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The title reaction takes place according to the stoichiometry 2L2RhO0?" + 3HNO, + H,O — 2L2Rh(OH,)** +
3NO;~ + H* (L2 = meso-Meg-[14]ane-N,). The kinetics are second order in HNO, and independent of the
concentration of L2RhOO?, rate = (k; + ky[H*])[HNO,J%, where k; = 109 Mt st and k, = 175 M2 s7! at 25
°C and 0.10 M ionic strength. The reaction produces two observable intermediates, the nitrato (L2RhONO,?*) and
hydroperoxo (L?RhOOH?**) complexes. The product analysis and kinetics are indicative of the initial rate-controlling
formation of NO and NO,, both of which react rapidly with LZRhOO?* in subsequent steps. The reaction with NO
produces mainly L2RhONO,?*, which hydrolyzes to L2Rh(OH,)%* and NO3~. Another minor pathway generates the
hydroperoxo complex, which was detected by its known reaction with Fe,**. The reaction of NO, with LZRhO0?*
requires an additional equivalent of HNO, and produces L?Rh(OH,)** and NO;~ via a proposed peroxynitrato
complex L2RhOONO,?*. This work provides strong evidence for the long-debated reaction between HNO, and
H,NO,* to generate N,Os.

Introduction LMO. The two fragments react with each other both inside
and outside of the solvent cage to produce nitrate, either as
a free ion or as a nitratometal complex LMOBKQvhich

has been observed for LM Cr,q and L?Rh.

All but the purest samples of NO contain some level of
HNO,, which can itself serve as a source of NO. Despite
that, the issue of HN@interference in NO chemistry has
been addressed in only a handful of caseadmittedly,
[N\ ? Nj the reactions of NO are usually much faster than those of

Recently we studied the reaction of NO with two super-
oxometal complexes, GOO?*! and L?RhOC* 2 (L2 =
meseMeg-[14]ane-N). The reasonable stability of these

2+

HNO,, but the interference from HNQOcan still become
N N severe, especially in experiments designed for product
Hj H0 'y analysis, where HN@and the substrate may be in contact
/l\/k\ for extended periods of time.
As a complement to our previous work on the NO/LMOO
L2RhOO?** reactions;? we have now carried out a kinetic study of the
reaction of PLRhOCG* with nitrous acid. In addition to the
complexes toward metalO, bond homolysis, combined with  kinetics and mechanistic details of this reaction, we also
the substitutional inertness of both metals in thedXidation report some novel findings pertaining to the mechanism of
state, allowed us to detect several intermediates and gain ajtrosation reactions.
good mechanistic insight into both reactions. Our results,
combined with the literature data on the reactions of NO
with some oxyheme centefs; are summarized in Scheme
1, where ML represents a metal complex.
According to this scheme, the initially formed peroxynitrito  (3) Eich, R. F.; Li, T.; Lemon, D. D.; Doherty, D. H.; Curry, S. R.; Aitken,
complex dissociates to NOand the metatoxo species g)'ISF(');n'?"j‘.“gVif)'cﬁé%;sifﬁg%%”ég'99;72_”2;%33' D.; Philips, J., G. N.;

(4) Herold, S.FEBS Lett.1998 439 85-88.
* Author to whom correspondence should be addressed. E-mail: bakac@ (5) Herold, S.; Exner, M.; Nauser, Biochemistry2001, 40, 3385-3395.

Experimental Section

Perchloric acid, sodium perchlorate, sodium hydroxide, zinc
metal, mercury(ll) chloride (all Fisher), sodium nitrite, 4-aminoben-

ameslab.gov. (6) Wade, R. S.; Castro, C. Ehem. Res. Toxicol996 9, 1382-1390.
(1) Nemes, A.; Pestovsky, O.; Bakac, A. Am. Chem. Socaccepted. (7) Wolak, M.; Stochel, G.; Hamza, M.; Van Eldik, Riorg. Chem200Q
(2) Pestovsky, O.; Bakac, Al. Am. Chem. Socaccepted. 39, 2018-2019.
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Scheme 1
0.5NOy + 0.5 NOy + H*

T 0.5 H,0
LMOO + NO ~™= LMOONO == [LMO + NOj === LMO + NO,

N/

{LMONO; + LM* + NO5'}

zoic acid, 1-naphthol, and hexaammineruthenium(lil) chloride (all components. Stock solutions of nitrous acid were not used to avoid
Aldrich) were reagent grade or better and were used as receivedpotential problems with the decomposition of HNGver longer
Solutions of Fg/t and Ru(NH)s>* were prepared by a Zn/Hg  periods of time.

reduction of the respectivet3ions under anaerobic conditions. Kinetic and spectral measurements utilized a Shimadzu 3101 PC
Deionized water was further purified by passage through a Millipore spectrophotometer equipped with a thermostated cell compartment.
Milli-Q water purification system. All of the kinetic runs were conducted at 250.5°C and 0.10 M

Oxygen-saturated solutions of?RhOC* were prepared as  ionic strength, maintained with HCl@nd NaClQ. Nonlinear least-
described previoustyand standardized spectrophotometrically, squares fittings of the data to the first- and second-order rate
e7{L?RhOCG*} = 1.0 x 10* Mt cm® (pH = 1-4) and equations, egs 1 and 2, were performed with the use of the program
€265 L2Rh(OH)OO'} = 1.1 x 10* M1 cm™! (pH = 11-12). For Kaleidagraph 3.0. The symbols Ap#\bs, and Abs represent the
work under anaerobic conditions, the solutions were purged with absorbance readings at times zérand infinity, respectivelyk is
argon. Because of the much faster homolysis of the superoxothe observed rate constant, and{Aq the initial concentration of
complex in acidic solution3the purging time was 20 min at pH  the reactant A. Kinetic simulations were carried out with the use
= 1—4 (40% decomposition) and 40 min at pH 11-12 (10% of Chemical Kinetics Simulator v1.01 software for PC.
decomposition). The decomposition products had no effect on the

L2ZRhOCG*/HNO; reaction. This was confirmed by reacidifying a Abs = Abs, + (Abs, — Abs,) e« Q)
degassed alkaline solution, where the extent of the decay was only

minimal, and carrying out the reaction with NO. Once the difference Abs = Abs. -+ Abs, — Abs, )

in the initial concentrations of ARhOCG*+ was taken into account, S Seo 1+ [A] kt @
the products and kinetics were identical to those obtained with a

heavily decomposed solution that had been degassed at pH 1Results

L2RhOOH* was prepared by the reduction ofRhOCG* with a ) o )
stoichiometric amount of Ru(N§2* under argon. Under our General Observations.Upon mixing of a solution of
experimental conditions, RhOOH* showed less than 5% de- L?RhOC* (20—83 uM) with an excess of nitrous acid at
composition in 5 h. acidic pH, the absorption maximum ofRhOCG" at 271

NO stock solutions were prepared by saturating 20 mL of nm disappeared in several minutes. The rate increased with
degassed water with the purified NO gas (Matheson), as describedHNO,] and decreased with pH. No reaction was observed
previously? A typical stock solution contained 1.7 mM NO and in alkaline solutions.

0.2 mM nitrite. Nitrite analyses were carried out as described  The reaction generated an intermediate which subsequently
i 2 . . .
previously: L o _ decayed, causing a decrease in absorbance at 240 nm. Figure
K_lnetlc_ runs were initiated by Injecting a negtr_al solution of 1 shows repetitive spectral scans for a solution initially

sodium nitrite into a spectrophotometric cell containing all the other containing 3QuM LZRhOG and 1054M HNO, at pH =

0.3 | : 3.3, and a difference spectrum for the intermediate decay.
001 N Also shown is the difference spectrum obtained in the
0.00 | reaction of the same concentration BRhOCG with excess
1 NO.
g 0.2f |( . b1 A After completion of the reaction at pH 3.3, the solution
_§ T e was made alkaline by the addition of NaOH and the
S decompositon of the intermediate was monitored at pH 11.8
2 0.1- | and an ionic strength of 0.016 M. The rate constant obtained,
) k= 2.0 x 102s%, was identical to our reportéaalue for
the hydrolysis of the nitrato complex?lRhONG?", eq 3.
L l L’RhONO" 4+ H,0— L?Rh(OH,)*" + NO,~ (3)
200 300 400 500
A/ nm Under the experimental conditions in Figure 1, it takes
Figure 1. Spectral changes in the reaction betweenu80 L2RhOC 12 min for all the PRhOCG* to react. The decay of

and 105M HNO- at pH= 3.3 and 25°C at times O (top), 3, 6, 9, 12, and 2 2+ ; i ; ;
120 min after mixing. Inset shows (a) difference between the spectra at 12 L"RhONGQ?" according to eq 3 continues until completion

and 120 min, and (b) difference between the spectra at 12 and 120 min forat 120 min. From the absorbance change for the latter

the reaction of 2&M L2RhOC** with an excess (5@M) of NO at pH=
3.3. Path length: 1 cm. (8) Bakac, A.J. Am. Chem. S0d.997 119 10726-10731.
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process, and usingvezso = 1.6 x 10° Mt cm™12 we 030 : ,
calculated the amount of’RhONG?" that was present in
solution 12 min after the mixing of the reagents. The amount 0.25

found was 8uM, i.e., 27% of the initial concentration of
L?RhOC.

In addition to ’RhONG?*, the reaction generates another
intermediate, which was identified agRhOOH" by its
reaction with Fg2", as follows. After the disappearance of
L?RhOCG in the reaction with HN@ an excess of B¢t
(0.33-1.0 mM) was added and the absorbance monitored
at 240 nm. The observed absorbance increase was biphasic,

0.20

0.15

Abgorbance

0.10

consistent with the oxidation of E&" in two parallel 0.05 - b
reactions. The faster step was first order in boti*{Fand

the oxidant withk = 23 £ 4 M~1 s71 in reasonable 0.00 : : : \
agreement withk = 28 + 2 M~* s™* determined earliérfor 0 200 1000 i 1500 2000 2500
the Fe#/L?RhOOH" reaction, eq 4. The kinetics of the Time/s

; : Figure 2. Kinetic traces at 271 nm for the reaction of 2W L2RhOCG*
slower step matched precisely those for the reaction gfFe & HNO» at pH 1 and 25C: (a) [HNO] = 33 uM: (b) [HNO3] = 67

with  HNO..2 Identical observations were made in the ,m. path length: 1 cm.
L?RhOCG*/NO reactior?, except that the yield of ARhOOH*

in the present work, 6%, was smaller than the 10% found in 90
the NO reaction. The yields are basedA, o= 1.0 x 10*

M~ cm for reaction 4.

60 .
2Fe2" + L’RhOOH" (+3H") — w
2Fe, " + L’Rh(OH)*" + H,0 (4) S

The overall stoichiometry of the?RhOCG*/HNO, reaction M‘E 30 R

was determined in two sets of experiments utilizing either
HNO, or LZRhOCG in excess and quantitating the unreacted

amounts at the end of the reaction. The stoichiometric ratio 0
varied somewhat with the initial concentrations. The average 0 0.04 0.08 0.12
value was [HNGQJ/[L 2RhOCG*"] = 1.554+ 0.15, which agrees [H'1/M
with a formal net reaction in eq 5.
60 T
2L°RhOC" + 3HNO, + H,0— - b
2L2Rh(OH)* + 3NO,” + H™ (5) n
2 a0 -
The kinetics of disappearance ofRhOCG** were moni- o
tored at its 271 nm maximum. Under conditions of excess o
L?RhOCG, the reaction could be followed to completion, %
Figure 2. Excellent fits of such traces to the integrated rate = 20 |
law of eq 2 established unequivocally the second-order 2
dependence on [HN{ There was no dependence on &
[L2RhOC], eq 6. 0 ‘ '
When an excess of HNQvas employed, a sudden break 0 0.04 0.08 0.12
in the kinetic trace identified the moment when all the [H*)/M

Lth_OOH was consumed, Figure 2. Clearly, SUPEroX0- figure 3. (a) Plot of keps Vs [H*] for the reaction between 27M

rhodium served only as a scavenger for the reactive LZRhOCG* and 50uM HNO. (b) Plot ofui/[HNO]2 vs [H*] for the reaction

. . . 2] + H H

intermediates produced from HNQJnder these conditions, ~ Petween 57M L?RhOG'" and 8uM HNO,. The solid lines represent
L L . L . nonlinear least-squares fits to eq®B= 25 °C.

the kinetic determinations utilized initial rates from the first

2—3% of the reaction. The kinetics were again second order opiained by fitting the data to the second-order rate law, yield

in [HNO2] and zero order in [ERhNOG"], eq 7. information on the disappearance of H)N®q 6. Thenitial
' . "+
—d[HNO,}/dt = kobs[HNOz]2 = 3KHNO 2]2 ©) ;&;te7measurements pertain to the disappearancéRiiQG™,

(rate) = —d[L?RhOC)/dt = 2k[HN02]2 (7 The kinetics are pH dependent. Figure 3 shows a plot of

the observed second-order rate constants (eq 6) and the initial
The different multipliers fok, 2 vs 3, in eqs 6 and 7 follow  rates (eq 7) vs [H] at 0.10 M ionic strength. To allow for
directly from the stoichiometry of eq 5. Thiate constants, an easy comparison of the two sets of data, the quantity
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plotted on they-axis in Figure 3b is an apparent second- Scheme 2

order rate constant (raf§HNO,]? and has units M! s, [ e
The acid dependence is consistent with HN& the

reactive form, participating in an acid-independent and an

acid-catalyzed reaction, as described in eqs 8 and 9, where ($2N.0; &= N0+ N0, gx10c 10

[HNOg]tot = [HNO;] + [NOz7], andK,; = 6.3 x 1074 M.°

(81) 2HNO, == N,0; + H,0 109° 530°

g ] ) g (S3) NO + L’RhOO** — LZRhOONO* >10°f
The fit of all the data in Figure 3 to eq 8 yields= 10.9+
1.0Mtstandk, =175+ 17 M2sL, (54) L'RhOONO®* - {L’RhONO,?* + L*Rh*" + NO; + >10%f
—d[HNO,] -3 d[L’RhOCT] Free
dt = 2t = (S5) NO, + L’RhO0** — LIRhOONO,2* >10%9
H ? ,** + HNO, - LRh™ + iy >500 9
30k, + [H )| [HNO o2 ) (8) FOTTIOONO TG S ER s
Kot [H'] (57)2NO, == N,0, sx 108 7x10°°
HN02 =N+ NO[ Ka (9) (S8) N,O, + H,0 — HNO, + NO;” + H* 10°¢

ak = forward rate constant.Units: st (first-order reactions) or Mt
. . s1 (second-order reactionsyk. = reverse rate constant.This work.
Another set of experiments was carried out at 1.0 M H  eReference 19.Reference 2.

A series of runs at different nitrous acid concentrations gave - ) 718
a second-order rate constant of 5521 M- s 'L, Thisvalue oM 1010 15 M™s 1hi’e been reported previousfy:" ¢
is within 1% of that calculated from the parameters at 0.10 OUr value of 10.9 M* s for the [H'] independent term is
M ionic strength, see above. The lack of ionic strength I Close agreement with these reports.

dependence is expected for a reaction with a charge product AlIMost certainly, NOs does not react with the super-
of zero for the dominant forms of the reactants, HN®d oxorhodium directly, but only after the homolysis to NO and

L2RhOGH. NO,, k =8 x 10* s%, eq S2'° Both fragments could then
react rapidly with BRhOG™", eqs S3 and S5. The reaction
Discussion with NO is known to be fastksz > 10° M~* s71, and yields

L?2RhONGO?" and I’RhOOH* as intermediatesThe ob-
servation of the same intermediates in this work strongly
supports the involvement of NO.

The reaction of BRhOCG with NO; has not been studied,
but the equivalent reaction of GOO?", whose reactivity is
often comparable to that o’ RhOCG", hask = 2.3 x 10°
M~%s L1 This result supports the proposed formation of the
peroxynitratorhodium complexX’lRhOONQG?" in eq S5. The
novel reaction of this intermediate with HNGeq S6, draws
support from the known oxidation of HNM®y peroxynitric
acid, eq 10kyo=50 M 1ts 1% or 10 M1 s 120

The pH dependence of the HMD?RhOG" reaction
indicates the occurrence of two parallel pathways, one acid-
independent and the other acid-catalyzed. The additional
decrease in reactivity at higher pH is caused by the
deprotonation of HN@ K, = 6.3 x 1074 M, which increases
the proportion of the unreactive NOion. We consider it
much less likely that the deprotonation dRhOCG had a
major effect on the rate at the acidities studied (gH}).

The K, of the coordinated water is probabh6, similar to
that of the related cobalt complexX(H,0)CoOCG+,° and
there would be no significant depletion of the reactive form
at pH < 4. . - +

Both L2RhONG2+ and L2RhOOH, involved as inter- HOONG, + HNO, = 2NO, + 2H (10)
mediates in this work, have also been observed earlier in - oyr kinetic simulations requiréss > 500 M1 s1 to

the NO/L!RhOC* reaction, but in greater yields. This account for the observed stoichiometry. This value is
observation supports the detailed mechanism for the MINO  yeas0nable, considering that oxidations by peroxo species

L?2RhOCG* reaction presented in Scheme 2. are often greatly accelerated by coordination to positively
The quadratic dependence on [HN@ indicative of an charged metal cente?s.
initial rate-controlling formation of hDs, as reported for the Still, on the basis of kinetics and stoichiometry alone, one

decomposition of nitrous acid and for various nitrosation cannot distinguish between the two likely fates for NO
reactions:~1® Rate constants for reaction S1 in the range gescribed by eqs S5 and S6 or egs S7 and S8. We prefer the
sequence S5S6, however, because the dimerization/hy-

(9) Greenwood, N. N.; Earnshaw, Bhemistry of the Element8ergamon

Press: Oxford, 1984. drolysis of eqs S7 and S8 can prevail only if the rate constant
(10) Marchaj, A.; Bakac, A.; Espenson, J.IHorg. Chem1992 31, 4164 kss is smaller than 1O Mt s, as shown by kinetic
A1) ?;)Gi'ughes E. D.: Ingold, C. K.: Ridd, J. H. Chem. Soc1958 simulations. Such a small rate constant is considered unlikely,
77—82. (b) Hughes, E. D.; Ingold, C. K.; Ridd, J. B. Chem. Soc.
1958 65—69. (17) Dozsa, L.; Szilassy, |.; Beck, M. Thorg. Chim. Actal977, 23, 29—
(12) Hughes, E. D.; Ridd, J. H.. Chem. Socl1958 88—98. 34.
(13) Iglesias, E.; Williams, L. HJ. Chem. Soc., Perkin Trans.1589 (18) Garley, M. S.; Stedman, Gorg. Nucl. Chem1981, 43, 2863-2867.
343-346. (19) Stedman, GAdv. Inorg. Chem. Radiochemi979 22, 113-170.
(14) Okano, M.; Ogata, YJ. Am. Chem. Sod.953 75, 5175-5177. (20) Loegager, T.; Sehested, K.Phys. Chem1993 97, 10047-10052.
(15) Park, J. Y.; Lee, Y. NJ. Phys. Chem1988 92, 6294-6302. (21) strukul, GCatalytic Oxidations with Hydrogen Peroxide as Oxidant
(16) Turney, T. A.; Wright, G. AChem. Re. 1959 59, 497-513. Kluwer Academic Publishers: Dordrecht, 1992.
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3 : remaining chemistry. N-Nitrosation of amifésnd diazo-
tization of anilines;* for example, require the use of low
s [H*] to prevent the protonation of the amines. Under such
- conditions, acid catalysis would not be observable. The
= ] formation of NO at high [H"] also presents a problem. In
-~ some reactions, such as that witithloroaniline, a kinetic
o term proportional to [H] and first order in [HNQ] was
£ observed, indicating the involvement of N@r H,NO,*.16
= 1 i This term, shown in eq #4 could easily mask the acid-
= dependent term observed in our study, 179[HNO,]?,
especially because here the dependence on fHisGecond
order.
0 60 80 HNO,+ H'=H,0+ NO"  k =617[H][HNO,] (11)
Time/min . .
Figure 4. Simulated time profiles for the formation and decay of . The proposed mgc_:haméhrfor the form_atlon of _N_Os
L2RhONQ2* generated in the reactions betweetRhOC? (30 4M) and involves a nucleophilic attack of NO on nitrous acidium
gzdeg%ezssof either (a) NO (30M) or (b) HNO; (105uM), both at 25°C ion H,NO,™ (or NO"), eq 12. Our kinetic data suggest that

nitrous acid itself can also act as a nucleophile, eq 13.

given that the equivalent reaction betweenN@d CrOG*
hask =23 x 1 M 151!

According to the mechanism depicted in Scheme 2, only
50% of L2RhOC" reacts with NO as in eq S3, the rest being
consumed by N@ eq S5. This analysis agrees with the
experimental amount oflRhOOH", 6%, being about half
of that produced in the NOPRhOG reactiort: On the other ~ 1 x 1. This quotient is a measure of relative kinetic

hand, the absorbance changes for the hydrolysis Ofnucleophilicities of N@ and HNQ in the reaction with

L?RhONQ?" produced from HN@ and NO are similar, b S o
Figure 1, and could lead one to believe that the same amountH2N02 . As one would expect, the nucleophilicity of nitrite

of the nitrato complex was produced in the two experiments 's greatly reduced upon protonation.
Dt p2 ot P " In view of this result, we have analyzed the publistied
In fact, the totalyieldsof L°RhONQ*" indeed differ by data on diazotization of aniline at low acid concentrations
a factor of~2, but theconcentrationsof L?RhONG?" in

K (0.002-0.019 M). The second-order rate constant increases
the two experiments were comparable at the moment WhenWith [H*], and from the four data points we estimaté
all the ’RhOCG* was consumed in the reaction with HNO ' P

. . : ~ 200, reasonably close to our result.
2 (@) Q2+ m mum m ’
and [L°Rh N. ]. was at the aximum, 1.€., 12. in after The clean second-order dependence on hLIN®O the
the reagents in Figure 1 were mixed. This fortuitous result

A . resent work, even at 1.0 M*iclearly rules out a pathway
stems from the kinetics oPRhONO?* formation. The NO/ ~ Proo. L o .
L?RhOG reaction is over in mixing time, and the decom- utilizing NO*, eq 11. The oxidation potential for the couple

2 +/1 2| + i
position of I’RhONG?* starts a fraction of a second after LERhOGH/LTRI™+ O, is probably near 1 V, the value

: . oo reported for C{OC?*"/Cr" + 0,23 which makes the
the reagents are mixed. The HEDZRhOOZ react|or.1'|s reaction of eq 14 thermodynamically favorable, given that
much slower, so that the formation and decomposition of

L?RhONG?* take place on comparable time scales, allowing L2RhOG" + NO" — LZRW*" + 0,+NO  (14)
a smaller fraction of BRNONQ?" to decompose in the first 2

12 r_nin. ) _ _ ) E° for the NO/NO couple is 1.4 \?* The absence of this

Figure 4 shows smulg}gd time profiles for the formimon pathway apparently reflects the small self-exchange rate
and decay of ERNONG?" in the reactions of tRhOC constants for the superoxometal complékemd for the
with NO and HNQ under the conditions of Figure 1. At NO*/NO couple?

= 12 min, the predicted concentrations dRhONQ?" are

H,NO,” + NO,” — H,0 + N,O;, k, (12)
H,NO," + HNO, — H,0" + N,O, k, (13)

According to this proposal, the rate constakisindk, are
related to the rate constarksandk; (eq 8),ki/k, = ki/Kok

30% (NO reaction) and 29% (HNO reaction) of Acknowledgment. This work was supported by a grant
[L2RhOC]o. The respective observed percentages were 30%{rom the National Science Foundation, CHE-9982004. Some
and 27%, in good agreement with the prediction. of the work was conducted with the use of facilities at the

The rate law in eq 8 provides, to our knowledge, the first Ames Laboratory.
definitive observation of an Hcatalyzed path in the forma-  |co11018T
tion of N,Os. Such a path was considered earlier, but the
evidence was not convincing. In some cases the precisiongg Eeﬂton,ADF-)J.; Nlloore, (P:JH Chfggsfg- 2%9;70331179%3182-
. . - akac, A.Prog. Inorg. Chem , —351.
of the data was low® and in others the acid catalysis may (24) Stanbury. D. MAdy. Inorg. Chem 1989 33, 69—138.

have been masked by complex pH dependence of the(25) Stanbury, D. MAdv. Chem. Ser1997 253 165-182.
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