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Described are syntheses, characterizations, and photochemical reactions of the nitrosyl complexes Ru(salen)
(ONO)(NO) (I, salen = N,N’-ethylenebis(salicylideneiminato) dianion), Ru(salen)(CI)(NO) (II), Ru(‘Bussalen)(CI)
(NO) (Ill, ‘Bugsalen = N,N’-ethylenehis(3,5-di-tert-butylsalicylideneiminato) dianion), Ru(‘Bussalen)(ONO)(NO) (IV),
Ru('Bu,salophen)(CI)(NO) (V, Bujsalophen = N,N'-1,2-phenylenediaminebis(3-tert-butylsalicylideneiminato) dianion),
and Ru(‘Bugsalophen)(CI)(NO) (VI, Bu,salophen = N,N'-1,2-phenylenebis(3,5-di-tert-butylsalicylideneiminato) dianion).
Upon photolysis, these Ru(L)(X)(NO) compounds undergo NO dissociation to give the ruthenium(lll) solvento products
Ru(L)(X)(Sol). Quantum yields for 365 nm irradiation in acetonitrile solution fall in a fairly narrow range (0.055—
0.13) but decreased at longer Ay The quantum vyield (i; = 365 nm) for NO release from the water soluble
complex [Ru(salen)(H20)(NO)]CI (VII) was 0.005 in water. Kinetics of thermal back-reactions to re-form the nitrosyl
complexes demonstrated strong solvent dependence with second-order rate constants kyo varying from 5 x 1074
M~1 s™ for the re-formation of Il in acetonitrile to 5 x 108 M~ s~ for re-formation of Ill in cyclohexane. Pressure
and temperature effects on the back-reaction rates were also examined. These results are relevant to possible
applications of photochemistry for nitric oxide delivery to biological targets, to the mechanisms by which NO reacts
with metal centers to form metal—nitrosyl bonds, and to the role of photochemistry in activating similar compounds
as catalysts for several organic transformations. Also described are the X-ray crystal structures of | and V.

Introduction disease states have been coupled to the under- or over-

Over the past decade there has been considerable interedtroduction of NO, and as a consequence, there has been
in the chemistry and biochemistry of nitric oxide (NO considerable interest in biomedical strategies for the selective

nitrogen monoxide), owing to the discovery of diverse roles delivery and for selective trapping of N©.For example,

in mammalian biology,examples being as a bioregulatory SUch NO delivery has been claimed to have potential

molecule in the blood pressure control and as a toxic agen,[therapeutlc value in treatments of s'uch cardiovascular events
as stroke and heart att&2ks well as in treatment of canc¥r.

In this context, ongoing studies here and elsewhere have been
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Ru(R-salen)(X)(NO) Ru(R-salophen)(X)(NO)

characterized examplé NO is also an inhibitor of metallo-
enzymes such as cytochrome oxid&ssitrile hydrase* and
catalase presumably by attack at the heme centers of these
to form nitrosyl complexes. A huge range in reaction rates
of heme proteins with NO have been foufidso a mecha-
nistic understanding of the formation and breaking of metal
nitrosyl bonds is essential to understanding the in vivo
chemistry of nitric oxide. A key question is the following:
does the free radical nature of this ligand play a special role
in the dynamics of NO substitutions into the metal coordina-
tion sphere? Although interest in this reaction has gréwn,
induced by photolysis of iron thiol nitrosyl clusters absorbed there were few quantitative studies of metal nitrosyl forma-
into V79 Chinese hamster cells enhangemdiation killing tion mechanisms before our activation parameter studies of
of such cells under hypoxic (oxygen deficient) conditiéhs. NO reactions with water soluble ferri- and ferro-heme
Among compounds under investigation as NO donors are POrPhyrins:® An exception was an early investigation of the
nitrosyl complexes of ruthenium porphyrifsThese are  reaction with the ruthenium(li) amine complex Ru(¥kt*

I R=H, X=O0NO V: R=Bu,R'=H,X=CI
1 R=H,X=CrI VI: R=R'= By X=CI
I: R=Bu,X=CI

IV:  R=Bu X=O0NO

VII: R=H,X=H0

Figure 1. Compounds studied.

Nagamune, T.; Inoue, Y.; Endo,d. Am. Chem. S0&997 119, 3785.
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tions are metal centet$,NO activation of the ferro-heme
enzyme soluble guanylyl cyclase (sGC) being the best

(6) (a) Bourassa, J.; DeGraff, W.; Kudo, S.; Wink, D. A.; Mitchell, J. B.;

Ford, P. C.J. Am. Chem. S0d.997, 119, 2853-2860. (b) Ford, P.
C.; Bourassa, J.; Miranda, K.; Lee, B.; Lorkovic, |.; Boggs, S.; Kudo,
S.; Laverman, LCoord. Chem. Re 1998 171, 185-202. (c) Namiki,

S.; Kaneda, F.; Ikegami, M.; Arai, T.; Fujimori, K.; Asada, S.; Hama,
H.; Kasuyua, Y.; Goto, KBioorg. Med. Chem1999 7, 1695-1702.
Fukuhar, K.; Kurihara, M.; Miyata, NJ. Am. Chem. So2001, 123
8662-8666.

(7) (a) Miranda, K. M.; Bu, X.; Lorkovic, I.; Ford, P. norg. Chem
1997, 36, 4838-4848. (b) Kadish, K. M.; Adamian, V. A.; Caemel-

becke, E. V.; Tan, Z.; Tagliatesta, P.; Bianco, P.; Boschi, T.; Yi, G.-

B.; Khan, M. A.; Richter-Addo, G. Blnorg. Chem1996 35, 1343~
1348. (c) Bohle, D. S.; Goodson, P. A.; Smith, B.Falyhedron1996

15, 3147-3150. (d) Vi, G.-B.; Khan, M. A.; Richter-Addo, G. B.
Inorg. Chem.1996 35, 3453-3454. (f) Bohle, D. S., Hung, C.-H;
Smith, B. D.Inorg. Chem.1998 37, 5798-5706.

(8) Lorkovic, I. M.; Miranda, K. M.; Lee, B.; Bernhard, S.; Schoonover,
J. R.; Ford, P. CJ. Am. Chem. S0d998 120 116474-11683.

1988 27, 4049. (f) Hoshino, M. Ozawa, K.; Seki, H.; Ford, P. L.
Am. Chem. Socl993 115 9568-9575. (g) Duprat, A. F.; Traylor,
T. G.; Wu, G.-Z,; Coletta, M.; Sharma, V. S.; Walda, K. N.; Magde,
D. Biochemistryl995 34, 2634-2644. (h) Bohle, D. S.; Hung, Ch.-
H. J. Am. Chem. Sod 995 117, 9584-9585. (i) Gordunov, N. V.;
Osipov, A. N.; Day, W. B.; Zayas-River, B.; Kagan, V. E.; Elsayed,
N. M. Biochemistryl995 34, 6689-6699.

(17) (a) Laverman, L. E.; Wanat, A.; Oszajca, J.; Stochel, G.; Ford, P. C.

van Eldik, R.J. Am. Chem. SoQ001, 123 285-293. (b) Wolak,
M.; Zahl, A.; Schneppensieper, T.; Stochel, G.; van EldikJRAm.
Chem. Soc2001, 123 9780-9791. (c) George, S. J., Andrew, C. R,;
Larson, D. M.; Thorneley, R. N. F.; Eady, R. R. Am. Chem. Soc.
2001 123 9683-9684

(18) (a) Laverman, L. E.; Hoshino, M.; Ford, P. €. Am. Chem. Soc.

1997 119 12663-12664. (b) Laverman, L. E.; Ford, P. Chem.
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associative mechanism by which direct RMO bond
formation assisted release of the normally nonlabilesNH
would be of interest to establish whether other Ru(lll)
complexes react similarly with NO. In this context, photo-
chemical NO labilization from compounds such gsepares
a series of Ru(lll) solvento complexes Ru(L)(X)(Sol) (Sol
= solvent, L= R-salen or R-salophen) for kinetics studies

of this reaction. Described here are detailed kinetics studies

of the back-reactions of Ru(L)(X)(Sol) with excess NO (e.g.,
eq 3) that provide further insight into the mechanism of this
substitution reaction.

RU(NH,)*" + NO — Ru(NH,)5(NO)** + NH,

@)

ko [NO]

- NO —>

ks

Last, it should further be noted that nitrosyl complexes of

Works et al.

recrystallized from methanol and stored in a drybox until use.
Column chromatography was performed on silica gel (Selecto,
particle size 63-200). NO (Matheson, 99.0%) was passed through
an Ascarite Il column to remove higher nitrogen oxides.
Syntheses.Syntheses of nitrosyl compounds were performed
under argon using standard Schlenk techniques.
Ru(salen)(ONO)(NO) (I, (N,N'-Ethylenebis(salicylideneimin-
ato))(nitrito)(nitrosyl)ruthenium). I was prepared by a modifica-
tion of a published proceduféA solution of Ru(salen)(PR)» (0.50
g, 0.56 mmol) in dry deaerated THF was placed into a dropping
funnel fitted onto a three-neck 500 mL round-bottom flask
containing~15 mL dry, deaerated THF and a magnetic stirring
bar. This system was assembled in an inert-atmosphere box and
then set up on a vacuum line manifold. Argon was first bubbled
through the THF (10 min), and then NO was passed through it.
The red [Ru(salen)(PR}] solution was then added dropwise after
which the NO bubbling was stopped, and the reaction mixture was
stirred another 10 min. During the addition, the solution turned
yellowish green, and some orange solid ([Ru(salen)(MD)]
deposited on the bottom of the flask (see below). After 10 min the
solution was flushed with argon to remove NO. The solution was
filtered under argon to remove the orange precipitate, and the
solvent was removed by rotary evaporation. The yellowish residue
obtained at this point was washed several times with ether to remove
excess PPhand then dissolved in Gi€l, and chromatographed

I’uthenlum Salen del’lvatlves ha\/e alSO been found to beon a silica gel column using a 1% solution of methanol inZCH

precursors to oxene and carbene transfer catalysts forto elute the products. After solvent evaporation the resulting solid
asymmetric epoxidations and cyclopropanations of alkeneswas pentane washed to give a brown powder. THeNMR

and of Lewis acid catalysts for asymmetric hetero-Diels
Alder reactiong??! These systems are reportedly activated
by light,?° so quantitative evaluation of their photochemical

spectrum showed two compounds, so further purification was
necessary. Recrystallization either by slow evaporation of a
concentrated CKCN solution or by dissolving in minimal CiTl,

properties has relevance beyond the focus on possibleand adding pentane dropwise and then refrigerating overnight gave

biomedical applications.

Experimental Section

Materials. All solvent distillations were under dinitrogen.
Acetonitrile (AN) and cyclohexane were distilled from GCaH

square brown crystals, but yields were not quantifi¢d. NMR
(CD,Cly): 6 8.31 ppm (s) (methine proton), 7.48.43 (t) 0 =

7.8 Hz), 7.33-7.31 (d) 0 = 8.0), 7.16-7.13 (d) 0 = 8.6), 6.76-
6.72 (t) 0 = 7.4) (aromatic protons), 4.161.05 (complex multiplet
for the methylene protons) & 2.0). (The integration is 1:1:1:1:1
for the aromatic protons to 1 for the methine protons to 2 for the

toluene from sodium metal, and tetrahydrofuran (THF) from sodium methylene protons consistent with the molecular symmetry.)
and benzophenone. Dichloromethane, ethanol, methanol, dimethyl\is(FAB+): m/z 398 (M — ONO*), 414 (M — NO*). FTIR

formamide (DMF), and diethyl ether were reagent grade and were (CH,CN): 1841 cmi (vyo,); 1633 cni? (ve—y); 1603 cn! (vomy);

used as purchased. The 3,5telit-butyl-2-hydroxybenzaldehyde,
3-tert-butyl-2-hydroxybenzaldehyde, 1,2-phenylenediamibl -
ethylenebis(salicylideneimine), and tetrabutylammonium hexafluo-
rophosphate were bought from Aldrich, ethylenediamine was from
Arcos, and Ru(NO)GI5H,0 was from Strem Chemicals. The latter
was also prepared from Ru3H,0 (Johnson-Matthey) according
to a published procedufé.The Ru(salen)(PR}» was prepared
according to a literature procedu’feThe 1,2-phenylenediamine was
recrystallized from ethanol/cold pentane, while theJRj[PFs] was

(19) (a) Armor, J. N.; Scheidegger, H. A.; Taube, HAm. Chem. Soc.
1968 90, 5928. (b) Armor, J. N.; Pell, S. 0. Am. Chem. S0od973
95, 7625.

(20) (a) Takeda, T.; Irie, R.; Shinoda, Y.; Katsuki, $ynlett1999 07,
1157-1159. (b) Mihara, J.; Hamada, T.; Takede, T.; Irie, R.; Katsuki,
T. Synlett1999 07, 1160-1162., (c) Uchida, T.; Irie, R.; Katsuki, T.
Synlett1999 07, 1163-1165. (d) Masutani, K.; Uchida, T.; Irie, R;
Katsuki, T.Tetrahedron Lett200Q 41, 5119-5123. (e) Nakata, K.;
Takeda, T.; Mihara, J.; Hamada, T.; Irie, R.; KatsukiChem—Eur.
J. 2001, 7, 3776-3782. (f) Mihara, J.; Aikawa, K.; Uchida, T.; Irie,
R.; Katsuki, T.Heterocycle2001, 54, 395-404.

(21) Odenkirk, W.; Rheingold, A. L.; Bosnich, B. Am. Chem. Sod992
114, 6392-6398.

(22) Muller, J. G.; Takeuchi, dJnorg. Chem.199Q 29, 2185-2188.

(23) Carrondo, M. A. A. F. d. C. T.; Skapski, A. C.; Thornback, J. R.;
Wilkinson, G.Inorg. Chim. Actal977, 24, L95—L96.

3730 Inorganic Chemistry, Vol. 41, No. 14, 2002

1532 cm! (ve=c)). UV—Vis (CHCL): Amax370 nm € 4.6 x 10°
M~ cm1). An X-ray structure was obtained (see below).

[Ru(salen)(NO)LO. The oxo-bridged dimer is a byproduct of
the synthesis ofl. The yield was increased as follows. A
concentrated THF solution of [Ru(salen)(RBh(0.50 g in 20 mL)
was stirred fo 1 h under excess NO (500 Torr) after which the
NO was removed and orange solid was collected by filtratibih.
NMR (CDClg): 7.76 ppm (methine proton) (s), 7.43.36 (t)
= 7.2 Hz), 7.05-7.03 (d) 0 = 8.8), 6.91-6.89 (d) 0 = 7.6),
6.602-6.583 (t) 0 = 7.6) (aromatic protons) 4.424.40 and 3.93
3.91 (multiplets for methylene protons) € 7.8). FTIR (CHCIy):
1762 cmt (vno); 1644, 1602, 1532 cni (salen bands).
MS(FAB*): m/z 813 (M").

Ru(salen)(CI)(NO) (ll). This was prepared as described previ-
ouslh?! and also by reaction of the dimer with HCI. When
[Ru(salen)(NO)YO (106 mg) was dissolved in GBI, (16 mL) and
6 M aqueous HCI (3 drops) was added, a solid identified as
[Ru(salen)(HO)(NO)]CI (see below) precipitated from the solution.
The precipitate was separated by filtration, and the filtrate solution
containingll was evaporated to dryness under reduced pressure.
IH NMR (CDCl): 6 8.27 ppm (s) (methine protons), 7:48.42
(t) =7.6Hz), 7.33-7.30 (d) 0 = 8.8), 7.277.25 (d) 0 = 8.8),
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6.72-6.68 (t) § = 7.6) (aromatic protons), 4.00 and 4.40 (dd) at room temperature for another 48 h. Yellow orange needles were
(methylene protons). FTIR (GEl,): 1844 cntt (vyo); 1638 cnit collected by filtration and dried under reduced pressure for 12 h.

(ve=n); 1533 cn! (ve=c). UV—vis (CHCly): 376 nm € 5.2 x Yield: 88%.'H NMR (CDCL): 6 13.7 ppm (s), (phenol proton),
1 Mtcmd). 8.66 (s) (methine proton), 7.39 (dd¥Jgny = 7.8 Hz,“Jyy = 1.4
‘BugsalenH, (N,N’-(ethylene)bis(3,5tert-butylsalicylidene- Hz), 7.35-7.32 (m), 7.2%7.24 (m), 7.24 (dd), 6.86 (tfdn =

imine)) was prepared by reaction of 3t&r-butyl-2-hydroxy 7.8 Hz) (aromatic protons), 1.58 (3B protons). FTIR (CDG):
benzaldehyde (1.00 g, 5.39 mmol) with ethylenediamine (0.150 g, 1612 (m,vc—), 1576 (w), 1522 (s), 1476 (m), 1424 (s) ch
2.69 mmol). The salicyaldehyde was first dissolved in 40 mL of MS(FAB*): m/z 429 (M*), 413 (M — CH3*), 373 (M — 'Bu),
ethanol, and the solution was heated. To the hot stirring solution, 267 (M — C11H140%). UV—vis (acetonitrile): 276 nme(2.47 x
ethylenediamine was added dropwise. The solution was allowed 10* M~% cm?), 334  1.85 x 107).
to reflux for 1 h and then was allowed to cool, and the solids  Ru(‘Buzsalophen)(CI)(NO) (V).To a rapidly stirred suspension
precipitated. These were collected by filtration and found to be pure of NaH (73 mg, 3.06 mmol) in 50 mL of THF was slowly added
according to the!H NMR spectrum. A second crop could be 'Bupsalophen (0.655 g, 1.53 mmol), and the mixture was stirred
obtained from the liquid by reducing the volume until solids until it became a clear solution and the evolution of hydrogen
appeared and letting the ethanol slowly evaporaké. NMR stopped. The solution was refluxed for 0.5 h before Ru(N@)Cl
(CDCL): 6 8.43 ppm (s) (methine protons), 7.41 (s), 7.11 (s) 5HO (0.65 g, 2.0 mmol, 1.3 equiv) dissolved in 10 mL of THF
(aromatic protons), 3.95 (s) (methylene protons), 1.48 (s), 1.33 (s) was added dropwise over a period of 1 h. The solution was protected
(‘Bu protons). UV~vis (acetonitrile): 330 nme(8.4 x 103 M1 from light and refluxed 30 h. The solvent was then removed by
cm1), 422 € 1.7 x 10). distillation under argon. The crude product was chromatographed
Ru(Bussalen)(CI)(NO)) (Ill). The procedure was similar to that ~ ©n a silica gel column using GRI, as eluent. The desired product
for preparation ofll . RUCb(NO)'SHzO (050 g, 1.97 mmo|)’ eluted first R( = 06) (The other prOdUCtS, red in color, adhered
Buysalen (0.97 g, 1.97 mmol), and a stirring bar were placed in a 10 the column but could be removed with methanol (one fraction)
100 mL three-neck round-bottom flask with a reflux condenser. and methanol/6 M HCI 85/15 (second fraction)). The dark red
The flask was evacuated then flushed with argon 3 times. The solidsSolution of the product band was reduced in volume under reduced
were left under bubbling argon, and dry, deaerated toluene (40 mL) Pressure, and brown crystals formed. Thé NMR spectrum
was added via cannula. At this point NE0.80 mL; 5.91 mmol) showed that CkCl, remained trapped within the crystals. Under
was added via syringe, and the reaction mixture was heated to refluxinert atmosphere or reduced pressure, the crystals crumbled into
for 22 h. The solution was allowed to cool and then was filtered, Orange-red powder as the solvent was lost. Rinsing the material
and the filtrate was collected. The solvent was removed by rotary With pentane removed GRI, entirely, and a red brown powder
evaporation. Purification by silica gel chromatography using@# was obtained. Yield: 290 mg (32%). FTIR (CREI 1842 cm'?
as the eluent first gave a yellow band collected that was identified (no); 1609 cnt (ve—y); 1599 cnt (ve—c). FTIR (CHCN): 1843
as unreacted ligand. The second band was brown and was themM * ("no, € 1.1 x 10 M~ s7%); 1606 cnmt (ve—n, € 1.3 x 10°
compound of interest. The solvent was removed by rotary give a M~ s™). *H NMR (CD:Cly): ¢ 8.95 ppm (s) (methine protons),
red-brown powder in 88% vyieldH NMR (CDCL): 6 8.28 (s) 7.98-7.96 (m), 7.53 (dd)*0un = 7.0 Hz), 7.46-7.44 (m) 7.36
(methine proton), 7.57 (d), 7.01 (d) (aromatic protons), 3.89 and (dd) Cdun = 8.1 Hz), 6.71 (t) ¥un = 7.7 Hz) (aromatic protons),
4.38 (dd) (methylene protons), 1.50 (s), 1.31 {g)tbutyl protons). 160 (s) Bu protons).:C NMR (CD,Cl,, 125.703 MHz, 300 K):

FTIR (CHCL): 1831 cni? (vno); 1625 and 1602 cmt (ve—y); 0 170.9 C-ORu), 158.7 (N=CH), 143.4 (), 143.3 (), 136.1
1525 cnt! (ve—c). UV—Vis (CHsCN): Amax 370 nm € 6.9 x 108 (CH), 135.0 CH), 128.9 CH), 120.26 CH), 116.6 CH), 116.6
M=t cny). MS(FABY): m/z656 (M. Anal. Calcd for GHagOsNs- (CH), 36.5 C(CHy)3), 29.9 (CHy). *H—13C-HETCOR (CDCly,

CIRu: C, 58.5; H, 7.0; N. 6.4. Found: C,57.9, H, 6.8, N, 7.5.  499.869 MHz/125.703 MHz, 300 K)5(*H)/6(**C) = 8.95/158.7
Ru(Bussalen)(ONO)(NO) (IV). Ru(Bussalen)(NO)(CI) (0.194 (N=CH), 7.97/116.6 (ArCH), 7.53/135.0 (ArcH), 7.45/128.9

g, 0.295 mmol) and AgN§(0.091 g, 0.295 mmol) were placed in (Ar'-CH), 7.36/136.1 (Ar€H), 6.71/116.6 (52H). Anal. Calcd for

a one-neck Schlenk flask with a magnetic stir bar, and the flask CzsHaoNsOsCIRu: C, 55.3; H, 5.0; N, 7.2; Cl, 5.69. Found: C,

was evacuated and filled with argon thrice. The solids were left 26-7; H, 5.1, N, 7.1; Cl, 6.0. MS(FAB)m/z 593 (M"), 558 (M —

under flowing argon, and a dry, deaerated 1:1 mixture ofCM CI"), 528 (M — CI = NO"). UV—vis (CHCN): 458 nm ¢ 1.03

and toluene was added via cannula. The reaction vessel was heategf 10* cm™ M™). UV—vis (THF): 466 nm ¢ = 1.33 x 10°*

at 40°C for 45 min and then allowed to cool, and the solution was €M *M™). UV—vis (CHOH): 458 nm ¢ = 1.12x 10*cm™ M™).

filtered to remove the precipitated AgCl. The solvent was removed ‘Bussalophentt (N,N'-o-phenylenebis(3,5-ditert-butylsalicyl-

by rotary evaporation, and the solid product was redissolved in ideneimine)) was prepared by a literature procedéfred 2:1

dichloromethane and chromatographed on silica gel. The first band (Stoichiometric) solution of the aldehyde aoghenylenediamine

was yellow and identified as unreacted ligand; the second band in ethanol was refluxed for several hours. The mixture was allowed

was brown and the compound of interest. After collection of the 0 €00l and to sit at room temperature for several days before

product band, the solvent was removed by rotary evaporation, andfiltering to collect the solid producéH NMR (CDCL): ¢ 13.74

a powder was obtained (71% yieldd NMR (CDCL): 6 8.28 (s) (phenol proton), 8.67 (s) (methine protons), 7.39 (8a«7.8

ppm (s) (methine proton), 7.54 (d), 7.02 (d) (aromatic protons), H2) 7.36-7.32 (m), 7.25 (dd)¥) = 7.8 Hz), 7.2#-7.23 (m), 6.86

4.14-4.01 (complex multiplet) (methylene protons), 1.50 (s), 1.31 () (}J = 7.6 Hz) (aromatic protons), 1.44 (B0 protons). FTIR

(s) Bu protons). FTIR (CKCl,): 1850 cnt® (vyo); 1636 cnrt (CDCly): 1615 cn1?! (ve=n). MS(FAB'): m/z 541 (M*), 525 (M

(von); 1535 cnmt (vec). UV—Vis (CHsCN): Amax 390 nm ¢ 5.8 —CHgz"), 485 (M — C(CHg)z™). UV—vis (THF): 340 nm € 1.92

x 108 M~ cmY). x 10*M~1cm1). UV—vis (CHCN): 280 € 2.7 x 100 M~1cm™),

Bu,salophenh (N,N'-0-Phenylenebis(3tert-butylsalicylidene- 336 nm € 1.91 x 107).

imine)). A mixture Qf S.{ert-butylsallcylaldehyde (0.78 g, 4.4 (24) (@) Pleiffer, P. T. H.J. Prakt. Chem 1937 149, 242-275. (b)
mmol), o-phenylenediamine (0.22 g, 2.0 mmol), and ethanol (3 mL) Woltinger, J.; Backvall, J. E.; Zsigmond, &hem—Eur. J.1999 5,
was refluxed for 3 h. The suspension was allowed to cool and sit 1460-1467.
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Ru(‘Bugsalophen)(CI)(NO) (VI). In an inert-atmosphere box,  the monitoring wavelength. Flash photolysis solutions were de-
Bussalophen (0.43 g, 0.8 mmol) was added to a rapidly stirred aerated by freezepump-thaw cycles in a cell with a four-sided
NaH suspension (38 mg, 1.6 mmol) in 10 mL of DMF, and the quartz cuvette and adapted for connection to a gas/vacuum manifold.
mixture was stirred until Hevolution ceased and a clear red solution After degassing, samples were equilibrated with a barometric
formed (1 h). This was heated to 106 under argon, and Rug&l measured PNO (corrected for solvent vapor pressure). Alternatively
(NO)-5H,0 (0.260 g, 0.8 mmol) dissolved in 10 mL of DMF was a known quantity of NO was frozen into a cell. The NO
added dropwise over a period of 2 h. The solution was protected concentrations were calculated from tRgo and the solubility of
from light and kept at 108C for 22 h after which the DMF was NO in the appropriate solveft. For laser flash experiments,
partly removed under reduced pressure. A mixture of 90 mL of absorption spectra of photolysis solutions were recorded before and
water and 80 mL of CLCl, was then added to this residue. The after to evaluate any sample decomposition.
organic phase was separated, washed 3 times with 80 mL of water, Back-Reaction Kinetics.Slower reaction rates were determined
and then dried by stirring ov@® g of MgSO, for 4 min. The solution using a HP-8452A diode array spectrophotometer and HP kinetic
was filtrated, and the volume of the filtrate was reduced under software. The magnetically stirred samples were first subjected to
vacuum. Afterward, the solution was dried again by stirring over 8 continuous photolysis from a 200 W high-pressure Hg lamp using
g of MgSQ, for 10 min. Ether diffusion into this solution over 14  band-pass filters to select the irradiation wavelendih).( Once
days led to a mixture of dark red crystals and black powder. The the photochemical reaction was near completion, spectral changes
crude product was dissolved in @B, and added to a dry packed due to the back-reaction were followed at a regulated constant
silica column. After the CKCl, evaporated, the column was rinsed temperature.
with pentane and 85:15 pentane/ether (v/v) to remove the ligand. Quantum Yield Measurements. Chemical actinometry was
The eluent was then changed to £Hy and pure product eluted  performed with ferric oxalate solutiod$.The photolysis source
from the column. (In addition, an uncharacterized green band elutedwas the output from a 200 W high-pressure mercury lamp passed
with CH,Cl, while a red band characterized to be thexo dimer through an IR filter and collimated with lenses. An appropriate
eluted with methanol. Last, a reddish orange band eluted with a interference filter was used to select the desitgd A shutter
methanol/6 M HCI (85:15 v/v) mixtureIH NMR (CDCl): 6 8.91 shielded the sample from the arc lamp. A sample of known volume

(s) (methine protons), 7.977.92 (m), 7.6 (d) Uun = 2.4 Hz), in a quartz 1 cm square cuvette with a magnetic stirring bar was

7.41-7.36 (m), 7.19 (d)40un = 2.4 Hz) (aromatic protons), 1.60 irradiated for defined time periods. The UVis spectrum of the

(s) and 1.36 (s)'Bu protons). FTIR (CDG): 1843 cnrt (vno, € sample was recorded after each irradiation period, and this process

=1.1x 10* M~t cmY); 1606 cn? (ve—pn, € = 1.3 x 10* M1 was repeated until approximately 30% of the reaction was

cm1). MS(FAB"): m/z 705 (M"), 688, 675 (M— NO™), 670 (M completed.

— CI"). UV—vis (CHCN): 468 nm (1.11x 10* M~tcm™). A Data Analysis.Intensity vs time traces obtained in the laser flash

crystal structure was determined gt (see below). photolysis experiments were convertedAébs vs time plots by
[Ru(salen)(H,0)(NO)ICI (VII). This was the second product use of either Scopemate (a custom program) or Igor (Wavemetrics)

in the synthesis ofi from the dimer. To increase the yield @il software. Curve fitting for exponentiddAbs vs time and Abs vs

over that ofll, the amount of water can be increaséd. NMR time traces was accomplished using Igor software. Second-order

(C3De0): 0 8.14 (s) (methine protons), 7.40 (t), 7.07 (d), 7.04 (d), rate constant&o were determined by plottingg,s vs [NO] and
6.64 (t) (aromatic protons), 4.54 and 4.15 (complex multiplet) fitting the result to a linear equation.
(methylene protons). FTIR (acetone): 1856 értvyo); 1644 and Quantum yields were determined by fitting a plot of incremented
1603 cnT! (ve=n). UV —vis (H;O): 354 nm (3.8x 10 M~1cm™1). quantum yields (first 1830% of the reaction) for each absorbance
Instrumentation and Techniques.Optical spectra were recorded  change vs percent reaction, with a linear equation. yiimercept
on a HP-8452A diode array spectrophotometer and FTIR spectrais the quantum yield. All reported numbers are the average of 3
on a Bio-Rad FTS-60 spectrophotometer. NMR spectra were independent experiments, and the error is the standard deviation.
obtained on a Varian 400 or 500 MHz nuclear magnetic resonance Crystal Structures. Room-temperature single-crystal studies
spectrometer. FAB mass spectra were obtained on VG 70E doublewere carried out on a Siemens Smart CCD diffractometer equipped
focusing mass spectrometer. with normal-focus 2.4 kW sealed-tube X-ray source (Mo K
Laser Flash Photolysis Instrumentation.Time-resolved optical radiation) operating at 50 kV and 40 mA with a two-dimensional
(TRO) spectra were recorded on flash photolysis systems describedCCD detector. Computations were performed on a Silicon Graphics
previously?®> One employed a RCA 8852 phototmultiplier tube Indy 5000. The crystals were solved by direct methods followed
(PMT) detector to record kinetic traces by single-wavelength by difference Fourier methods.
detection. The other used a Princ_eton Instruments model 1024-Results and Discussion
EUV CCD camera to record transient spectra. The pump source
was the third harmonic (355 nm) output of a Continuum NY-61  Syntheses.The salophen complexe¥ and VI were
Nd:YAG pulsed laser. The photolysis cell was mounted in a prepared by the steps described by Scheme 1. The salen
regulated constant temperature cell holder. Hydrostatic pressurecomplexesll —IV could be prepared by an analogous
studies were carried out using a high-pressure system with aprocedure using ethylenediamine rather than the phenylene-
“pillbox” cell as described elsewhefé. diamine in the first step. The synthesis of Ru(salen)(ONO)-
Solution Preparations. Solutions for kinetics and photolysis (NO) (1) was also accomplished from the reaction of excess
studies were prepared from dried and distilled solvents in an argon-No with Ru(salen)(PPJ as described earlier; however, this
filled VAC inert-atmosphere box. Optical densities wer8.6 at procedure led to copious quantities of the insoluble dimer

(25) Bridgewater, J. S.; Netzel, T. L.; Schoonover, J. R.; Massick, S. M.;

Ford, P. C Inorg. Chem 2001, 40, 1466-1476 (27) “Oxides of Nitrogen; IUAPC Solubility Data Seriesvol. 8 Young,
(26) (a) van Eldik, R.; Ford, P. QAdv. Photochem1998 24, 61—-146. (b) C. L, Ed.; Pergamon Press: Oxford, U.K., 1983.

Crane, D. R.; Ford, P. Q. Am. Chem. S0d.991, 113 8510-8516. (28) (a) Calvert, J. G.; Pitts, J. RhotochemistryJ. Wiley & Sons: New

(c) Traylor, T. G.; Luo, J.; Simon; J. A.; Ford, P. @. Am. Chem. York, 1967; pp 783-786. (b) Malouf, G.; Ford, P. Cl1. Am. Chem.

S0c.1992 114, 4340-4345. So0c.1977, 99, 7213-7221.
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Scheme 1. Synthesis of Ru(R-Salophen)(X)(NO) Table 2. Selected Bond Lengths (A) and Bond Angles (deg) for

=() H Ru(salen)(ONO)(NO)I{
2

) R OH + Ru(1)-N(3) 1.746(6) Ru(2rN(7) 1.743(6)
Ru(1)-N(1) 1.998(6) Ru(2)N(6) 2.014(5)

H, Ru(1)-N(2) 2.021(5) Ru(2)N(5) 2.016(5)

Ru(1)-0(12) 2.035(5) Ru(2y0(24) 2.025(6)

_ Ru(1)-0(14) 2.039(5) Ru(20(21) 2.030(4)

refluxing Ru(1)-0(11) 2.040(4) Ru(20(22) 2.041(4)

ethanol O(13)-N(3) 1.138(6) O(23yN(7) 1.138(6)
O(14)-N(4) 1.205(8) O(24¥N(8) 1.099(8)

O(15)-N(4) 1.172(8) O(25¥N(8) 1.208(9)

N(L)—Ru(1)-N(2) 82.1(2) N(6-Ru(2~N(5) 82.6(2)

. N(2)-Ru(1)-0(12) 94.02) N(5-Ru(2-0(21) 94.0(2)
N(3)-Ru(1)-O(14)  175.0(2) N(ARu(2-0(24) 176.6(2)

N(1)—Ru(1)-0(11) 94.4(2)

N(6}Ru(2)-0(22) 93.6(2)
O(12-Ru(1)-O(11)  88.1(2)

O(BRu(2-0(22)  88.7(2)

% R N@4)-O(14)y-Ru(l)  1205(55) N(B-O(24)-Ru(2)  127.5(7)
O(13-N(3)-Ru(l)  176.4(6) O(23)N(7)-Ru(2)  175.9(6)
O(15-N(4)-0O(14)  118.6(9 O(24¥N(8)-O(25)  122.9(10)

Table 3. Crystal Data and Structure Refinement for
Ru(Bu.Salophen)(CI)(NO) )

£ empirical formula GgH30CIN3O3Ru
C%\:: fw 593.07
(G=Nn,, temp 293(2) K
R@(f'&l\ R wavelength 0.710 73 A
l cryst system triclinic

space group P1

a=6.7817(4) Ao = 81.2400(10),

b=14.1412(7) Ap = 79.5850(10),
c=14.6124(8) Ay = 89.7130(10)

unit cell dimens

Table 1. Crystal Data and Structure Refinement for

Ru(salen)(ONO)(NO)1) V,Z 1361.82(13) & 2
empirical formula GeH14N4OsRU gggs;gyeg:alcd) é’ %1? rl\r/llr%{ﬁq
I‘é"mp 424933;(3;) « F(000) 608
wavelength 071073 A cryst size 0.52 0.26x 0.13 mm
cryst sys%em nlﬁonoclinic 6 range for data collcn 1.8828.00
space group P2,/c limiting indices 8<h=<8,18<k=18,18<1=<18

unit cell dimens

a=21.4680(5) Ao = 90°,

b= 13.12060(10) AB = 92.1510(10),

c=12.0083(3) Ay = 90°

reflcns collcd
indepdt reflcns
refinement method

14 136
6081 [R(intF 0.0323]
full-matrix least-squaresrén

V.Z 3380.03(12) &, 8 data/restraintsf/parazlms 6081/0/331

density (calcd) 1.743 Mg/t goodness-of-fit orf 0.862

abs coeff 0.964 mmt final R indices [ > 20(1)] R1=0.0273, wR2= 0.0572
; R indices (all data) R%* 0.0363, wR2= 0.0582

F(000) 1776 largest diff peak and hole 0.371 and 0.554 €A

cryst size 0.13< 0.11x 0.027 mm ’ '

6 range for data collcn 1.8224.00

correction was based on the symmetry equivalent reflections,
and other possible effects and other possible effects such as
crystal decay and absorption by the glass fiber were
simultaneously corrected. The structure was determined with
an R factor of 0.0599. Detailed crystal data foare listed

in Table 1.

The asymmetric unit of consists of two independent
molecules. The NO is bound to the metal in a nearly linear
[Ru(salen)(NO)]O unless the ruthenium precursor was added fashion for both molecules with bond angles of 176&@r
to the reaction very slowly. The dimer did prove to be a O—N—Ru (1) and 175.9for O—N—Ru(2). The nitrite ONO
suitable precursor to the water soluble salt [Ru(salesQjH angle is 118.6 in structure 1 and 12229in structure 2.
(NO)]CI, which was formed upon hydrolysis of the dimer Selected bond lengths and angles are listed in Table 2, and
in dilute aqueous HCI. the complete data are given in the Supporting Information.

Crystal Structures. Ru(salen)(ONO)(NO) (1). Wilkinson Ru(‘Bugsalophen)(CI)(NO) (V). A suitable crystal oV
et al. reported in 1977 the synthesislodind some aspects grown by slow evaporation of a toluene solution was
of the structuré? Reported here are the full details of a newly mounted on a thin glass fiber with epoxy resin. Unit cell
determined crystal structure. A crystal grown by slow dimensions were determined by a least-squares fit of reflec-
evaporation from acetonitrile solution was mounted on a thin tions with| > 100(l) and £ < 26 < 56°. The number of
glass fiber with epoxy resin. Unit cell dimensions were reflections used in the cell refinement was 14 316. The
determined by a least-squares fit of reflections wlith empirical absorption correction was based on the symmetry
100(1) and 10 < 20 < 56°. The number of reflections used equivalent reflections; other possible effects such as crystal
in the cell refinement was 14 816. The empirical absorption decay and absorption by the glass fiber were simultaneously

limiting indices 28 h=<28,14<k=<17,13<1 <15
reflcns collcd 14 816

indepdt reflcns 5231 [R(intF 0.1002]

refinement method full-matrix least-squaresrén
data/restraints/params 5231/0/469

goodness-of-fit orfr2 0.992

final R indices [ > 20(1)] R1=0.0599, wR2=0.0739

R indices (all data) R# 0.1239, wR2= 0.0874

largest diff peak and hole 0.565 and 0.539 €A
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Figure 2. Molecular structures and atom labels for Ru(salen)(ONO)(NO)
as determined by X-ray crystallography.

Figure 3. Side-on view of the molecular structure of RRif;salophen)-
(CI)(NO).

Table 4. Selected Bond Lengths (A) and Angles (deg) for
Ru(Bu;Salophen)(Cl)(NO) )

Ru(1)-N(3) 1.723(2) Ru(13N(1) 2.009(2)
Ru(1)-N(2) 2.013(2) Ru(1}0(1) 2.0197(14)
Ru(1)-0(2) 2.0254(13) Ru(BCI(1) 2.3669(6)
N(3)—-0(3) 1.135(2)
N(1)-Ru(1)-N(2) 82.62(7) N(LFRu(l-O(1)  94.16(7)
N(2)~Ru(1)-0(2) 94.17(6) O(1}Ru(1)-O(2)  88.50(6)
N@2)-Ru(l-O(1)  172.32(7) N(I}Ru(1}-0O(2)  174.69(7)
N@3)-Ru(l-Cl(1) 178.20(7) O(3YN(3)—-Ru(l) 176.5(2)

Works et al.
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Figure 4. Electronic spectra of compounts|V in acetonitrile solution.

for the analogous porphyrin complexes Ru(TPP)(ONO)(NO)
and Ru(OEP)(ONO)(NO) (TPE tetraphenylporphyrniato,
OEP = octaethylporphyrinato) were 180.0 and 174.and
the vno bands in CHCI, occur at 1860 and 1851 crh
respectively’2 Notably, for all of these complexes the NO
anion is oxygen coordinated; i.e., these are “nitrito” rather
than “nitro” complexes.

A comparison of molecular packing modes lirand V
(Supporting Information Figures S-1 and S-2) reveals an
interesting steric effect of thert-butyl on the intermolecular
interactions and on molecular packing modesl the two
molecules in the asymmetric unit are oriented with a
85.7angle between two molecular planes defined by organic
ligands. The intermolecular packing force appears to be
hydrogen bonding between the phenoxy oxygen of one
molecule and €H groups of adjacent molecules. These
C—H---O interactions are evidenced by short® distances
of 2.37 and 2.53 A (on the basis of calculated hydrogen
positions). In comparison, the shortest-® distances
involving the NO and ONO groups are2.7 A. ForV the
tert-butyl groups of shield the phenoxy oxygens from such
interactions. The plane defined by the salophen ligand is tilted
about 32 from thebc plane, and the molecules are stacked
in a coplanar arrangement along the unit egdixis with an
intermolecular distance equal to theaxial length.

Optical and IR Spectra. The electronic spectra of Ru(R-

corrected. The X-ray crystal structure was determined with an salen)(X)(NO) compounds-1V in acetonitrile solutions are

R: factor of 0.0273. Detailed crystal data are listed in Table 3.
The asymmetric unit o consists of only one molecule,
the structure of which is shown in Figure 3. The-RdO
bond is approximately linear with a bond angle of 176.5
and a Ru-N bond length of 1.723 A. Selected bond lengths

displayed in Figure 4. For each there are strong ligand
localizedz—a* UV absorptions (not shown) seen also for
the free ligands (Supporting Information Table S-1). In the
near-UV, the salen complexéandll display a strong band
with Amaxat 370 and 376 nm, respectively, while tBeysalen

and angles are shown in Table 4, and complete data are givertomplexedll andIV display similar bands at 390 and 394

in the Supporting Information.

The nearly linear ReN—O bond angles found fot
(Figure 2, 176.4 and 175Pand forV (Figure 3, 176.9)
are in accord with expectations for thRuNG} © electronic

nm. This band is moderately solvent sensitive. For the free
ligands a weaker band assigned to afmfi transition (where

“n” is the nonbonding orbital of the nitrogen lone pair
electrons) occurs in this regiéhHowever, salen coordina-

configuration?® Formally, these species can be represented tion involves theo-donation of nitrogen lone pair, so this

as RU(NO™) complexes, consistent with their diamagnetic
natures (shargH NMR spectra were obtained) and their
relatively high frequencyno bands, 1841 cmt for | and
1843 cnrt for V in acetonitrile. The RaeN—O angles found

orbital would be substantially stabilized. Accordingly, the
n—a* band is found at 406 nm for free salepHvhile the
near-UV Anax are found at 370 and 376 nm férand |l ,
respectively, in acetonitrile. Although the blue-shift seen

(29) Enemark, J. H.; Feltham, R. D. Am. Chem. S0d.974 96, 5002
5004.
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(30) Khan, M. M. T.; Shaikh, Z. A.; Kureshy, R. |.; Boricha, A. B.
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Figure 5. Quantitative comparison of the electronic spectra of Ru-

(‘Bussalen)(CI)(NO) (Il ) and Ru{Bussalophen)(CI)(NO)Y!) in acetonitrile.

would be in accord with @—xz* assignment, a larger shift
might be anticipated, and the high extinction coefficients
(~(5—11) x 10®* M~ cm™) suggest charge-transfer char-
acter. Consistent with a metal-to-ligand charge transfer
(MLCT) assignment is the observation thatand VI with

2.0 T T T T T
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Figure 6. Spectral changes observed for Ru(salen)(ONO)(NPJ{ring
365 nm continuous photolysis in acetonitrile solution at room temperature.
Isosbestic behavior is observed at 313, 444, a884 nm.

tion, characterized by isosbestic points at 313, 392, and 448
nm, to give a photoproduct with increased absorbance at 348
nm and new bands appearing at 494 and 724 nm. Exhaustive
photolysis leads to a final stable spectrum. On the basis of
the assumption that a single product was formed (see below),
the extinction coefficients of the respective bands were
calculated as 1.5 10, 1.3 x 10°% and 5.0x 1 M~tcm™.

the more delocalized salophen ligands display strong bands_onger wavelength bands similar to that at 724 nm have

with Amax at 458 and 468 nm in acetonitrile (e.g., Figure
5).3132 However, the salen complexds-IV themselves
display significant absorption at these longer wavelengths

with intensities sufficient to suggest charge-transfer character.

Even the simple cationic ruthenium amine complex Ru{iH
(NO)** displays a broad, low-energy bantg ~ 460 nm)
which has been assigned as&RlL) — 7*(NO), but this is
by comparison very weake (< 10? M~* cm™1). Since the
ligands used to prepafe-VI do not show visible absorp-
tions, the tailing of the spectra bf-IV into the visible may
be best explained terms of a charge-transfer transition
(MLCT being the most likely) although this may also have
d-(Ru)— *(NO) or ligand (phen-oxo)~ 7*(NO) character
as well®?

In the FTIR spectra, theyo bands for complexeks—VII
all fall in the 1832-1856 cn! range. The only exception
is the [Ru(salen)(NOYD dimer at 1762 cmt.

Photochemistry of the Nitrosyl ComplexesWhen solu-
tions of the ruthenium salen nitrosyl complexXeslV and
the salophen analogu®sandVI were subjected to continu-

been reported previously for Ru(lll) salen complexes and
were assigned as ligand (phen-oxo) to metal (Ru(lll)) charge-
transfer (LMCT) bandg® The LMCT band proved to be
moderately solvent dependent.

Ru(L)(X)(NO) + Sol Ru(L)(X)(Sol)+ NO  (4)

L = R-salefi", R-salophefi; X = CI~, ONO~

When analogous 365 nm photolysis of an acetonitrile
solution ofl in a 0.2 mm path length CaEell was monitored
by FTIR spectroscopy, theno IR band at 1850 cri
disappeared, and no new band appeared in this region. The
imine (C=N) band at 1636 cmt shifted to 1610 cm!. The
UV —vis spectral changes of this solution recorded in the
Cak, cell paralleled those described above, and plots of
optical spectra band intensity changes versus changes in the
IR band intensities were linear implying a one-to-one
correspondence. When the photolysis was carried out under
NO (Pno = 1 atm), the same photoproducts were observed;
however, over several hours the starting spectrum was

ous photolysis, the resulting optical spectral changes wereregenerated. Thus, photolysisloin acetonitrile apparently

consistent with substitution of NO by a solvent molecule

leads solely to reversible NO photolabilization as described

(eq 4). For example, Figure 6 illustrates the spectral changesin eq 1.

seen when an acetonitrile solution lof~0.011 mM) was
irradiated atlir = 365 nm. This displays a clean transforma-

(31) On the other hand. the MLCT assignment would appear inconsistent
with the shifts seen upoiBu substitution of these ligands, sin@&u
is more electron donating than H. Another possibility that has been
discussed in other complexes are ligand (L) to ligand (NO) charge
transfers (LLCT)32¢

(32) (a) Schreiner, A. F.; Lin, S. W.; Hauser, P. J. Hopcus, E. A. Hamm,
D. J.; Gunter, J. DInorg. Chem.1972 11, 880-888. (b) Boggs, S.
E. Ph.D. Dissertation, University of California, Santa Barbara, CA,
1996. (c) Gorelsky, S. I.; DaSilva, S. C.; Lever, A. B. P., Franco, D.
W. Inorg. Chim. Acta200Q 300, 698-708. (d) Gorelsky, S. |.; Lever,
A. B. P.Int. J. Quantum Chen200Q 80, 636-645

Continuous photolysis experiments carried out for com-
poundsll —VI led to analogous spectra changes in various
solvents. (For example, Supporting Information Figures S-3
and S-4 display the spectral changes resulting from photolysis
of the salophen compleX.) Spectra of the photoproducts
from I -1V are shown in Figure 7. In each case, a band in
the 700-800 nm range characteristic of a Ru(lll) salen
complex was observed in accord with NO dissociation from
the diamagnetic Ru(L)(X)(NO) starting material. Further

(33) Leung, W. H.; Che, C. Minorg. Chem.1989 28, 4619-4622.
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Table 5. Quantum Yields for NO LabilizatiorPno® from Ru(L)(X)(NO) in 298 K Acetonitrile Solution Measured for Continuous Photolysis at
Different Irradiation Wavelengths

Dno (/linf = 365 nm) Ddno (/1irr =436 nm) Dno (/linf =546 nm)

Ru(L)(X)(NO) (mol/einstein) (mol/einstein) (mol/einstein)
Ru(salen)(ONO)(NO)I| 0.067+ 0.002 0.058+ 0.002
Ru(salen)(Cl)(NO)I( ) 0.13+0.01 0.09+ 0.01 0.07+ 0.02
Ru(Bugsalen)(CI)(NO) (I ) 0.030+ 0.002 0.040t 0.002 0.020+ 0.001
Ru(Bugsalophen)(Cl)(NO)\) 0.077+ 0.008 0.033+ 0.002 0.014+ 0.001
Ru(Bussalophen)(CI)(NO)V!I) 0.055+ 0.003 0.027 0.002 0.01H4 0.002
[Ru(salen)(HO)(NO)ICI (VII ) 0.005+ 0.00F

a All quantum yield values were determined from averaged of 3 or more independent measuré@@n865 nm irradiation of/ ®no was 0.043+
0.004 in methanol and 0.046 0.006 in tetrahydrofurarf.Measured in aqueous solution.

. N . T 1 t excited state (ES) or one with a relatively low barrier for
soxio e A : dissociation, a likely candidate being the mixees(NO)/
oy -+ Ru(Bu,salen)}(Cl)(Sol) . )
[ — Ru(salen)(ONO)(Sol) d—d state assigned as the lowest energy ES of the simple
sk i -+~ Ru(Bu,salen)(ONO)(Sol) | ruthenium amine nitrosyl complexés.However, in the
HARE - - Ru(salen)(Ci)(Sol) absence of more detailed photophysical and theoretical

studies of such systems, this proposal is largely speculative.

In an earlier report from this laboratory, Lorkovic et®al.
described the photochemistry of the nitrito nitrosyl ruthenium
porphyrin systems Ru(P)(ONO)(NO) €2 TPP or OEP) and
showed that the NOas well as NO dissociates upon
photolysis (eq 5). In the case of N@issociation, the parent
Ru(P)(ONO)(NO) compounds were regenerated under excess
Figure 7. Photoproduct spectra observed after exhaustive photolysis of NO- via a dispropprtiona}tion pathway that also givefoN
acetonitrile solutions of nitrosyl complexésIV . which was quantlf_led by ItS_IR bE_lnd at 2220 Ch('tOIuene_)?4

(An analogous disproportionation may be responsible for

evidence regarding the identity of the photoproducts can beformation of nitrito ligands in the syntheses bf3) In
drawn from changes in théH NMR spectra. Before  contrast, the spectral changes seen upon photolysis of the
photolysis, solutions of these materials display NMR spectra nitrito nitrosyl complexes and1V, as well as the kinetics
with sharp and characteristic proton resonances, but 365 nmbehaviors of the photoproducts, gave no suggestion that NO
photolysis leads to peak broadening and eventually to spectraphotodissociation was a competing pathway with NO photo-
consistent with paramagnetic Ru(lll) compounds. dissociation. Nonetheless, to test this possibility toluene and

Photoinduced spectral changes similar to those seen incyclohexane solutions d¥ under excess NO~300 Torr)
acetonitrile were observed in THF and dichloromethane were photolyzed (365 nm) in a Cagell and the IR spectra
solutions. (See Supporting Information Tables S-2 and S-3, monitored periodically. Difference spectra indicated no
which list photoproduct spectra féor andlll in different absorbance changes at 2220 érhence not any formation
solvents.) When the photolyses were carried out in aeratedof N,O. NO dissociation is apparently the only photoreaction
solutions, the spectral changes were permanent; howeverfor the salen type complexes under the conditions studied
in deaerated solutions or under NO, the photoproducts here.
underwent back-reaction to regenerate the starting complexes.

The rates of regeneration proved to be strongly dependent ﬂ( Ru(P)(NO) + NO,
——

e (M'cm™)

0
300 400 500 600 700 800
Wavelength (nm)

on the solvent as well as on [NO], and quantitative studies Ru(PYONO)NO)
of these systems are described below. Notably, when
photolyses were carried out in deaerated solutions of cyclo-
hexane or toluene, there were no observable spectra changes Thys, the photochemistry of each of these salen and
indicating the formation of photoproducts. As will be salophen complexes is dominated by the simple dissociation
delineated below, this is the result of very fast back-reaction of NO as described by egs 1 and 4. Photodissociation of
rather than the absence of photoreactivity. NO generates the Ru(lll) solvento complex Ru(L)(X)(Sol),
The relatively slow back-reactions in donor solvents such and this species must be that responsible for the photolysis
as acetonitrile allowed for the determination of the NO promoted Cata|ysis by Ru(L)(X)(NO) solutions of various
labilization quantum yield ®no) on the basis of spectral  organic transformations including hetero-Dielsider reac-
Changes and the calculated prOdUCt extinction CoeffiCientS.tionS, alkene expoxidationsl and Cyc|0pr0pana‘[@nﬂ_
For | in acetonitrile,®no determined in this manner was  further seems likely that the Lewis acid catalysis of Diels
0.067 for 365 nm irradiation and 0.0580.002 for 436 nm Alder reactions reported previoué}yfor Ru(sa|en)(|2{))-
excitation. In generalPno decreases at longés, but the  (NO)* and attributed to the electron-withdrawing properties

complexes remain photoactive even at the longgsitudied  of NO may have included contributions from inadvertent NO
(546 nm) (Table 5). This pattern suggests that the NO

labilization may result from population of a dissociative (34) Lorkovic, I. M.; Ford, P. Clnorg. Chem.1999 38, 1467-1473.

Ru(PYONO)(Sol) + NO (5)
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Figure 8. Spectral changes seen for the back-reaction ofBRugalen)- Figure 9. Plot of kops Values for the back reaction of RB(,salen)(Cl)-

(CI)(THF) with NO (7.5 mM) to givelll in 298 K THF solution. Inset: (THF) with NO to givelll determined in 298 K THF vs [NOJkno =
Decay of the absorbance at 408 nm and the fit to an exponential function 0.57¢0.07) M1 571,
to give kops 4.65 x 1073 s71,

As noted above, there appeared to be little or no net
labilization from this phOtOIabile SDECies. The participation reaction when the Ru(L)(X)(NO) Comp|exes were Subjected
of the solvento species is further consistent with the to continuous photolysis in hydrocarbon solvents such as
qualitative observations that catalysis rates are markedlytolyene and cyclohexane. While it is possible that these
solvent sensitivé?*! for example, acetonitrile strongly  systems are simply not photoactive, it seemed more likely
inhibited Diels-Alder reaction catalysis byl .* that back-reactions occur too rapidly under these conditions

Thermal Substitution Mechanisms. Reaction of NO  to observe transient solvento complexes using conventional
with Solvento Ru(lll) Photoproducts. The photochemical  spectroscopic techniques. To test the latter proposition,
generation of the Ru(L)(X)(Sol) photoproducts provides the seyeral complexes in hydrocarbon solutions were subjected
opportunity to investigate the kinetics and other details of tg flash photolysis using time-resolved optical (TRO) detec-
the substitution reactions to regenerate Ru(L)(X)(NO) (e.g., tion on the microsecond time scale. Indeed, reactive inter-
eq 6). For donor solvents such as acetonitrile and tetra- mediates with spectra consistent with those seen in other
hydrofuran, even dichloromethane, these rates were suf-gg|yents were thus observed. For example, the flash pho-
ficiently slow to study using conventional spectrophotometric tolysis of RufBussalen)(CI)(NO) in toluene gave a transient
techniques, and back-reactions appeared quantitative for eaclifference spectrum (Figure 10) displaying the LMCT
system investigated. For example, Figure 8 displays the aphsorption band characteristic of a Ru(lll) salen complex,
spectral changes seen for the back-reaction oBRigalen)- e g. RuBussalen)(Cl)(Sol). The decay of this in the presence
(CD(THF) with NO (7.5 mM) in 298 K THF solution. Clean  of excess NO showed two regimes, one quite fast leading to
isosbestic points at 338 and 467 nm are evident, and theg resjdual absorbance, followed by a very slow decay of the

spectrum evolves quantitatively to that of Bagsalen)(Cl)-  |atter to baseline. The magnitude of the residual proved to
(NO) (). be dependent on the amount of®present, i.e., very small

Ky in “dry” toluene but larger in toluene to which,B® had been
Ru(Bu,salen)(Cl)(THF )+ NO — added, so the residual is likely to be due to the long-lived

intermediate RuiBussalen)(Cl)(HO) formed by the competi-
Ru(‘Bu4saIen)(CI)(NOHr THF (6) tive trapping of RuBussalen)(Cl)(Sol) by HO (Scheme 2).

The kinetics of this reaction is illustrated by the temporal '€ fastdecay process was first order under excess NO, and
absorbance decay at 408 nm shown in the Figure 8 inset,[N€ Kobs values determined were a linear function of [NO] at
which was fit to an exponential function to give thgsvalue each temperature studied (Figure 11). From the slope of such

— V| 11 i
4.65x 103 sL. The values okgsobtained in this manner & Plotkno = 2.20€£0.05) x 10" M™% s™ was obtained for
were dependent on the NO concentration. A plokg vs the reaction of RuBussalen)(Cl)(Sol) with NO in 298 K

[NO] proved to be linear with an intercept of zero within toluene solution. Thus, this reaction is8 orders of

experimental uncertainty (Figure 9). Thus, the reaction magnituQe faster in toluene than in THF. When ﬂ‘f"Sh
follows second-order kinetics (eq 7), and the slope of this Photolysis of RuBusalen)(C)(NO) was carried out in

plot (0.57+ 0.07 ML s7Y) is the second-order rate constant cyclohexane, the value &f,o was another factor of 20 higher
Table 6).
kno. (

Each of the compounds studied displayed comparable
d[il ] . behavior. The values okyo determined for the Ru(lll)
—a ~ KnolRu(Bu,salen)(C(THRINO]  (7)  complexes Ru(L)(X)(Sol) in various solvents are listed in
Table 6.
Analogous kinetics behavior was seen for other Ru(L)(X)-  Activation Parameters for Substitution Reactions.
(Sol) complexes in CECN, THF, and CHCI,. Values ofkyo Temperature effects on the kinetics of selected complexes
determined at 298 K in these solvents are listed in Table 6. and solvent systems were probed by determining the first-
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Table 6. Second-Order Rate Constaikg for Reaction of Ru(L)(X)(Sol) with NO in Various Solvents (Sol) at 298 K

kno (M~1s71) values in different 298 K solvents

Ru(L)(X)(Sol) Sol= CHzCN Sol=THF Sol= CH.Cl, Sol=toluene Sok= cyclohexane
L = salen; X=Cl 4.7(+0.3) x 1074 0.22(:0.07) 6.7(0.4) 3.76:0.3) x 107
tBugsalen; Cl 9.240.2) x 1074 0.57(0.07) 2.26:0.1) x 107 5.0(0.2) x 10°
Bussalen; ONO 7.2£0.3)x 1072 2.6(£0.3) x 108
Bu,salophen; Cl 0.19¢0.03) 5.3¢:0.5) x 1%
Bussalophen; Cl 3.10.1)x 1073 0.18(¢0.02) 9.2(-0.5) x 1(°

akno values were determined from the slopes of linear plotk,gfvs [NO] for 4—7 NO concentrations in each solvent.

' ‘ ' 600x10° fF | u : T 7
8x10° .
400
- kobs
AAbs

200
0

0 2 4 6 8 10 12

[NO] mM
4(',0 Géo 8&, Figure 11. Plots of kops values vs [NO] for the back-reaction of

Ru(Bussalen)(Cl)(Sol) with NO to givell determined in toluene at 298,
303, 308, and 313 K. An Eyring plot of these data (inset) gattko™ =
Figure 10. CCD spectrum of the transient species generated from 34 + 2 kJ/mol andASyot = +10+ 6 J K- mol2.
Ru(Bugsalen)(NO)(CI) during laser flash photolysis in toluene under excess

NO (611 Torr). The spectrum was collected at°Z5 and the excitation photolysis, that is, the back-reactions of the photoproducts
wavelength was 355 nm. The delay time was 400 ns (the laser pulse had a of 111, V., andVI in toluene. The volume of activation for a

10 ns lifetime), and the gate wasu3. ) ;
reaction rate is defined by e¢?8Thus, a plot of Ink,ysat a

Wavelength (nm)

Scheme 2 fixed [NO] vs the hydrostatic pressuReas shown in Figure
Rgf}ﬁ)éfi)(NO) 12 for the NO reaction with RtBu,salen)(Cl)(Sol) in toluene
ene) has a slope equal teAVyo*/RT. In cases reported here, rates
i lgqvo decreased sharply with increasing pressure; hence, the
h activation volumesAVyo* are large and positive (Table 7)
Ru(L)(X)(toluene) consistent with a substitution mechanism with a dissociative

(8)

/ KW[NO] charactef®?
(d Ink;
—F ( ))

Ru(LY(X)(H,0) -——» Ru(L)(X)(NO} AV = dP
order rate constants at several NO concentrations and plotting The kinetics of the NO reaction with Ru(L)(X)(Sol) to
these to obtain values &fo for specificT's. For example,  give Ru(L)(X)(NO) (eq 6) clearly suggest that the facility
Figure 11 illustrates plots for the reaction of Hi;salen)- of this reaction is dependent on the lability of the leaving
(CI)(Sol) with NO in toluene. An Eyring plot of these data group. For a system such as Busalen)(Cl)(Sol) the range
(Figure 11 inset) gavAHyo® = 34 & 2 kJ/mol andASyo of kyo values ismore than 11 orders of magnitudiem the
= +10 £ 6 J K mol™.. Activation parameters obtained slowest reaction in the donor solvent acetonitrile to the fastest
from such temperature dependence studies for severain much weaker donor cyclohexane. The other systems
complexes in toluene by flash photolysis experiments and probed show analogous behavior. The smdilyo* values
in acetonitrile by conventional spectrophotometry are sum- seen in toluene solution and the larger ones seen in
marized in Table 7. The notable observation here is that theacetonitrile are consistent with this conclusion, and the large
AH values are very solvent dependent, more than twice aspositive values ofAVyo* recorded in toluene are strongly
large for Sol= acetonitrile as for Sot toluene. The greater  suggestive of a dissociative or dissociative interchange
AHyo* value for the stronger donor solvent argues that Ru- mechanism under these conditions. Th§o* values are
Sol bond breaking must be important in the reaction neither large and positive nor large and negative and show
mechanisms for NO substitution for Sol. no clear trend. In this context we would favor an interchange

Hydrostatic pressure effects were also investigated, butmechanism perhaps dominated energetically by dissociation
the configuration of our apparatus limited such studies to of Sol; however, a more detailed investigation would be
the faster reactions that could be investigated by laser flashrequired to provide a sounder foundation to that conclusion.
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Table 7. Temperature Effects on Second-Order Rate Constaat$or Reaction of Ru(L)(X)(Sol) with NO in Various Solvefits
kno for different Ru(L)(X)(Sol)

L = 'Bugsalen, L = Bugsalen, L = 'Bugsalophen, L = ‘Bugsalophen, L = 'Bugsalophen,

T (K) X = Clin acetonitrile Clin toluene Clin toluene Clin acetonitrile Clin toluene
293 4.7¢0.1) x 10° 7.8(0.1) x 10°
298 0.91¢:0.06) x 1073 2.5(0.4) x 107 5.7(£0.1) x 10° 3.1&0.1) x 10°3 9.2(£0.1) x 10f
303 1.9¢-0.1) x 1073 3.2(£0.4) x 107 7.3(0.1) x 108 5.9(0.1)x 1073 10.7(@0.2) x 10°
308 3.4¢0.1)x 1073 3.9(&0.5) x 107 10.4@0.5) x 10° 10.1@0.1) x 1073 12.4(0.4) x 10°
313 7.04:0.1) x 10°3 5.1(£0.1) x 107 12.3@0.4) x 108 16.2@0.2) x 1073 14.6(@0.2) x 10°
318 10.2¢-0.1) x 1073
AH* (kJ mol) 87(+ 8) 34 2) 36 3) 82 4) 20 1)
AS (I K1 mol™Y) —12+ 26 +10+6 +6+8 —-17+12 —46+2
AV#(298 K) (mL mol?) +22+2 +13+2 +16+2

akno values were determined from the slopes of linear plotkgfvs [NO] for 4—5 NO concentrations in each solvent.

. I more closely those of the BETPPS) system than that of
Ru(NHs)6*, namely that the kinetics of formation of the

102 meta-NO species are dominated by the lability of the ligand
2 being replaced.
< Summary. The ruthenium nitrosyl complexes Ru(R-
< 100 salen)(X)(NO) and Ru(R-salophen)(NO) &XCI or ONO)

all undergo NO labilization with moderate quantum yields
when subjected to near-UV or visible photolysis as does the

9.8 , J water soluble complex Ru(saleny®)(NO)". Further studies
500 1000 will address the potential of these and related materials to
P (atm) serve as precursors for photochemical NO delivery to various

Figure 12. Plot of In kops at a fixed [NO] vs the hydrostatic pressife targets. The other products of these photolyses in various
e ot o e vaagSOlvents (S0) are the Ru() solvent complexes Ru(R-saler)-
of +16.2¢:0.4) mL mot was calculated. (X)(Sol) and Ru(R-salophen)(Sol), and there is little or no
labilization of other ligands in these photoreactions. It is

It should be noted that the patterns seen for the NO likely that these ruthenium(lll) complexes are the species
substitution mechanisms of the Ru(L)(X)(Sol) complexes responsible for the report&d_ewis acid, oxene transfer, etc.,
described here appear to fall between the patterns seen focatalysts formed upon photoactivation of Ru(R-salen)(X)-
two related systems. The reaction of NO with aqueous (NO) precursors.
Ru(NHs)6*" to give RU(NH)s(NO)®*™ has been reported by The rates of the back-reactions of the solvento products
Armor, Scheidegger, and Tauto be slow kyo = 0.2 Ru(R-salen)(X)(Sol) and Ru(R-salophen)(Sol) with NO to
M~1 st at 298 K) but much faster than the substitution re-form the nitrosyl analogues vary dramatically depending
reactions of Ru(Nk)¢** with other ligands under the same on the nature of Sol. The reactions are quite slow in donor
conditions, and an associative mechanism was proposedsolvents such as acetonitrile and THF but much faster in
Subsequent studies by Armor and Pélleported a very low  weak donors such as toluene and cyclohexane, second-order
activation enthalpyAHno" = 34 kJ mot?) but a large and  rate constant&yo ranging from 5x 1074 M~ s71 for the
negative activation entropyAGo® = —120 J mot! K1) re-formation ofll in acetonitrile to 5x 10° M~ s (12
consistent with this conclusion. In contrast, the Fe(lll) water orders of magnitude) for re-formation Bf in cyclohexane.
soluble porphyrin complex BETPPS)(HO), reacts with Activation parameters are consistent with the view that the
aqueous NO to give EETPPS)(HO)(NO) at a much faster  reactivities of these metal centers with NO are dominated
rate kno = 4.5 x 10° M~1 s71 at 298 K& with activation by the labilities of the ligand being replaced and suggest
parameters suggesting a dissociative mechantsifyg* = that the ligand substitution occurs by a dissociative or
69 kJ mol?l, ASyof = +95 J molt K1, AVyo' = +9 mL3 dissociative interchange mechanism.
mol™Y). Furthermore, the activation parameters closely paral-
lel those for the rapid exchangk{= 1.4 x 10’ stin 298
K water) between solvent and coordinategt+bf the labile
Fe''(TPPS)(HO), complex3® Both systems involveTmetal
ion complexes, although the Ru(lll) species are low spin
whether or not NO is coordinated, while"'HgPPS) under-
goes a transition from high to low spin when forming the
nitrosyl complex. Nonetheless, the reactivity patterns for the  Supporting Information Available: Figures S-+S-4 and

Ru(L)(X)(Sol) complexes described here appear to follow Tables S-+S-3 as well as crystallographic information.
This material is available free of charge via the Internet at
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