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Electrochemistry of Trimetallic ‘Crown-like’ Iridium(I) Complexes
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The electrochemistry of trimetallic ‘crown-like’
iridium(I) complexes of the type IrsfuS-'Bu)sfuX)-
(CO)s [X =F3C-C=C-CF;3 (1), H;COOC-C=C-~
COOCH, (2)] and substituted analogues Ir;(uS-*Bu)-
(WX)CO)sL  [X = F3C-C=C-CF3, L =CsFs (3),
CH3CN (4)] has been studied in CH3CN and CH,Cl,
solvents on mercury, platinum and glassy carbon elec-
trodes. These complexes undergo an irreversible one-
electron reduction leading to the destruction of the
trimetallic units. An irreversible one-electron oxida-
tion step is also observed.

A redox mechanism is proposed on the basis of
electrochemical and IR spectroscopic results by
comparison with the electrochemical behaviour of the
analogous dimetallic [ Ir(uS-*Bu)(CO),] , (5).

Introduction

We have previously reported [1-3] the synthesis
and the characterization of unusal types of trimetallic
iridium complexes Iry(uS-*Bu)s;(uX)(CO)L, (X=
C4Fs, L=CO (1), X =(CCOOCH;),,L=C0 (2),X =
CO, L = P(CHj)3): in species 1 and 2, two equivalent
iridium atoms are bridged by the fluoroalkyne and
were considered as being in the +II formal oxidation
state, the third one remaining in the formal +I oxida-
tion state (Fig. 1a). Further addition of C,F¢ on (1)
yields another trimetallic derivative Irs(u,S-*Bu),-
(13S-"Bu)(uC4F¢)(CO)s(7C4Fg) (3) [2]: the second
added C4F is then w-bonded to the iridium(I) center
and the thiolato sulfur atom which was bridging the
two iridium(II) atoms becomes triply bridging (Fig.
1b). The substituted complex (3) may undergo
reversible ligand exchange: the second #-C4F¢ can be
substituted by CO or CH3CN leading respectively to
(1) or (4) [3a].

In order to obtain additional informations on the
reactivity and on the electronic structure of these

*Author to whom correspondence should be addressed.
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(a)

(b)

Fig. 1. Crystal structures of the studied complexes (1), (2),
(3).a) R =CF3 (1), R = CCOOCHj3 (2); b) (3).

new compounds, we have investigated their electro-
chemical properties. Previous electrochemical studies
on organometallic Ir(I) complexes were only devoted
to mono or dimetallic compounds [4].

Experimental

All the studied compounds have been prepared
according to published methods [1, 3]. The com-
plexes were studied by stationary voltammetry (Pt

or glassy carbon electrodes, area 3.14 mm?), cyclic
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voltammetry and coulometry (to overcome adsorp-
tion phenomena, controlled potential electrolyses
were carried out on a carbon gauze). Identification of
the reduction and oxidation products was attempted
after exhaustive coulometry; the three-electrode cell,
the electrochemical device, and the experimental
procedure have been previously described [5]. Before
use, the solvents CH3;CN and CH,Cl,, were purified
by distillation. (C,Hs)4NCIO4 (TEAP) in CH3CN and
{n-CcH;3)4NCIO, (THAP) in CH,Cl, were used as
supporting electrolytes at concentration of 0.10
(TEAP) or 0.05 mol. dm™3 (THAP).

The solvents CH,Cl, and CH;CN were chosen in
order to detect their possible interaction with the
studied species and their oxidation or reduction
products.

All solutions were degassed with argon for 15 min.
before measurements. All potentials are measured vs.
the saturated calomel electrode (S.C.E.). In these
experimental conditions, the ferrocene/ferricinium
couple exhibits a half-wave potential (E,;,) of +0.40
V/SCE in CH3;CN and 0.1 M. TEAP and +0.65 V/SCE
in CH,Cl, and 0.05 M THAP. The infrared spectra
were recorded in acetonitrile solution with a Perkin
Elmer 225 grating apparatus. The X-band E.S.R.
spectra were recorded on a Brucker ER 200-D.

Results

Electrochemical properties of the complexes (I) to
(5) were studied on both platinum and glassy carbon
electrodes in CH;3CN and CH,Cl, solvents. Adsorp-
tion and electrode passivation were lower on glassy
carbon than on platinum. Cathodic E;;, on a mercury
dropping electrode are given for comparison.

In stationary voltammetry, all studied complexes
exhibit respectively one reduction and one oxidation
wave, whose limiting currents are of the same order
of magnitude. Both limiting currents are proportional
to the concentration of the complex in the range
1073 to 107* M. When compared with the ferrocene
oxidation wave in the same solution, the limiting
current magnitudes are consistent with a one-electron
exchange, in oxidation as well as in reduction (Table
I). Cyclic voltammograms indicate that the two elec-
trochemical processes are irreversible. The constant
value of ip/v!/2 (ip peak current, v potential scan rate)
is consistent with the diffusion control observed in
stationary voltammetry. The results obtained for the
five complexes are gathered in Table I. It is informa-
tive to compare the redox characteristics of these
complexes in the light of their structural similarities:
(i) compounds (1) and (2), (ii) compounds (3) and
(4) and (iii) compound (5) for comparison.

The complex (2) is more difficult to reduce and
easier to oxidize than is (). This is consistent with
the relative basicity of the ligands attached to the

P. Lemoine, M. Gross, D. de Montauzon and R. Poilblanc

Ir(I1) centers: (CCOOCH3), is less electrophilic than
is C4F. Exhaustive electrolysis of solutions of (1)
and (2) were also carried out on a carbon gauze as
electrode and IR spectroscopy of the resulting solu-
tions were recorded in the vgq region. In these
experiments, only one vgq stretching band at 1960
cm ! was detected after exhaustive reduction,
whereas exhaustive oxidation of () and (2) led to a
single 2070 cm™! stretching band. The reduced or
oxidized solutions (ca. 1073 M) exhibited no visible
absorption bands, nor any e.s.r. signal, even when
electrolysis was carried out in the spectrometer
cavity. Altempts to isolate in pure form that iridium-
containing fragment failed. Nevertheless, the cyclic
voltammetric peak at Ep.=0.20 V/SCE obtained on
the reverse scan (Fig. 2) of the reduction of () and
(2) reveals that one identical electroactive fragment is
generated in the electroreduction of these two com-
plexes (1) and (2).

Complex (3) has a labile C4F¢ ligand coordinated
to the Ir(I) center. This lability of C,F¢ was ob-
servable by dissolving (3) in CH3CN: the reduction
peak at —1.25 V/SCE gradually decreases whereas a
new peak corresponding to (4) rises at —1.55 V/SCE
(Table I). During the substitution, the generation of
free C4F; ligand in the solution was detected electro-
chemically and authentified by comparison with a
sample of C4F¢ dissolved in CH3;CN and 0.1 M TEAP
(E3j2=+1.01 V/SCE). Similar substitution of the
ligand C4F, also occurs when CO is bubbled into a
CH, Cl, solution of (3). In this case, the complex (3)
progressively converts into the complex (Z). Thus, the
reversible CO fixation cycle occurring without
altering the trimetallic unit, can be monitored by
electrochemical methods (cyclic voltammetry or
stationary voltammetry). The ligand exchange is also
obvious from IR data. As a consequence of the higher
electrophilicity of C4F¢ the complex (3) is easier to
reduce and more difficult to oxidize than is the
complex (4). After exhaustive electrolysis of (4), IR
spectroscopy revealed after reduction one stretching
band at 1960 cm !, and after oxidation, one
stretching band at 2070 cm™ !,

These frequencies are identical to those obtained
with (7) and (2) under the same experimental condi-
tions.

The same electroactive fragment is generated by
electrochemical oxidation or reduction of (1), (2)
and (4), as already observed in cyclic voltammetry
on the reverse scan (Fig. 2).

More generally comparison with the electrochemi-
cal behaviour and IR spectroscopy of (5), a bimetallic
analogue (Table I), led us to conclude that a common
fragment is indeed generated in the electro-oxidation
of complexes (I) to (5). On the other hand, IR
spectroscopy of the reduced solution of (5) shows
two CO stretching bands at 2005(s) and 1925(vs),
corresponding to a species which could not be



17

Electrochemistry of Ir(I) complexes

"dVHL W §0°0 Pue Z[DTHD ut o[qeneae ore 00a ou :gvH1L A T°0 PUE NOEHO Ut
A[uQ, -o8ueyoxs puedl 910Jaq ‘NIEHD W (£) JO UONINIOSSIP 1a)Je A[RIPAUILIT PAUTEIQO S[ENULI0d,  “(SPONIDS[a " )'D) JVAL W 1°0 PUB NDEHO Ul 1 S "A T°0 9181 UBdSs HDS 'S4
‘Ao “gOS S4 A dVIL W 1°0 Pue NOEHD ut (‘urd'I 00T) 2poI199]s U0qIed Asse[d Sure1ol uQq ‘gDS 4 A (dVAL W 1°0 pPut NOEHD ul aponosfe AIndiow Suiddoip uQy

(A)STET
(5)0L0T T 0971+ SO T+ (5)5002 I 85 1— €9°T—  6E£T1—  (sA)9861 (SA)0P0OT ($)T907 [2(o)ng,s1l ()
. . ©)1661 (U)SE0T
S . S . o _
®oLoz T ¥+ SyTE ®0961 T ST $17 0 OLT™  Gaygpor (MBLOZ (Ip60T  (NDEHO)S(OD)CAYOMEME,S-ME (8)
. . . (0207 (U)9€0T
L bopsTI™ pl0T (MTSOT (MOB0T  ($)9607 ©4vD)S(OD)CITIME(ng,S-ME (£)
. : (GALLET (WTTOT  (HPEOT
S . S . . _
®oor T gET e ®0961 T 09T AL GAYPOT (ALIOT  (5)S80T 9(00)HEHD00DDME(ng,S-ME (2)
. (GA)EB6T (W)6TOT ()BE0T
S . . - . .
®otoz T syI+ 05T+ ©09%6T T 0STT  SETT LTI (ohe0r (sMELOT (996802 (0D ArD-MEME,S-MEI (D)
UOIEPIXO uoronpal — 3
I9)ye 1018 q IO eSH
[e]s) d- Th 00 d h
e v o7 a”d o1 v o7 ! UONONPaI PUB UCHBPIXO
UOTBPIX00N19] UoNONPaIOIINA[Y 210309/ _wd 0Da saxa[dwoo parpni§

'soxa1dwio) a1} 10J e)B(J TEOIWAYD0I109[y pue o1dodsonoads "1 T4V L



18

P. Lemoine, M. Gross, D. de Montauzon and R. Poilblanc

= |

S0

-1

Fig. 2. Cyclic voltammetry of (Z) at 1073 M1~ ! medium: CH1CN + 0.1 M TEAP. Electrode: glassy carbon electrode. Scan rate:
0.1 V/S. *Start of the scan. Dashed line: reverse scan at 0.5 V/S of the 0, +1.7, —1 V/SCE triangular sweep potentials.

isolated. However, on the basis of the results [6]
obtained in the electroreduction of [Rh(uCl)(CO),],
and [Rh(uS'Bu)(CO),], and referring to the IR
frequencies analogy, these species were assumed to be
[1r(S*Bu)2(CO),]7(C,Hs)4N".

Discussion

At first glance, complexes (1) and (2) undergo an
irreversible one electron reduction according to eqn.
1):

Ir;(uS*Bu)3(uX)(CO)s + ¢ ——

[Ir3(uS*Bu);(uX)(CO)l~ (1)
X = C4F, (CCOOCH,),

After exhaustive reduction in CH;CN at —1.7
V/SCE, the reduced solutions exhibit one v¢q
stretching band at 1960 cm™'. This is not consistent
with a trimetallic anionic species for which six v¢g
stretching bands are expected (about 50 cm™! lower
than for the starting material). The observed absorp-
tion band at 1960 cm™ is quite compatible with a
mononuclear carbonyl-iridium(I) moiety, like for
instance Ir(S*Bu)(CO)(CH;CN),, analogous to the
Vaska’s complex [8] which should be obtained in
CH;CN by a chemical step following-the cathodic
electron transfer. Moreover, when reductive elec-
trolysis of the complexes is carried out in CH,Cl,,
even at —60 °C, no carbonyl stretching band was ob-
served in the resulting solutions whereas a complete
decomposition of the initial product occurs: this
behaviour may be ascribed to the lack of stabilisation

of the mononuclear carbonyl-iridium(I) species by
the CH,Cl,—THAP medium. Unfortunately this
hypothetical Ir(S*Bu)(CO)(CH;CN), species could
not be isolated nor characterized from the elec-
trolysed solution [9]. However, this hypothesis is
consistent with the observation that the electroreduc-
tion fragment is generated from complexes (/) and
(2) and also from (3) and (4) (Ep.=02 V, vgo =
1960 cm™!). Thus, the above electrochemical step (1)
is followed by a chemical step (2) of which the
proposed reaction scheme is:

H3CN

(315 Bu); (X) (CO)s] "~

Ir(StBu)(CO)(CH;CN), + *[Ir,(StBu),(X)(CO)4] ™
2

The ‘Ir,’ species is not likely to be stable, and its
decomposition leads to unidentified products without
detectable v frequencies.

The reduction potentials of complexes (3) and (4)
seem unaffected by the presence of the triply linked
S atom to the three metals; the one electron reduc-
tion leads to the destruction of the trimetallic unit
with the retention of the same carbonyl-iridium frag-
ment (vgo = 1960 cm™!). It may be speculated that
the anionic species [Ir3(u,-S'Bu),(us-S*Bu)(u-C4F¢)-
(CO)s(n-C4F¢)]™, electrogenerated by controlled
potential electrolysis of (3), reacts with the solvent
CH;CN according to the proposed scheme 3:

Ir3(u;S*Bu), (113-8'Bu) (u-C4 Fg ) (CO)s(n-C4 Fg)™

CH4CN
— Il'(St Bu)(CO) (CH3CN) (C4F6) +

+ [Ir2(S*Bu),(C4F6)(COYI™"  (3)
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The species Ir(S*Bu)(CO)(CH;CN)(C,F¢) then
reacts with CH,CN to give Ir(S*Bu)(CO)(CH;CN),
and C,F¢ evolution. Indeed, free C4F¢ was observed
electrochemically in the solution and these results
support the hypothesis made above.

The presumed species Ir(S*Bu)(CO)(CH;CN),,
only stable in CH;CN, is not yet reducible at poten-
tial near —1.7 V at which the exhaustive coulometric
reduction of (3) was carried out, and this absence of
reduction is based on the following IR arguments:

i) The presence of the fragment Ir(S*Bu)(CO)-
(CH5CN), is assumed in the above reaction scheme
(2) on the basis of close analogies between IR spectra
of this fragment (with vgg = 1960 cm™!) and of the
known mononuclear species [4a] Ir(SPh)(CO)-
(PPh3)2 (W]th Veco =1980 Cm—l).

ii) The non-reducibility of Ir(S*Bu)(CO)(CH;CN),
up to —1.7 V is evidenced from the lack of variation
(with time) of the corresponding vgp at 1960 cm™!,
as it is known [4a] that the reduction of the
analogous Ir(SPh)(CO)(PPh;), results in a con-
siderable shift of its vgq.

The binuclear complex (5) is reduced in an
irreversible one-electron step, according to:

[Ir(u-S*Bu)(CO), ], +e —> [Ir(uS‘Bu)(CO), ]z

Surprisingly, the reductive potentiostatic coulo-
metry of (5) led to a carbonyl derivative with vgg =
2005, 1925 cm™ ! (Table I). This derivative could not
be isolated, but on the basis of previous results [6]
this derivative may reasonably be identified as
Ir(S*Bu),(CO),]~, which implies destruction of the
bimetallic unit*. Therefore, the anionic dinuclear
iridium species may be considered as undergoing a
disproprotionation along the scheme:

[Ir(u-S*Bu),(CO), 13 — [Ir(S*Bu),(CO),]™ +
+ I(CO),’

The hypothetical ‘Ir(CO),’ fragment decomposes
in CH3CN.

The electrochemical oxidation of all the studied
complexes (/) to () can be written as a one-electron
process, as shown in 4:

[Ir3(;.¢S‘Bu)3(uX)(CO)6] -
e + [Ir3(uS*Bu);(uX)(CO)] "
(@)

or [Ir(uS*Bu)(CO),], — ¢ + [Ir(uS*Bu)(CO), 1%

(®)
“)

*Reoxidation of [Ir(S"Bu)z(CO)z]_ (obtained by reduc-
tion of [Ir(uS*Bu)(CO)2],) at 0.0 V/SCE in CH;CN gives
[Ir(:StBu)(CO),], yield < 100% and (S*Bu), identified by
HPLC.
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After controlled potential coulometry in CH;CN
at +1.7 V, all the oxidized solutions exhibited the
same vgg stretching band at 2070 cm™*. This is not
compatible with the trimetallic cationic species from
(1) and (2) as well as from (4), nor with a dinuclear
cation [Ir(uS*Bu)(CO),]3 from (5), for which respec-
tively six, five and three vgg stretching bands are
expected (about 50 cm™! higher than the cor-
responding initial compound). The observed frequen-
cy at 2070 cm™! (Table I) is in agreement with an
iridium(II) species. Moreover the lack of e.s.r. signals
suggests that this Ir(I) species has a dimetallic struc-
ture. This should result in the case of (5) from a
chemical reaction according to 5:

Lot ., L=CHyCN
[Ir'(uS*Bu)(CO),|; —

[1"(S*BU)(CO)z-nlmss]* +
+ [IF'(S*Bu)(CO)—nLn's1]  (5)
©

followed by dimerisation of the monocationic species
and by decomposition of the Ir(IT) species. In the case
of (1) and (2), the cationic trimetallic species (a)
should be split into a dimetallic Ir(I) species and a
monocationic species (¢) which would give by
dimerisation the same dimetallic Ir(II) species (vgo =
2070 cm™!'). This hypothesis is in agreement with an
oxidation of the Ir(I) metal center easier than that of
the Ir(I) centers. Nevertheless this hypothesis does
not account for the experimental value of n obtained
by coulometry (n = 1.2); on the contrary it is possible
to account for it by the reverse hypothesis in which
the Ir(I) center is unaffected according to 6:

CH4CN
[Ir3(uS*Bu)3 (uX)(CO)s]*

Ir(S*Bu)(CO)(CH;CN), + “[Ir,(S*Bu),(X)(CO)a]
(6)

after which the reoxidation of the presumed Ir(S*Bu)-
(CO)(CH3CN), occurs. Indeed, previous electro-
chemical oxidation studies on Vaska complexes
IrCI(CO)L, [10] (L= PPhs, PPh,Et, PPhEt,, PEt,)
show that at potential values near +1.5 V/S.C.E.,
Ir(S*Bu)(CO)(CH;CN), should be easily oxidized
into a dimetallic Ir(II) metal-metal bonded com-
pound (lack of es.r. signal) with pcg = 2070 cm™
for (1), (2), (4) and (5), according to 7, in agreement
with Vlcek’s [4b] conclusions:

Ir(S*Bu)(CO)(CH3;CN), — e + dimetallic Ir(Il)
species  (7)

At the same time ‘[Ir,(S'Bu),(X)(CO)4]*’ and
‘[Ir(S*Bu)(CO).]*’ should decompose rapidly and
lead to our (unidentified) species without vgq
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stretching bands in CH3CN. This second hypothesis
implies a value of 1.33 for n.

By cyclic voltammetry (Fig. 2), after initial oxida-
tion of (1), (2), (4) and (3), the reverse scan at rapid
rate (>0.5 V/s) shows common cathodic peaks at
—0.3 Vand -0.9 V/S.CE. (in CH;CN + 0.1 M TEAP)
which might correspond to the reduction of that
cationic species. The electro-oxidation products of
(1) to (5) in reaction (4)—(7) exhibit no es.r. signal
in CH3CN solvent, nor any carbonyl stretching bands
(in CH,Cl,), owing to decomposition of the electro-
generated species.

Further studies on cluster electrochemistry are in
progress.
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