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Nitrite is involved in a plethora of biological phenomena that includes tyrosine nitration associated with
neurodegenerative disorders and gastric phenol metabolism. Reaction of the b-diketiminato model complex
[Cl2NNF6]Cu(k2-O2N) with phenols outlines the coupled generation 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 [CuII](k2-O2N) to give the copper(II) hydroxide [CuII]-OH along with the O-nitrosated phenol ArONO
that ultimately leads to the corresponding biphenol or o-nitrophenol. The especially electron-rich antioxidant
a-tocapherol (vitamin E) quickly generates NO upon interaction with [CuII](k2-O2N). X-ray analysis of the
oxidation products of the a-tocapherol analogue PMC reveal formation of an elusive O-quinone methide
bound to [CuI], revealing two electron oxidation of PMC by [CuII](k2-O2N). These studies illustrate anaerobic
pathways that generate NO from nitrite at copper(II) sites that result in phenol oxidation.
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Scheme 1. Oxidation of Tyrosine in Presence of NO/NO2
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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
‐diketiminato
model
complex
[Cl2NNF6]Cu(2‐O2N) 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 [CuII](2‐
II
O2N) to give the copper(II) 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 ‐tocopherol (vitamin E) quickly
generates NO upon interaction with [CuII](2‐O2N). X‐ray
analysis of the oxidation products of the ‐tocopherol ana‐
logue PMC reveal formation of an elusive O‐quinone
methide bound to [CuI], revealing two electron oxidation of
PMC by [CuII](2‐O2N). These studies illustrate anaerobic
pathways that generate NO from nitrite at copper(II) sites
that result in phenol oxidation.

Nitrite (NO2‐) is an important reservoir of nitric oxide
(NO) involved in a wide range of physiological activities such
1
as neurotransmission, vasodilation, and immune response.
While the enzyme NO‐synthase (NOS) produces NO from L‐
arginine by employing an O2 dependent route,2‐3 reduction of
nitrite to NO plays crucial role for tightly regulating NO con‐
4‐6
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
7
tyrosine residues that serves as both a biomarker for diseas‐
es such as cardiovascular,8 Alzhimer’s,9 and Parkinson’s,10
and mediator of pathogenic reactions involving phosphoryla‐
tion and dephosphorylation with the nitrated protein becom‐
7, 11
Such modification also can
ing a target of degradation.
interfere with signal transduction.7
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 NO2 and NO3 from dietary
12‐13
sources.
This is also consistent with recent findings that
dietary polyphenols enhance the reduction of nitrite to bio‐

active NO in the acidic gastric lumen as an important part of
14‐15
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
16‐17
Some of the better known examples include
pathways.
17‐18
SOD,
peroxidases,19‐20 and cytochrome c oxidase which all
21
possess copper containing active sites. Nitrite reduction at
copper(II) has been extensively explored in the context of
copper nitrite reductase that involves outer‐sphere reduction
to a copper(I) nitrite coupled with proton transfer.22 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
23
copper(II). We have recently shown that copper(II) nitrites
can oxidize nucleophiles such as phosphines and release NO
24
upon O‐atom transfer, related to the reaction of nucleo‐
philes with [Fe]‐NO2 complexes to give nitrosyls [Fe]‐NO
(Scheme 2A).25‐27 Moreover, proton‐assisted nucleophilic
Scheme 2. NO Generation from Nitrite at Metal Sites

attack between copper(II) nitrites [CuII](2‐O2N) and nucle‐
ophiles Nu‐H gives [CuII]‐OH and the nitrosated nucleophile
t
28
Nu‐NO (Nu = NPh2, 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(II) nitrites with
phenols ArOH to form O‐nitroso phenols ArONO that re‐
29
lease NO (Scheme 2C). Motivated by sparse experimental
30
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 ArO•, we first investigated the reaction of 2,4,6‐tri‐tert‐
butylphenol (tBu3ArOH) with [Cl2NNF6]Cu(2‐O2N) (1) to
discourage secondary phenol oxidation. The green color of
[Cl2NNF6]Cu(2‐O2N) (1) quickly bleaches upon reaction with
excess tBu3ArOH (50 equiv.) in benzene at RT and leads to
formation
of
a
brownish‐yellow
precipitate
of
{[Cl2NNF6]Cu}2(μ‐OH)2 (2) (82%, based on gravimetric analy‐
t
15
sis) (Scheme 3). Through reaction of Bu3ArOH with N‐
2
15
t
labeled [Cl2NNF6]Cu( ‐O2N) (1‐ N), Bu3ArONO forms as
identified by its 15N NMR signal at  387.0 ppm. Additionally,
EPR spectroscopy clearly reveals the tBu3ArO• radical as a
sharp signal at giso = 2.00. Analysis of the headspace gas indi‐
cates the presence of NO through chemical trapping with
Fe(dtc)2 (dtc = N,N‐diethyldithiocarbamate) (Figure S14).
II
2
Scheme 3. Reaction of [Cu ]( ‐O2N) with
t
t
Bu3ArONO / Bu3ArO• + NO Equilibrium

tBu3

ArOH:

Control experiments reveal that tBu3ArONO is the source
t
of both the Bu3ArO• radical as well as NO. Reaction of
t
15
BuO NO with tBu3ArOH provides tBu3ArO15NO observed by
15
N NMR spectroscopy as well as generates the tBu3ArO• radi‐
cal evidenced by EPR (g = 2.00) as well as UV‐vis spectrosco‐
py (max = 626 nm (328 M‐1cm‐1)). Sampling of the headspace
also reveals formation of NO in 73% yield as detected by
II
chemical trapping with [T(O‐Me)PP]Co (Figures S1‐S5).
Employing UV‐vis spectroscopy, the equilibrium constant
Keq = 29 mM in benzene at RT may be determined for loss of
t
t
NO from Bu3ArONO to give Bu3ArO• at (Figure S9).
With oxidizable phenols, a more complex reaction mixture
ensues. Reaction between [Cl2NNF6]Cu(2‐O2N) (1) and 2,4‐
di‐tert‐butylphenol (2,4‐DTBP) (50 equiv.) in benzene at
room temperature quickly provides a precipitate of
{[Cl2NNF6]Cu}2(μ‐OH)2 (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‐

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
t
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]2(‐
OH)2 (2) shown in an independent experiment (Figure S21).
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Figure 1. Synthesis and structure of [CuII](2‐O,N‐OArNO) (3).
The reaction between 2,4‐DTBP and [CuII](2‐O2N) (1) is
highly solvent dependent. In THF, we isolate the copper(II)
nitrosophenolate [Cl2NNF6]Cu(κ2‐O,N‐OArNO) (3) in 84%
yield. Single crystal X‐ray diffraction analysis displays a
square planar copper core bound by the 2‐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), Cu1‐N3
=1.9847(17) Å) are in the same range as Cu‐N distances (Cu1‐
N1 = 1.9475(17), Cu1‐N2 = 1.9548(16) Å). The UV‐vis absorp‐
tion spectrum of complex 3 in THF depicts two intense fea‐
−1
−1
tures centered at λmax= 550 nm (2510 M cm ) and 645 nm
−1
−1
(1750 M cm ). The isotropic X‐band EPR spectrum of 3 at
293 K in tetrahydrofuran shows a four line signal centered at
giso = 2.070 with Aiso(Cu) = 172 MHz, confirming its formula‐
tion as a copper(II), S = ½ 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
ArO• and NO•) and [Cu]2(‐OH)2 (2) in THF (Scheme 4).
Scheme 4. Oxidation of 2,4‐DTBP by [CuII](2‐O2N) (1)
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Figure 2. X‐ray structures of [CuII](2‐O,O’‐3,5‐di‐tert‐butyl‐o‐semiquinone) (4), [CuI](‐PMC) (8), and
[CuI]2(‐:1‐PMC‐2H) (9).
2
In addition to aromatic phenols with single OH moieties,
than [Cl2NNF6]Cu( ‐O2N) (1) (E1/2 = 330 mV) results in a
2
we investigated the reaction of [Cl2NNF6]Cu( ‐O2N) (1) with
second‐order rate constant k = 6.4(6) × 10‐3 M‐1s‐1 at 30 °C that
3,5‐di‐tert‐butylcatechol as it emulates the interactions of
is an order of magnitude slower than the corresponding k =
‐2
‐1 ‐1
polyphenols with nitrite at copper(II) sites (Scheme 5). An
6.3(1) × 10 M s for 1 (Figure 3B). Taken together, these
equimolar reaction between 3,5‐di‐tert‐butylcatechol and 1 in
observations support a mechanism that involves nucleophilic
attack by the phenol on an electrophilic nitrite at copper(II)
benzene at room temperature leads to an immediate color
(Scheme 2B).
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
‐diketiminato copper fragment [Cl2NNF6]Cu bound to 3,5‐
di‐tert‐butyl‐o‐benzoquinone moiety in a 2‐O,O’ fashion
with Cu‐N‐dik = 1.9361(13), 1.9323(12) Å and Cu‐O = 1.9330(11),
1.9527(10) Å (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‐d6 at 300 K, thereby suggesting a for‐
mulation that involves ferromagnetic coupling between a
CuII center and a semiquinone radical anion.
Figure 3. (A) Hammett plot illustrating rate acceleration with
electron‐rich phenols and (B) comparison of rate constants
Scheme 5. NO Generation from a Substituted Catechol
that indicate faster reaction at electron‐poor copper(II) nitrite.

Pseudo first‐order rate constants for the reaction of
[CuII](2‐O2N) (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  = 610 nm which provides the rate law:
rate = k[CuII(2‐O2N)][HOAr’] with k = 6.3(1) × 10‐2 M‐1s‐1
(Figure S22). This reaction exhibits a negligible kinetic iso‐
tope effect (KIE = 0.97) when employing HOAr’ and DOAr’
t
(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 G‡ = 19.2(9) with H‡ =
16.4(7) and S‡ = ‐9.3(24) eu.
2
Hammett studies on the reaction of [Cl2NNF6]Cu( ‐O2N)
(1) with a modest range of p‐substituted phenols in benzene
at 30 °C provides  = ‐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 [Me2NNF6]Cu(2‐O2N) (1a) (E1/2 = 230
mV vs. NHE in THF) that is somewhat more electron‐rich

II
2
Since the rate of phenol reaction with [Cu ]( ‐O2N) (1)
increases through the use of electron‐rich phenols, we con‐
sidered the reaction with the antioxidant ‐tocopherol (vit‐
amin E) and its synthetic analogue PMC which are extraordi‐
narily electron‐rich phenols. ‐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
Formation of o‐Quinone Methide Derivatives 8 and 9
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band at  = 1050 nm allows us to assign the rate law: rate =
k[CuII(2‐O2N)][PMC] with k = 9.9(6) × 10‐3 M‐1s‐1 (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 × 10‐5 M‐1s‐1. 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 [CuII](k2‐
O2N) (1), we added PMC to a solution of the corresponding
[CuII]‐OtBu complex in pentane at ‐40 °C which quickly gen‐
erates the species with  = 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 [CuI](‐PMC‐2H) (8) and [CuI]2(‐‐PMC‐2H)
(9) (Figure 2). The C26−C31 (8: 1.385(5), 9: 1.387(7) Å) and
C−O (8: 1.247(4), 9: 1.238(6) Å) bond distances reflect the
C=C and C=O 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,31‐32 but have eluded pre‐
vious X‐ray characterization due to their short lifetimes.
Thus, ‐tocopherol quickly generates NO upon reaction with
copper(II) nitrite 1, ultimately undergoing a two‐electron
oxidation to an o‐quinoid methide at low temperature.
Phenols generate NO from nitrite at copper(II) 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(II) nitrite
with highest rates for electron‐rich phenols. Accordingly,
phenolic antioxidants such as ‐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 2‐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.7
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1. Instrumentation and Physical Methods.
Preparation and handling of air-sensitive chemicals were done under a dry nitrogen
atmosphere by utilizing MBraun gloveboxes and/or standard Schlenk techniques. 1H, 13C,
and

19

F NMR spectra were obtained on a Varian 400 MHz spectrometer at room

temperature (RT) unless otherwise noted. 1H and 13C chemical shifts were reported as δ
values downfield from the internal standard tetramethylsilane.

15

N NMR spectra were

recorded at 41.0 MHz and referenced to the external standard Na15NO2 in D2O (609.5
ppm vs. liquid NH3). Elemental analyses were performed on a Perkin-Elmer PE2400
micro-analyzer at Georgetown University. High resolution mass spectroscopy (HRMS)
analysis was carried out at Indiana University on a 7250 GC/Q-OTF Agilent GC/MS
spectrometer. UV-vis spectra were recorded either on a Cary 50 dual beam or Agilent
8454 Diode Array spectrometer equipped with stirrer and Unisoku USP-203 cryostat for
variable temperature (-105 °C to 90 °C) experiments. The molar extinction coefficients of
different isolated complexes were determined from Beer’s law plots (absorbance vs
concentration) with at least four different concentrations. EPR spectra were recorded on
one of two different instruments: (a) a JEOL continuous wave spectrometer JES-FA200
equipped with an X-band Gunn oscillator bridge, a cylindrical mode cavity, and a liquid
nitrogen cryostat at Georgetown or (b) an X-Band Bruker EMX CW EPR controlled with
a Bruker ER 041 XG microwave bridge operating at the X-band (~9 GHz). EPR
measurements were performed in air-tight quartz tubes. Simulation of EPR spectra were
carried out using the program QCMP 136 by Prof. Dr. Frank Neese from the Quantum
Chemistry Program Exchange as described by Neese et al. in J. Am. Chem. Soc. 1996,
118, 8692-8699. Cyclic voltammetry measurements were carried out at RT under dry
nitrogen atmosphere using BASi Epsilon Potentiostat. A three-electrode system was used
and consisted of a glassy carbon working electrode, high surface area platinum coil
counter electrode, and a BASI non-aqueous reference electrode (MF-2062) containing a
silver wire immersed in 0.01 M AgNO3 in acetonitrile.
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2. Materials.
All chemicals were purchased from typical vendors (e.g. Sigma-Aldrich, Acros
Organics, Strem Chemicals, TCI) and used without further purification unless otherwise
mentioned. Molecular sieves (4A, 4-8 mesh beads) were obtained from Fisher Scientific
and activated in vacuo at 180 °C for 24 h. Extra dry solvents (≥99.5%) with Acroseal®
and deuterated solvents were purchased from Acros Organics and Cambridge Isotope
Laboratories, respectively. Both anhydrous and deuterated solvents were sparged with
nitrogen and stored over activated molecular sieve under nitrogen atmosphere.
5,10,15,20-Tetrakis(4-methoxyphenyl)-21H,23H-porphine cobalt(II) [T(O-Me)PP]CoII
was purchased from Sigma Aldrich.
CuOtBu,1 [Me2NNF6]H,2 [Cl2NNF6]H,2 [Cl2NNF6]Cu-OtBu (9),3 and [Cl2NNF6]Cu(2O2N)3 (1) were synthesized and characterized according to literature procedures.
t

BuO15NO was prepared using commercially available Na15NO2 (98+ atom%

15

N

from Cambridge Isotope Laboratories) by following the previously published procedure.4
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3. Quantitative NO Trapping by [T(O-Me)PP]CoII Complex.
Here we explain the setup, experimentation, and calculation process that was
employed to determine the quantitative yield of nitric oxide generated in different
reactions throughout this work. Scheme S1 serves as a general reaction scheme that can
be generalized to other reactions.

Scheme S1. Use of a cobalt(II) complex to quantify the release of nitric oxide.
5,10,15,20-Tetrakis(4-methoxyphenyl)-21H,23H-porphine

cobalt(II)

[T(O-

Me)PP]CoII complex was used for trapping nitric oxide. Commercially purchased [T(OMe)PP]CoII was purified by column chromatography to yield a pure purple powder
before use. Nitric oxide was trapped using a gas-transfer setup pictured in Figure S1.
Details of the reaction between 1 and 2,4-di-tert-butylphenol (2,4-DTBP) are shared as an
example. Other reactions are performed under similar conditions.
General setup: A vial charged with [CuII](O2N) was carefully connected to another
vial containing a solution of [T(O-Me)PP]CoII
via cannula. Duroquinone was used as the
quantitative NMR standard in the cobalt(II)
solution. First vial was then purged with a flow
of N2(g) and the second reagent (i.e. substituted
phenol, or -tocopherol, or PMC) in 1.5 mL
C6H6 was injected via syringe. The solution in
both vials were stirred for 30 min before 0.5
mL of the cobalt(II) solution was transferred to
an NMR tube for analysis.
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Figure S1. Gas transfer setup used for
NO quantification

Quantification
Q
n was based
d on the inteegration of the 1H NMR
R spectrum of the [T(O
OMe)P
PP]CoII(NO) during eacch reaction in presencee of a quanntitative NM
MR (Q-NMR
R)
stand
dard. Here, we
w used du
uroquinone as
a the Q-NM
MR standarrd. [T(O-Mee)PP]CoII annd
[T(O-Me)PP]CoIII (NO) have completely different N
NMR profiles as shown in Figure S
S3
which
h makes them
m suitable fo
or this analy
ysis.

version of [T
T(O-Me)PP]C
CoII to [T(O--Me)PP]CoIII(NO) durinng nitric oxidde
Figurre S2. Conv
quanttification.

Figurre S3. 1H NMR
N
spectraa (400 MHzz, 298 K, CD
DCl3) of [T((O-Me)PP]C
CoII (bottom
m),
and [T(O-Me)PP
[
P]CoII(NO) generated
g
fro
om the reacttion of 1 annd 2,4-di-terrt-butylphenool
(top).
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To
T quantify the NO-bou
und Co(II) complex,
c
a calibration curve was obtained thhe
indep
pendently sy
ynthesized [T(O-Me)PP
[
P]CoII(NO) based on th
the mole raatio of [T(O
OMe)P
PP]CoII(NO) to the Q-N
NMR standard (Figure S
S5). As shoown in the sstacked NMR
specttra (Figure S4), the peak at  4.1 ppm
m which is ggrowing as thhe concentraation of [T(O
OMe)P
PP]CoII(NO) increases in
n the solution, can be ussed as a handdle to determ
mine the molle
ratio of [T(O-Me)PP]CoII(NO
O) versus thee standard.

R calibration for [T(O-Me)PP]CoII(N
NO).
Figurre S4. NMR
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Figurre S5. The integration
i
ratio
r
of peak
k at  4.1 pppm versus sttandard at ddifferent molle
ratioss of [T(O-Me)PP]CoII(N
NO) in the solution.

OH
O
t

[Cu]

O
O

Bu

H
O

[T((O-Me)PP]Co II

N +

O
t

Bu
B

1/2 [Cu]]

henol
[Cu] + [T(O-Me)PP]Co II(NO) + 1/2 biph

O
H

Q-NMR standard:
O

Scheme S2. Geneeral reaction
n scheme forr NO quantiffication withh cobalt(II) ccomplex.
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Table S1. A summary of yields obtained for NO release reported in this work.

Reaction

NO Yield

2,4,6-TTBP + tBuONO

73 %

2,4-DTBP + tBuONO

57 %

[Cl2NNF6]Cu(2-O2N) + 2,4-DTBP (in benzene)

99 %

[Cl2NNF6]Cu(2-O2N) + 2,4-DTBP (in THF)

38 %

[Cl2NNF6]Cu(2-O2N) + catechol

75 %

[Cl2NNF6]Cu(2-O2N) + -tocopherol

73 %

[Cl2NNF6]Cu(2-O2N) + PMC

88 %

t
BuONO
57% Yield

[C

l2 N

)

6

O
ON ield
u
tB
Y
%
73

N)
(O 2
Cu d
6]
l
NN F Yie
[Cl 2 38% F
H
in T

[Cl
2 NN
F
99% 6 ]Cu(O
in C Yield 2 N)
6H

N
73 F6 ]C
%
Yi u(O
eld 2 N

Scheme S3. Summary of all the reactions for which the NO(g) yield was quantified in this
work.
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4. Synthesis and Characterization of [Me2NNF6]Cu(2-O2N) (1a).

Scheme S4. Synthesis of [Me2NNF6]Cu(2-O2N) (1a).
Step 1: [Me2NNF6]Cu(η2-C6H6) was synthesized by a previously reported procedure.5
A solution of [Me2NNF6]H (0.764 g, 1.844 mmol) in benzene (ca. 3 mL) was added to a
solution of CuOtBu (0.252 g, 1.844 mmol) in benzene (ca. 3 mL). The solution mixture
was stirred for 2 h and the resultant dark orange solution was dried to obtain a bright
yellow powder (0.951 g, 1.713 mmol) in 93% yield. [Me2NNF6]Cu(η2-C6H6) was used in
Step 2 without further purification.
Step 2: A mixture of [Me2NNF6]Cu (0.931 g, 1.677 mmol) and 1.2 equiv. AgNO2
(0.310 g, 2.010 mmol) in anhydrous fluorobenzene (~7 mL) was stirred at RT for 6 h.
The resultant dark green reaction mixture was filtered through syringe filter to remove
the insoluble residue. The dark green filtrate thus obtained was evaporated under reduced
pressure to afford the desired product as a green powder 1a. Recrystallization from a
layered mixture of fluorobenzene/pentane at -40 °C, gave 1a in 0.365 g (42%) yield.
Elemental analysis: calculated for C21H19F6N3O2Cu: C, 48.23; H, 3.66; N, 8.04. Found:
C, 48.39; H, 3.62; N, 7.94. UV-vis (benzene, 25 °C): λmax = 598 nm (ε = 502 M-1cm-1).

S9

Figurre S6. A) UV-vis
U
spectrra of 1a in benzene
b
at 225 °C at diffferent conceentrations. B
B)
-1
-1
Beer’’s law plot fo
or 1a depictss λmax/nm (ε//M cm ) = 598 (502).

yclic voltam
mmogram of
o [Me2NN
NF6]Cu(2-O2N) (1a) ((4.0 mM iin
Figurre S7. Cy
tetrah
hydrofuran at
a 25 °C) in presence
p
of n-tetrabutyla
n
ammonium hhexafluorophosphate (0..1
M). Scan
S
proceed
ds in the ind
dicated direcction with sccan rate of 1000 mV/s. E11/2 = -570 mV
V
vs. Fcc/Fc+; ΔE = 450 mV.
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a
5. Synthesis and
t
( Bu3ArO•).

Charracterization

of

2,44,6-tri-tert-b
butylphenoxxy

OH

Radicaal

O
C6 H6 / 1M NaOH
K3[Fe(CN)
[
6]

Scheme S5. Syntthesis of 2,4,,6-tri-tert-bu
utylphenoxy radical (tBuu3ArO•)
The
T 2,4,6-tri--tert-butylph
henoxy radiccal (tBu3ArO
O•) was preppared follow
wing a slightlly
modified procedu
ure.6 To a so
olution of th
he parent phhenol, 2,4,6-tri-tert-butylphenol (1.225
g, 4.7
76 mmol) in
n 80 mL beenzene, 15 mL
m of 1M NaOH was added under a nitrogeen
atmosphere. The solution waas degassed using
u
two freeeze-pump-tthaw cycles.. The solutioon
was frozen
f
again
n and potassiium ferricyaanide (3.94 gg, 11.97 mm
mol) was addded, followeed
by an
nother freezze-pump-thaw
w cycle. Up
pon warmingg to room ttemperature,, the reactioon
was allowed
a
to sttir for about two hours. The
T solvent w
was then rem
moved underr vacuum annd
the so
olid was traansferred to a glovebox where it waas dissolved in 100 mL diethyl etheer
and filtered.
f
Thee filtrate waas dried und
der vacuum and the bluue powder obtained waas
dissolved in miniimum amoun
nt of acetoniitrile. Dark bblue crystalss were grownn overnight aat
- 40 °C in 50 % yield (0.63
3 g, 2.40 mm
mol). The p roduct was characterizeed by UV-vis
specttroscopy in benzene by
y its characteristic bannd at 626 nm with aan absorptioon
coeffficient of  = 329 M-1 cm
m-1 at room teemperature ((Figure S8).

Figurre S8. UV-v
vis spectra of
o tBu3ArO•• at differennt concentrattions in benzene at room
m
temperature (lefft). Extinctio
on coefficieent for tBuu3ArO• obtaained from the plot oof
[tBu3ArO•] versu
us absorbance at max = 626
6 nm (righht).
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6. Equilibrium Constant for tBu3ArONO Dissociation into tBu3ArO• and NO.

Scheme S6. The equilibrium between tBu3ArONO and tBu3ArO•
The dissociation constant was obtained using UV-vis spectroscopy. A solution of
2,4,6-tri-tert-butylphenoxy radical (tBu3ArO•) was prepared by dissolving blue crystals of
t

Bu3ArO• (0.131 g, 0.5 mmol, 20.0 mM) in 25 mL benzene. Under air-free conditions, a

saturated solution of nitric oxide in benzene was prepared by purging NO gas into a
benzene-filled flask for 20 minutes. Based on the Ostwald solubility constant7,12 for NO
in benzene at 24.6 °C, this provides a benzene solution with [NO] = 12.2 mM (equation
S2).
Two runs of UV-vis collections were performed and compared to yield the
equilibrium constant. In the first run, 1.0 mL of the tBu3ArO• solution was transferred to
a UV-vis cuvette sealed with rubber septum and 3.0 mL of pure benzene was added to the
solution (navy line on the diagram, noted as “before NO addition”). In the second run, 1.0
mL of the tBu3ArO• solution was transferred to a UV-vis cuvette sealed with rubber
septum and 3.0 mL of the NO-saturated benzene solution was added, leading to the
emergence of the band at 626 nm with decreased intensity. Assuming additive volumes,
the concentration of tBu3ArO• could be calculated allowing for the estimation of an
equilibrium constant at RT of 29.2 mM (equation S1).
The equilibrium constant was calculated based on the equation S1. The concentration
of nitric oxide was calculated based on the Ostwald solubility coefficient reported in the
literature using equation S2.

S12

Equilibriu
um Constan
nt Expression (Eq. S1)

Equation Used to Calculate Nitriic Oxide Co ncentration
n (Eq. S2)

vis spectra off 2,4,6-tri-terrt-butylphennoxy radical (tBu3ArO•) in benzene aat
Figurre S9. UV-v
room
m temperaturee illustrates the partial consumption
c
n of tBu3ArO
O• upon adddition of nitriic
oxidee judged by
y the decay of the Q-baand at 626 nm. Blue line comes ffrom 1.0 m
mL
t
t
Bu3ArO•
A
dissolv
ved in 3.0 mL
m benzenee and green line comes from 1.0 m
mL Bu3ArO
O•
dissolved in 3.0 mL
m NO(g) satturated benzzene.
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7. Synthesis and Characterization of 2,4,6-tri-tert-butylphenyl nitrite (tBu3ArONO)
and Formation of 2,4,6-tri-tert-butylphenoxy Radical (tBu3ArO•).

Scheme S7. Synthesis of 2,4,6-tri-tert-butylphenyl nitrite (tBu3ArONO) and formation of
the corresponding radical.
NMR Spectra of 2,4,6-tri-tert-butylphenyl nitrite (tBu3ArONO).


1

H NMR

2,4,6-tri-tert-butylphenyl nitrite (tBu3ArONO) was synthesized using a previously
reported procedure by Koley et al.8 1H NMR (400 MHz, C6D6):  1.06 (s, 9H, Ar-C(CH3)3). As inferred from the spectrum, there are peaks from the excess tBuONO:  1.21
(s, 9H, ONO-(CH3)3) and the unreacted 2,4,6-tri-tert-butylphenol: s, 9H, Ar-C(CH3)3), 1.42 (s, 18H, Ar-C-(CH3)3), 4.83 (s, 1H, -OH), 7.37 (s, 2H, Ar-H).

Figure S10. 1H NMR spectrum (400 MHz, 298 K, C6D6) of tBu3ArONO ( 1.06 ppm) in
the presence of excess tBuO15NO (10 equiv.).
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15

15

N NMR
N

N-labeled 2,4,6
6-tri-tert-buty
ylphenyl nittrite (tBu3ArrO15NO) wass prepared bby addition oof

t
m
BuO
O15NO to a solution off 2,4,6-tri-terrt-butylphennol (50.8 mgg,
0.46 mL (3.88 mmol)

4 mmol) in C6D6 (0.6 mL
L).15N NMR
R (41 MHz, C6D6):  3844.5 ppm.
0.194

Figurre S11. 15N NMR specctrum (41 MHz,
M
298 K,, C6D6) of 115N-labeled 2,4,6-tri-terrtt
15
1
butyllphenyl nitritte ( Bu3ArO NO) in thee presence off excess tBuO
O15NO.
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EPR Spectrum of 2,4,6-tri-teert-butylpheenyl nitrite (t Bu3ArONO
O): Evidencee for 2,4,6-trrit
tert-b
butylphenoxy
xy ( Bu3ArO••) Radical Formation.
F
2,4,6-tri-tert-b
butylphenyl nitrite (tBu3ArONO) waas synthesizzed followingg a procedurre
reporrted in the liiterature.8 2,4,6-tri-tert-b
butylphenol (270 mg, 1..028 mmol) was exposeed
to a large excesss of tert-bu
utyl nitrite (2.45 mL, 20.6 mmoll) under neat conditionns
perature forr 10 min. The color of the reacction mixturre
(Scheeme S7) at room temp
immeediately turn
ned from yelllow to green
n, then to a very bright blue. A 30 µL aliquot oof
the reeaction mixtture was dilu
uted to 10.0 mL in benzzene and 0.44 mL of thatt solution waas
transfferred to an
n EPR tubee for analyssis. EPR annalysis show
ws the transsformation oof
t

Bu3ArONO
A
to a stable tBu
B 3ArO• rad
dical under reaction coonditions. F
Formation oof

t

Bu3ArO•
A
was ev
videnced fro
om a sharp EPR
E
signal at g = 2.00 (Figure S12) previouslly

reporrted as a charracteristic siignal for tBu3ArO• radicaal.6

Figurre S12. Isotropic X-baand EPR speectrum and simulation for tBu3ArO
O• radical iin
benzeene at 293 K formed as a result of tBu3ArONO
O dissociationn. Frequencyy = 9.1834884
GHz.. Simulation was perform
med using giso = 1.999.
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8. Reaction of 1 with 2,4,6-tri-tert-butylphenol.

Scheme S8. Reaction of 1 with 2,4,6-tri-tert-butylphenol.
Different components of the reaction of 1 with 2,4,6-tri-tert-butylphenol shown in
Scheme S8 were characterized as described in subsections below.
Qualitative Trapping of NO by (dtc)2FeII Complex.

Figure S13. Stoichiometric conversion of (dtc)2FeII to (dtc)2FeII(NO) during NO
trapping.

S17

Synthesized by a previo
ously reporrted proceduure,3 [(dtc)2FeII] was eemployed foor
u
a simillar experimeental setup aas previouslyy reported.9 A
trapping of nitricc oxide gas using
smalller vial charg
ged with a so
olution of 1 (1.0 mL 10..0 mM) in C6H6, was carrefully placeed
II
in a larger
l
vial co
ontaining a solution
s
of (dtc)
(
mplex (10.00 mL, 1.0 mM
M) in CH2C
Cl2
2Fe com

and th
he bigger vial was sealed with a sep
ptum. A soluution of 2,4,66-tri-tert-buttylphenol (1..0
mL 20.0
2
mM) in
n C6H6 was injected to the inner viial and the vvials were ggently shakeen
occassionally for 30
3 min. Theen an aliquott (300 μL) oof the resultaant (dtc)2Fe solution from
m
the outer
o
vial was
w transferrred to a qu
uartz EPR ttube and annalyzed by X-band EPR
R
specttroscopy. Th
he room temp
perature EPR
R spectrum ((Figure S14) exhibits a three line S =
½ sig
gnal at giso = 2.037 witth A(14N) = 38 G, whiich is characcteristic of (dtc)2Fe(NO
O)
comp
plexes.10

Figurre S14. Isottropic X-ban
nd EPR specctrum of [(ddtc)2Fe(NO)]] species geenerated upoon
II
reactiing (dtc)2Fee with NO
O(g) releaseed from thee mixture of 1 and 2,4,6-tri-terrtbutyllphenol (1.0 mM in CH2Cl2 at 293 K).
K Frequenncy = 8.9683347 GHz. Sim
mulation waas
14
perfo
ormed using 1N model: giso = 2.037, Aiso( N) = 338 MHz.
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n
Charracterization
Specttroscopy.

of

2,4,6-tri-tert-bu
utylphenoxy

Radical

(tBu3ArO•))

by

EPR
PR

A solution of
o 2,4,6-tri-teert-butylpheenol (105.0 mg, 0.400 mmol) in aabout 0.5 m
mL
C6H6 was added to a solutio
on of [Cl2NN
NF6]Cu(2-O
O2N) (1) (2.00 mL, 4.0 m
mM) in C6H6.
The color
c
of thee solution tu
urns from dark green too yellow. T
The reaction mixture waas
stirred for 15 miin before 0.4
4 mL of thee yellow sollution mixtuure was trannsferred to aan
EPR tube for an
nalysis. Form
mation of 2,4,6-tri-tert2
-butylphenoxxy radical (tBu3ArO•) is
evideenced from a sharp signaal at g = 2.0
00 characteriistic of tBu3A
ArO• radicall. The controol
experriment which
h was explaiined earlier (see Sectionn 7) indicatess that tBu3A
ArO• radical is
formeed as a resu
ult of tBu3ArONO
A
form
mation whicch is in equuilibrium w
with tBu3ArO
O•
radical and NO.

band EPR sp
pectrum of the 2,4,6-trii-tert-butylpphenoxy radical from thhe
Figurre S15. X-b
2
reactiion of [Cl2NN
N F6]Cu( -O
O2N) (1) and
d 2,4,6-tri-teert-butylpheenol in benzeene at 293 K
K.
Frequ
uency = 8.99
92148 GHz. Simulation was
w perform
med using gisso = 2.001.
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n of 2,4,6-tri--tert-butylph
henyl nitritee by 15N NM
MR Spectrosccopy.
Charracterization

F3C
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Cl
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O
H

t

Bu
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t
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t

Bu
u

t

1
( Bu3ArO15
NO)

t
Scheme S9. Syntthesis of 15N-labeled
N
Bu
u3ArONO.

A solution off 15N-labeled
d [Cl2NNF6]C
Cu(2-O2N) ((1-15N) (49.99 mg, 0.082 mmol) in 1..0
mL C6D6 was ad
dded to 5 eq
quiv. 2,4,6-trri-tert-butylpphenol (108.0 mg, 0.4122 mmol) in a
vial. The reaction
n was stirred
d for 5 min before 0.6 m
mL of the m
mixture was ttransferred tto
an NMR
N
tube fo
or

15

N NMR
R analysis. Data
D
collecttion was coomplete afteer 8000 scanns

colleccted. Formaation of

15

N-labeled
N
2,4
4,6-tri-tert-buutylphenyl nnitrite (tBu3ArO15NO) is

evideenced from the chemicaal shift in the
t

15

N NM
MR spectrum
m (Figure S16) which is

essen
ntially identiccal to the ind
dependently synthesizedd compound (see Figure S11).
15

N NMR
N
(41 MH
Hz, THF):  387.0 ppm.

Figurre S16. 15N NMR specttrum (41 MHz, 298 K, C6D6) of thhe reaction oof 1-15N witth
2,4,6-tri-tert-buty
ylphenol thaat indicates formation of 2,4,6-trri-tert-butylpphenyl nitritte
t
15
( Bu3ArO NO).
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Isolation and Characterization of {[Cl2NNF6]Cu}2(-OH)2 (2).
To a solution of 1 (85.0 mg, 0.140 mmol) in benzene, a solution of 2,4,6-tri-tertbutylphenol (1.845 g, 7.029 mmol) was added. The color of the solution changed from
dark green to brown with concomitant formation of a brownish-yellow precipitate. After
stirring for 2 hours, the resultant reaction mixture was filtered to separate the yellow
solution and the brownish-yellow precipitate 2. The brownish-yellow residue was then
washed thoroughly with pentane and dried under vacuum. FT-IR spectra of 2 shows a
sharp vibrational band at 3652 cm-1 diagnostic of a bis(-hydroxo)dicopper(II) species.
Gravimetric analysis gave the yield to be 64.1 mg (82%). X-ray quality crystals were
grown from a cold pentane solution and a unit cell collection confirms the formation of 2
which has been previously reported.3
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9. Reaction of 2,4-di-tert-butylphenol with tert-butyl nitrite (tBuONO).
To independently characterize the products of the reaction between [Cl2NNF6]Cu(2O2N) (1) and 2,4-di-tert-butylphenol, the following reaction was performed. 2,4-di-tertbutylphenol was treated with excess (20 equiv.) of a potent nitrosating agent, tBuONO,
under neat conditions. First product characterized by GC-MS analysis is 3,3’,5,5’-tetratert-butyl-[1,1’-biphenyl]-2,2’-diol (5). Since the reaction was carried out under air-free
conditions, we were anticipating the second product to be 2,4-di-tert-butyl-6nitrosophenol (6),8 but the compound that is isolated is the corresponding nitro compound
7. This product mixture is the same as what we observe for the reaction of 1 with 2,4-ditert-butylphenol under anaerobic conditions.

Scheme S10. Reaction of 2,4-di-tert-butylphenol with tBuONO.
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Isolation of 3,3’,5,5’-tetra-tert-butyl-[1,1’-biphenyl]-2,2’-diol (5).
The synthesis of 5 and 2,4-di-tert-butyl-6-nitrophenol (7) was carried out following a
procedure for a similar substituted phenol.8 A solution of 2,4-di-tert-butylphenol (3.1 g,
0.015 mol) was exposed to a large excess of tert-butyl nitrite (36 mL, 0.300 mol) under
neat conditions at room temperature for 15 min (Scheme S10). GC-MS analysis of the
mixture in benzene, based on a calibration curve for biphenol (5) and a separate
calibration curve for 2,4-di-tert-butyl-6-nitrophenol (7), shows 48% formation of
biphenol (5) as the major product and 22% formation of 2,4-di-tert-butyl-6-nitrophenol
(7) as the second product in this reaction (Figure S17). For obtaining the calibration curve
in order to determine normalized yields, the ratios of integrated areas (Product/Standard)
were obtained from GC analysis of each sample.

Figure S17. GC profile of the reaction mixture obtained upon addition of excess tertbutyl nitrite to a solution consisting 2,4-di-tert-butylphenol and two equiv. 1,2,4,5tetrachlorobenzene (as internal standard) in C6H6. Product mixture includes biphenol (5)
(retention time: 11.62 min) and 2,4-di-tert-butyl-6-nitrophenol (7) (retention time: 9.17
min). The unassigned peaks correspond to ligand residue. Analysis of this GC analysis
provides a GC yield of 48% for 5 and 22% for 2,4-di-tert-butyl-6-nitrophenol (7).
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Isolation of 2,4-di-tert-butyl-6-nitrophenol (7).
Upon evaporation of volatile components in the reaction described in Scheme S10, a
yellow paste was obtained. The residue was purified by column chromatography
(hexanes-EtOAc, 9:1) to furnish 7 as a bright yellow oil in 0.291 g (4%) yield. 1H NMR
(400 MHz, C6D6): δ 1.32 (s, 9H, Ar-C-(CH3)3), 1.45 (s, 9H, Ar-C-(CH3)3), 7.65 (d, 2H,
m-Ar-H), 7.95 (d, 2H, m-Ar-H), 11.46 (s, 1H, o-Ar-OH).

13

C{1H} NMR (100 MHz,

C6D6): δ 153.2, 141.8, 139.9, 132.1, 119.2, 31.0, 29.5. HRMS (ESI/Q-TOF) m/z: [M]+
Calcd for C14H21NO3: 251.1521; Found 251.1516.

Figure S18. 1H NMR spectrum (400 MHz, 298 K, CDCl3) of 7. Solvent impurities have
been marked with an asterisk.
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Figure S19. 13C NMR spectrum (100 MHz, 298 K, C6D6) of 7. Solvent impurities have
been marked with an asterisk.

The low yield in the synthesis of 2,4-di-tert-butyl-6-nitrophenol (7) hindered further
purification of the product. Spectra shown in Figure S18-S19 are from the product with
ca. 90% purity.
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10. Reaction of 1 with 2,4-di-tert-butylphenol.

Scheme 11. Detailed mechanism proposed for the reaction of 1 with 2,4-di-tert
butylphenol.
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Quantitative Trapping of NO by [T(O-Me)PP]CoII Complex.
A vial charged with 1 (12.0 mg, 0.0198 mmol), was carefully connected to another
vial containing a solution of [T(O-Me)PP]CoII (2.0 mL 10.0 mM) via cannula.
Duroquinone was used as the quantitative NMR standard in the cobalt(II) solution. First
vial was then purged with a flow of N2(g) and 20 equiv. 2,4-di-tert-butylphenol in 1.5 mL
C6H6 (95.0 mg, 0.461 mmol) was injected via syringe. The solution in both vials were
stirred for 30 min before 0.5 mL of the cobalt(II) solution was transferred to an NMR
tube for analysis. Nitric oxide quantification was performed as explained earlier (pp. S4S8). Quantitative 1H NMR spectroscopy gives a 72% yield for NO(g) generation in this
reaction.
Quantitative Analysis of Biphenol (5) and Nitrophenol (7) by GC-MS Spectroscopy.
Calibration curves were obtained for independently synthesized biphenol 5 to analyze
the product distribution in the reaction between 1 and 2,4-di-tert-butylphenol (Scheme
S11). The amounts of biphenol vary with solvent. Addition of 30 equiv. DTBP to 15 mM
[CuII](2-O2N) (1) in benzene and THF at RT led to the formation of biphenol 5 in 128%
and 22% yields, respectively. In benzene, the nitrophenol 7 also forms in 6% yield, but is
not observed in THF since likely intermediate nitrosophenol 6 likely reacts quickly with
[CuII]2(-OH)2 (2) to form the copper(II) nitrosophenolate 3. The >100% yield for
biphenol formation in benzene is due to reaction of 2,4-DTBP with [CuII]2(-OH)2 (2)
(formed in the reaction of 2,4-DTBP with [CuII](2-O2N) (1)) which forms biphenol 5.
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Charracterization
n of {[Cl2NN
NF6]Cu}2(-O
OH)2 (2).
To
T a solution
n of 1 (96 mg,
m 0.159 mm
mol) in C6H6 (1.0 mL), a solution oof 2,4-di-terrtbutyllphenol (1.610 g, 7.803 mmol) in C6H6 (1.5 m
mL) was added. The reacction mixturre
was stirred for about
a
5 hou
urs and colo
or of the soolution channged from ddark green tto
brow
wnish-yellow over the co
ourse of reaaction time. After 5 houurs stirring, the resultannt
reactiion mixture was filtered
d to separatte the yellow
w solution aand the brow
wnish-yellow
w
precip
pitate 2. Thee residue waas washed th
horoughly w
with pentane and dried uunder reduceed
pressure. FT-IR spectrum
s
off 2 (Figure S20) shows a sharp vibraational bandd at 3660 cm
m-1
charaacteristics off a bis(-hyd
droxo)dicopp
per(II) speciies previously reported.3 Gravimetriic
analy
ysis gave the yield to be 56.0 mg, 0.0
047 mmol, 772%.

Figurre S20. FT-IIR spectrum (KBr pellett) of the brow
wnish yellow
w residue 2 oobtained from
m
-11
the reeaction of 1 with
w xs. 2,4--di-tert-butylphenol. FT--IR of 2 (KB
Br pellet): OOH 3660 cm .

S28

Reacction of {[Cl2NNF6]Cu}2(-OH)2 (2) with 2,4-di--tert-butylph
henol.
A solution of {[Cl2NNF6]Cu
u}2(-OH)2 (2) (46.1 m
mg, 0.040 mm
mol) in bennzene (ca. 0..5
20 equiv.) 2,4-di-tert-bu
2
utylphenol ((164.8 mg, 00.799 mmoll).
mL) was added to excess (2
MS analysis of the mixtu
ure in benzen
ne in presencce of an inteernal standarrd shows 98%
%
GC-M
formaation of bip
phenol (5) in
n this reactiion (Figure S21). For oobtaining thhe normalizeed
yields, the ratios of integrateed areas (Pro
oduct/Standaard) were obbtained from
m GC analysis
of eacch sample.

Standard

Biphenol

Figurre S21. GC profile of th
he reaction mixture
m
obtaained upon aaddition of eexcess 2,4-dditert-b
butylphenol to
t a solution
n consisting 2 and one eequiv. 1,2,4,5-tetrachlorrobenzene (aas
intern
nal standard)) in C6H6. Prroduct contaains bipheno l (5) (retentiion time: 11.58 min). Thhe
unasssigned peakss correspond
d to ligand residue.
r
Anaalysis of thiss GC analyssis provides a
GC yield
y
of 98% for 5.
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11. Kinetics of the reaction of 1 with 2,4-di-tert-butylphenol.

Scheme S12. Reaction of 1 with 2,4-di-tert-butylphenol.

A solution of [Cl2NNF6]Cu(2-O2N) (1) in C6H6 (2.0 mL, 2.0 mM) was taken in a
quartz cuvette capped with a septum. A solution of 2,4-di-tert-butylphenol in C6H6 (0.2
mL, 488.0 mM) was injected to the previous solution at 30 °C and the progress of the
reaction was followed by UV-vis spectroscopy. The absorption feature of 1 at 610 nm
started to decay as the reaction proceeded. The pseudo first-order rate constant (kobs) at 30
C was obtained from the slope of the linear plot ln{(At-Af)/(Ai-Af)} versus time; where,
At = absorbance at  = 610 nm at time t, Af = absorbance at  = 610 nm at the end of the
reaction, and Ai = absorbance at  = 610 nm at the start of the reaction. The pseudo firstorder rate constants were determined for different concentrations of 2,4-di-tertbutylphenol added. The pseudo first-order rate constants (kobs’s) were then plotted against
the concentration of 2,4-di-tert-butylphenol in order to obtain second-order rate constant
k2 (30 °C) = 6.3(1)

10-2 M-1s-1.
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Figurre S22. UV
V-vis spectro
oscopic mon
nitoring of thhe reaction of [Cl2NNF66]Cu(2-O2N
N)
(1) with
w 2,4-di-teert-butylphen
nol. (a) Chaanges in the UV-vis specctrum of 1 uupon additioon
of 25 equiv. 2,4-d
di-tert-butylp
phenol at 30
0 °C. (b) lineear plot of lnn(abs) vs. tim
me reflects thhe
o
of the reaction wiith respect to 1. (c) Plott of pseudo first-order rrate constantts
first order
(kobs) against the concentration of 2,4-dii-tert-butylphhenol providdes the secoond-order ratte
consttant (k2 = 6.3
3(1) 10-2 M-1s-1).
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12. Kinetics of the Reaction of 1a with 2,4-di-tert-butylphenol.

Scheme S13. Reaction of 1a with 2,4-di-tert-butylphenol.
A solution of [Me2NNF6]Cu(2-O2N) (1a) in C6H6 (2.0 mL, 2.0 mM) was taken in a
quartz cuvette capped with a septum. A solution of 2,4-di-tert-butylphenol in C6H6 (0.2
mL, 490.9 mM) was injected to the previous solution at 30 °C and the progress of the
reaction was followed by UV-vis spectroscopy. The absorption feature of 1a at 598 nm
started to decay as the reaction proceeded. The pseudo first-order rate constant (kobs) at 30
C was obtained from the slope of the linear plot ln{(At-Af)/(Ai-Af)} versus time; where,
At = absorbance at  = 598 nm at time t, Af = absorbance at  = 598 nm at the end of the
reaction, and Ai = absorbance at  = 598 nm at the start of the reaction. The pseudo firstorder rate constants were determined for different concentrations of 2,4-di-tertbutylphenol added. The pseudo first-order rate constants (kobs’s) were then plotted against
the concentration of 2,4-di-tert-butylphenol in order to obtain the second-order rate
constant k2 (30 °C) = 6.4(6) × 10-3 M-1s-1 in the following rate law:
Rate = k2[[CuII](O2N)][phenol]
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N)
Figurre S23. UV-vis spectrosscopic moniitoring of thhe reaction oof [Me2NNF66]Cu(2-O2N
(1a) with 2,4-dii-tert-butylph
henol. (a) Changes
C
in the UV-viis spectrum of 1a upoon
addition of 25 eq
quiv. 2,4-di--tert-butylph
henol at 30 °°C. (b) lineaar plot of ln((abs) vs. tim
me
refleccts the first order
o
of the reaction
r
with
h respect to 1a. (c) Plot of pseudo fi
first-order ratte
consttants (kobs) against
a
the concentration
n of 2,4-di-teert-butylpheenol providees the seconddorderr rate constan
nt (k2 = 6.4(6
6) × 10-3 M-1s-1).
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13. Kinetic Isotope Effect Experiment for the Reaction of 1 with 2,4-di-tertbutylphenol.
A 20.0 mM stock solution of [Cl2NNF6]Cu(2-O2N) (1) in benzene was prepared by
dissolving 118.4 mg of complex in 9.8 mL of benzene. Then a diluted stock solution of 1
(concentration 2.0 mM) was prepared by diluting 2.0 mL of 20.0 mM solution with 18.0
mL benzene. Another independent stock solution of 2,4-di-tert-butylphenol (2,4-DTBP)
was prepared by dissolving 207.2 mg of compound in 1.0 mL benzene. Four independent
reactions of [Cl2NNF6]Cu(2-O2N) (1) in benzene with different concentrations of 2,4-ditert-butylphenol at 30 C were carried out as follows; 2.0 mL 2.0 mM solution of 1 (4.0
μmol) in benzene was taken in a quartz cuvette capped with a rubber septum. The sealed
cuvette was then placed in a cryostat at 30 C connected to a UV-vis spectrometer.
Different equiv. 2,4-di-tert-butylphenol were injected to the cuvette and the reaction was
monitored by following the time-dependent UV-vis absorption spectra.
Pseudo first-order rate constants (kobs) at 30 C were obtained from the slope of the
linear plots ln(At-Af) versus time; where, At = absorbance at  = 610 nm at time t and Af
= absorbance at  = 610 nm at the end of the reaction. The second-order rate constant (k)
was calculated from the slope of kobs versus [2,4-DTBP] plot; where, [2,4-DTBP] =
concentration of 2,4-di-tert-butylphenol. Similarly, the second-order rate constant (k) for
the deuterated substrate 2,4-di-tert-butylphenol-OD was determined.
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pendence of pseudo firstt-order rate cconstants (koobs) on the concentrationns
Figurre S24. Dep
of 2,4
4-di-tert-butylphenol (bllue trace) and 2,4-di-tertt-butylphenool-OD (red trrace) at 30 C
in ben
nzene.
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14. Hammett Plot for the Reaction of 1 with para-X-substituted Phenols.

Scheme S14. Reaction of 1 with different para-X-substituted phenols.

Following procedure was performed four times for four different p-substituted
phenols: A solution of [Cl2NNF6]Cu(2-O2N) (1) in C6H6 (2.0 mL, 2.0 mM) was taken in
a quartz cuvette capped with a septum. A solution of para-X-substituted phenol in C6H6
(0.2 mL, ca. 500 mM) was injected to the previous solution at 30 °C and the progress of
the reaction was followed by UV-vis spectroscopy. The absorption feature of 1 at 610 nm
started to decay as the reaction proceeded. The pseudo first-order rate constant (kobs) at 30
C was obtained from the slope of the linear plot ln{(At-Af)/(Ai-Af)} versus time; where,
At = absorbance at  = 610 nm at time t, Af = absorbance at  = 610 nm at the end of the
reaction, and and Ai = absorbance at  = 610 nm at the start of the reaction. Second-order
rate constant (k2) was then calculated from k2 = kobs/[p-X-phenol]; where, [p-X-phenol] =
concentration of para-X-substituted phenol. The Hammett plot is provided by plotting
log k2 versus  ( = Hammett constant) as shown in Figure S24.
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mmett plot fo
or the reactio
on of 1 with p ara-X-subbstituted phennols at 30 °C
C.
Figurre S25. Ham
Analy
yzed data prrovides  = -1.6(1).
-
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Table S2. Hamm
mett constantts and rate constants
c
forr the reactioons of 1 withh different ppsubsttituted pheno
ols.

p--methoxy-D
DTBP
p--phenoxy-D
DTBP
p--tert-butyl-D
DTBP
p--fluoro-DTB
BP

σ

log(k2)

k2 (M
M-1s-1)

kobs (s-1)

-0.78
-0.50
-0.26
-0.07

-0.7
-1.3
-1.6
-1.9

1.9×
×10-1
4.8×
×10-2
2.6×
×10-2
1.3×
×10-2

33.3×10-2
88.0×10-3
44.3×10-3
22.3×10-3

udo first-ord
der plots forr the reactioons of [Cl2N
NNF6]Cu(2-O
O2N) (1) annd
Figurre S26. Pseu
50.0 equiv. para
a-X-substitutted phenols at 30 °C tto determinee pseudo first-order ratte
consttants (kobs) an
nd second-orrder rate con
nstants (k2).
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15. Eyring Analysis of the Reaction of 1 with 2,4-di-tert-butylphenol.
Stock solutions of [Cl2NNF6]Cu(2-O2N) (1) and 2,4-di-tert-butylphenol (2,4-DTBP)
in benzene were prepared as described earlier. For independent reactions at different
temperatures (20 C, 30 C, 40 C, and 50 C), 2.0 mL 2.0 mM solution of 1 (4.0 μmol)
in benzene was taken in a quartz cuvette capped with a rubber septum. The sealed cuvette
was then placed in a cryostat (at specified temperature) connected to a UV-vis
spectrometer. 50 equiv. 2,4-di-tert-butylphenol (200 L 1.0 M solution) was injected to
the cuvette and the reaction was monitored by following the time-dependent UV-vis
absorption spectra.
Pseudo first-order rate constants (kobs) at different temperatures (20 C, 30 C, 40 C,
and 50 C) were obtained from the slope of the linear plots ln{(At-Af)/(Ai-Af)} versus
time; where, At = absorbance at  = 610 nm at time t, Af = absorbance at  = 610 nm at
the end of the reaction, and and Ai = absorbance at  = 610 nm at the start of the reaction.
Second-order rate constant (k2) at different temperatures (20 C, 30 C, 40 C, and 50 C)
were calculated from k2 = kobs/ [2,4-DTBP]; where, [2,4-DTBP] = concentration of 2,4di-tert-butylphenol. A plot of ln(k2/T) versus 1/T (T = temperature in K) provides the
activation parameters.
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Figurre S27. (a) Kinetics forr the reactio
on of [Cl2NN
NF6]Cu( -O
O2N) (1) witth 2,4-di-terrtbutyllphenol in beenzene at 20
0 C, 30 C, 40 C, and 50 C as m
monitored thrrough plots oof
ln{(A
At-Af)/(Ai-Af)} versus time; where, At = absorbbance at  = 610 nm att time t, Af =
absorrbance at  = 610 nm att the end of the
t reaction,, and Ai = aabsorbance aat  = 610 nm
m
at thee start of thee reaction. (b
b) Eyring pllot of ln(k2/T
T) versus 1/T
T (T = tempperature in K
K)
over different tem
mperatures employing th
he second-orrder rate consstants (Tablee S3).
Table S3. Second
d-order rate constants (kk2) at differennt temperatuures (20 C, 30 C, 40 C
C,
2
and 50C)
5
for th
he reaction of
o [Cl2NNF6]Cu( -O2N
N) (1) with 22,4-di-tert-buutylphenol iin
benzeene.
T (K)
293.15
303.15
313.15
323.15

-1

1/T (K )
3.41×10-3
3.30×10-3
3.19×10-3
3.09×10-3

--1 -1

k2 (M s )
3.24×110-2
7.28×110-2
1.93×110-1
4.83×110-1

ln(k2/T)
-9.11
-8.34
-7.39
-6.51
2

Table S4. Activaation parameeters from th
he reaction off [Cl2NNF6]C
Cu( -O2N)) (1) with 2,44di-terrt-butylphen
nol in benzen
ne.
H (kccal/mol)
16..4(7)

S (cal/K.mol)
- 9.3(24)
9
eu
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G ((kcal/mol) aat 30 °C
19.2(9)

16. Eyring Analysis of the Reaction of 1a with 2,4-di-tert-butylphenol.
Stock solutions of [Me2NNF6]Cu(2-O2N) (1a) and 2,4-di-tert-butylphenol (2,4DTBP) in benzene were prepared as described earlier. For independent reactions at
different temperatures (20 C, 30 C, 40 C, and 50 C), 2.0 mL 2.0 mM solution of 1a
(4.0 μmol) in benzene was taken in a quartz cuvette capped with a rubber septum. The
sealed cuvette was then placed in a cryostat (at specified temperature) connected to a UVvis spectrometer. 50 equiv. 2,4-di-tert-butylphenol (400 L 0.5 M solution) was injected
to the cuvette and the reaction was monitored by following the time-dependent UV-vis
absorption spectra.
Pseudo first-order rate constants (kobs) at different temperatures (20 C, 30 C, 40 C,
and 50 C) were obtained from the slope of the linear plots ln{(At-Af)/(Ai-Af)} versus
time; where, At = absorbance at  = 598 nm at time t, Af = absorbance at  = 598 nm at
the end of the reaction, and and Ai = absorbance at  = 598 nm at the start of the reaction.
Second-order rate constant (k) at different temperatures (20 C, 30 C, 40 C, and 50 C)
were calculated from k = kobs/ [2,4-DTBP]; where, [2,4-DTBP] = concentration of 2,4-ditert-butylphenol. A plot of ln(k/T) versus 1/T (T = temperature in K) provides the
activation parameters.
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Figurre S28. (a) Kinetics
K
for the reaction
n of [Me2NN
NF6]Cu( -O
O2N) (1a) witth 2,4-di-terrtbutyllphenol in beenzene at 20
0 C, 30 C, 40 C, and 50 C as m
monitored thrrough plots oof
ln{(A
At-Af)/(Ai-Af)} versus time; where, At = absorbbance at  = 598 nm att time t, Af =
absorrbance at  = 598 nm att the end of the
t reaction,, and Ai = aabsorbance aat  = 598 nm
m
at thee start of thee reaction. (b
b) Eyring pllot of ln(k2/T
T) versus 1/T
T (T = tempperature in K
K)
over different tem
mperatures employing th
he second-orrder rate consstants (Tablee S5).
Table S5. Second
d-order rate constants (kk2) at differennt temperatuures (20 C, 30 C, 40 C
C,
2
and 50
5 C) for th
he reaction off [Me2NNF6]Cu(
]
-O2N
N) (1a) with 22,4-di-tert-bbutylphenol iin
benzeene.
T (K)
293.15
303.15
313.15
323.15

1/T (K-1)
3.41×10-3
3.30×10-3
3.19×10-3
3.09×10-3

k2 (M-11s-1)
3.34×110-3
7.35×110-3
1.72×110-2
4.03×110-2

ln(k2/T)
-11.4
-10.6
-9.81
-8.99
2

Table S6. Activaation parameters from the
t reaction of [Me2NN
NF6]Cu( -O2N) (1a) witth
2,4-d
di-tert-butylp
phenol in ben
nzene.
H (kccal/mol)
15..1(5)

S (cal/K.mol)
- 18.6(16)
1
eu
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G ((kcal/mol) aat 30 °C
20.7(8)

17. Synthesis and Characterization of [Cu
[ II](2-O,,N-OArNO)) (3).
F3C

Cl
Cl
t
Bu
O
II
N +
Cu
O
N
Cl

F3C Cl

F 3C

OH
THF
RT, 48 hr

N

II

C
Cu

- H2 O
tBu

A
Ar

Bu

O
N

N
F3 C

[Cl2 NN F6 ]CuII(2-O2N) (1)

t

A
Ar
N

O

t

Bu
u

[Cl2 NN F6 ]CuIII(2-ON-OArNO) (3
3)

Scheme S15. Syn
nthesis of [C
CuII](2-O,N--OArNO) (33).
A mixture off [Cl2NNF6]C
Cu(2-O2N) (1) (0.186 gg, 0.308 mm
mol) and 1 equiv. 2,4-dditert-b
butylphenol (0.064 g, 0.3
308 mmol) in
n anhydrouss THF was sttirred at RT for 48 h. Thhe
colorr of the soluttion mixture turned from
m green to daark red/brow
wn. The resuultant solutioon
was filtered
f
and dried underr vacuum to obtain darkk red microccrystalline soolid (0.206 gg,
0.260
0 mmol) in 84% yield. X-ray quallity crystals were obtainned from a concentrateed
solutiion of the prroduct in peentane at -40
0 °C. Elemenntal analysiss: *X-ray cryystallographhy
data indicates th
hat one high
hly disordereed pentane ssolvent mollecule is preesent per Cuu.
Calcu
ulated for C34
Found: C, 499.24; H, 4.522;
3 H34Cl4F6N3O2Cu: C, 48.85; H, 4.1 0; N, 5.03. F
N, 4.94. UV-vis (benzene, 25
5 °C): λmax = 550 nm (εε = 2510 M-11cm-1) and λmax = 645 nm
m
(ε = 1750
1
M-1cm-1
).

Figurre S29. A) UV-vis speectra of 3 in
n THF at 255 °C at diffferent conceentrations. B
B)
-1
-1
Beer’’s law plot fo
or 3 depicts λmax/nm (ε/M
M cm ) = 5 50 (2510), 6645 (1750).
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18. Synthesis
and
seemiquinonee) (4).
C
F3 C Cl
N
II

Cu
N

Cl
O

Ch
haracterization

of

F3 C

OH
t

Bu

OH

N +

O
Cl

F 3 C Cl
C

[Cl2 NNF6 ]C
CuII(2 -O2N) (1)

[CuII](2-O
O,O’-3,5-di--tert-butyl-oo-

C 6H 6
RT, 30 min
- H2O

t

Bu

t

Ar

Bu

N

O
II

+ NO

Cu
O

N
F3C

t

Bu

Ar

[CuII](2-O,O'-3,5-di-tert-b
butyl-o-semiquinon
ne) (4)

Scheme S16. Syn
nthesis of [C
CuII](2-O,O’-3,5-di-tert--butyl-o-sem
miquinone) (4).
A mixture off [Cl2NNF6]C
Cu(2-O2N) (1) (0.245 gg, 0.406 mm
mol) and 1 equiv. 3,5-dditert-b
butylcatechol (0.090 g, 0.406
0
mmol)) in anhydroous benzene was stirred at RT for 330
min. Gas bubbless were obserrved upon mixing
m
the tw
wo reagents and the greeen color of 1
turned into a daarker green
n. The resulltant solutioon was drieed to obtainn dark greeen
micro
ocrystalline solid (0.288
8 g, 0.369 mmol)
m
in 91%
% yield. X-ray quality crystals werre
obtain
ned from a concentrateed solution of
o the produuct in pentaane at -40 °C. Elementaal
analy
ysis: calculatted for C31H27
N, 3.60. Fouund: C, 47.900;
2 Cl4F6N2O2Cu: C, 47.8 0; H, 3.49; N
H, 3.63; N, 3.59. UV-vis (beenzene, 25 °C
C): λmax = 6330 nm (ε = 11140 M-1cm
m-1) and λmax =
985 nm
n (ε = 583 M-1cm-1).

Figurre S30. A) UV-vis speectra of 4 in
n THF at 255 °C at diffferent conceentrations. B
B)
-1
-1
Beer’’s law plot fo
or 4 depicts λmax/nm (ε/M
M cm ) = 6630 (1140), 9985 (583).
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19. Magnetic Moment of [CuII]( 2-O,O’-3,5-di-tert-butyl-o-semiquinone) (4).
The room temperature (301.23 K) solution magnetic moment of [CuII](2-O,O’-3,5di-tert-butyl-o-semiquinone) (4) was determined using Evans method. 0.01 M solution of
complex 4 in C6D6 was prepared by dissolving crystalline complex 4 in C6D6 and
tetramethylsilane (TMS) was used as standard. The Evans Method calculation provides
μeff ≈ 2.54 μB, which is close to the spin-only magnetic moment of 2.82 μB for two
unpaired electrons per molecule.
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20. Kinetics of the Reaction of 1 with PMC.

Scheme S17. Reaction of 1 with PMC.
A solution of [Cl2NNF6]Cu(2-O2N) (1) in toluene (2.0 mL, 2.0 mM) was taken in a
quartz cuvette capped with a septum. A solution of PMC in toluene (0.15 mL, 417.1 mM)
was injected to the previous solution at -40 °C and the progress of the reaction was
followed by UV-vis spectroscopy. A new absorption feature of at 1050 nm started to rise
as the reaction proceeded. The pseudo first-order rate constant (kobs) at -40 C was
obtained from the slope of the linear plot ln{(At-Af)/(Ai-Af)} versus time; where, At =
absorbance at  = 1050 nm at time t, Af = absorbance at  = 1050 nm at the end of the
reaction, and Ai = absorbance at  = 1050 nm at the start of the reaction. The pseudo
first-order rate constants were determined for different concentrations of PMC added.
The pseudo first-order rate constants (kobs’s) were then plotted against the concentration
of PMC in order to obtain second-order rate constant k2 (-40 °C) = 9.9(6)
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10-3 M-1s-1.

Figurre S31. UV
V-vis spectro
oscopic mon
nitoring of thhe reaction of [Cl2NNF66]Cu(2-O2N
N)
(1) with
w PMC. (a)
( Changes in the UV-vis spectruum at 1050 nm upon adddition of 440
equiv
v. PMC at -40 °C. (b) linear
l
plot of
o ln(abs) vss. time refleects the firstt order of thhe
reactiion with resp
pect to 1. (c)) The plot of pseudo firsst-order rate constants (kkobs’s) against
the th
he concentraation of PMC
C to obtain seecond-order rate constannt:
-3
-1 -1
(k2 = 9.9(6) 10 M s )

From the Ey
yring analyssis of the reaction of 1 with 2,4--di-tert-butylphenol (2,44DTBP
P), we can predict
p
the raate of the reaaction at -40 °C as shownn below.

Extrapolating
E
g the second
d-order rate constant foor the reactioon of 1 witth 2,4-di-terrtbutyllphenol at -4
40 °C via th
he Eyring an
nalysis givess k = 1.7

10-5 M-1s-1. This rate is

almost 3 orders of
o magnitudee slower than
n that measuured for PMC
C at -40 °C ((9.9(6)
M-1s-1), indicating
g the high raate of reactio
on with PMC
C relative to other phenools.
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100-3

M
the Reactiion of [Cl2NNF6]CuII-O
OtBu (10) with PMC
C by UV-vis
21. Monitoring
Spectroscopy
y.

[CuII ]

O

t Bu

HO
-40 °C

+
O

pentane

PMC

- tBu (10) w
with PMC.
Scheme S18. Reaaction of [Cll2NNF6]CuII-O
A solution off [Cl2NNF6]C
CuII-OtBu (10) in pentanne (2.0 mL, 1.79 mM) w
was taken in a
quarttz cuvette caapped with a rubber septum. The ssealed cuvette was thenn placed in a
cryosstat (at -40 °C) connectted to a UV
V-vis spectroometer. Thee time depenndent UV-vis
absorrption spectrra were colleected for folllowing the reaction, aftter injecting a solution oof
PMC
C (0.2 mL, 79.4
7
mM) via syringe. In
nstantly upoon addition oof PMC, thee band at 5000
nm correspondin
ng to [Cl2NN
NF6]CuII-OtBu
u (10) disapppears and tw
wo new bannds at 620 nm
m
and 1050
1
nm start to grow. These new
w bands aree the same as ones obsserved in thhe
reactiion of [Cl2NN
N F6]Cu(2-O2N) (1) wiith PMC. Thhe color of tthe solution turns from a
deep red to a darrk blue-greeen. It is impo
ortant to notte that the pproduct of thhis reaction is
remarrkably temp
perature-senssitive as the product soluution turnedd from dark blue-green tto
yellow
w within seeconds after the cuvettee was takenn out of the cryostat annd allowed tto
warm
m up.

Figurre S32. Chaanges in the UV-Vis speectra at -40 °°C upon injeecting a soluution of PMC
to a solution
s
of [C
CuII]-OtBu (10) demonsttrates a cleann conversionn of 10 to a nnew productt.
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22. Isolation of [CuI](-PMC-2H) (8) and [CuI](-PMC-2H)[CuI] (9).
[CuI]
HO

t
II

2 [Cu ]

O

Bu

O

+
O

DCM/pentane

O

- 2 tBuOH
[CuI](

PMC

2

-PMC-2H) (8)

Scheme S19. Reaction of [Cl2NNF6]CuII-OtBu (10) with PMC.
A solution of PMC (52.3 mg, 0.238 mmol) in 3.0 mL dichloromethane was added to a
solution of [Cl2NNF6]CuII-OtBu (10) (46.3 mg, 0.073 mmol) in 1.0 mL dichloromethane.
The color of the solution instantly turned from deep red to dark blue-green. After stirring
the solution for 1 h, the resultant solution was filtered through syringe filter. The filtrate
was dried under vacuum and the product was dissolved in minimum amount of pentane.
Allowing to stand at -40 °C for a week, very few dark red crystals of [CuI](2-PMC-2H)
(8) were obtained and characterized by X-ray crystallography. Compound 8 decays
rapidly when taken out of the mother liquor. Therefore, the attempts to obtain the
spectroscopic profile of the crystals by UV-vis were not successful.

Scheme S20. Reaction of [Cl2NNF6]CuII-OtBu (10) with PMC at -40 °C.
A cold (-40 °C) suspension of PMC (15.6 mg, 0.071 mmol) in 1.0 mL pentane was
added to a cold solution of [Cl2NNF6]CuII-OtBu (10) (21.7 mg, 0.034 mmol) in 0.5 mL
pentane. The color of the solution instantly turned from deep red to dark blue-green. The
solution mixture was shaken well and put in freezer without further purification.
Allowing to stand at -40 °C for three days, few dark colored crystals of [CuI](2-PMC2H)[CuI] (9) were obtained and characterized by X-ray crystallography. Similar to the
previous batch explained on top, compound 9 decays rapidly when taken out of the
mother liquor. Therefore, the attempts to obtain the spectroscopic profile of the crystals
by UV-vis were not successful.
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23. Proposed Reaction Mechanism for the Formation of [CuI](-PMC-2H) (8) and
[CuI](-PMC-2H)[CuI] (9).
As evidenced by the identical UV-vis spectra obtained from the reactions between 1
and PMC, as well as [CuII]-OtBu (10) and PMC, it is clear that both reactions form the
same product. Although we were only successful in crystallizing the product from the
reaction of [CuII]-OtBu and PMC.
We propose the following reaction mechanism for the formation of two very similar
oxidized PMC adducts, complexes 8 and 9.

Scheme S21. Proposed mechanism for the formation of [CuI](-PMC-2H) (8) and
[CuI](-PMC-2H)[CuI] (9) from the reaction of 10 with PMC.
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24. Electron Paramagnetic Resonance (EPR) Spectroscopy of 1a and 3.
General X-Band EPR Details.
EPR spectra were recorded on one of two different instruments:
(a) a JEOL continuous wave spectrometer JES-FA200 equipped with an X-band Gunn
oscillator bridge, a cylindrical mode cavity, and a liquid nitrogen cryostat at Georgetown
University.
(b) an X-Band Bruker EMX CW EPR controlled with a Bruker ER 041 XG microwave
bridge operating at the X-band (~9 GHz) equipped with liquid helium cryostat at Johns
Hopkins University.
EPR measurements were performed in air-tight quartz tubes. All spectra were obtained
on freshly prepared solutions (1-3 mM in toluene) of at least 2 independently synthesized
batches and were checked carefully for reproducibility. Background spectra were
obtained on clean solvents at the same measurement conditions.
Spectral simulation was performed using the program QCMP 136 by Prof. Dr. Frank
Neese from the Quantum Chemistry Program Exchange as used by Neese et al.11 The
fittings were performed by the “chi by eye” approach and always taking all available
spectra at different temperatures into account. Collinear g and A tensors were used.
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Figurre S33. Isottropic X-ban
nd EPR specctrum and siimulation foor [Me2NNF66]Cu(2-O2N
N)
(1a) (2.0 mM in
n benzene at 293 K). Frequency = 9.412571 GHz. Sim
mulation waas
perfo
ormed using 1Cu model: giso = 2.088, Aiso(63/65Cuu) = 196 MH
Hz.

Figurre S34. Anisotropic X--band EPR spectrum annd simulatioon for [Me2NNF6]Cu(2O2N)) (1a) (1.0 mM in pen
ntane/benzen
ne (1:1) at 220 K). Freqquency = 9.4414432 GHzz.
Simu
ulation was performed
p
using
u
1Cu model:
m
g = 2.072, g|| = 2.230, A(63/65Cu) = 330
63/65
MHzz, A||(
Cu) = 481 MHzz.

S52

Figurre S35. Isottropic X-ban
nd EPR specctrum and siimulation foor [CuII](2-O
O,N-OArNO
O)
(3) (1
1.0 mM in THF
T
at 293 K).
K Frequenccy = 9.4334414 GHz, Poower = 1 mW
W, ModWidtth
= 0.5 mT, time co
onstant = 0.1 s. Simulatiion was perfformed usingg 1Cu modeel: g = 2.0855,
63//65
g|| = 2.040,
2
A (
Cu) = 180 MHz, A||(63//65Cu) = 155 MHz.

band EPR sp
pectrum andd simulation for [CuII](2-O,N-OArNO
O)
Figurre S36. Anissotropic X-b
(3) (2
2.0 mM in THF
T
at 20 K).
K Frequenccy = 9.4139948 GHz. Siimulation w
was performeed
using
g 1Cu modell: g = 2.036, g|| = 2.178,, A(63/65Cu) = 15 MHz, A||(63/65Cu) = 470 MHz.
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25. Crystallographic Details.
Single crystals of compound 1a (CCDC 1875639), 3 (CCDC 1875640), 4 (CCDC
1875641), 8 (CCDC 1940313), and 9 (CCDC 1940314) were mounted under mineral oil
or perfluoroalkyl ether oil on a Mitegen Micromount in a cold nitrogen stream at 100(2)
K. Data for compounds 1a, 4, 8, and 9 were collected on a Bruker D8 Quest equipped
with a Photon100 CMOS detector and a Mo ImS source. Data for compound 3 was
collected on a Bruker DUO equipped with an APEXII CCD detector and Mo fine-focus
sealed source. Either full spheres (triclinic) or hemispheres (monoclinic or higher) of
data were collected (0.3 or 0.5 ω-scans; 2θmax > 50; monochromatic Mo Ka radiation,
λ = 0.7107 Å) depending on the crystal system and integrated with the Bruker SAINT
program. Structure solutions were performed using the SHELXTL/PC suitea and
XSEEDb. Intensities were corrected for Lorentz and polarization effects and an empirical
absorption correction was applied using Blessing’s method as incorporated into the
program SADABS.c Non-hydrogen atoms were refined with anisotropic thermal
parameters and hydrogen atoms were included in idealized positions. Structures were
rendered with POV-Ray in XSEED using 50% probability ellipsoids. Further comments
on disorder models:
[CuII](2-O,N-OArNO) (3):
One highly disordered pentane solvent molecule per asymmetric unit was removed from
the model by the ‘squeeze’ routine in PLATON. The number of electrons removed is in
good agreement with the expected number of electrons for pentane.
[CuII]( 2-O,O’-3,5-di-tert-butyl-o-semiquinone) (4):
One of the 2,6-dichlorophenyl moieties is disordered over two orientations. The like ClC, N-C, and C-C distances were restrained to be similar. There is also a partially
occupied, disordered pentane solvent molecule present in the lattice. The solvent is
disordered across a symmetry site and the C-C distances have been restrained to be 1.50
Å. The atoms of the solvent molecule were also restrained to behave relatively isotropic.
Similar displacement amplitudes (esd 0.01) were imposed on disordered sites overlapping
by less than the sum of van der Waals radii.
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Figure S37. Molecular structure of [Me2NNF6]Cu(2-O2N) (1a) (CCDC 1875639).
Thermal ellipsoid plots are shown at 50% probability level and hydrogen atoms are
omitted for clarity. Selected bond distances (Å) and angles (deg): Cu1-N1 1.8987(17),
Cu1-N2 1.9021(18), Cu1-O1 2.0127(19), Cu1-O2 2.0103(18), N3-O1 1.252(3), N3-O2
1.256(3), O1-Cu1-O2 61.51(7), O1-N3-O2 110.2(2).
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Figure S38. Molecular structure of [CuII](2-O,N-OArNO) (3) (CCDC 1875640).
Thermal ellipsoid plots are shown at 50% probability level and hydrogen atoms are
omitted for clarity. Selected bond distances (Å) and angles (deg): Cu1-N1 1.9475(17),
Cu1-N2 1.9548(16), Cu1-O1 1.9495(13), Cu1-N3 1.9847(17), N3-O2 1.252(2), N3-C19
1.365(2), O1-C18 1.289(2), O1-Cu1-N3 82.23(6), Cu1-N3-C19 112.77(13), Cu1-N3-O2
127.14(12), Cu1-O1-C18 112.68(12).
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Figure S39. Molecular structure of [CuII](2-O,O’-3,5-di-tert-butyl-o-semiquinone) (4)
(CCDC 1875641). Thermal ellipsoid plots are shown at 50% probability level and
hydrogen atoms are omitted for clarity. Only the major component of disordered sites is
shown. Selected bond distances (Å) and angles (deg): Cu1-N1 1.9361(13), Cu1-N2
1.9323(12), Cu1-O1 1.9527(10), Cu1-O2 1.9330(11), O2-C19 1.2847(16), O1-C18
1.2859(17), O1-Cu1-O2 83.01(4).
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Figure S40. Molecular structure of [CuI](2-PMC-2H) (8) (CCDC 1940314). Thermal
ellipsoid plots are shown at 50% probability level and hydrogen atoms are omitted for
clarity. Selected bond distances (Å) and angles (deg): Cu1-N1 1.935(2), Cu1-N2
1.935(3), Cu1-C26 2.070(3), Cu1-C31 1.983(3), C26-C31 1.385(5), C18-O1 1.247(4),
N1-Cu1-N2 99.76(11), C26-Cu1-C31 39.90(13).
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Figure S41. Molecular structure of [CuI]2(-2:1-PMC-2H)[CuI] (9) (CCDC 1940313).
Thermal ellipsoid plots are shown at 50% probability level and hydrogen atoms are
omitted for clarity. Selected bond distances (Å) and angles (deg): Cu1-N1 1.920(4), Cu1N2 1.912(4), Cu1-C26 2.088(5), Cu1-C31 1.968(5), C26-C31 1.387(7), C18-O1
1.238(6), Cu2-O1 1.887(3), Cu2-N3 1.903(4), Cu2-N4 1.980(4), N1-Cu1-N2 99.64(18),
N3-Cu2-N4 98.31(17), C26-Cu1-C31 39.85(19), Cu2-O1-C18 139.3(4).
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