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Figure 4. Time-resolved mass spectral intensities for the anions that 
result from the gas-phase reaction of 1,2-diphenylhydrazine with (A) O2

--
and (B) "OH. 

radicals of phenazine (Phen"-) and 3-methyllumiflvanin (3-MeFT-). 
These must in turn react with O2 to give O2

-- plus phenazine and 
3-methyllumiflavin, respectively; the process is analogous to that 
for the anion radical of azobenzene (PhN--NPh, eq 3). The 
oxidation potentials (£pa) for PhN'-NPh (Figure 1), Phen"-,13 and 
3-MeFl"-13 in Me2SO are -1.3 V vs. SCE, -1.1 V, and -0.8 V, 
respectively. Each value is sufficiently negative to reduce O2 to 
O2-- (-0.7 V vs. SCE in Me2SO).18 Hence, the Of-induced 
autoxidation of PhNHNHPh (eq 4) also is thermodynamically 
feasible for dihydrophenazine and dihydro-3-methyllumiflavin. 
The previous results1 confirm that the sequence of eq 1 and 3 does 
occur for these two model substrates of reduced flavoproteins. 
Such an autoxidation reaction sequence may be relevant to the 
fractional yield of O2

-- from the flavin-mediated activation of O2
21 

and the autoxidation of xanthine (catalyzed by xanthine oxidase 
(X.O.), a flavoprotein).22 

(22) McCord, J. M.; Fridovich, I. / . Biol. Chem. 1968, 243, 5753. 

H,F1 + Fl 
OH" 

Fl-- + O2 

H,F1 + 0 , -

2Fl-- + 2H2O 

• Fl + O2--

• FT- + H , 0 , 

(12) 

(13) 

(14) 

(15) 

Perhaps the most significant aspect of the superoxide-, hy
droxide-, or electron-induced autoxidation of donor molecules 
(1,2-diphenylhydrazine, dihydrophenazine, dihydro-3-methyl-
lumiflavin, and reduced flavoproteins) is the activation of dioxygen 
to hydrogen peroxide in biological matrices. Thus, within the 
normal cytochrome P-450 metabolic cycle, either hydroxide ion 
or an electron-transfer cofactor acts as an initiator (probably to 
produce Fl--) and reduced flavoprotein is the donor.23 In contrast, 
the introduction of O2"- or hydrated electrons (from ionizing 
radiation or a disease state) into a biological matrix that contains 
donor molecules leads to the uncontrolled formation of hydrogen 
peroxide. If reduced metal ions are present Fenton chemistry 
occurs to give hydroxyl radicals, which will initiate lipid per
oxidation24 and rancidification of stored foodstuffs. 

On the basis of their redox thermodynamics and reaction 
chemistry with O2'- in aprotic media, ascorbic acid19 and some 
catechols25 may be subject to an O2

-- -catalyzed autoxidation to 
dehydroascorbic acid and o-quinones, respectively. 
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Abstract: The reaction of the nitrosyl cation with the thiocyanate anion is described in terms of the concept of charge- and 
frontier-controlled reactions. The thiocyanate anion possesses two sites for nitrosation: the sulfur and nitrogen atoms, giving 
nitrosyl thiocyanate (1) and nitrosyl isothiocyanate (2), respectively. By use of energy-weighted maximum overlap calculations 
and polyelectronic perturbation theory the sulfur atom of thiocyanate is found to be the most reactive in nitrosation reactions. 
Geometrical optimization (GAUSSIAN SO (ST0-3G basis set)) of nitrosyl thiocyanate and nitrosyl isothiocyanate reveals that 
the former should be 1.06 eV more stable than the latter. The calculated bond lengths and angles of nitrosyl thiocyanate 
are found to be in good agreement with those found by X-ray crystallographic investigations of a stable S-nitroso compound 
(2-(acetylamino)-2-carboxy-l,l-dimethyl thionitrite (3)). The inefficiency of nitrosyl thiocyanate to act as a nitrosation reagent 
compared with other nitrosation reagents (as e.g., nitrosyl chloride (4)) is described by using the LUMO energy, molecular 
orbital coefficient, atomic net charge, and the concept of charge- and frontier-controlled reactions, and good agreement with 
experimental results is found. The decomposition of nitrosyl thiocyanate is described by studying the energy difference of 
the lowest triplet state as a function of the distance between the NO and SCN groups, and indications are found for the formation 
of NO and SCN radicals. These radicals can be involved in carcinogenesis in humans. 

The thiocyanate anion is interesting from different points of 
view: it shows reactivity at both nitrogen and sulfur depending 

on the nature of the electrophile used1 (Figure 1). 
Smokers have increased amounts of the thiocyanate anion in 
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Figure 1. 

the saliva, urine, and plasma compared to nonsmokers,2 and it 
plays an important role in the formation of N-nitroso compounds 
from nitrite and amines.3 Certain JV-nitroso compounds are 
mutagenic and carcinogenic in animal tests4 and may be involved 
in human carcinogenesis. It has been suggested that the nitrosation 
species of nitrite in aqueous acid solution probably is neither nitrous 
acid nor the nitrite ion but a derivative such as dinitrogen trioxide 
or the nitrosyl cation.3b 

The formation of iV-nitroso compounds by nitrite in aqueous 
acid solution is catalyzed by the presence of chloride and thio-
cyanate anions, and the latter is known to be the most effective.3b 

The ability of thiocyanate to act as a better catalyst than chloride 
can be accounted for by the equilibrium constants;3b while nitrosyl 
thiocyanate (1) is less reactive than nitrosyl chloride (4), it is 
present in much greater extent (the equilibrium constants being 
46.5 compared to 5.6 X 10"4 for nitrosyl chloride1). 

NO2" + 2H+ =* 

H2O
+NO (=* H2O + +NO) ; = ± X-NO + H2O 

~x 1,4 
(X = SCN for 1 and X = Cl for 4) 

On the basis of the ambident character of the thiocyanate anion, 
soft electrophiles react with the sulfur in thiocyanate through an 
orbitally controlled process,5 whereas hard electrophiles undergo 
a charge-controlled reaction on nitrogen in isothiocyanate. The 
nitrosyl cation belongs to the borderline/soft electrophiles,5 and 
both S- and N-nitrosation of the ambident anion can be expected. 

This paper presents a theoretical study of the reaction of the 
nitrosyl cation with the thiocyanate anion. The reactivity of the 
thiocyanate anion is described by use of Klopman's polyelectronic 
perturbation theory.50 Optimized geometries of the nitrosated 
thiocyanate and the nitrosated isothiocyanate have been calculated, 
and some properties of the products are elucidated and discussed 
in relation to the experimental results. The calculations indicate 
that reactive radicals might be formed from nitrosyl thiocyanate, 
and these results are discussed in relation to human carcinogenesis. 

The work is based on energy-weighted maximum overlap 
(EWMO) molecular orbital calculations and on ab initio analysis. 
GAUSSIAN so with 4-3IG and ST0-3G basis sets is used for the 
geometry optimization and the calculation of the atomic net 
charges.6 Orbital energies and molecular orbital coefficients are 
calculated from an EWMO program.7 The EWMO molecular 
orbital method is similar to extended Hiickel theory8 but differs 
in the treatment of overlap and atomic orbital energies.7 

Results and Discussion 
The geometries of the nitrosyl cation and the thiocyanate anion 

have been optimized by using a 4-3IG basis set. Calculated bond 

(1) Hughes, M. N. "Chemistry and Biochemistry of Thiocyanate Acid and 
its Derivatives"; Newmann, A. A., Ed.; Academic Press: New York, 1975. 

(2) (a) Wood, J. L., ref 1. (b) Boyland, E.; Walker, S. A. IARC Sci. Publ. 
1972, 3, 130-141. 

(3) (a) Boyland, E.; Walker, S. A. Nature (London) 1967, 248, 601-602. 
(b) Williams, D. L. H. Adv. Phys. Org. Chem. 1983, 19, 381-428 and ref
erences therein. 

(4) Magee, P. N.; Barnes, J. M. Adv. Cancer Res. 1967, 10, 163-213. 
(5) (a) Pearson, R. G. "Hard and Soft Acids and Bases"; Dowden, 

Hutchinson, and Ross, Inc.: Stroudsbourg, PA, 1973. See references therein, 
(b) Ho, T.-L. "Hard and Soft Acids and Bases Principle in Organic 
Chemistry"; Academic Press: New York, 1977. (c) Klopman, G. "Chemical 
Reactivity and Reaction Paths"; Wiley: New York, 1973. (d) Flemming, I. 
"Frontier Orbital and Organic Chemical Reactions"; Wiley: London, 1982. 

(6) Birkley, J. S.; Whiteside, R. A.; Krishan, R.; Seager, R.; DeFreis, D. 
J.; Schlegel, H. B.; Topiol. S., Kahn, L. R.; Pople, J. A. "Gaussian 80"; 
Carnegie Mellon University: Pittsburgh, PA, 1982; QCPE 446. 

(7) (a) Dalgaard, E. Proc. R. Soc. London Ser. A 1978, 361, 487-512. (b) 
Linderberg, J.; Ohrn, Y. "Propagator in Quantum Chemistry"; Academic 
Press: London, 1973. 

(8) Hoffmann, R. J. Chem. Phys. 1963, 39, 1397-1412. 
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Table I. Bond Lengths," Atomic Net Charges," Molecular Orbital 
Coefficients,6 and Frontier Orbital Energies* of the Nitrosyl Cation 
and Thiocyanate Anion 

[NO]+ [SCN]-

>w 
<7N 

<7o 
cN 

C0 

^LUMO 

1.0485 
+0.80 
+0.20 
-0.807 
+0.590 
-10.75* 

'•s-c' 
t-NC 

9s 
?c 
?N 
Cs 
Cc 
CN 

^HOMO 

1.719 
1.158 
-0.25 
-0.07 
-0.68 
0.855 
0.139 
-0.444 
-12.27* 

"Calculated by GAUSSIAN SO, using a 4-3IG basis set. * Calculated 
by the EWMO program. ' I n A . rfIn eV. 

lengths, atomic net charges, molecular orbital Coefficients, and 
the LUMO energy for the nitrosyl cation and the HOMO energy 
for the thiocyanate anion are presented in Table I. The calculated 
bond length for the nitrosyl cation compares well with the ex
perimentally determined value, 1.0619 A,9 and the atomic net 
charges seem more probable than those of Yonezawa et al.'° (^N 
= +0.50 and q0

 = +0.50). The ionization potential for NO is 
9.54 eV.11 Our results for the bond lengths in the thiocyanate 
anion agree well with the structural data of potassium and am
monium thiocyanate (in A):1 KSCN r^ = 1.689 ± 0.013, /-C_N 
= 1.149 ± 0.014; NH4SCN, 7-s.c = 1.63, rc_N =1.15. The atomic 
net charges of the thiocyanate anion are essentially located on 
the terminal atoms, with the highest negative charge on nitrogen. 
Di Sipio et al.12 have found a more evenly distributed charge (qs 
= -0.48, qc = -0.001, and ̂ N = -0.51), whereas Klopman50 obtains 
nearly the same results as we do. 

Two isomers may be formed in the reaction between the 
thiocyanate anion and the nitrosyl cation 1 and 2.13 It is possible 

NCS-NO SCN-NO 
1 2 

to compare the interaction of two closed shell molecules in solution 
by means of Klopman's polyelectronic perturbation theory. 

The change in energy, AE, due to the partial formation of a 
bond consists of two terms, an electrostatic term (the first term) 
and a covalent term (the second term):5c 

„,.™r + 2 E E ™ (l) 
t m n -Cm ^ n 

occ unocc 

q% and qx are the initial charges on the nucleophile and elec-
trophile, resspectively, T is a measure of the Coulomb repulsion 
term, and e is the dielectric constant of the reaction medium. The 
covalent term is expressed in terms of the molecular orbital 
coefficients of the nucleophile, cs

m, and electrophile, ct
n, the bond 

integral /3S„ and perturbed orbital energies Em* and En*. The 
highest occupied molecular orbital of the nucleophile is assigned 
the energy 

Em* = IPn + 9S (C) 2 7 - «2[lPm - EAm - (cs
m)2(ct

n)2r(^ 

- 1 ) ] - £ * ^ ( i - ; ) [ « . + 262X8(O2] (2) 

where IMn, and EAm are the ionization potential and electron 

(9) "International Tables for X-Ray Chrystallography"; Kynoch Press: 
Birmingham, England. 

(10) Yonezawa, T.; Kato, H.; Konishi, H.; Bull. Chem. Soc. Jpn. 1967, 
40, 1071-1076. 

(11) Kimura, K.; Katsumata, S.; Achiba, Y.; Yamazaki, T.; Iwata, S. 
"Handbook of HeI Photoelectron Spectra of Fundamental Organic 
Molecules"; Japan Scientific Societies Press: Tokyo, 1981. 

(12) Di Sipio, L.; Oleari, L.; de Michelis, G. Coord. Chem. Rev. 1966, /, 
7-12. 

(13) (a) Morgan, T. D. B.; Stedman, G.; Whincup, P. A. E. J. Chem. Soc. 
1965, 4813-4822. (b) Stedman, G.; Whincup, P. A. E. Ibid 1963, 5796-5799. 
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Figure 2. Difference in softness £ ' for the sulfur and nitrogen in [SCN]-
and the nitrosyl cation by adding the desolvation term, b, to the orbital 
term, a (the orbital term for the thiocyanate anion = £HOMO and for the 
nitrosyl cation = £LUMO)-

Table II. AE Calculated from Eq 1° 
NCS-NO SCN-NO 

electrostatic term, eV -0.016 -0.063 
covalent term, eV -4.00 -0.20 
E, eV -4.016 -0.263 

"t = 80 (water), /3r, is calculated from c,Fncx, Rst is obtained from 
the geometry optimization below, and the other parameters are in the 
text. 

affinity, respectively, for the nucleophile, V, is the Coulomb in
teraction, and a, and b, x are given in ref 5c. 

From equiation 2 Klopman50 has defined an intrinsic parameter 
Em* (softness parameter) independent of the other reagent ( r = 
0): 

xs(cs
m)2 1 

^m* = IPm " a'CIPm -E Am) Cl - -)[<?s + 2b*Xs(cs
m)2} 

Rs e 

orbital term (a) desolvation term (b) 
(3) 

The orbital part can be approximated with the HOMO energy 
of the thiocyanate anion. Calculation of the desolvation term, 
bs, for sulfur of the thiocyanate anion gives (using b2 = '/2>5c qs 

= -0.25, cs = 0.885, Xs = <ls- (9s- WU1, k = 0.75,5c and R =* 
2 A) bs C~L 1.8 eV and for the nitrogen (using b2 = '/4.5c <7N = 

-0.68, cN = 0.444, and R =a 2 A) 6N a* -0.51 eV. Addition of 
the desolvation term to the orbital term causes a difference in 
softness of the thiocyanate anion shown in Figure 2, from which 
it appears that the nitrogen of the thiocyanate anion gets harder 
and that the sulfur gets softer. 

Similarly En* for the nitrosyl cation can be calculated to be 
-9.35 eV (b2 = 72 ,5c ^N = 0.80, and cN = 0.807) (Figure 2). 

Partial bond formation energies, AE (calculated from eq 1 with 
the covalent term reduced to 2(csct;3st)

2/(£m* ~ £"n*))> f° r t n e 

electrostatic term and the covalent term in the reaction of the 
nitrosyl cation with the thiocyanate anion under formation of 
nitrosyl thiocyanate (1), and nitrosyl isothiocyanate (2), respec
tively, are given in Table II. 

These results show that the nitrosyl cation should be most 
reactive at the sulfur of [SCN]", which is in good agreement with 
the kinetic data observed in nitrosation of nitrogen and sulfur.3b 

The S-nitrosation of the thiocyanate anion takes place mainly 
through an orbital interaction between the 2p .̂ orbital of sulfur 
in the thiocyanate anion (SCN placed along the z axis) and the 
2px orbital of the nitrogen in the nitrosyl cation (NO placed along 
the z axis) giving the large contribution from the covalent term. 
The N-nitrosation of the isothiocyanate anion takes place through 
a more charge-controlled reaction, since the charge on nitrogen 
in isothiocyanate is relatively larger than that on sulfur and the 
molecular orbital coefficient on nitrogen is smaller than that on 
sulfur. 

Although the results in Table II indicate that the sulfur of the 
thiocyanate anion is most reactive with the nitrosyl cation, this 
does not necessarily mean that nitrosyl thiocyanate is the most 
stable. By use of the STO-3G basis set and geometry optimization 
of all the bonds in the two compounds (1,2), the total energy and 

Figure 3. Calculated optimized structure of nitrosyl thiocyanate by use 
of GAUSSIAN so (STO-3G basis set). 

N2 

/ »0 

S C N ' 

Figure 4. The calculated optimized structure of 2 by use of GAUSSIAN 
80 (STO-3G basis set). 

1.2U^_0 

P l 13.2" 

/1.771 A 
10(UV_/ 

C T-^-% 
1.841 A 

Figure 5. Bond lengths and angles in the 5-nitroso group in 2-(acetyl-
amino)-2-carboxy-1,1 -dimethylpropyl thionitrite. 

Table III. Calculated Bond Lengths (A), Atomic Net Charges, and 
Total Energies Using GAUSSIAN 80 STO-3G Basis Sets of S-Nitrosyl 
Thiocyanate (1) and 7V-Nitrosyl Isothiocyanate (2) 

rc-s 
' S -N ' 
rN i_N2 
rVI2-0 

' N ' - C 

'S-N^ 

?N' 
9N2 

9o 
9c 
9s 

total energy, au 

1 

1.716 

1.220 
1.157 
1.819 
-0.17 
-0.02 
-0.07 
-0.06 
+0.32 

-611.808 

2 

1.534 
1.246 
1.503 
1.220 

-0.26 
+0.10 
-0.05 
+0.04 
+0.17 

-611.769 

Scheme I 
-0 68 - 0 07 - 0 25 »0 65 +0.35 - 0 17 -0 06 +0 32 -0 02 - 0 0 7 

atomic net charges have been calculated by using GAUSSIAN 80. 
The calculated structures of 1 and 2 are shown in Figures 3 and 
4, respectively. Bond lengths, atomic net charges, and total en
ergies are given in Table III. There is little change in the N ' - C 
and C-S bonds in 1 from the starting reactants, but the N 2 - 0 
bond length increases. 

Field et al.14 have prepared a stable S-nitroso compound 
(2-(acetylamino)-2-carboxy-l,l-dimethylethylthionitrite) (3), and 
its molecular structure has been determined by X-ray crystal
lography. 

NHAc 

HO2CCH — C(Me)2 

SNO 

3 

The bond lengths and angles of the S-nitroso group in 3 are 
shown in Figure 5. The differences in bond lengths between 1 
and 3 are 0.125 A for C-S, 0.048 A for S-N, and 0.006 A for 
N-O, and the differences in bond angles are 5.1° for /CSN, and 

(14) Field, L.; Dilts, R. V.; Ravichandran, R.; Lenhert, P. G.; Carnahan, 
G. E. J. Chem. Soc, Chem. Commun. 1978, 249-250. 
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SCNNO 
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Figure 6. Change in the frontier orbital energy in the reaction of the 
nitrosyl cation with the thiocyanate anion from the initial state to the 
final state. 

Table IV. LUMO Energies, Molecular Orbital Coefficients, and 
Atomic Net Charges of S-Nitrosyl Thiocyanate and Nitrosyl 
Chloride 

NCS-NO Cl-NO 
LUMO energy0 -11.10 -11.23 
<? 0.670 0.810 
net charge on the nitrosation nitrogen'' -0.02 +0.21 

0EWMO calculations, 
set). 

SGAUSSIAN so calculations (STO-3G basis 

1.4° for /SNO. It might be concluded that our calculations give 
a reliable estimate of the geometry of 1. 

The reaction of the nitrosyl cation with the thiocyanate anion 
at sulfur is a typical soft-soft interaction—an orbital-controlled 
reaction (Scheme I)5c which is characterized by a complete charge 
transfer from the nucleophile to the electrophile.5c 

The nitrosyl cation, which as a total positive charge of +1.00 
in the free state, changes to a total charge at -0.09 in 5-nitrosyl 
thiocyanate—a complete charge transfer has taken place. 
Soft-soft interactions are counterbalanced by the stabilization 
brought about by the covalent bonding, and the reaction is thus 
exothermic. Stedman and Whincup13b have found that AH for 
nitrosyl thiocyanate is -2.9 kcal/mol. 

In the known isothiocyanates (as, e.g., CH3NCS and 
H3SiNCS1), the bond lengths S-C and C-N differ only 0.034 and 
0.036 A from the corresponding bonds in 2 and the N 2 - 0 bond 
length in 2 differs only 0.02 A from the N-O bond in N-
nitrosodimethylamine.'5 

Our calculations led to a difference in total energy between 1 
and 2, with the former being more stable than the latter by 0.039 
au, or 1.06 eV. 

The changes in EWMO energy of the highest occupied mo
lecular orbital by reaction of the nitrosyl cation with the thio
cyanate anion at the sulfur and nitrogen, respectively, are illus
trated in Figure 6. It shows that the energy of the bonding orbital 
is lowered more in the case of S-nitrosation compared with N-
nitrosation, which also can be an indication for a more stable 
nitrosyl thiocyanate, 1. 

Although the thiocyanate anion is known to increase the reaction 
rate in nitrosation reactions, nitrosyl thiocyanate is a poorer ni
trosation reagent than, for instance, nitrosyl chloride, 4.3b The 

C l - N = O 
4 

difference can be accounted for by comparing three fundamental 
parameters: the energy of the lowest unoccupied molecular orbital 
(LUMO), the molecular orbital coefficient, and the atomic net 
charge at the nitrosyl group. Table IV gives the molecular orbital 
coefficients, LUMO energies, and atomic net charges of nitrosyl 
thiocyanate and nitrosyl chloride. 

By use of the results in Table IV in eq 1 with Em* = EHOMO 

for the nucleophile and Zsn* = £LUMO f° r the electrophile, this 
equation is reduced to eq 4 for the nitrosation of a nucleophile, 
S, with the atomic net charge qs, molecular orbital coefficient cs, 

(15) Rademacher, P.; Stolevik, R.; Luttke, W. Angew. Chem. 1968, 80, 
842. 

<1 lEHOMO-ELUMolto") 

0.0700 

* r(A) 

Figure 7. Energy difference Ae = |£HOMO ~ ELUMOI (au^ 'n n ' t r o s v ' 
thiocyanate plotted as a function of the stretching of the S-N bond 
(dotted line). The full line shows the atomic net charge (calculated by 
EWMO) of the NO and SCN parts. 

and the energy of the highest molecular orbital £HOMO with 
nitrosyl thiocyanate 

0.02o. 
E(NCS-NO) = - r + 

0.898C8
2^1

2 

£ H O M O + H.10 eV 
(4) 

and for nitrosation of the same nucleophile, S, with nitrosyl 
chloride 

0.21?, 
E(Cl-NO) = -T + 

1.312C8
2ZJ1

2 

'HOMO + 11.23 eV 
(5) 

A nitrosation reaction of a nucleophile, S, with X-NO (X = 
Cl, NCS) is of the following type: 

X-NO + S-^* S-+NO + X- (6) 

with the corresponding second-order rate constant 

rate = Jt0[S][X-NO] (7) 

Rate constants for a variety of nitrosation reactions with nitrosyl 
chloride and S-nitrosyl thiocyanate on different nucleophiles, S, 
are known,3b and they have shown that the reactivity of Cl-NO 
is greater than that of NCS-NO.36 These findings are in good 
agreement with our results from eq 4 and 5. For the electrostatic 
term (the first term), nitrosyl thiocyanate will decrease the reaction 
rate compared with nitrosyl chloride as the atomic net charge at 
the nitrosyl group in nitrosyl thiocyanate has a small negative 
charge and therefore gives a positive contribution to the total 
perturbation energy, whereas the nitrogen in nitrosyl thiocyanate 
has a positive atomic net charge and then gives a negative con
tribution. For the orbital-controlled reaction term (the second 
term) nitrosation with nitrosyl chloride vs. nitrosyl thiocyanate 
gives the following ratio: 

AE'(Cl-NO) 

AE'(NCS-NO) 
= 1.46 

1 H O M O ' 11.10 eV 

11.23 eV 

which also indicates that nitrosyl chloride is more reactive than 
S-nitrosyl thiocyanate. Combination of these considerations and 
the experimental results315 gives satisfactory explanation for the 
difference in reaction rate of nitrosation of nucleophiles by nitrosyl 
chloride and nitrosyl thiocyanate (a question which to our 
knowledge has not been elucidated until now). 

It was stated above that a complete charge transfer takes place 
from the thiocyanate anion to the nitrosyl cation in the S-
nitrosation of the thiocyanate anion. We attempt to decribe the 
chemical properties of nitrosyl thiocyanate by studying the energy 
difference, Ae, between the energy of the lowest triplet state as 
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a function of the distance between the SCN and NO species of 
nitrosyl thiocyanate. The triplet states are in the EWMO model 
represented by the LUMO and HOMO energy difference16 Ae 
= I^HOMO ~ ELUMOI- a n d the single state should be located 1-2 
eV above the triplet state. The results are shown in Figure 7 where 
Ae is plotted as a function of the stretching of the S-N bond. The 
total atomic net charge on the SCN and NO parts are given as 
well. 

The dotted curve in Figure 7 which represents the triplet ex
citation energy in nitrosyl thiocyanate reaches a minimum at a 
stretching length of 1.2 A. This is evidence of an avoided crossing 
of the molecular orbital energies. The full line which represents 
the total atomic net charge on the SCN and NO parts, respec
tively, tends to zero at r = 1.2 A. These simple considerations 
indicate the presence of a biradical state close in energy, and it 
can be concluded that nitrosyl thiocyanate might dissociate to NO 
and SCN radicals. Seel and Wesemann17 have shown that nitrosyl 
thiocyanate decomposes to nitrogen oxide and thiocyanogen (5); 
the decomposition probably takes place via SCN radicals. 

20N-SCN — 2NO + NCS-SCN 
5 

Smokers secrete ca. 200 mg of thiocyanate per day more than 
nonsmokers.2b The thiocyanate secreted in saliva must be reab-

(16) (a) Deshmukh, P.; Linderberg, J. Int. J. Quantum Chem. 1981, 19, 
575-584. (b) Linderberg, J., private communications, 1983. 

(17) Seel, F.; Wesemann, D. Chem. Ber. 1953, 86, 1107-1110. 

I. Introduction 
The nuclear Overhauser effect (NOE) is an important exchange 

phenomenon which can be studied by both one-dimensional (1-D) 
and two-dimensional (2-D) NMR spectroscopy.1,2 Its importance 
stems from the fact that NOE's are used to determine the structure 
and dynamics of molecules in solution. In proton NMR spec
troscopy, NOE's are usually absent when nuclei are more than 
500 pm apart, and thus the mere occurrence of an NOE provides 
valuable information on connectivity3 and structure.4,5 Quan-

(1) Noggle, J. S.; Shirmer, R. E. "The Nuclear Overhauser Effect. 
Chemical Applications"; Academic Press: New York, 1971. 

(2) Macura, S.; Ernst, R. R. MoI. Physics 1980, 41, 95. 
(3) Dobs, A.; Wagner, G.; Wuthrich, K. Biochim. Biophys. Acta 1979, 

577, 177. 
(4) Braun, W.; Wider, G.; Lee, K. H.; Wuthrich, K. J. MoI. Biol. 1983, 

169,921. 
(5) Braun, W.; Bosch, C; Brown, L. R.; Go, N.; Wuthrich, K. Biochim. 

Biophys. Acta 1981, 667, 377. 

sorbed in the alimentary tract and secreted again in the saliva. 
Nitrite can be present in the stomach from bacterially reduced 
nitrate or from nitrite added to food. The acidic conditions in 
the stomach might cause nitrite to form the nitrosyl cation which 
can react with the thiocyanate anion under formation of nitrosyl 
thiocyanate. The higher content of thiocyanate in the saliva of 
smokers may then accelerate the rate of formation of N-nitros-
amines as stated earlier or it might cause formation of reactive 
NO and SCN radicals which can be involved in the carcinogenesis 
in the stomach or in the alimentary tract. On the other hand, 
yV-methyl-./V-nitro-./V-nitrosoguanidine affords after incubation 
in rat liver homogenate an ESR spectrum with a g value of 2.035,18 

due to a cysteine-ferrous ion-nitrogen oxide complex which is 
known to inhibit the binding of carcinogens to proteins. Since 
nitrogen oxide has a pronounced tendency to couple with free 
radicals, it might be released in the liver and quench the carci
nogenic free radicals and, thereby, inhibit their action. 
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titative information, however, is obtained only by the measurement 
of cross relaxation rates between interacting nuclei. The rates 
are normally measured by 1-D techniques in which the buildup 
of the NOE is plotted as a function of saturation time.6,7 In these 
experiments, measurements must be restricted to the regime of 
short saturation times to avoid the effects of multispin exchange, 
which arise in the steady state. 

An efficient way to study cross relaxation is found in the 
NOESY experiment, which was first described by Jeener et al.8 

Unlike 1-D methods, NOESY allows the simultaneous observation 
of all exchange phenomena in one experiment and is free of the 
problems associated with selective irradiation. Semiquantitative 
analysis of the relaxation pathways obtained from NOESY has 

(6) Wagner, G.; Wuthrich, K. J. Magn. Reson. 1979, 33, 675. 
(7) Dobson, C. M.; Olejniczak, T.; Poulsen, M.; Ratcliffe, R. G. J. Magn. 

Reson. 1982, 48, 97. 
(8) Jeener, J.; Meier, B. H.; Bachmann, P.; Ernst, R. R. J. Chem. Phys. 

1979, 71, 4546. 

Skewed Exchange Spectroscopy. Two-Dimensional Method 
for the Measurement of Cross Relaxation in 1H NMR 
Spectroscopy 

Jeffrey Bremer,* George L. Mendz, and Walter J. Moore 

Contribution from the School of Chemistry, University of Sydney, N.S.W. 2006, Australia. 
Received December 19, 1983 

Abstract: A theoretical treatment of the two-dimensional measurement of nuclear magnetic cross relaxation leads to a method 
in which all rates are obtained through the back-transformation of a matrix of NOESY mixing coefficients. The theory of 
a two-dimensional pulse sequence, skewed exchange spectroscopy, is also developed. This experiment is applicable to the study 
of nuclear Overhauser effects in 1H NMR spectroscopy, /-coupling effects are absent, and spectral crowding along the diagonal 
is avoided by the projection of diagonal-peak information onto the cross peaks. The back-transformation method is used to 
identify a relay NOE in a three-spin system. 
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