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ABSTRACT: The unprecedented transformation of a terminal two-
electron-donor amidinate−germylene ligand into a chelating three-
electron-donor κ2-N,Ge-imine−germanate ligand has been achieved by
treating the manganese amidinate−germylene complex [MnBr{Ge-
( iPr2bzam) tBu}(CO)4] (1; iPr2bzam = N ,N′-bis(isopropyl)-
benzamidinate) with LiMe or Ag[BF4]. In these reactions, which afford
[Mn{κ2Ge,N-GeMe(iPr2bzam)tBu}(CO)4] (2) and [Mn{κ2Ge,N-GeF-
(iPr2bzam)tBu}(CO)4] (3), respectively, the anionic nucleophile, Me− or F−, ends on the Ge atom while an arm of the amidinate
fragment migrates from the Ge atom to the Mn atom. In contrast, the reaction of 1 with AgOTf (OTf = triflate) leads to
[Mn(OTf){Ge(iPr2bzam)tBu}(CO)4] (4), which maintains intact the amidinate−germylene ligand. Complex 4 is very moisture-
sensitive, leading to [Mn2{μ−κ4Ge2,O2-Ge2

tBu2(OH)2O}(CO)8] (5) and [iPr2bzamH2]OTf (6) in wet solvents. In 5, a novel
digermanate(II) ligand, [tBu(OH)GeOGe(OH)tBu]2−, doubly bridges two Mn(CO)4 units. The structures of 1−6 have been
characterized by spectroscopic (IR, NMR) and single-crystal X-ray diffraction methods.

■ INTRODUCTION

The coordination chemistry of heavier carbene analogues (also
known as heavier tetrylenes, HTs) stabilized by amidinate
groups has experienced an exponential growth in the past few
years.1−8 They form stable complexes with almost all of the
elements of the transition metal (TM) series and, importantly,
some of their TM complexes have already been successfully
tested as catalyst precursors for useful reactions,1a such as
Sonogashira cross-couplings,3a ketone hidrosilylations,3b cross-
coupling reactions of aryl halides with organometallic zinc and
Grignard reagents,3f [2 + 2 + 2] cycloadditions,4a and arene C−
H borylations.4b

The vast majority of the hitherto reported amidinate−HT−
TM complexes have their amidinate−HTs behaving as terminal
ligands attached to the TM atom through the corresponding
group-14 donor atom, and this situation is maintained in the
products of their reactions. We have recently discovered a
remarkable exception to this spectator behavior of amidinate−
HT ligands, since the germylene Ge(iPr2bzam)(HMDS)
[iPr2bzam = N,N′-bis(isopropyl)benzamidinate; HMDS =
N(SiMe3)2], which is equipped with just one lone pair of
electrons on the Ge atom, can be transformed into a bridging
four-electron-donor κ2-N,Ge-imine−germylene ligand when
treated with [Co2(CO)8]

2b and [Ru3(CO)12]
2c,3g (Scheme 1).

Until then, such a bidentate coordination mode, which implies
the opening of the germylene GeN2C ring and the subsequent
coordination of one of the arms of the amidinate fragment to
the TM, was unknown for amidinate−HT ligands. In a related
work, Tacke et al. have described the opposite ligand behavior,

since the bis(amidinate)−silylene Si(iPr2bzam)2, which con-
tains one chelating and one terminal amidinate, closes its
pendant imine arm toward the silicon atom upon coordination
of the latter to a tungsten center.4f

In this contribution, we report (a) the first amidinate−
germylene derivatives of manganese (the only amidinate−HT−
Mn complexes hitherto known are silylene derivatives4g,5), (b)
the unprecedented observation that a terminal two-electron-
donor amidinate−germylene ligand can be converted into
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Scheme 1. Reported Reactivity of Ge(iPr2bzam)(HMDS)
with Cobalt and Ruthenium Carbonyls
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chelating three-electron-donor κ2N,Ge-imine−germanate li-
gands, and (c) a hydrolysis reaction that leads to a neutral
dimanganese(I) derivative that contains the novel digermanate-
(II) [tBu(OH)GeOGe(OH)tBu]2− as a bridging κ4Ge2,O2-
ligand.

■ RESULTS AND DISCUSSION
The manganese(I) amidinate-germylene complex [MnBr{Ge-
(iPr2bzam)tBu}(CO)4] (1) was easily prepared by treating
[MnBr(CO)5] with 1 equiv of the germylene Ge(iPr2bzam)

tBu
at room temperature (toluene, 10 min). An X-ray diffraction
(XRD) study (Figure 1) confirmed the cis arrangement of its

Br and Ge(iPr2bzam)tBu ligands. Its IR (four νCO absorptions)
and NMR spectra (equivalent isopropyl groups) are compatible
with a molecule having an average CS symmetry, confirming
that, in solution at room temperature, there is free rotation
about the Ge−Mn bond.
In a recent paper, Driess, Inoue, and co-workers have

reported the opening of a palladium-bound amidinate−silylene
SiNCN ring induced by a hydride shift from Pd to Si; however,
in that case, the amidinate open arm remained uncoordina-
ted.4h That paper prompted us to introduce a hydride into our
system, looking for a similar GeNCN ring opening, but,
unfortunately, all attempted reactions of complex 1 with
hydride donors, such as Na[BH4], K[BH

sBu3], or Li[BHEt3],
led to dark suspensions, the 1H NMR spectra of which
contained many broad peaks, including various hydride
resonances. Due to the air- and moisture-sensitivity of these
mixtures, they could not be separated by chromatographic
methods, and they were not further investigated. Additionally,
trying to induce a Mn-to-Ge shift of the Br atom of 1, we
heated this complex in toluene at 90 °C, but an inseparable
mixture was again obtained. These results led us to attempt a
replacement of a methyl group for the bromine atom of 1,
reasoning that a Mn-to-Ge shift of a methyl group could be
easier than that of the bromide. The room temperature
treatment of a toluene solution of complex 1 with an ethereal
solution of LiMe led to a product that was subsequently
identified as [Mn{κ2Ge,N-GeMe(iPr2bzam)tBu}(CO)4] (2;
Scheme 2).

The 1H and 13C{1H} NMR spectra of 2 confirmed the
incorporation of the methyl group (singlets at δH 0.96 ppm and
δC 24.6 ppm, respectively, in C6D6), but, surprisingly, they also
indicated the absence of any symmetry in the molecule. The
XRD structure of 2 (Figure 2) determined that the molecule is

a tetracarbonyl manganese derivative containing a chelating
κ2N,Ge-imine−germanate ligand that formally results from the
addition of a Me− group to the Ge atom of 1, the opening of a
Ge−N bond of the GeNCN ring of the original germylene
ligand, and the displacement of the bromide group from the
Mn atom by the resulting imine arm of the open amidinate
fragment.
We also treated [MnMe(CO)5] with Ge(iPr2bzam)

tBu, but
no reaction occurred in toluene at 20 °C and extensive
decomposition was observed when the solution was heated at
90 °C.
Complex 2 contains an anionic chelating three-electron-

donor κ2-N,Ge-imine−germanate ligand, a coordination mode
previously unknown for amidinate−HT ligands. Interestingly, a
few days prior to the submission of the revised version of this
paper, Tacke and co-workers reported the synthesis of group-6
metal carbonyl complexes containing a chelating four-electron-
donor imine−silylene ligand by treating the corresponding

Figure 1. XRD molecular structure of 1 (40% displacement ellipsoids;
H atoms omitted for clarity; only one of the four symmetry-
independent but analogous molecules found in the asymmetric unit is
shown). Selected interatomic distances (Å): Mn1−Ge1 2.398(1),
Ge1−C14 1.994(9), Ge1−N1 1.988(6), Ge1−N2 1.998(7), N1−C3
1.46(1), N1−C4 1.30(1), N2−C4 1.34(1), N2−C11 1.46(1). The
Mn−Br distance is not given because the Br atom and one CO ligand
are involved in exchange positional disorder.

Scheme 2. Reactions of Complex 1 with LiMe, Ag[BF4], and
AgOTf

Figure 2. XRD molecular structure of 2 (25% displacement ellipsoids;
H atoms omitted for clarity). Selected interatomic distances (Å):
Mn1−Ge1 2.428(5), Mn1−N2 2.12(2), Ge1−C14 1.97(3), Ge1−C18
1.88(3), Ge1−N1 1.91(2), N1−C3 1.55(3), N1−C4 1.37(3), N2−C4
1.30(3), N2−C11 1.54(3).
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metal carbonyl with a bis(guanidinate)−silylene that contains
one chelating and one terminal guanidinate.9 However, in this
case, the reaction products do not arise from an insertion of the
corresponding group-6 metal atom into an Si−N bond, but
from the coordination to the group-6 metal atom of both the Si
atom and the free N atom of the pendant (not chelating)
guanidinate group of the starting silylene.
Pursuing our objective of preparing a mononuclear complex

containing a chelating four-electron-donor imine−germylene
ligand, we reasoned that the simple insertion of the Mn atom of
1 into a Ge−N bond of its amidinate−germylene ligand
(without adding a nucleophile to the Ge atom) could be
facilitated by removing the bromide ligand of 1 with a silver salt
of a noncoordinating anion. However, (and interestingly), the
room temperature reaction of complex 1 with 1 equival of
Ag[BF4] led to a product, [Mn{κ2Ge,N-GeF(iPr2bzam)

tBu}-
(CO)4] (3; Scheme 1), whose molecular structure, determined
by analytical, spectroscopic (Supporting Information), and
XRD methods (Figure 3), is entirely analogous to that of

complex 2 but having a fluoride instead of a methyl group on
the Ge atom. Therefore, [BF4]

− anion has in this occasion
behaved as a source of F− anion, a role that is unusual but not
unknown.10

With the aim of getting a mechanistic insight into the
processes that lead to compounds 2 and 3, low-temperature
reactions were monitored by IR spectroscopy (νCO region). In
both cases, the reagents were initially mixed in toluene at −80
°C, but, as no reaction was observed, the temperature was
slowly raised. In the reaction of 1 with LiMe, the νCO
absorptions of the starting material were replaced by those of
compound 2 at ca. 0 °C (no transient species were detected).
However, in the reaction of 1 with Ag[BF4], the νCO
absorptions of complex 1 disappeared at ca. −30 °C, being
replaced by those of an intermediate complex having a νCO
pattern very similar to that of 1 but with the bands shifted to
higher frequencies [2091 (m), 2026 (m), 2002 (vs), 1946 (m)
cm−1], as expected for [Mn(BF4){Ge(

iPr2bzam)tBu}(CO)4].
Above ca. 0 °C, the absorptions of this intermediate species
were finally transformed into those of complex 3. Therefore,
the synthesis of compound 3 (and probably also that of 2)
begins with the replacement of the Br− anion of 1 by the

corresponding nucleophile. This is in complete agreement with
the results of a DFT molecular orbital study (Figure 4), which

has shown that both HOMO and LUMO of compound 1 are
separated by a very large energy gap (103.1 kcal mol−1), have a
large contribution from the Br atom, and that, as the LUMO
contains a σ-antibonding overlap between Mn and Br with
negligible contribution from the atoms of the germylene ligand,
complex 1 is prone to break the Mn−Br bond upon treatment
with Lewis bases.
Pursuing the synthesis of an elusive mononuclear complex

containing a chelating four-electron-donor imine−germylene
ligand, we decided to use AgOTf (OTf = triflate) as bromide
abstractor because the triflate anion is a weakly coordinating
ligand and, in contrast to Ag[BF4], it has never been reported
as a source of fluoride anions. In this case, a comparison of the
analytical and spectroscopic data of the product obtained by
treating complex 1 with AgOTf with those of complexes 1−3
(and a subsequent XRD study, see below) determined that the
triflate complex is [Mn(OTf){Ge(iPr2bzam)

tBu}(CO)4] (4;
Scheme 1) and, therefore, that it arises from the simple
substitution of the triflate for the bromide anion in 1.
Additionally, trying to induce a Mn-to-Ge shift of the OTf
group of 4, we heated this complex in toluene at 90 °C, but an
inseparable mixture was again obtained.
Therefore, the results described above do not yet provide

satisfactory answers to questions such as why and how do the
reactions of 1 with LiMe or Ag[BF4] lead to compounds 2 and
3 or why imine−germanate derivatives analogous to 2 and 3 are
not obtained from the reaction of 1 with AgOTf or from the
thermolyses of 1 and 4. To shed more light on these questions,
we are currently studying reactions of complex 1 with other
inorganic and organic nucleophiles and performing mechanistic
DFT calculations.
With the aim of completely determining the structure of

triflate 4, a crystal obtained from a hexane solution of this
complex was analyzed by XRD. It resulted to contain a 1:1
mixture of triflate 4 and a dimanganese(I) complex of formula
[Mn2{μ−κ4Ge2,O2-Ge2

tBu2(OH)2O}(CO)8] (5). While the
molecular structure of 4 (Figure 5) was as it was expected,
that of complex 5 was very surprising (Figure 6), since it
consists of two Mn(CO)4 fragments doubly bridged in cis
coordination sites by an unprecedented digermanate(II) ligand,
[tBu(OH)GeOGe(OH)tBu]2−, which comprises an HOGeO-
GeOH chain in which each Ge atom is also attached to a tert-
butyl group. In the complex, each Mn atom is attached to a Ge
atom and to the O atom of an OH group in such a way that the
molecule has C2 symmetry (noncrystallographic), with the
twofold axis passing through the midpoint of the Mn−Mn

Figure 3. XRD molecular structure of 3 (30% displacement ellipsoids;
H atoms omitted for clarity). Selected interatomic distances (Å):
Mn1−Ge1 2.3647(9), Mn1−N2 2.126(4), Ge1−C14 1.986(5), Ge1−
F1 1.776(2), Ge1−N1 1.901(3), N1−C3 1.494(6), N1−C4 1.352(5),
N2−C4 1.314(6), N2−C11 1.490(6).

Figure 4. HOMO (left) and LUMO (right) of complex 1, shown at an
isosurface value of ±0.05.
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segment and through the O atom that connects the two Ge
atoms. In the crystals of 4·5, both complexes are packed in
chains in which each OH group is hydrogen-bonded to one of
the two uncoordinated O atoms of the triflate ligand
(Supporting Information, Figure SI-8).
As complex 5 in the crystal of 4·5 clearly resulted from an

adventitious hydrolysis of complex 4, we subsequently treated a
toluene solution of the triflate complex 4 with water. This
reaction immediately led to a 1:2 mixture of 5 and the
amidinium salt [iPr2bzamH2]OTf (6) (Scheme 3), which were
easily separated and isolated in high yields.
As expected from its symmetry, the 1H and 13C{1H} NMR

spectra of compound 5 are very simple, their most relevant
feature being the low chemical shift of the OH proton
resonance, δH −0.91 ppm. The solid-state structure of the
amidinium salt 6 was determined by XRD. In the crystal,
cations and anions are connected to each other by hydrogen
bonds that involve an amidinium NH group and a triflate O
atom (Supporting Information, Figure SI-9).

Most of the hitherto known TM complexes equipped with
oxo-, hydroxo-, or alkoxo-germanate ligands result from
oxidation, hydrolysis, or alcoholysis processes on TM
complexes having Ge-donor ligands.4i,11−13 As far as we are
aware, only one hydrolysis of an amidinate−germylene TM
complex has been hitherto reported, namely, that of the
r h o d i u m ( I ) c o m p l e x [ R h C l ( c o d ) { κ 1G e -G e -
(Me3S ibzamSiMe3)2}] (cod =1 ,5 -cyc looc tad iene ;
Me3SibzamSiMe3 = N,N′-bis(trimethylsilyl)benzamidinate),
which leads to the oxo-bridged-digermylene dirhodium(I)
d e r i v a t i v e [ R h 2 C l 2 ( c o d ) 2 { μ− κ 2G e , G e ′ -Ge 2O -
(Me3SibzamSiMe3)2}], reported by Castel and co-workers.4i

■ CONCLUSIONS
In summary, this contribution, in addition to reporting the first
amidinate−germylene derivatives of manganese (1 and 4), also
describes the unprecedented transformation of a terminal two-
electron-donor amidinate−germylene ligand (that of 1) into
chelating three-electron-donor κ2-N,Ge-imine−germanate li-
gands (those of 2 and 3). The instability of these amidinate−
germylene derivatives of manganese toward water has been
established by isolating and characterizing compound 5, which
contains a novel oxo-dihydroxo-digermanate(II) ligand bridging
two manganese atoms.
On the other hand, the herein reported results provide

additional data supporting that the coordination of one of the
N atoms of amidinate−HTs to a TM is only a favorable process
if the final product does not contain a three-coordinate HT
donor atom. In fact, besides this work (complexes 2 and 3),
such a ligand behavior has only been observed in (a) binuclear
TM complexes where the HT donor atom is finally attached to
four atoms (two TM atoms, an amidinate N atom, and an
additional anionic group)2b,c,3g and (b) bis(guanidinate)−
silylenes in group-6 metal complexes, where the Si atom is
surrounded by one metal atom and three amidinate N atoms.9

Given the strong interest that is currently being devoted to
the coordination chemistry of HTs, it is expected that these
results will have implications in future stoichiometric and
catalytic reactions involving amidinate−HTs and TM com-
plexes.

■ EXPERIMENTAL SECTION
General Procedures. Solvents were dried over appropriate

desiccating reagents and were distilled under argon before use. All
reactions were carried out under argon, using drybox and/or Schlenk-
vacuum line techniques and were routinely monitored by solution IR
spectroscopy. All reaction products were vacuum-dried for several
hours prior to being weighted and analyzed. The germylene
Ge(iPr2bzam)Cl was prepared following a published procedure.3g All
remaining reagents were purchased from commercial sources. NMR

Figure 5. XRD molecular structure of 4 in 4·5 (35% displacement
ellipsoids; H atoms omitted for clarity). Selected interatomic distances
(Å): Mn1−Ge1 2.4232(7), Mn1−O1 2.088(3), Ge1−C14 1.989(5),
Ge1−N1 1.971(3), Ge1−N2 1.971(3), N1−C3 1.471(6), N1−C4
1.315(5), N2−C4 1.324(5), S1−O1 1.461(3), S1−O2 1.423(3), S1−
O3 0.421(3). The N2−C11 distance is not given because the C11
atom is involved in positional disorder.

Figure 6. XRD molecular structure of 5 in 4·5 (35% displacement
ellipsoids; H atoms, except those of the OH groups, omitted for
clarity). Selected interatomic distances (Å): Mn2−Ge2 2.4384(6),
Mn3−Ge3, 2.4200(7), Mn2−O4 2.096(2), Mn3−O6 2.108(2), Ge2−
O5 1.801(2), Ge2−O6 1.874(2), Ge3−O4 1.874(2), Ge3−O5
1.796(2), Ge2−C19 1.981(3), Ge3−C23 1.978(4), Ge2···Ge3
2.902(2), Mn2···Mn3 4.6995(1).

Scheme 3. Hydrolysis of Complex 4
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spectra were run on a Bruker DPX-300 instrument, using as standards
a residual protic solvent resonance for 1H [δ(C6HD5) = 7.16 ppm;
[δ(CHCl3) = 7.26 ppm], a solvent resonance for 13C [δ(C6D6) =
128.1 ppm; [δ(CHCl3) = 77.16 ppm], and an external solution of
trifluoroacetic acid in CDCl3 for

19F [δ(CF3CO2H) = −76.55 ppm].
Elemental analyses were obtained from a PerkinElmer 2400
microanalyzer. Mass spectra (MS) were run on a VG Autospec
double-focusing mass spectrometer operating in the FAB+ mode; ions
were produced with a standard Cs+ gun at about 30 kV; 3-nitrobenzyl
alcohol was used as matrix; data given correspond to the most
abundant isotopomer of the molecular ion or of the greatest mass
fragment.
Ge(iPr2bzam)tBu. LitBu (5.8 mL, 1.7 M in pentane, 9.9 mmol) was

added to a solution of Ge(iPr2bzam)Cl (3.04 g, 9.8 mmol) in diethyl
ether (30 mL) at −78 °C. The resulting suspension was allowed to
warm up to room temperature and then stirred for 6 h. The solvent
was removed under reduced pressure, the residue was extracted into
hexane (2 × 30 mL), and the filtrate was evaporated to dryness under
vacuum to give Ge(iPr2bzam)

tBu as an orange oily material (2.78 g,
85%). 1H NMR (C6D6, 300.1 MHz, 293 K): δ 7.12−7.04 (m, 5 H, 5
CH of Ph), 3.39 (sept, 2 H, J = 6.4 Hz, 2 CH of 2 iPr), 1.35 (s, 9 H, 3
Me of tBu), 1.09 (d, J = 6.4 Hz, 6 H, 2 Me of iPr), 0.95 (d, J = 6.4 Hz, 6
H, 2 Me of iPr) ppm. 13C{1H} NMR (C6D6, 75.5 MHz, 293 K): δ
165.7 (NCN), 131.9 (Cipso of Ph), 129.6 (2 CH of Ph), 129.1 (2 CH of
Ph), 128.9 (s, CH of Ph), 47.1 (2 CH of 2 iPr), 31.1 (C of tBu), 27.6
(3 Me of tBu), 27.0 (2 Me of iPr), 25.3 (2 Me of iPr).
[MnBr{Ge(iPr2bzam)tBu}(CO)4] (1). A toluene solution of Ge-

(iPr2bzam)
tBu (0.20 mL, 0.37 M, 0.074 mmol) was added to a solution

of [MnBr(CO)5] (20 mg, 0.073 mmol) in toluene (10 mL). The initial
yellow color changed to light orange. After stirring at room
temperature for 10 min, the solvent was removed under reduced
pressure and the crude reaction mixture was separated by column
chromatography on silica gel (2 × 3 cm). Hexane−dicholoromethane
(1:2) eluted compound 1, which was isolated as a yellow solid (35 mg,
82%). Anal. (%) Calcd for C21H28BrGeMnN2O4 (MW = 579.91 amu):
C, 43.49; H, 4.87; N, 4.83; found: 43.51; H, 4.89; N, 4.82. (+)-FAB
MS: m/z 580 [M]+. IR (toluene): νCO 2068 (m), 2001 (m), 1981 (vs),
1935 (m) cm−1. 1H NMR (C6D6, 300.1 MHz, 293 K): δ 7.22 (m, 1 H,
CH of Ph), 7.03−6.89 (m, 4 H, 4 CH of Ph), 3.35 (sept, J = 6.6 Hz, 2
H, 2 CH of 2 iPr), 1.39 (s, 9 H, tBu), 1.09 (d, J = 6.6 Hz, 6 H, 2 Me of
iPr), 1.01 (d, J = 6.6 Hz, 6 H, 2 Me of iPr) ppm. 13C{1H} NMR (C6D6,
75.5 MHz, 293 K): δ 219.7 (CO), 215.7 (2 CO), 213.1 (CO), 171.8
(NCN), 130.5−127.3 (5 CHs + 1 Cipso of Ph), 48.1 (2 CH of 2 iPr),
39.0 (C of tBu), 27.0 (3 Me of tBu), 24.9 (2 Me of iPr), 23.7 (2 Me of
iPr) ppm.
[Mn{κ2Ge,N-GeMe(iPr2bzam)tBu}(CO)4] (2). A toluene solution of

Ge(iPr2bzam)
tBu (0.20 mL, 0.37 M, 0.074 mmol) was added to a

solution of [MnBr(CO)5] (20 mg, 0.073 mmol) in toluene (10 mL).
The initial yellow color changed to light orange. After stirring at room
temperature for 10 min, LiMe (45 μL, 1.6 M in diethyl ether, 0.072
mmol) was added and the mixture was stirred at room temperature for
30 min. The initial yellow color changed to orange. The solvent was
removed under reduced pressure, and the crude reaction mixture was
separated by column chromatography on silica gel (2 × 3 cm).
Dichloromethane eluted compound 2, which was isolated as a light
yellow solid (20 mg, 53%). Anal. (%) Calcd for C22H31GeMnN2O4
(MW = 515.04 amu): C, 51.30; H, 6.07; N, 5.44; found: C, 51.42; H,
6.12; N, 5.83. (+)-FAB MS: m/z 516 [M]+. IR (toluene): νCO 2063
(w), 1984 (vs), 1965 (m), 1940 (m) cm−1. 1H NMR (C6D6, 300.1
MHz, 293 K): δ 6.94−6.89 (m, 3 H, 3 CH of Ph), 6.76−6.66 (m, 2 H,
2 CH of Ph), 3.40−3.25 (m, 2 H, 2 CH of 2 iPr), 1.30 (s, 9 H, tBu),
1.01 (d, J = 6.5 Hz, 3 H, Me of iPr), 0.96 (s, 3 H, Ge−Me) 0.90−0.86
(m, 6 H, 2 Me of iPr), 0.57 (d, J = 6.5 Hz, 3 H, Me of iPr) ppm.
13C{1H} NMR (C6D6, 75.5 MHz, 293 K): δ 173.7 (NCN), 138.5 (Cipso

of Ph), 128.7−127.0 (5 CHs of Ph), 54.4 (CH of iPr), 51.3 (CH of
iPr), 31.4 (C of tBu), 28.3 (3 Me of tBu), 24.6 (Me of Ge−Me and 2
Me of iPr), 24.4 (Me of iPr), 22.2 (Me of iPr) ppm.
[Mn{κ2Ge,N-GeF(iPr2bzam)tBu}(CO)4] (3). A toluene solution of

Ge(iPr2bzam)
tBu (0.20 mL, 0.37 M, 0.074 mmol) was added to a

solution of [MnBr(CO)5] (20 mg, 0.073 mmol) in toluene (10 mL).
The initial yellow color changed to light orange. After stirring at room
temperature for 10 min, solid Ag[BF4] (15 mg, 0.074 mmol) was
added and the mixture was stirred at room temperature for 2 h. The
initial yellow solution changed to dark brown suspension. The solvent
was removed under reduced pressure, and the crude reaction mixture
was separated by column chromatography on silica gel (2 × 3 cm).
THF eluted compound 3, which was isolated as a light yellow solid (31
mg, 82%). Anal. (%) Calcd for C21H28FGeMnN2O4 (MW = 519.00
amu): C, 48.60; H, 5.44; N, 5.40; found: C, 48.65; H, 5.47; N, 5.38.
(+)-FAB MS: m/z 408 [M − 3 CO]+. IR (toluene): νCO 2063 (w),
1984 (vs), 1965 (m), 1940 (m) cm−1. 1H NMR (C6D6, 300.1 MHz,
293 K): δ 6.93 (m, 3 H, 3 CH of Ph), 6.68−6.60 (m, 2 H, 2 CH of
Ph), 3.65−3.57 (m, 1 H, CH of iPr), 3.36−3.27 (m, 1 H, CH of iPr),
1.43 (s, 9 H, tBu), 1.06 (d, J = 6.6 Hz, 3 H,Me of iPr), 0.90−0.87 (m, 9
H, 3 Me of iPr) ppm. 13C{1H} NMR (C6D6, 75.5 MHz, 293 K): δ
174.6 (NCN), 137.63 (Cipso of Ph), 129.0−126.9 (5 CHs of Ph), 55.0
(CH of iPr), 50.9 (CH of iPr), 37.9 (d, J = 12.5 Hz, C of tBu), 27.7 (3
Me of tBu), 24.5 (Me of iPr), 24.3 (Me of iPr), 24.2 (Me of iPr), 22.1
(Me of iPr) ppm. 19F{1H} NMR (C6D6, 282.4 MHz, 293 K): δ −168.4
(s) ppm.

[Mn(OTf){Ge(iPr2bzam)tBu}(CO)4] (4). A toluene solution of
Ge(iPr2bzam)

tBu (0.20 mL, 0.37 M, 0.074 mmol) was added to a
solution of [MnBr(CO)5] (20 mg, 0.073 mmol) in toluene (10 mL).
After stirring at room temperature for 10 min, solid AgOTf (40 mg,
0.156 mmol) was added and the mixture was stirred at room
temperature for 20 min. The initial yellow solution changed to dark
brown suspension. The solvent was removed under reduced pressure,
and the crude reaction mixture was extracted into hexane (2 × 5 mL).
The filtered extract was evaporated to dryness under vacuum to give 4
as a yellow solid (36 mg, 76%). Anal. (%) Calcd for
C22H28F3GeMnN2O7S (MW = 649.08 amu): C, 40.71; H, 4.34; N,
4.32; found: C, 40.76; H, 4.37; N, 4.30. IR (toluene): νCO 2087 (m),
2022 (m), 1998 (vs), 1947 (m). 1H NMR (C6D6, 300.1 MHz, 293 K):
δ 7.34 (m, 1 H, CH of Ph), 7.11−6.90 (m, 4 H, 4 CH of Ph), 3.29
(sept, J = 6.5 Hz, 2 H, 2 CH of 2 iPr), 1.30 (s, 9 H, tBu), 0.98 (d, J =
6.5 Hz, 6 H, 2 Me of iPr), 0.87 (d, J = 6.6 Hz, 6 H, 2 Me of iPr) ppm.
19F{1H} NMR (C6D6, 282.4 MHz, 293 K): δ −76.1 (s) ppm. 13C{1H}
NMR (C6D6, 75.5 MHz, 293 K): δ 218.1 (CO), 214.6 (2 CO), 210.0
(CO), 173.0 (NCN), 131.0−127.7 (C + 5 CHs of Ph), 120.3 (q, J =
319 Hz, CF3). 47.9 (2 CH of 2 iPr), 39.3 (C of tBu), 26.2 (3 Me of
tBu), 24.7 (2 Me of iPr), 23.8 (2 Me of iPr).

[Mn2{μ−κ4Ge2,O2-Ge2
tBu2(OH)2O}(CO)8] (5) and [iPr2bzamH2]OTf

(6). Water (5 μL, 0.277 mmol) was added to a toluene (8 mL)
solution of 4 (45 mg, 0.070 mmol), and the mixture was stirred at
room temperature for 60 min. The initial yellow color changed to light
orange. The solvent was removed under reduced pressure, and the
crude reaction mixture was extracted into hexane (2 × 5 mL). The
hexane solution was separated from a white solid by filtatrion. The
filtrate was evaporated to dryness under vacuum to give compound 5
as a yellow solid (19 mg, 84%). The white solid was identified as
[iPr2bzamH2]OTf (6) (22 mg, 88%). Data for 5: Anal. Calcd for
C16H20Ge2Mn2O11 (MW = 643.42 amu): C, 29.87; H, 3.13; found: C,
30.01; H, 3.19. (+)-FAB MS: m/z = 644 [M]+. IR (toluene): νCO 2064
(m), 1991 (vs), 1969 (m), 1933 (m) cm−1. 1H NMR (C6D6, 300.1
MHz, 293 K): δ 1.10 (s, 18 H, 2 tBu), −0.91 (s, 2 H, 2 OH) ppm.
13C{1H} NMR (C6D6, 75.5 MHz, 293 K): δ 219.9 (COs), 37.8 (C of
tBu), 25.9 (6 Me of tBu) ppm. Data for 6: Anal. (%) Calcd for
C14H21F3N2O3S (MW = 354.39 amu): C, 47.45; H, 5.97; N, 7.91;
found: C, 47.51; H, 7.94; N, 7.87. (+)-FAB MS: m/z = 205.2
[iPr2bzamH2]

+. 1H NMR (CDCl3, 300.1 MHz, 293 K): δ 8.90 (s, br, 2
H, 2 NH), 7.66−7.35 (m, 5 H, 5 CH of Ph), 3.25 (m, 2 H, 2 CH of
iPr), 1.18 (s, br, 12 H, 4 Me of iPr) ppm. 19F{1H} NMR (C6D6, 282.4
MHz, 293 K): δ = −78.4 (s) ppm. 13C{1H} NMR (CDCl3, 75.5 MHz,
293 K): δ 164.4 (NCN), 132.4 (CH of Ph), 130.2 (2 CH of Ph), 126.6
(2 CH of Ph), 126.0 (Cipso of Ph), 48.3 (2 CH of iPr), 22.9 (4 Me of
iPr) ppm.

X-ray Diffraction Analyses. Diffraction data were collected on an
Oxford Diffraction Xcalibur Onyx Nova (1, 3, 4·5, and 6) and an

Inorganic Chemistry Article

dx.doi.org/10.1021/ic501418p | Inorg. Chem. 2014, 53, 8735−87418739



Xcalibur Ruby Gemini (2) single-crystal diffractometers. Empirical
absorption corrections were applied using the SCALE3 ABSPACK
algorithm as implemented in CrysAlisPro RED14 (for 1, 3, 4·5, and 6)
and XABS215 (for 2). The structures were solved using SIR-97.16

Isotropic and full matrix anisotropic least-squares refinements were
carried out using SHELXL.17 The hydrogen atoms of the OH (H400,
H600 in 5) and NH (H100, H200 in 6) groups were located in their
corresponding Fourier maps. The remaining hydrogen atoms of all the
compounds were set in calculated positions and refined riding on their
parent atoms. The crystals of 1 and 2 were racemic twins and were
refined using the TWIN order. The crystal of 1 was found to contain
four symmetry-independent but analogous molecules in the
asymmetric unit, each molecule exhibiting some positional disorder
involving the Br atom and an adjacent CO ligand cis to the germylene
ligand. This two ligands exchange their positions with occupancy ratios
of 96:4, 83:17, 78:22, and 81:19, respectively, for molecules 1, 2, 3, and
4, the greater occupancy corresponding to a situation in which the Br
atom is aligned syn to the tBu group. Restraints on the thermal and
geometrical parameters of the atoms involved in this positional
disorder were applied. For 2, restraints on the thermal parameters of
the methyl carbon atoms of the tert-butyl group were required due to
their tendency to give nonpositive definite ellipsoids. In the crystal of
4·5, the isopropyl group attached to the N2 atom of 4 was found
disordered over two positions with an occupancy ratio of 74:26;
restraints were applied on the thermal and geometrical parameters of
the atoms involved. The WINGX program system18 was used
throughout the structure determinations. The molecular plots were
made with MERCURY.19 A selection of measurement and refinement
data is given in Table SI-1 of the Supporting Information. CCDC
deposition numbers: 1008617 (1), 1008618 (2), 1008619 (3),
1012976 (4·5), and 1012977 (6).
Computational Details. DFT calculations were carried out using

the Becke’s three-parameter hybrid exchange-correlation functional20

and the hybrid B3LYP nonlocal gradient correction.21 The LanL2DZ
basis set,22 with relativistic effective core potentials, was used for the
Mn atom. The basis set used for the remaining atoms was the 6-
31G(d,p).23 The optimized structure of complex 1 was confirmed as
an energy minimum by analytical calculation of frequencies (all
positive eigenvalues). The corresponding Cartesian coordinates are
given in the Supporting Information (Table SI-2). Molecular orbital
data were obtained from the natural bond order (NBO) analysis of the
data.24 All calculations were carried out without symmetry constraints
employing the Gaussian09 package.25
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