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Abstraet

The syntheses, structures and reactivity of bisalkylidyne clusters of iron are described.
Although there is a lack of general synthetic methods the chemistry of the bisalkylidyne
clusters of iron has made great progress during the last 10 years. By reaction with alkynes.
various diferraallyl cluster and ferrole cluster compounds can be synihesized and siructurally
characterized. Analogous reactions with phosphaalkynes yield phosphaferrole cluster com-
pounds which themselves can act as ligands, In a cluster expansion reaction with Cp*Co{CO),
the first difluoroethyne complex was obtained.

1. Introduction

In contrast to the well-established (extensively studied) chemistry of alkylidyne
nonacarbonyl tricobalt cluster complexes [ 1] the chemistry of bisalkylidyne clusters
is less explored. The first bisalkylidyne clusters were isolated wsing cobalt and
rhodium with cyclopentadienyl and pentamethylcyclopentadieny! ligands completing
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the coordination sphere [2]. Bisalkylidyne clusters of molybdenum were obtained
among the products of the reaction of hexacarbony! molybdenum, acetic acid and
acetic anhydnd [3]. A hetercemetallic bisalkylidyne cluster [{CO)Fe][CpCol,s(pa-
C—Ph), was isolated as a byproduct and structurally characterized by X-ray diffrac-
tion [4]. In this review we describe the chemistry of bisalkylidyne cluster compounds
of iron of which the first member Fe;(CO)a(ps-CH,){ps-C—OCH,) (1) has been
obtained with a low vield by reaction of (p;-acetyl}-nonacarbonyl triferraie
([ Fes{CO)s{n,-CH,CO}]) and methyl fluorosuliate by Wilkinson and co-workers
['5]. As we are interested in the rare fluoromethylidyne complexes, we realized that
nonacarbonylbis(fluoromethylidyne)triiron (2a) could be easily synthesized, albeit
with a low yield, by reaction of Fe{CO}s and CFBr; [6].

Bisalkylidyne cluster compounds belong io the series of closo-cluster compounds
that derive from B HZ ™. Of the neutral carborane B,C,H; there exist three possible
isomers of which the one with the carbon atoms in an apical position is the most
stable [7]. Isolobal replacement of BH units by a metal fragment (CpCo, CpRb,
{CO);Fe, (CO,0s ete) according to Wade's [ 8] rules results in formation of bisalkyli-
dyne or alkyne cluster compounds. Of the three possible isomers, only isomers I and
II bave been observed so far;
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I represents a bisalkylidyne cluster whereas ¥l belongs to a series of alkyne clusters
of which Fey{CO){u,- L-Ph—C=C-Ph)} was obtained in 1959 by Hiibel et al. [9]
and was structurally characterized by Dahl and co-workers [ 10].

2. Syntheses of nonacarbonylbis(p,-alkyiidyne)triiron cluster compounds

Although several nonacarbonylbis(u,-alkylidyne)triiron cluster compounds have
been synthesized since the first synthesis of Fe,(CO)(1;-CH,;)u,-C—OCH,;) (1)
[5], there exists no general preparative method. Clusters with the methoxy [5] or
ethoxy [11] methylidyne group were prepared by alkylation or protonation [12] of
suitable anionic species:
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Reaction of dodecacarbonyliniiron with butyllithium followed by alkylation with
trimethyloxoniumtetrafluoroborate gives a moderate yield of Fey{COl{n,-COMe),

(4) [131:
1. Buly
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Protonation of { Fe;{CO)g(u;-n2-CCOEL)] "~ resulis in the y,-n?- L-alkvae cluster 5
[ 12] which, however, was found to be unstable at ambient temperature:

1. E1OSO,CF,
[PNPLIFey GO - COCH _EEC-.BF_— IF2y{CO} (- HCCOEY)
s

Under very mild conditions an alkyne scission reaction cccurs, yielding the bisalkyli-
dyne cluster Fe,{CO}(p,-CH W p,-COEL} (6):

5

[Fey(CO{gey-CHY 1y COEY)
&

As found earlier by Mathieu and co-workers [11], the very similar bisalkyli-
dyne cluster Fe {CO),{u;-COEL){1,-CMe) (3a) reacts with carbon monoxide, at
ambient temperature and 20atm, leading quantitatively to Fei{CO);oips-n*-
H,C—C=C—0Et}(7a) [14]:
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This nido-alkyne cluster reacts back to the bis(alkylidyne) starting material 3a in
solution at room temperature, or more slowly, even 1n the soiid state. By replacing
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one carbonyl ligand by a triphenyiphosphine ligand, crystals of 7b suitable for an
X-ray structure determination could be obtained (Fig, 1}

Interestingly the alkyne moiety is oriented not exactly paraliel to one Fe— Fe edge
and the tenth carbonyl ligand occupies a semibridging position. Although the forma-
tion of Fey{CO),{u3-CCH; Ku;-C—NE(;} (8) from Fe,(CO), and H;C-—C=C-NE,
is not straightforward and the vield is low [15], it obviously requires an alkyne
scission:

Me-CmC-NEL,
Fey{CO), i [Fay{CO{u-CMelu-CHEL)]

a

Reaction of HFe,(CO),o(p:-CMe) with 3,3-dimethyl-1-butyne gives two cluster com-
pounds: the alkyne cluster Fey;{CO)o(ps-n?-1-Me—C=C—CH,—‘Bu) (9a) and the
bisalkylidyne cluster Fe,{CO)s{n;-CMe}{p,-C—CH, —‘Bu} (9b) [16]. It has been
shown that the cluster compounds 9a and 9b cannot be interconverted under the
reaction conditions used for their synthesis.

In order to undersiand the substitution effecis on alkyne scission reaction on
triangular iron clusters we have studied the reaction of the recently described
Fe,(CO)y,(MeCN) [17] with various alkynes [187:

R
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As expected, H,C—C=C—OEt yields the bisalkylidyne cluster Fe;{(COjg(ita—
CCH,){1;-C—OEt) (3} [18] already obtained by other methods [117]. However,
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Fig. 1. Molecuiar structure of Fo,iCOW{PPh,My,-n> [-H,C--C=C—OF: (b

replacing the methyl group by a hydrogen substituent resulis in completely different
products. At ambient temperature and with a short reaction time the vinylidene
cluster Fe,(CO)o[ps-1>-C=C(H)OFEt] (18a) is obtained by a 1,2 proton shift,
whereas keeping the reaction mixture at —30G7C for 5 days results in the dinuclear
fly-over complex Fe,(CO)[p-EtO—C=CH--CO -CH=C—O0E!t] {10b).

If the ether functions are separaied from the alkyne carbon aiom by methylene
groups or substituted methylene groups, alkyne clusters and dinuclear buia-
triene compounds are obtained depending on the subsiituents and the reaction
conditions. The products from | 4-dimethoxybutyne are Fe{COk{p.-CO)
(3-1%|-MeQO—CH,—C=C—CH,—0OMe) ({11} and  Fey;{CO)(u;-n>L-
MeO—CH,—C=C—CH,—OMe} (12) respectively. Interestingly, Fe,(CO)s-
(11;-CO}ps-n-|-MeO—CH, —C=C- ‘CH,; -OMe) {11) is the only example of an
alkyne cluster of iron with ten carbonyl ligands and a parallel orientation of the
alkyne ligand which has encugh stability to be structurally fuilly characierized
(Fig. 2).

Aecording to the crystal structure determination the molecule has a crystallo-
graphic mirror plane and an exact parallel orientation of the alkyne triple bond 1o
one iron iron edge which in addition is bridged by the tenth carbonyl ligand. Thus
its structure differs from that of Fe;{CO})(PPh, Hp,-0?-H,C—C=C—OQFEt) (Tb} [ 14]
which has only a semibridging carbonyl ligand and exhibits a strong deviation
of the alkyne moiety from the parallel orientation. Ruy{CO),,(Me—C=C—Mej
[19] and Os{COW{Et—C=C—Ei) [20] have structures almost identical with
that of 11 with the carbonyl bridge being only slightly asymmetric whereas
Os;(CO)(PPhy}{ Et— C=C—Et) [201, Os,{CO}[ P{OMe), J(Ei—C=C—E1) [21]
and O5,(C0) ;i Ph— C=C Ph} [22] have similar structures to 7b.
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Fig. 2. Molecular structure of Fey{CO)g(u,-COMpy-11%-|-MeQ—CH, —C=C—CH, — OMe) (11}.

Fes(COJo(p,-CONps-n>-|-MeQO—CH, ~C=C—CH, ~OMe) {11} is non-rigid
on the nuclear magnetic resonance {NMR) time scale, exhibiting a simple line for
the diastereotropic methylene protons at ambient temperature. An activation
barrier AG*(253 K)=54.2+2kJ mol~! has been determined by line shape analysis
comparable with the value of 6041 2kJ mol™! for Os,{(CO),{Et—C=C—Ey)
[20].

Fe3(COJolu5-n*-|-MeO—CH, —C=C—CH, —OMe} (11) slowly decomposes
in  solution at ambient temperature forming  Fe,(CO)olus-nL-
MeO—CH, —C=C—CH,—0OMe} (12), which is decomposed further to
Fe,{CO),(CH,=C—=C=CH,} (13a} in refluxing hexane. No bisalkylidyne cluster
could be observed from an alkyne cleavage reaction.

From our results [ 18] and other resulis [ 14-16], one can conclude that the alkyne
scission reaction on trinuclear iron carbonyl clusters requires alkynes with at least
one ether or amine substituent directly bonded to the aikyne carbon atom. In
addition a terminal hydrogen atom may result in a 1,2-proton shift if a
Fe,(CO) gfalkyne) intermediate is formed whereas Fey(CO)W(H—C=C—OEt) (5)
rearranges to the bisalkylidyne cluster Fe {CO)s{p,-CH ){n,-C—OE$) (6) [12].

No biszalkylidyne cluster compound of ruthenium is known so far and oniy a few
examples, Os,{COJ(L,-CPh){,-COMe} (14) (23], Os3(CO)(PPh,; Xu,-CPh){,-
COMe) (15) [23] and Os;(CO)s[1'-C{OMe)Ph](p5-CPh){(p;-COMe) (16) [24] have
been characterized for osmium;

Qe ({CON{g - CPR) (1 - COMa)

1. Pru i
{it - HIO34{CO}fp: - COMe) T 2. MeOSOCF, .
: s

{5 - HYOR,{CO} (s -CPh)
PPh,
14 " O8(COMPPhy{ - CPR (i - COMe)
15



D. Lentz{Coordination Chemistry Reviews 143 ( 1995) 383-406 389

r r

c <

[co), OR(CO),

(oo),m/ / e (co;,m/ }\ /co Fh
“-\\“/““‘-oqco), 2. MeOSO,CF, *‘\‘7—\__0\‘__20/
/ /e
o oM
i ? '

OMs OMe

%

Hydrogenation of 14 ai 1 atm results in alkylidyne-alkylidyne coupling, forming
the alkyne cluster complex (p-H},0s,(CO)(ps-n*-Ph—C=C—0Me) (17} [25].
Reduction of 14 followed by protonation yields the phenylacetylide complex
{1-H)Os3(COY (50 >-C=CPh) (18) [25].

The obvicus reaction of Ru{COQO},,(MeCN} or Ru{CO),{MeCN}), with
Me—C=(C—0Ei gives a compiicated mixiure of products of which
Ru (€O, piMe— C=C—OEt) (20} could be isolated by thin layer chrematogra-

phy [26]:

CH, CH,
; . CH,
< ﬁ OC,H,
o c° Og c®
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Its thermolysis in boiling heptane yields the clusier compound 21 by proton
shift which had been characierized by an X-ray crystal structure determination
{Fig. 3%

[+
€H, F
OC,H, “
0, o
€. AN c~ ,u
OC—Ry nu\—co _n-‘%‘m T
o Co Oc—ﬁu
—Ru— H-—-—Ru
Qc P\; co o 10 e S
&% ]

No bisalkylidyne clusters could be obtained in the reaction Ru,{CO),o(MeCN), with
various alkynes HC=CR {(R=H, COOH or CHO) and R—C=C—-R (R=E;,
CH,0H or Ph} [27].

A very successful approach to bisalkylidyne clusters of iron follows a completely
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Fig. 3. Molecular structure of 2.

different strategy. Reaction of pentacarbonyliron or eneacarbonyldiiron with tribro-
mofluoromethane yields Fey(CO),(1,-CF), (2a) and traces of the interesting dinuclear
perfluorinated ferrole cluster Fe{CO),(Fe —CF=CF—CF=CF}(22) [28]:

Fe{CO), + CFBr,

2a 22

Although the vield of this reaction could not be increased above about 1 g of the
cluster compound from 0.5 mel of Fe{CO);, Fe;{CO),{1,-CF), is a versatile starting
material as the CF moieties can act as a functional group.

As demonstrated in the early work of Reger and Dukes [29] and Richmeond and
Shriver [307], metal-coordinated trifluoromethy! {perfluoroalkyl} groups can be
attacked by electrophiles (Lewis acids) at the o position. Fluorinated Lewis acids,
such as 8SbF;, yield cationic difluorocarbene complexes [ 31]. If boron halides are
used, a halogene—fluorine exchange reaction takes place at the fluorine substituents
in = position whereas the B fluorine atoms of a pentafluoroethyl group are not
attacked at all.

The reaction producis of Fe;{CO)(1,-CF}, (2a} sirongly depend on the Lewis
acid used. Aluminium trichleride or boron tribromide results in a simple halogen
exchange reaciion in dichloromethane at ambient temperature giving good yields of
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the cluster compounds Fey;(COl{p,-CCl), (2b) 1321 and Fey(CO{pa-CBrl,y (20)
[ 33] which can be used for further reactions.

However, if the reaction temperature is raised to refluxing benzene or if aluminium
bromide is used as a Lewis acid, different reactions occur, rvesulting in brown
precipitates which are insoluble in non-polar solvents. These precipitates react
readily with alcohols, vielding the bisalkylidyne clusier compounds Fe;{CO}(n°-
CeHg){u3-CX ¥u,-C—COOR) (28) (X = Cl or Br; R=CHj; or C,H, ), whose formation
can casily be explained by the foliowing mechanism:

r ? 7]
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Obviously the reaction does not stop after the halogen exchange, but the halogen
substituent is attacked again by the electrophile. This results at least in a strong
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polarization of the C—X bond or even in the formaiion of a cationic species.
Migration of a carbonyl ligand to the electrophilic apical carbon atom results in an
intermediate cationic ketenylidyne cluster compound 23 with a vacant site in the
coordination sphere of one of the iron atoms. This vacant site can be occupied by
the solvent molecule benzene, resulting in an elimination of 2 mo! of carbon monox-
ide, forming the cationic ketenylidyne cluster 24. However, the electrophilicity of 24
is too low for an electrophilic attack of the benzene ring but the esters 25 are formed
via reaction with alcohols.

The proposed mechanisim is supported by reaction of 2a with AlBr; in dichloro-
methane under an atmosphere of carbon monoxide which results in the cluster 27
after reaction with alcohols. Apart from a shift of the absorptions to higher wave-
numbers, which is due to the positive charge the IR spectrum of the intermediate
compound 26 {2160 (w), 2139 (s}, 2094 (vs), 2053 (s} cn ~ ') closely resembles that of
[Cs3{CO)s(11:-CCO)J*~ [34]. Compound 26 can be trapped with a variety of nucleo-
philes such as alcohols, secondary amines or reactive aromatic compounds such
as pyrrole.

Further evidence for the above mechanism comes from the fact that [Co3{COlg{11,-
CCQ)]" isolated by Seyferth et al. [ 35] vields similar alkylidyne cluster compounds
upon reaction with nucleophiles [ 361. In addition reactions of |;-bromomethylidyne
clusters of rutheninm [ 37] and osmium [38] with aluminium irichloride have been
reported.

The bisalkylidyne clusters 2a, 2b, 2¢, 25 and 27 possess functional groups, which
allow further modifications. Thus the reaction of 2¢ (X = Br) with tributyl stannane
yields the parent compound Fe;(CO)(ps-CH), (2d) and 27a (X =Br) is converted
into Fe,y(CO)y(ps-C— COOMe){us-CH) (28) which has been characterized by a
crystal structure determination [33]. In principle it should be possible by the
correct choice of the nucleophile to prepare a whole range of bisalkylidyne cluster
compounds.

Occasionally, an unexpected byproduct Fe;{CO),o{us-n-C)(n}-O)—HC—CHO)
{29} is formed in the reaction of Fe;{CO)(1,-CBr), with BrySnH [39] (Fig. 4). The
crystal structure determination revealed the presence of the unusual bridging
HC—C(B)O ligand which is coordinated to two iron atoms by the carbon atom
and to the remaining iron atom by the oxygen atom.

3. Ligaund substitution reactions at bisalkylidyne triiron cluster compounds

Ligand substitution reactions have been studied only with the Fe;{CO)(u;-CF)
system. A selective exchange of a single carbonyl ligand can be achieved by photolysis
in the presence of acetonitrile or benzontirile. The crystalline isolable compounds
Feg{CORI(RCN){1,-CF}, R=CH,; (30a} or C;H,; (30b) are reactive enough for a
facile substitution of the labile nitrile lipand by a phosphine ligand to yield
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Fig. 4. Molecular structure of Fe {CO), ol -Cin'-O—HC—CHO]Y (29).

Fes{CO)g( PR, }(15-CF ), {R = CH;, (31a) or C H; (31b)) together with small amounis
of the disubstitution products { 40]:

h
Feg{CONs{p5-CF)a —H;T- Fe,{COlRCN)(tiy-CF),
2a 30

30a +PR; R Fey(COLIPR(,-CF,
31

R = CH,, CgHs + Feg{CON{PRa}ia-CFY,

The thermai or photochemical ligand exchange with triphenylphesphine and trimeth-
yiphosphite resulis in a mixture of monosubstituted, disubstituied and trisubstituted
products.

For monosubstituied products there exist two principal 1somers which differ in
the position of the phosphine ligand. According to the crystal structure determination
the phosphine ligand in 312 is cutside the plane of the iron triangle (Fig. 5).

The F NMR spectra of 31 exhibit a single resonance which is split into a doublet
because of coupling with one *'P nuclei. The *C NMR spectra consists of two
signals for the carbonyl carbon atoms in an intensity ratio of 6: 2, indicating a rapid
positional exchange of the ligands on the iron atoms but no exchange between
different iron atoms. The assumption of a fixed position of the phosphire ligands in
the plane of the iron aioms seems unlikely because of the solid state structure of
Fe {CO),[ P(CH,); Wu;-CF), (31a); furthermore this model requires a rigid Fe(CO),L
and a non-rigid Fe(CQ); moiety.

According to spectroscopic data the disubstituted clusiers have different struc-
tures depending on the phosphine ligands. The trimethylphosphine derivative
Fe,(COL[PMe; ],{1,-CF), (32a} is observed as the 1.1 isomer, whereas the more
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Fig. 5. Molecular structure of Fe,{CO[ PICH ) J{u,-CF), (31a).

bulky triphenylphosphine ligand in Fey(CO), [ PPh;1,{(1;-CF), (32h) stabilizes the
1,2 isomer.

4. The structure of bisalkylidyne triiron cluster compounds

The structure of several bisalkylidyne iron clusters with very different substituents
at the methylidyne carbon atoms and various ligands was determined by X-ray
crystaliography. The molecular struciures of some fypical examples are depicted
in Fig. 6.

Fig. 6. Molecular structures of Fey(COl{py-CFL [6], FeydCOkWip,-CMe)fu;-CNEf; 1 [15] and
Fey(CO(Ne-Cols i (us-C—Cliip,-C— COOEY [32].
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The iron -carbon distances range from 184.3 to 221.5 pm depending on the
substituent {Table 1), In general, two similar and one different Fe—C distance are
observed for each alkylidyne group:; thus the alkylidyne ligands are bonded
more or less asymmetrically to the iron triangles. This asymmetry is most distinct
for Fes(COMW(p;-CMelp;-C- NEL, ] [15].

5. The electrenic structare of Fe;(CO)y(n,-CF }, and electrochemical resulis

The electronic structures of the four symmetrical bisalkylidyne clusters
Fe;(CO){s-CX ) (X =F (2a), C1{2b) Br (2¢) or H (2d)} have been investigated by
means of He [-He Il gas-phase UV photoelectron spectroscopy [41]. A detailed
assignmeni of these spectra has been achieved by making use of DV-Xeu calculations
of Fey(COip,-CF), [42]. The highest occupied molecular orbital (HOMO) e” is
antibonding with respect to the metal metal bonds.

The cluster compounds Fe;{CO)y{n5-CR); (R=F (2a}, Cl (2b), Br (2¢) or H (2d}
are electrochemically active and can be reduced and oxidized in single electron
processes [43]. The data are summarized in Table 2. Only Fey{COp-CF);
shows a second irreversible reduction (E,;;= —2.0 V) in addition to the oxidation
{E;,;=1.58 V {SCE) with respect to a saturated calomel ¢lectrode and the reversible
reduction (E, ;= —0.88 V) within the range of solvent stability.

The closo-alkyne clusters Fe (COjg{us-R—C=C— R} (R =Me, Et, or Ph} showing
reversible single electron reduction processes at —0.36 to —049 V and —0.60 to
— .67 V (SCE) are much easier io reduce [44]. Thus both the monoanion and the
dianion are rather stable compounds, it was possible to synthesize the dianion by
clectrolysis and to characterize it by NMR spectroscopy.

Table 1
Selected metal carbon distances for bisalkyhdyre iron cluster compounds

Fe{CO(u,-CR J(p,-CRY Fe CR Fe CR?
{pm) {pm)

R'=R2=F [4] 189.4(4), 190.5(4), 194.5¢3) 189.444), 190.5(4). 1949¢3;
R'=H; R* =COOMe [33] 192.6(5), 19007(5), 192.5(5} 195.3(5), 194.5(5). 194.3¢5)
R! =CH,; R? =COMe [5] 197.9(7), 196.2(7). 193.6¢7} 192.048), 193771 151N T
R'=R2=0Me [13] 193.342), 18982}, 205.7(2) 189.8(2), 203.4¢3). 189.2(3}
R! =Me: R?=C-NEt, [15] 185.3(4), 199.9(3), 199.3(3) 220.5(4), 193.1¢35 19341
Fe, {COH PMe; W-CR )ip,-CR Y 189 5{8), 189.4{ 7). 190.2(R} 180.4{7). 193.3173, 192.5(7)
R'=R*=F [40]

Fed COIMS-CoHoHe,-CR)p;-CR2);  195.4(5), 193.6(5). 184.3(6) 195.6(5), 194615} 187.9(5)

R'=C1L R?=CO0E [32]
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Table 2
Electrochemical data for bisalkylidyne iron cluster compounds

Fe{CO}{1s-CR); Ey (O/+1) Ep (B/-1) Ep{—t/-2}
eV (SCER eV {SCE)) =V (SCE}

R=H (24} 159 —086

R=F {28) 1.58 -0388 —20

R=Cl {2b) 1.68 -7

R =Br (%) 172 -0

6. Reactions of bisalkylidyre iron clusters
6.1, Reactions with alkynes

The formation of alkylidyne ligands and their carbon-carbon bond formation
reactions are important steps in catalytic processes such as the Fischer—-Tropsch
process [45]. Thus the study of reactions of bisalkylidyne clusters with unsaturated
organic molecules are important. Mathieu and co-workers reported the formation
of trinuclear ferrol clusters in the thermal reaction of Fe {CO){u,-CCH, {p,-COEY)
(3} with alkynes [11]. In addition, dinuclear ferroles were described as yeilow
products. The presence of several isomers has been explained by a complicated
mechanism outlined as follows, which postulated the formation of intermediate
diferraaliyl clusters:

—C0

b

However, in the photolytic reaction of Fe(CO)olit:-CF); (2a) with various alkynes
we obtained diferraallyl clusters in a very regioselective reaction [46,47}.
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No ferrole-iype clusters were observed among the products. Within the limits of
the NMR sensitivity the hydrogen-substituted alkynes yield only one of the two
possible isomers, whereas the methyl-substituted alkynes yield both isomers in a
ratio depending on the size and electronic effects of the substituent R:

Fe F
R
Fe
E
F Fe
F
33
Fe
F , A—CmC—A'
——— v
B e ™ Fe F
\1/ n
F Fa
.
2= Fe
F
34
a b 4 d e H

R | CH, Cg, OCH, SI{CH), CF, SF,

R | H H H H H H
g 3 i k I
cH, CH, OCH, CH, COQCH,
CH, CH, CH, CH,  CH,
m n o P g
R H CH, CHG CMH, COOCH,
A H CH; CHO  CH, COOCH,

According to the NMR spectroscopy data and a crystal structure determination for
Fe (CO{us-CF —CH—COEt} (34¢) {Fig. 7), carbon—carbon bond formation has
occurred at the sterically less hindered site at the CH carbon atom.

The diferraallyl clusters 33 and 34 are capped nido clusters according to Wade's
[ 8] rules, whereas the trinuclear ferroles are closo clusters. Thus if seems possible
that the nido clusters might rearrange, forming the corresponding close cluster
compounds. On the assumption of no further bond cleavage of a once formed C(3)
fragment, exactly two structural isomeric ferroles are expected.

Thermolysis of the diferraalkyl clusters 34a, 341, 34m and 34n in hexane vields the
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Fig. 7. Molecuiar structure of Fe;(CO)ius-CF jpy-CF)(u,-CF —CH — COEt) {34¢).

isomeric trinuclear ferroles 35 and 36 [48] and, in addition, the corresponding
dinuclear species 37 and 38 are obtained:

Fs
F
/Hﬁ R
Fa

>

v R "
X - \ R”’\
Fe Fe
R
Fa -_— a5 E1
R
Fe
F Fa Fs
F
» / R / F
Fa Fa
. i R
1 F R R
m n ] a 37 a8

R | H|[CHICH,| H
R | M JCH; [CuicH,

The structures of the two isomeric clusters 35m and 36m were elucidated by X-ray
crystallography (Fig. 8). In all these compounds the isomer formed by carbon-
carbon bond formation at the non-fluorinated carbon atom prevails; this is in
agreement with the fact that the iron—carbon bond to the fluorinated carbon atom
is shorter (stronger} than that to the non-fluorinated carbon atom. On thermolysis
of compound 33a {R=H; R’'=Me]) a single isomer 352 is formed.

Thermolysis of pure 35 or 36 does not result in any isomerization only to some
decomposition due to clusier fragmentation, yielding the corresponding dinuclear
species 37 and 38 respectively. Because of the high regioselectivity of the reaction
of Fey(CO)y{u;-CF), (2a} with alkynes and the thermal rearrangement of the
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Fig. 8. Molecular siructures of 35m and 36m.

resalting difervaallyl clusiers into ferrole clusters, this reaction sequence is an
excellent method for the systematic building of fluorinated ferrole cluster
frameworks with substituents in well-defined positions. Interestingly, this is the
only rational synthesis of fluorinated ferroles as the perfluorinated ferrole
Fe{CO)(Fe—CF=CF ~CF=CF} is only a minor by product [ 28] and the only
further example proved to be erroneous [49].

Diferraailyl clusters 3%9a and 39b are the sole products of the reaction of
Fe {COlip,;-CCl), with ethyne or phenylethyne whereas Fe;(COl(p,-CH), reacts
with phenylethyne, directly yielding a trinuclear ferrole cluster 40 [50]. Reaction
of the phosphine-substituied bisfluoromethylidyne cluster 3la with ethyne
resulis in several products of which the major product, a diferraallyl cluster
Fe{CO,L{PMe Mu,;,-CF—CH—CH }{j,,-CF) (41) could be isolated by chromatogra-
phy [40] and the structure of cne isomer was elucidated crystallographically.

6.2. Reactions with phosphaalkynes

According to photoelectron spectroscopy data for phosphaalkynes (R -C=P} the
HOMO is a = orbital and the energy difference between the m orbital and the n
orbital is larger than in witriles [51]. Thus the similarities between the phospha-
alkynes and alkynes are greater than between the phosphaalkynes and nitriles in
both reactivity and ligand properties [ 32]. The form of coordination for the phospha-
alkynes is side-on with end-on coordination being the exception [ 52]. In addition,
many dimerization, codimerization, cotrimerization and coupling reactions were
studied [52].

The bisalkylidyne clusters Fe,{COj,(11;-CR), (R=F, Cl, Br or H) react with the
phosphaalkyne ‘Bu—C=P vielding a single coupling product, namely the phospha-
ferrole cluster compounds 42;
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R 3]
F
L S = /
el | t—Bu-C=P A
—T—fe s Fe t H
R
R
Fe
2a-d 42

R =F, Q| Br, H

Surprisingly only one isomer is formed and there is no hint of any isolabie diferra-
phosphaailyl intermediate [ 53,547, The structures of all compounds 42 {Fig. 9) were
determined by X-ray crystallography showing no significant substitution effects
[53,54].

The reaction of the asymmetrical substituted bisalkylidyae cluster Fe;{CO)o(us-
COEt){1,-CMe) 3 with “Bu—C=P vyields three isomeric phosphaferrole clusters
43a-43¢ which were unambiguously characterized by X-ray crystallography:

The isomers differ in the position of the phosphorus atom in the phosphaferrole ring
and the positions of the substituents [ 54].

According to Wade’s rules, all these phosphaferrole clusters are closo clusters as
long as the phosphorus atom has a non-bonding electron pair and therefore contributes
three skeletal electrons. Thus the clusters 42 and 43 should be able to act as ligands
as the phosphorus atom occupies the apex of a distorted tetragonal pyramide formed
by the iron, the phosphorus and one carbon atom. The coordination to a metal center
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Fig. 9. Molecular structures of 42a (left) and 44b (right).

should not result in significant changes within the cluster framework. To test this
hypothesis the reaction of 42a with compiexes which after elimination of a labile kigand
produce 16-electron fragments was studied [53,54]. The stable compounds 44 with
the Cr(CO); and CpMni{COQ), (Cp=CH; or C;Me;) fragment were isolated:

oc e FBCOY, e FR{CO),

[+

42n L]

Ma, ML, = Cr(CO),
a4b, WL, = CpMn(CO),
43c, ML, - CpMN(CO),

A crystal structure determination of 44b verifies that the influence of coocrdination
on the cluster framework is negligible (Fig. 93 [53].

Attempts to obtain complexes which contain more than one of these ciuster ligands
has so far failed. In the reaction of nickel chloride with 422 in methanol an interesting
cluster degradation product 45 was isolated [ 54]:

[

G~
L 1/ \’ oy

ooy, W by

45
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This dinuclear iron complex 45 contains the wunusual p,-u'-{P)-n’-
{C)—CF—CF—C{Bu)— P(H{OCH,) ligand in addition te six terminal carbonyl
iigands. The mechanism of the reaction which results in a complete change in the
connectivity of the ring atoms and an oxidaiive addition of methanol te the phos-
phorus atom is still a mystery.

6.3. Cluster expansion reactions and difluorcethyne complexes

Halogenated alkynes are rather unstable compounds [35]. In particular the exis-
tence of diflucrcethyne has not been proved unambiguously [56]. Only recently,
Barger and Sommer [57] succeeded in synthesizing and characterizing FC=CF,
which slowly decomposes even at liquid-nitrogen temperature. This instability has
prevenied the synthesis of diflucroethyne complexes.

However, two different types of diflucroethyne complex can be prepared by indirect
methods, On reacting Fe,{CO)(1,-CF), (2a) with Cp*Co(CQO), or Cp*Rh{CO), a
cluster expansion reaction takes places with simulianeous coupling of the fluoro-
methylidyne groups forming a difluorosthyne ligand [ 58]:

VSN

Co
/F {£0), (co},,,-,_/* o F

\
{COWK*]L/H Fe(CO}, ﬁsg / /
(COMFo——7C
] VN

Fa(CO),

=T

2z 46
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Fig. i0. Molecular structure of Cp*Co{COlFe,{1,-n*-FC=CF} (48).

According io the crysial siructure determination of 46a (M=Co) (Fig. 10}, the
diflucroethyne ligand is coordinated to the butterfly arrangement of four metal
atoms with distances ranging from 192{1) to 208(2) pm. Obviously the C—C bond
of the difluorcethyne ligand is greaily lengthened by coordination, and the C C—F
structural unit is beni. Thus the coordinated difluoroethyne has lost its identity and
should be viewed as a component of the close cluster. Similar cluster expansion
reactions of Fe;(CO){R—C=C—R} with CpRh(CO), and Fe,{CO}, which require
no alkylidyne coupling reactions have been observed [59]. Attempts to prepare
dichloroethyne and dibromoethyne complexes by analogous cluster expansion reac-
tions starting with 2b or 2¢ failed thus far.

However, a second type of difluorcethyne complex 47 could be obtained by
reaction of difluorofumaric dichloride with tetracarbonylcobaltate [60]:

o]
4
e—c F €O\ Lo F
/ -2 NaCl
2 Na[Co{CO),) + c—C C=—C
\ -2¢0
F c—=ci F Co{CO),
V4
(5]

47

According to the X-ray crysial structure determination of 47 the difluoroethyne
ligand is coordinated in the unusual p,-n*-n* coordination which has been observed
only in few other alkyne complexes [61].

6.4. Miscellaneous reactions

A carbon—carbon and nitrogen—carbon bond formation reaction induced by the
reaciion of Fe,{CO)(p;-CMej(us-COMe) (3) and diphenyldiazomethane yiglding
Fe,{COjs[ Ph,C=N—N—C{O}-Ci{Me}— COEt] (48) has been reported by Mathieu
and co-workers [627]. [ Fe;{CO{n;-C=CCH;R}] ™ {49) was isolated as the product
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of the two electron reduction of Fe,(CO)y(us-CCH,R}{(u;-COEL) (3) by penta-
carbonylmanganate(f) [ 11,63] but, when R=C(O)CH,; or C{O}OCH,, the major
products of the reaction are [Fe{CO(ps-CIOE)=C~=C(H)R]™ complexes {50)
[11] containing an allenyl ligand.
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