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A new route was developed for preparing a series of trans nitrosyl complexes of general foamsigrRu-
(NH3)4L(NO)](BF4)3, where L= imidazole,L-histidine, pyridine, or nicotinamide. The complexes have been
characterized by elemental analysis, molar conductance measurementsjsiié, infrared, proton nuclear
magnetic, and electron paramagnetic resonance spectroscopies, and electrochemical techniques. The compounds
possess relatively high(NO) stretching frequencies indicating that a high degree of positive charge resides on
the coordinated nitrosyl group. The nitrosyl complexes react withr @ecording to the equatiomans[Ru-
(NH3)4L(NO)]3* + 20H™ = trans{RU(NHz)4L(NO2)] ™ + H20, with aKeq (at 25.0°C in 1.0 mol/L NaCl) of 2.2

x 1P, 5.9 x 107, 9.7 x 10%, and 4.6x 10 L2 mol~2 for the py, nic, imN, and -hist complexes, respectively.
Only one redox process attributed to the reaction'[Rild3),L(NO1)]3" + e~ = trans[Ru'"(NH3)4L(NO9)]3+

was observed in the range0.45 to 1.20 V for all the nitrosyl complexes. Linear correlations are observed in
plots of v(NO) versusEy, and of E;;, versusy E; showing that the oxidizing strength of the coordinated NO
increases with increase ini-acidity. The crystal structure analysis Wans{Ru(NH3z)4nicNOJ(SiFs)s shows

that the mean RuN—O angle is very close to 18q177 £+ 1°) and the mean NO distance is 1.1 0.02 A,

thus confirming the presence of the'RtNO™ moiety in the nitrosyl complexes studied.
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Ru Nitrosyl Complexes with N-Heterocyclic Ligands

judicious choice of the ligand in the position trans to it. On
the basis of the well-known affinity of ruthenium centers for

nitric oxide and taking advantage of the well-known properties

of ruthenium ammine¥213a series of new complexdésns
[Ru(NH3)4sL(NO)]X3 have been isolated and their properties
studied. The ligands L (imidazole;histidine, pyridine and

isonicotinamide) have been selected to provide a monotonic

change in ther and ¢ components of the Ru(HL and Ru-
(I —NO bonds along the £Ru(ll)—NO axis.

Attempts were made to correlate the reactivity of the NO
ligand with the characteristics of L.

Experimental Section

Chemicals and Reagents.Imidazole (imN),L-histidine {-hist),
nicotinamide (nic), pyridine (py), and all other chemicals were high-
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trans{RU(NH 3)sSO,L]CI (L = nic, L-hist). These new complexes
were prepared by following the procedure described in ref 20.

trans{Ru(NH3)4L(NO)](BF 4);s (L = imN, L-hist, or py). trans
[Ru(NH3)sSOL]CI (100 mg) was dissolved in 3 mL of argon-degassed
CRCOOH pH 5.4 solution and reduced with zinc amalgam for 30 min
(50 min for the pyridine complex) to generate ttians[Ru(NHs)s-
LH2OJ?" ion. To this solution was added in the order 0.10 g of solid
NaNQ, and then 1.3 mL of argon-degassed 5 mol/L HBFThe
resulting red-orange solution was allowed to stand in the argon stream
for 1 h after which 100 mL of degassed ethanol was added to it. A
very pale yellow product was obtained for the imidazole andhis-
tidine, complexes and a salmon solid, for the pyridine compound. The
solid was collected by filtration, washed with ethanol, dried, and stored
in a vacuum in the absence of light. The solid was purified as
follows: A sample oftrans{Ru(NH;)4L(NO)](BF4)s was dissolved in
a minimum volume of 1.0 mol/L HBF; filtered, and reprecipitated by

purity reagents (Aldrich or Merck) and were used as supplied. The adding reagent grade ethanol. Yields were as high as 50%, 52%, and

solvents were purified according to the literafdrpust before use.
Doubly distilled water was used throughout the experiments.

38% for the imidazole, pyridine, andhistidine complexes, respectively.
Calcd fortrans[Ru(NHs)4mN(NO)](BFs)s: C, 6.82; H, 3.03; N, 18.58;

All preparations and measurements were carried out under an argonRY» 19-16. Found: C, 7-07?_H- 3.07; N 17'85;_ Ru, 18'8_8' Calcd for
atmosphere, using standard techniques for manipulation of air-sensitivelf@nS{RUNHz)py(NO)](BF;)s: C, 11.15; H, 3.18; N, 15.60; Ru 18.75.

compounds®

Apparatus. UV-—visible spectra were recorded on a Hewlett-
Packard diode array model 8452A spectrophotometer.

The IR spectra were obtained on a Bomem FTIR model MB-102
spectrometer in the 4681000 cnT?, range using solid samples pressed
in KBr pellets or in aqueous solution using a silica window.

Found: C, 11.03; H, 3.19; N, 15.27; Ru, 18.39. Calcdtfans[Ru-
(NHg)aL-hist(NO)I(BRs)s: C, 11.71; H, 3.42; N, 18.22; Ru, 16.44.
Found: C, 11.22; H, 3.54; N, 18.50; Ru, 16.12.

trans-[Ru(NH 3)4nic(NO)](BF 4)s. The solidtrans[Ru(NHz)sSOs-
nic]Cl (100 mg) was added to 4 mL of argon-degassegCCFOH pH
5.4 solution and reduced with zinc amalgam for 30 min to generate

NMR spectra were recorded using a Bruker AC-200 instrument with the trans[Ru(NHs)anicH,OF?* ion. The solution was transferred to a

D,O (99.8%) as solvent and sodium 2,2-dimethyl-2-silapentane-5-

sulfonate (DSS) as internal standard.

The EPR experiments were recorded on a Bruker ESR 300E developed upon mixing the NOand trans[Ru(NHs)anicH0

spectrometer at 25.0 and170.0°C.

flask containing NO gas, generated by the addition of 0.10 g of NaNO
to 1.6 mL of argon-degassed 4.9 mol/L HBFA pale orange color
]2+

solutions. The solution was left in the stream of argonZch and

Cyclic voltammograms were obtained with a polarographic analyzer/ afterward in the refrigerator for 24 h. An orange crystalline solid was

stripping voltammeter model 264 A from Princeton Applied Research

formed and collected by filtration, washed with ethanol, dried, and

attached to an IBM 486 microcomputer. Glassy carbon, saturated Stored in a vacuum in the absence of light. The yield was as high as
calomel (SCE), and platinum wire electrodes were used as working, 42%- Anal. Calcd fotrans[Ru(NHsz)anic(NO)(BF,)s: C, 12.38; H,

reference, and auxiliary, respectively.

3.09; N, 16.85; Ru, 17.38. Found: C, 11.96; H, 3.14; N, 16.78; Ru,

Differential pulse polarograms and cyclic voltammograms (between 17.80.

—0.50 and 1.20 V vs SCE) of deoxygenated solutionsrafs[Ru-
(NH3)sL(NO)](BF4)s, L = py, nic, imN, and.-hist, in 0.1 mol/L CH-
COOH/CHCOONa and 0.1 mol/L CF£OOH/CRCOONa (pH 3.6-
6.0) yielded only a one-electron reversible proéefss all the nitrosyl
complexes.

Syntheses of the Complexes[Ru(NHz)sCI]Cl,,'7 trans{RU(NH3)4-
SQO,CIICI,*81% andtrans{Ru(NH3)4sSOL]CI,2° where L= imN or py,
were prepared as described in the literature.

(9) Tinker, J. H.; Michenfelder, J. DAnesthesid 976 45, 340.

(10) (a) Sadler, P. JAdv. Inorg. Chem.199], 36, 1. (b) Clarke, M. J,;
Gaul, J. B.Struct. Bondindl993 81, 147. (c) Legzdins, P. Ritting, S.
J.; Sayers, F. SIl. Am. Chem. S0d.994 116 12105.

(11) (a) Wink, D. A., Hanbauer, I., Grisham, M. B.; Laval, J.; Cook, J.;
Pacell, R.; Liebman, J.; Krishna, M. Ford, P. C. Mitchell, J(Rurr.
Top. Cell. Regul1996 34, 159. (b) Wink, D. A; Ford, P. OMethods,
Companion Methods Enzmdl995 7, 14.

(12) (a) Taube, HSur. Prog. Chem1973 6, 1. (b) Taube, HComments
Inorg. Chem.198], 1, 17 and references therein. (c) Endres, A. In
Comprehensie Coordination ChemistryeEndres, H., Wilkinson, G.,
Eds.; Pergamon Press: Oxford, U.K., Vol. 2. 1987. (d) Wilkins, R.
G. Kinetics and Mechanisms of Reaction of Transition Metal
Complexes2nd ed.; VCH: Weinhein, Germany, 1991.

(13) Seddon. E. A; Seddon, K. Rhe Chemistry of Rutheniyrglsevier:
Amsterdam, 1984, and references therein.

(14) Perrin, D. D.; Almarege, W. L.; Perrin, D. Purification of Laboratory
Chemicals Pergamon Press: New York, 1983.

(15) Shriver, D. FThe Manipulation of Air-Sensite CompounddVicGraw-
Hill Co.: New York, 1969.

(16) Dahmen, E. A. M. FElectroanalysis: Theory and Applications in
Aqueous and Nonaqueous Media and Automated Chemical Control
Elsevier Science Publishers: London, 1986.

(17) Allen, A. D.; Bottomley, F.; Harris, R. D.; Reinslau, V. P.; Senoff, C.
V. Inorg. Synth.197Q 12, 2.

(18) Gleu, K.; Breuel, W.; Rehm, KZ. Anorg. Allg. Chem1938 235
201.

(19) Vogt, L. H.; Katz, J. L.; Wiberley, S. Hnorg. Chem1965 4, 1157.

trans-[RU(NH 3)4nic(NO2)|BF 4. trans[Ru(NHsz)4nic(NO)](BF4)s (40
mg) was added to 1.0 mL of argon-degassed 1.0 mol/L NaOH. An
intense red-orange color developed immediately. The solution was left
in the argon stream for 5 min and afterward in a refrigerator for 30
min. A red-orange solid was formed and collected by filtration, washed
with acetone, dried, and stored in a vacuum in the absence of light.
The yield was as high as 52%. Anal. Calcd fans[Ru(NHs)4nic-
(NOy)IBF4: C, 16.98; H, 4.25; N, 23.11; Ru, 23.84. Found: C, 16.69;
H, 4.36; N, 21.65; Ru, 24.80.

Determination of Ruthenium. This analysis was carried out by
atomic absorption spectroscopy using the method of Rowston and
Ottaway* modified by Clarke??

Determination of the Equilibrium Constant. The determination
of the equilibrium constarie, for the system

trans[Ru(NH,),L(NO)]*" + 20H =
trans[Ru(NH,),L(NO,)] " + H,0 (1)

L =imN, nic, L-hist, py

was carried out using the spectrophotometric method (absorbance
measurements were performed at 360, 260, and 264 nm for the nic
and py, ImN, and.-hist complexes, respectively) described by Albert
and Serjearn®® The total ionic strength was kept at 1.0 with NacCl,
according to similar studies reported for the Féflland Ru(llf®
systems.

X-ray Crystallography. Crystals oftrans[Ru(NHs)snic(NO)]-
(SiF)s:2H,O were obtained from an aqueous solution todins

(20) Brown, G. M.; Sutton, J. E.; Taube, B.. Am. Chem. S0d978 100,
2767.

(21) Rowston, W. B.; Ottaway, J. MAnal. Lett.197Q 3, 411.

(22) Clarke, M. JJ. Am. Chem. Sod.978 100, 5068.
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Table 1. Crystallographic and Data Collection Parameters for
C12F18H40N1406R W:Si3

chem formula @F18H40N1406R WSz
fw 1104.93
space group P1, No. 2
a(h) 13.074(2)
b (A) 13.544(6)
c(A) 22.240(7)
o (deg) 98.22(2)
B (deg) 101.04(2)
y (deg) 105.54(2)
A 4

V (A3) 3645(4)

T (K) 293

A(Mo Ka) (A) 0.71073
dealcd (g cm‘3) 2.017
u(Mo Ka) (cm™?) 105.03

R, wR 0.0873, 0.0984
[Ru(NHs)4nic(NO)](BF4)s containing the impurityrans-[Ru(NHz)snic-
(NO)](SiFs)s set aside at 28C for 1 month. The impurity originated
in the synthesis from the reagent HB®hich contains Sig~ (~0.2%).
The presence of SiF as counterion in the crystals was also identified

Borges et al.

complexes are stable in air for at least 1 month, as judged from
their IR and UV-visible spectra.

The molar conductance measurements were carried out in
aqueous solution at 253C + 0.1 on thetrans[Ru(NHs)4L-
(NO)](BF4)3 system (L= imN, L-hist, py, and nic). The results
(569, 585, 589 and 592~ cm? mol~! for the nicotinamide,
imidazole, pyridine, and-histidine complexes, respectively) are
consistent with 3:1 type compoungfs.

Electronic Spectra. Schreine*who has discussed the WV
visible bands for thérans[Ru(NHz)4(NO)X]2" complexes X
= NH3, OAc™, CI~, OH~, NCO™, N3~, and Br, observed, in
general, three or four bands in this region. The first one was a
broad bandA; — 3 T[3T1,°T,] and t — 7*(NO) with ¢ < 60
in the 426-480 nm region; also found were a barld\{ —

IT4] with € < 300 and intense charge-transfer bands assigned
to prl — (X2 — ¥?, 22) Ru orzl — p'L with € > 1% in the
UV region.

The tentative band assignments for the nitrosyl complexes
reported here were made in accordance with the Schreiner
schemé* and are summarized in Table 2.

by infrared measurements. The IR spectrum showed bands at 743 and The higher energy bandsimax < 240 nm, cannot be

484 cnt!, assigned to S anion?® and no band at 1070 crhfor
the BR~ anion.
Crystal Data. An irregular crystal of maximum and minimum

unambiquosly assigned since in this region of the spectrum many
transitions (IL, LMCT) could occur.
On the basis of the spectrochemical series thel dhands

dimensions 0.65 and 0.15 mm was used for data collection. The unit for trans[Ru(NHz)4L(NO)]3*, L = nicotinamide, pyridine,
cell was determined by least-squares refinement of diffraction angles imidazo|e’ and_-histidine, are expected to occur at h|gher energy

obtained from 25 automatically centered reflections<{14 <19°).
Crystal data are given in Table 1.

Data Collection and Processing.A CAD 4 diffractometer was used
in the 6/26 scan mode with scan widtls 0.8 + 0.35 tanf. Mo Ka

graphite-monochromated radiation was used; 5427 reflections were

measured (0< 6 < 30°) of which 5404 were unique (merging =
0.0179) and 4355 had> 3¢(l). Lorentz and polarization corrections

than for [Ru(NH)s(NO)]J3*, which shows spirallowed d-d
transition at 304 nnd* This was indeed observed for all the
complexes studied here.

For the low-energy band, observed for all the complexes, an
alternative interpretation to the mentioned Schreiner assign-
menB* 1A; — ST[3y, 3], #°(NO) could be considered, in

were applied. At a later stage in the refinement, absorption corrections Which this absorption is assumed to be charge transfer in
were applied (maximum and minimum correction factors were 1.638 character. This last attribution would be consistent with the
and 0.450 respectively). The intensity of one standard reflection was red shift exhibited by this band as the formal potential for the

essentially constant throughout the experiment.
Structure Analysis and Refinement. The heavy-atom Patterson

reduction of the coordinated nitric oxide becomes less negative
(see Tables 2 and 4). Additional support for this assignment is

method followed by normal difference Fourier techniques were used. proyided from the light-induced excited-state stugfiés these
Blocked-matrix least-squares refinement was carried out with aniso- compounds. Upon irradiation of theans[Ru(NHs)sL(NO)]-

tropic thermal parameters for only the Ru and Si atoms. H atoms were

not included in the model. The function minimized wawa/(|Fo| —
IF¢|)2, with the weighting scheme = 1/[0%(F,) + 0.000F 7, which
gave the finalR [=(|Fo||— |Fcl)/ |Fol] and WR{=[w(|Fo| — |F¢|)%w

X3 complexes in the lower energy bands, at the liquid-nitrogen
temperature, the*(NO) population is easily observed from the
~120 cn1! downshift inv(NO). The above arguments suggest

IFo[¥3 values of 0.0873 and 0.0984, respectively. Computer programs that this low-energy band could be assigned as a charge-transfer

used were SHELX78 and ORTEP?® Scattering factors for non-H
atoms were from Cromer and Maifiwith corrections for anomalous
dispersion from Cromer and Libermé&h.

Results and Discussion
The nitrosyl saltstrans[Ru(NH3z)4L(NO)](BF4)s, dealt with

in this study are soluble in water and insoluble in methanol,

type transitior?® t,g — "(NO) or a ligand to ligantf (L —

(32) Gomes, M. G.; Borges, S. S. S.; Lopes, L. G. F.; Franco, D8W.
Encontro Nacional de Qmica de QUmica Analtica, Belo Horizonte,
MG, Brazil, 1995; Resumos, p 66. The 1:1 complexes exhibit
conductances in the range 14203, those of 1: 2 complexes are in
the range 228308, and those of 1: 3 complexes are in the range
430-570Q~1 cn? molL.

(33) Isied, S. S.; Taube, Hnorg. Chem.1976 15, 3070.

ethanol, acetone, nitromethane, acetonitrile, and dimethyl sul- (34) Schreiner, A. F; Lin, S. W.; Hopcus, E. A.; Hamm, D. J.; Gunter, J.

foxide. Solid samples and acidic solutions (gH4.5) of the

(23) Albert, A.; Serjeant, P. Ehe Determination of lonization Constants;
Chapman and Hall: Edinburgh, U.K., 1971.

(24) (a) Swinehart, J. H.; Rock, P. Anorg. Chem.1966 5, 573. (b)
Swinehart, J. HCoord. Chem. Re 1967, 2, 385.

(25) Godwin, J. B.; Meyer, T. dJnorg. Chem.1971, 10, 2150.

(26) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor-
dination Compounds3rd ed.; John Wiley and Sons: New York, 1978.

(27) Walker, N.; Stuart, DActa Crystallogr.1983 A39 158.

(28) Sheldrick, G. M. SHELX76, Program for crystal structure determi-
nation, University of Cambridge, 1976.

(29) Johnson, C. KORTEPR Report ORNL-3794; Oak Ridge National
Laboratory: Oak Ridge, TN, 1965.

(30) Cramer, D. T.; Mann, J. BActa Crystallogr.1968 A24, 321.

(31) Cramer, D. T.; Liberman, Dl. Chem. Phys197Q 53, 1891.

D. Inorg. Chem.1972 11, 880.

(35) Silva, C. S,; Lever, A. B. P.; Franco, D. W. Manuscript in preparation.

(36) Bendix, R.; Hennine, H.: Kunkely, H.; Vogler, AChem. Phys. Lett.
199Q 175 (5) 1990 and references therein.

(37) Bottomley, F.J. Chem. Soc., Dalton Tran$974 1600.

(38) Richardson, D. E.; Walker, D. D.; Sutton, J. E.; Hodgson, K. O.; Taube,
H. Inorg. Chem.1979 18, 2216.

(39) Gress, M. E.; Creutz, C.; Quicksall, C. ®org. Chem.1981, 20,
1522.

(40) Mercer, E. E.; McAllister, W. A.; Durig, J. Rnorg. Chem.1966 5,
1881.

(41) Fairey, M. B.; Irving, R. JSpectrochim. Actd966 22, 359.

(42) Pell, S.; Armor, J. Nlnorg. Chem.1973 12, 873.

(43) Godwin, J. B.; Meyer, T. dJnorg. Chem.1971, 10, 471.

(44) Herzberg, GMolecular Spectra and Molecular Structure.Spectra
of Molecules,2nd ed.; D. Van Nostrand Co.: New York, 1950; p
558.
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Table 2. UV—Visible Spectra of Ruthenium Complexes

complex Amax (NM) e(M~tcm™?
trans[Ru(NHs)4nicH.OJ*" a 254 6.2x 10°
426 6.6x 10°
trans[RU(NHjz)4L —histH,0]*+ a 266 2.9x 10°
282 2.8x 10°
trans-[RU(NHz)4nicNO](BF,)3P 224 9.4 x 10°
242, Ru(ll)— L(Nic) 3.5x 10°
272, — w*(ligand) 25x 10°
320,'A; 1T, 1.6x 17
485,A, 3Ty, 7%(NO), (A1, L— 7*(NO))¢ 2.3x 10
trans-[Ru(NHz)4pyNO](BFs)s° 225 6.7 x 10°
237, Ru(Il)— L(py) 5.2x 10°
267, — m*(ligand) 2.3x 10°
324,'A1 1T, 1.6x 1%
474,'A; — Ty, 74(NO), (*A1, L — 7*(NO))¢ 2.3x 10t
trans[RU(NHs)4mNNO](BF,)s° 221 5.3x 10°
234 4.1x 1C°
270,'A; — 1T, 8.3x 1
324,1A1_’1T1 6.6 x 102
386,1A; — 3Ty, 7*(NO), (*A1, L — 7*(NO))d 1.2x 10
trans[RU(NHs)4LhistNO](BF,)s? 21F 6.6 x 10°
232 3.7x 10°
274,'A; — T, 5.9x 1%
320,'A; — T, 41x 10
395,1A; — 3Ty, 7%(NO), (*A1, L — 7*(NO))¢ 8.1x 10t

2 Spectra of the aquo ions were taken in CBOH pH 5.4 solution® These spectra were taken in 0.1 mol/LCPOH. ¢ Doubtful values
because of CF£OOH absorbancé.Assuming charge-transfer character.

7" (NO)) transition. The electronic spectratains[Ru(NHz)4L-
(NO)]X3 compounds will be discussed in detail in a forthcoming /
papers® Z
X-ray Crystallography and Infrared Spectra. Thetrans
[Ru(NHz)4nic(NO)J+ cation crystallized asrans[Ru(NHz)s-
nic(NO)L(SiFs)3-2H20. A total of 4 complex ions, 12 coun-
terions Sik?~, and 8 molecules of water of crystallization were
found in the asymmetric unit (Figure 1). The view of the Q

isolated cation with the atom-numbering scheme is shown in
Figure 2. The complex ions are nonequivalent presenting
unequal distances and angles for chemically equivalent bonds.
Selected interatomic distances, angles, and standard deviations
are deposited as Supporting Information. For the ruthenium
sites, consideration of intramolecular distances and angles shows
significant deviation from idealize@4, symmetry.

The four nonequivalent structures emerging from the X-ray
diffration analysis have shown very interesting features, and in
the subsequent discussion, we will show how carefully they must Figure 1. Stereoscopic view of the unit cell contents.
be treated.

(45) Simonsen, S. H.; Mueller, M. H. Inorg. Nucl. Chem1965 27, 309.

(46) Feltham, R. D.; Enemark, J. Fopics in Inorganic and Organometallic
Stereochemistrydohn Wiley Co.: New York, 1981; Vol. 12, pp 155
215 and references therei@pord. Chem. Re 1974 13, 339.

(47) (a) Tamizawa, H.; Miki, E.; Mizumachi, K.; Ishimori, Bull. Chem.
Soc. Jpn.1994 67, 1816. (b) Tamizawa, H.; Harada, K.; Miki, E.;
Mizumachi, K.; Ishimori, T.Bull. Chem. Soc. Jpri1993 66, 1658.

(48) Braga, D.; Koetzle, T. TJ. Chem. Soc., Chem. Comma087, 144.

(49) Sharp, D. W. A;; Thorley, JI. Chem. Socl963 3557.

(50) Lavallee, D. K.; Fleischer, E. B. Am. Chem. S0d.972 94, 2583.

(51) Mastone, J.; Armor, d. Inorg. Nucl. Chem1975 37, 473.

(52) Bezerra, C. W. B.; Gomes, M. G.; Gambardella, M. T. P.; Santos, R.
H. A.; Franco, D. WAbstracts of the 32nd International Conference
on Coordination ChemistrySantiago, Chile, Aug 2429, 1977.

(53) (a) Callahan, R. W.; Meyer, T. Inorg. Chem.1997, 16, 574. (b)

Bagatin, I. A., Toma, H. ESpectrosc. Lett199§ 29, 1409. The mean Re-NH; distance of 2.1G: 0.06 A is similar to
54 gﬁg&hgé\é\g 2R5" Jlgﬂakeucm' K.; Barley, M. H.; Meyer, T.Idorg. the values found for other nitrosylammineruthenium complexes
(55) Armor, J. N. Hoffman, M. ZInorg. Chem1972 14, 444. such as [Ru(NB)s(NO)]Cls3” andtrans-[Ru(OH)(NHs)4(NO)]-
(56) Cheney, R. P.; Hoffman, Z. H.; Lust, J. Aorg. Chem.1978 17, Cl, (2.10 A@7 as well as for the ammineruthenium complexes
(57) :k/llzZs?ék Jinorg. Chim. Acta Re 1969 3, 99. of the type cis[RU(NHs)4(isn)]CIOs),* and [Ru(NH)spz]-
(58) Latimer, W. M.;Oxidation Potentials2nd ed.: Prentice Hall Inc.: (BF4)2* (isn = isonicotinamide and pz pyrazine). We do

Englewood Cliffs, NJ, 1952; p 101. not attempt to comment on the differences with the literature
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Table 3. Infrared Spectra ofrans[Ru(NHs)4(NO)L](BF4)s (cm™1)2

L
nicotinamide pyridine imidazole L-histidine assgnt
3340s 3404 s 3230s 3244 s v(NH) andv(OH)
3240s 3188s 3130s 3144 s v(CH)
1961 $ 1931s 1923 s 1921s v(NO)
1919 m
1691 s 1734 m v(CO)
1609 m 1614 m, 1582 m 1610 m 1624 m O0(NH), ring bandsg(CH), andv(C—N)
1396 m 1455s 1520 w
1364 m 1360 m 1343 s 1342 m
1070s 1089 s 1113s 1113s v(BFy)
856 m 874 w 862 m 866 w p(NHg), ring bandsg(CH), andd(NH) out of plane
725 m 742 m 752 m 733 m
625 w 619 m 620 m 615m v(Ru—NO)
597 m
526 w 532 vw 522 vw 0(Ru—NO)
482 m 484 w 484 w 480 w v(Ru—NHz,

a Abbreviations: s, strong; m, medium; vw, very weak; w, weak; sh, shouldiith the counterion Sig-, this complex exhibited the following
v(NO) frequencies: 1936 s, 1913 sh tm

Table 4. Electrochemical Datay(NO) Frequencies, aneq degree of positive charge resides on the coordinated nitrosyl
Values for Ruthenium Nitrosyl Complexes and therefore the complexes contain essentially ruthenium-
2B B Ked y(NO)2 (11).40.43
complex V> (2 (L*mol?) (cm™) The free NO molecule, in thg? 71, fundamental state, has

NO* 2.3x 10%e 2220 a v(NO) for the 0— 1 transition of 1876 cmt, and the
[RU(NHz)sNOJ(PFg)3? 0.35 -0.40 1913 equilibrium distancerg) is 1.15 A% Using an inverse relation-
rans{RU(NH;)dmNNOI(BF,); ~ 0.40 —0.36 9.7x 10° 1923 ship between/(NO) andr,, we can estimate the NO distance
trans[Ru(NHs),L —histNO](BR)s' 0.40 —0.35 4.6x 10 1921
trans[Ru(NHs)4pyNO](BFy)s 053 —023 22x 10F 1931 for other compo_unds. For the b{aiiRu(NO)(NOg)4OH]_ com-
trans[Ru(NHz)4isnNO](BF)' 0.54 —0.19 2.5x 18 1933 plex, which had its structure established by neutron diffracfion,
trans[RU(NHz)4nicNO](BFy)3 0.54 —0.17 5.9x 10/ 1940 the »(NO) frequency was observed at 1898 dmand using
trans[Ru(NHz)4pzNO](BF)s! 0.51 —0.13 6x 10° 1942 the inverse relation mentioned above, we can estimate the NO

aE,, values are referred to the SCE in gBDOH/NaCHCOO or distance as 1.14 A, which is very close to the value experi-

CRCOOH/NaCRCOO, pH~ 4.0,u = 0.1 at 25.0°C £ 0.1. The values mentally found (1.1261.134 A), especially if we consider the
of »(NO) are for a KBr pellet. The estimated error in the potential simplicity of our estimation.

measurements is= 0.01 V and in the infrared data i%4 cnrl. The high »(NO) f b d f theni
b Calculated from ref 5% The reportetf Ej, value, in 0.10 M NaCl e high »(NO) frequency observed for our ruthenium

and pH 3-7 is —0.36 V.  Equilibrium constants for the reaction with ~ cOmpounds suggest that the actual NO distance is shorter than
hydroxide ion.c References 24 and 26Value of ref 60, connected to  those found by X-ray diffraction. Further evidence arises from
SCE. a close look at the distances in the four nonequivalent structures.
o ) _ We notice that the NO distances span a range 0f-11120 A,
values because the standard d.eV|at|on of the mean vqlue is quite,nq if we apply the mentioned inverse relation, t@&O)
large. The structures show distances from 2.16 A (in the Ru frequency should occur at 1860890 cn? significantly below

(1) to 1.91 A (in the Ru 4)). We believe that very large ¢ frequency (19361913 cnt?) observed for the nicotinamide
interval (0.25 A) reveals a difficulty inherent to the heavy metal compound.

atom method used to resolve the structure, which results in L .
Another intriguing observation comes from the results found

nonrealistic localization of the light atoms. We note for for the four nonequivalent structures which show a range of
structuresl and4 mentioned above that the RINH3 distances ) i .
3 NO distances of 0.06 A. This value is about 5% of the NO

are very different and the maximum and minimum values are ' .
y distances; however, the observed distances for the NR

found for opposite bonds. We will return to this point in the ;
discussion zlf)the RuNO bonds. P fragment (sum of the RuN(O) and —NO distances) have a

The mean R&NO distance is 1.7% 0.02 A, which again range of 2.862.89.,&, which span is only about 1%. From
is similar to the values found for the other nitrosyl compotifids. (e 23 resolvetf nitrosyl complexes structures, 19 show a
The mean N-O distance of 1.1% 0.02 A is in the range of  distance for the Rﬁé\lo frggmenzﬁm the range. of 2.8@.89
values found for other complexes. This distance and the mean” The values 2.8272.94%2.971 and 2.99 A" were found
Ru—NO angle of 177+ 1°, very close to 189 conclusively once. The values 2.82 and 2.94 A were admitted to be not

demonstrate that the compound contains a'Nigand. These accu_raté‘.o'46 In contrast with this narrow range, we found in
observed distances will be discussed along with the infrared the literaturé’ that the range for the NO distance is 1-0718
results. , Which is about 8% of the range.

The IR frequencies of the trans nitrosyl complexes reported The estimated NO distance from théNO) frequency and
in this paper are given in Table 3 along with attempts at the discrepancies observed for NO distances strongly suggest
assignments based on the literattfre®?2 All the complexes that the heavy metal atom method used to solve the X-ray
show a strong band in the region of 1900 ¢nascribed to structure does not easily localize the light nitrogen atom in the
»(NO). The values found, however, are higher than those Ru—NO fragment® The same difficulty applies to the-NRu—N
observed for other trans angs-nitrosylammine ruthenium  fragment (the angle being close 23@s discussed earlier. In
complexes442 The relatively high infrared stretching frequen-  other words, when a structure is dominated by the heavy atom,
cies for coordinated NO in these complexes indicate that a high the light atom positions must be treated cautiously.
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The small range for the distances (28689 A) in the Ru- assigned to the § Hs, H;, and H protons, respectively; the
NO fragment can be explained by the largely accepted bondingpeaks showed a downfield shift A = — 0.59,— 0.14,—0.17,
model where the dominant factor is the strong back-bonding and —0.19 relative to the free ligand. The downfield shift
Ru— NO. Other ligands, especially equatorial and trans ligands observed for all the protons of the imidazole andistidine
capable ofr interactions with ¢, and g orbitals of ruthenium, complexes suggests agaimralectron deficiency on the rings.
act as a minor perturbation of the principal interaction. A very noticeable fact is that no peak (sharp or broad) is

The v(NO) frequency should be a sensitive probe of the observed for the NH protons of the ammine ligands trans
previously mentioned perturbation. However, the present work [Ru(NHz)znic(NO)P+ andtrans[Ru(NHz)4py(NO)E" in D,O
shows that the counterion is also an important factor in the in the 3.66-4.60 ppm region. The absence of the peaks for
determination of that frequency. The same nicotinamide these complexes in D (even in very concentrated solutions)
complex has different frequencies (cH depending on the  suggests a rapid exchange of the ammine protons, as was
anion, BR~ (1961, 1919) or Si§~ (1936, 1913). This has  observed! previously for [Ru(NH)s(NO)]3*. However, record-
also been observed before for compounds of the typeXO ing the NMR spectra dfans[Ru(NHs)4imN(NO)]*" andtrans-
where both anions produce a higtNO) frequency?® [Ru(NHz)4L-hist(NO)E* in the same solvent, we noted a broad

The BR~ and Sik?~ nicotinamide complexes exhibit two  resonance at 4.60 ppm very close to the HOD resonance (4.80
v(NO) bands in the solid state. As this splitting does not appear ppm). This result suggests that, in these cases, the exchange
in water solution, the effect must be assigned to the solid state.of the ammine hydrogens is not as fast as in the former
The very complex unit cell found for the SfF compound complexes.
suggests a multiple site splitting for the observed IR frequencies. Reactivity. According to the literatur&, metal nitrosyl

Several trans-influence studies have been made in transitioncomplexes exhibiting’(NO) > 1886 cnT! are expected to
metal nitrosyl compounds using the NO stretching frequency undergo nucleophilic attack at the nitrosyl nitrogen. However,
as a probé%42 An interpretation of the effect is that thé€NO) 1.0 x 1073 M aqueous solutions of the complexes described
decreases as theacceptor ability of L trans to NO decreases. here did not react with a 10-fold excess of INN2H4, or ON-
According to thev(NO) values shown in Table 4, the order of (CHs)s after 24 h of mixing the reagents. These tests were

increasingr-electron donor ability is pyrazine nicotinamide carried out in water, pH range-38, at 25+ 2 °C, and with

< isonicotinamide< pyridine < imidazole~L-histidine. monitoring of the solutions using spectrophotometric and
The nitrosyl complexes reported here are EPR silent even atelectrochemical techniques.

the liquid-helium temperature. The nitrosyl complexes reported in this work reacted very

The features of the proton NMR spectra of all complexes rapidly in solution with hydroxide ion to give deep yellow
are consistent with the coordination ofKeterocyclic ligands ~ solutions. The product of the reaction betwé&@ms[Ru(NHz)-
to the metal center through the pyridine-type nitrogen. nic(NO)P* and hydroxide ionsrans[Ru(NHsz)anic(NO,)|BF,

The spectrum of the nicotinamide complex showed the Was isolated (yie]d 52%) suggesting that the coordination sphere
following resonance shifts relative to the heterocyclic ligand: Of the tetraammine complex ion remains unchanged up to 0.20
a singlet at 8.94 ppm assigned to thg pioton, a multiplet at ~ Mol/L NaOH. Therefore, the deprotonation of an Nigand
8.72 ppm assigned to thegkand H, protons; a double of yielding NH,™, one of the strongest trans labilizing Ilgand
doublets at 8.06 ppm assigned to thegrbton. It was observed ~ known;?%¢producing the [Ru(Ni)(NHs)anic(NO)** species
that the H and H; resonance peaks did not shift whereas the iS unlikely to occur. For the other systermans[Ru(NHs)alL-

H, and H exhibited both a downfield shift oAd = —0.48  (NO)I**, where L= py, imN, or L-hist, we were until now
with respect to the free nicotinamide molecule. The pyridine Unable to isolate the reaction products. Although these products
complex showed a doublet at 8.53 ppm assigned to thankl have not been |solated,. their UWisible spectra are very similar

He protons, a triplet at 8.38 ppm assigned to thepkbton, and 10 thetrans[Ru(NHs)anic(NO2)] ™ spectrum (386 nmg = 1.2

a triplet at 7.93 ppm assigned to the &hd H; protons. The x 10* M~t emh; 256 nm,e = 5.9 x 10* M~* cm™) in the
peak corresponding to thepHand H; protons did not shift same medium (0.10 m_oI/L NaOH) suggesting also the nitro form
whereas the two triplets corresponding to theard (Hs, Hs) as a result of the reaction between these nitrosyl complexes with
protons suffered a downfield shift &6 = —0.52 and—0.49, the hydroxide ion. As judged from the electronic spectrum,
respectively, relative to the free pyridine spectrum. There is a féconversion to the nearly colorless nitrosyl complexes for the
proportionality between the change in the proton chemical shift four systems occurs upon acidification of the solutions.

and the change in electron density at the carbon atom to which  For alkaline solutions containing the [Os(NENO)]** or

it is bonded®® The proton chemical shifts at thpara position [Ru(NHz)s(NO)J** complexes, the NH; ligands behave as
correlate very well withr electron densities, while shifts at the ~ stronger acids than in theans[Ru(NHz)4L(NO)]*" complexes,
ortho andmetapositions do not appear to be simply dependent and as a consequence, the formation of the amido species is
on thex electron density changes. Thus, the proton chemical facile.

shift at thepara position has been us&do evaluate changes It is surprising that [Ru(NB)s(NO)]*" loses protons more

in 7 electron density. On this basis, the downfield or diamag- readily than [Ru(NH)4L(NO)]®*, L = & acid ligand (pz, nic,
netic shift observed for thpara position protons (also true for  and py). In these complexes there is an electron-withdrawing
the metaprotons) of the nicotinamide and pyridine complexes effect of L added to that of NQ and as a consequence, an
indicates ax electron deficiency on the rings, that is, a enhancing on the Nfiproton acidity is expected.

polarization of electron density toward the metal center. As pointed out earlier in this paper (X-ray Crystallography

The spectrum of the imidazole complex showed singlets at and Infrared Spectra section), the mean-RliH; distances for
8.36, 7.48, and 7.25 ppm assigned to the protopsHs, and trans[Ru(NH3z)4L(NO)]X 3 complexes are in the 2.1 0.06
Hs, respectively. All the three peaks showed a downfield shift A range. Therefore the X-ray data are not so helpful in
of Ad = —0.60,—0.36, and-0.13 relative to the free imidazole. understanding the influences of L over the Nigjands in the
For theL-histidine complex, a singlet was observed at 8.32, a complexes described here. However, in the same complex some
singlet at 7.17, a triplet at 4.13, and a doublet at 3.36 ppm tendencies can be observed.
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In the [Ru(NH)s(NO)]3t complex ion3’ the Ru-NHg3
distance (A) or the axial ligand is shorter (2.047) than for the
equatorial ones (2.18 0.02). These data would suggest the
proton in the axial NH ligand to be more acidic than the
equatorial ones. Thus itis likely that in the [Ru(B)s(NO)]3*
ions the imido species would be formed only by the trangNH
ligand deprotonation, which does not occurs when L is a
heterocyclic ligand. The NOfragment effect over the trans
ligand acidity is clearly illustrated in the case of thens[Ru-
(NH3)4(H20)(NO)** ion. In this last complex the aquo ligand,
despite being coordinated to a formally Ru(ll) center, exhibits
a pK, of 3.1 more acidic than in [Ru(Ngs(H0)]*™ (pKa =
4.2)12ab

The calculated values for the equilibrium consta#ts, for
reaction 1 were measured spectrophotometrically at 25 6
0.1. The measured values figgq were 2.2x 10°, 5.9 x 10/,

9.7 x 109 and 4.6 x 10 L2 mol2 for the pyridine,
nicotinamide, imidazole, andhistidine complexes, respectively;
see Table 4. For the same equilibrium the followifig values
are reported in the literature: fdfFe(CN)(NO)]Z-, 1.5 x 10°

L2 mol~2; for?> [Ru(bipy)CI(NO)F, 1.6 x 10° L? mol=2.
Unfortunately, the comparison of the [Ru(®)4L] %", [Ru(bipy)-
CI]*, and [Fe(CN3]3~ moietiesr-donor capabilities toward NO
and their influence oKeqare not straightforward, being indeed
questionabl¥ due to the different environments for the metal
centers.

Only one redox couple was observed in the voltammetric
spectra of the solutions containirtgans[Ru(NHz)4L(NO)]-
(BF4)3 salts in the range-0.45 to+1.2 V, thus suggesting the
ruthenium center to be only electroactive at potentials more
positive than+1.2 V. Molecular orbital analysis using the
density functional theory (DFT) showsthat in trans[Ru-
(NH3)4,L(NO)]?", L = py and pz, the HOMO is ar orbital
located mainly on the NO ligand. Therefore, in accordance with
literature data for other nitrosyl complex®&s?3it is reasonable
to assume that the site of this reduction is locakze® on the
nitrosyl group and the reaction can be represented as

trans[(NH,) ,LRU'(NO")*" + e =
trans{(NH,),LRu"(NO)I*" (2)

where L= nic, imN, py, orL-hist.

The Ey, for the electrochemical reduction of the NO ligand
shifts to more positive potential as theacidity of L increases.
The substitution of the trans Nfholecule in [Ru(NH)s(NO)]3"
by pz destabilizes the NQligand with respect to the coordinate
NQP of 0.25 V (see Table 4).

The electrochemical data at 250 indicate thatrans[Ru-
(NH3)4nic(NO)Ft and trans[Ru(NHs)4py(NO)F can be re-

duced in a one-electron step and that the product has a limited
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wave atEp,= 0.76+ 0.03 V can be observed, which has been
attributed to the free NO oxidatios.

These observations are corroborated by electronic spectral
data. After the reduction with Eu(ll), the solutions originally
containingtrans[Ru(NHz)4L(NO)]3* exhibit the spectral char-
acteristics of therans-[Ru(NHz)4L(H20)]2" ions (L = pY, Amax
=331 nm,e =3.1x 18 M1cm™; L = nic, Amax= 426 nm,
€=6.6 x 18 M~tcm™Y). Therefore, as far as electronic and
voltammetric spectra are concerned, the imass[Ru(NHs)4L-
(NO)I** (L = py and nic) after one-electron reduction exhibited
nitric oxide dissociation with the formation of the aquo species,
trans[RU(NHz)4L(H20)]% .

A plot of »(NO) vs Ey, for the series of nitrosyl complexes
presented in Table 4, yields a straight line defined by the
equationv(NO) = 1954 + 96.1E,/,, with a correlation coef-
ficient of 0.98. This direct relation was expected since both
parameters are dependent on electronic characteristics of the
nitrosyl group257:58The oxidizing strength of NOis related
to the extent of thed — 7" (NO) interaction: as the donation
increases, the electron content at NO increases, decreasing its
oxidizing strengtt?® This linear correlation suggests that
changes in electron density at NO (measuredHy) are
proportional to the & — 7* (NO) donation. Therefore, the
v(NO) frequency could be useful as a mea&atef the relative
oxidizing strength of the NO group. For the series of complexes
shown here, the highest oxidizing strength of the coordinated
NO is observed for the pyrazine complex.

In a series of nitrosyl complexes, the medonor ability of
ligands, except NO, can be quantified by the sum of Lever's
electrochemical parametéfgwhich places each ligand ion in
an electrochemical series) for the non-nitrosyl ligands. The sum
of these parameters, E, will correlate with the reduction
potential of NOEeq0r Ey,, for a given nitrosyl compleib.60-61

Ey,= SLZEL(L) + 1

For the series of nitrosyl complexes presented in Table 4,
we observe®t a good linear correlation between thg, values
versusy | S E. defining the straight linf€62Ey, = —0.78 +
1.09 E, with a correlation coefficient of 0.99.

Since Ey; for the coordinated N&NO redox couple is a
linear function of) E,, the above correlation would express the
tendency of the nitric oxide ligand to be redut¥®dand
accordingly the tendency of the metallonitrosyl complex,
activated by reduction, to release NO.

According to Lever'sy E; rules1o0:596%gr g series of related
compoundsy E; would be related to therans[RU(NHsz)4L] 2"
moiety’s ability to back-bond to NO. An increaselit; would
be associated with an increase in the nitrosonium character of
the coordinated NO. Following the above reasoning, the
extension of the Ru(Il~ NO back-bonding for the complexes
of Table 4 will decrease as function of L according to \\H

stability, because at slow scan rate (0.05 V/s) the current of the| hist ~ imN > py > isn > nic > pz. This sequence is
anodic wave was diminished and broadened. However, the congistent with the series of-electron donor ability of L

anodic wave was well defined, even at slow scan rate 0.020
V/s) when the experiment was carried out at 30 At 3.0°C
and scan rates 0.05 V/s the electrochemical electron-transfer
process displays a reversible behavior.
trans[RU(NH3),LNO]3*", L = pz and nic, is chemically
reduced by Eu(ll) ions in 1:1 stoichiometric amounts. After
the reaction the process attributed to the coordinated/NQO°
couple is absent in the solution voltammograms, but the Ru-
(HN/Ru(ll) couple in thetrans[Ru(NHz)4sL(H20)]?" is easily
identified (L = pz, E1» = 0.065 V; L= nic, E;p = —10 V).

Furthermore for the resulting solution, an electrochemical anodic

deduced on basis of thgNO) data and previously discussed
in this paper.

(59) Lever, A. B. PInorg. Chem.199Q 29, 1271.

(60) Dodsworth, E. S.; Vleck, A. A.; Lever, A. B. fhorg. Chem.1994
33, 1045.

(61) Gomes, M. G.; Borges, S. S. S.; Franco, D. M# Reuni@ Anual
da Sociedade Brasileira de Quica, CaxambuMG, Brazil, 1993:
Resumos, QI-28.

(62) For the compounds of Table 4 plus the complexes listed in the ref 59
(Ru(NO)(bpy}(NO2)]>*, [Ru(NO)(bpyx(NH3)]*", [Ru(NO)(bpy}-
(trpy)I**, [Ru(NO)(bpyrpyl**, and [Ru(NO)(bpyXCH:CN)]**) we
obtain: E;» = —0.72+ 0.95E,; R = 0.997.
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The SE, values have also been suggesieélas useful to relevance in theérans[Ru(NHz)sL(NO)]3+/trans[Ru(NHsz)4L-
predict the relative tendency of the coordinated nitric oxide to (NOy)]" equilibrium. This subject is now under investigation
undergo nucleophilic attack. Th&qdata for the reaction with  at our laboratory, and the results will be published later.
OH™ have been proposed as an straightforward way to cofipare
the relative electrophilicity of coordinated nitric oxide in various
complexes. For the complexes of Tablekt, decreases as
L-hist < iImN < pz < isn< nic < py, exhibiting a change of
2.0 x 10 orders of magnitude when L changes frarhist to
py. According to th& E, values and the(NO) data, we would
expect the reverse order with the pz derivative exhibiting the
highestKeq value. Supporting Information Available: Tables of positional and

Probably the nitro species thermodynamic stability, which is thermal parameters and inter_ator_nic dista_nce; apd angles around the
included in Keg is an important term to be considered. The Ru atoms (11 pages). Ordering information is given on any current
remarkable stability exhibited by thens[Ru(NHs)L(NO,)]*  Masthead page.
in alkaline media is a good indicator of the nitro species 1C951563S
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