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A B S T R A C T

Copper containing compounds catalyze decomposition of S-Nitrosoglutathione (GSNO) in the presence of glu-
tathione (GSH) yielding glutathione disulfide (GSSG) and nitric oxide (NO). Extended NO generation from an
endogenous source is medically desirable to achieve vasodilation, reduction in biofilms on medical devices, and
antibacterial activity. Homogeneous and heterogeneous copper species catalyze release of NO from endogenous
GSNO. One heterogeneous catalyst used for GSNO decomposition in blood plasma is the metal-organic frame-
work (MOF), H3[(Cu4Cl)3-(BTTri)8, H3BTTri= 1,3,5-tris(1H-1,2,3-triazol-5-yl) benzene] (CuBTTri).
Fundamental questions about these systems remain unanswered, despite their use in biomedical applications, in
part because no method previously existed for simultaneous tracking of [GSNO], [GSH], and [GSSG] in water.
Tracking these reactions in water is a necessary step towards study in biological media (blood is approximately
80% water) where NO release systems must operate. Even the balanced stoichiometry remains unknown for
copper-ion and CuBTTri catalyzed GSNO decomposition. Herein, we report a direct 1H NMR method which:
simultaneously monitors [GSNO], [GSH], and [GSSG] in water; provides the experimentally determined stoi-
chiometry for copper-ion vs CuBTTri catalyzed GSNO decomposition; reveals that the CuBTTri-catalyzed reac-
tion reaches 10% GSNO decomposition (16 h) without added GSH, yet the copper-ion catalyzed reaction reaches
100% GSNO decomposition (16 h) without added GSH; and shows 100% GSNO decomposition upon addition of
stoichiometric GSH to the CuBTTri catalyzed reaction. These observations provide evidence that copper-ion and
CuBTTri catalyzed GSNO decomposition in water operate through different reaction mechanisms, the details of
which can now be probed by 1H NMR kinetics and other needed studies.

1. Introduction

Generation of NO carries great importance in medicine as NO is a
vital signaling molecule in the human nervous [2,3], immune [4,5], and
cardiovascular systems [6,7], as well as an effective antibacterial agent
[8,9]. S-Nitrosothiols (RSNOs) [1] such as S-Nitrosoglutathione (GSNO)
have attracted attention as endogenous sources of NO, GSNO being of
particular importance due to its presence in human blood [10,11]. One
equivalent of NO is known to form per equivalent of GSNO decomposed
along with disulfide (RSSR) formation [12,13]. Long-term NO genera-
tion for biomedical applications is desirable [14,15] and can be

achieved by pairing an endogenous NO source such as GSNO with a
catalyst that induces GSNO decomposition in water rather than organic
solvents where RSNO decompositions have been studied. For example,
the study of homogeneous copper model complexes in organic solvents
such as dichloromethane [21] and toluene [24] have appeared. Re-
levant here is that water is an important solvent for RSNO studies given
that blood is ca. 80% water, and blood is where NO release is important
for applications under development [16].

Copper-containing compounds are an important family of RSNO
decomposition catalysts. Solvated Cu2+ is the most commonly studied
copper ion pre-catalyst for RSNO conversion [17]. Reduction of Cu2+ to
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Cu+ is hypothesized as a necessary step in the reaction mechanism
[18]. Thiols (RSH) have been used as reducing agents at sub stoichio-
metric concentrations to initiate the catalytic cycle and increase the
rate of copper ion catalyzed RSNO decomposition [19]. Thiols are
thought to play a dual role in these systems, as reducing agents to
generate Cu+, and as complexing agents for Cu2+ [19,20]. Interest-
ingly, stoichiometric levels of RSH have been observed to halt copper-
ion catalyzed RSNO decomposition, perhaps because of Cu2+ com-
plexation by the corresponding thiolate (RS−) [19,20]. While extensive
work done on copper-ion catalyzed RSNO conversion to NO has re-
sulted in valuable insights [18–24], even just the complete, balanced
reaction stoichiometry for copper-ion catalyzed RSNO decomposition
has not been experimentally determined, neither in the presence nor
absence of added RSH. Of course, determination of the true reaction
stoichiometry under the actual reaction conditions is the necessary
starting point for any rigorous mechanistic study because the proposed
mechanistic steps must, in turn, sum to the experimentally determined
reaction stoichiometry. Without the true stoichiometry, one runs the
risk of reporting the “mechanism” for a different reaction than is ac-
tually being investigated.

Due to the potentially toxic nature of freely diffusing copper ions in
vitro, incorporation of copper ions into a solid support material for
biomedical applications is desired [25–28]. Copper containing metal-
organic frameworks (MOFs) are a class of porous solid materials con-
taining organic linkers and copper cations that have been used to cat-
alyze NO release from RSNO precursors [12,13]. The two copper based
MOFs previously used in this regard are copper (II) benzene-1,3,5-tri-
carboxylate (Cu-BTC), and H3[(Cu4Cl)3-(BTTri)8, H3BTTri= 1,3,5-tris
(1H-1,2,3-triazol-5-yl) benzene] (CuBTTri), Fig. 1. Of these two,
CuBTTri is attractive for incorporation into biomedical devices such as
stents, catheters, and extracorporeal circuitry [29] because of its hy-
drothermal stability, its ability to catalyze GSNO decomposition in
aqueous solutions [13,26], and because CuBTTri materials are compa-
tible with human hepatocytes [30].

Important prior work is available testing CuBTTri as a catalyst
material for endogenous NO generation [13,16,30]. Although CuBTTri

catalyzed decomposition of GSNO is known to produce NO, the for-
mation of glutathione disulfide (GSSG) has not yet been experimentally
confirmed—nor has the complete reaction stoichiometry been experi-
mentally determined for any copper MOF system. Additionally, the
effect(s) and fate of added glutathione (GSH) in the CuBTTri MOF-
catalyzed NO release reaction have not been explored, an important
point given the apparent importance of thiols to the copper-ion system.

The reason these basic pieces of information about copper MOF
systems and their NOR release catalysis are missing is because no
method enabling the simultaneous, direct monitoring of [GSNO], [GSH],
and [GSSG] in water has been reported [31]. The previously proposed
stoichiometry [13–15,23–27] for both systems, Scheme 1, is widely
accepted, but has actually never been experimentally verified. RSNO de-
composition catalyzed by solvated copper ions and CuBTTri have been
traditionally studied via either ultraviolet-visible (UV-VIS) spectro-
scopy (via the intensity of a peak at 335 nm caused by a π→π⁎ tran-
sition in the SeN bond of the RSNO) or nitric oxide analyzers (NOAs)
[12,13] to track NO release [32,33]. NOA experiments use chemilu-
minescence to quantify the amount of gaseous NO generated [34].
NOAs and UV–visible monitor only the concentration of one chemical
species in the complex reaction mixture and hence, are unable to de-
termine the true, balanced reaction stoichiometry. Specifically, the
amount of GSSG formed per amount of GSNO decomposed has never
been previously determined in either the CuBTTri or the copper-ion
system—and we demonstrate herein that the prior, assumed stoichio-
metry in Scheme 1 is not precisely correct. This in turn means that the
prior mechanistic details for RSNO conversion to NO and the other
products of the reaction cannot be exactly correct.

Herein, we report that solvent-suppressed 1H nuclear magnetic re-
sonance (1H NMR) spectroscopy provides the needed ability to monitor
GSNO decomposition catalyzed by either copper ion or CuBTTri in the
blood-and hence biomedical applications-relevant solvent, water.
Direct, simultaneous, and reliable quantification of [GSNO], [GSH], and
[GSSG] in water is reported for the first time. Hydrogen bonding of
RSNOs to water may, for example, account for part of RSNO in vivo
stability [35,36]. We also compare copper-ion vs CuBTTri catalyzed
release of NO from GSNO, an important [37] comparison by our direct
1H NMR methodology given that copper ions are currently the most
efficient copper pre-catalyst for NO release from GSNO [12,13,28].

2. Materials and methods

2.1. Reagents

Diethylamine (99%), trimethylsilylacetylene (98%), trimethylsily-
lazide (94%), and 1,3,5-tribromobenzene (98%) were purchased from
Alfa Aesar (Ward Hill, MA, USA). Glutathione (98%) was purchased
from VWR (Radnor, PA, USA). Sodium nitrite (99.5%), oxidized glu-
tathione (98%), copper (I) iodide (99.5%), bis(triphenylphosphine)
palladium(II) dichloride (99%), and dichloromethane (99%) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). HCl (1 N), me-
thanol (99%), and sodium hydroxide (98.9%) were purchased from
Fisher Scientific (Hampton, NH, USA). Dimethylformamide (99%) and
copper (II) chloride dihydrate (99%) were purchased from EMD
Chemicals (Gibbstown, NJ, USA). Ultrahigh purity nitrogen gas was

Fig. 1. One plausible CuBTTri subunit structure [42]. Shown are carbon
(black), nitrogen (blue), chlorine (green), and copper (red). The open channels
formed in CuBTTri may allow for diffusion of GSNO substrate into MOF pores
via the largest, central channel. Open copper sites both at the surface and inside
the CuBTTri pores are the plausible, expected active sites for GSNO binding and
catalysis for NO release (specific coordination environments shown in Fig. S22).

Scheme 1. Literature [13–15,24–27] idealized stoichiometry for copper cata-
lyzed decomposition of GSNO.
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supplied by Airgas (Denver, CO, USA). Deionized water (18.2MΩ·cm)
was obtained from a Millipore Direct-Q water purification system (EMD
Millipore, Billerica, MA, USA). All materials were used as received
without any further purification.

2.2. Water suppression 1H NMR methodology

All NMR experiments were performed using an Agilent Inova 500
equipped with a 5mm pulsed-field-gradient HCN probe. Samples were
prepared in septa-capped Wilmad 528-PP 500MHz tubes under inert
conditions (N2). For this, 0.5mL of reaction supernatant was added into
an NMR tube containing 0.1 mL of 20mM NaH2PO4 buffered D2O and
mixed by hand, followed by 2 s of sonication to remove any air bubbles.
Samples were kept dark, air-free, and analyzed as soon as possible.
NMR experiments were run using PRESAT with PURGE solvent signal
suppression available in VnmrJ version-4.2 [50]. The system was buf-
fered with NaH2PO4 to a pH of 4 due to the sensitivity of the com-
pounds of interest (GSNO, GSH, GSSG) to the pH of the solvent. 512
transients were acquired for all samples, which took 35min to com-
plete. A 2 s square presat with a bandwidth of 100 Hz on resonance at
4.67 ppm (water) was used, followed by the PURGE crusher sequence
and a pi/2 excitation pulse of 5.7 μs. Acquisition time was 2 s, so with
the PRESAT delay the total time between transients was about 4 s.

2.3. GSNO synthesis

GSNO was prepared following an established literature protocol
[51]. In brief: a solution of glutathione (1.53 g, 4.99mmol) was pre-
pared in Millipore filtered water (8mL) containing 2M HCl (2.5mL).
One equivalent of sodium nitrite (0.345 g, 4.99mmol) was added and
the resulting mixture was stirred for 40min at 5 °C. Acetone (10mL)
was added to the resulting red solution and the mixture was stirred for
another 10min. The red precipitate was collected via vacuum filtration
and washed with ice-cold water (5× 5mL) and ice-cold acetone
(3× 10mL). The precipitate was then dried on a high vacuum line for
4 h to afford S-Nitrosoglutathione (1.31 g, 3.86mmol, 77%) (λmax)
(H2O) 335, 550 nm (ɛ=922, 15.9 cm−1mM−1). The GSNO sample
used herein was determined to be 97 ± 2% pure (Table S4 and Fig.
S5). This will prove important because even a 3 ± 2% GSH impurity
from GSNO is potentially capable of initiating copper catalyzed NO
release from GSNO.

2.4. H3BTTri ligand synthesis

The H3BTTri ligand was prepared following an established literature
protocol [42]. In brief: solid 1,3,5-tribromobenzene (9.45 g, 30.0 mmol)
was dissolved in diethylamine (250mL) under inert conditions (N2).
Copper(I) iodide (50mg, 0.26mmol) and dichlorobis(triphenylpho-
sphine)palladium(II) (400mg, 0.57mmol) were added to the stirred
solution. Trimethylsilylacetylene (10.6 g, 108. mmol) was added to the
solution and the resulting mixture was heated at 50 °C for 6 h. Resulting
diethylamine hydrobromide was removed by filtration and washed with
ether (45mL). Combined washings were evaporated to dryness in vacuo
and the resulting product purified by a silica plug to yield 9.61 g (78%)
1,3,5-tris(trimethylsilylethynyl)benzene as an intermediate. 1H NMR
(400MHz, CDCl3): δ=7.43 (s), 0.23 (s) ppm.

The 1,3,5-tris(trimethylsilylethynyl)benzene intermediate (9.61 g,
26.3 mmol) was hydrolyzed by treatment with NaOH(aq) (30mL, 1M),
CH2Cl2 (20mL), and methanol (50mL) via stirring at room temperature
for 3 h. Work-up involving the evaporation of methanol, ether extrac-
tion of the residue, and evaporation of the solvent in vacuo yielded
2.68 g of white powder containing 1,3,5-triethynylbenzene. 1H NMR
(400MHz, CDCl3): δ=7.51 (s), 3.12 (s) ppm.

Trimethylsilylazide (9.26 g, 80.4 mmol) was added to a solution of
copper(I) iodide (510mg, 2.63mmol) and 1,3,5-triethynylbenzene
(2.68 g, 17.8 mmol) under inert conditions in a mixture of

dimethylformamide (DMF; 90mL) and methanol (10mL). The resulting
mixture was stirred at 100 °C for 36 h. The mixture was then filtered
and reduced to a volume of 10mL via rotary evaporation. A pale-yellow
precipitate was formed upon the addition of Millipore filtered water
(30mL) to the resulting filtrate. The solid was collected by filtration,
washed with ether and dried in vacuo to yield 4.1 g (83%) of the pro-
duct. 1H NMR (400MHz, (CD3)2SO): δ=8.52 (s), 8.34 (s) ppm.

2.5. CuBTTri choice and synthesis

Choosing a MOF catalyst required careful consideration, as many
MOF species are not stable in water or biological media [39–41].
Hence, CuBTTri was used based on prior evidence that the MOF is
stable in both water and biological media [30,42]. CuBTTri was syn-
thesized following a previously reported procedure [42]. A solution of
H3BTTri (225mg, 0.937mmol) in DMF (40mL) was prepared in a
250mL Pyrex bottle CuCl2·2H2O (383mg, 2.25mmol) was added to the
solution. The vial was heated at 100 °C for 72 h to afford
H3[(Cu4Cl)3(BTTri)8(DMF)12]·7DMF·76H2O. The purple powder was
washed with boiling DMF (10× 10mL) and allowed to dry under
ambient conditions to yield 218mg (76%) of product. Solvent exchange
via Soxhlet was performed using Millipore filtered water to yield
H3[(Cu4Cl)3(BTTri)8(DMF)12]·72H2O.

2.6. Reaction setup

All reactions described herein were carried out under inert, N2 gas,
atmosphere, unless otherwise noted. GSNO and GSH solutions were
prepared from Millipore H2O and solid GSNO or GSH powder under
inert conditions (N2) in a 200mL round bottom flask. CuBTTri was
weighed into a multi neck 100mL round-bottomed flask and oven dried
overnight at 110 °C. Following drying, the flask containing CuBTTri was
placed under vacuum for 1 h on a Schlenk line and backfilled with N2
(g) prior to reaction. GSNO and GSH solutions were then injected into
the reaction flasks containing dry CuBTTri. Vigorous bubbling in the
solution was established. Reaction flasks were wrapped in aluminum
foil to prevent exposure to light and reactions proceeded for a pre-
determined time. To quench the reaction once the reaction time had
been reached, the exit needle was removed to stop bubbling and the
supernatant was carefully decanted via a syringe, leaving the MOF
particles in the flask. The quenched reaction solution was then kept cool
and dark in a Cu-free glass vial under inert conditions (N2) or added
directly to an NMR tube. The 1H NMR sample was prepared in a septa
capped sample tube under inert conditions (N2) by injecting 0.5mL of
reaction supernatant into the NMR tube along with 0.1mL of 20mM
NaH2PO4 buffered D2O. An identical procedure as described was car-
ried out for the reaction between GSNO and CuCl2. No unanticipated
safety hazards were encountered over the course of all experiments. All
reactions reported in the Results and discussion section of this work
were performed in triplicate to obtain an average and standard devia-
tion.

2.7. 1H NMR

All free induction decay (FID) spectra were processed using
MestraNova® software to examine peak intensities and integration va-
lues. Data analysis and calculations were performed using Microsoft
Excel®.

2.8. Nitric oxide analyzer (NOA) detection of NO

Control experiments were performed for both the copper-ion and
CuBTTri catalysis systems to confirm that the previously observed re-
lease of 1mol NO/mol GSNO [12,13] does in fact occur and is detect-
able in our hands for both catalyst systems. The details and results are
provided in Figs. S18–S21 of the Supporting information. These
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reactions were performed under identical conditions to those described
above in the Reaction setup subsection of the Materials and methods
section (vide supra).

3. Results and discussion

3.1. 1H NMR of the individual reaction components

Despite their structural similarities, each individual reaction com-
ponent, GSNO, GSH, and GSSG, proved to contain distinguishable 1H
NMR signals, in 20mM NaH2PO4 buffered 90% H2O 10% D2O, Fig. 2.
Specifically, GSSG displays two doublets of doublets at 3.15–3.19 ppm
and 2.84–2.89 ppm identified as the protons on the carbon adjacent to
the sulfur groups. GSH displays a multiplet at 4.40–4.48 ppm associated
with the CeH two carbons away from the sulfur group and a multiplet
at 2.80–2.88 ppm attributed to the protons adjacent to the sulfur group.
The two protons on the carbon adjacent to the sulfur group in GSNO
appear as two distinctly broad peaks at 4.00–4.03 ppm and
3.85–3.89 ppm. All individual peaks that were used for determining the
concentration of reaction components are identified with boxes in
Fig. 2.

Initial attempts to determine reaction species concentration used
benzene as an internal quantitative standard, but the significant dif-
ference in longitudinal relaxation time, T1, among various reaction
components and benzene protons afforded a large error under the
conditions necessary for data acquisition. In response, efforts were di-
rected to quantify the individual reaction components in solution di-
rectly by developing an absolute calibration curve based on known
concentrations of authentic GSNO, GSH, and GSSG. The intensity of the
signals used to quantify GSNO and GSH were affected by the solvent
suppression method due to their proximity to the water peak. However,
the magnitude of this effect was stable and consistent from experiment-
to-experiment over a concentration range from 500 μM to 3mM. Hence,
the necessary calibration curves were generated using 4 different

concentrations for each component (500 μM, 1mM, 2mM, and 3mM).
A calibration curve was constructed whereby the intensity of the
highest peak within the boxed regions shown in Fig. 2 was plotted on
the y-axis and concentration plotted on the x-axis (Figs. S8–S10). A
linear fit was applied yielding the following equations where y is signal
intensity and x is species concentration (in mmol/L), all fits having R2

values > 0.99:

=y x[GSNO]: 28.4 2.05 (1a)

=y x[GSH]: 138 17.5 (1b)

= +y x[GSSG]: 368 223 (1c)

Buffering the system with NaH2PO4 for NMR analysis was critical to
prevent peak broadening and unwanted competing reaction pathways
that could arise from minor differences in pH. DMSO was also examined
as a possible solvent, but proved inferior to water as it either prevented
any decomposition or yielded unwanted oxidization of GSH to GSSG
[38]. In short, a direct method has been developed that allows the
quantitative analysis of the reactions of CuBTTri and Cu2+ with the
biologically relevant GSNO, all in water as a preferred solvent, and
which can simultaneously detect each of the reactions' starting material
and products (other than NO, which is detected separately, vide infra)
GSNO, GSH, and GSSG.

3.2. Cu2+ pre-catalyst GSNO decomposition, first without added GSH

With a reliable, quantitative 1H NMR technique to monitor [GSNO],
[GSH], and [GSSG], the ostensibly simplest, solvated copper-ion cata-
lyzed decomposition of GSNO was investigated first, under N2 (g). Entry
2 in Table 1 summarizes the results of the reaction between GSNO
(1mM) and Cu2+ (0.2 mM) in water over 16 h with no added GSH.
Complete decomposition of GSNO was observed within 16 h, as shown
in Fig. 3. The only detectable products by 1H NMR from the conversion
of GSNO are GSSG and what matches a GSSG-Cu2+ chelate complex

Fig. 2. Structures and diagnostic peaks used for 1H NMR analysis of GSSG (blue, top), GSH (green, middle), and GSNO (red, bottom) in 0.5mL H2O and 0.1mL
20mM NaH2PO4 buffered D2O.
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(also previously reported in the literature by Noble et al., Kenche et al.,
and Gorren et al. [20,43,44]), shown in boxes in Fig. 3, right and left,
respectively.

The amount of GSSG formed was quantified using the previously
described calibration curves, while the concentration of the chelate
complex was determined via the relative peak integrations between the
GSSG signal and the GSSG-Cu2+ complex signal. Together, these two
concentrations sum to [GSSG]Total, which in turn is equal to half of the
initial [GSNO] within experimental error, as expected based on mass
balance. The chelate complex exhibits the same splitting pattern as
GSSG, with shifts further downfield (3.40–3.58 ppm) upon chelation of
GSSG to Cu2+ ions, Fig. 3. Furthermore, formation of a GSSG-Cu2+

chelate complex is supported by the observation that as the initial
[Cu2+] is increased, the relative concentration of the chelate complex
increases rather than GSSG, as shown by the red trace in Fig. 3. The net
reaction stoichiometry is shown in Scheme 2:

Of note here is that the 1H NMR demonstrated stoichiometry in
Scheme 2 deviates from the previously hypothesized, idealized stoi-
chiometry, Scheme 1, in that 25% of the “RS%” by-product of NO release
from GSNO winds up as GSSG-Cu2+, that is, GSSG bound to Cu2+.
Overall, the observed reaction stoichiometry in Scheme 2 is the first
time the amount of GSSG and GSSG-Cu2+ formed have been quantified

for copper-ion catalyzed GSNO decomposition towards release of NO.

3.3. Cu2+ pre-catalyst GSNO release of NO, with added GSH

The GSNO sample used herein is determined to be 97 ± 2% pure
by UV-VIS spectroscopy (Table S4, Fig. S5). However, the literature
suggests [20] that small (< 5%) impurity of GSH present in all GSNO
samples (leftover from the synthesis) could be sufficient to initiate the
reaction via reduction of Cu2+ to Cu+ [20]. Hence, this small GSH
impurity could be critical to NO release catalysis, at least for the case of
Cu2+.

To probe the possible importance of GSH on the reaction, NO re-
lease from GSNO under Cu2+ pre-catalyst conditions was probed with
0.04 and then 1.0 equivalents of added GSH per equivalent of GSNO.
The results are given in Table 1 entries 3 and 4, and Schemes 3 and 4. A
control showing no GSNO conversion over 16 h if Cu2+ is omitted (and
with 0.04 equivalents GSH added) is summarized in Entry 1 of Table 1
and the resulting 1H NMR is shown in Fig. S13. The addition of sub-
stoichiometric levels of GSH (1:5 ratio of [GSH]:[Cu2+]) did not pre-
vent the reaction from reaching completion within 16 h (Entry 3,
Table 1), in agreement with previous reports [19,20]. The only pro-
ducts detectable by 1H NMR are GSSG and the GSSG-Cu2+ chelate
complex, as shown in Fig. 4. The total concentration of GSSG containing
species is equal to half of the initial [GSNO] within experimental error,
as summarized in the stoichiometry reported in Scheme 3.

On the other hand, the introduction of stoichiometric GSH (vs the
amount of GSNO) to the reaction system, resulting in a 5:1 ratio of
[GSH]:[Cu2+], led to an incomplete reaction after 16 h (Fig. S16).
Excess GSH has previously been reported to halt GSNO decomposition,
potentially via competitive complexation of Cu2+ and/or Cu+ ions by
the carboxylate or thiolate of GSH, rendering the ions inactive for GSNO
decomposition, Table 1, Entry 4 (Scheme 4) [18–20,43,45]. NOA ex-
periments carried out under these same conditions also show an in-
complete reaction (Fig. S20). Our direct 1H NMR- determined results on
Cu2+ catalysis at various [GSH] are, then, fully consistent with the
prior literature in that sub-stoichiometric (0.04mM) levels of GSH do
not poison Cu2+ catalysis while stoichiometric (1mM) levels do
[18–24].

3.4. CuBTTri pre-catalyst GSNO to NO conversion catalysis, first without
added GSH

Next, the CuBTTri catalyzed release of NO from GSNO was ex-
amined by 1H NMR, first with no added GSH. All experiments were
carried out with a 2:1 ratio of GSNO-to-copper centers in the MOF.
Reaction supernatant and MOF samples used for the experiments were

Table 1
Concentration values (expressed in mmol/L) for reactants and products in the Cu2+ catalyzed system initially at 0 h and then after 16 h. All values at 16 h represent
the average of three trials with standard deviation.

Entry Initial conditions, T= 0 h T=16 h

[GSH]Added [GSNO] [Cu2+] [NO] [GSH] [GSNO] [GSSG]Total [NO] (Figs. S18, S20, S21) % GSNO decomposition

1 0.04 1.0 0 0 N/A 1.0 ± 0.01 0 ± 0.05 0 0
2 0 1.0 0.2 0 N/A 0 0.5 ± 0.1 1.0 ± 0.1 100
3 0.04 1.0 1.0 0 N/A 0 0.4 ± 0.1 1.0 ± 0.1 100
4 1.0 1.0 0.2 0 1.0 0.75 ± 0.1 0.2 ± 0.1 0.25 ± 0.1 25

Fig. 3. Top, blue: GSSG (2mM) in H2O. Decomposition of GSNO (1mM) with
Cu2+ (0.2 mM, middle, green) (1mM, bottom, red) in H2O over 16 h. * in-
dicates a GSSG-Cu2+ complex.

Scheme 2. Reaction stoichiometry for Cu2+ (0.2mM) catalyzed release of NO
from GSNO (1mM) without added GSH.

Scheme 3. Observed stoichiometry for Cu2+ (0.2 mM) catalyzed release of NO
from GSNO (1mM) with added sub stoichiometric GSH (0.04mM).
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saved to test for framework stability over the course of the reaction.
Fig. 5 depicts a 1H NMR spectrum of the reaction between CuBTTri

and GSNO (2mM) in water taken at 16 h where the boxed peaks cor-
respond to the unreacted GSNO on the left and GSSG product on the
right. Entry 1 in Table 2 summarizes the results of the reaction after
16 h: the system did not reach completion, and instead resulted in only
10% GSNO decomposition. The resulting GSNO conversion stoichio-
metry is shown in Scheme 5.

Clearly the low level of GSH inherently present in the GSNO samples
is insufficient to activate CuBTTri for complete GSNO decomposition.
This result is quite different than the reactions with Cu2+ ions, that
went to 100% completion under analogous conditions (vide supra).
Given the literature hypothesis [18] that Cu+ is necessary for copper-
ion catalyzed GSNO decomposition, it seemed prudent to introduce
additional GSH in an attempt to activate the MOF pre-catalyst for GSNO
decomposition, so those experiments were performed next.

3.5. CuBTTri catalyzed GSNO to NO conversion, with added GSH

The next system examined was a CuBTTri catalyzed reaction in
which a stoichiometric equivalent of GSH (2mM) was added to a re-
action mixture containing GSNO (2mM) and CuBTTri in water, then
examined after 16 h. Complete GSNO decomposition is observed within
16 h and GSSG is the only product detectable by 1H NMR, Fig. 6. One
equivalent of GSSG is formed per 2 equivalents of GSNO decomposed.

The resultant stoichiometry is reported in Scheme 6, and the overall
tabulated results are provided in Entry 2 of Table 2.

Of considerable interest in the CuBTTri catalyzed reaction, and vs its
Cu2+ ion counterpart, is that complete GSNO decomposition is observed
even in the presence of stoichiometric GSH over 16 h. That is, unlike
copper ions, the active sites in CuBTTri are not deactivated by the in-
troduction of stoichiometric GSH. Moreover, the requirement for GSH is
sub stoichiometric in the CuBTTri system, only 15% of the added
1.0 equivalent (0.3 equivalents in Scheme 6 vs 2 GSNO) being con-
sumed at the end of the full GSNO conversion and NO release reaction.
Leftover GSH is shown in Fig. 6 in the left-most box. A control ex-
periment with no CuBTTri present was performed to ensure that ob-
served reactivity was not solely induced by GSH [46,47]. No reaction
within experimental error between GSNO (2mM) and GSH (2mM) over
14 h is observed in the absence of CuBTTri (Fig. S14) supporting the
hypothesis that CuBTTri is a necessary pre-catalyst, along with the GSH.

The sub-stoichiometric GSH requirement again looks to be involved
in the activation of the Cu catalyst (in this case CuBTTri), since entry 1
of Table 2 shows only 10% reaction in the absence of added GSH. In-
deed, one hypothesis is that the 0.3 GSH is activating (reducing, hence
“titrating”) a 0.3 fraction of Cu sites in the CuBTTri pre-catalyst (Fig. 1,
vide supra). Scheme 6 is written to reflect this hypothesis, specifically
presently as “[(0.3GSH)-CuBTTri]” which is meant to convey only the
net composition of this complex. Further studies on the number and
type of active sites in the CuBTTri are warranted and in progress. Note
also, once again, that the true stoichiometry in Scheme 6—and by ne-
cessity the underlying reactions that add up to this stoichiometry and,
hence, the overall mechanism—are different than the prior literature's
stoichiometry for RSNO conversion, Scheme 1 (vide supra). Once again,
the value of the presented direct 1H NMR monitoring method for RSNO
conversion in water is apparent.

3.6. Evidence against copper-ion leaching from CuBTTri

Tests were performed to determine if copper ions were leaching
from the CuBTTri under the reaction conditions. Specifically, in-
ductively coupled plasma atomic emission spectroscopy (ICP-AES)
analysis of the reaction supernatant after 16 h indicated that< 1% of
the total copper from the MOF was in solution (Table S7). The lack of
≥1% copper in solution (≤~10−6M Cu2+) argues compellingly
against GSNO conversion being catalyzed by Cu2+ ions released from
the MOF. First, the [GSH]:[Cu2+] ratio would be approximately 1000:1
and we have shown herein that even a 1:1 ratio poisons copper-ion
catalysis, results consistent with the finding of others [19]. Further-
more, no GSSG-Cu2+ complex is observed for incomplete or completed
CuBTTri reactions (Figs. 5 and 6), further discrediting significant
leaching of copper atoms from the framework. The MOF also retains
crystallinity over the course of the reaction as verified by powder X-ray
diffraction (pXRD) data (Fig. S17). In short, the “leached Cu2+ is the
catalyst” hypothesis for the CuBTTri MOF is disproven (consistent with
previous studies reported by our group) [12,13].

4. Conclusions

The following are the key findings of the present studies:

(1) 1H NMR with solvent suppression proves to be a valuable, direct
technique to track copper catalyzed release of NO from bio-avail-
able GSNO in water, thereby making the results herein relevant at
least in principle to other, aqueous-based systems such as blood
with its ~80% water content.

(2) The 1H NMR method allows each of [GSNO], [GSH], and [GSSG] to
be monitored simultaneously and directly by their differentiable 1H
NMR signals. This tracking in turn led to four balanced reaction
stoichiometries not previously available, those for GSNO conver-
sion with Cu2+ or CuBTTri pre-catalysts, each with and without

Scheme 4. Observed, incomplete reaction between Cu2+ (0.2 mM) and GSNO
(1mM) with added stoichiometric GSH (1mM).

Fig. 4. GSNO (1mM) reaction in the presence of Cu2+ ions (0.2mM) and GSH
(0.04mM) in H2O after 16 h.

Fig. 5. GSNO (2mM) conversion after 16 h in the presence of CuBTTri in H2O
at a ratio of 2:1mol GSNO:mol Cu atoms in the MOF sample.
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added GSH from sub-stoichiometric to stoichiometric levels,
Schemes 2, 3, 5, and 6.

(3) Importantly, in 3 cases those reaction stoichiometries—and, hence,
the underlying mechanism adding up to those net reactions—are
distinct vs the literature's assumed, idealized stoichiometry, Scheme
1. The formation and quantification of GSSG-Cu2+, and what we
write compositionally as [(0.3GSH)-CuBTTri], are the primary dif-
ferences vs what one finds in the literature.

(4) Significantly, copper-ion and CuBTTri catalyzed systems show key
differences in reactivity towards the amount of GSH present in-
itially: sub-stoichiometric levels of GSH are sufficient for 100%
GSNO conversion by copper ions (Table 1, entries 2 and 3), but
allow only 10% conversion of GSNO using CuBTTri (Table 2, entry
1). In stark contrast, when 1.0 equivalent of GSH is added only 25%
GSNO conversion is seen using Cu2+ (Table 1, entry 4) while 100%
GSNO conversion to NO is achieved by CuBTTri (Table 2, entry 2).
The results between the two pre-catalysts are essentially completely
flipped by the absence or presence of more than trace GSH. These
observations support computational studies by Kumar et al. sug-
gesting that RSH species can interact with coordinatively un-
saturated copper centers in MOFs to activate them for RSNO de-
composition [48,49].

(5) Critically, taken together, the above findings lead to the inescapable
conclusion that the copper-ion and CuBTTri catalyzed reactions
must be operating through different mechanistic pathways. The Cu2+

precatalyst operates at a greater catalytic rate, the CuBTTri and
Cu2+ exhibit inverse responses to the addition of stoichiometric and
sub-stoichiometric GSH, and the reaction products of the two sys-
tems differ. Further investigation into why and how those me-
chanisms differ is a goal of our ongoing studies.

(6) Lastly, with the 1H NMR methodology developed herein, kinetic
and mechanistic studies of copper catalyzed GSNO release of NO
become possible and can be based on a direct method. The com-
parison of the Cu2+ and CuBTTri based pathways promises to be an
interesting comparison. Determining the number and type of active
sites in the CuBTTri system is another important goal, with efforts
in progress. Finally, application of the 1H NMR method to reactions
carried out in blood/biological milieu is another important future
goal, one made eventually possible by the present study in water
emphasizing the bio-available substrate, GSNO, and its complete
reaction products upon the desired release of NO for medically
important applications.
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