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of Tetra-Osmium Carbonyl Clusters Containing Azo-Ligands

Yat Li,!*! Zhen-Yang Lin,"™ and Wing-Tak Wong*!2!

Keywords: Electrochemistry / Solvatochromism / Azo-compounds / Osmium / Cluster compounds

The reaction of [Os,(1-H)4(CO),,] with 4-(2-pyridylazo)-N,N-
dimethylaniline (PNNDA) in dichloromethane afforded the
new clusters [Osy(pu-H)4(CO)11{NC5sH,4(N=N)CsH,NMe,}] (1)
and  [Os,(n-H)4(CO)1o{n*-NC5H,(N=N)CsH,NMe,}] (2) in
34% and 15% yields, respectively. Upon heating in toluene
under reflux, compound 1 converted into 2 in 80% yield. The
MLCT transition of compound 2 shows strong solvent de-
pendency, displaying unusually large positive solvatochro-
mism in different organic solvents. Treatment of [Os,(u-
H)4(CO)q,] with 2-(5-bromo-2-pyridylazo)-5-(diethylamino)-
phenol (Br-PADAP) in dichloromethane gives [Osg4(p-
H)3(CO)10{n-1*-Et,NCgHs(0)(N=N)CsNH;Br}] (3). The O-H
bond activation is observed and the azo-ligand behaves as a
five-electron donor. The clusters [Os,(u-H),(CO)qof{pu-n-
NCsHy(N=N)CsH,N}]  (4) and  [Osy(i-H)4(CO)so{u-n>-
NC;H,4(N=N)Cs;H4N}], (5) were isolated from the reaction of

[Os4(pn-H)4(CO)19(NCMe),] with 2,2'-azopyridine and 3,3'-
azopyridine, respectively. In compound 4, both pyridine and
azo nitrogen atoms were found to coordinate to the cluster
core. Dehydrogenation was also observed in this compound.
For compound 5, two tetra-osmium metal cores were con-
nected by two azo ligands through their pyridyl nitrogen
atoms to form a novel cyclic structure. The redox properties
of the compounds described herein were investigated by me-
ans of cyclic voltammetry and controlled potential coulo-
metry. Both compound 2 and 5 exhibit a reversible cathodic
wave, which indicates that they undergo addition of one
electron without significant structural changes. Furthermore,
compound 5 displays an electronic interaction between two
redox centers, the extra electrons are believed to delocalize
throughout the cyclic structure.

Introduction

The activation of strong multiple-bonded organic sub-
strates using polynuclear metal complexes is an interesting
facet of cluster reactivity. The cleavage of N=N bond in
organic diazenes to give metal imido (nitrene) complexes
is an important chemical transformation.! =31 Metal imido
complexes have been shown to be potential intermediates
for metal-prompted organic transformations involving the
formation of nitrogen-carbon bonds. As a result, the chem-
istry of carbonyl clusters containing azo ligands has been
extensively studied in recent years.°” '8! Previously, we re-
ported that [Os3(CO);o(NCMe),] reacts with 2-(5-bromo-2-
pyridylazo)-5-(diethylamino)phenol at room temperature to
give [0s3(CO);o{u-N(H)(CsH3NBr)} {u-N(C;oH3NO)} ],
containing two types of amido moieties, in which N=N
cleavage of the azo ligand was observed. In an attempt to
synthesize tetra-osmium imido complexes by the N=N
cleavage of azo ligands, we were able to prepare some new
tetra-osmium carbonyl clusters containing azo ligands.
However, no cleavage of the N=N bond of these com-
pounds by thermal or photochemical methods was ob-
served. These compounds exhibit interesting solvatochro-
mism and electrochemistry. The redox behavior of the clus-
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ters M3(CO);, (M = Fe, Ru, Os) has been extensively
studied.?°=23 To the best of our knowledge, the electro-
chemical behavior of tetra-osmium carbonyl clusters is
rarely reported. The correlation between the structure and
the redox properties of these compounds was also de-
scribed.

Results and Discussion

The preparation of compounds 1—5 is summarized in
Scheme 1 and Scheme 2. These compounds have been fully
characterized by elemental analyses, infrared, 'H NMR,
and mass spectroscopic methods. The infrared spectra of
compounds 1-—5 revealed that only terminal carbonyl li-
gands were present, and the mass spectra exhibit molecular
ion envelopes that agree with the formulae of the com-
pounds, with stepwise loss of terminal carbonyl ligands.
Their molecular structures were established by single crystal
X-ray diffraction analyses.

The molecular ion peak was not observed in the mass
spectrum of 1 due to fragmentation during the ionization
process. However, it exhibits an intense daughter peak at
mlz = 1073 attributed to [M* — PNNDA], and is followed
by peaks corresponding to the successive loss of carbonyl
groups. The chelation of the azo ligand is supported by the
"H NMR spectroscopic data. The "H NMR spectrum of 1
shows two sets of multiplets for the aromatic protons at
o = 6.84—8.01. Two sets of singlets at & = 2.04 and 1.67
correspond to the methylene protons of the azo-ligand. The
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'H NMR cannot give a clear assignment of four hydrides
in the tetra-osmium core due to the fluxional behavior of
hydrides at room temperature, which is common in tetra-
osmium systems.?*~ 2% Therefore, a variable-temperature
'H NMR study from 233 to 298 K was conducted for 1. At
233 K, the broad hydride peaks resolved into two sets of
sharp singlet peaks at 6 = —18.10, —18.63, —24.01 and at
6= —16.93, —17.95, —18.86, —25.53, with an integral ratio
of 2:1:1 and 1:1:1:1, respectively. This indicates the presence
of two possible isomers in solution, namely 1a and 1b, due
to a different bridging hydride disposition. As the temper-
ature is raised to 253 K, the ratio of 1b to la gradually
increases from 0.4 to 0.5. This suggests that isomer la is
more favored in solution at a higher temperature.

The molecular structure of 1 is depicted in Figure 1 and
selected bond lengths, and angles are summarized in
Table 1. Four osmium atoms define a distorted tetrahedron
with eleven carbonyl ligands terminally bonded to the metal
centers. The Os(2)—0s(3) and Os(2)—0s(4) [2.819(1) and
2.809(1) A] lengths of compound 1 are comparable to the
corresponding values observed in the parent cluster [Os,(p-
H)4(CO),o(NCMe),].1*°! The hydride bridged Os—Os bonds
are significantly elongated,?” within the range [2.928(1)-
3.022(1) A]. The hydrides bridging the Os(1)—0s(3) and
Os(1)—0s(4) are chemically equivalent, which give a sharp
singlet with double integral value in low temperature 'H
NMR spectra. Hence, it is believed that the solid-state
structure of 1 obtained by X-ray crystallography is the
structure of isomer 1a. The azo-ligand terminally coordin-
ated to Os(1) through the pyridyl nitrogen N(1) with a mir-
ror plane bisects along the azo ligand and Os(1) atom. The
Os(1)—N(1) bond length [2.17(2) A] is not significantly dif-
ferent from the equivalent Os—N distance found in other
osmium-pyridine containing complexes.**! The N(2)—N(3)
bond [1.26(2) A] is slightly lengthened compared to other
azo ligands in the tri-osmium system®®! due to the electron
donating aniline group, consistent with its assignment as a
N—-N double bond. The torsion angle defined by
C(16)—N(2)—N(3)—C(17) is 178(2)°, indicating that the
trans configuration of the ligand remains almost intact
upon coordinating to the cluster framework. The dihedral
angle between the pyridyl and phenyl rings is 8.08°.

Upon heating under reflux in toluene, compound 1 con-
verted into 2 in 80% yield. Substitution of a carbonyl ligand
on Os(1) by azo nitrogen was observed. The 'H NMR of 2
is similar to 1, with three broad peaks in hydride region. A
variable-temperature 'H NMR study was conducted for 2
from 223 to 298 K. At 223 K, the broad peaks resolved into
four sets of sharp hydride signals, each with the relative in-
tensity 1:1:1:1, indicating the presence of four isomers
(namely 2a, 2b, 2¢, and 2d) in solution, see Figure 2. The
ratio of 2a/2b/2¢/2d is 1:2:5:8. The molecular structure of
compound 2 is illustrated in Figure 3 and the relevant bond
parameters are listed in Table 1. A chloroform molecule, as
a solvent of crystallization, is present in the crystal lattice.
The basic metal architecture of 1 is retained in compound
2. The azo ligand coordinated to Os(1) through the pyridyl
nitrogen N(1) and the azo nitrogen N(3) atom.

Eur. J. Inorg. Chem. 2001, 3163—3173
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The molecular structure of clusters

Figure 1.
(CO) 1 {NCsH4(N=N)C¢H4NMe,}] (1) showing the atom num-
bering scheme

[Osa(u-H)s-

Os(1)—N(1)—C(15)—N(2)—N(3) form a metallacyclic five-
membered ring with a mean deviation of 0.022A from the
least-square plane. The N(1)—Os(1)—N(3) coordination is
asymmetric, with Os(1)=N(I) and Os(1)=N(3) bond
lengths of 2.078(6) A and 2.111(7), respectively, and a
N(1)—0s(1)—N(3) angle of 75.0(3)°. The N(2)—N(3) length
[1.290(9) A] is almost identical to 1, indicating a retained
double bond character. Upon coordination of azo nitrogen,
the pyridyl and phenyl rings are twisted with respect to each
other to a greater extent, with a dihedral angle of 11.8°.
The molecular structure of 3 is shown in Figure 4 and
some important bond lengths and angles are listed in
Table 1. The azo-ligand was found to bridge the edge
Os(1)—0s(2) of the Os, distorted tetrahedron, affording a
five-membered ring containing Os(1), Os(2), N(2), C(15),
and N(1) and a six-membered ring containing Os(2), O(11),
C(21), C(16), N(3), and N(2), respectively. These rings had
a maximum deviation of 0.205 A and 0.192 A from the le-
ast-square planes, respectively. The dihedral angle between
two metallacyclic rings is 25.5°. The Os(1)—Os(2) bond
[2.7816(6) A] is slightly shorter than the hydride bridged
0Os—0s bonds. The O—H bond cleavage is observed in 3.
This bonding mode of the azo ligand is very similar to that
found in the tri-osmium cluster [(u-H)Os3(CO)o{p-n3-
EtzNC6H3(O)(N°=N)CSNH3Br}].[29] The N(2)—N(3) bond
length [1.32(1) A] is comparable to the N=N bonds in 1
and 2, indicating no involvement of the m-electrons of the
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N=N bond. The pyridyl and phenyl rings are highly twisted
with respect to each other, with a dihedral angle of 60.3°
due to the bond strain. The characteristic 60 cluster-valence
electron count was observed with the azo-ligand acting as
a five-electron donor. Only three bridging hydrides were
found in the metal core, confirmed by '"H NMR spectro-
scopy, with three sharp peaks of equal intensity observed
in the hydride region.

The molecular structure of 4 is depicted in Figure 5 and
the relevant bond lengths and angles are listed in Table 1.
It has a structure similar to compound 2 in terms of ligand
coordination, however, the involvement of the other pyridyl
ring was observed. The coordination of the azo-ligand, act-
ing as a six-electron donor, resulted in a pair of hydrides
being eliminated rather than a carbonyl ligand being substi-
tuted. Such elimination is not commonly observed in os-
mium chemistry. The presence of only two hydrides on the
metal core is supported by 'H NMR spectroscopic data,
with two sharp singlets of equal intensity observed in hy-
dride region. The ligand bridged Os(1)—Os(3) bond length
[2.8145(8) A] is slightly shorter than the hydride bridged
Os—0Os bonds. Os(1)—0s(3)—N(4)—C(16)—N(3) and
Os(1)=N(1)=C(15)—N(2)—N(3) form two metallacyclic
five-membered rings, with a mean deviation of 0.034A and
0.159A, respectively, from the least square planes. The
Os(3)—N(4) bond [2.18(1) A] is significantly lengthened
compared to Os(1)—N(1) bond [2.06(1) A] and Os(1)—N(3)
bond [2.05(1) A], owing to the bond strain. The two pyridyl
rings are not coplanar, with a dihedral angle upon coor-
dination to the metal framework of 16.2° between them.
The bite angle N(1)—Os(1)—N(3) of chelating azo-ligand
is 75.3(5)°, which is comparable to 2 [N(1)—Os(1)—N(3)
75.0(3)°] and [Os3(CO);¢(bipy)] [N—Os—N 75.6(9)°].3%

Although the ligand system of 5 is very similar to 4, they
have totally different reaction pathways towards the tetra-
osmium cluster. The molecular structure of 5 is illustrated
in Figure 6 and the relevant parameters are listed in Table 1.
Four tetrahydrofuran molecules, as a solvent of crystalliza-
tion, were found in the crystal lattice. Two tetra-osmium
metal cores are connected by two azo-ligands through their
pyridyl nitrogen atoms N(1) and N(4) to form a novel cyclic
structure. A similar cyclic structure was observed in the tri-
osmium cluster system.3!! Cluster 5 possesses a C; sym-
metry, with the center of inversion at the central point of
the square involving Os(3), Os(4), Os(3)*, and Os(4)*. The
Os(1)—N(1) [2.18(2) A] and Os(2)—N(4)* [2.13(2) A] bond
lengths are lengthened relative to other Os—N dative bonds
because of the large steric hindrance in the cyclic structure.
The two pyridyl rings are twisted with a dihedral angle of
24.5°. The two tetra-osmium sets of atoms with their associ-
ated carbonyl ligands do not approach each other very
closely; the nearest contact is O(3)--O(3)* [5.48(3) A] and
the shortest Os=Os distance between clusters is
0s(2)-+-0s(2)* [7.940(2) A]. This novel cyclic structure op-
ens the possibility of encapsulating some alkali or oxophilic
metal ions. The supramolecular system so formed will be
useful for the studies of redox active host towards metal ion
sensing applications. The steric effect may be the main
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Table 1. Selected bond lengths [A] and angles [°] for compounds 1-5

1 2 3 4 5
Os(1)—0s(2) 2.928(1) 3.0080(4) 2.7816(6) 2.8718(8) 2.977(2)
Os(1)—0s(3) 2.985(1) 2.9781(4) 3.0117(6) 2.8145(8) 2.993(2)
Os(1)—0s(4) 3.022(1) 2.9753(4) 2.7903(6) 2.8742(8) 2.747(2)
0s(2)—0s(3) 2.819(1) 2.8202(4) 2.9896(6) 2.9089(8) 3.005(1)
0s(2)—0s(4) 2.809(1) 2.9425(5) 2.9224(7) 2.7494(8) 3.013(1)
0s(3)—0s(4) 2.954(1) 2.7857(4) 2.7655(6) 2.8477(8) 2.832(1)
Os(1)—N(1) 2.17(2) 2.078(6) 2.143(9) 2.06(1) 2.18(2)
Os(1)—N(2) - - 2.132(1) - -
0Os(1)-N(3) 4.45 2.111(7) - 2.05(1) -
0s(2)—N(4) - - - - 2.13(2)
0s(3)—N(4) - - - 2.18(1) -
Os(2)—0O(11) - - 2.138(7) - -
N@2)—-N(@3) 1.26(2) 1.290(9) 1.32(1) 1.34(2) 1.28(3)
C(12)—Br(1) - - 1.89(1) - -
Os(2)—0s(1)—0s(3) 56.95(3) 56.212(9) 61.99(1) 61.53(2) 60.44(4)
Os(2)—0s(1)—0s(4) 56.32(3) 58.91(1) 63.27(2) 57.17(2) 63.38(4)
Os(3)—0s(1)—0s(4) 58.92(3) 55.80(1) 56.78(2) 60.07(2) 58.94(4)
Os(1)—0s(2)—0s(3) 62.56(3) 61.36(1) 62.79(1) 58.27(2) 60.05(3)
Os(1)—0s(2)—0s(4) 63.54(3) 59.99(1) 58.51(1) 61.46(2) 54.59(4)
Os(3)—0s(2)—0s(4) 63.33(3) 57.77(1) 55.77(1) 60.35(2) 56.15(3)
Os(1)—0s(3)—0s(2) 60.49(3) 62.43(1) 55.22(1) 60.21(2) 59.51(4)
Os(1)—0s(3)—0s(4) 61.16(3) 62.05(1) 57.57(1) 61.01(2) 56.19(4)
0Os(2)—0s(3)—0s(4) 58.16(3) 63.32(1) 60.89(2) 57.05(2) 62.07(4)
Os(1)—0s(4)—0s(2) 60.15(3) 61.10(1) 58.22(2) 61.37(2) 62.03(4)
Os(1)—0s(4)—0s(3) 59.93(3) 62.15(1) 65.65(2) 58.93(2) 64.87(4)
0s(2)—0s(4)—0s(3) 58.51(3) 58.91(1) 63.35(2) 62.60(2) 61.78(4)
0s(2)—0s(1)—N(1) - - 84.3(3) - 98.8(6)
Os(1)—0s(2)—N(4) - - - - 147.7(6)
Os(4)—Os(1)—N(1) 99.7(5) - - - -
N(1)—0s(1)—N(3) - 75.0(3) - 75.3(5) -
N(2)—0s(2)—0(11) - - 82.1(3) - -

d{ d d d
223K
¢ ¢ ¢
c
b b bb
a a a a

. . — —_—— :
-17 -18 -19 -20 -24 22

[eZ]

Figure 2. The low temperature (223 K) 'NMR spectra of [Os4(n-H)4(CO);{n>*-NCsH4(N=N)CsHsNMe,!}] (2) in the hydride region
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Figure 3. The molecular structure of clusters [Os4(u-H)4(CO);oin>-
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Figure 4. The molecular structure of clusters [Os4(p-H)3(CO)o{p-
N3*-Et.NC¢H3(0O)(N=N)CsNH;Br}] (3) showing the atom num-
bering scheme

reason for the cyclic structure not being observed in the
reaction of 2,2"-azopyridine. 3,3'-Azopyridine provides a
much larger separation between the two metal cores due to
the direction of pyridine nitrogen lone pair electrons.

Eur. J. Inorg. Chem. 2001, 3163—3173

Flgure 5. The molecular structure of clusters [Os4(p-H)»(CO)o{p-
N3-NCsH4N=N)CsH,;N}] (4) showing the atom numbering
scheme

Solvatochromism

Compounds 1—5 show a variety of intense colors in the
solid state, which prompted us to examine them by optical
spectroscopy. Based on the experimental geometry, molecu-
lar orbital calculations at the B3LYP level of density func-
tional theory were carried out for these compounds to ex-
amine the characteristics of the molecular orbitals in the
frontier region. Similar to trinuclear osmium clusters,3>~ 33
the highest occupied molecular orbital (HOMO) of these
compounds is mainly metal based, and the lowest unoccu-
pied molecular orbital (LUMO) mostly based on the or-
ganic moiety.[’¥ The intense color of these compounds un-
doubtedly arises from a strong absorption due to metal-
to-ligand charge transfer (M.L.C.T.) transitions.’>3* These
compounds exhibit solvatochromic absorptions in the vis-
ible region, contributed by changes in the metal-ligand
bond polarity between the ground and excited states and
specific solvent-solute and induced dipolar
interaction.®>~40 The optical spectral parameters for a
range of solvents are summarized in Table 2.

Compounds 1-3, demonstrated a positive
solvatochromism,*!=%21 where the dipole moment of
ground state (p,) is smaller than the excited state (p). On
MLCT transition, polar solvents were found to be better at
stabilizing the excited state of the molecule. The red shift in
absorption energies from n-hexane to dichloromethane was
due to the increasing polarity of the organic solvents. The
exceptionally large solvatochromism was observed in com-
pound 2 (Figure 7), due to the smaller energy gap of
HOMO-LUMO electronic transition. The contour plots
of the lowest unoccupied (LUMO) and the highest occupied
(HOMO) molecular orbitals of 2 are illustrated in Figure 8.
The molecular orbital calculations showed that N(2) has a
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Figure 6. The molecular structure of clusters [Os4(u-H)4(CO),o{u-n>-NCsH4(N=N)CsH4N}], (5) showing the atom numbering scheme

Table 2. Electronic absorption spectroscopic data for compounds
1-5

}"mux (nm) € (dm3'm0171'cm*l)

Compounds n-hexane acetone dichloromethane
1 4801l 497 (16000) 497 (18000)

2 504 (11000) 572 (15000) 577 (13000)

3 482 (5000) 522 (4000) 524 (4000)

4 613 (3000) 600 (2000) 607 (2000)

5 - 330 (34000) 306 (57000)

[l Limited solubility for accurate determination of ¢ value.

——n-hexane
--------- acetone
----- dichloromethane LUMO

-1

Extinction coefficient (dm3 mol-! em )

14000

-

]

o

(=)

o
1

10000 -

8000 -

6000 -

4000 -

2000 A

400 450 500 550 600 650 700
Wavelength (nm)

Figure 7. The electronic absorption spectrum of [Osy(p-
H)4(CO),0{n>*-NCsH4N=N)C¢H;NMe,}] (2) in a range of or-
ganic solvents

HOMO

lone pair of electrons whose maximum electron density . .
ints : f th ntral cluster unit. This lon 1 Figure 8. The contour plots of the lowest unoccupled— (LUMO)
points away Irom the central cluster unit. § 10N€ paIr 18 anq the highest occupied (HOMO) molecular orbitals calculated

greatly affected by the solvent environment. The interac-  for [Osy(p-H)4(CO)10{n>-NCsH,(N=N)CcH,NMe,}] (2)
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tions with the polar solvents pull the electron density away
from the N(2) center, lowering the orbital energy of the
LUMO, which contains significant N(2)—N(3) n* charac-
ter. As a result, the MLCT transition will shift to a lower
energy (red shift) in polar solvents. Compound 2 has a
much lower energy MLCT absorption than compound 1. It
is believed that more extensive ligand coordination to the
cluster core leads to a smaller HOMO—LUMO energy gap.

Compound 4 showed some degree of solvent dependence;
however, it was random with respect to the solvent polarity.
Compound 4 had a low energy absorption band at around
600 nm due to the extensive coordination of ligand. Com-
pound 5 exhibited a strong featureless intraligand n—n*
absorption band at around 300 nm, along with an analog-
ous band observed in the absorption spectrum of free li-
gand 3,3"-azopyridine under the same conditions. As shown
in Table 1, some degree of negative solvatochromism shift
was detected for 5. Apart from m—n* transition, no indica-
tion of a low-energy band was attributed to an MLCT
transition.

Electrochemistry

In order to investigate the redox properties of these new
azo-ligands containing tetra-osmium compounds, the elec-
trochemistry of compounds 1—5 was examined. Cyclic vol-
tammetry and controlled potential coulometry were carried
out at 298 K in a standard three-electrode system (glassy
carbon/carbon cloth working electrode, platinum auxiliary
electrode, and Ag/AgNOj reference electrode)®3 using a 0.1
M tetrabutylammonium hexafluorophosphate/dichlorome-
thane solution as supporting electrolyte. The results of vol-
tammetric experiments are summarized in Table 3.

Table 3. Electrochemical data for compounds 1—5

Compoundsl#l  Oxidation Reduction
Epaz [V][b] Epal [V][b] Epcl [V][b] Epc2 [V][b]
1 - 0.64 —1.25 -
2 0.93 0.49 (—0.94)fl -1.27
3 - 0.72 -1.17 -
4 - 0.52 - -
5 - 0.55 (—1.06)l —1.68

[l ca. 1073 ™M cluster in 0.1 m TBAHFP in dichloromethane at
298 K, the working electrode was a glassy carbon electrode, the
auxiliary electrode and the reference electrode were a platinum wire
and Ag/AgNOj; (0V) under the same conditions, calibrated with

ferrocene. Scan rate was 100 mVs~!. — Pl £ and E,, are the an-
odic and cathodic potentials, respectively. — [l Values in paren-

theses are Ej),, half-wave potential values.

Compound 1 exhibits an irreversible cathodic wave (E,)
and anodic wave (£,,) at —1.25 and 0.64 V vs. Ag/AgNO;
in dichloromethane, respectively. Applying a working po-
tential (E,) at —1.4 V, controlled potential coulometry
showed that two faraday/mole of 1 was involved in this re-
duction step. On the basis of the relative peak currents of
the cathodic and anodic waves, the oxidation process is as-
signed as a one-electron step. Two-electron addition to com-

Eur. J. Inorg. Chem. 2001, 3163—3173

pound 1 is believed to afford a 62e compound, which would
be unstable, with consequent metal—metal bond cleavage,
leading to metal carbonyl fragments of lower nuclearity. It
conforms to a ECEC or EEC mechanism.*4

Compounds 1 and 2 have the same ligand system, their
cyclic voltammograms were expected to be similar. Interest-
ingly, the incorporation of the azo group in the cluster
framework led to great changes in the electrochemical be-
havior of 2. The cyclic voltammograms of 2 consist of a
reversible and an irreversible cathodic wave at —0.94 and
—1.27 V, respectively. Controlled potential coulometry at
the first reduction step (E,, = —1.09 V) indicates that this
cathodic process consumes 1 faraday/mole of 2. Analysis of
the cyclic voltammetric responses relating to the cathodic
peak of 2, with scan rate varying from 50 to 500 mVs™!,
indicates that the peak current ratio i,/i,. remains close
to unity. The current function (proportional to in/v'/?) is
essentially constant and the peak-to-peak separation lies
between 80—100 mV. This trend is parallel with the ferro-
cene under the same experimental conditions. Thus, we as-
sume that the first reduction step proceeds by an essentially
reversible electron transfer process. This implies that any
structural change of 2 accompanying the single-electron
transfer is chemically reversible and rapid with respect to
the time scale of the electrochemical experiment. The irre-
versible nature of the second cathodic wave showed that the
reduction of compound 2 followed an EEC mechanism. In
addition, two anodic waves at 0.49 and 0.93 V were found.
The similarity of the relative peak heights for the waves
within a given voltammogram points to the same number
of electrons being involved in the oxidation and reduction
of 2. Two irreversible one-electron oxidations in 2 were as-
signed to follow the ECEC process. There is a 310 mV pos-
itive and 150 mV negative shift upon coordination of azo
group in cathodic and anodic wave values, respectively. It
shows that both reduction and oxidation processes are more
likely to occur. It is believed that the extensive ligand coor-
dination lowers the HOMO—-LUMO energy gap and hence
gives a lower redox potential for compound 2. This is con-
sistent with the UV/Vis spectroscopic data. Furthermore, it
is reasonable to suggest that the reversible step of 2 is due
to the presence of a metallacyclic five-membered ring unit.

The cyclic voltammograms of 3 contained an irreversible
cathodic wave at E,. = —1.17 V vs. Ag/AgNO;, along with
a small return oxidation at —0.56 V. The region where the
weak oxidation wave appears was initially empty, with the
wave appearing after the cathodic wave was traversed. The
AE, values remained virtually unchanged on varying the
scan rates from 50 to 1000 mV-s~!. An irreversible anodic
wave is also located at E,, = 0.72 V. The irreversible nature
of both oxidation and reduction presumably derives from
an irreversible chemical reaction that follows the redox re-
action (EC process). Controlled potential coulometry was
run at 0.87 V for 3, showing that one electron is removed
for each molecule. Based on the relative peak heights, the
cathodic wave is tentatively assigned to have consumed two
electrons. For compound 4, only one irreversible anodic
wave was located at E,, = 0.54 V vs. Ag/AgNO; within the
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solvent limit. Controlled potential coulometry at the oxida-
tion step (E,, = 0.67 V) shows that the anodic process con-
sumes one electron per molecule. Compounds 3 and 4 have
a similar ligand disposition, however, the former is much
harder to oxidize than the latter due to the presence of a
strong electron-withdrawing bromine ligand. Moreover, al-
though compound 4 is extensively coordinated by the azo-
ligand, the oxidation potential is comparable to 2. This sug-
gested that the aniline is an effective electron-donating li-
gand that makes oxidation easier.

Compound 5 is a cyclic structure consisting of two tetra-
osmium metal cores connected by two azo-ligands. Al-
though compounds 1 and 5 have a similar ligand system,
they show different redox behavior. It is believed that there
is an electronic interaction between two redox centers. The
cyclic voltammogram of 5 is shown in Figure 9. A quasi-
reversible and an irreversible cathodic wave were observed
at £,c = —1.06 and —1.68 V vs. Ag/AgNOs. In addition,
an irreversible anodic wave occurred at E,, = 0.55 V. Ap-
plying a working potential at 0.8 V, controlled potential
coulometry indicates that two faraday/mole of 5 is involved
in the oxidation step. The other redox waves were assumed
to involve one electron per molecule according to the relat-
ive peak heights in the voltammogram. The large potential
difference between the first and second reduction peaks
(over 600 mV) implies that there is good electronic interac-
tion between the two tetra-osmium metal cores, through the
azo-ligand in this novel cyclic structure. This kind of elec-
tronic interaction also appears in some organometallic
dimers.[+5 73]

5uA
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Figure 9. Cyclic voltammogram of [Osy(u-H)4(CO)o{p- n>-
NCsH4N=N)CsH4N}], (5) in CH,Cl, containing 0.1 mol-dm—3
Bu,NPFy; glassy carbon working electrode, platlnum aux111ar3y elec-
trode and Ag/A%NO; reference electrode (Ag 0.1 mol-dm™>; scan
rate, 100 mV-s

There is a completely charged delocalization over two
redox centers, while the azo-ligand acts as a conductor. As
one metal core receives one electron, the cyclic structure
become more electron rich, making the second reduction of
another metal core more difficult. The cyclic structure ex-
hibits remarkably flexible redox behavior comparable to 2,
able to accommodate the addition of one electron without
gross structural changes. Furthermore, it shows that both
reduction and oxidation are more likely to occur in com-
pound 5 than in compound 1, as the extra charge is shared
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by two metal cores through the bridging azo-ligands. This
is consistent with the 190 mV positive and 90 mV negative
shift in cathodic and anodic wave values in comparison to
the corresponding value observed in 1.

Experimental Section

General: All reactions and manipulations were carried out under
argon using standard Schlenk techniques, except for the chromato-
graphic separations. Solvents were purified by standard procedures
and distilled prior to use.5!l Reactions were monitored by both
IR spectroscopy and analytlcal thin-layer chromatography (Merck
Kieselgel 60 F,s4) and the products were separated by thin-layer
chromatography on plates coated with silica (Merck Kieselgel 60
Fas4).

Materials: All chemicals, unless otherwise stated, were purchased
commercially and used as received. [Os,(u-H)4(CO),,],132734
[Os4(1-H)4(CO);o(NCMe),],2%  ligand 2,2'-azopyridine,>> and
3,3’-azopyridine!>! were prepared by literature methods.

Instrumentation: Infrared spectra were recorded on a Bio-Rad FTS-
135 IR spectrometer, using 0.5 mm calcium fluoride solution cells.
— 'H NMR and 'H-'"H COSY spectra were obtained on a Bruker
DPX300 spectrometer using CD,Cl, and referenced to SiMe, (& =
0), variable-temperature '"H NMR spectra on a Bruker DPX500
spectrometer. — Positive ionization fast atom bombardment (FAB)
mass spectra were recorded on a Finnigan MAT 95 mass spectro-
meter, using m-nitrobenzyl alcohol as matrix solvent. — Electronic
absorption spectra were obtained with a Hewlett—Packard 8453
diode array UV/Vis spectrophotometer, using quartz cells, with
1 cm path length at room temperature. — Microanalyses were per-
formed by Butterworth Laboratories, UK.

Reaction of [Os4(n-H)4(CO),,] with 4-(2-Pyridylazo)-/V, N-dimethyl-
aniline: The complex [Osy(u-H)4(CO);»] (110 mg, 0.1 mmol) was
dissolved in dichloromethane (50 cm?) and stirred with one equiva-
lent of 4-(2-pyridylazo)-N,N-dimethylaniline (22.6 mg, 0.1 mmol)
at 0 °C. Two equivalent of trimethylamine N-oxide (Me;NO) were
added dropwise over 20 min. After the reaction had proceeded at
ambient temperature for 18 h, the initial yellow solution changed
to dark brown. The solvent was removed under reduced pressure
and the residue subjected to TLC with n-hexane/dichloromethane
(1:1, v/v) as eluent. Two new products were isolated, in the follow-
ing order of elution: dark red [Osy(pu-H)4(CO);{NCsH4N=
N)CsH4yNMe,}] (1, Ry = 0.85, 44 mg, 0.034 mmol, 34%). IR
[V(CO)/em™!, n-hexane]: v = 2091 w, 2060 s, 2051 m, 2032 m, 2005
m, 1985 m. — '"H NMR (CD,Cl,): at 298 K § = —24.06 (s, 1 H,

—H), —18.65 (s, | H, Os—H), —18.06 (s, 2 H, Os—H), 1.67 (s,
3 H, methyl), 2.04 (s, 3 H, methyl), 6.84 (m, 4 H, pyridyl), 8.01 (m,
4 H, phenyl); at 233 K, 1a: § = —24.01 (s, | H, Os—H), —18.63 (s,

1 H, Os—H), —18.10 (s, 2 H, Os—H); 1b: § = —25.53 (s, | H,
Os—H), —18.86 (s, 1 H, Os—H), —17.95 (s, 1 H, Os—H), —16.93
(s, 1 H, Os—H). — MS (positive FAB): m/z (%) = 1073 [M* —

PNNDA]. — C,4HgN401,0s, (1299.3): caled. C 22.20, H 1.39, N
4.31; found C 22.3, H 1.5, N 4.2; and dark blue (2, Ry = 0.7, 19 mg,
0.015 mmol, 15%). — IR [v(CO)/cm !, n-hexane]: v = 2087 w, 2077
m, 2050 vs, 2019 s, 2000 s, 1983 m. — '"H NMR (CD,Cl,): at 298 K
6 = —19.64 (br. s, Os—H), —19.28 (br. s, Os—H), —18.71 (br. s,
Os—H), 2.82[s, 6 H, methyl], 6.95 (d, Jug = 9.4 Hz, 2 H, phenyl],
7.60 (d, Jyy = 6.4 Hz, 1 H, pyridyl], 8.28 (m, 3 H, pyridyl and
phenyl), 8.52 (d, Juuy = 8.1 Hz, 1 H, pyridyl], 9.36 (d, Jyu =
5.4 Hz, 1 H, pyridyl]; at 223 K, 2a: 8 = —20.06 (s, 1 H, Os—H),
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—19.28 (s, 1 H, Os—H), —17.92 (s, | H, Os—H), —17.31 (s, 1 H,
Os—H); 2b: & = —20.71 (s, 1 H, Os—H), —19.65 (s, 1 H, Os—H),
—19.34 (s, 1 H, Os—H), —19.13 (s, 1 H, Os—H); 2c: § = —20.28
(s, 1 H, Os—H), —20.19 (s, I H, Os—H), —19.79 (s, | H, Os—H),
—19.18(s, 1 H, Os—H); 2d: 8 = —22.66 (s, 1 H, Os—H), —22.13 (s,
1 H, Os—H), —18.37 (s, | H, Os—H), —18.04 (s, 1 H, Os—H).
— MS (positive FAB): m/z (%) = 1271 [M]*. — Ca3H,sN4010Os4
(1271.3): caled. C 21.73, H 1.43, N 4.41; found C 21.6, H 1.3, N 4.4.

[0s4(1-H)3(CO)1o{p-1*-Et;NCsH3(O)(N=N)CsNH3Br}] (3): The
complex [Osy(u-H)4(CO)y5] (110 mg, 0.1 mmol) was dissolved in
dichloromethane (50 cm?) and mixed with one equivalent of 2-(5-
bromo-2-pyridylazo)-5-(diethylamino)phenol (34.9 mg, 0.1 mmol)
at 0 °C. Two equivalent of trimethylamine N-oxide were added
dropwise. The yellow mixture was stirred for 12 h, which resulted
in the formation of a deep purple solution. The solvent was
pumped off and the residue purified by chromatography on TLC
plates with n-hexane/diethyl ether (3:2, v/v) as eluent. Recrystalliza-
tion from dichloromethane/n-hexane afforded purplish-red crystals.
(R = 0.4, 11 mg, 0.008 mmol, 8%). — IR [v(CO)/cm !, n-hexane]:
v = 2087 w, 2055 s, 2026 s, 2010 s. — 'H NMR (CD,Cl,): § =
—20.58 (s, 1 H, Os—H), —16.43 (s, | H, Os—H), —13.17 (s, 1 H,
Os—H), 1.32 (m, 6 H, CH3), 3.50 (m, 4 H, CH,), 5.99 (d, Jyn =
2.5Hz, 1 H, phenyl), 6.47 (dd, Juy = 9.8 Hz, 1 H, phenyl), 7.04
(d, Jun = 9.4 Hz, 1 H, phenyl), 7.09 (d, Jug = 9.2 Hz, 1 H, pyri-
dyl), 7.80 (dd, Jyu = 9.0 Hz, 1 H, pyridyl), 9.05 (d, Juu = 8.2 Hz,
1 H, pyridyl). — MS (positive FAB): m/z (%) = 1392 [M]*. —
Cy5H 9BrN4O;0s, (1392.2): caled. C 21.57, H 1.38, N 4.02; found
C21.7, H1.5,N 3.9.

[054(1-H);(CO) 15 {p-n*-NCsH(N=N)CsH,N}| (4): The complex
[Os4(pu-H)4(CO)o(NCMe),] (110 mg, 0.1 mmol) was dissolved in
dichloromethane (50 cm?) and stirred with one equivalent of 2,2'-
azopyridine (18.4 mg, 0.1 mmol) at ambient temperature. After 5 h,
the solvent was removed under reduce pressure. The residue was
purified by chromatography on TLC plates with n-hexane/dichloro-

methane (1:1, v/v) as eluent. Recrystallization from chloroform/n-
hexane afforded blue crystals. (Ry = 0.3, 15 mg, 0.012 mmol, 12%).
— IR [V(CO)/em™!, n-hexane]: ¥ = 2083 m, 2068 w, 2047 s, 2035 s,
2021 w, 2001 vs, 1977 w. — 'H NMR (CD,Cl,): § = —21.02 (s, 1
H, Os—H), —13.02 (s, 1 H, Os—H), 6.49 (td, Jyg = 6.6 Hz, 1 H,
pyridyl), 7.25 (td, Jyy = 6.8 Hz, 2 H, pyridyl), 7.97 (m, 2 H, pyri-
dyl), 8.17 (d, Jun = 8.3 Hz, 1 H, pyridyl), 8.76 (d, Jyy = 5.7 Hz,
1 H, pyridyl), 8.83 (d, Jyy = 6.8 Hz, 1 H, pyridyl). — MS (positive
FAB): m/z (%) = 1227 [M]*. — Cy0H;(N40,¢0s4 (1227.2): calcd.
C 19.57, H 0.82, N 4.57; found C 19.7, H 0.9, N 4.5.

[054(p-H)4(CO);o{p-n*-NCsH(N=N)CsHyN}|> (5): The complex
[Os4(u-H)4(CO)o(NCMe),] (110 mg, 0.1 mmol) was dissolved in
dichloromethane (50 cm?) and stirred with one equivalent of 3,3'-
azopyridine (18.4 mg, 0.1 mmol) at ambient temperature. After
24 h, the initial yellow solution changed to dark brown. The solvent
was then remove in vacuo and the residue was purified by chroma-
tography on TLC plates with n-hexane/dichloromethane (1:1, v/v)
as eluent. Recrystallization from tetrahydrofuran/n-hexane afforded
brown crystals. (R; = 0.45, 29.5mg, 0.012 mmol, 12%). — IR
[V(CO)/cm™!, dichloromethane]: v = 2074m, 2047s, 2028vs, 2001s,
1976w. — '"H NMR (CD,Cl,): 3 = —20.09 (s, 2 H, Os—H), —17.05
(s, 2 H, Os—H), —16.46 (s, 2 H, Os—H), —15.53 (s, 2 H, Os—H),
7.50 (dd, Jyu = 8.2 Hz, 2 H, pyridyl), 7.71 (dd, Juyy = 8.0 Hz, 2
H, pyridyl), 8.34 (dt, Juy = 6.9 Hz, 2 H, pyridyl), 8.62 (dt, Jyy =
8.6 Hz, 2 H, pyridyl), 9.10 (d, Juy = 2.1 Hz, 2 H, pyridyl), 9.24
(td, Jyn = 5.2 Hz, 4 H, pyridyl), 9.52 (d, Jyg = 1.9 Hz, 2 H,
pyridyl). — MS (positive FAB): m/z (%) = 2458 [M]*. —
C4oH4N305Osg (2458.3): caled. C 19.54, H 0.98, N 4.56; found C
19.4, H 1.0, N 4.6.

Electrochemical Studies: Electrochemical measurements were per-
formed with EG&G Princeton Applied Research (PAR) Model
273A potentiostat, connected to an interfaced computer employing
PAR 270 electrochemical software. Cyclic voltammograms were ob-
tained using a gas (argon) sealed two-compartment cell equipped

Table 4. Crystal data and data collection parameters for compounds 1—5

1 2 3

4 5

Empirical formula C,4H 5N4O;,0s4

[C23H §N401(0s4] ICHCI; [CysH 19N4O;Br;Osy]- 1ICH,Cly,  CooH gN4O1¢0s4

[C40H24NgO04(Osg]- 4C4HgO

Molecular mass 1299.23 1390.59 1477.08 1227.12 2746.70
Crystal color, habit red, block blue, block purple, block blue, block brown, block
Crystal dimensions [mm] 0.22 X 0.22 X 0.10 0.22 X 0.17 X 0.14 0.22 X 0.19 x 0.12 0.23 X 0.12 X 0.22 0.23 X 0.22 X 0.25
Crystal system monoclinic triclinic triclinic monoclinic monoclinic
Space group P2,/n (no. 14) P1 (no. 2) P1 (no. 2) P2,/n (no. 14) P2,/n (no. 14)
a [A] 8.2310(8) 9.8510(9) 9.792(1) 12.243(1) 13.104(1)

b [A] 27.885(1) 12.644(1) 11.709(1) 12.472(1) 16.423(1)

¢ [A] 13.8710(8) 15.557(1) 17.632(1) 16.621(1) 17.853(1)

o [A] 67.020(5) 77.40(1)

B [A] 105.710(5) 81.690(5) 77.02(1) 93.40(1) 107.40(2)

% [A] 69.110(5) 68.33(1)

U [A3] 3064.8(3) 1666.6(3) 1810.2(3) 2533.5(3) 3666.3(6)

Z 4 2 2 4 2

D, [g cm™?] 2.816 2.771 2.710 3.217 2.488
w(Mo-K,) [em™'] 165.82 154.86 152.97 200.46 138.70
Reflections collected 19241 19107 11225 15648 22910
Unique reflections 7074 7480 7789 5956 8538
Observed reflections 4098 6262 5890 4783 3713
[I>1.56()]

R 0.053 0.034 0.039 0.055 0.066

R, 0.061 0.043 0.041 0.065 0.054
Goodness of fit, S 1.09 1.33 1.13 1.82 1.09
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with a glassy carbon working electrode (Bioanalytical), a platinum
wire auxiliary electrode (Aldrich), and an Ag/AgNO; reference
electrode (Bioanalytical) at room temperature; 0.1 mol-dm™3 »n-
tetrabutylammonium hexafluorophosphate (TBAHFP) in anhyd-
rous deoxygenated CH,Cl, was used as a supporting electrolyte.
Ferrocene was added at the end of each experiment as an internal
standard. Potential data (vs. Ag/AgNO;) were checked against the
ferrocene (0/+1) couple; under the actual experimental conditions
the ferrocene/ferrocenium couple is located at +0.13 V. Bulk elec-
trolyses were carried out in a gas-tight cell consisting of three
chambers separated at the bottom by fine frits, with a carbon cloth
(80 mm?) working electrode in the middle, and Ag/AgNOj; refer-
ence and Pt gauze auxiliary electrodes in the lateral chambers. The
working potentials (E,,) for reduction and oxidation processes were
ca. 0.15 V more negative and more positive than the corresponding
electrode potential (£), respectively; all coulometric experiments
were performed in duplicate.

Crystallography: Crystals suitable for X-ray analyses were glued on
glass fibers with epoxy resin or sealed in a 0.3 mm glass capillary.
Intensity data were collected at ambient temperature using a
Bruker SMART CCD 1000 diffractometer with graphite monoch-
romated Mo-K, radiation using o scan type. Details of the intensity
data collection and crystal data are given in Table 4. The data were
corrected for Lorentz and polarization effects. The structure were
solved by direct methods® and expanded using Fourier tech-
niques.l*”] Some non-hydrogen atoms were refined anisotropically,
while the rest were refined isotropically. Hydrogen atoms were in-
cluded but not refined. All calculations were performed by using
the teXsanl®! crystallographic software package of Molecular
Structure Corporation.

Crystallographic data (excluding structure factors) for the struc-
tures reported in this paper have been deposited with the Cam-
bridge Crystallographic Data Centre as supplementary publication
nos. CCDC-163743 to CCDC-163747. Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK. [Fax: (internat.) +44 (0)1223/336033;
E-mail: deposit@ccdc.cam.ac.uk].
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