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0. Abstract

Conventional aluminum complexes are incapable of one- and two-electron
redox chemistry. As a result, despite being the most abundant metal on Earth,
aluminum is seldom used in redox catalysis—one of chemistry’s most impactful
fields. We are motivated to break this barrier to provide a green alternative to the
countless redox catalysts built around the toxic, mining-intensive platinum-group
metals. To create aluminum complexes that do desirable redox chemistry, we
coordinate redox-active a-diimine ligands to the metal center. These ligands are
stable across multiple oxidation states, allowing for multi-electron redox chemistry
for their aluminum complexes.

This thesis will report the synthesis of several a-diimine complexes of
aluminum, across various ligand substitution patterns and oxidation states. These
complexes have been characterized by combinations of X-ray diffraction,
multinuclear NMR spectroscopy, cyclic voltammetry, electron paramagnetic
resonance spectroscopy, and density functional theory. For our neutral-ligand
compounds, we will report their catalytic activity for the epoxidation of cyclohexene

by peracetic acid.
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1. Introduction

1.1 Sustainable catalysis with aluminum

In the pursuit of greener chemistry, sustainable catalyst development is a
crucial step forward. In the United States alone, revenue from the industrial use of
catalysis rivals the gross national product of nations like Brazil and Canada.' Many
of chemistry’s most prolific catalysts rely upon the platinum-group metals (PGMs;
Pt, Pd, Rh, Ir, Os, and Ru). These catalysts are capable of countless
transformations (hydrogenation, oxidation, carbonylation, dehydrogenation,
carbon—carbon and carbon—heteroatom coupling, hydroxylation, and more?~*) and
are essential to industrial processes® as well as fine chemistry®. However, PGMs
require exhaustive mining operations for acquisition, intensive efforts for
purification, and they are often toxic when spent.>® Increasing PGM
concentrations in both air and soil are raising concern about potential mutagenic
and carcinogenic consequences.®°

We hope to develop a redox catalyst capable of similar transformations as
PGM-based catalysts without the negative impacts on environment and public
health. Aluminum (Al) is a sensible framework within these guidelines, as it is the
most abundant metal in the Earth’s crust'! and is relatively low in toxicity.''3 Al
(~$2/kg'*) is also many orders of magnitude less expensive than all PGMs (from
$8,400/kg for Ru to $300,000/kg for Rh'4), adding a major financial incentive to the

development of Al-based catalysts. For both environmental and financial reasons,



the implementation of Al-based catalysts in the industrial and fine chemistry

sectors would have a profoundly positive impact.

1.2 Non-innocent ligands equip complexes of Al with redox activity

Al coordination complexes are well-represented in the literature, most
commonly as Lewis acid activators.'®'6 Historically, such complexes have rarely
been implemented in redox catalysis—for a clear reason: the tripositive oxidation
state of Al is too stable to facilitate desirable one- and two-electron redox
chemistry. This thesis will investigate a niche area of Al-based coordination
chemistry and reactivity aimed to overcome this limitation: redox-active Al
complexes. Since the metal center of a redox-active complex of Al will provide
minimal assistance with the flow of electrons, one approach is the utilization of
non-innocent, redox-active ligands. Such ligands allow the Al complex to carry
electrons with no change to the Al(lIl) oxidation state.

One class of redox-active ligands are a-diimines, which are easily prepared
and can be extensively derivatized along the N-C—C—N backbone (Figure 1). The
redox ability of a-diimines is a result of their stability across three oxidation states:
0, -1, and -2 (Figure 2). With judicious manipulation of the a-diimine framework,

we aim to synthesize a series of aluminum complexes with tunable redox activity.



R bipyridine g 1,4-diazabutadiene (DAB) iminopyridine (IP)

o o R N/ \N R \ // \
7\ - o
\ N N / N N—Ar
bis(imino)acenaphthylene (BIAN) bis(imino)pyridine (I,P)
N,N’-bis(aryl)-2,3-dimethyl-1,4-diazabutadiene AN
(Lar |
R = R
" "
N N
Ar—N N—Ar Ar” ~Ar

Ar—N N—Ar

Figure 1. Commonly used a-diimine ligands. N,N-bis(aryl)-2,3-dimethyl-1,4-
diazabutadiene (Lar, boxed) is the primary a-diimine studied in this work.

e e
Ar—N N—Ar -1 Ar—N = N—Ar -1 Ar—N N—Ar
neutral singly reduced doubly reduced
(Lar) (Lar) (La®)

Figure 2. Lar across three oxidation states.

In the following sections, the aforementioned tunability of these a-diimine
complexes of Al will be discussed. This topic leads naturally into a discussion of
the chemistry of these complexes, which we segregate into those bearing neutral
ligands and those bearing reduced ligands. This distinction results from the
difference in transformations observed in the literature upon altering ligand

oxidation state.

1.3 a-diimine complexes of Al are versatile

1.3.1 The redox chemistry of a-diimine complexes of Al is ligand-dependent
For a redox-active catalyst, the ability to tune the electronic potential(s) at
which redox events occur is extremely desirable. This tunability allows for a

versatile catalyst, as different reactions require different electrochemical



conditions. For a-diimine complexes of Al, fine electronic adjustments have been
shown to occur with facile manipulation of the Al coordination environment. There
are two predominant manipulations to this end: addition/substitution of other (non-
a-diimine) ligands at the Al center and tuning of the a-diimine’s electronic profile
through ligand derivatization. A study by Myers and coworkers demonstrates
ligand control over the potentials of redox events for aluminum complexes of
iminopyridine (IP)."” Myers and coworkers prepared IP complexes across all ligand
oxidation states—(IP)AICIs (neutral), (IP-)2AICI (singly reduced), [(IP?)2Al]- (doubly
reduced)—by reacting IP, AICIz and varying equivalents of sodium metal in DME.
Cyclic voltammetry (CV) experiments show vastly different voltammograms for (IP-
22AICI and [(IP%)2Al]". Notably, the potentials corresponding to the IP'/IP> and
IP%/IP- redox couples are both shifted by nearly 1 V between the two complexes,
which Myers et. al. concluded was due to differing electronic effects in the Al
coordination environment resulting from the presence (or absence) of a chloride
ligand.

Previous Graves group member Henry Wilson ran CV experiments for a
series of [Al(Lar)2CI2][AICIs] complexes.’ The electrochemical potential at which
the La%/Lar redox event occurred was monitored for eight complexes, with various
electron-donating and electron-withdrawing groups (EDGs and EWGs,
respectively) substituted in the para position of the phenyl ring. It was found that
EWGs shifted the La%/Lar'- redox process to more positive potentials, while EDGs
resulted in a shift of the La%/La-"- redox event to more negative potentials (Figure

3).
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Figure 3. Overlaid CV data for [Al(Lar)2CI2][AICls] complexes of varying aryl

substitution. Each complex’s first reduction event is highlighted for clarity.
Experimental data were collected by Henry Wilson.

From these examples, it is clear that the redox potentials of a-diimine
complexes of Al have an explicit dependence on other ligands around the Al

center, as well as substituents on the a-diimine ligands. Such effects influence the

choices of aryl substitution and inner-sphere manipulation of the complexes

reported herein.

1.3.2 Neutral-ligand a-diimine complexes of Al catalyze epoxidation
Previous members of our group, Koellner et. al., demonstrated the ability of

the [Al(Lpn)2CI2][AICIs] complex to catalyze the epoxidation of various alkenes by



peracetic acid.” It was found that the epoxidation of alkenes by this complex
proceeded with unusually high selectivity. High conversions and yields were
obtained after short reaction times for most alkenes at ambient temperature and
pressure in air. These findings are extremely encouraging, particularly considering
that typical epoxidations of such substrates are run at elevated temperature (~80
°C), over long time intervals (24 h), or both.20-22

A review paper from Goldsmith?® discusses these findings from Koellner et.
al., drawing upon the observation that frans-4-octene is converted to a single
epoxide to conclude that the reaction proceeds via a Sharpless-like concerted O
atom transfer (Scheme 1). Goldsmith therefore expects that the more efficiently
the peracetic acid can coordinate to the Al center, the more efficiently the

epoxidation will proceed.

";\ /}\
o o o o
)il (E/ N\ | {IN

—_— — >

W~ M [>—=
N_/ N_/
Scheme 1. Concerted epoxidation of a generic alkene by peracetic acid, catalyzed

by a neutral a-diimine complex of aluminum. Only coordinating atoms are shown
for clarity. Adapted from Goldsmith?3 (2018).

N
7
/,"

N

1.3.3 Reduced-ligand a-diimine complexes of Al do diverse and interesting
chemistry
The majority of a-diimine complexes of Al in the literature contain ligands in

the -1 or -2 oxidation state. These oxidation states are more conducive for proton-



transfer and dehydrogenation chemistry, as explained by Berben?* in a concept
paper. Berben discusses the application for reduced ligand complexes of IP and
bis(imino)pyridine (I12P) in proton transfer chemistry and dehydrogenation catalysis.
Drawing upon the observed redox chemistry of these complexes, Berben suggests
a pathway in which a catalyst assists in electron transfer when its ligands are more
oxidized, and proton transfer when its ligands are more reduced, a notion
corroborated by Goldsmith?3. Such complexes have been demonstrated to
selectively dehydrogenate formic acid®® as well as activate O-H and N-H
bonds?—demonstrating extreme promise towards Berben’s goal.

Aluminum complexes of reduced bis(imino)acenaphthylene (BIAN) ligands
are also extensively reported to perform interesting redox chemistry.?’-3" A 2005
study from Schumann et. al.?” investigates the solid-state and electronic structure
of a series of novel [(“P°PBIAN-)AIR2] complexes (dpp = 2,6-diisopropylphenyl;
Figure 4). At the time, these were the first paramagnetic alkylaluminum complexes

bearing a radical-anionic ligand in the literature.

?pp ?pp
N\ ~Me \. Et
-4 Al -1 Al
/  "Me / VEt
v w
dpp dpp
A B C

Figure 4. A series of [(“P’BIAN-)AIR2] complexes. Adapted from Schumann et.
al.?” (2005).

Table 1 summarizes the bonding parameters for A—C. Interestingly,
increasing the steric bulk of the alkyl groups on the Al center has at most a weak

effect on the bonding within the —Al-N-C—-C—N- metallacycle. Based upon



literature comparisons38-4° for C—Cpackbone and C—Nimine bond distances in similar
complexes, Schumann et. al. assigned the 9%PBIAN ligand as singly reduced, as
expected.

Table 1. Selected bond lengths (A) and angles (°) for A—C. Adapted from
Schumann et. al.?” (2005).

A B C

AN 1.949(2) 1.958(4) 1.968(3)

imine 1.950(2) 1.967(4) 1.965(4)

A—C 1.972(3) 1.945(3) 1.956(2)

1.965(3) 1.968(3) 1.974(2)

C—Coackbone 1.441(3) 1.439(4) 1.424(4)

C—Ni 1.330(3) 1.339(4) 1.340(3)

I Nimine 1.331(3) 1.323(4) 1.345(3)

Nimine—Al—Nimine 86.25(8) 85.31(12) 85.46(9)
R-AI-R 117.07(13) 110.21(18) 119.48(16)

A later study from Sokolov et. al.?® investigates the reactivity of a singly
reduced [(?PPBIAN-)AI(H)CI] complex (dpp = 2,6-diisopropylphenyl). Aluminum
hydrides are commonly used reagents in a-olefin polymerization, or as reducing
agents in well-known organic transformations. However, incorporation of the
redox-active BIAN ligand dramatically affects the reaction profile of the [(?°°PBIAN-
)AI(H)CI] complex, yielding it inert towards alkenes. Instead the [(°PPBIAN-)AI(H)CI]
complex is observed to undergo an intramolecular electron transfer when treated
with nucleophilic phenylacetylide, ejecting H2 gas and reducing the BIAN'- ligand

to BIAN? (Scheme 2).



dpp dpp
| | LPh | cPh
O N_ C1  2NaccPh, Et,0 O N // N_ //
C Al _— ] Al “Na(Et,0), + ‘ Al "Na(Et,0);

W ~NaCl 05[] N/ \\ . \\
| | \CPh /\ \cph

dpp dpp dpp H
Scheme 2. Intramolecular electron transfer upon reaction of [(°?BIAN-)AI(H)CI]
with phenylacetylide. Adapted from Sokolov et. al.?® (2018).

38% 12%

Another study from Fedushkin and coworkers?® examines the reactivity of a
doubly reduced [(“PPBIAN?)AIEt(Et20)] complex towards diphenylacetylene and
methylvinylketone (Scheme 3). As in the previous case, the BIAN ligand changes
the reactivity of the alkylaluminum component, which would typically be expected
to react with the diphenylacetylene in a carbometallation reaction. Instead, the
reaction proceeds via cycloaddition across the metal and a-diimine. Notably, the

addition of methylvinylketone across a metal-ligand system is first of its kind.

Ph—==—Ph
110-130 °C
dpp toluene

I —OEt,
| Al -
AN

Scheme 3. Cycloaddition of diphenylacetylene and methylvinylketone to a

[(¢PPBIANZ)AIEt(Et2.0)] complex. Adapted from Fedushkin et. al.?® (2013).
Fedushkin and coworkers then examined the viability of the

diphenylacetylene cycloaddition product as a catalyst for the hydroamination of

alkynes, with promising results (Scheme 4). Full conversion to products was



observed, though a long period of heating was required. Notably, the same
reaction run with 10 mol% AICI3 in place of the cycloaddition product gave
exclusively the minor product of Scheme 4, indicating that the cycloaddition

product plays an important role in directing the hydroamination.

Savilane

Ph

5 mol % | CeDe, 110 °C, 140 h

A, .. Ow
ot

87% 13%

dpp
N

=N

|

d

Ph
e
Ol

PP

Scheme 4. Catalysis of the hydroamination of phenylacetylene by diphenylamine
by Al complex. Adapted from Fedushkin et. al.?® (2013).

1.3.4 a-diimine complexes containing AI-Al bonds possess powerful
reactivity

A rapidly evolving area of main group chemistry is the study of complexes
with metal-metal bonds. To our knowledge, the first a-diimine complex containing
an Al-Al bond was synthesized by Fedushkin and coworkers in 2012.3" The
complex—of the form [(°PBIAN?)AI-AI(?PPBIAN?-)]—displays analogous reactivity
towards acetylene and phenylacetylene as the [(“PPBIAN?)AIEt(Et.O)] complex
(Scheme 3) discussed in Section 1.3.3. This observation implies the potential of

the dialane as a catalyst for the transformation of alkynes, in which each Al center

10



possesses independent reactivity. Interestingly, further work from Kazarina and
coworkers has demonstrated the ability of the neighboring Al atoms to cooperate.*’
In the presence of benzyl alcohol, the same [(“PPBIAN?")AI-AI(PPBIANZ)] complex
catalyzes the ring-opening polymerization of e-caprolactone (e-CL) with >90%
conversion in just 15 minutes. Kazarina et. al. modelled the system
computationally, finding that the Al centers work in tandem to achieve the ROP

(Scheme 5).
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Scheme 5. Proposed mechanism for the ROP of e-CL by [(°PBIAN)AI-
Al(%PBIAN)]. Calculations were performed at the B3LYP/6-31+G** level of theory.
Energies are given in kcal/mol relative to the starting materials. Adapted from
Kazarina et. al.3® (2018).

A 2019 study from Chen et. al.*? investigated the behavior of a [(Lapp?
)(THF)AI-AI(THF)(Lgpp?’)] complex in the presence of tert-butyl isocyanide and
sodium metal. It was observed that reaction proceeds with sequential

oligomerization of isocyanide, generating an aromatic [CsN3(tBu)s]* ring (Scheme
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6). This aromatic [C3N3] moiety is cutting-edge chemistry—the only literature
example of such a fragment requires multiple steps under harsh conditions.*3
Using the [(Lapp? )(THF)AI-AI(THF)(Lapp?)] complex, this transformation can be

achieved in a single step under mild conditions.

4 tBu-NC Na, toluene

tBu

' |
N

THF N ) P
2 tBu-NC “\ 2 tBu-NC N =77 \
A' A' —_— LappAl AL Y LapoAl. AL
toluene X\ dpp Na, toluene PPN \/ dpp

N THF N <
| \ \
tBu N

Scheme 6. Reactivity of [(Lapp® )(THF)AI-AI(THF)(Lgpp?)] towards tBuCN and

sodium metal in toluene. Adapted from Chen et. al.3¢ (2019).

1.4 Current work

Motivated by the tenets of green chemistry and an interest in the structure
and reactivity of literature a-diimine complexes of Al, we chose to study Al
complexes bearing Lar across all ligand oxidation states. For our neutral-ligand
complexes, we took inspiration from Graves group alum Henry Wilson’s
observation that the inner-sphere iodides of [Al(Lrn)2l2]*l are easily displaced by
acetonitrile (NCMe) molecules to give [Al(Lph)2(NCMe)2]31."® Thus, we have
characterized [Al(Lar)z2l2]l and [Al(Lar)2(NCMe)2]*3! series by multinuclear NMR
spectroscopy, X-ray diffraction (XRD), and cyclic voltammetry. Computational
methods will be utilized to corroborate structure, provide insight into NMR data,
and perform a frontier orbital analysis. The ability of these complexes to catalyze

the epoxidation of cyclohexene by peracetic acid will be interrogated.
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We will also describe the synthesis and characterization of several reduced-
ligand a-diimine complexes of Al. These complexes have been characterized by
combinations of XRD, '"H NMR, EPR, and CV. Computational methods will also be
used in this section to evaluate structural findings, visualize frontier orbitals, and

simulate EPR spectra.

2. Results and Discussion

2.1 Neutral-ligand a-diimine complexes of Al

The [Al(Lar)2l2]sl complexes 1-3 [Lar = N,N*-bis(phenyl)-2,3-dimethyl-1,4-
diazabutadiene (Lpn), N,N’-bis(4-methylphenyl)-2,3-dimethyl-1,4-diazabutadiene
(Lta), and N,N’-bis(4-tert-butylphenyl)-2,3-dimethyl-1,4-diazabutadiene (Lu)]
were prepared via the 2:1 reaction of Lar and Alls in diethyl ether at room
temperature (Scheme 7). In all cases, product precipitates from the reaction
medium and is collected by filtration as an analytically pure, orange powder in 84-
93% yield. Compounds 1-3 are stable for several months at room temperature
under a dinitrogen atmosphere.

Following dissolution in acetonitrile, complexes 1-3 underwent immediate
color change from vibrant orange to dark purple. Upon concentrating acetonitrile
solutions of 1-3, we were able to isolate the [Al(Lar)2(NCMe)2]*3l complexes 4—6
in 77-98% yield. These purple crystals were washed with cold acetonitrile and dried

under vacuum.
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Scheme 7. Synthesis of the [Al(Lar)z2I2]¢l and [Al(Lar)2(NCMe)2]+3I series.

211 'H and 'C NMR characterization of the [Al(Lay)2l2]*l and
[Al(La;)2(NCMe).]*3l series

Complexes 1-6 were characterized by 'H and '*C NMR spectroscopy. For
both sets of compounds, two resonances corresponding to the methyl groups
along the N-C-C-N backbone were observed. In complexes containing aryl
substitutions (2, 3, 5, and 6), two resonances corresponding to the NMR active
signatures of the R group of the aryl ring were also observed. These results support
a C2 symmetric complex in solution. In complexes containing iodo ligands (1-3), it
was observed that an aromatic proton was shifted upfield to the ~5 ppm range.
This shift occurred concomitant with a broadening of all aromatic signals in the 'H
NMR spectra, suggesting the presence of H---l interactions in complexes 1-3. An
analogous H---Cl interaction was observed for the [Al(Lrn)2Cl2]* cation by Wilson
et. al.’® Analysis of single crystals of 1-3 reveals that these H---I interactions are
also present in the solid-state structures of the complexes (Figure 5). The average
H---I distance was found to be 3.17 A for 1-3, which comports with the H---Cl
distance observed by Wilson et. al. (2.96 A) considering iodine’s larger radius.'®

This phenomenon was also interrogated computationally using density functional
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theory (DFT). The NMR spectrum for the [Al(Lpn)2l2]* cation of 1 in CDCI3 was
modelled using a modified (to account for the large iodide atoms) version of Jain
and coworkers’ 2009 recommendation.** The results corroborated the empirical
observation that the ortho proton is shifted upfield, with < 0.5 ppm agreement

(Figure 6).

Figure 5. Visualization of the H---1 interaction rendered from the X-ray structure of
the [Al(Lpn)2l2]" cation of 1.

The "H NMR spectra for complexes 4—6 also feature an aromatic resonance
in the ~5 ppm range, indicating that an analogous N---H interaction occurs. The
average distance of this interaction is 2.98 A, which (as expected) is significantly
longer than a typical N---H hydrogen bond, but comparable to the distance
observed by Wilson and coworkers.*® Jain et. al.’s method again succeeds in

predicting this upfield shift within 0.5 ppm (Figure S7).
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3C NMR spectra of 1-6 further corroborate the C»> symmetry of the
complexes (Section 5.2). All compounds feature two resonances corresponding to
both the CH3C=Nimine and CH3C=Nimine Nuclei. Inspection of the aromatic region for
1-6 reveals 12 different environments, consistent with Wilson et. al.’s observation
for alkyl-substituted [Al(Lar)2Cl2]J[AICIs] complexes.’® As suggested by Wilson et.
al., this phenomenon is likely due to hindered rotation about the Nimine—Car bond.
For complexes 2, 3, 5, and 6, two sets of resonances corresponding to the

respective alkyl substituents of the aryl ring were observed.
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Figure 6. Experimental (top) and simulated (bottom) "H NMR spectra of 1.
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2.1.2 Solid-state structural analysis of the [Al(La)2lz]*l and
[Al(Lar)2(NCMe).]*3l series

Complexes 1-6 were further characterized via XRD, allowing for robust
solid-state structural analysis. Selected structural parameters are provided for the
cations of 1-6 in Table 2, and their representations are shown in Figure 7.

Table 2. Selected bond distances (A) and angles (°) for 1-6.

1 1 theorya 2 3 4b 4'th<—:orya 5 6

2.032(7) 2.051(4) 2.063(9) 2.020(8) 1.997(4) 2.002(6)

Al=N. 2.062(7) 2.0918 2.032(4) 2.047(9) 1.993(8) 2.0465 2.023(4) 1.997(6)
—Nimine 2033(7) 5909 2:053(4) 2.041(9) 2.006(8) ., ssg 2.000(4) 2.001(6)

2.053(7) = 2.041(4) 2.060(8) 2.007(8) 2.023(4) 2.006(6)

2.646(2) 2.6633(14) 2.648(3) 1.94(3) 1.953(4) 1.984(6)

A-R 2676(2) 277%8 ,po3a(14) 2659(3) 197(2) 20257 1.958(4) 1.965(6)
1.504(10) 1.496(7) 1.495(15) 1.507(13) 1.507(6) 1.521(9)

C—Coackoone  1285(11) 14993 11507(5) 1.499(14) 1.40a¢13) "°1%2  1.5156) 1.508(9)
1.285(10) 4 50,4  1.296(6) 1.280(13) 1.291(11) 4 4449 1.290(5) 1.281(9)

CoN.. 1.286(10) - 1.299(6) 1.292(14) 1.270(12) 1.291(6) 1.289(9)
—Nimine 1.282(10) 4 510,  1.289(6) 1.268(13) 1.289(12) , 5.0  1.291(6) 1.289(9)

1.289(10) - 1.292(6) 1.297(13) 1.277(13) 1.287(6) 1.297(9)

77.8(3) 7797 78.88(16) 77.6(3) 79.6(3) 79.76 79.56(14) 79.7(2)

166.9(3) 169.65 167.26(17) 166.8(4) 175.2(4) 178.28 175.97(16) 174.8(3)

Nimine—Al— 93.4(3) 94.37 93.35(16) 92.4(3) 96.1(3) 99.03 98.29(15) 95.5(2)
Nimine 91.4(3) 94.37 91.11(16) 92.7(3) 97.8(3) 99.03 97.11(15) 97.4(2)

) (
86.1(3) 85.80 88.41(16) 87.0(3) 89.1(3) 9211 91.21(15) 92.1(
78.4(3) 77.97 78.49(16) 78.0(3) 79.8(3) 79.76 79.44(15) 80.2(

97.2(2) 9862 88.79(12) 92.2(2) 95.1(9) 89.52 91.38(15) 91.3(2)
172.9(2) 171.76 174.95(13) 173.3(3) 169.1(7) 171.29 170.32(16) 172.9(3)
92.9(2) 88.03 92.46(11) 96.7(3) 90.5(11) 89.68 90.88(15) 93.1(3)
N _ALR  893(2) 8699 97.49(12) 892(2) 9058) 9154 89.92(15) 91.0(3)
imine 91.4(2) 88.03 89.05(11) 97.2(2) 935(8) 89.68 91.01(15) 91.4(3)
87.60(18) 86.99 98.17(12) 87.9(3) 87.7(6) 89.52 89.21(16) 91.0 (3)
95.6(2) 98.62 88.87(12) 91.5(3) 92.1(11) 9154 92.28(15) 91.6(2)
171.1(2) 171.76 175.94(13) 172.6(3) 171.3(11) 171.29 170.52(16) 170.8(3)

R-AI-R 97.56(8) 100.46 94.15(4) 96.38(10) 89.6(9) 90.16  91.26(15) 86.8(3)

@Values were calculated in Gaussian 16 at the BSLYP/LANL2DZ level of theory.
b Solid-state structural data for 4 was previously reported by Wilson et. al.'®
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[Al(L1,)2(NCMe),]?* cation of 5

Figure 7. Solid-state structures of the cations of complexes 1-3, 5, and 6. Ellipsoids are projected at 30% probability.
Hydrogen atoms and interstitial dichloromethane molecules are omitted for clarity. The solid-state structure of compound 4
was previously reported by Wilson et. al.'8
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Crystals of 1-3 were grown from slow diffusion of hexane or pentane into a
concentrated dichloromethane solution of the complexes at -25 °C. 1-3 crystallize
as [Al(Lar)212]" cations with one outer-sphere iodide anion. Analogous to the
dichloro series, the [Al(Lar)2l2]* cation consists of an AI** ion coordinated by two a-
diimine and two iodo ligands in a slightly distorted octahedral geometry.'®
Complexes 4-6 were crystallized from concentrated solutions of acetonitrile at
room temperature. They crystallize as [Al(Lar)2(NCMe)2]** cations with three outer-
sphere iodide anions, and are structurally similar to complexes 1-3. For each of
1-6, the [Al(Lar)2R2]™ cations exhibit near-C> symmetry, with the iodo or
acetonitrile ligands occupying cis coordination sites.

The average Al-I bond distance for complexes 1-3 (2.664(1) A) agrees with
literature Al complexes bearing nitrogen-donor ligands.3%46-52 As expected, this
distance is longer than both the AI-CI and Al-Br distances of the [Al(Lpn)2X2]*
cations (Table 3). However, an interesting trend in Al-Nimine bond distance
emerges across the [Al(Lrn)2X2]* halide series. From X = Cl to X = Br, a lengthening
of the Al-Nimine bond is observed, but this distance is shortest for X = | (Table 3).

Table 3. Selected bond lengths across the halide series of [Al(Lpn)2X2]" cations.

Al~Nimine (A) Al-X (A)
X =Cl 2.052(1) 2.227(1)
X = Br 2.072(1) 2.386(1)
X=1 2.047(2) 2.664(1)

2 Previously reported by Wilson et. al."®
We offer that competing Lewis acidity and steric effects may account for this

unclear trend. Though the order of Lewis acidity across the molecular aluminum
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halides has been debated®3%*, recent calculations (which agree better with
experimental data than those previous) indicate the order: AlF3 < AICI3 < AlBr3 =
All3.%° Employing hard-soft acid-base theory, we therefore expect the [Al(Lpn)2Cl2]*
cation to form the weakest (and thus longest) Al-Nimine bond of the halide series.
However, we must also consider the steric implications of the inner-sphere
halogens, which favor a shorter Al-Nimine bond for the [Al(Lpn)2Cl2]* cation. We
cautiously attribute the inconsistencies in Al-Nimine distance for different inner-
sphere halogens to the balance of these effects. In comparing steric effects
between the dibromo and diiodo complexes, we must be careful to consider both
ionic radius and bond length—the latter grows faster than the former for the
[Al(Lpn)2X2]* series (Table 3). Therefore, despite iodide being a larger ion than
bromide, the All>* fragment may indeed be sterically unencumbered relative to
AlBr2*. The same trend in AI-N distance is observed across a series of four-
coordinate [{HC(Ph2PNCsH2Mes-2,4,6)2}A1X2] (X = CI, Br, 1) complexes reported
by Hill et. al.® However, we are cautious to make conclusions about this behavior,
particularly because the differences in Al-Nimine length are only slight (< 0.03 A).
The average Al-Nwecn bond distance in complexes 4-6 (1.962(6) A) agrees
well with literature examples of aluminum-acetonitrile adducts.?”% The Al~Nimine
distance is notably shorter in complexes 4—6 (2.006(2) A) than in 1-3 (2.047(2) A),
which follows intuitively from a rudimentary charge analysis. The Al center of
complexes 4—6, in which neutral acetonitrile molecules have displaced negatively-
charged iodo ligands to the outer-sphere, will be significantly more Lewis acidic

than the Al center of complexes 1-3. The average R—AI-R angle for complexes 4—
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6 (89.2(3) A) also notably differs from that of complexes 1-3 (96.03(5) A). This
likely contributes to a slightly larger bite angle of the a-diimine (78.2(2) for
complexes 1-3 vs. 79.7(2) for complexes 4—6), but more importantly may facilitate
the coordination of larger substrates in catalysis.

Bonding parameters along Lar in 1—-6 provide insight into the oxidation state
of the ligand. The average C—Cbackbone (1.503(3) A) and C—Nimine (1.287(4) A) bond
lengths agree with literature examples of neutral-a-diimine complexes of Al.51:59.60
Indeed, upon inspection of typical C(sp?)-C(sp?) and C(sp?)=N bond lengths, we

are confident that the a-diimine ligands in complexes 1-6 are fully oxidized.®’

2.1.3 DFT investigation of the [Al(Lar)2l2]*l and [Al(Lar)2(NCMe)2]*3I series
The geometry of the [Al(Lrn)2l2]* cation of compound 1 was optimized using
DFT, with no symmetry constraints. Along the N-C—C—N backbone, computed
bond distances are within 0.03 A of those found in the XRD analysis (Table 2).
Around the Al center, calculated bond lengths were found to be longer than those
in the solid-state structure for both the Al-Nimine bonds (by ~0.04—-0.06 A) and the
Al-l bonds (~0.10-0.13 A). Computed bond angles for the complex agree closely
with experimental results, with no differences exceeding 5°. The optimized
structure for the [Al(Len)2(NCMe)2]3* cation of 4 was also calculated using DFT,
with no symmetry constraints. Like the cation of complex 1, computed bond lengths
along the N-C—C—N backbone were in strong agreement with the X-ray analysis
(all bonds agree within 0.03 A). There is greater discrepancy around the Al center;

bonds around aluminum are systematically longer in the DFT optimization (Al
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Nimine by ~0.04-0.06 A and Al-Nwecn by ~0.05-0.08 A). Charges within the
optimized structures were calculated using the natural bonding orbital (NBO)
method (Table 4). Atomic charges calculated via the NBO method show a
significantly higher charge on the Al center in complex 4 than complex 1, consistent
with the trend in Al-Nimine bond distance.

Table 4. NBO charge distribution for the cations of 1 and 4.

[Al(Lpn)2l2]* [Al(Lpn)2(NCMe)2]?*
Al 1.467 2.022
| or Nwecn -0.391 -0.600
N -0.640 -0.667
imine -0.653 -0.662

The molecular orbitals of the [Al(Len)2l2]" cation were also modeled. The
highest occupied molecular orbital (HOMO) and HOMO-1 are similar in structure
and are nearly degenerate (AE = 0.07 eV). Both are located almost entirely on the
iodo ligands, whereas the same set of orbitals of the [Al(Lpn)2Cl2]" cation were
found to have a significant amount of electron density located on the phenyl rings

of the a-diimine ligand in addition to the halide ligands (Figure 8)."8
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Figure 8. HOMO of the cation of complex 1, its dichloro analog, and the cation of
complex 4. Hydrogen atoms are omitted for clarity.

In contrast to the HOMO and HOMO-1, the lowest occupied molecular
orbital (LUMO) and LUMO+1 for the cation of 1 were found to be almost entirely
a-diimine-based. They are localized along the N-C—C-N backbone, with a bonding
interaction along the C-C bond and antibonding interactions along the two C—N
bonds (Figure 9). The orbitals are extremely similar in structure, and relatively
close in energy (AE = 0.17 eV). The location of the LUMO and LUMO+1 orbital
density agrees with our intuition for these complexes: reduction events will be a-

diimine-based.
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Figure 9. LUMO and LUMO+1 of the [(Len)2All2]* cation of 1, the
[(Len)2AI(NCMe)2]** cation of 4, and the [(Len)2AICI2]* cation.

The frontier orbitals of the [(Len)2AI(NCMe)J** cation of 4 were also
modelled. The LUMO and LUMO+1 are located along the N—-C—C—N backbone
and are close to degenerate (AE = 0.11 eV). They have identical features as the
LUMO and LUMO+1 for the [(Lrn)2AIX2]" cations. Conversely, the electron density
of the HOMO and HOMO-1 for the cation of 4 is located almost entirely on one

phenyl ring of each a-diimine ligand (Figure 8).
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2.1.4 Cyclic voltammetry of the [Al(La:)z2l2]*l and [Al(Lar)2(NCMe)2]*3l series
The cyclic voltammograms of 1-3, 5, and 6 were collected in DCM. In all
cases, multiple ligand-based, reversible redox events are observed. Figure 10
juxtaposes the voltammograms of complex 1 and Wilson et. al.’s previously
reported [Al(Lrn)2Cl2][AICI4] complex. Wilson et. al. assigned the two events for the
complex as the La®/La- redox couple of each a-diimine ligand, citing DFT
visualization of the SOMO and HOMO of the singly reduced and doubly reduced

[Al(Lpn)2CI2][AICI4] complexes (respectively).'®

9.80x10°

[Al(Lpn)alll

—~~

4.90x10°

-4 0.00

Current (A

-4.90%x107°

2.20x10™*

—— [Al(Lp),CLIIAICI,]

1.10x10™*

Current (A)

- 0.00

-1.10x10*

0.0 0.5 1.0 15 20 25
Potential (V vs. Fc/Fc*)

Figure 10. Cyclic voltammograms of [Al(Lpn)2X2][R] complexes recorded in 0.1 M
[n-PrsN][BArf] DCM solution. Top: 1, CV recorded at 100 mV s'. Bottom:
[Al(Lar)2CI2][AICI4], CV collected by Wilson et. al.'® at 500 mV s™'.
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For complex 1, the first redox event qualitatively indicates the movement of
two electrons (based upon its height compared to the second redox event). Though
a more rigorous quantitative analysis of the CV would be necessary to make a
certain assignment, we suggest that the first redox event of 1 corresponds to the
La%/Lar redox couple of both a-diimine ligands and the second corresponds to the
Lar/La®" redox couple of one a-diimine ligand. In both cases, the couples exhibit
excellent reversibility.

Figure 11 presents CV data for complexes 2, 3, 5, and 6. The data for all
complexes are summarized in Table 5. The overlapping La/La redox couples in
the CV of 1 appear to resolve slightly into two processes for complexes 2 and 3,
supporting our assignment of a multi-electron event. As expected, the redox events
for 2 and 3 are shifted to be more negative than for 1 due to the electron-donating
groups on Lar (Section 1.3.2). Voltammograms of complexes 5 and 6 also contain
two distinct redox events, with 5 exhibiting slight resolution of the first event
(analogous to 2 and 3). The CV of 6 contains more features than expected, but the

same two events are still observed.
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Figure 11. Cyclic voltammograms of complexes 2, 3, 5 and 6 recorded in 0.1
[n-PrsN][BArF] DCM solution at 100 mV s™.

Table 5. Electrochemical potentials (V vs. Fc/Fc*) for 1-3, 5, and 6.

Current (A)

(A)

Current

M

[AI(La®)2l2]*/ [AI(La®)(Lar)l2)/ [Al(Lar)2l2]
[AI(LA®)(Lar)I2] [Al(LAr)2l2] [AI(LAr)(La®)l2]>
1 -0.78 -0.78 -1.28
2 -0.76 -0.92 -1.38
3 -0.78 -0.91 -1.40
5 -0.84 -0.84 -1.39
6 -0.80 -0.80 -1.40

2.1.5 Epoxidation aided by [Al(Lar)2l2]+l and [Al(Lar)2(NCMe)2]*3I catalysts

The efficacy of 1 and 4 towards the epoxidation of cyclohexene was

investigated in collaboration with the Goldsmith Group at Auburn University.

Koellner et. al. previously demonstrated the ability of the [Al(Lpn)2Cl2][AICI4]
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In all cases, cyclohexene is converted exclusively to cyclohexene oxide—
no allylic oxidation or epoxide ring-opining is observed. Koellner et. al. previously
reported 68 turnovers for the [Al(Lrn)2CI2][AICIs] complex, which is substantially
higher than the 37 + 7 found here.'® This discrepancy is attributable to the purity
of PA used in the respective experiments. Previously, PA was prepared following
a technique that eliminates a sulfuric acid impurity found in commercial PA
sources. In the current experiment, unmodified commercial PA was used—
suggesting that sulfuric acid impurities reduce the epoxidation activity of our Al
complexes. This observation is corroborated by Jiang et. al., who previously found
treated PA promoted more epoxidation than commercially available PA for a Ga(lll)
catalyst.®?

We observe a statistically significant enhancement in TON for 1 and 4
relative to [Al(Lar)2CI2][AICI4]. The activities of 1 and 4 are nearly identical,
consistent with rapid displacement of their inner-sphere ligands. The lesser activity
of the dichloro complex is likely a result of the increased strength of the Al-CI bond
relative to the Al-I or AI-NCMe bonds, which inhibits the coordination of PA

necessary for epoxidation (Scheme 1).

2.1.6 Further derivatization of the neutral-ligand series

Further derivatization of the [Al(Lpn)2l2]el complex was also
investigated. Via an analogous inner-sphere displacement to the synthesis of 4—
6, a [Al(Lpn)2(POEt3)2]*3l complex was synthesized. This compound was

characterized by 'H and 3'P NMR spectroscopy (Figure S13 and Figure S14). It

30



was additionally observed that introduction of NaBPhs into the reaction matrix
during the second step of Scheme 7 resulted in the displacement of an outer-
sphere iodide counterion. (Scheme 8). This exchange proceeds via salt
metathesis, evidenced by the precipitation of Nal as the reaction progresses. This
product was characterized by XRD (Figure 12).

A 3r I BPh4
r\N
Ar
\ } 2 equiv POEt3 1 equiv NaBPh4

N, p gt WN T T Nu ) e wN N

AN ar “bom, i, 12h , Ar MeCN, t, 12 Ar
&’ | “0, : ’ o“ l
<« N\ 4 N\ W \
Ar Ar Ar

[Al(Lpn)2(POEt3)2]+31 (7) [Al(Lph)2(NCMe),]*BPhy+21 (8)

Scheme 8. Further derivatization pathways of the [Al(Lar)2l2]¢l series.

The potential influence of the triethylphosphine oxide ligands is
straightforward: as in complexes 4-6, the inner-sphere flexibility of complex 7 may
lend itself to favorable reactivity. Displacement of the iodide counterions by
tetraphenylborate in complexes 1-6 would remove the non-redox-innocent iodo
ligand from the complex. Two events corresponding to the oxidation of iodide are

observed at more positive potentials in the CVs of complexes 1-3.
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Figure 12. Solid-state structure of complex 8. Ellipsoids are projected at 30%
probability. Hydrogen atoms are omitted for clarity.

2.2 Reduced-ligand a-diimine complexes of Al

2.2.1 Synthesis and XRD, EPR, & CV characterization of Al(Lmes’)Me:
Organoaluminum complexes exhibit broad, useful reactivity (Section 1.3.3
provides applications within the context of this thesis). However, the same
properties of the AI-C bond that impart this desirable chemistry (specifically, the
high nucleophilicity of the C atom), plague the reaction between alkylaluminum
species and fully oxidized Lar with side-alkylation. The reduced-ligand framework
provides an opportunity to incorporate organoaluminum fragments in our a-diimine
complexes, since increasing electron density on the ligand will reduce unwanted

byproducts.
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Previously, Graves group alum Bren Cole synthesized a singly reduced
Al(Lmes)Cl2 complex.®® We took this complex as the framework for our
organoaluminum goals, synthesizing the analogous singly reduced Al(Lwves’ )Me2
(9). Complex 9 is prepared via single-electron reduction of Lves (N, N’-bis(mesityl)-
2,3-dimethyl-1,4-diazabutadiene) with sodium metal followed by complexation with
Me2AICl in diethyl ether. Upon vacuum filtration over celite and removal of solvents,

9 is isolated in 58% yield as a light-orange powder (Scheme 9).

: : 1) 1 equiv Na, Et,0, rt, 6 h
2) Me,AICI, Et,0, rt, 12 h \ /
Me

Al(LmesIMe; (9) (58%)

Scheme 9. Synthesis of complex 9.

The 'H NMR of a concentrated sample of complex 9 is almost completely
silent, suggesting the presence of a paramagnetic species (Figure S15). We
therefore rely upon XRD, EPR, and CV as our characterization methods.

Solid-state structure. Single crystals of 9 were grown from a saturated
hexane solution at -25 °C. Selected bonding parameters for complex 9 are
reported in Table 7, and its representation is given in Figure 13.

Table 7. Selected bond distances (A) and angles (°) for 9.

9 9theorya

Al=N; 1.9088(15) 1.9088
1 Yimine 1.9364(15) 1.9365

2.0035(14)

Al-Me 2:0036(14) 2.0035
C—Cbackbone 1.438(2) 1.4383
C—N. 1.360(2) 1.3594
—Yimine 1.335(2) 1.3355
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Nimine—AI—Nimine 84-43(6) 84.42

114-60(5) 114.61
3.12(4)
Nimine—Al-Me 114.60(5)

113.12(4) 113.12
Me-Al-Me 113.76(9) 113.76

@Values were calculated in Gaussian 16 at the BSLYP/LANL2DZ level of theory.
The geometry of 9 resembles Cole et. al.’s Al(Lwmes’)Cl2 complex almost
exactly, particularly along the a-diimine backbone. Bond distance agreements for
C—Cohackbone (1.438(2) A for 9 and 1.438(2) A for Al(Lmes’)Cl2) and C—Nimine (1.348(1)
A for 9 and 1.352(1) A for Al(Lmes’)Cl2) are particularly outstanding. Ligand bonding
parameters are also in good agreement with other singly reduced a-diimine
complexes of Al in the literature, corroborating that 9 is in fact singly
reduced.?”%964-67 The average Al-Me bond distance observed for complex 9
(2.0036(10) A) is consistent with literature values for N-donor alkylaluminum

complexes.?7-68-71

Figure 13. Solid-state structure of complex 9. Ellipsoids are projected at 30%
probability. Hydrogen atoms are omitted for clarity. 74 = 0.93.
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The structure of complex 9 differs from complexes 1-6 in predictable ways.
Along the N-C—C-N backbone, the C—Nimine distance is 0.061(5) A longer for 9
than 1-6, and the C—Cpackbone distance is 0.065(5) A shorter. Interestingly, the Al—
Nimine bond is 0.1044(12) A shorter for 9 than 1-6, which we attribute to a stronger
interaction between the Al center and the increasingly electron-rich N atom.

EPR Spectroscopy. Room temperature X-band continuous wave EPR
spectroscopy was used to probe the location of the unpaired electron on complex
9. The EPR spectrum appears noisy, but this is a result of the hyperfine coupling
to several of the compound’s nuclei (Figure 14). In fact, the EPR spectrum of
complex 9 resembles other literature examples of singly reduced a-diimine

complexes of Al 6465

experimental

simulated
-0.2
=
$.04-
P
‘n
C
Q
£
o -0.6 4
o
w
-0.8
I ' I ' I ' I ' 1
3400 3450 3500 3550 3600

Magnetic Field (G)

Figure 14. X-band EPR spectrum of 9 recorded in 50:50 toluene:dichloromethane
at 298 K. The simulated spectrum is vertically offset for clarity. The root-mean-
square deviation for the simulation is 1.83.
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A simulated EPR spectrum of 9 was computed using EasySpin’?, a
MATLAB-based software. The radical was assumed to be in isotropic fast-motion,
in accordance with the symmetry about the center of the resonance. Radical
density was assumed to be delocalized over several nuclei. Initial parameters were
either calculated from experimental data (in the case of the isotropic g-tensor, giso)
or extrapolated from literature values®”%4%% (in the case of the A-tensor). A
Nelder/Mead simplex method was used to target the integral of the experimental
spectrum. Optimized parameters are given in Table 8.

Table 8. Isotropic g and hyperfine coupling constants (mT) for EasySpin EPR
fitting of 9
Jiso 27A| 14Na 1Hb 1Hc

2.0061 0.66 0.63 0.27 0.17

a 14N refers to two equivalent nitrogen nuclei

b 1H refers to the six equivalent protons of the methyl groups bound to the Al
center

¢ 1H refers to the six equivalent protons of the methyl groups of the N-C—-C-N
backbone

These parameters agree reasonably well with the SOMO density of complex
9 as calculated by DFT (Figure 15). Orbital density is primarily located on the N—
C—C-N backbone, with nearly zero contribution from the Al center. This
observation agrees exactly with the SOMO of Scott et. al.’s singly reduced (°PPI,P-

)AIMe, complex.6®
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Figure 15. SOMO of complex 9.

Electrochemistry. The cyclic voltammogram of complex 9 is presented in
Figure 16. We observe a highly reversible redox event (E12 =-1.88 V vs. Fc/Fc*),
presumably corresponding to the Al(Lmes )Me2/[Al(Lmes?)Me2] redox couple. There
is also a significantly less reversible redox event at a more positive potential (E1/2
=-0.97 V vs. Fc/Fc*) corresponding to the [Al(Lmes®)Mez]*/Al(Lmes )Me2 couple.

The two redox couples observed in the voltammogram of 9 are shifted to
more negative potentials than those recorded by Cole et. al. for the Al(Lwes’)Cl2
complex (-1.34 V vs. Fc/Fc* for Al(Lves’ )Me2/[Al(Lves> )Mez] and -0.73 V vs. Fc/Fc?
for [Al(Lmes?)Cl2]*/Al(Lmes’)Cl2).8% This difference is particularly pronounced for the
Al(Lwes )R2/[Al(Lmes®)R2] couple, which is nearly 0.5 V more negative for complex
9 than Al(Lmes’)Cl2. That difference is larger than what Cole et. al. found between
Al(Lmes’)Cl2 and Al(Lmes>)CI(THF)—complexes that start at different oxidation

states.%?
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Figure 16. Cyclic voltammogram of complex 9 recorded in 0.1 M [n-PrsN][BArf]
THF solution at 100 mV s

2.2.2 Synthesis and XRD & DFT characterization of [AIMez]2(l-LHmes—L Hmes)
Interested in tweaking the properties of the a-diimine in complex 9, we
pursued an analogous reaction to Scheme 9 for Lumes (N,N-bis(mesityl)-1,4-
diazabutadiene). In a preliminary reaction, we observed backbone-based radicals
coupling to give the [AIMez]2(U-Lumes—LHmes) complex 10 (Scheme 10). Following
vacuum filtration over celite, solvents were removed from the reaction matrix to
give 10 as a “gunky” brown solid that did not respond well to trituration. This solid
was concentrated in hexane, and from this solution single crystals of 10 were

grown at 25 °C.
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// \\ 1) 1 equiv Na, Et,O, rt, 6 h \
N N
2) Me,AICI, Et,0, 1t, 12 h
\
N N

Me‘\s Me
[AlMGZ]Z(“'LHMes_LHMes) (10)

Scheme 10. Synthesis of complex 10.

The backbone-coupling behavior shown in Scheme 10 has precedent:
Myers et. al.’” observed the same radical coupling following single reduction of an
[(IP)2AICI] complex (yielding [(IP%)2Al]2(u-IP-IP%)), and Hinchliffe et. al.”®
observed an analogous coupling to give a complex of the form [AICI2]2(u-PPDAB-
dPPDAB).

Solid-state structure. Table 9 contains selected structural data for complex
10, and Figure 17 gives its XRD-derived representation.

Table 9. Selected bond distances (A) and angles (°) for 10.

10 10theory®

AN 2.0025(12) 2.0484
1.8620(12) 1.9113

oant 192
C—Cpackbone 1.5044(19) 1.5079
C—Clridge 1.590(3) 1.6390
C—Nimine 1.4475(17) 1.4596
C—Namine 1.2780(18) 1.3026
Nimine—Al—Namine 84.11(5) 83.12
s e
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113.05(6) 114.94
119.42(6) 118.91

Me—-Al-Me 115.33(7) 114.52

@Values were calculated in Gaussian 16 at the BSLYP/LANL2DZ level of theory.

There is a rather large difference in the two Al-Njgand bond distances for
complex 10, consistent with the more electron-rich amine of the now-asymmetrical
ligand interacting more strongly with the Lewis acidic Al center. Analogous
differences in Al-Nigand bond distances are present in the Myers. et. al. and
Hinchliffe et. al. complexes resembling 10."773 The C—Cprigge bond distance in
complex 10 (1.590(3) A) agrees excellently with the value found by Hinchliffe et.
al.’® for the analogous [AICI]o(u-P°"DAB-"PDAB) complex (1.585(9) A). The
average Al-Me bond distance observed for complex 10 (1.9780(11) A) is

consistent with literature values for N-donor alkylaluminum complexes.?7-68-71

; c(21’)

B C(22)

Figure 17. Solid-state structures of complex 10. Ellipsoids are projected at 30%
probability. Hydrogen atoms are omitted for clarity. 74 = 0.89.
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DFT Studies. Figure 18 shows the frontier orbitals for complex 10.
Intuitively, the LUMO and LUMO+1 of complex 10 have orbital density along the
portion of the N-C—C—N backbone that is fully oxidized (i.e., further reduction will
place electrons in the fully oxidized portion of the backbone). Likewise, the HOMO
and HOMO-1 for 10 are predominantly located on the fully reduced portion of the
a-diimine backbone. The HOMO has significant orbital density along the C—Choridge
bond that is absent in the HOMO-1, suggesting that single-electron oxidation will

assist in the breakage of the C—Cyriqge bond (Figure 18).
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LUMO
E=-1.83eV

HOMO
E=-493eV

[AIMe,](M-Lymes—L Hmes) N /

LUMO+1
E=-143eV

'V{i ,/% - - \:I:% 'ré ,/% R
—

,‘*‘\
— /? —
.- \K\

HOMO-1
E=-5.54eV

Figure 18. Frontier orbitals for complex 10.
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2.2.3 Synthesis and XRD, DFT, & CV characterization of [(Lmes*)(THF)AI-
AIl(THF)(Lmes?)]

A different area of reduced-ligand chemistry that we are interested in
exploring is the synthesis of Al-Al bonded complexes bearing a-diimines. Such
complexes are relatively uncommon in the literature but are shown to possess
interesting reactivity and promising catalytic potential (Section 1.3.4). We are
happy to report that we have successfully synthesized a novel complex containing
an Al-Al bond.

The [(Lmes®)(THF)AI-AI(THF)(Lmes?)] complex 11 is synthesized in a one-
pot reduction of Lves in the presence of AICI3 (Scheme 11). Following addition of
KCs to a stirring matrix of AICl3 and Lwes, there is a rapid color change from yellow
to green. Upon filtration over Celite, the reaction mixture again appears yellow.
Removal of volatiles gives 11 as a light-yellow powder. This protocol compares
favorably to the Zhao et. al. protocol to prepare the similar [(Lapp?)(THF)AI-
Al(THF)(Lapp?)] complex, which requires a week of stirring and many excess
equivalents of sodium metal.”* '"H NMR of 11 suggests a low-symmetry complex

(Figure S16).

E—
THF, rt, 24 h
[(Lmes? ) (THF), AI—AI (THF)(Lpes2)] (11) 77%

Scheme 11. Synthesis of complex 11.
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Solid-state structure. Single crystals of 11 were grown from slow evaporation
from a concentrated THF solution into toluene. Selected bonding parameters are
given in Table 10, and an XRD-derived representation of 11 is given in Figure 19.

Table 10. Selected bond distances (A) and angles (°) for 11.

11 11theorya

1.8887

Al=N; 1.8464(13) 1.8827
—Nimine 1.8474(13) 1.8900
1.8800

Al—Oryr 1.9341(11) g:g]?g
Al-Al 2.5998(9) 2.6227
C—Chackbone 1.354(2) 1.3766
1.4477

C—N. 1.4275(18) 1.4474
—Nimine 1.4328(18) 1.4461
1.4491

88.88

Nimine—AI—Nimine 89-57(6) 88.91
100.84

N 101.38(5) 100.95
Nimine—Al—OTrF 101.31(5) 101.84
100.52

Al-Al-Oryr 106.23(4) ]gjgg

@Values were calculated in Gaussian 16 at the BSLYP/LANL2DZ level of theory.
The Al-Otwr bond distance in complex 11 (1.9341(11) A) agrees fairly well

with literature bond distances for AI-THF adducts.”>-8' Similarly, the Al-Al bond

distance in complex 11 (2.5998(9) A) is comfortably within the range of comparable

literature dialanes (2.52 A — 2.68 A).37:50.74,81-86
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Figure 19. Solid-state structures of complex 11. Ellipsoids are projected at 30%
probability. Hydrogen atoms are omitted for clarity. 74 = 1.08.

C—Cbackbone and C—Nimine bond distances for complex 11 (1.354(2) A and
1.4302(13) A, respectively) are consistent with other doubly reduced a-diimine
complexes of Al in the literature.?833.36.4287.88 Tgking a step back, we notice
consistent, intuitive changes in the bonding parameters along the —AI-N-C—C—N—
metallacycle for our complexes of varying oxidation state. Table 11 summarizes
these ligand oxidation state-dependent bonding parameters.

Table 11. Selected average bond distances (A) for complexes of differing ligand
oxidation state.

Complexes LIgSatI;?GOX. Al—Nimine C—Cprackbone C—Nimine
1-6 0 2.027(1) 1.503(3) 1.287(4)
9 1 1.9226(11) 1.438(2) 1.348(1)

11 -2 1.8469(9) 1.354(2) 1.4302(13)
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As Lar becomes doubly reduced, C—Cpackbone shortens from 1.503(3) A to
1.354(2) A—exactly consistent with an increase in bond order from 1 to 2. For the
same change in ligand oxidation state, C—Nimine increases from 1.287(4) A to
1.4302(13) A, suggesting a decrease in bond order from 2 to 1.5 These structural
changes were expected (Figure 2), but the dependence of Al-Nimine is slightly more
subtle. As the a-diimine is reduced, electron density increases on the N atoms of
the ligand. We therefore expect stronger interactions between the electron-rich N
atoms and the Lewis acidic Al—leading to shorter Al-Nimine bonds—consistent with
the trend seen in Table 11.

DFT Studies. The calculated frontier orbitals and Al-Al bonding MOs for
complex 11 are presented in Figure 20. As expected for the doubly reduced 11,
orbital densities of the HOMO and HOMO-1 are located on the a-diimine
backbone. Interestingly, orbital densities of the LUMO and LUMO+1 resemble a i’
orbital of the mesityl group. These orbitals are also significantly higher in energy
than the HOMO and HOMO-1 (AEavg = 0.396 eV). This observation is consistent
with our intuition that complex 11 is likely to engage in reducing behavior.

The Al-Al bonding MOs for 11 are low-lying relative to the HOMO and
HOMO-1 (8 electrons would need to be oxidized before electrons were removed
from an MO contributing to the Al-Al bond). This observation has favorable
implications for Al-Al cooperative reactivity, allowing for simultaneous contribution

from both metals (Scheme 5).
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Figure 20. Notable molecular orbitals for complex 11
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Electrochemistry. The cyclic voltammogram for complex 11 is given in
Figure 21. Notably, no reduction events are observed during the initial cathodic
sweep, corroborating the reducing behavior of 11. The voltammogram has several
features, but two reversible redox events are discernible at E12 =-1.05V vs. Fc/Fc*
and E42 = -0.73 V vs. Fc/Fc*. Our initial assessment is that these features
correspond to the [(Lmes? )(THF)AI-AI(THF)(Lmes?))/[(Lmes )(THF)AI-AI(THF )(Lmes?
)] and  [(Lmes )(THF)AI-AI(THF)(Lmes®))/[(Lmes )(THF)AI-AI(THF)(Lmes’)]  redox
couples, respectively. To our knowledge, this is the first cyclic voltammogram

collected for an a-diimine complex containing an Al-Al bond.

: : - 5.0%10°
[(CygeeZ ) THR)AISAITHF)(Lyyec2)]
- 0.0 .
<
I=
et
5
@)
- -5.0x10°°
T T T T T -1.0x107°
0.0 -1.0 2.0

Potential (V vs. Fc/Fc™)

Figure 21. Cyclic voltammogram of complex 11 recorded in 0.1 M [n-PrsN][BArf]
THF solution at 100 mV s
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3. Conclusions and Future Work

We have synthesized and characterized many a-diimine complexes of
aluminum. The two neutral-ligand series, [Al(Lar)2l2]l (1-3) and
[Al(LAr)2(NCMe)2]*31 (4-6), have been compared favorably to the previous
[Al(Lar)CI2]J[AICI4] series: they possess a more reversible electrochemical profile
and catalyze epoxidation more extensively. We hope to continue exploring the
derivatization of these complexes via inner-sphere iodo exchange, aryl
substitution, and counterion displacement, but we will also want to explore the
catalytic activity of these complexes further. Goldsmith speculates that a chiral a-
diimine complex may synthesize epoxides asymmetrically, a sensible and
promising notion.?® We will certainly pursue enantioselective epoxidation catalysis
with a chiral analog of our a-diimine complexes of Al.

We have also reported the synthesis and preliminary characterization of
three reduced-ligand a-diimine complexes of Al. Our work with these complexes
remains limited due to the pandemic, though we are encouraged by DFT
calculations and CV data. Once we complete our characterization of 9-11, we will
investigate their reaction profiles. We are specifically interested in the chemistry of
complex 11 towards imides and other heteroatom substituents, motivated by Al=E

adducts which have been shown to reduce CO,.8°
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5. Supplementary Information

5.1 Methods

5.1.1 Physical measurements

All NMR spectra were recorded at ambient temperature using a Bruker 400
MHz spectrometer (399.78 MHz for 'H, 100.52 MHz for 3C, and 161.83 MHz for
31P). Chemical shifts were referenced to residual solvent. s = singlet, bs = broad
singlet, d = doublet, q = quartet, td = triplet of doublets, m = multiplet, bm = broad
multiplet, at = apparent triplet. CHN analysis was performed at the Midwest
Microlab. Electrochemical measurements were done in a glovebox under a
dinitrogen environment using a CHI Potentiostat/Galvanostat. A glassy carbon
working electrode, a platinum wire auxiliary electrode, and a silver wire plated with
AgCl as a quasi-reference electrode were utilized. Potentials were reported versus
ferrocene, which was added as an internal standard for calibration at the end of
each run. Solutions employed during these studies were ~5 mM in analyte and 100
mM in [n-PrsN][BArf] ((BArF)~ = B(3,5-CF3)2-CsH3)4") in ~5 mL of dichloromethane
(for 1-6). Data was collected in a positive-feedback IR compensation mode at 100
mV s™'. EPR spectra were collected on 1 mM solutions in 50:50 toluene:DCM using
a X-band CW EPR spectrometer (microwave frequency 9.389 GHz, power 2.130
mW, temperature 298 K, modulation amplitude 0.1 mT). Fitting of EPR spectra

was performed in MATLAB using the garlic function of the EasySpin package.”?
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5.1.2 Computational details

All structure optimizations were performed with Gaussian 16%° using the
B3LYP hybrid DFT method® and the LANL2DZ basis set.?%* Geometry
optimization of the [Al(Lrn)2l2]" cation was performed using the crystal structure
geometry as the initial starting point. Molecular orbitals are rendered at an isovalue
of £0.06 a.u. NMR modelling for the [Al(Lpn)2I2]* cation was done using GIAO
calculations with the WP04 functional®® and the MidiX®¢ basis set. NMR modelling
for the [Al(Lrn)2(NCMe)2]3* cation was done using GIAO calculations with the
WPO04 functional®® and the aug-cc-pVDZ basis set.

Atom colors: aluminum: orange; nitrogen: blue; carbon: gray; hydrogen:
black; iodine: purple; oxygen: red; chlorine: green; boron: pink. MO colors: a-

orbital: red; B-orbital: green.

5.1.3 Preparation of compounds

All reactions and manipulations were performed under a dinitrogen
atmosphere in a Vacuum Atmospheres, Inc. NextGen drybox equipped with both
oxygen and moisture purifier systems. Glassware was dried overnight at 150 °C
before use. CDCl; and CD3sCN were degassed and stored over 4 A molecular
sieves prior to use. Acetonitrile, DCM, DME, ether, hexane, pentane, THF, and
toluene were sparged for 20 min with dry argon and dried using a commercial two-
column solvent purification system comprising of two columns packed with neutral
alumina (for acetonitrile, DCM, DME, ether, and THF) or Q5 reactant then neutral

alumina (for hexanes, pentane, and toluene). Lar ligand®’, P"DAB ligand®®, and [n-
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PrsN][BArF] electrolyte®® were prepared according to literature procedures. All

other reagents were purchased from commercial sources and used as received.

General Synthesis of [Al(Lar)2l2]*1 (1-4):

Allz (0.204 g, 0.50 mmol) was dissolved in 25 mL diethyl ether in a 125 mL flask
equipped with a magnetic stir bar. To this stirring solution was added Lar (1.00
mmol) dissolved in sufficient diethyl ether to give a homogenous solution. The
resulting reaction was let to stir for 12 h at room temperature, after which the
product was collected as a powder by filtration over a medium porosity frit. The

powder was washed with diethyl ether (~20 mL) and dried in vacuo.

Characterization Data for [Al(Lpn)2l2]*I (1):

Yield: 0.407 g, 0.462 mmol (93%) of a pale-orange powder.

"H NMR (CDCls3): 8 8.18 (t, J = 7.3 Hz, 2H), 8.04 (d, J = 7.3 Hz, 2H), 7.64 (m, 4H),
7.54 (d, J=7.4 Hz, 2H), 7.37 (m, 4H), 7.27 (m, 2H), 7.14 (t, J = 7.3 Hz, 2H), 4.79
(d, J=7.6 Hz, 2H), 2.74 (s, 6H, CH3C=N), 2.38 (s, 6H, CH3C=N).

13C{"H} NMR (CDCl3): & 171.8 (C=N), 171.5 (C=N), 143.3, 142.2, 132.6, 131.1,
129.4 (b, two overlapping signals), 128.9, 128.3, 125.8, 125.7, 122.0, 121.7, 22.8
(HsCC=N), 22.1 (H3CC=N).

Anal. Calcd for C32H32AlI3N4: C, 43.66; H, 3.66; N, 6.36. Found: C, 43.43; H, 3.66;

N, 6.24.

Characterization Data for [Al(Ltol)2l2]*I (2):
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Yield: 0.391 g, 0.418 mmol (84%) of an orange powder.

"H NMR (CDCl3): 6 7.86 (d, J = 7.2 Hz, 4H), 7.35 (s, 4H), 7.12 (m, J = 8.2 Hz, 4H),
6.90 (d, J = 7.2 Hz, 2H), 4.72 (d, J = 6.9 Hz, 2H), 2.66 (s, 6H, CH3C=N), 2.50 (s,
6H, CH3C=N), 2.31 (s, 6H, CH3CeHs—N), 2.31 (s, 6H, CH3CgH4—N).

13C{"H} NMR (CDCl3): 8 171.7 (C=N), 171.2 (C=N), 140.8, 139.7, 139.6, 138.9,
128.7, 125.6, 125.5, 121.9, 121.6, 22.6 (H3CC=N), 21.9 (H3CC=N), 21.2
(H3CCsHs—N), 21.2 (H3CCsHas—N).

Anal. Calcd for C3sHa0AllsN4: C, 46.17; H, 4.31; N, 5.98. Found: C, 45.55; H, 4.48;

N, 5.63.

Characterization Data for [Al(Liu)212]+1 (3):

Yield: 0.480 g, 0.434 mmol (87%) of an orange powder.

"H NMR (CDCls): 8 8.09 (d, J = 7.5 Hz, 2H), 7.89 (s, 2H), 7.62 (d, J = 7.5 Hz, 2H),
7.42 (s, 2H), 7.34 (s, 2H), 7.16 (m, J = 7.0 Hz, 2H), 7.02 (s, 2H), 4.65 (s, 2H), 2.69
(s, 6H, CH3C=N), 2.30 (s, 6H, CH3C=N), 1.46 (s, 18H, CH3C(CH3)2CsHs—N), 1.28
(s, 18H, CH3C(CHs3)2CeHs—N).

13C{"H} NMR (CDCl3): 8 171.2 (C=N), 171.0 (C=N), 153.0, 152.0, 140.8, 139.6,
128.8, 128.0, 1254, 125.3, 121.5, 121.4, 35.2 ((CH)3CCsHs—N), 34.7
((CH)3CCeH4—N), 31.5 (C(CH)3CeH4—N), 31.3 (C(CH)3CsHs—N), 22.5 (H3CC=N),
21.8 (HsCC=N.

Anal. Calcd for C4gHesAllsN4: C, 52.19; H, 5.84; N, 5.07. Found: C, 51.86; H, 6.08;

N, 4.96.
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General Synthesis of [Al(La)2(NCMe)2]+31 (4—6):

[Al(Lar)212]¢1 (0.050 g) was weighed into a 25 mL vial and acetonitrile (~1.5 mL) was
added. The resulting deep purple solution was let to stand for 24 h at room
temperature. The supernatant was decanted and the remaining crystals were
washed with cold acetonitrile (3 x 1 mL), after which the crystals were dried in

vacuo and collected.

Characterization Data for [Al(Lto)2(NCMe)2]*31 (5):

Yield: 0.042 g, 0.041 mmol (77%) of a purple crystal.

"H NMR (CD3CN): 8 7.54 (m, J = 8.3 Hz, 5.5 Hz, 6H), 7.32 (d, J = 7.2 Hz, 2H), 7.20
(d,J=2.4Hz, 2H), 7.18 (d, J = 2.4 Hz, 2H), 7.07 (d, J = 8.2 Hz, 2H), 6.67 (dd, J =
2.4 Hz, 8.1 Hz, 2H), 4.87 (dd, J = 2.4 Hz, 8.2 Hz, 2H), 2.79 (s, 6H, CH3C=N), 2.49
(s, 6H, CH3C=N), 2.48 (s, 6H, CH35CeH4—N), 2.31 (s, 6H, CH3CeH4—N).

13C{"H} NMR (CD3CN): 8 178.6 (C=N), 178.5 (C=N), 141.0, 140.0, 139.9, 139.8,
132.3, 132.0, 130.8, 130.5, 122.1, 121.6, 121.3, 121.2, 23.2 (H3CCe¢H4—N), 23.2
(HsCCsHs—N), 20.8 (H3CC=N), 20.6 (HsCC=N).

Anal. Calcd for CaoHs6AllsNe: C, 47.17; H, 4.55; N, 8.25. Found: C, 46.18; H, 4.41;

N, 7.17.

Characterization Data for [Al(Lsu)2(NCMe)2]*31 (6):

Yield: 0.046 g, 0.039 mmol (86%) of a purple crystal.
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'H NMR (CDsCN): & 7.86 (dd, J = 2.2 Hz, 8.4 Hz, 2H), 7.79 (dd, J = 2.1 Hz, 8.4
Hz, 2H), 7.60 (dd, J = 2.4 Hz, 8.4 Hz, 2H), 7.56 (dd, J = 2.2 Hz, 8.4 Hz, 2H), 7.24
(dd, J = 1.5 Hz, 8.6 Hz, 4H), 6.76 (m, J = 2.5 Hz, 8.4 Hz, 2H), 4.76 (m, J = 2.4 Hz,
8.4 Hz, 2H), 2.85 (s, 6H, CHsC=N), 2.52 (s, 6H, CHsC=N), 1.44 (s, 18H,
(CHs)3CCsHs—N), 1.28 (s, 18H, (CHs)sCCsHa—N).

13C{'H} NMR (CDsCN): & 178.6 (C=N), 178.4 (C=N), 154.1, 152.8, 139.9, 139.9,
129.1, 128.3, 127.4, 126.8, 121.6, 121.6, 121.0, 120.9, 35.4 ((CH3)sCCsH4—N),
35.0 ((CHs)3sCCsHa=N), 31.0 ((CH3)sCCsH4—N), 30.8 ((CHs3)sCCeHs—N), 23.2

(HsCC=N), 23.1 (HsCC=N).

Synthesis of [Al(Lpn)2(POEts3)2]*3I (T):

[Al(Lpn)2l2]*l (0.100 g, 0.114 mmol) was weighed into a 25 mL vial equipped with a
mechanical stirrer and dichloromethane (~1.5 mL) was added. In a separate vial,
POEts (0.13 g, 0.038 mmol) was weighed and dissolved in dichloromethane (~1.5
mL). The POEts solution was added via pipette to the stirring [Al(Lpn)212]*l solution.
The resulting deep blue solution was let to stir for 24 h at room temperature. The
solution was filtered over a Celite-padded frit and solvents were removed to give

a blue powder.

Synthesis of [Al(Lpr)2(NCMe)2]*BPh4*21 (8):
[Al(Lpn)2l2]*l (0.100 g, 0.114 mmol) was weighed into a 25 mL vial equipped with a
mechanical stirrer and acetonitrile (~1.5 mL) was added. In a separate vial,

NaBPh4 (0.13 g, 0.038 mmol) was weighed and dissolved in acetonitrile (~1.5 mL).

S6



The NaBPhg4 solution was added via pipette to the stirring [Al(Len)212]*l solution. The
resulting deep purple solution was let to stir for 24 h at room temperature. Crystals
suitable for X-ray diffraction were obtained from an acetonitrile/toluene slow

evaporation at -25 °C.

Synthesis of Al(Lmes’)Me:2 (9):

Lmes (0.250 g, 0.780 mmol) was weighed into a 25 mL vial and dissolved in diethyl
ether (~1.5 mL). Sodium metal (0.020 g, 0.870 mmol) was added to a 125 mL flask
equipped with a mechanical stirrer and the Lwes solution was transferred by pipette.
The resulting yellow solution was let to stir for 4 h at room temperature. The
solution progressed from yellow to deep red concomitant with ligand reduction. 1
M CIAIMe2 (0.78 mL, 0.780 mmol) solution was added to the stirring reaction matrix
by syringe. The resulting light-orange solution was let to stir for 24 h at room
temperature. The solution was then filtered over a Celite-padded frit. Solvents were
removed to give an orange powder in 58% vyield (0.158 g, 0.45 mmol). Al(Lmes’
)2Me> crystals suitable for X-ray diffraction were obtained by cooling a saturated

hexane solution at -25 °C.

Synthesis of [AIMez]>(-Lames —LHmes’) (10):

Lrmes (0.250 g, 0.855 mmol) was weighed into a 25 mL vial and dissolved in diethyl
ether (~1.5 mL). Sodium metal (0.022 g, 0.940 mmol) was added to a 125 mL flask
equipped with a mechanical stirrer and the Luwes solution was transferred by

pipette. The resulting yellow solution was let to stir for 4 h at room temperature.
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The solution progressed from yellow to deep red concomitant with ligand reduction.
1 M ClAIMe2 (0.86 mL, 0.855 mmol) solution was added to the stirring reaction
matrix by syringe. The resulting reddish-brown solution was let to stir for 24 h at
room temperature. The solution was filtered over a Celite-padded frit and solvents
were removed to give a brown powder, the totality of which was taken up into hot
hexane. [Al(Lnmes’)2Me2]2 crystals suitable for X-ray diffraction were obtained by

cooling a saturated hexane solution at -25 °C.

Synthesis of [(Lves>)(THF)AI-AI(THF)(Lues®)] (11):

AICI3 (0.104 g, 0.780 mmol) was weighed into a 125 mL flask equipped with a
mechanical stirrer and THF (~20 mL) was added. In a separate vial, Lves (0.250 g,
0.780 mmol) was weighed and dissolved in THF (~1.5 mL). The Lues solution was
added via pipette to the stirring AICI3 solution. KCg (0.327 g, 2.419 mmol) was
added to the yellow solution as a bronze powder. A color change from yellow to
green was observed, at which point the formation of graphite powder turned the
solution black. This black solution was let to stir for 24 h at room temperature. The
solution was filtered over a Celite-padded frit and solvents were removed to give
a yellow powder in 77% yield (0.504 g, 0.600 mmol). [(Lmes®)(THF)AI-
Al(THF)(Lmes?)] crystals suitable for X-ray diffraction were obtained from a

THF/toluene slow evaporation at -25 °C.
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5.2 Spectra

FIGURE S1. 3C NMR SPECTRUM OF [AL(Lpu)212]*l (1) INCDCL3 AT 25 °C. .o S10
FIGURE S2. 'H NMR SPECTRUM OF [AL(LToL)2l2]*l (2) INCDCL3 AT 25 °C. ..ocvvveveereciecieceeeveeieeiene S11
FIGURE S3. 3C NMR SPECTRUM OF [AL(L7oL)212]*l (2) INCDCL3AT 25 °C. ...vovevecvrcrecieceecreeveeeenie S12
FIGURE S4. "H NMR SPECTRUM OF [AL(L7Bu)2l2]*l (3) INCDCL3AT 25 °C. .ccvevviivecerirecieevecieereeienie S13
FIGURE S5. 3C NMR SPECTRUM OF [AL(Lsu)2l2]*l (3) IN CDCL3 AT 25 °C. oo S14
FIGURE S6. 'H NMR SPECTRUM OF [AL(Lpu)2(NCME)2]*31 (4) IN CDCL3 AT 25 °C....cooevvevrerecrrnnee S15
FIGURE S7. SIMULATED '"H NMR SPECTRUM OF [AL(Lp+)2(NCME)2]*3I (4) IN CDCLs. ......c..cveveneene S16
FIGURE S8. 3C NMR sPECTRUM OF [AL(Lpx)2(NCME)2]*3I (4) IN CDCL3 AT 25 °C. ..ooovvvrereerenee S17
FIGURE S9. 'H NMR SPECTRUM OF [AL(LToL)2(NCME)2]*3I (5) INCDCL3 AT 25 °C....ooovvvrevverrnee S18
FIGURE S$10. *C NMR SPECTRUM OF [AL(L7oL)2(NCME)2]*31 (5) INCDCL3 AT 25 °C. ..ovevveenenee. S19
FIGURE S11. "H NMR sPECTRUM OF [AL(L+8u)2(NCME)2]*3! (6) IN CDCL3 AT 25 °C......ocvvevverrnene S20
FIGURE S$12. 3C NMR SPECTRUM OF [AL(L8u)2(NCME)2]*3I (6) IN CDCL3 AT 25 °C. ....ocvvrvrnnnneen. S21
FIGURE S13. "H NMR SPECTRUM OF [AL(Lpi)2(P(OET)3)2]*31 (7) INCDCL3 AT 25 °C......coocvverrnree S22
FIGURE S14. 3'P NMR SPECTRUM OF [AL(Lpi)2(P(OET)3)2]*31 (7) INCDCL3 AT 25 °C.......cecuvneenee S23
FIGURE S15. "H NMR SPECTRUM OF AL(Lmes )ME2 (9) IN CeDs AT 25 °C. ..o S24

FIGURE S16. "H NMR SPECTRUM OF [(Lmes?)(THF)AL—AL(THF)(Lmes?)] (11) IN CsDs AT 25 °C....... S25
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Figure S7. Simulated '"H NMR spectrum of [Al(Lpn)2(NCMe)2]*31 (4) in CDCls.
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5.3 X-ray structure determination

X-ray diffraction data for 1-3, and 6 were collected on either a Bruker
DB8QUEST' CMOS area detector (1 and 2), a Bruker APEXII'®" CCD area
detector (3 and 6), both of which employ graphite-monochromated Mo-Ka radiation
(A = 0.71073 A) at 100K. The rotation frames for these samples were integrated
using SAINT'%2 producing a list of unaveraged F? and o(F?) values for which the
intensity values were corrected for Lorentz and polarization effects and for
absorption using SADABS'%. The structures were then solved by direct methods
- ShelXT'% in the case of 1 and 2 and direct methods - ShelXS-97'% in the case
of 3 and 6. All structures were then refined by full-matrix least squares based on
F2 using SHELXL-2017"%_ All non-hydrogen atoms were refined anisotropically
and hydrogen atoms were refined using a riding model.

X-ray diffraction data for 5 was collected on a Bruker APEXII'®" CCD area
detector employing graphite-monochromated Mo-Ka radiation (A = 0.71073 A) at
100K. The crystal grew as a non-merohedral twin, and the program CELL_NOW1%7
was used to index the diffraction images and determine the twinning mechanism.
The crystal was twinned by a rotation of 180° about the 010 reciprocal direction.
The rotation frame for this sample was integrated using SAINT'%?, producing a list
of unaveraged F? and o(F?) values for which the intensity values were corrected
for Lorentz and polarization effects and for absorption using TWINABS'%. The
structure was then solved by direct methods - ShelXT'%4. The structure was then

refined by full-matrix least squares based on F2 using SHELXL-2017"%. All non-
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hydrogen atoms were refined anisotropically and hydrogen atoms were refined
using a riding model.

X-ray diffraction data for 8 was collection on a Rigaku XtaLAB Synergy-S
diffractometer equipped with an HPC area detector (HyPix-6000HE) and
employing confocal multilayer optic-monochromated Mo-Ka radiation (A = 0.71073
A) at 100K. The rotation frames for this sample were integrated using
CrysAlisPro'®, producing a list of unaveraged F? and o(F?) values for which the
intensity values were corrected for Lorentz and polarization effects and for
absorption using SCALE3 ABSPACK''0. The structure was then solved by direct
methods - ShelXT'%! and refined by full-matrix least squares based on F? using
SHELXL-2018""". All non-hydrogen atoms were refined anisotropically and
hydrogen atoms were refined using a riding model.

X-ray diffraction data for 9 was collected on a Bruker APEXII'®" CCD area
detector employing graphite-monochromated Mo-Ka radiation (A = 0.71073 A) at
100K. The rotation frames for this sample were integrated using SAINT'%2,
producing a list of unaveraged F? and o(F?) values for which the intensity values
were corrected for Lorentz and polarization effects and for absorption using
SADABS'%3, The structure was then solved by direct methods - ShelXS-97'%. The
structure was then refined by full-matrix least squares based on F? using SHELXL-
2017'%_ All non-hydrogen atoms were refined anisotropically and hydrogen atoms
were refined using a riding model.

X-ray diffraction data for 10 was collected on a Bruker DBQUEST'% CMOS

area detector employing graphite-monochromated Mo-Ka radiation (A = 0.71073
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A) at 100K. The rotation frames for these samples were integrated using SAINT2,
producing a list of unaveraged F? and o(F?) values for which the intensity values
were corrected for Lorentz and polarization effects and for absorption using
SADABS'%3, The structures were then solved by direct methods - ShelXT%4. All
structures were then refined by full-matrix least squares based on F? using
SHELXL-2018""". All non-hydrogen atoms were refined anisotropically and
hydrogen atoms were refined using a riding model.

X-ray diffraction data for 11 was collected on a Bruker DBQUEST'% CMOS
area detector employing graphite-monochromated Mo-Ka radiation (A = 0.71073
A) at 100K. The rotation frames for these samples were integrated using SAINT2,
producing a list of unaveraged F? and o(F?) values for which the intensity values
were corrected for Lorentz and polarization effects and for absorption using
SADABS'%3, The structures were then solved by direct methods - ShelXT%4. All
structures were then refined by full-matrix least squares based on F? using
SHELXL-2018""". All non-hydrogen atoms were refined anisotropically and

hydrogen atoms were refined using a riding model.
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Table S1. Summary of Structure Determination of [Al(Lpn)2l2]*l (1):

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Cell constants:

a

b

¢

B
Volume
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
20 range for data collection
Index ranges
Reflections collected
Independent reflections
Max. and min. transmission
Data / restraints / parameters
Goodness-of-fit on F?
Final R indices [I = 20 ()]
R indices (all data)
Largest diff. peak and hole

Cs2H32All13N,
880.32 g/mol
100 K
0.71073 A
monoclinic
P21/n

15.7424(11) A

10.1222(7) A
(16

100. 184(2)°

3612.7(4) A3

4

1.775 g/lcm?®

2.796 mm-"

1864.0

0.33 x 0.09 x 0.04 mm3

5.822 to 55.156°

-20sh<20,-13<k<13,-29<1<29

126252

8343 [R(int) = 0.0836]

0.7456 and 0.5445

8343 /0/392

1.212

R4 =0.0638, wR2 = 0.1502

R4 =0.0776, wR2 = 0.1585

3.09 and -1.98 eA®
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Table S2. Summary of Structure Determination of [Al(Ltol)212]¢l (2):

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Cell constants:

a

b

c

B
Volume
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
20 range for data collection
Index ranges
Reflections collected
Independent reflections
Max. and min. transmission
Data / restraints / parameters
Goodness-of-fit on F?
Final R indices [I = 20 ()]
R indices (all data)
Largest diff. peak and hole

CseHa0All3N4
936.42 g/mol
100 K
0.71073 A
monoclinic
P24/n

16.8972(6) A
13.6452(5) A
23.6248(9) A
97.9400(10)°
5394.8(3) A®

4

1.676 g/cm?®

2.282 mm™"

2664.0

0.17 x 0.13 x 0.11 mm3

5.772 to 55.082°
21<h<21,-17<k<17,-30<1<30
89797

12411 [R(int) = 0.0807]

0.7456 and 0.6569

12411 /144 / 633

1.143

R4 =0.0520, wR2 = 0.0802
R1=0.0781, wR2 = 0.0890

0.97 and -1.50 eA*
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Table S3. Summary of Structure Determination of [Al(Lmu)2l2]¢l (3):

Empirical formula CasHesAll3sN4
Formula weight 1104.74 g/mol
Temperature 100 K
Wavelength 0.71073 A
Crystal system monoclinic
Space group P24/n
Cell constants:

a 17.0949(17) A

b 9.8555(10) A

c 35.321(4) A

B 101.433(6)°
Volume 5832.7(10) A3
z 4
Density (calculated) 1.451 g/cm?®
Absorption coefficient 1.840 mm™"
F(000) 2544.0
Crystal size 0.14 x 0.11 x 0.05
20 range for data collection 2.482 to 55.272°
Index ranges 22<h<22,-12<k<12,-45<1<45
Reflections collected 89870
Independent reflections 13461 [R(int) = 0.0712]

Max. and min. transmission 0.7456 and 0.6449
Data / restraints / parameters 13461 /18 /575

Goodness-of-fit on F? 1.307
Final R indices [l = 20 (1)] R1=0.0979, wR2 =0.2162
R indices (all data) R1=0.1178, wR2 = 0.2286

Largest diff. peak and hole  4.63 and -3.14 eA
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Table S4. Summary of Structure Determination of [Al(L1o)2(NCMe)2]*31 (6):

Empirical formula CaoHasAll3Ns
Formula weight 1018.53 g/mol
Temperature 100 K
Wavelength 0.71073 A
Crystal system triclinic
Space group P
Cell constants:

a 10.5938(10) A

b 11.1597(10) A

c 20.496(2) A

a 94.088(2)°

B 91.264(2)°

Y 115.774(2)°
Volume 2172.7(4) A3
Z 2
Density (calculated) 1.557 g/cm?®
Absorption coefficient 2.212 mm™"
F(000) 1000.0
Crystal size 0.12x0.09 x 0.04
20 range for data collection 3.992 to 5§5.102°
Index ranges -13<h<13,-14<k<14,0<1<26
Reflections collected 64670
Independent reflections 9768 [R(int) = 0.0412]

Max. and min. transmission 0.7456 and 0.6854
Data / restraints / parameters 9768 / 0 / 462

Goodness-of-fit on F? 1.056
Final R indices [I = 20 (I)] R1=0.0351, wR2 = 0.0818
R indices (all data) R1=0.0496, wR2 = 0.0885

Largest diff. peak and hole  1.24 and -1.35 eA®
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Table S5. Summary of Structure Determination of [Al(Lisu)2(NCMe)2]+3I (7):

Empirical formula Cs2H70AlI3N6
Formula weight 1186.84 g/mol
Temperature 100 K
Wavelength 0.71073 A
Crystal system monoclinic
Space group Cc
Cell constants:
a 16.4854(16) A
b 18.1248(17) A
c 20.0270(18) A
B 102.936(5)°
Volume 5832.1(10) A3
Z 4
Density (calculated) 1.398 g/cm?
Absorption coefficient 1.661 mm™"
F(000) 2472.0
Crystal size 0.16 x 0.06 x 0.05 mm?
20 range for data collection 3.3888 to 55.024°
Index ranges -21<h<21,-23<k<23,-25<1<25
Reflections collected 46722
Independent reflections 13339[R(int) = 0.0271]

Max. and min. transmission 0.7456 and 0.6550
Data / restraints / parameters 13339/ 2/ 605

Goodness-of-fit on F? 1.052
Final R indices [l = 20 (1)] R1=0.0415, wR2 =0.1106
R indices (all data) R1=0.0446, wR> = 0.1126

Largest diff. peak and hole  4.55 and -1.38 eA®
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Table S6. Summary of Structure Determination of [Al(Lrn)2(NCMe)2]*BPhs<21 (8):

Empirical formula CeoHssAIBI2Ns
Formula weight 1154.74 g/mol
Temperature 100 K
Wavelength 0.71073 A
Crystal system monoclinic
Space group Pc
Cell constants:
a 15.8431(3) A
b 20.3375(3) A
c 19.5744(3) A
B 110.552(2)°
Volume 5905.63(18) A
Z 4
Density (calculated) 1.391 g/cm?®
Absorption coefficient 1.126 mm™"
F(000) 2512.0
Crystal size 0.31 x0.24 x 0.09 mm?
20 range for data collection 4.328 to 56.56°
Index ranges -20sh<20,-26<k<27,-26<1<25
Reflections collected 99100
Independent reflections 27962[R(int) = 0.0382]

Max. and min. transmission 1.0000 and 0.6068
Data / restraints / parameters 27962 / 29/ 1379

Goodness-of-fit on F? 1.041
Final R indices [I = 20 (I)] R1=0.0302, wR2 = 0.0681
R indices (all data) R1=0.0353, wR2 = 0.0706

Largest diff. peak and hole  0.44 and -0.72 eA
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Table S7. Summary of Structure Determination of Al(Lves )Me2 (9):

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group
Cell constants:

a

b

c
Volume
Z
Density (calculated)
Absorption coefficient
F(000)
Crystal size
20 range for data collection
Index ranges
Reflections collected
Independent reflections
Max. and min. transmission
Data / restraints / parameters
Goodness-of-fit on F?
Final R indices [I = 20 ()]
R indices (all data)
Largest diff. peak and hole

C24H34NoAl
377.51 g/mol
100 K
0.71073 A
orthorhombic
Pnma

23.5077(12) A

12.1639(6) A

7.9018(4) A

2259.5(2) A®

4

1.110 g/cm?®

0.100 mm’

820.0

0.35x0.12x 0.1 mm?
4.82 to 55.008°
-29<h<30,-15<k<14,-10<1<10
37641

2714[R(int) = 0.0291]
1.0000 and 0.6068

2714 /0/149

1.078

R4 =0.0392, wR2 = 0.1123
R4 =0.0439, wR2 = 0.1165
0.44 and -0.27 eA3
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Table S8. Summary of Structure Determination of [Al(Lnimes’ )Me2]2 (10):

Empirical formula CaaHeoAl2N4
Formula weight 698.92 g/mol
Temperature 100 K
Wavelength 0.71073 A
Crystal system triclinic
Space group Pwith
Cell constants:

a 8.1742(3) A

b 11.0230(4) A

c 11.7467(4) A

a 96.2460(10)°

B 105.0240(10)°

Y 97.7320(10)°
Volume 1001.47(6) A3
Z 1
Density (calculated) 1.159 g/cm?
Absorption coefficient 0.108 mm’
F(000) 378.0
Crystal size 0.26 x 0.14 x 0.08 mm?
20 range for data collection 6.456 to 55.102°
Index ranges -10£h<10,-14<k<14,-15<1<15
Reflections collected 19793
Independent reflections 4602[R(int) = 0.0419]

Max. and min. transmission 0.7456 and 0.7033
Data / restraints / parameters 4602 / 0 / 234

Goodness-of-fit on F? 1.039
Final R indices [l = 20 (1)] R1=0.0426, wR2 = 0.0981
R indices (all data) R1=0.0560, wR2 = 0.1044

Largest diff. peak and hole  0.31 and -0.25 eA
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Table S9. Summary of Structure Determination of [Al(Lwmes? )(THF)]2 (11):

Empirical formula Cs2H72A12N402
Formula weight 839.09 g/mol
Temperature 100 K
Wavelength 0.71073 A
Crystal system monoclinic
Space group P24/n
Cell constants:

a 12.5753(4) A

b 15.7929(5) A

c 12.6024(4) A

B 106.6250(10)°
Volume 2398.22(13) A3
Z 2
Density (calculated) 1.162 g/cm?®
Absorption coefficient 0.104 mm’
F(000) 908.0
Crystal size 0.39 x 0.34 x 0.14 mm?
20 range for data collection 6 to 55.088°
Index ranges -16<h<16,-20ck<20,-15<1<16
Reflections collected 47341
Independent reflections 5536[R(int) = 0.0585]

Max. and min. transmission 0.7456 and 0.6963
Data / restraints / parameters 5536 / 0/ 279

Goodness-of-fit on F? 1.015
Final R indices [l = 20 (1)] R1=0.0438, wR2 =0.1011
R indices (all data) R1=0.0586, wR2 = 0.1095

Largest diff. peak and hole  1.06 and -0.28 eA
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5.4 Computational data

Table S$10. Optimized coordinates for 1.

Atom X Y Z

I 5.58973 5.95633 4.80292
Al 3.23476 6.48398 5.95908
C 3.69309 3.73926 6.55521
C 2.65819 3.70863 5.49067
C 1.59517 8.72817 4.91352
C 0.77804 7.83182 5.79993
C 1.04293 10.00141 4.24608
H 0.24388 9.7394 3.58444
H 0.67852 10.66918 4.,99853
H 1.8227 10.48031 3.69153
C -0.67529 8.3079 5.98105
H -1.17472 8.29697 5.03482
H -1.18267 7.65456 6.65972
H -0.67824 9.30296 6.37444
C 4.16364 2.39659 7.14464
H 3.33037 1.88755 7.58217
H 4.58212 1.79268 6.36677
H 4.90538 2.57664 7.89451
C 2.19087 2.35663 4.92031
H 1.66457 1.81309 5.67693
H 1.54208 2.52635 4.08655
H 3.04128 1.79106 4.60117
C 4.72215 5.02037 7.80614
C 6.10976 4.90344 7.72612
C 4.11358 5.27886 9.03465
C 6.88907 5.04467 8.87469
H 6.58952 4.70003 6.75782
C 4.8926 5.4196 10.18306
H 3.01951 5.37142 9.09736
C 6.28077 5.3021 10.10307
H 7.98296 4.95166 8.8114
H 4.4132 5.62264 11.15169
H 6.89491 5.41281 11.00853
C 1.59181 4.95725 4.23849
C 0.29095 5.41697 4.44335
C 2.01276 4.60327 2.95634
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-0.58933
-0.04081
1.1326
3.03862
-0.16897
-1.61508
1.46384
-0.86295
3.51119
4.37356
3.54217
5.26689
4.34943
4.43493
2.8624
5.2973
5.9461
4.45913
6.00098
0.77589
0.08547
0.77861
-0.60264
0.08355
0.09029
1.32341
-0.60084
-1.1475
0.09162
-1.14372
2.80716
1.31843
2.28579
410779

5.52251
5.69631

4.7083
4.24122
5.16773
5.88425
4.42869
5.25029
8.75151
9.76744
8.30313
10.3354
10.12066
8.87124
7.50182
9.88795
11.13685
8.51857
10.33602
6.28772
5.10953
6.79889
4.44244
4.70639
6.13227
7.72764
4.95385
3.51401
6.53528
4.42843
8.30363
6.81352
4.87418
4.90927

3.36611
5.45382
1.87939
2.79506
2.08445
3.52806
0.86875
1.23541
4.15176
4.56379
2.831
3.65503
5.60484
1.92228
2.50652
2.33439
3.97998
0.88097
1.61788
7.16656
6.88242
8.46468
7.8963
5.85937
9.47827
8.68851
9.19387
7.6718
10.50144
9.99294
4.86792
6.36762
5.08738
6.90096
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Table S11. Optimized coordinates for 4.

Atom X Y Z

Al 0 -0.17924 0.00001
C 1.53848 0.89453 2.22299
C 0.25157 1.66368 2.23498
C -1.53849 0.89459 -2.22295
C -0.25157 1.66375 -2.23491
C -2.52496 1.10444 -3.34211
H -3.09874 2.02977 -3.19595
H -2.00312 1.19327 -4.30063
H -3.23536 0.27919 -3.40312
C 0.00972 2.65464 -3.33818
H -0.88275 3.25153 -3.5507
H 0.83797 3.32212 -3.09688
H 0.26988 2.12192 -4.26448
C 2.52497 1.10436 3.34214
H 3.09875 2.02969 3.19598
H 2.00314 1.19318 4.30067
H 3.23537 0.27911 3.40314
C -0.00973 2.65453 3.33828
H 0.88273 3.25143 3.55081
H -0.838 3.32201 3.09701
H -0.26988 2.12178 4.26457
C 2.8747 -0.78708 1.15506
C 2.81311 -2.1855 1.31026
C 4.10383 -0.14374 0.89824
C 3.99687 -2.93758 1.21801
H 1.86499 -2.67235 1.50794
C 5.27627 -0.90904 0.78833
H 4.14036 0.93333 0.76182
C 5.22749 -2.30731 0.95292
H 3.95158 -4.01531 1.34495
H 6.22128 -0.416 0.57705
H 6.13608 -2.89765 0.87238
C -1.90803 2.00352 1.25628
C -2.0844 3.16629 0.47847
C -2.96924 1.48244 2.02031
C -3.3344 3.8133 0.47125
H -1.254 3.57613 -0.0903
C -4.21453 2.13853 2.00623
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-2.82426
-4.40206
-3.46786
-5.03264
-5.36278
-2.8747
-2.81311
-4.10384
-3.99687
-1.86499
-5.27628
-4.14037
-5.2275
-3.95158
-6.22129
-6.13608
1.90803
2.08441
2.96923
3.33442
1.25403
4.21453
2.82425
4.40207
3.46789
5.03262
5.3628
-1.65856
0.60381
-0.60381
1.65856
-0.76372
0.76372
-1.76392
-1.28062
-2.81197
-1.61398
1.76391
2.57046
2.12805

0.57455
3.30229
4.71938
1.73853
3.80944
-0.78706
-2.18547
-0.14372
-2.93755
-2.67232
-0.90902
0.93335
-2.30729
-4.01529
-0.41599
-2.89764
2.00355
3.16633
1.48246
3.81333
3.57618
2.13854
0.57456
3.30231
4.71942
1.73853
3.80945
0.00945
1.35304
1.353
0.00942
-1.43943
-1.4394
-3.08983
-4.03965
-3.2028
-2.71152
-3.08976
-3.62798
-2.54738
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2.59722
1.23605
-0.11399
2.59863
1.2375
-1.15507
-1.31031
-0.89825
-1.21808
-1.50799
-0.78836
-0.7618
-0.95299
-1.34505
-0.57707
-0.87247
-1.25623
-0.47844
-2.02027
-0.47123
0.09033
-2.00621
-2.59717
-1.23604
0.114
-2.59861
-1.2375
-1.25913
-1.28958
1.28963
1.25915
1.3075
-1.30752
3.01986
2.92409
2.83619
4.00945
-3.01992
-2.56748
-3.86734



1.00804 -3.77839 -3.33512
-1.20179 -2.16228 2.05749
1.20179 -2.16223 -2.05753
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Table S12. Optimized coordinates for 9.

Atom X Y Z
Al 14.6178 3.041 2.9644
N 16.5033 3.041 3.2619
N 14.5031 3.041 4.8975
C 16.8266 3.041 4.5823
C 15.7041 3.041 5.4815
C 17.5767 3.041 2.308
C 18.104 4.2572 1.8485
C 19.1567 4.2312 0.9327
H 19.5086 5.0537 0.6133
C 19.706 3.041 0.4733
C 17.5744 5.5744 2.355
H 18.0869 6.3078 1.9553
H 17.6619 5.6082 3.3305
H 16.6301 5.6633 2.1084
C 13.3143 3.041 5.717
C 12.7525 4.2613 6.1124
C 11.6154 4.2351 6.9257
H 11.2196 5.0565 7.1924
C 11.0481 3.041 7.355
C 13.3747 5.575 5.7251
H 12.7753 6.3077 5.9786
H 13.522 5.5938 4.7564
H 14.2321 5.6794 6.188
C 18.104 1.8247 1.8485
C 19.1567 1.8507 0.9327
H 19.5086 1.0283 0.6133
C 17.5744 0.5076 2.355
H 18.0869 -0.2259 1.9553
H 17.6619 0.4737 3.3305
H 16.6301 0.4187 2.1084
C 12.7525 1.8207 6.1124
C 11.6154 1.8468 6.9257
H 11.2196 1.0255 7.1924
C 13.3747 0.507 5.7251
H 12.7753 -0.2258 5.9786
H 13.522 0.4882 4.7564
H 14.2321 0.4026 6.188
C 9.84759 3.041 8.31956
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10.20138
9.25731
9.24994

13.89844

14.17556

12.83181
14.3069
13.89844
12.83182
14.17542
14.30703
15.88126
15.74286
15.15819
16.86584
18.28229
18.6984
18.85673
18.30315

20.90693

21.81655

20.86432

20.87432

3.0342
3.91803
217077
4.73279
4.76535
4.74654
5.58262
1.34921
1.33538
1.31673
0.49938

3.041

4.0335
2.38831
2.70118

3.041
2.06165
3.74024
3.32111

3.041
3.03177

2172
3.91923

9.32935
8.15434
8.14516
212728
1.0943
2.21101
2.6331
212728
2.21116
1.09426
2.63299
7.01128
7.38635
7.45407
7.2563
5.08487
4.97253
4.51393
6.11734
-0.49074
0.07264
-1.11358
-1.10111
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Table S$13. Optimized coordinates for 10.

Atom X Y Z

Al 4.3159 1.8682 6.1234
N 2.9842 1.2694 7.4938
N 3.3347 0.7805 4974
C 2.2313 0.332 7.0604
H 1.6024 -0.0923 7.6321
C 2.368 -0.0813 5.6203
H 1.4833 0.0318 5.168
C 2.8953 1.7178 8.8702
C 3.5451 0.9967 9.8795
C 3.5093 1.5281 11.169
H 3.9531 1.0628 11.8681
C 2.8473 2.7123 11.4689
C 2.1911 3.3786 10.4421
H 1.7246 4.1829 10.6377
C 2.1972 2.8997 9.1309
C 4.2138 -0.3239 9.6124
H 4.7382 -0.5891 10.3968
H 4.8066 -0.239 8.8367
H 3.5324 -1.0042 9.4299
C 2.8452 3.2511 12.8796
H 2.1472 3.933 12.9679
H 3.7184 3.6498 13.0782
H 2.6696 2.5201 13.5082
C 1.4239 3.6125 8.0513
H 0.6912 3.0398 7.7419
H 2.0207 3.8135 7.3004
H 1.0568 4.4476 8.4094
C 3.126 1.1393 3.6137
C 4.1967 0.9767 2.7061
C 4.0306 1.3188 1.3669
H 4.7462 1.1686 0.7606
C 2.8468 1.8746 0.8899
C 1.8282 2.0931 1.806
H 1.0221 2.4947 1.5039
C 1.9398 1.7467 3.1546
C 5.5435 0.4908 3.1881
H 6.1309 0.3396 2.4184
H 5.4305 -0.3478 3.6825
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5.9428
2.7066
2.9249
3.3197
1.7854
0.814
1.1808
0.2138
0.3143
4.2181
4.8155
4.4927
3.2984
6.0872
6.1561
6.1773
6.7999
2.145
1.7945
2.8978
3.5268
2.7612
3.6459
2.2338
1.584
1.6199
1.176
2.2819
2.9381
3.4046
2.932
0.9154
0.391
0.3225
1.5968
2.284
2.982
1.4108
2.4596
3.7053

1.1654
2.2723
1.5063
3.0113
2.5572
2.1169
2.3702
1.3496
2.8716
3.7725
3.9524
4.3143
4.0006
1.2444
0.2738
1.4672
1.6855
-2.9726
-2.4836
-2.0352
-1.6109
-1.6219
-1.735
-3.421
-2.6999
-3.2313
-2.766
-4.4155
-5.0818
-5.8861
-4.6029
-1.3792
-1.1141
-1.4641
-0.699
-4.9543
-5.6362
-5.3529
-4.2233
-5.3157
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3.7762
-0.5615
-1.1326
-0.7582
-0.7349
4.0847
4.9574
4.193
3.7089
5.6507
4.8947
6.4198
5.4019
6.7863
6.6703
7.7364
6.2784
3.7228
6.2426
4.1562
3.5845
5.5963
6.0486
2.3464
1.3371
0.0476
-0.6515
-0.2523
0.7745
0.5789
2.0857
1.6042
0.8198
2.3799
1.7867
-1.663
-1.7513
-1.8616
-2.2916
3.1653
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4.438
3.1085
4.0724
2.0031
0.9325
1.0986
0.3829
2.2824
3.3009
4.1071
3.1894
-0.4143
-1.0017
-0.3013
-0.8137
2.4225
2.2042
1.8094
3.3438
4.3152
3.9484
4.9154
4.8149
0.8133
0.9111
0.3137
0.6365
1.8308
-0.958
-1.0269
-1.0481
-1.6707

-4.743
-5.5167
-6.1508
-2.8425
-2.6799

-3.022
-2.8718
-3.5777
-3.7962
-4.1979
-3.4499
-2.1939
-2.0427
-1.3554
-2.8685
-3.9755
-3.2095
-4.7145
-4.2604
-3.8201
-4.0734
-3.0528
-4.5748
-3.5714
-5.4756
-5.6556
-6.0175
-5.7037
-2.9476

-1.977
-3.1704
-3.3887

3.4747
3.9162
2.8072
7.6029
8.5105
9.8497
10.456
10.3267
9.4106
9.7127

8.062
8.0285
8.7982
7.5341
7.4404
11.7781
12.3492
11.9748
11.9515
7.1318
6.2592
7.0236
7.5077
5.0932
5.5659
6.3219
4.7968
5.8147
4.4303
4.5463
3.4802
4.9382
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Table S14. Optimized coordinates for 11.

Atom X Y Z

Al 4.80628 7.30764 4.92434
(@] 5.25632 5.48448 5.38726
N 6.24313 7.7799 3.8652
N 3.78687 7.05444 3.40459
C 9.50275 10.37726 4.67724
C 8.52789 10.72805 3.75
H 8.60261 11.55946 3.29646
C 7.44424 9.89864 3.46457
C 7.33085 8.65252 4.11488
C 0.50552 8.10939 1.98274
H 0.16744 8.76075 1.3795
C 1.86858 8.10997 2.27754
C 2.39473 7.11911 3.13062
C 1.5116 6.18944 3.71596
C 0.15056 6.24961 3.41134
H -0.4387 5.62775 3.82203
C 2.00971 5.12397 4.65314
H 2.75615 4.64507 4.23614
H 1.28447 4.49381 4.84635
H 2.31308 5.53871 5.48761
C 5.77414 4.56432 4.36564
H 6.50281 4.98812 3.84646
H 5.05548 4.28833 3.74318
C 6.29017 3.38147 5.14898
H 7.22462 3.52504 5.44272
H 6.24105 2.54855 4.61612
C 5.33705 3.33454 6.3385
H 4.47525 2.91488 6.09096
H 5.73436 2.83727 7.09678
C 5.15603 4.80035 6.6782
H 4.27226 4.95989 7.09483
H 5.86371 5.10941 7.2977
C 4.69047 6.96042 2.29664
C 4.20955 6.22897 1.07789
H 3.91028 5.33123 1.33259
H 4.94113 6.15779 0.42972
H 3.46315 6.72019 0.6754
C 5.96404 7.35461 2.53144
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7.13814
7.65837
6.8143
7.70544
6.37911
6.46529
5.49404
6.48651
9.35878
10.00948
8.29683
8.19434
7.37303
8.96964
8.1736
2.74155
3.39784
3.20894
2.18456
4.16339
3.71335
5.1828
-0.53307
0.44178
0.36706
1.52543
1.63882
8.69374
9.2074
7.35232
6.5662
7.17901
8.5329
8.93824
6.39834
5.58723
6.94836
6.15072
3.19553
2.46686

7.16464
7.99408
6.93626
6.43998
10.38176
11.35023
10.17646
9.93225
9.16175
8.90919
8.29991
7.01334
7.01838
6.92636
6.25757
9.217
8.84101
9.65553
9.87309
8.48526
10.30842
8.73846
5.41564
5.06485
4.23344
5.89426
7.14038
8.28029
7.63968
8.00462
8.96141
10.14945
10.36481
11.16557
11.19713
11.41928
12.00145
10.85341
11.22858
10.80478
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1.60651
1.56437
0.7102
1.94335
2.51035
2.38774
2.8776
1.64617
5.33174
5.97617
5.07873
5.85303
6.38766
6.44611
5.2295
1.73759
1.11443
2.47897
1.26885
7.15125
6.68833
8.671
7.39835
8.32559
8.77914
8.61102
7.96071
9.83942
10.3172
9.57594
8.90291
8.45585
8.71936
8.40809
7.71118
8.21433
7.60648
6.82748
7.70995
8.22913



OO0OITIT OIIITOIITIITOOIOIIIOIIIOOIIIOIILIOTIIIOITIOX

3.91419
2.6795
1.74505
2.72862
3.63262
4.49442
3.23531
3.81364
4.69741
3.10596
4.65883
4.72392
3.89932
5.48475
2.90357
1.64204
1.14175
1.87285
1.09097
2.59056
2.50438
3.47563
2.48316
-0.38911
-1.03981
0.67285
0.77533
1.59664
0.00003
0.79607
6.7873
6.09903
6.39098
7.5051
10.34228
10.89462
10.45717
10.71068
9.30665
-1.72665

11.50457
12.41143
12.26786
13.24435
12.45836
12.87802
12.95563
10.99255
10.83301
10.68349
9.12201
10.09488
8.90232
8.77814
8.3995
8.55417
7.71157
8.78537
9.26619
5.41114
4.44267
5.61644
5.86065
6.63115
6.88371
7.49299
8.77956
8.77452
8.86654
9.563533
6.65546
6.76885
6.23642
6.08531
9.64818
8.73413
10.06469
10.34067
9.45323
4.49202
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8.33241
6.92661
6.63287
7.45947
5.73709
5.98463
4.97882
5.39739
4.98076
4.77789
11.21059
11.11221
11.78963
11.6106
9.5152
10.32435
10.3137
11.24829
9.93736
9.56525
9.68785
9.19799
10.42942
6.74386
6.09942
6.99686
6.22256
5.68793
5.62948
6.84609
9.94966
10.63802
9.15735
10.29621
9.60999
9.54423
10.58888
8.88224
9.42463
7.09189
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-2.62497
-1.57084
-1.81343
-1.42322
-1.96116
-1.63258
-1.72561

-0.37351

10.69632
11.07463
10.37685
11.46678
2.76749

4.12671

5.07187
4.00845
3.75402
7.20185
6.87098
6.54971
8.19764
7.18909
11.30088
11.70981
12.09565
10.7389
8.04585
8.8643

7.05076
6.15019
7.86177
2.32692
3.19066
1.50487
2.07821
2.53395
4.98371
4.07017
5.62493
5.46896
8.21979
9.86217
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