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Synthesis and Characterisation of Novel (Guanidine)manganese Complexes and
Their Application in the Epoxidation of 1-Octene
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The synthesis of manganese complexes of the guanidine—
pyridine hybrid ligands DMEGqu (L1) and TMGqu (L2) is
reported. The complexes [Mn,(u-Cl),Cl,(DMEGqu),] (C1),

[Mn,(TMGqu)3(1-C1),CL]  (C2),  [Mng(DMEGqu),(u-CHa-
COO)g] (€C3), [Mn3(TMGqu),(p-CH3COO)s] (C4) and
[Mny(DMEGqu),(p-CF3S03)2(CF3503)2(H20),]  (C5)  have

been structurally characterised. For C1 and C2 dinuclear
chlorido-bridged motifs have been found and trinuclear acet-
ato-bridged motifs for C3 and C4 which represent the first
trinuclear (guanidine)manganese compounds reported so far.
The dinuclear triflato complex C5 exhibits a unique Mn(u-
CF3S03),(CF3S03), unit. EPR measurements of C1 and C2

indicate that in solution the dinuclear complexes decompose
to mononuclear species. Contrastingly, the EPR spectra of C3
and C4 show that these acetato complexes remain polynu-
clear in CH3CN. The chlorido and acetato complexes con-
vince by their high stability towards air. All complexes re-
ported herein were screened regarding their activity in the
epoxidation of 1-octene with peracetic acid. It could be
proven that these compounds are able to act as catalysts in
this reaction already under mild conditions. Kinetic measure-
ments exhibit that the epoxidation reaction proceeds on a
time scale interesting for industrial application.

Introduction

Metal catalysed epoxidation is an important and widely
studied reaction in organic synthesis, because the resulting
epoxides are useful intermediates for the chemical industry.
In spite of numerous efforts in this field, there is still an
increasing motivation to develop efficient, selective, inex-
pensive and non-toxic catalysts which already work at mild
conditions. Furthermore, it is important with regard to
green chemistry that they are easy to prepare, stable and
work for a wide scope of alkenes. Manganese complexes are
notably interesting, because they combine catalytic activity
with non-toxicity. Consequently, a series of manganese
complexes with different ligand systems has already been
tested, for example salens, porphyrins and other N donors
and also simple Mn sources like Mn(ClO),.['-2]
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Besides oxygen, hydrogen peroxide is the oxidant of first
choice because of its high atom economy, low toxicity, low
cost and it produces only water as by-product. But the cata-
lase-like activity of many transition metals often prevents
the use of hydrogen peroxide. Peracetic acid represents an
attractive alternative which only generates acetic acid as by-
product. Therefore current research interests focus on tran-
sition metal catalysts which make efficient use of peracetic
acid.’71 For example Stack et al. investigated a series of
manganese and iron systems as epoxidation catalysts with
peracetic acid.’] Chang et al. made use of trinuclear manga-
nese complexes and Watkinson et al. tested catalytic sys-
tems based on a bipyridyl core in combination with perace-
tic acid.'*! Their results reveal that a wide scope of olefins
can be epoxidised with peracetic acid, also terminal and
electron-deficient substrates.

For many catalytically active epoxidation systems high-
valent intermediates are proposed.[':8] Encouraged by the
promising results with guanidine ligands for the stabilisa-
tion of high-valent species,>'” we directed our research
towards the synthesis of (guanidine)manganese com-
plexes.'1 We envisioned that this ligand family is highly
capable to stabilise manganese complexes which act as ef-
ficient epoxidation catalysts. Structural studies on (guanid-
ine)manganese complexes have already been performed for
few examples with bis- and tris(guanidines).[''? For our
present study we utilise guanidine—pyridine hybrid ligands,
which combine the excellent donor properties of guanidines
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with additional coordination space for the pre-coordination
of substrates. Moreover, guanidine ligands exhibit a modu-
lar and facile synthesis protocol, which offers different
spacer and guanidine groups and thus admits a flexible li-
gand design.[!3]

In order to provide a suited coordination environment
for manganese, we combined a quinolyl unit with guanidine
functionalities which results in the guanidine—pyridine hy-
brid ligands N-(1,3-dimethylimidazolidin-2-ylidene)quino-
lin-8-amine (DMEGqu, L1) and 1,1,3,3-tetramethyl-2-
(quinolin-8-yl)guanidine (TMGqu, L2) (Scheme 1).[14

® ®
= =
N N
Mol AN N/
DMEGqu v/ TMGqu >/ N
/N /N\
L1 L2

Scheme 1. Guanidine—pyridine hybrid ligands DMEGqu and
TMGqu.l'4

Herein we report the synthesis and characterisation of
the first manganese complexes including the guanidine—pyr-
idine hybrid ligands DMEGqu and TMGqu. The structural
characterisation has been performed for the (chlorido)-,
(acetato)- and (triflato)manganese complexes C1-C5
(Scheme 2). These stable complexes were screened towards
their catalytic activities in the epoxidation of 1-octene with
peracetic acid.

Results and Discussion

Synthesis and Characterisation of Manganese Complexes

We already described the synthesis of the guanidine—pyr-
idine hybrid ligands DMEGqu and TMGqu by condensa-
tion of N,N’-dimethylethylenechloroformamidinium chlo-
ride (DMEG) and N,N,N’,N’-tetramethylchloroformamid-
inium chloride (TMG) with 8-aminoquinoline in high yields
of up to 98%.'4 Their reaction with MnCl,-4H,O,
Mn(CH;C0OO0),4H,0 and Mn(CF;S03),-H,O in CH;CN
resulted in the formation of the di- and trinuclear manga-
nese complexes [Mn,(DMEGqu),(u-Cl1),Cl,] (C1), [Mn,-

MnCl, - 4 11,0

MH(CF3SO3)2 . Hzo

Mn(CH;C00),-4 H,0  [Mn3y(DMEGqu),(u-CH;CO0)g]

(TMGqu),(p-C1),CL]  (€2),  [Mn3(DMEGqu),(u-CHs-
COO)4] (€C3), [Mn3(TMGqu),(u1-CH3COO)4] (C4) and
[Mny(DMEGqu),(p-CF3503),(CF3803),(H,0),] (CS)
(Scheme 2).

The molecular structures of the compounds C1-C5
(Figures 1-5) were determined by single crystal structure
analysis. The corresponding TMGqu complex with
Mn(CF3S0;), could not be crystallised in sufficient quality
yet. Selected bond lengths and angles of the characterised
complexes are collected in Table 1. Further crystallographic
information is summarized in Table 4.

Crystal Structures

[Mn,L,(u-Cl),CL]

In the dinuclear complexes [Mn,(DMEGqu),(u-Cl),Cl,]
(C1) and [Mny(TMGqu),(u-Cl1),Cl,] (C2) (see Figures 1 and
2, Table 1) the Mn'" atoms are five-coordinate and bridged
by two chloride ligands. Two further coordination sites are
occupied by the N donor atoms of the hybrid guanidine li-
gand forming a five-membered chelate ring. The remaining
coordination site is occupied by a terminal chlorido ligand.
The coordination environment of the Mn atoms can be de-
scribed as distorted trigonal bipyramid which is indicated by
the structural parameter 7 (C1: 7 = 0.618; C2: ¢ = 0.751),
introduced by Reedijk et al. (z = 0 ideal square-pyramidal

Figure 1. Molecular structure of [Mn,(DMEGqu),(n-Cl),Cl,] (C1)
as determined at 243 K (1 — x, -y, z + 1).

[Mny(DMEGqu),(-C1),Cl ] «n
[Mny(TMGqu)y(-C1),Cly] (&)

(3)
[Mn3(TMGqu),(u-CH3COO)¢] (C4)

> [Mny(DMEGqu);(1-CF3803)2(CF3503),(H,0),] - (CS)

Scheme 2. Synthesis of the guanidine—pyridine hybrid ligand stabilised manganese complexes C1-C5 (L = DMEGqu or TMGqu).
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geometry; T = 1 perfect trigonal-bipyramidal geometry).[!”]
The planar Mn,Cl; unit forms a rhomb with a crystallo-
graphic inversion centre. The rhomb is determined by the
Mn-Cl-Mn angle of 96.30(2) for C1 and 93.76(2)° for C2
and by the different values of the Mn—ClI bonds to the bridg-
ing chlorido ions [2.455(1) and 2.574(1) Ain C1, 2.481(1) and
2.499(1) A in C2]. The bonds are in the range of other com-
plexes containing a Mn,y(u-Cl),Cl, core.l®!¢19l In the litera-
ture a series of dinuclear Mn!' complexes with this chlorido-
bridging motif is described, but the majority of these com-
plexes are six-coordinate!'® and also polymeric structures are

Figure 2. Molecular structure of [Mny(TMGqu),(p-Cl1),Cl,] (C2) as
determined at 120K (1 —x + 1, -y + 2, —2).

Table 1. Selected bond lengths [A] and angles [°] for the complexes
C1-Cs.

C1
Mn(1)-N(1)  2.2142)  Mn(l)~-Mn(la) 3.747(1)
Mn(1)-N(4)  2.2152)  N(1)-Mn(1)-N(4) 75.34(6)
Mn(1)-Cl(1)  2.455(1)  CI(1)-Mn(1)-Cl(la)  83.70(2)
Mn(1)-Cl(la) 2.574(1)  Mn(1)-Cl(1) Mn(la)  96.30(2)
Mn(1)-Cl(2)  2.366(1)

&)

Mn(1)-N(1)  2.189(1)  Mn(l)~-Mn(la) 3.635(1)
Mn(1)-N@4)  2.220(1)  N(1)-Mn(1)-N(4) 75.73(5)
Mn(1)-Cl(1)  2.481(1)  CI(1)Mn(1)-Cl(la)  86.24(2)
Mn(1)-Cl(la) 2.499(1)  Mn(1)-Cl(1)-Mn(la)  93.76(2)
Mn(1)-Cl(2)  2.37(1)

3

Mn(1)-N(1)  2.289(1)  Mn(1)~O(6) 2.691(2)
Mn(1)-N@4)  2.188(1)  Mn(1)=-Mn(2) 3.545(1)
Mn(1)-O(1)  2.115(1)  N(1)-Mn(1)-N(4) 74.70(5)
Mn(1)-O(5)  2.123(1)  Mn(1)-O(5)-Mn(2)  110.45(5)
c4

Mn(1)-N(1)  2.283(2)  Mn(1)=O(5) 2.411(2)
Mn(1)-N@4)  2.203(2)  Mn(l)=-Mn(2) 3.576(1)
Mn(1)-O(1)  2.107(2)  N(1)-Mn(1)-N(4) 74.59(9)
Mn(1)-0(6)  2.183(2)  Mn(1)-O(6)-Mn(2)  109.38(8)
cs

Mn(1)-N(1)  2.1722)  Mn(1)-O(1) 2.200(1)
Mn(1)-N@4)  2.197(2)  Mn(l)~-Mn(la) 5.661(1)
Mn(1)-0@)  2.167(1)  N(1)-Mn(1)-N(4) 77.24(6)
Mn(1)-O(6a)  2.380(1)  O(4)-Mn(1)-O(6a)  83.85(5)
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reported.l'”-!8) There are only few further examples of five-
coordinate Mn complexes with a Mn,(pu-Cl),Cl, core.l*1°] In
agreement with the reported five coordinated complexes, the
terminal Mn—Cl bonds are with 2.366(1) (C1) and 2.372(1) A
(C2) shorter than the bridging ones. The Mn-*Mn distance
is in C2 with 3.635(1) A shorter than in C1 [3.747(1) A] and
also shorter than in other complexes. This is accompanied by
a larger CI-Mn—Cl angle for C2 [86.24(2)°] in comparison to
C1 [83.70(2)°] and the other five-coordinate complexes.!>!°]
With regard to the Mn--Mn vector, the Mn,(u-CI),Cl, core
in C2 is more contracted than in C1. The bite angles defined
by the quinoline ligands are with 75.34(6) and 75.73(5)°
nearly identical in both complexes.

[MnsL;(u-CH;COO)s]

The structures of the acetato complexes [Mn;(DMEGqu),-
(u-CH3COO)g] (C3) and [Mn3(TMGqu),(u-CH3COO)q4]
(C4) are depicted in Figure 3 and Figure 4. In the trinuclear
complexes with linear Mn arrangement each pair of manga-
nese atoms is bridged by three p-acetato ligands, two of
them coordinate in a bidentate fashion and one in a mono-
dentate mode. The central manganese atom is coordinated
octahedrally by six oxygen atoms of the acetato ligands and
is located on a crystallographic inversion centre. The ter-
minal manganese atoms are five-fold coordinated by three
oxygen atoms and two N donor atoms of the hybrid guan-
idine ligands. Additionally, the free oxygen atom of the
monodentate acetate interacts weakly with the terminal
Mn!" atoms. Therefore it can be described as [5 + 1] coordi-
nation. The coordination geometry is nearly a square pyr-
amid (C3: 7 = 0.24; C4: 7 = 0.19). Taking the 6" weakly
bound ligand into account, the coordination sphere re-
sembles a distorted octahedron. The distance to the weakly
bound oxygen is in C4 with 2.411(2) A significantly shorter
than in C3 with 2.691(2) A. On the contrary, the bond of
this manganese atom to the monodentate bridging oxygen
atom is in C3 [2.123(1) A] shorter than in C4 [2.183(2) A].
This is in accordance with the “carboxylate shift” described
by Lippard et al.l?l The Mn(1)-O(5) bond in C3 is one of
the shortest and the Mn(1)-O(6) bond belongs to the
largest for this binding motif.[*!8-21:22) Remarkable is that in
[Mn;(pybim),(CH3COO)s] the Mn—O bond to the bridging

v

Figure 3. Molecular structure of [Mn3;(DMEGqu),(n-CH3COO)g]
(C3) as determined at 120K (1 —x + 1, -y + 2, —2).
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oxygen atom is also very short (2.132 A), but the Mn--+O
distance of the free oxygen atom is notably larger (2.823 A)
than in C3.1?21 The Mn++Mn distances of C3 and C4 are
with 3.545(1) (C3) and 3.576(1) A (C4) in the range of anal-
ogous complexes.[*18-21221 The described [Mn;(CH;COO)g]
unit is also part of the polymeric Mn(CH;COO),4H,O
structure, but here the second oxygen of the monodentate
bridging acetato ligand coordinates to a manganese atom
of a further [Mns(CH3;COO)g] unit.?*!

Figure 4. Molecular structure of [Mn3z(TMGqu),(u-CH;COO)g]
(C4) as determined at 120 K (1 — x + 2, -y, —2).

%@

\ Br Br

[Mn(btmgp)Br,]{11¢]

~

/NTN\ YN\

[Mn;L,(u-CF3803),(CF;803),(H50),]

The structure of the dinuclear inversion symmetric com-
plex [Mny(DMEGqu),(u-CF380;),(CF35805),(H,0),] (C5)
is shown in Figure 5. The manganese atoms have an octahe-

Figure 5. Molecular structure of [Mn,(DMEGqu),(u-CF3S053),-
(CF3S05),(H»0),] (C5) as determined at 120K (1 — x + 1, -y +
I,—z+1).

>
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Scheme 3. Discussed (guanidine)manganese complexes.
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Table 2. Selected bond lengths [A] and p values of different (guanidine)manganese complexes.

Mn*Ngua C:Nimine CfNaminel CfNamineZ P cn Ref.
[Mn,(DMEGqu)»(-Cl),Clo] (C1) 22142)  1.333Q2) 13293)  13532) 0994 5
[Mno(TMGqu)s(p-C1),CL] (C2) 2.189(1)  1.352(2) 13542)  13392) 1004 5
[Mn;(DMEGqu),(1-CH,COO),] (C3) 2.289(1) 1.324(2) 1.354(2)  1.3392) 0983  5+1
[Mn;(TMGqu),(p-CH;COO),] (C4) 2.283(2) 1.332(4) 1.348(4)  1.360(4) 0984  5+1
[Mny(DMEGqu),(1-CF3S05),(CF;3S03),(H,0),] (C5)  2.172(2) 1.338(2) 1.339(3) 1.345(3) 0.997 6
[Mn(btmgp)Br,] 2.098(1)  1.3132) 1361(2)  1356(2) 0967 4 [i1e]

2.103(1) 1.312(2) 1.360(2) 1.359(2) 0.966
[Mn(DMEG,e)Cl,] 2.139(2) 1.308(3) 1.367(3) 1.374(3) 0.954 4 [11b]

2.139(2)
[MnBr>(DMEG,pyH),][MnBr,] 22633)  1.343(5) 1.338(5)  1.340(5)  1.003 6 [11a)

2.367(3)
[MnBr5(TMG,pyH)] 2264(5)  1.328(8) 1.3248)  1.354@8)  1.003 5 [11a)
[Mn(TMGs;tren)Cl|Cl 2.182(2) 1.319 1.355 1.369 0.968 5 [12¢]

2.177(1) 1.318 1.365 1.368 0.956

2.191(2) 1.309 1.365 1.373 0.964
[Mn(TMG;tren)(NCMe)](ClOy), 2.127(3) 1.317 1.359 1.365 0.967 5 [12¢]

2.148(3) 1.311 1.359 1.362 0.964

2.131(3) 1.305 1.358 1.362 0.960

drally distorted coordination environment. Each manga-
nese is bound to two bridging triflato ligands and one ter-
minal triflato ligand, the other coordination sites are occu-
pied by the two N donor atoms of the hybrid guanidine
ligand and one water. Due to the bulky triflato bridge the
Mn--Mn distance is very large [5.661(1) A]. The distance of
the Mn atoms to the N, atoms is with 2.172(2) A shorter
than the binding to the N, atoms [2.197(2) A] and it is
the shortest Mn—N,,, bond within the complexes reported
herein [2.189(1) in C2, 2.289(1) A in C3]. To the best of our
knowledge this is the first manganese complex with such a
bridging motif.

Until now, only few examples of (guanidine)manganese
complexes are reported (Scheme 3). Therein the guanidines
enable a multitude of coordination modes of manganese
and the complexes exhibit a variety of coordination num-
bers and spacer motifs.[' 12l Known (guanidine)manganese
complexes are mainly mononuclear and some are dinuclear.
C3 and C4 are the first trinuclear (guanidine)manganese
complexes. In Table 2 the structural details of guanidine
binding in (guanidine)manganese complexes are summa-
rized. Remarkably, the length of the C=N bonds ranges
from 1.313(2) in [Mn(btmgp)Br,]'! to 1.352(2) A in C2.
For the evaluation of the elongation of the C=N double
bond and the shortening of the C~-NR, bonds within the
guanidine unit, the p value was introduced by Sundermeyer
al at.’* It is calculated by the formula p = 2a/(b + ¢)
wherein « is the C=N distance and b and ¢ are the C-NR,
distances. In the case of a Cs;-symmetrical CN3 unit p
is equal to 1. As is evident in Table 2, in the complexes
Cl, C2, (5, [MnBr,(DMEG,;pyH),][MnBry] and
[MnBr;(TMG,pyH)] p amounts approximately 1 indicating
a total delocalisation.''l Normally, a total delocalisation
goes along with a real nivellation of the bond lengths {e.g.
C5 and [MnBr,(DMEG,pyH),] [MnBr4]}.['" In case of C2
the former C=N bond is more localised between the Cgy,
atom and one of the N, atoms whereas in C1 and
[MnBr3(TMG,pyH)] one C-N,in bond is significantly
longer than the other two C—N bonds. Generally, the de-
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localisation in complexes containing aliphatic guanidines
(such as btmgp, DMEG,e and TMGatren) is less distinct
than in complexes with aromatic guanidines (such as
DMEGqu and DMEG,py).['!:12]

EPR Measurements

For further characterisation of the complexes and to
clarify if the complexes are still polynuclear in solution,

e

in DMF, r.t.

Solid, r.t.

T T
4000 6000

B/G
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g=425 T~

g=2

T
2000 8000

in DMF, 77 K

Solid, 77 K

in DMF, r.t.

Solid, r.t.

T T T
4000 6000 8000

B/G

T
2000

Figure 6. EPR of the complexes C1 and C2 (exp. conditions given
in the graph).
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EPR measurements of C1-C4 were performed. The fluid
solution spectra of C1 and C2 are dominated by the 6-lines
pattern at g = 2, significant for the isotropic hyperfine split-
ting of one Mn" nucleus (/ = 5/2) spaced by the corre-
sponding hyperfine coupling constant of ca. 80 G. The fro-
zen solution spectra (77 K) as well as the signals obtained
from the parent solid samples reveal additional, signifi-
cantly intense signals in the g = 4 region. For C2, weak
features at even lower field (750 G) indicate that even inter-
actions by more than two Mn'! nuclei are likely to be pres-
ent both in frozen solution and in the powder samples.[*’]
These EPR spectra which span over a substantial range of
g factors are likely to be caused by overlapping contri-
butions of different spin manifolds. Whereas the intense sig-
nal at g = 2 is due to AM, = =1 (S = 1/2), AM, = *2
transitions (S = 1) are visible around 1600 G and the signals
at lower field are in line with even higher spin states. Thus,
the fluid solution spectra (in DMF) of C1 and C2 suggest
that under these conditions a dominant number of the com-
plexes dissociates into (mononuclear) species. The com-
munication between two or more Mn!! centers established
for the frozen state and in the parent powder samples can-
not be rigorously excluded for the fluid state, since under
fluid solution conditions the interaction between Mn!!
atoms is not detectable (Figure 6).

4{C3

_' g=2.00 In CH,CN, 110 K

In CH,Cl,, 110 K

Solid, 110 K

g=207

T T T T
3000 4000 5000 6000

B/G

T T
1000 2000

C4

Solid, 110 K

in CHzclz, r.t.

| ISP O T P N O I P I I I P P P P P P |

T T T T
1000 2000 5000 6000

Figure 7. EPR of the complexes C3 and C4 (exp. conditions given
in the graph).
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The EPR spectra of C3 and C4 were measured in the
solid state as well as in dichloromethane at 295 K and
110 K (C3 also measurements in acetonitrile solution at
110 K). The similarity of the spectra at 295 K and 110 K
suggests that similar spin manifolds are populated at both
temperatures. All the spectra are broad, and hyperfine cou-
pling to the Mn nuclei (7 = 5/2) is not observed. This feature
is typical for trinuclear Mn!' complexes and has been ob-
served previously.?'26l Strong intermolecular dipolar in-
teraction as well as overlap of signals from many different
spin manifolds result in the loss of hyperfine information
and broadening of the signals. The strong central signal can
be attributed to an allowed AM = =1 transition. The signal
at lower field which is weak in nature can be attributed to
a forbidden AM = =2 transition. In contrast to C1 and
C2, which clearly decompose in solution to show the typical
six-line pattern for a mononuclear Mn" complex, the spec-
tra of C3 and C4 indicate that their polynuclearity is main-
tained in solution. The signals of C3 and C4 are thus also
broad and featureless in frozen solution. The intensity of
the forbidden transition (low field) is much weaker in solu-
tion than the solid-state measurements as would be ex-
pected for measurements in solution (Figure 7).

Epoxidation Experiments

For the first screening of our (hybrid guanidine)manga-
nese complexes we chose the epoxidation of the terminal
olefin l-octene as test reaction, because 1,2-epoxides are
versatile starting materials in a multitude of syntheses.l?”! 1-
Octene is a well-established test substrate for first investi-
gations of a new catalyst class and it has been studied by
several groups.>*+71 It represents a standard model system
and has a good analytical basis. In situ prepared mixtures
of the ligand and equimolar amounts of the manganese
source or the isolated complexes (1 mol-%) in CH;CN were
used as catalyst. Besides the standard manganese sources
manganese chloride and manganese acetate, we tested man-
ganese triflate because it has been successfully used by
others.[*®71 As oxygen source we utilized a milder peracetic
acid (PAAg, 8-9%) prepared with a strongly acidic resin
instead of H,SO,, like Stack et al. and other groups used
before.3-!

Initially we investigated the combination of DMEGqu
and Mn(CH;COO),"4H,O as catalyst. This system showed
promising catalytic activity (Table 3). After 5 min at 0 °C
the yield is already 40% whereas at room temperature the
yield was determined to 52% with a conversion of 70%.
This is consistent with a turn over number (TON: mol of
1-octene converted per mol of Mn) of 700 and a turn over
frequency (TOF stands for TON per second) of 2.23 s,
After 30 min at room temperature the yield amounts to
65% and the conversion is 89%. The TON at this condition
is 890 and the TOF value is 0.49 s!. The control experi-
ment without catalyst gave never yields higher than 5% un-
der the tested conditions (Figure 8). The use of the appro-
priate ratio of ligand to manganese source and the use of
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Table 3. Catalytic epoxidation® of 1-octene by (guanidine)manganese complexes with PAAg.

CH;CO;H / cat. 0
N N N e \/M
CH;CN
1-octene r.t.or 0 °C 1,2-epoxyoctane
0°C Room temperature
5 min 30 min 5 min 30 min
Yield Conv. TON TOF Yield Conv. TON TOF Yield Conv. TON TOF Yield Conv. TON TOF
[70] [70] s [%] (%] [s] (%] (%] s [%] (%] [s]
L1 40 57 570 190 54 75 750  0.42 52 70 700 233 65 89 890  0.49
L2 36 54 540 180 51 71 710 0.39 46 67 670 223 62 85 850  0.47

[a] Reaction conditions: 1 mL in situ prepared mixtures of the ligand and equimolar amounts of manganese acetate (5 mm), alkene
(0.5 mmol), 2 equiv. CH3;CO;H (dropwise addition). Yields and conversions were determined with GC analysis relative to tetradecane as

internal standard on basis of an average of at least three runs.

the isolated complex C1 leads to the same results like the
in situ formed 1:1 catalyst. The use of the isolated complex
C2 containing TMGqu as ligand does not lead to a signifi-
cant change of yield.

70
4
52 52 2
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o
2
>
[0}
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X
o
Q.
w
<5 5
] [N
5 min, r.t. 30 min, r.t.

[ Jwithoutcat. [Z7]c1 RN C3

Figure 8. Influence of the manganese source on the epoxidation of
l-octene. Reaction conditions: To a solution of the complex
(Sumol based on Mn) in 1mL of CH;CN and l-octene
(0.5 mmol), 2 equiv. CH;CO3H were added dropwise.

The next step was to study the influence of the manga-
nese source. Therefore the catalytic activity of C3 and C5
were determined. At room temperature no significant dif-
ferences could be observed. Only at 0 °C C5 showed in-
creasing yields (Figure 8). The use of the in situ formed
complexes leads to the same results. It is remarkable that
the solids of the complexes C1-C4 are very stable. The yel-
low and orange powders did not loose their catalytic ac-
tivity even after months on air. Further investigations were
focused on the temporal progress of the epoxidation with
the DMEGqu/Mn(CH;COO), system at 0 °C (Figure9).
After 2 min already 34 % yield of the epoxide were formed
and after 60 min the reaction is nearly finished (68 % yield).
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Figure 9. Yield of 1-epoxyoctane during the epoxidation with C3
in CH3;CN at 0 °C with 2 equiv. of PAAR.

In summary, the findings show that the manganese com-
plexes reported here exhibit a good epoxidation activity. It
has to be remarked that the activity is not affected by the
anionic component or by the nuclearity of the used (guan-
idine)manganese complexes which definitely changes in
case of C1 and C2 upon dissolution while C3 and C4 are
polynuclear in solution. The structural situation in the
epoxidation solution in the presence of peracetic acid
(which is supposed to coordinate to the manganese)l!! is
probably even more complicated. Due to the similarity in
catalytic activity, we propose that the active species for all
complexes presented here might be mononuclear (guan-
idine)manganese—peracetic acid adducts.

Comparing the presented epoxidation results with al-
ready reported results has to take into account that the ex-
perimental conditions strongly influence yield and conver-
sion. For this reason, a direct comparison is only possible
with the results reported by Stack et al. using peracetic acid
made on resin.*°l This group studied the epoxidation of 1-
octene with several amines as stabilising ligands. The re-
127
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ported yields of epoxyoctane after 5 min reaction time lie
in the range of 11 to 96% and the conversion between 11
and 99%. Our results show with 52% yield and 79% con-
version (C3) a good position in the upper middle range.
Taking into account their robustness and simple prepara-
tion, the presented epoxidation results open up a new li-
gand class for epoxidation chemistry.

Conclusions

In this contribution we report on the synthesis and com-
plete characterisation of the first (guanidine—quinoline)
manganese complexes with the hybrid guanidine ligands
DMEGqu and TMGqu. Depending on the manganese
source we observed different coordination motifs. The
structural analysis revealed that the chlorido complexes dis-
play a dinuclear Mn,(u-CI),Cl, motif whereas the acetato
complexes exhibit a trinuclear multi-acetato-bridged struc-
ture. The dinuclear triflato complex has a unique Mn,(p-
CF3S03),(CF5S03), bridging unit. These complexes enrich
the small series of reported (guanidine)manganese com-
plexes by new polynuclear examples. EPR measurements
gave an insight in the behaviour upon dissolution in polar
aprotic solvents. The chlorido complexes C1 and C2 disso-
ciate into mononuclear species whereas the acetato com-
plexes maintain a polynuclear structure. Remarkably, these
complexes all show catalytic activity in the epoxidation of
the terminal alkene 1-octene. Screening of the variation of
manganese components and guanidine units within the cat-
alysts has proven that the catalytic activity is for all tested
systems comparably high. Comparison of in-situ-prepared
and isolated compounds shows the same activity for both.
The acetato and chlorido complexes are very stable at air

Table 4. Crystallographic details for compound C1-CS5.

and can be stored long time without losing their catalytic
activity. This makes the systems easily applicable under in-
dustrial conditions.

Experimental Section

Materials and Methods: The preparation of the ligands and com-
plexes were performed under nitrogen dried with P,O,, granulate
using Schlenk techniques or in a glove box. Solvents were purified
according to literature procedures and kept under nitrogen.
MnCl,-4H,0, Mn(CH;COO),-4H,0, 1-octene and tetradecane
were used without further purification. Mn(CF;SO5),H,0,?% N-
(1,3-dimethylimidazolin-2-ylidene)quinolin-8-amine ~ (DMEGqu,
L1),14 1,1,3,3-tetramethyl-2-(quinolin-8-yl)guanidine (TMGqu,
L2)U' and PAARP*?! were prepared according to literature pro-
cedures.

Instrumentation: IR spectra were recorded on a Nicolet P510 FT-
IR using KBr pellets as matrix. EI mass spectra were performed
with a Finnigan MAT9S spectrometer (70 eV). Elemental analyses
were measured with an Elementar vario MICRO Cube analyzer
and fluorine-containing compounds with an analyzer CHNS-932
from Leco. GC analysis was performed by using a Agilent 6§890N
gas chromatograph with FID detector. EPR spectra were taken on
a Bruker ESP 300 Instrument (C1, C2) and a Bruker system EMX
(C3, C4). The fluid solution samples (DMF dried with molecular
sieves) were degassed by 3-4 freeze-thaw cycles on a vacuum line.
For the EPR spectra at 77 K, the samples were placed into a Dewar
finger filled with liquid nitrogen and placed inside the cavity of the
EPR spectrometer.

Crystal Structure Analyses: Crystal data for compounds C1-C5 are
presented in Table 4. X-ray diffraction data were collected with a
Bruker-AXS SMART APEX CCD, using Mo-K,, radiation (4 =
0.71073 A) and a graphite monochromator. Data reduction and ab-
sorption correction was performed with SAINT and SADABS.[2%
The structures were solved by direct and conventional Fourier

C1 C2 C3 C4 C5
Empirical formula C23H32CI4Mn2Ng C28H36C14Mn2N8 C40H50MH3N8012 C40H54MH3N8012 C32H36F12Mn2N8014S4
Molecular mass 732.30 736.32 999.70 1003.73 1222.81
Crystal size [mm] 0.40x0.37%x0.32 0.43X0.40xX0.29 0.43X%X0.40%x0.38 0.37x0.32x0.25 0.48%0.47%x0.39
Crystal system monoclinic monoclinic monoclinic triclinic triclinic
Space group P2,/c P2/n P2,/c P1 P1
a[A] 12.2144(19) 9.1542(11) 10.5453(15) 9.8166(18) 10.4733(16)
b[A] 9.7785(15) 10.5521(12) 11.3913(16) 10.6824(19) 11.3259(17)
c[A] 13.485(2) 17.536(2) 18.528(2) 11.280(2) 11.3655(18)
a[°] 90 90 90 71.170(3) 106.756(3)
B 91.086(3) 103.987(3) 101.503(3) 82.950(4) 103.870(3)
v [°] 90 90 90 85.028(4) 106.418(3)
V [A3] 1610.4(4) 1643.7(3) 2180.9(5) 1109.7(3) 1160.1(3)
Z 2 2 2 1 1
Dgieq. [g/em?] 1.510 1.488 1.522 1.502 1.750
u(Mo-K,) [mm 1] 1.149 1.126 0.926 0.910 0.844
Temperature [K] 243(2) 120(2) 120(2) 120(2) 120(2)
Data coll. range O [°] 1.67-27.88 2.27-27.88 1.97-27.88 1.92-26.37 2.00-26.37
hk,l -15/16,=12,%17 *12,+13,%23 *13,+14,+24 —12/11,=13,*x14 +13,-14/9,-11/14
Reflections measured 13820 14215 18718 7532 6700
Unique data 3829 3913 5199 4463 4539
Parameters 192 194 291 293 335
R1 [I=20(1)] 0.0315 0.0304 0.0328 0.0465 0.0295
wR2 (all data) 0.0890 0.0756 0.0860 0.1164 0.0829
min./max. AF [e/A3] -0.323/0.534 -0.277/0.477 -0.232/0.338 —0.633/0.543 -0.378/0.355
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methods and all non-hydrogen atoms refined anisotropically with
full-matrix least-squares based on F? (SHELXTLP"). H-atom posi-
tions were clearly derived from difference Fourier maps, then in-
cluded in the refinement at ideal positions based on the riding
model. Due to phase transition at about 235 K data for C1 were
collected at 243(2) K.

CCDC-742745 (for C1), -742746 (for C2), -742747 (for C3),
-742748 (for C4) and -742749 (for C5) contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Preparation of Compounds

[Mny(DMEGqu),(p-Cl),Cl,] (C1): To a solution of DMEGqu
(0.120 g, 0.5mmol) in 3mL of absol. CH;CN, MnCl,-4H,O
(0.099 g, 0.5 mmol) with 2 mL of CH3CN was added whilst stir-
ring. A yellow solid was observed; yield 82% (0.15 g). Orange red
crystals suitable for X-ray diffraction could be obtained by crystal-
lisation from hot CH3CN. IR (KBr): ¥ = 3055 vw [V(CH)arom.]s
3003 yw [V(CH)urom ], 2947 w [V(CH)uiipn ], 2885 w [V(CH)yjiph ],
2796 yw [V(CH)yiipn ], 2360 vw, 1601 m [v(C=N)], 1562 vs. [v(C=N)],
1540 s [v(C=N)], 1502 vs, 1479 m, 1466 s, 1416 m, 1389 s, 1323 w,
1288 m, 1236 m, 1207 vw, 1103 w, 1026 m, 978 w, 906 vw, 831 w,
816 m, 804 w, 785 m, 758 w, 688 w, 640 w, 579 w, 532 vyw cm . EI-
MS [mlz, (%)]: 241 (24) [DMEGqu™* + H], 240 (100) [DMEGqu™],
239 (76), 225 (5) [DMEGqu*-CH3], 184 (10) [MnNCoH4* + H],
183 (14) [MnNCoHg*], 182 (7),169 (12), 157 (8), 156 (7), 155 (41),
154 (6), 144 (7), 143 (11) [N,CoHg" + H], 142 (13) [N,CoH '], 129
(22) [NCoHg* + H], 128 (12) [NCoHg*], 127 (5), 120 (6), 101 (6), 98
(50) [CN,(CHj3),(CH»),*], 69 (5), 42 (8). C53H3,Cl,Mn,Ng (732.30):
caled. C 45.92, H 4.41, N 15.30; found C 46.03, H 4.42, N 15.26.

[Mny(TMGqu),(p-Cl),Cl,] (C2): To a solution of TMGqu (0.121 g,
0.5mmol) in 3mL of absol. CH;CN MnCl,4H,O (0.099 g,
0.5 mmol) with 2mL of CH;CN was added whilst stirring. An
orange solid was observed; yield 87% (0.16 g). Red crystals suitable
for X-ray diffraction was obtained by crystallisation from hot
CH;CN. IR (KBr): ¥ = 3045 yw [V(CH)r0m.], 3006 vw [V(CH)4rom ]
2949 w [V(CH)atiph ], 2927 w [V(CH) aiph ], 2892 vw [V(CH)4jipn. ], 2866
v [V(CH)giipn ], 2796 vw [V(CH),jipn ], 1568 s [V(C=N)], 1518 vs.
[V(C=N)], 1500 vs. [v(C=N)], 1466 vs, 1410 m, 1398 vs, 1384 m,
1378 m, 1324 s, 1269 w, 1236 m, 1159 m, 1097 w, 1077 w, 1020 m,
920 vw, 897 vw, 837 m, 827 m, 806 w, 793 m, 769 m, 752 w, 700 m,
654 vw, 627 w, 588 w, 540 w cm!. EI-MS [m/z (%)]: 367 (5)
[(M/2)*: C14HgN4ClbMn], 332 (6) [(M/2)" — Cl,], 243 (15)
[TMGqu* + H], 242 (100) [TMGqu*], 227 (6) [TMGqu*-CH3], 199
(15), 198 (79), 184 (31), 183 (15), 182 (16), 172 (7), 171 (41), 169
(8), 157 (33), 156 (24), 155 (80), 143 (15) [N,CoH¢" + H], 142 (15)
[N,CoHg*], 129 (23) [NCoHe" + H], 128 (13) [NCoHg*], 116 (5),
100 (29) [C(N(CHz),),>*], 85 (5), 44 (8), 42 (6). Co3H3Cl;Mn,Ng
(736.33): caled. C 45.67, H 4.93, N 15.22; found C 45.68, H 4.88,
N 15.19.

[Mn3(DMEGqu),(n-CH3COO)¢] (C3): To a solution of DMEGqu
(0.120 g, 0.5 mmol) in 3 mL of absol. CH;CN Mn(CH;COO),*
4H,0 (0.123 g, 0.5 mmol) with 2 mL of CH3CN was added whilst
stirring. A yellow solid was observed; yield 72% (0.12 g). Amber
crystals suitable for X-ray diffraction was obtained by gas phase
diffusion of diethyl ether. IR (KBr): ¥ = 3055 vw [V(CH)4;0m.], 2970
v [V(CH)aiph ], 2924 w [V(CH),jipn ], 2873 vw [V(CH)jipn. ], 1599 vs.
[V(C=N)], 1572 vs. [V(C=N)], 1500 12, 1483 m, 1464 m, 1417 s, 1388
s, 1321 m, 1286 w, 1236 w, 1101 w, 1028 m, 976 vw, 928 vw, 812 w,
781 w, 750 vw, 689 w, 650 w, 613 w, 534 yw cm™!. EI-MS [m/z (%)]:
241 (42) [DMEGqu* + H], 240 (100) [DMEGqu*], 239 (86), 225
(11) [DMEGqu*-CHs], 211 (7), 197 (5), 196 (7), 184 (9)
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[MnNGC,Hg* + HJ, 183 (16) [MnNC,Hg*], 182 (7). 169 (12), 168
(5), 167 (9), 157 (9), 156 (7), 155 (37), 154 (7), 144 (6), 143 (11)
[N,CoHg* + HJ, 142 (14) [N,CoHg*], 129 (21) [NCoH¢* + H], 128
(12) [NCoHg*], 127 (5), 120 (7), 101 (6), 98 (49) [CNs(CHs),-
(CH.),"]. CaoHsoMn;NgO;, (999.69): caled. C 48.05, H 5.00, N
11.21; found C 47.65, H 4.97, N 11.26.

[Mn3(TMGqu),(p-CH3COO)¢] (C4): To a solution of TMGqu
(0.121 g, 0.5 mmol) in 3 mL of absol. CH;CN Mn(CH;COO),
4H,0 (0.123 g, 0.5 mmol) with 2 mL of CH3CN was added whilst
stirring. A yellow solid precipitated; yield 60% (0.10 g). Yellow
crystals suitable for X-ray diffraction could be obtained by gas
phase diffusion of diethyl ether. IR (KBr): ¥ = 3049 ww
[V(CH)arom ], 3003 vw [V(CH)arom ], 2929 w [V(CH)aipn], 2897 vw
[V(CH)aiiph ], 2866 vw [V(CH)yuiipn ], 2794 vw [V(CH)yiipy ], 1597 vs.
[V(C=N)], 1570 s [v(C=N)], 1543 m, 1520 s, 1498 m, 1437 m, 1415
vs, 1385 s, 1336 m, 1275 vw, 1234 w, 1159 m, 1099 w, 1061 w, 1018
m, 939 vw, 831 w, 810 w, 786 m, 742 w, 698 w, 675 w, 654 w, 617 vw,
542 vw em™!. EI-MS [m/z (%)]: 243 (18) [TMGqu™* + H], 242 (100)
[TMGqu*], 227 (7) [TMGqu*-CH;], 199 (16), 198 (66), 184 (31),
183 (17), 182 (15), 172 (7), 171 (36), 169 (9), 157 (29), 156 (22), 155
(64), 143 (13) [N,CoH¢" + H], 142 (13) [N,CoHg*], 129 (19)
[NCoH¢" + H], 128 (11) [NCoHg*], 101 (5), 100 (16) [C(N-
(CH3),),*], 58 (11), 44 (19), 43 (51), 42 (7). C4oHs4,Mn3NgO,
(1003.72): calcd. C 47.86, H 5.42, N 11.16; found C 47.38, H 5.31,
N 11.19.

[Mn,(DMEGqu),(p-CF5S03),(CF3S03),(H,0),] (C5): To a solu-
tion of DMEGqu (0.120 g, 0.5 mmol) in 2 mL of absol. CH;CN,
Mn(CF3S03),H,0 (0.149 g, 0.5 mmol) in 2 mL of CH;CN was
added whilst stirring with 3 mL of CH3CN. Yellow crystals suitable
for X-ray diffraction could be obtained by crystallisation from a
saturated CH3;CN solution. IR (KBr): ¥ = 2935 w, [v(C-H)], 2889
m [V(C-H)], 1599 s [v(C=N)], 1572 [V(C=N)], s, 1545 s, 1504 s, 1481
m, 1462 m, 1417 m, 1394 s, 1323 m, 1296 vs, 1261 vs, 1232 vs, 1188
s, 1176 s, 1103 m, 1029 vs, 978 w, 906 w, 833 m, 818 m, 804 m, 785
m, 762 m, 694 w, 642 s, 629 s, 580 m, 519 m cm™!. EI-MS [m/z (%)]:
445 (7), 444 (35) [DMEGquMnCF;S0;™], 314 (12), 294 (7), 241
(29) [DMEGqu + H'], 240 (100) [DMEGqu*], 239 (60), 225 (7)
[DMEGqu*-CHj;], 197 (5), 196 (5), 184 (6) [MnNCyH¢* + H], 183
(10) [MnNCoHg¢*], 182 (5), 169 (7), 167 (9), 157 (8), 156 (5), 155
(21), 144 (36), 143 (9) [N,CoHg" + H], 142 (9) [N,CoHg*], 129 (13)
[NCoH¢* + HJ, 128 (5) [NCoHg*], 120 (8), 117 (11), 116 (5), 98 (57)
[CNy(CH;3)5(CH,),', 69 (5), 59 (5). CiHiF1aMnoNgO 48,
(1222.79): caled. C 31.43, H 2.97, N 9.16; found C 31.0, H 3.0, N
9.0.

General Procedure for the Epoxidation of 1-Octene: 1 mL of the in-
situ-formed complex (0.5 mMm in CH3CN) or 5 umol of the isolated
complex (based on Mn) in 1 mL of CH;CN, 80 uL l-octene
(0.5 mol) and 50 pL tetradecane (internal standard) were mixed in
a Schlenk tube at reaction temperature. Peracetic acid (8-9%,
1 mmol) was added dropwise over 90s. After stirring for 5 or
30 min, the mixture was diluted with Et,O, filtered through a basic
alumina plug and prepared for GC analysis. The epoxide product
was identified by comparison of the GC retention time of an au-
thentic sample. GC conditions: 60 °C (3 min), 15 °C/min to 180 °C
(2 min) on DB-5 column; 1-octene: R, = 2.876 min, 1,2-epoxyoc-
tane: R, = 6.119 min, tetradecane: R, = 10.368 min.
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