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A new (salen)Mn'" chloro complex (7) has been prepared and characterized by elemental
analysis, IR spectroscopy, FAB mass spectrometry, and X-ray crystallography. Single crystal
X-ray structure analysis revealed that 7 crystallizes in the orthorhombic space group P2,2,2
with a=17.1585(4), b=18.2591(6), c=13.0476(3) A, 1V=4087.80(19) A>, and eight molecules
in the unit cell. In contrast to the literature catalysts 1 and 2, the heteroalkyl substituents near
to the chiral centers in the diimine moiety of 7 are axial, leading to the inversion of
enantioselection of former epoxidation catalysts 3. In addition, the application of different
DFT methods (UB3LYP/LANL2DZp, UBP86/LACVP*) showed that a possible Mn - - - OMe
interaction, found in the solid state for 7A, of the axial CH,OMe substituent in the ligand
backbone is very weak and, therefore, the inversed enantioselectivity compared to literature
catalysts originates from the axial heteroalkyl backbone substituents.

Keywords: (Salen)manganese(I1I) complex; N,O ligand; Conformation analysis; X-ray diffrac-
tion; Density functional calculations

1. Introduction

The need for efficient transformations of simple compounds into more useful,
functionalized organic products has driven research toward a variety of catalytic
concepts, for example, pure organo- [1] and metal-mediated asymmetric catalysis [2] in
homo- [3] or heterogeneous phases [4] and with different solvent concepts [5]. For
metal-mediated catalysis, a frequently employed and important metal is manganese for
man-made [6] or in-vivo catalytic systems [7]. In addition to our research on manganese-
based supramolecular assemblies for the construction of single-molecule magnets [8], we
prepared and investigated, in the course of our catalysis studies [9], a series of
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Scheme 1. Influence of the catalysts 1 or 2 vs. 3 on the stereochemistry of the asymmetric epoxidation of
unfunctionalized olefins 4 to yield epoxides 5 and ent-5.

(salen)Mn"" complexes 3 (R = H, Me, Bn, -CH,-2-naphthalene, trityl) [9a,b] analogous
to well-known catalysts 1 and 2 studied by Katsuki [10] and Jacobsen [11] for
asymmetric epoxidation of unfunctionalized olefins [12] (scheme 1), which still remains
an active field of research [13]. Compared to the obtained stereochemistry of epoxides 5
reported with catalysts 1 and 2, stereochemically identical 3 afforded emt-5 with
opposite configuration (ee up to 69%) from (Z)-alkenes 4 such as chromenes,
1,2-dihydronaphthalene, and indene.

The origin of the inverse enantioselection caused by the L-tartaric acid-derived [14]
catalysts 3 is likely based on the possible axial position [15] of the acyclic heteroalkyl
substituents [16] in the diimine backbone. This surprising observation was reinvesti-
gated and confirmed by an independent study on the asymmetric epoxidation of indene,
catalyzed by 3 (R=H, Bn) [16g]. However, the arguments for the inversion of
enantioselectivity remain rather speculative. Therefore, we studied diamagnetic
(salen)Ni"" complexes, analogous to 3, as catalytic active model systems [9d] by
quantum-chemical calculations, '"H NMR spectroscopy, and single-crystal X-ray
structure analysis. As expected the (salen)Ni"' complexes revealed axial conformation
of the acyclic heteroalkyl substituents in the diimine backbone and an almost perfect
square-planar environment at the nickel centers.

2. Experimental

2.1. General techniques

Unless stated otherwise, all manipulations were carried out under dry dinitrogen and
the solvents used were purified and dried according to standard procedures. All
reagents employed (high-grade purity materials) were commercially available and used
as supplied (Fluka, Aldrich, and Acros Organics). Melting points were determined on a
WAGNER-MUNZ apparatus and are not corrected. IR spectra were recorded from
CHBr;, triturations (NaCl pellets) with a Bruker IFS 25 spectrometer. FAB-MS spectra
were recorded on a Jeol JIMS-700 spectrometer with xenon as the bombarding gas and
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m-NBA as matrix. Elemental analyses were performed on a Carlo Erba EA1110 CHN
instrument and on a HERAEUS CHN-Mikroautomat.

2.2. Synthesis of (2S,3S)-1,4-dimethoxy-2,3-bis[ (salicylidene ) amino [butane (6)

For the experimental data of 6, see ref. [9d].

2.3. (28,3S)-[N,N-Bis(salicylidene)-1,4-dimethoxy-2,3-diaminobutane |
manganese(II1) chloride (7)

A two-neck round-bottom flask equipped with a reflux condenser and a septum was
charged with salen (0.178 mg, 0.5 mmol) and EtOH (27.5mL). After heating to reflux, a
solution of Mn(OAc),-4H>0 (245 mg, 1.0 mmol) in distilled water (2.5mL) was added
via syringe. The resulting brown solution was further refluxed for 60 min. Then still at
boiling, air was bubbled into the solution for 15 min. Brine (1.5 mL) was added and the
brown reaction mixture was refluxed for additional 30 min. After cooling to room
temperature and standing without stirring overnight, the formed brown solid was
filtered and washed with cold MeOH. Drying under vacuum and recrystallization from
chloroform by vapor diffusion of n-pentane afforded the (salen)Mn"" chloro complex 7
as deep brown crystals, suitable for X-ray analysis. Yield: 180 mg (81%); m.p. >270°C
(decomp.); IR: v=2960, 2905, 2868, 1616, 1598, 1553, 1532, 1475, 1460, 1428, 1412,
1390, 1361, 1307, 1270, 1252, 1199, 1032, 971, 875, 840, 812, 781, 759cm™'; MS: m/z
(%)=444 (11) [M]*, 409 (100) [M—CI]"; elemental analysis Caled for
C0H2,CIMnN,O4 (444.79) (%): C, 54.01; H, 4.99; N, 6.30; Found (%): C, 53.98;
H, 5.03; N, 6.34.

2.4. Single crystal X-ray structure analyses

Details of crystal data, data collection, and refinement are given in table 1. X-ray data
for 7 were collected on a Nonius KappaCCD area detector, with Mo-Ka radiation
(A=0.71073 A). The structures were solved by direct methods with SHELXS-97 and
refined with full-matrix least-squares against F* with the SHELXL-97 program system
[17]. Lorentz, polarization, and absorption corrections were applied [18]. All non-
hydrogen atoms were refined anisotropically. The positions of the hydrogens were fixed
in ideal positions (riding model) and were included without refinement and with fixed
isotropic U. The independent molecule 7A showed disorder on one OCH; moiety
(04/04a and C6/C6a) with a refined occupation of the two preferred orientations of
49% and 51%.

2.5. Computational details

All structures were fully optimized using the B3LYP hybrid density functional [20] and
the LANL2DZ basis set augmented with polarization functions (further denoted as
LANL2DZp) [21-24]. All structures were characterized as minima by the computation
of vibrational frequencies and the stability of the wave function was tested. The
influence of bulk solvent was probed by single-point calculations employing the CPCM
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Table 1. Crystal data, data collection, and structure refinement details for
X-ray structure determination of 7.

Empirical formula C5oH»,CIMnN,>Oy4

Formula weight (gmol™") 444.79

Temperature (K) 173(2)

Crystal size (mm?) 0.20 x 0.20 x 0.10

Crystal system Orthorhombic

Space group . P2,2:2

Unit cell dimensions (A, °)

a 17.1585(4)

b 18.2591(6)

¢ R 13.0476(3)

Volume (A%), Z 4087.8(2), 8

Pcaica (Mgm ™) 1.445

Absorption coefficient (mm ™) 0.805

F(000) 1840

6 range (°) 2.26-25.04

Index ranges —20<h<20; -21 <k<2l;
—15<k<15

Reflections collected 7200

Independent reflections 7200

Reflections observed [I>20([)] 6452

Max. and min. transmission 0.9239/0.8557

Data/restraints/parameters 7200/2/512

Goodness-of-fit on F? 1.080

Flack parameter® 0.00(2)

Final R [/>20(1)] 0.0486

wR, (all data) i 0.1331

Largest residuals (e A™>) 0.813/—0.398

“Reference [19].

formalism [25] with water as solvent, i.e., BALYP(CPCM:H,0)/LANL2DZp//B3LYP/
LANL2DZp. The Gaussian 03 suite of programs was used [26]. Additional structure
optimizations were carried out with Jaguar 6.5 [27] applying the pure density
functional BP86 [28] together with the LACVP* basis set [22,29] for structure
calculations in the gas phase [30] and optimization including the water model
[BP86(H,O)/LACVP*] [31] as implemented in Jaguar 6.5. All energy values were
evaluated by MP2(fc) calculations [32].

3. Results and discussion

3.1. Synthesis

Compared to our (salen)Ni"" model systems, the Mn"" in salen complexes prefer higher

coordination numbers than four and exhibit in case of a distorted octahedral
coordination environment a Jahn-Teller (JT) axial elongation [33]. Being aware that
these facts could have influence on the position (axial vs. equatorial) of the acyclic
heteroalkyl substituents in the diimine, we decided to further investigate our
(salen)Mn"" chloro system 3. Since it was not possible to grow single crystals of 3,
we chose the simple (salen)Mn"" chloro complex 7 as the model complex. For that
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Scheme 2. Synthesis of (salen)Mn" chloro complex 7 from C,-symmetric salen ligand 6.
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Figure 1. Molecular structures of the independent molecules 7A (top) and 7B (bottom) highlighting the axial
positions and different orientation of the CH,OMe groups as well as the slightly distorted square pyramidal
coordination spheres at Mn'"". Left: view along the HC-CH bond of the diimine moiety; for 7A a weak
intramolecular Mn'"- .- OMe contact (duy...ome = 3.24 A) is observed. Right: front view from the O,N,Cl
coordinated Mn'"" centers toward the chiral centers in the ligand backbone [POVRAY presentations;
hydrogens and disorder omitted for clarity; Mn'™ gold, CI green, O red, N blue, C gray (color online)].

purpose, salen ligand 6, generated from a C,-symmetric L-tartaric acid-derived vicinal
diamine [14¢], was treated with manganese(Il) acetate tetrahydrate (scheme 2). The
formed Mn'" intermediate was oxidized by bubbling air through the ethanolic solution
and after anion exchange by the addition of brine the (salen)Mn'"" chloro complex 7
could be isolated as a brown microcrystalline solid [9a].

3.2. Single-crystal X-ray structure analysis

Suitable crystals for an X-ray structural analysis were obtained from chloroform
solutions of 7 by vapor diffusion of n-pentane. The (salen)Mn'" chloro complex 7
crystallizes in the orthorhombic space group P2,2,2 [34, 35], and the unit cell consists of
two independent molecules 7A and 7B which exhibit small differences in bond lengths
and angles as well as disorder of an OMe group (figure 1, table 2). In the solid state a
slightly distorted square pyramidal coordination environment (O,/N,/Cl ligation) was
found for the manganese in 7 (figure 1). Furthermore, both CH,OMe substituents in the
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Table 2. Key structural data for two independent molecules 7A and 7B found in the unit cell.

Bond lengths (/DX) Independent molecule 7A Independent molecule 7B
and angles (°)* with Mn'"'. .. OMe contact® without Mn"". .. OMe contact®
Mn(1)-0(2) 1.868(3) 1.855(3)
Mn(1)-O(1) 1.883(3) 1.889(3)
Mn(1)-N(2) 1.975(3) 1.983(4)
Mn(1)-N(1) 1.986(4) 1.967(3)
Mn(1)-O(4) 3.2430¢ 4.7722(1)
Mn(1)-O(3) 4.8349(1) 4.8219(1)
Mn(1)-CI(1) 2.3872(14) 2.3554(16)
/0(2)-Mn(1)-O(1) 91.59(15) 90.56(14)
/N(2)-Mn(1)-N(1) 81.62(15) 81.43(15)
®H(2)-C(2)-C(3)-H(3) —82.67 —81.87
DN(1)-C(2)-C(3)-N(2) 41.61 40.21

“The identical numbering of the heavy atoms in the X-ray data of the two independent molecules 7A and 7B
is differentiated by an addition of prime symbol (') and is omitted in this listing.

°Figure 1 top.

‘Figure 1 bottom. .

9 Mn(1)-O(4A), the other disordered OMe group showed a distance dnin(y-o@ =4.1966(1) A.

diimine ligand backbone are axial, causing the inversed enantioselection of complexes 3
[36] compared to 1 and 2. For the independent molecules 7A present in the unit cell a
weak intramolecular Mn'"...OMe coordination of one ether arm was identified
(dmn...ome=3.24 A), which is even shorter than those in the Ni''... OMe case [9d, 14a]
(intermolecular dy;...ome=3.55A, leading to the formation of enantiomerically pure
helical 1-D coordination polymers in the solid state and on highly oriented pyrolytic
graphite). Despite the presence of phenyl rings in the salen ligand of 7, no =
interaction could be detected in the packing of the molecules in the crystal.

3.3. Quantum-chemical calculations

Motivated by the crystallographically observed weak intramolecular Mn'"...OMe
contact, we became interested if the ether oxygen can strongly interact with the
manganese and therewith influence the catalytic epoxidation reaction. An appropriate
tool, widely used for the investigation of (salen) transition metal complexes is the
application of quantum chemistry, especially density functional theory [36, 37].
Comparisons of the computed structures show, within the accuracy of the calculations,
that independent from the method and even if solvent effects have been included or
not, the structural data of the (salen)Mn'" moiety are nearly identical (table 3, figures 2
and 3).

Neither the Mn --- OMe distances in the gas phase calculations of 3.40 A (UBP86/
LACVP#) and 3.49A (UB3LYP/LANL2DZp) nor the significantly shorter distance of
the calculation including a solvent model (dmy...ome= 3.17,&) (UBP86(H»0)/
LACVP¥*) suggests a strong Mn - - - OMe interaction for the rotamer (figures 2 and 3,
respectively), where the oxygen is oriented toward the Mn'". While the calculation
within the solvent model shortens the distance between the manganese and the ether
oxygen compared to the gas phase calculation, it elongates the Mn—Cl distance. In the
rotamer with the ether moiety facing away from the manganese center the Mn--- OMe
distance is shortened by 0.06 to 4.78 A (UBP86/LACVP* vs. UBP86(H,O)/LACVP*),
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Table 3. Key structure features of the calculated rotamers considering different quantum-chemical
approaches.

UB3LYP,  UB3LYP/ UBPS6/ UBP86/ UBP86(H,0)/ UBP86(H-0)/

i LANL2DZp LANL2DZp LACVP* LACVP* LACVP* LACVP*
Bond lengths (A) with without with without with without
and angles (°) contact contact contact contact contact contact
Mn-O 1.88/1.90 1.88/1.91 1.88/1.89  1.87/1.89 1.88/1.88 1.88/1.88
M-N 2.02/2.00 2.03/2.00 2.00/1.99  2.00/2.00 1.98/1.98 1.98/1.99
Mn---OMe 3.49 4.85 3.40 4.84 3.17 4.78
Mn—Cl 2.37 2.35 2.39 2.38 2.49 2.48
/0O-Mn-O 92.0 92.1 91.5 91.2 92.6 92.7
/N-Mn-N 81.1 80.6 81.5 81.0 82.5 81.9
® H-CR-CR-H —83.9 -79.2 —83.8 —81.2 —80.9 —80.2
® N-CR-CR-N 37.4 41.1 37.8 39.7 40.1 40.8

Figure 2. Calculated (UB3LYP/LANL2DZp) structures without consideration of solvent -effects
[MOLECULE presentations; Mn'" gray, CI green, O red, N blue, C black, and H white (color online)].

too, but not so pronounced as in the rotamer with the weak Mn---OMe contact.
Comparing the structural data from the solid state with the quantum-chemical
calculations no huge differences can be observed, but the UBP86(H,O)/LACVP*-
calculations fit best in this case (tables 2 and 3).

The finding of a very weak OMe ether contact to the Mn center is further
supported by the energy gap of the rotamers (table 4). Note that the observed energy
gaps are close to the limit of the applied quantum-chemical methods.

111
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Figure 3. Calculated (UBP86(H,O)/LACVP*) structures with consideration of solvent effects [molecule
presentations; Mn'" gray, CI green, O red, N blue, C black, and H white (color online)].

Table 4. Calculated relative stabilities of the rotamers considering different quantum-chemical approaches.

With Without
contact contact
Quantum-chemical approach (kcalmol™")  (kcalmol™")
UB3LYP/LANL2DZp//UB3LYP/LANL2DZp + ZPE(UB3LYP/LANL2DZp) 0.0 —1.0
UMP2(fc)/LANL2DZp//UB3LYP/LANL2DZp + ZPE(UB3LYP/LANL2DZp) 0.0 +0.2
UB3LYP(CPCM:H,0)/LANL2DZp//UB3LYP/ 0.0 —0.2
LANL2DZp + ZPE(UB3LYP/LANL2DZp)
UBP86/LACVP*//UBP86/LACVP* + ZPE(UB3LYP/LANL2DZp) 0.0 —0.6
UMP2(fc)/LACVP*//UBP86/LACVP* + ZPE(UB3LYP/LANL2DZp) 0.0 +1.0
UBP86(H,0)/LACVP*//UBP86(H,0)/LACVP* + ZPE(UB3LYP/LANL2DZp) 0.0 +0.3
UMP2(fc)/LACVP*//UBP86(H,0)/LACVP* + ZPE(UB3LYP/LANL2DZp) 0.0 +2.3

Independent from the selected quantum-chemical method, there is no clear and
significant preference for one of the investigated rotamers. Energetically both rotamers
seem to be essentially equal. As neither strong Mn - - - OMe coordination nor some steric
hindrances are included in the molecule, one can expect basically free rotation of the
ether moiety.

The interaction of the ether oxygen to the Mn' center seems to be too weak to
influence the catalysis pathway. Despite the fact that these findings are based on the
catalyst precursor and not on the catalytic active species or even the transition state

111
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[12b, 38], we attribute the inversion of the enantioselection to the axial conformation of
the acyclic heteroalkyl substituents in the ligand backbone of 3 and 7 as suggested
previously [9d,36].

4. Conclusion

The (salen)Mn"" chloro complex 7, a model for our previously investigated catalysts 3,
was studied by single-crystal X-ray structure analysis and quantum-chemical calcula-
tions. All investigations established an axial position of the CH,—OMe ether substituent
in the diimine. The origin for the reversed enantioselection caused by 3 (compared
to Katsuki’s or Jacobsen’s catalysts 1 and 2) is basically due to the axial positions
of the acyclic heteroalkyl substituent in the ligand backbone, as possible
Mn - - - OMe interactions, deduced from quantum-chemical calculations, turned out to
be very weak.
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