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The spectroscopic properties and the electronic structure of the only nitrous oxide complex existing in isolated
form, [Ru(NH3)s(N20)]X, (1, X = Br—, BF4~), are investigated in detail in comparison to the nitric oxide precursor,
[RU(NH3)s(NO)]X3 (2). IR and Raman spectra of 1 and of the corresponding ®NNO labeled complex are presented
and assigned with the help of normal coordinate analysis (NCA) and density functional (DFT) calculations. This
allows for the identification of the Ru—N,0O stretch at ~300 cm~! and for the unambiguous definition of the binding
mode of the N,O ligand as N-terminal. Obtained force constants are 17.3, 9.6, and 1.4 mdyn/A for N-N, N—O, and
Ru—N0, respectively. The Ru(Il)-N,O bond is dominated by st back-donation, which, however, is weak compared
to the NO complex. This bond is further weakened by Coulomb repulsion between the fully occupied t, shell of
Ru(ll) and the HOMO of N,O. Hence, nitrous oxide is an extremely weak ligand to Ru(ll). Calculated free energies
and formation constants for [Ru(NHa)s(L)]>* (L = NNO, N,, OH,) are in good agreement with experiment. The
observed intense absorption at 238 nm of 1 is assigned to the t,y — zz* charge transfer transition. These data are
compared in detail to the spectroscopic and electronic structural properties of NO complex 2. Finally, the transition
metal centered reaction of nitrous oxide to N, and H,O is investigated. Nitrous oxide is activated by back-donation.
Initial protonation leads to a weakening of the N—O bond and triggers electron transfer from the metal to the
NN-OH ligand through the sz system. The implications of this mechanism for biological nitrous oxide reduction are
discussed.

Introduction

Despite the biological and environmental significance o
nitrous oxide, not much is known about the coordination
chemistry of this molecule. In fact, only one transition metal
complex of NO has been prepared and isolated so far, and
the coordination mode of the nitrous oxide ligand in this
system is still a matter of discussion. This compound,
[Ru(NHs)s(N20)] X2 (2), is a Ru(ll) complex with pentam-
mine coligands. Attempts to isolate other transition metal
N>O complexes have mostly yielded metal oxide, nitride, or
nitrosyl products so far.Complex1 was first reported as
an unstable species in solutidhater, it was also possible
to isolatel as a solid with different counterions X (%

Cl~, Br, BF7, etc.)3® IR data have been reported fior
and a simple normal coordinate analysis was performed to
explore whether these vibrational data are consistent with
end-on N or O coordination of the,® ligand. It was found
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that O coordination is in better agreement with the experi-
f mental dat&.This was later challenged, and it was claimed
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that nitrous oxide is coordinated with its terminal N atom which is EPR silent® The binding of nitrous oxide to the
based on mechanistic datand NMR results for a related reduced Cgcluster was evaluated using density functional
systent Although experimental evidence is in favor of N (DFT) calculations? It was found that MO can bind to the
coordination of NO, it is surprising that this point has never cluster in various geometries; i.e., it is coordinated either
been clarified in the literature. Since there is no crystal end-on with its terminal N atom to C(resting Cu) or side-
structure available fod, the most promising approach to on bridging between Guand Cuy, (reduced Cg). In the
define the bonding mode of J® is the complete assignment calculations, this bridging mode leads to an increased transfer
of the metat-ligand stretching vibrations df in connection of electron density to PO which would be favorable for its
with a normal coordinate analysis. However, the Ru{ll)  reduction and protonation.

N-O stretching vibration has not been identified so far. The  Besides the interest in & reduction and protonation
UV absorption spectrum df shows an intense transition at  originating from bioinorganic chemistry, this process is also
238 nm which, however, has not been assigned yet. It wasof great importance from an environmental point of view.
noted that MO is a weak ligand, but the nature of the Rufll)  Because of the increased use of nitrate containing fertilizers
N.O bond has not been defined. Hence, although complexin agriculture, a large amount of nitrous oxide is produced
1 has been known for quite some time, neither the spectro-by denitrifying bacteria living in soil and seawater and
scopic properties nor the electronic structure of this complex subsequently released to the atmosphérm addition,

nor the properties of )D as a ligand itself have been burning of fossil fuels contributes to the,® emission'®
explored in detail so far. This way, nitrous oxide has become the third most important

Recently, the coordination chemistry of nitrous oxide has green house gas. Hence, the properties of nitrous oxide and
gained considerable interest due to its biological significance. itS reactivity are not only of interest for bioinorganic
The enzyme nitrous oxide reductase (N20OR) catalyses thechemistry, but also of global importance. Although the

final step in denitrification, i.e., the reduction ob® to N, reduction of NO to dinitrogen and water (eq 1) is highly
following the equatioh exothermic AG°® ~ —80 kcal/mol), this gas is metastable
and unreactive due to a kinetic barrier to its decomposition.
N,O + 2H' + & — N, + H,0 1) In this study, the spectroscopic properties and the elec-

tronic structure of the complex [Ru(NH(N2O)]X2 (1) using
bromide (-Br) and tetrafluoroboratel¢(BF,) counterions are
investigated. Raman spectra of nitrous oxide complexes are
presented for the first time. UsingN isotope substitution,
the IR and Raman spectra bfare fully assigned including
Ru—N,0 stretching and bending vibrations using a quantum-
chemistry assisted normal coordinate analysis (QCA-NEA).

In comparison to DFT calculations on both N and O
coordinated isomers df, this allows for an unambiguous
definition of the coordination mode of the® ligand. From

The catalytically active center of N2OR (called £us a
cluster of four copper ions which are bridged by a central
sulfide®1° The resting state of the enzyme has been
characterized by a number of spectroscopic metfbahjch
ultimately lead to the assignment of one Cu(ll) and three
Cu(l) for resting Cu.*? Reduction of this cluster by one
electron leads to the catalytically active state with four Cu(l)
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for ligand binding is calculated fdrin comparison to related
compounds. Finally, the reduction and protonation of end-
on terminally coordinated }D are investigated.

Ru—NO complexes with various coligands have drawn
considerable interest recently due to their significance as
antitumor and antiseptic ageritdn this study, the Ru(Ih-

NO™ precursor complex [Ru(N£s(NO)]Xz (2) using bro-
mide @-Br), tetrafluoroborateZ-BF,), and triflate 2-OTf)
counterions has also been investigated in comparison with
1. Although 2 has been the topic of numerous studies, it is
quite surprising that the spectroscopic assignments for this
complex are incomplete. Vibrational spectra are presented
for 2 together with force constants obtained from normal
coordinate analysis using QCA-NCA. The results show that
complex2 exchanges its nitrosyl oxygen during synthesis.
For 2-Br, an unusual splitting of the NO stretching
vibration is observed which is explained on the basis of the
crystal structure of2-Br presented here. The electronic
structure o2 is briefly discussed, and the electronic spectra

are assigned. The mechanistic implications of the observed"'

oxygen exchange of NO during the synthesis are discussed
These data obtained for compl@xserve as a reference for
a quantitative interpretation of the results for

Experimental and Computational Procedures

SynthesesReactions were performed using Schlenk techniques.
The starting material Ruglwas purchased from Aldrich. The
precursor complexes [Ru(Nk(CI)]CI; and [Ru(NH)e]Cl; were
prepared according to literature procedueNO gas was passed
through a potassium hydroxide column and then through a cold
trap at—80 °C prior to usage to remove higher nitrogen oxide
impurities.

[Ru(NH3)s(NO)]Br 3 (2-Br). This complex can be prepared by
two different methods. (a) Following a procedure of Armor etdl.,
0.3 g of [Ru(NH)¢]Cls is dissolved in 35 mL of degassed 0.1 M
hydrobromic acid, and then, NO is passed through the solution for
about 25 min. The solution changes its color from yellow to orange.
The solution is then reduced to half of its volume and stored in the
refrigerator. After a few days, orange crystals of [Ru@NO)]-

X3 (X = Cl, Br) have formed. The crystals are collected by filtration
and washed wit 3 M HBr, ethanol, and water. Yield: 75%. To
obtain pure2-Br, the raw product is recrystallized several times
from 1 M HBr. (b) Following a method by Gleu et d0.0.4 g of
[Ru(NH3)s(ChICl; is dissolved in~12 mL of water and heated
until boiling. The solution is removed from the oil bath, and 12
mL of concentrated Ngisolution is added to the hot solution. Then,
1.2 g of (NH;)(S;0g) is added slowly, and the solution is swirled.

(17) (a) Chanda, N.; Mobin, S. M.; Puranik, V. G.; Datta, A.; Niemeyer,
M.; Lahiri, G. K. Inorg. Chem2004 43, 1056-1064. (b) Marchenko,
A.V.; Vedernikov, A. N.; Dye, D. F.; Pink, M.; Zaleski, J. M.; Caulton,
K. G. Inorg. Chem2004 43, 351-360. (c) Patra, A. K.; Mascharak,
P. K. Inorg. Chem.2003 42, 7363-7365. (d) Hirano, T.; Oi, T;
Nagao, H.; Morokuma, Klnorg. Chem.2003 42, 6575-6583. (e)
Marchenko, A. V.; Vedernikov, A. N.; Dye, D. F.; Pink, M.; Zaleski,
J. M.; Caulton, K. G.Inorg. Chem.2002 41, 4087-4089. (f)
Hadadzadeh, H.; DeRosa, M. C.; Yap, G. P. A,; Rezvani, A. R;;
Crutchley, R. JInorg. Chem 2002 41, 6521-6526. (g) Nagao, H.;
Hirano, T.; Tsuboya, N.; Shiota, S.; Mukaida, M.; Oi, T.; Yamasaki,
M. Inorg. Chem.2002 41, 6267-6273.

(18) Allen, A. D.; Bottomley, F.; Harris, R. O.; Reinsalu, V. P.; Senoff, C.
V. Inorg. Synth.197Q 12, 2—8.

(19) Armor, J. N.; Scheidegger, H. A.; Taube, HAm. Chem. Sod968
90, 5928-5929.

(20) Gleu, K.; Buldecker, 1.Z. Anorg. Allg. Chem1952 268 202—220.

Table 1. Crystal Data and Results of the Structure Refinement for
Compound2-Br

chemical formula [Ru(NB)sNO]Br3-H,0O

fw 474.0

T room temperature
A 0.71073

cryst syst orthorhombic
space group Pnma

a 12.234(1)

b 6.9982(4)

c 14.479(1)

\Y 1246.9(1)

z 4

Dcalcd 2.444

u 10.85

RIa[1 > 20(1)] 0.0292

wR2 [all data] 0.0842

2R1= 3||Fol — [Fell/ZIFol; WR2 = [J[W(Fo* — F)I/ 3 [W(Fo?)7] M2

A pale yellow precipitate of [Ru(NE)s(NO)](SOy)1/2S:0s)1/» forms
immediately which is collected by filtration after about 1 h. The
product is washed wit2 M NH; solution and acetone and dried.
eld: 25%.

The obtained raw product is then refluxed with concentrated HCI
for about 15 min to obtain [Ru(Ngs(NO)]Cl; (2-Cl) in high yield
(95%). Repeated recrystallization fnol M HBr yields 2-Br.
Structural data are available in Table 1.

[RU(NH 3)s(NO)](BF 4)3 (2-BF.) and [Ru(NH3)s(NO)](OTf 4)s (2-
OTf). Compound2-BF, is insoluble in water or acid and can
therefore be prepared by dissolvi@eCl in water and adding 1 M
HBF,. The product precipitates as yellow powder. Compound
2-OTf, on the other hand, is very soluble in water. It is obtained
by repeated recrystallization @fCl from 2.5 M CRESGO;H solution
as yellow powder in relatively low yield.

[RUu(NH 3)s(N2O)1X > (1). Preparation of the nitrous oxide com-
plex 1-Br (X = Br) follows the procedure of Bottomley et &.
Complex [Ru(NH)s(NO)]Brs (112 mg) and 1.12 g of NDH-

HX (X = Cl, Br; 1:1 mixture) are dissolved in 10 mL of degassed
water in an ice bath. Then, 5 pellets (about 1 g) of NaOH are added,
and1-Br starts precipitating immediately as pale yellow solid. The
reaction is stopped after-% min by filtration. The obtained product

is washed with oxygen-free ethanol and diethyl ether and dried in
vacuo. Yield: 67%. The preparation &fBF, is complicated by

the fact that the precurs@-BF, is insoluble in water. Complex
[Ru(NH3)s(NO)](BF4)3 (100 mg) and 560 mg of N})OH-HBF, are
suspended in-12 mL of degassed water in an ice bath. On addition
of the NaOH pellets, the precurseBF, starts dissolving while at

the same time pale yellow-BF, precipitates. In order to ensure
completion of the reaction, the mixture is stirred for 5 min and
then filtered. Yield: 93%. The corresponding complex with triflate
could not be obtained by this method, because the triflate salts are
too soluble in water.

Crystal Structure Determination. The data were collected using
a 4-circle diffractometer from STOE & CIE and were corrected
for absorption effects. The structure was solved with direct methods
using SHELXS-97 and was refined agaif8tusing SHELXL-97.

All non-H atoms were refined anisotropically. The H-atoms were
positioned with idealized geometry and refined using the riding
model. One bromide anion is disordered in two positions and was
refined using a split model. The [Ru(NJ4NO] unit is located on

a crystallographic mirror plane, and the NO ligand is disordered in
two positions due to symmetry. This disorder remains constant in
the noncentrosymmetric space groepa2;.

In this space group, it is not possible to decide if the two different
orientations are unequally occupied or not. However, in this case
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the absolute structure cannot be refined. To check if, e.g., an orderedvibrational frequencies show that the obtained geometries represent
super structure is present, one additional data set was measured dtue minima since no imaginary frequencies were found. IR and

low temperatures using an IPDS from STOE & CIE. However,
from these investigations there is no hint for a super structure or
any change of the symmetry.

UV —Vis Spectroscopy Absorption spectra were recorded either
in KBr disks or for pure solids (between sapphire windows) at 10
K using a Varian Cary 5 U¥vis—NIR spectrometer equipped with
a CTI cryocooler.

Vibrational Spectroscopy.FT-Raman spectra were recorded on
a Bruker IFS 66 interferometer with a Bruker FRA 106 Raman
attachment using a Nd:YAG laser for excitation=€ 1064 nm).

Raman intensities were calculated as well for vibrational assign-
ments. The LanL2DZ basis set applies Dunning/Huzinaga full
double£ (D95)° basis functions on first row and Los Alamos
effective core potentials plus DZ functions on all other atéfns.
For calculating the absorption spectrum bfand 2, the time-
dependent DFT formalism as implemented in G98 has been applied.
To calculate the binding constants for ligands L in [Ru@hL)]2t,

the structures of the cations [Ru(hE]>" and [Ru(NH)s(L)] %" with

L = H,0, N, have been fully optimized. In addition, [Ru(N}]3*

has also been fully optimized. All these structures represent true

Measurements were performed on pure compounds. Resolution wagninima as evident from frequency calculations. To investigate the

set to 2 cm. Middle- and far-infrared spectra (MIR & FIR) were
recorded on a Bruker IFS 66v vacuum instrument at room
temperature. For the MIR region, KBr disks were used, and the
spectra were recorded at a resolution of T &rin the far-IR region,

PE pellets were used, and the resolution was set to 2.dnow-

protonation of the coordinated,N ligand and the subsequent
splitting of the N-O bond, the structures of [Ru(N}4(NNOH)]J3*

and of [Ru(NH)s(NN)]*" have been fully optimized as well.
Solvation effects were included in the calculations of the reaction
energies in Scheme 1 using the Polarized Continuum Model

temperature MIR spectra were obtained on a Mattson Genesis type(PCMY” with water as solvente(= 78). In all calculations,

| spectrometer equipped with a cryogenic CTI cryostat. Spectra
were recorded at 20 K at a resolution of 1 ¢m

Normal Coordinate Analysis. Normal coordinate calculations
were performed using the QCPE computer program 576 by M. R.
Peterson and D. F. Mcintosh which involves solution of the secular
equationGFL = AL by the diagonalization procedure of Miyaza-
wa?! The calculations are based on a general valence force field,;
force constants are refined with the nonlinear optimization routine
of the simplex algorithm according to Nelder and Méad.he
simplex optimization was used to refine only selected force
constants according to the quantum-chemical assisted normal
coordinate analysi¥.Here, a force field from DFT calculations is

convergence was reached when the relative change in the density
matrix between subsequent iterations was less than 1078
Atomic charges were calculated using the natural population
analysis (NPA). Force constants in internal coordinates were
extracted from the Gaussian output using the program Rég&ong
(QCPE 628). Orbitals were plotted with the program GaussView.

Results and Analysis

A. Crystal Structure, Spectroscopy, and Electronic
Structure of [Ru(NH 3)s(NO)]3* (2). In order to explore the
spectroscopic properties and the electronic structure of [Ru-

used as a starting point to generate initial force constants, and a(NH3)s(N20)]X2 (1), the precursor complex [Ru(Njd(NO)]-

subset of these is fit to reproduce the known experimental
frequencies. For the NCA, the H atoms of the Nigands have
been removed since the objective is to obtain force constants for
the Ru-NO and Ru-N,O subunits. For the resulting “N” ligands,

an effective mass of 18 has been used resembling Whis leads

to the simplified models [Ru(®(NO)] (2) and [Ru(N)(N20)] (1)
which are based on the calculated structures but which have further
been symmetrized (by setting alFNRu—N angles to 90) to have

C4, SYymmetry.

Density Functional Calculations.Spin-restricted DFT calcula-
tions using Becke's three parameter hybrid functional with the
correlation functional of Lee, Yang, and Parr (B3L%Pwere
performed using the program package Gaussiatf®@& structures
of the cations [Ru(Nh)s(N-0)]?* (1) and [Ru(NH)s(NO)]3* (2)
were fully optimized using the LanL2DZ basis set. Calculated

(21) Miyazawa, T.J. Chem. Phys1958 29, 246.

(22) Nelder, J. A.; Mead, RComput. J.1965 7, 308.

(23) (a) Becke, A. DPhys. Re. A 1988 38, 3098. (b) Becke, A. DJ.
Chem. Phys1993 98, 1372. (c) Becke, A. DJ. Chem. Phys1993
98, 5648.

(24) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.;
Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G.;
Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R.
L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; Nanayakkara,
A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B. G.;
Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle,
E. S.; Pople, J. AGaussian 98 revision A.11; Gaussian, Inc.:
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X3 (2) has been investigated first. In comparison, this allows
for a quantitative evaluation of the results obtained Xor
since the electronic structure and reactivity of compkex
are known from a number of studi&s3! First, the crystal
structure of [Ru(NH)s(NO)]Br3 is presented. Vibrational data
for 2 with different counterions are assigned with the help
of density functional (DFT) calculations and a normal
coordinate analysis. Finally, low-temperature B¥is spectra
of 2 are assigned using time-dependent DFT (TD-DFT)
calculations.

A.l. Crystal Structure. Compound2-Br crystallizes in
the orthorhombic space grommawith 4 formula units in
the unit cell. The asymmetric unit consists of one
[RU(NH3)s(NO)J** unit, three crystallographically indepen-
dent bromide anions, and one water molecule, all of them
located on crystallographic mirror planes. The ruthenium
cations are coordinated by 5 ammonia molecules and one
NO ligand. Due to symmetry, the NO group is disordered

(25) Modern Theoretical ChemistryDunning, T. H., Jr., Hay, P. J.,
Schaefer, H. F., lll, Eds.; Plenum: New York, 1976.

(26) (a) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 270, 299. (b)
Wadt, W. R.; Hay, P. JJ. Chem. Physl1985 82, 284.

(27) Cramer, C. J.; Truhlar, D. GChem. Re. 1999 99, 2161-2200.

(28) Allouche, A.; Pourcin, JSpectrochim. Actd993 49A 571.

(29) (a) Enemark, J. H.; Feltham, R. Doord. Chem. Re 1974 13, 339.
(b) Bottomley, F.Coord. Chem. Re 1978 26, 7—32. (c) Westcott,
B. L.; Enemark, J. HTransition Metal NitrosylsSolomon, E. I., Lever,
A. B. P., Eds.; Wiley: New York, 1999; Vol. 2, p 403.

(30) Callahan, R. W.; Meyer, T. Jnorg. Chem.1977, 16, 574-581.

(31) Czap, A.; van Eldik, RJ. Chem. Soc., Dalton Tran2003 665~
671.
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Figure 1. (A) Crystal structure of the [Ru(N¥s(NO)]3" unit in 2-Br
with labeling. Displacement ellipsoids are drawn at the 50% probability
level. The two NO groups indicate the positions of disordering. (B)
Optimized structure from DFT calculations. (C) Crystal structure of
compound2-Br with view along the crystallographic axis (N-hydrogen
atoms are omitted for clarity).

in two positions and superimposed with one ammonia ligand
(see Experimental Section). Figure 1A shows the
[RUu(NHz)s(NO)J** cation with two NO units indicating the

disordered positions. Important distances and angles are given

in the Supporting Information Table 5. In the crystal
structure, the [Ru(NkJs(NO)]*t units are stacked in the

direction of the crystallographie-axis. The bromide ions

are connected by ©H---Br hydrogen bridges via the water
molecules (Figure 1C).

A.2 Vibrational Spectra and Assignment. The IR
spectrum of [Ru(NH)s(NO)]Brs is shown in Figure 2
including the correspondinNO isotope labeled data. For
the labeling experimentd®N'®0O has been used. However,

which is in accordance with the observed disorder (vide
infra). These two species would then give rise to the two
observed bands. Since no superstructure reflections could
be found experimentally, the distribution of the NO ligands
over the two positions must be random. Other bands in the
IR and Raman spectra belong to the [Ru@Ht subunit

of 2-Br and can be assigned with the help of a DFT
calculation.

Calculated IR and Raman spectra for [Ru@ENO)]>+
are shown in Figures 2 and 3 in comparison with experi-
mental results for2-Br. The complete assignments are
summarized in Table 6 in the Supporting Information. The
N—O stretch is calculated at 1905 chin very good
agreement with experiment. In the calculations, the twe-Ru
N—O linear bends are calculated-a590 cn* and the Ru-
NO stretch at 567 crit, which resembles the experimental
order of the vibrational energies. In agreement with the
calculations, the linear bends are not observed in the Raman
spectrum. Vice versa, the RINO stretch is predicted by
the calculations to be Raman active but only weakly IR
active, and accordingly, this mode is not observed in the IR
data for2-Br. Additional vibrations occurring in this spectral
region are the RuNH; stretches. These modes are predicted
to be Raman active only by the calculations and, hence, are
assigned to the strong Raman bands at 508 and 48%. cm
The weak IR bands at 473 and 450 ¢nare also identified
with these vibrations.

In summary, with the help of DFT calculations the IR and
Raman spectra &f-Br have been completely assigned. The
most striking differences between the calculations and
experiment occur (a) for the \H stretching and HN—H
bending modes due to anharmonigitgnd (b) for the metat
ligand vibrations, the energy of which is underestimated in
the calculations. The assignment of the N stretching and
bending vibrations is in agreement with work of Mercer et
al3® However, their assignment ofRu—NO) to the IR band

at ~600 cm! and of the Re-N—O bends to a very weak

the observed shifts do only correspond to the presence ofoand below 400 cmt is not in agreement with the isotope

the N in the complex (see NCA). This shows that complex
2 exchanges its nitrosyl oxygen during synthesis. Isotope
sensitive bands are present at 1927/1912 and 602 om
2-Br which shift to 1889/1873 and 588 cr respectively,

on isotope substitution. These bands are assigned to-tia@ N
stretch and the RuN—O linear bend (doubly degenerate),

data and calculations presented here. In addition, their
assignment of(Ru—NH,) to IR bands below 500 cnd only

is incomplete. Table 6 in the Supporting Information also
shows the complete vibrational assignment2f&t,, which

are very similar to those o2-Br. Importantly, in the IR
spectrum oR2-BF, both the Ru-N—O linear bends (at 609

respectively. In the corresponding Raman spectra in Figurecm 1) and the Ru-NO stretch (weak band at 589 ctare

3, the N-O stretch is found at 1927/1911 ciand the Ru-
NO stretch at 594 cnt, respectively. These shift to 1888/
1872 and 590 cmi, respectively, or*N isotope labeling.

observed, which further supports the above assignments.
Finally, Table 6 in the Supporting Information gives the
vibrational assignments fa&-OTf. Both 2-BF, and 2-OTf

These assignments are confirmed by normal coordinatedo not show a splitting of the NO stretch which further

analysis (vide infra). The splitting ofN—O) into two bands
could be due to a correlation effect in the solid state.

indicates that this splitting in the case &Br is not an

However, this seems unlikely since the observed intensity (32) All the vibrations above 1000 crh (with exception of the N-O

pattern (1911, strong; 1927, weak) is identical for IR and
Raman. In addition, the splitting and intensity pattern is
conserved on isotope substitution, which excludes Fermi
resonance. This indicates that there are two different NO
molecules in the crystal with a slightly different environment,

stretch) correspond to modes that have dominant hydrogen displace-
ment character. Strikingly, all these vibrations are calculated up to
10% too high in energy compared to experiment (cf. Supporting
Information Table 6). This deviation is due to the anharmonicity of
these modes which is not taken into account by the calculations.
Mercer, E. E.; McAllister, W. A.; Durig, J. Rnorg. Chem 1966 5,
1881-1886.

(33)
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Figure 2. IR spectrum oR-Br (top) and of the correspondifd@NO isotope labeled complex (bottom). The calculated spectrum is also included in the top
panel as indicated.

Figure 3. Raman spectrum d&-Br (top) and of the correspondiii§N isotope labeled complex (bottom). The calculated spectrum is also included in the
top panel as indicated.

intrinsic feature of the [Ru(NEJs(NO)J®* cation but is related  for ®N*80 are also shown. Strikingly, these are about twice
to the crystal structure of the bromide salt. as large as the shifts observed spectroscopically. This proves
A.3. Normal Coordinate Analysis (NCA). The assign-  that the'®O in the applied®N'80 gas was exchanged against
ments of the vibrations of the [Ru(NGJ]subunit presented  an unlabeled oxygen during synthesis yielding the corre-
above are confirmed by NCA using model&s shown in sponding!®NO complex (see Discussion section). In addition,
Table 2, excellent agreement is obtained between thethe calculated!™N isotope shifts clearly show that the
experimental and NCA frequencies wh&hO is used as  assignment of the 594 crh Raman band ta/(Ru—NO)
the isotopically labeled ligand. The expected isotope shifts (isotope shift: 4 cm!) and of the 602 cm! IR band to
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Table 2. Comparison of Experimental and QCA-NCA Vibrational Frequencies f¢rand of QCA-NCA and Calculated (DFT) Force Constants
[mdyn/A] for [Ru(NHz)s(NO)]Brs (2-Br)

exptl QCA-NCA force constant,
mode nat 15NO nap 15NO (*5N80) QCA-NCA calcd
»(N—0) (1927)/1911 (1888)/1872 1911 1872 (1829) 15.338 15.357
v(Ru—NO) 594 590 594 589 (574) 5.041 4.644
O(Ru—N—-0) 602 588 603 587 (583) 0.664 0.646

apai = natural abundance isotopé<Calculated with B3LYP/LanL2DZ; see Experimental Section. Free NQN—0) = 1876 cnvl; fy_o = 15.49
mdyn/A. NO': »(N—0) = 2387 cmit in (NO*)(BF47); fy—o = 25.07 mdyn/A34

Table 3. Comparison of Experimental and Calculated Bond Distances [RJ(N |_!3)5(NO)]X
(Al 3
A(Ru—NHs), A(Ru—NHs), 3.0 20
A(Ru—NO) A(N—O) trans cis 28 1.8
-0 1.6
2-Br, cryst struct 1.918 1.019 2.087 2.09¢ 1
[RU(NHz)s(NO)*  1.802 1.166 2.175 2.199 2.6+ 141
1 1.2
aQverestimated since the experimental bond distance is actually an 2.4+ 1.04
average of a ReNO and a Ra-NH3 bond length due to the observed 22_' 0.8l
disorder in the crystaP Averaged over all corresponding bond lengths. ] 0.6] as solid
2.0 ’

40000 35000 30000 25000 20000 15000

0(Ru—N—0) (isotope shift: 14 cm') as presented above LS
is correct. These shifts are well reproduced by the NCA as S 1.6
shown in Table 2. Force constants are discussed in the next 2 14l
section. % 1]
A.4. Electronic Structure and Spectra.Figure 1B shows 1
the fully optimized structure of the [Ru(Nj3(NO)]3* cation. 07
Important bond lengths are compared to experiment in Table 0.8
3. Unfortunately, due to the disorder in the crystal (vide 0.6
supra), the most interesting comparison between the experi- 0.4
mental and the calculated RO distance is obscured. 0]
Other distances are in reasonable agreement. A more ] in solution
sophisticated comparison is available from the experimental 00
and calculated force constants and vibrational frequencies 45000 40000 35000 30000 25000 20000 15000

-1
given in Table 2. In the calculation, the RNO and even wavenumbers [cm]

more the Ru-NHs frequencies are obtained at too low an Figure 4. Low-temperature absorption spectra of [Ru@UNO]Brs as
KBr disk and [Ru(NH)sNO](BFs); (insert) as a solid measured between

energy indicating that the metaligand bond strengths are sapphire windows. For the bromide salt, a solution spectrum is also shown.
generally underestimated in the calculation. This can also . .

be seen from the ReNO force constant, which is calculated Pond with the two 4; orbitals d, and d, of Ru. The

to 4.64 mdyn/A compared to the experimental value of 5.04 corresponding antibonding combinations, dy, andz*_dy,
mdyn/A. The obtained bonding description is analyzed in &€ the LUMO of comple2. They have about 70%* and
the following. 25% d character, which corresponds to strong back-bonding.

The MO diagram of the free NO molecule is shown in The corresponding bonding combinationg, a* and d, 7,
i o -
Figure 5 in the Supporting Information. Free NO is a radical are occupied and have 68% d and 26%contribution. The

with the unpaired electron occupying one of tifeorbitals. ::‘g?vltzog o;t;itgrlh_@y, ri1$ alsohocch)in_eq arlligorrg dsppnds o the
Due to the short NO bond distance, the energy difference of2. This shows that Ruisin t oxidation state

between the singly occupied* orbital and the next lower jar?]d Iow—spir;]in fa%reegner;t gv ith dthe f—?l;erOLdbe sc;ipt_is;.

occupied orbitalon, is quite large. The orbitabyy, is a e strength of ther back-bond Is re gctg . y.t ©

combination of sp hybrids along the-ND axis but is only force constant of 15.34 mdyn/A, which is distinctively lower

weakly N-O bonding. Just belowss, the two N-O than that of NO and actually is very close to that of free
. nos

34 itv i
orbitals are located. The complex [Ru(B)HNO)J3t, for- ][\IO' :ﬁfie’ﬁéﬁr?; am(;]upht of ele<t:tron gen§(;ty |st;rans1;\eNrred
mally a R#—NO" adduct, actually has an electronic oM 0 fougn ther system. Besides these wo

structure corresponding to Ru-NO*. This is evident from S"Of?g T back—bonds,_ there is also a RNO o _bor_1d

the linear Ru-N—O unit and the observed-NO stretching mediated by the Orb!tab.”b' Th? bonding combination,
frequency of>1900 cnt as described in the literatuf@>e omy_02, has 5% g contribution which corresponds to a weak
This is also reflected by the obtained MO diagran2 given interaction. This bonding description is also reflected by the
in Figure 6 in the Supporting Information. Figure 1b shows calculated NPA charges and d orbital p.opula'Fions given in
the coordinate system used in the following discussion with Table 4. The formal-1 charge of the NOligand is reduced

the RU—N—O unit I_ocated on the axis. Since NO is bound (34) Fadini, A.; Schnepel, F.-Mschwingungsspektroskopiehieme Ver-
as NO, its * orbitals are both empty and form a back- lag: Stuttgart, 1985.
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Figure 5. IR spectrum ofL-Br (top) and of the correspondif§\NNO isotope labeled complex (bottom). The calculated spectrum is also included in the
top panel as indicated.

Figure 6. Raman spectrum df-Br (top) and of the correspondifg\NNO isotope labeled complex (bottom). The calculated spectrum is also included in
the top panel as indicated.

Table 4. Calculated NPA Charges and d Orbital Populations of dy, and @z to the NO" ligand in accordance with its NPA
[RU(NHg)s(NO)F** charge. The large occupation number for therbitals of
NPA charges NPA d orbital populations 2.01 is due to the strong donation of the Nhgands.
Ru N o dy e dy dztdey Contour plots of important molecular orbitals are shown in
+0.77 +0.35 +0.08 181 157 157 2.01 Figure 7 in the Supporting Information.
to +0.43 by back-donation from the.cand g, orbitals of With the help of the calculated electronic structure2of
Ru. Accordingly, their population is reduced t61.57 and a time-dependent (TD) DFT calculation, the electronic
compared to+1.81 for the nonbonding orbitalyd This absorption spectra of complexgsan be assigned. Figure

roughly corresponds to a net transfer of half an electron from 4 shows the obtained data farBr (in a KBr disk and in
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Figure 7. MO diagram of free MO and contour plots of important orbitals.
Energies are given in Hartree.

Table 5. Experimental Absorption Band Positions [cthfor
[Ru(NH3)s(NO)]X3 (2) and Assignments

2-BF, 2-0Tf

assignment TD-DFT 2-Br (X=Br)2 (X=BF) (X=O0Tf)P
Ir —3re 15990
dy—a*d 22222 20550 (21850) 22260 22940
Ty — € 28820 29450
doy— & 35840 (33170) 33765 33230
da*—e 38680 2400 (38470

: 36490

a Solution data in bracket€.Data not shown¢ Spin forbidden transition.

solution) and2-BF, (as a solid). Importantly, no intense

charge transfer transition is observed above 200 nm. Ac-

cording to the MO diagram o2, the lowest energy charge

B. Spectroscopy and Electronic Structure of [Ru(NH)s-
(N2O)]?* (1). Vibrational data are presented for [Ru(d)k
(N20)]X2 (1) and analyzed with the help of DFT calculations
and a normal coordinate analysis. From the calculations, the
properties of MO as a ligand are determined, and the
electronic structure df is defined. In addition, DFT is used
to calculate formation constants for different [Ru(B4(L)]?"
complexes. Finally, the potential reactivity of end-on termi-
nally bound NO for N—O bond cleavage mediated by
protonation and reduction is explored.

B.1. Vibrational Spectra and Assignments.The IR
spectrum of [Ru(NH)s(N2O)]Br, is shown in Figure 5
together with the correspondintNNO isotope labeled
complex. As will be shown in section B.4, these data are
only compatible with MO being end-on coordinated with
the nitrogen atom. Hence, for the following analysis this
bonding mode of nitrous oxide is used. In Figure 5, isotope
sensitive bands are present at 2231 and 1157 émthe
MIR region that shift to 2209 and 1147 cfin the 1SNNO
complex. These are assigned to the-Ml stretch and the
N—O stretch of the nitrous oxide ligand, respectively, in
agreement with the literatufeéAn additional isotope sensitive
band at 2318 cnt is assigned to the first overtone of the
N—O stretch at 1157 cm. The feature at 2097 crhbelongs
to the corresponding [Ru(N§i#(N2)]?* complex that is found
as an impurity in1-Br. It is observed at 2075 cmhin the
corresponding®NN complex. Figure 6 shows the first Raman
spectra recorded for an,® complex. The band positions
of the N—-N and N-O stretches at 2234 and 1150 ¢in
respectively, are comparable to the IR results. Other isotope
sensitive bands are found in the far-IR spectra in Figure 5.
Intense bands at 338 and 298 ¢nshift to 336 and 296
cmt in the >NNO complex. The band at 298 chis
assigned to the RuNNO stretch, whereas the other feature
corresponds to a NRu—N octahedral bend that is mixed
with the Ru-N—N linear bend (vide infra).

Calculated IR and Raman spectra for [Ru@¥NNO)]?"
are shown in Figures 5 and 6 in comparison with experi-

transfer should correspond to a transition from the bonding mental results fod-Br. Table 6 summarizes the complete

(d_sz*) to the antibonding £*_d) MOs of the Ru-NO x

assignments. The positions of the-N vibrations of the

bond. However, as discussed here, the splitting between thes¢Ru(NHz)s]2+ subunit are somewhat changed compared to
orbitals is large due to the strength of the back-bond. Hence,the Ru(ll)>NO"* complexes2, but the overall assignments

this transition should be at high energy below 200 nm and,

accordingly, is not observed experimentally (cf. Figure 4).
The observed weak absorptions are therefore assigneddo d
transitions as given in Table 5. Around 20000 ¢énthe first
(spin allowed) transition fromlto the antibonding orbitals
a*_d is observed. At higher energy, the transitions frog d
to the g orbitals dz and gz—,2 occur. These can be associated
with the bands at 29450 and 33765 ¢nin the solid state
spectrum of2-BF, and the band at 33230 crhin 2-OTf.

In addition, the solution spectrum @ Br shows a corre-
sponding transition at 33170 ct Interestingly, these bands
appear to be missing in the spectrum2sBr measured in
KBr. In this case, a split band at 36490 and 35400 tin

of the vas{N—H) stretches, th&.s{H—N—H) bends, and
thed(Ru—N—H) bends are very similar and can be extracted
from Table 6. Calculated energiesN—N) andv(N—O)

for 1 are in very good agreement with experiment. At lower
energy, the linear bend§N—N—0O) are calculated around
410 cm! with very low IR and Raman intensity. Cor-
respondingly, these bands are not observed experimentally.
On the other hand, the RUNH3 stretching vibrations are
calculated too low in energy as in the case of
[Ru(NHz)s(NO)J®*. Bands occurring at 474 crhin the
Raman spectrum and at 448 and 433 tin the IR data of
2-Br can be associated with these mo#feBo lower energy,
two bands are observed at 338 and 298 tin the far-IR

observed that is tentatively assigned to the transitions from spectrum. The occurrence of two quite intense bands around

the d, z* and d,_s* orbitals to .

300 cm?t is a signature of the Ru(lHN,O complex, since
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Table 6. Vibrational Assignments of [Ru(Ngs(NNO)]X, in Comparison to Results Obtained From DFT Calculations

[Ru(NHz)s(NNO)]2* (calculated [Ru(NH3)s(NNO)]Br> [RU(NH3)s(NNO)](BF4)2
number of modes mode frequency [ch intensity nab I5NNO naP 15NNO
10 vadN—H) range: 35373548 s, IR/s, R 3299/3236(IR) 3371(IR)
3233(R) 3374(R)
5 vg(N—H) range: 34193425  vs,Riw, IR  3183(R) 3302/3224(R)
3176(IR) 3301(IR)
1 »(N—N) 2238 vs, R/s, IR 2234(R) 2209(IR,R)  2269(R) 2243(R)
2231(IR) 2270(IR) 2244(IR)
10 OadH—N—H) range: 17161748 w, R
1741/1735 s, IR 1621(IR)/1615(R) 1636(IR)/1640(R)
1724/1710 s, IR
5 Og(H—N—H) range: 136+1404 - R
1379/1374/1371 vs, IR 1270(IR) 1297(IR)
1 »(N-0) 1185 vs, IRvs, R 1150(R) 1137(R) 1197(R) 1182(R)
1157(IR) 1147(IR) 1206(IR) 1192(IR)
10 O(Ru—N—H) range: 619-779
77917751773 s, IRiw, R 797(R)/790(IR) 770(IR)
738/736 w, IR/w, R 692 (IR, R) 755(R)
2 6(N—N—-0) 408/406 - IRI-, R 394 (IR)? 384(IR)? 454(IR)? 450(IR)?
5 v(Ru—NHs3) range: 373-406
406(Ay) w, Riw, IR 474(R) 452/429(R)
384 w, IR 448/433 (IR) 431/378(IR)
1 »(Ru—NNO) 289 m, IR, R 297.8(R) 296.4(IR) 303.8(IR) 299.6(IR)
2 O(N—Ru—N)* 271/268 w, IR/w, R 3375 335.7 315.1 313.1
7 O(N—Ru—N) range: 17+212
212/207/204 m, IR 240(IR) 245(IR)
183 w, R 225(R) 228(R)

aFor a given type of vibration, range gives the range of vibrational energies obtained in the calculation. Below the range value, vibrationsaiith a cert
amount of IR and/or Raman intensity are listed for comparison with experimental data (vs, very strong; s, strong; m, medium;-w, veeakensity). A
identifies the totally symmetric vibration when applicabl@ai = natural abundance isotopes.

calculation, the RaeNNO stretch is found at 288 crh
Moreover, the calculation predicts two vibrations at 271 and
268 cnr! that have predominamd(N—Ru—N) character
(labeledd(N—Ru—N)*). These modes are shifted to higher
energy compared to the remaining octahedratRu—N
bends by an admixture of the RW—N linear bends which
occur at much lower energy<(L00 cnt in the calculation).
Since both bands at 338 and 298 ¢nin 1-Br and the
corresponding features at 315 and 304 &nm 1-BF, are
Figure 8. Fully optimized structures of the two coordination isomers of isotope sensitive, it is not straightforward which one of these
[Feu(NHg)ls(NZO)]ZJr (2). Note that the complex where nitrous oxide is bound CorreSpond§ to(Ru—NNO) and which tod(N—Ru—N)*.
end-on terminally through its nitrogen atom (on the left) corresponds to However, since thé(N—Ru—N)* modes also have some
the experimental coordination mode (see section B.4). Structural parametersg y—N—H bending character, they should be much more
are given in Table 8. sensitive to a counterion change than the-RINO stretch.

_ _ Therefore, the bands at 338 chin 1-Br and 315 cm? in
they are absent in compoun@sand other corresponding  1-BF, are assigned to the octahedral bed@s—Ru—N)*
materials. They are also found for the tetrafluoroborate salt gnd the features at 298 cin 1-Br and 304 cmt in 1-BF,
1-BF4 (see Supporting Information Figure 8). In this case, to »(Ru—NNO). The fact that thé(N—Ru—N)* vibrations
the two bands are close at 315 and 3047tmin the  occur at higher energy in experiment compared to the
(35) Note that the/(Ru—NHs) vibrations of the Ru(Il)>NO* complexes Calcwathn. IS in agreement with the.Observed tendency for

are much more intense in the Raman spectrum compared to their th€ remaining octahedral bends, which are observed around
Ru(lll)—fl\éNéD cqghniﬁrparts (kc§>wm413f=l:§1 tfhe tstronghbasnd,s ?_508 ansd 487 240 cnttin the IR spectrum and calculated around 210tm
cm = or 2-Br wi e weal Cl eature orl-br In Figures f

and 6). This is probably due to the decreasee-RHts bond strength (cf. Table 6). Table 6 also ShOWS the aSS'Q”me_”tS fpr the
and, hence, covalency thcompared tc2. tetrafluoroborate salft-BF,, which are essentially identical
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Table 7. Comparison of Experimental and QCA-NCA Vibrational
Frequencies [cm] and of QCA-NCA and Calculated (DFT) Force
Constants [mdyn/A] for [Ru(NB)s(NNO)]Br, (1-Br)

exp. (cf. Table 6) QCA-NCA force constants

mode nat NNO naP I15NNO QCA-NCA calcd
v(N—N) 2234 2209 2234 2209 17.270 17.591
v(N—0) 1150 1137 1150 1136 9.603 9.732
(RU—NNO)  297.8 296.4 2976 296.3 1.435 1.486

apai= natural abundance isotopé@<Calculated with B3LYP/LanL2DZ;
see Experimental Section. Freedd v(N—N) = 2224 cnl; fy_y = 17.88
mdyn/A; v(N—0) = 1286 cn?; fy—o = 11.39 mdyn/A36

to 1-Br. The corresponding IR and Raman spectra-&F,
are presented in the Supporting Information.

B.2. Normal Coordinate Analysis. The assignments of
the vibrations of the [Ru(NNOJ subunit as already
described are confirmed by NCA using modeDue to the
fact that the hydrogen atoms of the ammine ligands have
been omitted in1, no accurate description of the
O(N—Ru—N)* vibrations is possible with the chosen model.
Hence, the normal coordinate fit has been limited to the
stretching modes of the [Ru(NNGJ]subunit. As shown in
Table 7, excellent agreement is obtained in these cases
between the experimental and NCA frequencies. Importantly,
the calculated force constants indicate a weakening of the
N—O bond (free NO, 11.4 mdyn/A; Ru-N,O, 9.6 mdyn/

A) upon coordination of the O ligand. In contrast, the
N—N bond is only slightly affected (free 0, 17.9 mdyn/

A; Ru—N,0, 17.3 mdyn/A). The reasons for this finding are
discussed in the next section. The calculatedRNO force
constant of only 1.4 mdyn/A shows that nitrous oxide is a
weak ligand.

B.3. Electronic Structure and Spectra.The MO diagram
of free nitrous oxide is shown in Figure 7. In the following
text, the bonding properties of this ligand are evaluated in
comparison with N which has been shown to be a
moderatelyr back-bonding and weakly donating ligand’
The LUMO of N,O is the degenerate set of fully antibonding
or* orbitals, labeledT*[12/13] as shown in the contour plot
in Figure 7. Since these orbitals are somewhat lower in
energy than ther* orbitals of Ny, nitrous oxide should be a
back-bonding ligand comparable to or better than The
HOMO of nitrous oxide,I1[10/11]) corresponds to the
degenerate set of orbitals that are practically nonbonding
(cf. Figure 7). They are located at low energy which indicates
that thesr donor ability of NO should be limited. Next in
energy is the weakly NN and N-O ¢ bonding orbital
Egb[QJD which mostly has lone pair character on the terminal
nitrogen. This orbital could therefore act asoadonor.
However, since this orbital is located at even lower energy
than the corresponding orbital of N, the o donor ability
of N,O should be weak. In summary, nitrous oxide can be
expected to be a comparabteacceptor and a weaker
donor than M.

(36) (a) Richardson, W. S.; Wilson, E. B., Jr. Chem. Phys195Q 18,
694. (b) Begun, G. M.; Fletcher, W. H. Chem. Physl958 28, 414—
418.

(37) Lehnert, N.; Tuczek, Anorg. Chem.1999 38, 1671-1682.

Figure 9. MO diagram of [Ru(NH)s(NNO)]2*+ (1) including contour plots

of important molecular orbitals (right) and the applied coordinate system
(top, right). Ligand orbitals of BD are labeled as given in Figure 7. The
nomenclature d b” indicates that orbitah interacts withb and thata has

a larger contribution to the resulting MO. Abbreviations: N{p)Jone-pair

o donor functions on the ammonia ligandss=ccis/t = trans with respect

to N2O; nb = nonbonding.

Figure 8, left, shows the optimized structure of
[Ru(NHz)s(NNO)J?* (1) where nitrous oxide is bound end-
on through its terminal nitrogen atom. This leads to a linear
coordination geometry with RuN—N and N—-N—O angles
close to 180. As will be shown in section B.4, this is the
experimental bonding mode of nitrous oxide in complex
and hence, this bonding mode is applied here for the
discussion of the electronic structure. Calculated bond lengths
of 1 are presented in Table 8. For comparison, Figure 8 and
Table 8 also include the coordination isomer lofvhere
nitrous oxide is bound end-on through its terminal oxygen
atom. This bonding mode is discussed in section B.4.

Figure 9 shows the MO diagram of [Ru(N}s(NNO)]?>*

(1) and contour plots of important molecular orbitals. On
the top, the optimized structure from DFT is shown together
with the coordinate system that is used in the following
discussion. In compled, Ru is in the oxidation state-l

and low-spin, which leads to a{® electron configuration.
Hence, since thegorbitals (dy, dk, dy;) are fully occupied,
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Table 8. Comparison of Calculated Bond Distances [A]

Paulat et al.

A(Ru-L) A(N—N) A(N—-O) A(Ru—NHj3), trans A(Ru—NHp3), cis
free N,O (calcd) ~ 1.161 1.241
[Ru(NHs)s(NNO)J2* (1) 2.027 1.164 1.233 2.178 2.204
[RU(NHs3)s(ONN)J2*+ 2.294 1.153 1.262 2.151 2.206

a Averaged over all corresponding bond lengths.

Table 9. Charge Contributions of Important Molecular Orbitals of
[RUu(NHz)s(NNO)J?* (1)a

Table 10. Calculated NPA Charges and d Orbital Populations of
[Ru(NH3)s(NNO)J?*

Ru N N (6] SNb
no. label energy d s p s p S p s+p
@50 7t d, —0.3079 5 0 29 0 39 0 16 6
340 77 d, —0.3087 5 0 28 0 39 0 16 7
430 dy -04945 91 0 OO0 1 0 3 1
420 d,n; —04947 82 0 10 4 0 9 1
410 Oyz 7 —0.4949 85 O 10 3 0 7 1
(400 7y ok, —0.5984 6 0 34 O 0 0 47 12
@90 my_d, —0.5988 6 0 34 0 0 0 48 11
300 z;b_dzz —0.7871 2 6 14 1 11 10 11 32

a Additional MOs are given in Table 9 in the Supporting Information.
b Contribution of the ammonia nitrogens.

no st donation from the BO ligand is possible in the linear
Ru—NNO bonding mode ofl. Accordingly, the observed
orbital mixings between ligand orbitald and IT° and g
functions of Ru(ll) do not contribute to bonding (cf. Figure
9 and Table 9). The HOMO of complek is the d,430
orbital which is nonbonding. The other twg, brbitals of
Ru(ll), dy; and g, form az back-bond with the unoccupied
IT* orbitals of N;O (the LUMO of the ligand). The
corresponding bonding combinations,y, @410 and
dyz_njmzu are located very close in energy to the non-
bonding dy orbital. This indicates that the RUNNO back-
bond is weak. The contour plot ofdz;[41](and corre-
spondingly gjz_ndZlZDI shows a very small coefficient on
the coordinating nitrogen of the,® ligand. This is due to
mt/z* mixing, i.e., mixing of these orbitals withI[10/1 1 of
N;O. The antibonding combinationss} d.[450 and
n’;_dﬂBMDare the LUMO of complex.. They have about
5% metal contribution which is in agreement with the weak
7 back-bond. Note that the occupied orbitals_d} and
dyz_nj are strongly N-O antibonding due to ther/z*
mixing already described, which explains the observed
weakening of the NO bond upon coordination of J® (vide
supra). The ReNNO o bond is mediated by the ligand
orbital =° which interacts with d. However, the corre-
sponding bonding combinatiomgb_dzz[ﬂaom only has 2%
metal contribution (cf. Table 9) which corresponds to a very

NPA charges NPA d orbital populations
Ru N N (o) dy O dy dztdey
+0.61 -0.16 +0.44 -0.22 195 1.90 1.90 1.42

Low-temperature absorption spectralBr and 1-BF,
are shown in Figure 10. In the caseleBF,, it was possible
to obtain a solid state spectrum which allows for the
identification of weak transitions (vide supra). Two bands
are observed at 28875 and 361507 én(B46 and 277 nm,
respectively). From the MO diagram, the splitting of the three
tog Orbitals is marginal in compleg due to the weak back-
bonding capacity of nitrous oxide. Hence, the ligand field
transitions can be assigned in first order using the Tanabe
Sugano diagram of low-spirf dystems. On the basis of this,
the bands at 28875 and 36150 ¢nare assigned to the
IA; — 1T, and'A; — T, transitions, respectively. This is
also in agreement with TD-DFT calculations. In addition,
an intense charge transfer transition is observed in the KBr
spectra ofl-Br and1-BF, (cf. Figure 10) around 42000 cth
(~238 nm), which has also been observed in solutidhis
band is characteristic for the RUHNNO unit since it is
absent in the Ru(IlyNO™ starting material (vide supra). This
band is assigned to theld1/421— x* [44/45 transition in
agreement with TB'DFT calculations (predicted at 232 nm).

B.4. Binding Mode of Nitrous Oxide in 1. Two different
binding modes for the nitrous oxide molecule in complex
have been discussed in the literatéifeds shown in Figure
8, N;O could potentially be bound end-on terminally to
Ru(ll) with either the nitrogen or oxygen atom. From the
DFT calculations, these two binding modes lead to very
different structures. When coordinated with the terminal
nitrogen atom, the Ru(YNNO unit is linear, whereas
binding with the oxygen atom leads to a strongly bent
structure (the calculated RION(N) angle is 138). How-
ever, due to the instability of compléx no crystal structure
could be determined. Hence, the bonding mode of nitrous
oxide in1is uncertain. However, the mode of coordination
can be determined from a correlation of the experimental
data presented here for compléxvith the results from the

weak interaction. In summary, this bonding description shows DFT calculations. On the basis of a normal coordinate

that the Ru-NNO bond is extremely weak in agreement with
the experimental observation that thgdNigand inlis easily
replaced with water and other ligands. This electronic
structure is also in agreement with the calculated d orbital
populations given in Table 10. Importantly, both back-
bonding orbitals g and d, have about the same occupation
number as the nonbonding orbitg},dvhich again indicates
the weak back-bond id. The large occupation of the, e
orbitals is due to the strong donation of the ammines (cf.
Table 9 in the Supporting Information).
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analysis that was restricted to the four atoms of the-Ru
N2O subunit, it was claimed that the observed isotope shifts
of the N—N and the N-O stretch are only in agreement with

O coordination of NO.3*Contrary to these findings, Table

11 shows that the calculated isotope shifts for the N and O
coordinated isomers df (cf. Figure 8) are identical within

a few wavenumbers and, hence, cannot distinguish between
these isomers. Importantly, it is (a) the energy of theNN

and N-O stretches and (b) the far-IR spectral region that
are actually most diagnostic for the mode of attachment of
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Table 11. Comparison of Calculated Vibrational Energies and Isotope Shifts for N and O Coordinated Isomer of JRINMBY]2™

1-Br (exptl) calcd [Ru(NH)s(NNO)2+ calcd [Ru(NH)s(ONN)JZ"
mode nai IN-N-0 nap IN-N-0 N—-15N—-0 N—N—-180 nap O—N—-15N O—15N—-N 180—N—-N
v(N—N) 2234 —25 2238 —26 —46 -3 2160 —27 —43 -2
r(N—0) 1150 —13 1185 —14 -3 -39 1091 —-11 -3 —38
v(Ru—X) 297.8 -1.4 289 -2 -2 -3 192 -1 -1 -5
apai = natural abundance isotopes.
Table 12. Reaction Energies for [Ru(Ngs]™ + L —
[Ru(NHg)s(L)]™*" (T = 298.15 K) [kcal/mol]
complex Aed ZPCEB AH AG AAG K
[Ru(NHz)s(NNO)]2t (1) —25.6 +1.4 -244 —141 O
[Ru(NH3)s(ONN)]2* -16.9 +0.6 -—16.2 —-6.3 +7.9
[Ru(NHsz)s(OHy)]2* —34.0 +2.4 -323 —224 —82 2x 10°
[RUu(NHs)s(N2)]2* —31.8 +2.3 —30.3 —20.1 —6.0 5x 10°
[Ru(NH3)s(NO)B* (2) —62.4 +3.9 —59.6 —46.1

Figure 10. Low-temperature absorption spectra of [Ru@8NNO)]Br,
as KBr disk and [Ru(NRB)s(NNO)](BF4), in KBr and as a solid as indicated.
Energies are given in cm.

nitrous oxide. Fory(N—N) and »(N—0), the calculated
energy of the N bound isomer is close to the experimental
value. In the far-IR region, the N coordinated isomer shows
a pattern in the calculations witl{fRu—N) occurring at~300
cm! (cf. Table 6) which is similar to experiment. In
comparison, the RUONN isomer has the corresponding
v(Ru—0) stretch below 200 cmt and no intense band in
the 300 cm? region. Therefore, this clearly shows that the
nitrous oxide ligand is N coordinated in compouhdThe
lower energy of the metalligand stretch in the O coordi-
nated isomer reflects a weaker bourgDNigand in this case
(the calculated RaO force constant is only 0.53 mdyn/A).
This is due to the fact that the RuONN isomer has a
different electronic structure where o back-bond oro
donor bond fromZgb is present. Instead, a pseudanter-
action between one of thd orbitals (HOMO) of NO and

dz of Ru(ll) is found which is extremely weak due to the
low energy ofIl (vide supra).

Due to the very different electronic structures of the O
and N coordinated isomers df their calculated UV-vis
absorption spectra are also very different. The calculated
absorption spectrum for the N bound isomer (vide supra)
shows the lowest energy ligand field transition around 400

a8 Ae: difference in electronic energy. ZPCE: zero point correction
energy.? Equilibrium constant for the reaction [Ru(NH(NNO)J2F + L
- [RU(NHg)s(L)]ZJr + N2O.

nm and the intense charge transfer between therbitals

of Ru(ll) and the nitrous oxider* orbitals around 230 nm.
This is in very good agreement with experiment. On the other
hand, for the O bound isomer, ligand field transitions are
already predicted in the 540 nm region, and the intense
tog — a* transition is found around 350 nm. Hence, the
experimental absorption spectrum also strongly favors N
coordination of nitrous oxide id.

The relative stability of the N versus O coordinated isomer
of 1 can also be investigated by total energy calculations of
the ligand binding energy following the equation

[RU(NH)S*" + L — [RU(NHy)s(L)]** 2
Table 12 shows the calculateétH and AG values for this
reaction for L= NNO, ONN, N,, and OH. Importantly, N
coordination of nitrous oxide is more favorable than O
coordination by 8 kcal/mol in terms of free energy. Compar-
ing the stability of complextL (the N bound isomer) with
corresponding B and OH complexes demonstrates the
weakness of nitrous oxide as a ligand (vide supra). In fact,
the N, and the OH adducts are more stable than complex
by 6 and 8 kcal/mol in terms of free energy, respectively.
This large difference in formation energy between the
Ru(I)—N; adduct and the Ru(l)NNO complex is rather
surprising. The reasons for this finding are further evaluated
in the Discussion section.

B.5. Reactivity of End-On Terminally N-Coordinated
N2O. Using DFT calculations, the reactivity of the Ru(H)
NNO complex toward protonation and reduction is explored
in order to investigate the mechanism of the biologically
relevant reaction of pO to N, and HO mediated by nitrous
oxide reductase (see Introduction). As has been shown,
nitrous oxide is a very weak ligand, and hence, activation
toward protonation is hard to achieve. Scheme 1 shows two
different reactions that were explored in this study. Initial
protonation of [Ru(NH)s(NNO)]2* (1) leads to the formation
of [Ru(NHz)s(NN—OH)]** (1 — H) with a bent N-O—H
unit. The electronic structure of this intermediate is very
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Scheme 1

®—N=N=0 —H>[@—N:N/0\I-i+ . T

@_k\k _ —H . [@—n=N] + oH

O

interesting. It has a distinctively weakened-I bond with

a force constant of only 4.76 mdyn/A (compared to 9.73
mdyn/A for 1), whereas the RuN bond is strengthened
(force constant: 3.56 mdyn/A compared to 1.49 mdyn/A for
1). The reason for this finding is that the interaction of the
proton 1s function with thdl, and Zgb orbitals of NO
leads to lowering of1ly andI1y* in energy and a mixing of
these orbitals witho orbitals IikeZgb. In the case ofl1y*,
this leads to a strong increase of mixing withwhich now
has a 30% contribution to the resulting antibonding orbital,
n’y‘_dﬂ@MD(the LUMO of 1 — H). This corresponds to a

Paulat et al.

The calculated free energy for the formationof- H
from 1 according to Scheme 1 is abott30 kcal/mol
(including solvation effects in water). This shows that
complexl is not able to perform this reaction in agreement
with experiment. The reason for this is the low basicity of
the coordinated nitrous oxide ligand in which is related
to the weak Ru(Il-NNO back-bond (vide supra). Hence,
the amount of charge transferred to theONligand upon
binding to Ru(ll) is too small to activate the ligand for
protonation. This, in turn, relates to the oxidation potential
of Ru(ll), which is too high to allow for a significant amount
of charge transfer. Importantly, this indicates that the
application of more redox active (low valent) metal centers
than Ru(ll) would lead to an increase of nitrous oxide
activation. In summary, although compléxs not activated
for the protonation and reduction of nitrous oxide, the
theoretical study of the corresponding reaction pathways
offers a great deal of information on how transition metals
can mediate the degradation of nitrous oxide and what the

transfer of net electron density from the metal to the nitrous potential reaction mechanism is.

oxide ligand through ther back-bond and, hence, an
oxidation of the metal upon protonation of the ligand. This
electron transfer occurs smoothly through thgystem which

indicates that in general no barrier is to be expected for this
The corresponding bonding combinations,

process.
dy, m,[@10and ,_d,[350) are N-O antibonding, which

explains the weakening of the-ND bond upon protonation.
The strengthening of the RtN bond, on the other hand, is

Discussion

In this study, the spectroscopic properties and the elec-
tronic structure of the only nitrous oxide complex isolated
so far, [Ru(NH)s(NNO)]X2 (1, X = Br~, BF,7), have been
defined in comparison to the [Ru(NJd(NO)]X3 (2) precur-
sor. For the bromide salt of the nitrosyl complexBr), a

due to the increased back-bond mentioned above and alssmew crystal structure is presented. In this structure, the NO

due to a stronger interaction dtgb with dz in 1 — H.
Contour plots of these important MOs are given in the

molecule is disordered in two positions due to symmetry
(space groupPnm3g. Interestingly,2-Br is isostructural to

Supporting Information. As shown in Scheme 1, a subsequentthe corresponding chloride s&tfurthermore, the vibrational

electron transfer to the RtNNOH intermediate leads to a
splitting of the N-O bond and to the release of GRThis

properties of complex2 with different counterions are
investigated using isotope substitution and density functional

is due to the fact that the additional electron occupies the calculations. This way, a complete assignment of the

n;_dﬂBMDorbital (the LUMO of1 — H), which is strongly
N—O antibonding.

vibrational spectra o2 was obtained. From normal coordi-
nate analysis, force constants have been determined to 15.34

The alternative mechanism where electron transfer pre- mdyn/A for the N-O and 5.04 mdyn/A for the ReNO bond
cedes protonation is less favorable for two reasons. First,in 2-Br. From the observed linear RIN—O unit in the

the transfer of one electron fbleads to the occupation of
one of ther*_d,, antibonding orbitals. Since tHé* orbitals

crystal structure oR-Br and the occurrence af(N—O) in
the 1900 cm? region, it is generally accepted thathas a

of N,O are at high energy, this does not seem likely from a Ru(Il)=NO™ electronic structuré>¢ This is also found in

thermodynamic point of view; i.e., the required reduction

the DFT calculations. The strength of the-RMO bond is

potential can be expected to be too high for agueous mostly due to a back-bond between twoadbitals of Ru(ll)

solutions. In addition, this breaks the already weak- RNO

and the unoccupied set af* orbitals of NO*. The corre-

back-bond, which forces the nitrous oxide ligand to rearrange sponding antibonding molecular orbitals, for example, have
to a bent structure as indicated in Scheme 1. In this case,70% * and 25% d character. This leads to a net transfer

the occupiedI* orbital now forms a pseudo-bond with
the dz function of Ru(ll). This rearrangement is kinetically

of approximately half an electron from the metal to the ligand
and explains the lowering of the-ND stretching frequency

unfavorable and also bears the risk of losing the nitrous oxide from 2390 cm? in free NO" to ~1900 cn1! in complex2.
ligand. In the reduced complex, the extra electron is mostly In comparison to this back-bond, the RMO* ¢ interaction

located on the D ligand, which would therefore be highly

is weak. An important consequence of this electronic

activated for protonation. Nevertheless, because of thestructure is the occurrence of a partial positive charge on
disadvantages described here, this mechanism can be exthe nitrosyl nitrogen (calculatedt-0.35), which leads to an

cluded for the protonation and reduction of nitrous oxide.

(38) Note that the calculated release of the hydroxyl radical OH instead of

OH™ after one electron reduction df — H is due to the gas-phase
nature of the calculations which disfavor charge separation.
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activation toward nucleophilic attaékAccordingly, it was
reported that [Ru(NB)s(NO)J*" is in equilibrium with

(39) Bottomley, FJ. Chem. Soc., Dalton Tran&974 1600-1605.
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[RU(NH3)s(NO,)] " in alkaline solutiof® but is unaffected
by acid®® It was surprising to us that the reaction of
[Ru(NHz)e]3+ with 13N80 in acidic aqueous solution led to
the corresponding [Ru(Ng5(*>*NO)J*" complex where oxy-

[RU(NH,)(NNO)J** + N, — [Ru(NH,)5(N,)]*" + N,O

is exothermic is terms of free energy by5.6 kcal/mol??
This value compares well with the calculatA® of —6.0

gen is unlabeled. On the other hand, dissolving the obtainedkcal/mol. In addition, this is also in agreement with kineti-

[RUu(NH3)5(**NO)J** in 180 labeled water (in neutral or acidic
solution) did not lead to the incorporation of the labeled
oxygen into the complex. Therefore, compkis inert under
these conditions. This means that the exchange otébe
label in the>N'80O gas must occur during the synthesis of
2, i.e., during the reaction of [Ru(Ng]3+ with N0, A
possible explanation would be that the first step of the
reaction is actually an outer sphere electron transfer:

[RU(NHp)g*" + N0 — [Ru(NH,){*" + [**N*®0]" (3a)

The formed NO is then able to exchange its oxygen with
the unlabeled water before coordination to Ru(ll) occurs:
[**N*®0]" 4+ OH, — [**NO]" + *®0H, (3b)

[RU(NHy)g** 4 [*NO]" — [Ru(NH,)(*NO)*" + NH,
(3¢)

The electrophilic behavior of NO in complexis used for
the synthesis of the nitrous oxide complex [Ru@#N-.0)]-

X2 (1).5°In [Ru(NHz)s(N,0)]?*, possible coordination modes
for the N,O ligand are end-on terminally with either the
nitrogen or oxygen atom. Since no crystal structure is
available for this complex, the binding mode ofto the
Ru(ll) center is uncertaifi However, a detailed analysis of
the vibrational properties and of the electronic spectra

cally determined complex formation constants of a Ru(ll)
precursor (with an amine/phosphine ligand set) with dini-
trogen and nitrous oxid&The obtained data showed that
the ratio of complex formation constart§N,)/K(N2O) is
approximately 18 which is in good agreement with the
calculated value of X 10° (cf. Table 12) in favor of the N
complex. The reason for the reduced complex stability of
the Ru(ll)NNO adduct is that nitrous oxide has an
additional set of occupiear donor orbitals (the HOMO).
Since Ru(ll) has a low-spin 4fi® configuration, nox
donation into thes; functions is possible in the linear Ru
NNO geometry. Instead, this interaction is energetically
unfavorable due to Coloumb repulsion which lowers the
stability of the complex. Hence, nitrous oxide is an even
weaker ligand than dinitrogen. The properties of the-Ru
NNO bond inl can further be analyzed by comparison to
Ru(ll)=NO* complex 2. The back-bond between the*
orbitals of NO and d of Ru(ll) is weak. This is evident
from the corresponding antibonding combinations, d.,
which only have about 5% metal contribution compared to
25% in the case of the nitrosyl complex. This accounts for
the observed large difference in metagand force constants
between Ru-NO (5.04 mdyn/A) and ReNNO (1.44 mdyn/
A). Note that the electronic structure df has been
investigated before; however, the calculations were of
extended Hakel type which does not allow one to analyze

connected to DFT calculations enabled us to unequivocally hinding energies, vibrational frequencies, or transition ener-

determine the bonding mode of,® in complex1. From

gies or to quantitatively evaluate the methfjand covalen-

these analyses, nitrous oxide is coordinated end-on terminallycies4! In that study, the authors concluded that the Ru(ll)

through its N atom in comples, which can therefore be
formulated as [Ru(Nk)s(NNO)]?*. From NCA, force con-

NNO bond is dominated by interaction. However, this is
not in agreement with the calculations presented here which

stants are determined to be 17.27, 9.60, and 1.44 mdyn/Aindicate that ther back-bond is more important than the

for the N—N, N—O, and Ru-NNO bonds, respectively.
Compared to free nitrous oxidéthe N—N force constant
is almost unchanged upon coordination whereas théN
force constant of 11.39 mdyn/A is distinctively lowered.
Hence, the N-O bond is weakened upon coordination of
the NO ligand. Low-temperature absorption spectra have
also been recorded and completely assigned. for
Experimentally, it was found that compléxeasily loses
nitrous oxide in solution, which indicates that®lis a weak
ligand. This aspect is further investigated with the help of
electronic structure calculations. Compared to dinitrogen,
nitrous oxide is a comparable acceptor (mediated by its
degenerata* LUMO), but an even weaker donor, because
the correspondin@rg1b orbital of N;O is at lower energy.
Altogether, one would expect that the complex stability of
[Ru(NHs)s(NNO)J?" is comparable to [Ru(Ngs(NN)]?*.
This is not the case: experimentally, it was found that the
reaction

(40) Bottomley, F.; Crawford, J. Rl. Chem. Soc., Dalton Tran4972
2145.
(41) Tuan, D. F.-T.; Hoffmann, Rnorg. Chem.1985 24, 871-876.

very weako interaction.

From the electronic structure descriptionlofit becomes
clear that it is difficult to synthesize more stable nitrous oxide
complexes. Since )0 is a weako and r donor, a more
stable metat NNO bond must be achieved by increasing
back-bonding. In order to strengthen this interaction, the
metal should be low valent with a{}° electron configura-
tion. However, there would still be the problem that the
occupied 14 orbitals would have the unfavorable Coulomb
repulsion with thesr donor orbitals of NO. Hence, it is
unclear if this approach would lead to more stable metal
N.O complexes. This still needs to be explored experimen-
tally. In the enzyme nitrous oxide reductase, on the other
hand, nitrous oxide is bound to the fully reduced, Cluster
(see Introduction). In this case, all copper ions are in the
oxidation state+1, which corresponds to a!delectron
configuration. Since all the d-orbitals are fully occupied,
bonding of nitrous oxide to the cluster must solely be due
to back-bonding. In order to explore the mechanism fgd N
degradation in the end-on terminal coordination mode, we
applied DFT calculations on the model [Ru(BJsiINNO)]?*.
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These results provide key information on how the protonation the second electron is transferred first leading to a splitting
and reduction of nitrous oxide work on a molecular level. of the N—O bond and the formation of hydroxide, which is
Importantly, the nitrous oxide ligand is activated for proto- released and subsequently protonated in aqueous solution,
nation by back-donation from the metal(s). Since back- or alternatively, the second proton could be transferred first
donation is weak in the case of Ru(ll), compl&xs not which would then automatically trigger the transfer of the
able to undergo this reaction experimentally. However, in second electron (second PT/ET process). In any case, nitrous
the case of Cu(l), the back-bond and, hence, the activationoxide is degraded this way yielding dinitrogen and water in
of N,O can be expected to be much stronger. This is a smooth and barrierless process.

especially true for the side-on coordination mode e®No

Cu, favored by Ghosh et al. in their DFT study, where two
metal centers simultaneously donate electron density to the
ligand 23 Initial protonation of the coordinated nitrous oxide
automatically triggers the transfer of electron density from
the metal(s) to the NNOH unit. Since the electron transfer Supporting Information Available: IR and Raman spectra of
occurs through the metaNNOH 7 system, this process can  2_gf, 2-OTf, and1-BF,. MO diagrams of free NO and & as

be expected to be barrierless. If the reduction potential of well as contour plots of important molecular orbitals of these
the metal(s) is strong enough to transfer a large amount of species. MO contour plots fdr— H. Details for the crystal structure
electron density, this leads to a distinct weakening of the determination o2-Br and tables of atomic coordinates, anisotropic
N—O bond which nicely prepares for-ND cleavage. Hence, displacement parameters, and geometric parameters. Complete
this process can be classified as a proton transfer withVvibrational assignments fo. Coordinates of the DFT fully
concerted electron transfer (PT/ET). The following step of optimizeq structures of and2. This material is available free of

the mechanism is less clear, since it depends, for example charge via the Internet at http:/pubs.acs.org.
on the coordination mode of the NNOH intermediate. Either 1C049302I
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