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Kinetics and Mechanism of Nitric Oxide Disproportionation upon Reaction with
Ruthenium(ll) Porphyrin Carbonyls: Evidence for Dinitrosyl Intermediates !
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The kinetics of the reaction of nitric oxide with the ruthenium porphyrin carbonyl complexes Ru(P)(G9) (P
octaethylporphyrin (OEP) or tetra-tolylporphine (TmTP)) to give the respective nitrosyl nitrito complexes Ru-
(P)(NO)(ONO) plus MO were studied by stopped flow spectrophotometric techniques. Temporal spectral changes
proceed in two stages via formation of an easily discernible intermeliaféhe rates of both stages are first

order in ruthenium concentration. In the NO concentration range400 uM, the rate law of the first stage is

first order in [NOJ, but the slower second stage displays a rate law second order in [NO]. In the presence of some
added CO, it is possible to demonstrate that the equilibrium between Ru(P)(COY &ad a second-order
dependence on [NO]. As a consequence, it is concludedxthathe dinitrosyl complex Ru(P)(N@)No other
intermediates develop sufficient concentrations to be observable by the stopped flow method. The kinetics behavior
of this system is interpreted in terms of a rate-limiting step in the first stage involving CO dissociation from a
reactive intermediate Ru(P)(CO)(NO) formed in very low concentrations by the reversible addition of NO to
Ru(P)(CO). Several hypothetical mechanisms for the second stage are considered, and it is concluded that the
evidence is most consistent with a pathway where the Ru center serves as a template to assemble an oligomer of
NO which decomposes to nitrous oxide plus coordinated nitrite.

Introduction approximately correct stoichiometry (eq3jThe respective

nitrosyl hydroxo complex Ru(P)(NO)(OH)3( was a minor
roduct under synthetic conditions.) Several other recent reports
ave also described synthesegaihd related nitrosyl ruthenium

porphyrin complexe$.

Nitric oxide is now known to have key roles in human
cardiovascular and nervous systems and in immune respons
to pathogen invasioAThese discoveries have stimulated much
interest in compounds that can deliver NO to biological targets
upon demand either by thermal reactions or by photochemical
excitation3 In the course of probing photochemical precurgors,
studies in this laboratory turned to the synthesis of nitrosyl
ruthenium porphyrin complexes by reaction of NO with the
carbonyl analogues Ru(P)(CO})((1a, P = TPP (tetraphe-
nylporphyrin); 1b, P = OEP (octaethylporphyrinf.Notably, L N
this reaction was accompanied by disproportionation of NO. In
each case, the principal ruthenium product isolated was the
nitrosyl nitrito complex Ru(P)(NO)(ONO)2p and 2c for the
respective porphyrins), and ;8 was also formed in the

+ N,0 (M

major

product Q

Equation 1 is but one example of metal-activated NO
disproportionations that are especially prevalent in the literature
regarding the synthesis of nitrosylmetalloporphyrin compléxes

porphyrin
(1 (2)

(1) Reported at the 214th National Meeting of the American Chemical
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(2) (a) Palmer, R. M. J.; Ferrige, A. G.; Moncada,N&ture 1987, 327,
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and have been reported for other metal compléxelsus, to
gain better insight into such metal-mediated redox processes
of NO, we initiated the present investigation into the kinetics
and time-resolved spectra of intermediates along the reaction
coordinate outlined by eq 1. The ruthenium substrates studied
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were 1b and Ru(TmTP)(CO) Xc, TmTP = tetram-tolylpor- mass (M) for RuGgHzsNsOs: 846. Observed: 817 (0.05, M NO +
phine), which is a more soluble analogue X& During the H*), 800 (1.00, M— ONO"), 786 (0.24, M — 2NO), 770 (0.34, M-
course of these studies, spectral evidence was also obtained© — ONO").

indicating the formation of the dinitrosyl analogues Ru(P)(NO) After elution of 2¢ from the above column, a second compound

o : " eluted as a concise deep red band by addition 0fGIHcontaining
(4b and4c) under specific solution conditions. 3% MeOH. This was identified as the nitrosyl hydroxo complex Ru-

(TmTP)(NO)(OH) Bc¢) by its chromatographic and spectroscopic
similarity to the well characterized analogue Ru(TPP)(NO)(®H).

Materials. Tetramtolylporphine (HTmTP) and Ru(OEP)(CO) were ~ NMR, CDCl, 6 vs TMS: 9.03 (8H, s), 8.10 (4H, m), 8.02 (4H, m)
purchased from Midcentury Chemicals Inc. (Posen, IL). Ru(OEP)(C0O) 7-67 (8H, m), 2.67 (6H, s) 2.63 (6H, s). IR, toluene, Cnfe, M
was further purified by chromatography on silica/&H and found cm): 1812 (1100wn0). UV—Vis, toluene, nm¢, M~ cm™): 414
pure by'H NMR. The preparation fo2b has been previously described (10 x 10°), 556 (1.8x 10), 594 (6100). FABMS; NBA matrix;-mz
and can be accomplished by the proceduretodescribed below. All (rel int., assignment) Calculated most abundant parent mass (M): 817.
other reagents were obtained from commercial sources and purified OPserved: 817 (0.10, M, 800 (1.00, M— OH"), 786 (0.24, M’ —
according to established procedures. Toluene was distilled from a purpIeHNO)v 770 (0.34, M- NO — OH). ) )
solution of benzophenone over sodium and stored under either vacuum Instrumentation. Optical spectra in solution were recorded on a
or Ar. NO (99.0% purity; Matheson) was purified of higher nitrogen HP-8452a diode array spectrophotometer wit@ nm resolution.

oxides by passage through a stainless steel column, containing Ascaritdnfrared spectra were recorded with a Bio-Rad FTS-60 or Mattson
Il (NaOH on a silicate carrier; Thomas Scientific). Research FTIR spectrophotometers. NMR spectra were obtained on

Varian 200, 400, and 500 MHz spectrometers in GIXCHCl; at 7.260
9 ppm). FAB mass spectra (xenon atom bombardment of a 3-nitrobenzy!

alcohol matrix) were obtained on a VG 70E double-focusing mass
spectrometer.

Kinetics Procedures and Instrumentation.Kinetics experiments
were performed on an Applied Photophysics SX-17MV stopped flow
spectrophotometer equipped with both a double monochromator/PMT

Experimental Section

The carbonyl complex Ru(TmTP)(CO)lg) was prepared by
refluxing a toluene solution (50 mL/g of combined reagents) containin
~2.5 equiv of Ry(CO), with 1 equiv of free base for 18 h reflux
under static Ar. After toluene removal in vacuo, the residue was purified
by chromatography on silica, starting with 50/50 £H/pentane, which
elutes any remaining R(CO); and free base AmTP sequentially
and separately. After the GBI)/pentane ratio was increased, the >F ¢ . .
product eluted as a bright orange-red band and the solid was recoverengle wavelength detection system( nm resolution) and a rapid-

by evaporation of the solvent (5075% vield based on sTmTP).H scan diode array detector~{ nm resolution). For general reaction
NMR, CDCl, 6 vs TMS: 8.71 (8H, s), 7.99 (8H, m), 7.59 (8H, m) features, including isosbestic point determination and stacked plot

2.62 (12H, s). IR, CkCly: vco= 1941 cnl). FABMS: NBA matrix generation on a rapid time scale, the diode array system was appropriate,
+miz (relative intensity, assignment) Calculated most abundant parent although distortions of sharp absorptions were noticeable. Therefore,
mass (M) for RuGsHsN4O: 798. Observed: 799 (0.15, Mt H*) all quantitative measurements (rate, extent of reaction, reaction order,
798 (0.70, M), 770 (1.00, M — CO). ' ’ etc.) were obtained using the higher resolution single-wavelength

method. For working with highly air-sensitive solutions, several custom
modifications were introduced to the stopped flow instrumentation. For
example, the thermostat fluid circulating from a constant-temperature
bath throughout the rapid mixing apparatus was purged withiiN
addition, the tubing connecting the syringe containing NO solutions to
the mixing cell was changed to stainless steel (Upchurch precut), which
was connected to the glass cell with “super flangeless” fittings
(Upchurch), taking care that metal did not touch glass. PEEK tubing
was used to connect the syringe containing the metal porphyrin solution
to the mixing cell.

All manipulation of porphyrin solutions was performed so as to
minimize exposure to light. Although no special precautions must be
taken besides standard Schlenk techniques in the syntheses, the kinetics
h of the reaction of.c with NO are profoundly influenced by the presence
of trace oxygen and water (vide infra). For this reason, extra precautions
were taken in preparing and handling solutions. To prepare and transfer
toluene solutions of known [NO] and [Ru] to the drive syringes,

pecially modified tonometers were fabricated (Figure S-1 in Supporting
nformation). These used Chemglass airless, greaseless valves at all
points of entry in additionad a 7 mmO-ring adapter to allow connection
to an all-glass/Teflon vacuum/NO line. For convenience, the toluene
solutions were transferred to the tonometers in an inert atmosphere
box. Nitric oxide solutions were prepared by vacuum transfer of purified
NO at known pressures, temperatures, and volumes into tonometers of
known volume (180 mL) containing previously degassed toluene
frozen in a LN coldfinger. The NO/toluene solutions were warmed to
room temperature, and then Ar was admitted to give a total pressure
of 820 Torr. After detachment from the vacuum line, the tonometers
were vigorously shaken for vapseliquid equilibration. The NO
concentrations were calculated for these solutions using the ideal gas
law and the appropriate Ostwald coefficients for NO in tolug&Reior
to loading solutions into the stopped flow instrument, the drive syringes,
which employ Teflon plungers and valves, were evacuated<@0
(8) (@) Gwost, D.; Caulton, K. Gnorg. Chem 1974 13, 414-417. (b) umHg for at least 6 h). The loaded tonometer was then attached to the

Bottomley, F. InReactions of Coordinated LigandBraterman, P. . . . . .
S., Ed.; Plenum Press: New York, 1982; Vol. 2, pp 1222. (c) drive syringe loading port via the luer tip, and the volume between the

McCleverty, J.Chem Re. 1979 79, 53. (d) Ruggiero, C. E.; Carrier,
S. M.; Tolman, W. BAngew. Chem., Int. Ed. Endl994 33,895~ (9) Oxides of NitrogenlUAPC Solubility Data Series/ol. 8, Young, C.
897. L, Ed.; Pergamon Press: Oxford, 1983.

The nitrosyl nitrito species Ru(TmTP)(NO)(ON)J was prepared

as follows. A CHCI; solution of Ru(TmTP)(CO) was added to a flask
of appropriate volume sealed with an airtight Teflon valve. After
degassing the solution, NO (at least 6 equiv) was condensed into the
flask (at 77 K) from a gas transfer vacuum line, but care was taken so
that the total pressure after thawing including 400 Torr,Clkldid not
exceed 1100 Torr at room temperature. The contents of the flask were
stirred at room temperature (1 h), and then the volatile constituents
were removed by condensation into a coldfinger at 77 K. The solid
residue was dissolved in a GEl/pentane mixture and chromato-
graphed on silica using the same conditions as for Ru(TmTP)(CO).
The olive/wine product band was identical in appearance to Ru(TPP)-
(NO)(ONO)> In CDCl; the 'H NMR spectrum of3 was of high
symmetry, showing only one sharp tolyl methyl peak, consistent wit
free rotation of them-tolyl group. However, in room-temperaturg,
the spectrum was more complicated. The pyripleroton peak (9.01
ppm) exhibited a number of shoulders, while theolyl methyl protons
appeared as two equal singlets at 2.26 and 2.34 ppm, representing ci
and trans orientations of the methyl groups with respect to the axial
ligands. At 60°C the -pyrrole resonances collapsed into a single
symmetric peak, while the two methyl peaks, being further separated,
remained distinct. This behavior suggests atropisomer interconversion
(by tolyl rotation) with lifetimes on the order of seconds at room
temperature. The barrier to rotation of the tolyl moiety appears to be
higher in GDs than in CDC}, making atropisomers observable igDg
at ambient temperaturéHd NMR, CDCh, 6 vs TMS: 9.01 (8H, s),
8.10 (8H, m), 7.65 (8H, m), 2.65 (12H, s). IR, cyclohexane; t(a,
M~1cm™): 1842 (3300yn0), 1526 (750,@gon0)- IR, toluene, cm?
(e, M~tcmh): 1845 (1300ypn0). UV—vis (toluene), nmd, M~ cm™):

411 (2.0x 10P), 561 (10.2x 10%, 606 (s). FABMS: NBA matrix,
+m/z (relative intensity, assignment) Calculated most abundant parent
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Table 1. Optical Spectra of Ruthenium Porphyrin Complexes in Ambient Temperature Toluene

Amax NM (lOge)

compound Soret band Q(1,0) Q(0,0)
Ru(OEP)CO 1b) 376 (4.86) 396 (5.15) 514 (4.15) 546 (4.70)
Ru(OEP)(NO)(ONO)2b) 352N (4.50) 396 (5.08) 544 (3.88) 574 (3.92)
Ru(OEP)(NO) (Xp) 350" (4.54) 395 (4.95) 532(4.03) 560 (4.09)
Ru(TmTP)CO ¢ 412 (5.32) 528 (4.29) 56%2(3.41)
Ru(TmTP)(NO)(ONO) 20 412 (5.26) 564 (3.95) 606(3.60)
Ru(TmTP)(NO)(OH) 8c) 414 (5.00) 556 (4.26) 594 (3.79)
Ru(TmTP)(NO} (Xo) 412 (5.03) 546 (4.10) 585(3.61)

tonometer and the drive syringe was evacuated for at least 5 min before
transferring solutions to the drive syringes. The drive syringes were
flushed and reloaded three times before rate measurements or time-
resolved spectra were recorded.

Results and Discussion

Ru(P)(CO) in Toluene. The UV-visible spectra of the
carbonyl starting materialdb and 1c in dry toluene are
summarized in Table 1 with the spectra of other species of
interest to the present study. Solutions of Ru(P)(CO) prepared
with a freshly opened bottle of commercial (wet) toluene A
displayed spectra that have measurable differences from those
prepared in rigorously dried toluene. In studies to be reported
elsewheré? it was demonstrated that these spectral changes can
be attributed to coordination of # to the sixth site on the
ruthenium (e.g., eq 2, & H,0). Similar spectral changes were
noted on adding other donor ligands to solutiondlor 1¢.1°
Attempts to measure the kinetics of this reaction for various L
using the stopped flow spectrometer were unsuccessful since
the reaction of Ru(P)(CO) with L was too fast. However, from
these experiments, a lower limit for the second-order rate
constant to form Ru(P)(CO)L could be conservatively estimated
ask. > 10° M 1g 110

400 500 600
nm

k

Ru(P)(COYt L == Ru(P)(CO)L ) Figure 1. Temporal spectral changes immediately upon mixing toluene
solutions oflc and NO (initial concentrations after mixing are 2Mm

Reaction of NO with Ru(P)(CO). The reaction of Ru(P)-  and 1.5 mM, respectively, at 2&). Upper: 6-50 ms after mixing.
(CO) (1) with NO eventually leads to the formation of the Lower: 0.2-16 s after mixing.
nitrosyl nitrito complexefb and2c. Notably, the Soret bands ) _
are litttle changed from those of the respective carbonyl With excess NO in dry toluene, and these spectra are also
analogueslb and 1c, however, the Q band absorptions are Summarized in Table 1.
broader and occur at longer wavelengths (Table 1). Figure 1
ot 0 o TP i v Ny oo RUPNCON XS N2 x
recorded with the diode array detector of the stopped flow Ru(P)(NO)(ONOY+ N,O +CO (3)
spectrophotometer. On the time scale of a few millisecohds, o . .
cleanly (with isosbestic points) gives way to an intermediate _ Kinetics Studies.As noted above, single-wavelength detec-
X, for which the Q band position and width lie between those tion using the PMT detector gave superior data for kinetic
of 1cand the final produc2c. The Soret band does not change measurements. This is illustrated by Figure 2, which documents
position but does show an intensity decrease af.jts and the temporal spectral changes at 412 nm _(\(vhere maximum
broadens significantly. On the longer time scale of a few SPectral changes are observed) upon mixing dry toluene
seconds, the spectrum Xf cleanly changes to a final spectrum golutlons oflcand NO to give the respective initial concentra-
nearly identical to that of a chromatographically purified sample ions~2 x 10 and 3.0x 10~ M at 25 °C. Both the rapid
of 2¢ (eq 3). There were no further spectral changes. The decrease in absorba_mce at the Soret_ banql maximum anql the
temporal spectra during the course of the reaction of Ru(OEP)- Subsequent, slower increase can be fit to first-order equations
(CO) with NO to give firstX, then2b were analogous. Since (fits showln as solid lines) indicating that each is flrst order in
the sequential reactions have very different time scales, it was[Rul. the limiting reactant. The same general behavior was seen
possible to obtain semiquantitative spectraXgfand X from for reaction of Ru(OEP)(CO) with NO.

the diode array detector by reactionidf and1c, respectively, For both substrates, plots é6oq1) vs [NOJ (with [NO]
ranging from 40 to 40&M and Ru concentrations adjusted to

(10) Lorkovic, I.; Works, C.; Andreasen, L.; Ford, P. C. Manuscript in mainta_in_a [_RU]/[NO] ratio 0f> 10) prqved to b_e linear (Figure
preparation. 3). This indicates that the first step is also first order in [NO]
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Figure 2. Temporal absorbance changes at 412 nm upon mixing toluene solutidasued NO (initial concentrations after mixing are 20 and
3.0 mM, respectively, at 25C). The inset shows the rapid initial decrease in absorbance owing to the formakXgnaofd the larger figure shows
the slower recovery of absorbance2asis formed. The solid lines represent fits of experimental data to first-order kinetics models for each of the

steps.
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Figure 3. Plots ofkoh{1) vs [NO] for the reaction ofb (circles) and
of 1c (squares) with NO in 25C toluene.

Table 2. Kinetic and Equilibrium Data for Ru(P) with CO and NO
in 25 °C Toluene

P= OEP P=TmTP

ky M-1s 1 (7.9+ 1.5) x 10° (7.5+0.8) x 10°
ko M2s1  (1.94 0.2)x 10° 8.6+ 1.0) x 10"
Kno, M2 (2.0+0.4) x 10° (6.3£1.5)x 10*
Kco, M-12 (1114 0.15)x 103 (3.940.3)x 1%

aData from ref 10.

under these conditions, i.ekepd1) = ki[NO]. The resulting
second-order rate constarksdetermined from the slopes of
the plots have the values (79 1.5) x 1®® M~ sl for P =
OEP and (7.5+ 1.0) x 10® Mt st for P= TmTP in 25°C
toluene (Table 2).

At the NO concentrations (0-5 mM) convenient for the

kinetics studies, the second stage in the stepwise transformation

was slower than the first and easily separated in terms of viewing
its dynamics. Plots ofyp{2) vs [NO] were nonlinear for both
substrates, but plots ofnd2) vs [NOP were linear with

0 1 i ! 1 I 1

= 5
15 20 35x10
NOI?, M®
Figure 4. Plot of keed2) vs [NOP for the reaction ofLb (circles) and
of 1c (squares) with NO in 25C toluene.

25

intercepts at the origins (e.g., Figure 4). Thus, the rate of the
second step appears to be second order in [NOJ; thikg,g2)

= ky[NO]? under these conditions. The values of the termo-
lecular rate constants determined in this manner are (149
0.2) x 10° and (8.6 1.0) x 10* M—2 s for P = OEP and
TmTP, respectively (Table 25.

When the same reactions were probed in toluene solutions
which had not been rigorously dried, or to which a small
concentration of a donor ligand L such as methanol, water, or
CO had been added, thg,d1) values were smaller. In contrast,
kobd2) values for the second step were little affected; thus, under
such circumstances, the separation of time scales of the first

(11) Although not seen in Figure 2, it is noteworthy that at low [NO] the
spectral change for the slow step becomes bimodal. Also, the rate
constant observed, if fit to a single exponential, is much higher than
would be expected if the reaction remained second order in [NO]. If
exceeding care is taken to exclude even traces pftl@ onset of
bimodal decay occurs at lower [NO]. At higher [NO], the second-
order pathway dominates and the competing pathway is not seen. We
speculate that the competing pathway is the facile reactiofiwith

N20s or NO, formed by NO autoxidation and present at substoichio-
metric concentrations.
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and second reactions was blurred. These results were concluded

to be the result of competition between L and nitric oxide for
the sixth coordination site oh (see below).

What is X? Since the rate of the second step is dependent
on [NOF, lowering concentrations to near stoichiometric levels
slows that reaction much more than the first step. Under such
conditions, the absorbance changes and isosbestic points fo
reactions of bothlb and 1c with NO are consistent with
formation of the respective intermediat&g and X, but the

magnitudes of the absorbance changes are clearly dependent

on Ro. These results serve as evidence for establishing an
equilibrium between Ru(P)(CO) and prior to subsequent
reaction under these conditions.

Ru(P)(CO)+ xNowK—‘lo— Ru(P)(NO) + CO
1b(or 10 X, (or X,)

(4)

WhetherX is a mononitrosyl or a dinitrosyl complex (i.e.,
whetherx is 1 or 2) may thus be evaluated from the [NO]
dependence of this equilibrium, determined spectrally at a single
value of [CO]. However, under excess CO, there is the additional
complication of equilibrium formation of the dicarbonyl Ru-
(P)(CO} (eq 6), and the effects of this on the overall concentra-
tions of various ruthenium species must be taken into account.
Values ofKco in 25 °C toluene have been determined fdy
andlcto be (1.11% 0.15) x 10* and (3.94 0.3) x 18 M1,
respectively, from changes in the optical spectra of these
complexes in the presence of known concentrations offCO.

Ru(P)(CO)+ CO~22 Ru(P)(CO) (5)

To measureKyo accurately, [CO] must be sufficient to be
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Figure 5. Plots of AA™* vs [NOJ* and vs [NO}? for overall
absorbance change for the formation of the intermedat@q 1) from
1b. [CO] = 0.83 mM. The linear fits oAA™* vs [NO]™* (x = 1, 2) are
weighted byAA since relative error increases wittA~2. (Similar plots
for X, formation are shown in supplemental figure S-2.)

0.4) x 10° M~1for 1b and (6.3% 1.5) x 10* M~ for 1c(Table
2) were determined.

treated as a constant but low enough to avoid suppressing the

reactivity to the extent that equilibrium formation ¥fis not

reached before significant onset of the second process. These

conditions were met at the [CO] values (885 mM) inves-
tigated. Elaborating upon the derivation described by Hostino,
one can obtain the following relationship between the absor-
bance chang@A at a certain wavelength during the first step
and the concentration of NO added to a solutiod ¢forrected
for dilution):
AAT = AA, (1 + fooKyo NI (6)
In this expressionAA: is the absorbance change for complete
conversion from the equilibrium mixture of Ru(P)(CO) and Ru-
(P)(CO) to the intermediatX, andfco = [CO](1 + Kco[CO]).
Thus, for the appropriat& (1 or 2), a plot of AA™! versus
[NO]™* should be linear, from whictKno can be derived
according to
Kyo = (intercept/slopd)o @)
In this context, plots were made AfA~1 versus both [NOj!
and [NOT2 Such plots for both complexes (Figure 5) gave good
linear fits forx = 2 and gave reasonable values for intercepts,
which for such plots represenhAyy) L. For the experiments
described here, this should be between 2 and 10.) In contrast
plots forx = 1 were curved upward and gave very small or
negative, hence unreasonable, intercepts. Thus, the first stag
in the reaction of NO witHL is concluded to be the reversible
formation of the dinitrosyl complex Ru(P)(N&{eq 8) in each
case. On the basis of this conclusion, ke values of (2.0+

KNO

Ru(P)(CO)+ 2NO==Ru(P)(NO}+CO  (8)
1 X

Two analogous dinitrosyl complexes, Ru(MPIXDME)(NO)
(MPIXDME = meseporphyrin-IX-dimethyl ester) and Os-
(OEP)(NO}), have been claimed in the literaté#dut without
structural characterization. The former was the product of
reacting Ru(MPIXDME)(CO) with excess NO in benzene. This
displayed a singlenno band at 1853 cmt in CH,Cl, solution
and optical and infrared spectra nearly identical to those of the
structurally characterized complex Ru(OEP)(NO)(ON®)he
latter was also prepared by reaction of Os(OEP)CO with excess
NO in benzene and displayedvgo band at 1778 cmt plus a
lower frequency band at 1500 ciconsistent with a coordi-
nated nitritet2® Notably, reaction of Os(OEP)(CO) with NO in
the presence of methanol gives the Os(OEP)(NO)(OMe) (i.e.,
formally NO*) complex just as does the Ru analo§ua.this
context, we conclude that it is very likely that the osmium
“dinitrosyl” is also a nitrosyl-nitrite complex, i.e., Os(OEP)-
(NO)(ONO).

Mechanism for Formation of X? Under conditions of a large
excess of NO wher¥ formation is effectively irreversible, the
rate of the first step is first order in [NO]. Furthermore, this

step is suppressed by added CO or other donor ligands in the

solution capable of occupying the sixth coordination site of Ru-

éP)(CO) (eq 2). In these contexts, Scheme 1 is proposed as a

(12) (a) Sruvastava, T. S.; Hoffman, L.; Tsutsui, M.Am. Chem. Soc.
1972 94, 1385-1386. (b) Buchler, J. W.; Smith, P. hem. Ber
1976 109, 1465-1476.
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Scheme 1
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likely scenario for the formation of from 1 in which the rate-
limiting step is the dissociation of CO from the odd electron
complex Ru(P)(CO)(NO)A) with the rate constarit,. A is
likely to have its unpaired electron largely localized on the NO;
however, any transfer of this to the Ru would involve tite

d2 orbital’® This would serve to labilize CO to give the
uncharged, paramagnetic complex Ru(P)(NB)) (hich would
react rapidly with NO to give the intermediate dinitrosyl
complexX. However, it should be noted that in none of the
various spectra recorded during the course of the reactiohs of

Lorkovi¢c and Ford

absence of spectral changes consistent with formatioh isf
consistent with a small value fdfs. Furthermore, we have
established (see abovg}hat substitution reactions involving
adding various ligands to the sixth coordination siteladre
quite rapid with second-order rate constakts- 10° M1 s™1
and can assume thdx will be similarly large. If so, the
requirement thalka[NO] be < 1 with millimolar NO provides
a conservative lower limit fok_5 (>10° s71), which is sufficient
to meet the second of the three criteria.

The suppression of the rate of the first step in the presence
of other ligands can be easily explained in terms of a mechanism
where the formation oK occurs by reaction of NO with Ru-
(P)(CO) exclusively. In such a case, formation of the ligand
adduct Ru(P)(CO)L (eq 2) is a “dead-end” equilibrium, and the
following relationship would result.

Kopd(1)

@+ K L) (10)

Kopd1) =

where kop{1)' is the pseudo first-order rate constant in the
presence of the ligand L andyq1) is that rate constant in dry
toluene without added L.

Mechanism for Formation of 2? The second, slower stage
in the overall process indicated by eq 1 is the conversiod of
to 2, accompanied by reduction of NO to,@, i.e.,

Kopd2)

Ru(P)(NO), + 2NO
X

Ru(P)(NO)(ONO} N,O  (11)
2

The apparent rate law for this transformation is second order in
[NO] and first order in the concentration of the ruthenium

with NO were there any obvious indications of the less stable substrateX, i.e.,

intermediateA andB. Hence, for Scheme 1 to be valid, each

of these must be formed in low steady-state concentrations under

the conditions of the experiments (see below).
If CO dissociation fromA is rate limiting, the rate law of
the first step would have the following form:

dix] _

o = KAl = kKo INOJ[ ]

)

where Ka (= ka/k-p) is the equilibrium constant for the
formation of A from 1. This treatment requires (Ka[NO] be
< 1, (ii) that equilibrium betweeft andA is rapidly established
on the time scale of the experiment, i.k.a > kg, and (iii)
that kx[NO] > k_g[CO]. Under the conditions of the kinetics

experiments illustrated by Figure 2 (large stoichiometric excess

of NO, very low [CQ]), the third of these criteria is easily met
owing to the very low concentration of CO. Furthermokg,
has been determined in flash photolysis experimiéntsbe 1

x 108 M1 s71 for RU(OEP)(NO) and 5« 10’ M~1 s71 for
Ru(TmTP)(NO) (generated by N@hotolabilization from2).
Thus, at millimolar concentrations of NO, the formation>of

from B would be expected to be orders of magnitude faster
than the absorbance changes seen in the first segment of th%
reactions observed by stopped flow techniques. The other two
requirements are harder to establish quantitatively, although the

(13) Enemark, J. H.; Feltham, R. D. Am. Chem. Sod.974 96, 5002
5004.

(14) (a) Lorkovic, I. Miranda, K. M.; Lee, B.; Bernhard, S.; Schoonover,
J.; Ford, P. CJ. Am. Chem. S0d.998 120, 11674-11683. (b) The
intermediate Ru(P)(NO) is generated by the labilization of;NG

48— i vorixg

it (12)

Notably, this rate law is inconsistent with one mechanism we
considered (prior to these kinetics studies) to account @ N
production, namely, a disproportionation pathway involving two
ruthenium centers in the rate-limiting steflf that were the
case, the rate should have been dependent on the concentration
of X squared so this pathway is ruled out.

Two alternative mechanisms involving but a single metal
center are illustrated in Schemes 2 and 3. These have in common
a preequilibrium involving NO, followed by an irreversible atom
transfer step. In both cases, the kinetics are consistent with eq
12, if the atom transfer step is rate limiting.

First, let us consider the plausibility of Scheme 2, which is
inherently attractive owing to its simplicity. NO is well-known
to form dimers, and the structure of the tail to tail dimer with
the two nitrogens linked has been characterized both in the gas
phasé® and in the solid stat®. So it is reasonable to expect
formation of similar dimers in solution. NO dimerization in the
gas phase has been reported to haéiaof —2.3 kcal mot1,17
nd an equilibrium constar of < 3 x 104 M1 at 306 K
as been estimated from spectroscopic data in the gas phase.
According to Scheme 2, the rate of the reaction woulé&Jég-
[NOJX], andky = koxKg. If one assumes the same value for
Kq in toluene solution as in the gas phase, this requires a value

(15) Kukolich, S. G.J. Am. Chem. Sod 982 104, 4715-4716.
(16) Lipscomb, W. N.; Wang, F. E.; May, W. R.; Lippert, E. Acta
Crystallogr. 1961, 14, 1100-1101.

one photoreaction pathway of Ru(P)(NO)(ONO), and the rates of NO (17) Fischer, |.; Strobel, A.; Staecker, J.; Niedner-Schatteburg, G.; Muller-

trapping of this reactive intermediate were determined by time-resolved

optical spectroscopy.

Dethlefs, K.; Bondybey, V. EJ. Chem. Physl992 96, 7171-7174.
(18) Forte, E.; van den Bergh, &hem. Phys1978 30, 325-331.
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for kox equal toko/Kg, i.e., > 6 x 108 M~1 s71. Considerable
uncertainty here lies in the magnitude of the estimatgp
however, if this value is anywhere near correct, the resulting
estimate ofk,x is much too large for an atom transfer reaction
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that then can reorganize, sometimes with redox participation
of the metal, to the disproportionation productgONand NQ

(or NO;"). If formation of a species such Bswere rate limiting,

the rate law for the formation ¢ (eq 14) would be consistent
with the third-order kinetics described by eq 12; ike = kcKa.
However, we have no spectroscopic evidence in this study for
the formation of specie8 or D. Furthermore, for other systems
where similar NO disproportionation facilitated by transition
metal complexes has been described and species simir to
or D have been proposé8¢spectroscopic evidence supporting
the formation of such intermediates is notably lacking. While
these types of structures are not implausible, acceptance of this
speculative mechanism awaits more concrete evidence.

Summary

The kinetics and time-resolved spectroscopic results described
above indicate that the reaction of Ru(P)(CO) with NO proceeds
in two key stages. The first stage is the reversible reaction to
form the dinitrosyl complex Ru(P)(N@)Under conditions of
a large excess of NO where this addition/substitution reaction
is effectively irreversible, the rate of the forward reaction to
form X displays an apparent rate law which is first order in
[NQO] and is suppressed by added CO or other ligands which
may coordinate the sixth coordination site of Ru(P)(CO). It is
concluded that, under excess NO, the rate-limiting step of this
first stage is the dissociation of CO from an intermediate species
of the composition Ru(P)(NO)(CO).

The second, slower stage is the conversion of the dinitrosyl
complex to the nitrosyl nitrito analogue accompanied by
reduction of NO to NO via a rate law second order in [NO].

RU(P)(NO} + 2NO—22- Ru(P)(NO)(ONOY N,O  (13)

Two schemes are proposed as possible mechanisms, one
involving a simple oxygen atom transfer from the transitory
nitric oxide dimer ONNO to coordinated NO (Scheme 2), the
other utilizing the Ru center as a template to assemble an
oligomer of NO which decomposes to nitrous oxide plus
coordinated N@ (Scheme 3). However, gas-phase studies
suggest that the NO dimerization constkgtis quite small. If
so, Scheme 2 would require an unreasonably large value for
the rate constari,x (oxygen transfer from ONNO) to satisfy
the rate of the second. Thus it appears that assembly of several
NO equivalents on a single metal center prior g@Normation,

e.g. Scheme 3, is a more likely pathway for eq 13.
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Scheme 3 is similar to mechanisms previously proposed to of NO molecules involved in forming the TmTP complXx from 1c.

account for disproportionation of NO by metal compleXes.

In such mechanisms, the metal center serves as a template fo

the assembly of NO oligomers of various fanciful structures
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