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We report a high yield, two-step synthesis of fac-[Ru(bpy)(CH;CN)sNO]PFs from the known complex [(p-cym)Ru-
(bpy)CIIPFs (p-cym = n®-p-cymene). [(p-cym)Ru(bpy)NO,|PFs is prepared by reacting [(p-cymene)Ru(bpy)ClIPFs
with AgNO4/KNO, or AgNO,. The ®NO, analogue is prepared using K'*NO,. Displacement of p-cymene from
[(p-cym)Ru(bpy)NO,]PFs by acetonitrile gives [Ru(bpy)(CH3CN)sNO,]PFs. The new complexes [(p-cym)Ru(bpy)-
NO,]PFs and fac-[Ru(bpy)(CHsCN)sNO,JPFs have been fully characterized by *H and *N NMR, IR, elemental analysis,
and single-crystal structure determination. Reaction of [Ru(bpy)(CH3sCN)sNO,]PFs with the appropriate ligands gives
the new complexes [Ru(bpy)(Tp)NO,] (Tp = HB(pz);~, pz = 1-pyrazolyl), [Ru(bpy)(Tpm)NO,]PFs (Tpm = HC-
(p2)3), and the previously prepared [Ru(bpy)(trpy)NO,JPFs (trpy = 2,2',6",2"-terpyridine). Reaction of the nitro
complexes with HPFs gives the new nitrosyl complexes [Ru(bpy)TpNO][PF¢], and [Ru(bpy)(Tpm)NO][PFg]s. All
complexes were prepared with >N-labeled nitro or nitrosyl groups. The nitro and nitrosyl complexes were characterized
by H and N NMR and IR spectroscopy, elemental analysis, cyclic voltammetry, and single-crystal structure
determination for [Ru(bpy) TpNO][PFs].. For the nitro complexes, a linear correlation is observed between the nitro
BN NMR chemical shift and 1/vagym, Where vagm is the asymmetric stretching frequency of the nitro group.

Introduction partially due to their use as synthetic precursors for nitrosyl

. . . . complexes through the equilibrium shown in reactiéh®1
There has been considerable interest in the chemistry of P 9 d

ruthenil_Jm—nit_ro (NO;) and —nitrosyl (NO) comple_xes. [L5Ru—N02]++2H+=[L5Ru—NO]3++HZO )
Ruthenium-nitrosyl complexes have been the subject of

numerous studies relating to their potential applications in ggnarate interest in rutheniumitro complexes stems from
nitrosyl-releasing or scavenging complexes, as well as their
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ropertiesi-28 Interest in rutheniumnitro complexes is Dalton Trans 2001 481.
prop P (13) Lopes, L. G. F.; Wieraszko, A.; El-Sharif, Y.; Clarke, M.ldorg.
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Characterization of [Ru(bpy)(CHCN)3(NO,)]PF;

studies of their ligand substitution and linkage isomerization

spectra of these compounds and makes it possible to collect

reactions as well as their potential as oxo-atom transfer SN NMR data, a useful characterization tool for nitro and

agentsi—46
Our interest is in developing more general synthetic
methods for preparing rutheniunmitro compounds. Al-

nitrosyl complexe$%18 Preparing'®N-labeled ruthenium
nitro complexes using standard methods is costly because
the nitro group is invariably added by refluxing a suitable

though a significant number of different complexes have been@qua or chloro complex with a $20-fold excess of nitrite
studied, the synthetic methodology is generally restricted to 10N.

a few starting materials. For instance, a significant number

of [Ru(L2)(trpy)NO,] complexes have been prepared starting
from [Ru(trpy)CE], but we could find only one report of
ruthenium-nitro complexes with a tridentate ligand other
than trpy?” even though nitro and nitrosyl complexes of fac-
coordinating tridentate ligands such as [HB@z)are
potentially interesting. Although rutheniusmitro complexes

It has been shown that ruthenium complexes containing
acetonitrile ligands, [CpRu(CEN);]PFs*8 (Cp = #°-cyclo-
pentadienyl) and [Ru(bpy)(GEN):CI|CI*° for example, are
useful synthons. Both of these complexes were prepared by
the photochemical displacement ofgfrcoordinated benzene
ligand in acetonitrile solution. We thought a similar strategy
could be employed here if a suitable rutheniuanene

with these ligands could probably be prepared by standardcomplex containing a nitro ligand could be prepared. Recent
methods, we thought it should be possible to develop a morework suggested that [BzRu(bpy)NP (Bz = 7°CeHs) is
general approach by preparing a synthetic intermediate withpresent as an intermediate in the reaction of [BzRu(bpy)-

a nitro group and several labile ligands to which a wide
variety of ligands could be added. This would be a significant
departure from the universally used route in which the nitro

CI]* with excess nitrite ion to give [Ru(bpy)(Nf]? .0
Although it was reported that [BzRu(bpy)NJ could not
be isolated, presumably due to the lability of the benzene

group is added in the final step of the synthesis and would fing, it seems likely that a stable analogous complex could
make it possible to prepare a variety of new complexes in abe prepared using an alkylated arene ligand as alkyl

single step from a common synthon.

We are also interested in making it more economical to
prepare®N-labeled nitro and nitrosyl complexé8N labeling
dramatically simplifies the assignment of the complex IR
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6024.
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629.
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1986 25, 1041.
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1981, 20, 1481.
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Soc.198Q 102 3272.
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J.Inorg. Chem198Q 19, 1896.
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99, 4821.
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substituents stabilize metaarene bonds. Herein we report
the preparation of fi-cym)Ru(bpy)NQ]* from which [Ru-
(bpy)(CHCN)sNO,]PFs is synthesized by thermal displace-
ment of the p-cymene ring. We also demonstrate that
[Ru(bpy)(CHCN)sNO,]PFs is a useful synthon for [Ru(bpy)-
(L3)NO,] complexes.

General Experimental Considerations

KNO,, KI3NO,, 2,2-bipyridine, 2,2,6',2"-terpyridine, and RuGl
were purchased from Aldrich. KHB(pzH.O and HC(pz) were
purchased from Strem. AgN@vas prepared by mixing equal molar
amounts of AQN@ and KNG, in an aqueous solution to give a
precipitate of AQNQ that was isolated by filtration, washed with
ice water, and dried in vacuo. All synthetic procedures were carried
out under an inert Ar or Natmosphere unless otherwise noted.
Elemental analyses were performed by MHW Laboratories.
NMR and®N NMR spectra were recorded on a JEOL 300 MHz
Eclipset spectrometer'H NMR chemical shifts are relative to
(CHg),Si. 15N chemical shifts are externally referenced to nea-CD
NO,. UV—vis spectra were recorded on an Ocean Optics Chem
2000 spectrometer. IR spectra were recorded on a Perkin-Elmer
1600 FTIR equipped with a Pike Technologies MIRacle ATR
sampling accessory or a Nicolet 4700 IR spectrometer. Cyclic
voltammetry data were collected on a BAS 100B electrochemical
analyzer as previously describ&dPotentials are referenced to
aqueous Ag/AgCI (1 M KCI) and are not corrected for the junction
potential.

Compound Synthesis

Procedure A for [(p-cym)Ru(bpy)NO,]PFe. [(p-cym)Ru(bpy)-
ClIPFs (2.814 g, 4.92 mmol) and AgN¢X0.836 g, 4.92 mmol)
were added to 30 mL of methanol. The mixture was stirred for 5

min, and KNQ (0.502 g, 5.90 mmol) was added. After stirring for
18 h, an excess of NJPFs was added and the mixture was cooled

(48) Gill, T. P.; Mann, K. R.Organometallics1982 1, 484.

(49) Freedman, D. A.; Evju, J. K.; Pomije, M. K.; Mann, K. Rorg.
Chem 2001, 40, 5711.

(50) Freedman, D. A,; Janzen, D. E.; Mann, K.IRorg. Chem 2001, 40,
6009.

(51) Graf, D. D.; Mann, K. RInorg. Chem.1997, 36, 150.
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in an ice bath. The precipitate, which consisted of AgCI(s) and the 5.78 Hz,J; = 1.38 Hz); 6.376 (apparent t, pzA#, J = 2.20 Hz);
desired product, was isolated by filtration and then stirred in 30 6.058 (d, pzH3, J= 1.93 Hz); 5.907 (apparent t, pi4, J = 2.20

mL of acetone for 10 min. The insoluble AgCI(s) was filtered off Hz). Note that pzrefers to the pyrazol ring trans to the nitro group.
on a short column of diatomaceous earth. The volume of acetone  [Ru(bpy)(Tpm)NO 5]PFs. [Ru(CH:CN)s(bpy)NOy]PFs (174 mg,

was reduced to ca. 10 mL by rotary evaporation. Addition of diethyl 0.300 mmol) and tris(1-pyrazolyl)methane (66.3 mg, 0.300 mmol)
ether precipitated the product, which was filtered off and washed were added to an oven-dried, 25 mL, three-necked round-bottom

with diethyl ether to give 2.67 g (93.1% yield) of a light yellow
powder. Anal. Calcd for f-cym)Ru(bpy)NQ]PFs: C, 41.23; H,
3.81; N, 7.22. Found: C, 40.80; H, 3.79; N, 7.4B. NMR (300
MHz, db-acetoneg): 9.688 (ddd, bpy-Bi6, J; = 5.78 Hz,J, =
1.38 Hz,J; = 0.55 Hz); 8.615 (d, bpy-F#, J; = 7.71 Hz); 8.369
(td, bpy-H+4, J; = 7.71 Hz,J, = 1.38 Hz); 7.874 (ddd, bpy-+¥,

J; = 7.43 Hz,J, = 5.78 Hz,J; = 1.38 Hz); 6.331 and 6.123 (d,
CH3CeH4CH(CH),, J = 6.33 Hz); 2.750 (hept, CiTeH4CH(CHs),,

J = 6.88 Hz); 2.267 (s, B3CsH4CH(CHg),); 1.062 (d, CHCgH,-
CH(CH3)2, J=6.88 HZ).

Procedure B for [(p-cym)Ru(bpy)NO;]PFs. [(p-cym)Ru(bpy)-
ClIPFs (1.014 g, 1.77 mmol) and AgN£(0.333 g, 2.17 mmol)
were added to 30 mL of methanol. The mixture was stirred for 18
h, an excess of NHPR; was added, and the mixture was cooled in
an ice bath. The precipitate that formed was isolated by filtration
and then stirred in 30 mL of acetone for 10 min. The insoluble
AgCl was filtered off on a short column of diatomaceous earth.
The volume of acetone was reduced to ca. 10 mL by rotary
evaporation. Addition of diethyl ether precipitated the product,
which was filtered off and washed with diethyl ether to give 0.792

flask equipped with a nitrogen inlet, stir bar, reflux condenser, and

rubber septum. Freshly distilled acetone (10 mL) was added via

syringe. The solution was refluxed ferl h. The solution was

initially cloudy yellow, orange after 10 min, and dark red after 20

min. The solution was cooled to room temperature, and the product

was precipitated by adding diethyl ether and cooling-tbb °C.

The precipitate was filtered off and washed with two 5 mL portions

each of dichloromethane and diethyl ether to give a light orange

powder (0.118 g, 88.7%). Anal. Calcd for [Ru(bpMIC(pz)} NO,]-

PR C, 36.26; H, 2.74; N, 19.03. Found: C, 35.99; H, 2.66; N,

18.97.'H NMR (300 MHz, d-acetone?d): 9.842 (s,HC(Pz));

8.914 (d, bpy-H¢, J = 5.50 Hz); 8.698 (d, bpy-F£, J = 7.69

Hz); 8.653 (d, pz-F3, J = 2.19 Hz); 8.638 (dd, pz-#F, J; = 2.88

Hz, J; = 0.82 Hz); 8.571 (dd, pAH®, J; = 2.88 Hz,J, = 0.55 Hz);

8.191 (td, bpy-H+4, J; = 7.89 Hz,J, = 1.09 Hz); 7.665 (ddd, bpy-

H55, J; = 7.69 Hz,J, = 5.76 Hz,J; = 1.37 Hz); 7.004 (dd, pz

H3, J; = 2.19 Hz,J, = 0.55 Hz); 6.785 (dd, pz-+, J; = 2.74 Hz,

J, = 2.19 Hz); 6.410 (dd, pH4, J; = 2.89 Hz,J, = 2.19 Hz).

Note that pzrefers to the pyrazol ring trans to the nitro group.
[Ru(bpy)(trpy)NO 2][PF¢]. [Ru(bpy)(CHCN)sNO,]PF; (116.9

g (78.0% yield) of a light yellow powder. ThtH NMR of the mg, 0.205 mmol) and 2,%',2"-terpyridine (49.3 mg, 0.211 mmol)
product was identical to that prepared by procedure A. were added to an oven-dried, 25 mL, three-necked round-bottom
[Ru(bpy)(CH3CN)3sNO,]PFs. [(p-cym)Ru(bpy)NQ]PFs (1.00 g, flask equipped with a nitrogen inlet, stir bar, reflux condenser, and
1.72 mmol) was added to an oven-dried, 50 mL, three-necked rubber septum. Freshly distilled acetone (10 mL) was added via
round-bottom flask equipped with a nitrogen inlet, stir bar, reflux syringe. The solution was refluxed ferl h, changing color from
condenser, and rubber septum. Freshly distilled acetonitrile (10 mL) orange to brown after10 min. The solution was cooled to room
and methylene chloride (20 mL) were added by syringe. The temperature, and the product was precipitated by adding diethyl
solution was purged with nitrogen and then refluxed for 20 h, after ether and cooling te-15°C. The precipitate was filtered on a glass
which it was cooled in an ice bath, producing a bright orange frit and washed with diethyl ether to give a dark brown powder
precipitate that was filtered off and washed with diethyl ether. (0.123 g, 87.9%)H NMR (300 MHz, ¢-acetoneg): 10.011 (ddd,
Addition of a small amount of diethyl ether to the filtrate produced bpy-Hf J; = 5.64 Hz,J, = 1.38 Hz,J; = 0.83 Hz); 8.871 (d,
a second crop of orange powder. The overall yield was 0.746 g bpy-H, J = 7.69 Hz); 8.742 (d, trpy-F5, J = 7.98 Hz); 8.65
(76.0%). Anal. Calcd for [Ru(bpy)(CICN):NO,|PFs: C, 33.63; (obscured, bpy-F); 8.614 (ddd, trpy-R23, J; = 8.19 Hz,J, = 1.38
H, 3.00; N, 14.71. Found: C, 33.80; H, 3.28; N, 14.M.NMR Hz, J; = 0.83 Hz); 8.395 (apparent td, bpy4dJ; = 7.85 Hz,J, =
(300 MHz, CXCN, 6): 9.083 (d, bpy-H¢, J = 5.64 Hz); 8.335 1.65 Hz); 8.315 (t, trpy-H, J = 7.98 Hz); 8.09 (obscured, bpy-
(d, bpy-H3, J=7.98 Hz); 8.067 (apparent td, bpy*H J; = 7.71 H5); 8.056 (apparent td, trpy-+, J; = 7.98 Hz,J, = 1.65 Hz);
Hz, J, = 1.38 Hz); 7.584 (ddd bpy-+f, J; = 7.43 Hz,J, = 5.78 7.924 (ddd, bpy-H, J; = 7.84 Hz,J, = 7.71 Hz,J; = 1.38 Hz);
Hz, J; = 1.38 Hz); 2.600 (s, B3CN, cis to NQ); 2.071 (s, ¢s- 7.898 (ddd, trpy-B8', J; = 5.50 Hz,J, = 1.65 Hz,J; = 0.83 Hz);
CN, trans to NQ). 7.634 (ddd, bpy-H, J; = 5.64 Hz,J, = 1.38 Hz,J; = 0.83 Hz);
[Ru(bpy) TPNO_]. [Ru(bpy)(CHCN)NO]PFs (0.200 g, 0.35  7.434 (ddd, trpy-#*, J, = 7.71 Hz,J, = 5.50 Hz,J; = 1.38 Hz);
mmol) and KHB(pz)-H-O (0.088 g, 0.35 mmol) were added to an  7.217 (ddd, bpy-F, J, = 7.57 Hz,J, = 5.64 Hz,J; = 1.38 Hz).
oven-dried, 25 mL, three-necked round-bottom flask equipped with  [Ru(bpy) TpNO][PF ¢]2. [Ru(bpy) TpNQ] (0.050 g, 0.097 mmol)
a nitrogen inlet, stir bar, reflux condenser, and rubber septum. was dissolved in 5 mL of freshly distilled methylene chloride to
Freshly distilled acetone (10 mL) was added via syringe. The give a maroon solution. Two drops of 60% HRkas added. The
solution was purged with nitrogen and then refluxed for 1 h, after solution was stirred for 1 h, during which time a dark precipitate
which the solution was cooled and the acetone removed by rotary formed. The precipitate was isolated by filtration and dissolved in
evaporation. The residue was taken up in 10 mL of methylene acetonitrile, and the solution was passed through a short column
chloride, and the mixture was filtered through a short column of of diatomaceous earth. Addition of diethyl ether and cooling 85
diatomaceous earth. Addition of diethyl ether produced a precipitate °C overnight yielded 38 mg (50%) of a mixture of reddish-orange
that was filtered off and washed with diethyl ether. The product needles and orange powder. Anal. Calcd for [Ru(bpy)TpNO]-
was isolated as a brownish-maroon powder (0.133 g, 73.6%). Anal. [PFs].-H3sCN: C, 30.34; H, 2.55; N, 16.85. Found: C, 30.52; H,
Calcd for Ru(bpy)HB(pz)s} NO,: C, 44.19; H, 3.52; N, 24.40. 2.45; N, 16.791H NMR (300 MHz, -acetone¢) 9.164 (dd, bpy-
Found: C, 44.40; H, 4.14; N, 24.184 NMR (300 MHz, CD.Cl,, H323, J; = 8.26 Hz,J, = 1.10 Hz); 8.950 (dd, bpy-#f, J, = 5.78
0) 8.713 (d, bpy-H¢, J = 5.50 Hz); 8.278 (d, bpy-BE, J = 7.98 Hz,J, = 1.10 Hz); 8.794 (d, pz-##, J = 2.20 Hz); 8.782 (apparent
Hz); 8.037 (d, pz-B3, J = 1.65 Hz); 7.866 (td, bpy-H, J; = td, bpy-H+4, J; = 7.98 Hz,J, = 1.38 Hz); 8.437 (d, pz-Ff, J =
7.98 Hz,J, = 1.38 Hz); 7.830 (d, pz-Ff, J = 2.20 Hz); 7.715 (d, 2.48 Hz); 7.307 (d, pzH5, J = 2.48 Hz); 8.112 (ddd, bpy-+¥, J;
pz-H%, J = 2.20 Hz); 7.298 (ddd, bpy-+P, J; = 7.43 Hz,J, = = 7.71 Hz,J, = 5.78 Hz,J; = 1.38 Hz); 7.146 (d, pzH3, J =
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Characterization of [Ru(bpy)(CHCN)3(NO,)]PF;

2.48 Hz); 6.860 (apparent t, pz4#H, J = 2.48 Hz); 6.355 (t, pz or HCIO, (6 M) to potassium hydrogen phthalate solutions. Buffer
H4, J = 2.48 Hz). Note that pzefers to the pyrazol ring trans to  solutions were 1.0 M in NaCl to maintain constant ionic strength.
the nitrosyl group. At least five solutions at different pH’s were prepared with a [Ru-
[Ru(bpy)(Tpm)NO][PF ¢]z. [Ru(bpy)(Tpm)NQ]PFs (140.1 mg, (bpy)(Ls)NO,]CI (L 3 = trpy, Tpm) complex concentration of ca. 1
0.213 mmol) was placed in a 25 mL round-bottom flask and x 10~*M by diluting a stock solution of the appropriate ruthenium
dissolved in 10 mL of freshly distilled dichloromethane to give an complex with a particular buffer. The solutions were thermostated
orange solution. Hexafluorophosphosphoric acid (60%) was addedat 25.0 0.1) °C, and the absorbance spectra were monitored over
(0.19 mL, 2.1 mmol) dropwise with stirring. The solution was stirred @ period of time until absorbance values were unchanged between
for 15 min, during which time a yellow precipitate formed on the two consecutive measurements. This was approximately 2 days for
bottom of the flask. The supernatant was decanted, leaving a yellow[Ru(bpy)(trpy)NG]* and 3 h for [Ru(bpy)(Tpm)Ng*. For the
precipitate that was washed with several portions of diethyl ether latter complex, further non-isosbestic changes in the—ui¢
to give 188 mg (94.5%) of product. Anal. Calcd for [Ru(bpy)NO- spectrum occurred after ca. 1 day, indicating that slow decomposi-
(HC(pzp)][PFel320: C, 25.17; H, 2.12; N, 13.21. Found: C, 25.38; tion of [Ru(bpy)(Tpm)NQ]*" and [Ru(bpy)(Tpm)NC}" had oc-
H, 2.04; N, 12.82'H NMR (300 MHz, ¢-acetoney): 10.628 (s, curred.
HC(Pz)); 9.310 (d, pz-B?3, J = 2.75 Hz); 9.193 (dd, bpy-#, J; The equilibrium constant for reaction 2 was determined using
= 8.11 Hz,J, = 0.96); 9.136 (dd, bpy-ff, J; = 5.92 Hz,J, = the Scatchard equation, which can be derived for this system (eq
1.37); 9.042 (d, pz-F#, J = 3.02); 8.927 (d, pzH5, J = 2.47 Hz); 3). In eq 3,AAis the difference between the absorbance of a mixture
8.829 (apparent td, bpy#4, J; = 7.97 Hz,J, = 1.38 Hz); 8.150 _
(ddd, bpy-H5, J, = 7.71 Hz,J, = 5.78 Hz,J; = 1.38 Hz); 7.735 AA= —KAA)OH ]+ (Ae)[Rul, 3)

(d, pz-H® J = 2.75); 7.158 (apparent t, pz*, J = 2.75); 6.704 containing both nitro and nitrosyl species and the absorbance of

(apparent t, pzH* J = 2.75). Note that pzrefers to the pyrazol  yre [Ru(bpy)(ls)NO;]*, Ac is the difference between the molar
ring trans to the nitrosyl group. extinction coefficients of the nitrosyl and nitro forms, and [fis]
[Ru(bpy)(Tpm)NO]CI. [Ru(bpy)(TPm)NQJPFs (83.0 mg, 0.125  the total concentration of all ruthenium species. The plothaf
mmol) was placed in a 25 mL round-bottom flask and dissolved in versusAA[OH"]2 has a slope equal toKeg
10 mL of freshly distilled acetonitrile. Tetrabutylammonium X-ray Structure Determination. X-ray diffraction data were
chloride (60.0 mg, 0.216 mmol) was added to the solution. After collected on a Bruker SMART APEX 2 CCD platform diffracto-
stirring for 10 min, a reddish-orange precipitate formed. The meter (Mo Ko (1 = 0.710 73 A)) at 115 K. Suitable crystals were
supernatant was decanted, and the precipitate was washed withnounted in a nylon loop with Paratone-N cryoprotectant oil. The
diethyl ether. The product was dried in vacuo to give 63.2 mg structures were solved using direct methods and standard difference

(91.6%) of productH NMR (300 MHz, D;O, d): 9.585 (s,HC- map techniques and were refined by full-matrix least-squares
(Pz)); 8.639 (d, bpy-R*, J = 8.26 Hz); 8.554 (d, bpy-F¥, J = procedures off2 with SHELXTL (Version 6.14f2 Hydrogen atoms

5.23 Hz); 8.454 (d, pz-Ff, J = 3.03 Hz); 8.312 (d, p°, Ji = were included in the calculated position. Crystal data and refinement
3.03 Hz); 8.148 (apparent td, bpy*H J; = 7.84 Hz,J, = 1.10 details are presented in Table 1. Selected bond lengths and angles
Hz); 8.088 (d, pz-A3, J = 2.20 Hz); 7.464 (ddd, bpy-H J; = are given in Table 2.

7.26 Hz,J, = 5.76 Hz,J3 = 0.90 Hz); 6.76-6.74 (m, pz-K“ and [(p-cym)Ru(bpy)NO,]PFe. Suitable X-ray quality single crystals
pz-H?); 6.269 (apparent t, pt*, J = 2.48 Hz). Note that pzefers of [(p-cym)Ru(bpy)NQ]PF; were grown from an acetone/diethyl

to the pyrazol ring trans to the nitro group. ether mixture at-15 °C. An ORTEP diagram of the cation of(

[Ru(bpy)(trpy)NO ][CI]. [Ru(bpy)(trpy)NQ][PFs] (0.116 g, cym)Ru(bpy)NQIPF; is shown in Figure 1.
0.170 mmol) and tetrabutylammonium chloride (0.704 g, 2.53  [Ru(bpy)(CH3CN)sNO,]PFs. Suitable X-ray quality single
mmol) were treated the same as above to give 96.1 mg (99%) of crystals of [Ru(bpy)(CHCN)sNO,]PFs were grown by slow dif-

a brown powder*H NMR (300 MHz, D,O, 9): 9.480 (d, bpy-H, fusion of diethyl ether into an acetonitrile solution of the complex.
J=5.23 Hz); 8.615 (d, bpy-#J = 7.98 Hz); 8.498 (d, trpy-F°, An ORTEP diagram of the cation of [Ru(bpy)(@EN):NO,]PFs

J = 7.98 Hz); 8.358.38 (m, trpy-H#¥ and bpy-H); 8.264 is shown in Figure 2. A view of a portion of the unit cell is shown
(apparent t, bpy-H J = 7.68 Hz); 8.217 (t, trpy-H, J = 8.25 Hz); in Figure 3.

7.89-7.96 (m, trpy-HS, bpy-H); 7.785 (apparent t, bpyHJ = [Ru(bpy)(Tp)NO][PF ¢].. Suitable X-ray quality single crystals
7.43 Hz); 7.740 (d, trpy-F, J = 5.50 Hz); 7.362 (d, bpy-H J = of [Ru(bpy)(Tp)NO][PF], were grown by slow diffusion of diethyl
5.50 Hz); 7.28 (apparent t, trpy?M, J = 6.33 Hz); 7.023 (apparent  ether into an acetonitrile solution of the complex. Both of the

t, bpy-H, J = 6.33 Hz). hexafluorophosphate anions are disordered. The atoms of these

I5NO,- and 1NO-Labeled Compounds All of the compounds anions were included in the refinement using the program SQUEEZE
above were prepared with the nitro or nitrosyl group labeled with in the PLATON suite of progrants. SQUEEZE found two 867
15N. This was accomplished by using!#IO, (procedure A) in A3 voids at (0, 0, 0.499) and (0, 0.500, 0.588) in the unit cell, each

the preparation of fi-cym)Ru(bpy)NQ]PFs in place of KNG to containing electron density totaling 500 electrons. This compared
give [(p-cym)Ru(bpy}*NO,]PFs. Subsequent reactions were than well to the 447 electrons expected for the eight hexafluorophosphate
carried out in the same manner as described abovel®NAabeled anions that should be contained in each void. The elemental analysis
complexes were characterized By NMR, N NMR, and IR of this compound indicated that acetonitrile may also be present in
spectroscopy (Table 3). the crystal, which may account for the excess electron density. An

Equilibrium Studies. The equilibrium constant for reaction 2~ ORTEP diagram of the cation of [Ru(bpy)(Tp)NO][g#is shown
was determined for £ = Tpm, trpy. Buffers (0.010 M) were  in Figure 4.
prepared from pH 2.0 to 5.3 by the addition of NaOH (6 and 1 M)

(52) Sheldrick, G. M.SHELXTL: An Integrated System for @al,
Refining, and Displaying Crystal Structures from Diffraction Data

[Ru(bpy)(Lg)NO]SJr + 20H = University of Gdtingen: Gittingen, Germany, 1981.
(53) Van der Sluis, P.; Spek, A. lActa Crystallogr., Sect. A99Q 46,
[Ru(bpy)(LgNO, " + H,0  Kgq (2) 194.
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Table 1. Crystal Data, Data Collection, and Refinement Parameters for Table 2. Selected Bond Lengths (A) and Angles (defyr
[(p-cym)Ru(bpy)NQ]PFs (1), fac-[Ru(bpy)(CHCN)sNO,|PF (2), and [(p-cym)Ru(bpy)NQ] PFs (1), fac-[Ru(bpy)(CHCN)sNOZPF (2), and
Ru(bpy)TPNQ (3) Ru(bpy)TPNQ (3)

compound 1 2 3 1 2 3
formula Cooplggr NoOz CaoPlurFeNsOPRU- G Ru-N(1) 2.075(2) 2.047(2) 2.087(3)
habit, color plate, yellow  plate, yellow needle, red Ru—N(2) 2.084(2) 2.041(2) 2.072(3)
size, mm 0.33 0.20x 0.30x 0.18x 0.20x 0.08 x Ru—N(3) 2.073(2) 2.014(2) 1.753(3)
0.10 0.05 0.04 Ru—N(4) b 2.046(2) 2.077(3)
lattice type orthorhombic  monoclinic monoclinic Ru—N(5) b 2.076(2) 2.053(3)
space group Pbca 21/n C2lc Ru—N(6) b 2.045(2) 2.074(2)
a A 12.3474(2)  8.8820(2) 28.472(3) Ru—cent 1.710 b b
b, A 13.8298(2) 15.7248(3) 12.681(1) N(3)—0(1) 1.218(2) 1.250(2) 1.138(3)
c A 25.2511(4) 15.4441(3) 15.403(2) N(3)—0(2) 1.252(2) 1.245(2) b
p, deg 90.620(1) 98.334(1) N(1)—Ru-N(2) 77.18(6) 79.35(7) 78.7(2)
v A :3‘311-9(1) 42156-92(8) 85503(1) N(1)-Ru-N(3) 84.34(6) 90.90(7) 95.9(1)
- N(1)—Ru-N(4) b 95.23(7) 97.5(1)
f[‘)’Vv g mol f872éj5 &13771630 17%5658 N(1)-Ru-N(5) b 89.98(7) 88.0(1)

o Mg 0877 P 0,803 N(1)—Ru-N(6) b 176.18(7) 173.2(1)
w I ; ' ' N(2)—Ru-N(3) 84.52(6) 89.99(17) 92.9(1)
F(000) 2336 1136 3120 N(2)—Ru-N(4) b 173.56(7) 172.8(1)
6 range, deg 1.6128.31 1.85-30.64 1.76-25.56 : :
index ranges —16<h<16 —-12<h<12 —34<h<34 N(2)~Ru-N(5) b 87.38(7) 87.0(1)

-18<k=<18 —22<k=<22 —-15<k=<15 N(2)—Ru-N(6) b 97.59(7) 97.6(1)
—33<1=<33 —-22<1=<22 -18<1=<18 N(3)—Ru-N(4) b 93.60(7) 93.7(2)
reflections collected 72061 39977 25898 N(3)—Ru-N(5) b 177.00(7) 176.1(1)
unique reflections 537Ry= 6519 Rn= 5159 R = N(3)—Ru-N(6) b 86.80(7) 90.0(1)
0.0606) 0.0421) 0.0683) N(4)—Ru-N(5) b 89.18(7) 86.7(1)
weighting factorga, b~ 0.0273, 0.3406 0.0403, 2.1501 0.0337, 0.000 N(4)—Ru-N(6) b 87.96(7) 85.6(1)
max, min transmission 0.9174,0.7607 0.9574,0.7786 0.9857, 0.8558 N(S)—RU-N(G) b 92.16(7) 86.1(2)
data/restraints/parameters 5372/0/302 6519/0/292 5159/0/280 Ru—N(3)—0(1) b 119.9(1) 174.5(3)
RL,WR (I > 20(I)=)  0.0262,0.0547 0.0342,0.0781  0.0401, 0.0761 RU-N(3)-0(2) b 121.8(1) b
Ry, WR; (all data) 0.0378,0.0580 0.0485,0.0847  0.0596, 0.0802 0(1)-N(3)-02) 119.8(2) 118.3(2) b
goodnes; of fit (orf?) 1.033 1.016 1.016 Ru—N(4)—C(11) b ’ 174 9(2) b
Iargee/:s\gglff peak, hole, 0.423,—0.444 0.755;-0.847 0.449-0.549 Ru—N(5)—C(13) b 176.1(2) b
Ru—N(6)—C(15) b 172.1(2) b

aw = [0%Fe?) + (aP)2 + (bP)] 1, whereP = (F¢? + 2F2)/3. . o o ) .
a Estimated standard deviation in the least significant figure are given
in parenthesed.Not applicable. ¢ Cent is the centroid of the-cymene

Results ring.

Preparation of [Ru(bpy)(CH3CN)3sNO,]PFs. Scheme 1
shows the synthetic route for the preparation of [Ru(bpy)-
NO2(CH3CN)s]PFs. [(p-cym)Ru(bpy)CI]PE was prepared
from [(p-cym)RUC}], as described previousk.Reaction
of this complex in methanol with AgNPand KNG 7
(procedure A) or AgN@(procedure B) at room temperature ciay
gives [(p-cym)Ru(bpy)NQ|PF; as a pale yellow powder in
good yield. This complex is indefinitely stable when stored
at —15 °C but will decompose slowly at room temperature.
It was characterized b{H and®N NMR and IR spectro-
scopy, elemental analysis, and single-crystal structure de-
termination. Thé>NO, analogue was prepared by usingK
NO, in place of KNQ in procedure A. Reaction of
[(p-cym)Ru(bpy)NQ]PFs in a 2:1 mixture of refluxing Cht
CIl,/CH3CN over 20 h gave clean conversion to [Ru(bpy)-
(CHsCN)sNO,]PFs. Reaction in neat acetonitrile also resulted
in loss of thep-cymene ring but caused further decomposition
to unknown products. Th#H NMR spectrum of [Ru(bpy)-
(CH3CN)sNO,]PFs shows two acetonitrile methyl resonances
in a 2:1 ratio and four bipyridine proton signals, consistent
with the fac geometry shown in Scheme 1. TheNMR  (is (5 the nitro group only decreased in intensity by 5%.
data, taken in CECN, clearly show that the acetonitrile  afier 20 h, the acetonitrile trans to the nitro group had

ligands are labile. In the initial spectrum, the integral of the completely exchanged with solvent, and only 40% of the
signal for the methyl protons on the acetonitrile trans to the s gcetonitriles had exchanged.

nitro group showed that one-third of these acetonitriles had : ol )
exchanged with solvent and the resonance for the acetonitrilesN g]r;iﬂi‘rgg?:pf;{g:gﬁg&;g’“;ﬂ WS ?I,?g r[s;c(tti)c?r)ll g(lb' eB%w een

[Ru(bpy)(CH,CN)3NO,]™ and Tp, Tpm, and trpy to give
the [Ru(bpy)(ls)NO,]%* complexes. All three reactions were

K cas)

ci2) cu3)
3 — & ci20)
O

Figure 1. Labeled molecular structure offcym)Ru(bpy)(NQ)]* (20%
ellipsoids).

(54) Janzen, D. E.; Wang, X.; Carr, P. W.; Mann, K.IRorg. Chim. Acta
2004 357, 3317.
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o Scheme 1
ol +
N(3)
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clo)
P

wo o o j
<) = 2 \
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Figure 2. Labeled molecular structure of [Ru(bpy)(&EN)s(NO2)]* (20% [
ellipsoids). _N—-Ru
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CHy
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Flgure 3. Solid-state packing diagram of [Ru(bpy)((;(EN)g(NOQ) |PFe. 2N / ‘ Ng
View is down theb-axis. Hexafluorophosphate anions are omitted for clarity. — N N \C‘CH3
o Yo
Scheme 2
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Figure 4. Labeled molecular structure of [Ru(bpy)(Tp)NO](20% 5 o’N\\o CH, o \\0
ellipsoids). ”ol,
complete within 2 h, and analytically pure samples were “f N
obtained in good vyield with a single recrystallization. The
new Ru(bpy)(Tp)N@ and [Ru(bpy)(Tpm)NGPFs com- Ru ‘N 5
plexes were isolated as maroon and orange microcrystalline

solids, respectively, and were characterized'dyand >N

NMR, IR, and UV~vis spectroscopy, cyclic voltammetry,

and elemental analysis. THENO, analogues were also . .

prepared and characterized By and 5N NMR and IR ized by'H and*>N NMR, IR, UV—vis, cyclic voltammetry,

spectroscopy. elemental analysis, and single-crystal structure determination
The two new nitro complexes reported here react cleanly for [Ru(bpy)(Tp)NO][PF]..
with HPFs to give [Ru(bpy)(Tp)NO][PE2 and [Ru(bpy)- 'H NMR Studies of [Ru(bpy)(Ls)NO]** and [Ru(bpy)-

(Tpm)NO][PR]s. Both complexes were also prepared with (L3)NO]?™** Complexes.The *H NMR spectra of the Tp
a'®N-labeled nitrosyl group. [Ru(bpy)(trpy)(NO)][RE has and Tpm compounds are complex, but a full assignment was
been prepared previously, but we also prepared that complexpossible using H,H-COSY. The numbering scheme for the
and the'>NO analogue. The new complexes were character- NMR assignments is shown in Scheme 2. TheNMR
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Table 3. >N NMR, IR, UV—Vis, and Electrochemistry Data for RutheniuiNitro and Nitrosyl Compounds

UV —vis
Amax NM
(€ x 10,
Compound o 15\ VNO, VIO, VNO VisNO M-1 cm*l) El/z(V)g
[(p-cym)Ru(bpy)NQ]PFs 88.8 1391 1354 d d 350 (sh)
1316 1294 316 (13)
304 (12)
[Ru(bpy)(CHCN)sNOZ]PFs 106.8 1354 1329 d d 417 (4.5)
1313 1289 280 (32)
[Ru(bpy)(Tp)NG 128.0 1330 1307 d d 530 (sh) 0.617
1309 1275 471 (4.1)
303 (29)
[Ru(bpy)(Tpm)NQ]PFs 118.5 1340 1312 d d 472 (sh) 1.00
1308 1284 425 (4.4)
291 (28)
[Ru(bpy)(trpy)NQ]PFs 118.4 1343 1322 d d 472
1302 1278 310
291
[Ru(bpy)(TP)NO][PK]2 —-15.6 d d 1940 1901.4 e 0.245
—0.631
[Ru(bpy)(Tpm)NO][PF]3 —-13.5 d d 1962 1924.0 e 0.505
—0.473
[Ru(bpy)(trpy)NO][PF]3 -31.6 d d 1952 1913.0 e

2|R data were collected in a GEN solution except where otherwise notéth NMR data were collected in a GON solution except were otherwise
noted.? CD,Cl; solution.® CH,Cl; solution. Not applicable & Data not collected. From ref 28.9 Data reported for 0.5 mM solutions with 0.1 M TBAPF
in CHsCN as the supporting electrolyte except were noted. Scan rates were 50"B¥éts. recorded for a 1.0 mM solution in 0.1 M TBARR CH,Cl,
at a scan rate of 100 mV/sE, ., see text for detail.

spectra for the Tp and Tpm nitro and nitrosyl complexes  Although [Ru(bpy)(trpy)NG ™ and [Ru(bpy)(trpy)NOT"

are similar, and the following comments apply to all four have been previously prepar&dno 'H NMR data was
complexes. Four proton signals are assigned to the bipyridinereported. The following comments apply to both the nitro
ligand, consistent with the expect&@l symmetry. The pz  and nitrosyl complexes. There were several resonances that
ring proton resonances are also consistent with this geometry could not be resolved, but an essentially complete assignment
Two sets of three signals are observed in a 2:1 ratio, which could be made using 1D proton and H;BOSY experi-

are readily identified from their coupling patterns as arising ments. Seven signals are assigned to the trpy ligand with
from the pz rings. The more intense signals are assigned toSix integrating as two protons and one integrating as one
the protons on the chemically equivalent pz rings trans to proton. This is consistent with the complex havidy

the bipyridine. The other set of pz resonances are assignecsymmetry in which a plane of symmetry bisects the trpy
to the pz ring trans to the nitro group (designated d§. pz ligand. Eight separate signals, all integrating as a single
Additional confirmation of this assignment is provided by Proton, were observed for the bipyridine ligand, consistent
the unusual chemical shift ofn pz. This proton resonates ~ With the nonequivalence of the two bpy rings. The chemical
at 1.5-2.0 ppm upfield of H on the other two pz rings and ~ shifts of the protons on the two bpy ring spin systems are
the H protons on both sets of pz rings. This can be attributed Significantly different, with one set appearing consistently
to the proximity of H on pz to the shielding portion of the ~ upfield of the other. The greatest difference is with tfeH
anisotropic ring current on the bipyridine ring. This effect Protons, which exhibit a 2.6 ppm difference in chemical shift.
has been observed in other ruthenidbipyridine com- [N assigning the spectrum, we assumed that the set of bpy
plexed? and was useful here in assigning the resonances forProtons with the upfield chemical shift belongs to the bpy
the pz protons. In the absence of the ring current effect, the "9 trans to the nitro group. The upfield shift is due to the

pz H and H protons have very similar chemical shifts and proximity of th_e proto_ns on that ring to the shielding portion
are difficult to assign. With Flon pz shifted upfield, the  ©f the Irpy anisotropic ring current. _ _
remaining downfield pz resonance that integrates as one IR Studies. Table 3 gives the IR stretching frequencies
proton must be Flon pZ. With this unambiguous assignment for the nitro and nitrosyl complexes, including thil-labeled

of H3 and H on the pz rings for all four complexes, we pomple_xes. The.15N labeling is particularly helpful in
noted thatly*_ys is consistently greater thal_s, as has identifying the nitro stretches because of the presence of

been previously observed in related5Tand Tpni¢ com- numerous other ligand vibrations in the same region as the

\ : \ ;
plexes. The difference in the coupling constants could then Nitro stretches (13001400 cnt). The nitro group in

be used to assign the’ldnd H protons on the pz rings trans N-bqund metat nitro comple.xes typically displays sym-
to bipyridine. metric (sym) and asymmetric 1Gsyn) Stretches with the

asymmetric stretch having the higher frequePtc¥he IR
spectra of the new nitro complexes reported here all exhibit

(55) Jalon, F. A.; Otero, A.; Rodriguez, A. Chem. Soc., Dalton Trans.

1995 1629.
(56) Katz, N. E.; Romero, I.; Llobet, A.; Parella, T.; Benet-Buchholz, J. (57) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistrpth ed.;
Eur. J. Inorg. Chem2005 272. Wiley & Sons: New York, 1988; p 486.
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two peaks between 1300 and 1400¢érthat shift 20-40 15.0
cm ! to lower frequency in thé>NO,-labeled complexes.

On the basis of this, we assign the peaks toithg and

Vasym Stretching modes. The,sym peaks are between 1320 e

and 1391 cm?, and thevsym peaks range from 1302 to 1315 é 10.0-
cm™ L. Thevasymvalue for [-cym)Ru(bpy)NQ]™ is unusu- g

ally high (1391 cm?) for a ruthenium-nitro complex. The %
closest compound for comparison we could find isj®(6 - £
Me,dppz){;°-p-cymene)Cl,]PFs (6,6 -Me,dppz= 2,2-(1H- ‘éi 504
pyrazole-3,5-diyl)bis(6-methylpyridine)) in which the nitro §

VasymiS 1367 cm .58 The nitro stretching frequencies for the
other compounds lie within the ranges expected from
comparison to literature data for other rutheniunitro
compound$®4’The observed isotopic shift is also consistent 00 400 500 500 200
with previous studied!*>9 w

avelength (nm)

The IR spectra of [Ru(bpy)(Tp)NO][I%E and [Ru(bpy)- Figure 5. UV-—vis spectra of [§-cym)Ru(bpy)NQ]PFs (a, CHCI,
(Tpm)NO][PF]s show intense bands at 1940 and 1962tm  solution), [Ru(bpy)(CHCN)sNO,]PFs (b, CHCN solution), [Ru(bpy)(Tp)-
respectively, that are assignediigs of the nitrosyl ligand. NOg] (¢, CHsCN solution), [Ru(bpy)(Tpm)NEPFs (d, CHsCN solution).
Both values are close to those reported for other Ru(ll)
complexes with similar ligand systems; however, [Ru(bpy)-
(Tpm)NOPF" has, by a small margin, the highest nitrosyl
stretching frequency reported for a Rufthitrosyl com-
plex*? The nitrosyl bands shift 40 cni to lower frequency
in the >NO-labeled complexes. The experimentalo/visno
ratios are 1.021, 1.020, and 1.020 for the Tp, Tpm, and trpy
complexes, respectively, very close to the theoretical value
of 1.018 calculated with the Hooke’s Law approximation.

N NMR Studies. >N NMR spectra for these complexes
are easily obtained on the 100% labeled complexes!The
chemical shifts referenced to neat £, are given in Table
3. The™NO; signals range from 89 ppm ford{cym)Ru-
(bpy)NG,]PFs to 128 ppm for [Ru(bpy) TpNg). These values T
are consistent with those generally observed for metiio 875
complexe® and the few rutheniumnitro complexes for Wavelength (nm)
which data are availablé:3161The 15N chemical shifts of Figure 6. UV —vis spectra of [Ru(bpy)(trpy)NEICI at different pH’s after
the nitrosyl groups in the [Ru(bpy)é}NO]2+’3+ complexes 2 days_: a=4.8and53,b=38,¢c=35,d=38.2,e=29,f=26,9=

! ) 2.3, h=2.0.
are at the low end of the chemical shift range observed for
linear metat-nitrosyl complexes but are typical f¢Ru— Equilibrium Studies. The equilibrium constant for reac-

NO}® complexes: 2 tion 2 was determined ford= Tpm and trpy. [Ru(bpy)-
UV—Vis Spectroscopy.UV—vis data for the four new  (Tp)NO,] was not sufficiently soluble in water to be studied.
nitro complexes are shown in Figure 5, and the data are Figure 6 shows the U¥vis spectrum of [Ru(bpy)(trpy)-
summarizgd in _Tab!e 3. All four complexes have similar NO,]* at different pH'’s after equilibrating at 25.0-0.1)
spectra, displaying intense bandsX 20 000 cm* M) °C for 2 days. Isosbestic points are observed at 337 and 386
below 350 nm and less intense< 5000 cm* M™) broader 1y, consistent with the presence of only the two absorbing
bands at longer wavelengths. Fau-tym)Ru(bpy)NGIPFs, species shown in reaction 2. A Scatchard plot derived from

the longer wavelength band is not resolved, appearing as gnege gata is shown in Figure 7. From eq 3, the slope of this
shoulder on the more intense UV peaks. By comparison with plot equals—Keq giving Keq = 1.70(7) x 102 M2, This

related complexes, the higher energy bands can be assigne
to a ligand-centered transition; the weaker visible bands are
most likely z*(bpy) < dz(Ru) MLCT transitions.”56:63.64

1.3

Absorbance

T T L
450 525 600 675

gquilibrium constant was previously reported to be 2.1
102 M2, but no experimental details were providédiand
SO we are unable to account for the difference. Similar data

(58) Catalano, V. J.. Craig, T. Polyhedron2000 19, 475 were obtained for the equilibrium between [Ru(bpy)(Tpm)-
(59) Leising, R. A.; Kubow, S. A.; Churchill, M. R.; Buttrey, L. A.; Ziller, NOJ** and [Ru(bpy)(Tpm)N@™* (Figures S1 and S2) and

J. W.; Takeuchi, K. Jinorg. Chem 199Q 29, 1306. Keq Was determined to be 2.5(3) 1072 M2,

(60) Mason, J.; Larkworthy, L. F.; Moore, E. A£hem. Re. 2002 102,
913.

(61) Emel'yanov, V.; Fedotov, M.; Belyaev, A. Neoorg. Khim1993 (63) Katz, N. E.; Fagalde, F.; Katz, N. D. L.; Mellace, M. G.; Romero, |.;
38, 1842. Llobet, A.; Benet-Buchholz, Eur. J. Inorg Chem 2005 3019.

(62) Bell, L. K.; Mason, J.; Mingos, D. M. P.; Tew, D. Gorg. Chem. (64) Huang, L.; Seward, K. J.; Sullivan, B. P.; Jones, W. E.; Mecholsky,
1983 22, 3497. J. J.; Dressick, W. dnorg. Chim. Acta200Q 310, 227.
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the nitro group range 86.80(#93.60(7). The structure
014 = confirms the assignment of fac geometry suggested by the
NMR data and confirms that the nitro group is N-bound, as
indicated by the IR spectrum. The-M—O angle in the nitro
-0.3 group is 118.25 similar to the value observed foipfcym)-
Ru(bpy)NQJPFs. The three acetonitrile ligands are coordi-
nated in an essentially linear fashion with the-RU—CCHs
-0.54 angles ranging 172.1(20176.1(2y. The Ru-NCCH; bond
lengths are essentially equivalent for the acetonitrile ligands
trans to bipyridine at 2.046(2) and 2.045(2) A. The-Ru
0.7 NCCH; bond to the acetonitrile trans to the nitro group is
significantly longer at 2.076(2) A. The packing of the cations
(Figure 3) in the structure of [Ru(bpy)(GBN);NO]PF; is
'0'9_4_5 3.5 25 15 05 05 interesting. The cations pack as pairs with the nitro groups
AAIOHT x 102 oriented anti to each other with-stacking interactions

Figure 7. Scatchard plot for pH-dependent equilibrium between [Ru(bpy)- between the bipyridine ligands. The bipyridine ligands are

(trpy)NO;]* and [Ru(bpy)(trpy)NOY*. Absorbance values were measured  Parallel with a 0 angle between the bpy least-squares planes.
at 450 nm. Fitting parameters: slope (—1.70 + 0.07) x 107t M~2, The n-stacking distance is 3.42 A, similar to the 3.4 A van

intercept= —0.849+ 0.01. der Waals (vdw) thickness of the bipyridinesystenfs

Electrochemical Studies.Electrochemical data for [Ru- The ORTEP of the [Ru(bpy)(Tp)N®] cation (Figure 4)

(bpy)(TPINGY, [Ru(bpy)(Tpm)NG]*, [Ru(bpy)(Tpm)- shows essentially octahedral coordination about the Ru and
NOJ**, and [Rl;(bpy)(Tp)NOT“ are givén in Table 3. Cyclic confirms that the Tp ligand occupies a trigonal face of the

voltammograms for [Ru(bpy)(Tp)N®Dand [Ru(bpy)(Tp)- complex. The bpy bite angle is 78.7{2but the bond angles
NOJ2+ are shown in Figures S3 and S4, respectively. Both between the three coordinated nitrogens of the Tp ligand and

nitro complexes can be oxidized, with the Tp complex theonit_rqgen of the NO group are between 85.6¢)d 93.7-
oxidizing at a potential almost 0.4 V less than the Tpm (2)° giving the complex essentially octahedral geometry. The
complex. The oxidation of the Tp complex is reversible; in NO ligand is close to linearly coordinated with a RN—O
contrast, the oxidation of the Tpm complex is only partially bond angle of 174.5(3)consistent with the IR antiN NMR
reversible at a scan rate of 50 mV/&dipa = 0.7). data. The distance between the hydrogen on C(14) and the
Comparison to other rutheniurmitro complexes indicates ~ centroid of the C(5)C(6) bond on the bipyridine ligand is
that these waves correspond to the oxidation of Ru(ll) to 2-84 A, consistent with the conjecture that the unusual upfield
Ru(lll).+4123444The nitrosyl complexes both display two shift observed for this proton in thed NMR spectrum is

widely separated reduction waves. The first process is due to its proximity to the shielding portion of the anisotropic
reversible for both complexes; the more negative wave is fing current of the bipyridine ligant?.

reversible for the Tp complex and irreversible for the Tpm

complex. On the basis of detailed studies of similar com- Discussion

plexes, it is likely that both reductions are one-electron . .

processes centered at the nitrosyl ligan81°1228The first I'TEe ds_ynftheS|s_ Ofl [RE.(br? y).(lcje:':%Noi]Pt'_:G 'Sf accom-CI

wave represents the formal reduction of the nitrosyl ligand _FIJ_r']S ]f tlrt] ourtS|mpttre], 'gh yie i steps star 'T:? (r:om Rié

from NO' to NO-, and the second wave represents further € Tirst two steps, the preparations a-ym)RUCL], an
[(p-cym)Ru(bpy)CI]PE, are simple literature procedures. The

reduction to NO. The more positive reduction potentials . .
of the Tpm vs the Tp complex support this assignment. preparation of jf-cym)Ru(bpy)NGJPF; required that Ag
be used to assist in removing the chloride fromp-¢ym)-

- i . +
.X ray Studies. The ORTEP. of [ cym)Ru(bpy)NQ] Ru(bpy)CIJ. In the absence of Ag either no reaction is

(Figure 1) shows a symmetrically coordinatpecymene .

. : : . . . observed (room temperature) or [Ru(bpy)N4F~ is ob-

ligand with a ring-centroid to ruthenium distance of 1.710 tained (refl B ing Ag, the nit Iso b

A, similar to the analogous values (1.717 and 1.731 A) ;'32 d (vrv?thw(())ﬁly yaussllig%t eicessnclj;on?[:i?gpiocnanr:ai(i)ngeit

f - RUNQ].H -M Me,- !
observed for [o-cym)RUNGI2H;(6,6-Me:dppz) (6,6-Me; economical to prepare tABNO, analogue. This is in contrast

dppz = 2,2-(pyrazole-3,5-diyl)bis(6-methylpyridine)), the X L )
only other example of a rutheniumarene complex with a with the typical literature preparations of RMO, complexes
in which a 10-20-fold excess of N@ is required. The final

nitro ligand we could find in the literatuf®.The nitro group ) N .
is N-bound, consistent with the IR data. The®—0 angle  St€P. the preparation of [Ru(bpy)(G@EN):NO,]", requires

in the nitro group is 119.8(2) within the 113-127 range  Strict attention to detail. If f-cym)Ru(bpy)NQ] * is refluxed
generally observed for MNO, complexes? in neat acetonitrile, conversion to [Ru(bpy)(&EN)sNO,]*

The ORTEP of the [Ru(bpy)(CIEN)sNO,]* cation (Fig- is followed by decomposition to unknown products to give
ure 2) shows the ruthenium is essentially octahedrally - - - :
The vdw thickness of bpy is assumed to be twice the vdw radius of

coordinated with the exception of the bpy bitg a}nglg of 79.35- 69 C given in: Bondi, A.J. Phys. Cheml964 68, 441.
(7)°. The angles between the three acetonitrile ligands and(66) Schneider, H.; Rudiger, V.; Cuber, W. Org. Chem1995 60, 996.

AA
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Characterization of [Ru(bpy)(CHCN)3(NO,)]PFs

an intractable mixture. We found that using a 2:1 mixture 150.0
of methylene chloride and acetonitrile still gives complete N
conversion to [Ru(bpy)(CKN)sNO,] " in a reasonable time
(20 h) and provides analytically pure product directly from 125.0-
the reaction. Ve
The displacement gf-cymene by acetonitrile under such
mild conditions is rather surprising. Although thermal arene
displacement reactions from ruthenium are known, they are
rare and generally require either more forcing conditions or A
better nucleophiles than acetonitdfe” The nitro group 75.04
clearly plays a roll in labilizing the-cymene ring. When A
the reaction of [j;-cym)Ru(bpy)NQ] " at 40°C in CD:CN
was followed by*H NMR spectroscopy, approximately 100% 50.0 : :
conversion to [Ru(bpy)(CECN)sNO;]* occurred within 7.1 7.3 7.5 7.7
about 24 h. Under the same conditiong-¢{ym)Ru(bpy)- v, x 10 (em)
chr ShOVIVGd no Opsewable reathlon in 2 weeks. One pOSSibleFigure 8. Plot of N chemical shift versusasym for the nitro group for
explanation for this difference is suggested by the reactivity the complexes given in Table 3m) complexes with one nitro groupaj
of RUG)CHENINO] " in CDLCN soluon, wich o s 9 0
indicates that the nitro has a trans-labilizing effect. The TG oom e intercepte 8.0 & 0.8 x 167 ppm. 3x0.D)
acetonitrile trans to the nitro group exchanges with solvent
at a rate approximately 20 times as fast as the acetonitrilesably, similar precursors containing the Tp and Tpm ligands
cis to the nitro. The crystal structure of [Ru(bpy)(&H could be prepared. However, adding these ligands to a
CN):NO,] " indicates that the trans effect might be partially common synthon has a clear advantage, especially when it

100.04

"N (ppm)

due to a ground state trans influence as the-RCCHayrans is considered that a variety of nitro complexes can now be
bond is 0.030(4) A longer than the RNCCHsgs bonds. prepared with systematic variations in electronic and steric
Presumably, the nitro group could also exert a trans-influenceproperties using available ligands. A second advantage of
on the p-cymene ring in [p-cym)Ru(bpy)NQ]*, which this synthetic route is the stoichiometric introduction of the

would make it more susceptible to substitution. We are nitro group, making it very economical to prepéii-labeled
engaged in kinetic and structural studies to further addressnitro and nitrosyl compounds. Because of the presence of
this issue. many ligand-centered vibrational modes in the 130800
Reaction of [Ru(bpy)(CECN):NO,]* in acetone with cm ! region, the'™N labeling is clearly useful in identifying
tridentate ligands gives rapid, clean conversion to [Ru(bpy)- the nitro stretching bands in the IR spectra of these
(L3)NO;] complexes. The reactions with Tp and Tpm are complexes. In addition, it becomes possible to easily collect
somewhat sensitive to reaction time, resulting in decomposi- "N NMR data, a useful but under-utilized technique for
tion if the reaction is allowed to go much longer than 2 h. characterizing rutheniumnitro and —nitrosyl complexes.
In comparison, the reaction with trpy gives an initial product With 100%'°N labeling, it is possible to collect&N NMR
of higher purity, and the reaction is less sensitive to reaction spectrum in less than 30 mim@ 7 Tinstrument at 10 mM
time. The facial geometry of [Ru(bpy)(GBN)NO,]" concentrations.
suggests that reactions with fac-coordinating ligands such The**N NMR data reported here demonstrate the potential
as Tp and Tpm would be less complex. However, it appears Of this technique when applied to a significant number of
that the nitro group can readily isomerize from the position ruthenium-nitro complexes. The chemical shifts occur over
trans to acetonitrile to trans to bipyridine when [Ru(bpy)- about 30 ppm, a relatively small chemical shift range for a
(CHsCN);NO,]* reacts with a ligand that prefers to form a heteroatom, but it is interesting to note that the data in Table

complex with mer geometry. 3 do show a strong correlation between bl NMR
The overall synthetic strategy described here is a useful chemical shifts, the nitro stretchmgsfrequenqes, and the
alternative to standard preparations of rutheniunitro MLCT transition energies. As théN chemical shift

complexes. Typical synthetic routes use halide Corm:,kaxesdecreases, the asymmetric stretching frequency of the nitro

([Ru(trpy)Ck] and [Ru(bpy)Cl,], for example), and presum- ~ 9roup and the MLCT transition energy increase. To explore
this further, the'>N chemical shift was plotted against the

(67) Major, Q.; Lough, A. J.; Gusev, D. @rganometallic2005 24, 2492. reciprocal of the_ nit_ro asymmetric stretching frequency
(68) gail, C, Pgths, J.;Zlagchlleln,lé.og.; Main, A. D.; Munchi, P.; Jessop, P. (vasyn), @S Shown in Figure 8. Included are data for the nitro
. Inorg. Chem!: , . -
(69) Widegren, J. A.. Bennett. M. A.. Finke, R. &.Am. Chem. So2003 complexe_s reported here_as We_II as the following compounds
125, 10301. from the literature for which suitable IR arieN NMR data
(70) Tobita, H.; Hosegawa, K.; Minglana, J. J. G.; Luh, L.; Okazaki, M.; i . 31 — .
Ogino, H.Organometallics1999 18, 2058. are avallable: I§[Ru(bpy1)(NQ)4] (01w = 138, 141 ppm;
(71) Green, M. L. H.; Joyner, D. S.; Wallis, J. M. Chem. Soc., Dalton ~ Vasym = 1327, 1318 cm?), cis,transRu(bpy)(NQ)2(NO)-
@2 TBranS %t9?v|7, ZASZ?VI " W Rob G B Smith, A K (OH)3 (O15y = 84 ppm;vasym= 1387 cn1?), cis,cisRu(bpy)-
ennett, A atheson, |I. ., Roperson, . b,y omitn, A. K.; _ _
Tucker, P. AInorg. Chem.198Q 19, 1014 (NO)2(ONO)(NOY* (61y = 70, 68 ppmpasym= 1387, 1373
(73) Bennett, M. A.; Smith, A. KJ. Chem. Soc., Dalton Trang974 233. cm™Y), Ru(hedta)(NO)(NQ)* (65 = 81 ppm;vasym= 1370
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0 of the nitro group. Overall, this leads to the correlation
- %+ (21/8 observed in Figure 8. Detailed modeling studies of these
o complexes would certainly be needed to support this
8 hypothesis. From a practical point of view, the high quality
0 of the correlation in Figure 8 suggests that fid NMR
rr 0/8 chemical shifts, like IR and U¥vis data, provide informa-
T * N\ tion about the electron density at the metal center.

I - ®no, Conclusions
Ru We have successfully prepared a ruthenitmitro synthon
Ru-NO, that readily exchanges three acetonitrile ligands for mer- or
Figure 9. Qualitative molecular orbital diagram for a ruthenitmitro fac-coordinating tridentate ligands. Using this synthon, we
complex showingsr-bonding ¢), #-bonding (r), andz-antibonding £*) have prepared two new ruthenigmitro Comp|exe3, [Ru_
levels. (bpy)(Tp)NGy] and [Ru(bpy)(Tpm)NG* and their nitrosyl

cm; hedtd™ = N-(hydroxyethyl)ethylenediaminetriacetatt). ~ analogues. This synthetic route also allows for the simple
A reasonable correlation betweény and 1bas,mis present and economical introduction of*&N label on the nitro and
for all of complexes, but a good linear relationship is hitrosyl groups which simplifies both the assignment of IR
observed if only the compounds with a single nitro ligand SPectra and the acquisition 6fN NMR data. We will
are considered. We plan to explore this relationship in more continue to expand on this synthetic methodology by
detail, but it seems likely that it stems from the dependence substituting different bidentate ligands for bipyridine to give
of the 15N chemical shift on charge circulation caused by other [Ru(l)(CHsCN)sNO;] complexes from which “fami-

magnetic field induced mixing of theandz* orbitals shown  lies” of [Ru(L2)(Ls)NOz] complexes can be prepared.
in the simplified MO diagram ofoa;;gthgnluﬁnltro comp&!)ex Acknowledgment. We gratefully acknowledge the help
in Figure 9. Theoretical work®™ indicates that thé*N of Dr. Joe Tanski of Vassar College with the single crystal

nucleus should be dfshie_lded as the difference inen&ily (  x_ray studies and the NSF (grant no. 0521237) for funding
between ther andsr* orbitals decreases. A net increase in the Vassar College X-ray crystallography facility. We also

the e!ectrpn density at .the metal caused by an eIeCtronacknowledge the financial support of The State University
donating ligand would raise the energy of both thendx of New York at New Paltz.

orbitals in Figure 9. This would result in a gré&tl chemical
shift (smallerAE resulting in greater deshielding) and a lower ~ Supporting Information Available: Text file of crystal data.

nitro Stretching frequency due to increased back-bonding UV—VIS spectra and Scatchard plot for the determination of the
from the filled dr orbitals of the ruthenium to the* orbitals equilibrium between [Ru(bpy)(Tpm)N®] and [Ru(bpy)(Tpm)-
NO,]* and cyclic voltammograms of [Ru(bpy)(Tp)Nand [Ru-

(74) The!N chemical shifts for these compounds were reported relative (0PY)(TP)NOF*. This material is available free of charge via the

to formamide and were converted to the B8l scale. Internet at http://pubs.acs.org.
(75) Penner, G. H.; Bernard, G. M.; Wasylishen, R. E.; Barrett, A.; Curtis,
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