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Abstract

The reaction of NO with highly unsaturated, triplet spin state (PNP)RuII Cl (“PNP” = (tBu2PCH2SiMe2)2N) in benzene at 20◦C is reported.
The reaction proceeds through three major intermediate species, ultimately forming [(PNP)Ru(NO)2

+][Ru(NO)(OH)(NO2)2Cl2−], whose
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tructure is determined by X-ray diffraction. The implications of PNP ligand loss, NO2
− production, andpartial oxidation of ruthenium t

u(III) (the anion above) are discussed, together with the observed oxygen transfer which represents NO disproportionation. T
igands in the cation are chemically inequivalent (one bent, NO−, and one linear, NO+), features which are studied by density functional the
DFT) geometry optimization. Two isomers of (PNP)Ru(NO)2Cl, as well as (PNP)Ru(NO)Cl are evaluated as possible reaction interme
y DFT geometry optimization.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Reactions of nitric oxide, NO, are sometimes unselective.
e consider that this can originate in the fact that NO, in

pite of being “persistent” (stable) in the pure state, is a
adical and thus will react by one-electron processes: hy-
rogen atom abstraction, and also initiation of radical chain
rocesses. A subset of NO chemistry, transition metal co-
rdination chemistry, also fits this generalization[1–7]. Re-
ction of NO with a reducible metal complex LqMn leads

o a linear LqM(n−1)+(NO+) species by one-electron trans-
er to the metal. Reaction with anS= 1

2 metal complex (e.g.

nCoII ) leads to a bent nitrosyl complex, CoIII (NO−1), by

� Full details of the X-ray structure determination have been deposited
n the form of the CIF file with Cambridge Crystallographic Data Centre, as
CDC 229386 available free fromdeposit@ccdc.cam.ac.uk.
∗ Corresponding author. Tel.: +1 812 855 4798; fax: +1 812 855 8300.
E-mail address:caulton@indiana.edu (K.G. Caulton).

one-electron transferfrom the metal to NO. Reaction wi
a 16-electron complex LpM leads to a 1:1 adduct with th
radical character located mainly on the nitrogen. It there
shows the distinct reactivity characteristic of this new M
species, but nevertheless radical reactivity. We have s
recently that such reactivity can be hydrogen atom abs
tion [8], but it can also be reaction with excess NO (w
present)[9] to ultimately catalyze a (disproportionation)
action such as Eq.(1). In the presence of transition me
complexes, production of coordinated NO2 (as NO2

−), with
liberation of N2O, is a frequent result. In sum, NO

3NO
[cat.]−→ N2O + NO2 (1)

chemistry can be unselective and complex (i.e. multis
and can proceed to convert anS= 1

2 reagent into singlet sp
state products.

We have reported[10] the synthesis of the molecu
(PNP)RuCl (PNP = N(SiMe2CH2PtBu2)2), which is unusua
in being (a) 4-coordinate RuII , (b) planar, and (c) having on
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14 valence electrons in contrast to the dictates of the 18-
electron rule. As an even electron species, this mightnot
display the kind of unusual chemistry described above with
NO. However, the final unusual feature of (PNP)RuCl is that
its six d electrons are not fully paired, as is generally the case
for transition metals below the 3d series, but instead adopt an
S= 1 state (two unpaired electrons). This report seeks to es-
tablish whether the favored reaction will couple triplet ground
state (PNP)RuCl with two equivalents of NO, or whether the
electron-rich character of (PNP)RuCl will lead to production
of (coordinated, bent) NO−, and how the resulting Ru(III)
radical character might then evolve further, in secondary re-
actions. Because unsaturated, low coordinate species (e.g.
(PNP)RuCl) generally react with very low activation ener-
gies, we can hope to study the reaction at mild temperature
and controlled amounts of NO to intercept intermediates.

The goal of the present work is to define the reactivity
of NO towards a uniquely highly unsaturated metal center
but one which is electron-rich and so possesses the poten-
tial to transform to RuIII or even RuIV . Relevant comparisons
might be to 14 valence electron tetrahedral iron centers in
the polymeric solid [Fe(�-Cl)2]n, or to FeCl2(Lewis base)2
species. The fundamental reactivity types have relevance to
the catalytic disproportionation of NO, as well as conversion
of NO by CO to more benign products, catalyzed by com-
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1H NMR spectrum shows an absence of (PNP)RuCl and
no new paramagnetically shifted products formed. The
strongest set of1H NMR peaks are those of PtBu(one
triplet), CH2 and SiMe2 of a diamagnetic molecule,
together with other much lower intensity peaks. The
31P{1H}NMR spectrum at this time shows two singlets,
one (70.6 ppm) approximately twice as abundant as the
other (61.1 ppm). The simplicity of the1H NMR and the
31P A2 pattern at 70.6 ppm are consistent with a prod-
uct ofC2V symmetry. After 1.5 h at room temperature
both the1H and31P NMR spectra show additional new
peaks (three new31P signals), but they are still weaker
than those observed earlier. After 2 days, there was little
additional change in the NMR spectra, but the solution
color was now yellow-green.

(B) To establish the impact of additional (excess) NO, the
above experiment was repeated with a Ru:NO ratio of
1:1.8. The solution became green immediately. The31P
NMR showed five signals, of different intensities, only
one of which was that in (A); one new product has chemi-
cal shift 80.4 ppm. The31P NMR spectrum changed little
over the next 2 days, although after only 3 h, the solution
was orange. After 2 weeks, red crystals formed from the
benzene solution. The content of these crystals was es-
tablished as [(PNP)Ru(NO)2][Ru(NO)(OH)Cl2(NO2)2]
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lexes of the late transition elements[11–16]. Complexe
f NO have been studied earlier by Jezowska-Trzebiato
nd Zíołkowski [17].

. Results

General. Some preliminary comments are useful conc
ng the utility of NMR spectroscopy in this system. Althou
PNP)RuCl is paramagnetic (and shows no detectable31P
MR signals), its1H NMR spectrum shows resonances fo
f its protons, and in a chemical shift range (+30 to−42 ppm;
ll signals outside the 0–10 ppm region) which makes it
ible to detect its presence or absence after some ad
f NO. Diamagnetic productswill of course show31P NMR
ignals (but any paramagnetic products will be spectros
cally silent in the31P NMR spectrum). Unless otherw
tated, reactions were run and spectra recorded as follo
enzene solution of (PNP)RuCl in an NMR tube was fro
egassed, then a known number of millimoles of NO
dded to the headspace over the frozen solution. The

ion was brought to the melting point for a brief mixing tim
f gas and solution phases, then the solution was refr
−196◦C). Immediately prior to recording an NMR spe
rum at 20◦C, the solution was thawed again. The time sp
ecording a spectrum at 20◦C was less than 10 min. Col
hanges are also useful in verifying altered solution com
ition.
Reaction progress.

A) A 1:1 reaction of (PNP)RuCl (solutions are yellow) a
NO in benzene forms a red solution immediately.
by X-ray diffraction (Tables 1 and 2).
Structure. The (PNP)Ru(NO)2+ cation (Fig. 1) is
mirror symmetric, with Ru, both NO, and the am
nitrogen lying in the crystallographic mirror plane. T
coordination geometry is square pyramidal, and the
nitrosyl ligands are chemically inequivalent[18–20].
N3/O3 is a bent nitrosyl (“NO−”) at the apical site in

able 1
rystal data and structure refinement for [(PNP)Ru(NO)2][Ru(NO)

OH)Cl2(NO2)2]

mpirical formula C22H53Cl2N6O8P2Ru2Si2
ormula weight 920.86
rystal color, shape, size Red block, 0.20 mm× 0.12 mm×

0.10 mm
emperature 133(2) K
avelength 0.71073̊A
rystal system, space group Orthorhombic,Pnma
nit cell dimensions a= 10.0852(12)̊A, α = 90◦;

b= 13.7681(17)̊A, β = 90◦;
c= 28.198(4)Å, γ = 90◦

olume 3915.3(8)̊A3

4
ensity (calculated) 1.562 Mg/mm3

bsorption coefficient 1.097 mm−1

oodness-of-fit onF2 1.024a

inalR indices [I > 2σ(I)] R1 = 0.0633b, wR2 = 0.1658c

indices (all data) R1 = 0.0701b, wR2 = 0.1720c

argest diffraction peak and hole 3.282 and−2.085 eÅ−3

a Goodness-of-fit = [
∑

[w(F2
o − F2

c )
2
]/(Nobservns− Nparams)]

1/2
, all

ata.
b R1 = ∑

(|Fo| − |Fc|)/
∑ |Fo|.

c wR2 = [
∑

[w(F2
o − F2

c )
2
]/

∑
[w(F2
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2
]]

1/2
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Table 2
Bond lengths (̊A) and angles (◦) for one cation and the anion in [(PNP)Ru(NO)2][Ru(NO)(OH)(NO2)2Cl2]

Cation X-ray DFT Anion

Ru1 N2 1.760(6) 1.796 Ru2 N4 1.750(10)
Ru1 N3 1.910(6) 1.947 Ru2 N5 2.02(2)
Ru1 N1 2.046(6) 2.046 Ru2 O1 2.094(8)
Ru1 P1 2.45(2) 2.433 Ru2 N7 2.19(4)
N1 Si1 1.700(5) 1.759 Ru2 N8 2.228(11)
O2 N2 1.157(9) 1.151 Ru2 Cl6 2.344(4)
O3 N3 1.174(9) 1.162 Ru2 Cl5 2.413(5)
N2 Ru1 N3 97.6(3) 101.4 O4 N4 1.106(13)
N2 Ru1 N1 165.3(3) 158.7 O5A N5 1.231(17)
N3 Ru1 N1 97.0(3) 99.8 O5B N5 1.264(17)
N2 Ru1 P1 90.4(4) 94.5 O7A N7 1.21(2)
N3 Ru1 P1 97.6(4) 95.9 O7B N7 1.191(19)
N1 Ru1 P1 87.7(4) 83.4 O8A N8 1.169(11)
P1 Ru1 P1#1 164.5(7) 163.6 O8B N8 1.145(13)
Si1 N1 Si1B 116.7(4) 116.3 N4 Ru2 N8 92.2(4)
Si1 N1 Ru1 127.6(2) 121.9 N5 Ru2 N8 86.1(3)
O2 N2 Ru1 178.1(7) 169.7 O1 Ru2 N8 82.9(3)
O3 N3 Ru1 129.0(6) 126.3 N7 Ru2 N8 96.4(9)

N4 Ru2 Cl6 95.4(3)
N5 Ru2 Cl6 92.67(17)
O1 Ru2 Cl6 89.58(10)
N7 Ru2 Cl6 84.2(9)
N8 Ru2 Cl6 172.5(3)
N4 Ru2 Cl5 92.6(4)
O1 Ru2 Cl5 88.7(3)
N7 Ru2 Cl5 175.7(9)
N8 Ru2 Cl5 87.6(3)
Cl6 Ru2 Cl5 91.66(12)
N4 Ru2 N5 96.4(6)
N4 Ru2 O1 174.9(4)
N5 Ru2 O1 84.9(6)
N4 Ru2 N7 88.9(8)
N5 Ru2 N7 174.1(10)
O1 Ru2 N7 90.1(8)
O4 N4 Ru2 176.2(11)

the square pyramid; the linear nitrosyl, a strong�-acid,
lies trans to the �-donor amide, and thus strengthens
mutual bonding by a push/pull interaction among the
amide lone pair, a filled Ru d� orbital, and the linear
nitrosyl�* orbital. The Ru/N bond lengths reflect this in

Fig. 1. ORTEP view (50% probability ellipsoids) of the cation
[(tBu2PCH2SiMe2)2N]Ru(NO)2+, showing selected atom labeling.

being short to N1 (compared to a single bond) and
to N2 (compared to other Ru/nitrosyl distances). The
Ru N3 O3 angle 129.0(6)◦, is consistent with sp2

hybridization at N3, and thus a lone pair on that nitrogen.
A bent nitrosyl is a strongtrans director (i.e. NO− is
a strong�-donor to Ru), and thus there is no ligand
trans to N3/O3, in spite of the Ru in the cation being
formally unsaturated (barring N1→ Ru/� donation).
The formal metal oxidation state is Ru(II), which is
unchanged from that in the reagent (PNP)RuCl. This
compound shows a (linear) NO+ stretching frequency
of 2004 cm−1 which is assigned toνNO of the basal
nitrosyl in the cation.
The accompanying anion (Fig. 2) shows an octahedron
with a linear NO trans to hydroxide, twocis NO2

−
ligands, and twocis chloride ligands. The metal in
Ru(NO+)(OH)(NO2)2Cl2−1 thus has oxidation state +3,
a common one for ruthenium nitrosyls[21]. The Ru NO
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Fig. 2. ORTEP view (50% probability ellipsoids) of the anion
Ru(NO)(OH)(NO2)2Cl2−. Only the disorder of C15, C17 and their asso-
ciated NO2 groups is shown. The hydroxide proton has been place in an
idealized position.

distance, 1.750(10)̊A, is comparable to that involving
the linear NO in the cation. The second observed NO
stretching frequency, 1875 cm−1, is lower due to in-
creased back donation from this Ru(III) center carrying
many anionic ligands. The nitro ligands are N-bound to
Ru, and each istrans to a chloride. There are no excep-
tional structural features in the anion.

(C) We attempted to detect a primary product, and so better
understand the early evolution of the reaction by sequen-
tial dosing of increasing amounts of NO into a benzene
solution of (PNP)RuCl, beginning with an amount con-
sciously chosen to be substoichiometric (to avoid, to the
extent possible, conversion of the primary product by a
second molecule of NO; this can succeed only if the rate
of the second step is slower than the rate of the first step).
(1) 0.25 equiv. NO: The solution color is yellow-green,

unreacted (PNP)RuCl remains (1H NMR evidence),
and the major product by31P NMR is the 70.6 ppm
species seen in (A) above. This 1:4 NO:Ru ratio is
thus established to be sub-stoichiometric, as antici-
pated.

(2) 0.5 equiv. NO: The solution color is green, no
(PNP)RuCl can be detected, and the 70.6 ppm peak
is now accompanied by a second peak, at 61.0 ppm.

(3) 0.75 equiv. NO: The solution color is a duller green,
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Reactivity toward N2O. The presence of NO2− ligands in
the isolated salt implies the co-production of some products,
which are nitrogen-rich compared to the 1:1 ratio in reagent
NO. For example (Eq.(1)), N2O might be anticipated. This
molecule has shown itself to be a very poor ligand, but it is of
interest as a potential oxygen atom transfer reagent, with N2
as a co-product[22–25]. We therefore tested for possible sec-
ondary reactions resulting from one possible co-product by
adding excess N2O (1 atm) to (PNP)RuCl in benzene at 23◦C.
There was no color change and31P NMR confirmed the ab-
sence of reaction products. Even after 22 h, a time too long
to be relevant to our NO reaction studies, 80% of (PNP)RuCl
remained unchanged. These results also show that a prod-
uct like 1 is not efficiently formed, in spite of the electron-
rich character of (PNP)RuCl; N2O is not an effective O-atom
transfer reagent in this case.

Structure from density functional calculations.

(a) The final product. We have performed a DFT geometry
optimization of the species (PNPH)Ru(NO)2+, where
PNPH is (H PCH SiH ) N. Starting geometries for the
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and the 70.6 and 61.0 ppm peaks are accomp
by a third singlet (80.4 ppm), seen above in (B).

(4) 1.0, 1.5, 2.0, and 3.0 NO:Ru ratios: The so
tion color changes progressively towards olive, t
yellow-brown, and the31P NMR shows a progre
sive decline in the 70.6 ppm peak, but the 80.6
61.0 singlets remain relatively unchanged and d
inant. At a ratio of 3.0, the solution is orange-bro

In sum, the system can be described with three m
species (Eq.(2)), designated by theirδ(31P) values:

(PNP)RuCl
NO−→ 70.6

NO−→ 61.0 and 80.6 (2)
2 2 2 2
optimizations were near-C2V in which both RuNO unit
were (a) linear or (b) bentoutwards. Each ultimately
converged to a “linear + bent” structure and squ
pyramidal geometry, in satisfactory agreement w
the experimentally determined structure (Fig. 3 and
Table 2).Starting the geometry optimization from
near-C2V structure where both RuNO units were b
towards one another (2′) led to a different minimum
energy structure (2) with one bent NO (i.e. NO−) and
the second NO bound�2 (i.e. bidentate, through both
and O) to Ru.

This can be considered as an�2-(NO+) adduct of a
neutral (PNP)Ru(NO−) species, the latter thus bei
analogous to (PNP)RuCl. This�2-NO structure, while
unusual, has been discussed several times recently[26].
It is calculated to lie +18 kcal/mol (�E+ ZPE) above
the observed structure (Fig. 1) and is therefore no
mechanistically relevant.

b) The 1:1 adduct. The optimized geometry of the prima
product, a 1:1 adduct of uncharged (PNP)RuCl and
was calculated as a spin doublet. It contains a linear N
a basal site in a square pyramidal coordination geom
(Fig. 4). Chloride is apical,trans to the empty coord
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Fig. 3. DFT geometry-optimized structures of (PNPH)Ru(NO)2+ (left) and its ion pair with Cl− (right), showing selected atom labelling and selected bond
lengths.

Fig. 4. Minimum DFT energy structures of (PNPH)Ru(NO)Cl (left) and (PNPH)Ru(NO)Cl+ (right).

nation site. The bond dissociation enthalpy (Eq.(3)) is
30.4 kcal/mol which indicates strong binding (largeKeq).
The spin density in

(PNPH)RuCl(NO)→ (PNPH)RuCl+ NO (3)

(PNPH)Ru(NO)Cl is 68% on Ru, 13% on Cl, and 10%
on the amide nitrogen. The geometry of the singlet
cation (PNPH)Ru(NO)Cl+ was calculated for compari-
son (Fig. 4), to evaluate the character of the orbital to
which the last electron is added. (PNPH)Ru(NO)Cl+ is
also square pyramidal with nitrosyl in a basal site. The
major changes upon 1 e− reduction are lengthening of
Ru-amide (by 0.132̊A) and Ru Cl (by 0.137Å), so this
frontier orbital is antibonding in both these bonds. In par-
ticular, the singly occupied orbital in (PNPH)Ru(NO)Cl
is repulsive towards the amide N/Ru� donation. An ex-
amination of the SOMO wave function (Fig. 5) confirms
this conclusion from the spin densities: the orbital is com-
posed of the amide nitrogen p� AO and a hybrid of the
dz2 orbital with the dxz orbital, the d orbital mixing be-
ing due to the distortion of the chlorine from the NP2Ru
plane. There is significant participation by that chlorine p
orbital which lies along the RuCl bond (i.e. a p� orbital

there) and there isnegligibleparticipation by the nitrosyl
�* orbital (4% spin density on each of N and O).

(c) Dissociation of chloride. It is clear that the ruthenium
which has lost its PNP ligand is electrophilic, and thus
can accept chloride, as well as bind additional NO and
be a site for NO disproportionation. As another possible
mechanism for chloride transfer, we have attempted to

Fig. 5. Wave function of singly occupied molecular orbital of (PNPH)
Ru(NO)Cl.
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Fig. 6. Minimum DFT energy structure of the isomer of (PNPH)Ru(NO)2Cl
with (weak) bonding of Cltransto the bent nitrosyl.

evaluate the RuCl bond in a potentialearly intermediate
(PNPH)Ru(NO)2Cl, where two NO molecules have
added to the opposite faces of planar 14-valence-electron
(PNPH)RuCl. DFT geometry optimization of this species
revealed that such a complex is not stable, but instead
spontaneously dissociates chloride. Starting from a
near-C2V geometry where the RuCl vector (initial
distance 2.36̊A) lies between the two linear nitrosyls,
the Ru Cl distance continuously lengthens to 4Å, at
which point the optimization was terminated. As the
chloride departs, the Ru(NO)2 substructure begins to
differentiate the two NO ligands to the linear and bent
forms found in the more stable structure of the cation
(PNP)Ru(NO)2+. However, beginning from geometry
3, a stationary point was found. This second isomer of
(PNPH)Ru(NO)2Cl (Fig. 6), formed

from approach of NO to the open coordination site
of (PNPH)Ru(NO)Cl in Fig. 4, is an energy mini-
mum, but the binding enthalpy for this second NO to
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tion in the ion pair is 3.581̊A. The biggest change from
(PNPH)Ru(NO)2+ is a movement of the bent NO slightly
away from the metal (RuN lengthens by 0.194̊A and
the Ru N O angle decreases by 6.6◦). All together,
these studies suggest that Cl− is actively displaced by
the binding of the second NO, and that the resulting
(PNPH)Ru(NO)2+ structure is robust to external pertur-
bation by a reagent as nucleophilic as Cl−. In summary
regarding mechanism, this establishes that addition of
the second NO to (PNPH)RuCl displacesCl− rather
than simply adding to the monoadduct. Although some
electrophile is necessary to accept Cl− in the low dielec-
tric (benzene) medium, the electrophile is not needed for
thermodynamic driving force to break the RuCl bond.

3. Discussion

Although spectroscopy, crystallography and computa-
tional evaluation of potential intermediates have helped to
define this reaction system, its complexity has frustrated full
understanding. The31P NMR chemical shifts observed for
reaction intermediates are sufficiently close together that a
structure that involves a phosphine oxide, R2R′P O is ex-
c III V i-
c ppm
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(PNP )Ru(NO)Cl is only 17.4 kcal/mol and the�G298
for its formation is only−4.7 kcal/mol. Thestructureof
this adduct differs in only minor ways from the chlor
loss product, (PNPH)Ru(NO)2+ (compareFigs. 3 and 6),
which is consistent with the fact that the RuCl distance
in the molecule is exceptionally long, 2.632Å, and the
weak binding of Cl seen from the enthalpy for going fr
the molecular species (Fig. 6) to the ion pair (Fig. 3),
+17.4 kcal/mol. This ion pair of (PNPH)Ru(NO)2+ with
chloride (Fig. 3), where chloride was initially locate
above the NSi2 plane andsyn to the bent NO, wa
intended to mimic the product of Cl− loss in benzene
The stationary point determined for the ion pair
the (PNP)Ru(NO)2+ substructure only mildly perturbe
from that in free (PNPH)Ru(NO)2+. The Ru/Cl separa
luded; conversion from P to P normally moves a chem
al shift to a more positive value by 40–50 ppm. The 70.6
pecies (Eq.(2)) cannot be a 1:1 product, since that wo
ave an odd number of electrons (thus no31P NMR signal)
ecause its1H and31P NMR show it to haveC2V symmetry
e assign it as4.

he1H NMR intensities require that the “N2O2” unit, which
ust donate a total of four electrons to satisfy the 18-ele

ule [27], must be two-fold symmetric, either in the grou
tate or by a dynamic process rapid on the1H NMR time
cale. If it contains an N/N bond, it could be a precurso
2O. The other two products (δ(31P) = 61.0 and 80.6) a
ore robust to increasing excess NO, and it is thus likely

hey lead to the crystallographically characterized prod
heir diminished reactivity towards free NO suggests

hey contain linear NO (lacking a lone pair, these are us
elatively resistant to oxidation by excess NO), as well a
bviously oxidation resistant NO2 ligands. Although the an

on in the crystalline product lacks any PNP ligand, the
f this ligand remains unknown, and it does not appea
ny single high yield product by31P NMR studies. One wa

hat it might be removed from ruthenium is by nitrosylat
i.e. oxidation) of the electron-rich amide nitrogen, to g
he nitrosoamine5. It must also be recognized that one f
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of the oxygen of NO might be to bond to Si, by cleaving a
Si C or Si N bond.

Efforts to avoid excess NO and to combine the reagents under
mild temperature conditions have failed to reveal the primary
product or to achieve even a secondary product with high
yield/selectivity. This may reflect (a) the bifunctional (i.e. 14
valence electrons) character of (PNP)RuCl (leading rapidly
to 2:1 NO:Ru stoichiometry) and (b) the fact that the primary
product (“(PNP)Ru(NO)Cl”) is a radical, and that there is
no good radical quencher in this systemexceptmore NO.
The latter, because it encourages formation of a “N2O2” lig-
and, promotes oxygen transfer and formation of coordinated
NO2. There is no evidence for a significant amount of radi-
cal degradation of the PNP ligand since this would make the
two chelate “arms” inequivalent and produce an AB31P{1H}
NMR pattern, which was not observed.

The characterized product, because its cation contains an
NO+ and NO− ligand, is still a complex of Ru(II), the ini-
tial reagent oxidation state, so this fraction of the consumed
ruthenium has been a mediator of neutral NOdisproportiona-
tionwithout undergoing redox change itself. The companion
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production of Ru(III) follows from the fact that one product
of Eq.(1), NO2, needs one electron to become an NO2

− lig-
and on ruthenium.

4. Experimental

General considerations. All manipulations were per-
formed using standard Schlenk techniques or in an ar-
gon filled glovebox unless otherwise noted. Solvents were
distilled from Na/benzophenone, CaH2, or 4Å molecular
sieves, degassed prior to use, and stored in air-tight vessels.
(PNP)RuCl was prepared according to published procedures
[10]. All other reagents were used as received from com-
mercial vendors.1H NMR chemical shifts are reported in
ppm relative to protio impurities in the deuterated solvents.
31P NMR spectra are referenced to external standards of 85%
H3PO4 (at 0 ppm). NMR spectra were recorded with a Varian
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wo chloride per Ru in the characterized anion – or by N+,
orming ClNO as an intermediate). H+ demands conside
tion as an acid facilitating RuCl cleavage, but our rea

ion solvent (arenes) makes this unlikely. The kinetic fac
f these reactions, under even our room temperature c

ions, is consistent with participation by Lewis acids an
adicals. However, the discovery by DFT that one struc
f (PNPH)Ru(NO)2Cl spontaneously dissociates Cl− means

hat Ru Cl bond heterolysis is barrierless and thus a Le
cid is not actually required. Given the poor material bala
e could achieve, the question of whether the OH ligand

ives its oxygen from reagent NO cannot be answered
ertainty.

The average ratio of N to Ru in [(PNP)Ru(NO2]
Ru(NO)(OH)Cl2(NO2)2] is 2.5:1, and thus this is clear

product of excess NO. Even at the lowest NO:Ru ra
mployed here, the primary product detected apparentl

wo NO per Ru. Cases where two NO donate a total of
alence electrons are known, and can have equivalent N
nds, rather than one bent (1e donor) and one linear (3e d

27]. The facile consumption oftwoNO by (PNP)RuCl surel
esults from it being the unique reagent studied to-date
nly 14 valence electrons, and thus access to two empor-
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cycles. 1.8 equiv. of NO was added to the frozen s
tion via standard gas line techniques. The solution
warmed to thaw, mixed quickly, and then refrozen at 7
The solution was thawed immediately prior to NMR m
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6791 strong reflections from the actual data collection af-
ter integration (SAINT)[28]. The intensity data were cor-
rected for absorption (SADABS)[29]. The space groupPnma
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absences. The structure was solved using SIR-92[30] and
refined with SHELXL-97[31]. A direct-methods solution
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[Ru(PNP)(NO)2][Ru(NO)(OH)Cl2(NO2)2] with half the for-
mula unit comprising the asymmetric unit. Both anion and
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O − − −
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