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ABSTRACT

Gonzalez, Aleida G. Modulating Covalency in a Ni-H-Al Subunit: Synthesis and Characterization

of a Series of Electronically Differentiating Ni-Al Heterometallics. Master of Science in

Biochemistry and Molecular Biology (M.S.), July 2024, 88 pp., 12 tables, 67 figures, 63

references.

Metal hydrides are moieties that are present in a variety of applications as intermediates in
catalysis. Despite the vast utilization of metal hydrides, monometallic metal hydride complexes
bear limitations in inert-bond activation and functionalization. A strategy to overcome these
limitations and access more challenging reactivity is utilizing metal-metal cooperativity on a single
platform to further activate hydride moieties. Although incorporating multiple metal centers on a
single ligand scaffold has been realized, access to heterometallic hydride-bearing complexes is a
greater synthetic challenge. Given the limitations in accessing such systems, the reactivity and
electronic structure of heterometallic hydrides are seldom studied. Recently, our group reported a
novel nickel-aluminum heterotrimetallic hydride complex demonstrating enhanced reactivity in

comparison to monometallic precursors in the hydroboration of N-heterocycles.

Our work features a rare report of three-center bonding within an Al-H-Ni subunit with
sterically accessible Lewis-acidic Al centers. To aid in our understanding of the electronic structure
and enhanced catalytic reactivity of this system, the synthesis of related heterometallic complexes,
bearing a Ni-H-Al subunit, with electronically differentiating ancillary ligands was undertaken.

Synthesis, characterization, and electronic structure studies will be discussed.
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CHAPTER I
INTRODUCTION

1.1. Homogenous Ni Catalysis

Leveraging the natural abundance of certain metals found on the Earth’s crust is potentially a cost-
effective method to access sustainable catalysis. Currently, several industrial processes rely on
catalysts that incorporate precious metals such as Pd, Pt, Ir, and Rh.>*>* The late-metal nature of
those metals provides functional group tolerance, which is needed to avoid catalyst poisoning in
the presence of polar functionalities. A metal that has been growingly utilized in the past few
decades is nickel.’® The low cost of Ni, the functional group tolerance, and the large abundance on
the Earth’s crust are some of the main reasons that its utilization has garnered high interest.*’
Though heterogenous Ni catalysts are well known in their usage, Homogenous Ni-based catalysts
have been growing in their utility both for academic purposes as well as industry.*!*?
Homogeneous systems also bear the advantage of providing a greater level of mechanistic detail
in comparison to ill-defined heterogeneous variants. Lastly, a homogeneous Ni system can be
relatively straightforward to synthesize.”® For these and among other reasons, chemists are

interested in building new homogenous Ni complexes that range in complexity to leverage in

catalysis.

Homogenous Ni complexes have shown substantial value in industry. For example, the Ni
phosphino-enolate complex shown in Figure 1 is just one example of the Shell Higher-Olefin
Process (SHOP) catalysts which are competent in the oligomerization of ethene to higher alpha

olefins (Figure 1) and can then be used as a precursor or hydroformylation. The Keim group

1



published a paper on how using nickel industrial chemicals may improve by about 60-70% when

modifying C-C coupling reactions using nickel catalysis.>

Ph\ /Ph Ph\ /Ph
P P
\Ni — \Ni—H S=—C-> 1-butene, a-olefins
mo ;] 1 a—

Figure 1: Ni-SHOP catalysts for ethylene oligomerization.*

Though over the past few decades, the number of reports of Ni-mediated catalytic
transformations has only grown, and the scope of transformations has widened substantially,
several drawbacks are still present. High catalyst loadings, low yields, and selectivity are often
observed for a slew of Ni-catalyzed transformations.*! Small molecule and inert-bond activation
is also very limited without the aid of a directing group, whereas complexes of Ir and Rh are able
to facilitate C-C and C-H bond activations under relatively mild conditions, mononuclear Ni
complexes that can serve the same purpose are lacking.** To this end, new strategies to leverage

Ni are needed.
1.2. Cooperative Catalysis

There are several strategies to enhance the ability of molecular complexes to serve as better

catalysts. One recent strategy is through the design and synthesis of homogenous complexes that



invoke “cooperative reactivity”. Cooperativity is a common concept across many fields including
biological chemistry, surface chemistry, as well as organometallic chemistry. With respect to
organometallic chemistry, complexes can invoke cooperativity by having metals and ligands
working together, as well as multiple metal centers working together. Focusing on metal-metal
cooperativity, common ways to distinguish the types are shown in Figure 2 limiting examples to
an encapsulated bimetallic site. In the top example, Ma is a transition metal that is redox-active,
and Mg is the encapsulated metal that bears a primary goal of changing the electron density of
Ma. Mg helps Ma by functioning as a sigma acceptor which renders Ma more electrophilic and
primed for bond activation. On the other hand, a cooperative coordination site involves utilizing
two redox-active metals that can undergo cooperative cleavage of bonds in the second example
of cooperativity shown below. The vacant coordination sites are necessary to carry this out.

(Figure 2).
vacant coordination site
cooperative coordination site

@7

Figure 2: Modes of Cooperativity.



While the bottom example from Figure 2 is thoroughly investigated, representative examples of
the top image of Figure 2 are an emerging field. This is partially related to the challenges
associated with the synthesis of well-defined heterometallic complexes. Furthermore, select
examples have shown Mg can directly participate in substrate binding and bond activation which
serves as a highly promising advancement in the field.

As is important to differentiate which method is going to be performed while synthesizing.
During this methodology, it was utilized a vacant coordination site with the expectation to have
heterobimetallic complexes and obtained a better understanding of utilizing two different metals
in a single catalyst in order to improve modulation of electron donation around them. For this
reason, it is essential to differentiate between homometallic and heterometallic complexes.

Having a different metal in your complex may improve reactivity and steric hindrance.

1.3. Heterometallic Complexes
Homometallic and heterometallic complexes can exist as bimetallic, and multimetallic
complexes. Determining the nuclearity of the complexes synthesized can be challenging as many
of these complexes use terminal ancillary ligands and rely on self-assembly; this is further
complicated when different metal and their respective preferences in molecular geometry are
incorporated.” It is crucial to predict the number of metals in complexes since it can directly
influence the behavior of the complex. While monometallic complexes are easier to synthesize,
monometallic complexes featuring Earth-abundant metals have limitations in their capabilities in
molecular reactivity, as discussed above (Figure 3).® Monometallic complexes have been found
easy to produce. However, monometallic complexes have limitations in regard to steric

hindrance and reactivity (Figure 3).
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Figure 3: Monometallic complexes.®

The main challenge that plagues multimetallic complexes is that they are much complex to

synthesize which results on having multistep mechanisms in comparison to monometallic

).24

complexes (Figure 4).”* Ways to help alleviate this issue are to include ligand design elements

that incorporate site-specific binding sites. Having a specific arrangement of electronic influence
and bulky substituents surrounding the complex has been a successful strategy in ligand design.*’

As a consequence, heterobimetallic complexes incorporating these ligand design features have

been of recent interest for exploration.

Figure 4: Heterobimetallic complexes.® 334



1.4. Metal Hydrides in Catalysis

Heterometallic complexes are an important part of catalysis and one of the main ones are
hydrides. The term “hydride” is defined as the ionic bonding between a hydrogen atom with
another element, in the field of inorganic chemistry mainly with a metal.** Metal hydride
complexes are known catalysts of choice in many catalytic reactions including ethylene
polymerization, oligomerization, hydroformylation, and many others.>* Though monometallic
complexes have had extensive studies on metal hydrides in their electronic structure and catalytic
capabilities, the metal-hydrogen subunit in multimetallic complexes often shows the most
impressive reactivity (Figure 5).° While there is a clear motivation to study multimetallic hydride
complexes, harnessing the reactivity has not been fully realized, and in many cases, the increase
in reactivity has not been fully understood (Figure 5). Electronic structure studies have the
capability of offering a better understanding of the M-H-M subunits. Currently, there are limited
studies on metal hydride-containing heterometallic complexes.?* However, leveraging these
potential complexes in catalysis is exciting to explore given the potential to alter electron density

within the metal hydride subunit.

Ph_ | F'h 1]
Me Sl-'-" \\\ " H— | =,
MEESIKL \b\ aH i H |
ST F‘ e
" ph / \‘*C';f \

Ph

Figure 5: Multimetallic complexes.®



In order to have a deeper understanding of electron density modulation, it is important to
understand the sterics surrounding the secondary metal while having a multimetallic complex.
Figure 6 shows how having an encapsulated secondary metal leads to having a hydride subunit in
between both metals (When R=H). The interaction between metals in a heterobimetallic complex
is difficult to understand due to both having a strong influence on one another, however, it is
essential to have a deep understanding of the subunit to improve the reaction dynamics of the
complex. For this reason, having examples to implement and produce multimetallic hydrides is

important to improve mechanistic studies.

==Y

-E

Figure 6: Sterically Accessible using a secondary metal for Multimetallic complex.

1.5. Examples of Multimetallic Hydrides in Catalysis

Multimetallic hydrides form often via multi-step synthesis which make them difficult to
synthesize and may result in low yields. However, the benefits of multimetallic hydrides in their
unique reactivity outweigh their disadvantages in their synthesis. Some of the benefits of multi-
metallic hydrides, such as having more than one hydride in between the bimetallic subunit, can
lead to higher reactivity and better accessibility and selectivity in reactivity. Figure 7 shows a

novel Fe-Al system reported by the Crimmin group. This complex employs primarily



monodentate donors on the redox-active metal which is only bridged to the Al center via hydride

ligands.

N H
| =
P
R ME_3P
BT, 10 min MEQP
R =H. CH; Ph, NMe-

R =Mes

Figure 7: Fe-Al system of Cooperative Heterometallic.>?

In this reaction, we can observe the multiple hydrides in between the Fe-Al subunit which result
in selective C-H activation of pyridine.’? The secondary metal, in this case, Al, is proposed to
hinder poisoning from incoming substrates and direct reactivity, as well as potentially enhance
the reactivity of bridged atoms. Some other synthetic methods for heterometallic complexes tend
to rely on the self-assembly of metal cations that have multidentate ligand scaffolds. Dealing
with multimetallic complexes gives us access to multiple bridged atoms which will give us a
higher opportunity of reactivity and lead to better catalysts.’? As observed in Figure 8, the
complex on top offers two hydrides per bridged atoms, and the complex on the bottom ofters
only one, however multiple modulations of electron density around the Ni atom which is the

primary metal.”-?®
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Figure 8: Sterics in multimetallic complexes.’?

1.6. Heterometallic Hydrides in Catalysis

Catalysis consists of different types of complexes, but one of the least understood is
heterometallic hydrides. As discussed above, having two different kinds of metals in a complex
may have multiple access to more than one hydride.*® Heterometallic hydrides have become
essential in a variety of catalytic processes.® Since heterometallic hydride complexes have the
properties of two different metals, this brings favorable novel properties in a single complex that
may improve reactivity compared to homometallic complexes.** *® For these and more reasons,
heterometallic hydrides are under interest among plenty of scientists due to their promising

features.

Heterometallic hydride complexes consist of at least two different types of metals, along with a
hydrogen atom bridging both metals. Having these types of hydrides helps improve reactivity
and sterics among the heterometallic subunit.*® Heterometallic hydride subunits are not fully
understood. For this reason, we focused on mechanistic and computational studies to further
understand the unknown interactions among the subunits. Our parent structure is a

heterotrimetallic hydride which implies two Ni-H-Al subunit. In order to understand further the



electronic structure of this Ni-H-Al motif, we decided to add electron-rich ligands to our

complex to donate the electron density to the Ni center to improve reactivity and versatility.

3
o

\
H
©( R
N 0.5 Ni(COD),
(ﬁ“cp - alkene >0
60 % yield
tBu/

tBu

Figure 9: Reaction of Heterotrimetallic NiAl.!®

Recently, our group reported the use of the heterotrimetallic Ni-H-Al complex in the
hydrofunctionalization of N-heterocycles. The reactivity is proposed to proceed in a cooperative
manner, in which LAIH (Ligand Aluminum Hydride) metalloligand works with a Ni center. As is
shown in Figure 9, the precursor that we synthesized for the parent structure consists of a LAIH
complex and adding Ni(COD); inside a glovebox in a standard temperature and pressure setting,

a 60% yield of the parent structure NiAl> was achieved.!®

In order to determine the catalytic capabilities of NiAl, and LAIH, comparative kinetics studies
were performed by hydroboration of N-heterocycles. The kinetic studies were performed using 5
mol % of NiAl> and 10 mol % LAIH with 1 equivalence of quinoline and 3 equivalence of H-
Bpin.'¢ The number of reactions was four using a variety of quinoline substrates but matching
parameters. When the NiAl> complex is used as a catalyst, the activity is substantially higher

likely owing to the cooperative nature between Ni and Al (Figure 10).

10
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Figure 10: Hydroboration of quinoline using NiAl,.

Using the information obtained from the kinetics studies, a plot of the natural logarithm of the
concentration of quinoline versus time clearly shows a linear behavior (Figure 11). The kobs
values are 4.66 x 102 min™' for NiAl, and 1.06 x 10 min™' for LAIH, which indicates a 400X
enhancement in activity.'® Due to these results, it is fundamental to understand the electronic
structure of the Ni-H-Al motif in the NiAl> complex to further extend our understanding of

amplifying reactivity among our complexes.

Time (min)
a) 0 50 100 150 200 250 300 350 400 450 500
-
-l
1 CH;  CH,
-1.8 |} ( ('3 O( \
T
o 2 CH30 A H /OCHE)CH_g\ (:“LNP
£ AR/ DAL 3P,
= YN
(@] 2.2 1B /
c - = P = .
a— <_N</ \ Ph—
= @ Ph @ {Bu
S 24 el \e \_ LAH J
= 3
- . Bu Bu Kope= 1.06 x 10 min-"

-2.8

-3

Kops= 4.66 X 102 min~'

Figure 11: Kinetics studies between LAIH vs NiAl,.!®
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1.7. Electronic Structure of the Ni-H-Al Motif

A method to gain insight into the electronic structure of heterometallic complexes is by
performing computational analyses. These computational analyses may be where the majority of
electron density arises through varying metrics of analysis. The computational analyses used
Natural Bond Orbital (NBO) and Quantum Theory of Atoms in Molecules (QT-AIM).% *47 These
computational analyses were performed in several of our complexes to better understand the Ni-

H-Al subunit.

Figure 12 shows the general NiAl> complex which contains two hydrides in particular that are
the main Ni-H-Al subunit in the complex. These Ni-H-Al subunits are uncommon since there are
only a few complexes that exist with these characteristics. As a result, computational studies
were performed on the NiAl, complex to better understand the electronic interactions around the

complex.

N\
PhPh

Figure 12: General Electronic structure of NiAl> complex.

Aside from determining the electron density around the complex, computational studies also aid
in determining if the complex is an Al-based hydride Ni(0) or a Ni-based hydride Ni(I). It is
important to clarify that either of the following will help establish a fundamental pathway to

improve the catalytic activity to obtain adjusted complexes. As shown in Figure 13, an Al-based
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hydride Ni(0) donates its electron density to the nickel center, otherwise, a nickel-based hydride
Ni(II) donates its electron density to the Aluminum secondary metal.*® Aside from computational
studies, the addition of a competitive ancillary ligand to the NiAl> complex will allow us to
observe to which metal the ligand will donate its electron density. These studies will provide

valuable insight in understanding if NiAl; bears an Al-based hydride or a Ni-based hydride.

Al-based Hydride Ni(0) Ni-based Hydride Ni(II)

(8]

r-; H H = o
] Hi N Qr
A~

FhEh

Figure 13: Ni-H-Al subunits between Al-based or Ni-based.

1.8. Addition of Ancillary Ligands to Parent complex

Ancillary ligands are generally described as having a primary role of donating electron density to
a metal center and not playing an auxiliary role in redox-based chemistry. The degree of donation
with the ancillary ligands varies depending on their electronic and steric properties.'* Common
ancillary ligands include CO, phosphines, nitriles, and N-heterocyclic carbenes. Additionally, a
comparison with electron-donating groups is important to have a contrast using electron-
withdrawing (EW) groups. The spectrochemical series is a common way to qualitatively assign

these properties.'*
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Al-H Ni-H

CHLO .
F\Pn
Figure 14: Al-based vs. Ni-based scale.

A scale shown in Figure 14 describes that the LAIH was under the most Al-character and NiAl»
was somewhere between both characters. This approach was studied and discussed below using
ED and EW ligands to generate heterobimetallic complexes with varying hydride character. As
is observed in Figure 15 and mentioned before, adding ancillary ligands to both complexes will
offer insight towards the degree of donation to Ni from an Al-H bond as well as backdonation

from Ni to the Al-H antibonding orbital. The degree of each of these interactions directly relates

to the level of Al1-H vs Ni-H.

P

CH-0 @ H CH40 @ H
.’/,/ ‘IIIIHII.I
( (
N

Alane-Ni(0) Aluminyl-Ni{Il

Figure 15: Alane-Ni(0) vs. Aluminly-Ni(II).
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Nature of bonding motif

@
Al-H displaced Ni-H displaced ‘Metal]o]iganddisnla-:ed ‘

Figure 16: Nature of bonding motif of Ni-H-Al.

One can envision that the addition of ED or EW ligands to the parent NiAl> complex can result in
different outcomes. Figure 16 shows the parent structure and for this example phosphines (PR3)
was used. The first possibility is having an Al-H displaced in which PR3 is bonded to one of the
aluminums. The second possibility is having a Ni-H displaced in which PR3 is bonded to the
nickel and then the aluminums will be bonded to the hydrogens making it a bona fide aluminum-
hydride. Finally, the third possibility is having a metalloligand displaced in which more than one

phosphine is bonded to the nickel and it creates a Ni-H-Al subunit.
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CHAPTER II
SYNTHESIS AND CHARACTERIZATION OF HETEROMETALLIC HYDRIDES

2.1 Synthesis and Characterization of Heterometallic Hydrides

The main components of this chapter stem from the reactivity of the parent NiAl> complex from
the previous chapter which has been previously reported. This parent complex coined NiAly, is
under investigation in its electronic structure to better understand its bonding as well as improve
its reactivity towards catalytic insertion chemistry.!® For that reason, the addition of ancillary
ligands was sought. In this section, we explore the impact of the addition of varying ancillary
ligands to the NiAl> complex. Namely, we sought to investigate whether the ligand will coordinate
with the Al, Ni, neither, nor both. Select complexes were isolated and fully characterized and will

be discussed in the subsequent sections.

2.1.1 Overall synthesis of LAIH and NiAl2

As was previously studied, the NiAl is synthesized in a multistep synthesis which begins with a
C-N cross-coupling of 2-bromo-4-tert-butyl-aniline and 2-iodoanisole to produce A. When A is
clean, then it proceeds to the addition of 2 eq. of n-butyllithium for the deprotonation halogen
exchange to generate B. Once B is cleaned up and isolated, then 0.5 eq. of
phenyldichlorophosphine is used to produce the phosphine (LHz). When ligand LH> is isolated,
addition of a 1 eq. of alane-dimethylethylamine complex is then carried out to synthesize

metalloligand (LAIH). The hydride of the LAIH species resonates at 5.1 ppm. The last step to
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accomplish the NiAl, synthesis is via addition of 0.5 eq. of Ni(COD),. The full synthetic scheme

is outlined in Figure 17.1¢

| OMe OMe
OCH;4 [ I [ I
NH, Ej( NH 2 "BuLi NLi
Br

Na'BuO Br EL.O LiOEt,
1% Pd(OAc),, 2% DPEPhos 2 -~
. > -78°C to RT 36 h
Tol, 90°C, 16 h 77% yield

1) 0.5 PhPCl,

56% -78° C to RT 16 hT
yield ol2
) H,0
/\/OCH3 OCHjs OCH, OCH3
i
0.5 Ni(cod), D 1.0 I:I3A1-NMezEt NHD
-40°CtoRT 0.5h HN

RT 2h 3 - —
m Ph=" P > Toluene, 90% yield pp—PIEN_ )

60% yield @ \ -H,, -NMe,Et @ \
Bu Bu

-H,
-alkene By Bu

Figure 17: Overall Synthesis of Precursors for LAIH and NiAl».'¢

Though the NiAl> complex is generally the subject of interest given the heterometallic hydride
nature, using LAIH has a distinct advantage in that it decreases an isolation step and the kinetics
for dissociation need not be considered. Therefore, for this study, the majority of the small-scale

syntheses targeting additional ancillary ligands NiAl, and LAIH were used.

17



2.1.2 Ancillary Ligand Hypothesis

When considering the coordination environment about Ni, two phosphine donors are employed
and what can be considered a sigma interaction with an Al-H bond. The main two interactions
with the Al-H bond are a sigma interaction to the Ni center and a back bonding interaction to an
antibonding orbital. The two interactions there provide a glimpse into whether there is more Al-
hydride or Ni-hydride character within the complex. The benefit of adding ancillary ligands is
that those interactions can be tuned and potentially modulate the degree of hydride character. The
results in both characterization of resultant species and relative catalytic performance would be

highly instructive.

Given the fact that the current NiAl; is supported by sigma donors such as phosphine ligands,
sigma donors were primarily targeted for this study. This includes phosphine donors of varying
sigma-donating capabilities as well as other donors such as N-heterocyclic carbenes (NHC)
ligands. Strong sigma donors such as NHCs have opened the door to scientists to explore and
guide themselves to use them on important metal complexes.!'!> Having such electron-rich
groups derived from heteroaromatic compounds. Among the different alternative atoms, NHCs
can have, it can be sulfur, and oxygen that are accessible, but stable carbenes usually contain
only nitrogen substituents.'* For this set of carbenes, it was essential to use carbenes with a

different electronic or steric parameter.

The vast majority of ancillary ligands used within our study were purchased; however, the
carbene ligands were synthesized in our lab. The first carbene utilized for this small-scale
reaction was 1,3-Bis(2,6-diisopropylphenyl)imidazole-2-ylidene. The synthesis was performed
followed by Jafarpour et al.” As shown in Figure 18, the synthesis was performed using 1,3-

bis(2,6-diisopropyl phenyl) imidazolium chloride by the addition of Potassium Tert-butoxide in
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THE, it was allowed to react for 15 minutes inside a glovebox. Once the reaction finished, it was
then allowed to vacuum to remove any additional solvents. A white powder was obtained which
was 1,3-Bis(2,6-diisopropylphenyl)imidazole-2-ylidene.

+

H THF -
N/\N ' + KOBu — > N
\=/ \=/

1,3-bis(2,6-diisopropylphenyl) _ .
imidazoliumchloride 1,3-bis(2,6-diisopropylphenyl)
IPreHCI imidazol-2ylidene

Figure 18: Synthesis of 1,3-bis(2,6-diisopropylphenyl) imidazole-2-ylidene.?’

O

o

H H OH
| | 1-hexanol, reflux, 12 h
N -

~ N N
R \H/ R ~61% yield R/--\[("\R
S
1 a-c 2 a-b
K
~90% | THF
yield Reflux
1-3 R 4h
a Me

b I-Pr >.—_.—< —

Figure 19: Synthesis of NHC-Me and NHC-IPr.*?
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Similarly, the second and third synthesized carbenes to explore a smaller substituent H-
heterocycle carbene are 1,3,4,5-Tetramethyl Imidazole (NHC-Me) and 1,3-Diisopropyl-4,5-
dimethyl imidazol-2-ylidene. These were synthesized following Kuhn & Kratz work.*?> As shown
in Figure 19, the starting materials were for the second carbene N, N’-Dimethyl thiourea, and the
third carbene 1,3-Diallyl-2-thiourea. In separate round bottom flasks, both compounds were
allowed to reflux for 12 h along with 1-hexanol. For the second described carbene, 1,3,4,5-
tetramethyl imidazole-2-(3H)-thione was obtained, and for the third described carbene, 1,3-
Diisopropyl-4,5-dimethyl Imidazole-2-(3H)-Thione was isolated. Lastly, each thione was
reduced with potassium metal under reflexing conditions in THF to produce the carbenes in

moderate to good yields.

2.2 Synthesis and Characterization of New Heterometallic NiAl-Hydride Complexes

As discussed above, phosphines and carbene ligands were primarily employed given the strong
sigma-donating nature of the ligands. In addition to exploring whether the coordination of the
new donors would happen at Ni, Al, or both, we were intrigued to see if the hydride would
continue to be in a shared designation. Below, are the results of the incorporation of four varying
ligands: triphenylphosphine, bis-(diphenyl phosphino) methane, trimethyl phosphine, and

diisopropyl-4,5-dimethyl-Imidazol-2-ylidene.

2.2.1 NiAl-(PPhs): Complex

Triphenyl Phosphine (TPP) is a soft and bulky ligand that is a sigma donor that based on the

Tolman map can bind 3-4 phosphines to a Ni.!" 1> 13 In addition, TPP is one of the most common
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ligands employed in catalysis given its air stability, price, and effectiveness in cross-coupling
chemistry. TPP was sought due to the electronic similarities of the metalloligand phosphine
which is also a triarylphosphine ligand.!? Since this is possible, the stability of TPP may be
effortlessly attached to a single metal.?% 37 Triphenyl phosphine shows us that phosphine may
increase the electron density of Ni since the bulkier the group the stronger or higher electron

density it will add to the complex.

The addition of PPh3 was carried out in two separate ways, from the addition of Ni(COD). to
LAIH and two equivalents of triphenylphosphine, as well as the addition of four equivalents of
triphenylphosphine to NiAl; directly, balanced out with additional Ni(COD), (Figures 20 and

21).

ALYl
+ Ni(COD), + 2 : . h PPh,
-alkene \ \
< A
NS
tBu

tBu

Figure 20: Reaction of LAIH + TPP.
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Figure 21: Reaction of NiAl, + TPP.

The requirement to titrate with an additional equivalent of Ni is due to synthesis of a
heterobimetallic species from the heterotrimetallic NiAl, compound. Intriguingly, the synthesis
results in dissociation of a LAIH metalloligand indicating that the phosphine donors are likely
better ligands than LAIH. Also, one of the metalloligands retains the bridged hydride between Al
and Ni which is observed via NMR spectroscopy as well as single-crystal X-ray diffraction (SC-
XRD) also reveals that there is a shortening of the Ni-Al bond length which may indicate that Al
is accepting electron density more efficiently from Ni. This can be due to increased electron
density from the PPhs ligands in comparison to LAIH. The 3'P{'H} NMR spectrum presents as
two different multiples with corresponding coupling constants as is expected for the bound PPh3
and LAIH moieties. This reactivity sparked substantial interest as a new methodology for
accessing more of these rare motifs was determined. Examining the impact through the addition
of varying ancillary ligands was then targeted. Below, the experimental for the synthesis and
characterization of this compound is described. Including multinuclear NMR spectroscopy and

single-crystal X-ray structure depictions.
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Small scale synthesis: In a glovebox, using three different 20 mL scintillation vials were placed
with LAIH (20 mg, 0.0311 mmol), Ni(COD)> (8.55 mg, 0.0311 mmol), and Triphenyl phosphine
(16 mg, 0.0622 mmol). Using a whole pipette of CsDs, then it is added to the vial with LAIH.
Once this is well dissolved, it is transferred to the vial with Triphenyl phosphine. Again, when
this is well dissolved and integrated then it is transferred to the vial with the Ni(COD),. The
bright yellow solution displayed was then transformed into a burned orange solution. Once it is
all incorporated, the small scale is transferred to a j-young tube with a Teflon-key cap. This j-
young tube is taken out from the glovebox and placed in an oiled dish with a hot oil bath stirred
for 45 min at 60 °C. After that, the J-young tube is allowed to cool down and then it is analyzed
using an NMR. When the NMR is clean, then the j-young tube is taken inside the glovebox and
all volatiles were then removed in vaccuo and the crude material was triturated with n-pentane 3
x 1.5 mL. The crude solid was then extracted with diethyl ether and dried to afford 42.3 mg of
Ni-Al-(PPhs), in ~95% purity (87.62 % yield benzene, 6.82% ether, 5.54% pentane). 'H NMR
(400 MHz, C¢D¢, 298K): & 7.56 (d, *Jun = 5.06 Hz, 2H, PhH) 7.36 (t, *Jun = 8.0 Hz, 12H, PhH),
7.25 (broad m, W12 = 14.4 Hz, 2H, PhH), 6.94-6.88 (overlapping m, 21H, PhH), 6.69 (broad m,
Wi = 14.4 Hz, 4H, PhH), 6.46 (apparent t, *Jun = 8.1 Hz, 2H, PhH), 6.32 (broad m, W2 = 12.3
Hz, 2H, PhH), 2.95 (broad s, 6H, OCH3), 1.14 (broad overlapping singlet, 18H, C(CHz3)3), -1.78
(broad d, Jup W12 = 53.3 Hz, 1H, Al-H-Ni). 1*C {'H} NMR (101 MHz, C¢Ds, 298 K) & 140.34
(2™ order m, AXX’Y aryl-C), 137.53 (d, Jcp = 5.4 Hz, aryl-C), 136.64 (overlapping s, aryl-C),
136.26 (dt, 'Jcp = 37.6 Hz, Jcp = 3.5 Hz, aryl-C), 133.71 (2" order multiplet AXXY"Y, aryl-C),
133.08 (d, Jcp = 11.1 Hz, aryl-C), 129.54 (broad s, W12 = 15.4 Hz, aryl-C), 128.24 (broad s, aryl-
C), 127.95 (broad s, aryl-C), 127.71 (broad s, aryl-C), 127.47 (broad s, aryl-C), 127.26 (broad s,

aryl-C), 126.94 (d, Jcp = 9.29 Hz, aryl-C), 126.12 (s, aryl-C), 125.39 (s, aryl-C), 123.58 (broad
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s, Wiz =24.8 Hz, aryl-C), 122.38 (s, aryl-C), 120.69 (broad s, Wi = 181.5 Hz, aryl-C), 120.25
(s, aryl-C), 115. 20 (s, Jcp = 5.8 Hz, aryl-C), 109.42 (broad s, aryl-C), 55.07 (s, OCH3), 33.83 (s,
C(CHs)3), 31.30 (s, C(CH3)3), 28.03 (overlapping m, aryl-C). *'P {'H} NMR (161.97 MHz,
CeDs, 298 K) 6 29.23 (broad s, W12 = 57.59 Hz, 2P, PPhs) -12.47 (t, 2Jpp = 11.2 Hz, 1P, PPhAr).
C76H74AIN2N1O2P3 Theoretical: C % 74.45, H % 6.08, N % 2.28. Determined C % 74.47, H %

6.27, N % 2.04.
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Figure 22: "H NMR spectrum of NiAl-(PPhs)2 in C¢Ds.
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The NMR data shows that the main groups in the complex which are the tert-butyls, methoxys,

and phenyl groups, and lastly the Ni-H-Al showing at -1.78 ppm as a broad d. This peak is

slightly more upfield than the reported NiAl, complex, compared to -1.50 ppm.'® In addition, the

triphenylphosphine is easier to identify by *'P {{H} NMR, showing the peaks of a doublet

around 29.23 ppm for PPh3 and -12.47 ppm for PPhAr.
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Figure 23: *C{'H} NMR spectrum of NiAl-(PPhs)z in CsDs.
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Figure 24: 3'P{'H} NMR spectrum of NiAl-(PPh3)z in CsDs.
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Figure 25: XRD crystal structure of NiAl-(PPhs3)z.

Table 1: Properties of Bond Distances of NiAl-(PPhs)..

i
i

Ni-(P2/P3)

The crystal structure of NiAl-(PPhs),, as shown in Figure 25 and Table 2, is composed of normal

van der Waals’ shortest bond distance is 1.54(4) A which belongs to Ni-H. This is found to be far
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smaller than the ranging of an optimized Ni-H bond distance which is 1.81-187 A.%° This was
achievable since the triphenylphosphine donates its electron density to the Ni center. Then, Al-H
is found to be 1.74(4) A, which is longer than the expected Al-H bond distance previously
reported to be 1.66-1.79 A.? As one of the few complexes reported by Chen and colleagues the
Ni-Al bond distance was found to be 2.35-2.41 A, and the NiAl-(PPhs). bond distance between
Ni-Al was found to be 2.3222(16) A.%! For the Ni-P1 and Ni-(P2/P3) bond distances are between
2.18-2.20 A which are also smaller than the expected of previously reported complexes which
are around 2.28 A.'® The triphenylphosphine ligand brings together/assembles the overall
complex variant to be closer, and the regioselectivity and electron density forces to be in close

proximity.

2.2.2 NiAl-(dppm): Complex

Inspired by the previous results and interested in utilizing a chelating ligand to see if
coordination to both Ni and Al was achievable using Bis-(Diphenyl Phosphino) Methane (dppm).
Dppm is a tertiary phosphine ligand that binds easily to a variety of transition metals in low
oxidation state.** Since it plays a major role in stabilizing organometallic and hydride complexes,
then it influences to isolate compounds for the major part in catalysis. Furthermore, given the
vast literature shown to access dppm as a chelating ligand with both phosphines binding to one
and two metals, exploring its coordination chemistry was of substantial interest. For dppm ability
to either chelate or bridge coordination modes, this shows higher tendency to act as a
monodentate or bridging bidentate ligand.!”** In addition, dppm has a similar, but more electron-

rich profile when compared to PPhs, so exploring the impact of adjacent reaction to the
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triphenylphosphine coordinated species was also of interest.*® For all these reasons, dppm was

chosen among phosphine ligands to been part of the list of ancillary ligands.

As shown in Figure 28, the reaction proceeded in the analogous manner as it did to the
triphenylphosphine. No evidence of coordination between two metals or chelation is observed.
However, interesting insights were still attained. For example, the hydride still shows a bridged
nature between the Ni and Al center, however the chemical shift is now present at a resonance
more consistent with Ni behavior. In addition, the Ni-Al bond distance is once again contracted
which could again be due to the effect of a more donating ligand generating a more electron rich
Ni center. The 3'P{'H} NMR spectrum of this species displays three peaks at room temperature
which correspond to 1) the metalloligand phosphine 2) the bound dppm phosphorous centers,
and 3) the unbound phosphorus centers. Similar to the triphenylphosphine coordination
compounds, the geometry at Ni is tetrahedral with respect to the phosphine ligands and the Al-H
donor. Given the pattern of reactivity, that there is a favorable generation of heterobimetallic
complexes, more focus was emphasized on monitoring the impact of adding more electron-rich
ligands than exploring coordination to Al. As such, sigma donors of increasing strength was
targeted. Below, the experimental for the synthesis and characterization of this compound is

described. Including multinuclear NMR spectroscopy and single-crystal X-ray structure

depictions.
thPﬁ
OCH
H(U\/ ‘0CH;, Q Q CHZ0 ,?\“TTH PPh,
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ph— ,—/ -alkene N P\ PPhy
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Figure 26: Reaction of LAIH + dppm.

29



Small scale synthesis: In a glovebox, using three different 20 mL scintillation vial were placed
with LAIH (20 mg, 0.0311 mmol), Ni(COD): (8.55 mg, 0.0311 mmol) and Bis-(diphenyl
phosphino) methane (16 mg, 0.0622 mmol). Using a whole pipette of C¢Dg, then it is added to
the vial with LAIH. Once this is well dissolved, it is transferred to the vial with Bis-(diphenyl
phosphino) methane. Again, when this is well dissolved and integrated then it is transferred to
the vial with the Ni(COD),. The bright yellow solution displayed was then transformed into a
burned orange solution. Once it is all incorporated, the small scale is transferred to a j-young
tube with a Teflon-key cap. This J-young tube is taken out from the glovebox and placed in an oil
dish with a hot oil bath stirred for 45 min at 60 °C. After that, the J-young tube is allowed to cool
down and then it is analyzed using an NMR. When the NMR is clean, then the J-young tube is
taken inside the glovebox and all volatiles were then removed in vaccuo and the crude material
was triturated with n-pentane 3 x 1.5 mL. The crude solid was then extracted with diethyl ether
and dried to afford 40 mg of Ni-Al-(CH2(PPhz)2), in ~90% purity (23.35 % yield benzene,
56.64% ether, and 20% pentane). 'H NMR (400 MHz, C¢Ds, 298K): § 7.62 (broad d, *Jun = 9.26
Hz, 2H, PhH), 7.53 (broad d, *Juu = 12.94 Hz, 2H, PhH), 7.29-6.65 (overlapping m, PPh), 6.44
(t, *Jun = 8.5 Hz, 2H, PhH), 6.35 (d, *Jun = 7.8 Hz, 2H, PhH), 3.17 2Jup = 41.5 Hz, 2Jup = 14.5
Hz, 4H, PCH,P), 3.08 (s, 6H, OCH3) 1.13 (s, 18H, (C(CH3)3) -2.14 (apparent d, Jup = 54.5 Hz
Wiz = 62.09 Hz, Ni-H-Al). *C {!H} NMR (101 MHz, C¢Ds, 298 K) § 152.17 (ovetlapping
broad m, aryl-C), 141.24 (2" order multiplet, aryl-C), 139.36 (2™ order multiplet, aryl-C),
138.54 (broad m, aryl-C), 137.53 (broad m, Wi, = 13.4 Hz, aryl-C), 137.02 (dt, Jcp = 38.2 Hz,
Jep = 4.7 Hz, aryl-C) 133.25, (broad d, Jcp = 11.7 Hz, aryl-C), 132.81 (dd, Jcp = 20.2 Hz, Jcp =
9.50 Hz, aryl-C), 132.72 (doublet of m, Jcp = 95.2 Hz, aryl-C), 132.50 (d, Jcp = 12.7 Hz, aryl-C),

129.58 (broad m, W %2 = 19.6 Hz, aryl-C), 128.22 (s, aryl-C), 127. 93-127.45 (overlapping m,
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aryl-C), 126.95 (d, Jcp = 8.7 Hz, aryl-C), 125.93 (s, aryl-C), 125.41 (s, aryl-C), 123.53 (broad s,
W 2= 64.4 Hz, aryl-C), 122.47 (s, aryl-C), 120.19 (broad s, W 2 = 63.5 Hz, aryl-C), 115.29 (d,
Jcp = 5.6 Hz, aryl-C), 109.38 (s, aryl-C), 55.20 (s, OCH3), 33.80 (s, C(CH3)3), 32.86 (2™ order
multiplet AXX’YZ, Ni-PhoP-CH,-PPhy), 31.28 (s, C(CH3)3), -0.34 (broad s, aryl-C). *'P {!H}
NMR (161.97 MHz, CsDs, 298 K) 6 20.77 (broad s, W12 = 188.50 Hz, 2P, M-PPhoCH>PPh>),
5.07 (s, impurity), -12.29 (t, 2Jpp = 12.0 Hz, 1P, PPhAr), -22.34 (s, impurity), -26.95 (apparent d,
2Jpp = 60.05 Hz, 2P, M-PPh,CH2PPhy). Co1Ho1 AIN2NiO,Ps Theoretical: C % 73.59, H % 6.18, N

% 1.82. Determined C % 73.14, H % 6.21, N % 1.66.
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Figure 27: 'H NMR spectrum of NiAl-(dppm)2 in CeDe.
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The NMR studies show that the main groups in the complex which are the tert-butyls, methoxys,

and phenyl groups, and lastly the Ni-H-Al showing at -2.14 ppm as a broad d. This peak is

slightly more upfield than the reported NiAl> and NiAl-(PPhs)> complexes, compared to -1.50

and -1.78 ppm.'® In addition, the triphenylphosphine is easier to identify by *'P {{H} NMR,

showing the peaks of a broad s around 20.77 ppm for M-PPhoCH>PPhy, a t around -12.29 ppm

for PPhAr, and a broad d around -26.95 ppm for M-PPho,CH2PPh,. The other two peaks on the 3'P

{'"H} NMR, at 5.07 ppm and -22.34 ppm are impurities.
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Figure 28: *C{'H} NMR spectrum of NiAl-(dppm)2 in C¢De.
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Table 2: Properties of Bond Distances of NiAl-(dppm)a.

NiAl-(dppm):2 Bond distance A

1.43(13)

1.47(13)
1.55(12)
1.72(12)
2.269 (4)
2.276(4)
2.169 (2)

2.175(2)

Ni-(P2/P3) 2.171(2)
2.186(2)

The crystal structure of NiAl-(dppm)2, as shown in Figure 30 and Table 3, is composed of

normal van der Waals’ shortest bond distance is 1.43-1.47(4) A which belongs to Ni-H. This is

found to be far smaller than the range from NiAl-(PPhs), and NiAl> bond distance which is

1.54(4)-1.60(3)A. This was achievable since the bis(diphenyl phosphino) methane donates its

electron density to the Ni center. Then, Al-H is found to be 1.55(12)-1.72(12) A, which is smaller

than the expected Al-H bond distance previously reported of NiAl-(PPhs),. A, The NiAl-(dppm),

bond distance between Ni-Al was found to be 2.269(4)-2.276(4) A, which is also smaller than

the Ni-Al bond distance of NiAl-(PPhs), and NiAl> was found to be 2.3222(16)-2.3683(7) A. For

the Ni-P1 and Ni-(P2/P3) bond distances are between 2.169(2)-2.186(2) A which are also
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smaller than the expected of previously reported complexes which are around 2.28 A.'® The
Bis(diphenyl phosphino) methane ligand brings together/assembles the overall complex variant
to be closer than the triphenylphosphine variant, and the regioselectivity and electron density

forces to be in close proximity.

2.2.3 NiAl-(PMes): Complex

Trimethyl Phosphine is a smaller and strongly donating ligand compared to both dppm and
triphenylphosphine.®*-* This is in part due to the electron-donating methyl groups rather than the
phenyl groups. To monitor the effect of the hydride and the Ni-Al interaction,
trimethylphosphine was utilized in the synthesis of heterometallic species. Interestingly, the
synthesis of NiAl-(PMes3); takes longer to proceed in comparison to both PPh; and dppm variants
discussed above. At first, the synthesis of this complex was performed following the same
methodology as NiAl-(PPhs), but since trimethyl phosphine takes longer to react and gives less
yield, then the methodology was modified. This reaction is shown in Figure 34. Once the
complex was isolated, intriguing data was acquired. The hydride shift in the '"H NMR spectra is
observed at a very upfield chemical shift, which may indicate more Ni-H character. The 3'P{'H}
NMR spectra is observed as a triplet and doublet, corresponding to the metalloligand, and the
trimethyl phosphine moieties, respectively. The single-crystal XRD studies showed further
shortening of the Ni-Al interaction which was expected. Overall, these three complexes
demonstrate an intriguing trend in the changes of the electronic distribution of the subunits.
Further perturbation with even stronger sigma donors was then sought. Below, the experimental
for the synthesis and characterization of this compound is described. Including multinuclear

NMR spectroscopy and single-crystal X-ray structure depictions.
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Figure 32: Reaction of NiAl, + TMP.

Small scale synthesis: In a glovebox, three different 20 mL scintillation vials were placed with
LAIH (20 mg, 0.0311 mmol), Ni(COD): (8.55 mg, 0.0311 mmol), and Trimethyl phosphine (16
mg, 0.0622 mmol). Using a whole pipette of CsDg, then it is added to the vial with LAIH. Once
this 1s well dissolved, it is transferred to the vial with Trimethyl phosphine. Again, when this is
well dissolved and integrated then it is transferred to the vial with the Ni(COD),. The bright
yellow solution displayed was then transformed into a burned orange solution. Once that it is all
incorporated, the small scale is transferred to a J-young tube with a Teflon-key cap. This J-young
tube is taken out from the glovebox and placed in an oil dish with a hot oil bath stirred for 45

min at 60 °C. After that, the J-young tube is allowed to cool down and then it is analyzed using
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an NMR. When the NMR is clean, then the j-young tube is taken inside the glovebox and all
volatiles were then removed in vaccuo and the crude material was triturated with n-pentane 3 x
1.5 mL. The crude solid was then extracted with diethyl ether and dried to afford 39.2 mg of
NiAl-(PMes): in ~88% purity (42.81% in benzene, 38.55% in ether, 18.64% in pentane). 'H
NMR (400 MHz, C¢Ds, 298K) & 7.91 (apparent t, *Jun = 8.9 Hz, 4H, PhH), 7.31 (d, *Jun = 8.2
Hz, 2H, PhH ), 7.25 (apparent t, *Jun = 8.8 Hz , 2H, PhH), 7.08-7.02 (overlapping multiplets,
5H, PhH), 6.76 (apparent t, >Jun = 7.4 Hz, 2H, PhH), 6.68 (apparent t, >Jun = 7.4 Hz, 2H, PhH),
6.35 (d, *Jun = 7.9 Hz, 2H, PhH), 3.06 (s, 6H, OCH3), 1.22 (s, 18H, C(CH3)3), 0.95 (s, 18H,
P(CHa)3), -3.28 (apparent d, Jup = 54.5 Hz, Wi, = 96.9 Hz, 1H, Al-H-Ni). 3C {'"H} NMR (101
MHz, C¢Ds, 298 K) & 152.40 (d, 2Jcp = 14.5 Hz, aryl-C), 151.99 (s, aryl), 139.78 (dt , 'Jcp = 36.3
Hz, 2Jcp = 5.6 Hz, aryl-C), 138.33 (broad s, aryl-C), 137.39 (d, 2Jcp = 5.3 Hz, aryl-C), 132.44 (d,
2Jcp = 11.6 Hz, aryl-C), 129. 06 (s, aryl-C), 126.91 (d, 2Jcp = 8.5 Hz, aryl-C), 126.42 (s, aryl-C),
125.41 (s, aryl-C), 123.01 (broad s, aryl-C), 122.54 (broad s, aryl-C), 121.88 (dt, 'Jcp = 44.1 Hz,
2Jep =9.1 Hz, aryl-C), 119.72 (broad s, aryl-C), 115.67 (d, 2Jcp = 6.0 Hz, aryl-C), 110.13 (s, aryl-
C), 65.55 (broad s, aryl-C), 55.21 (s, OCH3), 51.52 (broad s, aryl-C), 33.84 (s, C(CHz)3), 31.36
(s, C(CH3)3), 21.91 (dt, 'Jep = 11.1 Hz, 2Jcp = 4.5 Hz, P(CH3)3). *'P{'H} NMR (161.97 MHz,
CeDs, 298 K) § -9.2 (t, 2Jep = 9.1 Hz 1P, PPhAr), -21.11 (d, 2Jep = 9.1 Hz 2P, PMe3) CasHe2Al
N2NiO2P; Theoretical: C % 64.73, H % 7.32, N % 3.28. Determined C % 62.59, H % 7.38, N %

3.03.
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Figure 33: '"H NMR spectrum of NiAl-(PMe3)2 in C¢De.

The NMR data shows that the main groups in the complex which are the tert-butyls, methoxys,
and phenyl groups, and lastly the Ni-H-Al showing at -3.28 ppm as a broad d. This peak is
slightly more upfield than the reported NiAl>, NiAl-(PPh3)2, and NiAl-(dppm)2 complexes,
compared to -1.50 ppm, -1.78 ppm, and -2.14 ppm.'¢ In addition, the trimethylphosphine is
easier to identify by *'P{'H} NMR, showing the peaks of a t around -9.2 ppm for PPhAr and a d

around -21.11 ppm for PMes.
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Figure 36: XRD crystal structure of NiAl-(PMes3)>.

Table 3: Properties of Bond Distance of NiAl-(PMe3)s.

NiAl-(PMes3): Bond Distance A

Ni-H 1.61(4)
1.67(4)

A

N

H 1.68(4)
1.71(4)

i-Al 2.2503(7)
Ni-(P1) 2.1410(6)

Ni-(P2/P3) 2.1570(7)
2.1612(7)
2.1674(7)
2.1706(7)
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The crystal structure of NiAl-(PMe3)2, as shown in Figure 36 and Table 4, is composed of normal
van der Waals’ shortest bond distance is 1.61-1.67(4) A which belongs to Ni-H. This is found to
be far smaller than the range for NiAl-(dppm), which is 1.43-1.47(13) and bigger for NiAl-
(PPhs), and NiAl bond distance which is 1.54(4)-1.60(3)A. This was achievable since the
trimethyl phosphine donates its electron density to the Ni center. Then, Al-H is found to be
1.68(4)-1.71(4) A, which is bigger than NiAl-(dppm), which is 1.55-1.72(12) A and smaller than
the expected Al-H bond distance previously reported of NiAl-(PPhs),. The NiAl-(PMes). bond
distance between Ni-Al was found to be 2.2503-2.2613(7) A, which is smaller than the Ni-Al
bond distance compared to the NiAl-(dppm)2, NiAl-(PPhs)., and NiAl, was found to be 2.269-
2.3683(7) A. For the Ni-P1 and Ni-(P2/P3) bond distances are between 2.1410(6)-2.1674(7) A
which are also smaller than the expected of previously reported complexes which are around
2.28 A.'® The trimethyl phosphine ligand brings together and assembles the overall complex
variant to be closer than the triphenylphosphine variant, and the regioselectivity and electron

density forces it to be in close proximity.

2.2.4 Anionic Hydride Complex

The only one of the three carbenes that work and proceed to yield a product is Diisopropyl-4,5-
dimethyl-Imidazol-2-ylidene (NHC-IPr). NHC-IPr is considered a strong organic base.!>-%4463
For this reason, it works, or it mainly employs methyl abstraction. The synthesis of anionic
hydride was somewhat surprising but intriguing. It showed that the Al-H-Ni species can be
stabilized at a negative charge. The synthesis of the anionic hydride uses NiAl-(PMe3): as the

precursor as the NiAl: species produced different reactivity. Starting with this complex allowed

the methyl abstraction to occur from one of the methoxy’s from the original structure. Interested
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in the impact of aspects such as charge and ancillary ligands of different strength catalysis with
the varying complexes using quinoline, H-BPin, and heterometallics, and was explored and is
discussed later. The anionic hydride was again characterized by multinuclear NMR and single-
crystal XRD. The NMR studies show that the species is desymmetrized and has three phosphine
resonances and a hydride appearing upfield of -4.07 ppm. The solid-state structure shows an
elongation of the Ni-Al bond which is likely due to the increased negative charge. Below, the
experimental for the synthesis and characterization of this compound is described. Including

multinuclear NMR spectroscopy and single-crystal X-ray structure depictions

CH4O \. Phes 7__
Wane =
o PMe3 + — CH;0 '._” H FMe;
iR il (Al
e
| *n 7 ~ \T AN e,

tBu ) \ \F'h

Figure 37: Reaction of NiAl-(PMes), and NHC-IPr.

Small-scale synthesis: In a glovebox, three different 20 mL scintillation vials were placed with
NiAl-(PMes)2 (20 mg, 0.0311 mmol), and Diisopropyl-4,5-dimethyl-Imidazol-2-ylidene (16 mg,
0.0622 mmol). Using a whole pipette of CsDs, when this is well dissolved and integrated then it
was allowed to react for half an hour. The bright yellow solution displayed was then transformed
into a bright orange solution. Once that it is all incorporated, the small scale is transferred to a J-
young tube with a Teflon-key cap. This J-young tube is taken out from the glovebox and placed

in an oil dish with a hot oil bath stirred for 45 min at 60 °C. After that, the J-young tube is
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allowed to cool down and then it is analyzed using an NMR. When the NMR is clean, then the j-
young tube is taken inside the glovebox and all volatiles are then removed in vaccuo and the
crude material was triturated with n-pentane 3 x 1.5 mL. The crude solid was then extracted with
diethyl ether and dried to afford 34.5 mg of NiAl-(PMes),-NHC-IPr(3) in ~96% purity. 'H NMR
(400 MHz, C4Ds0, 298K): § 7.72-7.64 (overlapping m, 3H, PhH), 7.54 (dd, *Jun = 6.1 Hz, *Jun
= 8.2 Hz, 1H, PhH), 7.36 (apparent t, *Jun = 6.2 Hz, 1H, PhH), 7.22 (apparent t, *Juu = 7.2 Hz,
2H, PhH), 7.17 (apparent t, *Juu = 7.3 Hz, 1H, PhH),7.08 (d, *Jun = 7.1 Hz, 1H, PhH), 6.95
(apaparent t, *Jun = 10.7 Hz, 2H, PhH), 6.88 (apparent t, *Jun = 7.5 Hz, 1H, PhH), 6.76-6.64
(overlapping multiplets, 3H, PhH), 6.43 (d, *Jun = 7.2 Hz, PhH), 6.38 (t, >*Jun = 7.3 Hz, PhH),
6.06 (apparent t, >Jun = 7.2 Hz, 1H, PhH), 5.93 (apparent t, >Jun = 7.2 Hz, 1H, PhH), 4.31 (sep,
3Jun = 7.2 Hz, 2H, CH(CHs)2), 3.48 (s, 3H, OCH3), 2.06 (overlapping s, 9H, imidazolium CH3),
1.25 (d, *Jun = 7.2 Hz, 12H, CH(CHs)2), 1.23 (s, 9H, C(CH3)3), 1.14 (s, 9H, C(CHs)3), 0.85 (d,
3Jun = 4.2 Hz, 9H), 0.66 (d, *Jun = 4.2 Hz, 9H), -4.07 (apparent d, Jup = 44.8 Hz, W12 = 115.2
Hz, 1H, Ni-H-Al). *C{'H} NMR (101 MHz, C4Ds0, 298 K) § 158.08 (s, aryl-C), 157.82 (d, Jcp
=17.5 Hz, aryl-C), 156.07 (s, aryl-C), 150.53 (d, Jcp = 12.0 Hz, aryl-C), 143.21 (ddd, Jcp = 26.4
Hz, Jcp = 10.9 Hz, Jcp = 1.9 Hz, aryl-C), 142.07 (s, aryl-C), 141.76 (s, aryl-C), 139.13 (s, aryl-
C), 134.74 (d, Jcp = 5.5 H, aryl-C), 132.80 (d, Jcp = 12.4 Hz, aryl-C), 132.36 (d, Jcp = 4.6 Hz,
aryl-C), 132.18 (s, aryl-C), 130.33 (s, aryl-C), 127.48 (ddd, Jcp = 42.9 Hz, Jcp = 13.3 Hz, Jcp =
8.5 Hz, aryl-C), 125.95 (d, Jcp = 8.8 Hz, aryl-C), 125.66 (s, aryl-C), 125.05 (s, aryl-C), 124.66 (s,
aryl-C), 124.24 (s, aryl-C), 121.99 (s, aryl-C), 120.95 (s, aryl-C), 119.92 (s, aryl-C), 116.45 (dd,
Jep = 19.0 Hz, Jep = 17.5 Hz, aryl-C), 116.16 (d, Jcp = 6.3 Hz, aryl-C), 116.08 (s, aryl-C),113.66
(s, aryl-C), 113.41 (d, Jcp = 5.6 Hz, aryl-C), 113.24 (s, aryl-C), 112.41 (s, aryl-C), 111.17 (s, aryl-

C), 54.44 (s, CH(CHs)2), 50.38 (s, OCHs), 33.69 (s, C(CH3)3), 33.35 (s, C(CH3)3), 31.37 (s,
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C(CHs)3), 31.11 (s, C(CHs)s3), 22.50 (ddd, Jep = 12.6 Hz, Jep = 7.4 Hz, Jep = 5.2 Hz, P(CHa)3),
21.69 (ddd, Jep = 13.2 Hz, Jep = 7.8 Hz, Jep = 5.5 Hz, P(CHz)3), 20.27 (s, CH(CHa),), 10.24 (s,
PrNCCH;3NPr), 8.84 (s, NCCH;CCH;3N). *'P {'H} NMR (161.97 MHz, C4Ds0, 298 K) & -0.65
(d, 2Jpp = 32.5 Hz, 2Jbp = 6.4 Hz, 1P, PPhAr), -16.65 (dd, 2/pp = 30.5 Hz, 2Jpp = 6.4 Hz, 1P,
P(CHs)s), -21.91 (s, impurity), -25.45 (dd, 2Jep = 30.5 Hz, 2/pp = 32.5 Hz, 1P, P(CHa)s).

Cs7Hs AINGNiO2P; Theoretical: C % 66.22, H % 7.99, N % 5.42. Determined C % 65.02, H %

8.02, N % 5.07.
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Figure 38: '"H NMR spectrum of NiAl-(PMe3)2-NHC-IPr in C¢Ds.

45



The NMR data shows that the main groups in the complex which are the tert-butyls, methoxys,
and phenyl groups, and lastly the Ni-H-Al showing at -4.07 ppm as a broad d. This peak is
slightly more upfield than the reported NiAl>, NiAl-(PPh3),, NiAl-(dppm)2, NiAl-(PMes)>
complexes, compared to -1.50 ppm, -1.78 ppm, -2.14 ppm and -3.28.'¢ In addition, the anionic
hydride variant is complex to identify by *'P{!H} NMR, showing the peaks of a d around -0.65

ppm for PPhAr, a d around -16.65 ppm for P(Me3)s, and a t around -25.45 ppm for P(Me3)s.

There is an extra peak of a broad s around -21.91 ppm that is an impurity.
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Figure 39: 3C{'H} NMR spectrum of NiAl-(PMe3)2-NHC-IPr in CsDs.
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Figure 40: *'P{'H} NMR spectrum of NiAl-(PMe3s)2-NHC-IPr in C¢De.
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Figure 41: XRD crystal structure of NiAl-(PMes)2-NHC-IPr.

Table 4: Properties of Bond Distances of NiAl-(PMe3)>-NHC-IPr(3).

Ni-H 1.19(3)
1.31(3)
1.88(3)
1.75(3)
2.3336(11)
2.3358(11)
2.1311(10)
2.1329(10)
2.1661(11)
2.1614(11)
2.1559(11)
2.1677(10)

48



The crystal structure of NiAl-(PMes),-NHC-IPr, as shown in Figure 41 and Table 5, is composed
of normal van der Waals’ shortest bond distance is 1.19-1.31(3) A which belongs to Ni-H. This is
found to be far smaller than the range for NiAl>, NiAl-(PPh3)2, NiAl-(dppm)2, and NiAl-(PMe3),
which is the bond distance which is 1.43(4)-1.67(4)A. This was achievable since the trimethyl
phosphine donates its electron density to the Ni center. Then, Al-H is found to be 1.75-188(3) is
bigger than NiAl-(PMes), and NiAl-(dppm)2 bond distance which is 1.55(4)- 1.72(4) A, and
smaller than the expected Al-H bond distance previously reported of NiAl-(PPhs).. The NiAl-
(PMe3)>-NHC-IPr bond distance between Ni-Al was found to be 2.3336-2.3358(11), which is
bigger than the bond distance of NiAl-(PMes), found to be 2.2503-2.2613(7) A and similar range
to the bond distance compared to the NiAl-(dppm)2, NiAl-(PPhs),, and NiAl, was found to be
2.269-2.3683(7) A. For the Ni-P1 and Ni-(P2/P3) bond distances are between 2.1559(11)-
2.1677(10) A which are also smaller than the expected of previously reported complexes which
are around 2.28 A.'8 The trimethyl phosphine ligand brings together/assembles the overall
complex variant to be closer than the triphenylphosphine variant, and the regioselectivity and

electron density forces it to be in close proximity.

2.2.5 Analysis of Overall Structural Parameters

Given that all four complexes were isolated by single crystal XRD, it offered the chance to gain
insight by comparing bond metrics. Intriguing parameters to monitor are the Ni-Al distances
which show a contraction and then an elongation. Furthermore, the bond angles about the
coordination sphere at Ni show tetrahedral geometry throughout. The quality of the data sets is

good and relevant XRD parameters are shown in the table below.
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Table 5: Overall comparison between all complexes. This data was collected from a
collaboration between RICE and UTSA.
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2.3 Ancillary Ligands Employed Leading to Auxiliary/Negligible Reactivity

Among the variety of different ligands used for the amplification of reactivity of the parent
complex or LAIH, the list of ligands consisted of highly reactive electron-rich and electron-poor
groups. Surrounded by different ligands utilized for the entirety of the trials it was used
phosphines, N-heterocyclic carbenes, a silane, pyridines, nitriles, acetylenes, and phosphino

ethane.

In order of priority, utilizing NHCs offers better and stronger donors than phosphines or any
other ligand.® For this reason, this set of trials was focused on utilizing phosphines overall. Table

1 summarizes the list of conditions used.

OCH
o /) JOCH;

X
Y

+ NiCOD), + R

tBu

LAIH

Figure 42: General methodology behind the small-scale reaction with unsuccessful ligands. In
this case, R is every ligand listed in Table 1.
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Table 6. List of ligands used, # of equivalence, temperature, and attempts.

Ligand Equivalences | Temperature | Attempts
a. Trimethyl Phosphite 2 RT 2
b. Tri-tert-butyl phosphine 3 RT 2
c. Triphenyl phosphine 2 RT 2
d. 1,3-Bis(2,6-diisopropylphenyl) 2 RT 2

Imidazol-2-ylidene
e. Vinyl-Trimethyl Silane 2 RT 1
f. 1,3,4,5-tetramethyl Imidazole 4 RT 2
(NHC-Me) 2 2
g. Tricyclo Phosphine (PCys3) 2 RT 2
h. Tris(dimethylamino) Phosphine 2 RT 2
(P(NMes)»)
1. 2,2’-Dipyridyl 2 RT 2
J. 4-dimethylaminopyridine (DMAP) | 2 RT 3
k. Diphenylacetylene 1 RT 1
2 1
10 3
1. 1,2-Bis(Diphenyl Phosphino) 1 RT 1
Ethane
m. Benzonitrile 1 RT 1
2 2
10 2
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2.4 Catalytic Trials with Heterometallics

One of the main motivations for the synthesis sections above is to perform catalytic trials using
the new heterometallic complexes and monitor the performance. As discussed in the
introduction, catalysis is the ability of a species to lower the activation energy of a reaction
without the species being consumed.” Catalytic transformations are essential in inorganic
chemistry since one of the motivations to synthesize multimetallic complexes for the benefit
lowering the barriers to accomplishing catalysis. The main motive of catalytic transformations of
our heterotrimetallic and heterobimetallics is to break down N-heterocyclic atoms. We have
showed previously that the heterometallic NiAl, complex is a highly active catalyst for the
hydrofunctionalizaition of N-heterocycles. Monitoring the impact of the additional ancillary
ligands is crucial in better understanding the reasoning behind the amplification of reactivity

from the NiAl species to the LAIH species.

In this section, catalytic reactions with H-BPin, quinoline, and 5% of the heterometallic catalysts
are conducted. Within the section, two catalytic trials were performed using NiAl» and NiAl-

(PPh3),.'¢
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2.4.1 NiAlz Complex Catalysis
E|3Pin BPin
N % 5% catalyst N |
X N\ NiAl, N
+ B-H —— > +
= J O/ 600 C -
Figure 43: Reaction of Quinoline and H-BPin with 5% NiAl, catalyst.'®

As reported before, figure 44 shows the reaction of Quinoline and H-BPin using 5% NiAl,. The
catalytic capabilities of NiAl, demonstrate the dearomatization of N-heterocycles. To
demonstrate comparative reactivity, the catalytic trials needed to be repeated to observe the direct
impact of the heterometallic complex. The reaction shows that after an hour of being heated at 60
°C, the NMR spectra shows that catalyst NiAl, is not consumed and shows resonances consistent
with two new dearomatized N-heterocycles. In this hydroboration of quinoline, it shows the
appearance of 1,4 and 1,2 isomers of the dearomatized heterocycle in a 2:1 ratio.'® This data was
presented in the paper by our group. As shown in Figures 44 and 45, the 'H and *'P {'"H} NMR
shows the appearance of 1,4 and 1,2 isomers of quinoline in accordingly peaks such as 6.90-6.70

and 6.26 for olefinic-H.%?

For 1,4-isomer: 'H NMR (400 MHz, C¢Ds, 298K): & 8.11 (d, *Jun = 8.2 Hz, 1H, PhH), 7.07 (t,
3Jun = 7.53 Hz, 1H, PhH), 6.90-6.77 (overlapping m, 3H, PPh + olefinic H), 4.81 (dt, *Juu =
9.56 Hz, *Jun = 4.25 Hz, 1H, olefinic-H), 3.31 (d, *Jun = 4.2 Hz, 2H, alkyl-H), 1.02 (s, 12H,
BPin), *'P {'H} NMR (161.97 MHz, CsDs, 298 K) & 0.08 (broad s, Wi, = 188.50 Hz, Ni-H-Al),

-28. (s, PPhAT).
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For 1,2-isomer: 'H NMR (400 MHz, C¢Ds, 298K): 5 7.91 (d, *Jun = 7.5 Hz, 1H, PhH), 7.09 (t,
3Jun = 7.6 Hz, 1H, PhH), 6.90-6.77 (overlapping m, 2H, PPh), 6.26 (d, 3Jun = 9.2 Hz, 1H,
olefinic-H) 5.57 (dt *Jus = 9.7 Hz, *Jun = 4.1 Hz 1H, olefinic-H), 4.14 (d, *Jun = 4.4 Hz, 2H,
alkyl-H), 1.04 (s, 12H, BPin), *'P {'H} NMR (161.97 MHz, C¢Ds, 298 K) & 0.08 (broad s, W1, =

188.50 Hz, Ni-H-Al), -28.0 (s, PPhAT),

I
5
i

L L
U

S
g

Figure 44: 'TH NMR spectrum of catalytic reaction using 5 % NiAlz in CeDe.
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Figure 45: *'P{'H} NMR spectrum of catalytic reaction using 5 % NiAlz in C¢Ds.

2.4.2 NiAl-(PPh3): Complex

5% catalyst

N 2 N N
\ SN NiAl-(PPh;),
+ B-H > | +
F ~q 600 C -

Figure 46: Reaction of Quinoline and H-BPin with 5% NiAI-(PPh3), catalyst

Similarly to NiAlz, as shown in Figure 46 the catalytic reaction was performed with the same
parameters but using the heterobimetallic PPhs-coordinated complex. The results showed that

dearomatization was still observed in N-heterocycles. In this hydroboration of quinoline, it
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shows the appearance of 1,4 and 1,2 isomers of the dearomatized heterocycle in a 2:1 ratio. As
shown in Figures 46 and 47, the 'H and *'P{'H} NMR shows the appearance of 1,4 and 1,2
isomers of quinoline in accordingly peaks such as 6.90-6.70 and 6.26 for olefinic-H.** Ongoing
studies to monitor the impact of the ancillary ligands in selectivity and activation in catalysis are

underway.

For 1,4-isomer: 'H NMR (400 MHz, C¢Ds, 298K): & 8.12 (d, *Jun = 8.3 Hz, 1H, PhH), 7.08 (t,
3Jun = 7.6 Hz, 1H, PhH), 6.91-6.70 (overlapping m, 3H, PPh + olefinic H), 4.80 (dt, *Jun = 9.6

Hz, 3Jun = 4.3 Hz, 1H, olefinic-H), 3.32 (d, *Jun = 4.3 Hz, 2H, alkyl-H), 1.03 (s, 12H, BPin)

For 1,2-isomer: 'H NMR (400 MHz, C¢Ds, 298K): § 7.91 (d, *Jun = 7.5 Hz, 1H, PhH), 7.09 (t,
3Jun = 7.6 Hz, 1H, PhH), 6.90-6.77 (overlapping m, 2H, PPh), 6.26 (d, *Jun = 9.2 Hz, 1H,
olefinic-H) 5.57 (dt *Jun = 9.7 Hz, *Jun = 4.1 Hz 1H, olefinic-H), 4.14 (d, *Jun = 4.4 Hz, 2H,

alkyl-H), 1.04 (s, 12H, BPin)

57



Figure 47: '"H NMR spectrum of catalytic reaction using 5 % NiAl-(PPh3)z in C¢De.
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Figure 48: *'P{'H} NMR spectrum of catalytic reaction using 5 % NiAl-(PPhs)z in C¢De.
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CHAPTER III
ELECTRONIC STRUCTURE STUDIES OF HETEROMETALLIC HYDRIDES

3.1 Wiberg Bond Index and QTAIM Analyses of Heterometallic Molecules,

Heterotrimetallic molecule, and Alane

Natural Bond Orbital (NBO) analysis and Quantum Theory of Atoms in Molecules (QTAIM)
analysis are computational methods that can provide insights into molecular electronic structure
and bonding.%** Both NBO and QTAIM need to be performed on optimized structures. One of
the main results obtained from NBO analysis is the Wiberg Bond Index (WBI)?’, which is a
chemically interpretable bond order value calculated from the population or natural orbitals.*”>’
In this study, we performed the NBO analysis to better understand the electronic structure of
these heterocomplexes and to build a connection between experimental and computational
observations.

In QTAIM analysis, the real space electron density data is analyzed topologically to obtain
chemical information such as bonding. Most information from QTAIM is provided via critical
points, where the Laplacian of electron density is zero. A critical point denoted as (3, Xx) means
that at this point, the electron density function is maxima along (3-x)/2 dimensions and is minima
along (3+x)/2 dimensions. The main critical points are the following: atom critical point (3, -3),
bond critical point (BCP) (3, -1), ring critical point (3, 1), and cage critical point (3, 3).>® These
critical points provide the main components to identifying/providing the principal atoms

involved such as the electron density (Rho value, p), the Laplacian of the electron density (V°

(p)), the ellipticity (Ellipticity), the electron kinetic energy density (k), and the difference
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between the bond path length for every geometric bond length (BPL-GB_1).*° In this work, we
focused on calculating the electron density p value at BCPs to better understand the bonding in
the complexes.

In this study, the structure of our four main heterometallic complexes was first optimized using
density functional theory (DFT) calculations. The BP86 functional along with def2-SVP (for H,
C, N, O, and P) and def2-TZVP (for Al and Ni) basis sets were used.**!??> Vibrational frequency
analysis was then performed to verify that all optimized structures have no imaginary
frequencies. NBO and QTAIM analysis was then carried out using the optimized structures,

using Multiwfn and AIMAII programs.!-*

3.1.1. Triphenyl Phosphine Ligand

The data reported are the WBIs, the electron density rho values at BCPs, and the bond distances
of the key bonds: Ni-H, Al-H, and Ni-Al. The higher the value of WBI, the stronger the covalency
between the two atoms under investigation. Similarly, the higher the electron density or Rho value
the stronger the bonding between those two. As shown in Table 7, Ni-H has higher WBI, larger
rho, and shorter distances than Al-H, indicating that the Ni-H bond is stronger than Al-H bond.
For Ni-Al, the value for WBI was even lower which is 0.3349, the Rho value was not found, and
the bond distance was longer. The reasoning behind this is due to the ancillary ligand bonded to
the complex, in this case, triphenylphosphine.?’ Since triphenylphosphine is an electron-donating

ligand, then it is donating its electron density to the main metal in this case Ni.
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Figure 49: Optimized structure of NiAl-(PPhs)..

Table 7. WBIs, Rho values, and Bond distances of NiAl-(PPh3)s.

NiAl-(PPhs):  WBI Bond distance (A)

0.4746 0.0905
0.3734 0.0638 1.7126
0.3475 C.P. not found 2.2640

3.1.2. Bis-(Diphenyl Phosphino) Methane Ligand

Bis-(Diphenyl Phosphino) Methane is a bulky electron-donating ligand known as dppm which is
expected to have similar bonding pattern as triphenylphosphine. Same as in the

triphenylphosphine ligand, here the Ni-H bond also appears stronger than Al-H. As shown in

62



Table 8, Ni-H has higher WBI, larger rho, and shorter distances than Al-H, indicating that the Ni-
H bond is stronger than the Al-H bond. The experimental bond distance for Ni-H was found to be
1.43(13)-1.47(13) A compared to the theoretical which is 1.6357 A. For Al-H, the experimental
bond distance was found to be 1.55(12)-1.72(12) A compared to the theoretical which is 1.7300
A. Experimental bond lengths involving H are not accurate due to the limitation of X-Ray
crystallography. The theoretical bond distances correlate with the For Ni-Al, the value for WBI
was even lower which is 0.3554, the Rho value was not found, and the bond distance was longer
which is 2.2778 A. The experimental bond distances of Ni-Al are found to be lower than the
theoretical, these were found to be 2.269(4)-2.276(4) A. The reasoning behind this is due to the
ancillary ligand bonded to the complex, in this case, bis(diphenyl phosphino) methane.? Since
bis(diphenyl phosphino) methane is an electron-donating ligand, then it donates its electron

density to the main metal in this case Ni.
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Figure 50: Optimized structure of NiAl-(dppm)..
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Table 8. WBIs, Rho values, and Bond distances of NiAl-(dppm)s..

NiAl-(dppm): Rho P) Bond distance (A)

Ni-H 0.4883 0.09095 1.6357

Al-H 0.3735 0.06525 1.7300

0.3554 C.P.notfound 22778

3.1.3. Trimethyl Phosphine Ligand

Similarly to the NiAl-(PPhs), the trimethyl phosphine donates its electron density to the nickel
center, which indicates that the WBIs are higher and the bond distance between Ni-H is closer or
lower than AI-H. As shown in Table 9, Ni-H has higher WBI, larger rho, and shorter distances
than Al-H, indicating that the Ni-H bond is stronger than the Al-H bond. The experimental bond
distance for Ni-H was found to be 1.61(4)-1.67(4) A compared to the theoretical which is 1.6578
A. For Al-H, the experimental bond distance was found to be 1.68(4)-1.71(4) A compared to the
theoretical that is 1.7268 A. The theoretical bond distances correlate with the For Ni-Al, the value
for WBI was even lower which is 0.3848, the Rho value was not found, and the bond distance
was longer which is 2.2542 A. The experimental bond distances of Ni-Al were found to be lower
than the theoretical, these were found to be 2.2503(7)-2.2613(7) A. The reasoning behind this is
due to the ancillary ligand bonded to the complex, in this case, trimethyl phosphine.>> Since
trimethyl phosphine is an electron-donating ligand, then it donates its electron density to the main

metal in this case Ni.
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Figure 51: Optimized structure of NiAl-(PMe3)s.

Table 9. WBIs, Rho values, and Bond distances of NiAl-(PMe3)s.

0.4868 0.0876 1.6578
0.3946 0.0655 1.7265
0.3848 C.P.notfound 22542

3.1.4. Diisopropyl-4,5-dimethyl-Imidazol-2-ylidene Ligand

We also modeled the experimentally synthesized anionic hydride derived from NiAl-(PMe3)s,
since this was synthesized differently and is considered an ion the approach to work on the

trimethyl phosphine donates its electron density to the nickel center, which indicates that the
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WBIs are higher and the bond distance between Ni-H is closer or lower than Al-H. As shown in
Table 10, Ni-H has higher WBI, larger rho, and shorter distances than Al-H, indicating that the
Ni-H bond is stronger than the Al-H bond. The experimental bond distance for Ni-H was found
to be 1.19(3)-1.31(3) A compared to the theoretical which is 1.6204 A. For Al-H, the
experimental bond distance was found to be 1.88(3)-1.75(3) A compared to the theoretical that is
1.7340 A. The theoretical bond distances correlate with the For Ni-Al, the value for WBI was
even lower which is 0.3348, the Rho value was not found, and the bond distance was longer
which is 2.3430 A. The experimental bond distances of Ni-Al are found to be lower than the
theoretical, these were found to be 2.3336(11)-2.3358(11) A. The reasoning behind this is due to
the ancillary ligand bonded to the complex, in this case, trimethyl phosphine and Diisopropyl-
4,5-dimethyl-Imidazol-2-ylidene.%® Since trimethyl phosphine and Diisopropyl-4,5-dimethyl-
Imidazol-2-ylidene are electron-donating ligands, then it donates its electron density to the main

metal in this case Ni.
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Figure 52. Optimized structure of NiAl-P(Mes), + NHC-IPr.
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Table 10. WBIs, Rho values and Bond distances of NiAl-P(Me3). + NHC-IPr.

0.5220 0.0936 1.6204
0.3670 0.0631 1.7340
0.3348 C.P. not found 2.3430

3.1.5. Overall

Along with the optimized structure of all complexes, Table 11 shows the comparison between
WBISs and Rho values between complexes. As observed, the biggest WBI is 0.522 along with the
Rho value is 0.0936 for the Ni-H bond for the NiAl-(PMe3)>-NHC-IPr or Anionic hydride. The
reason behind this is due to having a charge in this complex which makes the atoms to be closer
to each other. The smallest WBI is 0.4846 of NiAl-(PPh;3); and the smallest Rho value is 0.0876
of NiAl-(PMe3), for the Ni-H bond. For the Al-H bond, the biggest WBI is 0.3946 and the Rho
value is 0.0655 belonging to NiAl-(PMe3)2, and the smallest WBI is 0.3670 and the Rho value is
0.0631 and belongs to the anionic hydride. For the Ni-Al bond, the biggest WBI is 0.3348 for
NiAl-(PMes3),, and the smallest is 0.3348 for the anionic hydride. The strongest Ni-H character
belongs to the Anionic hydride and the least is between NiAl-(PMe;): since exhibits a higher Al-

H character; however, NiAl-(PPh3); is similar since the WBI is smaller for Ni-H.
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Figure 53: Experimental molecular structure of all complexes.
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Table 11. Overall comparison table of WBIs and Rho values between all complexes.

NlAlz 1) LAIH [-(dppm): [2-(PPhs): [2-(PMes): _

Ni-H  \W453E

0.4668-0.4803 0.4883 0.4746 0.4868 0.5220

Rho: 0.08673 Rho: 0.0909 Rho: 0.0905 Rho:0.0876 Rho: 0.0936
0.09320

WBI: WBI:  WBI: WBI: WBI: WBI:
0.3643-0.3943 0.7610 0.3735 0.3734 0.3946 0.3670

Rho: 0.06667 Rho:  Rho: 0.0652 Rho: 0.0638 Rho:0.0655 Rho: 0.0631
0.06731 0.08037

WBI: n/a WBI: WBI: WBI: WBI:
0.2982-0.3054 0.3554 0.3475 0.3848 0.3348

Rho: C.P. not Rho: C.P. Rho: C.P. Rho: C.P. Rho: C.P. not found

found not found notfound not found

3.2 T1 Time Analysis of Heterometallic Molecules, Heterotrimetallic
molecule, and Alane
The spin-lattice relaxation time, or longitudinal relaxation time is defined as a measurement of
how the nucleus needs to reach equilibrium with its surroundings or its ground state in the
direction of B0.!” Also known as T1 Time analysis, it is one of the methods to understand the net
magnetization vector of a substance under analysis.!” T1 time measurements have found usage in

organometallic chemistry through differentiation through seminal studies by Crabtree which
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differentiate metal-hydrides from dihydrogen coordination.!* Transition-metal dihydrogen
complexes are common for 2" and 3" row-late transition metals and are generally
indistinguishable from metal-hydrides through single-crystal X-ray diffraction.!! Chemical shift,
while providing some details through chemical shift, also does not distinguish between the two. T1
time analysis has proven useful here. Given the short H-H distances in metal dihydrogen
complexes and the spin-active nature of H atoms, T1 time analysis of dihydrogen ligands are often
two orders of magnitude less than metal hydrides (1-5 ms vs 100-500 ms).'* T1 times of metal
hydrides also serve as a way to characterize the hydride and the electronic impact by neighboring
ligands within a transition metal complex. Determining the T1 time at room temperature offers
some insight and can be used to some degree to differentiate protons, their surrounding atoms,
bonding, and general dynamics between these atoms.!? The T1 times for the series of complexes
have been determined at room temperature. While T1(min) studies are reported elsewhere and are
useful in gleaning insight into the nature of the hydride, the T1 values observed here are consistent
with known metal hydride complexes in multimetallic systems and provide further support for the
bridged nature of the metal hydride. To fully characterize these complexes, we have reported a T1
times analysis of the series of complexes discussed above. some of the majority of the relaxation
time constant of the complexes.

In Figures 54 to 56, it shows the data for NiAl-(PPhs3), complex structure along with T1 Plots for
CsD¢ and THF, the T1 times were found to be 235.2 ms and 464.79 ms. In Figures 57 to 59, it
shows the data for NiAl-(PMe;)2 complex along with T1 Plots CsDs and THF were found to be
452.5 ms and 483.3 ms. Since the anionic hydride is only soluble in THF, there is only data with
this solvent. In Figures 60 to 61, it shows the data for the Anionic hydride complex along with the

T1 Plot was found to be 243.7 ms. In Figures 62 to 63, it shows the data for the LAIH complex
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along with the T1 plot, the T1 time was found to be 293.6 ms in CsDs. In Figures 64 to 66, it
shows the data for the NiAl>» complex, the T1 plots were found to be 227.1 ms in C¢Ds and 363.2
ms in THF. As shown in Table 12, the overall T1 time values for all the complexes, here are
reported that the biggest T1 time for CsDs is LAIH, and the smallest is NiAl>, and for THF is NiAl-

(PMe3)> and NiAl,.

tBu

[*1e6]
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Figure 55: T1 Time Plot NiAl-(PPh3); in CeDe.
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Figure 56: T1 Time Plot NiAl-(PPh3), in THF.
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Figure 57: Structure of NiAl-(PMe3)..
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Figure 59: T1 Time Plot NiAl-(PMes)2 in THF.
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Figure 60: Structure of NiAl-(PMe3)>-NHC-IPr.
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Figure 61: T1 Time Plot NiAl-(PMe3)-NHC-IPr in THF.
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Figure 62: Structure of LAIH.
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Figure 63: T1 Time Plot LAIH in C¢De.
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Figure 64: Structure of NiAL.
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Figure 65: T1 Time of NiAl> in C¢De.
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Figure 66: T1 Time of NiAl> in THF.

Table 12. Overall comparison table of T1 times between all complexes.

LAlH 2-(PPh3): [2-(PMes)2  [2-(PMes):-NHC-IPr

CsDs: CsDe: CsDs: CsDes: CsDs: 243.7 ms

227.1ms 293.6 ms 235.2 ms 452.5 ms

THEF: THEF: THEF:

363.2 ms 464.8 ms 483.3 ms
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CHAPTER IV
CONCLUSION

In summary, this work builds on the rare reports of three-center-two-electron bonding within a
Ni-H-Al subunit. The subunit features a Ni center and sterically accessible Lewis-acidic Al
centers with a degree of covalency within the shared hydride moiety. To understand the impact of
the Al-H-Ni subunit in electronic structure, the synthesis of similar heterometallic complexes
was mainly performed utilizing ancillary ligands. Here is reported a series of small-scale studies
of LAIH or NiAl> complex using ancillary ligands, in which the purpose is to reach enhance
modulation of covalency in heterobimetallic complexes in heterobimetallic complexes. Having
explored a variety of potential ancillary ligands, it was found that the main four successful
ligands were triphenylphosphine, trimethyl phosphine, bis(diphenyl phosphino) methane and
Diisopropyl-4,5-dimethyl-imidazol-2-ylidene (NHC-IPr). The synthesis of the well-defined
heterometallic complexes with varying electronic parameters, reported in the previous chapters,
demonstrates that covalency between with Ni-H-Al subunit can be modulated.

After an extensive investigation of attempts to incorporate 17 different potential ancillary
ligands, it was found that sigma donors were the best suitors in the high-yielding synthesis of
heterometallic complexes. All attempts were analyzed and characterized by multinuclear NMR
spectroscopy. For the isolated species, the NMR resonance of their hydride ligand showed a
upfield chemical shift. In order the NiAl-(PPhs),, NiAl-(dppm)2, NiAl-(PMe3),, and anionic
hydride were found to be at -1.78 ppm, -2.14 ppm, -3.28 ppm, and -4.07 ppm. In addition, some

catalysis trials were conducted using H-BPin and quinoline with 5% of catalyst in this case NiAD
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and NiAl-(PPh3),. As shown in the NMR spectra for both complexes, the formation of 1,4 and
1,2 isomers of dearomatized quinoline is noted. As shown in Figures 44-45 and 46-47, the 'H
and *'P{'H} NMR shows the appearance of 1,4 and 1,2 isomers of dearomatized quinoline in
accordingly peaks such as 6.90-6.70 and 6.26 for olefinic-protons.®? For these and many other
reasons, our strategy demonstrated that it is simple to obtain different types of the same
electronic structure complex along with similar features of types of structures. The effectiveness
of the heterometallic complexes in catalytic trials for hydrofunctionalization are under continued
investigation.

Computational studies complement the information provided by the XRD results from our
crystal structures. Computational studies were performed using the BP86 functional along with
def2-SVP (for H, C, N, O, and P), and def2-TZVP (for Al and Ni).*?!*2 By performing geometry
optimization (Opt), vibrational frequency (Freq) calculation, and wavefunction analysis
including Natural Bond Order (NBO) and Quantum Theory of Atoms in Molecules (QTAIM),
we gain insight into the electronic structure to complement the findings produced through
experimental chemistry using software called Multiwfn and AIMAIL>3*!-% These data show that
based on the highest WBI and Rho value for Ni-H is the anionic hydride variant, which means
this complex exhibits the strongest covalency within the other complexes. In addition, the T1
time was performed in a variety of temperatures. The T1 time analysis proves that all our
complexes are metal hydrides since the T1 times are two orders of magnitude higher than the
dihydrogen ligand. The shortest room temperature T1 time experiment is 227.1 ms for NiAl> and
the longest T1 time experiment at room temperature is 452.5 ms for NiAl-(PMe3), with CsDs and
for THF the smallest one is 363.2 ms again or NiAl» and the highest one is 483.3 ms for NiAl-

(PMe3),. Further studies are needed to elaborate on these studies. Combined synthetic and
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theoretical studies complement our findings that the addition of ancillary ligands can modulate
the covalency in heterobimetallic subunits.

The fundamental part of my work was developing an understanding of heterometallic sigma
complexes and their electronic structure. Due to our findings, a potential advancement may lead
to how ligand design plays an important role in heterometallic catalysis. Incorporation of
different donors allows us to vary the degree of electrophilicity at the Lewis-acidic metal center
which can play a crucial part in the hydrofunctionalization catalysis. A continued challenge is to
balance the steric accessibility of the Lewis-acidic metal since the unbalance may lead to
decomposition of the generated species by lack of donors surrounding the Lewis-acidic metal.
There are several important aspects to take away from this project, an important part was that
adding the different ancillary ligands changes the degree of Ni-H vs Al-H character which was
able to probe both computationally and experimentally. This project continues to develop a vast
encyclopedia of heterometallic complexes to expand our understanding of the Ni-H-Al subunit,
and with this to explore the interaction between some other metals. Meanwhile, our well-defined
systems are still under investigation, we desire to identify new roots to access precise regio

divergence in a single complex while exploring modulating the covalency in the specific subunit.

4.1 Future Work
Expanding on these results including the further exploration of ancillary ligands to perturb the
electron density distribution will better aid our understanding of the electronic structure within
these rare Ni-H-Al subunits. If our catalytic activity studies demonstrate our complexes are
successful in hydrofunctionalization, our well-defined heterometallic complexes may facilitate

the hydrofunctionalization of more challenging substrates. To further our knowledge in the
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modulation of covalency and mechanistic studies, it is important to explore the mechanistic
studies of hydrofunctionalization since insertion studies are important to improve methodology.
Having a better understanding of these potential computational studies will lead to improving our
synthetic methods for our heterometallic complexes and then they will be fully understood. Then,
we will be able to expand to obtain plenty of other complexes using some other different

ancillary ligands.
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Figure 67: Future work.
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