pubs.acs.org/IC

Inorganic Chemistry

Stabilizing High-Valent Metal lons with a Ketimide Ligand Set:
Synthesis of Mn(N=C'Bu,),

Richard A. Lewis, Guang Wu, and Trevor W. Hayton*

Department of Chemistry and Biochemistry, University of California Santa Barbara, Santa Barbara California 93106, United States

e Supporting Information
ABSTRACT:
Bu
. / By
— 1
Bu C\\ />C/lBu Eiu ”Blu
4 & =C
o Et,0/THF /N Neeo_ I By \KM . WNZ ey
MnCl; + 4 C——N—L ——» (THF)Li' Mnl__ _SL(THR) ————= oM
-2Lcl \ NS EbO gy N N tBu
By ‘ k‘N/ \ -2l \Tf \T/
C—~1gy
‘Bu\c// / Bu 'Bu
i Bu

Reaction of MnCl, with 4 equiv of Li(N=C'Bu, ) generates [Li(THF)],[Mn(N=C'Bu,),] (1) in 80% yield. Oxidation of 1 with 0.5
equiv of I, produces [Li][Mn(N=C'Bu,),] (2) in 88% yield. Both complexes 1 and 2 exhibit tetrahedral structures about the Mn
center in the solid-state, as determined by X-ray crystallography. Reaction of 2 with 12-crown-4 generates [Li(12-crown-4),]-
[Mn(N=C'Bu,),] (3) in 94% yield. Interestingly, in the solid-state, complex 3 exhibits a squashed tetrahedral structure about Mn.
Addition of 1 equiv of I, to 1 generates the Mn(IV) ketimide, Mn(N=C'Bu, ), (4), in 75% yield. Complex 4 was fully characterized,
including analysis by X-ray crystallography and cyclic voltammetry. Like 3, complex 4 also exhibits a squashed tetrahedral structure
in the solid-state. Interestingly, thermolysis of complex 4 at 50 °C for 6 h results in the formation of Mn3(N=C'Bu, )s (6), which can
be isolated in 49% yield. Also observed in the reaction mixture is pivalonitrile, isobutylene, and isobutene, the products of ketimide
ligand oxidation. We have also synthesized the homoleptic Cr(IV) ketimide complex, Cr(N=C'Bu, ), (5), and have analyzed its

electrochemical properties with cyclic voltammetry.

B INTRODUCTION

High valent manganese is of interest because of its role in
oxygen evolution by Photosystem II,'  and also because of its
proposed intermediacy in numerous synthetically relevant oxi-
dations.*”” In this regard, a variety of coligands have been inter-
rogated for their ability to stabilize the 4+ and 5S4 oxidation
states of Mn, including, most prominently, porphyrins and cor-
roles.’ "> Amides have also proven useful at stabilizing Mn-
(IV)," such as the tripodal [Hzbuea]®~ ligand ([Hzbuea]®™ =
tris[ (N'-tert-butylureaylato )-N-ethylene J]aminato), used to stabi-
lize a terminal oxo complex of Mn*"."*~'® Additionally, Collins
and co-workers have reported the synthesis of several high valent
Mn complexes ligated by a tetra(amido) macrocyclic ligand," '
while several high valent Mn ions ligated by mixed bis(amido)/
bis(alkoxo) ligands are also known.”*”** Aryloxide ligands are
also capable of supporting high-valent manganese.”>” " Of these,
iminophenolate-containing ligands are most prevalent,”® " as
illustrated in the Mn(IV) complex [Mn(SALPN)O], (SALPN =
1,3-bis(salicylideneamino )propane).>**" Finally, the synthesis of
a homoleptic M(IV) alkyl complex, Mn(norbornyl),, has been
reported, but this material has not been fully characterized.**

Despite these advances, however, Mn(IV) alkoxo and amido
complexes are still relatively rare. For example, to our knowledge,
neither a homoleptic Mn(IV) amide nor homoleptic Mn(IV)
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alkoxide is known. This is remarkable, given the importance of these
two ligand sets to modern coordination chemistry,>>** and reveals
the acute challenge in generating and isolating high-valent manga-
nese coordination complexes. It also reveals the need to identify
new ligands sets capable of supporting Mn**. In this regard, we
recently reported the synthesis of a stable Fe(IV) ketimide complex,
namely, Fe(N=C'Bu,),** Interestingly, this complex exhibits a
diamagnetic ground state and a square planar geometry. The utility
of [N=C'Bu,] ™ at stabilizing M"" ions was further illustrated by
the recent isolation of Cr(N=C'Bu,), by Hoffman and co-
workers.> Again, this complex is diamagnetic, but in contrast to
the Fe analogue, it exhibits a D,; geometry. The unique structures
and electronic properties exhibited by these two complexes have
motivated us to further explore the coordination chemistry of the
ketimide ligand. Herein we report the synthesis and characterization
of a homoleptic Mn(IV) ketimide complex and analyze the
emerging structural trends observed for the M(N=C'Bu,), series.

B RESULTS AND DISCUSSION

The addition of 4 equiv of Li(N=C'Bu,) to MnCl,, in THF,
yields a bright yellow solution. Filtration of the reaction mixture
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and recrystallization from a concentrated Et,O solution yields
[Li(THF)],[Mn(N=C'Bu,),] (1), as a yellow powder in 80%
yield (Scheme 1).

Single crystals suitable for X-ray diffraction analysis were obtained
from a dilute hexane solution stored at —25 °C. In the solid state,
1 crystallizes in the monoclinic space group P2, /n and exhibits a
distorted tetrahedral geometry about Mn (Figure 1). Complex 1
is isostructural with the Fe analogue,35 but, as expected, the
Mn—N bond lengths are slightly longer than the Fe—N bond
lengths, consistent with the presence of the larger Mn*" ion. In
particular, the Mn—N bond lengths range from Mnl—N4 =
2.107(3) A to Mn1—N3 = 2.118(3) A. These bond lengths are
comparable to the Mn—N bond lengths found in manganese
amides.®” In addition, there are two Li cations contained within
the secondary coordination sphere of 1. Each cation is coordi-
nated by two ketimide nitrogen atoms, one THF molecule, and
by agostic interactions with two ketimide methyl groups.”®

The "H NMR spectrum of 1 in C¢Dg consists of an extremely
broad singlet at 17.3 ppm, which we have assigned to the fert-
butyl groups of the ketimide ligands. In addition, two broad
resonances are observed at 3.5 ppm and 1.3 ppm, which are
assignable to THF. No resonance is observed in the "Li{'H}
NMR spectrum. The magnetic susceptibility of 1 at 300 K was
determined to be 5.98 uy by SQUID magnetometry (Figure 2).
This is within the range expected for an S = 5/2 ground state, and
is consistent with the presence of a high spin d” ion.*

Complex 1 is readily oxidized by addition of 0.5 equiv of I, to
yield a dark brown solution, from which [Li][Mn(N=C'Bu,),]

(2) can be isolated as a deep brown crystalline solid in good yield
(Scheme 1). Its "H NMR spectrum in C4Dg consists of a broad
singlet at 9.1 ppm, which we have assigned to the tert-butyl
groups of the ketimide ligand, while the "Li{"H} NMR spectrum
exhibits a broad resonance at 85.3 ppm.

Complex 2 crystallizes in the orthorhombic space group Pnna,
and exhibits a tetrahedral geometry about the Mn ion (e.g,
N1—-Mnl1—N2 = 107.64(14)°, N1-Mn1—NI1* = 113.3(2)°,
N2—Mnl—N2* = 114.1(2)°) (Figure 3). In the solid state,
complex 2 contains a single Li cation contained within its
secondary coordination sphere. However, the Li cation is dis-
ordered over two sites, namely, the binding site defined by N1
and N1* and the binding site defined by N2 and N2*. Each site
was modeled with half occupancy. In both sites the cation interacts
with two ketimide nitrogen atoms and two methyl groups of the
tert-butyl substituents, in a roughly square planar arrangement. A
similar interaction has been observed previously in the solid-state
molecular structure of [Li][AI(N=C"Bu,),].** While disorder
was detected for the Li" cation, alternate positions for the ketimide
ligands were not observed. Thus the metrical parameters of the
ketimides represent an average of the bridging and terminal co-
ordination modes. Nonetheless, the Mn—N bond lengths
(Mnl1—N1 = 1.902(3) A and Mn1—N2 = 1.900(4) A) are
shorter than those observed for complex 1, consistent with the
combined influence of the smaller Mn®* ion and the presence of
two terminal ketimide ligands.

Interestingly, complex 2 is not isostructural with its isoelec-
tronic d* iron analogue, Fe(N=C'Bu,),.>* We reasoned that the
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Figure 1. ORTEP diagram of [Li(THF)],[Mn(N=C'Bu,),] (1) with
50% probability ellipsoids. Selected bond lengths (A) and bond angles
(deg): Mn1—NI1 = 2.114(3), Mn1—-N2 = 2.117(3), Mn1—N3
2.118(3), Mn1—N4 = 2.107(3), N1-Li2 = 1.961(7), N4—Li2
1.978(7), N3—Lil = 1.975(7), N2—Lil = 1.984(7), N1-Cl1
1.249(5), Li2—O01 = 1.973(7), N4—Mnl-N1 = 92.37(12),
N2—Mnl—N1 = 119.53(11), Mn1—N1—CI = 145.4(3).
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Figure 2. Temperature dependent magnetic susceptibility of complexes
1,3,4, and 5.

aforementioned Li cation was perturbing the complex away from
the preferred square planar arrangement. Given this considera-
tion we attempted to sequester the Li ion in 2 with 12-crown-4,
so as to compare the structures and electronic properties of two
truly isostructural [M(N=C'Bu,),]”~ (M = Mn, Fe) com-
plexes. Thus, layering a hexane solution of 12-crown-4 upon an
Et,0 solution of 2, followed by storage at —25 °C, provides
[Li(12-crown-4),][Mn(N=C'Bu,),] (3) as dark purple solid in
good yield (Scheme 1).

Complex 3 crystallizes in the triclinic space group PI as a
discrete cation/anion pair (Figure 4). Its Mn—N bond lengths
range from 1.888(4) A to 1.913(3) A, and are comparable to the

Figure 3. ORTEP diagram of [Li][Mn(N=C'Bu,),] (2) with 50%
probability ellipsoids. Selected bond lengths (A) and bond angles (deg):
Mnl—NI = 1.902(3), Mn1—N2 = 1.900(4), Lil—NI = 2.022(15),
NI1-Mnl—N2 = 107.64(14), NI-Mnl1—N1* = 113.3(2), Mnl—
N1—CI = 154.7(3), Mn1—N2—C10 = 157.5(3).

Mn—N bond lengths observed in 2. The Mn center in complex 3
exhibits a distorted square planar geometry, much different than
the tetrahedral geometry observed in 2. For example, the largest
N—Mn—N angles are NI-Mnl—N3 = 143.60(15)° and
N2—Mnl—N4 = 143.47(15)°. These values are notably smaller
than those observed for the isoelectronic Fe(IV) complex,
Fe(N=C'Bu,); (N1—Fel—N1* = 167.1(2)° N2—Fel —N2* =
167.6(2)°).* In addition, the four ketimide ligands in 3 are not
coordinated in a linear fashion, as was observed in the Fe(IV)
analogue. In particular, the Mn—N—C angles range from
149.8(3)° to 153.0(3)°. This change in coordination behavior
is likely due to the high-spin nature of complex 3 (vide infra),
which reduces the ability of the ketimide ligand to act as a
qr-donor because of unfavorable electron—electron repulsions
between the partially filled d orbitals and the nitrogen lone pairs.
Several other four coordinate d* complexes,41 such as [Li(THF), -
[CrPh,], [Li(TMEDA)],[CrMe,], and [Li(TMEDA),]
[MnMe,],** also exhibit nontetrahedral geometries. For exam-
ple, [Li(TMEDA),][MnMe,] exhibits a distorted square planar
geometry about Mn, with the largest C—Mn—C bond angles
being 160.8(2)° and 161.8(2)°.

The 'H NMR spectrum of 3 in pyridine-ds consists of a broad
singlet at 12.4 ppm, which we have assigned to the tert-butyl
groups of the ketimide ligand. Additionally, we observe a sharp
singlet at 3.66 ppm, assignable to the methylene protons of the
[Li(12-crown-4),] cation. The "Li{"H} NMR spectrum in pyr-
idine-ds consists of a singlet at 3.54 ppm. The solid state magnetic
susceptibility of 3, at 300 K, yields an effective magnetic moment of
4.74 ug, which is consistent with the § = 2 ground state expected
for a high-spin d*ion (Figure 2).*5% This contrasts with the low
spin, S = 0 ground state observed for its isoelectronic Fe(IV)
analogue.®® We attribute this difference to the disparity in charge
between the 34 ion in 3 and the 4+ ion in the Fe complex. The
higher charge in the Fe example leads to a greater ligand field
splitting and results in a low spin ground state.
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Figure 4. ORTEP diagram of [Li(12-crown-4),][Mn(N=C'Bu,),]
(3) with S0% probability ellipsoids. Selected bond lengths (A) and
bond angles (deg): Mn1—N1 = 1.913(3), Mn1—N2 = 1.888(4),
Mnl—N3 = 1.903(3), Mn1—N4 = 1.895(3), N1—-C1 = 1.264(5),
Lil—O1 = 2.373(9), N1-Mnl1—N2 = 95.16(14), N1-Mn1—N3 =
143.60(15), Mn1—N1—C1 = 149.8(3), Mn1—N2—C10 = 153.0(3).

Complex 3 is stable in DME or pyridine. However, it appears
to react with both dichloromethane and acetonitrile. In the case
of the former, dissolution results in the formation of complex 4
(vide infra), as determined by "H NMR spectroscopy. In the case
of the latter, dissolution only yields an intractable solid. Inter-
estingly, the sequestration of the Li cation in complex 3 appears
to be reversible. Dissolution of 3 in C¢Dg results in the formation
of a deep yellow-brown solution, quite different from the purple
solutions typically associated with this material. The "H NMR
spectra of these solutions are consistent with presence of com-
plex 2 and free 12-crown-4. The low dielectric constant of benzene,
versus that of DME or pyridine, likely destabilizes the cation/
anion pair found in 3 and promotes reformation of 2.

Complex 1 is also readily oxidized by two electrons. Thus,
addition of 1 equiv of I, to 1 in Et,O yields a dark red-orange
solution, from which Mn(N=C'Bu,), (4) can be isolated as a
red-orange crystalline solid in good yield (Scheme 1). The 'H
NMR spectrum of 4 in CsDj consists of a singlet centered at 5.10
ppm, assignable to the tert-butyl groups on the ketimide ligands.
The solid state magnetic susceptibility of 4 was determined to be
1.85 g at 300 K (Figure 2), which is consistent with an § = 1/2
ground state of a low spin d* ion.*” This spin state is also in-line
with the low spin electronic configurations observed for the Cr
and Fe analogues.>**°

Crystals of 4 suitable for X-ray diffraction were obtained by
storage in a concentrated pentane solution at —25 °C for 24 h.
Complex 4 crystallizes in the triclinic space group P1, and as
observed for complex 3, it exhibits a distorted square planar
geometry about Mn (Figure 5). For example, the largest
N—Mn—N bond angles (N2—Mnl1—N4 = 151.12(12)° and
N1—Mnl—N3 =150.31(12)°) are nearly identical to the largest
N—Mn—N angles observed for 3. Additionally, the Mn—N bond
lengths range from 1.781(3) A to 1.790(3) A, which is about 0.1 A
shorter than the Mn—N bond lengths observed in 3, consistent

Figure 5. ORTEP diagram of Mn(N=C'Bu,), (4) with 50% prob-
ability ellipsoids. Selected bond lengths (A) and bond angles (deg):
Mnl—N1 = 1.790(3), Mn1—N2 = 1.782(3), Mn1—N3 = 1.781(3),
Mn1—N4=1.786(3),N1—C1=1.259(4), N1—Mn1—N2 =93.90(12),
N1-Mnl1—N3 = 150.31(12), Mn1—N1—C1 = 174.1(2), Mn1—N4—
C28 = 177.6(2), N2—Mn1—N4 = 151.12(12).

with oxidation from Mn(IIl) to Mn(IV). Unlike complex 3,
however, the four ketimide ligands in 4 are ligated in a linear fashion
(eg, Mn1—N1—CI = 174.1(2)°, Mn1—N4—C28 = 177.6(2)°).
We attribute this change to the low spin configuration of 4, which
allows for greater s7-donation from the ketimide ligands.

Complex 4 is the fourth homoleptic M** ketimide complex to
be structurally characterized for the first row transition metals. Its
characterization allows for the opportunity to compare the structural
features of this unique series of M(IV) complexes. A selection of
metrical parameters for these four complexes is shown in Table 1.
Most interesting is the correlation between the coordination
geometry and the d electron count of the metal ion. Specifically,
as the d count of the metal ion increases from zero (Ti) to four
(Fe), the geometry about the metal ion changes gradually from
tetrahedral (Ti, 7, = 0.99) to square planar (Fe, 7, = 0.18), where
a 74 of 1 indicates an idealized tetrahedron and a 74 of 0 indicates
an idealized square plane.*® Accordingly, the Cr and Mn analo-
gues both exhibit D,; structures, with the Mn analogue being
slightly closer to an idealized square plane than the Cr analogue.
Hoffman and co-workers recently argued that the D, structure
of Cr(N=C'Bu,), arises from the competing effects of
7r-donation from the ketimide ligands into the empty d.. orbital
and 57-back-donation from the filled d,, orbital into the empty
ketimide C=N 77* orbitals.** The 77-donation interaction pro-
motes a tetrahedral geometry, while the 77-back-donation inter-
action promotes a square planar geometry. A similar explanation
may also account for the D, and Dy, structures of complex 4
and Fe(N=C'Bu,),, respectively. In these two complexes, the
d,. orbital would be either partially (in 4) or fully (in Fe-
(N=C'Bu,),) occupied, reducing the T4-promoting 77-donation
interaction and favoring a flattened structure. However, the
st-donation/sr-back-donation argument does not as readily ratio-
nalize the D, geometry of complex 3, as the ketimide 77-donor/
Jr-acceptor capacity is presumably attenuated by the acute
Mn—N-—C angles. As an alternate explanation we propose that
both 3 and 4 derive an increased crystal field stabilization by
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Table 1. Comparison of the Metrical Parameters for
M(N=C'Bu,), (M = Ti, Cr, Mn, Fe)

d M—N M-N-C N-M-N
M  count distances (A) angles (deg) angles (deg)® 7, ref.
Ti  d° av. 1.87 av. 175 114.9 099 sl
1113
cr & 1.784(2) 1784(2)  136.1(1) 0.62 36
1.785(2) 179.1(2) 136.2(1)
Mn & av. 1.78 av. 176 151.12(12)  0.42 this work
150.31(12)
Fe d* 1.771(3) 165.5(3)  167.1(2) 0.18 35
1.775(3) 166.6(3) 167.6(2)

“ Defined as the two largest N—M—N angles observed in the complex.
® As defined in ref 48.
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Figure 6. Cyclic voltammogram of complexes 4 and § (200 mV/s scan
rate, vs Fc/Fc'). Measured in THF with 0.1 M [NBu,][PFs] as
supporting electrolyte.

flattening to a D,y structure.* This explanation also rationalizes
the T,; geometry of Ti(N=C'Bu,),, which would not exhibit any
CFSE, and the nearly square planar geometry of [Li(TME-
DA)][MnMe,],***° for which the 7-donation/s7-back-donation
argument does not apply, but which would still derive some
CFSE by flattening to a square planar structure. Alternately, the
D, geometry of complex 3 could be explained by the Jahn—Teller
effect; however, this explanation is less likely for the low spin d*
ion in complex 4.*' Nevertheless, CFSE or Jahn—Teller effects
are not likely the only factors determining the structures of these
complexes, as there is a competing steric effect which should
favor the tetrahedral structure. The presence of counteracting
steric and electronic effects may explain why the magnitude of
flattening correlates with the d electron count.

The cyclic voltammogram of complex 4 in THF yields two
reversible redox features at —1.67 V and —0.88 V (vs Fc/Fc")
(Figure 6). The feature at —1.67 V is attributable to the Mn(II)/
Mn(III) redox couple while the feature at —0.88 V is attributable
to the Mn(III)/Mn(IV) redox couple. The Mn(III)/Mn(IV)
redox potential is 0.35 V lower than the Fe(Ill)/Fe(IV) redox
potential observed for Fe(N=C'Bu,),,>" consistent with the
gregger ability of Mn to achieve the 44- oxidation state, relative to
Fe.

We have also synthesized the chromium analogue, Cr-
(N=C'Bu,); (5),* for comparison with complex 4. Thus,

addition of 4 equiv of Li(N=C'Bu,) to CrCls, followed by the
addition of 0.5 equiv of I,, yields a dark orange solution from
which § can be isolated as dark orange blocks in $9% yield (eq 1).
The *C{"H} NMR spectrum of complex § reveals a resonance at
184.1 ppm, attributable to the o carbon of the ketimide ligand.
Interestingly, this represents a 90 ppm upfield shift from the o
carbon resonance of the iron analogue, Fe(N=C'Bu,),.>° We
have also confirmed the diamagnetism reported by Hoffman
using SQUID magnetometry (Figure 2).
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As was observed for complex 4, the cyclic voltammogram
of complex § yields two reversible redox features, at —2.48 V
and —0.71 V (vs Fc/Fc ™) (Figure 6). The feature at —2.48 V is
attributable to the Cr(II)/Cr(III) redox couple, while the feature
at —0.71 Vis attributable to the Cr(III)/Cr(IV) redox couple. As
expected, the Cr(1I)/Cr(IIl) redox potential is substantially
lower than the Mn(II)/Mn(III) redox couple observed for 4,
consistent with the strong reducing power generally ascribed to
Cr**>37% In contrast, however, the M(III)/M(IV) redox
potential for § is 0.17 V more positive than that observed for
4. This may be a reflection of the relative instability of non-
octahedral Cr’" organometallics, previously noted during at-
tempts to prepare homoleptic Cr(III) alkyls.*®

Finally, we have begun exploring the reactivity of complex 4 to
provide greater insight into the coordination chemistry of the
high valent ketimides. Thermolysis of 4 at 50 °C for 6 h in C¢Dg
results in a striking color change from red-orange to yellow. From
these solutions, Mn3(N=C'Bu, ), (6) can be isolated as yellow-
brown crystalline solid in good yield (eq 2). Its "H NMR spectrum
in C¢Dg consists of two broad resonances at 17.1 ppm and 10.2
ppm, which we have assigned to the fert-butyl substituents of the
terminal and bridging ketimide ligands, respectively. Complex 6
can also be prepared by reaction of MnCl, with 2 equiv of
Li(N=C'Bu,) in THF, where it can be isolated in 50% yield.
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Crystals of 6 suitable for X-ray diffraction analysis were obtained
from storage of a concentrated hexane solution at —25 °C for
24 h. Complex 6 crystallizes in the monoclinic space group C2/c,
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and its solid-state molecular structure is shown in Figure 7. In the
solid-state, complex 6 exists as a trimetallic cluster. The central
manganese ion is coordinated by four ketimides, in an overall
tetrahedral geometry, with Mn—N bond lengths of Mn1—N2 =
2.113(3) A and Mn1—N3 = 2.120(3) A. In addition, complex 6
contains two trigonal planar Mn ions, which are connected to the
central Mn ion by two bridging ketimide ligands. Each trigonal
planar Mn ion is also coordinated by one terminal ketimide
ligand. The terminal ketimide ligand is coordinated in a linear
fashion (Mn2—N1—Cl = 172.5(4)°), with an Mn—N bond length
(Mn2—N1 = 1.885(4) A) that is substantially shorter than those

Figure 7. ORTEP diagram of Mn3(N=C'Bu,), (6) with 50% prob-
ability ellipsoids. Asterisks indicate atoms generated by symmetry.
Selected bond lengths (A) and bond angles (deg): Mnl—N2 =
2.113(3), Mn1—N3 = 2.120(3), Mn2—N1 = 1.885(4), N1-Cl =
1.260(S), N1—Mn2—N2 = 122.57(15), N1—Mn2—N3 = 139.97(16),
N2—Mn2—N3 = 94.75(14), N2—Mn1—N3* = 111.88(13).

exhibited by the bridging ketimides. Complex 6 is isostructural with
several manganese alkoxides,”* including Mny(OCH'Bu, )6

Monitoring the thermolysis of complex 4 in C4sDg¢ by 'HNMR
spectroscopy reveals the formation of complex 6, along with
several new resonances between 0 ppm and S ppm. For example,
resonances observed at 4.72 ppm and 1.57 ppm, in a 2:6 ratio,
respectively, are consistent with the presence of isobutylene,®
while broad resonances at 1.62 ppm and 0.83 ppm, in a 1:9 ratio,
respectively, are consistent with the presence of isobutane.> Finally,
a resonance observed at 0.75 ppm is consistent with the presence of
pivalonitrile. These assignments are further supported by the *C-
{'H} NMR spectrum of the crude reaction mixture. For instance,
resonances observed at 141.7 ppm, 110.8 ppm, and 23.8 ppm are
assignable to isobutylene,”* while resonances at 25.5 ppm and 24.5
ppm are assignable to isobutane.®" Finally, resonances observed at
27.9 ppm and 27.5 ppm are assignable to the 1° and 3° butyl
carbons, respectively, of pivalonitrile.> The presence of pivalonitrile
in the reaction mixture was further confirmed by GC/MS. We also
followed the thermolysis of complex $ by 'H NMR spectroscopy,
but after 48 h at 50 °C, very little decomposition was observed.

The 'H and "C{'H} NMR data reveals that, upon thermo-
lysis, the bis(tert-butyl)ketimide ligand is oxidized by the Mn*"
center, forming complex 6, ‘BuCN, and presumably Me;C- (eq 2),
which then undergoes a well-established disproportionation to
generate isobutylene and isobutane.®* % Two tert-butyl radicals
can also combine to form 2,2,3,3—tetramethylbutane;6 ~% how-
ever, no evidence for the formation of this product is observed in
the reaction mixture. The relative ease with which the ketimide
ligand is oxidized most likely relates to the relatively high stability
of the tert-butyl radical generated upon oxidation.*®

Ketimides have previously been noted for their inertness, espe-
cially toward electrophilic attack and insertion of unsaturated

Table 2. X-ray Crystallographic Data for Complexes 1, 2, 3, 4, and 6

1 2 3 4 6
empirical formula MnN,C,4HggO,Li, MnN,C;6H,Li MnN,Cs,H,;0405Li MnN,C;6H7, Mn;NgCsHjos
crystal habit, color yellow, block black, hexagon purple, block deep red, block brown, block
crystal size (mm) 0.6 x 04 x 0.3 0.3 X 0.3 x 0.1 0.3 X 0.3 x 0.2 0.6 X 0.6 x 0.2 0.4 x 0.2 x 0.2
crystal system monoclinic orthorhombic triclinic triclinic monoclinic
space group P2,/n Pnna P1 P1 C2/c
vol (A%) 4788(3) 4041.8(5) 2913.8(12) 1981.7(19) 5999.6(14)

a (A) 12.638(4) 16.7762(12) 13.611(3) 11.356(6) 32201(4)

b (A) 19.844(7) 15.2054(10) 13.612(3) 11.738(6) 11.2776(15)

¢ (A) 19.216(7) 15.8446(11) 16.360(4) 16.586(10) 22.819(3)

o (deg) 90.00 90.00 105.791(5) 7020(2) 90.00

B (deg) 96.517(6) 90.00 92.476(5) 89.51(2) 133.615(2)

y (deg) 90.00 90.00 90.013(5) 73.210(19) 90.00

V4 4 4 2 2 4

fw (g/mol) 774.00 622.8 97527 61592 100628

density (calcd) (Mg/m?) 1.074 1.024 1.112 1.032 1.114

abs coeff (mm ™) 0312 0352 0276 0359 0.658

Fooo 1708 1376 1072 682 2196

total no. reflections 31130 25658 24321 16650 24543

unique reflections 6906 2929 10977 7790 6175

Rint 0.0614 0.0976 0.1139 0.1604 0.1096

final R indices [I > 20(I)] R1 = 0.0649 R1 =0.064 R1 =0.0678 R1 = 0.0660 R1 =0.0624
wR2 = 0.1570 wR2 = 0.1655 wR2 =0.1410 wR2 =0.1731 wR2 = 0.1262

largest diff peak and hole (e~ A™%)

GOF

0.797 and —0.337
1.173

0.432 and —0.747
1.028

4665

0.506 and —0.675
0.930

0.566 and —0.584
1.010

1.129 and —0.740
1.010
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substrates.”*”~% This property has made them useful coligands
for olefin polymerization catalysts.”” However, ketimide ligands
are obviously susceptible to oxidation, as evidenced by the for-
mation of complex 6, but also by the intermediacy of ketimide
complexes in the preparation of ketazines, (R,C=N),, via oxidative
coupling.”' =7

B CONCLUDING REMARKS

The isolation of Mn(N=C'Bu,), further reveals the unique
ability of the bis(tert-butyl)ketimido ligand at supporting the 4+
oxidation state of the first row transition metals. Additionally, this
ligand imparts unique electronic and structural features upon
coordination to metal ions, as evidenced by the D,; structures
observed for [Mn(N=C'Bu,),] and Mn(N=C'Bu,),. In addi-
tion, we have found that the bis(tert-butyl)ketimido ligand is
prone to thermally induced oxidation. This observation suggests
that the stabilization of higher valent metal ions, such as Mn>",
will require a more judicious choice of substituents for the ketimide
ligand, specifically one that balances the electron donating capacity
of the two R groups, with the stability of the organic radical gen-
erated upon ketimide oxidation. Moving away from the tert-butyl
substituents may improve the thermal stability of the resulting
ketimide complexes. This should be easily achievable, as ketimide
ligands with a wide variety of substituents are known,”*”* allowing
for the optimization of steric bulk, electron donating ability, and

thermal stability.

B EXPERIMENTAL SECTION

General Procedures. All reactions and subsequent manipulations
were performed under anaerobic and anhydrous conditions either under
high vacuum or an atmosphere of nitrogen or argon. Tetrahydrofuran
(THF), hexane, diethyl ether, and toluene were dried using a Vacuum
Atmospheres DRI-SOLV solvent purification system. C4Dgs, DME, and
12-crown-4 were dried over activated 4 A molecular sieves for 24 h
before use. Li(N=C'Bu,) was synthesized according to the previously
reported procedure,”*” while all other reagents were purchased from
commercial suppliers and used as received.

'H, *C{'H}, and "Li{'"H} NMR spectra and Evans’ method deter-
minations’” were recorded on a Varian UNITY INOVA 400 or Varian
UNITY INOVA 500 spectrometer. 'H and "*C{'H} NMR spectra are
referenced to external SiMe, using the residual protio solvent peaks as
internal standards ("H NMR experiments) or the characteristic reso-
nances of the solvent nuclei (**C NMR experiments). "Li{ "H} spectra
were referenced to external LiCl in D,O. IR spectra were recorded on a
Mattson Genesis FTIR spectrometer while UV —vis/NIR experiments
were performed on a UV-3600 Shimadzu spectrophotometer. GC/MS
analyses were performed with a Hewlett-Packard 5970B GC/MSD.
Elemental analyses were performed by the Microanalytical Laboratory at
UC Berkeley.

Cyclic Voltammetry (CV) Measurements. CV experiments
were performed with a CH Instruments 600c Potentiostat, and the data
were processed using CHI software (version 6.29). All experiments were
performed in a glovebox using a 20 mL glass vial as the cell. The working
electrode consisted of a platinum disk embedded in glass (2 mm diameter),
the counter electrode was a platinum wire, and the reference electrode
consisted of AgCl plated on Ag wire. Solutions employed during CV
studies were typically 1 mM in the metal complex and 0.1 M in [Bu,N][PF].
All potentials are reported versus the [Cp,Fe]® " couple. For all trials,
ipa/ipc = 1 for the [szFe]O/ * couple, while i c increased linearly with
the square root of the scan rate (i.e., v/v). Redox couples which exhibited
behavior similar to the [Cp,Fe]” ™ couple were thus considered reversible.

Magnetism Measurements. Magnetism data were recorded
using a Quantum Design MPMS SXL SQUID magnetometer. Com-
plexes 1, 3, 4, and S were analyzed using 30—SS5 mg of powdered
crystalline material loaded into a NMR tube, which was subsequently
flame-sealed. The solid was kept in place with ~45 mg quartz wool
packed on either side of the sample. The data was corrected for the
contribution of the NMR tube holder and 90 mg of quartz wool. Data for
complex 1 were collected using a 1 T field between 9 K and 300 K, while data
for complexes 3 and 4 were collected using a 1 T field between 2 K and 300 K.
The experiment for complex 5 was performed using a 3 T field between
4 Kand 300 K. Diamagnetic corrections (g, = —5.52 X 10 *em® mol * for 1,
Kdia = —6.89 X 10 *em®-mol ' for 3, Adia = —460 X 10 *em®-mol ' for 4,
Y= —444 x 10~* am®-mol " for 5) were made using Pascal’s constants.”®

[Li(THF)]Z[Mn(N=C('Bu)2)4] (1). To a white suspension of Li-
(N=C'Bu,) (303 mg, 2.06 mmol) in THF (3 mL) was added MnCl,
(62 mg, 0.49 mmol). The solution immediately turned orange-yellow.
This solution was allowed to stir for 1 h, whereupon the solvent was
removed in vacuo and Et,O (S mL) was added to the resulting yellow
solid. This solution was filtered through a Celite column supported on
glass wool (0.5 cm X2 cm) and the volume of the solution was reduced
in vacuo to 2 mL. Storage at —25 °C for 24 h resulted in the deposition of
yellow powder, which was isolated by decanting off the supernatant (304
mg, 80% yield). Anal. Caled for MnN,C,4HggO,Li,: C, 68.28; H, 11.46;
N, 7.24. Found: C, 68.12; H, 11.84; N, 7.25. "H NMR (C4Ds, 25 °C, 500
MHz): 0 17.3 (br s, CMe3), 3.53 (br s, 8H, a-THF), 1.35 (br s, 8H,
B-THF). UV—vis (C,Hg, 3.0 x 10~ *M): 364nm (¢ =1600L-mol '-cm ™),
450 nm (& = 1200 L-mol ™~ "-em™ "), 564 nm (sh, & = 370 L-mol '-em™ "),
672 nm (sh, £ = 420 L-mol '+em™"). IR (hexane, cm™'): 1617(s), 1613(s).

[Li] [Mn(N=C‘Bu2)4] (2). To ayellow solution of 1 (312 mg, 0.403
mmol) in Et,O (4 mL) was added I, (50 mg, 0.197 mmol) in Et,O
(2 mL). The solution immediately turned dark yellow-brown. The
reaction was allowed to stir for 30 min whereupon DME (0.35 mL) was
added. This resulted in the deposition of Li[(DME), as a white solid.
Storage at —25 °C for 24 h resulted in the further deposition of white
solid. The solution was then filtered through a Celite column supported
on glass wool (0.5 cm X2 cm). The volatiles were then removed in
vacuo, yielding a dark solid, which was subsequently dissolved in pentane
(2 mL) to provide a dark brown yellow solution. Storage at —25 °C for
24 h resulted in the deposition of dark brown crystals, which were
isolated by decanting off the supernatant (217 mg, 86% yield). Anal.
Calcd for MnN,C56H7,Li: C, 69.42; H, 11.65; N, 8.99. Found: C, 69.31;
H, 11.66; N, 9.13. "H NMR (C¢D, 25 °C, 500 MHz): & 9.11 (br s,
CMes). "Li{'H} NMR (C¢Dg, 25 °C, 194 MHz): 0 85.3 (br, s). UV —vis
(C,Hg, 8.7 x 107> M): 323 nm (& = 9900 L-mol '-em™?), 447 nm
(=6800L-mol '-cm™'), 521 nm (¢ =2300 L-mol '+cm ™), 1003 nm
(=480 L-mol '-cm™"). IR (hexane, cm™"): 1615(s), 1617(s).

[Li(12-crown-4),][Mn(N=C'Bu,),] (3). To a brown yellow
solution of 2 (64 mg, 0.102 mmol) in Et,O (2 mL) was added a
solution of 12-crown-4 (71 mg, 0.401 mmol) in pentane (3 mL). Storage
at —25 °C for 24 h resulted in the deposition of a purple solid, which was
isolated by decanting off the supernatant (93 mg, 94% yield). Anal.
Calcd for MnN,Cs,H04O5Li: C, 64.04; H, 10.75; N, 5.74. Found: C,
63.66; H, 11.04; N, 5.35. "H NMR (pyridine-ds, 25 °C, 500 MHz):
0 12.40 (br s, CMe;), 3.66 (s, CH,). "Li{1H} NMR: (C¢Ds, 25 °C,
194 MHz): 0 3.54 (s). UV—vis (DME, 5.8x 10> M): 323 nm (& =
4000 L-mol ™ "+ecm ™), 403 nm (£ =3000 L-mol '-cm ™), 447 nm (e =
2300 L-mol '+em™"), 541 nm (& = 790 L-mol '-cm™'), 904 nm (& =
550 L-mol '-em ™). IR (DME, cm™*): 1632(s).

Mn(N=C'Bu,), (4). To a yellow solution of 1 (371 mg, 0.479
mmol) in Et,O (4 mL) was added I, (127 mg, 0.500 mmol) dissolved in
Et,0 (2 mL). The solution immediately turned a dark red-orange. After
stirring for 30 min the solution was stored at —25 °C for 24 h, resulting
in the deposition of dark red-orange crystals, which were isolated by
decanting off the supernatant (220 mg, 75% yield). Anal. Calcd for
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MnN,Cs¢Hon: C, 70.20; H, 11.78; N, 9.10. Found: C, 70.15; H, 12.13;
N, 9.25. '"H NMR (C¢Dy, 25 °C, 500 MHz): 6 5.10 (br s, CMes).
UV—vis (C;Hg, 9.8x 107> M): 332 nm (& = 17300 L-mol '-ecm ™),
446 nm (£=12700 L-mol *+cm '), 520 nm (& = 3900 L-mol "-cm™ 1),
682 nm (& = 1800 L-mol '+cm ™). IR (hexane, cm™'): 1617(s).

Cr(N=C'Bu,), (5). To a white suspension of Li(N=C'Bu,) (493 mg,
3.35 mmol) in THF (3 mL) was added CrCl; (133 mg, 0.838 mmol).
The solution immediately turned orange. This solution was allowed to
stir for 20 min, whereupon I, (109 mg, 0.429 mmol) dissolved in Et,O
(2 mL) was added. The solution immediately darkened to red orange.
Subsequent storage at —25 °C for 24 h resulted in the deposition of dark
orange crystals, which were isolated by decanting off the supernatant
(304 mg, 59% yield). Anal. Calcd for CrN4C36H7,: C, 70.54; H, 11.84;
N, 9.14. Found: C,70.23; H, 11.53; N, 9.28. "H NMR (C4Ds, 25 °C, 500
MHz): 0 1.35 (s, CMe;). >C{'H} NMR (C¢Dg 25 °C, 125 MHz): ¢
184.06 (N=C), 39.28 (CMe;), 32.02 (Me). UV—vis (C;Hg, 5.7x 10> M):
323 nm (& = 34800 L-mol '+em "), 521 nm (& = 2000 L-mol~'-cm™ "),
809 nm (& = 1500 L-mol '+em ™). IR (hexane, cm™*): 1581(m).

Mn3(N=C'Bu2)6 (6). Method A. A C¢Dg (0.5 mL) solution of
complex 4 (26 mg, 0.043 mmol) was heated at S0 °C for 6 h resulting in a
color change to yellow-orange. The solvent was removed in vacuo
yielding a dark yellow brown solid. Dissolution of the solid in hexanes
(2 mL) and storage at —25 °C for 24 h resulted in the deposition of
yellow-brown powder, which was isolated by decanting off the super-
natant (7 mg, 49% yield). "H NMR (C¢Ds, 25 °C, 500 MHz): 8 17.16
(br s, CMey), 10.35 (br s, CMes).

Method B. To a white suspension of Li(N=C'Bu,) (134 mg, 0.912
mmol) in THF (2.5 mL) was added MnCl, (58 mg, 0.46 mmol). The
solution immediately turned orange-red. This solution was allowed to
stir for 1 h generating a deep orange solution. The solvent was removed
in vacuo, and hexane (2 mL) was added to the resulting orange solid.
The solution was then filtered through a Celite column supported on
glass wool (0.5 cm X2 cm), and the volume of the solution was reduced
in vacuo to 1.5 mL. Storage at —25 °C for 24 h resulted in the deposition
of orange cubes, which were isolated by decanting off the supernatant
(76 mg, S0% yield). Calcd for Mn3NgCs4Hgg: C, 64.45; H, 10.82; N,
8.35. Found: C, 64.18; H, 10.62; N, 8.28. "H NMR (C¢Ds, 25 °C, 500
MHz): 6 17.08 (br s, CMes), 10.24 (br s, CMes).

X-ray Crystallography. Data for 1, 2, 3, 4, and 6 were collected
on a Bruker 3-axis platform diffractometer equipped with a SMART-
1000 CCD detector using a graphite monochromator with a Mo Ko
X-ray source (0t = 0.71073 A). The crystals were mounted on a glass
fiber under Paratone-N oil and all data were collected at 150(2) K
using an Oxford nitrogen gas cryostream system. A hemisphere of
data was collected using w scans with 0.3° frame widths. Frame
exposures of 20, 30, 30, 15, and 25 s were used for complexes 1,2, 3, 4,
and 6, respectively. Data collection and cell parameter determination
were conducted using the SMART program.”® Integration of the data
frames and final cell parameter refinement were performed using
SAINT software.*° Absorption corrections were carried out empiri-
cally based on reflection -scans. Subsequent calculations were
carried out using SHELXTL.®' Structure determination was done
using direct or Patterson methods and difference Fourier techniques.
All hydrogen atom positions were idealized, and rode on the atom of
attachment. Structure solution, refinement, graphics, and creation of
publication materials were performed using SHELXTL.*' In complex
2, the Li cation was found to be disordered over two sites and was
modeled with half occupancy in each site. Alternate positions for the
ketimide ligands were not observed. Additionally, for complex 4, one
tert-butyl group was found to be disordered between two positions
about the tertiary carbon, in a 50:50 ratio. Idealized hydrogen atoms
were not assigned to the disordered carbon atoms. A summary of
relevant crystallographic data for 1, 2, 3, 4, and 6 is presented in
Table 2.
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