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ABSTRACT: The synthesis and properties of an unusual,
neutrally charged and volatile N,N,N′,N′-tetramethylethylenedi-
amine trimethyl manganese(III) complex, (TMEDA)MnMe3, are
described, along with its facile disproportionation to the
corresponding Mn(II) and Mn(IV) complexes. Characterization
by single-crystal XRD, UV−vis spectroscopy, high-frequency and
-field EPR (HFEPR), magnetic susceptibility, and density
functional theory (DFT) computations indicate that the
(TMEDA)MnMe3 electronic structure can be described as
largely square pyramidal Mn(III) centered. The paucity of
manganese(III) polyalkyls and the simplicity and reactivity of this
compound implicate it as a potentially useful synthetic building
block.

■ INTRODUCTION

The capacity of manganese to exhibit a wide range of formal
oxidation states (−I to +VII), along with its ability in oscillating
among them, makes Mn ubiquitous as a potent catalyst in both
biology and chemistry.1 This is demonstrated by its role in the
O2-evolving complex of photosystem II2 and utility in many
chemical transformations, including C−H bond oxidation,3

alkene epoxidation,4 and electrochemical CO2 reduction.5

Many of these active manganese centers are coordinated by
bulky Lewis base,6 porphyrin,3a,7 or salen4 type ligands that act
to stabilize the oscillating formal Mn oxidation state. The
synthesis of discrete, mononuclear manganese polyalkyls has,
however, proven challenging due to the inability of carbon-
based σ-donor ligands to electronically stabilize the redox-labile
metal centers, leading to extreme O2, water, and temperature
sensitivity, with only a handful of manganese alkyls being
reported.8 Specifically, for high-valent Mn(III) and Mn(IV), for
which the binary metal halides are thermally unstable,9 the lack
of traditional precursors amplifies the synthetic challenge. Note
that many of the manganese hydrocarbyls known in these high
oxidation states bear a net formal negative charge at the metal
center and require charge-balancing counterions (see Table 1
for selected examples of Mn(III)).
With the goal of discovering novel manganese hydrocarbyl

structures and characterizing their chemical and physical

properties, our laboratory was enticed by the challenge of
stabilizing neutrally charged Mn(III) polyalkyls with simple
organic ancillary ligands. The synthesis of a manganese(III)
polyalkyl was first achieved by reacting manganese(III)
acetylacetonate with methyllithium in the presence of the
stabilizing bidentate amine N,N,N′,N′-tetramethylethylenedi-
amine (TMEDA) to form {[Li(TMEDA)]2}

2+[MnMe5]
2−.10 It

was also demonstrated that the comproportionation of the
corresponding Mn(II) and Mn(IV) complexes is a viable
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Table 1. Selected Mn(III) Polyhydrocarbyls from the
Literature

compound ref

{[Li(TMEDA)]2}
2+[MnMe5]

2− 10
[Li(TMEDA)2]

+[MnMe4]
− 10

MnBr2(2,4,6-C6H2Me3)(PMe3)2 11
[K(py)2]

+[Mn(C4H8)2py]
− a 12

[MnMe2(dmpe)2]
+[AlMe4]

− b 13
[Mg(THF)6]

2+{[Mn(C6F5)4]2}
2− c 14

apy = pyridine. bdmpe = 1,2-bis(dimethylphosphine)ethane. cTHF =
tetrahydrofuran.
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synthetic route to the same product.10 Here, modification of
the former route enables the synthesis of the first neutrally
charged, volatile trimethylmanganese(III) complex, the molec-
ular and electronic structures of which are elucidated here via
diffraction, spectroscopic, and computational analyses.

■ RESULTS AND DISCUSSION
The title compound, (N,N,N′,N′-tetramethylethylenediamine)-
trimethylmanganese(III) ((TMEDA)MnMe3, 1), was synthe-
sized by the reaction of Mn(acetylacetonate)3 (1.0 g, 2.84
mmol) with methyllithium (5.75 mL, 1.6 M in diethyl ether,
9.20 mol) in the presence of TMEDA (0.45 mL, 3.00 mmol) at
−78 °C in diethyl ether. After the reaction mixture was warmed
to 25 °C, colorless Li(acac) was removed by cannula filtration,
and the deep red filtrate was dried in vacuo. Addition of
pentane and subsequent filtration followed by concentration
and storage at −40 °C afforded X-ray-quality deep red needle-
like crystals. Although combustion analysis proved difficult due
to the extreme sensitivity of 1 (vide infra), powder X-ray
diffraction experiments agree very well with the pattern
predicted from the single-crystal data, supporting the purity
of the bulk material. Compound 1 is volatile and readily
sublimes at 40 °C/100 mTorr, suggesting potential application
in vapor deposition film growth processes.15 It is interesting to
note that this synthesis differs only slightly from that of
{[Li(TMEDA)]2}

2+[MnMe5]
2− by Morris and Girolami,10

where excess methyllithium (10 equiv) was added to a
suspension of Mn(acac)3 followed by washing with pentane
and subsequent reaction with TMEDA in ether. The presence
of TMEDA during methyllithium addition in the present
synthesis likely stabilizes manganese(III) intermediates and
prevents addition of more than three alkyl nucleophiles to the
metal center.
Single-crystal X-ray diffraction analysis of 1 reveals a highly

distorted five-coordinate structure (Figure 1a). According to a

Reedijk analysis,16 τ = 0.46 (τ = 0 for a perfect square pyramid
and τ = 1 for a perfect trigonal bipyramid), indicative of severe
distortion from either trigonal-bipyramidal or square-pyramidal
geometries. Both are common geometries for known Mn(III)
complexes, and hybrid geometries are common for compounds
where ligands present steric restrictions.17 For 1, the small
TMEDA ligand bite angle, combined with the steric repulsion

of the three methyl groups, likely causes this geometric
distortion. Furthermore, the two trans methyl groups exhibit
significant distortion from ideal planar (180°) or trigonal
(120°) coordination, having a C1−Mn−C3 angle of
148.53(5)°. An elongation of the apical Mn1−N1 bond
(2.3280(8) Å) is also observed versus the basal Mn−N2
bond (2.2449(9) Å), likely due to pseudo-Jahn−Teller
distortion, in good agreement with DFT modeling (vide
infra). The Mn−C distances of 2.08−2.13 Å are unremarkable
in comparison to those of related methylmanganese(IV) and
alkylmanganese(III) complexes (Table 1).
Concerning reactivity and stability, complex 1 reacts

pyrophorically with air and water. Additionally, slow decom-
position is observed at 25 °C in the solid state under an inert
atmosphere over the course of 1 week. In solution,
decomposition occurs more readily (1−2 days). Bimolecular
disproportionation is the proposed pathway of the decom-
position process,10 producing (TMEDA)MnMe2 (2) and
(TMEDA)MnMe4 (3) (eq 1). Orange X-ray-quality crystals
of 2 are obtained by recovering the filtrate from the synthesis of
1 and storing it at −40 °C for an additional week. Single-crystal
X-ray analysis of 2 reveals a distorted-tetragonal coordination
geometry, typical of four-coordinate Mn(II) complexes (Figure
1b). The TMEDA bite angle again manifests itself in the small
N1−Mn−N2 angle of 75.25(5)°, while the two alkyl groups
subtend a large C1−Mn−C1′ angle of 132.5(1)°. Similar
patterns are observed in [Mn(CH2SiMe3)2(dmpe)]18 and
[Mn(CH2CMe2Ph)2(bipy)],

19 which likewise reflect the steric
constraints of the bidentate ligands. The Mn−C bond distances
in 2 are symmetry-equivalent and have a value of 2.0032(16) Å,
which, to our knowledge, is the shortest MnII−C bond distance
reported to date. An Evans method analysis20 reveals μeff = 5.52
μB, in good agreement with the theoretical value of μeff = 5.92
μB for high-spin (S = 5/2) Mn(II). In a frozen toluene solution,
2 gives an X-band EPR signal with D ≳ 0.1 cm−1, also
consistent with high-spin Mn(II) (see Figure S4 in the
Supporting Information).

→ +

2(TMEDA)MnMe

(TMEDA)MnMe (TMEDA)MnMe
1

2 3

3

2 4
(1)

Attempts to isolate and characterize compound 3 were
unsuccessful.21 It is likely that 3 exists as a transient species that
undergoes further rapid decomposition to 2, similar to other
proposed Mn(IV) intermediates.22

Investigation of the electronic structure of 1 was next
pursued to elucidate what, if any, affect the σ-donating methyl
ligands have on the metal ion. An Evans method analysis of 1
yields μeff = 4.86 μB, corresponding to the spin-only value for S
= 2 with g = 1.984, a reasonable value for Mn(III), with a less
than half-filled shell. The UV−visible absorption spectrum for 1
(0.15 mM in pentane) is shown in Figure 2a. Two peaks and a
shoulder are observed at 305, 348, and 428 nm, with ε = 8500,
7900, and 1400 L/(mol cm), respectively. All three bands are
assigned to d−d transitions since ligand−metal charge transfer
is unlikely in this energy range for the σ-bonding methyl ligands
or the datively coordinated diamine. Additionally, UV/visible/
near-IR spectroscopic analysis reveals no additional features in
the 200−3500 nm range. Assignment of the d−d transitions
(Figure 2b) then provides a picture of the d orbital splitting,
which correlates well with the distorted structure as a

Figure 1. ORTEP plots (50% thermal ellipsoids) of the X-ray crystal
structures of complexes (a) 1 and (b) 2 (H atoms deleted for clarity).
Selected bond distances (Å) and angles (deg) for 1: Mn1−N1 =
2.3280(8), Mn1−N2 = 2.2449(9), Mn1−C1 = 2.1016(10), Mn1−C2
= 2.0580(13), Mn1−C3 = 2.1183(12); N1−Mn1−N2 = 79.88(3),
C1−Mn−C3 = 148.53(5), N1−Mn1−C2 = 176.27(5). Selected bond
distances (Å) and angles (deg) for 2: Mn1−N1 = 2.4537(17), Mn1−
N2 = 2.3760(17), Mn1−C1 = 2.0332(16); N1−Mn1−N2 = 75.25(5),
C1−Mn−C1′ = 132.57(12).
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combination of classical crystal field square-pyramidal and
trigonal-bipyramidal splittings. Furthermore, DFT calculations
on the excited states of 1 agree with the observed electronic
transitions, predicting three bands at 299, 374, and 434 nm.
The differences in electron density of the excited and ground
states (Figure 2b) indicate that the transitions are all associated
with d−d charge transfer processes, and a natural transition
orbital (NTO) analysis reveals that the band at 434 nm mainly
involves HOMO transfer to the LUMO, while the other two
transitions arise due to transfer from orbitals just below the
HOMO to the LUMO.
To further interrogate the electronic structure of complex 1,

electron paramagnetic resonance (EPR) experiments were
carried out. Due to the integer spin leading to a non-Kramers
ion, high-frequency and high-field EPR (HFEPR) was applied,
and 1 gives strong responses in the frequency range 50−400
GHz and the temperature range 10−284 K. Figure 3 shows the
low-temperature (10 K) spectrum at 216 GHz (for additional
frequencies, see Figures S5−S7 in the Supporting Information).
The spectra reveal narrow resonances spread over the entire
field range, attributable to Mn(III), and a broader single line
centered on g ≈ 2, attributed to small amounts of the Mn(II)
disproportionation products (vide infra).23,24 The Mn(III)
spectra aided by simulations show that they are nearly perfect
powder patterns of the quintet (S = 2) state characterized by an
axial zero-field splitting tensor (D) of ∼−2.19 cm−1. Accurate
values of the zero-field splitting (zfs) parameters were obtained
via the tunable-frequency EPR procedure.25 In brief, this
procedure involves plotting the resonant magnetic fields of
spectral features (turning points) observed in the EPR powder
pattern versus the frequency employed. The simultaneous best
fit to all of these resonances is then performed, with these

calculated transitions shown on the plot as continuous lines.
The resulting such 2D field vs frequency (or energy) map of
turning points seen for 1 at 10 K is shown in Figure 4 together

with simulations using best-fit spin Hamiltonian parameters
that are given in Table 2. Addition of the fourth-rank zfs
parameters only slightly improves the fit,26 yielding a B4

4 value
barely twice the statistical error: −[10(5)] × 10−4 cm−1. The zfs
parameter D decreases in magnitude to −2.08 cm−1 while E
remains strictly 0 at 284 K (Figure S8 and S9 in the Supporting
Information). Concerning the value of D, a number of Mn(III)
coordination complexes have been studied by HFEPR and their

Figure 2. (a) Experimental and DFT computed UV−visible spectra of
1 as a 0.15 mM pentane solution, with the inset showing calculated
frontier orbital splittings for d4 Mn(III) in a distorted-square-
pyramidal geometry. (b) Calculated isosurfaces of the electron density
difference between the ground (orange) and excited (green) states of
the DFT computed UV−vis transitions for 1. Hydrogen atoms are
omitted for clarity.

Figure 3. Powder EPR spectra of complex 1 at 10 K and 216 GHz
(black trace) accompanied by simulations (colored traces) using an S
= 2 spin Hamiltonian with |D| = 2.195 cm−1, E = 0, and g = 2.00: (blue
trace) D < 0; (red trace) D > 0. The broad and unresolved resonance
due to traces of the Kramers species (Mn(II) and Mn(IV)) at g ≈ 2.00
(∼7.7 T) is omitted from the experimental spectrum for clarity.23

Figure 4. 2D map of turning points in the HFEPR spectra of 1 at 10 K
(black squares) together with simulations using the spin Hamiltonian
parameters in Table 2 (lines): (black lines) turning points with
magnetic field B0 parallel to the z axis of the zfs tensor; (red lines) B0
perpendicular to z; (blue lines) off-axis turning points. The dashed
vertical lines correspond to the frequencies at which spectra shown in
Figures S5, S6, and S7 in the Supporting Information and Figure 3
above, in increasing frequency order, are shown.
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zfs parameters have been accurately determined; they are given
in Table S7 in the Supporting Information. These complexes
are almost exclusively five- and six-coordinate with N, O, or
halide ligands. Note that complex 1 represents a heretofore
unexamined inner coordination sphere in terms of having three
alkyl C donors. Nevertheless, the magnitude of D and its
negative sign are quite similar to those reported for square-
planar/-pyramidal Mn(III) tetrapyrrole (porphyrin or corrole)
systems, which also exhibit essentially axial symmetry with D in
the range −2.3 to −2.7 cm−1 (Table S7).23,27 In the case of 1,
the key molecular structure feature that determines the
electronic structure is the elongation of the axial Mn−N1
bond that distinguishes the x and y axes from the z axis (Mn−
N1), leading to D < 0 and corresponding to a dx2−y2 ground
state (see Figure 2a, inset). Positive D values, in contrast, are
attributable to a dz2 ground state, as seen in a Mn(III)-doped
oxide material.28 Ab initio calculations29 provide a D value of
−2.19 cm−1, in excellent agreement with experiment
(−2.178(4) cm−1). Additionally, a ligand-field theory calcu-
lation using the full d4 basis set, analogous to complete active
space self consistent field method based on 4 electrons and 5
orbitals (CASSF(4,5)), with the single-electron d orbital
energies as given in the MO scheme in Figure 2a and with
spin−orbit coupling and interelectronic repulsion parameters at
70% of their free ion values, yields D = −2.30 cm−1 with no E
and a very small fourth-order zfs (see the Supporting
Information). Furthermore, the g values from ab initio
calculations agree with experiment in terms of being roughly
axial (gx ≈ gy = g⊥) and with g∥ (gz) > g⊥ > ge. Thus, it can be
concluded that, despite the distorted geometry of 1, the
experimentally and theoretically obtained D values indicate a
square-pyramidal behavior, analogous to Mn(porphyrin/
corrole)X (X = halide, alkoxide, phosphine oxide) spe-
cies.27b−d,30

■ CONCLUSIONS
These results reveal how slight modifications to known
synthetic procedures (e.g., order of reagent addition) can
result in interesting new compounds such as the neutrally
charged volatile trimethylmanganese(III) compound described
here. The spectroscopic signatures seen in the UV−vis and
EPR spectra of 1 confirm the presence of a d4 Mn(III) species
and indicate the metal-centered nature of the unpaired
electrons, while also providing one of the first benchmark
values for the zfs parameters of organomanganese(III). The
ease of synthesis of 1 lends itself well to further derivatization,
with potential application as a synthon for organomanganese
compounds with more complex ligand systems to serve as
catalysts for organic substrate functionalization. Additionally,
the volatility and high reactivity of 1 present opportunities for
application as a precursor for film growth processes. These
possibilities are currently under investigation.

■ EXPERIMENTAL SECTION
General Considerations. All procedures for air- and moisture-

sensitive compounds were carried out with rigorous exclusion of O2

and moisture in flame- or oven-dried Schlenk-type glassware interfaced
to a dual-manifold Schlenk line or a high-vacuum (10−5−10−6 Torr)
line or in an Ar-filled MBraun glovebox with a high-capacity
recirculator (<1 ppm of O2). Argon (Airgas, prepurified) was purified
by passage through MnO/vermiculite and Davison 4 Å molecular sieve
columns. All hydrocarbon solvents were distilled from Na/K alloy and
stored in resealable flasks. Diethyl ether was dried over sodium, using
benzophenone indicator, and freshly distilled before use. All other
starting materials were purchased from Sigma-Aldrich Chemical Co.
and used as received.

Physical and Analytical Measurements. UV/visible/near-IR
measurements were acquired on a PerkinElmer LAMBDA 1050
double-beam spectrophotometer, using a quartz cuvette equipped with
a Teflon seal-lined screw top. FTIR spectra were collected on ground
samples in Nujol mulls using a Bruker Tensor 37 FTIR instrument
with ATR attachment. Elemental analyses were performed by Midwest
Microlab, Indianapolis, IN, for % C, N, H.

X-ray Data Collection, Structure Solution, and Refinement.
Single crystals of 1 and were crystallized from pentane at −40 °C,
mounted in inert oil, and transferred to a cold nitrogen gas stream of a
Bruker Kappa APEX CCD area detector equipped with a Mo Kα
microsource. The crystal was maintained at 100.0 K during data
collection. Powder X-ray diffraction patterns were collected on the
same instrument, using ψ scans of 180°. The powder X-ray diffraction
sample was prepared by finely grinding 1 and mounting it on a loop in
inert oil. Predicted PXRD patterns were calculated on the basis of the
single-crystal data using Mercury 3.5 software.

HFEPR Instrumentation and Analysis. HFEPR spectra were
recorded at the Electron Magnetic Resonance (EMR) Facility,
National High Magnetic Field Laboratory (NHMFL, Tallahassee,
FL, USA), using a spectrometer that is identical with that described
previously31 except for the source, which is currently a solid-state
device (Virginia Diodes, Charlottesville, VA, USA) operating at a base
frequency of 12−14 GHz with a cascade of frequency multipliers.
Phase-sensitive detection was used, with the magnetic field modulated
at 50 kHz. The ac response was fed into a Stanford SR830 lock-in
amplifier to obtain a dc signal. Low-temperature control was provided
by a continuous flow cryostat (Oxford Instruments, Oxford, U.K.).
HFEPR spectra were simulated using a locally written program, SPIN,
available from A. Ozarowski, using a standard spin Hamiltonian:26

β= · · ̂ + ̂ − + + ̂ − ̂⎜ ⎟⎛
⎝

⎞
⎠B g S D S S S E S S

1
3

( 1) ( )z x ye
2 2 2

All samples were run as either finely crushed powders or
compressed Nujol mulls in polyethylene sample tubes. Both
preparations yielded identical results.

S y n t h e t i c D e t a i l s . T r i m e t h y l ( N , N , N ′ , N ′ -
tetramethylethylenediamine)manganese(III) (1). In a 50 mL
Schlenk-type flask was placed manganese acetylacetonate (1.00 g,
2.84 mmol). The black solid was suspended in 40 mL of diethyl ether,
and then N,N,N′,N′-tetramethylethylenediamine (0.45 mL, 3.0 mmol)
was added. At −78 °C, a solution of 1.6 M methyllithium in diethyl
ether (5.75 mL, 9.20 mmol) was added slowly via syringe. The
solution was then stirred for 30 min, warmed to room temperature,
and stirred for an additional 1 h. The deep red solution was then
filtered, the solvent was replaced with pentane, and this mixture was
filtered again. The pentane solution was then concentrated and stored
at −40 °C overnight to give 0.184 g (30% yield) of deep red needlelike
crystals. A satisfactory elemental analysis for 1 was not obtained due to
decomposition during shipping and/or sample preparation. IR (cm−1,
Nujol mull): 2794 m, 1407 vw, 1354 w, 1286 s, 1248 w, 1183 m, 1160

Table 2. Spin Hamiltonian Parameters of the S = 2 Mn(III) in Complex 1

T (K) D (cm−1) E (cm−1) g⊥ g∥ B4
4 (10

−4 cm−1)

10 −2.178(4) 0.002(2) 2.004(2) 2.014(4) −10(5)
100 −2.17 0 2.00 2.00
284 −2.08 0 2.00 2.00
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s, 1122 s, 1108 vs, 1096 w, 1077 m, 1063 m, 1042 w, 1023 m, 1013 vs,
1003 m, 951 vs, 930 m, 793 vs, 768 s.
Dimethyl(N,N,N′,N′-tetramethylethylenediamine)manganese(II)

(2). A solution of 1 in pentane was stored at −0 °C for 5 days until
orange X-ray-quality crystals formed. Crystals were isolated by
filtration (36% yield). Anal. Calcd: C, 47.8; H, 11.0; N, 13.9.
Found: C, 47.56; H, 11.05; N, 13.79. IR (cm−1, Nujol mull): 2801 m,
2779 m, 1410 vw, 1355 w, 1288 s, 1248 m, 1185 m, 1162 s, 1128 s,
1109 s, 1064 m, 1046 w, 1031 m, 1014 m, 948 vs, 932 vw, 790 vs, 768
m. UV−vis (pentane): λmax 361 nm (ε = 210).
Computational Details. Geometry optimizations of the Mn(III)

and Mn(II) complexes were carried out starting from XRD
parameters. Calculations were performed by adopting the B3LYP
hybrid functional.32 The standard all-electron 6-311+G** basis33 was
used for all atoms. Molecular geometry optimization of stationary
points was carried out without symmetry constraints and used
analytical gradient techniques. Frequency analysis was performed to
verify the geometric stability. Solvent effects were modeled using the
polarized continuum (overlapping spheres) formalism (PCM) of
Tomasi and co-workers.34 Excited-state calculations were performed
on the optimized geometry using the time-dependent DFT (TD-
DFT) method and adopting the long-range corrected version of the
B3LYP functional to better take into account eventual charge transfer
processes between the metal center and ligands.35 The g values were
evaluated by taking into account the anisotropic hyperfine coupling
constants.36 All of these calculations were performed using the G09
code.37 Theoretical evaluation of the zero field splitting parameters
required a more sophisticated multireference ab initio approach. In this
case the complete active space self consistent field (CASSCF) method
based on 4 electrons and 5 orbitals, CAS(4,5), reference was
considered and the interactions of 5 quintet and 35 triplet states
were included in the state averaged CASSCF framework.38 Equal
weights for all excited states were considered. The spin−orbit coupling
was evaluated with the effective Hamiltonian theory approach. The
wave function was evaluated using the DFT optimized geometry and
employed the def2-sv(p) basis set.39 This calculation was carried out
using the ORCA code.29b

Ligand-Field Theory Analysis. Calculations using the entire d4

basis set were performed using the locally written program DDN. Free
ion values for the spin−orbit coupling (SOC) parameter, ζ, and Racah
interelectronic repulsion parameters, B and C, were taken from those
reported by Brorson, Bendix, and co-workers.40 These were scaled
down to 70% to reflect the metal−ligand covalency of compound 1.
The single-electron d orbital energy levels given in the MO scheme of
Figure 2a were used for the bonding aspects of the calculation (see the
Supporting Information for input parameters and results for the
ground-state spin quintet).
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(14) Fornieś, J.; Martín, A.; Martín, L. F.; Menjoń, B.; Zhen, H.; Bell,
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