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A series of manganese complexes of the type MnL; were syn-
thesised and characterised, with HL being (substituted) 2-
(2'-hydroxyphenyl)oxazoline ligands. The molecular struc-
tures of [Mn(5'-Mephox)s] and [Mn(5'-Clphox)s] reveal their
meridional configuration with a significant Jahn-Teller dis-
tortion. The ligand substituents exert a significant influence
on the redox and catalytic properties of the manganese com-
plexes. Cyclic voltammetry experiments show that the elec-
trochemically quasi-reversible Mn'/Mn'! and reversible
Mn™/Mn!V redox couples shift towards higher potentials
with more electron-withdrawing substituents. The same
trend applies for the oxidation of the manganese(IV) com-
plexes. Electrolysis experiments monitored with UV/Vis and
EPR spectroscopy revealed that the reduction of the mangan-

ese(Ill) complexes to manganese(ll), and their oxidation to
manganese(IV) are both chemically reversible, while sub-
sequent oxidation of the manganese(IV) species was found
to be irreversible. All complexes are active oxidation cata-
lysts with dihydrogen peroxide as the oxidant. In the oxida-
tion of styrene, up to 220 turnover numbers were obtained
towards styrene oxide. The turnover numbers in the oxida-
tion reactions as well as the selectivity in the oxidation of
styrene and cis-stilbene are affected significantly by the sub-
stituents, but no clear correlation with the electrochemical
properties was observed. The most striking substituent effect
is the higher stability of [Mn(5'-NO,phox);] compared to the
other complexes during styrene oxidation with dihydrogen
peroxide in methanol.

Introduction

The presence of manganese at the active site of a wide
variety of enzymes involved in oxidation catalysis has in-
spired the synthesis and study of manganese complexes as
structural or functional models for these enzymes.!'?! Sev-
eral of these complexes have successfully been used in ble-
aching reactions!® or in (asymmetric) oxidation reactions of
organic substrates.’] In most oxidation reactions, oxidants
such as fert-butyl hydroperoxide, sodium hypochlorite, or
iodosylbenzene are used. These reagents are relatively ex-
pensive and environmentally unacceptable. There is a wide
interest in the use of cleaner and cheaper oxidants like mo-
lecular oxygen or hydrogen peroxide. Coordination com-
pounds known to use hydrogen peroxide as oxidant in ox-
idation are manganese complexes with 1,4,7-trimethyl-
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1,4,7-triazacyclononane (Mestacn) and derived ligands and
Mn—porphyrin catalysts.[*!

The introduction of substituents on the ligands has been
shown to affect various properties of the catalysts. For in-
stance, in the Mn—Mestacn complexes, the presence of sub-
stituents at the nitrogen atoms at the 1-, 4-, and 7-positions
in the triazacyclononane ring is essential for the catalytic
activity.”l Another example is the introduction of halogen
or nitro groups on porphyrin catalysts, which resulted in a
higher resistance towards oxidative degradation.’®] The
higher stability probably arises from a combination of elec-
tronic effects, replacement of C—H bonds by less oxidisable
carbon—halogen bonds and steric crowding to reduce inter-
molecular catalyst degradation. As for porphyrin com-
plexes, the catalytic efficiency of Mn—salen complexes has
been reported to improve by introduction of electron-with-
drawing nitro substituents.[®l However, in Mn(salen)-cata-
lysed asymmetric epoxidation reactions, the enantiomeric
excess (ee) of the product was significantly lower if catalysts
containing ligands with electron-withdrawing substituents
were used.” In fact, the most commonly used Mn—salen
catalysts contain only alkyl, or alkyl and aryl groups as sub-
stituents. The use of these complexes results in high enanti-
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omeric excesses of the product, but the catalyst stability is
rather low, usually resulting in turnover numbers below 40
for reactions with dihydrogen peroxide as the oxidant.[3!

The didentate ligand 2-(2'-hydroxyphenyl)oxazoline
(Hphox) has, like the salen ligands, a mixed N,O donor set.
It is readily accessible and more stable against hydrolysis
than the salen ligands.®! Complexes with Hphox ligands
and various transition metal complexes,”!% including
manganese(I1I),[1-11~ 13 have been shown to catalyse oxida-
tion reactions. We now wish to report novel manganese
complexes MnL; [with HL being substituted 2-(2'-hydroxy-
phenyl)oxazoline ligands, see Scheme 1], their electrochem-
ical properties, and their use as catalysts for oxidation reac-
tions with dihydrogen peroxide as the oxidant.

R ligand R R’ ligand R R’
Hphox H H H-5-Mephox H CHj
H-5-NOzphox H  NO; H-8-Mephox CH; H
R

\ 7 H-3,5"-dClphox ClI Cl  H-5-MeOphox H OCH;3

OH N H-5'-Clphox H Cl

Scheme 1. Structures of the ligands

Results and Discussion

Syntheses and Characterization of the [MnL;] Complexes

Complexes of the type [MnL;] were obtained by two dif-
ferent methods. The syntheses of [Mn(5’-Clphox);], [Mn(3'-
Mephox);], [Mn(5'-Mephox);], and [Mn(5'-MeOphox)s]
from Mn(OAc), and the appropriate ligand in methanol,
are similar to the synthesis of [Mn(phox);].l'?! The synthesis
of [Mn(5'-NO,phox);] and [Mn(3’,5-dClphox);] was ac-
complished by applying the procedure used for the synthesis
of [tris(8-oxyquinoline)—manganese(I11)|..'47 This latter
method involves the addition of an ethanolic solution of
the ligand to Mn(OAc); in ethanol. In this manner, a dark
brown precipitate could be isolated within a number of
hours, which — after recrystallisation — afforded the de-
sired compounds in good purity.

For all complexes, the parent peak observed in the elec-
trospray mass spectra was the [MnL,]" fragment. Further
characterisation of the complexes was performed with IR
and UV/Vis spectroscopy. The UV/Vis spectra of the com-
plexes, except [Mn(5'-NO,phox);], exhibit a ligand-to-metal
charge transfer (LMCT) band around 370 nm and n—n*
transitions of the ligand at around 310, 260, and 210 nm.
No d-d transitions are observed due to the poor solubility
of the complexes. The m—n* transitions are also present in
the spectra of the free ligands. For [Mn(5'-NO,phox);], two
intense absorption bands at 340 and 222 nm are observed.
These bands are also observed in the free ligand and can
be ascribed to m—m* transitions (see the spectroelectro-
chemical section below). For all complexes, the mangan-
ese(I1T) oxidation state is confirmed by the absence of an
EPR signal (at 77 K and 298 K) and by the magnetic mo-
ments at room temperature ranging from 4.10 ug
([Mn(3',5'-dClphox)3]) to 4.96 ug ([Mn(5'-MeOphox);]).
These data are close to the spin-only value of 4.92 pg for
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high-spin manganese(III), the deviation being caused by or-
bital effects. "H NMR spectroscopy of the complexes have
been used,!!13] however, the paramagnetic '"H NMR signals
of these complexes could not be assigned; in order to assign
the signals, systematic substitution of the hydrogen atoms
is required.

Molecular Structure of [Mn(5'-Mephox);]

In the unit cell of [Mn(5'-Mephox);], with Z = 4, two
similar, independent molecules are present. The crystallo-
graphic data are presented in Table 1.

Table 1. Crystallographic data for mer-[Mn(5'-Mephox);] and mer-
[Mn(5'-Clphox);]

[Mn(5'-Mephox);] [Mn(5'-Clphox);]

Empirical formula C;30H30MnN;O4 C,;H,;C1sMnN;Oq4
Molecular mass 583.52 644.78
Crystal dimensions [mm] 0.55X0.3X0.2 0.45%0.35x0.1
Symmetry cell setting triclinic triclinic
Symmetry space group Pl Pl

a[A] 12.725(7) 7.943(5)

b [A] 14.299(6) 12.237(12)
c[A] 16.16(2) 15.301(5)
a[°] 92.61(3) 68.40(3)
B 107.52(3) 79.62(5)

v [ R 105.15(3) 83.53(5)
Cell volume [A3] 2684(2) 1358.5(16)
VA 4 2

F(000) 1216 656

Deareq. [g cm ™3] 1.445(2) 1.576(2)

p (Mo-K,) [mm™!] 0.54 0.83

T [K] 77 293

R 0.058 0.039

WwR 0.083 0.053

S 1.259 1.12

No residual density —3.00, 1.45 —1.33, 0.95

outside [e A7)

A Platon'™ plot of one of the independent molecules of
[Mn(5'-Mephox);] is shown in Figure . The molecular
structure largely resembles that of [Mn(phox);],l'?! having
the MnN3O;5; chromophore in a meridional configuration
with a significant tetragonal distortion. The absence of

Figure 1. Platon!"?! projection of one of the independent molecules
of mer-[Mn(5'-Mephox);]
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counter ions and the differences in the Mn—L bond lengths
due the Jahn—Teller effect, characteristic for a d* configura-
tion, confirm the manganese(III) oxidation state.

Selected bond lengths and bond angles for one [Mn(5'-
Mephox);] molecule are given in Table 2. The differences in
the ligand—metal bond lengths between the two independ-
ent molecules fall within 0.01 A, while the bond angles devi-
ate within a few degrees. The largest difference is found for
the angle contained by the trans-O—Mn—O bonds, that ex-
pands from 173.15(18)° in one independent molecule to
177.7(2)° in the other. The structure of [Mn(5'-Mephox);]
(Figure 1) has the elongated Jahn—Teller axis along the
N(121)-Mn—N(141) bonds, as revealed by the long bond
lengths Mn—N(121) and Mn—N(141) of 2.232(5) and
2.246(5) A, respectively, compared to 2.033(6) A for the
Mn—N(161) bond. The Mn—O bond lengths are around
1.90 A.

Table 2. Selected bond lengths [A] and angles [°] of one molecule
of mer-[Mn(5’-Mephox);] and of mer-[Mn(5’-Clphox)s]

[l [Mn(5’-Mephox)] [Mn(5’-Clphox)s]
Mn1-010 1.898(5) 1.894(4)
Mn1-030 1.896(6) 1.927(5)
Mn1-050 1.912(6) 1.889(4)
Mnl—N21 2.232(5) 2.238(6)
Mnl—N41 2.246(5) 2.244(5)
Mnl—N61 2.033(6) 2.033(5)
O10—Mnl—N21 84.4(2) 85.13(18)
0O10—Mnl1-030 91.7(3) 91.92(18)
O10—Mnl—N41 90.4(2) 90.28(17)
010—Mnl1—050 92.4(3) 177.57(18)
010—Mnl—N61 177.6(2) 90.1(2)
N21—Mnl-030 90.1(2) 90.5(2)
N21—Mnl—N4l 173.8(2) 172.67(18)
N21—Mnl-050 95.8(2) 94.19(18)
N21—Mnl—N6l 93.3(2) 91.5(2)
030—Mnl—N41 86.5(2) 84.0(2)
030—Mnl—-050 173.15(18) 90.42(18)
030—Mnl—N61 87.9(3) 177.57(19)
N41—Mnl—-050 87.9(2) 90.63(18)
N41—Mnl—N61 91.9(2) 94.2(2)
0O50—Mnl—N61 88.3(3) 87.58(19)

[al Due to the presence of two independent molecules in the asym-
metric unit, the donor atoms for [Mn(5'-Mephox);] listed in this
Table should be read as Olxx and N1xx.

Molecular Structure of [Mn(5'-Clphox);]

The crystallographic data are presented in Table 1. The
unit cell, with Z = 2, contains the two meridional stereoiso-
mers of the complex. Selected bond lengths and bond
angles are given in Table2. The structure of [Mn(5'-
Clphox)s] (Figure 2) has the elongated Jahn—Teller axis
along the N21—Mn—N41 axis as shown by the long bond
lengths Mn—N21 and Mn—N41 of 2.238(6) and
2.244(5) A, respectively, compared to 2.033(5) A for the
Mn—N61 bond. The Mn—O bond lengths are around
1.90 A. The ligand bite angle varies between 84.0(2)° and
87.58(19)° for the O30—Mnl—N41 and O10—Mnl—N21
angles, respectively.
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Figure 2. Platon!!! projection of mer-[Mn(5’-Clphox);]

As a matter of fact, all bond angles and distances for
[Mn(5'-Mephox);] and [Mn(5'-Clphox);] are uneventful
and very similar to those of [Mn(phox);].l'2 The Mn—N
bond lengths of these complexes of the type [MnLs] vary
from 2.033(5) to 2.060(2) A for the equatorial Mn—N
bonds and from 2.192(2) to 2.246(2) A for the axial Mn—N
bonds, while the Mn—O bond lengths are between
1.8823(17) and 1.958(2) A.

Redox Properties of the [MnL;] Complexes

Cyclic Voltammetry

The redox properties of the [MnLs] complexes were in-
vestigated in acetonitrile. The potentials are given against
Ag/AgCl. The investigated phox-type ligands were not
redox-active between +2.00 and —2.00 V, except for H-5'-
NO,phox, which is reducible at —1.22 V (see below).

The [MnLs] complexes show a (quasi)reversible one-elec-
tron cathodic wave ascribed to the reduction of mangan-
ese(Ill) to manganese(Il), and a fully reversible one-elec-
tron anodic wave corresponding to the oxidation of man-
ganese(III) to manganese(IV). The E,;, and AE, values for
these redox couples (Table 3) are strongly influenced by the
ligand substituents.

The Mn™/Mn'Y redox couples are fully reversible, as in-
dicated by the peak-to-peak separations ranging from 65 to
90 mV and the i,/iy, ratio of 1.'! The linear relationship

Table 3. Electrochemical data for the oxidation and reduction of
the manganese(I11) centre of the [MnL;] complexes

Mn"/Mn!! Mn"/Mn!Y
Complex!? E» AE, E AE,
[Mn(5’-NO,phox);] +0.12 80 +0.87 65
[Mn(3’,5"-dClphox);] —-0.07 100 +0.75 65
[Mn(5’-Clphox)s] -0.26 120 +0.60 75
[Mn(phox)] —0.42 260 +0.48 85
[Mn(5’'-Mephox);] —0.45 180 +0.42 60
[Mn(3’-Mephox);] —0.52 230 +0.40 90
[Mn(5’-MeOphox);] -0.49 220 +0.41 90

[l In acetonitrile solutions containing 0.05 M BuyNPFg at a scan
rate of 0.10 V/s; Ej» in V (vs. Ag/AgCl), AE, in mV.
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between the peak current i, and the square root of the scan
rate (v) in the range of 0.2 to 2 V/s is indicative of a dif-
fusion-controlled process.'® The marked positive shift of
both the reduction and oxidation potentials of the [MnLj;]
complexes with the electron-withdrawing substituents on
the phox ligands closely resembles the redox properties of
related mononuclear manganese(IV)!'”) and mangan-
ese(IIN'8- 11 complexes with substituted phenolate ligands
showing the same trend. For the Mn'"/Mn'! redox couples,
large differences between the complexes are observed in the
AE, value. For the Mn—phox complexes with the electron-
withdrawing substituents, the peak-to-peak separation lies
between 80 and 120 mV, just slightly above the value ex-
pected for a electrochemically reversible process.['] How-
ever, the complexes with more electron-donating ligands
show much larger peak-to-peak separation, indicating
quasi-reversible redox processes.

At higher potentials, yet another anodic process is ob-
served for the formally manganese(IV) centre. The ligand
substituents again exert a significant effect on the oxidation
potentials (Table 4). No clear correlation exists in this case
between the substituent’s nature and the AE, values.

Table 4. Electrochemical data for the Mn—phox complexes: electro-
chemically irreversible oxidations of the manganese(IV) species at
higher potentials

Complex! E,, Epy AE,
[Mn(5'-NO,phox)s]* +1.59 +1.37 220
[Mn(3’,5'-dClphox)s]* +1.28 +1.14 140
[Mn(5'-Clphox)s] +131 +1.16 150
[Mn(phox)s]* +1.30 +1.06 240
[Mn(5'-Mephox)s] +1.13 +0.95 180
[Mn(3'-Mephox)s] +1.17 +0.90 270
[Mn(5'-MeOphox);]* +0.98 - -

[a Tn acetonitrile solutions containing 0.05 M Buy,NPF at a scan
rate of 0.10 V/s; E,,, and E,. in V (vs. Ag/AgCl), AE, in mV.

The oxidation of the manganese(IV) complexes is chem-
ically irreversible, as evidenced by the peak-current ratios
ipc/ipa, significantly smaller than 1 at moderate scan rates.
The cyclic voltammogram of [Mn(5'-MeOphox);] does not
show any cathodic counter-peak on the reverse scan beyond
the oxidation of the manganese(IV) compound.

Reduction of the formally manganese(II) species was ob-
served, in the available potential window, only for the com-
plexes with the most electron-withdrawing phox ligands,
[Mn(3’,5'-dClphox);] and [Mn(5'-NO,phox);] (Figure 3).
In both cases, the reduction of the manganese(II) species
consumed more than one electron, as deduced from the
comparison of the corresponding cathodic peak currents
with those for the reversible Mn"/Mn'' and Mn"/Mn™Y
couples. The reduction of [Mn(5'-NO,phox);]” at E,. =
—1.56 V produced a species that could be further reduced
at E,. = —1.81 V. The latter cathodic step is chemically
reversible, pointing to the reduction of the nitro groups on
the phox ligands. The cyclic voltammogram of the uncoor-
dinated H-5"-NO,phox ligand shows an irreversible reduc-
tion step at E,. = —1.22 'V, followed by a quasi-reversible
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Figure 3. Cyclic voltammogram of [Mn(5'-NO,phox);] at a scan
rate of 0.10 V/s in an acetonitrile solution containing 0.05 M
BU4NPF6

20pA

0.00 -0.50 -1.00 w -2.00

EN (vs. Ag/AgCl)

Figure 4. Cyclic voltammogram of H-5'-NO,phox at a scan rate of
0.10 V/s in an acetonitrile solution containing 0.05 m BuyNPF4

step at £, = —1.68 V (Figure 4). The potential of this
quasi-reversible step is nearly identical with that of the re-
versible cathodic process (E;», = —1.66 V), following the
irreversible reduction of [Mn(5'-NO,phox);]~, suggesting
that the irreversible process in the complex results in disso-
ciation of at least one [5'-NO,phox]~ ligand. This anionic
compound is obviously also produced during the irrevers-
ible reduction of H-5'-NO,phox at E,. = —1.22 V. Further
evidence for this explanation was obtained from corres-
ponding UV/Vis spectroelectrochemical experiments (vide
infra). This behaviour is in agreement with that reported
for the 4-nitro-thiophenolate anion ([4-O,NCsH,4S]"),
which can be reduced, reversibly, at the nitro group.l?”! The
latter cathodic process also occurred upon the reduction of
the complex [Pt'{(bpy ™)(4-O,NCcH,S),]".2% In view of
these arguments, it is not surprising that the irreversible re-
duction of [Mn(3’,5'-dClphox);] ™~ at E,. = —1.86 V is not
followed by such a reversible cathodic step because further
reduction of the liberated [3’,5'-dClphox]~ ligand is not fa-
cile. The reduction of the latter Mn'' complex was followed
instead by a minor, irreversible wave at E,. = —2.10V, be-
longing to a secondary product that remains unassigned.
The strong dependence of the electrode potentials on the
electron-withdrawing (NO,, CI) or electron-donating (Me,
MeO) character of the phox substituents implies that the
frontier molecular (redox) orbitals of the high-spin man-
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ganese(III) complexes possess a significant contribution
from the phox ligands. This qualitative presumption has
been indeed confirmed by Extended Hiickel calculations
with the programme CACAO,2! using the X-ray structure
data of [Mn(phox)s;]. The calculated data show that the
closely spaced HOMO and HOMO-1 (AE = 0.064 eV)
frontier orbitals of the complex are delocalised over the
manganese(IIl) ion and the phox ligands. The one-electron
containing HOMO possesses 69% Mn and 22% phenolate
character. The singly occupied HOMO-1 has a similar char-
acter, with a slightly larger phenolate contribution (27%)
and smaller Mn contribution (65%). The oxidation and re-
duction processes of the studied [MLs] complexes to the
manganese(IV) and manganese (II) complexes, respectively,
may therefore be assigned as predominantly metal-local-
ized, although with a significant ligand influence.

UVIVis Spectroelectrochemistry with [Mn(phox);] and
[MH(SI-NOZPhOX):;]

A valuable approach in investigating the redox behaviour
of the Mn—phox complexes of the type [MnL;] is to mon-
itor the spectroscopic changes during electrolysis with
methods such as UV/Vis and EPR spectroscopy. With these
spectroelectrochemical methods, the chemical reversibility
of the redox processes can be studied on the time scale of
minutes. UV/Vis spectroelectrochemistry has been em-
ployed for mononuclear manganese complexes with nitro-
gen ligands®?! and mixed oxygen/nitrogen ligands.>*! To ob-
tain more insight into the redox behaviour of [Mn(phox)s]
and [Mn(5'-NO,phox)s], the changes in their UV/Vis spec-
tra were studied during electrolysis in acetonitrile at room
temperature. The results are summarized in Table 5.

Table 5. UV/Vis absorption bands of the formally manganese(II),
manganese(I1T), and manganese(IV) compounds, recorded in the
course of the spectroelectrochemical experiments

Complex Rmax ()&

[Mn(phox)s]* 216, 293 (1.2x10%), 380 (sh), 430 (sh),
575 (4.0X10%)

[Mn(phox)s] 216, 319 (9.7X10%), 360 (sh)

[Mn(phox)s]~ 222, 349 (1.5x10%)

[Mn(5'-NO,phox)s]* 211, 230, 320 (4.0X10%), 390 (sh),
582 (7.6%10%)
222, 358 (4.4x10%)

222, 340 (sh), 397 (6.2x10%)

[Mn(5'-NO,phox)s]
[Mn(5'-NO,phox)s]~

[l Tn acetonitrile; Apyay in nm, € in M~ '*cm™!; the & values for the
bands around 210—220 nm vary depending on the concentration
of the complexes; sh = shoulder.

The reduction of [Mn(phox);] at —0.55 V resulted in a
colour change from green to light-brown. The most remark-
able feature in the UV/Vis spectra of the manganese(Il)
product is the appearance of a peak at 349 nm, attributed
to an LMCT transition. The n—n* transition of the ligand
shifted slightly from 216 to 222 nm. Isosbestic points are
observed at 381, 329, 242, and 214 nm. Reoxidation of the
stable manganese(Il) species at —0.29 V resulted in com-
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plete reappearance of the initial UV/Vis spectrum of
[Mn(phox);].

The reduction of [Mn(5'-NO,phox);] at +0.08 V resulted
in a yellow solution. In the UV/Vis spectra, the shift of the
absorption peak at 358 nm to 397 nm is attributed to
changes in the intense n—n* transition of the nitro group
(Figure 5).

2.5 1

2.0 1

-
(<))
.

-
o
«—

absorbance

0.5

0.0 v T y T T y ]
200 300 400 500 600 700 800 900
wavelength/nm

Figure 5. UV/Vis spectroscopic changes recorded during the elec-
trochemical reduction of [Mn(5'-NO,phox);] from manganese(III)
to manganese(II)

The peak at 222 nm, ascribed to the aromatic m—n*
transition, hardly changes. Two isosbestic points occur at
372 and 449 nm. The presence of the n—n*(NO,) absorp-
tion band makes it difficult to compare the spectra of the
manganese(Il) complexes [Mn(5'-NO,phox);]~ and
[Mn(phox);]~. However, the shoulder in the spectrum of
the manganese(Il) species at 340 nm has presumably the
same origin as the peak at 349 nm in the UV/Vis spectrum
of [Mn(phox)s]~. This observation is important, because it
indicates that one-electron-reduced [Mn(phox)s;]~ and
[Mn(5'-NO,phox);]~ are electronically similar. Both an-
ionic complexes are also inherently stable.

Cyclic voltammetry revealed that the anionic complexes
[Mn(3',5’-dClIphox);]~ and [Mn(5'-NO,phox);]~ undergo
irreversible reduction that may result in dissociation of one
or more anionic phox ligands (see previous section). This
assumption could be confirmed by UV/Vis spectroelectro-
chemistry. The UV/Vis spectra recorded during the reduc-
tion of [Mn(5'-NO,phox);]~ at —1.56 V exhibit isosbestic
points at 483, 408, and 207 nm and a shift of the intense
absorption band due to the n—n*(NO,) transition from
397 nm to 426 nm (Figure 6).

Importantly, the UV/Vis spectrum of the product (ab-
sorption maxima at 426, 330 and 228 nm) is identical with
that of [5'-NO,phox]™ recorded after the one-electron re-
duction of H-5'-NO,phox (Figure 6, inset). This result im-
plies that the irreversible reduction of [Mn(5'-NO,phox)s;]~
indeed affords the uncoordinated [5'-NO,phox]~ ligand,
which dissociates due to the decreased positive charge on
the manganese centre in the primarily Mn'"—Mn! electron-
transfer step. The liberated anion [5'-NO,phox]~ is further
reversibly reduced at the NO, group at E;, = —1.66V, re-
sulting in the formation of [5'-NO,phox]*~. As expected,
the latter reduction process increases the energy of the
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Figure 6. UV/Vis spectroscopic changes recorded during the in situ
irreversible reduction of [Mn(5'-NO,phox);]~; inset: UV/Vis spec-
trum of [5'-NO,phox]~ formed during the irreversible reduction of
[H-5"-NO,phox]~

n—n*(NO,) electronic transition®” and the corresponding
absorption band shifts from 426 nm for [5'-NO,phox]~ to
291 nm for [5'-NO,phox]>~.

The oxidation of the Mn—phox complexes to the man-
ganese(I'V) species is fully reversible according to cyclic vol-
tammetry. The spectroelectrochemical experiments show
that this also applies for the time scale of minutes. In the
UV/Vis spectra recorded during the stepwise electrolytic ox-
idation of [Mn(5'-NO,phox);] at 0.90 V, two isosbestic
points are observed at 331 and 408 nm (Figure 7).
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Figure 7. UV/Vis spectroscopic changes recorded during the elec-
trochemical oxidation of [Mn(5'-NO;,phox);] from manganese(I1I)
to manganese(IV)

The most important feature in the UV/Vis spectrum of
the manganese(IV) complex is the new broad absorption
band at 582 nm; based on its intensity, it can be assigned
to an LMCT transition. This visible absorption results in
the dark blue colour of the complex, also known for some
other manganese(IV) complexes.?4?!1 The n—n*(NO,)
transition shifts from 358 to 320 nm. Further oxidation of
[Mn(5'-NO,phox);]* at +1.59 V led to irreversible disap-
pearance of the LMCT band and degradation of the com-
plex.

UV/Vis spectra collected during the stepwise oxidation of
[Mn(phox)s] at +0.52 V, show new absorption maxima at
575 and 293 nm. Isosbestic points are present at 371, 332
and 277 nm. The new broad peak at 575 nm corresponds
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to that at 582 nm in the UV/Vis spectrum of the dark blue
[Mn(5'-NO,phox);]* complex, indicating that similar com-
plexes are formed. The [Mn(phox);]* compound shows a
small oxidation wave at +1.30 V. The UV/Vis spectra taken
during this anodic step reveal a new absorption band at
424 nm and isosbestic points at 470 and 371 nm, while all
other UV/Vis bands are diminished. Continued anodic scan
shows a large wave at +1.72 V, with a peak current of ap-
proximately three times the intensity compared to the re-
versible one-electron oxidation of manganese(IIl) to man-
ganese(IV). Similar to the oxidation of [Mn(5'-
NO,phox);]*, irreversible disappearance of all UV/Vis ab-
sorption bands indicate oxidative degradation of the phox
derivative.

EPR Spectroelectrochemistry with [Mn(phox);] and [Mn(5'-
NO;phox);]

The UV/Vis spectroelectrochemical experiments prove
that the manganese(Il) and manganese(IV) complexes were
stable on a time scale of several minutes. For EPR spectroe-
lectrochemistry butyronitrile was used due to fairly good
solubility of the complexes in this solvent, particularly at
low temperatures. As no EPR signals of the starting com-
plexes or their reduced or oxidized forms were observed at
223 K, EPR spectroelectrochemical experiments were per-
formed at 77 K in a solid matrix of the frozen solutions that
had first been subjected to bulk electrolysis at the E,, or
E,. values of the precursor manganese(Ill) compounds
upon the UV/Vis spectroscopic control (see Figures 5 and
7). The EPR spectra of the stable manganese(IT) complexes
show a typical six-line hyperfine signal due to coupling of
the electron spin with the nuclear spin of >*Mn (I = 5/2).2¢
The EPR signals of both [Mn(5-NO,phox)s;]~ and
[Mn(phox);]~ occur at g = 2.00 with @y, = 9.0 mT.

At 77 K, no EPR signals were observed for the oxidized
manganese(IV) products [Mn(phox);]" and [Mn(5'-
NO,phox);]*, even though spectra are commonly observed
for other manganese(IV) complexes.??! Their absence in this
case cannot be readily explained. The cyclovoltammetric
and UV/Vis spectroelectrochemical data nevertheless reveal
that oxidation of [Mn(phox);] and Mn(5'-NO,phox);] re-
sults in the formation of stable isostructural manganese(IV)
complexes, so relaxation phenomena are likely responsible
for this observation.

Catalytic Studies with the [ML;] Complexes

Oxidation of Styrene

The effect of the ligand substituents on the catalytic ac-
tivity of the studied complexes [MnL;] was investigated for
the oxidation of styrene in methanol at room temperature,
as well as in acetone at 0 °C. The successful use of acetone
as a solvent at 0 °C has been reported for oxidations with
dihydrogen peroxide catalysed by Mn—Mestacn com-
plexes.?”) Such reaction conditions also proved to be very
suitable for the Mn—phox-catalysed oxidations. The cata-
lytic efficiency for the different [MnL;] complexes, ex-
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Table 6. Turnover numbers in the oxidation of styrene with dihydrogen peroxide in methanol or acetone catalysed by Mn—phox complexes

Methanol@! Acetonel®
Catalyst Styrene oxide Benzaldehyde Styrene oxide Benzaldehyde Dioll¢
[Mn(5'-NO,phox);] 341d] 2 207 5 18
[Mn(3’,5"-dClphox)s] 23 2 108 4 5
[Mn(5'-Clphox)s] 27 2 192 4 12
[Mn(phox);] 34 2 220 5 11
[Mn(5'-Mephox);] 24 2 181 4 9
[Mn(3’-Mephox)s] 27 2 80 3 3
[Mn(5'-MeOphox);] 5 2 76 2 5

[al Reactions were carried out under standard conditions: 14 umol of the indicated Mn—phox complex was dissolved, with stirring, in 20
mL of methanol at room temperature. Subsequently, 14 mmol of substrate, 2.0 mmol of 1-Melm, and 21 mmol of dihydrogen peroxide
were added (+ = 0); turnover numbers are the total turnover numbers obtained at + = 15 min. [® Reactions were carried out under
standard conditions: 10 mL of acetone and 21 mmol of dihydrogen peroxide were stirred at 0 °C for 30 min. Subsequently, 14 mmol of
substrate, 2.0 mmol of 1-Melm, and 14 pmol of the indicated Mn—phox complex were added (z = 0); turnover numbers are the total
turnover numbers obtained at = 15 min. [l 1-Phenyl-1,2-ethanediol. [ 72, 3, and 2 turnover numbers towards styrene oxide, benzal-
dehyde, and 1-phenyl-1,2-ethanediol, respectively, as determined at # = 120 min (end of the reaction).

Table 7. Turnover numbers and cis/trans ratios of the products in the oxidation of cis-stilbene by Mn—phox complexes with dihydrogen

peroxide

Complex@ cis-Oxide trans-Oxide Benzaldehyde Ratio cis/trans
[Mn(5'-NO,phox);] 32 64 2 1:2.0
[Mn(3',5"-dClphox);] 22 37 2 1:1.7
[Mn(5’-Clphox);] 18 50 2 1:2.8
[Mn(phox)s] 17 50 2 1:2.9
[Mn(5’'-Mephox)s] 13 46 1 1:3.5
[Mn(3’-Mephox)s] 9 31 2 1:3.4
[Mn(5'-MeOphox);] 4 19 1 1:4.8

[al Reactions were carried out by stirring 10 mL of acetone and 21 mmol of H,O, at 0 °C: after 30 min, subsequently 5.0 mmol of the
substrate, 2.0 mmol of 1-methylimidazole, and 14 umol of the complex were added (¢ = 0); turnover numbers are the total turnover

numbers obtained at 1 = 15 min.

pressed in turnover numbers, is listed in Table 6. All reac-
tions were performed in the presence of 2.0 mmol of 1-
methylimidazole (1-Meim). An alkaline additive is required
for reactions with manganese catalysts and H,O,; it is
thought that the additive might act as a base and as an
axial ligand.[!?]

Small amounts of the side product benzaldehyde were
obtained in all reactions. For the reactions in acetone, 1-
phenyl-1,2-ethanediol was also detected as a side product.
The turnover numbers towards the main product, styrene
oxide, are significantly influenced by the substituents on the
ligands in the [MnLs] complexes. For the reactions in meth-
anol, all Mn—phox complexes gave turnover numbers to-
wards styrene oxide between 23 and 34 after 15 min, which
represents an efficiency of approximately 2% relative to di-
hydrogen peroxide. The results in acetone show a dramatic
increase in turnover numbers compared to the reactions in
methanol. The efficiency relative to the oxidant increased
simultaneously, varying from 5 to 15%.

In both solvents, [Mn(phox)s;] and [Mn(5’-NO,phox)s]
show the highest efficiency. The use of Mn—phox com-
plexes with more electron-donating ligands resulted in a sig-
nificant decrease in efficiency compared to [Mn(phox);],
while the use of complexes with electron-withdrawing li-
gands only resulted in a slightly lower efficiency. The turn-
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over numbers obtained with the least efficient Mn—phox
catalyst, [Mn(5'-MeOphox);], are relatively more enhanced
in acetone compared to methanol. For the reactions in acet-
one, the influence of the presence of a substituent at the 3'-
position is more pronounced compared to the reactions in
methanol. The complexes with such ligands, [Mn(3',5'-
dClphox);] and [Mn(3’-Mephox);], exhibited much lower
efficiency compared to complexes with a substituent at the
5’-position only.

Oxidation of Stilbene

In oxidation reactions of cis-alkenes catalysed by man-
ganese complexes, such as Mn—salen,[” isomerisation can
occur, resulting in both cis- and frans-epoxides. For the
Mn—salen complexes, this effect has been studied in detail.
It has been found that the cis/trans ratio is mainly influ-
enced by the reaction conditions,®! the oxidant,[?3?° and
the substituents on the ligand.[*% The oxidation of cis-stil-
bene with Mn—phox complexes results in both cis- and
trans-stilbene oxide. Oxidation of cis-stilbene was per-
formed with all studied [MnL;] complexes (Table 7).

In all described reactions more trans- than cis-stilbene
oxide was formed, together with small amounts of the cleav-
age product benzaldehyde. The ligand substituents clearly
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affected the cis/trans ratio of the stilbene oxides, the com-
plexes with electron-withdrawing ligands produced a larger
amount of cis-stilbene oxide, while the reaction with
[Mn(5'-MeOphox);] resulted in the largest relative fraction
of trans-stilbene oxide.

The catalytic activity of the unsubstituted precursor cata-
lyst [Mn(phox);] under similar reaction conditions for the
oxidation of tfrans-stilbene and cyclohexene was also
studied. Oxidation of trans-stilbene resulted in a TON of
49 towards the trans-stilbene epoxide and a TON of 3 to-
wards the by-product benzaldehyde. Oxidation of cyclohex-
ene with [Mn(phox);] gave a TON of 98 towards the epox-
ide, and additionally the allylic oxidation products were
formed with a TON of 28.

Catalyst Stability

In both methanol and acetone, the catalytic reactions
with most of the Mn—phox complexes were very fast dur-
ing the first few minutes, and no clear differences in the
reaction rates were found. After 15 min, no catalytic activity
could be observed. The only exception is the [Mn(5'-NO,_
phox)s] catalyst, which remained active for up to 1 h. For
[Mn(phox)s] and [Mn(5'-NO,phox);], the total turnover
numbers to styrene oxide in time is depicted in Figure 8.
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Figure 8. Oxidation of styrene with dihydrogen peroxide in meth-
anol: cumulative turnover number in time towards styrene oxide;
¢ = [Mn(5'-NO,phox);] as catalyst; A = [Mn(phox)s] as catalyst

The oxidation reaction with [Mn(phox);] was initially
very fast, but the activity quickly diminished, with a con-
comitant loss of colour. In contrast, a significantly slower
colour change was observed for the [Mn(5'-NO,phox)s]-
catalysed reaction. The oxidation with this catalyst had a
short induction period. Catalytic activity persisted for 1 h,
resulting in a total turnover number of 72 towards styrene
oxide. With both catalysts, benzaldehyde was formed in the
first minutes of the reaction, while 1-phenyl-1,2-ethanediol
was formed in a gradually increasing amount.

Concluding Remarks

A series of novel, readily available manganese complexes
of the type [MnLs] with phenol-substituted 2-(2'-hydroxy-
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phenyl)oxazoline ligands have been synthesized. The com-
plexes are nearly isostructural, as evidenced by the results
from X-ray crystallographic studies of [Mn(phox)],['*]
[Mn(5'-Mephox);] and [Mn(5'-Clphox);].

The substituents on the phenolate ring of the ligands in-
fluence the redox properties of the complexes. The electro-
chemically quasi-reversible Mn'/Mn"" and reversible
Mn'"/Mn'Y redox couples sensitively shifted towards higher
potentials with more electron-withdrawing substituents.
The same trend applies for the irreversible oxidation of the
manganese(IV) complexes. (Spectro)electrochemical studies
show that the manganese centre could coordinate all three
anionic phox ligands in the formal oxidation states Mnl!,
Mn"| and Mn!"Y without any pronounced change of the
complex structure. The UV/Vis spectra document that reox-
idation of the manganese(IT) product and the back-reduc-
tion of the manganese(IV) species led to the recovery of the
parent [MnLs] species, proving that these redox processes
are chemically reversible. In contrast to this stability, oxida-
tion of manganese(IV) or reduction of manganese(Il) re-
sulted in decomposition, in the latter case involving the dis-
sociation of at least one anionic [5'-NO,phox]~ ligand. The
dissociation of the anionic phox ligand(s) probably also
takes place during the reduction of [Mn(3',5'-dClphox);]~.
The other formally manganese(Il) anionic complexes were
reduced at significantly more negative potentials and the
corresponding cathodic waves were not observed within the
available potential window. Ligand dissociation during the
reduction of the manganese(Il) complexes is not surprising,
as the manganese(I) ion is hardly capable of coordinating
exclusively strong o- and m-donors, such as the anionic
phox ligands.

The Mn—phox complexes are all active catalysts for the
oxidation of styrene and cis- and frans-stilbene with dihy-
drogen peroxide as the oxidant. The substituents on the
phenolate ring of the ligands significantly influenced the
turnover numbers and selectivities in the oxidation reac-
tions. The effect of the ligand substituents on the turnover
numbers is roughly similar in acetone and methanol. How-
ever, considerably higher turnover numbers were obtained
for styrene oxidation in acetone than in methanol, resulting
in a turnover number of up to 220 towards styrene oxide
with [Mn(phox);] as the catalyst, which also corresponds to
increased efficiency towards dihydrogen peroxide from 2 to
15%. Although a clear general pattern can be noticed, exact
correlation between the redox properties of the complexes
and the turnover numbers and selectivities obtained in ox-
idation catalysis could not be found. This variation was
probably caused by the effects that the ligands have on vari-
ous reactions in solution, such as equilibria between differ-
ent complexes in solution, dihydrogen peroxide decomposi-
tion and oxidation of the substrate.

The most remarkable substituent effect, the higher
stability against oxidative degradation of the Mn-—phox
complex with the most electron-withdrawing substituents,
[Mn(5'-NO,phox);], was observed both in the electrochem-
ical experiments and in oxidation catalysis. Further studies
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on stability and decomposition will be published else-
where.3!

Experimental Section

General Remarks: The ligands were synthesised according to the
synthesis for Hphox.¥l The synthesis of [Mn(phox)s] has been pub-
lished before.['” Solvents of technical grade, p.a. grade, or, for ace-
tonitrile (Rathburn), HPLC grade quality were used as received. All
p-a. grade solvents were purchased from Baker, except for acetone
(Acros). Deuterated solvents for NMR measurements were ob-
tained from Euriso-top (CDCl; and [Dg]DMSO) or Cambridge
Isotope Laboratories, Inc. (CD3;0D). The following materials were
supplied by Merck: Na,SO,, ferrocene, Mn(OAc),4H,0, 2-amino-
ethanol, dihydrogen peroxide (35% in water), styrene, benzyl alco-
hol, and benzaldehyde. All other chemicals used were purchased
from Acros.

Ligands

H-5'-NOjphox: Starting from 15.35 g (78 mmol) of methyl 5-nitro-
salicylate: Yield 7.21 g (35 mmol, 45%) of a yellow powder.
'H NMR ([Dg]DMSO): § = 4.17 (t, 2 H, NCH,), 4.53 (t,2 H,
OCH,), 7.07 (d, 1 H, H3’), 8.25 (dd, 1 H, H4'), 8.58 (d, 1 H,
H6'), 13.1 (br, 1 H, OH). '3C NMR ([D¢]DMSO): § =52.0 (C4),
68.2 (C5), 109.4 (C1'), 118.5 (C3"), 124.3 (C5’), 128.9 (C6'), 138.1
(C4'), 164.9 (C2'), 165.9 (C2).

H-3',5'-dClphox: Starting from 18.23 g (82 mmol) of methyl 3,5-
dichlorosalicylate: Yield 16.35 g (70 mmol, 85%) of a pale yellow
solid. 'TH NMR (CDCl;): & = 4.13 (t,2 H, NCH,), 447 (t, 2 H,
OCH,), 743 (d, 1 H, H6'), 7.52 (d, 1 H, H4’), 12.6 (br, 1 H, OH).
IBCNMR (CDCly): § =53.3 (C4), 67.4 (C5), 112.3 (C1"), 122.4
(C3%), 122.9 (C5'), 126.0 (C6'), 132.9 (C4'), 154.6 (C2"), 165.1 (C2).

H-5'-Clphox: Starting from 10.69 g (58 mmol) of methyl 5-chloro-
salicylate: Yield 7.40 (38 mmol, 66%) of a pale pink solid. "H NMR
([Dg]DMSO): & = 4.07 (t, 2 H, NCH,), 4.48 (t, 2 H, OCH,), 7.02
(d, 1 H, H3'), 749 (m,2 H, CH4’, H6'), 12.28 (s, 1 H, OH).
13C NMR (Dg[DMSO)): § =53.0 (C4), 67.3 (C5), 111.3(C1"), 118.3
(C4"), 122.2 (C5"), 126.6 (C6'), 133.1 (C4'), 157.8 (C2"), 164.3 (C2).

H-5'-Mephox: Starting from 7.83 g (47 mmol) of methyl 5-methyl-
salicylate: Yield 6.18 g (35 mmol, 74%) of a pale pink solid.
'"H NMR (CDCls): § = 2.23 (s, 3 H, CH3), 4.02 (t, 2 H, NCH,),
437 (t, 2 H, OCH,), 6.79 (d, 1 H, H4"), 7.14 (d, 1 H, H3"), 7.39
(s, 1 H, H6'). 3C NMR (CDCls): § =20.3 (CH3), 53.4 (C4), 66.6
(C5), 110.2 (C1"), 116.4 (C3"), 127.6 (C5"), 127.8 (C6'), 134.0 (C4"),
157.6 (C2"), 166.1 (C2).

H-3'-Mephox: Starting from 7.18 g (55 mmol) of ethyl 3-methylsa-
licylate: Yield 6.23 g (35 mmol, 88%) of a pale pink solid. '"H NMR
(CDCly): 6 = 2.27 (s, 3 H, CH3), 4.02 (t, 2 H, NCH,), 4.35 (t, 2
H, OCH,), 6.75 (t, 1 H, HS), 7.20 (d, 1 H, H4'), 7.47 (d, 1 H,
H6'). 3C NMR (CDCls): § =15.9 (CH3), 53.4 (C4), 66.7 (C5),
110.0 (C1”), 118.0 (C5’), 125.5 (C6"), 125.7 (C3'), 134.1 (C4'), 158.1
(C2'), 166.5 (C2).

H-5'-MeOphox: Starting from 8.92 g (49 mmol) of methyl 5-me-
thoxysalicylate: Yield 3.50 g (18 mmol, 37%) of a pale pink solid.
'H NMR (CD;OD): § = 3.72 (s, 3 H, ArOCH3), 4.05 (t, 2 H,
NCH,), 441 (t, 2 H, OCH,), 6.84 (d, 1 H, H3'), 6.96 (dd, 1 H,
H4'), 7.12 (d, 1 H, H6'). 3*C NMR (CD;0D): § =54.5 (C4), 56.4
(ArOCH,;), 68.2 (C5), 111.6 (C1’), 112.3 (C6’), 118.4 (C3'), 121.7
(C4'), 153.2 (C2'), 154.8 (C5'), 166.9 (C2).
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General Synthetic Procedure for the Complexes [Mn(5'-NO,phox);|
and [Mn(3',5'-dClphox);]: The appropriate ligand (3.0 mmol), dis-
solved in 10 mL of ethanol, was added to a solution of
Mn(OAc);2H,0 (0.27 g, 1.0 mmol) in 10 mL of ethanol. The prod-
uct slowly precipitated as a black solid. Recrystallisation from eth-
anol afforded a black crystalline product.

[Mn(5'-NO,phox);]: Yield 0.51 g (0.75 mmol, 75%). IR: V = 1622
(s), 1312 (s), 1121 (m), 1058 (m), 871 (m), 838 (m), 714 cm~! (m).
C,7H,MnNgO,: caled. C 47.94, H 3.13, N 12.42; found C 47.68,
H 3.37, N 12.12. ES-MS: m/z: 468 [Mn(5'-NO,phox),]*, 209 [H-
5'-NO,phox + H']. pey = 4.87 pp (at 22.5 °C).

[Mn(3',5’-dClphox);]: Yield 0.51 g (0.68 mmol, 68%). IR: v = 1617
(s), 1582 (m), 1437 (s), 1418 (s), 1370 (m), 1308 (m), 1234 (s), 1194
(m), 954 (m), 872 (m), 784 (s), 751 (m), 738 cm~! (m).
C,7H,5ClgMnN;Oq: caled. C 43.35, H 2.43, N 5.62; found C 43.08,
H 2.45, N 5.31. ES-MS: m/z: 519, 517, 515 [Mn(3',5’-dClphox),] ",
234, 232 [H-3",5'-dClphox + H']. peg = 4.10 pg (at 22.5 °C).

[Mn(5'-Clphox);]: To a solution of Mn(OAc),*4H,O (0.25¢g,
1.0 mmol) in 20 mL of MeOH was added 0.59 g (3.0 mmol) of H-
5'-Clphox. After the addition of 10 mL of diethyl ether, the ligand
dissolved and within several minutes the solution turned dark
green. The dark green complex precipitated within 1 d. Recrys-
tallisation from ethanol afforded X-ray quality crystals. Yield
0.52 g (0.81 mmol, 81%). IR: ¥ = 1622 (s), 1458 (s), 1405 (m), 1314
(s), 1237 (s), 1224 (s), 1100 (m), 1055 (m), 941 (m), 827 (m), 820
(m), 728 cm~! (m). C,;H,,C1sMnN;Oq: caled. C 50.30, H 3.28, N
6.52; found C 50.41, H 3.30, N 6.33. ES-MS: m/z: 449, 447 [Mn(5'-
Clphox),]*, 200, 198, [H-5'-Clphox + H*]. gy = 4.74 pg (at 22.5
°C).

General Synthetic Procedure for [Mn(3'-Mephox);|, [Mn(5'-Me-
phox);] and [Mn(5'-MeOphox)s]: A solution of the ligand
(3.0 mmol) and 0.30 g (3.0 mmol) of triethylamine in 10 mL of
methanol was added to a solution of Mn(OAc),4H,O (0.25 g,
1.0 mmol) in 10 mL of methanol. The solution turned dark green
immediately and within a number of days the complex precipitated.
The complexes were recrystallised from methanol/water (2:1)
(IMn(3’-Mephox);] and [Mn(5'-MeOphox);]) or ethanol ((Mn(5'-
Mephox)s]).

[Mn(5'-Mephox);]: Yield 0.43 g (0.72 mmol, 72%). X-ray quality
crystals were obtained after recrystallisation from methanol. IR:
v = 1626 (s), 1601 (m), 1552 (m), 1485 (m), 1472 (s), 1323 (s), 1257
(m), 1242 (s), 1233 (s), 1201 (m), 1074 (m), 1057 (s), 866 (m), 826
(m), 792 cm~! (m). C30H30MnN;Oq: caled. C 61.75, H 5.18, N
7.20; found C 61.53, H 5.32, N 7.30. ES-MS: m/z: 583 [Mn(5'-
Mephox);]*, 407 [Mn(5'-Mephox),]*, 178 [H-5'-Mephox + H™'].
Peir = 4.47 pp (at 22.5 °C).

[Mn(3'-Mephox);]: Yield 0.45 g (0.77 mmol, 77%). IR: v = 1622
(s), 1561 (m), 1424 (s), 1394 (m), 1382 (m), 1322 (m), 1252 (m),
1239 (s), 1136 (m), 1088 (m), 955 (m), 863 (m), 748 cm™! (m).
C30H30MnN;Og: caled. C 61.75, H 5.18, N 7.20; found C 61.33, H
5.05, N 7.14. ES-MS: m/z: 407 [Mn(3'-Mephox),]*, 17[H-3'-Me-
phox + H*]. pegr = 4.82 pg (at 22.5 °C).

[Mn(5'-MeOphox);]: Yield 0.50 g (0.79 mmol, 79%). IR: v = 1633
(m), 1601 (s), 1558 (m), 1471 (s), 1416 (m), 1273 (m), 1242 (m),
1206 (s), 1184 (m), 1040 (m), 815 (m), 794 cm~! (m).
C;30H30MnN;Oy: caled. C 57.06, H 4.79, N 6.65; found C 57.10, H
4.73, N 6.65. ES-MS: m/z: 631 [Mn(5’'-MeOphox);]*, 439 [Mn(5'-
MeOphox),]*. peyr = 4.96 pg (at 22.5 °C).

385



FULL PAPER

J. Reedijk et al.

X-ray Crystallographic Study: The data were collected with an
Enraf—Nonius CAD-4 diffractometer with graphite-monochrom-
ated Mo-K,, radiation (A = 0.71073 A) and ®-20 scan. The cell
dimensions were determined by 24 independent reflections. The
data were corrected for linear decay, but not for absorption effects.
Atomic scattering factors and anomalous dispersion constants
were taken from the International Tables for X-ray Crystallo-
graphy.*?l For both compounds the positions of the heavy atoms
were determined from Patterson maps (DIRDIF).I*3 The remain-
der of the non-hydrogen atoms were found in subsequent AF syn-
theses (XTAL).* Hydrogen atoms were placed at calculated posi-
tions and were not included in refinement. Full-matrix least-
squares refinement (XTAL)P4 on F of the positional and the aniso-
tropic thermal parameters of the non-hydrogen atoms. The hydro-
gen atoms, with fixed isotropic thermal parameters, were included,
riding on a fixed distance of their parent atoms. Crystallographic
data (excluding structure factors) for the structures reported in this
paper have been deposited with the Cambridge Crystallographic
Data Centre as supplementary publications no. CCDC-144587
[Mn(5'-Mephox);] and -144588 [Mn(5'-Clphox);]. Copies of the
data can be obtained free of charge on application to CCDC, 12
Union Road, Cambridge CB2 1EZ, UK [Fax: (internat.) + 44-
1223/336-033; E-mail: deposit@ccdc.cam.ac.uk].

Equipment: IR spectra were recorded with a Perkin—Elmer FT-IR
Paragon 1000 spectrometer. Samples were measured as KBr pellets.
'H and '3C NMR ('H decoupled) spectra of the ligands were re-
corded with Jeol JNM-FX 200 or Bruker 300 DPX MHz spectro-
meters. '"H NMR spectra of the complexes (up to 0.2 mm) were
recorded with a Bruker 300 DPX MHz spectrometer. These spectra
were collected using an inversion recovery pulse sequence n-t-1t/2.
The value of t (12 or 13 ms) was chosen such that the paramagnetic
signals were relaxed, while the signals from the diamagnetic com-
pounds in solution remained inverted. Other operating parameters
were as follows: spectrometer frequency 300.13 Hz; data block size
(SI) 32 K; acquisition time 200 ms; line broadening 5 Hz; window
30 kHz. Elemental analyses were carried out by the Microanalytical
Laboratory, University College Dublin or at Leiden University
with a Perkin—Elmer series II CHNS/O analyser 2400. A Johnson
Matthey Alfa Products Mkl magnetic susceptibility balance was
used to determine the magnetic moments of the powdered com-
plexes at room temperature. Standard electrospray mass spectra of
the complexes were recorded with a Finnigan MAT TSQ-70 mass
spectrometer, equipped with an electrospray interface (ESI). The
spectra were collected by constant infusion of the analyte, dissolved
in a methanol/water (80:20) mixture containing 1% acetic acid. A
Varian Star 3400CX gas chromatograph with a J&W Scientific/
Fisons DB-1701 (14% cyanopropylphenyl-methylpolysiloxane) col-
umn was used for analysis of the oxidation experiments. The turn-
over numbers given are the total turnover numbers per manganese
ion after the indicated period of time. All reactions were performed
at least in duplicate.

Cyclic Voltammetry: The cyclic voltammetry measurements were
performed with an Autolab PGstat10 potentiostat controlled by the
GPES4 software. A three-electrode system was used, consisting of
a glassy carbon (GC) working electrode, a platinum (Pt) auxiliary
electrode, and an Ag/AgCl reference electrode. All potentials are
given versus Ag/AgCl. The experiments were carried out in aceton-
itrile at room temperature under argon with tetrabutylammonium
hexafluorophosphate (Aldrich) as the supporting electrolyte. Under
these conditions, the ferrocene/ferrocenium (Fc/Fc*) couple was
located at +0.44 V with a peak separation of 80 mV. Except for H-
5'-NO,phox that shows a reduction wave at —1.22 V (see above),
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the other ligands are not redox-active between +2.00 and —2.00 V.

Spectroelectrochemistry and Bulk Electrolysis: Butyronitrile (Acros
Chimica, analytical grade) was dried with CaH, and freshly dis-
tilled under nitrogen. The samples were prepared under nitrogen
using standard Schlenk techniques. The spectroelectrochemical ex-
periments were conducted with saturated solutions of the com-
plexes containing 0.3 M BuyNPFg, recrystallised twice from abso-
lute ethanol and dried in vacuo at 80 °C for 10 h. A PA4 potentios-
tat (EKOM, Czech Republic) was used to carry out the controlled-
potential electrolyses. Bulk electrolyses were carried out in a gas-
tight cell that consisted of three chambers separated at the bottom
by S4 frits, with a Pt working electrode (120 mm? surface) in the
middle, and Ag wire pseudo-reference and Pt gauze auxiliary elec-
trodes in the lateral chambers. Chemical reduction was achieved
with cobaltocene (CoCp,; Aldrich), Ej, = —1.34V vs. Fc/Fc™.
The UV/Vis spectroelectrochemical experiments at room temper-
ature were performed with a previously described®’! Optically
Transparent Thin-Layer Electrochemical (OTTLE) cell equipped
with a Pt mini-grid working electrode (32 wires/cm) and quartz
optical windows. The UV/Vis spectra were recorded with a soft-
ware-updated Perkin—Elmer Lambda 5 spectrophotometer. X-
band EPR spectra were obtained in an airtight tube cell at 77 K
with a Varian Century E-104A spectrometer. EPR g values were
determined relative to the 2,2'-diphenyl-1-picrylhydrazyl radical
(DPPH; Aldrich) as an external “g mark™ (g = 2.0037).

MO Calculations: Extended Hiickel calculations were performed
with the computer program CACAO (Computer Aided Composi-
tion of Molecular Orbitals).’®! The calculations were based on the
X-ray diffraction data for [Mn(phox);].l'?!

Catalytic Oxidation Reactions: Blank experiments were carried out
in the absence of the catalyst or using manganese salts or ligands
only. These experiments did not result in any epoxidation activity.
Hydrogen peroxide decomposition (catalase activity) was observed
with some of the reaction conditions, but systematic studies to this
reaction have not been performed. — In Methanol: Upon stirring,
14 pmol of the catalyst was dissolved in 20 mL of MeOH at room
temperature. To the resulting green solution, 14 mmol of styrene,
5.0 mmol of chlorobenzene, and 2.0 mmol of 1-methylimidazole (1-
Meim) were added, followed (at # = 0 min) by 21 mmol of dihydro-
gen peroxide (35% in water). Except for the solution of [Mn(5'-
NO,phox)], which slowly started to turn pale yellow after z = 10
min, the colour of the solutions of the other complexes became
yellowish to colourless within the first few minutes of the reactions.
At ¢t = 15 min, a sample was taken for analysis using gas chromato-
graphy with chlorobenzene as the internal standard. — In Acetone:
Dihydrogen peroxide (21 mmol of a 35% solution in water) and 10
mL of acetone were stirred for 30 min at 0 °C. Thereafter, 14 mmol
of styrene, 5.0 mmol of chlorobenzene, and 2.0 mmol of 1-Meim
were added, followed by 14 umol of the powdered catalyst (r = 0).
The green solution changed to a slightly red-brown colour within
the first few minutes of the reaction. After 10 min, the solution
slowly turned to pale green-yellow. At r = 15 min, a sample was
taken for analysis using gas chromatography with chlorobenzene
as the internal standard. Caution! The mixture of acetone and dihy-
drogen peroxide is potentially explosive, especially under acidic
conditions.’7-38] However, it can be handled safely by performing
reactions on a small scale at 0 °C, using slightly alkaline conditions,
as described above.
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