to which certain molecules are dynamic. In particular, 

there exist certain molecules which have more than one ther- 

mally accessible structure and which can pass rapidly among 

these structures. When these structures are chemically iden- 

tical the rearrangement is degenerate and the molecules are 

called fluxional (49,50,82,131,190). Other terms which have 

been used to encompass the larger class of molecules under- 

going either degenerate or nondegenerate rapid rearrangements 

include "valence tautomers" (50), "stereochemically nonrigid" 

(50,190), and "stereochemically dynamic" (164) molecules. 

The use of the adjective "rapid" to characterize these 

rearrangements is unfortunately not a rigorous means of clas- 

sifying them. For nondegenerate tautomers one has some intu- 

itive notion that the process is rapid if the rate of inter- 

conversion is fast enough to prevent separation by classical 

means at ambient temperatures. For fluxional molecules, even 

this working definition is meaningless since the molecule is 

passing among chemically identical configurations. However, 

since parts of the fluxional molecule are being permuted by 

the rearrangement process, the possibility exists of detecting 

the fluxionality by spectroscopic means. If the site inter- 

change process is fast (i.e. the lifetime in each configura- 

tion is sufficiently short) relative to the timescale (189) 

of the spectroscopic technique, then the permuted sites will 
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become indistinguishable to this spectroscopic technique. 

Since most spectroscopic studies to date have been accom— 

plished with nuclear magnetic resonance, it is generally ac- 

cepted that the term "rapid" implies a rate (ca. 10 Tato 

sec ') which is rapid on the NMR timescale. This does not 

mean that other methods such as vibrational spectroscopy, 

which has a much faster timescale, are not potentially useful. 

Indeed, the various physical techniques complement each other 

and frequently a combination of them is responsible for the 

discovery of a new nonrigid molecule, since the molecule may 

appear static to one form of spectroscopy (e.g. infrared) but 

dynamic to another (e.g. NMR). 

Stereochemically nonrigid molecules constitute one area 

out of many in which chemists are becoming increasingly aware 

of the necessity of viewing the geometry and dynamic behaviour 

of molecules in terms of potential energy surfaces. The clas- 

sical structures we know for molecules are no more than wells 

in these surfaces, and numerous properties of the molecule 

(e.g. how easily it is deformed) are reflected by the depth of 

the wells and the steepness of the sides. To rigorously des- 

cribe a molecule, the entire potential energy surface contain- 

ing all conceivable configurations of the molecule should be 

given; the more that is known about the shape of this surface, 

the more that is known about the molecule. Nonrigid molecules 

possess the characteristic that there are low energy pathways 

connecting some of the wells (the wells are identical if the 

molecule is fluxional). The activation energy for the rear- 

rangement describes how high this pathway is, relative to the 

ground state of the molecule. The mechanism of the rearrange- 

ment describes the exact pathway taken by the molecule. It 

can be seen from potential energy surfaces that there is a 

very subtle interplay of structural and dynamic properties. 

This is perhaps the most fascinating aspect of nonrigid mole- 

cules), 

In the past few years, there has been a tremendous flurry 

of activity in the area of nonrigid organometallic molecules 

(50,51,237). This has been due both to the availability of 

the sophisticated instrumentation necessary to study these 

systems and also to the interest of many chemists in the 

structure, bonding, and reactions of organometallic molecules. 

The theoretical and computational means are presently availa- 

ble to calculate accurately NMR lineshapes as a function of 

exchange rate for complex systems (131,134), and the possibil- 

ity of obtaining reliable activation parameters for these 

processes makes studies even more attractive. The ultimate 

aim of these investigations is to learn something about the 
fundamental nature of structure and bonding in organometallic 
molecules and something about the fundamental nature of orga- 
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nometallic reactions. It follows that, especially for flux- 
ional systems, the full understanding of the mechanism and 
energetics of the simplest possible types of organometallic 
reactions, i.e. those which are reversible, degenerate, and 

intramolecular, is potentially of great value. 
Even the seemingly compact area designated as organoiron 

chemistry has seen such an exponential growth in examples of 

stereochemical nonrigidity during the last nine years, that it 

is impossible here to discuss the entire field. Several re- 

presentative classes of compounds will be treated as models, 

and related molecules in the class as well as those outside 

the classes, will be referenced. Molecules have been classi- 

fied by the type of dynamic process occurring. 

A. SIGMATROPIC PROCESSES 

These are tautomeric reorganizations involving reposi- 

tioning of an iron moiety, which is bound in a monohapto man- 

ner. As early as 1956 (209), it was proposed that the com- 

pound (1) -Celis )Fe (CO) 2 (n'-CsHe), which exhibited two singlets 

in the ambient temperature 1 H-NMR spectrum, might be rear- 

ranging in such a manner as to render the magnetically non- 

equivalent protons on the O-cyclopentadienyl ring equivalent 

on the NMR timescale. In 1966, Bennett et al. (14) reported 

X-ray and low temperature NMR studies on this compound. The 

structure in the solid state contained one i Cale ring and 

one n-CsHs ring. The NMR spectrum was temperature dependent, 

and at ca.-80°C the n'-CsHs ring displayed the AA'BB'X pattern 

to be expected for a O-cyclopentadienyl metal compound. Upon 

raising the temperature (and thus increasing the rate of rear- 

rangement) the low field portion of the olefinic multiplet 

collapsed more rapidly than the high field olefinic portion. 

It could be shown that this was not consistent with a random 

exchange of sites in the A Cells ring (which presumably would 

occur if a pentahapto structure were an intermediate) but was 

consistent with either 1,2 or 1,3 shift processes which do not 

permute all sites at the same rate (14,242) as can be seen in 

scheme [1]. In both these cases, the olefinic protons are not 

permuted at the same rate, and this would be expected to lead 

B ry X A 

alee B: A B 
A A 123 AM 1,2 

ift hift n shif B shi B 

B B "4 B’ N 

Scheme [1] 
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to an asymmetric collapse of the olefinic multiplet as the 

rearrangement rate increased. The problem, of course, cM} (elaene 

unless the AA' and BB' multiplets can be assigned correctly, 

whether a 1,2 or 1,3 shift is occurring cannot be determined. 

Arguments based upon reasonable values ae coupling constants 

(14,38,63) together with data for the n 1_indenyl analog (66) 

yield chemical shifts in accord with the 1, 2-shift mechanism. 

That the indenyl molecule is rigid up to 120°C, mitigates 

against a 1,3-shift mechanism (66). Orbital symmetry consid- 

erations support this mechanistic conclusion (formally a ee 

shift), [2] (231), as do }%c-NMR studies (45). 

nA * * 
M 

M 

The two types of cyclopentadienyl rings do not rapidly 

interconvert at the highest accessible temperatures (174). 

The ruthenium analog, (n>-C5Hs5)Ru (CO) 2 (n'-CsHs) , exhibits a- 

nalogous sigmatropic behaviour, with a slightly greater acti- 

vation energy (38,63). Computer simulation of the experimen- 

tal lineshape changes further supports the predominance of the 

1,2 shift pathway (174). 

B. REARRANGEMENTS INVOLVING Tl-BONDED SYSTEMS 

From the time of initial synthesis, the structure of (cy- 

clooctatetraene) tricarbonyliron has been cloaked in controver- 

sy (172,197,216). The room temperature solution 14-NMR spec-— 

trum exhibited one type of proton, a result in apparent con- 

tradiction to the 1,2,3,4-tetrahapto structure found in the 

solid state (79). Variable temperature proton NMR studies 

(53,139,150) revealed that an extremely rapid rearrangement 

process was taking place at room temperature. The exact na- 

ture of the lineshape changes occurring down to the lowest ac- 

cessible temperatures (ca. -155°C) sparked considerable con- 

troversy. It was apparent that two questions had to be an- 

Sswered: What was the structure of CgHgFe(CO) 3 in solution? 

What was the nature of the dynamic process? Arguments based 

on chemical shifts (6), and results for both nonrigid (5) and 

rigid (115) substituted cyclooctatetraene complexes, provided 

strong support for 1,2,3,4-tetrahapto solution structure. 

Though certain types of rearrangement mechanisms were shown to 

be unlikely, it became evident that the slow exchange limit 

had not been reached even at -155°C and 100 MHz (115). The 

problem was finally resolved with NMR studies on the isostruc- 

tural (57) analog, CgHgRu(CO)3, which, due to a slightly high- 
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er barrier to rearrangement, had an instrumentally accessible 
Slow exchange limit (22,54). Computer-aided spectral simula- 
tion studies ee arguments similar to those already 
discussed for (a -Cs5Hs5) Fe (CO) » (n} -Cs5Hs5), demonstrated that the 
rearrangement proceeded predominantly if not exclusively via 
Py2 shifts of the metal atom (22,54) [3]. For CgHsre(co);, it 
has also been shown that cee peodent positional exchange of CO 
groups occurs (222). Subsequent 1H-NMR studies on CgHgOs (CO) 3 

Ro = Re = & =, 
Viet Mee viteae 

which rearranges even more slowly, support the conclusion of 

1,2 shifts (47) as do '*c-NMR studies on CsHaFe (CO); and CsHe- 
Ru(CO)3 (58). An interesting broadline NMR study has revealed 

that CgHgFe(CO)3 is also dynamic in the solid state, though 

the barrier to rearrangement is higher (36,37). The tricarbo- 

nyliron complexes of benzo- and naphthocyclooctatetraene are 

also fluxional (246), however the free energies of activation 

are 10-20 kcal/mole higher than in CgHgFe(CO) 3 

The related cyclooctatetraene Tl-complex, trans-u-(1-4-n: 

5-8-n-CgHg) [Fe(CO)3]2 (13) is rigid at all accessible temper- 

atures (175). It has been found that (1-6-n-CgHg) (1-4-n- 

CgHg)Fe (14) (4,39) undergoes dynamic rearrangement which in- 

volves both exchange of proton environments on each cycloocta- 

tetraene ring and exchange of environments between the two 

kinds of rings (4,39). A single line is observed in the fast 

exchange limit 1 H-NMR spectrum. 

Fe(CO)3 ENS 

| 

| 
Fe(CO)3 

13. j4 

Two cycloheptatrienyltricarbonyliron complexes, 

[C7H7Fe(CO)3] (166,243) and [C7H7Fe(CO)3] (167), appear to 

be fluxional, though detailed NMR studies have not been pub- 

lished. The extraordinary molecule, trans--(1-3-n : 4-7-n- 

C7H7) [ (n°-CsHs) Mo (CO) 2 ] [Fe (CO) 3] (15) (67) is fluxional, and 

detailed analysis of the rearrangement process reveals that a 

synchronous movement (1,2 shifts) of both metal atoms around 
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the C7H7 ring occurs (67). The iron moiety in the cyclohepta- 

trienyl complex (f?=CsHs Fe (Go).(n -C7H7) also makes 1,2 hops 

about the seven-membered ring (44). In the tetrahapto tri- 

carbonyliron complex of N-carbethoxyazepine (16), the metal 

executes a rapid, degenerate rearrangement which interconverts 

the two enantiomorphous forms of the complex (117). In linear 

polyene tricarbonyliron systems, Whitlock has observed far 

slower rates of iron migration (173,245). 

Though the processes are not degenerate, a variety of T- 

allyl iron complexes exhibit conformational equilibria, which 

are rapid on the NMR timescale at room temperature (48,69, 

199). These processes appear to involve rotation of the 

H,C CH; 

(CgHs)Mo(CO), VU 
(OC),Fe 

| 
Fe(CO); H3C CH 

als} 17 

€02C2Hs C2H502C 

N N 

eee — \Fe(C0)3 (0C)3;Fe* —— 
16 1 

allylic moiety about an axis passing through the iron atom and 
approximately perpendicular to the plane defined by the three 
allylic carbon atoms (48,69,199). 

The tetracarbonyliron complex of tetramethylallene (17) 
is fluxional (15). At ambient temperature, the tetracarbonyl- 
iron group has access to the four equivalent bonding sites on 
the allene skeleton, and rapidly passes among them. There is 
some controversy as to whether or not the related compound, 
CeHgFeo (CO)¢ (prepared from allene and Feo (CO) 9 or Fe3 (CO) 12) 
is fluxional (15,196). 
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C. REARRANGEMENTS INVOLVING O- AND T-BONDED SYSTEMS 

Compounds have been relegated to this category somewhat 
arbitrarily, depending upon the bonding formalism preferred by 
the authors of the original literature. Two cyclooctatetraene 
complexes exhibit interesting behaviour. The sparingly 

soluble complex Gi =Ce Hel rentcO) = (18) (100) exhibits a single 

line in the ‘H-NMR spectrum at ali accessible temperatures 

(138). The 1,3,5,7-tetramethyl (61,65) and ruthenium (54) 

(OC)gFe——Fe(CO}2 
id 

XN a7 
\ a) 

analogs are similarly "unstoppable". Indeed, 18 also rear- 

ranges mGapidly an the solid state (36,37). The precursor ie) 

this molecule, CgHgFe2(CO)¢ (138), and its ruthenium (54) 

analog 19 undergo a rapid, degenerate rearrangement [4] which 

interconverts enantiomers. The cyclooctatriene analog has a 

(OC),Ru—Rul(CO)3 (OC)3Ru—Rul(CO)3 

a a — <p » 
19 19 

Similar structure (56) and exhibits similar fluxional behav- 

iour (10,59,62) as well as two processes involving motion of 

the carbonyl ligands (59). The hexacarbonyldiiron derivative 

of bicyclo[6,1,0]nona-1,3,5-triene has an analogous molecular 

structure and appears to execute the same type of degenerate 

rearrangement even more rapidly (233). '"“Pseudoferrocene" sys- 

tems 20 also were proposed to undergo rapid reorganization of 

Oo and 7 bonds [5] (124). Considering the molecular structure 

(179) it is more likely that the rings are rapidly changing 

orientation with respect to one another about the Ho oCs 

centroid-Fe axis. 

Aumann (7,8,9) has reported two exotic C;9H19Fe2 (CO). 

molecules derived from bullvalene which are fluxional by vir- 

tue of mobile iron to carbon O and 7 bond networks. These are 
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R R 

H3C H3C 

H3C H3C 

i SCH Anns: XZ XCH3 

HC H3C 1S] 

CH; CH 

CH; CH, 
R R 

20 20 

"diferratetracyclododecadiene" (21) (7) and "diferracyclo- 

dodecatriene” (22) (8). 

(CO),Fe FelCOl; (CO),Fe FelC0)s 
LY =i [6] 

al 21 

ae- Gt « ttcol, e(CO); 
22 22 

The description of the rapid O-T rearrangement observed 

in protonated diene tricarbonyliron complexes has now been 

refined (25,244,254). It appears to involve both rapid intra- 

molecular interchange of the metal-bound hydride with the 

protons on the diene, as well as slower interchange of the 

various diene protons (eq. [8]). 

+ 

H pr > a . ‘ ‘ 

HFeICOl, (0C),EeH (OC),Fe ua 
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D. NONRIGID TRON COORDINATION SPHERES 

A great many formally five-coordinate organic iron com- 
plexes are nonrigid. Early 13c studies revealed that the car- 
bonyls in pentacarbonyliron were magnetically equivalent at 
all accessible temperatures (52). Recently, nonrigidity has 
been unambiguously demonstrated for an extensive series of 
phosphorus trifluoride substituted n*-diene tricarbonyliron 
conpilexe’s (35723977240) e.g. 23 (equation [9]), and trimethyl- 
enemethane analogs (46) as well as simple diene and olefin 
carbonyliron complexes (151,152,249). In the latter, olefin 

rotation appears to be coupled with rearrangement of the iron 
coordination sphere (152,248). Similar kinds of dynamic poly- 
topal (190) processes have been identified in the series 

[HM(PF3),4] , (M = Fe, Ru, Os) (185,193) and have been inter- 

preted in terms of hydrogen hopping between the,faces of the 

* PF, PF; 

—— Fe) a Len \ [9] 
oc PF; FP * co 

cs 23 
approximate tetrahedron defined by the four phosphorus atoms. 

Trigonal biyramidal phosphite complexes, Fe[P(OR)3]s5, exhibit 

simultaneous intramolecular interchange of the two axial phos- 

phites with two equatorial phosphites. This has been ex- 

plained in terms of Berry pseudorotation (182). 

Though stereochemical nonrigidity may not be surprising 

for five coordination (191), it would, a priori, seem less 

likely for 6-coordinate iron complexes (128,191,192). Still, 

a number of examples have recently been reported. Complexes 

Fe(RiR2dtc) 2(tfd) (208) and [Fe(RiR2dtc)3] BFy (85) (dtc = 
N,N-dithiocarbamate, tfd = bis(perfluoromethyl)-1,2- 

dithietene), as well as HoFeL, (183,184) where L = various 

phosphines and phosphites, are dynamic, and significant mech- 

anistic information has been derived from NMR lineshape anal- 

yses. In the former systems (85,208) the so-called ier @menl: 

Of Bailar "twist" mechanism (11) [10] is operative. The lat- 

[10] 
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ter system appears on the basis of detailed lineshape analysis 

to involve H-hopping about the faces of the approximate tetra- 

hedron represented by the four ligand phosphorus atoms (183, 

184). A similar process has been reported in compounds of the 

formula Fe(CO),[E(CH3)3]2, E=Si, Ge, Sn, and Fe(CO),[Si- 

(CH3) 5 Cl Jo (236). In the cis-isomers, scrambling of axial 

and cl carbonyl groups occurs via the trans-isomers. 

The cyclic compound [ (n-CyHg) 2SnFe (CO) y J2 (24) exhibits a 

similar carbonyl interchange process (116,176) as do several 

other X2Fe(CO), systems (102). 

Rather than rearrangement of the iron coordination 

sphere, the 14-NMR temperature dependence observed for 

(n°-Cs5Hs) Fe (CO) [SoCN(i-C3H7) H] is due to restricted rotation 

about the C-N bond (31). 

E. INTERMETAL LIGAND TRANSFER 

After years of controversy, the solution structure of 

fim? -CsHs) Fe(CO) 2 lo (25) has been elucudeted by a combination 

of variable temperature and solvent /H-NMR (32-34), 13C¢_NMR 

(107,122), and infrared analyses (34,170,181). Three isomers 

(25a, 25b, 25c) are in dynamic equilibrium [11] (33,34). Sim- 

ilar bridge-terminal ligand interchange processes have been 

identified for isocyanides (1,2) and nitrosyls (145), and are 

no doubt rather widespread. Where possible, two bridging li- 

gands interchange synchronously with two terminal ligands (2). 

Apparently, some torsional motion about the metal-metal bond 

also accompanies we, transfer in molecules such as gel 

GQ! QO Coa 

CaN zeit I nE a [11] 
Fi 

NGS No \ 
PS “4 Vo oc 6 
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GES studies with [ (CsHs)Fe(CO) 9 Jo- -type compounds where 
the °-cyclopentadienyl rings are linked together demonstrate 
that rapid bridge-terminal carbonyl interchange in "cis" (25a) 
isomers can still occur, without isomerization to the "trans" 
(25c) species (60). 

Molecules of the type [R2Sn]2Fe2(CO)7 (26) undergo two 

types of fluxional processes (116,176). The first involves 

deformation (153) of the FeSnFe bridges to effect interchange 

26 

of Rand) R) functionalities. ‘This occurs im concert with a 

stereospecific rearrangement of the carbonyl ligands so as to 

replace the bridging carbonyl with one CO(A), and to simulta- 

neously scramble CO(A) and CO(B) units (presumably via pseudo- 

rotation) on the opposite iron atom. At higher temperatures, 

breaking of the Fe-Sn bonds occurs to produce short-lived 

"stannylene" R»2Sn > Fe moieties (116,176). Analogous Fe-Ge 

bond rupture has been reported for (n°-Cs5Hs) 2Fe2 (CO) 3[-Ge- 

(CHa)jod (2) 
The solution structure of Fe3(CO)i2 remains a mystery, 

and there is good evidence that phosphine and phosphite-sub- 

stituted molecules are nonrigid (211). The dynamic process 

most likely involves extremely rapid bridge=*terminal equi- 

libria of carbonyl groups (68), since a single line is ob- 

served in the !3c-NMR spectrum of Fe3(CO)12 down to -160°C. 
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I. INTRODUCTION 

During the last ten years mass spectrometry has become 

a very efficient tool for solving analytical and structural 

problems in organometallic chemistry (9,19,23,60,68,76). 

The general principles of this method have been well des- 

cribed in many books and reviews and will not be mentioned 

huaeher, here. 

The application of mass spectrometry to organoiron 

compounds is restricted to complexes which on heating in a 

high vacuum can reach a vapour pressure of about 10 § Storr 

without complete decomposition. Many organoiron complexes 

are sufficiently volatile and stable, even several sub- 

stances containing quite complicated ligands like vitamin-A 

tricarbonyliron (5,21). However, thermal decomposition pro- 

cesses which take place in the inlet system or in the ion 

source of the spectrometer and which may be catalyzed by 

metal surfaces or by very thin metal deposits can yield 

species not originally present in the sample (93,103). In 

the mass spectra of cyclopentadienyl carbonyliron derivatives 

ferrocene is found, and many tetracarbonyliron complexes are 

partially decomposed yielding pentacarbonyliron (49,52). 

Under normal operating conditions tricarbony1 (norbornadiene- 

7-one) iron exhibits the expected mass spectrum; however, 

passing the sample through a suboven of 200° attached to the 

mass spectrometer results only in the appearance of the 

molecular ion of benzene, illustrating that mass spectra of 

organoiron complexes should be run at temperatures as low as 

possible (65). 

The difficulties arising from thermal decomposition 

during evaporation of organometallic species can be over- 

come by use of a field desorption ion source. This quickly 

developing technique even allows cationic complexes to be 

investigated by mass spectroscopy. 

The peak at highest m/e value of a mass spectrum is 

assumed to be the molecular or parent ion (P ). However, it 

must be mentioned that the molecular ions of several iron 

complexes are either insignificant or are totally absent in 

electron impact mass spectra. In the spectra of LFe(CO) , 

complexes with L = maleic anhydride or dimethylmaleate (63), 

of CpFe(CO)2COPh (52) as well as of tricarbony1-{5-[2-(5,5- 
dimethylcyclohexane-1,3-dionato) ]cyclohexa-1,3-diene}iron 

(4) the peaks at heaviest masses correspond to the (P - CO) 

ions; the T-allyl compounds C3HsFe(CO) 3x with X = NO3g, Cl, 

Br only show the (P - CO) and (P - X) ions instead of the 

molecular peaks (92). The application of field desorption 

mass spectrometry, however, promises to make parent ions 

detectable even in such cases. 
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The isotopic pattern of a peak group in a mass spectrum 
will show whether the corresponding parent or fragment ion 
contains one or perhaps more iron atoms. Figure 1 shows the 
isotopic patterns of the species Fe to Fe,. The exact 
formula of an ion can be determined by precise mass measure- 
ment using a double-focusing mass spectrometer. 

The fragmentation pattern of a complex as derived from 
the observed fragment ions and the corresponding "metastable 
peaks" of the mass spectrum principally allow the structure 

of the compound to be evaluated. Unfortunately, for more 

complicated molecules this problem can only be solved 

empirically. In this chapter typical fragmentation pro- 

cesses of organometallic ions in the mass spectrometer are 

discussed and elucidated by examples of organoiron chemistry. 

If. THE FRAGMENTATION OF ORGANOIRON IONS 

As demonstrated by the values in Table 1 the ionization 

potentials of organoiron compounds are lower than those of 

the free ligands but differ only slightly from the ioni- 

zation potentials of the free metal atom. Moreover, photo- 

electron spectra of complexes like ferrocene or penta- 

carbonyliron suggest that ionization primarily involves the 

removal of an electron associated with the metal atom - 

possibly from a molecular orbital involving considerable 

contribution from the metal atomic d-orbitals (69,104). 

The positive charge of an ion is therefore assumed to be 

predominantly localized on the metal atom. These consider- 

Table 1: Ionization potentials of some organoiron complexes 

and of the corresponding free ligands. 

Compound Ip [ev] 

Fe (CO) 5 Se Ame (aby) 

Fe (CO) 2 (NO) 2 S545 (86) 

Fe (CO) (NO) »P (OCoHs) 3 fe 5On(3o) 

1,3-cyclohexadiene-Fe (CO) 3 SEOmenGLOo)) 

FeCpo2 TeMS (#7) 

CO 14.12 

NO 9.25 

P (OC2Hs) 3 8.40 

1,3-cyclohexadiene 8. 40 

Gc Hise 8.69 

Fe Vos 
ee ee ee en ee 
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relative abundance (%) 

N > (o2) fee) 
oO oO oO oO oO OOL 

Fig. 1: The isotopic patterns of the species Fe, Feo, Fe3, 

and Fe. 
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ations explain two important observations: 1. The Erag= 
mentation processes of organoiron ions are to a considerable 
extent controlled by the central iron atom; in many cases 
the behaviour of an organic molecule under electron impact 
is remarkably altered if this molecule is complexed by a 
transition metal. 2. A decomposition step usually leaves 
the positive charge on the metal-containing fragment. 

Among the fragmentation processes of organoiron com- 

pounds a rough distinction between three types of reactions 

is possible: 1. Cleavage of metal-ligand and of metal- 

metal bonds; 2. Simple bond rupture within complexed 
ligands; 3. Fragmentation accompanied by rearrangements. 
Since ion structure determination is quite difficult it may 

occur that processes which are considered to be of type 2 in 

fact involve rearrangements. Although in many cases the de- 

Composition of an ion occurs as a competition of/all three 

fragmentation types these will be discussed separately. 

A. CLEAVAGE OF METAL-LIGAND AND METAL-METAL BONDS 

This simple decomposition mode of organoiron complexes 

is the most common one. Cleavage of a metal-ligand bond is 

to be expected if the ligand molecules or radicals are stable 

enough to be eliminated as neutral particles, if they do not 

contain functional groups which can be easily attacked, and 

if the metal-ligand bonds are weak relative to the bonds 

between the ligand atoms. Thus, the mass spectra of iron 

complexes with simple ligands like CO, NO, ethylene, acetyl- 

ene, cyclopentadienyl etc. provide that the structural 

formulas of the compounds will be easily recognized from the 

masses of the consecutively lost neutral particles. Usually 

an iron-ligand bond rupture is indicated by the corres-— 

ponding metastable peaks. In most cases the fragmentation 

ends up with the formation of the bare iron ion. 

The spectra of the binary iron carbonyls are rather 

simple; ,pentacarbonyliron exhibits the series of the ions 

Fe (CO) (n = O - 5), and metastable peaks prove that the 

parent ion decomposes by stepwise loss of all CO groups (3, 

35,47,105,107). The fragmentation of Fe2 (CO), and 

Fe3(CO)12 is characterized by a competition between metal- 

ligand and metal-metal bond ruptures (24,49,66,67). The 

spectrum of Fe3(CO)i2 for example shows the whole series of 

the ions Fe3(CO)i2 to Fe3 as well as bi- and mononuclear 

fragments. In accord with the fact that the stability of 

metal cluster compounds usually increases with increasing 

number of metal atoms the proportion of bi- and trinuclear 

ions in the spectrum of Fe3(CO)12 is much higher than that 

of the binuclear species in the mass spectrum of Fe (CO) 9. 
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The molecular ion of ferrocene forms the base peak in 

the mass spectrum reflecting the high stability of the 

ferricenium cation (26,38,72,77,10C). The main fragments 

again produced by metal-ligand bond cleavage are CpFe and 

Fe . Aromatic ligands with extended T-electron systems can 

stabilize a positive charge better than the cyclopentadienyl 

ring. This is demonstrated by the fragmentation pattern of 

bisindenyliron, Fe(C9H7)2, which after ionization first 

loses one of its indenyl ligands giving the ion CgH7Fe (56). 

The metal-ligand bond cleavage of this fragment proceeds 

almost exclusively by expulsion of an iron atom whereby the 

C9H7 ion is produced; the ion Fe is observed only in low 

abundance. In addition the ion C;3H,1, arising from the 

coupling of two CoH7* radicals appears. 

The number of binary organoiron complexes is restricted 

to a few examples and normally a complex contains more than 

one type of ligand. The question arises by what ligand 

properties the sequence of metal-ligand bond cleavages is 

influenced. Some general rules will be given although it is 

impossible to present a precisely true ligand series. 

As a consequence of the positive charge mainly located 

on the iron atom the metal-to-ligand back donation is 

weakened, while a donor ligand is able to stabilize the 

positive charge on an ion. This means, in other words, that 

the probability of metal-ligand bond cleavage in an organo- 

iron ion increases with increasing acceptor strength and 

with decreasing donor ability of a ligand and vice versa. 

One of the best known examples of this rule is the rupture 

of the metal-CO bond which in many carbonyliron complexes 

with additional ligands occurs in such a way that the 

molecular ion loses all of its carbonyl groups before any 

types of further fragmentation processes take place. It is 

beyond the scope of this chapter to discuss all known cases. 

The following equations only present some characteristic 

examples. 

LFe(CO) z oS ues Ste ay 
4 stepwise 

L = monoolefin (63); carbene (34,90); phosphine and 

phosphite (6,36,51). 

LFe(CO) = ADE een ee Fes 
3 stepwise 

Li f= Avene 862/75) ple, eu pe ose 74 SOLA LOOY 
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CpFe(CO),.CH,C,H,* azeO . prel ©)» 2°65 stepwise CpFeCH)C/H, 

~CoH> =p" (Es) 

+ + 
CpF pFe FeC HH, 

CH CH 

Os EBCO i te 
—— eS HAC G \ Fe (CO). Beef cnwiccya HAC Cc \ Fe (32) 

CH, CH, 

+ 

Fe(CO AS )3 Lies Bast, peels 5e,, 
\/ stepwise Se, He) ee 

Fe(CO)., 

The facility of metal-ligand bond rupture decreases with 

increasing number of bonds between the metal and the ligand. 

Hence the Cp-Fe bond, for example, is not attacked before 

other two-, three-, or four-electron ligands have been lost. 

(n°-Benzene) (n*-1,3-cyclohexadiene) iron first loses the 

cyclic diene ligand as shown in eq. [1] (88). In mixed 
carbonyl nitrosyl complexes carbon monoxide as a two- 

electron ligand is lost prior to the three-electron ligand 

NO. As another consequence of this rule, a ligand ina 

terminal position is more easily lost than one in a bridging 

position. 

\V/ SG SC nin 

Fe’ See ONe C.HFe” On aay [1] 

The role of halogen ligands in the fragmentation of 

organoiron ions is somewhat difficult to define because the 

rupture of the iron-halogen bond parallels the elimination 

of CO as well as the loss of the Cp ligand, as is shown in 
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eq. b2helO;10L) 

- + CpFe(CO),x* —<O> Cprex” —“P>  Fex 

Ne aye -x° 
LZ 

- + -Cp* + 
CpFe (CO), mao CpFe Sere 

X=Cl, Br, J 

B. SIMPLE BOND RUPTURE WITHIN COMPLEXED LIGANDS 

Among the variety of fragmentations according to this 

type only a few examples will be discussed. 

T-Bonded cyclic olefins can undergo hydrogen abstract-— 

ion. In the mass spectrum of tricarbonyl (1, 3-¢yclohexadiene) - 

iron there are two series of ions, CgHgFe (CO) (Govt Seo sal) 

and CgH¢Fe (CO) (aga ON 254351 06) eae Ene Toss of Ho can 

compete with the decarbonylation and hence must be a process 

with very low energy requirement (eq. [3]). The formation 
of an additional double bond and its coordination to the 

electron-deficient iron atom is considered to be the driving 

force of the observed dehydrogenation. This explanation can 

be generalized in terms of the following rule: Many de- 

composition patterns of transition metal complexes are 

determined by the tendency of the central metal atom to 

<a SES ee a ya 7 ottg 

[3] 

WW, 
(GO)rer 

maintain its electron deficiency as low as possible (rule of 

minimum electron deficiency). The loss of Ha is in direct 

contrast to the behaviour of free 1,3-cyclohexadiene in 

which the base peak corresponds to the CgH7 ion. It can be 
seen from eq. [4] that also 1-bonded cyclohexene ligands 
undergo dehydrogenation leading to T-bonded aromatic systems 



Mass Spectra 153 

a2h 

ei 

[4] 

(25) Oni thevother hand, ens dike Cerere | are absent in 
the spectrum of CeFgFe(CO) 3 because their formation would 
involve the rather unusual loss of two fluorine atoms or an 
Fo molecule (44). , 

In the spectra of metal carbonyl compounds ions formed 

by carbon-oxygen fission are found. Usually this process 

does not take place before several CO groups have been lost, 

and in Fe(CO)s5 ions like Fe(CO)C and FeC have rather low 

abundances. However, in polynuclear complexes as for 

example in [CpFeCO], ions, produced by carbon-oxygen bond 
fission Like Cp,Fe, (CO) © (n = 2,0) have relative intensi— 

ties similar to those of the "normal" fragments CpyFe, (CO) 

Gee enero) eee nts erect ismconcwsitents wath the 

threeway bridging of the carbonyl groups in this complex 

which strengthens the iron-carbon bonds and weakens the car- 

bonoxygen bonds. 

Although organoiron molecular ions have an odd-electron 

configuration the partial fragmentation of the complexed 

ligands usually proceeds by elimination of neutral molecules. 

Nevertheless, under certain circumstances radicals also are 

lost. Like other simple bond fissions radical eliminations 

are fast processes with high frequency factors and therefore 

are not always accompanied by metastable peaks. 

If a complex contains groups X (X = halogen, alkyl, 

aryl, alkoxyl, phenoxyl, dialkylamino) which are linked to 

the iron atom by hetero atoms like N, P, As, O, or S, then 

these groups can be lost as radicals. The radical elimi- 

nation can even compete with the metal-CO fission as is 

shown in eq. [5]. This fragmentation mode may be induced by 
the ability of the four-coordinated phosphorus atom to take 

over positive charge density from the central metal which 

results in weakening of the P-X- and strengthening of the 

M-CO-bonds. 

Other examples are found in sulfur- and phosphorus- 

bridged iron complexes (28,45,46,53,94). The uU-mercapto 

compounds Feo (CO)¢(SR)2 (R = Me, Et, Bu, Ph) lose CO 
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x 
ee -x’ Fee = po Fe—P (CO) ,Fe a —_——> (CO), e Se [5] 

X = F (85), OMe (6), NMeo (6,51). 

-4CO 

rex. 
aes 

preferentially with the preservation of the Fe> (SR) 2 

nucleus which shows further fragmentation by successive loss 

of R i radicals (eq, (61) (29753)% 

+ + 

S 
ie - 6CO Le BS (aes DS ie cec ae ae Firs ehaicee ert 

R R 
Le] 

+ 

° 5 
-2R - EE mae 

stepwise eS 

In a Similar manner 1 is decarbonylated to give the ion 

Feo (PMeo)2 , and several P-Me fissions then lead to the 

FeoP2 nucleus (46). 

X=Cl, Br, J 

— 

The elimination of an alkyl radical from the decarbonyl- 

ated tetracarbonyl (pentafluorophenyl-alkoxycarbene) iron com- 

plex produces an acyliron ion (eq. [7]); with the corres- 
ponding pentafluorophenyl-dimethylaminocarbene complex an 

analogous fragmentation pattern is observed (34). Another 

type of radical abstraction has been reported for several 

substituted ferrocenes (eq. [8]) (70). 
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+ 

POR 
ee 

aoe ee : 

6n5 

[7] 
-4CO 

+ 

work Spe a il 

ayes 1 oa eS 
PGE oe 

65 

ue + 

-Re 
CpFe- cy eta CpFe- C=O 

R [8] 

R = Me, Ph, p-MeOC ,H OMe, NHMe 4’ 

In the fragmentation of T-bonded cycloheptatriene, 

cyclohexadienyl, and cyclopentadiene complexes there exists 

the possibility of aromatization by loss of a radical from 

the methylene group of the cyclic ligands. It has been 

shown that a functional substituent bonded to the sp° center 

is preferentially lost if it takes the exo-position to the 

metal (78). Thus, in such cases mass spectrometry serves to 

distinguish between exo- and endo- isomers. Eq. [9] presents 
an example from organoiron chemistry. The functional group 

in tricarbonyl1[5- (hydroxymethyl) -5-methylcyclopentadiene Jiron 

is eliminated from the molecular ion only in the case of the 

exo-hydroxymethyl isomer whereby the even-electron tri- 

carbonyl (methylcyclopentadienyl)iron ion is produced (74,89). 

The tendency towards the loss of the exo-methyl group is 

subordinate due to the minor stability of the methyl radical 

as compared to the hydroxymethyl radical. 

C. REARRANGEMENT PROCESSES 

Rearrangement reactions play an important role in the 

mass spectroscopic fragmentation of organometallic molecules. 

They require sterically pretentious transition states and 
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CH,OH 

CH, 

| One (CO) Fe" ie a [9] 

| 
(co) fe 

hence have low frequency factors; therefore, rearrangement 

processes are usually accompanied by metastable peaks. In 

this subchapter ring cleavage reactions will also be dis- 

cussed although many of these do not necessarily involve re- 

arrangements. 

M-Bonded aromatic ligands and cyclic olefins undergo 

partial ring fragmentation mainly by loss of C2 units. The 

most important ring cleavage process of cyclopentadienyliron 

ions gives fragments in which a cyclopropenium structure is 

probably attained (éq. [10]): The less of Cy units is also 

observed; however, the corresponding fragments are less 

abundant. 

-C_H _ue 

Qs A&A Fo 
+ 

The partial ring fragmentation competes with the metal- 

ying fission, and the process which takes preponderance 

depends on the relative stability of the metal-ring bond. 

The correlation between partial ring fragmentation and 

stability is shown by a comparison between the decay of the 

cyclobutadiene complex 2 and that of its tetraphenyl deriva- 

tive 3 (33,61). No acetylene elimination is observed in 

the case of the less stable unsubstituted compound. 

The partial ring cleavage of the T-pyrrolyl derivative 

CpFeCyHyN occurs by loss of acetylene, HCN, and CoH2N’, and 
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thus appears to be related to the decay of ferrocene (22,55). 

~ 3CO ay He gq go Ss . 
| 

(CO\sFe Ea 3 

2 

Ph Ph Ph Ph aS. i 
=3CO = 

ToL a |e 
Ph Ph Ph P | if | Ph Ph 

(CO) ,Fe Fe 

3 “©P| 

A similar type of fragmentation has been found for hetero- 

cyclic carbene ligands bonded to iron (eq. [11]) (90). 

CH 
ae ; 3s 

N N 
as Nee -4C0 hee ise 3 
Pa eo) —- Se | Cte 
= “7 Vee Ys , 

CH, CH, 

CH 

N ; CH,=NH ee, -X= << Rely ee e. 2 3 
1 
CH, 
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Complexes with T-bonded cyclic ligands containing a 

carbonyl group in the ring usually undergo an easy CO 

elimination, as is shown for cyclopentadienoneiron ions in 

eq. [12] and for the a-pyroneiron ion in eq. [13] (11,18,98). 

+ 

-CO 

Fe Fae 

> A -CO — + [13] 
Fe ——__—_> O Fe 

oe Bee 

Only a little work has been done on possible structures 

of organoiron ions with cyclic ligands (18,97). Mass 

spectrometric studies on deuterated divinylferrocenes have 

provided strong evidence for a rearrangement of the vinyl- 

cyclopentadienyl ligands to give Tl-bonded tropylium ions 

(eq. [14]) (97). The ring expansion process transfers the 

CH=CH, 

‘ : [14] 
Fe _—_—> Fe 

four electron ligand into a six electron donor and thus 

lowers the electron deficiency of the iron atom. 

The fragmentation of several T-olefin complexes involves 

hydrogen transfer between two cyclic ligands. For example, 

the molecular ion of bis(cycloheptadienyl) iron, C7H9FeC7Ho, 

in its first decomposition step exclusively loses a cyclo- 

heptadiene molecule with formation of a C7HgFe ion (rule of 

minimum electron deficiency!) (87). Owing to this possible 

complication, one must be cautious in using the mass 

spectrometer for structural identification. 

A majority of rearrangement processes involve hydrogen 

migration, and again only a small number of selected ex- 

amples from organoiron mass spectrometry will be discussed. 

In most cases hydrogen rearrangements occur in connection 

with the elimination of rather stable neutral molecules like 

alkanes, olefins, H20, H2S, alcohols, aldehydes, or ketones. 

Often such reactions of complexed ligands differ remarkably 

from the fragmentation of the free organic molecules, and it 

is therefore suggested that they are influenced by the 

presence of the central metal atom. 
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It has been found that complexes such as 4 which have 

two substituents at a common ring site and thus cannot 

aromatize by hydrogen loss such as shown in eq. [3], instead 

lose methane with great facility to give the ion 5 as the 

base species in the spectra. In these cases the loss of 

methane becomes a prominent process only after the loss of 

all three CO ligands has occurred (25). 

ach 
Fe(CO),  ———> Fe 

CH CH CH. 

: 5 
In the mass spectra of tetracarbonyliron complexes 

with Tl-bonded ethylenes the acetyleneiron ion is observed 

which is produced according to eq. [15] (63). The loss of 

HX also occurs in T-allyl complexes RC3H,Fe(CO) 3X (X,= Cl, 

Br, I, and NO3) from the decarbonylated ion RC3H,FeX (92). 

Cee ee On St oe ec ee eC =CH 
2 stepwise 2 

Fe (CO) Eee Fel [15] 
4 

Xe lB, CN, EO, Ph 

If alkyl chains with more than one carbon atom are 

linked to the central metal by a hetero atom the loss of an 

olefin molecule is observed in competition with the loss of 

the alkyl radical. An example is shown in eq. [16] (45). 

+ + 

(CH) oR (CHp) oR 

S S 
go ne -4NO Zoos 

De nb gue iecsenulteim NBA [16] 

| | 
(CH,) oR (CH) R 
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+ 

f 
~ 2CH,=CHR Z ois 

stepwise Eee a 

| 
H 

Hydrogen transfer from a cyclopentadienyl ring to a 

U-mercapto ligand has been reported for 6 (94). It is sug- 

gested that the product ion has the structure 7. 

fs + 

i i 
ate - MeSH ee 

CpFe FeCp SSS CpFe Fe 

Me 

6 7 

A characteristic fragmentation mode of organic alcohols 

is the loss of water. This has also been proved to be a 

prominent reaction in many ferrocene carbinols (29-31). 

Deuteration studies on 8 indicate that upon loss of water 

from the molecular ion the hydrogen is transferred from one 

of the Cp rings, and this situation seems to be similar to 

the fragmentation of 6 (29). The participation of a Hing 

hydrogen atom was also proved for the water elimination of 

the decarbonylated fragment ion produced from tricarbonyl- 

(hydroxymethylcyclooctatetraene) iron (1). In some cases of 

ferrocene alcohols good correlations between mass spectra 

and stereochemistry have been found. For example the exo/ 

endo-isomer 9 loses two molecules of water in a two step 

process, while in the endo/endo-isomer 10 two water molecules 

are lost simultaneously, the (P - H20),. peak being very. weak 

(Qk ; 

OH OH 

O me) i oO Oo 12) a oO ou ai OO >) Z i) Om Bs 
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In the mass spectrum of tricarbonyl (methoxymethylcyclo- 

octatetraene) iron a prominent ion appears which is formed by 

loss of formaldehyde from the carbonyl-free fragment (1). 

There exists strong evidence that this decomposition [17] 

proceeds via a six-membered transition state like in the 

McLafferty rearrangement reported for benzyl ethers. 

CH aN aHeGO CH 
Stes Z ; —_____=> H 

CH Nees a 

Hix: ee H 

Fe Fe. 

Several iron complexes with ester groups show an unusual 

aldehyde elimination which is not found in free organic 

esters (39,95,96). One example is shown in eq.’[18]. The 

aldehyde elimination is not restricted to iron complexes but 

seems to be of general importance in the decay of transition 

metal complexes with ester functions (20,78,85,86). The 

loss of formaldehyde is also observed in trimethylphosphite 

complexes such as (CO),yFeP(OMe)3 (6). 

- + 

=Cp’ 

core-fE)-(ch1)-C0,0H, SESS re-FO ery =c0,0H, 

[18] 

~ CHO 
—__—_—_> re-fO-icH,)=cHo n=0, 2,3 

Few examples are known of the loss of radicals involving 

hydrogen migration. The mass spectrum of ferrocene shows a 

(P - CH3) peak which is also found in the spectra of other 

metallocenes (77). Loss of a methyl radical has also been 

reported for the T-allyl derivative C3Hs5Fe(CO) 3I and for 

some related compounds (58,92); the spectrum of C3HsFe(CO) 31 

exhibits a series of ions CoH Fe (COo)* (mG="37, 2) 7 ands ©), 

and the tendency for a methyl group to arise from a T-allyl 

group is further indicated by the presence of a fairly 

abundant CH3Fe ion. 

The last class of rearrangement to be discussed involves 

migration of electronegative or nucleophilic groups from the 

ligands to the metal atom. Again the high positive charge 

density on the iron atom appears to be the triggering force 
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for these reactions. Groups which can be transferred in 

this way are the halogens, oxygen, hydroxyl, alkoxyl, 

cyanide, or amide; also alkyl and aryl groups are trans— 

ferred if they are bonded to a carbonyl function. 

Halogen atoms undergo this rearrangement very easily. 

In the spectra of tetracarbonyl (vinylhalide) iron complexes 

FexX (X = Cl, Br) fragments appear, and the mass spectra of 

tetracarbonyl (dihalogenoethylene) iron complexes show FeX2 

ions as the most intense peaks (63). In many other cases 

FeXs units (X = F, Cl, Br) are eliminated as neutral parti- 

cles, and the positive charge remains on the ligand fragments 

because the FeX2 molecule has a higher ionization potential 

than the bare Fe atom or a FeX particle. One of the primary 

fragmentation processes of polychlorinated ferrocenes is the 

loss of FeClo, and significant FeCl peaks occur also in the 

corresponding mass spectra (102). The elimination of FeF2 

has been found in the decay of all iron complexes with 

fluorocarbon ligands which have been investigated (8,12-14, 

16,17,50,54,73). Some of these and related processes are 

found in the partial fragmentation patterns in eqs. [19] to 

L2 ilk 

CpFe(CO),CH=CH-Cr, = —*S2 > CpFe-CH=CH- Che 

~ FeF, - CpFeF 
[19] 

CoHeCaFHD CoH 

2 + 

Fad .oes =6CQ eirer Caan 
(Coy rece con) ae OS 3 a 3 L20] 

CECE 

+ 

(CO), 7 
ice 6CO fe 

CF.) P — > a — (CFs) reg oe (CpFePS FICE). ce F [21] 
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+ 

- FeF. CFF Cor - FeF, 
=> Zee re IC Ae 2) 

Core Fe C oF 

Amide transfer to the iron atom occurs in the decay of 
tris(dimethylamino) phosphine and -arsine carbonyliron com- 
plexes (6,51,62); one of the rearrangement products of these 
compounds is the ion FeNMe» . Another rearrangement ion is 
produced by the sequence of interesting fragmentation pro- 
cesses shown in eq. [22]. 

+ 

(CO), FeE(NMe.). 

-4CO 

[22] 
=H-CN=CH + 3 2 + 

Be ee ES FeE(NMe,)., FeEH(NMe,).. 

EH, 

———_> Fe(MeN=CH E =P, As 
+ 

29 

Several cyclopentadienyl nitrosyl complexes undergo a 

rather unusual rearrangement by transfer of the oxygen atom 

of a nitrosyl ligand to the metal (eq. [23]). ‘This kind of 

migration has been observed only when it starts from even- 

electron ions (75). The eliminated CsHs5N unit in eq. [23] 

May possibly have the pyridine structure. 

-NO 1G Inn 
2 w IS es lo3 

(NO), Fae Cp,Fe NO So CpFe,O CpoFe 
2 Ze 

Hydroxyl transfer to the metal is a characteristic 

reaction of complexes with alcohol ligands. For the series 

of primary ferrocene alcohols 11 the migration of the hydroxyl 

group to the iron atom decreases relative to cleavage giving 

CpFe , aS n increases from 1 to 4 (29). Mass spectroscopic 

investigations of pairs of exo- and endo-isomers of ferrocene 

carbinols have shown that hydroxyl transfer depends on the 

stereochemistry of the complexes. Thus, for the endo-isomer 

12 the most abundant peak after the parent ion is the 

f= CpFeoH]” fragment, but this peak is very weak in the 

spectrum of the exo-isomer 13 (29). 

Many examples are known of a general rearrangement mode 
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ie -C_H (CH ) cg 

coFe-[O)>- (chy, oF nes a UA fet 5 

Core 

| = R | R=H, Ph 
CpFe OH CpFe OH 

12 13 

in which a substituent R is transferred from a CO-R group to 

the metal. This reaction occurs in complexes in which the 

CO-R group is directly linked to the metal atom (eq. [24]) 
as well as in compounds with the CO-R group bonded to a com- 

plexed ligand (eqs. [25] and [26]) (52,70,71,96). 

O 
is 6% + Il a 

CpFe(CO),COR C26 OS ecspeec aR ec eee Pee 

R= Me, Ph 

O 
EA I ~C.H,CO + 

CpFe- C-R SSS SS CpFe-R [25] 

R = Ph, p-MeOC Hy, OH, OMe, NHMe 

ps + =-2CO + ~H,C=C=O 
pFe(CO),CH,CO.CH, i Spreh aD SSS SS ES 

me [26] 
CH, 
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O 
an + If GO + + 

eee eeCREe OCH > Cafe Coe > Care 3 

Di- or polynuclear cyclopentadienyliron complexes show 

a kind of rearrangement which can also be described by the 

principle of the migration of nucelophilic groups. Thus, 

under electron impact of Cp2Fe2 (CO), a [CpFe-FeCp] fragment 
is produced which shows further decay by loss of an iron 

atom with the formation of CpoFe (101). Similarly the ion 

Cp3Fe3 arising from [CpFe(CO)], loses an iron atom giving 

rise to the appearance of the Cp3Fe2 fragment to which the 

structure of a "triple-decker" sandwich has been attributed 

(48757).. 

Closing this chapter it should be mentioned that mass 

spectra of organoiron complexes can become quite complicated, 

because usually there exists a variety of competing frag- 

mentation pathways from a molecular ion. It has been one of 

the purposes of this chapter to present some general rules 

which may be utilized by the organometallic chemist for the 

interpretation of mass spectra of known as well as of unknown 

substances. ' 

III. ITON-MOLECULE REACTIONS 

Ion-molecule reactions (IMR) are chemical reactions in- 

duced by collisions between ions and neutral molecules in the 

gas phase. They are much more rapid than chemical reactions 

between molecules because of the strong polarization forces 

exerted by the ion on a molecule, by which the collision 

probability is considerably increased. 

IMR can be studied in a conventional mass spectrometer 

with suitable equipment. In order to detect secondary ions 

as products of IMR it is necessary to increase the sample 

pressure in the ionization chamber of the spectrometer to 

some extent so that collisions between ions and molecules 

can occur. On working with low repeller (or drawing-out 

plate) voltages the IMR cross-sections can be remarkably in- 

creased. Recent development of the ion cyclotron resonance 

(ICR) technique has stimulated IMR investigations to a con- 

siderable extent. 

Although much work has been done on IMR of small mole- 

cules (Ho, He, CO, No, CoH2, etc.) and of more complicated 

organic compounds, yet a limited number of publications 

concerning organometallic IMR has appeared, but there seems 

to be growing interest in this field (27,37,40-42,64,79-84, 

99-101). In this section some results from organoiron IMR 
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involving the formation of polynuclear species and ligand 

displacement reactions will be discussed. For theoretical 

considerations the reader is referred to the corresponding 

literature. 

Usually IMR of monomeric organometallic complexes yield 

bimetallic species. As mentioned in section II the mass 

spectrum of ferrocene exhibits the ions Cp2Fe , CpFe , and 

Fe . Under special operating conditions the secondary ions 

Cp2eFeo and Cp3Fe2 have been additionally observed (99,100). 

It was shown by appearance potential measurements and by 

considerations of the shapes of ion efficiency curves that 

the ion CpFe must act as the precursor of the IMR product 

Cp3Fe2 (eq. [27]); on the other hand, it was not possible to 

decide whether the secondary ion CpoFe2 is produced 

according to eq. [28] or to eq. [29]. 
+ = 

CpFe + CpFe —> Cpe, [27] 

Core. + Cp.fFe ——— CpoFes caCoe [28] 

t gues [29] 
2 

When a mixture of ferrocene and nickelocene was intro- 

duced into the ion source of the instrument the secondary ion 

Cp3FeNi occurred besides the Cp3Fe2 and the Cp3Nio species 

(100). 

Pentacarbonyliron has been investigated using an ICR 

machine, and again the formation of binuclear species has 

been observed (27,37). Within the limited mass range of the 

instrument the IMR products Fe2(CO),y and Feo (CO)s5 occurred. 

Double-resonance experiments indicated the reactions in eq. 

Cpgfe> => CpoFe 

+ + 
Fe + Fe(CO),. —_ Fe, (CO), 8 (CO [30] 

+ + 
FeCO + Fe(CO),. —— Fe,(CO), te2G@© [31] 

recom: Fe(CO), > Fe,(CO),” aC [32] 

[33] Fe(CO). + Fe(CO), —> Fe,(CO),” + 9CO 
[30] to [33] to be responsible for the formation of these 
ions. 

A large number of IMR products was formed from 
[CpFe(CO)2]2 which has been investigated by use of a con- 
ventional mass spectrometer (101). The following secondary 
ions appeared: Cp,Fe, (CO), (very weak), Cp3Fe3(CO), , 
Cp3Fe2 (CO) 4 7 Cp2Fe2 (CO) CH2 (n = 4,3,2,1 and 0), and 
Cp2FeCH2 . The formation reactions are shown in eqs. [34] 
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to [37], eq. [35] indicating the most important process. 

Cp,Fe,(CO), + CpoFe. = Cp4Fe,(CO)," [34] 

CpoFey(CO), + CpoFe > Cp gfe, (CO), PaCpce [35] 

CpoFe,(CO), + ae 2s Cp4fe,(CO), [36] 

CpgFe,(CO)," — CpyFe,CH, (CO), ec te [37] 

Binary mixtures of Fe(CO)5 with CH3F, H20, NH3, and HCl 

were examined in an ICR instrument principally to delineate 

the occurrence of ligand displacement IMR processes. With 

CH3F substitutions according to eq. [38] occurred, and 
additional reaction products were observed primarily from 

the (CH3)2F ion in reactions [39] and [40] (37). 

PeCOm rect = FecH ECO), + 1CO [38] 

7 n= ie4 

CH,Fe(CO). + CHF [39] 

(CH) 9F + Fe(CO), 

CH,Fe(CO), + CO+ CHF [40] 

With H20 and NH3 extensive ligand substitution takes 

place; in the case of H20 the species HFe(CO)5 and HFe(CO), 

are also observed, derived from H30 by proton transfer. 

Among the several products of ligand displacement 

reactions observed in a mixture of benzene and Fe(CO)5, 

Fe(C.eH.) (CO)2 formed in reaction [41] by multiple displace- 

ment predominates at higher pressures (37). 

— ea [41] 
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In summary, these results offer two important aspects: 

1. IMR provide the possibility of investigating very 

elementary processes such as simple collisions between ions 

and molecules without complicating solvation phenomena. 

2. From IMR studies we get valuable information relating 

to the formation and stability of metal-metal and metal- 

ligand bonds. 
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I. INTRODUCTION 

Méssbauer spectroscopy provides information about the 

interaction of a nucleus with its environment. This infor- 

mation includes the electron density, the distribution of e- 

lectronic charge, the magnitude of the local magnetic field, 

and the tightness of binding of the nucleus to its Vateuee 

site. All these factors are of value in examining the struc— 

ture and bonding of compounds, and Méssbauer spectroscopy is 

a useful addition to the chemist's armoury. It is a “sport- 

ing" method in that the data have to be interpreted with care, 

and may sometimes be misleading; nevertheless, in conjunction 

with other techniques, especially IR and NMR spectroscopy, it 

can be most valuable. This section aims to demonstrate the 

utility of the Méssbauer method in organoiron chemistry. The 

approach will be illustrative rather than comprehensive, but 

all types of organoiron compounds are surveyed, and attempts 

have been made to cover important literature up to and includ- 

ing mid-1974. More comprehensive reviews of the subject are 

available (64,67,73,142), and the technique and theory of 

MOéssbauer spectroscopy have been described at various levels 

O£ Sophistication (11,647.67), 69,738,727 LOD yl dil Lay lel Opes Oe 

II. MOSSBAUER SPECTROSCOPY 

The Méssbauer technique is restricted to particular 

nuclei. Fortunately, 57me is one of the most favourable, and 

data can usually be obtained very readily using the natural 

abundance (2.2%) of this isotope. The technique is basically 

absorption spectroscopy using gamma-rays, which are reso- 

nantly absorbed by the °7Fe-nuclei of the sample. In order to 

provide gamma-rays of appropriate energy, an active isotope 

which decays to the excited state of °’7Pe is used as a source, 

the most convenient being 21Go (half-life 270 days). The 14.4 

keV gamma-rays emitted by such a source can, in principle, be 

absorbed by ground-state °7Fe-nuclei in the sample. In prac— 

tice, the hyperfine interactions of the nuclei with their en- 

vironment can alter the transition energy by amounts consid- 

erably greater than the half-width of the radiation (4.67 »° 

ikem eV), destroying the resonance. Resonance is restored, 

and the spectrum scanned, by modulating the energy of the 

gamma-ray by the Doppler effect: the source is mounted on a 

vibrator whose velocity can be controlled, and the energy, E, 

of the radiation incident on the sample is given by E = Eo- 

(1 + v/c), where Epo is the source transition energy, v and c 

are the velocities of the source and of light, respectively 

(v is positive for motion towards the absorber). The energy 
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Fig. 1: Mossbauer spectrum of (myrcene)Fe(CO)3 (117). The 

solid line represents the computed best fit for two independ- 

ent Lorentzian peaks. The half-widths are 0,27 ms } 

scale of a Méssbauer spectrum is thus a velocity scale, and 

data are normally presented in units of mm s 1; for oles 

1mm s ' = 48°10 ? ev. The gamma-radiation transmitted by the 

sample is normally stored in a multi-channel analyser operat- 

ing in phase with the vibrator, so that each channel repre- 

sents a fraction of the velocity scale. A typical spectrum is 

shown in Figure 1. The spectra are characterised by two major 

parameters, the isomer shift, 6, and the quadrupole splitting, 

A, which are normally derived by least-squares fitting of 

Lorentzian absorption peaks to the experimental data. 

Aw LE ESOMER SHLEL 

The isomer shift represents the velocity of maximum ab- 

sorption or, in the case of a two-line spectrum such as that 

in Figure 1, the mid-point between the maxima. Measurements 

are made relative to a standard which is usually the centre of 

the doublet for sodium nitroprusside, NazFe(CN)5NO°3H20, or 

the centre of the six-line pattern of elemental iron (this 

pattern is due to the internal magnetic field in the metal). 

The latter is particularly convenient as the iron Spectrum is 

frequently used to calibrate the velocity scale. All isomer 
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shifts quoted here will refer to this standard, appropriate 

corrections being made to reported data where necessary. The 

isomer shift is somewhat temperature-dependent, becoming more 

positive as the temperature is lowered (the second-order Dop- 

pler shift). Since the magnitude of the temperature-depend- 

ence varies from compound to compound, small differences in 

isomer shift must be interpreted with care. Data will there- 

fore be given only to 0.01 mm s *; quoted uncertainties are 

usually + 0,02 mm s ! or better, and are shown in the tables 

as the uncertainty in the last significant figure. Unless 

otherwise specified, all data refer to measurements at 80 K. 

The isomer shift arises from the electrostatic interac-— 

tion of the nucleus with the electron density which pene- 

trates it. The correlation is negative in the case o 

so that increasing isomer shift represents decreasing electron 

density at the nucleus. The only electrons which actually 

penetrate the nucleus are s-electrons (the contribution from 

p,-electrons is usually neglected), so that an increase in 

isomer shift means a decrease in s-electron density. Such a 

change might occur, for instance, by decreasing the donor pow- 

er of the ligands, e.g. the isomer shifts of the cations Fe- 

(NH3) 62° and Fe (H20) 67 are 1.02 and 1.25 mm eat respective- 

ly. Electrons other than s-electrons act only indirectly by 

screening the nucleus from the s-electrons, so that this ef- 

fect is much smaller than, and opposite to, that of the s- 

electrons. The contribution of, for example, the d-electrons 

is by no means negligible, however; it accounts for the dif- 

ference between the characteristic isomer-shift ranges of 

high-spin ferrous (d®°) and ferric (d°) complexes, which are 

O.8 = 1.5 and 0.2 - 0.6 mm ale respectively. Unfortunately, 

in low-spin systems, including organometallic derivatives, the 

isomer shift is relatively insensitive to change in oxidation 

state or ligands, but small, systematic changes can often be 

observed. For instance, the replacement of a carbonyl group 

by another ligand usually leads to an increase in isomer shift 

(of ca. 0.05 mm s !) which is attributable to a decrease in 
backdonation and an increased d-electron density on the iron 
atom. Thus, both forward (0) and back (1) donation affect the 
isomer shift in the same sense. 

B. QUADRUPOLE SPLITTING 

The quadrupole splitting is manifested, for Se, asa 
doublet structure in the spectrum. The splitting arises from 
a quadrupole interaction of the nucleus with an electric field 
gradient, and is thus similar to the effect observed in nucle- 
ar quadrupole resonance spectroscopy. In the 57 re case, how- 
ever, it is only the excited-state nucleus which possesses a 
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+ 3/2 

Tasca hZ / 

Fig. 2: Energy levels and transition for the °7Fre nucleus. 

The excited-state quadrupole moment and the groundstate mag- 

netic moment are positive, and the excited-state magnetic 

moment is negative. 

quadrupole moment, so that the NOR technique cannot be used. 

The splitting, A, of the spectrum is, half the quadrupole cou- 

pilings constant, A) = be*qQ(1 + eect hater where eQ is the nuclear 

quadrupole moment, eq is the principal component of the elec- 

tric field gradient, and nN measures the departure of the field 

gradient from axial symmetry. An electric field gradient a- 
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rises when the electron density in the valence-shell of the 

iron atom has less than cubic symmetry. Charges beyond the 

iron atom also have an effect, but the field gradient varies 

with the inverse cube of the distance so that these effects 

can be ignored in first approximation. This also means that 

the contribution from 4p-electrons is considerably smaller 

than that from 3d-electrons, and only the latter need be con- 

sidered. A non-cubic distribution of non-bonding electrons 

gives rise to a large quadrupole splitting (1-3 mm s 1. 4-mm 

s | = 11.6 MHz), as in high-spin ferrous (ay low-spin ferric 

(d°) and iron(0) (d°) complexes. A ligand environment of less 

than cubic symmetry will also give an electric field gradient, 

so that an octahedral complex containing more than one type of 

ligand will show a quadrupole splitting. The majority of or- 

ganometallic molecules have low symmetry, and large quadrupole 

splittings are often observed. 

The sign of the electric field gradient cannot be deter- 

mined fran the simple measurement, but can be found by use of 

an oriented crystal sample, or by application of a large ex- 

ternal magnetic field (>3 T). The latter technique is the 

more generally useful: “in the presence of a large magnetic 

field the two lines of the quadrupole doublet split into a 

doublet and a triplet. For a positive electric field gradient, 

the doublet lies to higher energy (Figure 2). A positive val- 

ue arises when there is a deficiency of (negative) charge along 

the principal (z) axis compared to the density along the other 

two axes. Electrons ind», d=, andd orbitals thus give 

negative contributions, and those iia, 6! 4 and d » 9» orbitals 

give positive contributions. For any given ligand, o-donation 

gives a negative contribution to the field gradient along the 

metal-ligand bond axis, while T-acceptance gives a positive 

contribution. The quadrupole splitting thus represents the 

difference between O- and Tl-bonding (contrast the isomer 

shift). In the tabulations which follow, the sign of the 

field gradient is shown explicitly where known; if no sign is 

given, its value has not been determined. 

C. MAGNETIC HYPERFINE SPLITTING 

In paramagnetic compounds, the unpaired electrons produce 

a Magnetic field which can give additional splitting of the 

spectrum. Owing to relaxation effects, this magnetic hyper- 

fine splitting is often not seen unless the sample is cooled 

to low temperatures or is magnetically dilute, but it can usu- 

ally be revealed by the application of a small external mag- 

netic field. The magnitude of the splitting gives information 

on the spin state and orbital degeneracy of the iron atom, and 

has been particularly useful in the examination of biological 
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materials (80,91). 

D. RECOIL-FREE FRACTION 

A nucleus emitting or absorbing a gamma-photon is likely 

to recoil with energy which must be derived from that of the 

photon. If this occurs, resonance will be lost. However, if 

the recoil energy is less than the phonon energy required to 

excite the crystal lattice, a certain fraction of the nuclei 

will not suffer recoil, and it is these which give rise to the 

observed spectrum. It follows that Méssbauer measurements 

must be made on solid samples, often at low temperatures (liq- 

uid nitrogen); liquids, solutions and gases must be frozen. 

Anisotropy in the binding of the Méssbauer atom in its lattice 

or molecule can in principle be detected by an asymmetry in 

the quadrupole doublet (Gol'danskii-Karyagin effect), although 

this effect has not yet been conclusively demonstrated for 

iron compounds (67). 

Pit. APPLICATIONS 

As noted above, in organoiron compounds the isomer shift 

is relatively insensitive to the nature and number of the 

ligands. Also, the symmetry of the molecules is such that 

appreciable quadrupole splitting is nearly always found, and 

only rough generalisations can be made about its magnitude. 

It might seem, therefore, that measurements made on a single 

compound would be of little value in deducing the structure or 

bonding. However, compounds are rarely unique, and considera- 

ble headway can often be made by comparison with data for re- 

lated compounds. Such comparisons, in conjunction with other 

physical data, usually lead to unequivocal assignments of 

structure. 

Some generalizations can be made. In carbonyl compounds, 

for instance, five-coordinate structures invariably give large 

quadrupole splittings (> 1.5 mm om), reflecting the formal 

d®-configuration of the iron atom. Four- and six-coordinate 

species give much lower values, even when the "ligands" in- 

clude other metal atoms. In these cases the formal non- 

bonding configurations are d}° or d®, both of which have high 

symmetry, and the splitting represents the secondary effect of 

inequivalence in the metal-ligand bonding orbitals. The 

isomer shift appears to be more sensitive to T-bonding effects 

than o-bonding, but anionic species often have lower isomer 

shifts than related neutral species, suggesting that the extra 

charge resides, in part at least, on the metal atom. The 

isomer shift also increases with increasing coordination num- 
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ber. 

A. CARBONYLS AND SUBSTITUTED CARBONYLS 

Carbonyl compounds are conveniently classified in terms 

of their nuclearity, and will be examined in order of in- 

creasing complexity. 

Table 1: Derivatives of Fe(cOyy 

1 
5, fmm Poe A{mm s ] (Ref.) 

Na,Fe (CO) , -0.18(1) 0.00(1) (58) 

NaFe (CO) NO -0.10(1.3) 0.38(0.5) (106) 

KFe (CO) ,NO -0.08(1. 3) +0. 36(0.5) (106) 

Fe (CO) , (NO) +0.06 (1. 3) -0.33(0.5) (106) 

Fe (PhP), (NO). +0.09 (1.3) -0.69 (0.5) (106) 

Fe (Ph As) . (NO), +0.16(1) 0.59(1) (42) 

Et ,N[Fe (CO) ,H] -0.17(1) 1.36 (1) (58) 

Fe (CO) ,H, -0.18(1) 0.55(1) (8) 

Fe (depb) 5H, -0.04(1) 1.84(1) (8) 

(NH,) ,ZnFe (CO) , -0.18(2) 0.80(2) (79) 

enCdFe (CO) , -0.09 (2) 0.68 (2) (79) 

py,CdFe (CO) , -0.09 (2) 0.81 (2) (79) 

bipyCdFe (CO) , -0.08 (2) 0.46 (2) (79) 

CdFe (CO) , -0.05 (2) <o.15(2) (79) 

cis-Fe (CO) ,Cl, 0.05(1) 0.26 (1) (133) 

cis-Fe (CO) ,Br, 0.06 (1) Oss 1G) (133) 

cis-Fe(CO) ,1, 0.06 (1) 0. 32(1) (133) 

cis-Fe(CO) , (C1) SnCl, 0.03 (2) 0.45 (2) (52) 

cis-Fe (CO) , (Br) SnBr , 0.01 (2) 0.46 (2) (52) 

cis-Fe (CO) ,(I)SnI, 0.03 (2) 0.38 (2) (52) 

cis-Fe (CO) ,(SnC1,) , 0.02 (2) 0.20(2) (52) 

trans-Fe (CO) ,(SnC1,), 0.02 (2) 0.46 (2) (52) 

Me,Sn|Fe (CO) ,],SnMe, -0.09 (2) ca. 0.15 (83) 

Bu, [Fe (CO) ,],SnBu, -0.02 0.20 (83) 

Me,Sn[Fe (CO) ,],Sn[Fe (CO) ,],SnMe, -0.10(2) 0.30(2) (83) 

nn ee EEE ETE EDI EEE IE UDE EDEN SES ENSUED 

? In this and all subsequent Tables, numbers in parentheses are the reported 

uncertainties in the last significant figure. 
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1. Mononuclear Systems 

Iron(-II) provides a relatively simple case, since it has 
a closed-shell 3q?° configuration and is usually tetrahedrally 
coordinated. The only contribution to the quadrupole split- 

ting will cols from non-equivalence in the metal-ligand bonds. 

Thus, Fe (CO)? has no splitting and Fe(CO)3NO a small splat 

ting (see Table 1). The positive sign for the electric field 

gradient in the latter case is consistent with CO being a bet- 

ter O-donor and/or worse Tl-acceptor than NO , as would be ex- 

pected. The data for FeL2(NO)2 (L = CO, Ph3P) show that Ph3P 

is still more o-basic and/or less T-acidic than CO, and that 

the ON-Fe-NO bond angle is less than the tetrahedral value, 

which also indicates high T-acidity for NO . 

With other Fe(CO),-derivatives, it is not possible to 

assign an unambiguous oxidation state to the iron atom. 

Representative data are included in Table 1. The constancy 

of isomer shift for the hydrides is quite striking, and these 

values are considerably lower than normally found for low-spin 

iron(II) complexes. The increase on replacing carbonyl by 

phosphine ligands is quite common, however, (representing re- 

duced back-donation and hence greater d-electron density on 

the metal, cf. pp.178,190,194) and the association of the hy- 

drogen atoms with the metal is clearly demonstrated by the 

quadrupole splittings. On the same basis, weak association 

between the Group II metal ammines and the Fe(CO)%_ anion 

seems to occur in the zinc and cadmium derivatives, but the 

small quadrupole splitting of CdFe(CO), and the organotin de- 

rivatives demonstrates strong covalent iron-metal bonds com- 

pleting an octahedral coordination. 

The halides Fe(CO),4X2 appear to be iron(II) complexes 

(52) rather than substitution-derivatives of pentacarbony1l- 

iron(O), Fe(CO),4(X2), as had been suggested earlier (33). 

These halides, the corresponding X3Sn-derivatives, and several 

mono- and di-substituted compounds, LFe(CO) 3X2 and LaFe(CO) 2X2, 

give spectra characteristic of low-spin iron(II) and the data 

have been analysed in terms of the bonding characteristics of 

the individual ligands (9). 

All iron(O) complexes show a large quadrupole splitting, 

arising from the formal d® configuration which can never have 

cubic symmetry. In a trigonal bipyramidal molecule, such as 

Fe(CO)s5, these electrons would be accommodated in the d_, 

d and d 2» 2» orbitals. Even after allowing for fie ef- 

Per Sia covaléncy, there will be a large relative deficiency 

of electron density in the d_2 orbital, and the electric field 

gradient has been found to be positive as this would suggest 

(30,85). The effects of the non-cubic ligand arrangement are 

superposed on this field gradient, giving a range of quadru- 
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pole splittings for the various derivatives. With the data 

presently available for monosubstituted iron carbonyls, two 

trends seem to occur. For a variety of tertiary phosphines 

and arsines, both the isomer shift and the quadrupole split- 

ting vary about the values for Fe(CO)s5, and correlate roughly 

linearly (Table 2 and Figure 3) (25). For the phosphines, 

both values increase as the O-donor power decreases and the T- 

acceptor power increases. Decreased donation into the d_2 or- 

bital would increase the positive field gradient, as woutd in- 

creased back donation from the d and d orbitals. The iso- 

mer shift would also increase with decredSed donation from the 

ligand (into the 4s-orbital), although it is curious that the 

observed values should lie on both sides of that for Fe(CO)5. 

If the substituent is an olefin, the quadrupole splitting 

is dramatically reduced and the isomer shift somewhat in- 

creased, relative to pentacarbonyliron. In these cases the 

ligand lies in the equatorial plane of the bipyramid (50,119), 

and the decreased quadrupole splitting has been attributed 

(50) to the inability of the olefin to accept charge from the 

a orbital (assuming that the z-axis and the electric field 

gradient axis still lie along the "trigonal" axis of the 

bipyramid). A range of quadrupole splitting values is found, 

but the isomer shift is almost constant. There does seem to 

be a trend towards an inverse correlation, the increasing 

Table 2: Monosubstituted derivatives of Fe(CO)5 

6,_/mm ae] A(mm sik (Ref .) 

SS a A A oie ee Es ee ak 

1 Fe(CO), -0.09 (1) +2.57(1) (58) 
2 (Me,N) ,PFe (CO) , -0.11 2522 (77) 
3 (EtO) ,PFe (CO) , -0.12(0.8) 2.31 (0-8) (33) 
4 (OC) ,FePh,PCH=CHPPh Fe (CO) , -O.11(1) 2.46 (1) (45) 

5 Ph,PFe (CO) , -0.07 (0.8) 2.54(0.8) (33) 

6 ffosFe (CO) , -0.07(1) 2.61(1) (45) 
7 f£farsFe(CO) , -0.05 (1) 2.79(1) (45) 
8 (OC) ,FeffarsFe (CO) , -0.05 (1) 2.82 (1) (45) 
9 (CO-CH=CH-CO-O) Fe (CO) , +0.01 (0.8) 1.41 (0.8) (33) 
10 (€O-CH=CH-CO-NPh) Fe (CO) , -0.01 (0.5) 1.54(0.5) (50) 
11 (trans-MeO,,C-CH=CH-CO,Me) Fe (CO) , +0.01(0.5) 1.56 (0.5) (50) 

12 (HC=CH-CO-NMe., ) Fe (CO) , 0.00(0.5) 1.65 (0.5) (50) 

13 (PhCH=CH-CHO) Fe (CO) , -0.01 (0.8) 1.75 (0.8) (33) 

14 (acenaphthalene) Fe (CO) , -0.01 (0.8) 1.78 (0.8) (33) 

LL 

See alse) Ref. 25. 
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A/mm s71 

5015 -0.10 -0.05 -0.00 

Fig. 3: Isomer shift vs. quadrupole splitting for compounds 

of the type LFe(CO),4. The points are numbered to correspond 

with Table 2, and the lines are least-squares fits to points 

1-8 and 9-14. 

quadrupole splitting being associated with a decrease in iso- 

mer shift, which extrapolates to the pentacarbonyliron-values. 

In these cases, increasing donation from the olefin would 

augment the 4s and 3d 2 2 populations, which would decrease 

the isomer shift and incfease the quadrupole splitting. [I[n- 

creased backdonation from the d orbital would decrease the 

quadrupole splitting. The observed trends seem to correlate 

with the nature of the substituents at the double bond of the 

olefin. 

Trends similar to those described above are found for 

disubstituted complexes with both types of ligand (19,25,32, 

45,68,117). 

2. Binuclear Systems 

In the parent carbonyl, Fe? (CO) 9 (1) each iron atom is 

octahedrally coordinated by carbonyl groups, three of which 

are bridging. If the bond angles were exactly octahedral, no 

electric field gradient would result from the inequivalence of 

the iron-carbon bonds. The small field gradient observed (see 
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Table 3) probably arises from the metal-metal bond, since it 

is found to be positive and to lie along the trigonal axis of 

ON eae “yy 
1 

le SS< lees 

rs 

(In these and subsequent formulae, @ represent a carbonyl 

group) 

3 

the molecule (62). The spectrum of the anion Fe» (CO) gH is 

very similar to that of Fez (CO)9, and a structure (2) in which 

one bridging carbonyl group is replaced by the hydride has 

been suggested (58). In sharp contrast, the anion Fe> (CO) 5 

shows a large quadrupole splitting, similar to that for Fe- 

(CO)5. The structures are closely related, one axial carbonyl 

group of the pentacarbonyl being replaced by an Fe(CO) 4-group 

in sthesanion (3) 1 (108). 

A large number of compounds of the type (OC) 3FeQ2Fe(CO) 3 

has been examined, together with many in which some of the 

Table 3: Binuclear carbonyliron derivatives 

-1 
6,_ {mm sae Almm-s “J (Ref.) 

Fe, (CO), +0.17(1) +0. 42 (1) (58) 

Et ,N[Fe. (CO) ,H] +0.07 (1) 0.50(1) (58) 

(Et ,N) ,[Fe, (CO) .] -0.08 (1) 2.22 (1) (58) 

Fe, (CO) , (NH) . +0.02 0.85 (88) 

Fe, (CO), (PMe,) -0.01 (0.5) 0.65 (0.5) (50) 

[Re (C0) (Phe) 9) -0.07(0.5) 1.29(0.5) (50) 

[Fe, (CO) , (PMe,) ales -0.16(0.5) 1.53(0.5) (50) 

Fe, (CO) , (AsMe,) 5 +0.02 (0.5) 0.81 (0.5) (50) 

[Fe, (CO) , (AsMe,) . Yay -0.08(0.5) 1.86 (0.5) (50) 

syn-Fe, (C0) ¢ (SMe), +0.03(1) 1.00(1) (41) 

anti-Fe, (CO) , (SMe) . +0.03(1) 0.88 (1) (41) 

[Fe, (CO) , (SMe) 1” +0.02 (0.5) 1.62 (0.5) (50) 

Pe (CO), (SPh) +0.06 (0.5) 1.07 (0.8) (90) 

Fe, (CO) -[S(C,F,) J, +0.06 (0.8) 1.35 (0.8) (90) 

Fe, (CO) , (SePh) . +0.04 (0.8) 1.04 (0.8) (90) 

=e ent COL 1, +0.08 (0.8) 1.16(0.5) (90) 

Fe, (CO), (PMe,, do 0.00(1) 0.99 (1) (63) 
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carbonyl groups have been replaced by other ligands (Table 3). 

All have modest quadrupole splittings in accordance with the 

basic octahedral coordination, the bent metal-metal bond occu- 

pying the sixth position. The order of isomer shifts is 9 = 

ReP < ReAS < RS < RSe, which is the expected order of de- 

creasing donor/acceptor power. For Q = MeS, slight differ- 

ences are noted between the syn (4) and anti (5) isomers, the 

latter giving the smaller quadrupole splitting. This suggests 

that change in the disposition of the methyl group slightly 

alters the geometry of the FeS»9Fe ring, since in other pairs 

of geometrical isomers (see below) no difference in Méssbauer 

parameters is detectable. 

Four types of substitution-derivatives have been obtained 

eines a) 
Fep Fe Fe 

ey ge L 
Fey c Fe, Fe € ie 

/ 
bere oa 

N Pees ae 
: al 
wy ‘Se 

8 9 
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Table 4: Derivatives of 

syn- (OC) ,Fe (SMe) ,Fe (CO) 5L 

(6) 

PhMe P 

PCH,PPh 

0.03 

Ph 0.03 
2 

PhP 0.04 

Ph 

Ph 

Ph 

AsCH,AsPh 0.03 
2 ZA 

As 0.05 

Sb 0.03 

syn-L (OC) ,Fe (SMe) ,Fe (CO) 5L 

(7) 

L (MeO) ,P 

PhMeP 

PCH, PPh Ph 2 
2 

Ph 

Ph 

Ph 

P 

As 

Sb 

anti- (OC) ,Fe (SMe) ,Fe (CO) (L-L) 

(8) 

L-L = £ fos 0.01 

Ph, PCH=CHPPh 0.04 

ffos 

anti-£ (0c) Fe (SMe) ,Fe (CO) 5b 

(9) 

2AsPh, 

2 
0.02 

L-L PhASCH 

ffars 

P PhPCH.P h 

Ph PNEtPPh 

ffos 

2 

2 

(OC) 3Fe (SMe) 2Fe (CO) 3 

eZ?) 0.04 0.78 

1513 0.05 0.74 

pee) 0.06 0.73 

Pa2 0.10 0.53 

1.05 o.11 0.53 

sist 0.10 0.47 

0.04 1.00 

0.02 1.00 

0.05 0.84 

0.07 0.74 

0.10 0.57 

0.13 0.45 

1.06 0.16 0.76 

1.20 0.13 0.63 

1.14 0.14 0.47 

0.09 22 

0.10 1.08 

0.05 1.08 

0.05 1.03 

0.07 1.01 

+ -1 
Data from Refs. 41 and 48, all - 0.01 ms . 

which can be differentiated by the 

for derivatives of (OC) 3Fe(SMe) oFe 

4, In the unsymmetrical compounds 

atoms give well-resolved signals, 

an increase in isomer shift anda 

ir Méssbauer spectra. Data 

(CO) 3 are collected in Table 

, the two different iron 

the substituted atom showing 

decrease in quadrupole 

splitting, both of which are attributable to decreased back- 

donation. Equatorial substitution appears to give a greater 
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quadrupole splitting than axial substitution. Interestingly, 

the quadrupole splitting for the unsubstituted atom shows a 

slight increase, which may indicate a change in geometry or 

possibly an effect transmitted by the metal-metal bond. Sim- 

ilar effects are found in the parent compounds (OC) 3FeQ 9Fe- 

(CO)3 (Q = MeS, MeoP, MesAs) on one-electron reduction (Table 

3). The ESR spectrum of [ (OC) 3Fe(PMe)2Fe(CO)3] shows that 
all the methyl groups are equivalent (51), suggesting that the 

metal-metal bond is weakened sufficiently to allow a planar or 

fluxional structure. 

Clearly non-equivalent iron atoms are also found in the 

compounds (chelate) Fe» (CO), [chelate = ffars, ffos, f,fos, 

(10) ] (44), the diazepine derivatives [-N=C (Ph) -CH2-C(Ph)=CH- 

C(Ph)=N-]Fe» (CO), and [-N=C (Ph) -CH»-C (Ph) -CH»-C(Ph)=N-]Feo- 

(CO) 5 “4102) > and 1:(CO) sFe(PhCO)oFe (CO), (L = CO, EtsNH, 
Cs5Hi9NH) (60), showing asymmetric structures which have been 

confirmed by X-ray measurement in three cases (55,100,102). 

ffoss  om=2, E= PPh. 

——c~ fyfoss n= 3, E= PPh, 
Cry), 

ry Fgfos : n=4, E= PPh. 

10 ffars: n= 2, E = AsMe, 

However, such differentiation cannot be guaranteed. The com- 

pounds (triene)Fe2 (CO), (triene = cyclo-octatriene, cyclo- 

heptatriene) and (cyclo-octatetraene)Fe2 (CO)¢ all give Moss- 

bauer spectra consisting of sharp doublets, suggesting identi- 

cal environments for the two iron atoms. The room-temperature 

NMR spectra also suggested symmetrical structures, and di-T- 

allylic forms (11) were proposed (56,86). Subsequent X-ray 

examination has shown this structure to be correct for the 

cycloheptatriene compound, but the cyclooctatetraene derginye 
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tive has an unsymmetrical structure with no plane of symmetry 

and rather different environments for the iron atoms (12). 

The low-temperature NMR spectra are typical of fluxional be- 

haviour in the latter case only (36,37). 

3. Tri- and Tetra-nuclear Derivatives 

The Méssbauer spectra of Fe3(CO)12 and Fe3(CO)i11H (Table 

5) clearly show the presence of two types of iron atom eae 11g! 

ratio 2:1, which observations were instrumental in estab- 

lishing the correct structure of the former (CEVA e (Agtasci— 

nating case history of this investigation has been given 

(134).) The structure may be regarded as being derived from 

that of Fe2 (CO) 9 by replacing one bridging carbonyl group by a 

bridging Fe(CO),-group (13). The isomer shift of the two 

bridged atoms is very similar to that of Fe2 (CO) but the 

quadrupole splitting is greater, reflecting the greater asym- 

metry of the iron environment. The other iron atom has a 

lower isomer shift and a very small quadrupole splitting, con- 

sistent with the almost regular octahedral coordination. Sub- 

stitution of carbonyl groups by tertiary phosphines and ar- 

sines leads to an increase in isomer shift and decrease in 

quadrupole splitting (28,43,66), as in other carbonyl systems 

(cf. pp-.178,183,194). Recently several mixed trinuclear car- 

bonyls have been prepared, the Méssbauer spectra of which show 

clearly that the structures are related to that of Fe3(CO)i12, 

and allow the positions of the iron atoms to be identified. 

For instance, the compounds CpMFe2 (CO) 9 (M = Co, Rh) have 

quite different spectra, the cobalt compound showing two dis- 

tinct iron environments while the rhodium derivative gives 

only a simple doublet. Comparison with the Fe3 (CO) 12-spec- 

trum, in conjunction with IR data, strongly suggests the 

structures shown in Table 5. 

The parameters for the iron atom in Co2Fe(CO)9S are sim- 

ilar to those of the unique atom in Fe3(CO)1i2, showing again 
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Table 5: Trinuclear carbonyl compounds 

Apical Fe 

Sq lnm =] Almatare | 

+0.11(1) ds /43,((1) 0.05 (1) 0.13(2) 

15 +0.16(1) 1.52(1) +0.02(1) (43) 
16 +0.35(2) 0.57(2) +0.28(2) (107) 
17 +0.04(1) 1.41(1) 40.02 (1) 0.16 (2) (58) 
18 +0.08(1)? 0.91 (1) (99) 
19 40.09(1) 1.01 (1) +0.01 (1) 0.43(1) (89) 
20 -0.01(1) 1.04(1) (89) 
21 -0.02(1) 1.05 (1) (89) 

+0.04 (2) 1.10(2) 

Pyaleewicth =)0) 3im si; 7 At 293 
. 

Fe Fe 

EN EX eX 
gas aa at ae I eae ie 
o se we ~|w i ~e o/ e \~e 

ffars L L 

14 1 16 

Fe M Fe 

iat er a Cir, ye 

gum 18 19 

Qs Ghat @ 
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the essential six-coordination. The insensitivity of these 

parameters to substitution of one or two carbonyl groups by 

triphenylphosphine suggests that substitution occurs at cobalt 

rather than iron (22)., In contrast, the spectra of the com— 

pounds Fe3(CO)gLS2 (L = CO, PPh3, P(n-Bu)3) are very similar 

(41) and do not reflect the inequivalence between the iron 

atoms which the X-ray data indicate (47). 

The spectrum of the anion Fe, (CO). 3 also appears as a 

simple doublet, but it is likely that the signal for the u- 

nigue iron atom is masked by that of the three equivalent 

atoms (58). Doublets with somewhat broadened lines are found 

for Cp2Rh2Feo (CO)g and CpRhFe3(CO),;1; suggesting non-equiva- 

lence of the iron atoms (89) subsequently confirmed by X-ray 

investigation (29). 

B. CYCLOPENTADIENYL-CARBONYL COMPOUNDS 

The parent compound for this series, [CpFe(CO)2]2, and 

its derivatives in which the bridging groups are PMe2 or SPh 

display cis-trans isomerism (23), but the Médssbauer parameters 

of the two isomers are not significantly different (Table 6). 

The crystal structures show that for [CpFe(CO)2]2 the geometry 

pe A, ©) Lae Cowes Cin. 

about the iron and the iron-iron bond distance are the same 
for both isomers (21). The isomer shift trend, Q = RoP < 
R2As \V RS, is similar to that for [(CO)3FeQ]»2 (see above). 

The ligand PhzPC=CPPh, replaces one terminal carbonyl 
group on each of two molecules of the dimeric carbonyl com- 
pound, giving the unsymmetrical complex Cp (CO) Fe (CO) 9Fe (Cp) - 
PhzPC=CPPh2Fe (Cp) (CO) 2Fe(CO)Cp the Méssbauer spectrum of which 
displays only one sharp doublet (27). It has been proposed 
that a partial isomer shift may be assigned to each ligand in 
certain carbonyl complexes (73,77), and application of this 
method suggested that the isomer shifts of the two iron atoms 
would be expected to differ by only 0.017 mm en (26) Litas 
not possible to predict the quadrupole splitting in this type 
of compound. 

This complex undergoes unsymmetrical cleavage by halogens 
to give the cation [Cp (CO) 2FePhy PC=CPPhyFe (CO) »Cp]2* which is 
clearly differentiated by its isomer shift from the halogen- 
substituted derivatives Cp (CO) FexPh2 PC=CPPh» XFe (CO) Cp (xR="eV, 
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Table 6: Cyclopentadienyltricarbonyliron derivatives 

1 1 
Sem s ] A{mm s J (Ref.) 

cis-[CpFe (Co) ,], +0.21 (2) 1.92 (2) (21) 

trans-|CpFe (CO) ,], +0.21(2) 1.90(2) (21) 

cis-[CpFe (CO) PMe,], +0.14(1) 1.61 (1) (63) 

trans-|CpFe (CO) PMe,.], +0.16(1) 1.64 (1) (63) 

cis-[CpFe (CO) PPh, ],, +0.17(5) 1.60(5) (76) 

trans-|CpFe (CO) PPh], +0.17(5) 1.66 (5) (76) 

cis-[CpFe (CO) AsMe, ]., +0.26 (5) 1.42 (5) (76) 

trans-[CpFe (Co) AsMe,], +0. 26 (5) 1.57(5) (76) 

"stable' [cpFe (co) SPh], +0. 34(1) 1.67(1) (63) 

‘unstable' [CpFe (co) SPh],, +0.35(1) 1.72 (1) (63) 

[cp (Co) Fe (CO) .FeCp] ,DPPA +0.27(1) 1.94 (1) (26) 

{[cpFe (co) ,] ,DPPA} (FeCl,) 5" 40.09 (1) 1.80(17 (26) 

{Icpre (Co), ],DPPA} (FeBr,),” +0.10(1) 1.79 (1) (26) 

{[cpFe (Co) ,],DPPA} 1, +0.10(1) 1.80(1) (26) 

[cpFe (CO) C1],DPPA +0.31(1) 1.91 (1) (26) 

[CpFe (CO) Br] ,DPPA +0. 32 (1) 1.96 (1) (26) 

[CpFe (CO) 1] ,DPPA +0. 30(1) 1.88 (1) (26) 

[cpFe (CO) ,cS]PF, -0.05 (2) 1.89 (2) (23) 

[cpFe (Co) , IPF, +0.01 (2) 1.78 (2) (23) 

CpFe (CO) .CN +0.04 (2) 1.96 (2) (23) 

CpFe (CO) ,cO-CH, +0.04 1.68 (77) 

LcpFe (CO) PPh, C1 +0.05 (2) 1.92 (2) (23) 

[cpFe (CO) ,P (NMe,) 4/1 +0.05 1.66 (77) 

CpFe (CO) ,CO-NEt, +0.06 1.73 (77) 

CpFe (CO) . (CH) 3Fe (CO) ,Cp +0.08 1.67 (77) 

CpFe (CO) ,SnPh, +0.10(2) 1.75 (2) (118) 

CpFe (CO) ,SnBr, +0.13(2) 1.80(2) (118) 

CpFe (CO) ,SnC1, +0.15(2) +1.80(2) (118) 

[cpFe (co) , (py) ]PF, 0.15(1) 1.86 (1) (7) 

[cpFe (co), (C,H) IPF, 0.17(1) Be77A1) 7) 
CpFe (CO) ,SnI, +0.18(2) 1.74 (2) (118) 

[cpFe (co) , (NCMe) ]PF, 0. 18(1) 1.95 (7) 

CpFe (CO) ,I +0.22 (2) 1.86 (2) (118) 

CpFe (CO) ,Br +0.24 (2) 1.77(2) (118) 

CpFe (CO) C1 +0. 24 (2) 1.89 (2) (118) 

4 §(anion) = +0.24 mm aes » 6(anion) = +0.36 mm s| 

Br, I). The isomer shift of the former is similar to that 

found for [CpFe(CO)2PR3] (R= Ph, NMe2), while those of the 

halogen-substituted compounds are intermediate between those 

of CpFe(CO) 2X and {cpFe[P (OMe) 3]2}Br (26) =e AS neoOrherssys— 

193 
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tems, (cf. pps178,183, 190) , replacementror a carbonyl group by 

a phosphine gives an increase in isomer shift. 

Several series of compounds of the type CpFe(CO)2Y have 

been examined, in which the isomer shifts represent the o/T- 

character of the ligand Y, good donor/acceptors giving the 

lower values. Thus, the lowest values are found for CS and 

CO, which are both good acceptor ligands. Good 0-donor groups 

such as alkyl or SnR3 give intermediate values, while poorer 

donors, such as the halogens, give the highest shifts of all. 

On this basis, it might be argued that the acetyl group is a 

modest Tl-acceptor. 

The whole group of complexes CpFe(CO)2Y is unusual among 

organoiron compounds in that the isomer shift shows systematic 

variations while the quadrupole splitting varies irregularly. 

The electric field gradient is presumably dominated by the 

contribution from the cyclopentadienyl group, and the sign of 

the gradient in CpFe(CO)2SnCl3 has been found to be positive 

(15), as in ferrocene. The variations in quadrupole splitting 

probably reflect changes in geometry rather than the nature of 

the Fe-Y bond. 

C. BIS-CYCLOPENTADIENYL AND RELATED COMPLEXES 

Large numbers of ferrocene derivatives have been studied 

by the Méssbauer technique, but the parameters obtained are 

almost independent of the nature of the substituents on the 

rings, e.g. isomer shifts occur in the range 0.40 - 0.55 mm 

a) and quadrupole splittings in the range 2.05 - 2.42 mm ade 

with only isolated values outside these ranges. Closer in- 

spection of the data shows that low quadrupole splitting val- 

ues (A < 2.30 mms ') are associated with electron-withdrawing 

substituents, e.g. -COCH3, -NOo, -COoH (Table 7). Particular- 

ly interesting in this connection are the ferrocenyl carbene 

complexes, for which other physical data suggest that the 

ferrocenyl group acts as a strong T-donor to the trigonal car- 

bon atom in a similar way to that thought to occur in the 

ferrocenyl carbonium ions (34). The Médssbauer parameters for 

the ferrocenyl carbenes and the carbonium ions are very simi- 

lar. 

Analogous results are found for the series of substituted 

benzene complexes [(GcHeRl FalGeae ul o Although there is some 

variation in the quadrupole splitting with change of anion, 

the same trend is found as for the ferrocenes; the quadrupole 

splitting decreases as R becomes more electron-withdrawing, T- 

interaction again seeming to be the most important factor 

(HSA) 

In a classic paper, Collins has shown that the electric 

field gradient in ferrocene is positive and that this result 



Mossbauer Spectroscopy 195 

Table 7: Substituted cyclopentadienyl and benzene complexes ae ae REN UES Se OG Le erie 

Se A 

[mn s~*] [mm s~*} (Ref.) 
Jen Se ee ee eee 

C.H.FeC. HR 

R= 

cl 0.51 (5) 2.42 (5) (127) 
H 0.51(1) +2.40(3) (97) 
CH,OH 0.51 (2) 3.39(5) (97) 
[cHwMe,]*17 0.51(5) 2.38 (5) (127) 
CoH, 0.42(5) 2.34(5) (127) 
Co,Na 0.48 (5) 2.34(5) (127) 
c(cH,),* 0.44 232 (136) 
CN 0.41(1) 2.30(3) (97) 
coc, 0.45 (5) 2.27(5) (127) * 
No,* 0.43 2.27 (136) 
COC, Hy 5 0.54(2) 2.25 (5) (97) 
C(OCH,)Mn (CO) .C,H,CH, 0.50(2) 2.24 (2) (117) 
CH,CH,CO,H 0.54(1) 2.22 (3) (97) 

COB 0.44 2.16 (136) 

C(OCH,)Cx (CO) . 0.52(2) 2.15 (2) (117) 

low (cH Fec,u,) |*BP, ? = 0,52(2) 2.11(2) (74) 
[cH(c,H,FeC,H,) ]*c10,” 0.41 2.05 (140) 

[c(C,H,FeC,H,),]*c10,” 0.48 2.05 (140) 

[C,H .FeC,HoR] PF. 

ne 

NH, 0.49(4) 1.83(4) (132) 

F 0.51(4) 1.78(4) (132) 
cH, 0.47(4) 1.78(4) (132) 

NHCOCH , 0.53(4) 1.76(4) (132) 

ocH, 0.51(4) 1.76 (4) (132) 
H 0.49(4) 1.67(4) (132) 

CONH,, 0.53(4) 1.62(4) (132) 

CO,H 0.50 (4) 1.51(4) (132) 

CN 0.52(4) 1.44(4) (132) 

4at 298 K; Pat 100 K. 

is in accord with the molecular orbital treatments of the sys- 

tem (31). The results of two such treatments are summarized 

in Table 8 (46). The "metal" 3d-electrons are disposed as 

follows: “d , d_, populated by donation from the rings; d >, 

non-bonding; d 25 d_2 2, formally non-bonding, depopulate 

by back-donation”’to €ne7ring anti-bonding orbitals. There is 
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Table 8: Molecular orbital results for ferrocene (46) 

Neeeen ee eee eee eee 

: Contribution 
Orbital Occupancy 3d-population F 

to e.f.g. 
ES 

nicl oy (Ge) 4 2.888” (3.2256) © +2.888° (+3. 2256) 
xy x"-y 2g . 

c 
d > (a, 2 2.000? (2.0000)°  -2.000" (-2.0000) 

g 
(2 

oh sae (e,_) 4 0.548 (0.8244) © -0.274? (-0. 4122) 
XZ yz lg 

otal’ +0.614 (+0.8134) 

ee ee ——————— 

4 Relative to -1 as the contribution of one 3d2-electron; e.f.g. = electric 

) 
field gradient; _ Results of Shustorovich and Dyatkina; Results of Ballhausen 

and Dahl; - After removal of one ppm he ot the total contributions are 

-0.108 (+0.0070). 

thus an excess of electron density localized in an equatorial 

belt between the rings, giving a positive electric field gra- 

dient along the molecular axis. (There is a smaller contribu- 

tion, also positive, from the 4p-electrons). A similar de- 

scription applies to the arene complexes (125), and these 

treatments can be extended to explain the effects of ring-sub- 

stitution. The introduction of T-withdrawing substituents 

would lower the energy of the ring orbitals and favour back- 

donation, thus reducing the field gradient. 

Complete removal of one electron, to give the ferricenium 

cation results in collapse of the quadrupole doublet to a 

single, rather broad line (Table 9), again in agreement with 

theory. The broadening may be due to an unresolved quadrupole 

splitting together with magnetic relaxation effects; the 

latter suggestion is supported by the observation that the 

narrowest line is obtained with a paramagnetic anion (14). 

Consistently with loss of a 3d-electron, the isomer shift de- 

creases. 

The spectrum of ferricenium ferrichloride consists of a 

Single broad line, which would not be expected for the obvious 

formulation [Cp2Fel[FeCly], and the chlorine-bridged structure 
[CpFeC1 (u-Cl) ]o was suggested, since the two iron atoms would 

then be equivalent (128). The presence of two different iron 

sites was demonstrated by tracer experiments (129), and re- 

examination of the Méssbauer spectrum (14) revealed that the 

spectrum was asymmetric and contained two lines characteristic 

of [CpoFe] and [FeCly] . 

Biferrocenyl has the trans-configuration (24) (84), so 

that interaction between the two iron atoms is unlikely, and 

the Méssbauer parameters are very similar to those of ferro- 

cene. One-electron oxidation gives a species containing one 
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Table 9: Ferricenium salts and related compounds 

Fe (III) Fe(II) (Ref .) 
She A 

[mm Pi | [mm ee 

[(C,H,) ,FelFeci ,* 0.55(1) 0.00? (14) 

L(C.H,) Fe BF, 0.58(1) 0.00° (14) 

[(C,H,) -Felc1 0.54(1) 0.007 (14) 
[(C,H,) Fe] BPh, 0.58(1) 0.00° (14) 

Cen gbet zie 2 -C-8{Fettt)— 0.48 (3) k (38) 
CoH. (24) 

[C,H Fe (III)C,H,-C.H ,Fe- 0.52(3) 0.29 (3) 0.51 (3) : (38) 

(II)CoHE] loc, H, (NO) 3] 

[C,H,Fe (III) C,H ,-C,H,- 0.50 (3) 0.16 (3) (38) 

Fe(III)C.H,](BF 4], 

[CH FeC.H,-C(CH,)C,H.] 0.54(4) 0.92 (4) 0.57 (4) -40(4) (3) 

[C,H,FeC,H,-CO-C,H,-CO]_ = -0.51(4) 0.75 (4) 0.57 (4) -45 (4) (3) 

Rae meee aes 0.53(0. 3) 0.38 (0.3) 0.52 (0.3) -12 (0.3) (109) 

Fe (II)C,H, JI, 

[dW Fe (I1)C,H,-C.H 0.53 (0.1) .40(0.1) | (109) 

Fe(I1)¢,H,]* (25) 
SES Fare 0.54(0.2) 1.76(0.2) | 0.54(0.2) -76(0.2) | (109) 

Fe (I1)¢,H,]1, 

[€(H,Fe (III)C,H,-C,H,- 0.57(0.1)  2.95(0.1) (110) 

Fe (II1)¢,H,J(PF.], 
C,H,FeC,Bo6,,7 0.35 (3) 0.53 (3) (74) 

Me ,N[Fe (CB H, ,) 5] 0.24(1) 0.64(1) (14) 

(Me ,N) ,[Fe (C,BgH, ) 4] 0.30(1) . (14) 

b 

1 

half-width = 0.43 

; © half-width = 

= -1 
2 S(anion) = 0.32 mms Ae half-width (anion) = 0.35 mms j; 

1 ¢ nale-width = 0.61 mms !; @ half-width = 0.70 mms” 

0.77 mm ih = at 4.2 K; J at 140 K. 

mm s 

iron(II) atom and one iron(III) atom and the spectra show that 

electron-exchange between them is slower than focus (Ap 38 5 

109). A similar conclusion was reached in a study of the X- 

ray photo-electron spectra, in which separate signals for the 

iron atoms could be seen. That for the paramagnetic atom 

showed characteristic broadening, and the line-widths corre- 

lated with the quadrupole splittings (40). In these deriva- 

tives, the splitting is just resolved, and further splitting 

is found in oxidized ferrocene polymers (3). It seems possi- 

ble that the lack of interaction between the iron atoms is due 

to the retention of the trans-configuration. A cis-system is 

achieved in biferrocenylene (25); the Méssbauer parameters of 
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which are again similar to those of ferrocene. After one-e- 

lectron oxidation, however, only one quadrupole doublet is ob- 

served, with splitting intermediate between those of ferrocene 

and the ferricenium ion, showing that electron-exchange is 

fast, i.e. only an average spectrum is seen (39,109). Further 

one-electron oxidation might be expected to give a product 

with a small quadrupole splitting, as in the ferricenium ion. 

However, the observed splitting is larger than that in ferro- 

cene itself. It has been suggested that this results from 

interaction between the iron atoms allowing extensive delocal- 

ization of the e, -electrons, thus diminishing their contribu- 

eiomptotthe Slectic tielaveradiep til 1o)ee make eee 
cenophane derivatives (26, R = H, Me) it seems likely that 

both mixed-valence and average-valence forms may co-exist 

(GEKoy) = 

The carbollyl ligand, Cesk ee, forms complexes similar 

to the cyclopentadienyls in that the metal is coordinated to 

an open C2B3-face of the cage (141). The Méssbauer spectra 

of the two types of complex are similar, the ferrous complexes 

showing large quadrupole splittings which are drastically re- 

duced on oxidation. The splittings are greater than for the 

corresponding bis-cyclopentadienyl complexes, and this has 

been attributed to the greater asymmetry in the ring (14). 

However, the NOR spectrum of Cs[Co(C2B9H11)2] shows that the 

asymmetry parameter is negligible (n = 0.03 + 0.01) (71). 

The increase in splitting must therefore be an electronic ef- 

fect, probably decreased back-donation to the doubly-nega- 

tively charged ligand. The lower isomer shift for the car- 

bollyl complexes suggests that this ligand is also a better 

donor than cyclopentadienyl. The quadrupole doublet for the 

iron(III) complex is markedly asymmetric, and this is thought 
to be due to an increased magnetic relaxation time (relative 

to the ferricenium cation or the mixed complex), allowed by 

the "insulating" effect of the large carbollyl ligands (14). 
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D. CYANIDE AND PHOSPHINE COMPLEXES 

Many other low-spin systems have been studied, of which 

Space permits the mention of only two types, the cyano-com- 

plexes and the Group V donor complexes. 

1. Cyano-complexes 

The cyano-complexes of iron have been widely studied. 

For hexacyanoferrate(II) salts, the isomer shift appears to 

decrease with increasing polarizing power of the cation (Table 

10), which suggest polarization of the cyanide ligands re- 

sulting in enhanced delocalization of the non-bonding 3d-elec-— 

trons. Coordination of BF3 or a carbonium ion to the nitrogen 

Table 10: Iron(II) cyano-complexes (at 293 K) 

1 
re [mu s ] (Ref.) 

H Fe (CN) ¢ -0.14(1) (18) 

Mg,Fe (CN) -O.10(1) (18) 

Al ,[Fe(CN) .], -O.16(1) (18) 

ZrFe (CN) ¢ -O.13(1) (18) 

H,Fe (CN) ,*nEt,0 -0.17(1) (18) 

K Fe (CN) ¢ -0.03 (3) (70) 

Fe (CNH) , (CN) , -O. 10(3) (70) 

K Fe (CNBF ,) ¢ -O.11(3) (70) 

Fe (CNH) , (CNBF 5) , -0.12(3) (70) 

trans-Fe (CNMe ,) (CN) -0.14(3) (70) 

Fe (CNMe) , (CNBF,) , -0.08 (3) (70) 
-1 

[Fe (CNMe) ,] (HSO,) . -0.11(5) (13) 44 = 0.44 mms 

[Fe (CNEt) ,](C10,) 5 -0.09(5) (13) 

-0. 13 [Fe (CNCH,Ph) .] (C10,) , 0.05 (5) (13) 

atom gives similar decreases in isomer SB iiei en dle O) eNOne 

of these complexes shows a quadrupole splitting. When one 

cyanide ligand is replaced by another ligand, both the isomer 

shift and the quadrupole splitting reflect the varying degree 

of back-donation possible. That T-delocalization is the dom- 

inant mechanism in producing the quadrupole splitting is shown 

by the positive sign of the electric field gradient for [Fe- 

(CN) sNO]? (87). The corresponding iron(III) complexes show 

similar trends, although interpretation of the quadrupole 

splitting data is complicated by the effects of the low-spin 

d°-configuration. 

Prussian Blue and related complexes have also received 

much attention, culminating in some elegant work using various 

iron isotopes to enhance or diminish the Signals from the dif-— 
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ferent iron sites (4,17,104). As is now wellknown, Prussian _ 

Blue (Fe? + Fe(CN)¢” ) and Turnbull's Blue (Fe? + Fe (CN) 6° ) 

are identical, containing the (presumably hydrated) high-spin 

ferric and low-spin ferrocyanide ions. Dehydration of 

Prussian Blue at 300-400°C does give the alternative material, 

ferrous ferricyanide, which reverts to ferric ferrocyanide on 

Gontact with moisture (35). Lt 1s postulated thaw ehe eedox 

reaction occurs as a result of depressurization of the lattice 

on removal Of water. 

In mixed cyanides, involving iron and another metal, 

linkage isomerism has been detected (20). 

Isonitrile complexes have also been investigated (6,8, 

13). A recent correlation of iron 2p- and 3p-binding energies 

(by ESCA) with isomer shifts suggests that the binding ener— 

gies are more sensitive to change in T-acceptance by the 

ligands than O-donation (1). 

2. Group V Donor Complexes 

A wide variety of complexes of the type (diphosphine) Fexy 

has’ been examined, and attempts have been made to assign par- 

tial isomer shift and partial quadrupole splitting values to 

individual ligands (8,9). Since the isomer shift responds to 

the (0 + 7) properties of the ligands and the quadrupole 

splitting to the (7 - 0) properties, the relative magnitude of 

the donor and acceptor properties should be assessable. Data 

for complexes [(depe)»FeHX] are shown in Figure 4, in which 
the quadrupole splitting is plotted against the isomer shift. 

IE Any, RCN, and Cl are assumed to be purely O-bonding ligands, 

the distance at which the points for other ligands lie above 

this line may represent the T-acceptor ability. Thus, CO e- 

merges aS a powerful donor and a good acceptor, isonitriles 

are slightly less so, whereas No is relatively poor in both 

respects (5,10). Similar arguments have been used to suggest 

that the ligand P(OMe)3 has bonding properties close to those 

of isocyanides, and is appreciably stronger both in o-donation 

and T-acceptance than other tertiary phosphines and phosphites 

(Op QE) « 

Data for the unique iron(IV) complexes [Fe(diars) 2X ]- 

(BFy)2 (X = Cl, Br) (72) and the analogous iron(III) and iron- 

(II) complexes have been obtained using iron enriched in 57 he 

to overcome the large absorption of the soft y-rays by the 

arsenic atoms (59,114,115). The quadrupole splitting of the 
ferrous compound (low-spin a) is small, reflecting only the 
difference between Fe-Cl and Fe-As bonds. On oxidation, elec- 

trons are removed from the qd - andd - orbitals, giving 
larger splittings. For the 1ron(III)~ compound, analysis of 
the magnetically-perturbed spectrum, together with the tem- 
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0.0 0.1 0.2 

6/mm s7! 

Fig. 4: Isomer shift vs. quadrupole splitting for complexes of 

the type (depe)2FeHxX* [depe = 1,2-bisdiethylphosphinoethane; 

X = Cl, I(1), N2 (2), MeCN (3), PhCN (4), (PhO)3P (5), (MeO) 3P 

(6), t-Bu-NC (7), p-MeO-Ce6HyNC (8), CO (9)]. Point 10 corre- 

sponds to (depb)2FeH2 (depb = o-phenylenebisdiethylphosphine) . 

The electric field gradient is assumed to be negative in all 

Cases. Data from Ret. 10. 

perature dependence of the quadrupole splitting, showed re- 

moval of the degeneracy of d and d by a small amount (ca. 

18 em‘), while the separation from ¥fie third t. -orbital was 

much greater (2700 - 3000 cm +) cH) 

E. BIOLOGICAL SYSTEMS 

Iron-containing proteins are very important in biological 

systems, in transporting oxygen, performing a variety of oxi- 

dations and reductions (including nitrogen fixation), and var- 

ious catalyses, and the application of the Méssbauer technique 

to the study of these materials is growing rapidly. The metal 

atom can be probed specifically and in this respect the tech- 

nique is similar to ESR spectroscopy, with the important ad- 

vantage that it is not restricted to paramagnetic samples. A 

major disadvantage is the low iron content of these high mo- 
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lecular weight materials, but this can often be offset by 

°7me-enrichment. The isotope is not radioactive, and may 

safely be included in the diet of suitable organisms. Another 

factor which results from the high dilution of the metal is 

the frequent appearance of magnetic relaxation effects, espe- 

cially in high-spin iron(III) systems. Antiferromagnetic 

coupling between pairs of iron atoms often occurs, giving a 

spectrum very different from that of single-iron species, and 

this type of coupling is usually not easy to observe directly 

by other methods. Although these effects complicate the spec- 

trum and usually require low temperatures (liquid helium) and 

the application of magnetic fields, they also, in principle, 

allow the derivation of much information about the interaction 

of the iron atom with-its immediate environment. It is usu- 

ally necessary to compare the observed spectrum with a calcu- 

lated spectrum. A proper treatment of this subject is beyond 

the scope of this chapter, but good qualitative descriptions 

of the technique may be found in Refs. 8O and 91. 

The haem proteins have been studied extensively and the 

effect of systematic changes in the axial ligands are now 

well-documented (137). Detailed information is available on 

the effect which spin-orbit coupling and the ligand fields of 

the protein and the axial ligands have on the energy levels of 

the iron atom. These (relatively) simple systems are also of 

value in that they establish reference spectra for the four 

major states in which iron is found (high- and low- spin fer- 

rous and ferric). Data for these systems have been reviewed 

(92)% 

Systems in which information may be derived relatively 

easily are those containing more than one, iron atom and those 

for which redox reactions involve the metal atom. For in- 

stance, in the non-heme protein hemerythrin (an oxygen- 

carrier in molluscs) iron atoms occur in pairs. In the re- 

duced form (deoxyhemerythrin) both iron atoms are in the high- 

spin ferrous state and do not interact with each other. After 

chemical oxidation (methemerythrin), the metal atoms are in 

the high-spin ferric state, but the aa are coupled anti- 

ferromagnetically, probably via an oxo (O77) bridge. In the 

oxygenated complex (oxyhemerythrin), a similar structure is 

thought to occur with the O2 molecule acting as an additional 

bridge between the iron atoms (61). 

Iron-sulphur proteins are also very important (e.g. 
rubredoxin, ferridoxin, putidaredoxin, xanthine oxidase). 
Many contain pairs or higher clusters of iron atoms, but ref- 
erence spectra may be established by studying the single-iron 
species such as rubredoxin (120,121). Two-iron ferredoxins 
from a variety of sources (e.g. spinach, azobacter vinelandii, 
pig adrenal cortex) all give similar spectra and are probably 
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identical (53). The iron site is probably a slightly dis= 
torted S,-tetrahedron, with two sulphur atoms bridging between 

the two iron atoms. The oxidized form contains two high-spin 

iron(III) atoms although antiferromagnetic spin-coupling be- 

tween them results in diamagnetism, at least at low tempera- 

tures. After one-electron reduction, signals characteristic 

of both ferrous and ferric iron are found, the latter being 

very Similar to that of the unreduced material. Again, the 

two iron atoms are antiferromagnetically coupled. This case 

in which °’Fe-enrichment was valuable as data on natural mate- 

rial was originally interpreted in terms of the reduction- 

electron being delocalized over both iron atoms (82). 

Horse-radish peroxidase (HRP) contains high-spin ferric 

‘iron, and reacts with peroxide to give a derivative (HRP-I) 

Gapabnlevor ewo-e lecteronsox1 dations. In the absencesor va 54e= 

ducing substrate this compound decomposes to a second compound 

(HRP-IL), which is only one oxidizing-equivalent above the 

starting material. The Méssbauer spectra of the two oxidized 

compounds are very similar (but not identical), suggesting 

that the second oxidizing-equivalent of HRP-I is associated 

with orbitals not localized on the iron atom. For both com- 

pounds, the isomer shift is lower than that for HRP, which is 

consistent with an iron(IV)-like configuration for the metal 

(2) 
Application of the Méssbauer technique to biological sys- 

tems has been reviewed recently (12,67,80,81,91,92,105,130) ; 

references to other recent work are given in Table 11. 

Table 11: Recent studies on biological systems. 

Ref. 

Haem derivatives Oe) SYS), NO) St AL SH) 

Haemoglobin ASE AEH jp ASKS 

Myoglobin 65,94 

Cytochrome 49,93,96,124 

Ferredoxin PY SYS) ikeWn pth adhe lh es 

Xanthine oxidase 82 

Nitrogenase 54,126 

Hemerythrin (Gul pdt 3) 

Ferritin 16 

Rubredoxin LAO LAL. 
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Abbreviations 

Ona = isomer shift, relative to iron metal 

A = quadrupole splitting 

n = asymmetry parameter 

Me = CH3 

Et = CoHs5 

Bu = CyHo 

Ph = CeHs5 

PY = pyridine 

bipy = 2,2'-bipyridyl 

en = H2N-CH2-CH2NHo 

Cp = n°-CsHs 
R = alkyl 

depe = Bt 9 P—-CHo -CHo—PEt2 

depb = oO-CegHy (PEt?) 9 

diars = o-C.eHy (ASMe> ) 9 

DPPA = PhoP-C=C-PPh2 
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I. INTRODUCTION 

The measurement of magnetic susceptibility provides re- 

sults which are related and to some extent complementary to 

those obtained by electron paramagnetic resonance (EPR) to be 

discussed in the next chapter. While any substance yields at 

least a diamagnetic contribution to the susceptibility, dia- 

magnetic materials do not produce EPR signals and, consequent-— 

ly, neither affect the EPR of a paramagnetic probe. With re- 

spect to paramagnets, the susceptibility of any substance can 

be measured, whereas an EPR study may fail if the zero-field 

splitting of the lowest doublet state is too large, if the 

spin-lattice relaxation time is unfavourable, or if some other 

reason appears. 

A recent compilation of magnetic data (19) shows that the 

major part cf all magnetic measurements is performed on poly- 

crystalline samples at room temperature. Since this type of 

result is not particularly useful - except to determine the 

overall electron configuration - the impression arises that 

magnetic studies provide but little information on the molecu- 

lar and electronic structure. This assertion is by no means 

correct. On the other hand, it is certainly true that the 

handling of a sensitive magnetic balance may require more at- 

tention than the operation of a modern push-button spectrom- 

eter. None the less, the complementary nature of the magnetic 

susceptibility demands that full advantage of the information 

content of this method be utilized. This may be achieved, in 

general, by extending magnetic measurements down to the 

cryogenic temperature range and by carrying out a detailed 
comparison with appropriate theoretical calculations. Al- 
though suitable equipment for this type of studies is availa- 
ble in many laboratories, the average chemist may experience 
difficulties in familiarizing himself with theory. After a 
brief introduction into the physical basis of magnetism we 
will concentrate, therefore, on the theoretical background. 
Only a minimum workable knowledge of quantum mechanics is re- 
quired to follow the outline of the electronic structure of 
iron and the so-called Van Vleck approach to the calculation 
of paramagnetic susceptibilities. The high-spin iron(II) 
problem has been chosen as a typical example for the detailed 
treatment. The results of recent more advanced theoretical 
studies are likewise presented. Space does not permit an ex- 
tensive discussion of experimental data. However, the pro- 
vided results of theoretical studies demonstrate Clearly the 
type of experimental data to be expected as well as the in- 
formation which may be extracted from a detailed comparison of 
such data with theory. 

The available experimental data are listed in a compila- 
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tion (19) which covers all literature until the beginning of 
1965. A supplement (20) including the Magnetic studies pub- 
lished between 1964 and 1968 has been published, additional 
supplemental volumes being in preparation. The excellent 
reviews of Figgis and Lewis (8,9) might likewise be con- 
sulted in all experimentally based problems of the magnetism 
of transition metal ions and the rare earths. In addition, 
one of the latter references (9) gives many details concern- 
ing experimental set-ups for magnetic susceptibility measure- 

ments. 

II. BASIC MAGNETISM 

A. DEFINITIONS AND FUNDAMENTAL RELATIONS 

The magnetic field strength ig al inside a substance 

differs from the field strength of the applied field H 

(measured in vacuo) according to 

Fee = SH [1] 

Conventionally, the relationship of eq. [1] is written as fol- 
lows 

B=H+ 41M [2] 

where B, called the magnetic induction, is equivalent to H ee 

in eq. [1] andM is the (induced) magnetic moment per unit 
volume (often called intensity of magnetization and denoted 

then by 1). HereB,H, andM are vector quantities. If we 

consider an isotropic substance, M depends only onH and is 

independent of direction 

M = KH [3] 

where K is a scalar, the volume susceptibility, which is a 

measure of the ease of magnetic polarization of the substance. 

Eq. [2] may now be rewritten 

B= (1 + 4nK)H [4] 

Often, the quantity that is actually measured is the gram sus— 

ceptibility (also specific susceptibility) Xg defined by 

Coa K/p [5] 

and therefrom the molar susceptibility Xu is derived where 

= <M=kKXxV [6] Man te 
Here, 9 is the density, M the molecular weight and V the mo- 

lecular volume. Paramagnetic substances have x_> O, whereas 

diamagnetic substances have Mee O. Table 1 shows the most 
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common types of magnetic behaviour and their prepa tree: 

The units commonly employed are in case of xy , — cgs/g 

(cgs/g = emu/g = cm?/g) and in case of Xu! 10 ° cgs/mole. 

Table 1: Types of magnetic behaviour. 

Type Sign of Magnitude of Dependence | Origin 

| Susceptibility Xg at 20°C on H | 

Diamagnetism negative jasc OMG no electron 

charge 

Paramagnetism positive © - 100 x to ° no electron 

spin 

Ferromagnetism positive 1092 = 10" yes a 

Antiferromagnetism | positive © = 1000 x 10 ° yes, no spin exchange 

In anisotropic substances, e.g. a noncubic single crys- 

tal, M depends on the direction and on the magnitude of H, 

and eq. [3] has to be replaced by 

M = (K)H a 

where (K) is a symmetric tensor according to 

M) Kii Kis Ky Hy 

M2 = Sem Kan (kos Ho [8] 

M3 Kon ikea idee H3 

In eq. [8], the vector components of Mand H refer to an or- 
thogonal coordinate system fixed in the crystal. 

B. DIAMAGNETISM 

The effect of a magnetic field on the motion of electrons 
is to cause a precession of each electronic orbit about the 
direction of H. As a consequence, the atom to which the e-— 
lectrons belong acquires a magnetic moment proportional in 
Magnitude but opposite in direction to the field. It May be 
Shown (33) that the resulting susceptibility per gram-atom 
is given by 

Ne? Ln A baa aa [9] 
6mc 

where e and m refer to the charge and mass of the electron, 
respectively, c is the velocity of light, N the Avogadro num- 
Dery wana <r the expectation value (mean value) of the square 
distance of the electron from the nucleus 
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2 fs STA S ge Tn te [10] 

According to eq. [9], diamagnetic susceptibilities should be 
independent of temperature which is observed in practice toa 
good approximation. Since all substances contain electrons, 

diamagnetism is an inherent property of all atomic and molec- 

ular systems. In simple cases eq. [9] remains valid for the 

molar susceptibility, xy,. Alternatively, an additional term 

describing the so-called temperature-independent paramagnet- 

ism has to be added (42). Although diamagnetism is thus ame- 

nable to quantum chemical calculations, at present theoretical 

results are of no significance in experimental work. 

Instead of direct calculations use is often made of the 

law of additivity of atomic diamagnetic susceptibilities. Ac- 

cording to Pascal, the molar diamagnetic susceptibility of a 

pure compound is approximately determined by 5 

tig DER Daa eee a, n4Xp5 ; cay 
i 5 

where n, is the number of atoms i, y,. their susceptibility, 

per gram-atom, n, the number of certain structural elements j 

and Xp their contribution to the susceptibility. The quan- 

ees Cs, cliavel perce se called the Pascal constants and the 

constitutive corrections, respectively. Tabulations of these 

values for various atoms and bonds are available (9,10,19). 

In general, the susceptibility of an organic substance may be 

estimated on the basis of the tabulated values with an accura- 

cy of a few percent. We will be interested, in particular, in 

the susceptibility Xn of a paramagnetic ion within a compound 

containing large organic constituents. This value may be ob- 

tained by subtracting, from the observed molar susceptibility 

X,, the susceptibilities of all diamagnetic groups present in- 

cluding the diamagnetic contribution of the paramagnetic ion, 

Ly ee dia 

Sg eal Diamante” ie 2 Xai [12] 

Here y. is often referred to as the “correcte ; qmolar suscep- 

tibility and is denoted then by Xue Since dy. is consider- 
ably smaller than x,, this quantity is usually estimated on 

the basis of eq. isbety However, it should be observed that in 
all complicated organic moieties it is, in general, more accu- 

rate to measure Lyx 7 directly. 
Except for the purpose of "diamagnetic corrections", the 

susceptibilities of diamagnetic systems are not often measured. 

A review concerned with diamagnetic susceptibilities of or- 

ganometallics has recently appeared (34). 
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C. PARAMAGNETISM 

Paramagnetic properties are conferred upon an atomic or 

molecular system, if there are partially filled electron 

shells. It may be assumed that, in general, this condition 

should be met in compounds of iron due to the incompletely 

filled 3d shell. Another condition for simple paramagnetic 

behaviour is magnetic dilution. With this we describe the 

Situation where, e.g., the presence of coordinated large or- 

ganic ligands keeps the paramagnetic centers separated, thus 

reducing the influence of ion-ion coupling and avoiding co- 

Operative interactions like ferro- and antiferromagnetism. 

It may be shown that, at sufficiently high temperatures, the 

susceptibility of the paramagnetic atom should follow the 

Curie law 2 2 

ecu) aiigee: 
RRA Shae 3kT 

where C is the Curie constant, N the Ayogadro number, and k 

the Boltzmann constant. In the chemical literature, it is 

customary to describe the magnetic behaviour in terms of the 

effective magnetic moment Uogg: Following eq. [130 2e* is 

[13] 

ihe 
x 3k\ © ae 5 

ae = (aa?) (X,T) = 2.828 (X,T) [14] 

where uU is given in units of the Bohr magneton 8 (also de- 

noted ra or B.M.) and 

B = = =) 0.927314-t6n = erg Gauss ? 

Sometimes the temperature independent paramagnetism Noa is 
added to eq. [13]. This term arises from second order Zeeman 
effect contributions of states separated from the ground state 
by an energy E >> kT. 

The temperature dependence of the susceptibility for sub- 
stances which are not magnetically dilute often follows the 
Curie-Weiss law s : 

ee ee 
Xa ~ 7-6 ~ 3k(T -0) Lt] 

where 0 is the Weiss constant or paramagnetic Curie tempera- 
ture (Q_|). The relation eq. [15] holds especially for anti- 
ferromagnetic (O<O) and ferromagnetic (0>0) substances far 
above the Néel and Curie temperature, respectively. In this 
case the effective magnetic moment is given by 

U a 2.828{X, (T - 6) }? eff [16] 
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in units of B. However, the majority of paramagnetic substan- 
ces also obeys the Curie-Weiss rather than the Curie law in a 
limited temperature range. Here eq. [15] is employed solely 
in an empirical manner and no particular significance can be 
assigned to Q. In addition, the magnetic moment becomes a 
function of temperature and should be calculated on the basis 
ef eq. [14]. 

The magnetic susceptibility (X) of single crystals of 
lower than cubic symmetry has the character of a symmetric 

tensor of rank) 2,7ef eq.) [8].. If the six unique elements of 

the tensor (X) are known, it is always possible to find a 

transformation to a new coordinate system in which (X) is dia- 
gonal, 

XI=G Il C (X,) [17] 

Nal O O 

O x2 O , [18] 
O O K3 

Xp 

where C is the transformation matrix. The diagonal elements 

Xl, X2, X3 are called principal susceptibilities of the crys- 

tal and their directions are the principal magnetic axes. The 

Magnetic anisotropies of the crystal are the differences (\j- 

X2), (X%1-X3), (X2-X3)- The magnetic properties of the indi- 
vidual molecules or ions in the crystal are defined in terms 

of three principal molecular susceptibilities K,, K2, and K3 

which form an orthogonal set. In compounds where the orien- 

tations of the molecules in the unit cell are known from X-ray 

diffraction studies, K,, K2, and K3 may be determined from the 

principal molar susceptibilities of the crystal and the molec- 

ular direction cosines. The relationships between these 

quantities for the various crystal classes have been discussed 

by Lonsdale and Krishnan (30). A more recent review concerned 

with paramagnetic anisotropy is available (14). So far only 

few iron-organic compounds have been studied as single crys- 

tals. 

D. MAGNETIC EXCHANGE INTERACTIONS 

A serious limitation to the accurate determination of 

susceptibilities in paramagnetic metal ions is sometimes the 

existence of magnetic dipolar coupling and exchange effects. 

When the magnetic dilution is not adequate, the magnetic mo- 

ments of different paramagnetic ions start to interact thus 

giving rise to two associated types of cooperative phenomena: 

ferromagnetism and antiferromagnetism. Experimentally, ferro- 

magnetic substances are characterized by high values of the 

susceptibility which is dependent on the strength of the ap- 
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plied field and on the previous magnetic history of the speci- 

men. At infinite field strength, the extrapolated suscepti- 

bility decreases toward a normal paramagnetic value, the cor- 

responding magnetic moment being known as the saturation mag- 

netization o . If the temperature is raised sufficiently, the 

saturation magnetization vanishes and the substance becomes 

Fig. 1: The temperature dependence 

of the magnetic susceptibility of 

typical paramagnetic (a), ferro- 

magnetic (b), and antiferromagnet- 

ic (c) substances. 0. and 0. are 

the Curie and Néel temperature, 

respectively. 

paramagnetic. The transition temperature is called the ferro- 

magnetic Curie temperature 0_, viz. Fig. 1. At T>O_, the sus- 

ceptibility follows the Curie-Weiss law eq. [15] ae positive 

QO. Although often 0 approximates 0_, there are deviations 
from eq. [15] in the transition region. Iron-organic com- 
pounds are not infrequently contaminated with traces of a 

ferromagnetic impurity. The presence of such impurity shows 

up in the dependence of the susceptibility on H. Consequent-— 

ly, a plot of susceptibility versus 1/H is extrapolated to 

zero to determine the limiting value of the susceptibility. 

Antiferromagnetic substances which are quite common fol- 

low the Curie-Weiss law eq. [15] with negative values of 0 at 

temperatures T>O.. At the Néel temperature Onn a character— 

istic maximum in the susceptibility is observed, viz. Fig. 1, 

indicating the transition to an antiferromagnetic state. The 

susceptibility decreases below 0. and, for lattice antiferro- 

magnets, becomes field dependent in the direction of orienta- 

tion of the spin dipoles. For antiferromagnetic compounds, 

the effective magnetic moment should be determined according 

to eq. [16]. The coupling between the paramagnetic centers 
may take place either directly (direct exchange) or, more com- 

monly, by intervening atoms of a different kind, e.g. oxygen 

or halogen atoms, a phenomenon referred to as superexchange. 

Intermolecular antiferromagnetism may be considered as a 

special type of exchange interaction encountered in molecules 

which contain more than one metal atom. Entities of this type 
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are often termed 'clusters', each cluster being effectively 
shielded from its neighbours. The interaction may be de- 
scribed by the Hamiltonian 

Vere 65 lee Fs [19] 
tL J 

where Ji. is the exchange integral and s. and s. are the spin 
operatord for the respective electrons. Probabiy the simplest 
antiferromagnetic system is that of a pair of ions each having 

a spins = 1/2, e.g. in copper(II) acetate monohydrate and its 

higher homologues. In this case, the pair interaction produc- 

es a Singlet and a triplet state separated in energy by Ji2, 

the resulting susceptibility expression being 

2Q2 
ee as MoE 1 +S exp(J12/kT) } 1 + Na ; [20] 

Antiferromagnetic coupling within a pair of iron(III) ions 

each having s = 5/2 is involved, e.g. in [| (phen) 2ClFeOFeCl- 

(phen) > |” ion (6,7). Trinuclear clusters have been observed 

in basic carboxylates of iron(III), viz. [Fe30(RCOO) ¢ (H20) 3] 

(5) as well as in iron(III) alkoxides, [Fe3(OR)9] (1). An 

introductory survey (32) of metal-metal interactions and a 

more specialized review (38) recently became available. 

ITI. ELECTRONIC STATES OF IRON 

A. FREE IONS AND FREE ION TERMS 

The neutral iron atom corresponds to the electron config- 

uration [Ar]3d°4s*, 18 of the total of 26 electrons being 

assigned to the argon core. The most common oxidation states 

of iron are the trivalent (Fe*® ) and the divalent (Fe* ) state 

characterized by the configurations’ outside of closed shells 

3d° and 3d°, respectively. In iron organic compounds, the 

oxidation states of Fe’ (3d’), Fe? (34°); and Fe (3d?) may 

occur, in addition, 

In the 3d shell, a maximum of 10 electrons may be accom- 

modated if two electrons with spins paired are placed in each 

of the five orbitals. When there are less than 10 electrons, 

in general several arrangements are possible. Suppose that 

six electrons should be distributed on five d-orbitals in a- 

greement with the Pauli exclusion principle. Then the maximum 

value of the total spin S = 2 results if only two electrons 

have their spins aligned antiparallel. Other possible ar- 

rangements give S = 1 and S = 0, viz. Fig. 2b. According to 

Hund's rule the state of lowest energy is one of the highest 
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at - 0 
possible value of S, i.e. in Fe? F °h5 The possible spin 

alignments in the various oxidation states of iron considered 

here are displayed in Fig. 2. 

Fe3%(3d5) 

i Og ak a a 
fa) tt |__| s=3 

We He |_| s4 

Fe’43d°) 

Se thet 

(b) itd ta Pt 

tei ty 

Fet (3d’) 

at t t{ | S= 

bt Get he S= 
(c) 

Fe? (3d8) 

hei tyr tel t t | S-1 

tei tel tyr tes S=0 
(d) 

Fe" (3d9) 

ce) [te]talti[tel t ] s-3 

Fig. 2: Possible spin alignments in the various ions of iron. 

In a free ion, the five 3d orbitals are degenerate and 

may be written according to 

m 
Daim (61819) = Ry (4) ¥y (89) [21] 

where n = 3 and 1 = 2. Since the atomic Hamiltonian is spher- 

see ht Pes NSCS the functions form bases of the representa- 

tion D’*’ of the three-dimensional rotation group, R3. We 

will use for convenience the ket notation | nm m> = |m,"S 

where we suppress, in the present discussion, he quantum 

numbers n and 1 and where we leave only the sign + or - to in- 

dil@atesithersp name cn) 2uor men ——— yO eS ten possible 
spin functions of 3d electrons are thus |2 >, Live, |o alee. Ae 

= 25 

the errectvorwehe vevleceronic sinteracevOncm rs mtOn so lesemal 

particular configuration into a number of terms. In the 3q® 

configuration, the terms produced are as follows: 

> 
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Quintet: D 

Tripkets:. “a, °Gf 2°r, °b, 2°p 
Singlets: '1, 2°G, Fr, 2!p, 2s 

The energies of these terms may be expressed by the Slater- 
Condon parameters Fo, Fo, Fy or by the related Racah parame- 

ters A, B, C, where 

A = Fo — 49 Fy 

Bo =F, = 5 ¥, [22] 
Cy = 355 Er 

We will be particularly interested in By 3H, and !I terms, 

the energies of which are 

ECD) =" 6A = 27's 
Boh)oe=. 6GeA —- 1B +.4<c [23] 
Bit = SGA — 15 Bos. GcC ; 

From the emission spectrum of the Fe?" ion, B = 917 ems’ ‘and 

C= (4040 om * (24); 
The total degeneracy of a term is (2S + 1)(2L + 1), thus 

amounting to 25 for 2D Sa ror ae) and 13 for 'I. Each compo- 

nent may be expressed as a normalized and antisymmetrized six- 

electron wavefunction (Heisenberg-Slater determinant). If we 

employ the ket notation introduced above, the component of 34 

with MM, = 5 and M, = 1 may be abbreviated 

+.-,+,-_+ + bem2Sulecas}2 coud 1 c01—45> [24] 

pee ket being the only possible with the specified values of 

ym and M_ = = im. ur other wavefunctions may be obtained 

be jit tees of the> step-up and step-down operators Ly and 

L_ (and similarly Ss, and S_) where 

L,|LSM Pi ae Aries 1) eM Mes 1) }?| usm, +1 M.> [25] 

with a similar expression for S, Operating with L_ accord- 

ing to eq. [25] on |*H 5 1> we Gohan 

mee Sele) =. 710, | a4 i> [26] 

and, since L, = » 1. where 1,, operates on the single elec— 

tron fenoeton of pisereca ay application to the right hand ket 

of eq. [24] gives 

- - - ee +,-,+,- + ,+ 
Pe geietio 1 > a vee 210 Och > ¥4|2° 2,4" 190 =2°5 

. [27] 
All other kets generated in eq. [27] vanish because of viola- 

tion of the Pauli principle. It follows 
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- - = 4) eee |2H 4 1> = -y2)2"2 10 Oued +f 2]2%2 14 Oe [28] 

Continuous application of L_ Boe all ee | °HM, 1> 

and therefrom the remaining “kets he HM_M.> of the °H term may 

be obtained using S_. In addition, [28] may be employed 
to construct lee: 4 1> which must be id ee to i? Ha44> 

- - -,t+,-.+ {+ 3q@ 4 1> =y2|2"2 io" = 5 -y3|2"2 tious [29] 

In ee way, all required wavefunctions of Bue terms within 

the 3q°® configuration are obtained. For the °p term, the com- 

ponent of highest M, and M, = 2, e.g. is 

Spo Ses? 291 Oo <iee? > [30] 

A splitting of each term may arise by way of the spin- 

orbit interaction described by the Hamiltonian 

K. = Tye les: [31] so 5 nf 
at 

Since A. is the sum of one-electron operators, it is 

straight “Forward to calculate matrix elements of eq. [31] 

provided the required wavefunctions are known in terms of 

one-electron kets as in egs. [28], [29], and [30]. Here we 

are particularly interested in the spin-orbit interaction 

within the °D ground term. However, due to the 25-fold de- 

generacy, the direct calculation of spin-orbit matrix ele- 

ments is at most time consuming. In general, therefore, the 

application of the Landé interval rule is preferred. Ac-— 

cording to the rule, the energy of a spin-orbit level is 

determined according to 

2S+1 A 
E ( i Se 4 ot) SEL se 1) eet ee e [32] 

where J assumes one of the values J=L+S, LitS-—1, ... 

le = S| and 

te eae [33] 

the negative sign being valid if the shell is more than half 

filled. The total energies of the °D levels thus result to 

E(°pg) ean Cun see tee 2° 

E(°D;) = 6A= 21 BY q° 

B(°Ds) c= GA —P oie Eee ria [34] 
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hop) 60A E21 le 

ECO.) SrAu eo ier 

Another very powerful technique of general applicability has 

been developed by Racah (36). The method is based on the the- 

ory of irreducible tensor operators and employs the Wigner- 

Eckart theorem (18,39). We demonstrate this technique by the 

calculation of the matrix element <°D,| #&_|°Dy>. Within 
Ehesconb guration, eit as, according) to sfSter (39) 

(iheas il 

<a si 3| H |a's'h'g> = ise We Vis (ety) (2 

ee IGEN ty sa |earStL' i> wi StS Las) [35] 

where Qa stands for additional quantum numbers that may be re- 

quired and W(SLS'L';J1) is a Racah W coefficient. In terms 

of the equivalent 6j symbol 

a L 3} a elie w(SLS'L';J1) [36] 

the matrix element of eq. [35] may be expressed, in units of 

-t, (for n>21 + 1) as 

E+S' 49734 + 1) (21 +1) 17 
s L = 

TESST a 

eas E Ae em GUS! Ti) >=) (—4) 

xe rans Pleyel t | asta a [37] 

The reduced matrix elements < aS L | vit | oS > have 
been tabulated by Slater (39). Thus (from (39), Vol. II, 

Appendix 26) 

any Leyet eo] ops ie 6S 730 

ari wit ee (2° Ste SS 2 aL ahs Ae = AS ee is 

ee: +I 2a 

ae 

Pater 1) (21 eel = /30 

The 6j coefficient is taken from tables (37) as 

e ee ie 2 . ne 
ee 0) Sn oe nk 15 

finally giving thus 

<*b4| H,,| "De i} 
1 2 

boys Oa 0-7 = (6) 

any 

[38] 
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in agreement with eq. [34]. 

B. CONCEPT AND BASIC FACTS OF LIGAND FIELD THEORY 

So far we have considered the effect of electronic in- 

teraction and of spin-orbit coupling on a specific electronic 

configuration of the free iron ion. In actual compounds, the 

iron is surrounded either by ions functioning directly as 

ligands, by atoms forming the coordinating part of a ligand 

molecule, or by atoms bonded to the adjacent iron similar to 

the organic type of compounds. In any one of these cases, 

the most general approach to the theoretical description in- 

volves the use of molecular orbitals (MO). The iron and the 

ligands are then treated as of equivalent standing and the 

character of the bonds rests with the relative magnitude of 

the LCAO coefficients of metal versus ligand orbitals. The 

difficulty with MO calculations is, however, that if carried 

out to completeness, each molecule has to be considered as a 

problem on its own and results of general applicability cannot 

be expected. Needless to say that the computational effort 

required is considerable. On the other hand, if rigorous sim- 

plifications are introduced, the complexity of the calcula- 

tions is reduced at the expense of reliability. 

We turn therefore, in the present context, to ligand 

field theory which, in its semi-empirical form, offers high 

accuracy of calculated relative energies in conjunction with 

predictive capability. This approach is based on the fact 

that the iron atom may be considered, in the majority of its 

compounds, as being subject to an electric field set up by 

the ligands. Consequently, the ligands are assumed to be 

charged or if they are of dipolar nature then with the nega- 

tively charged end directed at the metal. 

Assuming, for convenience, an octahedral disposition of 

ligands, the corresponding potential which produces non-zero 

matrix elements with d orbitals may be written, in terms of 

spherical harmonics, 

= 4 0 Meme ea =i \ Nara a7 {yg (6,9) + 14 [y4(6,0) + Yy*(8,9) 1} [39] 

or, equivalently, in cartesian coordinates 

2. 4 4 ie Sue Me Do [x* 4 hee 5 x | [40] 

If six ligands of charge Ze are explicitly considered at the 
distance a from the origin along the three cartesian axes 
(crystal field model) it is 

vn 
3 

35 Ze Ze 
A = =, [41] =i and D = 
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Me Eres Aon d orbitals eerie thom, ||=at >, and |-2> are no 
longer eigenfunctions within a field of octahedral symmetry. 
It may be shown, on Sei of group theory, that the orig- 
inal representation D spanned by the d orbitals is split 
according to (2) 

= D ap ikee [42] 

We require, therefore, linear combinations of d orbitals 
transforming as the irreducible representations E and T of 
O,. These functions are listed below employing various a 

of writing commonly encountered in literature (12). 

eg = |o> ae = 5 (327 - r*) 

ef = — [|2> + |-2>] =a Sts ue (aay) 

tgfu= * [ite |=15] = a9 = 73 (yz) 3 [43] 

ten = - Ft |1> - |-1>] = a. = 73 (gx) 

tet = =p [|2> - |-2>] spiny = 73 (xy) 

All the functions eq. [43] are g by parity. It is instruc- 

tive to study the effect of the field first in -a more quali- 

tative way. The disposition of the orbitals in an octahedral 

field (cf Fig. 3) is such that the orbitals e@ and e€ have 

their lobes of electron density pointing towards the nega- 

tively charged ligands, whereas t2&, ton, and tet are concen- 

trated between the x, y, and z axes. It follows that the 

electrostatic interaction of e orbitals with the ligands will 

be larger than the interaction of tz orbitals. The octahedral 

potential V thus removes the five-fold degeneracy of d or- 

bitals in the free ion producing an orbital triplet (t, ) at 

lower energy and an orbital doublet (e _) at higher energy. 

It is now a simple matter to calculate”the energy of these 

orbitals according to 

CS V > 

ENE og t26| oot #26 

-4 Dg Siler yvie ktseyedn) = [44] 
B(e.) = <e6|V_.,1e8> 

=e tee ieV 60) dt. = ho De 

The matrix elements eq. [44] may be promptly separated into 
the radial integral 

2) 
See ay TR ee) [ede = Pe > [45 ] 

q 105 nd 
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3d,2_y2 3d_2 

Fig. 3: Disposition of d orbitals (angular parts) within a 

field of octahedral symmetry. 

where R git) is the radial’ part of the d electron, (ef egq.121]) 

and into an angular integral. The latter is just a number 

multiplied by D which, in turn, originates in Me 7 waives (slero 

[41]. The separation between the two sets of levéls then re- 

sults to 

5 Zee 4 
= i = = _— << > 4 A E(e,) EE) 10 Dq oe [46] 

In principle, the quantity 10 Dq may be calculated according 

to its definition in the above equations. Computations of 

10 Dq have indeed been successful in a number of cases (35, 

40). More often, however, 10 Dq is employed on a purely 

empirical basis and determined from suitable experimental 

data, e.g., absorption spectra. In what follows we reserve 

the symbol 10 Dq to this sort of an empirical parameter. Thus 

10 Dq should be a measure of the field strength originating in 

the ligands. In fact it has been demonstrated that the exper- 

imental 10 Dq values obey the formula 

10 Dq = £eg [47] 

where £ depends only on the ligands and g only on the metal 

(iva 
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+ 

C. THE Fe? ION IN A FIELD OF OCTAHEDRAL SYMMETRY 

We recall that the Fee" ion is characterized by the elec- 
tron configuration [Ar]3q®°. If the ion is subject to a ligand 

field of octahedral symmetry, the six d electrons have to be 

distributed between the symmetry orbitals eq.[43]. Of these, 
the t2 orbitals are lower in energy by 10 Dq than the e orbi- 

tals and, therefore, the occupation of the t» orbitals will 

be favoured. This stabilization by the ligand field is coun- 

teracted by the interelectronic repulsion. In particular, 

electrons in the same orbital have higher repulsion energy 

than if they occupy different orbitals. To this comes a con- 

tribution from exchange energy again favouring states of high 

spin. In summary then, the relative magnitude of 10 Dg versus 

interelectronic repulsion determines the electron distribution 

between tz and e orbitals. A more quantitative treatment will 

be given below. - 
With respect to the ground state, two limiting situations 

may be visualized. If the relative magnitude of 10 Dq is 

small, the electrons tend to achieve a distribution with max- 

imum spin which will correspond to the free ion ground state 

(high-spin state). In the Fe? ion, it is the configuration 

ney with S = 2 that has the lowest energy. On the contrary, 

if 10 Dq is much larger than the interelectronic repulsion en- 

ergy, the electrons will prefer to fill the t2 orbitals thus 

producing a state with minimum spin (low-spin state). In this 

case, the t>° configuration with S = O is lowest in Fe oe eie 

is obvious that by large the value of 10 Dq will determine the 

magnetic properties of an iron compound. In iron(II), e.g., a 

weak field ligand will produce a compound showing a paramag-— 

netism of similar magnitude as a free Fe* ion, whereas a dia- 

magnetic ground state will result with a strong field ligand. 

The possible electron distributions originating in the 

3d®° configuration of Fe* are illustrated in Fig. 4. For 

convenience of presentation, we have assumed a spin orienta- 

tion corresponding to the maximum values of S. Lower values 

of S are, in general, possible and thus each of the electron 

eae elec ss) 

Pere eal Orga etal alia ete) ae Pet) ea | 

t§g("Arg) t3geg t4g@g( Tag) tea tae 

S=0 S=1 Si 2 S=2 Sil 

Fig. 4: Possible electron distributions and resulting maximum 

total spin of the 3a® configuration of iron(II) within a field 

of octahedral symmetry. 
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configurations t ee (m+n = 6) may give rise to more than 

one term consistédt?with the Pauli principle. A complete 

listing of these terms is provided in Table 2. 

at aye 
Table 2: Terms arising from the configuration 3q°® (Fe? salsa wet 

field of octahedral symmetry. 

Electron Terms 

Configuration S=2 S=1 Si= © 

t8 "Ay 

te Gaya Chis Ip,, 'To 

tie? Sp> IN Sly Sie, DL ie pe Ese Mather 

237, 317) 

tie? 35) oT Ase cEn De. in oy Pe, 

2°7,, 2°72 2172 

the ay ‘a, ‘EB, 'T2 

The energies of the various terms may be expressed (12) 

as functions of the octahedral field splitting 10 Dq and the 

Racah parameters A, B, and C (alternatively, the parameters 

Fo, Fo, and F, may be used, cf eq. [22]). We list below the 

energies of some of the lowest states of Fe? which are of 

interest to us: 

el Ante) | = 24 Do. +. is a) = Sone en oe 

eer, Goede =ystdupa. + GSsAsp 280 Bey eve rae] 

EL°Ts(ts.e) . = 14 Dg oe, 15 A =| eee a ore 

eo @a(tere lies <1 4) De) ee dee 85 Bi ea 

These terms are plotted in Fig. 5 as functions of Dq employing 

the free ion values B = 917 cm ! and Cc = 4040 cm ?. At small 

values of 10 Dq, the ground state is 55, whereas for large 

values of 10 Dq, ay is the state of lowest energy. The con- 

dition for the crossover between ST, and TAY states follows 

from eq. [48] to 

5 =a 10 D ey 18) Gh = ( Dip or, 5 B 4C Te Fe SZ em [49] 

The critical value of 10 Dq = Jl is known as spin pairing ener- 

gy (25). Similarly, i crosses VAG at 

(10 Da) 1) nace 0 a ae ee co [50] 
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It should be observed that, however, the any cannot become 
qeene state within octahedral symmetry, since either St, or 
A, always is lower in energy than 37). In addition, the same 

applies to ore, Gue WHiwepe Bye 

*Tag(t3geq) 

Tig( 3g) 

*Tag(t2geg) 

0 1 2 Dq/B 3 

Fig. 5: Energies E of Sip, Ti, Tie and Fe terms as function 

of Dq, both in units of B, for the octahedral 3d® configura- 

E70n. 

The wavefunctions corresponding to the terms disgussed 

above may be written in a ket notation as |SIMy> or | lMy>. 
Here S is the total spin quantum number, whereas M denotes the 

z component of S, IT is an irreducible representation of O, and 

Y a component of [. Thus the only wavefunction of the non- 

degenerate 1A term is Jay Oaji>. On the other hand, the 

or) term has a total degeneracy of 15, i.e. a 5-fold spin and 

a 3-fold orbital degeneracy. The wavefunctions may be written 

ree sietote> robs | ronieos | *t2-26> 

Lproen= Prot |°r20on> = |°T2-1n> =| °T2-2n> sw 

piie2 es Tote toon Pro de> Se —27> 

where €,n,t represent real components of the representation 
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T> (12). Alternatively, complex components of T2 may be used. 

In this case, the functions with M = 2 would be 

Wea eh on, eure cy ay Ne ees [52] 

with a corresponding notation of the other spin components. 

D. THE EFFECT OF A TETRAGONAL DISTORTION 

Let us consider a distortion of the octahedron along the 

Z axis (elongation or compression). The corresponding ligand 

field potential is 

View = 74 yz Bor?¥3 (0,9) +4 VT Bur* {8 (0,9) 

iy [ye (8,0) - Yu‘ (8,9) J} [53] 

V is invariant with respect to operations of the group Dane 

The representations EF and T2 of O, are now reducible and may 

be decomposed into irreducible representations within D 
: 4h 

according to 

Baa A ec) By 
54 

To> Bo + E [54] 

Consequently, levels which were degenerate within an octahe- 

dral field will be split, the eigenfunctions of a D field 

being now e@ = aj, e€ = bi, t2o = bo, and (tof, ton) = e. 

The energies of the corresponding levels result to 

E(by=—- GoDq~ +" 2 Det DE 

H(ay) = 6 De =" 2.Ds = G6 De 

G(s) = 24 pa eo pee ee [55] 

E (e) = -4Dq - Ds + 4 Die 

In these expressions, integrals over the radial part have been 

denoted by s and t similar to eq. [45] (2). The quantities Ds 
and Dt may then be considered as empirical parameters speci- 

fying the tetragonal field. 

Within the 3a°® configuration, the energies of the tetra- 

Jone terms resulting from the octahedral terms oie ory, and 

T2 are 

EC Ar) = -249Dq + 141Dt 4 15 A = 30 nee tone 

E(*Aj) ="=14 pat 14 Dt 4 159R =" 30 p eae G 

E(°E) = -14 Dq + 27 vt +1155A = 30-8 +713 c [56] 

E(°Bs) == Dg 4S) De = De © a5eal eS) eee 

E(°E) = + 4 Dg - Ds +4Dt+15A-35BH+7C 
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It follows that, in D symmetry, a 23 term may likewise be- 
come ground term. The conditions required are easily deduced 
from eq. [56] as 

1O™Dge es) 0c [57] 

1O°Dq-= De a 1OsDe > 5 Bt: 5 C 

Often, particularly in magnetic studies, the separation 6 of 

the two lowest levels (OE and Ben is of interest where from 

eq. [56] 

o> = 2 DS 2° Side [58] 

To the first approximation, this splitting is the same if a 

distortion along the C3 axis of the octahedron (of symmetry 

D3) is assumed. Complete ligand field energy diagrams for all 

electron configurations d and for the most important symme- 

tries have been recently published (26a), and these will be 

often useful to study the effect of a particular distortion. 
, 

IV. MAGNETIC SUSCEPTIBILITY 

A. THE EQUATION OF VAN VLECK 

In his well-known book Van Vleck (42) developed an ex- 

pression for the susceptibility which is generally applicable 

to almost any paramagnetic system. Since the derivation is 

repeated in most textbooks of magnetism, we confine this sec- 

tion to a brief account of the most essential relations em- 

ployed thereby and to a discussion of the result. 

Consider the energy E_ of state n which is supposed to 

be of degeneracy j_. The magnetic field removes, in general, 

the degeneracy and, if the sublevels are specified by the 

suffix m, the energy of any magnetic level an may be expand- 

ed according to 

(0) (1) E = E + § H + Eg (2)? 
nm n nm nm 

EA teed [59] 

The magnetic moment in direction of H is then 

dE 
nm (1) (2) = = = = = 2 Be 60 

Yom oH Fam 2 nm leo] 

and the total magnetic moment M results by taking the statis- 

tical average over the thermal distribution of the u. 

Therefrom and using eq. [3] as well as eq. [6] the molar sus- 

ceptibility obtains as 
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Xm = Ne [61] 

where g (9) is the energy in zero field and N the Avogadro num- 

ber. In the derivation, it has been assumed that there is no 

net ieee fe absence Of the £ileld, aie. Mi sOnat  — 

O, and that H E <<<G_ [<A 

The interaction with a magnetic field of strength H is 

described by the Hamiltonian 

A, = Bie L + 2S)H [62] 

where 8 is the Bohr magneton and K will be explained below. 

The first and second order Zeeman coefficients in eq. [59] are 

then determined by (12) 

pit) = § <nm|KL_ + 2S_|nm> 
nm Z Z 

e2\<nm{xt. + 25 | atm'>|2 i 
Zz Zz (2) 

“nm 2 (0) (0) Aeon! 
n,m E -£ 

n m 

where | nm> denotes an eigenfunction of the level with energy 

Eom’ 1D ea: L63lp8thecuse of L, and S, instead of L andS is 
restricted to octahedral symmetry. 

For convenience, our treatment has been limited so far to 

the application of ligand field theory. However, matrix ele- 

ments Of type <n|L_ + 2S | m> should be calculated rather be- 

tween functions |n>, |m>“corresponding to molecular orbitals. 

This may be adequately taken into account by the introduction 

of the orbital reduction factor kK (11) where 

<V Ly w> 

as, caplet ae 
Q 

where ~ represents an MO and g is the metal d orbital contrib- 

uting to W. Obviously, K = 1.0 if the magnetic electrons are 

confined to the metal orbitals ("ionic" compound) and K< 1.0 

otherwise. 

B. AN BAAN ELE MAGNETISM OF THE OCTAHEDRAL S15 GROUND STATE 

IN Fe 

In the calculation of magnetic susceptibility, a reasona- 

ble approximation may be achieved by considering only the con- 

tribution of the ground term. The starting point should con- 

Sist of setting up the wavefunctions for the term in question 
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as function of one-electron kets. For the ST, term this would 

involve the 15 functions eq. [51]. However, a considerable 

simplification is possible since a oT, term behaves analogous-— 

div) tO -al °P term of the free ion. The °P functions may be 

written down immediately in the | SLM .M PS |m M_ > notation 

where M_ = 2,1,0,-1,-2 and M. = 1,0,-1. It should be observ- 

ed, however, that the operator L within the mT» manifold has 

to be replaced by -L within 5p. The subsequent calculation 

consists of three steps: (1) determination of the spin-orbit 

interaction energies and corresponding eigenfunctions; (2) 

calculation of the magnetic field energy; (3) insertion into 

eq. [61] to obtain the magnetic susceptibility. 
The spin-orbit energies may be calculated by the formulae 

eqs. [32] or [35] as shown above. Since we require the re- 
sulting eigenfunctions, a direct calculation is preferred 

here. 

Table 3: Matrices of the operator -\ L*S within the [MoM = 

functions of a °P term (isomorphous to °T>), resulting eigen- 

values and eigenfunctions. 

= 3 M, 3 

ails 

<21| -2r ey = EAN i = j21> 

He Oeste? 

|20> | 11> 

2 il 
<20| O -V2d E2 =) Wo = y 3120 z ysl 

2 
ip 5 

<11| -V¥2 -A E3 = -2i U3 = y5i20> + q 2] 11> 

1 

|2-1> |10> {01> 

3 
<2-1| 2d -/2 (o) EB, = 3X Wy = yl -i2 | 10> “ye Jo1> 

<10| | -V2A Oo - 73d Es = A Vs = qil2- ss Vic: = 3 |o1> 

-V3h OO Eg = -2) ve = ft [2 as 
<o1 | O 6 qel2-1 We A [Slo1> 

Me = 80 

(i> O02 a-tie 

- Dg 1> + 3) 00> + aieais 
<1-1| rN =/3A O ji ee SP br = geli- 2 : 

1 1 

<oo| -V3) O -73) Eg = A be = ysii-> = qsi-te 

\ 3 2 Vis =f 
<-11| oO -/3 nN Eg = 3A Wo = aa tote = =| 00> + Ta 
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We use the operator in the form 

1 1 
— e = _ _ — 65 Aine S MLSE TS ERP lee see, Lé65] 

where L, is the operator eq. [25] and similarly S,. Applica- 

tion to-the ket | 21> yields 

ie Les Ss oie a2 1S =. Oo + =: O) 

See wea 

and thus 

<21|-AL*S|21> = -2A 

Correspondingly, using the ket | 20> we obtain 

il 
-\ L* S| 20> = -i(0| 20> as ¥2|11> fe eee 

= -/2)|11> 

Here, only an off-diagonal matrix element is non-Zero, since 

<20|-AL* S|20> = Oo 

<11|-\ L.- S\20> = =V2x 

Proceeding along these lines, all matrix elements of -A L* § 

may be calculated. It is found that the resulting matrix is 

diagonal in\M. = M. + Mo = 3)2;4,.0.,-3. Stated an aedifrer— 

ent way, the Bverall matrix is decomposed into seven smaller 

non-zero matrices arranged along the diagonal, each being 

characterized by one of the values of M_. In Table 3, we 

list these matrices of the operator eq. [65] together with 

the eigenvalues and eigenfunctions resulting from diagonal- 

ization of the corresponding secular equations 

Hi 7: 5.5 = 0 [66 ] 

where 

— re ae e ’ is He Te Ss Simi [67] 

In actual fact, details concerning M_ = -1,-2, and -3 are not 

included in Table 3 since all results are identical to those 

with positive values of M, if only the |MoM, > functions are 

replaced as follows 

Macca: |-21>, |-10>, |0-1> instead of |2-1>, |10>, |o1> 

Mo = < ail te oer Slade vimstead Cre) ou yet 

M_ = -3: |-2-1> instead of | 21> 
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Due to the replacement of L, by -L a the operator of the mag- 
netic field interaction is now 

A See (cla 28) H [68 ] 

Application to the kets Wane, |20>, and |11> yields immediate- 

ly 

<24| (-L, + 2S )6H|21> = 36H 

<20| (-L, + 28,)6H|20> = 48H [69] 

Sng (Re 2s)BH|11> = BH 

The first of the matrix elements of eq. [69] is identical to 

that of ~,. The matrix elements of the functions 2 and 3 of 

Table 3 result as 

<2 | (-L, 4 28) BH|p2> = =3¢H / 

<W3|(-L, + 28.) BH|ps> = 28H [70] 
<2 | (-L, = 28 ,) BH|P3> = /2H 

Table 4 lists the complete matrices of the spin-orbit and mag- 

Table 4: Matrices of the combined spin-orbit and magnetic 

operators -AL*e S + (- pitas 2S) BH within the functions v; of 

Table 3. 

ws WS og, d+ 3 BH 2 en 

We {o} ——— 6H -2 + BH 
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netic field interaction. Again results for M_ = -1,-2, and -3 

are not given in detail since these are simply related by a 

sign change of all matrix elements of the magnetic interaction 

to those of positive M,. For the present case, eq. [61] may 

be rewritten as 

iS) 15 2 ; <b | 4 lw.> 

: i=1 j+i E,- 5, te faa 

TS 

L- exp (-E, /kT) 
' a 
i=l 

Inserting the required matrix elements of A, from Table 4 

finally produces 

9 _ Lat) oo (45, 1 28) 2 a(e + 2 28) 
w= 3 = ag gh 
eft se + vane + ja 

in units of 8 and where x = A/kT (12). This equation then 

gives the temperature dependence of the square of the effec-— 

tive magnetic moment for.a PA's (t5"e7) ground state within oc- 

tahedral symmetry. 

In Fig. 6, the curve marked zero gives U of eq.: 1721 

as a function of kT/XA. The remaining curves réfer to the cor- 

responding dependence of ue £ if an axial field distortion is 

PMESENE. S LNew a L_oguimes wane ee on the curves refer to values of 

6/X where 6 has been defined in eg. [58] and is assumed to be 
pOSLtive 1f the °E term is lower in energy than the orbitally 

non-degenerate state (eB. in D, symmetry) (21,22). 

Within octahedral symmetry then, the magnetic moment 

increases with lowering of temperature from about 5.38 BM 

(assuming } = -80 cm ') at 575 K to 5.72 BM at 115 K. To low- 

er temperatures a decrease of U follows assuming U = 

5eOSeBM arte Wile Sik eta fpereses cr covalency ismadlex valnee 

of K) causes, in general, decreasing values of u (22% 

An axial distortion of the octahedron likewise has the effect 

to lowering the magnetic moment, viz. Fig. 6. However, there 

are significant differences which depend on the sign of 6. 

If 6 is: positive, the ground state in D symmetry is °E and 

the magnetic moment is lowered, although its temperature de- 

pendence is preserved. If, on the other hand, 6 is negative, 

the lowest state is >B> having the consequence of almost tem- 

perature independent magnetic moment values. 
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+ 

C. DETAILED THEORY OF MAGNETISM IN OCTAHEDRAL Fe° 

The terms arising from the configuration 3d° under the 

influence of an octahedral field of ligands have been listed 

in Table 2. We studied alone the magnetism of a pure of 

(to*e*) term so far which produces the result of eq. [72]. It 

has been pointed out, however, that if 10 Dg > I(cf eq. [49]), 
the SAE. ) term becomes the ground state. Thus the magnet— 

ism represented by eq. [72] covers but a limited range of 

10 Dq values, viz. high-spin iron(II). Om the other hand, 

diamagnetism should be expected for a spin singlet ground 

state, e.g. the VAS term. Experience shows, however, that 

weak paramagnetism is always encountered in low-spin iron(II). 

This paramagnetism is a result of contributions from higher 

energy terms of different total spin. In general, there are 

connecting non-zero matrix elements of both the operators of 

spin-orbit and of the magnetic interaction between different 

terms. The resulting mixing of states may affect the magnet— 

ism considerably, at least under certain circumstances. 

A detailed theory of magnetism should account for the 

complete electron repulsion, ligand field, spin-orbit, and 

magnetic field interactions between all terms arising from the 

3a® configuration within octahedral symmetry. Although it is 

straight forward to perform such calculations with the methods 

outlined above, the amount of work required is surprisingly 

large. Thus there are 91 spin-orbit levels and, if the mag- 

netic field interaction is included, 210 separate states re- 

sult corresponding to the total degeneracy of the problem. 

Therefore, more powerful methods like those used in setting up 

eq. [35] are used. 
An additional advantage of complete calculations is that 

magnetic properties are obtained as functions of the parame- 

ters of semi-empirical ligand theory, viz. 10 Dq, B, C, and € 

or X. In Fig. 7 and Fig. 8 we display the results of complete 

magnetic calculations (26) on the octahedral 3a® configuration 

in terms of 1/y, and u , respectively. These plots may be 

employed in a direct comparison with spectroscopic measure- 

ments. 

In particular, reasonable agreement with magnetic moment 

values obtained on the basis of an isolated °T)(t)*e*) multi- 

plet (21,22) is_ achieved as long as low values of 10 Dq up to 

about 13,000 cm 1 are considered. If 10 Dq is significantly 

higher, say 10 Dq > 14,500 cm /, the tay (t2°) ground state is 

well separated from all excited states. The non-negligible 

temperature dependence of U is caused by mixing with the 

excited states. In the intermediate region of 10 Dg, a eyoa— 
cal crossover behaviour of magnetism is encountered. In faGiEy 
the crossover between the ground states "Te (is en) and 
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Fig. 7: Results of oe magnetic calculations in terms of 

1/x,, for the octahedral a0 configuration vs T and Dq (B = 

806 cm ', C = 4B, © = 420 cm', K = 1.0). 

1460 

A 
1500 
2200 

0 100 200 300 TIK] 400 

ae 8: Results of IES magnetic calculations in terms of 

F for the octahedral 3a° 25 eats vs T and Dg (B = 

36 Gé'cm |, c = 4B, & = 420 em}, « = 1.0). 
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Ta (9°) is found, with the parameter values of Fig. 8 at 

about If = 137850 em 1. The s shaped Hog vs T curves extend 

over a considerable range of Dg values, Ene direct contribu- 

tion from the °T, term being still discernible at 10 Dg = 

14,400 om }. There is nowa large number of iron(II) organic 

compounds showing crossover magnetic effects (Zar 

ot 

D. MAGNETISM OF TETRAHEDRAL AND TRIPLET GROUND STATE Fe 

In tetrahedral symmetry, the ground term within the Sa 

configuration of Fe? is “Bits (Ase Ju A complete calcula- 

tion of the temperature dependence of magnetism has been per- 

formed (26). The magnetic moment is 4.95 - 5.03 BM over al- 

most the whole range of temperature if values of 10 Dq charac— 

teristic for a weak-field ligand complex (10 Dg = -8000 to 

-12,000 cm !) are assumed. It should be pointed out that, in 

tetrahedral symmetry, the ligand field splitting is smaller 

and opposite to that in an octahedron, viz. (10 Dq) = 

-(4/9) (10 Dq) . The magnetic moment values chow Rae the 

ground term 5ECE. primarily responsible for these, the orbit- 

al contribution being essentially suppressed. Below 50 K, 

u £ starts to decrease and falls off rapidly below 20 K. 

This is caused by progressive depopulation of all spin-orbit 

levels except the lowest in energy, Fat 2). y the magnetic mo- 

ment of which is zero. 

Subject to the condition eq. [57], a 3ao term may be- 

come ground state in D symmetry and, in specific circum- 

stances, 2Bo.and, °E ground states may be formed (27). Since 

some spin-mixing is nearly always associated with spin tri- 

plet ground states, magnetic moments between 3.0 and 4.5 BM 

are encountered, practically independent of temperature. 

E. MAGNETISM OF IRON ORGANIC COMPOUNDS WITH IRON OXIDATION 

STATE DIFFERENT FROM +11 

The oxidation states +VI (3d7) and +V (3d?) of iron are 

encountered in tetrahedral iron oxygen anions, whereas appar- 

ently only a single iron(IV) compound (3d*) has been re- 

ported. The magnetic properties of these configurations are 

of no particular relevance in this context and will not be 

discussed here. Instead reference to other sources (8,19,20) 

is made. 

The oxidation state +III (3d°) of iron is very common 

and its magnetism has received due attention. The ground term 

of the free Fe® ion is °S which, in a field of octahedral 

symmetry and at small values of 10 Dg, becomes Cater es), 
At high values of 10 Dg, the state *T.(t»°) becomes the ground 
state, the eG = ai crossover occuring if 
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= ae & Sie 

within the usual approximation (see, however, a recent exact 
tpeatment. (25) 

Since there is no orbital angular momentum in a Pig 
state, the Hamiltonian eq. [62] becomes 

= 2 A BSH [74] 

and the corresponding magnetic energy is simply 

E 28 Hy<n|s_|n 28 MoH, [75] 

where M =-5, S-l,<.:, -S: Using eq. [61] the magnetic ‘sus- 
ceptibility obtains as 

_ 4NB? , 
a aes SG ot) [76] 

This is the Curie law within an effective magnetic moment 

As 
a DIS(S AY? ee =  S.8e ise [77] 

if S = 5/2 ("spin-only" magnetic moment). Consequently, octa- 

hedrally coordinated high-spin iron(III) is expected to pos- 

sess moments very close to eq. [77] and to be independent of 

Eenpera EuIge 

ig Gi seabeiol ops 1B) symmetry, the Say state is split into 

three doublets via ligand field and spin-orbit interactions 

with higher energy states, e.g. the “T, (to 'e) term; viz. the 

EPR chapter. The doublets may be denoted by Eyes Pee 

[25 /2>., If a magnetic field parallel to the z axis is ap- 

plied, the energies of the magnetic levels result as shown 

below (cf eq. [32]); 

E(21/2) = © = 6 H, 

Pies 2), ee 2 Det 38 H, [78] 

i(a5/2)- = 6D = Ses H, 

where D is the so-called zero field splitting parameter. From 

eq. [78], the susceptibility obtains via eq. [61] as 

¥ a3 
yl = NB* pee eee Te [79] 

e JY" ike elec oe oo 

On the other hand, a magnetic field perpendicular to the z 

axis produces energies of the magnetic levels (cf eq. [36] 
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4 22 

E(+4/3) = © = 36 HL = as = 

it 6°as 
iG 3/2 & 2 Dei, B ar [80] 

4 5 67H BES /2) <a OKO) Dee ie eee 

and therefrom 

6 it =2F 015 268 
ON kg - —e 

as NB? S 2e 2G [31] 

M kT eis oe - -6& 

Finally, the averaged susceptibility is calculated from eq. 

[79] and eq. [81] according to 

1 == ell dl 82 Xu 3 Xy + 2 Xb) [82] 

and the squared moment results as 

ee Ce eee 

get ert sa 

in units of B?s° In the eqs. [79], [81], and-ls3]4tas Ge 

D/kT. Limiting values of eq. [83] are ey 5.92 BM if T>s 
and wu — 43 On BM pilin a). 

Shs treatment of the 205 (to) term of low-spin iron(III) 

may be much simplified if it is realized that the t2° config- 

uration corresponds to a single hole in the filled t2 orbital. 

Spin-orbit coupling produces a doublet and a quadruplet which 

are further split on application of a magnetic field. If the 

field is of octahedral symmetry, the detailed calculation 

yields (28) 23/2 

u2 - 8 + 3x - 8e [34] 

eff sibs 267 3%/2) 

in units of 8*. In eq. [84], it is x = A/kT as above, Thus 

the magnetic moment is expected to be about 2.4 BM at room 

temperature and to decrease if the temperature is lowered ap- 

proaching wu =5l s/o) BMVaSt i= VOn, eA tcalkcuilleienton sore 

based on tetragonal symmetry has been provided by Kotant = (2908 

In the oxidation state +I (3d’) of iron, the majority of 

compounds is polynuclear and thus diamagnetic (19,20). The 

octahedral 3d’ configuration again produces two possible 

ground states, viz. “T) (t.°e7) and 2m (to °%e), depending on the 

value of 10 Dq. The high covalency expected in iron(I) or- 

ganic compounds invariably leads to an 2E ground state if 

complete spin pairing does not occur. In such case, the mo- 
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ment is expected to be about 1.9 BM with little temperature 
dependence. Formal oxidation states of O (3d°) and -I (3d?) 
and sometimes even lower values are encountered in certain 
iron organic systems. As a rule, due to complete spin pair- 

ing between different metal centers, these compounds are dia- 

magnetic. 

V. ILLUSTRATED EXAMPLES 

This section serves to illustrate the theoretical basis 

of section IV by examples chosen from the broad area of com- 

plex and organometallic compounds of iron. It should be kept 

in mind that the preceeding section was dictated by the re- 

quirement of providing a general introduction to the field 

rather than by the necessity of immediate application to spe- 

cific problems. Consequently, in what follows, only limited 

use can be made of the specific results obtained above. In 

reality, often a "theory" tailored to measure is used for a 

particular compound, the possible reason being an unusual 

geometry of or the specific bonding properties within the mol- 

ecule considered. Such theory may be at least of two differ- 

ent kinds: (1) if a general theory of bonding is available for 

the molecule in question, the resulting wavefunctions may be 

employed to calculate the magnetic properties; (2) alterna- 

tively, if such is not the case, a simple empirical approach 

may be chosen (corresponding, e.g., to the spin Hamiltonian 

formalism considered in the EPR chapter) to interpret the mag- 

netism. Examples for both treatments will be presented below. 

A. TIRON(II) HYDRIDOTRIS (1-PYRAZOLYL) BORATE 

The methyl 3,5-disubstituted hydridotris (1-pyrazoly1) bo- 

rate of iron(II), usually abbreviated as {HB[3,5-(CH3) 2pz]3}2- 

Fe (41), is paramagnetic at room temperature (U ~™ 5.16 BM) 

but becomes BE ae oa 147 K (15). Various ere cial 

techniques such as the 7Pe Méssbauer effect were ed 

oe show ee 16) that a reversible spin transition oe ce a) e 
A 

- "Ady (t., ®). takes place in this compound between abode a 
2g 

Nee n-B& (Ol Spe’ OJ Ss-H 

ee 7 ‘NN’ 
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245 K and 147 K. A schematic of the structure of the mole- 

cule is given above. 

We might like to compare the experimental values of 

the magnetic moment for this compound with Fig. 8. However, 

it should be made completely clear that we cannot expect 

complete agreement between the experimental data on this 

compound and the theory presented above for the ag" config- 

uration of iron(II). The reason is simply that during the 

spin transition, the value of 10 Dq should change from a 

low value characteristic of the °T ground state to a higher 

value characteristic of the 2 state or vice versa. On the 

other hand, the calculations ard normally performed for fixed 

values of Dg as well as of the other parameters involved. We 

will resort, therefore, to an alternative approach (24). In 

0 100 200 TIK] 300 

Fig. 9: Comparison of results from complete magnetic calcula- 
tions on the octahedral 3d® configuration (B = 765 cm}, Cr= 
450 Bi AGe=—420 cm}, K = 0.80) with experimental data on the 
iron(II) hydridotris(l-pyrazolyl) borate (heavy line) (24). 

Fig. 9, the heavy curve refers to experimental -values of 
the compound, whereas the light curves are the results of a 
calculation using the specific parameter values appropriate to 
{HB[3,5-(CH3)2pz]3}2Fe at room temperature and the Dq-values 
marked on the curves. From the points of intersection, the 
values of Dq at a number of temperatures may then be extracted 
and these were plotted in Fig. 10 versus temperature. Indeed, 
the expected temperature variation of Dq is clearly evident. 
The results are not quantitative, however, Owing to the neg- 
lect of an axial field distortion of 6 \% -1000 cm ! (16). 
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1320 

1300 300 
0 100 200 300 TIK] 400 

Fig. 10: Octahedral ligand field splitting parameter Dg and 

separation of centers of gravity of op and ‘A terms € for 

the iron(II) hydridotris(l-pyrazolyl) borate. Brofen lines are 

extrapolated (24). 

B. IRON(II) PHTHALOCYANINE, Fe(pc) 

This is one of the few compounds containing an iron atom 

in an almost square planar environment. In addition, the val- 

ue u —wo09) BMlateZ2I6l kK (3) Msuggestssasspins terpleu (S j= 

1) ground state. From the various triplet ground states which 

may become stabilized within the 3a® configuration (27), the 

assumption of a *Ba ground state seems plausible. The corre-— 

sponding electron configuration is shown in Fig. 11. A com- 

plete calculation being somewhat complicated, an empirical 

model has been suggested by both Barraclough et al. (3) and 

Dale et al. (4) to account for the observed magnetism within 

the temperature range between 296 K and 1.57 K. If a zero- 

field splitting of the 3B, (&*n*T0) ground state is assumed 

into the levels |M = O> and |M = +1> with separation D, the 

Zeeman energy in z direction is obtained by application of the 

Operator 

Zz 

# is g,B Pia [85] 

to the levels in question. Inserting the resulting energy 

terms into the Van Vleck equation, eq. [61], produces the mag- 

netic susceptibility in z direction, 

NB exp (-x) 
= Ot (eel 86 

XI 26S kT 1 + 2exp(-x) [86] 

where x = D/kT. On the other hand, if H is in x direction, 

the operator 
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1 
= = +S [87 ] 

Hy 2 Jy B “fe car _) 

has to be applied to the levels of Fig. 11. Therefrom the ma- 

4) a ae re 

snes he ees 
z 

3 
Bog —| 

SS So See 

\ 
\ 
\ 
\ 
\ 
\ 
| 
\ 
\ 
\ 

a 
10) 

ALS (L+2S)BH 

Fig. 1l: Single-electron orbitals and schematic splitting of 

Bo state by spin-orbit coupling and external magnetic field. 

ewe 

D O gy, 8 H/Vv2 

O D g, 8 H/V2 [88] 

g,8 H/Vv2 gB H/V2 O 

results which has the eigenvalues 

Ej, =s= [2p (pee Age B? 2)" ]~ -(g, B H)*/D 

is) S| Eo = [89] 

[re BE; => [D+ (0? + 4g” B? #2)? ] wD +(g,8 HL)?/D 

where it has been assumed that 2g. B A << D. Application of 

eq. [61] as above gives 

N oe 1 - exp(-x) 
2 

Xa FEL Leste mae, 2exp (-x) [90] 

To obtain the average susceptibility, eq. [86] and eq. [90] 
are appropriately averaged assuming, in addition, Si 

g. The result is 

NB” x2 2exp x 

3kT x[2 + exp x] [91] 
XY yom ege 



Magnetic Properties 249 

Fig. 12 shows experimental values of for Fe(pc) together 
with a curve obtained by fitting eq. [St 4 to these data. The 
parameter values employed are D = 64 cm?! and g = 2.74. The 
agreement between theory and experimental data is fairly good 
thus giving weight to the derived values of the zero-field 
splitting D and the spectroscopic splitting factor Sic 

0 100 200 300 
TIk] 

Fig. 12: Temperature dependence of u, £ for Fe(pc). Experi- 

mental points marked with circles, sale line calculated using 

D = 64 cm! and g = 2.74. Broken line refers to a theoretical 

fit proposed by Dale et al. (4). Reproduced by permission 

from reference (3). 

C. FERRICENIUM CATION AND IRON(III) DICARBOLLIDE COMPOUNDS 

In the case of ferricenium compounds and their analogues, 

the extensive investigations on metal sandwich compounds by 

MO theory may be exploited. With particular reference to fer- 

rocene, these ee en suggest the MO configuration, in Dea 

symmetry, (a})* (e54) "+ et ane the a of 

ferricenium should be either (a})* (54) ° or (25) (aj) 

giving rise to the total states "Ey, and “AA g! respectively. 

The five-electron problem may then be replaced by the equiva- 

lent problem of a single Eb hole, i.e. (6) or copes 

We start by assuming that Pag is lowest in energy and 

consider the effect of spin-orbit coupling, Zs = &€(r) le s. 

The assumption of a lowest (2a state may be ruled out as 

demonstrated by Maki and Berry (31) whose treatment we essen- 

+ - . 
tially follow. The spin states te, 0, 25,83 remain degenerate 



250 Edgar Konig 

and span the irreducible representation FE" of the double group 

Ds. The states eee B, Ss go and {a' ee 234°) transform ac-— 

cording to A', fee ce ai respectively, and likewise form 

degenerate (Kramers) doublets. Putting 

JE(x) |e > = 6a =e" Ge [92] 

the energies of the three lowest doublets result as 

ae) = +f 

E(A' 4 Att) Bes sane [93] 

E(E') = A 

where A is the excitation energy to the hole configuration 

(ay ). In eq. [92], So is the one-electron spin-orbit cou- 

oie constant of the iron atom, and, since € is negative, 

wrt E'') is the ground doublet. However, with Co vV 400 cm ep 

there may be significant mixing between W(A',A'') and W(E') 

by low-symmetry ligand fields. By solving the appropriate 

perturbation Hamiltonian, the lowest pair of Kramers' doub- 

lets follows as 

+ 

EPrs Mens + hey) a 

Vee z 
oe + he, eas 

[94] 

(b) tileay - ‘eo a 

NAeoe - oy) B 

with corresponding energies 

Ue ete ne eo 
(b) L [95] 

E Sets Sw) 

In eqs. [94] and [95], it is 

=e, | eee 2g rt. 2g 

N = (1 + i) [96 ] 

h= x/[t te U1 exe) 

where x = 6/& and H see the effective perturbation Hamil- 
tonian. e 

The wavefunctions eq. [94] may now be employed to calcu- 
late the paramagnetic susceptibility (13). As outlined in 
section IV, matrix elements of the Zeeman operators 
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B(KL, + 2s), and B(kL + 2S) HY [97] 

are derived and the eigenvalues of the resulting secular 
equations are used to calculate X; and xX, separately. This 
procedure Tey oe the Van Vleck equation, eq. [61]. The lower 
doublet p, thus yields 

2 ae Diy wp, 2) n_8 x 2Kle= Xr + ; 16\7K* (kT) 

XII 
kT (Laren) (c2 + 62)? (1 + 42)? 

[98] 
wy NB? An kT (i - 7)? 

ay Ys = oe ee 
JSR EN ie Noe rd WG Na ag ae 8 

where the quantities are the same as above and K is the or- 

biitalmreduceron, factorn  sineaddition, it may, be shown (13) 

that incorporation of the upper doublet Vy produces only 

a minor effect on the susceptibility. The average suscep- 

tibility then simply follows as 

1 
X ge Oqae so xys) [99] aire 

and U,,-, obtains from eq. [14]. 
S a correction to these results, thermal population of 

thee-aAt .(e. ) (a }*) istatecturns out to be important-\; The 

peoee tien lies ee ofese onc then have to be modified according 

to 

-AE/kT (a) ,2 DONG i Ka ( E54)! +e Kae Se) rea 

Xo Ts o AE/kT 

where X, is either xj or x, from eq. [98], 

= a (a) 2 AE = AEl Aly v, ( Eog) 1 [101] 

and ‘ 

NB L [102] 
Xy CAG) . XLCAt,) : kT 

Experimental data (13) are plotted in Fig. 13 as Use VS 

T for three ferricenium salts. The solid curves were calcu- 

lated on the basis of eq. [100] using values of 6 and AE as 

listed in the caption. Fig. 14 shows similar results for two 

iron(III) dicarbollide compounds where dicarbollide denotes 

the anion (BoCozHy es)? which is formally related to the highly 

symmetric icosahedral (Brey) te ion. The ion (BoCoimygni 

offers a planar face of five boron atoms which is used in the 
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sandwich mode of bonding to the iron atom. Thus the experi- 

mental data may be approximately fitted by calculated curves 

with values of 6 of 200 - 330 cm! and AE between 380 and 

520 cm /. These results demonstrate the appreciable effect 

of both lower than Ds symmetry ligand field distortion (6) 

Fig. 13: Temperature dependence 

OF VU for three ferricenium 

salts: O, [Fe(CsHs)2]picrate; 

O,[Fe(n-CyH9CsHy) (C5H5) Jpicrate; 

A, [Fe(C5Hs)2]BFy. 
The solid lines are calculated: 

a, 6 = 200 cm?, AE = 460 cm!?; 

bp O¢=g220 em +; ; 
c, 6 = 330 cm‘, AE = 380 cm '. 
Reproduced by permission from 

reference (13). 

| 

> isa] Il ww Le) j=) Q 3 

Fig. 14: Temperature dependence 

On for two iron(III) di- 

perioli ate compounds: O, 

[ (CH3)4N] [Fe(DCB)2]; O, Fe(cp) 
oe where DCB = (1,2-Bo9Co2- 

Hy)? - The solid line is cal- 

culated for 6 = 240 cm! and 
22 ago ngeoe? AE = 520 cm. Reproduced by 

po permission from reference (13). 
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0 100° -2200° ~300) :400 

TIK] 

+ 

and thermal population of the 7a! (e, )*(a!_)? state in ferri- 
cenium and iron(III) dicarbollide 2 eoneounde 

VI. CONCLUSIONS 

It is obvious that the most simple approach based on an 
octahedral field of ligands, viz. eqs. [72], [77], ana [84], 
does not provide any additional information except to contirm 
the assumed symmetry if the calculational results agree with 
experiment. In reality, however, a Strictly joctahedral  tielid 
is rarely encountered. If the ligand field is of lower than 
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octahedral symmetry, the fit of magnetic data to the theo- 

retical curves may provide both low symmetry field splittings 

and the covalency parameter, viz., e.g., 6 and K in Fig. 6. 

It is likewise evident from Fig. 6 that measurements have to 

be extended to as low temperatures as possible to provide a 

unique fit of the data. Another relevant case presented above 

is that of a low symmetry field in high-spin iron(III). Thus 

eq. [83] provides a value of the zero-field splitting param- 
eter D which value may be checked by the results of electron 

paramagnetic resonance, cf the EPR chapter. Another approach 

to the same problem is exemplified in section V.C.. If com- 

plete calculations are available, viz. Fig. 8, the well-known 

spectroscopic parameters B, C, and 10 Dq in an O| field, e.g., 

may be determined or, preferably, a combined fit of optical 

spectra and magnetism may be performed. 
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I. INTRODUCTION 

Magnetic resonance techniques are between the most power- 

ful methods which are available to the detailed study of the 

electronic structure of molecules. Electron paramagnetic reso- 

nance (EPR) which is the subject of this chapter, is somewhat 

limited in its applicability, since only systems containing 

unpaired electron spins will show a resonance Signal. However, 

it was essentially on the basis of this method that our pre- 

sent knowledge about the distribution of the unpaired elec- 

trons in transition metal compounds and various other mole- 

cules was achieved. It is without any question that the full 

potentialities of the EPR should be exploited whenever pos-— 

sible. 

The analysis of the EPR spectrum of an isolated (suffi- 

ciently diluted) transition metal ion provides three different 

types of parameters. The spectroscopic splitting parameter g 

determines the field strength required to produce transitions 

between the individual sublevels originating in the effect of 

the magnetic field. The hyperfine coupling parameter A is a 

measure of the electron spin - nuclear spin interaction which 

gives rise to the hyperfine structure of the spectrum. 

Furtheron, ions containing more than one unpaired electron 

will show zero-field splitting (fine structure) described by 

parameters D and E. All of these quantities will be affected 

by the presence of ligands around the metal ion. It may be 

shown that this observation is indirect evidence for the 

breakdown of the simple crystal field theory of transition 

metal complexes. Contrary to the treatment of magnetic sus- 

ceptibility in the preceding chapter, it is not possible to 

account for these effects by a different parametrization. 

Rather the so-called super hyperfine splitting may be ob- 

served which is due to the direct interaction with ligand nu- 

clei. This SHF splitting provides a measure of the probabil- 

ity density of the unpaired electron at the ligand nuclei. 

Under these circumstances, the orbitals centered on the metal 

ion have to be replaced by molecular orbitals explicitly con- 

taining ligand atomic orbitals. It is then possible to derive 

from the original parameters g and A a set of secondary para- 

meters (a, 8, etc.) which are LCAO coefficients in the under- 

lying MO of the unpaired electron. It is these derived para- 

meters which provide a detailed "mapping" of the unpaired 

electron density within the molecule and which are therefore 

of utmost interest to the chemist. 

The complementary nature of the studies of magnetic sus- 

ceptibility and EPR has been pointed out in the introduction 
to the preceding chapter on magnetic properties. Another com- 

plementary relationship exists between EPR and nuclear magne-— 
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tic resonance (NMR). In both methods, interactions between 
electron and nuclear spins are considered. However, in EPR, 
attention is focused on the changes of the metal ion proper- 
ties introduced by the ligands, whereas, in NMR, the focus is 
centered on the modification of ligand electronic structure by 
the metal ion. Thus, similar to the preceding chapter, our 

emphasis when dealing with the EPR of organic compounds of 

iron will be on iron rather than on the organic constituent. 

There are situations, however, where the unpaired electron is 

mainly concentrated on the ligand. Compounds of this sort 

should be considered as metal salts of free radicals, the met- 

al usually causing only a minor modification to the unpaired 

electron density. The EPR in this situation will be of no con- 

cern to us and reference to the relevant literature is made 

here (24,26). 

Similar to the preceding chapter, we will again concen- 

trate here on the underlying theory in the various situations 

encountered with organic compounds of iron. There are various 

general texts on EPR (3,4,9) as well as those dealing with 

transition metal compounds in particular (1,27,30,37) which 

may be consulted for details not covered in this chapter. 

Experimental arrangements of EPR spectrometers, associated 

equipment, and the required techniques are dealt with in two 

recent volumes (3,40). A compilation of relevant experimental 

data covering the period until the end of 1965 (28) as well as 

a supplement for the years 1965 to 1968 (29) are likewise 

available and additional supplemental volumes are being 

prepared for publication. 

II. RESONANCE CONDITION AND THE BASIC PRINCIPLES OF EPR 

If an atomic or molecular system containing unpaired 

electron spins is placed in a magnetic field of strength H, 

the essential part of the interaction energy may be described 

by the Hamiltonian (cf eq. [62] of the preceding chapter 

(O-2s45 |) 

a= BH(L+ gS) [vl 

where g is the spectroscopic splitting parameter and Land S&S 

are the orbital and spin angular momentum, respectively. In 

addition, 

Sp — 260.9273 Som, wierd Gauss ! [2] 
m 

is the Bohr magneton. The resulting magnetic sub-levels may be 

characterized by the quantum number M of the z component of 

the total angular momentum 

J= L+S [3] 
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and, in spherical and cubic symmetries, the z direction may be 

taken as the direction of the external magnetic field. The 

most simple case, of course, arises in an S = 1/2 system. In 

general, however, the effect of the Hamiltonian H of eq. [1] 
may be complicated by various additional interactions, the 

fine structure and hyperfine structure effects being the most 

important ones. 

If an oscillating electromagnetic field oriented perpen- 

dicular to His applied, transitions between the resulting 

levels are introduced. In a spin-only system (L= 0), 

= gBHS_, and the transitions occur at a frequency Vv deter- 

mined according to 

NE — see OE [4] 

(resonance condition). For a completely free electron, 

g = 2.00232 and somewhat different otherwise. Similar to 

NMR, measurements of EPR are commonly carried out at fixed 

frequency. Most often employed is the frequency Vv ~ 9500 MHz 

(X band), the resonance field H required for a free electron 

being about 3400 Gauss. Another useful frequency is Vv = 

35,000 MHz (Q band) where H ~ 12,500 Gauss. For illustration 

purposes we will consider below three cases of spin systems 

with different type of interaction. 

(a) The isolated spin S = 1/2: Fig. 1 shows the result- 

= 1 

Ms = +3 

gPH 

M, =- 

| 
! 
| 
| 
! 
| 
I 

| 
| JN 

ABSORPTION LINE 

——e H 

H=0 

Fig. 1: Energy level diagram of an isolated electron spin 
S = 1/2 in an external magnetic field H. 
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ing energy levels as function of the external magnetic field 

H. The energies of the levels are +1/2 gBH. On application of 

the spectroscopic selection rule for magnetic dipole transi- 

tions, viz. AM = +1, the condition eq. [4] is obtained. 

Therefore, a single EPR line without any structure is ob- 

served. 

(b) Spin S = 1 and zero field splitting (fine structure): 

A system with a total spin of S = 1 contains two electrons 

with their spins aligned parallel and M = +1, O, -1. In 

transition metal ions, the original degeneracy of the spin 

levels may be very often lifted by the action of a lower sym- 

metry field and/or spin-orbit coupling (at H = O). This so- 

called zero field splitting may be accounted for using the 

parameters D and E. Fig. 2 shows a typical energy level dia- 

gram as function of H. Two types of transition are possible, 

Fig. 2: Energy level diagram of a spin S = l with zero-field 

splitting described by the parameters D and E. Allowed transi- 

tions correspond to AM eee as 

viz. AM = +1 and AM = £2. If a fixed frequency is applied, 

the AM a +2 transitions will occur at about half the average 

field B for AM. —iecnansievons. Lhe pelarization of the ra= 
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diation field H,1H is required for AM. Ey, neil pete) alah (Ce), 

whereas H,1IIH for AM, = +2. 

(c)) Spin. S = 172 and. nuclear spin I= 1/2 (hyperfine 

structure): Very often the environment of an unpaired electron 

contains nuclei with non-zero nuclear magnetic moment and nu- 

clear spin I, These nuclei may involve the metal ion original- 

ly providing the unpaired electron and/or any other suitable 

nucleL, with, nonsnegiligiblles probabil tysdensrey  Orsthe elec— 

tron. Fig. 3 demonstrates the disposition of energy levels as 

Fig. 3: Energy level diagram of a system with § = 1/2 and 
I= 1/2. Allowed transitions correspond to AM 5 = ail AM = 0. 

function of H for the interaction with a nuclear Spine is = 1/22 
Each level specified by M_. shows a 2I + 1 = 4-fold degeneracy 
with respect to the nuclear spin. The external Magnetic field 
is, in general, much more intense than the field due to the 
nuclear spin. Consequently, the splitting is independent of H, 
the transition being allowed according to AM. = +1, AM. =o, 
The polarization of the radiation field is again H,1H and 
the resonance condition eq. [4] has to be generalized to 
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WW) = 4p Pesta BM: [5] 
Deviations from this simple behaviour occur if the applied 
field H is extremely weak (cf Fig. 3). 

It is important to realize that EPR absorption can be de- 
tected only if there is a population difference, e.g. between 
the two spin levels of Fig. 1. Denoting the respective popu- 
lations of the M_ = +1/2 and M, = -1/2 levels as N. and N as 
Shown in Fig. 4, a thermal equilibrium will be characterized 

by 

Nu /N = = Ng W/W = exp(€/kT) [6] 

where We and ne are the emission and absorption transition 

Al 
* +2 9°H j 

N | Mee ts 

Wa 

” 
. bree | j 

Nv ——.———____—— -—— Mo=-$ 

Fig. 4: Spin levels for a simple S = 1/2 system. The popul> 

ations of the M_ = +1/2 and M, = -1/2 levels are denoted N 

and N , respectively. W_ and a are the emission and absorp- 

tion probabilities and € the energy difference between the 

levels. 

probabilities and € = gBH. The radiation field available in 

an usual EPR experiment is not sufficient to appreciably up- 

set the thermal distribution of electrons. Consequently, 

there are two possibilities according to eq. [6] to enhance 

the N /N ratio and thus to increase the signal intensity: 

(1) by minimizing the temperature T; (2) by maximizing the 

magnetic field strength H and thus by maximizing €. If the 

radiation field is increased until N =N 7etheneuasenomnet 

energy absorption (saturation) . 

III. CONCEPT OF THE SPIN HAMILTONIAN 

In the real physical situation of an unpaired electron, 

the simple postulates underlying Figs. 1, 2, and 3 are rarely 

applicable. Most often, various sorts of interaction of the 

electron with a number of nuclei and/or electrons have to be 

accounted for. Consequently, additional terms arise on the 

right hand side of eq. [4] or, stated in a more precise form, 
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the energy of the levels involved in EPR results from the 

solution of a complicated eigenvalue problem. It is obvious 

that the general (theoretical) Hamiltonian Hof the system 

will reflect this situation. We will present here a schematic 

representation of Mand indicate the order of magnitude of the 

terms involved. According to Abragam and Pryce (2) 

+ A +H, + He Pr 
H 

where the individual terms have the significance shown in 

Table 1. For more details the reader should consult one of the 

Table 1: Significance and magnitude of individual terms in the 

Hamiltonian eq. [7]. 

Energy [cm !] Energy [Gauss] 

dX, = Free ion and Coulomb energy 10° 

E Loa = Ligand field energy 10° 

ds = Spin-orbit coupling energy 1071102 

Mss = Spin-spin interaction energy 1 10° 

X, = Electron spin - nuclear spin interaction 

energy (hyperfine splitting energy) {on-—10N 107-10 

xy = Electron-nuclear quadrupole moment 

interaction energy 10R2 10 

a, = Electron interaction with external magnetic 

field (Zeeman energy) 1 10° 

dH, = Nucleus interaction with external magnetic 

field (nuclear Zeeman energy) Ome 1 

HK. i Electron exchange interaction energy 

available reviews on the EPR of transition metal ions (1,27, 

30,37). In section IV below we will consider the theoretical 

treatment of the EPR energy with particular emphasis on the 

subject of this volume. 

The listing of Table 1 shows that the various energy con- 

tributions cover nine decades varying between 10° -and410,* 

com}, It is obvious that only part of these interactions will 

be explicitly observed in an EPR spectrum. The most important 

contributions thus arise from the Zeeman splitting, the fine 

structure, and the hyperfine structure, i.e. from the terms 

Hey Hast and A, in eq. [7]. The larger terms usually require 

too high an energy to be excited by EPR, whereas the smaller 

terms may give an observable effect under favourable condi- 

tions. A schematic of the various splittings discussed is 

displayed in Fig. 5. 

Due to the inherent complexity of the theoretical Hamil- 
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Free lon Octahedral Low Symmetry Spin-Orbit Applied Magnetic Applied Magnetic 

Ligand Field Ligand Field Coupling Field without Field including 

Nuclear Spin Nuclear Spin 

Fig. 5: Energy level diagram showing, for convenience, the va- 

rious interactions and splittings of the 2p term of a Cu* ion 

in ligand electric and external magnetic fields. 

tonian another, more practical, approach has been widely ac- 

cepted from the beginning of EPR spectroscopy. This so-called 

spin Hamiltonian contains, in a parametric form, those inter- 

actions directly evident from an EPR spectrum. The spin Hamil- 

tonian may be considered thus as a shorthand description of 

the experimental results. Referred to a principal axes system, 

the usual spin Hamiltonian may be written 

= + + H 
Of JC IP Hy 5,8, a 

2 1 2 2 = = fe FN + DIS, 3 s(s + 1)] + E(S) Sy) glee 

wom ees ie Ol = ST eat 
Van VRE aye Zz 3 

= ° 8 g,B,HeI [8] 

Here, S is the effective electronic spin, I the nuclear spin, 

g. and A, the spectroscopic and hyperfine structure parameters 

along the respective axes, D and E the fine structure para- 

meters, and Q the coefficient of the nuclear quadrupole inter- 

action. By convention, if EPR transitions between 2S + {i 

levels are observed, the effective spin is assigned the value 

S. This treatment obviously parallels that of a free ion where 
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a state of quantum number J is split into 2J + 1 components by 

an external magnetic field. The inherent assumption is always 

that the lowest energy levels are well separated from all 

higher lying levels. If this is correct, the effective spin 

may equal the true spin, e.g. in the [Fe(CN),¢]* ion where the 
lowest orbital state *T» gives S=S = 1/25 %On thevothe: 

hand, the lowest state in FeF») is ons Characterized by S = 2. 

Lower symmetry fields and spin-orbit interaction lift the 

fifteen-fold degeneracy of the oT) state. Consequently, EPR 

within the lowest level has been fitted to an S of = 1/2 spin 

Hamiltonian. In this as well as in Similar Prraseeene the g 

value is a function of the spin Hamiltonian employed and thus 

may deviate considerably from the Landé g factor. In actual 

fact, higher energy levels frequently affect the ground state 

Significantly. In the spin Hamiltonian formalism, this inter-— 

action is commonly absorbed into the parameters of eq. [8] or 

similar expressions. It should be remembered that spin Hamil- 

tonian parameters are therefore, in general, empirical quan- 

tities. 

IV. LIGAND FIELD EFFECTS IN IRON (IIT) 

We recall from the preceding chapter that the free Fe?! ion 

with an electronic configuration described by [Ar] 3a” gives 

rise. to a °S ground state. This being the only term of spin 

multiplicity six, excited states are characterized as spin 

quartets or spin doublets. The splittings resulting from the 

effect of a ligand field have been discussed in section III 

of the preceding chapter. Accordingly, the free ion terms are, 

in general, split within a field of octahedral symmetry, 

whereas the ground state transforms into Sa, (tse"). The ener- 

gies of the resulting terms are again determined by the octa- 

hedral splitting parameter 10 Dg and the Racah parameters A, B, 

and ,C. Below we list energies of some states of the octahedral 
Fe? ion: 

E[°A, (t3e7) ] home ees 

Il EL *T; (tde) ] =10- De +010 Aa 925 5B Gee [9] 

Bl*ts(t2)1 . = =20:De helO A. -s20aB ue Ole 

In Fig. 6 these terms are plotted as function of Dq assuming 
the relation between the free ion Racah parameters C = 4B. If 
small values of 10 Dq are assumed, the ground state is De 
(viz. high-spin iron(III)), whereas for large’ values of 10)Dq; 
Tz is the lowest energy state (viz. low-spin iron(III)). The 

crossover between the terms SAY and 2h» occurs subject to the 
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4G 
30 

E/B 

20 

10 

*Arg(t2ges) 
8S 

0 1 2 3 Dq/B 4 

Fig. 6: Energies of the Gor “TG , and 25 terms as function of 

Dq, in units of B (assuming C = 4B). 

condition 

1 = = = 1S) 4p = 10 (10 Dd) 2m, 6a, Par ate tae G 27,900 cm [10] 

which follows directly from eq. [9]. The critical value of eq. 
[10)) cf 10°Dq =, is usually referred to as spin pairing 

energy (32). In addition, the terms wu and Say cross at 

(1OFUG)e as, = 10 B.4+.6.C. =. 34,630 cm } [11] 
1 Aa 

However, Similar to the 3p, term in the 3a® configuration, the 

“Ty can never become ground state within regular octahedral 

symmetry. It is always ®A, or 27>. that is lower in energy than 

“T, for any value of 10 Dq. 
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The wavefunctions corresponding to the above terms may 

again be written in the convenient ket notation as 

+1 
ia TMy>. 

Since the Ns term is orbitally non-degenerate but has a six- 

fold degeneracy with respect to spin, the appropriate kets are 

5 2 ai? fi24 
2 

one function for each of the values M = 5/2, 3/2, 1/2, -1/2, 

-3/2, -5/2. Similarly, the “i term has a three-fold orbital 

degeneracy and a four-fold degeneracy with respect to spin. 

Here we have the choice to use the real components of the T 

representation, viz. 

5 3 6 
prAG es Calor |®aA, = ai> reeer NG = 

‘tr de>, | Sy¥>, ‘Tt 52> (ie 4 

for M = 3/2 with, similar kets if7M = 1/2, =1/2, -3/2.) Aitec— 

natively, the complex form of the T; components may be em- 

ployed, viz. ; 

ar 21 SA eens +0 Se aie, +o > [14] 

if again M = 3/2. The real and complex components of T) are 

Simply related (18). 

If spin-orbit coupling is to be considered, due regard to 

transformation according to the double groups should be paid. 

Thus for the CAG term, S = 5/2 and the corresponding spin part 

of the wavefunction may be decomposed, within the octahedral 

double group O* according to (5,18) 

pee =e SES: [15] 

Since the orbital part of the wavefunction is totally symme- 

tric, viz. A,, the result of eq. [15] is preserved even if the 
spin and orbital parts are coupled. Spin-orbit interaction 

thus produces a decomposition of the SA, term into two levels 

with respective degeneracies of two and four, 

Say >) B" & UT! [16] 

For the corresponding basis functions within the O* group we 

will use the notation |sTT*y*> or the equivalent writing 

|2St  ppeyas 

where ['* is a representation in O* and y* a component of [*. 

Following Griffith (18), the two components of E" are denoted 

as a" and 8", whereas the four components of U' are K, A, U, 
Wis 

For the "T, term, it is S = 3/2 and ie el = U'.. Con= 
sequently, the product of the orbital and spin representation 
may be decomposed into 
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ele ck ete cera ce [17] 
thus producing two representations of each of the degeneracies 
of two and four. Finally, we consider yee 215 term where 
S = 1/2 and according to the O* group Dilae = E'. The spin 
and orbital product representation then expands according to 

Cee? eB a UN [18] 

which is equivalent to the transformation of the CAG (Penn Cs 
eq. [16]. The basis functions corresponding to the irreducible 
representations of the group O* obtained above may be set up 
from a table of coupling coefficients (18). 

The effect of a reduction of the symmetry from octahedral 
to tetragonal on the transformation property of the orbitals 
has been discussed in the preceding chapter. Terms are changed 

or decomposed into those labelled by the irreducible repre- 

sentations in D,,, whereas the spin multiplicity is not af- 

fected. Application of these same arguments to the lowest 

terms of the 3d° configuration produces 

A, > °a, 
As eee [19] 
“Bo 4 -F 

If spin-orbit coupling is introduced, the classification of 

states has to be based on the double group D,*. There is no 

effect of a lowering of symmetry from cubic to tetragonal on 

the levels E' and E" while the U' level splits into an E' and 

an E" level. A correspondence between basis functions in O* 

and in Dy* may then be set up. If there are two sets of func-— 

tions transforming according to the same representation in D,* 

an additional label has to be introduced in order to distin- 

guish between them. This label is often suggested by the p 

isomorphism and is called therefore a J value. The detailed 

results on the spin-orbit interaction will be discussed in 

relation to the expected EPR transitions in the following 

section. 

V. EPR SPECTRA IN COMPOUNDS OF IRON 

A. HIGH-SPIN IRON (III) 

, 6 
In the previous section, we have shown that the ‘S 

ground state of an Fe? ion is not split within an octahedral 

or even a lower symmetry ligand field. In addition, there can 

be no splitting by spin-orbit interaction or by the combined 

action of the ligand field and spin-orbit coupling. It is 

only by application of a magnetic field that the six-fold de- 
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generacy is lifted to yield a set of levels with an equal se- 

paration of 28H. Due to the selection rule ME sc ilye, eigenen 

tions are allowed between adjacent levels only resulting ina 

spectroscopic splitting factor g = 2. Thistresult.is Bndepen= 

dent of the orientation of the magnetic field and, therefore, 

an isotropic resonance line at g = 2 should be always observ- 

ed, cf Fig. 7. Although there are examples of this type of 

Dei, Ve Sjollsecsiewy ore & Ay ground state in an external magne- 

tic field assuming perfect octahedral symmetry. 

behaviour (28,39) it is the exception rather than the rule. To 

account for the frequently encountered large anisotropy of g 

values the interaction of the excited states with the ground 

state through spin-orbit coupling will therefore be investi- 

gated. 

If we assume initially cubic (O,) symmetry, the ground 

state Sa, (t3e7) possesses, according to standard selection 

rules, non-zero matrix elements of spin-orbit coupling with 

the *T, (tte) state only. Matrix elements with all other ex- 

cited states vanish. The evaluation of matrix elements of 

spin-orbit coupling may be accomplished employing methods 

Similar to those used for free ions in the preceding chapter. 

For details the reader is referred to the treatment by 

Griffith (19). There are six states within PAG and twelve 

states within *Ty which will give rise to an overall matrix 

of the spin-orbit interaction of dimension 18. If the sub- 

states of PENG and ‘Ty are classified according to represent- 

ations of the group D,y*, the matrix may be decomposed into 

four blocks arranged along the diagonal. These blocks con- 

sist of matrix elements belonging to one specific component 

of a particular representation and may be labelled accord- 
ingly E'a', E'B', E"a", E"B". The matrices E'a' and E'8' are 
4 x 4 and identical, the matrices E"a" and E"Q" are 5 x 5 
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Table 2: ects oF spin-orbit interaction between the compo- 
nenesyvor SAY and ‘T) terms belonging to E'q’ within the group 
Di* (in units of ©). The matrix is symmetric to the main dia- 
gonal. 

1 4 1 
T1350 Oe ee Sid il 

Iieveiiey S13 gate ix of spin-orbit interaction between the compo- 

nents of °A,; and *T, terms belonging to E"qQ" within the group 

D,* (in units of €). The matrix is symmetric to the main dia- 

gonal. 

& 5 3 3 
E"a" fa, za fA) za *T) =F Oo 

and likewise identical. The matrix elements are listed in 

Table 2 and Table 3, respectively, where the state functions 

are written in the form 
Aisep 
| TmMy> 

(43). To.obtain matrix E'B' from E'o'’ the basis functions in 

the top line of Table 2 have to be Replaced) (from left to 

Eicneyebyved Apol/2 aq>.. | Tiel /2,.0.> , loge (orien, 

Wea =3/2.1 >. Similarly, to obtain the matrix BE" 6" from E"G 

the basis functions in the Ree IMneworetan lem smchowlombemrcs 

placed by |°A,; -5/2 au A/a eos a 302. Oks, 

|*r, -3/2 -1 > , |*T1 1/2 1 >. In both Tables, the first 

column should be changed accordingly. 

We have shown above that there is no first-order spin- 

orbit interaction energy within the a term. The second- 

order contribution from the interaction between Ay and By 

May be extracted directly from Table 2 and Table 3. To this 
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end we denote the zero-order energy difference between the 

terms in question as 

AE = E('T)) -'B(°A;) [20] 

and obtain 

eee ee 
z -[S + + EI oe 

5 AE 5AE 5AE AE 

Bla; Sai] = Bl’ar-3ai] = [21] 

: (4+ 3] PRE Es 
5AE 5AE AE 

EL°A, 2 ai] = E[°A) - 2 ai] = = 

Thus each of the six components of the SAG term is shifted by 

exactly the same amount, viz. =J62/ Nee and the term remains 

six-fold degenerate. It can be shown that this result is va- 

lid to any order as long as the ‘Ty term is assumed to be 3- 

fold orbitally degenerate. 

Next let us assume that the cubic symmetry at the site 

of the Fe? ion is reduced to tetragonal. We have shown above 

that, in this case, the ary term is split into “Ro and +E, 

whereas the aN is not affected. Let us follow the treatment 

due to Griffith (18) and let us assume that “Ao is lower in 

energy than fee the energy separation between these states be- 

ing sufficiently large. Then the essential contribution to the 

spin-orbit interaction energy will derive from that between 

“A>. and Say terms. This contribution may be obtained again 

from Table 2 and Table 3. It should be observed that PAS in 

Dy symmetry corresponds to “Diz in O and 

eae ert nton [22] 

Therefore, if we introduce 

ABY “= E("T,0) = B(°AaD (23) 

it follows 

eed) ie 6 iil, te 6c 
EL°A) 5 aj] =. E[°A) 2 ai] = - SAnt 

6, es: uf idee 5 ach 
EL°A, 5 Ate. Bl Ag 5 ail = - SAE" [24] 

Ela, 2ai] = Bl*a,-Zai1] = 0 
In tetragonal symmetry then, the Say term is split into three 

doublets, the states having +M_ and -M remaining degenerate 
(Kramers doublets). If we introduce the quantity 

2 
oe Sr 
aes ie hang 
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the separations between the components of the SAT term may be 
written 

3 
Bion = = an - E[°A, + ail = 2D 

5 Ela; +2 a1] - El’Aa; + sail Ps [26] 
6 5 6 3 

BRA ai) ~ Bl ar asl = Np) 

The resulting energy levels are illustrated in Pig. &. 

5 if 
“5 M,=25 We 

= 10BHy 
N 
SS 
N 
\ 
N 4 

\ 
\ 
Nee 

4D 

Ve 

HE | 
= 4th Ms= ¥t5 7 

= SSS== aw Gane 6BH, 

ord i N 
N 
“ 

2D 
S< 
SN 

ed es 6pH, <a i 
7 a 

7 
Z 

7 
vl in 

(c) (a) (b) 

Fig. 8: Splitting of a °A, ground state in (a) zero magnetic 

field, (b) magnetic field parallel to the 4-fold axis, (c) 

magnetic field perpendicular to the 4-fold axis, assuming 

tetragonal symmetry (E = O). 

The results deduced above may be described in somewhat 

different terms, employing a spin Hamiltonian (cf section 

ITE) 

ro aes HX = Di Seats iiss 1)4 [27] 

where, in the present case, since S = 5/2 
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1 35 
men tt) are 

The energy results therefore as 

= 2 35 
E = D(Ma 72? 

giving, in more detail, 

10 5 
= — i = a E 3 mints Ma +5 

2 3 
== i Sie se 28 E = ae 5 [28] 

8 al 
= - — 7 = + — E 3 D alia M, 5 

Here, the energy zero is at the center of gravity of the three 

levels. If we choose instead the zero of energy at the lowest 

doublet, we obtain the same result as from the detailed cal- 

culation above 

5 
i — El? 5 6D 

3 
Els 3 = 2D [29] 

1 
= — a (+ ;] O 

The three eigenstates are frequently denoted as |+ 5/2 ay 

lee S22 ang |# 1/2 >. If the ligand field contains a rhom- 

bic component, a more general spin Hamiltonian, viz. 

# = vis®- +s (st¥ 1)] + ets? = 3) [30] 
Zi 3 x Vv 

should be applied where E + O. There will be again three 

doublets originating in the oa term, however, these doublets 

will be no pure eigenstates of Ss. If the ligand field is of 

strictly cubic symmetry, D = E = O and there is no zero field 

splitting. 

In order to calculate g values the interaction with the 

external magnetic field needs to be calculated. Now, since 

L = 0, the corresponding Hamiltonian eq. [1] is simply 
28 He S or 

# = 28H:S 281H S +HS +HS ] 
vA es x Xx yy 

1 
28LH apo BIH SS tg HS fas ioe tom 

The resulting matrix elements of H within the substates of 

the PAY term are listed in Table 4. If the magnetic field is 

assumed in z direction, the appropriate matrix elements are 

on the diagonal and the corresponding total energies are 

Bit =| = + 5) = 0 = Ba, 
E i 3) = 2b+ 3385 [32] 
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a 3 = 6D + 56H, 

Table 4: Matrix of the magnetic field interaction Operator 
28H* S within the substates of the Aa term. Upper and lower 
entries for each value of M. refer to the x and y components, 
respectively, single entries refer to the z component of H. 

1 1 3 3 5 M Ee 3 5 
s 2 2 2 = a > — 

/ 38H, 27 28H 

2 ree 
-3ifH 2/2i8H 

3RH ; BH, 272BH, 

ioe -BH 

3iBH -2pig/26H , 

2v2| : BH VSBH, 

2 38H, 

-29i9/28H ¥5iBH 

é 2728H, VSBH 

+= ~3BH, 

272iBH -/5iBH 

: YSBH 

2 a5 
-/5iBH 

‘ v56H 

= oy -5BH, 

¥5iBH 

Thus the degeneracy of the SA, term is completely removed by 

a magnetic field in z direction, each of the doublets 

| 2a, | 23/207 | + 5/2 > being split into two compo- 

nents, viz. Fig. 8. According to the selection rule AM. = #1 

only transitions between the components of the lowest doublet 

are allowed and, since AE = hy = 28H, 

Sig ee WA aap [33] 

Of course, on the basis of the selection rule, transitions 

like | + 3/2 > +> | + 1/2 > are likewise allowed. However, 
these transitions are expected to be weak. 

If the magnetic field is oriented in the x or y direc- 

tion, due to the application of the shift operators Ss. and S_ 

in eq. [31] only off-diagonal non-zero matrix elements ap- 
pear. According to Table 4 the splitting of the | hy ke 

doublet is determined by either one of the matrices 
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O 36H O -3i8H 

i y [34] 
38H O 3ifH O 

x y 
Diagonalization produces an energy separation of 68H, and 

thus (eG Fig. 3); 

Gi = 6 [35] 

To first order, there is no splitting of the | 3 2a> and 

| + 5/2 > doublets, while to second order some mixing be- 

tween the doublets occurs giving the energies 
Pye 

E |+ - 2 O82 Sta 
ene 

B(* 3 |= 2+ ee [36] 
5 5 B°He 

42 = —_— ele | = ope ots 
We have thus demonstrated above that the highly anisotropic 

g values; Viz. 

Ci = 2, dp = © 

encountered in some high-spin compounds of iron(III) may be 

explained on the basis of the spin Hamiltonian eq. [27] by 

assuming a zero field splitting D large compared to magnetic 

field energies and E = O. It has likewise been shown that the 

zero field splitting arises via spin-orbit interaction with 

the excited *A,(*T,) state in tetragonal (or lower) symmetry. 

Another limiting case of interest arises with the spin Hamil- 

tonian eq. [30] if D = O and E + O. Here the middle doublet 
shows an effective g = 4.29. It has been clearly shown (7) 

that this case does not represent the maximum possible rhom- 

bic field, as might have been thought at the outset. In fact, 

sce LEGS), igs Ale) 

hy “Se nah) [sv 

is introduced, then \ = O determines axial symmetry and an 

increase of \ above this value indicates a departure towards 

rhombic symmetry. It then follows that \ = 1/3 represents 

maximum rhombic symmetry with equally spaced Kramers doublets 

and values of i larger than 1/3 indicate convergence toward 

axial symmetry again. Finally, \ = 1 represents entirely 

axial symmetry. 

It is evident from the discussion above that the most 

general EPR spectrum of a high-spin iron(III) compound which 

would be characterized by D + O, E + O will be rather com- 

plex. In fact, there has been a long controversy in the li- 

terature with respect to interpretation of the EPR spectra 

of iron(III). We will confine our discussion to the results 
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of the most general treatment of the problem currently avai- 
lable. Thus Dowsing and Gibson (13) determined mecenitly . by, 
numerical methods, the eigenvalues and eigenfunctions of the 
Spin Hamiltonian 

WM = BHe (g) SNES Ve 

2 en + E(S) - oy [38 | 

avoiding any assumptions about the size of D and E. The calcu- 
lations were performed for various values of the parameter ), 
and for the field H parallel to the x, Vand Zz, directions, 
always assuming g =g _ =g_ = 2.0. Fig. 9 shows the pre— 
dicted EPR transitions” in térms of the magnetic field H as 

Din 
crv! Din 

37 ¢ A=0:000 

“4 High field labels 
% t 3/2 -32 

IR -1/2 ae 

-3a -/2 
-12> -3f2 
-5/2> -3/2 ~e<cewu 

STREET EEE EERE 
1b o 10 20 30 40 Hy, 

Fig. 9: Calculated diagrams of EPR transitions for S = 5/2 in 

terms of the magnetic field strength H assuming X} = O. Full, 

dashed, and dotted lines represent transitions with high, 

low, and zero transition probability, respectively. The let- 

ter x, y, z close to a line gives the axis to which H is 

parallel. Reproduced by permission from ref. 13. 

function of D for } = O. The eigenfunctions were employed to 

calculate relative transition probabilities, and their large, 

small, and zero values are indicated, in the diagrams, by 

full, dashed, and dotted lines, repectively. The inner set of 

axes applies to D vs H for a quantum of 0.310 cm ! (X band), 

whereas the outer set of axes refers to any microwave frequen- 

Cy in terms of D/hVi ysenym.-The Letter x, y, or z Close to a 

line gives the axis to which H is parallel for that particu- 
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lar line. The remaining letters are used to identify the 

transitions to which the lines refer. Fig. 10 shows the cor- 

i Din 

34 ent! 1 =0333 3] er A=0333 
On) Bee 

9 High field labels Dy ' High aes a , 

"hn : See ig 8 pe eh aed 
8 b -12>-3/2 é = 

© 2-1/2 ! Kk -siat-v—> 1/2(-¥) 
‘ 1 1232) 52t-1/2) = 7-4 

Z : 3 # Z ' M = -3/2( 1/2) -S/A-1/B k 

24 
2 Me pz 

46 x x 1 52t3/2)->-5/2(3/2) ' 

Q -32l 1/2) -syal-i/2) 

hh syati/2)>_3/2t-1/2) 
5S 

4 

Gee 

2 

x 
ieee d 
*y c\ /ag 

is u o- 0 
© 25 3 6 9 12 HinkG fe) 3 6 9 12 HinkG 

ae: T = emis a a = z) =p 

6a 0 10 20 30 40 Hj, 6b ¢ io 20 a 20 Hy 

Fig. 10: Calculated diagrams of EPR transitions for S = 5/2 

in terms of the magnetic field strength H assuming = 0.333. 

For the nomenclature refer to caption of Fig. 9. Reproduced 

by permission from ref. 13. 

responding diagrams for XA = 0.333. Additional diagrams may 

be found in the original paper (13). We add here some com- 

ments of the authors (13) on the general appearance of the 

spectra which apply to both single-crystal and to polycrys- 

talline or rigid-solution spectra at X band: (1) For D > 0.1 

cm ? an absorption is expected between 650 and 700 Gauss if 

X is close to 1/3. The intensity is always expected to be 
weak. (2) A line at H lower than \ 650 Gauss which is an 

allowed transition indicates that the zero field splitting 

between a pair of Kramers doublets is of the order of hy. (3) 

An absorption at v 1500 Gauss is expected if X = 1/3 and 

D > 0.23 cm /. This line broadens or splits as \ departs from 

1/3. (4) The observation of several lines at H between 

‘“ 5000 and 15 000 Gauss indicates D lying between O.1 and 0.6 

com}, (5) In almost axial symmetry (0), observation of the 

g || band at ~% 1100 Gauss and the g, band at 3300 Gauss indi- 

cates«D,>.0.2-cm 2 ol Ge tnesen symmetry a strong single 

line at 1100 Gauss indicates \} = 0, this band will split or 

broaden as increases, and may still be discerned at ) = 

O.1. The band moves up in field as D decreases below 0.2 
= (eis, 
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B. LOW-SPIN IRON (IIT) 

We have shown in section III above that a 20, (t3) ground 

state is formed within the 3q° COmMeneUieeelCin Ee apeoin (IIe) ase 

10 Dq exceeds the value determined by eq. [10]. Since in this 

situation all excited states are considerably higher in ener- 

gy, configurational mixing in the ground state may be ignored. 

The ts configuration may then be treated as a single tz hole 

within the filled t2 subshell. This well-known relationship 

between holes and particles is generally applicable provided 

appropriate changes in the respective Hamiltonian are intro- 

duced (5,18). Below we list the ap ground state wavefunctions 

and the corresponding functions of an equivalent hole (16). 

il 4p - ee eee ee 
1 + a 

2p 5. oul eet Een ce = hy ij = , 

“nA Se Relea elas aches Cal ba 
1 - + [39] 

aig 5 § = E wee % ce 

1 - + 
BT) ee AG ee eo BRE ote “> 

1 - + 
| ol 
To account for the effect of spin-orbit interaction the 

matrix elements of the operator 

al 
=e) es = “tll js, ie 5 (1 s_ + TR [40 ] 

have to be calculated within the subspace of the functions eq. 

[39]. In eq. [40], f is the spin-orbit coupling parameter, and 

U7 es, are the step-up and step-down operators defined accord- 

aLingp 1S 

1, = 1, + ay Senta Sie ag 7 [41] 

The effect of the operators eq. [41] on the functions | nlm, m > 

has been discussed in the previous chapter (cf eq. [253] Jive 

Since the functions eq. [39] are certain linear combinations 

of the kets | m m > where m= 2,1,...,-2 and m = +1/2) or 

e/a n(alsO)) pei is straight forward to set up the required 

matrix be* 5 In? x leo s 

ae , 
| O ig/ 2" -t72 

<n’ | ee ea it/2 [42] 

aes =t/2 -it/2 O 
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A | O -it/2 g/2 

eral a6 /2 O it/2 [42] 

C/2— -iG/2 0 

Evidently, the matrix of eq. [40] within the functions eq.[39] 
is split into the matrices eq. [42] with no non-zero intercon- 

necting elements. Diagonalization yields the eigenvalues 1 and 

-1/2 which are associated with the representations E" and U' 

of respective degeneracies two and four, cf eq. [18]. Conse- 

quently, spin-orbit interaction splits the 215 ground state 

into a Kramers doublet E" and a quadruplet U'. Of these, the 

Kramers doublet is at lower energy and will therefore account 

for the observed EPR spectrum. If the symmetry is lower than 

octahedral, the U' level is likewise split into two Kramers 

doublets. From eq. [42] the general expression for the lowest 
Kramers doublet will thus be 

vi = ite ea bi ln’ s+ hay o> 
2 2 e [43] 

Wo = ale > +# bolh, = F8 aalge> 

where 1 and 2 are related on the basis of the Kramers theo- 

Terenay (LED) loys 

Voi= eipay* [44] 
With real coefficients A,, Bi, Ci, the lowest Kramers doublet 

may thus be written 

Wie mye Fa (eet et ee eee 
: : - : [45] 

Pa = Ag |e > Ba tye eae 

Next we consider the interaction with a magnetic field 

described by the Hamiltonian 

Arta? Galt: Sy) [46] 

To this end matrix elements of | + 2 s within the orbitals eq. 
[39] are calculated by way of the corresponding elements with- 
in the funetions | m m_ >. Whereas matrix elements of 1_ + 2s 
are easily obtained, it is most convenient to rewrite 7 OS 
and 1 + 2s _ in terms of the operators eq. [41] (cf also elsic 
[311)” The ¥esults are listed in Table 5. The conversion to 
the basis set i, 1 is then accomplished by means of eq. 

[45], the results being presented in Table 6. 

If the magnetic field is in the z direction, the energies 
corresponding to eq. [46] are determined directly from Table 6 
as 
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Table 5: Matrices of the operator | + 2 s within the set of 
functions €, n, © of a single d electron, cf eq. [39]. Upper 
and lower entries refer to matrix elements of the x and y com- 
ponents, respectively, single entries refer to the z compo- 

aime) ere (Ae Ne 

WES 25E¥ || 9 8 n Is E n e 

- 1 

E -i -i 

1 i 

x 1 + 
n = 

<i at 

=H) 1 
+f 5 

c i as 
1 

* 1 

E i -i 
-1 i 

1 sh 

n- i 

oi -1 

1 =i 
ca i 

Table 6: Matrices of the operator | + 2 sfor the lowest Kra- 

mers doublet, cf eq. [45]. 

+ 

Vi (Ay - Bi)? - Cf fe) 

vi ro) TAGE By) enc wl 

2 Vi ) il(A, - C1)? - Bi] 

Vi -i[(Ai - Ci)? - Bi] fe) 
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EY pH [ (Ar = Bi) — e7] 
[47] 

Zz B2 = -BH[(Ai - Bi)* - Ci] 

As expected, the two-fold degeneracy of the Kramers doublet 

eq. [45] is lifted by application of a magnetic field, the 

energy separation being 

AE“ = 2pH[(A1 - By ky Ci [48] 

From the resonance condition 

= = 49 AE hv g SH, [49 ] 

it then follows 

ae 2 | eae Bi)” = ci [50] 

The eigenvalues of 1 + 2s_andi1_ + 2s_ obtain from solution 

of the secular determinants, cf Table 6’ as 

EX = ict Mackey sceiiie 2.14) 
[51] 

Hi Se SpH (Ar — cr) tei) 
The principal components of the g tensor are therefore deter- 

mined by 

Q 
| 2\"(B, + Cy)* = Aq 

x 

Greig i2itAvas Gg eaEt [52] 

jem 22 | (Age ene scl 
Finally, the orbital separations between the Kramers 

doublets may be calculated. Let us assume that we are dealing 

with three separate Kramers doublets, subject to the combined 

effect of spin-orbit coupling and a low symmetry ligand field 

described by 

A’ = -Ales +V¥ iss 

If €, n, S, are eigenfunctions of the operator V with eigen- 

values ya Sean wa the energies E resulting from 

+ + 
AW, = Eby [54] 

are required. Inserting eq. [45] the secular equations given 

below follow (43) 

Ail<e |@#|E > - B] + iBi<E'|g|n > + ci<e | #5 > = 0 

aisn’ |#|E > + iBil<n|#|n> - Bl + era ai me con eT 

Ai<t |#|E> + ipi<e |#|n> + cil<c |wl|co> - 8] = o 
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and using the matrix elements of spin-orbit coupling from eq. 
[42] one obtains 

: i A 
Bi oe tBie et cis = 0 

AVG det SBiie, =e) See = 0 [56] 

AL 5+ iB FA + ile, - B) = 0 

in eq. [56] A,, Bi, C, are the coefficients of the lowest Kra- 
mers doublet and E its energy. Since we are interested in 
energy differences, we may set E = O and thus it is 

E = — Beran 

& Ai 2 

FS Cra Ay od Se eet pahi? Eyal 

Jae Bi e=pA tA 
we ~ Cy 2 

Provided we know the principal g values, the coefficients Aj, 
B,, Ci; may be obtained from eq. [52] and therefrom the energy 
Separations €- - € and €, - €, may be calculated using eq. 

[57]. Finally; che! GOekELaient A., B., C, of the remaining 

two doublets where i = 2,3 may be obtained by a procedure ana- 

logous to that applied above. In addition, covalency effects 

may be taken into account by a simple modification of the 

above expressions (16). 

C. INTERMEDIATE SPIN (S = 3/2) IRON(IITI) 

Spin quartet ground states have been encountered in a few 

compounds of iron(III) (36). In particular, EPR has been ob- 

served in bis(N,N-diisopropyldithiocarbamato)iron(III) chlo- 

ride and a detailed analysis has been made. For details we re- 

fer to the original literature (36, 44). 

D. IRON ORGANIC COMPOUNDS WITH IRON OXIDATION STATE DIFFERENT 

FROM +I1II 

The electronic states arising from the 3a® configuration 

of high-spin iron(II) compounds have been discussed in the 

previous chapter. In octahedral symmetry, the fifteen-fold 

degeneracy of the *T> (tse) ground state is split by spin- 

orbit interaction producing a lowest triplet with energy 3), 

followed by a quintet at i and a septet at -2\. In most cases 
of interest, lower symmetry fields further reduce the degener- 

acy. Since Kramers theorem does not apply to systems with an 

even number of electrons, in fact all degeneracies may be 

removed. The application of a magnetic field can only shift 

the resulting energy levels. In such a system, EPR is not 
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likely to be observed except when two levels accidentally come 

sufficiently close for a microwave photon to induce a transi- 

tion. Thus there are very few reported EPR measurements on 

compounds containing high-spin iron(II) (28,29). A well stud- 

ied example is that of Fe?" ion in ZnF2 where the forbidden 

AM = 4 transition was measured and the hyperfine structure 

from the six fluoride ligands was observed (42). Although this 

example does not fall within the scope of this volume, it 

MightebeWseful for ssuEuneryrererence. 

No EPR is expected, of course, from the tay (8) ground 

state of low-spin iron(II) compounds. 

Intermediate spin (S = 1) compounds of iron(II) defi- 

nitely exist (6,31,33), however, their EPR spectra have not 

been well characterized. 

To the author's knowledge, no detailed EPR in iron- 

organic compounds containing iron in oxidation states de- 

finitely higher than +III or definitely lower than +II has 

been reported. In principle, there is no reason why, e.g., the 

EPR in the 3d’ configuration of iron(I) should not be observed, 

at least at cryogenic temperatures. There is, however, a 

considerable amount of resonance data on NO-containing com-— 

pounds of iron and hyperfine structure from 14*N has frequently 

been observed. An example is presented in section VI.D. 

Additional examples of such systems are the ion [Fe(CN) 5NO]? 
(23) and {Fe[ (CH3) 2NC(S)S-]2NO} (14). For details the original 

literature should be consulted. 

VI. ILLUSTRATED EXAMPLES 

In this section, we will demonstrate the application of 

the theoretical treatment of section V to a few specific 

systems. The examples were selected from the literature in 
such a way as to provide a sufficiently detailed account of 
the analysis of the data. In general, therefore, the EPR spec— 

ph Fig. ll: Probable structure of 
NEW pote ferrichrysin (R, = -CH2OH, Ro = 

(Cees pe -CH3). Reproduced by permission 
es ELOMer Cine or 

Omano 

ch Ri-c=0 Fe “0 —N~(CHy) CH 

ye \ 
i Ke 

cont z NH 
CH CH 
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tra and the interpretation furnished will be representative 
for a small number of similar systems only. It should not be 
expected that these examples would cover all the variety of 
EPR which may be obtained in the organic compounds of iron. 

Fig. 12: EPR spectrum of solid 
ferrichrysin at 93 K (a) X band 

a spectrum (9300 MHz); (b) O band 

spectrum (36,000 MHz); field in 
fire @ kGauss; reproduced by permission 

ErOM Gere LS 

° 5 10 iS 

A= 0:267 

%, z 

3 6 12 HinkG 3 6 12 HinkG 
4ao 10 20 30 40 Hy 4b 6 10 20 30 40 Hy, 

Fig. 13: Calculated diagrams of EPR transitions for S = 5/2 in 

terms of the magnetic field strength H assuming = 0.267. For 

the nomenclature refer to caption of Fig. 9. Reproduced by 

permission from ref. 13. 
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A. FERRICHRYSIN 

This compound plays an important biological role as one 

of the iron-containing growth factors usually called sidera- 

mines. The probable structure of ferrichrysin is illustrat-— 

ed in Fig. 11. The EPR spectrum has been analysed in detail 

by Dowsing and Gibson (13) and is shown, both at X and Q band 

frequencies, in Fig. 12. Our discussion below essentially 

follows that by the above authors. It is important to realize 

at the outset that the intense line at g = 4 is indicative of 

high D and a value of X close to 1/3. More accurate values for 

D and A result from the higher field lines in conjunction with 

line positions in the Q band spectra. For this purpose, the 

Fig. 14: Energy versus magnetic field 

strength for the spin Hamiltonian eq. 

— eae: Gr Te Sie ie 

ems 7 sand) Di=5/Ds—1OW Cyne eran 

sitions with finite probability are 

a re ee ol plotted as vertical arrows. Short 

Al Sicece arrows represent X band, long arrows 

represent Q band transitions. Repro- 

duced by permission from ref. 13. 

KILOGAUSS 
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plots displayed in Fig. 13 may be employed. From the resulting 

data a graph giving energy vs field strength, viz. Fig. 14, 

may be constructed. Here, the short arrows show X band trans- 

itions, whereas long arrows represent Q band transitions. 

Table 7 lists in detail the wavefunctions of those states con- 

nected by the short vertical arrows of Fig. 14. These func- 

tions were calculated using the spin Hamiltonian of eq. [38] 

where g_ = atG 7 2807 De=s-Or42 ‘em ©) and®X ="E/D' = 0.267, 

Finally, ae 8 Gives the experimental fields corresponding 

to observed transitions and the calculated field values pro- 

viding the best fit to the EPR spectrum. In ferrichrysin then, 

the SAY ground Sitatke Ory Ene Fe*” ion ‘is Spliateineo thisee Kra— 

Table 7: Wavefunctions of the upper and lower levels involved 

in the transitions labelled in Fig. 13 and represented by the 

short vertical arrows in Fig. 14. Reproduced by permission 

BEIaei Baebes WES Te 

Wavefunctions 

Transition 

3 3 1 el apes eS) 
2 2 2 2 4 2 

Field parallel 

to x 

£ upper level 0.799 0.000 0.148 -0.000 -0.582 0.000 
lower level 0.000 -0.615 -0.000 - 262 -0.000 0.744 

g upper level 0.219 -0.000 599 -000 0.770 -00O 

lower level 0.000 272 -0.000 -0.573 -000 -0.773 

h upper level 0.789 -000 -0.573 0.000 0.222 -0.000 

lower level 0.000 825 -0.000 -549 -0.000 136 

Field parallel 

to y 

a upper level 0.964 0.000 -0.241 -0.000 0.115 i 

lower level 0.000 0.072 -0.000 -O.208 -0.000 {o) 

j upper level 0.000 -O.826 0.000 0.543 -0.000 5 

lower level 0.273 0.000 0.341 0.000 -0.900 -000 

k upper level 0.000 -0.638 0.000 0.760 0.000 0.129 

lower level 0.939 0.000 -0.213 0.000 -0.271 0.000 

wa upper level 0.899 0.000 0.406 0.000 0.164 000 

lower level 0.000 -0.473 0.000 0.873 -0.000 0.116 

Field parallel 

torz 

i 36 é 0.033 0.000 
i upper level 0.990 0.000 0.1 

lower level 0.000 0.049 -0.000 0.152 -0.000 0.987 

j upper level -0.000 0.940 0.000 0.320 -0.000 -0.116 

lower level -0.085 0.000 0.470 -0.000 0.879 0.000 

k upper level 0.000 -0.115 -000 0.231 0.000 ae 

lower level 0.083 0.000 -0. 0.000 -0.521 .000 

1 upper level 0.078 -0.000 -0.92 0.000 -O. 369 mee 

lower level 0.000 -0.090 0.364 0.000 oO. 
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mers doublets | + Wi See | + 3/ 2a mena | + 5/24> aspine(a)) tof 

Fig. 8. However, the separations which are listed in the fi- 

gure as 2D and 4D and where now, in ferrichrysin, D = 0.42 

eno are further modified and the doublets split again ac- 

cording to the value of E = 0.224 cm +. The obtained values of 

the zero-field splitting parameters D and E provide a measure 

of the rhombic field distortion at the site of the Fe’ ion. 

The interested reader is referred to similar analyses of EPR 

spectra of iron(III) complexes with sulphur- (10), oxygen- 

(11), and nitrogen-containing (12) ligands. 

Table 8: Experimental values of magnetic field corresponding 

to some turning points in the EPR derivative spectrum of fer- 

richrysin and values of the magnetic field calculated on the 

basis of eq. 138]. employing gg. = go "gs =8250, Di 10242 
+ 0.04 cm !, and X = 0.267 + “0.02” Reproduced by permission 

EGO Feiwel oi. 

Frequency Experimental 

(band) field Calculated field [c] 

[c] 

xX 1720 1438, 1634, 1758 

3710 4260 

6525 5722, 6619 

also 702, 7269, 8959, 10 027 

Q 900 705, 829, 1157 

5900 4632, 6090, 6764 

10 000 9445 

12 650 13 084, 13 926, 14 422 

also 2542, 7462, 8176, 8658 

B. FERRIC HEMOGLOBIN AZIDE 

The hemoglobin molecule contains, in its active form, 
high-spin iron (II) and, for reasons discussed in section V.D 
above, cannot be studied by EPR. However, the corresponding 
ferric molecule and its derivatives may be easily produced by 
oxidation and their resonance spectra are well known by large. 
Depending on the nature of the sixth ligand, ferric heme com- 
pounds exist in two forms: high-spin compounds with S = 5/2 
and low-spin compounds with S = 1/2. The EPR of these ground 
states is very distinctive as evidenced by Fig. 15. Ferric 
hemoglobin azide is low-spin and its g values were measured as 
shown in the lower part of Fig. 15, using a polycrystalline 
sample, giving the result (15) 
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g VALUE 

Fig. 15: Typical X band EPR spec- 

tra of high-spin (upper) and low- 

Spin (lower) ferric heme com- 

pounds as examined in frozen sol- 

utions. Reproduced by permission 

£ROMVGeL 6 . 

EPR ABSORPTION DERIVATIVE 
1000 2000 3000 4000 

MAGNETIC FIELD (gauss) 

g lay 26 S22 Cale 2.80 

Here, the x and y axes refer to the plane of the heme and the 

Z axis is oriented perpendicular to it. Since the principal g- 

values are all different, we may conclude that the symmetry 

at the iron site cannot be higher than rhombic.» We may now 

proceed according to section V.B and if we insert the above g- 

values) intoreq. [51] we obtain A, = 0.973, By = 0.209, and 

C = -0O.097. Of course, we have tacitly assumed that the ob- 

served g-values are associated with the lowest Kramers doublet 

which may now be written using eq. [45] as 

vi 

Yi 

It is now an easy matter to determine the energy differences 

between the Kramers doublets from eq. [57]. The § orbital re- 

sults as lowest in energy with the n orbital higher by 2.403, 

anGwmEheomGmorbiuc la stil eabovenbyarsia555) Vaivibae eld Gremio sWartell we 

spin-orbit coupling parameter  % 435 orn a the orbital separa- 

tions are €, - €. = 1040 cm? and e€, - €, = 2580 cm ?. Final- 

ly,- the two highdr Kramers housiaee aay Che determined. If we 

OTs le ee 09 t in 0.097 \c > 
, ‘i penne 

=0.973 |— >e— 0.209 1.4 > = 0.097 |e > 

2 Fig. 16: Orbital energies for ferric hemoglo- 

bin azide. 

3.534 

setae: 7 

2.402 
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describe a general doublet by an equation similar to eq. [45 ] 

With CcockElerents An, Bene. and seo wea siallll armel Vewate 

a secular equation Sf the form of eq. [56]. Since Err En and 
€ are known, the coefficients may be determined to 
C 

[59 ] 

Thus each of the Kramers doublets approximates quite closely 

to one of the original orbitals &€, n, ©. 

Whereas in ferric hemoglobin the g-tensor is of D sym- 

MeERY Ml Val ZG) =an(2 76, Oe (25), tehe addi elonser CEnemN Ge ton are 

duces.a Whower «symmetry! such (as Dip efigz=w lal2y 22227 2280) - 

The immediate consequence is that the orbitals € and n which 

are degenerate in D are now separated, in fact, by as much 

as V1000 cm !. However, the orientation of the principal g- 

axes is the same as in the D symmetry of ferric hemoglobin. 

This shows that conversion to hemoglobin azide does not in- 

fluence the relative orientation of the hemes and the peptide 

chains. There has been much speculation (20,21,35) about the 

origin of the distortion. An X-ray structure determination 

(41) finally has shown that the Ne OMS elie me cate teed ommtE@ 

the heme plane. Presumably then, the orientation of the azide 

ion is the major cause of the anisotropy. 

C. TRIS (3-METHYLPYRAZOLE) IRON (III) CHLORIDE, Fe(Mepz) 3C13 

According to Cotton and Gibson (12) the undiluted complex 

Fe (Mepz) 3Cl3 gives resonances close to g = 4.3 andg = 
j SES 

2.0. Here Jope is always taken as ys £5 /BH, whereas the 

real g is oon as isotropic and oe 2\-00)) (Gib) SECELONEVR As 

Since exchange interactions between the iron atoms which might 

broaden the spectrum can be eliminated by dilution, the EPR of 

the complex diluted by its indium analogue was investigated at 

both X and Q band frequencies. In fact, sharp resonances were 

now obtained at 1550 G at X band and at 5800 and 6500 G at Q 

band as well as other features up to 12.8 kG, cf Fig. 17. The 

complete EPR spectra are listed in Table 9. The spin Hamil- 

tonian parameters D and X were determined by the method of 

Dowsing and Gibson (13) outlined in section V.A. In fact, the 

plots of Fig 10 may be applied approximately since the best 

fit of both X and Q band spectra is provided by D = 0.90 cm 

and } = 0.31 (i.e. E = 0.28 cm '). The situation where \ = 1/3 
has been termed (7) the 'completely rhombic field' and the 
three Kramers doublets are then equally spaced. Cotton and 
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0 5 rae "8 Fig. 17: EPR spectra of In(Fe)- 

(3-methylpyrazole)3Cl3 at X and 

Q band. Reproduced by permission 

EECOM Nel steers 
Q-band 

Table 9: Experimental values of the magnetic field in the EPR 

spectra of Fe(3-methylpyrazole) 3Cl3 and the complex diluted by 

the indium analogue (in G). Reproduced by permission from ref. 

Hee 
Compound Frequency Experimental field [G] 

(band) 

Fe (Mepz) 3Cl3 X-band: 685w; 1550s, br 

Q-band: 6350s, br; 12 800m, br 

In (Fe) (Mepz) 3Cl3 X-band: 685w; 1550s; 3300w; 

5800w; 7100w 

Q-band: 2700w; 5800s; 6500s; 

12 800m 

Gibson (12) likewise studied Fe(pz)3Cl3 and, in this compound, 

D = 0.24 cm? and X = 0.133. The large difference between the 

two compounds has been accounted for by the assumption that 

the pyrazole complex is fac-ML3X3(C symmetry), whereas the 

methylpyrazole complex is mer-ML3'X3 Co, symmetry) consistent 

with A 1/3. 

D. BIS (N,N-DIETHYLDITHIOCARBAMATO) NITROSYLIRON 

In the theoretical outline of section V we have complete- 

ly neglected the effects due to nuclear hyperfine interac-— 
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tions. In order to show how the nuclear hyperfine structure 

(HFS) may be exploited to derive information concerning the 

electronic structure, we consider the EPR of Fe (NO) [-S2CN- 

(CoHs)2]2. Our discussion closely follows the study by Good- 

man, Raynor, and Symons (17). Fig. 18 shows the coordinate 

Fig. 18: Coordinate system and principal directions of the g- 

tensor in Fe(NO)[-S2CN(C2Hs5)2]2- The arrows indicate the di- 

rection of vibration of the oxygen atom. Reproduced by per- 

mission from ref. 17. 

system which we will adopt. The EPR spectrum of the compound 

in EPA solvent (2:5:5 ethanol-isopentane-diethyl ether, often 

used to form a glass for low-temperature studies) at room tem- 

perature exhibits three lines with a spacing of 12.6 G. The 

splitting is attributed to the hyperfine interaction of the 

unpaired electron with the 147 nucleus C=) Ore cheno 

group. Fig. 19 shows the spectrum of the complex enriched with 

°7Pe in 90% abundance. The )"N-HFS and the additional split- 
ting due to interaction with °7pe (1 = 1/2) aresindicated. 

pnaeyh Fig. 19: EPR spectrum of 90% 

enriched Fe(NO) [-S2CN(CsHs)2]2 

in a fluid solution of EPA. 

Reproduced by permission from 

Boge args ae Ter 

These data are sufficient to determine the isotropic parame- 

ters on the basis of the spin Hamiltonian 

N N 
A = gio. S 4 A Set ok. coer [60] 
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Thess sulting values of g and of the splitting parameters ae 
and A are listed in Table 10. 

Table 10: Experimental results of the EPR spectra for Fe(NO)- 

[-SoCN(C2Hs5)2]2 at X, Q, and S band. Reproduced by permission 
TeAGOUUMIGE 1 ue a/oe 

poe 

Jay Gay Ig, ay Jy 

(3OOUK) (100 kK) 

X-band 2.040 2.0368 BEO25 2.039 2.035 

Q-band 2.027 2.042 2.038 

S-band 

vaA(1*n), [G] A(>’Fe) ,, [G] 

A. A. A A A A. A A A 
1so 1so Zz x y 1so Zz x y 

(300 K) (100 K) 

X-band 12.6 13:..4 1755/5 10d: Asal 8.6 Citak 14+4 

Q-band KAZ'S 1258 at 

S-band 16.0 Sie 14 

However, from the study of frozen solution spectra, ani- 

sotropic EPR parameters directly relating to properties of the 

molecule may be derived in addition. The corresponding X band 

spectra are displayed in Fig. 20. Seven out of the total of 

nine possible 14N-HFS lines centered on three different @j= 

values were observed. This interpretation indicated in Fig. 20 

ee g, Fig. 20: Rigid solution X band EPR 

X 106 ees spectrum of Fe(NO) [-S2CN(C2Hs)2]2 
(a) unenriched, (b) enriched with 

(9) 90% °’Fe. Reproduced by permission 

from ref. 17. 

was confirmed and extended by running the spectra at Q and at 

S band (%3 GHz) frequencies, cf Figs. 21 and 22. The spectra 

of the °’Fe-enriched complex (cf Figs. 20 and 22) show ad- 

ditional lines due to °’Fe-HFS and were analysed accordingly. 

The parameter values determined by application of the spin 
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Fig. 21: The rigid solution EPR 

spectrum of Fe(NO)[-S2CN(C2Hs5)2]2 

at QO band frequencies. Reproduced 

206, by permission from ref. 17. 

Figs 22: The rigid soluctonsePR 

spectrum of Fe(NO)[-S2CN(C2Hs5) 2] 2 

at S band frequencies (a) unen- 

riched, (b) enriched with 90% 

57re. Reproduced by permission 

(2) erOM mre tiem Livae 

(b) 

Hamiltonian 

MEO A Leis SUS A eT ee et ee 
are compiled in Table 10. In eq. [61], (g), ( Amen and ( Awap 
are tensor quantities and may be decomposed into the compo- 

nents along the directions of the x, y, and Z axes. 

If the nitrosyl ligand in Fe(NO)[S2CN(C2Hs)2]o is con- 

sidered as NO , the formal electronic configuration of the 

iron atom results as 3d’. It May now be shown that the above 

results are best accounted for if the unpaired electron is 

accomodated in an ai’ (a2) orbital and the order of energy 

levels is 

El “< Jon S Jo SS ey << aly” [62] 

Here, we have employed the notation of Cc, symmetry. Adding a 

more common designation, the electron cohfiguration of the com- 

plex is obtained as 

laa (d,) VLbi (4, ) [ba (dy) far" (a2) Lai" (doo) [63] 

This is in complete agreement with the (g), ( es and ( any 
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SoneOrs as discussed in detail by Goodman et al. (17). The 
*N hyperfine tensor, when corrected for dipolar coupling, 

May be written as (A ) = (1.3, -O.6, -O.6) Gauss. With 
these values, the ''N s-and p-character of the unpaired elec- 
tron may be calculated from (38) 

Bese a 550 
Ss so 

[64] 
re 
Pp aniso 

The resulting values are A_ = 2.6% and A_ = 4%. In summary, a 

careful EPR study of Fe (Noy [- SoCN(CoHs) 9 18 provides very valu- 

able insight into the electronic structure, particularly with 

regard to the unpaired electron. Further details may be in- 

ferred from a comparison with similar compounds of iron (17) 

and from, e.g., a study of the solvent interaction with the 

complex (22). 
2 

VII. CONCLUSIONS 

There is obvious reason that the effect of hyperfine 

splitting has been discussed only in the sample of section 

VI.D. For one, the most abundant isotope of iron, 58 me. has 

I = O and the narrow hyperfine structure due to * re. (natural 

abundance 2.21%) is rarely observed. Thus, in general, HFS 

due to °’Fe may be encountered only if samples enriched in 

°7Fe are studied. In addition, as a rule, ligand hyperfine 
structure (SHFS) in compounds of iron(III) is likewise not ob- 

served. Since, in this case, the EPR parameters are determined 

predominantly by the geometry and spin-orbit coupling of the 

compound, the information on metal-ligand interactions is, at 

best, qualitative. However, the symmetry of the complex may be 

studied in detail, sometimes more accurately than by X-ray 

crystal structure methods. 

The restriction mentioned above is generally true for or- 

bitally degenerate ground states, Therefore, the distribution 

of the unpaired electron has been deduced most frequently from 

systems oe a single yapos ses) electron, vViZ., @.g-, 

compounds of Cu" fi Ag?” r Mo” p hae! Ww: . Within the subject of 

this volume, in particular, it is only in organic iron com- 

pounds containing the NO molecule that more detailed inform- 

ation on the unpaired electron density may be obtained. 
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The review is divided into two parts: Compounds contain-— 

ing and compounds not containing direct iron-carbon bonds. 

The complexes in which the iron atom is the centre of chiral- 

ity are treated more extensively than the complexes in which 

the optical activity is only associated with the ligands. 

Only compounds are included the optical activity of which 

was demonstrated experimentally. Complexes which according to 

NMR and other physical measurements should have chiral struc- 

tures and hence are supposed to be optically active are not 

considered. Also compounds are excluded which occur in dia- 

stereoisomeric forms if they are not optically active, even 

if the diastereoisomerism arises from asymmetric centres. 

I. COMPOUNDS WITHOUT Fe-C BONDS 

A. THE TRON ATOM BEING THE CENTRE OF CHIRALITY 

Following the resolution of the octahedral cation [Co- 

(en) > (NH3) C1]? by A. Werner in 19415 (173) smanyeoptlcaliy ac— 

tive metal complexes were isolated (14). In the early inves- 

tigations the complexes of Co(III) and Cr(III) played an im- 

portant part, as these compounds in most cases were configura- 

tionally stable and did not lose their optical activity. They 

could be used for the elucidation of the stereochemistry of 

substitution reactions. 

The first resolution of an iron complex was reported by 

N 

N Fe N (ClO,) - aq 

ae | 
Se 

aq = 2H20 aq = 3H,0 

iN 2 7S ‘ig (eee ee Nes 

=N N= = N= 

[ols +4800°; -4100° [als +1432°; -1416° 

ae eh BD 



Optical Activity 301 

A. Werner in 1912. He combined the racemic cations of [Fe- 

(dipy)3]* (dipy = o,a'-dipyridyl) with the optically active 
anion of tartaric acid, separated the diastereoisomers and 

converted the optically active cations into their bromide and 

VOCE Sc leSm( 117) PeCOmerhacyetOnmost Ore therCo(Llm)s and 

Cr (III) compounds these iron complexes racemize in solution 

with half lives of about 1/2 hour at room temperature, Higher 

rotations could be achieved by resolving [Fe (dipy) 3]? through 

the iodide antimonyl tartrate followed by isolation in the 

form of the enantiomeric perchlorates ja, ib (66,67,202). 

Similarly the corresponding o- phenanthroline complex 2a, 2b 

was resolved (65). (- )-[Fe(dipy) 3]? was also obtained by | 

interaction of dipy with ferredoxin in a stereoselective reac- 

tion which demonstrated that in the protein the iron atom is 

located at a highly asymmetric site (80). The toxicity of the 

optically active cation [Fe(dipy)3]*° was tested, (69,162). 

The absolute configuration of 2b at the iron atom was 

determined by an X-ray structure analysis (167,189). N-con- 

figuration (98) was assigned to the octahedral cation [Fe- 

(phen) 3]? in (-)589-Tris(1,10-phenanthroline) iron(II) -bis- 

[antimony (III)-d-tartrateloctahydrate. See also refs. 221- 
224,244, 

The electronic structure of [M(dipy) 3]” nY and [M¢phen) sl] 
is a matter of continuing interest. The contributions which 

can be made to this topic by the interpretation of the CD 

spectra have been discussed extensively. For the correspond- 

ing iron complexes some recent literature references are refs. 

QO, NOV) 2 DIY, MALE) pO) AAS « 

The tris-chelate complexes of iron(III) with the ligands 

dipy and phen are even more labile than the eo ered 

ivon(it) compounds ta, ib and 2a, 2b. ‘Thus [Fe ( (dipy) 31° can- 

not be resolved directly. (+) -[Fe (dipy) 3] (C10,4) 3 can be pre- 

pared by the rapid oxidation of (+)-[Fe(dipy) 3](C10,)2 with 

Cet’ salts which occurs with retention of configuration. The 

iron(III) complex racemizes very fast. At 15°C no rotation is 

left after 5 minutes (64,54). 

The resolution of [Fe(C20,4)3]* was claimed (168) but 

could not be reproduced by several groups (99,101,70). The 

anion seems to be so labile that racemization cannot be ob- 

served experimentally at room temperature. At -40°C, however, 

[Fe(CoOxu)3]° could partly be resolved by chromatography on a 

starch column (106). As many coordination compounds of other 

metals ime (CoOny sl ° shows the Pfeiffer effect (136), i.e. the 

rotation of an optically active substance is ge oneeE cane ly, 

changed upon addition of racemic [Fe (GzOnngal: (104,190), in- 

dicating a rapid equilibrium between the two enantiomers dif- 

fering in the configuration at the iron atom (87). Fe(acac) 3 

(acac = acetylacetonate) also is configurationally so unstable 
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that it could not be resolved by different techniques (68,121, 

ZALES) « 

Besides complexes with bidentate ligands iron somplexes 

with tridentate and polydentate ligands were obtained in opti- 

cally active form. The bis-tridentate iron(II) cation 3a, 3b 

was resolved through the (+)-antimonyl tartrate (63). The 

enantiomeric iodides 3a and 3b were configurationally stable 

at room temperature but racemized in 2 minutes at 100°C. 

Lo], +2000°; -2000° 

With the same method the resolution of the iron(III) com- 
plex 4a, 4b with a hexadentate ligand was accomplished (150). 
This resolution is an exception to the rule that optically ac- 
tive iron(III) complexes cannot be prepared dimectiy.. "ihe 
complexes 4a and 4b do not racemize. 

ONNNNO = ree 
CH, 
| 

CH=N-CH, -CH,-NH 

0-|— Fes NNO; Ho \-cuen-ct -CH,-NH Nee 2 2 

[a], +545°; -515° HO 

4a, 4b 

For attempts to prepare optically active iron complexes 
with tetradentate Schiff bases of Salicyl aldehyde see ref. 
299. 

At the outset only rough estimates for the half lives of 
the optically active iron compounds were obtained. Later on 
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the kinetics of their racemization and epimerization were 

measured accurately and these data were used for the elucida- 

tion of the mechanisms of the change in configuration associ- 

ated with the racemization and epimerization. 

In the complexes [Ni(phen)3]* and [Ni (dipy) 3]27 the 

rates of ligand exchange are the same as the rates of racemi- 

zation (12,183,21). Therefore the loss of optical activity is 

due to an intermolecular process. Each dissociation step 

leads to loss of optical activity. No intramolecular racemi- 

zation is involved (scheme [1]; path A). 
The rates of racemization as well as the rates of ligand 

dissociation of [Fe(phen)3]* and [Fe(dipy)3]* were measured 
under a variety of conditions (53,13,62). A comparison showed 

that the racemization of [Fe (phen) 3]? and [Fe (dipy) 3]? is 

much more rapid than ligand dissociation. 

M(N N)> + N N 

Pe NO 

N~ a 
CY Ne B GLX B “yi XY") 

<—____ 4 . —__— 

N N Néssscce ‘N Neen 

N MEN 
EG a 

(N N)>M-N N 

Scheme [1] 

M = ni2"; NN= phen, dipy; path A 

M= Fe"; NWN = phen; paths A, and B 

M = Feo; NN = dipy; paths A, B, and C 

This implies, that contrary to ethos tae eats and [Ni(dipy) 32. 

racemization of [Fe(phen)3]* and [Fe(dipy) 3]? also takes 

place by intramolecular mechanisms, the rate of which may be 

obtained by the difference in the rates of racemization and 

dissociation (13). Intramolecular racemization of octahedral 

chelate complexes may occur either by a twist mechanism (140, 

Ji) as shown in path B or by chelate ring opening as shown in 

path C of scheme [1]. 

The rigid ligand phen cannot open up at one end to the 

same extent as the flexible ligand dipy. Therefore the intra- 
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molecular contribution to the racemization of eGo ee 

must involve’ a twist mechanism (path B) (13,62). For [Fe- 

(dipy) 31? , however, besides the twist mechanism an intramo-— 

lecular racemization by chelate ring opening (path C) was 

verified by kinetic measurements at different acid concen- 

trations (13). In addition to variation in p-value the race— 

mization of [Pe (dipy) 312 - and [Fe(phen)3]* was studied in the 

presence of cations and anions (59,100) and in nonaqueous sol- 

vents (55,160). 

The differences in the racemization mechanism of Ni(II) 

and Fe(II) compounds have been rationalized in terms of crys-— 

tal field theory. The low spin ee ground state of the dia- 

magnetic Fe(II) complexes may be excited to a high spin a° 

state which either dissociates or returns to the stable ground 

state. Rearrangement or chelate ring opening in the expanded 

excited state would account for the intramolecular racemiza-— 

tion. As no such excited state is possible for Ni(II) only 

the dissociation mechanism seems to be available to it (52). 

Contrary to the solution behaviour the optically active 

salts [Fe(phen) 3]X2 and [Fe(dipy) 3]X2 are configurationally 
stable in the solid state (65). Pressure of 20 OOO to 

50 000 atm, however, leads to a racemization of (-)-[Fe- 

(phen) 3] (C104) 2*°aq (158). An investigation of the effect of 
temperature on the racemization of solid (+)-[Fe(phen) 3] 

(C10,)2°aq and (+)-[Fe(dipy) 3](Cl0,y) 2*aq showed that between 
50 -120°C the water of crystallization is lost. Above this 

temperature range racemization was observed without decomposi- 

tion which starts only above 250°C (188). An exothermic peak 

on the DTA curve of (-)-[Fe(phen) 3]I2*°aq and (-)-[Fe(phen) 3] 

(C1l0O,)2*ag between dehydration and decomposition at around 

190 - 200°C was attributed to the racemization process (166). 

The results of these solid state studies are consistent with 

the trigonal twist mechanism proposed in scheme [1]. 

The reaction of A-[Fe(phen) 3] (C10,)2*agq with CN in water 

yields the optically active substitution product Fe (phen) 2- 

(CN) 2 which contrary to the starting material is almost config- 

urationally stable at room temperature in water solution (7, 

227). Based on the CD spectra it was concluded that in this 

reaction an inversion of configuration takes place (6,7). On 

the other hand the corresponding dipy complex A-[Fe(dipy) 3]- 

(ClOy,) 2*°aq reacts with aqueous CN with predominant retention 

of configuration at the iron atom (207,227). The stereochem- 

ical differences in the same substitution reaction of the two 

closely related systems is rationalized in terms of the dif- 

ferent ligand flexibilities of dipy and phen as has been done 

to account for the results of the acid hydrolysis reaction 

(13,62), discussed before. Whereas in the dissociation reac-— 

tion of the rigid ligand phen from tris-chelate complexes both 
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donors must leave simultaneously the increased flexibility of 
the ligand dipy allows chelate ring opening and the formation 
of complexes with unidentate dipy, supposed to favour the re- 
tentavey path (207) - 

In the last decade the NMR method was used increasingly 

as a tool for the study of reaction mechanisms which earlier 

had been investigated by polarimetric kinetics of racemization 

and epimerization or by kinetics of ligand exchange with iso- 

topically labelled compounds and similar methods. With NMR 

techniques, especially with the help of diastereotopic groups, 

the course of reactions including isomerizations such as the 

interconversion of enantiomers can be elucidated without re- 

solving the compounds under investigation. For recent reviews 

see refs. 96,137. 

B. THE IRON ATOM BEING ASSOCIATED WITH OPTICALLY ACTIVE 

LIGANDS 

Besides resolving compounds with a centre of chirality 

at the metal atom optically active complexes result from a 

combination of a central atom with one or more optically ac- 

tive ligands. Depending on the type of complex formed, asym- 

metric centres in the ligands may or may not lead to a centre 

of chirality at the metal atom. In this chapter the iron 

complexes with optically active amino acids, peptides and 

similar systems would have to be treated. But as in these 

compounds the main problems are not those of optical activity 

they are not further discussed here. 

II. COMPOUNDS WITH Fe-C BONDS 

A. THE IRON ATOM BEING THE CENTRE OF CHIRALITY 

The magnetic nonequivalence of diastereotopic groups 

(120) demonstrated, that iron complexes of the type Cs5HsFe- 

(CO) (L) (X) are configurationally stable at room temperature as 

well as at higher temperatures (32,31,23,209,228,241,237,238). 

L means a two-electron ligand, for instance P(CH3)2CegHs or P- 

(CgHs5) 3 and X a one-electron ligand, for instance COOR, COCH3 

or I. On the basis of these NMR results the synthesis of op- 

tically active organometallic compounds with four different 

ligands at the iron atom appeared possible. The subject of 

optically active organometallic compounds containing an asym- 

metric transition metal atom has been reviewed previously (23- 

26)" 
To resolve compounds of the type CsHsFe (CO) [P(Ce6Hs) 3]- 

COOR the salt [CsHs5Fe(CO) 2P(CeHs) 3][PFe6] (5) (170) was treated 
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with the sodium salt of the optically active alcohol menthol, 

NaOC}9Hi9, according to equation [2]: 

— ICSH Fe(CO),P(C,H,).] [PFI + NaOC j 5H io 

5 

CoH Fe(CO)IP(C |JCOOC +  NaPF 
6 Wak 104 19 6 

6a,6b 

/ , 

ns / Sy 34 
: S59 == E 3 

See os ove Lo Pie) 
P(CgHs)3 P(CgHs)3 

Lalsug + 70°; -120° [olsy6 + 360°; -390° 

6a, 6b Ja; 76 

In this reaction the alkoxide anion adds nucleophilically 

to the carbon atom of one of the enantiotopic carbonyl ligands 

Of the cation of 5 with formation of<an ester group. The re- 

sulting diastereoisomeric complexes (+)- and (-)-CsHs5Fe(CO) - 

[P (CgHs) 3]COOC;9H19 (6a and 6b) can be separated on the basis 

of their different solubilities in aliphatic hydrocarbons (33, 

35). They correspond to the previously described isoelectron- 

ic manganese complexes (+)- and (-)-CsHs5Mn(NO) [P(C¢6Hs) 3 ]COOCi9 

Hi9 (7a and 7b) (22,28,30) which epimerize in benzene solution 

at room temperature in the course of hours by dissociation of 

triphenylphosphine (30,27). The corresponding iron complexes 

6a and 6b on the other hand are configurationally stable (33). 

Their benzene solutions do not lose their optical rotations. 

The diastereoisomeric manganese compounds (+)- and (-)- 

CsHs5Mn (NO) [P(CgHs) 3 ]COOC,9H19 (7a and 7b) could be converted 
by HCl to the enantiomeric salts (+)- and (-)-{CsHsMn (NO) [P- 
(CgHs) 31co} [x] (X = Cl, PFs) (29). A similar reaction with 
the iron compounds (+)- and (-)-CsHsFe (CO) LP (CgHs) 3]COO0C; 9 Hig 

(6a and 6b) would lead to the salts [CsHsFe(CO) »P(C6Hs) 3] [x] 
began which contain only achiral cations. Therefore in order 



Optical Activity 307 

to come from the diastereoisomeric compounds Galland Gb” to en= 
antiomeric complexes the transesterification to the corre- 
sponding methyl esters was studied. 

In the manganese system the menthylesters (+)- and (-)- 
CsHs5Mn (NO) [P(CgHs) 3]COOC;9Hi9 (7a and 7b) react with CH30H/ 
NaOCH3 to give the methylesters (+)- and (-) -Cs5HsMn (NO) [P(C¢.- 

Hs) 3]COOCH3. As only the ligands are changed the reactions 

occur with retention of configuration at the asymmetric man- 

ganese atom (28,30). 

In contrast to the manganese system the transesteri- 

fication of (+)- and (-)-CsHsFe(CO) [P(CgHs5) 3]COOC;9Hi9 (6a and 
6b) in CH30H leads to racemic CsHsFe (CO) [P(C6Hs) 3 ]COOCH3 (8) 
aécording to equation [3]. 5 

(+)-C H,Fe(CO)IP(C,H-).ICOOC, \Hi 9 tt CH,0H 

6a 

(-)-C H,Fe(CO)IP(C,H,),ICOOC, pH. + CH,OH 

oe [3] 

C,HFe(CO)IP(C,H,),COOCH, fe Cit) 9OH 

racemic 8 

As iron esters of type 6 and 8 were shown to be configu- 

rationally stable (33) the loss of optical activity during the 

transesterification must be connected with the mechanism of 

this reaction (35). An explanation for the differences in the 

stereochemical course of the transesterification of the isoe- 

lectronic manganese and iron compounds 6a, 6b and 7a, ib is 

offered after consideration of the following reaction. 

On treatment of the ester derivative (+)-CsHsFe (CO) [P(C.- 

Hs) 3]COOC;9Hi9 (6a) with LiCH3 the acetyl derivative (-)-Cs5Hs5- 
Fe (CO) [P (CgHs) 3 JCOCH3 (9b) is formed (34,25) according to e- 

guation [4]. 
In the same way (-)-CsHsFe(CO) [P(CeHs) 3]COOCi9Hi9 (6b) 

yields (+)-CsHsFe(CO)[P(CgHs) 3]COCH3 (9a) on reaction with Li- 
CH3 (34). Contrary to the results in the manganese system the 

ORD- and CD-spectra of reactants and products in the-iron se- 

ries are opposite. This indicates that in the reactions of 

(+)- and (-)-CsHsFe (CO) [P(CegHs) 3]COOCi9Hi9 (6a and 6b) with 

LiCH3 the configuration at the asymmetric iron atom must have 

been inverted. Obviously the nucleophile does not attack at 

the carbon atom of the ester function but at the carbon atom 

of the carbonyl ligand. The anion OC; 9Hi9 on the other hand 
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[4] 

lo lsues + 70° lolsue =228° 

oa 9b 

is split eff from the carbon atom of the ester group. In this 

way the original carbonyl ligand is transformed into the new 

functional group and the original functional group into the 

new carbonyl ligand. Thus the configuration at the asymmetric 

iron atom in 6a and 6b is inverted without rupture of the 

bonds between the iron atom and its four substituents (34). 

In compounds of the type Cs5HsFe(CO)[P(C¢Hs) 3]COOR the 

carbon atom of the carbonyl ligand seems to be more reactive 

than the carbon atom of the ester group towards nucleophiles. 

With this reactivity sequence the results of the transester- 

ification reaction [3] can be explained. Nucleophilic attack 
occurs easier on CO than on COOR. One reaction of this kind 

leads to an inversion of the configuration at the asymmetric 

iron atom as in the stoichiometric reaction of (+)- and (-)- 

CsHsFe (CO) [P(CgHs) 3]COOC19H19 with LiCH3 (equation [4]). 

Successive nucleophilic attacks on the other hand as in the 

transesterification of (+)- and (-)-Cs5Hs5Fe(CO) [P(C>sHs) 3 ]COO- 

Ci9Hi9 in methanol (equation [3]) lead to a series of inversion 

steps and ultimately to racemization (34,35). 

In the manganese compounds (+)- and (-)-Cs5Hs5Mn (NO) [P(C.- 

Hs) 3]COOC;9H19 (7a and 7b) the attack of the nucleophile oc- 

curs at the more reactive carbon atom of the ester group and 

not at the nitrogen atom of the nitrosyl ligand proceeding 

with retention of configuration (28,30). These experiments 

establish the following reactivity sequence against nucleo- 

philic attack in compounds of type 6 and 7 (34,35). 

CO. DECGO ORI aiNG 

This series explains the inversion of configuration in 

the reactions of (+)- and (-)-CsHsFe(CO) [P(CgHs5) 3]COO0Ci9Hi9 
with LiCH3 (equation [4]) (34), the racemization in the trans- 
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esterification of (+)- and (-)-Cs5HsFe(CO) [P(CegHs5) 3]COOC19Hi9 
with CH30H (equation [3]) (35) and the retention of configura- 

tion in the transesterification of (+)- and (-)—-Cs5HsMn (NO) [P- 

(CgHs) 3]COOC19Hi9 (7a and 7b) with CH30H/ NaOCH3 (28,30). It 

explains also why in the transesterification of (+)- and (-)- 

Cs5Hs5Fe (CO) [P(CgHs) 3]COOC19H19 (equation [3]) the nucleophilic 
attack on the more reactive CO group occurs already in pure 

methanol whereas in the transesterification of (+)- and (-)- 

Cs5Hs5Mn (NO) [P(CgHs5) 3]COOCy9H19 (7a and 7b) for the nucleophilic 

attack on the less reactive COOR group a higher concentration 

of alkoxide ions is necessary (35,28,30). 

The optically active iron acyls 9a and ila, accessible by 

reaction [4], proved to be suitable starting materials for the 
investigation of the stereochemical course of the decarbonyl- 

ation reaction (184). Whereas the stereochemistry of the de- 

carbonylation of compounds of the type Cs5Hs5Fe(CO) 2COR with 

respect to the a-carbon atom of the R group (discussed in 

chapter II.B.5) was studied some time ago, the stereochemistry 

at the iron center was investigated only recently. With a 

number of diastereomerically related pairs of enantiomers con- 

taining an asymmetric center at the iron atom (for instance 

Cs5HsFe (CO) [P (CgHs) 3 ]JCOCH»CH(CH3) (CgHs) R,R-S,S and R,S-S,R as 

well as 1-CH3-3-CgH5-Cs5H3Fe (CO) [P(CgHs) 3 ]COCH3 R,R-S,S and R, 

S-S,R) it was shown that the photochemical decarbonylation of 

the acyl to the corresponding alkyl compounds proceeds with a 

high degree of stereospecificity at the iron atom, the partial 

epimerization being due to a reaction subsequent to the decar- 

bonylation step (8,10,142). 

As the optically active acetyl and propanoyl complexes 9a 

and tia in equations [5] and [6] were prepared from (+)436- 
CsHsFe (CO) [P(CeHs) 3]COOC19H19 (6b), both have the same config- 
uration at the iron atom (57). The acetyl compound 9a was re- 

duced with NaBH, via the intermediate salt (=) 436—-{Cs5H5Fe (CO) - 

[P (CeHs) 31C (0C2Hs)CH3} [BFal] to the iron ethyl compound 10a. 

\\ 
a) [Et30] BF; . x 

b) NaBH,, EtOH vy / a 

OC et ae CH2-CH3 
. = 

P(CgHs)3 

fole,..-1550°¢ [o]23,6 -256° 
9a 10a 

Both complexes of equation [5] have the same configuration be- 



310 Henri Brunner 

cause the asymmetric center at iron is untouched (57). 

The propanoyl compound lla was photochemically decar- 

bonylated to give the ethyl derivative 10b (equation [6]). 
The optical rotations and CD spectra showed that it has oppo- 

site configuration to the ethyl derivative 10a of equation [5] 
(57). The observed inversion of configuration at the iron 

atom in equation [6] is consistent with the proposed decar- 
bonylation mechanism, in which the alkyl group migrates into 

hv 

co Fe ip LFe \ 0 3 \ 
hf Sek CH3- uefa 

Lé] 

VI 
Ze ~CH,-CH3 

P(CgHs)3 P(CgHs)3 

[alese=800° [aJ22.-#140° 
lia 10b 

the site vacated by the leaving CO group (184). The same con- 

clusion was drawn from a study of the photochemical decar- 

bonylation of (+)-CsHsFe (CO) [P(CgHs) 3]COCH3 (36). Long irra- 
diation times in the photochemical decarbonylation lead to 

racemization at the iron atom (36,184). Racemization was also 

observed in the thermal decarbonylation of (-)-CsHsFe (CO) [P- 

(CeHs) 3]COCH3 (36). 
To investigate the stereochemistry at the iron atom in 

the SO» insertion reaction (185), which from NMR measurements 
is known to be highly stereospecific (9,142), compound 

lal@3— +295°; -304° [aJ23, +206°; -270¢ 
12a, 12b 13a, 13b 

12a, 12b was separated into its two diastereoisomeric compo- 
nents which differ in their NMR spectra (79). According to 



Optical Activity 311 

equation [7] liquid SO2 inserts into the metal carbon bond. 
From-the similarity of the CD spectra of the starting material 

12a and 12b and the product 13a and 13b it was concluded that 

the SO» insertion takes place w with retention of configuration 

at iron (79). The stereochemistry at the O-carbon atom of the 

alkyl chain during the SO», insertion and the implications con- 

cerning the reaction mechanism are discussed in section 

eB eer 

The two diastereoisomeric iron menthoxymethyl compounds 

14a and 14b were separated by fractional crystallization from 

pentane (56). These compounds were used as carbene transfer 

reagents to olefins. In the reaction with trans-1-phenyl- 

propene according to scheme [8] an asymmetric induction of 26% 

and 38.5%, respectively, in the cyclopropanes formed was ob- 

served (56). By reaction with HI the OCj9Hi9 group in the 

compounds 14a and 14b could be replaced by I without change in 

configuration at the metal atom (56). 

CH3 CeHs [8] 

CeHs 

14a, 14b 

A versatile, high yield synthesis of enantiomerically 

pure primary alkyl iron compounds is based on the easy diaster- 

eoisomer separation of (+)- and (-)-CsHsFe (CO) [P(C6Hs) 3 ]CH20- 

(-)-menthyl (211). After conversion into (+)- or (-) -C5Hs5Fe- 

(CO) [P (C6Hs) 3]CH2Cl with anhydrous HCl alkylation with Li or- 

ganic or Grignard reagents leads to a variety of compounds 

CsHsFe (CO) [P(CgHs) 3]CH2R the optical purity of which can be 

demonstrated by the interaction of their SO2-insertion prod- 

ucts with optically active shift reagents (211). 

All the resolutions of organometallic iron compounds de- 

scribed in this section up to this point were achieved with 

the menthyl group. Other methods for converting racemic 

chiral or prochiral organometallic compounds into diastereo- 

isomers have been described using the optically active acid 

chloride R-(-)-CgHs5CH(CH3)CH2COC1, the optically active amine 

—(-) -H2NCH(CH3) (CgHs) and the optically active isonitriles R- 

(+)- and S-(-)-CNCH(CH3) (C6Hs) (175). As isonitriles are good 

ligands in organometallic systems (110,177), (+)- and (-)-CN- 

CH(CH3) (C6Hs) should be applicable in many cases. 
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In the reaction of Cs5HsFe(CO)2I (15) with (+)-CNCH(CH3) - 

(CgHs5) a carbonyl group is replaced according to equation [9] 
(37). The resulting diastereoisomers (+)- and (-)-Cs5Hs5Fe (CO) - 

+ CNCH(CH3)(CgHs) 
CH 

-CO ie ane Sf > cN-CH 

Lalsuc +260°; = fil 

1S léa, 16b 

[CNCH (CH3) (CgH5 11 (16a and 16b) can be separated on the basis 

of solubility differences. The compounds do not epimerize in 

solution, but they are sensitive to light. In daylight the 

rotations decrease depending on the intensity of irradiation, 

whereas in the darkness the rotational values remain constant 

CAE 
If S-—(-)-a-phenylethylamine is reacted with the enanti- 

omers of complex 17 the two diastereoisomers 18a and 18b are 

formed (equation [10]), which could be separated by fraction- 
ation from ethanol (58). The isomers, configurationally sta- 

ge [10] 

HoNR = S-(-)-H2NCH(CH3) (Ce6Hs) 

18a, 18b 
ble in refluxing acetone, differ in their NMR spectra and have 
Opposite CD spectra (58). 

(-) -Cs5Hs5Fe (CO) »COCH2CH (CH3) (C6Hs) (19) was prepared by the 
reaction of Na[CsHsFe(CO)»] with R-CgHsCH(CH3)CH2COC1 and de- 
carbonylated to give (-) ,-CsHs5Fe (CO) 2CH2CH (CH3) (C6 Hs) (20) 
(142). Compounds 19 and 20 can be transformed into the com- 
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19. X= COCH2CH(CH3)(CgHs) 

[a]? 5312 

20 X= CH2CH(CH3)(CgHs) 

[alt -78° 

- plexes 21s wor and 23) by carbonylation, decarbonylation or 

sulphur dioxide: insertion (142). As) an 21, 22), and 23) the 

iron atom is an asymmetric center, all the compounds consist 

of two diastereoisomers a and b differing in their NMR spec- 

tra. For 21, 22, and 23 both isomers with R and S configura- 

tion at the iron could be enriched by a combination of column 

chromatography and fractional crystallization (142). Configu- 

rational correlations based on CD spectra between the differ- 

ent isomers were not possible due to the instability of the 

alkyl derivatives 22a and 22b in solution (142). 

X = COCH2CHICH3)(CgHs) 

[al?? +49°; -127° 

Zidigere 210: 

xX = CH2CH(CH3)(CgHs) 

22a,22b 

Kae SO2CH2CH(CH3)(CgHs) 

234,236 
Recently the amino phosphine S-(+)-(C¢Hs) 2PN(CH3)CH(CH3) - 

(C6Hs), abbreviated with P@2R*, was applied as an optically 

active resolving agent in some cases (194,195). In the reac- 

tion of Cs5Hs5Fe(CO) oI with P@»2R* the two diastereoisomers (+)- 

and (-)-Cs5HsFe(CO) (P@2R*)I are formed. The less soluble 

(-) 3g5-isomer, which can easily be obtained in larger quanti- 

ties, was used as the starting material for the preparation of 

the compounds (-) 3¢5-CsHsFe (CO) (P@2R*)X with X = CH3, Br, and 

Cl by reaction with LiCH3, Bra, and Clo. In the same way 

(-) 365-CsHsFe (CO) (PZ2R*)CH3 could be transformed into (-) 365- 
CsHsFe (CO) (P%2R*)Hal with Hal = J, Br, and Cl by halogen 

cleavage of the iron-methyl bond. Reaction cycles prove that 

all these reactions, which involve bonds between the asymmet-— 

ric Fe atom and the halogen or methyl ligands, occur with 

predominant retention of configuration at iron (196). 

The loss of stereospecificity in these reactions was at- 

tributed to the formation and pseudorotation of square pyram- 

idal intermediates as in the reaction of the iron-methyl bond 
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in 1-CH3-3-C,gHs5—-Cs5H3Fe (CO) [P(CgHs) 3]CH3 with I2, HI, and HgIo 

(9,196). In contrast to the methyl derivative (-) 3¢5-Cs5HsFe- 

(CO) (PZ2R*)CH3 the halogen compounds (-) 3¢5-CsHsFe (CO) (P@2R*) - 

Hal in solution epimerize by a change in configuration at the 

Fe atom with the half lives 1, (70°C) = 51 min for Hal = J, 

ta) (DOCG) = Orn ne LomeHaiar— Br, and T, (30°C) ie =230" manip ror 

Hal = Cl (196). Cleavage of the metal “acyl and metal ester 

bonds in (-)-CsHsFe(CO)[P(C¢gHs) 3]COCH3 and (-)-CsHsFe (CO) [P- 

(Ce6Hs5) 3 ]COOC;}9Hi9 with I2 leads to optically inactive Cs5Hs- 

Fe(CO)[P(CgHs5)3]I (36). Stereochemical changes at the a-car- 

bon atom during the cleavage of metal carbon bonds with hal- 

ogens are described in section II.B.5. 

If CsHsFe (CO) 2Si(CH3) (CgHs) (1-CioH7 (71) containing an 

asymmetric Si atom (50) is irradiated in the presence of P- 

(Cg6H5) 3 one of the CO groups is replaced and two diastereo- 

isomers (+)- and (-)-Cs5HsFe (CO) [P(CgHs) 3]Si(CH3) (C6Hs) (1-Cio- 

H7) differing in the configuration at the Fe atom are formed 

with an asymmetric induction of about 10 % (197). The dia- 

stereoisomers, differentiable in their NMR spectra, were sep- 

arated by fractional crystallization and used as starting ma- 

terial for the cleavage of the Fe-Si bond. Whereas cleavage 

by Cl2 occurs with retention of configuration at silicon, in 

the presence of an excess P(CgHs5)3 cleavage by Cl2 proceeds 

with predominant inversion at Si (197). The stereochemistry 

at the Fe centre, which should be configurationally labile ac- 

cording to ref. 196, was not investigated. 

With the X-ray structure of [C5Hs5Mo(CO) 2NN'|PF,¢, NN' = 
Schiff base of pyridine aldehyde(2) and (S)-(-)-a-phenylethyl- 

amine, the first absolute configuration of an optically active 

organometallic compound of the transition series was deter- 

mined (220,211,57). An extension of the R,S-nomenclature (39) 

to include complexes with polyhapto ligands was proposed in 

connection with the asymmetric synthesis of only one diastere- 

oisomer of a pair of two differing only in the configuration 

at the iron atom (239). In the sequence rules (39) polyhapto 

ligands should be considered pseudo-atoms of atomic weight 

equal to the sum of the atomic weights of all the atoms bonded 

to the metal atom (239), see also refs. 57,142,193. 

B. THE IRON ATOM NOT BEING THE CENTRE OF CHIRALITY 

1. Ferrocene Derivatives 

Shortly after the discovery of ferrocene (103,119) it was 

found, that it can easily be acetylated in a Friedel-Crafts 

type reaction (186). Ferrocene also undergoes other electro- 

philic substitution reactions with greater ease than benzene 

(138). These facts were the starting point for the develop- 
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ment of the organic chemistry of ferrocene which has been in- 
tensely studied in the past two decades (147,38,154). Other 
arene T-complexes are also susceptible to ring substitution 
reactions, especially (Cs5Hs5)2Ru (ruthenocene) (L397 93) ¥ Cois— 
Mn(CO)3 (cymantrene) (78,51) and CgHeCr(CO)3 (benchrotrene) 
(143,71). 

Into a monosubstituted ferrocene derivative a second sub- 
Stituent can be introduced either homoannularly or heteroannu- 
larly. If it enters the unsubstituted ring only one kind of 
1,1'-derivatives is formed. If it occupies a position in the 
substituted ring two series of geometrical isomers 1,2 (or a) 
and 1,3 (or 8) are possible. With two different substituents 

the heteroannular disubstitution products are achiral whereas 

the homoannularly disubstituted derivatives are chiral, as 

shown by their Newman type projection formulae 24a, 24b and 

25a, 25b. Thus T-complex formation leads to optical is isomerism 

not encountered in the chemistry of uncomplexed planar arenes. 

24a 24b 25a 25b 

An increasing number of substituents gives rise to an in- 

creasing number of geometrical and optical isomers (151-153). 

With only few exceptions the compounds do not contain any ele- 

ments of symmetry. Homoannularly substituted ferrocene deriv-— 

atives with two different substituents can be treated as pos- 

sessing a plane of chirality (155,39,115,151-153). Alterna- 

tively the 5 asymmetric carbon atoms in the disubstituted ring 

can be used for the specification of the configuration accord- 

ing to the sequence rule (153). 

The same situation holds for a- and f-disubstituted ru- 

thenocene (94,95) and cymantrene (144,153) as well as for o- 

and m- disubstituted benchrotrene derivatives (111,153) if 

they contain different substituents. The chiral forms 26a and 

26b of an a-derivative of cymantrene and 27a and 27b of an o- 

derivative of benchrotrene are shown (151-153). 

The differently substituted ferrocene compounds in most 

cases are synthesized by electrophilic substitution of mono- 

substituted products, preferentially by homoannular cycliza- 
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: R, R, : Re Se, 

26a 26b 27a 27b 

tion reactions in which only one isomer can be formed. Thus 

the intramolecular Friedel-Crafts reaction of y-ferrocenyl 

butyric acid (28) yields 1,2-(a-ketotetramethylene) -ferrocene 

(29a,b) (145) (scheme [11]) which in 1959 was the first ferro- 

cene derivative to be resolved into its antipodes 29a and 29b 

by use of its menthydrazone (169). 

Scheme [11] 

In the meantime more than 200 optically active ferrocene 

derivatives have been synthesized. As the subject has been 

reviewed recently (151-153) only some examples in connection 

with general remarks will be given. 

For the resolution of ferrocene derivatives the proce- 

dures of organic chemistry can be employed, for instance frac-— 

tional crystallization of a-phenethylamine or alkaloid salts 

(of carboxylic acids), dibenzoyl tartrate salts (of amines) 

and menthydrazones (of carbonyl derivatives). Chromatography 

and kinetic methods were also used in some cases. 

By the methods established in the organic chemistry of 

ferrocene (147,38,154,212) the functional groups of optically 

active ferrocene derivatives can be transformed in many ways. 

Reactions of this kind are used for chemical correlation of 

configuration. Besides the ketone 29a the methyl substituted 

ferrocenyl carboxylic acids (88,89) are key compounds of spe- 

cial importance. Thus methyl-ferrocenyl-d-carboxylic acid 

(30a) for instance can be converted into the trisubstituted 

derivative 32a by chain lengthening and cyclization of the 

corresponding butyric acid 31a (89) (scheme [12]). 
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Scheme [12] 

Extensive series of this kind as well as ORD- and CD-correla- 

tions link the configurations of most of the known optically 

active ferrocene derivatives (151-153). 

Many resolutions in the ferrocene series are assumed to 

give optically pure compounds. The optical purity of methyl- 

ferrocenyl-a-carboxylic acid was examined by the isotope dilu- 

tion method (141,208). Because of the stereoselectivity of 

the transformations this optical purity is not lost in most of 

the reactions described. 

The absolute configuration of 29a and its exo alcohol 

(74,75) was for the first time determined by the method of 

Horeau (97). As a consequence the absolute configurations of 

all the compounds were known which were correlated with it. 

The applicability of Horeau's method for the determination of 

the absolute configuration of ferrocene derivatives was ques-— 

tioned (115) but an X-ray analysis of 1,1'-dimethylferrocenyl- 

B-carboxylic acid (33) confirmed the correct assignment of the 

absolute configurations (41,76). 

The transformation of the optically active ketones 29a 

and 34a to the vinyl compounds 35a and 36a of the same con- 

figuration (scheme [13]) proceeds by reduction and subsequent 

dehydration. In both cases the vinyl compounds exhibit oppo- 

Site signs of rotation as the parent ketones (88). This sig- 

nificant change was extensively used for configurational cor- 
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relations by optical comparison (89). 

[ol], -—2090° Lol, +1130 

35a 36a 

Scheme [13] 

It can also be applied to the elucidation of conforma- 

tional problems. The ORD and the CD spectra of the open chain 

ketone 34a and its vinyl derivative 36a are opposite to the 

analogous cyclic derivatives 29a and 35a in which the chromo- 

phores are conformationally fixed. This fact was explained by 

assuming that the open chain compounds prefer the opposite 

conformations, imposed on the molecules by the methyl-methyl 

interactions in the acyclic complexes (88,72). 

An empirical rule concerning the relationship between 

configuration, preferred conformation and sign of rotation has 

been developed - valid for most of the optically active ferro- 

cene derivatives (153,77,82). The observer looks along the 

molecular axis onto the molecule with the differently sub- 

stituted ring pointing towards him. Then the sign of [a]_ is 
(+) if the chromophor disturbing the ferrocene system is on 

the left side and (-) if the chromophor is on the right side 

of the plane bisecting the molecule as indicated in 29a and 

Shyer 

Optically active [3]ferrocenophanes (1,1'-trimethylene- 
ferrocene derivatives) were included in the stereochemical 

studies (153). Correlation with known compounds could be a- 

chieved. New problems associated with ferrocenophanes are 

posed by the conformations of the bridge between the two cy- 

clopentadienyl rings. For recent references see (204-206, 

218). Optically active ferrocenyl compounds containing an a- 
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28 18) - + = 

Lol, +580° lol, -2090° 

29a 35a 

symmetric Si atom in the side chain were prepared and studied 
with respect to the stereochemistry at silicon (198-201). The 
asymmetry and pseudoasymmetry, which arises in ferrocene mole- 
cules when two homoannular sustituents are constitutionally 

identical, were described (213-215). ’ 

For further details concerning optically active ferro- 

cene derivatives see the reviews of Schlégl (151-153), the 

last annual surveys (146,116,225,233), and summaries (135, 

154,212). Only some recent development will be discussed 

extensively in the following paragraphs. 

The lithiation of ferrocene derivatives has been carried 

out under asymmetric conditions (4,5,77,114,115). In the 

metalation of N,N-dimethyl-1-ferrocenyl ethyl amine (37a) 

(115,85), the optical activity of which is due to an asymmet- 

ric carbon atom in the d-position, with n-butyl-lithium the 

metal enters the 2-position of the ferrocene system because 

the nitrogen atom of the amine group interacts with the at- 

tacking metal. In 38a the methyl group is directed away from 

the iron atom and the unsubstituted ring, in 38a', however, 

it strongly interferes with the ferrocene system. Therefore 

the product ratio of the diastereoisomers 39a and 39a' is 

96:4 in favour of 39a (115). Starting from the organometallic 

derivatives 38 a variety of groups may be introduced. As the 

asymmetric group —CH(CH3) (NMe2) can be transformed to achiral 

substituents, i.e. the vinyl group, the highly stereoselective 

lithiation of 37a represents a new synthesis of optically 

active ferrocene derivatives of known Conn gurati Onw (el. LAO), 

Tol, LOS) « 
These conclusions concerning the configuration were cor- 

roborated by an X-ray determination of the absolute configu- 

ration of 40a, the reaction product of 38a in scheme [14] 

with anisaldehyde (15,16). 
The assumption that no racemization takes place during 

reaction and work up of optically active ferrocene derivatives 

was the basis for the chemical correlation of their configu- 

rations and the assignment of minimum values for their optical 



320 Henri Brunner 

CH3 CH; 
/ 
C “ny, Gy \% H 

Fe Li--- NMez ——__> Fe R NMe, 

38a 39a 

| 96% 

CH; 

fe NMe> R = SiMe3, CH20H, C(CgHs)20H 

[a]p +14° 

37a 

4% 

wNMe wwNMe 

Fe sy | 
Fe Hass | NY N 5 

CH CH 

38a’ 39a’ 

Scheme [14] 

purities (151-153). The more surprising was the discovery of 

Slocum et al. that (+)-1,2-(a-ketotetramethylene) ferrocene 

(29a) vacemizes at 100°C in nitromethane in the presence of 

AliCiks (163). Afters 1 hour only halla oistner notation asm we tice 

Decomposition can be excluded as an explanation for the loss 

of optical activity. A racemization mechanism with cleavage 
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Me, 

ep ae 
“aC TH SS 

0 

C—O) och 

Fe H 

2D. 2 Lol -21 

40a 

a 

of the ring metal bond is suggested (163). Acids such as Fe- 

Cl3, BF3*OEt2, H3PO, or HClO, instead of A1C1l3 also catalyse 

the racemisation of optically active ferrocene derivatives 

(17). According to kinetic measurements, deuteration experi- 

ments and solvent variation this reaction is an intramolecu- 

lar process of first order (73). These investigations show 

that the scope for this new racemization is so limited that 

no corrections of the values hitherto obtained for optical pu- 

rity seem to be necessary. The same conclusions were drawn 

from an epimerization study of ketones similar to 29a, which 

in addition to the planar chirality contain a methyl phenyl 

substituted chiral carbon center in the six membered ring 

(2). The epimerization is thermodynamically controlled fa- 

vouring the isomers with the phenyl substituent in the exo 

position. In addition an unexpected change in configuration 

at the quaternary asymmetric carbon atom in the six membered 

ring was observed (2). 

Besides from the so called metallocene chirality optical 

activity of ferrocene derivatives may also arise from asym- 

metric carbon atoms in the functional groups. Because of the 

pronounced anchimeric effect of the metallocenyl substituent 

unexpected reactions at the carbon centres in the side chain 

of ferrocene derivatives may be encountered. Thus, whereas 

nucleophilic substitution normally is accompanied by race- 

misation or inversion depending on whether the reaction pro- 

ceeds by an S_1 or S.2 mechanism, retention stereochemistry 

was observed Bor nucleophilic substitution of a-substituted 

alkylferrocenes. The optically active ferrocenyl ethyl am- 

monium ion (41a), prepared by quaternization of the corre- 

sponding N,N-dimethyl-1-ferrocenyl ethyl amine (37a), reacts 

with NaN3, NH3 or NHMe» with complete retention of configura- 
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tion (83) (scheme [15]). 

® 
NMe3 

is 
Ci, 
\ 23 

Fe H 

X = N3, NHp, NMe» 

4ia 

-NMe3 

x 

@ ME Se 
ce 

coe 

~ rm "CH 
H aye 

Fe Fe H 

42a 43a 

Scheme [15] 

In this reaction NMe3 departs from the exo position of 

the conformation 41a away from the iron atom and the stable a- 

ferrocenyl carbonium ion 42a is formed. The nucleophile Ne 

attacks the carbonium ion from the outside with formation of 

43a before rotation around the bond between the ferrocene unit 

and the a-carbon atom occurs (83). Both enantiomers of N,N- 

dimethyl-1-ferrocenyl ethyl amine are easy to obtain (115,85) 

and represent a convenient starting material for the synthesis 

of O and N substituted optically active a-ferrocenyl compounds 

(83a,85). Extensive stereochemical investigations showed that 

most of the reactions similar to those in scheme [15] proceed 

with complete retention of configuration (83a,60,61,84,85,115, 

164,165,218,191,192,230). The optically active amine 37a was 

used in stereoselective peptide synthesis by four component 

condensations (81,83,84,113,114,173,174,242). 

The intermediates of scheme [15], the enantiomeric a- 

ferrocenyl methyl carbonium ions 42a and 42b, were observed 

on dissolution of the corresponding 1-ferrocenyl ethanols 44a 
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45 46 

and 44b in CF3COOH (scheme [16]) and their optical rotations 

could be determined. On standing racemization took place be- 

cause the two carbonium ions interconvert slowly by rotation 

around the exo-cyclic bond. In the temperature range 40-60°C 
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a first order process was established by polarimetric kinet- 

ics, the free energy barrier to rotation being 19.5 kcal/mole 

in accord with earlier spectroscopic results (171,172,192, 

230). The corresponding a-ruthenocenyl methyl carbonium ions 

are configurationally stable and do not racemize during sever- 

alpdayseatmyO2G (i772) = 

Retention of configuration was also observed in the sol- 

volysis of optically active 1-ferrocenyl-2-propyl tosylate 

(45) with the asymmetric centre in the B-position with respect 

to the ferrocene system (126). Optically active 1-ferrocenyl- 

2-amino-propane with an asymmetric centre in the f-position of 

the side chain was prepared (231). Its optical purity could 

be determined by NMR spectroscopy (232). High stereoselectiv— 

ity induced by an asymmetric centre in the Y-position of the 

side chain was also found in the homoannular cyclization re- 

action of ad-phenyl-y-ferrocenyl-butyric acid (46) with tri- 

fluoroacetic acid anhydride (75a,1). See also refs. 203,219, 

243. 

2.  Diene Complexes 

If a substituent is introduced into the diene part of a 

diene tricarbonyliron complex (47) geometrical isomerism a- 

rises because it may be bonded to one of the inner carbon 

atoms 2,3 or to one of the outer carbon atoms 1,4 of the cis— 

diene moiety. Substitution at the carbon atoms 1 or 4 gives 

rise to cis-trans isomerism. Each of these geometrical iso- 

mers occurs in enantiomeric pairs. Whereas two different sub- 

stituents in the same ring are necessary to cause metallocene 

chirality, in diene-Fe(CO) 3 compounds one substituent is suf- 

ficient to generate chiral forms. 

2 3 
vy CO 

1 ac : 

CO 

47 

Much work in the field of diene-Fe(CO) 3 complexes has 
been carried out with diastereoisomerically related paLleswor 
enantiomers but only few diene-Fe(CO) 3 complexes have been 
obtained in optically active form up to now: Acids of type 
48a were resolved by formation of salts with brucine and a- 
phenethylamine and ketones of type 49a were isolated from the 
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reaction of the acid chlorides of the optically active acids 
48 with Cd(CH3)2 (122-124). 

fh am Neca sree R=H, CH; 
Fe Fe 

(CO)3 (CO); 

48a 49a 

The configurations of the optically active diene-Fe (CO) 3 

complexes 48 and 49 and similar compounds were correlated by 

use of the lowest e1 energy transition at 390 mu of,the CD spec- 

tra which was assigned to a dissymmetrically Sa d-d 

transition of the metal atom (122,124). 

Exo-attack of nucleophiles on the carbon atoms 2 and 6 of 

the dienyl tricarbonyliron cation 50, normally leading 

ap 2 NH>CH(CH3)(C,Hs) ray is 

50 [17] 

H3C [’ \ H + [NH3CH(CH3)(C,Hs) } 

CH(CH,) NHCH(CH,)(C, H.) 

Fe 
(CO); 

[alss9 -203° 

5ia 

to enantiomeric pairs of substituted diene-Fe (CO) 3 complexes, 

in the case of the optically active nucleophile a-phenethyl- 

amine results in the formation of two diastereoisomers which 

could be separated by column chromatography (107,109). The 



326 Henri Brunner 

product of exo-addition to Co, 5la, is shown in equation [17]. 

An X-ray analysis of (-)-2-(a-phenethylamine) -cis,trans-hepta- 

3,5-dienyl tricarbonyliron (51a) revealed that the two inde- 

pendent chiral centres Co and C3 formed in reaction [17] have 

the same R-configuration (107,108). 

Whereas optically active ferrocene derivatives are con- 

figurationally stable in the absence of acids (163,17,73,2), 

the optically active diene-Fe(CO) 3 complexes 52a and 53a 

racemize above 100°C according to first order kinetics. 

reey Ba Neer H3COOC is \ 
Fe Fe \ COOCH 

(CO); (CO), 

52a 53a 

The rate of the racemization of 53a was found to be 2.6 

times faster than the rate of Fe(CO)3 shift from the 1,3- to 

the 3,5-position in the hexatriene system. This was explained 

by the Pechanisn shown in scheme [18] (182). 

From the n *_diene-Fe (CO) 3 complexes 54a and 54b n ? _diene- 

SN +N t= 
Fe f 
(CO); (CO), (CO), 

54a aS 56 

R AR B i Ys = NGA = SF} 
(CO), 

Fe Fe 
(CO), (CO); 

54b 58 57 
Scheme [18] 
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Fe(CO)3 intermediates 55 and 58 are formed reversibly (steps 

A). Rotation about all single bonds not involved in bonding 

to the Fe(CO)3 moiety is possible (steps B). The processes 

A and B account for the shift of the Fe(CO)3 group in unsat- 

urated systems but do not change the configuration. Racemi- 

zation is only brought about by the shift of the Fe(CO) 3 

group in a dihapto complex to a trans double bond (step C) 

(182). These investigations were extended to octatetraene 

complexes with one (182) or two (112) Fe(CO)3 groups. 

The ferracyclopentadiene derivatives 59 were resolved 

through the menthoxy acetate (R = CoHs) or the camphor sulfo- 

nate methyl ether (R = t-CyH9) (42). The optically active 

forms 59a and 59b obtained by alkaline hydrolysis of the sep- 

arated diastereoisomers racemize at elevated temperatures by 

an intramolecular interchange of roles of the two Fe(CO) 3 

groups. The optically active ferracyclopentadiene derivatives 

59a and 59b are included in this section because in the tran- 

sition state 60 of their racemization [19] a diene system 

symmetrically bonded between the two Fe(CO)3 groups is postu- 

lated (42,148). 

R 

\\ox 

(CO)sFe=<|-— Fe(CO)3 

HO 

60 

HO R R OH 

(CO).Fe Fe(CO) 
) ’ a Se 6). 3 

(CO)3Fe OH HO Fe(CO)3 

59a 59b 

Cyclobutadiene complexes containing non-identical substi- 

tuents in adjacent positions on the four membered ring are 

chiral. The first optical resolutions of 1,2-disubstituted 

cyclobutadiene derivatives were carried out with 1-methyl-2- 

(dimethylaminomethyl) cyclobutadiene tricarbonyliron. 6la 

was obtained in 30-40% optical purity by 2 fractional crys- 

tallizations of its (+)-camphor-10-sulfonate (86). The re- 

solved complex showed less than 5% decrease Of Oper cal rouas 
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tion on being heated at 120°C for 48 hours (86). Thus epiEt— 

cally active cyclobutadiene complexes are much more configu- 

rationally stable than butadiene complexes. This was ex- 

plained by assuming that the cyclobutadiene ligand must become 

completely detached from the metal for a racemization to oc-— 

cur, whereas the butadiene complex requires the decomplexation 

of only one bond in the racemization process (86,182). 

CH3 

CH»NMe, 

Fe(CO)3 

Lals7s WSS 

6la 

The (-)-1-acetyl-2-carboxy-cyclobutadiene derivative 62a 

was. prepared by resolution with quinine in at least 99% opti- 

Cal “purty (156,157), Ltesyopticall rotakion  isestsonglyssol— 

vent dependent... 62a is reduced with BoH¢g/BF3 to the optically 

active 1-ethyl-2-methyl-cyclobutadiene tricarbonyliron (63a), 

which is configurationally stable up to 200°C (156,157) 

(scheme [20]). The ring metal bond in 63a was cleaved with 

Ce" Gnethe presence of the dienophiles dimethyl maleate, 

maleic anhydride or tetracyanoethylene. The formation of com- 

pletely racemic Diels-Alder adducts demonstrates the interme- 

diacy of free cyclobutadiene in these reactions (156,217,235). 

On the other hand oxidative degradation of 63a to an optically 

active cyclobutene shows, that this process involves the cy- 

clobutadiene system still attached to the metal atom (234). 

O 
ZA oe CHs—0Hs 

CH, 

COOH | CH, 

Fe(C0)3 Fe(CO)3 

[a]%4— -102° [al43 -20.5° 

ee 63a 

Scheme [20] 
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3. Allyl Complexes 

Three geometrical isomers are possible for monosubsti- 
tuted T-allyl complexes depending on whether the substituent 
is bonded to the middle carbon atom C2 or either syn or anti 
to the terminal carbon atoms C; and C3. Whereas the first 

type of substitution leads to achiral compounds the terminally 

substituted derivatives should occur in enantiomeric pairs. 

anti 

64 

Optical activity arising from T-complexed substituted 

allylic systems has been demonstrated for Pd compounds (47). 

It should also be observable in suitably substituted allylic 

complexes of iron, but no examples are known up to date. 

4. Mono-olefin Complexes 

The optical activity of olefin metal complexes arises 

from the metal olefin moiety, if the olefin is either chiral 

(39) or prochiral (120,91). Chiral olefins contain at least 

one element of chirality, mostly chiral centres; they are 

characterized by diastereotopic faces. Prochiral olefins do 

not contain symmetry planes perpendicular to the plane of the 

olefin (128,131); they are characterized by enantiotopic 

faces. 

The subject of optically active olefin metal complexes 

has been reviewed recently (127,92). The metals Pt and Pd, 

which form stable complexes with a variety of olefins (92) 

have been extensively studied. Resolution is achieved by in- 

troducing an optically active ligand L, preferentially (+)- 

or (-)-H2NCH(CH3) (Cg6Hs5) into cis or trans platinum(II)-halide 

complexes with suitable olefins (127). After separation of 

the diastereoisomers they can be converted into enantiomeric 

complexes by substitution of the optically active ligand L by 

an achiral ligand L' or the olefins can be split off from the 

complexes (127). Thus cyclic olefins like cyclooctene (45, 

46), cyclononene (44), and cyclodecene (44) were resolved. 

Most of the optically active olefin complexes epimerize 

or racemize in solution, especially in the presence of ole- 
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fins. This process occurs by dissociation of the metal-ole- 

fin bond; excess olefin leads to rapid exchange (128,131,132). 

With the absolute configuration of platinum-olefin com- 

plexes established by X-ray analyses (18,133), the CD spectra 

can be used for the determination of the absolute configura- 

tion. The sign of the first d-d transition in the CD spectra 

was correlated to the absolute configuration (48,187,159). 

Whereas Pt and Pd form many complexes with ethylene and 

its alkyl and aryl derivatives, Fe favours bonding to acti- 

vated olefins carrying electronegative substituents (92). 

The first mono-olefin Fe(CO)4 complex prepared in opti- 

cally active form was fumaric acid Fe(CO), (130). The reso- 

lution was accomplished via fractional crystallization of the 

mono brucine salt. Cleavage with HCl yielded the enantiomeric 

complexes (-)- and (+)-fumaric acid Fe(CO), 65a and 65b (130). 

ro) sy) BS ta 

nN (@) 

eee SLID 

fey 

=e 

Oo (eo) 

In the same way the resolution of acrylic acid Fe(CO), 

was carried out (129). As was to be expected maleic acid Fe- 

(CO)4y, the olefinic ligand of which contains a plane of sym- 
metry perpendicular to the plane of the olefin, could not be 
resolved (130). 

The crystal structure of (-)-fumaric acid Fe(CO), (65a) 
was determined by an X-ray analysis (49,134). The configura- 
tion around the iron atom is nearly trigonal bipyramidal the 
olefin being an equatorial substituent. Three different types 
of molecules occur in the crystal lattice in two of which the 
C=C axis is inclined to the equatorial plane. The 4 carbon 
atoms of the olefin ligand are not coplanar. The absolute 
configuration of (-)-fumaric acid Fe(CO), is R,R (29127) m 
The absolute configuration of (+)-acrylic acid Fe(CO), is S$ at 
the unique asymmetric carbon atom (122-124). The magnitude of 
the circular dichroism in the 350 mu transition of (+) -acrylic 
acid Fe(CO),, containing one asymmetric carbon atom, is about 
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half the value of (-)-fumaric acid Fe(CO),4, containing two 

asymmetric carbon atoms. Therefore it is inferred that each 

asymmetric carbon atom contributes by the same amount to the 

optical activity of these compounds (122-124). 

5. Alkyl Complexes and Related Compounds 

The stereochemical changes accompanying the formation, 

modification, and cleavage of iron alkyl bonds has been dis- 

cussed in section II.A. as far as the asymmetric iron atom is 

concerned. The stereochemistry of these reactions with re- 

spect to the carbon atoms of the side chain is described in 

the following paragraphs. 

eo en A oi 
[CoHsFe(CO).] + rg ako SLs SS vy L-Fe \ ports 

H DCS a meee Ce 
S Ve Ny 

CO 

laly +9° [aly -14° 
66 

B | P(CgHs)3 

_O2Hs Cla/H0 
HOOC—C—CH, 

N ¢ 
H 

lalp -2° 

Scheme [21] 

The optically active complex (-)-CsHsFe (CO) 2CH(CH3) (C2- 
Hs) (66) was prepared by the reaction of Na[CsHsFe(CO)2] with 

D-(+)-2-bromobutane (step A, scheme [21]) (102). The attack 
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of a transition metal nucleophile on an alkyl halide leading 

to displacement of the halide ion occurs with inversion of 

configuration at the carbon atom (180,181,19,125) as inferred 

from scheme [21] by assuming retention stereochemistry for the 
carbonylation step B and the cleavage step C (102). For elec- 

trophilic cleavage of Fe-C O0-bonds similar to that in step C 

both retention and inversion of configuration at the a-C-atom 

have been encountered (102,19,9,236,210). 

As in the carbonylation step B of scheme [21] high stere- 
ospecificity at the chiral carbon atom has also been found in 

the decarbonylation of the acyl compound 68 (3). This is in 

accord with the findings that alkyl migration during carbonyl 

insertion proceeds with retention of configuration (184,40, 

180719). 

X = CO-CHICH3)(CgHs) 68 [al]sig -64° 

X = CHICH3)(CgHs) 69 [alice +78° 

X's SO;CHICHSI(CeHs) ~ f7o. lal2u, -le62 

X = SiMePhNp 71, lod, ness 

Similar to the reactions shown in scheme [21] the nucleo- 
philic substitution in the first step of the ketone synthesis 
of scheme [22] occurs with inversion at the chiral carbon atom 
of S-(+)-2-octyl tosylate, whereas the carbonyl insertion 
takes place with retention of configuration (43). 

The SOz insertion was studied with (+) -Cs5HsFe (CO) 2CH(CH3) - 
(C6Hs) (69). In the sulfonation reaction (-—) -CsHs5Fe (CO) »SOo- 
CH(CH3) (CgHs) (70) was obtained with slightly differing opti- 
cal rotations depending on the reaction conditions, indicating 
high stereospecificity with respect to the a-carbon atom of 
thewalky leGroumm (or 

The stereochemistry at the a-carbon atom during carbonyl- 
ation and sulphur dioxide insertion was demonstrated unambig- 
uously by an elegant piece of work using deuterated threo- 
erythro isomers of the type CsHsFe (CO) »CHDCHDCMe3. From the 
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sec-CoH, 5OTs 7 
Na. F oe ES , a, e(CO), as [CH {CFe (CO), | 

lal? +8° ae 

3 

T 
CHC CoH 5 

lal = lee 

Scheme [22] 

NMR analysis of the corresponding reaction products the stere- 

ochemistry with regard to the Q-carbon atom of the alkyl group 

of reactions at the Fe-C bond can be inferred (180,181,19,20). 

It could be shown that the carbonylation step proceeds with 

retention of configuration, whereas the SO2o insertion occurs 

with inversion of configuration at the a-carbon atom. 

As far as the SO2 insertion is concerned the following 

suggestions for the mechanism can be made: Back side attack 

of SOz on the a-carbon atom of the alkyl group with inversion 

of configuration at the Q-carbon atom affords an ion pair M - 

RSO2 from which the O and S bonded products MSOeR are formed 

with retention of configuration at the metal atom (185,79,19). 

In an extension of this mechanism an epimerization at the a- 

carbon atom of CsHsFe(CO) [P(C¢6Hs) 3 ]CH(C6Hs)Si(CH3) 3 in liquid 
SO2 was reported (239,240). 

The preparation of the optically active cyclopentadienyl 

dicarbonyliron derivatives 17 and 18 and their transformations 

have been mentioned in section II.A. (142). Also, optically 

active iron complexes like 71 containing an asymmetric silicon 

atom were synthesized and used to study the cleavage of the 

Fe-Si bond with respect to the stereochemistry at silicon (50, 

197-201). 
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I. INTRODUCTION 

This chapter is a summary of the preparation, properties 
and reactions of compounds which contain an iron-carbon o- 
bond. The emphasis is on preparative routes and reaction 
pathways common to a range of compounds although many individ- 
ual variations occur. 

For the purposes of this chapter an iron-carbon o-bond is 
assumed to involve overlap between a filled sp° or sp° orbital 
On carbon and a suitable vacant orbital on the metal, metal- 
to-carbon T-bonding making at the most a very minor contribu- 
tion. Thus, the complexes R-ML, and R-CO-ML, (R = alkyl, 
aryl, alkenyl, benzyl, allyl and propargyl; ML = iron-ancil- 
lary ligand combination) and their fluorocarbon analogues are 

included but metal carbonyls, nitriles, iso-nitriles and ace- 

tylides are not. Also excluded are the, mainly heterocyclic, 

iron-carbon compounds obtained from reactions between iron 

complexes and acetylenes. These have been reviewed elsewhere 

(23). There are several excellent reviews which include as- 

pects of the chemistry of iron-carbon o-bonds (35,75,107,113, 

134,158); 

Simple iron alkyls of the type RoFe or R3Fe are unknown 

and only a few aryls AroFe (Ar = p-NH2-CeHy, Ph-CH2, p-Me- 

CeHy, and p-MeO-CeHy) have been reported (123). The rarity of 

such compounds has been attributed to the intrinsic weakness 

of O-bonds between transition metals and carbon (37,38,54,84). 

However, what evidence there is points to comparable strengths 

for transition metal-carbon and main-group metal-carbon bonds 

(25,55,126). Recently, it has been suggested that the appar- 

ent instability of transition metal-carbon O-bonds relative to 

their main-group metal analogues is an increased lability due 

to the availability of lower activation energy pathways for 

decomposition; that is, the instability is kinetic rather than 

thermodynamic (25,126). The implication is that it is the a- 

vailability of non-bonding d-orbitals which in some way con- 

tributes to the lower activation energies and any means where- 

by these orbitals can be made less accessible for reaction is 

likely to decrease the lability of the metal-carbon bond (37). 

Qualitative observations on the stabilizing effect on the 

metal-carbon bond of ancillary ligands such as Ne -Cee(= Cp); 

CO, and Ph3P support this view. Although the precise role of 

such ligands is not fully understood; nor are the quantitative 

data available which are necessary to distinguish between the 

various possibilities. Optimistically, if iron-carbon o-bonds 

are thermodynamically stable, then it is to be anticipated 

that the range of compounds containing such bonds will be ex- 

tended as the ability of new ancillary ligands to increase 

their kinetic stability is investigated. 
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II. PREPARATION OF IRON-CARBON O-BONDS 

A REACTIONS OF METALATE ANIONS WITH RX 

The most widely used routes to iron-carbon O-bonds are 

NaFe(CO),Cp + RX ===> RFe(CO),Cp 

iT] 
NaFe(CO),Cp RCO. RCOFe(CO),Cp 

A very wide range of R-X and R-CO-X has been used (35,61,106, 

LOY ,LOG,, Mild, dS) 5 

The [CpFe(CO)»] ion is a powerful nucleophile (60), for 

example it displaces fluoride ion from Ces (109) and from 

CoFy (98) neither of which react with weaker nucleophiles such 

as [Mn(co)s5] and [CpMo(Cco)3] . In addition, the T-bonding 

ancillary ligands CO and Cp stabilize the Fe-C bond in the 

R-Fe(CO)2Cp complexes. Bimolecular nucleophilic substitution 

reactions of the type represented by eq. [1] are expected to 

proceed with inversion of the configuration at the carbon 

atom. However, the formation of threo-Me3C-CHD-CHD-Fe (CO) 2Cp 

from erythro-Me3C-CHD-CHD-SO2-CgHyBr and NaFe(CO)2Cp provided 

the first direct evidence of such an inversion (165). Despite 

the high nucleophilicity of the [CpFe(CO)2] ion it reacts 

sluggishly if at all with aryl or vinyl halides. The much 

greater reactivity of aroyl- and alkenoyl-halides allows good 

yields of the corresponding iron complexes to be obtained, 

eng. (LOS /i13))7 

PhCOCI + NaFe(CO),Cp ===> PhC OF e(CO)Cp 

[2] 
CH,=CHCOCI + NaFe(CO),Cp ——> CH,=CHCOFe(CO),Cp 

Photolytic decarbonylation of these complexes provides a con- 

venient route to the aryl and vinyl compounds (108,113). Al- 

ternatively, the aryl complexes may be obtained via the power- 

ful arylating agents diphenyliodonium iodide (36), aryldiazo- 

nium chlorides (128), or triphenylsulphonium tetrafluoroborate 

(128). 

Substitution of cyano groups for the vinyl hydrogen atoms 

in vinyl halides causes a substantial increase in the reac- 

tivity of the carbon halogen bond (eq. [3]). 

The [CpFe(CO)2] anion is sufficiently nucleophilic to dis- 

place both halogens from the 2,2-dicyanovinyldihalides forming 

as chief products analogues of the well known dimer Cpo2Fe2- 

(CO)y with a bridging CO group replaced by the :C=C(CN)» or 

,€(CN)oygroup (1/14). 5 Thesterminalsco frequencies in CpoFeo- 

(CO) 3[C=C(CN)2] are about 30 cm ! higher than those in CpoFe2- 
(CO), indicating that the dicyanovinylidine ligand is a better 
i\>aeGeptor chan Coy (74m 
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(CN),C =CHCI 
2 

(CN),C=CH -Fe(CO),Cp 

r (CN) ,C=CCl, 
[CpFe(CO),| CppFe,(CO)4IC=C(CN),| [3] 

CpyFeo(CO),IC(CN)9] + CpFe(CO),CH(CN), 

The nature of the products from reactions between the 

[CpFe(CO)2] ion and organic halides of the type X-CH2-CH2-Cl 

depend on the nature of X (113). When X = NMe» the cyclic 

acyl complex Me2N-CH2-CH2-CO-Fe(CO)Cp is formed by spontaneous 

Carbon monoxide insertion into the M-C bond of an intermedi- 

ate $-dimethylaminoethyliron complex. When X = SMe an analo- 

gous intermediate, MeS-CH2-CH2-Fe(CO)2Cp can be isolated. 

Irradiation of this intermediate affords a low yield of the 

acyl complex MeS-CH»-CH»-CO-Fe(CO)Cp but the major photolysis 

product is MeS-Fe(CO)2Cp which arises via olefin elimination. 

It seems that the product from the reaction between prop- 

2-ynyl bromide and the [cpFe (Co) 2] anion is the o-allenyl 

complex CH)=C=CH-Fe(CO)2Cp rather than either the o-prop-1- 

ynyl- (100) or the O-prop-2-ynyl compound (6). The 1H-NMR 

dace rOrmeieucompllescn (Gl woe ls OCH EO. Os my—CHion, (0,10) 

6.5 Hz) are characteristic of a O-allenyl structure (97). 

Carbanion intermediates have been invoked to account for 

the outcome of the reaction between the [CpFe(CO)2]} anion and 

the alkynes €Fs=C=CH and.CF3—C-C-Ci'3, e.g. (29,73) eq. (41. 

CF,-CSCH + NaFe(CO),Cp ——> Na I[CF,-C=CH-Fe(CO).Cpl_ 

es CF Fe(CO),Cp 
Hoe 3 = 2 

+ C=C 
-Na LE NS 

H H [4] 

CF,-C=C-CF, + NaFe(CO),Cp —~> 
3 3 2 CF 

a ae “Fy 

—> Na [CF,- € =C(CF,) - Fe(CO) Cpl eons CF,=C=C - Fe(CO).Cp 

Several reaction pathways have been distinguished for 

reactions between carbonylmetalate anions and polyfluoroaro- 

matic compounds (28). The products of these reactions were 

characterized by 195_NMR spectroscopy (30), they depend on the 

nature and positions of groups other than fluorine on the aro- 

Matuc Ging (Figure 1). 5 

Polarographic measurements show the [Fe (co), ]* ion to be 
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F F 
F X 2 F X 

a 

a Fulalitea 2 ot 
F F 

X= H, Cl, Br, I, CN, COZEt, CF3, CH=CHz, CH2Br, SMe, SPh. 

F F F 
F I F I = I 

M> -ocMI 

3 I F Mii ee F H 
F F F 
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F M 
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F. CO, Et ve M CO2Et 

————————— 

F CO2 Et F COzEt M= © Fe(CO)2 

iF F 

Fig. 1: The influence of substituents on the reactions between 
NaFe(CO)2Cp and polyfluoroaromatic compounds (ref. 28). 
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less nucleophilic than the [CpFe(CO)>] ion by a factor of ca. 
10’. Nevertheless it is sufficiently nucleophilic to react 
with alkyl halides and tosylates. The reaction can be viewed 
as an oxidative addition of R-X to the d!° saturated carbonyl 
anion or as an S_2 displacement at carbon (47). The primary 
intermediate [R—Me (co) | may be in equilibrium with the un- 
Saturated acyl derivative [R-CO-Fe(CO)3;] . Addition of tri- 
phenylphosphine and subsequent acidification of the reaction 

mixture produced the aldehydes R-CHO in 80-90 % yield (51). 

The proposed acyl intermediates have been isolated as their 

bis (triphenylphosphine)iminium salts (145). 

Oxidation of the reaction mixture from R-X and NapFe(CO),4 

produces carboxylic acids and acid derivatives. Oxidation 

either induces alkyl migration (see also section IV.D.) or 

traps the intermediate acyl derivative (48). 

Very large differences in the rates of reaction of NagFe- 

(CO), and functional groups, e.g. Br reacts 10° times faster 

than Cl in R-X, should permit the selective reaction of multi- 

functional compounds. This coupled with the probable high 

stereospecificity of the reactions (see also section IV.D.) 

promises to make them very valuable in organic syntheses. 

Other examples of the formation of iron-carbon oO-bonds 

via reactions of NazFe(CO), include the preparation of the 

first iron-formyl complex (49) and the formation of bis (per- 

fluoroalkyl) compounds via CO elimination from the correspond- 

ing acyl complexes (104,105). Attempts to prepare (CF3) 2Fe- 

(CO), by this technique have been unsuccessful, although it 

has been made using (CF3-CO)20 (107). 

There is only one example to date of an iron-metalate 

anion which does not have carbonyl groups as ancillary li- 

gands. This is the [Fe(salen)] ion produced by reduction of 

NN'-ethylenebis(salicylideneiminato) iron(II), Fe(salen), with 

metallic sodium (66). Le reacts with benzyl chloride to yield 

the stable high-spin O-benzyl(salen)iron(III) complex is The 

Square pyramidal structure was suggested by analogy with the 

[Fe(salen) ]Cl monomer which has similar magnetic properties 

Ope 

The great majority of O-organoiron complexes are dia- 

magnetic. Rapid reaction occurred between the [Fe(salen) ] 
ion and acetyl chloride or methyl iodide but neither the 

acetyl nor the methyl complex could be isolated (68); it is 

likely that a modification of the isolation technique will 

render these complexes accessible. 

B. REACTIONS OF ORGANOMETALLIC REAGENTS WITH IRON SALTS 

The reaction of an iron-X compound where X is a halide or 

similar leaving group with an organometallic reagent led to 
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the first successful isolation of a stable O-organoiron com-—- 

plex, e.g: (136) eqealots 

CpFe(CO),Cl + RMgX ——> CpFe(CO),R + MgXCl [5] 

R= Me, Et, n-Pr, Ph 

Other examples of this method, which has not been widely used 

in organoiron chemistry, are shown in eqs. [6] to [10]. 

FeCl. * 2haCp.. ———> | (n- GH.) FeCiInI HE) a 2o4) meek 
3 552 

Fe(CO), l, + CAF Li —_ C.F sFe(CO), | (157) eral 

Felacod)s ibaR Al: ti ph aymmeiie etek. (24,169) [8] 
R= Me, Et; LL = bipy, o-phen > 

(EtjPhP) FeCl, + C.Cl;MgCl ——> (Et,PhP) aFe(C Cl.) (39) [9] 

H, H Ho H 
Mean C= CamanMe Vee Ca arte 
Nn vi We NE Se 

vie SS 
He PAS ee CHp 

a eo . Eres [10] 

2 

Several iron complexes have been made by both methods 
Iit.A and II.B. The former method is to be preferred as it 
usually gives higher yields of the alkyl complex. 

pre Clones: 
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The formation of reactive organoiron species is indicated 
by the colour changes which accompany the addition of iron 
halides to solutions of organometallic reagents. A deep-red 
colour develops when a solution of 1,2,3,4-tetrachlorobuta- 
dienyllithium in THF is mixed with a solution of FeCl3 in the 
Same solvent at -110°C. The red solutions are stable below 
-80°C; they exhibit characteristic coupling reactions which 

contrast with those of the lithium reagent, e.g. (115) eq. 

elit 

CHCI I (1) FeCl, 
—D cho > =~ CHCI=CCI-¢ Ccl=ccl4, ccl=cHer 

[11] 
| a SCHON echicl=cci-cel=ccl-ch- ph 

CCILi OH 

The formation of Arj2Fe*THF (Ar = Ph, Mesityl) in the re- 

action of FeCl» with the appropriate Grignard reagent has been 

claimed but the complexes were not isolated (163). Cross 

coupling reactions exhibited by solutions containing Fel 9 and 

CH3Li in the molar ratio 1:3 (53) are analogous to those of 

anionic manganese and copper alkyls (52) (eq. [12]) and are 

RaMnLi + R’'X ——> R-R’ Be] 

believed to indicate the formation of the unstable trimethyl- 

LEO (Gil) Om. 

C. INSERTION REACTIONS 

The formation of iron-carbon O-bonds by an insertion re- 

action usually involves either acyl complex formation via CO 

insertion into an existing iron-carbon bond or insertion of 

some carbon-containing species into an Fe-H or Fe-C bond. In- 

sertion reactions of Fe-C o0-bonds are discussed in Section IV. 

The name "insertion reaction" refers to a general class of re- 

actions (eq. [13]). It carries no mechanistic implication and 

LMX + n¥Y ——> LM(Y)X 13] 

merely serves to describe the outcome of the reaction. Some 

insertion reactions leading to Fe-C o-bonds are shown in 

Figure 2. The stereochemistries of the products from CF3- 

C=CH were established by 1y- and !°F-NMR spectroscopy (Section 

Teas AC 2 ie 

Bis(1,1,2,2-tetrafluoroethyl) tetracarbonyliron(II) has 

been prepared by a double-insertion reaction between H2Fe(CO),y 

and tetrafluoroethylene. The cis-configuration predicted on 
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the basis of the four carbonyl stretches in the IR spectrum of 

the compound was confirmed by an X-ray crystallographic study 

which showed it to have the structure 3 (40). 

CN 

(CO), ae (CO)2Fe-CH,-CH=CH-CH, 

CH; 

(5) CHj=CH-CN rcs EL 
ry 

(CO)2Fe —C 
NN 
Dow 

comes (major product) 
—C=CH 

(6) (C0), fe) ee ee : 
(88) 

i 
(CO)zFe—C 

‘i 
CoF;, (158) tr 

(minor product 

( t-C,Hg]-N=C=0 

0 
| 

(CO),Fe—C-NH-(t -C,Hg) 
(minor product) 

+ 

Cp2Fe2(CO)3(t -C,HgNC) 

(major product) 

Fig. 2: Insertion reactions of CpFe(CO) 2H. 

Negra al girl ae Ll ae F 

F C 4 
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D. REACTIONS AT CARBON-BONDED LIGANDS 

The overall electron drift to the metal from co-ordinated 

molecules such as CO and olefins enhances their reactivity to- 

wards nucleophilic reagents; reactivity is even greater if 

additionally the complex carries a formal positive charge 

(117,127). The utilization of nucleophilic attack at co-ordi- 

nated carbon for the formation of iron-carbon O-bonds has been 

confined to cationic complexes of the type [CpFeL.L'] x , 

ergs (32)7eq0s. Lia]tcor ire]. 

+ = 

\Cp Fe(CO).] + CHO —— > CpFfe-C- OCH. (32) [14] 

[CpFe(CO)_)° + H-NRR’ ——> CpFe -C - NRR’ 
CO), tl 

R, R’ =H, Me, Et, i-Pr, n-Bu, +CH,+, =o Gabor 
2 2°35 

(go), (te) 

+ - 

[CpFel,(CoH,)] te (Rl ee CoHaFe LCp 

L=CO (78), P(OPh), (85) [16] 

+ 

[Gp Fetrror +R —> mS} Fel Porm (e5)um( inl 

[CpFe(CO)(CNMe) 5)” + NaBH, ——> Cpfel(CHCNMe),BH,] 
| 
co 

(162) [18] 

+ 

When the reaction of the [cpFe (CO) 3] cation with amines 

was extended to include hydrazine and some alkylhydrazines (4) 

the unstable carbonyl complexes 

0) Rote oft eR CHy eH? eH 

i UR R’ = H CH; CH3 H 
(CO))Fe-C—N=N 

Oe ane: atin ai 

were obtained; those with R = H liberated ammonia to form the 

corresponding isocyanate complex CpFe (CO) 2NCO. 

At least four reaction pathways are possible in the reac- 

tion between pentafluorophenyllithium and the ions [CpFe(CO)- 

ie | G= iw =" CO;) Le=" CO, LY = CNMe and L = L' = CNMe) viz. 

attack of the Cera ion, at the metal atom, at co-ordinated 

carbon or at the Cp ring and reduction of the cation to the 

dinuclear [CpFe(CO)2]2 (160,161). The first three possibili- 

ties are illustrated for the [CpFe(CO)»CNMe] ion in Figure 3. 
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@ 
“Ba lmecten 

hers 

+ CeFeli (CO), Soliaa aa 
(CO), Fe(CNMe) 

am 
PFe CeFs 

H 

| 
(CO)2 Fe(CN Me) 

F A Fig. 3: Reactions of [CpFe(CO)2CNMe] with Celis Zerae louie 

The exo configuration of the CeFs substituent in the cyclopen- 
tadiene ligand was established by the absence of the charac- 
teristic exo C-H stretching frequency. 

Ch CH, 
H* Cc” a: 

c CH, H’ *H 

Li3] 

; CH, CH H is S'S ‘te0l, red CH, + (COl,Fe—CH,—C-H 
| 

The very great difference in reactivity of the butyl com- 
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plexes formed by H attack on the butene cation [CpFe (CO) 2- 
(Me2C=CH2)] has been exploited in the preparation of the 
tert-butyl complex. Treatment of the mixture of isomers with 

gaseous HCl selectively destroyed the iso-butyl complex (71) 

(equ, POIs 

E. OXIDATIVE ADDITION REACTIONS 

The term "oxidative addition" has come to be used to de- 

scribe a rather widespread class of reactions in which both 

the oxidation number and co-ordination number of the metal 

atom increase (87). Such reactions are most common for ce 

ae and d'° metal complexes and in the case of iron will 

therefore be most likely for the d® zerovalent-metal com- 

plexes, especially the carbonyls. 

Pentacarbonyliron undergoes an oxidative addition reac- 

tion with perfluoroalkyl) iodides (104,122) (eq. [20]). 

50°C 
RI + Fe(CO), —_—_> R, Fe(CO), | 

R, Fe(CO), | 7st, [R, Fe(CO), Il, [20] 

Re = Core ” n-C,H, 

The low reaction temperatures contrast with those 

(approx. 200°C) normally required for reactions of perfluoro- 

alkyl iodides. Since infrared absorption bands characteristic 

of bridging carbonyl. groups are absent from the spectra of the 

dinuclear complexes, dimerization most probably occurs via 

iron-iodine-iron bridges (104). 

The addition of HX (xX = Cl, Br, 1) to mono-olefin com= 

plexes of iron is a potential oxidative addition route to 0O- 

alkyliron complexes. Mono-olefin complexes are usually de- 

stroyed by HCl affording alkane and Fe* ion (116,144), but 

the use of an olefin containing a suitably-sited additional 

donor group, e.g. the PhyP group in O-Ph2P-CgH,-CH=CH2, allows 

the isolation of the corresponding alkyl complex 4 (16). 

(@) 
C 

MeCH x N Fe 

2 NAS Sy | 
OC | Co C 

CO 0 
4 Ss 

The co-ordination of the N=N double bond may be an ini- 
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tial step in the formal oxidative addition reaction between 

Fe(CO)s5 and azobenzene which yields a mixture of complexes in- 

eludance sails). 

An intramolecular (oxidative addition)-(elimination) re- 

action is believed to occur when the n*-ethylene complex 

(n?-C2H, ) Fe (aiphos) 2 is exposed to UV irradiation. The reac- 

tion product exhibits a multiplet ‘H-NMR signal centered on 

tT 24.2 in addition to signals due to aromatic hydrogens; it 

has an IR absorption at 1893 cm ! attributable to a metal- 

hydrogen stretching vibration. On the basis of this evidence 

structure 6 was proposed (89). Although such metal-ligand hy- 

drogen transfers are of interest in connection with studies of 

Ph oe 

aye 
Ph2P—»Fe 

Pho Ct 
Ph 
6 

PhyPAPPh, = PhpP-CHy-CH;P Ph, 

metal-catalysed hydrogen-deuterium exchange reactions in aro- 

matic compounds (135), they appear to be of little synthetic 

value in organoiron chemistry. 

Interesting but as yet little exploited zerovalent iron 

candidates for oxidative addition reactions are (bipy) 2Fe(0O) 

and (diphos) »Fe(O) produced according to eqs. [21] and [22]. 
. A 

(bipy) ,FeEt, — (bipy)Fe(O) (169) [21 ] 

Fe(acac),, + diphos + AlMe., oo (diphos).Fe(O) (24) [22] 

The diphos complex reacts readily with molecules such as 

CO, H2, SO2, and acetylenes thus establishing its tendency to 

undergo oxidative addition reactions. Preliminary studies of 

its reactions with organic halides indicate it to be a fruit- 

ful source of organoiron complexes (24). 

F, MISCELLANEOUS REACTIONS 

The solvent was established as the source of the unique 

hydrogen of the product from the reaction [23]. When d,g- 

(CF,1,CNy + [CpFe(CO)j], —> (CF3),CH—Fe(COl,Cp 122) 
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tetrahydrofuran was used as solvent the product was (CF3)2- 
CD=Fe(CO)2Cp (50). 

A transfer of aryl groups from mercury to iron is report- 
ed to occur in the reaction [24].— The products are deeply 
coloured crystalline solids with melting points above 100°C 
GUZ3)e 

AraHg + Fe —® AroFe + Hg 

Ar = PhCH2, p-MeCgH, , p-MeOCgH,, p-NH,CgH, [24] 

An attempt to prepare a T-bonded cyclopropenyl complex 

from the reaction between triphenylcyclopropenyl bromide and 

the [Fe(CO)3NO] ion led instead (45) to the maroon acyl com- 
plex 

Ph 
Sc Fas OH 

C << 
| C —C— Fe(CO), 

0 
Ph 2 

The compound Cl1CH2-Fe(CO)2Cp has proved to be a fruitful 

source of Fe-C complexes of the type XCH2-Fe(CO)2Cp. The 

CH2Cl group reacts with thiols and alcohols to give for exam- 

ple EtOCH2-Fe(CO)2Cp, CH2=CH-CH2-O-CH2-Fe(CO)2Cp, and EtSCH2- 

Fe(CO)2Cp (82). 

Transition metal ions promote the formation of free radi- 

cals from a variety of organic compounds (see Section IV.E). 

Usually they undergo typical radical reactions but it has 

proved possible to trap the methyl, ethyl, and phenyl radical 

oxidation products of organic hydrazines using an iron(IITI) 

macrocyclic ligand combination (eq. [25]). Complex 7 AR = Me) 

pen [R-N=NH] 2+ R° + No t 

[Fe(CagHzaN ncs | 

in MeCN 

Me Me 1373 1:366 

t \ 1-384 1:381 25 | 

N N 

OL 1@) 1:380 1:380 
N N 1.933 

2A Om Fe © 
Me Me 

= C2H22 Ny ® : 
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has Uy = 2.21 corresponding to low-spin Fe(III), this con- 

trasts with the high spin nature of R-Fe(III) (salen) (68). An 

X-ray crystal structure determination on VeAR = Ph) estab- 

lished it as a five co-ordinate square pyramidal iron complex. 

The small displacement of the iron atom (0.23 A) above the 

mean plane defined by the four nitrogens of the macrocyclic 

ligand is consistent with both the oxidation state and spin 

state of the iron. A very strong Fe-C 0-bond is indicated by 

the Fe-C distance of 1.933 A, (see also Table 1) (174). 

A novel route to Fe-C o-bonds is provided by the reaction 

between (n*-cyclobutadiene) tricarbonyliron complexes and 

fluoroolefins (22). Cyclobutenyl complexes are formed with 

the ring linked to the metal atom by a fluorocarbon residue 

(eq. [26]). 

R(F) 

F F | ee [26] 
Fe Fe——C 

(CO), (CO)y. FIR) 

A simple 1,2-addition may also occur in the reaction with 

hexafluorobuta-1,3-diene but the final product is a trifluoro- 

methyl derivative (8) which may be formed via a 1,3 fluorine 

Siadbtatere 

ZeF3 

C=C. 

AL/ “8 
Fe —=CF) 
(CO)3 

isd 

Opening of the cyclopropane ring in the reaction of 

vinylcyclopropanes with iron carbonyls makes two additional 

electrons available for bonding to the iron atom(s). These 

electrons can combine with the two olefinic T electrons to 

produce a 1,3-diene complex via a hydrogen shift or, if this 

is blocked by the incorporation of C(4) into a bridgehead po- 

Sition, one electron enters into O-bond formation with the 

metal, and the other along with olefinic T electrons forms an 

Nally system. Representative examples of the formation of 

iron-carbon O-bonds from vinylcyclopropanes and iron carbonyls 

are given below (10,11,63,64) (eqs. [27] to [29]). 
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O 

| 
O 
\\ 

Fe2(CO)g [27] 
Minas = oi Dy 

barbaralone a 
e 

(CO)3 

(CO)3 Fe 

/ \/ 

bullvalene 

Fe(CO)3 

am. fT 
semibullvalene [29] 

i Fe(CO)3 

A. 
Fe(CO), 

iit. PHYSICAL PROPERTIES 

A. SPECTROSCOPIC PROPERTIES 

1. Infrared Spectra 

Absorptions in the 600-5000 cm ?} Legion arise) principal ly. 

from vibrations of the organic ligands. C-H stretching and 

bending modes in organoiron complexes are unexceptional, de- 

finitive assignments are sometimes difficult to make due to 

interferences from absorptions of ancillary ligands such as 

Ph3P and Cp. The 0O-bonded cyclopentadienyl ring in (nt =CsHs) = 

Fe(CO)2Cp was distinguished from the centrosymmetrically bound 
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Cp ligand by its more complex IR spectrum. The spectrum of 

the complex exhibited multiple C-H stretches ain Cumicnisee 

double bond absorption near 1600 cm : (Ls6) 

Iron acyl complexes are characterized by a ketonic 

stretching frequency in the range 1580-1700 cm £ Nu(G=0) ini 

ketones Vv 1725 cm /) the lower v(C=O) in the metal complexes 

is attributed to a flow of electrons from the metal into a 

vacant orbital of the carbonyl group but the precise nature 

of this metal-carbonyl group interaction remains obscure. 

The appearance or disappearance of the C=O band can be used 

to determine whether a carbonylation or decarbonylation re- 

action has occurred (Section IV.B.2). An increase in the 

terminal metal-carbonyl v(CO) can be used to diagnose the 

increase in formal oxidation number of iron which accompanies 

the formation of complex cations such as [CpFe(CO) 2 (C2H,) | 

(78). 

The high polarity of the C-F bond ensures that infrared- 

active C-F absorptions are more intense than their C-H coun- 

terparts. An extensive series of assignments have been re- 

ported for organofluorine ligands (137,139), they have been 

used in conjunction with 19p_-NMR data (SecLoneilt bas )mco 

show that the product of the reaction between perfluoroallyl 

chloride and the [CpFe(CO)2] anion is a perfluoropropenyl 

complex and not the anticipated o-allyl complex (103,104). 

The observation of at least three carbonyl absorptions 

in the spectra of the monomeric complexes R_Fe(CO)ul, (R, = 

CoFs,n-C3F7) indicate a cis structure (C ocal symmetry, 

four CO absorptions expected) rather than’ the more symmetri- 

cal trans structure (D local symmetry, one CO absorption 

expected (137). Spectroscopic data on the region below 

600 cm ! where Fe-C stretching and bending vibrations are 

likely to occur are scarce. Bands at 522 and@ 527 cm ! in the 

spectrum of CH3-FeI- (CO) 2 (PMe3) 2 have been assigned to 

V(Fe-C) and one at 1174 cm 1 to the symmetric bending mode 

of the 0-CH3 group (59,132). 

2. Nuclear Magnetic Resonance Spectra 

The chemical shifts of alkyl ligand protons lie in the 

range T 7.5-9.0 for both main-group and transition metal de- 

rivatives (121). Comparable chemical shift differences and 

proton-proton coupling constants for hydrocarbon complexes 

give rise to complex second order spectra in many cases. 

The spectrum of (n'=CsHs) Fe (CO) > (n°-CsHs) (9) consists 

of CWwor singlets) aby Gaon (ne Chae) and’ t 473 (hy cone) at 
room temperature, as the temperature is lowered the (= 
CsHs) signal broadens and eventually collapses completely at 
about -25°C. As the temperature is lowered further, new 
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| 

bands appear. Two bands of relative intensity 2, centered 

on ~ T 3.7, and a broad band of relative intensity 1, centered 

on ~ T 6.5. The structure of the spectrum is that expected 

for an AoBoH system of nuclei (15,80). At room temperature 

the metal is exchanging (n?-CsHs) ligand sites at a rate which 

is fast on the NMR time scale probably via a sequence of 

1,2-shifts; (n’-CsHs) Fe (CO) 2Cp is thus an example of a flux- 

ional organometallic molecule (see also the NMR chapter). The 

structure of the compound 9 has been confirmed by X-ray dif- 

fraction (15). - 
The methylene protons of Ph-CH2-Fe(CO)2Cp give rise to a 

singlet proton resonance indicating that rotation about the 

metal-carbon O-bond is rapid on the NMR time scale at ambient 

temperatures (156). Both Ph-CH2-Fe(CO) (PPh3)Cp (65) and Me3- 

Si-CH2-Fe (CO) (PPh3)Cp (10) (133) have an asymmetric iron 

centre and therefore even with rapid rotation the methylene 

protons would be inquivalent. The methylene resonances appear 

as the AB part of an ABX spectrum (X = 315) with vicinal P-H 

coupling constants of 2 Hz and 13 Hz for the trimethylsilyl 

derivative, indicating that it exists exclusively in the con- 

formation with the maximum separation of the Cp and SiMe3 

groups. 

SiMe3 

10 

Chemical, X-ray crystallographic, and spectroscopic evi- 

dence has been presented to support the contention that elec-— 

tron delocalization from metal d-orbitals into the 7* anti- 

bonding orbitals of the aromatic ring is significant in aryl- 

a F ; 
o; and Op are Taft inductive and resonance parameters, re- 

spectively (153). Values of of = -0.13 and o2 = -0.30 (21) 
and OF = -0.24 and on =—- O29 have also been reported. 
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transition metal complexes (131,150). NMR data on m- and p- 

FC,.H,-Fe(CO) 2Cp do show that the metal Subpt lieu ge both a 

O- and a Tl-electron donor Ce —| Oe pase one = —©O. 29) burke the 

relative invariance of o2% (-0.22 to -0.29) compared with o! 

(+0.12 to +0.60) over a range of 27 neutral compounds and the 

o° value of -0.09 for CgHs (173) was taken to suggest that the 

T bonding contribution is unlikely to be a significant stabi- 

lizing effect in metal aryl complexes especially those with 

strong T acceptor ancillary ligands, but that it may become 

important where such ligands are absent. 

The a-CFo fluorines of O-fluorocarbon complexes of the 

transition metals experience a marked deshielding effect due 

to the metal; they absorb some 50 ppm to low field of the cor- 

responding signal for main-group metal compounds (158). A 

similar but less marked effect is observed for the ortho- 

fluorines in complexes of polyfluoroaromatic ligands. It has 

been suggested that the fluorocarbon derivatives possess low- 

lying excited electronic states which can be "mixed" with the 

ground state of the M-C bond by the magnetic field. This mix- 

ing produces a substantial contribution to the paramagnetic 

screening constant O_ resulting in large downfield shifts for 

the a-CF2 fluorine niclei (138). Presumably a similar effect 

operates for fluoroaromatic complexes. Diagnostically, the a- 

CF2 shift has been used for example to distinguish between 

possible structures for the product from perfluoroallyl chlo- 

ride and NaFe(CO)2Cp. The CF2=CF-CF2- ligand should give rise 

to three signals in the intensity ratio 2:1:2 with one of the 

more intense signals appearing at low field. The observed 

spectrum has three signals in the intensity ratio 3:1:1 cen- 

tered on 66, 86, and 166 ppm relative to CCl3F at O ppm (103, 

137). The lower field lower intensity signal is assigned to 

a CF group in Q-position to a transition metal. The strongest 

absorption is a 1:1:1:1 quartet indicative of two doublet 

splittings, while the weaker signals are doublets of 1:3:3:1 

quartets indicating the presence of a CF3 group. Thus, the 

ligand is the perfluoropropenyl ligand CF3-CF=CF-. A high 

value for J = 131 Hz establishes the trans geometry of the 

complex. Detailed 19F-NMR data on fluorocarbon complexes are 

recorded elsewhere (30,66,102). 

3. Mass Spectra 

Accurate molecular weights can be obtained from mass 

spectra providing it can be assumed that the peak at highest 
m/e value is due to the parent or molecular ion. This assump- 

tion is not always justified for organoiron complexes some of 

which decompose prior to ionization in the mass spectrometer; 
due caution must be exercised in the interpretation of the 
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spectra of these compounds. For example, the close similarity 

between the spectra of Ph-CO-Fe(CO)2Cp and Ph-Fe(CO)2Cp indi- 

cate that decarbonylation of the benzoyl complex has occurred 

and that the spectra are of the same compound (111). This is 

Surprising since Ph-CO-Fe(CO)2Cp does not undergo thermal de- 

carbonylation. The mass spectrometry of O-organoiron com- 

pounds has in the main been confined to complexes of the type 

R-Fe(CO)2Cp (27,111); representative fragmentation schemes for 

some of these are illustrated in Figure 4. The major features 

of these fragmentations are thermal decomposition to ferrocene 

PhCOFe(CO) Cp 

a5 

PhFe(CO),Cp —> PhFe(CO) Cp” —> PhFeCp C, Hae 

PhCp 
{ + 

CoH Fe 

+ + + 
CppFe — > CpoFe ——> Coke aa he 

+ 

CpFeC.H Ph > CpFeC.H Ph 

PhCH=CHCOFe(CO),Cp 

Y 
PhCH=CHCOFe(CO),Cp" 

+ 

CpFeC,H ,COC,H, —— CpFeC .H , Ph 

PhCH=CHFeCp’ ——> CpFePh™ 

CpFe(CO) 3 

MeOQCOCH, Fe(CO) Cp 

| 
MeOCOCH,Fe(CO),Cp” 

+ + 
COCH,Fe(CO),Cp. —> CpFe(CO), eyes Gay Sain 

fe 

—> MeOCOCH,FeCp" —> MeOFeCp’ —> HOCFeCp ——> 

—> HFeCp" —=- Fe" 

Fig. 4: Representative schematic fragmentation pathways in the 

mass spectra of R-Fe(CO)2Cp complexes (GEG LLL 
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and substituted ferrocenes, the latter arising from metal-Cp 

ring organic ligand transfers, transfer of ligand substitu- 

ents to the metal also occurs. Expulsion of C2H2 occurs from 

CpFe ions and from ligands which possess a -CH=CH- group. 

Other fragmentation processes include loss of CO, Cp, Fe, and 

H. Fragmentation processes which characterize fluorocarbon 

complexes of iron include loss of the neutral molecules HF 

and FeFy (110). hi 

The ion COCH2Fe(CO)2Cp from the ester derivative 

MeOCOCH2Fe(CO)2Cp may have a T-bonded structure analogous to 

those proposed for the cationic complexes produced by 

protonation of complexes of the type XCH2-Fe(CO)2Cp (X = CN, 

OMe) (Section IV.C.1). 

The base peaks in the mass spectra of Ph-CH2-Fe(CO) 2Cp 

and MeCgHy-CH2-Fe(CO)2Cp occur at m/e 212 and 226, respe¢- 

tively, corresponding to the ions C7HgFeCp and CgHgFeCp 

It has been suggested that the C7Hg ligand is bound to the 

iron atom as the T-tropylium cation (26) although a T-benzyl 

cation structure is favoured for the CgHoaFeCp ion (90). 

Tabular surveys of mass spectroscopic data on compounds 

which contain iron-carbon O-bonds are available (27,34). 

B. MISCELLANEOUS PHYSICAL PROPERTIES 

1. Magnetic Moments 

Since ligands which are effective in stabilizing iron- 

carbon 0O-bonds are also those which exert a high combined 

ligand-field effect, e.g. CO, Cp, and Ph3P, it is not sur— 

prising that most stable d-organoiron complexes are diamag- 

netic. Exceptions include Ph-CH2-Fe(salen) (1) (68), u tS 

5.87 B.M. corresponding to high spin Fe(IIT) (Section rfth) ; 

Fe (o-CgHy-—CH2-N(Me)-CH2}2 (2) (118), vu = 4,45 B.M. corre- 

sponding to tetrahedral, high-spin Fe (ftt (Section II.B); and 

(PEt2Ph)2-Fe(CgCls5)2 (39), Use = 3.6 B.M. corresponding to 

square-planar Fe(II) (Section frp). 

2. Crystal Structures 

The paucity of structural data on compounds with Fe-C o- 
bonds and the known large variations in the oO-bond radius of 
octahedral Fe(II) prevent any conclusions being drawn regard-— 
ing the detailed nature of the iron-carbon bond. Some Knepre— 
sentative data are summarized in Table 1. 

An X-ray diffraction study of HOOC-CH2-Fe(CO) Cp re- 
vealed some novel structural features (8,81). The C-O dis- 
tances are the same within experimental error (1.32 ee e 
difference of 0.05-0.10 A is usually observed in carboxylic 
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Table 1: Iron-carbon o-bond lengths. 

Compound Fe-C distance [A] Ref. 

a. (aA. <i a 

(CO) 2Fe (n°-Cs5Hy ) -CH2-Fe (CO) y pale (124) 

(Ph2C=C) [Fe (CO) 4 Jo 1.98 IZ) 

(n'-CsHs) Fe (CO) 2Cp Bid (15) 
(n'-CsHs) Fe(CO) (Ph3P)Cp vas) (12) 

CpFe (CO) 2 -CH=CH-CH=CH-Fe (CO) 2Cp 1.98 (21g 42 575) 

Cis- (HCF2-CF2-) »Fe(CO), 2eO07, (40) 
aan See CL 

CF» -CF=CF-CF2-Fe (CO) y Deo (91) 

HW /CO—CH3 ? 

aon 
GER Fe(CO)3 2.09 (3) 

Saaz 
Kolar, 
(e) ll 

PhF'e (Co 2H? oN, ) (7) No QBs} (174) 

acids. The intermolecular O-H-O distance of 2.48 + 0.02 A is 

one of the shortest known. These features and the high pK 

(6.75 + 0.08, in water) of the acid have been interpreted in 

terms of a direct donation of electrons by the metal atom to 

the carboxyl group. This is a metal-f-carbon interaction of 

the type proposed to account for the ready thermal decomposi- 

tion and loss of hydride ion from ethyl and higher-alkyl 

metal complexes (Sections IV.A.2 and IV.C.2) (84). 

IEW hg REACTIONS OF IRON-CARBON O-BONDS 

A. CLEAVAGE REACTIONS 

1. Reactions with Acids and Protic Solvents 

Cleavage by a proton source is the most general reaction 

of O-bonded organometallic compounds. It is usually repre- 

sented by 
a 

BoM eH c——>" R-HeE M [30] 

but the fate of the organic ligand depends on its structure. 

Thus, the methyl group of CH3-Fe(CO)2Cp is lost as methane and 
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the [cpFe (CO) H20]” cation is formed (136). Organic groups 

with unsaturated B-carbon atoms undergo anomalous protonation 

reactions (Section LV.G.)r 

Protic solvents such as water and alcohol cleave iron- 

carbon o-bonds. Solvolysis of Et2Fe(bipy)2 is reported to be 

faster in alcohol than in water (169). This is more likely 

to be due to the greater solubility of the complex in alcohol 

rather than to an intrinsically greater reactivity of the 

alcohol solvent since alcohols usually solvolyze metal-carbon 

bonds less rapidly than water in homogeneous solution. Mass 

spectrometry established C2HsD as the sole gaseous product 

from the deuteriolysis of Et2Fe(bipy)2, this contrasts with 

thermal decomposition which yields a 1:1 mixture of ethane and 

ethylene, and with acid cleavage which yields a 2:1 mixture of 

ethane and butane (169). Complex 2 liberates N,N'-dimethyl- 

N,N'-dibenzylethylenediamine on methanolysis (118). 

2. Thermal cleavage 

A great many of the known d-organometallic compounds con- 

tain tertiary phosphine, n°-cyclopentadienyl or carbonyl an- 

cillary ligands; indeed, simple transition-metal alkyls or 

aryls without stabilizing ligands are highly labile, often so 

much so that they cannot be isolated. This led to the wide 

acceptance of the view that the transition metal-—to-carbon 

bond is inherently unstable. The effects of stabilizing li- 

gands have been attributed variously to their ability to en- 

hance the acceptor capacity of the transition metal via L+M 

7 bonding, thus strengthening the metal—-carbon interaction, to 

the increased separation between filled and unfilled metal- 

centered orbitals that such T bonding would cause bringing 

with it an increased resistance to homolytic drssociation, and 

to the involvement of normally non-bonding d-orbitals in T 

bonding interactions, thus making these orbitals less acces- 

sible to attacking reagents. However, the range of kinetic-— 

ally stable O-organo-transition metal complexes is wider than 

expected on the basis of these considerations; also, stabili- 

zing ligands are not always necessary. Furthermore, alterna- 

tives to the homolytic dissociation pathway for the destruc- 

tion of the metal carbon bond have been identified (62,147, 

148,149,166); indeed one of these, a concerted bond cleavage 

involving fragmentation via B-elimination of alkene, appears 

to be the most common route (eq. [31]). 

i L,M-CH,-CH,-R == L,MH + CH,=CHR [31] 

This is the reverse of the olefin insertion discussed in sec- 

tion II.c. It has been suggested that the activation energy 
of this (presumably concerted) reaction can be lowered by a 
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metal $-carbon interaction (25). Such an interaction may 
account for the lower thermal stabilities of ethyl and higher 
alkyl complexes relative to their methyl analogues. For ex- 
ample the thermal stabilities of the complexes R-Fe(CO) Cp 

change according to the series R = MeVPh>>Et>i-Pr. The in- 

accessibility of the 8-elimination pathway may also account 

for the relatively high thermal stability of methyl, phenyl, 

benzyl, vinyl, and alkynyl complexes. A mixture of alkane 

and alkene is usually obtained from the thermal decomposition 

of a O-alkyliron complex, e.g. eq. [32] (169). 

Et Fe(bipy), —= CoH, + CoH, [32] 

This mixture could arise from disproportionation of alkyl rad- 

icals produced in the homolytic dissociation of the iron- 

carbon bond. Alternatively, the alkene may be formed via a 

8-elimination process, and the alkane by metal-hydride attack 

on the original alkyl complex in a concerted bimolecular elim- 

ination process. This sequence of reactions has been estab- 

lished (166) for the thermal decomposition of (n-butyl-1,1- 

d2)-(tri-n-butylphosphine) copper(I) and (n-butyl-2,2-d2)- 

(tri-n-butylphosphine)copper(I). Decomposition of the former 

yields 1-butene-d2 and decomposition of the latter 1-butene- 

d,. These observations are consistent only with 8-hydride 

elimination. 

Concerted bond cleavage processes require an increase in 

the co-ordination number of the metal atom in the transition 

state. The involvement of metal orbitals in bonding to li- 

gands such as n°-cyclopentadienyl and carbonyl as in 

CpFe(CO)2R will render the orbitals less accessible for this 

process. 

Fluoroolefins are the chief volatile products from the 

thermal decomposition of perfluoroalkyliron complexes, e.g. 

eq. [33] (104). When the decomposition of o-(trifluoro- 

(CoF,)Fe(CO) , tT CF,- CF=CF -CF., aa CF,- CFo- CF= CF, SF: 

CoFFe(CO),1 ——> C=C, 

methyl) (iodo)tetracarbonyliron is carried out in the presence 

Of CHo=CHs or CFo9=CF2 the cyclopropanes CH2-CF2-CH2 or 

CF»o-CF2-CF2 are formed indicating the elimination of difluo- 

rocarbene from the fluorocarbon complex. 

3. Halogens and Alkyl Halides 

The organic ligand is usually liberated as the appropri- 

ate halide when an iron-carbon oO-bond is cleaved with halogen, 

esgeeqs [34] (136). 
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RFe(CO),Cp +1, —> Ri+ IFe(CO)Cp 
2 [34] 
R= Me, Et, Ph 

However, butane is the organic product from Iz cleavage of 

EtoFe(bipy)2 (169), the same product was obtained from Mel 

cleavage. The stability of the iron-fluorocarbon bond in per- 

fluoroalkyl complexes is illustrated by their resistance to 

attack by Iz at room temperature, cleavage occurs at higher 

temperatures. 

4. Metal Halides 

Cleavage of organometallic compounds with mercuric halide 

and characterization of the resulting organomercuric halide is 

a classical method for the detection and characterization of 

transition metal-carbon bonds. Examples of its application to 

iron-carbon o-bonds are shown in eqs. [35] (128) and [36]. 

PhFe(CO),Cp + HgCl, ——> PhHgCl + ClFe(CO),Cp [35] 

He H2 Ho Ho 

—C Me Me C=C Me 
oe p< ~ A Pea Ri 

SS 

GHz HgClz Hae He [36] So ee 
The mercuric halide cleavage of threo-Me3C-CHD-CHD-Fe (CO) 2Cp 

occurs with retention of the configuration at the carbon atom 

(CHEZ 

5. Trifluoroacetonitrile 

The iron-carbon 0O-bond in MeFe(CO)2Cp is cleaved by CF3- 
CN; the methyl group is replaced by a trifluoroacetiminato 

ligand, and substitution of one of the carbonyl ligands by 
CF3CN occurs to give 11 (112). Mass spectrometry established 
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the presence of the unique hydrogen atom, further confirma- 
tion coming from the /H-NMR spectrum of 11 which showed a 
nitrogen-quadrupole broadened signal at T -1.3 in addition 

EOuChenCpomolgnalie 

6. Se(SeCN) 9 

Cleavage of Ph-CH2-Fe(CO)2Cp with Se(SeCN)» gave NCSe- 

Fe(CO)2Cp and NC-Fe(CO)»Cp (95). 

B. INSERTION REACTIONS 

Electrophilic reagents, e.g. SO2, CO, tetracyanoethyl- 

ene, R-NCO, R-NSO, react with iron-alkyls or iron-aryls to 

give the products of formal insertion of the electrophile 

into the iron-carbon bond. O-Allyl complexes offer two sites 

for electrophilic attack; in addition, there is the possi- 

bility of rearrangement of the primary insertion product. 

1. Sulphur Dioxide 

The products of SO2g insertion into the iron-carbon 0O- 

bonds of R-Fe(CO)2Cp were established as metal sulphinate 

complexes by the sequence of reactions (17,19) shown in eq. 

Gre + NaSO.R 

(CO). 

(Gere + 502 —+ Fe—SO,R [37] 
(CO), (CO), 

GP racoy + R—SO0/Cl 
2 

[37|. SOs insertion occurred in liquid SO, as solvent or 

with gaseous SO2 in pentane solutions. Predictions of an 

S-sulphinate structure based on empirical correlations of 

v(SO2,sym) and v(SO2,asym) of the complexes with those of 

sulphones {-S(=0)2-} rather than with those of sulphinate 

R= Me, Et, Ph 
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esters {-0S(=0)-} were confirmed by an X-ray crystallographic 

study of Ph-CH=CH-CH2-S (0) 2-Fe(CO)2(n°-CsMes) (12) (44). 
The rate of SO2 insertion into the Fe-C bond of CpFeCO(L)R 

a 

O O 
Pye ct 

CHy 
Hee CH; 

H3C CH; 
12 

increases with increasing ease of electron release from R 

and with increasing basicity of the ancillary ligand L (74, 

92). Thus, electrophilic attack at the metal-carbon bond is 

indicated. Low temperature NMR studies of the reaction bet- 

ween SOp and CpFe(CO)2-CH2-Ph have revealed the intermediacy 

of an O-sulphinate which isomerized subsequently to the S-sul- 

phinate at higher temperatures (93,94). The mechanism of 

SO2 insertion is thought to be as shown in eq. [38]. The 

0 
| 

Fe—-R ——» Fe*[SO,R] ———> Fe—0—S—R 
-E) 
= 

[38] 

re Gk 

ion-pair can account for the formation of Fe-I in the pres- 

ence of KI and for the stereochemistry of the insertion reac- 

tion, inversion at carbon and retention at iron (67). 

There appears to be only one example of SO» insertion 

involving complexes other than R-Fe(CO)2Cp. The blue bis- 

(ethyl) complex Et2Fe(bipy)» undergoes rapid reaction with 
SO2 to give the known (S-sulphinate) 29Fe(bipy)2 (24,120). 

The possibility of insertion accompanied by rearrange- 
ment is an added complication in the reactions of O-allyliron 
complexes with S02, e.g. eq. [39] (168) (see also Figure 5). 
Which sulphinate isomer is predominant in the product mixture 
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R’- CH=CH - CHR - Fe(CO),Cp + SO, === 

R’“CH=CH-CHR-S(O)--FeCp(CO) + R-CH=CH-CHR’-S(O),-FeCp(CO), [39] 

® CHa 

Fe—CH2 i ial 

wx © / 
Vie ————— ] A 

i CR, goatee 

@) 

ae eas <—_—_—___. inline ra cs 

0 

Fig. 5: Insertion of SO2 with rearrangement in allyl com- 

plexes. 

depends on the nature of R and R' and also on the substitu- 

ents, Lf any, On che) Corning. SBulky substituents jon (3S) vot 

the allyl ligand and electron releasing substituents such as 

methyl groups on the Cp ring favour direct insertion without 

rearrangement. Rearrangement occurs at low temperature or in 

inert solvents. Isomers cannot be interconverted under the 

conditions of SO» insertion, thus they must be produced via 

independent reaction pathways, namely attack at the two elec-— 

tron rich sites. However, where only one product is formed, 

isomerization may still have occurred. 

The 1:1 adduct formed by reaction between Me-C=C-CH2- 

Fe(CO)»Cp and SOp (142,143,155) has been variously formulated 

as the allenyl(oxy)sulphinyl complex CH2=C=C(Me)OS (0) - 

Fe(CO)2Cp and as the allenyl-O-sulphinate complex 

CH» =CH=C (Me) S(O)OFe(CO)2Cp, however, it was shown to have the 

structure 13 by X-ray crystallography (43). An allenyl-O- 

sulphinate intermediate may be involved by analogy with the 

Ph3Sn-CH»-C=CH/SO2 system from which CH2=C=CHS(O)OSnPh3 has 

been isolated (69). 

The 1:1 adduct formed between Me-C=C-CH2-Fe(CO) 2Cp and 

N-thionylaniline may have a structure analogous to 13 (141). 
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2 

an Fe re 

Paes ets sear ly C 
o=5 Me VA 

0 i Me 

@) 

| [40] 

Fen Me 
a / 2g @! 

C—s+=0 
—- jf | 

Me +—_ Fe—C ¥ {20 

ree \ 
vs CH, 

413 

2. Carbon Monoxide 

The conversion of alkylmetal intermediates into acyl- 

metal compounds plays a key role in hydroformylation and re- 

lated carbonylation reactions. In organoiron chemistry the 

formal insertion of CO into an iron-carbon bond may be in- 

duced thermally, photochemically, or by reaction with a li- 

gand such as Ph3P, e.g. eqs. [41] to [45]. 

The cis alkyl migration mechanism for "insertion" reac— 

tions of CO is now generally accepted. Assuming the princi- 

ple of microscopic reversibility to hold, cis migration is 

established for iron-alkyls by the formation of cis-—IFe(CH3)- 

i 
GH re— ory + co ————»> Fe —C—CHg 

(CO), (CO), (46) [41] 

mas 

CH2 
Gp re—cH,—cHy—cH= cH a Gh re—¢— (86) = [42] 

(CO)g hea 
hea) 
0 
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CH3—S CHa 

| CH 
Gp re— CH2—CH2—S— CH3 —— jp GHre—c~ (113) [43 ] 

(CO), | | 
C 0 
O 

i 
GH re—chy ore Gh Fe—c—cH (18,33) [44] 

(CO), RX ‘ 
: PPh3 

Gre - CH, + solvent alow ere = CGH, 
(CO), 

Solvent 

fast | PPh. 

[45] 

(CO)2(PR3)2 in the decarbonylation of trans-IFe(COCH3) (CO) 2- 

(PR3)2 (R = Me) (132). 

A kinetic study of the phosphine induced insertion indi- 

cated solvent participation in the rate determining step 

followed by rapid displacement of the solvent by the ligand 

(eq. [45]) (33). An alternative proposal (159) that substi- 

tion of CO by Ph3P occurs first seems less likely in view of 

the close similarity between the rates of disappearance of 

the starting material and appearance of the product (33). 

Carbonylation reactions have been used to produce acyl- 

metal complexes which have the iron atom as the centre of 

asymmetry, e.g. eq. [46] (31). 

Carbon monoxide insertion does not occur in reactions 

between fluorocarbon-iron complexes of the type R,Fe(CO)yI 

and (R_)2Fe(CO), and ligands such as Ph3P, diphos, and bipy, 

e.g. eq. [47] (140). This presumably is a reflection of the 

greater strength of fluorocarbon-transition metal bonds rel- 

ative to their hydrocarbon analogues. 

Decarbonylation, the reverse of the carbon monoxide in- 



376 F. L. Bowden and L. H. Wood 

; pe Ph 

Gf Fe — chs pi ve he GH re—c— CH3 
(CO), | I 

ie 1 
0 

PPh3 [46] 

P Ph3 Y 
Fe Ce ee Fe— Ci CHe Ph 

(CO), Le eal 
CLs 6 
0 

: “EREF C n-CafFe(CO),1 + PhP ——> n-C,FFe(PPh,)(CO),! + CO 

(n-C.F. af) aFe(CO), a Ne —=—c- (iE aF,)aFelbipy(CO), + 2CO [47] 

sertion, may be accomplished photochemically (Section II.A), 

in a limited number of cases thermally, or with (Ph3P)  3RhCl, 

eug. eq. 148] (1,2). 

O Me 

Gh Fe—C—CH +  (PhgPl3RhCl 
(CO), | 

Ph 
[48] 

i: 
GE re—cr + (Ph,P),RhCl + Ph3P 

(CO), | | 
Ph C 

0 

Although the perfluoroacyl compounds (RCO) 2Fe(CO), un- 

dergo ready decarbonylation to the one ee periluoro— 

alkyl compounds, the presence of ligands other than CO on the 

metal substantially increases the resistance of the acyl com- 

plex to loss of CO, thus C2F5-CO-Fe(CO)2Cp has not been decar- 

bonylated (101). The Cp ligand is a poorer acceptor of elec- 

trons than CO, and it may be that the increased electron 

density on the metal atom results in a strengthening of the 

metal-acyl group bond. 

3. Tetracyanoethylene 

The presence of four strongly electron withdrawing cyano 
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groups in the molecule makes tetracyanoethylene a powerful 
electrophile and a strong T-acid. It undergoes several dif- 
ferent types of reaction with compounds containing iron-carbon 
O-bonds including 1,2-, 1,3-, and 1,4-addition, T-complex 
formation, and both alkyl and metal migration reactions. 

The products of the reaction between R-Fe (CO) (L)Cp and 
C2 (CN), depend on the nature of R and L. When R = Me and 
L = Ph3P, CO insertion occurs ‘to give an acyl ligand and Co- 
(CN), occupies the vacant co-ordination site to give the dark 
green complex 14 (152). Analogous products are formed when 

Re heer it) —— Pits; andsR = Mey ise— (PhO) sPe)) Tsomerice an— 

sertion products are obtained when R = CH2-Ph, L = CO (151). 

The yellow isomer (12 %) has C=O and C=N absorptions in its IR 

spectrum, its NMR spectrum exhibits signals due to Cp, methyl- 

ene, and phenyl protons. These data support structure me 

| is is L CN CN 

| ba (Gees Cae ak 

| CN CN g CN 
: 16 

15 

derived from 1,2-insertion of (CN) 2C=C(CN)2 into the Fe-CHo2- 

CgH5 bond. The red isomer (42 %) has C=O and C=N absorptions 

and in addition two strong bands at 2151 and 1296 cm 1 attrib- 

utable to the asymmetric and symmetric N=C=C stretches of a 

keteniminato structure, 16, (14): Analogues of 16 are ob- 

tained for R = CH2-Ph, L = Ph3P er n=BugP. »Complex 14 (R= 

Et) undergoes thermal rearrangement to TOR =srit)mat 65-707. 

It is not known whether this apparent transfer of CoHs from CO 

to co-ordinated C2(CN), proceeds inter- or intra-molecularly 

(152). When the organic group R has an unsaturated §S-carbon 

atom as in CH2=CMe-CH»-Fe(CO)2Cp and Me-C=C-CH»-Fe(CO)2Cp the 

ligand isomerizes and undergoes 1,3-addition of tetracyano- 

ethylene to afford complexes for which structures 17 and 18 

have been proposed (152). 
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0 fe) 
C CH2—CICN)2 c CH2—C(CN)2 

GH GHied Fe—CMe e— 

| pis mpetRe 
G CH2—CI(CN)2 te C— C(CN)2 
0 O 

A7 18 Me 

4. Cyclohexyl- and tert-Butylisocyanides 

Differences in reactivity between methyl and benzyl com- 

plexes are found for the reaction between R-Fe(CO)2Cp (R = Me 

or CH2-Ph) and the alkylisocyanides CgH,;,;NC and t-BuNC (172). 

The methyl complex undergoes ligand promoted CO insertion 

(Section IV.B.2) with t-BuNC to give Me-CO-Fe(t-BuNC) (CO)Cp. 

Carbon monoxide elimination occurs in the reaction of the 

benzyl complex with CgH,1NC. Analytical and molecular weight 

data indicated the presence of three molecules of isocyanide 

per atom of iron in the monomeric product CpFe(CO) (CNC.¢H)1) 3. 

The infrared spectrum shows five absorptions at 1892, 1880, 

1606, 1560, and 1503 cm! but none in the region of 2100 
cm !. The bands at 1892 and 1880 cm ! were assigned to the 

terminal carbonyl group but no reason was suggested for the 

appearance of two bands. The other three bands were as- 

Signed to v(C=N) of CgH11-N=C units. Three different envi- 

ronments for the cyclohexyl groups were indicated by three 

NMR signals at T 7.4, 6.6, and 5.7, attributable to the a- 

protons of the CgHi, groups. Structures 19, 20, and 21 were 

suggested (172). Sate 24 

cO 
2 ao phe 

R— Xf N Coe 2 Noe CEN=R 
C—C—CH2—Ph R | 

perk inne 
RR CH>Ph 

we. 
419° 

5. R=-NCO 

Alkyl isocyanates RNCO are insufficiently electrophilic 
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cO 

Ren 
ya 

R—N C=N—R 

Ph—CH,— C —— C=N—R 

wal 

to react with alkyl iron complexes. When R = 2,5-dichloro- 
phenyl, SOoCl, SO2-CgHy-CH3, or SO2OMe reaction does occur 
but only with o-allyl- and -propargyl complexes (56,72), 
eqs. [49] and [50]. 

CH2 , 

BN=s05cl 
M—CH2—CH=CMe, + SO,CINCO ——> M—CH | [49] 

C=0 
Mey 

PSs 

M—CH2—C=C—Me + CH3CgH, SO2NCO — M—C | [50] 

Ne N—SO2CgH,-CH3 
CHS 

(Ge 0,1 REARRANGEMENTS 

1. Protonation Reactions 

Acid treatment of the complexes R-Fe(CO)2Cp (R = CH2-CH= 

CHby,) —CHo—CN,, —CH>—CO-R) sesultsain protonation of the 11— 

gand. The protonated ligand acts as a Tl-electron donor to 

the metal which increases its formal oxidation number by one 

(eqs. [51] to [54]. Bands in the region 3100-3400 and 2600- 
2400 cm ! in the IR spectra of -the cation 22 and its deuterio 

analogue have been assigned to N-H and N-D stretches, respec- 

tively. Similarly, bands at about 1660 and 1470 cm 1 were 

assigned to N-H and N-D bending frequencies (5). 

Ht CH2 i 

Gh re— cme — CH=CH, > Foal 
(CO), (CO), vi (77) [51] 

CH, 
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R + 

) 4 CH 
GLe-o —_ _, G}re-— I (5) [52] 

| (CO) C (CO). CN 2 

GLr oe Ghe-[ > (79) [53] 
(CO), (CO), 

7% 
R OH 

or 

CH2 (7) 154] 

Fe” Nocer 

(COA. 7 

Protonation of the O-propargyl complex HC=C-CH2-Fe (CO) 2- 

Cp with dry HCl yielded an unstable cationic species which 

was isolated as the impure salt [ (CH2=C=CH»2)Fe(CO) 2)Cp]- 

(SbClg) (6). The aqueous media used in the isolation of the 

salt caused the cation to undergo nucleophilic attack by wa- 

ter at the allene ligand liberating acetone. Chromatography 

of the propargyl complex on acid-washed alumina caused it to 

isomerize to the corresponding alkynyl complex CH3-C=C- 

Fe(CO)2Cp. It was proposed that the isomerization proceeded 

by way of an intermediate allene cation (100) (eq. [55]). 
Be 

HCaGioiCH=ite(CONCpae o>. 
2 2 [55] 

+ 

[(CH,=C=CH,)Fe(CO),Cpl) —“> cH -C=2C-Fe(CO),Cp 
3 

When the propargyl complex was treated with ethanolic 

HCl it added the elements of H20 to form the known complex 
Me-CO-CH2-Fe(CO)2Cp. Similar treatment of the alkynyl com- 
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plex gave Et-CO-Fe(CO)2Cp (100). 
The electron drift to the acyl carbonyl group in metal 

acyl complexes (Section III.A.1) should enhance its reactivi- 
ty towards electrophilic reagents. In keeping with this, the 
complexes Me-CO-Fe(CO) (L)Cp (L = CO or Ph3P) undergo reversi- 
ble protonation with HCl forming cations which may have the 
coordinated carbene structure 23. (83). The cationic metal 

+ 

carbene complex [CH2Fe(CO) 2Cp] BF, has been postulated as an 

intermediate in the reaction [56]. Norcarane or cis-1,2- 

MeOCH,Fe(CO),Cp + HBF, __—_ MeFe(CO)»Cp [56] 

dimethylcyclopropane are formed if the reaction is performed 

in the presence of cyclohexene or cis-but-2-ene, respective- 

ly, but the carbene complex could not be isolated (99). 

2. Hydride Abstraction Reactions 

The ease with which hydride ion is abstracted from alkyl 

(but not methyl) complexes of iron provides additional evi- 

dence for the metal-$-carbon interaction proposed to account 

for the relatively low thermal stability of ethyl- and higher- 

alkyl-iron complexes (Section IV.A.2) (76). Triphenylmethyl 

tetrafluoroborate has generally been employed as the hydride 

QOsteaceinGmrcagen tiem lackwOne Ll SOMmerG ry ZcialOne rn scaeere— 

versible hydride abstraction/hydride addition reaction of i- 

Pr-Fe(CO)»Cp indicates that addition of a metal hydride spe- 

cies to the (n?-olefin)metal cation is unlikely to be in- 

volved in the hydride addition reaction (eq. [57]). Moreover, 

the formation of a deuterated cation from DMe2C-Fe(CO) 2Cp 

shows that the abstracted hydrogen atom does come from a B- 

€arbon atom (78) (eq. [58])- 
The cationic complex [ (CyHg)Fe (CO) sCp]” ae obtained via 

hydride ion pestractt oi from CH2=CH-CH2-CH2-Fe(CO)2Cp was as- 

Signed the 7 ?_diene complex structure 24 on the basis of its 

IR spectrum which has bands at 1621 and 1515 cm! attri- 

butable to an unco-ordinated C=C stretch and a co-ordinated 

C=C stretch, respectively. Treatment of the complex 24 with 
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Gh Fe — CH2— CH2— CH3 

(CO). 

-H- 

Sy) 

CH? eH" | 

Fe=—| | Fe—CH 
(CO)p = CH a ale (CO), | 

| CH3 
CH; 

CH3 hd 

| CH 

(Ghre—e-o + (GEr—| 
(COLoa el (CO), ep [58] 

CH | 
CH3 

triphenylphosphine at 90°C yielded butadiene (86). 

3. Photochemical Reactions 

Thermal decomposition of (n'-c3Hs) Fe (CO) 2Cp either in 

the solid state or in solution in an inert solvent gives 

[CpFe(CO)2]2 as the major iron-containing product. However, 
ultraviolet irradiation of the pure compound results in the 

loss of one molecule of CO; the olefinic double bond of the 

allyl group becomes co-ordinated to the metal. The 'H-NMR 

spectrum of the product has three signals centered on 
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W Sys (il sy, Wo Se (2 EO) y einel Cee (2 H) in addition to the Cp 
Signal at 5.94 (5 H) (1). This indicates that the formal o- 
and T-bonds of the structure 25 have become delocalized and 
that the C3Hs group functions as an (n> -allyl) ligand as in 26 

H2 

ee ‘i o 

pecs (GEr NT 
es is | i 

Re CH, C . 
O se 

25 26 

(75). The high-field absorption is due to the anti-protons 

Hl. Irradiation of CH2=CH-CH2-CH2-Fe(CO)»Cp yields the 2- 

methylallyl complex (n?-2-Me-C3H,)Fe(CO)2Cp (86). Similar o- 
EO as allyl SORVey Ss TOns have been observed for the complex 

(n} 7C2Hs) Fe (CO) 3 (n° -C3Hs) derived from allyl bromide and the 

[(n?-allyl)Fe(CoO)3] anion (129), and also for Cr, Mo, W, Mn, 

and Co complexes. 

It has been proposed that an (n3-benzyl) iron cation 

[CsHoFeCp] is responsible for the base peak (m/e 226) in the 

mass spectrum of Me-CgHi-Fe(CO)eCp (Section III.A.3) (90). 

Photochemical decarbonylation of complexes of the type R-CO- 

Fe(CO)»Cp (R = CH=CH», Ph) provides a convenient route to the 

corresponding R-Fe(CO)2Cp complexes (108). 

Photolysis of ni-benzyl complexes of Mo and W affords 

the corresponding n?-benzyl complexes, but with (n/-benzyl)- 

(n°-cyclopentadienyl) dicarbonyliron the major photolysis prod- 

uct is the dimer [CpFe(CO)2]2 along with ca. 1 % of ferro- 

cenylbenzylketone (130). The mechanism of this unsual ring 

acylation reaction is obscure. 

D. STEREOCHEMISTRY OF REACTIONS 

Data on the stereochemical changes occuring at transi- 

tion metal carbon bonds are usually lacking. Experimental 

problems of thermal lability of the metal-carbon bond, the 

lack of suitable enantiomerically pure substrate molecules 

and of reference reactions of proven stereochemistry, and the 

difficulty of assigning absolute stereochemistries to mole- 

cules for which there are no X-ray crystallographic data have 

auiNcontrsibucedmcO Enis eStare on akrarisc.. 

Recently, NMR and CD spectroscopy have been applied with 

some success to the study of reactions at iron-carbon bonds. 

One approach takes advantage of small differences between the 
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vicinal coupling constants J(H-H') of erythro- (>8 Hz) and 

threo- (<7 Hz) diastereoisomers of compounds of the type 

(CH3 3 C=CHD=CHDX (X"=]{"Cl) BYP Fe (CO)eCp, -ete>) (20) The 

couplings are the weighted average of couplings in each of 

the conformers contributing to the diastereoisomeric pair 

(X= Fe(CO)a'Cp) 27. 

C(CH3)3 C(CHs3)3 

Daa X D : H 

Diet ante Gc ~SH 
H Xx 

erythro 278 threo 

The stereochemistry at carbon of reactions at the Fe-C 

bond of (CH3) 3C-CHD-CHD-Fe(CO)2Cp are summarized in Figure 

6. Three types of reaction were identified, viz. migration 

of the alkyl group to co-ordinated carbon monoxide induced 

by Ligand nucleophilic attack or by oxidation and occurring 

with retention, electrophilic attack with retention, and 

electrophilic attack with inversion. Oxidatively induced 

migration with retention was also observed for the cyclohexene 

derivatives 28 and 29. The mechanism of these oxidative mi- 

grations is unknown. A POSSIDTlityeasP that. elect ronstrans ier 

to the oxidizing agent makes the iron atom strongly electron- 

withdrawing, thus weakening the metal-carbonyl T bonding and 

rendering the carbon of the carbonyl group susceptible to 

intramolecular nucleophilic attack by the alkyl group. 

Insertion of SO2 into the Fe-C bond occurs with inver- 

sion at carbon in reaction [60] which is > 95 % stereoselec- 

tive. In order to throw more light on the reaction mechanism, 

the stereochemistry at iron was investigated. Only a single 

pair of diastereotopic methyl groups is evident in the NMR 

spectrum of the sulphinates 31, this showed the SO» insertion 

reaction to be highly stereoselective but did not establish 

whether the stereoselectivity was associated with inversion 

or retention of configuration at the iron atom (9). Some 

epimerization (ca. 20 % ) of the chiral iron occurred when 

liquid SO2 was the reaction medium. Retention of configura- 

tion at the iron atom in the insertion of SO» into the Fe-C 

bond of 32 was adduced from the similarity between its cir- 

cular dichroism spectrum and that of its sulphinate 33. The 

absolute stereochemistries were assigned on the basis of com- 

trans conformers are shown, these are the most favoured 

energetically. 
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t-Bu 
t-Bu 

Hwee 20 Heeae eeD 
(Fe) = Fe(CO)2Cp 

Da 5 
07” “Sy 

(e — CO2Me R~ CR IFe : 

Fe(R) 
(8) (b) (1)- (3) 

eel tc - 

H H D D 
pa AT) oh Eta) Se 

D~~ "SH D-~ NES 

HgCl Fe(CO)2Cp Her Fe(CO)LCp 

(6) (5) hy, -CO 

Fe(CO)LCp 

Fe(CO)2Cp 

(1) Bro, MeOH; (2) Ce(IV), MeOH; (3) O2, MeOH; 

(4) L = PPh3, RNC; (5) S0Oo; (6) Br2(-20°C); 

(Hh) HgClo; (8) R-C=C-R, R = COo-Me 

(a) Reaction carried out on the threo diastereoisomer. 

(b) Stereochemistry at the C=C double bond uncertain. 

Fig. 6: Stereochemistry of reactions of (CH3) 3C-CHD-CHD-Fe- 

(CO) DCpM(EGromereis a 20, 167) 
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2+ 
<)wm Fe(CO)2 Cp _Cutt7 EtOH {mmo Et 

28 [59] 
2+ 

29 

oO. « CeHs CH3 

Fe Fe [60] aig OC "PPh 
p 

sc fe o—S=0 
30 ab 31a,b by 

O 

shee ul . 
oc NH, ~~ 0 > 

PhP 
: 32 

0 ' 

wnFe 0 I 

oan II A 

ey eerie es 

Ph3P II 

O 
33 

parison between the circular dichroism spectra and that of 
[CpFe(Ph3P) (CO) -CMe=NH-CH (CH3) Ph] [BF,] (58) for which the 
stereochemistry has been established by X-ray diffraction. 

Inversion at carbon in SO2 insertion into the He=Ce bene 
can be accomodated by backside electrophilic attack of SO 
without the necessity of prior co-ordination of SO2. The re- 
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tention at iron is less easy to explain. It has been suggest- 

ed that it may reflect the configurational stability of the 

iron centre in an ion-pair intermediate. 

The stereochemical outcome of reactions between Fe-C 

bonds and reagents of the type EX (where E = HgX, X, H; X = 

halogen) depends on the reaction conditions and the reagent. 

Retention, inversion, and epimerization have all been obsery- 

ed. Clearly, this class of reaction is not suitable asa 

probe of the stereochemistry of reactions at metal-carbon 

bonds. In a series of reactions of complex 30 with Hl, 22, 

and HgI2, the stereoselectivity of the formation of the 

cleavage product followed the order Ig > HI 2 HgI2 (9). In 

each case partial epimerization had occurred; this was highest 

with HI. The formation of a stereochemical non-rigid inter- 

mediate such as 34 formed via reversible oxidative addition 

etre 1.40830 was suggested in order to account for the par- 

tial epimerization. Stereochemical non-rigidity has been 

observed in the related molecules CpMo(CO)»LX and CpMo(CO) Lox. 

+ 

CeHs CH3 

The collapse of 34 to the halogenated product could occur via 

reductive elimination of ECH3. 

E. CATALYSIS 

Iron alkyls have been invoked as intermediates in a var- 

iety of reactions such as the oligomerization and polymeriza- 

tion of olefins and acetylenes catalysed by mixtures of iron 

salts and organoaluminium compounds. There are no reports of 

the characterization of these presumably highly labile spe- 

cies. 

The hydrogenation of olefins (119,146,147) in the pres- 

ence of iron alkyls probably occurs via iron hydrides formed 

by B-elimination from the alkyl group (scheme [61]). ms 

Concentrations of FeCl (n = 2 or 3) as low as 10 mol 1 

are sufficient to catalyse the reaction [62] (154). 

The major reaction is disproportionation, only when there are 

no B-hydrogens are coupling products formed (eq. [63]). 
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(CgHg-CH)—CH,-CDz—CH 4,-Fe Sy 

! 

CgHs—CH2-CH—CH2D 

Fe+ CH —CD2—CH2—CH2—CgHs), =f 

+ 

61 
A CgHg-—CHz-CHD—CH» [ J 

Fe+-CH,—CD2-CHz-CH2-CgHe),_ | 

A 

CgHs—CHp-CHD—CHD etc. 

CgHe-CH2- CH2- CD=CH2 

+ 

Fe CH)—CD>-CH)—Cth- Cabelas S = solvent 

FeCly 
C2HeMg Br + C2HeBr a CoH¢ + CoH, + MgBr [62] 

at CoH, + (CH3)3CH + MgBr2 

CaHsMgBr + (CH3)3CBr PPA CoH + (CH3)2CH=CH2 + MgBr2 [63 ] 

Et2Fe(bipy)2 has been found to catalyse the oligomerization 

and polymerization of butadiene. A detailed investigation of 

the reaction showed that the catalytic species is Fe(bipy) 2 

formed via elimination of ethylene and ethane from the dialkyl 

complex (170,1271)); 
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I. INTRODUCTION 

This chapter discusses iron complexes in which carbon- 

carbon double bonds are individually bonded to iron atoms. 

Important groups of complexes of this type include compounds 

of the type (olefin)Fe(CO),, which may be regarded as substi- 

tution products of pentacarbonyliron, and cationic carbonyl- 

cyclopentadienyliron derivatives of the general type Lar = 

Cs5Hs)Fe(CO) 2 (n*-olefin)] . This chapter will also include 
some iron complexes of dienes, such as butadiene, and poly- 

enes, such as fulvenes, in which the carbon-carbon double 

bonds are individually bonded to different iron atoms. 

Iron complexes of dienes, trienes, and polyenes, in which two 

or more double bonds are bonded together to the same iron 

atom(s) will be discussed in other chapters of this book. 

II. OLEFIN-TETRACARBONYLIRON DERIVATIVES 

Among the most important olefin-iron derivatives are the 

olefin-tetracarbonyliron derivatives. These compounds have 

the general formula (n7=olefin)Fe(CO) ,. They may be regarded 

as substitution products of pentacarbonyliron in which one of 

the equatorial carbonyl groups is replaced by the dihapto- 

coordinated olefin. Complexes of the type (n*-olefin) Fe (CO) y 

are known mainly for unsubstituted ethylene and for substi- 

tuted ethylenes containing substituents more electronegative 

than hydrogen. In addition several dienes and trienes can 

form complexes of the type LI Fe(CO),] (aor 25) ea wilnnelnr 

the carbon-carbon double bonds are individually coordinated 

to Fe(CO), units. 

A. PREPARATION OF OLEFIN-TETRACARBONYLIRON DERIVATIVES 

The first known olefin-tetracarbonyliron complex to be 

prepared was (acrylonitrile)tetracarbonyliron, (CH2=CH-CN) - 

Fe(CO),4, which was reported in 1960 by Kettle and Orgel (120). 

They obtained this complex by treatment of Fe2 (CO) 9 with ex- 

cess boiling acrylonitrile or by exposing a mixture of Fe(CO)5 

and excess acrylonitrile to sunlight. Subsequent crystallo- 

graphic studies by Luxmore and Truter (155,156) indicated 

structure 1 (X = CN), in which the carbon-carbon double bond 

of the acrylonitrile is coordinated to a five-coordinate tri- 

gonal bipyramidal iron atom in one of the equatorial posi- 

tions. 

The yield in the original preparation of (acrylonitrile) - 

tetracarbonyliron was rather poor (2-3 %). This apparently 

discouraged the immediate extension of such preparations to 
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other systems. However, in 1963 (228) a group of workers at 

the Cyanamid European Research Institute developed general 

conditions for reactions of electronegatively substituted 

olefins with Feo (CO)>6 in benzene at 40-45°C to give the cor 

responding (olefin)Fe(CO), derivatives in rather good yields 

(60-93 %) according to equation [1]. 

Fe(COly + olefin — (olefin) Fe(CO), + Fe(CO)s [1] 

Examples of electronegatively substituted olefins included in 

this study (228) are maleic anhydride, maleimide, fumaric 

acid, maleic acid, methyl esters of maleic and fumaric acids, 

acrylic acid and its methyl and ethyl esters, acrylamide, and 

acrolein. The products were reasonably stable yellow solids. 

Some of them could be purified by vacuum sublimation. Similar 

thermal reactions have been used subsequently to prepare tet- 

racarbonyliron complexes of ethylene (164), tetramethoxy- 

ethylene (109), and various cis- and trans-dihaloethylenes 

(OD) a 

The second successful method used in the original pre- 

paration of (acrylonitrile) tetracarbonyliron was the ultra- 

violet irradiation of pentacarbonyliron with acrylonitrile. 

This method was subsequently extended to the preparation of 

(olefin) Fe(CO),y derivatives of maleic anhydride (208), di- 

methyl maleate (208), dimethyl fumarate (208), methyl metha- 

crylate (134), vinyl acetate (134), vinyl chloride (137), 

styrene (137), propylene (137), and vinyl ethyl ether (137). 

In relatively recent work excess Fe(CO)5 has been recommended 

as the solvent for the photochemical preparation of the 

acrylic acid complex (CH2=CH-COOH)Fe(CO), (50). 

The effectiveness of ultraviolet irradiation in the pre- 

paration of various olefin-tetracarbonyliron derivatives from 

the olefin and pentacarbonyliron undoubtedly arises from the 

ability for the ultraviolet irradiation to dissociate one of 

the carbonyl groups from Fe(CO)s5 without heating the system to 

a temperature above the decomposition temperature of the re- 

sulting (olefin)Fe(CO), derivative. y-Radiation has. been 

found to be similarly effective (117,133,136). Thus, y-irradi-— 
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ation of Fe(CO)s5 with olefins in benzene solution has been 

used for preparing (olefin)Fe(CO), complexes of maleic anhy- 

dride, dimethyl fumarate, vinyl acetate, and methyl metha- 

crylate (132,135). During the course of this study Fe(CO)5 was 

found to inhibit strongly the y-radiation induced polymeri- 

zation of vinyl acetate and methyl methacrylate. 

An unstable tetracarbonyliron complex of vinyl alcohol 

has been prepared. However, because of the instability of 

vinyl alcohol with respect to tautomerization to acetalde- 

hyde, indirect methods are necessary (220). Reaction of 

Feo (CO)9 with trimethylsilyl vinyl ether gives the corres- 

ponding tetracarbonyliron derivative, [(CH3) 3Si0-CH=CH2 ]- 

Fe(CO),4, a solid stable only below O°C. Hydrolysis of this 

complex with trifluoroacetic acid in acetone solution at 

-90°C gives (vinyl alcohol)tetracarbonyliron, (CH2=CH-OH) - 

Fe(CO),, (1, X = OH). This complex was identified by its os 

NMR spectrum and its reactions with methyl isocyanate and tri- 

phenyl phosphite to give (O-vinyl-N-methylcarbamate) tetracar- 

bonyliron, [CH3-NH-CO-CH=CH2 ]Fe(CO)y4, and acetaldehyde, re- 

spectively. However, (vinyl alcohol)tetracarbonyliron decom- 

posed above -70°C. 

Some miscellaneous olefin-tetracarbonyliron derivatives 

have been obtained by other methods. Thus, treatment of the 
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(n?-allyl)-tetracarbonyliron cation, [ (n3-c3Hs)Fe(Co) y]° (as 

its tetrafluoroborate salt), with a Lewis base such as pyri- 

dine or triphenylphosphine gives tetracarbonyliron complexes 

of the allylpyridinium (2) and allyltriphenylphosphonium (3) 

cations (229). Unstable olefin-tetracarbonyliron derivatives 

(R-CH» -CH=CH-CH3)Fe(CO), (R = phenyl, benzyl, and cyclohexyl) 

are similarly obtained by treatment of the allyl-tetracar— 

bonyliron cation [ (n?-CH3-CH=CH=CH2)Fe(CO)4] with the cor- 

responding organocadmium compound, R2Cd, in tetrahydrofuran 

ele OE. (INES) - 
Olefin-tetracarbonyliron complexes have also been postul- 

ated as intermediates in the reaction of benzyl chloride with 

Fe3(CO);2 in the presence of appropriate coordinating olefins 

such as acrylonitrile (189). The ultimate products from such 

reactions are benzyl derivatives of the olefin introduced. 

B. POLYOLEFIN COMPLEXES CONTAINING TETRACARBONYLIRON UNITS 

Reactions of polyolefins (dienes, trienes, etc.) with 

carbonyliron complexes under sufficiently mild conditions 

may give products in which tetracarbonyliron units are indi- 

vidually bonded to one or more of the double bonds of the 

polyolefin. Such reactions must be carried out under mild 

conditions in order to prevent loss of carbonyl groups from 

the Fe(CO), units to give metal complexes containing diene- 

tricarbonyliron units, discussed elsewhere in this book. 

Butadiene has long been known to react with carbonyl- 

iron reagents under relatively vigorous conditions to give 

(butadiene) tricarbonyliron (105,188). However, if the reaction 

between butadiene and iron carbonyls is carried out under re- 

latively mild conditions (below 40°C) using Fe2(CO)9 9 as the 

most reactive of the three iron carbonyls, then the two te- 

tracarbonyliron complexes (CyHe)Fe(CO), (4) and (CyH.e)- 

[Fe(CO),]2 (5) can be obtained in yields of 60 % and 24 3, 
respectively (163). The mononuclear complex 4 is a thermally 

unstable liquid, which nevertheless can be distilled at 

23 20C/ i 5 TO rma inewloanuelears complex 5 is an orange-yellow 

aes 
0 0 2’ C~ | co —>F 
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solid, which is fairly stable in the solid state. The schema- 

tically indicated structure 5 for =" Up2en-es, oan Cala) = 

[Fe(CO)y4]>o with a planar s-trans-butadiene carbon system bond- 

ed to two Fe(CO), groups in the equatorial positions has been 

confirmed by X-ray crystallography (130). Tetracarbonyliron 

complexes of 2-methylbuta-1,3-diene and trans- and cis-1,3- 

pentadiene have been obtained by reactions of the 1,3-dienes 

with Fe2(CO)9 for relatively short times using infrared spec-— 

troscopy to follow the reaction (79). Protonation of these 

1,3-diene-tetracarbonyliron complexes gives good yields of 

the corresponding (n3-allyl)-tetracarbonyliron cations, iso- 

lated as stable tetrafluoroborate salts. 

The carbon-carbon double bonds of 1,5-cyclooctadiene 

can be individually bonded to tetracarbonyliron units. Ultra- 

violet irradiation of Fe(CO)5 with 1,5-cyclooctadiene for 

relatively short periods of time gives the relatively unstable 

liquid (CgH12)Fe(CO), which can be purified by crystallization 

from pentane at -120°C (139). The presence of coordinated 

1,5-cyclooctadiene is supported by degradation with 

cerium(IV). Decomposition of (CgH,2)Fe(CO), on standing leads 

to the more stable yellow crystalline binuclear complex 

(CeHi2)LFe(CO)yl2 (139). An X-ray crystallographic study of 
this binuclear complex indicates that the 1,5-cyclooctadiene 

molecule is bonded to two tetracarbonyliron units through its 

double bonds in the chair-conformation with each of the co- 

ordinated carbon-carbon double bonds exactly in an equatorial 

position of the trigonal bipyramidal iron (147). 

Complexes with a fulvene carbon-carbon double bond bond- 

ed to a tetracarbonyliron unit have been among the several 

products isolated from reactions of fulvenes with carbonyl- 

iron reagents. Thus, complexes of the type (fulvene) [Fe(CO) 4] 

(6, R = CeHs or p-ClCgH,) are among the several products ob- 

Gas ae O¢ 0 6.0 c 0 
ie ae os Malte 

C C G C 
0 0 0 0 

§ i 

tained from these fulvenes and Fe2(CO)9 (226,227). The two 

Fe(CO), units have been shown by X-ray erystallography (19) 

to be in trans-positions in these complexes. A similar bis= 

(tetracarbonyliron) complex 7 is formed as an unstable inter- 

mediate in the reaction of spiro[2.4]hepta-4,6-diene with 

Fes (CO)9 to give ultimately (6-methylfulvene) hexacarbonyldi- 
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iron (64). 

1,3,5-Hexatriene reacts with Fe2(CO)9 at A026 EO" £Oirm 

the mono- and bis(tetracarbonyliron) derivatives (C6Hg)Fe(CO) y 

and (C6Hs)[Fe(CO)4]2, respectively, in addition to the tri- 

carbonyliron complex (CgHg)Fe(CO)3 (164). 

The reaction of acenaphthylene with carbonyliron reagents 

has long been known to give a binuclear complex (C12Hg)Fe2- 

(CO)s5 (46,121). However, if the reaction between acenaphthyl- 

ene and iron carbonyls is carried out under relatively mild 

conditions using Fe2(CO)9 in tetrahydrofuran, which readily 

generates Fe(CO), units (53,54), a product Of =the tstorchio-— 

metry (C12Hg)Fe(CO)y is obtained as yellow-orange crystals 

(55). X-ray crystallography of this product indicates Tees gXO) 

have structure 8 in which the non-benzenoid carbon-carbon 

double bond of the acenaphthylene unit is bonded to an equa- 

torial position of the carbonyliron trigonal bipyramid as in 

other (olefin)Fe(CO), derivatives. 

Olefin-tetracarbonyliron derivatives have also been ob- 

tained from reactions of styrene derivatives with iron car- 

bonyls. Ultraviolet irradiation of various styrene derivatives 

with Fe(CO)5 gives the corresponding styrene-tetracarbonyliron 

complexes 9 as air-sensitive yellow complexes in addition to 

Rj Ro R3 Ry 

: H H H H 

H CH 3 H H 
R2 | 0 L C CH 3 H H H 

R | we 
Ti Ces H H H 

R! | 0 H  p-CH30C¢Hy, H H 
C Cees H H 

R 0 H CH; CH3 H 
9 H CH 3 Ci H 

H CH 3 OCH 3 H 

H cyclopropyl OCH 3 H 

18 H H Br 

compounds containing one or two tricarbonyliron units bonded 

to the styrene system (222,223). In the case of o-bromostyrene 
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a tricarbonylferraindene-tricarbonyliron derivative is also 

formed with bromine elimination. The compounds with Fe(CO) 3 

units are discussed in more detail elsewhere in this book. 

Certain allenes and cumulenes form tetracarbonyliron 

complexes involving only one carbon-carbon double bond of the 

cumulene system. Reaction of Fe (CO)9 with tetramethylallene 

gives a mixture of (2,4-dimethylpenta-1,3-diene) tricarbonyl- 

iron (10), formed by a hydrogen shift reaction, and (tetra- 

methylallene)tetracarbonyliron (11). The ‘H-NMR spectrum of 

HC A | \ | 
C 

HC Fe(CO), \||— Fe(CO), 

c PA “in, ; 

H3C CH3 

10 i 

the latter complex shows only a single methyl resonance at 

room temperature, but three methyl resonances in a 1:1:2 

hatvonat —oO°G- Thwvs indicates that vat Loom) temperature the 

tetracarbonyliron unit is rapidly moving from one T molecular 

orbital of the tetramethylallene to the second orthogonal 

one. The activation energy for this process is 9.0 + 2.0 

keale (24) 

Tetraphenylbutatriene reacts with Fes (CO) 9 at room tem- 

perature to give both the tetracarbonyliron complex [(C¢Hs)2- 

C=C=C=C (CeHs5)2]Fe(CO), and the hexacarbonyldiiron complex 

[ (CgHs) 2C=C=C=C (CgHs5)2]Fe2(CO)¢ (116). X-ray crystallography 
of the former complex indicates that the center carbon-carbon 

double bond of the triene system is bonded to the tetracar- 

bonyliron unit as in 12 (29,30). The terminal carbon atoms of 

HeCg— gud. 6 7 Sis Cd 
Hg C6 | CeHs 

OC—— |= — 16 6 

C C 
0 0 

WP 

the butatriene chain are bent away from the iron atom so that 

the angles subtended at the central carbon atoms are 151°. The 

largest cumulene which has been reacted with iron carbonyls 

is tetra(tert-butyl)hexapentaene, which reacts with Fe3(CO)12 

to form both a yellow tetracarbonyliron derivative and a red 
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hexacarbonyldiiron derivative (128). The 13¢_NMR spectrum of 

the tetracarbonyliron complex indicates structure 13, in which 

c—=c=C=C=C= 
ene | enc CHyy 

Gta e—=—0 

0 0 
13 

again the center carbon-carbon double bond is bonded to the 

Fe(CO), unit. Despite the presence of five carbon-carbon 

double bonds, four of which are not complexed to a metal atom, 

this cumulene-tetracarbonyliron complex is remarkably stable. 

It thus sublimes in vacuum without decomposition. The protec— 

tive effect of the four large tert-butyl groups in the chem— 

istry of tetra(tert-butyl)hexapentaene is very significant. 

C. REACTIONS OF OLEFIN-TETRACARBONYLIRON DERIVATIVES 

Olefin-tetracarbonyliron derivatives react with Lewis 

base ligands with displacement of the coordinated olefin ac-— 

cording to the general equation [2] where a is the fraction 

(olefin) Fe(CO), + (2-a)L 
[2] —+ a Fe(CO),L +(1-a) Fe(CO)L, + olefin + (1-a)CO 

of monosubstituted complex obtained during the reaction. Car- 

daci has studied the details of reactions of this type using 

mainly (styrene)tetracarbonyliron and ligands such as carbon 

monoxide (37,40), triphenylphosphine (39,40,41), triphenyl- 

arsine (39), triphenylstibine (38,39), and pyridine (39). 

With triphenylstibine and pyridine only the monosubstituted 

LFe(CO), was observed (i.e. a = 1 in equation [2]). With tri- 

phenylarsine, the amount of disubstituted derivative was re- 

latively small. With triphenylphosphine, however, appreciable 

amounts of the disubstituted derivative [(C.gHs5) 3P]oFe (CO) 3 
were obtained. The amount of disubstituted derivative formed 

in the reaction of triphenylphosphine with (styrene) tetracar- 

bonyliron was found to decrease as the carbon monoxide pres- 

sure was increased. On the basis of Cardaci's kinetic studies, 

a reaction mechanism was proposed involving first dissociation 

of the olefin from (olefin)Fe(CO),4, to give a reactive Fe(CO), 

fragment followed by further dissociation of carbon monoxide 
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from the Fe(CO), fragment to give an Fe(CO) 3 fragment (40). 

In the cases of different complexes of the type (CH2=CHX) Fe- 

(CO)4y the rate of reaction according to equation [2] with 
carbon monoxide as the entering ligand (a is not readily de- 

termined in this case) was found to increase with decreasing 

electron withdrawing power of the X substituent (37). 

Reactions can also be performed on functional groups 

attached to the olefins coordinated to tetracarbonyliron 

units without rupture of the olefin-iron bond. Thus, treatment 

of (acrylic acid)tetracarbonyliron, (CH2=CH-COOH)Fe(CO),, with 

phosphorus trichloride in hexane gives a 90-95 % yield of 

the corresponding acid chloride complex, (CH2=CH-COC1)Fe(CO) 4 

(60). Reaction of this acid chloride with ammonia in hexane 

gives an excellent yield of the acrylamide complex, 

(CH2=CH-CO-NH2)Fe(CO),4, previously obtained (228) from acryl- 

amide and Fe2(CO) 9. A Similar amide, (CH2=CH-CO-NC5H 9) Fe- 

(CO),4, is analogously obtained using piperidine. ‘The pK_ of 

acrylic acid in its complex is 5.16 as compared with 4.10 for 

the uncomplexed acid (60), indicating a decrease in the acid- 

ity of acrylic acid when it is complexed with an Fe(CO), unit. 

Despite this lowering of acidity of acrylic acid when bonded 

to iron in the complex (CH2=CH-COOH)Fe(CO),4, the complex pro- 

tonates strong hard Lewis bases such as ammonia, piperidine, 

and pyrrolidine to form the corresponding salts of the 

(CH>=CH-COO )Fe(CO) 4 anion. Soft Lewis bases react with 

(acrylic acid)tetracarbonyliron to form 1:1 adducts (CH2= 

CH-COOH)Fe(CO)4L (L = (CH30)3P, C2Hs(CeHs)2P, (CH3)2(CeHs)P, 
(CyuH9)3P, (Ce6Hi1)3P, and CsHs5N) without carbon monoxide evo- 

lution. Hydrogen bonding of the Lewis base to the acidic 

proton of acrylic acid is suggested to account for the ex- 

istance of these complexes (60). 

D. PHYSICAL AND SPECTROSCOPIC STUDIES ON OLEFIN-TETRACAR- 

BONYLIRON DERIVATIVES 

The general interest in metal-olefin bonding (56,104, 

106) has led to a variety of physical and spectroscopic stu- 

dies on olefin-tetracarbonyliron complexes with the ultimate 

objective of elucidating their structure and bonding. Wel 

niques which have been used to study these compounds include 

vibrational (IR and Raman) spectroscopy, mass spectroscopy, 

electron diffraction, nuclear magnetic resonance, electron 

spin resonance of radical anions produced by electrochemical 

reduction, Méssbauer spectroscopy, and ion cyclotron reso- 

nance. 

The vibrational spectrum of (ethylene) tetracarbonyliron 

was investigated (2). However, the relative instability o£ 

this compound made Raman spectra only possible at low tem— 
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peratures. In this complex the (strongly coupled) CH2 in- 

plane symmetric deformation and C=C stretching frequencies 

were 1510 and 1193 cm‘, with the Fe-(C2H,) stretch and 
tilts at 361, 305, and 401 cm s 

The tetracarbonyliron complexes of maleic anhydride 

(3,152) and N-methylmaleimide (153) are considerably more 

stable than (ethylene) tetracarbonyliron. Therefore, extensive 

Raman data in addition to infrared data could be obtained on 

the former complexes. The carbon-carbon double bond stretch- 

ing frequencies in maleic anhydride and N-methylmaleimide 

each decrease by more than 200 cm 1 upon complexing with the 

Fe(CO), fragment. This suggests a strong interaction with the 

metal. The decrease in the infrared intensities of the out— 

of-plane CH modes after coordination to the metal is explain- 

ed by the lowering of the effective positive charge on the 

olefinic protons due to the electron back-donation from metal 

to, Ligand: 

The charge distribution in (olefin)Fe(CO)4 derivatives 

has also been determined by dipole moment measurements (214). 

Values around 3 D were found for complexes of a variety of 

olefins with electronegative substituents such as ketones, 

aldehydes, and nitriles. 

In another study (138) the thermal stabilities of (ole- 

fin)Fe(CO), derivatives have been related both to the posi- 

tion of the highest infrared v(CO) frequency and to the ion- 

ization potential of the free olefin. The fragmentation pat— 

terns of tetracarbonyliron complexes of maleic anhydride, 

the dimethyl esters of maleic and fumaric acids, propylene, 

styrene, acrylonitrile, vinyl ethyl ether, vinyl halides, and 

various dihalo- and trihaloethylenes have been described 

(138). In most cases loss of the olefin ligand from the mole- 

cular ion is competitive with the usual stepwise loss of car- 

bonyl groups. 

The olefin-tetracarbonyliron derivatives have been in- 

cluded as representatives of equatorially substituted LFe(CO),4 

derivatives in an extensive recent infrared study (61) of 

substituted carbonyliron derivatives. In the equatorially 

substituted (olefin)Fe(CO), complexes the two carbonyl groups 

opposite to the olefin ligand exhibit somewhat larger force 

constants than the two carbonyl ligands trans to each other. 

The absolute intensities of the infrared v(CO) frequencies 

were also measured, but the interpretation of the MCO group 

dipole moments calculated from these data is not clear. 

Gas phase electron diffraction data have been obtained 

on (ethylene)tetracarbonyliron (63). The resulting radial 

distribution curves are consistent with the accepted trigonal 

bipyramidal model in which the ethylene occupies an equatorial 

Seer 
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A characteristic feature of Fe(CcO)s is the extremely low 
activation barrier towards the intramolecular rearrangement 
OreteEs “ive carbon groups. This is indicated by a single 
sharp line in the !%c-NMR spectrum Of Fe(CO) 5 down to —170°C: 
Recent studies on the temperature dependence of the !3c-NMR 
spectra have shown that substitution of an equatorial CO group 
im Pe(CO)s by an Olefin to form an (olefin)Fe(CO), complex can 

raise appreciably its activation barrier towards intramole- 

cular rearrangement (146,232). Thus, the !?c-NMR spectra of 

the tetracarbonyliron complexes of diethyl fumarate, di- 

ethyl maleate, and ethyl acrylate at -30°C, -30°C, and 

BoO-C, respectively, exhibit the lamiting, 2:2, 221<1, and 

1:1:1:1 patterns, respectively, for the metal carbonyl reso- 

nances expected for a rigid structure with no intramolecular 

rearrangements (146). In a study of the 13¢_NMR Se ciegemOlnme: 

still greater variety of olefin-tetracarbonyliron, complexes, 

the activation barrier to carbonyl site exchange was found 

to increase with increasing T-acceptor ability of the olefin 

(232). In all cases the complexity of the metal carbonyl 

region of the 13C-NMR spectrum is consistent with a trigonal 

bipyramidal structure in which the two olefinic carbons of 

the ligand occupy the equatorial plane. 

Tetracarbonyliron complexes of dimethyl fumarate, acryl- 

amide, N-phenylmaleimide, methyl cinnamate, and dimethyl ma- 

leate have been electrochemically reduced to the correspond- 

ing cadiucalvanivons (65). The reduction processes) are ellectro= 

chemically reversible and occur in the voltage region from 

-1.80 to -2.20 V relative to the Ag|ag (10 ~M) reference 

couple. The electron spin resonance spectra of these radical 

anions show hyperfine coupling of around 5 G for each of the 

protons remaining on the complexed olefinic carbon-carbon 

double bond. The infrared spectra in the metal carbonyl \v(CO) 

region of all of the radical anions exhibit decreases to 

longer wavelengths by about 100 to 150 cm / relative to the 

neutral compound. This suggests that some of the additional 

electron density of the radical anions is transmitted into 

the antibonding orbitals of the carbonyl groups. Conversion 

of an olefin-tetracarbonyliron complex into its radical 

anion changes its Méssbauer spectrum by increasing the isomer 

shift, but by decreasing, sometimes by a factor of 2, the 

quadrupole splitting. Other workers (49,144) during the 

course of obtaining Méssbauer data on most of the readily 

available neutral (olefin)Fe(CO), derivatives have observed a 

linear relationship between the isomer shifts and quadrupole 

splittings with a negative slope. 

The gas phase ion chemistry of pentacarbonyliron with 

various substances including deuterated ethylene has been in- 

vestigated using ion cyclotron resonance spectroscopy (78). 
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ap ; ath Soe 
The ion [Fe(CO)s5] was inert to C2D,. However, ions containing 

fewer carbonyl groups underwent the reactions [3]. Ions con- 

Fe(CO), + CoD, ate Fe(C,D, (CO); + CO 

+ + 3 
Fe(C2D,)(CO)n-1 + C 2D, Saas Fe(C 2D,)2(CO),-2 + CO [3] 

taining more than two C2Dy, units were not found. 

E. CHIRAL OLEFIN-TETRACARBONYLIRON DERIVATIVES 

In general, olefins, even those with four different 

substituents of the type WXC=CYZ, are achiral because of 

the plane of symmetry through the two double bond carbons 

and the bonding atoms of the four substituents. However, if 

any type of olefin other than the symmetrical types X2C=CX2, 

cis-XYC=CXY, and X,C=CY, is coordinated to a metal, this 

plane of symmetry will disappear thereby leading to chiral 

systems. Tetracarbonyliron complexes of fumaric acid (181, 

182) and acrylic acid (182) have been resolved into the 

enantiomers by fractional crystallization of their brucine 

salts, followed by removal of the brucine with hydrogen 

chloride in acetone. A similar procedure, when applied to 

(maleic acid)tetracarbonyliron, failed to give an optically 

active product in accord with the presence of a plane of 

symmetry in this compound (182). The crystal structures of 

both the racemic (51,184) and the optically active (-)-forms 

(52) of (fumaric acid)tetracarbonyliron have been investi- 

gated. The four carbon atoms of the fumaric acid ligand in 

these complexes deviate significantly from coplanarity. The 

absolute configuration of (—)-(fumaric acid)Fe(CO), was de- 

termined using anomalous diffraction of Cu-K_ radiation by 

the iron atoms. All three crystallographically distinct 

molecules have been the same (R,R) configuration induced by 

the metal coordination at the olefinic carbon atoms. The 

circular dichroism spectra of (—)-(fumaric acid)Fe(CO), and 

(+)-(acrylic acid)Fe(CO), (165,166) have the same pattern 

but the opposite sign. The magnitude of the circular dichro- 

ism of the acrylic acid complex is about half that of the 

fumaric acid complex consistent with the fact that the 

acrylic acid complex has only one asymmetric carbon atom 

(that bearing the carboxyl group) but the fumaric acid com- 

plex has two asymmetric carbon atoms (each of the two ole- 

finic carbon atoms). The following additional conclusions 

are readily derived from these CD data: (1) the olefins 

coordinated to the Fe(CO),y unit in (—)-(fumaric acid) tetra- 

carbonyliron and (+)-(acrylic acid)tetracarbonyliron have 

Opposite configurations; (2) each asymmetric carbon atom 
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contributes equally to the total optical leh eal bien 
Both the vinyl and ester methyl protons in racemic 

(dimethyl fumarate) tetracarbonyliron are split into two re- 
sonances each in the presence of the chiral shift reagents 
europium(III)- and praseodymium (III) -tris-3-trifluoroacetyl- 
1R-campherates (212). This provides a simple and quick method 
for the Getection of the chirality of T-complexed prochiral 
olefins in cases where functional groups are present which 
interact with the lanthanide chiral shift reagent. 

F. APPLICATIONS OF OLEFIN-TETRACARBONYLIRON DERIVATIVES 

Several applications for olefin-tetracarbonyliron deri- 

vatives have been found. The tetracarbonyliron complexes of 

maleic anhydride, dimethyl fumarate, and ethyl cinnamate (as 

well as several diene-tricarbonyliron complexes) are active 

catalysts for the hydrogenation of methyl sorbate at 160°C/ 

40 atm. The mechanism for this process appears to involve 

exchange of the methyl sorbate with the coordinated olefin 

(35). (Dimethyl fumarate) Fe(CO), has been shown to be effi- 

cient for the quenching of the triplet state of fluorenone 

(85). (Maleic anhydride)Fe(CO),4y has been used for the modifi- 

cation of proteins such as ribonuclease to provide useful 

metal atom probes’ (84) in biologically significant molecules. 

III. BIS(OLEFIN)-TRICARBONYLIRON DERIVATIVES 

The extensive variety of olefin-tetracarbonyliron deri- 

vatives which can be obtained as discussed above naturally 

raises the question whether a second carbonyl group of 

Fe(CO)5 can also be replaced by an olefin to give an (ole- 

fin) »Fe(CO)3 derivative in which the two olefins are bonded 

to the same iron atom. However, attempts to prepare such com- 

pounds have had limited success. The experimental evidence 

discussed below suggests that compounds in which two mono- 

olefins are bonded to a single iron atom are unstable with 

respect to coupling of the two olefinic ligands to form a 

new carbon-carbon bond. 

The first studies on (olefin) oFe(CO)3 complexes, like 

those on the (olefin)Fe(CO), complexes discussed above, were 

performed using acrylonitrile as a ligand. In 1961 Schrauzer 

(210) briefly mentioned the formation of an unstable yellow 

substance of stoichiometry (C2H3CN)»2Fe(CO)3 from the reaction 

of Fe3(CO),2 with acrylonitrile. In 1966 Schubert and Sheline 

(211) described the ultraviolet irradiation of Fe(CO)s5 with 

acrylonitrile in hexane solution to give a product of the 

same stoichiometry. However, molecular weight determinations 
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showed that this product was the dimer [Fe (CO) 3 (CH2=CH-CN) ]>. 

A subsequent X-ray crystallography study (235) indicated 

structure 14 in which the acrylonitrile ligands act as brad-= 

0 
Aer Cc (0 

penealy 
e 

fret 

ges between the two iron atoms. These bridging acrylonitrile 

ligands bond to one iron atom using their carbon-carbon 

double bonds and to the other iron atom using the lone pairs 

of their cyano nitrogen atoms. Thus, acrylonitrile does not 

appear to form a true mononuclear (olefin) 2Fe(CO)3 complex 

apparently because coordination of a second olefinic carbon- 

carbon double bond cannot compete with coordination of the 

nitrogen lone pair. 

A true (olefin) 2Fe(CO)3 complex has been recently ob- 

tained using methyl acrylate as the ligand (98). Ultraviolet 

irradiation of (methyl acrylate) tetracarbonyliron with excess 

methyl acrylate in hexane solution at -30°C gives the bright 

yellow bis(methyl acrylate)tricarbonyliron, (CH30—-CO-CH=CH>) 2- 

Fe(CO)3. On the basis of the infrared spectrum of this com- 

plex the two methyl acrylate ligands are assigned to equa- 

torial positions in the trigonal bipyramid as depicted in 

structure: 15. The 14-NMR spectrum indicates the presence 

of the two stereoisomers 15a and 15b. 

oh an 
A 

byisee eee Atos AS OC—Fe 

c RA Sent 
O 0 ) 

} R=CO,CH, . 
15a 156 

Bis(methyl acrylate) tricarbonyliron (15) is a highly re- 
active molecule. Upon warming to -5°C it dissociates by losing 

one of the olefinic ligands to form (methyl acrylate) tricar- 
bonyliron with an apparent structure 16 involving 1-oxabu- 
tadiene coordination of the acrylic ester, but this compound 
also is rather unstable. At room temperature two stereoiso- 
mers of the metallacyclopentane complex (17a and 17b) are 
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Pls 

(CH==CH—CO,CH,),Fe(CO), —+ x \ + 7 oor: 

Fe(CO), 

13 16 

| i 
CO,CH, 

CO,CH, 
Fe(CO), + Fe(CO), 

CO,CH, €0,CH; 

7a 17b 

formed from 15, apparently because the proximity of the two 

equatorial methyl acrylate ligands leads readily to such coup- 

ling reactions (scheme [4]). Both stereoisomers. 17a and 17b 

are readily hydrogenated with Raney nickel to dimethyl adi= 

pate. This indicates that in both stereoisomers the ester sub- 

stituents are located on the carbon atoms directly bonded to 

the iron. 

Bis(methyl acrylate) tricarbonyliron undergoes a variety 

of interesting reactions with potential ligands. Reaction 

with carbon monoxide at 20°C regenerates the tetracarbonyliron 

complex, (CH30-CO-CH=CH2)Fe(CO),, with liberation of one equi- 

valent of methyl acrylate (98). Reaction with triphenylphos- 

phine also displaces one equivalent of methyl acrylate to give 

(CH30-CO-CH=CH>2 )Fe (CO) 3P(Ce6Hs)3 (237), shown by X-ray crystal- 

lography to have a trigonal bipyramidal structure in which the 

methyl acrylate is in an equatorial position and the triphen- 

ylphosphine is in an axial position. Reaction of bis (methyl- 

acrylate) tricarbonyliron with a 1,3-diene (butadiene, iso- 

prene, and 2,3-dimethylbutadiene) (101,102) leads to displace- 

ment of one of the two methyl acrylate ligands with formation 

of complex 18 containing an acrylate-diene adduct 2S O= 

tetrahapto-coordinated to the Fe(CO)3 moiety (R = R' =H or 
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CH3; R = H, R* = CH3). This complex gus alsotobtammedmoy miata 

diation of the corresponding (1,3-diene)-tricarbonyliron with 

methyl acrylate. Reaction of bis(methyl acrylate)Fe(CO)3 with 

alkynes at room temperature results in displacement of both 

methyl acrylate ligands to give complexes similar to those 

obtained from reactions of various iron carbonyls with al- 

kynes, however, under much more vigorous conditions (101). 

IV. REACTIONS OF CARBONYLIRON COMPLEXES WITH FLUOROOLEFINS 

The strongly electron-withdrawing effect of fluorine 

atoms in polyfluorinated olefins can make the chemistry of 

such olefins quite different from that of olefins containing 

mainly hydrogen or hydrocarbon substituents. For this reason, 

the reactions of carbonyliron complexes with such fluoroole- 

fins is discussed in this separate section of this chapter. 

The first reaction between carbonyliron complexes and a 

perfluoroolefin was described by Watterson and Wilkinson in 

1959 (224). They reported that tetrafluoroethylene reacts 

with Fe3(CO)12 to give a white volatile solid, to which they 

gave the formula (C2Fy)2Fe(CO)3. This originally proposed 

formula was soon found to be incorrect (112,225). This pro- 

duct was shown instead to be (octafluorotetramethylene) tetra- 

carbonyliron (2 )y Thus, two tetrafluoroethylene units can 

couple in the presence of iron carbonyls to form a ferracy- 

clopentane derivative completely analogous to the coupling of 

two methyl acrylate units to form the ferracyclopentane deri- 

vative 17 discussed above. Subsequently an improved prepa- 

ration of (CyuFg)Fe(CO)y, (19) was developed (73) using the ul- 

traviolet irradiation of tetrafluoroethylene with pentacar- 

bonyliron in the presence of catalytic quantities of 

Fe3(CO)12. Reactions of (CyFg)Fe(CO),4 with a variety of donor 

ligands give complexes of the types (C,Fg)Fe(CO)3L (L = E- 

(Colic) is; hie — Paes Ore Sb. lnk P(OR)3, R = CgHs5 or CoHs) and 

(CyuFg)Fe(CO)2eLo (L = P(OCoHs)3 or pynidine; Lo = 2,2\—bipy— 

ridyl, o-phenanthroline, or (C¢Hs5) 2P-CH2-CH2-P(CgHs) 2) (73)> 
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The formation of the octafluorotetramethylene complex 
19 rather than a true tetrafluoroethylene complex from reac- 
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tions between tetrafluoroethylene and iron carbonyls left 
uncertain for some time whether true carbonyliron n* -com- 
plexes of polyfluoroolefins could be prepared. However, by 
careful use of the reaction conditions suitable for preparing 
(Olefin)Fe(CO), complexes from non-fluorinated olefins as 
discussed above (i.e. ultraviolet irradiation of Fe(CO)5 with 
excess fluoroolefin or reaction with Feo (CO)g at room tem- 
perature), Similar complexes of the type (n*-olefin)Fe(CO) y 
could be prepared from a variety of fluoroolefins (72,74,75) 

including tetrafluoroethylene, the partially fluorinated 

olefins Cro=CFX (xX'= Cl, Br, or H)y) CFs=CHX (X= Cl, Br,. and 

H), the trifluoromethyl substituted ethylenes CH»=CH-CF3, 

Ena ss Chi —€xX—EX—CH 3 (XxX) — eH andy £)y, wand (CF 3) oC—C\(CHs ) 55 and 

the cyclic perfluoroolefins CF=CF+CF> ) (Cie ees eanchaa)n 

Most of these fluoroolefin-tetracarbonyliron derivatives 

are relatively unstable. Thus, perfluoropropene is removed 

from the complex (CF3-CF=CF2)Fe(CO), upon treatment with a 

variety of reagents including iodine in benzene at 80°C, phos- 

phorus pentachloride at 70°C, bromine, hydrogen chloride at 

70°C, aqueous sodium hydroxide at 75°C, or 70 % aqueous sul- 

furic acid at 70°C. Triphenylphosphine reacts with (CF3- 

CF=CF2)Fe(CO), to give a mediocre yield (17 %) of the substi- 

tution product (CF3-CF=CF2)Fe(CO) 3P(CgHs5)3. However, most 

(67 %) of the complexed hexafluoropropene is lost in this re- 

action. The tetrafluoroethylene complex (CF2=CF2)Fe(CO), re- 

acts with excess tetrafluoroethylene to give the ferracyclo- 

pentane complex 19 discussed above. Similar ferracyclopentane 

complexes could not be obtained for any other of the fluoro- 

olefins. However, in another study (213) CF2=CBr2 was found 

to give not only the olefin complex (CF2=CBr2)Fe(CO), but 

also the ferracyclopentane complex 20 upon irradiation with 

Fe(CO)5. 

The strong electron-withdrawing characteristics of the 

four fluorine atoms in tetrafluoroethylene suggests that for 

(CFo=CF2)Fe(CO), the resonance structure 21b containing a 

metallacyclopropane ring will predominate relative to the 

true metal olefin complex structure 21a . The gas-phase elec-— 

tron diffraction of (CF2=CF2)Fe(CO), has been interpreted 

0 e) 
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(18) on the basis of the metallacyclopropane structure 21b 

in which both tetrafluoroethylene carbon atoms are in the 

equatorial plane. 

Some zerovalent carbonyliron phosphite complexes also 

give perfluoroolefin (or more accurately, see above, metalla- 

cyclopropane) complexes upon treatment with polyfluoroolefins 

(33). Reaction of trans-[(RO)3P]2Fe(CO)3 (R = CH3 and CoHs) 

With the £luorooletins) CEo—CExX (xX =F, CHa, andiiel)yresutes 

in the elimination of one equivalent of carbon monoxide to 

give cis-[ (RO) 3P]2Fe(CO)2(CF2=CFX) (22). However, trans- 

[ (CoHs50) 3P]2Fe(CO)3 reacts with trifluoroethylene to give 

the ferracyclopentane complex 23, suggesting further the deli-— 

0 PIOC Hg) 
E Fy PIOR), ‘ it 20m 

Sha at F ay +c, 

6 "Bloc He), 

22 23 

cate balance between three- and five-membered ring formation 

in reactions of this type (33). 

Reactions of carbonyliron complexes with perfluorinated 

1,3-dienes may involve the two carbon-carbon double bonds 

either separately or simultaneously. Thus, ultraviolet irra- 

diation of Fe(CO)s5 with hexafluorocyclopentadiene gives an 

8 % yield of the yellow crystalline (CsF.) lFe(CO), lo (24) -an- 

volving separate reaction of the two carbon-carbon double 

bonds (17). However, hexafluorobutadiene reacts with iron 

carbonyls to form the perfluoroferracyclopentene complex 

(CyF¢) Fe (CO) y (25) involving simultaneous interaction of the 

0 eer @) @) : 

She aril Ete 50 Sey at” ; 
~~ | i! 

Fe+— —+Fe FeFe 
EN oes ae = 

° F F C cm | 0 0 0 C C o<. 
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two conjugated carbon-carbon double bonds with the metal 

carbonyl system (111,114). 
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V. REACTIONS OF CARBONYLIRON COMPLEXES WITH UNSATURATED 

CYCLOPROPANE DERIVATIVES 

The presence of a strained, and hence reactive, cyclopro- 

pane ring in an olefin can have a major effect on its reacti- 

vity towards carbonyliron complexes. In many, although not 

all, cases Opening of the cyclopropane ring can occur upon 

reaction with iron carbonyls. 

The first reported (47) reaction of a cyclopropane deri- 

vative with a carbonyliron complex was the reaction of triphe- 

nylcyclopropenyl bromide with the anion [Fe(CO)3NO] to give 

maroon crystals of the stoichiometry (C.™Hs) 3C3(CO)Fe(CO) 2NO. 

Recent spectroscopic (124) and crystallographic (185) re- 

sults on the apparently analogous compounds R3C3COCo(CO) 3 

(R = CH3 and CgHs) from [co(Co) 4] and the corresponding 

cyclopropenyl cations, R3C3 , suggest the ketocyclobutenyl 

structure 26 for this iron derivative. The reaction of 

[Fe (co) 3NO] with triphenylcyclopropenyl bromide thus appears 

to result in carbonyl insertion into the three-membered ring 

to give a four-membered ring. 

Another example of ring opening upon reaction CLecyelo= 

propene derivatives with carbonyliron complexes is the form- 

ation of the vinylketene derivative 27a or 27b from Mp Sia 

H CH3 H,C H 
en alas 

NGS laa 
H,C CN fe % H,C—C /*, 

HE ‘cg HY Fe 
Culee o IN Ger C ego Omuces © 

0 0 

27a 27b 

trimethylcyclopropene and Fe3(CO)12 (2233) =a the available 

spectroscopic data on the resulting yellow crystalline 
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(C7H1 90) Fe(CO)3 do not differentiate between isomers 27a and 

27b. 

"In contrast to the above reactions, carbonyliron com- 

plexes may react with methylenecyclopropanes derived from 

Feist's acid under sufficiently mild conditions to form pro— 

ducts in which the cyclopropane ring is retained. Thus, re- 

actions of trans- or cis-(dimethyl methylenecyclopropane- 

2,3-dicarboxylate) (28a or 28b, R = CH3) with Feo (CO), at 

room temperature lead stereospecifically to the formation of 

the corresponding olefin-tetracarbonyliron complexes 29a 

(R = CH3) or 29b (R = CH3), respectively, with retention of 

COR H 

H wet Atcae 
H 

COR COR 

28a 28b 

COR H 

H CO,R 
H H 

oc—Fe—Co OR OC—Fe—Co COR 
Boal Cae 0 SEtMG 

29a 29b 

the cyclopropane ring (231). The endo stereochemistry of the 
product 29b (R = CH3) from the cis-isomer 28b (R = CH3) and 
Fe) (CO) 9 was subsequently confirmed by X-ray crystallography 
(230). In the case of the corresponding diethyl esters treat- 
ment of the endo-Fe(CO), complex 29b (R = CoHs) with ethan- 
olic sodium ethoxide leads to epimerization giving the cor- 
responding trans-complex 29a (R = CoHs) (GUIRE) < 

Several interesting rearrangements have been observed 
upon heating the methylenecyclopropane-Fe (CO) 4 complexes 29a 
(R = CH3) and 29b (R = CH3) (231). The major products formed 
from 29a (R = CH3) and 29b (R = CH3) upon heating them alone 
in boiling toluene or with Fe (CO) 9 under milder conditions 
are the tricarbonyliron complexes of dimethyl cis- and trans- 
buta-1,3-diene-1,2-dicarboxylate. These reactions again are 
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stereospecific, since the trans-isomer 29a (R = CH3) of the 
methylenecyclopropane complex only forms the cis-isomer 30a 
and the endo-isomer 29b (R = CH3) only forms the trans-isomer 
30b upon such treatment. The trans- -complex 29a also gives 

H CO,CH, H CO,CH, 

(A ie CO.CH, H [ \ 

H | CO,CH, 
Fe(CO), Fe(CO), 

30a 30b 

the binuclear n?-allylic complex 31 upon reaction with excess 

Feo (CO)9 and the n?-allylic-o-acyl complex 32 upon ultraviolet 

MenacguatlLons (230)... , 

CO,CH, 
\ 

31 32 

The trans-Substituted diester 28a (R = CoHs) has no 

plane of symmetry and therefore can be resolved into the 

enantiomers. The corresponding free acid 28a (R = H) was re- 

solved and then esterified to the optically active diethyl 

ester with ethereal diazoethane. Treatment of this ester with 

Fe» (CO)9 gave an optically active tetracarbonyliron complex 

29a (R = CoHs5). Degradation of this Fe(CO),4 complex with cu- 

pric bromide in benzene was found to regenerate the diethyl 

ester 28a (Re—CoLMMWwitto nOMmLOSSHOrwnks sOptacaleactina ty. 

(118). 

Similar reactions of the 2,3-bis (hydroxymethyl) methyl- 

CH,OH CH20H 

a H H 

CH,OH 

CH,OH H 

33a 336 



420 R. B. King 

enecyclopropanes 33a and 33b with carbonyliron complexes lead 

to opening of the cyclopropane ring (88). Thus, treatment of 

either isomer 33a or 33b with Fes (CO) 9 in diethyl ether at 

room temperature gives the orange 1,4-pentadiene-lactone- 

Fe(CO)3 complex 34 as the major product (~50 3%) and the relat- 

ed tetracarbonyliron derivative 35 as a minor products (Mb s2) 

0 0 
ha dae 

ve Ogee OG 

, or “Fé Ic 
ele C fe) 

Oe Cand 0 
0 

34 35 

The yield of 35 relative to that of 34 canbe /amproyed by 

carrying out the reaction under a carbon monoxide atmosphere. 

The structure 34 has been confirmed by X-ray crystallography 

(88). 

Reactions of carbonyliron complexes with vinylcyclopro- 

pane derivatives give numerous products in which the cyclo- 

propane ring has opened. Ultraviolet irradiation of vinyl- 

cyclopropane with pentacarbonyliron at -—50°C gives a 10:1 

mixture of yellow liquid (vinylcyclopropane) tetracarbonyliron 

(36) and yellow crystalline [1,2,3,6-n-(hex-1-en-6-one-3,6- 

diyl) Jtricarbonyliron (37) (13). The vinylcyclopropane com- 

| aa ae |—F fo 

PASS 

6 GS Cc Oey Ie 
@ 0) 0 0) 

36 37 38 

plex 36 decomposes above O°C regenerating vinylcyclopropane. 

The complex 37 undergoes reversible decarbonylation at 25°C 

to give yellow liquid [1,2,3,5-n- (pent-1-ene-3,5-diyl) ]tri- 

carbonyliron (38). Under more vigorous conditions 37 gives 
2-cyclohexenone, and 36 gives a 3:1 mixture of the two iso- 

meses (Ci 5 3h -pentadiene) tricarbonyliron complexes (13). 

A variety of products were obtained by reactions of 

methylene-spiranes with iron carbonyls (206). Reaction of 
1,1-dicyclopropylethylene with Fe(CO)s5 gives a 1:1 mixture 
of the diene-Fe(CO)3 complexes 39 and 40 upon heating and 
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ly, Fe(CO), Me Fe(CO) 

39 40 
predominantly 40 upon ultraviolet irradiation. Reaction of the 

dispiroolefin 41 with Fe(CO)s5 gives the yellow tricarbonyl- 

iron 0,T1-complex 42 as the major product and 1,1-ethano-7- 

keto-A®’®-octalin 43 as a minor product. An analogous car- 

“A 42 43 
bonyl insertion occurs upon irradiation of the spirane 44 

with Fe(CO)5 giving 45 and its Fe(CO), complex 46 as the 

major products, and 47 and 48 as minor products. Irradiation 

On x 

Fe(CO), 

hh 45 46 

47 48 49 20 

Of 4-methylene-spiro[2.5]octane (49) with Fe(CO)5 gives a 

high yield of the conjugated enone 50 without formation of 

an isolable carbonyliron complex. 

Some reactions of bicyclic vinylcyclopropane derivatives 

with iron carbonyls have been investigated (12). Reaction of 

bicyclo[3.1.0]hex-2-ene (51) with Fe2(CO) 9 in diethyl ether 

(scheme [5]) at 30°C gives a mixture of the yellow air-sensi- 

tive liquid olefin-tetracarbonyliron complex 52 and the yel- 
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Al FeJCOl,/ 52 

[5] 

51 -CO 
co == —- 

+CO 

ace eee ae 
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53 5h 55 

low crystalline n?-allyl-o-acyl complex 53. Heating 53 in 

decane solution at 130°C for several hours results in decar- 

bonylation and proton migration to give (1,3-cyclohexadiene) - 

tricarbonyliron (55) presumably through an intermediate 54. 

Reaction of bicyclo[4.1.0]hept-2-ene (56) with excess 

Feo (CO) 9 in diethyl ether at 30°C gives the yellow volatile 

MN -allyl-o-alkyl complex 57 in 75 % yield. Carbonylation of 

by eaiee2O7C/ TOO atm tor 6 days results in carbonyl insertion 

to give 58, which is stable at’ -15°C, but which reverts to 37 

at room temperature in the absence of excess carbon monoxide. 

Pyrolysis of ‘57 at 120°C gives (1,3=cycloheptadiene)itricar— 

bonyliron (592). Aqueous sodium borohydride reduction of the 

(cycloheptadienyl)tricarbonyliron cation at O°C gives a 2:1 

mixture of 57 and 59, thereby providing a more convenient 

preparation of 57. | 

Reactions of carbonyliron complexes with several poly- 

cyclic hydrocarbons containing vinylcyclopropane units have 

been investigated. For example, photolysis of semibullvalene 

(60) with Fe(CO)s5 at -50°C in diethyl ether gives the Fe(CO) 4 

complex 61 and the n°’ =allyl-o-alkyl complex 62 (14). Upon 
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mild heating (40°C) 61 undergoes disproportionation liberat- 
ing semibullvalene (60) to give the stable yellow crystalline 
bis (tetracarbonyliron) complex 63, which can also be obtained 

Fe(CO) Fe(CO), 

Cee ZED 
60 61 62 

(CO), Fe Fe(Co) Fe(CO), —Fe(CO), 

Ce eA, 
83 64 

from semibullvalene and Fe2(CO)9 (67). Reaction of semibull- 

valene either photochemically with Fe(CO)5 in diethyl ether 

at 25°C (14) or thermally with Fe2(CO),9 at room temperature 

(67) also gives the heptacarbonyldiiron derivative 64. Simi- 

lar products have also been obtained by analogous carbonyl- 

iron reactions with other more complex polycyclic hydrocar- 

bons containing vinylcyclopropane units such as barbaralone 

(71), bullvalene (10,11,16), and homosemibullvalene (15). 

VI. REACTIONS OF CARBONYLIRON COMPLEXES WITH OTHER STRAINED 

RING OLEFINS 

Strained cyclic olefins such as norbornenes and cyclo- 

butenes exhibit a pronounced tendency to react with carbonyl- 

iron complexes under formation of cyclopentanones (236) ac- 

cording to equation [6]. This type of reaction has been 

> YO Fe(COls or [6] 

| ‘ | Fe.(CO), 

O 

studied for a variety of norbornene derivatives (86,157,158, 

P 
Fe pelos 

arias 
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159,160,215), as exemplified by reaction [7], and can be re- 

markably stereospecific. In one case only one out of 36 pos- 

sible stereoisomers was obtained (86). Fe(CO)2(NO)2 is also 

effective for certain reactions of this type (154). The oxy- 

gen-bridged 1,4-dihydro-1,4-epoxynaphthalene does not give a 

0 

polycyclic cyclopentanone derivative on reaction with car- 

bonyliron complexes but instead naphthalene is formed through 

the relatively stable (olefin)Fe(CO), complex 65 which de- 

composes only at ca. 60°C. 

Reaction of cis-cyclobutene-3,4-dicarboxylic anhydride 

with Fe, (CO)9 yields a stable (olefin)Fe(CO), complex. The 

corresponding dimethyl ester 66, however, gives the EricyclEre 

ferracyclopentane complex 67 with the carbonyl group of one 

of the ester functions occupying a coordination site at the 

metal (scheme [8]). The photoreaction of 66 with Fe(CO)5 leads 

to a similar product 68 exhibiting a different orientation of 

ENeNeStemEGgtcOupsmas the result of a 1, 3-hydrogen Shite. Ana 

logously to the ferracyclopentane complex 17 derived from 

methyl acrylate, carbonylation with carbon monoxide at 70°C/ 

55 atm converts 67 and 68 into the corresponding cyclopenta-— 

nones 69 and 70, "and treatment with hydrogen/Raney-nickel 

gives the isomeric bicyclobutyls 71 and 72, respectively. Fer- 

racyclopentanes analogous to 17, 67, and 68, and bis (olefin) - 

tricarbonyliron complexes ia ken (otic Sica oce proposed to 

be intermediates in the synthesis of cyclopentanones from 

norbornene derivatives and carbonyliron complexes, but in 

these cases they are obviously too unstable to be isolated. 

Reactions of carbonyliron complexes with several other 

cyclobutene derivatives have been described. Treatment of 

cis-bicyclo|4.2.0]loct-7-ene (73) with Fe2(CO) 5 in boiling hex- 

ane (eq. [9]) results in rearrangement to give cis-bicyclo- 

H 

Fe CO}, 

Poy 
H 

73 74 

[4.2.0]loct-2-ene (74) (36). This rearrangement has been post- 

ulated to involve hydrogen transfer from the six-membered 

ring to the cyclobutene through the iron center without open- 
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ing the four—-membered ring (36). 

Reaction of 3,4-dimethylenecyclobutene (75, X = H) with 

Fe») (CO)9 in tetrahydrofuran at room,temperature (129) gives 

the symmetrical complex 76 (X = H) in which only one of the 

three double bonds of the triene is bonded to the metal 

(scheme [10]). Mild warming of 76 (X = H) results in rear- 
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rangement to the unsymmetrical isomer TE AS =H) as shown by 

NMR spectra, whereas more vigorous heating of 76 or 77 (X = H) 

leads to complete decomposition. 

A similar reaction of perchloro-3,4-dimethylenecyclo- 

butene (75, X = Cl) with Feo (CO) 5 gives a much more stable 

yellow crystalline tetracarbonyliron complex. The positions 

of the six lines in its chlorine nuclear quadrupole resonance 

(NOR) spectrum indicate this complex to be the unsymmetrical 

derivative 77 (X ='Cl) (161). However, the 13¢_NMR spectrum of 

77? (X = Cl) exhibits only three lines from the CgCle ligand. 

This suggests rapid (on the NMR time scale) interchange of 

the Fe(CO), unit between both of the exocyclic carbon-carbon 

double bonds of the perchloro-3,4-dimethylenecyclobutene li- 

gand. However, this interesting interpretation of the US Ge 

NMR spectrum depends critically upon the correct interpret-— 

ation of the NOR spectrum. Refluxing the complex 77 (X = Cl) 

in hexane results partially in decomposition to the free 

chlorocarbon 75 (X = Cl) and partially in decarbonylation to 

form a yellow diene-tricarbonyliron derivative (C.eCl,¢)Fe(CO) 3. 

A perchloroolefin-tetracarbonyliron complex similar to 77 

(X = Cl) is obtained by the reaction of perchlorofulvene with 

Fe) (CO)g in hexane at 70°C to give a (CegCle6)Fe(CO), deriva- 

tive. The }%c-NMR and chlorine NOR spectra of this compound 

indicate that the tetracarbonyliron group is bonded to one of 

the double bonds in the five-membered ring. 

Carbonyliron complexes have been used for the ring ex- 

pansion of d-pinene (78) (217). Thus, treatment of either 

O - of 

78 79 80 
a-pinene or $-pinene with an equimolar quantity of Fe(CO)5 

results in the stereospecific formation of the ketones 79 

and 80. a 



Monoolefin Iron Complexes 427 

VII. REACTIONS OF CARBONYLIRON COMPLEXES WITH OLEFINS CON- 

TAINING FUNCTIONAL GROUPS 

Reactions of carbonyliron complexes with olefins con- 

taining functional groups are of particular interest when 

the functional group can also participate in the bonding to 

the iron atom. For example, olefinic ketones sometimes form 

carbonyliron complexes in which both the carbon-carbon and 

carbon-oxygen double bonds are coordinated to the iron atom. 

The most important classes of such compounds forming carbon- 

yliron complexes are unsaturated ketones, and olefinic phos- 

phines and arsines. 

A. REACTIONS OF CARBONYLIRON COMPLEXES WITH UNSATURATED 

KETONES 

Carbonyliron complexes may react with a, B-unsaturated 

ketones containing the C=C-C=O structural unit under mild 

conditions by stepwise replacement of two carbonyl groups 

according to the reaction sequence [11]. Suitably mild con- 

\o ey == l 
Fe(CO), —= TES wet Ze Oo ~ 

c=0 —*Fei(col, -co. ¢ 
or TSS Rr pt a = relcel 
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Bin beak 

ditions for effecting such reactions include Fe2 (CO) 9 at 

~4o°C in an inert solvent such as benzene (31,113,142,167,170, 

198) and ultraviolet irradiation with Fe(CO)5 at room temper— 

ature (32,241). [ 

The first (enone)Fe(CO)3 derivative to be prepared in 

which both the carbon-carbon and carbon-oxygen double bonds 

are attached to the iron atom as depicted in 81 was the cinn- 

amaldehyde derivative (216). This complex was reported in 

1964 by Stark, Lancaster, Murdoch, and Weiss (216) as a pro- 

duct obtained by heating the corresponding Fe(CO) 4 complex 

to 60°C for 15 h. Subsequently a group of Russian workers 

(170) obtained not only the tetracarbonyliron derivatives but 

also the tricarbonyliron complexes of both the cis- and 

trans-isomers of B-benzoylacrylic acid methyl ester, CeHs— 

CO-CH=CH-CO»CH3. However, alkyl and aryl B-chlorovinyl keton- 

es of the type R-CO-CH=CHCl (R = CH3, CeHs, p-CH3-CoHy , 

p-CH30-C,gH,, and p-BrCeHy) were found to give only the cor- 

responding tetracarbonyliron complexes upon reaction with 

Fe, (CO) 9 in benzene at 40°C (167). More recently enone-tri- 

carbonyliron complexes of the type 81 have been obtained from 
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CH»=CH-CO-CeHs (198), CeHs5s—CH=CH-CO-CH 3 (Csiil pall Spasl“lyin, (Celelis 

CH=CH-CO-CeHs5 (31,113), 2,6-dibenzylidenecyclohexanone (Bi, 

13) (Ces) (CHa) C=CH-CO-CoHin a (Io), isobutylidenemeldrumic 

acid (142), pinocarvone (141), and pulegone (141) Se rirsmehen= 

istry has also been extended to the preparation of enone- 

tricarbonyliron complexes (81) of the ferrocenylvinylketones 

FC-CH=CH-CO-CgHs and Fc-CO-CH=CH-CgHs (173,177) [Fe = (n°- 
CsHs)Fe(n°-CsHy) I. 

Recently Cardaci (43) has studied the kinetics of the 

formation of (enone)Fe(CO)3 derivatives from the correspond- 

ing (enone)Fe(CO), complexes using the enone ligands C¢Hs5-— 

CH=CH-CO-R (R = H, CH3, and CsHs). The results were inter- 

preted in terms of the equation [12] where a corresponds to 

(CgHg—CH=CH-CO-R)Fe(CO), 

——* a (CgHs—CH=CH-CO-R)Fe(CO), + (1-«) Fe(COls [12] 

+ (1-2) CgHs—CH=CH-CO-R + (2@-1) CO 
the fraction of the Fe(CO)3 complex formed per mole of the 

Fe(CO), derivative. The reaction was found to be first order 

with respect to the tetracarbonyliron complex. The first or- 

der rate constants decrease with an increase in concentration 

of the liberated CgHs5-CH=CH-CO-R and were found to be a func-— 

tion of CO concentration from experiments done in the presence 

of added carbon monoxide. The ratio (1-a)/a changes linearly 

with 1/[CgH5s-CH=CH-CO-R] and also changes with CO pressure 

according to a square law. These results were interpreted to 

exclude an intramolecular chelation mechanism. A mechanism 

involving an Fe(CO)3 intermediate, which is responsible for 

the formation of the tricarbonyliron complexes, was suggested 

as) an alternative. 

Reactions of (enone)Fe(CO)3 derivatives with various 

Lewis bases have been investigated (42,172,221). With ligands 

such as triphenylphosphine the first step of such reactions 

consists of ligand addition to form the corresponding 

(enone) Fe (CO) 3L derivative with displacement of the coordin- 

ated carbon-oxygen double bond. The (enone)Fe(CO) 3L deriva- 

tive may either react with excess ligand to displace com- 

pletely the enone ligand to give LyoFe(CO)3 or may undergo 

loss of one carbonyl group to give the dicarbonyl complex, 

(enone) Fe(CO)2L. The net result is that ligands such as tri- 

phenylphosphine can displace either the enone ligand or one 

carbonyl group in the (enone)Fe(CO)3 complexes. 

The relative lability of the enone ligand in the 

(enone) Fe(CO) 3 complexes make these complexes good sources 

under mild conditions of reactive Fe(CO)3 groups for the pre- 

paration of various tricarbonyliron complexes. For example, 

(CgHs-CH=CH-CO-CH3)Fe(CO)3 was used to prepare tricarbonyliron 
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complexes of heptafulvene derivatives, which are too unstable 

to heat and ultraviolet irradiation to react with any of the 

normal carbonyliron complexes under conditions where their 

carbonyl groups could be replaced (113). Also, the reactions 

of (CgH5-CH=CH-CO-CH3)Fe(CO)3 with various alkynes including 

R-C=C-R (R = CH3, CoHs5, and CgHs5) and macrocyclic alkadiynes 

were found to give exclusively tricarbonylferrole-tricarbonyl- 

iron derivatives unaccompanied by the variety of other complex 

products usually obtained from alkynes and iron carbonyls 

(126). 

The coordinated ketone group in (enone)Fe(CO) 3 deriva- 

tives is susceptible to reaction with the electrophile 

[cH,col [srel) (774) .-Thus, treatment of the tricarbonyliron 
complexes (R'-CH=CH-CO-R)Fe(CO)3 (R = CH3, R' =H; R=H, RY = 

CeHs; R = R' = CeHs) with [cH3CcO] [BF,] in nitromethane gives 
cations formulated as 82 containing a coordinated carbonyl 

from the acetyl group. Reaction of these complexes with me- 

: o cHO C4. ; CH. CHO 
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thanol regenerates the starting (enone) Fe(CO) 3 derivative. 

Ultraviolet irradiation of both the Fe(CO), and the 

Fe(CO)3; complexes of trans-cinnamaldehyde with excess tetra- 

fluoroethylene gives the pale yellow erystalline metallocycle 

shown by ly and !9F-NMR spectroscopy to be a 4:5 mixture of 

the isomers 83a and 83b, respectively (26,27). 

B. REACTIONS OF CARBONYLIRON COMPLEXES WITH OLEFINS CONTAIN- 

ING TRIVALENT NITROGEN ATOMS 

Olefins containing adjacent trivalent nitrogen atoms may 
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function as chelate ligands in carbonyliron chemistry using 

both their carbon-carbon double bond and their trivalent ni- 

trogen atom for bonding to the iron atom. 

Reactions of 1,2-dimethyl- and 1-methyl-2-phenyl-1,2- 

dihydropyridazine-3,6-diones (84, R = CH3 or CegHs) with 

Fes (CO)9 at or below room temperature give a thermally un- 

stable tetracarbonyliron derivative 85 in which only the py- 

O O 0 Q (cH; 
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Bk 85 86 
ridazine carbon-carbon double bond is coordinated to the iron 

atom. Upon heating or ultraviolet irradiation this Fe(CO), 

complex (85, R = CH3) readily loses one carbonyl group to 

give an Fe (CO) 3 complex shown by X-ray crystallography to 

have the zwitterionic structure 86 with tetrahapto-coordina- 

tion of the dihydropyridazine ligand through three adjacent 

carbons and one nitrogen (175). 

In another type of reaction, the treatment of N-allyl- 

pyrazole with Fe2(CO) 9 in hexane at room temperature gives 

yellow (C3Hs5N2C3H3)Fe(CO)3 (87). This compound was also one 
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of several products obtained from (allyl) tricarbonyliron 

iodide and potassium tris(pyrazolyl)borate (127). 

The maleic acid monohydrazide complexes (R-NH-NH-CO- 

CH=CH-CO2H)Fe(CO)4 can be prepared either by reaction of the 

ligands with Fe2(CO)9 in acetic acid at 35-40°C or by re- 

actions of the hydrazines with (maleic anhydride)tetracar- 

bonyliron (176),. Cyclization of the phenylhydrazide complex 

(R = CegHs) with acetic anhydride at room temperature gives 

(N-anilinomaleimide)tetracarbonyliron (88) as the major car- 
bonyliron product. 
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C. REACTIONS OF CARBONYLIRON COMPLEXES WITH OLEFINS ALSO 
CONTAINING SULFUR ATOMS 

Reaction of thiete sulfone with Feo) (CO) 9 in boiling 
ether or with Fe(CO)s5 in benzene assisted by ultraviolet ir- 
radiation gives the corresponding tetracarbonyliron complex 
89. Heating this complex with excess thiete sulfone in 

e) 
0 C 

Cy | SO, 
DFe=—| 

ood 
C 
O 

89 
boiling hexane results in reduction of some of thé sulfone 

groups to give eventually Fe3(CO)9S2 (162). 
Reaction of 2,5-dihydrothiophene-1l-oxide with Fe (CO) 9 

in boiling diethyl ether for 2.5 h results in the formation 

of a tricarbonyliron complex. X-ray crystallography indicates 

structure 91 for this complex. In this structure both the 

@) 

Bae 3G ae = 
c 

he, OC—Fe 
(—C ie 
Coe OrseG 
O O 

90 91 

carbon-carbon double bond and the sulfoxide oxygen of the 

dihydrothiophene oxide are coordinated to the iron atom. 

Spectroscopic evidence is presented for an intermediate 

tetracarbonyliron derivative in this reaction. However, thiS$ 

Fe(CO), complex appears to have the sulfoxide oxygen rather 

than the carbon-carbon double bond of the dihydrothiophene 

oxide bonded to the tetracarbonyliron unit (66). 

Reaction of benzo[b]thiophene-1,1-dioxide with carbonyl- 

iron complexes leads to a mixture of the corresponding Fe(CO) y 

and Fe(CO)3 derivatives (103). X-ray crystallography shows 

the tetracarbonyliron complex to have structure 90 in which 

the double bond of the five-membered ring of the benzothio- 

phene dioxide is coordinated to an Fe(CO),4 group in the equa- 

EO ale POSiseLOny. 

Reaction of the B-oxovinyl sulfones cis- and trans- 

R=-CO-CH=CH-SOoR' (R = CH3, R'’ = CeHs; R= R' = CeHs; R = CgHs, 



432 R. B. King 

R' = p-CH3-CeHy) with Fe2(CO)9 leads to the corresponding te- 

tracarbonyliron complexes in which the B-oxovinyl sulfone 

carbon-carbon double bond is bonded to the iron atom (169). 

The two strongly electronegative substituents on the carbon- 

carbon double bond make these complexes unusually stable 

relative to most other (olefin)Fe(CO), derivatives. 

D. REACTIONS OF OLEFINIC PHOSPHORUS, ARSENIC, AND BORON 

COMPOUNDS WITH CARBONYLIRON COMPLEXES INVOLVING THE CARBON- 

CARBON DOUBLE BOND 

The phosphorus substituted olefin (2-vinylphenyl) (diphe- 

nyl)phosphine, (o-CH2=CH-CgH.)P(Ce6Hs5)2, reacts with Fe3(CO) 12 

to form both the tricarbonyl complex [ (o-CH2=CH-Cg¢H, ) P- 

(CeHs) 2 ]Fe(CO)3 and the dicarbonyl complex [ (o-CH2=CH-C¢Hy )P- 

(Ce6Hs)2]2Fe(CO)2 (22). The Fe(CO)3 complex has structure 92 

CeHs 

p—CeHs 

e3 | ee 
p—CeHs, mr 

aes CO 

Vai _—P. 

Hise soe 
O HsCg 

g2 93 

in which both the trivalent phosphorus atom and the carbon- 
carbon double bond of the olefinic phosphine are bonded to 
the iron atom. The structure of the Fe(CO)2 complex was shown 
by X-ray crystallography (22,190) to be 93 in which one ole- 
finic phosphine is bonded to the pentacoordinate iron atom 
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both through the phosphorus atom in an axial position and a 

carbon-carbon double bond in an equatorial position, and the 

second olefinic phosphine is bonded to the iron atom only 

through its phosphorus atom, which is coordinated to the 

second axial position. Reactions of the tricarbonyliron com- 

plex 92 with the hydrogen halides HX (X = Cl and Br) in hex- 

ane result in addition of hydrogen to the coordinated carbon- 

carbon double bond to give the octahedral iron O-alkyl halide 

complexes 94 (23). 

Several reactions of 92 with unsaturated fluorocarbons 

have been investigated. Ultraviolet irradiation of 92 with 

the fluoroolefins tetrafluoroethylene (27), hexafluoropropene 

(89), trifluoroethylene (89), and chlorotrifluoroethylene (89) 

gives the crystalline 1:1 adducts shown to be the metallo- 

cycles 95 (X = F, CF3, H, and Cl, respectively). An analogous 

F Cr, 

ee VS 
F 

C0 / 0 
Fe FE 

Ve feu “Co 
P 

ue ry aa 5 
HC HeCs C.He Cots 

95 96 

metallocycle 96 (28) is obtained from a similar ultrayiolet 

irradiation of 92 with hexafluorobut-2-yne. 

Olefinic ditertiary phosphines and arsines with the 

structural unit cis-(RR'E)CR"=CR"(ERR') (E = P or As; often 

2 R" are the ends of a perfluoropolymethylene bridge) react 

with carbonyliron reagents to give hexacarbonyldiiron com- 

plexes with the general structure 97 apparently containing 

an iron-iron dative bond. In this structure both group V atoms 

and the carbon-carbon double bond are coordinated to the iron 

atoms (45,57,68,69). In other iron complexes isolated from 

reactions of this type only the group V atoms are coordinated 

to the metal atom. Often in order to achieve the necessary 

cis-configuration of the donor group V atoms about the carbon- 

carbon double bond, ligands prepared by reactions of per- 

fluorocycloolefins such as perfluorocyclobutene and perfluoro- 

cyclopentene (45,68,69) with appropriate phosphorus and/or 

arsenic reagents are used. The structure of the compound 98 

prepared from a perfluorocyclobutene-derived ditertiary arsine 

has been confirmed by X-ray crystallography (68,69). Compounds 
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of the type 97 including 98 react further with trivalent phos- 

phorus and arsenic ligands s with substitution of additional 

carbonyl groups. The compound 99 is an example of a further 

substitution product in which the carbon-carbon double bond 

of one of the two olefinic bidentate ligands is still bonded 

to an iron atom. The structure of 99 has been’ confirmed by 

M=rayeckysccallograpay (7/0) 

The Moéssbauer spectra of 98 and some related compounds 

of the type 97 were analysed using perturbations in magnetic 

fields up to 50 kG to assist with the assignments of the four 

observed lines and to deduce the signs of the quadrupole 

coupling constants at both aron srees (799) 
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The scope of the reported reactions of carbonyliron rea- 
gents with vinylboron derivatives is rather limited. Reactions 
of the (alkoxy)divinylboranes RO-B (CH=CH? )2 (R = n-CyHo and 
Cg¢Hs5-CH2) with Fe2(CO) 9 give labile tetracarbonyliron com- 
plexes with structure 100 in which only one double bond is co- 
ordinated to the iron atom. Ultraviolet irradiation of the 
compounds 100 (R = n-CyH 9 and CgHs-CH2) in diethyl ether at 
10°C results in decarbonylation to give the likewise unstable 
tricarbonyliron complexes 10D) (110) *. 

VIII. CYCLOPENTADIENYL-OLEFIN-IRON COMPLEXES 

The cationic olefin complexes [ (n° =CsHs) Fe (CO) 2 (n2-ole- 

fin)] are very favourable species in cyclopentadienyliron 

chemistry. These complexes are stable, formed by a consider-— 

able variety of olefins in numerous types of reactions, and 

are frequently isolated easily as salts of large anions, 

particularly hexafluorophosphate. 

A. PREPARATION OF DICARBONYL-CYCLOPENTADIENYL-OLEFIN-IRON 

CATIONS AND RELATED COMPOUNDS 

The first method used for the preparation of [ (n° -CsHs)- 

Fe (CO) > (n*-olefin) ] cations was the reaction between dicar- 

bonyl-cyclopentadienyliron halides and the olefin in the pre- 

sence of a strong Lewis acid catalyst such as aluminium ha- 

lides according to scheme [13] (76,77). After hydrolysis the 

(CyHs)Fe(CO).X + olefin + Al X3 

cae z [13] 
—— I[(C5Hs) Fe(CO)alolefin) I" [AIX,] 

stable hexafluorophosphate salts can be isolated by addition 

of ammonium hexafluorophosphate. Olefins which can be used 

in this reaction include ethylene (76), propylene, cis- 

butene-2, octadecene-1, cyclohexene, and cyclooctene (77). 

Other acidic metal halides such as the anhydrous chlorides 

Of titanium, indium, zinc, or iron(III) can be substituted 

for the anhydrous aluminium halides indicated above (77). A 

Similar type of reaction with the 1,3-dienes butadiene and 

1,3-cyclohexadiene using the milder catalyst ZnCl2 to mini- 

mize polymerization of the diene, gives complexes of the type 

[ (n>-csHs5) Fe(CO) 9 (1,2-n?-diene)] , in which only one carbon- 

carbon double bond of the diene is coordinated to the iron 

atom (77). In another variation of this reaction type, the 

treatment of (Cs5Hs5)FeLP(OCsHs)3]21 with ethylene in the pre- 

sence of silver tetrafluoroborate as the halogen acceptor 
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was found to give the tetrafluoroborate Salt of the cation 

{ (CsHs)FelP(OCgHs) 3]2(C2Hy)} (95). 
A second Merle which was eg gee: developed LOPES 

preparation of [ (n°-CsHs) Fe (CO) 2 (n Peetaci ail: cations is the 

abstraction of pee ae from the B-carbon atom of the alkyls 

R'-CH2-CH (R) -Fe (CO) > (n° -Cs5Hs) with triphenylmethyl salts such 

as the perchlorate or the safer tetrafluoroborate (92,94). 

The ethylene and propene complexes have both been prepared in 

this manner. The success of this method is a consequence of 

the relative ease of hydride removal from sp° carbon atoms di- 

rectly bonded to carbon atoms, which themselves are bonded to 

transition metals. The necessary iron alkyls can be prepared 

by reactions of the halides R'-CH2-CH(R)X with NaFe (CO) 2- 

(CsHs). 
A third method for preparing [(n° -~CsHs) Fe (CO) 2 (n?- 

olefin)] derivatives is the protonation of n -allyl deriva- 

tives, which can be prepared from NaFe(CO) 2 (C5Hs5) and the cor- 

responding allyl halides or less frequently from Bete 

(CsH5) and 1,3-dienes (80,90,93). Thus, treatment of the rate - 

allyl derivatives R-CH=CH-CH2-Fe(CO)2(CsHs) with strong proton 

donors such as hydrogen chloride in hydrocarbon solvents or 

tetrafluoroboric acid in acetic or propionic anhydride gives 

the corresponding olefin complexes [ (n°-CsHs) Fe (CO) 2 (n7- 

CH»=CH-CH»R)] (R =H, CH3). Electrophiles other than pro- 

tons have recently been shown also to react readily with 

(ni-allyl) dicarbonyl (cyclopentadieny1) iron derivatives to 

give various substituted [ (n°-CsHs) Fe (CO) 2 (n*-olefin) J cat- 

ions (59). Reactions of the unsubstituted allyl derivative 

CH»=CH-CH»-Fe(CO)2(Cs5Hs5) with various electrophiles, for ex- 

ample, proceed as follows: 

(1) Treatment with trimethyloxonium tetrafluoroborate in 

liquid SO. gives [ (n°-CsHs)Fe(CO) » (n*-CH»=CH-CH»-SO.CH3)] - 
Lerede: In this connection spectroscopic and conductivity 

data (44) have been used to infer the presence of closely re- 

lated unstable zwitterionic olefin complexes such as [ (CsHs) - 

Fe (CO) 2(H2C=CH-CH2SO2 )] in solutions of CH2=CH-CH»2-Fe(CO) 9- 
(C5H5) in liquid sulfur dioxide. Such a zwitterionic interme- 

diate should be readily alkylated, possibly at the sulfur 

atom, by trimethyloxonium tetrafluoroborate. 

(2) Treatment with trimethyloxonium tetrafluoroborate in 

dichloromethane solution proceeds differently from the cor- 

responding reaction in liquid sulfur dioxide to give the 1i- 

butene derivative [ (n°-CsHs) Fe (CO) 2 (n?-CH2=CH-CH» -CH3) ] 

[BF, | 

(3) Treatment with tropylium tetrafluoroborate in dichloro- 

methane gives [(n°-CsHs) Fe (CO) 2 (n*-CH)=CH-CH»-C7H,)] [BF,]_ 
(4) Treatment with trichlorocyclopropenium hexachloroanti- 
monate in dichloromethane gives [ (n°-CsHs) Fe (CO) 2 (n?-CH»=CH- 
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Clpececls) lelenetele 
(C5y) Treatment with dialkoxycarbonium aon such as [ ( (CH 30)2 
CH] [PFg] in dichloro ethane gives [ (n° =CsHs) Fe (Co) o (n-= 
CH» =CH-CH2-CH(OCH3)2)] [PFe¢ | 
(6) Treatment with bromine in dichloromethane at -78°C 

followed by treatment with hexafluorophosphoric acid etherate 

at the low temperature does not cleave the iron-carbon bond 

but instead gives [(n°-CsHs) Fe (CO) 2 (n?-CH2=CH-CH»Br) ] [PF.]” 
Protonation of other R-Fe(CO)»2(Cs5Hs5) derivatives some- 

times can give [ (n°=CsHs) Fe (CO) o (n*-olefin) | derivatives 

containing rather unusual olefinic ligands. Thus, the reac- 

tion of NaFe(CO)2(Cs5Hs5) with ClCH2-CN gives the cyanomethyl 

derivative NC-CH»-Fe(CO)»2(CsHs). Protonation of this cyano- 

methyl derivative using hydrogen chloride in hydrocarbon sol- 

vents gives the cation [ (n°-CsHs5) Fe (CO) > (CH2=C=NH) | con- 

taining a complexed ketenimine (80). Similarly, the reaction 

of HFe(CO)2(Cs5Hs5) with CH2=CH-CN gives the adduct (NC) (CH3)- 

CH-Fe(CO)2(Cs5Hs5), which on protonation gives the substituted 

ketenimine complex [ (n°-CsHs) Fe (CO) 2 (CH3-CH=C=NH) ] (8). 

Protonation of (Cs5Hs5)Fe(CO) »-CH2-CHO with hydrogen 

chloride in an inert solvent with trifluoromethanesulfonic 

acid in dichloromethane, or with hexafluorophosphoric acid 

diethyl etherate gives the vinyl alcohol complex [ (ne-CsHs)— 

Fe (CO) 2 (n?-CH2=CH-OH) ] (9,58). Protonation of the propargyl 

complexes R-C=C-CH2-Fe(CO)2(Cs5Hs) (R = CH3, CeéHs) similarly 

gives the coordinated allene complexes (in =-GeHeFe(cO)o— 

(n?-CH2=C=CHR) | in which the unsubstituted carbon-carbon 

double bond is coordinated to the iron (20,151). a 

Some complexes of the type Ln? =—Cels )Fe (CO) 2 (-=olleein)) | 

can be prepared by olefin exchange from another more ead ty 

prepared derevecive such as the isobutene complex (80) L@ = 

CsHs)Fe(CO) > (n?-CH2=C(CH3)2] [BF,] which has been recommend- 

ed for this purpose (59,81,178). Thus, heating the isobutene 

complex briefly (10 min) with other olefins in 1,2-dichloro- 

ecane solution has been used to prepare [ (n° -Cs5Hs5)Fe(CO) 2- 

(n?-olefin)] [BFy] complexes containing ethylene, cyclo- 

hexene, cycloheptene, cyclooctene, 1,3-cyclohexadiene, 1,4- 

cyclohexadiene, norbornadiene, and acenaphthylene. A similar 

reaction of this isobutene complex with 1,5-cyclooctadiene 

gives almost equal amounts of the 1:1 and 2:1 metal-olefin 

complexes. This reaction has been used to protect one double 

bond of norbornadiene from bromination, hydrogenation, and 

mercuration reactions. The free olefin can be removed from 

the iron atom by treatment with sodium iodide in acetone 

after completion of the desired ae (UGE) cs fs 

This method of preparing [ (n°-CsHs) Fe (CO) 2 (n*-olefin) ] 

complexes by olefin exchange with the isobutene complex [(n?- 

CsHs) Fe (CO) 2 (n*-CH2=C(CH3)2] [BF4] is necessarily limited to 
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the preparation of those olefin complexes which are thermally 

stable in solution under conditions used to effect exchange 

with the isobutene complex (195). An alternative method with- 

out this limitation which is useful for the preparations On 

olefin complexes having a greater variety of functional 

groups is based on the reaction of NaFe(CO)2(Cs5Hs5) with ep- 

oxides (82,196) according to scheme [14]. If the intermediate 

© ® 
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alkoxide is converted to the olefin complex by treatment with 

fluoroboric acid, then the stereochemistry of the olefin is 

retained (82). However, if the intermediate alkoxide is con- 

verted to the corresponding olefin complex by pyrolysis, then 

the stereochemistry of the olefin is inverted (196). Examples 

of [ (n°-CsHs) Fe (CO) 2 (n*-olefin) | cations which have been pre- 

pared by this method include derivatives of ethylene, propyl-— 

ene, 1-butene, cis- and trans-2-butene, cis- and trans-2- 

pentene, cyclohexene, butadiene (1,2-n*-coordinated) , acro- 

lein, ethyl crotonate, 4-vinyl-cyclohexene (82,196), and 

methyl vinyl ketone (193). 

The ethylene complex [ (n-CsHs) Fe (CO) 2 (n2-CoHy) 1 has 
also been obtained by treatment of NaFe(CO)2(Cs5Hs) with 

C1CH20CH3 followed by protonation with tetrafluoroboric acid. 

This reaction is believed to proceed through the unstable 

carbene complex [(CsHs)Fe(CO)2(CH2)] (115). However, this 

reaction does not appear to have any preparative value since 

the reactions discussed above provide several much better 

routes to the ethylene complex. 

Some [ (n®=Cstis) Fe (CO) (n2=clefin) | complexes derived 

from olefins unstable in the free state have been prepared 

by using indirect methods. Thus, rather unstable complexes of 

cyclobutadiene and benzocyclobutadiene appear to be acces- 

Sible. Reaction of NaFe(CO)2(CsHs) with cis-3,4-dichlorocy- 

clobutene at -78°C in a 1:1 molar ratio gives the thermally 

unstable complex 102 (X = Cl). The cyclobutadiene complex 103 

appears to be generated by chloride abstraction from 102 

(X = Cl) with silver hexafluorophosphate in dichloromethane 

(20272038) pou it is too unstable for isolation in the pure 

state. Its presence in the reaction mixture can be demon- 

strated by isolating stable products from its Diels-Alder 

reaction with cyclopentadiene and 1,3-diphenylisobenzofuran, 
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© 

103 
and from its dimerization to form the binuclear syn-tricyclo- 

octadiene complex 104. The Diels-Alder adducts and complex 

o 9g 

104 were characterized by reductive demetallation with NaFe- 

(CO)2(Cs5Hs) to give known olefins and [(Cs5H5)Fe(CO)2]2. This 
demetallation method may prove to be useful for efficiently 

liberating the olefin from other | (nP-CsHs)Fe(CO) > (n*= 

olefin) ] complexes. The much more stable binuclear cyclo- 

butadiene complex {Gi =—Csbs) Fe(COl ed w= (1, 2=n- <3, 4— 

n2-CyHy) }2> has also been prepared (203). 

Some related chemistry on cyclobutenyliron derivatives 

also leads to derivatives of the type [(n° Cele re (CO)o (na= 

Olefin)] (204). For example, protonation of the binuclear 

complex 102 (X = Fe(CO)2(Cs5Hs)) with tetrafluoroboric acid in 

acetic anhydride gives a salt of stoichiometry {[ (Cs5Hs) Fe- 

(ecole icine] tem]. The infrared spectrum indicates two 

non-equivalent Fe(CO)2(CsHs5) groups suggesting structure 105. 

F Fe e 
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However, the 'H-NMR spectrum indicates that 105 is a fluxio- 

nal system with rapid interchange between the equivalent 

structures 105a and 105b. Protonation of the binuclear com- 

plex (C5Hs5) Fe (CO) 7 -CH=CH-CH=CH-Fe (CO) 2 (CsHs) with hydrogen 

chloride in dichloromethane gives the binuclear butadiene 

dication {[(s=cses) Pe(Co)ys lo-p- (1, 2-17-73, 4-1) Canes an 
which the two butadiene double bonds are individually coor- 

dinated to different iron atoms (204). 

The benzocyclobutadiene complex 106 might be expected 

to be obtained by hydride abstraction from the benzocyclo- 

butenyl complex 107 (R = H). However, hydride is abstracted 

i) 

106 107 

anomalously from the -a- rather than the B-carbon atom of this 

benzocyclobutenyl complex 107 (R = H) to give the metallocar- 

benium ion (48,200,201,205). However, removal of [ (Cs5Hs)- 

Fe(CO)2] from the binuclear complex 107 (R = Fe(CO) 2 (CsHs)) 

(125) gives the unstable benzocyclobutadiene complex 106 

which can be identified by its reaction with the nucleophilic 

reagents LiBHy, in tetrahydrofuran, sodium bicarbonate in me- 

thanol, and triphenylphosphine to give the trans-benzocyclo- 

butenyl derivatives 107 (R°= H, OCH3, and =(Gebs)sP 7, respec— 

tively). (20los)a- re 
Heptafulvene is another unstable hydrocarbon that has 

been stabilized by formation of a [(Cs5Hs5)Fe(CO) > (olefin) | 

derivative (119). Treatment of 7-cycloheptatrienylmethyl 
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p-toluenesulfonate with NaFe(CO)2(CsHs5) gives the 7-cyclo- 
heptatrienylmethyliron derivative (C7H7CH2 )Fe(CO) 2 (CsHs5). Ab- 
straction of hydride from this complex with triphenylmethyl 
hexafluoroantimonate in dichloromethane gives red-black crys- 
tals of the hexafluoroantimonate of the heptafulvene complex 
[ (CsHs5) Fe (CO) 2 (C7Hg=CH2)] [SbF,] . Spectroscopic data and an 
X-ray structure analysis require that 108 be represented as 
a hybrid structure (108a <> 108b) rather than as an n*?-alkene 
complex (108a). 

Some cyclopentadienyl-olefin-iron complexes of types 
other than [(4°-CoHe) Fe (Co)> th -olefin) |” have also been pre- 
pared. Reaction of NaFe(CO)»(CsHs5) with p-CH3-Cg Hy -SO2 -OCH2 - 
C(CH3)2-CH=CH2 gives a rather unstable O-alkyliron complex 
CH2=CH-C (CH3 ) 2-CHa-Fe(CO)2(Cs5Hs5) (109). Ultraviolet irradi- 
ation of this complex results in decarbonylation to give the 
cyclic olefin complex 110. Upon standing complex 109 decom- 
poses to give the orange crystalline cyclic acyl’ derivative 
111 (96). The methyl groups on the carbon adjacent to the car- 
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CH H se 
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bon-carbon double bond in these systems are essential to ayoid 

hydrogen shift reactions to give N’-allyl derivatives. Reac- 

tion of NaFe(CO)2(Cs5Hs5) with the halides R'-CH=C=C(R)-CHo- 

CH2Br in tetrahydrofuran at room temperature gives the liquid 

O-alkyl complexes R'-CH=C=C(R)-CH2-CH»-Fe(CO)2(Cs5Hs5) (R = R' = 

H; R= H, R' = CH3; R = CH3, R' = H). These compounds in te- 

trahydrofuran at 30°C rearrange to the crystalline isomeric 

derivatives 112 in which the allenic carbon chain is bonded 

to the iron atom through both an acyl-metal oO-bond and an n- 

olefin-metal bond (21,197). 

Ultraviolet irradiation of the triphenyltin derivative 

(CeH5) 3SnFe(CO)2(Cs5Hs5) with ethylene in benzene solution is 

reported (143) to give the monosubstituted complex (C¢Hs) 3Sn- 

Fe (CO) (n--CoHy)io(-CsHs). Ultraviolet irradiation of the n - 
cyclopentadienyl derivative 113 with hexafluorobut-2-yne in 

hexane solution results in a Diels-Alder addition of the al- 

kyne to the ni-cyclopentadienyl ring followed by rearrange- 

ment of the metal coordination to give an 80-90 % yield of 

crystalline 114 containing a chelating norbornadiene ligand 
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which bonds to the iron both through one carbon-carbon double 

bond and through an acyl carbonyl group from its 7-carbon 

atom (62). 

B. REACTIONS OF DICARBONYL-CYCLOPENTADIENYL-OLEFIN-IRON 

CATIONS AND RELATED COMPOUNDS WITH NUCLEOPHILES 

+ 

Compounds of the type [ (n°-CsHs) Fe (CO) 2 (n*-olefin) ] re- 

act with nucleophiles in three different ways as exemplified 

by the equations [15], [16], and [17] given below for the 

propene complex: 

(1) Addition to the olefin to form a B-substituted alkyl de- 

Mivativemved +. .t5 1). 

[(n5-CeHe) Fe(CO)_ln2-CH»=CH-CH3)]" + X~ ey 

——» (CH3;—CHX—CH—Fe(CO)l n> -CgHs) 

(2) Deprotonation of the coordinated olefin to form an Vi 

allyl derivative (eq. [16]). 

[(n°-CgHe) Fe(CO) 9(n2-CH,=CH-CH3)]* + X7 eka 

—— > CH2=CH—CH2—Fe(CO)2(n5-CsHs) + HX 

(3) Displacement of the olefin to form a dicarbonyl-cyclo- 

[(n°-CgH«) Fe(CO)(n@-CHy=CH—CH3]]* + X~ 17 5 [17] 

—— > X—FelCO)2(n°-C5Hs) + CH3-CH=CH2 

pentadienyliron derivative (eq. [17]). 
Use Of van oo in reaction [17] corresponds to the pre- 
paration of [ (n°-CsHs)Fe(CO)2(n*-olefin)] derivatives by 
the olefin displacement reaction as discussed above. 

One of the methods for preparing tn -CsHs) Fe(CO) 9- 
tae -olefin)] derivatives discussed above is the hydride ab- 
straction from the B-carbon atoms in R- Fe (CO) 9 (C5Hs) alkyls. 
This type of reaction is Sg PLE For examp “t iyeierven 
of the cations [(n°-CsHs5) Fe (CO) 2 (n?-CH»=CH-R) ] = H and 
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CH3) with sodium borohydride in tetrahydrofuran gives the 
corresponding alkyls CH3-CHR-Fe(CO)»(CsHs5) (R = H and CH 3 ) 
(91). Since the propene complex [ (n° Ces) Fe (CO) > (n?-cas= 
CH-CH3)] can be prepared by hydride abstraction from the 
n-propyl complex CH3-CH2-CH2-Fe(CO)»(CsHs), but is converted 
to the i-propyl complex (CH3)2CH-Fe(CO) 9 (C5Hs) upon hydride 
reduction; the two step sequence of hydride abstraction 
followed by hydride addition can be useful for converting 
straight chain iron alkyls to the isomeric branched chain 
iron alkyls. The use of this method for preparing branched 

chain iron alkyls is further illustrated by the sodium boro- 

hydride reduction of the isobutene complex iin, =Gste) Beveo) a= 

(n*-CH2=C(CH3)2)]° to give the tert-butyl complex (CH3) 3C- 
Fe(CO)2(CsHs) (80), a compound not directly accessible from 

NaFe(CO)2(Cs5Hs5) and tert-butyl chloride (94). 

Reactions of [ (n°-CsHs) Fe (CO) 2 (n?-olefin) ] , complexes 

with other nucleophiles can give R-Fe(CO)2(CsHs) derivatives 

not directly accessible from NaFe (CO) 2 (CsHs) reactions (150). 

Reaction of [(n°-CsHs)Fe(CO) 2 (n*-CH2=CH2)]. with ammonia 

gives the dialkylated product [ (CsHs)Fe(CO) 2-CH2 -CH2-]2NH2 
which regenerates the ethylene cation upon treatment with 

hydrochloric acid (131). Reactions of [ (n°-CsHs) Fe (CO) 2 (n?- 

CH2=CH2)] with sodium carbonate in methanol, with methyl- 

amine, and with tert-butyl mercaptan in the presence of po- 

tassium carbonate give the 8-substituted iron alkyls R-CH2- 

CH»-Fe(CO)2(Cs5Hs5) (R = OCH3, NHCH3, and SC(CH3)3, respective- 

ly), which likewise regenerate the ethylene cation upon treat- 

ment with hydrochloric acid (34,150). Reaction of [(m>=CsHs)- 

Fe (CO) > (n*-CH2=CH>)] [BF,] with triphenylphosphine in nitro- 

methane solution gives the air-stable phosphonium salt 

[ (Cs5H6) Fe (CO) 2=CH)-CH2-P(CeHs)3] [Bry] (150). 
The enolates lithium diethyl malonate, lithium diethyl 

methylmalonate, and lithium ethyl acetoacetate all react with 

[ (i o=CeHs) Fe(CO)s (n> =CH2=CHD ) | in tetrahydrofuran to form 

the corresponding complexes (Cs5Hs5)Fe(CO)2-CH2-CH2-R (R = CH- 

(CO2CoHs5)2, C(CH3) (CO2C2Hs5)2, and CH (COCH3) (CO2C2Hs5), respec— 

tively) (191). The rather exotic nucleophile [ (CsHs)Mo (CO) 3- 

CH»-CH20] reacts with [ (n°-CsHs5)Fe(CO) 2 (n*-CH2=CH2)]° to 
give the bimetallic derivative (CsHs5)Mo(CO) 3-CH2—-CH2-O-CH2-— 

CH»-Fe(CO)2(Cs5Hs), which decomposes slowly over a period of 

weeks with ethylene evolution (131). 

The nature of the product obtained by reaction of [(n?- 

CsHs) Fe (CO) > (n?7-CH2=CH2) ] with cyanide seems to depend upon 

the reaction conditions. Reaction of [in =CeHe) Pe(co) 2 (n= 

CH2=CH2)] with potassium cyanide in acetone appears come are 

exclusively (Cs5Hs5)Fe(CO)2CN with ethylene elimination (34). 

However, the corresponding reaction with tetraethylammonium 

Cyanide in acetonitrile also gives a modest yield (21 %) of 
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(Cs5Hs)Fe(CO)2-CH2-CH2-CN (131). The yields of 2-cyanoethyl 

complexes are higher from reactions of cyanide ion with (cy- 

clopentadienyl) (ethylene)-iron cations in which one or both 

of the carbonyliron groups are substituted by trivalent phos- 

phorus ligands, apparently because the coordinated ethylene 

is more firmly bound when carbonyl groups are replaced by 

weaker T-acceptors. Thus, the triphenylphosphite complex {(n?- 

CsHs)Fe[P (OCgHs) 3]2 (n*-CH2=CH2)} gave a 69 % yield of the 
corresponding 2-cyanoethyl complex (CsHs)FelP(OC¢Hs) 3 ]lo- 

CH2-CH2-CN upon treatment with tetraethylammonium cyanide in 

acetonitrile {131)._Reaction of, [ (n°-CsHs) Fe(CO)P (CeHs)4— 

(n?-CH»=CH>)] [BF,] with potassium cyanide in ethanol gave 

a 78 % yield of the corresponding 2-cyanoethyl derivative 

(Cs5Hs) Fe(CO) »P(CegHs) 3-CH2-CH2-CN (187). ef 

Some reactions of [(n°-CsHs)Fe(CO) 2 (n*-CH2=CH2)] with 
other pseudohalides have been investigated. Reaction of this 

cation with sodium azide was first believed (34) to give the 

cyanato complex [ (n°-CsHs) Fe (CO) (n*-CoH,) NCO]. However, this 

reaction was subsequently shown to give the azido complex 

(C5Hs5)Fe(CO)2N3 with ethylene elimination (192). The kinetics 

of the reactions of the cations [(Cs5Hs)Fe(CO) sL] (G=sCo; 

oH ephy 7 and P(CeHs)3) with azide were found to be first order 

with respect to both the iron cation and the azide anion (87). 

The rate constants for the sequence L = CO, P(CgHs)3, and CoH, 

are in the ratio 1:67:300 (87). Reaction of [(Cs5Hs5)Fe(CO)2- 

(CH2=CH2)] with potassium cyanate results in ethylene elimi- 

nation to give (Cs5Hs5)Fe(CO)2NCO (34). 

Several reactions of the acenaphthylene cation 115 with 

@ 
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nucleophiles have been investigated (179). Reactions of 115 
with the nucleophiles (CH3)3CSH in the presence of sodium bi- 
carbonate and isobutyraldehyde pyrrolidine enamine result in 
stereospecific trans-addition to the coordinated acenaphthy- 
lene to give the alkyls 116 (R = (CH3)3CS and H-CO-C(CH3) 2 
[after hydrolysis], respectively). However, reactions of 115 
with the nucleophiles CH30H/Na2CO3, (CeHs)3P, and sodium dom 
dide result in liberation of acenaphthylene to give [(Cs5Hs5)- 
Fe(CO)2]2 (with methanol), [(CsHs)Fe(CO)2P(CeHs) 3]. (with 
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triphenylphosphine), and (CsHs5)Fe(CO)oI (with sodium iodide). 
Deprotonation of olefin-iron complexes of the type 

[ (n°-CsHs) Fe (CO) » (n?-R-CH=CH-CH>-R') ] in dichloromethane sol- 
ution with a tertiary amine such as triethylamine or diiso- 
propylethylamine gives the corresponding (ni -allyl) iron deri- 
vatives R'-CH=CH-CHR-Fe(CO)2(CsHs) (59,83). This deproton- 
ation occurs preferentially exo (trans) to the metal—ligand 
bond in contrast to the deprotonation of cationic (n?-allyl)- 
iron complexes in which endo protons are preferentially re- 
moved (83). This type of deprotonation occurs quantitatively 
with the cyclopentene and cyclohexene cations but fails with 
the corresponding cycloheptene cation. In the preferred con- 
formation of the cycloheptene complex in which the pendant 
(Cs5Hs5)Fe(CO)2 group lies exo to the ring, no allylic protons 

trans to the iron-olefin bond are available in sharp contrast 

to the cyclopentene and cyclohexene complexes. | 

The ability of [ (n>-CsHs)Fe(CO) 2 (n*-olefin)]° deriva- 
tives to react readily with certain nucleophiles with liber- 

ation of the olefin can be useful for the preparation of 

certain (Cs5Hs5)Fe(CO)»R derivatives by nucleophilic substitu- 

tion reactions. Reaction of [ (n°-CsHs5)Fe(CO) > (n*-CH»=CH-CH3) ] 

LPF, ] with halide-free methyllithium in diethyl ether gives 
the o-methyl derivative CH3-Fe(CO)2(Cs5Hs5) as the exclusive 

Organoiron product (7). However, reaction of the propene cat- 

ion with phenyllithium in diethyl ether results both in de- 

protonation to give CH2=CH-CH2-Fe(CO)2(Cs5Hs5) (38 % yield) 

and in propene displacement to give CgHs-Fe(CO)2(Cs5H5) (45 % 

yield). These two products could be separated readily by 

chromatography. Formation of the i =alivt by-product in this 

reaction presumably could have been avoided by using the 

ethylene-iron complex rather than the propylene-iron complex 

as the starting material. “a 

The cyclohexene complex [ (n°-CsHs) Fe (CO) 2 (n7=CeH10) J is 

a good starting material for preparing unusual compounds con- 

taining iron-boron bonds by reactions with appropriate nu- 

cleophiles (207,234). Thus, reactions of this cyclohexene com- 

plex with the boron nucleophiles [7,8-BsHi9CHP] , [7,8- 

BoH19As2] , [BioHi2P] , [BioHi2As] , [BioHi3] , and [7,8- 
BgCoHi2]— result in the formation of the corresponding (Cs5Hs)- 

Fe(CO)2R derivative (R = group derived from the boron cage 

anion used) in at least 40 % yields. Many of these iron-boron 

derivatives could not be prepared from the corresponding bo- 

ron nucleophiles and (Cs5Hs5)Fe(CO)2I (234). This suggests some 

real preparative value for the cyclohexene complex in certain 

reactions with nucleophiles. 

Some reactions of the allene complexes [ (qt? =CeHe) Fe— 

(CO) > (n2-CH2=C=CHR) ]* (R= ens, Cols) with nucleophiles have 

been investigated (151). Sodium borohydride reacts with these 
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cations in tetrahydrofuran by attacking the 1-carbon atom to 

give the substituted oO-vinyl derivatives R-CH=C(CH3)-Fe(CO) 2- 

(CsHs) (117, R = CH3, CoHs; x =H): Reactions ot the allene 

cations with diethylamine in pentane proceeds similarly to 

give the aminovinyl derivatives R-CH=C[-CH2-N(C2Hs) 2 ]-Fe- 

(COVo(CEHS (117) R= "CHa, Celis) xa— Ni((Cols)o)- bnesemreac— 

tions are not stereospecific since mixtures of cis- and trans-— 

isomers are produced (117a and 117b). Reactions of the allene 

@ 
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cations with triphenylphosphine also result in attack at the 

1-carbon atom to give the corresponding phosphonium cations 

118 (R = CH3, CgHs). Reactions of the allene cations with so- 

dium methoxide result in attack at the 2-carbon atom of the 

complexed allene to give the ketones R-CH2-CO-CH»2-Fe(CO)2- 

(Cs5Hs) (119; R = CH3, CeHs) as the major products. Reaction 

OCH,CH, 
Hcg NH 

ZINA : re 
on terme Ste Ge ES Co o 

H 

119 120 

of [ (ngs) Fe (CO) 2 (n?-CH2=c=cH-CeHE)] with Sodium! ethextde 
gives the orange crystalline n?-allyl derivative 120. 

The reactions of the methylvinylketone complex 121 with 

some nucleophiles follow a different pattern (193). Thus, 

the reaction of an acetonitrile solution of the tetrafluoro- 

borate of 121 with cyclohexanone lithium enolate at -78°C 
gives a 45 % yield of the adduct 122 (R = H) in a Michael-type 
reaction. Refluxing 122 in boiling methylene chloride in the 
presence of basic alumina results in the elimination of the 

dicarbonyl (cyclopentadienyl)iron unit to give the octalone 
123 (R =H). The corresponding methyl derivatives 122 and 123 
(R = = CH3) can be prepared by an analogous method using the a 
regiospecifically generated enolate formed by addition of li- 
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thium dimethylcuprate to cyclohexenone. Reactions of 121 with 
cyclohexanone enamines at O°C also give 122 (R =H) (193). 

The ethylene complex [ (n°-CsHs) Fe (CO) 2 (n?-C2Hy) J failed 
to show any exchange with 14*c-labelled ethylene after 6 days 
ates OCC Gi GO) >the 13¢_NMR spectrum of the propene complex 
[ (n°-CsHs) Fe (CO) 2 (n?-CH2=CH-CH3) ] has been reported (6). 

IX. CYCLOBUTADIENE-OLEFIN-IRON COMPLEXES 

Ultraviolet irradiation of (cyclobutadiene) tricarbonyl- 

Peon (n '-CyHu)Fe (CO) 3, with the olefins dimethyl maleate 

and dimethyl fumarate gives the corresponding cyclobutadiene- 

olefin-iron complexes ()'=-CyHy) Fe(CO) 2 (n7-L) (L = di- 

methyl maleate and dimethyl fumarate) (186). Oxidation of 

these complexes with cerium(IV) leads to formation of the 

bicyclo[2.2.0]hexene derivatives identical to the known ad- 

ducts of the olefins with the cyclobutadiene generated by 

oxidation of (n*-CyHy)Fe(CO)3 (209). 

xs CARBONYLIRON DERIVATIVES WITH BRIDGING VINYL GROUPS 

Several types of compounds are known where a vinyl group 

bridges two metal atoms, at least one of which is iron. In 

these cases the vinyl group coordinates to one of the metals 

through its carbon-carbon double bond and to the second metal 

by forming a metal-carbon O-bond. 

The first compounds of this type were obtained in 1961 

(122) by reactions of carbonyliron complexes with vinyl sul- 

fides. Thus, reactions of Fe3(CO)12 with the vinyl sulfides 

CH»=CH-SR (R = CH3, C2H5, CH=CH2, and CH(CH3)2) give the red 

liquid hexacarbonyldiiron complexes (RS-CH=CH2)Fe2(CO)¢. Their 

14-NMR spectra indicate the structures 124 (R = CH3, CaHs, 

CH=CH», and CH(CH3)2) in which a vinyl group bridges two iron 
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A series of compounds was subsequently prepared with 

structures similar to 124 but with a halogen bridge instead 

of the alkylthio bridge. Thus, ultraviolet irradiation of the 

cis- or trans-1,2-dihaloethylene-tetracarbonyliron complexes 

(XCH=CHY )ieel(EO), "(OO H="Yo = CIN ort Beye x= Bre, Y= ee lteads sco 

the products 125 (X = Y = Cl or Br; X = Br, Y = F) containing 

both a bridging trans-2-halovinyl group and a bridging halo- 

gen atom (100,140). The X-ray crystal structure of the com- 

pound 125 (X = Y = Br) has been determined (148). This repre- 

sents the first Xray Conranmation Ob stEuctuness Ome rhd sa eype. 

Nesmeyanov and co-workers have prepared compounds in 

which a vinyl group acts as a bridge between a carbonyliron 

group and a cyclopentadienyl-metal unit containing iron or 

tungsten. For example, reactions of the 2-chlorovinyl ketones 

R-CO-CH=CHC1 with NaFe(CO)2(CsHs5) give the derivatives R-CO- 

CH=CH-Fe (CO)9(Cs5Hs) (R = CH3 and CgHs) containing iron-carbon 

O-bonds. These cyclopentadienyliron derivatives then react 

Q \ ik H C—R Hc—¢ H 
\ Uy. \ cf 
a ae. 

H H 
Fee (CO), £ oReOl 

Oo 6 127 
12 

with Fe2 (CO) 9 in pee aisD—2OLGeEo ote. BS green binu= 

clear derivatives (a? -Cs5Hs) (CO) Fe(uU-CO) (u- ‘aie =n? -CH=CH-CO-R) - 

Fe(CO)3 (168). X-ray crystallography of the methyl derivative 

ee > indicates structure i26 (R = CH3) containing a bridging 

n} aa ?_vinyl group, a bridging carbonyl group, and a metal- 

metal bond. 

Some related compounds can be prepared in which a sub- 
stituted vinyl group bridges an iron atom with another metal 
(171). In some cases, however, bridging vinyl derivatives are 
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formed in which the metal-metal bond and the bridging carbon- 
yl group are both absent. Thus, the reaction of trans-CH3-CO- 
CH=CH-Re(CO)s5 with Fe, (CO)9 gives 127 which is a compound of 
this type. Reaction of the cyclopentadienyltungsten deriva- 

tive CgHs-CO-CH=CH-W(CO)3(CsHs) with Fe2(CO)9 gives products 

of both types, 128 and 129. In addition the bimetallic 

0 4 \ H 
H RCH Me “e's 
C=C APS 7. fod a 

iat a W—Ffel(CO), 
3 Fe(CO), (co); 

C 
0 

128 129 
(enone) Fe(CO) 3 complex 130 is obtained. 

The oO-acyliron derivatives R-CH=CH-CO-Fe(CO)2(Cs5Hs5) are 

also useful starting materials for preparing derivatives con- 

taining bridging vinyl groups (171). Reactions of R-CH=CH-CO- 

Fe(CO)2(Cs5Hs5) (R = H and CgHs5) with Fe2(CO)9 in benzene at 

40°C give the tetracarbonyliron complexes 131 (R = SH 7 Celis). 

< (es <a 
Pada Se —Fe—CO (CO)W—C 0 H f e 
H van apg Fe(CO), oc re co C 

Casc 
(oie 

13 131 
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Heating the cinnamoyl derivative i131 (R= CoHs) an benzenevatc 

60°C results in the loss of two carbonyl groups to give the 

dark green styryl derivative 132 (R = Ces), which can also 

be prepared by heating C¢gHs5- CH=CI CH-Fe(CO)»2(CsHs5) with Fe2 (CO) 9 

in benzene. Ultraviolet irradiation of the cinnamoyl deriva- 

tive 131 proceeds entirely differently to give the orange 

(enone) Fe(CO)3 complex n*-[CgH5s-CH=CH-CO-Fe (CO) » (CsHs) J- 
Fe (CO).31 (133) in which an acyl carbonyl is o-bonded to one 

iron atom and ia -bonded to another one. The green unsub- 

stituted bridging vinyl derivative 132 (R = H) can be pre- 

pared by heating CH2=CH-Fe (CO) 2 (CsHs) 1 with Fe 2 (CO) 9. 

XI. REACTIONS OF IRON COMPLEXES WITH TETRACYANOETHY LENE 

The chemistry of tetracyanoethylene is completely dif- 

ferent from that of ethylene or even tetrafluoroethylene be- 

cause of the combined electron-withdrawing and mesomeric ef- 

fects of the four cyano substituents. Therefore, its iron 

chemistry is best discussed separately. 

Ferrocene forms a charge-transfer complex with tetra- 

cyanoethylene (194). The X-ray crystal structure of this 1:1 

complex (1) indicates an interaction between one of the cyclo- 

pentadienyl rings of ferrocene and the tetracyanoethylene car- 

bon-carbon double bond in this complex with no new true chemi- 

cal bond formation. Tetracyanoethylene is well-known to form 

similar charge-transfer complexes with various aromatic hydro- 

carbons. 

Transition metal complexes of the type R-Fe(CO) 2 (Cs5Hs) 

react readily with tetracyanoethylene, but in most cases in- 

sertion products rather than olefin complexes are obtained 

(218,219). Thus, the alkyls R-Fe(CO)».(CsHs5) (R = CH3, CoHs, 

n-C3H7, CH2-CeHs, and CH(CH3) (CeHs)) react with tetracyano- 

ethylene in dichloromethane at 25°C to give mixtures of the 

cyanoalkyls R-C(CN) 2-C(CN)2-Fe(CO)2(CsHs) and the isomeric 

keteniminates R-C(CN) 2-C(CN) =C=N-Fe(CO) 2 (Cs5Hs5). However, the 

substituted alkyls R-Fe (CO) (PR3) (C5H5)) (RY ="Ceus, Rk — CHa, 

CoHs, and n-C3H7; R* = n-CiHso and OCgHs, R = CH3) react with 

"i 
NC—C T 

i re c= 
Nc =e sl 
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tetracyanoethylene in benzene at 5-10°C to form green 1:1 ad- 
ducts. These adducts correspond to tetracyanoethylene olefin 
complexes of acyliron derivatives, but are best represented 
as the metallacyclopropane derivatives 119. 

XII. OLEFIN-IRON COMPLEXES CONTAINING NEITHER CARBONYL NOR 
CYCLOPENTADIENYL LIGANDS 

The analogy between the chemistry of Fe(CO)s5 and the 
corresponding trifluorophosphine complex Fe(PF3)s5 suggested 
a study of the reactions of the latter with various olefins 
(145). Ultraviolet irradiation of Fe(PF3)5 in diethyl ether 

solution with several olefins containing electronegative 
substituents gives (n?-olefin)Fe(PF3), derivatives (olefin = 

acrylonitrile, crotononitrile, styrene, and methyl acrylate) 

completely analogous to the (n?-olefin)Fe(CO), derivatives 

discussed earlier in this chapter. All of these (n*-olefin)- 

Fe(PF3), complexes are intense yellow low-melting solids. 

They are remarkably air-stable and can be sublimed or di- 

stilled unchanged. The stability of the (n*-olefin)Fe(PF3) 
derivatives may arise from the impossibility of their de- 

composition by olefin elimination to give the unknown Fe3- 

(PF3)i12. This contrasts with the (n?-olefin)Fe(CO) y deriva- 

tives, which have a relatively easy decomposition pathway to 

give Fe3(CO)12. Similar ultraviolet irradiation of Fe(PF3)5 

with several a,®8-unsaturated carbonyl compounds containing 

the structural unit -C=C-C=0 leads to (n*+-enone) Fe (PF3) 3 

derivatives (enone = crotonaldehyde, methyl vinyl ketone, and 

even methyl methacrylate) which are more sensitive to air, 

moisture, and heat than the (n*-olefin)Fe(PF3), derivatives. 

Some complexes of the type (bid) »Fe(n*-olefin) are 

known in which bid is a bidentate ligand, particularly the 

ditertiary phosphine (CgH5)2P-CH2-CH2-P(CsHs5)2 (abbreviated 

here as diphos). Reaction of iron(III) acetylacetonate with 

ethoxydiethylaluminium in the presence of diphos in diethyl 

ether at O°C gives an unstable red complex. Repeated crystal- 

lization of this complex from benzene/ether gives the violet 

ethylene complex (diphos) »Fe (n*-C2Hy) (108). Ultraviolet 

irradiation of (diphos) 2Fe (n*-CoH,) results in elimination of 

ethylene to give a product of stoichiometry (diphos) 2Fe. 

However, NMR indicates this product to contain an iron-hy- 

drogen bond. It therefore must be formulated as HFe[-C,gHy- 

P (CgHs) -CH2-CH2-P(CgHs)2](diphos). Hydrogen transfer from a 

ligand phenyl group to an iron atom thus appears to occur in 

the formation of this complex. Upon treatment with I2 and H2 

the ethylene complex (diphos) 9 Fe (n?-C2H, ) undergoes oxidative 

addition reactions with ethylene elimination to give (di- 
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phos) »FeIy and (diphos)»FeH2, respectively (108). Reaction of 

(diphos) »Fe(n*-C2Hy) with HSiCl3 can give either (diphos)Fe- 

(H) (SiC13), (diphos) »Fe(H) (SiCl3), or (diphos)2Fe(SiCl3)9, in 

all cases with ethylene elimination, depending upon the re- 

action conditions (149). In accord with its high reactivity, 

the ethylene complex (diphos) oFe (n*-C2Hy) is an active cata- 

lyst for the addition of ethylene to butadiene to form 1:1 ad- 

ducts consisting of hexa-1,cis-4-diene, hexa-1,3-diene, hexa- 

2,4-diene, and hexa-1,5-diene, and 2:1 adducts (107). 

Several iron alkyl and hydride reactions with various 

Olefins have also been reported. Reaction of the complex 

HoFe(N2)L3 (L = ethyldiphenylphosphine) with ethylene gives 

an unstable complex formulated as (H)CoHs5-FeLoL' (L' = sol- 

vent or L) which decomposes rapidly at 30°C. An ethylene 

complex H2Fe(CoH,)L2L' is proposed as an intermediate (25). 

The iron alkyl (dipy)2Fe(C2Hs)2 appears to form olefin com- 

plexes with tetracyanoethylene, maleic anhydride, and acryl- 

amide, but their stoichiometries and structures are obscure 

(ZB) 
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I. INTRODUCTION 

This chapter discusses carbonyliron complexes containing 
the 1,2,3-trihapto-allyl (n?-allyl) unit (1) in which exactly 
three adjacent carbon atoms of a hydrocarbon unit are coordi- 
Nated to an) tren atom. EtbobEant: types of carbonyliron deriv- 
atives eS ea one such nh 3-allyl unit include derivatives 
of the types (n "-allylic) Fe (CO) 3x (X = halide or other one- 
electron donor ligand), [(n?-allylic)Fe(co),] , and (ne= 
allylic)Fe(CO)2NO in which the iron atom has the favoured 18- 
electron noble gas configuration, as well as electron-defi- 
cient tthe -allylic)Fe(CO)3] derivatives in which the iron 

atom has only ja) Ve-ellectron configuration. pete of the 

type (n Jal lylic)>Fe(C0).o are known containing two n 3_allylic 

ligands coordinated to a single iron atom. An unstable com- 

pound (C3Hs)3Fe containing three allyl ligands bonded to a 

Single iron atom is also known. 

Fe AS \ 

Miocene 

4 2b 
Organoiron derivatives containing a 1,2,3-trihapto- 

allylic unit as part of a more complex ligand system have 

also been prepared. Numerous compounds of the type 2a are 

known containing a bidentate four-electron donor chelating 

ligand which is coordinated to the iron atom by both an n3- 

allyl group and a metal-carbon O-bond. Many complexes of the 

type 2a readily undergo carbon monoxide insertion reactions to 

give the corresponding chelating n 3-allyl- O-acyl derivatives 

of type 2b. Complexes of the types 2a and 2b generally arise 

either from reactions of cycloolefin-carbonyliron complexes or 

from reactions of carbonyliron reagents with vinylcyclopropane 

derivatives, including polycyclic hydrocarbons such as semi- 

bullvalene and bullvalene. A hexacarbonyldiiron unit can bond 

to a hydrocarbon network with two sets of Me -ablly lac bonds in 

different ways to give the following types of complexes: 

00 

eat 
WN 

pena pr A = 
ie 
-o————— 

| 
3a 3b 
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(1) The (cyclic triene) glexsCar en derivatives 3a in 

which six carbon atoms of two 7 eSallviic nats wane pas of the 

same ring system. In addition to these 1-3: cial a bis (n° -allyl- 

ic)iron complexes the less symmetrical 1,5,6-N :2=4-n?- 

derivatives 3b are formed. Such complexes generally arise 

from reactions of appropriate cyclic trienes with carbonyliron 

reagents, e.g. Fe2(CO)9, under mild conditions. They will be 

discussed only briefly in this chapter and in more detail in 

the chapter on triene and tetraene complexes. (Z)eelierra 

methyleneethane-hexacarbonyldiiron complexes of the type 4 

in which the center carbons of the two n°-allylic units are 

linked together (rather than the outer carbons as in type 3a). 

Such complexes generally are obtained from reactions of 

allenes with carbonyliron reagents. (3) Butatriene-hexa- 

Cer bony taser derivatives of the type 5 in which the two 

n 3 allylic units are orthogonal and share two atoms of the 

four-carbon chain. Such complexes generally are prepared from 

reactions of butatriene derivatives with carbonyliron rea- 

gents. (4) Still another type of bis (n?-allylic) carbonyl- 

iron derivative is type 6 which may arise from reactions of 

cyclic tetraenes, such as cyclooctatetraene, with Cerone 

iron complexes. Compounds of the EYps 6 contain two mo = 

allylic units separated by single sp* carbon atoms, which con- 

tribute to the bridging between the two iron atoms. All of 

the binuclear bis (n?-allylic) derivatives of the types 3a, 3b, 

4, 5, and 6, contain an iron-iron bond. malt 

Several general review articles are available on the 

chemistry of Wh -allyl-metal compounds (50,911,106). In the 

most recent one (50) the stereochemistry of the metal-allyl 

bond of the type 1 is discussed in some detail. | The C-c-c 

angle of the ne-allyl group in | is usually close to 1207. 

The plane defined by the three-carbon skeleton of the n° =aliya 

group is usually not perpendicular to the plane defined by the 

metal atom and the terminal carbon atoms of the n?’-allyl 

group. Values for this angle may be as large as 110° (50). 

The substituted n=allyi ligand is generally non-planar. 

There are several examples of conformational isomerism based 
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on two different orientations of the allyl group relative to 
other ligands in the molecule. eee example, such isomerism 
is found in the iron compounds cae -C3Hs)Fe(CO) 3X. Isomerism 
can also Siete from the non-equivalence of the syn and anti 
sites in an nh 3_allylic group of the complex type i. 

ir. n?-ALLYLIC CARBONYLIRON CATIONS AND HALIDES 

This section discusses the preparations as well as the 
physical, Spee Tt Cecop ie: and chemical Dos Sis of complexes 
of the types (n *-allylic) Fe (CO) 3x, [ (n?-allylic)Fe(co) 3] 
and Gans -allylic)Fe(Co),] containing simple acyclic 1,2,3- 

trihapto-allylic ligands. 

A. PREPARATIVE METHODS 

Compounds of the type (n°-allylic)Fe(CO) 3X are most fre- 

quently prepared by oxidative addition reactions of zerovalent 

carbonyliron complexes with the corresponding allyl halides. 

In addition some (n?-allylic) Fe (CO) 3X derivatives can be pre- 

pared by addition of hydrogen halides to diene-tricarbonyliron 

derivatives. Related protonation reactions of (diene)Fe(CO) 3 

derivatives in the absence of halide first give the [ine- 

allylic)Fe(CO)3] cations, which may then undergo dispropor- 

tionation or carbon monoxide addition to give the more stable 

[ (n?-allylic) Fe (CO), ] cations. Other addition reactions of 

unsaturated preorcelerans to (diene)Fe(CO)3 derivatives may 

ee in formation of Nn 3_allyl- O-alkyl complexes of type 2a. 

n $_allylic- carbonyliron derivatives also arise from some 

reactions of (diene) Fe(CO)3 derivatives with other electro- 

philes such as boron trifluoride or acyl halides. 

1. Reactions of Allylic Halides with Carbonyliron Complexes 

and Other Zerovalent Iron Derivatives 

The following conditions are generally useful for reac-— 

tions of carbonyliron reagents with allylic halides to give 

the corresponding (n?-allylic)Fe(CO) 3X derivatives: (1) 

reaction of the allylic halide with pentacarbonyliron at a 

closely controlled temperature (161,165,183); (2) ultra- 

violet irradiation of the allylic halide with pentacarbonyl- 

iron (110,111); (3) reaction of enneacarbonyldiiron with 

allylic halides around 40°C (155). The reaction of penta- 

carbonyliron with allyl ee at 40-45°C is probably the 

most effective way to get (n 3_c,H5)Fe(CO) 31 (165,183). How- 

ever, it is necessary to control the temperature of this 

reaction very carefully to avoid decomposition to iron(II) 
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iodide. The photochemical method (110,111) avoids oie aiffi- 

culty and thas woeen used™ com preparera wie? range of (A = 

eh By tee aes derivatives including (n? -R-CHCHCH2 ) Fe (CO) 3 

(R =H, XeeeCh, Bry ly Ree CHeyh —eCl » BreeR = ChsHCOo as 

Br) and [n° -CH2 (CH) CHa IPe (Co) 31. The use of enneacarbonyl- 

diiron without ultraviolet irradiation may be desirable in 

certain cases (155). The carboranyl derivative 7 has been 

In 

prepared by reaction of trans-1-(phenyl-o-carborany1) -3-bromo- 

prop-i-ene with enneacarbonyldiiron at 40°C (212). 

Some related reactions of carbonyliron complexes with 

allylic halides proceed anomalously to give products other 

than the (n?-allylic) Fe (CO) 3X derivatives. For example, reac-— 

tions of enneacarbonyldiiron with the 2-methoxyallyl halides 

give not only the halide complexes [n?-CH2C(OCH3) CH» ]Fe(CO) 3X 

but also result in hydrogen halide elimination to give the 

vinylketene complex 814). The yield of Bias maximized by 

using 2-methoxyallyl chloride rather than the corresponding 

bromide or iodide. Reactions of the allylic dihalides 

RR'C=C(CH2Cl)2 with enneacarbonyldiiron give the corresponding 

trimethylenemethane-tricarbonyliron derivatives [(RR'C)C- 

(CH2)2]Fe(CO)3 (9, R = R' =H, CH3, CoHs—COo; R = CgHs and 
CH a= COs (R=) E679. 389) eet eremean: { LEComDe erEnOn of 2-methyl- 

allylic derivatives of the type fn? -R-CHC (CH3 ) CH2 JFe (CO) 3Cl 

(R = H, CegHs) also produces the corresponding trimethylene- 
methane-tricarbonyliron derivatives (9, R = Bye welch 
CeHs5, respectively) (78). Reactions of 3,4-dichlorocyclo- 
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butenes with enneacarbonyldiiron give the corresponding 
cyclobutadiene-tricarbonyliron derivatives (88,182), which 
are discussed elsewhere in this book. 

Similar oxidative addition reactions of Feo (CO) 9 with 
allylic aLeghols result in the formation of products of type 
2b containing n $-allyl- O-acyl ligands. Thus, reactions of 
but-2-ene-1,4-diol or cis-4-chlorobut-2-en-1-ol with Fe (CO) 9 
give 10 (R = R' = H) with elimination of water and hydrogen 

chloride, respectively (110,156). Similar reactions of Feo- 

(CO) g with 2,3-dimethylbut-2-ene-1,4-diol and with hex-3-ene- 

2,4-diol give the substituted derivatives 10 (R = CH3, R' =H 

anc. Re—= H, R* = CH3, respectively) (156) “The related com- 

pound 11 can be obtained by the reaction of 2-hydroxymethyl- 

prop-2-en-3-ol with enneacarbonyldiiron. 

Analogous reactions of enneacarbonyldiiron with benzylic 

halides have been investigated (164,170). However, the 

carbon-carbon double bonds in benzene and naphthalene rings 

are not reactive enough to participate in the formation of 

n?-benzyl and n?-naphthylmethyl ligands in these carbonyl- 

iron reactions (164,170). Instead, reactions of the benzylic 

bromides R-CH2Br with enneacarbonyldiiron result in coupling 

of the R-CH2 unit with carbon monoxide insertion to give the 

corresponding ketones (R-CH2)2CO (R = phenyl, 3,5-dimethyl- 

phenyl, 4-nitrophenyl, 1- and 2-naphthyl, and 4-bromo-2- 

naphthyl). Halides of the type R2CHBr (R = CeHs and CeFs; 

also 9-bromofluorene) couple to form the corresponding R2CH- 

CHR» derivatives upon similar reactions with Bee Ons Reac-— 

tions of the OS Seg Fe ee Oe halides R, =CHoX (Ri7= a 

fluorophenyl, X = Br; R, = heptafluoro-2- Snaentnvas 2 

with enneacarbonyldiiron give the corresponding (R eee 

Fe(CO), derivatives as stable yellow crystalline solids (170) . 

However, an n°-allylic derivative is obtained by the treatment 

of (2-bromomethyl)naphthalene with enneacarbonyldiiron to 

give a stable yellow crystalline solid tentatively formulated 

as 12 (164). 

~~ Some related syntheses of (n sSalllylic)Fe(cO) 3X deriva-— 

tives involve the transfer of an allyl group from another 

metal to iron. Thus, reactions of the readily available eS 

allylic palladium halides [ (n3=R-CHCHCH2 ) PAX] » with ennea- 
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OC—Fe —CO 
vis 

C 
6) 

12 

carbonyldiiron at room temperature give the corresponding 

(n° =R=CHCHCHs )Fe(CO)3x derivatives: (R =H, <= sCl,aer,aa7 
R = CHa, X = Cli; Ri = CoHs, X = Cl) (165,267), YAyssmadiangrveacs 

tion of [(n*-C3Hs5)NiBr]2 with Fe2(CO) 9 in diethyl ether at 

room temperature gives (n?-C3Hs5) Fe (CO) 3Br. The iodide ina 

C3Hs5)Fe(CO) 31 can also be obtained by the reaction of ennea-— 

carbonyldiiron with the bis (n?-allyl) derivatives of nickel, 

palladium, and platinum followed by treatment with iodine 

(167), or by the reaction of Fe(CO),yI2 with allyltrimethyltin 

(25 

Similar oxidative addition reactions between allylic 

halides and other iron(O) derivatives have been investigated. 

Ultraviolet irradiations of Fe(PF3)5 with allyl bromide and 

with allyl iodide give the corresponding (n?-C3Hs)Fe(PF3) 3X 

(X = Br, I) derivatives (139). However, a Similar ultra- 

violet irradiation of Fe(PF3)5 with allyl chloride results 

in coupling of the allyl groups with a hydrogen shift to give 

(1,3-hexadiene) tris(trifluorophosphine)iron (139). Reactions 

of the trimethyl phosphite complex Fe[P(OCH3)3]5 with allylic 
halides give cations of the type {(n?-allyl)Fe[P(OCH3) 3],} 

(153). However, a similar reaction of FelP(OCH3)3]5 with 
benzyl iodide does not form a stable benzyliron derivative 

but instead results in coupling to give dibenzyl and 

[ (CH30) 3P]oFel2 (153). 

2. Conversion of Olefin-carbonyliron Complexes to n?-Allylic 

Derivatives 

Most of these reactions involve addition to various 

diene-tricarbonyliron derivatives with concurrent rupture of 

one of the four iron-carbon bonds to the diene to give the 

1,2,3-trihapto-allylic system. Similar reactions have also 

been found with trimethylenemethane derivatives. 

Reactions of the diene-tricarbonyliron complexes (nesk= 
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CH=CH-CR'=CH2)Fe(CO)3 (R = R' = H; R = CH3, R' =H; R= CeHs, 

R' = CH3) with hydrogen chloride in an inert solvent result 

in the formation of the corresponding (n?-allylic)Fe(CO) 3Cl 

derivatives 13 (116). The stereochemistry of this addition 

is not clear (86,205), although formulation as the indicated 

anti-isomer 13 appears more probable. 

+ S + 

; ! R 
70. Yr Reais DN ape ee 2 

Fe 
OG——Fe——CO JS CO—Fe—CO 

C 
C C c of Cl O . 0 0 0 

13 
14 15 

, 
A similar protonation of diene-tricarbonyliron complexes 

in the absence of a coordinating anion such as halide leads 

first to the corresponding n3-allylic-tricarbonyliron cations. 

paltcroL eheotype 140 (R =—Ri = 87) Ri = Cs, eR)? = H;9R =yH; 

R' = CH3; R =H, R' = Ce6Hs) have been obtained by protonation 

of the tricarbonyliron complexes of butadiene, isoprene, 

trans-piperylene, and i-phenylbutadiene, respectively, using 

tetrafluoroboric, perchloric, or hexachloroantimonic acids in 

nitromethane solution (85). Alternatively, the n?-allylic- 

tricarbonyliron cations 14 (R =RY = Hy R=], R* = CH3) “have 

also been prepared by removal of chloride from the correspond- 

ing (n3-allylic) Fe(CO) 3Cl derivative using silver perchlorate 

or silver tetrafluoroborate in an inert solvent (86). These 

ne-allylic-tricarbonyliron cations have a deficient 16- 

electron configuration but nevertheless are isolable as pale 

yellow crystalline tetrafluoroborate salts. The salts derived 

from the tricarbonyliron complexes of butadiene (14, R= R' = 

EH) Sand trans-piperylene (14, R= Hy, R* = CH3) ‘react with water 

to give 2-butanone and 2-pentanone, respectively, through 

rearrangement of intermediate enols (85). However, a similar 

hydrolysis of the salt 14 (R = CH3, R' =H) gives dimethyl— 

vinylcarbinol, CH2=CH-C(OH) (CH3)2, which cannot rearrange 

analogously to a ketone because of the absence of hydrogen on 

the carbon atom bearing the hydroxyl gEOu (85). 

Although the electron-deficient [ (3 Sali yie)rerco). |. 

cations can be isolated as solid salts, they are unstable in 

strong acid solution with eespect to ligand reorganization to 

give the corresponding Len? ~allylic)Fe(CO) y] salts (94). 

Thus, the infrared v(CO) and 1 H-NMR spectra of a freshly pre- 

pared solution of (butadiene) tricarbonyliron in trifluoro- 

acetic acid indicates the presence of the n?-allylic-tri- 
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carbonyliron cation [ (n3-CyH7) Fe (Co) 3)" (14, R= Rt = oH) dis- 

cussed above. Bers an upon standing in the strong acid the 

infrared ne) and H-NMR spectra change to those Ai the cor- 

responding n 3-allylic= psa gt er od cine [ (3 -C,H7)- 

Pe(co}ed okt) Ry =Scagy Rete R= R' = R° =H). This cation 

can be isolated as its stable pancariaéreberate salt by stir- 

ring (butadiene)tricarbonyliron at room temperature with a 

six-fold excess of tetrafluoroboric acid in acetic anhydride 

for 2.5 h followed by precipitation with cold diethyl ether. 

A similar protonation of Cet eine erage gives the 

n *-allylic- tetracarbonyliron cation 15 (RI = R* = CH3, R? = 

Rt = R° = H) (94). Dissolving this cation in ee es ee 

aed Say ioe am oe production of its tautomer 15 (R} =R° = 

CH3, R? = R? = R' = H) to the extent of 10 % as - indicated by 

the 'H-NMR spectrum of the solution (95). A Similar proto- 

nation of (2,4-dimethylpenta-1,3-diene)tricarbonyliron gives 

the n?-allylic-tetracarbonyliron cation 15 (R' = CH(CH3)o; 

Ro? = Ro = R" = BH; R° = CH3) (94). The isomeric cation 15 

(R} =R* = R? = R' = Clete R° = H) is obtained by protonation 

of (tetramethylallene) tetracarbonyliron (93) 4 Dissolving 

either of these isomeric [ (n*-C7H13)Fe(CO),] cations in 

trifluoroacetic acid results in the production of an equilib- 

rium mixture of the two cations (95). The similar protonation 

Oe (273= 7m thy Bowead pene) ee eon to give sie ee 

sponding 3_allylic- tetracarbonyliron cation 15 (R} = R* = 

Ro = CH3, R? = Rt = H) proceeds at a much slower rate than the 

above protonations to give only a 5 % yield after 3.5 h (94). 

These preparations of [ (n3-allylic) Fe (CO) y] cations by 

the protonation of diene-tricarbonyliron complexes all have 

the inherent disadvantage that 25 % of the starting material 

is consumed to provide the fourth carbonyl group. Two methods 

have been devised to circumvent this inefficiency. In the 

first such method, the 1,3-diene is allowed to react with 

Fe2 (CO)9 only until the tetracarbonyliron complex is produced 

(96). Protonation of this complex then gives good yields of 

the corresponding n?-allylic-tetracarbonyliron Catdon) See ela 

the second such method the more readily available and Stable 

diene-tricarbonyliron complex is used, but the protonation is 

carried out in a carbon monoxide atmosphere in order to intro- 

duce the fourth carbonyl group (206). In both of these reac-— 

tions an acid with a weakly coordinating anion such as tetra- 

fluoroboric acid is used. If an acid with a coordinating 

anion is used, the initially formed n3-allylic-tetracarbonyl- 

iron derivative is unstable with respect to carbonyl displace- 

ment by the anion. Thus, treatment of (butadiene) tetracar- 

bonyliron with hydrogen chloride gives the yellow unstable 

ionic chloride [ (n°=cyh7) Fe (CO), J Cl which rapidly decom- 

poses at room temperature with carbon monoxide evolution to 
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give the non-ionic tricarbonyliron derivative (n° =cH;= 

CHCHCH>2 ) Fe (CO) 3Cl (13, Re Ro =sh ee (i54)e 

Under conditions similar to those used in these prepara- 

jealous; he n?-allylic-tetracarbonyliron cations, some iso- 

merization reactions can occur (97). For example, treatment 

of (anti-l-methylallyl)tetracarbonyliron tetrafluoroborate 

(15, R’ = CH3, R® = R® = R* = R° = H) with trifluoroacetic 
acid or sulfur dioxide at 60°C for 36 h results in rearrange- 

ment to the corresponding syn-isomer (15, R* = Clelg Ri = R? = 

R' = R° =H). The anti,syn-1,3-dimethyl cation 15 (R! = R* 
CH3, R* = R? = ne = H) undergoes a similar isomerization to 

the corresponding syn,syn-isomer 15 (Ri=] Rk? = Roe H, R* = 

Rt = CH3). In the case of the anti-1-isopropyl-2-methyl 

@ation 15 (R> = CH(CH;]G), -R* = R* =<R" = H, RB? = CHa) the cor- 
responding isomerization is more difficult and requires about 

6 days at 70°C to produce 15 (R! = R? = R* =H, R* = CH(CH3)2, 
R° = CH3). aa 

The intermediates in the protonation of diene-tricar- 

bonyliron complexes have been investigated by NMR spectroscopy 

(208,211). Covalent n?-allylic-tricarbonyliron tri luoro— 

acetates appear to be intermediates in protonations in tri- 

fluoroacetic acid solution (208). 

Other reactions of diene-tricarbonyliron derivatives with 

elleGEnophnilLe scecagentsmalso lead sco mW sallyive derivatives. 

Treatment of (butadiene) tricarbonyliron with boron trifluoride 

in sulfur dioxide solution gives the yellow crystalline i 

allylic derivative 16 of which the structure has been deter- 

+ + 

R_/ R R 

ee (CO); Fe 0=C. (CO), Fe=-O=C (CO)Fe 07%) CH, 3 cH, 
| 

16 Wy 18 
mined by X-ray crystallography (43,45). An intermediate in 

the Friedel-Crafts acetylation of (butadiene) tricarbonyliron 

(98) is the nN -allyilic cation shown by X-ray crystallography 

(109) to have structure 17 (R =H). The analogous intermedi- 

ate from the Friedel-Crafts acetylation of (trans,trans-2,4- 

hexadiene)tricarbonyliron has been shown by X-ray crystallo- 

graphy to have structure 17 (R = CH3) indicating stereospecif— 

ic endo attack (99). Related n*-allylic derivatives 18 (R = 
CH3, R'\=(H;) Ri =H, R’ = Ces? R = R' = CEHs) can be obtained 

by the acetylation of the tricarbonyliron or tetracarbonyl- 

iron complexes of the enones R'-CH=CH-CO-R with acetyl 

tetrafluoroborate in nitromethane (171). 
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Some carbonyliron derivatives containing n-allyl-o- 

alkyl ligands have been obtained by reactions of diene-tri- 

carbonyliron complexes with various fluorocarbons. Thus, the 

N° -allyl—-o-alkyl derivatives 19 (X = PF, °CF37 R= Re = shee ae 

: CH, 
Rb F, CH, 4 CF; 

aN | f | CF, 

Fe ae 

col, * fCDNifew! ts (co), 
ig 20 van 

H, R' = CH3; R = R' = CH3) are obtained by the ultraviolet 

irradiations of tetrafluoroethylene (23,26) and hexafluoro- 

propene (104), respectively, with the tricarbonyliron com- 

plexes of butadiene, isoprene, and 2, 3-dimethylbutadiene, 

Kespectively. A samilar ulcraviclet AtnadiabtonsOh ecm Loro— 

trifluoroethylene with (2,3-dimethylbutadiene) tricarbonyl- 

iron gives the related n?-allyl-o-alkyl derivative:19 (Xi= 

Cl, Ro= RY = CH3)) (104)... Similarly,” the ultraviolet aeradia— 

tion of hexafluorobutyne with the tricarbonyliron complexes 

of butadiene and 2,3-dimethylbutadiene gives the n3-allyl-o- 

alkenyl derivatives 20 (R = H, CH3) (28). Ultraviolet irra- 

diation of hexafluoroacetone with (2,3-dimethylbutadiene) tri- 

carbonyliron gives the 1:1 adduct with structure 21 contain- 

ing a chelating ligand which bonds to the iron both through an 

N°-allylic group and an alkoxide oxygen atom (101). A simi- 

lar ultraviolet irradiation of hexafluoroacetone with (iso- 

prene)tricarbonyliron gives a yellow 2:1 adduct 22 which 

rearranges to 23 upon heating in hexane to 80°C (104). 

Some n?-allylic-carbonyliron derivatives have been pre- 
pared from trimethylenemethane-tricarbonyliron derivatives. 
Thus (trimethylenemethane) tricarbonyliron, [ (CH2) 3C]Fe(CO) 3, 
reacts with one equivalent of bromine to give the (2-bromo- 
methyl)allyl derivative [n°-BrCH»-C (CH) > ]Fe (CO) 3Br (78,79), 
with hydrogen chloride to give the methallyl derivative [n?- 
CH3-C(CH2)2]Fe(CO)3Cl (79), and with tetrafluoroethylene under 
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ultraviolet irradiation to give the crystalline 1:1 adduct 24 

(239% aa 

B. PHYSICAL AND SPECTROSCOPIC STUDIES 

One of the first research groups to prepare (n?-allyl)- 

tricarbonyliron iodide (183) observed that the 14-NMR spectrum 

requires the presence of two different types of allyl groups 

present in unequal quantities. They therefore suggested an 

equilibrium between the monomer (f° =CaHs )Fe(CO) 41 and the 

dimer [(n°=CsHs)Fe(CO)si ls. However, subsequent studies (62, 

165,166) have shown that this explanation cannot be correct. 

In this connection a critical observation is that reliable 

molecular weight determinations in either benzene or cyclo- 

hexane (62) always give values corresponding to the monomer. 

For this reason an alternative explanation based on the pres- 

ence of the two stereoisomers 25a and DS) (hy = {GOR Oh =k) seeye 

(n?-C3Hs)Fe(CO)3I is indicated (62,165,166). The stereo- 

t-Fe—X 

ie 
E 

oO 9a 29 

isomers 25a and 25b differ only in the orientation of the ne 

allyl group relative to the X group. Existence of 25a and 

25b as separately detectable species is only possible le because 

of restricted rotation around the iron-allyl bond. The en 

NMR spectrum (185) of (N° =C3Hs )Fe(CO) 31 also shows resonances 

arising from the non-equivalent allyl and carbonyl corer in 

both stereoisomers 208 ene 25D, (= CO, x= 1). The ee ue 

spectra of the other x (n 3_allyl)tricarbonyliron halides (n3 = 

C3Hs5)Fe(CO)3X (X = Br, Cl) also indicate the presence of 

stereoisomers 25a and 25b (L = CO; X = Br, Cl) (166). 

ham the H-NMR spectra of the corresponding nitrate, 

Cn -C3Hs5) Fe(CO) 3NO3, only indicate the presence of one SCerec” 

isomer (166). The LS NMR spectra (166) of the ace gs ig = 

allyl derivatives [n3-CH3-C(CH2)2]Fe(CO) 3Cl and {a> = 

BrC(CH2)2I]Fe(CO)3Br indicate the presence of only a Eve 

isomer. The ‘H-NMR spectra of the phosphite complexes (n? = 

C3H5)Fe(CO)2[P(OR)3]I (R = CH3, C2Hs) also indicate the 

presence of two stereoisomers (62), possibly 25a and eeD ites 

P(OCH3)3, P(OC2Hs)3). 
X-ray crystallography has been used to determine the 

structures of some n>-allyl-carbonyliron derivatives. The 
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structure, of isomer 25a (iE =PCo;, . = I) has been determined 

GAC IA) ae symmetry of the n tality! group in 25a is con- 

firmed. The structures of the two polymorphic modifications 

of the triphenylphosphine derivative (n?-C3Hs) Fe (CO) 2- 

[P(CgHs)3]I have also been determined (148). Both modifica- 

tions have essentially the same molecular structure 25a (X = 

I, L = P(CgHs5)3) in which the phosphine ligand is in the 

position trans to the iodine atom. Replacement of a carbonyl 

ligand with triphenylphosphine in (n?-C3Hs) Fe (CO) 31 EOuGaWie 

(n?-C3Hs )Fe(CO) 2 [P(CeHs) 311 results in a shortening of the 

iron-iodine distance from 2.75 A to 2.65 A im accord with the 

lower Tl-acceptor strength of triphenylphosphine relative to 

carbon monoxide. 

Some other physical and spectroscopic studies on n?- 

allyl-carbonyliron derivatives have been reported. The in- 

frared specific CSS of the carbonyl ease fre- 

quencies of the ny "-allyl- tricarboryi none halides (n3 —-R-C3H.) - 

Fe(COlexa(Re= Hy X = Cl, Bir oR = CHa) os — Cll a Bias) Res Chia COsn, 

X = Br) have been determined (172). The Médssbauer spectra of 

various n?-allyl-tricarbonyliron derivatives have also been 

investigated (27,138). In going from (n?-C3Hs)Fe(CO) 3Cl to 
(nN 2=CsHs) Fe(CO) 31, the values of both the isomer shifts and 

quadrupole splittings change significantly. 

The mass spectra of a variety of n?-allyl-tricarbonyl- 

iron derivatives of the type (n?=R-CaHy ) Pe (CO) 3X (X = NO3, 

Re=— Hy l—CHa, 2—CHa xX = (Cl R=] HH, 1 -Cia, 2 Clan — Cola eee — 

Big, eR =2H CHa, 2 CH a Cee Gp 2 Ce El 5 aie ia se en ll Lee 

2-CH3) have been investigated (131,169). The molecular ions 

are only intense for the iodides. The molecular ions decay 

along two principal routes involving Fe-X and Fe-CO bond 

rupture giving the families of ions [RC3H,Fe(Co) XJ dn, = 2,1, 
©) and [RC3H,Fe(CO) ] (n = 3,2,1,0). In the case of (n?- 
C3Hs)Fe(CO)3I the families of ions [CpH»Fe(Co) || (n = 3,2,1, 
O) resulting from methyl iodide elimination, and [Fe(co) ] 

resulting from loss of both the n*-allyl group and the iddine 

atom are also found (131). The ratio of the ion intensities 

from Fe-CO and Fe-X bond rupture depends upon the nature of 

the substituent R and the ligand X. As the electronegativity 

of X 1S increased in the Series I<Br<Cl1<NO3, xupture of the 

Fe-X bond over rupture of the Fe-CO bond is favoured. 

C. CHEMICAL REACTIONS 

Chemical reactions of the n?-allyl-tricarbonyliron hal- 

ides can involve either carbonyl displacement, halide dis- 

placement, ais both of these processes. In some of the reac-— 

ELTOMSmo can 3—allyl- tricarbonyliron eis loss of the allyl 

group also occurs. Reactions of the n SSaliyle carbonyliron 
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cations, on the other hand, generally involve Se eee 

attack on the n sallyl ligand to give substituted ne -olefin 

derivatives. In view of the generally different Cypee of re- 

aAcCELONSNOG eT) 3—allyl— tricarbonyliron halides and of n $_allyl- 

carbonyliron cations, the chemistry of these two classes of 

compounds is discussed separately. 

1. Reactions of n?-Allyl-tricarbonyliron Halides 

One carbonyl group in the halides (n?-C3Hs) Fe (CO) 3X is 

readily replaced with trivalent phosphorus ligands by reac- 

tions at room temperature (104,110,165). In this way the com- 

pounds (n°-C3Hs)Fe(CO)2(PR3)X (R = CeHs, X = Br, I; R = OCH;, 
OC2Hs, X = I) have been prepared. However, reaction of (n= 

C3Hs)Fe(CO) 31 with tris(dimethylamino) phosphine at room tem- 

perature results in loss of both allyl and iodide to give 

trans-[ (Me2N) 3P]2Fe(CO)3 (127). Reactions of (p?-C3Hs)- 

Fe(CO)3X (X = Br, I) with dimethylsulfoxide at room tempera- 

ture results in the formation of dimethylsulfoxide complexes 

of iron(II) and iron(III) halides containing neither allyl nor 

carbonyl groups (165). 

Some examples of halide exchange reactions of n?-allyl- 

tricarbonyliron halides are known. Thus, the bromide tae = 

C3Hs)Fe(CO)3Br can be obtained by treatment of the correspond- 

ing iodide with tetraethylammonium bromide in chloroform 

(161). Tetramethylammonium halides in methanol are useful for 

converting [n?-CH3-C(CH2)2]Fe(CO)3Cl into the corresponding 

bromide (169) and for converting (n?-C3Hs)Fe(CO) 31 into the 

corresponding chloride (161). 

In other cases reactions of n3-allyl-tricarbonyliron 

halides with silver salts are useful for preparing other (n?- 

C3Hs5)Fe(CO)3X derivatives. Reaction of (n3-c3Hs)Fe(CO) 31 

with silver nitrate in nitromethane gives the yellow nitrate 

(= -C3Hs)Fe(CO)3NO3 (161). The corresponding (qo -2- -methyl- 

allyl)tricarbonyliron nitrate can be prepared analogously in 

methanol solution (169). However, the unsubstituted (n3 = 

C3Hs)Fe(CO) 3NO3 easily decomposes in methanol to give diallyl 

ketone and a second incompletely characterized ketone. Both 

ketones were isolated as their 2,4-dinitrophenylhydrazones 

(163). Reactions of (n°-C3Hs)Fe(CO)3I with the silver per- 
fluorocarboxylates R_-CO2Ag (R= CHS Colts) manedichiloro— 

methane at room oe | sa amps form the corresponding perfluoro- 

carboxylates (Nn 3_C3Hs)Fe(CO) 3CO2R as yellow exystalline 

solids (129). The reactions of the trifluoroacetate (n? - 

C3Hs5)Fe(CO) 3CO2CF3 with several trivalent phosphorus ligands 

have been investigated (130). However, the only pure product 

isolated was the monocarbonyl CF3-CO2-Fe (CO) [cis-(C¢6Hs) 2P- 

CH=CH-P (CgHs) 2] (n°-C3Hs). 
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Some reactions of (n?-allyl)tricarbonyliron iodide give 

novel $-diketone complexes (73,187). Thus, the treatment of 

(n?-C3Hs)Fe(CO)3I with the B-diketones R-CO-CH2-CO-R' (R = 
R' = CHa, CeHs; Ri = CF3,,R' = thienyl) either in the presence 

of diethylamine in ethanol solution or with the sodium 

enolates of the B-diketones at 60°C results in loss of all 

three carbonyl groups to give the red crystalline complexes 

(n°-C3Hs)Fe(RCOCHCOR')» (26, R = R' = CH3, CeHs; R = CF3, R' = 

O—Fe —O ' 
eeu eG 

On 

R' R 

26 
thienyl). These complexes may be viewed as isoelectronic to 

iron(III) B-diketonates in which an n*-allyl group replaces 

one of the three 8-diketonate ligands. 

Some unsual products have been obtained by reactions of 

(n?-C3Hs) Fe (CO) 3I with potassium polypyrazolylborates (133, 

134). Reaction of (7° =C3Hs) FE(CO) 32 with potassium bispyra- 

zolylborate in 1:1 diethyl ether/tetrahydrofuran at room tem- 

perature results in displacement of both the allyl and the 

iodide to give yellow-orange [H2B(C3H3N2)2]2Fe(CO)2 (27). 

Pais @; 
Goan N we " 

H KSicslen NO (CO), Fe—Fe (CO), Cole 
4 Nong | ‘co N—N “F8(CO, 

/ 29 CO 

27 8 

Reaction of (n?-C3Hs)Fe(CO) 31 with potassium trispyrazolyl- 

borate under similar conditions gives the following products: 

(1) violet [HB(C3H3N2)3]oFe, (2) orange [C3H3N2Fe(CO) 3] 
(28) containing two bridging pyrazole ligands, (3) yellow 

(C3H5-N2C3H3)Fe(CO) 3 (29), (4) yellow ae CH 3-CH=CH- 

Fe (CO) 2[ (C3H3N2) 3BH] (30) in which the n?-allyl group has 

rearranged to a O-propenyl group, (5) yellow cis-CH 3-CH=CH- 

CO-Fe (CO) 2 [ (C3H3N2) 3BH] (31). Heating 31 in boiling hexane 

results in its quantitative decarbonylation to give 30. 

The reductions of the halides (n3 -C3Hs)Fe(CO) 3X hi have been 

studied both polarographically and chemically. Mdssbauer 
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H-B Fe —CO Noe ee eO 
ere, ane H eel oa 

N—N ee (O) iS AH 

i obteeecis oan 
30 31 CH; 

spectra of the reduction products have also been investigated 

(27). Electrochemical studies on (n?-C3Hs)Fe(CO)3X (X = Cl, 
Br, I) in acetonitrile solution or in a freshly prepared 

dimethylformamide solution indicate two successive one-elec-— 

tron reductions to give first the radical [ (n?=63He2 Fe (Co)a): 

and then the anion, [ (n°-C3Hs)Fe(CO) 3] (HOS) = ines cadiucail 

[ (n3-c3Hs)Fe(CO)3] can be isolated as a red extremely air- 

sensitive volatile solid either by the reduction of (i =en eye 

Fe(CO) 3Br with NaMn(CO)s5 or NaFe (CO) (n° =CsHs), by chromato- 

graphy of (n?=C3Hs) Fe(CO) 3X on deactivated alumina, or asa 

by-product from the reaction of allyl chloride with ennea- 

carbonyldiiron (157). Concentrated solutions of (i =Csn 

Fe(CO)3 are red whereas dilute solutions are green indicating 

an equilibrium between a reactive paramagnetic monomeric radi- 

cal (green) and a diamagnetic dimer (red). The bay? =esHs)= 

Fe(CO) 3] radical is also generated in tetrahydrofuran solu- 

tion (64) by reduction of (7°=C5H5) Fe (CO). 41 with ytterbium, 

samarium, yttrium, or manganese. Similar reductions of 

(q°=1 =R=C 3H) FS'(CO)3 xX (R = CH3-CO2, ,CH3) give the correspond- 

ing radicals P@c=i=R=C.H, ireteo)is) but these are much less 

stable than the unsubstituted radicals (157). Similar reduc- 

tion processes have also been used to prepare the phosphine 

substituted radicals [(n°-C3Hs)Fe(CO)2PR3] (R = CeHs, CyHa) 
and {(n°-C3Hs) Fe(CO) [P(n-CyH3)3]2} which appear as pure 

monomers. The electron spin resonance spectra of these radi- 

cals have been observed (157). In the phosphine substituted 

n?-allyl-carbonyliron radicals the phosphorus hyperfine 

splitting is in the range of 17 to 14 Gauss. 

The second reduction product of the halides is the anion 

[(C3H;)Fe (CO) 3] (108). This anion is formed upon reduction 

of the halides (n®-C3Hs) Fe (CO) 3X with sodium amalgam. It has 

been characterized by its infrared spectrum in the v(CO) 

region, by its Méssbauer spectrum, and by its reaction with 

allyl chloride tergive bis (n?-allyl)dicarbonyliron (see 

below). Reaction of hoy =csuerre (Co)—e]” with triphenyltin 

chloride was found to give hexaphenylditin rather than a 
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product with an iron-tin bond. 

(n?-Allyl) tricarbonyliron bromide is one of several allyl 

transition metal derivatives which have been studied as a 

catalyst for the coupling of allyl bromide or crotyl chloride 

with organomagnesium compounds (173). 

Ze RCaACeLonsmOr n?-Allyl-tetracarbonyliron Cations 

some reactions of n?-allyl-tetracarbonyliron cations 

with nucleophiles have been investigated. Reactions of n?- 

allyl-tetracarbonyliron cations with triphenylphosphine give 

cis-allyltriphenylphosphonium salts (206). In related reac— 

tions n?-allyl-tetracarbonyliron cations have been used to 

allylate diethylamine, the anion of acetylacetone, and i- 

phenylethylamine (206). n?-Allyl-tetracarbonyliron cations 

also react with pyridine to give allylpyridinium derivatives 

(206). These reactions proceed rapidly in tetrahydrofuran at 

room temperature using the tetrafluoroborate salts of the 

n3-allyl-tetracarbonyliron cations (206). Reaction of the 

Cation: [ (n°-CH3-CHCHCH> ) Fe (CO) y | obtained by the protonation 

of butadiene with dialkylcadmium derivatives in diethyl ether 

or tetrahydrofuran gives the corresponding unstable yellow 

liquid n?-olefin-tetracarbonyliron derivatives [n?-(R-CH2= 

CH=CH-CH3) JFe(CO),4, which are readily oxidized in air to the 

corresponding free olefins (181). 

An interesting transformation of (n*-tetramethylallene)- 

tetracarbonyliron to substituted n*-butadiene-tricarbonyl- 

iron derivatives through n?-allyl-tetracarbonyliron cations 

has been reported (93). Friedel-Crafts acylation of (n= 

tetramethylallene)tetracarbonyliron with the acid chlorides 

R-COC1 (R = CH3, CgHs5) in dichloromethane solution in the 

presence of aluminium chloride gives the cations 32 (R= Cs; 

CeHs) isolated as their tetrachloroaluminate salts. Heating 
+ 

R 0 
bai I 

CHa see CH, R-C CH3 

oy | a 
OC-Fe—Co AF 
BG a 3 Fe (CO); 

0 0 _ 

32 
these n?-allyl-tetracarbonyliron derivatives in acetone solu- 

tion results in both deprotonation and decarbonylation to 

give the substituted diene-tricarbonyliron derivatives 33 (R = 
CH Cate iny AL 
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ARCIES BIS (n?-ALLYLIC) CARBONYLIRON DERIVATIVES 

The only known compound of this type with acyclic tri- 
hapto-allyl groups is the unsubstituted (n°-C3Hs).Fe(CO) > 
(34). This complex can be prepared as a yellow-orange crys- 
talline solid volatile at 20-25°C/5-10 Torr by the reduction 
Or cre -C3Hs5)Fe(CO)3I with sodium amalgam in esac isgeeseh sa). 
followed by reaction of the resulting Nal (n?-C3Hs5)Fe(CO) 3] 
with allyl bromide at room temperature (162,165). This com- 

plex 34 is unstable at room temperature even in an inert 

“ 

DB (CO ) 2 

ke) 

atmosphere and can decompose explosively to 1,5-hexadiene 

(biallyl) upon exposure to air. However, (i> =Catts ore (CO) > 

(34) is unreactive towards Lewis base ligands such as tri- 

phenylphosphine, triphenyl phosphite, and pyridine. The 

1H-NMR spectrum of (ni =Cole) oF e(CO).s is temperature dependent 

(26,165). At -70°C the allyl groups are non-equivalent in the 

1H-NMR spectrum whereas at +20°C both allyl groups become 

equivalent in the 14-NMR spectrum. The rotation barrier in 

34 around the iron-allyl bonds can be estimated at 5 kcal/mole 

on the basis of these ‘H-NMR data (26,165). 
The instability of (n°-C3Hs)2Fe(CO)2 (34) is also indi- 

cated by the observation that it is not isolated as a product 

from the reaction of allyl halides with any of the potassium 

iron carbonylates K2Fe(CO),4, KHFe(CO)4, or K2Fe2(CO)g, in 

ethanol (200). Such reactions give a good yield of propene 

as well as significant amounts of 1,5-hexadiene as a by-prod- 

UICiES 

Compounds of the type (n3-allyl) 2Fe(CO) 2 appear to 

be more stable if the two (ne -allyl) UniitESmase’ parte Of a 

chelating ligand. Thus, a major product from the reaction of 

1,2-dimethylenecyclobutane with dodecacarbonyltriiron in 

boiling benzene is an air-stable yellow volatile solid of the 

etoi chiometcy (Ci12Hi¢)Fe(CO)2 (137). A careful analysis of 

the !3c-NMR spectrum of this complex euggaSt= structure 35 in 

which the C,}2Hig unit functions as a bis(n? -allyl) ligand. 
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IV. n?-ALLYLIC-CARBONYLIRON COMPLEXES AS REACTION INTER- 

MEDIATES 

n?-Allyl-tricarbonyliron hydride derivatives of the 

general type 36 have been postulated as intermediates in the 

carbonyliron catalysed isomerizations of terminal to internal 

olefins (38,143), of allyl alcohol to propionaldehyde (63,85, 

113), and of 1,4-dienes to 1,3-dienes (3). Experimental evi- 

dence in favour of this postulate includes the following: 

(1) The observation of intramolecular 1,3 hydrogen shifts in 

the isomerization of 3-ethylpent-1-ene-(3-d;) to 3-ethylpent- 

2-ene catalysed by dodecacarbonyltriiron (38); (2) the for- 

mation of CH2D-CH2-CDO upon isomerization of CH2=CH-CD20H with 

pentacarbonyliron (113); (3) the rearrangement of endo-a-1- 

hydroxy-5,6-dihydro(dicyclopentadiene) to tetrahydro (dicyclo- 

pentadien)-1-one with pentacarbonyliron (63); (4) the dis- 

tribution of the deuterium in the (1,3-cyclohexadiene) tri- 

carbonyliron formed by reaction of pentacarbonyliron with 1,4- 

cyclohexadiene-(3,3,6,6-du) (3). 

Wo n°-ALLYL NITROSYLIRON DERIVATIVES 

Previous sections of this chapter have discussed ee 

allyl-carbonyliron derivatives of the types (n?-allyl)- 

Fe (CO) 3X, [(n3-allyl)Fe(co),], and (n?-allyl)2Fe(CO)» all of 

which have the favoured 18-electron noble gas configuration. 

Additional n?-allyl-carbonyliron derivatives with the 18- 

electron configuration include the nitrosyls of the type (n°- 

allyl) Fe(CO)2NO. 

Two general methods are available for conversion of 

carbonyliron complexes into (n3-allyl) Fe (CO) 2NO derivatives. 

In the most convenient method pentacarbonyliron is first 

allowed to react with sodium nitrite to form the salt Na- 

[Fe(CO)3NO]. Reaction of this salt with allylic halides in 

diethyl ether gives the corresponding (n?-R-C3Hy) Fe (CO) »NO 

derivatives (R =H, L=CHigi 2 = Chis Wal Clee — Cle = Baar 1-—CgHs5) 

(30,36,39). In a variant of this method suitable for certain 
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substituted n?-allylic derivatives the salt Na[Fe (CO) 3NO] 

is -alfowed to react with acetic acid at -78°C. The resulting 

unstable HFe(CO)3NO is then treated at -78°C with a 1,3-diene, 

and the mixture is allowed to warm to room temperature. Such 

reactions using butadiene and isoprene give the allylic deriv- 

atives (n?-RR'CCHCH2)Fe(CO)2NO (R = H, R' = CH3; R=R' = 
€i3) (32)". 

The second general method for the conversion of carbonyl- 

iron complexes to (n3-allyl) Fe (CO) 2NO derivatives uses first 

the reaction of Feo (CO)9g with the allylic halide to give the 

corresponding (n?=al lylic) Fe (CO) 3X derivatives as discussed 

above. Reactions of these halides with nitric oxide result 

in the replacement of the halide and one of the carbonyl 

groups to give the corresponding (n3-allylic) Fe (CO) 2NO deriv- 

atives (30,158). This method has been used to prepare the 

derivatives (n*-R-CHCHCH>)Fe(CO)s.NO (R = H, CH3, CH3-CO2). 
The reaction of (n°-C3Hs) Fe (CO) 2[P(CeHs) 3 ]I with nitric oxide 

results in the displacement of the triphenylphosphine rather 

than a carbonyl group to give (n®—C4Hs )Fe(CO) 2NO (30,158). 

The compounds of the type (n?-allylic) Fe (CO) 2NO are dark 

red air-sensitive liquids which are stable under nitrogen at 

O°C and which can be readily distilled in vacuum at room tem- 

perature. The (n3-allyl) Fe (CO) 2NO derivatives are often more 

readily characterized as their red crystalline triphenyl- 

phosphine derivatives (n?-allyl)Fe(CO) (NO) [P(CeHs) 3], which 

are obtained by warming with triphenylphosphine in toluene 

(36) or tetrahydrofuran (39) solutions. 

A more detailed study of the reactions of (n?=allylic)— 

Fe(CO)2NO derivatives with phosphines indicates that these 

reactions proceed through an intermediate monohapto-allyl 

derivative of the type (ni-allylic) Fe (CO) 2 (NO) L (35,36,37). 

For example, ees a ps ae reacts rapidly with the 2- 

chloroallyl derivative kan -C1C(CH2)2]Fe(CO)2NO in benzene at 

room temperature without gas evolution to give a ae solid 

indicated ee its infrared v(CO) frequencies and 14H-NMR spectra 

to be the n tall yil derivative H»C=CC1-CH»-Fe (CO) 2 (NO) - 

[P(C6H5)3]. However, in toluene at 50°C this compres loses 

one Cre rigs of carbon monoxide to form the s=allylic 

derivative [n°-C1C(CH2)2]Fe(CO) (NO) [P(C6Hs)3]. In similar 

reactions of Evie oa ipeicoe (R =H, 1-CH3, 2-CH3, 

1-CgHs) the loss of carbon monoxide upon reaction with tri- 

valent phosphorus ligands was found to be too rapid for de- 

tection of an n/-allylic intermediate, eet by spectroscopic 

methods. However, in the reactions of (ne —-R-C3Hy ) Fe (CO) 2NO 

(R = 1-Cl, 1-CN, 2-Cl, 2-Br) with the trivalent phosphorus 

ligands (CeHs)3P, (n-CyH9) 3P, (CoHs) 2PC2Hs, P(OC2Hs5)3, and 

P(OCH2) 3-CCoHs5, the intermediate 7 Ealiy ) derivative can be 

detected by infrared spectroscopy in the v(CO) and vV(NO) 
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regions immediately after mixing the reactants in toluene 

solution but before carbon monoxide evolution begins. Reac— 

tions between (n3-RC3Hy ) Fe (CO) 2NO (Re 1 Cin 2 Cie ee — bra) mayan 

the phosphites (RO)3P (R = CH3, C2Hs) also result in insertion 

of the liberated carbon monoxide to give the corresponding 2- 

butenoyl complexes 37. The relative rates of the reactions 

of (n3-R-C 3H, ) Fe (CO) 2NO with these ligands occur in the 

5 P(OR), HH 

oes e— C=CH 

yaa , 
0 N 

O 
37 

Sequences R=) | —CH4) -2-CHa “3H i) Ci 2 — Cities tamaeeercd 

with expectations based on the inductive effects of the sub- 

stituents tout is an contrast to the corresponding (j= 

allylic)Co(CO)3 derivatives where some anomalies are observed 

(@ios. 

Some physical and spectroscopic studies have been carried 

out on n3-allyl-carbonyl-nitrosyliron derivatives. The 

vibrational spectra of (n?-C3Hs) Fe (CO) 2NO and (i -esDa= 

Fe(CO)»NO have been studied in the liquid and solid states 

(177). The spectra can be interpreted on the basis of C 

molecular symmetry. The assignment of some of the bands in 

the allylic fragment is based on v_/V_ isotopic shifts. The 

Méssbauer and infrared spectra of Ry 3c aHyR) Fe (CO) »NO (R =H, 

T=CH3), 9 2—-CHs),) 1 —Cl) Sind Veatelthate Ehesicarbonywlwandanierosya 

groups absorb the inductive effects of allyl substituents, 

leaving the metal s electron density relatively unaffected 

(49). From dipole moment measurements (197) on the complexes 

[n°-RC(CH2)2IFe(CO)2L (R =H, L = CO; R = Hp i= P(CeHs)3; 
Re=sCHs)) La CO;R R= el ie CO Re —eb is, ce CO) meter eles 

conclusions have been made: (1) The value of the group mo- 

ment of [(n*-C3Hs5)Fel] is ca.1.6 D if w(Fe-Co) = 0.5 D, 
Ul (Be-NO) = 13) Db, andthe” €O-Fe-CoO (NO) senglemas) SP watchs che 

positive charge on the iron in all cases; (2) a trans con- 

formation (38) is most likely for [n3-RC(CH2) 2 ]Fe(CO)»NO (R = 

ot lee 

| 

is 
N \ =o 

0 0 
38 

Cl, Br, CH3). Polarographic reduction of (n°-C3H4R) Fe (CO) »NO 
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(R = H, 1-CH3, 2-CH3, 1-Cl, 2-Cl, 2-Br) indicates two reduc- 

tion waves, but only the first wave was found to be amenable 

to detailed study (176). Even the first wave arises from an 

irreversible process which appears to consist of reductive 

removal of the allyl group to give the unstable [Fe (CO) NO] 

which forms the stable [Fe (CO) 3NO]_ through either dispropor- 

tionation or CO abstraction from unreduced (no -allylie)= 

Fe (CO) 2NO. 
The nN -allylic derivative (n?-C3Hs5)Fe(CO) >No is one of 

several metal carbonyl nitrosyls that have been evaluated for 

the catalytic dimerization of butadiene and isoprene under 

relatively mild conditions (34). Dimerization of butadiene 

with 1 % by weight of (n°-C3Hs)Fe(CO)2NO at 100°C for 5 h 
gives nearly a quantitative conversion to 4-vinylcyclohex-1- 

ene. A Similar dimerization of isoprene with (a) Cabs i= 

Fe(CO)2NO gives a mixture of 4-isopropenyl-1-methylcyclohex- 

1-ene, 1,5-dimethyl-5-vinylcyclohex-i-ene, and 1,,4-dimethyl- 

4-vinylcyclohex-i-ene. The iodide (n?-C3Hs) Fe (CO) 31 was 

found to be inactive as a catalyst for the formation of 4- 

vinylcyclohex-1i-ene from butadiene. 

A carbonyl-free n?-allyl-nitrosyliron complex has also 

been prepared. Reaction of [Fe(NO)2Cl]l>o with tetraallyltin 

in a mixture of benzene and tetrahydrofuran gives orange 

crystalline l (n°-C3Hs) Fe (NO)o loSncl2 (39)o(144). | This» com 

pound is relatively air-stable but slowly hydrolyzes in water. 

Apparently no other n°-allyl-dinitrosyliron derivatives of 

the type RFe (NO) > (N°-C3Hs) are known. 

WE s We ALLYLIC IRON COMPOUNDS FROM ALLENES AND CUMULENES 

Reactions of allene with carbonyliron complexes under 

various conditions give complexes containing n?-allyl-iron 

bonds. Treatment of allene with enneacarbonyldiiron in an 

autoclave at 50°C gives a mixture of orange liquid (C3Hy) - 

Fes (CO)7 and red crystalline (C6Hg)Fe2(CO)¢ (23). Reaction of 

the liquid (C3H,)Fe2(CO)7 with triphenylphosphine gives the 

two crystalline derivatives (C3Hy)Fe2 (CO) 6P(CeHs5) 3 and (C3Hy) - 

Fe, (CO) 5[P(CeHs)3]2. The molecular structure of (C3H,)Fe2- 

(CO) ¢P(CeHs) 3 has been found by X-ray crystallography to be 40 

(Le= B(CsgHs) 3) (65). In this structure the C3Hy unit is 
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Cl 

OC Fen. 

C 
0 O 

41 

bonded to the Fe(CO)3 group as a trihapto ligand. In addition 

the center carbon of the C3H, unit forms a O-bond with the 

iron in the Fe(CO),4, group. Thus the C3H, ligand in 40 is an 

example of an n>-allyl-o-alkyl ligand in which the two modes 

of bonding are orthogonal and thus must involve different 

metal atoms. The compound (C3Hy)Fe2(CO)7 (40, L = CO) can 

also be eee ues by reaction o£ HzC=Cel— CH>CL with Feo (CO) 9 

to give [n°-ClC(CH2) 2 ]Fe (CO) 3Cl (41) followed by dehalogena- 

tion with excess Fe2(CO)9 (23). 

The second product from the reaction of allene with 

enneacarbonyldiiron, red crystalline (CgHg)Fe2(CO)¢, is also 

obtained by reaction of allene with Fe3(CO)i2 in hexane solu- 

tion at 85-90°C (159,160,175). This complex is formulated as 

the tetramethyleneethane complex 42 in which the tetramethyl- 

eneethane ligand functions as a bis (n°-allylic) ligand as in 

structure 4. The 14-NMR spectrum of 42 is temperature depend- 

ent (160). A similar reaction between 1i-phenylallene and 

enneacarbonyldiiron (175) gives three [ (CgHs) 2CgHe ]Fe2 (CO) ¢ 

products which appear to be isomers of the diphenyl derivative 

of 42. Since six different disubstituted derivatives of 42 of 

the t: type (R2eCegHe)Fe2(CO)g are possible, this system is obvi- 

ously a very complicated one. 

Reaction of excess allene with dodecacarbonyltriiron at 

85-90°C gives not only 42 but also a yellow complex (isomer A) 

of stoichiometry (C9H12)Fe2(CO)>6 (175). At 120°C this reac- 

tion also gives a second (C9Hi2)Fe2 (CO), isomer (isomer B) 

which also can be obtained by the pyrolysis of the (C9Hi2)- 

Feo (CO), isomer A in toluene for several minutes. However, 

pyrolysis of either isomer A or B of (C9H12)Fe2(CO)¢6 in 

boiling toluene for several hours gives a third isomer C. 

Isomer A has also been obtained by treatment of (CgHg) Feo (CO). 

with excess allene at 90-100°C. X-ray crystallography (210) 

indicates structure 44 for isomer B and structure 45 for 

isomer C. On the basis of spectroscopic and chemical evidence 

structure 43 is postulated for isomer A. Isomer A (43) can 

arise by allene insertion into the iron-iron bond and one of 
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the iron-carbon bonds of 42. Upon conversion of isomer A (43) 
to isomer B (44) the CoHi2 2 skeleton is maintained but differ— 
ently coordinated by eight of its carbon atoms to the two 
iron atoms. However, conversion of isomer B (44) to isomer C 
2) involves rearrangement of the C9Hj2 ligand - to an isomeric 
n SRC GH vo ligand by a hydrogen shift (210). 

Some reactions of cyclic allenes with carbonyliron com- 
plexes have also been found to give products containing n= 

allyl-iron bonds. Reaction of 1,2-cycloundecadiene with 

enneacarbonyldiiron gives a crystalline heptacarbonyldiiron 
derivative (C,1Hig)Fe2(CO)7. X-ray crystallography (141) 
indicates this complex to have structure 46 which is closely 

related to structure 40. Reactions of the macrocyclic di- 

allenes 1,2,6,7-cyclodecatetraene and 1,2,9, 10-cyclohexadeca- 

tetraene result in intramolecular transannular cyclization to 

give the red-orange bicyclic tetramethyleneethane-hexacarbo- 

nyldiiron derivatives seul a2) Be owCOy eet, n = 2) and 

(Cy cHaw VFe2(CO)ieu (477 ne= 5), respectively (135) Theystruc— 

tures, of 47 are closely related to the acyclic 42. 

Compounds of the type 48 containing two orthogonal Ip 2 pea 

trihapto-allyl units sharing + two carbon atoms (structure 5) 

are obtained from reactions of carbonyliron reagents with 

butatrienes. Thus, the reaction of dodecacarbonyltriiron 

with tetraphenylbutatriene gives the tetraphenyl derivative 

48 (R = CgHs) (128,159). Since unsubstituted butatriene is 

unstable and difficult to handle, the unsubstituted complex 

(CyH,)Fe2(CO)¢ (48, R =H) is best obtained by treatment of 
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1,4-dibromobutane with zinc in the presence of dodecacarbonyl- 

triiron (29,128,159). Reaction of tetra-tert-—butylhexa- 

pentaene with dodecacarbonyltriiron gives a more complex 

derivative (48, 2R = =C[C(CH3)3]2) containing the same type 

Cie butatriene-hexacarbonyldiiron system! (136). In this ast 

reaction the terminal carbon-carbon double bonds, which are 

highly protected sterically by the tert-butyl substituents, 

are not involved in the complex formation. 

Vit. n° -ALLYLIC CARBONYLIRON COMPOUNDS FROM REACTIONS OF 

UNSATURATED CARBOCYCLIC SYSTEMS WITH CARBONYLIRON COM— 

PLEXES 

Reactions of unsaturated cyclic hydrocarbons with car- 

bonyliron complexes and further transformations of the result-— 

ing products give numerous n°? -allylic carbonyliron derivatives 

with diverse structures. Some of the simpler reactions of 

this type provide mM allylic carbonyliron complexes where the 

1 27 3=trihapto-ally IV uniltwis pare Or ay Casbocyclie aaimge 

Other reactions give products containing a bidentate four- 

electron donor chelating ligand in which one arm bonds to the 

iron through an ne-allylic bond and the other arm to the iron 

through a simple iron-carbon O-alkyl or O-acyl bond (see 

structures 2a and 2b, respectively). Binuclear bis(n*=allyl)= 

hexacarbonyldiiron complexes (type 3a), the unsymmetrical 

derivatives 3b, and bis (n°-allyl) -pentacarbonyldiiron com— 

plexes (type ©) also arise from reactions of cyclopolyolefins 

with carbonyliron reagents. 

In this section, this rather extensive chemistry will 

iesuestc, los) CiLerslsar ec! Cys) Tee) WihelSellere Tele TSS Creo Ceiciqacwolue 

compound is monocyclic or polycyclic, and then as to whether 

the resulting n°-allylic carbonyliron complex is mononuclear 

Om oimuUc lean. 

A. ( =ALLYLIC CARBONYLIRON COMPOUNDS FROM REACTIONS OF 

MONOCYCLIC OLEFINS WITH CARBONYLIRON COMPLEXES 

Reactions of cyclic dienes with carbonyliron complexes 

followed by further transformations of the resulting diene- 

tricarbonyliron derivatives can lead either to simple ae: 

allylie-carbonyliron derivatives or to schellatang, n?-allyl-o- 

alkyl or n?-allyl-o-acyl derivacivess Reacelons aon cyolwe 

trienes and tetraenes with carbonyliron complexes frequently 

give binuclear carbonyliron derivatives containing two i 

allvil—iron ssondss. 
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1. Mononuclear n?-Allylic-carbonyliron Compounds from 
Reactions of Monocyclic Olefins with Carbonyliron Com- 
plexes 

Addition reactions to cyclobutadiene-carbonyliron com- 
plexes provide sources of cyclobutenyl-carbonyliron deriva- 

tives. Reaction of the dicarbonyl (cyclobutadiene) nitrosyl- 

iron salt [(n*-C,H,)Fe(CO)2NO][PFe¢] with the tertiary phos- 
phines R2R'P (R = R' = CH3, CoHs, n-C3H7, n-CyHo, CeHs; R = 

Gia, RL = Collab; R = CoHs, RY = CHa) im acetone at 2ZO°C forms 

the orange-red crystalline adducts indicated to be the cyclo- 

butenyl derivatives 49 on the basis of their infrared, 1H-NMR, 

+ 

RA BR’ 

CH, CH3 

ae aes : H,C Va 

H3 ¢ H.G CF. 

aN corres eas | Tea 
0 

0 50 ot 
49 

and Mé6ssbauer spectra as well as an X-ray crystallography 

study on the trimethylphosphine derivative (75). Ultraviolet 

irradiation of (tetramethylcyclobutadiene) tricarbonyliron 

with trifluoroethylene gives a mixture of two isomeric 1:1 

adducts (25). One of these products is the cyclobutenyl com- 

plex 50, a normal trifluoroethylene insertion product similar 

to compounds formed from many photochemical reactions of 

diene-tricarbonyliron complexes with fluoroolefins. The 

second 1:1 adduct is indicated by its 1y- and /°F-NMR spectra 

to be the isomeric cyclobutenyl complex 51 in which the tri- 

fluoroethylene has rearranged to 2,2,2-trifluoroethylidene 

before inserting into the cyclobutadiene-iron bond (25). 

Pyrolysis of 50 in hexane solution at 100°C gives a mixture 

of the red-black (trifluoromethyltetramethylcyclopentadieny1) - 

dicarbonyliron dimer {[n°-CF3(CH3)4Cs]Fe(CO)2}2 and the keto- 
cyclopentenyl derivative 52. The latter complex is prepared 

in better yield (ca. 80 %) by insertion of CO into 51 by 

treatment with carbon monoxide at 80°C/100 atm (25). 

Some (n?-allylic) Fe (CO) 2NO derivatives have been prepared 

containing cyclic ne-allylic ligands (39). Reactions of 

NaFe (CO) 3NO with 3-chlorocyclopentene or 3-bromocyclohexene 

give the corresponding cycloalkenyl complexes 3) (lie COy 

n = 2,3) as red distillable liquids. Reactions of these red 
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CH3 
0 fo \CHa)n 
CH3 a ae 3 

HC | 

(ees err One No 
4 

52 53 
liquids with triphenylphosphine in boiling benzene give the 

more stable red crystalline substitution products 53 (L = 

P(CgéHs)3, nh = 2,3). Reaction of a mixture of NaFe (CO) 3NO 

and methyl iodide (which generates CH3-Fe(CO)3NO) with cyclo- 

pentadiene or eye tenes sd 2 in diethyl ether gives the cor- 

responding red aaa (l=3 =") 3_4- -acetylcycloalkenyl) deriva- 

tives™s40 (i= CO, 15> 1,2) (39). Reaction of ec Sines es 

propenyl bromide with NaFe(CO) 3NO gives maroon ba -(Ce6H5) 3- 

C3CO]Fe(CO)3NO (52) indicated to be the ketocyclobutenyl 

derivative 55 by analogy with the studies on the closely 

related ketocyclobutenyl- tricarbonylcobalt derivatives (n3 = 

R3C3CO)Co(CO)3 (R = CH3, Geiss )) WCE pIbee9) - 

He, | C.He 

/\ < < 
G 

3 i No oJ %, oe N 7 

55 56 57 

Some cyclic nN -allylie carbonyliron derivatives have been 

obtained by reactions of cycloheptadienyl-carbonyliron com- 

pounds (12,74). Sodium borohydride reduction of the (cyclo- 

heptadienyl)tricarbonyliron cation gives a mixture of (1,3- 

cycloheptadiene) tricarbonyliron and the chelating i allyl =0= 

acyl derivative 56°(R-="H, "lL = CO), The -yreld or se (ke hy 

L = CO) relative to the isomeric cycloheptadiene complex can 

be maximized if the reaction with sodium borohydride is 

carried out in aqueous solution rather than in a mixture of 

dichloromethane and ethanol. Analogous sodium borohydride re- 

ductions of the substituted cycloheptadienyl complexes fine 

C7Hg)Fe(CO) 2E(CgHs) 3] [PFe ] give the corresponding He -altyl-0- 

acyl derivatives 56 (R = H, L = (CgHs)3E, E = As or P) free 

from the isomeric 1,3-cycloheptadiene derivatives (74). 
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Similar cyano derivatives (56, R= CN, L = CO or (CeHs) 3H, 

E = P or As) have been obtained by using potassium cyanide 

rather than sodium borohydride as the nucleophile. A related 

monocarbonyliron derivative (1,2,3,5-n'-C7H1))Fe(CoO) (n*-CeHe) 

(57) has been obtained by the following reaction sequence: 

(a) ultraviolet irradiation of (cycloheptadienyl) tricarbonyl- 

iron tetrafluoroborate with 1,3-cyclohexadiene in dichloro- 

methane to give [Gy =CrHe ))Fe(Co) (n"=C.eBz) 11 Br..1, (b) xreduc- 

tion of this salt with sodium borohydride to give (i nde 

cycloheptadiene) (n*-1,3-cyclohexadiene) carbonyliron, (c) 

thermal rearrangement of this complex to give 57. Heating 57 

in solution to 90°C gives an equilibrium mixture containing _ 

only 10 % of 57 mixed.with 90 % of (n*-1,3-cyclohexadiene) - 

(n*-1,3-cycloheptadiene) carbonyliron (see the chapter on 

diene-iron complexes for further details) (119,123). 

The anion [ (n°-C3Hs)Fe(Co) 3] obtained by the sodium 

amalgam reduction of the halides (n° =CaHs ) Fe (CO); x was men- 

tioned earlier in this chapter. The related (cyclohepta- 

trienyl)tricarbonyliron anion (58) (71,72,142,192) is conven- 

iently prepared as a deep red solution by treatment of (cyclo- 

heptatriene)tricarbonyliron with a stoichiometric amount of 

potassium tert-butoxide in tetrahydrofuran at room temperature 

(72). Reaction of 58 with allyl halides results in coupling 

to give yellow crystalline ditropylbis(tricarbonyliron), 

(OC) 3Fe(C7H7-C7H7)Fe(CO)3, rather than an allyliron derivative 

(72). Reactions of 58 with the tropylium cations [ (C7H7)- 

M(CO) 3] (Ms= Gr, Mo, W) give the corresponding mixed metal 

ditropyl derivatives (OC) 3Fe(C7H7-C7H7)M(CO)3 (M = Cr, Mo, W) 

(72). 

R 

Lae eye 
Fe(CO), LFe(CO), 

28 29 60 

A series of cyclic 1-3-n?-allylic-carbonyliron deriv- 

atives is available from (1,5-cyclooctadiene) tricarbonyliron. 

Hydride abstraction from this complex with triphenylmethyl 

tetrafluoroborate in dichloromethane solution gives the stable 

yellow n3-allyl-n*-olefin cation 59 (56,69). Reduction of 59 

with sodium borohydride in tetrahydrofuran gives a mixture of 
{oJ 

10 % of (1,5-cyclooctadiene)tricarbonyliron and 90 % of the 

n?-allyl-o-alkyl complex 60 (L =—CO, REE) Pou tlcatasreacs 

tions of 59 with other nucleophiles such as potassium cyanide 

(69), sodium acetylacetonate (69), sodium diethyl malonate 
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(69), sodium diethyl phenylmalonate (69), sodium azide (194), 

and sodium methoxide (194) give mixtures of substituted = 

cyclooctadiene-tricarbonyliron derivatives and substituted 

n°-allyl-o-alkyl complexes 60 (L = €O;? R= CN, CH(GOCH3)s;, 

CH(CO2C2Hs)2, C(CgHs) (CO2zC2Hs5)2, N3, and OCH3, respectively). 

However, reaction of 59 with potassium iodide results in 

carbonyl displacement to give the iodide (CgH11)Fe(CO) eI (61) 

62 

(194). Reaction of the n° -allyl-o-alkyl complex 60 (L = CO, 

R = H) with triphenylphosphine in boiling cyclohexane for 20 

min results in the replacement of one carbonyl group to form 

the triphenylphosphine derivative 60 (L = (CeHs)3P, R= H) in 

contrast to (1,5-cyclooctadiene)tricarbonyliron which reacts 

with triphenylphosphine to give trans-[(CeHs) 3P]2Fe(CO) 3 with 
liberation of 1,5-cyclooctadiene (56,69). Kinetic studies 

(118,120) have indicated that the reaction of the "°-allyl-c— 

alkyl complex 60 (L = CO, R = H) with triphenylphosphine or 

triphenyl phosphite proceeds by a CO-dissociative mechanism. 

Observed pseudo-first order rate constants for reactions of 

60 (L = CO, R =H) with several more nucleophilic phosphorus 

ligands such, as P(OR)3 (R = CH3, CoHs, CH (CH3) 2), CH3P(CeHs)o, 

(CH3)2PCeHs, (CoHs)2PCe6Hs, and P[C(CH3)3]3 are given by the 
Belatrlonuk = ki + ko[L]. The ligand-independent term cor- 

responds to formation of the carbonyl substituted derivative 

60. The ligand-dependent term corresponds the formation of 

the complexes L3Fe(CO)2 and the transannular ketone 62 (118, 

i20). The transannular ketone 62 is also obeained by tréat— 

ment of 60 (L = CO, R = H) with carbon monoxide at 25°C/S5 atm 

(56,69). Reactions of cyclodiene- or cyclopolyene-Fe (CO) 3 

derivatives with olefins which contain electronegative sub- 

stituents, such as tetrafluoro- or tetracyanoethylene, can 

give n° -allyl-o-alkyl carbonyliron derivatives. These types 

of reactions follow a different course depending upon whether 

the starting Fe(CO)3 complex contains any uncoordinated 

carbon-carbon double bonds. Using cyclodiene-Fe(CO) 3 com- 

plexes as the starting material the n?-allyl-iron bond in the 

product comes from the cyclic diene but the o-alkyl-iron bond 

comes from the reacting olefin. However, in the products 
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obtained from the Fe(CO)3 complexes of polyenes such as cyclo- 
heptatriene and cyclooctatetraene, both the n?-allyl-iron and 
O-alkyl-iron bonds are formed using carbon atoms of the cyclo- 
polyene. 

Ultraviolet irradiations of (1,3-cyclohexadiene) tricar- 
bonyliron with the fluoroolefins tetrafluoroethylene (26) and 
trifluoroethylene (104) give the 1:1 n?-allyl-o-alkyl adducts 

62 (x = F, H) (see the chapter on diene-iron complexes for 

cove (CO),Fe x (COmFe x 
E 

. ar x7 
63 64 65 

further details). Similarly, the bicyclic 1,3-cyclohexadiene 

derivative (bicyclo[4.2.0]octadiene)tricarbonyliron forms the 
related nN -allyl=o-alkyl derivatives 64. (X5= =X" = (FF; Xo= Cra, 

X' = F; X = F, X' =H) upon ultraviolet irradiation with te- 

trafluoroethylene (26), hexafluoropropene (104), and tri- 

fluoroethylene (104), respectively. Ultraviolet irradiation 

of (1,3-cyclooctadiene)tricarbonyliron with tetrafluoro- 

ethylene (26) and with hexafluoropropene (104) forms the ee 

allyl-o-alkyl derivatives 65° (XK = F and CF3, respectively). 

However, (1,3-cyclooctadiene)tricarbonyliron does not react 

with chlorotrifluoroethylene upon ultraviolet irradiation 

(104). 

Cycloheptatriene and cyclooctatetraene contain addition-— 

al carbon-carbon double bonds outside the 1,3-diene system. 

(Cycloheptatriene) tricarbonyliron reacts rapidly with tetra- 

cyanoethylene, 1,1-dicyano-2,2-bis(trifluoromethyl1) ethylene, 

and trans-1,2-dicyano-1,2-bis(trifluoromethyl) ethylene to give 

the crystalline 1:1 adducts 66 (Rp? = Re =.R* = R* = CN; R! = 

Ro ClpeR. =) hie=s Chak? =. s= CN, R= 9R° = (C3), In 
these reactions exo 1,3-addition of the olefin to the (cyclo- 

heptatriene)tricarbonyliron unit to form a 1,2,3,5-tetrahapto 

system has occurred (102). The molecular structure 66 of the 

1:1 adduct of tetracyanoethylene and (cycloheptatriene) tri- 

carbonyliron has been confirmed by X-ray crystallography 

(204). A similar 1:1 adduct 67 was obtained from (cyclo- 

heptatriene) tricarbonyliron and hexafluoroacetone (102). 

(Cyclooctatetraene)tricarbonyliron was first reported to 

form a 1:1 adduct with tetracyanoethylene. The structure of 
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R 3 C&S CF; 

Fe (CO); Fe (CO)3 

66 67 

this adduct was first erroneously (66,67,186,195) believed to 

be a Diels-Alder 1,4-adduct and later (100) a 1,2-adduct. 

However, X-ray crystallography (178) confirms a subsequently 

proposed (76) formulation of this complex as the 1,3-adduct 

68 (R? = R? = R? = R' =H). Tetracyanoethylene also reacts 

Re so CN F 
F 

C4, FL 

R2 R3 

Fe (CO); (CO), Fe 
68 69 

Similarly with the tricarbonyliron complexes of methyl- (102), 

bromo- (102), phenyl- (102), and methoxycarbonylcycloocta- 

tetraene (179). The reaction of tetracyanoethylene with 

(methylcyclooctatetraene)tricarbonyliron gives a mixture of 

71 % of isomer 68 (Rp) = R* = Rt = H, R= CH3) and 22 % of 

isomer 68 (R! =R? =R't= Jal R* = CH3). The reaction of 

tetracyanoethylene with (phenylcyclooctatetraene) tricarbonyl- 

iron gives a mixture of 39 % of isomer 68 (Ro ="C¢. His, R* = 

R? = R*' =H), 16 % of isomer 68 (R! = R* = R* =H, R® = CoHs), 
and 23 % of isomer 68 (R’ = R? = R' = H; R? = Coons). “rhe 

reaction of tetracyanoethylene with (methoxycarbonylcyclo- 

octatetraene)tricarbonyliron gives a mixture of 23 % of isomer 

68 (R} = COo-CH3, R* = R®? = R* = H) and 64 % of isomer 68 
(® =R* = R= H, Rt = CO»-CH3). Oxidation of these 1:1 

adducts of tetracyanoethylene with (cyclooctatetraene) tricar- 

bonyliron derivatives using cerium(IV) gives high yields of 

dihydrotetracyanotriquinacenes (179). 

A fluorinated n?-allylic-tricarbonyliron anion has been 

prepared from a perfluoro-1,3-diene complex (180). Reaction 

of (octafluorocyclohexa-1,3-diene)tricarbonyliron with cesium 

fluoride in tetrahydrofuran followed by metathesis with aque- 

ous tetramethylammonium chloride gives the yellow tetramethyl- 
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ammonium salt of the (n°-nonaf luorocyclohexeny1) tricarbonyl- 
iron anion (62) 

2. Binuclear n?-Allylic-carbonyliron Compounds from Reactions 
of Monocyclic Polyolefins with Carbonyliron Complexes 

Two major types of binuclear n?-allylic-carbonyliron 
compounds are formed from reactions of monocyclic polyolefins 
with carbonyliron complexes. Cyclic trienes react with 

Fe (CO) 9 or Fe3(CO)12 to form hexacarbonyldiiron complexes of 

the types 3a and 3b using all six sp° carbons of the triene 

system. Cyclooctatetraene reacts with Fe2(CO)9 to give a 

bis (n?-allyl) -pentacarbonyldiiron derivative (structure 6) in 

which six of the eight sp° carbons are used for the two 1-3- 

n?-allylic systems and the two remaining sp’ carbon atoms 

bridge the two iron atoms. Further details on the reactions 

of cyclic trienes and tetraenes with carbonyliron complexes 

are given in the chapter on triene and tetraene complexes. 

a. (Triene)Fe2(CO)s Derivatives 

Cyclic trienes which form (triene)Fe2 (CO). derivatives 

upon reaction with enneacarbonyldiiron at room temperature 

include cycloheptatriene (87), 7-methoxycyclohepta-1,3,5- 

triene (87), 1,3,5-cyclooctatriene (87), cyclooctatetraene 

(87), bis(trimethylsilyl)cyclooctatriene (68), and cis-bicy- 

clo[6.1.O]nonatriene (70,188). The (triene) Fes (CO), deriva- 

tives of cyclooctatriene and cyclooctatrienone have also been 

obtained by heating the triene with dodecacarbonyltriiron 

(126). 

X-ray crystallographic studies indicate some subtle but 

Significant differences in the bis (n?-allylic) bonding of 

these cyclic trienes to the hexacarbonyldiiron unit. Thus, 

the (C7Hg)Fe2 (CO), obtained from cycloheptatriene and ennea- 

carbonyldiiron has been found to be the symmetrical 1,2,3- 

txihapto—4,5,6-trihapto derivative 7/0 (57). The +3¢c-NMR- 

(OC),Fe ——Fe(CO), (OC),Fe—Fe(CO), (OC),-Fe—Fe(CO), 

70 va 72 

spectrum of (C7Hg) Feo (CO)¢ (70) exhibits at -60°C three 

carbonyl resonances of 1:1:1 relative intensities. These 

broaden uniformly and coalesce to a singlet at +40°C (60). 
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Localized scrambling on an Fe(CO)3 unit has been used to ac— 

count for these observations. The (CgHi9)Fe2(CO)s, and the 

(CoH19)Fe2(CO)5, obtained by reactions of enneacarbonyldiiron 

with 1,3,5-cyclooctatriene (55) and bicyclo[6.1.O]nonatriene 

(199), respectively, have been found to have the unsymmetri- 

cal 1,2,6-trihapto-3,4,5-trihapto structures 71 and 72, re- 

spectively. The 14-NMR spectra of these unsymmetrical com- 

plexes 71 and 72 at ambient temperature indicate a plane of 

symmetry which is not consistent with these solid state 

structures (61,70,199). Fluxional properties are thus indi- 

cated. However, cooling the solutions of 71 and 72 below 

~ -100°C results in a low temperature limiting NMR R spectrum 

not consistent with the unsymmetrical solid state structures. 

A detailed study of the fluxional processes in the cycloocta— 

triene Someta 71 has been made from a temperature dependence 

study of its 3C-NMR spectrum (61). Three different fluxional 

processes have been identified. At the lowest temperatures 

(below -65°C) the 13C_NMR spectrum is in complete agreement 

with the skew structure 71 observed in the crystal. “There 

are GCight separate ring Carbon Signals ‘and Six Separate Ccar— 

bonyl resonances. The first set of changes, which are ob- 

served from -65°C to about +10°C, results from a so-called 

"twitching" process in which the two enantiomorphic forms of 

the structure interconvert by the minimal movement of the 

hexacarbonyldiiron group relative to the cyclooctatriene ring 

without interchanging the ends of the hexacarbonyldiiron 

moiety. Simultaneously, the three carbonyl groups on one of 

the iron atoms are scrambled among themselves. Above +10°C 

the high temperature 13C_NMR spectrum also indicates the 

scrambling of the three carbonyl groups on the other iron 

atom among themselves. 

The (triene)Fe2 (CO), complexes from cycloheptatriene (70) 

and 1,3,5-cyclooctatriene (71) undergo hydride abstraction i 

with triphenylmethyl tetrafluoroborate at room temperature to 

give the cations [(C7H7)Fe2(CO)6] (73) and [ (CgH9)Fe2 (CO) 6] 

Ci ] } 
w aK ja 

oe ae (OC),Fe —— Fe(CO), (OC),Fe —Fe(CO), 

73 Zh 73 
Ces respectively (87,126). The cation 73 is akso obtained 

by the treatment of the 7-methoxycycloheptatriene derivative 

(C7H70CH3)Fe2(CO)g with tetrafluoroboric acid (87). Sodium 

borohydride reduction of 73 eeenTates 70. Despite the 

unsymmetrical structure of rie its H-NMR 5 spectrum at room 
temperature vexhibites onlvyea “single sharp ring H-NMR resonance 
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indicative of a fluxional system (87). The [XGsHis) Pep (CO) cl] 

cation reacts with nucleophiles to give neutral substituted 

(1,3,5-cyclooctatriene) -hexacarbonyldiiron derivatives 

(CgH9X)Fe2(CO)g (X = H, N3, CN) as well as the cations 

[ (CgH9R) Feo (CO) - ][BFy] (R = pyridine, triphenylphosphine) (5). 
These substituted cyclooctatriene-hexacarbonyldiiron deriva- 

tives have a similar asymmetric structure as the unsubstituted 

dis interconversion of the two enantiomers of these substi- 

tuted derivatives can be studied by the temperature dependence 

of their H-NMR spectra (5). 

The ultraviolet irradiation of (o-quinodimethane) tri- 

carbonyliron with excess pentacarbonyliron gives three iso- 

meric (CgHg)Fe2(CO)s complexes in comparable yields. One of 

these products appears to be the bis (n°-allylic) complex 75 

containing a tetramethyleneethane unit (structure 4) similar 

to products such as 42 obtained from reactions of allenes 

with carbonyliron complexes (ZOZ)R ; 

love (Tetraene)Fe2(CO)s5 Derivatives 

In some cases reactions of cyclooctatetraene with car- 

bonyliron reagents give (tetraene)Fe2(CO)5 derivatives con- 

taining two n°-allylic-iron bonds. Reaction of cycloocta- 

tetraene with enneacarbonyldiiron gives three isomeric 

(CeHe) Feo (CO), derivatives (124). One of these products is 

the bis (n°-allylic) derivative 76 mentioned above. A second 

| | 
Fe(CO), 

(OC),-e—Fe(CO), Fe(CO), 

76 ie 

(CeHg) Feo (CO), isomer is the cis-bis(diene- tricarbonyliron) 

complex 77. Heating either 76 or 77 in carbon tetrachloride 

or benzene solution results in rapid decarbonylation to give 

black (CgHg)Fe2(CO)s5 (124). An X-ray crystallographic study 

on (CgHg)Fe2(CO)5 indicates structure 78 (R = ee ie ee) er 

which the eight sp Seca atoms of the eyctooetatettaene 

ligand form two 1-3-n >=allylie units leaving two sp Raoe 

to bridge between the two iron atoms (92) ae these sp* carbons 

of the CgHg ring along with the single bridging carbonyl group 

lead to three bridging groups in (CgHg) Fe2 (CO) 5 (78) ST 

to the three bridging carbonyl groups in Feo (CO)lo. | They si 

NMR spectrum of (CgHg)Fe2(CO)s5 (78, R =H, M = Fe) exhibits a 

single sharp resonance (124) indicating fluxional properties. 

A similar substituted derivative, [ (CH3) 4CgHy |Fe2 (CO) 5 (78, 
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M = Fe, R = (CH) 1s Obtained eas plack ecrystalse £com ene 

Fe(CO), (OC)4Fe 

79 

reaction of 1,3,5,7-tetramethylcyclooctatetraene with ennea-— 

carbonyldiiron (53). The reaction of 1,3,5, 7-tetramethyl- 

cyclooctatetraene with Fe3(CO)12 gives not only a low yield 

of [(CH3)4CgHy]Fe2(CO)s (78, M = Fe, R = CH3) but also a very 

low yield of an isomeric red crystalline (C1 2Hi¢)Fe2 (CO) 5 

derivative shown by X-ray crystallography (54) to be the 

1,3,5-trimethyl-7-methylenecycloocta-1,3,5-triene complex 79 

containing two 1-3- nN ~allylde systems and an additional com-— 

plexed carbon-carbon double bond. 

A cyclooctatetraene dimetal pentacarbonyl derivative con- 

taining both iron and ruthenium has also been prepared (1). 

Reaction of (cyclooctatetraene)tricarbonyliron with dodecacar- 

bonyltriruthenium in boiling xylene for 12 h gives the mixed 

metal derivative (CgHg)FeRu(CO)s (78, M = Ru, R=H). This is 
one of the rare examples of a bridging carbonyl group between 

a first row and a second row transition metal. The /H-NMR 

spectrum of (CgHg)FeRu(CO)s5 exhibits only a single sharp 

resonance indicating a fluxional molecule similar to 

(CgHg)Fe2(CO)s5 (1). 

B. mM HALL Eee CARBONYLIRON COMPOUNDS FROM REACTIONS OF 

POLYCYCLIC OLEFINS WITH CARBONYLIRON COMPLEXES 

The types of cyclic polyenes that have been shown to form 

n3-allylic-carbonyliron compounds upon reactions with car- 

bonyliron derivatives may be classified as follows: (1) 

Planar polycyclic systems such as isoindene, acenaphthylene, 

azulene, and naphthacene; (2) bridged polycyclic systems 

such as bicyclo[3.2.2] nonadiene. 

Mog n?-Allylic-carbonyliron Compounds from Reactions of 

Planar Polycyclic Systems with Carbonyliron Complexes 

Reaction of the isoindene complex 80 (190) with aluminium 

chloride gives the yellow crystalline N° -allyl-o-alky! deriv- 

ative 81 resulting from insertion of carbon monoxide into 

the five-membered ring of the isoindene system (121). The 
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complex 81 undergoes further carbon monoxide insertion at 

CH, 
H3 

pe CH; Q 
Chie & _ Capo 

3 ke 
CH 3 e SS 

It Fe(CO), | Co 
Fe(CO); 0 Crom. 

80 81 82 
high pressures (30°C/80 atm) to give the tetracarbonyliron 
derivative 82. However, at atmospheric pressure 82 readily 
loses carbon monoxide to revert to 81. =“ 

Reaction of acenaphthylene with dodecacarbonyltriiron 
gives a dark red-purple solid, first (125) believed to be 
(C1 2Hg)Fe2(CO)g but later suggested (128) on the basis of its 
mass spectrum to be (Ci2Hg)Fe2(CO)5. An X-ray diffraction 
study (42,44) on this complex indicates structure 83. In this 

rien re ara 

© Gr aii 
| R! 

(CO),Fe Fe(CO}, (CO)aFe Fe(CO), 

83 4 

structure the acenaphthylene functions as an octahapto ligand 

bonding to one iron atom through an n*-allyl bond and to the 

other iron atom through an n°-cyclopentadienyl bond. A study 

of the temperature-dependence of the 13C¢_NMR spectrum of 83 

indicates that the carbonyl groups of the Fe(CO)3 unit scram- 

ble among themselves but do not exchange with those on the 

Fe(CO)» unit (60). Another series of complexes containing an 

octahapto planar hydrocarbon bonded to one iron atom through 

an n?-allyl system and to the other iron atom through an a 

cyclopentadienyl system includes the (azulene)Fe2(CO)s5 deriv- 

Btives 64.(R' = R= R° =9R’ = BH; R= R* = CHa, Rs =R" =08; 
R! = Rann s.2 R* = Hi, R? = CH(CH3)2) which are obtained by 

heating the corresponding azulene with excess pentacarbonyl- 

iron (31,32,46). The structure of the unsubstituted deriv- 

ative. 64. (Rk = Roe ea H) has been confirmed by X-ray 

crystallography (41). 

The tetracyclic benzenoid hydrocarbon naphthacene reacts 

with dodecacarbonyltriiron in boiling benzene to give a hexa- 

carbonyldiiron derivative shown from its NMR spectrum to be 

the bis(n?-allylic) derivative 85 (19). The relative orienta- 
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ETON OnmeEnemuWe n°#allylic units is the same as that found in 

the compound 42 obtained from allene and Feo (CO)9 or Fe3 (CO) 12 

(see above). 

ts n?-Allylic-carbonyliron Compounds from Reactions of 

Bridged Polycyclic Systems with Carbonyliron Complexes 

A series of cations of the general type 86 (4 9=)-CHa— 

(83), -CH=CH- (80), -CH2-CO- (80), and o-CeHy (81) may be 

prepared as their stable yellow tetrafluoroborate salts by 

protonation of the corresponding (bridged bicyclic diene) - 

+ 

X 

N 

Fe(CO)3 Fe (CO); 

a6 87 
tricarbonyliron derivatives containing hydroxy or methoxy 

substituents with tetrafluoroboric acid in acetic anhydride 

(see chapter on diene-iron complexes for further details). 

In all of these cations one of the bridges is coordinated to 

the tricarbonyliron group through an n?-allylic bond and 

another of the bridges is coordinated to the same tricarbonyl- 

iron group through an n?-olefin-iron bond. These cations 

react with aqueous potassium cyanide with rupture of half of 

the olefiniron bond to give the corresponding n3-allyl-o-alkyl 

derivatives 87 {x = -CH2o-, -CH=CH-, and o-CgH,) as stable 

yellow crystalline solids (83). However, these cations react 

with potassium iodide in acetone with evolution of carbon 

monoxide to give the corresponding maroon crystalline iodides 

88. (x = CH=, -CH=CH-, “and @-Cehy). «Reaction Of Chetiodide 

BB (X= =CH2-) with methyllithium gives the corresponding: 0— 

methyl derivative+o9) (X = -Cha—) an 90 * yield as aystebile 

yellow crystalline solid (83). 

Reactions of a- or B-pinene with pentacarbonyliron at 

160°C results in the stereospecific insertion of a carbonyl! 

group into the cyclobutane ring (198). Successive n?-allylic- 

iron intermediates of the pees 30 and Jl axe) proposedstor 

this reaction. The bis(n° =allylic) -hexacarbonyldiiron complex 

93 has been proposed as an intermediate in the rearrangement 

of 92 (eq. [1]) to the furan derivative 94 upen heating with 

pentacarbonyliron in boiling di-n-butyl ether (4) % 
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H 
H3 : 
CH; M3 

(COkte 
(CO);Fe 6 

90 eh 

Fe (C0)3 

0 ree be) —» 

y | 
Fe(CO)3 

82 93 
i 

—>> 

; ! 

94 

VIII. no -ALLYLIC CARBONYLIRON COMPOUNDS FROM REACTIONS OF 

CYCLOPROPANE DERIVATIVES WITH CARBONYLIRON COMPLEXES 

Some reactions of carbonyliron complexes with cyclopro- 

panes containing adjacent unsaturation lead to products in 

which an N° -allylic unit is bonded to iron. Although such 

products have been obtained from methylenecyclopropanes, a 

much larger variety of n?-allylic-carbonyliron compounds has 

been obtained from reactions of vinylcyclopropanes with car- 

bonyliron reagents. 

A. i -ALLYLIC CARBONYLIRON COMPOUNDS FROM REACTIONS OF 

METHYLENECYCLOPROPANES WITH CARBONYLIRON COMPLEXES 

Reactions of dimethyl trans-methylenecyclopropane-2, 3- 

dicarboxylate (95) with carbonyliron complexes can lead to 

n?-allylic-carbonyliron compounds in addition to olefin- 
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" 
CH,0—C 

CHO" ye co OC-Fe o— 
Oasis Cae ( O20" 5 ¢ 

O O 0 

95 96 

and diene-carbonyliron complexes discussed elsewhere in this 

book (207). The olefin-tetracarbonyliron complex prepared 

from 25 and enneacarbonyldiiron reacts with excess e2 (Cova. 

to give a low yield of the deep red crystalline binuclear n? = 

allylic derivative 96 and can be photolyzed in hexane solution 

to give the unstable yellow liquid mononuclear n*?-allylic 

derivative 97 as one of the products. The complex 96 is also 

obtained in very low yields by reaction of the tetracarbonyl- 

iron complex of the cis-isomer of 95 with excess enneacar— 

bonyldiiron. 

B. TN -ALLYLIC CARBONYLIRON COMPOUNDS FROM REACTIONS OF VINYL- 

CYCLOPROPANES WITH CARBONYLIRON COMPLEXES 

Reactions of vinylcyclopropanes with carbonyliron com- 

plexes give a wide variety of n?-allyl-o-alkyl derivatives 

(structure 2a) which in some cases can be carbonylated to the 

corresponding N°-allyl-o-acyl derivatives (structure 2b). 

Such carbonyliron complexes have also been obtained from a 

wide variety of polycyclic compounds containing vinylcyclo- 

propane structural units such as semibullvalene, barbaralone, 

and bullvalene. 

ilies n?-Allylic-carbonyliron Compounds from Reactions of 

Monocyclic Vinylcyclopropanes with Carbonyliron Complexes 

Ultraviolet irradiation of vinylcyclopropane with two 

equivalents of pentacarbonyliron in dilute diethyl ether solu- 
tion at -50°C gives a 9 % yield of the yellow crystalline ee 
ed O-acyl derivative 98 in addition to an 80 % yield of 
Gite -vinylcyclopropane) tetracarbonyliron (14). The n°-allyl-o- 

acyl derivative 98 is unstable at room temperature in the ab- 

sence of excess carbon monoxide with respect to decarbonyl- 

ation to the corresponding yellow liquid n*-allyl- O-alkyl 
derivative 99. Formation of 98 from vinylcyclopropane and 
carbonyliron « complexes involves insertion of a carbonyliron 
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ra 

Z-- >> 0 > ( C 

Pre ise Xo 

(COhFe—C’ ace MlbcCe 
, (CO),Fe 5 

98 99 100 

unit into a cyclopropane carbon-carbon bond adjacent to the 

vinyl carbon-carbon double bond, possibly through an inter- 

mediate such as 100. The n?-allyl ligand is then readily 

generated through displacement of a carbonyl group by the 

vinyl double bond. Similar reaction pathways are frequently 

found in the reactions of carbonyliron reagents with the more 

complex vinylcyclopropane derivatives discussed, below. 

ae N°-Allylic Carbonyliron Compounds from Reactions of Poly- 

cyclic Vinylcyclopropanes with Carbonyliron Complexes 

Among the simplest polycyclic vinylcyclopropanes are the 

dihydrosemibullvalenes containing an additional fused satura- 

ted ring (101, n = 2,3) since their vinylcyclopropane system 

S CH), 

(H.C), ion 

Fe (CO), 

102 
is the only potentially reactive site (151). These hydro- 

carbons react with enneacarbonyldiiron in boiling benzene to 

give the corresponding n?-allyl-o-alkyl complexes 102 (n = 

273) in at least 75 % yield. Formation of 102 from lol and 

carbonyliron complexes corresponds exactly to the formation of 

99 from unsubstituted vinylcyclopropane and a carbonyliron 

complex. 

Semibullvalene (103 y has a structure similar to 101 

except for the absence of the additional fused cycloalkane 

ring and the presence of a second carbon-carbon double bond 

adjacent to the cyclopropane ring. The major product ob- 

tained from enneacarbonyldiiron and sents vereue (103) in 

boiling benzene is the yellow liquid n 3_allyl- O-alkyl deriv- 

ative 104 (149). The formation of this bicyclo[3.2.1]octane 

derivative 104 from 103 is a consequence ie the tendency for 

carbonyliron gi groups to bond to chelating n *-allyl- oO-alkyl 

ligands, since palladium(II), which only forms Nn Sally) deriv- 

101 
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Fe(CO); Mig 
103 104 103 

atives without forming O-alkyl derivatives, reacts with semi- 

bullvalene (103) to forma bicyclo[3.3.0loctadiene derivative 

rather than a bicyclo[3.2.1]Joctadiene derivative (152). The 

reaction of semibullvalene (103) with enneacarbonyldiiron at 

room temperature gives several additional products (77). One 

of these is 105, the tetracarbonyliron complex of 104. Reac- 

tion of 104 with enneacarbonyldiiron at room temperature also 

gives 10500) The reaction of benzosemibullvalene (106) with 

enneacarbonyldiiron in boiling benzene proceeds exactly like 

oa 
106 107 

the corresponding reactions of Se oe (103) and even 

vinylcyclopropane to give a similar n 3—allyl- O-alkyl complex 

WOT (LSI)) 

aay Mantis reaction of dibenzosemibullvalene (108) with car- 

bonyliron reagents clarifies some of the above reactions of 

vinylcyclopropane derivatives (150,201). In 108 the only 

carbon-carbon double bonds present are parts of benzenoid 

rings. Such carbon-carbon double bonds are considerably less 
reactive than isolated carbon-carbon double bonds. When 108 
reacts with enneacarbonyldiiron in benzene at 60°C, the cyclo- 
propane ring is opened to give the ferretane derivative 109 as 
a very stable yellow crystalline solid which survives concen- 
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trated hydrochloric acid at 80°C aoe 3 days. Decarbonylation 
of 109 to form the corresponding n 9 -alilyl- O-alkyl derivative 
analogous to 104 and 107 is unfavourable ee the available 
carbon- carbon do double bonds to form the n 3_allylic Une (aciu 
ally an 7 3_benzylic unit) are all parts of benzenoid systems. 

The polycyclic divinylcyclopropane ketone barbaralone 
(110) also reacts analogously with ened car bony ldT tren to give 
a ~ good yield of the corresponding n ?—allyl- O-alkyl derivative 
Diile(e2)2) Me structure! of 111 has been confirmed by independ- 

Fe (CO)3 

111 
= — oO 

ent X-ray crystallography studies on both triclinic (59) and 

monoclinic (203) crystalline modifications. The complex 111 

derived from barbaralone must have a relatively high tendency 

of formation since it is also obtained by treatment of (cyclo- 

octatetraene)tricarbonyliron with aluminium chloride in 

benzene (112,122). This reaction provides a useful synthesis 

of barbaralone (110) from cyclooctatetraene since degradation 

of 111 with carbon monoxide at 120°C/100 atm regenerates 

barbaralone nearly quantitatively. The complex i111 is also 

found in low yield among several other products in the mixture 

obtained from bicyclo[6.2.0]deca-2,4,6-triene and enneacar- 

bonyldiiron (58). Reaction of benzobarbaralone (112) with 

enneacarbonyldiiron also proceeds in the usual manner for 

vinylcyclopropane systems to give the n?-allyl-o-alkyl deriv- 

ative 113 (84). 

The reactions of bullvalene (114) with carbonyliron rea- 

gents are extremely complex, but form many products containing 

1=<-3-n allylic ligands (15). Reaction of bullvalene with 

enneacarbonyldiiron in diethyl ether at 30°C for 12 h in an 

evacuated flask gives the following products listed in order 

of their elution from a chromatography column: (a) The 

yellow 419. in 20 % yield a which the Ci9Hi9 ligand is bonded 

to each iron atom as an Nn 3_allyl- O-alkyl ligand (7), (b) the 

red diferratricyclododecatriene derivative 122 in 3 % yield 

(9), (c) yellow (tricarbonylferrole) tricarbonyliron (£23) on 

ts yield, (d) the yellow 415 in 39 % yield in which the 
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_Fe (CO); ==> 

| \ Felcols 
f =—+Fe(CO), > Gs 

3 
123 122 

Ci0H10 hydrocarbon is bonded to one iron as a diene and to 
the other as an n?-allyl-o-alkyl ligand (6), (e) the ochre 

“s 

a 
[r Felc 0); 
ae Fe (CO )3 

Fe(CO); (CObFe 

(CO},Fe Fe (CO), 

‘N 
: 118 

pee we (COkFe (CO),Fe 
Fel); Fe(CO), 

—_—_—> 
a FA 

12 1 0 121 
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118 in 26 % yield in which the C19H19 hydrocarbon is bonded 

to both iron atoms as dienes, (f) the red bist -allyL)— 

hexacarbonyldiiron derivative 116 in 3 % yield. If bullvalene 

is added to the solution obtained by the ultraviolet irradia- 

tion of pentacarbonyliron in cyclohexene at -78°C, then the 

reaction proceeds exclusively along the pathway leading to 

{15 and 116 with the yield of 116 being increased to 13 % 

(scheme [2]) Ultraviolet irradiation of bullvalene with 

Dantacarbonylieen in moist benzene gives as the major products 

a 59 % yield of the acyl derivative 117 and a 29 % yield of 

the hydroxy derivative 124 arising from the water in the 

benzene. The compound 117 still contains a vinylcyclopropane 

unit and is the precursor to the bis (n?-allyl-o-alky1) deriv- 

ative 119 by reaction of this vinylcyclopropane unit with 

carbonyliron reagents in the usual manner (15). Reaction of 

the hydroxy derivative 124 with hexafluorophosphoric acid in 

diethyl ether gives the  hexaf luorophosphate salt OEschemstanike 

cation 125 containing a chelating n >-allyl- n’-olefin ligand 

+ 

Ww 
Fe(CO), Fé(CO); 
124 125 

similar to the cations discussed above (15). The cation 125 

can also be obtained by oxidizing a mixture of 115 and hexa— 

fluorophosphoric acid an diethyl ether with ferric chloride. 

Pyrolysis of the bis(n?’-allyl-o-alkyl) derivative 119 in 

octane at 120°C results in rearrangement to give yellow 120 

in nearly quantitative yield (8,15) Treatment of 120 with 

carbon monoxide at Vv 25°C/100 atm results in insertion of a 

carbonyl group into the o-alkyl-iron bond to give the corre- 

sponding O-acyl derivative L2k. The @structures of) 115. (LS) 

TVS) (296), 119: (203), and One (203) have been confirmed by 

x=2. ray crystallography. 1y-NMR spectroscopy indicates that the 

asymmetric complex ii is stable to ocean! aGt oe (6,15). 

However, the two enantiomers of the bis (n° -allyl-o-alky1) 

derivative, 119a and 119b, are shown by 1-NMR spectroscopy 

to interconvert ‘ert rapidly ly above room temperature, although a 

limiting spectrum Soyer to a frozen enantiomer is seen 

AEeOLG (7 LS) ep Lae 1H-NMR spectrum of 122 is temperature 

dependent in the range from 6°C to 80°C - indicating a rapid 

degenerate valence isomerization at higher temperatures (9, 

ke 

The reaction of the azabullvalene 126 with enneacarbonyl- 
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diiron has also been reported (20). Treatment of 126 with 

et 
OCH, ctio7 L 

ya 
126 Fe(CO); 

127 

Fe» (CO)g in benzene at 40°C for 1 h gives the yellow-brown 

liquid n?-allyl-o-alkyl dérivative 127 in. addition to 

(methoxy-cyclooctatetraene) tricarbonyliron. 

The relative reactivities of different n?-allyl-o-alkyl 

derivatives towards carbon monoxide insertion have been exam- 

ined (10). Thus, the complexes 120 and 128 (from enneacarbo- 

Fe (CO)3 (CO), ee \, 

= 129 
nyldiiron and homosemibullvalene (11)) react rapidly with 

carbon monoxide in hexane even at room temperature to form 

the corresponding acyls 121 and 129, respectively. Similar 

insertion reactions do not occur with 104 and 105. Reaction 

of 120 and 128 with triphenylphosphine for a few seconds at 

room temperature also results in carbonyl insertion into the 

O-alkyl-iron bond to give the triphenylphosphine derivatives 

130) and i131, respectively. 

Zh oom 
cay ees : | 

SS Fe(CO); (CgHs), Pepe \ 
y, iN 

0 

Co € 
0 

130 134 
Some reactions of carbonyliron complexes with polycyclic 

vinylcyclopropanes containing two cyclopropane rings have also 
been investigated. Reaction of 132 with enneacarbonyldiiron 
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Br 

Br 

Br 

NE 
a SP eae 

(CO),Fe Fe(CO), 

133 
in diethyl ether results only in the opening of the non- 

brominated cyclopropane ring to give the red bis (n?-allylic) 

derivative 4133) (11). The major product from the ultraviolet 

irradiation of the dispirane 134 with pentacarbonyliron is 

the pale yellow crystalline n?-allyl-o-alkyl derivative 135 

(IS) c 

IDK n?-ALLYLIC CARBONYLIRON COMPOUNDS FROM REACTIONS OF 

HETEROCYCLIC DERIVATIVES WITH CARBONYLIRON COMPLEXES 

Vinyloxiranes and vinylaziridines react with carbonyl- 

iron complexes with ring opening to form Wesallylic deriva- 

tives (13). Thus, ultraviolet irradiation of the vinyloxi- 

ranes 136 (R = H, CH3; R' = H) with pentacarbonyliron in ben- 

R 

O 
R’ 

136 H2 0 

nly oe ee OC—Fe-c-9 Fe 

[ Alia? ces cae ae te ans aye © 
O O O 

(CH, 
137 139 140 

138 

zene gives the corresponding lactones 137 (R = H, CH3; RS 

H) as bright yellow solids. Similarly, the ultraviolet irra- 

diations of the bicyclic vinyloxiranes 138 (n = 1,2) with 

pentacarbonyliron give the corresponding lactones 139 etn 

2). The compounds 137 (R = H, CH3; R' = H) are stable in 

boiling benzene. However, 139 (n = 2) undergoes decarbonyl- 

ation with hydrogen migration to give endo- (hydroxycyclohexa- 

diene)tricarbonyliron (140). Studies on the photochemical re- 

= 1, 
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actions of pentacarbonyliron with the four stereoisomers of 

136 (R = R' = CH3; cis and trans around the carbon-carbon 

double bond, and cis and trans on the epoxide carbons) to form 

the corresponding lactones 137 indicate that this reaction is 

stereospecific (40). Ultraviolet irradiation of cycloocta- 

tetraene epoxide (9-oxabicyclo[4.2.1]nona-2,4,7-triene) with 

pentacarbonyliron in diethyl ether (17) results in the pre- 

cipitation of the lactone 141 as colourless crystals. Heating 

e 
pe 
ie 

0 ie 
C \ 

O C O of G Co 

0 0 ve vs 
Ta 142 

143 
141 in chloroform at 40°C for 50 min results in rearrangement 

to the yellow crystalline diene-tricarbonyliron derivative 

142. Ultraviolet irradiation of cyclooctatetraene epoxide 

with pentacarbonyliron at room temperature gives the binuclear 

Olefin complex 143 (17). 

Ultraviolet irradiation of vinylaziridines with penta- 

carbonyliron in benzene solution also results in opening of 

the three-membered ring (13). Thus, the aziridine 144 upon 

0 
Nace 

Se 7 OCH, 

164 

lig © 0 oN “2-2 

N—Ce / a 
OC Fence OCH; OC—Fe—N_ C—Fe—N 

“|e / | C—OCH Al Cc 0 Cc ZA 3 Cc Ouae Or -C= © oc / 

145 146a 146b 

ultraviolet irradiation with pentacarbonyliron gives a 71 3% 

yield of the pale yellow lactam 145. Heating 145 at 60°C for 

20 min results in quantitative decarbonylation to give an 

inseparable 2:1 mixture of the stereoisomers 146a and 146b. 

Ultraviolet irradiation of 2,7-dimethyloxepin with penta- 

carbonyliron in diethyl ether at -60°C gives o-xylene, 2,6- 
dimethylphenol, a 5 % yield of (2, 7-dimethyloxepin) tricar- 
bonyliron, and a 1 % yield of a red hexacarbonyldiiron complex 
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(16). X-ray crystallography of this last complex indicates 

structure 147 in which the oxepin ring has opened. 

CH; 
es “7s O 

/ 
| OC—Fe—C 

70 of 
| Omec 

(CO),Fe—Fel(COl, p 
147 148 149 

Reaction of the heterocycle 148 with enneacarbonyldiiron 

in benzene solution at 42°C for 30 min in the presence of a 

stoichiometric amount of water results in aniline elimination 

to give 149, identical to a product, discussed above, obtained 

from Fes (CO) 9 and-but=-2-ene-1,4-diol (21)... Reaction of) 149: 

with primary amines RNH2 (R = CsgHs, CH3) in the, presence of 

alumina results in elimination of water to give the corre- 

sponding lactam 150 (R = CéHs, CH3). Heating 50 (R = Ces) 

in boiling methanol results in rearrangement to 151 by an 

intramolecular 1,4-hydrogen shift (21). 

OC—Fe-C Fe | Pocus 

GC Ow C * RAK 
0 °) O-c © 

150 154 0 
152 

Several reactions of the tricarbonylferrole-tricarbonyl- 

iron derivative 152 give products with ligands which are 1-3- 

N-allylic coordinated to iron. Thus, reaction of 152 with 

OCH, 
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dichloramine-T (CH3-CgHy-SO2NCl2) gives the n° allylic deriv- 

ative 153 (189). Similarly, ultraviolet irradiation of 152 

with diphenyldiazomethane gives a complex mixture of products 

(18,117). One of these products, a dark brown solid, has been 

shown by X-ray crystallography to be 154. 

X.  - ALLYLIC IRON COMPOUNDS ALSO CONTAINING n° -CYCLOPENTA- 

DIENYL RINGS 

Several compounds of the type (n3-allylic) Fe (CO) (n°- 

Cs5Hs) can be prepared by the decarbonylation of the corre- 

sponding oO-allylic derivatives. Thus, reaction of the sodium 

salt NaFe(CO)s(CsHs) with allyl chloride gives the ni =allyl 

derivative CH)=CH-CH2-Fe(CO)2(n°-CsHs) (155, R =H). The 
reaction of H-Pel(Co)> (fy =CsHe) with butadiene gives the 

related n!-allylic derivative CH3-CH=CH-CH»-Fe (CO) 2 (n°-CsHs) 

oO aS 

a 

Gl5 57 R= — Ch) MeRSOrinorenese ni -allyl derivatives are yellow 

liquids which oxidize readily in air and decompose above 60°C 

without forming an mM -allyl derivative. However, ultraviolet 

irradiation of the no -allyl derivative 135. {R = H) either 

alone or in cyclohexane solution gives the corresponding nh 

allyl complex S6e(RI=) Ri 7 =a Rei Se 20S. ‘H-NMR and infra- 

red spectral data indicate this complex to be a single isomer 

With jehnesindicacedsoOrlentarionsor che a lity ie qands GOR nO) re 

Ultraviolet irradiation of the substituted derivative 155 (R = 

CH3) gives’ the corresponding ne-allylic complex suggested by 

its complex 14-NMR Spectrum, EO be va Mixcuse or ehewscun— melo ey, 

R = Cig; Rl = R" = H) and antioH56, RY SS-cas eB =k" = ee 
isomers (105,145). The corresponding 2-methylallyl derivative 

156 (R= R' =H, R".= Ch3) has been prepared by "completely 

analogous methods (90) and has been shown by its 1H-NMR and 

infrared spectra to be a single isomer. 

Some homo-tTl-allylic derivatives have also been investi- 

gated. Reaction of NaFe(CO)2(Cs5Hs5) with 1-chlorobut-3-ene 

gives the corresponding o-butenyl complex CH2=CH-CH»-CH»>- 

FPe(CO)s (N° -Csus) Ultraviolet irradiation of this compound 
in cyclohexane solution results not only in decarbonylation 
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but also in a hydrogen shift to give the n?-allylic deriva- 
tive 156 (R' = CH3, R = R" = H; mixed with R = CH3, R' = R" = 
H) (107,145). However, if this hydrogen shift is blocked by 
methyl substitution then the reaction proceeds differently. 
Bae ultraviolet irradiation of CH2=CH-C(CH3) 2-CH2-Fe(CO) 9- 

(n° -Cs5Hs5) in cyclohexane solution gives the yellow liquid 

homo-T-allylic derivative LO Mio? J 

(0) “ee SCH 

t CH3 ‘3 

L of % CH; 
5 158 

An unusual preparation of an (n?-allylic)Fe(co) (n°-CsHs) 

complex is the reaction of the phenylallene cation Din? =CsH. j= 

Fe (CO) 9 ()*-CH2=C=CH-CgHs) J[BF,] with sodium ethoxide in 
ethanol to give {(n°-CsHs) Fe (CO) [n?-CgHs—CHC (CO»-CoHs)CH2 I} 
(15S )pinje/)% yield (140). 

The preparation of some cyclopentadienyl-carbonyliron 

complexes containing cyclic 1-3-n?-allylic ligands has been 

investigated. Reaction of NaFe(CO)2(Cs5Hs5) with tropylium 

tetrafluoroborate in Petre ore suEcn at =bOge gives a low 

yield of red crystalline (n°-Cs5Hs) Fe(Co) (n? Ser) (47,48) 

indicated to have SUCucrure 159 containing an n 3_cyclohepta- 

trienyl ring.- The 14H-NMR spectrum of the seven-membered ring 

St. 152 is characteristic of fluxional molecules. Thus, at 

room temperature in toluene-dg the C7H7 ring of 159 exhibits 

a Single resonance which splits to give four resonances of 

relative areas 2:2:2:1 at -50°C. The proton averaging is 

believed to occur by a sequence of rapid 1,2-shifts (48). An 

attempt to prepare an n3-benzyl complex of iron containing an 

1-8-n°-allylic unit by the ultraviolet irradiation of the o- 

benzyl complex C.He—-Clla-Fe (CO)>o (n° —-CeHs) was unsuccessful 

(168). Prolonged ultraviolet irradiation of this complex was 

found to lead to | (m?=CsHs) Fe(CO) 2]. and (n= =CeHs Fe (ne -CsHi = 

CO-CH»-CgHs) as the only identifiable cyclopentadienyliron 

products. 

Some cyclopentadienyliron derivatives containing an 

1=3-n°-allylic cyclopentenone ring have been prepared from 

haloalkylallenes (22,191). Reaction of NaFe(CO)2(CsHs5) with 

the allenic bromides R-CH=C=CR-(CH2)2-Br followed by pyrolysis 

in tetrahydrofuran at 50°C for 48 h results in cyclization to 

give the corresponding n?-allylic cyclopentenone complexes 
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(CHj,C 0 
15 160 161 

160 (R = H, CH3) as Stable crystalline solids. 

"Reaction of NaFe(CO)2(C5Hs5) with tri-tert-butylcyclo- 

propenyl tetrafluoroborate in tetrahydrofuran at room tempera-— 

ture gives a 70 % yield of the yellow-orange crystalline 

ketocyclobutenyl complex 161 analogous to 55 discussed earlier 

in this chapter (103). 

XI. TRIS (ALLYL) IRON 

Tris(allyl)iron is obtained as very thermally unstable 

golden yellow to dark brown plates by the reaction of 

iron(III) chloride with allylmagnesium chloride in diethyl 

etherfat =78°Cs Purevcrystalline trisi(alliy)) irons begquns -co 

decompose above -60°C and decomposes violently above -10°C. 

Reaction of tris(allyl)iron with carbon monoxide gives a 

volatile bright yellow product of stoichiometry (C3Hs5)2Fe(CO) 3 

believed to be the O-propenyl complex 162 (209). A mixture of 

oA 

of é NcH=chcH; 
O 

162 

tris(allyl)iron and triethylphosphine in diethyl ether at 

-78°C reacts with molecular nitrogen to form a dinitrogen-iron 

complex of unknown nature. An infrared spectrum of the re- 

sulting mixture exhibited a band at 2038 cm ! in the region 

expected for dinitrogen coordinated to iron (33). 
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aise, INTRODUCTION 

This chapter discusses iron complexes with dienes. Most 
known diene-iron complexes are 1,3-diene-tricarbonyliron com- 
plexes in which all four carbon atoms of the 1,3-diene are 
coordinated to the tricarbonyliron unit. The first compound 
of this type, (butadiene)tricarbonyliron, was prepared by 
Reihlen et al. (342) in 1930 although its nature was not re- 
cognized until much later. 1,3-Diene-tricarbonyliron com- 
plexes are now known for acyclic 1,3-dienes, cyclopentadienes, 
cyclopentadienones, 1,3-cyclohexadienes, cyclohexadienones, 
cycloheptadienes, vinylketenes, phospholes, thiophene di- 
oxides, silacyclopentadienes, and perfluoro-cyclohexa-1,3- 
diene. In addition adjacent carbon-carbon double bonds of 

polyenes such as 1,3,5-trienes, fulvenes, cycloheptatriene, 

tropone, 1,3,5-cyclooctatriene, cyclooctatetraene, vinyl- 

benzenes, anthracene, azepines, and oxepines have been found 

to bond to tricarbonyliron units in a 1,2,3,4-tetrahapto 

manner. These complexes are briefly mentioned in this chapter 

but are discussed in greater detail in the chapter on triene 
and tetraene complexes. 

Most types of non-conjugated dienes including 1,4-penta- 

dienes and 1,4-cyclohexadienes rearrange to the correspond- 

ing conjugated dienes upon reaction with carbonyliron reagents 

and eventually form 1,3-diene-tricarbonyliron complexes. How- 

ever, norbornadiene and 1,5-cyclooctadiene form stable tri- 

carbonyliron derivatives in which the non-conjugated arrange- 

ment of carbon-carbon double bonds is preserved. A detailed 

review (334) and two shorter articles (333,335) on the chem- 

istry of diene-tricarbonyliron derivatives were published by 

Pettit during 1963-1965. However, since that time major de- 

velopments in this field have made these reviews obsolete. 

The stability of the diene-tricarbonyliron unit is suf- 

ficiently great that a variety of chemical reactions can be 

performed on diene-tricarbonyliron systems without rupture 

of the diene-tricarbonyliron bond. Diene-tricarbonyliron com- 

plexes appear to be particularly reactive towards electrophi- 

lic reagents. Thus, protonation or hydride abstraction reac- 

tions on various diene-tricarbonyliron derivatives can lead 

to important hydrocarbon-tricarbonyliron cations including 

the allyl-tricarbonyliron and cyclohexadienyl-tricarbonyliron 

cations. Reactions of these cations, particularly with various 

nucleophiles, is a field of growing importance. Some diene- 

tricarbonyliron derivatives even form tractable substitution 

products under the Friedel-Crafts or Vilsmeier reaction condi- 

tions thereby giving ketones or aldehydes still containing 

the diene-tricarbonyliron unit. 

Other types of diene-iron complexes are of much more 
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limited importance. However, the field of bis(diene) -monocar- 

bonyliron derivatives, which has only developed since 1970, 

promises to be of increasing significance for both synthesis 

and catalysis. 

II. DIENE-TRICARBONYLIRON DERIVATIVES AND RELATED COMPOUNDS 

This section discusses the preparation and properties of 

the numerous complexes of the type (diene)Fe(CO) 3. Complexes 

from acyclic dienes will be treated first followed by com- 

plexes derived from the cyclic dienes cyclopentadiene, cyclo- 

pentadienone, cyclohexadiene, cyclohexadienone, cyclohepta- 

diene, cycloheptadienone, cyclooctadiene, bicyclo[4.2.0]Jocta- 

diene, and norbornadiene. Diene-tricarbonyliron derivatives 

obtained from rearrangements of cyclopropane and cyclobutane 

derivatives will next be discussed followed by diene-tricar- 

bonyliron complexes derived from heterocyclic systems, vinyl- 

silicon and vinylboron derivatives, and perfluorinated dienes. 

Finally some general studies on carbonyl substitution and 

some physical and spectroscopic studies on diene-tricarbonyl- 

iron complexes will be discussed. 

A. PREPARATION OF DIENE-TRICARBONYLIRON DERIVATIVES FROM 

ACYCLIC DIENES 

The first diene-tricarbonyliron complexes were prepared 

by Reihlen, Gruhl, v. Hessling, and Pfrengle and reported in 

1930 (342). These authors found that treatment of butadiene 

with pentacarbonyliron in a bomb at 135°C for 24 h gave a 

liquid of stoichiometry (CyH_¢)Fe(CO)3. This liquid was stable 

to air and could be distilled at atmospheric pressure at 

120 - 180°C without decomposition, although distillation under 

pressure was preferable for purification. Similar reactions 

with isoprene and 2,3-dimethylbutadiene gave ill defined li- 
quids of approximate stoichiometries (diene) »Fe(CO) 3 which 

apparently could not be obtained pure. In 1942 carbonyliron 

complexes of butadiene, isoprene, and 2,3-dimethylbutadiene 

were patented (377) as antiknock agents for motor fuels. 

Following this original discovery of (butadiene) tricar- 
bonyliron no further work was done on this or other diene- 
tricarbonyliron complexes until after the discovery and elu- 
Ccidation of the nature of ferrocene more than twenty years 
later. In 1958 one of the co-discoverers of ferrocene, Pau- 
son, along with his co-worker Hallam, successfully repeated 
the early (butadiene)tricarbonyliron preparation of Reihlen 
and co-workers (199). On the basis of their studies including 
the relative chemical and thermal stability of (butadiene) - 
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tricarbonyliron, they postulated the now familiar tetra- 
hapto-structure ja. The chemical studies of Hallam and Pauson 

CNS aes 
\f | co 

Fe Fe(CO), Fone 

5 | ny et O Cc 0 O 

1a 1b qe 
(199) as well as a 'H-NMR study published shortly thereafter 
(187) suggested that the butadiene ligand remains intact 
when complexed with a tricarbonyliron unit in (butadiene) tri- 
carbonyliron. The ultraviolet spectrum of (butadiene) tricar- 
bonyliron was reported shortly after this work (280). 

Subsequently the structure of (butadiene) tricarbonyliron 

was confirmed by X-ray crystallography (299,300). The X-ray 

Studies indicate that the coordination of the iron atom in 

(butadiene) tricarbonyliron is square pyramidal with a carbon- 

yl group in the apical position as in structure ic. However, 

for convenience structures of the types la or 1b will be used 

in this chapter to represent diene-tricarbonyliron complexes. 

Since this original work numerous 1,3-dienes have been 

shown to react with various carbonyliron complexes to form 

(diene) Fe(CO)3 derivatives. In this connection a variety of 

carbonyliron reagents have been used. Pentacarbonyliron is 

the least expensive of the carbonyliron reagents, but gene- 

rally requires relatively high temperatures (typically around 

130°C) for reactions with dienes to form tricarbonyliron de- 

rivatives. Not only are some types of diene-tricarbonyliron 

complexes unstable at such temperatures but also some dienes 

cEhemselvyes tfomrm dimers through Diels Alder weactions with 

themselves, etc., at such elevated temperatures. In some cases 

the volatilities of such a diene dimer and the corresponding 

(diene) Fe(CO)3 complexes are so Similar that their separation 

is very difficult. This is the probable explanation for the 

products of stoichiometries (diene) »Fe(CO)3 from isoprene and 

2,3-dimethylbutadiene in the early work by Reihlen and co- 

workers (342). These products were probably mixtures of di- 

mers (and possibly other oligomers) of the 1,3-diene and the 

(diene) Fe(CO)3 derivative. Subsequent investigations (239) 

have shown that the reaction of isoprene (2-methylbutadiene) 

with pentacarbonyliron gives not only (isoprene) tricarbonyl- 

iron but also dimers of isoprene such as dipentene. If the 

reaction between isoprene and pentacarbonyliron is carried 

out near room temperature using ultraviolet irradiation 

rather than by heating to 130°C as in the original work (342), 
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then the formation of isoprene dimers can be minimized (239). 

Since this original work, photochemical reactions of 1,3- 

dienes with carbonyliron complexes have been used extensively 

for the preparation of other (diene)Fe(CO)3 complexes. How- 

ever, in some cases prolonged irradiation of 1,3-dienes with 

pentacarbonyliron can also lead to displacement of an addi- 

tional two carbonyl groups from the (diene)Fe(CO)3 complex to 

give (diene) »FeCO complexes. These complexes will be discuss-— 

ed in detail later in this chapter. 

The need for relatively high temperatures or ultraviolet 

irradiation to form (diene)Fe(CO) 3 derivatives can be avoided 

by substituting a more reactive carbonyliron derivative for 

pentacarbonyliron. Dodecacarbonyltriiron reacts well with 

many 1,3-dienes around 80°C (i.e. in boiling benzene). Ennea- 

carbonyldiiron reacts with butadiene even at 40°C (305), but 

the major products are (butadiene) tetracarbonyliron and 

(butadiene) bis(tetracarbonyliron) in which the butadiene 

double bonds are coordinated individually to tetracarbonyl- 

iron units (see the chapter on olefin complexes). (Benzal- 

acetone) tricarbonyliron, (n*-CgHs5—CH=CH-CO-CH3) Fe (CO) 3 ap- 

pears to be a good starting material for the preparation of 

tricarbonyliron complexes under mild conditions (e.g. in 

toluene solution at 50°C for 6 h in one case (212)). Diene- 

tricarbonyliron complexes can be prepared from pentacarbonyl- 

iron and the diene at or below room temperature if trimethyl- 

amine N-oxide is added to the system as an oxidizing agent 

(365). In cases where the diene is inconveniently unstable 

to use as a reagent for the reaction with carbonyliron deri- 

vatives, the reaction of the corresponding a- or 8-unsaturat-— 

ed alcohol with enneacarbonyldiiron or dodecacarbonyltriiron 

in the presence of copper sulfate can be used (318). This re- 

action involves dehydration of the alcohol. 

Some reactions of simple acyclic dienes with carbonyl- 

iron complexes lead to rearrangements, in which hydrogen 

shifts frequently occur. Thus, cis-1,3-pentadiene, trans-1,3- 

pentadiene, and 1,4-pentadiene all react with pentacarbonyl- 

iron to form (trans-1,3-pentadiene)tricarbonyliron (2) (148, 

1 nae CH, i Jeanie 

Fe 

ye 
c 

O O 0 

Fe 

nih is pl 
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239). However, (cis-1,3-pentadiene)tricarbonyliron (3) can be 

prepared by treatment of cis-1,3-pentadiene with Fe (CO) 9 in 
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boiling diethyl ether (249). The much lower reaction tempera- 
ture apparently prevents the isomerization of 3. to..2.. Reac= 
tions of cis-1,4-hexadiene (238) and even 1,5- hexadiene (148) 
with pentacarbonyliron give (trans-1,3- hexadiene) tricarbonyl- 
iron (4) as the major product in addition to small amounts of 
(trans, trans-2,4-hexadiene) tricarbonyliron (5). A similar re- 
action of trans,trans-2,4-hexadiene with pentacarbonyliron 

Fe Rees 

Al. /, Js. 
Orel aeO or.e CO ae ee 

0 0 0 

5 6 Pons 
leads exclusively to the corresponding carbonyliron complex 

5 without any rearrangements (148). Reaction of 4-methyl- 

penta-1,3-diene with pentacarbonyliron at 90 - 100°C for 

140 h results exclusively in rearrangement to give (trans-2- 

methylpenta-1,3-diene) tricarbonyliron (6), whereas reaction 

of the same 1,3-diene with Fe2(CO)g9 in boiling diethyl ether 

gives the corresponding diene-tricarbonyliron complex 7 

without rearrangement (249). Both 2,5-dimethylhexa-1,5-diene 

and 2,5-dimethylhexa-2,4-diene react with pentacarbonyliron 

to give (trans-2,5-dimethylhexa-1,3-diene) tricarbonyliron 

(8). 2-Methylhexa-1,5-diene reacts with pentacarbonyliron to 

CH CH, 
Fe Fe 

ae aN 
C or SO 

0 0 g 0 

8 i) 
give (2-methylhexa-1,3-diene)tricarbonyliron. Cis,trans-2,4- 

hexadiene reacts with pentacarbonyliron without rearrange- 

ment to give (cis,trans-2,4-hexadiene)tricarbonyliron (9). 

These reactions appear to be controlled by kinetic rather 

than thermodynamic factors (319). They demonstrate the ten- 

dency of acyclic 1,4-dienes and 1,5-dienes to rearrange to 

1,3-diene-tricarbonyliron derivatives upon reaction with 

pentacarbonyliron. Furthermore, 1,5-hexadiene derivatives 

tend to form products in which the tricarbonyliron group is 

at the end of the Cg-chain (148). 
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The effects of chlorine substitution on the formation of 

butadiene-tricarbonyliron derivatives have been investigated. 

Both of the isomeric monochlorobutadienes and the 1,4- and 

1,2-dichlorobutadienes form the corresponding diene-tricar- 

bonyliron complexes in reasonable yields (14 - 27 %) when 

allowed to react with dodecacarbonyltriiron in tetrahydrofu- 

ran solution (64). Under similar conditions 2, 3—dichlorobuta— 

diene gives only a 4.5 % yield of the corresponding tricar- 

bonyliron complex. On the other hand neither trans,trans— nor 

cis,cis-1,2,3,4-tetrachlorobutadiene forms tricarbonyliron 

complexes under similar conditions. The trichlorobutadienes 

trans-1,2,3-trichlorobutadiene and trans,trans-1,2,4-trichlo- 

robutadiene form the corresponding tricarbonyliron complexes 

in low yield (1.5 - 3.3 %) with dodecacarbonyltriiron in 

tetrahydrofuran (65). However, no tricarbonyliron complex can 

be prepared analogously from trans-1,1,4-trichlorobutadiene. 

A tricarbonyliron complex can be prepared readily from cis, 

cis-1,4-dichloro-2,3-dimethylbutadiene (63). These results 

suggest that in order for substituted chlorobutadienes to 

form the corresponding tricarbonyliron complexes, no more than 

three chlorine atoms can be present and the butadiene cannot 

contain a terminal CCl» group. These results have been ex- 

plained on the basis that excessive chlorine substitution can 

make it more difficult for the 1,3-diene to adopt the s-cis- 

conformation necessary for complex formation (65). 

Cleavage of the carbon-bromine bond can complicate the 

reactions of 2-bromobutadiene with carbonyliron complexes 

(190). One of the products from the reaction of 2-bromobuta- 

diene with either enneacarbonyldiiron or dodecacarbonyltriiron 

is the expected tricarbonyliron complex 10 (xX =.Br),., In addi- 

X =~ Ta X X a 

yak (COl,Fe— —Fe(CO), [C0);Fe— —Fe(CO), 

hat ie Fe(CO), 0 

10 uit 12 

tion a complex mixture of (butadiene) tricarbonyliron Kt), the 
coupling product (2,2'-bibutadienyl)bis(tricarbonyliron) (11), 
the coupling product with carbon monoxide insertion [bis(2-_ 
butadienyl) ketone ]bis (tricarbonyliron) (127 (X8="H)i; anda 

more complex derivative of possible structure 13 is obtained 
from the reaction between 2-bromobutadiene and enneacarbonyl- 
diiron in boiling hexane. From a similar reaction in boiling 
diethyl ether, the carboxylic acid derivative 14 can also be 
TSOlated. sine Cconthace, the corresponding reaction of 1-bromo- 
butadiene with enneacarbonyldiiron gives only the correspond- 



Diene Iron Complexes 533 

Ss Fe(CO) Q 
(COlFe” Ea, f . ‘—on 

A rX ho / | \ 
(CO),Fe Fe(CO), 

13 14 

ing diene-tricarbonyliron complex without any carbon-bromine 

bond cleavage reactions. 

Recent work (320) has shown that analogous carbon-chlor- 

ine bond cleavage can also occur in certain reactions of 

chlorobutadienes with carbonyliron complexes, especially if 

enneacarbonyldiiron rather than dodecacarbonyltriiron is used 

(320). Thus, the reaction of 2,3-dichlorobutadiene with ennea- 

carbonyldiiron in boiling hexane results in dechlorination to 

give a mixture of (2-chlorobutadiene)tricarbonyliron (10, 

X = Cl), (butatriene) bis (tricarbonyliron) (1S )e and the binu- 

clear complex 12 (X = Cl). An intermediate with only one of 

the carbon-carbon double bonds of the chlorobutadiene bonded 

EOucmECEnOCAs OO LEON UnLemuS sSUggected OLE ensmcechMoratl 

nation reaction. The observations made during this study 

(320) suggest that a chlorine substituent on a central atom 

of an n*-coordinated 1,3-diene is unreactive but a chlorine 

substituent on a coordinated double bond of an n* -coordinated 

1,3-diene is reactive towards insertion of a carbonyliron 

species into the carbon-chlorine bond. 

In most cases adjacent carbonyl or cyano groups do not 

prevent a 1,3-diene from forming the corresponding tricarbon- 

yliron complex. Thus, the diene-tricarbonyliron complexes 

(n*-R-CH=CH-CH=CH-R')Fe(CO)3 (RB = CH3, R' = COoCH3, CO2CoHs, 
CHO, or CN; R = R' = COoCH3) can be prepared by reaction of 

the corresponding 1,3-diene either with dodecacarbonyltriiron 

in boiling benzene (239) or with pentacarbonyliron in a high 

boiling solvent such as di-n-butyl ether (79,80,136). The 

tricarbonyliron derivatives of sorbic and muconic acids, 

(R-CH=CH-CH=CH-CO2H)Fe(CO)3 (R = CH3, COoH), can be obtained 

by alkaline hydrolysis of the corresponding methyl or ethyl 

ester tricarbonyliron complexes (80,136). 
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(Sorbic acid)tricarbonyliron, (CH3-CH=CH-CH=CH-CO 2H) -— 

Fe(CO)3, lacks a plane of symmetry. It has been separated 

into the expected optical antipodes by fractional crystal- 

lization of its salt with (S)-a-phenethylamine followed by 

regeneration of the now optically active free acid complex 

with 6 N aqueous hydrochloric acid (307,308). The X-ray 

crystal structure of racemic (sorbic acid)tricarbonyliron has 

been reported (144). 

Conditions have been found for the separation by high 

speed liquid chromatography of tricarbonyliron complexes of 

various hexadienone and heptadienone derivatives (179). A 

50 cm X 2 mm DuPont Permaphase column was used with a 20 % 

aqueous methanol mobile phase at 25 - 30°C. Efficient separa- 

tions of several pairs of cis- and trans-isomers could be 

achieved with retention times between 2 and 10 minutes. 

Hydroxybutadiene-tricarbonyliron complexes have also been 

prepared. However, indirect methods are necessary, since the 

free hydroxybutadienes are not stable. Thus, reaction of 2- 

acetoxybutadiene with enneacarbonyldiiron in benzene gives the 

corresponding yellow air-stable tricarbonyliron complex. 

Treatment of this complex with methyllithium in diethyl ether 

followed by acidification gives the air sensitive and rela- 

tively unstable (2-hydroxybutadiene) tricarbonyliron (16) 

H 

\ /  \ae 
Fe(CO), Fe(CO, 

16 7 
(125). A similar sequence of reactions can also be used to 

prepare (syn-1-hydroxybutadiene)tricarbonyliron (17). However, 

an attempt to prepare (anti-1-hydroxybutadiene) tricarbonyliron 

by an analogous method led to a rearrangement to the corres- 

ponding syn-isomer 17. These hydroxybutadiene-tricarbonyliron 
complexes have been characterized by their reactions with ben- 
zoyl bromide in the presence of a base to give the correspond- 

ing benzoyl derivatives (125). 

Reactions starting from a-pyrone provide another source 
of acyclic diene-tricarbonyliron derivatives containing oxy- 
Seguin groups (127). Thus, treatment of the a-pyrone 

H Q.LOCH 
oS 3(CH;CO),0 F \ 
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OCH, 
18 19 20 
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complex 18 with methoxide ion (eq. [1]) gives the anion 19 
which is acetylated with acetic anhydride to give 20 contain- 
ing both methoxycarbonyl and acetate groups. Similarly the 
ketones 21 (R = CH3, CgHs) can be obtained by ring opening of 

e) 0 
[’ \\ 12) Eee \\ \ 7) \ 
= Fe(CO), =o Fe(CO), H Fe(CO), 

H R 

21 22a 22b 
the a-pyrone complex 18 with the corresponding alkyllithium 

compound RLi followed by acetylation with acetic anhydride. 

Reduction of 18 with LiAlH, followed by hydrolysis gives the 

aldehyde 22a which readily isomerizes to 22b (127). 

Hydroxyalkyldiene-tricarbonyliron derivatives are known 

and are important for the preparation of acyclic pentadienyl- 

tricarbonyliron cations. In some cases such complexes can be 

prepared by Ehe direct reaction of the cormesponding dienol 

with pentacarbonyliron. Thus, reaction of CH2=CH-CH=CH-CH 20H 

with pentacarbonyliron gives the corresponding dienol-tricar- 

bonyliron complex (285). In other cases reaction of a dienone- 

tricarbonyliron complex with sodium borohydride or an alkyl- 

magnesium halide can be used to convert the ketone into an 

alcohol without rupture Of the drene-1r0]0n bond. For example, 

the aldehyde CH3—-CH=CH-CH=CH-CHO can be converted into the 

dienol-tricarbonyliron complex (CH3-CH=CH-CH=CH-CH (CH 3) OH) - 

Fe(CO)3 either first by reacting with methylmagnesium iodide 

to form the dienol CH3-CH=CH-CH=CH(CH3)OH followed by reaction 

of this dienol with pentacarbonyliron or by first reacting 

the dienal with pentacarbonyliron to form (CH 3-CH=CH-CH=CH- 

CHO)Fe(CO) 3 followed by treatment of this complex with methyl- 

magnesium iodide (285). 

Some diene-tricarbonyliron derivatives containing amino- 

alkyl substituents have also been prepared (369). Thus, con- 

version of the alcohol 23 to the corresponding methanesul- 

CH, cH NOH 

H.C jae H oH / | \ H eae f 3 oe ey We 
OH Np CH, 

Fe(CO), Fe(CO), Fe(CO), 

23 24 25 
fonate by treatment with a mixture of methanesulfonyl eilkoe= 

ride and trimethylamine followed by treatment of this me- 

thanesulfonate with a secondary amine, R2NH, gives the cor- 

responding (6-aminohepta-2,4-diene)tricarbonyliron deriva- 

tives Baa = H, CH3) aS a mixture of endo- and exo-isomers. 
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The products can also be obtained by reaction of the free 6- 

aA ie 2,4-diene with pentacarbonyliron at 120°C or 

(24, R =H) by LiAlH, reduction of the corresponding oxime 25. 

*) The presence of aryl substituents does not interfere with 

the ability of 1,3-dienes to form tricarbonyliron complexes. 

Exhaustive heating of 1,4-diphenylbutadiene with dodecacar- 

bonyltriiron gives the orange crystalline tricarbonyliron com- 

plex (CgHs5—-CH=CH-CH=CH-C.6Hs5) Fe (CO) 3 (26) through an interme- 

ups C.Hs 

Fe(CO), 

26 
diate adduct containing an additional *% mole of 1,4-diphenyl- 

butadiene (291). The crystal structure of this adduct (122) 

provides an interesting opportunity to compare the geometries 

of free and complexed 1,4-diphenylbutadiene in the same crys- 

tal. The uncomplexed 1,4-diphenylbutadiene has the s-—trans- 

configuration whereas the complexed 1,4-diphenylbutadiene has 

the s-cis-configuration required for n*-coordination HOM ae es 

Carbonyliron group. The crystal structures of the syn-Ccomplex 

(m-NO»2 -C¢ Hy -NH-CH (CH 3 ) -CH=CH-CH=CH-CH 3 ) Fe (CO) 3 K2%) and the 

rahe wy) H 
CH-N 

Fe(CO), (CO),Fe | 

NO, 

Zi, 28 
anti-complex (CgHs5-NH-CH (CH3 ) -CH=CH-CH=CH-CH3)Fe(CO) 3 (28) 

have also been determined (220) to an unusually high degree 

of accuracy (R-factors = 2.510.1 %). The hydrogen atoms 

therefore could be located in these structures. The anti-hy- 

drogen atoms deviate by 30° from the diene plane bent away 
from the metal whereas the syn-hydrogen atoms deviate bye Og 
bent towards the metal (220). 

Basicity measurements on substituted anilines (272) in- 

dicate that the butadiene-tricarbonyliron group as the sub- 

stituent has electron withdrawing properties similar to the 
un-coordinated diene group, the Fe(CO)3 moiety slightly re- 
ducing the electron withdrawal of the diene. 

Trifluoroacetic acid was found to catalyse the isomeri- 
Zation Of (1,5-diphenylpenta-1,3-diene) tricarbonyliron from 
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29a 29b 
the cis-—isomer 29a to the corresponding trans-isomer 29b 
(G2E) Labelling s studies (400) indicated that heating W29a0in 
benzene resulted in both isomerization to 29b and metal e epi- 
merization leading to racemization and exo-endo scrambling. 

Reaction of 1-(p-nitrophenyl) butadiene with dodecacar- 

bonyltriiron in methanol results in reduction of the nitro 

group to an amino group before formation of a a tricar- 

bonyliron complex (273). 

Reaction of 1-(methyl-o-carboranyl)buta-1,3-diene with 

pentacarbonyliron in boiling di-n-butyl ether gives the cor- 

responding diene-tricarbonyliron derivative 30 aS-an,air- 

Biotio 

HC— rome ae 
Fe(CO), 

30 
stable orange crystalline solid (409). 

Some diene-tricarbonyliron derivatives have been prepared 

also containing other organometallic systems. Reaction of 1,4- 

diphenylbutadiene with hexacarbonylchromium gives a mixture of 

the mono- and bis(tricarbonylchromium) derivatives. These de- 

rivatives react with dodecacarbonyltriiron or pentacarbonyl- 

iron to form the mixed metal complexes 31 and 32, respectively 

(FE pA) > 

le la 
Cri(CO), Cr(CO), Cr(CO), 

31 32 

Ferrocenylbutenols of the type R'-CH2-CR(OH) -CH=CH-[ (n°- 
Coo.) Fe(n > -Csls) | (R = CHa, R’ = CN; R.= R' =H) react with 
enneacarbonyldiiron or dodecacarbonyltriiron in boiling ben- 

zene in the presence of copper sulfate to give the corres-— 

ponding 1-ferrocenylbutadiene-tricarbonyliron derivatives 33 

(it Ea (Clea 5 RS GNI IR SS Sica sui spl eye (4 Ferrocenylbuta- 

diene) tricarbonyliron (34) has been prepared by an analogous 
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method (317,318). 

Acyclic trienes such as 1,3,5-hexatriene (306) and allo- 

ocimene (2,6-dimethylocta-2,4,6-triene) (27,239) can form 

tricarbonyliron complexes using only two of the three conga 

gated double bonds of the 1,3,5-triene. Some interesting 

"shift isomers" consisting of tricarbonyliron groups coor— 

dinated to different pairs of the carbon-carbon double bonds 

in 1,3,5-trienes of the type R-CH=CH-CH=CH-CH=CH-R' have been 

studied (402,403). These shift isomers are discussed in more 

detail in the chapter on triene complexes. 

Natural products containing chains with several carbon- 

carbon double bonds which form tricarbonyliron complexes in- 

clude B-ionone (80), retro-ionylidene acetate (80), 8-ionyl- 

idene acetate (80), myrcene (27), cis-ocimene (27), and a- 

phellandrene (27). Diene-tricarbonyliron complexes have been 

shown to be intermediates in the hydrogenation of methyl lino- 

lenate, a triene carboxylic ester in unsaturated fats, using 

pentacarbonyliron as a homogeneous catalyst (170,171,172). 

Treatment of cis-1,4-polybutadiene with dodecacarbonyltriiron 

in boiling benzene containing some 1,2-dimethoxyethane results 

in the introduction of up to 20 % by weight of Fe(CO)3 units 

into the polymer (35). In many of these reactions of complex 

natural products and polymers with iron carbonyls to form tri- 

carbonyliron complexes shifts of carbon-carbon double bonds 

along a carbon chain must occur analogous to the formation of 

1,3-diene-tricarbonyliron complexes from reactions of 1,4- 

pentadiene and 1,5-hexadiene derivatives with iron carbonyls 

as discussed above. 

Some reactions of allene with carbonyliron reagents give 

diene-tricarbonyliron derivatives. Tetramethylallene reacts 

with enneacarbonyldiiron (32) to give a mixture of (tetrame- 

thylallene)tetracarbonyliron and (2,4-dimethylpenta-1,3- 

diene)tricarbonyliron (35). Tetraphenylallene reacts with pen- 

tacarbonyliron in boiling isooctane to give a tricarbonyliron 

complex, [(CsgH5)4C3]Fe(CO)3, of unknown structure (ANE, Sell ks 

312). However, the fact that this complex regenerates tetra- 
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phenylallene upon reaction with triphenylphosphine suggests 

that the tetraphenylallene unit has remained intact. Reaction 

of unsubstituted allene H2C=C=CH» with Feo (CO)»5 at 50°C gives 

two carbonyliron derivatives: the tetramethyleneethane deri- 

vative (CgHg)LFe(CO)3]2 and the t-allylic derivative (C3Hy)- 
Feo (CO)7 (33,198,312,313). These complexes are discussed in 

more detail elsewhere in this book. Tetraalkyl- and tetra- 

arylbutatrienes normally react with iron carbonyls iEOM EOI 

either tetracarbonyliron complexes using only the center 

carbon-carbon double bond of the cumulene or orthogonal bis- 

(n?-allylic) derivatives using all four carbon atoms of the 

butatriene system (232). However, in an attempt to prepare 

an unsubstituted butatriene complex, the reaction between 

KoFe2 (CO)g and 1,4-dichlorobut-2-yne in methanol was found 

instead to give a mixture of yellow crystalline (2-methoxy- 

carbonylbutadiene) tricarbonyliron (36), and a red-brown solid 

formulated as (3,5-dimethylenehepta-1,6-dien-4-one) bis (tri- 

carbonyliron) (12, X = H) in rather poor yields (232). 

B. REACTIONS OF (ACYCLIC DIENE)-TRICARBONYLIRON DERIVATIVES 

Diene-tricarbonyliron derivatives react with several 

types of electrophilic reagents. They thus undergo proton- 

ation. In some cases reactions of diene-tricarbonyliron com- 

plexes with acyl halides under Friedel-Crafts conditions 

lead to tractable products. Reactions with fluoroolefins, 

fluoroalkynes, and fluoroketones may give unusual n?-allylic 

derivatives. The free diene can be liberated from the cor- 

responding diene-tricarbonyliron complexes by treatment with 

appropriate oxidizing agents. 

Protonation of (butadiene)tricarbonyliron can lead to 

Ne-allylic tricarbonyliron derivatives. In the first reported 

reaction of this type, treatment of (butadiene) tricarbonyl- 

iron with anhydrous hydrogen chloride was found to give (n= 

1-methylallyl)tricarbonyliron chloride (221). This reaction 

was first believed (147) to occur with geometric inversion to 

give the syn-isomer 37a (R = R' = H). However, subsequent 

work (393) with (1-phenyl-3-methylbutadiene) tricarbonyliron 

suggested an alternative mechanism giving the corresponding 
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A similar protonation of (butadiene) tricarbonyliron but 

in the absence of a coordinating anion such as chloride (146) 

leads to salts of the (n?-1-methylallyl) tricarbonyliron 

cation (38). Suitable acids for effecting such protonations 

include HBF,, HClO,, and HSbCl,g. Analogous protonations of 

the tricarbonyliron complexes of isoprene, trans-piperylene, 

and 1-phenylbutadiene have also been effected (146). Asa 

consequence of their coordinative unsaturation these allylic 

tricarbonyliron cations are readily decomposed by water to 

give vinyl alcohols which in most cases rearrange to the tau- 

tomeric ketones (146). On the basis of the 1-NMR spectra of 

a solution of (butadiene)tricarbonyliron in a mixture of 

fluorosulfonic acid and liquid sulfur dioxide, the cationic 

hydride 39 has been postulated as an intermediate in the 

=< ® 

Fe 
as 

08 ean 
of C 

O 

eS) 

protonation of (butadiene)tricarbonyliron (60,396,407). 

Rapid intramolecular proton exchange, however, has to be in- 

voked to explain the observed 14H-NMR spectrum. 

The coordinatively unsaturated n?-allyl-tricarbonyliron 

cations can also add a fourth carbonyl group to form coordi- 

natively saturated n?-allyl-tetracarbonyliron cations. In the 

presence of excess acid, the allylic tricarbonyliron cations 

can decompose through "disproportionation" with carbonyl 

scrambling to form the corresponding allylic tetracarbonyliron 

cations (175,176). Thus, treatment of (butadiene) tricarbonyl- 

iron with a sixfold excess of tetrafluoroboric acid in acetic 

anhydride solution followed by precipitation with cold diethyl 

ether gives an 86 % yield of [ (n?-CH3-C3Hy) Fe (CO) 3] ete 

(174). However, other methods for preparing the allylic tetra- 

carbonyliron cations by protonation of neutral tetracarbonyl- 

iron derivatives such as (tetramethylallene) tetracarbonyliron 
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(175) and diene-tetracarbonyliron complexes (see the chapter 
on olefin complexes) (176) do not involve the automatic loss 
of 25 % of the iron needed to furnish the fourth carbonyl 
group. Alternatively, the diene-tricarbonyliron complexes can 
be protonated (e.g. with HBF,) in the presence of carbon mon- 
oxide to provide an efficient synthesis of the mM =allylic 
Eetracarbonylicon Cations (286). 

Protonation of hydroxyalkylbutadiene-tricarbonyliron 

complexes (40) gives the cis-pentadienyl-tricarbonyliron 

cations (41) ES See to scheme [2] (R = R' = H or CH3; R = 

as ses sae ‘ ei ie OH 

R +H® 
Fe ——_——_—_—_—_» 

JAN “hP [2] 
aewiehase 

O 

40 At 
H, R' = CH3) (285,286). A requirement for this reaction is an 

appropriate configuration of the hydroxyalkyl group to give 

the indicated cis-stereochemistry. This protonation reaction 

is reversible, since treatment of the stable cis-pentadienyl- 

tricarbonyliron cation salts with water results in regenera- 

tion of the starting alcohol (286). Similar reactions of the 

cations 41 with alcohols result in solvolysis to give the bu- 

tadienyl ether complexes 42 (R = CH3, CoHs). Reactions of the 

(swin, sui il; S= dimethylpentadienyl) tricarbonyliron cation 41 

(R = R' = CH3) with strongly basic amines ae 

(oo \eles 

ye es \/ pony. 
Fe 

Cale wan ay 
Oper Ce 26) OF se ae ax Co 

O O 6 

42 43 
ethylamine, and methylbenzylamine) to give cis,trans-dienyl- 

amine-tricarbonyliron complexes, and with weakly basic amines 

such as aniline derivatives to give trans,trans-—dienylamine- 

tricarbonyliron complexes have been studied (282,283,284). 

Reduction of the cation 41 (R =H, R' = CH3) with Zinc 

results in coupling to give two isomeric bis (diene-tricarbon- 

yliron) derivatives of the type 43 (286). Treatment of the 

(cis-pentadienyl)tricarbonyliron cation 41 (R =H, R' = CH3) 

with basic alumina in dichloromethane solution at room tem- 

pesature for 1 h (8,296) gives the complex 44, previously 
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bb 45 
isolated from the reaction between Fe2 (CO), and 1,3,5-hexa- 

triene (306). If the reaction period is extended to 64 h, 

then coupling occurs to give 45. Cis-pentadienyl-tricarbony1l- 

iron cations can also substitute an aromatic hydrogen in 1,3- 

dimethoxybenzene (53). The stereochemistry in these hydroxy- 

alkyldiene-tricarbonyliron systems (e.g. 40, R = CH3) has 

been investigated in some detail (94,168). 

The solvolyses of 3,5-dinitrobenzoate esters of the type 

46 (R = 3,5-dinitrobenzoate) in aqueous acetone have been 

= ® 

R* / ‘ y: CHR’—R RoS' SL CHR’ 

Fe Fe 

(CO), (CO), 

42 47 
used to infer the existence of trans-pentadienyl-tricarbonyl- 

iron cations 47. However, these species, unlike the cis-—penta- 

dienyl-tricarbonyliron ions 41 discussed above, are too un- 

stable for isolation (93,95,267). Furthermore, recent work 

(71) indicates that these solvolyses are not completely ste- 

reospecific. Protonation of the dienal complex (CH3-CH=CH-CH= 
CH-CHO)Fe(CO)3 in a mixture of HSO3F and SOsClF at -120°C 
gives a mixture of the trans-pentadienyl-tricarbonyliron 

cations 48a and 48b, identified by their NMR spectra (58, 

== OH ]® 
(ie 2 / 

HC b | == 

Fe 

(CO), 

48a 48b 
277,367). When this mixture is warmed to -28°C, the isomeric 
cis-pentadienyl-tricarbonyliron cation 49 is obtained as indi- 
cated by the 14-NMR spectrum (58,276). A similar low tempe- 
rature NMR study (50) of the alcohol 50 has been used to infer 
the presence of the likewise unstable cross-conjugated cation 
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51. Quenching the acidic solution of 50 with water at SOC 
gives the rearrangement products 52 and 53 depending upon the 
precise conditvens (50): ha 

H3C 
HC ——— 

A) 
Fe 

22 53 
(Butadiene) tricarbonyliron is reactive towards Friedel- 

Crafts acylation. Thus, treatment of (butadiene) tricarbonyl- 

iron (Ly with acetic anhydride in the presence of aluminium 

chloride in dichloromethane solution gives a mixture of the 

l-acetyl derivative (54; R' = H, R = CH3) and the 2-acetyl 

Q 
a R’ br 

0 ma 
J, ee [ | \ 

Fe(CO), Fe(CO), 

54 55 
derivative (55, R = CH3) (11). A similar benzoylation of 

(butadiene) tricarbonyliron with benzoyl chloride in the pre- 

sence of aluminium chloride in dichloromethane solution was 

£ound to give only the l-benzoyl’ derivative (54; R" =H, 

R = CgHs5). One difficulty with these reactions is the tenden- 

cy for the liberated hydrogen chloride to react with the un- 

changed (butadiene) tricarbonyliron to give the (n° =1-methyi— 

allyl)tricarbonyliron chloride (37, R = R' = H). Competitive 

acylation experiments indicate that (butadiene) tricarbonyl- 

iron has a similar reactivity towards electrophilic substi- 

tution as ferrocene and is considerably more reactive than 

either tricarbonyl (cyclopentadienyl)manganese or benzene 
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(IRIE) (2,3-Dimethylbutadiene) tricarbonyliron has been acet- 

ylated under similar conditions to give yellow crystalline 

54 (R' = CH3) (325). Condensation of (1-acetylbutadiene) tri- 

carbonyliron (54; R = CH3, R' = H) with benzaldehyde in the 

presence of sodium hydroxide gives yellow crystalline (1- 

cinnamoylbutadiene)tricarbonyliron (324). Treatment of these 

acylated 1,3-diene-tricarbonyliron complexes with LiAlm, 

in tetrahydrofuran or diethyl ether results simultaneously 

in the reduction of the ketone carbonyl to an alcohol, in 

the removal of the diene from the iron atom, and in the hy- 

drogenation of the two diene carbon-carbon double bonds 

(BBA) o 

An intermediate of stoichiometry [CH3COCyH_¢ Fe (CO) 3]- 

[Alcl,] has been isolated from the Friedel-Crafts acylation 

of (butadiene) tricarbonyliron with acetyl chloride in the 

presence of aluminium chloride (181). An X-ray crystallogra— 

phic study on this intermediate indicates the n° -allylic 

structure 66 (R = H) in which the carbonyl oxygen of the 

acetyl substituent is coordinated to the iron atom (201). An 

X-ray study on a similar intermediate from (trans, trans-2,4- 

hexadiene) tricarbonyliron Kk) indicates structure 26 AR = 

CH3). This shows that (trans,trans-2,4—-hexadiene) tricarbonyl- 

ison undergoes stereospecific endo attack Gurang hriedell— 

Crafts substitutions (182). A similar type of intermediate of 

stoichiometry [CyHgFe(CO)3*SO2*BF3] has been isolated by bub- 

bling gaseous boron trifluoride into a solution of (buta- 

diene) tricarbonyliron in liquid sulfur dioxide. An X-ray 

crystallographic study on this adduct indicates the n*®-allylic 

sulfinato structure 57 in which one of the sulfinate oxygens 

is bonded to iron and the other sulfinate oxygen is bonded to 

boron (89,90). 

Fluoroolefins also add to diene-tricarbonyliron complexes 

to form somewhat similar types of N° -allylic derivatives. 

Thus, ultraviolet irradiation of the tricarbonyliron complexes 

of butadiene, trans-1,3-pentadiene, isoprene, and 2,3-dime- 

thylbutadiene with tetrafluoroethylene gives 1:1 adducts for- 

mulated as the n*-allylic derivatives 58 on the basis of their 

1y- and }9F-NMR spectra. The Linking reaction occurs preter 
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entially on the least substituted end of the diene (51,52). 

A similar reaction between (isoprene)tricarbonyliron and hexa- 

fluocropropene was found to give exclusively the isomer 59 

suggesting that the reaction was stereospecific (51,185). 

This structure was confirmed by an X-ray crystallographic 

study (185). Related oxidative linking reactions have also 

been obtained from hexafluoropropene and the tricarbonyliron 

complexes of butadiene and 2,3-dimethylbutadiene, and from 

chlorotrifluoroethylene and (2,3-dimethylbutadiene) tricarbon- 

Vy Lier One(ho5)) - 

The fluorinated alkyne hexafluorobut-2-yne also reacts 

similarly with some diene-tricarbonyliron complexes. Ultra- 

violet irradiation of the tricarbonyliron complexes of buta-— 

diene and 2,3-dimethylbutadiene with hexafluorobut-2-yne re- 

sults in the formation of the n°-allylic derivatives 60 (R =H 

or CH3) (55). Heating these complexes in boiling hexane re- 

CF, : CF, 
R 

f \ CF, E 
OT Fe(CO), 

R CF, 
Fe(CO), 

60 61 
sults in rearrangement to give the corresponding substituted 

1,3-cyclohexadiene-tricarbonyliron derivatives 61 (R = H or 

CH3) (119). The sequence of the reactions of a diene-tricar- 

bonyliron derivative with hexafluorobut-2-yne to give first 

60 and then 61 may be regarded as a stepwise Diels-Alder 

reaction of the alkyne to the 1,3-diene in which the tricar- 

bonyliron group stabilizes an intermediate through complex 

formation. A similar ultraviolet irradiation of the tricar- 

bonyliron complexes of isoprene and either cis- or trans-1,3- 

pentadiene with hexafluorobut-2-yne results only in displace- 

ment of the coordinated 1,3-diene to give [tetrakis(trifluoro- 

methyl) cyclopentadienone ]tricarbonyliron (SSP. 

Similar insertions to form n?-allylic derivatives are al- 

so found in the reactions of hexafluoroacetone with various 
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diene-tricarbonyliron complexes, but this chemistry contains 

additional complexities (183,186). Ultraviolet irradiation of 

hexafluoroacetone with (2,3-dimethylbutadiene) tricarbonyliron 

forms an orange-yellow crystalline 1:1 adduct formulated as 

62. Reaction of hexafluoroacetone with (isoprene) tricarbonyl- 

iron, however, gives a 2:1 adduct formulated on the basis of 

its 19r-nMR spectrum as 63 in which two hexafluoroacetone mol- 

ecules are linked head to tail endo onto the coordinated iso- 

prene (183,186). Heating the complex 63 in hexane solution to 

80°C for 24 h results in migration of one of the hexafluoro- 

acetone units to the isoprene methyl group giving the isomer 

CF. 3CF, 

Fs ar H 

I 
\ 
\™“ Hc” Fe(CO), CF, 

CF, 

62 63 

12 
ie HOG 

HO—C — 0 | CH A 

CF, 

= 

64 65 

64. In addition the iron-free 1,3-diene 65 is isolated. 
Recently some similar reactions have been observed from 

diene-tricarbonyliron complexes and non-fluorinated olefins. 
For example, ultraviolet irradiation of (butadiene) tricar- 
bonyliron with methyl acrylate at room temperature gives the 
1:1 adduct of structure 66. The same compound is also obtained 
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by a photochemical reaction of (methyl acrylate) tetracarbonyl- 
iron with butadiene or by treatment of the very reactive bis- 
(methyl acrylate)tricarbonyliron with butadiene below room 
temperature (192,412). 

Some very recent work has demonstrated the photochemical 
occa tion of silanes to (butadiene) tricarbonyliron to give 
nN 3-allylic derivatives (166). Thus, ultraviolet irradiation of 
(butadiene) tricarbonyliron with the ee R30 LH (R= Cra, 
CeHs) forms the 1:1 adducts with the n s-allylic structure 67. 
Mild heating of these adducts causes R3Si transfer to give 
cis-butenyl-SiR3, and, to some extent, dissociation back into 

(butadiene) tricarbonyliron and R3SiH. 

Reactions of diene-tricarbonyliron complexes containing 
electronegative substituents such as formyl, benzoyl, and the 

cyano group with deuterated alcohols in the presence of base 

at room temperature leads to exchange of the eopuiae hydro- 

gens of the butadiene (404). 

The methods for liberating the complexed 1,3-dienes from 

their tricarbonyliron complexes are of interest both for 

establishing structures and for organic syntheses. In the 

early work (239) triphenylphosphine was used, but the neces- 

Sary reaction conditions are too vigorous to use with many 

dienes. Oxidative decomposition with Fe(III) was next de- 

veloped (148). However, oxidation with Ce(IV) ((NH,) »Ce(NO3).) 

in a polar solvent such as ethanol is now the most freguent- 

ly used method (149). However, a relatively new method using 

trimethylamine N-oxide as the oxidant in aprotic solvents 

such as benzene (364) may become the method of choice in many 

cases for removing the diene intact from diene-tricarbonyliron 

complexes because of the mildness of the conditions required 

and the relative unreactivity of sensitive polyenes towards 

excess trimethylamine N-oxide. 

Reactions of diene-tricarbonyliron complexes with a,a'- 

dibromoketones also result in removal of the coordinated 1,3- 

diene through formation of cycloheptenone derivatives of the 

EV OCNOS ll SmMeactlonmecan bemused sol Enon symcnesis ot such 
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68 

cycloheptenones by reacting the free 1,3-diene with the 4,a'- 

dibromoketone in the presence of enneacarbonyldiiron without 

isolation of the intermediate diene-tricarbonyliron derivative 

(327). 
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C. VINYLKETENE-TRICARBONYLIRON DERIVATIVES 

Closely related to the acyclic i,3-dienes are the vinyl- 

ketenes, which are derived from the 1,3-dienes by replacement 

of the two substituents on one of the terminal carbon atoms 

of the diene system with a doubly bonded oxygen atom. Two 

vinylketene-tricarbonyliron derivatives have been prepared 

by indirect methods, but this area of chemistry does not ap- 

pear to have been investigated in any detail. 

The first vinylketene-tricarbonyliron complex 69 (R = H, 

R R’ HCO, H 
Sa ey 

re 1s Lables 
aire as 8 ye on 

H4C 0 H O 
/\ /\\ 

XN 
0 eo °C oc 6 

O 

69 70 

R' = CH3, or R = CH3, R' =H) was made by treatment of 17373- 

trimethylcyclopropene with dodecacarbonyltriiron in boiling 

benzene (241). Apparently carbonyl insertion and opening of 

the cyclopropene ring occur in this reaction. Nearly ten 

years later (207) a second vinylketene-tricarbonyliron com- 

plex 70 was reported from the reaction of 2-methoxyallyl 

chloride, CH2=C (OCH3)-CH2Cl with enneacarbonyldiiron in ben- 

zene at 40°C. Both of the known vinylketene-tricarbonyliron 

complexes 69 and 70 are reasonably stable volatile yellow 

crystalline solids in contrast to the very unstable free 

vinylketenes. 

Dre (CYCLOPENTADIENE) TRICARBONYLIRON AND ITS SUBSTITUTION 

PRODUCTS 

The reaction of cyclopentadiene with carbonyliron rea- 

gents leads very readily to the loss of a hydrogen atom from 

the cyclopentadiene to form the cyclopentadienyl derivative 

[ (y°-esHe) Fe(coys > (337). In order to prepare (cyclopenta- 

diene)tricarbonyliron (71, L = CO) the reaction between cyclo- 

pentadiene and carbonyliron reagents must be carried out 

under conditions mild enough that loss of hydrogen to form a 

cyclopentadienyl derivative does not occur. For this reason 

the discovery of (cyclopentadiene)tricarbonyliron (71, L = CO) 

first required the development of carbonyliron reagents ca 

pable of generating Fe(CO)3 units under mild conditions. 

Therefore this discovery occurred long. after the discovery of 



Diene Iron Complexes 549 

Ais 

the reaction between cyclopentadiene and pentacarbonyliron 

under relatively vigorous conditions (130 - 140°C) to give 

the cyclopentadienyl derivative Lie =CeHe) FerCOle ls. 

The first reported synthesis of (cyclopentadiene) tricar- 

bonyliron used the reaction in boiling benzene of pentacar- 

bonyliron with a nickel compound then believed to be bis (cy- 

clopentadiene)nickel, (Cr enh Se ey cite but subsequently shown to 

be (cyclopentadienyl) (cyclopentenyl)nickel, (Hy =Cen ani — 

(MN —Celiy);, (153,154). Thus, the original view of this reaction 

as an exchange of cyclopentadiene ligands from nickel to iron 

is not really accurate. In any case this early reaction was 

made obsolete by the subsequent discovery by Kochhar and 

Pettit (249) that cyclopentadiene reacts with enneacarbonyldi- 

iron in boiling diethyl ether to give a 27 % yield of (cyclo- 

pentadiene)tricarbonyliron (71, L = CO). 

(Cyclopentadiene) tricarbonyliron Gils aks = CO)" asia 

yellow liquid freezing at -6°C and purified by distillation 

at 30-35°C/O.2 Torr. Upon heating above 100°C it gradually 

loses hydrogen to form the cyclopentadienyl derivative [imP- 

Cs5Hs)Fe(CO)2]lo identical to the product obtained from cyclo- 

pentadiene and pentacarbonyliron under more vigorous condi- 

tions. Reaction of (cyclopentadiene)tricarbonyliron (71, 

i, ="CO) with triphenylmethy! Peeps opoborale rapidly leads 

to hyde » abstraction to form the °_cyclopentadienyl Stores 

vative [(n° -CsHs5)Fe(CO) 3] [BF,] (249). Reduction of [(n°- 

Cs5Hs5)Fe(CO)3] [BF,] with sodium cyanoborohydride in tetra- 

hydrofuran regenerates 71 (i=) CO) (399) Ss USiIngEeNaBDseN ain= 

stead of NaBH3CN in this reaction resulted in the isolation 

of deuterated 71 (L = CO) with the CH, groups stereospecifi- 

cally deuterated in the exo-position (399). Reduction of 

[ (n®—CsHs)Fe(CO)3] [BFu] with NaBH, rather than NaBH3CN in 

tetrahydrofuran gives [(@°-CsHs)Fe(CO) slo as the only car- 

bonyliron derivative (120). 

Cyclopentadiene-tricarbonyliron derivatives in which 

one of the carbonyl groups is replaced by a tertiary phos- 

phine ligand appear to be more stable than the unsubstituted 

(cyclopentadiene) tricarbonyliron towards hydrogen losses to 

form n°-cyclopentadienyl derivatiyes. Reduction of the 

cation [ (n°-CsHs) Fe (CO) 2P(CeHs) 3] with sodium borohydride 

in a mixture of Peceenyar orca and diethyl ether gives the 

cyclopentadiene complex Lone ~CsH6) Fe (CO) 2P (CeHs) )3] (71, L= 

P(Celisys) (120). Avlowyyield (le- 2%) of [ (mn =CsH, Fe (CO) >— 
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P(C6Hs5)3] has also been obtained from the sodium borohydride 

reduction of {(n°-CsHs)Fe(CO) [P(C6Hs)3]Cl} accompanied by much 

larger quantities of the hydride (n°-CsHs)Fe(CO) [P(CeHs) 3]H 

(234). 

Introduction of substituents into the CH2 group of cy- 

clopentadiene (the 5-position) also appears to stabilize the 

corresponding cyclopentadiene-tricarbonyliron derivatives. 

For example, the reaction of (acetyl pentamethyl)cyclopenta-— 

diene with enneacarbonyldiiron in pentane at room temperature 

gives the diene complex [n°-CH3-CO-Cs(CH3)5]Fe(CO)3 (72) in 

ie S eee 
(CO),Fe CH, : 

HC on 

a2 
addition to the n°-pentamethylcyclopentadienyl derivatives 

CH3-CO-Fe (CO) 2[n°-Cs (CH3)5] and [n°-Cs (CH3)s5Fe(CO)2]o. This 
reaction demonstrates clearly the tendency for a substituent 

in the 5-position in a (cyclopentadiene) tricarbonyliron com- 

plex to migrate from carbon to iron (245,246). 

An opposite type of reaction occurs upon treatment of 

the n°-cyclopentadienyl derivative NaFe(CO)»2(Cs5Hs5) with 

o-carboranecarboxylic acid chlorides to give cyclopenta- 

diene-tricarbonyliron derivatives with migration of a car- 

boranyl group from an acyl carbonyl to a cyclopentadienyl 

ring (408,410). Reaction of the o-carboranylcarboxylic acid 

chlorides R-C(Bi9H19)C-CO-Cl (R = CH3, CséHs) with NaFe(CO) 2- 

(CsHs5) in tetrahydrofuran at room temperature gives the 

cyclopentadiene complexes 73 (R = CH3, CeHs)—in 40 - 65 % 

KX 
a oe 

Fe(CO), (CO),Fe Fe(CO), 

_ Th 

Hig 

yields. Treatment of the unsubstituted o-carboranylcarboxylic 

acid chloride with NaFe(CO) 9 (Cs5Hs) gives the usual G-acyl 

derivative H-C(B)0Hi9)C-CO-Fe(CO)2(CsHs) which rearranges to 

the isomeric cyclopentadiene complex 73 (R-} Hy) pen stirring 

in tetrahydrofuran solution at 20°C for 10 days. Reaction of 

the acid chloride of o-carboranedicarboxylic acid, Cl-CO-c- 

(B19H19)C-CO-Cl, with NaFe(CO)»2(CsHs5) leads directly at room 

temperature to 74 containing two cyclopentadiene-tricarbonyl- 
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iron units. Similar rearrangements to cyclopentadiene-tricar- 
bonyliron derivatives do not occur during the corresponding 
reactions of NaFe(CO)»2(CsHs) with the chlorides of the cor- 
responding m-carboranecarboxylic acids. 

Cyclopentadiene-tricarbonyliron derivatives are also 
known with fluorocarbon substituents in the 5- BOS TEION - aU US), 
one of the products obtained in low yield from the reaction 
of [(n°-CsHs) Fe(CO)3][BF,] with pentafluorophenyllithium 
(374,375) is the pusbat Wied exo-pentafluorophenyl-cyclo- 
pentadiene derivative (n° —-CsHs5—-CeF'5)Fe(CO) 3 (75, L = CO). A 

EER. i 
H we 

Fe OC>he—Ce 
/\\ 

of Cc IL. 

We) 76 

triphenylphosphine substitution product (75 lee P (Cc Hies)is)) 

can be obtained in 56 % yield from ie corresponding reaction 

of pentafluorophenyllithium with Lin? =U 5H5) PeXCO) a8 (Cols) 311 

(3747 3875) Uitrovtolet irmadtation of the 7 1 _cyclopentadienyl 

derivative [(n? -CsHs5)Fe(CO)2(n! -Cs5Hs5) ] with tetrafluoro- 

ethylene gives an 8 % yield of a red crystalline solid shown 

by X-ray crystallography to be the cyclopentadiene complex 

76 in which cleavage of the tetrafluoroethylene carbon- 

carbon bond has occurred (116). 

If both hydrogen atoms of the CH» moiety in cyclopenta- 

diene are substituted by other groups, then the tendency for 

decomposition to form n°-cyclopentadienyl derivatives can be 

minimized. Furthermore, if the two substituents in the 5- 

position on the cyclopentadiene ring are different, then the 

possibility for geometrical isomerism exists. For example, 

treatment of 5-hydroxymethyl-5-methyl-cyclopentadiene with 

enneacarbonyldiiron gives a mixture of the two stereoisomeric 

alcohols 77a and 17D Anga 4:1 ratio (302). These two isomers 

i) 

Fe(CO), Fe(CQ), Fe(CO), 

77a 77b 78 
can be separated readily by chromatography. Heterolysis of 

the p-toluenesulfonate of the isomer 77b with tetrafluoro- 

boric acid in acetic anhydride leads to a novel ring expan- 

sion to form the (methylcyclohexadienyl1) tricarbonyliron 
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cation 78 isolated as its hexafluorophosphate salt (204). 

A similar treatment of the isomer 77a leads only to complete 

decomposition. The mass spectra of the isomer pair 77a and 

77b as well as the corresponding pair of isomeric methyl 

ethers are distinctly different (304). Stereospecific ra- 

dical scission of the exo-substituent occurs in these mass 

Spectra: 

Both 5-positions of cyclopentadiene can be substituted by 

the formation of a spirane such as 79. However, even in these 

cases rearrangement to substituted n°-cyclopentadienyl-car- 

i 0 C 
on oe 

vie ENC 
of C 

79 80 81 
bonyliron derivatives can occur if the reaction conditions 

are sufficiently vigorous. For example, treatment of the 

spirononadiene 79 with pentacarbonyliron at 130°C leads to 

rearrangement to form the tetrahydroindenyl derivative 80 

(200). However, treatment of 79 with enneacarbonyldiiron 

under much milder conditions (benzene at 80°C for 1.5 h) 

gives the corresponding diene-tricarbonyliron complex 81 

without rearrangement (180). In addition, this reaction | 

gives a low yield (2 %) of the bridged O-alkyl-n°-cyclopenta- 

dienyl derivative 82 (138). The reaction of enneacarbonyldi- 

CH CH, 
Ors, Re © \ 

eoeze 
C C i Fe(CO),. 

82 83 84 85 
iron with spirol[2. 4]hepta- 4,6-diene (83) aime HOwaleian Gy Giethyt 

ether gives the yellow crystalline bridging G=acyal— i) °—cyclo- 
pentadienyl derivative 84 (138). Compound 84 was erroneously 
earlier identified as the diene- -tricarbonyliron derivative 
Bol (126): 

1,1'-Bicyclopentenyl reacts with pentacarbonyliron in 
boiling ethylcyclohexane or with dodecacarbonyltriiron in 
boiling cyclohexane to give the corresponding tricarbonyliron 
derivative 86 (292). 

Among the many products formed from reactions of ful- 
venes with iron carbonyls are the fulvene-tricarbonyliron 
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=~ 
86 87 

complexes 87 (e.g., R = phenyl or other aryl groups) which may 

be regarded as diene-tricarbonyliron complexes (389,392). 

This chemistry is discussed in detail elsewhere in this book. 

E. CYCLOPENTADIENONE-TRICARBONYLIRON DERIVATIVES 

Substitution of the CH2 group in cyclopentadiene by a 

C=O group to give cyclopentadienone alters considerably its 

carbonyliron chemistry. Therefore the chemistry, of cyclo- 

pentadienone-tricarbonyliron complexes is discussed in this 

separate section of this chapter. 

The history of the chemistry of cyclopentadienone-tri- 

carbonyliron complexes somewhat parallels that of (butadiene) - 

tricarbonyliron, since cyclopentadienone-tricarbonyliron 

derivatives were first obtained long before their nature was 

recognized. The first cyclopentadienone-tricarbonyliron deri- 

vatives were obtained during World War II by Reppe and co- 

workers from reactions of acetylenes and carbonyliron com- 

plexes (343). After the discovery of ferrocene, the product 

of approximate stoichiometry (CgHs5CoH) 2Fe(CO), from phenyl- 

acetylene and a mixture of iron and nickel carbonyls was 

studied in greater detail (99,231,274). This product was 

eventually identified (213,214,357,358,360) as (2,5-diphe- 

nylcyclopentadienone)tricarbonyliron (88; R = R"' = CeHs, 

R' R 

=0 

ne a 

(CO),Fe 

88 

R' = R" =H). The corresponding product from the unsubstitut- 

ed acetylene and iron carbonyls was identified as the unsub- 

stituted (cyclopentadienone) tricarbonyliron (88 ; R'= R' = 

1 ST) (SEE IO 
Subsequent studies have shown that the formation of cy- 

clopentadienone-tricarbonyliron derivatives from alkynes and 

carbonyliron reagents is rather general. Thus, (tetraphenyl- 

cy¢lopentadienone)tricarbonyliron (88, R= R' = R" = RU‘ = 
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CgHs5) is readily obtained from diphenylacetylene and appro- 

priate carbonyliron complexes (213,214,358, 360). “Other™diaryl- 

acetylenes give similar tetraarylcyclopentadienone-tricar— 

bonyliron derivatives. Similarly, hexafluorobut-2-yne reacts 

with pentacarbonyliron in the temperature range 1OO=2004¢€ 

(54) to give orange-yellow crystalline [tetrakis (trifluoro- 

methyl) cyclopentadienone ]tricarbonyliron (Co, a= CO) = the 

crystal structure of this complex (24,86) determined by X-ray 

crystallography indicates the cyclopentadienone ligand to be 

non-planar with the keto group bent at an angle of about 20g 

above the plane of the other four carbons. This suggests sig- 

CF, CF; CF, CF; 

F3C =0 F3C =0 

CF \ CF; 

Fe Fe 

JN /| 
0 0 

89a 89b 
nificant contribution of structure 89a (L = CO) containing 

two iron-carbon oO-bonds and one n? -coordinated C=C double 

bond. Such structures are relatively favourable in the case 

of the tetrakis(trifluoromethyl)cyclopentadienone derivative 

because of the highly electronegative trifluoromethyl group 

which removes electron density from the T-system to weaken 

the dienone ligand as a T1-donor while making the terminal 

carbons of the 1,3-diene unit more electronegative and hence 

better suited for forming strong O-bonds with the iron. 

Similar reactions of the phosphine-substituted carbonyl- 

iron complexes trans-L2Fe(CO)3 (L = (CoHs50)3P and (CH3)2PC.6Hs) 

using ultraviolet irradiation at room temperature in hexane 

solution give the substituted tetrakis (trifluoromethyl) cyclo- 

pentadienone derivatives | (CF3),4C,CO]Fe(CO)oL (89, L = 

(CoHs50) 3P and (CH3)2PCgHs5) with loss of one carbonyl group and 

One trivalent phosphorus ligand (72). Reactions of 3,3,3-tri- 

fluoropropyne (129) and pentafluorophenylacetylene (130) with 

pentacarbonyliron at 120°C give the corresponding 2,5-disub- 

stituted cyclopentadienone complexes 88 (R = R"' = CF3 or 

Ce6Fs, respectively; R' = R" =H). Reaction of the unstable 

and explosive dichloroacetylene with enneacarbonyldiiron gives 

the yellow-orange air-stable crystalline (tetrachlorocyclo- 

penvtadienone)jieracacbonylirOnm (Sey eh Ren Rt enn) 

(260). ‘ak 
A tricyclic cyclopentadienone complex 90 is one of the 

products isolated from the ultraviolet irradiation of penta- 
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Fe(CQ), 

90 
carbonyliron with the very reactive alkyne cyclooctyne (256). 

A complicated trinuclear product containing one tricarbonyl- 

ferrole-tricarbonyliron unit and one cyclopentadienone-tri- 

carbonyliron unit has been isolated from the reaction of 2,4- 

hexadiyne with dodecacarbonyltriiron in boiling toluene (247). 

All of these preparations of cyclopentadienone-tricar- 

bonyliron derivatives use alkynes as starting materials and 

construct the cyclopentadienone unit from two alkyne mole- 

cules and one carbonyl group. Such syntheses are attractive, 

since in most cases alkynes are more readily available than 

cyclopentadienones, many of which are unstable with respect 

to dimerization and other decomposition reactions even at 

room temperature and below. However, in cases where stable 

cyclopentadienones are available, they may be reacted with 

carbonyliron reagents to form the corresponding cyclopenta- 

dienone-tricarbonyliron complexes. For example, (tetraphenyl- 

cyclopentadienone) tricarbonyliron is available not only from 

diphenylacetylene and pentacarbonyliron as discussed above 

but also by direct reaction of tetraphenylcyclopentadienone 

and pentacarbonyliron (356,387). Furthermore, one of the pro- 

ducts from the reaction of cyclopentadienone diethyl ketal 

(i.e. 5,5-diethoxycyclopentadiene) with enneacarbonyldiiron 

in boiling pentane is the unsubstituted (cyclopentadienone) - 

tricarbonyliron (88, R = R' = R" = R"' =H), shown to be 

identical with the product originally obtained from acetylene 

and pentacarbonyliron (141). One of the products obtained by 

treatment of santonin with enneacarbonyldiiron in benzene at 

40°C is the tricyclic cyclopentadienone complex 91. However, 

H. CH, 

CH 
s\ 

O= 

Ss 

H,C ye 
Fe 

7A 
= 0 co 

a) 
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a more predominant product from this reaction is the CV elo— 

pentadienol-tricarbonyliron complex arising from hydrogen- 

ation of the cyclopentadienone carbonyl group in 91 (4). 

The cyclopentadienone complexes (R,4C,CO)Fe(CO)3 (R = 

CeHs, CF3) and [ (CF3),4CyCcO]Fe(Co)2[P (Ces) 3) have beensze- 

duced electrochemically (134), but the chemical irreversibi- 

lity of even the observed one-electron reductions indicates 

that these reductions do not correspond to simple formation 

of radical anions. The hydroquinone adduct of (cyclopenta-— 

dienone)tricarbonyliron has some activity as a polymerization 

initiator for the polymerization of methyl methacrylate in 

the presence of carbon tetrachloride (25). 

F. TRICARBONYLIRON COMPLEXES FORMED FROM DIENES CONTAINING 

SIX- AND SEVEN-MEMBERED RINGS 

Six- and seven-membered rings containing 1,3-diene units 

are particularly favourable for forming diene-tricarbonyliron 

complexes. The shape of the ring holds the carbon-carbon 

double bonds in the cisoid configuration required for form- 

ation of diene-tricarbonyliron complexes. Furthermore, 1,3- 

diene complexes containing six- and seven-membered rings can- 

not readily decompose like cyclopentadiene complexes, which 

easily can lose a hydrogen to form n°-cyclopentadienyl aera 

vatives. Important six- and seven-membered ring compounds 

which form diene-tricarbonyliron complexes include 1,3-cyclo-— 

hexadiene, 1,3-cycloheptadiene, cycloheptatriene, cyclohexa- 

dienone, cycloheptadienone, and tropone (cycloheptatrienone) . 

1. Cyclohexadiene Complexes 

In their original work Hallam and Pauson (199) recog- 

nized that butadiene must be in the cisoid configuration to 

fonm (butadiene) tricarbonyliron, (1). This led™thenrtosan— 

vestigate the corresponding reaction of pentacarbonyliron 

with 1,3-cyclohexadiene, a 1,3-diene which must always be 

in the cisoid configuration, and which therefore readily 

should form a 1,3-diene-tricarbonyliron complex. This reaction 

was successful and led to the discovery of (1,3-cyclohexa- 

diene)tricarbonyliron (92) as a stable yellow liquid freezing 

Fe(CO), 

92 
at 8°C. Subsequently the reaction of 1,4-cyclohexadiene with 
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pentacarbonyliron was also shown (12,239) to give the same 
(1,3-cyclohexadiene) tricarbonyliron (92). Thus, 1,4-cyclo- 
hexadiene, like 1,4-pentadiene discussed aboye, rearranges to 
the corresponding isomeric 1,3-diene upon treatment with car- 
bonyliron. A study of this reaction using 1,4-cyclohexadiene 
with both CH2 groups deuterated gave a deuterium distribution 
in the (1,3- gu eh texedven=) cEiearbony iron product which sug- 

gested an n Ssalbylic tricarbonyliron hydride as an interme- 

diate (2). 

A variety of 1,3-cyclohexadiene-tricarbonyliron complexes 

are accessible by the reduction of benzenoid compounds with 

sodium in liquid ammonia (Birch reduction) to give the corres- 

ponding 1,4-cyclohexadienes followed by reactions of the re- 

sulting 1,4-cyclohexadienes with appropriate carbonyliron 

reagents to give the corresponding substituted 1,3-cyclohexa- 

iene-tricarbonyliron complexes. Pentacarbonyliron in boiling 

i-n-butyl ether is often an effective reagent for introduc- 

ing the tricarbonyliron group in the second step of the se- 

quence. Benzenoid compounds which have been subjected to this 

reaction sequence include toluene (40), m- and p-xylenes (40), 

mesitylene (239,336), anisole (38,40,41), and the isomeric 

methoxytoluenes (38,40,41). Similar reductions of benzoic 

and o-toluic acids followed by esterification with diazo- 

methane gives methyl cyclohexadienecarboxylates which form 

the corresponding methoxycarbonyl-substituted 1,3-cyclohexa- 

diene-tricarbonyliron complexes upon treatment with penta- 

carbonyliron in boiling di-n-butyl ether (42). 

The mixtures of isomeric 1,3-cyclohexadiene-carbonyliron 

derivatives formed in some of these reactions may be rather 

complex since reduction of the benzene can generally give 

several possible isomeric cyclohexadiene derivatives. In ad- 

dition isomerization of the 1,4-cyclohexadiene to the 1,3- 

cyclohexadiene-tricarbonyliron can occur in several ways. 

Even after a 1,3-cyclohexadiene-tricarbonyliron derivative is 

formed, further isomerization reactions may be possible. For 

example, the product 93, obtained by photolysis of 1-phenyl- 

On UR 
CoHe “Ce 

HsCg 
(CO),Fe (CO),Fe (CO),Fe 

93 94 95 

cyclohexa-1,3-diene with pentacarbonyliron, isomerizes to an 

equilibrium mixture of 93 and 94 upon heating at 145°C in 

xylene solution (394,400). Studies of this reaction with deu- 

terated phenylcyclohexadiene led to the suggestion of an iron 

hydride intermediate and involvement of one of the double 
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bonds of the phenyl ring (394,400). This isomerization is n= 

hibited by triphenylphosphine (400). 

Reaction of 4-vinylcyclohexene with enneacarbonyldiiron 

or dodecacarbonyltriiron results in rearrangement to a mix— 

ture of isomeric (ethylcyclohexa-1,3-diene) tricarbonyliron 

complexes (318). Reaction of a mixture of 1-(diethylamino) bu- 

tadiene and a dienophile CH2=CHX (X = CHO, CO-CH3) with dode- 

cacarbonyltriiron in boiling benzene results in deamination 

to give the substituted 1,3-cyclohexadiene-tricarbonyliron 

Glewarhyeticnnyas “Sly (UR = sl, (elsla)) (SEG) — 

An unusual method for preparing a 1,3-cyclohexadiene- 

tricarbonyliron derivative is the addition of hexafluoro- 

butyne to the tricarbonyliron complexes of butadiene and 2,3- 

dimethylbutadiene followed by pyrolysis of the resulting 1:1 

adduct at 80°C to give 61 (R = H and CH3). This reaction is 

discussed above in greater detail (119). 

Steroids containing a cyclohexadiene unit which have 

been converted into the corresponding tricarbonyliron com- 

plexes include cholesta-2,4-diene, 3-methylcholesta-2,4- 

diene, 3-methoxycholesta-2,4-diene, cholesta-5,7-diene-38- 

ol, ergosterol (1), and acetylergosterol (310). In these 

cases pentacarbonyliron in boiling isooctane, cyclohexane, 

or dibutyl ether can be used to introduce the tricarbonyliron 

group. The opium alkaloid thebaine, which contains a methoxy- 

cyclohexadiene ring, has also been converted into a tricar- 

bonyliron complex (37). Octahydro-as-indacene and decahydro- 

phenanthrene derivatives containing a 1,4-cyclohexadiene unit 

have also been converted to the corresponding polycyclic 1,3 - 

cyclohexadiene-tricarbonyliron complexes by treatment with 

pentacarbonyliron in boiling dibutyl ether (109). 

F 

- haiigie \jh sabe as (OCl:Fen lr c | 
3 c Fe i nc F F CF 
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Several types of interesting products have been formed 

by reactions of (1,3-cyclohexadiene)tricarbonyliron (92) with 

various fluorocarbon derivatives. Ultraviolet irradiation of 

92 with tetrafluoroethylene gave the cyclohexenyl derivative 

96 (52). A similar ultraviolet irradiation of 92 with hexa- 

fluoropropene gave a complex mixture from which the three 

products 97, 98, and 99 were isolated (185). Ultraviolet ir- 

radiation of 92 with hexafluorobut-2-yne gave a 1:2 adduct 

formulated as the double bond alkyne insertion product 100 

on the basis of the crystal structure of its ruthenium ana- 

logue? (55) 

Oxidation of substituted 1,3-cyclohexadiene-tricarbonyl- 

iron complexes with ethanolic cupric chloride at room tempera- 

ture results in liberation of the free 1,3-cyclohexadiene in 

good yield (371) in most cases. However, in some cases chlor- 

ination of the 1,3-cyclohexadiene ligand can occur. 

Bicyclohexenyl reacts with pentacarbonyliron in boiling 

di-n-butyl ether to form the corresponding tricarbonyliron 

complex 101 (80,292). 

J 
Fe(CQ), 

101 

A characteristic feature of the mass spectra of 1,3- 

cyclohexadiene-tricarbonyliron complexes is the ability of 

H» loss to compete with CO loss from the molecular ion (118, 

197,406). 

2. Diene-tricarbonyliron Derivatives from Cycloheptadienes 

and Cycloheptatrienes 

The reaction between cycloheptatriene and pentacarbonyl- 

iron was originally (73) believed to give (cycloheptatriene) - 

dicarbonyliron. However, subsequent investigations (HE pn AILS) 

showed this to be incorrect. Instead, this reaction gives a 

mixture of the tricarbonyliron complexes of cycloheptatriene 

(102) and 1,3-cycloheptadiene (103). The amount Omecyeloheps 

po 
(CO),Fe (CO),Fe 

— WwW 102 
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tadiene complex 103 relative to the cycloheptatriene complex 

102 increases as the time of the reaction is increased, as 

might be expected. Apparently hydrogen shift reactions similar 

to those involved in the rearrangement of 1,4-dienes to 1,3- 

dienes can cause cycloheptatriene to be hydrogenated to 1,3- 

cycloheptadiene in the presence of carbonyliron. 

Several reactions of (cycloheptatriene) tricarbonyliron 

(102) give products of interest. Reaction of 102 with diiodo- 

methane in boiling diethyl ether in the presence of a zinc-— 

copper couple cyclopropanates the uncomplexed carbon-carbon 

double bond to give (bicyclo[5. 1.0]octadiene) tricarbonyliron 

(104) (341). (Cycloheptatriene) tricarbonyliron (102) can be 

(CO),Fe 

104 rhe 

105 

formylated with phosphoryl chloride in dimethylformamide at 

O°C and acetylated with acetyl chloride and aluminium chlo- 

ride in dichloromethane at O°C (226). Ultraviolet irradiation 

of (cycloheptatriene)tricarbonyliron (102) with hexafluoro- 

but-2-yne gives a 1:2 adduct formulated as 105 on the basis of 

Enesenystal structure of the product obtained by the substi-— 

tution of one carbonyl group in this adduct with the phos- 

phite P(OCH2)3CCH3 (55). 

1,1'-Bicycloheptenyl reacts with dodecacarbonyltriiron 

in boiling cyclohexane to give the corresponding tricarbonyl- 

iron complex (292). 

3. Formation and Reactions of Cyclohexadienyl-tricarbonyl- 

iron Cations 

A characteristic reaction of 1,3-cyclohexadiene-tricar- 

bonyliron complexes is hydride abstraction to give the cor- 

responding cyclohexadienyl-tricarbonyliron cations. The first 

example of a reaction of this type was reported by Fischer 

and Fischer in 1960 (158). They found that the reaction of 

unsubstituted (1,3-cyclohexadiene)tricarbonyliron (102) with 

triphenylmethyl tetrafluoroborate in dichloromethane at room 

temperature resulted in hydride abstraction to form the yel- 

low crystalline air-stable tetrafluoroborate of the (cyclo- 
hexadienyl)tricarbonyliron cation (106). The stability of the 
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4106 
cation 106, in which all five carbons bonded to the iron atom 

are held in a mutual cis-conformation by the geometry of the 

ring, appears to be considerably greater than that of the 

acyclic pentadienyl-tricarbonyliron cations (e.g., 41) dis- 

cussed above. i 

The availability of numerous substituted 1,3-cyclohexa- 

diene-tricarbonyliron complexes as discussed above has prompt- 

ed the study of the corresponding substituted cyclohexadienyl- 

tricarbonyliron cations. The reaction of dihydromesitylene 

with dodecacarbonyltriiron gives a mixture of the isomeric 

(trimethylcyclohexadiene)tricarbonyliron complexes 107a and 

107b. Triphenylmethyl tetrafluoroborate abstracts hydride from 

CH CH3 

io or ai] | 
H3C / CH, H3C : H H.C 

bapicn Fe(CO), Fe (CO); Fe(CO), ° 
107 107 b 108 

107a to give the substituted trimethylcyclohexadienyl cation 

108. However, triphenylmethyl tetrafluoroborate does not react 

with 107b (336). Reaction of the methoxycyclohexadiene complex 

109 with triphenylmethyl tetrafluoroborate (eq. [3]) gives 

OCH; f 

=H® [3] 
aS 

OCH, 

Fe(CO), Fe(CO), 

109 10 
the methoxycyclohexadienyl complex 110. A similar reaction of 

the isomeric methoxycyclohexadiene complex 111 with triphenyl- 

methyl tetrafluoroborate (eq. [4]) gives the methoxycyclo- 

hexadienyl complex 112. The cation 112 is stable to water 
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H3C0 H3CQ 

a id [4] 

Fe(CO), Fe(CO), 

111 11 

whereas the isomeric cation 110 is readily hydrolyzed by water 

with elimination of methanol to form (1,3-cyclohexadienone) - 

tricarbonyliron (38). Similar studies have been made of the 

hydride abstraction from methoxycarbonylcyclohexadiene-tri- 

carbonyliron derivatives (42). 

All of these reactions above to form cyclohexadienyl-tri- 

carbonyliron cations involve hydride abstraction with the tri- 

phenylmethyl cation. Cyclohexadienyl-tricarbonyliron cations 

can also be obtained from (methoxycyclohexadiene) tricarbonyl- 

iron by methoxy abstraction with cold concentrated sulfuric 

acid (39,40). For example, either of the methoxycyclohexadi- 

ene-tricarbonyliron derivatives 109 and 111 reacts rapidly 

with cold concentrated sulfuric acid to give the unsubstituted 

(cyclohexadienyl)tricarbonyliron cation 106. Similar reactions 

can be used to prepare various methylcyclohexadienyl-tricar- 

bonyliron cations. 

Preparation of the (heptamethylcyclohexadienyl) tricar- 

bonyliron cation (113) by hydride abstraction would require a 

cyclohexadiene derivative not accessible by reduction of a 

benzenoid compound. In this exceptional case, however, the un- 

complexed heptamethylcyclohexadienyl cation is available as 

its tetrachloroaluminate salt. Reaction of this tetrachloro- 

aluminate salt with excess pentacarbonyliron in a sealed tube 

at 150°C gives some (heptamethylcyclohexadienyl) tricarbonyl- 

iron (113) tetrachloroferrate in addition to larger quantities 

® 
R 

R R 

(OC),Fe CH 

13 14 
of the bis(hexamethylbenzene)iron(II) cation (257). This 
tetrachloroferrate can be converted into the corresponding 
tetraphenylborate (257) and hexafluorophosphate (363) salts. 
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During the course of this work the methyl groups in positions 

2 and 6 of the cations 108 and 113 were found to undergo fa- 

Cile deuterium exchange in in D2O (363). Proton abstraction from 

the cations 108 and 113 using tert-butylamine in petroleum 

ether at room temperature gives the corresponding 2-methylene- 

cyclohexadiene-tricarbonyliron complexes 114 (R =H and CH3, 

respectively) (363). 

Some cyclohexadienyl-tricarbonyliron cations have been 

prepared derived from natural products. Thus, 115 is obtained 

by reaction of triphenylmethyl tetrafluoroborate with the tri- 

carbonyliron complex of either 1,3-cholestadiene or 2,4-cho- 

115 
lestadiene (5). Reaction of the tricarbonyliron derivative of 

thebaine with aqueous tetrafluoroboric acid gives the substi- 

tuted cyclohexadienyl-tricarbonyliron salt 116 which upon 

HCO 2 H,CO i Sa: 
ay N-CHy N®&_CH 

ch : 

Fe(CO), (CO) Fe 

116 11 

heating in boiling ethanol rearranges to the immonium cation 

117 with ring contraction. The unusual structure of 117 has 

been confirmed by X-ray crystallography (37). 

Numerous reactions of the (cyclohexadienyl) tricarbonyl- 

Tron, Cacvon (106) with nucleophiles have been investigated. 

Attack by the - nucleophile can either occur at the metal atom 

with displacement of carbon monoxide to give a cyclohexa- 

dienyl-dicarbonyliron derivative or at the cyclohexadienyl 

ring to give a substituted cyclohexadiene- tricarbonyliron 

derivative. 

Reaction of the (cyclohexadienyl) tricarbonyliron cation 

with potassium iodide in acetone proceeds through attack at 
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lee 

| 
Fe Fe(CO)3 Fe(CO)3 

x 119 12 

the metal atom to give the red-brown iodide (n°-CeHy) Fe(CO)et 

(118, X = 1). This iodide reacts with potassium cyanide in 

methanol to give the yellow unstable cyanide in =Cena 

Fe(CO)»CN (118, X = CN) and with sodium amalgam in tetrahydro- 

furan to give the red rather unstable binuclear derivative 

[(n°-CeH7)Fe(CO)2]2 (202). 
In most of the other reactions of the (cyclohexadieny1) - 

tricarbonyliron cation (106) with nucleophiles the six-mem-— 

bered ring is attacked to give the exo-substituted 1,3-cyclo- 

hexadiene-tricarbonyliron derivatives 119 (Y = group from the 

incoming nucleophile). Thus, the reaction of 106 with potas- 

sium cyanide in acetone gives the cyanocyclohexadiene deriva- 

tive 119 (Y = CN) (202). Reaction of 106 with sodium methoxide 

in methanol gives the exo-methoxycyclohexadiene derivative 119 

(Y = OCH3) (202) whereas prolonged heating of 106 in boiling 

methanol gives the isomeric endo-methoxycyclohexadiene deri-— 

vative 120 (208). These methoxycyclohexadiene-tricarbonyliron 

derivatives regenerate the (cyclohexadienyl) tricarbonyliron 

cation (106) in good yield upon treatment with triphenylmethyl 

Eetratiluoroborate or Eetratluoroboric acids an propionic an— 

hydride. Hydrolysis of 106 in aqueous solution in the pre- 

sence of sodium hydrogen carbonate or sodium acetate gives 

the (hydroxycyclohexadiene)tricarbonyliron (119, Y = OH) (38). 

However, hydrolysis with hydrated cesium fluoride in the ab- 

sence of a solvent gives the binuclear ether ol (y'-Cenz)— 

Fe(CO)3]2 (121, X = 0) (316). Reaction of 106 with the se- 

x 

(OC),Fe Fe(COl, Zp. 
(OC),Fe ‘ 

prea 

Al 122 
condary amines pyrrolidine and morpholine in aqueous solution 

gives the corresponding aminocyclohexadiene-tricarbonyliron 

derivatives 119 (Y = N(CH2)y4 or N(CH2)40, respectively) (38). 

Compounds of the type 122 (R = H or CH30) can be obtained by 
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reactions of the cyclohexadienyl-tricarbonyliron cations 106 

and 112, respectively, with cyclohexanone in boiling ethanol 

(41), or with 1-pyrrolidinylcyclohexene in either boiling 

acetonitrile (41) or aqueous acetic acid in the presence of 

Sodium acetate (222). Syntheses of analogues of 122 from 

cyclohexadienyl-tricarbonyliron cations and ketones or their 

enamines have also used acetone (41), 6-methoxytetralone 

(41), butanone (41,222), methyl isopropyl ketone (41), mesityl 

oxide (41), benzaldehyde (41), and cholest-—4-en-3-one (222). 

Reactions of the (cyclohexadienyl)tricarbonyliron cation 106 

with diethyl malonate (38,202), acetylacetone (38), and 
dimedone (38) also give the corresponding cyclohexadiene-tri- 

Garbonyliron derivatives 119 (¥ = CH(CO2-C2Hs)2, CH(CO-CH3) 9 

and CgH 1 02, respectively). ' The kinetics of these reactions 

have been found (235) to follow the rate law -dR/dt = 

k -[R]-[BH], where R is the dienyl salt 106 and BH is ace- 

Oe eetone or dimedone. Oxidation of the product obtained from 

106 and acetylacetone (119, Y = CH(CO-CH3)2) with activated 

manganese dioxide in boiling benzene leads to a novel cycli- 

zation to form the cis-—3a,7a-dihydrofuran-tricarbonyliron 

0 

( 
c—CH, 
/ 
0 

CH, 

(0C),Fe 

123 

derivative 123. Experiments with deuterated intermediates 

indicate that this CYCIUzZAEVOMNOcecUMS BwLEnSpeeliue loss Tor 

the 6-endo proton (43). 

Reactions of the (cyclohexadienyl)tricarbonyliron cation 

(106) with various phosphorus and sulfur compounds have been 

investigated. Reaction of the tetrafluoroborate of 106 with 

triphenylphosphine results in addition to the cyclohexadienyl 

ieiige, TO) GaLVAe wine triphenylphosphonium-substituted cationic 

cyclohexadiene-tricarbonyliron derivative 124 (150). However, 

@ 

O (OC),Fe met. (OC) ,Fe 1 

P—ChH, P—-OR 

CeHe OR 

124 125 
106 undergoes a facile Arbusov reaction with trimethyl phos- 

phite to give the neutral phosphonate 125 (2 = RY = Calg). 

This phophonate is stable to mild acid treatment, unaffected 

by triphenylmethyl tetrafluoroborate, and converted into 125 
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(R = H, R' = CH3) upon treatment with cyclohexylamine follow- 

ed by acid (45). Reaction of 106 with aqueous hypophosphorous 

acid atEoac@. Loe. siEGHwesmene @ phosphinic acid 119 10y =P (Oi 

H(OH)) which is oxidized by mercuric oxide in benzene to the 

corresponding phosphonic acid 125 (R = R' =H) (45). Aqueous 

sodium hydrogen sulfite reacts "with the (agdioteraattay ene 

carbonyliron cation (106) LomGivemthe corresponding sulfonic 

acide. (Y9="SO3Hyy, characterized as its p-toluidine salt. 

Sodium dithionite reacts with 106 to form the disulfone 126. 

Aqueous sodium sulfide reacts with 106 to form the binuclear 

sulfide s[(n*-CeH7)Fe(CO)3]2 (121, X = S) (45). 

O 
S— 

(OC),Fe nila Fe(CO), 

126 
Several reactions of the (cyclohexadienyl) tricarbonyl- 

iron cation (106) with organometallic compounds have been 

investigated. Reaction of 106 with methyllithium in diethyl 

ether gives the 5-methylcyclohexadiene derivative 119 

(Y = CH3) (38). However, reaction of 106 with methylmagnesium 

iodide results in coupling to give [bis(1,3-cyclohexadienyl) ]- 
bis(tricarbonyliron) (127), m.p. 165 - 168°C (38). An isomer 

(OC),Fe Fe(CQ), 

127 
of 127, m.p. 120 - 122°C, can be obtained by the reductive 

coupling of 106 with zinc either in dioxane in the presence 

of sodium bromide or in tetrahydrofuran in the presence of 

copper (45). (Cyclohexadienyl)tricarbonyliron (106) tetra- 

fluoroborate is readily alkylated with dialkylzinc and di- 
alkylcadmium derivatives (46) to give the corresponding exo- 

substituted 5-alkylcyclohexadiene derivatives (Nn =R-Ceny = 

Fe(CO)3 103 (¥ = allyl, isopropyl, 1-propenyl, phenyl, and 

benzyl) in 40 - 82 % yields. Reactions of (cyclohexadieny1) - 

tricarbonyliron (106) tetrafluoroborate with silicon and tin 

derivatives of the type ArE(CH3)3 (E = Si or Sn; Ar = 

2-f£uryl, (2=thienyl, on xXCeohiwis x =) WH, p—CHaO) som oN (CEua)ios) 

give the corresponding diene-substituted aromatic compounds 

(n'-Ar-CgH7)Fe(CO)3 (225). In these reactions the aryltin 
compounds react more readily than their silicon analogues. 

In the case of the aromatic derivatives the reactivity order 
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is CgHs<p-CH30-CeHy<p-(CH3)2N-CeHy, in accord with the reac- 

tivities of these systems towards other electrophilic rea- 

gents 

The (cyclohexadienyl)tricarbonyliron cation (106) has 

been shown to be a sufficiently reactive electrophile to sub- 

stitute activated arenes including the benzenoid derivatives 

(287) 1,3,5-trimethoxybenzene and 1,3-dimethoxybenzene and 

the heterocycles (236) furan, thiophene, pyrrole, indole, N- 

methylindole, and 2-methylindole. The products are substituted 

cyclohexadiene-tricarbonyliron derivatives of the type 119 

(Yo= aryl). IT 

Reaction of the (methoxycyclohexadienyl) tricarbonyliron 

cation (112) with the trialkylalkynylborates [R3B-C=c-R'] in 

tetrahydrofuran solution (331) gives the adducts 128 which 

: id 
C R oe 

H-C0 H5CO 
Fe(CO)3 

128 

H3CO 
Fe(CO), 

130 

are hydrolyzed by isobutyric acid to 129, and which are Opel 

dized by a limited amount of trimethylamine N-oxide to 130 

(R = n-hexyl, R' = n-butyl; R = cyclohexyl, R' = n-hexyl) . 

The addition reaction is stereo- and regiospecific but the 

alkyl migration step is not (331). 

Calculations on the (cyclohexadienyl) tricarbonyliron 

cation (106) using the intermediate neglect of differential 

overlap (INDO) scheme suggest a correlation between the bond 

index (or free valence) values at each dienyl carbon and the 

site of nucleophilic addition (92). 

4. Formation and Reactions of Cycloheptadienyl-Tricarbonyl- 
ON ee SOS BS AIS SD Bee eee Sia 

Tron Cations 

The (cycloheptadienyl) tricarbonyliron cation 131 can be 

easily prepared from the tricarbonyliron complexes of either 

1,3-cycloheptadiene (103) or cycloheptatriene (102). Thus, 

hydride abstraction from (i 73= cycloheptadiene) tricarbonyliron 

with triphenylmethyl tetrafluoroborate in dichloromethane 
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C— Cos 

C,H. 

ea 132 

solution gives a nearly quantitative yield of the (cyclo- 

heptadienyl)tricarbonyliron cation (131) isolated as its 

tetrafluoroborate salt. The same product can also be obtained 

by proton addition to the uncomplexed carbon-carbon double 

bond in (cycloheptatriene) tricarbonyliron (102) using tetra- 

fluoroboric acid in propionic anhydride. The latter method is 

generally preferred since 102 is a more readily available 

starting material than 103. Reaction of (cycloheptatriene) -— 

tricarbonyliron (102) with triphenylmethyl tetrafluoroborate 

does not result in hydride abstraction but instead in addition 

of the triphenylmethyl cation to the uncomplexed carbon-carbon 

double bond to give the substituted cycloheptadienyl-tricar- 

bonylinonecabivon) 132) (iis 

Other electrophilic reagents can add to the uncomplexed 

carbon-carbon double bond in (cycloheptatriene) tricarbonyliron 

(102). Thus, the reaction of 102 with the acylium tetrafluoro- 

borates [R-CO][BF,] in dichloromethane at -78°C (R = CH3, 

@ OH ]® 

= |e WwW fay W 

CeHs) gives the acylcycloheptadienyl cations 133 (R = CH3, 

CeHs) (226). Protonation of (formylcycloheptatriene) tricarbon- 

yliron with hexafluorophosphoric acid gives the cation 134. 

Several reactions of the (cycloheptadienyl1) tricarbonyl- 

iron Cation (131) with nucleophiles have been investigated. 

MOSiEsO i. tehws chemistry is rather similar to the corresponding 
chemistry of the (cyclohexadienyl)tricarbonyliron cation (106) 

discussed above. For example, reaction of 131 with potassium _ 

iodide results a carbon monoxide evolution to give the 
maroon iodide (n> -C7H9)Fe(CO)oL (202). Reduction of this 
iodide with sodium amalgam in Bo icc gees gives the red 
dimer Lame -C7Hg)Fe(CO)o]o. Reaction of (n° -C7H9)Fe(CO)2I with 
potassium cyanide gives orange crystals of the corresponding 
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cyanide (n°-C7H9) Fe (CO) »CN (202). The cycloheptadienyl-dicar- 
bonyliron derivatives of these types appear to be more stable 
than the corresponding cyclohexadienyl-dicarbonyliron deriva- 
tives. 

Other reactions of the (cycloheptadienyl) tricarbonyliron 
cation (132) with nucleophiles involve additions to the CVCNOe 

heptadienyl ring to form substituted cycloheptadiene-tricar- 

bonyliron derivatives. Thus, reactions of the tetrafluoro- 

borate of 131 with sodium alkoxides give products of the type 

135 (Y = OCo2Hs, etc.), and with sodium diethylmalonate 135 

(Y = CH(CO2C2Hs)2) is obtained (202). Reduction of 131 with 

@ 

\e C,H 
(CO),Fe, ~ ii 5 

Fe(CO), Fe(CO), Fe(CO), _ HC, 65 

135 136 137 
Zinc dust in tetrahydrofuran at room temperature for 5 days 

results in coupling to give the yellow crystalline binuclear 

complex 136. Reaction of (cycloheptadienyl) tricarbonyliron 

tetrafluoroborate (131) with triphenylphosphine or triphenyl- 

arsine results in addition to the seven-membered ring to give 

the cations 137 (E = P or As) (150). 

Some reactions of cycloheptadienyl-tricarbonyliron 

cations with nucleophiles lead to products other than sub- 

stituted cycloheptadiene-carbonyliron derivatives. For ex- 

ample, reduction of the unsubstituted [{n°=C7Hs )Fe(Cco) s | 

with aqueous sodium borohydride gives a 2:1 mixture of the 

diene-tricarbonyliron complex 103 and the n° -allyl-o-alkyl 

complex 138 (L = CO) (18,23). Carbonylation of 138 gives the 

140 

138 139 
acyl derivative 139 at atmospheric pressure and the iron-free 

ketone 140 at 80°C/80 atm. Reaction of the cycloheptadienyl 

derivative (no -C7 He) Fe(CO) 51 with silver hexafluorophosphate 

in the presence of Lewis bases gives the salts [ine=Gr7Ho)— 

Fe(CO)oLI[PFe] (L = P(CeHs)3, AS(Ce6Hs)3, Sb(CeHs)3, pyridine, 
CH3-CN, NH3, and CH2=CH-CN) (137). Reduction of the triphenyl- 
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phosphine derivative with aqueous sodium borohydride gives 

the corresponding substituted n?-allyl-o-alkyl derivative 

138) (ie = a(Celis) BP) asa) 

5. Tricarbonyliron Complexes of Cyclohexadienone and Cyclo- 

heptadienone Derivatives 

Free cyclohexadienones are unstable with respect to 

tautomerism to form phenols. Nevertheless, cyclohexadienones 

can be stabilized as their carbonyliron complexes, For ex— 

ample, reaction of the (methoxycyclohexadienyl ) tricarbonyl- 

LOne Calc Lomr Ln Cae =OCH 4 relCO)zs1 (110) with water results 

in the elimination of methanol to give the yellow crystalline 

2,4-cyclohexadienone complex 141 (36,38). The cyclohexa- 

Ze ® 

ra co. 
vi 

of c Co of ¢ Co 
O 

ts 142 
dienone carbonyl group exhibits a v(CO) band at 1665 cm?! in 

the infrared spectrum and is reduced by sodium borohydride to 

the corresponding alcohol. The cyclohexadienone complex 141 43 

a useful reagent for phenylating aromatic amines (44). It thus 

reacts with aniline in glacial acetic acid to give diphenyl- 

amine. Alkylation of 141 with triethyloxonium tetrafluorobo- 

rate gives 142 which can be used to phenylate aliphatic amines 

such as cyclohexylamine (44). 

The 2,4-cyclohexadienone derivatives 144 (R = R" =H, 

R' = CH3; R = R' = R" = CH3) cannot tautomerize to a phenol 

because of the presence of two methyl groups on one carbon 
atom. Reactions of either cyclohexadienone 144 with penta- 

@ 

Oo ! 

@ oO ae az w w 

Dr 
w 

| \ 

oO 

Bo) 

sh H,C R" 

a | i R’ Ome 
0 

143 Mal 165 
carbonyliron in a sealed tube at 180°C give a relatively good 
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yield of the corresponding yellow volatile crystalline tri- 
carbonyliron derivatives (362). These compounds are proton- 
ated with strong acids to give the corresponding hydroxy- 
cyclohexadienyl-tricarbonyliron cations 145. 

Tricarbonyliron complexes of cross-conjugated Cvelo= 

hexadienones can also be prepared (3). Thus, reaction of 

4,4-dimethylcyclohexa-2,5-dienone in isooctane gives the 

yellow liquid tricarbonyliron complex 143. Similar tricar- 

bonyliron complexes have been prepared analogously from cho- 

lesta-1,4-dien-3-one, androsta-1,4-dien-3,11,17-trione, san- 

tonin, and santonin oxime. 

Exposure of a mixture of pentacarbonyliron and dimethyl- 

acetylene to sunlight gives large crystals of (duroquinone) - 

tricarbonyliron (146) (3) 

H.C CH 
3 3 

PP ‘ 

ale | 
: Fe 3 Fe 

(CO), (CO), 

146 147 
(Tropone)tricarbonyliron (147, R =H) can be prepared 

from acetylene and enneacarbonyldiiron (391) or from tro- 

pone and either dodecacarbonyltriiron (242) or enneacarbonyl- 

diiron (216). Substituted tropone-tricarbonyliron complexes 

(147, R = CH3, Cl, and CgHs5) have also been prepared from 

enneacarbonyldiiron and the corresponding tropone (143). 

(2,4-Cycloheptadienone) tricarbonyliron (148) can be prepared 

- , 
/CH3 

CH=N doy Sip 7” CH), 
OH 

\ 
Fe Fe (OC),Fe  CH,CO,CH 
(CO), (CO), 2 citi? 

148 149 150 
by hydrogenation of the uncomplexed carbon-carbon double bond 

in (tropone)tricarbonyliron either with molecular hydrogen in 

the presence of palladium over charcoal (391) or with tri- 

echylsilanesinetritluoroaceric acid (206) Reaction of the 

(cycloheptadienyl)tricarbonyliron cation (131) with water fol- 

lowed by oxidation of the resulting alcohol with chromium 

trioxide in pyridine also gives (2,4-cycloheptadienone) tri- 

carbonyliron (148) (110,275). A comparison of the reactions 
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of the tricarbonyliron complexes of cyclohexadienone (141) and 

cycloheptadienone (148) indicates that 141 shows no enol re- 

activity but 148 undergoes the Mannich reaction with diethyl- 

ammonium chloride and paraformaldehyde to give 149. Both 141 

and 148 undergo the expected Reformatskii reaction with zinc 

and methyl a-bromoacetate to give the hydroxy esters 150 

(n = 1 and 2, respectively) (110,275). 

Several other reactions of (tropone)tricarbonyliron 

(147, R =H) have been investigated. Treatment of 147 (BR = JE) 

with the diazoalkanes NoCR(R') (R = R' = H, CH3) results in 

addition to the uncomplexed double bond to give the bicyclic 

ZF AAper kl npseet) 9 Sika Ea derivatives 151 (R = R' =H, 

® OR 
R —=0 

wi ve 

\ Fe(CO), (OC) Fe Fe(CO) | 
; Fe(CO),° 

154 152 153 154 
CH3). Pyrolyses of the products 151 at 80 - 120°C give the 

corresponding homotropone complexes 152 (169). The free homo- 

tropone can be liberated from these complexes by treatment 

with trimethylamine N-oxide. A similar reaction of (tropone) - 

tricarbonyliron (147, R =H) with the diazoalkane CH3-CHN2 

gives a mixture of the two stereoisomers 151 (R = H, R' = CH3 

and R = CH3, R' =H) which form the two isomeric homotropone 

complexes 152 (R =H, R' = CH3 and R = CH3, R' =H) on pyro- 

lysis. This pyrolysis reaction is not stereospecific (169). 

(Tropone)tricarbonyliron (147, R= H) is protonated by tri- 

fluoroacetic acid or concentrated sulfuric acid to give the 

ketocycloheptadienyl—-tricarbonyliron cation 153 (140,143,216). 

Hydrolysis of this cation gives the hydroxycycloheptadienone 

complex 154 (R =H) (216). Similarly, treatment of this 

cation with a suspension of sodium carbonate in methanol 

gives the corresponding methoxycycloheptadienone complex 154 

(R = CH3) (140). ‘sa 
Reaction of B-tropolone with dodecacarbonyltriiron in a 

mixture of benzene and ethanol gives yellow crystalline 155 

e) 

N 

Fe(CO), FelCOl Ss Fe(CO, 
155 156 
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shown tO e€xist entirely in its diketo form (38). A novel bi- 

nuclear iron complex 156, containing both cycloheptadienone- 

tricarbonyliron and cyclohexadiene-tricarbonyliron units, has 

been obtained by treatment of i155 -with the tetrafluoroborate 

of the (cyclohexadienyl)tricarbonyliron cation (106) in aque- 

Cus va leonol( ss) 

6.  Tricarbonyliron Complexes of Benzenoid Derivatives 

Tricarbonyliron complexes of benzene using two of its 

three double bonds have not been prepared. Furthermore, the 

failure of benzene to form tricarbonyliron complexes is sug- 

gested by Ene ability co carry oul many Carbonyliroen ceact— 

ions, even with reactive species, in benzene solution without 

isolating any benzene-carbonyliron derivatives. However, 

some arene-tricarbonyliron derivatives are known containing 

arenes in which one or more exocyclic double bonds are con- 

jJugated with the benzene ring. For example, styrene and va- 

rious substituted styrenes form both mono- and a bis(tricar- 

bonyliron) complexes (378,380,381). Bis(tricarbonyliron) 

derivatives are formed by m- and p-divinylbenzenes (291). 

Benzocyclobutadiene forms not only a mono(tricarbonyliron) 

complex using only the cyclobutadiene ring but also a bis- 

(tricarbonyliron) derivative using both its cyclobutadiene 

and benzene rings (195,382). Some fused polycyclic hydrocar- 

bons such as anthracene and 9-acetylanthracene form tricar- 

bonyliron complexes (293). Tricarbonyliron complexes are also 

formed by quinodimethane and isoindene (229,348), two hydro- 

carbons which are very unstable in the free state. These com- 

plexes are discussed in more detail in other chapters of this 

book. 

G. DIENE-TRICARBONYLIRON COMPLEXES OBTAINED FROM HYDROCAR- 

BONS CONTAINING EIGHT-MEMBERED RINGS 

Tricarbonyliron complexes of both 1,3- and 1,5-cycloocta- 

diene have been prepared. However, relatively mild reaction 

conditions are necessary. For example, if 1,5-cyclooctadiene 

is heated with pentacarbonyliron at 115°C for 7 h, the 1,5- 

cyclooctadiene is quantitatively isomerized to Wo=Cyicloocca— 

diene, and no tricarbonyliron complex of any cyclooctadiene 

is isolated (12). Various early reports of the preparation of 

(1,5-cyclooctadiene)tricarbonyliron appear to be dubious (219, 

239,309). However, ultraviolet irradiation of il p SHOE loca 

diene with pentacarbonyliron gives authenic yellow crystalline 

(1,5-cyclooctadiene)tricarbonyliron (157) as a yellow solid, 

ioe OLE (2.50) Tine 1,5-cyclooctadiene complexes (Ge=Ceb ia 

Fe(CO), and p-(1,2-n:5,6-nN-CeH12)[Fe(CO)y]2 (265) in which one 
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‘Ne 

/\ /\ 
o& ¢ Co of c Lo 

6 6 

157 158 

or both of the carbon-carbon double bonds are individually 

bonded to tetracarbonyliron units, also may be obtained from 

this reaction (250). A similar ultraviolet irradiation of 1,3- 

cyclooctadiene with pentacarbonyliron gives (1,3-cycloocta- 

diene)tricarbonyliron (158) as a yellow solid, m.p. 37°C 

(250). No intermediate 1,3-cyclooctadiene-tetracarbonyliron 

complexes have been obtained from this reaction. Treatment of 

1,4-cyclooctadiene with pentacarbonyliron in boiling ligroin 

results in isomerization to 1,3-cyclooctadiene without complex 

formation (370). 

Some reactions of both of the cyclooctadiene-tricarbonyl- 

iron derivatives 157 and 158 have been investigated. Hydride 

abstraction from (1,5-cyclooctadiene) tricarbonyliron Cia) 

with triphenylmethyl tetrafluoroborate gives the cation 159, 

isolated as its tetrafluoroborate salt (100,124). Reduction 

of the cation 159 with sodium borohydride in water at O°C 

il eee FéCO, | réCo), 

159 160 161 

results in hydride addition to give a yellow crystalline 

CgH12Fe(CO) 3, m. Ps 105°C, shown by its spectroscopic proper- 

ties to be the n s=allyl= O-alkyl derivative 160 rather than a 

diene-tricarbonyliron derivative. Decomposition of 160 with 

carbon monoxide gives the bicyclic ketone 161. Reactions of 

the cation 159 with other nucleophiles such as aqueous sodium 

cyanide, the sodium derivatives of diethyl malonate, diethyl 

phenylmalonate, and acetylacetone, with methylmagnesium iodide 
in diethyl ether, allylmagnesium bromide in diethyl ether, 
sodium azide, and sodium methoxide give various mixtures of 
the substituted 1,5- BP he gs ys tricarbonyliron derivatives 
162 and the substituted n --allyl- O-alkyl derivatives 163 (Y = 
CN, CH(COp-C2Hs)2, C(CeHs) (CO2-CoHs)2, CH(CO- =CH3)2, CH3; CHo= 
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A 3 (PI 
AS JN, JK 

of ¢ Co of Co of c &o 
0 6 fo) 

162 163 164 
CH=CH2, N3, and OCH3, respectively) (100,120,354). The cor- 

responding reaction of (1,3-cyclooctadiene) tricarbonyliron 

(158) with triphenylmethyl Petre. cr abereal in dichlorome- 

thane at room temperature gives the (1-5-n °-~cyclooctadieny]) - 

tricarbonyliron cation (164). Reaction of 164 with aqueous 

sodium borohydride leads mainly to decomposition but small 

yields of 158 and a yellow solid of stoichiometry [(CgHi2)e- 

CO]Fe(CO) 3 and unknown structure can be isolated (124). 

Reactions of either i (CeHia) Fercoys 1. cation 159 or 164 with 

iodide result in attack at a carbonyl group rather than at 

the eight-membered ring to give the corresponding neutral 

iodide CgH;)Fe(CO)2I (354). 

Some reactions of (1,3-cyclooctadiene) tricarbonyliron 

(158) with fluoroolefins have been investigated (52,185). 

Ultraviolet irradiation of 158 with tetrafluoroethylene 

gives a 30 % yield of the yellow crystalline tricarbonyliron 

derivative A635 (% =F) and a 9s yield of colourless needles 

0 

ai 
Oe cea é 

ee F pa | 
CXFFEF G F 
p 0xF 

165 166 

of the tetracarbonyliron derivative 166 (L =i COp me ce=a this 

Similar products 165 (X = CF3) and 166 (L = CO, X = CF3) are 

obtained from the reactions of (1 ,3-cyclooctadiene) tricarbon-— 

yliron (158) with hexafluoropropene. The studies with hexa- 

fluoropropene indreate: that. che sintelcal product fLomechils  re— 

action is of the type 165. Mild pyrolysis of 165 in the pre- 

sence of a ligand (which can be carbon monoxide from decom- 

position reactions) results in rearrangement to a product of 

the type 166 with rupture of the iron-olefin bond. Thus, 

heating 165 (X = CF3) with trimethyl phosphite in boiling 

hexane gives a derivative of 166 (L = P(OCH3)3, X = CF3) in 

which two of the carbonyl groups are replaced by trimethyl 



576 R. B. King 

phosphite ligands (185). 

The reaction of 1,3,5-cyclooctatriene with carbonyliron 

complexes under mild conditions gives the monocyclic deriva- 

tive 167 whereas the corresponding reaction of IW Sie, Sel fenllvoy— 

octatriene with carbonyliron complexes under vigorous con- 

ditions gives the bicyclic derivative 168 (59,289,290,297). 

A similar rearrangement of the free hydrocarbon was first 

reported in 1952 (98). The monocyclic tricarbonyliron complex 

167 is best prepared by ultraviolet irradiation of 1,3,5-cy- 

clooctatriene with pentacarbonyliron at room temperature. The 

bicyclic tricarbonyliron complex 168 can be conveniently pre- 

pared by treatment of 1,3,5-cyclooctatriene with pentacar- 

= [> — 
Fe e [5] 

Zs Ls 
Choo Oc oO 

) 0 

167 168 

bonyliron in a high boiling solvent such as octane or ethyl- 

cyclohexane. A kinetic study of reaction [5] indicated a,first 

order rate constant of 7x 10° s } corresponding to AF = 

29.3 kcal/mole. At equilibrium less than 1 % of 167 remains 

indicating that K>100 and AG<-3.4 kcal/mole. In the corres- 

ponding equilibria in the free hydrocarbon system (98) the 

1,3,5-cyclooctatriene is favoured over the bicyclo[4.2.0]Jocta- 
2,4-diene with K = 0.18 and AG = +1.1 kcal/mole. The unsub- 

stituted bicyclic derivative 168 is also produced by the ther- 

mal isomerization of (bicyclo[5.1.o0loctadiene) tricarbonyliron 

(17,22,61). A bis(trimethylsilyl) derivative of 168 has been 

obtained from reactions of bis(5,8-trimethylsilyl) cycloocta- 

1,3,6-triene with various carbonyliron complexes (121). 

The effects of additional ring fusion on the equilibria 

in eq. [5] have been determined by studying the corresponding 

Fe 

VAS Z AN 
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equilibria in eq. [6] for the cases n = 1, 2, 3, and 4 for 
the free hydrocarbons and their tricarbonyliron complexes 

(LOL ,103,355). For n = 1 the tricyclic tricarbonyliron deri- 

vative 170 (n = 1) can be isolated by reaction of the bicyclic 

hydrocarbon with (benzalacetone)tricarbonyliron in benzene at 

55°C (355). For n = 2 the free hydrocarbon exists exclusively 

in the bicyclic form. Reaction of this bicyclic hydrocarbon 

with enneacarbonyldiiron gives a complex mixture of exotic 

carbonyliron complexes (102,104,106,107) including the tri- 

cyclic derivative 170 (n = 2) but not the bicyclic derivative 

169 (n = 2). Thus, in this case the complexed tricarbonyliron 

group completely changes the equilibrium of eq. [6]. The 
yield of 170 (n = 2) can be greatly improved (up to 82 %) by 

using (benzalacetone)tricarbonyliron in benzene at 65°C for 

the reaction with the bicyclic hydrocarbon (355). For the free 

hydrocarbons with n = 3 the tricyclic isomer is favoured over 

the bicyclic isomer with K = 32 and AG® = -2 kcal/mole (101, 

103). However, treatment of these hydrocarbons (n = 3) with 

enneacarbonyldiiron in hexane at 50°C gives only the tri- 

cyclic isomer 170 (n = 3). The crystal structure of this iron 

complex indicates that both ring fusions are cis, and the 

five- and six-membered rings have an anti-relationship rela- 

tive to the central four-membered ring (105). For the free 

hydrocarbons with n = 4 both the bicyclic and tricyclic iso- 

mers have Similar stabilities (101, 103). Reaction of a mix- 

ture of the bicyclic and tricyclic hydrocarbons (n = 4) with 

enneacarbonyldiiron in hexane at 50°C gives the tricyclic 

derivative 170 (n = 4) as the only mononuclear tricarbonyl- 

iron complex (103). THEM sStalesSEGuGEUreNOLmrhnis  emUlcacbonyl— 

iron complex indicates that the two six-membered rings are 

trans to each other with respect to the shared four-membered 

reales (CANOE) 

Some reactions of (bicyclo[4.2.0loctadiene) tricarbonyl- 

iron (168) with various fluoroolefins have been investigated 

Zr 185). Thus, ultraviolet irradiations of 168 with tetra- 

fluoroethylene (52), prep uercel tn lene (185), a and hexafluoro- 

propene (185) give the n 3—allylic derivativesss i (Xo= Yo=eF; 

eu eee ae ea EY Vig CB ire 

a ae 
re Te 

172 173 
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Cyclooctatetraene reacts with carbonyliron reagents under 

various conditions to give several products including both 

(1-4-n*-CgHg) Fe(CO)3 (172) and p-(1-4-n*:5-8-n*-CeHs) - 
[Fe(CO)3]2 with trans stereochemistry (128,237,289,334,339). 

These complexes are described in detail elsewhere in this 

book. Reaction of (cyclooctatetraene) tricarbonyliron (172) 

with methylene iodide in boiling diethyl ether in the pre- 

sence of a zinc-copper couple (Simmons-Smith reagent) results 

in addition of three CH2 units followed by rearrangement to 

give a yellow crystalline adduct (C11H14)Fe(CO) 3 formulated as 

the substituted cyclononadiene complex 173 (341). 

H. REACTIONS OF NORBORNADIENE AND OTHER BICYCLIC DIENES 

WITH CARBONYLIRON COMPLEXES 

Examples have been given earlier in this chapter where 

non-conjugated dienes rearrange to conjugated dienes upon 

treatment with carbonyliron complexes. Norbornadiene is an 

example of a non-conjugated diene where such rearrangement is 

forbidden because of the instability of double bonds in 

bridgehead positions in bridged polycyclic systems. Further- 

more, the two double bonds of the norbornadiene system are in 

an excellent position to coordinate toi a single metal atom: 

Reaction of norbornadiene with pentacarbonyliron thus occurs 

readily to give the corresponding (norbornadiene) tricarbonyl- 

iron (174) as a volatile yellow liquid (47,48,188,322). In 

Osten OES ston. 
Fe(CO), e) 

174 175 176 
addition four different norbornadiene dimers and five ketones 

may be isolated from this reaction mixture (47). The ketones 

arise from oligomerization of the norbornadiene with carbon 

monoxide insertion. A Similar reaction of benzonorbornadiene 

with various carbonyliron reagents results in both dimeriza- 

tion to give 175 and dimerization with carbonyl insertion to 

give the polycyclic cyclopentanone 176 without the formation 

of a tricarbonyliron complex analogous to 174 (278,288). The 

benzonorbornadiene double bonds within the benzenoid ring 

thus appear to be too unreactive to form carbonyliron com- 

plexes. 

The assignments of the normal modes in the infrared and 

Raman spectra of (norbornadiene)tricarbonyliron (174) have 

been reported (411). a 

Some 7-substituted norbornadiene-tricarbonyliron com- 
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plexes have also been prepared (215). Reaction of 7-benzoyl- 
oxynorbornadiene with pentacarbonyliron in boiling n-butyl 
ether gives the corresponding LCs Gh complex 177 

O-R 

a ay ace CO,CH, 
Fe(CO), Fe(CO), Fe(COl, Fe(CO) 

177 178 179 180 
(R = CO-CgHs5). Other 7-substituted norbornadiene-tricarbonyl- 

iron derivatives which have been similarly prepared include 

ay Haak = H, CO-CH3, C(CH3)3, and SO»-CgHy-p-CH3). Hydrolysis 

of the (7-p-toluenesulfonyloxynorbornadiene) tricarbonyliron 

(177, R = SO2-CeHy,-p-CH3) in 80 % aqueous acetone proceeds at 

least 10° times more Slowly than that of the uncomplexed 7-p- 

toluenesulfonyloxynorbornadiene (215). This suggests that the 

(7-norbornadienyl)tricarbonyliron cation (178) is much less 

stable than the uncomplexed 7-norbornadienyl cation. This is 

a very unusual example of a carbonium ion which is destabi- 

lized by attachment of a transition metal atom. Oxidation 

of (7-norbornadienol)tricarbonyliron (177, R = H) with the 

pyridine-(sulfur trioxide) complex in dimethyl sulfoxide con- 

taining triethylamine gives the orange crystalline tricar- 

bonyliron complex 179 of the unstable 7-norbornadienone 

(269,271). Photolysis of various norbornadiene complexes 

megenerocesmener Loee morbomnadienes aigands (2/70) ain chenecase 

of the norbornadienone derivative 179 the unstable free nor- 

bornadienone was detected by its Diels-Alder reaction with 

1,3-diphenylisobenzofuran to give 9,10-diphenylanthracene 

after dehydration (270). 

The dark yellow crystalline complex 180 has been ob- 

tained by heating the Diels-Alder adduct of cyclopentadiene 

and dimethyl acetylenedicarboxylate with either enneacarbonyl- 

diiron or dodecacarbonyltriiron in boiling benzene (318). 

Several reactions of (norbornadiene) tricarbonyliron 

(174) have been investigated. Treatment of 174 with fluoro- 

® 
0 

R gee Cc. | 
OC—rfe=H Fi Foe ee 
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sulfonic acid in liquid sulfur dioxide results in protonation 

ab) hey lconWa con yeo give the hydride cation 181. This cation 

was identified by its 14-NMR spectrum including a resonance 

at T 17.3 assigned to the proton bonded to iron (151). Hydro- 

lysis of the solutions of protonated 174 leads to recovery 

of unchanged 174. Treatment of (norbornadiene) tricarbonyl- 

iron (174) with equivalent amounts of dichloromethyl methyl 

ether and titanium tetrachloride in dichloromethane for 30 

min at O°C and subsequent hydrolysis results in formylation 

to give the aldehyde 182 (R = CO-H) as an orange liquid 

(178). Reduction of this aldehyde 182° (R = CO-H) with 1:4 

LiA1H,/A1C13 gives the 2-methylnorbornadiene complex 182 

(R = CH3). The same methyl derivative is also obtained by 

1:4 LiAlH,/A1C13 reduction of the methyl ester 162" (Ro= C07 

CH3). Attempted Friedel-Crafts acylation of (norbornadiene) - 

tricarbonyliron (174) with acetyl chloride and various Lewis 

acids results in decomposition (178). Ultraviolet irradiation 

of 174 with tetrafluoroethylene gives only a white crystal- 

line tetracarbonyliron derivative formulated as the nortri- 

cyclyl derivative 183 on the basis of its 1y- and 1}°F-NMR 

spectral ((52) = hye 

Several tricarbonyliron complexes of bicyclo[2.2.2]- 

octatriene derivatives have been prepared. Treatment of bis- 

(trifluoromethyl) tetramethylbicyclo[2.2.2]Joctatriene with 
pentacarbonyliron in boiling ethylcyclohexane gives mainly 

the corresponding tricarbonyliron complex 184a in which the 

aE 
CF, CH, 

F3c H.C 3 
HC Bip tint bet CF, Rs R 

HC ey CH, HC CF, R R 
Fe(CO), Fe(CO), Fe(CO), 

184a 184b 185 

methylated carbon-carbon double bonds are coordinated to the 
iron atom (240). However, in addition a small amount (10 - 
25 % of the total) of the other isomer (184b) is also ob- 
served in the 'H- and !°9F-NMR spectra (240). An extensive 
series of tetrafluorobenzobicyclo[2.2.2]loctatriene-tricar- 
bonyliron derivatives of the type 185 (R =H or CH3) have 
been prepared containing anywhere between zero and six methyl 
substituents (346,373). The structure of 185 (R = H) has been 
confirmed by X-ray crystallography (218). 

Some carbonyliron derivatives containing the bicyclo- 
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[3.2.1loctadiene system have been prepared (295). Reaction 
of bicyclo[3.2.1]Joctadiene with pentacarbonyliron in methyl- 
cyclohexane solution gives the corresponding pale yellow 

erystalline tricarbonyliron complex 186. Reaction of 186 with 

triphenylmethyl tetrafluoroborate (eq. [7]) results in hydride 

abstraction to give the stable yellow tetrafluoroborate salt 

of the (bicyclo[3.2.1]Joctadienyl)tricarbonyliron cation 187. 
The VStesucturevor this cation has been confirmed by X-ray 

crystallography (295). 

Some bicyclo[3.2.2]nonadiene carbonyliron derivatives 
have been investigated (139). Treatment of bicyclo[3.2.2]- 

nona-2,6,8-trien-4-ol (188) with enneacarbonyldiiron gives 

the three isomeric tricarbonyliron complexes 189, 190, and 

191 gn 8%, 10 3, and 52 % yields, respectively, as indi= 

cated in equation [8]. Protonation of 190 with tetrafluoro- 

OH 
[> Fe,(CO), on 
Ko» JES ‘ : 
b> , 

H 0 0 yi 
188 189 AR 
ey nt a ies Os 

0 [8] 

190 

191 

© Q © 

oie op 
0 

Fe(CO), Fe(CO), 

—s WwW 192 193 194 
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boric acid in acetic anhydride gives the yellow tetrafluoro- 

borate of the (bicyclo[3.2.2]nonadienyl) tricarbonyliron 
cation 192. A similar protonation of 191 also gives 192 ap- 

parently throughia lp2 carbone shite (Wagner- Meerwein process) . 

Reaction of hcvcteiss 2.2]nonatrienone with Fe2(CO)3 gives the 

tricarbonyliron complex 193 which forms the cation 194 upon 

protonation with concentrated sulfuric acid. 

Some similar reactions have also been studied with 6,7- 

benzobicyclo[3.2.2]nonadiene derivatives (142). The tricar- 

bonyliron complex 195 can be prepared in quantitative yield 

by treatment of the corresponding ketone with enneacarbonyl- 

diiron in benzene solution. Complex 196 was similarly made 

from the free benzobicyclononadienyl methyl ether and 

| 
ore a (0 ope ‘ 

\ 

@ 

x 
195 (OCl,Fe 197 

SS 

OCH, 

196 
Feo (CO)9. Protonation of 196 with tetrafluoroboric acid in 
acetic anhydride resulted in elimination of methanol to 
give the cation 197 isolated as its stable tetrafluoroborate 
Susie 

REACEVonmos tricyclo[4.3.1.0.!* ]deca-2,4-diene with dode- 
cacarbonyltriiron in boiling benzene for 6 h gives a tricar- 
bonyliron complex (49) shown by X-ray crystallography (30) 
to have the expected structure 198. The yellow-orange crystal- 

Fe(CO); 
* 

Fe(CO), 

198 439° 
line complex 199 has been obtained from anti-7,8-benzotri- 
cyclo[4.2.2.07° Jdeca- 3,7,9-triene by reaction with enneacar- 
bonyldiiron in hexane/benzene at 55°C (298). 

Several tricarbonyliron complexes of [4.4.3]propellane 
ethers and imides have been prepared (7) including the two 
stereoisomeric propellatetraene complexes 200a and 200b. By 
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reactions of either 200a or 200b with only one equivalent of 
Ce(IV) (Ce(NH,)2(NO3)¢) one of the two complexed tricarbonyl- 
1ron groups can be selectively removed to give 90 % yields 

t ) 
(OC),Fe Fe(COl, (OC)Fe | 

mS 
NCH3 NCH3 
FA aA 

I 1 FelCO), 
0 0 

200a 200b 

¢) ) 
[Ore > | | 

SS SS 

NCH NCHs 
WA aA 

I FelCOl, 
e) fe) 

201a 201b 

of the stereoisomers 20la and 201b, respectively. Similar 

mononuclear tricarbonyliron complexes have been prepared from 

propellatriene and propelladiene N-methylimides and ethers 

(7). Protection of the 1,3-cyclohexadiene ring in the aza- 

propellane 202 and its stereoisomer by complexation with a 

0. 

n—? 
NC 

O 

202 

tricarbonyliron group has been employed prior to hydrogen- 

ation of the isolated carbon-carbon double bond (258). 

I. DIENE-TRICARBONYLIRON COMPLEXES FROM CYCLOPROPANE AND 

CYCLOBUTANE DERIVATIVES 

Sometimes diene-tricarbonyliron complexes can be prepared 

by reactions involving the opening of cyclopropane iaakievefsre, JNA 

example of such a reaction has already been given in which 
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1,3,3-trimethylcyclopropene reacts with dodecacarbonyltriiron 

to give the vinylketene derivative 69 (241). The reaction of 

enneacarbonyldiiron with dimethyl methylenecyclopropane-2, 3- 

CH,0,C CH;0,C 
Hs 

CH;0,0. fe A ) oo 

H* CH30C /\ 

Gece 
0. C0 

0 
203a 204a 

CH,0,C CH,0,C 

H™ a 

BAe es Coe 
= Fe CH,0,C AS 

0 c °o 
0 

203b 204b 

dicarboxylate (eq. [9]) gives ultimately a diene-tricarbonyl- 
iron derivative through an olefin-tetracarbonyliron complex 

(395). This reaction is stereospecific since the cis-isomer 

203a of the methylenecyclopropane derivative gives exclusive- 

ly the anti-complex 204a, and the trans-isomer 203b of the 

methylenecyclopropane derivative gives exclusively the syn- 

complex 204b. The major product from the reaction of ennea- 

carbonyldiiron with either cis- or trans-2,3-bis (hydroxyme- 

thyl)methylenecyclopropane is the 1,4-diene-tricarbonyliron 

0 

—70 

205 
complex 205 (184). This complex appears to be the only ex- 

ample of a 1,4-diene-tricarbonyliron complex in which the 

coordinated carbon-carbon double bonds are not incorporated 

into a ring system. 

Some reactions of cyclopropylethylene derivatives with 

carbonyliron reagents give diene-tricarbonyliron complexes 

(349,350). Treatment of the 1-aryl-1-cyclopropylethylenes 
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206" (R =H, Cl, 0CH3) with pentacarbonyliron in boiling di- 

R R 

—— 

[10] 

/ A mx CH, 
Fe 

(CO), 

206 207 

n-butyl ether gives the corresponding 2-arylpenta-1,3-diene- 

tricarbonyliron complexes 207 according to equation [10]. 

However, ultraviolet irradiation of 206 with Fe(CO)5 or Feo- 

(CO)3 at room temperature gives the cyclohexenones 208 ap- 

OS 
Fe(CO), 

208 0 209 
parently through unstable tricarbonyliron derivatives, pos- 

Sibly 209 (379). Reaction of 1,1-dicyclopropylethylene (210) 

with pentacarbonyliron in boiling ethylcyclohexane results in 

successive opening of the two cyclopropane rings to give first 

the yellow liquid 211 and then the yellow crystalline 212 

AL AG, net 

210 211 212 
(34,350). The opening of the second ring 1s accompanied by 

carbonyl insertion (34). However, further studies (351) show 

O 
hv 80°C 

+ Fe(CO), —> —_ >» 

OH ant 

(OC),Fe 

213 214 | 
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that 211 is not.an intermediate an the formation»of i ZizZ> Ul— 

traviolet irradiation of the bicyclic vinyloxirane 21a with 

pentacarbonyliron (eq. [11]) followed by heating in “boiling 

benzene results ultimately in the formation of (endo-hydroxy- 

cyclohexadiene)tricarbonyliron (214) (19). 

Several reactions of polycyclic hydrocarbons containing 

vinylcyclopropane units with iron carbonyls give various 

diene-tricarbonyliron derivatives. Reaction of homosemibull- 

valene (215) with enneacarbonyldiiron in boiling hexane gives 

a complex mixture of products (20). One of these products is 

the yellow liquid (bicyclo[4.2.1]nonadiene) tricarbonyliron 

(216), formed by opening the cyclopropane ring. Reaction of 

bullvalene (217) with enneacarbonyldiiron gives the bis(tri- 

cD @ © Ge 
Fe(CO), Fe(CO), 

215 216 217 218 
carbonyliron) complex 218, which rearranges upon heating to 

(9,10-dihydronaphthalene)bis(tricarbonyliron) (359,361). 

Another product obtained from bullvalene and carbonyliron 

reagents, 219 (14), undergoes isomerization upon heating to 

eyo eae Fe wociee 

OEE Ve 

221 

120°C to give the complex 220 containing a diene-tricarbonyl- 
1roneunit (15) > Compound 220 reacts with carbon monoxide at 
room temperature and atmospheric pressure with carbonyl in- 
sertion into the iron-carbon o-bond to give 221 (383). The 
structure of 221 has been determined by X-ray y crystallography 
(383) For further details on the rather complex reaction 
between bullvalene and carbonyliron complexes see the chapter 

eel h <r 
Fe(CO), Fe 

Fe(CO), (CO); | Fe(CO), 

EAP 223 224 225 —= as, 
—= 
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on n3-allylic derivatives. 

Protonation of (cyclooctatetraene)tricarbonyliron (172) 

readily leads to the bicyclic cation 222. Sodium borohydride 

reduction of 222 gives the diene-tricarbonyliron derivative 

223 (X = H) containing a fused three-membered ring (17,21) 

along with the isomeric n?-allyl-o-acyl derivative 224. 

Pyrolysis: Of 2230(x% = H)yvat 120°C results in rearrangement to 

give (bicyclo[4.2.0]octadiene)tricarbonyliron (168). A simi- 

lar) pyrolysis of 224 at’ 60°C gives (1,3, 5-cyclooctatriene) - 

tricarbonyliron (167). The gem-dibromo-derivative 223 (X = Br) 

has been prepared by treatment of the ligand with dodecacar- 

bonyltriiron in boiling heptane (224). This compound has been 

characterized by X-ray crystallography (366). Reaction of 

223 (X = Br) with methyllithium at -65°C gives a bright yel- 

low-orange crystalline product shown by X-ray crystallogra- 

phy to have the novel structure 225 formed by an unusual re- 

arrangement (223,224). , 

The spirane 226 reacts with enneacarbonyldiiron to give 

the pentacarbonyldiiron complex [CsHyCeH¢CO]Fe2(CO)s5 (301). 
X-ray crystallography on this complex (91) indicates the 

structure 227. 

3 

A eee FAC CH, 
eR reco 

<< Co Asc each, 

226 228 229 

CH 3 p 

H,C 

oe ‘ cO 

‘iad Co ae \ore 
Fe O 0 OCa = C 
ae coast 0 

poate 0 ovale 0 
0 0 

27 230 

Several diene-tricarbonyliron complexes have been pre- 

pared from cyclobutane derivatives. 1,2-Dimethylenecyclobu- 

tane reacts with carbonyliron reagents to give the corres— 

ponding yellow-orange liquid diene-tricarbonyliron derivative 

CeHgFe(CO)3 228 (173,248) in addition to yellow crystalline 

C12Hi¢Fe(CO)2 formulated as a substituted bis (n?-allyl)dicar- 

bonyliron derivative (248). Hexamethylbicyclo[2.2.0]hexadiene 

(229) reacts with Fez (CO) 9 to give a low Vield Ofsem baicke ned 
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solid formulated as’ the dimethylenecycloheptadienone deriva- 

tive 230 (164). 

J. DIENE-TRICARBONYLIRON COMPLEXES FROM HETEROCYCLIC SYSTEMS 

Several examples are known where heterocyclic dienes can 

bond to tricarbonyliron groups through the carbon-carbon 

double bonds in the heterocyclic ring. Phosphole derivatives 

(231, E = P) may form carbonyliron derivatives in which either 

the pair of carbon-carbon double bonds or the lone pair on the 

phosphorus atom are bonded to carbonyliron residues (56,57). 

Reaction of pentaphenylphosphole (231, E = P, R = CgHs) with 

dodecacarbonyltriiron in boiling isooctane gives the yellow 

a R R 

R R ——— —_— 

) ( E-GHe Paci 

R R R R | 
F Fe ® OC—Fe—$re-=co 
R coe C7 | INo 

OSC. O GALG CHa) 
231 0 fe) fe) 

232 233 

crystalline diene-tricarbonyliron derivative 232 (EB = P) in 

addition to the hexacarbonyldiiron derivative 233 in which 

both the lone pair on phosphorus and the pair of carbon-carbon 
double bonds are bonded to tricarbonyliron units, and the 

tetracarbonyliron derivative [(C6Hs) 4CyPCeHs ]Fe(CO), in- 
volving only phosphorus coordination. A similar reaction of 
pentaphenylphosphole (231, E = P, R = CeHs) with pentacar- 

bonyliron under more vigorous conditions (140°C) gives only 
the tetracarbonyliron derivative in nearly quantitative yield. 
However, the reaction of pentaphenylarsole (231, E = As, R = 
C6Hs) with pentacarbonyliron under similar vigorous conditions 
gives only the diene-tricarbonyliron derivative 232 (E = As) 
with no evidence for the formation of derivatives containing 
arsenic-iron bonds. 

C,H , Hee Geae HeC, 6'5 : R 

[ \ 7 Spools os \ SO, 

HeCg P CeHs H.Ce Ra S 
/\ CeHe R 

234 (CO); 

ke (oa) INO (es) fo) | 
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238 239 

237 
Oxidation of pentaphenylphosphole to the corresponding 

oxide (234) removes the lone pair from the phosphorus atom 

leaving only the phosphole diene system for possible coor- 

dination to a metal. Thus, reaction of pentaphenylphosphole 

oxide (234) with pentacarbonyliron gives only the diene-tri- 

carbonyliron complex 235 in nearly quantitative yield (56, 

57). Similarly, ultraviolet irradiation or heating (387) the 

Ehivopheneys, o-dlloxidess2360 (R= RU = Cohn; Ro =] Hh, RY = CH) 

with pentacarbonyliron in benzene solution gives the corres- 

ponding diene-tricarbonyliron derivatives 237. The unsubsti- 

tuted (thiophene dioxide) tricarbonyliron (an, iQ = iR0 = #1) 

was prepared by ultraviolet irradiation of 3,4-dibromotetra- 

hydrothiophene dioxide with excess pentacarbonyliron at room 

temperature since thiophene dioxide itself (236, R = R' = H) 

is too unstable to use as a reagent (85). The reaction of 

thiophene with dodecacarbonyltriiron does not give the cor- 

responding tricarbonyliron complex (233). Instead, desulfur- 

ization occurs to give (tricarbonylferrole) tricarbonyliron 

(238) identical to a compound obtained from acetylene and 

carbonyliron complexes. Reaction of tellurophene with dodeca- 

carbonyltriiron in boiling benzene gives in addition to 238 

and Fe3(CO)9Tez the red air-sensitive sublimable C,HyTe- 

Fe, (CO)¢ suggested to have structure 239. (ER=Steym(2ZZ8) 

sulfur analogue (239, E = S) has been mentioned in a footnote 

but has not been described in detail (16). 

Tricarbonyliron units have also been complexed with the 

carbon-carbon double bonds in a pyrone ring. Thus, ultraviolet 

irradiation of a-pyrone with pentacarbonyliron in diethyl 

ether gives the yellow crystalline tricarbonyliron complex 

CeHs, CeH, 

) S70 0 

240 241 242 
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N40 

243 2b b 
240 in addition to (cyclobutadiene)tricarbonyliron formed by 

decarboxylation (347). Reaction of the bicyclic a-pyrone 241 

with dodecacarbonyltriiron in boiling toluene gives two iso- 

meric tricarbonyliron derivatives (211). One is formulated as 

242 in which the tricarbonyliron group is bonded to the 1,3- 

cyclohexadiene ring. The second is formulated as 243 in which 

the tricarbonyliron group is bonded to the d-pyrone ring. 

These isomers 242 and 243 readily undergo interconversion 

upon heating in xylene solution with isomer 242 predominating 

in the resulting equilibrium mixture. 

Some tricarbonyliron derivatives of dihydropyridines have 

been prepared. Reactions of the N-alkoxycarbonyl-1,2- and 

-1,4-dihydropyridines with enneacarbonyldiiron in benzene at 

room temperature give the corresponding N-alkoxycarbonyl-1,2- 

dihydropyridine-tricarbonyliron complexes 244 (R = CH3, C2Hs) 

(6). In these compounds the dihydropyridine ring is coordi- 

nated to the iron through its double bonds rather than through 

its nitrogen atom. 

Some other reactions of carbonyliron reagents with un- 

saturated nitrogen heterocycles have been investigated. The 

reaction of N-phenyl-2-oxa-3-azabicyclo[2.2.2]oct-5-ene (245) 

H 

/ Fe(CO 
0 satel oie 

245 246 

with enneacarbonyldiiron in benzene at 40°C for 20 min gives 

(endo-5-anilinocyclohexa-1,3-diene)tricarbonyliron (246) as 

the major product in addition to several iron-free deriva- 

tives (29). The chemistry of tricarbonyliron complexes of 

azepine (163), and some of its substitution products such as 

N-carbethoxyazepine (163,177,330) and diazepines (123,368) is 
discussed in detail elsewhere in this book. 
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K. DIENE-TRICARBONYLIRON COMPLEXES FROM VINYLSILICON AND 

VINYLBORON DERIVATIVES 

Reactions of 1,4-pentadienes with carbonyliron complexes 

always lead to isomerization to produce an iron complex con- 

taining a 1,3-pentadiene system. However, if the central sp° 

carbon atom in 1,4-pentadiene is replaced by a silicon atom, 

then this type of isomerization cannot occur because of the 

inability of silicon to form stable double bonds. Reaction of 

dimethyldivinylsilane with dodecacarbonyltriiron in boiling 

benzene for 12 h gives the liquid air-sensitive (dimethyldi- 

vinylsilane)tricarbonyliron (247) (167). 

More stable compounds are obtained if the divinylsilane 

system is part of a silacyclopentadiene ring. The 2,5-diphe- 

nylsilacyclopentadiene-tricarbonyliron derivatives 248 (R" = 

Ep Ree Chit Con Eli Og mr — Gr Eight mul — mi CHiot yu m==9 (Collis Gers) 

can easily be obtained as yellow crystalline solids by re- 

action of the corresponding free silacyclopentadiene with any 

HORS aa - CeHs 
—_— R 

Sim R He CauncH 
et Sse Ph 5-6 
J r SR eC, CgHe 

oc c Co Fe CéeHs H | 
va R Si H_Cs Si H 

Bo eG) 

247 248 249 250 
of the three carbonyliron complexes under appropriate condi- 

tions (67,155). Furthermore, the tricarbonyliron complex 248 

(R" =H, R = R' = CH3) can also be obtained by debromination 

of the corresponding dibromosilacyclopentene derivatives with 

enneacarbonyldiiron in benzene at 50°C (68). Tetraphenylsila-— 

cyclopentadiene-tricarbonyliron derivatives (248, R" = Ce6Hs) 

can be obtained by treatment of the free tetraphenylsilacyclo- 

pentadiene with pentacarbonyliron under relatively vigorous 

conditions (66,344). Reaction of 1,1-dimethyl-1-silacyclo- 

hexa-2,4-diene (249, R =H) with pentacarbonyliron in benzene 

al SO aCEG Eves the corresponding tricarbonyliron complex as a 

distillable liquid (156). However, 1) l—dimnethyl—2, 3/4, 5—-tetras 

phenyl-1-silacyclohexa-2,4-diene (2497 RoS CsHs5) does not re- 

act with pentacarbonyliron under comparable Condi EVons,  Pses 

sumably because of steric hindrance towards complex formation 

arising from the phenyl groups (156). Reaction of 249 (R= 

CeHs) with pentacarbonyliron under still more vigorous con- 

ditions (190°C/120 h) results in isomerization to 250 without 

formation of a tricarbonyliron derivative (156). Reaction of 
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the tricarbonyliron complex of the silacyclohexadiene deri- 

vative 249 (R = H) with triphenylmethyl hexafluorophosphate 

in dichloromethane at room temperature results in hydride ab- 

straction to give the corresponding silacyclohexadienyl-tri- 

carbonyliron complex 251 as a stable yellow crystalline solid 

(UST) 

CH @ 

oe 
Fe(CO), (CO); 

251 252 
Reactions of alkoxydivinylboranes with enneacarbonyldi- 

iron in benzene at 35°C followed by ultraviolet irradiation 

of the resulting tetracarbonyliron derivative in diethyl ether 

at 10°C give the unstable orange liquid tricarbonyliron com- 

plexes [ROB(CH=CH2)2]Fe(CO)3 (252, R = n-CyuH9 and CegHsCH2). 
The products 252 are isoelectronic with the cis-pentadienyl- 

tricarbonyliron cations discussed above and have similar 

features in the complexed vinyl regions of their 1 H-NMR spec— 

tray (203). 

Divinylborane-tricarbonyliron derivatives are more stable 

if the divinylborane unit is part of a heterocyclic ring 

system (205,206). Thus, reaction of pentaphenylborole with 

enneacarbonyldiiron in warm toluene gives the corresponding 

tricarbonyliron complex 253 as a stable yellow crystalline 

CgHe is 

3 

HsCg Be es E—CH, 

5 6 B oe —sS c -—-DsS 

Fe(COl, 25h Fe(CO), 

zs 255 
solid (206). Similarly, the boracyclohexadienes 254 (E =C 

or Si) react with pentacarbonyliron to give the corresponding 

tricarbonyliron complexes 255 (E = C or Si) (205). The di- 

hydroborepin 256 reacts with } pentacarbonyliron under rela- 

tively mild conditions to give the corresponding tricarbonyl- 
iron complex 257. Heating 257 first causes double bond migra- 

tion to give 258 followed by 1 ring contraction to give a mix- 
ture of the borole- Beeeeoe bey ae derivatives 259.(R = Cos, 
CH=CH2) (206). In general, the sp* boron in the ri ring systems 
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R 

= EF Gear 

256 257 258 259 
ZO yell ee DO panda 2 OOMpanticapates ins the delecaliza— 

tion so that these derivatives may be regarded as the indicat- 

ed boradienyl complexes rather than true diene complexes. 

L. REACTIONS OF CARBONYLIRON COMPLEXES WITH PERFLUORODIENES 

The strong electron withdrawing properties of fluorine 

atoms are expected to reduce significantly the electron den- 

sity in the T-orbital system of the 1,3-diene available for 

donation to a transition metal. Present information suggests 

that in order to form a 1,3-diene-tricarbonyliron complex, the 

two carbon-carbon double bonds must be part of a ring system, 

specifically 1,3-cyclohexadiene or 1,3-cycloheptadiene, in 

which the fluorinated carbon-carbon double bonds are rigidly 

held in the favourable cisoid conformation for bonding to a 

Single metal atom. 

The first tricarbonyliron complex of a perfluorodiene to 

be prepared was the perfluorocyclohexadiene derivative CeFg- 

Fe(CO)3. This volatile air-stable pale yellow crystalline 

solid was first prepared by Wilkinson and co-workers (210,386) 

by reaction of perfluorocyclohexadiene (either the 1,3- or 

the 1,4-isomer) with dodecacarbonyltriiron in a sealed tube 

at 120°C. An X-ray crystallographic study (87,88) of this 

complex indicates bond distances and conformations suggesting 

the structure 260 with localized ring-iron Honcdinge Mere Onrs 

; IS 
‘ecm Peo, 

Fe(CO), Fe(CO), 

Zac 261 
responding polyfluorocycloheptadiene complexes 268 (x= x' = 

H or F; X =H, X' = F) have been obtained similarly from the 

corresponding polyfluorocyclohepta-1,3-diene and dodecacar- 

bonyltriiron as yellow volatile solids (132). An X-ray crys- 

tal structure of the perfluorocycloheptadiene complex (131) 
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was Consistent with structure 261 (x = x' = F)- 

Relatively little is known about the chemical reactions 

of these perfluoro-1,3-diene-tricarbonyliron complexes. How- 

ever, the perfluorocyclohexa-1,3-diene derivative Ze8 has been 

shown to add fluoride to give the stable yellow (Nn %_perfluoro- 

cyclohexenyl)tricarbonyliron anion (262) isolated as ates) te= 

tramethylammonium salt (329). 

C 
ae (S) F i co 

F / Er pe 
FF \ 

F F | c 
Fe O 

(CO) C 

N D N W 

Other perfluoro-1,3-dienes form tetracarbonyliron com- 

plexes upon reactions with carbonyliron reagents. Thus, per- 

fluorobutadiene reacts with pentacarbonyliron to give the 

complex 263 in which only the two terminal carbon atoms of 

the 1,3-diene chain are bonded to the iron atom (209). Per- 

fluorocyclopentadiene (26) and perfluorobicyclo[2.2.0]hexa- 

diene (97) form only-mono- and binuclear olefin-tetracarbonyl- 

iron complexes involving individual coordination of one or 

both of their carbon-carbon double bonds to tetracarbonyliron 

units. 

M. CARBONYL SUBSTITUTION REACTIONS ON DIENE-TRICARBONYLIRON 

COMPLEXES 

A ligand with very similar T-acceptor properties to the 

carbonyl group is the trifluorophosphine ligand. Numerous 

tris(trifluorophosphine) iron complexes of 1,3-dienes have 

been prepared (262). Thus, ultraviolet irradiations of 

Fe(PF3)5 with butadiene (262), isoprene (262), cis- and trans- 

1,3-pentadienes (262), 2,3-dimethylbutadiene (262), trans,- 

trans- and cis,trans-2,4-hexadienes (262), 2,4-dimethylpenta- 

1,3-diene (262), methyl sorbate (262), cyclopentadiene (261), 

1,3-cyclohexadiene (262), 1,3-cycloheptadiene (262), 1,3- 

cyclooctadiene (262), and norbornadiene (262) give the cor- 

responding (diene)Fe(PF3)3 complexes as air-stable sublimable 

yellow crystals. The corresponding 1,3-hexadiene complex 

(C2Hs5-CH=CH-CH=CH2 )Fe(PF3)3 can be obtained by ultraviolet 

irradiation of Fe(PF3)5 with allyl chloride in diethyl ether 

at -l0°C followed by air oxidation er the unstable volatile 

dark green intermediate in pentane solution (263). The 1,5- 

cyclooctadiene complex (1,5-CgHi2)Fe(PF3)3 can be obtained by 
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reaction of bis(1,5-cyclooctadiene)iron with phosphorus tri- 
fluoride at -30°C (281). 

Mixtures of (diene)Fe(PF3) (CO) derivatives can be 

obtained by irradiating with excess phosphorus trifluoride 

in hexane solution the tricarbonyliron complexes of butadiene 

(384), isoprene (75), cis- and trans-1,3-pentadiene (75), 2,3- 

dimethylbutadiene (75), trans,trans-2,4-hexadiene (75), 2,4- 

dimethylpentadiene (75), and 1,3-cyclohexadiene (385). For a 

given 1,3-diene the individual (diene)Fe(PF3) (CO) deriva- 

tives can be separated by preparative vapour phase chromato- 

graphy at 60 - 118°C on copper columns several meters long 

packed with 15 % Dow Corning DC-702 silicone oil on Chroma- 

sorb EB: 

An extensive !°F-NMR study has been made on these sub- 

stituted (diene) Fe (PF3) , (CO) a derivatives (76). The tri- 

fluorophosphine ligand exhibits a strong preference for the 

apical position over either of the two available basal sites 

of the square pyramid coordination polyhedron. In the bis- 

(trifluorophosphine) derivatives of prochiral 1i1,3-dienes the 

trifluorophosphine ligand exhibits a secondary preference for 

the basal position trans to the methyl group on the 1,3-diene 

ligand. Intramolecular exchange of the trifluorophosphine li- 

gands occurs in the bis- and tris(trifluorophosphine) com- 

plexes of both prochiral and symmetric dienes. The limiting 

NMR spectra are generally well-developed at -100°C. 

(Cyclopentadiene) tris (trifluorophosphine) iron, (n*-CsHe)— 

Fe(PF3)3 (264), is a useful source of cyclopentadienyliron 

derivatives containing trifluorophosphine ligands (261). Thus, 

Fe (PF), 

264 

the reaction of 264 with triethylamine in diethyl ether gives 

an essentially quantitative yield of the orange volatile li- 

quid hydride (n°-CsHs)Fe(PF3) 2H. 
Some reactions of (diene)Fe(CO)3 derivatives with other 

trivalent phosphorus ligands have also been investigated. 

Such reactions can proceed through either carbonyl substitu- 

tion to give a (diene)Fe(CO)2L derivative, or through diene 

substitution to give a trans-L2Fe(CO) 3 derivative as indi- 

cated in equation [12]. Such reactions with triphenylphos- 

ky (diene)Fe(CO),L + CO 
(diene)Fe(CO); + L <<" [12] 

ko trans-LzFe(CO); + diene 
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phine have been investigated for the tricarbonyliron complexes 

of butadiene (83,289,340), 1,3-cyclohexadiene (83,228), 1,3- 

cycloheptadiene (83,228), cycloheptatriene (83,228,289 7340), 

1,3-cyclooctadiene (228), 1,5-cyclooctadiene (100), and bi- 

cyclol4.2.0loctadiene (289). Thermal reactions with triphenyl- 

phosphine generally result in displacement of the 1,3-diene 

to give trans-[ (CgHs) 3P]2Fe(CO)3 whereas photochemical reac-— 

tions at room temperature result in successive replacement of 

carbonyl groups to give (diene)Fe(CO)2P(CsHs)3 and finally 

(diene) Fe(CO) [P(CgHs)3]2 derivatives (83). The kinetics of 

some of these reactions have been investigated in some detail 

(228). The reaction of (1,3-cyclooctadiene) tricarbonyliron 

with excess triphenylphosphine at 60°C in n-heptane proceeds 

smoothly by a second order process to give trans-[(Ce6Hs) 3PJo- 

Fe(CO) 3) with a rate constanf (k2 in eq. [12] above) of 
3.15%* 165° “mele Ss) SAH” = 20/76 ‘keal mote 1 and AS’ = 

=3), 0) Cal deg } mole !. However, the tricarbonyliron complexes 

of 1,3-cyclohexadiene and 1,3-cycloheptadiene do not react 

with triphenylphosphine under such conditions. This suggests 

that the iron-olefin bond is weaker in (1,3-cyclooctadiene) - 

tricarbonyliron than in the tricarbonyliron complexes of 1,3- 

cycloheptadiene and 1,3-cyclohexadiene. Reaction of triphenyl- 

phosphine with (1,3-cyclohexadiene) tricarbonyliron at 154°C in 

decalin results in replacement of a carbonyl group rather than 

the cyclohexadiene to give (CgHs)Fe(CO)2P(Ce6eHs)3 by a carbon- 

yl-dissociative mechanism. (Cycloheptatriene) tricarbonyliron 

was unreactive towards triphenylphosphine at 60°C but reacted 

at 154°C by both first and second order processes. 

Some reactions of (diene)Fe(CO)3 derivatives with tri- 

valent alkoxyphosphorus ligands have also been investigated. 

Thermal reactions of (butadiene) tricarbonyliron with the tri- 

valent alkoxyphosphorus compounds CgHs5-P(OR)» (R = CoHs, n- 

C3H7, and n-CyH9), C2H5s0-CH=CH-P(OC2Hs5)2, and (C2Hs0) 3P re- 

sults in displacement of one carbonyl group to form the cor- 

responding (CyH¢)Fe(CO)2L derivative rather than in displace- 

ment of the butadiene ligand to form the corresponding Lo- 

Fe(CO)3 derivative (321). Ultraviolet irradiation of the tri- 

carbonyliron complexes of 1,3-cyclohexadiene and 1,3-cyclo- 

heptadiene with the polycyclic phosphite 4-ethyl-1-phospha- 

2,6,7-trioxa-bicyclo[2.2.2loctane results in formation of pro- 

ducts in which either one or two of the carbonyl groups have 

been substituted by the phosphite ligand (397). The different 

substitution products can be separated by chromatography. Sub- 

stituted cyclohexadienyl- and cycloheptadienyl (carbonyl1) - 

(phosphite)iron salts can be obtained by reactions of these 

substitution products with triphenylmethyl tetrafluoroborate. 
The rates of ligand scrambling processes in these complexes 
have been determined by a study of the temperature dependence 
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of their *!p-nmR spectra) (397). 

Radicals have been detected by electron spin resonance 
when the 1,3-cyclohexadiene complex (CgHg)Fe(CO) 2P(C6Hs5)3 is 
irradiated with Y-rays from a cobalt-60 source (9). 

Reaction of the (diene) Fe(CO) 3 complexes (diene = buta- 
diene, 1,3-cyclohexadiene, and cyclooctatetraene) with sodium 
bis(trimethylsilylamide) in benzene at 120°C results in re- 
placement of one of the carbonyl oxygen atoms with a nitrogen 
atom to give the corresponding anionic cyano derivatives 
[ (diene) Fe(CO) CN] . These anions can be isolated directly 
from the reaction mixtures as their crystalline sodium salts. 
These products are yellow in the case of the butadiene and 

cyclohexadiene derivatives and red-violet in the case of the 

cyclooctatetraene complex (31). The anions are rather unstable 

in solution. Furthermore, they could not be prepared by treat- 

ment of the (diene)Fe(CO)3 derivatives with potassium cyanide 

in ethanol (31). 

Ultraviolet irradiation of (diene)Fe(CO)3 complexes with 

excess 1,3-diene can give the corresponding (diene)»FeCO deri- 

vative in many cases (e.g. diene = butadiene and 1,3-cyclo- 

hexadiene). This will be discussed in detail later in this 

chapter. 

N. GENERAL THEORETICAL, SPECTROSCOPIC, AND PHYSICAL STUDIES 

ON DIENE-TRICARBONYLIRON COMPLEXES 

Diene-tricarbonyliron complexes have been the subject of 

some theoretical studies (62,145). In the most recent treat- 

ment (145) the energy ordering, symmetry, and extent in space 

of the valence molecular orbitals for a range of geometries 

of M(CO)s5, M(CO)y, and M(CO)3 fragments have been analysed in 

detail. This analysis provides a rationalization as to why 

Cr (CO), fragments prefer to bond to chelating non-conjugated 

dienes whereas Fe(CO)3 fragments prefer to bond to conjugated 

dienes. 

The tricarbonyliron complexes of butadiene and 1,3-cy- 

clohexadiene have been included in a study of the intensities 

of the v(CO) bands in a wide range of metal carbonyl deriva- 

tives (326). Substitution of two carbonyl groups in pentacar- 

bonyliron by a conjugated diene had no significant effect on 

the specific intensities of the V(CO) bands from the three 

remaining carbonyl groups. 

The NMR spectra of diene-tricarbonyliron complexes have 

been investigated extensively. The coupling constants in the 

14H-NMR spectra of a wide range of diene-tricarbonyliron deri- 

vatives (111,194,196) have been analysed in terms of the 

metal-olefin bonding and the geometry of the substituents on 

the coordinated diene. The carbon-hydrogen coupling constants 
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obtained from the )%C-NMR spectra of the tricarbonyliron com- 

plexes of butadiene and methyl octadecadienoate (345) suggest 

that all four diene carbon atoms in these complexes function 

as sp° hybrids. The 13c_NMR spectra of the tricarbonyliron 

complexes of butadiene (264), 1,3-cyclohexadiene (264), 

cycloheptatriene (264), hepta-3,5-dien-2-o0l (259), hepta- 

3,5-dien-2-one (259), and 1-methoxycyclohexa-1,3-diene (268) 

show only one carbonyl resonance at temperatures above O°C 

but two resonances of relative intensity 2:1 at around -80°C. 

This indicates that such diene-tricarbonyliron derivatives are 

fluxional molecules in which the ligands can readily change 

their positions around the formally five-coordinate iron. 

Diene-tricarbonyliron derivatives have been included in 

several extensive mass spectral studies of metal carbonyl 

derivatives by both electron impact (112,114,294) and chemi- 

cal ionization methods (217). Transfer of acyl substituents 

from the coordinated 1,3-diene to the iron has been observed 

(294). Molecular ions have been observed for the tricarbonyl- 

iron complexes of heptafulvene, tropone, and formylcyclo- 

heptatriene in mass spectra obtained by methane chemical 

ionization but not if the spectra were obtained by electron 

impact (217 )r. 

The Méssbauer spectra of diene-tricarbonyliron complexes 

of 2-methoxyhexa-3,5-diene, allo-ocimene, 2-hydroxyhexa-3,5- 

diene, butadiene, 7-acetoxynorbornadiene, 1-phenylbutadiene, 

and hexa-2,4-dienoic acid, and the dienyl-tricarbonyliron 

cations derived from 1,5-dimethylpentadienyl, 1-methylpenta- 

dienyl, cyclohexadienyl, and cycloheptadienyl have been in- 

vestigated (96). For the diene-tricarbonyliron derivatives 

the isomer shifts are in the range -O.218 to -O.178 mm galt, 

and for the dienyl-tricarbonyliron cations the isomer shifts 

ane nmehesranges—Onu2Gutou—O. OSmum s ' ¥ebative to a cop- 

per-cobalt-57 source. The quadrupole splittings are similar 

in both types of compounds and occur in the range 1.46 to 

2-Ol mines. 
The photoelectron spectra of the tricarbonyliron com- 

plexes of butadiene and trans-1,3-pentadiene have been 

measured as well as the photoelectron spectra of numerous 

organic compounds and several cyclobutadiene-tricarbonyliron 

derivatives (135). The first ionization potentials of the two 

diene-iron complexes are 9.73 and 9.58 volts, respectively. 

The ionization potential of (1,3-cyclohexadiene) tricarbonyl- 

iron (92) was found by mass spectrometry (406) to be 8.0 + 0.2 

volts! oF 

A radical anion has been prepared by the electrochemical 

reduction of (1,3-cyclohexadiene) tricarbonyliron (iss) this 
radical anion was characterized by its EPR spectrum. A similar 
electrochemical reduction of (butadiene) tricarbonyliron was 
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found to lead to decomposition. 

The dipole moments of the tricarbonyliron complexes of 
butadiene, methyl 1,3-pentadienoate, and diethyl muconate were 
EOuUNG ter be 226,245) and 268) D, respectively (279). 

III. BIS(DIENE)-MONOCARBONYLIRON DERIVATIVES AND RELATED 

COMPOUNDS 

Diene-tricarbonyliron derivatives have been known since 

1930. However, the first bis(diene)monocarbonyliron deriva- 

tives were prepared only in 1970 (81,251). Several methods 

are now known for the preparation of (diene) »FeCO derivatives. 

In many cases the low temperature ultraviolet irradi- 

ation of pentacarbonyliron or a diene-tricarbonyliron deri- 

vative with excess of the 1,3-diene can be used to prepare 

the corresponding (diene) 2FeCO complex (69,251,252,255). In 

this way (diene) »FeCO derivatives of butadiene, isoprene, 

2,3-dimethylbutadiene, 2,4-hexadiene, methyl sorbate, diethyl 

muconate, and 1,3-cyclohexadiene have been prepared. Similar 

attempts to prepare (diene) 2FeCO complexes of 1,3- and 1,5- 

cyclooctadiene were unsuccessful (69). 

Bis (butadiene) carbonyliron has also been prepared using 

iron atoms condensed from iron vapour (253,405). Thus, co- 

condensation of iron atoms with butadiene at -196°C followed 

by warming the mixture to -80°C and adding carbon monoxide 

gives bis(butadiene)carbonyliron. A similar experiment but 

adding phosphorus trifluoride rather than carbon monoxide 

gives the corresponding trifluorophosphine complex (CyH¢)2- 

Fe(PF3). 

Some (diene) »FeCO derivatives can be prepared by the re- 

ductive carbonylation of mixtures of ferric chloride and the 

1,3-diene (81,82). Thus, treatment of a mixture of the 1,3- 

diene and ferric chloride with isopropylmagnesium chloride 

followed by treatment with carbon monoxide at 1 - 10 atm 

pressure has been used to prepare the (diene) 2FeCO deriva-— 

tives of butadiene (81), isoprene (82), and 1,3-pentadiene 

(82). Mixed (diene) (diene')FeCO derivatives (265; R = 1 
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H; R =H, R' = CHa; R = CH3, R*' =H) in which cyclooctatetra— 

ene functions as one of the dienes are obtained by a similar 

reductive carbonylation of a mixture of ferric chloride in 

the presence of both the 1,3-diene and cyclooctatetraene (eZJ2 

Some (diene) (diene')FeCO derivatives are accessible from 

[(dienyl)Fe(CO)3] cations (13,227). Cations of the type 266 

(CHa), 

CO Fe 

pos 
(CH my 

266 

R 

2) 

6 

have been prepared by ultraviolet irradiation of a [ (dienyl) - 

Fe(CO)3] cation with the corresponding 1,3-diene in dichloro- 

methane solution. Similar ultraviolet irradiations of the 

[ (dienyl)Fe(CO)3] cations with the eight-membered ring ole- 
fins 1,3-cyclooctadiene, 1,5-cyclooctadiene, and cycloocta- 

tetraene do not give products of the type 266 but instead re- 

sult in disproportionation of the [(dienyl)Fe(CO)3] cation. 
Reaction of the cation [(n°-Ce6H7) (n*-CeHs)Fe(CO)] (266a) 

with sodium borohydride gives bis(1,3-cyclohexadiene) carbonyl- 

OR (elo) A, similar reduction of the cation MO eres Oy cca 

Ce6Hg)Fe(CO)] (266d) with sodium borohydride gives the 1,4- 

cycloheptadiene complex 267. This is an interesting example 

of a stable 1,4-diene complex of iron (227). Heating a soil- 

ution of 267 in heptane at 60°C results in isomerization to 

a mixture of 268 and 269. Further heating of 268 to 90°C gives 

an equilibrium mixture containing 10 % of 268 and 90 % of 269 

(2277230), Bray on 

| 
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Some unsymmetrical (diene) (diene')FeCO derivatives can 
best be prepared by ligand exchange reactions. Bis (diethyl 
muconate)carbonyliron (270) is particularly effective for 

Fe=—CO 

HeC,—0.C | p-00re 

270 

this purpose (191,192). Thus, treatment of 270 with buta- 

diene, isoprene, cis- and trans-1,3-pentadiene, and 2,3-di- 

methylbutadiene at room temperature results in a facile reac- 

tion to give the corresponding mixed complexes (C2H502C-CH=CH- 

CH=CH-CO2-CoHs5) (diene)FeCO. The NMR spectra of the derivatives 

from the symmetrical 1,3-dienes, butadiene and 2,3-dimethyl- 

butadiene, indicate symmetrical structures. The 1,4-cyclo- 

heptadiene ligand in 267 is also easily displaced. For ex- 

ample, reaction of 267 with cyclooctatetraene under mild con- 

ditions gives (1,3-cyclohexadiene) (cyclooctatetraene) car- 

bonyliron, (CgHg) (CgHg)FeCO (13). 

Some reactions of (diene) »FeCO derivatives with trivalent 

phosphorus ligands have been investigated. The photoreaction 

of bis(butadiene)carbonyliron with trimethyl phosphite leads 

to different substitution products depending on the wavelength 

(70). Ultraviolet irradiation (A = 254 nm) of bis (butadiene) - 

carbonyliron with trimethyl phosphite results predominantly 

in replacement of the carbonyl group to give (CyH6) 2FeP- 

(OCH3)3, whereas at A > 400 nm displacement of one of the bu- 

tadiene ligands occurs to give (CyH¢)Fe(CO)[P(OCH3)3]2 (for a 
detailed discussion see the UV chapter). Compounds of the type 

(diene) Fe(CO) (PR3)2 can exist as two isomers since the single 

carbonyl group can occupy either the axial (271la) or a basal 

O 1 a ; ‘i 

R’ JK cra Ges R' Speer a 
yy DaaPR; Vv pr, 

27190 271 b 

(271b) position of the square pyramid. The reaction of bis- 

(diethyl muconate)carbonyliron (270) with trimethyl phosphite 

proceeds easily upon stirring at room temperature to give the 

pure CO-axial isomer 271a (R = OCH3, R' = CO2-CoHs) (152). On 

the other hand, a similar treatment of 270 with triphenylphos- 

phine gives the pure CO-basal isomer 271b (R = CeHs, R' = CO2- 
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CoHs). Reaction of 270 with tri-n-butylphosphine gives a mix- 

ture of both isomers 271a and 271b (R = n-CyHg, R' = CO2- 

CoHs). The temperature dependence of the infrared spectrum in 

the v(CO) region indicates a temperature-dependent equilibrium 

between these two isomers. The isomers 271a and 271b can be 

differentiated on the basis of their NMR spectra since 27la 

has a plane of symmetry and 271b does not (152). Reaction of 

bis (butadiene) carbonyliron with the bidentate ligand (CgHs5)i2— 

P-CH»-CH)-P(CgHs)2 (abbreviated as diphos) gives a product of 

stoichiometry (CyH¢)Fe(CO) (diphos) shown by its 3?/P-NMR spec— 

trum at low temperature (-63°C) to be a 4:1 mixture of sym- 

metrical and unsymmetrical isomers. 315_NMR spectra at higher 

temperatures indicate rapid interchange of these two isomers 

in a fluxional process (376). Bis(diethyl muconate) carbonyl- 

iron (270) reacts with 2,2'-bipyridyl at room temperature to 

give a (diene) Fe (CO) (bipy) derivative shown by its NMR spec— 

tra to have the low symmetry structure 212 {R = CO2-CoHs) 

272 273 

(193) confirmed by an X-ray structure determination. 

The bis(diene)carbonyliron complexes under appropriate 

conditions can be catalytically active for the oligomeri- 

zation of butadiene (69,81,82,251). Thus, heating butadiene 

with a mixture of bis(butadiene)carbonyliron and triphenyl- 

phosphine in catalytic quantities results in its dimerization 

to give a mixture of vinylcyclohexene and 1,5-cyclooctadiene. 

In the absence of added triphenylphosphine or other donor li- 

gands, the catalytic activity of bis (butadiene) carbonyliron 

is less and butadiene trimers are obtained. 

The structure of bis(butadiene)carbonyliron has been 

found by X-ray crystallography (117,401) to be 273 in which 

the two butadiene ligands occupy the four basal positions of 

a square pyramid and the single carbonyl group occupies the 

axial position. An analogous structure has been found (266) 

for bis(1,3-cyclohexadiene)carbonyliron. In this latter com- 

pound the two 1,3-cyclohexadiene-rings have slightly differ- 

ent geometries leading to a chiral molecule with no plane of 

symmetry. The structure 265 (R = R' =H) for (butadiene) - 

(cyclooctatetraene)carbonyliron has been confirmed by X-ray 
crystallography (28). 

The vibrational spectrum of bis (butadiene) carbonyliron 
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(203) has been analysed (115). The internal modes of the 

butadiene ligands are very similar to those of the butadiene 

ligand in (butadiene)tricarbonyliron and thus indicate very 

little interaction between the two butadiene ligands in 273. 

The dipole moments of (diene) FeCO derivatives of butadiene, 
2,3-dimethylbutadiene, 1,3-cyclohexadiene, methyl sorbate, 

and diethyl muconate (279) were found to be 2.15, 2.98, 2.05, 

1.78, and 2.65 D, respectively. From the data on the buta- 

diene complex a tentative value of 2 D for the moment from 

the iron atom to the carbonyl group was suggested. 

IV. OTHER TYPES OF DIENE-IRON COMPLEXES 

Substitution reactions of (diene) »FeCO with trivalent 

phosphorus ligands can give carbonyl-free complexes of the 

type (diene) »FePR3 (e.g., diene = butadiene, R =_OCH3, (70)) 

as discussed above. Such complexes can also be synthesized 

directly from iron(III) acetylacetonate by electrochemical 

methods (352,353). Thus, the cathodic reduction of iron(III) 

acetylacetonate in the presence of triphenylphosphine and 

excess diene in methanolic lithium chloride at -15°C gives 

the corresponding (diene) »FeP(CgHs5)3 (diene = butadiene and 

isoprene) as orange crystals which are stable to air for 

short periods. The square pyramidal structures 274 with api- 

cal triphenylphosphine ligands (R = H and CH3) are consistent 

P(CgHs) 

pal 
274 

with the observed i, P-, and 13C_NMR spectra (353). 

A closely related (diene)2FeL derivative can be prepared 

from the dinitrogen complex H2(N2)Fel (CeHs)2PC2Hs]3 (165,254). 

31 

U7 ©2Hs5 P= Fel CO 

CeHs CyHs a 
00 Fe 

Fe Jf ‘ 

aX \ VA 

inf Vv. 
CH, CH, CH CH, 
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Ultraviolet irradiation of this dinitrogen complex with 2,3- 

dimethylbutadiene results in the displacement of the hydride 

ligand, the dinitrogen ligand, and two of the coordinated 

phosphines to give the complex 275 as an orange solid (254). 

The structure 275 is unusual since the arylphosphine is bond- 

ed to iron only by n®-coordination of one of its phenyl rings. 

The presence of the uncomplexed phosphorus atom in 275 is in- 

dicated by the formation of the corresponding tetracarbonyl- 

iron complex 276 upon photolysis with pentacarbonyliron at 

-40°C in diethyl ether solution (254). Ultraviolet irradi- 
ation of 275 with excess 2,3-dimethylbutadiene results in 

migration of the iron from the phenyl ring to the trivalent 

phosphorus atom of the arylphosphine to give the (diene) »FeL 

derivative 277 (165). 

CoHe 

HeCg OL a He 

fl pea 

Cain sys CH, CH 
3 

CH, CH3 

sll 

Reduction of the trimethylphosphine complex [(CH3) 3P]o- 
FeCl» with sodium amalgam in the presence of excess tri- 
methylphosphine and butadiene gives the complex (C,H.)Fe- 
[P(CH3)3]3 (338). This complex is related to (butadiene) tri- 
carbonyliron by complete substitution of its three carbonyl 
groups with trimethylphosphine ligands. 

Some diene-iron complexes containing only hydrocarbon 
ligands have also been prepared. The first of these Sarg ete = 
to be per ee was (benzene) (1,3-cyclohexadiene) iron, (n° = 
CeHe) (n* -CgHg)Fe (278) which is obtained by treatment of a 

C7 ge 
= £/3 280 

v 
© 
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mixture of ferric chloride and 1,3-cyclohexadiene with excess 
isopropylmagnesium bromide (160), preferably assisted Dy Ww 
traviolet irradiation, followed by methanolysis. A similar re- 
duction of ferric chloride with isopropylmagnesium bromide in 
the presence of a mixture of 1,5-cyclooctadiene and 1,3,5- 

cyclooctatriene gives (1,3,5-cyclooctatriene) (1,5-cycloocta- 

diene) iron (279) as an air-sensitive red solid (162). A simi- 

lar reduction of a mixture of ferric chloride with excess 

cycloheptatriene and 1,3-cycloheptadiene using isopropylmag- 

nesium bromide was once believed (161) to give a similar 

mixed olefin complex (cycloheptatriene) (1,3-cycloheptadiene) - 

Oy (MN =CoHs (i) -C7Hi 0) Fe, but this product has subsequent- 

ly been shown (303) to be bis(cycloheptadienyl) iron, ee 

C7H9) oFe. 

The iron atom in the pure hydrocarbon complexes 278 and 

279 has the favoured 18-electron noble gas configuration. A 

(diene) 2Fe complex in which the iron atom has only a 16- 

electron configuration has also been prepared (281,372) using 

free iron atoms. Thus, condensing iron vapour into a solution 

of excess 1,5-cyclooctadiene in methylcyclohexane at -120°C 

gives brown crystalline bis(1,5-cyclooctadiene) iron, 

(CgHi2)2Fe (280). The easy displacement of the 1,5-cycloocta- 

diene ligands in (CgH12)2Fe (280) makes this iron compound a 

useful intermediate for the preparation of other iron(O) de- 

rivatives under mild conditions (77,281). Reaction of 280 

with cyclooctatetraene at -30°C results in almost quantita- 

tive removal of the 1,5-cyclooctadiene ligands to give bis- 

(cyclooctatetraene)iron (281). Reaction of 280 with excess 

trifluorophosphine or t-butyl isocyanide at -78°C results in 

displacement of only one of the 1,5-cyclooctadiene rings to 

give (CgHi2)FeL3 (L = PF3 and (CH3)3C-NC, respectively) (77). 

Reaction of 280 with excess trimethyl phosphite gives (1,3- 

cyclooctadiene) tris (trimethyl phosphite)iron. Both the 14 

and }%c-NMR spectra of this complex indicate rearrangement 

of the eight-membered ring ligand. Reaction of 280 with 

(CgHs) 2P-—CH2-CH2-P(CsHs5)2 (diphos) under argon does not 

give a stable product. However, reaction of 280 with diphos 

under nitrogen gives the red crystalline dinitrogen complex 

(diphos)9FeN2 (77). Reaction of this dinitrogen complex with 

carbon monoxide results in displacement of the coordinated 

dinitrogen to give the monocarbonyl (diphos)2Fe(CO) (77). 

Some (butadiene) cyclopentadienyliron complexes have 

been prepared by photochemical reactions (322,323). Ultra- 

violet irradiation of (Ce6Hs) 3EFe (CO) 2 (n°-CsHs) (E = Ge, Sn, 

and Pb) with butadiene in benzene solution at room tempera-— 

ture results in the displacement of both carbonyl groups to 

give (CgHs) 3EFe(nN*-CyHe) (n°-CsHs) (281, E = Ge, Sn, and Pb). 
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CH3 
E (CgHs)3 Lil see 

IS Bere) | Soe 

281 282 
A similar ultraviolet irradiation of CH3GeCl Fe (CO) 2 (n°- 

CsHs) with butadiene proceeds analogously to give CH3GeCl2- 

Fe(n'-CyHe¢) (n°-CsHs). The structure 282 for this complex has 

been confirmed by X-ray crystallography, which also shows the 

shortest known iron-germanium bond length (10). Ultraviolet 

irradiation of (CH3) 3EFe(CO).(n°-CsHs) (E = Sn, Pb) with 
butadiene proceeded differently (159) to give the binuclear 

derivatives [(CH3) 3EFe(n°-CsHs) Jo-u(1,2-n:3,4-N-CuHe) (E = 
Sn, Pb) in which the butadiene double bonds are individually 

coordinated to different iron atoms. 

(Cyclopentadienyl) (diene)iron complexes of the type 

[-n®-csHs) Fe (CO) 2 (n2-diene) | (diene = butadiene (159), cyclo- 
pentadiene (189), and 1,3-cyclohexadiene (159)) have been pre- 

pared. However, these complexes only use one of the two double 

bonds of the diene for coordination. They are therefore dis- 

cussed in greater detail in the chapter on iron complexes of 

monoolefins. 

Reaction of the organosulfur-carbonyliron complex [CH3S- 

Fe(CO)3]2 with norbornadiene in boiling benzene for 70 h re- 

sults in the replacement of two carbonyl groups with a nor- 

bornadiene ligand to give dark brown crystalline (CH3S) 2Feo- 

(CO), (C7Hg) apparently with structure 283 (243). Analogous 

Sol 

a a 

283 
treatment of [CH3SFe(CO)3l2 under the same conditions with 

1,5-cyclooctadiene, 1,3,5-cyclooctatriene, cyclooctatetraene, 

cycloheptatriene, or butadiene did not give any corresponding 

olefin-iron complexes (243). The mass spectrum of 283, fins 
exhibits stepwise loss of carbonyl groups from the mo: molecular 
ion to give [|(C7Hg)Fe2(SCH3)2] followed by loss of the two 
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methyl groups to give (iccHs\ Fess, |, before fragmentation of 

the complexed norbornadiene ligand occurs (244). 

Reactions of the hydride HFe(CO)3NO with the 1,3-dienes 

butadiene and isoprene give the red distillable liquid n°- 

allylic derivatives 284 (R = H, CH3) rather than diene-car- 

bonyliron derivatives (84). Reactions of mixtures of NaFe- 

(CO) 3NO and methyl iodide with the acyclic 1,3-dienes buta- 

diene, isoprene, and 2,3-dimethylbutadiene followed by treat- 

ment of the crude product with triphenylphosphine in boiling 

benzene give a mixture of the red n?-allylic derivatives 285 

(R = R' = H; R =H, R' = CH3; R = R' = CH3, respectively) _ 
and the yellow dicarbonyl-diene-triphenylphosphine-iron com- 

plexes 286 (2 = R' =H; R =H, R° = CH3; R = R' = CH3, res= 

Fes LFS i 
CH,—~C—CH, 

R R' 

vax wea 

AS es) 
0 0 Ox .-CH3 

Rip acR: 284 285 

lak A (tom a 
/\ I Behe = 

Ze C 
‘e \ P (CgHs)3 of a x 0 i P(CgHs) 3 

0 5 0 P(CgHs)3 (@) 

286 287 288 
pectively) (84). A similar reaction of a mixture of NaFe- 

(CO) 3NO and methyl iodide with 1,3-cyclohexadiene followed by 

triphenylphosphine treatment gives the unstable red n°-allylic 

derivative 287 and a low yield of the stable yellow substitu- 

ieee! cyclohexadiene complex 288 (84). 
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I. INTRODUCTION 

In recent years organic molecules of unusually high in- 

stability have been synthesized by incorporating a transition 

metal into the system (107,120). This review will deal with 

those highly elusive, unstable organic molecules that have 

been successfully stabilized and isolated as their carbonyl- 

iron complexes. Stabilized iron complexes of reactive inter- 

mediates (e.g. carbenes) are also included. Pertinent pre- 

parations, physical and chemical properties of these systems 

will be discussed. Omitted from this review are any compara-— 

tive or speculative discussions of analogous complexes of 

transition metals other than iron. 

The thrust in this review is to the variety of organic 

ligands complexed with iron. Little detailed analysis will 

be devoted to bonding since the diversity of the ligands is 

such that generalities are not appropriate and specifics 

demand too much space. Detailed presentations which do con- 

cern themselves with bonding properties have appeared, and 

the reader is referred to these monographs (71,90); inherent 

in these discussions are the probabilities that molecular 

orbital combinations exist between ligand and metal which 

lead to an overall lowering of energy for the system. Further 

aspects of structure and bonding will be dealt with in the 

appropriate section. 

II. STABILIZED OLEFINS 

A. CYCLOBUTADIENE 

A stabilized complex of unsubstituted cyclobutadiene 

was first isolated in 1965 (55). Treatment of cis-3,4-di- 

chlorocyclobutene with excess enneacarbonyldiiron produced 

(cyclobutadiene)tricarbonyliron (1) in 40 % yield (eq. [1]). 

Cl FelCO)g 
Be ial 

| [1] 
Fe(CO), 

1 

The synthesis is noteworthy here for several reasons. While 
compounds such as (tetraphenylcyclobutadiene) tricarbonyliron 
were already known (45), complex 1 was the first unsubsti- 
tuted derivative isolated and the first cyclobutadiene com- 
plex obtained by methods other than by acetylene oligomeri- 
zation. The dehalogenation sequence (eq. [1]) has found gen- 
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eral use for the preparation of other cyclobutadiene deriva- 
tives, e.g. (benzocyclobutadiene)tricarbonyliron (2) (S5)5 

Fe(CO); 

2 

and for the synthesis of other unstable molecules as their 

carbonyliron complexes (vide infra). 

Ultraviolet irradiation of a-pyrone in the presence of 

pentacarbonyliron yields 1 and (a-pyrone)tricarbonyliron 

(118). This preparation demonstrates the versatility of 

techniques for direct synthesis from suitable starting materi- 

als. Further aspects of cyclobutadiene chemistry-is covered 

in a particular chapter of this book. 

B. O-QUINODIMETHANES 

o-Quinodimethanes have a comparatively young history. 

Experimental evidence verifies these species as kinetically 

unstable, reactive intermediates (74). Stabilization with 

tricarbonyliron of the seco isomer of benzocyclobutene of the 

appropriate configuration, namely (o-quinodimethane) tricar- 

bonyliron (3), was accomplished as shown in eq. [2] (119). 

CH2 Br 

Fe(CO)q a 
A | NN 

CH,Br Et,0 | [2] 
Fe(CO)3 

3 
The similarity of the NMR spectrum of 3 to that of (buta- 

diene) tricarbonyliron suggests that the Fe(CO)3 group in n* = 

boric ecu on G(r Gl) Fae (Gr anand C7) Norchemlaitgand)- Similarly, 

(2,2-dimethylisoindene)tricarbonyliron was prepared from Bp o> 

dimethyl-1,3-dibromoindane (119). 

Compound 3 is highly stable. At 400°C the complex 

COCH; 
Z : ( Neue CO2CH3 

lu [3] 

Fe(CQO)3 

|w 
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pyrolyzes to benzocyclobutene; if the pyrolysis is carried out 

in the presence of methyl acetylenecarboxylate, a naphthalene 

derivative is obtained (eq. [3]) (113). Oxidation with Ce(IV) 

salts gives high yields of B-indanone (113). 

C. TRIMETHYLENEMETHANES 

Trimethylenemethane is a theoretically important inter- 

mediate since the central carbon atom of this molecule attains 

the maximum T-bond order possible for any carbon atom. It is 

a short-lived, highly reactive intermediate (33) which has a 

triplet ground electronic state (49). The system is stable at 

-185°C and has an observable ESR spectrum at that temperature 

(48). Theoretical treatments (56,100) predict that little T- 

energy would be lost in donation to a transition metal, and 

since there is an unfilled nonbonding orbital, as with cyclo- 

butadiene, trimethylenemethane should be an excellent acceptor 

in transition metal complexes. These predictions are realized 

in the complex (trimethylenemethane)tricarbonyliron (4) (from 

CH2 
H CH, 

gy | 

HC’ | “CH, 5 
H2C CH, 

Fe(CO), ah iS 

4 5 

the interaction of 3-chloro-(2-chloromethyl1) propene (5) with 

Fea (CO) 9 in ether at room temperature); the molecule is stable 

(bsp. 53=55°C/16 Torr, mep.. 28.4529.6°C) (56). This com= 

plex shows a sharp singlet at T 8.00 in the 14q-NMR spectrum 

and indicates the equivalency of all hydrogens. The lack of 

proton broadening at -60°C indicates no facile valence tauto- 

merism commonly found in some carbonyliron complexes. The ob- 

served radial distribution curve of 4 shows that the three 

Fe-methylene carbon atom distances are almost identical (A). 

In addition an electron diffraction study of gaseous 4 shows 

the molecular structure to be C with a staggered arrangement 
: 3Vv 

of the ligands (2). 

Reaction of 6 (R = H, CeHs) with Fe2(CO)9 afforded com- 
plex 7 which, on heating under reflux, followed by fractional 
distillation, gave aol = H7l4)==20 %) or Sai(Re=sCels oo. 3) 
(52,53). The X-ray structure (28) of 8 shows the Fe atom lo- 
cated directly beneath the central carbon atom of the tri- 
methylenemethane residue and T-bonded to all four carbons. 
The carbon skeleton of the organic ligand is nonplanar with 
the central carbon atom 0.3 A out of the plane of the three 
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CH; 
| CH2 

CH; : 
| Sera Se Cells oa 

R 2 ae 
ch 

“ec OMENS | a 
Cl—Fe (CO), Fe(CO}s 

6 b7. 8 
methylene carbons, away from iron: the distance Fe-C(central) 
is 41,9304; Fe-Cilouter)y is) 2V10)=92116 A> “The phenyl residue 
is at an angle to the outer carbons and has little conjugation 

with the trimethylenemethane system. As with 4, complex 8 

assumes a staggered arrangement of the ligands. a 

Other routes to trimethylenemethane-iron complexes have 

been found (137). Methylene cyclopropane derivatives 9 (R = 

R' = CeHs; R = H, R' = CgHs; R = CH3, R' = CeHs) react with 

R R’ 

ieee of 
S) rai 

10 

Fez (CO)g in refluxing benzene to give complexes 10 in yields 

Of \205=),60~s 5 (108); several vinyl-derivatives of 10)(R =H, 

R' = CH=CH2) have been synthesized (9,10). Also, 5 reacts 

with sodium tetracarbonylferrate to give 4 (32 Ca) (USO) = 

Chemically, 4 decomposes with Ce(IV) salts; the organic 

ligand is trapped by tetracyanoethylene as adduct 11 (130). 

Photochemical decomposition of 4 or 8 in tetrafluoroethylene 

R 
a ave 
HK 

Ve cu, 
2 e 

CN CN 

14 F.C 

O 7a oO z oO 

Fe (CO)3 
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gives 12 (R = H or CeéHs) (14). In the solvents pentane, cy- 

clopentene or cyclopentadiene, photolysis of 4 gives over 

sixteen products (37). In concentrated sulfuric acid proton- 

ation of 4 leads to.7 (R= 4B) (Csi oy) 

The trimethylenemethane entity has been incorporated 

into rings; Complexes “13 (96) and se (op ige7) (vide infra) are 

recent examples. 

D. FULVENES 

ee chicatulvenes 

Many examples of pentafulvenes (15) complexed to iron are 

known wherein alkyl or aryl substituents are present on the 

exocyclic double bond; these are prepared by reacting com- 

pounds 15 with the appropriate carbonyliron reagents (86,135). 

Q—cns 
Fe (CO), UX ; (CO),Fe 

R 

15 16 

The only reported complex of unsubstituted pentafulvene is 16. 

This results (along with as many as nine other products) when 

Fe3(CO)12 is treated with acetylene in petroleum ether at 

pressures of 14 - 16 atm (133). This structure has been con- 

firmed by X-ray crystallography (102). Triphenylphosphine 

does not liberate free 15 (R = Ri =H) but instead displaces 

the ligand CO (133). 

2. Heptafulvenes 

Stable complexes of the reactive, conjugated, nonben- 

zenoid hydrocarbon, heptafulvene (47), have been prepared. 

One route is shown in eq. [4] (116). Compound 17 dimerizes 

CH, 

+ CH2 

Et,N 
———_—___» 

CH2Cly [4] 

Fe(CO), Fe (CO), 

17 
slowly at room temperature, is unaffected by acetic acid or 
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triethylamine, but is protonated by strong acids (116). 

Compound 14 formally is a complex of heptafulvene sta- 

bilized by a trimethylenemethane-type ligand. Complex 14 

was prepared in diethyl ether from 7-hydroxymethylcyclohepta- 

triene and a large excess of Fe2(CO)9 (51,87). Decomposition 

o£ 14 takes place in refluxing xylene; in the presence of 

dimethyl acetylenedicarboxylate, the adduct (after dehydro- 

genation) 1,2-di(methoxycarbonyl)azulene is isolated (51,87). 

This adduct is the same one obtained directly from heptaful- 

vene and dimethyl acetylenedicarboxylate (47). 

A salt of heptafulvene has also been prepared (eq. [5]) 

(50). In solution complex 18 shows properties intermediate 

, 

CHeOSOsGciee c H»—Fe(CO 
wee? Nat [l-CsHs) Fe (CO),] aT Fet cole 

\ THE 70°C \ 

[(CgHs)3C]” SbF.) 

[5] 

© fc) Fe + — Fe wah | Misneus iy [SbF] 

oa wena) fe) 0 

18a 18b 

between those expected for 18a and 18b. However, a single 

crystal X-ray diffraction study established the structure as 

18b (29). The conversion of (tropone) tricarbonyliron into 

complexes of type 19 has also been accomplished through use 

eas 
7k, C 

Cg§Hs 

CgHs 

CH; 
CH; ie CgHs CgHyCH, 

Fe (CO) 3 

19 

of the appropriate Grignard reagent followed by dehydration 
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(ID) c 

E. CYCLOPENTADIENE AND DERIVATIVES 

The T-complex 20, (n*-cyclopentadiene) tricarbonyliron 

has been prepared directly through the reaction of cyclopenta- 

diene and Feo(CO)9 (92). This complex is characterized by an 

infrared band at 2805 cm ! attributed to the C-H stretching 

vibration. Decomposition occurs at 140°C to afford the dimer- 

ic complex [ (n°-CsHs5) Fe(Co) > lo" However, reaction of cyclo- 

pentadiene with Fe(CO)5 only leads to the dimer (36,75,114); 

complex 20 has been suggested as an intermediate (36). 

eX 9O ox 
Fe(CO), (CO),Fe=-P(CgHs), Fe(CO)3 Fe(CO), 

20 21 22 23 
Reduction of the cation [ (n®-CsHs) Fe (CO) »P(CeHs) 3] with 

sodium borohydride gives the air sensitive complex 21 (36). 

It is stable under nitrogen or in yacuo and survives for a 

short time in CHa9Clo solution. In refluxing ears complex 

21 rapidly produces ferrocene and the dimer (im? —-Cs5Hs)- f 

Fe(CO)o lo. Regeneration of the cation nr -CsHs) Fe(CO) 2PPh3 | 

takes place either with [(CgHs)3C] [BF,] or with CCl, (36). 

Other complexes resulting when substituted cyclopenta- 

dienes are treated with Fe2(CO)9 include 22 (66), 23 (66), 24 

(42), and°25 (54). Complex 24 rearranges on standing to the 

pentafulvene complex 26 (42) 7ai however, little other chemistry 

is known for these species. 

CHO OC He 

i 
On (core “Fe (Co, | 

(CO), Fe* Fe (CO); 36 
i (CO)Fe Fe (CO), 

2 26 
F. 7-NORBORNADIENONE 

The simplest stabilized derivative of the highly elusive 
7-norbornadienone (27) is (7-norbornadienone) tricarbonyliron 

(28) (97,98). The air-stable complex 28 is prepared by oxi- 
dation of (7-norbornadienol)tricarbonyliron with the pyridine- 
sulfur trioxide complex in dimethylsulfoxide containing tri- 
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a, 
ethylamine (eq. [6]). The complex shows infrared absorptions 

oH i 
DMSO, Et3N 

ad [6] Cap A 
Fe(CO)3 | Fe(CO); 

SO; 
28 

for a strained ketone (1860 (w) and 1780 (s) cm !) and has a 

simple 'H-NMR Specerumm iN. so;m quintet mUa—e2. el z ye 2ehs eer 

6.98, triplet, J = 2.5 Hz, 4H). Chemically the ketone func- 

tional group preferentially reacts with sodium borohydride, 

alkyl lithium reagents, Grignard reagents, substituted hydra- 

Zines, phosphonium ylides, and sulphonium ylides. Decomplexa- 

tion takes place photolytically, thermally, and with Ce(IV) 

salts; benzene formation and CO evolution result. Trapping 

experiments implicate 27 as an intermediate in these cases. 

G. "FROZEN" TAUTOMERS 

A number of recently prepared complexes may best be 

described as "frozen" tautomers: the least stable tautomeric 

form of an otherwise highly stable system. These include com- 

plexes 29 (R = H) (41,43,44), 30 (R= 4H) (41), ole (il,12) 7 32) 

(SID) 7 230, (25),sande 34 (127) “Enols ZOE =r) “and BOR = 

H) were e prepared from the corresponding benzoates or acetates 

by treatment with methyl lithium in ether followed by acidi- 

A es O (. 
Fe(CO)3 Fe(CO)3 paiCON Lian 

29 30 31 a2 
Ine EY UR CH3-CO, Calis CO 
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Fe(CO)3 Fe(CO)3 CH-OH 

Cas eS By CH2 “Fe (co), 
i N 

a3 

fication; alternatively, acid or base hydrolysis of the benzo- 

ates also gave the enol complexes. Both enol complexes are 

crystalline, air-sensitive solids which are stable in solu- 

tion; benzoylation regenerates starting material (41,43). 

The solid tricarbonyliron adduct of a tautomer of phenol 

(31) shows a band in the infrared spectrum for the ketone at 

Y = 1665 cm +. The ketone undergoes reduction (NaBH,) and 

2,4 dinitrophenylhydrazon formation. Pyridine brings about 

decomplexation and the formation of phenol (11,12). 

Alkaline hydrolysis of (N-carbethoxyazepine) tricarbonyl- 

iron yielded 32. This is an orange-red, air-sensitive solid 

showing a free -NH group by IR and NMR spectroscopy. Tricar- 

bonyliron stabilization prevents tautomerism to the more 

stable 2-H-azatropylidene system (57). 

While the unsubstituted molecule 1(1H),2-diazepine has 

thus far escaped synthesis, the system [1(1H) ,2-diazepine]- 

tricarbonyliron (33) has been realized (25) by alkaline hydro- 

lysis of the N-carbethoxy precursor. The yellow, air-stable 

solid shows a free -NH by IR spectroscopy and exhibits flux- 

ional behaviour by NMR spectroscopy; the latter is expected 

from the tautomeric behaviour of the diazepine system. 

The stabilized vinyl alcohol 34 was obtained through acid 

catalysed hydrolysis of the precursor trimethylsilyl ether at 

-80°C. Acetaldehyde is obtained when 34 is treated with 

(CoHsOvSEWaZ7)s of 

ITI. REACTIVE INTERMEDIATES 

A. NITRENES 

Nitrenes have resulted from metal carbonyl-catalysed 

decomposition of several precursors; significantly, in some 

cases, these reactive intermediates may be trapped and stabi- 

lized as a ligand. The R-N: group involving singlet nitrogen 

is described as being bonded to the metal by a o-donating 

bond from nitrogen to metal, and a 1-back donating bond from 

metal d-orbitals to empty p-orbitals on the nitrogen (88). 

Azidobenzene and Fe2(CO) 9 react rapidly at room tempera- 
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ture in benzene to form (CgHs5N)2Fe2(CO)¢; this complex is 
assigned structure Soon the basis of the NMR, IR, Mossbauer, 

(aul 

HeC H ae won Ze R = CH; 
Se con} Ce6Hs 

| N=C(CgHs)2 

Na 

38 36 
and mass spectral evidence and is believed to arise from a 

nitrene intermediate (40). ortho-Substituted phenyl azides 

and peri-substituted a-naphthyl azides also react with Feo- 

(CO)g to give complexes whose structures are similar to 35 

(24). On the other hand, methyl azide reacts with Fe» (CO) 9 

Cogavera number of produces, among) which 1s 36 (R-= CH3)), 

formally a stabilized nitrene (40). The same complex is ob- 

tained from nitromethane and Fe2(CO) 9 (40). A closely rela- 

ted compound SOIR = N=C(CsgHs5)2) was prepared from Fe(CO)5 

and diphenyldiazomethane (4). Both the crystal structure 

(5,46) and the Méssbauer spectra (67) of these two compounds 

6 Le = CH3) and 36 (R = N=€(CceHs)2) conbirm the, similari- 

ties and indicate the presence of one unique and two equi- 

valent iron atoms in each molecule. The phenyl analoque 36 

(R = Ce6Hs5) is believed to result from reaction of nitroben- 

zene with Fe3(CO);2 in a methanol-benzene solvent; the Moss- 

bauer spectrum Of 36 (R-= CeHs) is similar to that of 36 (R = 

(sky) (QO. Decomposition of 36 (R = CgHs) in hydroxylic 

solvents gives aniline. 

Analogously, trimethylsilyl azide decomposes in the pre- 

sence of Feo (CO) 9 to form the trimethylsilylnitrene complex 

(CH3) 3SiNLFe3(CO)10] (95). 

B. CARBENES 

Singlet carbenes can formally be compared with the 

carbonyl ligand. There is presently considerable evidence 

for the existence of carbene complexes comparable with the 

terminal carbonyl arrangement (32). (Phenylmethoxycarbene) - 

tetracarbonyliron (37), an air-sensitive, diamagnetic solid, 

has been prepared by a photochemical exchange reaction (eq. 

[7]) (61). Complex 37 was not obtained from the reaction of 

the acylmetallate salt LilFe(CO),4C(CeHs5)O] with [(CH3)30] - 

[BF,] ; instead (phenylmethylene)octacarbonyldiiron (38) re- 

sulted. Complex 38 reportedly exists in two isomeric con- 

EMC CREEL OAS (ic T8 1) and is the first carbonyliron compound 

whose configuration is influenced by temperature and solvent 
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6 0 
; Wie OCH; N 

hy M = + Mo (CO) (Ghre=c = FelCORee se eae GE Bias 
C H CeH . CgHs <2 [7] 

a7 

Toe. eae 
| 

(CO), Fe Fe(CO), (coe aa 
_—_————— ; sae Se [8] 

N ~ 
CeHs H ‘CeHs 

elle! 

pollaattyen(60 762) in cOCihEtOn miele lithium salt is oxidized 

by trityl chloride to di("U-benzoyl)hexacarbonyldiiron (39); 

the X-ray structure is compatible with a description as a 

phenylferroxycarbene (59). Reagting L(CeHs) 3P]Fe(CO), with 
CH3Li and following with [Et30] [BF,] gives a carbene complex 
directly, [(C.gHs5) 3P] (CO) 3FeC(OC2Hs)CH3 (34). 

(CO)3Fe Fe(CO), HsCq PS 

| p 
eos t (CO)3 Fe}: Fe(CO)3 

Ces Cc re) 

ed ’] CoH 
io CgHe, 

39 41 

(CO), re 
Fe H 

Pa 
(CO); Fe Fe(CO)3 ee ey z 

. cZ ce Cl 
Sem; C a, CH3 

C O 

| P(Cg§Hs) 3 
N (CH3). 

40 42 
Other carbene complexes are known (35,63,64,65,72,136). 

Further examples include the methylaminocarbene ae 40 
(68), the thioketocarbene comptex AL (1OL, 123,124) 7 
methylenecarbene complex [(n°-CsHs)Fe(CO) CH>) ] ond =e 
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mak CN 
a CH3 CH; 

tee ae wae Fe(COl, 
Nee 

Gc 
i 
O 

H3 

43 5 

the hydroxycarbene complex 42 (70). A complex of diphenyl- 

vinylidene has been prepared (eq. [9]) (103) as well asa 

complex of dicyanomethylenecarbene, 43 (91). The heterocyclic 

6H hy (CO), ine 5 

Fe (CO)s (CO, ce” ath 

carbene complexes 44 (109) and 45 (26) have also been isolat- 

ed. 

(CgHs) > C=C=0 [9] 

C. BENZYNE 

An air-stable, yellow complex has been prepared whose 

properties (mass spectral and IR) suggest a stabilized, o- 

bonded benzyne; this is shown in eq. [10] (117). The complex 

F F 

F Mg Br ; F Fe (CO), 

te [10] 
; Fes(COh, Dioxane 

F 

forms polymeric material upon pyrolysis in a sealed tube and 

releases CO. The structure, as formulated, has been con- 

firmed by spectral analysis (8). 

IV. RELATED STABILIZED SYSTEMS 

A. CUMULENES 

The reaction of 1,4-dibromo- or substituted 1,4-dibromo- 

but-2-yne with Fe3(CO)12 or NazFe(CO), gives products formu- 

lated as (RR'C=C=C=CRR')Fe2(CO)g (R = R' =H; R =H, R"' = CH3; 

Re— Rl) CHa Ri Re =" Coos) (084,105,106, 110). This, formu— 

lation has been confirmed by both mass spectrometry (89,106, 
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110) and X-ray crystallographic analysis (84,89). The pre- 

liminary structural analysis of the complex 46 (R-R = 2,2'- 

46 

biphenyl) shows that the carbon backbone is nonlinear and 

that each iron atom is attached to the hydrocarbon by both a 

Oo (n+) anda 7 (n73 bond. 

In the case of the unsubstituted butatriene, (H»C=C=C= 

CH2)Fe2 (CO)¢, the complex is an air-stable, orange solid 

(m.p. 69 - 70°C) which thermally decomposes at 200 - 230°C 

(105). This behaviour is in marked contrast to the uncom- 

plexed butatriene which was reported to polymerize violently 

NearwTO2E S (i252 

An air-stable complex of the unknown hexapentaene, 

(H2C=C=C=C=C=CH2 )Fe3(CO)7-8, has also been reported (104). 

The exact formulation of this complex is in doubt, however. 

Be. KETENIMINES 

Direct interaction of substituted ketenimines with Fe3- 

(CO)12 gives complexes of the type (R2C=C=N-R')Fe2(CO),g (111). 

Ghee (CO), + CH,=CH—C==N 

H 

(R = CH;) fe 

+HCl Fe (C —— e ( O)a ques Fe (CO) Cla 

pen -HCl He 

R 

(R= H) 
(SG) 

Na GPretoo, +Cl—CH2-C=N 
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No examples of unsubstituted ketenimines of this type are 
known. However, cationic complexes (47; R =H, CH3) are for- 
med from 1-cyanoalkyl complexes by reversible protonation 
with dry HCl as in eq. [11] (3). Structures containing the 
ketenimine n?-bonded to the iron system are proposed for the 
cations. 

C. THIOCARBONYL 

The ligand CS has recently been reported in cations of 
the type [(n°-CsHs)Fe(Co)2(cs)] (21,22,23). A typical pre- 
parative reaction is shown for a salt of this cation in eq. 
[12] (22). 2 Complex 48 shows typically high stretching fre- 

( 1°—CgHs) Fe (CO), 
| NH, PFg (y -CcHs) Fe(CO), 

c Sg ae ‘| PFs” 
mA mOCshe acetone GS A) 

48 

quencies for the CO ligands (V(CO) = 2093 and 2064 cm '); in 

addition, a band is observed for the CS ligand (V(CS) = 1348 
cm Lae The shift of V(CO) to higher frequencies suggests a 

decrease in the back donation from the metal orbitals to the 

carbonyl groups. The inference is that the CS group is a good 

M-bonding ligand (22). Chemical studies show that [(n°-CsHs)- 
Fe(CO)3] and [(n°-CsHs)Fe(CO)2(CS)] react similarly with 
nucleophiles containing oxygen and nitrogen as donor atoms; 

in the case of the CS analogue, it is the CS which undergoes 

nucleophilic attack rather than the CO (23). 

D. NITROSOBENZENE 

Ultraviolet irradiation of a solution containing nitro- 

benzene and Fe(CO)s5 leads to bis[ (nitrosobenzene) tricarbonyl- 

iron] (49, R = CgéHs), an air-stable, crystalline complex of 

O ye 

we Fe (CO), 

(CO)3Fe ————_N 3 y, <p 

49 

nitrosobenzene (93,94). Crystallographic data (7) on an 

analogue (49, R = 2-methyl-3-chlorobenzene) reveals that the 

Fe-N-Fe-N ring is planar and has edges of length 2.00 A, a 

similarity present in other N-bridged binuclear tricarbonyl- 



642 Joseph M. Landesberg 

iron complexes. The Fe-Fe distances is 3.13 Ay andtcating 

no metal-metal bond; the Fe-N-Fe angle is 100°, 25 - 30° 

larger than corresponding angles in related systems possessing 

a formal Fe-Fe bond. 

Treatment of 49 (R = CgHs) with triphenylphosphine gives 

the crystalline monomeric species (CgHsNO) Fe (CO) 2P(CeHs) 3 

(QE) c 

E. COMPOUNDS DERIVED FROM ACETYLENES 

Carbonyliron complexes react with alkynes and give a 

variety of products dependent upon the medium (16). In ge- 

neral, a cyclic olefin forms from the combination of two or 

three acetylene molecules with either a carbonyl group or an 

iron atom in the ring; details of these reactions are pre- 

sented elsewhere. Certain of these compounds are relevant to 

our discussion, however, and are presented below. 

1. Cyclopentadienone (58) 

Pentacarbonyliron reacts with acetylene under pressure 

to give the yellow solid (n*-cyclopentadienone) tricarbonyl- 

iron (50; m-p. 114=116°C) “(69,1327134). Complexing of the 

RSE: 
Fe(CO)3 

20 
cyclopentadienone seems to increase the polarity of the car- 

bonyl group. This is evidenced by a V(C=0) at 1634 cm ! and 

the ready reactivity with electron acceptor molecules. Thus, 

a 1:1 adduct is formed with either HCl or HI; hydroquinone 

reacts to form a complex bis[ (n*-cyclopentadienone) tricar- 

bonyliron]hydroquinone (132,134). An X-ray structural ana- 

lysis of an analogue, [n*-Cs(CF3)40]Fe(CO)3, has been done 

(15). The ring is nonplanar with a bending angle of 20°; 

metal-sp*-carbon distances are 1.99 to 2.12 A. These dis- 

tances, as well as the equivalent carbon-carbon bond lengths 

in the 1,3-diene portion of the molecule, suggest that both 

Oo and 1 bonding exists between the metal and olefin. 

2. Ferroles and Ferraindenes 

Many examples of ferroles and ferraindenes are known 

whereby the system is stabilized by bonding to a second 

Fe(CO)3 moiety. (In both these systems, the iron atom in the 

ring is electron deficient.) These systems result from 
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suitable acetylenic substrates (13,19,122,133), from hetero- 
cyclic materials (85), from aromatic complexes (129), or from 
olefins (207128).  <fypical examples are 51 and 52. 

CeHs 

ma he |_Feico}, 

Fe(CO)3 Fe(CO), 

51 52 
a ferrole complex (85) a ferraindene complex (19) 

3. Penta-Coordinated Carbon 

A new type of polynuclear metal complex (plus the "usual" 
complexes) of formula Fes5(CO)15C (in 0.5 %) resulted from 
the treatment of either 1-phenylpropyne or 1-pentyne with 

Fe3(CO)i2 (17). The back crystalline carbonyliron carbide oe 

is diamagnetic with no bridging carbonyls. X-ray analysis 

shows an approximate equilateral pyramid of iron atoms with 

three terminal carbonyls attached to each iron. The unique 

structural feature is the presence of a penta-coordinated 

carbon atom located slightly below the center of the basal 

plane of iron atoms; the carbon atom is equidistant from each 

of the five atoms. This carbon with its four valence elec- 

trons allows each iron to attain a "closed shell" electronic 

SEBUCLUGeRI nM tnesgreound state: 

V. ADDENDA 

The first transition metal formyl complex has been pre- 

pared and characterized (31); the route is shown in equation 

(13. 

0 : fo) 
i i 24°C i © 

Na,Fe(COl, + CHy-C—O—C—H — om [icoFe—C—H]° [13] 

Thiete when treated thermally with Fez (CO) 9 (scheme [14]) 
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or photochemically with Fe(CO)s5 yields the dimeric complex ony 

which can be converted to the stable red dicarbonyliron tri- 

phenylphosphine complex 55 (126). X-ray analysis has 

established the ligand in 55 as the planar thioacrolein, a 

0 io & , S PPh; S va 

| | + Fe2(CO)g ——e — Fe(CO), Se ea 

PPh, 
52 

H20,]} CH3COH Pe 

we 

Fe(CO)3 

= 

56 

hitherto unknown thioaldehyde; the iron atom lies above the 

plane. Oxidation of 54 yields the yellow S-oxide complex 56, 

which may be considered as a derivative of the unknown vinyl- 

sulfine (CH2=CH-CH=S=0) . 

The stabilized vinyl ketene was prepared according to 

ed. L151 376). 

OCH3 Dee 

CH2=C— CHCl oS Fe(CO)g eo Se fish 

Thiophene-1,1-dioxide and all-cis-cyclononatetraene are 

two unstable compounds that can exist for short periods of 

time at low temperature. In the case of all-cis-cyclononate- 

traene, it is unstable relative to its ring-closed isomer, 

cis-8,9-dihydroindene (t, = 50 min, at 23°C) (115). However, 

the complex (1-4-n-all-cis-cyclononatetraene) tricarbonyliron 

(57) is stable for days at room temperature and undergoes 

(CO)3Fe— 

| 
Fe(CO)3 

57 

electrocyclic ring closure to (cis-8,9-dihydroindene) tricarbo- 

nyliron at 101°C (t, = 48 min, at 101°C) (1125). Complex 57 
is trapped when cis-bicyclo[6.1.0]nonatriene is treated photo- 
chemically with Fe(CO)s (115) or thermally with either (ben- 

28 
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zylideneacetone)tricarbonyliron (121) or Fe2(CO)9 (38,115). 

The isomer 58 has been identified also (38). 

Thiophene-1,1-dioxide readily dimerizes. On the other 

hand, (thiophene-1,1-dioxide)tricarbonyliron is a stable, 

high melting solid. The complex is obtained by treating a 

0.02 M benzene solution of thiophene-1,1-dioxide photochemi- 

cally with Fe(CO)s5; a 60 % yield results (27). 

Pentalene is another elusive compound long sought by 

Organic chemists. Stable complexes of this ring system have 

been prépared with the structure established as 59 (R = H 

(131), CH3 (39), N(CH3)2 (80), CeHs (81)). 

O 
l 

Se a 

Bia) 
R 

59 
Two polynuclear carbidocarbonyl anions of iron have been 

isolated as the salts [(CH3)4Nl2[FesCc(CO)1,] (78) and 

[(CH3)4uNlo[Fe6C(CO)1¢g] (30). These divalent anions represent 

further examples of "stabilized" carbon with structures 

analogous to 53 (17). 

Finally, several new ferraboranes (73,77) have been re- 

ported. One of them, (ByHg)Fe(CO)3 (73), is a complex which 

has structural and bonding characteristics common to (n= 

CyHy)Fe(CO)3 (1) and c[Fe(Co)3]5 (53), i.e. the iron atom 

occupies the apical position of a square-based pyramid with 

boron atoms in the basal plane. 
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1-Aryl-1-cyclopropylethylenes, 584 

Aryl—iron complexes, 348 

d > x* electron delocalization, 363-364 

preparation, 348,352,353,359 



2-Arylpenta-1,3-diene-tricarbonyliron com- 

plexes, 585 

Asymmetric induction, 311,314 

Asymmetric synthesis, 314 

Axial field distortion, 238,246 

Azabullvalene, reaction with enneacarbonyl- 

diiron, 507 

[n*-(1-Aza-1 ,3-butadiene)]tricarbonyliron, 19 

Azapropellane, 583 

Azomethines, 19 

Azulene, 498 

reaction with pentacarbonyliron, 499 

(Azulene)pentacarbonyldiiron, structure, 16 

B 

Bailar twist, 131 

Barbaralone, 361,423,502,505 

cis-Bending of substituents, 9 

(Benzalacetone)tricarbonyliron, 530,577 

Benzene (1,3-cyclohexadiene)iron 

mass spectrum, 151 

preparation, 604,605 

Benzobicyclo[3.2.2]nonadiene, reaction with 

enneacarbonyldiiron, 582 

Benzobicyclononadienyl methyl ether, 582 

Benzocyclobutadiene, 438,440,573 

tricarbonyliron, 629 

structure, 22 

Benzocyclobutenyl complex, 440 

Benzonorbornadiene, 578 

Benzosemibullvalene, reaction with ennea- 

carbonyldiiron, 504 

Benzo[b]thiophene-1,1-dioxide, 431 

anti-7,8-Benzotricyclo[4.2.2.07-*]deca-3,7,9- 
triene, 582 

Benzoylacrylic acid methyl ester, 427 

(Benzoyl)(cyclopentadienyl)dicarbonyliron, 

absence of molecular ion, 146 

7-Benzoyloxynorbornadiene, reaction with 

pentacarbonyliron, 579 

(n!-Benzyl)(n*-cyclopentadienyl)dicarbonyl- 

iron, 383 

Benzylic halides, reaction with Fe2(CO) , 

469 

n>-Benzyl ligand, 469 

o-Benzyl(salen)iron(III), 351,352 

Benzyne—carbonyliron complex, 639 

Berry pseudorotation, 131 

Bicyclo[6.2.0]deca-2,4,6-triene, reaction 

with enneacarbonyldiiron, SOS 

Bicyclo[4.1.0]hept-2-ene, 422 

Index 655 

1,1’-Bicycloheptenyl, reaction with dodeca- 

carbonyltriiron, 560 

Bicyclo[2.2.0]hexene, 447 

Bicyclo[3.1.0]hexene, 421,422 

Bicyclohexenyl, 559 

Bicyclo[3.2.2]nonadiene, 498 

Bicyclo[3.2.2]nonadiene-carbonyliron deriv- 

atives, 581 

(Bicyclo[4.2.1]nonadiene)tricarbonyliron, 

586 

(Bicyclo[3.2.2]nonadienyl)tricarbonyliron 

cation, 582 

cis-Bicyclo[6.1.0]nonatriene, reaction with 

enneacarbonyldiiron, 495,496 

Bicyclo[3.2.2]nona-2,6,8-trien-4-ol, reaction 

with enneacarbonyldiiron, 581 

Bicyclo[3.2.1]octadiene, 504 

reaction with pentacarbonyliron, 581 

Bicyclo[3.3.0]octadiene, 504 

Bicyclo[4.2.0]octa-2,4-diene, 576 

(Bicyclo[3.2.1]octadiene)tricarbonyliron, 

hydride abstraction, 581 

(Bicyclo[4.2.0]octadiene)tricarbonyliron, 

$76,587 

reactions with fluoroolefins, 577, 493 

reaction with phosphines, 596 

(Bicyclo[5.1.0]octadiene)tricarbonyliron, 560 

(Bicyclo[3.2.1]octadienyl)tricarbonyliron 

cation, 581 

structure, 13 

Bicyclo[2.2.2]octatriene, 580 

cis-Bicyclo[4.2.0]oct-2-ene, 424 

cis-Bicyclo[4.2.0]oct-7-ene, 424 

1,1’-Bicyclopentenyl, 552 

Biferrocenyl, Méssbauer spectrum, 196 

Bioorganic iron compounds, 26,84 

Birch reduction, 557 

Bis(n?-allyl)carbonyliron complexes, 481,488 

Bis (n-allyl)dicarbonyliron, 479,481 
‘H-NMR spectrum, 481 

rotation barrier, 481 

Bis(n3-allyl)hexacarbonyldiiron complexes, 

495,496,500,506,507 

Bis(n?-allyl) ligand, 481 
Bis(n?-allyl)-pentacarbonyldiiron complexes, 

495 

Bis(bipyridyl)iron, 358,388 

Bis(butadiene)monocarbonyliron, 599,602 

preparation, 599 

reaction with trimethyl phosphite, 601 

structure, 19 

(2,2' -Bis-butadienyl)bis(tricarbonyliron), 

532 
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[Bis(2-butadienyl)ketone]bis(tricarbonyliron, 

preparation, 532 

Bis(cycloheptadienyl])iron, 605 

mass spectrum, 158 

Bis(1,3-cyclohexadiene)monocarbonyliron, 

599 

preparation, 599,600 

structure, 19,20,602 

[Bis(1,3-cyclohexadieny])]bis(tricarbonyl- 

iron), 566 

Bis(1,5-cyclooctadiene)iron, 605 

reaction with phosphorus trifluoride, 595 

Bis(cyclooctatetraene)iron, 19,605 

Bis[(cyclopentadienyl)dicarbonyliron], 348, 

355,382,383 

dynamic NMR studies, 132 

ion-molecule reactions, 166 

Mossbauer spectrum, 192 

trans-1,4-Bis|(n°>-cyclopentadienyl)dicar- 

bonyliron]buta-1,3-diene, structure, 

4,5 

Bis-cyclopentadienyl-iron complexes, MO6ss- 

bauer spectra, 194 

Bis[(cyclopentadienyl)(nitrosyl)iron], mass 

spectrum, 163 

Bis-diene-monocarbonyliron complexes, 599 

dipole moments, 603 

reactions with trivalent phosphorus 

ligands, 603 

Bis(N,N-diethyldithiocarbamato)nitrosyl- 

iron, EPR of, 291 

Bis(diethyl muconate)monocarbonyliron, 599 

reaction with 2,2'-bipyridyl, 602 

reaction with dienes, 601 

reaction with tri-n-butylphosphine, 602 

Bis (N,N-diisopropyldithiocarbamato)iron- 

(II) chloride, EPR of, 283 

Bis(2,3-dimethylbutadiene)(diphenylethyl- 

phosphine)iron, 604 

Bis(2,3-dimethylbutadiene)monocarbonyl- 

iron, 599 

Bis(diphos)iron, 358 

Bis(2,4-hexadiene)monocarbonyliron, 599 

Bis(hexamethylbenzene)iron(II) cation, 562 

2,3-Bis(hydroxymethyl)methylenecyclopro- 

panes, 419,420,584 

Bisindenyliron, mass spectrum, 150 

Bis(isoprene)monocarbonyliron, 599 

Bis(methy] acrylate)tricarbonyliron, 412,547 

reactions, 413 

Bis(methyl sorbate)monocarbonyliron, 599 

Bis[(nitrosobenzene)tricarbonyliron], 641 

structure, 641 

Bis(olefin)tricarbonyliron complexes, 411 

Bis (u-phenyloxycarbene)-bis(tricarbonyl- 

iron), structure, 6,7 

Bis(1,1,2,2-tetrafluoroethyl)tetracarbonyl- 

iron, 353,354 

Bis(trifluoromethyl)tetramethylbicyclo- 

[2.2.2.]octatriene, reaction with 

pentacarbonyliron, 580 

Bis(trimethylgermyl)tetracarbonyliron, 

dynamic NMR, studies of, 132 

Bis(trimethylsilyl)cyclooctatriene, 576 

reaction with enneacarbonyldiiron, 495 

Bis(trimethylsilyl)tetracarbonyliron, dy- 

namic NMR studies, 132 

Bis(trimethylstannyl)tetracarbonyliron, 

dynamic NMR studies, 132 

Bohr magneton, 218,259 

Bond alternation, 9,19 

Bonding theory of alkenes (and alkynes) to 

transition metals, 8 

Boracyclohexadiene, reaction with penta- 

carbonyliron, 592 

(Borole)tricarbonyliron, 592,593 

Boron-11 NMR, 119 

Bridge-terminal ligand interchange processes, 

13233 

2-Bromobutadiene, reaction with ennea- 

carbonyldiiron, 532 

(2-Bromobutadiene)tricarbonyliron, prepara- 

tion, 532 

3-Bromocyclohexene, 489 

(Bromocyclooctatetraene)tricarbonyliron, 

494 

9-Bromofluorene, 469 

(2-Bromomethyl)naphthalene, 469 

u-[1-n:1,2-n(trans-2-Bromoviny])]-n-bromo- 

bis(tricarbonyliron) (Fe—Fe), struc- 

ture, 5 

Brucine salts of chiral complexes, 410 

Bullvalene, 21,129,361 ,423,465,502,505,507, 

586 

Butadiene 

catalytic addition of ethylene, 452 

1,2-n?-coordinated, 438 

dimerization, 485,602 

polymerization, 388 

reaction with enneacarbonyldiiron, 530 

reaction with pentacarbonyliron, 528 

bis(tetracarbonyliron), preparation, 402, 

530 

(cyclooctatetraene)carbonyliron, structure, 

602 

cyclopentadienyliron complexes, 605,606 



tetracarbonyliron 

preparation, 530 

reaction with hydrogen chloride, 472 

tricarbonyliron, 402,529,532,553,556,603, 

604 

addition of silanes, 547 

benzoylation, 543 

'3C_NMR spectrum, 598 
dipole moment, 599 

electrochemical reduction, 598 

Friedel Crafts acylation of, 473,543,544 

preparation, 528 

protonation, 471,472,539,540 

reaction with boron trifluoride in sulfur 

dioxide, 473,544 

reaction with hexafluorobut-2-yne, 474, 

558 

reaction with hexafluoropropene, 474, 

545 

reaction with methylacrylate, 546 

reaction with phosphines, 595,596 

reaction with phosphorus trifluoride, 595 

reaction with sodium bis(trimethylsilyl- 

amide), 597 

reaction with tetrafluoroethylene, 474, 

544 

reactivity towards electrophilic substitu- 

tion, 543 

structure, 18,19 

in trifluoroacetic acid, 471 

Butatriene, 487 

tetraalkyl- and tetraaryl-, 539 

(Butatriene)bis(tricarbonyliron), 533 

Butatriene—bis(tricarbonyliron) complexes, 

487,488,670 

Butene-1, 438 

Butene-2, 435,438 

But-2-ene-1,4-diol, 469,511 

C 

Carbene iron complexes, 381,637—639 

mass spectra, 154,155,157 

structure of binuclear, 6 

(N-Carbethoxyazepine)tricarbonyliron, 

dynamic NMR studies of, 128 

Carbidocarbony] anions of iron, 645 

Carbollyl complexes, Mossbauer spectra, 

198 

Carbon monoxide 

evolution of, 472,483,484,500,568 

ionization potential of, 147 

Index 657 

Carbon-13 NMR, 120-121,495,496 

Carbonylation, see also Insertion of carbon 

monoxide 

stereochemistry, 313,332 

Carbonyl(dinitrosyl)(triethylphosphite)iron, 

ionization potential of, 147 

Carbonyliron anions, Mossbauer spectra, 

183 

Carbonyliron complexes 

binuclear, 185—190 

fragmentation of, loss of CO ligands, 149— 

151 

Mossbauer spectra, 182-194 

Carbonyliron halides, Méssbauer spectra, 183 

Carbonyl—nitrosyl—iron complexes 

mass spectra, 151 

Mossbauer spectra 183 

Carboranecarboxylic acid chlorides, 550,551 

Carboranyl—iron complex, 468 

CD-Spectra, 307,310,312,317,318,325,330, 

384,386 

Cerium(IV), oxidative degradation with, 58, 

403 447,547,583 630,631,634 
Chemical shift (NMR), 114-123 

boron-11, 119 

carbon-13, 120-121 

fluorine-19, 122 

hydrogen-1, 114-117 

iron-57, 123 

nitrogen-14, 121-122 

oxygen-17, 121-122 

paramagnetic molecules, 118-119 

phosphorus-31, 122—123 

Chirality, see Optical activity 

Chiroptical methods, see CD and ORD- 

spectra 

(2-Chloroallyl)(dicarbonyl)nitrosyliron, 483 

1-Chlorobut-3-ene, 512 

4-Chlorobut-2-en-1-ol, 469 

3-Chlorocyclopentene, 489 

Chlorotrifluoroethylene, 433,474 

Chlorovinyl ketones, 427,448 

1,3-Cholestadiene, 563 

2,4-Cholestadiene, 563 

Cinnamaldehyde, 427,429 

Cinnamoyl complexes, 450 

6j Coefficient, 225 

Configuration, see also Absolute configura- 

tion 

correlation by chemical methods, 313,316, 

319,322 

correlation by chiroptical methods, 317, 

318,325,330 
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inversion of, 304,307,310,332,333 

nomenclature, 301,314 

retention of, 301,304,307,308,311,313,317 

321,322,324,332,333 

Configurational stability, 301,305,312,319, 

326,328,329 

Conformation, chiroptical properties, 318 

Constitutive corrections, 217 

Copper(II) acetate monohydrate, 221 

Coupling constant (NMR)s 

3C1H)116,117 
'H-'H, 116,117 

Crossover 

between °A, and T, states, 242,266 
between °T, and !A, states, 230,240 

Crotyl chloride, coupling with organo- 

magnesium compounds, 480 

Crystallographic data, accuracy of, 2 

Crystal packing forces, 12 

Cumulenes, 405,485,639 

Cumulene-carbonyliron complexes, 406,639— 

640 

mass spectra, 639 

structures, 640 

Cupric bromide, degradation with, 419 

Curie law, 218,219,243 

Curie temperature, 218 

Curie—Weiss law, 218,219,220 

Cyano-complexes, Mossbauer spectra, 199 

Cyanocyclohexadiene-tricarbonyliron, 563 

2-Cyanoethyl complexes, 444 

(Cyanomethyl)(cyclopentadienyl)dicarbonyl- 

iron, 437 

Cyclization, 565 

Cycloalkenyl—iron complexes, 489,490 

Cyclobutadiene, 438,573 

Cyclobutadiene—iron complexes 

‘H-NMR spectra, 116 
mass spectra, 156,157 

structures, 22—23 

(Cyclobutadiene)(nitrosyl)dicarbonyliron 

salt, 489 

Cyclobutadiene—olefin—iron complexes, 447 

(Cyclobutadiene)tricarbonyliron 

13C_NMR spectrum, 120 

irradiation with olefins, 447 

mass spectrum, 156,157 

preparation, 469,590,628 

reaction with hexafluorobuta-1 ,3-diene, 

360 

structure, 22 

Cyclobutadiene—tricarbonyliron complexes, 

489 

chirality, 327 

configurational stability, 328 

optical purity, 327,328 

reactions with fluoroolefins, 360 

stereoselectivity of reactions, 328 

Cyclobutene, 424 

cis-Cyclobutene-3 ,4-dicarboxylic anhydride, 

reaction with enneacarbonyldiiron, 

424 

Cyclobutenyl complexes, 360,439,489 

1,2,6,7-Cyclodecatetraene, 487 

(n*-1,4-Cycloheptadiene)(n*-1,3-cyclohexa- 

diene)carbonyliron, 491 

(1,3-Cycloheptadiene)tricarbonyliron, 422, 

490,559 

hydride abstraction, 567 

reaction with phosphines, 596 

Cycloheptadiene-tricarbonyliron derivatives, 

preparation, 44,559,569 

Cycloheptadienone-tricarbonyliron 

bicyclic derivatives, 572 

preparation, 571 

reactions, 572 

Cycloheptadienyl-dicarbonyliron derivatives, 

569 

reaction with silverhexafluorophosphate, 

569 

(Cycloheptadienyl)tricarbonyliron cation, 

422,490,567,571 

preparation, 567,568 

reactions, 568—570 

reduction with sodium borohydride, 490, 

569 

(Cycloheptadienyl)tricarbonyliron tetra- 

fluoroborate, reaction with 1,3-cyclo- 

hexadiene, 491 

Cycloheptatriene, 493 

reaction with enneacarbonyldiiron, 495 

hexacarbonyldiiron, 495 

Mossbauer spectrum, 189 

tricarbonyliron, 559,567 

addition of triphenylmethyl cation, 568 

13C_NMR spectrum, 598 

formylation of, 560 

reaction with hexafluorobut-2-yne, 560 

reaction with phosphines, 596 

reaction with tetrafluoroboric acid, 568 

(n°-Cycloheptatrienyl)(7°-cyclopentadieny])- 

carbonyliron, 513,514 

dynamic NMR studies of, 128,513 

7-Cycloheptatrienylmethyl-p-toluenesul- 

fonate, 440-441 

(Cycloheptatrienyl)tricarbonyliron anion, 491 



dynamic NMR studies of, 127 

(Cycloheptatrienyl)tricarbonyliron cation, 

dynamic NMR studies of, 127 

Cycloheptene, 437,445 

1,2,9,10-Cyclohexadecatetraene, 487 

1,3-Cyclohexadiene, 437,490 

1,4-Cyclohexadiene, 437 

deuterated, 482 

(n*-1 ,3-Cyclohexadiene)(n*-1,3-cyclohepta- 

diene)carbonyliron, 491 

(1,3-Cyclohexadiene)(cyclooctatetraene)- 

carbonyliron, 601 

(1,3-Cyclohexadiene)tricarbonyliron, 422, 

482 

13C_NMR spectrum, 598 

electrochemical reduction, 598 

hydride abstraction, 560 

ionization potential of, 147 

mass spectrum, 152 

preparation, 556,557 

reaction with fluoroolefins, 493,559 

reaction with hexafluorobut-2-yne, 559 

reaction with phosphines, 595,596 

reaction with sodium bis(trimethylsilyl- 

amide), 597 

1,3-Cyclohexadiene-tricarbonyliron deriva- 

tives, 545,556 ff,561,590 

mass spectra, 559 

oxidative degradation with cupric chloride, 

559 

preparation, 558 

Cyclohexadienones, cross-conjugated, 571 

(1,3-Cyclohexadienone)tricarbonyliron, 562, 

572 

Cyclohexadienone-tricarbonyliron com- 

plexes, 570 

Cyclohexadienone-tricarbonyliron com- 

plexes, reaction with aromatic 

amines, 570 

Cyclohexadienyl—dicarbonyliron derivatives, 

569 

{3[>-(2-Cyclohexadienyl)]-o-propenoyl} di- 

carbonyliron, structure, 25 

Cyclohexadienyl-tricarbonyliron cation, 

560 ff 

alkylation, 566 

Arbusov reaction with trimethyl phosphite, 

565 

reactions, 563—567 

Cyclohexene, 435,437,438,445 

Cyclohexenone, 585 

(1-4-n-all-cis-Cyclononatetraene)tricarbonyl- 

iron, 644 

Index 659 

1,4-Cyclooctadiene, 574 

1,5-Cyclooctadiene, 403,437,602,606 

(1,5-Cyclooctadiene)-bis(tetracarbonyliron), 

structure, 12 

(1,3-Cyclooctadiene)tricarbonyliron, 573 

reaction with fluoroolefins, 493,575 

hydride abstraction, 575 

preparation, 574 

reaction with phosphines, 596 

(1,5-Cyclooctadiene)tricarbonyliron 

hydride abstraction, 491,574 

preparation, 573 

reaction with phosphines, 492,596 

Cyclooctadiene-tricarbonyliron derivatives, 

reactions, 574,575 

(1,3-Cyclooctadiene)tris(trimethyl phos- 

phite)iron, 605 

Cyclooctatetraene, 19,466,493,495,505,578, 
600,601 ,605,606 

dimers, complexed to Fe(CO)3, 20 

iron—ruthenium complex of, 498 

reaction with enneacarbonyldiiron, 495, 

497 

(Cyclooctatetraene)bis(tricarbonyliron), 

structure, 21 

(n°-Cyclooctatetraene)(n*-cyclooctatetraene)- 

iron, dynamic NMR studies of, 127 

Cyclooctatetraene epoxide, reaction with 

pentacarbonyliron, 510 

hexacarbonyldiiron, 127 

Mossbauer spectrum, 189 

pentacarbonyldiiron, structure, 14 

tricarbonyliron 

dynamic NMR studies of, 126-127 

protonation, 587 

reaction with aluminium chloride, 505 

reaction with dodecacarbonylruthenium, 

498 

reaction with methylene iodide, 578 

reaction with sodium bis(trimethylsilyl- 

amide), 597 

structure, 21 

tricarbonylruthenium, dynamic NMR 

studies of, 126-127 

1,3,5-Cyclooctatriene, 605,606 

reaction with enneacarbonyldiiron, 495, 

496 

reaction with pentacarbonyliron, 576 

(1,5-cyclooctadiene)iron, preparation, 605 

hexacarbonyldiiron 

derivatives, 497 

Mossbauer spectrum, 189 

tricarbonyliron, 576,587 
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Cyclooctatrienone, 495 

Cyclooctene, 435,437 

Cyclooctyne, 555 

Cyclopentadiene, 490 

reaction with pentacarbonyliron, 549 

(n*Cyclopentadiene)tricarbonyliron 

decomposition, 634 

derivatives, 550,634 

infrared spectrum, 634 

preparation, 549,634 _ 

reaction with triphenylmethy] tetrafluoro- 

borate, 549 

n*-Cyclopentadiene-tricarbonyliron com- 

plexes, substitution by tertiary phos- 

phines, 549-551 

(n*-Cyclopentadiene)tris(trifluorophos- 

phine)iron, 595 

Cyclopentadienol—tricarbonyliron com- 

plexes, 556 

Cyclopentadienone diethyl ketal, reaction 

with enneacarbonyldiiron, 555 

Cyclopentadienone-iron ions, CO elimina- 

tion of, 158 

(n*-Cyclopentadienone)tricarbonyliron, 553, 
556,642 

infrared spectrum, 642 

structure, 642 

Cyclopentadienone-tricarbonyliron com- 

plexes, 553 ff 

electrochemical reduction, 556 

preparation from acetylenes, 553,555 

(Cyclopentadienyl)(acenaphthylene)dicar- 

bonyliron cation, 444 

Cyclopentadienyl—arene—iron complexes, 

Mossbauer spectra, 194 

Cyclopentadienyl-carbonyliron compounds 

Mo6ssbauer spectra, 192 

thermal decomposition, 146 

(n°-Cyclopentadienyl)(carboxymethyl)dicar- 

bonyliron, structure, 4,366 

(Cyclopentadienyl)(n?-cyclobutadiene)dicar- 

bonyliron cation, 439 

(Cyclopentadieny!)(cyclohexene)dicarbonyl- 

iron cation, reaction with boron 

nucleophiles, 445 

(n '_Cyclopentadienyl)(n>-cyclopentadienyl)- 

dicarbonyliron, dynamic NMR 

studies of, 125—126,363 

(n '_Cyclopentadienyl)(n >-eyclopentadienyl)- 

dicarbonylruthenium, dynamic NMR 

studies of, 125-126 

(Cyclopentadienyl)dicarbonyliron anion, 

reactions,-348—351 

(>-Cyclopentadienyl)dicarbonyliron halides, 

mass spectra, 151,152 

(7>-Cyclopentadienyl)dicarbonyl(triphenyl- 

phosphine)iron cation, 634 

(Cyclopentadienyl)(diene)iron complexes, 

{607° 
Codsealdieny ene eee eS 

cation, 435,437,438,443 444,447 

n!-Cyclopentadienyl-iron complexes, 
dynamic NMR studies of, 125—126 

7°-Cyclopentadienyl-iron complexes 

absolute configuration, 314 

13C_NMR spectra, 120-121 
configurational stability, 305,312 

'H-NMR spectra, 115,116 
optical activity, 305 

racemization, mechanism of, 306 

sterochemistry of reactions, 307 

structural data, 48—53 

Cyclopentadienyliron ion, fragmentation of, 

156 

(Cyclopentadienyl)(isobutene)dicarbonyliron 

cation, reaction with olefins, 437 

Cyclopentadienyl-olefin-dicarbonyliron 

complexes, 435 ff 

deprotonation, 445 

preparation, 435 

reaction with nucleophiles, 442 

(n°-Cyclopentadienyl)(i-propyl)dicarbonyl- 

iron, 381 

Cyclopentadienyl (z-pyrrolyl)iron, mass 

spectrum, 156,157 

(n°-Cyclopentadienyl)tricarbonyliron cation 

reactions, 355 

reduction with sodium cyanoborohydride, 

$49 

Cyclopentadienyl—tungsten complex, 449 

Cyclopentanones, 423,424 

Cyclopentenone, 513 

Cyclopropane, 501,503,583 

Cyclopropane derivatives, 417 

Cyclopropylethylene, 584 

1,2-Cycloundecadiene, reaction with ennea- 

carbonyldiiron, 487 

(u-Cycloundeca-1 ,2-diene)heptacarbonyldi- 

iron, structure, 8,15 

D 

Decarbonylation, 158,375,420,422,435,441, 

480,497,505,509,512 

of acyl complexes, 348,351 ,362,376 



of alkenoyl complexes, 348,383,478 

of aroyl complexes, 348,365,383 

stereochemistry, 309,310,312,332 

Deprotonation, 445,480 

Deuterium exchange, 563 

Dewar—Chatt—Duncanson (DCD) descrip- 

tion of olefin complexation, 9,10 

Dialkylcadmium derivatives, 480 

Diamagnetic corrections, 217 

Diamagnetic susceptibilities, 217 

Diamagnetism, 216 ff, 244 

Diastereoisomeric pairs of enantiomers, 309, 

324 

Diastereoisomers, see Optical activity 

Diastereotopic groups, 305 

[1(1H),2-Diazepine]tricarbonyliron, 636 

Diazoalkanes, 572 

Diazoethane, 419 

Dibenzosemibullvalene, 504 

Dibenzyl, 470 

2,6-Dibenzylidenecyclohexanone, 428 

1,4-Dibromobutyne, reaction with zinc, 488 

1,2-Dicarbollide complexes, boron-11 NMR 

spectra of, 119 

Dicarbonyl(dinitrosyl)iron, ionization poten- 

tial of, 147 

Dichloroacetylene, reaction with enneacar- 

bonyldiiron, 554 

(1,2-Dichlorobutadiene)tricarbonyliron, 

preparation, 532 

(1,4-Dichlorobutadiene)tricarbonyliron, 

preparation, 532 

(2,3-Dichlorobutadiene)tricarbonyliron, 

preparation, 532 

3,4-Dichlorocyclobutene, 438,468,628 

(1,1’-Dicyclohexenyl)tricarbonyliron, mass 

spectrum, 153 

(Dicyclopentadienyl)tetracarbonyldiiron, 

mass spectrum, 165 

1,1-Dicyclopropylethylene, reaction with 

pentacarbonyliron, 420,585 

Diels—Alder reaction, 438,529,579 

Diene-iron complexes 
absolute configuration, 325,326 

bonding in, 17 

CD-spectra, 325 

geometrical isomerism, 324 

optical activity, 324 

racemization, mechanism of, 326 

structures, 42—47 

1,3-Dienes 

n?-coordinated, 381,382 
perfluorinated, 416 

Index 661 

Diene-tricarbonyliron complexes, 470,480, 

528 ff 

absolute configuration, 326 

addition of hydrogen halides, 467,470 

as antiknock agents for motor fuels, 528 

carbonyl substitution reactions, 594 

13C_NMR spectra, 120-121 
configurational stability, 326,328 

dynamic NMR studies of PF; derivatives, 

131 

Friedel—Crafts reaction, 539 

from heterocyclic systems, 588 

from vinylboron derivatives, 591 

from vinylsilicon derivatives, 591 

"H-NMR spectra, 115,116,597 
mass spectra, 598 

MOssbauer spectra, 598 

NMR studies of protonated derivatives, 

130 

oxidative decomposition with cerium(IV), 

547 

oxidative decomposition with iron(II}, 

547 

oxidative decomposition with trimethyl- 

amine N-oxide, 547 

photoelectron spectra, 598 

preparation, 528 

from cyclobutane derivatives, 583 

from cyclopropane derivatives, 583 

in the presence of coppersulfate, 530 

in the presence of trimethylamine N- 

oxide, 530 6 

protonation, 467,471,473,539,541 

reactions, 539 

with fluoroalkynes, 539,545 

with fluoroketones, 539,545 

with fluoroolefins, 539,544 

with triphenylphosphine, 547 

structures, 17 

theoretical studies, 597 

Dienyl-tricarbonyliron cation, dispropor- 

tionation, 600 

(Diethyl fumarate)tetracarbonyliron, !3C- 
NMR spectrum, 409 

(Diethyl maleate)tetracarbonyliron, oe: 

NMR spectrum, 409 

Diferratricyclododecatriene complex, 505, 

506 
Dihalogenoethylene-tetracarbonyliron com- 

plexes, 408 

irradiation of, 448 

mass spectra, 162 

Dihydrido-phosphine-iron complexes, dy- 



662 Index 

namic NMR studies of, 131 

Dihydro-phosphite-iron complexes, dy- 

namic NMR studies of, 131 

Dihydroborepin, 592,593 

1,4-Dihydro-1,4-expoxynaphthalene, 424 

cis-3a,7a-Dihydrofuran-tricarbonyliron 

derivative, 565 

Dihydromesitylene, reaction with dodeca- 

carbonyltriiron, 561 

(9,10-Dihydronaphthalene)bis(tricarbonyl- 

iron), 586 

Dihydrosemibullvalenes, reaction with 

enneacarbonyldiiron, 503 

Dihydrotetracyanotriquinacenes, 494 

2,5-Dihydrothiophene-1-oxide, 431 

(2,5-Dihydroxy-3 ,4-dimethyltricarbonyl- 

ferracyclopenta-2,4-diene)tricar- 

bonyliron, structure, 6 

B-Diketones, sodium enolates, 478 

Dimethylacetylene, reaction with penta- 

carbonyliron, 571 

Dimethyl adipate, 413 

(Dimethyl buta-1,3-diene-1,2-dicarboxylate)- 

tricarbonyliron, 418,419 

(2,3-Dimethylbutadiene)tricarbonyliron 

acetylation, 544 

protonation, 472 

reaction with fluoroolefins, 474,544,545 

reaction with hexafluoroacetone, 474,546 

reaction with hexafluorobut-2-yne, 474, 

558 

reaction with phosphorus trifluoride, 595 

(5,5-Dimethyl-1 ,3-cyclohexadiene)tricar- 

bonyliron, mass spectrum, 159 

(4,4-Dimethylcyclohexa-2,5-dienone)tricar- 

bonyliron, 570,571 

{5-[2-(5,5-Dimethylcyclohexane-1 ,3- 
dionato)]cyclohexa-1,3-diene}tri- 

carbonyliron, mass spectrum, 146 

cis-1,2-Dimethylcyclopropane, 381 

1,2-Dimethyl-1 ,2-dihydropyridazine-3 ,6- 

dione, 430 

Dimethyldivinylsilane, reaction with dodeca- 

carbonyltriiron, 591 

1,2-Dimethylenecyclobutane, 587 

reaction with dodecacarbonyltriiron, 481 

3,4-Dimethylenecyclobutene, 425 

Dimethylenecycloheptadienone derivatives, 

588 

2,3-Dimethyl-2-ene-1,4-diol, 469 

(Dimethyl fumarate) tetracarbonyliron 

catalyst for hydrogenation, 411 

electrochemical reduction, 409 

(2,5-Dimethylhexa-1 ,3-diene)tricarbonyliron, 

preparation, 531 

(2,2-Dimethylisoindene)tricarbonyliron, 629 

oxidation, 630 

pyrolysis, 630 

(Dimethyl maleate)tetracarbonyliron 

mass spectrum, 146 

electrochemical reduction, 409 

Dimethyl methylenecyclopropane-2,3-dicar- 

boxylate, 418,501 

reaction with enneacarbonyldiiron, 501, 

584 

2,7-Dimethyloxepin, 510 

(2,7-Dimethyloxepin)tricarbonyliron, 510 

(2,4-Dimethylpenta-1,3-diene)tricarbonyl- 

iron, 405,538—540 

protonation, 472 

reaction with phosphorus trifluoride, 595 

(1,5-Dimethylpentadienyl)tricarbonyliron 

cation, reaction with amines, 541 

2,6-Dimethylphenol, 510 

(1,1-Dimethyl-1-silacyclohexa-2,4-diene)tri- 

carbonyliron, 591 

1,1-Dimethyl-2,3,4,5-tetraphenyl-1-silacyclo- 

hexa-2,4-diene, 591 

Dimethylvinylcarbinol, 471 

Diphenylacetylene, 554,555 

(1,4-Diphenylbutadiene)tricarbonyliron, 536 

(2,5-Diphenylcyclopentadienone)tricar- 

bonyliron, 553 

Diphenyldiazomethane, 512 

(1,5-Diphenylpenta-1 ,3-diene)tricarbonyliron 

isomerization by trifluoroacetic acid, 536 

labelling studies, 537 

(2,5-Diphenylsilacyclopentadiene)tricar- 

bonyliron, 591 

(u-Diphenylvinylidene)bis(tetracarbonyl- 

iron), structure, 6,7 

“Diphos,’’ 200,358,451,602 

Dithiocarbamate complexes, dynamic NMR 

studies of, 131 

(Ditropyl)bis(tricarbonyliron), 491 

Divinylbenzene, 573 

Divinylborane-tricarbonyliron complexes, 

592 

Dodecacarbonyltriiron 

dynamic NMR studies of, 133 

isomerization catalyst, 482 

mass spectrum, 149 

MOssbauer spectrum, 190 

reaction with chlorobutadienes, 532,533 



reaction with 1,3-dienes, 530 

reaction with 1-(p-nitrophenylbutadiene), 

537 

reaction with cis-1,4-polybutadiene, 538 
Doppler effect, 176 

Double groups, 268 

(Duroquinone)tricarbonyliron, 571 

Dynamic NMR studies, see Stereochemically 

nonrigid molecules 

E 

Eclipsed conformations, 24 

Effective magnetic moment, 218,238 

Effective spin, 265 

Electrochemical reduction, 409,556,598,603 

Electronic interaction, 222 

Electronic states of iron, 221 

Electron paramagnetic resonance, 257 ff, 

258,409,479 

in iron oxidation state different from +III, 

283 

Electron spin resonance, see Electron para- 

magnetic resonance 

Electrophilic attack at iron-carbon o-bonds, 

372,384 

Elimination 

of aniline, 511 

of carbon monoxide, see Decarbonylation 

of diflurocarbene, 369 

of ethylene, 443 444,451,452 

of hydrogen halide, 468,469 

of methyl iodide, 476 

of olefins, 349,368,369,387 

of water, 469 

Emission and absorption transition proba- 

bilities, 263 

Enantiomers, see also Optical activity 

interconversion, 497 

Enantiotopic groups, 306 

Endo- and exo-isomers, mass spectrometric 

distinction between, 155,160,163,164 

Enneacarbonyldiiron, 185,468 

mass spectrum, 149 

reaction with chlorobutadienes, 533 

Enol-tricarbonyliron complexes, 635,636 

Epimerization, 306,309,314,321,329,333,418 

1,1-Ethano-7-keto-A*®?-octalin, 421 

(Ethyl acrylate)tetracarbonyliron, 13C_NMR 

spectrum, 409 

(Ethyl cinnamate)tetracarbonyliron, catalyst 

for hydrogenation, 411 

Ethyl crotonate, 438 

Index 663 

Ethylene, 435,436,437,439,441,443 450 
(n?-Ethylene)bis(diphos)iron, irradiation of, 

358 

Ethylene—iron complexes, substituted, mass 

spectra, 159,162 

(Ethylene)tetracarbonyliron 

infrared spectrum, 407 

structure, 11 

4-Ethyl-1-phospha-2,6,7-trioxabicyclo- 

[2.2.2]octane, 596 

Europium(III)-tris-3-trifluoroacetyl-1R- 

campherate, 411 

Exchange integral, 221 

Exchange interactions, 219,290 

F 
, 

Feist’s acid, 418 

n?-Ferra-allylic system, 5 

Ferraboranes, 645 

Ferracyclopentadiene complexes, 4,6,21, see 

also Ferroles, (tricarbonylferrole)- 

tricarbonyliron 

optical activity, 327 

racemization, mechanism of, 327 

Ferracyclopentane complexes, 412,414—416, 

424 

Ferraindenes, 642—643 

Ferric acetylacetonate, 24 

Ferricenium cation 

electronic structure, 196 

magnetic properties, 249 

MOssbauer spectrum, 196 

Ferric hemoglobin azide 

EPR of, 288 

orbital energies, 289 

Ferrichrysin 

EPR of, 285,286 

structure, 284 

Ferridoxin, Méssbauer spectrum, 202 
Ferrocene, 24,119,249,365 

13C_NMR spectrum, 120 
ionization potential of, 147 

ion-molecule reactions of, 166 

mass spectrum, 150,161,166 

molecular orbital treatment, 195,196 

Mossbauer spectra, 194 

reaction with tetracyanoethylene, 450 

Ferrocene carbinols, mass spectra, 160,163 

Ferrocenecarboxylic acid, mass spectrum, 

164 

Ferrocene derivatives 

absolute configuration, 317-319 



664 Index 

chirality, 315 

configurational stability, 319 

Friedel-Crafts acylation, 314 

geometrical isomerism, 315 

lithiation, stereochemistry of, 319 

Mossbauer spectra, 194 

optical purity, 317,324 

polychlorinated, mass spectra, 162 

racemization, mechanism of, 320 

stereochemistry of reactions, 316,317,319, 

321,324 

structures, 23-24 

Ferrocene esters, mass spectra, 155,164 

Ferrocenophanes 

Mossbauer spectra, 198 

optical activity, 318 

Ferrocenylbenzylketone, 383 

(2-Ferrocenylbutadiene)tricarbonyliron, 537, 

538 

Ferrocenylbutenols, reaction with ennea- 

carbonyldiiron and copper sulfate, 

537 

Ferrocenyl-carbonium ions 

optical activity, 323 

racemization, mechanism of, 323 

stereochemistry of reactions of, 322 

Ferrocenyl group, 7-donation by, 194 

Ferrocenylvinylketones, 428 

Ferroles, 642—643, see also Ferracyclopenta- 

diene complexes, (tricarbonylferrole)- 

tricarbonyliron 

Ferromagnetic Curie temperature, 220 

Ferromagnetic impurity, 220 

Ferromagnetism, 216,219 

Field desorption mass spectrometry, 146 

Fine structure of EPR spectra, 261 

Fluorenone, triplet state of, 411 

Fluorine-19 NMR, 122 

1,3-Fluorine shift, 360 

o-Fluorocarbon complexes, NMR shielding 

effects in, 364 

Fluxional molecules, 363,496,498,513,598 

NMR studies of, 123-133 

Formyl-carbonyliron complex, 351,643 

(Formylcycloheptatriene)tricarbonyliron, 

mass spectrum, 598 

protonation with hexafluorophosphoric 

acid, 568 

Fragmentation of organoiron ions, 147-165 

Free ion terms, 221 

Free radicals, formation, promoted by 

transition, metal ions, 359 

Fulvene, 403 

Fulvene—bis(tetracarbony!iron) complexes, 

403 

Fulvene—tricarbonyliron complexes, 553 

(Fumaric acid)tetracarbonyliron 

absolute configuration, 330 

CD-spectrum, 330 

enantiomers, 410 

optical activity, 330 

structure, 11 

G 

Gol’danskii—Karyagin effect, 181 

Gram susceptibility, 215 

H 

Haem proteins, Méssbauer spectra, 202 

p-[1-7:1,2-n(trans-2-Halovinyl)]--halo-bis- 

(tricarbonyliron)—(Fe-Fe) complexes, 

Slater determinant, 223 448 

Heisberg 

Hemerythrin, Mossbauer spectra, 202 

Hemoglobin, 288 

(Hepta-3,5-dien-2-ol)tricarbonyliron, !3C- 
NMR spectrum, 598 

(Hepta-3,5-dien-2-one)tricarbonyliron, 

'3C_NMR spectrum, 598 
Heptafulvene, 440,632,633 

Heptafulvene—carbonyliron complexes, 429, 

632,633 

trimethylenemethane-type ligand, 633 

structure, 633 

(Heptafulvene)tricarbonyliron, mass 

spectrum, 598 

(Heptamethylcyclohexadienyl)carbonyliron 

cation, 562 

(n>Heterocyclopentadienyl)iron complexes, 

structures, 48—53 

Hexacarbonylchromium, reaction with 1,4- 

diphenylbutadiene and dodecacar- 

bonyltriiron, 537 

Hexacarbonyldiiron complexes of cyclic 

trienes, 466,495 

'H-NMR spectra at low temperature, 496 
hydride abstraction, 496 

Mossbauer spectra, 189 

Hexa-1,3-diene, 452 

Hexa-1,cis-4-diene, 452 

Hexa-1,5-diene, 452,481 

Hexa-2,4-diene, 452 



(1,3-Hexadiene)tricarbonyliron, preparation, 

531 

(2,4-Hexadiene)tricarbonyliron 

acylation, 544 

preparation, 531 

reaction with phosphorus trifluoride, 595 

(1,3-Hexadiene)tris(trifluorophosphine)iron, 

470 

Hexafluorobutadiene, 416 

Hexafluorobut-2-yne, 433,441 ,545,558,559, 

560 

reaction with pentacarbonyliron, 554 

Hexafluorocyclopentadiene, 416 

Hexafluoropropene, 415,433,559,577 

Hexamethylbicyclo[2.2.0]hexadiene, 587 

Hexamethylisocyanidoiron(II) chloride, 4 

Hexaphenylditin, 479 

(1,3,5-Hexatriene)bis(tetracarbonyliron), 404 

(1,3,5-Hexatriene)tetracarbonyliron, 404 

(1,3,5-Hexatriene)tricarbonyliron com- 

plexes, 538 

Hex-3-ene-2,4-diol, 469 

[1,2,3,6-n-(Hex-1-en-6-one-3,6-diy])] tri- 

carbonyliron, 420 

High-spin iron (II) compounds, 178,180, 

283,288,366 

High-spin iron (III) compounds, 178,366 

EPR in, 269 

predicted EPR transitions in, 277 

High-spin state of Fe?*, 229 
Holes and particles, relationship, 279 

Homosemibullvalene, 423,586 

reaction with enneacarbonyldiiron, 508 

Homotropone complexes, 572 

Horeau’s method, 317 

Horse-radish peroxidase, Mossbauer 

spectra, 203 

Hund’s rule, 221 

Hydride abstraction, 381,436,440—442,560— 

562,567,568,574,581,592 

Hydride addition, 443,574 

Hydridotetra(trifluorophosphine)iron anion, 

dynamie NMR studies of, 131 

Hydroformylation, 374 

Hydrogenation, 437,571 

of olefins, 387 

with Raney Nickel, 413,424,425 

Hydrogen halides, addition of, 433 

Hydrogen shift, 360,470,511 

Hydrogen transfer, 451 

Hydroxyalkylbutadiene—tricarbonyliron 

complexes, 541 

Index 665 

Hydroxyalkyldiene—tricarbonyliron com- 

plexes, 535 

(Hydroxybutadiene)tricarbonyliron, 534 

(Hydroxycyclohexadiene)tricarbonyliron, 

509,564 

Hydroxycyclohexadienyl-tricarbonyliron 

cation, 571 

(Hydroxymethylcyclooctatetraene)tricar- 

bonyliron, mass spectrum, 160 

[5-(Hydroxymethyl)-5-methylcyclopenta- 

diene] tricarbonyliron, 551 

mass spectra of endo- and exo-isomers, 

155 

2-Hydroxymethylprop-2-en-3-ol, 469 

Hyperfine coupling parameter A, 258,265 

Hyperfine splitting (EPR), 295 

Hyperfine structure (EPR), 262 

I 

Insertion, 353—354,371—379 

mechanism, 372,374 

of alkynes, 354 

of allene, 486 

of carbon monoxide, 349,353,374—-376, 

378 422,424,465 ,469,499,500,508,548, 

see also Carbonylation 

of isocyanates, 378 

of isocyanides, 378 

of isonitriles, 378 

of olefins, 354 

of sulphur dioxide, 371,384,386 

of sulphur dioxide, stereochemistry, and 

mechanism, 310,313,332,333 

of tetracyanoethylene, 376-377 

of trifluoroethylene, 489 

Intensity of magnetization, 215 

Interaction with external magnetic field, 274 

Interaction with magnetic field, 280 

Intermediate spin (S=1) in iron(II), 284 

Intermediate spin (S=3/2) in iron(III), 283 

Intermetal ligand transfer 

in carbonyl complexes, 132-133 

in isocyanide complexes, 132—133 

in nitrosyl complexes, 132-133 

Intramolecular rearrangements, activation 

barrier, 409 

Inversion of configuration, see Configura- 

tion 

Ion cyclotron resonance, 165,409 

Ionization potentials, 147 



666 Index 

Ion-molecule reactions, 165-168 

Iron, ionization potential of, 147 

Iron(III), basic carboxylates of, 221 

Iron(III)acetylacetonate 

electrochemical reduction, 603 

reaction with ethoxydiethylaluminium, 

451 

Iron(II])alkoxides, 221 

Iron atom as center of asymmetry, 300,305, 

375 

Iron atoms 

co-condensation with butadiene, 599 

condensation in 1,5-cyclooctadiene, 605 

Iron—boron complexes, 445 

Iron—carbon o-bond lengths, 3,27—35,367 

Iron—carbon o-bonds, complexes with, 

345 ff 

chiral, 305 

infrared spectra, 361—362 

magnetic moments, 366 

mass spectra, 364-366 

NMR spectra, 362-364 

photochemical reactions of, 382 

preparation, 348 

reaction with alkyl halides, 369—370 

reaction with halogens, 369—370 

reaction with metal halides, 370 

reaction with protic solvents, 367 

reaction with trifluoroacetonitrile, 376 

stereochemistry of reactions of, 383 

structures, 3—8,27—35,366—367 

Iron—carbon o-bonds 

stabilization of, 3 

thermal cleavage, 368—369 

Iron complexes with ester functions, mass 

spectra, 155,161,164 

Iron complexes with fluorocarbon ligands, 

mass spectra, 162 

Iron(III)dicarbollide compounds, 249 

Iron(III) 6-diketonates, 478 

Iron—germanium bond, 606 

Iron(II)hydridotris(1-pyrazolyl)borate, mag- 

netic properties of, 245 

Iron(IDion in a field of octahedral sym- 

metry, 229 

Iron-57 NMR, 123 

Iron(II)phthalocyanine, magnetic properties 

of, 247 

Iron salts, reaction with organometallic 

reagents, 351 _ 

Iron—tin compounds, 183 

y-Irradiation, 400,401,597 

Irreducible representation, 227,231,269 

Isobutylidenemeldrumic acid, 428 

Isoindene, 498,573 

Isolated spin S = 1/2, 260 

Isomer shift, 177,409 

definition, 177,178 

effect of back donation, 178,200 

Isonitrile complexes, Méssbauer spectra, 

200 

Isoprene, dimerization, 485 

(Isoprene)tricarbonyliron 

preparation, 529 

protonation, 471,472,540 

reaction with hexafluoroacetone, 474,546 

reaction with hexafluorobut-2-yne, 545 

reaction with fluoroolefins, 474,544,545 

reaction with phosphorus trifluoride, 595 

(Isoprene)tricarbonyliron, (anti-1-Isopropy]l- 

2-methylallyl)tetracarbonyliron cat- 

ion, 473 

Isotopic patterns, in mass spectra, 147,148 

K 

Ketenimine—carbonyliron complexes, 640— 

641 

Ketenimines, 437,640 

Ket notation, 222,223,231 ,268 

Ketocyclobutenyl—iron—complexes, 417,490, 

514 

Ketocycloheptadienyl—tricarbonyliron cat- 

ion, 572 

Ketocyclopentenyl—iron complexes, 489,490 

Ketones, a,@-unsaturated, 19,427 

Kramers doublet, 250,272,278 ,280,282,283, 

287,288,289,290 

L 

Landé interval rule, 224 

Lanthanide chiral shift reagent, 411 

Law of additivity of atomic diamag- 

netic susceptibilities, 217 

Ligand field effects in iron(II) com- 

pounds, 266 

Ligand field parameters Ds, Dt, 232 

Ligand field splitting parameter 10 Dq, 242 

Ligand field theory, 226,240 

Liquid crystal NMR, 119 

Low-spin iron(II) compounds, 183 

Low-spin iron(III) compounds, 180,360 

EPR in, 279 

Low spin state of Fe**, 229 



M 

Magnetic anisotropies, 219 

Magnetic dilution, 218,219 

Magnetic field interaction, 237 

Magnetic field strength, 215 

Magnetic hyperfine splitting of Méssbauer 

spectra, 180 

Magnetic induction, 215 

Magnetic interaction, 240 

Magnetic moment, 233,246,366 

Magnetic moment per unit volume, 215 

Magnetic susceptibility, 214,233,234,243,247 

of single crystals, 219 

Magnetism 

in iron compounds with oxidation state 

different from +II, 242 

of octahedral aT ground state in iron(II) 

compounds, 234 

of tetrahedral iron (II) compounds, 242 

(Maleic acid monohydrazide)tetracarbonyl- 

iron, 430 

(Maleic acid)tetracarbonyliron, 410 

(Maleic anhydride)tetracarbonyliron 

catalyst for hydrogenation, 411 

mass spectrum, 146 

preparation, 401 

Raman spectrum, 408 

Mannich reaction, 572 

Mass spectra of organoiron complexes, 

145-173 

elimination of aldehyde, 161 

elimination of radicals, 153,154 

p-Mercapto—iron complexes, mass spectra, 

153,154, 159,160,162 

Metal—carbon o-bonds, liability of, 347 

Metal-G-carbon interaction, 367,369,381 

Metallacyclopropane, 416,451 

Metallocene chirality, 315,321 

Metallocycle, 433 

Metastable peaks, 147,149,153,156 

2-Methoxyallyl chloride, 468 

(2-Methoxycarbonylbutadiene)tricarbonyl- 

iron, 539 

(Methoxycarbonylcyclohexadiene)tricar- 

bonyliron, reaction with sulfuric 

acid, 562 

(Methoxycarbonylcyclooctatetraene)tricar- 

bonyliron, 494 

7-Methoxycyclohepta-1,3,5-triene, reaction 

with enneacarbonyldiiron, 495 

(Methoxycyclohexadiene)tricarbonyliron, 

561,564 

Index 667 

(1-Methoxycyclohexa-1 ,3-diene)tricarbonyl- 

iron, '3C-NMR spectrum, 598 
(Methoxycyclohexadienyl)tricarbonyliron 

cation, reaction with trialkylalkynyl- 

borates, 467 

(Methoxycyclooctatetraene)tricarbonyliron, 

508 

(Methoxymethylcyclooctatetraene)tricar- 

bonyliron, mass spectrum, 161 

(Methyl acrylate)tetracarbonyliron, 412 

(n>-1-Methylallyl)tetracarbonyliron tetra- 
fluoroborate, 473 

(n?-1-Methylallyl)tricarbonyliron chloride, 
539,540,543 

(2-Methylbuta-1 ,3-diene)tetracarbonyliron, 

preparation, 403 

(Methyl cinnamate)tetracarbonyliron, elec- 

trochemical reduction, 409 

(Methylcyclohexadienyl)tricarbonyliron cat- 

ion, 551,552 

(Methylcyclooctatetraene)tricarbonyliron, 

494 

(2-Methylenecyclohexadiene)tricarbonyliron, 

563 

Methylenecyclopropanes, 501 

(Methylenecyclopropane)tetracarbonyliron 

complexes, 418,419 

4-Methylene-spiro[2.5]octane, 421 

(6-Methylfulvene)hexacarbonyldiiron, 403 

(2-Methylhexa-1 ,3-diene)tricarbonyliron, 

531 

(N-Methylmaleimide)tetracarbonyliron, 

Raman spectrum, 408 

Methyl methacrylate, 401,451 

(Methyl methacrylate)tetracarbonyliron, 401 

(2-Methylnorbornadiene)tricarbonyliron, 

580 

(2-Methylpenta-1 ,3-diene)tricarbonyliron, 

531 
(Methyl 1,3-pentadienoate)tricarbonyliron, 

dipole moment, 599 

1-Methyl-2-phenyl-1,2-dihydropyridiazine- 

3,6-dione, 430 

(Methyl octadienoate)tricarbonyliron, 

13C_NMR spectrum, 598 
Methyl sorbate, 411 

Methyl vinyl ketone, 438,446,451 

Migration 

cis-, in insertion reactions, 374 

of alkyl groups, 351,374,377,384 

of cyclopentadieny] ligands to metal, 366 

of hydrogen, 158,161 

of hydrogen in the formation of 1,3- 



668 Index 

diene complexes, 360 

of hydrogen from ligand to metal, 358 

Molar susceptibility, 215,217,233 

““corrected,’’ 217 

Molecular ion, absence of in mass spectra, 

146 

(Monochlorobutadiene)tricarbonyliron, 532, 

533 

Monoolefin complexes, see Olefin—iron 

complexes 

Mossbauer effect, 245 

Mossbauer spectroscopy, 175—203,434,478, 

479 

technique of, 176 

(Muconic acid)tricarbonyliron, 533 

(Myrcene)tricarbonyliron, Méssbauer 

spectrum, 177 

N 

Naphthacene, 498 

reaction with dodecacarbonyltriiron, 499 

Naphthalene, 424,469 

7n?-Naphthylmethyl ligand, 469 
Néel temperature, 218,220 

Nitrene-carbonyliron complexes, 636—637 

Nitric oxide, 483 

Nitrogen-14 NMR, 121—122 

Nitrosyl compounds, 482 

(n?-Nonafluorocyclohexenyl)tricarbonyliron 

anion, 494,495 

Nonrigid iron coordination spheres, 131— 

133 

Nonrigid molecules, 14 

Norbornadiene, 437,441 ,606,607 

dimers, 578 

reaction with pentacarbonyliron, 578 

(Norbornadiene)tricarbonyliron, 578 

Friedel Crafts acylation, 580 

infrared spectrum, 578 

protonation, 580 

Raman spectrum, 578 

reaction with dichloromethyl methyl] ether 

and titanium tetrachloride, 580 

reaction with tetrafluoroethylene, 580 

Norbornadiene-tricarbonyliron derivatives, 

579 

(7-Norbornadienol)tricarbonyliron, oxida- 

tion with pyridine-(sulfur trioxide), 

579 

Norbornadienone, 634 

reaction with 1,3-diphenylisobenzofuran, 

579 

(Norbornadienone)tricarbonyliron, 579,634 

‘H-NMR spectrum, 635 
infrared spectrum, 635 

reactions, 635 

thermal decomposition, 146 

Norbornene derivatives, 423 

Norcarane, 381 

Nuclear hyperfine structure, 292 

Nuclear magnetic resonance (NMR), 113- 

144,258 

Nuclear quadrupole interaction, 178,265 

Nuclear quadrupole resonance, 178,426 

Nuclear spin I, 262,265 

Nucleophilic attack at iron—carbon o-bonds, 

355,384 

Nucleophilic attack, stereochemistry of, 

306,307,308 ,322,325 

O 

(allo-Ocimene)tricarbonyliron, 538 

Octadecene-1, 435 

(Octafluoro-1,3-cyclohexadiene)tricarbonyl- 

iron 

mass spectrum, 153 

reaction with cesium fluoride, 494 

(Octafluorotetramethylene)tetracarbonyl- 

iron, 414 

Octahedral complexes 

absolute configuration, 301 

CD spectra, 301 

configurational stability, 302 

optical activity of, 301 

racemization, mechanism of, 301 

stereochemistry of reactions, 301,304 

Octahedral field splitting parameter 10 Da, 

228 ,229,230,240,246,266 

Octahedral iron(II), theory of magnetism 

in, 240 

Octahedral potential, 226,227 

Octalone, 446,447 

Olefins 

bond distances of coordinated, 9 

bonding to transition metals, 8-11 

containing sulfur atoms, 431 

containing trivalent nitrogen atoms, 429 

displacement of coordinated, 406 

hydrogenation, 387 



nonconjugated, 11 

oligomerization, 387 

polyfluorinated, 414 

Olefin—iron complexes, 131,397—462,470 

absolute configuration, 330 

addition of HX, 357 

CD spectra, 330 

Mossbauer spectra, 184,185 

optical activity, 329 

racemization, mechanism of, 329 

structures, 36-38 

zwitterionic, 436 

Olefin—tetracarbonyliron complexes 

absolute configuration, 330 

chiral, 329,410 

configurational stability, 330 

dynamic NMR studies of, 131 

'H-NMR spectra, 115-116 
Mossbauer spectra, 409 

preparation, 399 

reactions, 406 

spectroscopic studies, 407,408 

Olefin—tetra(trifluorophosphine)iron com- 

plexes, 451 

Optical activity, see also Configuration, 

Racemization 

alkyl derivatives, 331 

cyclobutadiene complexes, 327 

_cyclopentadienyl complexes, 305,333. 
diene—tricarbonyliron complexes, 324 

ferracyclopentadiene complexes, 327 

ferrocene derivatives, 316 

ferrocenophanes, 318 

ferrocenyl carbonium ions, 323 

octahedral complexes, 301 

olefin—tetracarbonyliron complexes, 329 

Optical induction, see Asymmetric induc- 

tion 

Optically active shift reagents, 311,411 

Optical purity, 311,317,319,321,324,327,328 

Optical resolution, see Optical activity 

Optical rotation, see Optical activity 

Optical stability, see Configurational sta- 

bility 

Orbital reduction factor x, 234 

ORD-spectra, 316,318 

Organocadmium compounds, 402 

Organoiron hydrides, 'H-NMR spectra, 116 
Oxidative addition, 357—358,387,451,467, 

469,470 

B-Oxovinyl sulfones, 431,432 

Index 669 

P 

Palladium, allylic halides, 469 

Paramagnetic Curie temperature, 218 

Paramagnetic molecules (NMR), 118-119 

contact (hyperfine) interactions in, 118 

pseudocontact (dipolar) interactions in, 

118 

Paramagnetic susceptibility, 250 

Paramagnetism, 216,218,245 

temperature-independent, 217,218 

Pascal constants, 217 

Pentacarbonyldiiron complexes of tetraenes, 

497 

Pentacarbonyliron 

catalyst for hydrogenation of methyl 

linoleate, 539 

13C_-NMR spectrum, 120,131 
gas phase ion chemistry, 409 

ionization potential of, 147 

ion—molecule reactions of, 166,167 

mass spectrum, 149,153 

Mossbauer spectrum, 183-184 

reaction with azobenzene, 358 

reaction with perfluoroalkyl iodides, 357 

reaction with 3,3,3-trifluoropropyne, 554 

Penta-coordinated carbon, carbonyliron 

complex, 643 

(1,3-Pentadiene)tetracarbonyliron, 403 

(1,3-Pentadiene) tricarbonyliron, 420 

preparation, 530 

reaction with hexafluorobut-2-yne, 545 

reaction with phosphorus trifluoride, 595 

reaction with tetrafluoethelyne, 544 

(Pentadieny])tricarbonyliron cation, 535, 

541,542,592 

(Pentafluorophenyl-alkoxycarbene)tetracar- 

bonyliron, mass spectrum, 154,155 

(Pentafluorophenyl-dimethylaminocarbene)- 

tetracarbonyliron, mass spectrum, 

154,155 

Pentafulvene—carbonyliron complexes, 632 

structure, 632 

Pentalene—carbonyliron complexes, 645 

(n>-Pentamethylcyclopentadienyl)iron com- 

plexes, 550 
Pentaphenylborole, reaction with enneacar- 

bonyldiiron, 592 

Pentaphenylphospole, 588,589 

reaction with dodecacarbonyltriiron, 588 

Pentaphenylphosphole oxide, reaction with 

pentacarbonyliron, 589 



670 Index 

Penta(trifluorophosphine)iron, irradiation 

with olefins, 451 

Pentene-2, 438 

Perchloro-3,4-dimethylenecyclobutene, 426 

Perchlorofulvene, 426 

Perfluoroarylmethyl halides, 469 

Perfluorobicyclo[2.2.0]hexadiene, 594 
(Perfluorobutadiene)tetracarbonyliron, 4, 

416,594 

Perfluorocyclobutene, 433 

Perfluorocyclohexadiene, reaction with 

dodecacarbonyltriiron, 593 

(n?-Perfluorocyclohexenyl)tricarbonyliron 

anion, 594 

Perfluorocyclopentadiene, 594 

Perfluorocyclopentene, 433 

Perfluorodiene—tricarbonyliron complexes, 

593 

reactions, 594 

Perfluoroolefins, cyclic, 415,433 

Pfeiffer effect, 301 

o-Phenanthroline, 414 

Phenol tautomer, tricarbonyliron complex, 

635,636 

1-Phenylallene, 513 

reaction with enneacarbonyldiiron, 486 

Phenylation of amines, 570 

(1-Phenylbutadiene)tricarbonyliron, pro- 

tonation, 471,540 

1-(Phenyl-o-carboranyl)-3-bromoprop-1-ene, 

468 

(Phenylcyclohexadiene)tricarbonyliron, 557 

(Phenylcyclooctatetraene)tricarbonyliron, 

494 

(N-Phenylmaleimide)tetracarbonyliron, elec- 

trochemical reduction, 409 

N-Phenyl-2-oxa-3-azabicyclo[2.2.2]oct-5- 

ene, 590 

(Phenyltrimethylenemethane)tricarbonyl- 

iron, structure, 23 

p-Phosphido—iron complexes, mass spectra, 

153,154,162,163 

Phosphines, olefinic, 427,432 

Phosphine complexes, Mossbauer spectra, 

200 

Phosphite complexes, 416,444,475 

dynamic NMR studies of, 131 

Phosphole derivatives, 588 

Phosphonium cations, 446 

Phosphorus, hyperfine splitting, 479 

Phosphorus-31 NMR, 122-123 

Photoelectron spectra, 147 

Pinene 

reaction with pentacarbonyliron, 500 

ring expansion, 426 

Pinocarvone, 428 

(Piperylene)tricarbonyliron, protonation, 

471,540 

Polyfluoroaromatic compounds, 349 

Polyfluorocyclohepta-1,3-diene, reaction 

with dodecacarbonyltriiron, 593 

Polynuclear iron complexes, Mossbauer 

spectra, 190-192 

Praesodynium(III)-tris-3-trifluoroacetyl-1R- 

campherate, 411 

Principal molecular susceptibilities, 219 

o-Propargyl complexes 

addition of H,O, 380 

protonation, 380,437 

Propelladiene N-methylimide, 583 

Propellatetraene, 582,583 

Propellatriene N-methylimide, 583 

Propene, 445,481 

Propylene, 435,436,438 ,443 

(Propylene)tetracarbonyliron, 408 

Proteins, iron containing, 201 

Prussian blue 

Mossbauer spectrum, 199,200 

structure, 199,200 

Pseudoferrocene complexes, dynamic NMR 

studies of, 129-130 

Pseudorotation, 313 

Pulegone, 428 

Putidaredoxin, Méssbauer spectrum, 202 

Pyrazole ligands, bridging, 478 

a-Pyrone-iron ions, CO elimination of, 158 

(a-Pyrone)tricarbonyliron 

preparation, 589,629 

reaction with alkyllithium compounds, 

535 

reaction with methoxide ion and acetyla- 

tion, 534,535 

reduction, 535 

Q 
Q band frequency, 260,286,288,290,291 ,293 

Quadrupole splitting, 178,409 

definition, 178-179 

effect of backdonation, 180,200 

o-Quinodimethane, 573,629 

(o-Quinodimethane)tricarbonyliron 

‘H-NMR spectrum, 629 
reaction with pentacarbonyliron, 497 



R 

R-value (residual index), 2 

Racah method of irreducible tensor opera- 

tors, 225 

Racah parameters, 223,230, 266 

Racah W coefficient, 225 

Racemic mixtures, see Optical activity 

Racemization 

chelate ring opening and, 303,305 

cyclopentadienyl complexes, 306 

diene-tricarbonyliron complexes, 326 

electronically excited states and, 304 

ferracyclopentadiene complexes, 327 

ferrocene derivatives, 320 

ferrocenyl carbonium ions, 323 

ligand exchange and, 303,330 

octahedral complexes, 301 

olefin—tetracarbonyliron complexes, 329 

trigonal twist, 303 

Radical anions, 409,479 

o-m-Rearrangements 

in hydride abstraction reactions, 381 

in protonation reactions, 380 

Rearrangements 

in mass spectra, 155-165 

in reactions of o-allyl complexes with SO), 

372 

involving 7-bonded systems, NMR studies 

of, 126-128 

involving o- and z-bonded systems, NUR 

studies of, 129-130 

photochemical, 382 

Recoil-free fraction, 181 

Reduced matrix elements, 225 

Reductive carbonylation, 599,600 

Reductive demetallation, 439 

Reformatskii reaction, 572 

Relative configuration, see Configuration 

Resolution, see Optical activity 

Resonance condition (EPR), 260,262,282 

Retention of configuration, see Configuration 

Rhombic field, 276 

distortion, 288 

Rubredoxin, Mossbauer spectrum, 202 

Santonin, 555,571 

Santonin oxime, 571 

Saturation magnetization, 220 

Semibullvalene, 361,422,423,465,502,503,504 

Index 671 

Sequence rule, 314,315 

Shift reagents (NMR), 117 

Sigmatropic rearrangement processes 

effect of site permutation mechanisms on 

NMR lineshape, 125 

NMR studies of, 125—126 

(Silacyclohexa-2,4-diene)tricarbonyliron, 

hydride abstraction, 592 

Silacyclopentadiene, 591 

Slater—Condon parameters, 223 

Solid State NMR, 119 

(Sorbic acid)tricarbonyliron 

enantiomers, 534 

preparation, 533 

structure, 18,19 

Specific susceptibility, 215 

Spectroscopic splitting parameter g, 249,258, 

259,265,270 

Spin Hamiltonian, 263,265,273, 274,277,286, 

287,292,294 

Spin—orbit interaction, 224,235,240,243 244, 

266,268,270,272,276,279,283 

within the °D term, 224 
Spin pairing energy, 230,267 

Spiro[2.4]hepta-4,6-diene, reaction with 

enneacarbonyldiiron, 552,403 

Spirononadiene, reaction with pentacar- 

bonyliron, 552 

Staggered conformations, 23,24 

Standard deviations, 2 

Step-up and step-down operators, 223, 279 

Stereochemically nonrigid molecules, dy- 

namic NMR studies, 123—133 

Stereochemistry 

of carbonylation, 313,332 

of decarbonylation, 309,310,312,332 

of electrophilic Fe—C cleavage, 314,333 

of nucleophilic attack, 306,307,308 ,322, 

325 

of sulphur dioxide insertion, 310,313,332, 

333 

of transesterivication, 307 

Stereoselectivity, see Optical activity 

Stereospecificity, see Optical activity 

Steroids, containing a cyclohexadiene unit, 

588 

Structural data 

7?-allyl—iron complexes, 39-41 
bioorganic iron compounds, 26,84 

complexes containing 7?-coordinated 
ligands, 36-38 

complexes containing n*-coordinated 

ligands, 42—47 



672 Index 

complexes containing Fe—N bonds, 24, 

54-60 

complexes containing Fe—O bonds, 24, 

61-63 

complexes containing Fe—S bonds, 24,64— 

68 

compounds containing Fe—C o-bonds, 

27-35 
compounds containing iron-(main group)- 

element bonds, 25,69-74 

compounds containing iron-metal bonds, 

75-83 

n>-cyclopentadienyl—iron complexes, 48—53 

precision of, 2 

(Styrene)tetracarbonyliron, 404,408,573 

Styryl—iron complexes, 450 

Superexchange, 220 

Super hyperfine splitting, 258 

T 

Tellurophene, 589 

Tetraallyltin, reaction with [Fe(NO),Cl]), 

485 

Tetraarylcyclopentadienone-tricarbonyliron 

complexes, 554 

[Tetra(tert-butyl)hexapentaene]hexacar- 

bonyldiiron, 405—406,488 

[Tetra(tert-butyl)hexapentaene]tetracar- 

bonyliron, 405 

Tetracarbonyliron complexes 

thermal decomposition of, 146 

of polyolefins, 402 

1,2,3,4-Tetrachlorobutadienyllithium, reac- 

tion with FeCl;,353 

(Tetrachlorocyclopentadienone)tricarbonyl- 

iron, 554 

Tetracyanoethylene, 376,450,452,492,493, 

494,631 

Tetraenes, cyclic, 488 

(Tetrafluorobenzobicyclo[2.2.2]octatriene)- 

tricarbonyliron, structure, 13 

Tetrafluorobenzobicyclo[2.2.2]octatrienetri- 

carbonyliron derivatives, 580 

Tetrafluorethylene, 353,414,415,416,433, 

450,492,559,577,580,631 

Tetragonal distortion, 232 

Tetragonal ligand field potential, 232 

Tetrahydroindenyl complex, 552 

Tetrakis[(cyclopentadienyl)carbonyliron], 

mass spectrum, 153,165 

[Tetrakis(trifluoromethy])cyclopenta- 

dienone]tricarbonyliron, 554 
Tetramethylallene, reaction with ennea- 

carbonyldiiron, 538 

(n?-Tetramethylallene)tetracarbonyliron, 

405,480,538 

dynamic NMR studies of, 128 

Friedel Crafts acylation of, 480 

protonation, 472 

(Tetramethylcyclobutadiene)tricarbonyliron, 

reaction with trifluoroethylene, 489 

1,3,5,7-Tetramethylcyclooctatetraene, reac- 

tion with enneacarbonyldiiron, 498 

(1,3,5,7-Tetramethylcyclooctatetraene)penta- 

carbonyldiiron, structure, 14,16 

Tetramethyleneethane, 497 

Tetramethyleneethane—hexacarbonyldiiron 

complexes, 466,486,487 

B-Tetramethyl ferrocyanide, 4 

Tetraphenylallene, 538,539 

(Tetraphenylbutatriene)hexacarbonyldiiron, 

405,487 

(Tetraphenylbutatriene)tetracarbonyliron, 

405 

(Tetraphenylcyclobutadiene)tricarbonyliron, 

628 

Mass spectrum, 156,157 

structure, 22 

(Tetraphenylcyclopentadienone)tricarbony]l- 

iron, 553 

(Tetraphenylsilacyclopentadiene)tricar- 

bonyliron, 591 

Thermal motion effects, 14 

Thiete sulfone, 431 

Thioacrolein, tricarbonyliron complex, 644 

structure, 644 

Thiocarbonyl—carbonyliron complexes, 641 

infrared spectra, 641 

Thiophene, reaction with dodecacarbonyl- 

triiron, 589 

(Thiophene-1,1-dioxide)tricarbonyliron, 589, 

645 

Three-dimensional rotation group, 222 

Time scale (NMR), 124 

(7-p-Toluenesulfonyloxynorbornadiene)- 

tricarbonyliron, 579 

(Tricarbonylferrole)tricarbonyliron, 505, 

506,589 

Tricarbonylferrole—tricarbonyliron deriva- 

tives, 429,511,555 

(Trichlorobutadiene)tricarbonyliron, 532 

Tricyclo[4.3.1.0.!:°]deca-2,4-diene, reaction 



=--=ZO M00 os 

with dodecacarbonyltriiron, 582 

Tricyclooctadiene, 439 

Trienes, cyclic, 488,495 

Trifluoroethylene, 416,433 

(Trifluoromethyl)(iodo)tetracarbonyliron, 

369 

(Trifluoromethyltetramethylcyclopenta- 

dienyl)dicarbonyliron dimer, 489 

(Trifluorophosphine)tetracarbonyliron, mass 

spectrum, 153,154 

Trihalogenoethylene—tetracarbonyliron 

complexes, 408 

Trimethylamine N-oxide, 547,567,572 

1,3,3-Trimethylcyclopropene, reaction with 

dodecacarbonyltriiron, 417,584 

(Trimethylenemethane)tricarbonyliron, 474, 

630 

electron diffraction, 630 

‘H-NMR spectrum, 630 
physical properties, 630 

reactions, 631,632 

structure, 630 

Trimethylenemethane-tricarbonyliron deriv- 

atives, 470,474,468 ,630,631,633 

dynamic NMR studies of, 131 

structures, 22—23 

(Trimethylphosphite)tetracarbonyliron, mass 

spectrum, 153,154,161 

Triphenylcyclopropenyl bromide, 417 

Triphenyltin—iron complexes, 441 

Tris(allyl)iron, 514 

[Tris(dimethylamino)arsine]tetracarbony]l- 

iron, mass spectrum, 163 

[Tris(dimethylamino)phosphine] tetracar- 

bonyliron, mass spectrum, 153,154, 

163 

Tris(3-methylpyrazole)iron(III) chloride, 

EPR of, 290 

Tris(2,4-pentanedionato)iron, structure, 25 

B-Tropolone, reaction with dodecacarbonyl- 

triiron, 572 

(Tropone)tricarbonyliron, 571,633 

mass spectrum, 598 

protonation with trifluoroacetic acid, 572 

Tropylium cations, 491 

Tropylium tetrafluoroborate, 513 

Turnbull’s blue, Méssbauer spectrum, 200 

ABWNFOwWo 

Index 673 

Vv 

Valence tautomers, 123 

Van Vleck equation, 233,247,251 

Vinylacetate, polymerization, 401 

(Vinyl acetate)tetracarbonyliron, 401 

Vinyl alcohol, iron complexes of, 437 

(Vinyl alcohol)tetracarbonyliron, 401,636 

(Vinylarene)tricarbonyliron complexes, 

structures, 19,20 

Vinylaziridines, 509,510 

Vinylboron derivatives, 435 

4-Vinylcyclohexene, 438,485,602 

Vinylcyclopentadienyliron ions, ring expan- 

sion of, 158 

Vinylcyclopropane, 360,420,422,502,503, 

504,507,586 

Vinylcyclopropane derivatives 

bicyclic, 421 

polycyclic, 508 

(n?-Vinylcyclopropane)tetracarbonyliron, 
502 

(Vinyl ethyl ether)tetracarbonyliron, 408 - 

Vinyl groups, bridging, 447 

Vinylhalide—tetracarbonyliron complexes, 

408 

o-Vinyl—iron complexes, preparation, 348 

Vinylketene—tricarbonyliron derivatives, 

417,468 548,584,644 

Vinyloxiranes, reaction with pentacarbonyl- 

iron, 509,510 

(2-Vinylpheny])(diphenyl)phosphine, 432 

Vinylsulfides, reaction with carbonyliron 

complexes, 447 

(Vitamin-A-aldehyde)tricarbonyliron, 19 

Volume susceptibility, 215 

Ww, X,Z 

Weiss constant, 218 

Wigner—Eckart theorem, 225 

X-band frequency, 260,286,288,290,291 ,293 

Xanthine oxidase, Méssbauer spectra, 202 

Zeeman coefficients, first and second order, 

234 

Zeise’s salt, 8,10 

Zero field splitting parameters D and E, 

243,247,249,258,261,276,288 
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