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Crystal structure of a chiral nitrido-manganese salen complex. The nitrogen
analogue to the intermediate in the Jacobsen epoxidation reaction
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A chiral nitrido-manganese salen complex has been syn-
thesised and characterised by X-ray diffraction; the geomet-
rical and electronic structure of the complex are discussed in
relation to the intermediate in asymmetric reactions.

The transfer of an oxygen atom(s) from high-valent oxo-metal
complexes to alkenes in an enantioselective manner has been
developed to be highly successful using asymmetric catalysis.1
For the epoxidation of alkenes the use of chiral manganese salen
complexes as the catalyst is among the most useful and widely
applicable as it has proven effective for a variety of different
alkenes.1a,2

The intermediate in reactions using chiral manganese(III)
salen complexes as the catalyst has been postulated to be an
oxo-manganese(V) salen complex.1a,3 There are a number of
indirect proofs for the oxo-manganese(V) salen intermediate,
and recently direct proof by application of electrospray tandem
MS appeared.4 A further aspect of reactions catalyzed by chiral
manganese salen complexes, which also relates to the inter-
mediate in the reaction, is the mechanism for the oxygen
transfer process. The majority of the experimental results for the
epoxidation reaction point to a mechanism starting with
addition of the alkene to the oxygen atom in the oxo-manganese
salen intermediate and the epoxide is formed by collapse
involving a rotation of the carbon–carbon bond.1a,5 An
alternative mechanism is based on the concept of metal-
laoxetanes as intermediates in oxygen-transfer reactions6 and
assumes that the alkene adds to the oxo–manganese bond in a [2
+ 2] fashion followed by collapse giving the epoxide.7

Although much attention has been devoted to the inter-
mediate in reactions catalyzed by chiral manganese(III) salen
complexes no direct structural evidence for the intermediate is
available. One way to obtain structural information about the
intermediate could be to turn attention to the corresponding
nitrogen analogue of the chiral oxo-manganese(V) salen com-
plex as the structural difference between an ONMnV and a
N·MnV bond is small (vide infra). Here we present the
preparation, characterisation and electronic structure analysis of
the nitrogen analogue to the intermediate in the Jacobsen
epoxidation reaction.

The dark brown chiral manganese(III) salen complex 1 reacts
with NH3 in CH2Cl2 at 250 °C using NBS as the oxidant to
yield a deep green complex 2 isolated in 89% yield [reaction
(1)].8‡

1H NMR spectroscopic investigations of 2 give the following
resonances in CDCl3: dH 1.47 (s, 9H), 1.50 (s, 9H), 2.14 (s, 3H),
2.15 (s, 3H), 4.70 (d, J 11 Hz, 1H), 5.14 (d, J 11 Hz, 1H), 6.57
(s, 2H), 7.09–7.37 (m, 14 H), 7.55 (s, 1H), 7.62 (s, 1H). The 1H
NMR data show that the But, Me, CHNN and CH(Ph)CH(Ph)

hydrogen atoms are non-equivalent. The 13C NMR spectrum for
2 shows the following resonances: dC 20.4, 29.7, 35.6, 81.2,
81.4, 119.4, 120.5, 124.0, 128.8, 129.1, 129.4, 129.5, 131.3,
131.7, 134.7, 134.9, 135.6, 137.9, 141.1, 166.0, 166.2, 167.3,
167.5. These data for 2 show also the non-equivalence of
several signals, most notably the signal for the chiral carbon and
imine carbon atoms. The IR spectrum for 2 shows a N·Mn
stretch at 1049 cm21. Recrystallisation of the green complex
gave crystals from MeOH (mp 206–208 °C) which were useable
for X-ray analysis.

The structure of 2 is depicted in Fig. 1§ and shows the
presence of the N·Mn bond. The N·Mn bond length is found to
be 1.537 Å and similar to other N·Mn bonds characterized.8,9

Other selected bond distances and angles are in the legend to
Fig. 1. If one compares the N·MnV bond length in 2 with,
according to our knowledge, the only two other characterised
ONMnV bonds (1.548 and 1.558 Å) in related types of
complexes,10 the structural similarity between the N·MnV and
ONMnV fragments is obvious. It is also notable for the structure
of 2 that the oxidation of the manganese atom causes a
displacement of this atom by 0.49 Å out of the plane consisting
of the four atoms coordinating to manganese. The displacement
of the manganese atom when forming the N·MnV complex
probably causes the change in electronic environment at the
chiral ligand which accounts for the non-equivalent resonances
observed in the NMR spectra of 2. The reactivity of 2 has also
been briefly investigated under various reaction conditions, but
compared with the corresponding chiral oxo-manganese(V)
salen complex it is much less reactive.11

In an attempt to obtain further insight into the structure and
the chemical properties of the chiral nitrido-manganese(V) salen
complex 2 the electronic structure has been investigated. A

Fig. 1 Molecular structure of 2. C–H hydrogen atoms are not shown (the
other molecule is similar except that 12% have Mn and N on the other side
of the salen plane). Selected distances (Å) and angles (°) for 2: Mn–N
1.537(6), Mn–N(1) 1.949(6), Mn–N(2) 1.968(6), Mn–O(1) 1.903(6), Mn–
O(2) 1.915(6), O(1)–Mn–N 109.8(3), O(2)–Mn–N 103.2(3), N(1)–Mn–N
101.6(3), N(2)–Mn–N 104.0(3).
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model compound (3) for 2 was optimised using ab initio DFT
calculations applying a B3LYP/6-31G* basis set and a TZV
basis set for manganese.12 For the singlet state of 3 the
optimised structure is shown below with the calculated bond
lengths at the manganese atom and it is notable that the N·Mn,
Mn–N and Mn–O bond lengths for 3 are similar to the same
bonds in 2. Furthermore, the displacement of the manganese
atom (0.45 Å) out of the plane consisting of the four
heteroatoms coordinating to manganese in 3 is also similar to
the displacement in 2. The simple model 3 seems thus to be a
reliable model for 2.

The calculations give a N·Mn bond order of 2.8 indicating a
bond with triple bond character. The charges on the nitrogen and
manganese atoms are 20.15 and 0.87, respectively. The frontier
orbitals calculated for the N·Mn bond in 3 give the HOMO at
25.71 eV and with only a minor contribution of the bonding
combination of N px–Mndx2

2 y2, but this orbital is mainly
located on the ligand. The second HOMO is at 26.00 eV and is
mainly on the manganese atom as dx2

2 y2; while the fourth
HOMO at 27.62 eV is the bonding combination of N py–Mn
dyz. The LUMO and the third LUMO, at 21.60 eV and 20.95
eV, respectively, are the antibonding combination of N py–Mn
dyz and N px–Mn dxz orbitals, respectively. The antibonding
combination of N pz–Mn dz2, the s*N–Mn orbital, is at 20.20
eV.

It is interesting to compare the structure of the nitrido-
manganese(V) salen complex 3 with the closely related oxo-
manganese(V) salen complex. The structure of the latter is
unknown, but the similarity in N·MnV and ONMnV bond
lengths (vide supra) is striking; however, the structural
similarity does not account for the difference in reactivity. A
comparison of the electronic structure for both the ONMnV+ and
ONMnV–Cl (optimised structures) obtained by ab initio DFT
calculations12 gives important information. The results for the
two oxo-manganese complexes are alike, so only the former
will be discussed here. The ONMn bond length is optimised to
be 1.546 Å which is similar to the two characterised ONMnV

bonds (1.548 and 1.558 Å) in related types of complexes.10 The
charges at oxygen and manganese are 20.20 and 1.18,
respectively. The bond length and charge considerations of the
N·MnV and ONMnV complexes are thus not that different.
However, the ONMn bond order is calculated to be 2.3, showing
a much weaker bond than the N·Mn bond, and, furthermore, the
ONMnV complex also shows a different frontier orbital picture
compared with the N·MnV complex, as the related frontier
orbitals of the former are found at lower energies, the HOMO at
210.65 eV, while the LUMO is at 27.92 eV. The lowering of
the LUMO in ONMnV by 6.3 eV points to a significant
difference in reactivity, when reacting with electron-rich
alkenes. The more reactive chiral oxo-manganese(V) salen
complex compared with the closely related chiral nitrido-
manganese(V) salen complex is thus probably due to a much
weaker ONMn bond and lower lying unoccupied MOs in the
former complex.

With the structural knowledge of the chiral nitrido-man-
ganese(V) salen complex the remarkable enantioselectivity of
the related oxo-manganese(V) salen complex might begin to be
understood in detail as the present results allow one to analyse
the approach of e.g. alkenes to the intermediate.

The work presented here was made possible by a grant from
The Danish National Science Foundation.
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