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ABSTRACT

Quantum mechanical computational methods are applied to a variety of aluminum-containing
molecules. A novel recently-synthesized organoaluminum compound, bis-pentamethylcyclopentadienyl
diiododialane (Cp3Alyly), was investigated using density functional and ab initio methods.
A family of twenty related compounds was constructed to systematically investigate halogen
and ligand effects. Electronic effects are most important in species with small alkyl ligands
(H or methyl), while steric repulsions dominate in species with bulky ligands (cyclopentadi-
enyl or pentamethylcyclopentadienyl). These effects were discussed in detail using natural
bond orbital analysis. Next, the small molecules AICH, and AICH; were investigated us-
ing highly accurate ab initio methods. There is an Al-C single bond in the neutral, but
the AIC interaction in the cation is a half-bond. Both are thermodynamically stable with
respect to dissociation, and may be observable in the interstellar medium. Highly accurate

spectroscopic constants were computed to aid astrochemists in identifying these species.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1 Aluminum Chemistry

Aluminum is the most abundant metal on earth, comprising 8% of the earth’s crust!, but our
understanding of aluminum chemistry is still somewhat limited. The chemistry of aluminum
(IT)2, in which the aluminum atom bears a formal +2 charge, is particularly underdeveloped,
while more is known about monovalent and trivalent aluminum®*?. It is a newly burgeoning
field of chemical research, since laboratories have only recently become capable of handling
air-sensitive low-valent aluminum compounds??. Furthermore, aluminum (I) compounds are
precursors to exotic bicyclo and spiro species®, and low-valent aluminum species may play
important roles in radical and photoinduced reactions?. In my research, I am furthering our
understanding of Al(0), Al (I) and Al(II) compounds by computationally studying molecules

which are not currently accessible to experimental studies.

1.2 Quantum Chemistry

Computational quantum chemistry endeavors to understand the structures, properties, and

reactivities of molecules by solving the time independent electronic Schrédinger equation®.

HU = EV . (1.1)



In this equation, ¥ is the wavefunction: a mathematical description of the molecular
system which depends on the spatial and spin coordinates of all the particles (nuclei and
electrons). The Hamiltonian, H , is the energy operator; it describes all of the kinetic (T)
and potential (V) energies related to the system. E is the absolute energy of the system.

The Hamiltonian can be broken down into several individual contributions.

[:I = Tnuc + Telec + Vnuc—nuc + Vnuc—elec + ‘A/elec—elec (12)

The first two terms are kinetic energy terms; term, Thue, describes the kinetic energy
of the nuclei and Telec is the kinetic energy of the electrons. The third term accounts for
nuclear-nuclear repulsion. The fourth term, Vnuc—elec; is nuclear-electronic attraction, and the
final term, ‘Zzlec—elec; deals with electron-electron repulsion. Under the Born-Oppenheimer
approximation (BOA)®, the large disparity between nuclear and electronic masses is used
to make a sudden-adiabatic approximation. The nuclei are considered to be clamped in
place while the much lighter electrons move around the nuclear framework. Since the nuclei
are either stationary or moving at a constant velocity through space, Thue is either zero or
constant. Only relative energies are relevant and thus T may be ignored. In addition,
under the BOA, the Vnuc,nuc term becomes a constant, easily computed using Coulomb’s
law. The number of variables is greatly reduced in the Born-Oppenheimer approximation,
since the nuclear coordinates are constant parameters. Accurate molecular geometries can
be computed by finding the arrangement of nuclei that yields the lowest total energy in a
process called geometry optimization. After applying the BOA, we are left with a simplified
Schrodinger equation, consisting of an electronic Hamiltonian (ﬁelec) and a constant nuclear-

nuclear repulsion term (Vnuc_nuc), with the Born-Oppenheimer energy as the eigenvalue

(EBoa).



Helec = Lelec + Vnucfelec + ‘/elecfelec (13)

(ﬁel + Vnucfnuc>qjelec - EBOA‘Ijelec (14)

This differential eigenvalue problem is rather simple to solve for one-electron systems,
using normal analytical methods for differential equations. However, it becomes impossible
to solve analytically for systems with multiple electrons using current techniques. Because
of this difficulty, there are a few different approaches to computing the energy of a many-
electron system. Two approaches are used in this dissertation. The first approach uses post
Hartree Fock ab initio methods. Ab initio methods rely only on the physics of the system to
determine the appropriate Hamiltonian, and do not incorporate any experimental parame-
ters. The second approach is density functional theory (DFT), which employs approximate

mathematical forms based on experimental data.

1.2.1 Hartree-Fock Theory

The Hartree Fock (HF) approximation solves the Schrodinger equation for a many-electron
system by assuming that the molecular wavefunction can be written as a single linear com-
bination of atomic wavefunctions. In the words of Professor Schaefer, “The Hartree-Fock
wavefunction is the best possible, in the variational sense, single-determinant wavefunction.”
The atomic wavefunctions resemble the electronic orbitals of hydrogenic systems, like those
encountered in an undergraduate physical chemistry course. Neglecting the details of writing
this wavefunction as a determinant in order to obey antisymmetry rules, the HF wavefunc-
tion is the set of molecular orbitals (MOs), occupied according to the Aufbau principle,
which gives the lowest value of E. ... Since the wavefunction is composed of a single deter-

minant of one-electron basis functions, the V.. term is not exact. Each electron “feels”



the potential generated by all of the other electrons, but it does not avoid every other elec-
tron individually. The difference between the HF energy and the true energy is called the
correlation energy. It arises from neglect of instantaneous interelectron interactions.

The HF method accounts for the majority of the electronic energy of a molecule, but
in order to get relative energies with chemical accuracy (within 1 kcal mol™!), we must go
beyond the HF approximation. However, most ab initio methods are based on HF reference
wavefunctions, so HF is an essential first step. In addition, the HF method is rigorously

variational; it provides an upper-bound to the true energy.

1.2.2 Post-Hartree-Fock Methods

In order to get the true electronic energy of a molecule, computations must “recover” the
correlation energy. The traditional approach for recovering correlation energy is called full
configuration interaction (FCI). This method expands the HF wavefunction to include “ex-
cited” determinants; electron distributions in which an electron has been promoted from an
occupied HF MO into a higher-energy unoccupied orbital. The FCI wavefunction consists
of a linear combination of the HF determinant with all possible excited determinants. This
method accounts for correlation by allowing the electrons to instantaneously avoid each other
by moving into higher-energy orbitals. With an infinite basis set, FCI gives the exact elec-
tronic energy within the limits of the BOA. However, the number of excited determinants
increases factorially with increasing basis set size. Thus, FCI is only applicable to systems
with small numbers of electrons. Truncated CI methods, in which only single excitations
(CIS) or only single and double excitations (CISD), are cheaper but suffer from improper
dissociation behavior. They are not useful for computing reaction energies.

The simplest method for recovering some of the correlation energy is second order Mgller-

Plessett perturbation theory (MP2). In this approach, the exact energy operator (Hamil-



tonian) is split into a HF term and a perturbation term. After working through the linear

algebra, the MP2 energy is given by the following equation.”

occ vir

Eopy = EHF+ZZ ((9i9j|dats) — (DiDj|PpPa)) (15)

€ T € — €, — €

i<j a<b

Molecular orbitals are denoted ¢. The “occ” and “vir” spaces refer to occupied HF MOs
and unoccupied HF MOs, respectively. The shorthand for integrals is as follows, where 1 and
2 refer to all spatial and spin coordinates of two electrons, and 75 is the distance between

the two electrons.

(bpaldrss) = / p(1)9e(1)ér(2)6:(2) ;- (1.6)

T12
Thus, one only needs the HF wavefunction and some additional integrals based on HF
MOs to compute the MP2 energy. Despite its low computational cost, MP2 performs very
well in most cases. However, it is not a variational method. That is, the MP2 energy may
be lower or higher than the actual energy of the system.
Coupled cluster (CC) methods use an exponential “excitation operator” which acts on a

HF reference wavefunction to build in electron correlation”.

Yoo = e Purp (1.7)
T 1 2 1 3
=14+ T+ T2+ 2T°.. (1.8)

Coupled cluster methods are mathematically and computationally more tractable than
FCI, and exhibit proper dissociation behaviour. The full expansion from Equation 1.8 yields
the exact electronic energy, if used in conjunction with an infinite basis set. More commonly,

truncated CC methods are employed. CCSD incorporates single and double electron exci-



tations® 1% while CCSD(T)! is the CCSD energy with a perturbative correction for triple
excitations. Incorporation of full triple excitations is denoted CCSDT, while CCSDTQ
has everything up to quadruple excitations. Currently, the “gold standard” computational
method for geometry optimization is CCSD(T) with a moderately large basis set such as
cc-pVTZ or cc-pVQZ. This method is is computationally feasible for many small systems on
research-grade computer clusters, and the results are generally highly accurate. CCSD(T)

cc-pVQZ bond lengths are expected to be accurate to 0.01A, and bond angles to 1°.

1.2.3 Focal Point Analysis

In order to determine reaction energies or relative energies more accurately than cc-pVQZ
CCSD(T), computational chemists often use the focal point approach (FPA) developed by

12718 " FPA assumes that geometries determined at lower levels of the-

Allen and coworkers
ory are sufficiently accurate, and that the inaccuracy in relative energies is mainly due to
insufficient treatment of electron correlation. Geometry optimizations are significantly more
expensive computationally than an energy computation at a fixed geometry. Thus, after
computing the geometry at the highest level of theory feasible, single-point energy compu-
tations are performed at several higher levels of theory.

In well-behaved systems, the difference between HF and MP2 energies is much larger
than the difference between MP2 and CCSD. The difference between CCSD and CCSD(T)
will be much smaller than either of these. In other words, successively higher excitations
become systematically less important. Increasing the basis set size provides more flexibility
for the wavefunction and increases the accuracy of the energy at each (variational) level of
theory. However, at some finite basis set size, the system will have sufficient basis functions
to describe the system. Increasing the basis set further will not change the energy. Based on

these two trends, the focal point approach of Allen uses multiple computations to monitor

the convergence of the system’s energy to the FCI CBS (complete basis set) limit'?!®. The



Table 1.1: Focal point analysis of the torsional barrier for Al,Hy in kcal mol™t. Energies
were computed at DZP B3LYP geometries.

N TOMP2] +0[CCSD] +[CCSD(T)] ABccsoim
aug-cc-pVDZ +0.81 +0.21 —0.05 +0.05 [+1.02]
aug-cc-pV'TZ +0.88 +0.23 —0.08 +0.06 [+1.09]
aug-cc-pVQZ +0.84 +0.21 —0.07 +0.07 [+1.04]
CBS LIMIT +0.84] (10.19]  [-0.07] [40.07] (+1.03]

Fit a+ (X +1Dbe ™Y qg+bX 3 a+bX 3 a+bX3

most intuitive way to present this information is in an incremented focal point table, an
example of which is shown above!®.

The rows coorespond to basis sets, and columns correspond to levels of theory. The
entries in the first column are the HF estimates of the rotational barrier, and subsequent
columns contain incremented corrections to the HF estimate. An appropriate mathematical
form is used to extrapolate each column to the CBS limit; the formulae are shown in the last
row for completeness. While the values in the MP2 column are relatively large, the CCSD
and CCSD(T) corrections are quite small. The best estimate of the rotational barrier is
the bottom right entry in the table, 1.03 kcal mol~!. This is an estimate of the CCSD(T)
rotational barrier at the CBS limit. Note that this estimate is based on geometries com-
puted with a very inexpensive computational method, DFT (see next section). In addition,
this focal point table shows that the rotational barrier is nearly converged with respect to
basis set; the difference between aug-cc-pVTZ and aug-cc-pVQZ energies is less than 0.02
kecal mol™! using any method.

The FPA is very flexible because the table can always be extended if the convergence is
not satisfactory. For instance, larger basis sets (more rows) or more extensive correlation

treatments (more columns) can be added to reach the desired convergence for a given project.



FPA also allows chemists to determine the uncertainty associated with the FP estimate of
a relative energy. For instance, in the table shown above, the torsional barrier is accurate
to within 0.05 kcal mol™!. Finally, FPA serves as a diagnostic for well-behaved systems.
Well-behaved systems converge relatively smoothly to the CBS FCI limit. If higher level cor-
rections increase in magnitude across the focal point table, the system is not described well
by a single-reference wavefunction, and multireference methods must be employed. Multiref-
erence methods are designed for molecules in which the ground state wavefunction cannot be
described by a single HF reference. The ground state wavefunction has significant (> 10%)
contributions from other HF reference wavefunctions. However, multireference methods were

not necessary to complete this dissertation.

1.2.4 Density Functional Theory

DFT is a radically different way of determining the electronic energy?’. It is, in principle,
exact. Given the electron density (p), it can be shown that there is a functional (F') which
operates on the density and returns the energy (E). A given electron density corresponds to

a unique energy of the system.

~

Foplz,y,2)=F (1.9)

The advantage of DFT is that the electron density is a function of only three variables
(x,v,2), instead of three coordinates for each electron. For large systems, this very greatly
reduces the number of variables. Thus, DFT is applicable to systems too large to handle with
current ab initio methods. The difficulty with DFT is that F remains a mystery; both the
mathematical form and the route to determining F are unknown. Approximate functionals
have been constructed by fitting to empirical or reliable ab initio data. A very popular DFT

21,22

method, B3LYP, has three parameters based on experimental data“~*. It gives generally



satisfactory results and is quite computationally inexpensive. DFT is especially useful when
benchmarked against high quality ab initio results on model systems, in order to determine
the accuracy of the functional for that application. There are many functionals available

in common quantum chemistry packages?®.

Depending on the data used to parameterize
the functional, it may perform well on certain types of molecules (e.g. organic species) but
poorly on other types (e.g. metal complexes). DFT methods must be chosen with care, and

the results must be interpreted cautiously.

1.3 Cpi;All, And Its Derivatives

In the first chapter, I investigated a recently-synthesized sandwich compound, bis-pentamethyl-
cyclopentadienyl diiododialane (Cp3AlyIy) 4. This molecule was of interest because homonuclear-

bonding between group 13 elements is relatively rare?*27. Some of the known Al—Albonds

28-32

are between aluminum (II) atoms, but none of them involve cyclopentadienyl (Cp) type

ligands. In addition, Cp3Alyl, is an intermediate in the modern synthesis of Cp*Al, 33, which

is a cornerstone of organoaluminum chemistry. It is a precursor to aluminum-transition-

34-37

metal bonds aluminum-boron donor-acceptor bonds®®, aluminum clusters’, and imi-

40,41

noalanes . Aluminum clusters are of interest because they represent an intermediate case

between molecular and metallic Al—Al bonding?3942-59

The first dialane, or non-metallic Al1—Al bond, was reported in 1988°!. The Al—Al bond
was supported by bis(trimethylsilyl)methyl ligands; such bulky ligands prevent the aluminum
core from polymerizing®? or disproportionating to aluminum metal®®. The Al—Al distances
in dialanes range from 2.5 to 2.9 A, which is somewhat shorter than the metallic Al—Al
distance of 2.86A . There are even instances of one-electron 7-bonds in dialanes?$°*%9 An
additional electron resides along the Al—Al bond, resulting in a radical anion with an Al-Al

distance shorter than the parent compound. There have also been reports of true Al—Al

double bonds3®3!, but such compounds proved troublesome to isolate and characterize.



Cp;Al, was the first aluminum (I) compound found to be stable at room temperature®.

It consists of a tetrahedral core of aluminum atoms, surrounded by four 7° coordinated

pentamethylcyclopentadienyl (Cp*) rings®°.

This aesthetically pleasing molecule was syn-
thesized just three years after the first dialane. A large variety of ligands can support a
tetrahedral Aly core. Several Cp derivatives have been used®%!', as well as tBuzSiA19263,
C(SiMe3)3%, Si(SiMes)35°, and 2,6-iProCgH3N(SiMe3)%. Even the simplest ligands, hy-
drogen atoms, can support a nearly-tetrahedral Al, core in the gas phase®’; there are also
substituted versions of the Al,Hg cluster®. Werner Uhl reviewed tetrahedral aluminum clus-
ters, noting in particular their “aesthetic charm” and “unique bonding situation” %°. Highly
delocalized molecular orbitals facilitate the metal-metal bonding®®. All Cp-type ligands bond
to the core through 7-type bonds, while other ligands form o-type bonds?*. However, physi-
cal property disparities between CpyAly and Cp,Al; are not well understood. For instance,
Cpj3Aly does not degrade at temperatures up to 140°C, while Cp,Al, disproportionates at any
temperature above —50°C?3. The intermediate to disproportionation is an AlsyCps cluster,

which has a metallic core®.

The intermediate forms easily if the Cp rings are not methy-
lated, but there is a large barrier to its formation with methylated Cp rings™. Although
this phenomenon has been identified, it is still not understood ™.

Despite the importance of organoaluminum chemistry, there have been very few com-
putational studies on Al—Al bonded organometallics. Early computational work focused
on the bonding®*™ and 2"Al NMR shifts™ of AIR tetramers, where R is a halide or alkyl
ligand. A few experimental results on organoaluminum compounds have been interpreted
with the aid of DFT computations3*536373  Very small organoaluminum compounds, such as
AlyHy have been studied more extensively. The global minimum on the Al X, (X=H,F,Cl)
potential energy surface™™ is AIX;AlT | but HyAl—AlH, is of interest as the aluminum

analog of ethylene and because it has been isolated in matrix experiments”™7®. Suitable

electron-donating groups can stabilize the X;Al—AlX, geometry3. For these reasons, the

10



d™ 778 and molecular orbitals have been

global potential energy surface has been explore
computed ™. Interestingly, XoAl—AlX, (X=H, F, Cl, Br, I) prefers a twisted (Dyy) geometry
to a planar (Dy;,) geometry®. Furthermore, in that series, the hydrogen derivative has by

far the largest barrier to rotation about the Al—Al bond®. This is due to a tension between

electronic and steric effects, further explored in my research.

1.4 AICH,, AICH] And Their Structural Isomers

In the next project, I worked on the small molecules AICH,, HAICH, AICH;, and HAICH*.
These projects were motivated by an interest in identifying new molecules in the interstellar
medium (ISM). A handful of aluminum-bearing molecules have been detected in the ISM®!"8¢,

87, Understanding which molecules are present in

as well as the CHy molecule, methylene
the ISM and in what quantities will lead to improved models of the complex chemistry that
takes place around hot cores. These are the regions of the ISM in which hydrogen and

helium undergo fusion to form heavier nuclei®®8

. Since the rotational bands of methylene
are obscured by other species in the ISM®7, detection of AICH, could be an indirect means
of quantifying interstellar methylene.

The rich microwave spectra obtained from telescopic observations contain detailed rota-
tional spectra of species present in the ISM. Decrypting these spectra in order to identify
specific molecular contributors is an enormous task, and requires data from terrestrial exper-
iments or computations. For instance, the identification of AINC in the cloud IRC + 10216
relied heavily on both computational® %! and experimental data® % to definitively confirm
the existence of AINC in the ISM 818997,

AICH, has been the subject of a few low-level computational studies. The first, which
simply computed HF geometries, was published in 1980%. Subsequent work refined the

99-101

geometries . The highest level of theory employed in previous studies was CISD with

a TZ2P basis set %1% Properties were computed using UMP2 with a Pople basis set

11



(6-311G**) 192 With improved computational facilities, a highly accurate investigation of

AICH, and AICH; seemed in order.

103105 i gas-phase mass spectrometry experi-

AlCH, has been detected experimentally
ments. However, its rotational and vibrational spectra have not been recorded, nor is there
any work on AICH; to our knowledge. The full potential energy surface of AICH, and its
cation are also of interest, since experiments did not detect HAICH isomers after fragmen-
tation of trimethylaluminum!*®. However, the HAICH isomer may exist in the gas phase, if
it is protected by sufficiently high potential energy barriers. Chemistry in the ISM is pri-
marily kinetically controlled, due to the low densities and temperatures®. Structures which
represent local minima on the potential energy surface may be frozen in that configuration,
since they do not have sufficient energy to escape.

Finally, studies on small molecules like AICH, highlight the drastic differences between
carbon chemistry and the behavior of other elements. For instance, on the CoHs potential
energy surface, the linear acetylene (HCCH) is the global minimum °41%7 while the methy-
lene type isomer (CCH,) lies about 45 kcal mol~thigher in energy!%7. According to earlier
computations, the linear (HAICH) structure is not even a minimum on the AICH; potential
energy surface®®. This has to do with the resistance of second-row elements to hybridization

and the extent to which the fragment molecular orbitals’ sizes match up for overlap®’.

12



CHAPTER 2

ALUMINUM FOILS: THE CONTRASTING CHARACTERS OF
HYPERCONJUGATION AND STERIC REPULSION IN ALUMINUM
DIMETALLOCENES!

ICompaan, K., Wilke, J., and Schaefer, H. 2011. Journal of the American Chemical Society, 133, 13387~
13396. Reprinted here with permission of publisher.
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2.1 Abstract

The novel sandwich complex CpiAlyl,, which was recently synthesized by Minasian and
Arnold, has been characterized using ab initio and density functional methods. A large family
of related compounds was also investigated. Although a few Al(II)-Al(II) bonds are known,
this is the first such bond to be supported by Cp type ligands. In addition, in the remarkable
Cpj;Al, synthesis by Roesky Cp3Alyl, is the Al(II) intermediate; CpjAly is important as a
precursor to novel organoaluminum species. Halogen and ligand effects on the Al—Al bond
in Cp3Alyl; were systematically explored by studying a series of twenty Cp;Alsls derivatives
using density functional theory with relativistic basis sets for the halogens. Comparison
was made with the focal point treatment, which uses extrapolation to estimate the full
configuration interaction, complete basis set limit energy. Torsional potential energy curves,
natural population analyses, and enthalpies of hydrogenation were computed. Using the focal
point approach, torsional barriers were computed with 0.05 kcal mol~! uncertainty. The
interplay of steric and electronic effects on the torsional potential energy curves, enthalpies of
dehydrogenation reactions, and geometries is discussed. In species with small ligands (R=H,
Me), hyperconjugative effects determine the torsional landscape, whereas steric repulsions
dominate in species with Cp* alkyl ligands. Species with Cp ligands represent an intermediate
case, thus providing insight into how ligands modulate the structures and properties of small

metal clusters.

14



2.2 Introduction

The pentamethylcyclopentadienyl aluminum tetramer ([Cp*Al]y) was the first Al(I) com-
pound found to be stable at room temperature®. The tetramer (Figure 2.1) features
four aluminum atoms arranged in a tetrahedron, each of which is n° coordinated to a
Cp* ring. [Cp*Al], has rich reactivity, so it is synthetically important as a precursor to

34-37

aluminum-transition metal bonds , aluminum-boron donor-acceptor bonds®®, aluminum

4041 Tn 1998, Schormann and coworkers reported a

cluster complexes®, and iminoalanes
new synthetic route to [Cp*Al]; which, unlike the original method, does not require extreme
temperatures®®. The reaction scheme is shown in Figure 2.2. This method involves reduc-
tion of an Al(III) compound ([Cp*All(uI)]2); in 2008 Minasian and Arnold isolated the Al(II)
intermediate, Cp3Alyl,. 24

The current study was inspired by Minasian and Arnold’s unusual Al(II) sandwich com-
plex. Its crystal structure is shown in Figure 2.3. Homonuclear bonding in group 13 elements

25-27

has attracted much attention , particularly in the context of low-oxidation state main

group chemistry. Several of the known molecules with Al—Al bonds are formally aluminum

(IT), but none of them has Cp-type ligands?®32.

Moreover, surprisingly little is known
about divalent aluminum?, compared to its mono- and trivalent relatives®?. Recent reviews
highlight the importance of low-oxidation state aluminum in modern inorganic chemistry.
The aluminum (I) analogs of N-heterocyclic carbenes are precursors to exotic bicyclo and

4. Low valent aluminum compounds have been proposed as

spiro organoaluminum species
intermediates in radical and photochemical reactions?. Many low oxidation state aluminum
compounds have only lately become accessible, due to improved methods for handling these
typically air-sensitive complexes?®3.

Molecules containing a non-metallic Al—Al bond are called dialanes, and are a recent

synthetic achievement. The first dialane was made in 1988 by Werner Uhl®'. The Al—Al
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bond is 2.66 A long, surrounded by four bis(trimethylsilyl)methyl ligands. Rather bulky
ligands are apparently required to support an Al—Al bond, since such ligands prevent dis-

52 Dialanes exhibit rich chemical

proportionation to aluminum metal®® or polymerization
reactivity, with Al—Al distances ranging from 2.5 to 2.9 A. Thus, non-metallic Al—Al bonds
are generally shorter than the metallic Al—Al distance of 2.86 A'. A few groups have suc-
ceeded in creating a one-electron m—bond in dialanes, typically in those containing large

28,5459 The results are radical anions, with Al—Al bonds noticably

alkyl or silyl ligands
shorter than in the parent compounds. Wright and coworkers made a putative Al—Al dou-
ble bond in 2003, but were unable to isolate it3°, although it does undergo a Diels-Alder
type reaction with toluene. Three years later, the same group synthesized a compound
with confirmed Al—Al multiple bonding, and a compound containing a (possibly aromatic)
Alg ring®!. The subject of this study, CpsAlyly, has an Al—Al distance of 2.52 A and 7°
coordinated pentamethylcyclopentadienyl (Cp*) ligands.

Since 1991, several derivatives of [Cp*Al]; have been synthesized. A variety of lig-
ands can support the tetrahedral Al core, including cyclopentadienyl (Cp) derivatives56!,
tBuSiA1%203 C(SiMes)3%*, Si(SiMes)3%, and 2, 6-iProC¢H3N(SiMes)%. A nearly tetrahe-
dral Al core can be supported solely by hydrogen atoms in the gas phase®. Substituted
versions of Al;Hg have also been recently synthesized®®. Uhl reviewed the structure and
reactivity of Al clusters in 2004%, noting their “particular bonding situation” and “aes-

7

thetic charm.” The metal-metal bonding occurs through four highly delocalized molecular
orbitals, formed from the lone-pair o-orbitals of the monomers®’. Only the cyclopentadienyl
derivatives form m-bonds to aluminum; all others form o-bonds?. Surprisingly, Cp;Aly is
stable to 140°C, while CpsAl; decomposes at -50°C?3. The disproportionation of Cpj;Aly

to metallic aluminum is hindered by a large barrier to formation of AlsgCpi,™, the core of

which resembles metallic aluminum packing®®. However, if the Cp* ligands are replaced with
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Cp, there is almost no barrier to formation of the Alsy cluster. This significant change in
physical properties due to methylation is not yet well understood 7.

A number of organometallics containing clusters of aluminum atoms have been syn-

39:42-50 47,48

thesize , including the mixed aluminum and carbon clusters called carbaalanes
Aluminum clusters are of interest since their cores resemble metallic packing, and since they
easily disproportionate to metallic aluminum.

Although large organometallics with Al—Al bonds are an important class of molecules,
existing computational studies are limited. Several groups have performed computations
on [CpAll; and related species. Early studies investigated the bonding®™ and 2"Al NMR
shifts™ of AIX tetramers (X=H, F, Cl, Cp, SiHj, SiMes, SitBus) at the SCF and MP2 levels
of theory. When [AlSitBus|4 was synthesized in 1998, experimental data was interpreted with
the aid of DFT computations®. In 2008, the newly synthesized [A1(CsMe,H)]4 was compared
to [Cp*All; and [CpAl]; using DFT results®. However, the remarkably disparate stabilities
of [Cp*Al]4 and [CpAl]4 mentioned above have yet to be explained®®. Most recently, DFT
computations were used to understand the bridged geometry of an Al—Al bond supported
by phosphorus-based ligands (Al,PtBuy)3%7, rather than a simple Al—Al bond between two
Ry Al units.

The simplest dialane, AlsH,, has been the subject of in-depth computational studies.
The global minimum for these six atoms is actually AIH; Al* ™, since aluminum is hypova-
lent and this arrangement best involves the formally unoccupied Al 3p.-orbitals. However,
HyAl—AlH, is of interest as the aluminum analog of ethylene, and because it has been iso-

7576 Molecular orbitals were computed™, and the global

lated in solid hydrogen matrices
potential energy surface (PES) explored™7"™ in early studies. More recently, Szabé and
coworkers investigated why X,Al—AlX, (X= H, F, Cl, Br, I) species prefer perpendicular

(Dyg) geometries to planar (Dgy) structures®. It should be noted that, like AlyHy, the
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global minima for Al,F, and Al,Cly are AIX; AT although the X;Al—AlX, geometry can
be stabilized by donor groups?.

Interestingly, AlosH, has the largest rotational barrier in the X;Al—AlX, series, despite
having the smallest ligands. At the TZ2P BP86 level of theory, it is 1.8 kcal mol™!, which

80

is about three times larger than the barriers for halogenated species®. This is consistent

with Schleyer’s analysis of the analogous boron compounds, HoB-BH, and Cly,B-BCl,, based

on Hartree Fock molecular orbitals!%®

. First, B-H hyperconjugation is more effective than
B-Cl hyperconjugation in the planar forms. Second, m conjugation of the halogen lone pairs
into the empty boron p-orbitals is only present in Cl,B-BCl,. Taken together, these effects
account for the fact that the torsional barrier of HyB-BHs is 10.5 kcal mol™!, while Cl,B-
BCly’s is only 1.9 kcal mol 1%, Szabé and coworkers came to similar conclusions for Al
compounds®. Thus, torsional analysis can give insight into the subtle interplay of steric and
electronic effects.

In this study, we explore the torsional potential energy curves (PECs) of a series of di-
alanes, XRAI-AIRX (R=H, Me, Cp, Cp*: X=H, F, Cl, Br, I), initially using density func-
tional theory (DFT). Natural bond orbital (NBO) reactivity descriptors, including charges
and hyperconjugation strengths, are computed, which should guide future synthesis of novel
small metal clusters. In order to benchmark the DFT results, we carry out focal point anal-

yses with correlation treatments as extensive as CCSD(T) (coupled cluster, singles, doubles,

and perturbative triples) and basis sets as large as aug-cc-pVQZ.

2.3 Methods
2.3.1 Focal Point Analysis

AlLHy, AlLHsF,, and AlLH5Cly were characterized using coupled cluster singles and dou-

bles (CCSD)® ' with perturbative triples (CCSD(T))!!, in conjunction with augmented
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correlation-consistent polarized valence double, triple, and quadruple-( basis (aug-cc-pVDZ,
aug-cc-pVTZ, and aug-cc-pVQZ) 199110 Focal point tables were constructed according to
the prescription of Allen!?1°. The Hartree-Fock energy change (AEgr) was extrapolated to

the complete basis set (CBS) limit, using 617

Ex = Ecpsjur + (X + 1)be VX, (2.1)

Here, X is the cardinal number of the basis set (e.g. X=2 refers to the aug-cc-pVDZ
basis set), while Ecps/gp and b are fitting coefficients. Next, the correlation energy is

extrapolated to the CBS limit with!®

Ex = E&ps +bX 3. (2.2)

Again, EZ5s and b are fitting coefficients. The energies and extrapolations are used to
construct an incremented focal point table, in which the first column is the HF reaction
energy and extrapolation to the CBS limit. Successive columns contain MP2, CCSD, and
CCSD(T) corrections to the previous level of theory (e.g. 0[MP2]=AE)ps-AEgr), and

extrapolations to the CBS limit. Thus, the final column (AEccsp(r)) is given by

AEccsper) = AEgp 4+ 0[MP2] + 6[CCSD] + §[CCSD(T)]. (2.3)

The final focal point estimate of the reaction energy (AEpp) is found in the bottom right
corner of the table and corresponds to an estimate of AEccgp(r) extrapolated to the CBS
limit. Focal point analysis gives a detailed understanding of the reaction energy convergence,
with respect to both increasing basis set size (columns) and correlation treatment (rows).
In addition, examination of the table can yield an estimate of the error bars associated with

the final reaction energy.
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In these computations, only valence electrons are correlated. Corrections for core cor-
relation were computed by taking the difference between frozen-core and all-electron MP2

single point energies with cc-pCVTZ basis sets! 113,

2.3.2 Natural Bond Orbital Analysis

Natural population analyses were performed using the NBO 5.0 package and the B3LYP
density functional in QChem!'**. DZP basis sets were employed for Al, C, and H, while
DZVP basis sets!!® were used for the halogens, since the NBO package is not compatible

with partial use of pseudopotentials.

2.3.3 Computational Methods

CpsAlyly, its derivatives, and its fragments were studied with density functional theory
(DFT)*. We used B3LYP?!"*? with DZP basis sets''® for hydrogen, carbon, and aluminum.
For iodine, the Stuttgart-Dresden-Bonn (SDB) pseudopotential and matching basis set 7
were selected to account for relativistic effects, because an all-electron treatment was not
feasible. SDB pseudopotentials and basis sets were selected for the smaller halogens to ensure
consistent treatment. This computational approach is abbreviated DZP SDB B3LYP. A fine
quadrature grid was employed, with 75 radial points and 302 angular. DFT and small basis
CCSD(T) computations were carried out in the QChem 3.2 package?®. Large basis CCSD(T)
computations were performed with Molpro 2006.1'*®. The Natural Bond Orbital (NBO) 5.0

package was used for population analysis!*® 122,
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2.4 Results and Discussion
2.4.1 Geometric Structures

Comparison of computed geometries with experimental measurements provides an impor-
tant benchmark for the theoretical methods employed. The minimum energy structure of
CpsAlyly at the DZP SDB B3LYP level is in good agreement with the crystal structure;
it is shown in Figure 2.4. The Al—Al distance of 2.56 A agrees with the measured bond
length of 2.53 A, and the Cp* rings are n° coordinated. The theoretical carbon to aluminum
distances range from 2.18 to 2.38 A around the ring, which compares very favorably with the
experimental range of 2.17 to 2.34 A. The Al-I distance is 2.72 A at the DZP SDB B3LYP
level of theory, while the measured value is 2.64 A. However, the I-Al-Al-I torsional angle
in the optimized structure is 107°, which disagrees with the crystal structure value of 91°.
In order to resolve this point, the torsional PEC about the Al-Al bond was explored. The
[—Al—Al-I dihedral angle was varied in 10° increments from the equilibrium value and all
other structural parameters were allowed to relax. Changing the torsion angle to 90° only
raises the energy by about 0.5 kcal mol~!. This shallow torsional potential energy curve, and
possible crystal packing effects, resolve the apparent disagreement with experiment. Thus,
where crystal structures are available, good agreement with experiment should be achieved.

We investigated halogen and ligand effects on CpjAlsl; by replacing the iodine atoms
with bromine, chlorine, fluorine, or hydrogen atoms, and the Cp* ligand with Cp, Me,
or H. Each structure was independently optimized, and harmonic vibrational frequencies
were computed to identify stationary points as minimum energy structures. The reported
geometric parameters are for minimum energy geometries; see Table 2.1 for a summary of the
results. All of the structures considered here are closed-shell singlets, with HOMO-LUMO

gaps of at least 4 eV.
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If the alkyl ligand is H or Me, the Al1—Al bond length decreases with increasing weight of
X, from 2.579 A in AlLHy to 2.561 A in AlLH,I,, and from 2.596 A in Al,Me,H, to 2.568 A in
AlbMesls. The less electronegative larger halogens donate electrons to the empty 3p orbital
on aluminum. This can be seen in the natural populations of the aluminum 3p, orbital,
shown in Table 2.2. Note that all species are in Cy;, symmetry for this analysis, to make the
axes and orbitals unambiguously identifiable. The occupation of this formally empty 3p,
orbital increases steadily with increasing halogen size, increasing the double bond character
of the Al—Al interaction, and shortening the bond.

However, the bond length ordering changes significantly with larger alkyl ligands. In the
Cp series, the Al—Al distance increases with increasing halogen weight, from fluorine (2.492
A) to iodine (2.508 A). Hydrogen substituted CpyAl,H, has the longest Al—Al distance in
the series (2.518 A). The trend becomes clear in the Cp* series; the Al—Al distance increases
from 2.527 A in Cp3Al,Hs to 2.564 Ain CpsAll;. A graphical summary of these trends is
presented in Figure 2.5.

Torsional PEC’s were computed for all structures by varying the X—Al—Al—X dihedral
angle in 10° increments and allowing all other parameters to relax. These are displayed
in Figure 2.6 through Figure 2.9. We find the largest torsional barriers in HoAly Xy and
MesAl; X5 for X = H. If X is a halogen, the PEC is very flat between 110° and 250°, changing
by less than 0.35 kcal mol™! for HyAl, X5 and less than 0.10 kcal mol™! for MeyAlyXos.
By way of illustration, AlyH, has a barrier of 2.0 kcal mol™!, versus only 0.3 kcal mol~!for
AlHslI,. Similarly, Mes Al Hy’s barrier is 1.0 keal mol™t, versus 0.1 kcal mol~? for the iodine
version. This is in line with previous work on Al, X, species® . The large barriers for hydrogen-
substituted dialanes are due to hyperconjugation in the twisted geometry and the absence
of conjugations or hyperconjugations in the planar form. The barriers decrease when X is a
halogen, because the lone pairs overlap favorably with the empty Al 3p, orbital in the planar

form, as shown in Table 2.2 and discussed below. This offsets the loss of hyperconjugation,
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80

lowers the internal rotational barrier®”, and explains the nonintuitive ordering of barrier

heights in Hy Al, Xy and Mes AloXs.

Interestingly, the rotational barriers in Cp3Al,Xs and CpyAly Xy generally increase with
the mass of the halogen, while hydrogen falls between fluorine and chlorine. The largest
barrier in each series corresponds to iodine; CpaAlyly (4 kecal mol™') and CpiAlyly (10
kcal mol™!). Torsional barriers are plotted against halogen substituent in Figure 2.10. Al-
though the general trends seen in the small alkyl substituents reverse with Cp and Cp*
species, those with fluorine consistently have smaller rotational barriers than those with hy-
drogen. Thus, even in large molecules, hyperconjugation seems to determine the ordering
of the rotational barriers for the fluorine and hydrogen substituted systems. As seen in
Table 2.3, the Al—Al bond lengthens more with larger alkyl groups and larger halogens.
This may indicate that steric effects are more significant than hyperconjugation when large
alkyl groups and heavy halogens are present. Further evidence for this explanation is given
in Figure 2.11. Here, the population of the 3p, orbital on aluminum is plotted against
halogen substituent for all four series of alkyl ligands. The formally empty 3p, orbital on
aluminum was identified as the formally unoccupied lone-pair (LP*) natural bond orbital
with the largest p-character (over 90%), and largest population. Since NBO assigns two-
center bonds, it gives an incomplete description of aromatic rings like Cp. Thus, it assigned
as many as three partially-occupied non-Lewis orbitals with some 3p, character to aluminum
in the Cp and Cp* series. This is not a significant problem, since we are primarily interested
in the Al—Al bond. Figure 2.11 clearly shows that the larger halogens are better donors
to the empty 3p. orbital on aluminum. However, competing steric effects cause the trends
followed in the small species to reverse in species with Cp and Cp* alkyl ligands.

While most of the potential curves are smooth, the PEC for CpiAlyHy oscillates. The
bumps correspond to abrupt changes in the Cp* hapticity. CpiAl,H, has n° hapticity below

30° and between 140° and 180°. Between 40° and 130° it is n?. This is evidenced by
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sharp changes in the range of Al-C,;,, distances, while the Al—-Al and Al-H distances are
essentially unchanged. In general, Cp* rings have higher hapticity than Cp rings, evidenced
by narrower ranges of ring-carbon to aluminum distances (Table 2.1). The hapticity also
increases with increasing halogen size; for example, the Cp* hapticity increases from two in
Cp3AlyHs to five in CpjAlsls. Consistent with these two trends, CpiAlyl; has the narrowest
range of ring-carbon to aluminum distances (2.184—2.375 A), while CpsAloH, has the largest
range (2.155—3.106 A).

In order to estimate the Al—Al bond strength, 0 K enthalpies of dehydrogenation of
hydrogen-capped monomers were computed using harmonic zero point energies. The monomers’
geometries were optimized independently, and the changes in enthalpy were computed for

the following reactions:

2 HLAIX — HoALX, + H,
2 MeAIHX — MeyAlXs + Ho
2 Cp*AlHX — CpiALX, + H,
2 CpAIHX — CpoAlX, + Hy

The dehydrogenation enthalpy results are summarized in Table 2.4 and Figure 2.12.
Examination of the results for alkyl ligands H and Me reveals that the shorter Al—Al bonds
correspond to larger dehydrogenation energies. In both series, the Al—Al distance decreases
down the series, and the AH,.., also decreases. This trend is not followed in the Cp series;
the enthalpies of dehydrogenation for F, Cl, Br, and I substituted species are all nearly
—3 kecal mol~!. However, the hydrogen substituted version has a +1 kcal mol~! enthalpy of
dehydrogenation. The picture is somewhat clearer in the Cp* series; with the exception of
the H substituted species, the enthalpy of dehydrogenation increases with lengthening bond
distance. The Cp3Al,Hy does not fit the trend, since it has n* Cp* rings, while the others

have 7° ligands. Thus, as in the discussions of Al—Al distances and rotational barriers,
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the Cp series represents the crossover from electronic effects dominating in the small alkyl
ligands (H, Me) to steric effects, which dominate in the Cp* series. A graphical summary is

presented in Figure 2.12.

2.4.2 NBO Descriptors

The NBO donor-acceptor paradigm provides a powerful conceptual framework for under-
standing the subtle hyperconjugative effects in Al;X, species, particularly those involving
the formally unoccupied 3p, orbitals on Al. NBO quantifies qualitative bonding concepts,
such as hyperconjugation, charge transfer, and other donor-acceptor interactions, including
dative coordination. This approach reveals why DFT methods overestimate the torsional
barrier in AloH, compared to highly accurate correlated methods (see next section). The
atomic 3p, population on aluminum was computed at various levels of theory, both at the
flat Doy, and twisted Dy DZP B3LYP geometries. With each method shown in Table 2.11 the
3p. populations are very similar at the Dy, geometry. However, both BSLYP and BP86 are
overly delocalized at the Dy geometry. The extent to which DFT functionals overestimate
the torsional barrier is closely related to how much they overestimate the 3p, population
at the Dy geometry, compared with the aug-cc-pVTZ HF result. Although the population
differences are rather small, delocalization is a strong energy lowering effect and could cer-
tainly account for the difference in barrier heights. The extra delocalization in the DFT
results (amounting to about 0.005 electrons per aluminum atom, and 0.01 electrons total)
could account for up to a 6 kcal mol™! difference in the barrier heights.

The energy lowering (AE) due to mixing occupied orbital (¢;) with unoccupied orbital
(¢j.) can be calculated using second order perturbation theory. In NBO terms, ¢; and ¢,
are rigorously localized one or two center orbitals, and AE describes the energy benefit of

their mixing to form a rigorously doubly-occupied orbital. F; ;. is the Fock matrix element
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between the two orbitals, and ¢; and €, are the respective orbital energies'??.

F2.
AE =2—2 (2.4)

€ — €5«
The number of electrons (q) transferred from ¢; to ¢;. can be approximated by

F2.
U L (2.5)

q=2
(Ez‘ - Ej*)2

An approximation for the energy lowering due to orbital mixing/charge transfer is given

by 124125

qgx (6 —€) =AE. (2.6)

The orbital energy differences involved are on the order of 1 Hartree; in the AlsHyXs series
the orbital energy difference between the lone-pairs on the halogen and the formally empty
3p orbital on aluminum range from 0.27 a.u. (X=Cl) to 0.93 a.u. (X=Br). In the largest
system, Cp3Alyl,, the lone pairs on iodine are 0.97 a.u. lower in energy than the empty 3p

orbital on aluminum. Thus, the above equation can be further approximated as
g~ AE. (2.7)

In this equation, ¢ is the number of electrons and AE is in Hartrees. (These equa-
tions assume that the orbitals mix to a small extent, and thus the original orbitals are not
strongly perturbed by the interaction.) Thus, the transfer of 0.01 electrons is worth about
6 kcal mol™'. From Table 2.11, this extra delocalization is not isolated to the B3LYP
functional.

The energy lowering due to delocalization can be further dissected into contributions from

particular bonds; this is found in the E2PERT table of the NBO output. In twisted AlsHy at

26



the DZP B3LYP level, each Al—H bond hyperconjugates with the formally empty 3p orbital
on the neighboring aluminum atom. Each interaction is worth about 1.34 kcal mol~!, for a
total of 5.36 kcal mol~!. This is reasonably similar to the above estimate of 6 kcal mol~!.
The Al—H to 3p hyperconjugation is absent in planar Al;Hy, and since it occurs across the
Al—Al bond in twisted AlyHy, it contributes to the torsional barrier.

Similar reasoning can be applied to the torsional barrier in AloHyFo, which is 40.26
kcal mol~! at the DZP SDB B3LYP level of theory but less than 1 cm™! using cc-pVDZ
CCSD(T) geometries and energies (see next section). Examination of the NBO output at
the DZVP B3LYP level reveals that hyperconjugation is greatly reduced in AloHyFs, due to
the very polarized Al—F bonds. In both the planar and twisted geometries, donation from
the AlI-F bond to 3p on the neighboring aluminum is worth less than 0.10 kcal mol™!, and
does not appear in the NBO output. Lone pairs on fluorine interact significantly with the 3p
orbital on the closest aluminum atom. However, this vicinal conjugation is virtually unaf-
fected by twisting the molecule, and thus does not contribute to the rotational barrier. Two
kinds of delocalization occur in twisted AlyHsF5 which are absent in the planar form. There
is a slight donation (0.13 kcal mol™!) from a fluorine lone pair to the opposite aluminum 3p
orbital. Finally, donation from the AlI—H bond is significantly reduced, compared to AloHy;
each interaction is worth only 0.63 kcal mol~!. The above discussion of Al,H, indicates
that B3LYP tends to overestimate delocalizations, so it is not unreasonable that the very
small rotational barrier in AlyHyFy disappears with the more accurate CCSD(T) method.
This possibly warrants further investigation. However, we demonstrated above that BSLYP
reproduces trends for these systems, and is a suitable level of theory for this study; although
the rotational barriers tend to be overestimated, the trends are reproduced correctly.

The natural charges on the halogen atoms were consistent over all the structures; see
Table 2.5. The natural charge residing on aluminum is shown in Table 2.6. It is evident

that characterizing Cp3;Alyls as an Al(II) complex is somewhat misleading. Since Al is less
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electronegative than C, H, or any halogen, all ligands are formally assigned a —1 charge,
leaving Al with a formal +2 charge. However, the ligand natural charges are all closer to
—0.5 than to —1 (Table 2.7). The natural charge on aluminum is only +1 in CpjAlsl, and
not larger than +1.4 in any of the molecules considered. The ligands participate in donor-
acceptor interactions with the 3p, orbital on Al, preventing a large natural charge from

accumulating on the metal atoms.

2.4.3 Focal Point Analysis and Structural Benchmarks

To evaluate the reliability of the B3LYP treatments, energies, structural parameters, and
harmonic vibrational frequencies were computed for the parent Al,Hy and its dissociation to
AlH,. (Full results are provided in the supplementary information.) In general, B3LYP is in
excellent agreement with CCSD(T) for these systems, with bond lengths within 0.02 A, angles
within 0.6°, and frequencies within 18 cm™!. There are a few notable exceptions; the B3LYP
dissociation energy for Al,Hy is 4.2 kcal mol™! too low, and the torsional mode (v) for AloHy
is overestimated by about 40% (46 cm™!) at the DZP B3LYP level of theory. Finally, the
rotational barrier is 1 kcal mol™! too high. A previous study on ethane and its analogs (CyHg,
SigHg, SiGeHg, and GeyHg) found that B3LYP underestimates their rotational barriers by
about 10%, while CCSD(T) may overestimate them!?®. However, focal point analysis of
the AloHy barrier (Table 2.8) indicates that the CCSD(T) estimate is well converged with
respect to theory and basis set. The CCSD(T) increment is 0.07 kcal mol~!. Subsequent
corrections are expected to be much smaller, since quadruple excitations contribute less than
triple excitations. Changing the basis set from aug-cc-pVTZ to aug-cc-pVQZ only changes
the CCSD and CCSD(T) increments by 0.01 kcal mol™?, indicating that cc-pVQZ is a close
approximation to the CBS limit for this system. Thus, the uncertainty in the final estimate
(AEgp) is on the order of 0.05 kcal mol™'. B3LYP overestimates the torsional barrier in

this molecule. Physical reasons for this are discussed below.
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Focal point tables were also computed for the torsional barriers in Al,HoFy, AlsHoCly, and
AlHsBry. The rotational barriers converged very quickly, both with respect to correlation
and basis set. The uncertainty is on the order of 0.05 kcal mol~t. Core corrections to
the rotational barriers were found to be negligible. These results are compared to the DZP
B3LYP barriers in Table 2.9, and full focal point tables are provided in the supplementary
information. Physical insight into why DFT overestimates the torsional barrier in AlsHoFs
is provided by NBO analysis. (See previous section.)

To further benchmark the DFT results, we carried out focal point analysis on the following

reactions:
2 AlH3 — AlbHy + Ho
2 AIH,F — Al,HoFy + Ho
2 AIH,Cl — ALLH,Cl, + Hy
2 AlH,Br — AlLH,Bry + Hy

The core-corrected focal point reaction energies are compared to DFT results in Table
2.10; full focal point tables are provided in the supplementary information. The reaction
energies converged more slowly to the CBS FCI limit than the torsional barriers did, and
the uncertainty in the final AEpp is approximately 0.5 kcal mol™'. Although DZP SDB
B3LYP overestimates the torsional barriers and reaction energies, the trends are reproduced
correctly. These results indicate that DZP B3LYP is a suitable level of theory for a quali-
tative study of Al—Al bonding. While CCSD(T) is the “gold-standard” for computational

chemistry, BSLYP is currently a necessity for large systems like Cp3Alsls.

2.5 Concluding Remarks

We have completed a systematic study of aluminum dimetallocenes using ab initio and den-

sity functional methods. This is an exciting new class of organoaluminum molecules, the first
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of which (Cp3Alyly) was recently synthesized by Minasian and Arnold. Electronic effects,
such as hyperconjugation, were found to be crucial in the small AlyRoXs (R=H, Me) species.
NBO analysis shows clear relationships between hyperconjugative interactions, torsional bar-
rier heights, and Al—Al bond lengths. However, these trends are reversed in species with
Cp* ligands, with Cp being an intermediate case. NBO analysis is especially useful in this
regard, because it connects electronic structure theory to a chemically intuitive picture of
bonding. This research should provide deeper insight into novel aluminum organometallics,

provide computational benchmarks for such molecules, and guide future synthesis efforts.

2.6 Supporting Information Available

Complete data tables, coordinates and energies for optimized structures, and complete ref-
erences 86 and 87 are available in the supplementary data. This information is available free

of charge via the Internet at http://pubs.acs.org/.
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2.8 Tables

Structure | Halogen | r(Al-Al) | r(Al-X) | 7(X-Al-Al-X) | r(Al-ligand) | Hapticity
H 2.527 1.607 137.8 2.136 — 3.002 2
F 2.537 1.731 166.1 2.178 — 2.376 5
CpsAlaXo Cl 2.549 2.266 120.7 2.169 — 2.420 5
Br 2.560 2.447 113.4 2.177 — 2.405 5
I 2.564 2.719 107.0 2.184 — 2.375 5
H 2.518 1.594 127.7 2.155 — 3.106 2
F 2.492 1.700 138.4 2.129 — 2.880 2
Cp2Alo Xy Cl 2.499 2.185 116.9 2.121 — 2.909 2
Br 2.506 2.342 112.7 2.125 —2.917 2
I 2.508 2.584 110.7 2.123 — 2.916 2
H 2.596 1.596 92.0 1.970
F 2.585 1.694 180.0 1.947
Mey Al X, Cl 2.580 2.166 160.0 1.947
Br 2.578 2.317 138.4 1.950
I 2.568 2.549 120.1 1.951
H 2.579 1.589 90.1 1.589
F 2.575 1.687 112.1 1.577
Ho Al X, Cl 2.569 2.152 109.9 1.575
Br 2.568 2.299 110.2 1.576
I 2.561 2.525 109.8 1.576

Table 2.1: Optimized structural parameters for CpjAlyl;, and several related complexes.
Structural parameters are in A and degrees. The Al-ligand distances are measured to ring-
carbon atoms for Cp groups and to the appropriate carbon atom for methyl groups.
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Alkyl Ligand

Halogen H Me
H 0.001 | 0.018
F 0.061 | 0.070
Cl 0.093 | 0.102
Br 0.107 | 0.114
I 0.127 | 0.132

Table 2.2: Out-of-plane Al 3p, atomic orbital populations (e) for Cyj, geometries of selected
dialanes at the DZVP B3LYP level of theory.

Alkyl Ligand
H Me Cp Cp*
H | 1.05% | 0.85% | 0.68% | 1.62%
F | 0.19% | 0.00% | 0.52% | 0.16%
Halogen | CI | 0.31% | 0.04% | 1.60% | 2.39%
Br | 0.31% | 0.16% | 1.84% | 3.13%
I [043% | 0.39% | 2.31% | 4.33%

Table 2.3: Lengthening of Al—Al bond during torsion from equilibrium to 7(X—Al—Al—X)
= 180°.

32



Structure | Halogen | AHpxn (kcal mol~!) | r(Al-Al) (A) | Hapticity
H +6.4 2.527 2
F 2.1 2.537 3

Cp3Al X, Cl +0.1 2.549 3
Br +0.9 2.560 )
I +1.0 2.564 5
H +1.2 2.518 2
F —2.5 2.492 2
Br —2.5 2.506 2
I —-3.1 2.508 2
H +7.7 2.596
F +4.4 2.585

Mey Al Xo Cl +3.5 2.580
Br +3.2 2.578
I +1.9 2.568
H +6.3 2.579
F +5.9 2.575

HyAl X, Cl +4.6 2.569
Br +3.8 2.568
I +2.5 2.561

Table 2.4: 0 K enthalpies of dehydrogenation for Al-Al species from hydrogen-capped
monomers at the DZP SDB B3LYP level.

Ligand
H Me Cp Cp*
AlbRoHy | —0.37 | —0.39 | —0.38 | —0.40
AlbRoFy | —0.75 | —=0.76 | —0.75 | —0.76
AlLRyCly | —0.55 | —0.56 | —0.55 | —0.58
AlbRyBry | =047 | —0.49 | —0.47 | —0.52
AlbRoly | —0.35 | —0.38 | —0.35 | —0.43

Structure

Table 2.5: Halogen natural charges at the DZVP B3LYP level of theory.
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Ligand
Halogen 0 Me | Cp | Cp*
H 0.7310.98 1 0.94 | 1.00
F 1.16 | 1.37 | 1.33 | 1.40
Cl 092 |1.14 | 1.08 | 1.17
Br 0.84 | 1.07 | 1.00 | 1.11
I 0.70 { 0.94 | 0.87 | 1.00

Table 2.6: Aluminum natural charges at the DZVP B3LYP level of theory.

Ligand
Halogen I Me Cp Cp*
H —0.37 | —0.59 | —0.56 | —0.60
F —0.41 | —0.61 | —0.58 | —0.64
Cl —0.37 | =0.58 | =0.53 | —0.59
Br —0.36 | —0.58 | —=0.53 | —0.59
I —0.35 | —=0.57 | —=0.51 | —0.57

Table 2.7: Ligand natural charges at the DZVP B3LYP level of theory, computed as the
difference between the NPA of aluminum and that of the halogen.

AEnr +O[MP2] +0]CCSD] +0[CCSD(T)] AEccsnr

aug-cc-pVDZ +0.81 +0.21 —0.05 +0.05 [+1.02]

aug-cc-pV'TZ +0.88 +0.23 —0.08 +0.06 [+1.09]

aug-cc-pVQZ +0.84 +0.21 —0.07 +0.07 [+1.04]

CBS LIMIT [+0.84] [+0.19]  [~0.07] [+0.07] [+1.03]
Fit a+ (X +1Dbe X a+bX3 a+bX P a+bX?

Table 2.8: Focal point analysis of the torsional barrier for Al,Hy in kcal mol™!. Energies
were computed at DZP B3LYP geometries.

Halogen | Focal Point Barrier | DZP SDB B3LYP Barrier
H +1.03¢ +2.08
F <0.01° +0.26
Cl +0.13¢ +0.30
Br +0.23¢ +0.24

Table 2.9: Comparison of DFT torsional barriers ( kcal mol™!) in AlyHyX, species to focal

point results.

@ DZP SDB B3LYP geometries. ° cc-pVDZ CCSD(T) geometries. See supplemental infor-

mation.
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Halogen | Core Corrected Focal Point AE,.., | DZP B3LYP AE,.,
H +3.55 +7.1
F +4.42 +6.7
Cl +2.79 +5.8
Br +1.88 +5.0

Table 2.10: Comparison of focal point reaction energies ( kcal mol™') of 2AIH,X — Al,H, X,
+ Hy to DFT results.

Level of Theory
Property aug-cc-pVTZ HF | DZP HF | DZP B3LYP | DZP BPS6
Dy, 3p occ. 0.0008 0.0007 0.0007 0.0007
D4 3p occ. 0.0045 0.0058 0.0123 0.0170
Barrier ( kcal mol™!) 0.88 1.59 2.08 2.38

Table 2.11: Aluminum 3p populations and rotational barriers for AloHy.
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2.9 Figures

Figure 2.1: Crystal structure of Schnockel and coworkers® for pentamethylcyclopentadienyl
aluminum(I) tetramer. Hydrogen atoms have been omitted for clarity.
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Figure 2.2: Experimental synthetic pathway to [Cp*Al]4 involving Cp3Al,T,°
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Figure 2.3: Crystal structure of Minasian and Arnold?* for bis-pentamethylcyclopentadienyl
diiododialane.
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Figure 2.4: Theoretical geometry of Minasian and Arnold’s compound?* Cp3Alyl, at the
DZP SDB B3LYP level of theory.
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Figure 2.5: The Al—Al distance plotted against halogen substituent in aluminum dimetal-
locenes at the DZP SDB B3LYP level of theory.
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Figure 2.6: Torsional potential energy curves for Al,HoXs at the DZP SDB B3LYP level of
theory.
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Figure 2.7: Torsional potential energy curves for AlsMesXs at the DZP SDB B3LYP level
of theory.
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Figure 2.8: Torsional potential energy curves for CpyAls Xy at the DZP SDB B3LYP level of
theory.
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Figure 2.9: Torsional potential energy curves for CpiAly X, at the DZP SDB B3LYP level of
theory.
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Figure 2.10: The Al—Al torsional barrier plotted against halogen substituent in aluminum
dimetallocenes at the DZP SDB B3LYP level of theory.
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aluminum dimetallocenes at the DZP SDB B3LYP level of theory.
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CHAPTER 3

TOWARD DETECTION OF AICH, IN THE INTERSTELLAR MEDIUM!

!Compaan, K., Dye, B., Yamaguchi, Y., and Schaefer, H. To be submitted to Journal of the American
Chemical Society.
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3.1 Abstract

Highly accurate geometries have been computed for the possible interstellar molecules,
AICH, and AICHS, at the CCSD(T) cc-pwCVQZ level of theory. In addition to provid-
ing information about the rich chemistry occurring in the interstellar medium, detection
of AICH, and AICHJ in the ISM may provide an indirect means of detecting interstellar
methylene. The neutral contains a single Al-C bond; it requires 85 kcal mol~! to dissociate
AlICH, to ground state methylene plus aluminum atom. In the cation, the AI-C interaction
is considerably weaker and may be described as a half bond. AICHJ lies 37 kcal mol™!
lower in energy than methylene and aluminum cation. Since both AICH,; and its cation
are thermodynamically stable with respect to dissociation, they may be detectable in the
interstellar medium. To aid in this effort, highly accurate spectroscopic data, including ro-
tational constants, centrifugal distortion constants, harmonic vibrational frequencies, and

anharmonic vibrational frequencies, has been computed.
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3.2 Introduction

AICH, is likely to exist in the interstellar medium (ISM) since methylene®” and several
aluminum-bearing species® ¢ have already been detected. Similar reasoning regarding the
abundance of Al and CN in the ISM led to computational studies of AINC??1 The initial

9196 and identi-

computational work fueled experimental characterization of the molecule
fication of AINC in the ISM3:8997  Identifying and quantifying molecules in the ISM is a
crucial part of understanding the complex chemistry that occurs in space as small nuclei fuse
to form heavier elements in hot cores®:89.

Species such as AICH, are also important for understanding fundamental aluminum

chemistry?. AICH, does exist in the gas phase!03195

, based on mass spectrometry of
electron-impact-ionized trimethylaluminum [Al(CHj)3]. Fragmentation patterns suggest that
both AICH, and AICHJ are present, but isomerization to other connectivities, such as
HAICH, is unlikely'%3. This is likely because there is no straightforward way to form HAICH
from fragmentation of trimethylaluminum.

Before its detection experimentally in 1990, AICH, was the subject of extensive com-
putational studies. Theoretical work in the 1980’s was inspired by the increasing use of

127

organoaluminum catalysts“* and the discovery of trimethylaluminum—diethyl ether com-

plex®®. Further motivation came from a series of experiments and computations on the
aluminum-acetylene complex!%*128 The first computational study was performed in 1980%.
DZP CISD energies were computed at DZ SCF geometries. The lowest-lying electronic
state of AICH, is connected to ground state triplet methylene and ground state aluminum
atom. Aluminum prefers to retain an 3s23p configuration and form single bonds, rather than
disrupting its doubly occupied 3s orbital to form multiple bonds.

In order to understand the preference for single-bonds more fully, Cook and coworkers

performed computations on AICH,, HAICH,, and their boron analogs®. Although the
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computations were only carried out at the HF STO-3G level, they were able to qualitatively
explain why B-CHj is doubly bonded while Al-CH, is singly bonded. The boron 2s and 2p
orbitals are close in energy to the methylene orbitals, allowing for effective mixing. However,
in aluminum the valence 3s and 3p orbitals are higher in energy than the methylene MQO’s,
and thus they do not mix as effectively®’.

AICH, was revisited in 1990 at a slightly higher level of theory!?. Its geometry was
optimized at the CISD level of theory with a TZ2P basis set. Their results are in qualitative
agreement with previous work. After the synthesis of AICH, experimentally in 1990, further
computations were required to explain the observed lack of isomerization to HAICH!!. Using
the same theoretical methods as the 1990 paper, they found that the HAICH isomer lies
about 44 kcal mol~! above the AICH, isomer. Finally, in 1991, isotropic hyperfine coupling
constants were computed at the UMP2 6-311G** level of theory!®? using the published
structure of AICH,!%19  This was done in an effort to unravel electronic spin resonance
(ESR) spectra.

There have been no coupled cluster computations on AICHj5, despite the large amount of
attention it attracted in the past. In addition, there are no computational studies on AICHZ
to our knowledge. With the vast computational resources available today, a high-accuracy
study of these two possible interstellar molecules seemed in good order. Here we provide
highly accurate geometries, rotational constants, harmonic and anharmonic frequencies, and
dipole moments for AICH, and AICHS . In addition, we have computed the heats of reaction
for AICH, formation from Al and methylene, and for AICH; formation from methylene
and aluminum cation. These reaction energies provide a measure of how stable AICH, and

AICHS are to dissociation to their respective fragments.
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3.3 Methods

The structures of AICH; and AlCH;r were optimized in their Cy, ground electronic states (2B,
and 3 A; respectively) using coupled-cluster with single, double, (CCSD)® ! and perturbative
triple excitations [CCSD(T)]!!. We used the cc-pwCVXZ (X=D, T, Q) series of correlation
consistent basis sets 11129130 Preliminary results indicated that core-correlation is important
in this system Table 3.1. Due to poor convergence of the cc-pCV XZ basis sets for second-
row atoms, we switched from the cc-pCV X'Z series to the weighted core-valence cc-pwCV XZ
sets.

Relative energies were extrapolated to the complete basis set (CBS) limit using the focal

12715 The columns in a focal point table correspond to

point approach prescribed by Allen
levels of theory; the first column contains the HF relative energy, the second contains the

MP2 correction to the HF estimate (0MP2), and so forth. See equation below.

AECCSD(T) =AEyr + (S[MPQ] + 5[CCSD] + (S[CCSD(T)] (31)
We used a two-point extrapolation scheme for the HF energy '6:17:
Ex = Eopsjur + (X + 1)be VX, (3.2)

In this equation, X is the cardinal number of the basis set (e.g. 2 corresponds to cc-

pwCVDZ), Ecps/ur is the HF energy extrapolated to the CBS limit, and b is a fitting

coefficient. We also used a two-point extrapolation for the correlation energy (Eco.)'®

EX = Ecm‘r/CBS + be?) (33)

Here, X is the cardinal number of the basis set, E.,.,/cps is the correlation energy, and

b is a fitting coefficient. The best estimate of the relative energy appears in the bottom
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right corner of the focal point table, and is the CCSD(T) result extrapolated to the CBS
limit. Computations were carried out using the CFour 1.0'3! and Molpro 2010'*® program
packages.

Natural bond orbital (NBO) 19122 analysis based on the HF cc-pwCVDZ density matrix

was carried out using the NBO 5.0 package in QChem 3.2%3.

3.4 Results and Discussion
3.4.1 Geometries and Spectroscopic Constants

The geometry of AICH, was optimized in its ?B; electronic ground state at the CCSD(T) cc-
pwCVQZ level of theory, using numerical derivatives and an ROHF reference wave function.
It is shown in Figure 3.1. The geometry of AICH; (Figure 3.2) was optimized in its *B,
electronic ground state at the CCSD(T) cc-pwCVQZ level of theory, using ROHF molecular
orbitals and analytic derivatives. The geometric parameters are presented in Table 3.2, along
with comparison to ground state *B; CH, geometries at the CCSD(T) cc-pwCVQZ level of
theory. Interestingly, the Al-C bond distance is 1.962A in the neutral, but 1.909A in the
cation. This shortening is examined further in the NBO section (see below).

The harmonic frequencies of AICH, and AICHJ were computed at the CCSD(T) cc-
pwCVQZ level of theory, using analytic second derivatives. The results are presented in
Table 3.3. A cubic force field was also computed, in order to determine anharmonic fre-
quencies, vibrationally averaged rotational constants, and centrifugal distortion constants.
These spectroscopic constants are presented in Table 3.4. It is crucial to correct the ro-
tational constants for zero-point vibrational energies, since even small effects could move
the rotational lines into a different spectral window. (Computations will finish soon. More

discussion forthcoming on this point.)
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Methylene is difficult to detect in the ISM because other interstellar species obscure
its rotational transitions®”. The methylene rotational constants are altered significantly by
complexing with aluminum, so detection of AICH; or AICH; could be indirect means of
quantifying interstellar methylene. Furthermore, although all three species addressed in
Table 3.4 are asymmetric tops, both AICH, and AICH; are very close to being prolate
symmetric tops. Their asymmetry parameters (k) are very close to —1. The rotational
spectra of AICH, and AICH; will thus be much cleaner than that of CHy, and easier to

assign.

3.4.2 Thermodynamics

We computed the thermodynamics of the following reaction:

CH, + Al — AICH, . (3.4)

At the CCSD(T) cc-pwCVQZ level of theory, the AE,,, is —84.8 kcal mol™!. Extrapo-
lation to the CBS CCSDT(Q) limit increases the exothermicity slightly, and yields a value
of —86.0 kcal mol™!. The relative energy has converged to within about 0.5 kcal mol™!
with respect to both basis set (rows) and level of theory (columns). Inclusion of CCSD(T)
cc-pwCVQZ harmonic zero-point vibrational energy (ZPVE) yields the 0 K AH,.,,, which is
—84.1 kcal mol™! at the CBS CCSDT(Q) limit. These large negative reaction energies indi-
cate that AICH; is thermodynamically stable with respect to fragmentation. The AE can be
interpreted as the Al-C bond energy; a bond energy of 85 kcal mol~! is indicative of a single
covalent bond. The formation of AICH; from ground state Al atom and methylene should
be a barrierless radical-radical reaction. Thus, the abundance of AICH; is only dependent

on the availability of the reactants and not temperature. This data suggests that AICH,
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should be detectable in the ISM. Any methylene molecules which collide with Al atoms in
the proper orientation will be trapped in a significant potential energy well as AICH,.

Next, we computed the thermodynamics of the corresponding cationic reaction:

CH, + Al* — AICH} . (3.5)

The AE,,, is —37.2 kcal mol™! at the CCSD(T) cc-pwCVQZ level of theory. Inclusion
of ZPVE decreases the magnitude of the reaction energy slightly, giving a value of AH,.,
equal to —3... kcal mol™. (Focal point analysis forthcoming.) Although the Al-C bond is
not as strong as in the neutral species, AICH; is still significantly bound with respect to
methylene and aluminum cation. This ion-radical reaction is barrierless, like the neutral

reaction, meaning that AICH; should also be observable in the ISM.

3.4.3 NBO Analysis

NBO analysis was performed using a HF cc-pVTZ density matrix, since the qualitative NBO
results are not sensitive to correlation treatment '3,

In neutral AICH,, the natural charges indicate that the aluminum atom bears a significant
positive charge in AICH;y (40.73). The carbon has a —1.03 charge, and the hydrogens are
slightly positive (+0.15). The unpaired electron is localized on the carbon atom, indicating
that negative charge and spin density overlap spatially in AICH,. This is consistent with
the bonding picture of AICHs, in which the 3p orbital of aluminum and the singly-occupied
a; orbital from methylene overlap to form a single bond. The unpaired electron resides in
the b, orbital of methylene, resulting in an overall 2B; wavefunction symmetry. Well over
99% of the electron density can be accounted for using a Lewis bonding scheme.

The Al-C bonding orbital is comprised of 90% methylene character and 10% aluminum

3p character. There is a nearly pure s-character lone pair on aluminum. The singly occupied
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orbital on methylene has pure p character, but is only occupied by 0.95 electrons. About
0.05 electrons delocalize into an empty p orbital on aluminum, lending slight double bond
character to the Al-C interaction. This delocalization from LP C — LP* Al is worth about
16 kcal mol™! according to second-order perturbation analysis. The core orbitals and C—H
bonds are exactly as expected.

The picture is considerably different in AICH;. The NBO algorithm describes the a-
electron and f(-electron density matrices separately. In the neutral, the descriptions qual-
itatively match up for all occupied orbitals. The dative bonding in the cation requires a
more complicated bonding picture, and the a and § NBO’s differ, even for formally doubly
occupied orbitals. The 3s? orbital on aluminum atom splits in this way. The o NBO is
a lone-pair type orbital, with 85% s-character. It does not mix with any methylene MOs.
However, the corresponding 5 NBO mixes significantly with methylene MOs, forming an Al-
C bonding orbital. In addition to this one-electron bond, the methylene lone pairs delocalize
into two empty 3p orbitals on aluminum cation, transferring a total of about 0.15 electrons
to aluminum. Thus, in AICH; there is slightly more than a "half bond” between aluminum
and carbon. Compared to the neutral, the AI-C bond in the cation is shorter but weaker.
This is because the 3p orbitals have a much larger spacial extent than the 3s orbitals. Since
the 3p orbitals are all formally empty in AICH;, Al can approach slightly closer to CHa,

even though the interaction is weaker.

3.5 Conclusions

Two possible interstellar molecules, AICH, and AICH; , have been characterized using high-
level ab initio methods. The thermodynamics of formation from aluminum atoms or cations
and methylene indicate that these molecules are thermodynamically stable. Highly accu-
rate spectroscopic constants have been provided, to aid in detection of these molecules in

terrestrial laboratories and in the ISM.
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3.7 Tables

Property ae cc-pCVTZ MP2 | fc cc-pVTZ MP2 A
r(Al-C) 1.969 1.978 0.009
r(C-H) 1.088 1.090 0.001
6(H-C-H) 110.1 110.1 <0.1
448.0 415.3 32.7

482.8 547.4 64.5
Harmonic Frequencies 496.7 634.9 138.2
1242.1 1394.2 152.1
3118.1 3103.4 14.7

3197.9 3190.6 7.3

Table 3.1: Comparison of frozen-core cc-pVTZ MP2 results to all-electron cc-pCVTZ MP2
results. Geometric paramters are in angstroms and degrees, harmonic frequencies are in
wavenumbers. Note that the cc-pCV'TZ basis set was designed to have the 1s orbitals on

aluminum frozen.

Table 3.2: Geometric parameters for X ®B; methylene, X >B; AICH, and X *B; AICHJ
at the CCSD(T) cc-pwCVQZ level of theory. All distances are in angstroms, angles are in

degrees.

Parameter | CH, | AICH, | AICH;
r(Al-C) n/a | 1.962 | 1.909
((CH) | 1076 | 1.091 | 1.085

O(H C H) | 133.8 | 110.1 | 118.3
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Species | w (em™) | v (cm™!) | Symmetry Description I (km mol™!
3054.9 ay Symmetric C-H Stretch 22.4
1386.4 ap CH, Scissor 2.7
631.6 a; Al-C Stretch 95.2
AlCH: | 47y 4 by CH, Wag 3.9
3135.2 bo Asymmetric C-H Stretch 124
414.2 b CHs Rock 3.0
3113.5 aq Symmetric C—H Stretch 28.8
1298.6 aj CH, Scissor 17.2
n 647.9 a Al-C Stretch 1.3
AICH, 705.7 by CH, Wag 67.3
3240.4 b Asymmetric C-H Stretch 26.1
575.4 b CHs Rock 3.6

Table 3.3: Harmonic vibrational frequencies of X 2B; AICH, and X 'A; AICHJ at the
CCSD(T) cc-pwCVTZ level of theory. Anharmonic correction computed at the CCSD(T)
cc-pwCVDZ level of theory. Descriptions and IR intensities (I) also provided.

CH, | AICH, | AICH;
A, 54.820286 | 10.455239 | 9.644081
B. 8.543536 | 0.426719 | 0.455177
Ce 7.391585 | 0.409986 | 0.434662
K —0.951 —0.997 —0.996
Ag
Bo
Co

A (MHz)

W —0.238 0.323 —0.605

Table 3.4: Spectroscopic constants for X 3B; methylene, X 2B; AICH, and X 'A; AICHS
at the CCSD(T) cc-pwCVQZ level of theory. Rotational constants in ecm™, CCSD dipole
moments in debye.
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AEppr  +0[MP2] +6]CCSD] +4[CCSD(T)] +6[CCSDT] NET

ccpwCVDZ-DK  —52.42  —24.31  +2.10 —1.69 —0.07 ~76.39
ce-pwCVTZ-DK  —54.83  —28.60  +2.70 —2.26 +0.03  [—83.06]
co-pwCVQZ-DK  —54.95  —3047  +2.97 —2.42 [+0.03]  [-84.83]
ce-pwCV5Z-DK  —54.96 —31.20  +3.21 —2.48 [+0.03]  [~85.40]
CBS LIMIT  [-54.96] [-31.96]  [+3.46] [—2.54] [+0.03]  [-85.97]

Table 3.5: Focal point analysis of the reaction energy for AICH, — CH, + Al in kcal mol ™!,
Energies were computed at CCSD(T) cc-pwCVQZ geometries.

3.8 Figures

Figure 3.1: Structure of AICH; at the CCSD(T) cc-pwCVQZ level of theory. Bond lengths
are in angstroms, bond angles in degrees.
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Figure 3.2: Structure of AICH; at the CCSD(T) cc-pwCVQZ level of theory. Bond lengths
are in angstroms, bond angles in degrees.
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CHAPTER 4

CONCLUSIONS

Computational chemistry is a powerful tool for exploring new areas of chemistry. In this dis-
sertation, its utility in investigating both large and small aluminum-containing systems has
been amply demonstrated. In the first paper, ligand effects in the large molecule Cp3Alsyl,
which was only recently synthesized, were computed. Since DFT was a necessity for this
project, various functionals were benchmarked against the experimental structure of Cp;Alsl,
and against accurate ab initio results on model systems. Torsional potential energy curves
were computed for a family of molecules relate to CpjAlsls. T used NBO analysis to show
the interplay between hyperconjugative and steric effects, which is dependent on both the
size and electronic nature of the ligands. It is hoped that our computations on this new
family of dialanes will inspire and guide future synthetic efforts.

Highly accurate coupled cluster methods were applied to AICH; and its cation. This
dissertation is the first computational work on AICH]. We found that both molecules are
thermodynamically stable with respect to dissociation to CHy4+Al"), and thus should be
present in the ISM. This project highlights the role of coupled cluster methods; highly accu-
rate geometries are required to determine useful spectroscopic constants. Lower level com-
putations are simply insufficient, and provide no useful information to astrochemists seeking
to identify new molecules in the ISM. Our results should be of great use to experimental

groups, both in the fields of astrochemistry and fundamental organoaluminum studies.
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Theory and experiment must work in tandem, to push the field of chemistry to new
heights. In both of these projects, my computational work was based on previous experi-
mental data, and should foster further experiments. In the case of CpjAlsls, a novel structure
published in Chemical Communications inspired a sweeping survey of dialane chemistry, and
furthered our understanding of the intramolecular interactions which govern torsional po-
tentials. In turn, we provided experimentalists with a systematic survey of new candidates
for synthesis. The AICH; project was motivated by the experimental detection of aluminum
species and CHy in the ISM. The computations were specifically carried out to provide use-
ful information to spectroscopists and astrochemists, in the expectation that the results will

soon prove useful.
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