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Enzymes that activate dioxygen or hydrogen peroxide exhibit
remarkable catalytic activity and selectivity, but oxidative and  syeaq Y
hydrolytic fragility limit their technological applicability. Their °s |
catalytic activity-pH profiles are usually bell-shaped, resulting from DN\FGWN
either reversible or irreversible activity loss at extremelpHheir X N N
mere existence challenges chemists to design low-molecular, )—( 0
protein-free catalystthat are at least as active, while being more M= N&t» O
robust in aggressively oxidizing acidic and basic environments.

Recently, we introduced a new class of oxidatively robust “gréen” Tor2
catalysts for HO, oxidation of a wide spectrum of substrates ~ Figure 1. Fe'-TAML activators1 (Y = Cl) and2 (Y = H0): a (R =
including facile polychlorophenol mineralizatiéiThe Fé! centers 2/5'55;_st':Jétﬂr%Mgégq’rgrf“ff ’ol.\g%(??()i? /(S\Egb%I\)/’eet(hZ ;i;fpfghge\;ig]“g
of the nontoxic catalystsre coordinated to tetra-amido macrocyclic  |ong Fé —0 bond of 2.097(2) A arising from ground-state weakening by
ligands giving TAML oxidant activators, Figure 1. the four very strongs-N-donors. For X-ray structures db and 1e see

When extracted from the protein environments of horseradish Supporting Information.

peroxidase (HRP) or cytochrome P450, the catalytic properties of

Scheme 1. Speciation of Fe!'-TAML Activators in Aqueous

the Fé' porphyrin cofactors are inadequate. In contrast,-FAML Solution (Solid Rectangle) and Suggested Mechanism of the
activators are exceptionally active; the second-order rate constantsi*-Induced Demetalation (Dashed Rectangle); — — = Free Base
for the rate-limiting activation of KD, are as high as M ~1st Ligand

at 25 °C and optimal pH. TAML catalysts are effective in Cll
nanomolar to low micromolar concentrations in water where they ot o o Kei —Fle—
can attain turnover frequencies in the thousands per mirigspite H F| o K H : K s / OH,
this high activity, the design protocol applied to developind' +e ¥ - _Ff_ - _Fle_ K, oH
TAML activators (R= alkyl) led, inter alia, to their protection from OHz OH; OH; \\ |
rapid oxidative degradation. However, as with HRP, they rapidly kal”’ e kfol H', Fe! k‘l’“ e’ T
lose activity at pH< 4 by demetalation, although HRP’s 'f~e — — p——— ot

porphyrin is more resistant to acidic conditiohs.

Inactivation mechanisms for small molecule TAML activators 1 undergo rapid hydrolysis as expected for species with long Fe
should be much easier to und.e.rstand than ,those of enzymes, a”‘él bonds!? equilibrium dataK¢ (Table 1), indicate insignificant
such understanding should facilitate the design of more stable cat-c- coordination for [CI] = 0.5 M. (ii) CI- hydrolysis affords

alysts. We illustrate this argument using structural, spectral, kinetic
and mechanistic studies of 'FéTAML activators. Stabilization
against H-induced demetalation has been achieved &ff@ldl and

' aqua species accounting for the similaritylodnd 2 UV/vis and
EPR spectra in water. (iii) The aqua species are 6-CN in water.

: h o> " : (iv) UV/vis and EPR spectra are independent of pH from 5 to 8,

10**fold in mildly and strongly acidic solutions, respectively. but vary reversibly at 811 with deprotonation of an aqua ligand;

Iron(Ill)-TAML activators are synthesized either in chloro or in for 2b, a band at 368 nm disappears with increasing pH (isosbestic
aqua forms (Figure B X-ray structures demonstrate 5-coordination point at 345 nm). Ka's are in the range 9-410.5 (Table 1).

(5-CN) with long Fe-Cl (1a¢) and Fe-OH, (28) bonds (Figure 1 Aqueous solutions 02 (R = Me) at neutral pH are stable for
and Supporting Informatiorf) 5-CN is typical of HRP irort” If months, but at pH 34 the UV/vis band around 360 nm fades
the same geometry holds in _soluti(_)n_, the open axial site could irreversibly. The free macrocyclic ligand was isolated>85%
Eznot::l:(tjettg% ?;)éirl]eh;;?gt:;tyi[i}gCTESZSZC?;HF;?]TQMF;SAI:/?&iT ¥ield treating2aat pH L. For this reaction, the plot of the pseudo-
’ ) Y ) irst-order rate constant&g,s versus the concentration of HGJO
Wat_er was St“d'efj by UVivis and EPR' Pr|n0|pal_ conclusions oy jg distinctly curved, indicating high-order pathways inf[H
derived from consistent results (Supporting Information) are sum- (Figure 2). Best fits were obtained usikgs= ki*[H 1] + ks*[H ]2.
marized below and shown in Scheme 1. (i) The chloro ligands of Adding a second-order teri*[H *]2 did not improve the fit for

ICarnegie Mellon University. any complex. General acid catalysis is minor, becakige is
5021?\9;‘;{3 oege. virtually identical in 0.01 and 0.1 M phosphate at pH 4. He
Il University of Louisiana at Monroe. pathway is 3 times faster in '@D,O than in H/H0, ku/kp =
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Table 1. Equilibrium and Kinetic Parameters for Fe-TAMLs at 25
°C

2 pKe Ko (M2 ot (M2 s kgt (M2 s
2a 10.1+06 0.18+0.04 22+0.7 (6.7+0.2) x 10°
6.1+ 0.5 (6.44 0.3) x 10°a
2b 10.0+0.2 0.21+0.09 5.19+ 0.06 (1.13+ 0.01)x 108
2c 10.5+0.5 >0.05 7.1£05 (6.7+ 0.5) x 10°
2d 10.4+0.3 0.31+ 0.02 (1.03+ 0.05)x 10°
2e 95+04 19402 (1.6+£0.1)x10% (1.6+0.2)x 104
2f 94+06 24+04 (3.7£04)x 105 (4.84£0.6)x 105

apH 7.20.1 M KPFs. ¢ In DCI/D,0.
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Figure 2. Dependence dfpsversus [H] for 2d demetalation; 25C, 0.1
M KPFs. The solid line is calculated using the bestkiit, ks* values. The
broken line shows the first-order pathway dominating at lower [HLIO

0.36 for2a. This reverse isotope effect indicates that a stronger
bond is formed in the rate-determining proc&s3his suggests
that the rate-limiting event for thé&* pathway could involve
protonation of an amido-nitrogen or an-ife bond, forming the
N—H bond as the weaker NFe bond is cleavecky/kp ~ 1 for

the ks* pathway, making it more difficult to suggest mechanistic
details for this pathway; preequilibrium peripheral protonations of

the macrocycle are likely steps (Scheme 1). The dependence of

konsON [H1] is given by eq 1, which corresponds to the experimental
rate law when equilibrium constanks,; and K, are high (i.e.2
complexes are weak bases), ensubaga, > (Ko H*] + [HT]?)
andk, is negligible as compared ta andks, that is, kiKaiKazr
[HT] + kiHT]®) > kKafH'?, with ki* = ky and kg* =
K%(KalKa2)71-
Kops = (KK aKofH ™1 + kK JH 12 + k[H 13/

(KalKa2+ KaZ[H+] + [H+]2) (1)

The rate of acid-induced demetalation depends only slightly on
the nature of the head substituents X (Table 1). In contrast, the
tail-R groups dramatically affedt,* and, for the most partks*,
suggesting that tail amide O-atoms are sites of peripheral proto-
nation. This suggested a strategy for producing acid tolerdht Fe
TAML catalysts; tail electron-withdrawing groups should reduce
the hydrolytic demetalation rate. Replacement of the tail groups R
= Me with R = F produces a remarkable stabilization. The rate
constants (Table 1) show that under weakly acidic conditions, when
thek;* pathway dominates ovég*, fluorinated2f is 1(P-fold more
H*-tolerant tharRa.

Under more acidic conditions when tkg¢ pathway contribution

3

Figure 3. X-ray structure of highly distorted TAML comple8 (see
Supporting Information).

(Figure 3)!2 Very rapid hydrolysis of3 follows the rate lawkops
(s)=(2+1)+ (5.5+ 0.5) x 10°[H"]; 3is so labile that rapid
hydrolysis occurs in water at pH K* for 3is >1000 times faster
than that for the most reactive complex in Table 1.

In conclusion, the iterative design approach used to develop
oxidatively stable TAML activatofshas been extended to control
acid-induced hydrolysis. TAML activators with tail electron-
withdrawing groups are significantly protected. The entire acidic
pH range is now available for exploration of oxidation catalysis
using TAML activators. This work also shows that one can destroy
any TAML activator by acid treatment for a period determined by
its known acidolysis rate, prescribing an easy method for postuse
catalyst destruction.
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