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1. Abstract

Reductive cyclization via McMurry coupling is a common way to form
pyrrolizidine rings. In this work we investigate the titanium-catalyzed McMurry
coupling reaction leading to a pyrrolizidine alkaloid using density functional methods.
Specifically, we compare the relative energies of all possible pinacolate intermediates at
the UB3LYP/6-31G level of theory. The most stable intermediate is found to be the one
resulting from C-O bond insertion in the ester group. The McMurry product is not

predicted to form.

2. Introduction

Scheme 1 shows a recent proposed synthesis of a pyrrolizidine alkaloid precursor
from the readily available natural amino acid derivative L-proline that includes a
McMurry cyclization step.!! Pyrrolizidine alkaloids (PAs) are a class of sugar mimics,
molecules that share structural properties with sugars, that are found in some members of

21 PAs interest

the Asteracea, Boraginaceae, and Fabaceae families of plants.
biochemists because certain sugar mimics inhibit glucose-metabolizing enzymes. For
example, the synthetic derivative of a sugar mimic of the piperidine class (these have a
secondary amine in place of an ether in the hemi-acetal ring) has been developed to treat
diabetes.” Although some PAs have medicinal potential, this class of sugar mimic often

breaks down to more toxic compounds during biological metabolism, causing toxic

responses in humans and animals. ™) Mulberry trees use two piperidine sugar mimics to



kill herbivorous insects by disrupting their metabolic processes.[4]

Toxicologists and
other chemists researching these compounds desire the ability to make new PAs in order
to better understand how a sugar mimic’s structure determines its biological properties.
The polyhydroxylated PA that is the target in the multi-step reaction shown in Scheme 1
belongs to a class of compounds that have been shown to serve an ecological function in
plant-insect relationships as well as being studied for their therapeutic potential as
anticancer and antiviral agents.[S] Because of this potent biological activity and because
of the opportunity for stereochemical variation within the bicyclic framework, PA
compounds have emerged as attractive targets for the development of new synthetic
methodology.[6] Scheme 1 depicts the synthetic strategy employed by Dr. Lindsay and

her group at Eastern Michigan University to produce polyhydroxylated pyrrolizidine

alkaloids with controlled stereochemistry.
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The portion of the overall synthesis that is of interest in this work is the boxed
step in Scheme 1: the McMurry reaction between the keto-ester ligand and titanium(II)
chloride to produce an enol ether which is converted by acid into the corresponding
cyclanone in a later step.!”! The keto-ester ligand in Scheme 1 is ethyl 1-(3-methoxy-2-
oxopropyl)pyrrolidine-2-carboxylate and the cyclanone product is 2-
(methoxymethyl)hexahydro-1 H-pyrrolizin-1-one. When the Lindsay group attempted
the reaction it yielded a mixture of products that proved difficult to characterize. The
present work describes a theoretical analysis of the cyclization reaction aimed at

determining the most energetically favorable pathway for the reaction between the keto-



ester ligand in Scheme 1 and titanium chloride. The goal is to delineate the preferred
reaction pathway and suggest modifications to the synthesis that would improve the
results. Specifically, we will focus on the intermediate of the McMurry reaction step
since the subsequent deoxygenation reaction has been shown to be the rate-determining

step.'®!

McMurry was among the scientists who, in 1983, discovered that low-valent
titanium species reduce aldehydes or ketones, forming a new bond between the carbonyl
carbons in the process (referred to as coupling). Intramolecular McMurry reactions in
particular have become a staple of organic synthesis because they are an efficient method
of generating medium-to-large sized cycloalkanes and cycloalkenes. However, not all
ketones or aldehydes are suitable for reductive coupling. A carbonyl’s reactivity depends
on its associated functional groups and chemical environment. Usually the ability to
control stereochemistry makes a reaction more useful to the synthethic chemist, but the
selectivity of the McMurry reaction is not always predictable, in part because the
mechanism is not fully understood.””! A mechanistic interpretation of low-valent
titanium-mediated reductive coupling reactions such as the McMurry reaction is difficult
because Ti reagents are usually generated in situ and present in heterogeneous phase,

hence their oxidation state and structure are often only vaguely characterized."”’

The ligand of interest here represents a challenging case because of its multiple
functional groups and the pronounced affinity of low-valent titanium for oxygen. For this
reason, there have been few reports to date of cyclizations involving two functional
groups where a third one has remain unaffected.'”? Of particular interest to us is the

nature of the possible conformations of the McMurry intermediate through which the



cyclization proceeds. Unfortunately, while several types of intermediates have been
postulated, none have been characterized experimentally and the energetics of the
reaction pathway are not known. The mechanistic information currently available does
not support the presence of radicals as intermediates. While titanium carbenes cannot be
rigorously excluded, the available information points to dianions as the reactive

intermediates.''”

Previous theoretical work has shed some light on the nature of the intermediate
species. In 1997 Frenking modeled the McMurry coupling reaction between two

molecules of formaldehyde by comparing the two pathways shown in Scheme 2 112l
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This mechanism had been proposed by Furstner and Bogdanovic, and was
supported by the results of the calculations. Most importantly, Frenking found that the
side-on coordinated carbonyl complex (1 in Scheme 2) goes on to form the Ti(IV)

pinacolate complex 3 preferentially to the Ti(IIT) pinacolate complex 2.1 Further



reduction leads to the Ti(II) species 4, in which two TiCl, moieties are arranged in a
dimer with a weak Ti-Ti bond. We use such a dimer as a starting point for the possible

intermediates in our model system.

2.1 References

[1] Lindsay, H. A., and M. C. Milletti. NSF Proposal #0911427, 2008.

[2] HSG 26, 1989; International Programme on Health and Chemical Safety
(IPCS); World Health Organization (WHO): Geneva, Switzerland, 1989.

[3] Asano, N.; Nash, R. J.; Molyneux, R. J. & Fleet, G. W. J. Tetrahedron:
Asymmetry, 2000, 11, 1645-1680.

[4] Hirayama, C.; Konno, K.; Wasano, N. & Nakamura, M. Insect Biochem.
Mol. Bio., 2007, 37, 1348-1358.

[5] Molyneux, R. J.; Lee, S. T.; Gardner, D. R.; Panter, 1. E.; James, L.F.
Phytochemistry, 2007, 68, 2973-2985.

[6] Despinoy, X. L.; McNab, H. Tetrahedron, 2000, 56, 6359-6383.

[7] Furstner, A.; Bogdanovi¢, B. Angiew. Chem. Int. Ed. Engl., 1996, 35,
2442-2469.

[8] McMurry, J.E. Acc. Chem. Res., 1974, 7(9), 281.

[9] Ladipo, F. T. Comments on Inorganic Chemistry, 2006, 27, 73-102.



[10]

[11]

[12]

a) F.E. Ziegler, H. Lim J. Org. Chem. 1982, 47, 5229; b) K. Mikami, K.
Takahashi, T. Nakai, T. Uchimaru, J. Am. Chem. Soc. 1994, 116, 10948;
¢) Y.J. Wu, D.J. Burnell. Tetrahedron Lett., 1988, 4369; d) W.G. Dauben,
L. Farkas, D.P. Bridon, C.P. Chuang, D.E. Henegar, J. Am. Chem. Soc.,
1991, 113, 5883; e) A. Fiirstner, D.N. Jumbam, J. Chem. Soc. Chem.
Commun., 1993, 211.

Fiirstner, A.; Hupperts, A.; Ptock, A.; Janssen, E. J. Org. Chem., 1994, 59,
5215-5229.

Frenking, G.; Stahl, M.; Pidun, U. Angew. Chem. Int. Ed. Engl., 1997,
36(20), 2234-2237.



3. Theoretical Background™

3.1 The Schrodinger Equation

Erwin Schrodinger’s wave mechanics was the first widely-accepted theory
describing the physics of the subatomic world. Because of the general ignorance of
linear algebra among physicists of the early twentieth century, it came to dominate
Heisenberg’s matrix mechanics as the preferred formulation of quantum mechanics, and
is an extension of operator theory to the theory of atomic structure. It is a little-known
fact that Schrodinger discovered his famous equation in its time-independent form of, the
form the equation most commonly used by computational chemists, rather than the time-
dependent form. We may easily derive it from the time-independent classical wave

equation for a particle in 3-space:

V() + 2 () = 0. b

where f(r) is the function describing the amplitude of the wave for the position vector r,
w is the angular frequency of the wave, and v is the speed of propagation of the wave.
Now we consider the nonrelativistic expression for the momentum vector p (in Cartesian

coordinates) for a particle of mass m moving in an external force field:

p = 2m[U - V()] 7. (1.2)

where U is the particle’s total energy and V(r) is the particle’s potential energy as a

function of its position vector r (in Cartesian coordinates) in the external field. We can



use (1.2) and the de Broglie relation A = h/p, where A is the wavelength and h is

Planck's constant, to create an expression for the wavelength of the particle:

A= h_ h (1.3)
P 2m[U-V@]}2 '
We recall that w = 2mfand v = Afand write:
w?  4m?  2m
— = [U—-V()]. (1.4)

v2 _?zﬁ

where 7 is the reduced Planck constant h/2m. Inserting (1.4) into (1.1) we get the wave

equation for a matter wave in 3-space:

Vif(r) + Zh—? [U-V(@)]f@) =0. (1.5)

This equation is usually written as:

2

—h—Vzlp(r) + V(r)yY(r) = Uy((r). (1.6)

2m

with Y (1) replacing f () to denote that Y is specifically the wave function of a matter
wave. Looking carefully at (1.6), we can spot that 1 is an eigenfunction, U is an

eigenvalue, and the operator that acts on i to produce U is:

2

—~ h
H=—-—V*+V. (1.7)
2m



The operator H is called the Hamiltonian, representing the total energy of the matter

wave. Using operator notation we can write (1.6) succinctly as:

Hy = Uy. (1.8)

We now turn to the molecular Hamiltonian, which operates on a wave function of

an interacting system of N nuclei and n electrons:

H(..N:1..n)

hz N n N n 2
- E (S Sn)- 55
2 A 4 me ' Tia
y) y) (1.9)

The newly introduced or redefined symbols are:

A,B,..,N Nucleus 4, B, ... to nucleus N
Zy, Atomic number of nucleus A
My Mass of nucleus A
i,j,..,n Electroni,j, ... to electron n
Me Mass of electron: 9.109 x 10~" kg
e Charge of electron: 1 eV or 1.602 x 10" C

Distance between two particles (identified in

subscript)



The first term, in parentheses, represents the total kinetic energy of all nuclei and
electrons in the molecule. The second represents electron-nuclear electrostatic
interaction for all n electrons and N nuclei, and the third the electrostatic electron-
electron interaction term for all n electrons. The last term represents nuclear-nuclear
electrical interaction for all N nuclei. In the future we will represent it with the notation
Vnn. This is commonly done because Vy represents the internuclear repulsion energy

and is a constant for a given set of fixed atomic coordinates.

3.2  The Born-Oppenheimer approximation

The molecular Hamiltonian, (1.9), while complete, is cumbersome to use in
calculations. We can simplify it with an efficient approximation that has little impact on

the accuracy of our results.

Nuclei, because of their much higher mass, have much lower velocities than
electrons. From the perspective of electrons, nuclei move relative to each other at such a
slow pace that they may be regarded as standing still—just as, from the perspective of
humans, continental drift occurs at such a slow pace that we regard continents as being
largely static. In the Born-Oppenheimer approximation we assume that nuclei are in fact
stationary and the nuclear momentum operator in the first term of (1.9) is zero.”) This

leads to the Born-Oppenheimer Hamiltonian.

Flz n N n
AN m) == — ng_zz
€T A1

2

n n
e?Z, e?
Tia i Tij

i>)




We recall that Vyy is a constant and can be calculated separately. The remainder

of (2.1) is called the electronic Hamiltonian,

N

n n n n
~ h? 5 e?Z, e?
T 1) A
Me & T T — =T

which operates on the electronic portion of the wave function, Y,,;.

Hoher = Evep (2.3)

(2.3) is the electronic version of (1.8), where FE is the electronic contribution to the
molecular energy U. Since (2.3) is the form of the equation most relevant to molecular

systems, for the rest of the text Y and H will refer to 1, and H,; in (2.3).

Note that the molecular energy, U, is simply the sum of E and Vyn. Therefore,

(H+Vyn)y = (E+Vyn)yp = Uy, 2.4)

where ¥ and H are the electronic wave function and electronic Hamiltonian.

3.3 Inseparability and the Variation Principle

There is a rather nasty bogey man still lurking in (1.9) through (2.4). It is the
electron-electron interaction term, which we'll denote g, characterizing the repulsion

between electrons:



n n 2

£n =ZZ$— G.1)

7 > Y

The problem with &g is that it makes the Schrodinger equation (a partial differential
equation) inseparable for multi-electron systems. Presently there is no way to find exact
solutions for the multi-electron Schrodinger equation. This is such a serious problem that
much of the remainder of the Theoretical Background section will discuss various ways
the brightest minds in physics and chemistry have tried to work around it using
approximations and, in the case of Density Functional Theory, entirely different

approaches to characterizing multi-electron systems.

Despite our inability to solve the multi-electron Schrodinger equation, there is a
very useful property relating our approximate solution to the true eigenvalue. Commonly
denoted as E|,, the unknown exact solution represents the true energy of the system, The
expectation value for the energy calculated using any approximation, commonly denoted

(E), is an upper bound on E,. This is called the variation principle:

(E) = j(p* H ¢ dr = E,,. (3.2)

In (3.2) @ is any well-behaved, normalized function, referred to as the trial function,
which satisfies the boundary conditions of the integral and (p* is the complex conjugate
of ¢. The most important consequence of (3.2) is that we can operate on different trial
functions with our Hamiltonian, H, and be assured that the one giving the lowest value of

(E) is the best approximation to the true wave function, y. Note that if we plug enough



trial functions into (3.2), we may find the true wave function, such that ¢ = i and

(E) = E,. Of course, since we cannot solve the multi-electron Schridinger equation
analytically, we will never know what an amazing discovery we have made! For the
same reason we know how much greater our lowest (E’) is than E,, and therefore how

close an approximation our best ¢ is to .

Luckily, it has been shown that (E) approaches E, much faster than ¢
approaches .11 Therefore we need not spend an excessive amount of time

searching for a good approximation to ¢ in order to obtain a good approximation to

(E).

The variation principle is so named because in practice we choose a ¢ with a
large number of parameters which we then vary in order to reduce our calculated

value of (E).

3.4 The LCAO Approximation

The Linear Combination of Atomic Orbitals (LCAO) approximation of Molecular
Orbitals (MOs), sidesteps some of the difficulty in finding appropriate trial

wavefunctions ¢ by assuming that it takes the form shown in (4.1).

n

¢; = Zcij Xi 4.1)

i=1



Here each electron in a multi-electron system is assumed to occupy a volume of
space spanning the entire system which is referred to as a molecular orbital (MO).
Each MO function takes its shape from a linear combination of single-electron, or
hydrogenic, atomic orbitals. In (4.1) ¢; is the jth molecular orbital, 1...i...n are the
1st, ith, and last or nth atomic orbital, and y; is a function describing the ith atomic
orbital. The coefficient ¢;; weights the contribution of the ith atomic orbital to the
jth molecular orbital. The advantage of the LCAO-MO approximation is that it
defines the form of the trial wavefunction in a way that is physically meaningful:

electrons in molecules occupy molecular orbitals that arise from atomic orbitals.

3.5 Basis Sets

The functions y; comprise what is known as a basis set. The most common form
of function used for basis sets in computational chemistry is the primitive Gaussian

function (PGF).""" In polar coordinates they have the general form:

Gum = Nnrn_1 exp(—arz)Ylm(Q, ¢) (5.1)

In this physical interpretation, n is the principal quantum number, which determines an
orbital’s radial distance () of maximum amplitude from a nucleus. The simple radial
function r" lexp (—ar?) specifies an orbital’s size and, with the parameter a, its

diffuseness. The letter [ represents the angular momentum or azimuthal quantum



number, which determines an orbitals shape; m is the magnetic quantum number,
which determines an orbital’s orientation relative to other orbitals with the same n
and [. N, is a normalization constant which forces the PGF to satisfy the constraint that

the overall probability of finding an electron somewhere in space is unity:

f GG dr=1. (5.2)

PGFs can be linearly combined into contracted Gaussian functions (CGFs) to fit more
complex curves that better represent hydrogenic functions. CGFs have the form of (4.1)
with the y; being a set of PGFs. Since modern computers can integrate PGFs quickly, a
basis set of CGFs made from multiple PGFs is often more convenient to use than a basis
set where the y; more closely resemble hydrogenic atomic orbitals. In the present work
we will use three types of CGF basis sets: the 3-21G basis, the 6-31G basis, and the

LanLL.2DZ basis (see section 4).

The simplest of the three is the 3-21G basis set.”) It follows a common naming
scheme for Gaussian basis sets in which the first integer is the number of PGFs used in
the CGF modeling the core orbitals (which do not engage in bonding) of an atom. Each
integer following the hyphen represents a valence orbital CGF and its value is the number
of PGFs used to create the CGF. The “G” at the end of the name indicates that the basis
set is based on Gaussian functions. Therefore we know from the name that the 3-21G
basis set is comprised of functions of Gaussian type, with three-PGF CGF modeling the
core orbitals, one two-PGF CGF modeling a portion of the valence orbitals, and an

additional PGF modeling the remainder. Because the valence orbitals are modeled with



more than one CGF, this type of basis set is called a split-valence basis set.

— —PGF1 -=-=-PGF2 ----- PGF 3 e Exact Solution CGF

Probability Amplitude

Figure 3.5.1. Probability amplitude vs. radius comparison of exact and 321-G hydrogen

Is core orbital. Data taken from the Basis Set Exchange."*" !

Figure 3.5.1 shows how using multiple PGFs in a CGF provides a better
approximation to the probability amplitude of a core hydrogen 1s orbital. The black line
shows the probability amplitude vs. radius in angstroms for the exact wave function of
the single-electron hydrogen 1s orbital. The dashed purple lines show the amplitudes of
the three PGFs comprising core CGF for the 1s orbital. Each of the three gives an
extremely poor approximation to the exact amplitude for some interval of radial

distances. The CGF gives a much better approximation over the entire range.



The 3-21G set currently provides basis functions for the elements hydrogen

through xenon.

In general we obtain a better approximation by increasing either the number of
CGFs we use to model the valence orbitals or the number of PGFs combined in a given
CGF. The 6-31G basis takes the latter approach, doubling the number of PGFs in its core
CGF and adding another PGF to its first valence CGF. Unfortunately, at this time the 6-

31G basis provides functions only for hydrogen through krypton, fewer than 3-21G.[!

The aim of the LanLL.2DZ basis set is not to provide an increase in accuracy over
the above split-valence basis sets; instead, it makes concessions in that regard for the sake
of reducing calculation time for molecules containing large nuclei."”! This is
accomplished by changing the way in which the repulsion between electrons in core
orbitals and electrons in valence orbitals is calculated. Instead of attempting to find
approximate solutions to two-electron integrals for all pairs of electrons, the core
electrons are treated as an average potential centered on the nucleus, called an effective
core potential (ECP). It is a parameter taken from experimental data and is unique to
each element. For this reason basis sets with ECPs are called semi-empirical, as opposed
to ab initio methods which use no parameters. The ECP method balances its reduced
accuracy in calculating electron-electron repulsion energies with an ability to take into
account relativistic effects that are too complex for ab initio methods to model in a

reasonable time frame.

Einstein’s theory of special relativity predicts, and experiment observes, that mass

depends on velocity. The extremely high velocities of core electrons cause their mass to



exceed that of the electron rest mass, m,. For small atoms the difference is slight. It is
generally considered to become significant to chemists for systems containing third-row
elements and higher. These effects must be calculated with the Dirac time-dependent
relativistic Schrodinger equation, which is computationally very expensive. An
advantage of ECPs is that relativistic effects can be included without affecting calculation
times. However, this boon is outweighed by the basis set’s approximations for very small

systems containing large atoms.

3.6 The Hartree-Fock (HF) Self-Consistent Field (SCF) Method

The use of different basis sets does not address the problem of solving the multi-
electron Schrodinger equation. The HF-SCF method attempted to provide an efficient
and accurate approximation. It is a legacy method; it has been surpassed by more
accurate or more efficient methods for most applications. But, like an old junker past its

prime, new methods often ransack HF-SCF for spare parts.

The SCF in particular is part of most modern methods. It uses an arbitrary trial
function ¢o as an initial guess at the wave function for a molecular orbital. The
electronic Hamiltonian is numerically integrated to obtain a set of eigenvalues. These are
then used to generate a new trial function ¢1 and the process repeats iteratively. If we are
very good at guessing trial functions our ¢ may be so close to the best approximate ¢
that successive iterations do not produce significant change in the eigenvalues. More
likely, however, we will have chosen a o that is not particularly good and must perform

many iterations in order to reach the point of negligible change in eigenvalues and



eigenfunctions. At this point we have achieved self-consistency. This does not mean we
can get arbitrarily close to the true wave function or energy, however. The accuracy is
limited by the degree to which the form of the ¢s matches the (unknown) form of the true

wave function. For example, the choice of basis set is an important factor in this regard.

As elements of HF are also important to modern methods, we provide a brief
description of this approach. We begin our treatment by defining a closed-shell, ground-
state wave function in a form known as a Slater determinant:

y,(Da() v, (DR v,Da(l) - v, (DPD)
po L|n@e@ v@B@ w,@a@ - w@BD| o)

v, (mam) vy, (mBm) y,(ma(2) -y, (MP1n)

where n is the number of electrons and the y; are one-electron functions called spatial

orbitals that depend on the position vector r. The first row refers to electron 1, the
second to electron 2, and so on to electron n. The functions a and £ are called spin
orbitals. Their only variable is the spin variable, £. They are equal to zero unless

& = +1/2. Those familiar with quantum mechanics will recognize that electrons have
these and only these values for their fourth quantum number, the spin quantum number

mg.

Spin is not an easy concept to grasp since it does not correspond to any property
in the macroscopic world, but is rather an angular momentum intrinsic to elementary
particles which, like all the quantum numbers, may only take on a limited range of

values. The Pauli Exclusion Principle states that no fermions, a class of particle to which



electrons belong, may share all four quantum numbers. However, since the special

orbitals y; depend only on the first three numbers, n, [, and m, electrons of opposite spin

may share the same spatial orbital without violating the Pauli Principle.

The spin variable, ¢, is the sum of the electron spins in a spatial orbital. If two
electrons of opposite spin share an orbital then ¢ = 0 and the spin orbitals vanish. (6.1) is
constructed so that it ensures no two electrons of like spin can share an orbital. If they

did, the determinant would vanish—along with the wave function!

If we force n in (6.1) to be a multiple of two we are restricting the system to its
closed-shell ground state in which all electrons occupy ; in pairs. That is, electrons with
spin « are forced to occupy the same spatial orbitals as electrons with spin . This is
called the restricted HF method, or RHF. If the molecular system contains one or more
unpaired electrons, or is in an excited state, the model will not give an accurate result.
For these systems we use the open-shell, unrestricted HF method, or UHF, in which
electrons with spin & occupy an entirely separate set of spatial orbitals, than those
occupied by spin f electrons. This improves the accuracy of the results for open-
shell systems and for some systems where electrons in d or f shells are involved in

bonding, but at a hefty cost in terms of efficiency.

Now we define an operator: the one-electron core Hamiltonian:

N
Za

. (6.2)
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which represents the kinetic energy of electron 1 plus the potential energy of attraction of
that electron to each of the N nuclei. The designation “electron 1 is arbitrary since

electrons are indistinguishable.

By applying (6.2) to (6.1) we obtain two new terms:

Jiy = ;DD [ v @ 2 (6.3)

(6.3) is the Coloumb integral and it gives the electrostatic repulsion between

electron 1 in y, and electron 2 in ;-

1
Ky = (0w @ [ | v@v, ) (64)

(6.4) is the exchange integral. It comes from terms in the expansion of the Slater
determinant that differ only by exchanging electrons. It has no easy physical
interpretation, but J and K together represent the average electrostatic repulsion of an
electron in an orbital due to all the other electrons.

Using (6.2) through (6.4), the LCAO approximation, and a good deal of behind-
the-scenes mathematics, we can write the HF equations as a system of homogenous

differential equations:

m

> calBs — 5,9 =0, (65)
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where m is the number of basis functions, the cy; are the coefficients in the LCAO linear
expansion and our variational parameters, €; is the energy of the ith molecular orbital,
and the F, are the elements of the Fock matrix.

Es = (y, (D[A™ (1) |y (1))

/2 (6.6)
+ 3 200, D], (D) = v, DR D]w, (D)),
j=1

and

Srs = (v, lw,), (6.7)

also called the overlap integral.

Using the SCF strategy, an initial set of trial coefficients is used in conjunction
with the appropriate basis set functions to construct the Fock matrix and solve (6.5). The
new set of ¢ coefficients is then used to construct the Fock matrix again and equation
(6.5) is solved again. This process continues until self-consistency is achieved, thus

providing the best approximate solution.

3.7 Density Functional Theory (DFT)

The Hohenberg-Kohn theorem states that for any system with a non-degenerate

ground state, all electronic properties can be determined from only the ground state

(8]

electron probability density, p, (1), where r is the position vector." This theorem was

the birth of DFT, and it represented a break with past ab initio methods.!"! DFT gets its



name from the fact that the electronic energy of a system, E, is a function of p, which is
itself a function of the position vector: E = E (p (r)). A function of a function is called a

functional.

The density functional approach addresses a number of problems inherent to the
HF-SCF method. Perhaps most importantly, in HF-SCF wave functions electrons in
orbitals interact with other electrons as an average potential that is static through time,
while in reality they interact instantaneously as moving particles. This phenomenon is
called electron correlation, and it causes HF-SCF to overestimate the electron density

between atoms.

Hohenberg and Kohn presented a density functional form of the variational

theorem:

E,(9p) = E a1

Eq = E(po)

where E, () is the system energy calculated from a trial density function ¢. The
subscript v indicates that E,,(¢) depends on the nuclear-electron interaction potential
v(r;). E, is the true ground-state energy of the system calculated from its true ground-

state electron density function py. (7.2) gives several properties of trial density functions:

jooqu(r) dr=n

7.2
where n is the number of electrons in the system, and (7.2)

@(r) =0 forall r.



One of the most important of Hohenberg and Kohn's theorems specifies how to

calculate the system energy for a given pg:

[oe)

E,(p) = f po() v(F) dr + T(po) + Voo (o). (1.3)
0

The kinetic energy term T (p,) and the electron-electron repulsion term V,,(p,) are
commonly grouped together in the functional F. The theorem does not tell us how to find

F, however.

Kohn and Sham suggested a clever method for finding an approximation to F
using an ideal system, s, of n non-interacting electrons in the external potential v(r;).

The important consequence of this is that:

ps(r) = po(r), (7.4)

where p, (1) is the ground-state density of the reference system.[9] The form of the
Hamiltonian for the reference system is very simple because the electrons do not interact,
and all parts of the energy functional can be calculated exactly except for the two in F.
However, we can now represent them as differences between the real and reference

systems:

AT (po) = T(po) — T (ps)

(7.5)
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where 1 and 2 represent a given pair of electrons. These are combined into a new

functional called the exchange-correlation energy functional, E,..:

Ey. = AT(pO) + AVee(po)- (7.6)

Rewriting (7.3) in terms of (7.5) and (7.6), we obtain:

_ 1 B B
E,(po) = ] po () v(r) dr + 7o) + j f M dardr

+ Eyc(po).

Now that we have isolated our unknowns into the exchange-correlation
functional, it should be clear that the usefulness of a DFT method depends upon the

selection of a good approximation to E,..

3.8 Hybrid Density Functionals

E,. can be written as the sum of an exchange functional, E,, and a correlation
functional, E.. The Becke88 exchange functional uses the Generalized-Gradient
Approximation (GGA) which improves on pure DFT by allowing electron density to vary
with position. Other methods split E, into a portion based on the GGA method and a
portion taken from the Hartree-Fock method. These can be linearly combined with
weighted coefficients in the same way orbitals are in the LCAO approximation. These
are called hybrid exchange functionals and generally provide better accuracy than pure

DFT functionals.



Currently, a hybrid functional popular for its efficiency and accuracy is the
B3LYP hybrid functional, which contains the B3 functional, a GGA exchange
functional, and a correlation functional named for its creators, Lee, Yang, and Parr. The
present work uses both the spin-restricted and spin-unrestricted flavors of this hybrid

functional, RB3LYP and UB3LYP.

3.9  Mulliken Population Analysis

A final difficulty in characterizing molecular systems using computational
methods is that of determining the strength of the bond between two atoms. A Mulliken
population analysis uses the products of LCAO coefficients to apportion the electron

density of the molecule.'”’

For the purpose of determining bonding, it is the LCAO coefficients in the
overlap integrals S; which are of interest. The electron density corresponding to the bond
is located in the overlap region between two atoms and it is called the overlap population.
Overlap populations are calculated as follows: a single electron in molecular orbital ¢;
between atomic centers 1 and 2 contributes 2¢;;¢,;S;, electrons to the overlap population
between the atomic centers; ¢;; and c¢,; are the LCAO coefficients for the functions
describing atomic orbitals 1 and 2 which comprise ¢;, while S;, is the value of the
overlap integral between the centers.!"! If there are n electrons in ¢; then they contribute

2ncy;¢,;S1, electrons to the overlap populations.



The Mulliken population analysis can also be used to determine approximate
partial charge on a given atomic center, but that aspect of the method is outside the scope

of the present work.
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4. Details of the calculations

We used GaussView 3 and GaussView 4 to construct all structures and Gaussian
03 to perform the density functional calculations." " ¥ Structures were optimized to a
minimum using the Berny algorithm; force constants and resulting vibrational

frequencies were computed analytically.[4]

Geometry optimization calculations for the (TiCl,), dimer were carried out using

B3LYP functionals and both the 3-21G and LanL.2dZ basis sets.!®" 718

For the capnellene system, we constructed all possible metallacyclic intermediates
by attaching one of the titanium atoms in the dimer to one of the three electronegative
atoms in the ligand. We ensured that the bond lengths in the metallacycle of these initial
structures conformed as much as possible to those calculated by Frenking for the
optimized pinacolate intermediate complex of CH,O and TiCl, (vide infra).!'¥ We
performed the optimization and frequency calculations on the capnellene intermediates

using spin-unrestricted B3LYP hybrid functionals and the 6-31G basis set.[" !

We followed the same procedure for the intermediates involving the pyrrolidine
ligand, constructing all structures in which each titanium atom attaches to one of the five
electronegative centers in the ligand. We performed two sets of optimization and
frequency calculations, one using the spin-unrestricted B3LYP functionals and the 6-31G

basis set and one using spin-restricted B3LYP functionals and the LanL.2DZ basis set.'*!

Analyses of the electron density distributions were done using the Mulliken

0]

approximation.'”’  We programmed a simple collection of VBA macros in Microsoft

Excel 2007 to collect the off-diagonal elements of the density matrix from the Gaussian



03 output file and generate tables of Mulliken overlap populations between pairs of atoms

(see section 6).
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5. Results and Discussion

In this section we describe all calculations and their outcomes. A note about
nomenclature: we designate intermediates according to the bonding in the initial, pre-
optimization structure. Intermediates are labeled [X,Y] to indicate that the two metal
atoms in the titanium dimer are attached to atoms X and Y in the ligand. The ligand
atoms labels are shown in Figure 5.2.1 for capnellene and in Figure 5.3.1 for the
pyrrolidine. Table 5.1 shows the legend used in figures to indicate any changes in the

bonding occurring during optimization.

Table 5.1. Legend for symbols indicating bonding changes.

Key to symbols

% Bond broken during optimization
Future location of bonding pair after
‘ll..'

optimization

eeeee Bond formed during optimization




5.1 Titanium(ll) Chloride Dimer

We begin by examining the bonding and structure of the (TiCl,), dimer by itself,
before bonding to any ligand. Figure 5.1.1 shows the structure of the dimer optimized at
the RB3LYP/LanL.2DZ level of theory: it is highly symmetrical and the chloride ligands
are staggered to accommodate the lone pairs on the metal centers. Table 5.1 shows the
Mulliken overlap populations between atoms in the dimer. The cyan color of the Ti-ClI
bonds in the figure corresponds to a Mulliken overlap population of 0.30 e”. This is
roughly average for Ti-Cl bonds in the other optimized structures discussed below and it
indicates a single bond. The green color of the Ti-Ti bond corresponds to a Mulliken
overlap population of 0.22 e". In no other optimized structure is the Ti-Ti population
above 0.15 e". This indicates that the Ti-Ti bond in the isolated dimer is stronger than in
the metallacycles described below, as predicted by the lengthening of said bond upon

complexation to the ligand.

Color key for bonds (numbers correspond to Mulliken overlap population)

___________________

None
<0.03 0.03 0.05 0.15 0.25 0.35 0.45 +

Figure 5.1.1. Optimized titanium(II) chloride dimer.



Table 5.1. Mulliken overlap populations between atoms in the titanium (II) chloride
dimer optimized using the RB3LYP/LanL.2DZ method. The integers correspond to the
atom numbers in Figure 5.1.1 above. The colors of the atom name cells correspond to the
atom colors. The decimals are the overlap population in e”. The colors of the population
cells are mixtures of the colors of the two atoms the population lies between. “-* denotes

a negative population or a positive population less than 0.03 e'.

1 2 3 4 5 6
Ti Ti cl Cl cl Cl

1 Ti 0.22 - - 0.30 0.30
2 Ti|0.22 0.30 0.30 - -
3 c - 030 - - -
4 c - 030 - - -
5 Cljo030 - - - -
6 Cl| 030 - - - -




5.2 Capnellene

Our general approach to determining the most stable conformation of the
intermediate in the McMurry cyclization step is to consider all possible intermediates and
compare their relative energies. To make sure that our approach is valid, we decided to
test our method by using it to determine the most favorable intermediate in the McMurry
cyclization reaction that produces capnellene. This molecule is a sesquiterpene precursor
that can by synthesized in high yield (72%) using a titanium-induced oxo ester
cyclization.! Consequently, the results of the calculations should show that the
McMurry intermediate is the most energetically favorable of the possible intermediates.
For the capnellene system there are three possible metallacyclic intermediates where each
titanium atom in the dimer is attached to one of the three electronegative atoms in the
ligand, labeled A, G, and H in Figure 5.2.1. Of these, only one resulted in the desired
McMurry product ([A,G] in Figure 5.2.2) while in the other two the structure remained

essentially unchanged ([G,H] and [A,H] in Figure 5.2.3).

Figure 5.2.1. Capnellene precursor with electronegative atoms labeled alphabetically.

Figure 5.2.2 shows the initial and optimized structures for intermediate [A,G], wherein
the titanium chloride dimer is initially, and remains, bonded to the ligand at oxygens 29

and 35 (A and G respectively). On the left is the input structure for the calculation. Note



that in the optimized structure the dimer is rearranged so that no bond exists between the
two titanium atoms; instead, chlorines 48 and 50 bridge them. Other investigators have
noted bridging chlorine atoms in titanium complexes. Frenking et al. found that a single
chlorine atoms bridged the titanium centers in the intermediate of their model system.'”
Titanium cluster compounds with bridging chlorine atoms have also been confirmed
experimentally. Cotton et al. isolated the molecule [Ti(u-CI)Cl(dmpe)]; in which three
chlorine atoms bridge three titanium centers; polymer-like chains containing a repeated

structure in which two chlorine atoms bridge two titanium atoms have also been

observed.H ¥

Figure 5.2.2. The [A,G] intermediate of capnellene. At left is the initial structure. At
right is the structure optimized at the UB3LYP/6-31G level of theory. A gray dotted line

shows where a new C-C bond will form in the optimized structure.



Figure 5.2.3. Optimized structure of the [A,H] intermediate (left) and [G,H] intermediate

(right).



Relative energies of [X,Y] to [A,G]

61.21 [A,H]

[G,H]

E[X,Y]-E[A,G] (kcal/mol)

21.93

[AG]

Optimized intermediates in which:

A McMurry ring has formed in the ligand No structural change to the ligand occurred

Figure 5.2.4. Energy diagram of optimized capnellene intermediates relative to [A,G].



Figure 5.2.4 shows the relative energies in kcal/mol of the three optimized
capnellene intermediates. Table 5.2 shows total energies in a.u. and relative energies in
kcal/mol. [A,G] is the most stable structure (represented by the blue line in Figure 5.2.4)

and is also the only McMurry intermediate.

Table 5.2. Energies of optimized capnellene intermediates.

E L. t
Total energy feIgy res. 1o

Intermediate @) [A.G]
Y (kcal/mol)
[A,G] - -4390.8081 0
[G.H] -4390.7731 21.93
[AH] -4390.7105 61.21

From the results of the calculations we conclude that the McMurry intermediate is
the most stable. Additionally, Table 5.3 shows that the optimized bond lengths in the
metallacycle are very similar to those found by Frenking for a similar compound, the
pinacolate intermediate complex formed from two equivalents of CH,O and two
equivalents of TiCl,."”! Taken together, these two pieces of evidence provide
corroboration that the method we have chosen is valid and allows us to correctly predict

whether a reaction will result in a McMurry cyclization product.



Table 5.3. Comparison of calculated metallacycle bond lengths in the capnellene

intermediate and in a CH,O-TiCl, intermediate.

Metallacyle Calc. length in capnellene  Calc. length in CH,O-TiCl,

intermediate [A,G complex”!
bond type &) [A.GI (PA)
Ti-Ti 2.65 2.51
Ti-O 1.78 1.80
C-0 1.46 1.41
C-C 1.57 1.54

5.3  Pyrrolidine Ligand

We first performed geometry optimization calculations on the pyrrolidine ligand
using spin-restricted B3LYP functionals and the LanLL2DZ basis set. We selected the
latter because it is usually the basis set of choice for transition metal atoms like titanium.
However it has the drawback of describing the core electrons as an average field (the
effective core potential) in order to keep the basis functions to a manageable number.
Since higher-level basis sets can be used with first row transition metals, we also tried the
6-31G basis which yields more accurate energies. In addition, while we started by
constraining the calculations to closed-shell wavefunctions (spin restricted - R), we later
realized that the nature of the transition state structures is such that open-shell
wavefunctions (spin unrestricted - U) would provide a better description of the bonding.
In summary, we carried out two sets of optimization calculations: the first at the
RB3LYP/LanL.2DZ level and the second at the UB3LYP/6-31G level. The results are

somewhat different and they are compared in the analysis below.



5.3.1 Results of Geometry Optimization Calculations

We built the initial structures of the intermediates involving the pyrrolidine ligand
and the titanium(II) chloride dimer following the same procedure we used for capnellene.
We attached each titanium atom to one of the five electronegative centers in the ligand
(labeled A, C, F, I, and J in Figure 5.3.1) and obtained ten unique initial configurations;

we provide an example of one of these metallacyclic intermediates in Figure 5.3.2.

c
A O Cl Cl
W/
/OJK/I':‘ J Ti=Tl
0 o] Cl

)
| \\
Figure 5.3.1. On the left is the ligand, ethyl 1-(3-methoxy-2-oxopropyl)pyrrolidine-2-

carboxylate, with selected atoms in the ligand labeled alphabetically. On the right is the

titanium(II) chloride dimer.



Figure 5.3.2. The initial structure of intermediate [C,I] wherein the titanium atoms (large,
gray) are attached to the carbonyl oxygen (red) of the ketone (C) and the carbonyl oxygen
of the ester (I). Chlorine atoms are green and the carbon backbone is shown in a tube

representation. Hydrogen atoms are omitted for clarity.

Figures showing the initial and optimized structures for each configuration are
shown below, in alphabetical order of ligand atom. In the following discussion, initial
and optimized structures are compared using results from both RB3LYP/Lanl.2DZ and

UB3LYP/6-31G calculations.

The initial structures for the two levels of theory for the [A,C] intermediate (see
Figure 5.3.3) differ in two minor ways: the RB3LYP/Lanl.2DZ initial structure has a
weak bond between titanium atoms that is nonexistent in the UB3LYP/6-31G structure
and there is a weak Ti-O bond in the UB3LYP/6-31G structure but not in the
RB3LYP/LanLL.2DZ structure. These differences are produced by the description of the

bonding unique to each basis set.



RB3LYP/LanL2DZ UB3LYP/6-31G
Initial Structure Initial structure

Color key for bonds (numbers correspond to Mulliken overlap population)

<0.03 0.03 0.05 0.15 0.25 0.35 0.45 +

Figure 5.3.3. Initial and optimized structures for intermediate [A,C]. Note that the bond
colors correspond to the Mulliken overlap population between the atoms, measured in €.
There are full Mulliken overlap population tables for the all thepyrrolidine intermediates

in section 6.

The two optimized structures are significantly different: there is a metal-metal
bond in the RB3LYP/LanL.2DZ structure but in the UB3LYP/6-31G structure there is an
anti-bonding interaction between the two titanium atoms. The weak Ti-O bond in the
UB3LYP/6-31G initial structure becomes significant in the optimized structure but it is

nonexistent in the RB3LYP/LanL.2DZ optimized structure.



Both optimization calculations of the [A,F] intermediate resulted in structures in
which one of the chlorine atoms is bridging the titanium centers (see Figure 5.3.4). The
UB3LYP/6-31G structure in particular shows evidence of the Ti dimer arranging itself

into the bridged structure seen in the capnellene optimizations.
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Figure 5.3.4. Initial and optimized structures for intermediate [A,F].

There are significant differences in the bonding of the two initials structures of the
[A.I] intermediate (see Figure 5.3.5). The RB3LYP/LanL.2DZ structure shows a Ti-Ti

bond that is absent in the UB3LYP/6-31G structure, as is the case for most of the



intermediates. But, uncharacteristically, the UB3LYP/6-31G input structure shows a
very weak bond between carbon 32 and oxygen 35. This is merely a minor curiosity
since the two optimized structures are nearly identical. The only significant difference
between them is that chlorine 41 bridges the titanium atoms in the RB3LYP/LanLL.2DZ

structure but does not in the UB3LYP/6-31G structure.
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Figure 5.3.5. Initial and optimized structures for intermediate [A,I].

As with [A,I], the two optimized structures of [A,J] (see Figure 5.3.6) are nearly

identical and the bonding in the initial structures is similar aside from the C25-O35 bond,



which is stronger in the UB3LYP/6-31G structure.
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Figure 5.3.6. Initial and optimized structures for intermediate [A,J].

For [C,F] the initial and optimized structures are nearly identical under

RB3LYP/LanL.2DZ and UB3LYP/6-31G conditions (see Figure 5.3.7).
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Figure 5.3.7. Initial and optimized structures for intermediate [C,F].

For [C,I] the bonding in the initial structures (see Figure 5.3.8) is very similar
aside from the rather strong bond between the titanium atoms under RB3LYP/LanL.2DZ
conditions that is an anti-bonding interaction under UB3LYP/6-31G conditions. The
dimer is twisted slightly relative to the ligand in the UB3LYP/6-31G optimized structure
but no such change occurs in the RB3LYP/LanL.2DZ optimized structure. This may have
something to do with the bond between titanium 36 and oxygen 35. The weakness of the
bond, however, seems to argue that the bond is a symptom of the different geometry

rather than its cause.
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Figure 5.3.8. Initial and optimized structures for intermediate [C,I].

The [C,J] structure is highly problematic for any discussion of bonding in the
initial structures based on Mulliken overlap populations. Interpreting these values as an
indication of bonding yields the completely nonsensical structure seen in the UB3LYP/6-
31G initial structure (see Figure 5.3.9), where the ligand appears to be highly fragmented.
However Mulliken overlap populations in the optimized [C,J] structures are not unusual

and are very similar under RB3LYP/Lanl.2DZ and UB3LYP/6-31G conditions.
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Figure 5.3.9. Initial and optimized structures for intermediate [C,J].

The optimized [F,I] structures at the RB3LYP/LanL.2DZ and UB3LYP/6-31G
levels of theory are quite different (see Figure 5.3.10). In the RB3LYP/LanL.2DZ
optimized structure there is a strong bond between oxygen 14 and carbon 13. There is no
such bond in the UB3LYP/6-31G structure. Furthermore, in the UB3LYP/6-31G
optimized structure the dimer appears to have plucked oxygen 14 from the ligand and

forced it into the bridging position we often see chlorines assuming in these optimizations

(see Figure 5.2.2).
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Figure 5.3.10. Initial and optimized structures for intermediate [F,I].

In the [F,I] structures the two conditions yielded significant differences in the
optimized geometry and bonding and a corresponding lowering of molecular energy
relative to the [A,I] intermediate. In the [F,J] intermediate there is little to differentiate
the two optimized structures in terms of Mulliken overlap populations or geometry (see
Figure 5.3.11), yet the relative energy ordering of the intermediates is quite different, as
discussed below. It appears that, at least in this case, the more accurate UB3LYP/6-31G

level of theory yields very different results from the RB3LYP/LanL.2DZ method.
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Figure 5.3.11. Initial and optimized structures for intermediate [F,J].

As in [F,J] above, in [I,J] the bonding according to the Mulliken overlap
populations is nearly identical in both optimized structures (see Figure 5.3.12), perhaps
more so than in any other intermediate, despite the fact that the relative energy ordering is
quite different. It is interesting to note that in both this and the [A,J] intermediates the
dimer interacts with the ligand to produce bridging bonds between the two titanium
atoms, as we see in the capnellene optimizations. However, this similarity to the bonding
and geometry of the dimer in the capnellene optimizations does not directly correlate

with lower molecular energy (see the discussion of intermediate [A,F]).
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Figure 5.3.12. Initial and optimized structures for intermediate [LJ].

5.3.2  Summary

The two levels of calculations yielded similar optimized structures for all
intermediates but [A,C], [F,I] and, to a lesser extent [C,I]. As for the capnellene system,
optimization calculations resulted in three kinds of structures: 1) McMurry intermediates
([A.I], [CJ], [C.I]), in which a new C-C formed during optimization; 2) intermediates in
which a ligand bond was eliminated during optimization due to bond insertion ([A,J],

[LJ], [F.J], [A,C]); and 3) and intermediates in which no significant change to the ligand



structure occurred during optimization ([A,F], [C,F], [F,I]). Examples from categories 1)
and 2), are shown in Figure 5.3.13 and Figure 5.3.14 below. For an example from

category 3), see intermediate [C,F], Figure 5.3.7.
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Figure 5.3.13. Structure of the [A,I] intermediate. On top is the initial structure. On
bottom is the structure optimized at the RB3LYP/Lanl.2DZ level of theory. Bonds are
color-coded according to the size of the Mulliken overlap population between atoms (see
legend below the figures). A green dotted line shows where a new C-C bond (Mulliken

overlap population 0.15 €°) will form in the optimized structure.
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Figure 5.3.14. Structure of the [A,J] intermediate. On top is the initial structure. On
bottom is the optimized structure at the RB3LYP/LanL.2DZ level of theory. A white
starburst in the initial structure shows where the bond between O 35 and C 32 will be

eliminated and Ti 36 will insert itself between the two atoms in the optimized structure.



It is interesting to note that, as for the capnellene McMurry product [A,G], the
structures of McMurry products [A,I] and [C,I] are very similar to that of Frenking’s
Ti(II) intermediate.”” Relevant bond lengths are compared in Table 5.4 below. In

addition, crystallographic data of another titanapinacolate complex shows a similarly

long pinacolic C-C distance of 1.610A."

Table 5.4. Comparison of Optimized Bond Distances. All values in A. Pyrrolidine

values are for the structures optimized at the UB3LYP/6-31G level of theory.

Calc. ler.lg.th in Calc. ler.lg.th in Calc. length in CH,0-
Metallacyle pyrrolidine pyrrolidine TiCl, complex'?
bond type intermediate [A,I] intermediate [C,I] 2 ( A)p
(A) (A)

Ti-Ti 2.83 2.83 2.51

Ti-O 1.86, 1.95 1.77, 1.75 1.80

C-0 1.44 1.43 1.41

Cc-C 1.57 1.58 1.54

The relative energy ordering of all intermediates is discussed in the next section.

5.3.3 Relative Energies

Table 5.5 and Table 5.6 show total energies in a.u. and relative energies in
kcal/mol of all intermediates at the RB3LYP/LanL.2DZ and UB3LYP/6-31G levels of
theory, respectively. We calculated the energies in kcal/mol relative to the energy of the

lowest-energy McMurry intermediate, [A,I]. Figure 5.3.15 below shows this information



in the form of an energy diagram. The structures in the tables and in the figure are
colored-coded to indicate the type of optimized structure: red represents those structures
in which optimization resulted in bond insertion, blue represents those structures in which
optimization resulted in the formation of the McMurry intermediate, and grey represents

those structures in which optimization did not change the structure of the ligand.

Table 5.5. Energies of pyrrolizidine intermediates optimized at RB3LYP/LanLL.2DZ level

of theory. Color coding is the same as that used in Figure 5.3.15.

Total energy Energy relative to [A,I]

Intermediate (a.u.) (kcal/mol)

[AJ] - -962.5566 -22.36
[LJ]] -962.5559 -0.052
[AI] - -962.5210 0

[CJ] - -962.5039 10.77
[FJ] - -962.4981 14.37
[AC] - -962.4840 23.22
[AF] -962.4807 25.31
[CI] - -962.4806 25.33
[C,F] -962.4386 51.77

[F.I] -962.3699 94.86




Table 5.6. Energies of pyrrolizidine intermediates optimized at RB3LYP/LanL.2DZ level

of theory. Color coding is the same as that used in Figure 5.3.15

Total energy Energy relative to [A,I]

Intermediate (@ w) (keal/mol)
[LI]] - -4326.0571 -20.72
[AJ] -4326.0541 -18.82
[AT] - -4326.0241 0

[A,C] - -4326.0206 2.169
[CJ] - -4326.0063 11.16
[AF] -4325.9864 23.65
[CI] - -4325.9770 29.52
[C,F] -4325.9363 55.06
[F.I] -4325.9291 59.58

[FJ] e -4325.9175 66.87
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Figure 5.3.15. Energy of optimized intermediates in kcal/mol relative to the lowest-
energy McMurry Intermediate, [A,I]. At left are the results of the RB3LYP/LanL.2DZ

calculations and at right are the results of the UB3LYP/6-31G calculations.



Our results indicate that those structures in which no significant change to the
ligand occurred during the optimization process (category 3) tend to have a higher energy
than structures in categories 1 or 2. The latter vary widely in relative energy. More
importantly, both sets of calculations show that the most stable optimized structure
contains bond insertions—although nearly identical optimized structures featuring a bond
insertion are far higher in energy. Neither set of calculations predicts the McMurry
product to be the thermodynamically preferred product. The analysis below focuses
mostly on the UB3LYP/6-31G results, which are likely more accurate than the

RB3LYP/LanL.2DZ results.'®

Figure 5.3.16 shows the results of the UB3LYP/6-31G optimization of structure
[LJ]. In Figure 5.3.15 above, [LJ] and [A,J] occupy the two lowest energy levels among
the intermediates whether we use the RB3LYP/LanL.2DZ method or the UB3LYP/6-31G
method in our optimizations. Note, however, that [I,J], which in the RB3LYP/LanL.2DZ
diagram has nearly the same energy as [A,I], in the UB3LYP/6-31G diagram leapfrogs
[A,J] to become the lowest energy intermediate. It is certainly interesting to note that in
[L,J] the ligand and dimer have rearranged in such a way that oxygen 15 and chlorine 39
bridge the titanium atoms, similar to the conformations formed in the capnellene
optimizations. However, this similarity does not directly correlate with lower molecular
energy. Chlorine bridging occurs in [A,F], which is more than 40 kcal/mol higher in

energy than [LJ] (see in Table 5.6).
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Figure 5.3.16. Structure of the [IJ] intermediate. On top is the initial structure. On
bottom is the optimized structure at the UB3LYP/6-31G level of theory. A white
starburst in the initial structure shows where the C-C bond between O 36 and C 32 will
break in the optimized structure. Bond color indicates Mulliken overlap population

between bonded atoms.



Now we turn to possible steric factors affecting the relative stability of the
intermediates. The two most stable structures, [A,J] and [I,J], are also the two in which
the dimer started out bonded to the oxygen atoms furthest out on the ligand's "arms."
This is corroborated by experimental evidence indicating that the yield of ketone-ester
cyclization is strongly influenced by the ‘chain length’ of the ligand.!”! Next lowest in
energy are [A,I] and [A,C], also structures containing dimer-ligand bonds relatively far
out on the arms. The structures higher in energy than these four begin with one of the
titanium atoms attached to atom F, the nitrogen atom—with one significant exception.
Given the location of atom F in the ligand, it would be reasonable to expect a fair amount
of steric strain in the formation of a bond between one of the titanium centers and its
associated chlorine atoms and the ligand nitrogen. The exception mentioned above is
structure [C,I], a McMurry intermediate at 29.53 kcal/mol higher energy than [A,I].
Noting that in this structure the dimer is attached to the two most internal electronegative
atoms on the arms, and using the steric reasoning applied to the energies of the other
structures, we would expect its energy to fall in between those of the nitrogen-bonded
structures and those of the structures bonded to arm atoms. However, one nitrogen-
bonded structure, [A,F], that lies in the middle of the range of relative energies, has an
energy approximately 6 kcal/mol lower than that of [C,I]. We can't account for this
discrepancy between calculation and chemical intuition—unless the donation of a
chlorine from titanium 2 to titanium 1 in [A,F] confers some extraordinary stability upon

the structure.



5.4 Conclusions

In this work we investigated the McMurry cyclization reaction of a pyrrolidine
ligand by predicting the most stable conformation of the relevant intermediate. We used
the results of geometry optimization calculations at the UB3LYP/6-31G level of theory
and Mulliken population analyses to determine the structure and bonding of the preferred

intermediate.

We initially performed an analogous set of calculations on the known capnellene
sesquiterpene and the results correctly predicted the formation of the observed McMurry
product. In addition, the optimized structures we obtained for the McMurry
intermediates of capnellene and pyrrolidine match the results of another computational

study on a similar molecule, further validating our methodology.

As for the proposed pyrrolidine cyclization we investigated, we can conclude that
ethyl 1-(3-methoxy-2-oxopropyl)pyrrolidine-2-carboxylate will not undergo a McMurry
cyclization reaction with titanium(II) chloride. The desired McMurry intermediate
structure is much higher in energy than other configurations resulting from bond
insertion. Specifically, one of the titanium atoms preferentially inserts itself into the C-O
bond in the ester group. In fact, this phenomenon of formal insertion into the endo-Ti-C
bond in the reaction of aliphatic ketones is well documented and we expect that these are

the products obtained by Dr. Lindsay’s group.!
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Mulliken overlap populations for [A,F].
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Mulliken overlap populations for [A,I].
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Mulliken overlap populations for [A,J].
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Mulliken overlap populations

for [C.I].
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Mulliken overlap populations

for [C.J].
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Mulliken overlap populations for [F.I].

Initial structures

Optimized Structures

[F.1
LanL2DZ

C C

3
C

4 12 13
C N C

14
o

20
o C C

38 39

40 41

[F.1
LanL2DZ

[

2
C

3
C

4 12 13
C N cC ©

20
O c ¢

23
cC ©

24 25
C

29 32

[

39 40 4

.
(e}

N
~
OnononoO0oo0on0O0OO0NODZ00D0

36 Ti

- 029
0.27 -
0.24 021

- 012

0.29

0.21

0.27 024 -
- 021012
021 - -

- - o3
027

- 013 -

0.38

- - 013

027 - -

023 032 -

0.09 - -
0.08 0.31 0.28

0.32 0.32

._.
e wNe
o

[N,
2 ®

WINNNNNPR R
NWLVUuRWONUW
0OnN0No0o0on0000o0zZ2000

w W
o 0
40

37 Ti
38 Cl
39 cl
40 Cl
41 cl

0.28

021 0.25

0.29

0.13

0.29

0.27

028021 - -
- 025013 -
027 - - -

0.43

- 015 - -
- - - 010

034 - -

019 031 -

0.04 -

- - 025 - 027

0.30 0.28 - -
- - 032031

[F.1]

C N C

[F.1

@
&
e
)

3
C

4 12 13
C N c ©

36 Ti

- 0.29
931
0.16 0.14

- 0.24

0.29

0.25

031 016 -
- 014024
025 - -

- 009 -

- o4 -

- - 010

004 - -

- 0.28 0.29

030 - -

0.31 0.30

N
oS wN e
(g}

[N
2R

NNNNNR P
R wWONG
NN N000on0n00O0n0Z2000

0.32

0.30

0.30

0.32

019 016 -

0.21

032019 - -
- 016021 -
032 - - -

- - 020 -
- 0418 - -

0.21
0.24 015

- - 011
013 031 -

0.31

0.30 0.29 - -
0.28 0.31

73



Mulliken overlap populations for [F.J].
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Mulliken overlap populations for [LJ].
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