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The parallel us-n* alkyne~cluster interaction in triiron compounds of the formula [Feg-
Cp2(CO)5(CF3C,CF3)] (1) hasbeeninvestigated. Kinetics of the interconversion of asymmetrical
(1a) and symmetrical (1b) conformers are reported. The influence of external ligands on the
alkyne orientation is examined on treating 1 with tertiary phosphine and phosphite. The
monosubstituted complexes [Fe;Cpy(CO)4(L)(CF3CoCF3)] (L = PMes (2), P(OMe)s (3)), in which
the alkyne ligand is bonded in a u3-7?%(|) mode, are obtained. The redox chemistry of triiron
alkyne clusters 1-3 has been investigated by electrochemical techniques. One-electronreduction
coupled with the decoordination of a ligand (CO or phosphorus ligand) induces alkyne

reorientation over the trimetallic framework.

Introduction

The structures and bonding aspects of trinuclear metal-
alkyne clusters have been the subject of many recent
publications.2 These M3C; compounds are known to adopt
two different geometries, depending on their number of
valence electrons. Whereas the alkyne C-C vector is
perpendicular to a metal-metal bond (u3-%%( L) mode3) in
the formally unsaturated 46-electron closo clusters, it is
parallel to a M-M bond (u3-7%(]|) mode?®) in 48-electron
nido M3C; species.2ab:34
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In an extended Hiickel molecular orbital (EHMO) study,
Saillard and co-workers?® have shown that the uz-n2(L)
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configuration is favored by ~63 kJ mol-! for 46 electrons
but that the ug-n%(|) mode is preferred by ~138 kJ mol-!
for 48 electrons; this is a consequence of the different
energies of the frontier orbitals. The same behavior had
been predicted before by Schilling and Hoffmann.* Aime
and co-workers? have confirmed these theoretical results
by CNDO calculations, and they have rationalized the
tendency of triiron clusters to give 46-electron systems
and of triruthenium and triosmium clusters to afford 48-
electron compounds when reacted with alkynes on the
basis of the different electronegativities of the metals.
Thus, as expected, the u3-n?(L) mode has been experi-
mentally observed for [Fez(CO)s(RCsR)1205 and [FesRu-
(CO)9(RC2R)1,% while the uz-n2(|) mode is observed in
triruthenium? and triosmium?2e£%8 M3C, complexes and
in several heterometallic cluster—alkyne compounds,2ei8
However, we?:! and others2™® have recently reported two
important exceptions tothis general trend. Indeed, Smith
and co-workers’ have described the first structurally
characterized example of the u3-#%( L) coordination mode
of an alkyne to an Osz framework. They explained the
formation of such a complex by an increase of the electronic
density onto two osmium atoms by replacement of CO
with a diphosphine ligand, which allows these metal atoms
to act as good back-donors to the alkyne ligand, thus
stabilizing the u3-72( L) coordination mode. Recently, we
have presented unprecedented evidence for the existence
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of the uz-72(||) mode in a triiron monoalkyne cluster, [Fes-
Cp2(CO)5(CF3C:CF3)] (1).28! It appears that the above
change of alkyne orientation in triiron-alkyne complexes
results from the influence of the substituents on the alkyne.

Within the us-72(|) coordination mode, two possible
conformations of nido clusters can occur when the sym-
metry of the triangular metallacycle is lowered either by
use of different metals (M2M’) or by varying the envi-
ronment of the metals. Both symmetrical (MM//C-C)
and asymmetrical (MM’//C-C) geometries have been
described for several nido M;M'-alkyne complexes.?
EHMO calculations on nido clusters by Saillard and co-
workers? suggest that the thermodynamically preferred
rotamer is the one having the more electronegative metal
fragments located in the basal edge rather than in the
apical vertex of the complex. On the basis of their
calculations, these authors predicted, for example, that
for the two nido isomers of [FesCpa(CO)3(C2Hg)14- the
symmetrical form is more stable than the asymmetrical
one.?> This preferred orientation of the alkyne results
from the relevant role of the cluster-alkyne back-donation
from the two equivalent electron-attracting CpFe frag-
ments. Although the difference in energy of the two
possible isomers has been evaluated to be small,?? it could
be considered to be significant enough, since the config-
urations studied in the theoretical work have been
exemplified by several structures.2® The available X-ray
structures for most of the cited homo- or heterotrimetallic
clusters are in good agreement with these features and
show that the basal metal-C(alkyne) distances are on
average shorter than the apical metal-C distance.2k810

The triiron alkyne cluster [FesCps(CO)5(CF3C:CF3)1 (1),
which we reported recently, ! should have experimentally
exemplified the preferred conformers predicted by EHMO
calculations for a “Cp;Fe;Fe(CO);” entity.? Surprisingly,
both in solution and in the solid state, the asymmetrical
conformation la is preferred to the symmetrical 1b.
Moreover, the relative energies of 1a and 1b are sufficiently
differentiated to allow for only isomer la to exist in the
crystal. These resultsillustrate that slight changes in the
coordination sphere of the triiron “CpoFe:Fe(CO);” frame-
work would stabilize the structure calculated to be
unfavored 2b. Thisis particularly true when the energetic
difference between the two conformers is small.

We report here a quantitative investigation of the
kinetics of the asymmetrical to symmetrical conformer
interconversion (la = 1b). In order to evaluate the
electronic influence of external ligands on the alkyne
orientation, we have brought about the substitution of
one CO group in [Fe3Cp2(CO)5(CF3C.CF3)]1 (1) by trimeth-
vl phosphite and trimethylphosphine. Moreover, it has
been previously demonstrated that the two-electron re-
duction of the 46-electron [Fe3(CO)g(RCCR)] species
induces a reorientation of the alkyne moiety above the
metal triangle.2d We thought that it would be interesting
to check whether the same type of chemistry could result
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from the electroreduction of the title clusters; a previous
study from this laboratory showed that the reduction of
a “FesSC2” nido complex triggered the decoordination of
a CO group, thus generating an unsaturated 17-electron
iron center.l! If the same holds true for the title com-
pounds, the one-electron reduction of the nido clusters?
could generate the radical anion of a closo species via the
decoordination of a two-electron-donor ligand.

Results and Discussion

Kinetics of the Isomerization. The complex [Fes-
Cpa(C0O)5(CF3CoCF3)] (1) studied here exists in solution
asinterconverting asymmetrical (1a) and symmetrical (1b)
isomers. The la:1b ratios are temperature-independent
but depend on the solvent polarity; the more polar solvent
favors the asymmetrical isomer (e.g., la:1b = 7:1 in CDs-
Cl; and 13:1 in CD3CN). The asymmetrical compound
1a, which is thermodynamically favored in the solvents
used, is the only product obtained in the solid state. CD,-
Cl; solutions of 1a, at 200 K, display a single °F NMR
pattern in accordance with the structure found for this
cluster by an X-ray crystallographic study.26 Under the
above-mentioned conditions, 1a isomerizes over several
days to give an equilibrium mixture of 1a and 1b in the
ratio of 7:1. The conversion of 1a to 1b could occur
according to a mechanism (Scheme 1) similar to that
suggested by Deeming for the isomerization of the trios-
mium cluster [OssHz(ug-indyne)(CO)gl.12 This mechanism
involves an intermediate (1¢) where the C-C axis of the
alkyne is perpendicular to a metal-metal edge of the Feg
triangle. To account for this scheme, we have to invoke
both alkyne rotation and migration of the bridging C(5)0
ligand in 1a from one edge of the Fe; triangle to another.
In this case the Fe(1)-C(5) bond would be broken, which
would be consistent with the X-ray results that indicate
this bond is weak (2.23(1) A) compared with the Fe(3)~
C(5) bond (1.79(1) A).% The exchange process that is
responsible for the 1a — 1b interconversion is thought to
be slow, since no fluxional phenomena could be detected
on the NMR (1F, 13C) time scale, over the temperature
range 200-383 K in toluene-ds. Therefore, to know more
about the energy differential in the transformation of
complex la to 1b and vice versa, we studied the kinetics
of the isomerization reaction

ky

la=1b 1)
k.

Rates for reaction 1 were monitored by following changes
in the 1°F NMR spectra with time, at four temperatures.
The rate constants are given in Table 1 and were obtained

(11) Robin, F.; Rumin, R.; Talarmin, J.; Pétillon, F. Y.; Muir, K. W.
Organometallics 1998, 12, 365.
(12) Deeming, A. J. J. Organomet. Chem. 1978, 150, 123.
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Scheme 1
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Table 1. Temperature Dependence of k; and k_; for 1a-1b
Isomerization (0.2 M) in CDCl,
koy X104 ky X 104, koy X104, Kk X 104
temp, K s s7! temp, K st st
269 1.33 1.90 279.5 5.12 7.32
275 2.65 3.79 285 9.80 14

from the slopes of the linear plots (in all four cases) of
In(xe/ (%, — x)) = f(t) (where x and x, are the percentages
of the isomer lb before and at the point when the
thermodynamic equilibrium was reached, respectively) and
from the thermodynamic equilibrium constant. Thelinear
Eyring plots of the isomerization rate constants in Figure
1 afforded the activation parameters AH* o—.p = 18.5 (£2)
kcal mol-! (AS* = -7 (1) eu) and AH* .1, = 18.4 (£2)
kcalmol-! (AS* =-11 (1) eu). These values are somewhat
higher than those measured for other trinuclear metal-
alkyne clusters.? They account for the fact that the alkyne
does not rapidly alternate between the faces of the Fe;
triangle. We will not speculate on why 1a and 1b have
high interconversion barriers, but it is interesting to note
that the alkyne present in these conformers has strong
electron-withdrawing substituents.

Thermal Substitution of Tertiary Phosphite and
Phosphine for CO in 1: Kinetic Analysis. The
coordination mode of an alkyne to a triangular metal
cluster has been shown to be strongly dependent on the
back-donation ability from the metal atoms to the
alkyne.2¢4 When the back-donating effect increases, the
cluster is inclined to adopt a 46-electron configuration. In
order to check whether the presence of one monodentate
phosphine or phosphite ligand on the alkyne-iron frame-
work would be sufficient to induce some change in the
alkyne orientation within the organometallic skeleton, we
treated the parent cluster 1 with PMes and P(OMe)s.

The replacement of CO with trimethylphosphine or
trimethyl phosphite for [FesCp2(CO)s(CF3;C:CF3)] (1)
occurred quite readily in CDCl; at about 60 °C (2.5 h),
affording the monosubstituted complexes [FesCp2(CO) 4
(PMe3)(CF3CCF3)] (2) and [FesCpa(CO)4P(OMe)s}(CF5Co-
CF3)] (8), respectively, in good yields (Scheme 2). No
disubstituted compound was detected even when a large
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Figure 1. Eyring plots of (a) -In(k/T) vs T-1 X 10-3 or (b)
~In(k_y/T) vs T-! X 10-2 for the 1a—1b isomerization reaction.

excess of phosphine was used. The 1°F NMR spectrum
of 3 shows signals consistent with the presence of two
isomers in equilibrium in solution, whereas that of 2
indicates the presence of only one isomer. The 3a:3b ratio
is not affected by the temperature but depends on the
solvent (CDClg, 3a:3b = 49:1). The complexes 2 and 3
have been characterized by NMR and IR spectroscopy
(see Experimental Section). The data show that the
structures contain a semibridging carbonyl ligand, a us-
CO ligand, and two terminal CO groups. A change of the
alkyne orientation on the organometallic skeleton from
parallel (n2(]))) to perpendicular (2(L)) as a result of the
substitution in 1 of one CO by a more basic ligand would
imply the loss of an additional carbonyl group in order to
obtain a 46-electron configuration. Nowspectral datashow
the existence of four remaining carbonyl ligands in 2 and
3, which excludes a perpendicular coordination mode of
the alkyne, since this mode is exclusively observed in 46-
electron clusters. Thus, the data are consistent with a
#3-1%(|)) coordination mode of the alkyne, analogous to that
found for the parent cluster 1. NMR data for 2 and the
major isomer 3a are in accordance with the asymmetric
structure shown in Scheme 2. By subtracting from the
19F NMR spectra of 3 the peaks belonging to 3a, we get
the spectral pattern of 3b, which shows only one signal at
-51.6 ppm, which is consistent with a symmetrical structure
(Scheme 2).- Indeed, according to this, a closo trigonal-
bipyramidal configuration (uz-4%(_L)) could be ruled out
for 3b, since in such a geometry the CF; groups of the
alkyne should be nonequivalent. Substitution of CO
ligands effected under thermal conditions often leads to
mixtures of mono- and polysubstituted derivatives, but
we notice that here the substitution reaction is highly
regioselective. According to the value of the coupling
constant between the phosphorus and fluorine atoms (4Jr_p
= 5 Hz), it appears that the CO ligand replaced in the
parent cluster was trans to the CF; group.

In an attempt to examine the mechanism of ligand
substitution for these triiron clusters, we studied the
kinetics of the reactions of 1 with PMes and P(OMe);
(Scheme 2). Rates for the reaction of 1 (0.2 M) in CDCly
with a stoichiometric amount of PMez or P(OMe)s were
calculated by monitoring the time dependence of the 19F
NMR spectra of either the starting material or the
products, at five temperatures. The rate of disappearance
of the triiron complex 1 was fitted to a second-order rate
law. This can be seen from the linear plots (in all five
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Figure 2. Eyring plots of -In(k/T) vs T! for reaction of 1
with (a) PMe; or (b) P(OMe)s.

Table 2. Temperature Dependence of k for the Substitution
of CO by (a) PMe; or (b) P(OMe); on 1 (0.2 M) in CDCl,

a b
temp, K 10%, L mol-! 57! temp, K 10%, L mol-! 57!
316.5 1.76 316.5 2.0
321 3.66 321 5.6
325 6.44 325 6.75
329 11.66 329 13.8
3323 18.00 3323 25.0

cases) of 100/(100 — x) (where x is the percentage of the
product 2 or 3) vs time: Eohsq was obtained from the slopes
of such plots. The rate constants for the disappearance
of 1 are given in Table 2. The linear Eyring plot of the
exchange rate constants in Figure 2 afforded the activation
parameters AH*;_, = 30.0 (1) kcal mol-! (AS* = 24 (£1)
eu) and AH*;—3 = 30.6 (1) kcal mol-! (AS* = 26 (1) eu).
The kinetic results concerning the reactions 2 and 3
(Scheme 2) rule out a dissociative substitution pathway
for these compounds and establish the associative nature
of the substitution process. Thus, the replacement of
carbon monoxide inreactions 2 and 3 involves both variable

diate. A possible substitution process involving alkyne =
decoordination seems very unlikely, since this would imply
that the replacement of CO by phosphine or phosphite in
1a, for example, occurs at the unsaturated 16-electron CpFe
center; this is not observed experimentally. The values
of the activation enthalpy of complexes 2 and 3 are very
similar and are high compared with those of other cluster
metal carbonyls,!3 which suggests that for this Sy2 process
there is more bond breaking than bond making in the
formation of the active intermediate (Scheme 3). This
also should explain the positive value of the activation
entropy.

In conclusion, the presence in the triiron cluster of one
phosphine or a ligand, which is a better & donor than a
carbonyl ligand, is not sufficient to induce the rotation of
the alkyne over the metallic triangle in order to obtain the
7%(L) coordination mode from the #%(|) one. This em-
phasizes the role of the substituents on the alkyne on the
coordination mode of an alkyne to M; clusters. Thus,
with strong electron-withdrawing groups (e.g. CF3) as
substituents on the alkyne the electronegativity of the
metals should need to be lower than that of iron atoms,
in order to stabilize a perpendicular orientation of the
alkyne. This is confirmed by the results obtained for
bidentate phosphine ligands (L = dppm, dppe), whose
reactions with [FegCp3(CO)5(CF3C2CF3)] (1) gave only the
saturated 48-electron complexes [FegCpa(CO) (L) (CF3C,o-
CF3)], with no evidence for corresponding unsaturated
species.’* Such an observation agrees with the work of
Smith et al.,!5 who have shown recently that the reaction

N (13) Basolo, F. Inorg. Chim. Acta 1985, 100, 33 and references cited
therein.
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Table 3. Redox Potentials® of Clusters 1-3 As Measured by Cyclic Voltammetry in THF-(Bu,N)(PFg)

first redox process

second process

cluster L solvent Ep o (Epp2) EVV? E\2.4 E,, El2,
1a CO THF -1.44 (1.36) 0.60 ~1.95 ~1.51 -0.92
MeCN -1.29 (-1.23) -1.63 -1.35 ~0.86 (Epj2 = -0.92)
1b co THF -1.18 (EY?)
MeCN -1.12(EY?)
2 PMe; THF -1.75(-1.67) 0.23 -1.94 -1.53 -0.92
3 P(OMe)s THF ~1.68 (-1.62) 0.25 -1.94 -1.53 -0.92

@ All potentials are in V vs the ferrocene/ferrocenium couple.

of the triosmium cluster [Os3(u-H)(CO)g{Pho,PCH,P(Ph)-
(CsHy)}1 with alkynes RCoR gave a us-n%(||) mode when R
is an electron-attracting group (CF3) and a u®-52(_L) mode
when R = Ph. The triiron clusters described here are the
first examples of triiron compounds exhibiting a parallel
orientation of the alkyne with respect to a metal-metal
bond, in spite of the low electronegativity of the metal.
The replacement of one CO ligand in the triiron cluster
1 by a phosphane group favors the asymmetrical 72(|)
structure, since the 3a:3b ratio (49:1) was high compared
to 1a:1b one (7:1). Moreover, when the trimethylphos-
phineis used, only the asymmetrical isomer was obtained.
This result is quite surprising, since the replacement of
one CO by the more basic ligand (here PMe3) stabilizes
the asymmetrical structure, which is in disagreement with
theoretical previsions.?> This observation shows once more
that prediction of alkyne orientation within a trimetallic
framework must take into account the influence of the
substituents of the alkyne.

Electrochemical Investigations. Our previous elec-
trochemical studies on a “Fe3;SC,” cluster have shown that
its reduction results in the decoordination of a CO group.
Such a reaction associated with a change in the electron
richness of the metal centers as a result of the reduction
of clusters 1-3 might induce a rotation of the alkyne over
the Fe; triangle. Therefore, we have investigated the

(15) Brown, M. P.; Dolby, P. A.; Harding, M. M.; Mathews, A. J.; Smith,
A. K.; Osella, D.; Arbrun, M.; Gobetto, R.; Raithby, P. R.; Zanello, P. J.
Chem. Soc., Dalton Trans. 1993, 8217.

electrochemical behavior of clusters 1-3 in THF- and
MeCN-electrolyte mixtures.

First Reduction of Clusters la, 2, and 3 and the
Coupled Chemical Step. The cyclic voltammetry (CV)
of clusters 1a, 2, and 3 (room temperature, Ny atmosphere,
THF-(BwN)(PFg) electrolyte) displays a reversible (or
quasi-reversible for 1a) one-electron oxidation and an
irreversible one-electronreduction. The potentials forthe
first redox processes (Table 3) are sensitive to the
substitution of the donor ligand PMeg or P(OMe); for CO.
The irreversibility of the first reduction should be assigned
to the occurrence of a fast chemical step after the electron
transfer (EC process) rather than to a slow heterogeneous
electron transfer rate. This is confirmed by the low
temperature CV of 1a in MeCN-electrolyte: under these
conditions the first reduction of 1a shows reversibility
and asecond, irreversible, reduction is also observed (E;_,,
=-2.13 V) (Figure 3). Asevidenced by the CV in Figures
4 and 5, the same product (P;*-), characterized by the
redox processes at E1/2; = -0.92 V and EV/2,,q = -1.94 V
(THF electrolyte; in MeCN, the potentials are E, , =-0.86
V (irreversible oxidation, Ep s, = —0.92 V) and EV/%4 =
-1.63 V, respectively), arises from the EC reduction of
complexes 1a and 3. This is also the case for cluster 2. It
istherefore clear that the one-electron reduction of clusters
1a, 2, and 3 is followed by the rapid loss of a ligand, e.g.
CO, PMes, and P(OMe)s, respectively (reaction 4).

Controlled-potential electrolyses of the clusters at the
potential of their first reduction in a THF electrolyte are
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Figure 3. Low-temperature cyclic voltammetry of a 1.3 mM
solution of 1a in MeCN-Bu,N)(PFg) (T = -30 °C; vitreous
carbon electrode; v = 0.2 V/s). The reversible system shown
on the reverse scan corresponds to the P;2/P;*- couple (see
text).

18,2,3 >P," +L 4
48 e 47 e

L = CO, PMe,, P(OMe),

completed after ca. 1 F/mol of starting material has passed.
CV monitoring of the course of the electrolysis shows a
linear decay of the first reduction peak current with the
charge consumed and a steady increase of the oxidation
peak of P;*-. The yield of P;*-, calculated from the
comparison of its oxidation peak current to that of the
starting material before electrolysis, is ca. 55%. The bulk
electrolyses of 1a, 2, and 3 also result in the formation of
variable amounts of a byproduct with E1/2,4 = -1.3 V:
this product has been characterized by !H and 1*F NMR
and IR spectroscopy and CV as the already known?
[CpFe(u-CO)sfu-(CF3CoCF3)}FeCp]l complex (4). The
formation of this fragment requires that some decompo-
sition product {Fe(CO),}™~ be generated as well. As 4 is
electroactive at the same potential as 1a, the coulometric
experiments were more conveniently carried out on
solutions of 2 or 3.

Our attempts toisolate P;*- from the solution after bulk
electrolyses of clusters 1a, 2, and 8 under N (THF-LiClO4
electrolyte) failed. The only products characterized after
workup were the starting material and the dinuclear
complex [CpFe(u-CO)gfu-(CF3C:CF3)}FeCp] (4), although
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-2 -1
E (V vs Fe*/Fc)
Figure 4. Cyclic voltammetry of a 2 mM solution of la in
THF-(Bu,N)(PFg) (vitreous carbon electrode; v = 0.2 V/s).

I 10 pA

-2 -1 0
E(VvsFc*/Fc)
Figure 5. Cyclic voltammetry of a 1.8 mM solution of 3 in
THF-(Bu,N)(PFg) (vitreous carbon electrode; v = 0.2 V/s).

CV of the catholyte clearly showed that P;*- had formed
(see Experimental Section).

We have also attempted to isolate the neutral P;
species: the radical anion resulting from the controlled-
potential reduction of 1a was electrochemically oxidized
at —0.7 V. However, the major product of the oxidation,
characterized by a reversible reduction at -1.3 V, is the
dinuclear complex 4. After workup, NMR analysis of the
mixture of products shows that the distribution of 1a and
4is 26:64. Therefore, it appears that P; has only alimited
kinetic stability (eq 5).

o
P,"” = P, — 4 + products )]

+e

Electron-Transfer Chemistry and Chemical Re-
activity of the Reduction Product. Electron-Transfer
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Figure 6. Cyclic voltammetry of the catholyte after con-
trolled-potential reduction of (a) a 2 mM solution of la
(reduction potential 1.6 V; Hg-pool cathode; 0.8 F/mol of 14)
showing the reversible oxidation of P;*- and (b) a 4 mM
solution of 3 (reduction potential -1.7 V; Hg-pool cathode;
1.2 F/mol of 3). The CV in (c) is the same as in (b) but
recorded at the temperature of ~25 °C and shows the quasi-
reversible reduction of P~ and the suppression of the
irreversible oxidation peak of P;2- (THF-(BuyN)(PFy)) (vit-
reous carbon electrode; v = 0.2 V/s).

Reactions of the Reduction Product. The oxidation
and the reduction of P;*- both occur according to EC
processes. The oxidation of P1*-inthe presence of aligand
L (THF-electrolyte)1é regenerates the parent clusters la,
2, and 3 (L = CO, PMe3, P(OMe)s, respectively). Our
evidence for this is as follows: the oxidation couple at
EV2, = -0.92 V in Figure 4c shows a cathodic to anodic
peak current ratio less than unity: this is because the CO
released in the electrode vicinity as a consequence of the
ECreduction of 1a (reaction 4) reacts with P; toregenerate
the starting material. When it is generated from the bulk
electrolysis of cluster la (under Nj, the CO released on

(16) Bard, A. J.; Faulkner,L. R. In Electrochemical Methods: Funda-
mentals and Applications; Wiley: New York, 1980; p 429.

(17) The anodic to cathodic peak separation for the 1b/1b*- couple is
ca. 60 mV in MeCN (AE, for ferrocene is also 60 mV). In MeCN, the
P1/Py*- couple is not reversible.
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reduction is removed from the solution), P;*- shows a
chemically reversible oxidation on the CV time scale
(Figure 6a). On the other hand, since the P(OMe); ligand
released during the controlled-potential reduction of 8
remains in the solution, the oxidation of P,*- generated
under these conditions appears as a poorly reversible
system: the EC oxidation of P*- at =0.92 V regenerates
the starting material 3, as evidenced by the detection of
itsreversible oxidation at 0.25 V on the positive scan while
its reduction process is completely absent. This can be
summarized as shown in Scheme 4.

The reduction couple of P;*- also presents the charac-
teristics of a system that is not fully reversible chemically
((p%/ix°)rea < 1). The irreversible oxidation peak at Epos
=-1.53 V (Figure 6b) is assigned to a product (Py>-) arising
from the decay of the dianion P12~ (Scheme 5), since it is
suppressed at lower temperature when the redox couple
P;*-/P;* is chemically more reversible (Figure 6c). At
room temperature, the oxidation of P,2- leads to the
regeneration of P;*-, Py*~ not being detected by CV (v <
1 V/s); this suggests that the chemical step involving Py*-
is faster than the chemical transformation of P;2- into
P,2- (Scheme 5).

Reaction of the Reduction Product with Carbon
Monoxide. In addition to the chemistry coupled to the
electron-transfer steps of P;*-, the radical anion is also
involved in a reaction with carbon monoxide, which leads
to the minor isomer of la. In the CV of la, a small
reversible couple (E/2,,q = -1.18 V) is detected just anodic
of the major reduction peak (Figure 4b); this process, which
is not observed when the CV is run immediately after the
cluster has been dissolved in the THF-electrolyte mixture,
is assigned to the reduction of the minor isomer of 1a, e.g.
1b. The cathodic current for this couple accounts for 10—~
15% of the total reduction current, and this is in agreement
with the calculated percentage of the minor isomer of la
(see above). The increase in the peak currents for this
system from Figure 4b to Figure 4c makes clear that some
isomerization occurred during the reduction of 1a. The
increase in the ratio of the oxidation peak currents of P;*-
and 1b*- at —0.92 and -1.18 V, respectively, as the scan
rate is increased from 0.02 to 1 V/s suggests that P,*- is
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Figure 7. Cyclic voltammetry of a 1.6 mM solution of 1a in
a MeCN-(BusN)(PFg) electrolyte (a) under CO at low
temperature (T ca. -30 °C), (b) after controlled-potential
reduction at ~30 °C under CO, showing the redox processes
of 1b*- (Hg-pool cathode; reduction potential -1.45 V; 1 F/mol
of 1a), and (¢) after purging the solution corresponding to (b)
with Ny, showing the conversion 1b*- -+ P;*- (vitreous carbon
electrode; v = 0.2 V/s).

an intermediate on the pathway to 1b*-. The conversion
of Py*- into 1b*- is quantitative when the reduction of 1a,
but also that of 2 and 3, is run under a CO atmosphere:
under these conditions, the oxidation couple P;*-/P; is
replaced by the 1b*-/1b oxidation system. Controlled-
potential electrolyses of 1a have been performed under a
CO atmosphere in a THF-electrolyte mixture at the
potential of the primary reduction: the electrolysis
produces ca. 40% (calculated from CV peak current
measurements) of 1b*-along with unidentified degradation
products. These experiments were repeated at low tem-
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Scheme 6¢
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¢ The orientation of the alkyne in the ionic species is not
indicated. .

perature (under CO) in a MeCN electrolyte and, although
la*- appears stable on the CV time scale under these
conditions (Figure 7a), the controlled-potential reduction
at the first wave results in the formation of 95-97% (CV
measurement) of 1b*- (Figure 7b). When the solution is
purged with N, 1b*-is converted to P,*- (Figure 7¢), and
this reaction is reversibie since 1b*- is regenerated under
CO. Therefore, the irreversible loss of CO from la*-
appears as a much faster reaction that the reversible
decarbonylation of 1b*-.

Influence of the Electron Count on the Orientation
of the Alkyne Ligand above the Fe; Triangle. Al-
though we have not been able to isolate the reduction
product P;*- of clusters 1a, 2, and 3, the electrochemical
experiments reported above indicate that it must retain
the triangular metal framework of its precursors, as well
as the alkyne ligand. The fact that the P;/P;*- and 1b/
1b*- couples appear almost electrochemically reversible
with AE; of ca. 100~-110 mV in THF!" (compare with AE,,
=90 mV for ferrocene under the same conditions) suggests
that there is no important reorientation of the alkyne as
a result of the electron transfer step itself; however, the
charge of the cluster framework is crucial as to the
orientation of the alkyne after CO loss or CO addition.
This is shown by the fact that the reaction of CO with
each partner of the Py/P;*~ couple produces different
isomers (neutral and reduced, respectively) of the clus-
ters: 1b*-is generated from the reaction of P;*- with CO,
whereas the starting materials 1a, 2, and 3 are regenerated
from the reaction of P; with CO, PMe;, or P(OMe);
respectively (Scheme 6). In other terms, the oxidation of
P;°- followed by reaction with CO (EC process) produces
la, whereas reaction of Py~ with CO, followed by the
oxidation of the product (CE process), leads to 1b. This
behavior differs strongly from that reported by Smith et
al.,!>who detected an electrochemically irreversible system
for the two-electron transfer [Os3(CO)7;(PhC.Ph)(Ph,-
PCHgPth)] - v[083(CO)7(PhCZPh)(PhPCHzPPh'z)]?",
which they assigned to the L || reorientation within the
triosmium framework.
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The formation of 4 (with the alkyne perpendicular to
the metal-metal bond) from the reduction of clusters la,
2, and 3 in a THF electrolyte might also indicate that, in
its precursors P; or P;*-, the alkyne ligand is already
perpendicular to the CpFe-FeCp bond. It is therefore
reasonable to infer that P;, which has one CO group less
than la, has a closo geometry.

These results also show that the preferred orientation
of the alkyne in the nido geometry is reversed in the cluster
radical anions: the reduced form of 1a, 2, and 3 is highly
labile and is only detected by low-temperature CV (Figure
3), whereas lb*- appears to be stable under a CO
atmosphere.

Conclusions

Our investigations have shown that the coordination
mode of an alkyne to triangular metal clusters is highly
dependent on both the metal and the substituents of the
alkyne. While with a triiron framework a perpendicular
coordination mode is expected, a parallel mode is observed
whenstrong electron-withdrawing substituents are present
in the alkyne. Kinetic analysis of the asymmetrical 1a-
symmetrical 1h isomerization suggests a process involving
rotation of the alkyne ligand within the triangle through
an unsaturated 46-electron species. The barriers of the
alkyne rotation in 1 are high compared to those calculated
for similar processes.!? Reaction of tertiary phosphane
with 1 gave rise to the monosubstituted products [Fe;-
Cp(CO),L(CF3CoCF3)] (2, 3), where the alkyne ligand is
parallel to an iron—iron axis, which demonstrates that the
presence of a more basic ligand in the cluster is not
sufficient to induce a reorientation of the alkyne from
parallel to perpendicular.

The electrochemical behavior parallels that observed
by thermal activation and shows also that 1a—1b isomer-
ization involves an intermediate where the alkyne has a
ps-n2(L) mode of coordination. Interestingly, the elec-
trochemical data suggest that the reorientation of the
alkyne within the triiron compounds depends on the charge
of the cluster framework but does not result from the
electron transfer step itself.

Experimental Section

The chemical, electrochemical, and kinetic experiments were
carried out under an inert atmosphere (dinitrogen or argon) in
carefully deaerated solvents.

Infrared spectra were obtained with a Perkin-Elmer 1430
spectrometer in hexane solutions in the »(CO) region. NMR
spectra (1H, 12C, 1°F, 31P), in CDClI; solutions, were recorded on
a JEOL FX100 or a Bruker AC300 at 20 °C in chloroform-d and
were referenced to Me,Si, Me,Si, CFCls, and HsPOy, respectively.
Chemical analyses were performed by the “Centre de Microanal-
yses du CNRS de Lyon”. The electrochemical apparatus, the
cell, and the electrodes were as described previously.!!

The triiron cluster [FesCp2(CO)s(CF3C2CF3)] (1) was obtained
as reported previously.?

Preparation of [Fe;Cp,(CO),(PMe;)(CF;C.CF3)] (2) and
[FesCpa(CO) P (OMey)}(CFsC:CF;)] (3). Phosphane L (L =
PMeg, P(OMe)s) (0.10 mmol) was added to a chloroform-d solution
of [FesCp3(CO)s(CF3C,CF3)] (1) (0.06 g, 0.10 mmol) with stirring
at 50 °C (L = PMey) or 60 °C (L = P(OMe);s). After 2h (L =
PMes) or 3 h (L = P(OMe)y) the red solution was evaporated to
dryness and purified by chromatography on a silica gel column.
Elution with CHyCl,-hexane (1:1) gave a red band of compound
2 or 3 (yields ~98%).
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2. Anal. Caled for C;H;3FeFesO.P: C, 38.9; H, 2.9. Found:
C,39.0; H, 3.1. IR: »(CO) 2024 (s), 1974 (s), 1846 (m), 1663 (m)
cm-! (hexane). 'H NMR (CDCly): 54.98 (s, 5H, Cp), 4.75 (s, 5H,
Cp), 1.34 (d, 9H, Jpy = 9 Hz, PMejy). 3P{{H} NMR (CDCly): &
12.51 (q, *Jpr = 2.4 Hz). 1®F NMR (CDCly): 6§ -49.90 (q, 3F, J¥r
= 13 Hz), -48.48 (dq, 3F, J5r = 13 Hz, ‘Jpr = 2.4 Hz). 1C{1H}
NMR (CDCly): 6 289.8 (d, 2Jcp = 8 Hz, us-C0), 233 (d, 2Jcp =
6 Hz, u-C0), 215.9 (dq, 2Jcp = 15 Hz, *Jcr = 1.5 Hz, CO), 211 (dq,
2Jcp =23 Hz, 4JCF =2 Hz, CO), 164.7 (q qui, chp =35 HZ, chp
= 3Jcp = 3.5 Hz, C(CFy)), 1567.2 (dqq, 2Jcr = 36 Hz, 2Jcp = 16 Hz,
3JcF = 3.5 Hz, C(CFy)), 129.7 (dq, Jcr = 276 Hz, ®Jcp = 3 Hz, CFy),
129.2 (q, Jor = 276 Hz, CF3), 92.5 (s, CsHs), 87.2 (s, CsHs), 16.3
(d, Jcp = 28 Hz, P(CHjy)s).

3. Anal. Calcd for CoHsFFesO7P: C, 36.2; H, 2.75. Found:
C, 36.2; H, 2.7.

3a. IR: »(CO) 2031 (8), 1975 (s), 1863 (m), 1683 (m) (hexane).
TH NMR (CDCl;): 85.0 ¢s, 5H, Cp), 4.78 (s, 5H, Cp), 3.78 (d, 9H,
Jpu = 11 Hz, P(OMe)s). 8P{IH} NMR (CDCly): 4 141.1 (q, “Jpr
= 5 Hz). 19F NMR: § -50.8 (q, 3F, Jyr = 12 Hz), -48.70 (dq, 3F,
Jyr = 12 Hz, 4Jpr = 5 Hz). 3C{!H} NMR: § 287.3 (d, 2Jcp = 10
Hz, us-C0), 230.1 (d, 2Jecp = 9 Hz, x-CO), 213.6 (br d, 2Jcp = 24
Hz, CO), 209.9 (br d, 2Jcp = 31 Hz, CO), 167 (m, C(CFy)), 156.7
(m, C(CFy)), 129.6 (dq, Jer = 276 Hz, 3Jcp = 5 Hz, CFy), 128.4
(dq, Jcr = 276 Hz, 8Jcp = 3 Hz, CFy), 92.4 (s, CsHs), 87.05 (s,
C5H5), 53.25 (d, 2JCP =8 HZ, P(OMe)a)

3b. ¥F NMR (CDCly): & -51.6 (s).

Kinetic Measurements. 1a-1b Isomerization Reactions.
The kinetic runs were monitored by *F NMR (99.66 MHz). A
0.2 M solution of triiron complex 1 was prepared by placing 0.060
g of the compound in cooled (213 K) chloroform-d. The tube
was then inserted into the magnet and taken to the desired
temperature. The progress of the reaction was followed by
monitoring the decreasing intensity of a typical ¥F NMR
resonance of 1a and the increasing intensity of the signal of 1b.
Plots of In(x./(x, — x)) = f(t) (where x and x, are the percentage
of 1b before and at the point when thermodynamic equilibrium
was reached, respectively) were linear. The slopes of these lines
gave values of Roped.

CO Substitutionin 1 by Tertiary Phosphine. Equilibrium
and kinetics studies of the rates of CO substitution were followed
by F NMR. The reactions were carried out in oxygen-free
chloroform-d solutions and under conditions where the concen-
trations of the cluster 1 and that of trimethylphosphine or
trimethyl phosphite are the same (in & typical experiment, the
concentrations were 0.2 M). The kinetics of the reactions were
followed by monitoring the increasing intensity of a typical *F
NMR resonance of the product (2, 3). Plots of (100)/(100 - x)
(x = percentage of product vs time (2, 3)) were linear. The slopes
of these lines gave values of koped.

Electrochemical Studies. Electrochemical Reduction of
Clusters 1-3. Owing to the fact that4 arising from the reduction
of the title clusters is electroactive at the same potential as la,
the coulometric experiments are more conveniently conducted
on solutions of the phosphorus-substituted molecules. The
electrosyntheses of P;*- were carried out from solutions of any
of the three clusters in a THF-(Bu,N)(PFe) electrolyte, but those
intended to isolate the product were performed in the presence
of LiC10, as the supporting electrolyte. Incontrast,the attempted
one-pot electrosynthesis of P; was conducted on solutions of 1a
in a THF-(BwN)(PFj) electrolyte.

Electrosynthesis of P,"-. In atypical experiment, 0.032 g of
3 (4.6 X 10-% mol) was dissolved in 25 mL of THF-(BusN)(PFg)
in the electrochemical cell and electrolyzed at -1.7 V on a Hg-
pool cathode under dinitrogen. After 4.5 C (1 F/mol of 3) CV
showed that less than 5% of the starting material was left, whereas
the product yield calculated from the peak currents (see text)
was 58% . The catholyte was syringed out of the cell, transferred
to a Schlenk flask under dinitrogen, and taken down to dryness
under vacuum. At this stage of the workup, most of the product
is still present as P,*-, as shown by the CV of a THF-(Bu,N)-
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(PF) solution of the residue; however, the amount of complex
4 has slightly increased and some (<10% of the initial amount)
starting material is also present. Addition of diethyl ether/
pentane to the solid affords a purple-red solution which is
separated by filtration; after evaporation of the solvents, NMR
spectroscopy shows the presence of the starting material (ca.
80% ) and 4 (20% ), with trace amounts of an unidentified product.
CV of the residue (THF-(BuN)(PFg)) after extraction presents
no well-defined peak.

The experiment carried out on 0.0654 g (1.1 X 10~ mol) of 1a
in a THF-LiClO, electrolyte leads to results similar to those
described above; no P;*- could be isolated.

Attempted Electrosynthesis of P;,. A solution of 0.050 g
(8.3 X 105 mol) of 1a in 25 mL of a THF-(Bu,N)(PFs) electrolyte
was reduced at -1.5 V on a Hg-pool cathode under dinitrogen.
The electrolysis was complete after 0.97 F/mol of 1a had passed.
The catholyte was then purged with dinitrogen for a few minutes
in order to remove all dissolved carbon monoxide. CV of the
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electrolyzed solution showed that P,*- formed in ca. 61% yield
along with 4 (8% yield) and an unidentified product with a
reversible oxidation at —0.62 V (ca. 16%) (the yields result from
CV measurement). The potential of the graphite anode was then
set up at—0.7 V, and the electrolysis was stopped after the passage
of 0.58 F/mol of 1a initially present in solution (this is consistent
with the one-electron oxidation of P,*- formed in 61% yield). CV
of the solution resulting from this oxidation showed the presence
of 4 as the major product; as shown by rotating-disk-electrode
voltammetry, the small couple at —0.92 V is due to unoxidized
P, NoP;wasdetected. Afteraworkupsimilartothatdescribed
above, NMR spectroscopy showed the presence of a mixture of
1a and 4 (26:64) with 10% of an unidentified product.
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