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Formation of the Distinct Redox-Interrelated Forms of Nitric Oxide from
Reaction of Dinitrosyl Iron Complexes (DNICs) and Substitution Ligands
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Introduction

Nitric oxide, stored by the potential redox-interrelated
forms NO+ , CNO, and NO�, has been known to participate
in diverse physiological processes through interaction with
various NO-responsive targets within proteins.[1] In contrast
to inducing apoptosis through activation of caspase activity
in thymocytes and neuronal cells that contain low nonheme
iron levels, NO inhibits cell death by blocking caspase activi-
ty by means of S-nitrosation of the cysteine within the
active site of the enzyme in hepatocytes and endothelial

cells, a cell type with high nonheme iron content.[2] Gluta-
thione (GSH) reductase that catalyzes the nicotinamide ade-
nine dinucleotide phosphate (NADPH)-dependent reduc-
tion of the oxidized glutathione (GSSG) to maintain the in-
tracellular level of GSH is inhibited upon nitrosation of its
His467 of the catalytic site.[3] Compared to S-nitrosation of
the soluble guanylate cyclase (sGC) that contributes to the
dysfunction of vascular NO/cyclic guanosine monophos-
phate (cGMP) signaling, nitric oxide binds to the regulatory
ferrous heme group bound to His105 of sGC to stimulate
cGMP formation and lead to vasodilation.[4] Obviously, the
paradox, the versatile response of NO-sensing proteins to
NO+/CNO, demonstrates that the redox-interrelated forms
(NO+/CNO) of nitric oxide recognize the target to trigger va-
rieties of signaling transduction. Also, nonheme iron centers
(i.e., [Fe�S] clusters) play sensory and regulatory roles in
transducing the NO signal to modulate cellular iron homeo-
stasis and alter the metabolism of bacteria.[5,6] In addition,
nitroxyl (HNO), which converts rapidly to N2O in aqueous
solution, undergoes addition to protein thiols to result in
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sulfhydryl oxidation through the proposed N-hydroxysulfe-
namide intermediate RSNHOH.[7]

S-nitrosation has emerged as a post-translational modifi-
cation of proteins by covalent attachment of a nitroso group
to the thiol side chain of cysteine to convey part of the ubiq-
uitous influence of nitric oxide on cellular signal transduc-
tion.[8] NO is known to transform into N2O3 and ONOO�

under the presence of O2 or O2
�, respectively, to nitrosate

cysteine, thus leading to the formation of S-nitrosothiol.[9]

Also, S-nitrosothiol, N-nitrosamine, and heme-NO display
an S-nitrosation ability.[10] Dinitrosyl iron complexes
(DNICs) with a typical EPR signal at g= 2.03 are known as
another type of naturally occurring forms for storage and
transport of NO in biological systems.[11] De novo synthesis
of S-nitrosothiol in an O2-independent pathway is proposed
to result from transnitrosation of DNICs derived from nitro-
sylation of cellular labile iron pool.[12a] S-nitrosation of
Cys34 of bovine serum albumin by DNIC was reported
upon treatment of bovine serum albumin with DNIC–
Cys.[12b] Studies on the presence or absence of glutathione
that regulates DNIC to stimulate cGMP formation by
means of heme nitrosylation or to inactivate sGC through S-
nitrosation were also reported.[4a] In particular, it is pro-
posed that DNICs may nitrosate proteins more selectively
than NOx because accessibility to DNIC is determined by
the three-dimensional structure of the protein in the imme-
diate vicinity of the target site.[3]

In chemistry, one feature of metal nitrosyl complexes is
the “redox-noninnocent” nature of the NO ligand that regu-
lates NO reactivity and the electronic structure of the
{M(NO)x} (M = transition metal) core. It is, however, com-
plicated to define the “noninnocent” character of NO acting
as NO+ , NO�, or CNO within the class of {Fe(NO)2}

9

DNICs.[13] The binding of NO to the varieties of transition
metals that exist as {M–NO+}, {M–NOC}, and {M–NO�} has
been intensely studied. Isolation of [IrCl4-ACHTUNGTRENNUNG(CH3CN)N(O)SCH2Ph]� obtained from reaction of
[IrCl5NO]� and HSCH2Ph implies that nucleophilic attack
of thiolate on the nitrosyl ligand leads to the transformation
of an Ir–NO complex into [Ir–N(O)SR].[14] Hydride reduc-
tion of the nitrosyl ligand of the {Ru(NO)}6 [Ru ACHTUNGTRENNUNG(ttp)(NO) ACHTUNGTRENNUNG(1-
MeIm)]+ (ttp= tetratolylporphyrinato dianion, Im= imida-
zole) produces the Ru-bound HNO.[15] Also, nitric oxide is
converted to HNO by means of a proton-coupled electron-
transfer reaction upon the nitrosylation of
[HCr(CO)3C5Me5].[16] We also noticed that protonation of
the reduced species of {Fe(NO)}7, in the Enemark–Feltham
electronic notation, [FeACHTUNGTRENNUNG(tpp)(NO)] (tpp= tetraphenylpor-
phyrinato dianion) by phenol yields the proposed [FeACHTUNGTRENNUNG(tpp)-ACHTUNGTRENNUNG(HNO)].[17] In particular, the free CNO release from the di-
meric DNICs (Roussin�s red esters) under photolysis was re-
ported.[18] In our previous study, the NO-releasing ability of
{Fe(NO)2}

9 DNICs regulated by the R group of the thiolate-
coordinated ligands was demonstrated.[19] Recently, the oxi-
dation state of the NO ligand of DNICs going from CNO to
NO� finely tuned by the ligation mode of DNICs was also
concluded.[20] In this contribution, in addition to the oxida-

tion state of the intrinsic NO ligand of DNICs regulated by
the coordinated ligands,[19,20] the release of the distinct NO
redox-interrelated forms, namely, N-nitrosocarbazole, CNO,
and HNO/NO�, derived from DNIC [(NO)2Fe ACHTUNGTRENNUNG(C12H8N)2]

�

(1) (C12H8N=carbazolate) modulated by the incoming sub-
stitution ligands (S2CNMe2)2, (PyPepS)2, and P(C6H3-3-
SiMe3-2-SH)3, respectively, was demonstrated. In particular,
the intramolecular N-nitrosation of the coordinated carbazo-
late (a tryptophan (Trp) analogue) ligand of DNIC 1 to
yield N-nitrosocarbazole and the subsequent nitrosation of
N-acetylpenicillamine (NAP) by N-nitrosocarbazole (3) to
produce S-nitroso-N-acetylpenicillamine (SNAP) may signi-
fy the possible formation pathway of S-nitrosothiols from
DNICs by means of transnitrosation of N-nitrosamines.

Results and Discussion

Synthesis of [PPN][(NO)2Fe ACHTUNGTRENNUNG(C12H8N)2] (C12H8N= carbazo-
late) (1): Addition of potassium carbazolate [K] ACHTUNGTRENNUNG[C12H8N]
(2 equiv) into a solution of complex [PPN][(NO)2Fe-ACHTUNGTRENNUNG(SC7H4SN)2] in THF at ambient temperature led to the IR
nNO stretching frequency shift from 1767 (s), 1717 (s) to 1748
(s), 1691 cm�1 (s), which is consistent with the ligand dis-
placement of two [SC7H4SN]� groups to yield {Fe(NO)2}

9

[PPN][(NO)2Fe ACHTUNGTRENNUNG(C12H8N)2] (1).[21] Complex 1 was character-
ized by IR, UV/Vis, EPR spectroscopy, and single-crystal X-
ray diffraction.[22] In the isotopic labeling experiments, 15NO-
labeled complex 1 displays a seven-line EPR signal at g=

2.023 (298 K) with the hyperfine coupling constants aN(NO) =

3 G and aN(carbazolate) = 3.8 G, and a rhombic EPR signal with
g1 = 2.029, g2 =2.018, and g3 = 2.011 (77 K; Figure 1).[21]

Conversion of complex 1 into N-nitrosocarbazole (3) and S-
nitroso-N-acetylpenicillamine (SNAP): Treatment of com-
plex 1 with bis(dimethylthiocarbamoyl) disulfide
((S2CNMe2)2; 1 equiv) led to the formation of the known
{Fe(NO)}7 [(NO)Fe ACHTUNGTRENNUNG(S2CNMe2)2] (2) accompanied by the lib-
eration of [PPN] ACHTUNGTRENNUNG[C12H8N] characterized by 1H NMR spec-
troscopy and N-nitrosocarbazole (3) (Scheme 1a and b). The
shift of the IR nNO stretching frequencies from (1748, 1691)
to 1715 cm�1 (THF) corroborated the formation of complex
2 (Figure S1 in the Supporting Information).[23] Compound
3, isolated from reaction of complex 1 and (S2CNMe2)2, was
characterized by IR, UV/Vis, 1H/15N NMR spectroscopy,
and single-crystal X-ray diffraction (Figure S2 in the Sup-
porting Information). The reaction sequences given in
Scheme 1, supported by the absence of released NO(g), may
reasonably account for the transformation of complex 1 into
compound 3. Consistent with the reaction of [(NO)2FeS5]

�

and (�SC7H4SN)2 to result in the formation of [(NO)2Fe-ACHTUNGTRENNUNG(SC7H4SN)2]
� by means of oxidative addition and the con-

comitant reductive elimination,[19] oxidative addition of
(S2CNMe2)2 to the {Fe(NO)2}

9 complex 1 generated the pro-
posed six-coordinate intermediate A (Scheme 1a). The sub-
sequent chelation of [S2CNMe2]

� ligands to Fe triggered one
carbazolate to trap the nitrosyl ligand (NO+) to yield com-
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pound 3, and the concurrent dissociation of one [PPN]-ACHTUNGTRENNUNG[C12H8N] to lead to the formation of complex 2 (Sche-
me 1b). Clearly, the chelation of [S2CNMe2]

� plays the criti-
cal role in inducing the {Fe(NO)2}

7 intermediate A to con-
vert into the {Fe(NO)}7 complex 2 and the released com-
pound 3.

The S-nitrosation ability of compound 3 was displayed by
reaction of 3 and N-acetylpenicillamine (NAP) (Scheme 1c).

Similar to S-nitrosation by the aromatic and aliphatic N-ni-
trosamines,[10b,c] the appearance of an 15N NMR spectroscop-
ic signal (d=447 ppm) accompanied by the simultaneous
disappearance of an 15N NMR spectroscopic signal at d=

170 ppm (N-nitrosocarbazole) indicated the formation of S-
nitroso-N-acetylpenicillamine (SNAP) after the solution
mixture of compound 3 and NAP (1:1 molar ratio) was
stirred in [D6]DMSO for 8 h (Figure S3 in the Supporting
Information). This result demonstrates that DNIC 1 can be
converted into S-nitrosothiol SNAP by means of the transni-
trosation of N-nitrosamine 3 (Scheme 1).

NO(g) and nitroxyl (HNO/NO�) derived from the reaction of
complex 1 with (PyPepS)2 and [P(SX)3] (X=H or Na), re-
spectively : To elucidate the NO-releasing ability of complex
1, the reaction of 1 and (PyPepS)2 (PyPepS = [SC6H4-o-
NHC(O)ACHTUNGTRENNUNG(C5H4N)]2) was conducted. The conversion of com-
plex 1 into complex [PPN][FeACHTUNGTRENNUNG(PyPepS)2] (4) accompanied
by the by-product carbazole upon reaction of (PyPepS)2

(1 equiv) and 1 was monitored by IR nNO and nCO spectra,
the disappearance of IR nNO stretching frequencies (1748
(s), 1691 cm�1 (s); complex 1), and the shift of IR nCO

stretching frequencies from 1691 cm�1 (s) ((PyPepS)2) to
1677 cm�1 (s) (4) (Scheme 2). The formation of complex 4

was also characterized by single-crystal X-ray diffraction
(Figure S4 in the Supporting Information), and the by-prod-
uct carbazole was identified by 1H NMR spectroscopy. The
released nitric oxide in the reaction of complex 1 and
(PyPepS)2 was trapped by complex [S5Fe ACHTUNGTRENNUNG(m-S)2FeS5]

2� to
produce the known [S5Fe(NO)2]

� .[24] The transformation of
complex 1 into complex 4, carbazole, and NO(g) under the
reaction of (PyPepS)2 and 1 may be accounted for by the
following reaction sequences: (PyPepS)2 was oxidatively
added to 1, thus leading to the formation of intermediate B

Figure 1. EPR spectra of complex 1: a) at 298 K (g= 2.023; aN(NO) =3 G
and aN(carbazolate) =3.8 G), b) at 77 K (g1 =2.029, g2 =2.018, and g3 =2.011).

Scheme 1.

Scheme 2.
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(Scheme 2). As shown in Scheme 2b, it is presumed that in-
termediate B prefers the intramolecular deprotonation of
the proximal carboxamide-coordinated ligands by carbazo-
late followed by chelation of carboxamido and pyridine to
result in the formation of carbazole and 4 along with the re-
lease of NO(g) as opposed to the elimination of N-nitrosocar-
bazole 3 observed in the reaction of 1 and (S2CNMe2)2.
These results illustrate one aspect of how the incoming sub-
stitution ligands ((S2CNMe2)2 versus (PyPepS)2) in coopera-
tion with the carbazolate-coordinated ligands of DNIC 1
function to control the release of NO+ or CNO from DNIC 1
upon reaction of 1 and the substitution ligands.

The multiple functions of DNIC 1 to serve as the [NO+]
and [CNO] donor species modulated by the distinct incoming
substitution ligands provide the opportunity (methodology)
to directly probe the potential of DNIC 1 to act as a nitroxyl
donor species. Upon addition of P(C6H3-3-SiMe3-2-SH)3

([P(SH)3]) into the solution of complex 1 in THF in a 1:1
stoichiometry at 0 8C, a reaction ensued over the course of
30 min to yield [PPN][Fe(NO)P(C6H3-3-SiMe3-2-S)3] (5) and
N2O characterized by IR and single-crystal X-ray diffraction
(Scheme 3a–c, Figure 2). The conversion of complex 1 into

complex 5 accompanied by the formation of N2O as by-
product under the reaction of [P(SH)3] (1 equiv) and com-
plex 1 was monitored by IR spectroscopy; the formation of
one stretching band at 2223 cm�1 is in accordance with the
formation of N2O, and the shift of the nNO stretching fre-
quencies from (1748 (s), 1691 (s)) to 1720 cm�1 through the
appearance of IR nNO (1682 (s), 1638 cm�1 (s)) confirms the
formation of complex 5 by means of the proposed inter-
mediate [PPN][Fe(NO)2P(C6H3-3-SiMe3-2-S)2(C6H3-3-
SiMe3-2-SH)] (C) (Scheme 3a–c).[25] The transformation of
complex 1 into complex 5 along with N2O under the reac-
tion of [P(SH)3] and 1 may be rationalized by the following
reaction sequences: protonation of the more accessible, elec-
tron-rich coordinated carbazolate by [P(SH)3] and the sub-
sequent chelation of the phosphine and thiolate atoms to

iron led to the formation of intermediate C (Scheme 3a).[25]

The adjacent NO-coordinated ligand of the {Fe(NO)2}
9 in-

termediate C is partially polarized on the approach of the
exo-thiol proton to promote the “induced internal electron
transfer” from Fe to the redox-noninnocent NO-coordinated
ligand. The higher-electron-density NO ligand of intermedi-
ate C may act as [NO]� (nitroxyl) to facilitate deprotonation
of the intramolecular thiol, thus leading to the formation of
5 and HNO (Scheme 3b).[25] The subsequent dimerization of
HNO followed by dehydration rationalized the formation of
N2O (Scheme 3c).

To further corroborate the generation of HNO as by-
product in the above reaction and to demonstrate the poten-
tial of DNIC 1 to act as a nitroxyl-releasing species regulat-
ed by the substitution ligands, the reactivity of complex 1
toward P(C6H3-3-SiMe3-2-SNa)3 ([P ACHTUNGTRENNUNG(SNa)3]) was investigat-
ed. The shift of the IR nNO stretching frequencies from
(1748, 1691) to 1720 cm�1 (THF) corroborated the formation
of complex 5 upon addition of [PACHTUNGTRENNUNG(SNa)3] (1 equiv) into the
solution of 1 in THF at 0 8C. The subsequent addition of a
solution of [PPN] ACHTUNGTRENNUNG[(15NO)Fe ACHTUNGTRENNUNG(SPh)3] in THF into the mixture
solution of complex 1 and [P ACHTUNGTRENNUNG(SNa)3] to yield [PPN] ACHTUNGTRENNUNG[(15NO)-ACHTUNGTRENNUNG(14NO)Fe ACHTUNGTRENNUNG(SPh)2] (1732 (sh), 1693 (s), 1670 cm�1 (s)) and
[SPh]� rationalized the generation of nitroxyl anion in the
reaction of complex 1 and [PACHTUNGTRENNUNG(SNa)3] (Scheme 3d and e), in
contrast to nitrosylation of complex [(NO)FeACHTUNGTRENNUNG(SPh)3]

� to
yield [PPN][(NO)2Fe ACHTUNGTRENNUNG(SPh)2] along with (PhS)2 and the reac-
tion of [(NO)Fe ACHTUNGTRENNUNG(SPh)3]

� with [NO] ACHTUNGTRENNUNG[BF4] to lead to
[(NO)2Fe ACHTUNGTRENNUNG(m-SPh)2Fe(NO)2] accompanied by (PhS)2.

[26] The
formation of 5 as well as the absence of NO radical and
N2O (IR 2223 cm�1) supported the generation of nitroxyl
anion in the reaction of complex 1 and [P ACHTUNGTRENNUNG(SNa)3]. Thus, the

Scheme 3.

Figure 2. ORTEP drawing and labeling scheme of a complex 5 unit in
[PPN]+ salt with thermal ellipsoids drawn at 50 % probability. Disorder
of O(1) and O(1’) atoms of complex 5 was observed with equal occupan-
cy factors of 50 %. Selected bond lengths [�] and angles [8]: Fe�N(1)
1.632(4), Fe�P(1) 2.210(1), Fe�S(1) 2.325(1), Fe�S(2) 2.285(1), Fe�S(3)
2.281(1), O(1)�N(1) 1.259(9), O(1’)�N(1) 1.153(9); N(1)-Fe-P(1)
174.48(17), N(1)-Fe-S(1) 93.95(15), N(1)-Fe-S(2) 101.15(18), N(1)-Fe-S(3)
95.85(15), P(1)-Fe-S(1) 81.72(4), P(1)-Fe-S(2) 83.83(4), P(1)-Fe-S(3)
84.04(4), S(2)-Fe-S(1) 114.43(5), S(2)-Fe-S(3) 115.34(5), S(1)-Fe-S(3)
126.02(5), O(1)-N(1)-Fe 152.5 (6), O(1’)-N(1)-Fe 162.8 (7).
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presence of chelating ligand [PACHTUNGTRENNUNG(SNa)3] appears to be crucial
in triggering DNIC 1 to act as a nitroxyl-donor species and
the conversion of DNIC 1 into complex 5.

Structure : The structure of complex 1 in the sodium crown
ether salt [Na([18]crown-6)]+ , derived from reaction of com-
plex [Na([18]crown-6)][(NO)2Fe ACHTUNGTRENNUNG(SC7H4SN)2] and potassium
carbazolate [K] ACHTUNGTRENNUNG[C12H8N] (2 equiv), is shown in Figure 3. The

Fe�N(3) and Fe�N(4) bond lengths of 1.952(4) and
1.973(5) � observed in complex 1 are comparable with the
reported Fe�N(Im) bond lengths of 1.978(3) and 1.974(3) �
obtained in [(NO)2Fe ACHTUNGTRENNUNG(C3H3N2)2]

� .[21] The average Fe�N(NO)

bond length of 1.673(6) �, which falls in the range 1.661(4)–
1.695(3) �, and the average N�O bond length of 1.173(7) �,
which falls in the range 1.160(6)–1.178(3) �, are consistent
with those of the anionic {Fe(NO)2}

9 DNICs.[21c]

Figure 2 displays the thermal ellipsoid plot of the anionic
complex 5 and selected bond lengths and angles are given in
the figure captions. The N(1)-Fe-P(1), S(2)-Fe-S(1), S(2)-Fe-
S(3), and S(1)-Fe-S(3) bond angles of 174.48(17), 114.43(5),
115.34(5), and 126.02(5)8, respectively, are consistent with
the nearly regular trigonal bipyramidal coordination envi-
ronment about Fe of complex 5. In contrast to the linear Fe-
N-O bond of the {Fe(NO)}6 complex [Fe(NO) ACHTUNGTRENNUNG(PS’3)] (PS’3 =

P(C6H3-3-Ph-2-SH)3) (bond angle 175.2(3)8 ; Table 1),[27a] the
bent Fe-N-O bond with a bond angle of 152.5(6)/162.8(7)8
for {Fe(NO)}7 complex 5 suggests the presence of an {FeII-ACHTUNGTRENNUNG(CNO)}7 electronic structure.[27b] Also, the electronic effect
from {Fe(NO)}6 [Fe(NO) ACHTUNGTRENNUNG(PS’3)] to {Fe(NO)}7 complex 5
may rationalize the observed lengthening of the N�O bond
length (1.154(5) � for {Fe(NO)}6 [Fe(NO)ACHTUNGTRENNUNG(PS’3)] vs.
1.259(9) � for {Fe(NO)}7 complex 5) and the shortening of
the Fe�N(O) bond length (1.676(3) � for {Fe(NO)}6

[Fe(NO) ACHTUNGTRENNUNG(PS’
3)] vs. 1.632(4) � for {Fe(NO)}7 complex 5).

Conclusion

Studies on the transformation of DNIC 1 into N-nitrosocar-
bazole (R2N–NO) and then S-nitroso-N-acetylpenicillamine
(RSNO), and on the production of NO(g) and nitroxyl
(HNO/NO�) derived from DNIC 1, respectively, led to the
following results.

As shown in Scheme 4, reaction of DNIC 1 and the in-
coming ligands (S2CNMe2)2, (PyPepS)2, and P(C6H3-3-
SiMe3-2-SH)3) yielded complex 2, complex 4, and complex 5

through intermediates A, B, and C, respectively. The incom-
ing substitution ligands play a key role in tuning the geomet-
ric structure and the electronic structure of the intermedi-
ates and the final products to conduct the release of [NO]+ ,
CNO, and [NO]� , respectively.

In contrast to the transformation of [(NO)2FeS5]
� into

[(NO)2Fe ACHTUNGTRENNUNG(SC7H4SN)2]
� facilitated by (�SC7H4SN)2,

[19] the in-
coming substitution ligand ((S2CNMe2)2) plays a critical role

Figure 3. ORTEP drawing and labeling scheme of a complex 1 unit in
[Na([18]crown-6)]+ salt with thermal ellipsoids drawn at 50% probabili-
ty. Selected bond lengths [�] and angles [8]: Fe�N(1) 1.663(6), Fe�N(2)
1.683(6), Fe�N(3) 1.952(4), Fe�N(4) 1.973(5), O(1)�N(1) 1.182(7), O(2)�
N(2) 1.164(7); N(1)-Fe-N(2) 109.4(3), N(1)-Fe-N(3) 109.9(2), N(2)-Fe-
N(3) 114.5(2), N(1)-Fe-N(4) 111.4(3), N(2)-Fe-N(4) 107.3(2), N(3)-Fe-
N(4) 104.2(2), O(1)-N(1)-Fe 165.5 (6), O(2)-N(2)-Fe 160.0 (5).

Table 1. Selected bond lengths [�] and angles [8] for complex 5 and
[Fe(NO) ACHTUNGTRENNUNG(PS’3)].[27a]

5 [Fe(NO) ACHTUNGTRENNUNG(PS’3)]

Fe�S[a] 2.297(1) 2.244(1)
Fe�N 1.632(4) 1.676(3)
N�O 1.259(9) 1.154(5)

1.153(9)
Fe�P(N) 2.210(1) 2.240(1)
aFe-N-O 152.5(6) 175.2(3)

162.8(7) –
geometry trigonal bipyramidal trigonal bipyramidal

[a] Average bond length.

Scheme 4.
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in triggering the buildup of the proposed anionic {Fe(NO)2}
7

[(NO)2Fe ACHTUNGTRENNUNG(S2CNMe2)2ACHTUNGTRENNUNG(NR2)2]
� (NR2 =carbazolate) (A) inter-

mediate, and subsequently, serves to induce intramolecular
NO+ transfer to produce N-nitrosocarbazole in the reaction
of DNIC 1 and (S2CNMe2)2 (Scheme 4a). Intramolecular N-
nitrosation of the carbazolate elicited from DNIC 1 and the
subsequent NO+ transfer from N-nitrosocarbazole to N-ace-
tylpenicillamine to yield SNAP demonstrates that the inter-
conversion between DNICs and N-nitrosamines (R2N–NO)/
S-nitrosothiols (RSNO) is reversible.[28]

As shown in Scheme 4b, the reaction of DNIC 1 and
(PyPepS)2 produced the proposed anionic {Fe(NO)2}

7

[(NO)2Fe ACHTUNGTRENNUNG(PyPepS)2ACHTUNGTRENNUNG(NR2)2]
� (NR2 =carbazolate) intermedi-

ate (B). The intramolecular deprotonation of the adjacent
carboxyamide by carbazolate and the subsequent chelation
of [PyPepS]2� trigger the release of the CNO radical.

Compared to the buildup of the proposed anionic
{Fe(NO)2}

7 intermediates in the reaction of DNIC 1 and
(S2CNMe2)2/ ACHTUNGTRENNUNG(PyPepS)2 disulfides, respectively, formation of
the anionic {Fe(NO)2}

9 intermediate C induced the release
of HNO by means of the nitroxyl-facilitating intramolecular
thiol deprotonation in the reaction of DNIC 1 and P(C6H3-
3-SiMe3-2-SH)3) (Scheme 4c). Alternatively, the nucleophilic
attack of the chelating [P ACHTUNGTRENNUNG(SNa)3] on DNIC 1 triggered the
direct release of [NO]� .

Clearly, the highly reactive intermediates A, B, and C op-
timize the electronic and structural property of the
{Fe(NO)2} core for its required [NO]+ , [CNO], and [NO]�

donor function. DNIC 1 acting as [NO]+ , [CNO], and [NO]�

donor species may also support the assignment of the reso-
nance hybrids of {FeIII ACHTUNGTRENNUNG(NO�)2}

9, {FeI ACHTUNGTRENNUNG(CNO)2}
9 and {Fe1�-ACHTUNGTRENNUNG(NO+)2}

9 electronic structures of DNICs reported in the pre-
vious study.[19,20]

N-Nitrosation of tryptophan is well documented (e.g., the
reported concurrent presence of S-nitrosocysteine and N-ni-
trosotryptophan of serum albumin identified in human
plasma).[29] On the basis of the inhibition of glutathione re-
ductase by means of nitrosation of His467 reported by
M�lsch et al. , N-nitrosation is regarded as another mecha-
nism by which proteins are post-translationally modified in
the NO-mediated signal transduction.[3] This study signifies
that DNICs attached to the tryptophan residue, derived
from a ligand-exchange reaction or nitrosylation of Rieske-
type [Fe�S] proteins, may trigger the direct N-nitrosation of
the intramolecular tryptophan by means of a reaction with
the oxidized cysteine in a biological system.[21] Specifically,
in cooperation with the NO transfer from N-nitrosamines to
thiols, DNICs may act as the endogenous NO carrier to ni-
trosate the thiol side chain of cysteine by means of transni-
trosation of N-nitrosotryptophan. The intramolecular N-ni-
trosation of the coordinated carbazolate of DNIC 1 ob-
served in this study may lend support to the direct S-nitrosa-
tion of the intramolecular [SR]� ligand of DNICs that leads
to the formation of S-nitrosothiols. Of importance, in addi-
tion to the oxidation state of the intrinsic NO ligand of
DNICs modulated by the coordinated ligands,[19,20] the
unique DNIC is also capable of generating the distinct

redox-interrelated forms of NO regulated by the incoming
substitution ligands. This result may also signify that the
generation of the various forms of NO from DNICs may be
regulated by the oxidation state of the incoming Cys ligand
and the protein structure in the immediate vicinity in biolog-
ical systems. Presumably, DNICs may act as an intermediary
of NO in the redox signaling processes by providing the dis-
tinct redox-interrelated forms of NO to interact with differ-
ent NO-responsive targets in biological systems. Also, in
combination with measuring the conversion of DNIC into
R2N–NO or NO(g) released from DNIC, the existence of
DNICs in biological systems could be quantified through
the chemiluminescence method. This study not only signifies
the NO signaling processes initiated by DNICs in biological
systems but also develops a promising avenue for DNICs in
medicinal chemistry.

Experimental Section

General : Manipulations, reactions, and transfers were conducted under
nitrogen according to Schlenk techniques or in a glove box (argon gas).
Solvents were distilled under nitrogen from appropriate drying agents
(diethyl ether from CaH2; acetonitrile from CaH2/P2O5; methylene chlo-
ride from CaH2; hexane and tetrahydrofuran (THF) from sodium benzo-
phenone) and stored in dried, N2-filled flasks over 4 � molecular sieves.
Nitrogen was purged through these solvents before use. The solvent was
transferred to the reaction vessel through stainless cannula under positive
pressure of N2. The reagents potassium carbazolate (TCI), bis(dime-
thylthiocarbamoyl) disulfide (Aldrich), and N-acetylpenicillamine
(Fluka) were used as received. Compounds [SC6H4-o-NHC(O) ACHTUNGTRENNUNG(C5H4N)]2

((PyPepS)2), P(C6H3-3-SiMe3-2-SH)3 (P(SH)3), and [PPN][(NO)2Fe-ACHTUNGTRENNUNG(SC7H4SN)2] were synthesized by published procedures.[19, 30] 15N-labeled
complex [PPN] ACHTUNGTRENNUNG[(15NO)2Fe ACHTUNGTRENNUNG(SC7H4SN)2] and [PPN][(NO)Fe ACHTUNGTRENNUNG(SPh)3] were
synthesized on the basis of published procedures by using [PPN]-ACHTUNGTRENNUNG[15NO2].[19, 20, 26] Compound P(C6H3-3-SiMe3-2-SNa)3 was obtained by reac-
tion of P(C6H3-3-SiMe3-2-SH)3 and NaOMe in MeOH. Infrared spectra
of the nNO stretching frequencies were recorded using a Perkin–Elmer
model spectrum One B spectrometer with sealed solution cells (0.1 mm,
CaF2 windows). UV/Vis spectra were recorded using a Jasco V-570 spec-
trometer. 1H and 15N NMR spectra were obtained using a Varian Unity-
500 spectrometer. Chemical shifts (d) of 15N NMR spectra are relative to
neat nitromethane (d=0 ppm) as the external standard. Analyses of
carbon, hydrogen, and nitrogen were obtained using a CHN analyzer
(Heraeus).

Preparation of [cation][(NO)2Fe ACHTUNGTRENNUNG(C12H8N)2] (C12H8N=carbazolate;
cation =bis(triphenylphospine)iminium (PPN+) or [Na([18]crown-6)]+)
(1): Complexes [PPN][(NO)2Fe ACHTUNGTRENNUNG(SC7H4SN)2] (0.368 g, 0.5 mmol) and po-
tassium carbazolate ([K] ACHTUNGTRENNUNG[C12H8N]) (0.205 g, 1.0 mmol) were dissolved in
THF (10 mL) and stirred for 10 min under nitrogen at ambient tempera-
ture.[19] The reaction was monitored with FTIR. The IR nNO stretching
frequencies shifted from 1767 (s), 1717 (s) to 1748 (s), 1691 cm�1 (s). The
reaction solution was filtered through Celite to remove the insoluble
[PPN] ACHTUNGTRENNUNG[SC7H4SN]. Hexane was then added to the filtrate (solution in
THF), thus leading to the precipitation of a purple solid, [PPN][(NO)2Fe-ACHTUNGTRENNUNG(C12H8N)2] (1) (yield 0.850 g, 86%). Complex 1 in [Na([18]crown-6)]+

salt was obtained from the reaction of complex [Na([18]crown-6)]
[(NO)2Fe ACHTUNGTRENNUNG(SC7H4SN)2] and potassium carbazolate [K] ACHTUNGTRENNUNG[C12H8N] (2 equiv)
in THF. Single crystals of complex 1 in [Na([18]crown-6)]+ salt, suitable
for single-crystal X-ray diffraction, were obtained by layering the solution
of [Na([18]crown-6)][(NO)2Fe ACHTUNGTRENNUNG(C12H8N)2] in THF with diethyl ether for
2 d. IR (THF): ñ=1748 (s), 1691 cm�1 (s) (NO); UV/Vis (THF): lmax

(e)=355 (6000), 524 (700), 724 nm (300 mol�1 dm3 cm�1); elemental analy-
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sis calcd (%) for C60H46FeN5O2P2: C 73.03, H 4.70, N 7.10; found: C
73.43, H 5.00, N 7.90. The 15N-labeled complex 1 was prepared in the
same manner by reaction of complex [PPN] ACHTUNGTRENNUNG[(15NO)2Fe ACHTUNGTRENNUNG(SC7H4SN)2] and
potassium carbazolate (2 equiv). IR (THF): ñ =1714 (s), 1657 cm�1 (s;
15NO).

Reaction of bis(dimethylthiocarbamoyl) disulfide (DTC) and 1: Bis(di-
methylthiocarbamoyl) disulfide (DTC; 0.048 g, 0.2 mmol) and complex 1
(0.198 g, 0.2 mmol) were dissolved in THF (5 mL) and stirred for 4 h at
ambient temperature under an N2 atmosphere. The IR nNO spectrum
showed a strong absorption band at 1715 cm�1 (THF) assigned to the for-
mation of the known complex [(NO)Fe ACHTUNGTRENNUNG(S2CNMe2)2] (2).[23] The solution
in THF was filtered through Celite to remove the insoluble [PPN]-ACHTUNGTRENNUNG[C12H8N] solid characterized by 1H NMR spectroscopy ([D6]DMSO): d=

8.04 (d), 7.79 (m), 7.46 (m), 7.30 (t), 7.05 ppm (t). Addition of hexane
(20 mL) to the filtrate (THF) led to the precipitation of green solid
[(NO)Fe ACHTUNGTRENNUNG(S2CNMe2)2] (2) (yield 0.058 g, 89 %). The upper-layer THF/
hexane solution was transferred to the another flask through a stainless
steel cannula and dried under vacuum to obtain N-nitrosocarbazole (3).
Compound 3 was redissolved in hexane and kept in the refrigerator at
�20 8C for 2 d. Pale-yellow crystals suitable for X-ray diffraction analysis
were obtained (0.016 g, 42%). Compound 3 : 1H NMR (500 MHz,
[D6]DMSO, TMS): d =8.43 (d), 8.21 (d), 8.16 (m), 7.61 (t), 7.56 ppm (m);
15N NMR (500 MHz, [D6]DMSO, nitromethane): d=170 ppm (s); IR
(KBr): ñ=1491 cm�1 (s) (NO); UV/Vis (THF): lmax (e) =281 (11 200),
331 (9920), 414 (300), 434 nm (200 mol�1 dm3 cm�1); elemental analysis
calcd (%) for C13H12N2O: C 73.56, H 5.70, N 13.20; found: C 73.46, H
6.36, N 13.70. The 15N-labeled compound 3 was prepared in the same
manner by reaction of complex [PPN] ACHTUNGTRENNUNG[(15NO)2Fe ACHTUNGTRENNUNG(C12H8N)2] and DTC
(1 equiv). IR (KBr): ñ =1462 cm�1 ACHTUNGTRENNUNG(s; 15NO).

Reaction of compound 3 and N-acetylpenicillamine (NAP): [D6]DMSO
(1 mL) was added to a 30 mL Schlenk flask loaded with compound 3
(0.099 g, 0.5 mmol) and N-acetylpenicillamine (NAP; 0.096 g, 0.5 mmol).
The reaction solution was stirred at ambient temperature for 8 h and
monitored with 15N NMR spectroscopy. The disappearance of the
15N NMR chemical shift at d=170 ppm and the appearance of the chemi-
cal shift at d =447 ppm were observed. THF (1 mL) and diethyl ether
(20 mL) were then added to the solution in [D6]DMSO, thus leading to
the precipitation of the known green solid S-nitroso-N-acetylpenicilla-
mine (SNAP; 0.099 g, 90 %).[10b,c] The solution in [D6]DMSO/THF/diethyl
ether was then transferred into another flask through a stainless steel
cannula under positive nitrogen pressure and dried under vacuum to
obtain carbazole as identified by 1H NMR spectroscopy ([D6]DMSO):
d=11.23 (s), 8.09 (d), 7.48 (d), 7.37 (m), 7.15 ppm (m).

Reaction of (PyPepS)2 ACHTUNGTRENNUNG(PyPepS=[SC6H4-o-NHC(O) ACHTUNGTRENNUNG(C5H4N)]2) and 1: A
solution of THF (5 mL) and complex 1 (0.198 g, 0.2 mmol) was prepared
under an N2 atmosphere in a vial. The vial containing the solution of 1 in
THF was then placed in a larger vial containing a solution of [PPN]2-ACHTUNGTRENNUNG[S5FeACHTUNGTRENNUNG(m-S)2FeS5] in THF/CH3CN (0.157 g, 0.1 mmol) and the large vial
was capped with a well-sealed septum. A solution of N-2-mercaptophen-
yl-2’-pyridinecarboxamide disulfide ((PyPepS)2) (0.2 mmol, 0.092 g) in
THF (5 mL) was then added into the vial containing the solution of 1 in
THF by using a gas-tight syringe. The mixture solution was stirred at am-
bient temperature for 8 h. The resulting solution kept in the larger vial
was transferred to another tube and dried under vacuum. The crude solid
was redissolved in THF and filtered through Celite to remove the insolu-
ble solid. Addition of hexane to the filtrate led to the precipitation of the
known complex [PPN] ACHTUNGTRENNUNG[S5Fe(NO)2] (0.044 g, 27 %) characterized by IR
spectroscopy.[24] In the meantime, hexane (20 mL) was added to the
brown reaction solution kept in the small vial to result in the precipita-
tion of the insoluble brown solid [PPN][Fe ACHTUNGTRENNUNG(PyPepS)2] (4) (0.177 g, 84%)
characterized by IR (nCO =1677 cm�1 (s) (CH3CN)) and UV/Vis (438,
520, 880 nm (DMF)). The upper solution (THF/hexane) was dried under
vacuum to obtain carbazole as characterized by 1H NMR spectroscopy.
Brown crystals suitable for X-ray diffraction analysis were isolated from

the solution of DMF and complex 4 layered with diethyl ether and
hexane at �20 8C for 4 d.

Reaction of P(SH)3 (P(SH)3 = P(C6H3-3-SiMe3-2-SH)3) and 1: THF
(3 mL) was added through a gas-tight syringe to a 30 mL Schlenk flask
loaded with complex 1 (0.198 g, 0.2 mmol) and P(SH)3 (0.115 g,
0.2 mmol) at 0 8C. The reaction solution was monitored by FTIR. The IR
nNO shifted from (1748 (s), 1691 (s)) to (1682 (s), 1638 cm�1 (s)) when the
reaction solution was stirred for 10 min. The IR nNO further shifted to
1720 cm�1 after the reaction solution was stirred for another 20 min at
ambient temperature. The IR stretching frequency located at 2223 cm�1,
assigned to the formation of N2O, was observed. Hexane was then added
to lead to the precipitation of the dark green solid [PPN][Fe ACHTUNGTRENNUNG(PS3)(NO)]
(5) (yield 0.210 g, 88%) characterized by IR, UV/Vis, and single-crystal
X-ray diffraction. The carbazole by-product that was dissolving in the
THF/hexane solution was isolated and characterized by 1H NMR spec-
troscopy. Recrystallization from THF solution of complex 5 layered with
hexane at �20 8C for 4 d led to the dark green crystals suitable for X-ray
crystallography. Complex 5 : IR (THF): ñ =1720 cm�1 (NO); UV/Vis
(THF): lmax (e)=526 (1800), 579 nm (2000 mol�1 dm3 cm�1); elemental
analysis calcd (%) for C63H66FeN2OP3S3Si3: C 63.24, H 5.56, N 2.34;
found: C 63.02, H 4.98, N 2.77.

Reaction of P ACHTUNGTRENNUNG(SNa)3 (PACHTUNGTRENNUNG(SNa)3 =P(C6H3-3-SiMe3-2-SNa)3) and complex
1: Compounds P ACHTUNGTRENNUNG(SNa)3 (0.128 g, 0.2 mmol) and 1 (0.198 g, 0.2 mmol)
were dissolved in THF (3 mL) and stirred under N2 at 0 8C for 5 min. The
reaction was monitored with FTIR, and the IR nNO shifting from (1748
(s), 1691 (s)) to 1720 cm�1 (s) implied the formation of complex 5. A so-
lution of THF (3 mL) and [PPN] ACHTUNGTRENNUNG[(15NO)Fe ACHTUNGTRENNUNG(SPh)3] was immediately
added to the mixture solution and monitored with FTIR. The appearance
of IR nNO stretching frequencies at 1732 (sh), 1693 (s), and 1670 cm�1 (s)
was assigned to the formation of [PPN] ACHTUNGTRENNUNG[(15NO) ACHTUNGTRENNUNG(14NO)Fe ACHTUNGTRENNUNG(SPh)2],[26] com-
parable to the authentic complex [PPN] ACHTUNGTRENNUNG[(15NO) ACHTUNGTRENNUNG(14NO)Fe ACHTUNGTRENNUNG(SPh)2] prepared
by reaction of [PPN] ACHTUNGTRENNUNG[(15NO)Fe ACHTUNGTRENNUNG(SPh)3] and 14NO(g) (1 equiv). The mixture
solution was filtered through Celite to remove the insoluble [PPN]-ACHTUNGTRENNUNG[C12H8N] solid characterized by 1H NMR spectroscopy. The addition of
diethyl ether (6 mL) to the solution in THF led to the precipitation of
the insoluble [PPN] ACHTUNGTRENNUNG[SPh] solid characterized by 1H NMR spectroscopy.
More diethyl ether (6 mL) was added to the solution in THF/diethyl
ether to separate the insoluble complex 5 (0.016 g, 67%), characterized
by IR and UV/Vis, and the upper solution. The upper solution was then
dried under vacuum to yield the brown solid [PPN] ACHTUNGTRENNUNG[(15NO) ACHTUNGTRENNUNG(14NO)Fe-ACHTUNGTRENNUNG(SPh)2] (0.007 g, 42 %) characterized by IR and UV/Vis spectroscopy.[26]

EPR measurements : X-band EPR measurements were performed using
a Bruker EMX spectrometer equipped with a Bruker TE102 cavity. The
microwave frequency was measured with a Hewlett–Packard 5246L elec-
tronic counter. X-band EPR spectra of complex 1 frozen in THF were
obtained with a microwave power of 19.971 mW, frequency at 9.483 GHz,
and modulation amplitude of 0.1 G at 100 KHz.

Crystallography : The crystals of complexes 1, 3, 4, and 5 chosen for X-
ray diffraction studies measured 0.28 � 0.18 � 0.07, 0.56 � 0.30 � 0.11, 0.45 �
0.36 � 0.24, and 0.29 � 0.23 � 0.12 mm in size, respectively. Each crystal was
mounted on a glass fiber and quickly coated in epoxy resin. Unit-cell pa-
rameters were obtained by least-squares refinement. Diffraction meas-
urements for complexes 1, 3, 4, and 5 were carried out using a SMART
Apex CCD diffractometer with graphite-monochromated MoKa radiation
(l=0.7107 �) and between 2.03 and 25.028 for complex 1, between 1.20
and 25.038 for complex 3, between 1.69 and 25.038 for complex 4, and be-
tween 2.18 and 24.988 for complex 5. Disorder of N(4)/N(4’) atoms and
O(2)/O(2’) atoms of compound 3 was observed with equal occupancy fac-
tors of 50 %. Disorder of O(1) and O(1’) atoms of complex 5 was ob-
served with equal occupancy factors of 50%. Least-squares refinement of
the positional and anisotropic thermal parameters of all non-hydrogen
atoms and fixed hydrogen atoms were based on F2. A SADABS[31] ab-
sorption correction was made. The SHELXTL[32] structure refinement
program was employed.
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