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Introduction

Metal nitrosyls have attracted considerable attention since
the discovery of endogenous NO as a biomolecule.[1] The ni-

trosyl in K ACHTUNGTRENNUNG[IrCl5(NO)] is probably the most electrophilic
electron-poor nitrosyl (“NO+”) known to date. This fact is
reflected by its extremely high IR frequency in the solid
state (2006 cm�1),[2] electrochemical behavior,[3,4] and re-
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markable reactivity[5,6] observed in solution. According to
the formalism of Enemark and Feltham,[7] the crystal struc-
ture of this hexacoordinated {MNO}6 comprises an octahe-
dral anion with a practically linear Ir�NO moiety (Ir-N-O
174.38).[8]

Third-row transition metal complexes with an even
number of electrons generally have a low-spin electronic

distribution in the ground state, where each electron pair oc-
cupies just one orbital. This is mainly because of the consid-
erable energy gap between the HOMO and the LUMO and
the relatively low electronic repulsion. Spin crossover, a
temperature-dependent low-spin to high-spin transition, is
well known for first-row transition metals, especially iron,[9]

but very rare for second- or third-row transition metals.
Intramolecular electron transfer involving a metal ion and

a redox-active ligand can give two different electronic iso-
mers (more specifically, valence tautomers).[10] It can be in-
duced not only by temperature variations but also by irradi-
ation or pressure, or other changes in the environment such
as counterion changes.[11] This interconversion and the spin
crossover mentioned above can be considered as entropy-
driven processes. Most of the reported examples which ex-
hibit valence tautomerism are based on quinone or quinone-
type ligands with a series of transition metal ions such as
Co, Cu, Ni, and Mn, and more recently Fe. No examples
showing electronic transfer or promotion involving either a
third-row metal such as iridium or an NO ligand have been
reported yet.

Based on solid-state and in-vacuo DFT calculations,
XANES, FTIR, and Raman experimental evidence, two dif-
ferent electronic distributions can be observed for the same
anion, [IrCl5(NO)]�: IrIII�NO+ for Na+ and K+ salts; and
IrIV�NOC for PPh4

+ and AsPh4
+ ones.[12] In the second case,

p–p stacking interactions among the phenyl rings could be
the motive forces producing an electronic promotion from a
metal-based orbital to an NO-based orbital due to a de-
crease in the HOMO–LUMO gap in the solid.

Results and Discussion

As expected, the crystal structure of Na ACHTUNGTRENNUNG[IrCl5(NO)] ob-
tained by our group (Figure 1 and Supporting Information)
is almost coincident with the structure of KACHTUNGTRENNUNG[IrCl5(NO)] men-
tioned above and with the DFT-optimized structure of the
isolated ion (Table 1). The anions are stacked one over the
other in a side-by-side arrangement (Figure 2A).

However, PPh4ACHTUNGTRENNUNG[IrCl5(NO)] and AsPh4 ACHTUNGTRENNUNG[IrCl5(NO)], both
octahedral, have a rather different crystal structure (Fig-
ure 2B and Supporting Information). Their crystal lattices
have two interesting features: the phenyl rings are perfectly
stacked one over the other, determining the lattice struc-
ture; and the anions are placed in a perfectly linear arrange-
ment, reminiscent of an infinite “wire.” This wire could be
considered as a molecular nanowire embedded in a matrix
of PPh4

+ (or AsPh4
+) counterions, leaving the “hole” occu-

pied by the anions. Nanowires are anisotropic nanocrystals
with large aspect ratios (length/diameter),[13] while molecular
nanowires are wires composed of repeating molecular units,
either inorganic or organic.[14] Nevertheless, the peculiar
wire-like arrangement and the short NO+–Cl� distance be-
tween the N�O moiety of one anion and the trans chloride
of the nearby one above (2.8 3) observed in the case of
PPh4ACHTUNGTRENNUNG[IrCl5(NO)], as compared with its Na+ and K+ counter-

Abstract in Spanish: El nitrosilo presente en el ani�n
[IrCl5(NO)]� es probablemente el m�s electrof!lico que se
conoce hasta la fecha. Este hecho se refleja claramente en su
alt!sima frecuencia en el espectro infrarrojo del s�lido, su
comportamiento electroqu!mico y su sorprendente reactividad
en soluci�n. La estructura cristalina del complejo PPh4-
ACHTUNGTRENNUNG[IrCl5(NO)] presenta una disposici�n peculiar de los aniones
[IrCl5(NO)]� . Estos se encuentran ubicados de forma lineal,
semejando un cable, y manteniendo una distancia corta
(2.8 .) entre el NO de uno de los aniones y el cloro trans del
siguiente. Para el mismo ani�n [IrCl5(NO)]� pero con dife-
rente contrai�n, Na ACHTUNGTRENNUNG[IrCl5(NO)], los aniones se ubican uno al
lado del otro (lateralmente), y no uno sobre el otro, como en
el caso mencionado anteriormente. La distribuci�n electr�ni-
ca correspondiente al cristal de sodio, se puede describir
como un singulete de capa cerrada IrIII�NO+ , situaci�n espe-
rable para un complejo que posee un metal de la tercera serie
de transici�n y d6. Sin embargo, para el complejo PPh4-
ACHTUNGTRENNUNG[IrCl5(NO)] se observa una llamativa perturbaci�n electr�ni-
ca. Probablemente, son las interacciones donor–aceptor
NOC�Cl� a lo largo de un gran nfflmero de unidades de
[IrCl5(NO)]� las que favorecen una distribuci�n electr�nica
diferente, la de singulete de capa cerrada IrIV�NOC. Esta con-
clusi�n est� basada en evidencias experimentales obtenidas
por XANES que demuestran que el estado de oxidaci�n
formal para el iridio en PPh4 ACHTUNGTRENNUNG[IrCl5(NO)] es +4, en compara-
ci�n con el valor de +3 encontrado para el mismo metal en
el complejo K ACHTUNGTRENNUNG[IrCl5(NO)]. Los resultados de c�lculos de
DFT de estado s�lido concuerdan con lo planteado anterior-
mente. Se ha encontrado que el estado fundamental para el
[IrCl5(NO)]� en el cristal de PPh4

+ est� descripto por un sin-
gulete de capa abierta con la mitad de la densidad de spin
mayoritariamente localizada en un orbital centrado en el
metal, y la otra mitad en uno correspondiente al NO. Esta
perturbaci�n podr!a verse como una promoci�n electr�nica
desde un orbital mixto metal�cloro hacia otro orbital metal�
NO, debido a la pequeÇa diferencia que existe entre el
HOMO–LUMO en el caso de PPh4 ACHTUNGTRENNUNG[IrCl5(NO)]. Esto puede
estar originado por interacciones electrost�ticas que resultan
de la cercan!a y la particular disposici�n de cable que presen-
tan los centros metalicos de Ir. Se considera que las fuertes
interacciones de tipo p–p entre los anillos bencAnicos son las
responsables de que el ani�n adopte esta disposici�n en el
cristal. Con respecto a la geometr!a de la unidad Ir�N�O, los
resultados experimentales y te�ricos indican que se encuentra
parcialmente angular y que el nitr�geno est� ligeramente des-
plazado respecto al eje Cl ACHTUNGTRENNUNG(trans)�Ir.
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parts, suggested that the electronic distribution for this
third-row transition metal complex was unusual. We there-
fore investigated the possibility of an electronic distribution
represented by IrIV�NOC for the PPh4

+ complex, instead of
IrIII�NO+ (as for the K+ and Na+ ones). In principle, the
lone electron on NOC could be paired or unpaired with the
metal-based lone electron, forming a singlet or a triplet spe-
cies respectively. This electronic isomerism could be viewed
as produced by packing forces in the crystal, which would
be very rare for second- or third-row transition metals. The
possibility of a triplet (Ir›�NO›) was discarded because of
the diamagnetism of PPh4 ACHTUNGTRENNUNG[IrCl5(NO)], as observed by EPR
and SQUID measurements (Supporting Information).
Therefore, the expected situation was a singlet species (Ir›�
NOfl) with a low-spin IrIV center (S=++ 1=2) coupled antifer-
romagnetically to NOC (S=�1=2). In the gas phase, a nitrosyl
complex in an open-shell state (triplet or singlet) is less
stable than the linear CSS (closed-shell singlet) (Supporting
Information). Why, then, would the electronic perturbation

occur in the solid state? As mentioned above, p–p stacking
interactions among the phenyl rings are very probably
taking place, since the Ir–Ir distance between two anions is
less than the minimum required for stable linear nitrosyls
(see below). In the case of benzene, the p–p stacking energy
of interaction could be around 2–4 kcalmol�1.[15,16] Since in
the case of the phosphonium complex there are four rings
per anion, 8–16 kcalmol�1 would be the approximate energy
of the p–p stacking interactions, which is in the range of the
energy difference between the OSS (open-shell singlet) and
the CSS for the isolated anion in vacuo (�14 kcalmol�1; see
Supporting Information).

Strong experimental evidence supporting the IrIV�NOC

configuration in PPh4ACHTUNGTRENNUNG[IrCl5(NO)] was provided by X-ray ab-
sorption near-edge structure (XANES) measurements in the
solid state at the L3 edge (Figure 3). The L3 absorption edge
of transition metals has important features which can reveal
the occupancy of d states. For instance, third-row transition
metals exhibit a large peak after the absorption edge, usual-
ly called a “white line”. The white line intensity is directly
related to the density of unoccupied states. In particular, the
Ir L3-edge XANES spectrum is characterized by this white
line, which corresponds primarily to the electric dipole al-
lowed electronic transitions from 2p states to 5d ones. For
the third-row transition metals it has been shown that the
position of the absorption edge and the intensity of the

Figure 1. Anion portion of the Na ACHTUNGTRENNUNG[IrCl5(NO)] X-ray crystal structure.
Thermal ellipsoids are drawn at the 50% level.

Table 1. FTIR NO stretching frequencies and selected structural parame-
ters for [IrCl5(NO)]� and related species.

Compound nNO

ACHTUNGTRENNUNG[cm�1]
aMNO
[8]

dN�O
[3]

dM�N
[3]

K ACHTUNGTRENNUNG[IrCl5(NO)][a] 2006 174.3 1.124 1.760
Na ACHTUNGTRENNUNG[IrCl5(NO)][a] 1986 172.9 1.140 1.760
PPh4 ACHTUNGTRENNUNG[IrCl5(NO)] (tilted) 1952[b] 166.9[c] 1.17[c] 1.77[d]

ACHTUNGTRENNUNG[IrCl5(NO)]�[e] 1946 179.2 1.158 1.750
2027 178.9 1.140 1.764

ACHTUNGTRENNUNG[IrCl5(NO)]2�[e] 1650 139.9 1.190 1.860
1755 141.1 1.180 1.873

K ACHTUNGTRENNUNG[IrBr5(NO)][f] 1953 170.3 1.166 1.710
Na2[Fe(CN)5(NO)][g] 1944 175.7 1.124 1.653
Na2[Ru(CN)5(NO)][g] 1926 173.9 1.127 1.776

[a] Experimental data from KBr pellet, and X-ray crystallography. [b] Ex-
perimental data from KBr pellet. [c] DFT optimization in the solid state
(see below). [d] EXAFS data (see below). [e] DFT optimized structure in
vacuo, DZPV basis sets for N, O and Cl, LANL2DZ basis sets and pseu-
dopotential for Ir; BPW91 functional for the first line and B3LYP for
the second one. [f] Ref. [8]. [g] Ref. [4].

Figure 2. X-ray crystal structures (001 view) of A) NaACHTUNGTRENNUNG[IrCl5(NO)] and B)
PPh4 ACHTUNGTRENNUNG[IrCl5(NO)]. Thermal ellipsoids are drawn at the 50% level. Unit
cells are shown in yellow, O in red, Cl in green, N in blue, C and H in
black, Ir in A) gray or B) black, P in orange, and Na in pink.
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white line at the L3 edge are both directly related to the oxi-
dation number of the absorbing atom.[17] The higher the oxi-
dation state of the metal, the more positive the overall
charge of the atom; then more energy is required to excite
an electron out of an orbital.[18] Besides, as the oxidation
number of the absorbing atom increases, the edge moves to
higher energy and the intensity of the white line increases
because of the higher density of empty states. For both
energy shifts and white-line intensity variations, XANES be-
comes an ideal tool for the determination of changes in the
oxidation state of metals.[18, 19] Sometimes the variation in
the oxidation state results in a smaller energy shift than the
intrinsic energy uncertainty at the corresponding electronic
level, so this methodology is not sensitive enough to deter-
mine the energy shift and the only parameter suitable for
determination of the oxidation state is the intensity of the
white line. Moreover, when the nature of the moieties sur-
rounding the absorbing atoms differs among samples, the
shift is not an unequivocal parameter since the total energy
shift comprises an intricate superposition of factors (for ex-
ample, geometry, orbital hybridization, charge transfer).[20]

Like the L3 white lines, the L2 white lines for Ir are attrib-
uted to transitions from 2p orbitals to partially occupied
bands at the Fermi level with a largely 5d character. Since
precisely d electrons are involved in Ir�Cl or Ir�N bonds,
the L2- and L3-edge XANES spectra will be particularly sen-
sitive to changes in redox state. L2 and L3 are associated
with the dipole allowed electronic transitions 2p1/2!5d3/2

and 2p3/2!5d5/2 respectively, but the increment at the L3

white line does not necessarily imply that L2 should also in-
crease, because the overlapping differs at the 5d5/2 and 5d3/2

levels of Ir in the molecule. Moreover, the constant intensity
of the L2 white line indicates that the increment originates
mainly in variations in the occupancy at the 5d5/2 level. It is
interesting that the XANES spectra at the L2 edge are ex-
actly the same for PPh4ACHTUNGTRENNUNG[IrCl5(NO)] and K ACHTUNGTRENNUNG[IrCl5(NO)] (see
Supporting Information), demonstrating that the results ob-
served at the L3 edge do not correspond to experimental ar-
tifacts such as thickness effects or inhomogeneities in the
sample.[21]

The area of the absorption peak in Figure 3 at around
11.22 keV for PPh4ACHTUNGTRENNUNG[IrCl5(NO)] is notably larger than that

for K ACHTUNGTRENNUNG[IrCl5(NO)], indicating a higher density of unoccupied
states for the Ir center: that is, a higher oxidation state for
Ir in PPh4ACHTUNGTRENNUNG[IrCl5(NO)]. The expected energy shift is not ob-
servable for the two different samples because the resolu-
tion of the energy measurements (approximately 5 eV) is
not great enough for the small differences expected (ca
1 eV) to be detected.

In the particular case of Ir L edges, the increment in the
Ir L3 white-line intensity with its oxidation state was verified
by XANES measurements for three different Ir reference
compounds with similar close surroundings but different oxi-
dation states (references: IrIVL6, K2 ACHTUNGTRENNUNG[IrCl6]; Ir

IIIL6, K3ACHTUNGTRENNUNG[IrCl6];
IrIL2Cl2, Ir2ACHTUNGTRENNUNG(C8H12)2Cl2). To compare the two sets of com-
pounds, the white-line area was determined and plotted
versus the oxidation state for the references, giving an ap-
proximately linear relationship. Under this approximation,
from the white-line area of K ACHTUNGTRENNUNG[IrCl5(NO)] and PPh4-
ACHTUNGTRENNUNG[IrCl5(NO)] the oxidation state for the latter was deter-
mined as 3.9, that is, 0.9 units higher than for the K-
ACHTUNGTRENNUNG[IrCl5(NO)] sample (see Figure 4).

To provide more evidence for the OSS configuration,
DFT calculations were performed both in vacuo on the iso-
lated anion [IrCl5(NO)]� , and in the solid state on the ex-
tended, infinitely repeated crystallographic structure of
PPh4ACHTUNGTRENNUNG[IrCl5(NO)]. In agreement with the XANES results, the
total and absolute magnetization in the solid (single-crystal
X-ray geometry), computed as s ACHTUNGTRENNUNG(1›�1fl)dr and s j1›�1fl jdr
respectively, were 0.0 and 4.0 e, consistent with an OSS (see
Supporting Information). An absolute magnetization of 2.0 e
is indicative of open-shell systems with two unpaired elec-
trons; in this case a value of 4.0 originates in two metallic
centers per unit cell. The same results were obtained for a
DFT partially optimized structure in the solid state (see
below), although in this case the OSS is 8.7 kcalmol�1 more
stable than the experimental X-ray crystal structure.
Figure 5 displays the total spin density as obtained from the
solid-state calculations, showing half of the spin density lo-
calized on a metal-centered orbital and slightly spread onto
the equatorial chlorides, and the other half localized on an

Figure 3. XANES spectra at the Ir L3 edge.

Figure 4. Correlation between Ir L3 white-line area and Ir oxidation
states for both [IrCl5(NO)]� samples. &: linear fit line for the reference
compounds; *: experimental results.
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NO-based orbital. For the same compound, the electronic
structure of the CSS, with total and absolute magnetization
both equal to zero, was also converged, being 13.7 kcalmol�1

higher in energy than the OSS. The triplet could not be con-
verged in any case, indicating that it is not a stable electron-
ic state. On the other hand, although DFT calculations do
not account for the dispersive forces arising between aro-
matic rings, we do not expect this flaw to produce any rele-
vant effect on the NO geometry or the spin density, since all
atoms involved in p–p stacking were frozen at their experi-
mental coordinates during the calculations.

As an electron transfer or another type of electronic influ-
ence could take place from the phosphonium counterions to
[IrCl5(NO)]� , calculations in the solid state were also per-
formed by removing the counterions from the crystal cell,
leaving isolated molecular nanowires. In this case also, an
OSS was obtained as the ground state (Figure 6), indicating
that there are no important electronic effects derived from
the presence of the counterions. The likelihood of an elec-
tronic transition taking place during the X-ray measure-
ments was also discarded since the IR spectra obtained im-
mediately after irradiation appeared no different from that
corresponding to the starting material, and no color changes
were observed during or after irradiation.

It is striking that when the Ir centers of the structure in
Figure 6 are located 21 3 apart instead of 7.8 3, the ground
state is represented by the CSS. It is evident from the above
that the proximity of the anions and their singular “nano-
wire-like” arrangement are responsible for the stabilization
of the OSS, probably because of electrostatic interactions.

A possible explanation for the open-shell configuration is
provided by inspecting the frontier orbitals in [IrCl5(NO)]�

dimers and trimers. Consistently with this, DFT in-vacuo cal-
culations show that the degeneracy of the orbitals corre-
sponding to the isolated anions is broken for dimers and
trimers with Ir�Ir distances constrained to the value ob-
served for the crystal structure (7.807 3). The energy gap
between the HOMO and the LUMO (DEH�L) for each of
the systems, calculated by DFT in vacuo, decreases consider-
ably for dimers and trimers. For example, in the case of the
in-vacuo optimized geometry: DEH�L=1.31, 0.70, and
0.40 eV for the monomer, dimer, and trimer, respectively
(taking the last two as whole units). For a trimer with dIr�Ir=

21 and 31 3, DEH�L=1.00 and 1.14 eV, respectively. These
results point toward the formation of a conducting band by
strong interactions between the anions.

Raman spectra of the two types of crystals provide further
support for the results above. For K ACHTUNGTRENNUNG[IrCl5(NO)] the NO
stretching mode (nNO) is observed at 1976 cm�1 with very
low intensity, while in AsPh4ACHTUNGTRENNUNG[IrCl5(NO)] (which behaves
analogously to the PPh4

+ salt and has a crystal structure
very similar to that of PPh4ACHTUNGTRENNUNG[IrCl5(NO)]), this band gains in-
tensity and shifts down to 1955 cm�1 (Figure 7 and Support-
ing Information). IR spectra show intense bands at nNO=

2006 cm�1 for K ACHTUNGTRENNUNG[IrCl5(NO)] and 1952 cm�1 for AsPh4-
ACHTUNGTRENNUNG[IrCl5(NO)] and PPh4ACHTUNGTRENNUNG[IrCl5(NO)].

Nitrosyl-based reduction, M�NO+!M�NOC, causes a
large downshift (�300 cm�1) of the nNO band, as well as an
increase in the Raman compared with the IR activity.[4,21, 22]

On the other hand, metal-based oxidation, MIII�NO+!
MIV�NO+ , shifts the nNO band in the opposite direction due
to diminished backbonding. This shift is expected to be
smaller than for nitrosyl reduction, as observed experimen-
tally for different MNO moieties.[4,22, 23] Thus, the net effect
for an IrIII�NO+!IrIV�NOC transition is expected to be a
relatively small downshift of the nNO band, as observed in
the present work.

The weak Raman band observed at 556 cm�1 for K-
ACHTUNGTRENNUNG[IrCl5(NO)] is assigned tentatively to Ir-N-O bending (dIrNO)

Figure 5. Electronic spin density for the partially optimized structure of
PPh4 ACHTUNGTRENNUNG[IrCl5(NO)], calculated by DFT in the solid state (dIr�Ir=7.8 3, as in
the crystal structure). The navy blue and red lobes represent unpaired
electron densities of opposite spin.

Figure 6. Electronic spin density for the anion portion of the partially op-
timized structure of PPh4 ACHTUNGTRENNUNG[IrCl5(NO)], calculated by DFT in the solid
state (dIr�-Ir=7.8 3). The black and dark gray lobes represent unpaired
electron densities of opposite spin.
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although some degree of mixing with nIr–N modes cannot be
ruled out.[24] For AsPh4 ACHTUNGTRENNUNG[IrCl5(NO)] crystals, this band gains
intensity and shifts to higher energy, 573 cm�1. Both the in-
creased intensity and the higher frequency are indicative of
a tilted IrIV�NOC moiety in the latter crystals.[25]

Geometry of the Ir�N�O moiety : When DFT in-vacuo cal-
culations were performed for [IrCl5(NO)]� dimers and trim-
ers (Figure 8) with Ir�Ir distances constrained to the value
observed for the crystal structure (7.807 3) and the arrange-
ment corresponding to the phosphonium compound, some
bending and tilting for Ir-N-O was observed, indicating that
packing forces (probably p–p stacking between the phenyl
rings) could be operating in the crystal. Similar results were
observed when the optimization of one [IrCl5(NO)]� unit
was performed in a background of NPA-calculated charges
(NPA, natural population analysis) corresponding to two
[IrCl5(NO)]� units and 12 counterions, all of them located as
in the X-ray PPh4

+ structure (see Supporting Information).
The interactions mentioned above seem to be producing an

Ir�Ir distance constraint, which becomes too short to ac-
commodate anions with a linear Ir-N-O moiety. In the simi-
lar case of (AsPh4)2[Fe(CN)5NO], where again the cations
determine the lattice structure and leave little space for the
anions,[25,26] the anionsW preferred position is in a tilted orien-
tation instead of just the M�N�O moiety being bent or
tilted. Therefore, in the case of PPh4ACHTUNGTRENNUNG[IrCl5(NO)], an interac-
tion between the trans chloride of one anion and the NO of
the anion below it could be taking place, helping to form
the “wire” mentioned above (the Cl�O distance is 2.8 3).

Although the X-ray measurements in the case of PPh4-
ACHTUNGTRENNUNG[IrCl5(NO)] were of excellent quality and the structure was
perfectly defined for the counterions and all the Ir�Cl
bonds, due to crystal disorder some uncertainty remained
regarding the structure of the Ir-N-O moiety. Refinements
were performed with anisotropic or isotropic parameters
(see Supporting Information; an almost equal structure was
obtained for AsPh4ACHTUNGTRENNUNG[IrCl5(NO)]). In all cases a large ellipsoid
was observed surrounding the N atom, suggesting that it is
probably located slightly off-axis. However, crystal disor-
der—which gives rise to four different N atom orienta-
tions—and the presence nearby of the heavy Ir atom pre-
vent establishment of the exact position of the N atom. The
distance between its four different orientations are close to
the resolution of the instrumental. While under the experi-
mental conditions of our measurements the maximum ach-
ievable instrumental resolution is approximately 0.4 3, the
distance between the N atom positions according to the
DFT optimizations in the solid state (see below) would be
0.43 3.

DFT solid-state calculations were performed on the crys-
tal structure in periodic boundary conditions, relaxing the
spatial coordinates of the N and O atoms while freezing the
rest of the coordinates at the experimental X-ray positions.
The use of DFT to complement X-ray results when structur-
al disorders blur the crystallographic parameters is now a
common practice, often applied to elucidate the bonding
mode of diatomic ligands such as NO or CO in different
transition metal complexes (see, for example, refs. [27] and
[28]). The optimized Ir�N and N�O distances are consistent
with the X-ray data, with the N�O moiety exhibiting a 78
tilt and a concomitant increase in the Ir-N-O angle. A visual
comparison with the single-crystal X-ray geometry shows
that the N and O atoms of the optimized structure are
within the boundaries of the thermal ellipsoids correspond-
ing to the X-ray refinement (Figure 9).

To determine the Ir near-neighbor environment, X-ray ab-
sorption fine structure (EXAFS) measurements were per-
formed for K ACHTUNGTRENNUNG[IrCl5NO] and PPh4 ACHTUNGTRENNUNG[IrCl5(NO)] (Figure 10 and
Supporting Information). EXAFS spectroscopy refers to the
oscillatory structure in the X-ray absorption coefficient
beyond a 50 eV threshold. The fit of this oscillation gives in-
formation about the surroundings of the absorbing atom. In
particular, the type, number, and bond lengths of the atoms
around the absorbing atom can be obtained. EXAFS analy-
sis is not limited to first neighbors, and distance determina-
tions are now often comparable in accuracy with those from

Figure 7. Single-crystal Raman spectra recorded with 514 nm excitation
at 83 K. A) K ACHTUNGTRENNUNG[IrCl5(NO)]; B) AsPh4 ACHTUNGTRENNUNG[IrCl5(NO)]. The intensities are nor-
malized by the strongest low-frequency band for a better comparison.

Figure 8. Optimized structure of two [IrCl5(NO)]� units with the Ir�Ir
distance constrained at the experimental X-ray value in the PPh4

+ struc-
ture.
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X-ray diffraction measurements.[29] In addition, a multiple
scattering analysis of the EXAFS spectrum can determine
atom configuration where three atoms are aligned or almost
aligned,[30] because of the shadowing or focusing effect.[31]

Simulations for different geometries for PPh4 ACHTUNGTRENNUNG[IrCl5(NO)]
were made using the FEFF6 code.[32] The small peak at
about 2.5 3 in Figure 10 is due to both simple scattering
from oxygen atoms and multiple scattering paths for Ir-N-O
and could be reproduced only by the simulation of structural
arrangements where these three atoms were almost aligned.
These conditions were met for an Ir-N-O angle greater than
approximately 1608. Therefore, a poor fit was obtained
when the X-ray crystal structure was used as data input (the
Ir-N-O angle in this case is 1498). However, the geometry
corresponding to the DFT optimization in the solid state
previously described (see Supporting Information, and Fig-
ures 5 and 6) gave an excellent fit.

Compared with other {MNO}6 complexes with similar
structural characteristics (Table 1), specifically N–O distan-
ces and M-N-O angles, the IR stretching frequency for NO

in PPh4ACHTUNGTRENNUNG[IrCl5(NO)] falls in the same frequency region,
around 1950 cm�1. As expected when an “extra” electron is
located in an NO antibonding orbital, the N�O distance is
augmented, and its value is between the N�O distances for
K ACHTUNGTRENNUNG[IrCl5(NO)] or Na ACHTUNGTRENNUNG[IrCl5(NO)] and that calculated for
[IrCl5(NO)]2� (Table 1). The correlation of the N�O dis-
tance with nNO is excellent (Supporting Information). More-
over, a normal-mode analysis shows that dNO should be
around 1.17 3 for the observed nNO stretching frequency.

In summary, we consider that the DFT optimization in the
solid state provides the more accurate structural parameter
set for the Ir-N-O moiety, while EXAFS provides excellent
parameters for dIr�N, dIr�O, dIr�Cl(trans) and dIr�Cl(eq). These last
two distances and dIr�Ir are also provided accurately by the
X-ray determination. A selected set of parameters, which
gives a reasonably accurate geometry for the Ir-N-O moiety
of PPh4 ACHTUNGTRENNUNG[IrCl5(NO)], is that shown in Table 1. However, re-
gardless of the exact value for the Ir-N-O angle and the N�
O distance, it is clear that the nitrosyl shows a partially
bent/tilted conformation and that a linear N�O does not fit
due to the constraint imposed by the short Ir�Ir distance in
the “wire-like” arrangement. This peculiar arrangement is
probably responsible for the electronic perturbation.

Conclusion

The distribution of electrons in IrIII�NO+ versus IrIV�NOC in
the case of [IrCl5(NO)]� can be viewed as an electron pro-
motion from a metal–chloride to a metal–NO orbital due to
a decrease in the HOMO–LUMO gap of PPh4 ACHTUNGTRENNUNG[IrCl5(NO)]
in the solid state. This is induced by electrostatic interactions
acting as a result of the closeness and “wire-like” spatial dis-
tribution of the Ir metal centers. This singular arrangement
is imposed by lattice forces produced by p–p stacking inter-
actions between the phenyl rings in PPh4

+ .
Our theoretical and experimental evidence suggests that

this is an interesting case of electronic perturbation in a
third-row transition metal complex in the ground state
giving rise to valence tautomerism. The high sensitivity of
the M-N-O moiety toward the environment, its high electro-
philicity, and its interaction with the nearby chloride ligand
in this singular “wire-like” [IrCl5(NO)]� arrangement seems
to be the motive force for the unique structural end elec-
tronic behavior of pentachloronitrosyliridate, going beyond
the original {MNO}6 formalism proposed by Enemark and
Feltham and which predicts that isolated {IrNO}6 units
should be linear.

Experimental Section

General procedures : All experimental manipulations were performed
under anaerobic and anhydrous conditions using standard Schlenk proce-
dures and a dry box. K ACHTUNGTRENNUNG[IrCl5(NO)] was purchased from Strem and puri-
fied by recrystallization from CH3CN. Na ACHTUNGTRENNUNG[IrCl5(NO)] was prepared by
addition of a 10-fold excess of NaCl to a HCl (1m) solution of the potas-
sium salt. The solution volume was reduced in a rotary evaporator and

Figure 9. In the background, DFT (solid-state) geometry of the anion
portion of PPh4 ACHTUNGTRENNUNG[IrCl5(NO)] superimposed on the thermal ellipsoids corre-
sponding to the structure determined by single-crystal X-ray diffractome-
try (in the foreground; only one of the four equivalent O atom positions
is shown).

Figure 10. Fourier transform amplitude of the EXAFS spectrum for PPh4-
ACHTUNGTRENNUNG[IrCl5(NO)] (dots) and the obtained fit (full line) considering the DFT
(solid-state) optimization as data input for the simulation.
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the supernatant kept in a refrigerator for three days. One HCl molecule
per Na ACHTUNGTRENNUNG[IrCl5(NO)] unit was observed in the X-ray crystal structure. Tet-
raphenylphosphonium pentachloronitrosyliridate, PPh4 ACHTUNGTRENNUNG[IrCl5(NO)], was
obtained by slowly adding a concentrated solution of tetraphenylphos-
phonium bromide (0.50m in CH3CN) to a solution of K ACHTUNGTRENNUNG[IrCl5(NO)]
(0.09m in CH3CN) and washing the precipitate three times with deion-
ized distilled water. The dry, light brown crystals were dissolved in warm
CH3CN (60 8C) and this solution was allowed to reach room temperature
very slowly. The resulting crystals were suitable for X-ray analysis. An
identical technique was employed to obtain the tetraphenylarsonium ana-
logue.

Instrumental procedures : UV/Vis spectra were recorded using a Hewlett
Packard 8453 diode array spectrometer with quartz cuvettes (10 mm opti-
cal path).

IR spectra were recorded using a Nicolet Avatar 320 FTIR spectrometer
with either KBr pellets or a Spectra Tech cell for liquids with CaF2 (1=

3 cm) windows and a 0.1 mm Teflon spacer.

Cyclic voltammetry in aqueous solvents was carried out at a 100 mVs–1

scan rate using a three-electrode configuration (glassy carbon working
electrode, Pt counter-electrode, Ag/AgCl reference) and a TeQ-03 poten-
tiostat and function generator.

For resonance Raman measurements, crystals were placed in a cooling/
heating microscope stage (Linkam THMS 600) to vary the temperature
between �190 and 200 8C with a precision of �0.1 8C. Raman spectra
were recorded in backscattering configuration using a confocal micro-
scope attached to a single-stage spectrograph (XY-Jobin Yvon) equipped
with a 1800 linesmm–1 grating and liquid nitrogen cooled, back-illuminat-
ed CCD detector. The spectral resolution was approximately 2 cm�1 and
the increment per data point was 0.47 cm�1. Elastic scattering was re-
moved with a super Notch filter (Kaiser). Measurements were performed
under nonresonant conditions using the 514.5 nm line of an argon ion
laser (Innova 70C; Coherent). To avoid laser-induced damage of the crys-
tal, laser power at the sample was kept below 600 mW and accumulation
times were 10–30s. The values reported for each temperature are the
averages of at least three independent measurements on different crys-
tals. Before and after each measurement, crystals were imaged to confirm
that they were not damaged. For laser powers above 5 mW, damage be-
comes evident as a dark spot (see Supporting Information).

For EXAFS and XANES measurements, X-ray absorption spectra were
measured in the D04B-XAS beamline at the National Synchrotron Light
Laboratory (LNLS), Campinas, Brazil. EXAFS and XANES spectra at
the Ir L3 (11215 eV) edge were acquired in transmission mode at ambi-
ent conditions using a Si ACHTUNGTRENNUNG(111) crystal monochromator in the 11100–
12300 eV energy range. Three ion chambers were used as detectors. The
sample was positioned between the first and second detectors and an Ir
foil was placed between the second and third ones. In order to obtain a
better signal-to-noise ratio, two or three spectra were averaged. The raw
data were processed using the Athena program.[33] The AUTOBK algo-
rithm was used to fit a smoothly varying background function to the data
and to extract the EXAFS oscillation. The Arthemis program[33] was used
for the analysis of these data. Theoretical standards were computed using
the FEFF6 code[31] and used in the analysis. The XANES normalization
was performed with Athena[33] by matching to the Cromer–Liberman cal-
culations for the absorption of a free atom[33,34] at energies far below and
above the edge.

The magnetic susceptibilities of solid complexes were measured in the
temperature range 1.5–300 K with a SQUID susceptometer (MPMS
Quantum Design Inc.) with an external field of 1.0 T. Multiple-field vari-
able-temperature measurements were made at three different fields for
which the magnetization was equidistantly sampled on a T�1 temperature
scale. The experimental data were corrected for underlying diamagnetism
by application of tabulated PascalWs constants.

The EPR spectra were recorded at (25�1) 8C and 9.8 GHz (X band) in
an ER-200 spectrometer (Bruker Analytische Messtechnik GmbH, Karls-
ruhe, Germany). The samples were placed in glass capillaries (1 mm i.d.),
sealed at both ends, and housed in 4 mm quartz tubes containing silicone
oil to maintain temperature uniformity. The field modulation frequency

was 100 KHz, and its amplitude was well below 30% of the minor line-
widths in each case, to avoid spectral shape distortions.

For the X-ray diffraction studies, data were collected in a Nonius Kappa
CCD diffractometer, MoKa radiation (l =0.71073 3), with a graphite
monochromator, T=120(2) K. The data were processed with Denzo Sca-
lepack and the refined structure was solved by the Patterson method
with SHELXS with full-matrix least-squares refinement based on F2 with
SHELXL-97. H atoms were treated by a mixture of independent and
constrained refinement. Further details of the crystal structure investiga-
tions may be obtained from the Fachinformationszentrum Karlsruhe,
76344 Eggenstein-Leopoldshafen, Germany (fax: (+49)7247-808-666; e-
mail: crysdata@fiz-karlsruhe.de) on quoting the depository numbers
CSD-416353 (Na ACHTUNGTRENNUNG[IrCl5(NO)]·HCl), CSD-417400 (PPh4ACHTUNGTRENNUNG[IrCl5(NO)]), and
CSD-417399 (AsPh4 ACHTUNGTRENNUNG[IrCl5(NO)]).

Crystal and collection data and refinement for Na ACHTUNGTRENNUNG[IrCl5(NO)]·HCl : H
atoms are not included in the X-ray refinement. Cl6IrNO, Mr=457.90,
prisms, crystal size 0.25Y0.10Y0.10 mm3, orthorhombic, space group:
Pnma, q =2.55–27.488, a=22.366(5), b=6.8800(14), c=5.9910(12) 3, F-
ACHTUNGTRENNUNG(000)=820, V=921.9(3) 33, Z=4, 1calcd=3.299 gcm�3, m =16.200 mm�1,
2qmax=54.928, limiting indices 0�h�28, 0�k�8, 0� l�7, measured/in-
dependent reflections=1132/1132, 1005 reflections with >2s(I), Rint=

0.0450. Refinement based on F2, number of reflections/parameters=

1132/55, R=0.0333 (based on F2>2sF2)), wR(F2)=0.0991, S=1.116, (D/
s)max=0.011, D1max=2.081 e3�3, D1min=�1.734 e3�3.
Crystal and collection data and refinement for PPh4 ACHTUNGTRENNUNG[IrCl5(NO)]:
C24H20Cl5IrNOP, Mr=738.83, orange prisms, crystal size 0.1Y0.05Y
0.05 mm3, tetragonal, space group: P4/n, q=2.55–27.488, a=b=

12.8270(2), c=7.8070(2) 3, F ACHTUNGTRENNUNG(000)=712, V=1284.50(4) 33, Z=2, 1calcd=

1.910 gcm�3, m =5.798 mm�1, 2qmax=54.948, limiting indices �16�h�16,
�11�k�11, �8� l�10, measured/independent reflections=2737/1484,
1449 reflections with >2s(I), Rint=0.0253. Refinement based on F2,
number of reflections/parameters=1484/78, R=0.0327 (based on F2>

2sF2)), wR(F2)=0.0869, S=1.083, (D/s)max=0.004, D1max=2.507 e3�3,
D1min=�2.141 e3�3.

Crystal and collection data and refinement for AsPh4 ACHTUNGTRENNUNG[IrCl5(NO)]:
C24H20AsCl5IrNO, Mr=782.78, orange prisms, crystal size 0.5Y0.5Y
0.2 mm3, tetragonal, space group P4/n, q =2.55–27.488, a=b=

12.8240(18), c=7.8830(16) 3, F ACHTUNGTRENNUNG(000)=748, V=1296.4(4) 33, Z=2,
1calcd=2.005 gcm�3, m =6.950 mm�1, 2qmax=54.928, limiting indices �11�
h�11, 0�k�16, 0� l�10, measured/independent reflections=1487/
1487, 1392 reflections with >2s(I), Rint=0.0370. Refinement based on F2,
number of reflections/parameters=1487/79, R=0.0232 (based on F2>

2s(F2)), wR(F2)=0.0515, S=1.045, (D/s)max=0.000, D1max=1.191 e3�3,
D1min=�1.035 e3�3.

Computational methodology : All gas-phase DFT calculations were per-
formed by using the Gaussian 98 software package[34,35] and B3LYP[36,37]

and/or BPW91[38] functionals with a double zeta plus polarization
(DZPV) basis set[39] for N, O, and Cl atoms, and the LANL2DZ basis set
and effective core potential for the iridium.[40,41] Calculated structures
and other calculated data were obtained by full optimization or by
single-point calculation of the X-ray structures (Na+ salt and PPh4

+ salt
with the anisotropic refinement). In all cases the stability of the wave-
function obtained from DFT calculations was tested and verified and all
the integrations were performed using the Gaussian 98 tight criteria.
Atomic charges have been calculated using the Mulliken and NPA[42]

schemes. The background charge distribution included in the calculations
was performed as described under Results and Discussion.[43,44] Open-
shell singlet calculations were performed under the broken symmetry for-
malism. A normal modes analysis was performed in order to obtain vi-
brational frequencies, force constants, and zero-point energy corrections
for the total energy.

Solid-state calculations were performed by using the Quantum ESPRES-
SO package,[45] featuring periodic boundary conditions, plane-wave basis
sets, and pseudopotentials to describe the ion–electron interactions. In
the present simulations, Vanderbilt ultrasoft pseudopotentials were
used,[46] in combination with plane-wave kinetic energy cutoffs of 20 and
160 Ry to expand the Kohn–Sham orbitals and the charge density, respec-
tively. For the iridium atom, a pseudopotential including nonlinear core
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corrections was adopted, with s and d valence electrons. All calculations
were spin-polarized, based on the PBE (Perdew, Burke, and Ernzerhof)
exchange-correlation functional[47] and gamma-point sampling. The exper-
imental tetragonal unit cell was used, with lattice parameters a=b=

12.827 and c=7.087 3.
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