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ABSTRACT: There have been numerous efforts to incorporate dioxygen into chemical U PR

processes because of its economic and environmental benefits. The conversion of

dioxygen to water is one such example, having importance in both biology and fuel cell H,0 D—JN\':S,MI{"-—N’ Yoo o
technology. Metals or metal complexes are usually necessary to promote this type of Nl

reaction and several systems have been reported. However, mechanistic insights into this e

conversion are still lacking, especially the detection of intermediates. Reported herein is By ey - ) &
the first example of a monomeric manganese(II) complex that can catalytically convert uau‘Nf;g:'f!:o-‘Hv-u : 8y 0:( i §
dioxygen to water. The complex contains a tripodal ligand with two urea groups and one 1 (:‘Jn":}@ ,L (/k‘{:p
carboxyamidopyridyl unit; this ligand creates an intramolecular hydrogen-bonding net- "Q;v!n = o

work within the secondary coordination sphere that aids in the observed chemistry. The isolated g 22 defected

manganese(1I) complex is five-coordinate with an N,O primary coordination sphere; the

oxygen donor comes from the deprotonated carboxyamido moiety. Two key intermediates were detected and characterized: a
peroxo—manganese(I1) species and a hybrid oxo/hydroxo—manganese(III) species (1). The formulation of 1 was based on
spectroscopic and analytical data, including an X-ray diffraction analysis. Reactivity studies showed dioxygen was catalytically
converted to water in the presence of reductants, such as diphenylhydrazine and hydrazine. Water was confirmed as a product in
greater than 90% yield. A mechanism was proposed that is consistent with the spectroscopy and product distribution, in which the
carboxyamido group switches between a coordinated ligand and a basic site to scavenge protons produced during the catalytic cycle.
These results highlight the importance of incorporating intramolecular functional groups within the secondary coordination sphere

of metal-containing catalysts.

B INTRODUCTION

The ability to control the reactivity of molecular oxygen has
important consequences in a variety of chemical processes."
There are many practical benefits to using O,: it is inexpensive,
plentiful, and environmentally bemgn, making it an attractive
terminal oxidant in chemical syntheses.” Dioxygen has also been
linked to improvements in energy production, specifically in its
use in H,/O, fuel cells. With an overall reduction potential of
1.23 V versus NHE, the oxidation of H, by dioxygen produces a
relatively large amount of energy.” However, a limiting factor
govermng power efliciencies in fuel cells is the O, reduction
process.* One of the challenges associated with improving this
process is replacing the expensive platinum-containing catalysts
that are currently being used to reduce dioxygen with cheaper
and more abundant metals, such as mid-to-late first-row transi-
tion metals.” Aerobic organisms use this approach by employing
heme/copper oxidases, such as cytochrome ¢ oxidase (CcO):
these enzymes catalyze the highly selectlve reduction of O, to
H,O in the final stages of respiration. ® This highly exothermic
process is coupled with the production of ATP, and thus is
involved in regulating energy transfer in aerobic organisms.

There are several examples of synthetic systems that catalyti-
cally reduce O, to H,0;" these include heme/copper oxidase
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structural models,” cofacial diporphyrins, bimetallic porphyrin—
corrole dyads,® and various mono- and dimeric complexes.”'
However, there are few studies in which intermediates formed
during the reductive process have been characterized. The
identity of reaction intermediates is often sought because they
are helpful in elucidating the mechanisms and understanding the
factors required for efficient and complete reduction of O, to
H,O."" Notable examples include a synthetic CcO model that
traps an iron—superoxo intermediate, > O,-derived peroxo spe-
cies derived from either a cofacial dicobaltporphyrin® or a copper
system,'% and a vanadium (IV) —salen complex bearing a term-
inal oxo ll§and that is formed during the conversion of dioxygen
to water.”” In all cases, only a single intermediate was observed
along the reaction pathway.

We recently showed that treating the Mn' complex,
[Mn"H,bupa] , with dioxygen produced a new complex that
was formulated as [Mn""Hzbupa(O,)]~,"*"* establishing that a
monomeric Mn—peroxo complex can be prepared directly from
dioxygen (eq 1). The peroxo ligand is contained within a
hydrogen bonding (H-bonding) cavity that we suggested aided
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in the formation of this comﬁ)lex. In this report, we further
describe the chemistry of [Mn""Hzbupa(O,)]™ and show that it
converts to another manganese(III) species (1) with a terminal
oxygen-containing ligand within the cavity. These two complexes
served as key intermediates in the reduction of dioxygen, leading
to the development of a catalytic cycle for the conversion of
dioxygen to water at room temperature using 1,2-diphenylhy-
drazine (DPH) or hydrazine as the reductant.
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B EXPERIMENTAL SECTION

General Methods. All reagents were purchased from commercial
sources and used as received, unless otherwise noted. Solvents were
purged with argon and dried over columns containing Q-5 and
molecular sieves. 1,2-Diphenylhydrazine was recrystallized from petro-
leum ether, dried under vacuum, and stored under an inert atmosphere.
'#0, (99 atom % '*0) was purchased from ICON Isotopes (Summit,
NJ). Elemental analysis was accomplished at Robertson Microlit Labor-
atories (Madison, NJ). The preparations of Hsbupa and K[MnHszupa]
followed literature methods."*

Preparative Methods. Preparation of [Mn"H;bupa(O)]~. The
original preparation for this complex has been reported'* and is repeated
here for completeness. Method A: A solution of K[MnHszupa] (78
mg, 130 umol) in 3 mL of anhydrous DMA was treated with dry O,
(3.2 mL, 130 umol) and stirred for 30 min. Method B: A solution of
K[Mn"H,bupa] (78 mg, 130 smol) and diphenylhydrazine (12 mg, 65
umol) in 3 mL of anhydrous DMA was treated with dry O, (3.2 mL, 130
umol) and stirred for 10 min. A e /nm (DMA, &, M~ ' em™ '): 670 (160),
490 nm (sh); EPR (DMF, 10 mM, 11 K): g=82,a=57 G, D =
—2.0(5) em™" and E/D = 0.13(3); v(Mn"™H;bupa('°0—"°0)):
885 cm ™', v(Mn""H;bupa(**0—"%0)): 837 em™'; MS (ESI—): Exact
mass caled for C,5H,43N,03Mn'°0,, $76.2706; Found, 576.2703; Exact
mass caled for C,5H,3N,03Mn'%0,, 580.2792; Found, 580.2794; FTIR
(Nujol, v, cm ™ "): 3345 (NH), 3172 (NH), 1599 (C=0), 1544 (C=0),
979, 904, 847, 803, 770, 722, 635.

Preparation of 1. A solution of K[Mn"H,bupa] (147 mg, 252 umol)
in 7 mL of anhydrous DMA was treated with excess dry O, and stirred
for 30 min. The solution was concentrated under reduced pressure to a
solid (4.5 h), washed with Et, O, then washed with THF until the filtrate
became colorless.'® The resulting green solid was redissolved in ~3 mL
of DMA and recrystallized by vapor diffusion with Et,O. The green
crystals were filtered, washed with Et,O, and dried under vacuum to
49 mg (32%). Anal. Calcd (found) for K1+-2DMA, C33Hg; NoO,KMn;
C,51.20 (51.46); H,7.96 (8.07); N, 16.27 (16.06); MS (ES—): Exact mass
caled for C,5H,43N503Mn'°0, 560.2757; Found, 560.2762. Exact mass
caled for CysH4N,05Mn'®0, 562.2785; Found, 562.2800. Aunm
(DMA, &, M~ " em™1): 675 (360); thegr = 4.85 tpme

Preparation of [Mn"H,bupa] ™~ from 1. Complex 1 (28 mg, 47 yimol)
was treated with 2.4 mL of a DPH solution in DMA (9.8 x 10> M, 24
umol) and stirred for S h. The reaction was analyzed to confirm the
formation of [Mn"H,bupa]”: MS (ES—), mass caled for
C,sH4oN,03Mn, 543.0. Found 543.0. X-band EPR (DMA, perpendi-
cular-mode, 4 K) g = 5.7, 1.9, 1.3 (Figure S1). These values agree with
those of authentic [Mn"H,bupa] ™ made by an independent route."*
The reaction was then quenched by the addition of ~3 mL of H,O. The

organic compounds were extracted with Et,0 (S X 4 mL) and
concentrated to a solid (4.5 mg). "H NMR spectroscopy determined
the solid was composed of 90% azobenzene and 10% DPH."”

Reactions of [Mn"H,bupa]~ with 10 equiv of DPH and O,. Various
equivalents of O, were added to the reaction of [MnHszupa] “and 10
equiv of DPH. The experiments for each amount of O, were done at
least three times (Table S1). In a typical experiment, a solution of
K[Mn"H,bupa] (12 mg, 21 umol) and DPH (38 mg, 210 umol) in
3 mL of anhydrous DMA was treated with a known amount of dry O,
(e.g, 1.5—5.0 mL, T =297 K, P = 0.99 atm) via a gastight syringe and
stirred for 2 h. The reaction was quenched by the addition of ~5 mL of
H,O. The organic compounds were extracted with Et,0 (5 x S mL).
The Et,O washings were concentrated to a solid and relative amounts of
DPH and azobenzene were determined using "H NMR spectroscopy.

Quantification of Water Production. For reactions with DPH, the
amount of water produced was determined by two methods: "H NMR
spectroscopy and Karl Fischer titration. For the NMR experiments, the
relative amounts of products (water and azobenzene) and unreacted
DPH were determined from the integration of each species and reported
as percentages based on the relative mole ratios and referenced to the
residual DMSO found in each sample. In all NMR experiments, the yield
of azobenzene was at least 95%. Background 'H NMR spectra of the
DMSO-ds used in each experiment were taken just prior to the
measurements to determine the residual water present in the solvent;
this amount of water was subtracted from the reported values. Karl
Fischer titration results are reported as experimentally determined
values corrected for background water. Each method was done in tripli-
cate and values in the text are reported as the average values (Tables S2
and $3). In a typical experiment, a solution of K[Mn"H,bupa] (11 mg,
19 umol) and DPH (69 mg, 0.38 mmol) in 2.00 mL of anhydrous
DMSO-dg prepared under argon was treated with an excess of dry O,
and stirred for 90 min. The reaction mixture was allowed to stand
without stirring for at least 15 min and the liquid was decanted (to
separate it from a brown solid formed during the reaction).'® The
sample was divided into equal parts and one sample was analyzed by 'H
NMR spectroscopy and the other by Karl Fischer titration. All transfers
were done anaerobically. "H NMR analysis: Found 93% H,0O, 97%
azobenzene, and 3% DPH. Karl Fischer titration: theoretical yield of
water based on yield of azobenzene was 2800 ppm H,O. Found: 3000
ppm (background corrected value: 2600 ppm H,O (93%)). Control
Experiments. Karl Fischer titration experiments: a 0.2295 g sample
containing O, in DMSO was analyzed to give 430 ppm of H,O." This
amount was considered background levels of water and subtracted from
the experimental value determined above. Reactions using hydrazine were
done in a similar manner with the amount of water determined by 'H
NMR spectroscopy, using toluene as the internal standard (Table S$4).

Physical Methods. Electronic absorbance spectra were recorded
with a Cary 50 spectrophotometer using a 1.00 mm quartz cuvette or an
8453 Agilent UV —vis spectrometer equipped with an Unisoku Unispeks
cryostat. "H NMR spectra were recorded on a Bruker DRXS00 spectrom-
eter. Electron paramagnetic resonance (EPR) spectra were collected
using a Bruker EMX spectrometer equipped with an ER041XG micro-
wave bridge, an Oxford Instrument liquid He quartz cryostat, and a dual-
mode cavity (ER4116DM) or a Bruker ESP300 spectrometer equipped
with an Oxford ESR910 cryostat and a bimodal cavity (Bruker
ER4116DM). Mass spectrometry was done on a Waters LCT Premier
mass spectrometer operated in negative ion electrospray mode. Karl
Fischer titrations were performed on a Mettler Toledo Karl Fischer
coulometer model DL39.

Crystallography. The single crystal X-ray diffraction study of 1 was
carried out on a Bruker Platform D8 CCD diffractometer equipped with
Mo K, radiation (4 = 0.71073). A 0.45 X 0.25 x 0.10 mm dark green plate
was affixed to a nylon cryoloop using oil (Paratone-n, Exxon) and mounted
in the cold stream of the diffractometer (Kryo-Flex, Bruker-AXS). Data
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Figure 1. Electronic absorbance sPectra illustrating the conversion of
[Mn"H,bupa]™ (+-+) to [Mn"Hzbupa(0,)]~ (- -) (A) and
[Mn™H;bupa(0,)]” to 1 (—) (B) measured in DMSO at room
temperature. Inset is the absorbance spectrum of purified 1 measured
in DMA at room temperature. Spectra in panel A were recorded every 10
min and those in panel B were collected every 20 min. The concentration
of [Mn"H,bupa]~ was 2.1 mM.

were collected in a nitrogen gas stream at 150(2) K using ¢ and @ scans.
Crystal-to-detector distance was 60 mm and exposure time was 80 s/frame
using a scan width of 0.5°. Data collection, reduction, structure solution,
and refinement were performed using the Bruker APEX2 program
package.*® All available reflections to 20, = S0° were harvested and
corrected for Lorentz and polarization factors with Bruker SAINT.!
Reflections were then corrected for absorption, interframe scaling, and
other systematic errors with SADABS 2008/ 1.2 The structure was
solved by direct methods and refined on F? by full-matrix least-squares
techniques with the Bruker SHELXTL package.*® All non-hydrogen
atoms were refined using anisotropic thermal parameters. All hydrogen
atoms were included at idealized positions. Crystal, data collection, and
refinement parameters for 1 are shown in Table SS.

B RESULTS AND DISCUSSION

Design Criteria and Dioxygen Binding.'* The ligand
[H,bupa]®™ provides an N,O donor set when coordinated to a
metal ion. The nitrogen donors are from the monodeprotonated
urea groups, the pyridine ring, and the apical nitrogen atom. The
appended carboxyamido group supplies the oxygen donor that
completes the primary coordination sphere. In our synthetic
preparations, one urea NH group on each arm has to be depro-
tonated in order for the compound to correctly bind metal ions.
The carboxyamido group was also deprotonated because it is
more acidic than the urea moieties.”* Structural and analytical
studies on [MnH,bupa]~ showed that the carboxyamido group
coordinates through the oxygen atom, a binding mode that has
been observed in other systems (eq 1).”*>° The resulting Mn(1I)
complex, [Mn"H,bupa] ™~ has a distorted trigonal bipyramidal
coordination geometry, with the urea groups forming the scaf-
folding of a cavity surrounding the bound oxygen atom.

The addition of O, to a DMA solution of [Mn"H,bupa] ™~ at
room temperature resulted in the formation of the peroxoman-
ganese(I1) complex, [Mn""Hzbupa(0,)]” in 1 h (eq 1,
Figure 1A)."* The time required to form [Mn""H3bupa(0,)]~
was decreased to 10 min in the presence of 0.5 e;{uiv of DPH,
which was converted to azobenzene in 95% yield.”” Optical, vib-
rational, and EPR spectral measurements sup};ort the assign-
ment of a peroxomanganese(IIl) species."**** The binding
mode of dioxygen in [Mn""Hzbupa(0,)] ™ is still uncertain, yet
mass spectral data showed a large ion peak at a mass-to-charge
ratio (m/z) of §76.2703, a shift of 33 mass-units for the peak
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Figure 2. NeSgative-mode ESI mass spectra of isolated 1 (A) using 160,
(black) and "*0, (light blue) and their calculated values (B).

associated with [Mn'"H,bupa]~.>* The mass and calculated
isotopic distribution pattern corresponds to the addition of
[HO,]™ to the manganese(II) starting complex (calcd,
576.2706). Moreover, [Mn'""Hsbupa(0,)]~ oxidatively defor-
mylated cyclohexanecarboxaldehyde and cyclopentanecarboxal-
dehyde to cyclohexanone or cyclopentanone in yields of 94% and
88%, respectively. This type of reactivity is also found for other
17*-peroxometal complexes, including peroxomanganese(III)
species.’’ Taken together, these results suggest that the green
species observed after O, addition is a side-on bound peroxo—
manganese (III) complex.”> Our studies also showed that pro-
duction of [Mn""H;bupa(0,)]~ was enhanced by the addition
of DPH, which provided the necessary additional electrons and
protons through the homolytic cleavage of its N—H bonds
(BDEnu = 78 kcal/mol).*® We propose that the electron
assisted in the reduction of the dioxygen to the peroxo ligand
and the proton was used in protonation of carboxamido group
of the [Hsbupa]®™ ligand.

Further Reactivity of [Mn""H;bupa(0,)] . Monitoring the
absorbance of [MnHIH3bupa(02)]_ at room temperature in-
dicated that the complex converts to another green species within
5 h (Figures 1B and $2).** This new complex was prepared in
bulk quantities by treating [Mn'""H,bupa] ~ with excess dioxygen
and isolated after washing with THF (total reaction time was
approximately S h). The potassium salt of the complex was
isolated in pure form by recrystallization from DMA/ether to
afford green crystals in 32% yield.'"® Complex 1 has a visible
absorbance band at A, = 677 nm (6 =360 M~ ' cm™ ', inset in
Figure 1B) and its X-band EPR spectra are silent in both parallel
and perpendicular modes. Although EPR inactive, 1 does exhibit
a room temperature effective magnetic moment of 4.85 ipyy,
determined by Evan’s method, indicative of a Mn(III) complex
with an § =2 %round state.*® The negative-mode ESI-MS of 1
prepared from '°0, exhibited a prominent ion peak at a mass-to-
charge ratio (m/z) of 560.2757 (Figure 2A), a decrease of 16 mass-
units from the peak associated with [Mn" Hsbupa(0,)] " The
mass and calculated isotopic distribution pattern correspond to the
loss of an oxygen atom from [MnIHH3bupa(02) ] (caled, 560.2762;
Figure 2B). Furthermore, when 1 was prepared from 180, the
molecular ion peak shifts by 2 mass-units (Figure 2A) to am/z of
562.2785 (caled, 562.2800; Figure 2B).

Structural Analysis of 1. Single crystals suitable for X-ray
diffraction were obtained by diffusing Et,O into a DMA solution
of 1. The complex crystallized with four independent, but nearly
identical, anions in the asymmetric unit. Average values for selec-
ted bond lengths and angles are found in Table 1 and the
molecular structure for one of the anions is shown in Figure 3. In
agreement with our other measurements, the molecular structure
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Table 1. Selected Bond Distances and Angles for 1*
distance (A)

Mnl—01 1.822(4)
Mnl—N1 2.043(5)
Mn1—N2 2.169(4)
Mnl1—N3 2.022(4)
Mnl—N4 2.010(5)
NS—C7 1.338(7)
C7-02 1.248(7)
O1-+-NS§ 2.654(5)
01---N6 2.775(5)
O1---N7 2.773(5)
angle (deg)
N1—Mnl—01 175.34(17)
N1—Mnl—N2 79.63(18)
N1—Mnl—N3 82.13(19)
NI1—Mnl—N4 82.94(18)
N2—Mnl1—N3 117.36(17)
N2—Mnl1—N4 114.09(18)
N3—Mnl—N4 122.23(19)
01—Mnl—N2 95.80(17)
01—Mnl—N3 99.56(18)
0O1—Mnl—N4 99.66(18)

“ Average values are reported for the four anions in the asymmetric
unit cell.

Figure 3. Thermal ellipsoid diagram of 1. Only one of the four anions
found in the asymmetric unit is shown. The ellipsoids are drawn at the
50% probability level and hydrogen atoms are omitted for clarity.

of 1 revealed that the peroxo ligand had been cleaved to produce
a new ligand containing a single oxygen-atom (O1). The com-
plex is five-coordinate with a distorted trigonal bipyramidal
molecular structure, in which the urea and pyridyl nitrogen
atoms form the trigonal plane. The position of O1 is trans to
the apical nitrogen atom (N1) with a Mn1—O1 bond distance
0f 1.822(4) Aand a N1—Mn1—01 bond angle of 175.34(17)°
(Table 1).

Ligand O1 resides within the H-bonding cavity and appears to
form H-bonds with the urea NH groups of the tripodal ligand
based on O1---N distances of less than 2.8 A. Note that the
carbonyl oxygen of the carboxyamido arm is no longer bound to

R R R
o= o=( i
N (o]

NH---0 N~--HO
</ \N—I\lnn“' </ ‘N_|!|n|||

A B Cc

Figure 4. Possible structures to describe the H-bond between the
carboxyamido group and the oxomanganese unit in 1.

the manganese center as was found in [MnHszupa]_. Instead,
the carboxyamido group is positioned such that the carbonyl
group is located outside the cavity; this configuration places
the amido group within the interior of the cavity. The
O1-- NS distance of 2.654(S) A is indicative of a strong
hydrogen-bonding interaction and is significantly shorter than
the O1- - -N distances involving the urea groups. In fact, this is
the shortest O+ +N we have observed in any of our Mn—
O(H) complexes containing intramolecular H-bonding
networks.>® Unfortunately, the quality of the structure pre-
vented us from locating the positions of the hydrogen atoms
during refinement.

Two limiting tautomers are often used to describe the
H-bonding around a Mn—O unit such as that in 1: (1) the
carboxyamido nitrogen is protonated and forms a hydrogen bond
to an oxo ligand (Figure 4A), and (2) the carboxyamido arm
remains deprotonated and forms a hydrogen bond to a hydroxo
ligand (Figure 4B). However, comparison of 1 with the related
Mn""—oxo and Mn"™—hydroxo complexes, [Mn""Hsbuea(O)]* and
[Mn""H;buea(OH)]~,"* suggested that the best description of 1
is a hybrid species between an oxo and a hydroxo complex
(Figure 4C). The structure of 1 is similar to these two complexes
except that [Hbuea]® is a symmetrical ligand containing three
anionic urea arms. The Mn1—O1 bond distance of 1.822(4) A
found in 1 is nearly at the midpoint between the Mn—O bond
lengths found for the [Mn""H3buea(0)]*~ (1.780(5) A) and
[Mn"H;buea(OH)]™ (1.872(2) A).3* Moreover, the N—
C(O) bond distances of the carboxyamido units can be used to
indicate the protonation state of the ligand.” When protonated,
the average N—C bond distance is 1.367(5) A, and when
deprotonated, the bond distance decreases to 1.307(2) A be-
cause of increased double bond character. For 1, this bond length
is 1.338(7) A, again su%gesting that 1 is a hybrid between being a
Mn""—oxo0 and a Mn"'—hydroxo complex.

The molecular structure of 1 illustrates the advantages of
having different types of H-bond donors within the secondary
coordination sphere of metal complexes. The urea groups in 1
offer permanent H-bond donors that can interact with oxygen-
containing ligands within the cavity. This finding is based, in part,
on the relatively high pK, values of ureas (>27 in DMSO),
making them difficult to deprotonate.** Furthermore, the struc-
ture of 1 agrees with our previous work that showed urea groups
form intramolecular H-bonding networks around terminal oxo
ligands, producing a series of M"Y —oxo complexes (M"Y =
Fe, Mn).>® In contrast, carboxyamido groups are significantly
more acidic (pK, ~ 22), leading to relatively facile protonation/
deprotonation at NS and a stronger H-bond to O1. The short
O1- - - NS distance suggests a more symmetric H-bond is formed
than with the urea groups, which we propose has an effect on the
reactivity of 1.
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Figure S. Proposed catalytic cycle for the four-electron reduction of O, to H,O, with [MnH,bupa] ~ as the catalyst. The amount of DPH required for

each step is shown within the boxes.

Further Reactlwty of 1. Treating 1 with 0.5 equiv of DPH
regenerated [Mn'"H,bupa]~ with concomitant production of
H,0 (eq 2). The X-band EPR and ESI mass spectra of the
resulting solution showed clean conversion to [MnHszupar
(Figure S1A,B) with no other manganese products detected. The
only other products found are water and azobenzene, which was
generated in 90% yield as determined by optical (Figure S1E)
and "H NMR spectroscopies.

Bu - Ph Ph B -

Y . / N t
Bu' /2 yn-nH 12 NEN NH B
N 03( o vo P PH PO ot

" NH(N"Mﬁ"-N ¥ + HO 3)
A p N s ALY
DMA, rt N
1 [Mn"H,bupa]

The reactivity of 1 is different than that observed for Mn™'—

O(H) complexes prepared with similar Hbondmg trlpodal
ligands. The oxomanganese(IIl) complex, [Mn™ H3buea(0)
reacts with DPH to form a Mn'"—OH complex ([Mn" H3-
buea(OH)]*") and azobenzene,>**1*? yet no other products
were found even in the presence of excess DPH. Attempts to
produce water via protonation of the hydroxo 11gand in
[Mn"H;buea(OH)]*™ led to complex decomposmon The
hydroxomanganese(III) complex [Mn'""Hsbuea(OH)]™ does
not react with DPH at room temperature, again suggesting that
water cannot be produced in these types of complexes. The
difference in reactivity between these two types of systems is
attributed to the carboxyamido group in the ligand [H,bupa]™,
which we propose has a key functional role in water production
and the conversion of 1 to [Mn"H,bupa] ~ (see below).
Mechanistic Implications and Catalysis. The regeneration
of [Mn" szupa] from 1 suggested that [Mn' szupa] could
be used to catalytically reduce O, to H,O. A catalytic cycle
consistent with our observations is shown in Figure S and
highlights the role of the carboxyamido group. Treating

K[Mn"H,bupa] with O, presumably generates a superoxo
adduct, which we have been unable to detect, even at lower
temperatures (less than —50 °C). We propose that this
transient species converts to the observable Mn'"—peroxo
complex via homolytic X—H bond cleavage (X = C or N).
Although formally a hydroperoxo species, our data indicate
that a peroxo species is formed (vide supra). We suggest that
the proton resides on the carboxyamido group, causing its
carbonyl to no longer bind to the metal center and instead,
rotate in such a way as to form an intramolecular H-bond. This
structural change is supported by the molecular structure of 1.
Proton-coupled electron transfer (PCET) leads to homolytic
cleavage of the O—O bond in [Mn""H3bupa(0,)]”, produ-
cing the first equivalent of H,O. The identity of the transient
manganese species that leads to the initial equivalent of water
is still unknown. We favor the formation of a Mn"'(OH),
complex that can deprotonate the carboxyamido §roup to
afford an equivalent of H,O and 1, a hybrid Mn" —O(H)
complex that has strong 1ntramolecular H-bonds.* Homolytic
cleavage of a N—H bond in DPH by 1 produced the second
equivalent of H,O, whose release from the complex is aided by
the reblndmg of the carboxyamido group to afford the starting
Mn" complex.

The proposed catalytic cycle predicted that for every equiva-
lent of O, reduced, 4 equiv of hydrogen atoms (i.e., 2 equiv of
DPH) are consumed and 2 equiv of H,O and azobenzene are
produced. These stoichiometric predictions were evaluated and
our results illustrated that [Mn""H,bupa] ™ serves as a catalyst for
the reduction of O, to H,O at room temperature. [MnHszupa] B
was treated with 20.0 equiv of DPH and excess O,, produc-
ing azobenzene in 97% relative yield. The relative yields of H,O
were determined by two methods: average yields of 94% and 99%
were measured by 'H NMR spectroscopy and Karl Fischer
titrations, respectively (Figure S4, Tables S2 and S3). To
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Table 2. Dioxygen-Dependence of Azobenzene Production
As Depicted by Eq 3

equivalents of O, consumed equivalents of azobenzene produced

1.0 2.0
2.0 4.0
3.0 5.9
4.0 8.1
S.0 9.8

determine the relative stoichiometry of O, to azobenzene, 10
equiv of DPH was added to [MnHszupa]_ and treated with
various amounts of O, (eq 3). The results of this study showed
that 2 equiv of azobenzene were produced for each equivalent of
O, consumed (Table 2). Under a large excess of DPH, we
observed a turnover number of 200; it appears that the stability of
the catalyst is affected by the presence of increasing amounts of
water. We also found that similar results were obtained using
hydrazine as the reductant (Table S4). In a typical experiment
using excess dioxygen and 20 equiv of hydrazine at room
temperature, water was produced in 93% percent yield. Under
the same experimental conditions however, no catalysis was
observed when H, was used as the source of reducing equiva-
lents.

[Mn" (szupa) I

10DPH + 1O, 2nazobenzene + 2nH,0 (3)

Summary and Conclusions. This work demonstrates that a
monomeric Mn" complex catalyzed the reduction of dioxygen to
water using DPH or hydrazine as the sacrificial reductant. Two
key species produced during reduction were identified: a mono-
meric peroxomanganese(III) complex and a hybrid Mn""—0/
OH species that is strongly H-bonded to the supporting tripodal
ligand. These observations led to a proposed catalytic cycle that is
supported by results from product distribution studies.

The ability of [MnHszupaT to reduce dioxygen to water is
attributed, in part, to the control of the secondary coordination
sphere around the catalytic metal center. It is now accepted that
the secondary coordination sphere regulates aspects of function
in metalloproteins and some synthetic systems.*> For instance,
the selective reduction of O, to H,O in CcO is achieved through
the precise coupling of electron and proton transfers that is aided
by acidic/basic amino acids and H-bonds within the secondary
coordination sphere.*® Certain types of secondary-sphere inter-
actions, such as intramolecular H-bonding networks, are also
known to affect the redox potentials of metal (:omple)(es.38]’_d’47
In addition, H-bonds can participate in proton relays to effi-
ciently transfer protons to/from metal centers.*®

The tripodal ligand [H,bupa]®~ created a cavity around the
manganese center composed of two urea groups and a carboxy-
amido unit. Because of their differing acidities, each functional
group had a different role in catalysis. The less acidic urea groups
offered permanent H-bond donors that can interact with oxygen-
containing ligands within the cavity and aid in the overall stability
of the complexes. The carboxyamido group served various func-
tions: it is deprotonated in [Mn"H,bupa]~ and binds to the
manganese(1I) ion through its oxygen atom. The carboxyamido
unit is proposed to be protonated during the initial reduction
steps to produce the peroxo ligand, preventing the accumulation
of the more reactive hydroperoxo species. Once protonated, the
carboxyamido group adopted a different conformation—one

that places its NH group within the interior of the cavity—and
thus served as an additional H-bond donor to the peroxo ligand.
Conversion to 1 liberated the first equivalent of water; a process
proposed to be facilitated by deprotonation of the carboxyamido
group. The resultant complex 1 contained a single oxygen-
containing ligand bonded to the Mn(IIl) center, which was
assigned as a hybrid Mn""—O(H) unit strongly H-bonded to the
carboxyamido group. We were unable to determine the exact
position of the proton, a result that most probably was caused by
the similarities in the pK, values of the carboxyamido group and
the hydroxo/oxo ligand. Finally, additional reduction produced
the second equivalent of water, causing the carboxyamido to
rebind to the manganese(1I) ion.

The catalytic conversion of O, to H,O by [Mn'"H,bupa] ™~ is
unusual for our complexes that bind and activate dioxygen.>®
These systems reductively cleave dioxygen, producing stable
M"™—O(H) complexes that cannot produce water. Many of
these complexes contain intramolecular H-bond donors but lack
the carboxyamido group that we suggest is essential in control-
ling proton transfer within a complex and water removal. Three
systems have recently appeared that also show similar secondary
coordination sphere effects in the reduction of dioxygen to
water.” © Moreover, work of DuBois and Rakowski DuBois
have illustrated that the placement of amines within the secondary
coordination sphere provides a proton relay that is essential for H,
activation.* These findings underscore the importance of position-
ing basic functionalities within the secondary coordination sphere
in metal complexes for the activation of small molecules.
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B NOTE ADDED AFTER ASAP PUBLICATION

A correction has been made to the second paragraph of the
introduction in the version reposted March 25, 2011.
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