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Abstract

The reaction of NO with highly unsaturated, triplet spin state (PNPJR(@I'PNP” = (*Bu,PCH,SiMe,),N) in benzene at 2€C is reported.
The reaction proceeds through three major intermediate species, ultimately forming [(PNP)RIERDHNO)(OH)(NG,).Cl,~], whose
structure is determined by X-ray diffraction. The implications of PNP ligand loss, N@oduction, angartial oxidation of ruthenium to
Ru(lll) (the anion above) are discussed, together with the observed oxygen transfer which represents NO disproportionation. The two NO
ligands in the cation are chemically inequivalent (one bent; NfBd one linear, NQ, features which are studied by density functional theory
(DFT) geometry optimization. Two isomers of (PNP)Ru(NOI) as well as (PNP)Ru(NO)CI are evaluated as possible reaction intermediates
by DFT geometry optimization.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction one-electron transfdrom the metal to NO. Reaction with
a 16-electron complex M leads to a 1:1 adduct with the

Reactions of nitric oxide, NO, are sometimes unselective. radical character located mainly on the nitrogen. It therefore
We consider that this can originate in the fact that NO, in shows the distinct reactivity characteristic of this new MNO
spite of being “persistent” (stable) in the pure state, is a species, but nevertheless radical reactivity. We have shown
radical and thus will react by one-electron processes: hy- recently that such reactivity can be hydrogen atom abstrac-
drogen atom abstraction, and also initiation of radical chain tion [8], but it can also be reaction with excess NO (when
processes. A subset of NO chemistry, transition metal co- present)9] to ultimately catalyze a (disproportionation) re-
ordination chemistry, also fits this generalizat{@r7]. Re- action such as Eq1). In the presence of transition metal
action of NO with a reducible metal complexM™ leads complexes, production of coordinated Bl(ads NG ™), with
to a linear QM(“—”*(NO*) species by one-electron trans- liberation of N O, is a frequent result. In sum, NO
fer to the metal. Reaction with aﬁ:% metal complex (e.g. [cat]
L,Cd") leads to a bent nitrosyl complex, E¢NO~1), by 3NO— N20 + NO; 1)

chemistry can be unselective and complex (i.e. multistep),

- and can proceed to convert 8 % reagent into singlet spin
Full details of the X-ray structure determination have been deposited

. e . 4 state products.
in the form of the CIF file with Cambridge Crystallographic Data Centre, as We h ted10] th thesi f th | |
CCDC 229386 available free frodeposit@ccdc.cam.ac.uk ¢ have repor eq ] e synthesis o € molecule

* Corresponding author. Tel.: +1 812 855 4798; fax: +1 812 855 8300. (PNP)RUCI (PNP = N(SiMgCH,P'Buy)), which is unusual
E-mail addresscaulton@indiana.edu (K.G. Caulton). in being (a) 4-coordinate Ry (b) planar, and (c) having only
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14 valence electrons in contrast to the dictates of the 18-
electron rule. As an even electron species, this migiit
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 fwo unpaired electrons). This report seeks to es-
tablish whether the favored reaction will couple triplet ground
state (PNP)RuCI with two equivalents of NO, or whether the
electron-rich character of (PNP)RuCI will lead to production
of (coordinated, bent) NO, and how the resulting Ru(lll)
radical character might then evolve further, in secondary re-
actions. Because unsaturated, low coordinate species (e.g.
(PNP)RuUCI) 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.  (B)

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 Rl or even RYY . Relevant comparisons
might be to 14 valence electron tetrahedral iron centers in
the polymeric solid [Fg(-Cl)2],, or to FeCj(Lewis base)
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-
plexes of the late transition elemerjisl-16] Complexes
of NO have been studied earlier by Jezowska-Trzebiatowska
and Ztkowski[17].

2. Results

General Some preliminary comments are useful concern-
ing the utility of NMR spectroscopy in this system. Although
(PNP)RuCI is paramagnetic (and shows no detectéiite

1H NMR spectrum shows an absence of (PNP)RuCl and
no new paramagnetically shifted products formed. The
strongest set ofH NMR peaks are those of'Bu(one
triplet), CH, and SiMe of a diamagnetic molecule,
together with other much lower intensity peaks. The
31P{*H}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 tHéd NMR and the

31p A, pattern at 70.6 ppm are consistent with a prod-
uct of Coy symmetry. After 1.5h at room temperature
both the'H and31P NMR spectra show additional new
peaks (three new!P 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.

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. Tt
NMR showed five signals, of different intensities, only
one of which was thatin (A); one new product has chemi-
cal shift 80.4 ppm. Th&'P 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(N@I[Ru(NO)(OH)ChL(NO2)2]

by X-ray diffraction (Tables 1 and

Structure The (PNP)Ru(NQ)* cation Fig. 1) is
mirror symmetric, with Ru, both NO, and the amide
nitrogen lying in the crystallographic mirror plane. The
coordination geometry is square pyramidal, and the two
nitrosyl ligands are chemically inequivalefit8—20]
N3/03 is a bent nitrosyl (“NO”) at the apical site in

Table 1

NMR signals), it H NMR spectrum shows resonancesforall Crystal data and structure refinement for [(PNP)RuGBu(NO)

of its protons, and in a chemical shift range (+36-#2 ppm;

(OH)CIz(NO2)2]

all signals outside the 0-10 ppm region) which makes it pos- Empirical formula

sible to detect its presence or absence after some additiorformula weight _
Crystal color, shape, size

of NO. Diamagnetic productsill of course show'P NMR

signals (but any paramagnetic products will be SPECtroscop-Ttemperature

ically silent in the3'P NMR spectrum). Unless otherwise wavelength

stated, reactions were run and spectra recorded as follows: &rystal system, space group
benzene solution of (PNP)RuCI in an NMR tube was frozen, Unit cell dimensions

degassed, then a known number of millimoles of NO was

added to the headspace over the frozen solution. The solu;me

tion was brought to the melting point for a brief mixing time 7

of gas and solution phases, then the solution was refrozenbDensity (calculated)
Absorption coefficient

(—196°C). Immediately prior to recording an NMR spec-

. . . Goodness-of-fit oifF2
trum at 20°C, the solution was thawed again. The time spent Final Rindices | > 20(1)]

. o . Rindices (all data)
changes are also useful in verifying altered solution cOmpo- | argest diffraction peak and hole

recording a spectrum at 2C was less than 10 min. Color

G2Hs3CloNgOgP2R W, Si
920.86
Red block, 0.20 mn®.12 mmx
0.10mm
133(2) K
0.7107&
OrthorhomPBioma
a=10.0852(12R, o =90°;
b=13.7681(17R, f=90°;
c=28.198(44, y =90
3915.3(8f3
4
1.562 Mg/ntn
1.097 mnt
1.024
R1=0.063%, wR2=0.1658
R1=0.0781wR2=0.1720
3.282 anB.085 A3

sition.
Reaction progress

(A) A 1:1 reaction of (PNP)RuCI (solutions are yellow) and
NO in benzene forms a red solution immediately. The

1/2
2 Goodness-of-fit =}:[w(F§ - Fcz)z]/(Nobservns* Nparams] ! ) all
data.
® R1= Y (IFol — |Fcl)/ X | Fol.

¢ WR2 = [S[w(F2 — F2)?]/ Ylw(F2)]) 7
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Table 2
Bond Iengths,é) and angles<) for one cation and the anion in [(PNP)Ru(N@Ru(NO)(OH)(NG,)2Cl2]
Cation X-ray DFT Anion
Rul—N2 1.760(6) 1796 Ru2-N4 1.750(10)
Rul—N3 1.910(6) 1947 Ru2-N5 202(2)
Rul—N1 2.046(6) 2046 Ruz2-01 2094(8)
Rut—P1 245(2) 2433 Ru2-N7 219(4)
N1-Sil 1700(5) 1759 Ru2-N8 2.228(11)
02—N2 1157(9) 1151 Ru2-Cl6é 2.344(4)
0O3—-N3 1174(9) 1162 Ru2-CI5 2413(5)
N2—Rul—N3 97.6(3) 1014 04—N4 1106(13)
N2—Rul—N1 1653(3) 1587 O5A—N5 1231(17)
N3—Rul—N1 97.0(3) 998 O5B—N5 1264(17)
N2—Rul—P1 904(4) 945 O7A—N7 121(2)
N3—Rul—P1 976(4) 959 O7B—N7 1191(19)
N1—Rul—P1 877(4) 834 O8A—N8 1169(11)
PI-Rul—P1#1 1645(7) 1636 0O8B—N8 1145(13)
Si1—N1—Si1B 1167(4) 1163 N4—Ru2—-N8 922(4)
Sil—N1—Rul 1276(2) 1219 N5—Ru2-N8 86.1(3)
02-N2—Rul 1781(7) 1697 O1-Ru2-N8 829(3)
0O3—N3—Rul 1290(6) 1263 N7—Ru2-N8 96.4(9)
N4—Ru2—CI6 954(3)
N5—Ru2—Cl6 9267(17)
O1—Ru2—ClI6 8958(10)
N7—Ru2—Cl6 842(9)
N8—Ru2—CI6 1725(3)
N4—Ru2—CI5 926(4)
O1—Ru2—CI5 887(3)
N7—Ru2—CI5 1757(9)
N8—Ru2—CI5 87.6(3)
Cl6—Ru2—CI5 9166(12)
N4—Ru2—N5 96.4(6)
N4—Ru2-01 1749(4)
N5—Ru2-01 849(6)
N4—Ru2—N7 889(8)
N5—Ru2—N7 1741(10)
O1—-Ru2—N7 901(8)
04—N4—Ru2 1762(11)

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

Fig. 1. ORTEP view (50%
[(*BupPCH;SiMe2)2N]Ru(NO),*, showing selected atom labeling.

probability ellipsoids) of the cation

0
—0
0

being short to N1 (compared to a single bond) and
to N2 (compared to other Ru/nitrosyl distances). The
Ru-N3-03 angle 129.0(6) is consistent with sp
hybridization at N3, and thus a lone pair on that nitrogen.
A bent nitrosyl is a strongrans director (i.e. NO is

a strongo-donor to Ru), and thus there is no ligand
transto N3/0O3, in spite of the Ru in the cation being
formally unsaturated (barring N2 Ru/w donation).
The formal metal oxidation state is Ru(ll), which is
unchanged from that in the reagent (PNP)RuCI. This
compound shows a (linear) NGstretching frequency
of 2004 cnt! which is assigned tono of the basal
nitrosyl in the cation.

The accompanying anioffrig. 2) shows an octahedron
with a linear NOtrans to hydroxide, twocis NOy~
ligands, and twocis chloride ligands. The metal in
Ru(NO")(OH)(NO,),Cl,~! thus has oxidation state +3,
a common one for ruthenium nitrosyi&l]. The Ru-NO

v Q09
0 9% O
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Fig. 2. ORTEP view (50% probability ellipsoids) of the anion
Ru(NO)(OH)(NQ)2Cl,~. Only the disorder of C15, C17 and their asso-
ciated NQ groups is shown. The hydroxide proton has been place in an
idealized position.

distance, 1.750(103, is comparable to that involving

the linear NO in the cation. The second observed NO

stretching frequency, 1875cm, is lower due to in-
creased back donation from this Ru(lll) center carrying
many anionic ligands. The nitro ligands are N-bound to

Ru, and each igansto a chloride. There are no excep-

tional structural features in the anion.

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)RuCI, 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) 0.25equiv. NO: The solution color is yellow-green,
unreacted (PNP)RuCl remair${NMR evidence),
and the major product B3P 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) 0.5equiv. NO: The solution color is green, no
(PNP)RuCI can be detected, and the 70.6 ppm peak
is now accompanied by a second peak, at 61.0 ppm.

(3) 0.75equiv. NO: The solution color is a duller green,
and the 70.6 and 61.0 ppm peaks are accompanied
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 solu-
tion color changes progressively towards olive, then
yellow-brown, and théP NMR shows a progres-
sive decline in the 70.6 ppm peak, but the 80.6 and
61.0 singlets remain relatively unchanged and dom-
inant. At aratio of 3.0, the solution is orange-brown.

In sum, the system can be described with three major

species (Eq(2)), designated by the#(3!P) values:

©

(PNP)RuCS 706 M2 61.0and 806 @)
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Reactivity toward NO. The presence of N& 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 (Eq1)), 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 N
as a co-produdgk2—-25] We therefore tested for possible sec-
ondary reactions resulting from one possible co-product by
adding excess PO (1 atm)to (PNP)RuClinbenzene atZ3.
There was no color change aftP 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)RuCI; 20 is not an effective O-atom
transfer reagent in this case.

0
-y
— Ru
AN
¢ “a
1
Structure from density functional calculations

(a) The final productWe have performed a DFT geometry
optimization of the species (PNFRu(NOY*, where
PNP" is (H,PCH,SiH,),N. Starting geometries for the
optimizations were nedtyy in which both RUNO units
were (a) linear or (b) benbutwards Each ultimately
converged to a ‘“linear+bent” structure and square
pyramidal geometry, in satisfactory agreement with
the experimentally determined structurBig. 3 and
Table 2.Starting the geometry optimization from a
nearCyy structure where both RuNO units were bent
towards one another2) led to a different minimum
energy structure2) with one bent NO (i.e. NO) and
the second NO boung? (i.e. bidentate, through both N
and O) to Ru.

_ ol 1936, NALIS6 ]+
N—0 2,012 %93}0
N—Ru N—Ru7" 72355
N—O 1.938 —N\&SU
1165 O
2 2

This can be considered as aj-(NO*) adduct of a
neutral (PNP)Ru(NO) species, the latter thus being
analogous to (PNP)RuCI. Thig?-NO structure, while
unusual, has been discussed several times red@eily

It is calculated to lie +18 kcal/molXE+ ZPE) above
the observed structurerig. 1) and is therefore not
mechanistically relevant.

The 1:1 adductThe optimized geometry of the primary
product, a 1:1 adduct of uncharged (PNP)RuCl and NO,
was calculated as a spin doublet. It contains a linear NO at
a basal site in a square pyramidal coordination geometry
(Fig. 4). Chloride is apicalfransto the empty coordi-

(b)
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Fig. 3. DFT geometry-optimized structures of (FNRu(NO)* (left) and its ion pair with Ct (right), showing selected atom labelling and selected bond
lengths.

Fig. 4. Minimum DFT energy structures of (PRNFRu(NO)CI (left) and (PNP)Ru(NO)CI (right).

nation site. The bond dissociation enthalpy (E)) is there) and there isegligibleparticipation by the nitrosyl

30.4 kcal/mol which indicates strong binding (lag&). " orbital (4% spin density on each of N and O).

The spin density in (c) Dissociation of chloridelt is clear that the ruthenium
which has lost its PNP ligand is electrophilic, and thus

(PNP)RUCI(NO)— (PNP')RuCI+ NO ) can accept chloride, as well as bind additional NO and

be a site for NO disproportionation. As another possible

(PNP')RU(NO)CI is 68% on Ru, 13% on Cl, and 10% mechanism for chloride transfer, we have attempted to

on the amide nitrogen. The geometry of the singlet
cation (PNPYRu(NO)CIF was calculated for compari-
son Fig. 4), to evaluate the character of the orbital to
which the last electron is added. (PIYRu(NO)CI is
also square pyramidal with nitrosyl in a basal site. The
major changes upon I"ereduction are lengthening of
Ru-amide (by 0.132) and Ru-Cl (by 0.137A), so this
frontier orbital is antibonding in both these bonds. In par-
ticular, the singly occupied orbital in (PNIFRu(NO)CI

is repulsive towards the amide N/Rudonation. An ex-
amination of the SOMO wave functiofig. 5 confirms
this conclusion from the spin densities: the orbital is com-
posed of the amide nitrogen, AO and a hybrid of the
dz orbital with the ¢, orbital, the d orbital mixing be-
ing due to the distortion of the chlorine from the N

plane. There is significant participation by that chlorine p rig. 5. wave function of singly occupied molecular orbital of (PP
orbital which lies along the RtCl bond (i.e. a p orbital Ru(NO)CI.
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Fig. 6. Minimum DFT energy structure of the isomer of (FNRu(NO)CI
with (weak) bonding of Ctransto the bent nitrosyl.

evaluate the RuCl bond in a potentedrly intermediate
(PNP)Ru(NOXCI, where two NO molecules have

L.A. Watson et al. / Journal of Molecular Catalysis A: Chemical 224 (2004) 51-59

tion in the ion pair is 3.58A. The biggest change from
(PNP)RuU(NO)* is a movement of the bent NO slightly
away from the metal (ReN lengthens by 0.194 and

the Ru-N—-O angle decreases by 6)6 All together,
these studies suggest that Gk actively displaced by
the binding of the second NO, and that the resulting
(PNP)Ru(NO)* structure is robust to external pertur-
bation by a reagent as nucleophilic as Cin summary
regarding mechanism, this establishes that addition of
the second NO to (PNBRuCI displacesCl~ rather
than simply adding to the monoadduct. Although some
electrophile is necessary to accept @i the low dielec-

tric (benzene) medium, the electrophile is not needed for
thermodynamic driving force to break the Rl bond.

3. Discussion

added to the opposite faces of planar 14-valence-electron

(PNP)RUCI. DFT geometry optimization of this species

Although spectroscopy, crystallography and computa-

revealed that such a Comp|ex is not stable, but insteadtional evaluation of potential intermediates have helped to

spontaneously dissociates chlorid8tarting from a
nearCyy geometry where the RiCl vector (initial
distance 2.383\) lies between the two linear nitrosyls,
the Ru-Cl distance continuously lengthens thdat
which point the optimization was terminated. As the
chloride departs, the Ru(N@)ubstructure 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}*. However, beginning from geometry

define this reaction system, its complexity has frustrated full
understanding. Thé'P NMR chemical shifts observed for
reaction intermediates are sufficiently close together that a
structure that involves a phosphine oxideRRP=0 is ex-
cluded; conversion from'> to P/ normally moves a chemi-
cal shiftto a more positive value by 40-50 ppm. The 70.6 ppm
species (Eq(2)) cannot be a 1:1 product, since that would
have an odd number of electrons (thus*®B NMR signal).
Because itdH and3'P NMR show it to have,y symmetry,

3, a stationary point was found. This second isomer of We assign it ag.

(PNPHRu(NOXCI (Fig. 6), formed

NO
/ ‘”‘P
N—Ru
(7|

P
3

from approach of NO to the open coordination site
of (PNPY)RuU(NO)CI in Fig. 4, is an energy mini-
mum, but the binding enthalpy for this second NO to
(PNPH)Ru(NO)Cl is only 17.4 kcal/mol and thaG5eg
for its formation is only—4.7 kcal/mol. Thestructureof
this adduct differs in only minor ways from the chloride
loss product, (PNP)Ru(NOL* (comparerigs. 3 and §
which is consistent with the fact that the R0l distance
in the molecule is exceptionally long, 2.682and the
weak binding of Cl seen from the enthalpy for going from
the molecular species-{g. 6) to the ion pair Fig. 3),
+17.4 kcal/mol. This ion pair of (PNBRu(NOY™* with
chloride Fig. 3), where chloride was initially located
above the NSi plane andsyn to the bent NO, was
intended to mimic the product of Clloss in benzene.
The stationary point determined for the ion pair has
the (PNP)RU(NQ)" substructure only mildly perturbed
from that in free (PNP)Ru(NO)*. The Ru/Cl separa-

NO

. +
MC2SII/\\\\\PtBU2

N—Ru"("N,0,")
Me,Si
P'Bu,
4

ThelH NMR intensities require that the “NXD,” unit, which
must donate atotal of four electrons to satisfy the 18-electron
rule [27], must be two-fold symmetric, either in the ground
state or by a dynamic process rapid on #eNMR time
scale. If it contains an N/N bond, it could be a precursor to
N>O. The other two productss@P)=61.0 and 80.6) are
more robust to increasing excess NO, and itis thus likely that
they lead to the crystallographically characterized product.
Their diminished reactivity towards free NO suggests that
they contain linear NO (lacking a lone pair, these are usually
relatively resistant to oxidation by excess NO), as well as the
obviously oxidation resistant NQigands. Although the an-
ion in the crystalline product lacks any PNP ligand, the fate
of this ligand remains unknown, and it does not appear as
any single high yield product bB3*P NMR studies. One way
that it might be removed from ruthenium is by nitrosylation
(i.e. oxidation) of the electron-rich amide nitrogen, to give
the nitrosoaminé. It must also be recognized that one fate
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of the oxygen of NO might be to bond to Si, by cleaving a production of Ru(lll) follows from the fact that one product

Si-C or Si-N bond.

(‘BuzPCHZSiMez)ZN—N\
\
5

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)RuCI (leading rapidly
to 2:1 NO:Ru stoichiometry) and (b) the fact that the primary
product (“(PNP)Ru(NO)CI") is a radical, and that there is
no good radical quencher in this systexceptmore NO.
The latter, because it encourages formation of gOMN lig-

and, promotes oxygen transfer and formation of coordinated
NO,. 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#B{H}
NMR pattern, which was not observed.

The characterized product, because its cation contains a
NO* and NO" ligand, is still a complex of Ru(ll), the ini-
tial reagent oxidation state, so this fraction of the consumed
ruthenium has been a mediator of neutral €proportiona-
tion without undergoing redox change itself. The companion
complex anion, however, is in a higher oxidation state, so
oxidation of Ru has occurred. Thessof CI~ in the char-
acterized cation suggests the participation by some (unde-
tected) electrophile (either oxidized ruthenium — note the
two chloride per Ru in the characterized anion — or by'NO
forming CINO as an intermediate).*Hlemands consider-
ation as an acid facilitating Rt«CI cleavage, but our reac-
tion solvent (arenes) makes this unlikely. The kinetic facility
of these reactions, under even our room temperature condi-
tions, is consistent with participation by Lewis acids and/or
radicals. However, the discovery by DFT that one structure
of (PNP)Ru(NO)CI spontaneously dissociates Qheans
that Ru-Cl bond heterolysis is barrierless and thus a Lewis
acid is not actually required. Given the poor material balance
we could achieve, the question of whether the OH ligand de-
rives its oxygen from reagent NO cannot be answered with
certainty.

The average ratio of N to Ru in [(PNP)Ru(ND)
[Ru(NO)(OH)ChL(NOy)2] is 2.5:1, and thus this is clearly
a product of excess NO. Even at the lowest NO:Ru ratios

of Eq. (1), NOy, needs one electron to become anNdig-
and on ruthenium.

NO NO
Ru/ Ru/
\ pe \
v
N—O
N
NS
o
6 7

4. Experimental

General considerationsAll manipulations were per-

formed using standard Schlenk techniques or in an ar-
gon filled glovebox unless otherwise noted. Solvents were
distilled from Na/benzophenone, CaHor 4A 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!H 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%
H3POy (at 0 ppm). NMR spectra were recorded with a Varian
Gemini 2000 (300 MHZH; 121 MHz 3'P), a Varian Unity
Inova instrument (400 MH2H; 162 MHz 3!P), or a Varian
Unity Inova instrument (500 MHZH). Only one example

of the execution of reaction is given, it being typical of all
experiments.

(PNPBYRUCI+1.8NO: (PNP)RUCI (10.2mg, 0.0179
mmol) was dissolved in approximately 0.5 mks. Head
space gases were removed via multiple freeze—pump-thaw
cycles. 1.8 equiv. of NO was added to the frozen solu-
tion via standard gas line techniques. The solution was
warmed to thaw, mixed quickly, and then refrozen at 77 K.
The solution was thawed immediately prior to NMR mea-
surements, which were taken at 5. 3'P{'H} NMR
(162 MHz, GDg, 25°C): 6 80.4 (s), 64.3 (s), 62.5 (s), 61.6
(s), and 60.9 (s) among other signals of lower intensity.
The J-Young tube was placed in an argon filled glovebox.
After 2 weeks crystals suitable for X-ray diffraction had
formed.

employed here, the primary product detected apparently has X-ray structure determination The data collection
two NO per Ru. Cases where two NO donate a total of four (SMART6000(Bruker)) was carried out at 133(2) K using
valence electrons are known, and can have equivalent NO lig-Mo Ka radiation (graphite monochromator) with a frame

ands, rather than one bent (1e donor) and one linear (3e donorjime of 15s and a detector distance of 5.0cm. A randomly
[27]. The facile consumption &ivoNO by (PNP)RuClsurely  oriented region of reciprocal space was surveyed to the ex-
results from it being the unique reagent studied to-date with tent of a sphere. Four major sections of frames were collected
only 14 valence electrons, and thus access to two empty  with 0.30° steps inw at four differentp settings and a detec-
bitals. It has been shown earligd] that free NO can oxidize  tor position of—43° in 26. An additional set of 80 frames
coordinated NO by oxo transfer. If indeed the bis-NO adduct was collected in order to medal decay. Data to a resolution
binds a third NO ligand (i.e. thstoichiometryof Eq. (1)), of 0.84A were considered in the reduction. Final cell con-
then oxidation can be initiated by substructérer 7. The stants Table 1 were calculated from th&yz centroids of
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