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Partial replacement of ethoxide ligands with N-alkoxo-â-ketoiminates in the tantalum or
niobium ethoxides resulted in M(N-alkoxo-â-ketoiminate)(OEt)3 (M ) Ta and Nb) complexes.
Most of these complexes are liquid and showed enhanced thermal and chemical stability,
especially toward moisture. These complexes have octahedral geometry with a meridional
N-alkoxo-â-ketoiminate ligand and showed fluxional behaviors. All of these precursors,
especially the ones with methyl groups on both the N-alkoxo and â-ketoiminate backbones,
demonstrate considerably higher deposition rates than M2(OEt)10 (M ) Ta and Nb), one of
the most popular precursors for Ta2O5 and Nb2O5 films. Thermogravimetric analysis
experiments showed that successive decomposition of ethoxide ligands is followed by
decomposition of N-alkoxo-â-ketiminate in the pyrolysis process. Introduction of a methyl
group onto the N-hydroxyethyl backbone enhanced the thermal stability at lower temper-
atures and the pyrolysis rate at higher temperatures. X-ray diffraction patterns indicate
that the deposited films are not crystallized until the substrate temperature goes over 650
°C. Well-crystallized longish grains were formed in the Ta2O5 film deposited at 700 °C, but
it was found from the depth profile spectra by Auger electron spectroscopy (AES) that the
nitrogen and carbon impurities are 2.3% and 4.2%, respectively, for the Ta2O5 film deposited
at 550 °C. Heat treatment at 700 °C in oxygen removed the nitrogen impurity in this Ta2O5
completely, and the residual carbon was proved to be negligible from the AES and X-ray
photoelectron spectroscopy results.

Introduction
Group 5 metal oxides, especially Nb2O5 and Ta2O5,

have drawn much interest because of important ap-
plications. Tantalum oxide, Ta2O5, has drawn much
interest because of its highest dielectric constant among
the single metal oxides, which have promising applica-
tions as dielectric materials in high-density dynamic
random access memories, integrated optical devices,
thin film capacitors, large-scale integration, electrolu-
minescent devices,1 and solid-state ion sensors.2 The
recent discovery of enhancement of the dielectric con-
stant and crystallization temperature of Ta2O5 by ad-
dition of a small amount of various metal oxides may
induce wider applications.3 In addition, layered perovs-
kite materials containing tantalum oxides such as SBT
(SrBi2Ta2O9) have been considered as capacitor materi-
als for ferroelectric-based memory devices (FeRAMs).4
Materials containing tantalum oxides such as BMT

[Ba(Mg1/3Ta2/3)O3] and BZT [Ba(Zn1/3Ta2/3)O3] have at-
tractive microwave dielectric properties and are con-
sidered to be archetypal high-Q dielectric resonator
materials.5

Nb2O5 is a dielectric material applicable in capacitor
technology, waveguides, oxygen sensors, and corrosion-
resistant and electrochromic coatings.6 Also lithium
niobate (LiNbO3) and Pb(Mg,Nb)O3 containing Nb2O5
are known to have excellent ferroelectric and piezoelec-
tric properties and large electrooptic and nonlinear
optical coefficients.7,8

To prepare thin films containing Ta2O5 or Nb2O5 by
metalloorganic chemical vapor deposition (MOCVD)
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processes, a variety of Ta precursors such as Ta2(OR)10
(R ) Me and Et), [Ta(dpm)4Cl] (dpm ) 2,2,6,6-tetra-
methyl-3,5-heptanedionato), [TaMe3(OR)2] (R ) C2-7
alkyl groups), [Ta(NMe2)5], [TaX5] (X ) Cl, F), [TaCl2-
(OEt)2(acac)] (acac ) acetylacetonate), [Ta(OR)4(â-dike-
tonate)], [Ta(dmae)(OEt)4] [dmae ) (N,N-dimethylamino)-
ethanolate], liquid mixture, containing (Et3N)3TadNEt
and (Et3N)3Ta(η2-EtNdCHMe), and Nb precursors such
as [Nb(OR)5]2, [Nb(dmae)(OEt)4], [Nb(dpm)2Cl3], and
Nb(dpm)4 have been exploited.1,6,8,9

Because of the requirement of low-temperature film
deposition for integrated circuit applications, various
methods such as plasma-enhanced MOCVD,10 water-
assisted CVD,11 and atomic layer deposition (ALD)12

have been adopted. In these processes, the most com-
monly used metal alkoxides, M2(OR)10 (M ) Nb and Ta),
are prone to being hydrolyzed. However, substitution
of alkoxide ligands with chelating â-diketonate1a or
“donor-functionalized” alkoxide ligands8 resulted in
much reduced moisture sensitivity. The same phenom-
enon was observed in similar titanium complexes.13

Recently, â-ketoiminate complexes have drawn inter-
est because of their higher thermal stability than the
â-diketonate analogues and their versatility, by chang-
ing the imine substituents, for tailoring their reactivity
and volatility.14,15 Several â-ketoiminates and fluori-
nated â-ketoiminates of Cu, Ni, Ag, Ba, and Pd have
been successfully used as precursors for metal or metal
oxide deposition.16 In addition, several polydentate
ligands have been exploited for the saturation of the
coordination spheres to increase volatility and chemical
and thermal stability17 in the alkaline-earth metal18 and
lead precursors.19

The terdentate dianionic nature of the N-alkoxo-â-
ketoiminate ligands is expected to show enhanced
stability and volatility by combination of increased
saturation and chelate effect, while the high oxidation
state of a metal center such as +5 can be maintained
with fewer ligands. With this in mind, reactions between
M2(OEt)10 (M ) Nb and Ta) and N-alkoxo-â-ketoiminate
were carried out to produce M(N-alkoxo-â-ketoiminate)-
(OEt)3. Also, the substituent effect on the properties of
these complexes and potential availability as MOCVD

precursors to tantalum or niobium oxides have been
studied in this paper.

Results and Discussion

The Ta and Nb complexes were prepared from the
substitution reaction between Ta2(OEt)10 or Nb2(OEt)10
and appropriate N-alkoxo-â-ketoimine (eq 1). The yields

were found to be dependent on the reaction tempera-
ture; at room temperature, they were moderate (around
60%), but slight heating to around 35 °C induced much
higher yields (over 90%). The products were character-
ized by 1H and 13C NMR, thermogravimetric analysis/
differential scanning calorimetry (TGA/DSC), and el-
emental analyses.
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These complexes were found to be in the liquid phase
or easy melting solids at ambient conditions. They are
thermally stable enough to be purified by vacuum
distillation and showed enhanced stability toward hy-
drolysis, as expected. The same phenomenon was re-
ported in the Ta,1a,8 Ti,20 and Zr complexes21 containing
â-diketonates. The reduced chance of alkoxide decom-
position induced by decreasing the number of alkoxide
ligands may help this enhanced moisture stability.
These complexes did not show any indication of decom-
position after 2 days in air. However, NMR experiments
showed that these complexes exchanged ligands with
external EtOH or H2O slowly and that the exchange
rate increased with temperature. On the other hand,
Ta(OEt)4(acac) (acac ) acetylacetonate), one of the best
known Ta2O5 precursors, is known to be air-sensitive
and reacted immediately with H2O.

Generally, Nb complexes showed less sensitivity to
hydrolysis than the corresponding Ta ones. This is
rather unexpected from the viewpoint of the similar size
of Nb(V) and Ta(V).22 More stable hydrolysis products
due to stronger M-L bonds with going down in a triad
may be the reason.

Analysis of the 1H and 13C NMR spectra of the metal
complexes confirmed the Oh structure with a meridional
distribution of the alkoxide ligands as reported in the
complexes of Ti and Nb.11 These complexes show
fluxional behaviors. Detailed study on this behavior is
in progress.

The TGA data for these complexes are summarized
in Table 1 (Supporting Information). This clearly shows
that pyrolysis of these complexes begins with the
decomposition of the ethoxide ligands one by one. The
residue weight percents for all complexes at 100, 150,
and 200 °C are almost equal to the theoretical values
for fragments where one, two, and three ethoxide
ligands are removed from the initial complexes. If only
sublimation caused the observed weight loss, the declin-
ing line should be linear and the residue amounts
virtually become nearly zero. In fact, the slopes are
usually steep at the early stage but remain smooth or
plateaulike at the later stage. The pyrolysis of the
remaining N-alkoxo-â-ketoiminate ligand is believed to
start at the O-coordinated fragments because the X-ray
photoelectron spectroscopy (XPS) data of the thin films
deposited by using complexes with these ligands showed
that some nitrogen impurities were present.

From the isothermal TGA data, it is evident that
introduction of a methyl group onto the N-alkoxo
backbone increases the thermal stabilities of the com-
plexes below 200 °C but enhances the pyrolysis rates
at the higher temperatures from the variable-temper-
ature TGA data. Even though this cannot be rational-
ized yet, this property as a potential MOCVD precursor
can be exploited for the lower temperature deposition
process.

Five Ta(N-alkoxo-â-ketoiminate)(OEt)3 (2a-e) and
four Nb(N-alkoxo-â-ketoiminate)(OEt)3 (3a-d) precur-
sors were tested for the deposition of Ta2O5 and Nb2O5

films. The deposition rates with these precursors are
illustrated in Figures 1 and 2. All of the precursors show
considerably higher deposition rates than M2(OEt)10,
which is regarded as one of the most popular precursors
for Ta2O5 and Nb2O5 films. In the literature, it is
indicated that a typical bubbler temperature for the
evaporation of Ta2(OEt)10 is around 130 °C.23,24 The
deposition rate of Ta2O5 by precursor 2a is 7 times that
of Ta2(OEt)10, as shown in Figure 1. Therefore, the
deposition rate with Ta2(OEt)10 at 130 °C can be
achieved by vaporizing the precursor 2a only at 95 °C.
The same phenomenon was observed in the Nb series
(Figure 2). It is worthwhile to point out that the
deposition rates of precursors 2b and 3b, which have a
methyl group in the N-hydoxyethyl backbone, are the(20) Davies, H. O.; Leedham, T. J.; Jones, A. C.; O’Brien, P.; White,
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Figure 1. Deposition rates for tantalum oxide films as a
function of the vaporization temperature with precursors 2a-e
and Ta2(OEt)10. (The substrate temperature was 550 °C, and
50 mL/min of N2 was used for the carrier gas. The mixtures of
O2 and N2 were used as reaction gases, and their flow rates
were 400 and 100 mL/min, respectively.)

Figure 2. Deposition rates for niobium oxide films as a
function of the vaporization temperature with precursors 3a-d
and Nb2(OEt)10. (The substrate temperature was 550 °C, and
50 mL/min of N2 was used for the carrier gas. The mixtures of
O2 and N2 were used as reaction gases, and their flow rates
were 400 and 100 mL/min, respectively.)
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best among the precursors tested in this study. It is
rather surprising that the introduction of only a methyl
substituent in the N-hydroxyethyl backbone appreciably
enhances the deposition rates of Ta2O5 and Nb2O5
layers. These deposition results are consistent with the
trend of the volatility data, which have been estimated
as the vacuum distillation temperature for each precur-
sor (2a, 144 °C; 2b, 126 °C; 2c, 142 °C; 2e, 140 °C under
10-1 Torr; 2d solid, mp 78 °C; 3a, 148 °C; 3b, 128 °C
under 10-1 Torr; 3c solid, mp 25 °C; 3d solid, mp 78
°C). The substitution of a methyl group in the â-ke-
toiminate backbone with an isopropyl (2c) or tert-butyl
group (2e) does not increase the volatility significantly
but even decreases the deposition rate. The increased
volatility may originate from the dissymmetry of the
ligands, which may lower the lattice stabilization energy
or interaction of discrete molecules.25 The dissymmetry
effect appears to be more pronounced than the bulky
ligand effect on the volatility26 in this series of precur-
sors. However, this effect is not significant when the
substituents of the â-ketoiminate ligand are isopropyl
groups (2c,d and 3c,d), which cannot be explained at
present.

The deposition temperature was varied from 500 to
700 °C by fixing the bubbler temperature to 100 °C. The
depostion rates as a function of the deposition temper-
ature with precursors 2a and 2b are shown in Figure
3. For both precursors, the deposition rates steadily
increased up to 500 °C, until it reached a plateau. This
suggests that the Ta(N-alkoxo-â-ketoiminate)(OR)3 pre-
cursors are decomposed at a relatively low temperature,
compared with the other Ta precursors. Thus, these
precursors seem to be good candidates for the fabrication
of Ta2O5 films at a low temperature.

The Ta2O5 thin films utilized for the X-ray diffraction
(XRD), scanning electron microscopy (SEM), Auger
electron spectroscopy (AES), and XPS analyses were
derived from precursor 2b. The XRD patterns in Figure
4 indicate that the Ta2O5 films are not crystallized until
the deposition temperature goes over 650 °C. A typical
polycrystalline Ta2O5 film in the orthorhombic phase
could be obtained by the deposition at 700 °C.

Field emission SEM images of Ta2O5 thin films
deposited at several substrate temperatures are il-
lustrated in Figure 5. The Ta2O5 films deposited at 650
°C or lower than this temperature presented less-
crystallized grains having a circular shape. Well-
crystallized longish grains were formed in the films
deposited at 700 °C, and the grain shape and size in
the films were not further changed at higher deposition
temperature. The grains in the film were about 120 nm
in length and 30 nm in width, and there were no
secondary structures. This result is consistent with that
obtained by XRD patterns.

The chemical composition and binding energy of Ta
in the Ta2O5 films deposited at several temperatures
were analyzed by AES and XPS, respectively. The
thickness of the Ta2O5 film used for this experiment was
about 200 nm, and the films were deposited with
precursor 2b. Depth profiles of Ta, O, C, and N from
the top of the Ta2O5 films to the bottom Pt layer are
illustrated in Figure 6. For the evaluation of the Ta to
O molar ratio, bulk Ta2O5 powder was used for the
composition calibration. The composition profile of the
Ta2O5 film deposited at 550 °C is shown in Figure 6a.
The nitrogen and carbon impurities were 2.3% and
4.2%, respectively. The relative molar ratio of oxygen
to tantalum was 2.18:1.00, which indicated that oxygen
was considerably deficient. However, the relative com-
position among Ta, O, C, and N was not appreciably
changed throughout the film depth. The same film was
then postannealed at 700 °C in 30 min under an oxygen
environment. As is indicated in Figure 6b, the nitrogen

(25) Belot, J. A.; Neumayer, D. A.; Reedy, C. J.; Studebaker, D. B.;
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Figure 3. Deposition rates for Ta2O5 films as a function of
the deposition temperature with precursors 2a and 2b. The
vaporization temperature was fixed to 100 °C. The flow rate
of the carrier gas, N2, was 50 mL/min. Mixtures of O2 and N2

were used as reaction gases, and their flow rates were 400
and 100 mL/min, respectively.

Figure 4. XRD patterns of Ta2O5 films deposited at 550-
700 °C. The films were grown using precursor 2b, and their
thickness was about 200 nm. XRD patterns were obtained at
glancing angle mode (glancing angle: 5°).
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impurity was completely removed, the carbon residue
was negligible (∼0.5 mol %), and the molar ratio of
oxygen to tantalum was 2.35:1.00, which was close to
the stoichiometric ratio, 2.5:1.0. Figure 6c presents the
depth profile of a Ta2O5 film deposited at 700 °C. No
nitrogen impurity was found in the film, the residual
carbon was 0.4%, and the molar ratio of oxygen to
tantalum was 2.45:1.00. The similar results observed
between the last two processes indicate that the carbon
or nitrogen impurities in Ta2O5 films, deposited at a low
temperature, are easily removed by the heat treatment
at 700 °C in oxygen. It also suggests that for the film
deposited at 550 °C the carbon and nitrogen impurities
are not incorporated into the Ta2O5 structure as carbide
or nitride forms.

The binding energy of the Ta 4f5/2 and 4f7/2 peaks was
analyzed by XPS, as shown in Figure 7. For the Ta2O5
films deposited at 550 °C, the position of the 4f7/2 peak
was 25.3 eV. With an increase in the deposition tem-
perature, the position of the Ta 4f7/2 peak was shifted
to higher energy. At 650 °C, the peak position was 26.8
eV, and it was not increased any more by a further
increase in the deposition temperature. The low binding
energy of the 4f7/2 peak for the film deposited at 550 °C
indicates that the oxidation state of Ta is lower than 5.

It is also indicated that the pure Ta2O5 structure can
be formed at 650 °C or higher temperature.

Conclusions

M(N-Alkoxo-â-ketoiminate)(OEt)3 (M ) Ta and Nb)
complexes were successfully prepared by the substitu-
tion reaction of M2(OEt)10 with N-alkoxo-â-ketoiminates
in high yields. These complexes are liquid or low-melting
solids and showed enhanced thermal and chemical
stability, especially toward moisture. It was confirmed
by TGA experiments that the ethoxide ligands decom-
posed first and then the N-alkoxo-â-ketoiminate began
to decompose in the pyrolysis process. All of the precur-
sors, especially the ones with methyl groups on both the
N-alkoxo and â-ketoiminate backbones, demonstrate
considerably higher deposition rates than M2(OEt)10.
The XRD patterns indicate that the deposited films are
not crystallized until the substrate temperature goes
over 650 °C. The composition of the M2O5 film was
analyzed by XPS and AES depth profiles, which showed
that the carbon and nitrogen contaminations in the
films deposited at 550 °C are not significant. After heat
treatment at 700 °C in oxygen, no nitrogen impurities
were found and pure oxide is obtained.

Figure 5. SEM images of Ta2O5 films deposited at 550-750 °C. The films were grown using precursor 2b, and their thickness
was about 200 nm. (a) 550 °C, (b) 600 °C, (c) 650 °C, (d) 700 °C, (e) 750 °C.
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Experimental Section

All manipulations were performed under a nitrogen atmo-
sphere using standard Schlenk techniques unless stated
otherwise. The solvents were reagent grade and were distilled
under nitrogen over appropriate drying agents prior to use.
Reagent-grade chemicals were purchased from Aldrich Chemi-
cal Co., Inc., and Strem Chemicals Inc. and used without
further purification unless stated otherwise. N-(Hydroxyalkyl)-
â-ketoimines, CH3C(O)CH2C(NCH2CHR′OH)CH3 [R′ ) H (1a);
R′ ) Me (1b)], were prepared according to published proce-
dures.27 1H and 13C NMR spectra were recorded by using a 5
mm tube on a Bruker AC-250 (VT NMR experiments, 250.133

and 62.896 MHz, respectively) or Varian Gemini 2000 (RT
NMR experiments, 199.976 and 50.289 MHz, respectively) FT
NMR spectrometer and were referenced to tetramethylsilane
(TMS). Elemental analyses were performed with EA-1110 (CE
Instruments) at Inha University. Mass spectral analyses were
carried out by employing a gas chromatograph/mass spectrom-
eter (GC/MS; Shimadzu QP5050A).

TGA/DSC was done with NETZSCH STA 449C at Samsung
Advanced Institute of Technology.

A laboratory-made cold-wall low-pressure MOCVD ap-
paratus was employed for the testing of the synthesized Ta
and Nb precursors in the deposition of Ta2O5 and Nb2O5 thin
films. The graphite susceptor was heated by a radio-frequency
induction coil, and the temperature of the bubbler was heat-
controlled by an oil bath. The vaporized precursors in the
bubbler were delivered to the deposition zone by a N2 carrier
gas with a flow rate of 50 mL/min. For the deposition, the
temperature of the susceptor in the reactor was adjusted to
400-700 °C and that of the bubbler was kept at 50-130 °C.
Mixtures of O2 and N2 were used as reactant gases, and their
flow rates were 400 and 100 mL/min, respectively. The
substrates used for the deposition of Ta2O5 films were Pt/Ti/
SiO2/Si. On the Si (100) substrate deposited with 300 nm of
SiO2, 20 nm of a Ti layer and 220 nm of a Pt layer were
sputter-deposited, respectively.

The thicknesses of Ta2O5 and Nb2O5 films were estimated
from the interference fringes obtained by reflectance spectra
in the UV-visible region and by the SEM cross section. XPS
(SPECS model EA200) was used for the analysis of the
composition of Ta2O5 and Nb2O5 films. Glancing angle mode
powder XRD patterns of the metal oxide films were obtained
by using a Philips diffractometer (PW3020) with a monochro-
mated high-intensity Cu KR radiation. The surface morphology
of M2O5 films was observed by a field emission SEM (Hitachi
S-4500). AES (Perkin-Elmer PHI-670), and XPS (SPECS model
EA200) was used for the analysis of the composition of M2O5

films.
Ligand Synthesis. (CH3)2CHC(O)CH2C(NCH2CH2OH)-

CH(CH3)2 (1c). Ethanolamine (4.30 g, 70.4 mmol) was added
to a solution of toluene (170 mL) containing 2,6-dimethyl-3,5-
heptanedione (10.0 g, 64.0 mmol) in a two-necked flask with
a Dean-Stark apparatus, and then 1 drop of 98% sulfuric acid

(27) Bertrand, J. A.; Kelley, J. A.; Breece, J. L. Inorg. Chim. Acta
1969, 4, 247.

Figure 6. Auger depth profile of Ta2O5 films deposited at
several conditions. Ta2O5 films in 200 nm thickness on Pt layer,
grown using precursor 2b, were in situ sputtered by an Ar+

beam with a rate of about 8 nm/min. O 1s, C 1s, N 1s, and Ta
4f peaks were used for the composition analyses: (a) as-
deposited Ta2O5 film at 550 °C; (b) postannealed Ta2O5 film
at 700 °C for 30 min under oxygen, after it has been deposited
at 550 °C; (c) as-deposited Ta2O5 films at 700 °C.

Figure 7. XPS spectra of Ta2O5 films deposited at several
temperatures. As-deposited films derived from precursor 2b
were used. Ta 4f5/2 and Ta 4f7/2 peaks were monitored.
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was added to this solution. The resulting solution was refluxed
for 3 h. The water produced from the reaction was collected
in a trap of the Dean-Stark apparatus. The solution was
cooled to room temperature, and the solvent was removed
under reduced pressure. The resulting colorless solid was
extracted with 100 mL of CH2Cl2 three times. Recrystallization
from a hexane solution at -20 °C yielded a colorless solid of
1c in 84.1% yield (10.72 g).

(CH3)2CHC(O)CH2C(NCH2CHMeOH)CH(CH3)2 (1d).
1-Amino-2-propanol (5.77 g, 76.8 mmol) and 2,6-dimethyl-3,5-
heptanedione (10.0 g, 64.0 mmol) were used to produce 1d as
a colorless solid after recrystallization from a hexane solution
at -20 °C in 85.0% yield (11.61 g).

(CH3)3CC(O)CH2C(NCH2CH2OH)CH3 (1e). Ethanolamine
(9.73 g, 68.4 mmol) and 2,2-dimethyl-3,5-hexanedione (8.11 g,
57.03 mmol) were used to produce 1e as a colorless solid after
recrystallization from a hexane solution at -20 °C in 89.0%
yield (9.40 g).

Preparation of Metal Complexes. Ta(1a)(OEt)3 (2a). A
solution of 1a (2.0 g, 13.98 mmol) in 80 mL of toluene was
added to a solution of Ta(OEt)5 (5.16 g, 12.70 mmol) in 40 mL
of toluene with rapid stirring. The addition of 1a was ac-
companied by the appearance of a pale yellow color. After
stirring overnight, the solvent was removed under reduced
pressure to leave a yellow liquid residue. This was fractionally
distilled under vacuum (144 °C at 10-1 Torr) to give 2a as a
yellow liquid in 65.0% yield (3.75 g).

Ta(1b)(OEt)3 (2b). 1b (2.32 g, 14.8 mmol) and Ta(OEt)5

(5.00 g, 12.3 mmol) were employed to produce 2b as a yellow
liquid in 57.0% yield (3.02 g). Bp: 126 °C at 10-1 Torr.

Ta(1c)(OEt)3 (2c). 1c (1.61 g, 8.08 mmol) and Ta(OEt)5

(2.73 g, 6.73 mmol) were employed to produce 2c as a yellow
liquid in 63.0% yield (2.19 g). Bp: 142 °C at 10-1 Torr.

Ta(1d)(OEt)3 (2d). 1d (2.63 g, 12.3 mmol) and Ta(OEt)5

(5.00 g, 12.3 mmol) were employed to produce 2d as a pale
yellow crystal in 99.8% yield (6.48 g). Mp: 78 °C.

Ta(1e)(OEt)3 (2e). 1e (1.00 g, 7.03 mmol) and Ta(OEt)5

(2.85 g, 7.03 mmol) were employed to produce 2e as a yellow
liquid in 72.6% yield (2.33 g). Bp: 140 °C at 10-1 Torr.

Nb(1a)(OEt)3 (3a). 1a (3.24 g, 22.6 mmol) and Nb(OEt)5

(7.20 g, 22.6 mmol) were employed to produce 3a as a yellow
liquid in 99.8% yield (8.34 g). Bp: 148 °C at 10-1 Torr.

Nb(1b)(OEt)3 (3b). 1b (2.96 g, 18.9 mmol) and Nb(OEt)5

(5.00 g, 15.7 mmol) were employed to produce 3b as a yellow
liquid in 41.4% yield (2.49 g). Bp: 128 °C at 10-1 Torr.

Nb(1c)(OEt)3 (3c). 1c (3.44 g, 17.3 mmol) and Nb(OEt)5

(5.00 g, 15.7 mmol) were employed to produce 3c as a pale
yellow solid in 78.0% yield (5.21 g). Mp: 25 °C.

Nb(1d)(OEt)3 (3d). 1d (3.69 g, 17.3 mmol) and Nb(OEt)5

(5.00 g, 15.7 mmol) were employed to produce 3d as a pale
yellow solid in 64.9% yield (4.48 g). Mp: 78 °C.
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