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ABSTRACT: We recently reported on the synthesis of a new Electron transfer kinetics
pentadentate N,O ligand, tBuL™, together with the X-ray
diffraction structure of the corresponding mononuclear _ 'i'
manganese(III)-hydroxo complex namely [(tBuL)Mn(III)OH]- = H—O
(Clo,), (1 (ClO,)). [El Ghachtouli et al. Energy Environ. Sci. Ll e
2011, 4, 2041.] In the present work, we evidence through LMn*—Ci L Mn"'—OH
electrochemical analysis that complex 1%, in the presence of H"'O\
water, shows a peculiar behavior toward electron-transfer kinetics. LMnY H
The synthesis, single-crystal X-ray diffraction, and EPR

Electrode Electrode

spectroscopic characterization of two other mononuclear
manganese(I1l)-chlorido and methoxo complexes—namely,
[(tBuL)Mn(IIT)Cl] (PF,), (2(PF4)) and [(tBuL)Mn(III)OMe](ClO,), (3(ClO,))—are also reported. 2(PF4) and 3(ClO,)
compounds will serve as reference complexes for the electron-transfer kinetics investigation. The peculiar behavior of 1(ClO,) is
attributed to the specificity of hydroxide anion as ligand presumably allowing intermolecular hydrogen-bonding interactions and
thus affecting electron-transfer properties.

B INTRODUCTION We recently reported on the synthesis of a new pentadentate

Manganese complexes have long been used as models for one N,O ligand, tBuL™ (Scheme 1), together with the X-ray

of the most intricate metalloenzyme’s active site, the Oxygen ] ]
Evolving Complex (OEC) of Photosystem IL> This Mn,Ca Scheme 1. Schematic Representation of LH and tBuLH

complex performs the four-electron, four-proton oxidation of /__@ /__(_—’—>
water, following a five-step catalytic cycle called the Kok cycle. —N/‘\N N—7 —N/‘\N N—7
Although the structure of the OEC in its resting state currently d 7\ 7\
is fairly well-understood,®>™” questions remain as to the o N_ on N
LH tBul.

mechanism by which two water molecules are oxidized into H
dioxygen at this cluster.®*~"* This catalysis is thought to involve

formation of a high-valency manganese oxo species.'>'* In the diffraction (XRD) structure of the corresponding mononuclear
endeavor to identify the ultimate species prior the formation of manganese(III)-hydroxo complex namely [(tBuL)Mn(III)-
the O—O bond, mononuclear manganese model complexes OH](Cl1O,), (1 (ClO,))." Electrochemical studies of 1* clearly
play a critical role."> They provide basic information on the evidenced that the presence of outer sphere water molecules is
relationship between manganese and water, when oxidation essential for the reversibility of the Mn™"™ and Mn™/™ redox
events occur. Along this line, several groups'®™'® have designed processes, thus inhibiting deleterious pathways. In particular, in
different families of ligands that accommodate the manganese this last case, the electron transfer is not accompanied by
ion in a high-valency, mononuclear state, while a water

molecule (in its protonated or deprotonated form) is bound Received: November 17, 2011

to it. Published: March 8, 2012
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proton transfer. In the present study, we investigate the
electron transfer dynamics of these redox processes with the
aim to get new insights into the role of the hydroxo ligand, and,
in particular, the possible influence of intermolecular bonding
interactions. We have thus prepared two new mononuclear
manganese (III)-chlorido and manganese(III)-methoxo com-
plexes, namely, [(tBuL)Mn(II)Cl](PFy), 2(PF) and [(tBuL)-
Mn(III)OMe](ClO,), 3(ClO,), which are identical to 1(ClO,),
except for the sixth ligand. We first report on the solid-state
structural characterization of both chloro and methoxo Mn(III)
complexes and compare them with the previously reported
hydroxo compound. Paralle]l-mode EPR studies indicate that a
mononuclear form is maintained in MeCN solution for all
Mn(III) complexes. Electrochemical investigation is then used
to access the +IV oxidation state for 2* and 3* and the +II and
+IV oxidation states for 1*. All Mn(IV) compounds are shown
to be mononuclear species, using electronic absorption and
EPR spectroscopies. The latter also allows one to gain insights
into structure and electronic properties homogeneity in
solution for the complexes studied. Finally, thanks to the cyclic
voltammetry measurements performed at various temperatures,
the electron transfer dynamics parameters for all three
complexes are obtained. It will be shown that complex 1*
has, in the presence of water, a peculiar behavior toward
electron transfer kinetics attributed to the specificity of
hydroxide anion as ligand, presumably allowing intermolecular
hydrogen bonding interactions, thus affecting electron transfer
properties.

B EXPERIMENTAL SECTION

Caution: Perchlorate salts of metal complexes with organic ligands are
potentially explosive. Only small quantities of these compounds should
be prepared, and they should be handled behind suitable protective
shields.

Reagents and solvents were purchased commercially and used as
received.

Ligand Synthesis. tBulLH. To a solution of 451 mg (1.86
mmol) of N,N-bis(2-pyridylmethyl)ethane-1,2-diamine*® in 50
mL of ethanol was added 1 equiv of 3,5-di-tert-butyl-2-
hydroxybenzaldehyde.”® The solution was stirred at room
temperature for 3 h. The solvents were evaporated and the
resulting brown oil was dried under vacuum. The crude product
was purified by flash chromatography (CH,Cl,/MeOH) to
yield the ligand tBuLH as a yellow solid (75% yield): '"H NMR
(300 MHz, CDCL,): & 11.66 (s, 1H, OH), 8.52 (d, 2H, H—Ar),
8.29 (s, 1H, Ar—CH=N), 7.61—7.04 (m, 8H, H—Ar), 3.94 (s,
4H, N—(CH,—Py)2), 3.75 (t, 2H, CH=N-CH,—CH,), 2.95
(t, 2H, (CH,),—~N—CH,—CH,), 1.49 (s, 9H, H—tBu), 1.34 (s,
9H, H—tBu).

Synthesis of Complexes. [tBuLMn(ll)OH](CIO,) (1(CIO,)).
[tBuLMn(III)OH](ClO,)] (1(ClO,)) was prepared according
to the recently published procedure.'

[tBULMn(lll)CI](PFy)] (2 (PFs)). To a solution of ligand tBuLH (73
mg, 0.16 mmol) in methanol (S mL) and triethylamine (22.15 uL,
0.16 mmol) were added 31.5 mg of Mn(Cl),-4(H,0) (0.16 mmol) in
methanol (2 mL).The mixture was stirred for 3 h at room temperature.
Two equivalents (2 equiv) of NH,PF, (51.96 mg, 0.32 mmol) were
then added onto the brown solution, which was stirred for an
additional 3 h. The mixture was then filtered and the resulting solution
was kept at room temperature. After one week, brown crystals
deposited from this solution (yield 60%). Elemental analysis for
[Mn(tBuL)Cl](PF,): MnCyoH,,N,PFO Caled (%): C 50.26, H 5.38,
N 8.08; Found (%): C 50.02, H 540, N 8.21. ESI MS: m/z = 547
[(tBuL)MnCl]*. IR (KBr): v = 1542 (weakw), 1449 (w), 1252 (w),
1020 (w), 845 (strong, s), 557 cm™' (PF").
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[tBuLMn(lll)OMe](CIO,) (3(CIO,)). To a solution of ligand tBuLH
(73 mg, 0.16 mmol) in methanol (S mL), 1 equiv of triethylamine
(22.15 pl, 0.16 mmol) was added, followed by 1 equiv of
Mn(ClO,),-6(H,0) (55.8 mg, 0.16 mmol) in methanol (2 mL).
The mixture was stirred for 3 h at room temperature. Twenty
milliliters (20 mL) of diethylether were added to the solution, leading
to the formation of a green precipitate. The suspension was filtered off
and the solid was washed with diethylether and minimal cold
methanol. The resulting powder was dissolved in methanol and slow
diffusion of diethylether yielded green needles (overall yield 65%).
Elemental analysis for [tBuLMn(II1)OMe](ClO,)]:
MnC;3,H,oN,ClOg4 Caled (%): C 56.03, H 6.27, N 8.71; Found (%):
C 55.53, H 625, N 8.73. ESI MS: m/z = 543.3 [(tBuL)Mn(III)-
OCH;]". IR (KBr): v = 1542 (weak, w), 1449 (w), 1252 (w), 1120,
1085 (s), 1020 (w), 640 (CIO,7), 609 (w).

Elemental Analyses. Elemental analyses were carried out at the
Service de Microanalyses, ICSN-CNRS, Gif-sur-Yvette, France.

Electrospray lonization Mass Spectrometry. Mass spectra were
recorded with a Finnigan MAT9SS system in a BE configuration at low
resolution on a micromolar acetonitrile solution.

NMR Spectroscopy. 'H NMR spectra were recorded on a Bruker
DPX 300 MHz system with a ONP probe at room temperature in d;-
CDCl, (6 = 7.24 ppm).

EPR Spectroscopy. 9.4 GHz EPR (X-band) spectra were recorded
on a Bruker ELEXSYS 500 spectrometer equipped with an Oxford
Instruments continuous-flow liquid-helium cryostat and a temperature
control system. A dual-mode cavity (Bruker, Model ER 4116DM) was
used for perpendicular- and parallel-mode detection, respectively.
Solutions spectra were recorded in MeCN containing 0.2 M Bu,NPF.
Simulagons were performed using Easyspin®> or the Xsophe software
(v4.0).

Ultraviolet—Visible (UV-Vis) Light Analysis. Ultraviolet—
visible (UV—Vis) spectra were recorded on a Varian Cary 300 Bio
spectrophotometer at 20 °C with 0.1 cm quartz cuvettes.

Spectroelectrochemistry. Spectroelectrochemical data were
obtained using a combination of a three-electrode thin cell (optical
length = 0.5 mm) mounted in an ultraviolet/visible light/near infrared
(UV/Vis/NIR) Varian Cary SE spectrophotometer. The two-part
spectroelectrochemical 0.5-mm quartz cell has been described
elsewhere.”* The working electrode is a Pt grid, and the reference
and the counter electrodes (Pt wire) are located on the top of the cell.
The entire solution was under an argon environment.

Cyclic Voltammetry and Bulk Electrolysis. All electrochemical
experiments were operated under an argon atmosphere. Cyclic
voltammetry and coulometry measurements were recorded either on
an EGG PAR potentiostat (M273 model) or a Metrohm potentiostat
(AUTOLAB model). For cyclic voltammetry, the counter electrode
used was a Pt wire and the working electrode a glassy carbon disk
carefully polished before each voltammogram with a 1-um diamond
paste, sonicated in ethanol bath and then washed with ethanol. The
reference electrode used was an Ag/AgClO, electrode (0.3 V vs SCE
electrode), isolated from the rest of the solution by a fritted bridge.
The ohmic drop was systematically compensated using the adequate
option within the commercial potentiostat. The effect of ohmic drop
compensation on peak potentials was tested on a ferrocene solution, as
described in the Supporting Information. For bulk electrolysis, the
counter electrode used was a piece of platinum, separated from the rest
of the solution with a fritted bridge. The working electrode was a
cylinder of glassy carbon. The supporting electrolyte NBu,PFq
(Aldrich, puriss) was 0.1 M (20 °C) or 0.2 M (low temperature) in
acetonitrile (Aldrich, puriss). Low-temperature regulation was ensured
by a Julabo circulation cryostat.

X-ray Diffraction. X-ray diffraction (XRD) data were collected on
a Kappa X8 APPEX II Bruker diffractometer with graphite-
monochromated Mo Ka radiation (4 = 0.71073 A). The temperature
of the crystal was maintained at the selected value (100 K) by means
of a 700 series Cryostream cooling device within an accuracy of +1 K.
The data were corrected for Lorentz polarization and absorption
effects. The structures were solved by direct methods using SHELXS-
97> and refined against F* by full-matrix least-squares techniques
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using SHELXL-97 with anisotropic displacement parameters for all
non-hydrogen atoms. H atoms of the ligand were added geometrically
and refined by the riding model. Treatment on H: H atoms of water
moieties were added from the difference Fourier map, and refined by
DFIX instructions, in which O—H distances were set at 0.96(3) A and
H—H distances were set at 1.52(3) A, according to the ideal molecular
geometry of water, and with one common isotropic thermal parameter.
All calculations were performed by usin§ the Crystal Structure
crystallographic software package WINGX.>® ORTEP view of 2* and
3" are shown in Figure S1 in the Supporting Information and selected
bond lengths and angles for 1%, 2%, and 3" can be found in Table SI in
the Supporting Information. Crystallographic data for 2* and 3* are
gathered in Table S2 in the Supporting Information.

CCDC 781530 and CCDC 781529 contains the supplementary
crystallographic data for 2(PF4) and 3(ClO,). These data can be
obtained free of charge from The Cambridge Crystallographic Data
Centre viawww.ccdc.cam.ac.uk/data_request/cif.

Bl RESULTS AND DISCUSSION

Synthesis. The mononuclear Mn(III) complex [tBuLMn-
(II1)OH](ClO,)(1 (ClO,)) was prepared following a template
synthesis in ethanol, with Mn(II) perchlorate as the source of
manganese. [tBuLMn(III)CI](PF;) (2 (PFg)) was obtained by
reacting tBuLH with manganese(II) chloride in acetonitrile in
the presence of 1 equiv of base and isolated in the presence of
hexafluorophosphate. [tBuLMn(III)OMe](ClO,)] (3 (ClO,))
was obtained under similar conditions in methanol. Brown, red,
and green single crystals were grown for 1(ClO,), 2(PF), and
3(ClO,), respectively (see the Experimental Section).

X-ray Diffraction. Although they have been reported in a
recent paper,’ in this paper, we include the crystallographic data
for 1(ClO,), in order to facilitate comparison with 2(PF¢) and
3 (ClO,). The crystal structures of 2(PF4) and 3(ClO,) were
determined by single-crystal X-ray diffraction (Figure 1). Table
1 gather selected bond lengths for 1%, 2*, and 3*. In all three
complexes, the Mn®* ion is hexacoordinated by the N,O ligand
and by the exogenous ligand. The two pyridine arms are in the
trans positions. The Jahn—Teller axis is elongated along the
Npyridine=Mn—N,idine axis, which forms an angle of 152° in all
three complexes (see Table S1 in the Supporting Information).
This type of coordination has always prevailed in related
systems,'® such as that for the parent ligand L™ (see Scheme
1).292728 I all three complexes, the Mn—N, .. (d = 1.97—1.99
A) and the Mn—Oppenoe (d = 1.85-1.89 A) distances are
comparable to those reported for Mn(Ill) complexes in a
similar environment.?***~3!

In the case of 17, two distinct mononuclear units are present
in the cell, featuring two different Mn—Ojygroxge bonds
(1.97(3) A and 1.86(3) A), because of a hydrogen bond with
interstitial water molecules." Both distances are larger than
most of the regorted manganese(III)-hydroxo complexes
(1.80— 1.81 A).'”'®3273* The structure of 2* is very similar
to that of [LMn(III)Cl]*,*” except for the Mn—Cl bond (mean
value 225 A, vs 2265 A), which is 0.01 A shorter. This
shortening is opposite to what would be expected from the
electron-donating effect of the tert-butyl groups. However, we
noticed the arrangement in the crystal lattice of two monomeric
units face-to-face, with two pyridine rings stacked upon each
other at a distance of 3.91 A and the chloride ligand interacting
with a hydrogen atom (at 2.74 A) of the latter pyridine ring.
These weak intermolecular interactions may account for the
unexpected shortening of the Mn—CI bond, compared to the
unsubstituted ligand L™. Without any noticeable intermolecular

interactions, complex 3* presents a mean Mn—O_,y04e PORd
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(A)

©

Figure 1. X-ray crystal structure of cations (A) 1%, (B) 2%, and (C) 3*.
Hydrogen atoms (except for the hydroxide ligand), counteranions, and
solvent molecules were omitted for the sake of clarity.

of 1.81 A, which is close to the Mn(III)-~OH bond distances
reported so far, but shorter than the Mn—Oyygyg. bonds in
both isomers of 17. This, again, points at the peculiar structure
of 1%, in which the elongation of the Mn—O bond is clearly
related to intermolecular hydrogen bonding interactions. The
main difference between these three complexes lies in the Mn—
X (X = OH7, CI7, MeO"™) distance, which is either modulated
by the electron-donating abilities of the exogenous ligand (long
Mn—X bond for weaker ligands such as CI7) or by
intermolecular interactions (hydrogen bonds between hydrox-
ide ligand and water molecules in the case of 17).
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Table 1. Selected Bond Lengths for 2* and 3* (Data for
Complex 1* have been included, for the sake of comparison)

(ref 1)

bond bond length (&) bond bond length (A)

1" = [Mn(tBuL)OH]**

Mn-0(1) 1.88(3) Mn-N(3) 2.23(4)

Mn—N(1) 1.97(4) Mn-N(4) 2.22(4)

Mn—N(2) 2.16(4) Mn—-0(2) 1.91(3)

2" = [Mn(tBuL)CI]*

Mn—0(1) 1.859(2) Mn—N(3) 2.252(3)

Mn—N(1) 1.990(3) Mn—N(4) 2.250(3)

Mn—N(2) 2.148(3) Mn—Cl 2.2568(9)
3" = [Mn(tBuL)OMe]"

Mn-0(1) 1.895(6) Mn—N(3) 2.264(9)

Mn—N(1) 1.988(8) Mn—N(4) 2.237(9)

Mn-N(2) 2.150(8) Mn-0(2) 1.814(7)

“Two structural motifs were found in the unit cell; thus, the given
distances are mean values between site 1 and site 2 of the unit.

Electrochemical Characterization and Access to Mn-
(IV) Complexes. Cyclic voltammetry of 1(ClO,) (Figure 2A),

(A)

20 pA |

%

(©)

E (Vvs SCE)
.|I[]!-IIII:1IIII

02 0.6 1 1.4

Figure 2. Cyclic voltammetry for a 2 mM solution in CH;CN (0.1 M
Bu,NPFy) of (A) 1(ClO,) + 15.8 M of water, before (black line) and
after (gray line) exhaustive oxidative electrolysis at +1.00 V vs SCE;
(B) 2 (PFs) before (black line) and after (gray line) exhaustive
oxidative electrolysis at +1.25 V vs SCE; and (C) 3 (ClO,), before
(black line) and after (gray line) exhaustive oxidative electrolysis at
+0.975 V vs SCE. Scan rate = 100 mV s}, T = 293 K.

2(PF,) (Figure 2B), and 3(ClO,) (Figure 2C) were recorded
in acetonitrile. The trace of cation 1* presents a quasi-reversible
anodic process at E%(1) = 0.80 V vs SCE (AE, = 200 mV at 0.1
V s7!), attributed to the Mn(III) to Mn(IV) oxidation process
and an irreversible cathodic process (see Figure S2(A) in the
Supporting Information) at Ep(l) = —0.52 V vs SCE). As
reported earlier,’ in dry acetonitrile, this oxidation wave is not
chemically reversible: full reversibility is obtained upon the
addition of water. The trace of cation 2" also shows a quasi-
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reversible oxidation process attributed to the Mn(IIl) to
Mn(IV) at E°(2) = 1.10 V vs SCE (AE, = 96 mV at 0.1 Vs™')
(see Table 2) and a quasi-reversible cathodic process at E°(2")

Table 2. E° (or E,) Values” (V vs SCE) for Cations 1%, 2%,
and 3" in CH;CN (0.1 M Bu,NPF;) and Related Complexes

MnIII /MnH MnIV /MnIII
E’ or E, AE, (mV) E° AE, (mV)
1" —0.52 irr 0.80 200
2t 0.10 100 1.10 96
3* —-0.58 irr 0.80 235
1H** 0.30 300

“E0 is defined as (E; + E;) /2, where E;Z is the potential value of the
anodic peak and E, is the potential value of the cathodic peak.

=0.10 Vvs SCE (AE, = 100 mV at 0.1 V s1), attributed to the
Mn(IlI) to Mn(II) reduction process (Figure S2(B) in the
Supporting Information). The trace of complex 3* (anodic
process at E°(3) = 0.80 V vs SCE and irreversible cathodic
process at E,(1) = —0.58 V vs SCE; see Figure S2(C) in the
Supporting Information) is similar to that of complex 1%, except
for a slightly slower electron transfer, as indicated by a larger
AE, value (235 mV at 0.1 V s7'). The observation of three
distinguishable signatures for complexes 1%, 2%, and 3* supports
the assertion that the exogenous ligand is maintained in the
coordination sphere in acetonitrile solution.*® In addition,
cations 1%, 2%, and 3" were detected by EI-MS spectrometry
(see the Experimental Section). Standard potential (or peak
potential for chemically irreversible couples) values for
complexes 1%, 2%, and 3" are gathered in Table 2. No difference
in potential is observed between the hydroxo complex 1* and
the methoxo complex 3*. Thus, the noticeably higher potential
value observed for 2% can be attributed to a weaker donating
effect of the Cl™ anion to the Mn>" cation, compared to
hydroxo and methoxo ligands, corroborating the Mn—X (X =
OH", CI7, MeO™) distances observed in the X-ray structures.

We have demonstrated that, provided water is present in the
medium to prevent dimerization, complex 1% undergoes a
simple outersphere electron transfer upon oxidation." The
addition of a strong acid (HClO,) to a solution containing the
hydroxo complex 17 in an acetonitrile—water mixture leads to a
decrease and complete disappearance of the wave (Figure 3,
peaks 1 and 1') at the expense of a new one (Figure 3, peaks 2
and 2'). This is attributed to the protonation of the hydroxo
ligand in complex 1%, leading to a shift of the oxidation
potential toward a more-positive potential. Indeed, an
irreversible wave is detected at ~1.1 V vs SCE, which is
attributed to the oxidation process of the protonated form
[Mn(1IT)(OH,)]** (see Figures S3 and S4 in the Supporting
Information). Conversely, reduction of [Mn(III)(OH,)]*,
hereafter named 1H?*, becomes easy and leads to a
monoelectronic chemically reversible [Mn(IIT)(OH,)]**/ [Mn-
(II)(OH,)]* wave, whose characteristics are given in Table 2.

We performed exhaustive bulk electrolysis of 1(ClO,),
2(PF;), and 3(ClO,), in acetonitrile at 20 °C, at +1.00,
+1.25, and +0.975 V vs SCE, respectively. In each case,
controlled potential coulometric measurements confirmed a
one-electron oxidation process. The cyclic voltammograms
recorded on the electrolyzed solutions of 1(ClO,), 2(PF), and
3(ClO,) show traces (gray lines in Figure 2) that are identical
to those of the initial solutions. This indicates a simple electron
transfer and identifies the oxidation products as [tBuLMn(IV)-

dx.doi.org/10.1021/ic202480h | Inorg. Chem. 2012, 51, 3603—3612
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Figure 3. Cyclic voltammetry of 1* (1 mM) at 0.1 Vs™!, T = 293 K,
on a glassy carbon electrode (GCE) in a CH;CN/H,O mixture (75/
25v/v) + 0.1 M NBu,PF, (wave 1/1’, black curve) and in the presence
of an increasing amount of HCIO, (0.25 equiv (black dashed curve),
0.5 equiv (gray curve), 0.75 equiv (gray dashed curve), and 1 equiv
(wave 2/2/, black curve)).

(OH)J** (hereafter named 1%*), [tBuLMn(IV)(C1)]** (here-
after named 22*), and [tBuLMn(IV)(OMe)]** (hereafter
named 3%*), respectively. In all cases, the one-electron
oxidation process is associated with a color change from
brown (for 1* and 3*) and reddish (for 2*) to intense dark
green. The oxidized species are stable for several hours under
these conditions. In the following paragraphs, we will present
solution characterization of these three electrochemically
generated complexes 1%*, 2**, and 3*', using parallel- and
perpendicular-mode electron paramagnetic resonance (EPR)
and electronic absorption spectroscopies.

EPR Spectroscopy. X-band EPR spectra have been
recorded for complexes 1%, 2*, and 3" in acetonitrile solution,
as well as for the corresponding complexes 1**, 2**, and 3**
obtained after bulk electrolysis, as described in the previous
section. The spectra obtained are shown in Figures 4
(complexes 1* and 3*) and S (complex 2*). Before electrolysis,
the spectra for 1%, 2*, and 3* display predominantly a signal in
parallel-mode detection (right panel) consistent with a Mn(I1I)
mononuclear complex (a six-line hyperfine splitting of ~5 mT
can be resolved on all three spectra for the feature centered at
81 mT; see the right panel in Figures 4 and S and Figure SS$ in
the Supporting Information).>” The corresponding perpendic-
ular-mode spectra are essentially silent for 1* and 3* (see Figure
4, left panel). In the case of 2*(Figure S, left panel), we note the
presence of some “free” Mn(II) (characteristic six-line signal at
g = 2; the amount was estimated by titration to be <10% of the
total Mn content) and of a signal at low field (0—150 mT)
attributable to “forbidden” transitions from the Mn(III)
complex. The parallel-mode signals of the Mn(III) complexes
essentially disappear upon electrolysis (1**, 3** in the right
panel of Figure 4, 2*" in the right panel of Figure 5), while new
signals characteristic of an S = 3/, mononuclear Mn(IV)
complex are now detected in perpendicular mode (respective
left panels). We also note the disappearance of the low field
signal from the perpendicular-mode spectrum of 2* (Figure S,
left panel), supporting its attribution to Mn(III) resonances. In
the case of 2%, the feature around 130 mT displays a well-
resolved six-line hyperfine splitting of 6.4 mT consistent with a
manganese ion in the tetravalent oxidation state (+IV), similar
to that which has been reported for a [(salen)Mn(IV)CI]*
complex (see Figure S, upper left panel).>® In the case of 12*
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Figure 4. EPR spectra recorded for the hydroxo and methoxo
complexes with perpendicular-mode (left) and parallel-mode (right)
detection before (complexes 1* and 3*) and after (complexes 1?* and
3%*) exhaustive electrolysis at +0.99 and +0.975 V vs SCE, respectively.
Experimental conditions: 2 mM solution in CH;CN (0.1 M
Bu,NPFy); presence of 15.8 M of water in the case of 1*. Recording
conditions: microwave frequencies, 9.63 GHz (L) and 9.41 GHz (//);
microwave powers, 1 mW (L) and 4 mW (//); modulation amplitude,
1 mT; time constant, 160 ms; T = S K. The perpendicular-mode
simulated spectrum for 30x generated using XSophe is shown in gray.
Simulation parameters: g, = g, = 1.98; g, = 2.02; A, = A, = A, = 176
MHz; D = —24 GHz; E/D = 0.16; line widths [, = 70 mT, [, = [, = 10
mT; sigma D = 0.5; sigma E/D = 0.09.
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Figure S. EPR spectra recorded for the chloro complex with
perpendicular-mode (left) and parallel-mode (right) detection before
(complex 2*) and after (complex 2?*) exhaustive electrolysis at +1.25
V vs SCE. Experimental conditions: 2 mM solution in CH;CN (0.1 M
Bu,NPFy). Recording conditions: microwave frequencies, 9.63 GHz
(L) and 9.41 GHz (//); microwave powers, ]l mW (L) and 4 mW
(//); modulation amplitude, 1 mT; time constant, 160 ms; T = § K.
The perpendicular-mode simulated spectrum for 2** generated using
XSophe is shown in gray. Simulation parameters: g, = 1.97; g, = 2.06;
g = 1.98; A, = 190 MHz; A, = 204 MHz; A, = 174 MHz; D = —24
GHz; E/D = 0.20; line widths I, = |, = I, = 2.2 mT; sigma D = 0.5;
sigma E/D = 0.06.

and 3%*, the signals are very broad and essentially unresolved
with respect to hyperfine structure, although six-line splitting by
~6.9 mT can be distinguished on the feature at 130 mT for 3**
(see Figure S6 in the Supporting Information). The EPR
spectra of 1?* and 3*" are virtually identical but differ from that
of 22* which presents narrower and better resolved resonances.
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Simulations of the spectra yielded an E/D value of 0.20 in the
case of 2**, compared to 0.16 for 1** and 3**. More significant,
a bigger E/D strain and the use of an important line width,
particularly along the x-direction, were required to reproduce in
the simulations the large features of the spectra of 1> (gray line
in Figure 4) and 3%, compared to 2** (Figure 5).*” This
reflects a bigger distribution of geometries for the complexes
with the oxygenated hydroxy and methoxy ligands, compared
to the complex with the chloride ligand. Similar well-resolved
EPR and hyperfine features have also been observed previously
for manganese complexes in the divalent oxidation state (+II)
when a CI™ anion was present in the coordination sphere.*>*'

In light of the crystal structure obtained for the Mn(III)
complex 1% showing a pool of water molecules in hydrogen
bonding interactions with the HO™ ligand and the fact that
such a network can also be envisioned for the lone pairs of the
oxygen atom of the methoxo ligand in 37, it can be proposed
that one cause for the strain observed in the Mn(IV) complexes
1>* and 3" is also the perturbation from the surrounding
solvent as the exogenous ligand is conserved during oxidation
of the Mn ion.* It is likely that the CI~ anion ligand is less
involved in intermolecular interactions with solvent molecules
than the other two exogenous ligands, thus leading to less
distortion and heterogeneity in the coordination sphere bonds
and to a better-resolved spectrum.

UV-Vis Spectroscopy. The electronic absorption spec-
trum of 1% (Figure S7(A), dashed line, in the Supporting
Information) shows an intense band at 405 nm (Table S7 in
the Supporting Information) attributed to a phenolato to
Mn(III) charge-transfer transition.””**”* Changes of the
absorption spectra upon oxidation at +0.99 V vs SCE were
recorded in a spectroelectrochemical cell. During the course of
the electrolysis, two intense bands appear at 491 (3680 M
cm™') and 668 nm (2520 M~ cm™"). The latter one can be
attributed to a phenolate to Mn(IV) LMCT transi-
tion.””?>*™* The absence of a transition at ~1000 nm
discards the possible formation of a phenoxyl radical upon
oxidation,*® confirming the Mn(IV) oxidation state attribution
for the oxidized complex in agreement with the EPR results.
The absorption spectrum of 2* shows four distinct bands
between 310 and 511 nm. Based on comparison with 1* and
other reported chloride Mn(IIl) complexes, the higher-energy
band at 317 nm can be attributed to a Cl™ to Mn(III) charge
transfer.””*>*%° The less-intense bands at 480 and 510 nm are
similar to those reported in the case of a related chloride
Mn(III) complex with no phenolato ligand** and can be
attributed to Mn(III) d—d transition. A spectroelectrochemical
oxidation was also conducted with complex 2* (see Figure S7B
in the Supporting Information). Upon oxidation at 1.25 V vs
SCE, three new intense bands appear at 345 nm (10570 M~
cm™'), 598 nm (3248 M™' cm™!), and 786 (3636 M™' cm™!).
The two latter bands can be attributed to phenolato to Mn(IV)
LMCT bands. The phenolate to Mn(IV) charge transfer band
is shifted to higher energy upon replacement of the sixth ligand
from chloride (786 nm) to hydroxide (668 nm).*® Similarly to
complex 1%, no evidence of phenoxyl radical formation was
detected upon oxidation of 2*. Complex 3" show results similar
to those reported for 1* (see Table S3 and Figure S7C in the
Supporting Information).

We have described the preparation of three mononuclear
manganese complexes both in the +1II and +IV oxidation states.
Cyclic voltammetry (CV) has shown that the +II oxidation
state is also accessible for 1* (upon protonation) and 2*. In the
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following section, we will investigate the kinetics of the electron
transfer for the Mn(IV)/Mn(III) couple in the case of 1%, 2%,
and 3" and for the Mn(IIT)/Mn(II) couple in the case of 1H>*.
The peculiar role of the water molecule (in its protonated form
for 1H**or deprotonated form for 1*) will be discussed.

Outersphere Electron Transfer Dynamics of 1*, 2%,
and 3%, and TH?". Table 2 shows that, at a given scan rate, the
complexes have different peak separation values, indicating
different electron transfer kinetics. Therefore, it is interesting to
investigate electron-transfer dynamics in order to get new
insights into the role of exogenous ligand on the intrinsic
parameters controlling electron-transfer dynamics. To accom-
plish this objective, CV was used to measure, at various
temperatures, the electron-transfer standard rate constant (kg)
corresponding to the heterogeneous electron-transfer rate
constant at zero driving force. For a given temperature, we
obtained the standard rate constant using the procedure of
Nicholson.”" The standard rate constant has the classical form
given in eq 1, ie, the product of a pre-exponential factor,
henceforth designated by Z', whose temperature dependence
is negligible, and an exponential term that is dependent on the
reorganization energy (4). In this simplified approach, the effect
of a double layer has been omitted. Therefore, it seems more
correct to refer to A as an apparent reorganization energy,
including a double-layer effect.>>>> The parameter A also
contains information regarding internal reorganization of the
complex upon electron transfer, as well as solvent reorganiza-
tion due to charge variation. The pre-exponential factor is
related to the electronic coupling between the electrode and the
complex and contains information on the electron-transfer
adiabaticity, as further detailed later.

A
4RT (1)

In order to measure the standard rate constant, cyclic
voltammograms have been recorded at several scan rates.
Assuming a Butler—Volmer kinetic law for electron transfer
with a transfer coefficient @ = 0.5 (see eq 2), the peak
separation is dependent on a single dimensionless parameter A
(A = k¢/(DFv/RT)"?, where k; is the standard rate constant, T
the temperature, v the scan rate, F the Faraday constant, R the
gas constant, and D the diffusion coefficient).>>*

L exp[%(li . EO)]{[red]

FS
- exp[—%(E - EO)][ox]} o

Here, E is the electrode potential, E° is the standard potential,
the terms that are enclosed by square brackets ([-]) are the
concentrations at the electrode surface, and S is the electrode
surface area. Thus, fitting with a working curve, obtained from
simulations using the Digielch program, the variation of peak
potentials with scan rate (through a so-called trumpet plot)
allows one to evaluate the quantity ks/D'% Because the
diffusion coefficient D can be determined from the peak current
(knowing the electrode surface area), we obtain the standard
rate constant from this procedure. Figure 6 shows the
voltammograms of 1" at 293 K at several scan rates, the
trumpet plot and simulated voltammograms. Voltammograms
at various scan rates and temperatures and the corresponding
trumpet plots for 2*, 3%, and 1H>" are shown in the Supporting
Information (Figure S8).

In kg = In(zPt) —
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Figure 6. Cyclic voltammetry of 1* (0.7 mM) at T = 293 K, on a glassy
carbon electrode in CH,CN + 0.1 M NBu,PF; + 15.8 M of H,0:*
(upper left) experimental cyclic voltammograms at 0.2, 0.4, 0.6, and
0.8 V/s; (upper right) simulated cyclic voltammograms at 0.2, 0.4, 0.6,
and 0.8 V/s, with ks = 0.0045 cm s~ and D = 5 X 107% cm? s™%; (lower
panel) trumpet plot (EP — E° as function of log(A); black line
represents the theoretical curve fit).

The same procedure has been repeated at various temper-
atures. A linear Arrhenius plot is obtained upon plotting the
experimental standard rate constants against 1/T, according to
eq 1 (see Figure 7a). We thus obtain values of 4 = 1.67 eV and
7"t = 40135 cm s7'. Those data may now be compared to
those obtained with complexes 2*, 3*, and 1H>" using the very

a b
_4_; Ink¢ '35 Inkg
6 47
8 57
-10 67
. 1000/T ] 1000/T
-R—TT It
3 3.5 4 4.5 3 3.5 4 4.5
[¢ d
-6
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. S 7_: lnkS
77 R
] -8—:
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1 103
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] ] 1000/T
A0t 2
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Figure 7. Arrhenius plots using the equation In kg = f(1/T): (a) 17,
(b) 2%, (c) 3*, and (d) 1H?*. (The line shows the fit according to eq
2.)
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same procedure. Arrhenius plots are given in Figure 7, and data
are gathered in Table 3.

Table 3. Pre-exponential Factor and Apparent
Reorganization Energy for Complexes 1" to 1H*

Z't (cm s7h) A (eV) C, (eV)

1* 40125 1.67 1.7 x 1072
2" 2.65 0.57 1.15 x 107*
3" 1.7 0.73 0.74 x 107
1H** 96 127 7.1 x 107*

From the reorganization energy values 4, we can distinguish
two sets of complexes: 1* (hydroxo) and 1H** (aqua) on the
one side with large reorganization energies and 2* (chloride
ligand) and 3* (methoxo ligand) on the other side with low
reorganization energies. As shown by Marcus theory,
reorganization energy is the sum of two contributions: A, the
solvent reorganization energy, and /4, the internal reorganiza-
tion energy due to heavy atoms displacement upon charge
transfer. Experiments with 1* (hydroxo) and 1H?** (aqua) have
been performed in a mixture of acetonitrile and water (15.8 M
of water), whereas experiments with 2* (chloride ligand) and 3*
(methoxo ligand) have been performed in pure acetonitrile. At
first sight, the differences in reorganization energies could thus
be attributed to a larger solvent reorganization energy upon
electron transfer in an acetonitrile—water solvent mixture,
compared to pure acetonitrile. However, from electrostatic
model,*® solvent reorganization energies are expected to be
higher in acetonitrile than in an acetonitrile—water solvent
mixture, which is the opposite to the present observation.
Moreover, typical solvent reorganization for transition-metal
complexes in water are on the order of 0.5—1 eV (i.e., much
smaller than the value measured with 1*).%” As previously
discussed, measured standard rate constants are not corrected
from the double-layer effect and, therefore, the apparent
reorganization energies A obtained from Arrhenius plots include
the double-layer effect. Thus, differences in double-layer effects
in both media can contribute to the differences observed on
apparent reorganization energies. However, 2" has lower
reorganization energy than 3*, despite a more anodic standard
potential, showing that the double-layer effect is not the main
factor contributing to the Arrhenius slope. Comparison of 1*
and 1H" indicates that the maximal double-layer effect
contribution upon going from 0.3 V to 0.8 V for the oxidation
potential in the acetonitrile—water mixture is 0.4 eV, which is
consistent with a small variation of the potential in the outer
Helmoltz plane in this range of potential. Therefore, the
double-layer effect cannot account for the large differences
observed for the apparent reorganization energies. This implies
differences in internal reorganization A, i.e., variations of the
manganese—exogenous ligand distance and reorganization of
the tBuL coordination sphere upon charge transfer. Part of the
internal reorganization energy is indeed due to the Jahn—Teller
effect variation upon oxidation; however, this effect may be
considered to be similar for all complexes. Consequently, the
variations in reorganization energies observed can be attributed
to variations of the manganese—exogenous ligand distances.

The specificity (large reorganization energy) may be related
to the ability of the exogenous ligand to form hydrogen bonds
(hydroxo and aqua and methoxo to a lesser extent). In that
respect, we must emphasize that complex 1" is studied in the
presence of water and that the X-ray structure shows hydrogen
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bonds with an interstitial water molecule. This suggests that the
second coordination shell around the hydroxo ligand is mainly
formed from water molecules and that the reorganization of
this shell may be partially responsible for the large internal
reorganization energy. Indeed, the present results support the
loose solution structure that we previously proposed for 1%.'
The same may be true to a lesser extent with compound 1H?*,
studied in the presence of a strong acid HCIO, with a large
amount of water. On the same line, the ability of the lone pairs
of the oxygen of the methoxo ligand to form hydrogen bonds to
the residual water present in acetonitrile may also account for
the larger reorganization energy of 3* compared to 2*. Those
conclusions are consistent with the EPR observations discussed
earlier.

The second important parameter in electron-transfer
dynamics is the pre-exponential factor Z"'. From the
experimental data, it appears that the hydroxo complex 1*
has a very large pre-exponential factor, compared to the other
three. Heterogeneous electron transfer is usually assumed to
take place at a fixed distance from the electrode (in the
Helmholtz Outer Plane), leading to a pre-exponential factor
close to the collision factor, Z! = [RT/(22M)]"* (M is the
molecular mass; thus, Z! ~ 1500 cm s~ in the present case) if
electron transfer is adiabatic (without intervention of solvent
dynamics) or significantly lower if electron transfer is
nonadiabatic. However, recent works*®*® have shown that the
value of the limiting pre-exponential factor increases when
taking into account that the reaction may take place at various
distances from the electrode surface. In that context, the large
value obtained for 1% is not meaningless and the pre-
exponential factor may be described by the expression

et e ]

where v, is the effective nuclear vibration frequency (typically
10" s7'), C, the electronic coupling constant between the
electrode and the substrate at the minimal approach distance,
and f the decay constant for the coupling constant with the
electrode—substrate distance (typically 1 A™"). From eq 3, since
the value of Z' is not very sensitive to the value of 4, a working
curve representing log(Z""), as a function of log(C,), can be
drawn for typical values of v,, 3, and A (Figure 8). From this
working curve, we obtain the values of the electronic coupling
constant for all four complexes (see Table 3).
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Figure 8. Working curve (solid line, according to eq 3) representing
log Z", as a function of log C,. Experimental data: () 1%, () 27,
(%) 3*, and (@) 1H".
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It appears that the hydroxo complex 1* has an electronic
coupling constant that is 2 orders of magnitude larger than that
of the other complexes. In other words, this complex has an
electronic wave function with a better ability to overlap with the
empty electrode electronic states. We may interpret this feature
as an indication that the electronic density is more delocalized
over the exogenous ligand in the case of hydroxo than in the
case of other ligands (aqua > methoxo > chlorido). The water
molecules in the second coordination sphere serve as a bridge
to facilitate electron transfer from the complex to the electrode
and allow to achieve longer-range electron transfer. To support
the proposed view of the hydroxo complex being wired to the
electrode via water molecules, one must recall that (i) water
forms clusters in acetonitrile®®®! and (ii) glassy carbon surfaces
contain hydroxyl or oxo functionalities that have an affinity for
water.

B CONCLUSION

As was discussed previously, the formation of the mononuclear
[tBuLMn(III)OH]* complex 1* by air oxidation of the transient
manganese (1) complex is in sharp contrast with the formation
of the dinuclear mono-y-oxo [LMn*(O)Mn*L]** complex
observed for the unsubstituted ligand L." The mononuclear
structure of 17 is conserved in the +IV oxidation state,
indicating low acidity of the hydroxide ligand in 1?*. This last
point indicates a strong donating effect of the tert-butyl groups
not only on the distance of the Mn—O bond, but also on the
reactivity of the coordinated hydroxide ligand.

The role of the hydroxide ligand on the kinetics of the
electron transfer for the Mn(IV)/Mn(III) couple is addressed
based on comparison with two identical complexes having a
chloride (2*) or methoxide (3*) ion as the exogenous ligand. In
the case of the Mn(III)/Mn(II) couple, the role of the aqua
ligand (1H?') is investigated. It is shown that 1" presents a
larger reorganization energy (4) than 2* and 3*. We propose
that this specificity is related to the ability of the exogenous
OH™ ligand to form hydrogen bonds with water molecules
from the second coordination sphere, with the reorganization
of this shell being partially responsible for the large internal
reorganization energy. The same trend is observed in the case
of the 1H** complex for the Mn(IT)/Mn(III) couple, for which
the H,O exogenous ligand offers possible hydrogen bonding.

The measurement of the electron transfer constant kg also
gives access to the electronic coupling constant C, between the
electrode and the substrate. The larger coupling constant that is
measured in the case of 1" is attributed to the hydrogen-bonded
OH" ligand that facilitate delocalization of the electronic
density over the ligand, then allowing more-efficient electron
transfer. The effect of hydrogen-bonded ligands on the
modulation of fragmental charge transfer from ligand to a
metal center already has been experlmentally investigated in the
case of Ni bacteriochlorophyll.®* The authors demonstrated the
modulation of the ligand electronic structure and the metal
charge density due to ligand—solvent hydrogen-bond inter-
actions. In the present case, we show experimentally that
ligand—solvent hydrogen-bond interactions influence the
dynamics of electron transfer in Mn complexes. These findings
are of particular interest within the framework of the studies
devoted to the comprehension of the OEC catalytic site, and in
a more general interest, since hydrogen bonding has been
shown to directly affect the properties and reactivity of the
redox-center in both biological and nonbiological catalysis.
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