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Abstract: The vapor deposition of many molybdenum-containing
films relies on the delivery of volatile compounds with the general
bis(tert-butylimido)molybdenum(VI) framework, both in atomic layer
deposition and chemical vapor deposition. We have prepared a series
of (‘BuN),MoCl, adducts using neutral N,N’-chelates and investigated
their volatility, thermal stability, and decomposition pathways.
Volatility has been determined by thermogravimetric analysis, with the
1,4-di-tert-butyl-1,3-diazabutadiene adduct (5) found to be the most
volatile (1 Torr of vapor pressure at 135 °C). Thermal stability was
measured primarily using differential scanning calorimetry, and the
1,10-phenanthroline adduct (4) was found to be the most stable, with
an onset of decomposition of 303 °C. We have also investigated
molybdenum compounds with other alkyl-substituted imido groups:
these compounds all follow a similar decomposition pathway, y-H
activation, with varying reaction barriers. The tert-pentyl, 1-adamantyl,
and a cyclic imido (from 2,5-dimethylhexane-2,5-diamine) were
systematically studied to probe the kinetics of this pathway. All of
these compounds have been fully characterized, including via single-
crystal X-ray diffraction, and a total of 19 unique structures are
reported.

Introduction

Molybdenum-containing films have a wide array of
applications including: microelectronic manufacturing, high-
surface area heterogeneous catalysis,? gas-sensing,® optical
materials,™ and lubricants.®! Chemical vapor deposition (CVD)
and atomic layer deposition (ALD) are two popular methods to
prepare Mo-containing films; CVD is a continuous technique while
ALD is a stepwise layer-by-layer method. Both produce uniform
and high-quality thin films, which ALD does with sub-nanometer
thickness control.l®”1 Both techniques rely on chemical precursors
that can be delivered in the vapor phase to the substrate where
they subsequently undergo gas-surface reactions to grow thin
films.

The most important criteria in the design of potential
precursors are thermal stability, volatility, and surface reactivity. !
Thermal stability is particularly important in ALD because the
formation of stable self-limiting monolayers is the main difference
between ALD and CVD.[®"l For example, compounds must have
adequate thermal stability in a precursor container during
deposition to ensure that: 1) the payload atom is delivered into the
reaction chamber without decomposition into a non-volatile
material, 2) consistent gas phase precursor concentrations are

maintained throughout a deposition, and 3) the identity of the gas-
phase species is known to help interrogate reaction mechanisms
in the gas phase and at the surface. A review of the experimental
and theoretical approaches that have been used to evaluate and
predict the thermal stability of precursor molecules has been
previously published.®

Predicting the volatility of new molecules a priori is difficult,
so deriving frameworks from compounds that have already been
successfully utilized can provide a useful starting point for
designing new  precursors. The general bis(tert-
butylimido)molybdenum(VI) framework can be easily modified by
changing either the neutral ligands (I, Chart 1) or the anionic
ligands (I),l9 and it has been incorporated into several
molybdenum precursors. For example, bis(tert-butylimido)-
bis(dimethylamido)molybdenum(V1) (A) has been used as a
precursor for the ALD of MoNy™2 MoQOs;,1314 MoS,,t517
MoCxNy,*829 TiMoxNy,2% and Al:M0S,.2% N,N*-chelating ligands
have also been used to prepare volatile bis(tert-butylimido)-
molybdenum(VI) compounds, such as amidinates (B),?
pyrazolates (C),2° guanidinates (D),”® and diazabutadienyls
(E).?* However, only the amidinate B has been used for ALD to
prepare MoOj3 films with O3.F It has also been used by CVD for
the deposition of MoS,?% and MoN,.?22¢1 The pyrazolate C and
the guanidinates D have been used as single-source precursors
for the CVD of Mo,NZ" and MoCxNy,?®! respectively, whereas
MoS:; films have been prepared by CVD with the diazabutadieny!
E and Sg.?Y The thiolate compound (F) has been used for the ALD
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Chart 1. General bis(tert-butylimido)molybdenum(VI) frameworks, and known
ALD and CVD precursors that incorporate them. L = neutral ligand, X = anionic
ligand, R = Me or Et, R' = 'Bu or Ph.



of MozN films, with H, plasma,?® and for the CVD of nitrogen-
doped Mo0S,.B Finally, both the amido (G) and the chloro (H)
compounds have been used for the CVD of MoCxNy.[132

We have previously explored the volatility and thermal
stability of the dichloro-substituted (‘BuN).MoCl,-L (L = neutral
ligand) framework (I, Chart 1) and studied the effect of amines,
phosphines, ethers and N-heterocyclic carbenes when used as
the neutral ligand.®¥ Some of these coordinating ligands
increased the volatility of this framework but were found to
dissociate from the metal complex during evaporation. This so-
called “ligand-assisted volatilization” is a convenient method to
improve the volatility of a compound. However, it is detrimental for
CVD and ALD precursors as it changes the concentration and the
composition of the vapor phase over time, in turn, affecting the
deposition kinetics and complicating the deposition mechanism.
We also found that neutral N,N’-chelate ligands did not dissociate
from the metal complex upon heating and evaporation.*¥ Thus,
in this work we have prepared a series of bis(alkylimido)-
dichloromolybdenum(VI) complexes and investigated how
different neutral N,N’-chelating ligands (Scheme 1) as well as
different alkylimido groups affect volatility and thermal stability.

Results and Discussion

Synthesis and Characterization

The starting material (‘BuN);MoCl,-dme (la) was
conveniently prepared following known methods from
Na;Mo0,.B43%1  We then directly treated 1la with N,N,N’N*-
tetramethylethylenediamine (tmeda) or 2,2’-bipyridine (bpy) to
prepare (‘BuN).MoCl,-tmeda (2a) and (‘BuN),MoCl,-bpy (3a),
respectively, following our previously reported method (Scheme
1).B% In our initial synthesis of 2a, we found small amounts of an
unidentified non-volatile impurity (despite obtaining adequate
combustion analysis data) which was easily remove by
recrystallizing 2a from a toluene/pentane solution. Considering
this, all new compounds reported herein were purified by
crystallization or sublimination as a precaution and updated
thermal properties of the pure materials are reported.

From our previous study it was apparent that the bpy adduct
3a provided superior thermal stability and we were interested to
see if other heteroaromatic ligands would do the same.
Specifically, 1,10-phenanthroline was chosen because of its
accessibility compared to substituted bipyridines. Thus, a hexane
solution of 1a was treated with 1,10-phenanthroline (phen) which
resulted in the immediate precipitation of (‘BuN).MoCl,-phen (4)
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Scheme 1. Synthesis of the (‘BuN):MoCl. adducts discussed herein. The
general framework is shown in the reaction scheme and the specific ligands are
shown below (with their adduct numbering, abbreviations, and yields). 'Bu = tert-
butyl, 'Pr = isopropyl, xyl = 2,6-dimethylphenyl.

as a yellow powder. Initially the product was found to be
contaminated with 1a, even if a two-fold excess of phen was used
and the mixture was stirred overnight. Switching the solvent from
hexane to THF allowed complete exchange of the ligand and after
optimization 4 was isolated in high yield.

Both bpy and 1,4-diazabutadienes (DAD) are 1,2-diimines,
so we also investigated them here, in hopes that they would
confer additional volatility to the products we prepared. Arguably
the most commonly explored neutral N,N'-chelate in
organometallic chemistry,*8! DAD can be easily tailored to probe
various electronic and steric effects. Compounds with DAD
ligands are also redox active, and the doubly-reduced 1,4-di-tert-
butyl-1,3-diazabutadieny! ligand had previously been used to
prepare the volatile bis(tert-butylimido)-molybdenum(VI)
compound (E).?4 Direct treatment of 1a with 1,4-di-tert-butyl-1,3-
diazabutadiene (®'DAD"Y) in THF gave (‘BuN),MoCl,-(B“DAD")
(5) in good vyield.

The BUDADM adduct 5 undergoes either partial hydrolysis or
oxidation upon air exposure, and a single crystal of
(‘BuN)MoOCI,-(®“DAD") (6) was isolated serendipitously (vide
infra). Compound 6 contains a strong Mo=O bond which is
generally to be avoided in precursor ligand environments; it could
lead to oxygen incorporation in a deposited film. However, for
completeness we chose to rationally prepare and thermally
characterize this compound since this feature would not be
detrimental in the preparation of oxygen-containing target films
(i.,e. MoO3 or MoOxNy). Compound 6 was made by treating
(‘BuN)MoOCI,-dme with BYUDAD" (Scheme 2); the *H NMR data
has been previously reported.®” The *H and '*C NMR spectra of
6 were straightforward and showed the expected asymmetry
arising from the oxo moiety. To ensure that the bulk material of 6
was not a solid mixture of 5 and MoO,Cl,-(B'“DAD"),1*8 authentic
samples of both compounds were combined in C¢Dg and the *H
NMR spectrum showed them to be two discrete species (Figure
S144).

Due to the ready accessibility of substituted
diazabutadienes, and because they can generate volatile
frameworks, we further investigated their use.?*3%4% Treatment of
la with 1,4-di-isopropyl-2,3-dimethyl-1,3-diazabutadiene
(P'DADMe) resulted in the isolation of (‘BuN),MoCl,-(F'DAD®) (7),
which is a structural isomer of 5. NMR spectroscopy and X-ray
diffraction confirmed that the ligand coordinated to the
molybdenum center as a neutral N,N'-chelate (vide infra), and not
as an anionic N,C-chelate as has been found for other 2,3-
dimethyl-1,3-diazabutadienes.*! Likewise, treatment of 1a with
1,4-bis(2,6-dimethylphenyl)-1,3-diazabutadiene (¥'DAD")
resulted in the isolation of (‘BuN),MoCl,-(¥'DAD") (8) in moderate
yield.

Following the preparation of the compounds incorporating
different N,N-chelating ligands we were interested in preparing
hybrid ligands to see if we could tailor their thermal properties to
our needs. For example, bpy provides excellent thermal stability,
whereas use of BUDAD" is expected to result in a very volatile
compound. Following this rationale, we chose a ligand that is
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Scheme 2. Synthesis of (BuN)MoOClI,-(®“DAD") 6.



structural combination of ®“DAD" and bpy; tert-butyl(pyridine-2-
yl-methyleneamine) (impy). Treatment of impy with the dme
adduct 1a in THF resulted in the isolation of (‘BuN);MoCl,-impy
(9) as a yellow powder in good yield. The *H NMR spectrum of 9
showed the tert-butylimido moieties to be magnetically equivalent,
giving rise to one singlet. However, 3C NMR spectroscopy
revealed two chemical environments for the same moieties,
confirming ligand asymmetry. We also prepared a compound
using a hybrid ligand with one pyridine and one amine group in a
chelate, 2-(N,N-dimethylamino)methylpyridine (dmampy);
(‘BuN)2MoCl,-dmampy (10) was isolated in moderate yield. This
unusual ligand has only been used in a few structures that have
been deposited to the Cambridge Structural Database.l*>*4 As
anticipated both the *H and **C NMR spectra of 10 revealed
inequivalent tert-butylimido moieties. Finally, we tried to prepare
a molybdenum compound using a hybrid ligand that combined
tmeda and ®UDADM. However, treatment of la with the a-
aminoaldimine, 1-(tert-butylimino)-N,N,2-trimethylpropan-2-
amine (imtmpa),*! consistently resulted in the isolation of the
ionic salt, [imtmpaH][(*BuN).MoCls]. This salt likely forms from
decomposition of an unidentified intermediate, a process which is
further discussed in the Sl. Salts containing the [(RN).MoCls]
anion are rare having only been reported twice before.[33461

With this series of (‘BuN).MoCl, adducts in hand, we then
began exploring the effect of changing the imido substituents.
This was done to investigate how this portion of the molecule
alters volatility, and more importantly thermal stability. We only
investigated imido groups bound to a quaternary carbon atom, to
allow exploration of the similar y-elimination mechanism that
these compounds would have to undergo. We did not prepare
compounds of the type (RN).MoCl, where the R group contains
B-hydrogens, which would let a competing elimination reaction
occur.®™  Therefore, we chose to investigate complexes
containing tert-pentyl (i.e., tert-amyl) imido groups. Interestingly,
there is only one example of a Mo(VI) adduct containing a ligand
of this type in the literature.8!

Treatment of the dme adduct 1b with tmeda in pentane
resulted in the formation of (‘PeN),MoCl,-tmeda (2b) as a waxy
orange solid. The spectroscopically pure product was obtained
after a combination of lyophilization and crystallization (Scheme
3). Following a similar method, the analogous bpy adduct,
(*PeN)MoCl,-bpy (3b) was also isolated in high yield. Attempts to
prepare a ®BUDADM adduct from 1b only led to the isolation of
starting materials. This lack of reactivity is likely due to the steric
bulk of the imido groups congesting the inner coordination sphere,
preventing the coordination of B"DADM.

The primary decomposition pathway of the (‘BuN),MoCl,
compounds occurs through the y-H activation of the tert-butyl
groups and is rapid due to the formation of the very volatile by-
product (isobutylene). The tert-pentyl adducts 2b and 3b would
likely have analogous decomposition pathways. Therefore, we
attempted to block this primary decomposition pathway by
tethering the two imido groups together, to try and prevent this
single-step decomposition. To achieve this, we prepared the
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Scheme 3. Synthesis of the (‘PeN)MoCl. adducts. 'Pe = tert-pentyl.
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Scheme 4. Synthesis of the (NCMe2(CH2).CMe2N)MoCl. adducts.
uncommon imido molybdenum(VI) framework,
(NCMez(CH2).CMezN)MoCl,-dme (1c), via treatment of 2,5-
dimethylhexane-2,5-diamine with sodium molybdate,
chlorotrimethylsilane, and triethylamine in dme.®9 Treatment of
1c with tmeda in diethyl ether resulted in the formation of
(NCMez(CH2).CMezN)MoCl,-tmeda  (2c) in  moderate vyield
(Scheme 4). Compound 2c was then treated with bpy and
(NCMe2(CH2).CMezN)MoCl,-bpy (3c) was isolated in good yield,
showcasing the labile nature of the N,N’-chelating ligands.
Characterization of 2c using *H NMR spectroscopy proved
challenging. At room temperature, the (CHy), protons on the
backbone of the metallocycle imido ligand were hidden in the
baseline due to their rapid exchange on the NMR time scale.
However, when the spectrum was recollected at —20 °C, signals
for these protons appeared as two discrete doublets. The
analogous protons in the *H NMR spectrum of 3¢ were observed
at room temperature, appearing as a very broad singlet, also due
to the coalescence of these two chemical environments.
Interpretation of the *C NMR spectrum of both 2¢c and 3c was
straightforward, however, the CMe; signal of the imido ligand was
slightly broadened at room temperature. Finally, the solid-state
structures of 2c and 3c were confirmed using X-ray
crystallography, revealing spirocyclic structures (vide infra).

Finally, using (AdN),MoCl,-dme 1d (Ad = 1l-adamantyl)
we prepared the tmeda adduct, (AdN).MoCl,-tmeda 2d (Scheme
5). The adamantyl adduct was of interest for its quaternary carbon
atom and because adamantyl groups are typically thermally
robust. This stability is attributed to the fact that bridgehead
alkenes are rare and often unstable,® according to Bredt's
rule, hindering low-temperature y-H activation.

X-ray Crystallography

The solid-state structures for all of the compounds
described herein were determined using single-crystal X-ray
diffraction. Additionally, we have included the crystal structures of
the starting materials MoO,Cl,-dme and bis-N, N*-(2-chloroacetyl)-
2,5-dimethylhexane-2,5-diamine, as well as those of
[imtmpaH][(‘BuN),MoCls] and (‘BuN).MoCl,-(**DAD") in the SI.
The structures of the tmeda adduct 2a and the bpy adduct 3a
have been reported previously.*¥l The literature structure of 3a
contains benzene as a solvent of crystallization but here we report
the structure both with (toluene, see Sl) and without solvent. A
summary of selected bond lengths and angles is shown in Table
1 and additional crystallographic parameters and images can be
found in the supporting information.

The results from the single crystal X-ray structural studies of
the tmeda adducts 2b-d are shown in Figure 1. In all structures
the molybdenum centers are octahedral with a trans disposition
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Scheme 5. Synthe5|s of (AdN)MoClz-tmeda (2d). Ad = 1-adamantyl.



Table 1. Selected bond lengths and angles."!

Compound Mo-N(1/2) Mo-N(3/4) Mo-N(3/4)-C  CI-Mo-ClI /
1A 1A /° °

2al% 2.525(7) 1.7319(13) 167.54(12) 165.77(2)
2.556(7) 1.7416(13) 159.62(11)

2pl 2.512(4) 1.734(3) 163.4(3) 164.91(4)
2.529(3) 1.736(3) 162.8(3)

2c 2.508(6) 1.735[13] 145.0[18] 165.29(3)
2.532(7) 1.736[8] 147.7[6]

2d 2.499(2) 1.733(2) 170.5(2) 164.91(3)
2.554(2) 1.740(2) 157.5(2)

3a 2.3732(6) 1.7425(6) 165.20(6) 159.240(6)
2.3761(6) 1.7466(6) 162.86(6)

3b 2.3671(17) 1.7395(18) 164([3] 158.36(2)
2.3952(17) 1.7469(18) 166.04(17)

3c 2.3677(11) 1.74[2] 148.6[8] 161.388(13)
2.3916(12) 1.74[3] 149[4]

4 2.375(6) 1.734(7) 168[5] 159.61(7)
2.389(6) 1.742(7) 161.0(6)

5 2.4972(5) 1.7455(5) 158.30(4) 155.432(5)
2.5210(5) 1.7461(5) 162.83(4)

6l 2.4082(10) 1.7305(10) 159.09(9) 156.963(12)
2.4710(11) - -

71 2.3770(12) 1.7384(12) 163.96(12) 158[2]
2.4353(12) 1.7460(12) 158[4]

8 2.4646(9) 1.7354(9) 169.04(9) 161.094(11)
2.5252(9) 1.7387(10) 164.20(8)

9 2.399[4] 1.731[15] 161[2] 160[2]
2.489[9] 1.735[12] 172[9]

10 2.3669(13) 1.7366(14) 162.90(13) 163.875(16)
2.5261(14) 1.7401(14) 164.87(15)

[a] Uncertainties in curved brackets are the calculated uncertainty of one bond
measurement; values in square brackets are the standard deviation from the
mean of two measurements arising from disorder in the molecule.

[b] Bond lengths are always listed with the shorter bond first; the angles match
the bond length order.

[c] If a structure (2b, 6, or 7) contained 2 molecules in the asymmetric unit, the
parameters for molecule 1 are given.

of the chlorides. In all cases, the Mo—N(chelate) lengths are
similar, suggesting that the binding of tmeda is not affected by the
steric bulk of the imido moieties. Additionally, because the tmeda
ligand appears to bind in the same manner in all examples, the
Mo=N(imido) bond lengths are also similar (Table 1). However,
between the four tmeda adducts there are noticeable differences
in the imido bond angles. For example, the bond angles in 2a and
2b are both close to linear, due to their similar steric
encumbrances. However, the analogous bond angles in 2c are
significantly bent due to metallocycle formation. Finally, the bond
angles of the two imidos in 2d are inequivalent with a 13°
difference between them, likely a result of the space required by
the sterically demanding adamantyl groups.

X-ray crystal structures of the 2,2-bipyridine adduct 3a and
the 1,10-phenanthroline adduct 4 are shown in Figure 2. The
metal-nitrogen bond lengths of the chelates in both structures are

Figure 1. Solid-state structure of/ (*PeN)2MoClz-tmeda 2b  (top left),
(NCMe2(CH2).CMe2N)MoCl.-tmeda 2¢ (top right), and (AdN)2MoClz-tmeda 2d
(bottom). Thermal ellipsoids are drawn at the 50% probability level. Hydrogen
atoms have been omitted for visual clarity. There are two molecules in the
asymmetric unit of 2b, however, only molecule 1 is shown for visual clarity. Most
of the molecule in 2c is disordered over two positions however, only part A of
the disorder is shown for visual clarity.

statistically equivalent, suggesting comparable o-donation effects
and steric profiles. The Mo—-N4 imido bond length in 4 is short
compared to the Mo—N3 bond in 4, as well as both analogous
bonds in 3a. This bond is likely elongated by the increased m-
accepting character of phen versus bpy. Both structures exhibit
similar r7-1r stacking motifs in the extended structure; both bpy and
phen ligands in 3a and 4, respectively, have one face-to-face
stacking interaction between two molecules and involving the
entire ligands (both rings for bpy and all three rings in phen
(Figures S87 and S99). On the other face, only one ring forms a
face-to-face stacking interaction with one ring of the ligand in a
third, adjacent molecule.

The single crystal X-ray diffraction structures of the other
bpy adducts 3b and 3c are shown in Figure 3. The imido bond
angles in 3b are significantly larger than the same angles in 3c
due to the formation of the imide-containing metallocycle in 3c
(Table 1). Bent imido ligands typically contribute less electron

(‘BuN)2MoClz-phen 4 (right). Thermal ellipsoids are drawn at the 50% probability
level. Hydrogen atoms have been omitted for visual clarity. The tert-butyl group
(on N4) in 4 is disordered over two positions, however, only Part A of the
disorder is shown for visual clarity.
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Flgure 3. SO|Id state structure of (‘PeN):MoCl>-bpy 3b (left) and
(NCMez(CH2).CMe2N)MoCl2-bpy 3c (right). Thermal ellipsoids are drawn at the
50% probability level. Hydrogen atoms have been omitted for visual clarity. The
tert-pentyl group (on N4) in 3b, and the entire ring comprising N3 and N4 in 3c,
are disordered over two positions, however, only Part A of the disorders are
shown for visual clarity. Compound 3c also contains a CH2Cl2 solvent molecule
that has been omitted from the image for visual clarity.

density to the metal center than linear imido ligands,¥ so the
molybdenum center in 3c should be more electron deficient.
However, the Mo-ClI bond lengths in 3c are longer than those in
3b which suggests 3c has more electron density at the metal.
Additionally, the metrical parameters of the bpy ligands in both
structures are equivalent and both structures exhibit similar -7
stacking motifs (Figures S93 and S96).

The solid-state structures of the two ®“DAD" adducts 5 and
6 are shown in Figure 4. The structure of 6 was found to have two
inequivalent molecules in the asymmetric unit. The metrical
parameters of the B'DAD" ligands are identical in both structures
5 and 6 (Table 1). The Mo—-N(1/2) bond lengths are slightly shorter
in the mixed oxo-imido compound 6 likely due to its reduced steric
congestion. Additionally, the Mo—N2 bond in 6, which is trans to
the oxo ligand, is slightly shorter than the Mo—N1 bond, likely due
to a reduced trans donor effect compared to the imido. The bond
lengths and angles of the imido ligands are similar between both
structures, but are slightly longer and less linear in 5, possibly
because combined these imidos still donate more electron density
to the Mo(VI) center than one imido and one oxo ligand do in 6. It
should also be noted that the tungsten analogue of 5 has been
reported previously.54

Single crystal X-ray structural results of the two other DAD
adducts 7 and 8 are shown in Figure 5. The structure of
compound 7 contains two inequivalent molecules in the
asymmetric unit. The Mo—-N(1/2) bond lengths in 7 are shorter
than the same bonds in 8 (Table 1), due to their different steric
profiles. Despite the apparently stronger binding of P'DADM¢in 7
compared to that of »DAD" in 8 the Mo-N(3/4) imido bond

z‘*
Figure 4. Solid-state structure of (‘BuN)zMoCIz-(‘B”DADH) 5 (left) and
(‘BUN)MoOCI,-("®“DAD") 6 (right). Thermal ellipsoids are drawn at the 50%
probability level. Hydrogen atoms have been omitted for visual clarity. There are
two molecules in the asymmetric unit of 6, however, only molecule 1 is shown
for visual clarity.
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Figure 5. Solid-state structure of (‘BuN):MoClz-(P"DADMe) 7 (left) and
(‘BuN)2MoCl2-('DADM) 8 (right). Thermal ellipsoids are drawn at the 50%
probability level. Hydrogen atoms have been omitted for visual clarity. There are
two molecules in the asymmetric unit of 7, however, only molecule 1 is shown
for visual clarity.

lengths are equivalent. However, the Mo—N(3/4)-C imido bond
angles are more linear in 8 than in 7 suggesting that 8 has a
stronger imido ligand contribution. !

Finally, we analyzed the single crystal X-ray structures of
the two compounds incorporating hybrid-ligands: the impy adduct
9 and the dmampy adduct 10 (Figure 6). Most of the atoms in 9
are disordered over two sites with the imido ligands and the impy
chelate occupying the same sites (see Sl for details). Interestingly,
the metrical parameters of both compounds are very similar,
despite their having different chelating ligands. For example, the
average imido bond lengths and angles are statistically equivalent
in both structures (Table 1). Additionally, the average Mo—N(1/2)
bond lengths are equivalent in both structures. However, the
individual bond lengths are different, for example the Mo-N1
(pyridyl) bond length in both structures are significantly shorter
than the Mo—-N2 bond lengths, due the stronger bonding of the
pyridyl rings. Incorporation of the pyridyl ring also results in both
structures containing notable -1 stacking interactions (Figures
S110 and S113).

The most significant intermolecular interactions in these
compounds fall into two main groups. The first group includes -
1 stacking and such interactions are found in every structure
where it is possible for the aromatic rings of the ligand to align to
do so. Stacking has been discussed for the individual compounds
above, and only in 8 is an aromatic ring present without stacking
observed. In the case of 8 the aromatic xylene rings are not
bonded to Mo directly but rather are found as external groups on
the central ring. This gives them a conformational flexibility not
found in other compounds and, together with the ortho-methyl
groups bonded to the xylene ring, prevents stacking interactions
from forming in this one specific case.

The second type of intermolecular interaction found in all of
these compounds is C-H...Cl hydrogen bonding (augmented by

Solid-state  structure of

Figure 6.
(‘BuN)2MoClz-dmampy 10 (right). Thermal ellipsoids are drawn at the 50%
probability level. Hydrogen atoms have been omitted for visual clarity. Most of
the molecule in 9 is disordered over two positions (see Sl), however, only part
A of the disorder is shown for visual clarity.

(‘BuN)zMoCIz impy 9 (left) and



C-H...O contacts in 6). The C-H...Cl contacts themselves fall
into two main groups. In the compounds with - stacking
interactions, the strongest C—-H...Cl contacts involve the same
molecules interacting via the stacking arrangement. The CI
acceptor on one molecule will participate in hydrogen bonds with
aromatic C—H donor groups from the rings involved with stacking
on a second molecule (Figure S88). In those molecules where
there is no -7 stacking the C-H...Cl interactions are apparently
more randomly formed. The Cl atoms still accept hydrogen bonds
but with whichever C-H groups on the donor molecules that can
approach most closely, generally from above and below the
Cl-Mo-Cl axis (Figure S84).

Based on the crystallographic results, we expect the
compounds that contain 1717 stacking interactions to have lower
volatilities compared to those where such interactions are absent.
This will also be true and important when considering the
compounds containing only C-H...Cl hydrogen bonds; the
stronger these bonds the less volatile the compound should be.
Of course, C-H...Cl bonds are also found, and must be
considered, in the aromatic structures.

Volatility and Thermal Stability: Effect of the Chelate Ligand

With our new family of bis(alkylimido)molybdenum(VI)
precursor candidates in hand, we began experiments to evaluate
their volatility and thermal stability. The volatility of the compounds
was assessed using thermogravimetric analysis (TGA), from
which the vapor pressure was also estimated based on the first
derivative of the mass loss curve.l%55 Herein Ty refers to the
temperature at which 1 Torr of vapor pressure was achieved; this
is a commonly desired pressure for ALD and CVD precursors. We
also probed the thermal stability of the compounds by analysis of
the residual mass from the TGA experiment. This was further
investigated using a “thermal stress test”,>" where the kinetics of
the evaporation process were exploited. The thermal stability of
each compound was also investigated using differential scanning
calorimetry (DSC). Herein Tp refers to the onset of decomposition,
which is defined as a 5% increase of the major exothermic
process measured by DSC. All thermal data obtained from TGA,
DSC, and from simple sublimation experiments are compiled in
Table 2.

We wanted to further probe the volatility and thermal stability
of the previously reported tmeda adduct, (‘BuN).MoCl,-tmeda 2a.
Thermogravimetric analysis showed that 2a volatilizes well
(Figure 7), with the onset of mass loss at ~140 °C. It had an onset
of decomposition of 174 °C by DSC (Figure 8). Only 9% of 2a had
volatilized at this temperature in the ramped TGA experiment, so
it must have been slowly decomposing while evaporating during
this mass-loss event, which was the reason for the residual mass
of 7%. Compound 2a was further analyzed using isothermal TGA,
which showed that the entirety of the sample evaporated at 140
°C and 170 °C with rates of evaporation of 54 and 580 yg min™
cm™2, respectively (Figure S6). Thus, 2a is a volatile compound
with promise for ALD, provided it is kept below its Tp (174 °C).

The bpy adduct 3a was also reinvestigated to gain insight
into the superior thermal stability it had previously exhibited.®3!
Ramped TGA showed that 3a volatilized completely (Figure 7),
and the Ty was estimated to be 249 °C (Table 2). DSC showed
the compound to be very thermally stable with an onset of
decomposition of 272 °C (Figure 8). This compound exhibited a
moderate thermal range (AT = Ty — Tp = 23 °C)b8 so we
performed a thermal stress test to determine if 3a was kinetically

Table 2. Important thermal properties obtained from TGA, DSC, and
sublimation.

Residual

Compound Tv/°C To/°C mass / % Teuwt®
2a 173 174 7.0 14501
2b 164 163 8.7 ]

2c 186 182 17.7 ]

2d (d 176 35.8 ]

3a 249 272 0.0 200
3b 237 259 0.7 180
3c 255 2201l 8.4 200
4 303 302 30.3 230
5 135 170 2.0 95

6 175 183 24.2 130

7 (d 108 40.7 [«

8 179 155 6.3 1600!
9 199 232 0.0 170
10 200 200 35.3 170

[a] Sublimation temperature at 40 mTorr. [b] Sublimed with decomposition. [c]
Decomposed upon heating. [d] Tv could not be estimated due to multiple mass-
loss events in the TGA. [e] Inconsistent with the Tp estimated by isothermal
analysis (ca. 240-250 °C, see Figure S20).

stable (Figure S14). Upon increasing the mass-loading from 10
mg to 20 mg, the residual mass increased from 0.0% to 8.7%, and
a 40 mg mass loading resulted in a residual mass of 21.8%.
Clearly, the bpy adduct 3a does not fully evaporate before it
undergoes decomposition: when the bulk of the mass
experiences higher temperatures, decomposition becomes
obvious. Isothermal TGA of 3a showed that the sample
evaporates entirely, when run at several temperatures between
200 and 250 °C (Figure S15).
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Figure 7. Thermogravimetric analyses of the (‘BuN):MoCl. adducts:
(‘BuN)2MoCl.-tmeda  (2a, blue), (‘BuN)MoCl>-bpy  (3a, orange),
(‘BuN)2MoClz-phen (4, purple), (‘BuN)2MoClz-(B“DADY) (5, green),
(‘BUN)MoOCI,-(®“DAD") (6, red), (‘BuN):MoClz-(""DADM€) (7, grey), and
(‘BuN)2MoCl,-('DAD") (8, yellow). A heating rate of 10 °C min™* was used for
all experiments, and the mass loadings were 10.0 + 0.1 mg for each sample.
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Figure 8. Differential scanning calorimetry plots of the (‘BuN)2MoClz adducts:
(‘BuN):MoCl-tmeda  (2a, blue), (‘BuN).MoCl.-bpy  (3a, orange),
(‘BuN)2MoCl-phen (4, purple),  (‘BuN)2MoCl2-(®'DAD") (5, green),
(‘BUN)MoOCI,-("®“DAD") (6, red), (‘BuN)2MoClz-(""DADM®) (7, grey), and
(‘BuN)2MoClz:(¥'DAD) (8, yellow). A heating rate of 10 °C min™* was used for
all experiments.

Thermogravimetric analysis of 4 resulted in a high residual
mass of 30.3% (Figure 8). The derivative of the mass loss curve
showed that this compound undergoes a single-step mass loss
event (Figure S21). An isothermal TGA at the temperature
showing 1% mass loss (255 °C) also resulted in a high residual
mass, suggesting that the mass loss event is from decomposition
and not volatilization. In a sublimation experiment, 4 sublimed
intact with good yield (230 °C, 40 mTorr), showing it is volatile at
reduced pressure, which allows evaporation well before its high
onset of decomposition (303 °C). This is further evidence that
heteroaromatic ligands improve the thermal stability of the
(‘BuN).MoCl, moiety.

Ramped TGA of the ®YDAD" adduct 5 revealed the
compound to be very volatile, resulting in a single-step
volatilization and leaving a negligible residual mass (Figure 7).
From the TGA it was also found that 5 has a low Ty (135 °C). A
thermal stress test of 5 resulted in an appreciable increase of the
residual mass (10.7%, Figure S24); volatility and thermal
decomposition must overlap in the temperature range tested.
Isothermal TGA experiments showed that 5 readily evaporates at
isothermal temperatures between 105 and 165 °C with rates of
evaporation of 67 and 2100 pyg min~* cm™2, respectively (Figure 9).
Additionally, it was found that 5 cleanly sublimes, without loss of
its ligand, with good recovery at 95 °C (40 mTorr, 5 g scale).

The ®BUDAD" adduct 5 was the most volatile (‘BuN),MoCl,
compound we had prepared, and so we wanted to see if we could
further enhance the volatility by introducing other substituents
onto the diazabutadiene ligand. TGA of the P'DADM¢ adduct 7
revealed multiple mass loss events, leading to a high residual
mass of 40.7% (Figure 7). The first event begins at 105 °C, which
directly corresponds to a sharp exotherm (Tp) measured by DSC
(Figure 8) and results in a mass loss of about 8%. Initially this was
speculated to be a ligand-centered decomposition, forming
propene (calcd. 9% mass-loss) via B-H abstraction from the
isopropyl group, however, propene was not detected using ex situ
methods (such as NMR and HRMS). We then speculated that this
could have been from the elimination of HCI (calcd. 8% mass-
loss). To further support this idea, we prepared the 1,4-
dicyclopentyl-1,3-diazabutadiene ("°DADY) adduct, which is
analogous to 7 (in the sense that it also contains §-H atoms, see
Sl for details). TGA of the ®® DAD" adduct also resulted in a mass-
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Figure 9. Isothermal analysis of (‘BuN)2MoClz-(®“DAD") (5), using TGA. The
samples were heated at 20 °C min™ and then were held at the designated
isothermal temperature. The mass loadings were 10.0 + 0.1 mg for each
sample.

loss event at 113 °C which corresponded to a sharp exotherm in
its DSC curve. This results in a mass-loss of 7%, which does
correspond to the elimination of HCI (calcd. 7%), whereas loss of
cyclopentene would be larger (14%). Similar thermally induced -
H migrations (to ancillary ligands; Cl in the case of 7) have been
observed in 1,4-di-isopropyl-1,3-diazabutadiene complexes of
Hf,59 Ry, and Fe.l1,

Since we had shown that incorporation of aryl groups into
ligands is not entirely detrimental for volatility, and Pugh et al. had
also shown that aryl-substituted diazabutadienes can be used as
ligands in thermally stable cyclopentadienyl-cobalt(lll)
compounds,®° we investigated the volatility of the ¥'DAD" adduct
8. TGA of 8 resulted in a Ty of 179 °C, with a residual mass of
6.3% (Figure 7). The residual mass results from decomposition
that occurs before complete evaporation, which is corroborated
by the Tp of 155 °C (Figure 8). The TGA showed very little
evaporation of 8 before the Tp (2% mass loss) suggesting that the
decomposition product is also volatile. When the heating rate of
the TGA was reduced from the standard 10 °C min~* to 5 °C min™*
the residual mass decreased to 3.8% (Figure S30) because more
of the material could evaporate prior to reaching the Tp.

The DSC curve of the ¥'DAD" adduct 8 also showed a low
temperature decomposition that did not correspond to y-H
activation of the tert-butylimido ligands. To gain further insight into
this decomposition we performed a solid-state thermolysis
reaction of 8 (120 °C, 18 hours, see Sl for details). The residue
was then analyzed using EI-HRMS and a molecular ion
corresponding to (xyIN);MoCl,* was identified as the major
component. A fragment corresponding to ®'DADY was also
observed, both in the EI-HRMS and by 'H NMR analysis.
Additionally, (xylN).MoCl,-dme was treated with B“DAD" (see SI)
and the 'H NMR spectrum matched the residue from the
thermolysis of 8 (Figure S1). This suggests that the thermolysis of
8 results in the formation of (xylIN).MoCl,-(®!DAD") (11, Scheme

xyl tE‘»u 'ETu
cl | Cl Cl
t N N N
BUN:\ | D,\ = 1ggaotc xyIN:\ | 0’\ -j 123530 Xlei. | 0,‘ -j
'BUN” | & BuN” | = xyIN7 1 W=
Cl 1h Cl 18 h Cl. .
8 xyl 12 xyl 1" Bu

Scheme 6. Solid-state thermolysis of (‘BuN)2MoClz-(¥'DAD") 8 resulting in the
formation of (xyIN)2MoCl,-(®“DAD") 11.



6); an intermediate species 12 was also detected (alongside 11)
using EI-HRMS when the reaction was run for only 1 hour. The
decomposition of the ¥'DAD" adduct 8 into 11 likely proceeds
through imine metathesis with the diazabutadiene fragment
(RN=CHR").22-%4 Finally, EI-HRMS of 8 did not show any of these
ions, confirming that the imido exchange was not a result of
ionization.

Finally, the thermal properties of the mixed oxo-imido
BUDADM adduct 6 were also studied, and it appears to have a
multi-step mass loss curve by TGA (Figure 7). The nature of the
first mass loss, beginning at 130 °C, is unclear, but the second
(beginning around 210 °C) is clearly decomposition, leading to a
residual mass of 24.2%. The second mass loss was corroborated
by DSC analysis (Figure 8) which showed 6 to have a Tp of 183
°C. To determine if the first mass loss event was in fact due to
volatility, isothermal TGA experiments were conducted below the
Tp of 6, at 150 °C, 160 °C, and 170 °C. Interestingly, residual
masses between 38.9 and 22.1% were observed, demonstrating
that this compound starts to decompose at low temperature
(Figure S130). *H NMR analysis of the residual mass (a blue solid)
revealed it to be MoO,Cl,-(®'DAD"). This finding suggests that
the oxo-imido compound 6 undergoes a retrosynthetic conversion
to the bis(tert-butylimido) ®“DAD" adduct 5 and
MoO,Cl,-(B“DAD") (Scheme 7). We have already shown that 5 is
volatile, and therefore upon its formation, it evaporates from the
decomposition mixture. The higher residual mass from the lower
temperature isothermal experiment is rationalized by the fact that
lower temperatures require longer evaporation times, meaning
the oxo-imido compound 6 has more time to dissociate before it
has completely evaporated. As a supplemental study we have
shown that MoO,Cl,-(®'“DAD") does not exhibit any volatility, with
a decomposition mass loss occurring at 170 °C (see Sl). This
further supports the fact that tert-butylimido ligands provide great
frameworks for volatility and incorporating one in 6 improves its
volatility (compared to MoO,Cl,-(B'“DAD")).

Compound 5 is the most volatile compound we report, and
it also has an excellent thermal range. Therefore, this would be
the best compound to explore further in ALD experiments. The
observed oxo-imido exchange is an important finding since
compound 6 demonstrates what a key intermediate in the gas-
surface reaction between 5 and a metal oxide surface might look
like. Similar reactions may also have occurred during the ALD of
MoO3 with the (‘BuN),MoX; precursors A and B (Chart 1).13.14]
Volatility and Thermal Effect of
Substituents

Following our investigation of the (‘BuN),MoCl, adducts,
and how the addition of various N,N’-chelates affected their
volatility and thermal stability, we decided to synthesize and study
related alkyl imido substituted compounds. To probe the effect of
manipulating this part of the molecule, we only prepared the
tmeda and bpy adducts, as these ligands showed good volatility

Stability: the Alkyl
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Scheme 7. Thermally  induced retrosynthetic ~ conversion  of

(‘BUN)MoOCI,-(®“DADY) 6 into
MoO2Clz-(B“DADH).

(‘BuN)2MoClz-(®“DADY) 5  and

and thermal stability (when coordinated to (‘BuN).MoCl,), and
those adducts were straightforward to synthesize.

We began by making the tert-pentyl analogues 2b and 3b.
A priori we expected that the tert-pentyl analogue 2b would be
more volatile compared to 2a, due its more numerous steric
interactions, which would reduce intermolecular interactions. (65!
From the TGA, 2b was found to have a lower onset of the thermal
feature (108 °C) than 2a, with a similar residual mass (Figure 10,
Table 2). From DSC it was found that 2b had a lower Tp (163 °C,
Figure 11) than 2a, possibly due to y-H elimination. This would
give a more stable product, an internal alkene (2-methyl-2-
butylene), resulting in a more exergonic process (discussed
below with Scheme 8).

In contrast to 2b, the bpy adduct 3b showed remarkable
improvements, relative to 3a. For example, ramped TGA of 3b
resulted in complete evaporation, with a negligible residual mass
(0.7%), and a Ty of 237 °C (12 °C lower than 3a). Its onset of
decomposition (259 °C) was slightly lower than that of 3a.
Isothermal TGA showed that 3b evaporated without
decomposition between 190 and 260 °C, sufficient volatilization to
warrant using it as an ALD precursor. Clearly tert-pentyl
substitution offers improved volatility compared to tert-butyl, but
at the cost of reduced thermal stability. Due to the chemical
similarities between tert-butyl and tert-pentyl, other compounds
related to those in Chart 1 could be easily prepared by substituting
tert-pentyl imidos for the tert-butyl groups, which should result in
improved volatilities over those of the known precursors.

The tert-pentyl compounds appear to exhibit similar
decomposition pathways to those of the tert-butyl analogues. We
attempted to block this primary decomposition pathway by
tethering the imido groups together. In turn, we hoped that this
would prevent a single-step decomposition, one that produces a
very volatile by-product, which would slow the rate of
decomposition and result in a higher Tp. Ramped TGA revealed
the tethered imido adduct 2c was not as volatile as 2a (Figure 10),
but it was more thermally stable (Tp of 182 °C for 2¢ vs. 174 °C
for 2a, Figure 11). Despite the higher stability, a residual mass of
17.7% was observed in the ramped TGA of 2c and there were two
thermal events apparent in the TGA. The first event was likely a
combination of evaporation and decomposition (y-H elimination
into a protio-imido) and the second higher temperature TGA
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Figure 10. Thermogravimetric analyses of the alkylimido compounds:
(*PeN)2MoClz-tmeda  (2b, green), (NCMez(CH2)2CMez2N)MoCl.-tmeda (2c,
purple), (AdN):MoCl>-tmeda (2d, orange), (‘PeN):MoCl.-bpy (3b, red),
(NCMe2(CH2)2CMezN)MoClz-bpy (3c, blue). A heating rate of 10 °C min™ was
used for all experiments, and the mass loadings were 10.0 + 0.1 mg for each
sample.
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Figure 11. Differential scanning calorimetry plots of the alkylimido compounds:
(‘PeN)MoCl.-tmeda (2b, green), (NCMez(CH2).CMe2N)MoClz-tmeda (2c,
purple), (AdN):MoClz>-tmeda (2d, orange), (‘PeN)MoClz-bpy (3b, red),
(NCMe2(CHz)2CMezN)MoClz-bpy (3c, blue). A heating rate of 10 °C min™ was
used for all experiments.
feature, occurring at ~230 °C, was likely the decomposition of that
resulting protio-imido species into MoCIxNy.%¢ A similar feature
was observed at the same temperature in the stress test of the
unligated parent dimer, [(‘BuN)Mo(u-N'Bu)Cl;], (Scheme 8, vide
infra).B3

The properties of the tethered bpy adduct 3c were similar to
those of the other bpy adducts, with an estimated Ty of 255 °C,
however TGA gave a residual mass of 8.4%. This is likely due to
its “negative” thermal range, where it starts to decompose (220 °C
by DSC) 35 °C before its Ty. Despite this, 3c completely
evaporated during isothermal analyses between 210 and 240 °C.
In the isothermal experiments decomposition was only observed
above 250 °C, which suggests that the exothermic event
observed for 3c by DSC at 220 °C results in the formation of
another volatile compound. Electron impact high resolution mass
spectrometry  (EI-HRMS) of 3c revealed competing
decomposition pathways, other than y-H elimination. While the
tethered imido appears to hinder the low-temperature y-H
activation, 3c is likely less stable than 3a due to an alternative
higher-temperature decomposition pathway, exclusive to the
NCMe,(CH).CMexN ring; this pathway needs a more in-depth
investigation.
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Finally, the tmeda adducts all showed non-negligible
residual masses and could not be sublimed without noticeable
decomposition. To interrogate this decomposition, we
investigated the 1-adamantylimido tmeda adduct 2d. We
expected that the substitution of tert-butyl groups by 1-adamantyl
would improve thermal stability as the unstable bridgehead
alkene, adamantene, would be formed upon y-H elimination.
Ramped TGA of 2d showed that, although it was not volatile, the
first mass-loss event beginning at 150 °C corresponded to the
relative mass of tmeda in the parent molecule (ca. 20%, Figures
10 and S12). This suggests that the chelating ligands dissociate
from the metal complex prior to decomposition. We could not
observe the same phenomenon in the other tmeda adducts since
their volatilization and decomposition occur at the same time and
were not resolved by ramped TGA experiments.

Combining Desirable Characteristics with Hybrid Ligands
Finally, we wanted to see if we could make “hybrid” ligands
that would combine the desirable characteristics of two different
ligands. The tert-butylimido compounds had provided the best
overall results (with straight-forward ligands), and they were also
the easiest to prepare, so we used the (‘BuN),MoCl, framework
to explore this idea. To begin, we investigated the thermal
properties of the impy adduct 9, which has a pyridyl/imino hybrid
ligand structure that we hoped would combine the volatility of the
BUDADM adduct 5 with the thermal stability of the bpy adduct 3a.
Thermogravimetric analysis of 9 revealed that the compound
completely evaporates without leaving a residue (Figure 12a).
Analysis of the DSC plot also revealed that this compound is very
thermally stable, with Tp of 232 °C (Table 2). Both the Ty and the
Tp of the impy adduct 9 are almost exactly intermediate to those
properties in compounds 3a and 5, clearly suggesting the pyridyl
ring offers some thermal stabilization. This thermal enhancement
was further observed in the stress test of 9 which resulted in a
residual mass of only 5.3%, with a 40 mg mass-loading (Figure
S34). Not only is the impy adduct 9 thermally stable, but it has
improved volatility compared to the bpy adduct 3a, with a Ty of
199 °C (Table 2). For example, isothermal TGA showed 9
evaporated without decomposition between 165 and 225 °C with
rates between 54 and 1920 pyg min™t cm™2, respectively (Figure
S35). Additionally, we found that the impy adduct 9 cleanly
sublimes, without noticeable decomposition or dissociation of the
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Figure 12. Thermogravimetric analyses of the compounds incorporating hybrid ligands, (‘BuN)2MoClz-impy (9) (a, left) and (‘BuN)2MoClz-dmampy (10) (b, right),
highlighting their combination of characteristics. Vertical lines are also drawn at each compounds To to further emphasize the combination of properties from hybrid
ligands. A heating rate of 10 °C min~* was used for all experiments, and the mass loadings were 10.0 + 0.1 mg for each sample. The DSC curves for 9 and 10 can

be found in the SI.

9



ligand (170 °C, 40 mTorr). Clearly the impy adduct 9 is a
successful example of hybrid ligand design.

Following the same hybrid ligand approach used in the
preparation of compound 9, we wanted to see if we could find a
ligand that combined the properties of tmeda and bpy. Ramped
TGA of the dmampy adduct 10 (which has a pyridyl/amino hybrid
ligand) resulted in a multi-step mass loss curve leading to a
residual mass of 35.3% (Figure 12b). This compound was found
to have equivalent Ty and Tp of 200 °C, with both values between
the corresponding values of the tmeda adduct 2a and the bpy
adduct 3a. This further demonstrates the utility of the hybrid ligand
concept, even when, as in this case, the thermal sensitivity is
enhanced by the method. Despite 10 exhibiting poor thermal
properties, it did sublime without noticeable decomposition (170
°C, 40 mTorr) suggesting it might be further tuned for greater
thermal stability. Clearly hybrid ligands can be exploited to tune
the frameworks discussed herein, to further optimize the structure
and properties of ALD precursors.

Finally, analysis of the DSC curves of all of the compounds
reported herein revealed two unique trends which provided insight
into their mechanisms of decomposition (Figures 8 and 11).
Immediately before the exothermic events, in the TGA of most of
the compounds, is an endothermic event. This endothermic
process is consistent with the dissociation of the N,N-chelating
ligand from the metal complex (Scheme 8), as was observed in
2d (Figure 10). Attempts to quantify the enthalpy of these
thermodynamic events did not result in reasonable values; this
was likely due to the existence of multiple enthalpic events such
as the dissociation of the ligand, melting of (‘BuN),MoCl,, and
mixing of the components, confounding this simple analysis.
Ultimately, these compounds likely decompose into MoClIxNy as
we have previously observed.3 Additionally, the DSC curves of
all of the compounds reported herein contained noticeable
endothermic processes after their exothermic events, ranging
from 270 to 350 °C, which could be a phase change of the
decomposition products. The shift in temperatures of the
endotherms could be due to either ligation or different composition
of the decomposition product (such as carbon content from the
ligands, Scheme 8). Many of the thermal mechanisms reported
herein require in-depth investigations, and we are continuing to
explore the thermodynamics and kinetics of ligand dissociation, y-
H activation of the imido groups (Scheme 8), and ancillary ligand
decomposition.
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Conclusion

A series of bis(alkyl-imido)-molybdenum(VI) compounds
containing a variety of N,N’-chelates have been synthesized by
ligand exchange reactions. All compounds have been structurally
characterized using single-crystal X-ray crystallography. Their
volatility has been assessed using TGA and the 1,4-di-tert-butyl-
1,3-diazabutadiene adduct 5 was found to be the most volatile (Ty
= 135 °C) and should therefore be further explored for use as a
precursor in ALD. The thermal stability of these compounds was
measured using DSC and the 1,10-phenanthroline adduct 4 was
found to be the most stable, with an onset of decomposition of
303 °C. We also found that the utilization of hybrid ligands allowed
us to customize thermal properties. This was highlighted by the
synthesis of the tert-butyl(pyridine-2-yl-methyleneamine) (impy)
adduct 9, which was found to exhibit an excellent combination of
volatility and thermal stability, as evidenced by low residual mass
during a thermal stress test. Thermal testing of other alkyl-imido
adducts revealed that these compounds undergo similar
decomposition pathways. Despite their exhibiting good thermal
stability, the mechanism of decomposition of all compounds
should be further analyzed. This would contribute to the proper
assessment of vapor deposition mechanisms using the
(RN),MoCl, framework, a valuable source for the delivery of Mo
to target films.

Experimental Section

Synthesis. General Experimental. All manipulations were performed
under air-free conditions using either standard Schlenk techniques or in a
nitrogen-filled (99.998% purity) MBraun glovebox. 1,10-Phenanthroline
(299%), was purchased from Sigma-Aldrich and was used as received.
1,4-Di-tert-butyl-1,3-diazabutadiene  (B“DADH),61 1, 4-di-isopropyl-2,3-
dimethyl-1,3-diazabutadiene (P'DADMe),[68] 1 4-bis(2,6-dimethylphenyl)-
1,3-diazabutadiene (¥'DADW),[®¥ 1 4-dicyclopentyl-1,3-diazabutadiene
(¢PeDADM),I9 tert-butyl(pyridine-2-yl-methyleneamine) (impy),["*) 2-(N,N-
dimethylamino-methylpyridine  (dmampy),[’2  1-(tert-butylimino)-N,N,2-
trimethylpropan-2-amine (imtmpa),*®! 2,5-dimethylhexane-2,5-diamine,[”®!
(‘BuN)2MoCl2-dme (1a),13438] (*PeN)2MoCl.-dme (1b),18l
(NCMe2(CHz)2CMezN)MoClz-dme  (1c¢),*®  (AdN)2MoClz-dme  (1d),B%
MoO:Clz-dme,["4l MoO:Cl.-(BUDADH), 381 (‘BUN)MoOCI2-dme,["]
(‘BuN)2MoClzitmeda  (2a),*¥  (‘BuN)2MoCl>-bpy  (3a),*®!  and
(xyIN)2MoCl2-dmef*4 were all prepared following known methods, which
are also described in the SlI. All solvents (ACS reagent-grade) were

—
—_—

MoCN,Cl,

Scheme 8. Proposed pathways for the thermal decomposition of the (RMe2N)2MoClz-L (L = neutral N,N-chelate) compounds. The mechanism does not account

for potential ancillary ligand decompositions.
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purified using a MBraun Solvent Purification System and were stored over
4 A molecular sieves. All glassware was oven-dried at 130 °C, for at least
3 hours, prior to use. *H and 3C{*H} NMR spectra were collected on a
Bruker AVANCE 300 MHz spectrometer at room temperature and are
referenced to residual solvent. Low temperature NMR spectra were
collected on a Bruker AVANCE 500 MHz spectrometer, at the University
of Ottawa. CsDs and CDClz were purchased from Cambridge Isotope
Laboratories, Inc. and were degassed using freeze-pump-thaw cycles
prior to being stored over 4 A molecular sieves under nitrogen. High-
resolution mass spectra were collected on a Kratos Concept electron
impact mass spectrometer, at the University of Ottawa. Elemental
analyses (EA) were performed on a PerkinElmer 2400 combustion CHN
analyser at the University of Windsor.

(*PeN)2MoClz-tmeda 2b. N,N,N’N’-Tetramethylethylenediamine (0.235 g,
2.022 mmol) was added to a solution of the dme adduct 1b (0.602 g, 1.409
mmol) in 10 mL of pentane. After stirring at room temperature for 2 hours
the volatiles were removed in vacuo resulting in a waxy orange solid. The
solid was dissolved in a minimal amount of pentane (ca. 2 mL) and was
stored at =30 °C for 4 hours resulting in orange crystals. The mother liquor
was decanted, and the crystals were dried in vacuo. The crystals were
then dissolved in 10 mL of benzene which was subsequently frozen in
liquid nitrogen, and removed by sublimation (lyophilization), resulting in a
pale-orange powder. Yield = 0.403 g (0.889 mmol, 63%). *H NMR (300
MHz, CeDs, ppm): 6 1.09 (t, 6H, 3Juu = 7.5 Hz, CH2CHs), 1.43 (s, 12H,
C(CHBa)2), 1.79 (9, 4H, 3Jun = 7.5 Hz, CH2CH3), 2.08 (s, 4H, NCH?>), 2.57
(s, 12H, N(CHs)2).13C{*H} NMR (75 MHz, CeDs, ppm): & 9.83 (CH2CHs),
27.66 (C(CHs)2), 37.16 (CH2CHs), 50.59 (N(CHs3)2), 57.27 (NCH), 74.94
(C(CHs3)2). Selected IR data (KBr, cm™): y(Mo=N) 1190 (vs), 1225 (s). EA
calcd for C16H3sCl2MON4 [%]: C, 42.39; H, 8.45; N, 12.36; found [%)]: C,
42.13; H, 8.78; N, 12.14.

NCMe2(CH2)2CMe2N)MoClz-tmeda  2c.  N,N,N’N’-Tetramethylethylene-
diamine (0.141 g, 1.213 mmol) was added to a solution of the dme adduct
1c (0.333 g, 0.838 mmol) in 10 mL of diethyl ether. After stirring at room
temperature for 2 hours the volatiles were removed in vacuo resulting in a
beige solid. The solid was dissolved in 1 mL of dichloromethane, layered
with 1 mL of pentane, and was the resultant stored at =30 °C for 12 hours
resulting in orange crystals. The mother liquor was decanted, and the
crystals were washed with 2 mL of cold pentane. After drying in vacuo the
product was isolated as an orange powder. Yield = 0.245 g (0.578 mmol,
69%). *H NMR (300 MHz, Ce¢Ds, ppm): & 1.22 (s, 12H, C(CHz)2), 2.05 (s,
4H, NCHy), 2.51 (s, 12H, N(CHs)2), the CH: signal was not detected. *H
NMR (500 MHz, CDClz, =20 °C, ppm): § 1.09 (s, 6H, C(CHz)2), 1.27 (s, 6H,
C(CHs)2), 1.81 (d, 2H, 3Jun = 11.3 Hz, CH2), 2.51 (m, 4H, NCH?2), 2.61 (s,
12H, N(CHBa)2), 2.90 (d, 2H, 3Jun = 11.3 Hz, CH2). 3°C{*H} NMR (75 MHz,
CeDs, ppm): & 25.42 (br s, C(CHa)2), 41.26 (CH2), 50.20 (N(CHs)2), 56.89
(NCHz), 75.06 (C(CHs)3). Selected IR data (KBr, cm™): v(Mo=N) 1176 (vs),
1209 (s). EA calcd for C14H32Cl2MON4 [%]: C, 39.73; H, 7.62; N, 13.24;
found [%]: C, 39.81; H, 7.56; N, 12.96.

(AdN)2MoClz2-tmeda 2d. N,N,N’N-Tetramethylethylenediamine (0.081 g,
0.697 mmol) was added to a slurry of the dme adduct 1d (0.322 g, 0.580
mmol) in 10 mL of diethyl ether. After stirring at room temperature for 4
hours the volatiles were removed in vacuo resulting in an orange residue.
This material was dissolved in 2 mL of dichloromethane, layered with 3 mL
of pentane, and the resultant stored at =30 °C for 18 hours resulting in
orange crystals. The mother liquor was decanted, and the crystals were
washed with three, 2 mL portions of diethyl ether, and three, 2 mL portions
of pentane. After drying in vacuo, the product was isolated as a pale-
orange powder. Yield = 0.244 g (0.420 mmol, 72%). *H NMR (300 MHz,
CesDe, ppm): 6 1.54 (m, 12H, CH: of Ad), 2.00 (m, 6H, CH of Ad), 2.17 (s,
4 H, NCHy), 2.24 (m, 12H, CH2 of Ad), 2.67 (s, 12H, N(CH3)2). 3 C{*H}
NMR (75 MHz, CeéDs, ppm): & 29.92 (CH of Ad), 36.55 (CH: of Ad), 43.61
(CH:2 of Ad), 50.82 (N(CHs)2), 57.29 (NCH?2), 72.90 (Cq of Ad). Selected IR
data (KBr, cm™): v(Mo=N) 1198 (s), 1236 (s). EA calcd for
C26H46Cl2MON4:0.33(CH2Cl2) [%]: C, 51.86; H, 7.71; N, 9.19; found [%]: C,
52.01; H, 7.55; N, 9.25.
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(*PeN)2MoClz2-bpy 3b. 2,2’-Bipyridine (0.179 g, 1.146 mmol) was added to
a solution of the dme adduct 1b (0.446 g, 1.044 mmol) in 10 mL of diethyl
ether. After stirring at room temperature for 2 hours the mixture was filtered
through a sintered glass frit, and an orange solid was collected. The solid
was washed with two, 2 mL portions of diethyl ether, and five, 3 mL
portions of pentane. The solids were dried in vacuo resulting in an
analytically pure pale-orange powder. Yield = 0.473 g (0.959 mmol, 92%).
X-ray quality crystals were obtained after storing a saturated
dichloromethane solution, layered with pentane, at =30 °C for 2 hours. *H
NMR (300 MHz, CeDs, ppm): & 1.29 (t, 6H, 3Jun = 7.5 Hz, CH2CH3), 1.71
(s, 12H, C(CHs)2), 2.04 (q, 4H, 3Jun = 7.5 Hz, CH2CHs3), 6.67 (dd, 1H, J =
5.3 & 1.2 Hz), 6.69 (dd, 1H, J =5.3 & 1.2 Hz), 6.90 (td, 2H, J=7.8 & 1.8
Hz), 7.05 (dt, 2H, J = 8.0 & 0.9 Hz), 9.56 (dq, 2H, J = 5.3 & 0.9 Hz). 13C{*H}
NMR (75 MHz, CeéDs, ppm): 6 10.01 (CH2CHzs), 28.52 (C(CHz)z), 37.77
(CH2CHs), 74.70 (C(CHa)2), 121.44, 124.78, 138.12, 150.92, 152.79.
Selected IR data (KBr, cm™): v(Mo=N) 1192 (s), 1221 (m). EA calcd for
C20H30CI2MoN4 [%]: C, 48.69; H, 6.13; N, 11.36; found [%]: C, 48.67; H,
5.77; N, 11.26.

(NCMe2(CH2)2CMe2N)MoClz-bpy 3c. 2,2'-Bipyridine (0.230 g, 1.473
mmol) was added to a solution of the tmeda adduct 2c (0.575 g, 1.358
mmol) in 10 mL of diethyl ether. After stirring at room temperature for 4
hours, 3 mL of pentane was added to the mixture to facilitate the
precipitation of the product. The mixture was filtered through a sintered
glass frit and the solids were washed with three, 3 mL portions of pentane.
The resulting yellow-beige solids were dissolved in 5 mL of
dichloromethane, layered with 1 mL of hexane, and the resultant stored at
—-30 °C for 18 hours resulting in yellow crystals. The mother liqguor was
decanted, and the crystals were washed with three, 3 mL portions of
pentane and dried in vacuo, resulting in a yellow powder (Note: *H NMR
analysis revealed the sample contained CH2Cl2 which took 12-18 hours to
completely remove in vacuo). Yield = 0.471 g (1.017 mmol, 75%). *H NMR
(300 MHz, CDCls, ppm): & 1.39 (s, 12H, C(CHa)2), 2.55 (br s, 4H, CH>),
7.53 (t, 2H, J = 6.3 Hz), 7.95 (s, 2H, J = 7.6 Hz), 8.09 (d, 2H, J = 7.9 Hz),
9.28 (d, 2H, J = 4.5 Hz). *3C{*H} NMR (75 MHz, CDCls, ppm): & 26.60 (br
s, C(CHa)z2), 41.67 (CH2), 75.55 (C(CHs)2), 122.00, 125.89, 139.30, 150.74,
152.35. Selected IR data (KBr, cm™): v(Mo=N) 1176 (vs), 1209 (s). EA
calcd for C1gH24Cl2MoNa4 [%]: C, 46.67; H, 5.22; N, 12.09; found [%]: C,
46.44; H, 4.71; N, 11.91.

(‘BuN)2MoClz-phen 4. 1,10-Phenanthroline (0.275 g, 1.53 mmol) was
added to a solution of the dme adduct 1a (0.509 g, 1.275 mmol) in 20 mL
of THF. After stirring at room temperature for 2 hours the volatiles were
removed in vacuo resulting in a yellow solid. The material was suspended
in 20 mL of diethyl ether and 5 mL of benzene and the resultant was
vigorously stirred for 10 minutes. The solids were then collected on a
sintered glass frit and were washed with three, 5 mL portions of diethyl
ether, followed by three, 2 mL portions of benzene, then three, 2 mL
portions of hexane. The resulting pale-yellow powder was then
recrystallized from 5 mL of toluene, layered with 5 mL of hexane. The
solids were collected and dried in vacuo resulting in a pale-yellow powder
of analytically pure material. Yield = 0.528 g (1.079 mmol, 85%). X-ray
quality crystals were obtained from storing a saturated dichloromethane
solution, layered with pentane, at —30 °C for 24 hours. This compound was
only sparingly soluble in CeDs. *H NMR (300 MHz, CDCls, ppm): 6 1.70 (s,
18H, C(CHa)3), 7.84 (dd, 2H, J =8.1 & 4.8 Hz), 7.92 (s, 2H), 8.44 (d, 2H, J
=8.1 Hz), 9.74 (d, 2H, J = 4.8 Hz). 13C{*H} NMR (75 MHz, CDCls, ppm): &
30.84 (C(CHs)s), 72.17 (C(CHs)3), 124.78, 126.94, 129.78, 138.17, 142.20,
152.55. Selected IR data (KBr, cm™): v(Mo=N) 1206 (vs), 1246 (s). EA
calcd for C20H26Cl2MoN4 [%]: C, 49.09; H, 5.36; N, 11.45; found [%]: C,
48.98; H, 5.02; N, 11.32.

(‘BuN)2MoClz2-(B“DADY) 5. 1,4-Di-tert-butyl-1,3-diazabutadiene (0.757 g,
4.498 mmol) was added to a solution of the dme adduct 1a (1.502 g, 3.762
mmol) in 20 mL of THF. After stirring at room temperature for 2 hours the
volatiles were removed in vacuo resulting in a yellow solid. The material
was suspended in 15 mL of diethyl ether and 10 mL of hexane and the
resultant was stirred vigorously for 10 minutes. The solids were then



collected on a sintered glass frit and were washed with three, 2 mL portions
of diethyl ether and three, 2 mL portions of hexane. The resulting pale-
yellow powder was then recrystallized from 5 mL of toluene, layered with
5 mL of hexane. After 24 hours at —=30 °C yellow/orange crystals were
isolated by decanting the mother-liquor; these were subsequently dried in
vacuo to yield analytically pure material. The crystals were ground into a
fine powder prior to thermal analysis. Yield = 1.445 g (3.027 mmol, 80%).
H NMR (300 MHz, CeDs, ppm): & 1.45 (s, 18H, C(CHs)3), 1.57 (s, 18H,
Mo=NC(CHz3)3), 7.36 (s, 2H, N=CH). 33C{*H} NMR (75 MHz, C¢Ds, ppm): &
29.60 (C(CHg)3), 30.93 (Mo=NC(CHz)s, 62.58 (C(CHs)s), 72.89
(Mo=NC(CHBa)s), 153.06 (N=CH). Selected IR data (KBr, cm™): v(Mo=N)
1196 (vs) & 1231 (s); v(N=C) 1454 (m) & 1474 (m). EA calcd for
Ci1sH3sCl2MONa4 [%]: C, 45.29; H, 8.02; N, 11.74; found [%]: C, 44.90; H,
7.66; N, 11.33.

(‘BuN)MoOClz-(BUDADY) 6. 1,4-Di-tert-butyl-1,3-diazabutadiene (0.783 g,
4.653 mmol) was added to a solution of (‘BuN)MoOCIz-dme (1.395 g,
4.054 mmol) in 20 mL of THF. After stirring at room temperature for 2 hours
the volatiles were removed in vacuo resulting in a green solid. The material
was suspended in 5 mL of diethyl ether and 5 mL of pentane and the
resultant stirred for 5 minutes. The mixture was then filtered through a
sintered glass frit and the solids were washed were three, 3 mL portions
of diethyl ether, and three, 3 mL portions of pentane. The solids were
collected and dried in vacuo resulting in 1.377 g of a greenish-yellow
powder. The product was purified by sublimation (130 °C, 40 mTorr) onto
a water-cooled cold-finger and a yellow powder of analytically pure 6 was
obtained. Yield = 1.180 g (2.794 mmol, 69%). X-ray quality crystals were
obtained after storing a saturated dichloromethane solution, layered with
pentane, at =30 °C for 8 hours. *H NMR (300 MHz, C¢Ds, ppm): 6 1.40 (s,
9H, Mo=NC(CHs)3), 1.59 & 1.60 (two s, 18 H, C(CH3)3), 6.79 (d, 1H, 3Jun
=1.4Hz, N=CH), 6.88 (d, 1H, 3Jun= 1.4 Hz, N=CH). 33 C{*H} NMR (75 MHz,
CeDs, ppm): 6 27.92 (C(CHs3)3), 28.48 (C(CHs)3), 29.19 (Mo=NC(CHs3)s),
63.67 (C(CHs)s), 64.47 (C(CHs)s), 74.68 (Mo=NC(CHzs)s, 151.88 (N=CH),
152.63 (N=CH). Selected IR data (KBr, cm™): v(Mo=N) 1201 (s) & 1225
(s); v(Mo=0) 906 (vs); v(N=C) 1454 (m) & 1477 (m). EA calcd for
C14H29CI2MON3O [%]: C, 39.82; H, 6.92; N, 9.95; found [%]: C, 39.53; H,
7.01; N, 9.83.

(‘BuN)2MoClz-(P'DADMe) 7. This compound was prepared following a
method analogous to that used to prepare 5 except using 0.750 g (4.457
mmol) of 1,4-di-isopropyl-2,3-dimethyl-1,3-diazabutadiene and 1.502 g

(3.762 mmol) of the dme adduct 1a. Crystallization gave an orange product.

Yield = 1.322 g (2.769 mmol, 74%). *H NMR (300 MHz, C¢Ds, ppm): 6 1.33
(s, 6H, N=C(CHa)), 1.50 (d, 12H, 3Jun = 7.0 Hz, CH(CHz)2), 1.60 (s, 18H,
C(CHs3)3), 5.03 (br s, 2H, CH(CHz)2). 13C{*H} NMR (75 MHz, C¢Ds, ppm): &
18.97 (br s, N=C(CHs)), 21.36 (CH(CHz3)2), 30.79 (C(CHa)3), 56.77 (br s,
CH(CHa)z2), 71.74 (C(CHs)s3), 164.61 (N=C(CHs3)). Selected IR data (KBr,
cm™): v(Mo=N) 1204 (s) & 1239 (m); v(N=C) 1453 (m) & 1466 (m). EA
calcd for CisHzsCl2MON4 [%]: C, 45.29; H, 8.02; N, 11.74; found [%]: C,
44.93; H, 7.72; N, 11.28.

(‘BuN)2MoCl.-(¥'DADM) 8.  1,4-Bis(2,6-dimethylphenyl)-1,3-diazabuta-
diene (0.688 g, 2.603 mmol) was added to a solution of the dme adduct 1a
(2.039 g, 2.603 mmol) in 20 mL of THF. After stirring at room temperature

for 2 hours the volatiles were removed in vacuo resulting in an orange solid.

The material was suspended in 10 mL of pentane and was filtered through
a sintered glass frit. The solids were washed with three, 5 mL portions of
pentane. The resulting orange solid was then dissolved in a minimal
amount of dichloromethane (ca. 3 mL), was layered with 5 mL of pentane,
and stored at -30 °C for 18 hours resulting in an orange powder. The
supernate was carefully removed with a pipette and the powder was
washed with five, 2 mL portions of pentane. After drying in vacuo the
product was isolated as an analytically pure orange powder. Yield = 1.022
g (1.782 mmol, 68%). X-ray quality crystals were obtained after storing a
saturated toluene solution, layered with pentane, at —30 °C for 24 hours.
'H NMR (300 MHz, CeDs, ppm): & 1.20 (s, 18H, C(CHs)3), 2.63 (s, 12H, o-
CHBa), 6.83 (s, 2H, N=CH), 6.96 (m, 6H, m-CH & p-CH). *3C{*H} NMR (75
MHz, CeDs, ppm): & 20.77 (0-CHgs), 29.64 (C(CHzs)s), 71.99 (C(CHa)s,
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126.68, 129.00, 130.39, 151.12, 158.94 (N=CH). Selected IR data (KBr,
cm™): v(Mo=N) 1205 (s) & 1246 (m); v(N=C) 1450 (m) & 1473 (s). EA
calcd for C2sH3sCl2MoONa4 [%]: C, 54.46; H, 6.68; N, 9.77; found [%]: C,
54.46; H, 6.34; N, 9.47.

(‘BuN)2MoClz-impy 9. tert-Butyl(pyridine-2-yl-methyleneamine) (0.575 g,
3.544 mmol) was added to a solution of the dme adduct 1 (1.311 g, 3.284
mmol) in 20 mL of THF. After stirring at room temperature for 2 hours the
volatiles were removed in vacuo resulting in an orange solid. Toluene (15
mL) was added to the solid forming a slurry, which was layered with 3 mL
of hexane, and the resultant stored at —30 °C overnight. The mixture was
filtered through a sintered glass frit and the solids were washed with three,
3 mL portions of diethyl ether and three, 3 mL portions of hexane. The
solids were collected and dried in vacuo resulting in a pale-orange powder
of analytically pure material. Yield = 1.263 g (2.680 mmol, 82%). X-ray
quality crystals were obtained from storing a saturated 1,2-
dimethoxyethane solution, layered with hexane, at =30 °C for 48 hours. H
NMR (300 MHz, CeDs, ppm): 6 1.64 (s, 18H, Mo=NC(CHzs)3), 1.69 (s, 9H,
C(CHa)3), 6.48 (d, 1H, J = 7.6 Hz), 6.60 (m, 1H), 6.84 (td, 1H,J=7.6 & 1.7
Hz), 7.68 (s, 1H, N=CH), 9.37 (d, 1H, J = 5.2 Hz). 3C{*H} NMR (75 MHz,
CeDs, ppm): & 29.80 (C(CHs)s), 30.90 (Mo=NC(CHz)s), 30.99
(Mo=NC(CHs)s), 63.07 (C(CHas)3), 71.75, (Mo=NC(CHs)s), 72.46
(Mo=NC(CHpa)s), 125.55, 127.15, 137.87, 149.48, 152.51, 154.12 (N=CH).
Selected IR data (KBr, cm™): v(Mo=N) 1203 (s), 1241 (m); v(N=C) 1595
(m). EA calcd for Ci1gH32Cl2MoN4 [%]: C, 45.87; H, 6.84; N, 11.89; found
[%]: C, 45.52; H, 6.52; N, 11.63.

(‘BuN)2MoClz-dmampy 10. 2-(N,N-Dimethylamino)methylpyridine (0.236 g,
1.733 mmol) was added to a suspension of the dme adduct 1 (0.600 g,
1.503 mmol) in 15 mL of pentane and 2 mL of toluene. After stirring at
room temperature for 18 hours the mixture was filtered through a sintered
glass frit giving a yellow solid. The crude product was dissolved in 2 mL of
dichloromethane, layered with 2 mL of pentane, and the resultant stored
at —30 °C for 4 hours giving in yellow, plate-shaped crystals. The mother-
liquor was decanted, and the crystals were washed with three, 3 mL
portions of pentane. After drying in vacuo the product was obtained as a
beige-yellow powder. Yield = 0.524 g (1.177 mmol, 78%). *H NMR (300
MHz, CeDs, ppm): & 1.54 (s, 9H, C(CHa)3), 1.59 (s, 9H, C(CHa)3), 2.55 (s,
6H, N(CHs)2), 3.65 (s, 2H, CH>), 6.32 (d, 1H, J = 7.7 Hz), 6.62 (m, 1H),
6.83 (td, 1H, J = 7.7 & 1.7 Hz), 9.20 (dd, 1H, J = 8.4 & 0.8 Hz). 3C{*H}
NMR (75 MHz, CeéDs, ppm): 6 30.10 (C(CHa)s), 30.56 (C(CHa)s), 50.35
(N(CHs)2), 65.20 (CH2), 71.22 (C(CHa)s), 71.87 (C(CHs)s), 122.49, 123.08,
137.99, 153.15, 156.35. Selected IR data (KBr, cm™): v(Mo=N) 1209 (vs),
1247 (m). EA calcd for C1s6H30Cl2MON4 [%]: C, 43.16; H, 6.79; N, 12.58;
found [%]: C, 42.96; H, 6.41; N, 12.41.

Thermal Characterization. Thermogravimetric Analysis. TGA was
performed on a TA Instruments Q500 instrument which was housed in a
“chemical-free”, nitrogen-filled (99.998%) MBraun Labmaster 130
glovebox. In a typical experiment 10.000 + 0.100 mg of analyte was placed
in a platinum pan and was heated to 500 °C with a ramp rate of 10 °C min™,
unless otherwise stated, using nitrogen (99.999% purity, 60 sccm) as the
purge gas. Platinum pans were cleaned by sequential sonication in glacial
acetic acid then isopropanol, followed by heating until red-hot with a
propane torch. Langmuir vapor pressure equations were derived from TGA
data using a previously reported method, employing benzoic acid as the
calibrant.[55:56]

Differential Scanning Calorimetry. DSC experiments were performed with
a TA Instruments Q10 instrument. The DSC was calibrated at the melting
point of indium metal (156.6 °C). All DSC samples were hermetically
sealed in aluminium pans inside a glovebox prior to analysis. Due to the
volatile nature of the analytes and their decomposition products, mass
loadings greater than 1 mg often ruptured the sealed pans. Therefore,
small mass loadings of <1 mg were typically used for all DSC experiments.
Unless otherwise stated, all samples were heated to 400 °C with a ramp
rate of 10 °C min™?, using nitrogen (99.998% purity) as the purge gas.



X-Ray Crystallography. Deposition Numbers 2123336 (2b), 2123333
(2c), 2123332 (2d), 2123334 (3a), 2123327 (3a-C7Hs), 2123325 (3b),
2123331 (3c), 2123335 (4), 2123329 (5), 2123328 (6), 2123330 (7),
2123326 (8), 2123323 (9), 2123318 (10), 2123321 (MoO2Cl2-dme),
2123319 (bis-N,N’-(2-chloroacetyl)-2,5-dimethylhexane-2,5-diamine),
2123322  ([imtmpaH][(‘BuN)2MoCl3]), 2123320 ((‘BuN)2MoCl2-(4,4'"-
dimethyl-2,2'-dipyridyl)), and 2123324 ((‘BuN)2MoCl.-(°**DAD")) contain
the supplementary crystallographic data for this paper. These data are
provided free of charge by The Cambridge Crystallographic Data Centre.
The crystallographic diagrams were prepared using ORTEP-3 for
Windows.["® Specific details about data collection and refinements can be
found in the Supporting Information.
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A series of bis(alkylimido)-dichloromolybdenum(VIl) compounds, which include different neutral N,N-chelating ligands, as well as
different alkyl imido groups, were prepared and characterized. The effect each component had on volatility and thermal stability was
investigated and compared. Several compounds that exhibit excellent volatility and thermal stability have been identified. Finally, most
compounds followed the same primary decomposition pathway, y-H activation.
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