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Nitrosylruthenium complexes containing 2,2":6',2"'-terpyridine (terpy) have been synthesized and characterized.
The three alkoxo complexes trans-(NO, OCHs), cis-(Cl, OCHs)-[RUCI(OCH3)(NO)(terpy)]PFs ([2]PFe), trans-(NO,
OC;Hs), cis-(Cl, OC,Hs)-[RuCI(OC,Hs)(NO)(terpy)]PFs ([3]PFs), and [RuCI(OC;H,)(NO)(terpy)IPFs ([4]PFs) were
synthesized by reactions of trans-(Cl, Cl), cis-(NO, Cl)-[RuCl(NO)(terpy)]PFs ([1]PFs) with NaOCHs in CH3OH,
C,HsOH, and C;3H;OH, respectively. Reactions of [3]PFs with an acid such as hydrochloric acid and
trifluoromethansulforic acid afford nitrosyl complexes in which the alkoxo ligand is substituted. The geometrical
isomer of [1]PFg, trans-(NO, Cl), cis-(Cl, Cl)-[RuCly(NO)(terpy)]PFs ([5]PFs), was obtained by the reaction of [3]PFs
in a hydrochloric acid solution. Reaction of [3]PFg with trifluoromethansulforic acid in CH;CN gave trans-(NO, ClI),
cis-(CH3CN, CI)-[RUCI(CH3CN)(NO)(terpy)J?* ([6]?*) under refluxing conditions. The structures of [3]PFe, [4]PFe-CHa-
CN, [5]CF3S0s, and [6](PFs), were determined by X-ray crystallograpy.

Introduction affected by other coexisting ligands through the ruthenium

Nitrogen monoxide coordinates to a metal center with CeNter. Itis well-known that the nitrosyl ligand shows a
multiple bonds between theh?.There is a strong electronic ~ SIrong interaction with the ligand at the trans position by
interaction between the nitrosyl ligand and the metal center. ;harlgg the same d orbital (trans effect and trans strengthen-
Relationship between the coordination mode and reactivity I9)-~ Variations in the stretching vibrational mode, redox
of the nitrosyl ligand and reactions at the nitrosyl, the metal (5) (a) Afshar, R. K.; Patra, A. K.; Bill, E.; Olmstead, M. M.; Mascharak,
center, and other ligands of the formed complexes are of P. K.Inorg. Chem2006 45, 3774 and references therein. (b) Wolak,

. . M.; Stochel, G.; van Eldik, RInorg. Chem 2006 45, 1367 and
interest. Recently, many studies have been reported from a  references therein. (c) lonascu, D.: Gruia, F.: Ye, X.: Yu, A.; Rosca,
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wheren is the sum of the numbers of electrons in the d M. D.; Lorkovic, I. M.; Ford, P. CJ. Inorg. Biochem2005 99, 151

. . . . and references therein.
orbitals of the metal (M) and the* orbital of NO, is used (6) (a) Jee, J.-E.; Wolak, M.; Balbinot D.; Jux, N.; Zahl, A.; van Eldik,
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R.; Czaja, A. U.; Heinemann, F. W.; Sellmann,DAm. Chem. Soc.

betwee_n a me_tal and NOMany studies on synthesis ar_1q 2005 127 13758 and references therein.
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a_s the{Ru(NO)} type have been Performédz' These A.; Shaw, M. J.; Richter-Addo, G. Bl. Chem. Soc., Dalton Trans.
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(3) Szacilowski. K.; Chmura, A.; Stasicka, Zoord. Chem. Re 2005 A.; Wilson, M. T.; Maresca, K. P.; Zubieta, Eur. J. Inorg. Chem
249 2408 and references therein. 2005 2685. (g) Barth, M.; Katele, X.; Klifers, P.Eur. J. Inorg. Chem
(4) Ford, P. C.; Lorkovic, I. MChem. Re. 2002 102, 993 and references 2005 1353. (h) Sellmann, D.; Shaban, S. Y.dRr, A.; Heinemann,
therein. F. W. Inorg. Chim. Acta2005 358 1798.
10.1021/ic061644w CCC: $37.00 © 2007 American Chemical Society Inorganic Chemistry, Vol. 46, No. 4, 2007 1431

Published on Web 01/18/2007



potential, and structural parameters of the (RUNO) moiety

in some ruthenium complexes can be explained by variations

in the electronic state of the (RUNO) moiety and interactions
between the nitrosyl ligand and other coexisting ligands
through the metal center and relate to the reactivity of the
nitrosyl ligand. Reactions of the nitrosyl ligand of ruthenium
complexes showing a high electrophilicity with nucleophiles
have been reported!182021 On the other hand, low-
electrophilic nitrosyl complexes react with Lewis bases at
the metal center; substitution reactions of the coexisting

ligands and changes of geometry around the central metal

(isomerization reaction) are observed to give alternative
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U.; Clarke, M. J.; Franco, D. Winorg. Chim. Acta2005 358 2883.
(b) Toledo, J. C.; Silva, H. A. S.; Scarpellini, M.; Mori, V.; Camargo,
A. J.; Bertotti, M.; Franco, D. WEur. J. Inorg. Chem2004 1879.
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Chart 1.

Geometrical Configuration of the Complexes
X

"Ry’
N/ ‘ \Y
z
NN N =ty

trans(X,2), cis(Y,Z)

nitrosyl complexe$? In studies on{ RUNG}8-type nitrosyl
complexes containing polypyridine ligands, [Ru(NO)XL
[X = CI, NO,, ONO, etc.; L= py (pyridine),:bpy (2,2-
bipyridine),/;pyca (2-pyridinecarboxylato)], physical, struc-
tural, and redox properties have been elucidatee?t24 In
the case of [Ru(NO)X(pyca)™ complexes having six
geometrical isomers, we have reported that nature of the X
ligand is important for the stability of the isomers; the
reactivities and stabilities of isomers containing X ligands
with different electronic and structural characters have been
evaluated by synthetic and theoretical meth&dsVe have
also reported the synthesis of a nitrosylruthenium complex
containing a planarr-accepting tridentate 2;8',2"-terpy-
ridine (terpy) ligand,trans(Cl, Cl), cis-(NO, CI)-[RuCb-
(NO)(terpy)I™ ([1]1), whose geometrical configuration no-
tation is shown as Chart 1, as well as its reactions with
nucleophileg®

Although the reaction of I]* with azide ion forms a
solvated complex with Nand NO evolution in a manner
similar to a well-known characteristic reaction of nitrosyls,
a substitution reaction of a chloro ligand occurs in reactions
with nitrite and methoxide ions accompanied by a geo-
metrical change around the ruthenium center in which the
nitrosyl ligand at the equatorial position with respect to the
terpy ligand moves to the axial position. Recently, van Eldik
et al. reported the synthesis and spectroscopic characterization
of the cis frans(Cl, NHg), cis-(NHs, NH3)] and trans frans
(NHs, NHs), cis-(Cl, NHg)] isomers of [RuCI(NH).(terpy)]-
(PR)2 and the reactions of these complexes with NO in
connection with ther-accepting properties of the terpy
ligand1® Reedijk et al. reported the synthesis of an isomer
of [1]*,*? and many ruthenium complexes containing the
terpy ligand and its derivatives have been investigated for
their chemical and photochemical properties in connection
with photochemical and biochemical aspe@ts®2627We
report here the syntheses and structural characterization of
trans(NO, OR), cis-(Cl, OR)-[RUCI(OR)(NO)(terpy)T (R
= CHas, CHs, or GHy7) and the syntheses of isomers of
[RUCL(NO)(terpy)]" and new nitrosyl complexes using

(26) (a) Bonnet, S.; Collin, J.-P.; Sauvage, Jldrg. Chem.2006 45,
4024. (b) Benniston, A. C.; Chapman, G. M.; Harriman, A.; Sams, C.
A. Inorg. Chim. Acta2006 359, 753. (c) Harriman, A.; Mayeux, A.;
Stroh, C.; Ziessel, RJ. Chem. Soc., Dalton Trang2005 2925. (d)
Bonnet, S.; Collin, J.-P.; Sauvage, J.-P. Schofieldingérg. Chem.
2004 43, 8346. (e) Benniston, A. C.; Grosshenny, V.; Harriman, A.;
Ziessel RJ. Chem. Soc., Dalton Trang004 1227. (f) Posse, M. E.
G.; Vergara, M. M.; Fagalde, F.; Katz, N. Polyhedron2003 22,
465. (g) Fang, Y.-Q.; Taylor, N. J,; Hanan, G. S.; Loiseau, F;
Passalacqua, R.; Campagna, S.; Nierengarten, H.; Dorsselaer, A. V.
J. Am. Chem. So002 124, 7912. (h) Sauvage, J.-P.; Collin, J.-P.;
Chambron, J.-C.; Guillerez, S.; Coudret,@hem. Re. 1994 94, 993.



Synthesis of Nitrosylruthenium Complexes

alkoxonitrosylruthenium complexes as the starting com-

154.47, 153.10, 144.20, 143.06, 129.69, 126.54, 125.57, 58421.

plexes, as well as their spectroscopic, electrochemical, andNMR (DMSO-dg): ¢ 9.05 (d, 2H, terpy-H6 and -H8, 8.85-8.87

crystal structural characterization.

Experimental Section

Measurements.IR spectra were recorded on a Perkin-Elmer FT-

2000 FTIR spectrophotometer. Two kinds of samples for measure-

ments were prepared, i.e., KBr disks and 4CN solutions.
Elemental analyses were performed by the Sophia University
Analytical Facility. *H and 3C NMR spectra were obtained on a
JEOL JML-LA500 spectrometer. UWvis spectra were obtained

on a Shimadzu MultiSpec-1500 diode-array spectrophotometer.

Cyclic voltammetric measurements were made onzC¥ or
DMSO solutions containing 0.1 mol drh tetraethylammonium
perchlorate (TEAP, Nakarai Tesque Ltd.) as the supporting
electrolyte with a platinum disk working electrodg € 1.6 mm)
and a Ag0.01 mol dnr3 AgNO; reference electrode using a BAS

100B/W electrochemical analyzer. At the end of each measurement,

ferrocene [0.07 V in CECN(TEAP) vs Ag0.01 mol dn13 AgNO3
(CH3CN)] was added as an internal standard to correct redox
potentials.

Materials. K;[RuCls(NO)] was prepared according to the
methods in the literatur®. All other solvents and chemicals were
of reagent quality and were used without further purification.

Synthesis oftrans-(Cl, Cl), cis-(NO, CI)-[RuCl,(NO)(terpy)]-

PFs ([1]PFe). This complex was synthesized by a modified method
in the literature?® K,[RUuCIls(NO)] (400 mg, 1.03 mmol), terpy (240
mg, 1.03 mmol), and KCI (1 g, 13.4 mmol) were suspended in
C,HsOH—H,0 (3:1 v/v; 80 cnd). The mixture was refluxed for 1

h. The resultant reddish-brown solution was cooled to room
temperature, and NfPF; (350 mg; 2.15 mmol) was added. The
pale-brown product obtained was collected by filtration; washed
with cold water, methanol, and ether; and dried in vacuo. Yield:
320 mg (54%). This complex has been characterized in the
literature?® »(NO): 1895 (KBr), 1903 cm! (in CH3CN). Eyp,
—0.48; Ep;, —1.01 V in CHCN (TEAP) vs Ag0.01 mol dnt3
AgNO; (CH3CN).

Synthesis oftrans-(NO, OCHy3), cis-(Cl, OCH3)-[RuCI(OCH 3)-
(NO)(terpy)]PFs ([2]PFe). This complex was synthesized previ-
ously by the reaction of1JPFs with NaNG, in CH3;OH and
characterize@ Here, an alternative synthetic procedure is described.
[1]PFs (100 mg, 0.17 mmol) and NaOGH14 mg, 0.26 mmol)
were suspended in dry GBH (40 cn¥). The mixture was refluxed
for 30 min to give a brown solution. This solution was cooled to
room temperature, and NFF; (100 mg, 0.61 mmol) was added.
The solution was concentrated to ca. 3°3cmmsing a rotary
evaporator. The brown product obtained was collected by filtration;
washed with cold water, ethanol, and ether; and dried in vacuo.
Yield: 75 mg (77%).»(NO): 1870 (KBr), 1862 cm! (in CHs;-
CN). E1jp, —0.88;Epe, —1.11 V in CHCN(TEAP) vs Ag0.01 mol
dm=3 AgNO;3 (CH3CN). 'H NMR (500 MHz, CDxCN): 6 9.12 (d,
2H, terpy-H6 and -H®), 8.51-8.60 (m, 5H, terpy-H3, -H3-H3",
-H4', and -HB), 8.42 (t, 2H, terpy-H4 and -H3, 7.91 (t, 2H, terpy-

H5 and -H%), 3.43 (s, 3H~CHj3). 13C NMR (CD;CN): 6 157.79,

(27) (a) Stagni, S.; Palazzi, A.; Zacchini, S.; Ballarin, B.; Bruno, C;
Marcaccio, M.; Paolucci, F.; Monari, M.; Carano, M.; Bard, A. J.
Inorg. Chem2006 45, 695. (b) Rachford, A. A.; Petersen, J. L.; Rack,
J. J.Inorg. Chem.2005 44, 8065. (c) Sharma, S.; Singh, S. K;
Chandra, M.; Pandey, D. S. Inorg. Biochem2005 99, 458. (d)
Fabre, M. A.; Jaud, J.; Bonvoisin, J.l1dorg. Chim. Acta2005 358
2384. (e) Bonnet, S.; Collin, J.-P.; Gruber, N.; Sauvage, J.-P. Schofield,
E. R.J. Chem. Soc., Dalton Tran2003 4654.

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

(m, 4H, terpy-H3, -H3 -H3", and -HB), 8.72 (t, 1H, terpy-Hj,
8.55 (t, 2H, terpy-H4 and -H3, 8.02 (t, 2H, terpy-H5 and -H9,
3.34 (s, 3H,—CHs). 13C NMR (DMSO<g): 6 157.40, 153.75,
152.28, 143,95, 142.87, 129.34, 126.39, 125.37, 57.98.

Synthesis of trans-(NO, OC,Hs), cis(Cl, OC;Hs)-[RuCl-
(OC,Hs)(NO)(terpy)]PF6 ([3]PFg). This complex was obtained by
a similar procedure t&?]PFs, using dry GHsOH (40 cn?) instead
of dry CHOH. Yield: 65 mg (64%). Anal. Found: C, 34.63; H,
2.61; N, 9.47. Calcd for GH16N4O.CIPRRu: C, 34.62; H, 2.73;
N, 9.50%. FAB-MS (W2): 445 (M — PFK;), 410 (M — PR — CI).
v»(NO): 1854 (KBr), 1860 cm! (in CHiCN). Eij, —0.90; Ep,
—1.14 V in CH,CN(TEAP) vs Adg0.01 mol dn13 AgNO;3 (CHz-
CN).*H NMR 6(CDsCN): 9.11 (d, 2H, terpy-H6 and -H@, 8.51—
8.61 (m, 5H, terpy-H3, -H3 -H3", -H4' and -HB), 8.42 (t, 2H,
terpy-H4 and -H4), 7.91 (t, 2H, terpy-H5 and -H9, 3.78 (q, 2H,
—CH,_), 0.48 (t, 3H, &3). 13C NMR (CDsCN): ¢ 157.81, 154.42,
152.95, 144.09, 142.95, 129.57, 126.35, 125.44, 65.71, 1813.
NMR (DMSO-dg): ¢ 9.05 (d, 2H, terpy-H6 and -H9§, 8.88-8.90
(m, 4H, terpy-H3, -H3 -H3", and -H5), 8.76 (t, 1H, H4), 8.56 (t,
2H, terpy-H4 and -H4), 8.04 (t, 2H, terpy-H5 and -H%, 3.75 (q,
2H, —CH,-), 0.43 (t, 3H, G13). 13C NMR (DMSOg): ¢ 157.37,
153.66, 152.11, 143.81, 142.72, 129.23, 126.17, 125.19, 64.94,
19.44.

Synthesis of [RuCI(OGH)(NO)(terpy)]PF¢ ([4]PFe). This
complex was obtained by a procedure similar to that useder [
PFs, using dry GH,OH (40 cn?) instead of dry CHOH. Yield:
58 mg (56%). Anal. Found: C, 35.67; H, 2.71; N, 9.12. Calcd for
Ci1gH1sN4O,CIPRRu: C, 35.80; H, 3.00; N, 9.28%. FAB-M3n(
2): 459 (M — PFy), 400 (M — PRy — OC — Hy). »(NO): 1870
(KBr), 1859 cnt? (in CH;CN). Eyjo, —0.90;Ep, —1.16 V in CHs-
CN(TEAP) vs Ag0.01 mol dn3 AgNOs (CH3CN). *H NMR (CDs-
CN): 6 9.12 (d, 2H, terpy-H6 and -H%, 8.51-8.60 (m, 5H, terpy-
H3, -H3, -H3", -H4', and -H3), 8.42 (t, 2H, terpy-H4 and -H3},
7.91(t, 2H, terpy-H5 and -H9, 3.71 (q, 2H,—OCH,-), 0.82 (m,
2H, —CH,-), 0.23 (t, 3H, Gi3). 'H NMR (DMSO-dg): 6 9.07 (d,
2H, terpy-H6 and -H®), 8.93-8.91 (m, 4H, terpy-H3, -H3-H3",
and -H8B), 8.78 (t, 1H, H4), 8.58 (t, 2H, terpy-H4 and -H3, 8.05
(t, 2H, terpy-H5 and -H%), 3.67 (q, 2H,—OCH,-), 0.78 (m, 2H,
—CH,-), 0.18 (t, 3H, Giy).

Reaction of [3]Pks with Hydrochloric Acid To Give trans-
(NO, Cl), cis-(Cl, ClI)-[RuCl y(NO)(terpy)]PFs ([5]PF). [3]PFs (50
mg, 0.085 mmol) was suspended in hydrochloric acid (12 moPdm
10 cn®). The mixture was stirred fab h and warmed to about 40
°C. A brown solution was obtained, and hPF; (600 mg, 3.68
mmol) was added. The light-brown product obtained was collected
by filtration; washed with cold water, ethanol, and ether; and dried
in vacuo. Yield: 26 mg (53%). Anal. Found: C, 31.34; H, 1.95;
N, 9.52. Calcd for @H1iN,OCIPRRu: C, 31.05; H, 1.91; N,
9.66%. FAB-MS (W2): 435 (M — PFK;), 400 (M— PR — ClI), 365
(M — PR — 2ClI), 335 (M — PR — 2CI — NO). »(NO): 1928
(KBr), 1904 cnt? (in CH3CN). Eyj2, —0.43;Eye, —0.78 V in CHs-
CN(TEAP) vs Ad0.01 mol dn3 AgNOs (CH;CN). *H NMR (CDs-
CN): 6 9.17 (d, 2H, terpy-H6 and -H%, 8.57-8.65 (m, 5H, terpy-
H3, -H3, -H3", -H4' and -H3), 8.45 (t, 2H, terpy-H4 and -H3,
7.95 (t, 2H, terpy-H5 and -H9. 3C NMR (CD;CN): 6 157.84,
154.29, 153.66, 144.76, 143.36, 129.99, 126.94, 12593IMR
(DMSO-dg): 6 9.09 (d, 2H, terpy-H6 and -H§, 8.94-8.97 (m,
4H, terpy-H3, -H3, -H3", and -H5), 8.81 (t, 1H, terpy-Hj, 8.59
(t, 2H, terpy-H4 and -H4), 8.06 (t, 2H, terpy-H5 and -H9. 13C
NMR (DMSO-g): 6 157.58, 153.77, 152.95, 144.49, 143.06,
129.55, 126.63, 125.49.
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Figure 1. Structure otrans(NO, OGHb), cis-(Cl, OGHs)-[RuCI(OGHs)-
(NO)(terpy)I* ([3]).

Figure 2. Structure otrans(NO, OGHy), cis-(Cl, OGH7)-[RuCI(OGHy)-
(NO)(terpy)I* ([41%).

[5]PFs was also obtained by reactions @PFs and H]PFs as
the starting complex instead d3]PFs under the same conditions.
Reaction of [3]PF; with HSO3CF;3 in CH3;CN To Give trans-
(NO, Cl), cis-(CH3CN, CI)-[RuCI(NO)(CH sCN)(terpy)l(PFe)
([6](PFe)2)- [3]PFs (28 mg, 0.047 mmol) was dissolved in GEN
(10 cn), and 11 M HSQCF; (25 uL) was added. The mixture
was refluxed for 5 h. The solution was concentrated to ca. 5 cm
using a rotary evaporator. NAR; (100 mg, 0.61 mmol) was added
as a precipitant. The yellow solution was allowed to stand under

Nagao et al.

cis-(Cl, OH)-[RuCI(OH)(NO)(terpy)]PE, whose structure was
previously determined in the literatuteAnal. Found: C, 31.97;
H, 1.90; N, 9.95. Calcd for gH1:N4O.CIPRRu: C, 32.07; H, 2.15;
N, 9.97%.7(NO), 1855 cmi* (KBr). From the remaining solution,
a mixture of [L]PFs, [5]PFs, andtrans(NO, OH), cis-(Cl, OH)-
[RuCI(OH)(NO)(terpy)]Pk was obtained by evaporation (16 mg).

Reaction of [1]PFs in H,0O in the Presence of Hydrochloric
Acid. [1]PFs (50 mg, 0.085 mmol) was suspended isCH10 cn¥)
in the presence of hydrochloric acid (37%, 4@0;, 5.00 mmol).
The mixture was refluxed fdb h and cooled to room temperature.
NH4PF; (70 mg, 0.43 mmol) was added as a precipitant. The yellow
product obtained was collected by filtration; washed with cold water,
methanol, and ether; and dried in vacuo (41 mg). This product was
confirmed to be a 1:1 mixture oflJPF and p]PFs by CV and IR
and'H NMR spectroscopies. From the filtrate, a mixture GHFs,
[5]PFs, and a few nitrosyl complexes was obtained by evaporation
(7 mg).

Reaction of [1]PF; with NaOCH 3. The reaction of I]PFs in a
CH3CN solution with NaOCHthat was dissolved in a small amount
of CH3;0H was monitored by UVvis and IR spectroscopiesl]f
PR (8.00x 105 mol dn13, 3.5 cn¥) was dissolved in dry CkCN,
and an equimolar amount of NaOglHdissolved in dry CHOH
(8.00x 103 mol dm3, 35uL) was added. UV-vis spectra of the
reaction mixture were measured as shown in Figure S10 (Supporting
Information). fL]PFs (31 mg, 0.053 mmol) was dissolved in dry
CH3CN (7 cn?), and an IR spectrum was recorded. A methanol
solution of NaOCH (8.00 x 102 mol dn3, 950uL) was added
to the CHCN solution of [L]JPFs. The solution color changed
immediately from brown to dark purple. An IR spectrum of the
resulting solution was recorded as shown in Figure S11.

X-ray Crystallography. Single crystals ofrans(NO, OGHs),
Cis-(Cl, OCHs)-[RUCI(OGHs)(NO)(terpy)]PFk ([3]PFs) were ob-
tained by recrystallization from a GBN solution containing small
amounts of ethanol and water and then vapor diffusion of ether

an ether atmosphere, and then yellow crystals appeared. The yellowNt© the solution. Single crystals dfans(NO, OGHy), cis-(Cl,

crystals were collected and washed with ether. Yield: 12 mg (35%).
The volume of the filtrate was reduced to give a mixture of PF
and CRSG; salts of B]?". Anal. Found: C, 27.40; H, 1.91; N,
9.60. Calcd for GH14NsOCIPF,Ru: C, 27.94; H, 1.93; N, 9.58%.
»(NO): 1951 (KBr), 1935 cm? (in CH;CN). Ey;p, —0.08; Ep,
—0.69 V in CHCN(TEAP) vs Ag0.01 mol dn13 AgNOs (CH:CN).
IH NMR (CDsCN): ¢ 8.99 (d, 2H, terpy-H6 and -H®, 8.69 (t,
1H, terpy-H4), 8.56-8.64 (m, 4H, terpy-H3, -H3-H3", and -H3),
8.52 (t, 2H, terpy-H4 and -H3, 8.00 (t, 2H, terpy-H5 and -H9,
2.82 (s, 3H,—CH-). 13C NMR (CD:CN): ¢ 157.70, 155.26,
155.16, 146.18, 144.71, 130.87, 128.01, 126.99, 5.35.

Similar reactions of Z]PFs; and @]PFs with HSO;CF; in CHs-
CN were carried out, giving the same complérans(NO, Cl),
cis-(CHCN, CI)-[RUCI(NO)(CHCN)(terpy)](PF) { [6](PFs)2} in
equivalent yields.

Reaction of [1]PFs in H,0 in the Presence of KCI[1]PFs (50
mg, 0.085 mmol) was suspended inGH(10 cn?) in the presence
of KCI (50 mg, 0.67 mmol). The mixture was refluxed & h and
cooled to room temperature. NPFR; (70 mg, 0.43 mmol) was added
as a precipitant. The yellow product obtained was collected by
filtration; washed with cold water, methanol, and ether; and dried
in vacuo (16 mg). This product showed a brog#lO) band at
around 1900 and a weak band at 1855-&niThe complexes
showing the broaa(NO) band were confirmed to be a 1:1 mixture
of [1]PFs and B]PFs by CV and'H NMR spectroscopy. The filtrate

of the above procedure was allowed to stand for a few days, and

its volume was reduced by slow evaporation to give yellow crystals
(8 mg). This yellow complex was identified asns(NO, OH),
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OGC3H7)-[RUCI(OGH-)(NO)(terpy)]PR:CHsCN ([4]PFs*CHsCN)
were obtained by recrystallization from a gEN solution and then
vapor diffusion of ether into the solution. Single crystalgrahs

(NO, Cl), cis-(Cl, CI)-[RuChL(NO)(terpy)]|CRSGC; ([5]CFs;S0;) were
obtained by recrystallization from a GEIN/H,O solution containing
NaSQCF; and then vapor diffusion of ether into the solution. Single
crystals oftrans(NO, Cl), cis-(CH3;CN, CI)-[RuCI(NO)(CHCN)-
(terpy)](PR)2 {[6](PFs)2} were obtained from a C}N solution

by vapor diffusion of ether. The intensity data were collected on a
Rigaku Mercury CCD diffractometer, using graphite-monochro-
matized Mo Ku radiation (0.71069 A). All calculations were
performed using the Crystal Structure software pack&geuctures
were solved by direct methods, expanded using Fourier techniques,
and refined using full-matrix least-squares techniques. The crystal-
lographic data are summarized in Table 1.

Results

Synthesis and Characterization of Alkoxo Complexes.
trans(NO, OCHy), cis-(Cl, OCHs)-[RuCI(OCH)(NO)(terpy)]-
PFs ([2]PFs) was synthesized by the reaction todins(Cl,
Cl), cis(NO, CI)-[RuCk(NO)(terpy)]" ([1]") with NaOCH;
in CH3OH. [2]PFs had previously been synthesized by the
reaction of the same starting complex with NaN©® CHs-
OH and characterize®.The present procedure ga@f in

(29) Crystal Structure 3.6.0, Single Crystal Structure Analysis Software
Molecular Structure Corp. and Rigaku Corp.: The Woodlands, TX,
and Tokyo, Japan, 2004.
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Table 1. Crystallographic Data for3]PFs, [4]PFs*CH3CN, [5]CFsSOs, and B](PFs)2

[3IPFe [4]PFs:CHsCN [5]CFsS0s [6](PFe)2
formula Q7H1602N4F6PC|RU QOH2102N5C|F6PRU Q6H1104N4F35C|2RU C17H14ON5F12P2C|RU
fw 589.83 644.91 584.32 730.78
color of crystal orange orange yellow yellow
crystal system monoclinic monoclinic orthorhombic monoclinic
space group P2,/c P2:/n P2;212; P2i/n
a(A) 8.7534(4) 10.600(2) 8.0868(5) 12.439(3)

b (A) 8.5519(5) 17.042(3) 9.2038(5) 12.048(3)
c(A) 28.833(2) 13.817(3) 27.511(2) 17.201(4)
p (deg) 93.5582(7) 106.2300(9) 91.0075(9)
V (A3) 2154.2(2) 2396.5(8) 2047.6(2) 2577.3(10)
Z 4 4 4 4

Dealcd (g cn3) 1.818 1.787 1.895 1.883
u(Mo Ka) (cm™1) 10.00 9.08 11.88 9.45

T(°C) 25 —150 25 25

R2 0.0420 0.0372 0.0430 0.0522

Ri? 0.1380 0.1033 0.1160 0.1735
GOF 1.006 1.005 1.012 0.974

aR = Y||Fo| — IFcll/IIFol [I > 20(1)]. PRy = [IW(Fo? — FA¥ywW(F2)?2 (all reflections).

Table 2. Data ofv(NO), Reduction Potentials, and UWis Absorption Spectra

»(NO) (e ?)

complex solid solutior? E1f (V) Ep (V) A (nm) (104 (M~tcm™1)
[1]PFs 1895 1903 -0.48 -1.01 296 sh (0.99), 352 (1.13), 381 sh (0.33), 477 (0.02)
[2]PFs 1870 1862 -0.88 -1.11 275 (1.79), 337 (1.25), 404 (0.08)
[3]PFs 1854 1860 —0.90 -1.14 273 (1.47), 336 (1.06), 416 (0.09)
[4]PFs 1870 1859 —0.90 -1.16 275 (1.47), 336 (1.06), 415 (0.08)
[5]PFs 1928 1904 -0.43 -0.78 279 (1.72), 342 (1.10), 474 (0.05)
[6](PFo)2 1951 1935 -0.08 —~0.69 273 (1.64), 312 (0.93), 356 (0.92), 521 (0.04)
[Ru(NO,)(OH)(NO)(terpy)]PE 1860 —-0.79 -1.22
[RUCI(OH)(NO)(terpy)]P 1855 -0.95 -1.16

aKBr disk. ? In CH3CN. ¢V vs Ag|0.01 M AgNG;. 9 trans-(NO, OH), cis-(NO,, OH) form, ref 25.8 trans-(NO, OH), cis-(Cl, OH) form, refs 14 and 16.
The redox potentials were measured in DMSO because the complex is insoluble@NCHhe value isE, because the wave is irreversible.

a higher yield, over 70%, than the previous method, and ppm, and those of the methoxo, ethoxo, and propoxo ligands,

reactions were carried out in,@sOH and GH-;OH instead

of CH3;OH under the same conditions to form the corre-
sponding ethoxo and propoxo complexesns(NO, OGHs),
cis-(Cl, OGHs)-[RuCI(OGHs)(NO)(terpy)]PFs ([3]PFs) and
trans(NO, OGHy), cis-(Cl, OCsH7)-[RuCl(OGH-)(NO)-
(terpy)]PF ([4]PFs), respectively, which were characterized
by IR and NMR spectroscopies, CV, and X-ray crystal-
lography (Figures 1 and 2). The reaction 8HFs in CHs;OH,
C,HsOH, or GH;OH does not proceed without NaOgH
under refluxing conditions. The reaction of]PFs with
NaOCH; was carried out in CECN, instead of CHOH, and
monitored by UV-vis and IR spectroscopies. The color of
the acetonitrile solution ofl|PF; immediately changed from
brown to dark purple upon addition of a methanolic solution
of NaOCH;. The intensity of the UV-vis band at 352 nm

—CHs, —CH,—, and OCH—, are observed at 3.43 ppm for
[2]PFs; 0.48 and 3.75 ppm for3]PFs; and 0.23, 0.82, and
3.71 ppm for #]PFs (Figure S1). Cyclic voltammograms of
alkoxo complexes in CECN containing TEAP reveal
reversible and irreversible one-electron reduction waves at
—0.88 and—1.11 V —for [2]PFs, —0.90 and—1.14 V for
[3]PFs, and—0.90 and—1.16 V for [4]PFs (Figure S6). The
first reversible waves of these three complexes were con-
firmed as Nernstian waves by CV and normal pulse voltam-
metry (NPV) and were observed in the negative region
compared to those of similar nitrosylruthenium complexes
having polypyridyl ligand(s) such ass-[RuCI(NO)(bpy}]-
(PRs)2 [—0.12 V in CHCN vs Ag0.01 mol dnt3® AgNO3
(CH3CN)].2° The structures of JPFs and B]PFs were
determined by X-ray crystallography to be similar to that of

assigned to]]* decreased, and new bands appeared at 320[2]PFs, which had been reported previoudiyThe nitrosyl
and 485 nm and increased in intensity (Figure S10). The ligand of these alkoxo complexes moves from the equatorial

intensity of the strong/(NO) band at 1903 cnt in CHsCN
decreased upon addition of a methanol solution of Na@CH
(Figure S11).

position of the terpy plane in the starting complex to an axial
position. In the electronic spectra of alkoxonitrosyl com-
plexes in acetonitrile solution (Figure S9), the intense bands

Characteristic data of the synthesized and related com-around 270 and 335 nm are similar to thesz*(terpy) and
plexes are reported in Table 2. The IR spectra of the alkoxo dz(Ru)—s*(terpy) transitions, respectively, that have been

complexes?]|PFs, [3]PFs, and §]PFs obtained show a strong
NO stretching vibration at 1870, 1854, and 1870 ém

reported for typical terpyridine complex&si>l’ These
nitrosyl comlexes show a weak band around 420 nm that is

respectively, on samples prepared as KBr disks and at 1862 assigned to the-dld transition overlapped with anfRu)—

1860, and 1859 cm, respectively, in CBCN solutions. In
IH NMR spectra in CRCN, protons of the terpy ligand of
the alkoxo complexes are observed in the range-97191

a*(NO) transition?12.31

(30) Callahan, R. W.; Meyer, T. Jnorg. Chem.1977, 16, 574.
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Figure 3. Structure oftrans(NO, ClI), cis-(Cl, Cl)-[RuCL(NO)(terpy)
(8.

Reactions of Alkoxo Complexes.The alkoxo ligand
(RO") locates at the trans position with respect to the nitrosyl
ligand and reacts with a proton to afford an alcohol complex
[Ru—O(H)R], whose alcohol ligand is easily substituted by
another ligandtrans(NO, OR), cis-(Cl, OR)-[RuCI(OR)-

(NO)(terpy)]" complexes can be used as a precursor for the

synthesis of newtrans(NO, X), cis-(Cl, X)-type nitrosyl

complexes. Alkoxo complexes are stable in solvents such2

as CHCN, CH;NO,, and alcohol at room temperature for
at least 1 week. An ethanol solution of the methoxo complex,
[2]PFs, was refluxed for 6 h, and the resultant solution was
evaporated to dryness to give the ethoxo complex, which
was confirmed by-CHz; and —CH,— proton signals in the
IH NMR spectrum in CRCN (Figure S4a). On the other
hand, the'H NMR spectrum in CECN of a solid isolated
from the reaction mixture of the ethoxo comple3]HFs, in

Nagao et al.

Figure 4. Structure oftrans-(NO, Cl), cis-(CH3CN, Cl)-[RuCI(NCCH)-
(NO)(terpy)P* ([6]*").

The bond distances, RiN(nitrosyl) (1.7371.780 A) and
N—O (1.109-1.154 A), and the angles, RIN—O (171.3-
176.3), of these complexes are similar to those of reported
{RUNG} é-type nitrosylrutheium complexes containing the
terpy ligand, indicating that these complexes can be classified
as{ RUNG} ¢-type complex:#-1618The distances between the
ruthenium and nitrogen atoms of the terpy ligand are
characteristic; those of the terminal nitrogen atoms (2-:081
.096 A) are longer than that of the central one (1:984
1.989 A). The Ru-O distances of the RuOEt moiety in
[3]PFs (1.943 A) and the RetOPr moiety in B]PFs (1.958

A) are similar to that of the RuOMe moiety in P]PFs.
There is a definite difference in the R&I bond distance
between cis and trans positions with respect to the NO ligand.
The distances of the chloro ligand at a cis position (2.399 A
for [3]PFs, 2.396 A for B]PFs, and 2.385 A for |CF:S0s)

are greater than those at a trans posiidar841 A for [5]-

methanol indicated that .this sol?d is a.mixture of mgthoxo CRSO; and 2.319 A for §](PFy)s}.
and ethoxo complexes in a ratio of 1:4 as determined by Stability and Reactivity of trans-(Cl, Cl), cis-(NO, Cl)-

integration of the—CHj; signals (Figure S4b). Thus, the
methoxo complex is changed to the ethoxo complex in
ethanol by refluxing for 6 h, and the ethoxo comple;|

is stable in methanol under refluxing conditions.

Although the [RuCI(OR)(NO)(terpy)]complexes did not
react with CESG;H in CH3NO, under stirring conditions, a
reaction of B]JPFs with hydrochloric acid solution under
refluxing conditions gave a new nitrosyl complex having a
strongr(NO) band at 1928 crt and characteristic nitrosyl
ligand reduction waves by CV in GEN at —0.43 and
—0.78 V (Figure S5). The alkoxo ligand was substituted by
the chloro ligand to give [Ru@NO)(terpy)], [5]F, which
is a geometric isomer ofl]". The structure of§]* as the
CRSG; salt was determined by X-ray crystallography and
found to have arans(NO, ClI), cis-(Cl, Cl) configuration
(Figure 3).

The reaction of [3]PEF with CRSO;H in acetonitrile
solution afforded a solvated complex, [RUCI(NO)(NCgH
(terpy)F" ([6]?"), in which the chloro ligand moved from a
cis position with respect to the nitrosyl ligand to a trans
position. This complex shows th€NO) band at 1951 cnt
and reversible and irreversible reduction waves by CV in
CH3CN at —0.08 and—0.69 V (Figure S5), respectively.
The structure of§](PFs), was determined by X-ray crystal-
lography and is shown in Figure 4.

Structural Characterization. Selected structural param-
eters of B]PFs, [4]PFs, [5]CFsSO;, [6](PFs)2, and the related
complexes J]JPFs and R]JPFs are summarized in Table 3.

(31) Schreiner, A. F.; Lin, S. W.; Hauser, P. J.; Hopcus, E. A.; Hamm, D.
J.; Gunter, J. DInorg. Chem.1972 11, 880.
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[RUCI(NO)(terpy)] ™ ([1]7). [1]PFs was synthesized by the
reaction of K[RuCIls(NO)] with terpy in HO/ethanol (1:3;
vIv) in the presence of KCl under refluxing for 1 h. To isolate
all products of this reaction, the reaction mixture was
concentrated to dryness and recrystallized fron;CH to
remove insoluble inorganic materials such as KCI without
addition of NH,PFs. A cyclic voltammogram of the mixture
of complexes obtained as Cl salts in DMSO containing 0.1
mol dn3 TEAP showed three reduction waves, assignable
to reductions of I]* and ]t (Figure S8a). This mixture
was dissolved in kD, and then the NHPR; was added as a
precipitant to the solution after it had been filtered to remove
an insoluble complex, affording a mixture obtained ag PF
salts. A cyclic voltammogram of the mixture in GEN
containing 0.1 mol dm® TEAP revealed that this mixture
consisted at least of three complexedPFs, [Ru(terpy}]-
(PR)2, andtrans(NO, ClI), cis-(Cl, Cl)-[RuCL(NO)(terpy)]-

PFs ([5]PFe), the latter of which is a geometrical isomer of
[1]* (Figure S8b). It is clear thatl]* was a main product
and B]™ was a minor product, as determined by comparison
of the wave heights of the reduction waves fjrfand ] *.

No UV-—vis spectral change ofl][PFs was observed in
organic solvents such as @EN, (CH;),CO, CHOH, and
C,HsOH for at least 4 days, although the spectrum y©OH
changed in a few days. Thud]f is stable in these organic
solvents at room temperature. Reactionsl{fPF; in aqueous
KCI or HCI solutions were carried out for 3 h, and a solid
product was obtained by addition of MPF; to the resultant
solution. The results of the IR spectral measurements of the
solid and cyclic voltammograms in GBN indicate the
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Table 3. Selected Bond Distances (A) and Angles (deg)

[3IPFs [4]PFs [S5]CFsSOs [6](PFe)2 [1]PFe [2]PFe
N—O(nitrosyl) 1.154(5) 1.145(2) 1.142(7) 1.109(5) 1.129(4) 1.129(5)
Ru—N(nitrosyl) 1.756(3) 1.766(2) 1.737(5) 1.780(4) 1.765(7) 1.753(4)
Ru—N(terminal trpy) 2.093(3) 2.094(2) 2.088(4) 2.081(3) 2.083(3) 2.087(4)
2.096(3) 2.081(2) 2.090(4) 2.085(3) 2.073(3) 2.075(4)
Ru—N(central trpy) 1.989(3) 1.988(2) 1.999(4) 1.984(3) 2.015(3) 1.982(4)
Ru—L
trans with L= OEt L=OPr L=Cl L=Cl L =OMe
respect to NO 1.943(3) 1.958(2) 2.341(2) 2.319(1) 1.940(3)
cis with L=Cl L=Cl L=Cl L = CHsCN L=Cl L=Cl
respect to NO 2.399(1) 2.396(1) 2.385(2) 2.086(3) 2.357(1) 2.387(1)
2.375(1)
Ru—N—0O(nitrosyl) 171.0(3) 170.8(2) 176.3(4) 175.6(3) 174.6(3) 168.3(4)
N(terminal trpy)-Ru 159.4(1) 159.7(1) 159.4(2) 159.2(1) 157.4(1) 159.8(1)
—N(terminal trpy)
N(central trpy)}-Ru 79.6(1) 80.2(1) 79.9(2) 79.9(1) 78.6(1) 80.0(1)
—N(terminal trpy) 79.9(1) 79.7(1) 80.0(2) 79.9(1) 78.9(1) 80.0(1)

aReference 25.

formation of two isomers of [RUGINO)(terpy)I", [1]" and no NO ligand. It can thus be concluded that the nitrosyl
[5]*. They exhibit a characteristic band of the NO ligand at ligand in [1]™ shows electrophilicity and belongs to the group
1895 and 1928 cnt and show one reversible redox wave of nitrosyl complexes that are reactive toward nucleophiles.
at around—0.5 V and two irreversible reduction waves at Although this dichloronitrosyl complex1]*, does not react
—0.8 and—1.1 V. The ESI-MS spectrum in GH shows in alcohol without a Lewis base such as nitrite and alkoxide
only a peak centered at/z = 435, which corresponds to ions under refluxing conditions, reactions with a slight excess
[RUCL(NO)(terpy)]". Thus, the complex having th€NO) of NO,~ in HO and CHOH give [Ru(NQ)(OH)(NO)-
band at 1895 cm' and reduction waves at0.5 and—1.1 (terpy)]* and [RuCI(OCH)(NO)(terpy)I", respectively?® A

V was assigned tol]PFs, and that having the(NO) band reaction of [LJPFs with NaOCH; in CH3CN occurs to give

at 1928 cm® and reduction waves at0.5 and—0.8 V was a dark purple solution. The intensity of the characteristic
assigned tog]PFs by comparison with data of complexes »(NO) IR band of [L]PFs in a CH;CN solution decreases
that were synthesized and characterized as authentic samplesipon addition of NaOCEl(Figure S11). This reaction is an
The solid was a mixture consisting of nearly equal quantities alternative to the formation of the methoxonitrosyl complex
of these two isomers, as confirmed 1y NMR spectroscopy  [2]PFs and occurs through the nucleophilic attack ofOH
(Figure S3). In the reaction ofl]* with an aqueous HCI  on the nitrosyl nitrogen in a manner similar to the reaction
solution, these two isomers were the main products. In the of [RuCI(NO)(bpy}]?" with CH;O~, affording a methyl
reaction of L]t with a KCI solution,trans(NO, OH), cis- nitrite ligand [~-N(O)OCH;] that had been reported by Meyer
(Cl, OH)-[RuUCI(OH)(NO)(terpy)], which showed a char- et al®? Changes in the U¥vis spectrum of J]PFs upon
acteristicv(NO) band at 1855 cni, also formed in addition  addition of NaOCH (Figure S10a) and Naj\Figure S10b)

to these isomers. reveal the formation of the same product as obtained from
i . the reaction of I]JPFs with NaOCH; in CH3CN, the aceto-

Discussion nitrile complex [RUCI(CHCN)(terpy)}", which has been
Synthesis and Geometrical Configuration of Alkoxoni- characterized by Walsh et al. and shows characteristie UV

trosyl Complexes.[1]PFs is easily synthesized in high yield  vis absorption bands at 320 and 485 fiwja formation of
using as a starting material [RuO)]?>~, which is a useful a methyl nitrite complex. On the other hand, the present
complex for the synthesis of chloronitrosylruthenium com- synthetic reactions ofl]PFs with NaOCH; in methanol,
plexes and has a potential application to the synthesis of newethanol, and propanol give methoxo-, ethoxo-, and pro-
nitrosyl complexes. Bottomley has proposed that nitrosyl poxonitrosyl complexes, respectively, in high yiefdghe
complexes with/(NO) > 1890 cnv! react with at least one ~ methoxide ion functions mainly as a ligand entering the
nucleophile?* In a previous work, we reported that nitrosyl- coordination sphere of the ruthenium center under the present
ruthenium complexes containing pyca ligands withNO) reaction conditions. The alkoxo ligand of the product comes
~ 1890 cn! do not react with nucleophiles at the nitrogen from the solvent and coordinates to the ruthenium center at
atom of the NO ligand? The nitrosyl ligand in ] * is thus the trans position with respect to the nitrosyl ligand, as it
located at the boundary of being reactive and nonreactivefunctions as an electron donor to stabilize the nitrosyl
toward nucleophiles at its nitrogen atom, according to the complex (Scheme 1).

electrochemical and IR properties dfi{. In another report
on the reaction 0f1]+ with N3~ in CH3CN,25 however, we (32) g/gaslsh, J. L.; Bullock, R. M.; Meyer, T. Jnorg. Chem.198Q 19,
showed that the iV ion attacks the nitrogen atom of the (33) Suen, H.-F.; Wilson, S. W.; Pomerantz, M.; Walsh, dnorg. Chem.
nitrosyl ligand to afford [RuG(CHs;CN)(terpy)]t and [RuCl- 1989 28, 786. - . _
(CHsCN)y(terpy)]" and that reaction of1]* under basic (34) Atfter isolation of [JPFs by filtration, [1]PFs was obtained again by

y) ) . slow evaporation of the filtrate. The total yield af]PFs was over
aqueous conditions affords ruthenium complexes containing  90%.
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Scheme 1. Reaction of 1]* with Alkoxide lon in Alcohol
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In reactions of I]PFs with a Lewis base as an entering
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and ethanol, and the differences in reduction potential and
v(NO) between 2] (—0.88 V and 1862 cm') and B]*
(—0.90 V and 1860 cnt), indicating that the nitrosyl ligand

of [3] 1 is slightly more electron-attracting toward the ethoxo
ligand than is that ofZ]*.

The alkoxo ligand dissociates from the metal center into
an alcohol by reaction with a proton donor such as
hydrochloric acid. It is possible that the reaction of an alkoxo
complex with a protic acid conjugated to an entering ligand
gives a new complex whose configuration around the
ruthenium center is the same as that of the starting complex.
Hydrochloric acid and trifluoromethanesulfonic acid were
used as protic acids. Reactions 8fHFs used as the starting
complex with hydrochloric acid afforded a new nitrosyl
complex exhibiting a strong(NO) band at 1928 cnt;

ligand, the composition and geometrical configuration of the reversible and irreversible waves a0.43 and—0.78 V,
product depend on the natures of the Lewis base and therespectively; and thé&rans-(NO, Cl), cis-(Cl, CI) configu-
solvent. A recent report on substitution reactions of terpy ration of [RuCh(NO)(terpy)]" around the ruthenium center
complexes by Eldik et al. shows that these substitution ([5]7). The materials obtained under various conditions

reactions proceed according to an associative prdédse
reaction of L]PFs with an entering ligand such as NOor
CH3O™ in HO, CHOH, GHsOH, and GH;OH affords
[RUX(OR)(NO)(terpy)T (R = H, CHz, C:Hs, or GH7; X =
NO; or Cl), whose geometrical configuration around the Ru
center is drans(NO, OR),cis-(X, OR) form given that the
nitro ligand showing ther-acceptor character and the chloro
ligand showing the weaker-donor character than the alkoxo

consisted of the starting complex3[f) and another nitrosyl
complex such asl]™ and [RuCI(OH)(NO)(terpy)]: Reac-
tions of [3]* afforded the isomeric pair ofi] " and B]* under
refluxing conditions, a mixture of3]* and [p]* at low
temperature, and a mixture o5][ and [RuCI(OH)(NO)-
(terpy)]” in low concentration hydrochloric acid under
refluxing conditions. Thus, synthesis @] is successful
by reaction of the alkoxo complex as the starting complex

ligand prefer to coordinate in the cis position with respect with 10 min of refluxing.

to the nitrosyl ligand and the hydroxo and alkoxo ligands

Trifluoromethanesulfonic acid was used for reactions of

coming from water and alcohol as the solvent, respectively, [3]PFs in CHsCN or H,O under several different conditions.
coordinate in the trans position. Thus, the composition and The reaction in CHCN afforded [RuCI(CHCN)(NO)-
geometrical configuration of the final product depend on the (terpy)F* ([6]27), and that in HO afforded [RuCI(OH)(NO)-
properties of the fifth, sixth, and entering ligands that come (terpy)]", as the coordination ability of GBO;™ is weaker
from the substrate and solvent and are explained in terms ofthan those of CECN and HO. Structural analysis o6]2*

the interaction between the NO and the coexisting ligands. revealed that the chloro ligand moved from the trans position

The NO ligand is stabilized by coordination ofradonor

to the cis position with respect to the nitrosyl ligand, i.e.,

ligand at the trans position, as exemplified by the IR spectra gave thetrans(NO, ClI), cis(CH;CN, CI) configuration
and electrochemical properties of the alkoxo complexes. around the Ru atom. This configuration 67" is explained
From the CV results reported in Table 2 and Figure S6, the by thexr-acceptor character of the acetonitrile ligand, which

alkoxo and hydroxo complexes exhibit negati# values
in CH;CN solution. The IR spectra of these nitrosyl
complexes show the stromgNO) band at around 1900 crh
as reported in Table 2. These values(fO) for KBr disks

prefers to coordinate at the cis position with respect to the
nitrosyl ligand. Thus, reactions of alkoxonitrosyl complexes
with trifluoromethanesulfonic acid are useful for the synthesis
of nitrosyl complexes having the expected coexisting ligands

of this series of nitrosyl complexes are influenced by the and configuration around the Ru atom considering the nature

counteranion such as PF The relationship between the
values of (NO) in CHsCN solution and the reduction

of the solvent and the coexisting substrate.
Comparison of Isomers of [RUCL(NO)(terpy)]* and

potential is almost linear, similar to those of the reported Related Complexestrans(NO, Cl), cis-(Cl, Cl)-[RuCl-

nitrosyl complexe$:2%:2%:24The reactivity and nature of the

(NO)(terpy)]Cl was synthesized by Reedijk et al. and

nitrosyl ligand in the terpy series complexes are better characterized by spectroscopy and DFT calculatiétrsthis

estimated from the(NO) value in CHCN solution than from
the value for the KBr disk.
Reaction of Alkoxo ComplexesThe methoxo ligand of

work, the Pk salt of trans(NO, Cl), cis-(Cl, Cl)-[RuCl-

(NO)(terpy)I" ([5]*) was synthesized by an alternative
synthetic route using the reactions of alkoxonitrosyl com-

[2]* can be substituted by an ethoxo ligand in ethanol under plexes with an acid. This isomef][", also formed in the

refluxing conditions, whereas the reaction gff{in methanol
gives a 1:4 mixture ofg]* and B]* (Figure S4, Scheme 2).

synthetic reaction of therans-(Cl, Cl), cis-(NO, Cl) isomer
([1F) from [RuCk(NO)]>~ as a minor product Reactions

These results are explained by the differences in basicity of [1]PF with KCI or HCI in aqueous solution under
between methoxide and ethoxide ions coordinated to therefluxing conditions afforded a mixture of these two isomers
ruthenium center, the differences in acidity between methanol of [RuClL(NO)(terpy)]". An aqueous solution ofl]PFs or
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Synthesis of Nitrosylruthenium Complexes

Cl NO the terpy 1.8922.024 A, that of the terminal N atoms is
@ 8 2.053-2.154 A, and the NRu—N angle is 78.+80.8).
N1 5075 | o 07BN N./'999 | 5088,N
R et Bt .
Wm u% &fu% Conclusions
N~
N @ NO N § cl The synthesis of ruthenium complexes containing nitrosyl
Cl < and terpy ligands and their geometrical configuration around
[y 51 the ruthenium center have been studied. ReactiontBFf
Figure 5. Structural comparison between bond lengths1df [and B]* with N(_)[ and Brin Hx0 or CH3_OH af_ford atrans(NO,
(in A). OR), cis(X, OR)-type complex in which the OR ligand

comes from the solvent. Synthesis of a nitrosylruthenium
[5]PFs in the presence of CI(KCl and HCI) was heated to  complex having the expected geometrical configuration was
give a mixture of both isomers][* and []*, with a small carried out by reactions of alkoxo complexe3]f[Fs) with
amount of [RUCI(OH)(NO)(terpy}], which was monitored  a protic acid to dissociate the alkoxo ligand into an alcohol.
by *H NMR spectroscopy (Figure S3) and CV. In the absence [5]PF; was formed by reaction with hydrochloric acid and
of CI~, the amount of [RUCI(OH)(NO)(terpy)]increases,  characterized by X-ray crystallography. This complex was
whereas the amounts of the isomers decrease. Thus, there igptained as a mixture witHJPFs and was synthesized as a
no significant difference in reactivity and stability between ¢ salt using an alternative route by Reedijk ef%alhe
the isomers of [RUG(NO)(terpy)I", [1]* and B]*, in reaction of BJPFs with CFSOsH in CHsCN affords ]2,
solution. In fact, whereas the IR spectra &JHFs and b]- whose structure was determined by X-ray crystallography.
PFsin KBr disks show strong(NO) bands at 1895 and 1928 These reactions occur via formation of an alcohol ligand by
cm™, respectively, thein(NO) bands are observed at the protonation to the alkoxo ligand and substitution by an
same frequency in C4N solution. Cyclic voltammograms  gntering ligand. The strong-acceptor character of the
of both complexes show a reversible wave in the same regionyjy sy ligand is indicated by comparison of the structural
around—0.5 \+/ although the |rrever§|ble. waves appear at ,,rameters between these complexes and related complexes,
—1.01 for [i]* and —0.78 V for [5]" (Figure S5). The " naicylar between the isomeric pairs of [RuEGIO)-

frsqll\JleOn(iy Of.V(tNO) and dthe d_redtuctlor; tﬁotenuatl_ Ff thed (terpy)]t moieties. The structural configurations of these
(RUNOY* moiety are good indicators of the reactivity an reaction products are related to the nature of the entering

o : 0212 . .
ziag;i':gsoﬁ tzgr:nrlg)s(ilscirgl(el\lxgﬁ valut:rirghg;ecrlsly;reenzs ligand, and the decreasing order of tendency to coordinate
y P ' at the trans position with respect to the nitrosyl ligand is

better indicator than those in KBr disks. OH- ~ OR" > py(terpy)~ Cl- > Br- > CH:CN. The

The structural parameters of the two isomers show a ' . - .
T configuration around the metal center containing the nitrosyl
characteristic difference because of the strong trans effect . L : .
complex is controlled by the combination of ancillary ligands.

of the nitrosyl ligand, which has a strongacceptor character

(§ee Figure 5). The NO distance of therans(NO, Cl), Supporting Information Available: NMR spectra, cyclic
cis-(Cl, CI) form, [5]* [1.142(7) A], is greater than that of voltammograms, electronic spectra, and X-ray crystallographic data
the trans(Cl, Cl), cis-(NO, CI) form, [1]* [1.129(4) A], of [3]PFs, [4]PFs-CH:CN, [5]CF3S0s, and B](PF).. This material
because of the difference between the wea#tonor CI is available free of charge via the Internet at http://pubs.acs.org.
ligand and ther-acceptor py ligand at the trans position with
respect to the nitrosyl ligand. The difference between the
two Ru—CI distances oftrans(NO, ClI), cis-(Cl, ClI)-[5]"
[2.341(2) A at the trans position with respect to NO an

1C061644W
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