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ABSTRACT: Nitrite (NO2
−) and nitroso compounds (E-

NO, E = RS, RO, and R2N) in mammalian plasma and
cells serve important roles in nitric oxide (NO) dependent
as well as NO independent signaling. Employing an
electron deficient β-diketiminato copper(II) nitrito com-
plex [Cl2NNF6]Cu(κ

2-O2N)·THF, thiols mediate reduc-
tion of nitrite to NO. In contrast to NO generation upon
reaction of thiols at iron nitrite species, at copper this
conversion proceeds through nucleophilic attack of thiol
RSH on the bound nitrite in [CuII](κ2-O2N) that leads to
S-nitrosation to give the S-nitrosothiol RSNO and
copper(II) hydroxide [CuII]-OH. This nitrosation pathway
is general and results in the nitrosation of the amine
Ph2NH and alcohol tBuOH to give Ph2NNO and
tBuONO, respectively. NO formation from thiols occurs
from the reaction of RSNO and a copper(II) thiolate
[CuII]-SR intermediate formed upon reaction of an
additional equiv thiol with [CuII]-OH.

Nitriteplays a critical role in cell signaling, bothdirectly aswell
as through its biochemical connectivity with other

important signaling molecules such as NO and S-nitrosothiols
(RSNOs).1,2 Nitrite can serve as a storage pool of NO activity
under oxygen deficient conditions, thereby complementing the
O2 dependent NO-synthase (NOS) pathway.

2 Nitrite reduction
to NO occurs in vivo through transition-metal-assisted processes
at deoxymyoglobin, cytochrome c oxidase (CcO), and xanthine
oxidase.3 Cytochrome c oxidase (CcO), a O2 reducing
heterodinuclear heme-Fe/Cu functionality in the mitochondrial
respiratory chain, is capable of reducing nitrite to NO, thereby
inhibiting the reduction of O2 and allows for cellular O2
accumulation under hypoxic conditions.3c Notably, the oxidized
form of CcOoxidizesNO to nitrite under normoxia. On the other
hand, the reactivity of nitrite toward deoxyhemoglobin reduces
the oxygen carrying capacity of hemoglobin and causes
abnormalities like methemoglobinemia.3a Furthermore, the type
1 Cu sites of ceruloplasmin in mammalian plasma exhibit NO
oxidase activity, converting NO to NO2

−.4

A number of Fe- and Cu-nitrite complexes5,6 have been
reported as functional models for microbial Fe- and Cu-nitrite
reductase (NiR)7 enzymes that reduce nitrite toNOwith 2H+/e−

(Scheme1a).KarlinhasdevelopedanovelCcOmodel comprising
a heme-Fe/Cu assembly that illustrates reversible interconversion
of nitrite and NO (Scheme 1b).8 Moreover, the availability of
thiols9 in the biological milieu create opportunities for thiol/
nitrite crosstalk10 that lead to S-nitrosothiols and other modified

thiol species. Ford and co-workers demonstrated that at ambient
pH, a porphyrin-Fe(III)-nitrite complex reacts with thiols such as
cysteine to yield the corresponding Fe(II)-NO complex along
with cysteine-sulfenic acid through oxygen atom transfer (OAT)
(Scheme 1c).11Harrop and co-workers have reportedNO release
from a nonheme-dinitro complex through protonation by thiols
(pKa = 9−10) (Scheme 1d).

12 A report by Filipovic and Ivanovic-́
Burmazovic ́ also described the generation of HNO and HSNO
from the reduction of nitrite byH2S at a Fe(II) heme site.13While
thiol/H2S mediated reduction of nitrite at iron sites has received
significant attention, comparatively little is known concerning
analogous reactions at other biologically relevant metal centers.
For instance, thiols RSH react with zinc-bound nitrite to generate
S-nitrosothiols RSNOvia acid-base exchange with [Zn](κ2-O2N)
that produces zinc thiolates [Zn]-SR along with HONO.14

Herein, we report a novelmechanistic pathway for thiol-mediated
reduction of nitrite at copper(II) that proceeds via initial
nucleophilic attack on an electrophilic nitrite ligand bound to a
copper(II) center.
Nitration of the β-diketiminato copper(I) complex

{[Cl2NNF6]Cu}2(μ-toluene)
15 (1) by AgNO2 in fluorobenzene

affords air-stable, dark green [Cl2NNF6]Cu(κ
2-O2N) (2)

(Scheme 2). The X-ray structure of 2 (Figure 1a) shows square-
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Scheme1.NitriteReductionPathwaysat IronandCopperSites

Scheme 2. Synthesis of [Cl2NNF6]Cu(κ
2-O2N) (2)
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planar coordination of the CuII center that possesses crystallo-
graphicC2 symmetry to give symmetric κ2-O,O′ binding of nitrite
(Cu-O, 2.0140(12) Å). Performing this reaction in THF leads to
dark green [Cl2NNF6]Cu(κ

2-O2N)·THF (2a). The addition of
THF to 2 leads to square pyramidal coordination at copper along
with nearly unchanged κ2-O,O′ binding of nitrite (Cu-O =
2.0350(8), 2.0335(8) Å) (Figure 1b). Binding of THF
demonstrates the high Lewis acidity of the copper center in
[Cl2NNF6]Cu(κ

2-O2N) (2). TheUV−vis absorption spectrumof
2a exhibits a low intensity broad feature centered at λmax = 720 nm
(120 M−1 cm−1). The X-band EPR spectrum of 2a recorded at
25 °C in pentane exhibits a four line signal centered at giso = 2.106
with Aiso(Cu) = 189 MHz, confirming its formulation as a
copper(II), S = 1/2 species (Figure S20). The cyclic voltammo-
gram of 2a in THF (Figure S2) at room temperature shows a
quasi-reversible reduction wave centered with E1/2 =−470mV vs
Fc+/Fc.
Reaction of 2 equiv thiol (RSH)with [Cu](κ2-O2N)·THF(2a)

in benzene cleanly provides NO, water, and RS-SR along with
reduction to copper(I) (Scheme 3). Treatment of a benzene

solution of 2a with 2 equiv 4-tert-butylbenzylthiol (tBuBnSH) or
1-adamantanethiol (AdSH) at room temperature leads to an
immediate color change from green to bright orange. 1H NMR
analysis indicates the formation ofCuI-bounddisulfide complexes
[Cl2NNF6]Cu(RSSR) (3

RR) in 80% (R = tBuBn) and 85% (R =
Ad) yield; water is also identified in 53% yield (R = tBuBn; Figure
S5). X-ray crystallography provides confirmation of themolecular
structures of disulfide adducts 3RR (Figures 2, S27−S28). The X-
ray structure of the tBuBn derivative shows κ1-S coordination at
[Cl2NNF6]Cu (Cu-S = 2.1614(4) Å) in which the disulfide
possesses an anti conformation (S-S = 2.0477(6) Å; C-S-S-C =
82.68°). The sum of three angles around the Cu center in 3BnBn is
358.77(4)°, thus confirming its trigonal planar geometry. The
molecular structure of 3AdAd (Cu-S = 2.1882(18) Å; S-S =

2.070(2) Å; C-S-S-C = 117.87°) shows similar geometric features
(Figure S28).
Furthermore, the generated nitric oxide gas in the headspace of

the reactions of 2a and thiols (tBuBnSHor AdSH) can be trapped
with (TPP)CoII or (dtc)2Fe

II complexes (TPP = tetraphenylpor-
phyrin, dtc = N,N-diethyldithiocarbamate).12,14 The character-
istic three line isotropic EPR spectrum of (dtc)2Fe(NO) clearly
reveals that NO is formed in the reaction of 2awith thiols (Figure
S11) and trapping by (TPP)CoII demonstrates the formation of
NO in almost quantitative yield for both tBuBnSH and AdSH
(Figure S9).
We envisioned three possibil it ies for the init ial

[CuII](κ2-O2N)/RSH interaction in this thiol-promoted NO2
−

to NO transformation. Inspired by mechanistic findings at a
Fe(III) heme model complex (Scheme 1c),11 we considered
copper(II)-nitritemediatedoxygenatomtransfer (OAT)to sulfur
that leads to the corresponding sulfenic acid (RSOH) (Scheme
4a). Alternatively, the acidity of thiols could lead to acid-base

exchange releasingHONOwith formation the copper(II) thiolate
[CuII]-SR (Scheme 4b). This pathway has been suggested for
related [Zn](κ2-O2N) complexes.

14 Finally, simple nucleophilic
attack by the thiol on an electron-deficient nitrite anion in
[CuII](κ2-O2N) could result in S-nitrosation of the thiol to give
RSNO and the copper(II) hydroxide [CuII]-OH subject to
dimerization to give [CuII]2(μ-OH)2 (Scheme 4c).

Figure 1. X-ray structures of 2 and 2a.

Scheme 3. Thiol Mediated Conversion of Nitrite to NO at
Copper(II)

Figure 2. X-ray structure of 3BnBn.

Scheme 4. Mechanistic Pathways Considered for Thiol
Reactivity with [CuII](κ2-O2N)
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Careful inspection of the reactionmixture provides no evidence
for sulfenic acid formation in the reaction of 2awith 2 equiv RS-H
(R= tBuBn or Ad) using dimedone, a sulfenic acid trap.11 Because
additional equivalents of thiol may accelerate the conversion of
any in situ generated sulfenic acid to disulfide and water (Scheme
4a),we investigated the 1:1 reactionofRSHwith [CuII](κ2-O2N)·
THF(2a). Interestingly, addition of 1 equiv tBuBnSHorAdSH to
2a in benzene-d6 at room temperature leads to an instantaneous
change in color from dark green to light orange with concomitant
formation of brownish-yellow precipitate 4 (Scheme 5). 1HNMR

analysis on the yellow filtrate indicates the formation of free
disulfide tBuBnS-SBntBu or AdS-SAd, respectively, in near
quantitative yield (Figure S12). FT-IR spectroscopic analysis on
4 shows a sharp vibrational feature at 3650 cm−1 (KBr, νOH),
consistent with the formation of the dicopper bis(μ-hydroxo)
complex {[Cl2NNF6]Cu}2(μ-OH)2 (4) (85%, based on gravi-
metric analysis) (Figure S13). This assignment has been
confirmed by X-ray analysis on single crystal isolated from a
solution of 4 in fluorobenzene (Figure S29).16 Formation of
[CuII]2(μ-OH)2 (4) rules out an acid-base pathway (Scheme 4b)
and provides strong support for direct nucleophilic attack of the
thiol on the N atom of the bound nitrite in 2 (Scheme 4c).
Moreover, reaction of 2a with the very bulky thiol Ph3CSH leads
to [CuII]2(μ-OH)2 complex4 in78%yield alongwith formationof
a green solution containing Ph3CSNO in >95% spectroscopic
yield (Scheme 5).17

Nitrosation of organic substrates by nucleophilic attack on
[CuII](κ2-O2N)·THF (2a) is not limited to thiols. Reaction of 2a
with equimolar amounts of tBuO-H or Ph2N-H in benzene-d6
provides tBuO-NOorPh2N-NOin45 and58%yield, respectively,
precipitating the insoluble copper(II) hydroxide 4 (71−75%
yield) (Scheme 6). Use of [Cl2NNF6]Cu(κ

2-O2
15N)·THF

(2a-15N) (prepared from 1 and Ag15NO2) results in
15N-labeled

organonitroso species tBuO-15NO (δ 585.1 ppm) and
Ph2N-

15NO (δ 554.6 ppm) (Figures S15 and S16). Unlike thiols,
tBuOH and Ph2NH are mild nucleophilies that are neither
oxophilic nor particularly acidic. Thus, the S-, O-, and N-
nitrosation reactions that occur at [CuII](κ2-O2N) with thiols,

alcohols, and amines likely proceed via direct attack on the nitrite
N atom made quite electrophilic though ligation to copper(II).
While the mechanisms of thiol assisted nitrite to NO

conversions are of paramount interest,11,12 understanding thiol
to disulfide formation may also provide vital insights into the
modifications18 of proteins containing cysteine as well as mobile
thiols such as glutathione under oxidative stress. To address the
pathway for both NO and disulfide formation in the reaction of
[CuII](κ2-O2N) with 2 equiv RSH, we added a second equiv RSH
to [CuII]2(μ-OH)2 (4) formed upon reaction of RSH with
[CuII](κ2-O2N) (2a) (Scheme 7). Monitoring the reaction of 4

with 2 equiv Ph3CSHat 25 °CbyUV−vis spectroscopy shows the
decayof the hydroxo species4with a concomitant growthof a new
absorption feature at 760 nm (Figure S17). This low energy,
intense absorbance is very similar to that observed for previously
reported β-diketiminato copper(II) thiolates [CuII]-SCPh3,

19

suggesting this new intermediate as [Cl2NNF6]Cu-SCPh3 (5).
Although the thermal sensitivity of the thiolate complex 5
hampers its isolation, we additionally verified its assignment via
independent synthesis in the acid-base reaction between Ph3CSH
and [Cl2NNF6]Cu-O

tBu (6) (Scheme 7). Thus, reaction between
[CuII]2(μ-OH)2 (4) and thiols RSHgenerates copper(II) thiolate
intermediates [CuII]-SR.
Using tris(pyrazolyl)borate complexes, some of us have shown

that copper(II)-thiolate species iPr2TpCuII-SR can directly react
with R′SNOs to generate directly the disulfide RSSR′ and a
copper-nitrosyl iPr2TpCu(NO) (Scheme 8a).20 In a related

experiment, addition of an equimolar amount of AdSNO with
in situ generated [Cl2NNF6]Cu-SCPh3 (5) leads to the copper(I)
adduct of the mixed disulfide [CuI](κ1-S(Ad)SCPh3) (3

AdCPh3)
(Scheme 8b). Single crystal X-ray diffraction of 3AdCPh3 (Figure 3)
reveals κ1-S coordination (Cu-S1 2.2088(8) Å) through the AdS-
end of the unsymmetrical disulfideAdS-SCPh3 (S-S 2.0601(9)Å)
that possesses an anti conformation (C-S-S-C =−100.86°). This
reaction also generates NO (detected via (dtc)2Fe

II, vide supra)
and adds to the generality of direct disulfide formationwith release
of NO upon reaction of S-nitrosothiols with copper(II)
thiolates.20

Thesemodel studies illustrate that thenitrite anion in [CuII](κ2-
O2N) (2) is especially activated toward nitrosation reactions with
RSH, ROH, and R2NHnucleophiles leading to nitrosated species

Scheme 5. Nitrite to NO via S-Nitrosothiol

Scheme6.ConversionofNitrite toO-/N-NitrosoCompounds

Scheme 7. Formation of [CuII]-SCPh3 (5)

Scheme 8. Formation of Disulfide from Copper(II)-Thiolate
and S-Nitrosothiol
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RSNO, RONO, and R2NNO along with the formation of [CuII]-
OH.Moreover, NO is released through the reaction of the RSNO
formed with [CuII]-SR intermediates generated upon reaction of
[CuII]-OH species with RSH.20 These new findings shed light on
reactivity pathways available to nitrite at biological copper sites
that may interconnect nitrite with RSNOs and NO, comple-
mentary molecular signals in nitric oxide biology.

■ ASSOCIATED CONTENT
*S Supporting Information
TheSupporting Information is available free of charge on theACS
Publications website at DOI: 10.1021/jacs.6b11332.

UV−vis, EPR, NMR, X-ray crystallographic, and exper-
imental details (PDF)
X-ray crystallographic data for 2(CIF)
X-ray crystallographic data for 2a (CIF)
X-ray crystallographic data for 3BnBn (CIF)
X-ray crystallographic data for 3AdAd (CIF)
X-ray crystallographic data for 4 (CIF)
X-ray crystallographic data for 6 (CIF)
X-ray crystallographic data for 3AdCPh3 (CIF)

■ AUTHOR INFORMATION
Corresponding Authors
*S.K. skundu.chem@gmail.com
*T.H.W. thw@georgetown.edu
ORCID
Timothy H. Warren: 0000-0001-9217-8890
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
T.H.W. thanks the National Science Foundation (CHE-1459090
and CHE-1337975 (X-ray)). T.H.W. and S.K. are grateful to the
Georgetown Environmental Initiative for additional support of
this work.

■ REFERENCES
(1) Maia, L. B.; Moura, J. J. G. Chem. Rev. 2014, 114, 5273−5357.
(2) (a)Gladwin,M.T.; Schechter,A.N.;Kim-Shapiro,D.B.;Patel, R.P.;
Hogg, N.; Shiva, S.; Cannon, R. O.; Kelm,M.;Wink, D. A.; Espey, M. G.;
Oldfield, E.H.; Pluta, R.M.; Freeman, B. A.; Lancaster, J. R.; Feelisch,M.;
Lundberg, J. O. Nat. Chem. Biol. 2005, 1, 308−314. (b) Lundberg, J. O.;
Weitzberg, E.;Gladwin,M.T.Nat. Rev.DrugDiscovery2008, 7, 156−167.
(3) (a) Cosby, K.; Partovi, K. S.; Crawford, J. H.; Patel, R. P.; Reiter, C.
D.;Martyr, S.; Yang, B. K.;Waclawiw,M. A.; Zalos, G.; Xu, X.; Huang, K.
T.; Shields, H.; Kim-shapiro, D. B.; Schechter, A. N.; Cannon, R. O.;
Gladwin,M.T.Nat.Med.2003,9, 1498−1505. (b)Merx,M.W.; Shiva, S.;

Schmitz, J.; Becher, S.; Klare, J. P.; Goedecke, A.; Hendgen-cotta, U. B.;
Merx,M.W.; Shiva, S.; Schmitz, J.; Becher, S.; Klare, J. P. Proc. Natl. Acad.
Sci. U. S. A. 2008, 105, 10256−10261. (c) Basu, S.; Azarova, N. A.; Font,
M.D.; King, S. B.;Hogg,N.;Gladwin,M.T.; Shiva, S.; Kim-shapiro, D. B.
J. Biol. Chem. 2008, 283, 32590−32597. (d) Li,H.; Samouilov, A.; Liu, X.;
Zweier, J. L. J. Biol. Chem. 2001, 276, 24482−24489.
(4) Shiva, S.; Wang, X.; Ringwood, L. A.; Xu, X.; Yuditskaya, S.;
Annavajjhala, V.; Miyajima, H.; Hogg, N.; Harris, Z. L.; Gladwin, M. T.
Nat. Chem. Biol. 2006, 2, 486−493.
(5) (a) Ching,W.; Chuang, C.;Wu, C.; Peng, C.; Hung, C. J. Am. Chem.
Soc. 2009, 131, 7952−7953. (b) Tsou, C.-C.; Yang, W.-L.; Liaw, W.-F. J.
Am. Chem. Soc. 2013, 135, 18758−18761.
(6) (a) Halfen, J. A.; Tolman,W. B. J. Am. Chem. Soc. 1994, 116, 5475−
5476. (b)Halfen, J.A.;Mahapatra, S.;Wilkinson,E.C.;Gengenbach,A. J.;
Young, V. G.; Que, L.; Tolman, W. B. J. Am. Chem. Soc. 1996, 118, 763−
776. (c)Casella, L.; Carugo,O.;Gullotti,M.;Doldi, S.; Frassoni,M. Inorg.
Chem. 1996, 35, 1101−1113. (d) Lehnert, N.; Cornelissen, U.;Neese, F.;
Ono, T.; Noguchi, Y.; Okamoto, K.; Fujisawa, K. Inorg. Chem. 2007, 46,
3916−3933. (e)Chen, C.-S.; Yeh,W.-Y.Chem. Commun. 2010, 46, 3098.
(f) Kujime, M.; Izumi, C.; Tomura, M.; Hada, M.; Fujii, H. J. Am. Chem.
Soc. 2008, 130, 6088−6098. (g) Chuang, W. J.; Lin, I. J.; Chen, H. Y.;
Chang,Y. L.;Hsu, S.C.N. Inorg.Chem.2010,49, 5377−5384. (h)Kumar,
M.;Dixon,N.A.;Merkle,A.C.;Zeller,M.;Lehnert,N.;Papish,E.T. Inorg.
Chem. 2012, 51, 7004−7006. (i) Hsu, S. C. N.; Chang, Y.; Chuang, W.;
Chen, H.; Lin, I.; Chiang,M. Y.; Kao, C.; Chen, H. Inorg. Chem. 2012, 51,
9297−9308. (j) Maji, R. C.; Barman, S. K.; Roy, S.; Chatterjee, S. K.;
Bowles, F. L.; Olmstead, M. M.; Patra, A. K. Inorg. Chem. 2013, 52,
11084−11095.
(7) (a)Averill, B. A.Chem.Rev.1996,96, 2951−2964. (b)Merkle, A.C.;
Lehnert, N. Dalton Trans. 2012, 41, 3355−3368.
(8) (a)Hematian, S.; Siegler,M. A.; Karlin, K.D. J. Am. Chem. Soc.2012,
134, 18912−18915. (b)Hematian, S.;Kenkel, I.; Shubina,T.E.;Durr,M.;
Liu, J.; Siegler, M. A.; Ivanovic-́Burmazovic,́ I.; Karlin, K. D. J. Am. Chem.
Soc. 2015, 137, 6602−6615.
(9) Poole, L. B. Free Radical Biol. Med. 2015, 80, 148−157.
(10) (a) Bryan, N. S. Free Radical Biol. Med. 2006, 41, 691−701.
(b) Bryan, N. S.; Fernandez, B. O.; Bauer, S. M.; Garcia-Saura, M. F.;
Milsom, A. B.; Rassaf, T.; Maloney, R. E.; Bharti, A.; Rodriguez, J.;
Feelisch, M. Nat. Chem. Biol. 2005, 1, 290−297.
(11) (a) Heinecke, J.; Ford, P. C. J. Am. Chem. Soc. 2010, 132, 9240−
9243. (b)Heinecke, J. L.; Khin, C.; Pereira, J. C.M.; Suaŕez, S. A.; Iretskii,
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Figure 3. X-ray structure of 3AdCPh3.
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