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Abstract: The heterolytic and homolytic N—NO bond dissociation energies of seven substituted N-methyl-
N-nitrosobenzenesulfonamides (abbreviated as G-MNBS, G = p-OCHs, p-CHs, p-H, p-Cl, p-Br, 2,5-2Cl,
m-NOy) in acetonitrile solution were evaluated for the first time by using titration calorimetry and relative
thermodynamic cycles according to Hess’ law. The results show that the energetic scales of the heterolytic
and homolytic N—NO bond dissociation energies of G-MNBS in acetonitrile solution cover the ranges from
44.3 to 49.5 and from 33.0 to 34.9 kcal/mol for the neutral G-MNBS, respectively, which indicates that
N-methyl-N-nitrosobenzenesulfonamides are much easier to release a NO radical (NO*) than to release a
NO cation (NO™). The estimation of the heterolytic and homolytic (N—NO)~* bond dissociation energies of
the seven G-MNBS radical anions in acetonitrile solution gives the energetic ranges of —15.8 to —12.9
and —3.1 to 1.8 kcal/mol for the (N—NO)~ bond homolysis and heterolysis, respectively, which means
that G-MNBS radical anions are very unstable at room temperature and able to spontaneously or easily
release a NO radical or NO anion (NO™), but releasing a NO radical is easier than releasing NO anion.
These determined N—NO bond dissociation energies of G-MNBS and their radical anions have been
successfully used in the mechanism analyses of NO transfer from G-MNBS to 3,6-dibromocarbazole and
the reactions of NO with the substituted N-methyl-benzenesulfonamide nitranions (G-MBSN ™) in acetonitrile
solution.

Introduction methylate other substrates (in particular, to the methylation of
DNA) resulting in organic mutatichbut also react as an
effective transnitrosating agent with the amino nitrogen of
secondary amines and amides both in vitro (human gastric juice)
and in vivo (rats)° to yield N-nitroso compounds, which were

all known animal carcinogens. Systematic examination of the
past reports on MNTS as a NO donor shows that although there
are many chemists who devoted much time to the studies on
the course of nitroso group transfer from MNTS to second
amines, the main attention was limited to the kinetic analysis
of the nitroso group transfét.Rather scant attention has been
(1) Barnes, J. M.: Magee, P. r. J. Ind. Med.1954 11, 167. paid tp the detailed thermodynamig analysis on the. course of
(2) Chemical Carcinogennd ed.; Searle, C. E., Ed.; ACS Monograph 182; the nitroso group transfer, in which the heterolytic and/or

Since the proven toxicity,carcinogeni@ mutagenic and
teratogenit properties of nitrosamines were discovered and
identified, great interests have been increasing intently on the
chemistry and biochemistry of nitrosamines. A question of
general interest is on the course of nitroso group transfer from
nitrosamines or to their parent amines. Among all kinds of
nitrosaminesN-methylN-nitrosop-toluenesulfonamide (MNTS)
has received the most attention of chemfissThe main reason
is that MNTS could not only form the diazomethane to

American Chemical Society: Washington, DC, 1985. ; i
(3) Zimmermann, F. KBiochem. Pharmacoll§71, 20, 985, homolytic NfNO cleavagg of MNTS should be mv_olved. One
(4) Druckrey, H.Xenobiotical973 3, 271. key reason is that some important thermodynamic data about

©) gag)ggeft{g'zf_‘l'z-gg'(‘g') g;g\l;arg\./l_.HIEe.rl;lé%r?_e{r;iSSg.c.F,{.Pgrg;nMT.rE%s.. 2 the heterolytic and homolytic NNO bond dissociation energies

Phys. Chem199Q 94 (25), 8816-8820. (c) Bravo, C.; Leis, J. R.; Pan of MNTS and its relative nitroso compounds in solution are

M. E. J. Phys. Chem1992 96 (4), 19571961. (d) Gar@-Ro, L.; Leis, e . . .
J.R.; Pém, M. E.J. Phys. Cheml992 96 (19), 7820-7823. (e) Leis, J. difficult to be measured. In fact, the direction and the potential
R.; Péi, M. E.; Ros, A.J. Chem. Soc., Perkin Trans.1893 6, 1233~ of nitroso group transfer from MNTS to amines are still
1240. (f) Leis, J. R.; Ris, A.J. Chem. Soc., Chem. Commu995 2,

169-170. (g) Leis, J. R.; Ris, A.J. Chem. Soc., Perkin Trans1®96 5, (6) (a) Williams, D. L. H.J. Chem. Soc., Perkin Trans.1®76 15, 1838~
857-863. (h) Gar@-R, L.; Leis, J. RJ. Phys. Chem. B997, 101 (38), 1841. (b) Johal, S. S.; Williams, D. L. H. Chem. Soc., Perkin Trans. 2
7383-7389. (i) Agra, C.; Amado, S.; Leis, J. R./d?, A.J. Phys. Chem. 198Q 1, 165-169. (c) Shirlene, M. N. Y. F. Oh.; Williams, D. L. Hl.

B 1997 101 (39), 77806-7785. (j) Garta-Ro, L.; Herves, P.; Leis, J. R.; Chem. Soc., Perkin Trans.1089 7, 755-758.

Mejuto, J. C.; Peez-Juste, J. Phys. Org. Cheni998 11 (8), 584-588. (7) Schulz, U.; McCalla, D. RCan. J. Chem1969 47 (11), 2021-2027.

(k) Garca-Rp, L.; Leis, J. R.; Moreira, J. A.; Norberto, B. Chem. Soc., (8) Garcia, J.; Gonzez, J.; Segura, R.; UfpF.; Vilarrasa, JJ. Org. Chem.
Perkin Trans. 21998 6, 1613-1620. () Ferhadez, |.; Gar@a-Rpo, L.; 1984 49 (18), 3322-3327.

Herves, P.; Mejuto, J. C.; Rez-Juste, J.; Rodjuez-Dafonte, PJ. Phys. (9) McCalla, D. R.Biochim. Biophys. Actd968 155 (1), 114-20.

Org. Chem200Q 13 (10), 664-669. (m) Adam, C.; GaferRp, L.; Leis, (10) Borzsonyi, M.; Sajgo, K.; Torok, G. et dllagy. Onkol.1988 32 (1), 11—

J. R.Org. Biomol. Chem2004 2, 1181-1185. 15.
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unsolved until now. It is evident that the thermodynamic data

of the heterolytic and homolytic NNO bond dissociation

AH,(N—NO)=—-AH (2)

xn

energies of MNTS and its analogues should be very important and the latter can be directly determined by titration calorimetry,
and urgently required for chemists and biochemists not only to since the combination of NOwith the nitranion in acetonitrile
thoroughly elucidate the detailed mechanism of NO transfer solution is fast and quantitative, which is fully suitable for the

from MNTS but also to scientifically design and synthesize

titration calorimetry. The homolytic NNO bond dissociation

suitable and desired nitric oxide releasing agents as NO drugs.energies AHnomdN—NO)] can be derived indirectly from a

Therefore, the development of theNIO bond energy scale

thermodynamic cycle shown in Scheme 1 by combining the

in solution for a series of MNTS compounds has been a strategiccorresponding heterolytic NNO bond dissociation energies
goal in our research program for a long time. In this paper, the with suitable redox potentials (eq 3).

three following contributions can be provided: (1) The hetero-

lytic and homolytic N-NO bond dissociation energies of seven
substitutedN-methylN-nitrosobenzenesulfonamides (G-MNBS)

in acetonitrile solution were determined by using an experi-

AHhomo(N—NO) = AHheI(N—NO) —
F[E;,(NO™) — E°(G-MBSN")] (3)

mental method for the first time. (2) The effect of one-electron The latter can be either obtained from literatures or directly

addition on the N-NO bond activation was estimated quanti-

measured by second-harmonic ac voltammetry (SHACV)

tatively. (3) The mechanistic steps of the nitroso group transfer method'2 The seven enthalpy changesH;x) of the reaction
from G-MNTS to a second amine 3,6-dibromocarbazole and (eq 1) and redox potentials of seven substitutethethyl-N-

the combination pathways of NO with the substitutechethyl-
benzenesulfonamide nitranions (G-MBSNn acetonitrile solu-

nitrosobenzenesulfonamides (G-MNBS) and their corresponding
nitranions (G-MBSN) as well as K4's of the corresponding

tion were examined in detail and elucidated by using the substitutedN-methyl-benzenesulfonamides (G-MBS) in aceto-
determined N-NO bond dissociation energies of the substituted nitrile solution (whichever available) are listed in Table 1. The
N-methylN-nitrosobenzenesulfonamides and their radical anions heterolytic and homolytic NNO bond dissociation energies
together with some kinetic parameters of the relative reactions. of the seven substitutéd-methylN-nitrosobenzenesulfonamides

Results

The substitutedN-methyl-benzenesulfonamide nitranions (G-
MBSN~) formed by removing a proton from the corresponding
parent sulfonamides with KH were treated with nitrosonium
perchlorate (NO) in acetonitrile solution to yield the corre-
sponding substitutetl-methylN-nitrosobenzenesulfonamides
(G-MNBS) quantitatively (eq 1), which were identified by MS
and!H NMR. According to the reaction (eq 1), obviously, the

e
G ﬁ_N_CHg + NOT
G-MBSN’
o]
G %—rlxl—cr-g (D
O NO
G-MNBS

heterolytic N~NO bond dissociation energy of G-MNB&IHyer
(N—NO)] is just equal to the reaction enthalpy changdélfn)
of the nitranion G-MBSN with NO* simply by switching the
sign of AHn (eq 2),

(11) (a) Castro, A,; Leis, J. R.; PenM. E. J. Chem. Soc., Perkin Trans. 2
1989 11, 1861-1866. (b) Gar@a-Rp, L.; Leis, J. R.; Pém, M. E.J. Phys.
Chem.1993 97 (13), 34373442. (c) Gar@a-Rp, L.; Iglesias, E.; Leis, J.
R.; Pém, M. E.; Rps, A.J. Chem. Soc., Perkin Trans.1®93 1, 29-37.
(d) Leis, J. R.; P&, M. E.; Ros, A.J. Chem. Soc., Perkin Trans1895
3, 587-593. (e) Gar@a-Ro, L.; Leis, J. R.; Iglesias, E. Org. Chem1997,
62 (14), 470+-4711. (f) Garta-Ro, L.; Leis, J. R.; Iglesias, El. Org.
Chem.1997, 62 (14), 4712-4720. (g) Gar@a-Rp, L.; Leis, J. R.; Moreira,
J. A.; Norberto, FJ. Phys. Org. Chem.998 11 (10), 756-760. (h) Gar@-
Rio, L.; Leis, J. RJ. Phys. Chem. BO0Q 104 (28), 6618-6625. (i) Garca-
Rio, L.; Herves, P.; Mejuto, J. C.; Rez-Juste, J.; Rodyuez-Dafonte, P.
Langmuir, 200Q 16 (25), 9716-9721. (j) Garta-Ro, L.; Leis, J. R.;
Moreira, J. A.; Norberto, FJ. Org. Chem2001, 66 (2), 381-390. (k)
Garca-Ro, L.; Herves, P.; Mejuto, J. C.; Rez-Juste, J.; Rodjuez-Dafonte,
P.New. J. Chen003 27, 372-380. (l) Garta-Rpo, L.; Herves, P.; Mejuto,
J. C.; Peez-Juste, J.; Rodjuez-Dafonte, PInd. Eng. Chem. Re2003
42 (22), 5450-5456.

(G-MNBS) are summarized in Table 2.

Since electron transfer generally occurs in biological and
chemical systems and makes a substantial effect on activating
chemical bond3-15the heterolytic and homolytic dissociation
energies of N-NO bond for G-MNBS* in acetonitrile solution
were estimated according to eqs 4 and 5,

AHpomdN—NO) ™ = AH, (N—NO) —
FIE,ANO™) — E°G-MNBS)] (4)

AHhel(N—NO)f' = AHhomo(N—NO) +
FIE° o G-MNBS) — E1 (NO”)] (5)

which were obtained from the two thermodynamic cycles
constructed from the NNO bond heterolytic and homolytic
scission reactions of the neutral G-MNBS in acetonitrile solution
as shown in Scheme 2, respectively. The results are also
summarized in Table 2.

It should be pointed out herein that, in eqs3 free energy
changes were used to replace the enthalpy changes for the
electron-transfer processes. This treatment is reasonable, since
the entropy changes associated with electron transfer have been
verified to be small and may be negligidie:1°

(12) The SHACV method provides a superior approach to directly evaluating
the one-electron redox potentials in the presence of a follow-up chemical
reaction, relative to the better-known dc and fundamental harmonic ac
method. See (a) Bard, A. J.; Faulkner, L. Rectrochemical Methods,
Fundamental and ApplicationgJohn Wiley & Sons: New York, 2001;
Chapter 10, pp 368416. (b) McCord, T. G.; Smith, D. EAnal. Chem.
1969 41, 1423. (c) Bond, A. M.; Smith, D. EAnal. Chem1974 46, 1946.

(d) Wasielewski, M. R.; Breslow, RI. Am. Chem. Sod.976 98, 4222.
(e) Arnett, E. M.; Amarnath, K.; Harvey, N. G.; Cheng, JJPAm. Chem.
Soc.199Q 112 344.

(13) (a) Cheng, J.-P.; Zheng, Zetrahedron Lett1996 37, 1457-1460. (b)
Zhang, X.-M.; Cheng, J.-PTrends Org. Chem1998 7, 172-179 and
references therein.

(14) (a) Parker, V. DActa Chem. Scand 992 46, 307. (b) Zhang, X.-MJ.
Chem. Soc., Perkin Trans.1®93 2275. (c) Daasbjerg, KI. Chem. Soc.,
Perkin Trans. 21994 1275.

(15) Arnett, E. M.; Venimadhavan, S. Am. Chem. Sod 991, 113 6967
6975.

(16) Dauphin, G.; Kergomard, Aull. Soc. Chim. Francd 961, 3, 486-492.

J. AM. CHEM. SOC. = VOL. 127, NO. 8, 2005 2697
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Scheme 1 being separated from the reaction mixture due to the poor
ff AHet(N-NO) ﬁ o solubility of CBZNO in acetonitrile solvent (eq 6). From eq 6,
S—N—CH; =—= S—N—CH; + NO*
[ Il
O NO AHyn 0

- FIE12(NO™) - E°,(G-MBSN®")]

avs

Table 1. Enthalpy Changes of the Reaction (eq 1) and Redox
Potentials of the Relevant Species in CH3zCN at 25 °C (V vs Fct/)
Together with the pKy's of the Corresponding Parent Amines in
Acetonitrile

o]

AHhomo(N‘No)

| e C)
I—N—CH3 + NO

(o)

=W

G Ay EonlGMBSN)  EeG-MNBS)  pKy(G-MBS)°
p-OCH;  —49.5 0.179 —1.844 26.54
p-CHs —48.7 0.201 —1.839 26.30
p-H —-47.8 0.305 —1.895 25.94
p-Cl —46.9 0.261 —-1.824 25.29
p-Br -47.3 0.245 —-1.854
25-2Cl  —465 0.307 -1.714
mNO; —44.3 0.411 —1.680 24.03

a AHxn Obtained from the reaction heat of eq 1 by switching the sign of
the heat value, the latter was measured by titration calorimetry in acetonitrile
at 25°C. The data in kcal/mol given were average values of at least three
independent runs. The reproducibility #0.5 kcal/mol.? Measured by
SHACYV in acetonitrile at 25C, the unit in volts vs F£° and reproducible
to 5 mV or better¢ The Ky's of G-MBS in acetonitrile were derived from
the correspondingky values in HO (11.73, 11.69, 11.43, 11.10, and 10.42
for G: OCH;, CHs, H, Cl, and m-NQ, respectively’® by adding the known
pK, difference of the close homologous series in acetonitrile and in Water.

Table 2. Heterolytic and Homolytic N—NO Bond Dissociation
Energies of G-MNBS and Their Radical Anions in CH3CN at 25 °C
(kcal/mol)

G AHie(N-NO)?  AHnomo(N-NO) ©  AHhomo(N-NO)™*>  AHye(N-NO)~*>
p-OCH;s 49.5 33.7 —12.9 —2.2
p-CHs 48.7 334 —13.6 —2.4
p-H 47.8 34.9 —15.8 —2.2
p-Cl 46.9 33.0 —15.1 —2.4
p-Br 47.3 33.0 —154 -3.1
2,5-2Cl 46.5 33.7 —12.9 0.8
m-NO; 44.3 33.9 —14.3 18

a AHhe(N—NO) was obtained from eq 2.AHhomd N—NO), AHhomdN—
NO)~, and AHpe{N—NO)* were estimated from eqs 3, 4, and 5,
respectively, takindey(NO*%) =0.863 andEy»(NOY") = —0.287 (V vs
Fc™0). Relative uncertainties were estimated to be smaller than 1 kcal/
mol .t

The reaction of G-MNBS with 3,6-dibromocarbazole (CBZH)
in dry acetonitrile solution under argon atmosphere yields two
products: the substitutetl-methyl-benzenesulfonamide (G-
MBS) andN-nitroso-3,6-dibromocarbazole (CBZNO), the latter

(17) lzutsu, K Acid—Base Dissociation Constants in Dipolar Aprotic Serhts
Chemical Data Series No. 35; Blackwell Scientific Publications: Oxford
London, Edinburgh, Boston, Melbourne, 1990.

(18) Although the uncertainties in the absolute values of theN® bond
dissociation energies are unknown, the relative uncertainties can be
estimated from eqs -35. According to egs 35, it is clear that the
uncertainties of the NNO bond dissociation energies were contributed
by the uncertainty of the heterolytic-ANO bond dissociation energies of
G-MNBS and the uncertainties of the redox potentials of the relative species.
Since the reproducibility of the determined heterolytic-NO bond
dissociation energies of G-MNBS 450.5 kcal/mol, and the reproducibility
of the redox potentials of the relative species is less than 5 mV, which is
equal to+0.2 kcal/mol, so the relative uncertainties of the-NO bond
dissociation energies were estimated to be smaller #tihkcal/mol.

(19)
examined, the result shows that the entropy contribution for the redox
processes in the cases should be insignificant Jréfm. Chem. So4998
120, 10266-10267).

2698 J. AM. CHEM. SOC. = VOL. 127, NO. 8, 2005

The entropy change for the redox processes in similar cases has been

i

N
* ‘OI ‘O -
Br Br

G-MNBS CBZH
NO
0 !
Ot Y, ©
O H Br Br
G-MBS CBZNO

it is clear that the reaction was carried out by NO transfer from
G-MNBS to 3,6-dibromocarbazole. The second-order rate
constants of the NO transfer at different temperatures between
15 and 40°C can be obtained according to the dependence of
the yields ofN-nitroso-3,6-dibromocarbazole on the reaction
time, and the details are given in Table 3. Arrhenius activation
energy AEy) and Eyring activation parameters: activation
enthalpy AH¥) and activation entropyAS’) for the reaction 6
are summarized in Table 4, which were derived from Arrhenius
plots of Ink, and Eyring plots of IrK,/T) versus the reciprocal

of the absolute temperature T}/ respectively.

Discussion

Heterolytic and Homolytic N—NO Bond Dissociation
Energies of G-MNBS in Acetonitrile. Table 2 shows that the
energetic scales of the heterolytic and homolytie WO bond
dissociation energies of G-MNBS in acetonitrile range from 49.5
kcal/mol for G-MNBS G = p-CH30) to 44.3 kcal/mol for
G-MNBS (G = mNOy) and from 33.7 kcal/mol for G-MNBS
(G = p-CH30) to 33.9 kcal/mol for G-MNBS @ = mNO,),
respectively. Comparison of the heterolytic-NO bond dis-
sociation energies with the corresponding homolytic dissociation
energies of the NNO bonds clearly shows that the homolytic
N—NO bond dissociation energy is lower than the corresponding
heterolytic N-NO bond dissociation energy by 15:80.4 kcal/
mol, which indicates that homolysis of the-WO bond to
generate the NO neutral free radical (f{@nd the corresponding
sulfonamide nitrogen free radical is energetically much more
favorable than the corresponding-INIO bond heterolysis to
generate a pair of ions. This result suggests that, like some
Snitroso compound®! the N-nitroso compounds G-MNBS
should be also easier to release *NBan to release NOin
solution by thermolytic dissociation, which is well in line with
experimental observation of soni-nitroso compounds by
pyrolysis at room temperature or at higher temperature. How-
ever, it should be pointed out herein that the practical dissocia-
tion fashion of G-MNBS and other NO donors in solution, i.e.,
to release N©Oby homolysis or to release NCby heterolysis,
could not be dependent only on the relative magnitude of the
corresponding dissociation energies of the WO bond but
should be also on the thermodynamics of the follow-up
reactions.

(20) Fu, X.-C.; Shen, W.-X,; Yao, T.-YPhysical Chemistry4th ed.; Highter
Education Publishing Co.: China, 1990; pp #I&1.

(21) (a) Williams, D. L. H.Chem. Soc. Re 1985 14, 171-196. (b) Williams,

D. L. H. Acc. Chem. Res1999 32 (10), 869-876. (c) Grossi, L.;

Montevecchi, P. C.; Strazzari, 3. Am. Chem. So200], 123 4853—

4854. (d) Grossi, L.; Montevecchi, P. Chem—Eur. J.2002 8 (2), 380

387.
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Scheme 2
AHhe(N-NO Q AHhomo(N-NO 't
I e het(N-NO) I homo( ) M e o
Ar—]&l?—N—CHs + NO* Ar—ﬁ_rlxj—CHa Ar—ﬁ—N—CHs + NO
O NO (0]
E1/2(No+/0) Eored(G-MNBS) E1/2(N00/-)
ArhomoNNOJ™ @ o= AHg(NNO) 9
| e . homo! I het( ) | o e
Ar—S—N—CH; + NO Ar—S—N—CHj Ar—S—N—CHz; * NO
I lcl) ’I\lo I
Table 3. Second-Order Rate Constants for the Reaction of ati ;
; . h Table 4. Activation P, ters for the NO Transfer Reaction f
?15'\/1'\4‘1%5" C\;\;nh 3,6-Dibromocarbazole at Different Temperatures G?M(le\lBS toc:;j/g_ E;Jigrorir(?g?b:rzsolgr € ranster seaction from
G AE? AH® AS* —-TAS* AG*®
ky x 10*(M~ts™1) 2
p-OCH; 14.3+0.5 13.7£05 —31.9+1.8 9.5+05 23.2+0.5
G 288K 293K 298K 303K 308K 313K p-CHs 13.1+0.7 125+0.7 —35.3+2.3 10.5£0.7 23.0+0.7
p-OCHs 0.25 0.38 0.52 0.77 1.26 1.86 p-H 12.6+ 0.7 12.0+0.7 —36.1+2.4 10.8+£0.7 22.8+0.7
p-CHs 0.38 0.54 0.77 0.99 1.71 2.36 p-Cl 121+ 0.6 11.5+0.6 —36.1+£2.1 10.8+£0.6 22.3+0.6
p-H 0.62 0.90 1.15 1.56 257 3.68 p-Br 121+ 0.6 11.5+0.6 —36.5+2.1 10.9£0.6 22.4+0.6
p-Cl 1.12 1.65 2.07 2.83 455 6.13 mNO, 10.6+0.4 10.0+04 —39.2+13 11.7£04 21.7£0.4
p-Br 1.13 1.66 2.09 2.88 4.58 6.19
m-NO, 431 5.62 7.80 9.66 14.00 19.03

aThe second-order rate constarig for the reaction of G-MNBS with

aFrom the Arrhenius plots, the unit is kcal/mélFrom the slope of the
Eyring plots, the unit is kcal/moF From the intercept of the Eyring plots,
the unit is cal mot! K=1, 4 The unit is kcal/mol€ From equatiolAG* =

3,6-dibromocarbazole in acetonitrile solution at different temperatures were AH* — TAS, the unit is kcal/mol.

obtained by using the equatida = y/a(100 — y)t.2° Therein,y is the
percentage yield of the isolated prodihitroso-3,6-dibromocarbazola,

Scheme 3. Charge Distribution Diagram on

is the initial concentration of the reactant G-MNBS or 3,6-dibromocarbazole N-Methyl-N-nitroso-p-toluenesulfonamide, Benzoic Acid and Their

(the initial concentration of G-MNBS is equal to the initial concentration
of 3,6-dibromocarbazole for the reaction), anid the reaction time. The
detailed values of, a, andt were offered in the Supporting Information
(Table S1).

50+
. AH_(N-NO) = 48 - 5.085 (r = 0.994)
©°
E
= 48]
(3]
<
<)
=
é 46 1
I.:
<

441

T v T v T M T

-0.3 0.0 0.3 06

o
Figure 1. Correlation of the heterolytic dissociation energies ofNO

a.

From Table 2, we also found that the valueAdfipo{N—NO)
becomes gradually smaller as thara-substituent G is going
from an electron-donating group (EDG) to an electron-
withdrawing group (EWG), which is due to the stabilization
effect of EWG and the destabilization effect of EDG on the
nitranions of the substitutel-methyl-benzenesulfonamides.
When theAHp{N—NO) was plotted against Hammett constant
o, an excellent straight line with a slope €6.08 ¢ = 0.994)
was obtained (Figure 1). This result implies that distribution of
negative charge on thé-methyl benzenesulfonamide nitranion
should be similar to that of negative charge on the carbanion
of benzoate according to the Hammett free energy linear
correlation principl€? which can be supported by the Mulliken

Corresponding Anions Derived from Computer Calculation by
Using B3LYP/6-31G* Method

-0.6024
-0.5289
12686 0.3427 1.0651 o/
o
\II /CHs / \g o
| —_— — | +
AN ] §9 T NO
0 = o)
oase2 A /
-0.3996 0.1876 -06217 -0.6292
-0.4741 -0.6271
AN -0.1716 -0.6269
0 o
I 19 .
C—OH ?— +H
0.5361 0.4949

charge calculation using the density functional theory (DFT)-
B3LYP/6-31G* methoé about the charge distribution of the
nitranion of N-methyl-benzenesulfonamide and the carbanion
of benzoate as shown in Scheme 3. In a similar Wilylper
(N—NO) of G-MNBS was plotted against theKgs of the

bonds in G-MNBS with the corresponding Hammett substituent constants corresponding N-H acids (G-MBS) in acetonitrile also to give

an excellent straight line (Figure 2) with a slope of 1.99<
0.995), from which an important conclusion can be made that
although the enthalpy change for the heterolytic-NO

(22) (a) Isaacs, N. Fhysical Organic Chemistryist ed.; Wiley: New York,
1987; Chapter 4. (b) Page, M.; Williams, Rrganic and Bio-organic
Mechanism Addison-Wesley Longman: 1997; Chapter 2.

(23) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-
Gordon, M.; Replogle, E. S.; Pople, J. Baussian 98rev. A.9; Gaussian,
Inc.: Pittsburgh, PA, 1998.
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50+

AH,_(N-NO) = -3.43 + 1.99pK_ (r = 0.995)

48

46 -

et

AH, (N-NO) (kcal/mol)

PK, (in acetonitrile)

Figure 2. Correlation of the heterolytic dissociation energies of MO
bonds in G-MNBS with the correspondind<gs of their parent N-H
molecules.

than that of the SNO bond, which indicates that the NO
transfer fromN-methyl-N-nitrosobenzenesulfonamides is un-
favorable in thermodynamics to the corresponding (para-sub-
stituted)benzoates, T(G)PPGor (p-nitro)phenylthiol, but the
reverse processes should be favorable. In femethylN-
nitrosobenzenesulfonamide can be easily derived from the parent
compoundN-methyl-benzenesulfonamide by nitrosation using
some RONO and RSNO, such as 2,2,2-trichloroethyl nitrites,
Snitrosopenicillamine (SPEN), etc., as N@onors3

In a similar analysis manner used above, comparing the
homolytic N-NO bond dissociation energies of G-MNBS
(33.0—-34.9 kcal/mol) with those dfl-nitrosoacetanilides (36-1
43.8 kcal/mol®* N-nitrosodiphenylamines (21-24.3 kcal/
mol),2> N-nitrosoN',N'-dimethylphenylureas (28-333.1 kcal/
mol) 28 andN-nitrosophosphoramidates (34.80.4 kcal/mol§®
and those of the ©NO bonds inO-nitrosobenzoates (325
38.6 kcal/moly? the S-NO bonds inSnitrosophenylthiols
(18.6—-21.4 kcal/moly® and the Ce-NO bonds in both T(G)-
PPCd'NO and T(G)PPCENO (15.2-17.5 kcal/mol and 214
24.6 kcal/mol§® demonstrates that the homolyticNIO bond

dissociations of G-MNBS is strongly dependent on the nature dissociation energies of G-MNBS are moderate, which indicates
of the substituents (G), the entropy change for the heterolytic that the thermal stability of G-MNBS should be larger than that
N—NO dissociations of G-MNBS is not distinctly dependent of the correspondinty-nitrosodiphenylaminesy-nitrosoN',N'-

on the nature of the substituents (G).

Comparing the heterolytic NNO bond dissociation energies
of G-MNBS (44.3-49.5 kcal/mol in acetonitrile solution) with
those of the N-NO bonds in otheN-nitroso compounds, such
as N-nitrosoacetanilides (54-35.4 kcal/mol@* N-nitrosodi-
phenylamines (50:263.5 kcal/mol®5 N-nitrosoN',N'-dimeth-
ylphenylureas (52:462.0 kcal/mol%® and N-nitrosophospho-
ramidates (53.360.4 kcal)?® shows that the NNO bond

dimethylphenylureas S-nitrosophenylthiols, T(G)PP®INO,
and T(G)PPCHNO but smaller than that ®f-nitrosoacetanilides
and N-nitrosophosphoramidates. These thermodynamic data
obviously are very useful to guide the design and synthesis of
some suitable and desired nitric oxide releasing agents as NO
drugs with biomedical application.

Effect of Reductive Electron Transfer on N—NO Bond
Activation. Since the strength of a chemical bond in molecules

heterolytic dissociation energies are generally decreased in thes strongly influenced by electron transfér33 the increase or

following order of theN-nitroso compounds:N-nitrosoacet-
anilides> N-nitrosodiphenylamines N-nitrosophenylureas
N-nitrosophosphoramidates N-methyl-N-nitrosobenzene-

decrease of electron number in G-MNBS certainly changes the
potential of G-MNBS to release a NO radical. To quantitate
the effect of reductive electron addition on the-NO bond

sulfonamides (see Table 5), which indicates that the substitutedactivation, the N-NO bond dissociation energies in the radical
N-methylN-nitrosobenzenesulfonamides (G-MNBS) are the best anions of G-MNBS were estimated as shown in Table 2.

NO™ donor among the corresponding five typesNshitroso
compounds. If NO transfers from thé\-methyl{N-nitrosoben-

In Table 2, by simply comparing the values &Hnomd N—
NO) (33.0 to 34.9 kcal/mol) with the values of the corresponding

zenesulfonamides to the corresponding acetanilides, diphenyl-AHpomd N—NO)™ (—15.8 to—12.9 kcal/mol), it is found that
amines, phenylureas or phosphoramidates, the transfer procesthe value ofAHhmdN—NO) is larger than that of the corre-
should be favorable in thermodynamics. This may be the reasonspondingAHremd N—NO)~* by 46 to 51 kcal/mol, which means

many chemists used to usi-methylN-nitrosop-toluene-
sulfonamide (MNTS) as a NOdonor for the nitrosations of
many amines. But, by comparing the heterolytie NO bond
dissociation energies of G-MNBS with those of the-RO
bonds inO-nitroso-(para-substituted)benzoates (282.3 kcal/
mol),2” the S-NO bonds inS-nitroso-{-nitro)phenylthiol (39.3
kcal/mol)28 and those of the CeNO bonds in T(G)PPCb-
NO (14.1-23.2 kcal/mol in benzonitrile}? it is found that the
N—NO bond heterolytic dissociation energies of G-MNBS in
acetonitrile are not only larger than that of the'CeNO bonds
but also larger than that of the-NO bonds, and even larger

(24) Cheng, J.-P.; Wang, W.; Yin, Z.; Zhu, X.-Q.; Lu, Yetrahedron Lett.
1998 39, 7925-7928.

(25) Zhu X.-Q.; He, J.-Q.; Li, Q.; Cheng, J.-P.Org. Chem200Q 65, 6729-
673

(26) Cheng J.-P.; Xian, M.; Wang, K.; Zhu, X.-Q.; Yin, Z.; Wang, P.J.
Am. Chem. Sod998 12Q 10266-10267.

(27) Xian, M.; Zhu, X.-Q.; Ly J.-M.; Wen, Z.; Cheng, J.-®rg. Lett.200Q 2
(3), 265-268.

(28) LU, J.-M.; Wittbrodt, J. M.; Wang, K.; Wen, Z.; Schlegel, H. B.; Wang, P.
G.; Cheng, J.-PJ. Am. Chem. So@001, 123 2903-2904.
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that the effect of one-electron addition on theeNO bond ho-
molytic dissociation energy is extremely large, the main reason
being that the reduction potentials of G-MNBS in acetonitrile
solution are all very negative. Since the value\b6fhomd N—
NO)~* all are quite negative, the radical anions of G-MNBS
should be very unstable and easy to release nitric oxide radical
spontaneously in acetonitrile solution at room temperature,

(29) Zhu, X.-Q.; Li, Q.; Hao, W.-F.; Cheng, J.-2.Am. Chem. So002 124,
9887 9893

(30) Munro, A. P.; Williams, D. L. HJ. Chem. Soc., Perkin Trans1899 10,
1989-1993.

(31) Arnett, E. M.; Amarnath, K.; Harvey, N. G.; Venimadhavan,JSAm.
Chem. Soc1990 112, 7346-7353.

) (a) Venimadhaven, S.; Amarnath, K.; Harvey, N. G.; Cheng, J.-P.; Arnett,
E.'M. J. Am. Chem. Sod.992 114, 221. (b) Handoo, K. L. Cheng, J. -P.;
Parker, V. D.J. Am. Chem. Soc1993 115 5057. (c) Zhang, X.-M.;
Bordwell, F. G.J. Am. Chem. So&992 114, 9787. (d) Cheng, J.-P.; Zheng,
Z. Tetrahedron Lett1996 37, 1457-1460. (e) Parker, V. DActa Chem.
Scand 1992 46, 307. (f) Daasbjerg, KJ. Chem. Soc., Perkin.,, 2994
1275. (g) Zhang, X. Mibid 1993 2275.

(33) (a) McMillen, D. F.; Golden, D. MAnnu. Re. Phys. Chem1982 33,
493. (b) Dust, J. M.; Arnold, D. Rl. Am. Chem. S04983 105, 1221 and
reference therein.
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Table 5. Comparison of the Heterolytic and Homolytic Dissociation Energy Scale of X—NO Bonds (X = N, O, S, Co) among Some Typical
NO Donors? in Acetonitrile Solution (Except Special Note) at Room Temperature (kcal/mol)

Compounds AHhet(X-NO) AHhomo(X-NO) Compounds AHpet(X-NO) AHhomo(X-NO)

S \( j o ¢ f
II\IJI\CHa )I\PO(OEt)z

)

4-CH50 65.4 43.8 4-CH50 — —

4-CH, 60.4 36.1 4-CH; 60.4 34.5

4-H 58.7 38.3 4-H 58.4 35.0

4-Cl 57.7 37.6 4-Cl 58.1 36.2

4-NO, 543 39.2 4-NO, 53.3 40.4
e G—/ I i

L0 N

4-CH;0 63.5 21.4 4-CH;0 62.0 28.3

4-CH; 62.5 21.4 4-CH, 61.1 28.7

4-H 62.0 22.6 4-H 59.5 29.1

3-Cl 60.2 241 4-Cl 58.5 29.2

4-NO, 50.2 24.3 4-NO, 52.4 33.1

ﬁ /CH3

GQE_N\NO

4-CHs0 495 33.7

4-CHs 48.7 334

4-H 47.8 34.9

4-Cl 46.9 33.0

3-NO, 443 33.9

/Q)t/'\‘o G‘< >—3/NO
4-CH50 32.3 32.5 4-CH50 53.5 21.0
4-CH; 31.8 32.8 4-CH; 52.7 21.4
4-H 30.9 33.9 4-H 49.2 10.4
4-Br 29.5 34.3 4-Cl| 47.2 19.2
4-NO, 257 38.6 4-NO, 39.3 18.6

Il b
T(G)PPCo"NO T(G)PPCO'NO”

4-CH;0 232 17.5 4-CH50 — 246
4-CH, 21.9 17.2 4-CH; —_ 241
4-H 20.3 16.8 4-H —_ 23.4
4-Cl 18.5 16.3 4-Cl — 22.8
4-NO, 141 15.2 4-NO, — 211

aN-Nitroso-acetanilides: ref 24-Nitroso-diphenylamines: ref 2:-Nitroso-phenylureas: ref 28-Nitroso-phosphoramidates: ref 2B6:-Nitroso-(p-
substituted)benzoates: ref ZFNitroso-(p-substituted)phenylthiol: ref 28. T(G)PPENO: ref 29. T(G)PPCBNO: ref 29.N-Nitroso-benzenesulfonamides:
from this work.® In benzonitrile solution. T(G)PPCoNO is the abbreviation of nitrasyd:y,d-tetraphenylporphinatocobalt.

which suggests that the neutral G-MNBS can release nitric oxide of AHpomd N—NO)™ is much more negative than that of the

radical spontaneously after gaining one electron. corresponding\Hpe{N—NO)~*, which indicates that releasing
To compare the potentials of G-MNBS radical anions neutral NO from G-MNBS radical anions is much easier than
releasing a NO radical and releasing a NO anion {INGhe releasing NO. From this result, an interesting and reasonable

values ofAHp{N—NO)~ were also examined; the result shows proposal can be made that the natural NO anion in living body,
that the values ofAHpe({N—NO)~* are either negative or only  which is also known as a physiologically active speéfes,
slightly positive (-3.1 to 1.8 kcal/mol), which indicates that most likely to be derived from the one-electron reduction of
the process of releasing NGrom G-MNBS radical anionsis ~ NO radical rather than from the NNO bond heterolytic
spontaneous or requires a small amount of energy at roomdissociation of NO donors.

temperature. But by comparirgHne{N—NO)~* with the corre-
spondingAHpemdN—NO)™, it is clearly found that the value  (34) Stamler, J. S.; Singel, D. J.; LoscalzoS&iencel992 258 1898.

J. AM. CHEM. SOC. = VOL. 127, NO. 8, 2005 2701



ARTICLES Zhu et al.
Scheme 4
/ v
(0]
I N AGpn Q N
e+ (] e 1
O NO Br Br O H Br Br
AG
S]
? © & N ® AG,
G S—N_ * NO + | + H .
I \CH
O 3 Br Br

Table 6. Difference of Heterolytic Dissociation Energies of N—NO
Bond between G-MNBS and N-Nitroso-3,6-dibromocarbazole and
Difference of pKy's between the Corresponding Parent Amines as
Well as the Free Energy Changes of NO Transfer from G-MNBS
to CBZH (kcal/mol)

G AAHhe(G-MNBS —~CBZNO) ~ 1.364ApK,(G-MBS —CBZH)?  AGyy
p-OCHs —-2.1 0.22 —-1.9
p-CHs —-2.9 0.55 —2.4
p-H —3.8 1.04 —-2.8
p-Cl —4.7 1.92 —2.8
mNO- —6.5 3.64 —-2.9

apK, value of CBZH in acetonitrile is 26.7, which was derived from its
pKa value in DMSO (17.28f according to the known relation oKg(CHsCN)
= 0.982(K4(DMSO) + 9.9428

Thermodynamics of NO Transfer from G-MNBS to 3,6-
Dibromocarbazole (CBZH). Although the transportation of NO
among the different amine molecules widely occurs in many

chemical or biochemical reactions, the thermodynamic tenden-
cies of NO transfer among the different amines have been rarely

—NO,). The main reason could be that the-NO bond
heterolytic dissociation energy df-nitroso-3,6-dibromocarba-
zole (51.6 kcal/mol) is quite larger than that of G-MNBS (44.3
49.5 kcal/mol). But, from eq 8, it is worth noting that the Gibbs
free energy changed\Gnn) of reaction 6 consist of the two
contributions: enthalpy changes arih,ghanges. The enthalpy
changes giveAGx, the contribution of a negative value, but
the K4 changes givA\Gxn, the contribution of a positive value,
the resultant effect making the value®Gx, less negative than
that of the differences of the NNO bond heterolytic dissocia-
tion energies between G-MNBS ahdnitroso-3,6-dibromocar-
bazole. Since the increase of the differences of thé\id bond
heterolytic dissociation energies between G-MNBS &fli-
troso-3,6-dibromocarbazole is always accompanied by the
increase of thelg, differences between the corresponding parent
amines, the Gibbs free energy changdssg,) of the NO
transfer should be small or close to zero, from which a useful
general conclusion can be derived that the transfer of NO

evaluated quantitatively. The main reason is lack of the necessar)}_)etween two neutral amines could always be reversible, which,

thermodynamic data of the relative-N\NO bond energies. In
this work, as the first example, we try to use the determined
N—NO bond dissociation energies of G-MNBS to estimate the
free energy changes of NO transfer from G-MNBS to 3,6-
dibromocarbazole (reaction 6). To efficiently evaluate the free
energy changes of NO transfer from G-MNBS to 3,6-dibro-
mocarbazole, a thermodynamic cycle was constructed from
reaction 6 as shown in Scheme 4 and from which a formula to
evaluate the free energy changes of the NO transfer was derive
(eq 7). Since the entropy change of the NO bond heterolytic
dissociation for G-MNBS would be equal or close to the entropy
change of the NNO bond heterolytic dissociation fdnitroso-

3,6-dibromocarbazole in the same solution, eq 7 becomes eq g

after the neglect of the entropy contribution in the-NO bond
heterolytic dissociations. The differences of the-NO bond
heterolytic dissociation energies between G-MNBS &hi-

troso-3,6-dibromocarbazole and the differencesd@fgbetween

in fact, is well in line with many experimental observations.
But, for reaction 6, the reaction can run completely, the main
reason being that the produstnitroso-3,6-dibromocarbazole
is slightly soluble in acetonitrile and precipitated from the
reaction mixture, which makes the reaction equilibrium to move
to the side of products.
Mechanism of NO Transfer from G-MNBS to 3,6-

Dibromocarbazole (CBZH). As to the mechanism of NO

&ransfer from G-MNBS to 3,6-dibromocarbazole, three possible

pathways can be proposed (Schemé® Hccording to the
reaction products (eq 6) and the distribution of Mulliken charge
density on some related atoms in G-MNBS (Table 7) and their
itranions (Scheme 3), which were derived from the calculation
by using the Gaussian98 prografin path I, the reaction was
initiated by NO' transfer and then followed by proton transfer
to yield the corresponding substitutBidmethyl-benzensulfon-
amide (G-MBS) andN-nitroso-3,6-dibromocarbazole. In the path

the corresponding two parent amines as well as the free energ))l’ the reaction was initiated by proton transfer and then followed

changes AGn) of NO transfer from G-MNBS to CBZH are
listed in Table 6.

From the thermodynamic data in Table 6, it is clear that Gibbs
free energy changesAGnn) of reaction 6 are all negative
guantities, and the values gradually but slightly become more
negative as th@ara-substituent G is going from an electron-
donating group (EDG) to electron-withdrawing group (EWG),
which indicates that reaction 6 is favorable to the NO transfer
from G-MNBS to 3,6-dibromocarbazole to folnitroso-3,6-
dibromocarbazole, especially when thara-substituent G in
G-MNBS is a strong electron-withdrawing group (such as

2702 J. AM. CHEM. SOC. = VOL. 127, NO. 8, 2005

(35) Although many possible mechanisms (at least, more than three) have been
proposed in the literature about the nitroso group transfer, only three
mechanisms among them as shown in Scheme 5 should be the most likely.
As to the concerted pathway that the proton transfers from 3,6-dibromocar-
bazole to the nitrogen bounded to the nitroso groul-imethylN-nitroso-
p-toluenesulfonamide, the possibility should be very small. The main reason
has two points. First, according to the charge distribution diagram on
N-methylN-nitrosop-toluenesulfonamide, the negative charge density on
the SQ oxygen (-0.5289) is quite larger than that on the nitrogen atom
(—0.399 96), which indicates that the proton transfer from the secondary
amine should be more favorable to the ;Sfxygen than to the nitrogen
bounded to the nitroso group. Second, if the proton transfer to the nitrogen
bounded to the nitroso group was true, the reaction should have to run in
the fashion of four-membered ring (concerted process). It is evident that
the construction of the four-membered ring should be more difficult than
that of the six-membered ring during the proton transfer to thed@gen.
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Scheme 5. Possible Mechanisms of Nitric Oxide Transfer from G-MNBS to 3,6-Dibromocarbazole

Path. | :
NO™* transfer Proton transfer
/\ stepl /\ step Il - 9 H :':o
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¢ ) fast
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NO
[¢]
— g /CH3 N
X g H Br Br

G-MBS
(ketone form)
Table 7. Mulliken Charge Density on Some Related Atoms in dibromocarbazole to react with MNTS under the same experi-
G-MNBS . mental conditions. The result shows that no primary kinetic
o CH, isotope effect was foundk/kp = 1.1 at 25°C), which indicates
G !_;/ that the N-H bond breaking of 3,6-dibromocarbazole in reaction
! g Ny=o 6 should not be in or in front of the rate-determining step, thus
2 5 6 ruling out the involvement of the concerted mechanism (path
number of the related atoms in G-MNBS [II) and the mechanism initiated by proton transfer (path II).
G 1 2 3 4 5 6 The NO transfer in reaction 6 should run as pathway I. Since
p-OCHe 12615 —05020 —0.5313 —0.3965 0.1840 —0.3486 the reaction copstam for reaction 6 is a positive valuq._> &
p-CHs  1.2659 —0.5002 —0.5299 —0.3983 0.1867 —0.3450 +1.17) (see Figure 3) and log values of the reaction rate
p-H 1.2686 —0.4992 —0.5289 —0.3996 0.1876 —0.3427 i
p-Cl 1.2707 —0.4963 —0.5265 —0.4003 0.1877 —0.3387 constant; are strpn_gly and Ilpearly dependent on tHFNN
mNO, 12843 —0.4946 —0.5186 —0.4029 0.1880 —0.3327 heterolytic dissociation energies of the NO donors (Figure 4),

it is conceived that the NNO bond heterolytic dissociation of

by NO* transfer accompanied with proton 1,3-transfer to form G-MNBS should be in the rate-determining step. Whereas, since

the final products. In path IIl, the reaction was initiated by the N-NO bond heterolytic dissociation energies of G-MNBS

synchronous NOtransfer and proton transfer in the fashion of (44.3-49.5 kcal/mol) are much larger than the corresponding

a six-membered ring (concerted process) to yield CBZNO and activation Gibbs free energy changes (2128.3 kcal/mol) of

enol form G-MBS, and the formed enol form G-MBS then reaction 6, the NNO heterolytic dissociation of G-MNBS in

immediately became the corresponding ketone form isomer by the initial reaction step must be in the company of the partial

tautomerization (Scheme 5). Obviously, an interesting but formation of the N-NO bond in the protonizedl-nitroso-3,6-

difficult question remained of which one is the practical pathway dibromocarbazole as a reaction intermediate on the basis of a

of the NO transfer from G-MNBS to 3,6-dibromocarbazole.  general reaction law that activation free energy change is always
To distinguish the three different mechanisms of the NO larger than the corresponding standard state free energy change

transfer, the kinetic isotope effect on reaction 6 was examined for an elemental reaction. Since th@alue p = +1.17) of the

by using N-deuterated 3,6-dibromocarbazole to replace 3,6- present reaction is close to that of the well-known reaction

J. AM. CHEM. SOC. = VOL. 127, NO. 8, 2005 2703
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Figure 3. Correlation of logk, (at 25 °C) versus Hammett substituent |°gk2
constantss for the reaction of G-MNBS with 3,6-dibromocarbazole. Figure 4. Correlation of the N-NO bond heterolytic®) and homolytic

(m) dissociation energies of G-MNBS against leg25 °C) for the reaction
ArCOH + H,O — ArCO;~ + H30" (p = +1.00)%2 it is with 3,6-dibromocarbazole.

concelvgd that the faShlor.] of the .Nm’an.Sfer from_Gf-MNBS_ Table 8. Enthalpy Changes of NO* and Proton Transfers in the
to 3,6-dibromocarbazole in reaction 6 in acetonitrile solution First and Second Reaction Steps, and the State and Activation
should be quite similar to the fashion of proton transfer from Free Energy Changes of Reaction 6 (kcal/mol)

ArCO;H to water. G AH(NO*T)? AHHT) AGy, AG”

To further verify the initial NO ™ transfer to be in the limiting p-OCHs 14.0 159 19 232

step, the state energy changes of thetNfansfer in the first p-CHs 13.2 —-15.6 —24 23.0

; ; p-H 12.3 —-15.1 -2.8 22.8

step and the proton tran;fer in the sgcond step for reaction 6 p-Cl 114 1272 iy 223

were evaluated, respectively. According to eq 9, m-NO, 8.8 —11.7 —29 21.7
AH(NO'T) = AH, (G-MNBS) + 1.364(K, (CBZH) — 2 The values were derived from eq K4of CBZH = 26.7 in acetonitrile,

which from the following equation: K,(CH;CN) = 0.982K,(DMSO) +
AHhe,(CBZNO) — AHp (9) 9.94, AHp = 19.5 kcal/mol determined in this worl§Hne{ CBZNO) =
51.6 kcal/mol from literaturé’ ® AH(H*T) ~ AGyn — AH(NO'T).

which was derived from the thermodynamic cycle in Scheme

6, the state energy changes of the N@ansfer in the reaction  be rate-determined in reaction 6. By comparing the value of
initial step can be calculated and the results are listed in Table AH¥ and the value of-TAS' for reaction 6, it is clear that the

8. The state energy changes for the proton transfer in the second/alue —TAS' is close to or even larger than that of the
step can be also easily estimated from the equatigiiH*T) corresponding\H*, which indicates the NOtransfer in reaction

= AGnyn — AH(NO™T), where the standard state free energy 6 was controlled not only by enthalpy but also by entropy, which
change was used to replace the standard state enthalpy chang®eans that the transition state for the N@ansfer from

for the proton transfer, and the results are also listed in Table G-MNBS to 3,6-dibromocarbazole in the first step should be
8. Examining the state energy changes of the two reaction steps‘contacted”.

(NO* transfer in the first step and the proton transfer in the  To elucidate the nature of the transition state of'N@nsfer
second step) shows that the standard state enthalpy changes afi the rate-determining step, the Hammett type plots of the
the NO' transfer are all positive values (14.0 to 8.8 kcal/mol), standard state enthalpy changdH(NO*T)] and the activation
but the standard state enthalpy changes of the proton transfeenthalpy change AH*) for the NO" transfer against the
are all quite negative values-(5.9 to—11.7 kcal/mol), which Hammett substituent constantvere examined (Figure 6). From
indicates that the initial N® transfer should be much more Figure 6, two excellent straight lines were observed with slopes
difficult than the proton transfer in the second step. The whole of —5.13+ 0.22 for the plot ofAH(NO'T) and—3.37+ 0.51
reaction coordinate diagram is shown in Figure 5. According for the plot of AH*, respectively. The negative slopes for
to Figure 5, it is conceivable that the initial N@ransfer should AH(NO™T) andAH* reflect the negative charge increase at the

Scheme 6
H
| o H NO
— 9 NO N AH(NO'T) N E\P° . W
S )N * X8 Ve
X O CH; Br Br ° Br Br
Arhe(G-NMBS) 1.364pKa e | o

1) AHns(CBZNO) ';10
— Ooe ® N ® = @ o N
Q§—N + NO + +H ——» @—§—N +
X% O CH, Br Br X O CHs g Br
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Figure 6. Hammett plots ofAH* (¥) and AH(NO*T) () vs Hammett
substituent constants. The values\* andAH(NO*T) are listed in Tables
4 and 8, respectively.

nitrogen atom carrying NO group in G-MNBS in going from
G-MNBS to G-MBSN or to the transition state, respectively,

\j

coordinate

Reaction coordinate diagram for the NO transfer frlrmethylN-nitrosobenzenesulfonamide to 3,6-dibromocarbazole in acetonitrile.

charge on the nitrogen in the transition state of the G-MNBS
should be—0.66 (Scheme 7 which indicates that the nitroso
group carries at0.66 positive charge to move far from the
parent moiety of G-MNBS in the transition state.
Thermodynamic Analysis on Mechanistic Possibilities for
Nitrosation of Nitranions by NO. Since the processes of NO
transfer between two amine molecules can directly produce
nitranions as the reaction intermediate as described above, the
reactions of nitranions with a NO radical should be likely to
occur in the reaction system of NO transfer, which indicates
that it is necessary to elucidate the reaction mechanism of the
nitranions with a NO radical. As an example, when the
substituted\-methyl-benzenesulfonamide nitranions (G-MB$N
were treated by NO gas, the corresponding substitvtatbthyl-
N-nitrosobenzenesulfonamides (G-MNBS) were formed quan-
titatively (eq 10). Since a NO radical possesses the two different
intrinsic properties, oxidation potential and electrophilicity, the
possible mechanisms of the nitrosation of G-MBSby a NO
radical can be depicted in Scheme 8. Although the exact
mechanism of the nitrosation of G-MBSNy NO is still not
fully determined, it is useful and necessary to conduct thermo-

and the magnitude of the slope values is a measure for thedynamic analysis on mechanistic possibilities for the nitrosation
relative change of the effective charge at the nitrogen atom of the nitranions by NO. The standard state enthalpy change
carrying NO in G-MNBS. To quantitatively evaluate the for the each elementary reaction step can be evaluated by using
effective charge on the nitrogen atom carrying NO group in the egs 1+16. The thermodynamic data derived are sum-
the transition states, we made a definition that the effective marized in Table 9.

charge on the nitrogen atom carrying NO in G-MNBS is zero
and the effective charge on the nitrogen atom in G-MBS&N
negative one unit from our basic knowledge of the electronic
structures of the neutral G-MNBS and their corresponding
nitranions G-MBSN, which indicates that the slope value of
—5.13 for the NO transfer from the G-MNBS to 3,6-
dibromocarbazole AH(NO™T)] is equivalent to a negative
charge increase obne uniton the nitrogen in going from
G-MNBS to G-MBSN-, and from which it is easily available
that the slope value 6£3.37 for (AH¥) is equivalent to negative
charge increase 0f0.66 on the nitrogen atom in going from
G-MNBS to the transition state. Since the effective charge on
the nitrogen in G-MNBS has been defined as zero, the effective

o o
i © I
SN—CH, SN—CH,
o O NO

The most eye-catching feature of the thermodynamic data in
Table 9 is that the energy changes of the two initial steps (i

(36) Bordwell, F. G.; Zhang, X.-M.; Cheng, J.-P.Org. Chem1991 56, 3216.

(37) Zhu, X.-Q.; Xian, M.; Wang, K.; Cheng, J.-B. Org. Chem.1999 64,
4187-4190.

(38) In fact, similar evaluations of effective charge distribution on an active
atom in a transition-state structure by using Hammett linear free-energy
relationship were extensively reported in the literature. Ref: (a) Page, M.,
& Williams, A. Organic and Bio-organic Mechanismddison-Wesley
Longman Limited 1997, Chapter 3, pp529. (b) Williams, A.Acc. Chem.
Res.1984 17, 425. (c) Williams, A.Acc. Chem. Red989 22, 387. (d)
Williams, A. Adv. Phys. Org. Chenil991, 27, 1. (e) Williams, A.J. Am.
Chem. Soc1985 107, 6335.

(10)

CH4CN, Ar
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Scheme 7. Effective Charge Map on the Rate-Determining Transition State for Reaction 6 in Acetonitrile

H (-0.66) b=
(-1.00) H. _NO
= 9@ NO < ! ) — o\f™ = Qo W,
SN ” — | &K /EN s T ke N, ®
X o) T\CHs Br Br X o) /N---ll\l< X O CH; p O O Br
(0.00) d H
Scheme 8
o . NO NG
NO Ar—g—N—CHa
0 & o i)
o} o o o}
Ar—%—ﬁ—CHa NO (\"b‘ 'Q),, NO Ar—%—ITI—CH3
° N0 NS o o O NO
|—\J, Ar—g—ﬁ—cH3 41
0 & )
Steps: (1) AH(l) =- AHhomo(N'NO)-. (11)
(i) AH(ii) = - F[E;p(NO”") — E°o(G-MBSN")] (12)
(i)  AG(iii) = - F[Eip(NO"") — E°ca(G-MNBS)] (13)
(IV) AH(IV) = ‘A}Ihomo(N'NO) (14)
v) AH(V) = AHne(N-NO) (15)
(vi) AH(vi) = -AHn(N-NO) ™ (16)
Table 9. Engrgetics (kcal/mol) of Each Mechanistic Step Shown the direct electron transfer to NO (step ii) and that of the follow-
in Scheme 8 up radical coupling (step iv) are both energetically more
AH favorable than those of the potentially competing alternative
G 04 (ii)e (iiy? (v)e W (vi)o routes (i) and (vi). Therefore, the mechanism-(i) would be
Group | most suitable for these reactions. Though the scope of the present
2,5-2Cl 129 137 -329  -337 08 08 research limited us from a scrupulous experimental confirmation
m-NO;, 135 161 -321 347 26 26 . . o
s " of all the mechanisms for these seven reactions, the similar
roup ; ; ; ot ot i
pOCH; 129 107 -359 337 —292 energetic analysis for differentiating the mechanistic possibilities

p-CHs 13.6 113 —-358 334 24 of NAD(P)H model reactions was indeed widely supported by

WD N
RPRMORN

p'gl %2513 Bg :gg-}l :gg-g :3'421 experimental observaticl,giving confidence to the analytical
S-Br 154 123 —-361 -330 —31 strategy herein applied. Therefore, we believe that the mecha-

nistic guidelines suggested here should be of value in analyzing

2 All values were derived in CECN at 25°C in kcal/mol.? From eq or predicting the mechanisms of some relevant NO-related
11.¢From eq 129 From eq 13¢ From eq 14f From eq 159 From eq 16. transformations

and ii) are all endothermic but the energy changes for their
following elementary steps (itivi) are all either exothermic or
only slightly endothermic. These results indicate that the electron
transfer from the substitutetN-methyl-benzenesulfonamide
nitranions (G-MBSN) to a NO radical or the NO radical
electrophilic coupling with the nitranions in the initial steps
should be difficult and could be in the rate-determing step during
the nitrosation course of the nitranions by NO, but the following
reaction steps should be all easy.

By detailed examination of the energy changes of the each

Conclusions

Four sets of N-NO bond dissociation energies of seven
substitutedN-methylN-nitrosobenzenesulfonamides and their
radical anions in acetonitrile solution were determined. The
mechanisms of NO transfer from G-MNBS to 3,6-dibromocar-
bazole and the reactions of NO wiNtmethyl-benzenesulfon-
amide nitranion (G-MBSN) were elucidated by using the
determined N-NO bond dissociation energies together with the
relative kinetic parameters. The following conclusions can be

reaction _stt_ap in Scheme 8, 't. is found that the energetic made: (i) For neutral G-MNBS, the energetic scale of the
characteristics of the seven reactions all are not exactly the same S o o .
N—NO bond heterolytic dissociation energies is quite larger than

however. The grouping suggested in Table 9 was based on their . - oW
thermodynamic similarity of the reactions. For Group | 4G that of the corresponding NNO bond homolytic dissociation

2,5-2CI,mNOy), the difficulties of the electrophilic combination energies, which indicates that G-MNBS should be much easier

of NO with the nitranions in step (i) should be all smaller than to release NOthan to _release NO by_the_rmoly_5|s_. (i) The_
; . .. N—NO bond heterolytic and homolytic dissociation energies
those of the corresponding competing electron-transfer step (ii)

. ) L of G-MNBS radical anions are negative or slightly positive,
in thermodynamics, and the driving forces of another electron- ~ . . .

- which means that G-MNBS radical anions should be unstable
transfer step (iii) are all greater than those of the alternative

path (v). Therefore, the mechanism{ii) can be proposed for at room temperature and able to release either a NO radical or

these reactions. The thermodynamic feature of the Group Il NO™ anion, but to release a NO radical is much easier than to

reactions (G= OCHs, CHs, H, Cl, Br) is quite different from 55" 05 5| v Zhu, X.-Q.: Mu, L. Org. Chem1998 63, 6108
the one described above. It is clear that the driving forces of 6114.

2706 J. AM. CHEM. SOC. = VOL. 127, NO. 8, 2005



N-NO Energies of N-Methyl-N-nitrosobenzenesulfonamides

ARTICLES

release a NO anion, which implies that the natural NO anion
(NO") in the living body could be produced from the one-
electron reduction of a NO radical rather than from theNO
bond heterolytic dissociation of NQdonors. (iii) NO transfer
between two neutral amines could be reversible, and the
direction of NO transfer among different amines could be mainly
governed by the entropy increase of the reaction system. (iv)
The mechanism of NO transfer between two neutral amines
should include two elementary reaction steps: "NEation
transfer and the followed proton transfer, but the initial NO
transfer is in the rate-determining step. (v) Combination of a
NO radical with a nitranion could have two competing pathways
to choose from, which is controlled by the oxidation potential
of the nitranion.

Experimental Section

All reagents were of commercial quality from freshly opened

by passing through 10% NaQ#to remove higher oxides of nitrogen
and finally through a solid NaOH dry tube to remove wdter.

Reaction of G-MBSN~ with NO in Acetonitrile. The flask
containing 15 mL of a CBCN solution of G-MBSN (0.2 mmol)
formed by removing a proton from the parent sulfonamide with KH
was degassed with argon 3 times by the fredhaw method. After it
was warmed to room temperature, 25 mL of NO (in excess) was slowly
bubbled into the reaction vessel with an airtight Hamilton syringe. The
mixture was stirred at room temperature for 30 min, and then dry Ar
was bubbled in to expel excess NO. The reaction mixture was worked
up to afford the corresponding pure substitutéanethylN-nitroso-
benzensulfonamide as the sole product.

General Procedure of Kinetic Measurement. A mixture of
G-MNBS (0.25 mmol) and 3,6-dibromocarbazole (0.25 mmol) in 10
mL dry acetonitrile was thermostated at different temperatures (15
40 °C). After an appropriate period of the reaction, the product
N-nitroso-3,6-dibromocarbazole which formed as a yellow precipitate
was centrifuged, separated, and weighed accurately by using an analytic
balance ¢ = 0.01 mg) to give the percentage yieldsMhitroso-3,6-

containers or were purified before use. Reagent grade acetonitrile wasdibromocarbazole (see Table S1 in Supporting Information). The

refluxed over KMnQ and KCO; for several hours and was doubly
distilled over BOs under argon before use. The commercial tetrabu-
tylammonium hexafluorophosphate (BUPFs, Aldrich) was recrystal-
lized from CHCI, and was vacuum-dried at 12@ overnight before
preparation of a supporting electrolyte solution. The nitrosating reagent
NO*CIO,~ was prepared according to a literature metffoBedox
potentials were obtained by a second-harmonic ac voltammetry
(SHACV) method on a BAS-100B electrochemical analyzer. The heats
of reaction of NO with nitranions were determined on a Tronac 458
titration calorimeter.

General Procedure for Preparation of N-Methyl-benzensulfon-
amides. All substituted N-methyl-benzensulfonamides have been

second-order rate constants of the NO transfer reactions were obtained
from the percentage yields of the isolatehitroso-3,6-dibromocar-
bazole according to the equatign= y/(100 — y)at,?° thereiny is the
percentage yield of the isolated proddhitroso-3,6-dibromocarbazole,
ais the initial concentration of the reactants, dmslthe reaction time.

Measurement of Redox PotentialsAll electrochemical experiments
were carried out by SHACV (sweep rate, 4 mV/s) using a BAS-100B
electrochemical apparatus in dry acetonitrile solution under an argon
atmosphere at 25C as described previoustyn-BusNPF; (0.1 M) was
employed as the supporting electrolyte. A standard three-electrode cell
consists of a glassy carbon disk as working electrode, a platinum wire
as counter electrode, and 0.1 M Agsl@g (in 0.1 M BuNPR—MeCN)

synthesized by reaction of the corresponding benzenesulfonyl chloridesas reference electrode. All sample solutions were 1.5 mM. The

with an excess methylamine in watéThe product is extracted with
dichloromethane and washed with a solution of sodium hydrogen
carbonate and with water. After removal of the solvent on a rotator,
the residue was recrystallized from 95% ethanol to give plineethyl-
benzensulfonamides. The products were identified by comparison with
the authentic values according to th&it NMR and melting point.
General Procedure for Preparation of N-Methyl-N-nitrosoben-
zensulfonamides N-methyl-N-nitroso-benzensulfonamides were pre-
pared using a biphasic watedichloromethane mixture. The aqueous

ferrocenium/ferrocene redox couple {fy was taken as the internal

standard. The reproducibility of the potentials was smaller than 5 mV.
Titration Calorimetry. Reaction of NO (NO*CIO,~) with nitran-

ions (K™ as counterion) in dry CKCN was rapid to give NNO

coupling product quantitatively. The reaction helit(,) was measured

at 25 °C by a standard procedure similar to that of Ardétihe

performance of the calorimeter was checked by measuring the standard

heat of neutralization of an aqueous solution of sodium hydroxide with

a standard aqueous HCI solution. The MeCN solution of Si@,~

phase containing sodium nitrite and the organic phase containing the(0.1 M) was prepared inside the argon-filled drybox with an analytical
corresponding sulfonamide obtained above were mixed together, andbalance and volumetric flask before each calorimetric run. The

then to which concentrated hydrochloric acid (36%) was slowly added.
The mixture was stirred fol h and separated. The organic phase was
washed with water. The crude products were purified by column
chromatogram on silica gel with light petroletiathyl acetate as eluant
to give pureN-methylN-nitrosobenzensulfonamides. The products were
identified by'H NMR spectrum.
General Procedure for Preparation of Anions.The method of E.
M. Arnett et al** was followed: The anion precursor (0.2 mmol) was
dissolved in 40 mL of dry acetonitrile, and then a slightly excess amount
of KH was added. The mixture was stirred at room temperature for
about 20 min and then filtered directly into the reaction vessel. All the
operations were carried out in an argon-filled VAC drybox.
Preparation of NO Gas. NO gas was produced by reaction of
NaNG; with sulfuric acid in the absence of oxygen and was purified

(40) Markowitz, M. M.; Ricci, J. E.; Goldman, R. J.; Winternitz, P.J-.Am.
Chem. Soc1957, 99, 3659-3661.

(41) (a) Arnett, E. M.; Amarnath, K.; Harvey, N. G.; Cheng, JSBiencel 990
247, 423-429. (b) Arnett, E. M.; Amarnath, K.; Harvey, N. G.; Cheng,
J.-P.J. Am. Chem. S0d.99Q 112 344-355.

(42) Itoh, T.; Nagata, K.; Matsuya, Y.; Miyazaki, M. Ohsawa,JAOrg. Chem
1997, 62, 3582.

(43) (a) Arnett, E. M.; Venimadhavan, S. Am. Chem. Sod 991, 113 (18),
6967-6975. (b) Okamoto, K.; Imahori, H.; Fukuzumi, $. Am. Chem.
S0c.2003 125 (23), 7014-7021.

calibrated motor-driven buret, filled with 2 mL of NGsolution, and

the reaction vessel, containing about 40 mL of a nitranion solution (in
excess), were connected to the calorimeter insert assembly. A dry argon
atmosphere was maintained at the top of the reaction vessel to protect
anions from unexpected reaction. The heat of dilution of nitrosonium
perchlorate was small enough to be neglected for heat of reaction
measurements. The report&dfi ., is the average value of two or three
independent runs, which consisted of up to six titrations with the same
stock solution.
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Supporting Information Available: The percentage yields
of N-nitroso-3,6-dibromocarbazole for the reaction of G-MNBS
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with 3,6-dibromocarbazole in acetonitrile solution at different textbook in the ref 20. This material is available free of charge
temperatures (1540 °C), the plots of Ink; and Ink./T) against via the Internet at http://pubs.acs.org.

1/T for the reaction of G-MNBS with 3,6-dibromocarbazole,

and English version for the concerned kinetics section of the JA0443676
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