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cis-[Ru(NO)Cl(pyca),] (pyca = 2-pyridinecarboxylato), in which the two pyridyl nitrogen atoms of the two pyca
ligands coordinate at the trans position to each other and the two carboxylic oxygen atoms at the trans position to
the nitrosyl ligand and the chloro ligand, respectively (type | shown as in Chart 1), reacted with NaOCHjs to generate
cis-[Ru(NO)(OCHz)(pyca)] (type I). The geometry of this complex was confirmed to be the same as the starting
complex by X-ray crystallography: Ci35H13N3OgsRuU; monoclinic, P2;/n; a = 8.120(1), b = 16.650(1), ¢ = 11.510-
) A p = 99.07(1)°; V = 1536.7(2) A3 Z = 4. The cis—trans geometrical change reaction occurred in the
reactions of cis-[Ru(NO)(OCHs)(pyca),] (type 1) in water and alcohol (ROH, R = CHs, C;Hs) to form [{trans-Ru-
(NO)(pyca)z} 2(H302)]* (type V) and trans-[Ru(NO)(OR)(pyca),] (type V). The reactions of the trans-form complexes,
trans-[Ru(NO)(H.O)(pyca),]* (type V) and trans-[Ru(NO)(OCHs)(pyca),] (type V), with CI~ in hydrochloric acid solution
afforded the cis-form complex, cis-[Ru(NO)Cl(pyca),] (type I). The favorable geometry of [Ru(NO)X(pyca),]"* depended
on the nature of the coexisting ligand X. This conclusion was confirmed by theoretical, synthetic, and structural
studies. The mono-pyca-containing nitrosylruthenium complex (C,Hs)sN[Ru(NO)Cls(pyca)] was synthesized by the
reaction of [Ru(NO)Cls]>~ with Hpyca and characterized by X-ray structural analysis: Ci4H24N303Cl3Ru; triclinic,
P1, a = 7.631(1), b = 9.669(1), c = 13.627(1) A; oo = 83.05(2), B = 82.23(1), y = 81.94(1)°; V = 981.1(1) A3;
Z = 2. The type Il complex of cis-[Ru(NO)Cl(pyca),] was synthesized by the reaction of [Ru(NO)Cls(pyca)]~ or
[Ru(NO)Cls]>~ with Hpyca and isolated by column chromatography. The structure was determined by X-ray structural
analysis: C1,HgN;OsCIRu; monoclinic, P2,/n; a = 10.010(1), b = 13.280(1), ¢ = 11.335(1) A; B = 113.45(1)°; V
= 1382.4(2) A3, z = 4.

Introduction a few theoretical study on reactions of the coordinated
nitrosyl moiety have been recently reportetihe structural

It is now well-known that nitric oxide plays fundamental A - - .
trans effects of the linearly bonded nitrosyl ligand in

roles in biochemical process&The interests in nitric oxide
in chemical and biochemical studies are its reactions and : .
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functions as a pOQD"-dOI’\OI’ and a strong-acceptor, and a 1189. (e) Rosen, G. M.; Tsali, P PouChem. Re. 2002 102 1191~
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Chart 1. Six Geometrical Isomers of [Ru(NO)X(pye)” Complexes are not clear at present. We have reported that reactions of
f\llO . ’i‘o y ll\lo cis[Ru(NO)X(pyca)]"* (typel) (X =CI, NO,,n=0; X =
N:RU;\X ( " u"“ g&Ru-‘V‘ H,0, n = 1) with OH~, N3~, and OCH™~ were accompanied
é_/N © ,'\, )|( by the rare cistrans geometrical changes to form trans-
type | ype Il type V type isomers {[transRu(NO)(pyca)} »(H:02)]* (typeV) and
trans[Ru(NO)(OCH)(pyca}] (type V).1° These geometrical
NO NO NO o . e
ol ax onl ax LY changes quantitatively occur without NO evoluti@imdicat-
v |“yN v | Vo vF}”vo) ing the metat-NO bond is not activated and cleavage does
o/ N/ X not occur during isomerization. Thus, our reaction system
typell type IV type VI of the [Ru(NO)X(pycay]™t series differs from photoactiva-
tion of the metat-NO bond with NO evolution, and the
N~ O =pyca

relation among the nitrosyl and the coming and the leaving
Seéigands is important for the stability of the complexes. This
h Paper describes syntheses, structural determinations, reactions
of [Ru(NO)X(pyca}]™ (X = CI, NO,, OR (R= CHjs, C;H5),
n = 0; X = H,O, n = 1), and theoretical studies on the
stability of these geometrical isomers to understand the

octahedral transition metal complexes have been discus
in terms of their stable structures which are correlated witl
the nature of the ligand at the trans position to the NO
ligand? These nitrosyl complexes receive much attention not
only as useful models for biological systems to understand . o
metal-NO interactions but also as reaction mediators and 'Mteractions betwee_n NO and coeX|s_t|ng_ ligands throqgh the
regulators. The reaction behaviors and structural features ofu center. Synthesis and characterization of three different
the nitrosyl ligand correlate with a contribution of electrons types of ISOMers, types I " andV, h?"e begn successful

around central metal: the character of the bond between aby emplgymg a su!table k|r)q of X ligand in [R.U(NO)X'

metal and NO has been classified by the Enem&idtham .(pyca)ﬂ." and regcnon cond_mons, and the stability 9f cea ch
notation,{M(NO),}", wheren is the sum of the number of isomer is theoretically explained by the sum of contributions

electrons in the d orbitals of the metal (M) and in the of trans pairs in the complex.
orbital of NO? In our investigations on syntheses, structures, Experimental Section
and reactions of thERuNG} é-type nitrosylruthenium com-
plexes, the nitrosyl ligand plays an important role in the
stability of complexes and rearrangement of coexisting
ligands such as N©O in N- and O-bonded modés.
[Ru(NO)X(pyca}]"" has six geometrical isomers (four
isomers of cis form, isomets-IV, and two isomers of trans they are potentially explogeé and should be handled with care

form, isomersV and VI) as shown in Chart 1. Some  gynthesis of cis[Ru(NO)(OCH3)(pyca)] (Type 1). To a
isomerization reactions of metal nitrosyl complexes have methanol solution (20 c#nof cis-[Ru(NO)Cl(pyca)] (type ) (200
been investigated and reported: linkage isomerization of themg, 0.49 mmol) was added NaOgKR8 mg, 0.52 mmol) while

N- and O-bonded nitrosyl ligandsgeometrical isomeriza-  stirring. The solution was stirred for 12 h at room temperature.
tion®° Although a few geometrical isomerizations of The solution was concentrated to ca. 5°cmsing a rotary
{RuNGC}5-type complexes accompanying the dissociation of evaporator, and diethyl ether was added to give a brown precipitate.
the NO molecule have been reporfethe mechanisms of The product was collected by filtration, washed with diethyl ether,

isomerization reactions and the function of the nitrosyl ligand 2nd dried in vacuo. Yield: 120 mg (61%). Anal. Found: C, 38.19;
H, 2.54; N, 10.36. Calcd for GH1;N3OsRu: C, 38.43; H, 2.73; N,

10.34.v(NO) = 1861 cntl. NMR: oy (CD3sCN) 3.44 (3H, s, Ch),
7.88 (1H, t, 5-py), 7.93 (1H, t, 5-py), 8.20 (2H, d, 3-py), 8.29 (1H,
t, 4-py), 8.36 (1H, t, 4-py), 8.76 (1H, d, 6-py), 8.90 (1H, d, 6-py);
dc (CDsCN) 60.5 (CHg), 116.7 (5-py), 117.0 (5-py), 117.2 (3-
py), 117.8 (3-py), 126.8 (4-py), 127.5 (4-py), 128.2 (6-py), 129.5
(6-py), 141.5 (2-py), 142.7 (2-py), 146.6COQO"), 150.2 (-COO").
Reaction ofcis[Ru(NO)(OCH3)(pyca)] (Type I) in Methanol
To Form trans-[Ru(NO)(OCH3)(pyca)] (Type V). A methanol
solution (20 crd) of cis-[Ru(NO)(OCH)(pyca)] (type 1) (50 mg,
0.12 mmol) was refluxed fol h to give a yellow solution. The
yellow solution was concentrated using a rotary evaporator to ca.

Materials. K [Ru(NO)CE],*! cis-[Ru(NO)Cl(pyca)] (type1),12
cis-[RU(NO)(NO,)(pyca)] (type 1),5 and trans[Ru(NO)(H;O)-
(pyca)]ClO4+0.5H,0 (type V)° were prepared according to the
methods in the literature.

Caution! Although the complexes as perchlorate salts are stable,

(5) (a) Feltham, R. D.; Enemark, J. H. [fopics in Stereochemistry
Geoffray, G. L., Ed.; John Wiley and Sons: New York, 1981; Vol.
12, pp 155-215. (b) Enemark, J. H.; Feltham, R. Boord. Chem.
Rev. 1974 13, 339-406.

(6) Ooyama, D.; Nagao, N.; Nagao, H.; Miura, Y.; Hasegawa, A.; Ando,
K.; Howell, F. S.; Mukaida, M.; Tanaka, Knorg. Chem.1995 34,
6024-6033.

(7) Coppens, P.; Novozhilova, I.; Kovalevsky, 8hem. Re. 2002 102
861—883 and references therein.

(8) (a) Wang, H.; Tomizawa, H.; Miki, Bnorg. Chim. Acta2001, 321,
215-220. (b) Miki, K.; Tomizawa, H.; Ikezawa, H.; Miki, Bnorg.
Chim. Actal997, 257, 3—10. (c) Ikezawa, H.; Ikezawa, Y.; Miki, E.;
Mizumachi; K.; Ishimori, T.Inorg. Chim. Actal995 237, 89-97.
(d) Nikol'skii, A. B.; Popov, A. M.; Egorova, M. B.; Khorunzhii, V.

V. Koord. Khim. (Engl. Transl.1989 15, 800-807. (e) Nikol'skii,

A. B.; Popov, A. M.; Repinskaya, T. S.; Kukushkin, Y. N.; Egorova,
M. B. Koord. Khim. (Engl. Transl.1987 13, 529-537. (f) Bottomley,
F.; Kiremire, E. M. R.; Clarkson, S. Q. Chem. Soc., Dalton Trans.
1975 1909-1912. (g) Pell, S.; Armor, J. Nnorg. Chem.1973 12,
873-877.

(9) (a) Miki, E.; Masano, H.; lwasaki, H.; Tomizawa, H.; Mizumachi,

K.; Ishimori, T.; Tanaka, M.; Nagai, T.; Nagao, horg. Chim. Acta
1993 205 129-136. (b) lkezawa, H.; Miki, E.; Mizumachi, K.;
Ishimori, T.; Nagai, T.; Tanaka, MBull. Chem. Soc. JprL993 66,
89-97.
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5 cn¥. Diethyl ether was added to the solution to give a yellow
precipitate. The product was collected by filtration, washed with
diethyl ether, and dried in vacuo. Yield: 38 mg (76%). This

(10) Hirano, T.; Kuroda, M.; Takeda, N.; Hayashi, M.; Mukaida, M.; Oi,
T.; Nagao, HJ. Chem. Soc., Dalton Tran2002 2158-2162.

(11) Fletcher, J. M.; Jenkins, I. L.; Lever, F. M.; Martin, F. S.; Powell, A.
R.; Todd, R.J. Inorg. Nucl. Chem1955 1, 378-401.

(12) Bottomley, F.; Hahn, E.; Pickadt, J.; Schumann, H.; Mukaida, M.;
Kakihana, H.J. Chem. Soc., Dalton Tran$985 2427-2431.



Ruthenium Bis(2-pyridinecarboxylato) Complexes

complex has been synthesized by a different method and charactereollected by filtration, washed with ethanol and ether, and dried in

ized® »(NO) = 1838 cntl. vacuo. Yield: 40 mg (13%)v(NO) = 1849 cntl.

Reaction of cis-[RU(NO)(OCH 3)(pyca)s] (Type 1) in Ethanol Isolation of cis-[Ru(NO)Cl(pyca)] (Type II). cis-[Ru(NO)CI-
To Form trans-[Ru(NO)(OGHs)(pyca)] (Type V). A suspension  (pyca}] (type Il) has been isolated by two different procedures.
of cis[Ru(NO)(OCH)(pyca}] (typel) (50 mg, 0.12 mmol) in gHs- (i) The pH of an agueous solution (20 gnof Ko [Ru(NO)Ck] (250

OH (20 cn#) was refluxed for 1 hour to give a yellow solution. Mg, 0.65 mmol) and Hpyca (250 mg, 2.0 mmol) was adjusted to
The solution was concentrated using a rotary evaporator to ca. 5PH 6.8 with an aqueous 1 mol dfhNaOH solution. The solution

cn?. Diethyl ether was added to the solution to give a yellow Was refluxed for 3 h. The solution was then concentrated to ca. 5
precipitate. The product was collected by filtration, washed with €M® by evaporating the solvent by heating, cooled, and allowed to
diethyl ether, and dried in vacuo. Yield: 30 mg (58%). Anal. stand overnight. An orange crude product was deposited. It was
Found: C, 40.01; H, 2.96: N, 9.93. Calcd for,8::Ns0¢Ru: C, collected by filtration, washed with £sOH and ether, and dried

40.00; H, 3.12; N, 10.00:(NO) = 1815 cntL. 84 (CDsCN): 0.50 in vacuo. The obtained mixed material was separated into compo-
(3H, t, CHy), 3.33 (1H, g, CH), 3.61 (1H, g, CH), 7.86 (2H, t, nents by column chromatography (Sephadex LH-20; water). The
5-py), 8.18 (2H, d, 3-py), 8.32 (2H, t, 4-py), 8.75 (1H, d, 6-pyg; first orange band was collected and concentrated with a rotary
(CDsCN) 19.7 (CH), 64.4 (CH), 128.2 (5-py), 130.0 (3-py), 143.4  €vaporator. The formed orange precipitate was collected by
(4-py), 150.1 (6-py), 152.1 (2-py), 172.7 (COD filtration, washed with GHsOH and ether, and dried in vacuo.

Reaction oftrans[Ru(NO)(OCH 3)(pyca),] (Type V) with HCI Yield: 3.5 mg (13%)»(NO) = 1864 cn1l. An.al. Found: .C, 34.91.;
To Form cis[Ru(NO)Cl(pyca);] (Type I). An aqueous hydro-  H 179 N, 9.97. Calcd for GHgNsOsCIRu: C, 35.09; H, 1.96;
chloric acid solution (20 cfy pH 1.8) oftrans[Ru(NO)(OCHy)- N, 10.23.:I'he second band was a soluthme{Ru(NO)CI(pyca)]
(pyca)] (type V) (50 mg, 0.12 mmol) and KCI (200 mg, 2.7 mmol) (typel). (ii) The pH of an aqueous solution (15 &mwf EtN[Ru-
was refluxed fo 2 h togive an orange solution. This solution was (NO)CI§(pyca)] (50 mg, O._lO mmol) and Hpyca (13 mg, 0.10_mmol)
cooled to room temperature to give an orange precipitate. The "5 adjusted to pH 4.5 with an aqueous 1 mof #iMaOH solution.

product was collected by filtration, washed with cold water, ethanol, The solution was refluxed for 2 h The solution was Fhen
and diethyl ether, and dried in vacuo. Yield: 26 mg (51%6)NO) concentrated to ca. 5 énby evaporating the solvent by heating,

— 1890 cnTl. cooled, and allowed to stand overnight. An orange crude product

) . was deposited. It was collected by filtration, washed witii£&
Reaction of trans[Ru(NO)(OCHs)(pyca)] (Type V) with OH and ether, and dried in vacuo. The separation into components
NaNO, To Form cis[Ru(NO)(NOz)(pyca)] (Type I). Asuspen- o o1umn chromatography was carried out in the same way
sion oftrans[Ru(NO)(OCH;)(pyca}] (type V) (50 mg, 0.12 mmol)

’ ; i described as in the procedure i. Yield: 5 mg (12%).
and NaNQ (200 mg, 2.9 mmol) in @HsOH—H,0 (10:1 v/v; 55 X-ray Crystallography. Single crystals otis-[Ru(NO)(OCH)-

cm?) was refluxed fo 3 h togive a yelloyv solution. The solutiqn (pyca)]-0.5CHOH (typel) and (GHs)N[RU(NO)Ch(pyca)] were
was concenirated to ca.. 5 ghy evaporating the solvent by heatlpg obtained by recrystallization from the methanol solutions and then
to give a yellow precipitate. The product was collected by filtration, -\ an4r giffusion of ether into those solutions. A single crystal of
washed wlth cold water, ethanol, and diethyl ether, and dried in cis[RU(NO)CI(pycay] (type I ) was obtained by slow evaporation
vacuo. Yield: 15 mg (29%Jv(NO) = 1907 cr™. of the aqueous solution of the complex. The intensity dat&ifer
Reaction oftrans-[Ru(NO)(H:0)(pyca)]ClO 4-0.5H;0 (Type [Ru(NO)(OCH)(pyca}]-0.5CHOH (typel) were collected on a
V) with HCI To Form cis[Ru(NO)Cl(pyca)z] (Type I). An Rigaku RAXIS-RAPID imaging plate diffractometer, and those for
aqueous hydrochloric acid solution (pH 2.0) twéns[Ru(NO)- (CzHs)aN[RU(NO)Ch(pyca)] andcis-[Ru(NO)Cl(pycay] (type II)
(H20)(pyca}]ClO4-0.5H,0 (typeV) (50 mg, 0.10 mmol) and KCI on a Rigaku Mercury CCD diffractometer, using graphite-mono-
(200 mg, 2.7 mmol) was refluxedf@ h togive an orange solution.  chromatized Mo K radiation (0.710 69 A). All the calculations
This solution was cooled to room temperature to give an orange were carried out using the Crystal Structure software package.
precipitate. The product was collected by filtration, washed with  Structures were solved by direct methods, expanded using Fourier
cold water, ethanol, and diethyl ether, and dried in vacuo. Yield: techniques, and refined using full-matrix least-squares techniques.

26 mg (51%).»(NO) = 1890 cnt™. The crystallographic data are summarized in Table 1.

Reaction oftrans-[Ru(NO)(H ,0)(pyca),]CIO 4-0.5H,0 (Type Molecular Orbital Calculations. All calculations were per-
V) with NaNO, To Form cis-[Ru(NO)(NOy)(pyca)] (Type I). formed using the Gaussian 98 progr&hThe geometry optimiza-
A suspension ofrans[Ru(NO)(H0)(pyca}]ClO4+0.5H,0 (type tions were carried out without symmetry constraint at the B3LYP
V) (50 mg, 0.10 mmol) and NaNC{140 mg, 2.0 mmol) in eHs- level of density functional theory, which consists of a hybrid Becke
OH-H0 (10:1 v/v, 55 crd) was refluxed fo 3 h togive a yellow + Hartree-Fock exchange and Leérang—Parr correlation func-

solution. The solution was concentrated to ca. 5 bynevaporating
the solvent by heating to give a yellow precipitate. The product (13) Crystal Structure and Single-Crystal Structure Analysis Package

was collected by filtration, washed with cold water, ethanol, and g/looolicular Structure Corp. and Rigaku Corp.: The Woodlands, TX,

diethyl ether, and dried in vacuo. Yield: 15 mg (29%{]NO) = (14) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,

1907 cntl. M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.;
. o Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels,
Reaction of [Ru(NO)CleJ? W_'th Hpyca To Form [Ru(NO)Cl 5- A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone,
(pyca)]”. To an aqueous solution (10 éyof K,[Ru(NO)CE] (250 V.; Cossi, M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.;
mg, 0.65 mmol) was added a solution of Hpyca (75 mg, 0.61 mmol), '(\ZA“ffOfkdy S, }?Cgerskl,’\ll;splete&ssog, % A A)t/)ala, lj. JY.;MClIJ_I,kQI-:;)

H H ; orokuma, K.; rRega, N.; salvador, P.; bannenberg, J. J.; Mallck, D.

the pH of which .had been.adjusted to pH 4.5 with an aqueous NaOH K. Rabuck, A. D.. Raghavachari, K.. Foresman, J. B.. Cioslowski,
solution. The mixed solution was refluxed fb h and concentrated J.: Ortiz, J. V.: Baboul, A. G.: Stefanov, B. B.: Liu, G.: Liashenko,
to ca. 5 cm by evaporating the solvent by heating. The solution A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin, R. L.; Fox, D.
was cooled, allowed to stand overnight, and filtrated. To the filtrate J.; Keith, T.; Al-Laham, M. A; Peng, C. Y.; Nanayakkara, A.;

. . Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M.
was then added (ls)4NCl as precipitant. The filtrate was allowed W.: Andres, J. L.: Gonzalez, C.: Head-Gordon, M.: Rep|og|e,gE. S.:

to stand overnight to give an orange precipitate. The product was Pople, J. A.Gaussian 98Gaussian, Inc.: Pittsburgh, PA, 2002.
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Table 1. Crystallographic Data focis-[Ru(NO)(OCH)(pycap]-0.5CHOH (Typel), (C.Hs)aN[Ru(NO)Ck(pyca)], andcis-[Ru(NO)Cl(pycay] (Type II')

Hirano et al.

formula C13,5H13N306,5RU C14H24N303 C|3RU C12H8N305C|RU
fw 422.34 489.79 410.74
color of cryst brown orange orange
cryst system monoclinic triclinic monoclinic
space group P2i/n P1 P2i/n
a A 8.120 (1) 7.631(1) 10.010(1)
b, A 16.650(1) 9.669(1) 13.280(1)
c, A 11.510(1) 13.627(1) 11.335(1)
a, deg 83.05(2)
B, deg 99.07(1) 82.23(1) 113.45(1)
y, deg 81.94(1)
vV, A3 1536.7(2) 981.1(1) 1382.4(2)
z 4 2 4
Dealca g CNTT3 1.83 1.66 1.97
u(Mo Ka), cmi 2 10.61 12.24 13.55
T,°C -150 -150 23
R2 0.043 0.050 0.032
GOF 1.37 0.87 1.11
2R = J||Fo| — IFdl/3IFol, I < 20(1).
tional with nonlocal correction®, with the LANL2DZ effective Scheme 1. Reactions otis{Ru(NO)(OCH)(pyca)] (Type I)
core potential and basis $éMNo second derivatives were calculated. Ho N on It
Since the optimization was performed without symmetry constraint, 2 L ON -Rﬂ —HSOZ—Rl{ -NO
the optimized structures were assumed to be at local minima. At A N © N O
the B3LYP/LANL2DZ-optimized geometries the energies were 7 ypev
recalculated with the B3LYP method using a larger LANL2DZdpd A
basis set/ which consists of LANL2DZ+ diffuse + polarization NO NO
basis sets. (N;H|U<OCH3 CoHsOH N | _n
Physical MeasurementsIR spectra were recorded on a Perkin- o <'3 N A <o/ Fl‘”\c,)
Elmer FT-1650 FTIR spectrophotometer using samples prepared ol . C;C\les
as KBr disks. Elemental analyses were performed by the Sophia P P
University Analytical Facility.XH NMR and3C NMR spectra were C2HsOH/ A f
obtained with a JEOL JML-LA500 spectrometer. Cyclic voltam- NO
metric measurements were made on acetonitrile solutions containing C"'so'"> <N> |U<N 1
0.1 mol dnr3 tetraethylammonium perchlorate, TEAP (Nakarai A 0 éCHO HO /A
Tesque. Ltd.), as supporting electrolyte with a platinum disk type v’

working electroded = 1.6 mm) and an A@.01 mol dnt3 AgNOs

reference electrode using a BAS 100B/W electrochemical analyzer. Scheme 2.
. T
At the end of each measurement, ferrocene was added as an |ntern<’$l

standard to correct redox potentials.

Results

Syntheses and Reactionscis-[Ru(NO)(OCH)(pyca)]
(typel) has been synthesized by a reactiortisf[Ru(NO)-
Cl(pyca}] (type I) with NaOCH; in methanol at room
temperature without reflux. Reactions a@is[Ru(NO)-
(OCHgs)(pycay] (typeI) including the result of the previous
paper are summarized in Schem® tis-[Ru(NO)(OCH)-
(pyca}] (typel) is convertible into{transRu(NO)(pycay} -
(u-H30,)|PFs (type V), a hydroxide hydrate anion-bridged
complex, in an aqueous solution by heatifidt is also
convertible intotrans[Ru(NO)(OGHs)(pyca)] (type V) in
C,HsOH. The geometry ofrans[Ru(NO)(OGHs)(pyca)]
(type V) is confirmed by*H and*3C NMR spectra showing
four and six signals assigned to the two symmetrically
coordinated pyca ligands, respectively, in addition to two

(15) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.

(16) (a) Dunning, T. H., Jr.; Hay, P. J. Modern Theoretical Chemistry
Schaefer, H.F., lll, Ed.; Plenum: New York, 1976; pp28. (b) Hay,
P. J.; Wadt, W. RJ. Chem. Phys1985 82, 270-283. (c) Wadt, W.
R.; Hay, P. JJ. Chem. Physl985 82, 284-298. (d) Hay, P. J.; Wadt,
W. R.J. Chem. Phys1985 82, 299-310.

(17) Check, C. E.; Faust, T. O.; Bailey, J. M.; Wright, B. J.; Gilbert, T.
M.; Sunderlin, L. SJ. Phys. Chem2001, 105 8111-8116.
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ypel)

Reactions from the Trans Form (Typg to the Cis Form

NO |+ NO
(N-RuO)  HOI/H0 _(N-gy O
b LN

type V typel

H+/AH20 HCI/H,0 NaNO, /C,HzOH-H,0

NO NO
T e oL T

O N

OCH3
type V

NaNO, /
C,HOH-H,0

O’&‘J\l

typel

13C signals assigned to theldzO~ ligand. When a methanol
solution ofcis-[Ru(NO)(OCH)(pyca}] (typel) is refluxed,
trans[Ru(NO)(OCH)(pyca}] (type V) is isolated in a high
yield, and the same reaction also takes place in the dark.
trans[Ru(NO)(OCH;)(pyca}] (type V) in an aqueous solu-
tion affords [ transRu(NO)(pycay} 2(u-H30,)]* (type V) by
heating under reflux and in the ethanoic soluticans-[Ru-
(NO)(OGHs)(pyca)] (type V).

The geometrical change reactions from the typt the
type | of [Ru(NO)X(pyca}]"" are summarized in Scheme
2. The hydrochloric acid solution ofrans[Ru(NO)X-
(pyca)p]"" (typeV) (X = CH3O,n=0; X = H,0,n=1)
givescis[Ru(NO)Cl(pyca)] (typel) by heating under reflux,
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Table 2. Stretching N-O Wave numbers and Reduction Potentials of Synthesized and Related Nitrosylruthenium Complexes

complex »(NO), cnTla Eip, VP Epe, VP ref
cis-[Ru(NO)Cl(pyca)] (typel) 1890 —-0.71 —1.48 10, 12
cis[Ru(NO)(OCH)(pyca)] (typel) 1861 —0.9¢ —1.68 this work
cis[Ru(NO)(NG,)(pyca}] (typel) 1907 —0.60° —1.46 6
cis-[Ru(NO)Cl(pyca)] (typell) 1864 —-0.71 —1.4# this work
trans[Ru(NO)(OCH)(pyca}] (type V) 1838 —-1.1Z —1.7r 10
trans[Ru(NO)(OGHs)(pyca}] (type V) 1815 -1.1% -1.8% this work
trans[Ru(NO)(HO)(pyca}]ClO4 (type V) 1940 —0.53 —1.23 10
[{trans-Ru(NO)(pyca)} 2(Hz0.)]PFs (type V) 1895, 1910 10
mer(Cl),trangNO,O)-(GHs)sN[Ru(NO)Ck(pyca)] 1849 —1.15% this work

aKBr disk. Vs Ag|0.1 mol dn3 AgNO3(AN). ¢ In CHsCN containing TEAPYIn DMF containing TEAP £ An irreversible proces$pc.

Table 3. Selected Bond Distances (A) and Angles (deggim[Ru(NO)(OCH)(pycay] (Type I), (CzHs)aN[Ru(NO)Ck(pyca)], and
cis[Ru(NO)Cl(pyca)] (Type II)

[Ru(NO)(OCHy)(pycay] type (C2Hs)aN[RU(NO)Ch(pyca)l [Ru(NO)Cl(pycay type I
Ru—N(nitrosyl) 1.737(3) 1.729(4) 1.743(2)
Ru—X
X = OCHs~ 2.040(3)
X =CI- 2.364(1) 2.370(1)
2.359(1)
2.382(1)
Ru—N(pyca) 2.079(3) 2.072(3% 2.074(2%
2.041(3) 2.060(2)
Ru—O(pyca) 1.999(3) 2.015(3% 2.007(2%
2.068(2) 2.014(2)
N—O(nitrosyl) 1.160(4) 1.163(5) 1.139(3)
Ru—N—0O(nitrosy! ) 176.3(3) 173.4(3) 170.7(2)

aOxygen or nitrogen atom of pyca at the trans position to NO.

and the HO—C;HsOH solution in the presence of excess to the corresponding typkecomplex, a reversible wave at

nitrite anion yieldscis-[Ru(NO)(NG,)(pyca}] (type I). Ei», = —0.71 V and an irreversible one Bj. = —1.44 V.
The mono-pyca complexier(Cl),trangNO,O)-[Ru(NO)- trans[Ru(NO)(OGHs)(pycay] (type V) shows a reversible
Cly(pyca)l” has been synthesized by the reaction of wave atEy, = —1.15 V and an irreversible one &b =
[Ru(NO)Ck]>~ with equimolar Hpyc® and characterized by —1.85 V. These waves are observed at slightly negative
the X-ray crystal structural analysisier(Cl), trangNO,O)- region as compared with those of the type complex

[Ru(NO)Chk(pyca)]” reacts with the equimolar amount of containing a methoxo ligand instead of an ethoxo one. The
Hpyca to give a typé of cis-[Ru(NO)Cl(pyca)] as the main ~ mono-pyca complexmer(Cl),trangNO,O)-(GHs)sN[Ru-
product and a typd as a byproduct. These two isomers of (NO)Cl(pyca)] shows only an irreversible reduction wave
[Ru(NO)Cl(pyca)] are successfully separated from the atEy,.= —1.15V, and no other reduction wave is observed
reaction mixture by column chromatography. within the potential window{-ca. 2.00 V).

IR Spectroscopy.Wavenumbers of a characteristic stretch- ~ X-ray Structures. The selected bond distances and angles
ing N—O mode ¢(NO)) of synthesized and related nitrosyl- of three new complexesjs-[Ru(NO)(OCH)(pyca}] (type
ruthenium complexes are presented in Table 2. Four ni- I), merCl),trangNO,O)-(GHs)sN[Ru(NO)Ck(pyca)], and
trosylruthenium complexes synthesized in this work show a cis-[Ru(NO)Cl(pyca)] (type II'), are summarized in Table
strong NO stretching vibration at 1843861 cnmi* and CO 3. In all these complexes, the bond distances of R(pyca)
stretching vibrations(s) of pyca ligand(s) at 165(ro0 cnr. and those of RtO(pyca) are similar to those of previously
The observed values of wavenumber of #iO) band are reported ruthenium complexes containing pyca lig&iei&°
reasonable, compared with those of similar nitrosylruthenium and the nitrosyl ligand is essentially linearly coordinated to
complexes previously report&d®2 the ruthenium center.

Electrochemistry. Two reduction potentials of the present The structure ois-[Ru(NO)(OCH)(pyca}] (type I) is
and previous nitrosylruthenium complexes, which can be shown in Figure #° The geometry of this complex is
assigned to the ligand-based reductions of the (RuNO) confirmed as a typeas shown in Chart 1. The bond distance
moiety, (RUNOJ™?" and (RuNOjJ"*, respectively, are  between Ru and the oxygen atom of the methoxo ligand is
summarized in Table £ cis[Ru(NO)(OCH)(pyca}] (type almost the same as those of previously repoffedNC} é-

I) shows a reversible redox coupleB&f, = —0.90 V and type complexe® and slightly longer than that efans-[Ru-
an irreversible reduction wave Bfc = —1.68 V, in addition ~ (NO)(OCHs)(pyca}] (type V).1°
to an irreversible oxidation wave Egaz 1.20V, which is The geometry of the mono-pyca Comp|eX2|(-[§)4N[Ru_

based on the oxidation of the metal centés:[Ru(NO)CI- (NO)Cls(pyca)], is such that three chloro ligands locate in
(pyca}] (typell) exhibits typical reduction processes similar

(19) Yukawa, Y.; Igarashi, S.; Horiike, H.; Nagao, H.; Howell, F. S.;
(18) Callahan, R. W.; Meyer, T. Jnorg. Chem.1977, 16, 574-581. Mukaida, M.Chem Lett1999 733-734.
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Table 4. Comparison of Calculated and Experimental Values of Major Structural Parameters (Bond Distances in A and Bond Angles in deg) of
[Ru(NO)Cl(pyca)]

cis form trans form
param 12 1o 1]l \Y \Y VI

Ru—N(nitrosyl) 1.768 (1.75) 1.765 (1.743) 1.768 1.769 1.772 1.775
N—O(nitrosyl) 1.190 (1.12) 1.197 (1.139) 1.186 1.187 1.194 1.197
Ru—Cl 2.475 (2.361) 2.439 (2.370) 2.463 2.449 2903 2.409
Ru—N(pyca) 2.098 (2.07) 2.125 (2.074) 2.X07 2.098 2.074 2.153

2.080(2.05) 2.122(2.060) 2.108 2.101 2.074 2.153
Ru—O(pyca) 2.008(2.02) 2.014 (2.007) 2.056 2.069 2.071 2.035

2.058 (2.01) 2.122 (2.014) 2.108 2.101 2.071 2.035
Ru—N—0O(nitrosyl) 172.8 (172) 171.2 (170.7) 170.6 170.6 180.0 172.1

aExperimental values in parentheses from ref lBxperimental values of this work in parentheseBistances between Ru and the atom at the trans
position to the nitrosyl ligand.

Table 5. Comparison of Calculated and Experimental Values of Major Structural Parameters (Bond Distances in A and Bond Angles in deg) of
[Ru(NO)(OCHy)(pyca}]

cis form trans form
param 12 I 1 \Y, Vv b Vi

Ru—N(nitrosyl) 1.771 (1.737) 1.771 1.769 1.770 1.788 (1.760) 1.791
N—O(nitrosyl) 1.204 (1.160) 1.208 1.195 1.198 1.202 (1.143) 1.199
Ru—OCHs 2.001 (2.040) 1.972 1.991 1.983 1.946.964) 1.933
Ru—N(pyca) 2.110 (2.079) 2.118 2.122 2.119 2.090 (2.074) 2.148

2.073 (2.041) 2.164 2.090 2.143 2.079 (2.073) 2.150
Ru—O(pyca) 2.023(1.999) 2.033 2.073 2.079 2.068 (2.035) 2.061

2.104 (2.068) 2.164 2.121 2.075 2.087 (2.036) 2.064
Ru—N—0O(nitrosyl) 169.7 (176.3) 168.9 170.6 170.9 165.5 (173.3) 169.2

aExperimental values of this work in parentheseBxperimental values in parentheses from ref cIDistances between Ru and the atom at the trans
position to the nitrosyl ligand.

@ O3
Figure 2. Structure of [Ru(NO)G(pyca)] .

Figure 1. Structure ofcis-[Ru(NO)(OCH)(pyca}] (type I).

the meridional position and the nitrosyl ligand is at the trans
position to the carboxylic oxygen atom of the pyca ligand
as shown in Figure 2 i.emer(Cl),trangNO,O)-(GHs)4N-
[Ru(NO)Chk(pyca)]. The Ru-Cl distances are almost the
same as those of previously reported compléxes.

The structure otis-[Ru(NO)Cl(pyca)] (typell ) has been
confirmed as shown in Figure 3. The nitrogen atom of the

(20) The structural chemical formula is [Ru(NO)(Ogtbyca)]-0.5CHs-
OH; the methyl carbon atom of the methanol of crystallization is
located at a special position, and the hydroxyl oxygen atom of the . . . ..
methanol is at a general position with an occupancy of 0.5. Hydrogen nitrosyl ligand is located at the trans position to the oxygen
atoms of this methanol molecule are not included in the final refining atom of the pyca ligand, and two pyridine nitrogen atoms
cycle. These carbon and oxygen atoms can be distinguished by theof two pyca Iigands are at the cis position to each other.

O—H---O hydrogen bonds between the oxygen atom of the methanol . . o
molecule and the oxygen atom (02) of the coordinated methoxo ligand The bond distance of RuCl is similar to those ofmer-

(2.629(7) A) and between the oxygen atom of the methanol and the (Cl),trangNO,0)-(GHs)4N[Ru(NO)Ck(pyca)].

carboxylic oxygen atoms (O3 and O4) of the pyca ligand (3.424(8 . .
and 3.%’55(9)%%, ( ) pyca ligand ( ®) Computational Work. The structural parameters obtained

(21) (a) Hirano, T.; Ueda, K.; Mukaida, M.; Nagao, H.; Oi, J.Chem. by the B3LYP/LANL2DZ calculations are listed for the

Figure 3. Structure ofcis-[Ru(NO)Cl(pyca)] (type Il ).

\S(Sﬁawza'?” Jgsvgslfo,gls_z;g,\jﬁg%‘g,\fﬁ) K'\;?(?ﬁ;’naHBﬁ?ygﬂ'enf isomers of [Ru(NO)Cl(pyca)in Table 4 and for the isomers
Soc. Jpn1987 60, 3247-3254. of [Ru(NO)(OCH;)(pyca)] in Table 5 together with the
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Table 6. Comparison of Relative Energies of [Ru(NO)X(pyga)X = Cl and CHO) Isomers (kcal/mol) and Their Energy Component Analysis (See
Text) at the B3LYP/LANL2DZdpd Level at B3LYP/LANL2DZ-Optimized Geometries

cis form trans form
param | 1 ] [\ \% Vi
X=CI~
AE([Ru(NO)X(pyca}]opy 0.00 8.65 7.31 4.79 1.64 14.25
AE([RuX(pycay]opy 0.00 12.73 5.14 2.67 -1.67 19.88
ABE 0.00 (-43.33} —4.08 (—47.41) 2.17 £41.16) 2.1241.21) 3.31{40.02) —5.63 (—48.96)
ADEF 0.00 (12.56) —0.74 (11.82) —2.58 (9.98) —1.72(10.84) —0.91 (11.65) —7.94 (4.62)
AINT 0.00 (—55.89) —3.34 (-59.23) 4.76 £51.13) 3.84{52.05) 4.23{51.66) 2.31{53.58)
X =CH3;O~

AE([Ru(NO)X(pyca}]op 0.00 2.86 4.06 2.85 —5.10 4.08
AE([RuX(pycap]opy) 0.00 2.64 2.90 1.64 —4.12 8.38
ABE 0.00 37.63) 0.22 ¢37.41) 1.16 £36.47) 1.21¢36.42) —0.97 (—38.60) —4.30 (—41.93)
ADEF 0.00 (10.64) 4.49 (15.13) 2.79 (13.43) 2.11 (12.75) 2.19 (12.83) 3.28 (13.92)
AINT 0.00 (—48.27) —4.27 (-52.54) —1.63 (—49.90) —0.90 (—49.17) —3.16 (-51.43) —7.58 (-55.85)

a Absolute values of the BE, DEF, and INT energies in parentheses.

experimental ones in the parentheses. Optimized geometriegsomplex, with subscript “opt” meaning optimized structures

of the trans form have nearl@,, symmetry. As a whole,  for individual species, andBE is the relative binding energy

the calculated values agree reasonably well with the experi-of an isomer (relative to the typlecomplex) between the

mental ones, although the former values are in generalfive-coordination isomer [Ru(NO)X(pycd),: and the ni-

slightly longer than the latter values. The calculations also trogen oxide, where the binding energy is defined as

reproduce the experimentally obtained differences in the

corresponding bond distances between the isomers of théBE = E([RUNO)X(pycayoy) —

cis form, typed andll of [Ru(NO)Cl(pyca)], and between (E([Ru“'X(pyca)z]opT) + E(NO,,)

the isomers of the cis form, tyde and the trans form, type

V of [Ru(NO)(OCH)(pyca}], except for the Ru-Cl and The BE can be further divided into the deformation energy

Ru—O(pyca) distances in [Ru(NO)CI(pych) (DEF), the energy required to deform the individual frag-
The comparison of the calculated relative energies amongments from their equilibrium structures to those in the

the isomers of [Ru(NO)X(pycd) (X = Cl and OCH) at specific geometrical isomer of the complex, and the inter-

the BSLYP/LANLD2Zdpd level at the B3LYP/LANLD2Z-  action energy (INT) of the deformed NO and five-coordinate

optimized geometries is shown in Table 6. We did not complex fragment?

include the zero-point energy correction (ZPC) or the

correction for the basis set superposition error (BSSE). Since

all the isomers to be compared have the same numbers o . i

various ligands, these corrections are expected to be similarfDEF_ (E(RU™X(pycaklomp) —

among the isomers, and the errors introduced by neglecting E([Ru" X(pyca)l,y)) + (E(NOgpp) — E(NO,))

these are anticipated to be a few kcal/mol at most. The

qualitative conclusions derived from these values will not INT = E([RU(NO)X(pyca}]oy) —

BE=DEF+ INT

be eff_ected by these sma}ll errors. The BBLYP/LANLDZZ_ (E([Ru”'X(pyca)z]C,np, ) + E(NOy1))
energies are similar and will not be discussed here for brevity
(see Supporting Information). Here the subscript cmplx stands for the structure of the

The relative stabilityAE(JRU(NO)X(pyca}]opy) of various fragment that is optimized for the complex [Ru(NO)X-
geometrical isomers of [Ru(NO)X(pychXhere and here-  (pyca)).

after,A stands the energy relative to the typeomplex and To quantify the origin of the order of relative stability of
the subscript, opt, indicates that the structure is optimized) geometrical isomers of the complex [Ru(NO)X(pygaan
can be divided into the following contributions: analysis of trans effects has been performed. In this analysis,

the relative stabilization energy of each isomer was assumed
to be sum of contributions of trans pairs that exist in the

Here AE([RuX(pycallop) is the relative stability of the isomer; for instance, the typéisomer of the six-coordinate

corresponding geometrical isomers of the five-coordination COMPIeXx has one transN, one trans GO, and one trans
NO—X contribution. The contributions of all trans pairs were

(22) (a) Poelhsitz, G. V.; de Araujo, M. P.; de Oliveira, L. A. A.; Queiroz, determined by the least-squares fit of the stabilities of 20

S. L.; Ellena, J.; Castellano, E. E.; Ferreira, A. G.; Batista, A. A. ; i _
Polyhedron2002 21, 2221-2225. (b) Batista, A. A.; Pereira, C.; isomers (Cis form, type —1V, and trans form, type'¥ and

Wohnrath, K.; Queiroz, S. L.; Santos, R. H. de A.; Gambardella, M. VI, X = Cland CHO and 5-coordinate and 6-coordinate).

L. dg P.PlclJlsllzheSdro'\r}ll?(%dlS, ’\/%07'\‘9%2083H(C)T00y|?m% Iﬁ.;cl\rl]agao, The analysis yielded the following values (in kcal/mol) as
.; Howell, F. S.; Mukaida, M.; Nagao, H.; Tanaka, Bull. Chem. T . - -

Soc. Jpn.1995 68, 2897-2904. (d) Souza, D. H. F.; Oliva, G,  contribution of trans pairs: €O (=5.3) < NO-MeO
Teixeira, A.; Batista, A. A.Polyhedron1995 14, 1031-1034. (e)
Ooyama, D.; Nagao, N.; Nagao, H.; Sugimoto, Y.; Howell, F. S.; (23) Khoroshun, D. V.; Musaev, D. G.; Morokuma, Klol. Phys.2002
Mukaida, M.Inorg. Chim. Actal993 261, 45-52. 100, 523-532.

AE([RU(NO)X(pyca,p) = AE([RuX(pyca)],y) + ABE
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(—2.1) ~ O—0 (—2.1) < NO—CI (—0.6) ~ N—N (—0.5) Function of Nitrosyl Ligand in Formation of [Ru(NO)-
< CI=-N (=0.3) < NO-O (0.5) < MeO-0O (1.7) < Cl(pyca);]. The mono-pyca complex [Ru(NO)§byca)]
MeO—N (2.0) < NO—N (2.2) < N—O (4.6). For instance, has three geometrical isoméfsThe isolated mono-pyca
CI—0 trans pair stabilizes the system by 5.3 kcal/mol, while complex from the reaction of [Ru(NO)g#+ has been
the N—O pair with both atoms having strong trans effects characterized amer(Cl),trans(NO,O)-(GHs),N[RU(NO)Ck-

destabilizes the system by as much as 4.6 kcal/mol. (pyca)] by the X-ray structural analysis. The geometry of
[Ru(NO)Ck(pyca)l” seems reasonable, considering the re-
Discussion sults on the stabilities of isomers for [Ru(NO)X(pys&}-

type complexes. The nitrosyl complex having the carboxylic
oxygen atom of the pyca ligand that coordinates at the trans
position to the NO ligand is more stable than that having
the chloro ligand or pyridyl nitrogen atom of the pyca ligand,
which is classified by synthetic and theoretical studies on

Synthesis oftis-[Ru(NO)(OCH 3)(pyca)] (Type ). While
the reaction otis-[Ru(NO)ClI(pyca)] (type ) with NaOCH;
in methanol under reflux gateans[Ru(NO)(OCH;)(pyca}]
(typeV), in which a cis-trans geometrical change occurféd,
the same reaction at room temperature without reflux gave [RU(NOYX( nt

. . . . pyca)]"-type complexes.
us—[R_u(NO)(OCH;)(pyca)z] (type D, n Wh'Ch. a 3|mplg cis[Ru(NO)Cl(pyca)] (type Il) is obtained from the
§ubstltutlon qccurred. The nltr0§yl ligand is essen'ually reaction ofmer(Cl).trangNO,0)-[Ru(NO)Ch(pyca)" with
Ilnﬁarly coordlnatgs tort]he ru:hemur(;w c;a_nter, and the ((j:ychc an equimolar amount of Hpyca followed by column chro-
vo_darpmogram (. )CS O\,’\IVS -IY\PI]O reduc I;)n ,l/lvgveoscan one matographic isolation. The nitrosyl ligand is essentially
oxidation wave in CHCN. us, Cis-[RU(NO)(OCH)- linearly coordinated to the ruthenium center indicataisg

(pycay] (typel) is classified into § RuUNG}© configuration : P 6

by the structural feature. It is rare for nitrosylruthenium L%%%ﬁ?;?gn%é%cg% (3/]%3\2 It?/vfjla:;jlztca:(tjié?lt(\)/vi\?gsNig}ﬁH
complexes containing pyca ligands to show the oxidation CN Although' both of the typesandll complexes ofis-
wave at 1.20 V within the potential window of GEIN.*® A [RukNO)CI(pyca)] show the (RUNGY™2* couple at the same
comparison of they(NO) and reduction potential values potential, thev(NO) of the typel complex is observed in a
between the cis form (typg and the trans form (typ¥) of higher wavenumber region (1890 cihithan that of the type
ERu(N%)(OfH;)(pyca)j ;evetils th_at ';he(N(()t) sgnd andl the Il (1864 cnl). The bond distances of RO (carboxyl
wo reduction waves for the cis torm {lypg compiex oxygen at the cis position to the nitrosyl ligand) for the types
(v(NO) = 1861 cm, Eyp = —0.90 VandEp. = —1.68V) a):?dll complexeps are almost the sa?/ne?and)that of—Byup
are observeq at a higher wavenumber and in a hlgher(carboxyl oxygen of the pyca ligand at the trans position of
potential reg|on_than thos? of th_e trans form (tyv_ée the nitrosyl ligand) for the typd complex is shorter than
complex ¢(NO) = 1838 cn™, Eqp = —1.12 V andE,, = that of the typd. Those observations of IR spectra and the
—1.71V), r(_aspectlvely. The reduction potentials m(lNO)_ structural parameters indicate that the nitrosyl ligand in the
values of nitrosyl complexes reflect the electron density at typell complex withdraws a-electron from the carboxylato
the (RUNO) moiety2?5These results thus indicate that the ligand to a higher extent than the typeomplex through a
_nitrosyl ligand of the tra_ns_—forr_n (type) complex is st_rongly dr-orbital. The bond distance of RN (pyridine nitrogen
n;]flugnc;ed by the coex(;strl]ng Illgands., cofr:parefdr;/v ith ﬂlat of of the pyca ligand at the cis position to the nitrosyl ligand)
the cis form (typd), and the electronic effect of the G for the typell complex is longer than that for the type

?r:oup;r:otthftﬂitro_syl ”g"?f[nd at the trans position is stronger Differences in structural parameters can be explained by a
aGneorﬁeta:icalecﬂznpgoeSIlnggction between Types | and V combination ofz-donor andr-acceptor ligands and the order
Complexes.The reaction from the cis form, type to the Octhﬁ (ti%hg)fjﬁgnf,f:r',"fﬁé (s;,ga(;nSdSC)F"ggn_d,\é l(:);(t)ﬁi)C):etical
E:riz-n[sRLo(rl\ran’)t{&ejlllg;)(fp[SCL:a(}L\]l?t)égecll-)b)i(sp};aﬁfeﬂ?ng:(;zéh315 studies on contribution of the trans pair described in the
. ) . Computational Work section. In both of the typleandll
g‘e grf)v't%utsrgnff&t(e,\?ori%cgmIm;g?l&('\'?\%l(%ﬁ% complexes of [Ru(NO)Cl(pycd) the nitrosyl ligand locates
ciéritrans geometrical chan@%Re@étions gfpthe typeand atthe mfmf] positionl_to thc;jedon?]r Ii?and of the carbox;_/gto

. group of the pyca ligand. In the formation processc
the typeV of [Ru(NO)(OCH;)(pyca}] as starting complexes [Ru(NO)Cl(pyca)] (typel), which is formed by the reaction

shown in Scheme 1 indicate that the sixth ligand (X) in a of [RU(NO)CLJ2~ with excess H e
) pyca, it is highly probable
[Ru(NO)X(pyca)]-type complex such as with RGand OH thatmer(Cl),trangNO,O)-[Ru(NO)Ck(pyca)] is first formed

(HZO) ligand prefers to be at.the trans position to the nitrosyl and thencis[Ru(NO)Cl(pyca)] (type 1) is formed by the
ligand rather than at the cis position. On the other hand, substitution reaction of two chloro ligands with a pyca
reactions ofrans[Ru(NO)X(pyca)]"* (typeV) (X = CH;0, molecule

nh= 0 X g ';20’ n2=_ t) intthﬁl hy?]rlochlorig ;Cid .?olulltion d Calculated vs Experimental Structural Parameters for
shown in Scheme 2 indicate the chloro and the nitro ligan S[Ru(NO)X(pyca)z] (X = Cl and OCHs). A comparison of

will coordinate to the Ru center at the cis position to the : o
nitrosyl ligand in the (Ru(NO)(pyca) moiety. the Ru-Cl bond distances (Table 4) among the six isomers

(26) One is the facial isomer in which three chloro ligands coordinate in a

(24) All the trans-pair contributions are not linearly independent. However, facial configuration, the second one is the meridional isomer in which
one can still perform the least-squares fitting by the use of singular three chloro ligands coordinate in a meridional configuration and the
vector decomposition. See for instance: Golub, G, H.; van Loan, C. nitrosyl ligand is at the trans position to the pyridyl nitrogen, and the
F. Matrix, 3rd ed.; Johns Hopkins University Press: Baltimore, MD, third one is another meridional isomer in which three chloro ligands
1996; p 582. coordinate in a meridional configuration and the nitrosyl ligand is at

(25) Ford, P. C.; Lorkovic, I. MChem. Re. 2002 102 993-1017. the trans position to the carboxylic oxygen atom of the pyca ligand.
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of [RU(NO)Cl(pyca)] clearly reveals the trans effect between
the nitrosyl and chloro ligands; the Rl bond distances

(pyca}], typeV is most stable because it has one trar<3D
pair (stabilizing) and one N©OMe pair (stabilizing) and

of the trans-form isomers are definitely shortened comparedno N—O pair (destabilizing), typé forms with no G-O, no

with those of the cis-form isomers. The trans effect is also

NO—OMe, and no N-O is next, and typ&/| forming with

observed between the nitrosyl and carboxylato ligands in theone O-O and two N-O is the most unstable. The above

four cis-form isomers of [Ru(NO)CI(pyca)out not between
the nitrosyl and pyridine ligands. Similar observations can
also be made for [Ru(NO)(OGh{pyca}] (Table 5), although
the effect of the nitrosyl ligand is more significant in [Ru-
(NO)(OCHg)(pyca)] than in [Ru(NO)Cl(pyca). The cal-
culations also clarify that while the two pyca ligands in each
of the typesV and VI isomers of [Ru(NO)CI(pyca)
symmetrically coordinate to the ruthenium center, the
coordination of the pyca ligands is asymmetric in the trans-
form isomers of [Ru(NO)(OCEkJ(pyca}] and consequently
the methoxo ligand is differently oriented against the two
pyca ligands.

Calculated Stability of Geometrical Isomers for [Ru-
(NO)X(pyca),] (X = Cl and OCHg). Table 6 clearly
indicates for both X= Cl and CHO that the order of relative
stability of the six-coordination complexeAE([Ru(NO)X-
(pyca}]opy is almost the same as that of the five-coordination
counterpartsAE([RuX(pyca}]op); that is to say, the relative
stability of the six-coordinate nitrosyl complexes (which
changes as much as 14.25 kcal/mol for=XCl and 9.18
kcal/mol for X = CH30) is determined essentially by that

contributions also qualitatively explain why the order of
stability of six-coordinate complexes is similar to that of five-
coordinate complexes.

Conclusion

The stable structures of nitrosyl complexes have been
explained by considering the structural trans effect and the
inverse structural trans effect which depend on the nature
of the ligand at the trans position to the nitrosyl ligénthe
present geometrical change reaction of [Ru(NO)X(pyjé4)
complexes can also be explained by the correlation between
the coexisting ligands at the trans and cis positions. It is
important for regulating the geometries of these complexes
that the nitrosyl ligand functions as a strangcceptor ligand
and affects other coexisting ligands, pyca and X. In other
words, the geometry of the complex would be determined
by positional relationship among NO, X, and the carboxylato
and pyridine of the pyca ligands. The careful synthetic
experiments indicate the isolable isomers in this series of
nitrosylruthenium complexes are typksll, andV. These
experimental results are supported by the theoretical inves-

of the parent five-coordinate complexes (which changes astjgations. The experimental and theoretical results show types

much as 21.55 kcal/mol for X Cl and 12.50 kcal/mol for

X = CH30). The relative binding energABE (which
changes as much as 8.94 kcal/mol for=XCl and 5.51 kcal/
mol for X = CH30) or the component?ADEF andAINT,

are minor contributors to the relative stability of [Ru(NO)X-
(pyca}] but give some insight into the interaction of the NO
ligand with the five-coordinate complex. In both X CI
and OCH series, the difference in the BE among the six
isomers (cis form, typek—1V, and trans form, type¥ and
VI) is small, and the INT values are larger than the DEF
values. In X= ClI series, the difference in the DEF values
among the six isomers is small. The INT values of types
andll are larger than the other isomers due tosthelectron
effect of the carboxylato moiety of the pyca ligand at the

| and Il are more stable than typéd andlIV since the
nitrosyl ligand prefers the carboxylato group to the pyridyl
group at the trans position. The decreasing order of a
favorable ligand sited at the trans position to the nitrosyl
ligand is CHO~ > RCOO > CI~ ~ py. It is worthy to
note that geometrical reactions occur not only from the cis
form to the trans form but also from the trans form to the
cis form with use of appropriate X ligands. Finally, we
conclude that the interaction of the nitrosyl ligand through
the ruthenium ion strongly depends on the electronic features
of the coexisting ligand in the series of [Ru(NO)X(py&)
complexes.
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