Inorg. Chem. 2008, 47, 10046—10052

Inorganic: Chemistry

* Article
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An original low-temperature solid-state route for the preparation of metal 5-diketonates in their unsolvated forms
has been suggested. Four new first row divalent transition metal 3-diketonates, M(hfac), (M = Mn (1), Fe (2), Co
(3), and Ni (4); hfac = hexaluoroacetylacetonate), have been isolated in quantitative yield. Compounds 1—3 have
been obtained by comproportionation reaction between the corresponding M(hfac)s and metal powder. Ni(hfac). (4)
has been synthesized by oxidation of metallic nickel with Cu(hfac).. All products have been characterized
spectroscopically and by X-ray powder and single crystal diffraction techniques. The solid state structures of 1—4
feature polynuclear molecules, in which the coordinatively unsaturated metal centers fulfill an octahedral environment
by Lewis acid—base interactions with the oxygen atoms of diketonate ligands acting in chelating-bridging fashion.
Title transition metal diketonates have been shown to retain their polynuclear structures upon sublimation-deposition
procedure as well as in solutions of non-coordinating solvents. In coordinating solvents the molecules of 1—4
quickly form the mononuclear M(hfac).L, (L = donor solvent) complexes.

Introduction

Transition metal 3-diketonates have attracted considerable
attention as metal organic chemical vapor deposition
(MOCYVD) precursors because of their volatility and low-
temperature clean decomposition patterns.! A number of first
row divalent transition metal diketonates have been reported
as starting materials in the synthesis of supramolecular
aggregates,” cubane-type metallic clusters,’ and heterome-
tallic complexes.* In addition, it has also been shown that
these compounds may play an important role in catalysis.’

Our renewed interest in the title compounds comes from
the recent foray into the preparation of heterometallic
B-diketonates® and their potential application as single-source
precursors for the synthesis of mixed-metal oxide materials.
We have suggested several low-temperature solid-state
synthetic methods for the preparation of heterometallic
diketonates that can incorporate a wide variety of s, p, d,
and f-metals. The most common and convenient approach
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was described as the reaction between two unsolvated
[-diketonates with at least one of those being coordinatively
unsaturated:

M(B-dik), + M'(B-dik), = MM'(B-dik),., (1)

Importantly, we have found that in several cases the above
reaction could result in a different M/M’ ratio than other
synthetic tactics. To this end, we were especially interested
in using divalent transition metal unsolvated diketonates that
are capable of providing coordinatively unsaturated fragments
M(f3-dik), in the vapor phase.

Since the pioneering work on nickel(II) acetylacetonate,’
many unsolvated M(f-dik), (M = Cr—Zn) compounds with
sterically uncongested ligands have been synthesized.®
However, those are mostly limited to acetylacetonate (acac)
and dibenzoylmethanate (DBM) species. These compounds

(1) (a) Pasko, S.; Hubert-Pfalzgraf, L. G.; Abrutis, A.; Vaissermann, J.
Polyhedron 2004, 23, 735. (b) Wilson, R. J.; Houle, F. A. Phys. Rev.
Lert. 1985, 55, 2184. (c) Itoh, H.; Takeda, T.; Naka, S. J. Mater. Sci.
1986, 21, 3677. (d) Pasko, S. V.; Hubert-Pfalzgraf, L. G.; Abrutis,
A.; Richard, P.; Bartasyte, A.; Kazlauskiene, V. J. Mater. Chem. 2004,
14, 1245. (e) Pasko, S. V.; Abrutis, A.; Hubert-Pfalzgraf, L. G. Mater.
Lett. 2004, 59, 261. (f) Fahlman, B. D.; Barron, A. R. Adv. Mater.
Opt. Electron. 2000, 10, 223. (g) Tiitta, M.; Niinisto, L. Chem. Vap.
Deposition 1997, 3, 167.
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can be obtained in a dehydrated form by recrystallization
from non-coordinating solvents as well as by thermal
treatment or sublimation in vacuum in the presence of water-
absorbing agents. The resulting M(-dik), products (except
for Cr and Cu) exhibit a great variety of polynuclear
structures in the solid state, built on M+++O intermolecular
contacts.®>"%% At the same time, unsolvated divalent transi-
tion metal S-diketonates with electron-withdrawing ligands
such as hexafluoroacetylacetonate (hfac) are considerably
more difficult to isolate. Only diketonates of those metals
that do not strongly require an octahedral environment can
be obtained relatively easily. The first of those, Cu(hfac),,
has been reported a while ago by Maverick* to exhibit a
square-planar mononuclear structure with long Cu--F
intermolecular contacts. Another member of that family,
Zn(hfac),, has been described by us® to have a monomeric
structure with tetrahedrally coordinated zinc atoms. No
p-diketonates of Mn, Fe, Co, and Ni with hexafluoroacety-
lacetonate ligands have been characterized despite some
reports**'9 mentioning their isolation.

(2) (a) Maverick, A. W.; Fronczek, F. R.; Maverick, E. F.; Billodeaux,
D. R.; Cygan, Z. T.; Isovitsch, R. A. Inorg. Chem. 2002, 41, 6488.
(b) Tabellion, F. M.; Seidel, S. R.; Arif, A. M.; Stang, P. J. J. Am.
Chem. Soc. 2001, 123, 7740. (c) Soldatov, D. V.; Ripmeester, J. A.
Chem. Mater. 2000, 12, 1827. (d) Horikoshi, R.; Mochida, T.;
Moriyama, H. Inorg. Chem. 2001, 40, 2430. (e) Aakerdy, C. B.;
Schultheiss, N.; Desper, J. Inorg. Chem. 2005, 44, 4983. (f) Yoshida,
J.; Nishikiori, S.; Kuroda, R. Chem. Lett. 2007, 36, 678.

(3) (a) Ahmed, M. A. K.; Fjellvdag, H.; Kjekshus, A.; Dietzel, P. D. C. Z
Anorg. Allg. Chem. 2007, 633, 1371. (b) Wang, S.; Zheng, J. C.; Hall,
J. R.; Thompson, L. K. Polyhedron 1994, 13, 1039. (c) Ginsberg, A. P.;
Bertrand, J. A.; Kaplan, R. I.; Kirkwood, C. E.; Martin, R. L
Sherwood, R. C. Inorg. Chem. 1971, 10, 240. (d) Berry, J. F.; Cotton,
F. A.; Liu, C. Y.; Lu, T.; Murillo, C. A.; Tsukerblat, B. S.; Villagran,
D.; Wang, X. J. Am. Chem. Soc. 2005, 127, 4895.

(4) (a) Kessler, V. G.; Gohil, S.; Parola, S. Dalton Trans. 2003, 544. (b)
Baidina, I. A.; Krisyuk, V. V.; Stabnikov, P. A. J. Struct. Chem. 2006,
47, 1111. (c) Brewer, G. A.; Sinn, E. Inorg. Chem. 1987, 26, 1529.

(5) (a) O’Neill, P. M.; Hindley, S.; Pugh, M. D.; Davies, J.; Bray, P. G.;
Park, B. K.; Kapu, D. S.; Ward, S. A.; Stocks, P. A. Tetrahedron
Lett. 2003, 44, 8135. (b) Baik, T. G.; Luis, A. L.; Wang, L. C.; Krische,
M. J. J. Am. Chem. Soc. 2001, 123, 5112. (c¢) Myagmarsuren, G.;
Tkach, V. S.; Shmidt, F. K.; Mohamad, M.; Suslov, D. S. J. Mol.
Catal. A: Chem. 2005, 235, 154. (d) Umare, P. S.; Tembe, G. L. React.
Kinet. Catal. Lett. 2004, 82, 173. (e) Shmyreva, Zh. V.; Moiseeva,
L. V.; Ponomareva, L. F.; Zelenskaya, Yu. E.; Dolgova, T. Yu. Russ.
J. Appl. Chem. 2003, 76, 1862. (f) Silva, A. R.; Figueiredo, J. L.;
Freire, C.; deCastro, B. Catal. Today 2005, 102—103, 154. (g)
Shevchenko, O. V.; Voloshanovskii, I. S.; Berbat, T. I. Russ. J. Appl.
Chem. 2006, 79, 660.

(6) (a) Dikarev, E. V.; Zhang, H.; Li, B. J. Am. Chem. Soc. 2005, 127,
6156. (b) Zhang, H.; Li, B.; Dikarev, E. V. J. Cluster Sci. 2008, 19,
311.

(7) Bullen, G. J.; Mason, R.; Pauling, P. Nature 1961, 189, 291.

(8) (a) Ocone, L. R.; Block, B. P. Inorg. Synth. 1966, 8, 125. (b) Shibata,
S.; Onuma, S.; Inoue, H. Inorg. Chem. 1985, 24, 1723. (c) Bucking-
ham, D. A.; Gorges, R. C.; Henry, J. T. Aust. J. Chem. 1967, 20, 281.
(d) Cotton, F. A.; Holm, R. H. J. Am. Chem. Soc. 1960, 82, 2979. (e)
Bullen, G. J.; Mason, R.; Pauling, P. Inorg. Chem. 1965, 4, 456. (f)
Soldatov, D. V.; Henegouwen, A. T.; Enright, G. D.; Ratcliffe, C. L.;
Ripmeester, J. A. Inorg. Chem. 2001, 40, 1626. (g) Dohring, A.;
Goddard, R.; Jolly, P. W.; Kruger, C.; Polyakov, V. R. Inorg. Chem.
1997, 36, 177. (h) Starikova, Z. A.; Shugam, E. A. J. Struct. Chem.
1969, 10, 290. (i) Ma, B. Q.; Gao, S.; Wang, Z. M.; Liao, C. S.; Yan,
C. H.; Xu, G. X. J. Chem. Crystallogr. 1999, 29, 793. (j) Rudolph,
G.; Henry, M. C. Inorg. Chem. 1964, 3, 1317.

(9) (a) Cotton, F. A.; Rice, G. W. New J. Chem. 1977, 1, 301. (b) Cotton,
F. A.; Elder, R. C. Inorg. Chem. 1965, 4, 1145. (c) Hursthouse, M. B.;
Laffey, M. A.; Moore, P. T.; New, D. B.; Raithby, P. R.; Thornton,
P. J. Chem. Soc., Dalton Trans. 1982, 307. (d) Bennett, M. J.; Cotton,
F. A.; Eiss, R. Acta Crystallogr. 1968, B24, 904. (e) Shibata, S.;
Onuma, S.; Iwase, A.; Inoue, H. Inorg. Chim. Acta 1977, 25, 33.

Herein, we suggest a new synthetic method for the
preparation of unsolvated divalent transition metal diketo-
nates by reduction of the M(f3-dik); compounds with the
corresponding metal and describe their structures and proper-
ties.

Experimental Section

General Procedures. All of the manipulations were carried out
in a dry, oxygen-free, dinitrogen atmosphere by employing standard
Schlenk line and glovebox techniques. Mn(hfac)s,® Fe(hfac)s,"'
and Cu(hfac),®® were synthesized as reported. Manganese, iron,
cobalt, and nickel metals, CoF3, hexafluoroacetylacetone (Hhfac),
and all anhydrous solvents were purchased from Aldrich and used
as received. UV—vis spectra were acquired using a Hewlett-Packard
8452A diode array spectrophotometer. The attenuated total reflection
(ATR) and solution IR spectra were recorded on a Perkin-Elmer
Spectrum 100 FT-IR spectrometer. NMR spectra were obtained
using a Bruker Avance 400 spectrometer at 400 MHz for 'H and
at 376.47 MHz for '°F. Chemical shifts (0) are given in ppm relative
to residual solvent peak for 'H and to CFCl; for '°F. Thermogravi-
metric measurements were carried out under nitrogen at a heating
rate of 5 °C/min using a TGA 2050 thermogravimetric analyzer,
TA Instruments, Inc. Elemental analysis was performed by Maxima
Laboratories Inc., Ontario, Canada.

Synthesis. Mn(hfac), (1). A mixture of Mn(hfac); (0.20 g, 0.30
mmol) and manganese powder (0.02 g, 0.36 mmol) 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 80 °C for 3 days to allow yellow crystals to be deposited
in the cold section of the container where the temperature was set
approximately 5 °C lower. Yield is about 90% (crystals collected).
The purity of the bulk product has been confirmed by comparison
of the powder diffraction pattern with the theoretical one calculated
on the basis of single crystal data analysis. Elemental analysis (%)
calcd for C;oH,O4F;Mn: C 25.59, H 0.43, O 13.65, F 48.61; found:
C 25.65,H0.46, O 13.21, F 48.78; ATR-IR (cm™!): 3147w, 1643s,
1613m, 1565m, 1538s, 1460s, 1347w, 1256s, 1219s, 1203s, 1137s,
1103s, 1090s, 950w; UV/vis (CH,Cly, 22 °C): Amax (€, M~ Tecm ™)
= 232(521), 310(3146) nm.

When acetone solution of 1 was layered with hexanes in an NMR
tube and placed in a freezer at —10 °C, yellow crystals of
Mn(hfac),(OCMe,), (5) were obtained in a few days.

Fe(hfac), (2). A mixture of Fe(hfac); (0.20 g, 0.30 mmol) and
iron powder (0.02 g, 0.36 mmol) was sealed in an evacuated glass
ampule and placed in an electric furnace. The ampule was kept at
110 °C for 3 days to allow orange crystals to be deposited in the
cold section of the container where the temperature was set
approximately 5 °C lower. Yield is about 90% (crystals collected).
'H NMR (dg-acetone, 22 °C): & = 7.48(s); '°F NMR (ds-acetone,
22 °C): 6 = —79.21(s). ATR-IR (cm™!): 3149w, 1629m, 1603s,
1564m, 1539m, 1470m, 1433m, 1414m, 1349w, 1254s, 1199s,
1136s, 1100s, 951w; UV/vis (CH,Cls, 22 °C): Apax (6, M™lecm™))
= 302(3086) nm.

Co(hfac);. A slurry of CoF; (0.10 g, 0.86 mmol) was stirred for
3 days at room temperature in 10 mL of CHCI; that contains 0.5
mL (3.6 mmol) of Hhfac. The reaction mixture was filtered, and
the filtrate was dried under vacuum. The solid was dissolved in 15
mL of hexanes and filtered to remove any insoluble impurities. The
solution was then evaporated, and the resulting solid was resublimed

(10) Villamena, F. A.; Dickman, M. H.; Crist, D. R. Inorg. Chem. 1998,
37, 1446.
(11) Pfluger, C. E.; Haradem, P. S. Inorg. Chim. Acta 1983, 69, 141.

Inorganic Chemistry, Vol. 47, No. 21, 2008 10047



Table 1. Crystallographic Data and Structure Refinement Parameters for 1—4a
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1 2 3 4a
formula M1’13012C30H6F36 F6203C20H4F24 C03O]2C30H6F36 Ni3O]2C30H6F3(,
fw 1407.17 939.93 1419.14 1418.48
crystal system trigonal monoclinic monoclinic monoclinic
space group R3c C2lc P2i/c P2i/n
a (A) 11.1975(13) 20.479(3) 17.6557(15) 13.515(3)

b (A) 11.1975(13) 7.6582(10) 16.2242(14) 16.995(3)
c(A) 11.1975(13) 20.547(3) 16.9102(15) 20.016(4)

a (deg) 109.942(17) 90.00 90.00 90.00

p (deg) 109.942(17) 108.853(1) 115.201(1) 96.33(3)

v (deg) 109.942(17) 90.00 90.00 90.00

V (A3) 1061.5(2) 3049.5(7) 4382.9(7) 4569.4(16)

z 1 4 4 4

Pealed (g+cm?) 2.201 2.047 2.151 2.062

u (mm~") 1.098 1.142 1.335 1.427

transm factors 0.8795— 0.9271 0.7329—-0.8751 0.7904—0.9007 0.6350—0.7634
temp (K) 173(2) 173(2) 90(2) 120(2)
data/restr/params 866/1/69 2982/72/289 10200/18/763 8997/126/817
R1,“ wR2"

1> 20(l) 0.0608, 0.1252 0.0766, 0.2063 0.0425, 0.0896 0.0529, 0.1345
all data 0.0726, 0.1296 0.0836, 0.2137 0.0707, 0.1021 0.0605, 0.1414

quality-of-fit

1.200

1.123

1.005

1.058

“R1 = 3||Fo| — |F||/Z|Fol. * wR2 = [Z[W(F* — FZIw(FHH]M2. © Quality-of-fit = [X[w(Fo> — F2)*/(Nobs — Nparams)]'%, based on all data.

Table 2. Selected Bond Distances (A) and Angles (deg) for 1—4¢

M—O, M—O.p M---0, MM O++*M+++0O
Mn(hfac), (1) 2.11 222 2.20 3.11 76.4, 103.6, 180
Fe(hfac), (2) 1.97, 1.98 1.97 2.87, 3.02 328 72.9,72.2
Co(hfac), (3) 1.95-2.07 2.04—2.08 2.09-2.42 2.97, 2.98 72.7, 107.8, 72.3
Ni(hfac), (4a) 1.94—1.99 1.99-2.02 2.06—2.43 2.87, 2.89 72.9, 103.8, 71.5

“c - chelating; c-b - chelating-bridging; b - bridging.

twice under vacuum at 50—60 °C to obtain dark-green crystals of
Co(hfac);. Yield is about 50%. 'H NMR (CDCls, 22 °C): 6 =
6.58(s); '’F NMR (CDCl3, 22 °C): 6 = —74.43(s). ATR-IR (cm™!):
3153w, 1625s, 1605s, 1557m, 1530m, 1448m, 1422s, 1352m,
1250s, 1228s, 1199s, 1160s, 1143s, 1108s, 961w; UV/vis (CH,Cl,,
22 °C): Amax (8, M™Tecm™") = 272(1921), 298(2005) nm.

Co(hfac); (3). A mixture of Co(hfac); (0.10 g, 0.15 mmol) and
cobalt powder (0.01 g, 0.17 mmol) was sealed in an evacuated glass
ampule and placed in an electric furnace. The ampule was kept at
80 °C for 2 days to allow reddish-brown crystals to be deposited
in the cold section of the container where the temperature was set
approximately 5 °C lower. Yield is about 90% (crystals collected).
The purity of the bulk product has been confirmed by X-ray powder
diffraction. ATR-IR (cm™'): 3149w, 1641s, 1613m, 1564m, 1538m,
1465s, 1349w, 1256s, 1218s, 1203s, 1140s, 1104s, 1091s, 946w;
UV/vis (CHxCly, 22 °C): Amax (6, M 1-em™1) = 302(5318) nm.

Ni(hfac), (4). A mixture of Cu(hfac), (0.10 g, 0.21 mmol) and
nickel powder (0.03 g, 0.51 mmol) was sealed in an evacuated glass
ampule and placed in an electric furnace. The ampule was kept at
120 °C for 7 days to allow green crystals of Ni(hfac), to be
deposited in the cold section of the container where the temperature
was set approximately 5 °C lower. Yield is about 70% (crystals
collected). X-ray diffraction pattern revealed the presence of two
compounds in the bulk crystalline sample. Those were later
identified as two polymorph modifications of Ni(hfac), by collecting
single crystal data for both major (4a) and minor (4b) components.
ATR-IR (cm™!): 3150w, 1643s, 1613m, 1564m, 1537m, 1463s,
1349w, 12565, 1218s, 1203s, 1142s, 1092s, 952w; UV/vis (CH,Cl,,
22 °C): Amax (&, M~ Tecm™1) = 302(4036) nm.

Magnetic Measurements. The magnetic susceptibility measure-
ments for 1 were obtained with the use of a Quantum Design
SQUID magnetometer MPMS-XL. This magnetometer works
between 1.8 and 400 K for direct current (dc) applied fields ranging
from —7 to 7 T. Measurements were performed on finely ground
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crystalline sample (23.60 mg) prepared in a glovebox under argon
and sealed in a plastic bag to avoid any contact with air or water.
The presence of ferromagnetic impurities has been checked by
measuring the magnetization as a function of the field at 100 K. A
perfect linear field dependence of the magnetization was found
indicating the absence of any ferromagnetic impurities. The
alternating current (ac) susceptibility has been measured with an
oscillating ac field of 3 Oe, and the ac frequencies ranging from 1
to 1500 Hz, with no out-of-phase ac signal been detected above
1.8 K. The magnetic data were corrected for the sample holder
and the diamagnetic contribution.

X-ray Diffraction Procedures. X-ray powder diffraction data
were collected using an automated Bruker D8 Advance diffracto-
meter (Cu K, radiation, focusing Gobel Mirror, LynxEye one-
dimensional detector, step 0.01° 26, 20 °C). The crystalline samples
under investigation were grounded and placed in the dome-like
airtight zero-background holders inside glovebox.

Selected single crystals suitable for X-ray crystallographic
analysis were used for structure determination. The X-ray
intensity data were measured at 173(2) K (1, 2, and 5), 120(2)
K (4a), and at 90(2) K (3, 4b) (Bruker KRYOFLEX) on a Bruker
SMART APEX CCD-based X-ray diffractometer system. The
data collection and refinement procedures have been described
elsewhere.®® In the process of structure solution, it was found
that the fluorine atoms of some CF; groups appeared to be
disordered over three rotational orientations. This disorder was
modeled in each individual case. Anisotropic displacement
parameters were assigned to all non-hydrogen atoms, except the
disordered fluorines. The hydrogen atoms were located and
refined independently. Relevant crystallographic data are sum-
marized in Table 1. Selected bond lengths and angles for
compounds 1—4 are given in Table 2.
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Figure 1. (a) Molecular structure of Mn(hfac), (1). Fluorine and hydrogen atoms are omitted for clarity. (b) Disorder in the crystal structure of 1. Blue balls
and solid lines correspond to one orientation of a trinuclear unit, gray balls and dashed lines represent the other.

Results and Discussion

The first-row transition metal unsolvated hexafluoroacety-
lacetonates M(hfac), (M = Mn (1), Fe (2), and Co (3)) were
synthesized by comproportionation reactions between M(h-
fac); and the corresponding metal powder:

2M(hfac) + M — 3M(hfac), 2)

All trivalent diketonates show good oxidation activity toward
metals, and compounds 1—3 can be isolated with quantitative
yields under relatively mild conditions in a course of few
days. Because of the unavailability of nickel(IIl) diketonate,
unsolvated Ni(hfac), (4) was isolated by the solid-state redox
reaction of nickel powder with copper(Il) hexafluoroacety-
lacetonate:

Cu(hfac), + Ni— Ni(hfac), + Cu 3)

All transition metal(II) hexafluoroacetylacetonates are highly
volatile and can be further purified by resublimation at 70—80
°C in a sealed ampule, if needed. Compounds are readily
soluble in coordinating solvents, such as acetone and THF,
and partially soluble in non-coordinating solvents, such as
dichloromethane and chloroform. Products 1—4 are air- and
moisture-sensitive, especially Fe(hfac), (2), which loses its
crystallinity in a few hours even when kept in a glovebox
and should be used immediately after preparation. In open
atmosphere, 2 is oxidized to Fe species within seconds,
while other compounds quickly turn into the corresponding
dihydrate complexes. According to thermogravimetric analy-
sis (TGA) data, the thermal decomposition of M(hfac), upon
heating in nitrogen starts above 100 °C and is accompanied
by an apparent loss of 3-diketonates to sublimation.

The solid state structure of Mn(hfac), (1) contains tri-
nuclear molecules, in which one manganese center is

sandwiched between two [Mn(hfac);] fragments (Figure 1a).
The structure has been solved and refined in the trigonal
space group R3¢ with one trinuclear molecule per unit cell.
The whole molecule of manganese(Il) S-diketonate is
disordered over two translational orientations in the crystal
structure (Figure 1b). The disordered structure appeared to
contain [Mn,(hfac);].. infinite chains, but refinement of the
structure and the coordination environment around Mn atoms
both suggest the formula of Mnj(hfac)s, which is further
confirmed by the results of elemental analysis. The coordina-
tion of metal atom in the [Mn(hfac)s;] units is distorted
octahedral with three of the Mn—O bond distances (2.22 A)
being essentially longer than the others (2.11 A, Table 2)
because of the bridging coordination of oxygen atoms to the
central Mn in the former. The Mn—O bond distances in 1
are close to those reported for the [Mn"(hfac);]~ anion®!%-'?
and the Mn'(hfac),L, adducts®'?* (2.13—2.18 A) but are
significantly longer than the corresponding distances in
Mn"(hfac);'?® (2.00 A), which indicates that the oxidation
state of manganese is +2 in complex 1 giving its formula
as {Mn?>"[Mn(hfac);],~}. This formulation has also been
confirmed by magnetic measurements for 1 (vide infra). The
trinuclear molecule is held together by six bridging Mn-+++O
contacts between the central Mn and diketonate oxygens at
2.20 A. It is worth mentioning that these bridging contacts
are even shorter than some of the chelating Mn—O bonds
(2.22 A, Table 2).

Another previously reported homometallic Mn" diketonate,
Mn(acac)g,8b exhibits a trinuclear structure similar to 1 with

(12) (a) Troyanov, S. L.; Gorbenko, O. Y.; Bosak, A. A. Polyhedron 1999,
18, 3505. (b) Bouwman, E.; Caulton, K. G.; Christou, G.; Folting,
K.; Gasser, C.; Hendrickson, D. N.; Huffman, J. C.; Lobkovsky, E. B.;
Martin, J. D.; Michel, P.; Tsai, H.-L.; Xue, Z. Inorg. Chem. 1993, 32,
3463.
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Figure 2. Molecular structure of Fe(hfac) (2). Fluorine and hydrogen atoms
are omitted for clarity.

the Mn—O bond distances of 2.10—2.25 A and the Mn+++O
bridging contacts of 2.17 A. The other structural analogues
of 1 include homometallic Mg(acac),,'** a Ni(tert-butyl
acetoacetato),,®¢ as well as heterometallic CdMn,(hfac)s®®
and PbMn,(hfac)s'*" complexes.

Compound Fe(hfac), (2) crystallizes in the monoclinic
space group C2/c with two crystallographically independent
iron atoms both occupying special positions. Each iron atom
is chelated by two symmetry related [5-diketonate ligands,
and the oxidation state of iron is +2. However, the Fe—O
bond distances in 2, averaged to 1.97 A, are significantly
shorter than those reported for the [Fe'(hfac);]~ anion'® and
the Fe'l(hfac),L, adducts,'* while very close to the corre-
sponding distances in Fe™(hfac);."" The latter observation
can be explained by the fact that each iron atom in 2 is four-
coordinate with two additional interactions being quite long.
The dinuclear structure is held together by four Fe-:-O
bridging contacts between two Fe(hfac), units at 2.87 and
3.02 A (Table 2), and with inclusion of these interactions
the coordination environment of iron can be considered as a
very distorted octahedral (Figure 2). To understand the degree
of distortion, one should imagine two octahedra around
neighboring iron atoms that share four vertices. No strong
interactions are observed between the dinuclear complexes,
with the shortest Fe+++O intermolecular contact measured
at 3.59 A, which is already longer than the sum of the
corresponding van der Waals radii (3.52 A).

The structure of 2 is similar to that of another reported
dinuclear Fe! diketonate, Fe(acac),.”>® However, the latter
exhibits significantly shorter Fe:<+O bridging contacts
(2.18—2.32 A) and Fe--+Fe distance (3.02 A) compared to

(13) (a) Weiss, E.; Kopf, J.; Gardein, T.; Corbelin, S.; Schumann, U. Chem.
Ber. 1985, 118, 3529. (b) Zhang, H.; Li, B.; Huynh, L.; Schaffer, A.;
Dikarev, E. V. Abstracts of Papers, 233rd National Meeting of the
American Chemical Society, Chicago, IL; American Chemical Society:
Washington, DC, 2007; INOR-257.

(14) (a) Dickman, M. H. Acta Crystallogr. 2000, C56, 58. (b) Dickman,
M. H. Acta Crystallogr. 1998, C54, 9800048. (c) Preuss, K. E.; Wu,
J.; Jennings, M. Acta Crystallogr. 2005, E61, m430. (d) Dickman,
M. H. Private communication, 2006.
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Figure 3. Molecular structure of Co(hfac), (3). Fluorine and hydrogen
atoms are omitted for clarity.

2 (2.87—3.02 and 3.28 A, respectively), which is likely due
to the self-repulsion effect of the CF; groups,'® restricting
the two Fe(hfac), units to come closer to each other.

The solid state structure of Co(hfac), (3) consists of
trinuclear molecules, in which three Co(hfac), units are held
together by six Co-++O interactions (Figure 3). Unlike
another trinuclear molecule 1, each cobalt atom in 3 has two
chelating [(-diketonate ligands and fulfills its distorted
octahedral coordination environment with two Lewis
acid—base contacts (2.09—2.42 A) to the oxygens from the
neighboring Co(hfac), unit/units. The chelating Co—O
distances (Table 2) range from 1.95 to 2.08 A and are typical
for the Co" compounds with diketonate ligands.'*>'4*¢ In
the polyhedral representation, the structure of 3 can be
viewed similar to compound 1 as a chain of three octahedra,
in which the central one is sharing opposite faces with two
others. The cobalt atoms are nearly aligned, with the Co-++Co
separations being about 2.98 A.

It is interesting, that among compounds 1—4, Co(hfac),
(3) is the only one that has a structure different from its
acetylacetonate analogue. The Co(acac), is known”® to
contain tetranuclear molecules in the solid-state structure of
its unsolvated form. Instead, the Co(hfac), is very similar to
Ni(hfac), (4, Figure 4), though in the latter molecule all
corresponding distances are a bit shorter than in 3 (Table 2)
in accord with well-established ionic radius trends. Two
polymorph modifications of Ni(hfac), (4a and 4b) are
different in the way in which trinuclear molecules are being
packed in the crystal structure. The minor polymorph 4b is
isomorphous to Co(hfac), (3).

A number of Ni(IT) diketonates have been reported®®!” with
four of them exhibiting trinuclear structures. Ni(acac)gj’ge’gc
Ni(DBM)z,Sf and Ni(3-phenylpentane-2,4-dionat0)28g have a
structure similar to that of 4, while Ni(zert-butyl ac:etoacetato)zgg
bears the structural analogy with Mn(hfac), (1).

(15) Doppelt, P. Coord. Chem. Rev. 1998, 178—180, 1785.

(16) (a) O’Bryan, N. B.; Maier, T. O.; Paul, I. C.; Drago, R. S. J. Am.
Chem. Soc. 1973, 95, 6640. (b) Porter, L. C.; Dickman, M. H.;
Doedens, R. J. Inorg. Chem. 1988, 27, 1548. (c) Petrukhina, M. A.;
Henck, C.; Li, B.; Block, E.; Jin, J.; Zhang, S.-Z.; Clérac, R. Inorg.
Chem. 2005, 44, 77.

(17) (a) Cotton, F. A.; Wise, J. J. Inorg. Chem. 1966, 5, 1200. (b) Corain,
B.; Del Pra, A.; Filira, F.; Zanotti, G. Inorg. Chem. 1979, 18, 3523.
(c) Usha, K.; Sadashiva, B. K.; Vijayan, K. Mol. Cryst. Lig. Cryst.
Sci. Technol. 1994, A241, 91. (d) Schurig, V.; Ossig, A.; Hiller, W.;
Macias, A. Private communication, 1992. (e) Ficker, R.; Hiller, W.;
Ossig, A.; Schurig, V. Acta Crystallogr. 1996, C52, 543.
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Figure 4. Molecular structure of Ni(hfac), (4a). Fluorine and hydrogen
atoms are omitted for clarity.

Figure 5. Molecular structure of trans-Mn(hfac),(Me,CO); (5).

Table 3. Infrared C—H Stretching Frequencies (cm™!) for Compounds
1-4

compound solid state CHCI3 solution acetone solution
Mn(hfac), (1) 3147 3147 3136
Fe(hfac), (2) 3149 3148 3138
Co(hfac), (3) 3149 3149 3138
Ni(hfac), (4) 3150 3149 3140

In the presence of coordinating donor molecules, the
M(hfac), compounds instantly loose their polynuclear struc-
tures and convert to octahedrally coordinated mononuclear
species M(hfac),L,. One of such species, Mn(hfac),(OCMe,),
(5), was isolated from the acetone solution of 1 to confirm
the collapse of a trinuclear structure in coordinating solvents.
The crystal structure of 5 contains Mn" atoms in an
octahedral environment of two chelating S-diketonates
located in a plane and two acetone groups occupying the
trans-positions (Figure 5).

All compounds 1—4 show similar IR spectra with the same
C—H stretching positions in the solid state and chloroform
solution, while in acetone solution, the C—H peaks down
shift about 10 cm™! (Table 3). This difference is related to
the change in coordination mode of diketonate ligands from
chelating-bridging to pure chelating.®® These observations
support the assumption that compounds 1—4 retain their
polynuclear structures in non-coordinating solvents while

Figure 6. y7 vs T plot for 1 at 1000 Oe () being the magnetic susceptibility
equal to M/H normalized by trinuclear complex). The solid red line is the
best fit of the experimental data with the model described in the text.

they dissociate into mononuclear species in coordinating
solvents.

Magnetic Susceptibility Studies for Mn(hfac), (1). At
room temperature, the 7 product of 1 (15 cm? K/mol) is in
good agreement with the presence of three S = 5/2 Mn"
metal ions (for each S = 5/2 Mn"! metal ion: C = 4.375 cm?
K/mol expected for g = 2) and with a theoretical value of
13.125 c¢cm?® K/mol. It is worth mentioning that this result
confirms the assignment of the Mn oxidation states based
on the structural data (vide supra). Upon decreasing the
temperature, the 7 product at 1000 Oe decreases and reaches
3.4 cm?® K/mol at 1.8 K (Figure 6). This thermal behavior
indicates the presence of dominating antiferromagnetic
interactions between Mn' metal ions in the trinuclear
complex. Below 5 K, the decrease of 7T seems to be more
important, likely indicating weak antiferromagnetic interac-
tions between the [Mns] units.

On the basis of the molecular structure of 1, the magnetic
properties were modeled using a Heisenberg trimer model
of § = 5/2 Mn™. The yT product was simulated by taking
into account only isotropic intra-complex magnetic interac-
tions between the manganese sites. Application of the van
Vleck equation'® to Kambe’s vector coupling scheme'’
allows one to determine an analytical expression of the
magnetic susceptibility*® from the following Hamiltonian:
H = _ZJ{SMn(Z)'SMn(1)+SMn(1)'SMn(2A)}, where J is the
exchange interaction between Mn" ions in the trimer and S;
is the spin operator for each metal ion (S = 5/2 for Mn(1),
Mn(2) and Mn(2A)). Fitting the experimental data above 15
K to avoid the effects of inter-complex magnetic interactions,
the best set of parameters was found as J/kg = —3.1(1) K
and g = 2.00(5) (solid line in Figure 6). On the basis of
these considerations, the magnetic interactions between Mn'"
metal ions through the (4-O); bridges are antiferromagnetic
which lead to the Sy = 5/2 spin ground-state for this complex.

In summary, four first row divalent transition metal (M"
= Mn (1), Fe (2), Co (3), and Ni (4)) -diketonates have
been isolated in their unsolvated form with high yields using
low-temperature solid-state oxidation of the corresponding
metals. In general, this technique provides access to an

(18) Van Vleck, J. H. The Theory of Electric and Magnetic Susceptibility;
Oxford University Press: London, 1932.

(19) Kambe, K. J. Phys. Soc. Jpn. 1950, 5, 48.

(20) Menage, S.; Vitols, S. E.; Bergerat, P.; Codjovi, E.; Kahn, O.; Girerd,
J. J.; Guillot, M.; Solans, X.; Calvet, T. Inorg. Chem. 1991, 30, 2666.
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important class of starting materials for the reactions, in
which the presence of solvent molecules can interfere with
the formation of specific reaction products. In our particular
case, these unsolvated f-diketonates are employed in the
synthesis of new heterometallic species, which structures are
built on the Lewis acid—base interactions that cannot
withstand the presence of donor solvent molecules. In
addition to that, the synthetic approach described in this work
can be applied to the preparation of a wide variety of homo-
and heterometallic 3-diketonates. We have already reported®
on the use of this method for the synthesis of Mn/M (M =
Cd, Hg, and In) compounds, and other examples will be
following soon after.
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