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ABSTRACT: The first example of ionic p-diketonates in O ‘ ‘
which both the cation and anion are octahedral coordinatively ‘ o &,

saturated metal diketonate moieties are reported. Hetero- 0 ‘ Ay N & £ L[ o of
. NS 3 %

metallic tin—transition-metal heteroleptic diketonates were & 5 le ’\:
obtained through solid-state redox reactions and are &, { S ° "‘ © . L e
formulated as {[Sn"(thd);]*[M"(hfac);]"} (M" = Mn (1), N\ ® & )

Fe (2), Co (3); thd = 2,2,6,6-tetramethyl-3,5-heptanedionate, ‘ &( &) 4 o ® .8
hfac = hexafluoroacetylacetonate). X-ray single-crystal struc- e\ AL . p b ° °
tural investigations along with DART mass spectrometry, & 9 * Y AN

multinuclear NMR, and magnetic susceptibility measurements ¢
have been used to confirm an assignment of metal oxidation

states in compounds 1—3. Ionic compounds were found to

melt congruently at temperatures below the decomposition

point. As such, they represent prospective materials that can be utilized as ionic liquids as well as reagents for the soft transfer of
diketonate ligands. An unexpected volatility of ionic compounds 1—3 was proposed to occur through a transport reaction, in
which the transport agent is one of the products of their partial decomposition in the gas or condensed phase.

[Sn™(thd),]* [V (hfac),]

B INTRODUCTION

P-Diketonates demonstrate an unparalleled ability to form

molecules, the latter leads to the formation of polynuclear

species featuring a variety of dimeric,”"” trimeric,” tetra-
. 21 .22 . . 23

meric,” hexameric,”” and, ultimately, polymeric structures.

coordination compounds with the majority of the elements in
the Periodic Table."” For decades, chemists have continued to
explore the unique properties of j-diketonate complexes and
have unambiguously established the relationship between their
volatility and structure/composition.” The latter has led to
widespread applications of metal f-diketonates® as molecular
precursors in various CVD and MOCVD processes.s’6 At the
same time, the research into tunable/controllable properties has
also made metal S-diketonates useful in both laser' and fuel”
technologies, as well as NMR shift reagents,g’9 catalysts,lo’ll
and gas sensors.'” Even more, diketonate compounds have
been explored for their ability to move alkali-metal ions across
biological membranes,”> antibacterial activity,14 and environ-
mental protection through metal chelation in sewage."

The simplest form of homoleptic f-diketonate complexes is a
mononuclear structure in which all ligands are chelating a
coordinatively saturated metal center. This structure type is
known for a number of di-,'® tri-,"” and tetravalent'® complexes
M(p-dik), (x = 2—4). However, if the number (and size) of
chelating ligands does not satisfy the coordination requirements
for the metal ion, f-diketonate oxygens appear to act in a
chelating-bridging fashion. In the absence of donor solvent

-4 ACS Publications  © 2018 American Chemical Society

An application of two or more different metals results in an
even greater diversity of structure types for heterometallic f-
diketonates.>**

Chisholm eventually suggested an additional way for metals
in unsolvated diketonates to achieve coordinational saturation:
the formation of metal—metal bonds. His quadruply bonded
dimolybdenum(ILII) diketonate structure'® still stands as the
only example of such a compound, even though heterometallic
diketonates with a single metal—metal bond™ have later been
discovered.

A relatively common type of diketonate structure, in which
metal centers are forming ionic fragments, can be separated into
two distinct groups. The first of these includes heterometallic
compounds, in which formally cationic and anionic fragments
constitute parts of the molecular/polymeric structure and are
bridged by diketonate ligands. The anionic fragments are often
represented by [M(f-dik);]- (M = divalent 3d transition
metal)*® and [M(f-dik),]~ (M = trivalent lanthanide or
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actinide)”” and offer their diketonate oxygens for coordination
of “naked” metal ions. The cationic counterparts are typically
main-group-metal fragments such as [Pb(-dik)]* ** and [Bi(-
dik),]** that are coordinatively unsaturated and require
additional bridging interactions by oxygens from anionic
units. The second group comprises compounds with
coordinatively saturated isolated ions that cocrystallize with
common organic/inorganic counterions. The cationic diketo-
nates are represented by tetra- and pentavalent ions such as
MY (B-dik),]* (MY = Ti, V, Ge)*°~** and [Ta"(p-dik),]*,>
while isolated metal diketonate anions are usually stabilized by
various noncoordinating cations and include transition-metal
and lanthanide fragments similar to those in the first group.”**®
In this work, we report a new class of f-diketonates, ionic
compounds, in which both the cation and anion are
coordinatively saturated metal f-diketonate fragments, free of
exogenous ligands or solvent molecules. The tin—transition-
metal complexes formulated as {[Sn'(thd);]*[M"(hfac);]"}
(M = Mn, Fe, Co) consist of counterions that exist as isolated
moieties and cocrystallize without any bridging interactions.

B RESULTS AND DISCUSSION

Heterometallic f-diketonates [SnM(thd);(hfac);] (M = Mn
(1), Fe (2), Co (3)) were obtained in evacuated glass ampules
at 85—95 °C by the solid-state redox reaction between divalent
tin and trivalent transition-metal homometallic diketonate
reagents (see Table S1 in the Supporting Information):

2Sn(hfac), + 2M(thd),

— SnM(thd), (hfac); + “SnM(thd), (hfac)” (1)

The title products can be purified by multiple washings of the
reaction mixture with dry, deoxygenated hexanes and appear as
yellow (1), purple-red (2), or orange (3) solids. The purity of
collected products was confirmed (Figure 1a) by the Le Bail fit
of X-ray powder diffraction patterns using single-crystal data
(Figures S1—S3 and Table S2 in the Supporting Information).

b)
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Figure 1. (a) X-ray powder diffraction pattern of {SnMn-
(thd),(hfac);]} (1) and the Le Bail fit for triclinic unit cell (space
group PT). Blue and red curves are experimental and calculated
patterns overlaid, respectively. The green curve is a calculated pattern,
the gray line is the difference curve, and theoretical peak positions are
shown at the bottom as blue lines. (b) Comparison of X-ray powder
diffraction patterns of heterometallic diketonates 1 (black), 2 (red),
and 3 (blue).
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Comparison of the powder diffraction spectra also indicates
(Figure 1b) that compounds 1—3 are isomorphous.

The second reaction product, “[SnM(thd);(hfac)]”, has not
been isolated; however, a number of similar tin(II)—transition-
metal(II) heterometallic diketonates have been obtained* by
direct reactions between divalent Sn(f-dik), and M(f-dik),
reagents. At the same time, if the appearance of reaction
products is taken into account, the presence of decomposition
residues (vide infra) cannot be excluded. Partial decomposition
of heterometallic diketonates could also explain the low yields,
especially for the products 2 and 3.

Heterometallic products 1—3 are not air- and moisture-
sensitive at ambient temperatures and can be handled without
the use of a glovebox in the course of characterization studies.
Compounds were found to be soluble only in polar solvents
such as dichloromethane, chloroform, acetone, and THF. In
addition, the products were shown to display similar melting
points of 179 + 3 (1), 178 + 2 (2), and 180 + 3 °C (3).

Block-shaped crystals of 1—3 suitable for X-ray structural
investigation were selected directly from the initial reaction
mixtures. Diffraction studies confirmed that heterometallic
diketonates 1—3 are isomorphous and exhibit similar
parameters of the centrosymmetric triclinic unit cells (Table
S3 in the Supporting Information). Their structures consist of
two homoleptic tris-chelated mononuclear moieties [Sn(thd);]
and [M(hfac),] (Figure 2) with no significant contacts between
them.
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Figure 2. Ball and stick model representations of [Sn(thd);]" and
[M(hfac);]~ moieties in structures 1—3 drawn side-by-side for clarity.
The views of structures 1—3 featuring thermal ellipsoids can be found
in Figures S4—S6 in the Supporting Information.

Both metal centers exhibit an almost perfect octahedral
geometry with all diketonate ligands acting in a purely chelating
mode. The analysis of M—O bonds in compounds 1—3 (Table
1) reveals that transition-metal fragments perfectly correspond
to known [M"(hfac);]” anions, while having distances
significantly longer than those in neutral [M"™(hfac),]
molecules. Specifically notable is the lack of Jahn—Teller
distortion in the [Mn(hfac);] portion of 1. This makes the
other counterpart the cationic fragment [Sn'(thd),]* featuring
tetravalent tin. Indeed, there is no manifestation of a lone
electron pair that is characteristic of all known Sn" diketonates.
Moreover, the Sn—O distances in 1—3 are about 0.16 A shorter
than those in Sn"(thd), (4, CN = 4; Figure S7 and Table S7 in
the Supporting Information) and even shorter than corre-
sponding bonds in the only known tetravalent tin oxo
diketonate, [Sn,(acac)s0,].*"

DOI: 10.1021/acs.inorgchem.7b03166
Inorg. Chem. 2018, 57, 2308-2313


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b03166/suppl_file/ic7b03166_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b03166/suppl_file/ic7b03166_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b03166/suppl_file/ic7b03166_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b03166/suppl_file/ic7b03166_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b03166/suppl_file/ic7b03166_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b03166/suppl_file/ic7b03166_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.7b03166

Inorganic Chemistry

Table 1. Comparison of the Average Sn—O and M—O Bond Lengths (A) in the Structures of 1—3 with Those in Related

Compounds”

ref snV—-0
[Sn"(thd),]*[Mn"(hfac);]~ (1) b 2.031(2)
[Fe(CSHS)Z]+[Mnu(hfac)3]_ 37
Mn"(hfac), 38
[Sn™(thd),]*[Fe"(hfac);]™ (2) b 2.032(2)
[Fe(2PyBN),(hfac)]*[Fe'(hfac),]™ ¢ 39
Fe"'(hfac), 40
[Sn"(thd);]*[Co"(hfac);]™ (3) b 2.030(3)
[C14Py]*[CoH(hfac)3]_ ¢ 35
Co'"!(hfac), 36
Sn'!(thd), (4) b
Sn';(acac)40, 41 2.099(2)

“The full list of metal—oxygen distances can be found in Tables S4—S6 in the Supporting Information. bThis work.

M'-0
2.157(2)
2.158(4)

SnII_O MIII_ o)

2.144(3) (2x), 1.922(3) (4x)
2.087(2)
2.085(4)
1.999¢
2.064(3)
2.061(2)
1.872(2)
2.195(1)

2PyBN = N-tert-butyl-a-(2-

pyridyl)nitrone. 9Standard deviations are not reported. “C,Py = n-tetradecylpyridinium.

On the basis of the above considerations, compounds 1—3
were formulated as {{Sn™ (thd);]*[M"(hfac);]~} (M = Mn (1),
Fe (2), Co (3)). To the best of our knowledge, the title
heterometallic compounds constitute the first examples of
entirely ionic diketonates, in which both the cation and anion
are represented by metal f-diketonate moieties that are not
engaged in any extended structure by bridging interactions.
They also feature the first Sn" diketonate fragment without any
exogenous ligands. The distribution of diketonate ligands in
compounds 1-3 is notable and confirms the known
pattern®®*” of the ligand with electron-donating groups (thd)
to be located on the high-valent main-group metal, while the
back-donating transition metal(II) ion is chelated by
diketonates with electron-withdrawing substituents (hfac).

Analysis of the crystal packing of complex symmetric ions in
the structures of 1—3 suggests the triclinically distorted NaCl
type (Figure S8 in the Supporting Information). Inspection of
interionic interactions revealed the shortest contacts were C—
F---H—C between the trifluoromethyl groups of the anions and
tert-butyl hydrogens of the cations. The corresponding
distances of 2.6—2.9 A and the lack of C—F bond lengthening
indicate moderate, mostly electrostatic” hydrogen-bonding
interactions.

Compounds 1—3 were found to melt at 178—180 °C, shortly
before decomposition that occurs above 200 °C. The melting
process has been studied in an anaerobic environment in order
to prevent the oxidation of heterometallic diketonates, as well
as under nongradient conditions, to ensure that the title
compounds do not partially decompose (vide infra). By using
X-ray powder diffraction analysis, it was found that under the
above conditions the compounds 1—3 are melting congruently,
as the phase composition does not change upon melting/
crystallization process (Figure 3 and Figures S9—S11 and Table
S8 in the Supporting Information).

To our great surprise, we have discovered that, despite their
ionic character, single crystals of heterometallic diketonates 1—
3 can be obtained by sublimation of bulk materials in sealed
evacuated ampules placed in a gradient furnace at ca. 150 °C
(days) or 170 °C (hours). With the recent findings that some
ionic liquids exhibit limited volatility at elevated temperatures
under reduced pressure,*’ a series of experiments were run to
understand the volatility of 1-3. It was found that the
sublimation of heterometallic compounds over a small
temperature gradient (ca. S °C) yields a large amount of
colored melt along with crystalline products 1—3, whose
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Figure 3. Comparison of X-ray powder diffraction patterns of
{[Sn(thd);]*[Mn(hfac);]"} (1) before (black) and after (red)

recrystallization from the melt.

identity can be confirmed by both X-ray powder and single-
crystal diffraction methods. Upon extraction of crystalline
materials from the mixture, the sublimation can be repeated a
number of times, resulting in a similar loss of the product until,
eventually, only melt is observed in the cold zone of the
reaction vessel. We proposed that the volatility of hetero-
metallic ionic compounds 1—3 can possibly be explained by a
transport reaction, in which the transport agent is one of the
thermal decomposition products. Apparently, the partial
decomposition of title compounds under temperature gradient
conditions is also a contributing factor to the low reaction
yields observed upon initial preparation of heterometallic
diketonates 1-—3.

Although the volatility among ionic liquids is known, the gas-
phase behavior of these compounds remains a mystery."* To
gain a better understanding of the processes that occur in the
gas phase, a DART (direct analysis in real time) mass
spectrometry investigation was undertaken on solid samples
of 1-3. DART mass spectrometry has recently begun to show
great promise in the assignments of metal oxidation states in
heterometallic diketonate complexes.45 Furthermore, a careful
analysis of all peaks in the spectrum may give a hint of how the
species are breaking apart in the gas phase. In the positive mode
spectra of solid {[Sn(thd),]*[Mn(hfac);]"} (1), the most
prevalent peak corresponds to the homometallic [Sn™ (thd),]*
(measd/caled m/z 669.3177/669.3170) ion with a character-
istic isotope distribution pattern (Figure 4a). Likewise, in the
negative mode, the most abundant peak is associated with
[Mn"(hfac);]” (measd/caled m/z 675.8650/675.9028) ion
(Figure 4b). Similar pictures are observed for both positive and
negative mode spectra of 2 and 3 (Figures S12—S17 in the
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Figure 4. Positive (a) and negative ion (b) DART mass spectra of
{[Sn(thd);]*[Mn(hfac);]"} (1). The isotope distribution patterns for
[Sn™(thd);]* and [Mn"(hfac);]™ peaks are shown in the insets.

Supporting Information). Careful analysis of peaks throughout
the spectra did not yield any indication of the presence of Sn'-
and M"-based ions (Tables S9—S14 in the Supporting
Information), regardless of ionization strength or temperature
applied. Importantly, upon further investigation of the high-
mass region, we were able to identify heterometallic ions that
contain acetate ligands, such as [SnMn(thd)-
(hfac);(CH;COO0)]* (measd/caled m/z 1037.9196/
1037.9563) and [SnMn(hfac),(CH;COO)]" (measd/calcd
m/z 1061.7996/1061.8058). Obviously, the acetates that
probably appear from decomposition of thd groups can act as
bridging ligands in the identified heterometallic fragments.
These observations support the idea of partial decomposition in
the gas or condensed phase followed by a transport reaction
that promotes the sublimation of ionic heterometallic
diketonates 1-3.

NMR investigation of heterometallic ionic diketonates in a
solution of polar solvent (CDCl;) predictably revealed peaks
corresponding to only the [Sn"(thd);]* cation. The '"H NMR
spectrum (Figure S, left) features aromatic and methyl proton
signals (ca. 1:18 ratio) that are significantly broadened due to
the presence of high-spin transition-metal anions. The ''*Sn
NMR spectrum (Figure S, right) contains a singlet peak at
—723 ppm. The latter corresponds well to analogous

255 7 &

6.266 -

-
S 723.4601
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Figure 5. 'H (left) and '""Sn (right) NMR spectra of {[Sn-
(thd);]*[Mn(hfac);]7} (1) in CDCl, recorded at room temperature.

2311

octahedrally (60) coordinated tetravalent tin compounds
Sn(acac),(OR), (acac = acetylacetonate; OR = OMe, O'Pr,
OBu).”® The resonance signal is sharp, which indicates no
ligand exchange on the NMR time scale, and this is also
supported by the lack of any signals in the '’F NMR spectrum.
The absence of tin—tin (117/119) coupling points to the
monomeric nature of tin species in solution.

The results of magnetic susceptibility measurements for the
heterometallic diketonate {[Sn(thd);][Mn(hfac),;]} (1) fully
support the assignment of manganese oxidation/spin state
drawn from the structural data. At room temperature, the yT
product is estimated at 4.62(5) cm® K/mol, which corresponds
exactly to one S = 5/2 Mn" magnetic center as expected. The
temperature dependence of the magnetic susceptibility follows
almost a perfect Curie law (at 1.8 K, yT = 4.54(5) cm® K/mol;
Figure 6), indicating the excellent magnetic separation of the S
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Figure 6. Temperature dependence of the yT product at 0.1 T for
{[Sn™(thd);]*[Mn"(hfac);]} (1). y is defined as the magnetic
susceptibility, equal to M/H per mole of 1. The inset shows the field
dependence of the magnetization below 8 K for 1 shown as an M vs
H/T plot. The blue solid line is the best fit of the experimental data to
the S = 5/2 Brillouin function described in the text.

= 5/2 [Mn(hfac);]” moieties as envisaged from the ionic
crystal structure and the long separations between magnetic
centers. The field dependence of the magnetization also
confirms the presence of isolated Mn" centers, as the M vs
H/T data can be all scaled on a single master curve and fit to an
S = 5/2 Brillouin function with g = 2.15(5) (Figure S22 in the
Supporting Information).

B CONCLUSIONS

The new class of heterometallic f-diketonates
{[Sn™(thd);]*[M"(hfac);]} (M = Mn (1), Fe (2), Co(3)),
in which both the cation and anion are coordinatively saturated
metal diketonate fragments, is reported. The title compounds
were found to melt congruently at relatively low temperatures.
Importantly, ligand substitution at either the cation or anion in
the structures of 1—3 may offer endless opportunities for
tuning the melting temperatures of ionic diketonates. Such a
control over the physical properties would make these
compounds promising candidates to be explored as ionic
liquids. Furthermore, compounds of this type could potentially
serve for a soft ligation of metals/metalloids either through the
redox reaction [Sn"(B-dik);]* + M’ — [Sn"(B-dik),] + [M’(p-
dik),]* or through sharing the ligands to yield new
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heterometallic diketonates [M"(8-dik);]™ + M'* — [MM' (-
dik),].

B EXPERIMENTAL SECTION

General Procedures. All of the manipulations were carried out
under a dry, oxygen-free argon atmosphere by employing standard
Schlenk and glovebox techniques. The attenuated total reflection
(ATR) spectra were recorded on a Perkin-Elmer Spectrum 100 FT-IR
spectrometer. NMR spectra were obtained on a Bruker Avance 400
spectrometer at 400 MHz for 'H and at 376.47 MHz for ’F. '""Sn
NMR spectra were acquired on a Bruker 500 MHz AVIIIHD system
equipped with a cryogenically cooled multinuclear NMR probe with
coils and preamplifiers operating at liquid nitrogen temperature. Mass
spectra were acquired using a DART-SVP ion source (IonSense)
coupled to a JEOL AccuTOF time-of-flight mass spectrometer (JEOL
USA) in positive and negative ion modes. X-ray powder diffraction
data were collected on a Bruker D8 Advance diffractometer (Cu Ka
radiation, focusing Gobel Mirror, LynxEye one-dimensional detector,
step of 0.02° 26, 20 °C). Le Balil fits for powder diffraction patterns
were performed using the TOPAS version 4 software package (Bruker
AXS, 2006). Magnetic measurements were performed on a Quantum
Design MPMS-XL SQUID magnetometer at temperatures between
1.8 and 300 K and dc magnetic fields ranging from —7 to + 7 T. The
single-crystal diffraction data for 1, 3, and 4 were measured at 100 K
on a Bruker SMART APEX CCD X-ray diffractometer equipped with
a graphite-monochromated Mo Ka radiation source (4 = 0.71073 A).
The single crystal diffraction data for 2 were measured at 100 K on a
Bruker D8 fixed-chi with Pilatus] M CdTe pixel array detector using ¢
scans (synchrotron radiation at A = 041328 A) located at the
Advanced Photon Source, Argonne National Laboratory (Chem-
MatCARS, Sector 15). More details on characterization techniques can
be found in the Supporting Information.

Synthesis. Heterometallic diketonates 1—3 have been obtained via
a one-step solid-state reaction. Typically, a mixture of two powdered
reagents, Sn(hfac), and M(thd);, was sealed in an evacuated glass
ampule and placed in an electric furnace having a temperature gradient
along the length of the tube. The ampule was kept at constant
temperature for 1 day (1) or 3 days (2, 3), allowing products to be
deposited in the cold section of the container, where the temperature
was set approximately 5 °C lower. Ampules were cooled to room
temperature, and the reaction products were washed with several
portions of hexanes to yield insoluble yellow (1), purple-red (2), and
orange-brown (3) crystalline powders. The yield was calculated in
each case on the basis of the amount of product isolated after
washings. The experimental conditions for the synthesis of 1—3 are
summarized in Table S1 in the Supporting Information.
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