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ABSTRACT: Evidence is provided for a previously unknown
proton-coupled electron transfer (PCET) mechanism for nitric
oxide (NO) release from endogenous S-Nitrosoglutathione
(GSNO) catalyzed by the metal—organic framework (MOF)
H,[(Cu,Cl);(BTTri)s] (CuBTTri) in the presence of glutathione
(GSH). The balanced reaction stoichiometry, active site character-
ization, and the experimental rate law are used to systematically
disprove competing mechanistic hypotheses, leading unexpectedly
to PCET as the proposed basic mechanism. The PCET
mechanism contrasts traditionally proposed, either formally Cu"
to Cu' redox or other formally Cu" Lewis acid mechanisms for NO
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generation by other Cu-based catalysts. The proposed PCET mechanism sets the stage for mechanistically guided syntheses of
improved Cu-MOF catalysts for GSNO to NO conversion and for computational investigations on the CuBTTri/GSNO/GSH/NO
system as further tests of the well-defined structure of CuBTTri, structures of hypothesized reaction intermediates, and specific
questions and hypotheses generated by the proposed PCET mechanism.
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Bl INTRODUCTION

CuBTTri: A MOF Catalyst for Biomedically Important
Nitric Oxide Generation from Endogenous Sources. The
catalytic generation of nitric oxide (NO) from endogenous
sources such as S-Nitrosothiols (RSNO) by solid-state copper-
based materials is important for implanted medical device
applications.' > Generating NO in vivo stimulates vasodilation
for improved blood flow at medical device surfaces and increases
the lifetime of implanted devices.”” "

One NO release system known to operate in vivo is generation
of NO from the endogenous, nitrosated tripeptide S-Nitro-
soglutathione (GSNO, Figure 1) in the presence of the
corresponding thiol glutathione (GSH, Figure 1), catalyzed by
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Figure 1. Structures and diagnostic protons used in '"H NMR to detect
and quantify GSH (green, top) and GSNO (red, bottom) in H,O.
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the Cu-based metal—organic framework (MOF)
H,[(Cu,Cl);(BTTri)g] (CuBTTri, Figure 2).*'°"** Gluta-
thione disulfide (GSSG) has been established as the other
main product of the reaction (Scheme 1)** for the CuBTTri/
GSNO/GSH/NO system in water. CuBTTri is a promising
MOF catalyst for biomedical application and NO generation
from an endogenous source (GSNO) because CuBT Tri is stable
in biological media and is a solid-state catalyst that avoids
problems with soluble Cu-based NO release catalysts, notably
the acute liver toxicity associated with free Cu ions.”** However,
the prior lack of understanding of the reaction mechanism of
CuBTTri-catalyzed conversion of GSNO to NO in the presence
of GSH currently limits the most efficient use of such Cu-MOF
NO release catalysts and inhibits any mechanism-directed
design of future Cu-MOF catalysts with improved, mechanis-
tically fine-tuned NO release properties.

CuBTTri-Catalyzed GSNO to NO Conversion: The
Reaction Stoichiometry and Thiol Dependence Estab-
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Figure 2. (Left) CuBTTri unit cell showing carbon (black), nitrogen
(blue), chlorine (green), and copper (red). (Right) Finer, more
detailed view of the nominally 3-coordinate Cugyg,.. site (indicated with
arrows) previously determined to be active for GSNO to NO
conversion catalysis. The triazole linker suggested by the CuBTTri
synthesis is illustrated in the finer view of the Cuyq,. site on the right.

Scheme 1. Balanced Reaction for GSNO to NO Conversion
Catalyzed by CuBTTri Determined in Previous Work Which
Showed That GSSG Is Formed Directly from GSNO***"*

2GSNO,) + 0.3GSH,y + CulBTTriy—
GSSGlyg + 2NO, + [(0.3GSH)-CullBTTril,,

“Work from several groups, including our own, disproves the
hypothesis that leached copper ions from the CuBTTri framework
can be the source of GSNO to NO catalysis.2’22’23”28730

lished in Prior Work. The balanced reaction stoichiometry for
GSNO to NO conversion catalyzed by CuBTTri in H,O has
been previously established in an earlier paper and is shown in
Scheme 1.** Investigating the reaction stoichiometry revealed
that GSH must be added at stoichiometric levels to observe
GSNO to NO catalysis by CuBTTri at a reasonable rate.””*
Without added GSH, only 10% loss of GSNO is observed over
16 h, but when one equivalent of GSH (relative to GSNO) is
added, then 100% loss of GSNO is observed within 16 h, an
apparent ~10-fold acceleration of the reaction.”” The depend-
ence of CuBTTri on added GSH and the stoichiometry for NO
release catalysis will turn out to be important in formulating
mechanistic hypotheses consistent with the experimental
evidence (vide infra).

We and others have hypothesized that Cu-catalyzed GSNO to
NO conversion for both CuBTTri and solvated Cu ions operates
through a mechanism involving a redox reaction at Cu and that
GSH is critical in initiating that redox event.”>***° Inves-
tigations into RSNO to NO conversion, at least as catalyzed by
solvated copper ions, have led to the suggestion in the literature
that the reduction of Cu" to Cu' is a necessary step for that
particular reaction.”>*° Poisoning experiments using the
selective Cu'-ion chelator neocuproine have been shown to
halt the reaction completely when the solvated copper ion
catalyst starts as Cu'L** The Cu" to Cu' redox catalysis
hypothesis for GSNO to NO conversion is, then, one that must
be considered as a proposed mechanism for NO release from
GSNO catalyzed by CuBT Tri—electron transfer at or near the
Cu site seemingly being required to generate a driving force for
S—N bond homolysis.

Researchers have proposed that for other MOF-based
systems, reaction mechanisms for solid-state MOFs and
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analogous homogeneous catalysts are the same, based for
example, on identical observed reaction stoichiometries, a case
in point being Ni-MOF-catalyzed ethylene dimerization.”!
However, the experimentally observed reaction stoichiometries
are different for solid CuBTTri versus solvated Cu ion-catalyzed
GSNO to NO conversion.”” Specifically, the addition of
stoichiometric levels of GSH to the reaction mixture is required
to observe NO release catalysis for CuBT Tri, but the opposite
result is observed for solvated Cu ions—stoichiometric levels of
GSH effectively poison Cu ion-catalyzed GSNO to NO
conversion in H,0."%***>*% Hence, the different stoichiome-
tries and the different thiol dependencies for CuBTTri versus
solvated Cu ion GSNO to NO conversion catalysis demand
different reaction mechanisms for these two NO release
catalysts.

Catalytically Active Cu Sites in CuBTTri for GSNO to
NO Conversion. The active Cu sites in CuBTTri (synthesis
shown in Scheme 2) for GSNO to NO conversion catalysis have

Scheme 2. Limiting Hypothetical Balanced Reaction for the
Synthesis of CuBTTri in DMF*

8H;BT Trijpyp, + 12CuCly(H,0),onr) ———
H,[(Cu,Cl);(BT Tri)g] ) + 21HClpyrpy + 24H;0 pouiry

“CuBTTri was synthesized and characterized following a previously
reported procedure (more details are provided in the Experimental
Section, vide infra).”

been shown in our prior work to be (1) located on CuBTTri
particle exterior surfaces; (2) low-coordinate, naturally occur-
ring particle-termination Cug,g,. sites, which can bind 3
equivalents of cyanide per Cu site (Figure 2), and (3) present
at just 1.3 + 0.4% of the total Cu for CuBTTri particles 600 +
400 nm in size.”” Such low-coordinate, exterior-surface Cu' ;..
sites should exhibit relatively low Marcus-type reorganization
energy barriers (especially as compared to the S-coordinate bulk
intrapore Cu" sites in CuBTTri) for any geometric rearrange-
ment required for a Cu redox step, either a Jahn-Teller-distorted
pseudo-octahedral Cu" to tetrahedral Cu' mechanism or,
alternatively (and as our evidence will lead us to herein) for
pseudo-octahedral, formally Cu" sites in a ligand-based redox
mechanism.>*** In short, the hypothesis that the surface active
sites in CuBTTri are preferred for GSNO to NO conversion is at
least consistent with, if not supported by, general Marcus theory
considerations.

Another important feature of the CuBTTri active sites to
introduce here (examined in greater detail in the Discussion
section, vide infra) is the protonation state of the triazole moiety
in the BT Tri linker in the solid-state CuBT Tri structure shown
in Figure 2. The limiting stoichiometry for the CuBTTri
synthesis (Scheme 2) and the original report of CuBTTri"’
suggest that Cu—N linkages are formed between Cu*" cations
and BT Tri®~ trianions. Therefore, it is implied that each triazole
moiety is deprotonated in the dried, evacuated solid-state
CuBTTri precatalyst (as illustrated in Figure 2). Without writing
the balanced reaction stoichiometry for the CuBTTri synthesis
(Scheme 2), one may not realize that the protonation state of the
triazole moiety in BTTri could change upon formation of the
MOF and under different reaction conditions (vide infra).

Minimum Requirements for Establishing a Reliable
Ockham’s Razor-Obeying Reaction Mechanism in any
Catalytic System. It is useful at this point to list the five
requirements that any experimentally determined reaction
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mechanism for a catalyst system should meet, at a minimum and
ideally speaking.

1) The full catalytic reaction stoichiometry, including mass
and charge balance.””** A balanced reaction is critical in
investigations of catalytic mechanisms.*>*” Without a
balanced reaction in hand, one cannot write the correct
series of elementary steps that sum to the observed
stoichiometry, so that the possibility then exists of
proposing a mechanism that is simply incorrect because
it is for another (“the wrong”) reaction.

Determination of the kinetically dominant active
site(s).23'35’38_43 Active site investigation in MOFs, for
example, will ideally determine the location and number
and include some structural information about the active
site(s)."* 7 Are, for example, MOF intrapore sites the
catalytically active sites as in the traditional “MOF
catalysis hypothesis” or, instead, are surface sites the
true active sites?

3) Kinetics data must be obtained for all reactants present
using direct physical handles if possible.”” Comparing the
experimentally observed rate law to rate laws derived for
proposed mechanisms is an essential part of disproving or,
if not, supporting competing mechanistic hypotheses.

Elementary (or pseudo-elementary®’) steps, which sum
to the observed balanced reaction, are required. These
elementary or pseudo-elementary’” steps define the rate
constants for each step of the reaction. Elementary steps
also eliminate any possible language-based confusion
about reaction mechanisms by defining the concepts and
associated language needed to describe the mechanism
unequivocally via those steps.

5) Consideration and attempted disproof of multiple
competing deliberately minimalistic mechanistic hypoth-
eses.”” Initial mechanistic hypotheses should only contain
the minimal elementary steps and assumptions necessary
to explain all data; that is, proposed mechanisms should
obey Ockham’s razor."

Previous work discussed earlier in this introduction (Figures 1
and 2, Scheme 1) has satisfied requirements 1 and 2 in the above
list.”>** Specifically, balanced reaction stoichiometry (Scheme
1) and the Cu active sites (Figure 2) are known for CuBT Tri-
catalyzed GSNO to NO conversion in the presence of added
GSH. The previously unsatisfied requirements to a reliable
initial mechanism, 3, 4, and S in the above list, are what the
present work strives to address for the CuBTTri/GSNO/GSH/
NO system.

Focal Points Herein Addressing the Mechanism of NO
Release Catalysis. Herein, we report the experimental rate law
for CuBT Tri-catalyzed GSNO to NO conversion with respect to
GSNO, GSH, total Cu, and pH. We considered six main
competing mechanistic hypotheses that made sense a priori (two
formally Cu" Lewis acid mechanisms, three formally Cu" to Cu'
redox mechanisms, and one again formally Cu" to Cu'
mechanism). Of course, as is always the case in studying
reaction mechanisms, the hypotheses considered initially are
chosen from a list constructed from the literature, from what is
deemed reasonable using one’s knowledge of the system of
interest,***” as well as from one’s broader chemical and
mechanistic knowledge. Looking ahead to a summary of what
follows, a disproof-based, currently favored proposed mecha-
nistic hypothesis will be provided in the Discussion section. To
the best of our knowledge, few if any prior studies of a MOF-
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catalyzed reaction fulfill all five of the requirements listed
previously en route to a more reliable minimum reaction
mechanism.>**”*° This is despite the significance of kinetic and
mechanistic studies of MOF catalysts to enable reliable
mechanism-directed design of improved catalysts via the
unparalleled chemical and physical tunability of MOFs*»>'~>*
among the approaching 10° unique MOF structures presently
known.’

B EXPERIMENTAL SECTION

Reagents. Diethylamine (99%), trimethylsilylacetylene
(98%), trimethylsilylazide (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%), copper(I) iodide (99.5%),
bis(triphenylphosphine)palladium(II) dichloride (99%), di-
chloromethane (99%), and monobasic sodium phosphate
(>98%) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). HCI (1 N), methanol (99%), and sodium hydroxide
(98.9%) were purchased from Fisher Scientific (Hampton, NH,
USA). Dimethylformamide (99%) and copper(Il) chloride
dihydrate (99%) were purchased from EMD Chemicals
(Gibbstown, NJ, USA). 2-(N-Morpholino)ethanesulfonic acid
(MES) (99%) was purchased from VWR (Radnor, PA, USA).
Piperazine-N,N’-bis(3-propanesulfonic acid) (PIPPS) (>97%)
was purchased from MilliporeSigma (Burlington, MA, USA).
Ultrahigh-purity nitrogen gas (99%) was supplied by Airgas
(Denver, CO, USA). Deionized water (18.2 MQ-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.

GSNO Synthesis. GSNO was prepared, and its purity
verified, following an established literature protocol (Scheme
3).%° Briefly, a solution of glutathione (1.60 g, 5.21 mmol) was

Scheme 3. Synthesis of GSNO from GSH

i
S
0 o oo
HOWN N\/U\OH (aq) + HCI (aq) + NaNO3(aq) ———»
H
o)

NH,
W=
o] (0] S H @]
oA NJ;(N\/”\OH (aq) + NaCl (aq) + Hz0 ()
NH; H 5

prepared in Millipore filtered water (8 mL) containing 2 M HCI
(2.5 mL, 10.5 mL total volume). One equivalent of sodium
nitrite (0.361 g, 5.21 mmol) was added, and the resulting
mixture was stirred for 40 min at 5 °C. Acetone (10 mL) was
added to the resulting red solution, and the mixture was stirred
for another 10 min. The red precipitate was collected via vacuum
filtration and washed with ice-cold water (5 X S mL) and ice-
cold acetone (3 X 10 mL). The precipitate was then dried on a
high vacuum line for 4 h to afford S-Nitrosoglutathione (1.43 g,
4.22 mmol, 81%) (4,,.) (H,0) 335, 550 nm (& = 922 cm™!
mM ™). The GSNO sample used herein was determined to be
(97 £ 2) % pure by UV—VIS spectroscopy. The GSNO sample
used to collect the data reported herein comes from the same
batch of GSNO used in previously published work.”* The small,
3 + 2%, impurity present in the GSNO is glutathione (GSH)
leftover from or glutathione disulfide (GSSG) generated from
the GSNO synthesis. Relevant here is that previous work on

https://doi.org/10.1021/acscatal.2c00477
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Scheme 4. Coupling Aryl Halide and Trimethylsilylacetylene
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GSNO to NO conversion catalyzed by CuBTTri established
that GSH must be present to initiate measurable CuBTTri-
catalyzed GSNO to NO conversion within 20 min.”””*
H;BTTri Ligand Synthesis. The H;BTTri ligand was
prepared and characterized following an established literature
protocol (Schemes 4—6).”" Briefly, solid 1,3,5-tribromobenzene

Scheme 5. Hydrolysis of the Trimethylsilylethynyl

Intermediate
_NaOH +3HOSi(Me)s +NaMed
MeOH i(Me)s +NaMe
CH.Cl, & A

3

Si(Me)s

Il
A
Si(Me)

Scheme 6. Click Reaction to Form 1,3,5-tris(*H-1,2,3-triazol-
5-yl)benzene

(Me);Si

N=N
” H'N V4
Cul = H )
+3N3—Si(Me) ——————>
P T (Me)s 5 DM MeoH s ﬂ/ N +3SiOMe(Me)s
Z N N, Yy~ N
N N~H N

(9.45 g, 30.0 mmol) was dissolved in diethylamine (250 mL)
under inert conditions (N,). Copper(I) iodide (50 mg, 0.26
mmol) and dichlorobis(triphenylphosphine)palladium (1)
(400 mg, 0.57 mmol) 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.
The resulting diethylamine hydrobromide was removed by
filtration and washed with ether (45 mL). Combined washings
were evaporated to dryness in vacuo at 30 °C, and the resulting
product was purified by a silica plug to yield 9.61 g (78%) 1,3,5-
tris(trimethylsilylethynyl)benzene as an intermediate. '"H NMR
(400 MHz, CDCly): § = 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, 1 M), CH,Cl, (20 mL), and methanol (50 mL) via
stirring at room temperature for 3 h. Evaporation of methanol,
extraction of the residue by ether, and evaporation of the solvent
in vacuo at 30 °C yielded 2.68 g of white powder containing
1,3,5-triethynylbenzene. 'H NMR (400 MHz, CDCl,): &
=7.51(s), 3.12(s) ppm.

Trimethylsilylazide (9.26 g, 80.4 mmol) was added to a
solution of copper(I) iodide (510 mg, 2.63 mmol) and 1,3,5-
triethynylbenzene (2.68 g, 17.8 mmol) under N, gas in a mixture
of dimethylformamide (DMF; 90 mL) and methanol (10 mL).
The resulting mixture was heated to 100 °C using a hot plate and
stirred for 36 h. The mixture was then filtered using a vacuum
filter and filter paper and reduced to a volume of 10 mL via rotary
evaporation at 30 °C. A pale-yellow precipitate was formed upon
the addition of Millipore filtered water (30 mL) to the resulting
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filtrate. The solid was collected by filtration, washed with ether,
and dried in vacuo to yield 4.1 g (83%) of 1,3,5-tris('H-1,2,3-
triazol-5-yl)benzene. '"H NMR (400 MHz, (CD,),SO): § =
8.52(s), 8.34(s) ppm. The H;BTTri used in this work is from the
same batch prepared and used in two previous publications.”"**

CuBTTri Synthesis. CuBTTri was synthesized and charac-
terized following a previously reported procedure (Scheme 2).”’
A solution of H;BT Tri (225 mg, 0.937 mmol) in DMF (40 mL)
was prepared in a 250 mL Pyrex bottle. CuCl,-2H,0 (383 mg,
2.25 mmol) was added to the solution. The vial was heated at
100 °C for 72 h in an oven to afford
H,[(Cu,Cl);(BTTri)s(DMF),,]-7DMF-76H,0. The purple
powder was washed with boiling DMF (10 X 10 mL), and
DME was allowed to evaporate under ambient conditions for 18
h to yield 218 mg (76%) of product. Solvent exchange was
performed using a Soxhlet extractor and Millipore filtered water
to yield H;[(Cu,Cl);(BTTri)s(DMF),,]-72H,0. The resulting
light-purple powder was hand-ground for S min, gravity-filtered
through 1 ym mesh, and analyzed by powder X-ray diffraction
(pXRD). The batch of CuBTTri used to collect the data
reported herein comes from the same batch used in previously
published work.>> The observed diffraction pattern matched a
literature standard (Figure S1).*’

Buffered Reactions. Measuring the reaction rate at different
pH levels required that the reaction solutions be buffered to
specific pH values. These experiments required the use of a
buffer that would not coordinate to the Cu sites in CuBTTri;
hence, we chose to use buffers of N,N’-bis(3-propanesulfonic
acid) (PIPPS) or 2-(N-morpholino)ethanesulfonic acid
(MES).*® The buffered solutions were prepared by dissolving
solid PIPPS or MES powders in Millipore water to achieve a 0.5
M solution. Then, a 10 N NaOH solution was added dropwise to
the PIPPS or MES buffer solution until the desired pH was
achieved. The buffered PIPPS or MES solutions were then used
to prepare GSNO and GSH solutions from solid GSNO or GSH
powder. These solutions were then used in an identical reaction
procedure to the one described below to measure the reaction
rate at different pH levels. All the reaction rate versus pH studies
were carried out under conditions where the reaction was
saturated in [GSH] (vide infra). Therefore, the Cu active sites
available were coordinated with GSH (vide infra).

Reaction Procedure. All reactions described herein were
carried out under an N, (g) atmosphere to minimize the
presence of O, (g) in the reactions. GSNO and GSH solutions
were prepared using Millipore H,O and solid GSNO or GSH
under inert conditions (N,) in a 200 mL round-bottom flask
capped with a rubber septum and flushed with N,. CuBTTri
(600 + 400 nm octahedral particles) was massed into a three-
neck 100 mL round-bottomed flask and oven-dried overnight at
110 °C. The CuBTTri samples used in this work are the same
batch of particles previously employed in prior work.”’
Following the oven drying, the flask containing CuBTTri was
placed under vacuum for 1 h on a Schlenk line and backfilled
with N, (g) prior to reaction. GSNO or GSH solutions were then
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injected into the reaction flasks containing the dried CuBTTri.
For buffered reactions, the GSNO or GSH solutions were
prepared using buftered Millipore H,O. Vigorous bubbling in
the round-bottom flask was established using an inlet N, (g) flow
needle and an outlet needle. Reactions were bubbled vigorously
to mitigate mass transport limitations and to ensure that the
measured value for [—d[ GSNO]/dt]; was not simply the rate of
substrate diffusion to the MOF active sites.””>® Reaction flasks
were completely covered in aluminum foil to minimize exposure
to light, and reactions were left to proceed for a predetermined
time. The outlet needle was removed to stop bubbling at a
predetermined time, and once all visible CuBTTri particles had
settled to the bottom of the flask (~30 s), the supernatant was
decanted via a syringe. The quenched reaction solution was then
kept cool and in the dark in an EPA-certified Cu-free glass vial
under inert conditions (N,) or added directly to an NMR tube
or UV—VIS quartz cuvette within less than 1 min. '"H NMR or
UV—VIS spectra were collected at 20 min to allow sufficient loss
of GSNO to be detectable, yet to remain relatively early in the
reaction progress to determine what is designated as an initial
rate (—d[GSNO]/dt). Practically and given the approximately
+5% precision of the "H NMR data under our conditions, the
tradeoff between measurable reaction vs more points meant that
taking 1 point in the first ~30% reaction was a good compromise
that allowed reasonable initial rate measurements. '"H NMR and
UV-VIS spectroscopy techniques have been determined to be
equivalent techniques for monitoring loss of GSNO in the
current system. All reactions reported were performed in
triplicate with the reported average and standard deviation
calculated from those three trials.

Water Suppression '"H NMR. These experiments follow
our protocol for direct in situ monitoring the release of NO from
GSNO in water by solvent-suppressed '"H NMR.>* All NMR
experiments were performed using an Agilent Inova 500
equipped with a 5 mm pulsed-field-gradient HCN probe.
Samples were prepared in septa-capped Wilmad 528—PP 500
MHz tubes under inert conditions (N,) by adding 0.5 mL of
reaction supernatant to an NMR tube containing 0.1 mL of 20
mM NaH,PO,-buffered D,0O. Samples were mixed by hand
followed by 2 s of sonication to remove N, bubbles. Samples
were kept in the dark and air-free and analyzed as soon as
possible, typically within S min. NMR experiments were run
using PRESAT with PURGE solvent signal suppression available
in Vnmr] version—4.2."> The system was buffered with
NaH,PO, due to the sensitivity of the compounds of interest
(GSNO, GSH, and GSSG) to the pH of the solution. 512
transients were acquired for all samples, which required 35 min.
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 /2 excitation pulse of 5.7 ys. Acquisition time
was 2 s, and with the PRESAT delay, the total time between
transients was about 4 s. All free induction decay (FID) spectra
were processed using MestraNova software to examine peak
intensities and integration values. Data analysis and calculations
were performed using Microsoft Excel and OriginPro.

B RESULTS

Previous work on CuBT Tri-catalyzed GSNO to NO conversion
satisfied requirements 1 and 2 as listed in the Introduction en
route to a more reliable minimum reaction mechanism (vide
supra) by, respectively, (1) determining the balanced reaction
stoichiometry (Scheme 1) and (2) providing compelling
evidence for exterior surface Cu sites in the CuBTTri/GSNO/
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GSH/NO system as the kinetically dominant, catalytically most
active sites (Figure 2).>* Hence, we turned our efforts toward
requirement 3, namely, obtaining experimental kinetics data for
the rate law with respect to [GSH], [GSNO], [Cu], and, as we
will see, the informative effects of the reaction pH.

Figure 3 shows the first-order integrated rate plot for
In[GSNO], vs the reaction time. [GSNO] was monitored in

0.25
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S
]
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-0.75 H }
T T T T T T T T T 1
0 5 10 15 20 25 30 35 40 45
Time (min)

Figure 3. First-order integrated rate plot of In[GSNO], versus time
when [GSNO]; = 1 mM. The linear trend line is fit by the equation y =
((=1.92 + 0.11) x 1072)x — ((1.32 + 2.94) X 107%), R* = 0.99. The
reaction is first-order in GSNO at 1 mM and at 20 min reaction time
(for the standard reaction conditions described herein).

H,0 usin§ the previously reported solvent suppression "H NMR
method.” Figure 3 shows that the reaction is first-order in
[GSNO] under the standard reaction conditions reported
herein (i.e, when [GSNO]; is 1 mM). Additional data were
collected where [GSNO]; = 1.5 and 2 mM and Oth and 2nd-
order integrated rate plots were generated for further analysis of
the reaction dependence on [GSNO] (full details in Figure S2).
The linear fit of the data where [GSNOJ;, = 1 mM yields the
empirical rate law (eq 1):

—d[GSNO]
dt (1)

where koo ops is the observed first-order rate constant (1.92 +
0.11) X 107571,

Next, Figure 4 shows the relationship between the reaction
rate (—d[GSNO]/dt) and the initial concentration of GSH
added to NO release reactions with CuBTTri. The reaction is
Ist-order in [GSH] in the lower range of concentrations studied
(0.025 to 0.15 mM, first four points in Figure 4). For higher
levels of [GSH], the reaction becomes Oth-order in [ GSH], that
is, exhibits saturation kinetics in [GSH]. A linear fit of the 1st-
order portion of the plot (the first four points) in Figure 4 yields
the empirical rate law, eq 2, where kggpy obs is (1.8 £ 0.1) X 1073
s™L

= kGSNO,obs[GSNO]l

—d[GSNO]
dt ()

Third, Figure S shows the relationship between —d[GSNO]/
dt and the amount of exterior surface Cu sites in CuBTTri
(reported as mol % of GSNO). Previous work has shown that
the NO release reaction is first-order in the CuBTTri particle
exterior surface area.”” The plot in Figure S shows that the
reaction is first-order in catalytically active Cu sites. The

= kGSH, obs[G'SI_I]1 -0

surface
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Figure 4. Plot of —d[GSNO]/dt measured at 20 min reaction time
versus [GSH]; added to the reaction mixture. There are two distinct
domains shown in this plot: in the first domain, the reaction appears
first-order in [ GSH]; in the second domain, the reaction is zero-order in
[GSH], overall showing saturation kinetics with respect to [GSH]. The
first point of the plot corresponds to a set of experiments where no GSH
was added to the reaction, so that the only ~3% GSH present ([GSH] =
0.025 mM) is an impurity from the GSNO synthesis (as summarized in
the Experimental section). All other experiments and points past
[GSH] = “0” contain added GSH beyond that baseline impurity level.
The trend line where the reaction is 1st-order in [GSH] is fit by the
equation y = ((1.8 £ 0.1) X 107*)x — ((4.2 + 0.29) X 107°), R* = 0.99,
from linear least squares. Physically, the intercept cannot be negative
(—(42 £ 0.29) X 107> mM s™'), so that the error at 3 sigma is taken to
be (+(1.2 4+ 0.09)) X 10~* mM s™". An important part of this plot is its
zero intercept within experimental error; that is, the reaction does not
occur unless GSH is present.
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Figure S. Plot of —~d[GSNO]/dt measured at 20 min of reaction versus
Cugyguce Sites added into the reaction (Cu reported as percentage of mol
GSNO). The line is fit by the equation y = ((1.06 + 0.04) X 10™*)x +
((6.74 + 3.98) X 107°), R* = 0.99. The horizontal error bars represent
the previously determined experimental error in the active site density
of the CuBTTri particles used herein. High CuBTTri mass loadings
required for greater than 5 mol % Cug,q,. resulted in artificially lowered
experimental —d[GSNO]/dt, apparently due to mass-transport
limitations in the turbid, suspended-solid solution.

number of Cug.. sites present in each experiment was
calculated using the previously determined Cu active site density
in 600 + 400 nm CuBTTri particles.23 The linear relationship in

8060

Figure 5 yields the empirical rate law for just the Cu-catalyst
component, eq 3:

—d[GSNO]
dt a (3)

The observed first-order rate constant, k¢, .y set by the slope
of the line in Figure S is k¢, b, = (1.06 + 0.04) X 10~*s™". The
[Cuguface] term in eq 3 reflects the total number of Cug,g,.. sites,
that is, the “concentration” of insoluble Cu sites suspended in
the volume of solution by vigorous stirring, as detailed in the
Experimental section.

Figure 6 shows —d[GSNO]/dt as a function of reaction pH in
buffered solutions prepared using non-coordinating buffers over

1
k Cu, obs[Cusurface]
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o
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Figure 6. Plot of —~d[GSNO]/d¢ versus [OH™]. The x axis is presented
on alog), scale necessitated by the fact that the [OH™] was varied by 4.5
orders of magnitude. At pH = 9 (furthest right point), the measured
value of —d[GSNO]/dt = 0 mM s, and closer analysis of the data
implies that when pH > ~6.7, —d[GSNO]/dt = 0 mM s~ occurs. The
data has been fit using non-linear least squares and a Levenberg—
Marquardt iteration algorithm to an equation derived from the
proposed mechanisms, specifically the equation y = A/(1 + Bx) were
A and B will be combinations of mechanism-based rate and/or
equilibrium constants, A = (2.50 + 0.2) X 10™*s™' and B = (2.38 +
0.01) x 10® ML, The values for A and B were not constrained in the
fitting nor did the estimates for A and B change significantly if the data
points were weighted equally or by their relative standard deviations.
The data allow estimation of the pK, of the proton being titrated with
OH~, pKa ~5.6 as detailed in the Supporting Information (Calculation
S2). Derivation of the fitting equation used, and further analysis and
discussion of the results shown in the plot above are presented in the
Discussion section (vide infra).

4.5 orders of magnitude in [OH™] and under conditions zero-
order in [GSH], as detailed in the Experimental section. The
observed decrease in —d[GSNO]/dt as reaction pH increases
implies that OH™ is involved in catalyst deactivation. Relevant
here is that GSNO and GSH are endogenous tripeptides with
multiple exchangeable carboxylate and thiol protons (Figure 1,
vide supra), but where both —CO,H protons are already
removed at the pH values in Figure 6 so that the —SH proton in
GSH is the only one left (in at least GSH or GSNO) that could
be deprotonated in the experiments summarized in Figure 6.
Additionally, the protonation state of the triazole moiety in the
BTTri linker might also explain the observed loss of catalytic
activity in Figure 6 at alkaline pH. More specifically, the
hypotheses for the observed pH dependence are that (1) Cu'-
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Table 1. Considered, but Disproved, Mechanistic Hypotheses”

Specific Requirements for CuBTTri Catalyzed
GSNO to NO Conversion Established Herein

A) Can this B) Does this C) Does the derived | D) Can this hypothesis
hypothesis be written | hypothesis make use rate law for this be written as a
to sum to the of the previously hypothesis match reasonable,
observed reaction characterized Cu what is observed minimalistic catalytic
stoichiometry? active sites? experimentally? cycle?

1) Cu'l Lewis acid, NO
release resulting from
inductive effects

v

X

2) Cul' Lewis acid, thiol
coupling

X

X

3) Cul' to Cu! redox, GS—
is the reductant

X

X

Mechanistic Hypothesis

4) Cu! to Cu! redox, GS*
forms from GSH

X

NANANEN

AN

v

“The requirements listed at the top of the second through fifth columns in Table 1 are the requirements for a reliable mechanism determination in
this system, A—D, listed at the end of the Results section. Each disproved hypothesis fails to satisfy at least two of the four requirements A—D,
thereby disproving all four listed mechanisms based on the current data. These four hypotheses correspond to Schemes S4—S7, respectively, in the

Supporting Information.

bound GSH, (Cu"-S(H)G), is being deprotonated and Cu'-
(S7)G is a poisoned form of the catalyst, (2) a Cu'-bound
protonated triazole moiety (Cu"-N,(NH)C,) is being depro-
tonated and Cu"-N,(N~)C, is a poisoned form of the catalyst, or
(3) a combination of both deprotonation events is required to
explain the observed catalyst poisoning in Figure 6. These
hypotheses will be examined in the upcoming Discussion
section. Figure 6 also suggests that the catalysis observed herein
requires an exchangeable proton (of pK, ~ 5.6, Supporting
Information, Calculation S2) be present throughout the reaction
and that the necessary proton exchange may not proceed
through protons or hydroxide ions (i.e., the mechanism studied
herein may involve general, and not specific, acid—base catalysis,
vide infra).*’

Overall, the kinetics data reported in Figures 3—6 reveal that
the rate law for CuBT Tri-catalyzed GSNO to NO conversion is
(a) first-order in [GSNO], (b) first-order initially in [GSH], but
then goes to zero-order (saturation kinetics) in [GSH], (c) first-
order in [Cug,,..] sites, and (d) inversely dependent on [OH ],
varying from an initial, “inverse x-order” dependence (x ~ 1) to
a zero-order dependence at higher [OH™]. The kinetics data
herein yield the experimental rate law shown in eq 4 under the
assumption that the reaction mechanism does not change when
moving from pH = 4.5 to 6 to 9, a point we will return to in the
Discussion section and a quite reasonable assumption given that
the data will point to only two proton sites that may be affected,
the thiol proton in GSH®' and more specifically in Cu'-S(H)G
or the triazole proton in Cu-N,(NH)C,.

[GSNO][Cu,,, . JIGSH] ~°

—d[GSNO] -
[OH—]:JC—>0

dt

obs

(4)

At constant pH = 4.5 where the bulk of the catalysis and
kinetics were measured, the apparent rate law simplifies to eq S,
where the small, constant denominator [OH]™ term has been
absorbed into k'

—d[GSNO]

dt = kc;bs[GSNO][Cusurface] [GSH]I_)O

(s)
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Equations 4 and S satisfy the 3rd requirement for determining
a catalytic reaction mechanism (vide supra), namely, obtaining
an experimental rate law for the observed reaction under a range
of experimental conditions, including pH.

A Summary of the Key Experimental Evidence that
Must Be Accounted for by Any Proposed Initial
Minimum Mechanism. The Results section herein combined
with our prior work™”*? establishes four key pieces of evidence
that any proposed GSNO to NO catalytic cycle for the
CuBTTri/GSNO/GSH/NO system must meet.

A. The proposed mechanism must of course sum to the
experimentally observed reaction stoichiometry (Scheme
1, vide supra).

B. The proposed mechanisms must operate via the
previously characterized Cugyg,.. active sites on CuBTTri
(Figure 2). Those catalytic Cugygc. sites have 3 open
coordination sites to accept ligands other than solvent and
are bound to two nitrogen atoms from the H;BT Tri linker
and one interstitial chlorine atom.”*™*° The Cug,..
active sites can be poisoned by cyanide, by the bulky
ligand 3,3’,3"-phosphanetriyltris(benzenesulfonic acid)-
trisodium salt (TPPTS), and the results herein reveal
poisoning by abstraction of protons available in the
catalytic cycle by OH™ (vide infra and vide supra).”
Previously reported results detail the following evidence
inconsistent with freely diffusing Cu ions as being the
kinetically dominant catalyst: (i) the lack of catalytic
activity of the reaction supernatant; (ii) solvated Cu ion
poisoning by GSH; (iii) catalyst poisoning by the bulky
ligand TPPTS; and (iv) the surface sites detected by FT-
IR spectroscopic analysis of CuBTTri poisoned by
cyanide. A more detailed discussion of these four points
can be found in the Supporting Information."”**

C. The mathematically derived rate law for proposed
mechanisms must match the experimentally observed
rate law provided in eqs 4 and S; and

. The proposed mechanism must be able to be written as a

catalytic cycle, so that for example after NO release from
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Scheme 7. Proposed Mechanism and Catalytic Cycle for GSNO to NO Conversion Catalyzed by CuBTTri in Water”
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“Steps 1 and 2 (rate constants k;/k_, and k,/k_,) are GSH and GSNO coordination to the formally Cu™ pre-active site. Step 3 (rate constants ks/

_3) is ligand-based PCET between GSH and GSNO. We point out here that the intramolecular deprotonation proposed in Step 3 may be an
oversimplification/representation of what, instead, is a Grotthus-type proton hopping mechanism involving one or more water molecules,” for
example in the case where precise wrap-around of the —COO~ to the Cu-(S*(R)-H) as shown in this scheme is not possible. In addition, the
"intermediate” at the bottom of Scheme 7 (i.e., after the ks step) is implied to be short-lived, and potentially closer to a transition state structure
because the -G(CO,H) proton (pK, ~2.1 - 3.5) will be lost to the pH = 4.5 reaction solution at a diffusion-controlled rate. Step 4 (rate constant
k,): GSSG formation. Steps S and 6 (rate constants ks/k_s and ke/k_g) close the catalytic cycle by ligand-based PCET from [NO]~ back to GSH.
The formal oxidation state of Cu" remains unchanged throughout the cycle, and Cu" (d°) acts as a Lewis acid for ligand-based e™ transfer between
S (in the GSH ligand) and N (in the GSNO ligand). Note that while each GSH/GSNO molecule contains two terminal carboxylate groups (Figure
1), only one has been shown in this scheme for the sake of simplicity and because only one carboxylate is involved in the proposed mechanism. The
character “G” in the GSH and GSNO structures represents the identical tripeptide backbone in each molecule. Catalyst poisoning occurs via
abstraction of the thiol proton in Cu"-S(H)G by OH™.

GSNO, the Cu active site must be back in the starting
state where it then bound GSNO.

B DISCUSSION

The following Discussion section contains four stages en route
to establishing our suggested mechanism for CuBT Tri-catalyzed
GSNO to NO conversion. First, we provide a brief discussion of
the alternative mechanistic hypotheses that have been
considered, but which can be ruled out by the collected data.
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Second, we present the presently favored proposed mechanism
and detail how it is consistent with and supported by the
experimental rate law and other data. Key features of the
catalytic cycle are then explained in more depth. The special
properties of GSNO and GSH as substrates in the NO release
reaction turn out to be an important part of that discussion—
consistent with the literature where the endogenous tripeptides
GSNO and GSH are known to exhibit unique behavior in
comparison to other Cu/RSNO/RSH/NO release sys-
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tems,'” 202526329277 Third, we will present specific hypoth-

eses for and details about the catalyst poisoning observed at
alkaline pH (Figure 6). Fourth, we present calculated values for
important kinetic and thermodynamic parameters within the
currently favored mechanistic hypothesis.

A Priori Reasonable, but Now Disproved, Alternative
Mechanistic Hypotheses for CuBTTri-Catalyzed GSNO to
NO Conversion in the Presence of GSH in H,0. The
alternative mechanistic hypotheses we considered, but which
can be ruled out, are summarized in Table 1. Disproven
mechanisms are described briefly here and in greater detail
(along with their arrow pushing schemes) in the Supporting
Information (Schemes S4—S7) for the interested reader. A
noteworthy point regarding Table 1 is that 3 of the 4 disproved
alternative mechanisms are ruled out by the observation that
they fail to match the observed reaction stoichiometry, a finding
consistent with our statement in the Introduction that the
experimentally determined reaction stoichiometry is the first
requirement of reliable mechanistic studies.

First, we considered and were able to rule out two Cu" Lewis
acid mechanisms for CuBTTri-catalyzed GSNO to NO
conversion (entries #1 and #2 in Table 1). Two other
mechanistic hypotheses we considered are versions of the
prevailing, supported Cu" reduction to Cu' hypothesis for
solvated Cu ion-catalyzed GSNO to NO conversion to see if it
could explain our observed stoichiometry and ki-
netics.*>*¢%7=% Those mechanisms, too, are disfavored for
reasons provided in Schemes S1 and S2. One general comment
about any mechanism involving a Cu" to Cu' redox change and
an intrapore Cu site within the solid framework is as follows: a
large and probably prohibitive Marcus intrinsic barrier is
expected for any pseudo-octahedral Cu" to tetrahedral Cu'
redox pathway and associated ~6 to 4 coordinate geometry
change. Indeed, it was Marcus theory considerations that led us
to test for and find evidence of exterior surface Cu site catalysis
in a prior paper.23

The Currently Favored, Proton-Coupled Electron-
Transfer Mechanism Involving a Formally Cu" Lewis
Acid, Ligand-Based Redox Pathway. To our surprise, we
eventually wound up with the formally Cu" Lewis acid, ligand-
based redox proton-coupled electron-transfer (PCET) mecha-
nism in Scheme 7 as our proposed catalytic cycle for GSNO to
NO conversion catalyzed by CuBTTri (i.e., at the end of our
studies and after consideration of literature hypotheses or other
reasonable mechanisms). PCET is the minimal explanation
consistent with the available data and that also provides a
reasonable driving force for S—N bond homolysis (e.g., with the
data in Figure 6 revealing that proton transfer is necessary to
observe catalysis). PCET is also favored because inductive
effects alone from a simple Cu" Lewis acid mechanism (Scheme
S4) are, in our opinion, insufficient to explain the observed S—N
bond homolysis. The Cu" precatalyst site starting/resting state
in Scheme 7 is drawn and written as Cu"-N,(NH)C,(N)(Cl)-
(OH,) to reflect the hypothesis that each Cu",. site (Figure
2) is coordinated to one chlorine atom and two separate triazole
moieties (one triazole moiety has been omitted and replaced by
a single N atom for simplicity).”**° The triazole moiety is
currently written as N,(NH)C, to reflect what is expected to be
protonated at pH = 4.5, where the bulk of the kinetics data was
collected (this point is discussed in greater detail below, vide
infra).”*—>° We note here that the precatalyst site is formally a
net +1 complex at pH = 4.5, at least locally, as indicated by the “[
]*” nomenclature around the species at the top of Scheme 7.

The structures in the catalytic cycle are drawn with a trigonal-
bipyramidal geometry because steric effects resulting from the
bulky nature of the GSH/GSNO tripeptide ligands (Figure 1)
are likely minimized by placing one tripeptide in an axial position
and the other in an equatorial position. Metal complexes with d’
electron counts, as in a formally Cu' site in Scheme 7, are known
to exhibit little to no structural preference energy for Dy,
(trigonal bipyramidal) compared to the often slightly electroni-
cally favored C,, (square pyramidal) geometry,’””" thereby
lending further support to drawing the sites as trigonal
bipyramidal as one’s initial working hypothesis. The catalyst
poisoning steps in Scheme 7 are outside the catalytic cycle;
hence, those steps are discussed in their own separate section
later in this Discussion.

Critical in the active site structure drawn in Scheme 7 is the
triazole N to Cu" coordination shown, specifically triazole N-3
to Cu" coordination. The favored active site in Figure 2 (vide
supra) contains a cluster of 4 Cunsm,face sites comprising (1) two
Cu",fce sites coordinated by two N-2 atoms from separate
BT Tri linkers and (2) two Cu' ;.. sites coordinated by two N-
3 atoms from separate BT Tri linkers. The active site drawn in
Scheme 7 simplifies the structure in Figure 2 in that it shows only
triazole N-3 to Cu'| . coordination, only one coordinating
triazole ring, and only one Cu'y . site. While Cu' . sites
coordinated by N-2 versus N-3 atoms may have slightly different
electronic and geometric structures, our own previous work
investigating the CuBTTri active sites shows that there is
kinetically only a single type of active site.”> Hence, if the
hypothesized N-2 and N-3 coordinated Cu'y. sites both
catalyze GSNO to NO conversion, they do so with the same rate
constant within experimental error and therefore likely via the
same mechanistic pathway. What follows here is a brief list and
description of each of the steps in Scheme 7.

Step 1) Rate constants k; and k_;. Reversible coordination of
GSH to Cu" through sulfur displaces H,O and initiates
the catalytic cycle. Coordination from sulfur to formally
Cu" is represented using a dative bond formalism, that
is, without a —S*—Cu” charge implied in a valance
bonding formalism, as that avoids the otherwise
resultant confusion of an implied reduction to Cu'
(i.e., in a valance bonding oxidation-state formalism vs
the traditional “even electron” Cu" oxidation-state
formalism utilized herein).”” Step 1 forms a net neutral
intermediate Cu site. Scheme 7 shows GSH coordina-
tion to Cu" first for the sake of simplicity; however, it is
possible that instead GSNO coordinates to Cu" before
GSH. Which species coordinates to Cu" first could
conceivably also vary with the relative concentrations of
GSH/GSNO and would change the timing of steps in
Scheme 7. The interested reader is directed to the
Supporting Information for further details.

Step 2) Rate constants k, and k_,. Reversible coordination of
GSNO to Cu'! through nitrogen. Mechanisms analo-
gous to Scheme 7 can be drawn where GSNO
coordinates to Cu' through sulfur. Overall, N vs S
coordination of GSNO to Cu" is a detail in the
mechanism in Scheme 7 that will be addressed via future
studies. The intermediate formed in Step 2 is a net —1
anionic complex.

Step 3) Rate constants k; and k_;. Proposed intramolecular
deprotonation of the thiol proton in GSH by the
terminal carboxylate in GSH (Figure 1). The proposed
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proton relay accompanying PCET could occur via one
or more H,0O molecules in a Grotthus-type proton
hopping mechanism if the GSH tripeptide cannot coil
sufficiently nor exactly for the terminal carboxylate
group to meet the bound —SH moiety.”” The
deprotonation increases electron density around sulfur
and Cu", and that helps drive the one electron transfer
from S in GSH to N in GSNO. Critically, this PCET
provides the driving force for homolysis of the S—N
bond in GSNO and release of a thiyl radical (GSe). Step
3 is favorable in part because it results in the formation
of a net neutral complex. Step 3 is also assumed to be the
turnover-limiting step (t.1.s.), which means that k_; < k,
and k. Further support for the hypothesis that Step 3 is
the tls. is presented later in this Discussion section
when analyzing the catalyst poisoning data in Figure 6
(vide infra). The concentration dependencies in the
derived rate law for Scheme 7 (eq 6a) do not change if
Steps 2, 3, S, or 6 is set as the tls., only the constants
making up the net “k,,” change. Hence, we present Step
3 as the tls. at this time for the sake of simplicity and
given point 4 discussed next.

Step 4) Rate constant k, Radical recombination of GSe to
generate the GSSG product. Note that Step 4 is known
to be diffusion-controlled, >10° s™!, in H,O for
GSe 527475

Step S) Rate constants ks and k_g. One e transfer from the
formally [NO]~ ligand to S in Cu"-SG(CO,H) is
coupled to areverse of the intramolecular deprotonation
in Step 3, that s, sulfur ligand (SG) deprotonation of the
terminal carboxylate group (i.e., SG-CO,H). Electron
transfer in Step S is proposed to result concomitant with
a change in NO ligand geometry from bent (formally
[NO]") to near-linear (formally eNO) driven by the
higher reduction potential at S in GSH due to
conversion of a formally —SG(CO,H) ligand to a
—S(H)G(CO,") ligand. The intermediate formed
retains the net neutral charge formed in Steps 3 and 4.
The proposed catalytic cycle postulates that the
CuBTTri catalyst utilizes what appears to be nature’s
elegant PCET chemistry for GS—NO bond activation.

Step 6) Rate constants ks and k_g. Dissociation of NO from Cu"
and hence release of NO as the product results in
regeneration of the Cu" site generated in Step 1. It is
possible of course that the intermediate shown in
between Steps S and 6 is not needed, or at most a very
transient species.

The derived rate law for the mechanism shown in Scheme 7,
with k; as the tls. when reaction pH = 4.5 (Supporting
Information, Derivation S1), is given in eq 6a. This predicted
equation for the mechanism in Scheme 7 matches the
experimental rate law shown back in eq 5, where k., =
ky X K1 X Kegp

—d[GSNO]

= kK
dt 3

eq1Keq [ GSNOI[Culy

[GSH(COO)]'™° (6a)

The derived rate law for Scheme 7 when reaction pH > 4.5
also matches the experimental rate law shown in eq 4 (the full
details can be found in Supporting Information, Derivation S1).

The mechanism in Scheme 7 can be written (by manipulating
the coefficients of each elementary step) to sum to the
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experimentally observed reaction stoichiometry (Scheme 1).
Previously, it was established that each equivalent of GSNO lost
produced one equivalent of NO and one half of an equivalent of
GSSG.”> However, our previous work did not have an
explanation for the disappearance of ~15% of the GSH over
the course of the reaction. The proposed mechanism in Scheme
7 explains part of the observed loss of GSH naturally, due to
GSH bound to the Cu" resting state of the catalyst. The loss of
GSH may also occur by physisorption of GSH to CuBTTri over
and above the binding of GSH to Cu" (the active site being
present at ~1.3% of total Cu) as shown in Scheme 7.7

Understanding the pH-Dependent Results via the
Deprotonation of Cu"-S(H)G. When considering the —d-
[GSNO]/dt versus pH results in Figure 6, we were able to
generate two reasonable hypotheses as to which proton(s) could
be abstracted to result in the observed catalyst poisoning at
alkaline pH: first, the thiol proton in GSH bound to a Cu" site
(Cu-S(H)G), and second, a protonated triazole moiety in
BTTri bound to a Cu" site (Cu-N,(NH)C,(N)). It is worth
pointing out here that poisoning of Cu" by OH™ can be ruled
out because OH™ will react with the indicated pK, ~ 5.6 proton
present at diffusion-controlled rates. Additionally, if OH™ were
the kinetically dominant, direct poison, the data in Figure 6
would be expected to show a linear decline (or possibly an
exponential decline) in the case of at least strong OH™ to Cu"
binding and not the observed sigmoidal curve and associated
curve fit.

Scheme 7 shows the deprotonation of both Cu'-S(H)G and
Cu"™-N,(NH)C,(N) as possible pathways for Cu'l,.. site
poisoning. The Cu"-S(H)G and Cu"-N,(NH)C,(N) poisoning
events are represented by the rate constants Ko gsi and kpois i
in Scheme 7, respectively. We hypothesize that mainly (or only)
deprotonation of the Cu"-S(H)G site in Scheme 7 is responsible
for the loss of catalysis by CuBTTri observed at alkaline pH
(Figure 6). The pK, of the thiol proton in unbound GSH is
~9.12, and the pK, of the triazole proton in an unbound 1,2,3-
triazole (such as H,BTTri) is ~9.3, hence almost the same.®"”
Upon binding to the Cu" ... site in CuBTTri, the pK,, value for
the thiol proton in GSH should drop an estimated ~2—4 orders
of magnitude and fall between ~5 and 7.°" However, the pK,
value of Cu"-N,(NH)C,(N) is expected to drop less than Cu'"-
S(H)G because the protonated N-H is 4 bonds removed from
Cu" (as opposed to 2 bonds for Cu"-S(H)G). Scheme 7 shows
the triazole moiety in the protonated state (formally a neutral
ligand) to reflect its likely protonation state at pH = 4.5. While
one can write an analogous mechanism to Scheme 7 where the
proton involved in PCET in Step 3 is Cu-N,(NH)C,(N) and
not Cu-S(H)G (as currently written), Scheme 7 utilizes Cu"-
S(H)G for PCET for the sake of simplicity and because of
proximity to the active site. Howver, the deprotonation of Cu'-
N,(NH)C,(N) cannot be unequivocally ruled out. In progress,
computational work is aimed at addressing the deprotonation
question of S-H versus N-H.

Scheme 7 proposes that the Cu'’ .. site becomes poisoned
upon abstraction of the Cu"-S(H)G proton because removing
the Cu"-S(H)G proton before Step 2 of Scheme 7 can occur
results in the formation of a thiolate ligand and a net —1
complex. Additionally, even if the net —1 site (Cu"™-(S7)G) can
still bind GSNO and then Step 3 of Scheme 7 still occurs, the
catalytic cycle cannot be closed as written because there will be
no proton available to couple with the electron transfer between
the [NO]~ ligand and the neutral S atom in Step S of Scheme 7.
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In short, PCET is proposed to be essential throughout the
catalytic cycle.

The Question of a Formal Cu" in Scheme 7. One
alternative mechanistic hypothesis to Scheme 7, which cannot
be conclusively disproven, generates the driving force for S—N
bond homolysis via oxidation of Cu" to formally Cu™
(Supporting Information, Scheme S3). The alternative Cu" to
Cu™ metal-based redox PCET mechanism exhibits the same
reaction stoichiometry and derived rate law as Scheme 7 and
drives catalysis via inner-sphere electron transfer directly
between Cu''/Cu™ and GSH/GSNO ligands. However, the
Cu"/Cu™ metal-based redox hypothesis is disfavored for the
following reasons: Pauling’s electroneutrality principle”” states
that the charge on the central metal ion in a complex lies
between +1 (others say +0.5) and suggests that the formation of
a truly Cu'™ species is not likely. We are also aware of work that
provides XAFS and DFT evidence that Cu™ physically probably
does not exist in many cases.”® Evidence against Cu"™" formation
is unsurprising considering Pauling’s electroneutrality principle,
the increasing effective nuclear charge on late first-row transition
metals, and molecular orbital population analyses. In short, the
formally Cu" (and not Cu™) species is written in Scheme 7
based on common oxidation-state formalisms currently in
practice. Our intent is to show the general flow of electrons and
associated arrow pushing that drives the key GS—NO bond
cleavage step. The true charge on the central Cu ion is another
matter, one we have no evidence for and hence no opinion on
past what the current literature teaches.*” Put another way, we
wish to move past the long-standing issue of oxidation-state
formalisms vs “true” charges on central metal ions and focus
herein on the conceptual keys to the underlying chemically
critical S—N bond cleavage reaction to medically useful NOe
release. Some additional discussion of the formally Cu"/Cu™
mechanism is provided in the Supporting Information for the
interested reader. Another limiting case of a formal all Cu'
mechanism is also provided in the Supporting Information, a
mechanism that, however, is currently disfavored as well for the
same reasons other Cu' mechanisms previously discussed are
disfavored (vide supra).

Estimates of Thermodynamic and Kinetic Parameters
in Scheme 7. One can estimate the parameters reported in
Table 2 for Scheme 7 using the data in Figures 4 and 6 and the

Table 2. Estimated Reaction Parameters for Scheme 7 and
the Kinetics Data Used to Calculate the Estimates”

data used for

reaction parameter estimation value

kixKog, (s M) Figure 4 (56 +1.6)x107*s ' M™!
Keg1 M™) Figure 4 61M™!

kyxKg, (s7" M) Figure 6 (501 £ 04) x 107* s M™!
Kegpois (M) Figure 6 (2.38 £0.01) x 105 M™*

“The values for the apparent K.y, Koqp and Ky, parameters have
dimensions as given (i.e, they are binding/reaction constants, not
activity-based, dimensionless, true equilibrium constants).

predicted rate laws given in Derivation S1 in the Supporting
Information. What follows in this section is a brief discussion of
how the parameters in Table 2 were estimated, with the full
details in the Supporting Information.

The entries in Table 2 based on the data in Figure 4 were
obtained as follows. The derived rate law for Scheme 7 when the
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reaction is Ist-order in [GSH] at pH = 4.5 is given above in eq 6a
(reproduced below):

—~d[GSNO] _
- ™3

o eq1Keq 2l GSNOT'[Cul;

[GSH(COO)]'™° (6b)

Therefore, the slope of the line in Figure 4 where the reaction
is lst-order in [GSH] is equal to
k3XK g 1 XK,q,X[Cu]1X[GSNO] ([Cu]; and [GSNO] were
held constant at 0.5 and 1 mM, respectively). Once the reaction
is zero-order in [ GSH] at pH = 4.5 the derived rate law simplifies
to eq 7, as shown below, and —d[ GSNO]/dt becomes equal to a
maximum constant value (as observed in Figure 4).

—d[GSNO]
dt (7)

Therefore, the constant value for —d[ GSNO]/dt in Figure 4 is
equal to k;XK, ,X[Cu] x[GSNO], which yields the estimate
for k;XK,, in Table 2 using the data in Figure 4 (again with
[Cu]r and [GSNO] held constant at 0.5 and 1 mM,
respectively). One can then calculate the estimate for Keg1
using the estimate for k;XK,,. Dividing the slope of the line in
Figure 4 when the reaction is 1st-order in [GSH] by the estimate
for kyXK,, yields the estimate for K, given in Table 2. The
estimates for K, and k;XK,, given in Table 2 are physically
reasonable: the association of GSH to Cu" is mildly
thermodynamically favorable (Keq,l = 6.1), and the bulky thiol
GSH is expected to be only a moderate ligand. The value for
k3XKeq, ((5.6 £ 1.6) X 107*s7") is expected to be small and is
consistent with the hypothesis that k; corresponds to the t.Ls. in
Scheme 7.

The entries in Table 2 based on the data in Figure 6 were
obtained as follows in brief (see the Supporting Information for
full details). The derived rate law for Scheme 7 at pH > 4.5 when
the reaction is Oth-order in [GSH] (the conditions under which
the data in Figure 6 were obtained) is given below in eq 8.

kyK . ,[Cul;[GSNO]
omses (1 + K o JOHT])

= k3K, ,[GSNOJ'[Cul;

—d[GSNO]
dt

(8)

The value of the numerator of eq 8 is a constant, which can be
denotaed a fit parameter, A. The value of K, ., in eq 8 is also a
constant, which can be denoted a second a second fit parameter,
B. We note here that the value of K, determined here is
meant to represent a combination of the two equilibrium
constants for the two separate poisoning events back in Scheme
7. The data in Figure 6 measures —d[GSNO]/dt as a function of
[OH™] and therefore can be fit by an equation with the general

form of eq 9, shown below, where A

eq,pois

k3XKoq,X[Cu]rX[GSNO] and B = K,g o
A
y = -
(1 + Bx) (9)

The fit of the data shown back in Figure 6 using eq 9 yields a
second estimate for k;xK,, from parameter A (as [Cu]y and
[GSNO] are known) and an estimate for K,y ,.;; from parameter
B (both of which are reported in Table 2). The value of k3XK,, ,
estimated from the data in Figure 6 ((5.0 + 0.4) x 107* s_ci)
matches, within experimental error, the estimate for k;XK.,,
from the data in Figure 4 ((5.6 + 1.6) X 10™*s7")). The good
agreement between these two estimates for k3XK,,, from two
different sets of data supports the method of data collection, the
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treatment of the data and, overall, the proposed mechanism. The
reasonably precise, if not accurate, estimation of k;XK,g, is also
implied. The value estimated for K, ;.;; from the data in Figure 6
is large, on the order of 108 according to the treatment in Figure
6. The large magnitude for K., is reasonable as the
deprotonation in the poisoning step (Scheme 7) is energetically
favorable (as the pK, value of the thiol proton in GSH is
expected to drop ~2—4 orders of magnitude compared to the
unbound thiol)”” and given that the resulting thiolate ligand is
expected to be strongly bound to what is formally Cu". Note that
successful fitting of kinetics data to obtain the reaction
equilibrium and rate constant parameters in Table 2 is additional
quantitative evidence that the mechanistic hypothesis in Scheme
7 is, at the very least, a decent initial mechanistic hypothesis
consistent with and supported by the available data. Moreover,
the equilibrium and rate constants obtained from fits of the
kinetics data in Figures 4 and 6 to the predicted rate law(s)
corresponding to Scheme 7 make physical sense (as discussed
above), further supporting the reasonableness of the working
mechanistic hypotheses presented as Scheme 7.

Possible Future Experiments Based on Predictions
Derived from Scheme 7. A more reliable mechanism can both
explain all the current data but also makes predictions that can
be tested experimentally. The mechanism in Scheme 7 is no
exception. Hence, some predictions based on the formally Cu"
Lewis acid, ligand-based redox PCET mechanism,*”*" and
possible future studies that go beyond the scope of this
contribution, are detailed in the Supporting Information for the
interested reader.

B CONCLUSIONS

A novel PCET mechanism is proposed as the key behind the
GS—NO bond homolysis catalyzed by CuBTTri (Scheme 7).
Scheme 7 proposes that the key S—N bond homolysis in GSNO
is driven by ligand-based PCET between the S atom in the GSH
ligand and the N atom in the GSNO ligand. Scheme 7 proposes a
mechanistic hypothesis where the Cu" site does not undergo a
change in at least formal oxidation state but, instead, primarily
binds the GSH and GSNO ligands in a (Lewis acid) way that
facilitates electron transfer between the S in Cu-S(H)G and the
N in Cu"-N(0O)SG. The proposed mechanism satisfies the five
minimum requirements listed in the Introduction for determin-
ing more reliable reaction mechanisms and explains the four
primary experimental findings for the CuBTTri/GSNO/GSH/
NO system listed at the end of the Results section. In short,
Scheme 7 is offered as a minimum mechanistic working
hypothesis for going forward, consistent with and supported
by the currently available data.

The work reported herein is, to the best of our knowledge, a
rare if not the first example where a proposed reaction
mechanism for a MOF catalyst has been elucidated based
upon (i) first establishing the active sites within the MOF and
(ii) then also ensuring that the classic requirements for
establishing a disproof-based, Ockham’s razor obeying, hence
more reliable reaction mechanism have been met.*” Due to their
exceptional chemical and physical tunability, MOF catalysts
stand to benefit considerably from mechanistic insight for
catalyst improvements and mechanism-directed catalyst design.
Hence, it is hoped that the approach employed herein to
elucidate the proposed PCET mechanism will prove of value to
the communities connected to the MOF literature, biomedical
NO generation, heterogeneous catalysis, and workers more
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generally interested in kinetic and mechanistic analyses of
catalytic reactions.
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