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ABSTRACT: At ambient temperatures, neutral pH and ultralow concen- | o
trations (low nM), the bis(sulfonamido)bis(amido) oxidation catalyst N?
[Fe{4-NO,C¢H;-1,2-(NCOCMe,NSO,),CHMe}(OH,)]~ (1) has been sl N S
shown to catalyze the addition of an oxygen atom to microcystin-LR. This e R
persistent bacterial toxin can contaminate surface waters and render drinking o
water sources unusable when nutrient concentrations favor cyanobacterial 1504
blooms. In mechanistic studies of this oxidation, while the pH was controlled -
with phosphate buffers, it became apparent that iron ejection from 1 %"
becomes increasingly problematic with increasing [phosphate] (0.3—1.0 M); <
1 is not noticeably impacted at low concentrations (0.01 M). At pH < 6.5 i
and [phosphate] > 1.0 M, 1 decays quickly, losing iron from the macrocycle. o b, o R
Iron ejection is surprisingly mechanistically complex; the pseudo-first-order R R

) P gly y plex; p pH
rate constant kg, has an unusual dependence on the total phosphate
concentration ([P]), ko, = k;[P,] + k,[P,]? indicating two parallel pathways
that are first and second order in [phosphate], respectively. The pH profiles in the 5.5—8.3 range for k, and k, are different: bell-
shaped with a maximum of around pH 7 for k; and sigmoidal for k, with higher values at lower pH. Mechanistic proposals for the k;
and k, pathways are detailed based on both the kinetic data and density functional theory analysis. The major difference between k;
and k, is the involvement of different phosphate species, i.e., HPO,* (k;) and H,PO,” (k,); HPO,*™ is less acidic but more
nucleophilic, which favors intramolecular rate-limiting Fe—N bond cleavage. Instead, H,PO,” acts intermolecularly, where the
kinetics suggest that [H,P,04]*" drives degradation.
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1. INTRODUCTION For the prototype TAML activator, 2a,” protons and general
acids®” at appropriate concentrations cause Fe'! ejection with
liberation of the corresponding macrocyclic ligand. General
acids such as mono- and dihydrogen phosphate are often

) S components of buffer solutions in which the catalytic activity
(H,0,) and O;io’imc peroxides in both laboratory and natural of TAMLSs is explored.'”"" On rare occasions, TAML catalysis
environments.””" Recently, we have focused on bis(amido)-

TAML activators of peroxides' (Figure 1) are functional
replicas of peroxidase enzymes that catalyze oxidative
decontamination of persistent pollutants by hydrogen peroxide

is not observed in the absence of phosphate ions;'” ie.,

bis(sulfonamido) macrocyclic activators similar to 1 because of phosphate can be more than a pH controller and also serves as
advantageous properties among the extended TAML family a promoter of catalysis. Thus, in building an extensive
including higher catalytic activity with a pH-dependent rate understanding of the catalytic cycle, it is important to
optimum closest to the neutral region.”® TAML 1 contains the understand the effects of phosphate on the latest generation
>CHMe unit surrounded by two SO,-sulfonamido-N function- of TAML activators, among which 1 is the optimal performer
alities. We refer to the unit as a catalyst “kill switch”. The thus far. This need for deeper interrogation involves the resting
sulfonamido-N ligands of 1 deliver an increase in catalytic state not only under operating conditions but also under
oxidative aggression compared to the carbonamido-N ligands nonoperating conditions to expand our appreciation of the
of 2 that they replace and a pH-dependent change in

dominating decomposition mechanisms for 1 versus 2. The Received: November 1, 2022

ideal TAML has a very reactive active state that lasts long Published: January 4, 2023
enough to deliver an excellent catalytic performance but not so

long that it persists when its targeted work is done. The lack of

environmental persistence after use can be recognized as a safe

and sustainable design element for oxidation catalysts.
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Figure 1. TAML activators used and mentioned in this work: X = H, R = Me (a); X = NO,, R = F (b).

mechanistic intricacy and as a potential catalyst and process
design information for improving catalytic performances. The
existence of the “kill switch” (the acidic proton on the
aforementioned —CHMe moiety, which following deprotona-
tion can yield an oxidatively sensitive sulfur ylide) in 1 gives an
additional reason for testing its stability in phosphate buffer
solutions.

Therefore, we undertook a systematic kinetic and mecha-
nistic investigation of the chemistry of 1 with phosphate ions.
The results presented in this work show that phosphate causes
slow pH-dependent Fe'' ejection from 1 in the pH range of
5.5—8.2. The ejection occurs in two parallel pathways: one first
order and another second order in the total phosphate
concentration. The pH profiles of these two pathways are
remarkably different. Evidence is provided that phosphate
binds to 1 and 2b, although 2b is much more resistant to
demetalation. Mechanisms of iron ejection are put forward and
discussed in detail using the kinetic information and the results
of density functional theory (DFT) simulations.

2. EXPERIMENTAL SECTION

2.1. Methods: Chemicals, Instrumentation, and Procedures.
TAML 1 was prepared as described elsewhere.” Further samples of 1
and samples of 2b were provided by Sudoc, LLC. All other reagents
were ACS grade and used without further purification.

UV—vis demetalation measurements were conducted in capped
quartz cuvettes on a Cary 3500 spectrophotometer, engaging the air-
cooled Peltier thermal control system as noted (typically 45 °C).
Phosphate binding experiments were also conducted on a Cary 3500
spectrophotometer, with the cell-block temperature set to 15 °C.
Aqueous stock solutions of 1 and 2b were added to various
concentrations of phosphate buffer (0.0—1.0 M) to reach final TAML
concentrations of 3.5 X 107> M for each, and the resulting spectra
were measured immediately.

The pH values of the buffers [prepared from mono- and
dipotassium phosphate salts in high-performance liquid chromatog-
raphy (HPLC) grade water and adjusted to the desired pH with a
KOH solution as needed] were determined using a Fisherbrand
Accumet AB15 pH meter calibrated to pH 4, 7, and 10. Phosphate
buffers were reprepared weekly.

The pseudo-first-order rate constant k,, for Fe' ejection from 1
was calculated for faster reactions from the slopes of linear In{(4, —
Ay)/ (A, — Ay)} versus time t plots (A, A, and A, are the
absorbances at time zero, infinity, and t, respectively). Kinetic data for
slower processes were acquired by measuring the initial rates of
demetalation at 358 nm using the values of extinction coefficients & of
9660 and 9100 M™' cm™' for 1 and 2b, respectively, plotting
concentrations versus time in the linear portion of the graph.

2.1.1. Mass Spectral Analysis. A solution of 5.2 X 107> M 1 in 1.0
M pH 7 phosphate (3 mL) was prepared and left to demetalate at
room temperature overnight (18 h), during which time all visible
color faded. The mother liquor was washed with an equal volume of
dichloromethane. The organic layer was separated and dried via rotary
evaporation, before being redissolved and diluted to a theoretical
concentration of 2.1 X 10~° M (assuming quantitiative demetalation)
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in 50:50 methanol/water (H,0) (0.1% formic acid) for mass spectral
analysis. Analysis was conducted via direct injection with heated
electrospray ionization in negative-ion mode (325 °C, 3.5 kV) on a
Thermo Scientific Exactive Plus EMR Orbitrap mass spectrometer at
the Carnegie Mellon University Center for Molecular Analysis.

2.2. DFT Calculations. Gaussian 09, revision D.01,"> was
employed to investigate separately the interactions between 1 and
the two phosphate anions (H,PO,~ and HPO,*"). The structure of 1
was built by modifying the X-ray data of its geometrical analogue
without the nitro group.” The 3D structures of the phosphates
(H,PO,™ and HPO,>") were created using the open-source chemistry
toolbox OpenBabel.'"* Becke’s three-parameter hybrid functional
(B3)"*'® with the Lee—Yang—Parr correlation (LYP)'” and the 6-
31+G(d) basis set were implemented in the computations. The SMD
(solvation model based on density) continuum model was adopted to
consider the solvent effect.'® To explore the binding of two phosphate
anions to 1, two sets of computational experiments were carried out:
(1) the axial water ligand replaced with H,PO, /HPO,”; (2)
competing binding between two axial ligands among every pair of
HPO,*”, H,PO,”, and H,0. The final optimized molecular
geometries were obtained after the computations converged to the
default criteria.

3. RESULTS AND DISCUSSION

3.1. Phosphate-Induced Fe" Ejection from 1. The
solution of the TAML activator 1 does not show noticeable
spectral changes at ambient temperature at pH 7.0 controlled
by 0.01 M phosphate buffer for at least 48 h. The spectrum of
1 changes gradually with time at much higher phosphate
concentrations (ca. 0.3—0.7 M), as shown in Figure 2. The
maximal absorbance at 358 nm decreases, and two clear
isosbestic points are observed at 282 and 315 nm, revealing the
coexistence of two absorbing species in solution. These species
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Figure 2. Spectral changes that accompany Fe'™ ejection from 1 in the

presence of phosphate. Conditions: [1] = 5.2 X 10> M, [phosphate]
= 1.0 M, pH 7, and 45 °C. Spectra were recorded with 40 min
intervals.
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are intact 1 and the free bis(sulfonamido)bis(amido) ligand 4
produced by the Fe' ejection from 1 (eq 1).

[Fe{4-NO,C4H, -1,2-(NCOCMe,NSO, ), CHMe } (OH,)]
(l) " 4H+ phosphate

4-NO,C¢H; -1,2-(NHCOCMe,NHSO, ), CHMe (4)

1IL» (1)

The isosbestic points such as those in Figure 2 look less
perfect after prolonged time periods (over 1 day at 45 °C)
tentatively due to a very slow ligand degradation.”™* No
attempts were made here to study this process in detail.

The initial formation of free ligand 4 was confirmed by two
methods. Reaction (1) was run for 18 h at room temperature,
and 4 was extracted into dichloromethane. First, the UV—vis
spectrum of the extracted material was measured and found to
be identical with that of authentic 4 (Figure S1). Electrospray
ionization mass spectrometry (ESI-MS) analysis of the solution
revealed the presence of a single product, which was detected
at m/z 476.09 in the negative-ion mode, as expected for 4
(Figures S2 and S3). No other products were observed.

3.2. Kinetic Data. The kinetics of demetalation (eq 1) is
conveniently followed by UV—vis spectroscopy at 358 nm,
where 1 has an absorption maximum at pH 7. The reaction is
complete after ca. 24 h at [phosphate] > 0.5 M and 45 °C. The
kinetic trace (Figure S4) is exponential, suggesting a first
reaction order in 1. The inset to Figure S4 shows linearization
of the trace using the In{(4; — A,)/ (A, — Ay)} versus time ¢
plot (A, is the absorbance at time t).”* The pseudo-first-order
rate constants k., for decomposition of 1 are the slopes of
linear plots. The linearity is commonly observed for more than
five half-lives, proving a solid case for first order in 1. This
allowed us to measure the initial rates (v) of reaction (1),
which are much lower at lower phosphate concentrations, and
calculate kg, as a ratio of v/[1] because v = kg, [1]. It was
confirmed that identical values of kg are obtained from the
linearization of all kinetic traces and using the v/[1] routine.

The dependence of kg, for reaction (1) on the total
phosphate concentration ([P,]), as presented in Figure 3, is
not linear. There is a positive deviation from the straight line,
with the effect becoming more pronounced at lower pH. The

+ “Fe
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Figure 3. Influence of the pH on representative dependences of kg,
for the degradation of 1 (eq 1) on the total phosphate concentration
([P,]) consistent with eq 2. Data were obtained at 45 °C. The solid
lines are calculated curves using the best-fit values of k; and k,
presented in Table 1 (see the text for details).
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nonlinear dependence suggests that reaction (1) occurs via two
parallel pathways, viz., one first order and another second order
in [P,]. Therefore, the data in Figure 3 were fitted to eq 2, and
the best-fit values of k; and k, obtained in the pH range 5.5—
8.3 are collected in Table 1.

ko = Ky[P] + ky[RT* (2)

Table 1. Rate Constants k, and k, (45 °C) for the
Demetalation of 1 Calculated from the Data such as in
Figure 3

entry pH 10° X k;/M~* s7* 10° X ky/M ™% s7*
1 4.75 n.o.” 30 + 4
2 S.5 n.o. 16 +2
3 6.0 n.o. 13+£8
4 6.25 0.6 + 0.4 9.6 + 0.4
S 6.5 24 + 0.6 6.5 £ 0.7
6 6.8 3.6 + 0.6 24 +£08
7 6.9 4.1 +0.1 3+1
8 7.0 4.0 £ 0.8 1.6 + 0.8
9 7.13 2.5 + 05 1.6 + 0.6
10 7.2 32+ 04 1.6 + 0.5
11 7.6 24 +£02 1.2 £03
12 8.2 n.o. n.o.

“Negligible or not observed.

The phosphate concentration was varied in a broad range,
and therefore k,, could be a function of the ionic strength. To
rule out the ionic strength effect, the reaction rates were
measured in the presence of added KPF. The data presented
in Figure S5 show that the effect of neutral salts is negligible
compared to that of phosphate.

The contributions of the first- and second-order pathways
vary with the pH. The second-order k, pathway is insignificant
at pH > 7 and practically unobservable at pH > 12. The first-
order k; pathway starts to show up at pH > 6 and disappears at
pH > 11. Different reaction orders in phosphate as the pH
changes indicate that the phosphate species involved in the
first- and second-order reaction pathways most likely have
different protonation states. Mechanistic consequences of this
finding are discussed below.

It is of interest to compare 1, which is a bis(sulfonamido)-
bis(amido) species, with 2b, a tetraamido species, the TAML
activator previously considered by us as having the best
balance of technical performance parameters, rate constants of
activation, oxidation of a benchmark substrate, and TAML
degradation.”® Catalyst 2b is much more resilient than 1 to the
always slow phosphate-induced demetalation described herein,
and therefore just the initial rates of the iron ejection for 2b
could be measured. The comparison of the initial rates of
demetalation of 1 and 2b in Figure 4 shows that, at phosphate
concentrations above 0.2 M, the iron ejection from 1 occurs
much faster than that from 2b, with the rate ratio being a factor
of 54 at 1.0 M [phosphate] (pH 7). Such a rate variation
indicates that 1 is more sensitive to general acids such as
phosphate species compared to 2b. There is no parallel
difference with the Fe'™ reduction potentials of 1 and 2b,
which are very close (1.19 and 1.16 V*° vs saturated calomel
electrode, respectively, in acetonitrile), where the FellVIV
couple probably involves the bis(acetonitrile) complex.
Considering that differing reduction potentials likely reflect
the electron density at each TAML, the rather different
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Figure 4. Comparison of the initial rates of phosphate-induced
demetalation of 1 and 2b. Conditions: both [1] and [2b] = 5.2 X
10~ M, pH 7.0, 45 °C.

demetalation rates of 1 and 2b are a signal that multiple
interactions between the phosphate acid anions and the
TAMLs are in play.

A comparison of the structures of 1 and 2b (Figure 1)
through the prism of the data in Figure 4 suggests which Fe—N
bond of 1, i.e, in the head or in the tail, is a primary target of
phosphate species. The head parts, including two carbonamido
nitrogen atoms, of 1 and 2b are identical. The tail parts are
different. Because the reactivity of 1 and 2b with phosphate
anions is diverse, it follows as reasonable that a sulfonamido
nitrogen atom of 1 first accepts a proton, leading to cleavage of
an Fe—N bond. This step is likely rate-limiting because
cleavage of just one Fe—N bond should eliminate the TAML-
constrained planarity, allowing TAML distortions to enhance
the rates of cleavage of the remaining Fe—N bonds.”

3.3. pH Profiles for k; and k, and Their Interpreta-
tions. The rate constants k; and k, are both pH-dependent,
but the profiles vary distinctively (Figure S). The profile for k;
is bell-shaped in the pH range of 5.5—8.3 with a maximum of
around pH 7, but for k,, it is sigmoidal and the rate constants
increase with decreasing pH. Such sigmoidal dependencies
were previously observed for 2a® and 3,” but in those cases, the
demetalation reactions were first-order in phosphate and not
second-order, as with 1. Larger experimental errors in Figure
SA are due to the fact that the second-order pathway in
phosphate is dominant. The contribution from the first-order

pathway is much lower. Thus, the kinetic information
regarding the k; pathway is collected when the “background”
rates originating from the k, pathway are much higher. This
automatically causes lower accuracy in determining the k;
values (particularly at lower pH in this range).

3.3.1. k; Pathway. A bell-shaped pH dependence for k; with
a maximum of around 7 (Figure SA) can be mechanistically
rationalized by assuming that the monohydrogen phosphate
(HPO,*") causes the degradation of 1, whereas dihydrogen
phosphate (H,PO,”) is significantly less reactive. This
postulate accounts for a sharp decrease in k; to zero at pH <
6.5. The decrease in k; at pH > 7.5 is presumably associated
with the deprotonation of an axial water of 1 to form the
hydroxo species.

The hydroxo ligand is a poor leaving group; it is more
strongly coordinated to Fe'! than the water ligand, which, if
the Fe'' is five-coordinate at all times, will reduce the ability of
HPO,>” to enter the coordination sphere or, if the Fe' is six-
coordinate, reduces the water binding constant by virtue of its
higher trans influence. The exact steps of the suggested
mechanism are represented in Scheme 1A, assuming that the
five-coordinate structure is favored. Equation 3 is the
corresponding rate law, which is consistent with the pH
dependence of k; in Figure SA.

= kK5[H*]
[H'? + (K, + K, )[H'] + KK, (3)
Because K&, > K, eq 3 can be rewritten as eq 4.
B kK5[H]
'O 4 KB[HT] 4+ K2K, 4)

Equation 4 accounts for the pH dependence of k; in Figure
SA. Fitting the experimental data to eq 4, assuming pK',, =
6.75 and pK,; = 7.35 at 45 °C (8.8 at 25 °C),” allows an
estimation of the value of k = (6.8 + 0.5) X 107> M™' s™* and
the calculation of a theoretical curve, which shows a
resemblance with the experimental values of k; in Figure SA.

The most challenging and curious feature of the mechanism
in Scheme 1A is that HPO,*~ and not the more acidic H,PO,~
is the reactive species in the k; pathway. The evidence for
HPO,> as the key actor in Figure SA is straightforward
because otherwise the bell-shaped dependence would not be
observed. Our hypothesis is that both the acidity and

T(n ‘Tu)
o v
x &
55 6.0 6.5 7.0 7.5 8.0 8.5
pH A

1.5e-4

1.0e-4
5.0e-5
0.0
55 6.0 6.5 7.0 7.5 8.0 85
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Figure S. pH dependencies of k; (A) and k, (B) at 45 °C. The solid lines were calculated using the best-fit values of k; (A) and k;,K; (B) assuming

pK’, = 6.75 (A and B) and pK,; = 7.35 (A). See the text for details.
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Scheme 1A. Plausible Stoichiometric Mechanism of the k; Pathway in Phosphate Demetalation Formally Consistent with Its

pH Profile (Figure SA)
H,PO, 2 HPO,> + H*

[FeL(OH,)]" 2 [FeL(OH)]* + H*

HPO4* + [FeL(OH,)]" — Degradation products

(Kpu'.’)

(K:l)

(&

Scheme 1B. Final Steps of the “Intramolecular” Variant of the Mechanism Presented in Scheme 1A

HPO,> + [FeL(OH,)]" 2 [FeL(HPO,)J*

[FeL(HPOy)]*- — Degradation products

(K)

(&)

Scheme 2. Plausible Stoichiometric Mechanism of the k, Pathway Formally Consistent with Its pH Profile (Figure 5B)

H,POs 2 HPO,* + H*

[FeL(OHo)|" + Ho,POs 2 [FeL(H,PO4)J*

[FeL(H,PO,)]> + H,PO, — Degradation products

(Kpal)

(K3)

(k1)

Scheme 3. Alternative Stoichiometric Mechanism of the k, Pathway Formally Consistent with Its pH Profile in Figure 5B

H,PO, 2 HPO> + H* (K0)

[FeL(OH,)]" + 2 HoPOys 2 [FeL(HoPOu)oJ* (K3)

[FeL(H,PO,),]** — Degradation products (k1)
nucleophilicity of the phosphate species play significant roles. k11K3[Mt][Pt]2 [H']

H,PO,” is more acidic although less nucleophilic than
HPO,>". HPO,*™ should be a better incoming ligand into
the coordination sphere of Fe'™. If the anation by HPO,*" is
essential, Fe—N bond cleavage should be intramolecular and
the last step in Scheme 1A should be detailed as shown in
Scheme 1B.

For this variant, k = k'K’. This mechanistic version in
Scheme 1B makes it more obvious why deprotonation of the
aqua ligand freezes out the k; pathway. In the all-five-
coordination pathway, coordination of HPO,>~ becomes less
likely due to the formation of a poor leaving hydroxo ligand
such that the intramolecular step of Scheme 1B cannot occur.
This hypothesis is supported by the results of DFT analysis
described below.

3.3.2. k, Pathway. The pH profile of k,, which is second-
order in phosphate, with the inflection point around 6.5,
matches the profile previously reported for the phosphate-
induced demetalation of 2a, although that process obeyed first-
order kinetics in total phosphate.” Such a changeover of the
reaction order is intriguing. An obvious starter mechanistic
hypothesis is that a single dihydrogen phosphate unit is unable
to demetalate/destroy 1 such that a second H,PO,” unit is
required. A variant of the reaction mechanism is presented in
Scheme 2. It includes first reversible phosphate binding to Fe™
(K;), followed by a rate-limiting intermolecular interaction of
the iron phosphate complex and dihydrogen phosphate (k;;).

In the most general case, Scheme 2 leads to the following
expression for the rate of the second-order pathway in

phosphate:
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"7 KD+ [HD(RIHTIK, + K5 + [H) )

Here [M,] and [P,] are the total concentrations of 1 and
phosphate, respectively. The equation was obtained assuming
that [M,] < [P,] and using the mass balance equation [M,]
[M] + [MP], where M and MP are free and complexed forms
of 1. Second-order kinetics in the total phosphate concen-
tration will be observed when [P J[H']K; < (K*,, + [H*]).
Then eq S becomes

kMK [HP
(D + HT)

which can be rewritten as eq 6, where k, is formally a
trimolecular rate constant from eq 2.

ky K [HT

2= (KY + [H])?

(6)

Equation 5 accounts for the square-sigmoidal pH depend-
ence of k, in Figure SB. Fitting the experimental data to eq 6,
assuming that pK*,, = 6.75 as above, allows for estimation of
the value of the product k;;K; of (1.74 + 0.04) X 107* M2 s~}
and calculation of a theoretical curve that agrees with the
experimental values of k, in Figure 5B.

The mechanism of the k, pathway in Scheme 2 assumes that
dihydrogen phosphate attacks the Fe species from the bulk,
i.e., without the formation of a bis(phosphate) complex, which
could further be involved in intramolecular demetalation
(Scheme 3). The mechanisms in Schemes 2 and 3 imply at
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Figure 6. Spectral changes of 1 (A) and 2b (B) recorded in the presence of increasing concentrations of phosphate in the range from 0 to 1.0 M.

Conditions: both [1] and [2b] = 5.2 X 10~ M, pH 7, and 15 °C.

Figure 7. DFT-calculated structures of [FeL(HPO,*")]>~ (A) and [FeL(H,PO,7)]*” (B). Hydrogen atoms other than those associated with

phosphate residues are not shown for clarity.

high phosphate concentrations (which are impossible to
achieve in practice) that the reaction order in phosphate
should be different, i.e., 1 and 0, respectively. The former result
comes from eq S because if [P,] — oo,

_ Kk [MJRIHT]
Ky, + [HY]

Qualitatively, if the mechanism in Scheme 3 is operative and
[P,] — oo, all Fe'" should hypothetically be converted in the
reactive MP, form and therefore the reaction rate should not
depend on the phosphate concentration. Kinetic analysis of the
scheme proposed agrees with the conclusion because in this
case the general equation is

kK IMRT HTT
V=
(K5 + [H') + K[H'(K) + [H])[R )
If [P,] — oo,
_ Ky[MHT]
K5 + [H']

Thus, the reaction rate shows no dependence on the
phosphate concentration. At the same time, at low [P,], eq 7
becomes kinetically indistinguishable from eq 6, with the only
difference being the formal units for k;; and K; used in
Schemes 2 and 3 (M™' s7! and M™! versus s™' and M2
respectively).

3.4. Spectral Evidence for Phosphite Binding to 1 and
2b. The mechanisms in Schemes 1A—3 assume binding of
phosphate to the resting state of 1. Previously, no evidence was
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found by UV—vis spectroscopy for phosphate binding to 2a.®
With complexes 1 and 2b, the Lewis acidity of which
significantly exceeds that of 2a, such evidence was acquired.
The temperature was decreased to 15 °C to ensure better
phosphate binding. The UV—vis spectra of both 1 and 2b
change as the phosphate concentration increases up to 1 M
(Figure 6A,B). The absorbance of 1 decreases slightly, the
maximum moves from 358 to 354 nm, and two isosbestic
points are seen at 402 and 452 nm. This is consistent with the
presence of just two absorbing species in solution. Spectral
changes are more pronounced in the case of 2b. There is a
profound shift in the absorbance maximum (from 358 to 346
nm) with isosbestic points at 390, 343, and 306 nm. The
spectral changes in both cases are most likely due to the
binding of one, not two, phosphate units to the Fe of
TAMLs. The formation of diphosphate species is rather
improbable. If it were indeed forming, the concentration of the
monophosphate species should be negligible and non-
contributing to the overall spectral changes.

3.5. Probing the Two Parallel Pathways by DFT.
3.5.1. Phosphate Binding to Fe" of 1: H,PO,™ versus HPO*".
DFT investigation indicates different abilities of H,PO,~
versus HPO,”™ to coordinate to Fe" in 1. The former is a
weaker ligand compared to the latter. The competitive binding
between HPO,*~ and H,O to Fe'" of [FeL(H,0)]™ ended up
with an effective pentadentate species when H,O drifted out of
the coordination sphere. The optimized structure of [FeL-
(HPO,*")]*~ produced as a result of water replacement is
shown in Figure 7A. A similar structure could be generated by
ligating the vacant site of [FeL]™ with HPO,*". Both
approaches led to similar results. The overlay of the optimized
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Table 2. Selected Bond Distances (A) and Bond Angles (deg) Calculated for 1 and Its Complexes with Water and Mono- and

Dihydrogen Phosphate®

Fe—N2 Fe—N3 N2—-Fe—NS$§ N3—Fe—N4 N2—Fe—N3
[FeL(OH,)]~ 1.94 1.89 106.5 83.6 83.6
[FeL(H,PO,7)]*" 1.96 1.90 104.3 82.9 82.6
[FeL(HPO,*") >~ 1.97 1.91 103.1 82.5 82.2
“The nitrogen numbering is indicated in Figure 7B.
Scheme 4. DFT-Inspired Variant of the Mechanism of the k, Pathway
H,POy 2 HPO,> + H* (K%2)
2 H,POy 2 [HyP,0g]* (Ky)
[FeL(OH,)| + [H,P,0g]> — Products (&

structures from the two theoretical experiments is presented in
Figure S6.

A higher affinity of HPO,*” toward Fe of 1 was
additionally confirmed in a set of “competitive” experiments.
The starting material was the hypothetical high-energy
pseudooctahedral complex [FeL(HPO,>")(H,PO,”)]*". Axial
sites were populated by HPO,?~ and H,PO,~, and one of them
had to dissociate via eq 8 or 9 to form a corresponding five-
coordinate species, as is shown in eqs 8 and 9.

111

[FeL(HPO,>”)(H,PO, )]*"

e [FeL(H,PO,”)’” + HPO,*~ (8)
[FeL(HPO,*”)(H,PO, )]*~
e [FeL(HPO,”" )P~ + H,PO,” 9)

Optimization clearly shows that HPO,*>” holds the
thermodynamic preference. Equation 9 describes the dissoci-
ation of H,PO,. The “kill switch” unit >CHMe makes two
positional isomers of [FeL(HPO,*”)(H,P0O, )]*  with
HPO,>™ syn or anti with respect to the methyl group of the
switch. It was found that the initial position of HPO,*" is not
important and the resultant complex contains bound HPO,*".
Conversely, H,PO,” is moving away from the first
coordination sphere, leaving the option for a weak interaction
within the second coordination sphere. Such a scenario has
been considered in detail in our previous work.'” In our
opinion, this experiment presents even stronger evidence for a
higher affinity of HPO,*™ versus H,PO,” toward Fe'' of
TAML 1.

The structure of ([FeL(H,PO,)]*” in Figure 7B was
obtained by substitution of the aqua ligand. In comparison to
the binding of HPO,*", the case with H,PO,” caused less
distortion of the coordination sphere of Fe'". The structural
alterations of 1 after ligation of H,PO,” and HPO,*” were
significant. They provide a clue for understanding the different
susceptibilities of FeL(HPO,*")]*~ and [FeL(H,PO,”)]*" to
protonolysis. A distortion of the TAML ligand plane enhances
the rates of protonolysis of Fe'" TAMLs.” The essential bond
distances and bond angles calculated for [FeL(OH,)] ,
[FeL(HPO,*>")]*", and [FeL(H,PO, )]*  are compared in
Table 2.

The HPO,>™ pulls Fe more out of the plane made up by its
four surrounding macrocyclic nitrogen atoms in comparison to
its: H,PO,*” analogue. The Fe—N bond distances become
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more elongated, which facilitates rate-limiting cleavage of the
first Fe—N bond. These theoretical conclusions are fully
consistent with the results of the kinetic studies, pointing to
the importance of the stronger Lewis basicity of HPO,*”
compared to that of H,PO,".

3.5.2. DFT Suggesting Alternative Rationalization of the
k, Pathway. Competing binding of H,PO,” to the aqua
species 1 led to computational instability. This suggests that
the [FeL(H,PO, )]*" species may not readily form in large
quantities in water and leads one to consider other pathways
that establish second order in phosphate in the k, process
without the intermediacy of iron phosphate complexes. Second
order may arise from the dimerization of dihydrogen
phosphate, as in Scheme 4, to form a species that is more
electrophilic and therefore more reactive than the monomer
species. The dimer species then reacts with 1 intermolecularly
in the rate-limiting step.

There is significant general exp¢31rimenta1,27_29 kinetic,® and
theoretical’' evidence for the dimerization of dihydrogen
phosphate. Interestingly, the dimerization is a feature of
dihydrogen phosphate only (monohydrogen phosphate does
not form dimers). Trimerization does not occur. The
dimerization stability constant Kj is around 2—3 M™% The
dimer is thus not a dominating species; the dimerization
equilibrium is shifted to the left and therefore

k//Kd[H+]2

27 (KD 1 1)

(10)

Equation 10 is kinetically indistinguishable from eq 6.
Therefore, this theoretical insight has led us to consider
Scheme 4 to account for a second order in the phosphate
concentration (k).

4. CONCLUSION

In this contribution, we have added another set of novel
processes to the panoply of equilibria and reactions that come
into play when TAML catalysts in water are mixed with other
chemicals. The process discovered is a slow TAML catalyst
decomposition under nonoperating conditions, and it provides
a process design signal that strong buffer solutions and 1 are
not compatible for anything other than very rapid catalytic use.
Perhaps the most challenging aspect of the present mechanistic
investigation was the observation of two parallel pathways in
the phosphate-induced demetalation of 1, where we have been
able to observe the pathways in action and discover the
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intrinsic reasons for their existence. There are two reactive
phosphate species in the pH range investigated, viz., H,PO,”
and HPO,>". The former is more acidic, and the latter is more
nucleophilic. This acidity/nucleophilicity balance plays a
delicate role here. The poorer nucleophile (H,PO,”) is unable
to bind to Fe™ of 1 and has to deliver the proton at the Fe—N
bond intermolecularly, presumably in the form of dimer
H,P,04>", which is needed in order to increase the acidity of
the phosphate species. The stronger nucleophile (HPO,*") is
capable of replacing the aqua ligand and binding to Fe'. Its
lower acidity compared to H,PO,” is compensated for by the
intermolecular to intramolecular mechanistic changeover, and
this is how the nucleophilic properties of a ligand assist in
performing the rate-limiting protonolysis of the first Fe—N
bond of TAML activator 1.
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