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l. INTRODUCTION

In this Annual Review, I attempt to cover the organociron
chemistry reported in journals published during calendar year
1987. Organoiron compounds are those compounds which contain at
least one C-Fe bond; however Fe-CN compounds are not included in
this review, and properties and reactions of the simple iron
carbonyls are not described exhaustively. Ferrocenes are treated
in Annual Surveys by B. W. Rockett and G. Marr.

The material is organized more-or-less by the Gmelin system,
first by increasing number of conjoined iron atoms, then by in-
creasing hapticity of principal organic ligand. The latter is
determined by the principle of last position. Thus, (q3—
allyl)(qs—cyclopentadienyl) (n2-ethene)iron would be treated with
cyclopentadienyliron compounds rather than with allyl- or alkene-
iron species. However, for purpose of conciseness, many reactions
of dimers such as dicyclopentadienyldiirontetracarbonyl [(Fps,
CpyFey(COY 4], in which they undergo fission into monoiron pro-
ducts, are treated alongside those of their monomeric derivatives
such as FpR. Likewise, FeM, clusters are treated as a group with
other metal clusters of the same nuclearity.

In structural drawings, solid lines between nuclei represent
electron-pair bonds unless otherwise stated. In cases where the
electron pair is considered to originate from one atom, an arrow-
head is used in the traditional way to show direction of electron
donation. Otherwise, formal charges are shown explicitly.

This reviewer finds adherence to these conventions to be
possible in describing all but the largest clusters, and believes
that their use provides clarity sometimes lost when lines are
used willy-nilly in the same structural drawing to represent
electron-pair bonds, partial bonds, and geometrical relationships
between unbonded atoms. To minimize clutter in structural draw-
ings (particularly in cluster structures), I am also continuing
to use the symbol Ft for the commonly-occurring tricarbonyliron
group.

2. REFERENCE WORKS, REVIEWS, AND GENERAL STUDIES

Volume 13/9a of the Houben-Weyl Methoden der Organischen
Chemie contained a very detailed chapter (348 pages) by A. Seg-
nitz on "Methods of Preparation and Transformation of o-Organo-
iron Compounds."l D. Astruc has contributed a 106-page chapter,
with 303 references, on "Use of Organoiron Compounds in Organic
SynthzesiS," to Volume 4 of The Chemistry of the Metal-Carbon
Bond.
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I will also discuss in this section a number of papers which
deal with several classes of organoiron compounds. (n-CgHg)Fe~
(PMe3)y, 1, available in gram quantities by co-condensation of
iron vapor, benzene, and trimethylphosphine3, has been found to
react readily at room temperature with many unsaturated organics
to produce a variety of (polyeneliron compounds, as shown in
Scheme I%. a similarly extensive series of organoiron compounds
resulted from reaction of 1 with MeSi(CH,PMe,)3; [tmpsl, to give
(1]4—C5H5)Fe(tmps), 2, from which the benzene ligand was displaced

by a variety of unsaturated organicss.
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57pe relaxation mechanisms in a number of organoiron com-
pounds have been studied at different field strengths. Field-
dependent chemical shift anisotropy was the dominant factor in
most compounds at high field and spin rotation at low field.
Trace particles from sample decomposition also affected the
transverse relaxations.

Multiphoton ionization spectra of several organoiron com-
pounds containing hydrocarbon and fluorocarbon ligands have been
studied. Both the nature of the ligand bonding and the intra-
molecular energy transfer (affected by the ligand vibrational
modes) affected the distribution of iron electronic states and
thus the electronic states of the photoproducts7.

Molecular mechanics methods have been used to calculate
ligand configurations in diene and cyclopentadienyl w-complexes
also containing hydride, halide, and carbonyl 1ligands. Experi-
mental ligand-metal-ligand angles were said to correlate well
with those calculated on the basis of non-bonding interactions
among ligandsa.

Compressed disks of several organoiron r-complexes, doped

with iodine, showed good semiconducting propertiesg.

3. REACTIONS OF "NAKED" IRON ATOMS AND IONS

In this section, I discuss reactions of Fet* (and lightly
ligated derivatives) in the gas phase, as well as matrix reac-
tions of iron atoms.

With respect to the latter, theoretical methods have been
brought to bear on the interaction of iron atoms with methane and
ethylene. Ground-state iron atoms (33%452) were found to be
unreactive toward oxidative addition to C-H bonds (compared to
excited state 3d64sl4pl) because of closed-shell repulsions, in
agreement with earlier experimental results. Similar effects
explained the preference of ground-state iron atoms for sigma-
coordination with ethenel®, Reactions of iron atoms with oxirane
(ethylene oxide) in matrices have been studied. 1Insertion into a
C-0 bond gave a ferraoxetane, which formed (n-ethene)Fe=0 upon
visible photolysis; the latter was converted to CHp,=CHFeOH by UV
irradiationll.

Gas-phase reactions of Fe' with organics continued to at-
tract interest in 1987. Just as with neutral iron atoms, the
electronic state of the iron had important effects on reactivity.
Use of two distinct iron sources allowed discrimination between
the chemical properties of ground~state 6p (3af4sl) and excited
4r (347) iron ions in reactions with propane. At high kinetic
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energies, the excited state was more reactive, but at low kinetic
energies, the ground state was; this rather surprising result was
explained in terms of non—-adiabatic behavior at high energylz.
The often-complicated reactions of transition metal ions, inclu-
ding Fet, with alkanes have also been interpreted in terms of the
structures of long-lived ion-molecule complexes initially
formedl3.

Gas—-phase Fet generated by fast—-atom bombardment of FeS50y
has been found to display similar reactivity as that generated by
electron-impact ionization of iron pentacarbonyl, based upon
reaction with hexanonitrilel#4. Reactions of this Fe' with 2-
octyne have been interpreted in terms of complexation to the
triple bond, followed by insertion of the complexed Fet into a
remote C-H bond, forming a ferracycle, in contrast to the clas~
sical pathway of insertion into a C-C bond then B-H transfersl>.
Use of deuterium-labelled substrates has allowed more complete
characterization of the multiple reaction pathways involved in
the reactions of Fe' with octynesls.

Similar reactions with nitriles were described in terms of
formation of RC=N-Fet, followed by reaction with remote C-H
bonds, depending on chain 1ength17. A comparison of Fet and co*
reactions revealed greater mechanistic complexity in the iron
casel8,

Reactions of MOHT (M = Fe and Co) with ammonia produced
MNH2+. which reacted with propene or cyclopropane to form
(C3H5)M+ and ammonial®. The species FeCH, ( x = 0-3) were pre-
pared and characterized by neutralization-reionization mass spec-
trometry. Neither neutral nor ionic FeCH2'3 rearranged to hydri-
dometal complexes, but Fecu0r+1 aiq rearrange to grecls+1 20,

Fe, reacted with oxirane in cryogenic matrices by double
insertion to form 1,3,2-diferroxolane, based on infrared charac-
terizationll. Metal dimer ions FeM' have been prepared and
studied in the gas phase. Photodissociation spectra showed bond
energies in the range 200-300 kJ/mol, depending on M. The ions
were generally more strongly bound than the neutral dimers FeM;
ionization potentials for the latter ranged from 5.4 to 7.4 evel,
Reactions of CuFet with organics in the gas phase have been
studied by FTMS. It was unreactive toward simple alkanes and
gave predominantly dehydrogenation of alkenes?2, Metal carbonyl
cluster fragments having 2-4 metal atoms could be obtained by
ion-molecule reactions after electron impact ionization of mix-
tures of metal carbonyls. Reactivities generally correlated with
cluster valence electron deficiency, except for anomalies in

species able to contain Fe(CO)y units?3,
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4. COMPOUNDS WITH ql—CARBon LIGANDS
as Hydrido-. AlKyl-. and Aryliron Compounds

A number of compounds of iron with unusually low coordina-
tion numbers, which presumably ove their existence to the pre-
sence of unusually bulky ligands, have been characterized in
1987. A two-coordinate, l2-electron iron atom was found to exist
in the crystal of FelN(SiMePhjy)315; the N-Fe-N angle was 1699,
and a close approach of one phenyl group to the iron produced a
Fe***C distance of 2.695(5) &. The [bis(trimethylsilyl)amidol-
iron analog was dimeric, with amido bridgesz4. The tris(tri-
methylsilyl)silyl anion reacted with FeCl, to produce paramag-
netic [(Me3Si)3Sil, FeCl™, whose tetraethylammonium salt showed a
Si~Fe-Si angle of 137° and Si-Fe-Cl angles of about 111°. The
chloride ligand was readily replaced by triflate or by ether
solvents2>. Reaction of four-coordinate (DIPPE)FeBry [DIPPE =
RoPCH5CHyPRy, R = isopropyl]l with Grignard reagents gave (DIPPE)-
FeR, or (with mesityl or neopentyl reagents) (DIPPE)FeRBr. All
were high-spin fourteen-electron species, and the crystal struc-
ture of (DIPPE)Fe(CH,CgHy-p-Me), showed a distorted tetrahedral
structure with no evidence of intramolecular interactions due to
the net electron deficiency; this was plausibly attributed to the
lack of vacant d-orbitals in the high spin specieszG.

In contrast, (DMPE),Fe (from photolysis of the dihydride 3)
readily underwent intermolecular reaction in pentane at -90° to
form gig~(l-pentyl)FeH(DMPE),. Further irradiation at -30° 1led
to B~hydride elimination; the resulting l-pentene reacted with 3
to give gig(Z-l-pentenyl) FeH(DMPE), and (PrCH=CH,)Fe(DMPE),27.
Reduction of [(MezPCHZCHZCH2)3P]FeC12 with lithium metal gave 4
by intramolecular insertion. Addition of trimethyl phosphite
trapped the sixteen-electron Fel0l tautomer. 4 reacted with two
equivalents of carbon dioxide, as shown in Eg. 1. Reaction with

methanol gave the dihydridezs.

. QP/, o
N
C-’/., LH 2 co, QR%_..O-C-H .
" & . Pd
GE _pema &1
\ I \=0
Reaction of trans-(DPPE),FeHCl with L and T1BF4 gave Lrans-
(DPPE)zFeHL+ BF4~ (L = various isocyanates and dinitrogen); elec-

tro-oxidation resulted in replacement of H by F29. one chloride
ligand of (DMPE),FeCl, underwent replacement by nitriles at room
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temperature, but at reflux in RCN L;ana—(DMPE)zFe(NECR)22+
formed, as confirmed by the crystal structure of the PhyB~ salt.
The nitrile ligands of the acetonitrile complex could be reduced
to coordinated ethylamine ligands with hydrogen30. Irans-
(DEPE)ZFeH(qz—Hz) has been prepared by reaction of (DEPE)3FeHCl
with NaBPhy and hydrogen and compared with its DPPE analog and
ruthenium and osmium analogs. Reaction with deuterium gas gave
the ﬂz—HD isotopomers , which gave temperature-dependent NMR
spectra due to intramolecular isotope exchange31.

Reaction of LyFeHy [L = PhP(OEt);] with aryldiazonium ions
led to formation of bis(aryldiazenidoliron complexes, L3Fe(=N=N-
Ar)22+ 32

Benzildianil [PhN=CPh-CPh=NPh]l reacted with CpFe(l,5-cyclo-
octadiene)” with disproportionation, giving ferrocene and the
dianion, (PhN=CPh-CPh=NPh)2Fe2“ 33, Reduction of Fe(II) com~
pounds with alkali metals or Grignard reagents in the presence of
1,4-diazadienes gave the paramagnetic, neutral analogs, (DAD)jFe,
5. Depending upon the steric bulk of the diazadiene ligand, 5
underwent various addition reactions with CO, isocyanates, nitro-
syl chloride, and diazoalkanes. Reaction with dimethyl acety-
lenedicarboxylate produced a stable ferrole, 6 (x—ray)34.

£ =‘C02N¢

O
6

Catalysis of a number of new carbon-carbon bond formation
reactions by (bpy),Fe(0) species has been reported this year.
Examples are shown as Equations 235 and 336, rThe catalyst was
made by reduction of Fe(acac)y with triethylaluminum in the
presence of 2,2'-bipyridine and furan39-37, The catalyst appears
to this reviewer to resemble the ferrous naphthenate-1,10-phenan-
throline-tri{isobutyl)aluminum catalyst used to polymerize buta-

diene; the latter has been improved by addition of diethylalu-
minum chloride 38,39,

R E

(bn)xﬁi

(2)

. (bpy) Fe 0
0)' Ph Ph (3)
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A new, synthetically-useful, iron-pyrrolyl reagent has been
prepared either by reaction of atomic iron with pyrrole or reac-
tion of sodium pyrrolide with FeCl,. It reacted with bipyridine
to give (bpy)zFe(NC4H4)24°.

The mechanisms of reaction of hemoglobin with aryldiazonium
salts have received further attention, with the finding that
diazonium salts having polar substituents undergo electron trans-
fer in the aqueous medium around the hemoprotein, resulting in
production of arenes by hydrogen abstraction from a hydrogen-
donor cosolvent. On the other hand, diazonium ions having hydro-
phobic substituents reacted at the hydrophobic protein pocket,
eventuating in formation of the Fe-arylated product4l. (Por)Fe-
CH=CR, (from reaction of vinylic Grignard reagents with (Por)Fe™
C104') rearranged to N-vinylic porphyrins upon oxidation with
FeCly, and the stereochemistry about the double bond was re-
tained?2,

Reaction of (Por)FeR with oxygen has been studied by NMR,
which has indicated the pathways shown in Eq. 443; these reac-

(Por)FeCHzR—b(Por)Fe—O—O-CHzR—D(Por)FeOH + O=CHR (4)
(Por)Fe-0-Fe(Por)

tions are possible models for biological reactions involving heme
oxygenases. In discussing the enzymatic lipoxygenation of
polyunsaturated fatty acids, Corey has favored an organoiron-
mediated pathway, based on effects of structure, oxygenh pressure,
and temperature on rates. Enzyme-induced deprotonation of sub-
strate, in concert with addition of Fe(III) at an allylic posi-
tion, was proposed; this was followed by oxygen insertion into
the Fe-C bond as in Egq. 444, Model studies involving organotin
compounds have been offered in support of this proposal (Eq.

)45
o-0
Sm’ O ‘EIBP ’f
PR/ —>| PR"Febr, —’PhJ\/ .

FGBrs (5)

P
[ FaBr, l,Br (X O
PH’Q§V”‘SQE--—+I‘ 2.a§§:? H

The role of possible organoiron intermediates in epoxidation
reactions of alkenes with oxo-iron porphyrins has continued to be
studied intensively. Theory has suggested that the most stable
structure of the putative oxo-iron poryphyrin involves insertion
of O into an Fe-N bond of the porphyrin, and that the resulting
distortions favor iron-alkene interaction. Slipping of the
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alkene toward the oxygen would then generate a ferraoxetane, with
reductive elimination of the epoxide the last step46.

Loss of catalytic activity during such oxidations has been
found to result from formation of N-alkylporphyrins. 1In one
tetraarylporphyrin model system, the l-alkene has been found to
be bound at the 2-carbon rather than at the l-carbon as in actual
cyctochrome P-450 systems47. Formation of N-alkylporphyrins by
acid demetalation of -Fe-0-C=C=-N- cyclized porphyrins, and other
reactions of the latter cycles, have been reported48. Reversible
formation of N-alkylhemins during epoxidation of norbornene has
been shown%?. Alkenes known to rearrange upon one-electron oxi-
dation (e.g. hexamethyl Dewar benzene} were found in fact to
undergo partial rearrangement during epoxidation with tetraphe-
nylporphyrin/m-chlorperbenzoic acid, implicating electron trans-
fer in the mechanism of epoxidationso. This result neither
confirms nor denies the possible intermediacy of intermediates
having Fe-C bonds.

In the absence of air, cytochrome P-450 is known to reduce
C-X bonds of halomethanes. <Calculations on halomethyl radicals
have been used in support of a proposed enzymatic cycle involving
halomethyl-iron intermediates®l. MCD studies of reduced rabbit
liver microsomal cytochromes and their CO complexes have been
carried out>2,

b. Iron Monocarbonvls, €.g. LyFe(CO)

The majority of such compounds are (Por}FeCO derivatives,
studied in connection with binding of CO and 0, to natural or
model heme systems.57Fe NMR has been used to study such binding;
the chemical shift was highly dependent on strength of binding of
an axial nitrogen 1igand53. Electrochemical studies of (Por)FeX
(X = Cl, ClO4) under a CO atmosphere allowed determination of
formation constants for carbonyl adducts of (Por)Fe and (Por)FeX~™
54, Recombination of isocyanide ligands after flash photolysis
of protoheme complexes has been found to occur on the picosecond
time scale; CO recombination was at least 70 times slower, a fact
attributed to CO's lower basicity55.

Two new synthetic porphyrins, 756 and 857, have been pre-
pared, and their CO binding studied.

t’ Re Gty
0 RaCyHy,
- -
[} O=p-g~ RaCyHy
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Unsaturated bis{(diazadiene)iron complexes, (DAD),Fe, 5,
behaved diversely toward CO. Depending on steric bulk of the
diazadiene, some did not add CO, some added it reversibly to form
diamagnetic (DAD)zFe(CO), and some underwent replacement of a DAD
ligand to form (DAD)Fe(C0)334.

The meso-diastereomer of 9 has been characterized crystal-
lographically, and t-butyl-substituted analogs have been pre-
paredse. Reaction of DPPM with FeI, under a CO atmosphere gave
10°%, A similar reaction of the hexaphosphine eHTP,
[(Et,PCH,CHy) ,P1,CH,, with FeCl, under CO produced (eTHP)-
Fecl(co)t, with two terminal phosphorus atoms uncoordinated (X-
ray structure)®0. The diazene ligand in (p-MeCgH N=NH)Fe(CO)~-
[P(OEt)3]42+ was readily displaced by azide ion, sulfides,

amines, and aldehydesﬁl.

I «
«:zfﬁ ol TR
S g \_w»Pe
D e P

9 10
€. Ilron Dicarbonyls. €.g. L3Fe(CO)o

Adsorption of Fe(CO),(NO), on zeolite-Y under NO was shown
by isotope labelling to give a surface-bound Fe(NO)j groupsz.
Reaction of 4 (Eq. 1) with CO gave a mixture of mono- and dicar-
bonyl derivatives of FelP(CH,CH,CH,PMej)3], the latter having one
free phosphine groupzs.

The bulky ligand, 2-mercapto-3,5-di-tert-butylaniline, LH,
reacted with FeCl, under CO to form L2Fe(co)253. The analogous
dithiolate complex underwent alkylation by dibromoethane to form
11 (X-ray structure). The free ligand from 11 could be obtained
by acid hydrolysis; it gave 11 back upon reaction with Fe2* salts
followed by C054.

\
"‘.

S$—Fe—5
¢d ¢
0 11 0
The effect of solvents ranging from cyclohexane to DMF on
kinetics and equilibrium of the CO insertion reaction of (Me3P),-
Fe(CO),(Me) (X) [X = CN] has been found to be very small®3, Re-
sults of insertion of isonitriles into the same series of com-
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pounds have been found to depend on X and the isonitrile. With X
= CN and tert-BuNC, the expected acetyl complex, (Me;P),Fe(CO)-
(COMe)(CN)(NCCHe3), resulted. With X = I, ionic complexes (Eq.
6) resulted®®, Reaction of 12 with methanol gave the carbometh-

N V4 \l/

P \l/

< . 1
- 9-NC Fo RNC (6)
L=, Me Ty Ia/r,_
7( P\ /?\ R= -0 71\ —ES’RIZ

oxy complex 13. The X-ray structure of the Ph4B salt showed a
short Fe-CO,Me bond distance of 1.90(2) A ; dissolutionof 13 in
dichloroethane regenerated 1267,

Reaction of (DPPE)Fe(CNR)42+ with KOH resulted in synthesis
of a coordinated CO ligand, with formation of 14. (X-ray struc-

ture, Ar = 4—MeC6H4). 14 underwent protonation at an imine
n:..trogen‘58 R R
H-N N
M %" R . C 20
[ .cN P
F
_d ¢ ArN
0 13

Ab initio calculations have been performed on heterocumulene
complexes (H3P)2Fe(CO)2(q2—Y=C=Z) having ¥ = 0, 8§ and Z = O, S,
NH, CH;. The most important bonding interaction was 1dent1f1ed
as iron to heterocumulene back- bondlng, as a result of which ‘q -
CS coordination was favored over 'r\ -CO. The relative instability
of CO, complexes was also consistent with this result59, Silyl-
ated complexes (DPPE)Fe(CO),(H)(SiR3) (crystal structure reported
for R = Me) and (DPPE)Fe(CO),(SiCl3), have been prepared by
photochemical reaction of (DPPE)iron carbonyls with silanes or
silyl iron carbonyls with DPPE 7°

A bicyclic intermediate (Eq. 7) has been detected spectro-
scopically in the addition of dimethyl acetylenedicarboxylate
with (DAD)Fe(CO)3 complexes”'

I \} (co); =—— S 4@\ (co, — I/N;:Vg e(CO)Z

E=CO,Me
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d. Iron Tricarbonyls. e.¢g. LpFe(CQ)l3y

Alkylation of malonate ion by allylic carbonates has been
found to be catalyzed by Bu4N+ Fe(C0)3(NO)™, and a s-allyliron
intermediate has been proposed72.

The P-H coupling constants in frans-HFe(CO) ;PR3 [R = OMe,
CEt, Ph, Et] have been reported to depend strongly on solvent and
temperature, as a consequence of changes in H-Fe-CO angle73. In
contrast to these cases, the anion HFe(CO)3[P(OPh)3]1~ adopts a
structure with the triphenyl phosphite ligand in an equatorial
position of the trigonal bipyramid and cis to the hydride, as
shown by spectra in solution and by the X-ray structure of the
ppNt salt’4.

Silyl hydrides HFe(CO)3(SiR3)L [L = PPh3, P(OPh) 3] could be
deprotonated with sodium or potassium hydride, and the resulting
salts reacted with numerous electrophiles. The crystal structure
of PhyPAuFe(CO) 3 (PPhy) (SiMePh,) was determined’>. similar com-
pounds with bridging DPPE ligands, (DPPE)[mer~Fe(CO)3(H)(SiRy)],
and (DPPE) [mer-Fe(C0)3(SiR3),1, have also been prepared by appro-
priate ligand-substitution methods’0,

The crystal structure of (DPPE)Fe(CO)3 (from reduction of
FeCl, in the presence of DPPE and CO) has been determined’®. 15,
with its novel chelating ligand, was one of the products of
reaction of MePCl, with HFe(CO) 4~ 717, Similarly, the cyclic
product 16 was produced, inter alia, by reaction of ArOPCl, with
NazFe(Co)478. Other products of these reactions are discussed in
the next section.

| | oC -OAr
(OC).‘.Fe«T—P-C! ¢ )SFT'='P
—P—sFt Aro”ra(COy
ci
15 16

A general synthesis of tris(isonitrile) complexes,
(RNC) ;Fe(PMe3),, by reaction of Fe(PMe3) 4 with RNC, has been
reported. X-ray structures for R = neopentyl, phenyl, and 2,6-
Xylyl showed axial trimethylphosphine and equatorial isonitrile
ligands. Tetra- and penta-isonitrile complexes could be formed
with excess isonitrile in solution’?, Photolysis of the tris-
(isonitrile) complexes in benzene resulted in formation of ald-
imines, PhCH=NR, in a process which was catalytic in the presence
of low concentrations of isonitrile. The proposed process in-
volved oxidative addition of (MejzP),Fe(CNR), to a benzene C-H

bond, and isonitrile insertionso.
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€. Iron Tetracarbonyls. e.9g. LFe(CO),; and RyFel(CO)y

Rates of proton transfer from H2Fe(CO)4 (and other metal
hydrides) to para-substituted anilines gave linear Bronsted
plots, and kinetic acidities of the different hydrides generally
paralleled the thermodynamic acidities. Self-exchange between
H2Fe(CO)4 and HFe(CO)4_ was found to involve proton transfer, and
little effect of counterion was noted®l, HFe(CO) 4~ transferred a
hydride to the 2-carbon of (‘r\—thiophene)Mn(Co)3+ 82, MO calcu-
lations have been carried out on the D3 hydrogen-bridged spe-
cies, [(0C) Fe-H-Fe(CO), 1~ 83,

Reaction of NiFFe(CO)4 with CO, eventuated in formation of
Fe(CO)g and Na2C038 . With N-formylimidazole in the presence of
Lewis acids, the tetracarbonylferrate salt gave (OC)4FeCHO';
other acyltetracarbonylferrates were obtained similarly. The
Lewis acid both increased the reactivity of the acylimidazole and
scavenged the sodium imidazolate byproductes.

Reactions of HFe(CO),~ with halophosphines have given rise
to an extensive family of novel products, and this chemistry has
been briefly reviewea86. New results in this area have also
appeared: the results of reactions of RPCl,, as affected by R and
by reaction conditions, have been described. Equation 8 summa-
rizes the products obtained in the case R = ph77. With R = Me,

PhPC1 + HFe(CO), —>»PhPHC1—Fe(CO) + Php-—lf—-Ph (8)
2 4 4 i1
Cl C1
- 17
Ph Ph
\ . - \y Vi
+ (p P + (OC)4Fe—-P—-E—Ph
(0C) 4Fe Ph (0C) 4Fe Fe(CO),
Fe(CO)4
18 19

products analogous to 17 and 19 formed, along with 15 (mentioned
in previous section). Me3zCPCl, gave only Me3CPH[Fe{(CO) 41,7, and
RoNPCl, [R = isopropyl] gave an analogous product, presumed
formed via a phosphinidene intermediate, XP=Fe(CO)477. With
bulky dichlorophosphines RPCl, (R = mesityl, Me3SiCH,;, (Me3Si),y-
CH, (Me3si)2N, etc.), the products included 16, cluster com-
pounds, and diphosphene complexes, RP[-—>Fe(CO4]l=PRI[Fe(C0O), 1.
Also obtained with R = 2,4,6—tri-;g;;-butyLC6H2 was a product
analogous to 1878, The factors which favor this n,r-coordination
relative to the more common n,n-coordination in diphosphenebis-
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(tetracarbonyliron) complexes remain elusive.

Two full papers on reactions of RoNPCl, with iron carbonyls
have appeared. With NajFe(CO)4, a reaction scheme involving
formation of RyNP=Fe(CO), was proposed; this species underwent
electron transfer reactions with Fe(CO)42' in THF but not in
ether. Di- and tri-iron cluster products (see sections 9 and 10
of this review) predominated, but an unstable diphosphenebis-
(tetracarbonyliron) product, which added water on attempted chro-
matography to form [R,NP(H)OP(H)NR,1[Fe(CO),]1,, was detected in
the case R = isopropyl. The major product when R = Et was a
heterobicycle having fused FeP; and FePOC ringse7. With nonacar-
bonyldiiron and Et,NPCl,, the simple Fe(CO), adduct formed first,
with subsequent reactions giving cluster productsae.

Reaction of HFe(CO), with the unsaturated chlorophosphine,
RoC=PCl (R = SiMej), produced a diphosphirane along with its
Fe(CO), complex, R,CHPHCl—>Fe(CO),, and (n2-HP=CR,)Fe(C0),8°.

Cyclic Fe(CO), complex 20 [R = C(S5iMe3)3} resulted from
reaction of NasFe(CO), with RInC13'; the In-Fe bonds averaged
2.63 & in the crystal structure?0, The SnpFe, rings of 21 were
cleaved on treatment with Lewis bases such as pyridine to give
monomeric B+—SnCp*2—Fe(CO)4' 91, photoreactions of 22 with
dienes have been studied; the processes observed included
substitution of diene for two carbonyl ligands and cycloadditions

to form 3,6-disilacyclohexene592. -
Cpa F,
Gl Cl /5n Si
N
LK (0C),FE  Fe(co) N
R...:.,\F‘z SR N s 4+ {F¢(c°)4
cO Cp5 F.
( )4' 20 21 Fa 22 2

Infrared, Mossbauer, and 3lp NMR studies of phosphine- and
phosphite tetracarbonyliron complexes have been carried out, and
the observations correlated with the donor-acceptor nature of the
phosphorus 1igandg3. Fe(CQO) 4 complexes of several novel phos-
phorus ligands have been prepared. These include cyclic diacyl-
phosphines (from reaction of RP(SiMe3), with diacid chlorides)94,
phosphazene precursors Me3SiN=PMe(0CH2CF3)CHZPRz [R = Ph,
NMe,)?>, the sulfodiimide R,P-N=S=N-PR, (R = tert-butyl)?®, and a

Pk’é:;XL\Ph-—————) é?;§§ if;;;t;'gaf:Zf:h
(oc) F& A @ (9
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Mo,CP tetrahedral cluster?7,

An interesting rearrangement of a cyclopentadienyl group
from phosphorus to iron has been reported (Eq. 9)98. 24, de-
scribed as a "base-stabilized phosphinidene complex,"” has been
prepared and characterized crystallographically, The P-Fe bond
length (2.274 A) indicated a single bond in 24, which led the
authors to disparage the double-bonded structure RP=Fe(C0O), often
drawn in true phosphinidene-metal complexesgg. However, since a
satisfactory double-bonded structure cannot be drawn for 24, in
contrast to true phosphinidene complexes, the basis for this
conclusion is unclear.

/
R N Sc= \N/ N
: (0Q), Fe~ ™ N Ny /
@’B{:’l' = S No /F e(C0),
. —N N
-Fc(C0)4_ l

£. Carbene Complexes RyC=FelL,

The carbenoid complexes 12-14 have already been discussed.
Double protonation of 14 gave the acyclic carbene complex
[ (DPPE)Fe{(CNPh) 5 (CO)=C(NHPh) , 12+ 68, A pore complex carbenoid
resulted when Fe(COlg and [Al(NMey)3l, interacted to form 25.
The Fe C bond length in 25 [1.998(3) 21100 spoved significant
double bond character.

Use of carbene complexes in synthesis has increased. Reac-
tion of (0OC),Fe=C(Ph)OEt with two equivalents of isonitriles
gives first ketenimine complexes (Eq. 10) then iminoazetidinyli-

Ph OEtL PR _PEL
Ph Cc N
(ocyra=c,  BNC, | (o0) Rl RNG, (o), Fe o
OEt i
N-R R

dene complexes. The latter could be oxidized to iminocazetidin-
onesi0l, The same carbene complex reacted with dienes (via
ferracyclobutanes?) to form substituted pentadiene complexes (Eq.

102
11) . MeO MeO

/Ph > \
(o C)‘F¢='C
\ (11)

OEt
(°°):s 37%
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A formal silylene complex, stabilized by interaction with
the solvent (THF or HMP), resulted from reaction of NajFe(CO)4
with (RO),8iCl, (R = tert-butyl). The Fe-Si distance in the
product (MeZN)3P+OSi(OR)2-Fe(CO)4', 2.289(2) A, may be taken as
appropriate for a Si-Fe single bonal03,

d. Some Selected Reactions and Properties of Fe(COlg

Molecular orbital calculations based on density function
theory have been applied to calculation of mean M-CO bond ener-
gies and first CO dissociation energies for Group 6, 8, and 10
carbonyls. For Fe(CO)y, the respective values 216 and 185 kJ/mol
were calculatedl04, Photofragmentation of Fe(CO)g at 193 nm
under molecular beam conditions apppeared to occur with complete
energy randomization before each sequential CO dissociationl03,
MO calculations for EFe(CO)s+ (E = H, Me) and other E-metal
species have been reported; M-Me bonds were found to be weakened
in general relative to M-H bonds by filled orbital repulsions;
these were less important in the cationic speciesloe.

Ligand exchange reactions of Fe(CO)g have been found to be
catalyzed by a range of supported metals and metal oxides, and
the catalysis inhibited by free radical traps; a radical non-
chain process was inferred. The metal effectiveness fell in the
order Pd > Pt > Ru- > Rh, and species such as LFe(C0)4 and
Fe(CO)5_ (CNR), (n = 0-5) were readily obtained from Fe(co)5107.
Formation of (0OC)3Fe(CNCMe3), was used as a probe reaction to
test the efficacy of catalysts for ligand exchanges in general
108 yge of coupled capillary columns to achieve optimum gas
chromatographic separation in the series (F3P) _gFe(CO), (n = 0-
5) has been recommendedl??,

Theoretical calculations on addition of hydride to a carbo-
nyl ligand of Fe(CO)g have been carried out. The addition was
found to be exothermic, and no activation barrier was foundll0,
The uncertain fate of solvent molecules in reaction of initially
solvated anions with Fe(CO)y made calculation of entropy effects
difficultlll, KH and NaBH, promoted the isotopic exchange of
13co with Fetcoygli2,

Cycloaddition reactions of 1,1,2,2-tetrafluoro~l,2-disila-
cyclobut-3-ene with butadienes were carried out by photolysis in
the presence of Fe(CO)g. The principal products were disilacy-
clopentene derivatives (Scheme II), but some dienes gave disila-
cyclohexenes or disilacyclooctadienes instead?2s113  gipilar
products were produced from photolysis of 22 and analogs in the
presence of dienes. Rearrangements of the various cyclic
products occurred in the presence of Fe(CO)g and ultraviolet
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Scheme II
Fe(CO) H
5 U
—_ g - F‘ \ —— \¢
SiF2 Fzs;-Fa(CO),_ SsiE F,Si /\ SiF,

EﬁFé Slﬁi \‘===$;-
\ sifz 4

Si
Fa

26

light; an example is given in Eqg. 12114,

*m* ——’T}Zr% —~ *{ ),

UV photolysis of Fe(CO)g physisorbed on porous Vycor glass
occurred as in solution, giving Fe(CO), with a quantum yield of
l. Oxidative addition to adsorbed water and to silanol groups
gave products H-Fe(CO)40M [M = H, S5i(OX)3]. With further photo-
lysis, dimeric and trimeric iron products formed via a "mobile
intermediate," principally Fe(CO)3116. The colloidal sols which
resulted from oxidation of Fe(CO)g by hydrogen peroxide have been
characterized as non-crystalline iron(III) hydroxoacetatesll7.

5. n2-ALKENE AND m3-ALLYL COMPLEXES

qz—Fe(C0)4 complexes of diphosphenes and of phos~
phenes89 have been described in the previous section of this
rev1ew, as has theoretical treatment of bondlng in (H3P)2Fe—
(Co) 4 (n ‘Coz) and related species®?,

Reaction of (DMPE),Fe [from irradiation of 3] with pentene
was found to produce beoth (q -CHy=CH- CH%ZHZCH3)Fe(DMPE)2 and C-H
insertion to form (l-pentenyl)FeH(DMPE),“’. Reaction of (methyl
acrylate)Fe(CO),, 27, with alkyl-lithium or Grignard reagents
occurred by attack at a metal carbonyl and transfer of the resul-
ting acyl group to the fF-carbon, to produce 4-ketoesterslla.
Photolysis of 27 in low-temperature matrices proceeded with pre-
dominant loss of CO, to produce [q4-CH2=CH-C(=O)OMe]Fe(CO)3 and
isomers with the acrylate bonded to iron via double bond and
ester OMe group and via the carbonyl group alonell?,

77,78
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Reduction of FeCl, with magnesium in the presence of ethene
and triethylphosphine gave pseudotetrahedral (Et3P)2Fe(C2H4)2 (X-
ray structure). In the presence of additional phosphine ligands,
this unsaturated compound reacted with carbon dioxide to give
(after methanolysis) dimethyl methylmalonate or dimethyl suc-
cinate, depending on the phosphine usedl20,

Irradiation of Fe(CO),(NO), in liquid xenon containing 1,3-
butadiene gave (qz—C4H5)Fe(C0)(No)z,(q4—C4H6)Fe(No)2, and (qz—
CyHg) oFe(NO),. The latter was considered a likely intermediate
in the catalytic dimerization of dienes, since it can isomerize
to a qz, q4—structure with bending of a NO grouplzl.

Several studies relevant to catalytic isomerization of al-
kenes have been reported. Photolysis of (C5Hy )Fe(CO)l4 in low-
temperature solutions containing excess ethene produced (eth-
ene) ,Fe(CO)3, 28, (the species previously assigned di-iron struc-
tures) and (ethene)3Fe(CO);, 29. Addition of l-pentene resulted
in rapid isomerization to 2-pentenes, and gradual loss of cataly-
tic activity was accompanied by dehydrogenation of pentene to
form (1,3—pentadiene)Fe(CO)3122. In the gas phase, 28 reacted
with CO via ethene dissociation, to form (ethene)Fe(CO),. The
intermediate (ethene)Fe(CO)3 reacted about 35 times more rapidly
with CO than with ethenel?3, pulsed laser photolysis of mixtures
of 28 and ethene produced cigs- and trans-29 and (ethene) 4FeCO,
Decay constants for the isomers of 29 were measured, and again
the unsaturated intermediate (ethene),Fe(CO), reacted more readi-
ly with CO rather than ethene, this time by a factor of 400124,
Pulsed laser photolysis of a mixture of ethene, hydrogen, and
Fe{CO)g produced a reservoir of 28 in equilibrium with an active
hydrogenation catalyst, (ethene)Fe(CO)3. The rate of hydrogena-
tion of ethene was studied as a function of reagent pressures,
and a detailed mechanism elucidated!2>,

Photolysis of various 1l,4-diazadiene complexes, (dad)Fe-
(CO)3, in the presence of electron-deficient alkenes gave CO-
substitution products, (dad)Fe(CO)z(qz-alkene). Activation ener-
gies for alkene rotation in these trigonal bipyramidal products
have been measured from low-temperature NMR spectralzs. Forma-
tion of a (q?—alkene) structure in the analogous reactions of
(dad)Fe(CO)3 with alkynes was previously shown in Eq. 771,

A comparison of (RCECR)Fe(CO), (R = SiMe3) with its ruthe-
nium and osmium congeners showed the iron compound to have the
largest 13C NMR coordination shift, and the smallest reduction in
C-C stretching frequency on coordinationl??, A series of (q?-al-
kyne)Fe[(Me2PCH2)3Sine] complexes has been obtained by reaction
of the alkynes with 25. Reduced cubane clusters such as
Fe4s4(SPh)42' were found to form adducts with ethyne, liberating
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a phenylthiolate ligand in the process; this displacement may be
relevant to reduction of ethyne by nitrogenaselza.

Localized INDO calculations on 0q3—cyclooctenyl)Fe(PH3)3+
have revealed the interaction of the allylic C-H bond with a
nominally vacant iron orbital. The calculated bond orders for
the Fe-C and Fe~H interactions were 0.302 and 0.190, respective-
1y129'13°.

q3-A11yl carboxylates such as 30 were the key intermediates
in the reaction of electron-rich diene complexes with carbon
dioxide (Eq.13)131. Increased reactivity of indenyl-iron com-

A -\ MeOH >—<-—co Me >-=</COZH¢
m — \ 2

" p-»Fe HCi (13)
e - ;’1\0
s P
/11?\1 L 30 cone

pounds as compared to their cyclopentadienyl-iron analogs has
often been attributed to formation of q3—indenyl intermediates.
This has been unequivocaliy demonstrated in reaction of (qs-
CgH,)Fe(CO) 3~ with CO to form the (indenyl)tricarbonyliron anion,
whose PPN salt clearly manifested the n3 structure in the crys-
tal. There was a 22° dihedral angle between the plane of the q3-
allyl group and the plane of the benzene ring. Maintenance of
the q3 structure in solution was indicated by 13¢ NMR. Methyla-
tion of the tricarbonyl anion was thought to occur at iron to
produce (q3—09H7)Fe(CO{£Me, which reverted to an qs structure
with carbonyl loss The analogous indenyl radicals,
(CgH,7)Fe(CO) 5L, produced by photolysis of [(CqgH7)Fe(CO)315 in
the presence of ligands L (CO, PPh,, PHPh,), were also thought to
possess the qs structure, based on EPR results which indicated an
iron-centered radicall33,

A number of compounds having an organic ligand bound to iron
through two q3-allylic linkages have been described in 1987. The
compound 2-4-n:2'-4'-n-1,1'-bi(cyclchex-3-en-2-yl)bis(trimethyl-
phosphine)iron, produced in reaction of cyclohexa-1,3-diene with
1 (Scheme I) has been characterized by X-ray crystallography4.
Additional examples of this hitherto unusual structural type have
been prepared by low-temperature treatment of various (q4—poly-
ene)tricarbonyliron compounds with aryllithium reagents, then
alkylation with triethyloxonium fluoroborate, classic conditions
for generating "Fischer-type" carbene complexes. The products 31
[from cyclohexadiene-Fe(Co)3]134 and 32 [from cycloheptatriene-
Fe(CO)3]135 were characterized by crystal structures; their ori-
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OO (R

Fh(C(»
F,(co) ’ch Fc—CCOEt (14)
o g we O C A 32 Ar

gins may be traced to rearrangements of the initially-formed
carbene complexes, as exemplified in Eq. 14135, A similar reac-
tion sequence involving COTFe(CO)3 gave, depending on the aryl
group, products analogous to 31, or the isomeric product 33.
Allowing the mixture to warm above -30° before ethylation resul-

ted in formation of 34136 f

OEt
(oc) ch (0C),Fe-Ar

33

The same reaction sequence applied to (tetrafluorobenzobicy—
clol2.2.2loctatriene) tricarbonyliron gave a bis(allyl)Fe(CO),
product, not unlike 32, which resulted from breaking a ligand C-C
bond!37, Reaction of (CgFg)Fe(CO)3 with nucleophiles resulted in
their addition to the internal a11y11c carbon (Eq. 15)138,

Nd | sﬂ
©c) 'a] (0C) F&- (15)

A brief review of q M -l-phosphaallyllron complexes has
been publlshedl39. The 1,3-diphosphaallyl complex, 35, has been
prepared in 90% yield by reaction of ArP=CH-P(Cl)Ar with
NajsFe(CO) 4 [Ar = 2,4,6-tri(tert-butyl)phenyll; it could also be
obtained from Lit (ArP),CH™ and Fe(CO)g. Alkylatlon or protona-
tion of 35 occurred on phosphorus to form a r\,q —d‘phosphapho—
pene complex140 The novel heterocallyl moiety in 36 resulted
from reaction of XFelnZ-C(=S)SR1(CO)L, with NaBH,141,

A A RS <
NpAxe N
‘ Fl(co) H RZh
[ 'z o’c‘{_ ‘L
35 36

References p. 391



340

6. COMPOUNDS WITH n%-LIGANDS

ae Complexes

The first stable transition metal complex of a methylenecy-
clopropene resulted from rearrangement on reaction of a diyne

with nonacarbonyldllron (Eq. 16)142, ' P
Ss S{; V. . S})
)
?/ , . (16)
s dic — i Siz
& Y. ; Fe(CO),
/‘ :: sl by n

Photolysis of mixtures of aldehydes [RCHO, R = Me, Et, Phl,
allenes [R'CH=C=CH,, R' = H, Ph, Me,CH, PhCH2], and Fe(CO)g
produced substituted trimethylenemethyl complexes, [C(RCH)(R'CH)-
(CH,)Fe(CO)3, with loss of CO,. Rotation of substituents around
the C==2C bonds could be observed at 180° 143, Reaction of
(MeyP)FeCl,; with potassium 2,4-dimethylpentadienide in equimolar
ratio gave rise to [(CH,),C(CH~C(=CHy)MelFe(PMe3)3, as confirmed
by a crystal structurel 4

The gas phase ion chemistry of [C(CH2)3]Fe(CO)3 and its
butadiene isomer have been studied by high~ and low-pressure
electron impact mass spectroscopy and flowing afterglow studies
of their negative ions. The trimethylenemethyl complex tended to
remain attached to iron under conditions where butadiene was dis-
laced. The proton affinity of the TMM isomer was about 20 kJ/mol
greaterl45.

A methyl proton was removed from (q4-isoprene)tricarbonyl-
iron with LiN(i-Pr), at -78°, and the resulting anion reacted at
the same site with electrophiles (aldehydes, ketones, alkylating
agents). At temperatures above 30° the anion rearranged to a
trimethylenémethyl—derived anion (Eq. 17), but the rearrangement
could be suppressed by addition of zinc bromide146

InSr e LW CPP:
E+ Ft—[/l‘\<— Ft— (an

Ft

A number of examples of electron-rich (q4—diene)tris(phos-



341

phine)liron complexes have been reported. These compounds have
been prepared by reduction of FeCl, with magnesia-cyclopent-3-
enes or activated magnesium in the presence of dienes and phos-
phines5'147. Bis(q4-diene)phosphineiron products were also
formedl47. Reactions of these electron-rich diene complexes with
C02131 have already been illustrated in Eg. 13.

X-ray structures have been reported of two complexes (q4-
Me0,C-CH=CH-CH=CH-CO,Me)Fe(CO),L. Quinoline as ligand L occupied
a basal site in the tetragonal pyramid, whereas pyrazine occupied
the apical sitel48, Another (q4-diene)iron dicarbonyl derivative
is the previously mentioned 26 (see Scheme 1192,

Formation of C-C bonds to each diastereomer of (n‘—MeCH=CH—
CH=CH-CHR(0Ac)Fe(C0)3, using carbon nucleophiles in the presence
of Lewis acids, proceeded regio- and stereospecifica11y149. The
crystal structures of E,E- and E.Z-[MeO5C-CH=CH-CH=CH-CHOlFe(CO)3
have been compared, and no significant difference in C-C or C-Fe
bond lengths discerned. The activation energy for thermal con-
version of the E,Z-isomer (with the formyl group endo) to the
more stable E.E was 120(2) kJ/mol, allowing synthetic use of the
E.Z-isomer at temperatures below 60° 150,

Reaction of block styrene-butadiene rubber with Fe3(CO); 5
produced copolymer-Fe(CO), complexes, presumably involving 1,3-
diene units resulting from hydrogen migration(s)lsl. The effects
of the Fe(CO)3 on various physical properties of the polymer were
studied, and the results interpreted in terms of increased crys-
tallinity of the iron-containing polymerlsz. Thermal decomposi-
tion of the complexed polymer was studied by Méssbauer spectro-
scopy, which indicated formation of ironl0] ross-links between
chains at ca. 2002, and decomposition to ironlII] compounds at
higher temperature5153.

Measurement of 13C—13C coupling constants in a number of
butadiene—Fe(Co)3 complexes gave values of 43-47 Hz for both
terminal and internal C-C bonds, consistent with the similar bond
lengths generally observed in crystal structuresl54. The reso-
nances observed in electron transmission spectroscopy of (butadi-
ene)tricarbonyliron have been assigned by use of multiple-scat-
tering Xo calculationslss. Theory (in this case extended Hickel
calculations) has been applied to the addition of nucleophiles to
diene complexes. In the case of tricarbonyliron complexes, the
HOMONu-—-Lunocomplex interaction, which normally favors Cl at-
tack, is countered by a HOMONu——-Houocomplex repulsion, resulting
in preference for C2 attack. Replacement of CO ligands by phos-
phines would increase this preference still further196,

Reaction of the electrophilic carbene complex (OC),Fe=C-
(OEt)Ph with dienes resulted in homologation at Cl of the diene,
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and formation of the diene complex (Eq. 18)102,  positional

isomers also resulted in some cases. This reaction appears to be
the intermolecular analog of those which produced previously
described products 31-34 by intramolecular attack of carbenes on
coordinated dienes, although mechanistic details may differ.

OEt Fe(CO)
_,>_\+ (OC)"F¢=C‘P+. — oEt —

Ph (18)

i
Fe(CO)
_}—\%OE?t Fj ) OEt
h (€0, "n

Friedel~Crafts acylation of {2-(trialkylsilyl)butadieneltricar-
bonyliron resulted primarily in introduction of 4-gndeo-acyl
groups. After isomerization to the exo-isomers, these could be
acylated a second time on the other terminal carbonl57,158,

The conjugated diene unit of ethyl (2E,4E)-3,7,11-trimethyl-
2,4,10-dodecatriencate was protected by introduction of the tri-
carbonyliron group before tritium reduction of the remote C=C
double bond under homogenecus conditionslsg.

The crystal structures of [E.E-AcO-CH=CH-CH=CH-OAc]Fe(C0) 4160
and of [o~xylyleneltricarbonyliron, 37161, have been reported.

i
q Me 55; | N Rz
37 38

The latter showed the iron slightly closer to the terminal car-
bons (2.08 A) than to the internal carbons (2.12 A), in contrast
to most diene complexes; this is presumably an accommodation to
maintenance of a degree of aromatic character in the six-membered
ring, which nevertheless showed some bond alternation.

Reaction of (l-oxadienel)tricarbonyliron complexes with
organo-magnesium or -lithium nucleophiles occurred with attack at

the metal carbonyl moiety, then acyl migration (Eq. 19)162.
R . R 4 + R
Ve S W ) I
2 P l R4\ AFe(CO), (19)
Fe(CO), R._Fe(co) 0" ~ /=0
\6 2 R

Electrochemical oxidation of {benzylideneacetone)Fe(CO),{P(OPh)3]
has been studied by cyclic voltammetry in DMF. The radical
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cation from one-electron oxidation was found to decompose rapid-
ly, with solvent assistancel®3,

c. Complexes of Cyclic Dienes

The oxidative addition of (n-CyH, )Fe(CO); (from photodisso-
ciation of CO from the tricarbonyl) to Si-H bonds has been stu-
died over the temperature range 118-157 K. The activation para-
meters for the reaction with triethylsilane were au¥ 44(4) k3/mol
and AS* 47(20) J/mol-K154. A novel cyclobutadiene complex, 38,
(X-ray structure for RoN = piperidino) resulted from reaction of
R,N-CSSC-SiMe; with Fe(co)g165.

Ultraviolet photolysis of (q -cyclopentadiene)Fe(CO)3 com-—
Plexes at 77 K resulted in loss of CO (gquantum yvield about 0.1 at
366 nm). The coordinatively unsaturated dicarbonyl restored
itself to l8-electron normalcy by migration of an endo substi-
tuent to iron, induced by warming or irradiation at longer wave-
lengths (> 420 nm). An endo-hydride migrated at least 100 times
more readily than an endo-methyl grouplss.

Corriu and coworkers have continued their exploration of the
chemistry of q4-silole and -germole complexes. New 2,5-diphenyl-
silole complexes 39, having vinyl, allyl, and l-propynyl groups
on the silicon, have been prepared by direct complexation of the
free siloles with Fez(C0)9167. 39 [Y = OMe] was obtained similar-
ly, in 60% yxeld168 The exo Si-H bond of 39 [Y = H] was prefer-
entially cleaved in reaction with PC15168. Substitution of exo
or endo chlorides from l-chloro-2,5-diphenylsiloles occurred with
retention of configuration, with the exo isomers reacting more
rapidlyleg. Reaction of lendo-l1-chloro-exo-1-methyl-2,5-diphe-
nylsiloleltricarbonyliron with phenyllithium resulted in carbonyl
attack, whereupon the resulting enolate was silylated intramole-
cularly to form carbene complex4017°. Silole and germole com-
plexes without the usual flanking phenyl groups have now been
prepared, including Fe(CO)3 complexes of 1,l1-dimethylsilole,
l,1,3,4-tetramethylsilole, and 1,1,3,4-tetramethylgermole. The
silole complexes underwent photosubstitution of triphenylphos-
phine for a CO group. Reaction with SnCi, caused replacement of
exo-methyl by chloride, with the resulting chlorides susceptible

to further nucleophilic displacementsl7l.
Ph Ph Me
Ve
< 5| | c
P | PhO
(© c);: h (0C),Fex =c/
39 40 Ph
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The q‘-benzene complex, 2, was mentioned in Section 2 of
this Review. The benzene ligand of 2 was readily displaced by
other unsaturated organics; one particularly interesting sequence

is shown in Eq. 203, P
Ph h :> . Ph
@ ey Y/

R =, —-F
S aFertF 'S'J'P (20)
2 qxqm;jif ﬁl\s;éfj L\s“Lj

Reactaon of 4—viny1cyclohexenes with 1ron carbonyls gave
principally 2-substituted (n-cyclohexadiene)tricarbonyliron pro-
ducts, formed by 1,3-hydrogen shifts in qz intermediates!’2, a
bicyclol4.2.0]loctadiene complex resulted from reaction of a tri-
cyclic diester with Fe(CO)g (Eq. 210173,

E g E Fg(co)s ,@ (21)

Fh(CC)s E::(:02’4¢

Upon heating at 140°, the iron tricarbonyl complex of ethyl
1,3-cyclohexadien-l-carboxylate underwent racemization through a
series of hydrogen transfers, but incorporation of a ftrang-5-
cyano substituent rendered the complex stable under the same
conditionsl74, Heating allylic amide or ester derivatives under
these conditions gave spirolactam or spirolactone complexes175
which, with proper substitution, could be obtained enantiomer-
ically pure (Eq. 22)175.

Ft Ft

o
140 (22)

y
NC Ph o Nepy,

Interconversion of cyclohexadiene and cationic cyclohexadie-
nyl complexes underlies many synthetic applications of these
compounds. The use of thallium(III) trifluoroacetate for hydride
removal from cyclohexadiene complexes has been recommended; the
reagent was said to provide better yields and (in some cases)
complementary regiocontrol compared to trityl cation176. Quench—~
ing reactions of cyclohexadienyl cations will be discussed in
Section 7a.

(1-4-n-Cycloheptatriene)tricarbonyl iron could be function-
alized by deprotonation to form the q3—cycloheptatrieny1 anion,
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then reaction with alkyl chloroformates. The 7-substituted pro-
duct presumed to be initially formed in the acylation reaction
was converted to the 5- and 6-substituted products by base-
induced proton transfers; the product with the ester group in the
5-position predominated under these conditions. Photochemical
complexation of carbethoxycycloheptatrienes with Fe(CO)g gave, as
previously found, principally the 6-ester177.

(2—5-q4-Tropone)tricarbonyliron, 41, gave separable diaster-
eomers upon replacement of one CO by [+)-neomenthylldiphenylphos-
phine. 1,3-Shift of the Fe(CO)PRPh, group was an order of magni-
tude faster than that of the Fe(CO)j3 groupl78, consistent with a
dipolar transition state having a q5-coordinated metal group.
The cycloaddition of TCNE to 41 has been studied through the
effects of pressure and solvents on rates, Both the volume and
the entropy of activation were quite negative, with values of -31
cm3/mol and -152 J/K-mol, respectively, in acetone solution,
consistent with a highly ordered (concerted but not synchronous)
transition statel?9,

TCNE cycloadditions to Fe(C0)3 complexes of azepines and of
l-cyanocycloheptatriene have also been studied kineticallylao.
The relative rates for (q4—C6H6Y)Fe(CO)3 in methylene chloride
decrease in the order ¥ = NH >> CH, > NCO,Et > C=0, and the 6-
cyano derivative of (1-4—q4—C7H8)Fe(C0)3 was about 104 as reac-
tive as the unsubstituted complex. Replacement of a CO by a
triphenylphosphine ligand increased the reactivity of the cyclo-
heptatriene complex about 2000-fold. All of these data bespeak
the importance of electron-donation by the coordinated cyclohep-
tatriene to the TCNE. Tricyanoethene has been found to be sever-
al hundred-fold less reactive than TCNE, a fact which was inter-
preted as favoring a highly concerted additionleo, but which is
also consistent with an electron-transfer mechanism. The struc-
tures of the tricyanoethene adducts have not been determined;
this reviewer, bhased on persistent belief in some dipolar charac-
ter in these concerted reactions, believes that the correct
structure should be 42, rather than the regiocisomer preferred by

the original authorsl80, Pk 0
H 1
CN 0
CN o
CN
: )
Ft 42 4 7

Reactions of TCNE with 7-alkylidenecycloheptatriene com-
plexes have been studied by NMR, with results presented in Scheme
III. The structure of the final product, 43, was confirmed by X-
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Scheme IIIX

Pk P

Ph e

Ph
@ 7 =Ca{CN)s
Ft

ray crystallogtaphylsl. Addition of 4-phenyl-1,2,4-triazoline-
3,5-dione to 41 has been similarly studied, with kinetic control
producing adducts across the 7,5- and 7,4~ positions of the com-
plexed tropone ring. Thermodynamic control eventually produced
primarily the 7,3-adduct, 44182 Analogous "sigmahaptotropic
rearrangements” of the adducts of aryl ketenes with (C4Hg)Fe(CO)4
have been studied kinetically. The rearrangement was about 40
times faster in methanol than in acetone, allowing partial charge
separation in the guasiconcerted transition state183.

The multifarious products resulting from intramolecular

reactions of iron-carbene complexes resulting from reaction of
(q4—COT)Fe(CO)3 with aryl-lithium reagents, followed by alkyla-
tion with triethyloxonium fluoborate, (e.g. 33 and 340)136 yere de-
scribed at the end of Section 5 of this review.

The IR spectra of (norbornadiene)- and (1,5-cyclooctadiene)-
tricarbonyl iron at 10-12 K showed three CO stretching bands,
consistent with the square pyramidal structure found in the
crystal structure of the cyclooctadiene complex. But at room
temperature, only twc such bands were observed, suggesting dyna-
mic processes on the infrared time scale. The activation energy
for tricarbonyliron group rotation in the norbornadiene complex
was calculated to be less than 9 kJ/mol, compared to 40 kJ/mol
for (butadiene)tricarbonyliron184.

7. 1°-DIENYL COMPLEXES

The results of reaction of FeClyLy [in this paragraph, L =
PMey] with potassium 2,4-dimethylpentadienide depended on the
ratio of reactants. Use of two equivalents of Kkt C7H11' resulted
in formation of (qs-C7H11)(q3-C7H11)FeL (44), use of equimolar
amounts gave the previously described trimethylenemethyl deriva-
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tive, and use of two equivalents of FeCl;L, gave (qs-C7H11)FeL3+
FeCl;L”. The latter was confirmed by a crystal structure. Pro-
tonation of 44 in the presence of trimethylphosphine (L) also
gave the (qs-C7H11)FeL3+ cation. 3lp NMR studies of this cation
indicated a 48 kJ/mol barrier for ligand rotationl44. The unsub-
stituted pentadlenyl cation (q -C557)FeL3 was prepared by pro-
tonation of (q -CgHy) yFeLy with HL*. It underwent attack by 2,4-
dimethylpentadienide at C-2, to form the unusual product 45 (X-
ray structure)183,

2 >

1/
44 45 Fel;

Substituted pentadienyliron cations, (qs—l—R-CSHG)Fe(CO)3+ were
prepared from RCH=CH-CH=CHCHO by complexation with Fe;(CO)g4,
NaBH, reduction, and protonatlon186 Reaction of the (2,4-dime-
thylpentadienyl)tricarbonyliron cation with KI in acetone gave
(C7Hi&;Fe(CO)21, which showed an unsymmetrical crystal struc-
ture . Reduction with sodium amalgam gave a dimer [(C7H11)Fe-
(C0)5,1,, whose crystal structure was similar to that of gig-
pzl 8, Reaction of (q =C4H;;)Fe(CO) 51 w1th Fp~ gave the unsym-
metrical dimer, CpFe(CO) (p~ C0)2Fe(CO)(q ~C7H;3?. Reduction of
the iodide with excess sodium amalgam gave an anion, which under-
went alkylation with methyl iodide to produce unstable (q -
C7H11)Fe(co)2Me187 The chemistry of these (dimethylpentadien-
yYl)dicarbonyliron derivatives was described by the authors as
"open Fp chemistry;" perhaps the group can be designated as
"Fop"?

Bis(2,3,4-trimethylpentadienyl}iron has been prepared by
reaction of the carbanion with FeCl, at -780 189, crystal
s.tructurelg0 and photoelectron spectra have been reported, and
comparisons with ruthenium and osmium analogs madel?l. Extended
Hiickel calculations have been performed on bis(pentadienyl)M
species, with particular emphasis on the reiative configurations
of the two pentadienyl ligandslgz.

Bis(qs—cyclohexadienyl)iron and bis(q5—6,6—dimethy1cyclo-
hexadienyl)iron have been prepared by reaction of the carbanlons
with FeClz. The former underwent isomerization to (q -ben-
zene)(q -1, 3-cyclohexad1ene)1ron193

‘The principal uses of (cyclohexadienyl)iron compounds, espe-
cially cationic ones, are in synthesis, where reactions with
nucleophiles produce cyclohexadienes. The kinetics of reaction
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of (n°-CgH,)Fe(CO);* and of its 2-OMe derivative with 4-chloro-
aniline have been studied. The additions were reversible, and
excess aniline was required in order to deprotonate the initial
adduct. The 2-methoxy cation was about one-seventh as reactive
as the unsubstituted onel?%. Reaction of (qs—z-methyl—B—methoxy-
cyclohexadienyl)tricarbonyliron cation with (-)a~phenylethylamine
was used to prepare separable diastereomers, which were converted
to resolved cations for use in asymmetric synthesislgs.

The use of Me3SiCN in cyanating (cyclohexadienyl)iron cat-
ions has been recommended, particularly in cases where use of CN~
results in deprotonation (Eqg. 24)196, Likewise, tributyltin

&N isLC_N, CN o
MeO M
MeO L e <0 Fr  96%

enolates were reported to have advantages over more basic lithium
enolates;their use was exploited in a synthesis of (+)-tricho-
diene 197, a molybdenum=-stabilized carbanion functioned as a
novel nucleophile for addition to a (cyclohexadienyl)iron cation
(Eqg. 25)198,  Reduction of (qs-l-catbomethoxycyclohexadienyl)tri—
carbonyliron cation electrochemically or with zinc dust led to
formation of the (19-electron?) free radicals, which coupled with
high regioselectivity at the carbomethoxy-bearing terminilgg.
Reduction of the corresponding N,N-~diallylamide gave ca. 20%

of intramolecular coupling analogous to that shown in Eq. 22199,
N(:
@ " @ - - (25)
NC C

Protonation of the (q4-benzene) complex 2 occurred with
exceptional facility, using NH4+ PFG', to form the (qs-cyclohexa-
dienyl)iron products. (qs—Methylenecyclohexadienyl)FeCp resulted
from deprotonation of (qs—toluene)FeCp+ with potassium t-but-
oxide200, Similarly, two-electron reduction of [Cp*Fe(qG-
C6H5)]22+ produced the species 46 (X-ray»structure)ZOI.

Further chemistry reminiscent of "Fp" chemistry involved
(cyclohexadienyl)iron compounds. Reaction of &P—C6H7)Fe(co)21
(47) with Fp~ at -78° gave a mixed dimer, (CgHy)Fe(CO)(p-
CO) ,Fe(CO)Cp, which gave up a hydride to trityl cation to produce
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the cationic benzene analog. Unlike Fp chemistry, however, was
the ready displacement of benzene from 47 on reaction with tri-
phenylphosphine, which produced LLanE-(Pth)zFe(CO)z(H)Izoz.

Consistent with previous results, (n°-cycloheptadienyl)tri-
carbonyliron cation reacted more slowly than the cyclohexadienyl
analog with 4-chloroanilinel®4, a thoroughly unexpected result
was the formation of 48 (X-ray structure) from reaction of (114-
cycloheptatrieneltricarbonyliron with g-tolyl=lithium, foliiowed
by triethyloxonium fluoroborate in methylene chloride at -60°
135, some additional qs-cycloheptadienyl and -trienyl complexes
were shown in Scheme I.

e Fa(CO)
MoK @":\;
\_ =
Fe.Cp

46 48 CCIS

This section includes results on FpH, Fp~, and Fp*, and on
compounds containing bonds between the CpFe group and non~metals
of Groups 14-17, essentially in that order. Derivatives with one
or more CO groups replaced by other 2-electron ligands are
included. Fp-M compounds with covalent Fe-M bonds are treated
with other heterobimetallic species in Section 9c.

Cp*Fe(DPPE)H has been prepared directly from (DPPE)FeCl,,
pentamethylcyclopentadiene, and potassium metal in a sonochemi-
cally-assisted one—-pot reaction. It gave a stable radical-cation
on one-electron oxidation203, CpFe(PMeq) 5H resulted directly
from reaction of 1 with cyclopentadleneg, and the (q -indenyl)
analog was prepared 51m11ar1y .

Reaction of (l,1'-ferrocenediyl)phenylphos- <3:::;7\ Ph
phine with Fp~ gave the novel hydride 49 (X-ray
structure) in 40% yieldzc'4 FpH resulted from @/ feCP

protonolysis of FpThCpyz with trifluoroethanol or C
acetone205 FpH reacted with a-cyclopropylsty- 0
rene at room temperature to give l-cyclopropyl-1l- 49

phenylethane (83%) and a trace of 2-phenyl-2-pentene. With in-
creasing electron density on the metal hydride, the percent of 2-
phenyl-2-pentene increased, to 30% with Fp*H and 64% with CpFe-
(CO) (PMe3)H. A hydrogen atom-transfer chain mechanism was pro-
posed2063

Association of trimethyl phosphite with Fp* (from photolysis
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of Fpp in heptane at room temperature) to form FpP(OMe)3* has
been followed by time-resolved IR spectroscopy, and found to
occur with a second-order rate constant of 9 x 108 M™1 gec™1 207,
The nineteen-electron species resulting from such associations
were found to function as strong reducing agents toward a variety
of organic and inorganic substrates; in methylene chloride solu-
tion, FpL* reduced Fp* to Fp , which with solvent gave
FpCH2C12°8. Photolysis of Fpy with phosphines in micellar phases
resulted in reduction of methylviologen in the aqueous phasezog.
The analogous (indenyl)Fe(CO),L* radicals reversibly lost L,
regenerating the dimer [(CgH7)Fe(CO),15; the radicals probably
had a seventeen-electron q3 structure, based on Esr133,

The anion Fp~ was generated in the gas phase by dissociative
electron attachment to Fp,. The electron affinity of Fp* was
estimated at 1.0-1.7 eVv. 1In the gas phase, Fp~ reacted with
methyl iodide and triflate, but not with methyl bromide or chlo-
ride210, Fp~ in solution functioned as a one-electron reductant
toward a cationic Mo,C3 cluster?ll and also toward Co(C0O) 53—
(PPhy) % 212,

Derivatives of Fp, and Fp~ having alkoxysilyl substituents
on the cyclopentadienyl rings have been prepare6213. Electronic
spectra of Cp*FeLzY [L = PMej, PEt3, CO; Y = H, X, OR, R, Arl
have been obtained and compared with the Ru ana1095214.

The ql-silole complex FpSi(Me)C4Ph, gave Diels-Alder addi-
tions with dimethyl acetylenedicarboxylate or benzyne, forming 7-
silanorbornadienyl-Fp products. Thermolysis led to extrusion of
FpSiMe, characterized through various addition product5215. Pho-
tolysis of FpSiMej in the presence of RSiHj gave silylene-bridged
dimers (p-CO) (u-SiHR) [CPFe(CO) 1,216,  Photolysis of FpsiMe,SiMeR,
gave monosilyl products FpSiMeR, and FpSiMejR, along with ferro-
cene and Fp2217. The crystal structure of Fp,Sn(Ar)Br [Ar = p-
tolyl) has been determined?18,

Reaction of FpN3 with [CpMo(CO),;]1, was complex, with Fp, the
only identifiable iron-containing product21 .

An X-ray structure of the Fp-phosphorin 50 has been pub-
1ished?20. Reaction of Fp*P(SiMej), with ArPCl, [Ar = 2,4,6-tri-
tert-butylphenyl] gave the diphosphene product, Fp*-P=P-Ar, 51,
characterized by X-ray crystallography; Fp'-P=P-Ar was prepared
similarlyzzl. Reaction of 51 with dimethyloxosulfonium methylide
gave the diphosphirane 52222 gylfur and selenium reacted with 51
to give Fp*-P(—aY)=P-Ar (Y = S, Se). The stable sulfur deriva-
tive was the subject of a crystal structure, but the selenium
analog slowly closed to a selenadiphosphirane heterocyc1e223. 51
reacted with acrolein to form the oxaphosphole 53 (x—ray)224.

K*Y Fp~ displaced chloride from ClP(=CRy)5 to give FpP(=CRj),
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[R = SiMe3]225. Cyclophosphazenes and polyphosphazenes having
pendant Fp groups attached to phosphorus have been prepared by
straightforward displacement reactions?26,

13C NMR studies of carbonyl ligands in CpFe(CO),PPh,Y3_p, [y
= OMe, Mel have been used to assess electronic effects of the
varying phosphorus 1igandszz7. [C5H4(Siue20Et)]Fe(CO)ZPPh3+ re-
sulted from oxidation of the silyl-substituted Fp, with ferri-
cenium ion in the presence of triphenylphosphine2 3. The same
method applied to Fp, gave Fp[Pth(CHZ)nPthl+ and related com~-
plexes having monodentate diphosphines, which closed to chelate
cations such as CpFe(CO)(DPPM)' upon photolysiszzs. In turn,
photolysis of CpFe(CO)(DPPM)* in acetonitrile produced CpFe-
(DPPM) (NCMe) + 229,

Acetone-sensitized photolysis of Cp*FeAn+ [An = p-xylenel
led to Cp*Fe[P(OMe)3]3+ 229, Asymmetric induction in methylation
reactions (MeI, Et3N) of the phenylphosphine ligand in (R*,R*)-
CpFell,2-CgH, (PMePh),1 (PH,Ph)FeCp* was substantial, with a 4:l
preference for formation of the (R*)-PhPMeH 1igandz30. Further
alkylation using ethyl iodide and potassium tert-butoxide at low
temperature (Eq. 26) gave almost complete (99%) selectivity231.

KO-%& |
g ;L Etl . Ph £ P
aofee . L NP e H e
d I!-’ PL‘H -90° iy Pi\/ bﬁ }! :l:h\/
b b *Ph

(R*, %), (M) (R*,R™), (8™ (R*,R™), (™)

Reaction of BiX3 with two equivalents of Fp~ gave Fp,BiX.
The chloride formed trimeric BijzClj rings in the crystal. Fp;Bi,
made using excess Fp , underwent clusterification upon photo-
1ysisz32.

FpOC(=O)C7€ﬁP was obtained from FpX and silver pentadeca-
fluorooctanoate233, Electrochemical oxidation of Fp*SP(=S)(0R)2
in acetonitrile generated a radical-cation, along with Fp*—NCHe+,
Fp*z. and possibly a bridged diiron specie3234. Electrochemical
reduction of the same dithiophosphate species (and the Fp analog)
at a mercury electrode led to decomposition, with formation of
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Fp*zHg. A wave for reduction of Fp; could also be observed?33,
Although FpSC(=5) (OEt) underwent clean carbonyl substitution with
phosphines, the Fp* analog also formed Cp*Fe(CO)(q2-52COEt).
Bidentate xanthates also resulted in either case from photolysis
or one-electron oxidation of the monodentate xanthates236, Re-
duction of Fp-S3 4-Fp with LiBEt3BH at low temperature gave FpS;._
3 r which was acylated to form FpSC(=O)R. The same product
resulted (along with FpCl) from direct room-temperature acylation
of the tri- and tetrasulfides, FpyS,, with rRCoc1237,

FpySe reacted with Fp(THF)* to form Fp3Se+, whose crystal
structure revealed a flattened pyramidal structure with Fe-Se
bonds averaging 2.44 A238, Thiophene and benzothiophenes dis-
placed isobutene from Fp(CH2=CMe2)+, to form S-bonded thiophene-
Fp+ complexes. The dibenzothiophene complex showed a pyramidal
sulfur and a 2.289 & Fe-S bond. From 13C NMR study of the benzo-
thiophene complex, the free energy for pyramidal inversion at
sulfur was 39 kJ/mol, as compared to 52 kJ in FpSPhMe?. The
thiophenes were readily displaced by acetonitrile?39, The chiral
cations F;ﬂQMe2+ [0 = 5, Se, Tel were prepared by straightforward
displacement methods, along with other examples of CpFe(CO)LQMe2+
and CpFeL,QMe,* [L = AsPh;, SbPhy, PMej, P(OMe);, DPPM, DPPE,
etc.). The inversion of the chalcogen atom was investigated by
dynamic NMR methods240, CpFe(DPPE)—S=O+ has been obtained in
reaction of CpFe(DPPE)(0=CMe,)* with thiirane l-oxide, and the
50, complex from S50, directly. Both were ql-coordinated at
sulfur?4l, Fp—TePR3+ cations [from reaction of R3P=Te with
Fp(THF)*; R = Me, CHMe;, CMe3, NMe,] slowly lost elemental tel-
lurium on standing, leaving Fp—PR3+ 242, 0 R

Thermolysis of 52 [R = Et, Ph] produced C/S\‘
ferrocene and FpSR?43. At 3009, under flash CPF%\ /FGCF
vacuum pyrolytic conditions, 52 [R = Mel] gave S C
a 78% yield of ferroceneZ244, 52 R O

FpCl was produced in high yield upon reaction of Fp, with
thionyl chloride243, Trisubstituted derivatives were produced by
reaction of lithium 1,2,4-tris(trimethylsilyl)cyclopentadienide
with FeX, [X = C1, Br, I] at -959, followed by introduction of
0246, Treatment of Fp'X and CpFe(PR3ﬁ?X with LiNR, generally
yielded ring-aminated products (n°-CgH4NRy)FeL,X, (q5—
CgHyNRy)FeLyH, and dimers Fp's, but the results depended on X,
the ligands L, and the amide NR,;. 1In particular, amination was
favored by good acceptor character of the ligands L, and bromo
derivatives were better than chloro. The crystal structure of
(qs—C5H4NEt2)Fe(CO)[PPh(OEt)ler showed a strong interaction
between amino substituent, ring and iron atom, with a coplanar
nitrogen, short nitrogen-ring distance, and long substituted
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carbon-iron distance247, FpX derivatives bearing a chiral phe-

nylethylsubstituent on the cyclopentadienyl ring were prepared
(from a-phenylethyl)cyclopentadiene via the dimers [(qs-C5H4—
CHMePh)Fe(CO);1,. "Photolytic displacement of CO by triphenyl-
pPhosphine produced resolvable 50:50 mixtures of diastereomers.
Diastereomers of (CgH,R)Fe(CO) (PPh3)I were stable at room tem-
perature, but equilibrated at 70° 248,

Reaction of FpI with Group 15 donor ligands was catalyzed by
Pd/CaCO3, PdO, or Fp2249. The proton NMR spectra of (methylcy-
clopentadienyl)- and (indenyl)Fe(CO)LI [L = various phosphines
and phosphites] have been studied, and ring proton chemical
shifts and coupling constants fully assigned250

FpI served as a useful reagent for formation of Fe4s4(SH)4
(35%) by reaction with H25251 Reaction with the anil from
salicylaldehyde and 2-(a-aminoethyl)pyridine also occurred with
displacement of cyclopentadiene, to give an uncharacterized enan-
tioselective cocatalyst for hydrosilylation252.

. Ep=Alkyl. =Acyl. and —Carbene Complexesg

Fp*[p-(CthJFp* [n = 3-6] and methylcyclopentadienyl analocgs
{n = 3-10] have been prepared by straightforward displacement
reactions of Fp* ~ or (CgH,Me)Fe(CO),™ with dibromoalkanes233,
Bridged trinuclear complexes, MeSiln-CgH,Fe(CO),Rl3 [R = Me, Et,
CHyPh] were prepared from MeSiCly and the ring-lithiated Fp-
alkyls, and the crystal structure of the ethyl compound deter~
mined. A bridged Fp-alkyl derivative resulted upon reaction of 1
with spirol[2.4]heptadiene (Eq. 2733, Fp~ readily displaced a

G =R 0.,

P
71 \\
/l 659%

fluoride from 2-(pentacarbonylmanganese)-4,6-difluoro-1,3,5-tri-
azine to give the dimetallated triazine?35. A more novel, direct
synthesis of an aryl-Fp derivative resulted from reaction of
FeCl,, DPPE, and PhMgBr to form (DPPE)Feth, followed by protono-
lysis of a Fe-C bond by cyclopentadiene at -60°, giving CpFe-
(DPPE)Ph in 61% yie1d256. The same method worked with some other
phosphinés and with Fe-Me and —-Et derivatives236¢257, Syntheses
of alkyl derivatives from Li%t CpFe(cyclooctadiene)™, organic
halide RX, and phosphine L have also been reported257. A study
of the stabilities of ethyl-iron compounds toward S-elimination
indicated that they increased with the basicity of the phosphine
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ligands and decreased with increasing methylation of the Cp
ligan63257.

Methylation of FpCH,S5Me gave FpCHZSMe2+, a shelf-stable
reagent for transfer of methylene to alkenes to form cyclopro-
panes. The crystal structure of the fluoroborate salt was deter-
FpCHoCHO reacted with organolithium and Grignard rea-
gents in a normal manner to produce alkoxides, FpCHZCH(R)O ’
acidification of which gave alkene complexe5259

Conformational analyses of Fp'-alkyls have received consid-
erable attention from the Davies group, using NMR and crystallo-
graphic¢ studies. Fp'Et was found to occupy exclusively the
conformation 53 [Y = MelZ260, Fp'CH,0Me adopted the same confor-
mation [Y = OMel in polar solvents, but in non-polar solvent at
low temperature, dipolar repulsions favored 54261, The bulky
trimethylsilyl group in Fp'CH;SiMe3 was also best accommodated as
in conformation 53262, rhe mesityl group in Fp'CH,CgH,Me3, how-
ever, forced adoption of a near-eclipsed conformation, 55. Other
benzylic compounds showed variations in their 3JPH values consis-
tent with equilibria between conformations 53 [Y = Ar] and 55263

Cp Ar Cp

H
H
PhsP” ] co PhsP PhsP; o

55
Phot01y51s of Fp CH281HMe2 in the presence of added CO or
PPh3 (L) cleanly produced Cp Fe(CO)(L)SlMe3. The mechanism pro-
posed in Eq. 28 was supported by results of matrix photolysis at

0 0
é? 0 C./lg;——— (o
F‘c’c / _'L”Ea, ﬁc\l —L—h —-——F¢’<L (28)

77 k264, Treatment of FpCH;SiMeySiMeqg with lithium di-isopropyl-
amide at -80°, followed by methyl iodide, led to ring-methyla-
tion. At 0°, however, migration and rearrangement of the disi-
lylmethyl group intervened, and the product was (MeySiCH,SiMej,-
CgHy) Fe(CO) ,Me263,

Reaction of FpAr with diphenylacetylene in refluxing decalin
led to formation of indenones, probably via initial addition of
the elements ¢of Fp—~Ar to the acetylene (Eq. 29)266



355

(29)

FpH and Fp'H likewise added to the triple bonds of cyano-
and dicyanoacetylene, to form 2Z-Fp(")-CY=CHCN [Y = H, CN]. With
Fp'H and HC==C-CN, the reaction was not regiospecific, both 2~
Fp'CH=CHCN and Fp'C(CN)=CH, resulting, in 4:1 ratio. (P-DPPE)-
[FeCp(CO)H], did add reglospec1f1ca11y267

Condensation of FpCHZC(Fc)—OEt+ [Fc = 1-ferrocenyl] with
ethyl cyanoacetate gave FpCHZC(Fc) =C(CN)CO4Et, which underwent
photodecarbonylation to form [q ~CHy&C (Fc)wnC(CN) CO,Et1Fe (CO) Cp.
Fp-CH,C(Fc)=C(CN),, 56, was obtained inter alia by Fp~ displace-
ment from the chloride?®8., The analogous reaction with the
iodide gave principally reduction to MeC(Fc)=C(CN),, however. 56
reacted with iodine to give the alkyl iodide (58%), FpI (49%),
and [q'-Cﬂz—C(Fc)C(CN)zI]-Fp I37. Reduction of 56 with LAH gave
MeC(FC)=C(CN), and Fp,269,

High-resolution mass spectra of several aryl- and vinylic-Fp
compounds have been discussed in terms of electron-density around
the metal and the 18-electron ru1e27°. 2,4-Pentadienyl- and 2,4-
hexadienyl Fp have been prepared and studied, along with their
[q -CgHgRIFe(CO)Cp and [1\—C5H6R]FeCp derivatives271,

Electrochemical studies of alkynyl-Fp and -Fp and phos-
phine-substituted derivatives showed one-electron oxidation pro-
cesses whose reversibility depended on the ligand5272. The ther-
modynamics of proton transfer from acidic metal hydrides to
CpFe(CO) (PMe4)-C=2C-CMe3 has been studied by NMRZ73,  The product
of cycloaddition of TCNE to Fp-C&8CPh, previously assigned a
cyclobutene structure, has been shown in fact to be a butadienyl-
Fp compound by X-ray crystallography. The mechanism shown in Eq.
30 was suggested274. Attempted reaction of Fp-C=CMe with
EtCeaW (O-tert-Bu) 3 gave only Fp2275.

Ph

. +
Fp-=-Ph + TCNE — Fp==—Ph TCNE~ —» Fp'—'—/ CN
J N Fp  ph NCXCN (30)
— ﬁ - N
N
(CN),. NCTn &N
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Oxidation of Cp*Fe(CO)(nl-DPPE)Me or Cp*FeL,Me [L = MejP,
(Me0Q) 3P, or DPPE] with ferricenium ion in THF or methylene chlo-
ride gave stable Fe(III) products, which did not undergo hydrogen
abstraction, methyl migration, or other reactions276, But elec-
trochemical oxidation of (MeCgHy)Fe(CO);Me in methanol-acetoni-
trile mixtures produced (MeC5H4)Fe(S)(CO)(COMe)+, where S is a
solvent molecule277 Similarly, electrochemical study of alkyl-
to-acyl transformation of the methyl group in Fp'Me, in the
presence of pyridine nucleophiles, showed that oxidation was
followed by rapid association of a pyridine to produce the 19-
electron species CpFe(CO)(PPh3)(py)Me+, observable at low temper-
ature, followed by methyl migration to form CpFe(PPhj) (py)-
(coMe)t. The reactivity of various pyridines correlated with
their basicities, indicating the need for a nucleophile to push
the methyl group from the iron?78, Reaction of FpR [R = 2~
cyclopropylethyl, neopentyl, 1l-norbornylmethyl]l with Ph3C+ pro-
duced 17-electron Fe(III) cations, but no hydrogen abstraction.
Under CO, migratory insertion occurred in each case, accompanied
by B-hydride abstraction in the case of FpCH2CH2(cyclo—C3H5)279.
Another type of nucleophilic push to induce metal—carbon migra-
tion occurred 1n methylation of (q ~indenyl)Fe(CO)3~; the ini-
tially-formed (q -lndenyl)Fe(CO)3Me gave rise to mixtures of (q
1ndeny1)Fe(Co)2Me and (q -indenyl)Fe(CQ),(COMe), the yield of the
latter increasing with CO pressure132

Reaction of the chiral Fp-Me analogs, (CgHy-CHPhMe)Fe(CO),~
Me, with triphenylphosphine, produced a separable 50:50 mixture
of diastereomers of (CgH4R)Fe(CO)(PPhy)(COMe). Photodecarbonyla-
tion of enriched diastereomers gave partly epimerized (C5H4R)Fe-
(CO) (PPh3)Me, along with epimerically unchanged recovered acetyl
compound248 "Deinsertion,” i.e. C—»Fe migration to produce Fp-
Me, occurred when CpFe(CO)PPh3)COMe, Fp'COMe, was treated with
(MeCN)4Cu » which functioned as a phosphlne—abstractor280

The acid-catalyzed rearrangement of Fp'C(=0)CHROCH,Ph to
Fp'CHRCO,CH,Ph [R = D, Mel has been found to occur with clean
inversion of configuration at carbon, consistent with the
mechanism of Eq. 31281,

H

N

I* (31)

+
g /—Ph H ' .Q(—Ph :‘l:l"’ 'R>€\r(0\/Ph
Fr—z— PR H .
0]
The crystal structure of FpCS+ PFG- showed an Fe-CS distance

only slightly shorter than the Fe-CO distances282, 1INDO/GIRO
parameters have been adjusted to allow calculation of 15N, 170,
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and 13c chemical shifts in metal complexes including FpCN283.
The metal carboxylate Fp'CO5 T was prepared by attack of hydrox-
ides on E‘p'CO+ I". The potassium salt transferred oxide ion to
Ph3PMn(CO) 5 and Ph3C*, but was alkylated by MeX; the lithium
salt gave oxide transfer in all cases. Thermolysis of either
salt gave mixed dimer Fp-Fp'. Reaction with water gave the
anhydride Fp'C(=0)0C(=0)Fp'284, The less stable FpCO,” could be
trapped at -80° with RSiMe,Cl [R = Me, tert-butyl] to give silyl
esters, FpCO,SiMesR. Methylating agents gave only FpMe rather
than methyl esters, due to enhanced reactivity toward small
equilibrium amounts of Fp~ rather than carboxylatezes.

Direct insertion of CO into Fe-acyl bonds, a much-sought
reaction, has been observed as a result of a novel oxidation-NO
addition sequence. Fp'COMe was oxidized with ferricenium ion to
the l1l7-electron cation, which rearranged to CpFe(PPhy) (NO) -
(COCOMe) when treated with NO ga5286. The crystal structure of
Fp'COCH,CH(CHy) 5, from reaction of FpCH,CH(CHy), with triphenyl-
phosphine, has been determined?87,

X-ray crystallography of Z-Fp'C(=0)CH=CHMe, 57, showed an s-
cis conformation of the crotonyl group in the crystal. Deproton-
ation with butyl-lithium gave a dienolate, which underwent alkyl-
ation or protonation a to the carbonyl group, giving (RS.SR)-
Fp'C(=0)CHRCH=CH, [R = H, Me, Et, CH,Ph1288, Methyl-lithium or
butyl-lithium reacted with E~57 (for which an X-ray structure was
also obtained) by Michael addition, and trapping of the resulting
enolate with methyl iodide gave a single diastereomer of
Fp'C(=0)CH(Me)CHMeR [R = Me, Bul; the same diastereomer resulted
when Fp'C(=0)CH,CHMe(OMe) was allowed to react with two moles of
RLi, then methylated with MeI. Michael addition of lithium
benzylamide to E-57 led, after methyl iodide gquench and decom-
plexation, to lactam formation (Eq. 32)289,

Allylstannanes added to FpC{(=0)CH=CH, in the presence of
Lewis acids to give cyclopentanes, whereas allylsilanes gave
acyclic products (Eq. 33), perhaps as a consequence of poorer
hyperconjugative stabilization of the zwitterionic
intermediate<90,

Quenching of the enolate from Fp'CH;O0CHoPh with alkyl hal-
ides, deuterium oxide, or acetone as electrophiles E gave only
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the single diastereomer 58. Hydrogenoclysis of the benzyl group
and decomplexation provide an approach to stereoselective synthe-
sis of a-hydroxycarboxylic acids?91, Alkylation of the enolate
from (R)-Fp'C(=0)Et with Me4CSCH,Br, followed by oxidative decom-—
plexation in the presence of L-proline fert-butyl ester then
deprotection, gave (-)-Captopril, 59, in high enantiomeric and
diastereomeric pur:ity292

FpPPh, and FpSPh cycloadded dimethyl acetylenedicarboxylate
to form cyclic acyl complexes 60293,294 When analogs of FpSPh
having CS or CNMe in place ¢of CO were used, the preference for
ring incorporation was CNMe > CO > C3294 FpPPh, also added

dimethyl maleate and fumarate, rever51b1y294
<£::2Zr

P“!PC' HE ~H 0
/h\")( P"l
Q) ° MeO,C CO,M
<
thH €Uz 0z
58 59 60 N

Unsaturated side chains, Rl and R2, in CpFe(CO) (COR™) -
(CORz)BFz functioned as dienophiles. With Rl = l-propynyl, cy-
cloaddition to cyclopentadiene gave a norbornadiene. 1In a compe-
tition with RY = l-propynyl and R? = 2-propenyl, the latter
preferentially added to isoprene295. The crystal structure of

the adduct from 2-methylpentadiene and the heterocycle with Rl =
Me and RZ = 2-propenyl revealed the structure 61 (Eq. 34)296,

(34)

The acyl complex FpC(=0)C3Hg [C3Hg = cyclopropyl]l was con-
verted to the g—-ether complex FpCH(OMe)R by methylation and
reduction. Treating the ether complex with Me3SiOTf at -78° gave
the carbene complex, Fp=CHC3H5+, characterizable by NMR methods,
which indicated significant positive charge in the cyclopropane
ring. The carbene complex was stable to -40°, and reacted with
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alkenes to form bicyclopropyl derivatives227, sulfur-stabilized
carbene complexes, Fp=CHSPh+ and Fp=C(Me)SR+ [R = Me, Phl have
been prepared, the former by hydride abstraction from the
FpCH,SPh, and the latter by treatment of FpCOMe with T£,0 and
RSH. Crystal structures were reported. Carbon nucleophiles rea-
dily formed bonds to the carbene carbons?28,

The oxazoline 62 (Eg. 35) readily underwent N—-protonation or
alkylation to give aminooxycarbene complexes. Photolysis of the
N-allyl derivative gave a cyclic alkene-carbene complex, and
methyl isocyanate cycloadded, as shown in Eq. 35299, Photolysis

0
C
Cp\c H¢NCO + 0 h I+
e

of ;xanﬁ—l—Fp-Z—dimethylaminocyclobutane led to

ring expansion to form the cyclic carbene complex, Y
63 (Y = NMe,l. Activation parameters for reaction

of 63 [Y = OMel with triphenylphosphine, to form e-CO
trans-1-Fp'-2-methoxycyclobutane by iron-to-car- 4@:;:2>
bene alkyl migration, have been determined. BEvi-

dence was marshalled to indicate that migration of 63

an alkyl group from saturated carbon to a 16-electron center to
give an 1l8-electron carbene complex is energetically unfavorable
in the absence of substantial ring-strain effects300,
Electrophiles (Me, H, SiMe3) reacted at the acyl oxygen of
FpC(= O)CH2Fp, 64, giving Fp= C(OE)CHsz Reaction of
Fp-C(OMe)CHsz with triphenylphosphine resulted in formation of
FpPPh3+ by displacement of CHZ—C(OMe)Fp. Reduction with trial-
kylborohydride produced Fp, and CH,=CHOMe, presumably via a tran-
sient FpCH,CH(OMe)Fp3%l. Fp(THF)* and Fp'(THF* also added to
the acyl oxygen of 64; in the product from the latter case an
intramolecular exchange process (Eq. 36} was revealed302,

O/FP‘ Q/FP
+ — b2 . (36)
P P
Fp Fp'
Thermodynamic data for protonation of CpFeL(CO)-C=C-CMej [L

= PMej]l by acidic metal hydrides, to form CpFeL(CO)=C= LHCHe3 v
have been measured?’3. Related additions of electrophiles to gf-
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carbons of alkynyl-iron complexes have also been described.
CpFe(DPPE)~C=2CR added tropylium ion to form CpFe(DPPE)C=C(R)CqHy
adducts, but Fp-C®lCR underwent oxidation, with formation of
Fp(TaF)* 303, oxidation of CpFe*(DPPE)=C=CHMe with Cu(OAc), or
PhIO resulted in loss of hydrogen and dimerization to form the
extraordinary bis(vinylidene)iron compound, CpFe+(DPPE)=C=C(Me)—
C(Me)=C=Fe'(DPPE)Cp, whose X-ray structure showed unusually short
Fe=C bonds (1.76 & average)304. The vinylidene complexes
Fp'=C=CR2+ [R = H, Mel gave stepwise [2 + 2)-cycloaddition reac~
tions with imines (Eq. 370305, oxidation of the heterocyclic
products with iodosylbenzene gave azetidinones306

0 0]
(.:... :': A : (37
—‘-Fe====<: ™\ F + E
/ \

Reaction of CpFeL(CQ)=C= CR2 [L = P(OMe)3] with allylic
alcohols gave allyloxycarbene complexes. The allyloxyvinyliron
compounds which resulted on deprotonation underwent Claisen rear-
rangement at about 80° (Eq. 38)307,

a—00 *

6] 0 R 0

Ce R (i: ¢ 9
c,,F;.:,(R_.C., = )it Jmegd Jan

L CRZ Rz L Rz

Carbenoid metallacycle 65 resulted when FpCS+ S==1{%:
reacted with FpC(=S)SFp. Nucleophiles attacked Cp J

and removed the thione~bound Fp group. Electro- /7

philes [(H'Y, RY, BFs, Hgxt, and W(CO)g] were readi- o
ly attached to the free thione group; crystal
structures of S—-ethyl and S-(pentacarbonyltung- 65

sten) derivatives indicated considerable delocalization in the
ferradithiolene rings, and carbenoid character of both ring car-
bons398,

mmmmmmgﬁqlmqimm

The crystal structure of (q -1,2- cyclohepta—h_ss:i:zzﬂ‘

dlene)—Fp showed modest lengthening of the coor—.}P,F!
dinated allenic bond [1.385(6) Al compared to the 7 /
uncoordinated one [1.303(7) Al. The angle at the ===§<;[::]
central carbon of the allene unit was 138°, and

the iron was somewhat closer to that carbon than 66
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to the external carbon309. Also characterized by X-ray crystal-

lography was 66, produced directly by reaction of Cp*Fe(PMe3)2C1
with g-allylphenylmagnesium chloride257,

Reaction of Grignard or organolithium reagents with
FpCH,CHO, followed by acidification of the resultant alkoxides
with HBF,, resulted in synthesis of several (qz—alkene)—Fp+ salts
in 50-90% yield?3%. The mechanism of attack of hydride ion (as
a representative nucleophile) on (q?-alkene)-Fp+ cations has been
further studied by extended Hiickel and INDO theoretical methods.
Activation by the Fp+ group was traced to energy lowering of the
x* orbital in the coordinated ethene31°. Reactivity of nucleo-
philes toward (C2H4)Fp+ has been used to define a general carbon
basicity (pK.) scale31l, But reaction of that cation with NaBH,
in acetone at low temperature was found to occur by kinetically-
controlled attack at a carbonyl group to form CpFe(CO)(CyH,)CHO,
which decomposed on warming to FpH and ethene, rather than FpEt.
Oon the other hand, the more hindered (-qz-cyclohexene)Fp+ under-
went clean addition of deuterium from NaBD, to form trans-
FpCgH, oDy consistent with direct exo deuteride addition to the
coordinated double bond312,

(q?-vinyl ether)Fp+ complexes were readily prepared from a-
haloacetals. The unsymmetrical binding of the Fp group led to a
low rotational barrier (ca. 80 kJ/mol) around the formal C=C
bond. Reactions of the vinyl ether salts with cyclohexanone
enocolates have been studied; an example is given in Edg. 39313,
qu-vinyl ether)Fp+ cations reacted with Et4N+ CN™ at 0° to form
a-cyanoethers, FpCH,CR(CN)(OEt). Acidification at -78° gave un-
stable acrylonitrile complexes, (qz—CH2=CRCN)Fp+, which added
nucleophiles regiospecifically at thea-carbon, giving NuCH,-
CR(CN)Fp314,

Vinyliron compounds Cp*LzFe-CH=CH2 [L = Me,Ph,_3P] reacted
with ethene by insertion into the Fe~C bond. After a hydrogen
shift, (q3—croty1)FeCp*L resulted257. A similar product also
formed when FpCHy-cyclo-CqHeg was heated with triphenylphosphine
in hexane287, an X-ray diffraction study of CpFe(CO)(q3—CH2--
CH--CH-CH=CH-CHy has been reported. Protonation with HPFg gave
CpFe(CO)(q4-2,4—hexadiene)+ PFg~ (X-ray structure)27l, A series
of analogous salts, Cp*Fe(CO)(r\4-—diene)+ BF,~ was prepared by
photochemical reaction of Fp*(THF)+ with dienes. A Bronsted plot
involving rates of addition of amines to the cations indicated
them to be "soft" e1ectrophi1es315.

(qs-cyclohexadienyl)FeCp compounds, produced by addition of
carbon nucleophiles to AnFeCp*, underwent loss of the elements of
HFeCp, giving free arenes, upon treatment with 2,3-dichloro-5,6-
dicyanobenzoquinone. An example is shown in Eq. 40316, Reaction
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)\
H

(40)
Cl FeCp Cl

of 2-ethynylpyridine with Fp-Ar under rigorous conditions (re-
fluxing decalin) gave 67 (X—ray)266.

The rather puzzling product 68 resulted when tricarbonylbis-
(cyclooctene)iron or (butadiene)tricarbonyliron reacted with the
free borole. The electron-~deficiency of the iron in 68 might be
relieved by means of a 2-electron 3-center interaction with the
C-H bond; however, based on spectroscopic similarities to the
isoelectronic CpCo(borolene), the hydrogen was taken to be anti
to the tricarbonyliron group317. A crystal structure would be
welcome. With a less highly substituted borclene, the paramagne-
tic 69 formed317. 69, for which a crystal structure was repor-
ted, may be viewed as an ionic salt of high-spin Fe2* with two
anions from deprotonation of the (borolene)Fe(CO)y complex analo-
gous to 68. A related triple-decker borole complex, CpFe(p,qs—
C4H4BPh)Co(q5-C4H4BPh), has been reported318. |

@ A
S el A

FeCp Ft fe Ft
(co) o
é : 6 H \ [
Ar 67 68 69
The bis{(carborane)iron compounds, (RR'CoByH4),FeH,, 70, in-
corporating 2,3~carborane skeletons with R = benzyl and R' =

benzyl(tricarbonylchromium), were prepared and oxidized as a
means of fusing the carboranes into larger RyR';CyBgHg ones319,
Extended Huckel calculations on six-vertex ferraboranes have been
carried out320,

Reaction of Fpl with pyrrole (and indole} in the presence of
di-isopropylamine and sunlight gave the ql Fp~NCyH4. In reflux-
ing benzene, this was converted to CpFe(n-C,H,N), azaferro-
cene321l, Formation of a phosphaferrocene, 29, was shown in Eq.
998, another route to phosphaferrocenes involved displacement of
arenes from (qs—C5H4R)Fe(An)+ [ R = acyl groups, COyH, Me,
CH,NMe,] with phospholyl anions322,

Reaction of l-phenylarscle with FeCl, and lithium metal
produced bisOqs-arsolyl)izon or diarsaferrocene, (C4H4As)2Fe323.
l,1'-Diphosphaferrocenes underwent one-electron oxidation with
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TCNE in the presence of water; Mossbauer spectra of the neutral
and oxidized forms indicated a different frontier orbital in
these compounds than in ferrocenes324. 3,3',4,4'-Dimethyl-1,1"'-
diphosphaferrocene underwent Friedel-Crafts acylation at the 2
and 2' positions, and the acyl groups could be protonated with
strong acids323, wWhen solutions of diphosphaferrocenes in aroma-
tic solvents were treated with aluminum chloride, ring exchange
occurred to form (qS—C4R4P)FeAn+ 326,

Reactlon of Fp*z with P4 in xylene at 150° produced
Cp Fe(q —P ), a pentaphosphaferrocene containing a pentaphospho-
1yl rlng . Other phosphorus-rich ferrocenes were prepared by
reaction of the 3,5-ditert-butyl-1,2,4-triphosphacyclopentadien-
ide ion [from RC=P and P(SiMej3), ] with FeCl,. In addition to a
30% yield of the expected hexaphosphaferrocene, Fe(RyCyP3)5, a
10% yield of (R3C3P,)Fe(R,C,P3) was obtained. Both were charac-
terized by crystal structures 28, . The same pentaphosphaferrocene'
was also obtained directly from RC=P (Eq. 41)329

e v;ﬁ;%»ﬂ?*-

(41)

’P P

Scheme I summarized the utility of (qs—benzene)Fe(PMe3)2, 1,
as a precursor to a variety of organoiron compounds, including
(qf—benzene)&\—d1ene)1ron compounds4. Isomerization of bis(qs-
cyclohexadienyl)iron to (n -benzene)bq4—1,3—cyclohexadiene)iron
has been notedl?3. 1t is amusing to note that this reaction,
which formally involves only moving a hydrogen atom from one
ligand to the other, constitutes a reduction of the iron from
Fe(II) to Fe(0) according to the artificial conventions used to
define oxidation states. Hydride abstraction from (qs-cyclohexa—
dxenylFe(CO)(p—CO)zFe(CO)Cp gave the cationic "mixed dimer" hav-
ing a G\ -benzene) r1ng 02

A series of 2-substituted biphenyls were converted to (qf—
C6H5-Ar)FeCp salts; in all cases, the ircon was coordinated to
the unsubstituted ring. 13¢_NMR and Mdssbauer data were obtained
and correlated with substituent parameters. The CpFe+CSH5 group
was found to be comparable to a cyano group as an electron-
withdrawing substituent330, Variable temperature NMR study of
(qs—hexaethylbenzene)FeCp+ revealed multiple stereoisomers re-
sulting from hindered rotation of the ethyl groups331. Mdssbauer
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studies of substituted AnFeCpt have been performed, and the
quadrupole splitting correlated with various substituent parame-
ters332.

Previously mentioned was the displacement of arene rings
from AnFeCp+ by phospholide anions to form phosphaferrocenes321.
Arene displacement from (p-xylene)FeCp+ has also been used to
synthesize some complex ferrocene derivatives333. rThe photochem-
istry of arene displacement reactions, as affected by arene
substituents, has been studied in some detail334,

A more common result of nucleophilic attack on CpFeAn+ is
addition of the nucleophile to the arene ring to form a neutral
(qs—cyclohexadienyl)FeCp product. The addition of hydride ion
from NaBH, to fifteen (PhY)FeCp* cations has been studied by high
resolution NMR. With Y = NMe,, addition occurred exclusively
meta and para. At the other extreme, with ¥ = NG,, only ortho
addition occurred. With other substituents, all three products
formed, depending on the electronic character of the substi-
. As expected from the above results, cyanide ion at-
tacked (PhNOz)FeCp+ ortho to the nitro group. Reaction of cya-
nide with other arene complexes, including those of polycyclic
arenes, generally followed a similar course336, Nitronate ions
reacted with (qﬁ—Q—C6H4C12)FeCp+ with displacement of one chlo-
ride337. 2,5~diphenylphospholide anion likewise displaced chlo-
ride from (C5H5C1)FeCp+322. p-Diketone and S-ketoester anions
generated ip situ using KF/Celite displaced chloride from chloro-
and dichlorobenzene—FeCﬂ'cations to form arylated products in 73-
80% yields338,

(qs—Toluene)FeCp+ was deprotonated by KOCMe3 in THF to form
71, which reacted with He3SiC1, MeI, and PhCH2C1 at the exocyclic

carbon2¢0,
- >
F'| 3 «— Fet
> <>
71

Electrochemical reduction of (p-qs,qF-thianthrene)bis(FeCp+)
and its monoiron analog have been studied339. The neutral,
nineteen-electron Fe(I) species Cp*FeAn have been found to be
considerably more stable than the corresponding CpFeAn. ESR
studies indicated that CpFe complexes of polycyclic aromatic
ligands housed the extra electron in arene ™ orbitals, whereas

Cp*Fe complexes had it localized in an iron-based orbital340,
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Reduction of (p-nﬁfqﬁ—biphenyl)bis(FeCp* *) electrochemically or
with sodium amalgam gave the stable bisOqs)— product 46, charac-
terized by a crystal structure?®l. Four reduction stages could
be observed starting from (p—triphenylene)(FeCp*)2+. Some stable
mixed-valence compounds derived from partial reduction of poly-
cyclic arene-(FeCp+)2 have been isolated2°1.

Mdssbauer spectra of powder samples of CpFeCgHg and methyl-
ated derivatives over a temperature range of 4-300 K indicated a
dynamic Jahn-Teller effect in these nineteen-electron com-
pounds341. S0lid samples of CpFeAn+ (TCNQ) 5  [An = mesitylene,
hexamethylbenzene; TCNQ = tetracyanoquinodimethanel have been
studied by a variety of physical techniques, which indicated
semiconduction with a temperature-dependent activation energy342.
The thermal activation was held to involve reverse electron
transfer from TCNQ™ to the cation343,

Controlled-potential reduction of TCNQ in the presence of
(qs—An)zFez+ [An = CgMegl] allowed formation of a black, conduc-
ting AnjFe:4 TCNQ phase, as well as a purple, poorly conducting
An,Fe:2 TCNQ phase, depending on reduction potential344. Linear
chain organometallic phases, Oqs—mesitylene)zFe2+ Cs(CN)sz' were
prepared by direct combination of the two ions or by electrore-
duction of hexacyanobenzene in the presence of the AnzFe2+. The
crystal structure showed mixed stacks of alternating cations and
anions345,

Reaction of [nido-7,8-C;BgHyj3]1” with FeClj
and Et,N in toluene or p-xylene led to formation
of mixed closo-3- (qs—arene)—3,1,2—FeC239H11, 72,
incorporating the solvent as a ligand to iron346,
Smaller carborane-arene mixed complexes were ob-
tained by arene displacement of cyclooctatriene
from (qG—Caﬂlo)Fe(Et2C284H4) or by coreaction of
Et,C,By4Hg~ and arene dianion with FeCl,. Arenes
included naphthalene, fluorene, [2.2]-paracyclo-
phane, and 9,10-dihydroanthracene. Reaction with Me,NCH,CH,RKMe,
removed the apical BH group, dgiving nidg—0n6-arene)Fe(Et2C233H5)
(Eq. 42) 347, Analogs of these complexes having C-benzyl groups
rather than C-ethyl groups have also been made by similar meth-
ods, and the pendant phenyl rings were successfully coordinated
to tricarbonylchromium groups348.

& ARENES & —\
) ARENE » Me,N NMe,
Cee R=H, Me
CeMee (42)

ecr CeHgMey
o8H CeHgMe
CeHg—CeHg
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(’qG—cycloheptatriene)FeCp+ yielded up a hydride ion upon
reaction with Ph3C+ in solution, to form 0q7—C7H7)FeCp2+, but the
dication was not isolable, in contrast to isoelectronic AnzFe2+
and to its ruthenium analog349.

9. BIMETALLIC COMPOUNDS
4. Diiron Compounds. Derivatives of Fe,(COlg

NMR studies of "Roussin esters,”(P-SR)zFez(N0)4, examining
l5N, 13C, and lg nuclei, have shown the presence of two isomers
in solution, with R groups cis (C,,) and frans (C2h)35°. For all
R groups examined except fert~butyl, the two isomers were present
in equal amounts; the tert-butyl compound favored the Coyy form
351, Reaction of "Roussin esters™ with MoS42' gave mononuclear
species, Fe(NO),(SR),™, Fe(NO),(S,M055)™, and Fe(NO) (S,M0S,) 52~
352, cChemical reactions of some phosphorus analogs with diio-
dides RCHI, [R = H,Mel have been explored; some of the results

are summarized in Eq. 43353,

‘! 0

PNl NN

ut N N V4 L
Y LH-o g E\ RCHI, 1 1 (a3

ON)LFEEe(NO), 2 RCHIz o A
INI2Fe F 2 60° (ON)zFlz\—/-Fc(No)z
i~ ) R

Protonation of (P—CO)(P—RzPZPRz)zFeZ(CO)4 [Z2 = CHy, R = Me,
Ph; Z = NEt, R = various alkoxy groups)] gave in all cases cations
with hydride bridges, (p—CO)(p-H) (p-RyPZPR,) Fe,(CO) 4t 354,  Hal-
ogenation of the same compounds gave cations with axial Fe-X
bonds, which underwent decarbonylation to give halogeno-bridged
species analogous to the hydrides355.

Preparation and characterization of BjHgFe,(CO)¢ and its
conjugate base have been described, along with a study of fluxio-
nal processes which interconvert terminal and bridging hydrogens
in each33®, Reaction of RoSn [R = CH(SiMej3),] with Fe3(CO)jy,
gave {p-SnR,)Fe5(CO)g, whereas use of Fe5(CO)qq-

(NCMe) instead gave the unsaturated cluster (P— EK
SnRy) ,Feqy (CO) g, 73357, Reactions of Group 14 Ff \\Ft
compounds [GeI,, Sn(OAc),, Pb(OAc),] with Fey- /
(00)92“ gave cluster compounds. With Sn and Pb, ?Q

dianions QFe4(CO)162' were obtained, which were
reversibly oxidizable to spirocyclic neutral com- 73
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pounds (Eq. 44). With Ge, the spirocycle also formed upon oxida-
tion, but the reduced form was a FejGe cluster338,

©CFe \ /F e(COly (0C)aFe \Q/F‘ (COy
(oc) 4_Fc/ \Fe(C 0)4_ Z € (0C), Fc Fe(CO)q_

(44)

Photochemical substitution reactions of (bipy)Fe(CO),(p-
CO) yFe(CO)3 with phosphines resulted in displacement of a CO from
the iron bonded to the (bipy) group. Photolysis of (pyridine-2-
carbaldimine)Fe;(CO)¢ complexes at low temperatures resulted in
changes in coordination of the organic ligand (Egq. 45)359,  pro-
duct 74 and Fej clusters resulted from reaction of RyN-P=NR [ R =
SiMe;] with Fe3(CO);, at 90° 360,

O
@ Ch ,3&:%

t I'BSK C

?%::N/J: SfF © 0 (yp
) C (45)
Extended Huckel calculatlons have been performed on M3E,
clusters having 5 skeletal electron pairs in order to interpret
their preferences for tetrahedral [e.g. (p-CyR5)Ft,;] or butterfly
le.g. (p—PyRy)Ft,) geometries36l, 75 [y = P(NEt,)Cl, Z = C1l
resulted from reaction of Et,NPCl,—>Fe(CO), with nonacarbonyldl-
iron, along with tri-iron clusters88., Reactions of 75 [Y = =
PPhLi] with various difunctional electrophiles have been investi-

NHR
R\q*

./ N—R (O C)5Fe
R

74 75
gated. Organic halides alkylated the phosphorus atoms, and di-
halides produced organic bridges between them. Deprotonation of
the o-xylylene-bridged compound at -20° resulted in displacement
of phosphorus from iron by the resulting carbanion (Eq. 46)362,
75 [Y = 2 = PHPh] gave Michael additions to «,8-unsaturated
esters and ketones in the presence of piperidine. With some
simple ketones, bridged products resulted from addition of one
P-H group to the C=C double bond and the other to the carbonyl
group363. Reactions of the dilithium salt 75 [Y = Z = PPhLil
with 8,C1, at -10° gave di- and trithio derivatives having one-

/fc (co
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; Buli Mc\ (46)
O

Ft-—-—Ft

and two-sulfur bridges, with or without insertion of an addition-
al sulfur atom into a P-Fe bond3%64,

Other bridged derivatives of 75 resulted directly from reac-
tion of R,NPCl, [R = Me,CH] with Na,Fe(CO),. In ether, this
produced 75 [Y-Z = -P(NRy)-C(=0)-P(NRy)~1, and in THF 75 [Y~-2 =
=P(NR,) -P(NR,) ~P(NR, )-187+365  These and several related minor
products were all characterized by X-ray diffraction87. with
Et,NPCl, in ether, an initial product (Et,;NP)3Fe5(CO);, underwent
decarbonylation at room temperature to form 76

Reaction of SbCly with Fez(CO)sz' produced 75 [Y = Z = SbFe-
2(C0)g, the crystal structure of which was independently
determined by two different groups366'367.

Reaction of Sg with HFe3(CO) 1~ at -70° gave SyFe,(CO)g, 77,
and S,Fe3(C0)Jg. Reaction with thiols RSH gave 75 [Y = Z =
RS]36& Reactions of dithiocarbonates with Fe;(CO)g also pro-
duced the latter products, (p-SR);Fe;(COlg, in a complex reaction
which resulted in redistribution of thiol groups when unsymmetri-
cal dithiocarbonates were used. 75 [Y = SR; Z = RSCO] were iden-
tified as intermediates in some cases3%3., Reactions of dithio-
esters with iron carbonyls under ultraviolet irradiation 1led,
depending on R, to three classes of products (Eq. 47)370,  7The
anion 75 [Y = SPh, 2 = SLil] attacked the carbyne complex
CpRe(CO)2==CPh+ at low temperature to form 75 [Y = SPh, 2z =
SC(Ph) =Re (CO) ,Cp1371.

]
RS 0
R R
s FelcO, R~A—s SN R S
RESR—-——-)!'* /\/S‘R + U Ft + l (47)
Ft—Ft S-lfﬁ_s\ ‘ Fte “‘Ft
R R

Bridge formation resulted when ethene inserted into the S-S
bond of 77 under photochemical conditions, forming (p-SCH,CH,S)-
Fe,(CO)g. One sulfur atom in the product could be oxidized by
peracid to the S-oxide. The (p-dithiocarbonato) complex resulted
from photoinsertion of CO into the S-S bond of 77372, Reaction
of 77 with PA(PPh4), resulted in insertion of a Pd(PPh3) 5 group
into the S-s bond3’73,

Reaction of propanedithiolato-bridged compound, (p-SCH,CH,y-
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CH,;S)Fe,(CO)g, with alkyl-lithium reagents, followed by Et30+,
gave the carbenoid derivative 78374, Reaction of bridging dithi-

/ [1] 3
T e (O

\N— Ft—|— t N C_O
N\ « F{ S F a-

N—P—
~ N Felco), RQ—OEt

N
r- > 76 77 78

olato complexes with LiN{CHMe,),, in contrast, led to deprotona-
tion of the bridges. 1In the case of the ethano bridge, elimina-
tion resulted in formation of 75 [Y = S-CH=CH,, Z = SLil. 1In
other cases, rearrangements similar to that in Eq. 46 resulted.
One sequence is shown as Eqg. 48375, peinsertion reactions of

Fe— Ft—
LDA (48)
P4¢-§}‘R 1SR \\y -
Mel 1“—.R
t Nl \'Nn.
S—|—Ft F

alkenes from ethanedithiolato-bridged complexes have been ob-
served when the complexes were treated with oxidizing agents.
For example,(p—SCH2CH(SiMe3)S)Fe2(CO)G. gave trimethylvinylsi-
lane {and 777?) upon treatment with CuCl, or nitric acia3’6,

Some guite elaborate products, such as 79, resulted when
triethyl dithiocarbamate was allowed to react with Fe(CO)g under
irradiation377,

The mechanism of Reppe hydroformylation of ethene in basic
Fe(CO)g solutions has been investigated. The key step in the
catalytic cycle was identified as Eq. 49378,

RCOFe(CO) 3~ + HFe(CO) ,~ —> Fe,(CO)42~ + RCHO, (49)

Reaction of (p-CH,)Fe,(CO)g, 80, with alcohols and CO has
been reported to give 6% malonate esters CHy(COR)5 along with
acetates CH3C02R379. Based on work with triosmium clusters, a
new mechanism for the formation of the latter products has been
proposed (Eqg. 50)380,  Ingertion of ethene into a Fe-C bond of 80
has been investigated by means of MO calculations, which led to
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0 (0 0
ROH —‘( (50)
(OCly. Fe—rFe(COly, =F§—Fe— Fe, OR i 0 OR
CO)7H
80 (COrr + SFeE==Fez ?

the scheme shown as Eq. 51381. The cycloaddition step shown
appears to the reviewer to be an exact organometallic analog of a

/,

/e
¢“

AS
ey
;Fc.__
D —
—

* =, Sfe—F<
==Fe(CO —re—fre—
(0C)Fe==Fe(CO)q R (51)

CH
80 2 X

1,3-dipolar addition reaction. Reaction of 80 with ethyne in
toluene gave products of single and double insertion (Eq. 52)382,

80 + HC==CH —> (\ : : <7\/<> (52)
4 c——Ft

(0C)
1GA
Treatment with Fez(CO)g induced decomposition of 3-azido-
1,2,3-triphenylcyclopropene, to form PhCN, PhC=CPh, PhCOC{(Ph)=CH-
Ph, and 2,3-diphenyl-l-indenone. A& different result, formation
of triphenylpyrazole, was obtained upcon reaction of the isomer
4,5,6-triphenyl-1,2,3-triazine with Fe,(C0) 383,

[V CHz \
R Pi
fﬁ}(f‘ I'\'IC ——Si/’-_é‘\ /IKF{'/ si—
- {S\F Ft \__ ( '\_‘ o j? /

79 81

Reaction of 2 with ethene at 7 atm. gave the (p-vinylidene)
complex 815. Protonation of the zwitterionic {(p—-alkylidene)
species 82 [made by addition of diethylamine to the (p-phenyl-
ethynyl) precursor] occurred as expected on iron, giving (p~H)I[p-
CH-—C(-—NEt2+)Ph][p—Pth)Fez(CO)6384 Reaction of benzoyl chloride
with NajFe(CO}, gave 83, with a somewhat unusual three-coordinate
oxygen atom (X-ray structure) 385,

Replacement of two CO ligands in (p-SMe)[p-C(OR)S1Fe,(CO)g
with first trimethyl phosphite and then deuterated trimethyl
phosphite gave a mixture of isotopomers, with the deuterated
phosphite on each of the iron atoms. This was taken tc indicate
rotation of the [p-C(OR)S] bridge relative to the Fe-Fe bond
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Ph +/
H — Ph . E‘tO\(\”—OAc
Fig—Fo /ZKT:;ga; Ftge/——
pl PR i Tt
2N Ft S
Ph  Ph /k
82 83 84

during the substitution process386. Reactions of Lil(p-RS) (p-
CO)Fe,(CO)g with electron-deficient alkynes have been studied.
An exemplary result is presented in Eq. 53387, Reaction of the
same species with ethoxyacetylene followed by acetyl chloride
gave 84. Under other conditions, products with bridging acyl
groups, EtOC(=CHy)-C(=0)-, formed388,

0 € 2
E//Sk\\\Ft1u—E—E . . ; < (53)
t\S/ 2. H" D, ~ Ftr\ —Ft

The binuclear "ferratrimethylenemethyl" complex 85, derived
from phenylpropadiene, underwent rearrangements upon heating (Eqg.
54), consecutively forming a "ferrabutadiene" and a ferrole com-

85 Ph Ph
(] . (=]
" _69_’ N h _1.3_o_.> ~. OH (54)
~
OC-FE——Ft OC Ft—F¢t —F
plex389. Photolysis of Fe(CO)g in the presence of triarylketen-

imines, Ph,C=C=NAr, gave principally organic imidazolidinone

th Ph. . Ph
Ph F; Ft //Wii;?r
PH T P

NAr

I

86 87

products, accompanied by a 25% yield of 86390. Fluxional inter-
conversion of the two non-equivalent irons in 86 may be inter-
pretable in terms of intermediate 87. Reaction of 86 with phos-
phines gave products with the phosphine on the q3—bound iron. 1In
the case of trimethylphosphine, a benzoferrole product also
formea3dl,

A more elaborate benzoferrole, 88, resulted directly from
reaction of triarylketenimines with Fez(C0)9390. Low yields of
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ferrole complexes. wvere also formed when Me3SiC=CNEt, reacted
thermally with Fe(CO)g; with Fey(CO)g, (Me3SiCCNEt,)Fe,{(CO)g,
with a structure probably analogous to 86, formedl65, The elec-
tronic structure of the simplest benzoferrole complex (OC);Fe(p-
r@,q4-C4H4)Fe(CO)3 has been probed by UV photoelectron spectro-
scopy and theoretical calculations392,

89 [L = COJ] reacted with triphenylphosphine at 20° to form
89 (L = PPh3]. At higher temperatures, decomposition to
(Ph4P) ,Fe(C0O) 3 and PhCH=NPh resulted393, fThe crystal structure
of 90, the product of reaction of bis(trimethylsilyl)ethyne with

(p~COEt) (u-CH=CH,)Fe,(CO)g, has been determined394,

P
h Nﬁ' A OEt
7 N e ) PR e
L/*N Lk
el CC
88 0§ a9 90

Additional examples of unusual products resulting from at-
tempts to generate metal-carbene complexes were production of 91

{¥Y = 0 or NMe]l from 0o-MeYCgH Li and Fe(CO)g, OFt
followed by Et30+ 374, Reactions of tungsten-

carbene complexes with Fe(CO)g under photochemical Et— T
conditions led to hetero- and homo-dimetallic p- l’

alkylidene complexes. An example is shown in Eqg. /X

55. (0C) 4Fe=C(QOEt)CH,CH,CH=CH, reacted with ex-

tensive hydrogen rearrangement to produce a pro- 91

duct structurally analogous to those shown first in Equations 52

and 54395,

OR Fe(CO)
e\l O)g
(0C)W=C ™ A OR
s \ Fte (55)
OR RO Flt/

Reaction of anthracene with Fe,;(CO)lg at -20° with ultrasonic
stimulation afforded (pnf,qf—anthracene)Fez(Co)s, a tetramethyl-
eneethene derivative, not obtainable by thermal means, nor from
the known (1—4q4-anthracene)Fe(CO)3396.

b. Derivatives of CpyFej(CO),
The UV photoelectron spectrum of [CpFe(u-NO)]l, has been

obtained and interpreted through use of SCF calculations, which
indicated that the electron deficiency created by ionization from
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an iron 3d level was compensated for by transfer of charge from
the Cp rings397. Electrochemical studies of [CpFe(p-NO)1, and
ring-methylated derivatives have been carried out. Ring methyla-
tion made reversible one-electron reduction progressively more
difficult. Crystallographic studies showed Fe~Fe distances of
2.326(4) A in the neutral methylcyclopentadienyl compound, and
2.378(1) X in the radical-anion, consistent with the odd electron
occupying a Fe-Fe antibonding orbital398.

Reaction of FpC(=S)SFp with Fe,;(CO)g produced the "double
dimer” 92 in 9% yield399. Cleavage of Fp,, and its derivatives
having 1-4 CNMe groups replacing CO groups, by halogens and
mercuric compounds has been studied. With HgY, [Y = X, F, NO3,
BF,4], CpFe(CNMe),Y and FpHgY cleanly resulted from [CpFe(CO)~-
(CNMe) 1,. Intermediates with the electrophile coordinated to a
bridging CO or CNMe group were implicated4°°. Reaction of the
same compounds with AgY gave isolable intermediates 93 in the
case of the bis(isonitrile) compounds. In general, two-~electron
oxidative cleavage resulted from treatment of dimers with AgX; in
acetonitrile, however, a one-electron process resulted in forma-
tion of CpFe(CO)(L)(NCMe)+ and CpFe(CO)(L)* [L = CO or CNMel, the
latter trappable with CHBr3401. Reactions of these dimers with
Sn(IV) compounds also resulted in isolable adducts analogous to
93 in many cases. - In nucleophilic solvents, breakdown to mono-

iron products occurred?0?, Me +
C CO c\N/Ae‘-PPF'B
PRt Ft™ C //)L\\ C
+ /iIN P~ ald
0 —CS Fe—Fe
\ I ¢’ ke
e Ft N
8 0
Cp CO 0 Me
92 93

Fpp and analogs containing one or two isonitriles catalyzed
ligand exchange reactions of Fe(CO)y, and the reactivity could be
tuned by modifying the number and type of isonitrile(s) 108, Fpy
and derivatives have also been used catalytically to incorporate
alcohols into triruthenium c1usters403, and as chain transfer
agents for molecular weight control in free radical polymeriza-
tions404,

Syntheses of several classes of ring-substituted Fp, deriva-
tives, generally by reaction of substituted cyclopentadienes with
Fe(CO)g, have been reported. Examples include derivatives with
silyl substituents, -SiMe,OEt and -CH,CH,CH,Si(0Me) 3213, with
pinene-annulated cyclopentadienyl rings 5, and the benzannulated
(indenyl) compound, [q?—(cgﬂ7)Fe(p-CO)(CO)]2133. Photolysis of
the latter at 77K in an alkane matrix resulted in CO loss, for-
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ming (n°-CgHq) Fe(p~C0)5Feln ~Cqli;) 133,

The "open Fp" or "Fop" compound, (q5-2,4-dimethy1pentadien-
yl)Fe(CO),I, has been converted to Fop, by reductien with sodium
amalgam and to FopFp by reaction with Fp~ 187, rhe crystal
structure of Fop, showed a ¢ig structure similar to that of gig-
Fpy, but with the Fe-Fe bond lengthened by
0.08 Al88, 1n a similar manner, (qs—cyclo- o
hexadienyl)Fe(CO),I gave the mixed dimer, F:£ ,C
(CgH7)Fe(CO) (p-CO) ;Fe(CO)Cp, along with homo- Cl YF"\
dimer [(CgHy)Fe(CO),),, on treatment with O O ¢ —)—
NaFp. The mixed dimer transferred a hydride
ion to PhyC* to form 94202, 94

Photolysis of FpSiMes in the presence of RSiHj afforded
silylene bridged products, CpFe(CO) (p~-CO) (y-SiRH)Fe(CO)Cp. The
crystal structure of the product with R = tert-butyl was deter-
mined?16,

Fenske-Hall MO calculations have been applied to interpre-
ting the reactivity of methylene- and methylidene-bridged bime-
tallic compounds, including CpFe(CO) (p-CO) (u~CH,)Fe(CO)Cp (95),
CpFe(CO) (p-CO) (p-CH*)Fe(CO)Cp (96), and CpFe(p-NO),(p-CHY)Fe-
Cp406. A complex solid state deuterium NMR method applied to 95-
d, has indicated the charge on the methylene carbon to be 0 +
0.17 electron?07. Reactions of 96 with diazo compounds produced
(p-alkenyl) products 97, as exemplified in Eq. 56. 97 [2 =

+ 0 C /"K ,o
C P C
B\F }: \\F i*
\

P

(56)

0
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\
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~l (T/

2 = H, Me, SiMe3, CO5EL 3
COEt] added nucleophiles at the ester-bearing carbon, and under-
went reductive dimerization at the same position when treated
with aqueous NaHCO3 in acetone?08, 96 reacted with alkynes to

form (p—ql, qf-dienonyl) complexes (Eqg. 57409, The (P-propyli—
Ph
C C c
"E [ PhCSCH ——— \F *
96 ——Ffe * Fhis e €
¢’ \CP & \CP (57)
0 0] 0 0

dyne) complex, CpFe(CO)Qr%X»(p—CEt)Fe(CO)Cp+ reacted with Me;Si-
N3 under a CO atmosphere to form EtCN, Fp,, and CpFe(CO) (p-CO) (p~
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C=CHMe)Fe(CO)Cp. Similar reactions were observed for two other
alkylidyne complexes410.

¢. Heterobimetallic Compounds

Fp-MCpy [M = U, Th]l were prepared by reaction of CpjMCl with
Nan205 The M-Fe bonds were readily protonolyzed by CF;CH,OH or
acetone, forming Fszos FpH reacted with Ti(NMe,y), to afford
Fp-Ti(NMe,)3, which had a Fe-Ti bond length of 2.567(2) A, and
ligand dispositions which suggested some wm~character in the Fe-Ti
bond41l,

(OC) 3M(p~DPPM) ,Fe(CO) 5 [M = Cr, Mo, W] have been prepared,
and the mclybdenum example has been characterized by X-ray
crystallography, which indicated a weak Fe—>Mo bond of 3.047(5) A
length. Protonation with HBF, gave a product with a terminal M-H
pond?12, (0C) 4Fe(p~DPPM)Mo(CO) 4, like its doubly-bridged analog,
also showed a weak [3.024(5) Al Fe—»Mo bond413,

Several full papers from the Bristol group have described
the chemistry of compounds derived from coordinating the formal
triple bond of CpM(CO),=C-Ar [M = Group 6 metal, Ar = p-tolyl]
with iron carbonyl groups. Scheme IV summarizes a humber of the
types of compounds and transformations reported. Formation of
98-100, and the reactions of 98 were most extensively described

SCHEME 1V
M==CAr / Ar O Ar
Fe(CO)x M Ft e

for the case M = Cp*W(C0)2414. For the case M = CpMo(CO},,
reaction with Fe,;(CO)g gave only the more saturated product 99
and the trimetallic cluster 100. Reaction of 99 with oxygen
occurred as shown in Scheme IV; reaction with sulfur gave not
only the product shown there, but alsc an analog of the oxygena-
tion product, with bridging § instead of 0415. Products 98 and
99 having M = [hydrotris(pyrazolyl)boratelMo{(CO), have also been
prepared from the alkylidyne precursors‘u7 Reaction of 99 [M =
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CpMo(CO)3] with trimethylphosphine yielded monosubstitution of
rhosphine for iron-bound CO. The phosphine-substituted analogs
of 98 and 99 1nterconverted readily with gain or loss of a co418,

98 [M = Cp W(CO) 1 reacted with diphenylacetylene at 85° to
afford (OC)3Fe[p,q M —C(Ar)C(Ph)C(Ph)]M. Reaction with 2-butyne
proceeded at 0° as shown in Eq. 58419, but 99 [M = CpMo(CO);]
behaved differently (Eq. 59) 420,

Ar
. /\+ —_ > CP/I —Fc * pr (58)
CpW===F¢ 55% 7/0

ccC
0 0
Avr
% Ar
+ = ) h/ + (59)

CpMo——FE CO Cg oY =re

| P

¢t N

00 0

Reactions of 98 [M = Cp*w(CO)zl with diazomethane were shown
in Scheme Iv414, piazomethane reacted with 99 [M = CpMo(CO) 51 at
rocom temperature to produce 101 (Scheme IV), but at -40°, 102
resulted?2l, rThe diverse results obtained from the CpMo systems
as compared to the superficially similar Cp*W analogs suggest to
this reviewer that boring predictability is not yet at hand.

Lending further support to this view are studies of the
reaction of anionic (qS—MeZCZBQHQ)W(CO)ZEECAI" with iron carbo-
nyls. Depending on the aryl group and amount of CO present,
products formed included an unsaturated species analogous to 98,
a product with iron o-bonded to a boron of the carborane ligand,
and a trimetallic species with two such Fe-B bonds422, 423,

The terminal tungsten-carbene complex (OC)gW=C(OEt)CH=CHMe
was converted to the bridging alkenylidene complex 103 upon
photoreaction with Fe(CO)g 395, Reaction of Se42+ with Fep(CO)g
and W(CO)¢ yielded the tetrahedrane like cluster, (OC) Fe(pz,nz-
Sez)Mo(CO)52+, characterized by X-ray crystallography

LA

(O C)sw—' Ft

102 103
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Turning to comparatively straightforward Group 7-iron com-
pounds, Fe(CO),(DPPM) was converted to (OC),Fe(u~DPPM)Mn(CO)3Br
by reaction with BrMn(CO)g. The product reversibly added CO with
rupture of the Fe-Mn bond413,

Irradiation of Fp*—Mn(CO)s at low temperature led to CO
loss, forming (presumably) Cp*Fe(CO)QPCO)Mn(CO)4[E§iMn1. Reac-
tion with phosphines resulted exclusively in addition to Mn. The
resulting Fp*Mn(CO)4PPh3 was labile with respect to thermal Fe~Mn
bond cleavage425. Thermal reaction of RNC [R = tert-butyl, 2,4-
dimethylphenyl]l with FpMn(CO)g resulted in formation of CpFe(CO)-
(CNR)2+ Mn(CO)g~, with substitution on iron rather than manga-
nese, in contrast to the foregoing photochemical results. How-
ever, reaction of FpMn{(CO)g with Me3NO in acetonitrile gave the
manganese-substituted product, FpMn(CO)4(NCMe)426. quite possibly
via the analogous unsaturated intermediate, formed upon CO loss.
Substitution reactions of the rhenium compound FpRe(CO)g occurred
exclusively at rhenium, whether conducted thermally (90°) or with
MeyNO%27,

Reaction of CpFe(CO) (p~CO) (u-COMe) Mn(COICp' [Cp' = CgHyMel
with "Grevels' reagent" (Eq. 60) gave a trinuclear FeyMn cluster,
104 (Y = COl, which upon reaction with diazomethane gave (in
part) the (p-methoxyvinyl) product shown?28, The overall reac-
tion amounted to addition of a methylene group to the initial
C=Mn bond. When CpMn(Co)z(nz-HCElCCHZOH) was allowed to react
with Fe;(CO)g, the product was the trimethylenemethyl analog 105

(X-ray structure) 429,
OMe OMe o Mg
(.8 . FelCO);, — C FAY-/ :‘?C&" Cp (60)
Cr::c MhCP+ [ A 3 P CY nCP CPE — ;\
& 2 0 ¢ \}‘CP'
0 0 104 \?aizﬁ;” 6 O

Preparation of the Fp, analog, CpFe(CO)(u-C0),Co(CO) (n-
C4H4BPh) has been reported318. Equation 61 shows the reaction of
a diester-substituted allyliron tricarbonyl anion with Co5(CO)g
to form a bridged Fe-Co product. The monoester [q3-
CH2C(C02Me)C=O]Fe(C0)3' reacted to form the simpler (u-ethenyl)
product, (OC)4Fe[p—C(C02Me)=CH2]C0(C0)3430. Reaction of 70 with
CpCo(CO)2 resulted in attachment of cobalt, to form 106, with a
Co—>Fe donor bond43l,

Synthesis and structure of (0OC),4Fe(p-DPPM)Rh(CO)C1l, 107,
have been reported. The Fe—>Rh bond length was 2.699(4) 432,
Reaction of the conjugate base of (RyPH),Fe(CO); [R = tert-butyll
with [Rh(q4~1,5—cyclooctadiene)Cl]2 resulted in formation of
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E

Me—o
/"I‘\\’,,—O 0
—_— (61)
3 Fe(co)g Ft—/.Co(CO)5
E

{(RoPH) (OC) ;Fe(p—~CO) (p-PRy)Rh(COD) (Fe=Rh). This, upon reaction
with phenylacetylene, formed a rhodacyclopentadienyl complex,
108433, Crystal structures of both products were reported; that
of the first product was subsequently found to have higher symme-

try than originally reported434. Q
R

Q 0 %0 O'C*l\?e—lz'p/—-R

¢ < A4
Cp Mn

ceC Ph Ph
o ¥ 0

0
105 108

Compounds with formal iron-nickel double bonds resulted when
Na,Fe(CO), reacted with (RPh,P),NiCl,, giving (RPh,P),Ni=Fe(CO),
or (RPh,P),Ni=Fe(C0O)3(PRPh,), depending on the mole ratio of the
reactants. These unsaturated substances reacted with diphenyl-
acetylene or azobenzene to give 1:1 adducts of uncertain struc-
ture435.

IFe(CO) 5 (n~DPPM) ,PdI was formed by reaction of 10 with
Pd(dibenzylideneacetone),. The terminal ligands on iron were
readily displaced by acetonitrile, and protonation gave a (p-H)
species®. oOxidative addition of (RyPHIFe(CO), to L,Pt(CyH,) IL
= Et3P, Ph3P, (PhO) 3Pl gave 109, in which equilibration between
terminal and bridged hydride could be observed in solution436,
The synthesis and structure of (OC)3;Fe(u-DPPM) (u-CO)PtBr, and
(OC) 3Fe(p-DPPM) (p-I)PtI have been r-eported437. The electron-rich
(0C) 3Fe(p—-DPPM) (u-CO)Pt(PPh3) (made by reduction of the dichlo-
ride in the presence of triphenylphosphine) readily added allene
or acetylene, forming 110 in the latter case. p-Tolylacetylene

added to give both regioisomers438.
SpNpL
RUR R\P/R f T
/P N / \ (0C),Fe—PtePPh;
- tL_ q--—-.u
Ft——Pt Ft——PteL

109 110
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10. TRINUCLEAR CLUSTER COMPOUNDS
2. Tri-iron Clusters

A statistical analysis of M3 clusters of Groups 8 and 9 from
the Cambridge Crystal Structure Database has shown a very pro-
nounced tendency toward the "magic number"” of 48 valence elec-
trons expected for a closed triangular array439.

The structure of Fe3(CO)12 in sclution has been studied by
EXAFS. In alkane solution, an all-terminal arrangement of CO's
was indicated (mean Fe-Fe distance 2.65 A), whereas in methylene
chloride increased bridging reduced the mean Fe-~Fe distance to
2.59 A440,  varjable temperature 3lp ana 13¢ NMR studies of
Fe3(CO)jgL, [L = P(OMe)y, P(OPh)3] showed several l,2-isomers. A
role was suggested for mobility of phosphite ligands in higher
temperature isomerization processes441. IR spectra of Feq(CO)j,
impregnated on carbon black have indicated the formation of some
Fe(CO)g, but not the HFe3(CO)11' commonly formed on silica442.

Laser—ion beam photodissociation studies of Fe3(C0);, showed
the formation of Fe3(CO)5_12+ by consecutive losses of CC, with
little disruption of Fe-Fe bonds?43. Likewise 366-nm photolysis
of Fe3(CO);, in 90 K glasses led only to CO loss; the Fe3(CO),,
formed added ethene or triphenylphosphine. At longer wavelength
(>540 nm), no photochemistry was observable in glasses at 90 K,
but photofragmentation occurred at 298 K in the presence of
ethene; the products were Fe(CO)n(C2H4)5_n [n =3-51%44,

Fe3(CO);, was reduced to HFe3(CO)y;” by N-benzyl 1,4-dihy-
dronicotinamide?43. The stretching frequency of the bridging CO
in dialkylammonium salts of that anion has been found to be
highly solvent-dependent due to hydrogen-bonding in ion pairs.
In the crystal, the di{isopropyl)ammonium salt showed hydrogen
bonds to the bridging CO and a terminal co448, The kinetics of
deprotonation of (p—H)(p3—SCMe3)Fe3(CO)9 by amines, to form ion
pairs, has been studied. The fastest rates and largest isotope
effects were found for the least hindered bases447,

It has been suggested that reaction of Fe3(CO)l;, with CO to
form Fe(CO)g requires catalysis by electron-transfer; a mechanis-
tic scheme has been proposed448. Reductive carbonylation of 2-
methyl—-2-nitrosopropane and nitronate salts, to form isocyanates
via nitrene complexes, also involved radical anion species such
as Fej(CO)p ;" 449,

111 resulted, along with 79, when Fe(CO)5 and Et2NC(=S)SEt
reacted photochemically377.

Photodecarbonylation of Fp3Bi led to the bismuth-capped Fe,
cluster 112232, Reaction of azoethane with "Grevels' reagent,"”
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bis{(cyclcocteneltricarbonyliron, gave 113, in which the azoethane
functioned as a six~electron ligand to the closed Fty cluster.
Heating 113 at 120° caused rearrangement to the open cluster (-
NEt)zFes(CO)g, having two four~electron nitrene ligands, in 75%
y1eld45

Several papers from the Huttner group have described the

\-’- B"' "'_\ /-
N Ft ’/5 k\\ N
A s—F’f-‘s( CrFeI=rece - —/}t

Ft—F Cp

111 112 113
chemistry of (p3—~PR)(p-CO)Fe3(CO)g derivatives, especially reac-—
tions with alkynes. They have recommended negative ion mass
spectrometry for characterization of metal clusters in general,
with examples drawn especially from these (p3-PR) clusters43l, &
summary of many of the transformations which occur in reactions
with alkynes appears here as Scheme V. Thermal reactions of
terminal alkynes with (p3~PR)Fe3(CO);y [R and 2 = various alkyl
and aryl groups; Y = H] gave (p-RP-CH=CZ)Fe3(CO)jq products452.
Photoreaction gave three types of isomeric products, depending on
R, ¥, 2, and reaction conditions453. The initially formed photo-
product shown in Scheme V was stable only for R = mesityl453 or
diethylaminoaa. Interconversions among the various products
were described in terms of "tandem isomerization," involving
interconversion of pentagonal pyramidal and trigonal prismatic
Fe3C,P skeletons by movement of pairs of atoms%®4. Reactions of

various products with trimethyl phosphite were also described4>4,
SCHEME V
¥ Rus A 2 N7
+*-
//P Y-=2Z \r +CO
Ft——l Ft \-"—{ —— R~—P|—=2Ft* Fe(CO)
+CO Ft' Ft /F . t/F 5

Z\’R‘P%/ 25° R\P/" R\P
-CO F g “‘F

Y
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Reaction of B%HSFez(CO) with nonacarbonyldiiron gave
H,BFe3(CO) g™, 114356, Fe3(CO)gCHy, 115, has been found to exist
in solution as three tautomers of similar energy. The conjugate
base formed by deprotonation of the tautomeric mixture had one
Fe---H---fe interaction. Reprotonation at low temperature formed

T"\;L
Zr- 17

114
tautomer 115c¢, which most closely resembled the anion in struc-
ture453. Dpirect interconversion of (p—H) 3{(p3-CMe)Fe3(CO) g, 116,
(structurally similar to 115a) and (p-H) (p~CO) (u3-CMe)Fe3{CO) g
under 1-4 atm. of hydrogen or CO has been observed. 1Indirect
conversion also occurred as a consequence of deprotonation of the
trihydride, spontaneous H, loss from the anion, reprotonation,
and carbonylat:.on456 UV-Photoelectron spectroscopy of 116 and
(p-H) (p3-H3BR)Fe3(CO) g has been interpreted in light of structur-
al data and Fenske-Hall calculations, and interactions of main
group element-iron bonding, hydrogen bridging, and charge
assessed?>7,

Thermal reaction of 117 [L = CO] with triphenylphosphine
gave 117 [L = PPh3], a displacement resction rather than the
simple addition that might be expected from the unsaturated
nature of 117438, Reaction of Ph,P(O)C=mC-CMeqy with Fe5(CO)g
proceeded with bifurcation of the C-P bond, to form 118459, The
ketenylidene cluster Fe3(C0)9(p3—CCO)2', 119, reacted with "hard"
electrophiles (acetyl chloride, ethyl and methyl triflate) at the
bridging CO group (Eq. 62), to form an alkoxyacetylide ligand.

OR

o ——
) 2 A (62)
F'Q"/’

Low temperature protonation gave an unstable, unsaturated alkyne
complex, which readily underwent scission upon warming to room
temperature to afford a saturated bis(alkylidyne)Fe5(CO)g com-
plex460 Extended Hiickel calculations have been carried out on
119 and its ruthenium and osmium analogs in an effort to under~-
stand why the iron and osmium species have the ketenylidene CO
bridging the C-M bond, whereas the ruthenium species has three

19
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(p-CO) bridges and a nearly perpendicular ketenylidene group461.

The crystal structure of 120 has been determined, and calcula-

tions performed on the rotational orientation of the COMe
462

group

LA
———Ft
O=F~pn Fe—4
Fh <>
117 118 120

Substitution reactions of the bicapped triangular clusters
(p3-Y) (u3-2)Fe3(COIg 121 (¥, Z = S, Se, NPh, PPhl occurred readi-
ly under condition of electron-transfer catalysis. Control of
reduction potentials allowed clean selection of mono- or di-
substitution of phosphite for CO. Mechanistic details were
significantly affected by the nature of Y and Z: in contrast to
the phosphinidene clusters, whose radical anions underwent fis-
sion of a Fe-P bond, the other clusters showed loss of a CO as
the rate-determining step following one-electron reduction463,

Reaction of 121 [Y = 2 = S] with benzotriazole in the pre-
sence of oxygen resulted in destruction of the cluster, with
formation of [(C6H4N3)2FeOH]n464. Reaction of 121 [Y = Z = 8]
with CpCr(p-8) (p~SCMe3) ,CrCp resulted in displacement of all
three carbonyl groups from one iron, forming 122465, Strong
nucleophiles such as Et3BH', alkyl-lithiums, and sodium methoxide
attacked a CO group of 121 [Y = Z = NPh] to afford acyl-cluster
anions. Ethylation of the benzoyl cluster anion afforded the
usual carbene complex {(X-ray structure). Exposure of the carbene
complex to air resulted in formation of PhN=C(CEt)Ph by formal
coupling of carbene and nitrene ligands. The bis(phosphinidene)
cluster 121 (Y = Z = PPh) reacted similarly with phenyl-lithium
to give the benzoyl cluster anion, but ethylation gave 123 rather
than the expected carbene complex466.

A very low yield of 121 [Y = Z = NPhl] was obtained from
reaction of azobenzene with Fe3(Co)12467; a result which con-
trasts dramatically with that previocusly cited, involving use of
azoethane and "Grevels' reagent"450. 121 [Y = z = PNEt,], pro-
duced by reaction of (Et,NPCl,)Fe(CO), with Fe;(CO)g, underwent
photochemical addition of diphenylacetylene across the phosphorus
centers. Further photochemical substitution incorporated an
additional acetylene in place of two CO groups, forming 12488,

Reaction of R,NP=NR [R = SiMej] with Fe3(CO);, produced,
along with the aforementioned 74, two tri-iron products, 121 [¥Y =
PNR,, 2 = RN=POR] and (p-CO)(u3-PNR,)Fe3(C0)g360. Bis(phosphini-
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c.', Ph L‘)

Cr Sft / \
_)_s/l&}ﬁgx/ / ok
\
WK, 74051; @?@v
CP 122
dene) complexes 121 [Y = PR] resulted when RPC12 [R=mesityl

or trimethylsilylmethyll reacted with NazFe(C0)4 8,
Bismuth-containing clusters were prepared by reaction of
B1[Fe(CO)4 13 with BiCl3 to form (p-CO) (p3—Bl)Fe3(C0)9 and (}13-—
Bi) (,u3-B1—->Fe(CO)4)Fe3(CO)9 . The former anion was oxidized by
Cu(II) to 121 1Y = 2 = Bil, which underwent reversible reduction
with one or two electrons and addition of E‘e(CO)42" to yvield the

aforementioned (,u3-B1Fe(CO)4) dianion?68, CF_;
The dianion (u3-CO) (}13-Ge Fe(CO)4)Fe3(CO)9

was prepared by reaction of Gel, with Fez(CO)B . F;C j‘CP

The crystal structure of the tetraethylammonium

salt was determined. Oxidation gave the spi- Ft{ ¢cf

rocycle GelFe,(CO)gl, (See Eq. 44)358_ The elec- -
tronic structure of (F3—CF)2Fe3(CO)9 has been 125
studied by photoelectron spectroscopy and DV-Xa calculations469.
125 resulted from reaction of CpFe(CO) [p-C(CF3)=C(CF3)SMel,-
FeCp(CO) with Fe3(CO);, in refluxing toluene. Several other pro-
ducts, including FP‘?O FpMe, and (OC)3Fe(p-C(CF4)=C(CF4)S)Fe(CO)5,
were also isolated?

Lﬂezuglu&tenﬁ

Formation of clusters 100 has been described in Scheme IV.
As may be expected, the optimum yields of the trimetallic clus-
ters were obtained using excess Fez(CO)g in reaction with M=CAr
[M = Cp"W(CO), or CpMo(CO),; Ar = p-tolyl]414/416  gpeaction of
100 [M = CpMo(CO),) with sulfur occurred with insertion of S into
metal-metal bonds as shown in Eq. 63416, Phosphine-substituted

Ar Ar

C
ke i_; CpM A\ - CP"""/‘I—\;ET. (63)
N S U S
5 0 0O Ay

100 [M = CpMo(CO) (PMej3)] was obtained both by reaction of 100 [M
= CpMo(CO),] with trimethylphosphine or by reaction of Fey(CO)g
with CpMo(CO)(PMe?’)EtCAr418 Reactions of these trimetallic
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clusters 100 with alkynes resulted in cluster fragmentation, with
bimetallic FeM clusters the usual products419'42°. The "flyover”
product 126, from reaction of 2-butyne with 100 [M = CpMo(CO),l,
is an example. The compound 127 resulted when (qs—Mezcngﬁg)—
W(CO) ,==CR™ [R = Me, Ph, p-tolyl] reacted with Fe,(CO)g, demon-
strating the role of the carborane as a "non-spectator 1li-
gandn423. :

Eq. 60 showed the formation of the FeyMn cluster 104 [Y =
COl. Reaction of this product with excess diazomethane gave not
only the (p~methoxyvinyl) product shown in Eq. 60, but also 104
[Y = CH,]1. Thermal decomposition of the latter, or reaction with
CO or PPQ? resulted in formation of (p-C(OMe)=CH,) bimetallic
complexes 28, Cycloaddition of Cp'Mn(CO), [Cp' = methylcyclopen-
tadienyl] to CpFe(p-No)zFeCp'gave the P3—NO cluster 128 in 76%
yield. 128 reversibly underwent one-electron reduction and one-
electron oxidation under electrochemical conditions. Attempted
preparative oxidation by Ag?, however, yielded only the pgNH*
derivative of 128, in low yield. Crystal structures of 128 and
128 showed an increased Fe-Fe bond length in the reduced form
(2.605 A vs. 2.441 2471,

Ar (
N CP. '
p N O
O =NENE
Mo—N—Ft  INEt] —Fe(CO); eCp
: / wChw:::\fy CpFE /¢
) \/’FQ(CO)3 N
c/ 0
126 L R 127 § 128

FeyRu(CO) 15 underwent substitution by triphenylphosphine or
trimethyl phosphite by a dissociative mechanism, with the first
substitution occurring at ruthenium. The mixed-metal cluster was
more reactive than either Fej- or Ru3(CO)12472.

Trimethylphosphine displaced CO from the ketenylidene ligand
of Fe2Co(C0)9(p3-CCO)', giving Fe,Co(CO) g(p3-C-PMe3)”. Protona-
tion produced a (p—H)[Eg;Eg] neutral product 73. Crystal struc-
tures of Hg[FezM(P3—C0Me)(C0)7Cp], where M = Co or Rh, differed
from each other. 1In the cobalt compound, the mercury bridged the
Ft-Ft bond, and the cobalt held a terminal carbonyl ligand. 1In
the rhodium compound, the mercury bridged one Rh-Ft bond, and a
carbonyl group bridged the other. In solution, a polytopal
rearrangement of the mercury around the edges of the FepRh tri-
angle was indicated4’74. Reaction of Bi,Fe3(COlg [121, ¥ = Z =
Bi] with Co(CO)4~ produced the cluster anion I294é%.

Reaction of 130 [L = COl with triphenylphosphine resulted in
substitution, forming 130 [L = PPh3], rather than addition458.
121 (Y = 2 = Tel reacted with Pt(PPh3), to yield 1314753,
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Electrochemical reduction of (Ph3P){(L)PtFey,(CO)g proceeded
similarly to that of Fe3(CO)12. to give a radical-anion and then

.
cZ(co)q_ AP %{\P{P%s
“ Y F PPh
: &\ e,
129 130 131

a dianion, with the potentials affected by the ligand L bonded to
p1atinum476 A number of DPPM-bridged trimetallic clusters have
been synthesized by reaction of (DPPM)PtCl, with Fe5(CO)g or
Fe, (CO) g2~ 477,

2

c. FeM, Clusters

Reaction of (CgHj,4),Fe(CO)3 with two equivalents of CpMo-
(CO), CAr [Ar = p-tolyl] at -40° afforded a labile 48-electron
complex, [CpMo(CO);1,(p~ArCCAr)Fe(CO)3, which lost CO at tempera-
tures above -20° to form unsaturated 132415, Reaction of 132
with trimethylphosphine resulted in replacement of a Fe-bound
CO418 A sulfur-bridged FeMo, cluster, 133, resulted when
[Cp'MoS(SH) ], reacted photochemically with Fe(CO)g. With FpI,

the result was formation of 134478,
ﬁf
////Fb(:p

/% ' S
)\*:L)\(S\‘rt c,,'-ué?—gg——‘

C
133 134

CO dissociation occurred more readily from Ru,Fe(CO}y5 than
from the tri-iron or triruthenium dodecacarbonyls. Trimethyl
phosphite or triphenylphosphine reacted cleanly to displace one
Co from each Ru?72,

A tricarbonylcobalt vertex of the tetrahedral cluster (p3-
CPh)Co4(CO) g was replaced by a tricarbonyliron anion upon reac-
tion with Fe(CO)4 “. The structures of the protonated and aur-
ated derivatives of (p3—CPh)Co%Fe(C0)9 showed the proton or
Ph3;PAu moiety on a Fe-Co edge Trimethylphosphine added
initially to the vinylidene ligand of (p3—-C=CHjy)CoyFe(COl g, 135,
but rearranged to the iron upon warming (Eq. 64) 80 The same
ligand, trimethylphosphine, added to iron and cobalt atoms of
(p3~PMe)Co,Fe(CO)g O (p3—-PMe) CoFeWCp(CO) g, to form triangular
Fe~P-W or -Co clusters with pendant Co(CO) 3PMe3 groups also
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coordinated to the bridging phosphorus. HEeating in vacuum re-
closed the tetrahedral clusters with loss of two CO's or one CO

#
135 % Mey P -CO \y (64)
OCCeT it T o° e R i>c°<]/_§gp“
«1»3 AR 4 \\S?i’ (CC»Z
and one Me3P481. A series of chiral (p3-vinylidene)} clusters

conceptually derived from 135 by replacement of a Co(CO)3 vertex
by isolobal groups [NiCp, CpMo(CO),, and CpW(CO),] have been
prepared, as has a group of (u3-RCCR)ICo,Fe(CO)g and (pg-
RCCR)Fe(CO) 3(NiCp), alkyne complexes. Rearrangements of terminal
alkynes to vinylidenes on the chiral clusters showed highly
variable diastereoselectivities482. 1/

The 44-electron triangular cluster 136 resul- "’P”Ft 0
ted from reaction of HFe(CO)4~ with ClPd(p- _P // \ C
pPPM) ,ptC1483, an open cluster, cis—(PhyP),Pt- 7 g'_‘Pd
(Fp) (Hg-CxClg), resulted when Fp~ displaced chlo- z
ride from platinum484. 136

'
~

11. TETRA- AND POLYNUCLEAR CLUSTER COMPOUNDS

A statistical analysis of published crystal structures has
indicated a strong tendency for tetranuclear clusters of Group 8
and 9 metals to have 60 valence electrons, the "magic number"
expected for a closo tetrahedral cluster. An exception was the
M4(P3;§L4 cubanoid clusters, which showed no numerical predomi-
nance .

A clear exception to the "magic numbers" is the 56-electron
planar rhombohedral [Fe(py),Fe(CO)4l, [py = pyridinel, obtained
from PyFe(CO), on dissolution in organic solvents. It reacted
with ethylenediamine {en] to form Fe(en)32+ Fe(CO)42_, and it
reduced CO, to CO, forming FeCO3 in the process. It may best be

thought of as a mixed inorganic-organometallic substance483,

A 58-electron "butterfly"™ cluster, 137, CcoO Co
resulted when 107 was treated with lithiumiipaRh\\<{/Rhﬁ 4’
acetate?32, The corresponding complex incor- L\ $—F€; ,j
porating the bridging ligand CH,=C(PPh,), has R: ):
also been obtained, in this case by treating /
the analogous starting material with Me3N0486. 137

Reaction of Co3Fe(CO)12' with phosphines or phosphites re-
sulted in monosubstitution, but PhyPAuCo,Fe(C0);, reacted with
trimethyl phosphite to give disubstitution. Several structures
were reported487. Flash vacuum pyrolysis of Fp, at 500° consti-
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tuted a practical synthesis of [CpFe(p3-C0)]4244.

A significant group of 62-electron clusters are the
ZM4(CO) ;5 clusters having a butterfly arrangement of metal atoms
with a main-group element, Z, bridging the wingtips. Examples
have been described in 1987 having B, C, N, and even O function-
ing as bridging 6-electron donors. Boron compounds HFe,(CO);,BH,
and HFe,(CO);,BH resulted from reaction of %ﬁPGFez(CO)G and its
conjugate base, respectively, with Fez(CO)93 . Sequential de-
protonation of HFes(CO)j,BHp all the way to Fe,(CO);,B3” (Eq. 65)
has been reported 88 The monoanion in the series was also

.
2

~gH - ~—~—t +
\;—j%;ayt ;jig F§5t7?S/Ft —:ji+

~N

Ii- g:- t
Ft—FL A
0’ WI/

(65)

obtained from reaction of HFe (CO)9BH3' with Fe,(CO)g, a reaction
which required loss of H248 . Phosphine substitution on the
monoanion proceeded at a wingtip; a second substitution at the
other wingtip was accompanied by proton transfer from the hinge
to the B, producing a product with two B----H---Fe interactions.
Extended Huckel calculations were employed in an effort to ratio-
nalize the hydrogen positions489. The structure of (Ph3PAu) Fe,-
(CO);,BH was dissimilar from that of Fey(CO);,BH3 in that the two
Ph3yPAu groups bridged a common B-Fe edge, as shown in structure
138490,

An infrared band at about 900 cm~ ! has been identified as
characteristic of the exposed carbide ligand in Fe4(CO)12C_2 491,
Several analogs of this Fe,y cluster having isolobal transition
metal groups replacing hinge Fe(CO)4 groups have been prepared.
The replacement groups included Cr{(CO),, W(CO),, Mn(C0)4+, and
Rh(CO)3+ 492 Reactions of Fe4(CO)12C2’ with alkylating agents
took two different courses. With highly cationic agents such as
methyl triflate, direct alkylation of the carbide occurred, form-
ing the 60-electron tetrahedral cluster, (p3—CMe)Fe4(C0)12".
wWwith alkyl halides, alkylation proceeded by single-electron
transfer with CO uptake to form unsaturated butterfly clusters
(Eq. 66)493, Crystal, molecular, and electronic structures of
the latter have been scrutinizead?4,

Auration of Fe4(CO)12N— and its FeRuj and Ruy analogs have
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been studied, including the crystal structure of 139495. Reac-

R\ '?:c

\(/Ft - g\ fé;g;;?t (66)

McOT-F \Fi Z

tion of (p3~0)Fe3(C0)92' with (MeCN)3Mn(CO)3+ gave 140, which
showed the manganese at a wingtip, in contrast to most MFeq
butterflies. As might be expected for a 6-electron donor oxygen
atom, the metal-oxygen distances were gquite short [average
1.89(2) A1496,

% N4
Aw A (0C)sMr—0—3Ft
B"—Ft / 3 N /,\//F
\\,\\ / 'R(“;. PPhy kFt
138

139 140

Providing a bridge between the butterfly clusters and the
cubanoid clusters is 141, best obtained by reduction of 133 with
potassium/graphite478. A compound, Fe,(C0);5S(SR),, obtained from
(RS), and HFe3(CO)j, , is probably a butterfly structure like
141, with terminal RS- groups at the wingtips368. Formal addi-
tion of a fourth sulfur atom and deletion of two CO groups from
141 maintains the electron count at 62, but generates a cubanoid
cluster, 142, whose metal-metal bonding maintains the butterfly
pattern. MO calculations have been carried out on 142, and the
nature of the metal-metal bonding discussed. Consistent with the
valence bond structure shown, the bond orders decreased in the
order Mo-Mo > Mo-Fe > Fe-Fe, and reduction was accompanied by
loss of Mo-Fe bonds without disrupting the overall structure,
which is maintained by the M55 interactions even in the absence
of metal-metal bonds?%7. The selenium analogs, (CpFe)4Se4 nt [ =
0-4] have been prepared by reaction of Fp, and elemental selenium
and electrochemical oxidation. The crystal structure of the
trication was determined, leading to the finding that the average
Fe~Fe distance uniformly decreased with increasing charge, as
expected for removal of electrons from orbitals with metal-metal

N ¢(CO)2 Jjﬁ\;rc;»

F

AN TA (<) F CpFez s
Soipe

s z Crhets
’4OCP

141 143
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antibonding character?98. The sulfur-rich cluster 143 has been

studied electrochemically, which allowed characterization of six
different oxidation states, (CpFe)4ssn, n = -2 to +3499,

The clusters (u3-PR') (u3-RCCR)Fe3(CO)g (see Scheme V) were
able to coordinate another iron upon reactlon with Fe,;(CO)g, to
form triple-decker complexes (Eq. 67)° The 64-electron
octahedral cluster (p4—PPh)2C02Fe2(C0)10(P-CO) underwent attack
by nucleophiles (Et3BH , MeLi) selectively at a cobalt-bound
terminal carbonyl group. The formyl compound lost CO at -30° to

form (}14-PP1’1) 2C02F92(C0)10(P"H)- 501-
1
R R(cOy
-R = P-R —— (67)
tl @ N FelCO)y
R \\| /~©
t R FEGCC»Z

A statistical analysis of published crystal structures
of pentanuclear compounds of the Group 8 and 9 metals showed no
clear preference for a specific "magic number” of electrons. The
hexanuclear clusters did show a clear predominance of 86-electron
clusters439.

Redox condensation reaction of Fe3Rh(CO);,C” with Rh(CO),Cl,
gave 144; a presumably related cluster, CrzFe3(CO)16C2', of un-
known structure, was prepared similarly. Variable temperature
NMR studies were used to assign the structures of 144 and several
tetranuclear clusters92, Rhodium=-iron bimetal hydrofermylation
catalysts were prepared by supporting FeRh4(CO)152- on metal
oxides; EXAFS and Mossbauer studies of the resulting materials
indicated increased oxidation states for the iron compared to the
starting material®%2¢303, 7The mixed iron-rhodium catalysts were
far more active than monometallic ones>03. M3ssbauer studies have
been carried out on a number of well-defined anionic penta- and
hexanuclear iron-rhodium and iron-Group 10 clusters504

¢ A
(OC),RR- \RI"(CO)z c'R}«R

: - ' C 3

144 145 146
Crystal structures of two salts of Fe3Rh3(C0O);5C”, 145, have
been determlned492 505 Interconversion of various iron-rhodium
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clusters during hydroformylation showed conversion of FegRh-
(CO)16C™ to FeyRho(CO)jgC and FeyRh(CO);4C. The latter in turn
underwent conversion to 145%05,

Reaction of Cp,Mo,(CO)g with (}13—S)§Fe3(co)9 gave the curi-
ous double cluster 146 (X~ray structure) .

Carbon-carbon bond formation occurred during reaction of
diazomethane with CO adsorbed on an iron surface, based on X-ray
PES evidence’?7, Iron-iridium bimetallic catalysts favored me-
thanol production in reduction of CO with H25°8. Iron—-copper
alloy catalysts, which suppressed carbon deposition during
Fischer—-Tropsch reaction, have been produced by decomposition of
Fe(CO) in a fluidized-bed reactor containing small copper par-
ticles>09.

POST-SCRIPT: At 509 references, this 1987 review covers slightly
fewer papers than the 1986 one (536). Both of the last two years
show substantially more activity than 1983-5, which averaged just
over 400 references.

The majority of the organoiron chemistry has continued to be
published in one of three journals: J. Organometal. Chem. (117
citations), Organometallics (91 citations), or J. Am. Chem. Soc.
70 citations). Following in frequency are J. Chem. Soc., Chem.
Comm, (37 citations), Inorg. Chem. (35 citations), and J. Chem.
Soc.s, Dalton Trans. (34 citations). No other journal had more
than 12 citations.

Eq. 39 (inadvertently omitted from Section 74d):
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