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The reaction of the [Ru(bpy)(NO,)sJ>~ (bpy = 2,2'-bipyridine) ion in aqueous solutions produces two different
nitrosyl complexes, depending on the pH of the solution. At acidic pH, complex cis,cis-Ru(bpy)(NO,).(ONO)(NO)
was isolated. At neutral or basic pH, [Ru(bpy)(NO,)4?~ reacts to give cis,trans-Ru(bpy)(NO2),(NO)(OH). Both new
complexes were fully characterized by elemental analysis and UV-vis, IR, 'H NMR, and 5N NMR spectroscopy.
A single-crystal X-ray structure of cis,trans-Ru(bpy)(NO2),(NO)(OH) was also obtained. cis,cis-Ru(bpy)(NO,),(ONO)-
(NO) isomerizes in acetone or water solution to give a mixture of the trans,cis-Ru(bpy)(NO),(ONO)(NO) and cis,-
cis-Ru(bpy)(ONO),(NO,)(NO) linkage isomers as determined by *H and SN NMR spectroscopy. A single-crystal
X-ray structure of a solid solution of cis,cis-Ru(bpy)(ONO)(NO)(NO)/trans,cis-Ru(bpy)(NO,).(ONO)(NO) was also
obtained. This pair of isomers is the first crystallographically characterized compound with nitro, nitrito, and nitrosy!
ligands. The kinetic studies of the Ru—NO, — Ru—NO conversion reactions of [Ru(bpy)(NO,)4J?~ in buffered solutions
from pH 3 to pH 9 complement previous studies of the reverse reaction. The reactions are first order in
[Ru(bpy)(NO,)4)>". At high pH, the reaction is independent of the concentration of H* while, at low pH, the reaction
is first order in the concentration of H*. The rate determining step of the high pH reaction involves breakage of the
Ru-NO, bond while, at low pH, the mechanism involves a rapid reversible protonation of a NO; ligand followed by
the rate determining loss of hydroxide to produce a nitrosyl ligand.

Introduction [Ru(bpy)(NQy)4)% is stable in the solid state, but in agueous
solution, [Ru(bpy)(N®)4]?>~ undergoes reactions we identify
here to give nitrosyl complexes. Previously studied ruthe-
nium—nitro compounds are known to reversibly react in
protic solvents via oxide transfer to yield rutheniumitrosyl
complexes (reaction 2y1? This reaction has received

increased attention recently because it provides a convenient

We recently reported the first preparation of the [Ru(bpy)-
(NO,)4]?~ anion via the thermal displacement of benzene
from [(7%-Bz)Ru(bpy)CI]CI (Bz= benzene; bpy= 2,2-
bipyridine) in methanol solution (reaction 1).

xs KNGO,

[(7°-Bz)Ru(bpy)CIICI Cron
K, [Ru(bpy)(NQ),] + Bz + 2KCI (1)

(2) Bignozzi, C. A.; Chiorboli, C.; Indelli, M. T.; Scandola, M. A.; Varani,
G.; Scandola, FJ. Am. Chem. Sod 986 108 7872.

(3) Timpson, C. J.; Bignozzi, C. A.; Sullivan, B. P.; Kober, E. M.; Meyer,
T. J.J. Phys. Chem1996 100, 2915.

Our original interest in this complex stemmed from inves-
tigations of the solvatochromisi of the analogous [Ru-
(bpy)(CN)]?™ anion and their relationship to the development
of environmental sensing devictike [Ru(bpy)(CN)]?",
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2,2-Bipyridinetetranitroruthenate Dianion

synthetic route to rutheniusmitrosyl complexes that are of ~ vno = 1852;v45(NO;) = 1416;vsyn(NO;) = 1329, 13099 0n0 =
considerable interest for their potential uses as NO scavenger$21, 815.
or donors for therapeutic applicatiobs?! Preparation of cis,cisRu(bpy)(NO2),(ONO)(NO) (2A). Ko[Ru-

o N () (bpy)(NG)4] (0.100 g, 0.193 mmol) was dissolved in 5 mL of water.
LsRu(Il)—=NO,™ + 2H" == L;Ru(l)-NO +H,0 (2) Addition of 0.47 g of a 60% aqueous solution of HRFFoduced

an immediate precipitate. The reaction was stirred for 15 min. The
product was filtered and washed with a small amount of cold water
and air-dried yielding 0.0639 g (78% vyield) of a peach colored
powder. Anal. Calcd for gHgNsO7Ru: C, 28.26; H, 1.90; N, 19.76.
Found: C, 28.40; H, 1.84; N, 19.76H NMR (300 MHz,
ds-acetone)y: 9.86 (H, d of d of d, 2H,J; = 5.78 Hz,J, = 1.65
Hz, J3 = 0.55 Hz); 9.01 (M, d of d of d, 2H,J; = 5.64 Hz,J, =
1.35 Hz,J; = 0.54 Hz); 8.89 (K, d, 2H,J = 8.25 Hz); 8.83 (H,
d, 2HJ=7.98 Hz); 8.70 (K4, t of d, 2H,J; = 7.71 Hz,J, = 1.38);
8.45 (H*, tof d, 2H,J; = 7.90 Hz,J, = 1.38); 8.24 (H, d of d of
d, 2H,J; = 6.81 Hz,J, = 5.92 Hz,J; = 1.38 Hz); 7.89 (H, d of
dofd, 2H,J; =7.71 Hz,J, = 5.71 Hz,J3 = 1.38 Hz). IR (ATR,
cm™Y): vno = 1914;v,5(NO,) = 1416;vsym (NO,) = 1335, 1314;
6ONO = 823, 818.

Preparation of K [Ru(bpy)(**NO,)4]. This compound was
prepared from [BzRu(bpy)CI|ClI and 'RNO, by the method
previously described for the unlabeled compotiftN NMR (30.45

In this report, we describe the synthesis, characterization
by ®N NMR, and single-crystal X-ray structure determina-
tions of two different nitrosyl containing products obtained
at different pH values from aqueous solutions of [Ru(bpy)-
(NO,)4]?". Kinetic measurements reveal two different path-
ways for the reaction of [Ru(bpy)(NQ]?~ to form new
nitrosyl complexes.

Experimental Section

General Considerations.KNO,, 2,2-bipyridine, and HEPES
((4-(2-hydroxyethyl)-1-piperizineethane-sulfonic acid, sodium salt)
were purchased from Aldrich. ®NO, was purchased from
Cambridge Isotope Laboratories. Rg@H,0 was purchased from
Alfa or Aldrich. Combustion analyses were performed by QTI
Analytical LaboratoriestH NMR spectra were recorded on a JEOL
300 MHz Eclipse or Varian VI-500 MHz spectrometél NMR
chemical shifts are relative to (G)4Si. 1N NMR spectra were MHz, 85% HO/D;0 pH 8),0: 406, 409 {°NO,).
recorded at 30.45 MHz on a JEOL Eclipse spectrometer with a5  Preparation of cis,transRu(bpy)(**NO2),(**NO)(OH) (**N-1).
mm probe or at 50.67 MHz on a Varian spectrometer with a 10 This compound was prepared from[Ru(bpy)(°NO)4] in the same
mm probe 5N NMR chemical shifts are relative 6N-formamide manner as described fais,transRu(bpy)(NQ)(NO)(OH). **N

(external reference). A 120 s b s relaxation time was used in the
acquisition of the’>N NMR spectra. All'SN NMR spectra were
acquired with >N labeled compounds. UMWis spectra were

NMR (50.67 MHz, BO), 6: 352 (5NO,), 225 (5NO).
Preparation of cis,cisRu (bpy)(**NO,)2(ONO)(**NO) (**N-
2A). This compound was prepared from[Ru(bpy)@®NO,),] in

recorded on a Ocean Optics Chem-2000 or Perkin-Elmer Lambda-6the same manner as described &®,cisRu(bpy)(NGQ)2(ONO)-
spectrometer. IR spectra were recorded on a Perkin-Elmer 1600(NO). *N NMR (50.67 MHz,d¢-acetone)g: 466 (O°NO), 338,
FTIR or Nicolet Magna 560 FTIR spectrometer using a multiple 336 ¢5NO,), 257 ¢5NO).

internal reflectance accessory. Isomerization Reaction of 2A to 2B/2C.A solution of 2A in

Preparation of cis,transRu(bpy)(NO,)2(NO)(OH) (1). K5[Ru- ds-acetone was allowed to react at room temperature for 4 days.

(bpy)(NOy)4] (0.110 g, 0.212 mmol) was dissolved in 3 mL of 0.10  The resulting solution exhibited the followirtgl NMR (300 MHz)
M, pH 7 HEPES buffer. The solution was stirred at room peaks assigned @B, 6: 9.97 (H, d of d of d, 2H,J; = 5.76 Hz,
temperature for 5 days. Over this time, a light yellow precipitate J, = 1.53 Hz,J; = 0.69 Hz); 9.07 (M, d of d of d, 2H,J; = 5.70
formed. The product was filtered, washed with cold water, and dried Hz, J, = 1.38 Hz,J; = 0.64 Hz); 8.90 (H, d, 2H,J = 7.98 Hz);
in vacuo. The product was isolated as a light yellow powder (0.060 8.83 (H, d, 2HJ = 7.77 Hz); 8.73 (¥4, t of d, 2H,J; = 7.71 Hz,

g, 71% vyield). Anal. Calcd for GHgNsOsRu: C, 30.31; H, 2.29;
N, 17.67. Found: C, 30.08; H, 2.36; N, 17.38.NMR (300 MHz,
D,0 vs DSS)y: 8.64 (H*¢, d ofd of d, 2H,J; = 8.6 Hz,J, = 1.4
Hz, J; = 0.7 Hz); 8.60 (K2, d, 2H,J = 8.3 Hz); 8.41 (H*, d of
t,2H,J; = 7.9 Hz,J, = 1.5 Hz); 7.83 (H®, d of d of d, 2H,J; =
7.6 Hz,J, = 5.7 Hz,J3 = 1.4 Hz). IR (ATR, cmTY): von = 3495;

(12) Ooyama, D.; Miura, Y.; Kanazawa, Y.; Howell, F. S.; Nagao, No.;
Mukaida, M.; Nagao, H.; Tanaka, Knorg. Chim. Actal995 237,
47.

(13) Ford, P. C.; Bourassa, J.; Miranda, K.; Lee, B.; Lorkovic, |.; Boggs,

S.; Kudo, S.; Laverman, LCoord. Chem. Re 1998 171, 185.

(14) Lorkovic, I. M.; Miranda, K. M.; Lee, B.; Bernhad, S.; Schooner, J.
R.; Ford, P. CJ. Am. Chem. S0d.998 120, 11674.

(15) Lopes, L. G. F.; Wieraszko, A. E.-S.; Y.; Clarke, M.dorg. Chim.
Acta 2001, 312 15.

(16) Togniolo, V.; da Silva, R. S.; Tedesco, A.l8org. Chim. Acta2001,
316 7.

(17) Davies, N. A.; Wilson, M. T.; Slade, E.; Frecker, S. P.; Murrer, B.
A.; Powell, N. A.; Henderson, G. RChem. Commuril997, 47.

(18) Lang, D. R.; Davis, J. A.; Lopes, L. G. F.; Ferro, A. A.; Vasconcellos,
L. C. G.; Franco, D. W.; Tfouni, E.; Wieraszko, A.; Clarke, M. J.
Inorg. Chem 200Q 39, 2294.

(19) Fricker, S. P.; Slade, E.; Powell, N. A.; Vaughan, O. J.; Henderson,

G. R.; Murrer, B. A;; Megson, I. L.; Bisland, S. K.; Flitney, F. \Br.
J. Pharmacol.1997, 122 1441.

(20) Fricker, S. PPlatinum Met. Re. 1995 39, 150.

(21) Deb, A.; Paul, P. C.; Goswami, &.Chem. Soc., Dalton Tran£988
2051.

J, = 1.65); 8.43 (M, t of d, 2H,J; = 7.83 Hz,J, = 1.38); 8.31
(H%, d of d of d, 2H,J; = 7.70 Hz,J, = 5.63 Hz,J; = 1.31 Hz);
7.94 (H, d of d of d, 2H,J; = 7.68 Hz,J, = 5.57 Hz,J; = 1.38
Hz). The following peaks in the spectrum were assigne2iGpo:
9.91 (H, d of d of d, 2H,J; = 5.91 Hz,J, = 1.58 Hz,J; = 0.62
Hz); 9.24 (H, d of d of d, 2H,J; = 5.49 Hz,J, = 1.65 Hz,J; =
0.62 Hz); 8.54 (M, t of d, 2H,J; = 7.80 Hz,J, = 1.38); 8.27 (H,
d of d of d, 2H,J; = 7.68 Hz,J, = 5.76 Hz,J; = 1.38 Hz); 8.07
(H%, d of d of d, 2H,J; = 7.70 Hz,J, = 5.76 Hz,J; = 1.38 Hz).
The peaks for B H3, and H are obscured by peaks f@B.
Integrations of the signals assigned® and2C indicate they are
present in a 4.6:1 ratio, respectively. A bulk sample of this mixture
for 1N NMR analysis was prepared by refluxing 50 mgtaf-2A

overnight in dichloromethane and evaporating the solvent to recover

the product. A'H NMR spectrum of this bulk product was identical
to that obtained from the NMR scale reactiondgacetone. The
15N NMR spectrum (30.45 MHzds-acetone) exhibited peaks at
469 (OSNO), 460 (O°NO), 337{NO,), and 266 1°NO) ppm
assigned t®B and peaks at 458 (GNO), 344 {°NO,), and 260
(*>NO) ppm assigned tacC.

Measurement of Kinetic Parameters Reactions of K[Ru(bpy)-
(NOy)4] at different pH values were followed by UWis spec-
troscopy. Buffers (0.10 M) were prepared from boric acid (gH
8.98), HEPES (pH= 7.0), acetic acid (pH= 5.00, 4.00), and
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Table 1. Crystal Data, Data Collection, and Refinement Parameters for Table 2. Selected Bond Lengths (A) and Angles (defyr
cis,transRu(bpy)(NQ)2(NO)(OH) (1) and Solid Solution
cis,cisRu(bpy)(ONO)(NO,)(NO)/trans,cisRu(bpy)(NQ)2(ONO)(NO)

cis,transRu(bpy)(NQ)2(NO)(OH) (1) and Solid Solution
cis,cisRu(bpy)(ONO)(NO,)(NO)/trans,cisRu(bpy)(NQ)(ONO)(NO)
)

(2B/20) (2B/2C,
1 2B/2C 1 2B/2C
formula GoHygNsOsRU CioHsNsO7RuU RU(l)—N(l) 2.091(2) 2085(5)
color, habit yellow, plate orange, block Ru(1)-N(2) 2.089(2) 2.079(5)
size, mni 0.25x 0.23x 0.08 0.03x 0.02x 0.01 Ru(1)-N(3) 2.081(3) c
lattice type monoclinic monoclinic Ru(1)-N(4) 2.076(2) 1.775(5)
space group P2i/c P2;/n SU(?_“(?A 1.768(3) 129%7§§,5)
a A 6.5607(6) 7.3635(5) u(1)-N(6A) ¢ 99(
Ru(1)-0(1) c 2.049(5)
b, A 14.233(2) 13.2109(9) Ru(1y-0(6 1.917(2 2.084(13
A 14.540(2) 14.684(1) (1)-0(6) A17(2) 084(13)
G N(3)-0(1 1.238(3 1.285(7
(3)-0(1) (3) (7
f, deg 102.080(1) 95.169(1) N(3)-0(2) 1.223(3) 1.224(7)
vV, A 1327.6(2) 1422.6(2) N(4)—0(3) 1.227(3) 1.112(6)
z 4 4 N(4)—0(4) 1.240(3) c
fw, g mol~! , 396.29 425.29 N(5)—0(4) c 1.261(6)
Dealed § CNT 1.983 1.986 N(5)—O(5) 1.137(4) 1.228(6)
u, mnrt 1.221 1.154 N(6A)—O(6A) c 1.19(49
F(000) 784 840 N(6A)—O(7A) c 1.28(6Y
6 range, deg 2.0227.54 2.08-25.05
index ranges —8<h=s, —8<h=s, Hgg—gug);mgg 1;288((;?) 77.78(18)
—-18< k<18, —14< k<15, —Ru - c
—14<1<18 -15<1<17 N(1)—Ru(1)-N(4) 96.91(10) 95.3(2)
refins collected 9774 8180 N(1)~Ru(1)-N(5) 94.21(10) 93.51(19)
unique refins 3041R,=0.0402) 2522R=0.0527) N(1)—Ru(1)-N(6A) c 85.5(12%
weighting factorg.a, b 0.0704, 0 0.0733, 0.7958 N(2)~Ru(1)-N(3) 96.69(10) c
max, min transm 1.0000, 0.6686 1.0000, 0.7809 N(2)—Ru(1)-N(4) 172.14(10) 172.5(2)
data, restraints, params 3041/0/233 2522/6/227 N(2)—Ru(1)-N(5) 96.54(10) 87.66(19)
R1, WR2 ( > 20(1)) 0.0364, 0.0949 0.0466, 0.1143 N(2)~Ru(1)-N(6A) c 94.8(8Y
R1, wR2 (all data) 0.0419, 0.0983 0.0728, 0.1246 Hgg—sug)):“g; gz-gzgﬁg c
GOF (onF?) 0.998 1.044 —Ru . c
largest diff peak, hole, e ®  1.537,—1.339 1.111;-0.785 Hgi;—gug);mgg)A) 90.24(11) 8879‘-19(38(5)
—RU C .
aw = [0%(Fod)+(@P)2+(bP)] 1, whereP = (Fo2 +2F ?)/3. N(5)—Ru(1)-N(6A) c 177.1(8%
N(5)—Ru(1)-0(6) 178.09(10) 167.9(3)
chloroacetic acid (pH= 2.90, 3.00, 3.28, and 3.51). The appropriate O(1)-Ru(1y-N(1) c 166.92(18)
buffer was added to a 1.0 cm path length quartz cell that was placed 8%):“(2):8([21) ﬁg-g(g) 116.4(6)
in a thermostated cell holder (25°Q) and allowed to equilibrate. 0243_,\‘8_08 o 3) 11;_2(5)
A small amount of K[Ru(bpy)(NQ,)4] was added to the cell and 0(6)-N(6)—0(7) c 115.9(13)
mixed thoroughly before data acquisition was initiated (typically O(6A)—N(6A)—O(7A) c 113(5p
10 s). Absorbance versus time data were preprocessed to give plots  Ru(1)-N(5)—0(5) 174.5(3) 121.3(4)
Ru(1)}-N(4)—0(3) c 172.5(5)

of In(A, — A.) versust that gave straight lines for at least four
half-lives. Values ok,ps were obtained from the slopes of the In-
(Ar — As) versust plots.

X-ray Structure Determinations. Single crystals were attached
to glass fibers and mounted on the Siemens SM&RYstem for
data collection at 173(2) K with graphite-monochromated Mo K
radiation ¢ = 0.71073 A). An initial set of cell constants was
calculated from reflections harvested from 3 sets of 20 frames
oriented such that orthogonal wedges of reciprocal space were
surveyed. Orientation matrices were determined from 40 to 58
reflections. Final cell constants were calculated from a minimum
set of 2584 strong reflections from the actual data collection. Data
were collected via the hemisphere collection method, surveyed to
the extent of 1.3 hemispheres and to a resolution of 0.84 A. Three
major swaths of frames with 0.3@teps inw were collected. The
intensity data were corrected for absorption and decay using Figure 1. Labeled ORTEP diagram afs,transRu(bpy)(NQ)2(NO)(OH)
SADABS 2 Space groups were determined on the basis of (1) (30% ellipsoids).
;)r/zflei(rgglfhaébﬁgﬁﬁfnzngfInmtigflr%ztit;s;?é zrgfér;nstg%%sef;h;ﬂﬁ?sreﬁnement data are summarized in Table 1. Selected bond lengths

. . ; and angles are given in Table 2.
matrix least-squares/difference Fourier cycles were performed to ~ . . .
locate the rensllaining non-hydrogen atom){s. All calcu?ations were cis, transRu(bpy)(NO2)(NO)(OH) (1).Asunable single-crystal
performed using the SHELXTL-V5.0 suite of prograhsn INDY grew at room temperature from a solution offRu(bpy)(NG).|

. . ina 0.1 M pH 6.4 phosphate buffer (see Scheme 1). An ORTEP
R4400-SC or Pentium computers. Crystal and X-ray collection and . . - -
u pu Y Y I diagram ofcis,transRu(bpy)(NQ)2(NO)(OH) is shown in Figure
(22) Siemens SMART Platform CCD, Siemens Industrial Automation, 1. All non-hydrogen atoms were refined with anisotropic displace-
Inc.: Madison, WI.
(23) An empirical correction for absorption anisotropy: R. Blesd\utp
Crystallogr. 1995 A51, 33—38.

aEstimated standard deviation in the least significant figure are given
in parentheseg$.Minor nitrito component¢ Not applicable.

(24) SHELXTL-PlusV 5.10; Bruker Analytical X-ray Systems: Madison,
WI, 1998.
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Figure 2. Labeled ORTEP diagram of a solid solution2®8 and2C (30% ellipsoids). All atoms are superimposed except 06, N6, Biand N6A,

O6A, O7A in2C.
Scheme 1. Reaction Chemistry of {Ru(bpy)(NQ)4]
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ment parameters. All hydrogen atoms except H9 were located from Results
the electron density map. H9 was restrained as a part of an idealized Synthesis.Two different compounds were obtained when

OH group which was allowed to rotate about the R@6 bond.
All remaining hydrogen atoms were refined in ideal positions with
isotropic displacement parameters.
cis,cisRu(bpy)(ONO),(NO2)(NO) (2B)/trans,cisRu(bpy)-
(NO2)2(ONO)(NO) (2C) Solid Solution.A single-crystal suitable
for an X-ray structural determination grew from a room-temperature
solution of KjJ[Ru(bpy)(NQ)4] in a 0.1 M pH 6.4 phosphate
buffer (see Scheme 1). An ORTEP diagran?8f2C is shown in
Figure 2. All non-hydrogen atoms were refined with anisotropic
displacement parameters. One NOligand was modeled as
disordered over two sites with different ligation. O6, N6, and O7
form the major nitrito component with 69% occupancy. N6A, O6A,
and O7A form the minor nitro component with 31% occupancy.

[Ru(bpy)(NQ),]? reacted in aqueous solution at different
pH values as shown in Scheme 1. Compodns obtained
over several days as a pale yellow precipitateRu(bpy)-
(NO,)4] is stirred in a pH 7 buffer. The combustion analysis,
NMR, IR, and X-ray crystallography data are all consistent
with the formulation of this compound ass,transRu(bpy)-
(NO)2(NO)(OH). The peach-colored compourh results
from the addition of HP§to an aqueous solution of jRu-
(bpy)(NOy)4]. The combustion analysis, NMR, and IR data
are all consistent with the formulation of this material as
cis,cisRu(bpy)(NQ).(ONO)(NO), where a nitro groupans

to bpy has been converted to a nitrosyl. Of the three

No restraints on bond distances or angles were made in refiningremaining nitro groups, oneis to bpy has undergone a

the positions of 06, N6, and O7 or N6A, O6A, and O7A. The

anisotropic thermal parameters of both the O6, N6, O7 nitrito group

and the N6A, O6A, O7A nitro group were restrained to be similar

along the directions of the bonds, respectively. The possibility that

the disordered N@/ONO™ ligand is actually a coordinated nitrate

linkage isomerization to give the nitrito (RUDNO) isomer.
NMR Studies of 1 and 2A. Both compounds were
characterized byH and >N NMR spectroscopy. Ar°N
NMR spectrum of the parent complexz[Ru(bpy)¢NO,),],
(Figure 3A) was acquired for comparison with the new

was also considered. Attempts to model the electron density in this . . .
region with a partially or completely occupied nitrate ligand failed. complexes in this study. As expected, two signals are

Spectroscopic evidence also rules out the possibility that this OPserved for the nitro groupss andtransto the bpy. The
compound contains coordinated nitrate. All hydrogen atoms 0w solubility of *°N-1 and**N-2A necessitated the use of a
were refined in ideal positions with isotropic displacement param- 10 mm bore probe to facilitate the timely acquisition'e{
eters. NMR spectra.

Inorganic Chemistry, Vol. 41, No. 15, 2002 3823
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H¢ in the deshielding region of the anisotropic ring currents
of the nitrosyl ligand. Thé>N NMR spectrum of'SN-2A
A (Figure 3C) was acquired for a sampleai$,cisRu(bpy)-
(**NO,)>(O'*NO)(**NO) prepared from KRu(bpy)(NO,)4).
The >N NMR spectrum of'®N-2A shows one upfield peak
' \ at 257 ppm, two nearly equivalent peaks at 338 and 336
WW\}N‘WMMWMM MWWMh*MWWW{WMW“W“‘M M\WWM ppm, and a single downfield peak at 466 ppm. Comparison

with literature data indicates that the upfield peak can be

assigned to a nitrosyl ligand, the peaks at ca. 330 ppm can
be assigned to nitro ligands, and the downfield peak can be
3 assigned to a nitrito ligan®.The possibility that any of these
resonances are due to coordinated nitrate ligands that may
have formed because of oxidation by adventitious oxygen
is untenable. The chemical shift range of coordinated nitrate
W (262 ppm (free nitrate) to 237 ppm vs formamide) overlaps

only the nitrosyl region of our spectra, but even so, the
crystallography and IR spectra are consistent with the
presence of nitrosyl ligands not nitrafe.

Infrared Spectroscopy of 1 and 2A.The nitrosyl, nitro,
and nitrito ligands all have characteristic IR bands that have
been discussed previoughMetal—nitro complexes typically
exhibit three infrared bands: symmetrig)(and asymmetric

B | stretching modes/{y and a bending mod@). Metal-nitrito
complexes displayn—o and vn—o stretches and an ONO
28 28 bending mode. Metalnitrosyl complexes display several
D bands, the most important of which is the intenge stretch.
2¢ Metal—hydroxo complexes also display infrared absorptions
for the hydroxo ligand stretches.
2C 2C
The IR spectra ofl and '>N-1 were collected and
WWWWMWWMM A A compared. Compountl has an intense absorption at 1852
500 50 100 150 00 250 200 crrf1 assigned to theyo stretch.!>N -1 showg an isotope
shiftedwyo stretch at 1822 cni. The observed isotopic shift
ppim for the nitrosyl stretch (ratio of energiesri4/visy = 1.016))
Figure 3. A. N NMR (30.45 MHz, DO) of Ko[Ru(bpy)(*NO,)4]. B. is very similar to the value obtained using the simple Hooke’s
15N NMR (50.67 MHz, DO) of 15N-1. C. 15N NMR (50.67 MHz, de- | mati UNASN = 1.018). Similar NO
acetone) ofN-2A. D. 5N NMR (30.45 MHz,ds-acetone) ofSN-2B and aw approximation ¥“N/v™N = 1.018). Similar

15\-2C formed from a solution ofSN-2A after 48 h at room temperature. ~ Stretching frequencies are observed for other Ru(ll) com-
) plexes with a nitrosykrans to a hydroxide. For instance,

The!H NMR of 1 shows only four resonances, consistent trans[RU(NO)(NHs)4(OH)]CI,2¢ and trans[Ru(NO)(OH)-

with the presence of identical ligantlensto both rings of (py)2+ 2 exhibit NO* stretches at 1834 and 1868 tin

the bipyridine ligand. None of the bipyridine resonances have ggpectively. Peaks that are assigned to the nitro ligands are

chemical shifts greater than 9 ppm, consistent with the 5156 gbserved in the IR spectrum hf The single peak at

nitrosyl I|gan5d occupying an axial site. ThjéSN NMR 1416 cm! and the two peaks at 1329 and 1309 éran

spectrum of®N-1 is shown in Figure 3B. ThéN NMR be assigned to the asymmetric and symmetric nitro stretching

shows only two resonances (225 and 352 ppm) with the yades, respectivelyeN-1 displays the analogous asymmetric

integration of the latter peak approximately twice that of the 54 symmetric nitro stretching modes shifted to 1387%m

former. Comparison with literature ddfandicates thatthe 5,4 1307 and 1291 cTh respectively. Two sharp peaks in

peak at 225 ppm can be assigned to a nitrosyl ligand andihe spectrum ofl are observed at 821 and 815 Thihat

the peak at 352 ppm is assigned to a nitro ligand. This can pe assigned to the nitro bending motions. These nitro

spectrum is consistent with the presence of two nitro ligands bending motions are shifted about 6 thio lower energy

transto each bipyridine ring and one nitrosyl ligac to and are split into a total of four bands in the complex-1.
bipyridine in the axial position.
1 . .

The H_NMR_ spectrum Of2A d|§plays elght resonances (25) Hubbard, J. L.; Zoch, C. R.; Elcesser, W.lhorg. Chem 1993 32,

for the bipyridine protons indicating that different groups 3333.
i i idi (26) Mason, JChem Rev. 1981, 81, 205.

occupy the two Sl.teganSto bipyridine. A notable feafture (27) Cotton, F. A.; Wilkinson, GAdvanced Inorganic Chemistrpth ed.;
of this spectrum is the resonance at 9.86 ppm. This is an Wiley: New York, 1988 p 486.

unusual downfield chemical shift for a bipyridine proton, (28) %%rlcer, E. E.; McAllister, W. A.; Durig, J. Rnorg. Chem 1966 5,
and it is assigned to tof the bipyridine ringcisto a nitrosyl (29) Nagab, N.; Hirotaka, N.; Nishimura, H.; Kuroda, H.; Satoh, K.; Howell,

ligand. The unusual downfield shift is due to the position of F. S.; Mukaida, M.Bull. Chem. Soc. Jpr1993 66, 1397.
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Figure 4. ATR-IR spectra otis,cisRu(bpy)(NQ)2(NO)(ONO) RA) (solid
line) and!®N-2A (dashed line).
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The infrared absorption df at 3495 cm* is assigned to the
O—H hydroxyl stretching mode. The compleis,transRu-
(dps)(NQ)2(NO)(OH) (dps= N,N'-2,2-dipyridyl sulfide)
exhibits a similar hydroxyl infrared absorbance at 3529
cm 13 The IR spectral bands for the NONO, ™, and OH
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Figure 5. UV —vis spectra ofl (solid line) in pH 7 buffer an@A (dashed
line) in pH 4 buffer. The concentration dfis 4.3 x 10> M, and2Ais in
a saturated solution.

and 1000 cm?, but the higher energy stretch is often
obscured by the presence of N€iretches. In the spectrum
of 1°N-2A, a weak peak is observed at 966 ¢mvhich is
not present in the spectrum 2A. This could be the NO

ligands are in all regards consistent with the values reportedstretch of the nitrito ligand which is obscured by bipyridine

for similar compounds.

The IR spectra 02A and!®N-2A are shown in Figure 4.
The peak at 1914 cm is typical for thevyo stretch for a
Ru(I)=NO complex, although it is at the high end of the
range for an NO ligand. The labeled complexX>N-2A,
displays a nitrosyl stretching mode at 1873 ¢pmand this
magnitude of isomer shift is also typical for RNO
complexes! 32 The experimentakiao/visyo ratio is 1.022,
similar to the theoretical value of 1.018 calculated with the
Hooke’s law approximation. The peak at 14167¢rmn the
spectrum of2A shifts ca. 30 cm' to lower energy, splits
into several peaks in the spectrumtai-2A, and is assigned
to the vaym (NOy) stretches. The low symmetry cfA

peaks in the spectrum &A. Weak, but sharp, bands are
also observed in the spectrum 24 at 823 and 818 crt
that shift to 815 and 810 cm in the spectrum of5N-2A.
These peaks are assigned to the, bending motion for
the nitro ligands. Again, the IR spectra are consistent with
the formulation of2A presented here.

UV —Vis Spectra of 1 and 2A.The UV—vis spectra of
isolated1 and2A in buffered solutions at pH 7.0 (HEPES)
and at pH 4.0 (acetic acid/acetate), respectively, are shown
in Figure 5. The absorption bands expected for nitrosyl
complexesl and 2A are blue shifted @d(Ru) — z*(bpy)
charge-transfer transitions, intraligand bands associated with
the bipyridine ligand, @¢(Ru) — 7z*(NO™) charge-transfer

indicates that all nitro stretches should be active, so the 1416transitions, and metal-centered transitions. For Hotmd
cm! band probably represents several coincidentally de- 2A, the longer wavelength band in the spectrum of

generate bands. The two peaks at 1335 and 1314 om
the spectrum o2A also shift approximately 30 crito lower
energy in the spectrum @¥N-2A and split into a total of 4
peaks. These are assigned to thg, (NO,) stretches. The
ca.—30 cn1 ! shifts for the nitro stretches upon substitution
of N for “N is consistent with previously reported data
for ruthenium-nitro complexes? Although the'>N NMR

of 2A clearly indicates the presence of a nitrito ligand, less
evidence for its presence is found in the IR spectrum. A
nitrito ligand typically exhibits ONO stretches at ca.1450

(30) Bruno, G.; Nicolo, F.; Tresoldi, GActa Crystallogr., Sect. 00Q
56, 282.

(31) Leising, R. A.; Kubow, S. A.; Szczepura, L. F.; Takeuchi, Knarg.
Chim. Actal996 245, 167.

(32) Togano, T.; Kuroda, H.; Nagao, N.; Maekawa, Y.; Nishimura, H.;
Howell, F. S.; Mukaida, MInorg. Chim. Actal992 196, 57.

(33) Leising, R. A.; Takeuchi, K. 1. Am. Chem. Sod 988 110, 4079.

(34) Leising, R. A.; Kubow, S. A.; Churchill, M. R.; Buttrey, L. A.; Ziller,
J. W.; Takeuchi, K. Jinorg. Chem 199Q 29, 1306.

[Ru(bpy)(NQ),]?", previously assigned to an intense-d
(Ru)— z*(bpy) MLCT transition, and a second band at 285
nm (also a d(Ru) — s*(bpy) MLCT transition) disappear
because the strongly electron withdrawing nitrosyl ligand
shifts the charge-transfer bands to higher energy. The intense
band present at 320 nm in both completesnd2A can be
assigned to a bipyridine — s* transition. This assignment

is consistent with the similar position of this band in both
nitrosyl complexes as well as in the [Ru(bpy)(N&F~ anion

and other related complex&€%%6The assignment of the 300
nm band in the spectrum @A is less clear. Thesd(Ru) —
a*(NO™) charge transfer bands previously reported in related
complexes are usually wedk* (e < 50 M~ cm™?), so these
bands, if present, would most likely be obscured. An

(35) Crosby, G. AAcc. Chem. Red975 8, 231.

(36) Balzani, V.; Boletta, E.; Gandolfi, M. T.; Maestri, Nlop. Curr. Chem
1978 75, 1.

(37) Pell, S.; Armor, J. NInorg. Chem1973 12, 873.
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attractive possibility is that the 300 nm band represents asymmetry which bisects the bipyridine ligand. The torsion

blue shifted d(Ru) — s*(bpy) charge-transfer transition.

Isomerization of 2A. Significant changes are observed
in the IH and >N spectra if ads-acetone solution oA is

angles are 29.7(3for O(6)—Ru(1)-N(4)—0O(3) and 23.8-
(3)° for O(6)—Ru(1)-N(3)—0(2). The oxygen atoms O2 and
03 of the nitro groups are within hydrogen bonding distances

allowed to sit for several days at room temperature. The sameof the hydroxyl group hydrogen (H(6A)0(2) 2.39 A,

products are also observed to form in@and CHCI,
solutions of 2A. Although theH NMR spectrum of the

H(6A)—O(3) 2.42 A). The Ru(BN(3) and Ru(1)}-N(4)
bond lengths are essentially identical at 2.081(3) and 2.076-

products is complicated, the presence of two doublets near(2) A, respectively. The nitrosyl group is close to linear with
10 ppm suggests that there are two new products and eaci® O(5)-N(5)—Ru(1) angle of 174.5(3) As has been

has a nitrosyl ligandis to the bipyridine ring. Each product
has eight bipyridine resonances, indicating that different
ligands occupy the sitasansto bipyridine. The!>N NMR
spectrum of this solution (Figure 3D) also shows two

previously observed for complexes withradonortransto

a nitrosyl ligand, the RteNO bond is longer than typically
observed while the R4OH bond is shorter than typically
observed? 44

products. The peaks are assigned to the same two products The X-ray structure determination dB/2C reveals

observed byH NMR and are labele@B and2C in Figure
3D. Product2B is dominant and displays two downfield

evidence for a solid solution of linkage isomers2# cis,-
cis-Ru(bpy)(NQ)2(ONO)(NO). The ORTEP diagrams are

peaks at 469 and 460 ppm and single peaks at 337 and 266hown in Figure 2, and selected bond lengths and angles

ppm. The minor product2C) displays single peaks at 458,

are given in Table 2. The structure shows both linkage

344, and 260 ppm with the integration of the resonance atisomers have an O-bound nitrito group, a nitrosy! ligerads

344 ppm clearly greater than the other two.

X-ray Studies of 1 and 2B/2C.Single-crystal X-ray data
were obtained foll. The ORTEP is shown in Figure 1, and

selected bond lengths and angles are given in Table 2. The

structure shows the complex has N-bound nitro grdrgss

to both rings of the bipyridine ligand with nitrosyl and
hydroxo groups occupying the remaining sitésto bipy-
ridine. Although the hydroxyl proton was not located in the
electron density map, the spectroscopic (obsemgd and

crystallographic evidence are consistent with O6 as a part

of a Ru(Il)-OH group. The counterions required for either
a Ru(ll)—oxo or Ru(Il}~(OH,) formulation of this complex
were not observed, and the bond distance for Ru{l(6)
(1.917(2) A) is also more reasonable for RuQH than
for either Ru(ll}-oxo or Ru(ll)-(OH). A search of the

Cambridge Structural Database reveals several examples o

a Ru(I)(bpy)(OH)™ moiety with an average RtOH, bond
distance of 2.124 & and no examples of Ru(Hoxo

complexes. The geometry around the ruthenium is essentiall)/a‘

octahedral with some distortion due to the bite angle of the
bpy ligand (N(1)-Ru—N(2) angle of 78.66(10). The angles
between the bpy nitrogens and tlés nitro groups are
correspondingly greater than®9®6.69(10j and 96.91(10).

All other angles betweeais ligands are very close to 80
The two nitro groups are both rotated to approximately the
same angle but in opposite directions from the plane of

(38) Schreiner, A. F.; Lin, S. W.; Hauser, P. J.; Hopcus, E. A.; Hamm, D.
J.; Gunter, J. DInorg. Chem 1972 11, 880.

(39) Lebrero, M. C. G.; Scherlis, D. A.; Estiu, G.; Olabe, J. A.; Estrin, D.
A. Inorg. Chem 2001, 40, 4127.

(40) Manoharan, P. T.; Gray, H. B. Am. Chem. Sod.965 87, 3340.

(41) (a) Cheng, W.-C.; Yu, W.-Y.; Cheung, K.-K.; Che, C.-M.Chem.
Soc., Dalton Trans1994 57. (b) Reddy, K. B.; Cho, M.-O. P;
Wishart, J. F.; Emge, T. J.; Isied, S.180rg. Chem 1996 35, 7241.

(c) Weathers, N. R.; Sadoski, R. C.; Durham, B.; Cordes, AA¢fa
Crystallogr., Sect. 997, 53, 1047. (d) Homanen, P.; Haukka, M.;
Ahlgren, M.; Pakkanen, T. Anorg. Chem1997, 36, 3794. (e) Cheng,
W.-C.; Yu, W.-Y.; Zhu, J.; Cheung, K.-K.; Peng, S. M.; Poon, C.-K;
Che, C.-M.Inorg. Chim. Actal996 242 105. (f) Cheung, K. K.;
Peng, S. M.; Poon, C. K.; Che, C.-Nhorg. Chim. Actal996 242,
105. (g) Fung, W.-H.; Cheng, W.-C.; Yu, W.-Y.; Che, C.-M.; Mak,
T. C. W.Chem. Commuril995 2007.
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to bipyridine, and an N-bound nitro group occupying a site
cisto the bipyridine. The remaining ligand in the other axial
position was modeled as disorder between the two linkage
isomers; the major component is a nitrito ligand (O6, N6,
O7) with an occupancy of 69% while the minor component
is a nitro ligand (N6A, O6A, O7A) with an occupancy of
31%. This crystal structure is consistent with a solid solution
of 2B and2C. The angle between the least-squares planes
formed by Ru(1)N(6)—0(6)—0O(7) and Ru(1)}N(6A)—
O(6A)—O(7A) is 14.6. The geometry about Ru(l) is
effectively octahedral with distortions from the bite angle
of bipyridine (N(1)-Ru—N(2) angle of 77.78(18) and the
O-bound nitrito ligands. The angles between ligatrdsis

to nitro (N(5-Ru(1)-N(6A) of 177.1(8}) and nitrosyl
ligands (N(4)-Ru(1)}-N(2) of 172.5(2) are closer to 180
}han for nitrito ligands (N(5)Ru(1)-0O(6) of 167.9(3) and
O(1)—Ru(1)}-N(1) of 166.92(18)). The nitrosyl ligand is
almost linear with an O(3)N(4)—Ru(1) angle of 172.5(8)
search of the Cambridge Structural Database reveals that
this structure is the only crystallographically characterized
example of a ruthenium complex with nitrosyl, nitro, and
nitrito ligands.

Kinetic Studies of the Formation of 1 and 2A in
Aqueous SolutionsThe reactions of Ru(bpy)(NG,)4] in
buffered solutions were studied at eight different pH values
between 2.9 and 9.0 to determine the rate laws. The
representative changes observed in the-W\ spectrum of
K2[Ru(bpy)(NQ)4] in buffered solutions at pH 7.0 (HEPES)
are shown in Figure 6. Analogous changes that occur at pH
4.0 (acetic acid/acetate) are shown in the Supporting
Information. The final spectrum at pH 7.0 is identical to the
UV —vis spectrum of a bulk sample @fin the same buffer.

In all cases, isosbestic points are maintained, indicating that
the conversion of the starting material to product occurs

(42) Nishimura, H.; Matsuzawa, H.; Togano, T.; Mukaida, M.; Kakihano,
H.; Bottomley, F.J. Chem. Soc., Dalton Tran%99Q 137.

(43) Blake, A. J.; Gould, R. O.; Johnson, B. F. G.; Parisini, A€ta
Crystallogr., Sect. (1992 C48 982.

(44) Gromilov, S. A.; Alekseev, V. |.; Emelyanov, V. A.; Baidina, I. A.
Acta Crystallogr., Sect. C1996 C52, 288.
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Figure 6. UV —vis spectral changes during the reaction of [Ru(bpy @&

in a pH 7.0 buffer. Arrows show the change in direction with time. Inset
shows a representative pseudo-first-order kinetic plot for the change in
absorbance at 400 nm.

Table 3. Kinetic Data& for the Decomposition of [Ru(bpy)(N&]2~ as
a Function of pH

pH° Kobs (57%)°
2.90 0.021
3.00 0.017
3.28 0.0094
3.51 0.0060
4.00 0.0023
5.00 3.2x 104
7.00 1.4x 107
8.98 1.6x 104

aData were recorded at 28 0.5 °C. P See Experimental Section for

details.¢ kops is the observed rate constant. Values are an average of three

0.025
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0.015+
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0.010+

0.005

0.000+ *

T T T T T
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Figure 7. Plot of kops vs pH for the reaction of [Ru(bpy)(Ngx]2-. The
multivariable best fit line is based on eq 3 with fitting parameters
1.5(1) x 10*standb = 18(0.8) st ML

be eithercistransRu(bpy)(NO}NO,)(OH) or cistrans-Ru-
(bpy)(NG,)2(NO)(OH). The former complex should exhibit
two nitrosyl bands in the IR. The presence of a single nitrosyl
stretch in the IR indicates the two identical ligartdansto
bipyridine must be nitro ligands with the nitrosyl ligand in
the axial position. The liganttans to the nitrosyl can be
inferred to be a hydroxyl group from the low frequency of
the nitrosyl stretch in the IR, the-€H stretch of the hydroxyl
group, and X-ray crystallographic evidence.

The 'H NMR spectrum of2A is dramatically different,

determinations except for the value at pH 8.98 which is an average of two. Showing eight resonances for the bipyridine indicating that

Error in kops values average-5%.

without the buildup of significant concentrations of inter-

the metal is asymmetrically substituted in thenspositions.
We conclude that one of theans ligands is a nitrosyl on
the basis of the presence of the bipy NMR signal shifted

mediate species or the formation of secondary products;iy 51most 10 ppm. Although th# NMR suggests tha2A

additionally, all plots of Ind — A.) versust are linear for

is merRu(bpy)(NQ)3(NO), the >N NMR shows four

at least four half-lifes. The observed pseudo-first-order rate .oconances that are assigned by chemical shift to one nitrosyl

constantsky,9 obtained at each pH are given in Table 3. A

plot of kops Versus pH is shown in Figure 7. The line drawn

through the data is the calculated fit to eq 3 watkr 1.5(1)

x 104 standb = 18(0.8) st M1
kops=a+ b[H] ®3)

Discussion

The products obtained from the reaction of [Ru(bpy)-

ligand, two inequivalent nitro ligands, and a nitrito ligand.
If one of the sitedrans to bpy is occupied by a nitrosyl
ligand, the two nonequivalent nitro ligands must occupy
different positions relative to bpy, orieansto bpy and one
cis, leaving the final positiortis to bpy to be occupied by
the nitrito ligand, giving the structure shown in Scheme 1.
With the assignment of the structuresloAnd2A firmly
in hand, we turn our attention to the chemistry of their
formation. There are many kinetic studies of the-Mtro

(NO,)4]*" in aqueous solution are pH dependent. As expected— M—nitrosyl conversion, but only a few for M Ru(ll),45

from previous studies, both products contain nitrosyl groups
formed from the deoxygenation of a nitro group. The nitrosyl

stretching frequencies in the infrared spectra of both com-

and only one study of the reverse reaction (such as occurs
in the formation ofl and2A) with M = Ru(ll). With this in
mind, we examined the reaction kinetics of[Ru(bpy)-

ponents are consistent with the formal assignment of the (NO,),] in buffered aqueous solutions. Our kinetic data

nitrosyl ligands as N®. We were able to assign the structures
of 1 and2A from *H and'>N NMR spectral data. Fdt, the

H NMR spectrum clearly shows a symmetrical bipyridine
ligand with identical ligands in therans positions. Theé*N
NMR spectrum shows only two peaks fbrwhich can be
assigned by their chemical shifts to N-bound nitro and
nitrosyl groups. Thé>N NMR spectrum suggests thitould

clearly show the formation of and2A are first order in
[Ru(bpy)(NGy)4]? from pH 2.90 to pH 8.98. The dependence

(45) (a) Mondal, B.; Paul, H.; Puranik, V. G.; Lahiri, G. B. Chem. Soc.,
Dalton Trans.2001, 4, 481-487. (b) Chevalier, A. A.; Gentil, L. A.;
Olabe, J. AJ. Chem. Soc., Dalton Tran%991, 8, 1959-63.
Bowden, W. L.; Little, W. F.; Meyer, T. J. Am. Chem. Sod.976
98, 444.

(46)

Inorganic Chemistry, Vol. 41, No. 15, 2002 3827



on the H" concentration is more complex. The excellent fit
of the data (Figure 7) to eq 3 indicates that the formation of
1 and 2A occurs by two competing mechanisms. At high
pH (>6), 1is formed by a pH independent mechanism with
a first-order rate constant of 1.5(%) 10 s 1. The second
pathway that produce?A is first order in the concentration

Freedman et al.

Realizing thatK; is 1K, for the protonated form of the
coordinated nitro group and saturation behavior described
by eq 9 commences when the pH approaches kg \pe
estimate that thel, value for protonated [Ru(bpy)(NQ]>~

is no greater than 2. Thigp value is smaller than the value
measured for [Fe(CNNO,H]3~ (pKa = 6.4) but in line with

of H* and becomes important at lower pH. The apparent the decrease in negative charge on the [Ru(bpy)jN©

rate constant for this pathway is 18 #s 1. These data are
consistent with the synthetic chemistry; althoubls also
formed at low pH in the synthetic reaction®A is the
predominant product.

We propose mechanisms for the formationloand 2A
that are consistent with these data. For the formatio2¥of
the simplest possibility is the protonation of [Ru(bpy)(NUF~
in an irreversible bimolecular step (reaction 4) that is rate
determining:

[Ru(bpy)(NG),1*” + H" — [Ru(bpy)(NQ)3(HNO)T ™ (4)

In subsequent rapid steps, hydroxide is lost to form the
nitrosyl ligand, and a nitro ligand isomerizes to a nitrito
ligand. The rate law for this mechanism is shown in eq 5.

rate= K[[Ru(bpy)(NO,),* J[H ] (5)

anion, and with the presence of strongeacid ligands. Using

a value of 2 for the K, of protonated [Ru(bpy)(N&4]?",

ko is estimated to be 0.18 5 This value is much smaller
than the 500 s' measured for the [Fe(CABNO.]* to
[Fe(CNENOJ?>~ conversiof® and is consistent with the
electron defficient nature of [Ru(bpy)(NR]%>~ relative to
[FE(CNENO,].4~ To be internally consistent, this analysis
also requires the rate constant for the nitritrito linkage
isomerization in eq 8 that follows the rate determining step
to be faster thank,. Although Ru(ll) nitro to nitrito
isomerization reactions can be slé¥there is an example

of one complex withr acceptor ligands that is fastwhich

is consistent with Ru(lll) nitro to nitrito isomerizations which
are usually fast®?74952 The sequence of steps shown in
egs 6-8 is also consistent with Renitrosyl — Ru—nitro
conversions previously studied. These studies show hydrox-
ide attack at nitrosyl (the reverse of the rate determining step

This mechanism is untenable for several reasons. First, the7) as rate determining.

protonation step should be very rapid in the forward direction
and reversiblé’ Second, it is not reasonable for the formation

of the nitrosyl and the linkage isomerization reactions to both
be faster than a simple protonation step.

A second, more reasonable possibility is a rapid preequi-

librium involving the reversible protonation of a nitro group
followed by loss of hydroxide to give Ru(bpy)(NJa(NO)

Although compound. also contains a nitrosyl ligand, the
lack of pH dependence in the rate law for its formation
suggests a rate determining step quite different from that
required to form2A. As many nitro complexes are stable
toward deoxygenation at high pH (pHca. 6), a prior ligand
substitution that promotes nitrosyl formation is more reason-
able. For example, the equilibrium constants for the nitro/

as an intermediate in the rate-determining step (reactions 6nitrosyl interconversion of [Ru(bpy)(trpy)(Ng)* and [Ru-
and 7). This mechanism has been previously proposed to(bpy)(py)(NO,)]* show that the approximate pH values at

describe the conversion of [Fe(GNO,]*~ to [Fe(CN}NOJ*~
in the pH range from 4 to 1%.

[Ru(bpy) (NI + H' =
[Ru(bpy)(NOY(HNO,]  (fast) (6)

[Ru(bpy)(NO){(HNO,] >
Ru(bpy)(NQ);(NO)+ OH ™ (slow) (7)

Ru(bpy)(NQ){(NO)= 2A (fast) (8)
The rate law for this mechanism is given in eq 9.
koK y[H™
=2 oo @

KyH']

In buffered solutions, this rate law givekasthat will show
saturation behavior wheii;[H*] > 1. Even for data at the

which equal amounts of the nitro and nitrosyl complexes

are present are 2.3 and 4.0, respectivéWe expect that

the deoxygenation equilibrium constant for [Ru(bpy)@\3-

should be comparable to these complexes on the basis of

the similar angular overlap parametey)(for the two types

of ligands €,(NO;") = —1160 cm?; e, (bpy) = —1600

cm Y% involved. If anything, the slightly less negaties

value for the nitro ligand should stabilize the nitro form of

the tetranitro complex relative to the polypyridyl complexes.
A plausible rate-limiting step for the formation dfis

substitution of a nitro group in [Ru(bpy)(NR]?~ by water.

We have observed that one nitro group of [Ru(bpy)¢N2™

can be readily replaced by pyridine at room temperature to

producefac-[Ru(bpy)(NQ)s(py)] 2.t A similar reaction with
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2,2-Bipyridinetetranitroruthenate Dianion

water first producetac-[Ru(bpy)(NQ)s(H20)]~ (reaction 10) nitrito s-donorstransto s--acceptors. I12C, only one nitrito

in the rate determining step: ligand, trans to the r-acceptor bpy, is present to partially
. alleviate the electron deficiency at ruthenium. A fourth
[Ru(bpy)(NO),* + H,O— possible isometrans,cisRu(bpy)(ONOYNO,)(NO), seems

fac-[Ru(bpy)(NO)4(H,0)] + NO,” (10) least likely to form because this configuration has nitrosyl,
nitro, and bpy ligands all in the same plane, leaving the
A sequence of fast subsequent steps that include the loss ofr-donor nitrito ligands onlycis to the w-acceptor ligands
a proton from the coordinated water and deoxygenation of rather than in the more stabilizirtgans position.
the trans nitro group would then forni. Regardless of the

order of these subsequent steps, the formatidhisidriven Conclusions
by the complementary nature of theacid nitrosyl group We have observed that two different nitrosyl containing
and thetrans z--donor hydroxo group. complexes can be prepared from aqueous solutions of

The presence of the nitrito ligand ais,cisRu(bpy)(NQ)2- [Ru(bpy)(NGy)4]%", depending on the pH. At low pH values,
(NO)(ONO) @A) raised the interesting question as to cis,cisRu(bpy)(NQ)(ONO)(NO) @A) is formed directly
whether other linkage isomers could be obtained via the from the deoxygenation of one nitro group and the subse-
isomerization of the remaining nitro groups. When a solution quent rapid linkage isomerization of a second nitro group.
of 2A in acetone was allowed to sit at room temperature for This complex undergoes further thermal linkage isomeriza-
several days, two new products formed in a 4.6:1 ratio. Both tion reactions in solution to produce a mixture @$,cis
products still exhibit resonances in thd NMR spectrum Ru(bpy)(ONO)}(NO2)(NO) (2B) and trans,cisRu(bpy)-
consistent with two different ligandsrans to bpy. The (NO,)(ONO)(NO) 2C) that was characterized by X-ray
extreme downfield position of one bpy resonance in each crystallography. At higher pH values, [Ru(bpy)(®a?~
new product suggested that they each contain a nitrosylundergoes a pH independent substitution of a nitro ligand
ligandtransto bipyridine.’>N NMR shows the major product by water followed by nitro deoxygenation to producis,-
has one nitrosyl, one nitro, and two nitrito ligariéN transRu(bpy)(NQ)(NO)(OH) (). The lability of the nitro
resonances and is assigned as stru@Bréshown in Scheme  groups and the facile conversion of a remaining nitro group
1) where a second nitro ligand has undergone a linkageto nitrosyl suggests that the [Ru(bpy)(B@? anion may
isomerization to produceis,cisRu(bpy)(ONO)(NO,)(NO). be a potential synthon for a variety of new ruthenitim
The minor productZC) has one®®N NMR peak in each of  nitrosyl complexes. Further investigations along these lines
the nitrosyl, nitro, and nitrito regions. Two likely candidates are in progress.
for this species artrans,cisRu(bpy)(NQ)2(NO)(ONO) or

i 15
trans,msRu(bpy)(ON.O)(NOZ).(NO). As the™N NMR. spec- support of The State University of New York at New Paltz.
trum shows that the integration of the resonance in the nitro K.R.M. acknowledges the financial support of the National
region is twice that of the peaks in the nitrosyl and nitrito S;:iénc.e Foundation. Grant CHE-9307837. Letitia Yao is
r((a)gl\ll%ns,_rhwe ;SNSESS as .trans,C|sRu(bpy)(NQ)2(NQ)r; h acknowledged for her contributions to the acquisitiof®hif
( )- Thes assignments are consistent with the NMR spectra at the University of Minnesota NMR Facility.

X-ray structure of the rearrangement productLAafin pH We also acknowledge the University of Minnesota X-ray
6.4 phosphate buffer. This structure is a solid solution of Crystallographic Laboratory

2B/2C, the two linkage isomers in a 69:31 ratio wi2B as _ _ _ _

the major product an@C as the minor product. Supporting Information Available: Figure 6B and X-ray
Isomer 2B is likely the predominant isomer because crystallographic files in CIF format. This material is available free

electron deficiency at ruthenium, imparted by the strong ©f charge via the Intemet at http://pubs.acs.org.

sr-acceptor ligands nitrosyl, nitro, and bpy, is offset by two 1C0255205
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