A Theoretical Approach
to Molecular Design:
Planar-Tetracoordinate

Carbon

by
Danne René Rasmussen, BSc (Hons) Syd.

A thesis submitted for the degree of Doctor of Philosophy

of The Australian National University

THE AUSTRALIAN
NATIONAL UNIVERSITY

Research School of Chemistry April 2000



Declaration

The work reported in this thesis is entirely my own and contains no material written or
published by any other person, except where due reference has been made. It has not been
submitted for any other degree or diploma at any university or other institution. The work
presented in this thesis was carried out at the Research School of Chemistry at The Aus-

tralian National University under the supervision of Professor Leo Radom.

Danne René Rasmussen 27 April, 2000



List of Publications

Parts of the work described in this thesis have been published:

ey

2)

3)

“4)

(&)

Octaplane: A saturated hydrocarbon with a remarkably low ionization energy
leading to a cation with a planar tetracoordinate carbon atom

Lyons, J. E.; Rasmussen, D. R.; McGrath, M. P.; Nobes, R. H.; Radom, L.
Angew. Chem., Int. Ed. 1994, 33, 1667-1668.

Planar Carbon Story
Radom, L.; Rasmussen, D. R.
Pure Appl. Chem. 1998, 21, 1977-1984.

Planar-tetracoordinate carbon in a neutral saturated hydrocarbon: Theoretical
design and characterization

Rasmussen, D. R.; Radom, L.

Angew. Chem., Int. Ed. 1999, 38, 2876-2878.

Hemispiroalkaplanes: Hydrocarbon cage systems with a pyramidal tetracoordin-
ate carbon atom and remarkable basicity

Rasmussen, D. R.; Radom, L.

Chem. Eur. J. 2000, 6, in press.

The theoretical design of planar tetracoordinate carbon in neutral, saturated
hydrocarbon systems
Rasmussen, D. R.; McGrath, M. P.; Radom, L.

J. Am. Chem. Soc., in preparation.

The article entitled “Planar tetracoordinate carbon in a neutral saturated hydrocarbon:

Theoretical design and characterization” appeared as the lead communication in the 19th

issue of Angewandte Chemie for 1999 with the frontispiece reproduced on page (iv). This

article was discussed in Chemical and Engineering News in their Science/Technology

Concentrates section on October 11, 1999 (CEN 1999, 77(41), 81). The article

“Hemispiroalkaplanes: Hydrocarbon cage systems with a pyramidal tetracoordinate car-

bon atom and remarkable basicity” is to appear on the cover of Chemistry — A European

Journal later in 2000. An impression of the cover appears on page (v).

—1ii —



COMMUNICATIONS

A neutral saturated hydrocarbon with
a planar tetracoordinate carbon atom?

Find out more on the
following pages

A saturated hydrocarbon with an ionization
energy comparable to that of alkali metals?

Angew. Chem. Int. Ed. 1999, 38, No. 19 © WILEY -VCH Verlag GmbH, D-69451 Weinheim, 1999  1433-7851/99/3819-2875 $ 17.50+.50/0 2875

Frontispiece for the Angewandte Chemie article “Planar tetracoordinate carbon in a
neutral saturated hydrocarbon: Theoretical design and characterization”: Rasmus-

sen, D. R.; Radom L. Angew. Chem. Int. Ed. 1999, 38, 2876-2878; Angew. Chem.,
1999, 111, 3052-3054.

—iv —




CHEMISTRY]

A EUROPEAN JOUR
6/11

“t,
Inier
/) { Concept
@/. ’/7,3 Hemispiroalkaplanes: Hydrocarobn cage systems with a
% f%,,’ pyramidal-tetracoordinate carbon atom and remarkable
prat 0 basicit
% /% y
"o, Ly
(7 /) Ne D. R. Rasmussen and L. Radom
S (@
""/{s > CEUJED 6
(11)1299-1496 (200) = ISSN 0947-65 3
‘<,

A mock-up of the cover of Chemistry — A European Journal for the issue in which
will appear the article “Hemispiroalkaplanes: Hydrocarbon cage systems with a
pyramidal tetracoordinate carbon atom and remarkable basicity”: Rasmussen, D.
R.; Radom, L. Chem. Eur. J. 2000, 6, page numbers not yet known.



Acknowledgements

I would like to acknowledge the long-time support of my supervisor, Professor Leo
Radom, who has been a tireless inspiration from the moment I arrived at the Research
School of Chemistry and whose dedicated attention to detail has been invaluable. I would
also like to thank my advisors, Dr John MacLeod and Dr Michael Collins, for their sup-

port and keen interest in the progress of my work.

Professor Mark Gordon ran the first of the large MP2 frequency calculations on the
dimethanospiroalkaplanes which was the final proof that was needed to establish without
doubt that the ‘planar’ structure for dimethanospirooctaplane is indeed an equilibrium
structure on the MP2 potential energy surface. This calculation would have been difficult,
if not impossible, using local resources alone. His assistance in making this calculation
possible is much appreciated. I would like to thank Professor Denis Evans and Dr Ryan
Bettens for their help in solving the least-squares problem that enabled me to define a sim-

ple, ubiquitous definition of planarity (o).

I am indebted to the Research School of Chemistry (RSC) at The Australian National Uni-
versity for the award of an ANU Postgraduate Scholarship and for access to the School’s
resources. I would also like to thank The Australian National University Supercomputing
Facility (ANUSF) for providing generous allocations of computer time on the VPP-300
and SGI PowerChallenge. In addition, I am extremely grateful to the Maui High Perfor-
mance Computing Center (MHPCC) for providing a very considerable grant of time on
their IBM SP systems and for their excellent service. I am still surprised when I remember
the early morning help call I received from Hawaii when Michele Hershey “noticed I was

having trouble getting my jobs to run”. Tim Fahey’s assistance has also been invaluable.

The staff at the ANUSF will remain in my memory for quite some time. Ross Nobes has
been sorely missed since his departure, and Ben Evans, David Singleton, who has often
felt like a second right hand, always there to keep the VPP running smoothly, and Alistair
Rendell, who I would also like to thank for generously donating time on his SUN Enter-
prise 4500, have provided very valuable support over the years. One should not forget
Judy Jenkinson and her tireless efforts policing the queues — indeed, from Judy I also
learnt a whole new meaning for the concept of “fairness”, whereby those who work hard-

est to make the most of a resource are “encouraged” not to use it so much.

—Vvi—



The people who have been involved in proof-reading are my parents (especially my
mother, who is almost unique in her ability to proof on screen), Dr Anthony Scott, Profes-
sor Denis Evans and my supervisor. I would especially like to thank Leo for his extensive

proofing. Hopefully there are not too many misplaced hyphens.

My colleagues at the Research School of Chemistry have been of great support over the
years: amongst them are, Dr Tony Scott, the man with endless patience, Dr David Smith,
who will always be remembered warmly and whose insight has been of assistance on
many occasions, Chris Parkinson, whose cooking ability is only surpassed by his steadfast
reliability, Dr James Gauld and Dr Athanassios Nicolaides, members of the old guard, Dr
Allan L. L. East, who was often frustrated, Dr Andrew Chalk, Dr Anna K. Croft, whose
youthful looks and keen attitude will take her far, Dr Hans Heuts, our Dutch drinking part-
ner, Justine and all the other Vacation Scholars, who made working over Christmas far
more enjoyable than one would imagine, Dr Stefan Senger, Dr Michael (Micha) Hart-
mann, who will probably always try to help the down-trodden, however futile it may seem,
Dr David Henry, who was certainly born in the wrong century, and is one of the last true
gentleman, Dr Theis S¢lling, a kinsman of mine who seems to have boundless energy, Dr
Stacey Wetmore, our newest and cheeriest face, who I am sure will publish prolifically,
and Emil Mittag, although his time with us was only brief it was quite momentous — did

anybody say Tequila?

I would also like to thank the staff at the Research School of Chemistry. In particular, I'd
like to mention Lloyd Ross, without whom desktop support would have been quite prob-
lematic, and the security guards, Hughie, Ron, Bob, Ross and Dave, who kept me com-
pany through the late nights, saved me from caffeine withdrawal when the zip-heater was

broken, and generally helped when help was needed.

Finally, I would like to thank my family and friends for their support for the duration of
my degree: in particular, I would like to mention my parents, Jeanne and Paul, who have
helped in every way possible and who have always been an inspiration to me, especially
in times of need, Annabelle, whose patience and support have been boundless, Bernie and
Siria, Mark Ellison, Di Hutchens, my philosophical partner, Eric Chauvistré, a tall, dour
German with a big heart, James Besley, Meredith Jordan and Keiran Thompson, who

seemed like my last connections with another world.

— Vil —



The Essence ...

Using the power of modern supercomputers and quantum
mechanical methods for solving the fundamental equations for
describing chemical systems, a range of hydrocarbon cage sys-
tems designed to have good potential for containing a planar-
tetracoordinate carbon atom have been examined. Exact planar-
ity at a central tetracoordinate carbon atom is achieved in the
molecules dimethanospirooctaplane and dimethanospirobinona-
plane. These are the first neutral saturated hydrocarbons pre-
dicted to contain an exactly planar tetracoordinate carbon atom.
The recommended synthetic target is dimethanospirobinonaplane

(pictured below).
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Abstract

A number of novel hydrocarbon cage systems have been designed and characterized using
ab initio molecular orbital calculations at the MP2 and B3-LYP levels. In particular, equi-
librium structures for five families of molecules, hemialkaplanes, hemispiroalkaplanes,
alkaplanes, spiroalkaplanes and dimethanospiroalkaplanes, have been examined in detail
with the aim of designing a saturated hydrocarbon with a planar-tetracoordinate carbon

atom and with a view to identifying appropriate synthetic targets.

The hemialkaplanes and hemispiroalkaplanes are constructed from a spiropentane or neo-
pentane subunit, respectively, which is capped by a cyclic hydrocarbon. The hemispiro-
alkaplanes are predicted to contain a pyramidal-tetracoordinate carbon atom possessing a
lone pair of electrons. Protonation at this apical carbon atom is found to be highly favor-
able, resulting in a remarkably high basicity for a saturated hydrocarbon. The proton
affinities of the hemispiroalkaplanes are calculated to be more than 1170 kJ mol™, even

greater than those for the diamine “proton sponges”.

The alkaplanes and the spiroalkaplanes, which are constructed by bicapping a neopentane
or spiropentane subunit, respectively, with a pair of cyclic hydrocarbons, show unprece-
dented flattening of a tetracoordinate carbon atom. Linking the spiroalkaplane caps with
methano bridges gives the dimethanospiroalkaplanes, two of which, dimethanospiroocta-
plane and dimethanospirobinonaplane, achieve exact planarity at the central carbon atom.
They are the first neutral saturated hydrocarbons predicted to contain an exactly planar-
tetracoordinate carbon atom. This has been achieved through structural constraints
alone. The electronic structure at the central carbon atom results in a highest occupied
molecular orbital corresponding to a p-type lone pair. Consequently, the adiabatic ioniza-
tion energies for octaplane, spirooctaplane and dimethanospirooctaplane (approximately
5 eV) are predicted to be similar to those of lithium and sodium — incredibly low for a

saturated hydrocarbon.

Some consideration has been given to likely pathways for unimolecular decomposition
for all species. Predicted structures, heats of formation and strain energies for all the novel
hydrocarbons are also detailed. Tetramethylhemispirooctaplane and dimethanospiro-

binonaplane are identified as the preferred synthetic targets.



Summary

A summary of previous work directed towards the design, synthesis and understanding of
compounds that might contain a planar-tetracoordinate carbon atom is given in Chapter
1. Both the electronic and structural approaches to achieving this goal are examined.
Considerable success has been previously achieved with the electronic approach, which
has enabled the synthesis of a number of organometallic compounds which contain a pla-
nar-tetracoordinate carbon atom. The majority of these molecules rely on the incorpora-
tion of the planar-tetracoordinate carbon atom into a m-bonding system and have an elec-
tronic configuration of "1 (where n = 3—4) at carbon rather than the 6°n” configuration
predicted for square-planar methane. Synthetic work directed towards forming planar-
tetracoordinate carbon via the structural approach has centered on the fenestranes. How-
ever, despite considerable attention, little progress has been made towards the goal of
achieving an exactly planar-tetracoordinate carbon atom. Our own calculations on the
[4.4.4.4]- and [5.5.5.5]fenestrane isomers are included to illustrate how these molecules

are unlikely to ever lead to planar-tetracoordinate carbon.

Chapter 2 gives a brief description of the theoretical methods used in the present work and

some observations are made concerning the computational resources required.

In Chapter 3 we explore, using ab initio molecular orbital calculations at the MP2 and B3-
LYP levels, the hemialkaplanes (I)" and hemispiroalkaplanes (IT), which are constructed
by capping a spiropentane or neopentane subunit, respectively, with a cyclic hydrocarbon.

The hemialkaplanes capped by a larger ring are predicted to exert considerable flattening

" Throughout the present work Roman numerals (e.g. IT) are used to represent schematic structures while
molecules are labelled with Arabic numerals (e.g. 2).
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at the apical carbon atom (ot

olan = 9-0—-10.0°) but are not expected to be particularly stable

due to the presence of overlong C—C bonds (with lengths of 1.7 A or more). The hemisp-
iroalkaplanes are characterized by a pyramidal-tetracoordinate carbon atom possessing a
lone pair of electrons. Protonation at this apical carbon atom is found to be highly favor-
able, resulting in a remarkably high basicity for a saturated hydrocarbon. The proton
affinities of the hemispiroalkaplanes are calculated to be more than 1170 kJ mol™', even
greater than those for the diamine “proton sponges”. Consideration of the strain energies
suggests that tetramethylhemispirooctaplane or tetramethylhemispirobinonaplane should
be the preferred synthetic targets. Some consideration of likely pathways for unimolecu-
lar decomposition has been given, with reference to the calculated vibrational normal
modes and experimental evidence from unimolecular rearrangements of bridged spiro-

pentanes.

]
(-

_—
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Molecules which we have named alkaplanes (III), spiroalkaplanes (IV) and dimethano-
spiroalkaplanes (V) are examined in Chapter 4. The alkaplanes and the spiroalkaplanes,
which are constructed by bicapping a neopentane or spiropentane subunit, respectively,
with a pair of cyclic hydrocarbons, show unprecedented flattening of a tetracoordinate
=5-9° and «

carbon atom (o =3-4°, respectively). In addition, the spiroalka-

plan plan

planes with an eight-membered primary-ring cap are calculated to have structures without
any particularly long C—C bonds and to have a low barrier to inversion at the central car-

bon atom (AEp =4-13 kJ mol™"). Examination of the structures and strain energies of

lan
these larger spiroalkaplanes suggests that they are likely to be good synthetic targets.
Linking the caps of these larger spiroalkaplanes with methano bridges gives the dimetha-

nospiroalkaplanes. Two of the molecules so formed, dimethanospirooctaplane (1) and
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dimethanospirobinonaplane (2), achieve exact planarity at the central carbon atom. They
are the first neutral saturated hydrocarbons predicted to contain an exactly planar-tetra-
coordinate carbon atom. This has been achieved through structural constraints. The elec-
tronic structure at the central carbon atom results in a highest occupied molecular orbital
corresponding to a p-type lone pair. This loosely bound pair of electrons leads to pre-
dicted adiabatic ionization energies for octaplane, spirooctaplane and dimethanospiro-
octaplane of approximately 5 eV — values similar to those for lithium and sodium and

incredibly low for a saturated hydrocarbon.

Some consideration has been given to likely pathways for unimolecular decomposition.
The probable existence of a low-lying triplet surface in the alkaplanes suggests that these
molecules will not be good synthetic targets. On the other hand, the spiroalkaplanes and
dimethanospiroalkaplanes are not expected to have a low-lying triplet surface and a pre-
liminary examination of the cleavage of what is expected to be the weakest C—C bond sug-
gests a reasonable barrier to decomposition. Predicted structures, heats of formation and
strain energies are detailed. Dimethanospirobinonaplane (2) is found to have the lowest
strain of the dimethanospiroalkaplanes and is suggested as the preferred synthetic target
for synthesis of a saturated hydrocarbon with an exactly planar-tetracoordinate carbon

atom.
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MP convergence on the energy typically oscillates to some degree.
MCSCEF techniques define an active space and determinants result-
ing from excitations within this space are then included in the SCF
procedure.

Pople diagram illustrating the progression of ab initio methods to the
exact solution to the time-independent Schrodinger equation (under
the Born—Oppenheimer approximation).

Hemialkaplanes — Pyramidal Carbon

Figure 3-1.

Figure 3-2.

Figure 3-3.

Figure 3-4.

Orbital interaction diagram showing the molecular orbitals in pyra-
midal-tetracoordinate carbon formed from the interaction of a car-
bon atom with a pair of C=C double bonds.

Structural parameters (MP2/6-31G(d) values in bold type, B3-LYP/6-
31G(d) values in plain text, all values in A or degrees) for hemihexa-
plane (3-2), hemibiheptaplane (3-3) and hemioctaplane (3-1). The
apical angle is 6, i.e. ZC*C'C% the other angle indicated is 6,
i.e. £C°CCP.

Structural parameters (MP2/6-31G(d) values in bold type, B3-LYP/6-
31G(d) values in plain text, all values in A or degrees) for hemispiro-
bioctaplane (3-4), hemispirooctaplane (3-5), hemispirobinonaplane
(3-6), and tetramethylhemispirooctaplane (3-24). The apical angle
shown is 360 — 6, .., i.e. the outer angle made by x, C’ and x.”

The polycyclic diene ‘half-cage’ frameworks for 3-4 (a), 3-6 (b), 3-
35 (c¢) and 3-36 (d). The olefinic carbon atoms in (c) and (d) (which
correspond to C* in 3-35 and 3-36) are forced into a close-contact sit-
uation. MP2/6-31G(d) optimized lengths are given in A.
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Figure 3-5.

Figure 3-6.

Figure 3-7.

Chapter 4

The highest occupied molecular orbital (HOMO) for hemispiroocta-
plane (3-5) is a lone pair orbital located at the apical carbon atom.
The iso-surface is drawn at 0.080 eA™.

Structural parameters (MP2/6-31G(d) values in bold type, B3-LYP/6-
31G(d) values in plain text, all values in A or degrees) for proton-
ated hemioctaplane (3-1-H"), hemispirobioctaplane (3-4-H"), hemi-
spirooctaplane  (3-5-H*), hemispirobinonaplane (3-6-H"), and
tetramethylhemispirooctaplane (3-24-H*). The apical angle shown is
360 — 6., i.e. the outer angle made by x, C°” and x.”

The two lowest vibrational modes, A and B, which may lead to ring
opening at the apical carbon atom in the hemispiroalkaplanes. The
apical carbon atom, CO, is above the plane of the C* atoms.

Alkaplanes — Planar Carbon

Figure 4-1.

Figure 4-2.

Figure 4-3.

Figure 4-4.

Figure 4-5.

Figure 4-6.

Figure 4-7.

Figure 4-8.

The electronic structure of square-planar methane (D, symmetry)
showing the p-type lone pair (HOMO) and six C—H bonding elec-
trons.

Potential energy surfaces for the lowest-energy vibrational mode of
dimethanospiro[2.2]octaplane calculated at a number of levels: l —
MP2/6-311+G(2d,p), ® — MP2/6-311+G(2d,p)(red), and O — MP2/
6-31G(d). Geometries at fixed angles of deviation from planarity
were optimized at the MP2/6-311+G(2d,p)(red) level.

The lowest-energy planar methane structure is found to have C,,
symmetry. Open-shell D, structures have downhill in-plane modes
that lead to dissociation into CH,” + H. MRCI+Q/AV5Z//
UCCSD(T)/6-311+G(3df,2p) energies (in kJ mol™) are relative to the
tetrahedral ground-state singlet. Where appropriate, the number of
imaginary frequencies (ni) is indicated.

The four possible orientations of the methyl groups in ‘planar’ neo-
pentane (A, B, C and D) which lead to a structure with a molecular
plane of symmetry running through the five carbon atoms. Major
symmetry elements are indicated, rotational axes (C, or C,) and mir-
ror planes (G).

Structural parameters (MP2/6-311+G(2d,p)(red)38 values in bold
type, B3-LYP/6-31G(d) values in plain text) for hexaplane (4-31),
heptaplane (4-33), and S, symmetry octaplane (4-27). All unique
bond lengths and H-H close contacts (A) are shown. The most
highly distorted CCC angles and the distortion from planarity, o
(°) are also given.

Structural parameters (MP2/6-3'11+G(2d,p)(red)38 values in bold
type, B3-LYP/6-31G(d) values in plain text, all values in A or
degrees) for spirohexaplane (4-39), spirobiheptaplane (4-40) and the
two spiroheptaplane isomers (4-41 and 4-42). All unique bond
lengths are shown. The most distorted CCC angles and the distor-
tion from planarity at C°, O, are given. The angles and bond
lengths around the central C(C), subunit for 4-42 are also shown.
Structural parameters (MP2/6-311+G(2d,p)(red) values in bold type,
B3-LYP/6-31G(d) values in plain text, all values in Aor degrees) for
spirobioctaplane (4-43), spirooctaplane (4-28) and spirobinonaplane
(4-44). All unique bond lengths, any H-H close contacts, and the
most distorted CCC angles are shown. The distortion from planarity
at C’, 0L, () s also given.

Structural parameters (MP2/6-31 1+G(2d,p)(red)38 values in bold
type, B3-LYP/6-31G(d) values in plain text, all values in A or
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degrees) for dimethanospirobioctaplane (4-47), dimethanospiroocta-
plane (4-29), and dimethanospirobinonaplane (4-48). All unique
bond lengths and some close-contact distances (A) are shown. CCC
angles significantly distorted from the tetrahedral ideal and the dis-
tortion from planar-tetracoordination at C°, o, plan (°), are also given.

Figure 4-9. Calculated potential energy curves for inversion at C° determined at
the MP2/6-311+G(2d,p)//MP2/6-311+G(2d,p)(red) level are given as
relative energy, E_, (k] mol™) against angle of distortion from pla-
narity at C°, 0., (°), for the three species typifying the three alka-
plane families: @ — octaplane (4-27), O — spiro[2.2]octaplane (4-28),
and B - dimethanospiro[2.2]octaplane (4-29). In all cases, this
inversion mode corresponds to the lowest-energy vibrational mode.

Figure 4-10. An iso-surface of the highest occupied molecular orbital (HOMO) of
dimethanospiro[2.2]octaplane (4-29) (the iso-surface is drawn at
0.080 eA™).

Figure 4-11. Structural parameters (MP2/6—311+G(2d,p)(red)38 values in bold
type, B3-LYP/6-31G(d) values in plain text, all values in A or
degrees) for octaplane radical cation (4-27"), spirooctaplane radical
cation (4-28™), and dimethanospirooctaplane (4-29). All unique
bond lengths and some close-contact distances (A) are shown.
Angles significantly distorted from the tetrahedral ideal are also
given.

Figure 4-12. Structural parameters (MP2/6-31G(d) values in bold type, B3-LYP/6-
31G(d) values in plain text, all values in A or degrees) for triplet
octaplane (triplet-4-27) and triplet spirooctaplane (triplet-4-28).
Selected bond lengths and the dissociated CC distance are shown.
Selected angles are also given. The two-dimensional structural ele-
ments show a top-down view of a slice of the molecule through the
central C(C), and C(CH), regions.

Figure 4-13. Calculated potential energy curves for homolytic C°—~C* bond cleav-
age in dimethanospirooctaplane (4-29) determined at the O -
UMP2(fc)/6-31G(d) and l — UB3-LYP/6-31G(d) levels are given as
relative energy, £, (kJ mol™') against C°~C* bond length, r(C’-C®)
(A). Optimized geometries at fixed values of H(C°—C%) were deter-
mined at the UB3-LYP/6-31G(d) level.

Appendix A
Nomenclature

Appendix B
A Planarity Measure

Figure B-1. The deviation from planar-tetracoordination in the central CO(CO‘)4
moiety of the alkaplanes can be determined by finding the plane
through C°, defined by the normal to the plane, @, which minimizes
the sum of squared distances d, made by the unit vectors @1, with the
plane.

Appendix C
Computational Data
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