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Abstract

The reduction of the tetrafluoroborate salts of the ruthenium nitrosyl dicationic [Ru(n’-CsRs)(NO)(L),]*T (R = Me, L = PMe;,
1a; PMe,Ph, 1b; R = H, L = PPh;, 2d) and monocationic complexes [Ru(Me)Cp*(NO)L]* (L = PMes, 3a; PMe,Ph, 3b) (Cp* = n’-
CsMes) has been studied by electrochemical and spectroscopic (IR, NMR, EPR) techniques. The nitrosyl complexes 1a, 1b and 2d
exhibit two successive one-electron cathodic processes due to the sequential reduction of coordinated NO™ to NO* and NO~,
respectively. Chemical reduction yields products of rearrangement of the intermediates which have been spectroscopically
characterized. EPR studies and theoretical calculations show that in the first one-electron reduction product the electron interacts
with the NO nitrogen atom and that the RuNO moiety presents significant distortion from linearity. The X-ray structure of the

related [Ir(Me),Cp*(NO)|BF, has been determined.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Metal nitrosyl complexes have recently attracted
renewed attention because of the important role that
NO plays in air pollution [1], as models for metal
enzymes [2] and in a number of physiological processes
[3]. Such an interest is testified by the recent publication
of a thematic issue dedicated to the nitric oxide
chemistry [4].

An important area of research for nitrosyl complexes
is concerned with the geometric and electronic features
of the NO ligand: in this context, reduction of 18e metal
nitrosyl complexes allows the study of the structural
modification of the NO ligand and the character of the
orbital populated by the extra electron(s).

A survey of the literature indicates that most often, as
a result of one-electron reduction, a substantial localisa-
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tion of the unpaired electron on the NO occurs, as it
results mainly from EPR and IR spectroscopy: indeed
few examples of structurally characterised 19¢ com-
plexes have been reported, and only in one case the
corresponding 18 and 19¢ systems have been isolated
and fully characterised [5e]. Apparently the iridium
{MNO}’-type [6] nitrosyl derivatives [Ir(Me)Cp*(NO)-
(L)]JBF4 (L =PMePh,, PMe,Ph, PMe;), prepared by
one-electron reduction of the corresponding [Ir(Me)-
Cp*(NO)(L)](BF4), complexes, seem to belong to this
class of complexes [7]. Indeed, although these com-
pounds have not been structurally characterised, the
hyperfine structure in the EPR spectra shows that the
unpaired electron interacts with the iridium nucleus (no
hyperfine coupling to '*N was observed).

In this context the recent availability of the new
{MNO}°type nitrosyl complexes [Ru(n’-CsRs)(NO)-
(L)z](BF4)2 (R = Me, H, L= PM€3, PMeZPh, PPh3) and
[Ru(Me)Cp*(NO)(L)|BF,4 (L =PMe;, PMe,Ph; Cp* =
n°-CsMes), which have been prepared by reaction of the
corresponding [Ru(Me)Cp*(L),] derivatives [8] with
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NOBF4, gives the opportunity to compare the behaviour
of the iridium and ruthenium M—-N-O systems towards
reduction.

A number of previous studies exist on the electro-
chemical and chemical reduction of ruthenium(II)
nitrosyl complexes [9], mainly coordination derivatives
like [Ru(Cl)(NO)(bpy),]** (bpy = 2,2’-bipyridine) [9a],
[Ru(hedta)(NO)] (hedta®~ = N-(hydroxyethyl)ethylene-
diaminetriacetate) [9¢], [Ru(NO)(H,O)(bpy).]** [9d],
and [Ru(L)NO)(trpy)’*  (trpy = 2,2":6,2"-terpyridyl)
[9¢]. However since ruthenium complexes of the
{MNO}®type strongly coordinate NO but readily
release NO* after one-electron reduction, there is a
paucity of EPR reports of nitrosyls with the unpaired
electron located mainly on the nitrogen atom [9]. For
the few {RuNO}’-type complexes, which have been
isolated, although not structurally characterised, like
[Ru(py)(NO)CIJI [10] and [Ru(py)4(NO)CI]PF¢ [11], the
experimental data are consistent with a bent nitrosyl
ligand and the unpaired electron is best considered as
occupying an antibonding ©*(INO) orbital. However, as
far as we know, no organometallic nitrosyl compound
of ruthenium was studied in this perspective. In this
paper we report the results obtained in the study of
electrochemical and chemical reduction of the above
cited ruthenium dicationic and monocationic complexes

[8]-

2. Results and discussion
2.1. Electrochemical studies

The electrochemical behaviour of the nitrosyl com-
plexes [Ru(n’-CsR5)(NO)(L),J(BFy), (R=Me, L=
PMe;, 1a; PMe,Ph, 1b; R =H, L =PPh;, 2d) and
[Ru(Me)Cp*(NO)L]BF, (L =PMes;, 3a; PMe,Ph, 3b)
has been studied by cyclic voltammetry and controlled
potential coulometry [12].

As illustrated in Fig. 1, [RuCp*(NO)(PMe3),l(BF,),
(1a) exhibits in acetone solution two reduction processes
(E°{=-0.08 V; E°5=—0.77 V) with features of
chemical reversibility in the cyclic voltammetric time
scale (ipa/ipc constantly equal to 1).

Controlled potential coulometry for the first reduc-
tion step (E,= —0.3 V) consumes one electron per
molecule. As a consequence of exhaustive reduction the
original yellow-ocre colour turns red—brown, and the
resulting solution displays in cyclic voltammetry a
voltammetric profile quite complementary to that illu-
strated in Fig. 1, thus confirming the chemical reversi-
bility of the [RuCp*(NO)(PMes),]*"/[RuCp*(NO)-
(PMes),]* * reduction also in the long times of macro-
electrolysis.

The assignment of the nature of the two reduction
processes is not straightforward because of the con-
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Fig. 1. Cyclic (a) and hydrodynamic (b) voltammetric responses
recorded at a platinum electrode on an acetone solution of 1a (1.0 x
03 mol dm~ %) containing [NBu,JPFg (0.2 mol dm ~>) as supporting
electrolyte. Scan rates: (a) 0.2 Vs~ ' (b) 0.01 Vs~ ' T=20°C.

comitant presence of the two redox-active moieties
Ru(Il) and NO™*.

In this connection Fig. 2 shows the X-band EPR
spectra recorded on an acetone solution of
[RuCp*(NO)(PMe;),]* t electrogenerated at —20 °C
(Ew=—0.3 V). At low temperature (Fig. 2a), the first
derivative spectrum exhibits a resolved anisotropic line-
shape typical of S =1/2 paramagnetic species [8,13]. A
main broad 1:1:1 hyperfine three-signal system appears
in the low-field region, the second derivative revealing
the presence of two overlapped 1:1:1 triplets. It is noted
that all the g; values significantly differ from the g value
of free electron (Table 1).

In turn, the second derivative low-field spectral region
puts in evidence that each triplet is further splitted in a
poorly resolved 1:2:1 superhyperfine triplet, whereas in
the high field region (gs) the two (1:1:141:2:1) triplets
display larger hpf resolution.

Computer simulation [14] allows the X-band para-
meters to be defined in terms of a poorly resolved
rhombic structure (g; =g > g3 # Zelectron = 2.0023),
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Fig. 2. X-band EPR spectra of [RuCp*(NO)(PMes),]* ™. (a) At 100
K; (b) at 210 K. First (upper) and second (lower) derivative modes.
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Table 1
Temperature dependent X-band EPR parameters of the paramagnetic Ru(Il) species derived by the one-electron electrochemical reduction of 1a, 1b,
2d*
Complex 81 82 83 {g> a ° a b as b {a) b 8iso diso
[RuCp*(NO)(PMej3),]* * 2.001(4) 1.994(4) 1.912(4) 1.969(5) 6(3) 33(3) 13(3) 17(3) 1.972(5)¢  20(3)
<AH, 6(3) 7(3) <AHjs,
[RuCp*(NO)(PMe,Ph),]* * 1.996(5) 1.996(5) 1.964(5) 1.985(5) <AH, 325 <AH, 2.0205) ¢ 22(5)
< AI-Il < AHh < AHaniso < AHis()
[RuCp(NO)(PPhs),]* * 1.995(6) 1.995(6) 1.896(6) 1.962(6) <AH, 285 <AH, - -
< AH, <AH, <AHs0 < AH;,

1 {g) =(g1+82+g3)/3, (g +2gL)/3; {a) = (a1 +a>+a3)/3, (a)+2a_,)/3; (a, g)| values refer to the high field spectral region; (a, g), values refer to

the low field spectral regions.

® Upper values relevant to "N hpf couplings, lower values relevant to >'P shpf couplings; g; in Gauss.

© T=210 K.
4 7=200 K.

with the unpaired electron mainly located on the NO
ligand. In fact, the narrower 1:2:1 triplets arise from the
minor interaction of the unpaired electron with two
nearly magnetically equivalent P nuclei. Accordingly no
ruthenium satellite peaks could be detected ('*'Ru: I =
3/2, 12.7%; '©Ru: 1=5/2, 17.1%) as a consequence of
noticeable anisotropic line broadening. The EPR line-
shape analysis indicates that the actual SOMO is
basically constituted by the nitrogen and phosphorus
np orbitals whith a very minor contribution of the
ruthenium 4d orbitals [9f].

It is noted that, even if the paramagnetic parameters
are substantially similar the actual frozen lineshape
obtained on Me,CO solution, the spectrum somewhat
differs from that recorded on the monocation
[RuCp*(NO)(PMe;),]* * obtained by chemical reduc-
tion in CH,Cl, solution (see infra), likely because of the
different solute—solvent interaction. Moreover, close
inspection of the low temperature second derivative
lineshape evidences additional EPR features of minor
spectral intensity, namely two distinct peaks (see starred
peaks in Fig. 2) positioned in the low-field region and
overlapped onto the main m;= —1 N signal. As the
Scheme 3 suggests, such spectral pattern could testify for
the presence of a second minor ruthenium paramagnetic
species.

On rising the temperature at the glassy-fluid transi-
tion, the anisotropic spectrum collapses in a broad
isotropic signal (7'=210 K, AH;, =57(5) G), which
displays poor nitrogen resolution and no *'P shpf
resolution (AHjs, > ajs,) (Fig. 1b). The EPR parameters
of the isotropic NO hpf resolution are consistent with
those of the corresponding glassy state, but with some
temperature dependent line broadening due to the
effective fastening of the molecular dynamics. At 7=
285 the isotropic spectrum becomes very poorly resolved
(8i50(285 K) =1.965(4); AH;50(285 K) =68(5) G; aiso =
20(5) G from second derivative analysis). Quick re-
freezing of the fluid solution quantitatively restores the
previous glassy spectrum, thus indicating the high

stability of the electrogenerated monocation
[RuCp*(NO)(PMe3),]* *.

In conclusion, the spectroscopic data indicate that the
first reduction process illustrated in Fig. 1 is substan-
tially centred on the nitrosyl ligand. No further experi-
mental support on the nature of the second reduction
could be gained because of the fast re-oxidation of the
electrogenerated neutral product likely triggered by
traces of dioxygen.

The redox propensity of [RuCp*(NO)(PMe,Ph),]-
(BF4)> (1b) looks like slightly more complicated than
that of 1a; in fact, as shown in Fig. 3, it apparently
displays three reduction processes.

Controlled potential coulometry (Ey,= —0.2 V)
proved that the first reduction (£° =0.00 V), which at
room temperature exhibits a good extent of chemical
reversibility, involves a one-electron process. In con-
trast, the subsequent cathodic process (E, = —0.61 V),
which conceivably parallels the second reduction of 1a,
is complicated by chemical reactions that generate a
further reducible byproduct (£, = —0.93 V).

Low temperature (—20 °C) exhaustive electrolysis for
the first reduction process causes a colour change from
yellow-ocre to green. The resulting monocation
[RuCp*(NO)(PMe,Ph),]* * is sufficiently stable to be
studied by X-band EPR spectroscopy (Fig. 4). The
broad glassy spectrum can be explained in terms of
partially resolved axial line shape (g, > g # Zelectron) N
that it exhibits the well separated nitrogen hpf triplet
only in the perpendicular region. The low-field spectral
region could likely mask two g, and gz closely over-
lapped absorptions (here g, = g3 as g)) due to significant
anisotropic line-broadening. Accordingly, no shpf reso-
lution of the two 3'P phosphine nuclei is detected
(AH | >a ('P)). On the other hand, the parallel signal
is very poorly resolved. Also in this case the EPR
parameters suggest that the unpaired electron mainly
interacts with the NO ligand, with a minor coupling
with the phosphine moiety.
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Fig. 3. Cyclic voltammograms recorded at a platinum electrode on an
acetone solution of 1b (1.1 x 1072 mol dm ~?). [NBuy]PF; (0.2 mol
dm~?) supporting electrolyte. Scan rates: (a) 0. 2 V s~ !; (b) 0.02 V
s~ T=20°C.
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Fig. 4. X-band EPR spectra of an acetone solution of
[RuCp*(NO)(PMe,Ph),]* *. (a) 100 K, first derivative; (b) 200 K.
First (upper) and second (lower) derivative modes.

At the glassy-fluid transition the anisotropic spectrum
evolves in a broad and poorly resolved signal. No well
separated nitrogen hpf couplings are evident from the

better resolved second derivative mode, while the
phosphine moieties coupling is not detected. Also in
this case re-freezing the fluid solution restores the
original frozen spectrum, indicating significant stability
of the monocation.

Finally, in spite of the apparent complex cyclic
voltammetric profile exhibited by [RuCp(NO)-
(PPh;),](BF4), (2d) (Fig. 5), the cathodic path can be
again viewed as two separated one-electron reductions
as already described for 1a (two reversible reductions)
and 1b (two reductions, the second of which is accom-
panied by chemical complication), but in this case the
chemical complication is coupled to the first reduction.
As a matter of fact, the first reduction (E° = —0.17 V)
is partially chemically reversible (for example, i,,/i,c =
0.5at 0.02 Vs~ ). Based on the relative peak heights, we
tentatively assign the second cathodic process (E, = —
0.44 V) to the generated byproduct, whereas the third
cathodic step (E, = —0.88 V) would correspond to the
second main reduction.

Controlled potential coulometry in correspondence
with the first reduction (E,, = —0.7 V) consumes 1.2 =~
1.3 electrons/molecule, confirming the formation of
reducible byproducts.

Also in this case, low temperature electrogeneration
(=20°C) of the corresponding monocation
[RuCp(NO)(PPh3),]* * permits its relative characterisa-
tion by EPR spectroscopy (Fig. 6). The glassy spectrum
exhibits pseudo-axial resolution (g, > gj), with the two
g, and g, low field spectral regions being quite over-
lapped (g1 =g» as g)). In this case, only the main
anisotropic NO features are detectable as five partially
overlapped nitrogen hpf peaks in the second derivative
mode. In fact, the high field region exhibits a broad and
unresolved signal both in the first and second derivative
modes. At the glassy-fluid transition the anisotropic
signal disappears and the fluid solution becomes EPR
mute. Such a behaviour has to be attributed to
important geometrical distortions of the monocation
largely affecting the overall temperature dependent
lineshape, rather than to its chemical instability, in
that the quick re-freezing of the solution restores the
original glassy lineshape [15].

Finally, we have studied the redox behaviour of the
monocation derivatives [Ru(Me)Cp*(NO)L]BF, (L =
PMes, 3a; PMe,Ph, 3b). The cyclic voltammetric profile
of [Ru(Me)Cp*(NO)(PMe3)|BF, (3a) (Fig. 7) put in
evidence a main reduction process with features of
chemical reversibility (E°{ = —0.80 V). The minor
peak-systems at less negative potential values (E°" = —
0.08 V and a shoulder at —0.7 V) are likely to be
attributed to impurities of [RuCp*(NO)(PMes),](BF4),
(1a). In fact, controlled potential exhaustive electrolysis
at potentials corresponding to the first minor reduction
process (E, = —0.40 V) consumes 0.2-0.3 electrons/
molecule of 3a, and the resulting solution affords an X-



P. Diversi et al. | Journal of Organometallic Chemistry 675 (2003) 21-34 25

| U ST NS ST

AllAlJLlAlllJ

+1.000 +0.5 +0.0

-0.5 -1.0 -1.500

Fig. 5. Cyclic (a, b) and hydrodynamic (c) voltammograms recorded at a platinum electrode on a acetone solution of 2d (1.1 x 10~ * mol dm ).
[NBug]PFs (0.2 mol dm ~3) supporting electrolyte. Scan rates: (a) 0.2 Vs~ (b, ¢) 0.02 Vs~ T'=20°C.
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Fig. 6. X-band EPR spectra of the one-electron reduction product of
2d in acetone at 104 K. First (upper) and second (lower) derivative
modes.

band EPR spectrum which is basically consistent with
the spectra found for the above discussed ruthenium
paramagnetic systems, although is bad resolved and
difficult to understand because of the extreme lability of
the product.

Unfortunately, the subsequent exhaustive electrolysis
in correspondence of the main cathodic process (Ey, = —
1.1 V) did not allow the determination of the relative
number of electrons because of the easy re-oxidation of
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Fig. 7. Cyclic voltammogram recorded at a platinum electrode on
acetone solution of 3a (2.0 x 10~ % mol dm ~3). [NBuy]PF, (0.2 mol
dm ~?) supporting electrolyte. Scan rate 0.2 V s~ 1. T=20 °C.

the electrogenerated product, likely triggered by traces
of dioxygen. As a consequence, the colour of the
solution remains unchanged.

[Ru(Me)Cp*(NO)(PMe,Ph)|BF, (3b) also presents a
cathodic process (E°" = —0.97 V) possessing features of
partial chemical reversibility. Controlled potential elec-
trolysis indicates that such a process involves a two-
electron step in that it consumes 1.8 — 2.0 electrons per
ion. In confirmation, the monoanion electrogenerated at
low temperature (—20 °C) results EPR mute.

The different behaviour exhibited by the monocations
with respect to the dications substantially reflects the
different charge carried by the ions rather than the
inductive effects of the ligands, as shown also by the
similarity of the reduction potentials of [RuCp*(NO)-
(PMes),]* ¥ and [Ru(Me)Cp*(NO)(PMe;)] .
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2.2. Chemical reduction

The chemical reduction of [RuCp*(NO)(L),](BF,),
(L =PMe;s, 1a; PMe,Ph, 1b) and [RuCp(NO)(PPh;),]-
(BF4),2 (2d) with CoCp, in CH,Cl, has been monitored
in the cavity of a EPR spectrometer at different
temperatures. Cobaltocene was used in less than the
equimolar amounts in order to minimize any interfer-
ence problem which could result by the presence of this
paramagnetic species remaining after the one-electron
reduction. Soon after the mixing of the reagents at low
temperature (173 K) a signal was observed, which
became more and more intense in the course of few
hours, then it began to decrease. The signal disappeared
only after some hours at room temperature. This may be
due to the instability of the one-electron reduction
product, but also further reduction to a diamagnetic
species cannot be ruled out since cobaltocene, being far
more soluble than the dications in CH,Cl,, was largely
in excess in solution during the reaction.

In the case of 1a and 1b the EPR spectrum of the
reduction products in solution (223 K) consists of a
triplet showing a significant interaction of the unpaired
electron with the '*N nucleus of the nitrosyl ligand. The
spectrum of the frozen solution recorded at 113 K
presents a well resolved structured signal of rhombic
symmetry, which can be simulated by taking in account
the hyperfine coupling to the nitrogen nucleus. The
solution and the frozen spectra are reported in Fig. 8 in
the case of 1a as an example. The parameters obtained
by simulation [16] are: giso = 1.975, a;5, = 18.44 G, g, =
2.0070, g, =2.0020, g3=1.9184; a;=11.53 G, a,=
33.73 G, a;=12.01 G. Since these parameters are
almost the same as those of the electrochemically
generated one-electron reduction product (Table 1),
taking also in account the different solvent and resolu-
tion, the paramagnetic species was identified as
[RuCp*(NO)(PMe;),]* *, which should be better con-

sidered as a 18¢ ion complex since the unpaired electron
interacts essentially with the nitrogen atom. The EPR
spectra of the reduction product of 1b are quite similar
and the pertinent parameters are reported in Table 2.

Reduction of [RuCp(NO)(PPh;),](BF,), (2d) shows
some differences with respect to the previous cases. The
EPR spectrum in solution (223 K) of the reduction
mixture shows a single line, where no interaction with
nitrogen is visible because of the width of the signal (it is
to be remembered that in solution the electrochemically
generated reduction product does not show any signal at
all). Finally as shown in Fig. 9, the spectrum of the
frozen solution at 113 K presents a structured signal,
which may be interpreted in terms of rhombic symmetry
as in the above cases. The parameters are the following:
Ziso = 1.959, g1 =2.0115, g, =1.9832, g3=1.9001, q; =
16.30 G, a,=2096 G, a3 =22.88 G, {g>=1.9649,
where the hyperfine interaction has been assigned to
the nitrogen atom of the nitrosyl ligand. After one day
at room temperature no signal is present anymore. The
active species has been identified as the one-electron
reduction product [RuCp*(NO)(PPhs),]* *.

In conclusion the compounds [RuCp*(NO)(L),]* *
(L = PMes, PMe,Ph) and [RuCp(NO)(PPhs),]* * can be
described as 18e complexes in which the nitrosyl ligand
appears to be reduced. Since the ruthenium nitrosyl
moiety is presumably linear in the dications 1a, 1b and
2d (see Section 2.3) the one-electron reduction and
subsequent re-oxidation may be viewed as proceeding
with flipping of the nitrosyl system back and forth
between the linear and bent structures. It is may be
useful to compare the spectroscopic behaviour of these
ruthenium complexes (see Table 2) and of the 19e
iridium analogs, [Ir(Me)Cp*(NO)(L)|BF,, cited above
[7], which to the contrary may be interpreted in terms of
the unpaired electron interacting significantly with the
metal centre and poorly with the nitrosyl ligand.

(@
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Fig. 8. X-band EPR observed (upper) and simulated (lower) spectra obtained by reduction of 1a with CoCp, in CH,Cl,: (a) at 223 K; (b) at 113 K.
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Table 2

X-band EPR parameters of the reduction products of 1a, 1b, 2d with CoCp,

27

Species g ?

2 a

&r*

ay (G)*

a (G)*

45 (G)*

Aiso (G) b 8iso b

[RuCp*(NO)(PMe3),]* *
[RuCp*(NO)(PMe,Ph),]* *
[RuCp(NO)(PPhs),]* *

2.0070
2.0004
2.0115

1.9184
1.9152
1.9001

1.976
1.970
1.965

11.53
10.63
16.30

33.73
33.78
20.96

12.01
10.69
22.88

18.44 1.975
18.20 1.9712
- 1.959

2 T=223K.
b T=113 K.

3150 3232 3314 3396 3478 3560

Gauss

Fig. 9. X-band EPR spectrum at 113 K obtained by reduction of 2d
with CoCp, in CH,Cl,: (a) observed; (b) simulated spectrum.

As for the methylnitrosyl derivatives 3a and 3b the
experiments do not detect any EPR active species, as
was already observed for the electrochemically gener-
ated reduction product.

Reduction of the dications 1a, 1b and 2d on a
preparative scale has been studied in different solvents.
As already stated, because of the poor solubility of the
dications in benzene and dichloromethane, cobaltocene
is always in a large excess, whatever the Co/Ru molar
ratio is. In acetone both reactants are soluble and the
molar ratios employed correspond to the relative
amounts of the species in solution.

10 minutes after the addition of CoCp, in CD,Cl,
(CoCpo/Ru molar ratio =2.5) in the presence of hex-
amethylbenzene as internal standard, it was found by
"H-NMR spectroscopy that a mixture of two new
products formed in approximately 1/1 ratio, as shown
by the presence of two pairs of signals, one consisting of
a virtual triplet at 0 1.42 (vt, *Jyp+"*Jup=28.8 Hz,
PMe;), and a triplet at 0 1.67 (t, Jyp = 1.5 Hz, CsMes),
the other consisting of a virtual triplet at 6 1.37 (vt,
2Jap+*Jup = 8.3 Hz, PMe;) and a triplet at 0 1.62 (t,
Jup = 1.5 Hz, CsMes). The amounts of these products
increased up to reach a maximum total yield of 71%. In

the meanwhile [CoCp,]t formed almost double (1.95)
that of the initial ruthenium dication, thus showing that
an overall two-electrons reduction process has taken
place. Although we have not been able to isolate these
complexes, on the base of the NMR spectra we propose
tentatively the following isomeric (cis and trans) struc-
tures A and B (Scheme 1).

Some dinuclear non bridged cyclopentadienyl com-
plexes of ruthenium(I) containing a metal-metal bond
are reported in the literature such as [Ru,Cp,(CO)4] [17],
or the fulvalene complex [(1°:n°-CoHg)Ru(CO)4] and
its ring substituted derivatives [18], but in all cases the
carbonyl ligand shifts from the terminal to the bridging
mode of bonding depending on the experimental condi-
tions.

The reaction was also monitored by IR spectroscopy
of the solution in the region of the nitrosyl stretching
frequencies. Since [RuCp*(NO)(PMes),](BF4), (1a) is
insoluble in CH,Cl,, all the NO bands have to be
attributed to soluble reduction products. In the course
of 10 minutes a band at 1613 cm ' grew, which, by
considering also the '"H-NMR and EPR data, has been
attributed to the formation of the one-electron reduction
product, [RuCp*(NO)(PMes),]* *. The vno value (1613
cm ') is much lower than in the case of the starting
complex (1845 cm ") [19], and is then indicative of a
bent Ru—N-O arrangement (although one must be
cautious about such relationship, as will be discussed
later) [20].

When the reaction was carried out in (CD5),CO, the
reduction was quite rapid, being over after 10 min as
shown by the amounts of [CoCp,]+ formed (6 5.9) and
from the absence of the starting compound. The
spectrum shows the presence of a mixture of A and B

PMe3

- 7)"; [ _~PMe; %
Ru—R; Ru——R

Me;P/ I Me3P/| |
PMe3 PMe3

Scheme 1.

Me;
PMe3

A+B
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whose total yield depends on the CoCp,/Ru molar ratio
(23% at CoCpo/Ru =1; 77% at CoCp,/Ru = 2).

In contrast the reaction in CgD¢ takes a different
path: after a few minutes 'H-NMR spectroscopy
showed, in addition to a doublet at 6 0.86 (Jyp 12.8
Hz) attributable to the trimethylphosphine oxide [§], the
formation of two doublets at 6 1.15 (Jyp =8.75 Hz) and
0 1.92 (Juyp = 1.2 Hz) for the PMe; and CsMes ligands,
respectively. The multiplicity of the CsMes resonance
and the integrated areas of the two signals indicate the
presence of one PMes ligand. Although we could not
isolate this compound without extensive decomposition,
we identified it as [RuCp*(NO)(PMe;)] (4a) by compar-
ison with the "H-NMR data reported in the literature
for 4a prepared by thermal decomposition of
[Ru(Ph),Cp*(NO)] in the presence of PMes [21] (Scheme
2).

The formation of 4a can be explained by assuming
that, as a consequence of the overall two-electron
reduction of 1a, which is largely localised on the nitrosyl
ligand, the co-ordination mode of the Ru—N-O system
shifts from linear to bent maintaining the 18¢ config-
uration. This corresponds formally to the change from
the ruthenium(I1)/NO ™ to a ruthenium(II)/NO and then
to a ruthenium(II)/NO™ system, or, according to the
Enemark and Feltham nomenclature [6], from a
{RuNO}° to a {RuNO}’- and to a {RuNO}*-type
nitrosyl derivative. Then the Ru—N-O system returns to
a linear geometry via the loss of PMes, giving eventually
4a, or alternatively the one-electron reduction inter-
mediate releases NO™ to yield a 17e fragment which
rapidly dimerises to a mixture of the A and B isomers
(Scheme 3) and which can be related to the minor EPR
signal observed in Fig. 2. Accordingly to the scheme, the
loss of NO™ (then formation of dimers) should be, as it
is, the favoured reaction pattern in polar solvents such
as dichloromethane or acetone, while the overall two-
electrons reduction is favoured in benzene, where CoCp,
is much more soluble than 1a.

A similar behaviour was shown by [RuCp*(NO)(P-
Me,Ph),](BF4)> (1b). By reacting for 12 h a suspension
of 1b in C¢Dg¢ with CoCp, using a molar ratio Co/Ru of
2, we observed a 'H-NMR spectrum which was
characterised by the presence of a doublet at 6 1.79
(Jup = 1.1 Hz) for a CsMes ligand and a doublet at ¢

N ) P )
u.. CoCp, u A, PMe;, CgHg
/

N

/ \ - PMe, CsDs
ON ON
PMe3
1a 4a
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1.45 (Jup=9.4 Hz) for the methyl groups of one
phosphine ligand. The presence of OPMe,Ph (doublet
at 0 1.11; Jgp=13.5 Hz) was also detected. In
CD;3COCD; the reaction is homogeneous and proceeds
much more rapidly: after 10 minutes the signals of the
initial dication disappeared, and a singlet for [CoCp,] ™
was observed at 0 5.9 together with two doublets at J
1.84 and 6 1.69, due to the CsMes and the PMe,Ph
ligands respectively, having the same coupling constants
as in C¢Dg. We propose the structure [RuCp*(NO)(P-
Me,Ph)] (4b) by analogy to what observed for the PMe;
derivative 4a (Scheme 4). After two days the "H-NMR
signals due to 4b disappeared. Formation of OPMe,Ph
(60 1.10) was observed. The absence of products of the
type A and B in the case of the reaction in acetone may
be attributed to the greater cone angle of dimethylphe-
nylphosphine which could be critical for the formation
of these species. Monitoring the reaction by IR spectro-
scopy in CH>Cl, shows after 10 minutes a nitrosyl band
at 1636 cm ~ ! which was assigned to the NO band of the
one-electron  reduction  product, [RuCp*(NO)-
(PMe,Ph),]* *.

Addition of cobaltocene to [RuCp(NO)(PPh;),](BF4)»
(2d) (Co/Ru =2) in CD,Cl, produced a solution which
presents, after 10 minutes, a 'H-NMR spectrum where
the Cp singlet of 2d at J 6.08 had disappeared, while a
new Cp singlet at  4.65 was growing. The area of
aromatic protons resulted to be changed showing signals
due to free triphenylphosphine (6 7.4—7.7). The yield of
the new compound was 45%, the amount of [CoCp,] ™"
being 1.92 times that of the starting complex. The IR
spectrum of 2d in CH,Cl, has the NO band at 1863
cm ', which disappears after 10 min from the addition
of CoCp», while two new bands at 1670 and 1691 cm !
arise. These absorbtions have been attributed to the one-
electron reduction product, [RuCp(NO)(PPh;),]BF4 and
to [RuCp(NO)(PPh3)] (5d) respectively, since the first
one decreases during the reaction in favour of the latter.
In confirmation of this hypothesis, reaction of 5d with
AgBF, in the presence of an excess of PPhj gives back
2d (Scheme 5) (as shown by 'H-NMR spectroscopy).

[RuCp(NO)(PPh3)] is not described in literature, but
it has been reported that the corresponding penta-
methylcyclopentadienyl derivative [RuCp*(NO)(PPhj3)]
has an absorption in the nitrosyl stretching area at 1670

=

7\ "ph

Ph

- Ph,

PMe3 ON

Scheme 2.
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o method proved to be unreliable because of the large
overlap of values which can be diagnostic for both
u CoCp, u structures (1600—1720 cm — 1). Haymore and Ibers have
J/ \\‘\PMezph CeDs ’ /. proposed empirical rules to correct the observed vno
ON PMeoPh ON PMe2Ph stretching wavenumbers in order to choose for linear or
bent nitrosyl depending on the vy being greater or less
than 1610 cm ~ ' [20]. On this basis we have corrected the
1b 4b

Scheme 4.

cm !, which compares nicely with the value of 1691
cm ! for 5d, taking into account the different Cp ligand
[21].

2.3. On the geometry of the Ru—N—O moiety

It is well documented how the M—N-O angle varies
according to the population of nitrogen orbitals. As
known [19], the N—O stretching frequencies in nitrosyl
complexes may be diagnostic of the co-ordination mode
of the NO ligand, and of the geometry of the M—N-O
system, low values suggesting a bent structure and high
values a linear one. Unfortunately, in many cases this

CoCp2

e N
]

ON" '\ ™ ppp, op(//Ru\\\PPha
PPh3
2d ‘\\\\\\_fﬁfflf/”/// 5d
PPhs
Scheme 5.

vno values for the above nitrosyl complexes together
with those of the iridium nitrosyls we have recently
reported [7] (Table 3): these data point to a bent
geometry in the case of the reduced ruthenium com-
plexes (then NO complexes of ruthenium(Il)) and a
linear geometry for the iridium case (then NO™* com-
plexes of iridium(IT)). These conclusions are in nice
agreement with the EPR studies which indicate a
substantially different behaviour of the iridium and
ruthenium systems.

In order to determine the details of the electronic
structure and in particular to find theoretical confirma-
tion about the Ru—N-O arrangement inferred from IR
data, we carried out DFT calculation of the spin density
distribution in these compounds. In order to check the
reliability of the method, we have first carried out the
theoretical structure determination for the iridium
complex [Ir(Me),Cp*(NO)]BF, (6), which is related to
our complexes and whose X-ray crystal structure has
been determined (vide infra). The resulting calculated
bond lengths and angles agree satisfactorily with the X-
ray data (Table 4). In particular the Ir—-NvO angle of
171.84° compares well with the observed value of
171(1)°), taking also in account that the calculation
results refer to an isolated molecule.

As for [RuCp*(NO)(PMes),]* " and [RuCp*(NO)-
(PMe,Ph),]* © (the negative spin densities only are
represented for the sake of clarity in the spin density
maps reported in Fig. 10), the Ru—N-O angles were
found to be 136.2° (1a, 172.2°) and 137.2° (1b, 173.3°),
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Table 3
Experimental (v) and corrected (v”) frequencies of the N—O stretching
in half-sandwich ruthenium and iridium nitrosyl derivatives

Compound v(m™Y v (em~!) Reference
[RuCp*(NO)(PMe;),** (1a) 1845 1675 [8]
[RuCp*(NO)(PMe;),]* + 1613 1503 This work
[RuCp*(NO)(PMe3)] (4a) 1647 1617 This work
[RuCp*(NO)(PMe,Ph),]** (1b) 1834 1664 [8]
[RuCp*(NO)(PMe,Ph),]* * 1636 1526 This work
[RuCp(NO)(PPh3),]** (2d) 1863 1693 [8]
[RuCp(NO)(PPhs),]* * 1671 1561 This work
[RuCp(NO)(PPh;)] (5d) 1691 1661 This work
[Ru(Me)Cp*(NO)(PMe3)] * 1790 1680 [8]
[Ru(Me)Cp*(NO)(PMe,Ph)] ™ 1808 1698 [8]
[Ir(Me),Cp*(NO)] " 1843 1763 7
[Ir(Me)Cp*(NO)(PMes)* + 1903 1763 7
[Ir(Me)Cp*(NO)(PMe3)]* * 1823 1743 7
[Ir(Me)Cp*(NO)(PMe,Ph) + 1902 1762 7
[Ir(Me)Cp*(NO)(PMe,Ph)]* * 1825 1745 7
[Ir(Me)Cp*(NO)(PMePh,)> * 1900 1760 7

respectively, thus confirming nicely the results based on
IR spectroscopy.

2.4. Molecular structure of [Ir(Me),Cp*(NO) ]BF, (6)

We have not been able to obtain crystals of the above
ruthenium nitrosyls suitable for X-ray structural studies.
We now make reference to literature data and to the
related [Ir(Me),Cp*(NO)]BF; (6), which forms together
with [Ir(Me)Cp*(PPh;),]BF,, in roughly equivalent
amounts [7c], by reaction of [Ir(Me),Cp*(PPh;)] with
NOBF, in CH,Cl,. The two compounds, because of
similar solubility properties, crystallize as a 40/60
mixture, with 6 the minor component. However, since
the colours of the two compounds are quite different
([Ir(Me)Cp*(PPh3),]BF, is yellow while [Ir(Me),Cp*-
(NO)]BF, is red), it was possible to separate mechani-

Table 4
Selected bond  distances (A) and bond angles (°) in
[Ir(Me)>Cp*(NO)]BF} (6)

X-ray study * DFT calculation ®

Bond lengths

Ir-Cp* 1.919(5) 1.988
Ir-N 1.77 (1) 1.794
Ir-C(7) 2.14 (1) 2.147
N-O 1.13 (2) 1.172
Bond angles

C(7)-Ir-N 89.9 (5) 90.19
C(7)-Ir-C(7y 85 (1) 82.15
C(7)-Ir-Cp* 118.1(5) 117.75
Cp*-Ir-N 140.5(5) 141.66
Ir-N-0 171 (1) 171.84

& Symmetry transformations used to generate equivalent atoms: ’,
l—x, —y+1/2,z
® DFT optimized molecular geometry data.

Fig. 10. DFT calculated spin density surfaces (0.002 electron/au®) of
the radical cations [RuCp*(NO)(PMe;),]*t  (upper) and
[RuCp*(NO)(PMe,Ph),]* * (lower).

cally the two types of crystals. In this way some well
shaped red crystals of 6 were collected from a mixture of
yellow and red crystals obtained from acetone at —
20 °C and the molecular structure was determined by
X-ray diffraction measures.

As shown in Fig. 11, the cation presents a pseudo-
octahedral hexacoordinated symmetry (bond angles
around the iridium atom are close to 90°), where the
pentamethycyclopentadienyl ligand occupies three co-
ordination sites around the metal, and the nitrosyl and
two methyls occupy the remaining three sites: this is a
situation rather typical for compounds of general
formula [IrCp*(L)3] [22].

As far as we know, crystal structures of iridium(III)
nitrosyl complexes have not yet been reported in the
literature apart from the bent nitrosyl complex
[IrCl(PPh;)>,(CO)(NO)] © [23], which is a nitrosyl deri-
vative with a bent Ir-N—O moiety, then formally an
iridium(IIT) complex. Comparison can be made with the
related  ‘half  sandwich’ iridium(I)  derivative
[IrCp*(NO)(C,H,)|BF,, (Ir-N  1.762(9) A; N-O
1.15(1) A; Ir=N—-0 175.8(9)° (vno = 1822 cm ') [24].

Selected bond distances (A) and angles (°) are
reported in Table 4.
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Fig. 11. X-ray crystal structure of [Ir(Me),Cp*(NO)]* with atom
labeling.

As can be noticed from the tabulated data, the bond
angle (Ir—-N-O 170.71°) and IR stretching frequency
(vno = 1843 cm ') are in agreement with an essentially
linear structure for the Ir—N-O system.

3. Conclusion

Electrochemical studies show that the dications 1a, 1b
and 2d undergo facile two one-electron reduction steps,
although only in the case of la the stability of the
reduced species is sufficient to give clean patterns. EPR
characterization of the reduced species indicate that the
extra electron is predominantly centred on the nitrosyl
ligand. Analogous results have been obtained by che-
mical reduction, then identifying the one-electron re-
duction products as 18e complexes. In particular IR
spectroscopy together with DFT calculations indicate
that the Ru—N-O moiety is bent. The reduced com-
plexes are not stable and they rearrange by releasing a
phosphine or a NO ligand in a way depending on the
nature of the ancillary ligands and on the experimental
conditions.

4. Experimental

The reactions and manipulation of organometallics
were carried out under dinitrogen or argon, using
standard techniques. The solvents were dried and
distilled prior to use. [RuCp*(NO)(L),J(BF4), (L=
PMe;, 1la; PMe,Ph, 1b), [RuCp(NO)(PPh;),](BF4),
(2d) and [Ru(Me)Cp*(NO)(L)]BF; (L =PMe;, 3a;
PMe,Ph, 3b) were prepared according to published
procedures [8]. NOBF, (Aldrich product) was treated
under vacuum before use. CoCp, (Aldrich) was freshly
sublimed prior to use. [Ir(Me),Cp*(NO)]BF4 was pre-
pared as described [7c]. Infrared spectra were recorded
on a FT-IR Perkin Elmer 1750 instrument. '"H-NMR
spectra were recorded on Varian Gemini 200 and VXR

300 instruments. Material and apparatus used for
electrochemistry and coupled EPR measurements have
been described elsewhere [25]. All the potentials values
are referred to the saturated calomel electrode (SCE):
under the present experimental conditions the one-
electron oxidation of ferrocene occurs at +0.38 V
(acetone). EPR spectra for the study of chemical
reductions were obtained by using EPR Varian E 112
instrument equipped with a Varian E 257 for tempera-
ture control. The spectrometer was interfaced to an AST
Premium 486/25 by means of a data acquisition system
capable of acquiring up to 500000 12-bit samples s~ ',
including 32-bit add to memory, thus giving on-line
signal averaging and a software package specially
designed for EPR experiments [26]. Full optimization
of the molecular geometries of the cation and cation
radical species and calculation of the electron spin
density distributions and surfaces were carried out using
the uUNIx version of SPARTAN 5.1.3 computer program
[27] running on a Digital/Compaq workstation. DFT
data were obtained by adopting the p-BP86 scheme that
uses the functional proposed by Becke [28] and the
Perdew [29] correlation functional, adopting the DN**
base functions set, which is appropriate for calculations
of split-valence-plus-polarization quality.

4.1. Reaction of [RuCp*(NO)(PMes),](BF,), (1a)
with CoCp,

4.1.1. General procedure

Reduction of 1a was carried out in a NMR tube. The
tube was inserted into an Ace NMR- tube tip-off
manifold, connected to a vacuum line and degassed;
then it was cooled and charged with the reactants and
the solvent, and finally was tipped off with flame. The
reaction was done in dichloromethane, acetone and in
benzene, using equimolar amounts of reagents or an
excess of CoCp,.

4.1.2. In CD,ClL, ColRu=2.5

Complex 1a (0.010 g, 0.017 mmol) was reacted with
CoCp; (0.008 g, 0.043 mmol) in CD,Cl, (1 ml) in the
presence of CsMeg (0.002 g, 0.0122 mmol) as internal
standard. After 30 min the deep-maroon solution was
examined by "H-NMR spectroscopy, which showed the
formation (in addition to the CoCp;" resonance at J
5.72) of two groups of signals assigned to the new
compounds A and B (71% yield). '"H-NMR (CD,Cl,): §
1.42 (18H, vt, Jyp=8.2 Hz, PMe3), 1.67 (15H, t,
2Jup+*Jap = 1.5 Hz, CsMes). § 1.37 (18H, vt, Jyp =
8.5 Hz, PMes), 1.62 (15H, t, “Jyp+*Jup=1.5 Hz,
C5M€5).

4.1.3. In (CD;3),CO, ColRu=2
Since the reaction proceeded without substantial
variations using a molar ratio Co/Ru =1 or 2, we report
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as an example only the results under a reducing agent/
ruthenium molar ratio=2. CoCp, (0.008 g, 0.042
mmol) was added to a solution of 1a (0.013 g, 0.021
mmol) in CD3COCD; (1 ml) and C¢Meg (0.002 g, 0.014
mmol), as internal standard. After 30 min the "H-NMR
spectrum showed the formation of A and B (77%). 'H-
NMR ((CD3),CO): 6 1.43 (18H, vt, PMe3), 1.68 (15H, t,
CsMes). 0 1.38 (18H, vt, PMe3), 1.62 (15H, t, Jyp=1.5
Hz, C5MC5).

4.1.4. In CsDg, ColRu=2

Complex 1a (0.023 g, 0.039 mmol) in C¢Dg (1 ml) was
reacted with CoCp, (0.015 g, 0.080 mmol). The mixing
of the reactants was followed by the formation of a
maroon suspension. After 20 min [RuCp*(NO)(PMe3)]
(4a) was formed as identified by the comparison of the
"H-NMR spectrum with that of an authentic sample
prepared via a different route [8]. 'H-NMR (C¢Dy): &
1.15 (9H, d, Jyp =8.9 Hz, PMe3), 1.92 (15H, d, Jyp =
1.2 Hz, CsMes). Equivalent amounts of trimethylpho-
sphine oxide (0 0.86, d, J=12.8 Hz) were formed. The
organometallic product reached a maximum after a few
hours, then slowly decreased during a 24-h period. The
signals due to A and B appeared being largely pre-
dominant after 24 h. These products (in a 3/2 ratio) were
still present after 4 days at room temperature (r.t.). 'H-
NMR (C¢Dg): 0 1.22 (18H, d, PMe3), 1.56 (15H, t,
CsMes). 0 1.18 (18H, d, PMes), 1.53 (15H, t, CsMes).

4.2. Reaction of [RuCp*(NO)(PMe,Ph),](BF;), (1b)
with CoCpy: formation of [RuCp*(NO)(PMe,Ph)]
(4b)

In a "TH-NMR tube CoCp, (0.010 g, 0.053 mmol) was
added to a suspension of 1b (0.016 g, 0.023 mmol) in
C¢Dg (1 ml). After 40 min the spectrum showed new
signals consistent with the structure [RuCp*(NO)(P-
Me,Ph)] (4b) and with dimethylphenylphosphine oxide
(6 1.10,d, J=13.5 Hz). "H-NMR: 6 1.45 (6H, d, Jyp =
9.4 HZ, PMezPh), 1.79 (ISH, d, JHP =1.1 HZ, C5Me5),
7.45-7.70 (15H, m, PPh). The same procedure was
followed in (CD;),CO. 'H-NMR: 6 1.69 (6H, d,
PMe,Ph), 1.84 (15H, d, CsMes).

4.3. Reaction of [RuCp(NO)(PPh3),](BF;)> (2d) with
CoCp;: formation of [RuCp(NO)(PPhs)] (5d)

Complex 2d (0.018 g, 0.02 mmol) in CD,Cl, (1 ml)
was treated in a 'H-NMR tube with CoCp, (0.008 g,
0.043 mmol). After 10 min the 'H-NMR spectrum
showed the formation of a new product displaying
resonances at 6 4.65 (5H, s, CsHs) and 7.4-7.85 (30H,
m, PPhj;), tentatively identified as [RuCp(NO)(PPhs)]
(5d) in a 50% yield (evaluated on the basis of the CoCp5"
resonance at 0 6.1). The product underwent decomposi-

tion at room temperature leading to new cyclopentadie-
nyl derivatives and free phosphine (6 7.2-7.4).

4.4. EPR spectral studies of the reactions of the nitrosyl
derivatives with CoCp,

A weighed amount of metal complex (typically 5 mg)
and CoCp, (Co/Ru =2) was placed into a quartz tube
(0.d. 3 mm; i.d. 2 mm) fitted with a quartz-Pyrex joint
and a Corning Rotaflo Teflon tap (DISA, Milan). The
tube was attached to a vacuum line and degassed by
standard vacuum/argon techniques; then it was im-
mersed in a dry ice-cooled acetone bath and charged
with dichloromethane. The quartz tube was then
introduced into the spectrometer cavity, pre-cooled to
the desired temperature, and the reagents were allowed
to mix gradually. The hyperfine coupling constants and
linewidths were obtained by computer simulation of the
EPR spectra.

4.5. X-ray crystallographic studies

The X-ray diffraction measurements were carried out
at room temperature by means of a Bruker P4 diffract-
ometer equipped with a graphite-monochromated Mo—
K, radiation. A splinter of dimensions 0.44 x 0.44 x
0.26 mm >, cut from a red—brown prismatic crystal
was sealed in a glass capillary under an argon atmo-
sphere. The unit cell parameters are listed in Table 1.
The intensity data collection was carried out with the
w—20 scan mode, collecting a redundant set of data;
index ranges: —8<h<l, —17<k<1, -9<I<0.
Three standard reflections were measured every 97
measurements to check the sample decay. The intensities
were corrected for Lorentz and polarisation effects and
for absorption by means of a y-scan method [30]. The
systematic absences suggested the presence of only a
screw axis and, taking into account the intensity data
statistics, the structure solution was conducted in the
centrosymmetric P2;/m space group by means of the
automatic direct methods contained in the SHELX-97
programme [31]. Both ions were placed in special
positions: the cation in the Wyckoff position e (site
symmetry m) and the anion in the position b (site
symmetry 1). While the cation [Ir(Me),Cp*(NO)]BF,
can display a mirror, the tetrahedral anion is not
compatible with the T operator, so that a statistical
distribution of the anion on two centrosymmetrically
related positions is obtained. In order to check whether
the anion disorder is real, the structure refinement was
tried both in the P2,/m and in P2; space groups. The
non centrosymmetric space group was then excluded
because, notwithstanding the almost double number of
variables, its assumption neither removed the anion
disorder nor improved the reliability factor R. The final
refinement cycle with full-matrix least-squares based on
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Table 5
Crystal data and structure refinement for [Ir(Me),Cp*(NO)|BF4

Empirical formula C,H,;BF4IrNO

Formula weight 47431
Temperature (K) 293(2)
Wavelength (A) 0.71073
Crystal system Monoclinic
Space group P2\/m
Unit cell dimensions

a (A) 7.347(2)

b (A) 14.780(3)

¢ (A) 8.001(2)

B () 114.19(3)
v (A% 792.5(3)
z 2
Deare (Mg m™3) 1.988
Absorption coefficient (mm ") 8.458
F(000) 452
0 Range for data collection (°) 2.76-25.00
Reflections collected 1954
Independent reflections 1451 [R;,, = 0.0536]
Completeness to 0 = 25.00° 99.9%
Data/restraints/parameters 1451/0/109
Goodness-of-fit * on F* 1.104

Final R indices [{ > 20 (])] R, =0.0409, R, =0.1016
R indices (all data) R; =0.0488, R, =0.1059
Largest difference peak and hole (¢ A™%) 1.697 and —1.473

2 Goodness-of-fit = [Z[w (F2 — F2)*//(N —P)]'"?, where N and P are
the numbers of observations and parameters, respectively, R; =
X[ Fo| = [Fel[/Z|Fol: wRy = [E[w (Fo~FVZ[w (Fo) 1'% w = 1[o(Fg) +
(AQ)*+BQ] where Q = [MAX(F2, 0)+2F2)/3.

F?* was performed with anisotropic thermal factors for
all heavy atoms, with hydrogen atoms placed in
calculated positions. The final reliability factors are
listed in Table 5. Data reduction of measured intensities
was done by the xscans package [32]. Some other
utilities contained in the wiNGX suite [33] were also
used.

5. Supplementary material

Crystallographic data for the structural analysis have
been deposited with the Cambridge Crystallographic
Data Centre, CCDC no. 198177. Copies of this infor-
mation may be obtained free of charge from The
Director, CCDC, 12 Union Road, Cambridge CB2
1EZ, UK (Fax: +44-1223-336033; e-mail: depos-
it@ccdc.cam.ac.uk or www: http://www.ccdc.cam.a-
c.uk).
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