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ABSTRACT: Nitrite is involved in a plethora of biological
phenomena that includes tyrosine nitration associated with
neurodegenerative disorders and gastric phenol metabolism.
Reaction of the p-diketiminato model complex
[CI,NNgg]Cu(x*-O,N) with phenols outlines the coupled gen-
eration of NO with phenol oxidation by nitrite at copper(II).
Kinetic studies support nucleophilic attack of the hydroxyl
group of phenols ArOH on the bound nitrite in [Cu'](x*
O,N) to give the copper(Il) hydroxide [Cu"]-OH along with
the O-nitrosated phenol ArONO that ultimately leads to the
corresponding biphenol or o-nitrophenol. The especially
electron-rich antioxidant a-tocopherol (vitamin E) quickly
generates NO upon interaction with [Cu"](x*-O,N). X-ray
analysis of the oxidation products of the a-tocopherol ana-
logue PMC reveal formation of an elusive O-quinone
methide bound to [Cu'], revealing two electron oxidation of
PMC by [Cu"](x>-O,N). These studies illustrate anaerobic
pathways that generate NO from nitrite at copper(Il) sites
that result in phenol oxidation.

Nitrite (NO,) is an important reservoir of nitric oxide
(NO) involved in a wide range of physiological activities such
as neurotransmission, vasodilation, and immune response.1
While the enzyme NO-synthase (NOS) produces NO from L-
arginine by employing an O, dependent route,”” reduction of
nitrite to NO plays crucial role for tightly regulating NO con-
centrations in hypoxia.*® An imbalance in the production of
NO under aerobic conditions leads to nitrosative stress
which is associated with nitration and nitrosation of protein
tyrosine residues’ that serves as both a biomarker for diseas-
es such as cardiovascular,® Alzhimer’s,® and Parkinson’s,
and mediator of pathogenic reactions involving phosphoryla-
tion and dephosphorylation with the nitrated protein becom-
ing a target of degradation.” " Such modification also can
interfere with signal transduction.”

In addition to oxidative mechanisms under inflammatory
conditions, it has been recognized for quite some time that
tyrosine nitr(os)ation (Scheme 1) can also occur by acidifica-
tion of nitrite and nitrate such as occurs within acidic gastric
environments after ingestion of NO,” and NO; from dietary
sources.”™ This is also consistent with recent findings that
dietary polyphenols enhance the reduction of nitrite to bio-
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active NO in the acidic gastric lumen as an important part of
the digestion process.*™

Redox-active transition metals such as iron, copper, and
manganese can catalyze the nitration of phenolic moieties by
both peroxynitrite-dependent and peroxynitrite-independent
pathways.”” Some of the better known examples include
SOD,"”™ peroxidases,” and cytochrome c oxidase which all
possess copper containing active sites.” Nitrite reduction at
copper(I) has been extensively explored in the context of
copper nitrite reductase that involves outer-sphere reduction
to a copper(l) nitrite coupled with proton transfer.”* Indeed,
a copper(I) complex of a proton-responsive ligand possessing
acidic phenol moieties capable of H-bonding results in rapid
reduction of nitrite to NO with concomitant oxidation to
copper(Il).” We have recently shown that copper(II) nitrites
can oxidize nucleophiles such as phosphines and release NO
upon O-atom transfer,* related to the reaction of nucleo-
philes with [Fe]-NO, complexes to give nitrosyls [Fe]-NO
(Scheme 2A).”*7 Moreover, proton-assisted nucleophilic

Scheme 2. NO Generation from Nitrite at Metal Sites
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attack between copper(Il) nitrites [Cu™](+*-O,N) and nucle-
ophiles Nu-H gives [Cu"]-OH and the nitrosated nucleophile
Nu-NO (Nu = NPh,, O'Bu, and SR) (Scheme 2B).*® In the case
of thiols RS-H, S-nitrosothiols (RSNOs) form that provide a
facile pathway for nitrite reduction to NO as RSNOs readily
release NO to form disulfides RSSR.

Herein we describe the reaction of copper(Il) nitrites with
phenols ArOH to form O-nitroso phenols ArONO that re-
lease NO (Scheme 2C). Motivated by sparse experimental®
and computational®® studies on ArONO compounds, we
demonstrate the interconversion of ArONO with the phe-
noxy radical ArO+ and NO-, clearly connecting ArONO for-
mation with NO generation.

Recognizing the potential intermediacy of phenoxy radi-
cals ArOe, we first investigated the reaction of 2,4,6-tri-tert-
butylphenol (tBu3ArOH) with [CLLNNg]Cu(x*-O,N) (1) to
discourage secondary phenol oxidation. The green color of
[CILNNgg]Cu(x*-O,N) (1) quickly bleaches upon reaction with
excess tBusArOH (50 equiv.) in benzene at RT and leads to
formation of a  brownish-yellow  precipitate  of
{[CI,NNgc]Cu},(p-OH), (2) (82%, based on gravimetric analy-
sis) (Scheme 3). Through reaction of ‘Bu;ArOH with “N-
labeled [CL,NNgg]Cu(*-O,N) (1-°N), ‘Bu;ArONO forms as
identified by its "N NMR signal at & 387.0 ppm. Additionally,
EPR spectroscopy clearly reveals the ‘Bu,ArO- radical as a
sharp signal at g;5, = 2.00. Analysis of the headspace gas indi-
cates the presence of NO through chemical trapping with
Fe(dtc), (dtc = N,N-diethyldithiocarbamate) (Figure Si4).
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Control experiments reveal that ‘Bu,ArONO is the source
of both the ‘Bu,ArO- radical as well as NO. Reaction of
‘BuO®NO with ‘Bu,ArOH provides ‘Bu,ArO”NO observed by
N NMR spectroscopy as well as generates the ‘Bu,ArO- radi-
cal evidenced by EPR (g = 2.00) as well as UV-vis spectrosco-
PY (Amax = 626 nm (328 Mcm™)). Sampling of the headspace
also reveals formation of NO in 73% yield as detected by
chemical trapping with [T(O-Me)PP]Co" (Figures S1-Ss).
Employing UV-vis spectroscopy, the equilibrium constant
Keq = 29 mM in benzene at RT may be determined for loss of
NO from ‘Bu;ArONO to give ‘Bu,ArO- at (Figure Sog).

With oxidizable phenols, a more complex reaction mixture
ensues. Reaction between [Cl,NNgs]Cu(x*-O,N) (1) and 2,4-
di-tert-butylphenol (2,4-DTBP) (50 equiv.) in benzene at
room temperature quickly provides a precipitate of
{[CLLNNgg]Cu},(p-OH), (2) (72%) and headspace analysis
indicates formation of NO in 99% yield. GC-MS analysis re-
veals the corresponding biphenol (5) as the major phenol-
based product along with a small amount (6%) of 2,4-di-tert-
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butyl-6-nitrophenol (7). Although we anticipated the initial
formation of 2,4-di-tert-butyl-6-nitrosophenol (6) under
these conditions (Scheme 4), nitro compound 7 also forms in
small amounts in the reaction of 2,4-DTBP with ‘BuONO
under anaerobic conditions (Scheme S10). The corresponding
biphenol 5 actually forms in greater than 100% stoichiometric
yield due to subsequent oxidation of 2,4-DTBP by [Cu],(u-
OH), (2) shown in an independent experiment (Figure S21).
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Figure 1. Synthesis and structure of [Cu“](K -O,N-OArNO) (3).

The reaction between 2,4-DTBP and [Cu"](k*-O,N) (1) is
highly solvent dependent. In THF, we isolate the copper(Il)
nitrosophenolate [CL,NNg]Cu(x*-O,N-OArNO) (3) in 84%
yield. Single crystal X-ray diffraction analysis displays a
square planar copper core bound by the x*-O,N moiety to the
oxidized C-nitroso phenol resulting from nitrosation of 2,4-
DTBP molecule (Figure 1). The distances between the Cu
center and nitroso phenol (Cu1-O1 = 1.9495(13), Cwi-N3
=1.9847(17) A) are in the same range as Cu-N; distances (Cui-
N1 = 1.9475(17), Cu1-N2 = 1.9548(16) A). The UV-vis absorp-
tion spectrum of complex 3 in THF depicts two intense fea-
tures centered at Ap,= 550 nm (2510 M"'cm™) and 645 nm
(1750 M"'cm™). The isotropic X-band EPR spectrum of 3 at
293 K in tetrahydrofuran shows a four line signal centered at
Jiso = 2.070 with A;,(Cu) = 172 MHz, confirming its formula-
tion as a copper(Il), S = ¥ species (Figure S35). GC-MS analy-
sis of the reaction mixture shows a different partitioning of
products in different solvents. In benzene, biphenol and NO
are formed with little 2,4-di-tert-butyl-6-nitrophenol (7)
whereas in THF the biphenol 5 is a minor product. Copper
complex 3 likely forms in an acid-base reaction from 2,4-di-
tert-butyl-6-nitrosophenol (6) (perhaps initially formed from
ArOr and NO¢) and [Cu],(n-OH), (2) in THF (Scheme 4).

Scheme 4. Oxidation of 2,4-DTBP by [Cu"](x*-O,N) (1)
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Figure 2. X-ray structures of
[Cu'L,(p-n*s<"-PMC-2H) (9).

In addition to aromatic phenols with single OH moieties,
we investigated the reaction of [C1,NNgg]Cu(x*-O,N) (1) with
3,5-di-tert-butylcatechol as it emulates the interactions of
polyphenols with nitrite at copper(Il) sites (Scheme 5). An
equimolar reaction between 3,5-di-tert-butylcatechol and 1 in
benzene at room temperature leads to an immediate color
change from green to dark brown with concomitant evolu-
tion of NO gas in 75% yield. The dark green complex 4 can be
isolated in 98% yield, revealed by X-ray crystallography as a
B-diketiminato copper fragment [Cl,NNgs]Cu bound to 3,5-
di-tert-butyl-o-benzoquinone moiety in a x*-O,0’ fashion
with Cu-Np_gi = 1.9361(13), 1.9323(12) A and Cu-O = 1.9330(n),
1.9527(10) A (Figure 2, S39). The sum of the angles around
the Cu center in 4 is 369.43(17)°, hence demonstrating a dis-
torted square planar geometry at the copper center. Complex
4 is paramagnetic and provides a solution magnetic moment
of 2.54 BM in benzene-d; at 300 K, thereby suggesting a for-
mulation that involves ferromagnetic coupling between a
Cu" center and a semiquinone radical anion.
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Pseudo first-order rate constants for the reaction of
[Cu"(x-O,N) (1) with excess 2,4-DTBP (25 - 60 equiv.) in
benzene at 30 °C were obtained by observing the loss of the
UV-vis band of 1 at A = 610 nm which provides the rate law:
rate = k[Cu"(x*-O,N)][HOAr] with k = 63(1) x 10> M’s”
(Figure S22). This reaction exhibits a negligible kinetic iso-
tope effect (KIE = 0.97) when employing HOAr’ and DOAr’
(Ar = 2,4-[Bu2C6H3) (Figure S24), indicating that proton
transfer is not an important part of (or up to) the rate deter-
mining step. Eyring analysis gives AG' = 19.2(9) with AH* =
16.4(7) and AS* = -9.3(24) eu.

Hammett studies on the reaction of [CL,NNgs]Cu(x*-O,N)
(1) with a modest range of p-substituted phenols in benzene
at 30 °C provides p = -1.6(1) indicating faster rates with elec-
tron-rich phenols (Figure 3A). Accordingly, making the ni-
trite less electrophilic should also result in a lower rate. Reac-
tion of 2,4-DTBP with [Me,NNgs]Cu(x*-O,N) (1a) (E,/, = 230
mV vs. NHE in THF) that is somewhat more electron-rich

[Cu“](KZ—O,O’—3,5—di—tert—butyl—o—semiquinone) (4),

[Cu'](M*PMC) (8), and

than [CL,NNge]Cu(x*-O,N) (1) (E,, = 330 mV) results in a
second-order rate constant k = 6.4(6) x 10> M™'s™ at 30 °C that
is an order of magnitude slower than the corresponding k =
6.3(1) x 10 M7s™ for 1 (Figure 3B). Taken together, these
observations support a mechanism that involves nucleophilic
attack by the phenol on an electrophilic nitrite at copper(II)
(Scheme 2B).

A " X =0OMe OH B [Reaction with 2,4-DTBP at 30 °C
08 1:R=Cl  k=6.3(1)x 102 M's"
1a:R=Me k=6.4(6)x 10°M s
-1.1
-
w R
=14 N F3C, R
Ar-OH +[Cu]_ >N N
o /2NN
17 y = -1.60x - 2.01 4 o’ DN
} R2=0.98 \ N 7
X=F ~=N O
2

[ArONO]
-0.9 -0.7 -0.5 -0.3 -0.1 0.1

Figure 3. (A) Hammett plot illustrating rate acceleration with
electron-rich phenols and (B) comparison of rate constants
that indicate faster reaction at electron-poor copper(II) nitrite.

Since the rate of phenol reaction with [Cu"](x*-O,N) (1)
increases through the use of electron-rich phenols, we con-
sidered the reaction with the antioxidant o-tocopherol (vit-
amin E) and its synthetic analogue PMC which are extraordi-
narily electron-rich phenols. a-tocopherol and PMC react
with 1 to generate NO in 73% and 88% yield, respectively
(Scheme 6A). Kinetic studies suggest that PMC reacts with 1
at a rate that is orders of magnitude faster than 2,4-DTBP at
30 °C, prompting us to examine the reaction at -40 °C. At
this temperature, monitoring the growth of a low energy

Scheme 6. NO Generation from Vitamin E Analogues and
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band at A = 1050 nm allows us to assign the rate law: rate =
k[Cu"(x*-O,N)][PMC] with k = 9.9(6) x 10> Ms™ (Figure S31).
Extrapolating the second-order rate constant for the reaction
of 1 with 2,4-di-tert-butylphenol at -40 °C via the Eyring
analysis gives k = 1.7 x 10° M™s™. Thus, PMC reacts almost 3
orders of magnitude faster than 2,4-DTBP!

To further probe the nature of the low temperature inter-
mediate that forms in the reaction of PMC with [Cu"™](k*-
O.,N) (1), we added PMC to a solution of the corresponding
[Cu"-O'Bu complex in pentane at -40 °C which quickly gen-
erates the species with A = 1050 nm (Scheme 6B, Figures S31,
S32). From these pentane solutions, we were fortunate to
isolate a few crystals of two different copper complexes char-
acterized by X-ray that each feature a doubly oxidized PMC
ligand in [Cu'](n’-PMC-2H) (8) and [Cu'],(u-n*k'-PMC-2H)
(9) (Figure 2). The C26-C31 (8: 1.385(5), 9: 1.387(7) A) and
C-0 (8: 1.247(4), 9: 1.238(6) A) bond distances reflect the
C=C and C=0 bonds within the o-quinoid methide structure
of copper(I) adducts 8 and 9 (Scheme 6A). Unfortunately the
sensitivity of 8 and 9 hampered additional solution charac-
terization. Such o-quinone methides are key intermediates in
vitamin E metabolism which have been spectroscopically
observed via trapping experiments,®>* but have eluded pre-
vious X-ray characterization due to their short lifetimes.
Thus, a-tocopherol quickly generates NO upon reaction with
copper(Il) nitrite 1, ultimately undergoing a two-electron
oxidation to an o-quinoid methide at low temperature.

Phenols generate NO from nitrite at copper(I) via oxida-
tion of the phenol to O-nitrosated intermediates ArONO
susceptible to NO loss to give the phenoxy radical ArO-.
Mechanistic studies suggest a proton-assisted nucleophilic
attack of the phenol on an electrophilic copper(Il) nitrite
with highest rates for electron-rich phenols. Accordingly,
phenolic antioxidants such as a-tocopherol react very quick-
ly with copper(II) bound nitrite to generate NO. They under-
go 2-electron oxidation to highly reactive o-quinone methi-
des that may be captured via n*-methide coordination to the
resulting copper(I) center. These studies underscore anaero-
bic pathways for phenol oxidation that complement peroxy-
nitrite-dependent modifications that often take place under
aerobic conditions.”
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