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ABSTRACT: Nitrite-to-NO transformation is of prime importance due to its
relevance in mammalian physiology. Although such a one-electron reductive
transformation at various redox-active metal sites (e.g., Cu and Fe) has been
illustrated previously, the reaction at the [ZnII] site in the presence of a sacrificial
reductant like thiol has been reported to be sluggish and poorly understood.
Reactivity of [(Bn3Tren)ZnII−ONO](ClO4) (1), a nitrite-bound model of the
tripodal active site of carbonic anhydrase (CA), toward various organic probes,
such as 4-tert-butylbenzylthiol (tBuBnSH), 2,4-di-tert-butylphenol (2,4-DTBP),
and 1-fluoro-2,4-dinitrobenzene (F-DNB), reveals that the ONO-moiety in the
[ZnII]−nitrite coordination motif of complex 1 acts as a mild electrophile. tBuBnSH reacts mildly with nitrite at a [ZnII] site to
provide S-nitrosothiol tBuBnSNO prior to the release of NO in 10% yield, whereas the phenolic substrate 2,4-DTBP does not yield
the analogous O-nitrite compound (ArONO). The presence of sulfane sulfur (S0) species such as elemental sulfur (S8) and organic
polysulfides (tBuBnSnBntBu) during the reaction of tBuBnSH and [ZnII]−nitrite (1) assists the nitrite-to-NO conversion to provide
NO yields of 65% (for S8) and 76% (for tBuBnSnBntBu). High-resolution mass spectrometry (HRMS) analyses on the reaction of
[ZnII]−nitrite (1), tBuBnSH, and S8 depict the formation of zinc(II)-persulfide species [(Bn3Tren)ZnII−Sn−BntBu]+ (where n = 2,
3, 4, 5, and 6). Trapping of the persulfide species (tBuBnSS−) with 1-fluoro-2,4-dinitrobenzene (F-DNB) confirms its intermediacy.
The significantly higher nucleophilicity of persulfide species (relative to thiol/thiolate) is proposed to facilitate the reaction with the
mildly electrophilic [ZnII]−nitrite (1) complex. Complementary analyses, including multinuclear NMR, electrospray ionization-MS,
UV−vis, and trapping of reactive S-species, provide mechanistic insights into the sulfane sulfur-assisted reactions between thiol and
nitrite at the tripodal [ZnII]-site. These findings suggest the critical influential roles of various reactive sulfur species, such as sulfane
sulfur and persulfides, in the nitrite-to-NO conversion.
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■ INTRODUCTION
Nitrite (NO2

−) anion plays pivotal roles in nitric oxide (NO)
signaling pathways in mammalian physiology.1,2 Interconver-
sion between NO2

− and NO in the biological milieu renders
NO2

− to be a sink as well as a reservoir of NO, depending on
the cellular microenvironment.1,2 For instance, the oxidized
form of heme-Fe/Cu-containing cytochrome c oxidase (CcO)
mediates NO monooxygenation to NO2

− under normoxia,
while the reduced form of CcO assists the reverse trans-
formation under hypoxic conditions (Figure 1A).2 Thus, NO
generated from the reduction of NO2

− supports recovery from
hypoxia through amplifying blood oxygenation and vaso-
dilation.3 Although nitrite reductase (NiR) activity in
prokaryotic organisms is mediated by heme-Fe-containing
cd1NiR and Cu-containing CuNiR (Figure 1B),2,4 the
analogous transformations in mammals are carried out by
various heme-Fe-containing proteins, including deoxy-hemo-
globin (Hb)/-myoglobin (Mb) and the Mo site of xanthine/
aldehyde oxidase (XO/AO) (Figure 1C).5,6

Strikingly, NO generation from nitrite at a redox-inactive
[ZnII] site of carbonic anhydrase (CA) has also been reported

in the literature.7 (His)3ZnII-aqua active site of CA primarily
maintains the pH of blood through CO2 hydration (CO2 +
H2O ⇄ HCO3

− + H+) and thus controls the O2 affinity of
blood, commonly known as the Bohr effect. Notably, the NO2

−

anion has been known to inhibit the CA activity through
binding at the [ZnII] site.8 The mechanism of NO2

− to NO
conversion at the CA active site has been postulated to
proceed via a redox-neutral dehydration of HNO2 (the
conjugate acid of NO2

−) to a metastable species N2O3,
followed by metal-free homolysis to NO and NO2 (Figure
1D).7 Contrastingly, several recent studies revisiting the CA-
mediated NO2

− to NO transformation suggest that CA serves
neither as nitrite reductase nor as anhydrase.9−11 NO
generation from NO2

− at the CA active site in the absence

Received: February 10, 2023
Revised: May 30, 2023
Accepted: May 31, 2023
Published: June 14, 2023

Articlepubs.acs.org/orginorgau

© 2023 The Authors. Published by
American Chemical Society

246
https://doi.org/10.1021/acsorginorgau.3c00004

ACS Org. Inorg. Au 2023, 3, 246−253

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tuhin+Sahana"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adwaith+K.+Valappil"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anaswar+S.+P.+R.+Amma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Subrata+Kundu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsorginorgau.3c00004&ref=pdf
https://pubs.acs.org/doi/10.1021/acsorginorgau.3c00004?ref=pdf
https://pubs.acs.org/doi/10.1021/acsorginorgau.3c00004?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsorginorgau.3c00004?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsorginorgau.3c00004?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsorginorgau.3c00004?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aoiab5/3/5?ref=pdf
https://pubs.acs.org/toc/aoiab5/3/5?ref=pdf
https://pubs.acs.org/toc/aoiab5/3/5?ref=pdf
https://pubs.acs.org/toc/aoiab5/3/5?ref=pdf
pubs.acs.org/orginorgau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsorginorgau.3c00004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/orginorgau?ref=pdf
https://pubs.acs.org/orginorgau?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


of a sacrificial reductant remains disputed, while detailed
investigations, including 15N-isotope labeling studies on the
CA-mediated reactions of 15NO2

− in the presence of
glutathione (GSH), clearly suggest the formation of S-
nitrosoglutathione (GS15NO).12 Employing a synthetic
model of the CA active site, namely [(iPr2Tp)ZnII(κ2-O:O′-
nitrite)] (where, Tp = tris(pyrazolyl)borate),13 Warren et al.
have demonstrated that thiol (RSH) reacts with the [ZnII]−
nitrite, presumably through an acid−base exchange route to
yield [ZnII]−SR and HNO2 (Figure 1E). Subsequently, HNO2
is proposed to nitrosate RSH, affording S-nitrosothiol
(RSNO). Alternatively, an electrophilic nitrite moiety at a
[CuII] site supported by an electron-deficient β-diketiminato
ligand has been illustrated to follow concerted nitrosation of
RSH to RSNO through proton-transfer assisted nucleophilic
attack (Figure 1F).14 Interestingly, nitrite bound at the heme-
FeIII site has been demonstrated to react with cysteine
(CysSH) to yield the sulfenic acid derivative CysS(O)H
through oxygen atom transfer (OAT).15 In contrast, a reaction
of the nonheme-FeII(dinitrite) complex with RSH affording
disulfide (RSSR) and NO has been shown to proceed through
an initial protonation of the nitrite moiety.16 Although the
transformation of NO2

− to NO at various redox-active
transition metals such as Fe/Co/Ni/Cu has been relatively
well explored in the presence of a diverse array of exogenous
reductants (e.g., phosphine, CO, VCl3, thiol, phenol, and ene-
diols),17−23 the examples of analogous reactions at a redox-
inactive [ZnII] site and the underlying factors for promoting
the reaction remain poorly understood. Notably, the NO-
releasing reactions of [ZnII]−nitrite complexes in the presence
of external reductants like benzylthiol and 3,5-di-tert-
butylcatechol have been reported to be slow.13,23 Herein, this
report investigates the thiol reactivity of a previously reported
CA-model bound to nitrite,23 namely [(Bn3Tren)ZnII(κ2-
O:O′-nitrite)](ClO4) (1) (Figure 2), aiming to disclose
biologically relevant conditions for an efficient transformation
of nitrite-to-NO at a zinc(II) site. The reactivity of the [ZnII]−
nitrite complex (1) with thiol toward NO generation has found
to be sluggish due to the poor Lewis acidity of the [ZnII] site in

1. However, the presence of sulfane sulfur (S0) species (e.g.,
elemental sulfur (S8) and polysulfides (RSnR, n > 2) during the
reactions of [ZnII]−nitrite (1) and thiol leads to a significantly
higher yield of NO due to the more facile nucleophilic attack
of the in-situ-generated reactive persulfide (RSS−) species.24

■ RESULTS AND DISCUSSION

Reactions of Thiol toward Nitrite at Zinc(II)
An equimolar reaction of [ZnII]−nitrite complex [(Bn3Tren)-
ZnII(κ2-O:O′-nitrite)](ClO4) (1) with 4-tert-butylbenzylthiol
(tBuBnSH) in acetonitrile at room temperature shows only
18% consumption of thiol along with the generation of S-
nitrosothiol (tBuBnSNO) and disulfide (tBuBnSSBntBu) as
assessed by 1H NMR resonances at δ = 4.71 and 3.60 ppm,
respectively (Figures 2 and S1). Notably, the nitrite anion in
NaNO2 or [TBA][NO2] salts does not react with tBuBnSH
under these reaction conditions (Figures S1 and S2). In the
presence of Zn(OTf)2 or Zn(ClO4)2·6H2O salt, however, the
reaction of sodium nitrite and tBuBnSH results in a distinct
pink-colored solution. The UV−vis absorption spectrum of the
crude reaction mixture reveals an absorption feature at λmax =
550 nm, which is attributed to an nN → π* electronic transition
of tBuBnSNO (Figure S3).25 FTIR spectra of the crude
reaction mixtures obtained from the reactions of Zn(OTf)2 +
NaNO2 (or Na15NO2) + tBuBnSH show an N-isotope-
sensitive vibrational feature at 1510 (1479) cm−1, which is in
the range as previously reported for S-nitrosothiol (Figure
S4).26 Furthermore, the 15N NMR spectrum of the 15N-
enriched sample in CD3CN at −30 °C depicts a sharp
resonance at 758 ppm (versus liq. NH3) (Figure S5), thereby
confirming the generation of tBuBnS15NO from the Zn(II)-
mediated reaction of 15N-nitrite and tBuBnSH.26 A 1H NMR
spectroscopic study on the reaction mixture depicts full
consumption of tBuBnSH and indeed confirms the formation
of tBuBnSNO and tBuBnSSBntBu (Figure S6). The disulfide
from the above-mentioned reactions forms through the
thermal homolysis of the S−N bond (BDES−N = ∼30 kcal/
mol) in tBuBnSNO and is accompanied by NO generation.25,27

Analyses of the headspace on the thiol reactions with
[(Bn3Tren)ZnII−nitrite]+ complex (1) and {NaNO2 +
ZnII(OTf)2} provide 10 and 85% yields of NO (Table S1),
respectively, as obtained from diffusion-controlled trapping

Figure 1. Nitrite to NO transformation at various metalloenzyme
active sites (A−D) and representative routes for the thiol-mediated
reactions of CuII/ZnII−nitrite model complexes (E,F). Abbreviations:
CcOred/ox�cytochrome c oxidase reduced/oxidized forms, NiR�
nitrite reductase, Hb/Mb�hemoglobin/myoglobin, XO/AO�xan-
thine/aldehyde oxidase, CA�carbonic anhydrase.

Figure 2. Reactions of thiol with nitrite. Figure 3 and Table S1
represent the distribution of nitrogen-oxide products resultant from
the above-reactions.
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experiments employing (TPP)CoII (TPP = tetraphenyl
porphyrin) as a well-established NO-trap (Figure S7).23 In
addition, UV−vis spectrophotometric estimations of nitrite in
each of the reaction mixture of tBuBnSH with complex 1 or
NaNO2 or {NaNO2 + Zn(OTf)2} using Griess assay provide
the presence of 74, 95%, and a trace amount of unreacted
nitrite after the reactions, respectively (Figures 2 and 3 and

Table S1).28 Thus, the quantifications of unreacted NO2
− and

generated NO in the above-mentioned reactions are consistent
with the consumption of alkyl thiol RSH leading to RSNO and
RSSR. A reaction of a relatively more acidic aryl thiol such as
4-methylbenzenethiol (4-Me−C6H4−SH) with the [ZnII]−
nitrite complex (1) provides 30% unreacted nitrite and 39%
NO (Figure S8). While the conversion of nitrite to NO in the
presence of aryl thiol is relatively more efficient as compared to
alkyl thiol (Figure S8), a 1H NMR spectroscopic study does
not show the presence of 4-Me−C6H4−SNO perhaps due to
the metastable nature of ArSNO. Notably, a reaction of 4-Me−
C6H4−SH with NaNO2 in the presence of Zn(OTf)2 provides
a near quantitative yield of NO via dark brownish-green
colored transient species 4-Me−C6H4−SNO featuring λmax =
570 nm (Figures S3 and S8).
Reactivity Profile of Nitrite at [ZnII] versus in NaNO2
Illustrating the differences in the yield of NO from nitrite in
complex 1 versus {NaNO2 + Zn(OTf)2} versus NaNO2, we
turned to probe the nature of the nitrite moiety employing the
concept of nucleophilic and electrophilic aromatic substitution
reactions. The nucleophilic and electrophilic reactivity profiles
have been assessed using electron-deficient 1-fluoro-2,4-
dinitrobenzene (F-DNB) and electron-rich 2,4-di-tert-butyl-
phenol (2,4-DTBP) as the substrates, respectively (Figure 4).
1H NMR spectrum of a crude mixture obtained from a reaction
of tetrabutylammonium nitrite [TBA+][NO2

−] and F-DNB (2
equiv) shows the formation of 2,4-dinitrophenol in 72% yield
w.r.t. nitrite (Figures S9 and S10),29 thereby demonstrating
nucleophilic aromatic substitution. 15N NMR of the reaction
mixture consisting of 15N-enriched [TBA+][15NO2

−] and F-
DNB depicts the formation of the O-nitrite species O15NO-
DNB with δ(15N) at 587 ppm (versus liq. NH3) as a transient
intermediate prior to yield 2,4-dinitrophenol (Figure S11).30

Furthermore, UV−vis monitoring of the reaction of [TBA+]-
[NO2

−] and F-DNB in acetonitrile at room temperature

displays a growth of two transient absorption features at 350
and 425 nm, which subsequently decompose (Figure S12).
These UV−vis and multinuclear NMR spectroscopic studies
suggest the formation of O-nitrite through the facile
nucleophilic attack by the uncoordinated NO2

− anion on F-
DNB. In contrast, [(Bn3Tren)ZnII−nitrite]+ (1) does not
react with F-DNB (Figure 4), thereby illustrating the non-
nucleophilic nature of the nitrite moiety in 1 (Figures S12 and
S13). Moreover, NO2

− anion in the presence of [ZnII] salts
such as Zn(OTf)2 or Zn(ClO4)2·6H2O does not react with F-
DNB, presumably due to the interactions of the negative
charge density of the nitrite anion with the zinc(II) site,
thereby quenching the nucleophilicity.

Neither [(Bn3Tren)ZnII−nitrite]+ (1) nor NaNO2 react
with 2,4-DTBP at room temperature to provide nitro-
derivative 6-nitro-2,4-DTBP, while a solution containing a
mixture of NaNO2 and Zn(OTf)2 reacts with 2,4-DTBP to
afford 6-nitro-2,4-DTBP (38%) (Figures 4 and S14).21

Likewise, 1,2,4-trimethoxybenzene (1,2,4-TMB) reacts with a
mixture of NaNO2 and Zn(OTf)2 to yield 1,2,4-trimethoxy-5-
nitrobenzene (21%),31 although complex 1 does not react with
1,2,4-TMB (Figure S15). 15N NMR spectroscopic studies on
the sample generated from the reactions of Zn(OTf)2 +
Na15NO2 + 2,4-DTBP (or 1,2,4-TMB) depict the 15N-
chemical shifts δ(15N) at 374 (or 368) ppm consistent with
the nitrations of 2,4-DTBP and 1,2,4-TMB, respectively
(Figure S16).32 Analyses of the headspace for NO gas during
the reactions of NaNO2 + Zn(OTf)2 + 2,4-DTBP (or 1,2,4-
TMB) also show the formation of NO along with the
nitroaromatics (Figures S14 and S15), thereby perhaps
indicating an overall disproportionation type transformation
involving an N-oxidation state change from +3 (in nitrite) to
+5 (in nitro-aromatics) and +2 (in NO). While further
mechanistic probing of nitration in the present study remains
challenging, these observations suggest that the interaction of
nitrite with the Lewis acidic site of the free ZnII salts renders an
active electrophilic species, resulting in electrophilic nitration
of 2,4-DTBP and 1,2,4-TMB. However, the zinc(II) site in the
coordination motif [(Bn3Tren)ZnII]2+ is not sufficiently Lewis
acidic to activate nitrite toward electrophilic nitration reactions
of 2,4-DTBP or 1,2,4-TMB.

Assessment of the Lewis acidity of the metal sites in free ZnII

salts versus in the [(Bn3Tren)ZnII]2+ coordination motif
through the Gutmann−Beckett method provides further
insights.33 Acceptor numbers (AN) of the [ZnII] sites in
[(Bn3Tren)ZnII(OTf)](OTf) (2) and ZnII(OTf)2 have been

Figure 3. Comparison of the yields of NO from the reactions of thiol
with nitrite.

Figure 4. Screening of the reactivity of nitrite as a nucleophile versus
an electrophile. See Scheme S1 for details.
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determined utilizing triethylphosphine oxide (TEPO) in
acetonitrile-d3 at room temperature (Figures 5, S17, and

Table S2).34 The downfield chemical shifts of TEPO in
31P{1H} and 1H NMR spectra in the presence of complex 2 or
ZnII(OTf)2 relative to free TEPO suggest Lewis acidic
interaction between TEPO and the [ZnII] sites. Notably, the
experimentally determined acceptor numbers (AN) obtained
from the relative 31P{1H} chemical shifts were found to be 35.4
(for [(Bn3Tren)ZnII]2+ in 2) and 71.2 (for ZnII(OTf)2). This
trend of the Lewis acidity not only rationalizes the contrasting
reactivity profile of complex 1 versus {NaNO2 + Zn(OTf)2} in
the electrophilic aromatic substitution reactions, but also
justifies the extent of reactions involving thiol and nitrite in the
presence of [(Bn3Tren)ZnII]2+ site and ZnII(OTf)2 salt (vide
supra). Moreover, the above-mentioned studies clearly
distinguish that the nucleophilic nature of free nitrite anion
in the presence of bare ZnII ions switches to electrophilic, while
nitrite anion coordinated at the [(Bn3Tren)ZnII]2+ site is very
mildly electrophilic toward substrates like thiols.
Sulfane Sulfur-Assisted Reactions of Thiol and
[ZnII]−Nitrite
As the reaction of alkyl thiol with the modestly electrophilic
nitrite moiety in [(Bn3Tren)ZnII−nitrite]+ (1) is sluggish,
leaving a major fraction of nitrite unreacted (Figures 2 and 3),
we envisioned to enhance the nucleophilicity of thiol through
persulfidation. Reactions of [(Bn3Tren)ZnII−nitrite]+ (1) with
isolated [PPN+][PhSS−]/[PPN+][PhS3S−] in acetonitrile at
room temperature afford enhanced yields of NO as 45 and
58%, respectively (Table S1).35,36 Notably, a reaction of the
thiolate anion (from NaSPh) with complex 1 results in NO in
11% yield, which is comparable to that of the thiol reaction
(Table S1). Thus, these findings support our hypothesis that
the [ZnII]−nitrite moiety in 1 reacts more promptly with the
relatively more nucleophilic persulfide anions as compared to
the analogous reaction of thiol/thiolate due to the α-effect.
Encouraged by our recent report on [ZnII]-promoted thiol
persulfidation through thiol and sulfane sulfur cross-talk,24 we
aim to utilize the in situ generated persulfide species for
facilitating NO generation from [(Bn3Tren)ZnII−nitrite]+ (1).

Notably, the insertion of the S3 moiety into the [ZnII]−SAr
bond, resulting in the [ZnII]−S4Ar complex, has been reported
previously.37,38 A comparative reactivity study on the
structurally characterized [ZnII]−SAr and [ZnII]−S4Ar com-
plexes toward alkylation and disulfide addition reactions
demonstrates that [ZnII]−S4Ar is less nucleophilic as
compared to [ZnII]−SAr.39 Thus, this study by Tsui and
coworkers illustrated an inverse α-effect in thiolate versus
perthiolate reactivity at a [ZnII] site supported by a
bis(carboxamide)pyridine ligand.

A reaction of tBuBnSH (2 equiv) with [(Bn3Tren)ZnII−
nitrite](ClO4) (1) (1 equiv) in the presence of S8 (8 atom
equiv) in acetonitrile at room temperature for 12 h affords a
mixture of di-tert-butylbenzyl polysulfides (tBuBn−Sn−BntBu,
n = 2−5) with a ratio of 0.05:0.46:0.29:0.20 as obtained from
the relative integrations of benzyl (Ar−CH2−) proton
resonances of tBuBn−Sn−BntBu in the NMR spectrum,
respectively (Figure S18). 1H NMR spectroscopic analysis on
a crude reaction mixture also reveals complete consumption of
thiol. Analysis of headspace on the reaction of (tBuBnSH +
complex 1 + S8) using (TPP)CoII provides NO yield as 65%
(Figure S20 and Table S1). Notably, an analogous headspace
analysis for the control reaction between complex 1 and S8
does not produce any NO. A reaction of 4-methylbenzenethiol
(4-Me−C6H4−SH) with [ZnII]−nitrite complex (1) in the
presence of S8 (8 atom equiv) also results in a mixture of diaryl
polysulfides as assessed by 1H NMR (Figure S21). A headspace
analysis for NO provides 34% yield of NO, although a Griess
assay on the crude reaction mixture suggests complete
consumption of nitrite. 15N NMR spectroscopic study on an
NMR tube reaction consisting of [(Bn3Tren)ZnII−O15NO]+
(1-15N), S8, and 4-Me−C6H4−SH in CD3CN depicts a weak
but detectable resonance at δ = 540.14 ppm (versus liq. NH3),
consistent with the presence of N-nitrosated ligand (Figure
S22).14 HRMS analysis on the 15N NMR sample confirms the
N-nitrosation of the Bn3Tren ligand (Figure S22). In contrast,
N-nitrosation was not observed for the reactions of less acidic
alkyl thiol tBuBnSH.

Assessing the role of more bio-relevant sulfane sulfur rather
than elemental sulfur, a reaction of tBuBnSH (2 equiv) with
[(Bn3Tren)ZnII−nitrite](ClO4) (1) (1 equiv) in the presence
of freshly prepared tBuBn−Sn−BntBu (n = 2−5) in acetonitrile
at room temperature for 12 h leads to an alteration in the
initial ratio of polysulfides as indicated by the benzylic proton
resonances in the 1H NMR spectrum (Figure S23). The
significant increase in tBuBnS−SBntBu yield indeed hints at
the dissimilation of sulfane sulfur from the higher-order
sulfides (n > 2). A headspace analysis for NO shows 76% yield
(Figure S24, Table S1). Nearly an order of magnitude higher
yields of NO from the reactions of thiol and complex 1 in the
presence of S8 or tBuBn−Sn−BntBu indicates a definitive role
of sulfane sulfur in modulating the reactivity of thiol toward
[ZnII]−nitrite. The Griess tests on the reaction mixtures
(complex 1 + thiol + sulfane sulfurs) suggest more efficient
consumptions of nitrite as compared to those for the reactions
in the absence of sulfane sulfurs (Table S1). We also turned to
probe the coformation of other minor gaseous products such
as N2O and NH3. Analysis of headspace by FTIR spectroscopy
on a gaseous sample shows characteristic vibrational features at
2207 and 2236 cm−1 (Figure S25),40 thereby suggesting the
generation of N2O from [ZnII]−nitrite (1) + tBuBnSH + S8.
Moreover, trapping of headspace in the presence of acid
followed by 1H NMR spectroscopic analysis in DMSO-d6

Figure 5. 31P{1H} (202 MHz, CD3CN) NMR spectra of Et3PO (A),
Et3PO + [(Bn3Tren)ZnII(OTf)](OTf) (B), and Et3PO + ZnII(OTf)2
(C). Inset showing the proposed interaction between the Lewis acidic
[ZnII] site and Et3PO.
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shows a triplet centered at δ = ∼7.18 ppm (1JNH = 50.3 Hz),
which is assigned to NH4

+ (Figures S26 and S27).31 The
formation of NH3 from the above reaction may be attributed
to the complex reaction between NO and H2S/HS−, as
suggested in the previous literature.41

Evidence of Thiol Persulfidation
As previously demonstrated, 1-fluoro-2,4-dinitrobenzene (F-
DNB) has been utilized to probe the presence of a nucleophilic
sulfur species like perthiolate (tBuBnSS−) during the course of
the reactions.24,42 Although a reaction between tBuBnSH and
S8 or tBuBn−Sn−BntBu in the absence of a [ZnII] site does not
afford tBuBnSS−DNB, the 1H NMR spectrum of the crude
mixture consisting of [ZnII]−nitrite (1), tBuBnSH (2 equiv)
and sulfane sulfurs in the presence of F-DNB (2 equiv) in
acetonitrile at room temperature depicts the formation of
tBuBnSS−DNB in 38% (for S8) and 46% (for tBuBn−Sn−
BntBu) yields (Table 1 and Figure S28).24,43 Furthermore,

high-resolution mass spectrometric (HRMS) analysis on a
sample generated from the reaction among [ZnII]−nitrite (1)
+ S8 + tBuBnSH in acetonitrile discloses a set of distinct m/z
signals with 32 amu gaps appearing at m/z = 691.2829,
723.2551, 755.2272, 787.1990, and 819.1714. These m/z
signals with distinct isotopic distribution patterns are
congruent with the respective formulations as [(Bn3Tren)-
ZnII−Sn−BntBu]+ (calcd m/z = 691.2847, 723.2567, 755.2288,
787.2009, and 819.1729 for n = 2, 3, 4, 5, and 6) (Figures 6,
S29 and S30). Hence, these results suggest the in situ
generation of the perthiolate species tBuBnSn

− during the
sulfane sulfur-assisted reaction between the [ZnII]−nitrite
complex (1) and thiol tBuBnSH.
Mechanistic Considerations
The reaction of [ZnII]−nitrite (1) with thiol and S8 was
monitored by UV−vis spectroscopy to probe the intermediacy
of reactive sulfur/nitrogen species such as trisulfur radical
anion (S3

•−, λmax = 610−620 nm) and perthionitrite (SSNO−,
λmax = 440−450 nm).44−46 It is noteworthy that the NO2

−

anion is known to react with sulfane sulfur species (e.g., S8,
RSnR, RSSH) to afford (S3

•−) and perthionitrite (SSNO−).47,48

In contrast, UV−vis monitoring of the reactions of [ZnII]−
nitrite (1) with S8 or RSnR does not show any considerable
change in the absorption features (Figure S31). Interestingly,
addition of thiol tBuBnSH (2 equiv) to the solution consisting
of complex 1 and S8 (8 at. equiv) in DMF at room temperature
results in a growth of a broad absorption feature ranging from

300 to 450 nm (Figures S32 and S33). Moreover, unlike in the
case for the reaction between [TBA+][NO2

−] and S8, the
absence of the distinct features in the ranges of 440−450 and
610−620 nm rules out the generation of SSNO− and S3

•− as
transient intermediates for [ZnII]−nitrite (1) + S8 + tBuBnSH
reactions. Moreover, 15N NMR spectroscopic monitoring of
the reaction mixture consisting of [ZnII]−O15NO (1-15N) + S8
+ tBuBnSH in CD3CN does not show any peak assignable to
SS15NO− (Figure S27). The contrast in S8 reactivity of the
NO2

− anion (in [TBA+][NO2
−] salt) versus nitrite coordi-

nated to [ZnII] (in 1) is attributed to the nucleophilic versus
non-nucleophilic reactivity profiles of the nitrite moiety.

Mechanistically, we hypothesize an association between
[ZnII]−nitrite (1) and sulfane sulfur leading to {[(Bn3Tren)-
ZnII−nitrite](Sn)}+ (Int-a) (Figure 7, step A). While such an
adduct complex could not be identified presently, perhaps due

Table 1. Products (X-DNB, X = tBuBnS/tBuBnSS)
Observed from the Trapping Experiments Using F-DNB

Figure 6. HRMS (ESI+) spectrum showing the m/z peaks for
[(Bn3Tren)ZnII−Sn−BntBu]+ (where n = 2, 3, 4, 5, and 6).

Figure 7. Proposed mechanism for the sulfane sulfur-assisted
reactions of thiol and complex 1. −Sn− indicates a variable number
of S-atoms in a linear S−S chain.
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to the weak association, ESI-MS spectrometric characterization
of analogous adducts {[(Bn3Tren)ZnII−Cl](Sn)}+ (n = 4, 5, 6,
7, 8) has been recently demonstrated for the reaction of the
[(Bn3Tren)ZnII−Cl]+ complex with S8.

24 Such an interaction
between sulfane sulfur and the [ZnII] site (in Int-a) is
proposed to result in a weak polarization of the S−S bond,
thereby facilitating the intermolecular nucleophilic attack by
thiol RSH, leading to a perthiolate species RSnS− (Figure 7,
step B). Subsequently, RSnS− species is proposed to attack as a
strong nucleophile on the mildly electrophilic nitrite moiety at
the [ZnII] site in complex 1 to yield [ZnII]-hydroxide (Int-c)
species and transient RSnSNO (Figure 7, step C).49 This
proposed step is consistent with the analogous reaction
between [ZnII]−nitrite and thiol leading to [ZnII]-hydroxide
species and RSNO (Figure 2). At the same time, [ZnII]-bound
perthiolate in Int-b may also exhibit nucleophilic reactivity,
leading to an intramolecular attack on the [ZnII]−ONO
moiety to afford [ZnII]-hydroxide and RSnSNO.50 The
proposed [ZnII]-hydroxide species (Int-c) undergoes reaction
with RSH/RSnSH to yield [ZnII]−SnR as identified through
HRMS analyses (Figure 7, step D; Figures S29, S30 and S34−
S36). Anticipating an extremely weak S−N bond in RSnS−NO,
homolysis of the S−N bond is likely to yield NO and RSnS•

(Figure 7, step E).48,49 Subsequently, RSnS• is proposed to
undergo radical coupling to provide organic polysulfide
RSSnSR (Figure 7, step E). An alternative pathway considering
the S−N bond heterolysis of RSnS−NO in the presence of
nucleophiles (e.g., RSH/RSnSH or their conjugate base) could
provide transient nitroxyl (HNO) prior to a rapid dimerization
to release N2O (Figure 7, step F).51 As described in the
literature,48,49 however, RSnS−NO species is more likely to
undergo S−N bond homolysis spontaneously rather than
heterolysis. Moreover, the findings of NO as the major product
from nitrite also suggest that the S−N bond homolysis of
RSnS−NO is the major route under the present reaction
conditions. The minor amount of N2O may be attributed via
HNO, which is known to generate from RSH and NO (Figure
7, step G).52 Although H2S/HS− (37% yield) has been
reported previously for {[Bn3Tren]ZnII-aqua}(ClO4)2 medi-
ated reaction of thiol and S8,

24 only a trace amount of H2S/
HS− has been identified for the reactions of [ZnII]−nitrite (1)
+ S8 + tBuBnSH (2 equiv) as evaluated by the methylene blue
(MB) assay.53 The poor yield of H2S/HS− is attributed to a
reaction between NO and H2S/HS− leading to the formation
of a minor amount of NH3 (vide supra).

■ CONCLUSIONS
To conclude, this report illustrates that the efficiency of NO
generation from the interaction of thiol and nitrite at a [ZnII]
site depends on the Lewis acidity of the [ZnII] site as
established by the Gutmann−Beckett method. Owing to the
redox-inactive nature of the [ZnII] site, the initial interaction
between [ZnII]−nitrite and the thiol providing RSNO is redox-
neutral. Subsequently, thermal decomposition of RSNO to
RSSR and NO is responsible for the overall 1e− redox process
associated with the nitrite-to-NO transformation. Consistent
with the previous report,13 the reactions of nitrite-bound
tripodal model complexes of CA with 1° alkyl thiols were
found to be slow and suffer from poor conversion.
Interestingly, the present study outlines that sulfane sulfur
species such as S8 and RSnR (n > 2) facilitate the reactions of
1° alkyl thiol and [ZnII]-bound nitrite species through the
intermediacy of more nucleophilic perthiolate species RSnS−.

1-Fluoro-2,4-dinitrobenzene (F-DNB) has been successfully
utilized to probe the in situ generated metastable perthiolate as
RSS−DNB. A set of complementary analyses involving UV−
vis, FTIR, NMR, and HRMS support the mechanistic
hypothesis, which is distinct as compared to the previously
illustrated route for free nitrite salt [TBA+][NO2

−] and sulfane
sulfurs.48 The variations in the underlying reaction pathways
have been discussed in line with the reactivity trends of the
nitrite moiety as uncoordinated versus metal-bound forms.
The insights gained from this study may urge considering the
involvements of various biologically relevant sulfane sulfur (S0)
species in nitrite-to-NO conversion at [ZnII]-containing active
sites such as in carbonic anhydrase (CA), zinc fingers, and
cysteinyl-tRNA synthetase.53−56

■ EXPERIMENTAL SECTION

General Procedure for the Reactions of Nitrite and Thiols
at Zinc(II) Sites

In a N2-filled glovebox, thiol (tBuBnSH or 4-Me−C6H4−SH) (0.080
mmol, 1.0 equiv) was added to a solution of [(Bn3Tren)ZnII−
nitrite](ClO4) (1) or a 1:1 mixture of NaNO2 and Zn(OTf)2 (0.080
mmol, 1.0 equiv) in acetonitrile (∼4 mL). The color of the reaction
mixture turned pink or brownish green upon stirring at room
temperature due to the formation of the corresponding S-nitrosothiol
(RSNO, R = tBuBn and 4-Me−C6H4), respectively. After 8 h, the
solvent was removed under reduced pressure. For tBuBnSH reactions,
the resultant crude reaction mixture was analyzed by 1H NMR.
Relative integration of the benzyl−CH2− protons provided the
estimation of thiol consumption and yields of S-nitrosothiol and
disulfide. For Me−C6H4−SH reactions, the crude solid obtained after
the removal of the solvent was treated with hexane (4 × 5 mL) for
extracting organic products from the crude. An aliquot of the
combined hexane extracts was directly analyzed by GCMS for the
estimation of unreacted thiol. The hexane extracts were also dried and
analyzed by 1H NMR for the characterization of the thiol-derived
products. S-nitrosothiol products were characterized by comparing
their spectroscopic (UV−vis, NMR, and FTIR) signatures.

General Procedure for the Reactions of Nitrite and Thiols
at Zinc(II) Sites in the Presence of Sulfane Sulfurs

Elemental sulfur S8 (0.655 mmol of S, 8 at. equiv) or a freshly
prepared24 mixture of organic polysulfides tBuBn−Sn−BntBu (n = 2,
3, 4, >4) (0.080 mmol) and thiol tBuBnSH (0.160 mmol, 2.0 equiv)
were added consecutively to a solution of [(Bn3Tren)ZnII−
nitrite](ClO4) (1) in acetonitrile (∼5 mL) under a N2 atmosphere
of a glovebox. The reaction mixture was allowed to stir at room
temperature for 12 h. The resultant solution was then filtered, and the
filtrate was dried under reduced pressure. The crude solid was treated
with hexane (4 × 5 mL) and filtered to combine the hexane layers for
extracting the organic polysulfide mixture from the crude. The
combined hexane extracts were evaporated to dryness to obtain a pale
yellow semi-solid, which was analyzed by 1H NMR. The relative
integrations of the benzyl protons Ar−CH2− provided the relative
ratio of different polysulfides tBuBn−Sn−BntBu (n = 2−5).

The reaction of complex 1 and 4-Me−C6H4−SH in the presence of
S8 was performed and analyzed similarly as described above.

Estimation of NO and Unreacted Nitrite (NO2−)

The headspaces on the reactions of nitrite and thiol were carried out
for the quantification of NO gas after trapping the evolved gas as
(TPP)Co(NO)23 utilizing a “H-setup” (Scheme S2 and Section S9 in
the Supporting Information). Griess analyses,28 for quantifying the
unreacted nitrite after the reactions, were performed on the (nitrite +
thiol) reaction mixtures as obtained from the NO-trapping experi-
ments (Section S10 in Supporting Information).
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