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Abstract: The aqueous photochemistry of the sodium salt of 1-(N, N-diethylamino)-diazen-1-ium-1,2-diolate
(3) has been investigated by both experimental and computational methods. Photolysis results in the
formation of the N-nitrosodiethylamine radical anion (5) and nitric oxide (NO) via a triplet excited state.
The nitrosamine radical anion either undergoes electron transfer with NO before cage escape to form
triplet NO~ and nitrosamine (minor process) or rapidly dissociates to form an additional molecule of NO
and ultimately amine (major process). The production of nitrosamine radical anion 5 upon photolysis of
diazeniumdiolate 3 is confirmed by low-temperature EPR spectroscopy. The calculated energetics for the
ground and excited states of the parent diazeniumdiolate ion at the CIS and B3LYP levels of theory as
well as B3LYP calculations on the fragmentation processes were very effective in rationalizing the observed

photodissociation processes.

Introduction Scheme 1

Anions with the X[N(O)NOT (X = O, CRs, SO;~, and f{,):r or ™. RNN=O + -NOR
NR,) functional group have been used increasingly as probes RoN"17N
for studying the biology of nitric oxide (NO) and nitroxyl (NO 1
HNO) over the past decade, and have an expansive chemical o~
history spanning two centuriésl-(N,N-Dialkylamino)diazen- _O,NfN,o- v, NO, + NO
1-ium-1,2-diolates (X= NR;) are stable as solid salts, but )
release up to 2 mol of NO (plus 1 mol of amine) when dissolved
in aqueous solution under physiologically relevant conditions. o hv B
To extend the usefulness and applications of these diazenium- Et2,\I,N;',\ro‘ -, EeNN=O + NO
diolates as NO donors, we have developed efficient photosensi- 3 )

tive protecting groups for these aniochBuring the course of

this work, we have demonstrated that the photochemistry of gt,died?5 Photodecomposition o2 results in generation of
simple O%-alkyl- and O?-benzyl-substituted diazeniumdiolates NO,~ and NO™ (Scheme 1), a reaction with bond-breaking that
1 is complicated by a reaction that produces a potentially js analogous to the nitrosamine/oxynitrene forming reaction
carcinogenid\-nitrosamine and a reactive oxynitrene intermedi- gpserved for O2-substituted diazeniumdiolatéslf such a
ate (Scheme 1). reaction was important in the photochemistry of NIN-

The photochemistry of the sodium salt 0©[N(O)NO], dialkylamino)diazeniumdiolates, the expected products would
commonly known as Angeli's salt?], has been previously  be nitrosamine and NO(Scheme 1), raising potential photo-
toxicity issues. We have investigated the photochemistry of the
 Johns Hopkins University. sodium salt of 14{,N-diethylamino)-diazen-1-ium-1,2-diolate
*The Ohio State University. (3) by both experimental and computational methods and report

(1) For a recent review of the chemistry of diazeniumdiolate derivatives, see: ’
Hrabie, J. A.; Keefer, L. KChem. Re. 2002 102 1135-1154. herein our results.
(2) (a) Ruane, P. H.; Bushan, K. M.; Pavlos, C. M.; D’'Sa, R. A.; Toscano, J.

P.J. Am. Chem. So@002 124, 9806-9811. (b) Bushan, K. M.; Xu, H.;

Ruane, P. H.; D'Sa, R. A.; Pavlos, C. M.; Smith, J. A.; Celius, T. C.; (4) Donald, C. E.; Hughes, M. N.; Thompson, J. M.; Bonner, FInbrg.

Toscano, J. PJ. Am. Chem. So@002 124, 12640-12641. Chem.1986 25, 2676-2677.

(3) Srinivasan, A.; Kebede, N.; Saavedra, J. E.; Nikolaitchik, A. V.; Brady, (5) (a) Shafirovich, V.; Lymar, S. VProc. Natl. Acad. Sci. U.S.2002 99,
D. A.; Yourd, E.; Davies, K. M.; Keefer, L. K.; Toscano, J. P. Am. 7340-7345. (b) Shafirovich, V.; Lymar, S. V. Am. Chem. SoQ003
Chem. Soc2001, 123 5465-5472. 125 65476552.
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Table 1. Percent Yields of Products Following Rayonet Photolysis such as biacetyl and potassium sorbate were complicated by
of 3 in Water® chemical reactivity.) Oxygen (1.3 mM in waf¢has no effect
photolysis amine nitrosamine  nitrosamine on the relative yields of amine and nitrosamine, but we do
Alm)  puge  (NMR)  NO*  (NMRF (HPLOY  NoO° observe decreased quantum vyields for photodecomposition in
254 Ar 71 105 29 18 18 oxygen- versus argon-saturated solutions following 266 and 300
ggg /% g%) 1598 2190 2110 97 nm photolysis: ®(Ar) = 0.18_, d(0O,) = 0.068 andd(Ar) =
300 o 90 g 10 11 g 0.02,9(0) = 0.009, respectively. These results are consistent
300 NO 90 g 10 g g with incomplete quenching 68* by oxygen (and presumably

no photoreactivity via3*) under the conditions of our experi-
a Average of at least three measurements; based on percent reactan}_neﬂ,[S

converted; estimated errer5%. ® Amine and nitrosamine were analyzed

by NMR spectroscopy following 30% conversion of 6.5 nd3\h D,O (pD Computational Studies.To gain further mechanistic insight

= 12). “NO was analyzed electrochemically following photolysis3an into how the products reported in Table 1 are formed, we
H,O (pH = 12). See Experimental Section for detafldNitrosamine was . . . . !
analyzed by HPLC following 30% conversion of 0.1 nvin H,O (pH = examined the structures of diazeniumdiolageSp and T, states

12). (Representative HPLC experiments performed 0 OpD > 12) via computational methods. Vertical excitation energies have

provided similar results.)®N,O was analyzed by gas chromatography ; . ; ;
following 254 nm photolysis (100% conversion) of 1 ndn H,0 (pH— been computed using time-dependent density functional theory

12).717% ONOO is observed by UV-vis spectroscopyehor = 1670 M-: (TD-DFT) and configuration interaction with all single excita-
cm1) following photolysis (100% conversion) of 0.2 m&lin H,O (pH tions (CIS) methodson X[N(O)NO]J~ (X = NH, and NMe)

= 14).9 Not determined. and the lithium complexes as model systems. Excitation energies

Scheme 2 were evaluated at the TD-DFT/B3LYP/6-8G(d,p)//B3LYP/
o- o- 6-31+G(d,p) and CIS/6-3tG(d,p)//HF/6-31-G(d,p) levels.
Ssens* + N 0o- —= sens” + N o- The qualitative trends for the vertical excited states were similar
(orsens =) 2N 3 N ELN™ N using both methods. Optimized geometries, orbital contour plots,
ELNNZO + NO computed vertical excitation energies (eV and nm), and oscillator

strengths are provided as Supporting Information, as is the
experimental absorption spectrum f
While both the lowest singlet excited state foNfN(O)NO]~

Product Analysis. Products formed following aqueous pho- as well as the corresponding lithium complex are-nz* in
tolysis of 3 were quantified by a variety of analytical methods character, the lowest triplet states arerof- 7* character. The
(Table 1). NMR analysis of reaction mixtures showed diethy- 7 and z* MOs involved in these transitions are primarily
lamine and\-nitrosodiethylamine as the only organic products localized on the NN bond. More significant geometrical
formed. Yields of nitrosamine were also determined indepen- changes in this bond are thus expected for’(he-r*) state as
dently by HPLC analysis. NO was analyzed electrochemically; compared to thegnd § singlet states. This is indeed observed
NO-/HNO was quantified indirectly by nitrous oxide ﬁm) or for the Optimized geometries of the excited states at the CIS/
peroxynitrite (ONOO) by gas chromatography or UwWis 6-31+G(d,p) level (Table 2). The N-N bond length for the
absorption spectroscopy, respectively, as detailed below. As®(w — 7*) state is calculated to be 1.57 A fon,Tas compared

indicated in Table 1, nitrosamine is observed, but in much lower 0 1.22 and 1.39 A for theg@nd*(n — *) states, respectively.
yields than initially anticipated. Also, geometry optimizations of thé&x — x*) state for

HoN[N(O)NO]~ at the B3LYP/6-3%G(d,p) level resulted in a
gloose complex with an elongatediNN, bond length of 2.46

, suggesting a barrierless dissociation pathway for the lowest
triplet excited state, presumably to nitrosamine radical anion
and NO radical. Indeed, the calculated spin density distribution

Results and Discussion

Triplet Sensitization and Quenching ExperimentsWe also
examined the effects of triplet sensitized photolysis on observe
product distributions. Triplet sensitized photolysis3ofith 4,4-
dihydroxybenzophenonel) in D,O (pD = 12) has no effect

on the yields of amine (90%) and nitrosamine (10%) relative <" - ' ) ; )
to those observed following direct photolysis at 300 nm, (Figure 1) is consistent with the formation of NO radical from

suggesting that essentially all of the observed photochemistry the triplet dissociation pathway. N _
occurs through#3*. Proposed Mechanism of PhotodecompositiotOn the basis

of product analysis, sensitization/quenching results, and the

Triplet sensitized photolysis with other sensitizers of similar i
above calculations, we propose that the aqueous photodecom-

triplet energy, however, is complicated by a presumed electron
transfer to the tlflplet excited sens_ltlzer_froﬁw Ieac_img tO_ (6) Murov, S. L.; Carmichael, I.; Hug, G. lHandbook of Photochemistry
ENN(O)NC, which subsequently dissociates to nitrosamine 2nd ed.; Marcel Dekker: New York, 1993; p 289.

_ i _ (7) (a) Foresman, J. B.; Head-Gordon, M.; Pople, J. A.; Frisch, NI. Bhys.
and NO (S.Che.me 2.)'.(83LYP/6 3—13(d,p) CaICU|aF|0nS sug Chem 1992 96, 135-149. (b) Bauernschmitt, R.; Ahlrichs, Rhem. Phys.
gest that this dissociation is favored thermodynamically by 13.3 Lett. 1996 256, 454-464. (c) Calculations were performed using the

i : . Gaussian 98 suite of programs: Frisch, M. J.; Trucks, G. W.; Schlegel, H.

kcal/mol._) For example,_ sensm_zatlon with xanthone _Ieads to B. Scuseria, G. E.. Robb, M. A.- Cheeseman, J. R Zakrzewski, V. G.

20% amine and 80% nitrosamine, but HPLC analysis shows mglalntgoTe'\nA/, .JD. A, I\]r.;AStlgatn&arcljn, F|€<. |’£\l Béurant, '3' 8 llzjarlJ(prichc,) S.;
P s P . . illam, J. M.; Daniels, A. D.; Kudin, K. N.; Strain, M. C.; Farkas, O.;

significant decomposition of the xanthone. Sensitization with Tomasi, J.; Barone, V.- Cossi, M.. Cammi, R.- Mennucci, B.- Pomelli. C.:

4, on the other hand, leads to no decomposition of the sensitizer. ~ Adamo, C.; Clifford, S.; Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui,

_ . Q.; Morokuma, K.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
At pH - 121 one of the hydrOXyl groups dfis deprotonated, Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, B. B.; Liu, G,;

presumably making the complicating electron-transfer process I'EiashgnkJo, Q-;_tﬁispri,l E-;hKomzRArongi, IF.,; Gomcpe\r(ts,,\?; Marktli(n, R.A..;
. . ox, D. J.; Keith, T.; Al-Laham, M. A,; Peng, C. Y.; Nanayakkara, A;
of Scheme 2 (to form a radical dianion) unfavorable. Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen, W.:

B B Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle,
As shown in Table 1, we examined the effect of oxygen as E. S.; Pople, J. AGaussian 98revision A.6; Gaussian, Inc.: Pittsburgh,

a triplet quencher. (Experiments with organic triplet quenchers PA, 1998.

J. AM. CHEM. SOC. = VOL. 125, NO. 48, 2003 14935
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Table 2. Geometrical Details for Diazeniumdiolate S, S;, and T; Scheme 5
States?
B3 |+ OH _ A
o \ N- — HNe + NOH  86.7 kcal/mol
\ . 2 -
B2 \m \B4 HaN
+) A2
B6 N~~~ O Q-
AN —— HoN: + HNO  46.2kcalimol
HNT ! } Nl NN 2
2
o-
state B1 B2 B3 B4 B5 B6 Al A2 + N, —  HgN + NO -29.2 kcal/mol
S 1.22 129 180 180 127 1.38 1251 1145 HaN

S (7% 139 124 189 216 118 135 1190 112.6 : : ) . ' .
T.(-—7) 157 126 183 179 125 135 1242 1055 three possible protonated nitrosamine radical anions. Protonation

on O and N of the nitroso unit leads to stable stationary points,
aOptimized geometrical parameters (in A and deg) of ground (HF/6- and our calculations provide estimate® pvalues of ap-
31+G(d,p)) and $ and T excited states (CIS/6-31G(d,p)) of Li* proximately 19. However, protonation on the amino N leads to
coordinated diazeniumdiolate. ’ ! . .
spontaneous and barrierless fragmentation to ammonia and NO.

-0.53 To estimate alg, value for the amino N-protonated nitrosamine
(0.20) radical anion, we fixed the NN bond length at distances of
N (8::22) -0.41 1.40, 1.47, and 1.52 A and computed th&p of these partially
0 (0.46) constrained structures according to Tomasi’'s method. These
_;'27'\; °N calculations yielded 9, values of 11.8, 14.5, and 15.7,
(0.04) ;8;82) respectively. Because the-NN bond length of the nitrosamine
Figure 1. Charges and spin densities (in parentheses) for diazeniumdiolate radical anion is 1.52 A'_the mO,St reaspnable" estimate is
T, computed using natural population analysis at the B3LYPG(d,p) 15.7. The thermodynamics of dissociation from each of these
level. (Structure is not completely optimized.) protonated species was also examined computationally (B3LYP/
Scheme 3 6-31+G(d,p) in the gas phase) and again indicates that dis-
3 . sociation to amine and NO is strongly favored (Scheme 5). The
o~ o~ o computed energetics based on the constrained geometry opti-
N o ﬂ» { N2.O | — { N*  NO mization of amino N-protonated nitrosamine radical anion, with
Fel N e Bl Fel the N—N distance fixed at 1.52 A, suggests an exothermic
3 5 . L . ' : L
o L\ vanster dissociation. Intere;tlngly, attempts to _obtaln a_lfully o_ptlmlz_ed
ELNH + 2NO <M 0. + NO ELNNO + ONO geometry of the amino N-protonated nitrosamine radical anion
EtoN” resulted in a barrierless dissociation to generate ammonia and
5 NO.
Scheme 4 These results suggest that even at$H?2 (typical of our
experimental conditions) nitrosamine radical antois proto-
AE AE (PCM) in water nated and spontaneously dissociates to diethylamine and NO.
Ho,N~ + NO 354 22.1 keal/mol Thus, the major photodecomposition pathway3ofeads to
o / diethylamine and 2 NO molecules, the same products observed
N T HoN- +°%NOT 407 36.5 kcal/mol upon thermal decomposition.
HoN Because the formation of aminyl radical (which could
H,Ne + 'NO™ 705 65.5 kcal/mol subsequently be trapped by NO to give nitrosamine) and/NO

HNO from 5 is predicted to be very unfavorable, we propose
that nitrosamine and NOare formed via electron transfer from
radical anion5 to NO before cage escape (Scheme 3). This
electron-transfer reaction from a triplet radical arioadical
pair to nitrosamine andNO~ is predicted computationally
(B3LYP/6-31+G(d,p)) to be exothermic by 10.2 kcal/mol in
the gas phase. Experimentally, we estimate by cyclic voltam-
metry measurements that the reduction potentidll-ofitroso-
diethylamine is—2.0+ 0.2 V versus normal hydrogen electrode.
This estimate, together with the reported potentiat-@£8 +
0.2 V for the reduction of NO téNO~,'9 indicates that our
proposed electron-transfer reaction is favored thermodynami-
cally by approximately 25 kcal/mol.

Photolysis (Rayonet, 300 nm) of solutions saturated with NO

We furt_her gxamlned the pr_otonatlon state_of nitrosamine had no effect on the yields of amine and nitrosamine (Table 1)
radical aniorb in aqueous solution by computational methods.

Using the method of Toma&iwe estimated the Ky's of the (9) Schuurmann, G.; Cossi, M.; Barone, V.; Tomasil. Phys. Chem. A998
102 6706-6712.
(10) Bartberger, M. D.; Liu, W.; Ford, E.; Miranda, K.; Switzer, C.; Fukuto, J.
(8) (a) Tomasi, J.; Persico, MChem. Re. 1994 94, 2027-2094. (b) Cramer, M.; Farmer, P. J.; Wink, D. A.; Houk, K. NProc. Natl. Acad. Sci. U.S.A.
C. J.; Truhlar, D. GChem. Re. 1999 99, 2161-2200. 2002 99, 10958-10963.

position of 3 proceeds via the reaction pathway shown in
Scheme 3. Photoexcitation followed by intersystem crossing
leads to33*, which subsequently dissociates to nitrosamine
radical anion5 and NO. Computational data on the parent
nitrosamine radical anion (Scheme 4) suggest thatan
potentially dissociate either to amide anion and NO or to aminyl
radical and NO. B3LYP/6-31G(d,p) calculations in the gas
phase and with a PCM modedior aqueous solvation suggest
that dissociation to amide anion and NO is favored thermody-
namically relative to formation of aminyl radical and NO
(Energies refer to the bottom-of-the-well values without the
inclusion of zero-point vibrational energy correction.)

14936 J. AM. CHEM. SOC. = VOL. 125, NO. 48, 2003
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Figure 3. EPR spectra of (a) nitrosamine radical anibnfollowing
photolysis &6 K and (b) diazeniumdiolate following extended photolysis
6 K.

Figure 2. EPR spectra of (a) nitrosamine radical aniggenerated by
potassium reduction df-nitrosodiethylamine in THF) at room temperature,
(b) nitrosamine radical anidhat 6 K, and (c) diazeniumdiola&following
brief photolysis at 6 K.

relative to those observed in argon-saturated solutibinslicat- —
ing that we are unable to trap radical antotby either chemical
or electron-transfer reaction) once it escapes from the solvent

cage, presumably due to its rapid dissociation to amine and NO. =™
This observation is also consistent with the lack of reactivity

(@)
of 5 with oxygen (Table 1). Indeed, we observe no evidence (b)
for bimolecular chemistry of nitrosamine radical animfter _WWW
cage escape.

There appears to be some wavelength dependence to the () \/\/M/\/
observed product distributions, with more nitrosamine (and _\"/\/\f\r\/"\/‘/
presumably NO) being formed following photolysis at 254 \f,r\/M
versus 300 nm. This may reflect a contribution by a competitive
pathway from a higher lying singlet excited state leading directly
to nitrosamine anéNO~. This potential contribution is currently
under further investigation.

EPR Evidence for the Involvement of Nitrosamine Radical —
Anion 5. Nitrosamine radical aniorb has been previously 7500 8000 8500 9000 9500 10000
generated in room-temperature solutions of tetrahydrofuran Gauss
(THF) by reduction of the corresponding nitrosamine on an Fjgure 4. EPR spectra of (a) Angeli’s satfollowing photolysis at 6 K,
alkali metal mirror and studied by EPR spectroscépifol- (b) nitrosamine radical anio® following photolysis at 6 K, and (c)
lowing this work, potassium shavings were placed in a THF diazeniumdiolate3 following extended photolysis at 6 K.
solution of N-nitrosodiethylamine and sealed in an EPR tube.
The presence of nitrosamine radical anibwas suggested by
the yellow-colored solution and confirmed by the room-
temperature EPR spectrum shown in Figure 2a, which corre- We further examined the photochemistry of nitrosamine
sponds well to that reported previoudfThe sample was then  radical anion5 by low-temperature EPR spectroscopy (Figure
cooled to 6 K, and its EPR spectrum was again recorded (Figure3a). This spectrum agrees well with that observed following
2b). A solution of diazeniumdiolat8 in a perdeuterated  €extended photolysis of diazeniumdiola&€Figure 3b). More-
methanol/ethanol (1:1) solution with added (0.1 M) perdeuter- OVver, in each case, an additional new signal is observed at high
ated methoxide was sealed in an EPR tube and cooled to 6 K_field (Figure 4). We believe that this signal may correspond to

SNO~ because photolysis of Angeli's salt (see discussion
(11) NO was passed throig 5 Msolution of aqueous NaOH and then through ~ Delow) in perdeuterated methanol/ethanol/water (1:1:1) frozen

a drying tube filled with KOH and Drierite to remove trace contaminants  go|ytion with added (0 1 M) perdeuterated methoxide provides
of nitrogen dioxide. This purification is very important because experiments ’

Brief photolysis yields the EPR spectrum shown in Figure 2c,
which matches that of authentic nitrosamine radical arfion

with unpurified NO lead to anomalously high yields of nitrosamine. the same signal (Figure 4a). Unfortunately, we are unaware of
(12) (a) Stevenson, G. R.; Colon, C.JJ.Phys. Chem1971, 75, 2704-2705. - ; .

(b) Stevenson, G. R.; Concepcion, J. G.; Castilldl. Rhys. Cheml973 any reported EPR dfrﬂa GNO™ for con_wpar_lsc_)n, howeve_r' thg

77, 611-614. EPR spectrum of triplet oxygen (which is isoelectronic with

J. AM. CHEM. SOC. = VOL. 125, NO. 48, 2003 14937
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Scheme 6
HoO + 'NO™
HNO
HoNLO. NoO + H,0
pKa=23 | Rl k 2272 2w e
_ NO NO —
+ HN,O
OH +HNO — = o HN2O2 — N3O3
pKa=114 |, _
NO _ \,0; NO
_ |Rm3 k3 _
Ho0 + 3NO~ — NoO + NO,
80, _
ONOO
Rxn 4, k4

k=80x10°M s ky =5.8x 10° M 157!
k3 =23x10°M s kg =2.7x10° M 157!

3NO™) has been studied in condensed phas&ggnals for triplet

the yield of NO is diminished and ONOOis now observed
under these conditions (Table 1). ONO® not detected in
argon-saturated solutions.

Conclusions

In summary, our results indicate that the photochemistry of
1-(N,N-dialkylamino)diazen-1-ium-1,2-diolates involves the for-
mation of a nitrosamine radical anion and NO via a triplet
excited state. The nitrosamine radical anion either undergoes
electron transfer with NO before cage escape or dissociates to
form ultimately amine and an additional molecule of NO. We
are currently extending these investigations to determine if the
photochemistry of other diazeniumdiolate derivatives X[N(O)-
NO]~ (X = O™, CR;, SG;7) can be interpreted similarly.

oxygen have been observed by low-temperature EPR spectrosexperimental Section

copy at 11 465 G (microwave frequeney 8.928 GHz) in a
nitrogen matri¥® and at 10 150 G (microwave frequeney
9.15874) in a deuterium matri The signals of Figure 4
appear at 8665 G (microwave frequeney9.48 GHz).

We, therefore, conclude that nitrosamine radical arfios
indeed formed upon photolysis of diazeniumdiolatand that
it can undergo photolysis itself to aminyl radical afidO~.

General Methods.Unless otherwise noted, materials were obtained
from Aldrich Chemical Co. and used without further purification.
Acetonitrile-ds, deuterium oxide, and sodium deuterioxide (40 wt %
solution in deuterium oxide) were used as received from Cambridge
Isotope Laboratories. Acetonitrile was distilled from calcium hydride
before use!H NMR spectra were recorded on a Varian Unity Plus
400 (400 MHz) Fourier transform NMR spectrometer. Resonances are

Because the relative yields of amine and nitrosamine in our reported inj units downfield from tetramethylsilane. Absorption spectra
room-temperature, solution-phase experiments do not dependvere obtained using a Hewlett-Packard 8453 diode array spectropho-
on percent conversion or the intensity of the photolysis source tometer. HPLC analysis was performed on a Waters Delta 600 System

(see Experimental Section for details), we do not believe that

secondary photolysis d is an important contributor to the
results reported in Table 1.

Analysis of NO and NO/HNO Yields. Our proposed

equipped with a model 6000A pump, a model 2487 dual wavelength
UV detector, and a model U6K injector with a 2 injector loop
(Rheodyne). A Waters C-18 Symmetry analytical column (3.250

mm) was used. Nitrous oxide §N) was analyzed using a Hewlett-
Packard 5890 gas chromatograph equipped with an electron capture

mechanism (Scheme 3) necessitates a 1:1 ratio of nitrosaminedetector and an Alltech AT-molesieve capillary column (30<n0.53

NO~/HNO and a 1:2 ratio of amine:NO. To quantify yields of
NO/HNO via N;O or ONOO™ analysis, we relied on the model
of the aqueous chemistry of NGHNO proposed by Shafirovich
and Lymar in their recent studies of Angeli’s salt photochem-
istry.> As shown in Scheme BINO~ is rapidly protonated (g,

= 20—23) to form HNO. Slow spin-forbidden deprotonation
of HNO to ground state®NO~ competes both with HNO
dimerization (Reaction 1) and with HNO reaction with NO
(Reaction 2). At pH> 11.4, formation of3NO~ becomes
competitive;3NO~ can react with NO (Reaction 3) or with,O
(Reaction 4).

According to Scheme 6, in argon-saturated solutions NO
HNO can decompose to® by three different pathways, two
of which consume two molecules of NO (Reactions 2 and 3),
and a third which consumes an additional molecule of HNO
(Reacton 1). Thus, the amount of@® formed depends both on
the pH (i.e., reaction ofNO~ or HNO) and on the relative
reaction rates and concentrations of HNO and NO. At-pH
12, chemistry occurs predominantly from the more reactive
SNO~ (Reaction 3) rather than from HNO (Reactions 1 and 2),
and an approximately 1:1 ratio of nitrosamine:NBINO (as

N20) is observed (Table 1). Reaction 3 also consumes NO,

mm). Quantification of nitric oxide (NO) was performed electrochemi-
cally using an inNO Measuring System with an amiNO-700 probe
(Innovative Instruments Inc.). The amiNO-700 probe was calibrated
with sodium nitrite/ascorbic acid prior to use. Cyclic voltammetry
experiments were performed using a CV-50W cyclic voltammetry
system (Bioanalytical Systems Inc.) with a silver/silver nitrate reference
electrode, a platinum mesh counter electrode, and a glassy carbon
working electrode. EPR spectra were acquired on a Bruker EMX
spectrometer operating at 9.48 GHz.

Sodium 1-(N,N-diethylamino)-diazen-1-ium-1,2-diolate (3)was
prepared according to a literature procedtre.

Quantification of Diethylamine and N-Nitrosodiethylamine by
IH NMR. Stock solutions of8 were prepared to be 6.5 mM in,O/
OD~ (pD = 12). Samples (1 mL) were sealed and purged for 5 min
with Ar, O,, or NO prior to photolysis (Rayonet, 254 or 300 nm), and
then degassed with Ar after photolysis. NO was passed thratgM
solution of aqueous NaOH and then through a drying tube filled with
KOH and Drierite to remove trace contaminants of nitrogen dioxide.
Photolysis times of approximately 5 min were necessary to reach ca.
30% conversion. The ratio of diethylamine fbnitrosodiethylamine
was determined by the relative integration of the methyl peéks (
1.130 ppm and 1.200, 1.472 ppm, respectively). Photolysis experiments
(Rayonet, 350 nm) were performed analogously with triplet sensitizers.
The sensitizers were added at a concentration of 1 mM (with

resulting in NO yields (Table 1) that are less than those expectedapproximately 1% acetonitrild; for solubility purposes) such that they
on the basis of Scheme 3 alone, but consistent with the aboveabsorbed>99% of the incident irradiation. The ratio of diethylamine

expectations.
In oxygen-saturated solutions at high pH, the formation of

ONOO™ (Reaction 4) competes with Reactions 1, 2, and 3. Thus,

(13) For examples, see: (a) Kon, H.Am. Chem. S0d.973 95, 1045-1049.
(b) Kumada, TJ. Chem. Phys2002 117, 10133-10138.
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to N-nitrosodiethylamine was not dependent on the percent decomposi-
tion of 3 nor on the intensity of the light source. Laser photolysis (Nd:
YAG, 266 nm, 6 ns) of3 with powers varying from 5 to 45 mJ/pulse

(14) Maragos, C. M.; Morley, D.; Wink, D. A.; Dunams, T. M.; Saavedra, J.
E.; Hoffman, A.; Bove, A. A,; Isaac, L.; Hrabie, J. A.; Keefer, L. &.
Med. Chem1991, 34, 3242-3247.
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provided the same results (75% amine, 25% nitrosamine) within (Rayonet, 254 nm) of 3 mL aliquots in oxygen saturated solutions

experimental error. resulted in the rapid disappearance of the absorption band at 248 nm
Quantification of N-Nitrosodiethylamine by HPLC. Stock solu- and concomitant appearance of characteristic absorption of ONDO
tions of 3 were prepared to be 1QfM in aqueous pH= 12 solution. 302 nm € = 1670 Mt cm™1).17 A well-defined isosbestic point was

Samples (3 mL) were purged with Ar or,@r 5 min in a sealed quartz observed at 283 nm. The yield of peroxynitrite was calculated on the
cuvette prior to steady-state UV photolysis (Rayonet, 254 or 300 nm), basis of 100% conversion & and the molar absorptivity of perox-
and then degassed with Ar after photolysis. Photolysis times of ynitrite.

approximately 10 s (254 nm) and 2 min (300 nm) were necessary to EPR Studies of the Photoreactivity of 3.Sample solutions o8
achieve ca. 30% conversion. Both photolyzed and unphotolyzed were prepared to be 320 mM in 1:1 perdeuterated methanol:ethanol
solutions were analyzed by HPLC; the mobile phase of methanol:water with 0.1 M added perdeuterated methoxide and were subjected to three
(60:40, v/v) with 0.1% added triethylamine at a flow rate of 0.6 mL/ freeze-pump-thaw cycles before being sealed under vacuum in 4 mm
min allowed for virtually no decomposition & on the column. The quartz tubes. Samples were cooled by a continuous flow of helium
absolute amount of-nitrosodiethylamine produced upon photolysis  using an Oxford ESR-900 cryostat with a model ITC 503 temperature

was determined from the percent decompositioB ahd a calibration controller. Samples were irradiatetiaK for 1—2 min using focused

curve forN-nitrosodiethylamine. UV light from a 250 W Oriel Hg-arc lamp. Spectra were recorded both
Quantum Yield Determinations. Quantum yields for photodecom-  before and after UV irradiation to allow for subtraction of background.

position of 3 were determined at 266 nm (Nd:YAG) and 300 nm Independent Generation ofN-Nitrosodiethylamine Radical Anion

(Rayonet) using cycloheptadiéfi@nd azobenzené respectively, as (5). The radical anion 06 was generated according to the method of
the actinometer. Sample solutions3énd the actinometer were made  Stevenson and co-workeisEreshly cut potassium shavings were added
to have the same optical densities at the wavelength(s) of photolysis.to a 4 mmquartz tube containing a 15 mM solution Nfnitrosodi-
Samples were sealed and purged for 5 min with Ar erp@or to ethylamine in freshly distilled THF. Samples were subjected to three
photolysis. Percent decomposition (typically less than 20%) was freeze-pump—thaw cycles before being sealed under vacuum. The
determined by HPLC foB and by a U\+vis spectroscopy for the room-temperature spectrum was reproduced for verification before

actinometers. recording the spectrum at 6 K.
Quantification of NO Released from the Photochemical Decom- Estimation of the Reduction Potential ofN-Nitrosodiethylamine.
position of 1. Stock solutions ol were prepared to be/AM in aqueous Solutions ofN-nitrosodiethylamine were made to be 0.01 M in dry

pH = 12 solution. Samples (3 mL) were added to a sealed quartz cuvette DMF with added 0.01 M ferrocene (as an internal stantdpechd added
equipped with a stirbar such that there was no headspace. The amiNO-0.1 M tetrabutylammonium perchlorate (as supporting electrolyte).
700 probe was inserted through the top of the cap. The probe was Solutions were purged with He for 2 min prior to each run. Current
allowed to equilibrate in the sample solution prior to steady-state versus potential data curves were collected at scan rates of 100, 200,
photolysis (Xe-Arc lamp, unfiltered or>285 nm). Given the broad 300, 400, and 500 mV/s beginning at 800 mV with a switching potential
output of the Rayonet bulbs (254 nm, ca. 2470 nm; 300 nm, ca. of —2800 mV. (See Supporting Information.) Reduction of the
270-350 nm) and the relative extinction coefficients3in the UV nitrosamine was observed to be completely irreversible; thus, only an
region (Figure S2), these photolysis conditions reasonably approximateestimate of the true reduction potential is possiblEhe onset of current
Rayonet photolysis at 254 or 300 nm, respectively. No signal was increase as a function of scan rate was used to estimate the reduction
observed prior to photolysis, but a steadily increasing signal was potential ofN-nitrosodiethylamine<2.0+ 0.2 V vs normal hydrogen
observed upon irradiation. The focal point of the light was kept 2 cm electrode, calibrated with the internal ferrocene reduction potential in
above the tip of the probe to avoid artifacts due to the photoelectric DMF). The relative peak amplitudes corresponding to ferrocene and
effect. Photolysis times of-24 min were required to achieve-30% N-nitrosodiethylamine confirmed the reduction of the latter to be a one-
conversions. To determine percent conversion, the sample cell waselectron process.

opened to the air and the photogenerated NO was allowed to diffuse  Computational Methods. Geometries were fully optimized for the
out of solution. The probe was allowed to equilibrate once more before singlet ground state for both lithium ion coordinated and anionic
the remaining3 was thermally decomposed by the addition of:10 diazeniumdiolates at the HartreEock and the hybrid B3LYP density

of 1 M H,SOs. As a calibration, 1uM stock solutions of3 were functional theory with the 6-3tG(d,p) basis sef These stationary
thermally decomposed several times, and an average value for totalpoints in the gas phase were characterized by vibrational frequency
NO release was obtained. The absolute amount of NO generated wasanalyses as minima on their respective potential energy surfaces.
then determined on the basis of the amount of NO released photo-Calculations on triplet states were performed using the unrestricted

chemically, the fact thaB decomposes thermally to 1.5 eq of N©O, molecular orbital formalism. Vertical excitation energies were evaluated
and the calibration data. on optimized geometries by the configuration interaction with all single
Quantification of N,O Generated from the Photochemical excitations method (CIS) and by time-dependent density functional

Decomposition of 3.Stock solutions ofl. were prepared to be 1 mM theory method (TD-DFP} with the B3LYP functional. After all of
in agueous solution at pE 12. Samples (3 mL) were purged with Ar  the vertical excitations were carefully analyzed, geometries for states
for 10 min in a sealed quartz cuvette prior to steady-state UV photolysis of interest were optimized at the CIS/6-B&(d,p) level. Atomic charges
(Rayonet, 254 nm). Photolysis times of 15 min were necessary to
achieve 100% conversion.,® was sparged to a cold trap immersed (17) éa)hHl'Jc%h?(s' lll/l.lal.:PNiﬁlin, H-B(é»_J. (ﬁhemﬁg&%gi%ﬁg%ﬁl ()
Lo . . ~ chmidt, K.; Kaltt, P.; Mayer, BBiochem. .
in liquid nitrogen, and then volatilized into a gas chromatograph (AT- 18y Noviandri, I: Brown, K. N.: Fleming, D. S.: Gulyas, P. T.: Lay, P. A.:

)

)

molesieve capillary column, 30 m 0.53 mm, Alltech Associates) Masters, A. F.; Phillips, LJ. Phys. Chem. B999 103 6713-6722.
i i i (19) Bard, A. J.; Faulkner, L. RElectrochemical Methods Fundamentals and
where it was then separated from other volatile specie® Nas Applications John Wiley & Sons: New York, 2001,

quantified with an electron capture detector, which was calibrated with (20) (a) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, JAB Initio

an authentic standard prior to the experiment. Molecular Orbital Theory Wiley: New York, 1986. (b) Becke, A. DJ.

P o . Chem. Phys1992 97, 9173-9177. (c) Becke, A. DJ. Chem. Phys1993

Quantlflcatlo_n of Peroxynitrite G(_anerated from the Photochemi- 98, 5648-5652. (d) Lee, C.; Yang, W.; Parr, R. hys. Re. 1988 B37
cal Decomposition of 3.Stock solutions ofl were prepared to be 200 785-789. (e) Becke, A. DPhys. Re. 1988 A38 3098-3100. (f) Stephens,

#M in agueous solution at pH= 14. Steady-state UV photolysis by 2 Devlin, F. 3.3 Chablowski, C. F.: Frisch, MJJPhys. Cheml.994
(21) (aj Gross, E. K. U.; Kohn, WAdv. Quantum Chem199Q 21, 255-91.

(15) Numao, N.; Hamada, T.; Yonemitsu, Getrahedron Lett1977, 19, 1661 (b) Bauernschmitt, R.; Ahlrichs, RChem. Phys. Lett1996 256, 454~
1664. 464. (c) Bauernschmitt, R.; Haeser, M.; Treutler, O.; AhlrichsCRem.

(16) Gauglitz, G.; Hubig, SJ. Photochem1985 30, 121—-125. Phys. Lett.1997 264, 573-578.
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