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Hydrogen atom transfer (HAT) reactions mediated by
transition-metal complexes are fundamental steps in many
biological, environmental, and industrial chemical transfor-
mations."?) Owing to their biological relevance, non-heme
oxo iron(IV) compounds have been investigated intensively
over the last years.>* Manganese(V) oxo species and their
role in C—H oxidation reactions have been also explored.” In
contrast, the related mononuclear non-porphyrinic mangane-
se(IV) oxo complexes remain elusive and their reactivity
against C—H bonds has been seldom described.* ! Herein,
we describe two novel non-porphyrinic mononuclear man-
ganese(IV) bis(hydroxo) and manganese(IV) oxo(hydroxo)
complexes and their ability to oxidize C—H bonds. We show
that C—H oxidation by the Mn"" oxo(hydroxo) species occurs
by an unprecedented two-step reaction mechanism which
involves a substrate-Mn" =0 association event that precedes
the C—H cleavage.

[Mn"™(OH),("™Pytacn)](CF;SO;), (2) was synthesized
by oxidation of [Mn"(*M¢Pytacn)](CF,SO;), ()M with
10 equivalents of H,O, in acetonitrile at 0°C. X-Ray diffrac-
tion structural analysis'? shows that the metal ion adopts a
distorted octahedral geometry. Mn—O bond lengths and the
stoichiometry of the compound provide a direct indication
that 2 has two hydroxide ligands," in a cis arrangement
relative to each other (see Figure 1). Complex 2 is a rare
example of a mononuclear Mn" complex with terminal
hydroxide ligands, the only precedent is [Mn'"(OH),-
(Me,EBC)](PFy),, which contains an ultrarigid, sterically
demanding macrocyclic ligand."® Space-filling analysis
(Figure 1) of 2 shows that one of the N-methyl groups, and
the pyridine ring provide steric isolation of the metal center,
and this is presumably the key structural feature to prevent
the formation of the more common oligomeric species.

The conjugated base [Mn"(O)(OH)("MPytacn)]" (3)
was generated in situ in an acetonitile/water mixture (5:1)
by treating 2 with 1 equivalent of rBuOK. Titration with
substoichiometric amounts of fBuOK was monitored by UV/
Vis spectroscopy (Figure 2, top). The isosbestic point at A,,,,, =
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Figure 1. Thermal ellipsoid diagram (left), thermal ellipsoids set at
50% probability level, and space-filling diagram (right) of the cationic
part of the crystal structure of [Mn"(OH),("™Pytacn)](CF,SO;), (2).
Selected bond lengths [A]: Mn1-O1 1.805(2), Mn1-02 1.793(2), Mn1-
N1 2.057(3), Mn1-N2 2.043(2), Mn1-N3 2.106(3), Mn1-N4 2.003 (3).
For clarity, H atoms are omitted, except for those bound to O atoms.
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Figure 2. Top: UV/Vis spectra for the titration process from 2 to 3

(1 mm). Bottom: Raman spectra of complexes 2 and 3 in CH;CN, and
the corresponding complexes after addition of H,"®0 (2-"%0 and
3.180).

652 nm demonstrates that the transformation occurs without
the formation of additional long-lived intermediate species.
This process is reversible, and 2 can be fully recovered by
addition of 1 equivalent of CF;SO;H.

ESI-MS spectra of 3 and 2 in CH;CN solutions show
signals for ions with m/z 336.1 and 168.5, with isotopic
patterns consistent with [Mn"(O)(OH)(*™Pytacn)]" and
[Mn"(OH),(""™Pytacn)]*", respectively. Addition of H,"*O
to the initial solutions results in the disappearance of the
original signals and emergence of new features at m/z 340.1
and 170.5, indicative of exchange with water and

5649

www.angewandte.org


http://dx.doi.org/10.1002/anie.201100907
http://www.angewandte.org

Communications

5650

formation of [Mn"(**0)("OH)(*™*Pytacn)]" and [Mn"-
("*OH),(""MPytacn)]**, respectively.

Vibrational data for both complexes was obtained by
Raman spectroscopy (Figure 2, bottom). Complex 2 showed a
Mn—O vibration at 662 cm™' that shifted to 632 cm ™' in the
presence of H,O (Av["®*O-°0]=—30cm™"). These values
are in close agreement with those reported for [Mn''(OH),-
(Me,EBC)](PF),.®! The Raman spectrum of complex 3
shows a new peak that appears at 712 cm™! shifting to lower
energies (682cm™) in presence of H,"O (Av[*O-"°0O]=
—30 cm™). The energy of this feature is consistent with that
of previously described Mn=0O moieties.’! In addition, the
isotopic shift observed upon '*O substitution is in agreement
with that expected on the basis of Hooke’s law for a Mn—O
unit under the two-atom oscillator approximation.

The EPR spectrum of 2 is typical of mononuclear Mn™
species (Supporting Information, Figure S5). The spectrum of
a solution of 2 treated with one equivalent of tBuOK to form 3
shows a sharpening of the hyperfine structure observed in 2
(Supporting Information, Figure S5). This new signal is
similar to other examples of Mn' signals.'"¥ The EPR
assignment of both 2 and 3 as Mn'Y monomers is in good
agreement with the solution-state
effective magnetic moment for 2
and 3, measured using the Evans’
method at 298 K, which gives p ;=
4.09 MB for 2, and p.;=3.99 MB
for 3. Both values are close to the
expected spin-only value for a § =3/
2 system.

The E,, redox potentials of the
Mn"Y/Mn™ couples associated with
2 and 3 were obtained from cyclic
voltammetry (Supporting Informa-
tion, Figure S6). For complex 2, a
reversible 1e~ redox process at E;,=0.78 V (versus the
standard hydrogen electrode (SHE)) was observed. The
corresponding E,, redox potential for 3 could only be
estimated from the anodic peak corresponding to the
irreversible reduction to Mn™ (E,,=0.4V approx.). The
lack of reversibility arises from rapid protonation of the Mn™
0XO unit.

A pK,=7.1+£0.1 was determined for the transformation
of 2 to 3 by means of both spectrophotometric and potentio-
metric titrations (Supporting Information, Figure S7). This
result is interesting because the related iron analogue
[Fe™(O)(OH,)("™*Pytacn)]*" does not undergo protonation
of the oxo ligand even at pH~1,"! indicating that the
corresponding pK, < 1. These values show that in an analo-
gous chemical environment, the Mn™Y=0 unit is at least 7 pKa
units more basic than Fe'V=0.'"! By applying a Bordwell
formalism,['” both electrochemical and pK, values can be
used to calculate a bond dissociation energy BDE;y=
83.4 kcalmol ' for the O—-H bond in the complex
[Mn"(OH),("MPytacn)]", (3-H), that is, the effect of
adding a hydrogen atom to 3 (Supporting Information,
Scheme S1). Unfortunately, the experimental data did not
allow us to calculate the value for the complex [Mn"(OH)-
(OH,)(*MePytacn)]*", (2-H).
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Complexes 2 and 3 were tested in the C—H oxidation of
several substrates, including xanthene, 1,4-cyclohexadiene,
9,10-dihydroanthracene, and fluorene, in CH;CN/H,O 5:1 v/v
(see Supporting Information for details). The oxidation state
of the manganese after reaction with the substrates under N,
was calculated by iodometric titration. The values of 3.3 £ 0.1
for complex 2 and 3.2+ 0.2 for complex 3 indicate that both
react as 1 e~ oxidants. When reactions are run under N,, the
corresponding product yields (Supporting Information,
Table S1) account for (84+10)% to (104+10)% of the
oxidizing equivalents. In contrast to 3, complex 2 is not able to
oxidize fluorene. As an illustrative example, the reaction of
xanthene with 2 affords 9-xanthydrol as the major product
(0.38 mmol/mmol 2), and minor amounts of xanthone
(0.06 mmol/mmol 2) and 9,9’-bixanthyl (less than 0.01 mmol/
mmol 2; Scheme 1). Considering that these products formally
correspond to 2e”, 4e”, and 2e  oxidation of xanthene,
respectively, the electron balance accounts for (100 +6) % of
the oxidizing equivalents. The presence of coupled products,
such as 9,9'-bixanthyl and 9,9"-bifluorenyl in the oxidation of
xanthenes and fluorene, respectively, are indicative of freely
diffusing radicals.

(0.38) 0.06
+ "Mn'"'" species

(<0.01)

Scheme 1. Oxidation of xanthene with 2. Indicated in parenthesis are the mol product/mol 2

To elucidate mechanistic details of the C—H bond
cleavage reaction, kinetic analysis was conducted on the
reaction of 2 and 3 with the substrates (Table 1). Reactions
were monitored by UV/Vis spectroscopy, tracking the decay
of the manganese(IV) species at A =545 nm for 2 and 1=
825 nm for 3 (see Supporting Information for full details on
the kinetic analysis). Reactions of 2 can be analyzed as
bimolecular processes, with a first-order dependence both in
substrate and complex concentrations. A plot of log(k,©™)
(k,°™ = second-order rate constant) against substrate C—H
BDEs!"®! (Table 1) showed a linear dependence with a slope of
0.36. Kinetic isotope effects (KIE) values obtained from the
oxidation reaction rate of [D,]xanthene, and [D,]1,4-cyclo-
hexadiene are 8.0, and 6.6, respectively. These large values
indicate that C—H bond cleavage occurs at the rate-determin-
ing step (r.d.s.) of the reaction. The sum of all these
observations provides strong evidence that reactions per-
formed by 2 proceed by abstraction of a hydrogen atom (a
HAT reaction) by the Mn'Y(OH), unit (Figure 3).?

In contrast with that found for complex 2, complex 3 has a
completely different kinetic behavior in its reaction with C—H
bonds. Saturation plots were obtained when the concentration
of substrate was increased (Figure 3, bottom). The simplest
model to account for this scenario is the presence of a
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Table 1: BDE_, values, pK, values, redox potentials, and rate constants for the reaction of 2 and 3 with

various substrates at 298 K.

0 ge

Winternational Edition

the involvement of the substrate in
the pre-equilibrium event (Table 1)

2 2 3 3 both K., and k,© values are depen-
Substrate BDE. , [kcal  pKA E P k,©H Ko M7 k@ Kook, dent on the substrate: while
mol '] [107*m~'s7] 1074s™] [m7's7] log(k,®) values decrease linearly
xanthene 75.5 30 —1.685 116+4 317420 97+4  3.07 when the BDEcy increases, the
[D,Jxanthene - - - 1542 273+15 48+2 1.31 equilibrium constant K., does not
1,4-cyclohexadiene 77 - - 502 250+10 78+5 1.95 show a direct relation with the
9,10-dihydroan- 78 301 —1.575 1641 523433 65+4  3.40 BDE, ;. The latter observation is
thracene compatible with a HAT in the rate-
[D,]9,10-dihydroan- - - - 5641 493428 2141 1.04 e .
thracene determining step, and not during
fluorene 80 226 —1.069 - 363410 1841 0.65 the pre-equilibrium. Furthermore,

[a] For BDE_y, pK,, and E,, values see Ref. [17,18]. [b] E,, referred to irreversible oxidation potentials of

the corresponding anions [kcal mol™].
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Figure 3. Reaction of complex 2 (top) and complex 3 (bottom) with
different substrates (xanthene =m, 1,4-cyclohexadiene= ", 9,10-dihy-
droanthracene = o, fluorene= @). Inset in bottom plot: expansion of
the low [substrate] region.

relatively fast equilibrium that precedes the rate-determining
step. Accordingly, the data can be satisfactorily fitted by the
equation k= k, VK [substrate]/(1+K,,[substrate]) were
K., is the equilibrium constant and k,” is the first-order
rate constant of the rate-determining step.’”! Consistent with

Angew. Chem. Int. Ed. 201, 50, 5648 —5653

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

the K., values do not correlate
either with pK, or E,, values for a
le” oxidation of the substrate.
Indeed, these values indicate that
proton transfer (PT) and electron transfer (ET) from
xanthene, 9,10-dihydroanthracene, and fluorene to 3 can be
discounted because they are highly endergonic reactions. KIE
experiments provide strong evidence that C—H breakage
occurs in the second reaction. The equilibrium constants K,
show little dependence on deuteration
ch([Dz]xanthcnc) = 12’ ch(‘),1O—dihydroanthraccnc)/ch([D4]9,IO—dihydroanthraccnc)
=1.1). However, k,)°) for both [D,]xanthene and [D,]9,10-
dihydroanthracene has values consistent with a primary KIE
of 2.0 and 3.1, respectively. Thus, the kinetic data indicates
that a reversible associative process between substrate and
the oxo manganese(IV) complex 3 takes place, forming an
intermediate species I, and that C—H cleavage occurs, most
likely by a HAT, during the second reaction step.

Insight into the nature of I could be obtained by UV/Vis
spectroscopy. Monitoring of the reactions under saturation
conditions at short reaction times shows small alterations in
the energy (A4, < 4 nm) of the visible spectral features of 3.
K., constants indicate that under these conditions, I should be
the major species in solution. The lack of major differences in
its UV/Vis spectrum with respect to that of 3 is a strong
indication that both oxidation state and coordination charac-
teristics of the Mn ion are preserved. We therefore suggest
that I results from weak non-covalent interactions; although
the nature of species I is unclear, a hydrogen-bond interaction
between the rather basic oxo ligand and the substrate C—H
bond is likely to be involved.”*2!

From a van’t Hoff plot the thermodynamic parameters of
the equilibrium step relating 3, 9,10-dihydroanthracene, and I
were calculated as AH® =(—3.640.2) kcalmol™" and AS°=
(0.3£0.4) calK 'mol™! (AG°=(-3.740.2) kcalmol
(298 K)). As expected, the reaction is exothermic and it is
enthalpically driven. The low AS° value is somewhat surpris-
ing for an associative reaction and likely indicates that it
involves desolvation of at least one of the two reagents.

Temperature-dependent kinetic analyses of the HAT
reactions (k,) were performed using 9,10-dihydroanthracene
as substrate (See Supporting Information). The Eyring plots
provide activation parameters for 2 (AH™ = (6.6 40.1) kcal
mol ™!, AS* =(—=51.9+0.3) calK 'mol ') and for the precur-
sor complex I (AH*=(10.3+0.7) kcalmol™, AS* =(-37+
2) cal K 'mol ™). The difference in the AH* should reflect the
difference between the BDEqy of 2-H and I. The negative

(Keq(xanthene)/
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AS™ value for 2 is consistent with the bimolecular nature of
the rate-determining step. In the case of the encounter species
I, the negative AS™ value is indicative of a more organized
transition state, ready for the hydrogen atom transfer rate-
determining step.

Mayer et al. have developed a conceptual framework for
HAT reactions based on the Marcus theory for electron
transfer (ET) reactions.” As in Marcus theory, HAT
reactions are proposed to occur by formation of an initial
H-donor/H-acceptor precursor or encounter complex, which
then undergoes a proton-coupled electron transfer (PCET) to
form a successor complex that then dissociates. The nature of
the precursor complex in HAT could be quite different from
that of ET. Electrons can tunnel over multiple-Angstrom
distances, and because of that, very specific donor—acceptor
orientations are not strictly required for ET. In contrast the
transfer of a H nuclei in HAT reactions occurs over very short
distances, along very specific axes and usually within a
hydrogen bond. Experimental identification of a precursor
complex in HAT reactions has only been accomplished in two
recent examples, and in both cases the substrate contains an
OH unit that can engage in hydrogen-bond interactions with
the hydrogen abstracting agent.”! Precursor species
observed in HAT reactions mediated by 3 are thus unprece-
dented.

Several interesting conclusions are derived from the
kinetic analysis and the mechanistic scenario that emerges
therein; from inspection of the reaction rates of 2 (k,°™) and
3 (Kok2'?) (Table 1), we conclude that in general the terminal
oxo ligand in 3 appears to be a better H-abstraction agent
than the hydroxide ligand in 2. The higher basicity of the
terminal oxo in comparison with the hydroxide ligand is
commonly understood as the reason for this relative reac-
tivity.[ %]

Analysis of the kinetic parameters associated with the
oxidation of 9,10-dihydroanthracene indicates that I has a
kinetic preference (smaller AG™ value) over 2. This prefer-
ence has an entropic (AAS* =14.9 calK 'mol™') but not an
enthalpic (AAH* =3.7 kcalmol ") origin. The entropic dis-
advantage of 2 is expected because of the bimolecular nature
of its HAT reactions, while I reacts in a unimolecular process.
However, the enthalpic preference of 2 is unexpected, given
the overall higher reactivity of 3 with respect to 2. We infer
that in the encounter complex I, the basicity of the oxo ligand
is attenuated by the hydrogen bonding. In addition, the
thermodynamic characteristics of the equilibrium that
describes the formation of the precursor significantly affect
the overall reaction rate (k) by which 3 reacts with a C—H
bond, and consequently also determine the relative reactivity
of 3 to C—H bonds with respect to that of 2. Last, and probably
most surprising, despite that the overall reaction between 3
and a particular C—H bond is a HAT, relative reaction rates
among different substrates, commonly dictated by
substrate  C—H BDEs, can be altered. Since kg =
k,'©K . [substrate]/(1+ K, [substrate]), both the K., (thermo-
dynamics of the equilibrium leading to precursor I forma-
tion), and substrate concentration influence the relative
reactivity of 3 to the point that stronger C—H bonds may
react faster than weaker C—H bonds. In fact, this situation is
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reflected in Figure 3, where 9,10-dihydroanthracene
(BDE_y =78 kcalmol '), which has the highest equilibrium
constant (K., =523M ") reacts at faster reaction rates (Kp,)
than xanthene and 1,4-cyclohexadiene at low substrate
concentrations, where the equilibrium control is expected
and has a major impact in the observed rates. At higher
substrate concentrations, relative reaction rates then become
dominated by k,©, that is, by the C—H BDE.

In conclusion, we have synthesized and characterized two
new mononuclear non-porphyrinic manganese(IV) com-
plexes with hydroxide and oxide ligands, and studied their
reactivity in C—H bond HAT reactions. Reactions of oxo
manganese complex 3 provide the first experimental evidence
for the involvement of a C—H substrate/H-abstractor encoun-
ter complex I in a C—H bond HAT reaction. Formation of
such encounter complexes has been postulated within the
framework of the formal analogies between HAT and
electron transfer (ET) reactions.”” Most interestingly, the
thermochemical parameters associated with the formation of
this precursor complex affect not only the overall C—H
oxidation rate but can also alter the relative C—H reactivity in
HAT. Hence it does not follow the trend expected on the basis
of C—H BDE:s. These observations expand our understanding
on the mechanisms of C—H oxidation by metal oxo species.
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