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Synthesis and Sublimation Kinetics of a Highly Volatile Asymmetric Iron(II)
Amidinate
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A highly volatile asymmetric iron(Il) amidinate, iron(II)
bis(N-tert-butyl-N’-ethylacetamidinate), was synthesized for
the first time by systematically changing starting iron(II)
compounds such as acetylacetonate, acetate, and chloride, in
different media such as diethyl ether, toluene, and tetra-
hydrofuran. The amidinate has been characterized and com-
pared with the symmetric iron(II) bis(N,N'-diisopropylaceta-
midinate) by NMR spectroscopy, MS, IR spectroscopy, and
dynamic and isothermal thermogravimetric techniques. Dif-
ferent amidinates from three starting compounds exhibit al-
most the same NMR, MS, and IR spectra, a melting point of
85 °C, and the same solution color in the same solvents, but
quite different synthetic yields, volatilities, and colors in dif-
ferent solvents. This implies that the amidinates show an
interesting solvatochromism. In particular, the asymmetric
iron(II) amidinates obtained should be a mixture of paramag-

netic and diamagnetic compounds. The thermostability and
sublimation kinetics of the iron(II) amidinates have been in-
vestigated in detail. It is found that the average activation
energy of 106 kJmol™! for the nonisothermal sublimation is
slightly higher than the average activation energy of
104 kJmol™! determined from the isothermal thermogravime-
tric experiments. The sublimation is a diffusion-controlled
process because the temperature and the rate of the sublima-
tion depend strongly on the sublimation level and the sample
size. The optimal iron(Il) starting compound and reaction me-
dium should be iron(Il) acetylacetonate and diethyl ether,
respectively, because the combination offers the highest
yield, the greatest volatilizability of 98 %, and thus the purest
product.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Metal amidinate complexes with intriguing structural di-
versity and novel properties have been the subject of intense
investigations in chemistry, electronics, optics, energy, and
materials science.' ¥ Great interest has been focused on the
applicability of the complexes as single-source precursors
of advanced functional materials,®! efficient homogeneous
catalysts in olefin and caprolactone polymerizations,[®"! ini-
tiators for the stereospecific and degenerative transfer living
Ziegler—Natta polymerization of alpha-olefins with an ex-
tremely high level of stereoselectivity,®! and activators for
the polymerization of rac-lactide to produce heterobiased
polylactides.’) Metal-based amidinate complexes that are of
particular relevance to this paper have been used as highly
volatile precursors for atomic layer deposition of films with
novel multifunctionalities and a wide variety of applications
in modern high technology, including semiconductor micro-
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electronics, high-resolution displays, optical filters, mag-
netic information storage, and catalysis.['%1%]

The precursors need to be designed in such a way that
the compounds are volatile and thermally stable at growth
temperatures.l'®!3 Generally, the more volatile the better
the precursors are. The synthesis and characterization of
numerous metal compounds with amidinate ligands have
been reported in the literature.1%!2-14 The volatility and
thermal stability of symmetric amidinates of transition met-
als and lanthanum with oxidation states of one (Cu, Ag,
Au),l"! two (Mg, Mn, Fe, Co, Ni),l'° three (Ti, V, Y, Al,
Ga, La),l'l and four (Ru, Hf)® have been reported. Note
that the symmetric metal amidinates usually exhibit a lower
volatility than asymmetric metal amidinates with the same
molar mass because there is relatively disordered molecular
aggregation and hence a lower molecular interaction among
the asymmetric amidinates. However, no studies on the syn-
thesis, characterization, and volatility of asymmetric
iron(IT) amidinates were found to the best of our knowl-
edge.

Herein we describe a facile synthesis of a highly volatile
asymmetric iron(Il) amidinate, iron(II) bis(N-tert-butyl-N'-
ethylacetamidinate). The effect of starting iron(II) com-
pounds and amidination solvents on the synthetic yield,
molecular structure, and properties of the iron(II) amidin-
ate was studied. The NMR spectral characteristics of vari-
ous iron(IT) amidinates obtained under different synthetic
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conditions were carefully compared. In particular, the ther-
mostability, volatility, and sublimation kinetics were investi-
gated in detail for the first time.

Results and Discussion

Synthesis of Iron(II) Amidinates

All iron amidinate compounds listed in Table 1 were syn-
thesized by the metathesis reactions of starting iron com-
pounds with corresponding equivalents of the lithium ami-
dinates [N-tert-butyl-N'-ethylacetamidinate (zBu-Et-Me-
AMD) and N,N’-diisopropylacetamidinate (iPr-MeAMD)]
in various solvents. Lithium amidinates were prepared in
situ from the corresponding carbodiimide with methyllith-
ium and not isolated. Compounds 1-3 and 6-7 are all solids
at room temperature but compounds 4-5 look like semi-
solids at room temperature. The synthetic yield and physical
properties are summarized in Table 1. It appears that the
starting iron(I) compounds and acetamidination solvents
influence the synthesis and properties of the final iron com-
plexes.

In the solvent diethyl ether it is found that the yield in-
creases and product color darkens when changing the start-
ing iron(II) materials from iron(II) acetate to iron(II) chlo-
ride to iron(II) acetylacetonate. This phenomenon should
be attributed to the solubility difference of the three iron
compounds in diethyl ether. Iron(IT) acetate is almost insol-
uble in diethyl ether and iron(II) chloride is slightly soluble
in diethyl ether. However, iron(Il) acetylacetonate is nearly
completely soluble in diethyl ether. As a result the highest
yield achieved with iron(II) acetylacetonate as the starting
material should be ascribed to its best solubility in diethyl
ether. Note that the three iron amidinate products obtained
have similar melting points and sublimation temperatures.

In addition, the synthetic yield increases steadily when
changing the acetamidination solvent from toluene to THF
to diethyl ether by using a fixed starting iron(II) material
of iron(I) acetylacetonate, which could result from an in-
creased solubility of iron(II) acetylacetonate in toluene to
THF to diethyl ether. The product obtained in THF has
the lowest melting point. A similar variation of the yield
and melting point with changing solvent from THF to di-

ethyl ether is observed with a fixed starting iron(11) material
of iron(II) chloride. It can then be concluded that a combi-
nation of iron(Il) acetylacetonate and diethyl ether is better
for the synthesis of the asymmetric iron(II) bis(~N-zert-butyl-
N'-ethylacetamidinate)s giving a higher yield. On the con-
trary, this combination produces a symmetric iron(II)
bis(NV,N'-diisopropylacetamidinate) with a lower yield but
higher melting point than the asymmetric iron(II) bis(/N-
tert-butyl-N'-ethylacetamidinate)s. The different colors of
the final solid products could be ascribed to different spatial
arrangements of atoms from different starting materials or
acetamidination solvents regardless of their same molecular
structure.

Molecular Structure of the Iron(II) Amidinates

The asymmetric iron(II) amidinates were systematically
characterized by 'H NMR, IR and MS methods. It seems
that the NMR spectra of the compounds do not display a
high resolution, possibly because of the presence of a very
small amount of impurity resulting from their light sensitiv-
ity. Just like other paramagnetic iron(Il) amidinates,!'81]
however, the '"H NMR spectra of the asymmetric iron(II)
amidinates in CDCl; show two series of resonance peaks
over a very wide chemical shift range from -10 to
+200 ppm. The first series of resonance peaks at 8.6 ppm
(sharp, NCH,CH3), 3.5 ppm (sharp, N,CCH;), 1.5 ppm
[broad, NC(CHs3)s], and 0.3 ppm (sharp triplet, NCH,CH5)
are typically attributed to the diamagnetic fraction. The sec-
ond series of resonance peaks at 6 = 199.5 ppm (broad,
NCH,CHj;), 56.7-111 ppm (sharp, N,CCH;), 29.7 ppm
[broad, NC(CHj);], and -6.1 ppm (sharp triplet,
NCH,CH3) are ascribed to the paramagnetic fraction be-
cause of their much higher chemical shift. Therefore, the
area ratio, calculated from the resonance peaks at 29.7 over
1.5 ppm, could be used to estimate the paramagnetic per-
centage, as listed in Table 1. As shown in Figure 1, 'H
NMR spectra of the iron(II) bis(N-zert-butyl-N'-ethylaceta-
midinate) in CDCl; look almost the same regardless of the
change of starting iron(II) materials from iron(Il) acetate
and FeCl, to iron(Il) acetylacetonate for the synthesis of
the asymmetric iron(I) amidinate. This implies that the
three iron(II) amidinates that were obtained should have

Table 1. The synthesis and principal parameters of the iron(Il) bis(N-tert-butyl-N'-ethylacetamidinate)s and bis(N,N'-diisopropylacet-

amidinate).
No. Acetamidination conditions Iron(II) bis(N-tert-butyl-N'-ethylacetamidinate)s
Starting materials Solvent Yield Color of the so- M.p. Paramagnetic Subl. temp. at
lid obtained fraction in CDCl; 10 °Cmin !

(%] [°C]  [mol.-%] [°C]

1 @l MeLi  iron(Il) acetate diethyl ether 22 purplish blue 85 60 141

2 al MeLi  iron(II) chloride diethyl ether 25 dark blue 85 58 140

3 [l MeLi  iron(Il) acetylacetonate diethyl ether 42 black 85 55 147

4 al MeLi  iron(Il) acetylacetonate THF 22 reddish black 30 47 141

5 [al MeLi  iron(II) chloride THF 7 dark black 30 54 -

6 [l MeLi iron(II) acetylacetonate toluene 11 purplish black 85 37 177

7 Bl MeLi  iron(Il) acetylacetonate diethyl ether 22 dark blue 95 - 130

[a] 1-tert-Butyl-3-ethylcarbodiimide. [b] 1,3-Diisopropylcarbodiimide.

1136

www.eurjic.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur. J. Inorg. Chem. 2007, 1135-1142



A Highly Volatile Asymmetric Iron(I) Amidinate

FULL PAPER

the same molecular structure. Note that their paramagnetic
percentages and sublimation behavior (as discussed below)
are slightly different. It is seen from Table 1 that the highest
paramagnetic percentage, up to 60%, could be found in the
amidinate made from iron(II) acetate.

Starting iron(I1) materials
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Figure 1. The '"H NMR spectra of the resulting iron(II) bis(N-zerz-
butyl-N'-ethylacetamidinate)s obtained with iron(II) acetate, chlo-
ride, and acetylacetonate as starting iron(II) materials, respectively.

However, the '"H NMR spectra of the iron(II) bis(N-zert-
butyl-N'-ethylacetamidinate) vary significantly with the
amidination media and NMR testing solvent used in the
synthesis of the iron(II) amidinates, regardless of whether
the other conditions are kept constant, as shown in Figure 2
and Figure 3. It is found from Figure 2 that the iron(II)
bis(N-tert-butyl-N'-ethylacetamidinate) obtained in diethyl
ether exhibits nearly the same '"H NMR spectral character-
istics as that obtained in THF, signifying that the molecular
structure of the iron(II) bis(N-tert-butyl-N'-ethylacetamid-
inate)s obtained in diethyl ether and THF should be very
similar. Note that the iron(II) bis(/N-zert-butyl-N'-ethylacet-
amidinate) obtained in toluene displays quite a different
spectrum with a chemical shift range of 10-205 ppm com-
pared with those obtained in diethyl ether and THF. In ad-
dition, their paramagnetic percentages and sublimation be-
havior (as discussed below) are distinctly different. Table 1
reveals that the paramagnetic percentage in the iron(Il)
bis(N-tert-butyl-N'-ethylacetamidinate) obtained from the
same iron(II) acetylacetonate consistently increases from 37
to 47 to 55% when changing the amidination solvent from
toluene to THF to diethyl ether. A similar situation is also
discovered for the iron(Il) bis(N-zert-butyl-N'-ethylacet-
amidinate) obtained from the same FeCl,. This structure
difference might be attributable to the different structural
characteristics of the solvents used. Toluene is an aromatic
hydrocarbon with a low dielectric constant (2.3), whereas
diethyl ether and THF are aliphatic ether solvents with rela-
tively high dielectric constants (4.2 and 7.4, respectively).
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That is to say, acetamidination solvents will significantly
influence the synthesis of the target iron(Il) bis(N-tert-bu-
tyl-N’-ethylacetamidinate), notwithstanding the other con-
ditions. Hence, the acetamidination solvents should be care-
fully selected for the synthesis of an ideal asymmetric
iron(IT) amidinate. The ether could be an optimal acetamid-
ination solvent for the synthesis of the iron(II) bis(N-zert-
butyl-N'-ethylacetamidinate).

CDCl,
Acetamidination solvents S
Toluene
— M L
CDCl,
\
Tetrahydrofuran [
CDCl,
\
Diethyl ether
e
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Figure 2. The effect of the acetamidination solvent on the '"H NMR
spectra of the iron(II) bis(N-tert-butyl-N'-ethylacetamidinate)s
with iron(II) acetylacetonate as the same starting iron(II) material.

Figure 3 reveals that the same iron(Il) bis(N-zert-butyl-
N'-ethylacetamidinate) obtained in diethyl ether exhibits
totally different NMR spectra if NMR testing solvents were
changed from CgDg to CDCl; to CsDsN with dielectric
constants of 2.3, 4.8, and 13.3, respectively. This should re-
sult from different interactions between the iron amidinate
and solvent molecules with different characteristics. In par-
ticular, the NMR spectrum obtained in C¢Dgy suggests the
lowest paramagnetism, whereas the NMR spectrum in
CsDsN suggests the highest paramagnetic content of up to
60%, implying that the paramagnetism of the iron(IT) amid-
inates depends on the solvent characteristics. It appears that
the paramagnetism of the complexes in the solvent with the
highest dielectric constant is higher. The diversification of
the NMR spectra with changing NMR testing solvents
from CDCl; to C¢4D¢ to CsDsN is also observed for the
same iron(Il) bis(N,N'-diisopropylacetamidinate) in this
study. Therefore, NMR testing solvents should be carefully
chosen for the obtainment of an ideal NMR spectrum of
the paramagnetic materials. The deuterated solvent with a
high dielectric constant could be optimal for the NMR
spectroscopic analysis.

IR spectra of iron(I) complexes obtained show the ex-
pected and very strong absorptions at 1651-1653 and
548 cm! attributable to the delocalized ~N=C=N- and Fe-
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Figure 3. The effect of the NMR testing solvent on the '"H NMR
spectra of the same iron(II) bis(N-zert-butyl-N'-ethylacetamidinate)
with iron(II) acetylacetonate as a starting iron(II) material in di-
ethyl ether.

N stretching modes, respectively, but no characteristic ab-
sorptions at 3436 and 2100 cm™! due to the amidine ¢ny
and free carbodiimide vn=c=n stretching modes are ob-
served.l?-21 These results strongly suggest the formation of
the iron(IT) bis(N-zert-butyl-N’-ethylacetamidinate).

In the mass spectra, all the amidinate complexes are
characterized by a loss of the methyl and zerz-butyl groups
from the ions.!'® The ligand bonds between N and Fe break
the most easily. It seems that the breaking mode of the com-
plexes does not change with elevating MS testing tempera-
tures from 120, 150, to 300 °C. However, the MS spectra
indeed vary if 10% water is added to MCN or when chang-
ing starting iron(II) materials from acetylacetonate to ace-
tate to chloride. These results also significantly indicate a
successful synthesis of the iron(II) bis(/N-ztert-butyl-N'-ethyl-
acetamidinate).

Sublimation and Volatility of the Iron(II) Amidinates

TG and derivative thermogravimetry (DTG) curves of
the iron(IT) bis(N-tert-butyl-N'-ethylacetamidinate)s ob-
tained from three starting iron(Il) compounds in diethyl
ether are given in Figure 4. Sublimation or thermal decom-
position occurs clearly in one step at a lower temperature
(110170 °C)11%131 with a lower residual mass of 3%, that
is, a higher volatility of 97%. The low sublimation tempera-
ture of iron(IT) bis(N-tert-butyl-N'-ethylacetamidinate)
1138
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might be ascribed to the weak intermolecular forces, which
are due to its spherical shape (Scheme 1). The weaker inter-
molecular forces of iron(Il) bis(N,N'-diisopropylacetamid-
inate) can also be used to explain the fact that its sublima-
tion temperature (Table 1) is lower than that of the iron(II)
bis(N-tert-butyl-N'-ethylacetamidinate), which has the
same molecular mass, because the iron(Il) bis(N,N'-diiso-
propylacetamidinate) molecule should be more spherical
and more symmetric. The iron(II) bis(N-tert-butyl-N'-ethyl-
acetamidinate)s obtained with iron(II) acetate and chloride
as starting iron(I) materials exhibit the same sublimation
or volatile characteristics, which are different from that of
the iron(Il) bis(N-tert-butyl-N'-ethylacetamidinate) ob-
tained with iron(II) acetylacetonate. The iron(II) bis(N-zert-
butyl-N'-ethylacetamidinate) obtained with iron(II) acetyl-
acetonate begins to sublimate at a higher temperature with
a further residual weight of 2% lower than the other two.
In other words, the iron(Il) bis(N-tert-butyl-N'-ethylaceta-
midinate) obtained with iron(IT) acetylacetonate possesses
the highest volatilizability of 98 %.
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Figure 4. The effect of the starting iron(II) compounds on the sub-
limation of the iron(II) bis(N-tert-butyl-N'-ethylacetamidinate) ob-
tained in diethyl ether at a heating rate of 10 °C/min.

The TG sublimation thermograms of the iron(II) bis(/N-
tert-butyl-N'-ethylacetamidinate)s vary significantly with
iron(IT) amidination solvents despite the same synthetic
conditions being used, as shown in Figure 5. It is found that
the iron(Il) bis(N-tert-butyl-N'-ethylacetamidinate) ob-
tained in diethyl ether exhibits nearly the same major subli-
mation characteristics as that obtained in THF, suggesting
that the two iron(Il) bis(N-tert-butyl-N'-ethylacetamidin-
ate)s obtained in diethyl ether and THF should be very sim-
ilar. However, the iron(II) bis(/N-zert-butyl-N'-ethylacetami-
dinate) obtained in THF displays a much higher residual
weight percentage or lower volatilizability than that ob-
tained in diethyl ether, implying that the latter is much
purer in composition. Note that the iron(II) bis(N-zert-bu-
tyl-N'-ethylacetamidinate) obtained in toluene displays
quite a different TG thermogram as compared with those
obtained in diethyl ether and THF, indicative of the iron(II)
amidinates having different molecular structures. This is
corroborated by the NMR results discussed above. The

Eur. J. Inorg. Chem. 2007, 1135-1142
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Scheme 1. The synthesis of the iron(Il) bis(N-zert-butyl-N'-ethyl-
acetamidinate) and its structural models at the minimum energy.

iron(Il) bis(N,N'-diisopropylacetamidinate) obtained with
iron(Il) acetylacetonate as the iron(Il) source exhibits a
much lower sublimation temperature (150 °C) at the maxi-
mal-sublimation rate than that (225°C) of the iron(II)
bis(NV,N’-diisopropylacetamidinate) obtained with FeCl, as
the iron(II) source.l'” This suggests that iron(II) acetylace-
tonate could be a better starting iron(I) material for the
synthesis of the iron(Il) amidinates with higher volatility at
a much lower temperature than FeCl,.
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Figure 5. The effect of the amidination solvent on the sublimation
of the iron(Il) amidinate complex from iron(II) acetylacetonate at
a heating rate of 10 °C/min.

Sublimation Kinetics of the Iron(II) Amidinates

A strong and regular effect of the heating rate on the
nonisothermal TG and DTG curves of the iron(II) bis(/N-
tert-butyl-N'-ethylacetamidinate) obtained with iron(II)
acetylacetonate as a starting iron(II) source in diethyl ether

Eur. J. Inorg. Chem. 2007, 1135-1142

is shown in Figure 6. The isothermal TG and DTG curves
of the iron(Il) bis(N-tert-butyl-N'-ethylacetamidinate) ob-
tained with iron(II) acetylacetonate and acetate as the start-
ing iron(II) sources in diethyl ether are shown in Figure 7.
According to Equations (1)—(3) of the Flynn-Wall tech-
nique the activation energy of sublimation for iron(II)
bis(N-tert-butyl-N'-ethylacetamidinate)s and bis(N,N'-di-
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Figure 6. The effect of the heating rate on the the TG and DTG
curves of the iron(Il) bis(N-tert-butyl-N'-ethylacetamidinate) ob-
tained with iron(II) acetylacetonate as a starting iron(II) source in
diethyl ether.

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

100 ]
] L 13
80 o Sublimation <— i
4 130 ~ -
T =
X 1 8 p E
= 60 A A 2
g 1 3 +2 -
Z £ g P
= £ 4 =
£ ) £ 90 4 =
E= o] + s
S 40 4 = £
£ ] E 1 %
— W
s = 41 £
@ 4 ] =
20 o 4 7]
B 50 4
Sublimation b
rate ]
100 1 —— 0
\ 15043
80 Sublimation <— ]
] T
2 Yiyal E
% 60 J T4, <
2 2 <
< 2 2
E g g
g 40 2 £
£ - z 70 1 s
= T Temperature ) F1 £
20 JEE— >
Sublimation
rate 30
[ T s Tyt — — 0
0 50 100 150 200

Heating time / min

Figure 7. Multiple-stage isothermal TG and DTG curves of the
iron(I)  bis(N-tert-butyl-N'-ethylacetamidinate) obtained with
iron(II) acetylacetonate (top) and iron(II) acetate (bottom) as start-
ing iron(II) sources in diethyl ether.
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isopropylacetamidinate) is summarized in Figure 8 and
Table 2. Figure 8 discloses that the activation energy de-
creases with an increase in the sublimation level, indicating
that a variation in the thermal sublimation kinetics, from
diffusion-controlled kinetics to sublimation-controlled ki-
netics, is occurring. Under a large sample size at an early
sublimation step the heat diffusion across the whole sample
may be slow, leading to a diffusion control. As listed in
Table 2, a larger sample size will result in a higher activation
energy of the isothermal sublimation for sample No. 4. It
is also seen from Table 2 that two kinds of nonisothermal
techniques, Flynn—Wall and Kissinger, afford similar acti-
vation energies of sublimation for the five iron(II) amidin-
ates. However, the activation energy of the isothermal subli-
mation is different from that of the nonisothermal sublima-
tion. In particular, the activation energy of the isothermal
sublimation over a lower temperature range between 40 and
80 °C is much lower. In addition, the variation of the subli-
mation activation energy calculated by nonisothermal tech-
niques for the iron(I) amidinates 1 to 7 is different from
that calculated by isothermal techniques. These signify that
the sublimation characteristics could vary with the heating
method and temperature range. Nevertheless, it is interest-
ing that the average activation energy (106 kJmol™!) for the
nonisothermal sublimation at 127-198 °C is almost the
same as the average activation energy (104 kJmol ') deter-
mined from the isothermal thermogravimetric experiments
at 80-130 °C.
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Figure 8. The variation of the sublimation activation energy with
sublimation level based on the Flynn—Wall plot of In (heating rate)
against the reciprocal temperature for the iron(II) bis(N-zert-butyl-
N’-ethylacetamidinate) and bis(N,N'-diisopropylacetamidinate).

Solubility and Solvatochromism of the Iron(II) Amidinates

All dark solid iron(IT) amidinates will immediately be-
come red upon exposure in air or water because of their
fast decomposition over several seconds. That is to say, the
iron(I) amidinates are highly air and moisture sensitive.
Solubility of the iron(I) amidinates is investigated in sev-
eral representative solvents with different dielectric con-
stants in a nitrogen atmosphere. It is found that almost all
the iron(Il) bis(N-fert-butyl-N'-ethylacetamidinate)s and
bis(N,N’-diisopropylacetamidinate) are readily soluble in
most organic solvents like chloroform, benzene, pyridine,
toluene, hexane, pentane, diethyl ether, and THF with di-
electric constants between 1.9 and 13.3 but except for meth-
anol with a high dielectric constant of 32.4. It is of interest
that a variation of the amidinate solution color with the
solvents is observed, i.e., a novel solvatochromism. The
solution of the same amidinate exhibits different colors
within various solvents. The black solid iron(II) bis(N-zert-
butyl-N'-ethylacetamidinate) becomes blue in chloroform,
purple in pyridine, and brown in benzene, toluene, hexane,
pentane, diethyl ether, and THF. Similarly, dark-blue solid
iron(Il) bis(N,N’-diisopropylacetamidinate) becomes blue
in chloroform, bluish black in benzene, and brown in pyri-
dine. This indicates that the amidinate molecules may have
different conformations and hence different solvates in dif-
ferent solvents, induced by the different interactions be-
tween the amidinate and the solvent molecules with dif-
ferent dielectric constants and polarity. In other words, the
solvatochromism might be adjusted by changing the amid-
inate structure and choosing the solvent. However, there is
no regular variation of the amidinate solvatochromism with
the solvent dielectric constant. Similar solvatochromism has
also been observed for the intrinsically conducting copoly-
mers from orthanilic acid and aniline.!??!

Conclusions

A highly volatile and paramagnetic asymmetric iron(II)
amidinate, iron(IT) bis(N-ztert-butyl-N'-ethylacetamidinate),
was successfully synthesized. The optimal starting iron(IT)
compound and reaction solvent should be iron(II) acetyl-
acetonate and diethyl ether, respectively, because the combi-
nation offers the highest yield, the strongest volatilizability
of 98%, and the purest product. The NMR spectra of the
iron(IT) amidinates depend strongly on the deuterated sol-

Table 2. The activation energy (kJmol™!) of the sublimation of the iron bis(N-zerz-butyl-N’-ethylacetamidinate) and bis(N,N’-diisopro-

pylacetamidinate).

No. Nonisothermal sublimation activation energy Isothermal sublimation activation energy
at a sample size of 2.1-3.0 mg

Flynn—-Wall (average) Kissinger 80-130 °C 40-80 °C

1 88 90 114 25

2 88 91 111 37

3 115 107 104 11

4 141 127 87(90)tl 25(41)fa

7 107 97 79 48

[a] The sample size is 3.9 mg.
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vent used. It seems that deuterated chloroform is the opti-
mal solvent for the structure characterization of the para-
magnetic iron(Il) amidinates. The different iron(Il) amidin-
ates from various starting iron(II) compounds exhibit al-
most the same NMR, MS, and IR spectra, a melting point
of 85°C (with an exception in THF around 25 °C), and
solution color in the same solvents but different synthetic
yields, paramagnetic fractions, volatilizabilities, and colors
in different solvents. This implies that the iron(II) amidin-
ates exhibit interesting variable paramagnetism and solva-
tochromism. The iron(IT) bis(N-zert-butyl-N'-ethylacetami-
dinate) demonstrates an average activation energy of
106 kJmol! for the nonisothermal sublimation, which is
very close to the average activation energy of 104 kJmol™!
calculated on the basis of the isothermal sublimation. The
sublimation is a diffusion-controlled process because the
temperature and rate of the sublimation depend strongly on
the sublimation level and sample size. Great volatilizability
at a lower temperature is a special feature of the asymmetric
iron(IT) amidinates compared with other related com-
pounds.

Experimental Section

General: All reactions, manipulations, and characterizations were
conducted under a nitrogen atmosphere using an inert atmosphere
box. Tetrahydrofuran (THF), diethyl ether, toluene, and hexane
were dried by using an innovative solvent purification system and
stored over 0.4-nm molecular sieves. Methyllithium, 1-zert-butyl-3-
ethyl-carbodiimide, 1,3-diisopropylcarbodiimide, anhydrous FeCl,,
iron(II) acetylacetonate[Fe(CH;COCH,COCHs),], and iron(II)
acetate (Aldrich) were used after vacuum treatment in nitrogen.

Iron(Il) Bis(/V-tert-butyl-N'-ethylacetamidinate) ([Fe(rBu-Et-Me-
AMD),]): A solution of methyllithium (1.6 M in diethyl ether,
3.8 mL, 6 mmol) in diethyl ether was added dropwise to a solution
of 1-tert-butyl-3-ethyl-carbodiimide (0.9 g, 7 mmol) in diethyl ether
(20 mL) at 30 °C. The mixture was warmed to room temperature
and stirred for 4 h. This colorless mixture solution was then added
to a solution of iron(II) acetylacetonate (0.9 g, 35 mmol) in diethyl
ether (10 mL). The reaction mixture was stirred for 24 h. After all
the volatiles were removed under reduced pressure the resulting
solid was extracted with hexane (30 mL). The hexane extract was
filtered through a pad of Celite on a glass frit to afford a dark
solution. Subsequent sublimation afforded pure dark products
(42%). Sublimation: 80 °C at 30 mTorr. The whole reaction pro-
cedure for the synthesis of the iron(II) complex is depicted in
Scheme 1. The iron(II) bis(N,N’-diisopropylacetamidinate) was
prepared in the same manner as described above. The iron(II) ami-
dinate synthesized from iron(II) acetylacetonate in diethyl ether ex-
hibits the following spectra: 'H NMR (CDCls, 25°C): 199.5
(broad, NCH,CH3), 56.7-111 (very broad, N,CCHs), 29.7 [broad,
NC(CH?3)3], 6.1 (sharp triplet, NCH,CH3) ppm for paramagnetic
iron(Il) amidinate; 8.6 (sharp, NCH,CH3), 3.5 (sharp, N,CCHy),
1.5 [broad, NC(CHs;);], 0.3 (sharp triplet, NCH,CH3) ppm for non-
paramagnetic (diamagnetic) iron(II) amidinate. On the basis of the
area ratio of the resonance peaks at 29.7 over 1.5 ppm it could be
estimated that 55% of the product is paramagnetic. 'H NMR
(CsDsN, ([Ds]pyridine), 25°C): 147.5 (sharp, NCH,CH3), 140.6
(sharp, N,CCH;), 9.1 (broad, NC(CH;);), -15.9 (sharp,
NCH,CH3) ppm for paramagnetic iron(I) amidinate; 4.7 (sharp,
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NCH,CHs;), 2.8 (sharp, N,CCHs3), 1.1 [broad, NC(CH3);], 0.79
(sharp, NCH,CH3) ppm for diamagnetic iron(II) amidinate. The
product could be 60% paramagnetic on the basis of the area ratio
of the resonance peaks at 9.1 over 1.1 ppm. IR absorbances: 3268
(vw), 2968 (s), 2922 (s), 2854 (m), 1651 (vs), 1543 (m), 1457 (m),
1374 (m), 1288 (w), 1220 (m), 1157 (vw), 1031 (vw), 686 (s), and
548 (s)cm™'. ES-MS at 120 °C: m/z [fragment, relative intensity
(%)] = 331 [M - (CH;), + Na™, 16], 321 [M - (CH3), + acetoni-
trile(MCN)*, 7], 297 [M — (CH;),~C,Hs + NH,*, 6], 269 [M —
(CH;),-C(CH3); + NHy*, 42], 207 [FeNC(CH3)NC(CH3); + K,
6], 143 [C,HsNC(CH3)NC(CH3); + 2H*, 100]. The iron(IT) amid-
inate from iron(I1) acetate displays the following '"H NMR (CDCls,
25°C): 196.8 (broad, NCH,CH;), 56.3-114.5 (very broad,
N,CCH?3), 29.4 [broad, NC(CH3)3], —5.6 (sharp, NCH,CH;) ppm
for paramagnetic iron(I) amidinate; 8.8 (sharp, NCH,CH3), 3.6
(sharp, N,CCH;), 1.2 [broad, NC(CH;);], 0.4 (broad,
NCH,CH3;) ppm for diamagnetic iron(II) amidinate. On the basis
of the area ratio of the resonance peaks at 29.4 over 1.2 ppm it
could be calculated that 60% of the product should be paramag-
netic. IR absorbances: 3250 (vw), 3043 (vw), 2962 (s), 2922 (s),
2856 (m), 1653 (vs), 1559 (m), 1510 (m), 1457 (m), 1374 (m), 1288
(w), 1220 (m), 1157 (vw), 1030 (vw), 687 (s), and 548(s) cm'. ES-
MS at 120 °C: m/z [fragment, relative intensity (%)] = 350[M —
C,Hs + MCN*, 4], 331 [M — (CHj3), + Na*, 21], 321[M — (CHj3),
+ MCN*, 9], 281 [M — C(CHs)s, 4], 269 [M — (CH3),~C(CH;); +
NH,", 8], 143 [CoHsNC(CH3)NC(CHj3);] + 2H*, 100]. The iron(II)
amidinate synthesized from FeCl, in diethyl ether demonstrates the
following: '"H NMR (CDCl;, 25°C): 196.8 (broad, NCH,CHj),
56.3-115 (very broad, N>,CCHj3), 29.8 [broad, NC(CH3)3], —5.8
(sharp, NCH,CH;) ppm for paramagnetic iron(II) amidinate; 8.8
(sharp, NCH,CH3;), 3.6 (sharp, NoCCHs;), 1.4 [broad, NC(CH;)s],
0.6 (broad, NCH,CHs>) ppm for diamagnetic iron(II) amidinate. It
is evaluated based on the area ratio of the resonance peaks at 29.8
over 1.4 ppm that 58 % of the product could be paramagnetic. ES-
MS at 120 °C: m/z [fragment, relative intensity (%)] = 350 [M —
C,Hs + MCN™, 50], 349 [M - C,Hs + H* + K*, 25], 348 [M —
(CH;), + H* + K*, 100], 339 [M + H", 16], 338 [M, 55], 331 [M —
(CHj3), + Na*, 13], 324 [M - CH; + H*, 17], 323 [M — CH3;, 87],
322 [M — (C,Hs), + MCN*, 53]. The iron(IT) amidinate synthesized
from iron(II) acetylacetonate in toluene shows the following: 'H
NMR (CDCl;, 25°C): 56 (NCH,CHs), 29.2 (broad, N,CCHs),
16.2 [broad, NC(CH;);], —5.8 (sharp, NCH,CH;) ppm for para-
magnetic iron(II) amidinate; 8.6 (NCH,CH;), 3.2 (sharp,
N,CCHs;), 1.4 [broad, NC(CH3);], 1.1 (broad, NCH,CH3) ppm for
diamagnetic iron(II) amidinate. The paramagnetic fraction calcu-
lated based on the area ratio of the resonance peaks at 16.2 over
1.4 ppm is 37%.

Measurements: 'H NMR spectra of the iron(I1) amidinate solutions
in test tubes filled with nitrogen were recorded with a Bruker AM-
500 spectrometer. Melting points were obtained in a sealed capil-
lary using optical microscopy. Infrared spectra were obtained with
a Nicolet FT-IR 7000 spectrometer with sample solutions in diethyl
ether in a nitrogen atmosphere. Mass spectra of the sample in THF
were recorded with a Micromass LCT time-of-flight Mass Spec-
trometer operating in electrospray mode. Solution samples of the
respective complexes in diethyl ether or THF were rapidly intro-
duced by a direct inlet technique with acetonitrile as a mobile phase
at a source temperature of 120-300 °C. Thermogravimetry (TG)
was performed with a TGA Q50 V6.2 Build 187 thermogravimetric
analyzer. Conventional constant heating-rate TG measurements
were run at 5 °C, 10 °C, 20 °C, and 40 °Cmin! in nitrogen with a
sample size of 1-3 mg to provide a control set of values for thermal
sublimation parameters. Isothermally programmed TG analyses
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were carried out at 40, 50, 60, 70, 80, 90, 100, 110, 120, and 130 °C
in nitrogen at a flow rate of 40 mLmin~! with a sample size of 2
3mg. The furnace was quickly heated at a heating rate of
60 °Cmin! to the selected temperature after the sample was in-
serted in the furnace. There are several techniques for the kinetic
evaluation of the TG thermal weight-loss data, and they have been
discussed in an earlier publication.l??! The thermal sublimation ki-
netics were examined by the following three evaluating techniques
[Equation (1)], [Equation (2)], and [Equation (3)].

Flynn—Wall Technique®*

In (Heating rate) = In (ZE/R) — In [F(a)] — E/(RT) (1)
In (Heating rate/7T,,) = In [n(1 — a,,)" 'ZRIE] — B/(RT,,) (2)

In (da/dt)y, = In Z + nln (1 — a,,) — E/(RT) 3)

The activation energy, E, can be calculated from a plot of In (heat-
ing rate) against 1/7 (absolute temperature) at a fixed weight loss
since the slope of such a line is given by E/R (gas constant
8.314 Jmol 'K ).

Kissinger Technique’!

Where Ty, and a,, are the absolute temperature and sublimation,
respectively, at the maximum sublimation rate (da/d¢),,. The slope
of In (Heating rate/T;,,%) vs. 1/, is equal to —E/R.

For an Isothermal TG Measurement at Several Isothermal Tempera-
tures!>?!

The E value of isothermal degradation was calculated from the
slope of the plot of the maximum weight-loss rate In (da/d?),, vs.
the reciprocals of the several isothermal temperatures (1/7).
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