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The single-crystal polarized absorption and circular dichroism spectra of the nitridomanganese(V) complexes
(salen)MntN (1), (1S,2S-(-)-saldpen)MntN (2), and (1R,2R-(+)-saldpen)MntN (3) have been measured [salen
) N,N′-ethylenebis(salicylideneaminato) dianion, 1S,2S-(-)-saldpen) N,N′-(1S,2S-(-)-diphenyl)ethylenebis-
(salicylideneaminato) dianion, and 1R,2R-(+)-saldpen) N,N′-(1R,2R-(+)-diphenyl)ethylenebis(salicylideneaminato)
dianion]. As revealed by X-ray crystal structure analyses, these molecules have a distorted square-pyramidal
geometry with a short MntN bond distance (1.52(3) Å for2). TheCs compounds have a low-spin1A′[a′(x2 -
y2)]2 ground state. The lowest absorption system (∼600 nm) consists of two components that are separated by
approximately 4000 cm-1; these are assigned to1A′ f 1A′[a′(x2 - y2)a′(yz)] (14 900 cm-1) and1A′ f 1A′′[a′(x2

- y2)a′′(xz)] (18 900 cm-1) transitions.

Introduction

Manganese coordination compounds in high oxidation states
(V, VI, VII) are stabilized by stronglyπ-donating (oxo, imido,
nitrido) ligands.1,2 The spectroscopic properties of manga-
nese(VII)3-7 and manganese(VI)8-11 complexes have been
thoroughly investigated, while those of isolated d2 manganese-
(V) centers remain largely unexplored.12-15 Several stable
nitridomanganese(V) porphyrins and phthalocyanines have been
prepared;16-18 however, the ligand-field transitions in the spectra
of these complexes are obscured by intense intraligand bands
at relatively low energies. Recently, Carreira and co-workers
succeeded in characterizing the first nonmacrocyclic nitridoman-

ganese(V) complexes by employing tetradentate Schiff bases
as ancillary ligands.19 These complexes, which are useful
reagents for nitrogen transfer both to organic19,20and inorganic
substrates,21 exhibit ligand-field bands well to the red of ligand-
based transitions, thereby allowing examination of electronic
excitations involving the manganese(V) nitrido unit. Our
assignments of the ligand-field transitions are based on a
combination of single-crystal polarized absorption and circular
dichroism (CD) spectroscopic measurements on selected com-
pounds.22

Experimental Section

Preparation of Nitridomanganese(V) Compounds 1-3. The
Schiff-base ligands23-25 and their corresponding chloromanganese(III)
complexes26 were prepared according to published protocols. Com-
plexes1-3 were prepared under aerobic conditions by modification of

the method of Carreira et al.19 The chloromanganese(III) derivative
(0.50 mmol, 1 equiv) was dissolved in dichloromethane/methanol (4:
1, 50 mL). Ammonium hydroxide (15 M, 15 mmol, 15 equiv) was
added in one portion, and the mixture was stirred vigorously for 15
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min. Clorox bleach (6 equiv) was added dropwise to the mixture, and
the resulting biphasic suspension was stirred at room temperature until
the reaction mixture turned green. The product was extracted with
dichloromethane, washed with water (5× 25 mL), and concentrated
to yield the crude nitrido complex. Purification by flash column
chromatography (neutral aluminum oxide, dichloromethane/hexane)
gave analytically pure product as emerald-green microcrystals (70-
80% yield). Elemental analyses (C, H, N) were performed by Galbraith
Laboratories (Knoxville, TN). Characterization data for1: 1H NMR
(CD2Cl2, 500 MHz) δ 8.01 (s, 2H, NdC-H), 7.32 (dt, 2H,J ) 7.3,
1.3 Hz, Ar-H), 7.19 (dd, 2H,J ) 6.8, 1.7 Hz, Ar-H), 6.89 (d, 2H,J
) 8.4 Hz, Ar-H), 6.65 (t, 2H,J ) 7.2 Hz, Ar-H), 3.81 (m, 2H, CH2),
3.66 (m, 2H, CH2). Calcd (found) for C16H14N3O2Mn: C, 56.44
(56.30); H, 4.20 (4.20); N, 12.53 (12.37).

Characterization data for2: 1H NMR δ 7.66 (d, 2H,J ) 27.1 Hz,
NdC-H), 7.29 (m, 10H, Ar-H), 7.17 (m, 4H, Ar-H), 6.94 (m, 4H,
Ar-H), 6.56 (m, 2H, Ar-H), 5.00 (dd, 4H,J ) 55.5, 10 Hz, CH2).
Calcd (found) for C28H22N3O2Mn: C, 68.99 (68.18); H, 4.51 (4.82);
N, 8.62 (8.18).

Characterization data for3: 1H NMR δ 7.66 (d, 2H,J ) 27.1 Hz,
NdC-H), 7.29 (m, 10H, Ar-H), 7.17 (m, 4H, Ar-H), 6.94 (m, 4H,
Ar-H), 6.56 (m, 2H, Ar-H), 5.00 (dd, 4H,J ) 55.5, 10 Hz, CH2).
Calcd (found) for C28H22N3O2Mn: C, 68.99 (68.83); H, 4.51 (4.77);
N, 8.62 (8.68).

Physical Measurements. 1H NMR spectra were recorded using a
Bruker AM-500 spectrometer. Solution absorption spectra were
obtained using either a Cary 14 spectrophotometer upgraded by On-
Line Instrument Systems (OLIS) to include computer control or a
Hewlett-Packard 8452A diode array spectrophotometer. Circular
dichroism spectra were recorded with a JASCO J-600 CD spectropo-
larimeter. Polarized absorption spectra were measured using a home-
built diode array spectrophotometer (xenon or tungsten filament sources)
modified for handling small crystalline samples.27 Crystals of1 were
grown from a slow evaporating dichloromethane solution. Unit-cell
dimensions for1 were obtained from the setting angles of 12 reflections
using an Enraf-Nonius CAD-4 diffractometer (graphite monochromator
and Mo KR radiation). Observed (previously reported)19 for 1:
monoclinic, space groupP21/c, a ) 9.496(3),b ) 12.313(3),c )
12.857(4) Å;â ) 103.61° (3). Single crystals for absorption measure-
ments were mounted on nickel disks containing apertures smaller than
the size of the crystals. Polarized spectra were recorded with light
incident on the [100] plane, parallel and perpendicular to the crystal-
lographicb axis (||b and⊥b, respectively). All spectroscopic measure-
ments were made at room temperature.

X-ray Crystallography of (1S,2S-(-)-saldpen)MntN•3CH3CN
(2). Green crystals were grown by slow evaporation of an acetonitrile
solution. A single crystal (0.4× 0.4 × 0.2 mm) was mounted on a
glass fiber. Diffraction data were collected at 160 K using an Enraf-
Nonius CAD-4 diffractometer (graphite monochromator and Mo KR
radiation,λ ) 0.710 73 Å). Intensity data were collected in the range
of 2° < θ < 25°. Diffraction data were corrected for Lorentz and
polarization effects. The intensities of three standard reflections showed
no variations greater than those predicted by counting methods. Lattice
parameters were determined from the setting angles of 25 independent
reflections. Ligand hydrogen atoms were included at calculated
positions (C-H, 0.95 Å) with fixed isotropic displacement parameters.
All other atoms were refined anisotropically. The structure was solved
using direct methods in SHELXS-8628 and refined using SHELXL-
93.29 Plots were drawn using ORTEP.30 Pertinent data are included
in Table 1 and Supporting Information.

Results and Discussion

The electronic structures of nitridomanganese(V) complexes
are readily described in terms of the ligand-field model that
was developed to account for the absorption spectrum of the
hydrated vanadyl ion, VO(H2O)52+.31 A similar treatment has
been applied to Re(V) and Tc(V)trans-dioxo compounds;32-34

such complexes may be regarded as spectroscopic analogues
of the Cs d2 nitridomanganese(V) derivatives. The electronic
structures of these nitridomanganese(V) Schiff-base complexes
are of particular interest because it is likely that the lowest
ligand-field excited states ofC4V d2 osmium(VI) nitrido ana-
logues undergo a molecular distortion to aC2V structure.35,36

For the low-symmetryCs system studied here, inequivalentπ
interactions between the MntN chromophore and the salen
ligands remove the degeneracy of the dxz and dyz orbitals. A
ligand-field splitting diagram for an axially compressedCs

complex is shown in Chart 1.
In the1A′[a′(x2 - y2)]2 ground state, the formally nonbonding

a′(x2 - y2) level is filled. The unoccupied dπ* levels, a′(yz)
anda′′(xz), have MntN π-antibonding character. The higher-
lying a′′(xy) anda′(z2) orbitals areσ-antibonding. The lowest
excited states should be3,1A′[a′(x2 - y2)a′(yz)] and 3,1A′′[a′(x2

- y2)a′′(xz)]; since the spin-orbit coupling in3MnN is expected
to be relatively small,37 transitions to the triplet states will be
very weak.

The emerald green (salen)MntN complex (1) is remarkably
stable to both air and water and is slightly soluble in common

(27) Libowitzky, E.; Rossman, G. R.Phys. Chem. Miner.1996, 23, 319-
327.

(28) Sheldrick, G. M.SHELXS-86; Universität Göttingen: Göttingen,
Germany, 1990.

(29) Sheldrick, G. M.SHELXL-93; Universität Göttingen: Göttingen,
Germany, 1993.

(30) Johnson, C. K.ORTEPII; Report ORNL-5138; Oak Ridge National
Laboratory: Oak Ridge, TN, 1976.

(31) Ballhausen, C. J.; Gray, H. B.Inorg. Chem.1962, 1, 111-122.
(32) Winkler, J. R.; Gray, H. B.J. Am. Chem. Soc.1983, 105, 1373-

1374.
(33) Winkler, J. R.; Gray, H. B.Inorg. Chem.1985, 24, 346-355.
(34) Miskowski, V. M.; Gray, H. B.; Hopkins, M. D.AdV. Trans. Met.

Coord. Chem.1996, 1, 159-186.
(35) Hopkins, M. D.; Miskowski, V. M.; Gray, H. B.J. Am. Chem. Soc.

1986, 108, 6908-6911.
(36) Cowman, C. D.; Trogler, W. C.; Mann, K. R.; Poon, C. K.; Gray, H.

B. Inorg. Chem.1976, 15, 1747-1751.
(37) The spin-orbit coupling constant extracted from analysis of the EPR

spectrum of a closely related d1 complex, (salen)CrtN, is only 106
cm-1: Azuma, N.; Imori, Y.; Yoshida, H.; Tajima, K.; Li, Y.;
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Table 1. Crystallographic Data for
(1S,2S-(-)-saldpen)MntN‚3CH3CN (2)

formula)
C28H22MnN3O2‚1.5(C2H3N)

fw ) 549.01

a ) 20.924(4) Å space group:C2 (No. 5)
b ) 18.197(5) Å Fcalc ) 1.35 g/cm3

c ) 17.238(3) Å µ ) 5.25 cm-1 (θmax ) 25°)
â ) 124.60(2) Å 9295 ind relfcns (+h, (k, (l)
V ) 5403(2) Å3 T ) 160 K
Z ) 8 R1a, wR2b[I > 2σ(I)] ) 0.0504, 0.0895
GOFc ) 1.49 (649 params) R1a, wR2b(all data)) 0.0649, 0.0932

a R1 ) ∑||Fo - |Fc||/∑|Fo|. b wR2 ) (∑(w(Fo
2 - Fc

2)2)/∑(w(Fo
2)2))1/2.

c GOF ) (∑ w(Fo
2 - Fc

2)2/(n - p))1/2 wheren is the number of data
andp is the number of parameters refined.

Chart 1
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organic solvents (dichloromethane, acetonitrile, dimethylfor-
mamide). The previously reported crystal structure of1
establishes that the monomeric complex adopts a distorted
square-pyramidal geometry with a MntN bond length of
1.512(3) Å; the Mn is raised 0.492(2) Å out of the plane defined
by the coordinating N and O atoms of the salen ligand. The
visible region of the solution absorption spectrum of1 (inset
Figure 1) is dominated by a weak, broad, and asymmetric system
near 600 nm (ε 150 M-1 cm-1). Owing to its position and
intensity, this system is assigned to spin-alloweda′(x2 - y2) f
dπ* transitions, 1A′ f 1A′,1A′′, and its band shape can be
interpreted in terms of the1A′[a′(yz)] and 1A′′[a′′(xz)] split
components. Not surprisingly, this system occurs to the red of
the maxima of the corresponding transitions in the solution
spectra of Tc(V) and Re(V)trans-dioxo compounds (∼450
nm).32-34 The higher-lying ligand-field transitions of1 are
obscured by intense charge-transfer bands in the UV region.
Notably, an asymmetric feature near 380 nm (ε ) 6100 M-1

cm-1) is attributable to intraligand azomethine transitions, and
the intense features near 300 (ε ) 15 000 M-1 cm-1) and 230
nm (ε ) 30 000 M-1 cm-1) are due to ligandπ f π*
transitions.38-40

The single-crystal polarized absorption spectra of1 are shown
in Figure 1. The monoclinic crystals19 are strongly dichroic;
thin plates viewed perpendicular to the [100] face are nearly
colorless with transmitted light polarized parallel to theb axis
(||b) and deep green with light polarized perpendicular to theb
axis (⊥b). The broad 600 nm feature that is observed in the
solution absorption spectrum is strongly polarized⊥b. Since
the molecularz axis, defined by the MntN bond vector, is
roughly aligned along theb axis (inclination angle, 26.7°), the
electronic transitions comprising the 600 nm envelope are
strongly polarized in the molecularx,y plane. Inspection of the
||b and ⊥b spectra reveals that the low-energy flank of the
absorption system is more strongly polarized than the high-
energy flank. These data are consistent with two overlapping
bands with maxima near 670 (band I) and 540 nm (band II).
The estimated energy spacing between the band maxima (∼3600

cm-1) is attributable to the splitting of the1A′[a′(x2 - y2)a′-
(yz)] and 1A′′[a′(x2 - y2)a′′(xz)] excited states, implying dπ*
splittings similar to those for analogous low-spin d7 Co(II)
Schiff-base complexes.41,42 In contrast, splittings of the singlet
states derived froma′(x2 - y2) f dπ* transitions are not
resolved in the single-crystal spectra ofD4h Tc(V) and Re(V)
trans-dioxo complexes.32-34 From group theoretical consider-
ations, transitions to the1A′[a′(x2 - y2)a′(yz)] and1A′′[a′(x2 -
y2)a′′(xz)] excited states are expected to bey,z-andx-polarized,
respectively. In fact, the measured extinction coefficients,ε||
and ε⊥, and polarization ratios for1 are consistent with the
assignment of band I to the1A′ f 1A′[a′(x2 - y2)a′(yz)]
transition withy and partialz polarization. Similarly, band II
may be attributed to thex-polarized1A′ f 1A′′[a′(x2 - y2)a′′-
(xz)] transition. The derived orbital energy sequencea′(yz) <
a′′(xz) is in agreement with that observed for Co(salen).41,42

Interestingly, the single-crystal absorption data also reveal a
strongly xy-polarized shoulder near 450 nm (band III) that is
not resolved in the solution spectrum; we tentatively assign this
band to the1A′ f 1A′′[a′(x2 - y2)a′′(xy)] transition.43

Further insight into the electronic structures of the nitri-
domanganese(V) complexes is provided by the spectroscopy
of the chiral analogues (1S,2S-(-)-saldpen)MntN (2) and
(1R,2R-(+)-saldpen)MntN (3). In these complexes, two chiral
centers are incorporated into the ethylene backbone of the salen
ligand by replacing a hydrogen on each carbon with a phenyl
group. The structure of2 was confirmed by single-crystal X-ray
analysis (Figure 2). The complex is five-coordinate with a
distorted square-pyramidal geometry similar to that of1. There
are two molecules in the asymmetric unit. The MntN bond
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determination of the two optical axes perpendicular tob. However,
the orientation of these axes is readily expressed in terms of a single
parameterφ (rotation angle aboutb), allowing the formulation of the
polarization ratioR (abs⊥/abs||) in terms ofφ for an electric dipole-
allowed transition polarized along a single molecular axis. Estimating
the isotropic extinction as three times the solution value, values ofε⊥
and ε|| can be predicted as a function ofφ. From this analysis it is
apparent that the 670 nm band (Robs) 3.3) is not uniquelyx-polarized
and must be at least partiallyy-polarized. In contrast, theRobs for the
540 nm band (2.4) is consistent with anx-polarized transition.
Choosingφ such thatRcalc is 2.4 for anx-polarized band at 540 nm,
the calculatedε⊥ andε|| values are 159 and 66 M-1 cm-1, respectively
(observed: 146 and 56 M-1 cm-1). If the 670 nm band isy-polarized
and partiallyz-polarized (13%), the calculatedε⊥ and ε|| values are
89 and 25 M-1 cm-1, respectively (observed: 106 and 31 M-1 cm-1).

Figure 1. Single-crystal polarized absorption spectra of (salen)MntN
(1). With light incident on the [100] face, the||b- and⊥b-labeled spectra
correspond to polarizations parallel and perpendicular to theb axis,
respectively. The molecularzaxis (defined by the MntN bond vector)
is roughly aligned along theb axis (inclination angle, 26.7°). Inset shows
an expanded view of the lowest-energy band system in dichloromethane
solution.

Figure 2. ORTEP30 diagram of one of the two independent molecules
in the unit cell of (1S,2S-(-)-saldpen)MntN‚3CH3CN (2). Thermal
ellipsoids are drawn at the 50% probability level showing the atom
numbering scheme. Hydrogen atoms are depicted as spheres of arbitrary
size.
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length is 1.52 Å (1.509(3) and 1.531(3) Å), and the Mn is raised
0.47 Å (0.466(1) and 0.480(2) Å) out of the plane defined by
the coordinating atoms of the chelate. As expected, these ligand
modifications have little impact on the energies of thea′(x2 -
y2) f dπ* excited states, and the solution visible absorption
spectra of2 and3 are similar to the spectrum of1.44 However,
the chiral groups produce the dissymmetry necessary to make
the metal-centereda′(x2 - y2) f dπ* transitions optically active,
and the resulting CD spectra are striking (Figure 3). The 600
nm feature is cleanly resolved into two CD bands (bands I and
II, 670 and 530 nm, respectively). The energy spacing between
band maxima (∼3900 cm-1) is in good agreement with the
splitting of thea′(x2 - y2) f dπ* transitions deduced from the

single-crystal spectra of1.45,46 The signal for the lower energy
CD feature (∆ε ) 0.7 M-1 cm-1) is considerably stronger than
that of the higher energy band (∆ε ) 0.3 M-1 cm-1). From
spatial considerations the1A′ f 1A′[a′(x2 - y2)a′(yz)] transition
is expected to be more strongly influenced by the vicinal chiral
groups than is the1A′ f 1A′′[a′(x2 - y2)a′′(xz)] transition; thus,
the relative intensities confirm the energy ordering1A′ f 1A′
< 1A′ f 1A′′ for these excitations. Band III appears as a
solvent-insensitive shoulder near 450 nm. The UV region
features intense intraligand excitations corresponding to those
seen in the solution absorption spectra.47-50
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(44) Complexes2 and 3 give identical solution absorption spectra. The
visible region of the solution absorption spectra of2 and3 feature a
similar ligand-field band system as observed for1 (602 nm,ε ) 170
M-1 cm-1). The asymmetric near-UV absorption, corresponding to
intraligand azomethine transitions, is slightly red-shifted (380 nm for
1, 386 nm for2 and3). The higher-lying intraligand transitions are
observed at similar energies for all three complexes.

(45) The relationship between absorption and CD band shapes and maxima
has been discussed previously: Moffitt, W.; MoscowitzJ. Chem. Phys.
1959, 30, 648-660.

(46) Kauzmann, W. J.; Walter, J. E.; Eyring, H.Chem. ReV. 1940, 26, 339-
407.

(47) Molecular orbital calculations and previous experimental studies
suggest that the lowest energyπ-π* transition involves orbitals that
originate from the ligand azomethine group (refs 38-40). It is
interesting to note that the split signal found in the CD spectrum, as
well as the asymmetry in the corresponding absorption band, may be
attributed to exciton (Davydov) interactions that give rise to nonde-
generateπ-π* transitions of the azomethine chromophore.
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Figure 3. Circular dichroism spectra of (1S,2S-(-)-saldpen)MntN
(2) and (1R,2R)-(+)-saldpen)MntN (3) in dichloromethane solution.
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