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The nitrosylation of RuCls-(H,O)y in thionyl chloride affords
anhydrous [RuCl3(NO)] which, when treated with a variety
of ligands L, gives [RuCl3(L),(NO)]. For L = 3,5-dimethylpyra-
zole (dmpH) it is possible to isolate and characterize the cor-
responding monomeric complex 1 as well as unusual oxo-
bridged dimeric products with nitrosyl ligands trans to the
oxo ligand with either a linear geometry, as in trans-
O[RuCl,(NO)(dmpH),] (2) and [C14(NO)Ru]O[Ru-

(NO)(dmpH)4] (4), or with a bent geometry, as in trans-
O[RuCI(NO)(dmpH)(p-dmp)], (3). These compounds have
been characterized by elemental analysis and vibrational
and NMR spectroscopy, as well as by single crystal X-ray
diffraction. Collectively the structural and spectroscopic data
support a delocalized m-bonding model across the linear
ON-Ru-O-Ru-NO framework.

Introduction

Although ruthenium is renowned for its propensity to
form robust adducts of nitric oxide,!!! the majority of these
compounds contain relatively soft ligands which favor low
formal oxidation states. Thus, to the best of our knowledge
there are no reported examples of ruthenium nitrosyl com-
plexes with either terminal oxo or nitrido ligands. Even the
number of such complexes where the oxygen or nitrogen
atom bridges two centers is very small,>31 and there has
been surprisingly little research into this area of chemistry.
The recognition of the critical role nitric oxide has in biolo-
gical signal transduction,* and the increasingly frequent
observed interaction of iron proteins with nitric oxide,®
spur considerable current interest in its coordination chem-
istry. Nitrosyl derivatives of the oxo-bridged diiron proteins,
and related model iron or ruthenium compounds, is a sur-
prisingly sparse area of chemistry and many issues of their
stereochemistry, electronic structure, and spectroscopy need
to be examined in detail. Herein we describe: (i) the facile
synthesis of several examples of mononuclear and oxo-
bridged dinuclear ruthenium pyrazole complexes; (ii) the X-
ray diffraction structures of three of these derivatives which
contain both linear and bent Ru—O—Ru bonds; and (iii)
the characterization of these new derivatives. Taken to-
gether these results allow us to assess the degree of
synergistic m-acceptance and m-donation across the
ON—-Ru—O—Ru—NO framework.

Results and Discussion

A common synthon in ruthenium(II) nitrosyl chemistry
is “RuCl3(NO)” which is readily obtained by passing NO
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through alcoholic solutions of RuCl; (H,0),."l Although
this solid can be isolated as a trihydrate, it is frequently used
directly for reactions with excess ligands L (L = tertiary
phosphanes and arsanes, thioethers, or selenyl ethers)® 101
to give the diamagnetic complexes [RuCl3(NO)L,] [Equa-
tion (1)]. In these cases the [RuCl3(NO)L,] product can usu-
ally be isolated in high yield by simple filtration of the prod-
uct from the ethanol solution; there are no reports of other
hydrated or oxo-bridged products being isolated from this
one-pot approach. With amines and nitrogen bases this
strategy has considerably less general utility; for example,
although pyridine, acetonitrile, 2,2'bipyridine, and 1,10-
phenanthroline add to [RuCl3(NO)] to give six-coordinate
products, the reaction with ammonia, 3,5-dimethylpyrazole
or {[tris(3,5-dimethylpyrazolyl)borate] - = DMTPZ} under
the conditions in Equation 1 leads to mixtures of products
and low general yields of the desired product.’®!!l In the
case of 3,5-dimethylpyrazole this is due to the formation of
the oxo-bridged diruthenium products to be described be-
low. In the case of DMTPZ, however, the low yields (ca.
9%) for [(DMTPZ)RuCl,(NO)] isolated from the reaction
of commercial [RuCl3(NO)] and TI(DMTPZ), are in part
due to hydrolysis of the DMTPZ to give mono-pyrazole

complexes such as 1 in 14% yield.['!)
L
cho | e

_Ru
cr | No
L

RUCI(NO)H,O) + 2L o

-x HO

L = PR3, AsRj, SRy, SeRy, pyridine

A simple solution to these problems is to dehydrate
RuCl;3:(H,0), by performing the nitrosylation reaction in
thionyl chloride. To this end we have modified a method
devised by Demant et al. where RuCls+(H,O), is nitrosyl-
ated in thionyl chloride [Equation (2)] and the resulting
product is filtered off and used directly.l'l When anhydrous
[RuCl3(NO)] is prepared in this manner, and then treated
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with excess 3,5-dimethylpyrazole in toluene at reflux [Equa-
tion (3)], the major product is mer-[RuCl3(NO)(dmpH),]
(1), which is isolated in 87% yield after chromatography on
silica. This product is identical by IR and NMR spectro-
scopy to that isolated in low yield by Onishi.l''l A trace
second product of this reaction is the known bright yellow
[RuCl3(dmpH);].113 7131

NO, SOCI,(solvent)

RuCl3(H20)x RuCI3(NO) ()
-xS0,, - 2x HCI
H” TN
2LH, toluene Ch., R‘ Cl @
RUCI,(NO u
HCLIND) c” | No

A, T=105°C,22h

N _H
7 N7
LH = 3,5-dimethylpyrazole /

1

The brick red mononuclear complex 1 has a relatively
labile coordination sphere as it is readily converted into a
range of other derivatives by hydrolysis or by treating it
with an excess of a coordinating ligand, i.e. the reaction of
1 and triphenylphosphane in ethanol at reflux gives
[RuCl3(NO)(PPhjs),] in high yield. When 1 is heated to re-
flux in wet benzene it rapidly hydrolyzes to give mainly the
golden colored, oxo-bridged dimer 2 [Equation (4)] and a
trace of the oxo and pyrazolato bridged dimer 3. When 1 is
treated with one equivalent of a silver salt there is the rapid
formation of a silver chloride precipitate, but the only prod-
uct isolated from this type of reaction is unchanged starting
material, 1, in ca. 60% yield. Chelating anions such as di-
benzyldithiocarbamate also react rapidly with 1 at ambient
temperatures to give a mixture of isomers with the formula
[RuCl(Bz,NCS,),(NO)].

Cl LHCI tH
H,0, (benzene) o |
RUCI5(NOY(LH), ON-Ru-O-Ru-NO (4)
AT=76°C 7| 7
1 LH" cI LH ¢l
2
+ 3 (trace)

Under forcing conditions for the reaction of
RuCl3(NO):(H,0), with 3,5-dimethylpyrazole it is possible
to isolate in good yield the mixed p-oxo; di(u-pyrazolato)
bridged complex, 3 by the addition of excess sodium hy-
droxide and heating the solution at reflux in ethanol for 16
hours [Equation (5)]. This complex is also formed as a mi-
nor product of the synthesis of the linear oxo-bridged com-
plex 2 from the hydrolysis of 1 in benzene. Finally the asym-
metric linear complex [Cl4(ON)RuORu(NO)(dmpH),4] (4) is
a minor product of the reaction of thermolyzed
RuCl3(NO)-(H,0), with 3,5-dimethylpyrazole, and can be
separated from the major product of this reaction (com-
pound 1) by column chromatography. Although this prod-
uct contains formal 16e~ and 20e~ centers, {(ON)RuCl,} !
and {(ON)Ru(dmpH),} "3, respectively, this distinction
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rests upon the presence of protons on the 3,5-dimethylpyra-
zole ligands. In light of the hydrogen bonding observed in
the solid state, described below, these formal assignments
should not be taken too seriously.

LH/NaOH
RUCI;(NO)(H,0),———» 5
EtOH ON/ \N N/ M No ®
AT=78°C —
16 hours Me/v\Me

CI kel 'TH LH
ON- R"u O/R"u NO
/CI LH LH

4

Single crystal X-ray crystallography has been used to
characterize these derivatives: critical crystallographic para-
meters are collected in Table 1, views of the four molecules
are shown in Figure 1—4, and selected geometrical para-
meters are collected in Table 2. With the exception of the
disordered solvent in 2 the bond lengths and angles are de-
termined precisely and allow for meaningful comparisons.
In each case the Ru—NO fragments are linear with short
metal —nitrogen bond lengths and a ruthenium geometry
close to an ideal octahedron. Overall the ruthenium chlor-
ide bonds in these compounds have similar lengths, with
the exception of Ru—CI(1) in 1, where the chloride trans to
the nitrosyl is significantly shorter than the others. On aver-
age the ruthenium—nitrogen distances to the pyrazole li-
gands are similar for the terminal pyrazoles, which in turn
are slightly longer than the bridging pyrazoles in 3. This
trend is also seen in [{(p-cymene)Ru(pn,-OH)},(u-pyrazo-
lato)|BF, where the ruthenium—nitrogen bond lengths are
2.078(3) .11l

As can be seen from the ORTEP representations of 2, 3,
and 4 in Figure 1—4 the planes defined by the pyrazole
rings adopt an orientation which allow for relatively short
N—H--+Cl interactions in the solid state. In particular the
linear, oxo-bridged dimers have short chlorine—hydrogen
interactions: compound 2 has CI(1)—HN(6) = 2.398(4) A,
CI2)—HN(8) = 2.392(4) A, CI(3)~HN(Q2) = 2.435(3) A,
and Cl(4)—-HNH@) = 2.371(4) A, while 4 has
Cl(1)-HN(®4) = 2.397(2) A, CI(2)—HN(6) = 2.330(2) A,
CI(3)—HN(10) = 2.392(4) A, and Cl(4)—HN(8) = 2.354(2)
A. On the other hand, in the mononuclear complex 1 and
the bent oxo-bridged dimer 3, the chloride—hydrogen sep-
arations are much longer; in 1 CI(1)~HN(3) = 2.748(2) A,
and CI(2)—HN(5) = 2.690(4) A, while in 3 these separa-
tions are CI(1)~HN(10) = 2.757(2) A, and CI(2)—HN(8) =
2.791(3) A. Correlated with these structural observations
are variations in the frequencies of the N—H stretching
bands, v(N—H) between 3598 cm ! in 4 to 3140 cm ! in 2.

Characteristic vibrational and electronic spectroscopic
data for these compounds are collected in Table 3.
The nitrosyl stretching frequencies clearly fall into the re-
gion for linear nitrosyls, and all of the oxo-bridged dimers
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Compound

1

2

3

4

Empirical formula
Mass (g mol™)
Color; Habit
Crystal size (mm)

C10H16C13N50Ru
429.7

Red; Block

0.58 X 0.22 X 0.1

C20H32N10C1403RU2'C2H50H
849.63

Orange; Prism

0.45 X 0.36 X 0.04

Crystal system Monoclinic Monoclinic

Space group P2,/n C2/c

a(A) 12.103(2) 37.41(1)

b (A) 11.088(2) 10.665(3)

¢ (A) 12.641(2) 18.911(5)

° . 109.50(2) 112.46(1)

Volume (A 3) 1599.1(4) 6972(4)

V4 4 8

Density (Mg m™3), 1.785 1.609

p (mm 1) 1.483 1.215

22 Range (°) 4.04 to 50.00 4.0 to 50.0

Index ranges / -l=h=14 44 =h=1
-1=k=13 —ll=k=1

/ -15=1=14 -18=71=20

Obs. Reflections 2814 4515

Final R (obs.) R = 0.032 R = 0.067
R, = 0.086 R, = 0.178

Goodness-of-fit 1.03 0.987

Data-to-parameter ratio 15.5:1 |, 12.0:1 |,

Largest diff. peak 0.58e¢ A3 1.41e A3

Largest diff. hole —-0.72e A3 —-1.18e A3

731.58
Burgundy; Prism

1.26 X 0.46 X 0.36

C;oH30NoCl,03Ru,

C,oH3,NoCl403Ru,
804.56

Orange; Prism

0.48 X 0.20 x 0.12

Monoclinic Monoclinic
P2,/n P2,/c
10.407(2) 16.250(2)
19.166(5) 10.640(1)
15.240(3) 19.637(4)
108.14(1) 96.67(1)
2889(1) 3372.3(7)

4 4

1.682 1.752

1.271 1.412

3.5 to 50.0 4.2 to 50.0
—-l=h=12 -1=h=19
—-1l=k=22 -l=k=12
-18=/=17 -23=[=23
5081 5920

R = 0.046 R = 0.037
R, = 0.121 R, = 0.095
1.085 1.065

15.2:1 15.6:1
084e A3 0.75¢ A 3
—13e A3 —1.leA 3

Figure 1. ORTEP view of [RuCl;(NO)(dmpH),] (1) showing all hy-
drogen atoms in calculated positions and all heavy atoms as 30%
thermal ellipsoids

2—4 have lower v(NO) frequencies than does the mononu-
clear complex 1. In the case of complex 2 there is a single,
strong and relatively broad v(NO) band at 1809.1 cm™! in
the infrared spectrum and this is assigned as the asymmetric
nitrosyl stretch across the ON—Ru—O—Ru—NO frame-
work. In the Raman spectrum a single weak band at slightly
higher energy (1821 cm™!) is observed for 2, and this is
assigned as a symmetric nitrosyl stretch for the dinuclear
framework. For complexes 3 and 4 both v(NO) modes are
IR active and in both cases are split by ca. 28 cm ™!, a value
significantly higher than found for 2. The similarity in split-
ting is somewhat surprising in light of the different ruth-
enium environments in the case of 4 and the C, symmetry
present in 3. The Ru—O—Ru framework also has a strong
IR active V(Ru—O—Ru),qym, at 791.7 cm ™! as well as a Ra-
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Figure 2. ORTEP view of O[RuCly,(NO)(dmpH),], (2) showing
non-hydrogen atoms as 30% thermal ellipsoids

man active V(Ru—O—Ru),y,, mode at 334 cm™! for the lin-
ear dimer 2. As shown in Figure 5, the low energy Raman
spectra for 1—4 contain numerous common bands includ-
ing a strong band 589—602 cm ™' and weaker bands at
441—448 cm™!, 359—365 cm™!, and 282—291 cm~'. For
the bent oxo-bridged dimer 3 there is a unique weak band
at 495 cm™! which may be due to either the
V(Ru—O—Ru)yy, band or to the bridging pyrazole. In 4 it
is difficult to assign a unique band to the
v(Ru—O—Ru)yy,, mode.

The electronic spectra for the oxo-bridged dimers are
dominated by three bands, with the lowest energy band be-
ing relatively weak and broad and generally observed as a
shoulder to the stronger UV bands. For the oxo-bridged
dimer 3, the two most prominent UV bands are at lower
energies than for either of the linear oxo-bridged dimers 2
or 4. For the mononuclear complex 1 the intense red color

1611
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Figure 3. ORTEP view of O[RuCl,(NO)(dmpH)(dmp)], (3) with
non-hydrogen atoms represented as 30% thermal ellipsoids

Figure 4. ORTEP view of [Cl4(NO)Ru]O[Ru(NO)(dmpH),] (4) with
hydrogen atoms omitted and all other atoms represented as 30%
thermal ellipsoids

is due to a comparatively strong low energy band at 538 nm.
All of the new complexes described in this paper are clearly
diamagnetic at room temperature and give sharp 'H and
13C NMR spectra with no indication of fluxional exchange
broadening. In each case the solution spectra indicate that
the structures determined by X-ray diffraction correspond
to those in solution. The electrochemistry of species 1—4 is
dominated by irreversible reductions at circa —0.9 V. In the
cyclic voltammetry experiments no return wave is seen, even
at relatively fast sweep rates (2000 mV s~ !) and the oxidat-
ive sweep indicates numerous new by-products from these
processes.

There are surprisingly few well-characterized metalloni-
trosyl complexes with either bridging or terminal oxo li-
gands. This might be attributable to the widely perceived
notion that the oxo ligand and strong m-accepting ligands
such as a nitrosyl have differing preferences for a metal’s
oxidation state and environment. In terms of group 8 trans-
ition metals there are several early reports of oxo-bridged
ruthenium nitrosyl dimers Ru,NgO;5 stemming from the
addition of nitric oxide to RuO,.1>3! More recently, an oxo-
bridged osmium porphyrin nitrosyl complex has been seren-
dipitously isolated and structurally characterized from the
reaction of [Os(OEP)(CO)] and CINO.I'I Other examples
of the ON—M—-O—M-—NO framework can be found for
Ir, pr-O[Ir(NO)(PPhs),],,['%191 and its oxidative-addition
products,?*2!1 as  well as more numerously for
molybdenum.?>=23 In general the iridium examples are
similar to those described here for ruthenium in the that
the nitrosyl is trans to the oxo-ligand, while in the case of
molybdenum the nitrosyls are cis to the oxo bridge. This
trend may be due to the use of polyhapto chelate ligands in
the molybdenum examples; in these cases the ancillary li-
gand is required to occupy the trans position. It remains an
open question whether an oxo-bridged molybdenum nitro-
syl dimer with a less constrained coordination sphere would

Table 2. Selected geometric parameters for crystallographically characterized compounds

RuCl3(NO)(LH), O[RuClL,(NO)(LH),],
1 2

g)[RuCI(LH)(Mz-L)(NO)]z ‘(‘)[RuCL;(NO)][Ru(LH)4(NO)]

Ru—0 (A) Ru(1) 1.917(6)

Ru(2) 1.885(6)

Ru—O—Ru (°)
O—Ru—NO (°)

Ru—NO (A)
Ru—-N-0 (°)
Ru—Cl (A)

Ru—N,, (A)

1.735(3)
177.5(3)

CI(1) 2.3389(9)
Cl(2) 2.3625(9)
CI(3) 2.3812(9)

N(2) 2.096(3)
N(4) 2.102(3)

178.9(4)
Ru(1) 179.6(4)
Ru(2) 179.0(4)
Ru(1) 1.734(9)
Ru(2) 1.721(10)
Ru(1) 178.5(10)
Ru(2) 177.1(13)
CI(1) 2.388(3)
Cl(2) 2.369(3)
Cl(3) 2.381(4)
Cl(4) 2.371(4)
N(1) 2.087(9)
N(3) 2.067(10)
N(5) 2.090(10)
N(7) 2.090(10)

Ru(1) 1.910(3) Ru(1) 1.940(2)
Ru(2) 1.913(3) Ru(2) 1.873(2)
116.35(13) 176.6(2)

Ru(1) 178.1(2) Ru(l) 177.67(14)
Ru(2) 178.2(2) Ru(2) 179.27(14)

Ru(l) 1.747(4)
Ru(2) 1.752(4)
Ru(1) 177.7(5)
Ru(2) 179.6(4)

CI(1) 2.3978(13)
Cl(2) 2.3988(11)

N(3) 2.074(4)
N(4) 2.058(3)
N(5) 2.064(4)
N(6) 2.061(4)
N(7) 2.095(4)
N(9) 2.102(4)

Ru(1) 1.731(3)
Ru(2) 1.759(3)
Ru(1) 176.2(3)
Ru(2) 177.0(3)
CI(1) 2.385(1)
CI(2) 2.398(1)
CI(3) 2.401(1)
Cl(4) 2.377(1)
N(3) 2.081(3)
N(5) 2.085(3)
N(7) 2.082(3)
N(9) 2.080(3)
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Table 3. Characteristic spectroscopic data for key compounds

Compound Vibrational bands! v(RuORu) Electronic bands
v(NO) v(NH) nm(log{e})
1 1883.4 (s) IR 3387.8 (m) - 538 (1.77)
3329.9 (m) 430 (189)
296 (3.36)
264 (3.34)
2 1809.1 (s) IR 3219.0 (m) 791.7 (s) IR 520 (shoulder)
1821 (w) RA 3140 (m) 744 (m) RA 343 (4.35)
264 (3.95)
3 1829.4 (s) IR 3208.4 (m) 715.5 (s) IR 520 (2.50)
1802.4 (s) IR 680.9 (m) RA 396 (3.35)
1821 (m) RA 293 (4.24)
1795 (w) RA
4 1818.2 (s) IR 3598 (w) 792.2 (s) IR 450 (shoulder)
1790.2 (s) IR 3248(m) 786.1 (m) RA 343 (4.72)
264 (4.33)

[al' A1l vibrational frequencies are given in cm™
bands (RA).

200 400 800 800 1000 1200 1400
Raman Shift (cm™')
Figure 5. Raman spectra of compounds 1—4 measured as powders
with 648 nm excitation radiation; 1 (bottom, solid line), 2 (top,

dash double dotted line ), 3 (second from bottom, dotted line «+++- ),
and 4 (dashed line)

adopt a cis or trans oxo geometry. Thus there is little in-
trinsically incompatible with coordination of oxo and nitro-
syl ligands within a single coordination sphere.

Attempts to prepare sulfur-bridged analogues to 2—4
have been unsuccessful. Thus when 1 is treated with hydro-
gen sulfide under the conditions which lead to hydrolytic
dimerization to give 2, there is rapid formation of an
amorphous black powder that is completely insoluble in
most solvents. This solid still contains a strong sharp nitro-
syl stretching band at 1785 cm ! in the IR and analyzes for
RuS4NO contaminated with some pyrazole species. Thus,
excess hydrogen sulfide results not only in the loss of the
trans chloride in 1, but also the two remaining chlorides
and the two 3,5-dimethylpyrazole ligands. In an attempt to
control the stoichiometry of the sulfur substitution reaction
more carefully, compound 1 was treated with S(SiMejs), in
benzene at reflux. However under these conditions 1 was
quantitatively recovered unchanged.

Complexes 2—4 have the potential of a “push-pull” in
the bonding along the ON—Ru—O—Ru—NO framework.
In this overly simplified model the nitrosyls act as m-ac-
cepting ligands while the oxo is a m-donor ligand. In higher
oxidation states the bridging-oxo ligand is known to medi-
ate strong ruthenium—ruthenium interactions as evidenced

Eur. J. Inorg. Chem. 2000, 1609—1616

and measured in KBr for infrared bands (IR) or as a neat powder for the Raman active

by reversible electrochemistry and by the strong coupling
observed in  the  magnetic  susceptibility  of
[(bipy)>CIRuUORuCI(bipy),]** (7 = 2 or 3).2°l In the qualit-
ative molecular-orbital scheme proposed by Weaver et al.[?¢]
two p-type lone pairs of the oxygen can m—bond with the
six 7., orbitals based on the two rutheniums to give pairs
of m-bonding, nonbonding, and antibonding orbitals, as
well as the two d,, ruthenium orbitals. These n-orbital pairs
are degenerate in the linear Dy,-symmetric complexes and
are closely spaced for D,j,-symmetric species such as 2. Re-
gardless of the local symmetry, this molecular orbital
scheme leads to no net stabilizing interaction for ruth-
enium(II) oxo-bridged dimers since the 5, set is full. This
correlates with the general absence of linear oxo-bridged
complexes of d° metal centers. However, once a nitrosyl li-
gand is introduced into the trans position to the oxo-bridge
there will be strong backbonding interactions between the
filled " and myp orbitals and the accepting n” orbitals of
the nitrosyl ligands. In a qualitative sense these interactions
should be stronger than in the parent complex because the
energy match between the n* and myg and the m*no will
be better since the former orbitals are of higher energy. In
addition, the overlap between these orbitals will probably
increase due to the spatial extension of these orbitals to-
wards the nitrosyl. Thus in these qualitative terms the net
n-interaction for the ON—Ru—O—Ru—NO fragment is ex-
pected to be highly stabilizing in a linear geometry, and
stabilized to a similar extent in a bent Ru—O—Ru geometry.

The structural consequences of possible m-delocalization
over the oxo-ruthenium-nitrosyl framework are expected to
be manifested most strongly in the trends in the
ruthenium—oxygen distances for the bridged oxo ligand.
Thus the ruthenium—oxygen bonds in 2—4 might be ex-
pected to be shorter than those in related complexes which
lack a strong m-accepting ligand trans to the bridging oxo
group. There are few direct comparison complexes where
oxo ligands bridge two ruthenium(Il) d® centers. However
there is little significant difference between the two Ru—O
bond lengths in linear bridged 2 or 4 and the bent species
3. There is a significant difference between the
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ruthenium—oxygen bond lengths in the asymmetric linear
bridged species 4 where the Ru(1)—O(3) for the RuCl,(NO)
group, formally with a —1 charge, is 0.067(2) A longer than
Ru(2)—0(3) for the Ru(LH)4NO) group which formally
has a charge of +3. Note however that all of these bond
lengths are about 0.05 and 0.1 A longer than the
ruthenium—oxygen bond lengths in linear Ru™" and Ru'™
oxo-bridged dimers found in the CCDB.?”l The Ru—O—Ru
bending found in 3 is similar to that found in structurally
characterized carboxylato, oxo-bridged ruthenium dimers
where the mean ruthenium—oxygen—ruthenium bond
angle is 122.3 °.[7]

For the nitrosyl stretching frequencies the formation of
the oxo-bridge results in an 80 cm™' decrease in the two
v(NO) bands, and this suggests increased Ru—NO back-
bonding in all three of the oxo-bridged complexes. Correl-
ated with this trend are the Ru—O bond lengths which
range between 1.873(2) and 1.940(2) A, values which are
ca. 020 A shorter than for the many nonchelating
Ru"—OR bond lengths in the CCDB. On the other hand
these bond lengths are ca. 0.05—0.1 A longer than for struc-
turally characterized high-valent, oxo-bridged ruthenium
dimers which typically contain electronegative ligands trans
to the oxo-bridge. The v(Ru—O—Ru) stretching frequencies
for 2—4 are also lower than for high-valent species. For ex-
ample, in K4Ru,0Cljy V(Ru—O—Ru)u59m 888 cm™!
and V(Ru—O—Ru)y,,, = 259 cm™ !, and have a difference
Vasym—Vsym = 629 cm™ .28 For 2 the values are vy, =
791.7 em™! and vy, = 343 cm™!, with a difference
Vasym—Vsym = 449 cm™!. The v,qm frequency is at the low
end of the reported range for these modes, and this correl-
ates with the small difference between the two Ru—O—Ru
stretching modes.?*-3"]

Although the most well understood receptor for nitric
oxide is the heme protein soluble guanylate cyclase,*'-3?1 a
diverse array of other physiological sinks for nitric oxide
have been proposed.*3! In many cases the critical protein/
nitric oxide interaction is the binding of nitric oxide to en-
zymatically active metals such as the diiron site in bacteri-
oferritin,*# the oxo-bridged diiron center in hemerythrinf*3
or methane monooxygenase hydroxylase,*®! the [2Fe-2S]
iron-sulfur cluster in mammalian ferrochelatase,*”! or the
[4Fe-4S] cluster in HiPIP.[38] In these cases the new nitrosyl-
ated ferroproteins have markedly different redox, structural,
and kinetic properties as compared to the parent protein,
and a current major interest in metallobiochemistry is un-
derstanding how nitrosylation mediates these effects. For
the oxo-bridged diiron proteins, nitrosylation of the iron(s)
can potentially result in the introduction of the nitric oxide
cis or trans to the oxo bridge. Although in most cases the
specific coordination geometry of these nitrosylated diiron
sites is not known, our work suggests that zrans coordina-
tion geometries may be thermodynamically favored.

Conclusion

In all of the chemistry described in this paper the nitrosyl
and oxo-ligands retain a rigorous trans geometry; there is
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no indication of either isomerization or the presence of iso-
mers where these two ligands are cis. However, other iso-
mers or related complexes may very well be accessible with
a judicious choice of conditions or with other ligand sets.
The trans arrangement of the oxo-bridge and nitrosyl al-
lows for some m-delocalization as evidenced by the spectro-
scopic and structural results.

Experimental Section

General: The instrumentation, methods, apparatus, and experi-
mental techniques have been described in detail in previous pa-
pers.?%1 3,5-Dimethylpyrazole and thionyl chloride were purchased
from Aldrich and used as provided. Ruthenium(II)nitrosyl trichlor-
ide was either synthesized by a variation of the method of Demant
et al.1?! or the solid was purchased from Strem Chemicals. In gen-
eral the pyrazole complexes are stable towards aerial oxidation and
hydrolysis and thus they can be stored, chromatographed, and
handled in the open. Electrochemistry experiments were performed
with a BAS-50 W potentiostat with a platinum disk electrode, a
silver auxiliary electrode, and a silver/silver chloride reference elec-
trode. All experiments were performed in dry oxygen-free dichloro-
methane at room temperature with 0.1 M [N(nBu),][PF¢] backing
electrolyte.

Anhydrous RuClI3(NO): Commercial hydrated ruthenium trichlor-
ide (321 mg) was suspended in 10 mL thionyl chloride in a
Fisher—Porter bottle and the vessel flushed with nitrogen before
pressurizing with nitric oxide to 2.76 bar (40 psi). This mixture was
then heated at 65 °C for 12 hours during which time the original
black suspension dissolved to give a deep red solution from which
a fine red solid precipitated upon cooling to room temperature.
After flushing the head space of the reactor with nitrogen, dry car-
bon tetrachloride (30 mL) was added and the solution filtered to
give 350 mg (95%) of red product. — IR (Nujol): v(NO) = 1894
cm~!'. — CI3NORu (237.43): caled. Cl 44.79, N 5.90; found Cl
4495, N 5.71.

mer-|[RuCl;(NO)(dmpH),| (1): RuCl;NO (0.07 g), prepared by tre-
ating RuCl; with nitric oxide in thionyl chloride, in dry toluene
(20 mL) was treated with 3,5-dimethylpyrazole (1.4 g) at reflux for
22 h. During this period, and upon subsequent cooling, a deep-red
precipitate formed, which was filtered and washed with copious
quantities (50 mL) of ethanol, and subsequently with water, ethanol,
and hexanes. The yield of this crude material, which is mostly 1
and a small quantity of bright yellow [RuCl;(dmpH);], was 122 mg.
Final purification was achieved by column chromatography on sil-
ica gel (20 cm X 4 cm column, with chloroform as the eluent) to
elute first the deep red-purple [RuCl;(NO)(dmpH),], which was re-
covered in a final yield of 87% (111 mg) by addition of ethanol and
concentrating the solution on a rotary evaporator to remove the
chloroform. Elution with acetone/chloroform (4:50) gave traces of
a bright yellow compound, which was subsequently identified as
[RuCl3(dmpH);3].114 151 RuCl3(NO)(dmpH),: UV/Vis (CH,Cly): Apax
(log e/m™! em™ ') = 538 (1.77) nm, 430 (1.89), 296 (3.36), 264
(3.34). — '"H NMR (22 °C, CDCl,): & = 10.74 (s, 1 H, N—H), 5.99
(s, 1 H, C=H), 2.61 (s, 3 H, CH3), 2.37 (s, 3 H, CH3). — 13C
NMR (22 °C, CDCly) & = 153.8, 143.1(s, C—CH3), 108.0(s, C—H),
14.7, 11.4 (s, C—CH;). — IR (KBr): v(NH) = 3387.8 (m) cm ™!,
3329.9 (m); v(NO) = 1883.4 (s); with additional bands at 1569 (m),
1276.8 (m), 1186.2 (w), 1157.3 (w), 1056.9 (m), 823.6 (w), 792.7
(m), 655.8 (m), 569 (w), 505.3 (m) cm~!. — C;oH;CI;NsORu
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(429.73): caled. C 27.95, H 3.75, N 16.30; found C 28.15, H 3.95,
N 16.10. — M.p. 248 °C(dec). This complex is also a by-product
of the addition of 3,5-dimethylpyrazole to the direct nitrosylation
product of RuCl;+(H,O), in ethanol, followed by chromatographic
separation. Crystals suitable for X-ray diffraction were grown by
vapor-phase diffusion of 2-propanol into a chloroform solution of
1 at —20 °C.

trans-O[RuCl,(NO)(dmpH),] (2): RuCl;(NO)(dmpH), (1; 41 mg) in
20 mL (wet) benzene was heated at reflux for 16 hours in the open
air. The resulting red-orange solution was cooled and the benzene
removed on a rotary evaporator. The red crystalline solid was taken
up in dichloromethane and chromatographed on a 30 X 2 c¢m silica
column with dichloromethane. The first yellow-orange fraction was
collected and recrystallized by the addition of an equal volume of
ethanol and concentration to 20 mL. The resulting flaky orange-
yellow solid was filtered and washed with ethanol and hexane and
dried to give 2 (32 mg, 83%). Further elution of the column with
dichloromethane gave 5 mg of the bent oxo-pyrazolato complex 3.
— UV/Vis (CH,CL): Aax (log e]M~! ecm™!']) = 520 (shoulder) nm,
343 (4.35), 264 (3.95). — '"H NMR (22 °C, CDCl3): § = 12.15 (s, 1
H, N-H), 5.67 (d, *Jyy = 1.14 Hz, 1 H, C—H), 2.59, 2.05 (s, 3 H,
CH3). — BC NMR (22 °C, CDCls): § = 151.2, 142.4 (s, C—CH3),
106.3 (s, C—H), 14.0, 10.7(s, C—CHj3). — IR (KBr): v(NH) = 3219
(s) and 3140 (w) cm~'; v(NO) = 1809.1 (s); v(RuORu),, = 791.7
(s); with additional bands at 1570.9 (m), 1473.4 (w), 1409.9 (m),
1377.1 (w), 1276.8 (m), 1191.9 (m), 1151.4 (w), 1056.9 (m), 746.4
(w), 690.5 (m), 582.5 (m), 446.5 (w) cm~!. — CyyH3,CI4N;(O3Ru,
(804.56): caled. C 29.86, H 4.01, N 17.41; found C 30.08, H 4.01,
N 17.32. Crystals suitable for X-ray diffraction were grown by
vapor-phase diffusion of ethanol into a dichloromethane solution
of 2.

trans-O|RuCl(NO)(dmpH)(p-dmp)], 3): In a 100 mL
Fisher—Porter pressure bottle RuCl;(H,O), (0.118 g) was sus-
pended in 30 mL absolute ethanol and sealed with a stainless steel
pressure head. The solution and apparatus was purged for 30 mi-
nutes with a stream of nitrogen and then pressurized with 2.76 bar
(40 psi) of nitric oxide at ambient temperature. After 5 hours the
pressure was brought back to 2.76 bar (40 psi) and the mixture was
allowed to stir for a total of 20 hours at room temperature during
which time the color changed from a deep red-black to pink. Fol-
lowing the release of NO pressure the solution and apparatus was
purged for an additional 40 minutes with a stream of nitrogen and
the uniform ethanol solution of “RuCl3(NO)” was transferred to a
100 mL round bottom flask to which was added 3,5-dimethylpyra-
zole (2.5 equiv., 0.137 g) and sodium hydroxide (1 equiv., 0.023 g)
in 1 mL water. The resulting darkened solution was heated at reflux
for 16 hours and then cooled to give a copious deep red precipitate
of product. After filtration and successive washes with ethanol,
water, and ethanol the burgundy-colored product was dried in a
vacuum desiccator. Recrystallization from dichloromethane/eth-
anol gave 3 (0.124 g, 61%). — UV/Vis (CH,Cl,): Ap.. (log g[M !
cm™ 1) = 520 (2.50) nm, 396 (3.35), 293 (4.24). — 'H NMR (22
°C,CDCl3): 6 = 11.87 (s, 1 H, N—H), 5.88 and 5.73 (s, 1 H, C—H),
2.59, 2.58, 2.17, and 2.06 (s, 3 H, CH3). — '3C NMR (22 °C,
CDCly): & = 1529, 142.7 [s, C—CHj(pyrazole)], 150.8 [s,
C—CHj;(pyrazolate)], 108.5 and 107.2 (s, C—H), 14.6, 11.3 [s,
C—CHjs(pyrazole)], 13.7, 13.8 [s, C—CHj(pyrazolate)]. — IR
(KBr): v(NH) = 3208.4 (m); v(NO) = 1829.4 (s) and 1802.4 (s);
v(RuORu),, = 715.5 (s) cm™!; with additional bands at 1565.1 (m),
1534.3 (w), 1473.4 (m), 1444.6 (m), 1419.5 (s), 1380 (m), 1353 (w),
1271 (m), 1187.1 (m), 1148.5 (m), 1016.3 (m), 788.8 (m), 775.3 (m),
649 (w), 580.5 (m), 496.6 (w), 440.7 (w) !

cm . -
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C5oH3¢CL,N (O3Ru, (731.64): caled. C 32.84, H 4.13, N 19.15;
found C 32.96, H 4.17, N 19.10. Crystals suitable for X-ray diffrac-
tion were grown by vapor-phase diffusion of ethanol into a dichloro-
methane solution of 3.

[CL4(NO)Ru]O[Ru(NO)(dmpH),4] (4): Hydrated ruthenium trichlor-
ide (1.1 g) was suspended in 50 mL ethanol in a 100 mL
Fisher—Porter bottle, and was nitrosylated with 2.76 bar (40 psi)
of nitric oxide pressure for 20 hours. During this period the initially
black-red suspension became a uniform pale red color. After releas-
ing the excess nitric oxide pressure and flushing the solution with
nitrogen, the pale-red solution was transferred to a 100 mL round
bottom flask and the solvent removed at room temperature. The
resulting solid was heated to 86 °C under a water aspirator vacuum
for 45 minutes and the red-black residue was then taken into an
inert atmosphere box under nitrogen. This solid was suspended in
30 mL dry ethanol and allowed to react with 3,5-dimethylpyrazole
(1.53 g) for 3 hours at reflux. This solution was cooled to room
temperature to give a copious red precipitate and a black solution,
which was then filtered and washed with ethanol and hexane to
give 1.39 g of red solid. This crude product was a mixture of 1, 2,
3, and 4, which was separated by column chromatography on silica
gel (20 X 5 cm column) with dichloromethane used to elute 1 (69%)
and 2(18%). Chloroform was used to elute 3 (trace) as a purple
band, which was followed by a slow moving orange band 4. The
asymmetrical linear oxo-bridged product was separated by eluting
with 5:1 chloroform/acetone and isolated by the addition of 20 mL
ethanol followed by concentration and crystallization on the rotary
evaporator. Filtration followed by successive washes with ethanol
and hexane gave 25mg (12%) of red-orange crystals UV/Vis
(CH5CL): Amax (log g[M~! em™!]) = 450 (shoulder) nm, 343 (4.72),
264 (4.33). — '"H NMR (22 °C, CDCl3): 6 = 12.49 (s, 1 H, N—H),
5.91(s, 1 H,C—H), 2.39, 1.93 (s, 3 H, CH3). — '3C NMR (22 °C,
CDCly): § = 150.6, 145.3 (s, C—CHs), 107.1 (s, C—H), 12.8, 11.8
(s, C—CHj3). — IR (KBr): v(NH) = 3598 (w), and 3148 (m) cm™!;
v(NO) = 1818.2 (s) and 1790.2 (s); v(RuORu),; = 792.2 (s); with
additional bands at 1569.9 (m), 1473 (w), 1409.3 (m), 1376 (w),
1284.4 (m), 1184.2 (m), 1060.2 (m), 711.6 (m), 655.2 (w), 579.5 (m)
cm~ ! — CyoH3,Cl4N;(O3Ru, (804.56): caled. C 29.86, H 4.01, N
17.41; found C 29.69, H 4.24, N 17.12. Crystals suitable for X-ray
diffraction were grown by vapor-phase diffusion of ethanol into a
dichloromethane solution of 4.

X-ray Crystallographic Study

X-ray diffraction data were collected at room temperature for single
crystals of compounds [RuCl3(NO)(dmpH),] 1),
[O{RuCl,(NO)(dmpH)»}>] (2), [O{RuCly(NO)(dmpH)(u-dmp)} ]
(3), and [Cl4(ON)RuORu(NO)(dmpH),] (4) on a Siemens P4 Dif-
fractometer equipped with a molybdenum tube [A(K,;) = 0.70926
A; MKyr) = 0.71354 A] and a graphite monochromator. In each
case the diffraction data were measured using o scans. The intensit-
ies of three standard reflections monitored every 100 reflections
during the respective data collections indicated negligible crystal
decomposition. The structures were solved by direct methods and
refined by full-matrix least-squares techniques on F using struc-
ture solution programs from the SHELXTL program.®" Important
crystallographic parameters are collected in Table 1.

Crystallographic data (excluding structure factors) for the struc-
ture(s) reported in this paper have been deposited with the Cam-
bridge Crystallographic Data Centre as supplementary publication
no. CCDC 139381—139384, for 1—4 respectively. Copies of the
data can be obtained free of charge on application to CCDC, 12
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