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Abstract: Described are the spectra and kinetics of transients formed by laser flash photolysis of the ruthenium
nitrosyl nitrito complexes Ru(P)(NO)(ONO), TPP (nesetetraphenylporphyrin), OEP (octaethylporphyrin),
TmTP (tetra(-tolyl)porphyrin), and FTTP (tetrattrifluoromethylphenyl)porphyrin) in benzene solutions.

Two transient decay processes are seen on the time frahen§) of the flash photolysis experiment, and a
residual difference spectrum, which decays to baseline on a longer time frame, is noted as well. The accumulated
evidence points to the formation of two primary photoproducts, Ru(P)(ONDpfmed by NO photolabilization

and Ru(P)(NO) B) formed by NQ photolabilization. Both decay by NO dependent pathways, the reaction

of A with NO to re-form Ru(P)(NO)(ONO) being substantially faster (245 x 108 M1 s71 in ambient
temperature benzene) than the reactioBafith NO (2.4-10 x 10° M1 s71). The product of the latter
reaction is apparently the dinitrosyl complex Ru(P)(MQyhich undergoes a much slower thermal reaction

with excess NO to give again Ru(P)(NO)(ONO). The possibilitBdieing the oxo complex ©Ru(P)(NO)

formed by NO loss from coordinated nitrite was considered but concluded to be a minor pathway at best.
Isotopic exchange reactions using either labeled complex or labeled NO in cyclohexane demonstrate
photochemical exchange of NO into both the nitrosyl and nitrito complexes, and time-resolved infrared
experiments are consistent with formation of a long-lived nitrosyl-containing intermediate. Flash photolysis
studies of the respective nitrosyl chloro complexes Ru(TPP)(NO)CI and Ru(OEP)(NO)CI indicate that only a
single transient species, presumably Ru(P)CI, is formed in each case, and this decays by a single NO dependent
pathway back to starting material.

Introduction has relatively low thermal reactivity but is photochemically
active to give NO when subjected to electronic excitation. This
. . o - proposition has stimulated investigations in this laboratory into
oA S ot oo o oo, e ermal g phoocherticl reactesof iferent ypes o
These recent discoveries have stimulated interest in the cherﬁ-me'[al mtrpsyl complexes,® including certain nitrosyl metal-.
istry and biochemistry of NO and of precursor compounds which Io_porphyrlns. Notably, metalloporphyrln and hem_e protein
can serve to deliver NO to biological targets on demr@ine nitrosyl complexes were the subjects o_f photochemical studies
strategy for NO delivery would be to employ a compound that even preceding the discovery of NO’s bioregulatory functi§ns.

In the course of the present studies, it was found that nitrosyl

T University of California. porphyrin complexes of the first row transition metals prepared
*Los Alamos National Laboratory.
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in this laboratory? were too labile, too reactive with dioxygen, Chromatography on silica starting with 50/50 &Hi/pentane and
or both to be promising for practical applications in photo- increasing the CkCl/pentane ratio, followed by solvent removal at
chemical NO delivery to specific targets in biological organisms. 'oom temperature or lower, removed these impuritte®eaction of
As a consequence, attention turned to the preparation ofF‘)lu(FTJP)(CfO) Vt"r']th I\‘lro ?gowed pgéthe 'SOlamtl'O” pro(;eci“r?Z det§fgr|dt)ed
: e elsewhere for the TmTP anaf8hy gave two products identifie
I this context an sarier report from ths 1aboratory describes, SPeCOscopically as RUETTP)NO)(ONO) and RuTmTP)NO)(OF)
T ) . pectral data fod: UV/visible in CH,Cly (Amax NM (€, M~ cm™1))
the synthesis, spectroscopic characterizations, and structures ofng (1 69 1P, Soret), 559 (1.33 10%), 606" IR (cyclohexane,
several nitrosyl ruthenium complexes of tetraphenylporphyrin ¢yt (¢, M1 cmi2)) 1847 (3400,n0), 1535 (1070(asono), 1350,
(TPP) and octaethylporphyrin (OEP). In that report, it was 1305, 1175, 1165, 1135 (2086000, CF); 'H NMR (CDCl, 6 vs
noted that the principal product of the nitric oxide reaction with TMS, ppm) 8.98 (8H, mB-pyrrole), 8.39-8.56 (8H, m,orthao), 8.13
Ru(P)(CO) in noncoordinating solvents is the nitrosyl nitrito (4H, d,J =8 Hz, metg, 7.96 (4H, mJ = 8 Hz, para); FAB-MS (m/z,
complex Ru(P)(NO)(ONO). Described here are the photo- relative intensity, assignment) (expected MW of Ru(FTTP)(NO)(ONO)
chemical properties of such nitrosy! nitrito complexes and related = 1062) 1063 £ 1, Ru(FTTP)(NO)(ONO) H"), 1033 (10, Ru(FTTP)-
species as studied by several techniques including flash pho-(NO)(ONO) = NO + H), 1016 (100, Ru(FTTP)(NO), 1002 (25,

tolysis with time-resolved optical (TRO) and time-resolved Ru|(r1F-[;r2(cr)1t”i'9r?6 SO’ tlfurf_': Tpr))'r tion N e m red in
infrared (TRIR) spectral detection. strumentation. =lectronic absorption spectra were measured |

0.0202 cm Cafand 0.2 and 1 cm quartz cells on Hewlett-Packard

8452A diode array and Cary 118 (OLIS digital upgrade) spectropho-
tometers. Infrared spectra of solid samples in a KBr matrix and of
dichloromethane or cyclohexane solutions were recorded with a Bio-
Rad FTS-60 FTIR spectrophotometer. NMR spectra were obtained

dichloromethane (Ca#i methylcyclohexane (Caf cyclohexane  On Varian 200, 400, and 500 MHz spectrometers in GIICHCI; at
(Cah), and toluene (Ca) were distilled under N Methylcyclohex- 7.260 ppm). FAB mass spectra (xenon atom bombardment of a
aned;, was obtained from Aldrich and used as received. Chromato- 3-itrobenzyl alcohol matrix) were obtained on a VG 70E double
graphic grade argon (Air Liquide) was passed through an indicating focusing mass spectrometer.

oxygen trap (Chromatograph Research Supplies). Nitric oxi@9%b; Photolysis Solutions. Solutions for photolysis experiments were
Matheson) was passed through a stainless steel column filled with prepared with optical densities 0f0.6 (10°-10° M) at the
Ascarite || (NaOH on a silicate carrier; Thomas Scientific) to remove Monitoring wavelength. If necessary, mild sonication was used to
higher nitrogen oxides. All manipu|ation5 of NO gas and NO- facilitate dissolution. Solutions were protected from room |ight with
containing solutions were carried out in stainless steel or glass vesselsaluminum foil and used within an hour of preparation. When stored
and lines with greaseless fittings. Ruthenium dodecacarbony! (Stremin the dark, solid samples of Ru(P)(NO)(OH) proved to be stable in

Experimental Section

Materials and Procedures. Prior to use in synthesis or photolysis,
reagent grade benzene (dried over @aH,2-dichloroethane ¢®s),

Chemicals)mesetetragn-tolyl)porphyrin (TmTP; Midcentury, Posen,
IL), and mesetetrafn-trifluoromethylphenyl)porphyrin (FTTP; Mid-
century) were used as received.

The ruthenium nitrosyl porphyrins Ru(TPP)(NO)(ONQ)),(Ru-
(TPP)(NO)(CH), Ru(OEP)(NO)(ONO)2J, Ru(OEP)(NO)(CH), and
Ru(TmTP)(NO)(ONO) B) were prepared by the reactions of Ru(P)-
(CO) (P=TPP, TmTP, or OEP) with NO as described elsewheté.
The chloro complexes Ru(TPP)(NO)CI and Ru(OEP)(N® @lere
prepared from the hydroxyl analogues Ru(P)(NO)(OH) in,Ckiby
treatment with gaseous HCI in GEl, following the procedure of
Bohlel?

Synthesis of Ru(FTTP)(NO)(ONO) (4). The carbonyl compound
Ru(FTTP)(CO) was prepared from RGO), and BFTTP as described
for Ru(TmTP)(CO)L*14 Upon heating on the rotary evaporator, the
solution containing Ru(FTTP)(CO) darkened, aittlNMR showed
the formation of a paramagnetic species (broad peaks, fwlid Hz).

(11) (a) Miranda, K. M.; Bu, X.; Lorkovigl.; Ford, P. Clnorg. Chem
1997 36, 4838-4848. (b) Lorkovi¢ I.; Ford, P. C. Submitted for
publication.

(12) Spectroscopic data for Ru(OEP)(NO)CI: UV/visible (T, Amax
(e/10%, M~LcmY)): 354 nm (31), 399 (140, Soret), 48578.8) 547" (6.6),
568 (6.8); IR (CHCl,, KBr): 1844 (1300 Mlcm?), 1827 cnt?; 1H NMR
(CDCl3, d): 10.39 ppm (s, 4H, meso), 4.19 (m, diastereotopit,CHs,
16H,J = 7.5 Hz), 2.01 (t, CHCH3, 24H,J = 7.5 Hz); FAB-MS 699/
(parent), 669 (Ru(OEP)(Cl), 664 (Ru(OEP)(NO)), 634 (Ru(OEPY)).
Spectroscopic data for Ru(TPP)(NO)CI: H NMR (CRGI) 9.01 ppm (s,
8H, 5-pyrrole), 8.89 (m, 8Hmetg, 4.98 (m, 12Hprtho, para); UV/visible
(benzenedmax (e/10%, M~ cm™1)) 332 nm (21); 414 (Soret, 180), 564 (9),
610 (sh, 3.5).

(13) (a) Bohle, D. S.; Goodson, P. A.; Smith, B. Bolyhedron1996
15, 3147-3150. (b) Massoudipour, M.; Pandey, K. Korg. Chim. Acta
1989 160, 115-118.

(14) Barley, M.; Becker, J. Y.; Domazetis, G.; Dolphin, D.; James, B.

R. Can. J. Chem1983 61, 2389-2396.

(15) (a)™H NMR spectral data for Ru(FTmTP)(COJH NMR, CDCls,
5 vs TMS 8.66 (8H, m), 8.40 (b m, 8H), 8.06 (4H, 3= 7.6 Hz), 7.89
(4H, t,J = 7.6 Hz). (b) The!H NMR spectrum of Ru(FTTP)(NO)(ONO)
is more complex than that of Ru(FTTP)(CO) or &f!® but in CHCE

air for months; however, under identical conditions, Ru(P)(NO)(ONO)
slowly degraded to Ru(P)(NO)(OH). To remove this impurity, the Ru-
(P)(NO)(ONO) was dissolved in dichloromethane and passed through
a Pasteur pipet filled with ADs/CH,CI, (activity grade 1; Merck)
immediately before preparation of photolysis solutions. The column
elutant containing Ru(P)(NO)(ONO) was collected in a round-bottom
flask while Ru(P)(NO)(OH) remained on the column. The solvent was
immediately removed under vacuum, and photolysis solutions were
prepared in the desired solvent. An alternative way of preparing such
solutions was to dissolve the Ru(P)(NO)(ONO) solid containing some
Ru(P)(NO)(OR) impurity under a NO atmosphere and then allow it to
react with NOs (generated by introducing a small amount of),Ga
procedure which converts the latter cleanly to Ru(P)(NO)(ONO).

Photolysis solutions (510 mL) were deaerated by the freeze
pump-thaw (f—~p—t) method in a laser photolysis cell (total volume
60 mL) that consisted of a triple O-ring Chemglass Teflon stopcock, a
four-sided quartz cuvette, and an O-ring adapter for connection to a
gas/vacuum manifold. Typically, fourfp—t cycles were sufficient
to remove the dissolved gases. After degassing, the sample cell was
opened to the manifold to equilibrate with a barometric measured
pressure of NO or Ar. The concentrations of NO were calculated from
the Pno and the known solubility of NO in benzef®.The electronic
absorption spectra of photolysis solutions were recorded on a Hewlett-
Packard 8452A diode array spectrophotometer immediately before and
after laser flash photolysis to determine the degree of sample
decomposition.

Laser Flash Photolysis Instrumentation. Two systems were used
for time-resolved optical (TRO) absorption observation. The first
employed a photomultiplier tube (PMT) detector to obtain kinetic traces
at a single observation wavelengthTRO spectra were recorded point
by point by using a monochromator in the optical train to vary the
observation wavelength. The second system used a CCD camera to
record transient spectra at specified delay tiffe3he pump source
for all UV/visible transient absorption work was the frequency-doubled

(16) Oxides of Nitrogen. ITUAPC Solubility Data SerigsYoung, C.

coalescence to a higher symmetry spectrum is observed at temperatures., Ed.; Pergamon Press: Oxford, 1983; Vol. 8.

approaching 60C. This behavior suggests atropisomer interconversion (by

(17) Crane, D. R.; Ford, P. Q. Am. Chem. Sod991, 113 8510~

tolyl rotation) with lifetimes on the order of seconds at room temperature 8516.

for 4 in CDCls.

(18) Lindsay, E.; Ford, P. dnorg. Chim. Actal996 242 51-56.
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(532 nm) or -tripled (355 nm) output of a Continuum NY-61 Nd:YAG Table 1. Electronic Spectra of Ru(P)(NO)(X) Compounds in
pulsed laser with harmonic generators. The power was attenuated toAmbient Temperature Cil,

apprc_)ximately 20 mJ/pulse. For kinetic traces and point by point Amax M (loge, M~Lcm1)
transient spectra, the probe beam was the output from an ILC
Technology R300-5 300 W xenon lamp passed through an IR filter compound Soretband  Q(1,0) Q(0,0)

and a high-throughput monochromator. The probe and pump beams Ru(TPP)(NO)(ONO) 1) 410 (5.32) 564 (4.01) 60%3.65)

were approximately collinear, so the probe was passed through a SPEXRu(OEP)(NO)(ONO) %) 396 (5.15) 548(3.83) 574 (3.87)

Model 1680 Doublemate grating monochromator before detection at Ru(TmTP)(NO)(ONO)8) 411 (5.30) 561 (4.01) 606

the RCA 8852 PMT. The output of the PMT was recorded by a RU(FTTP)(NO)(ONO)4) 409 (5.23) 559 (4.12) 600

Tektronix TDS 540 digital oscilloscope and transferred to a computer RU(OEP)(NO)CI 399 (5.15) 547(3.82) 568 (3.83).

for data analysis and storage. For CCD experiments, the probe beamRU(TPP)(NO)CI 414 (5.26) 564 (3.95), 61(3.54)

was output from an Osram Xenophot HLX lamp set perpendicular to

the excitation beam. This was focused onto the sample, collected,and a 1.0 mm path length which was quickly sealed with Teflon

refocused onto a fiber optic, and brought to a SpectraPro-275 triple stoppers. Enough solution-0.4 mL) was used to minimize headspace

grating monochromator from Acton Research Corp. The probe light in the IR cell. After an initial spectrum was taken, the sample was

was then gated by a MCP intensifier, which was run from a PG-200 allowed to sit in the dark for 30 min, and another spectrum was recorded

programmable pulse generator from Princeton Instruments, Inc. The to determine the degree of nonphotochemical ligand exchange. There-

gated light was imaged onto a liquid nitrogen cooled, Princeton after, the sample was irradiated for 30 s intervals with a hand-held UV

Instruments Model 1024-EUV CCD from which data were transferred lamp, operating in long-wavelength mode (mostly 365 nm), held directly

to a computer. above the cell window (2.5 cm). After each irradiation interval, FTIR
Data Analysis. Intensity vs time traces obtained by single wave- spectra were recorded. The initial spectrum was then digitally

length detection were convertedAd\bs vs time plots by use of either  subtracted from the subsequent spectra to show consumption of starting

ScopeMate (a custom program by UGI Scientific) or Igor (Wavemetrics) material and growth of photoproduct. Analogous experiments were

software. Curve fitting ofAAbs vs time traces was accomplished carried out using fully labeled Ru(TmTPJ{80)(*0**N*€0) (prepared

using Kaleidagraph or Igor while point by point spectra were generated from the reaction of Ru(TmTP)(CO) witkN*&0) and unlabeled NO.

using Igor or Sigma Plot. Rate constants for first-order reactions were  Step-Scan FTIR Experiments. These were carried out on flowing

determined by fitting the data to the equation for an exponential curve. room-temperature cyclohexane solutions of Ru(TmTP)(NO)(ONO) with

Two other computational models were also used. For two parallel first- added NO (0.£0.9 atm)!* The sample cell waa 2 mmpath length

order reactions leading to a common product Cak IR cell. The instrument was a modified BioRad FTS 60A/896

step-scan FTIR using a photoconductive HgCdTe detector (Graseby

A M c (1) 1710117) at Los Alamos National Laboratdfy.The IR signal from
the detector was amplified (Graseby DP-8000-4 amplifier, rise time 1
B te c @ us) and processed by a BioRad Fast TRS board (200 ns time resolution)
installed in a Pentium PC. The data were processed by the BioRad

version of WIN-IR Pro. The third harmonic of a Nd:YAG laser was

the rate constant&; andk,, were obtained from the curve fit to eq 3 . o -
% 2 4 used as the photochemical excitation source (Spectra Physics DCR-

(a andb = amplitude of the first and the second exponential curves,

11).
AAbs=ae ' +be ' + ¢ ®) Results and Discussion

respectively,c = Abs att = ). For a serial pair of “first order” Spectra. The electronic spectra of compourids4 recorded
reactions in dichloromethane are summarized in Table 1. Figure 1

Nk displays the spectra of compountisand 2. The absorption

A—B—C 4) bands observed for each of these compounds are relatively
) ) independent of solvent medium.

the rate constant&; andk,, were obtained from the curve fit to eq 5 Observations Regarding the Photostability of Ru(P)(NO)-

(Ao = [A] at t = 0; ex = extinction coefficient of X;,c = Abs att =

oo)_

(ONO). As noted below, the flash photolysis of these porphyrin
compounds with 355 nm light in a weakly coordinating solvent
_ _ kot _—kit _ such as benzene led to the formation of transient species that
AA=[(es — ed(Adk)(e & ke — k)l + i decay by NO dependent pathways to re-form the starting
(ea — (A ™) + ¢ (5) complexes. Under NO=(100 Torr) little net photochemistry
was seen as the result of multiple pulse laser excitation or
continuous photolysis from a monochromatic light source or

uncertainties in the second-order rate constants, estimated conservativelgoom light. However, low-yield p_ermanent photochemistry was
from the reproducibilities of thé values extracted from numerical  >e€n for Ru(P)(NO)(ONO) solutions under argon or vacuum or
analyses of biexponential curves and these plots, were ab20f6. even under lowePyo. The resulting photoproducts were not
Isotope Labeling Experiments. Isotopically labeled nitric oxide ~ Characterized, although optical density changes were consistent

15\180 was purchased from lIsotec Inc. and used without further with the formation of the hydroxyl nitrosyl complexes Ru(P)-
purification. Saturated methylcyclohexadg-solutions of Ru(TmTP)- (NO)(OH). Net photoreactivity was also seen when Ru(TPP)-
(NO)(ONO) (~1 mL, ~1.4 mM) were prepared in a flask of known  (NO)(ONO) was irradiated in the presence of pyridine, and the
volume (30 mL) with an airless Teflon stopcock and a port sealed with product was identified spectrally as the bis(pyridine) adduct Ru-
a rubber/silicone/rubber septum. After the solution was degassed by(TPP)(py)g.ZO Similarly, the major photoproduct of Ru(P)(NO)-
several f-p—t cycles, a known amount dfN'8O (about 0.3 atm at (ONO) (P = TPP or OEP) in chlorocarbon solvents was
298 K, to make a 5 mMsolution of15N'80) was condensed into the characterized spectrally (IR, NMR) as Ru(P)(NOJZI

flask. From this point on, the solution was kept in the dark except . . . .
when intentionally irradiated. After thawing, the flask was brought Laser Flash Photolysis Studies.Flash photolysis experi-

into an argon-filled glovebox, and the inlet valve quickly opened and Ments were carried out under various NO partial pressures using
shut for pressure equilibration. The solution was swirled to equilibrate (19) Schoonover, J. R.; Strouse, G. F.. Omberg, K. M.; Dyer, R. B.
the vapor and liquid. An aliquot of the solution was then transferred Comments Inorg. Chem996 18, 165-188.

by syringe (through the septum) into an IR cell with Gafndows (20) Chow, B. C.; Cohen, I. ABioinorg. Chem1971, 1, 57—63.

Second-order rate constants for reaction with NO were obtained from
the slopes ok vs [NO] plots. Unless otherwise stated, experimental
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' Figure 2. Decays of the transient bleaching at 465 nm and of transient
absorption at 525 nm following 355 nm laser flash photolysis of a
08 4 benzene solution of Ru(TPP)(NO)(ONO) under nitric oxide (4.20°2
M) (T = 295 K, data averaged over60 pulses)). The fit shown is for
a model based on two parallel first-order processes{&, B— C)
04 g as described in the text.
Scheme 1
0.0 ! L ! i Ru(TPP)(NO)(ONO)
300 400 500 600 700 ( Amax 410, 560 nm )
nm
. .. . . hv (355 nm)
Figure 1. Room-temperature UV/visible absorption spectra in,CH
Cl. Top: Ru(TPP)(NO)(ONO)1). Bottom: Ru(OEP)(NO)(ONOJ). / \
355 nm. (Attempts to use 532 nm excitation were frustrated A1) B(1)
by the very low photoreactivity of the nitrosyl nitrito complexes (Amax 436,528 nm ) (Amyax 396, 538 nm)
1—4 at that wavelength.) The TRO spectral properties of the
four substrates demonstrated consistent behavior. Absorption ka(DINO] kg(1)[NO]

bands characteristic of the parent complexes were promptly
(within the 10 ns width of the excitation) bleached, and new,

transient absorptions in the Soret and Q-band regions were
immediately evident. In the Q-band region, where bands of
individual species are broader and overlap considerably, the

decay kinetics of both transient absorptions and transient P Ay y;))lhotoprlgd.ur?t (A~ B — C.) gave nurr:err:cal fits of
bleaches indicated multiple processes and required numericalCoparabie qua lty; however, transient spectral changes support

analysis by multiexponential functions at each monitorin the prompt formation of two species.  Furthermore, the mecha-
y y P ; 9 nistic implication of the latter scenario, i.e., two ligands labilized
wavelengthAmen In the (narrower) Soret band region, the

i . . . by single photon excitation, is less likely. For this reason,
transient absorption decays tended to be more consistent with : . .

. - A . ; analysis according to simultaneous decay of two promptly
single exponential functions, although this generally did not hold formed intermediates (Scheme 1) will be used in the subsequent
true for the recovery of the bleached band of the parent. discussion
Furthermore, while the flash induced absorbance changes of '

Ru(P)(NO)(ONO) solutions under NO decayed to values close When benzene solutions of were subjected to flash
to zero (i.e., to the original spectrum) within 108, residual ~ Photolysis under differenPyo, analysis of the subsequent

changes did persist. This was particularly evident atithe temporal spectral changes i.n the Q-bands demonstrated both

corresponding to the substrate Soret baggl, but even these ~ COmponents of the decay kinetics to be dependent on [NO].

changes largely decayed back to baseline on a substantially-in€ar plots of the observed rate constakisndk. (determined

longer (millisecond to second) time frame. at 558 nm), vs [NO] (+10 mM) are shown in Fl_gure 3. The
Ru(TPP)(NO)(ONO) (1). Pulsed laser excitation at 355 nm second-order rate constants obtained from their slopekaare

with single wavelength (PMT) detection at variou$mon (1) =2.5x 1M~ st andkg(1) = 2.8 x 10" M~* s* (where

demonstrated immediate: (0 ns) ground-state bleaching in the the subscripts A and B refer to the first (faster) and second

Q-band region with the most negativeAbs at 558 nm (near ~ (Slower) processes, respectively, and ttg ipdicates the

the Q(1,0) bandimax at 562 nm forl). A corresponding ~ compound under consideration).

transient absorption withmax of 528 nm was also observed. The decay of the transient absorption at 528 nm was also

Typical AAbs vs time profiles at 465 nm (transient bleach) and analyzed in terms of the same model to give the observed rate

at 525 nm (transient absorption) are shown in Figure 2. Theseconstants andk,. Plots of thesekps values vs [NO] were

and related data regarding temporal Q-band absorbances coul@Iso linear and gave the second-order rate constants 1@

not be fit satisfactorily to single exponential decays. The data and 2.7 x 10" M~ s for ka(1) and ks(1), respectively,

did, however, give good mathematical fits (correlation constants comparable to those determined at 558 nm.

>0.997) for a model involving two parallel exponential decays  The formation of at least two transients in the flash photolysis

with different rate constant&{andk) (Figure 2). Thek; and of 1in benzene ([NOJ 9.6 x 10-3 M) was confirmed by the

ko represent the decays of two photoproduct intermediatestime-resolved optical (TRO) spectra in the Q-band region

generated within the time scale of the laser flash, leading to the recorded with a CCD camera. Figure 4 illustrates the spectra

same product (A~ C and B— C, where C isl) or, possibly, collected shortly after the flash (100 ns) and after delays of 2

two different products of closely similar spectra. An alternative
mechanism based on sequential exponential decays from a single
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510 intermediate while the latter is sampling the shorter lived
010’ L P L intermediate. The return of the Soret absorbance at 412 nm

0 0.002 0.004 0.006 0.008 0.01

proved to be predominantly due to the faster decay process,
[NO] (M)

] _ since the amplitude attributable to the slower component
Figure 3. ki (a) andk; (b) vs [NOJ for the decay of the transient  (3ithough evident) was too small to give a reliable numerical
bleaching (558 nm) of Ru(TPPYNO)(ONO) after laser flash photolysis analysis. In addition, the decays of the transient absorbances

i — —-1g1 o
?573 :\SAS,P gl'lngﬁgf;gﬁéll éecgfr:oéz ZLCS B@dé(;;(\ﬁlls uzégdxto at 396 and 436 nm and of the Soret band_ bleach at 412 nm
calculate thekos values.) each proved to be dependent on [NO]. Linear plotkgpt
values vs [NO] gave the second-order rate constants 2.8
' M-1stat 412 nm, 2.9< 1 M1 st at 436 nm, and 2.

T T
Ru(TPPYNO)XONO) in CeH N R ) ’
[NOJ = 3.5 mM 10 M~t st at 396 nm. The first two values are consistent

0.04 ] i with the ka(1) measured in the Q-band region, while the third
0021y is in agreement with th&g(1) thus determined. TRO spectra
ap 000 recorded in the Soret region using the CCD camera agreed well
0.02 with those obtained by using the point by point method (Figure
0.04 5).
0.06 The dual pathway kinetics, observable at the Q(1,0) maximum
-0.08 but not reliably at the Soret maximum, were reproduced by
0.10 | . . single wavelength monitoring at the edge of the Soret band (465
450 500 550 600 nm) where transient bleaching was observed with complete
nm return to baseline. At thi$mon, the value ofka(1) (from k; vs

Figure 4. Transient absorption difference spectra in the Q-band region [NO]) was determined to be 2.8 108 M~* s~ while that of
for Ru(TPP)(NO)(ONO) after laser flash photolysis at 355 nm in kg(1) (from ky vs [NO]) equaled 2.3x 10’ M~1 s, Thus,
benzene. numerical analysis of temporal absorbance changes in both the

) . Soret and Q-band regions gave consistent rate constant values
and 22us. The prompt spectral change is described by a bleachfOr the two decay processes ((2:40.5) x 10F and (2.4 0.4)
centered at 455 nm, a positive peak at 528 nm, and a bleach at, 107 M1 s 1)

565 nm. After 2us (sufficient time for the fast [NO] dependent _
process to be largely completed under these conditions), the RU(OEP)(NO)(ONO) (2). 'Pulsed laser excitation (355 nm)
f a benzene solution d with broad band (CCD) detection

difference spectrum is characterized by the disappearance of® . . . .
much of the bleach at-460 nm (shoulder of Soret band), a 9aVe prompt transient bleaching with minima at 400, 470, and

shift in the Amax Of the transient absorption to 538 nm, and 585 nm (the first and third corrgsponding r(.)ughly'to the $oret
modest recovery of the bleach at 565 nm. After;22delay and Q-bandimax for 2) and tran_5|¢nt absorptions with maxima
(sufficient time for the second NO dependent decay to be largely @t 380, 423, and 530 nm. Similar to the TPP analogue, the
completed), a significant residual spectral change remains, (races collegted 'by single wavelepgth detectlon. in the Soret
indicating the presence of at least a third longer lived species. 'égion are primarily composed of simple decays Wi values
This residual difference spectrum eventually returns to baseline linearly dependent on [NO]. The return of the Soret band at
over a much longer period (seconds). 400 nm appeared to be predominantly due to decay of the fast
Flash photolysis ofl using single wavelength detection in  intermediate; a second, slower component had a much smaller
the Soret region demonstrated prompt transient bleaching withamplitude and did not give a reliable numerical analysisor
the largestAAbs at 412 nm (as compared to the Soret band The disappearance of the transiehf\bs at 423 nm also
Amax0f 410 nm forl) and in smaller transient absorbances (about followed the faster process and gakg2) = 3.6 x 10° M~*
20% of theAAbs at 412 nm) withAAbs maxima at 396 and s ! with little contribution from thekg(2) pathway. In contrast,
436 nm. In contrast to the Q-band region, some individual the transienfAAbs at 380 nm decayed at a much slower rate,
traces collected in the Soret region could be analyzed as singlealso linearly dependent on [NOJ, givig(2) = 1.0 x 10° M1
exponential decays. Th&Abs at 396 nm decayed at a much s In the Q-band region, decay of transient bleachibgay
slower rate k) than that at 436 nmk(), indicating that the ~ 590 nm) and of transient absorptiohx~530 nm) required
former wavelength is sampling (principally) the longer lived numerical analysis in terms of a two-component model. Fits
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of temporal absorbance changes at 533 nm gave the fast andable 2. Second-Order Rate Constants Observed for the Fast and
slow components, and plots &f andk, vs [NO] gaveka(2) Slow Decays of Intermediates Observed in the 355 nm Laser Flash
(4.0 x 18 M~ s%) andkg(2) (1.0 x 10 M~1s3). These are ggl?}t(i)rlayr?ls of Ru(P)(NO)(ONO) in 296 K Benzene or Cyclohexane
consistent with rates recorded for decays of transient absorbances p— —

at 423 and 380 nm, respectively. Ru(P)(NO)(ONO) ka M2 s7) ke (M~s7)

ot Ru(TPP)(NO)(ONO) (2.4+05)x 1¢  (2.44+0.4)x 10

benzene soluton aB with broad band detecton generated a  RUCPINOIOND) | (840X 10 (10+0.1)x 10

) ; Ru(TmTP)(NO)(ONO®)  (5.5+0.6)x 10®  (4.5+0.7)x 107
prompt difference spectrum with a Soret band bleach at 412 Ry(TmTP)(NO)(ONO)  (9.54 1) x 108
nm and absorptions at 395 and 435 nm. The decay of transient Ru(FTPP)(NO)(ON®)  (3.4+1.0)x 1¢®  (4.6+ 2.5)x 10
bleaching and return to baseline of transient absorbances were RU(FTPP)(NO)(ONO)  (1.1+0.1)x 1¢°
followed using single wavelength detection and could be  avajues listed are averages of those determined at different
analyzed as exponential decays. However, khg values monitoring wavelengths In benzene¢ In cyclohexane.
determined at 435 nm were about an order of magnitude faster
than at 395 nm under identical conditions. Furthermore, The TRO spectrum o# in cyclohexane after 355 nm
dynamic behavior at 412 nm was closer to that at 435 nm, againexcitation showed bleaches at 455 and 560 nm and a transient
showing that, while double exponential decay might have been absorption at 515 nm. The decays were monitored at all three
expected, the amplitude for the faster process was larger. Plotsvavelengths with the consistent result that, under added NO,
of kops Vs [NO] gave second-order rate constantkagB) = 5.5 fast single exponential decays were found which gave the
x 18 M1 st at 435 nm ands(3) = 4.7 x 10’ M~ st at second-order rate constant (110.1) x 10° M~ s, There
395 nm, both slightly higher than the analogous rate constantswas also a long-lived residual absorbance that returned to
described for the flash photolysis bfin benzene. At 460 nm, baseline over a time frame longer than 50 ms.
the parallel reaction model was needed to analyze the decay Possible Mechanisms.In brief summary, flash photolysis
curves, and plots df; andk; values determined in this manner (355 nm) of the Ru(P)(NO)(ONO) complex&s2, 3, and4 in

VS [NO] gave the second-order rate Constaﬁt(g) =55 x benzene ineach caseleads to prompt generation of two
18 M1standkg(3) = 3.6 x 100 M1 sL intermediatesA(i) and B(i), where 1" denotes the precursor,
i.e.,, 1, 2, 3, or 4. These two species decay by independent

accompanied by a transient absorptibpx at 520. At both pathways, each firs.t-order in [NO]Z to give a spectrum (a_fper
wavelengths the temporal data were analyzed according to thes.everal hu'ndred microseconds) S|m|]ar to 'tha't. of the |.n|t|al
model using the parallel decays of two intermediates. Plots of nitrosyl nitrito complex but demon_stratlng a significant res!dual
the kops Values vs [NO] gave the second-order rate constants spectrum. Over a much longer time _scale,_even the_ residuals,
ka(3) = 5.5 x 108 M1 s~ andks(3) = 5.1 x 10/ M1 s at initially thought to be the result of minor side reactions (see

560 nm and 4.5¢ 16 and 4.7x 107 M~1s-1 at 520 nm. These below), disappeared and the starting spectrum was fully

. . regenerated. For each Ru(P)(NO)(ON®AJi) displayed an
are in reaso_nable agreement W'th he3) and ks(3) values apparent Soret band maximum at longer wavelength than that
determined in the Soret band region.

for the precursor while that oB(i) appeared at shorter
Ru(TmTP)(NO)(ONO) was chosen as a substrate to enhancewavelength (see Scheme 1 f@). Kinetic analyses of the

solubility in solvents appropriate for IR studies and is moderately temporal absorption changes in the Q-band region (ee@) 1

soluble in cyclohexane and methylcyclohexane. Notably, 355 gavek, (i) andks(i) values self-consistent with those determined
nm flash photolysis 08 in cyclohexane shows some qualitative jn the Soret band region (Table 2).

differences from the results in benzene. Broad band detection possiple identities oA(i) and B(i) include primary photo-
showed a bleach of the Soret and Q-bands3afs well as  products, singlet or triplet excited states (ES), anthdicals
transient absorption at 520 nm. Kinetic experiments with single resulting from charge transfét. However, the relatively long
frequency detection at 412, 450, 524, and 562 nm all gave |ifetimes and the second-order kinetics for decay argue against
exponential decays, and plotslefsvs [NO] (1-10 mM) gave these being electronic excited states. Furthernmret, ES and
a consistent second-order rate constant of 98 x 18 M1 7 radicals display strong absorptions to the red of the Q-bands,
s L. This is about twice that for the faster process in benzene and such absorptions were not detected. TH#, and B(i)
and perhaps indicates the reactivity of a more weakly solvated appear to be ground-state photoproducts, both formed by the
intermediate in cyclohexane. The second, slower process didloss of NO.
not appear to be present in cyclohexane; however, there was a One model we have considered is illustrated in Scheme 2.
considerable residual spectral change that persistédq ms) In this, A(i) is proposed to originate from homolytic cleavage
but eventually returned to baseline (see below). of a nitrosyl-ruthenium bond to give a ruthenium(lll) nitrito
Ru(FTTP)(NO)(ONO) (4). The broad band spectrum of a  complex, RU' (P)(ONO) (or the solvated analogue), &) is
benzene solution of after pulsed laser 355 nm excitation was formed by cleavage of the-€N bond of coordinated nitrite to
analogous to those recorded foand3. Temporal absorbance leave an intermediate, which can be represented=aR@ -
changes (single wavelength detection) demonstrated two decayP)(NO) or some resonance-stabilized hybrid configuration.
processes, although with considerable scattky andk, values. ~ There is ample precedent for both pathways. NO labilization
Plots ofk; vs [NO] gaveka(4) of 3.1 x 108 M~1 s (411 nm, is the most common photoreaction of metalloporphyrin nitrosyl
transient bleaching), 4.% 108 M~ st (455 nm, transient ~ complexes?e.g., both iron(ll) and iron(lll) porphyrin nitrosyls
absorbance), 2.4 108 M~1s~1 (515 nm, absorbance), and 3.7 liberate NO upon flash photolysis followed by rapid recombina-
x 108 M~ 571 (555 nm, bleaching) for an average value of tion to regenerate the original compleXesVith regard to the

(3.4+ 1) x 18 M~1s 1. Plots ofk, vs [NO] gave theks(4) second pathway, NO photolabilization from coordinated nitrite
values 7.1x 107 M~1 71 (455 nm), 2.5x 10/ M~1s1 (515 concomitant with formation of the metabxo species has been

nm), and 4.2< 10’ M~* s~* (555 nm) for an average of (46 (21) Kalyanasundaram, ®hotochemistry of Polypyridine and Porphyrin
25)x 100 M~tsL, ComplexesAcademic Press: London, 1992.

In the Q-band region, transient bleaching3aft 560 nm was
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\’,‘{ were linear over the [NO] range-110 mM (k¢i = (6 + 2) x
0 10’ M~1 s1). These data are compatible with simple photo-
q ) 0 dissociation of NO followed by second-order regeneration of
emonstrated for the chromium(lll) complex C(H'PP)(QNO) Ru(TPP)(CI)(NO) (eq 7). Studies with the OEP complex Ru-
(eq 6)?22 Such a pathway has also been described as 2(0EP)(CI)(NO) gave analogous results with = (1.5 + 0.2)

b x 18 M~ 1s71
cr''(TPP)(ONO)— CrV(TPP)&O0) (6)
o]
photoreaction of the manganese(lll) nitrato and nitrito complexes R}

Mn(TPP)(NQ) and Mn(TPP)(ONO), which were reported to _hv + NO @

give O=Mn(TPP) and NQ products by homolytic cleavade
(however, see below).

TRO spectra seen in the flash photolysid @gn be compared
with spectral data for various TPP complexes*3° For
instance, spectra of R(rPP) complexes with a strong-ac-
ceptor ligand, such as NOor CO, show only minor shifts
(usually <5 nm) of the Soret and Q(1,0) band maxima upon
changing the sixth ligan#t22426 Spectral shifts oAAbS Amax

The band shifts noted on the flash photolysisbaire quite
similar to the spectral differences betwekandA(1). Thus,
we conclude thaA(1) is the RU'(TPP)(ONO) product of NO
dissociation from RUTPP)(NO)(ONO) (eq 8). We also

appear much larger for botA(1) and B(1), arguing against extrapolate this conclusion to tiAgi) formed in the photolyses

simple photosubstitution for ONCQto give RU'(P)(NO")(L) or of 2, 3, and4,

RuU'(P)(NO")(Sol) (Sol= solvent). On the other hand, replace- o

ment of NO to give RU(TPP)L; or RU'(P)(Sol) would result N

in even larger hypsochromic Q-band sHift2° than seen for N hy ®

A(1) or B(1). Similar comparisons eliminate the [RTPP)L + NO

dimer2830 Thus, the spectral changes suggest that(Ru ~—_ oy

(NOM)(X), Ru'(P)(NO")(Sol), and Rt(P)(Soly as well as S ka(h) A &

dimers are unlikely candidates féi(i) or B(i). However, one

must add the caveat _that difference spectra can be deceptive Notably, the thermal reverse reactions shown in eqs 7 and 8

owing to the overlapping nature of the bands. are quite fast with second-order rate constants approximating
The flash photolysls behavior of the.chloromtrpsyl gomplex 10 M~1sL, While such rapid regeneration is often the case

Ru(TPP)(CI)(NO) §) in benzene was briefly examined in order ¢, 5ther metalloporphyrins, one might expect the Ru(lll) center

to model that of a ruthenium porphyrin nitrosyl in the absence , po hexacoordinate with a solvent molecule occupying the

of possible competing reactions of the nitrito ligand. TRO ;o previously occupied by NO. There are few quantitative

spectral techniques indicated formation of a single intermediate g | jies of the reaction of NO with hexacoordinate Ru(lll). One

with Amax 0f 442 and 532 nm which decayed cleanly to the initial o2 je is the reaction of NO with the normally substitution

baseline. The decay of this transient, presumably RU(TPP)CI, .oqistant hexaammine complex Ru(Y&" to give Ru(NH)s-

was exponential under excess NO, and plotkgg{ vs [NO] (NO)**. This apparently proceeds via an associative mechanism

(22) Yamaji, M.; Hama, Y.; Miyazake, M.; Hoshino, Nhorg. Chem. but is relatively slow kK = 0.2 M~* s71).31 In this context, we
1992,31,932-934. R conclude that the facile reaction of NO with(i) can be

(23) (a) Hoshino, M.; limura, .; Konishi, Sl. Phys. Chem1992 96, attributed to the latter being pentacoordinate or (more likely)
179-185. (b) Suslick, K.; Watson, Rnorg. Chem.1991, 30, 912—919. i - . . .

(24) Levine, L. M. A.; Holten, D.J. Phys. Chem198§ 92, 714-720. to the high lability of Ru(P)(Sol)(ONO) (Sol in this case being

(25) Bonnet, J. J.; Eaton, S. S.; Eaton, G. R.; Holm, R. H.; Ibers, J. A. benzene§,
J. Am Chem Soc 1973 95, 2141-2149. Scheme 3 suggests an alternative mechanism for the formation

(26) Kadish, K. M.; Adamian, V. A.; Caemelbecke, E. V.; Tan, Z; . . _
Tagliatesta, P.; Bianco, P.; Boschi, T.; Yi, G.-B.; Khan, M. A.; Richter- of B(i), namely, homolytic cleavage of the Rt(ONO™) bond

Addo, G. B.Inorg. Chem.1996 35, 1343-1348. . to give NG, This would lead to oxidation of the nitrite nitrogen
(27) Collman, J. P.; Barnes, C. E.; Brothers, P. J.; Collins, T. J.; Ozawa, from N(III) to N(IV), leaving the electron on the Ru(P)(NO)

T';(Sglg%ﬂr’ntncj_Ig?.r%eﬂhi 'Aéméhgwe%?scolngglf_ ,{f.e‘lsggl_‘]lsiﬁ‘ entity. If so, it is likely that the extra electron would be

Chem Soc 1984 106, 3500-3510. substantially accommodated by the nitrosyl orbitals to give a
(29) Ke, M.; Sishta, C.; James, B.; Dolphin, D.; Sparapany, J. W.; Ibers. (formally) d® Ru"(P)(NCO') complex with a bent RuNO angle

J. A. Inorg. Chem.1991, 30, 4766-4771.
(30) Hopf, F. R.; O'Brien, T. P.; Scheidt, W. R.; Whitten, D. & Am (31) Armor, J. N.; Scheidegger, H. A.; Taube, 3. Am. Chem. Soc.

Chem Soc 1975 97, 277-281. 1968 90, 5928-5929.
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(in analogy to the known Fe(TPP)(NO) structtfjeather than
a linear d RU(P)(NO") complex. Rapid reaction of Ru(P)-
(NO) with NO to form Ru(P)(NOy would be followed by the
much slower further reaction of the latter with NO to re-form
Ru(P)(NO)(ONO} (see below). The dinitrosyl might also be
reoxidized by reaction with pOs, the product of the very fast
reaction of NQ with excess NG Dissociation of NQ has
precedent in a recent flash photolysis sfiddyhere it was shown
that the manganese(lll) nitrito complex Mn(TPP)(ONO) un-
dergoes metatoxygen homolysis as its principal photoreaction
pathway. The ©NO bond cleavage reported earlier for this
system is apparently a much lower yield primary photoreaction.
At first glance, such a circuitous route to regenerate Ru(P)-
(NO)(ONO) would seem unlikely, given what appeared to be
the direct regeneration of this species by reactiorBafvith
NO. However, a stopped flow kinetics study in this laboratory
has identified Ru(TmTP)(NQ)as a key reactive intermediate
in the mechanism by which Ru(TmTP)(CO) reacts with NO to
give 3.11b Under excess NO, this species undergoes a relatively
slow reaction by a step second-order in [NO] to gRlus
N2O (eq 9). Ru(TmTP)(NQ)and Ru(TmTP)(NO)(ONO) have

+2NO, —CO +2NO

_—

3+ N,0 (9)

RU'(TmTP)(CO) RU'(TmTP)(NO),

similar spectra in the Soret region, both displayingx at 411
nm, although the former displays a somewhat lower extinction
coefficient at thelmax and a somewhat broader batifl. The

spectral differences in the Q-band region are somewhat larger.

As noted aboe, residual, much longer lived, absorbance
differences remained after thg(i) andkg(i) pathways had run
their course. Qualitatively, these residual spectra are consisten
with the difference spectrum between Ru(TmTP)(hénds3.
Furthermore, the slow reactions under NO to regeneé3ate
consistent with the kinetics of Ru(TmTP)(NO9xidation by
NO studied in this laboratordtb

Isotopic Exchange Experiments. Neither the transient
spectra nor the reaction kinetics differentiate satisfactorily
between the alternatives described in Schemes 2 and 3 for th
formation of B(i). For this reason, we examined the photore-
actions in the presence of the fully isotopically labeled nitric
oxide 1®N180. Figure 6a compares the FTIR spectra of Ru-
(TmTP)(NO)(ONO) 8) in methylcyclohexan@h, (MCH-d14,
which has an appropriate IR window) with the fully labeled
analogue Ru(TmTP)IN0)(*80N80) prepared as described
in the Experimental Section. The key features are the shift of
the vno band from 1841 to 1763 cm and the shift of the
asymmetric stretch of coordinated nitrite iamfo) from 1526
to 1460 cml. The ratio of peak heights Abg(o)/Abs{vono)
is 4.2 {£0.2) for each compound. Figure 6b displays the
temporal FTIR spectra, presented in thAbs format, after a
deoxygenated solution & (about 3 mM) has been subjected
to near UV irradiation under an atmospheré®#'80 (about 5

mM). In each case, the time between the photolysis event andgg,

recording the FTIR spectrum was several minutes. Over the
experiment time frame, thermal reactions were minimal, but
upon photolysis, isotopic labels were incorporated itas
evidenced by the net depletion of both the, andvono peaks
corresponding to the unlabeled compound and the growth of
new peaks at 1805, 1765, 1500, and 1462 &£m(Analogous

(32) Scheidt, W. R.; Frisse, M. B. Am. Chem. Sod.975 97, 17—20.

(33) Graetzel, M.; Taniguchi, S.; Henglein, Ber. Bunsen-Ges. Phys.
Chem.1970,74, 488-492.

(34) Hoshino, M.; Nagashima, Y.; Seki. H.; DeLeo, M.; Ford, Pin@rg.
Chem.1998,37, 2464-2469.
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Figure 6. (a) IR spectra of the Ru(TmTP)(NO)(ONO) and Ru(TmTP)-
(*5N1°0)(*t0**N*80) in perdeuteriomethylcyclohexane. (b) Difference
spectrum for the 365 nm photolysis of Ru(TmTP)(NO)(ON&B(mM)
under'>N*80 (~5 mM) in cyclohexane. Spectra were taken after 0.5,
1.0,1.5, 2.0, 2.5, 3.0, and 4.0 min of photolysis. (c) Difference spectrum
for the 365 nm photolysis of Ru(TmTPIN0)(*80'*N80) (~3 mM)

1
1900 1800 1400

tunder NO &5 mM) in cyclohexane solution. Spectra were taken after

1.0 and 2.0 min of photolysis.

photolysis of3 under normally labeled NO leads to little change
in the IR spectrum.) There were no changes in the optical
absorption bands. It is clear from these spectral dht
isotopic labeling from thé®N'€0 is being incorporated into

%oth the nitrosyl and the nitrito ligands &fas a consequence

of the photolysis

In Figure 6b, the sum of the absorbance changes for the 1805
and 1765 cm! peaks AAbs;gos plus AAbs; 765 values) is nearly
identical to the decreased absorbance at 1842 ¢rAAbS;g49),
and the sum oAAbs; 500 plus AAbs; 462 Nearly equals-AAbS;s26
These results suggest that isotopically labedeis the only
observable photoproduct several minutes after the continuous
photolysis experiment.That is, any primary photoreactions
leading to labilization or reaction of either the nitrosyl or nitrito
ligands are reersible. However, the ratio of the negative peaks
corresponding to depletion of normally labelBdAAbs;g4d
AAbsse) is 2.8+ 0.2, less than the peak height ratio (4.2)
noted above for the spectrum of normally labeBoh Figure
If we assume Scheme 2 to be in effect, i.e., that the
exchange of°N180 into the respective coordinated nitrosyl and
nitrito ligands are independent photochemical events, the
proportionally greater change at 1526 ¢nwould indicate a
~50% larger quantum yield for NO labilization from RONO
than from Ru-NO. On the other hand, if Scheme 3 were in
effect, there would be a second pathway for exchange of the
Ru(NO) nitrosyl. Reaction of*N80 with Ru(TmTP)(NO)
would give Ru(TmTP)(NOYEN80), and this could undergo
further reaction with!>N180, leading to oxidation of either
nitrosyl to nitrite. Oxidation of the unlabeled NO would give
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4x10° : : : : in Figure 6¢ at 1489 crt, 11 cnt! lower than the mixed labeled
nitrite peak in Figure 6b, suggests a doubly labeled nitrite, as
N 8-20 ps o ] predicted.

Time-Resolved Infrared Studies. Attempts to identify the
various transients from the differences detected in the Soret band
7 and Q-band regions of the electronic spectra are frustrated by
the strongly overlapping nature of these bands. However, the

1842 cm™

a 1F (- presence of a strong IR chromophore such as coordinated NO
might be exploited in trying to identify intermediates using
ok TRIR. In this context, preliminary experiments were initiated

to probe possible IR detectable species in the 355 nm flash
photolysis of3 in cyclohexane solution using the step-scan FTIR
F ] instrumentation at Los Alamos National LaboratétyThese
studies, which pushed the limits of detection, clearly demon-
-22000 19'00 18'00 17'00 16'00 500 strated bI_ea_ching of the strong 1842 Tmryo band (S/N~ 3)

1 characteristic o8 and the appearance of a new, stronger band

i em o at 1642 cm?! (S/N ~ 7), which was longer lived than the

Flggre 7. Step-scan _FTIR spectrum ofasolutlonaj_h c_yclohexane maximum time frame of the instrument (248) even in the
during the 8-20 us window after 355 nm laser excitation. presence of 5 mM NO (Figure 7). Examining the dynamic
absorbance changes at 1642¢rn the 1-10 us time frame
suggested that this has a rise time~ab us Kobs ~ 2 x 10°

a nitrite with a single'®0 incorporated plus a fully labeled

nitrosyl, i.e., Ru(TmTPJN? N'€0); on the other han _ ; N ;
15lt\I?SSC))/(3xi§a{tiorl1JE)f coor?i(isnafgé)a(l\lcigofgv?())hlc()j g'i[véafgltly?abélleg, s™") which, assuming linear depencgenc:ei 9? [NOJ, WOU|d. give
nitrite and unlabeled nitrosyl, i.e., Ru(TMTP)(NEAPISNLO). a seco_nd-order rate constant 0k410’ M~1s~1. Notably, this
P 7 value is comparable to the value kf(3) ((4.5 £ 0.7) x 10’

The former process, although occurring through photoactivation M~1s-1) determined in benzene. Thus, while the siower decay
R e e s ety . POCES 1z ot scen . the wauclengih probed n the TRO

. ) PE e studies of the flash photolysis @fin cyclohexane, it appears
AADS1844 AADS 526 ratio of the negative peaks in Figure 7b e ciearly identifiable in the TRIR studies. Furthermore, the
should be~2.1 (half the 4.2 noted for Figure 6a). The larger long-lived & > 1 ms)vyo absorption at 1642 cm is consistent

value of 2.8 .cqnfirmfs the conclusion that, regardless of the with the residual optical spectrum, suggesting the presence of
pathway for nitrite activation, there must also be an 'ndependentRu(TmTP)(NO) One might have expected a second, higher
direct photolgbll|zat|on 0f NO to glve\(_S)_. frequencyvno band for this species (which might be formulated
The formathn of the two (Iapeled) nitrite bands at 1462 and 5¢ RU(TmTP)(NO")(NO™)), but if weaker, this might have been
1500 cnt in Figure 7b is consistent with the fully labeled and - gpscured by the relatively low signal-to-noise ratio (S/N) of
partially labeled nitrite complexes predicted by Scheme 3. the experiments. Nonetheless, we view these data as supporting

However, the peaks appear at somewnhat uneven intensities, thgne role of Scheme 3 in the photoactivation of the coordinated
band at 1462 cm appearing~50% more intense. Anunknown nitrite under these conditions.

in this analysis is theono band maximum for the doubly labeled
nitrite coordinated at the nonenriched oxygen Ru(P)(NO)- Summary

(O'™N'20), i.e., the product predicted fétN*O reaction with The flash photolysis data reported here for the nitrosy! nitrito
the O=Ru(P)(NO) of Scheme 2. While we expect this to appear complexes Ru(P)(NO)(ONO) in hydrocarbon solvents clearly
at a frequency higher than for the fully labeled nitrite complex, indicate the operation at leasttwo pathways leading to the
the vono frequency might be sufficiently localized to the NO  formation of photoreaction intermediates. One of these is NO
double bond that the isotopic mass of the metal-coordinated photodissociation to give RYP)(ONO) (or its solvated ana-
oxygen would not measurably affect it. If so, the somewhat |ogue) which decays by a fast second-order reaction with NO
higher intensity of the 1462 cm band might be reflective of  to regenerate the starting complex. Support for this pathway
a modest contribution from Scheme 2. comes from the TRO spectral properties of the intermediéite

A somewhat more puzzling observation in Figure 6b is the especially in comparison to spectral properties of intermediates
appearance of the band at 1805@mThis appears only inthe  in the flash photolysis of the chloro nitrosyl analogue Ru(P)-
presence of labeled NO, and the summed intensities of the bandgCI)(NO), and in isotope exchange reactions in the presence of
at 1805 and 1765 cnt equal the negative peak at 1842 ¢m the labeled NO.
thus, we conclude that this band represents ke of a A second pathway involves the nitrito ligand, and the
monosubstituted nitrosyl, probably R&NO. At the longer cumulative evidence points to this being the result of ,NO
irradiation times, the AhssgAbsgos ratio is~3, but at earlier  photodissociation to give Ru(P)(NO) which is trapped by the
photolysis times, the ratio is larger, indicating that the two are excess NO present to give the very much longer lived dinitrosyl
not formed by competitive reactions from a common intermedi- complex Ru(P)(NQ)(Scheme 3). This species has also been
ate. We suspect a secondary photoreaction but cannot offer ardetected in stopped flow spectral experiments studying the
obvious mechanism for this process. reaction of NO with Ru(P)(COYP The dinitrosyl complex

Further evidence for N®loss as a major photochemical reacts either with the excess NO present or witfONto
pathway for3 is provided by the complementary experimentto regenerate Ru(P)(NO)(ONO). An alternate pathway for nitrite
Figure 6b, i.e., photolysis of fully labeleglin the presence of  activation would be the reversible photodissociation of NO from
unlabeled NO. Notably, unlabeled nitrito ligand was formed the nitrite to give the nitrosyl oxo complex Ru(P)(NO)(O), but
as a photoproduct as predicted by Scheme 3. Also if Ru- with the exception of possible ambiguity in ratios of isotope
(TmTP)(NO){N0O) were indeed an intermediate, a doubly exchange products, this mechanism now seems incompatible
labeled nitrite would also be predicted as a product. The peakwith the photoreaction data.
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