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Abstract: The first mechanistic study of a spin-forbidden proton-transfer reaction in aqueous solution is
reported. Laser flash photolysis of alkaline trioxodinitrate (N.Oz?~, Angeli’'s anion) is used to generate a
nitroxyl anion in its excited singlet state (*NO~). Through rapid partitioning between protonation by water
and electronic relaxation, *NO~ produces *HNO (ground state, yield 96%) and 3NO~ (ground state, yield
4%), which comprise a unique conjugate acid—base couple with different ground-state multiplicities. Using
the large difference between reactivities of tTHNO and NO~ in the peroxynitrite-forming reaction with 2O,
the kinetics of spin-forbidden deprotonation reaction *HNO + OH~ — 3NO~ + H,0 is investigated in H,O
and D,0. Consistent with proton transfer, this reaction exhibits primary kinetic hydrogen isotope effect
k(H)/k(D) = 3.1 at 298 K, which is found to be temperature-dependent. Arrhenius pre-exponential factors
and activation energies of the second-order rate constant are found to be: log(A, M~* s™) = 10.0 £+ 0.2
and E; = 30.0 + 1.1 kJ/mol for proton transfer and log(A, M~! s7) = 10.4 + 0.1 and E; = 35.1 + 0.7
kJ/mol for deuteron transfer. Collectively, these data are interpreted to show that the nuclear reorganization
requirements arising from the spin prohibition necessitate significant activation before spin change can
take place, but the spin change itself must occur extremely rapidly. It is concluded that a synergy between
the spin prohibition and the reaction energetics creates an intersystem barrier and is responsible for slowness
of the spin-forbidden deprotonation of *HNO by OH™; the spin prohibition alone plays a minor role.

Introduction triplet ground stateg ™), whereas the ground state of HNO is

Nitroxyl (HNO, with the hydrogen atom on the nitrogen atom) a singlet {A"). These properties make the aehlase equilibria

is the protonated one-electron reduction product of the nitric 1 3 N
oxide (NO) radical and can be produced by radiation in a HNO="NO +H 1)
variety of NO-rich environments, including certain types of
nuclear wastes. Conceivably, nitroxyl can also be generated in
biological systems either en route to Nfdom various sources
or as an intermediate of NQnetabolism. These possibilities ~ SPin-forbidden and inherently slow. Recently, we have shown
have attracted considerable interest and have been the subjedhat the reactivity pattern of HNO/NOspecies toward ©and
of several recent investigatio#s? The data interpretations and  NO- is fully consistent with these ground-state assignments and
the evaluations of biological roles of nitroxyl have invariably have estimated,(*HNOANO™) ~ 11.4 for the ground state
invoked its chemical properties and reactivity, which are not (*A’) to ground state®g") acid dissociation andKa(*HNO/
well-understood and remain controversial despite the apparentNO™) ~ 23 for the ground state'd’) to excited state'\)
simplicity of the molecule. acid dissociatiorf;very similar K, values have been obtained
One highly unusual and not always properly recognized Py Fukuto, Houk, and co-workefsThese assessments suggest
complication in dealing with nitroxyl is that its conjugate anion that HNO is a much weaker acid than it was previously believed

(NO"), which is isoelectronic with molecular oxygen, has a Pased on the widely accepteKgHNO/NO™) = 4.7 derived

some 30 years ago from pulse radiolysis experiments Biz&ra
TCherEistry Department and Radiation and Solid State Laboratory, and co-workersand presumably pertaining to the ground states,
New York University. ; ; ;
¥ Chemistry Department, Brookhaven National Laboratory. aIthoggh the spin stgteg were not considered a.t aII.In that work.
(1) Wong, P. S. Y.; Hyun, J.; Fukuto, J. M.; Shirota, F. N.; DeMaster, E. G.; One important implication of theKa re-evaluation is that-
Shoeman, D. W.; Nagasawa, H. Biochemistry1998 37, 5362-5371. 3 — 1 - i H i
(2) Adak, S.; Wang, Q.; Stuehr, D.J.Biol. Chem200Q 275, 33554-33561. HNO, but notNO™ or *NO 1S the dominant form of nltrOXyI
(3) Miranda, K. M.; Espey, M. G.; Yamada, K.; Krishna, M.; Ludwick, N.;
Kim, S.; Jourd’heuil, D.; Grisham, M. B.; Feelisch, M.; Fukuto, J. M.; (7) Shafirovich, V.; Lymar, S. VProc. Natl. Acad. Sci. U.S.R002 99, 7340~

'HNO 4+ OH™ =°NO™ + H,0 2)

Wink, D. A. J. Biol. Chem2001, 276, 1720-1727. 7345.

(4) Reif, A.; Zecca, L.; Riederer, P.; Feelisch, M.; Schmidt,Rfee Radic. (8) Bartberger, M. D.; Liu, W.; Ford, E.; Miranda, K. M.; Switzer, C.; Fukuto,
Biol. Med. 2001, 30, 803—-808. J. M.; Farmer, P. J.; Wink, D. A.; Houk, K. NProc. Natl. Acad. Sci. U.S.A.

(5) Kirsch, M.; de Groot, HJ. Biol. Chem2002 277, 13379-13388. 2002 99, 10958-10963.

(6) Liochev, S. I.; Fridovich, I Arch. Biochem. Biophys2002 402 166— (9) Gréazel, M.; Taniguchi, S.; Henglein, ABer. Bunsen-Ges. Phys. Chem.
171. 197Q 74, 1003-1010.
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under physiological conditions. On the other handND™ is Scheme 1 )
produced by some means in neutral or alkaline solution, it will H.0 + 'NO" hv O\N:ﬁ,
persist for a sufficiently long time (several milliseconds ac- z —NO; - ko)
cording to our estimaté}o engage in other reactions, e.g., with oK, = -9 r 2
O, or NO-, before undergoing spin-forbidden equilibration with
IHNO. s

Conjugate acietbase couples with different ground-state ot HNO@’”OS Ms™
multiplicities are rare in chemistry and so is the opportunity to NO .. NO* ;
investigate attendant spin-forbidden proton-transfer reactions. Pk =26 r NO* NZ02 " === N0,
The handful of examples that we have found in the literature ) k=2.3x10"M"s"
consist of gas-phase protonation of a distonic carbene ion by H0 + °NO ot
phenolsl? gas-phase protonation &0~ by certain acid$12 &":2‘7“0 M's
and protic equilibration of a stable organic biradical with organic ONOO®

acid or bases in acetonitrilé. Within aqueous main-group
chemistry, nitroxyl is likely to represent a unique instance of
an acid whose dissociation and reactions with bases are spin- The experimental design of this work is entirely based on
forbidden. In this study, we inquire into the nature and the our recent investigation of the reactivity of HNO/NGpecies
mechanistic implications of spin restrictions in reaction 2 toward G and NO.’ Pertinent mechanistic information obtained
primarily through the measurements of its activation parametersin that study is summarized by Scheme 1 showing the
and kinetic hydrogen isotope effect. We show that the nuclear relationship between various forms of nitroxyl and their reactions
reorganization (activation) requirements arising from the spin that are used here.

prohibition are more important in impeding this reaction than ~ Photochemical cleavage of the trioxodinitrate dianiopGi-),

Results

the spin prohibition per se. which can be viewed as a stable-N adduct between NO
' ] and NQ-, provides a convenient method to rapidly generate
Experimental Section nitroxyl species. In strongly alkaline solutions, successive

Sample SolutionsAll chemicals of analytical grade and heavy water formaj[ion of seyera! r_li_troxyl species has .been assigned to the
were used as received. Normal water (ASTM type I was obtained from following reactions initiated by UV laser light
a Milli-Q purification system. The 0.15 mM stock solutions of Angeli's

salt (sodium trioxodinitrate, N&I,Os, from Cayman Chemical) in 0.25 N2032_ (+hy) — INO™ + NO,” 3)
M NaOH or NaOD were prepared daily and used withinZh. Nitric

i ifi ) i InA— 1 -
oxide (Matheson) was purified from2®; by passing the gas through NO™ + H,0— *HNO + OH (4)

a scrubbing column wit 2 M KOH and then through water. All
solutions were thoroughly purged with argon prior to introducing nitric
oxide. Oxygen gas was used as received. Only saturated solutions of

NO- or O, were used and their concentrations taken as 1.9 and 1.3 . ) B
mM, respectively, were always in large excess over photochemically 1h€ photochemical step and the protonatlpﬁNxD by water
generated nitroxyl species. are both extremely rapid, whereas the spin-forbidden reaction

Kinetic Measurements. Transient kinetics were recorded using a 2 IS comparatively slow. Due to insufficient absorption in the
fully computerized laser flash photolysis system with the right angle accessible spectral range by b#tNO and®*NO-, this reaction
cross-beam arrangement in a massive quartz flow cell (depth 0.4 cm,could not be monitored directly. However, the appearance of
length 1 cm, illuminated volume 0.16 mL) as described elsewh¥re.  3NO~ in solution due to reaction 2 can be visualized in the
Solution of NOs?~ saturated with a desired gas in the feed reservoir presence of oxygen through the formation of peroxynitrite
was forced by a positive gas pressure into the cell through a computer-(ONog’ Amax = 302 NM, ez0, = 1670 ML cmY), i.e., the
controlled solenoid valve. A 266 nm Nd:YAG laser (typical pulse reaction
energy 36-40 mJ/cn) was used to photolyze the samples. A computer-
controlled shutter on the laser beam was employed to select individual 3 A 43R —
excitation pulses from a 20 Hz laser pulse train. The transient absorption NO +70,—~ ONOO 6)

was probed alapa 1 cmoptical path by a light beam from a 75 W S e _ ety 7
xenon arc lamp (pulsed for short time scales) and the kinetic traces which is nearly diffusion-controlled = 2.7 x 10° M s).

obtained were averaged over 10 laser pulses. For the measurements of '€ observed first-order rate constant for peroxynitrite ac-
temperature dependencies, the flow cell was thermostated within acumulation is independent of oxygen concentration in the
copper holder equipped with a circulating water jacket. To allow for 0.035-1.3 mM range and is proportional to the hydroxide ion
solution replacement and thermal stabilization between the laser shots concentratioh

the following automated protocol was employed: rinse and refill the

cell, wait 2 min for the solution temperature stabilization, execute 1 Kops = K[OH ] @)
laser shot and data acquisition, repeat.

HNO + OH™ —°3NO™ + H,0 2)

From this and other evidence, it has been concluded that reaction

(10) Hu, 4 Hill, B. .3 Squires, R. RJ. Am. Chem. Sod997 119 11699- 2 is the rate-determining step in the reaction sequence 3, 4, 2,
(11) Janaway, G. A.; Zhong, M.; Gatev, G. G.; Chabinyc, M. L.; Brauman, J. and 6 leading to peroxynitrite accumulation.
I. J. Am. Chem. S0d.997 119, 11697-11698. i et it ; ;
(12) Janaway, G. A Brauman, J.L Phys. Chem. 2000 104 1795-1798. Typ|cgl kinetics of peroxynltn.te accumuzliatllon following flash
(13) Ishiguro, K.; Ozaki, M.; Sekine, N.; Sawaki, ¥. Am. Chem. Sod.997, photolysis of @-saturated solutions of J0s2~ in H,O and BO
119, 3625-3626. - oAt ;
(14) shafirovich, V.; Dourandin, A.; Huang, W.; Luneva, N. P.; Geacintov, N. are shown Ir_] !:Ig_ure_ 1. The kinetic traces were monlto_red at
E.J. Phys. Chem. B999 103 10924-10933. 315 nm to minimize interference from the prompt bleaching of
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Figure 1. Kinetic traces of ONOO accumulation recorded at 315 nm after
flash photolysis of 0.15 mM P32~ in O,-saturated KO (upper trace) and
D0 (lower trace) solutions containing 0.25 M NaOH and 0.25 M NaOD,
respectively. Inset shows the first microsecond portion of the kinetics in
H0; the short negative-going signal at the time origin is due to laser stray
light.
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Figure 2. Temperature dependencies of the bimolecular rate constants for

deprotonation ofHNO by OH- (reaction 2) in HO (squares) and in D
(circles). The lines give linear fits to the data points. Solution compositions
are identical with those in Figure 1.

Table 1. Arrhenius Activation Parameters? for the Second-Order
Rate Constant of Reaction 2

solvent log(A;, M~ s7Y) Ea, kd/mol ka(298 K), M~ 571
H,0P 10.0+ 0.2 30.0+1.1 5.5x 10
D,0O¢ 104+ 0.1 35.1+ 0.7 1.8x 10¢

aUncertainties are given as standard errors for the linear fits in Figure
2.%1n 0.25 M NaOH.¢In 0.25 M NaOD.

N,O3?~ absorption {max = 248 nm,ezg = 8300 M~ cm™?)
induced by the laser flash. It is evident from Figure 1 that,
although the peroxynitrite signal amplitudes at the end of the
kinetic runs are practically identical inJ® and DO, there is
a significant and normal kinetic isotope effect, thatgg(H>0)
> kond D20). The temperature dependencieggtin the 8-60

°C range have been measured at constant 0.25 M alkali

A absorbance x 10

00 f . .

054
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0 4 8 50 100 150 200
time,us

Figure 3. Kinetic traces of NOs~ accumulation recorded at 380 nm after
flash photolysis of 0.15 mM pOz?~ in NO-saturated BD solution
containing 0.25 M NaOH; note the time axis break at&s5 Inset shows
the first 2us portion of the kinetics. The traces are from separate kinetic
runs on 3 different time scales. Solid lines correspond to eq 12 Avihs

= 0.0073 kiast= 4.0 x 10° 571, AAgiow = 0.19, andksiow = 2.2 x 10¢s7L.

consistent with the proton-transfer reaction 2 being the rate-
limiting step.

There is a very small but reproducible rise of the peroxynitrite
absorption occurring within one microsecond after the laser flash
(Figure 1, inset). Although this rise corresponds to less than
5% of the total accumulation of ONOQIit can be mechanisti-
cally important because it suggests that a small amouiNOf
is present in solution immediately after the laser pulse. Indeed,
the expected characteristic rise time of ONOffom reaction
6 is about 0.3us in Oy-saturated solution. Thus, the inset in
Figure 1 can be interpreted as indicating that there is a
partitioning between protonation 8NO~ by water (reaction
4) and its intersystem crossing to the ground state

INO™ —3NO~ (8)

This partitioning offNO™ has been determined more quan-
titatively by replacing @ with NO-. In this case (Scheme 1),
the long-lived strongly absorbings®s;~ ion (Amax = 380 nm,
€380~ 4000 M~ cm™Y) is produced from botBHNO and®NO~
by consecutive addition of two NQadicals in the following
reactiong%17

'HNO + NO- — N,O, * + H (9)
NO™ + NO- — N,O, (10)
N,O, - + NO- — N,O,” (11)

Reaction 9 is relatively slowk§ = 5.8 x 10° M~1s™1), whereas
both reactions 10 and 11 are essentially diffusion-contrdlled.
The kinetics of NOs~ accumulation in NO-saturated solution
is shown in Figure 3, where the rapid step of product formation
is seen much more clearly than with ONOO

concentrations and the corresponding bimolecular rate constants The gverall kinetics conforms a two-exponential growth

k2 (eq 7) are plotted in Figure 2. Arrhenius parameters derived
from these plots are given in Table 1. The kinetic isotope effect
was found to be weakly temperature-dependent and KIE
ko(H20)/ko(D20) = 3.1 at 298 K. The magnitude of KIE is
characteristic of primary isotope efféétl® which is also

(15) More O’Ferrall, R. A. InProton-Transfer Reaction€aldin, E., Gold, V.,
Eds.; Chapman and Hall: London, 1975; pp 2@62.

(16) Hibbert, F. INComprehensie Chemical KineticsBamford, C. H., Tipper,
C. F. H., Eds.; Elsevier: Amsterdam, 1977; Vol. 8, pp-9B6.

AA = Apsf 1 — exp(Kasit)} + AAjou{ 1 — exp(Kyon D)}
(12)

whereAAsstand AAgiow are the absorption amplitudes akgl;
andkgow are the first-order rate constants for the fast and slow
steps, respectively. Simultaneous fitting of all traces in Figure

(17) Seddon, W. A.; Fletcher, J. W.; Sopchyshyn, FGan. J. Chem1973
51, 1123-1130.
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20 L L region of singlet and triplet energy surfaces in Figure 4 before

B Ar(N-H), A 1

Figure 4. Free energy change drawn to scale for various reactions of the
IHNO + OH- couple in water. Solid lines approximate adiabatic energy
profiles along the N-H distance change during proton transfer(N—H),

that is shown as a reaction coordinate.

3to eq 12 yielded\Agst = 0.0073 Kiast= 4.0 x 10° 571, AAgiow

= 0.19, andkgow = 2.2 x 10* s™1. The slow step corresponds
to parallel occurrence of two reaction sequences 9, 11 and
10, 11; its rate constant kgjow = ko[NO-] + ko[OH™]. As with
ONOO, the fast step can be interpreted as originating from a
small amount oPNO™ that has been very rapidly produced by
reaction 8; this interpretation is valid if, + kg > 1 x 107 s71
and ks > kg. We have previously reported the apparent rate
constant of NOs~ formation through reactions 10 and 11 in
NO-saturated solution to be 48 1° s™1.7 This value is in
good agreement withks; obtained by fitting kinetic traces in
Figure 3 and the rapid yield ofNO~ through intersystem
crossing is

Yisc = AAfas!(AAslow + AAfast) = ksl(k4 + k8) ~0.04 (13)

Discussion

All oxygen and nitrogen acids without an intramolecular
hydrogen bond belong to the so-called “normal acids”, for which
proton transfer in the AH- B~ reaction approaches diffusion-
controlled rate, when the acidity differencégBH) — pKy(AH)
becomes greater than-3 units16.18 By this criterion alone,

21

the intersystem crossing can occur.

Such a mechanism is shown in Scheme 2, where the
solid arrows indicate actual elementary reaction steps and the
dashed arrows relate these steps to net reactions 2, 4, and 8.
According to this mechanism, the intersystem crossing happens
with frequencyvis in the activated complefON--H--OH}#
that has a nuclear configuration corresponding to the singlet
triplet intersection in Figure 4 and a lifetime corresponding to
the classical reaction frequency, thatkis= RT/Nh ~ 6.2 x
102 s,

As shown in Scheme 2, net reaction 8 can be interpreted as
being water-assisted and proceeding through the same activated
complex with net reactions 2 and 4. The small yieldPRD~
from INO~ indicates thatky > visc and, from Yisc = visd
(kg + visc) = 0.04 (eq 13), we estimabtgs; ~ 2.5 x 101 s71,

i.e., the frequency of isoenergetic oscillations between singlet
and triplet states in the activated complex must be very high.
Such a facile transition can be qualitatively explained provided
that the activated complex retains much of the reactant molecular
orbital configuration. Indeed, HNO is analogous to a carbonyl
in that it is isoelectronic with formaldehyde and its HOMO and
LUMO aren andz*, respectively. Then th&{ ON--H:-OH"}#

— 3{ON-+H--OH"}* intersystem crossing involves the isoen-
ergeticl(n, n) — 3(n, #*) molecular orbital change, which is
allowed by El-Sayed’s selection rulés.Such transitions,
particularly in carbonyls, can occur at #0s™! and even
faster?—24

With kg > vis, the overall activation-controlled rate constant

reaction 2 should be about 5 orders of magnitude more rapid for reaction 2 is

than observed. Somewhat surprisingly, its pre-exponential factor

is within the range of those expected for a spin-allowed and
otherwise uninhibited bimolecular reaction and so the low rate
of reaction 2 is mostly associated with significant activation
energy (Table 1). The necessity for activation in this reaction

AS AH
k, = Ko Koo = Ko ige ex;{?) exp(—ﬁ) (14)

whereK (in M~1) is the equilibrium constant for the formation

becomes clear from considering the energy diagram for reactants, precursor complex with proper orientation akti= ka/kg

and products shown in Figure 4.

The diagram is based on the estimates for the Gibbs free

AS* and AH* are the activation equilibrium constant and the
activation entropy and enthalpy, respectively. As there is no

energies of formation of aqueous nitroxyl species that we have ~q,ombic interaction betweetdNO and OH-. the value of

reported previouskand the tabulated values for water speéfes.
Complete proton transfer from HNO to OHshould be
accompanied by abod A change in the N-H distance, which
corresponds to the typical difference in the-N distances for
N—H-:-O and N--H—0 hydrogen-bonded structural mot#s.

Kpc should be practically temperature-independent and deter-
mined mainly by the negative entropy of bringing these species
together. Taking 2.9 A for the NO distance in the precursor
complex, a typical value for the ANH---O hydrogen-bonded
specieg? and applying the procedure described by Creutz and

Because of the spin restrictions, there is no barrierless routefromg, i 25 \ve calculatek,. ~ 1.3 x 10-2 ML, Therefore Koaise
reactants to products in reaction 2, as there would be for a 3_3' % 10° M-1s-1 apnd a small positive\§* of the orolljer of

“normal” acid—base reaction, and the encounter pair between

(18) Crooks, J. E. IfComprehense Chemical KineticsBamford, C. H., Tipper,
C. F. H., Eds.; Elsevier: Amsterdam, 1977; Vol. 8, pp $+2850.

(19) Wagman, D. D.; Evans, W. H.; Parker, V. B.; Schumm, R. H.; Halow, I.;
Bailey, S. M.; Churney, K. L.; Nuttall, R. LJ. Phys. Chem. Ref. Data
1982 11, Suppl. 2

(20) Hamilton, W. C.; Ibers, J. Adydrogen Bonding in Solid8enjamin: New
York, 1968.
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(21) Turro, N. J.Modern Molecular PhotochemistryBenjamin/Cummings:
Menlo Park, California, 1978.
Damschen, D. E.; Merritt, C. D.; Perry, D. L.; Scott, G. W.; Talley, L. D.

)
22)
J. Phys. Chem1978 82, 2268-2272.
)
)

—

(23) Murov, S. L.; Carmichael, I.; Hug, G. lHandbook of Photochemistry
Marcel Dekker: New York, 1993.

(24) Singh, A. K.; Bhasikuttan, A. C.; Palit, D. K.; Mittal, J. .. Phys. Chem.
A 200Q 104, 7002-7009.
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Scheme 3 ‘ K restrictions associated witd parity of the electronic states in
I SR . Oy. If indeedks ~ 1 x 10'°s71, thenk, will have to be about
'HNO +OH Kk INO™+ H,0 —NO"+ H,0 2.5 x 10" s71 (eq 13), a perfectly reasonable value for a
¢ barrierless, exergonic, proton-transfer reaction with a hydrogen-
bonded solvent.
A substantially negative\4S° will make ks more ordinary,
but it will also increase-A4G° that is already too high, even
with A4S’ = 0. Indeed, the value of A;4G° = 53 kJ/mol from
Figure 4 is 23 kJ/mol larger thag, in Table 1, which would
disprove the mechanism, if the energetics of nitroxyl species

experimentaE, = 30 kd/mol in Table 1. The observed isotope were prec_ise_ly established_. However, this is not the case and
effect onE. is explicable by the zero-point energy difference the most significant uncertainty concerns the energy gap between

1 — 3 —
for the H-NO and D-NO stretching vibrations. The corre- NO™ and*NO™ that was taken ;r?%m the gas-phase measure-
sponding frequency difference ranging from 660 to 680 tm ments by Tronc and co-yvork .They notgd th.at thelr
has been measured in gas phase and in inert maffixes. measurements could possibly pertain to the first vibrationally
This difference translates into about 4 k/mol in tki¢* value, excited level of NO™ that is 18 kJ/mol above the zero-point

which is within the experimental uncertainty equaBgD,O) energy. If so, the value-A,4G® would decrease to about 35
— Ex(H,0) = 5.1+ 1.3 kd/mol from Table 1. kJ/mol and become sufficiently close to the obserieg

considering other uncertainties in nitroxyl energetics in water.
Graphically, this re-evaluation 6fA;,G° would correspond to
bringing down the NO~ + H,O level in Figure 4 almost to the
shown singlettriplet intersection point; it would also lower
PKa(*HNO/ANO™) from about 23 to approximately 20. Both
numbers are within the uncertainty margins of recent ab initio
estimate for this a8

In terms of eq 15, the kinetic isotope effect depends on 3

10 J/(mol K) would be sufficient to account for the observed
pre-exponential factor in Table 1.

Although the value ofAH# = E, cannot be predicted, except
that it should be significantly positive, we note that the singlet
triplet intersection obtained by simple linear interpolation in
Figure 4 occurs at 28 kJ/mol, which is remarkably close to the

The energy splitting of the adiabatic surfaces in Figure 4 is
mainly due to the spirorbit interactions and may conceivably
be insufficient for a facile singlettriplet transition in the
activated complex. In this case, the precursor complex will have
to proceed along the singlet energy surface all the way up to
the formation of discretéNO~ species. Such a mechanism
involving equilibrium formation ofNO™ in reaction 4 and its
subsequent radiationless transition®NO~ via reaction 8 is

shown in Scheme 3. ratios
For this mechanism O kBH CHi D kBH
g) 0' KIE :—4H_D:_aD_WH_D (16)
K. = k8 _ ASGXF( Ar4 )GXI{ E8 - Ar4H ) (15) K4 kB Ka KW k8
==
K, R RT

where superscriptd andD mark values for normal and heavy

whereAs and Es are Arrhenius parameters for reaction 8 and Water, Kw is the ionic product of water, ank is the acid

AwS andA.H° are entropy and enthalpy changes in reaction dissociation constant foHNO = INO™ + H*. The ratioK"/
4. As with thelOx(1Ay) — 30,(3AZ4") transitior?”-2% and with KL ~ 6.5 can be estimated from the well-behaved relationship

mostS— T transitions! reaction 8 is unlikely to be significantly ~ 109(Ka™/Ka?) = 0.41+ 0.02(K," described by Betf and the
activated, so we may expect tHaf~ 0. The value ofA4S° is ratio Ky°/Ky! ~ 0.15 has been measurédro account for the
unknown, but is expected to be relatively small by analogy with Observed KIE, the ratiég"/ks> will have to be about 3.2, not
CN- and CIO", for which entropy changes in protonation by 00 dissimilar from the corresponding ratio of-236 for singlet
water are estimated as50 and+19 J/(mol K), respectively, oxygen3%38We thus conclude, that the mechanism in Scheme
from the NBS table? By settingA,+S° = 0, parameters in eq 3 is also consistent with the observations, provided that the
15 can be connected with experimental values in Table 1, that €Xothermicity of reaction 4 is about 20 kJ/mol lower than it
is Ea = —AuH° = —ArG® and logfs) = l0g(As) = log(ks), in has been estimated previously. _ .
proper units. Thus, reaction 8 must be about 4 orders of Although more accurate knowledge of the nitroxyl energetics
magnitude more rapid than deactivationt@(*A4)*° and hence is required to cleanly discrimint?lte the pathways shown.in
belongs among the fasteSt- T transitions?! There are atleast ~ Schemes 2 and 3, we should point out that these mechanisms
three factors that can facilitate deactivatiorfiD~ compared &€, in fact, conceptually very similar. In both cases, the spin
to 10,. First, the singlettriplet energy splitting is roughly 25 prohibition demands S|gn|_f|cant activation before spin change
kJ/mol smaller. Second, the interaction betwt#é®~ and water ~ an take place, but the spin change itself must occur extremely
should be stronger and more symmetry-breaking, particularly rapidly once it has become energetically allowed. In other words,
. . . . i — 1 _
due to hydrogen bonding; interactions with a solvent are known T Poth energy levels for théNO™ + H,O and'NO™ + H,0O
to play a pivotal role in the radiationless deactivatioA@f 3134 products in Figure 4 were some 500 kJ/mol lower, the

Third, the symmetry of NO s lower, so that there are no parity
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alone plays a minor role. The activation parameters in Table
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