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ABSTRACT: Volatile

bis(tert-butylimido)-dichloromolybdenum(V1)

compounds containing N,N’-chelating ligands,

(*BuN)2MoCl,-L, have previously been used as single-source precursors for the chemical vapor deposition of high-purity Mo,N thin
films. The first step in the thermolysis of these compounds is the partial dissociation of the chelating ligand to yield (‘BuN).MoCl,
which further decomposes by eliminating isobutylene and ‘BuNH,. The rate determining step in this process is the formation of a
pentacoordinate intermediate where the previously bidentate ligand adopts a x;1-coordination. Here we show that rigidification of the
ligand backbone, by incorporating various heterocycles, led to an overall increase in thermal stability (21-38 °C) of these complexes
by preventing the formation of the x1-intermediate. Formation of the «;-intermediates is highlighted by high level calculations and is
supported by experimental activation barriers. Finally, a model for the x;-bipyridine adduct was isolated and characterized using 2-
phenylpyridine. This careful control of the thermal stabilities of these compounds can lead to new vapor-phase deposition precursors

for the preparation of Mo;N films.

The design of new vapor phase deposition precursors often
relies on understanding a compound’s mechanism(s) of thermal
decomposition.*” These processes must be understood to deter-
mine if a compound can produce thin films that contain desira-
ble material properties. Insights into these decomposition path-
ways can also be used to fine-tune precursors by designing, and
incorporating, new ligand scaffolds that block these primary de-
composition pathways, or by making them kinetically inacces-
sible.x® This can lead to an overall improvement to the thermal
stability of precursors, making them viable at higher tempera-
tures for the deposition of ultrahigh purity thin films.

For example, one of the most common ligand classes used in
precursors for the vapor-deposition of thin metal films, amidi-
nates,>® have had several “redesigns,” > each of which has
led to an overall improvement to the thermal stability of the pre-
cursor compounds (Figure 1). First, replacement of the N,N -
diisopropyl groups (A) with tert-butyl groups (B) resulted in
thermal enhancement by removing the p-H decomposition path-
way;** B-Me migrations have a higher barrier. Amidinate lig-
ands can also decompose through carbodiimide (CDI) de-inser-
tion reactions,>* which often result in methylated complexes
(e.g., M—Me) and the dissociation of a CDI molecule. This issue
was addressed by our group by using an imino-pyrrolidine (C)
which appends the central carbon atom to a heterocycle con-
taining the chelating nitrogen atom, in turn making CDI de-in-
sertion inaccessible.*

The imino-pyrrolidine ligand (C) is monocyclic, and there-
fore the B-Me groups of the exocyclic tert-butylimino moiety
are still accessible to potential f-Me migrations, through a pos-
tulated monodentate intermediate.® Gordon et al. have ad-
dressed this by preparing rigid 5,5-bicyclic amidine ligands
(D). The added rigidity provided by this new ligand

constrained the ligand in the metal complex, preventing it from
isomerizing to a monodentate intermediate. Therefore, potential
B-Me decomposition pathways need to proceed through
strained, higher energy, transition states, which resulted in an
improvement to the thermal stability of complexes that incor-
porate D.°
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Figure 1. Example of ligand engineering used for vapor-phase dep-
osition precursors (top). Simplified mechanism for the thermal de-
composition of (‘BuN)2MoCl2-L compounds (L = neutral N,N-
chelating ligand) (bottom). Thermodynamic values obtained from
reference 6.

This concept of “tethering” two sides of a chelating ligand to-
gether, to prevent the formation of monodentate intermediates,
piqued our interest as a facile method to improve the thermal
stability of known vapor deposition precursors, without drasti-
cally changing the electronics or reactivity at the metal center.
Here we report a redesign of the (‘BuN);MoCl,-L (L = neutral,
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N,N’-chelating ligand) class of compounds that we have re-
cently used as precursors for the single-source CVD of high
quality MoN thin films.” We have previously shown that these
compounds undergo thermal decomposition by first losing their
neutral chelating ligand (Figure 1),5'2 leading to the generation
of (‘BuN);MoCl,, which was isolated as [(‘BuN)Mo(u-
N'Bu)Cl,]z in the solid state.'® (‘BuN),MoCl, then undergoes an
irreversible y-H migration to yield isobutylene and
(‘BUHN)MoNClI,.512

As a finer detail to this mechanism, we found that the neutral
chelating ligands first undergo a low energy isomerization to
yield a pentacoordinate, x;-complex (Figure 1).% This interme-
diate then loses its ligand to yield (‘BuN).MoCl;, which subse-
quently undergoes thermal decomposition; a phenomenon that
was supported by experimental and computational results.® As
an additional note, we have previously redesigned the general
(RN).MoCl, framework, focusing on the effect of the alkyl im-
ido ligands (e.g., R = tert-pentyl, tert-octyl, 1-adamantyl, and a
cyclic imido from 2,5-dimethylhexane-2,5-diamine) and found
that all those compounds follow a similar decomposition mech-
anism as outlined above.*?

Recently we described the synthesis and thermal stability of
the 2,2’-bipyridine (bpy) adduct of (‘BuN),MoCl,, 1a (Figure
2).51213 This compound exhibited good thermal stability, and its
onset of thermal decomposition (Tp) was found to be 272 °C.
Similarly, the 1,10-phenanthroline (phen) adduct of
(‘BuN),MoCl,, 1b, exhibited excellent thermal stability with a
Tp of 303 °C.512 We speculated that the improved thermal sta-
bility of 1b over 1a might be due to the rigidity of phen. Nota-
bly, the bpy ligand in 1a is capable of rotating around its C—C
bond to yield a pentacoordinate x;-intermediate (Figure 1),
whereas phen cannot undergo this rotation. Therefore, we de-
cided to prepare rigid analogues of other N,N-chelating ligands
that we previously investigated, to further investigate the effect
of ligand rigidification.
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Figure 2. Structures of the (‘BuN)2MoClz-L compounds used
herein. The red dashed bonds highlight where the N,N’-chelates
were rigidified.

We began this investigation by using (1S, 2S)-N,N,N’,N -tet-
ramethylcyclohexane-1,2-diamine (tmchd), which is a commer-
cially available, rigid analogue of N,N,N’,N’-tetramethyl-eth-
ylenediamine (tmeda). Treatment of tmchd with a pentane so-
lution of (‘BuN):MoCl,-dme®* led to the precipitation of
(‘BuN),MoCl,-tmchd (2b, Figure 2), in high yield (see Sl for
experimental details). The structure of 2b was confirmed using
NMR spectroscopy, which revealed two NMe, environments
(i.e., N(CH3)a(CHs)g) by both 'H and **C NMR spectroscopy,
due to the different methyl environments arising from the enan-
tiospecific ligand. The proposed formula of 2b was also con-
firmed using combustion analysis.

We then synthesized a new ligand, N,N-dimethyl-5,6,7,8-tet-
rahydoquinolin-8-amine (dmthga), by the Eschweiler-Clarke

methylation®® of 5,6,7,8-tetrahdroquinolin-8-amine using for-
mic acid and paraformaldehyde; dmthqa is a rigid analogue of
2-(N,N-dimethylamino)methylpyridine (dmampy). The struc-
ture of the new ligand was confirmed by *H NMR spectroscopy
and high-resolution electrospray ionization mass spectrometry.
Direct treatment of dmthga with an ethereal solution of
(‘BuN)2MoCl,-dme led to the isolation of
(‘BuN):MoCl,-dmthga (3b, Figure 2). Again, two inequivalent
NMe, signals were observed by both *H and *3C NMR spectros-
copy, due to the stereogenic center in the dmthga ligand. Addi-
tionally, two signals arising from the tert-butylimido ligands
were also observed, due to different trans donor ligands (e.g.,
NMe; vs Ngyr). The proposed formula of 3b was also confirmed
using combustion analysis.

Following the isolation of 2b and 3b, we attempted to prepare
two additional rigid analogues of N,N’-chelating ligands we
used previously. First, 5,6-dihydro-N-(tert-butyl)-8-quino-
linamine (dhtbga), a hitherto unknown compound, was pre-
pared from the condensation of 6,7-dihydro-5H-quinoline-8-
one with tert-butylamine at 110 °C over 8 days. Unfortunately,
dhtbga was found to exist as its enamine tautomer, and treat-
ment of it with (‘BuN).MoCl,-dme led to an intractable mixture,
presumably due to protonation of the imido ligands. Attempts
to alkylate the a-position of dhtbga,® to prevent the formation
of the enamine tautomer, were unsuccessful. Finally, no reac-
tion was observed between (N,N’-di-tert-butyl)phenathrene-
9,10-diimine'” (a rigid analogue of 1,4-di-tert-butyl-1,3-di-
azabutadiene), and (‘BuN),MoCl,-dme, likely due to steric con-
gestion of the four tert-butyl groups.

The solid-state structures of (‘BuN),MoCl,-tmchd (2b) and
(‘BuN);MoCl,-dmthga (3b) were also examined using single-
crystal X-ray crystallography (Figure 3) to compare the struc-
tures to the non-rigid analogues (e.g., 2a and 3a). In both cases
the metal centers are octahedral with trans disposition of the
chlorides, with CI-Mo—Cl angles of 167.35(13) and
164.21(12)° for 2b and 3b, respectively. Additionally, the
neutral ligands (tmchd for 2b and dmthqga for 3b) adopt a «.-
coordination to metal, both of which bind trans to the tert-butyl
imido ligands. In both cases the imido bond angles (Mo—N—C)
are nearly linear (164.9(6)° for 2b and 167.2(9)° & 168.2(10)°
for 3b), and the slight deviation between the two is most likely
due to crystal packing interactions,'®*® and not the different
electronic demands of the molybdenum centers.2#2° Expectedly,
the tmchd ligand in 2b maintains its (1S, 2S)-stereochemistry
upon coordination to the metal center. Finally, despite the
dmthga ligand being racemic, only crystals containing the 8S-
stereoisomer of dmthga in 3b were observed.
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Figure 3. Solid-state structures of (‘BuN)2MoClz-tmchd (2b, left)
and (‘BuN)2MoCl.-dmthga (3b, right). Half of 2b was generated by
symmetry. Thermal ellipsoids are drawn at the 50% probability
level and hydrogen atoms have been omitted for visual clarity.
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Table 1. Structural properties of (‘BuN)2MoCl.-L compounds highlighting the structural similarities between the rigid and
non-rigid compounds. The decomposition temperature (measured by DSC) and the calculated free energy of ligand dissocia-
tion are also shown.

compound ligand Bite Angle Mo—N(1/2) Buried Volume,?* | Tp/°C BDFEbY, AG /
N-Mo-N /° %Vhur kJ-mol

la bpy 67.72(2) 2.3733(7), 2.3761(6) 28.3 272 87.9 (46.2)°

1b phen 68.7(2) 2.374(6), 2.389(7) 27.9 303 83.6

2a tmeda 71.7(2) 2.525(7), 2.556(7) 33.3 174 74.2 (21.5)°

2b tmchd 71.8(3) 2.504(8)2 34.8 195 89.8

3a dmampy 67.81(5) 2.3669(16), 2.5261(16) | 31.1 200 79.5 (35.7)°

3b dmthga 67.3(4) 2.384(10), 2.523(12) 31.3 238 80.6

5 2-Phpy 2.341(4) 24.2 169 22.4

2 Half of the molecule was generated by symmetry. ® DLPNO-CCSD(T)/def2-TZVPP//r’SCAN-3c. ¢ BDFE starting from the x1-complex.

Comparing the structures of the rigid ligands (phen, tmchd,
and dmthga) to the non-rigid ligands (bpy, tmeda, and dmampy)
many similarities are observed (Table 1). Firstly, the
Mo—N(chelate) bond lengths are quite similar within a ligand
class (e.g., comparing bpy in la to phen in 1b). Additionally,
the rigid ligands have similar bite angles as their non-rigid
analogues (Table 1), which result in nearly identical buried
volumes (%Vp,r) within a ligand class. Combined these results
suggest the steric and the electronic effects at the metal center
are similar, regardless of the backbone of the ligand.

Hirshfeld analyses???® also revealed similar intermolecular
interactions within a ligand class (see Sl). This suggests that the
increased rigidification of a ligand does not drastically change
the intermolecular interactions within the crystalline material.
Therefore, the assumption is made that any additional thermal
stability provided by ligand rigidification (vide infra) is not
attributed to additional stabilizing intermolecular interactions.

After preparing the new rigidified compounds (2b and 3b) we
sought to explore their thermal properties. Using
thermogravimetric analysis (TGA, see Sl), both compounds
exhibited moderate volatility, and had similar onset of
volatilization temperatures (Tonset) @S their non-rigid analogues
(140 °C for 2a*? and 154 °C for 2b; 150 °C for 3a'? and 174 °C
for 3b). Differential scanning calorimetry (DSC, see SI) was
then used to measure the thermal stabilities of these compounds.
In both cases the rigid complexes (2b and 3b) had increased
onset of decomposition temperatures (Tp) compared to 2a and
3a (Table 1). This is in line with what we observed between the
bpy and phen ligands in 1a and 1b, and highlights increased
rigidity in the ligand framework increases the barrier for
thermal decomposition. Although the rigid analogues (2b and
3b) are less volatile than the flexibile analogues (2a and 3a),
their increased thermal stabilitiy allows the use of higher
temperature deposition processes, and more importantly serves
as models to aid in our understanding of their thermal
mechanisms.

We have previously shown that the bond dissociation free
energy (BDFE) of chelating ligands has good correlation with
their Tp for the class of ("BuN),MoCl,-L (L = neutral, N,N -
chelating ligand).® The uncoordinated (‘BuN);MoCl, complex
then underwent further thermal decomposition.® This
correlation was accurate when starting from the
pentacoordinate, xi-complexes, which are accessed through

their low energy isomerizations from their hexacoordinate, k2
ground states. The rigid ligands used in the new complexes (1b,
2b, and 3b) cannot access a x1-coordination, potentially leading
to their increased Tp.

To gain insight into the mechanistic differences of the ligand
dissociation between rigid and non-rigid ligands, we
experiementally measured the activation barriers for the ligand
dissociation. In this experiment, (AdN),MoCl,-tmeda (4a)*?
and (AdN).MoCl,-tmchd (4b) (see Sl for synthetic details) were
used as models for 2a and 2b, respectively. This is because in
the case of 2a and 2b, the compounds are volatile, and thus we
could not deconvolute ligand dissociation, from volatilization.
In constrast, 4a and 4b are not volatile, and loss of the ligand,
leading to (AdN).MoCl; is clearly observed in the TGA curve.

Using isothermal TGA experiments we were able to
determine the rate of ligand dissociation from the metal
complexes at different temperatures. In the case of 4b an
Arrhenius plot (Figure 4) revealed an activation energy
(80.9£9.8 kJ-mol™) that corresponds to the calculated AG* of
88.5 kJ-mol™! (DLPNO-CCSD(T)/def2-TZVPP//r*SCAN-3c)
for the dissociation of tmchd from the hexacoordinate ;-
complex 4b, to (AdN),MoCl,. In contrast, the much lower
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Figure 4. Arrhenius plot for the bond dissociation reaction of
tmeda or tmchd from 4a (blue circles) and 4b (orange squares), re-
spectively. Rate constants were obtained from the rate of moss-loss
during isothermal TGA experiments.

activation energy for 4a (54.0+2.1 kJ-mol™!) corresponds to the
calculated AG! of 50.4 kJ-mol™' for the dissociation of tmeda
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from the pentacoordinate intermediate (AdN).MoCl(x:-tmeda)
(4a"), to (AdN),MoCl,. Eyring analyses for these
transformations also revealed large positive AS* values,
confirming this process corresponds to a dissociative
mechanism (see SI).

Clearly in the case of flexible ligands, x;-complexes appear to
preferentially form. This is further emphasized by a
computational relaxed potential energy surface (PES) scan
where changes to the Mo—N(chelate) bond length was probed
(Figure 5). In all cases, the flexible ligands do form stable xi-
complexes (see SI for more examples). When the Mo—N bond
lengthened in the complexes containing rigid ligands, such
intermediates are not observed, instead the bidentate ligand
undergoes a concerted dissociation, resulting in higher
activation barriers for ligand dissociation (Figure 5).
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Figure 5. Relaxed potential energy surface scan for lengthening
one Mo—N(chelate) bond in (‘BuN)2MoCl2-L. The inset shows the
formation of the metastable xi-intermediates. Scans were per-
formed at the r2SSCAN-3c level of theory, with a step size of 0.1 A
and optimizations performed after each step. The PES of other
complexes can be found in the SI.

We also performed a PES scan of a complex that incorporates
an anionic ligand that we previously described,®
(‘BuN);Mo(Pyrim), (Pyrlm = N-2-(tert-butyliminomethyl)-
pyrrolato), and showed the same process of rigidification also
increases the activation barrier for ligand disociation, and
prevents the formation of a xi-intermediate (see SI). This
highlights a broader and more applicable application to this
process of ligand rigidification because of the number of N,N *
chelating anionic ligands that are used in vapor deposition
precursors; (‘BuN);WCl,-L and (‘BuN)NbCI;-L complexes also
followed this trend (see Sl).

The pentacoordinate x;-complexes appear to be metastable,
and active intermediates for the decomposition of this class of
molecule. Therefore, we were curious if we could isolate a
model of this complex for further investigation. We have
recently reported a chromium analogue of these compounds,
(‘BuN).CrCly-dad (dad = 1,4-di-tert-butyl-1,3-diazabuta-
diene),? that was isolated and characterized as a xi-complex in
the solid-state, but we have not observed such complexes for
molybdenum.

However, sublimation of ("BuN).MoCl,-2py (py = pyridine)
results in (‘BuN),MoCl,-py with the loss of one equivalent of
pyridine,**but, we were unable to obtain X-ray qualitiy crystals
of that compound. This observation led us to use 2-
phenylpyridine (2-Phpy), which is structurally similar to 2,2'-

bipyridine (bpy). Direct treatment of (‘BuN),MoCl,-dme with
2-Phpy led to the isolation of (‘BuN):MoCl,-(2-Phpy) (5) (see
Sl for details). Analysis of the crystal structure of 5 revealed a
square pyramidal (zs = 0.07),° pentacoordinate complex, and is
isostructural with the calculated structure of (‘BuN)MoCl,- (x1-
bpy) (1a"), with a root-mean-square deviation of 0.019 A
(Figure 6).

N2
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N1 N3
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Figure 6. Solid-state structure of (‘BuN)2MoCl2-(2-Phpy) (5, left)
and the optimized structure of (‘BuN)2MoCl2-(x1-bpy) (1a', right).
Hydrogen atoms have been omitted from both structures for visual
clarity. Geometry optimizations were performed at the r’SCAN-3c
level of theory.

Compound 5 has a very low Tp (Table 1), which is equivalent
to the Tp of [('BUN)Mo(u-N'Bu)Cl,]»,*® further suggesting that
r1-complexes are direct intermediates to the dissociation of the
bidentate ligands, therefore the formation of these intermediates
is likely the rate determining step in many of these thermolysis
reactions.

Here we have provided further insight into the mechanism of
thermolysis of the class of (‘BuN),MoCl,-L compounds by
investigation of monodentate vs. chelate dissociation of the x.-
L ligand; the rate determining step of thermal decomposition of
this class of compounds. By using ligands that are rigid, the
chelating ligand is unable to undergo isomerization to a ;-
intermediate, thus increasing the BDFE of the ligands. This
method directly increases the thermal stability of these
compounds, increasing their stability at significantly higher
temperatures. This method could be further used to to control
the stability of CVD precursors, for the development of new
vapor-phase deposition processes.
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