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Abstract

The electrochemical behaviour of the electron deficient clusters [Os3(CO)9(m3-h2-(L�H))(m-H)] (L=quinoline (1); 3-amino-
quinoline (2); 5-amino quinoline (3); 6-methoxy quinoline (4); phenanthridine (5); 5,6-benzoquinoline (6); quinoxaline (7);
2-methyl benzimidazole (8); 2-methyl benzotriazole (9); 2-methyl benzothiazole (10); benzothiazole (11); 2-methyl benzoxazole
(12)) is reported. The complexes all exhibit two one-electron electrochemically quasi-reversible reduction processes and in the case
of 5 and 6 stable radical anions are formed following a one-electron reduction that is both electrochemically and chemically
reversible. The electrochemical behaviour of the electron precise decacarbonyl analogues of 4–12 (4%–12%) was also studied in
order to gain some insight into changes in the nature of the lowest unoccupied molecular orbital (LUMO) on going from the
electron deficient to the electron precise cluster for a given ligand. The observed electrochemical potentials for 1–12 correlate with
n to s* electronic transitions (excluding 3 and 6) but not with the other absorptions for two series of complexes and the free
ligands. The infrared spectroelectrochemistry, and ESR of 5− was also studied in an attempt to confirm the stability of these
radical anions and to further elucidate their electronic and molecular structure. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Electron deficient or coordinately unsaturated
organometallic clusters have been of interest to
chemists for many years [1–3]. This is due to the fact
that they are generally much more reactive than their
electron precise or coordinately saturated counterparts.
In recent years the range of structural types which are
available to the 46-electron trimetallic clusters has con-
siderably expanded from the original examples of
[Os3(CO)10(m-H)2] [4] and [Fe3(CO)9(m3-h2-alkyne)] [5].
These new examples include ruthenium bis-phosphine
bridged alkyne complexes [6], heteroatom-capped clus-
ters and molecules containing bridging phenyl ligands
with three-centre two-electron bonds to two of the three

metals in the cluster [7]. The common feature in all of
these examples is that reaction with electron donors
and electrochemical reduction invariably takes place at
the metal core. Recently, we have reported the synthesis
and reactivity of a class of 46-electron trimetallic clus-
ters having a three-centre two-electron bond with a
phenyl group b to a pyridinyl nitrogen contained in a
fused five- or six-membered heterocyclic ring (Fig. 1)
[8–12]. In the complexes studied so far we have found
that with less nucleophilic two-electron donors such as
amines, phosphines and methylene, nucleophilic addi-
tion is at the metal core, while with stronger nucle-
ophiles such as hydride or carbanions nucleophilic
addition is at the carbocyclic ring (Eqs. (1)–(3)) [8–12].
The latter represents a complete reversal of the nucle-
ophilic reactivity of the uncomplexed benzoheterocycles
and the ligand dependent regioselectivity is unique in
the reaction chemistry of electron deficient clusters. We
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Fig. 1. Structures of the electron deficient benzoheterocycle triosmium clusters of general formula Os3(CO)9(m3-h2(L�H))(m-H).

have already reported on the electrochemical behaviour
of the quinoline complex [Os3(CO)9(m3-h2-C9H6N)(m-
H)] (1) and found that this complex undergoes the
expected two-electron reduction based on the 46-elec-
tron count [8]. However, the first electron transfer at
−1.38 V (Table 1), which is electrochemically re-
versible, is followed by a chemical reaction, which is
irreversible, making the structure of this species difficult
to evaluate. The value of this first reduction potential
suggests that it is metal based but the subsequent
chemical reaction indicates that ligand based orbitals
may be involved. This is in sharp contrast to the related
[Os3(CO)8(m3-h3-Ph2PCH2PPh(C6H4))] and other 46-
electron clusters where one-electron reduction gives a
stable ESR observable radical anion [7]. The second
one-electron reduction for 1 is at far more negative
potential, −1.99 V (Table 1), and is irreversible.

(1)

(2)

(3)

Table 1
Polarographic half-wave potentials (in volts vs. FeCp2/FeCp2

+) for
electron deficient quinoline triosmium clusters Os3(CO)9(m3-h2-
C9H5(R)N)(m-H) a

RCompd Oxidation Reductions Solvent

CH2Cl2−1.38(EREVC),+0.14(EIRR)H1
−1.99(EIRR)

+0.07(EIRR) −1.26(EREVC), CH3CN
−2.02(EIRR)

3-NH2 +0.17(EIRR) −1.37(EREVC),2 CH2Cl2
−1.92(EIRR)
−1.49(EREVC),+0.15(EIRR) CH2Cl25-NH23
−2.02(EIRR)

CH3CN−1.37(EREVC),−0.06(EIRR)
−1.99(EIRR)

CH2Cl26-OCH3 −1.34(EREVC),+0.20(EIRR)4
−1.89(EIRR)

a EREV=reversible, EIRR= irreversible, C=chemical reaction fol-
lowing reduction.
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Table 2
Polarographic half-wave potentials (in volts vs. FeCp2/FeCp2

+) for
electron precise quinoline triosmium clusters Os3(CO)10(m3-h2-
C9H5(R)N)(m-H) a

OxidationCompd ReductionR Solvent

+0.24(EIRR)1% −2.01(EIRR, 2e−)H CH2Cl2
2% 3-NH2 +0.16(EIRR) −2.03(EIRR, 2e−) CH2Cl2
4% +0.25(EIRR)6-OCH3 −2.07(EIRR, 2e−) CH2Cl2

a EREV=reversible, EIRR= irreversible, C=chemical reaction fol-
lowing reduction.

zoxazole (12)), and the somewhat ambiguous results
obtained from our initial studies of 1, we thought it
would be useful to make a full electrochemical study of
this series of metal clusters. We report here the results
of these studies as well as our attempts to further
characterise the reduced species and to correlate their
electrochemical behaviour with their spectroscopic and
chemical properties.

2. Results and discussion

The polarographic half-wave potentials for the
monosubstituted complexes 2–4 are given in Table 1.
As expected, the first one-electron reduction occurs at
much less negative potentials than their electron precise
dodecacarbonyl analogues, 2%–4% (Table 2). This first
reduction potential is relatively insensitive to substitu-
tion on the quinoline ring except in the case of the
5-amino derivative, 3, where about a 0.1 V shift to
more negative potential is observed. This is consistent
with the observations that 3 is more basic towards
protonation and is much less reactive towards two
electron donors than the other the monosubstituted
quinolines examined to date [9]. The apparently greater
electron density at the metal core is most likely due to
the contribution of a resonance structure in which the
lone pair on nitrogen transfers electron density to the
metal core (Scheme 1). The UV–Vis spectrum of 3 is
also significantly different than 1, 2 and 4 (Table 3).
The band in the 600 nm region, assigned to the n–s*
transition of the metal core, is shifted to shorter wave-
length, while the band in the 350–400 nm region,
assigned to the metal to ligand charge transfer band is
shifted to shorter wavelength. If more electron density
is transferred to metal–metal bonding MOs an increase
in the energy of the s* orbitals would be expected and
a secondary increase in the energy of the non-bonding
metal MOs would also result. This would increase the
energy of the n–s* transition and decrease the energy
of the metal to ligand charge transfer band, as ob-
served. The assignments of these bands as given here
are based on generally accepted assignments for metal
carbonyl clusters [13], but the close proximity of the
MLCT and the p–p* transitions makes these two as-
signments interchangeable in some cases.

On the other hand, the magnitude of the change in
the first reduction potential of 3 relative to 1, 2 an 4
does not seem large enough to account for the great
difference in reactivity observed and thus the reduction
potentials measured for 3 may reflect a more complex
situation. This is suggested by the behaviour of 1–4
immediately after the first one-electron reduction that
was studied in detail for 3. In acetonitrile, which pro-
vides a wider potential window, two one-electron re-
duction waves are observed for 3 on a dropping

Scheme 1. Contributing resonance forms for 3 and 8–12.

Table 3
UV–Vis data for electron deficient quinoline triosmium clusters
Os3(CO)9(m3-h2-C9H5(R)N)(m-H) a,b

R n–s* MLCT p–p*Compd

H1 662 369 316
3-NH22 647 367 317

3214015983 5-NH2

4 6556-OCH3 374 316

a In nanometers.
b In methylene chloride.

The electrochemical behaviour of 1 suggests that the
second electron transfer is ligand based and that ligand
cleavage is probably involved [8]. Given that electro-
chemical studies have yielded useful information about
the electronic structure of electron deficient trimetallic
clusters, the large variation in ligand structure repre-
sented by the series [Os3(CO)9(m3-h2-(L�H))(m-H)] (L=
quinoline (1); 3-amino-quinoline (2); 5-amino quinoline
(3); 6-methoxy quinoline (4); phenanthridine (5); 5,6-
benzoquinoline (6); quinoxaline (7); 2-methyl benzimi-
dazole (8); 2-methyl benzotriazole (9); 2-methyl
benzothiazole (10); benzothiazole (11); 2-methyl ben-
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mercury electrode (DME) at E1/2(0/−1)= −1.37 V
and E1/2(−1/−2)= −1.99 V versus Fc/Fc+. A third
reduction process, probably corresponding to a ligand
centred reduction, appears at E1/2(−2/−3)= −2.76
V. Polarographic logarithmic analysis indicates the
Nernstian behaviour of the first reduction process while
the second process appears to be slightly irreversible.
The one-electron consumption of the (0/−1) reduction
was confirmed by controlled potential coulometry. The
(0/−1) reduction process is followed by a fast chemical
reaction of unknown origin. Analysis of the AC polaro-
graphic data provides the rate constant of this chemical
reaction, k=760 s−1. It is this rapid reaction at the
electrode that probably mitigates the value of the first
reduction potential for 3.

The phenanthridine and 5,6-benzoquinoline com-
plexes 5 and 6 reduced in two one-electron steps in
CH2Cl2 and acetonitrile solutions with almost identical
values (Table 4). Surprisingly, no chemical reaction
complicates the first Nernstian electron transfer and a
long-lived monoanion 5− can be obtained by exhaus-
tive controlled-potential electrolysis (made on a Hg-
pool electrode). No EPR signal could be detected in the
electrolysed solution even at liquid nitrogen tempera-
ture. This may be due to a very short relaxation time
for the unpaired electron in 5−, which is certainly stable
on the overall time-scale of the experiment (see below).
The second reduction for both 5 and 6 appears to be
irreversible with the voltammetric reoxidation peak po-
sitioned about 0.8 V positively from the cathodic reduc-
tion peak. In acetonitrile, a third reversible reduction

can be observed at a potential very close to that of the
free ligand (Fig. 2), but this probably does not involve
the cleaved ligand. This behaviour is very similar to
that of 1 and 3.

Spectroelectrochemistry performed in an OTTLE [14]
infrared cell in the case of 5 shows that during the
reduction two isosbestic points can be located in the
CO stretching region of the infrared spectrum at 2015
and 1965 cm−1. Reoxidation completely restores the
original spectrum of the neutral compound, confirming
the complete stability of the cluster anion, 5− (Fig. 3).
The infrared spectrum and the reversibility of the re-
duction suggest a radical anion that is very similar in
structure to 5. Recently, stable radical anions derived
from the 48-electron clusters [Os3(CO)9(H)L] (L=or-
tometalated diimine) have been identified [15]. These
results clearly demonstrate that the additional delocal-
ization available to the tricyclic aromatic ligands has a
strong influence on the stability of the product formed
after the first one-electron electron reduction, and lends
support to the suggestion made earlier in this report
that this step is not strictly metal based. The free ligand
undergoes an irreversible two-electron reduction at
−2.46 V in acetonitrile, and this value is very similar to
that observed for the third one-electron reduction in 5.
We can speculate that coordination to the metal frag-
ment makes the reduction of the ligand split into two
separate one-electron steps, only the first of which is
detectable in the actual potential window. However, the
latter is reversible and therefor suggests that the ligand
is still bound to the cluster. There are only small

Fig. 2. CV response of an acetonitrile solution of 5 on a glassy carbon electrode at 200 mV s−1 showing the three one-electron reductions and
the reversibility of the first half-wave potential.
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Fig. 3. Time resolved infrared spectroelectrochemical response of a CH2Cl2 solution of 5 in the carbonyl stretching region recorded in the OTTLE
cell scanning potentials from −1.40 to −1.65 V vs. Fc/Fc+ (scan rate=5 mV s−1) and showing the conversion of 5 to 5− with added current.

Fig. 4. Controlled potential coulometry of 8 and 12 showing the two-electron current for 12 and the one-electron for 8.

differences in the electronic absorption spectra of 5 and
6 relative to 1, 2 and 4 and in fact the values of the
0/1-reduction potentials are similar (vide infra).

Derivatives (7–9) behave similarly to 1–6 and have
been studied in CH2Cl2 and THF solutions. Acetoni-
trile could not be used as a solvent because unlike 1–6

these complexes form adducts with acetonitrile at room
temperature [16]. For compounds 7 and 9 the second
one-electron reduction process is shifted towards very
negative potentials and can only be observed in THF;
solvent discharge making them unobservable in
CH2Cl2. Complex 8, on the other hand, has its first
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Fig. 5. Polarographic logarithmic analysis of 10–12 showing the non-linearity associated with two overlapping one-electron transfers.

one-electron reduction shifted to slightly more negative
potentials with its second reduction being very similar
to 1–6. This shift may be due to contributions from
resonance structures involving the pyrrole nitrogen that
places additional negative charge on the metal core
(Scheme 1).

Complexes 10–12 show different responses from
those described above. In CH2Cl2 solution on a DME a

single two-electron reduction wave is observed, which is
twice the height of the waves observed for the one-elec-
tron wave of structurally analogous cluster 8 at the
same concentration (Fig. 4).

Nevertheless polarographic logarithmic analysis of
the two-electron waves of 10–12 result in non-linear
plots, which indicate that waves are composed of two
overlapping one-electron steps (Fig. 5) as is the case for

Table 4
Polarographic half-wave potentials (in volts vs. FeCp2/FeCp2

+) for electron deficient benzoheterocycle triosmium clusters Os3(CO)9(m3-h2-
(L�H))(m-H) a

SolventReductionCompd L Oxidation

+0.20(EIRR) −1.52(EREV), −1.84(EIRR)5 Phenanthridine CH2Cl2
−1.34(EREV), −1.68(EIRR), −2.45(EREV) CH3CN+0.00(EIRR)

−1.44(EREV), −1.78(EIRR) CH2Cl26 5,6-Benzoquinoline +0.22(EIRR)
CH3CN1.33(EREV), −1.78(EIRR), −2.56(EREV)

+0.23(EIRR) −1.16(EREVC)7 Quinoxaline CH2Cl2
THF−1.05(EREVC), −2.41(EIRR), −2.60(EQREV)+0.12(EIRR)

2-Methyl benzimidazole −1.64(EREVC), −1.99(EIRR) CH2Cl2+0.15(EIRR)8

+0.19(EIRR) −1.37(EREVC)9 2-Methyl benzotriazole CH2Cl2
THF−1.26(EREVC), −2.61(EIRR), −2.92(EQREV)+0.09(EIRR)

−1.62(EIRR, 2e−) CH2Cl210 2-Methyl benzothiazole +0.24(EIRR)

−1.57(EQREV, 2e−) CH2Cl211 Benzothiazole +0.16(EIRR)

+0.21(EIRR) −1.56(EQREV, 2e−)12 CH2Cl22-Methyl benzoxazole

a EREV=reversible, EQREV=quasi-reversible, EIRR= irreversible, C=chemical reaction following reduction.
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almost all two electron processes. Significantly, the
electron precise analogues of these complexes, 9%–12%,
undergo similar two-electron (or more likely, two over-
lapping one-electron steps) reductions but shifted to
more negative potentials. This suggests that the LU-
MOs in this series of complexes are primarily ligand in
character and that the impact of the formal electron
deficiency at the metal core is to lower the energy of the
LUMO with a corresponding decrease in the energy of
the HOMO. However, as for 8, a shift towards more
negative potential is observed for the initial electron
transfer, which can be rationalised by contributions
from resonance structures involving the second het-
eroatom, which places some additional electron density
at the metals (Scheme 1). This shift is not observed in 9
where such resonance structures are not accessible.

In conclusion, the variation of ligands results in
much larger variation of the second-reduction potential
(in CH2Cl2 from −1.56 to −2.61 V) when compared
to the first-reduction process, the electrode potential of
which is appreciably modified by the heterocycle (from
−1.16 to −1.64 V). Very interesting is the difference
between the first and second reduction potentials,
which varies over a large range from approximately 0.0
to 1.36 V. This observation corroborates the hypothesis
that the second electron transfer involves a molecular
orbital with larger contributions from the heterocyclic
ligand. As expected, the electron precise clusters are all
reduced at more negative potentials much closer to the
free ligands (−2.40 to −2.50 V) and significantly, over
a much narrower range (−1.93 to −2.07 V, Table 5)
than their electron deficient counterparts. The one ex-
ception to this trend is 7%, which shows a fully reversible
one-electron reduction at much less negative potential
(−1.63 V). The free ligand, quinoxaline is also reduced
at less negative potential by a multielectron process.
(−2.18 V). These overall trends are also seen in the
electronic spectra where the metal to ligand charge
transfer bands are relatively insensitive to changes in
the heterocycle except for 7%, which shows a band at

much longer wavelengths, 486 nm (Tables 6–8). In the
case of the electron deficient complexes a reasonable
correlation (R2=0.90) is observed between the n to s*
transition and the first reduction potential, if one ex-
cludes compounds 3 and 6 where the five-position of
the quinoline ring is occupied (Fig. 6). Inclusion of
these compounds significantly degrades the correlation.
No other correlations between the UV–Vis data and
the electrochemical data were found. This correlation
and all of the other data discussed above leads to the
conclusion that the first reduction potential is primarily
metal based but is appreciably modified by the hetero-
cycle and in particular for the quinoline series when
substituted in the five-position. A more quantitative

Table 6
UV–Vis data for electron precise quinoline triosmium clusters
Os3(CO)10(m3-h2-C9H5(R)N)(m-H) a,b

p–p*R MLCTCompd

H 384 3501%
3-NH2 396 3582%

3516-OCH3 3904%

a In nanometers.
b In methylene chloride.

Table 7
UV–Vis data for electron deficient quinoline triosmium clusters
Os3(CO)9(m3-h2-C9H5(R)N)(m-H) a,b

LCompd n–s* MLCT p–p*

340380637Phenanthridine5
5,6-Benzoquinoline 6106 370 340
Quinoxaline 7207 370 310
2-Methyl benzimidazole 6078 362 345 sh

9 2-Methyl benzotriazole 670 358 268
10 2683516092-Methyl benzothiazole

630Benzothiazole 35011 270
12 2-Methyl benzoxazole 605 260355

a In nanometers.
b In methylene chloride.

Table 5
Polarographic half-wave potentials (in volts vs. FeCp2/FeCp2

+) for electron precise benzoheterocycle triosmium clusters Os3(CO)10(m3-h2-
(L�H))(m-H) a

L Oxidation Reduction SolventCompd

Phenanthridine5% +0.21(EIRR) −1.96(EIRR, 2e−) CH2Cl2
5,6-Benzoquinoline +0.24(EIRR) −1.98(EIRR, 2e−) CH2Cl26%
Quinoxaline +0.27(EIRR)7% −1.63(EREV, 2e−) CH2Cl2

8% 2-Methyl benzimidazole +0.18(EIRR) −2.22(EIRR, 2e−) CH2Cl2
2-Methyl benzotriazole −1.92(EIRR, 2e−)9% +0.29(EIRR) CH2Cl2

+0.30(EIRR) CH2Cl2−1.93(EIRR, 2e−)10% 2-Methyl benzothiazole
+0.25(EIRR) −2.07(EIRR, 2e−)11% CH2Cl2Benzothiazole

12% +0.27(EIRR) CH2Cl22-Methyl benzoxazole −2.05(EIRR, 2e−)

a EREV=reversible, EQREV=quasi-reversible, EIRR= irreversible, C=chemical reaction following reduction.
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Fig. 6. Plot of the n to s* transition (605–720 nm region) vs. the first one-electron reduction potential for the electron deficient complexes,
Os3(CO)10(m3-h2-(L�H))(m-H) not including 3 and 6.

Table 8
UV–Vis data for electron precise quinoline triosmium clusters
Os3(CO)10(m3-h2-(L�H))(m-H) a,b

MLCT p–p*Compd L

5% 320 sh396, 377 shPhenanthridine
2773826% 5,6-Benzoquinoline

486,3817% 300Quinoxaline
8% 2-Methyl benzimidazole 393 322

2814002-Methyl benzotriazole9%
40010% 3002-Methyl benzothiazole
38911% 275 shBenzothiazole

cc12% 2-Methyl benzoxazole

a In nanometers.
b In methylene chloride.
c Too unstable with respect to conversion to 12 to obtain data.

the IR drop was applied through a positive feedback
loop. All measurements were carried out under argon
using anhydrous deoxygenated solvents. Solutions were
10−3 M for the compounds under investigation and
10−1 M for the supporting electrolyte, [NnBu4][PF6].
The working electrodes used were: a hanging mercury
drop electrode (HMDE), a dropping mercury electrode
(DME); or a glassy carbon electrode (GCE). Potential
data (versus SCE) are referred to the ferrocene (0/+1)
couple; under our experimental conditions the fer-
rocene/ferrocenium ion couple is located at +0.46 V in
methylene chloride, at +0.40 V versus SCE in acetoni-
trile and at +0.45 V in tetrahydrofuran. Infrared
spectroelectrochemistry was performed in an OTTLE
cell built using the design of Krejcik et al. [14]. UV–Vis
spectra were obtained on a Perkin–Elmer Lambda 11or
a Kontron Uvikon 930 spectrophotometer. NMR spec-
tra were obtained on a Jeol EX–400 or a Varian Unity
Plus spectrometer.
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