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The synthesis and structure of [MnLC1]0.5H,0 (1-0.5H,O, HL
= 1-benzyl-4-acetato-1,4,7-triazacyclononane) is reported.
Complex 1 exists as a coordination polymer in the solid state,
and the Mn! center is bonded to three amine nitrogen atoms,
one carboxylate oxygen atom, a chlorido ligand, and an adja-
cent carboxylate group in a chelating fashion to afford a
seven-coordinate center. The dissolution of 1 in acetonitrile
containing excess oxalate (ox) ions results in a monomeric
species. When mixtures of 1 and oxalate ions are exposed

to oxygen under ambient conditions, a dark pink EPR-silent
species is generated. The pink species is believed to be
[Mn'"(0x),]~, which results from the displacement of the li-
gand L~ by an oxalate ion. The decomposition of this species
ultimately results in the formation of 1 equiv. of CO, per oxal-
ate ion consumed, a HCOj~ ion, and a Mn" species. Further
reaction of the resulting Mn' species with excess oxalate in
the presence of oxygen leads to additional oxalate degrada-
tion.

Introduction

Oxalate is produced by plants and microbes by the
hydrolysis of oxaloacetate or by the oxidation of glyoxylate
or ascorbate.l'! Oxalate secreted by fungi promotes the de-
gradation of lignin.[?! The accumulation of oxalate in leafy
plants such as spinach and Amaranthaceae leads to nu-
tritional stress, as these plants lack the ability to catabolize
oxalate. Excess oxalate in the diet of humans may lead to
hyperoxaluria, which has been implicated in several patho-
logical conditions such as the formation of calcium oxalate
stones in the kidney (urolithiasis), renal failure, cardio-
myopathy, and cardiac conductance disorders.’] Oxalate
oxidase (OxOx), also known as germin, is expressed by
plants such as wheat and barley and catalyzes the manga-
nese-dependent oxidative decarboxylation of oxalate ions to
carbon dioxide and hydrogen peroxide [Equation (1)] and
protects plants from the toxic effects of oxalate.[*]

The structure of OxOx was solved at resolution of
1.6 A 1 Each OxOx monomer possesses the predicted jelly-
roll barrel that is characteristic of the cupin superfamily.i*!
A manganese ion is bound to the side chains of conserved
glutamate and histidine residues in a site that is located to-
ward the narrow end of the barrel-like domain.
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2C0O, + H,O
OxOx 2 22
o (1)

Despite the detailed knowledge of the OxOx structure,
only limited information about the catalytic mechanism by
which oxalate is oxidized to carbon dioxide has been uncov-
ered.[”- 131 A mechanism for OxOx put forth by Bornemann
et al.’! begins with the oxidation of a manganese(II) center
to a Mn"—superoxido species after binding to an oxalate
ion (Scheme 1). Internal redox results in a Mn''-superoxido
species bonded to a one-electron-oxidized oxalate ion. CO,
is then lost to afford a Mn""—superoxido-bound CO, radical
species. The next step invokes the formation of a peroxo-
carbonate anion, which decomposes in the presence of pro-
tons to release H,O, and CO, and regenerate the resting
state (it should be noted that an alternative mechanism pro-
posed by Whittaker et al. suggests that the active form of
the enzyme is a Mn'!"! species).['4!

There has been interest in the use of synthetic com-
pounds to model the active site of OxOx.!'>-181 In the pres-
ent work, we have employed the ligand 1-benzyl-4-acetato-
1,4,7-triazacyclononane (HL) to synthesize [MnLCl] (1),
which serves as a model for the active site of OxOx
(Scheme 2).119-221

In these studies, we will present the properties and reac-
tivity of 1 toward oxalate ions and present evidence for a
proposed mechanism for the catalytic decomposition of ox-
alate initiated by 1.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 1. Proposed mechanism for OxOx.!
Table 1. Crystallographic data for 1-0.5H,0.
Q_\ ol 1:0.5H,0
N N\Mn/ Chemical formula C,sH»3CIMnN;0, 5
( \ OH A\ ~o Formula weight [g/mol] 375.75
NN Temperature [K] 100(1)
HN NV&O L o 7 A] 0.71073
Space group P2,242,
Scheme 2. Structures of LH and [MnLCl]. a[A] 8.2740(16)
b[A] 10.472(2)
¢ [A] 19.088(4)
@[] 90
B1°) 90
v 90
Results and Discussion ZV[ ! 31654.0(6)
4 [mm] 0.973
We have prepared the compound [MnLCl] (1) as a model D yieq. [Mg/m?] 1.509
for Mn"-OxOx. Compound 1 was synthesized by the reac- Rl [[>20(D)] 0.0646
wR2 [I>2a(1)] 0.1459

tion of LH-2HCI with MnCl, in MeCN/MeOH in the pres-
ence of triethylamine (4 equiv.). The compound was crys-
tallized by evaporation under nitrogen at room temperature
in the presence of a few drops of water. The water was
added to slow down crystallization and improve the quality
of the crystals. The crystal data and bond lengths for 1 are
shown in Tables 1 and 2, respectively. The structure was re-
fined as an inversion twin (53:47). The molecules align as
one-dimensional chains parallel to the a axis, and all atoms
are in general positions. A cocrystallized water molecule
was given half occupancy as an approximation. The solid-
state structure of 1 consists of a Mn!! ion bonded to three
amine nitrogen atoms and one carboxylate oxygen atom
from the ligand, and additional coordination to a carboxyl-
ate group from another unit results in seven-coordinate cen-
ters (Figure 1). The water molecules participate in hydrogen
bonding with the coordinated chlorido ligand [O(3)-+-CI(1),
3.047(8) A]. Additional hydrogen bonding is seen between
the amine groups and the carbonyl oxygen atom [N(3)-
0(2)', 2.952(5) A]. The triamine ligand is modeled as disor-
dered over two positions (58:42), and the benzyl group is
modeled as disordered over three positions (39:35:26).123!
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Table 2. Selected bond lengths [A] and angles [°] for 1:0.5H,0.

Distances

Mn(1)-N(1) 2.3990al Mn(1)-CI(1) 2.4885(15)
Mn(1)-N(2) 2.425M Mn(1)-O(1)’ 2.466(3)
Mn(1)-N(3) 2.268(3) Mn(1)-0O(2)’' 2.245(3)
Mn(1)-O(1) 2.207(3)

Angles

O(1)-Mn(1)-N(1)  70.7% N(1)-Mn(1)-N(3) 74.8M
O(1)-Mn(1)-N(2)  97.71 N(Q2)-Mn(1)-N(3) 73.51
O(1)-Mn(1)-N(3) 146.13(13) CI(1)-Mn(1)-N(1) 97.91a
O()-Mn(1)-CI(1)  90.90(12) CI(1)-Mn(1)-N(2) 164.41
N(1)-Mn(1)-N(2)  73.5M CI(1)-Mn(1)-N(3) 92.40(10)

[a] Weighted averages based on contributions in the disordered
structure.

The Mn—N bond lengths (weighted average) for 1 (2.268—
2.425 A) are within the range of other known secondary
and tertiary Mn—-N bond lengths (2.19-2.68 A).[2432) The
Mn-Cl bond length (2.4885 A) is also comparable to those
in other chlorido-containing Mn'' compounds.l?6-33-34 A

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. X-ray structure of [MnLCl] (1, top) with an adjoining
carboxylate ligand and extended solid-state structure (bottom). The
water molecules are denoted as w. H atoms have been removed for
clarity. Only the primary contributors in the disordered structure
are shown for clarity.

similar structure [Mn(TCMA)(H,O)]CF5;SO5 (2; TMCA =
1,4,7-triazacyclononane-N-acetic acid) was reported by Pe-
coraro and co-workers and features a manganese complex
with a carboxylate-functionalized 1,4,7-triazacyclononane
(tacn) ligand.['”l The primary difference in the structures is
that 1 contains a chlorido ligand bonded to the Mn center
instead of a water ligand seen in 2. The Mn-O(1) bond
length in 1 is 2.207(3) A, whereas the same distance is
2.214(2) A in 2.

At low temperatures, native recombinant OxOx33! gives
rise to a broad electron paramagnetic resonance (EPR)
spectrum dominated by a strong six-line >>Mn (I = 5/2)
multiplet at g = 2 with nuclear hyperfine splitting (a™® =
95 G) consistent with a high-spin Mn'" center (S = 5/2) in
approximately octahedral geometry.

Although 1 is insoluble in acetonitrile, it becomes soluble
in the presence of excess bis(tetrabutylammonium) oxalate
(TBAO). The EPR spectrum of a mixture of 1 and 20 equiv.

Eur. J. Inorg. Chem. 2015, 646-655

of TBAO in 1:1 acetonitrile/butyronitrile is shown in Fig-
ure 2 (a). The spectrum is consistent with a mononuclear
Mn'! species with ¢ = 2. Cyclic voltammetry studies on 1
in acetonitrile and in the presence of 2 equiv. of TBAO only
revealed an irreversible anodic wave at ca. 660 mV (vs. Ag/
AgCl, see Figure S1). Such behavior indicates that the ad-
duct becomes unstable upon oxidation. The lack of a cath-
odic wave also suggests that the Mn center has reverted to
Mn'!,

@)

b) T ——

T T 1
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Field (G)

r T
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Figure 2. X-band EPR spectrum (77 K) of (a) 1 + 20 equiv. of
TBAO in 1:1 MeCN/butyronitrile in the absence of oxygen and (b)
the spectrum 100 min after oxygenation of the sample. Spectrome-
ter settings: microwave frequency: 9.28 GHz, microwave power:
0.22 mW, modulation frequency: 100 kHz; modulation amplitude:
3.2 G, gain: 1 X 10% [MnLCI] = 1 mm.

Although others have reported structural models for
OxOx,!> 181 to the best of our knowledge, no group has
successfully provided a model complex that is able to initi-
ate degradation of the natural substrate. Such a system
could help to elucidate the mechanism for OxOx. Toward
this end, we have tested our model complex for reactivity
toward oxalate. The anaerobic mixing of 1 with 20 equiv.
of TBAO in acetonitrile affords a colorless solution, which
becomes dark pink with an absorption band at 1 = 480 nm
and a shoulder at A = 530 nm upon exposure to oxygen at
25 °C (Figure 3). The rate for oxygenation for 1 is sluggish,
and the complete formation of the two bands takes over
100 min. At 100 min, the 480 nm band becomes a shoulder
(¢ =230 M 'cm ™), and the 530 nm band (¢ = 240 M 'cm™})
becomes larger. At this point, the EPR spectrum of the re-
action mixture (after dilution to ca. 1 mm with butyro-
nitrile) was silent (Figure 2, b). This suggests that the pri-
mary species has a Mn'!! center, as Mn!! and Mn!Y are both
EPR-active. Attempts to detect a Mn""—superoxido species
were unsuccessful, likely as a result of the short-lived nature
of such a species. The persistence of the intermediate color
for several days suggests that the Mn species either remains
or is repeatedly regenerated. The absorption bands for the
pink species are likely due to ligand-field d-d transitions
from a geometrically distorted Mn'"! species.’®3% After
100 min, the two bands continue to grow slightly (Figure
S2); the 530 nm band becomes larger at 20 h, and the
480 nm band finally dominates at 60 h.

648 © 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. UV/Vis spectrum for the oxygenation of 1 in acetonitrile
(1.5 mm) in the presence of 20 equiv. of TBAO. The elapsed time
between the bottom and top traces is 100 min.

When 1 is reacted with 20 equiv. of TBAO in acetonitrile
on a larger scale in the presence of excess oxygen at 25 °C,
the TBAO is degraded in a catalytic manner. A time course
for the disappearance of TBAO is shown in Figure 4
(squares). From the graph, it is apparent that 8§9% of
TBAO has been degraded by 1 after 36 h. A reaction mix-
ture containing MnCl, and TBAO was run under the same
conditions, and catalytic decomposition of oxalate also oc-
curred. This result has implications for the proposed
mechanism described below. However, the initial decompo-
sition rate with 1 was faster than that with MnCl,. There-
fore, the presence of the ligand (L") could help to solubilize
the intermediate species and, thus, help to accelerate the
overall reaction. However, it should be noted that MnCl, is
quite effective, and the overall results for oxalate decompo-
sition are comparable. We have also determined that the
reaction requires ambient light, as the reaction rate is signif-
icantly slower when the lights are turned off. This is under-
standable given the known light sensitivity of manganese
oxalate complexes.[3341 A control reaction (lacking Mn
catalyst) was also run under the same conditions, and a
minor amount of the TBAO was degraded over the same
time period (Figure 4).

In the catalytic studies of 1, GC-MS analysis of the
headspace indicated that CO, was a product from the reac-
tion, as is the case for OxOx. CO, measurements were made
on the reaction headspace by using an FTIR gas cell and
monitoring the CO, asymmetric stretching vibration (V =
2350 cm™!). The absorbance was integrated between ¥V =
2390-2280 cm™! and converted to mmol of CO, by using
the ideal gas law. A standard curve (Figure S3) was pre-
pared by injecting known amounts of CO, into matched
Schlenk flasks containing 10 mL of acetonitrile and at-
taching the flasks to the evacuated gas cell. In a typical
measurement, a 25 mL Schlenk flask was charged with 1
(7.3 mg, 0.02 mmol). After the flask was purged with dry
oxygen, TBAO (22.9 mg, 0.04 mmol) dissolved in aceto-
nitrile (10 mL) was added. The flask was stoppered, and the
reaction was allowed to run to completion. By this pro-
cedure, we determined that 1 reacts with 2 equiv. of TBAO
in the presence of O, to initially afford ca. 0.7 equiv. of

Eur. J. Inorg. Chem. 2015, 646-655
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Figure 4. Time course for the decomposition of oxalate (TBAO,
0.28 M) catalyzed by 1 (0.014 m, [J) and MnCl, (0.014 m, O) in
acetonitrile at 25 °C. The control reaction (<, no catalyst) is also
shown.

CO»/oxalate. As the mechanism for oxalate degradation
suggested by Bornemann et al.’! requires a proton source,
we injected a dilute solution of HCI, and this resulted in
the formation of additional CO, to afford a total of ca.
2 equiv. of CO, released per oxalate ion consumed
(Table 3). Two additional experiments confirmed this result,
and a reaction with 4 equiv. of TBAO also resulted in the
formation of ca. 2 equiv. of CO, released per oxalate ion
consumed.

Table 3. Quantification of CO, liberated from the decomposition
of TBAO catalyzed by 1.

Trial [MnLCl] TBAO CO, [mmol] Total CO,
[mmol]  [mmol] After H'  [mmol]

1 0.020 0.042 0.031 0.055 0.086

2 0.020 0.043 0.029 0.056 0.085

3 0.020 0.041 0.026 0.055 0.081

4 0.020 0.083 0.052 0.120 0.170

[a] 2 mmol (2 N HCI).

Although the oxidation of oxalate ions to form CO, by
manganese(I1I) species in aqueous solution has been known
for some time,[*'=*4 no studies have been reported for the
manganese(II)-catalyzed oxidation of oxalate ions with oxy-
gen as the oxidant under nonaqueous conditions. Under
aqueous aerobic conditions, [MnLCl] is unreactive towards
oxalate.

For the manganese(I11)-induced oxidation of oxalate un-
der acidic conditions, Taube previously detected the pro-
duction of H,O, by iodometry.[*!l As there was the poten-
tial for the formation of a peroxide species during the
course of our reaction, we also tested for its presence by a
literature method for iodometry.[*3] Before testing, the reac-
tion mixtures were first treated with 30 equiv. of HCI rela-
tive to catalyst content. From these measurements, we de-
termined that 0.6-0.8 equiv. of peroxide was present relative
to 1 during the course of the reaction with the higher con-
centration at the end of the reaction. To confirm the pres-
ence of peroxide, we employed peroxide strips (EM Quant®)
and obtained a positive result. To determine if the peroxide
species detected by iodometry and with the peroxide strips

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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was H,O,, we tested the reaction mixture with a hydrogen
peroxide specific fluorescence probe (Naphtho-Peroxyfluor-
1) according to a published method.*®l The results were
negative for hydrogen peroxide in all cases. As the probe is
highly selective, the test was considered to be conclusive
evidence that H,O, was not the peroxide species formed. In
accordance with this result, no anodic wave (E, = 0.68 V
vs. Ag/AgCl) for H,O,*7 was observed for the reaction
mixtures (a positive result was obtained when the reaction
mixture was spiked with H,O,). These results indicate that
although a peroxide species is formed during the course of
the catalytic reaction, it is not hydrogen peroxide. There is
some support for the formation of a p-1,2-peroxido diman-
ganese(III) species during the catalytic cycle. Such a species
has been recently characterized by X-ray crystallogra-
phy.[#8:491 Although electrospray ionization mass spectrome-
try (ESI-MS, negative mode) did not reveal the presence of
[L(ox)Mn""-O-O-Mn""(0x)L]*>" 10 min after the reaction
mixture was oxygenated, we detected (Figure S4) a depro-
tonated form of this species as a monoanion (see below).
An MS/MS experiment (Figure S5) on this species shows
fragmentation with the release of a [MnL] species along
with a monoprotonated oxalate anion (JoxH]"). The absence

_ o —
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N
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of this species after 1 d makes this an unlikely candidate
for the peroxide species that is detected or the pink species
observed in the reaction. Other species observed in the reac-
tion mixture (see Figure S4) during this timeframe are
shown below.

These results confirm the formation of the [Mn""L(ox)]
species (m/z = 419.09) but also suggest that a more complex
set of reactions occurs during this process. At 24 h, the pri-
mary species identified are [oxH]  (m/z = 88.99) and
[Mn"(0x),]~ (m/z = 230.9). This indicates that the pink spe-
cies is likely to be an EPR-silent [Mn'"(0x),]~ species and
that catalysis mainly involves photodecomposition of this
complex, a process that is documented in the litera-
ture.’8 4% The low dielectric constant of acetonitrile is ex-
pected to destabilize the formation of [Mn'"(0x);]*"; there-
fore, [Mn""(0x),]" is observed.

FTIR spectroscopy was used to analyze the catalytic re-
action mixture after the TBAO was consumed. A portion
of the reaction mixture was evaporated to dryness and
pressed into a KBr pellet. From this experiment, we ob-

Transmittance

Wavenumber (cm™)

Figure 5. FTIR spectra (KBr pellet) of the final evaporated cata-
lytic reaction mixture (—) and the same mixture treated with dilute
acid before evaporation (---).

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 3. Proposed mechanism for the catalytic turnover of oxalate by [MnLCl]. Species identified by ESI-MS are indicated in boxes.
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served a large band at V = 1265 cm™!, which was missing
when the reaction mixture was first treated with acid before
analysis (Figure 5).

This band is near the region for a carbonate stretching
vibration {the v(COs) band for [(nBu)4N],COs5 is reported
at ¥ = 1300 cm'}.5% A carbonate species has also been de-
tected by '3C NMR spectroscopy (Figure S6). This explains
the formation of additional CO, upon the injection of di-
lute acid into the reaction mixture.

To explain the catalysis in our system and the above ana-
lytical and spectroscopic data, we propose the mechanism
shown in Scheme 3. First, an oxalate ion binds to [LMn''Cl]
to generate [LMn''(ox)]” (Scheme 3 (a), the presence of this
species in the reaction mixture has been confirmed by nega-
tive-mode ESI-MS, m/z = 419.09, Figure S4). Next, oxygen
binds to the complex to form a Mn-—superoxido species,
which rapidly reacts with another [L(ox)Mn']" species to
generate a  p-1,2-peroxidodimanganese(IIl) complex,
[L(ox)Mn""-O-O-Mn""(0x)L]*>" (Scheme 3, b). As indi-
cated above, this complex was not observed in the MS ex-
periment, but a deprotonated form was. Such a species
could be in equilibrium with the protonated form and this
is shown in Scheme 3 (c). The loss of a peroxide dianion
(Scheme 3, d) could then generate charge-neutral [L(ox)-
Mn'!]. The excess oxalate in the reaction mixture would
then displace the ligand (Scheme 3, ¢) to yield [(0X),-
Mn!!"]~, which is clearly visible (between 10 min and 48 h;
Figures S4, S7, and S8). As the photoactivation of this spe-
cies is slow (Scheme 3, f), this is probably the pink species
that we observed in the UV/Vis spectrum and explains its
persistence throughout the catalytic cycle. The radical spe-
cies formed after photoactivation and the concomitant re-
duction of the manganese(IIl) center to manganese(Il) is
believed to produce CO,(g) and a coordinated CO, radical
(Scheme 3, g).['438-40.511 Tn the presence of excess O,, the
CO, radical would immediately react to generate a peroxy
carbonate intermediate. Two of these species could then re-
act to release oxygen and a carbonate radical, which would
then abstract an H atom from an organic substrate to ulti-
mately yield hydrogen carbonate, a product that is clearly
observed by ESI-MS (Figure S9). An oxalate ligand can
then bind to [(ox)Mn"] to form [(0x),Mn""]>~ (Scheme 3, h),
which would react with oxygen to form the 1,2-p-peroxido
species, [(0X),Mn""-O-O-Mn"(0x),]** (Scheme 3, 1i).
The release of the peroxide anion would regenerate [(0X),-
Mn"]~ (Scheme 3, j), and the cycle would continue until
the oxalate ions are consumed. After 4d, the reaction
mixture was analyzed by ESI-MS (Figure S10), and the ob-
servation of [Mn"(HCO;);Cl]- (m/z = 273.44) and
[Mn™(OH)(HCO5);Cl]- (m/z = 290.45) as the primary
products suggests that the peroxide dianion formed during
the process further oxidizes the manganese(III) center to
manganese(IV). The abovementioned mechanism suggests
that catalysis could be achieved in the absence of the ligand
L, and this has already been shown in Figure 4. When
MnCl, is oxygenated in the presence of 20 equiv. of TBAO
and monitored by UV/Vis spectroscopy, a pink species is
generated (Figure S11) with a UV/Vis spectrum similar to

Eur. J. Inorg. Chem. 2015, 646-655

652

that of 1 (Figure3). The implications are that first
[Mn'(0x),]>" is formed and can then feed into the proposed
cycle shown in Scheme 3 (k).

To examine the fate of the oxygen during the catalytic
cycle, we employed '80,. In a typical experiment, a solution
of 1 (0.14 mol) in acetonitrile (10 mL) in a 25 mL Schlenk
flask was mixed with 20 equiv. of TBAO under nitrogen.
180, (25 mL, 98.5 atom-%) was carefully introduced, and
the reaction mixture was stirred for 3 d in the presence of
light at ambient temperature. A sample (10 pL) of the head-
space gas was removed from the reaction flask through a
septum affixed to the sidearm and quickly injected into the
GC-MS instrument. Repeated injections gave a relative
mixture of 1°OC'0 (71%), '80C!°0 (25%)), and '*0C'#0O
(4%).

The analysis of the reaction mixture by ESI-MS revealed
the presence of HCO5™ anions with '80 incorporation as
follows: HC'0;  (77%), HC'®0'°0,(19%), and
HC'80,'°0" (4%). The predicted distribution based on full
adherence to the proposed mechanism shown in Scheme 3
would be '°OC'°0O (100%) and HC'®0'°0,~ (100%). As
this is not observed, '80 scrambling between CO, and
HCOj; is probably in effect. Such scrambling has been ob-
served previously P2 and is accounted for by [Equation (2)].

CO, + OH- === HCO;~ )

The catalytic mechanism for OxOx has been previously
investigated through DFT calculations.'"! The initial coor-
dination of the oxalate ion to the manganese(Il) center in
both a monodentate and a chelating fashion was explicitly
considered. In the monodentate model, the binding of oxy-
gen at an open site on the manganese(Il) center results in
the release of the first CO, molecule. A Mn'""-OOH species
results along with a coordinated formyl radical. The trans-
fer of an electron from the formyl radical to the manganese
center results in the formation of a manganese(Il) center
and the products. In our model complex, the oxalate ion is
believed to bind in a chelating fashion initially. The six-
coordinate species can still react with oxygen to initially
generate a [L(ox)Mn"-OQ] species, which rapidly reacts
with [LMn"(ox)]" to form [L(ox)Mn-O—-O-Mn(ox)L]>.
The release of the peroxide ion results in [LMn™(ox)]. In
0OxOx, the formation of a p-1,2-peroxido species is pro-
hibited owing to the isolation of the manganese centers;
therefore, in the enzyme, the initial superoxide intermediate
can clearly be directed for attack on the coordinated oxalate
ligand. With our model studies, we have shown that the
formation of a Mn"—(ox) species is sufficient to generate a
CO, molecule in the presence of light.

Conclusions

We present herein the first example of a structural OxOx
model compound, which ultimately effects catalytic decom-
position of oxalate ions. In the solid state, [MnLCI] (1) ex-
ists as a coordination polymer. In acetonitrile (in the pres-
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ence of excess TBAO), 1 becomes monomeric. In the pres-
ence of oxygen, 1 effects the degradation of oxalate ions in
a catalytic manner and liberates 2 equiv. of CO, per oxalate
ion after acidification of the final reaction mixture. During
catalysis, EPR spectroscopy studies suggest the initial for-
mation of a short-lived Mn"—superoxido intermediate fol-
lowed by a longer-lived pink Mn'" species. Thus, the 1—(0x)
adduct effectively mimics the first step in the OxOx catalytic
cycle. The formation of a p-1,2-peroxido species and the
eventual release of the peroxide ion yields neutral
[LMn'"(0x)]. Various spectroscopic and analytic studies
support the presence of a peroxide species in the reaction
mixture. On the basis of ESI-MS studies, it is evident that
the ligand in [LMn'"(0x)] is subsequently displaced by oxal-
ate ions to afford [Mn'"(ox),] ", which was shown to be cata-
lytically competent through slow photodecomposition to
generate CO», a hydrogen carbonate anion, and a manga-
nese(Il) species. The manganese(Il) species then binds to
an oxalate ion to ultimately regenerate [Mn'"(0x),]~, which
continues in the cycle until the oxalate is consumed.

Experimental Section

General Considerations: Oxalic acid, Dowex® 50WX2 (dry mesh
50-100), and MnCl, were purchased from Acros Organics. Bis-
(pinacolato)diboron, potassium acetate, tetrabutylammonium
hydroxide (40 wt.-%), [Pd(dppf)Cl,] [dppf = bis(diphenylphos-
phino)ferrocene], N-phenylbis(trifluoromethanesulfonimide), NV,N'-
diisopropylethylamine, and naphthofluorescein were purchased
from Sigma-Aldrich. Acetonitrile, diethyl ether, N,N-dimethyl-
formamide (DMF), dichloromethane, and tetrahydrofuran were
purified with an Innovative Technologies, Inc. solvent-purification
system. Methanol was distilled from magnesium methoxide under
a nitrogen atmosphere and stored over molecular sieves (3 A).
LH-2HCI was synthesized by a literature method.[*?! Naphtho-Per-
oxyfluor-1 was synthesized according to the method of Chang et
al.*%l Triethylamine was distilled from CaH, under nitrogen. All
other reagents were purchased from commercial sources and used
as received. Manipulations of air-sensitive compounds were per-
formed by standard Schlenk techniques or in a nitrogen-filled
glovebox. Crystalline samples were pulverized and heated in vacuo
before submission for elemental analysis (Atlantic Microlabs, Inc.).

[MnLCI] (1): To a solution of LH-2HCI (420 mg, 1.20 mmol) in
CH;CN (10 mL) was added triethylamine (486 mg, 4.80 mmol,
4 equiv.). To this stirring ligand solution was slowly added MnCl,
(151 mg, 1.20 mmol) dissolved in methanol (2 mL). The mixture
was stirred for 30 min, and precipitation occurred. The precipitate
was collected by filtration, washed with diethyl ether, and dried
under vacuum. X-ray quality crystals of 1 were obtained by the
slow evaporation of an acetonitrile solution of 1 containing a few
drops of water under nitrogen, yield 382.6 mg (87.8%). FTIR
(KBr): ¥ = 3375 (s, br), 3300 (s), 2842 (m), 1584 (vs, vco), 1441 (s),
1325 (m), 1225 (m), 1100 (m), 1075 (m), 1033 (m), 983 (m), 933 (m),
825 (m), 808 (m), 767 (m), 717 (s), 650 (m) cm . C;sH,,CIMnN;0,
(366.75): caled. C 49.12, H 6.05, N 11.46; found C 49.10, H 6.51,
N 11.52.

Bis(tetrabutylammonium) Oxalate (TBAO): TBAO was prepared by
a modified literature method.¥ To oxalic acid (5.01 g, 0.0556 mol)
dissolved in methanol (40 mL) was added tetrabutylammonium
hydroxide (40 wt.-%, 72.1 mL, 2 equiv.). After 2 h of stirring, the
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solvent was removed under reduced pressure to yield a gelatinous
material. The remaining solvent was removed by vacuum distil-
lation at 50-55 °C (0.025 Torr) to afford a white solid, which was
placed under high vacuum at 40 °C for 14 h. The product was col-
lected under dry nitrogen, yield 21.6g (67.2%). 'H NMR
(400 MHz, [D]dichloromethane): 6 = 0.9 (t, 24 H), 1.39 (sext, 16
H), 1.60 (pent, 16 H), 3.37 (m, 16 H) ppm. 3C{H} NMR
(100 MHz, D,0): 0 = 13.46, 19.76, 23.74, 58.74, 174.11 ppm.

X-ray Crystallography: Compound 1 crystallized as colorless blocks
by slow evaporation of an acetonitrile solution containing a few
drops of water. A crystal was attached to a glass fiber and mounted
on a Siemens SMART Platform CCD diffractometer for data col-
lection at 100(1) K.’ The data collection was performed with Mo-
K, radiation (graphite monochromator). The intensity data were
corrected for absorption and decay (SADABS).’*! The final cell
constants were calculated from the xyz centroids after integration
(SAINT).5® The structures were solved with SIR-97057 and refined
with SHELXL-97.581 The space group P2,2,2, was determined on
the basis of systematic absences and intensity statistics. A direct-
methods solution was calculated and provided most non-hydrogen
atoms from the E-map. Full-matrix least-squares/difference Fourier
cycles were performed, and the remaining non-hydrogen atoms
were located. All non-hydrogen atoms were refined with anisotropic
displacement parameters. All hydrogen atoms were placed in ideal
positions and refined as riding atoms with relative isotropic dis-
placement parameters. The structure was refined as an inversion
twin (53:47). Please refer to Table 1 for additional crystal and re-
finement information. CCDC-676119 contains the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Physical Measurements: FTIR spectra were measured with a Varian
3100 Excalibur Series spectrometer. Optical spectra were recorded
with a Cary 50 UV/Vis spectrophotometer. The NMR spectra were
recorded at 25 °C with a Bruker Avance II 400 MHz instrument;
the peaks of samples in [D]dichloromethane were referenced to tet-
ramethylsilane (TMS), and the peaks of samples in D,O were refer-
enced to trimethylsilyl propanoic acid sodium salt (TSP). The EPR
spectra were recorded with samples in a suprasil quartz Dewar
flask [cat. no WG-850(-Q), WILMAD Glass Co., Inc.] at 77 K
and at 0.22 mW with a Varian Century Series ESR spectrometer
operating at 9.28 GHz with an E-4531 dual cavity, 9 in. magnet and
a 200 mW klystron. For field calibration, Frémy’s salt [g = 2.0056,
AN = 13.09 G] was employed. GC-MS experiments were per-
formed with an HP 6890/5973 GC-MS instrument. The ESI-MS
experiments were performed with a Thermo Finnigan TSQ Quan-
tum Ultra AM triple quadrupole mass spectrometer. For the elec-
trochemical measurements, a Pt electrode was used as the working
electrode, and Pt wire and Ag/AgCl were used as the auxiliary and
reference electrodes, respectively. Cyclic voltammograms were ob-
tained with a Bioanalytical Systems, Inc. potentiostat controlled by
the Epsilon Electrochemical Workstation software. The measure-
ments were externally referenced to ferrocene, and all electrochemi-
cal measurements were performed under dry nitrogen.

Reactivity Studies: The catalytic reactions were performed in a
fume hood under continuous ambient light. To a 25 mL Schlenk
flask was added 1 (0.14 mmol). After the flask was purged with
dry oxygen (Airgas, Industrial grade), TBAO (1.60 g, 2.80 mmol)
dissolved in acetonitrile (10 mL) was added. The flask was stop-
pered to avoid evaporation. Aliquots (ca. 0.7 mL) were periodically
removed, placed in 5 mL vials, capped, and placed at —70 °C until
analyzed. A solution containing only TBAO at the same concentra-
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tion as the reaction mixtures was run alongside the reactions, and
aliquots were periodically removed and monitored in the same
manner as the reaction.

NMR Quantification of Oxalate

Standard Preparation: [D]dichloromethane (0.5 mL) containing 2%
w/w acetonitrile (internal standard) was added to oxalic acid
(5.0 mg) in a vial followed by N,O-bis(trimethylsilyl)trifluoroaceta-
mide (BSTFA, 10 equiv.), and the solution was stirred for 0.5h
to ensure complete derivatization. The solution was quantitatively
transferred to a preweighed NMR tube, and 'H NMR spec-
troscopy was performed. The singlet peak at 6 = 0.36 ppm corre-
sponded to bis(trimethylsilyl) oxalate (DTMSO0), and the inte-
grated area for this peak was compared with that of the same peak
in the sample.

Sample Preparation: To analyze the oxalate content, the reaction
mixtures were thawed to ambient temperature in the dark, and
500 pL was loaded on a cation exchange column (12 cm X 8 mm,
Na* form) and eluted with deionized water. To the eluant (10 g
collected) was added concentrated HCI (2.5 equiv.). The solvent
was evaporated with a heated vacuum centrifuge. The obtained
white solid was dissolved in [D]dichloromethane (0.5 mL) contain-
ing 2% w/w acetonitrile, and BSTFA (200 pL; 15 equiv. with re-
spect to initial TBAO) was added. After stirring for 0.5 h, the solu-
tion was filtered through a 0.45 pm Nalgene syringe filter directly
into a preweighed NMR tube. The complete transfer of the deriva-
tive to the NMR tube was ensured by washing the filter twice with
the [D]dichloromethane solution (1 mL). The DTMSO was then
identified and quantified by '"H NMR spectroscopy.

CO, Measurements: A homemade gas FTIR cell with NaCl win-
dows was used (i.d. 37 mm, path length: 100 mm) to measure the
CO, in the headspace. The cell was evacuated to a pressure of
38 Torr and placed in the FTIR spectrophotometer chamber. The
FTIR chamber was continuously purged with dry nitrogen to re-
move any moisture and traces of background CO,. The sample
headspace was introduced into the cell, and the CO, was identified
by the peaks centered at ¥ = 2350 cm'. The integration of these
peaks was performed in the range ¥ = 2390-2280 cm™!, and the
amount of CO, was converted to mmol by using the ideal gas law.
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