ABSTRACT
KLEIN, MARY ALTHEA.

Substituted Carbonyl-Linked Bis(dioxolene) Complexes: |sa Carbonyl an Effective
Ferromagnetic Coupler?

(Under the direction of Dr. David A. Shultz)

Bis-semiquinone complexes have been successfully synthesized and characterized to
give triplet ground states from the use of typical coupling units. The typica coupling unit
ethenylidene has produced compounds with ground state triplets, i.e. trimethylenemethane
(TMM). Upon substitution of oxygen onto the ethenylidene coupler of TMM, to give
oxyallyl, the degeneracy of the two non-bonding molecular orbitalsis broken, which allows
configuration interaction to take place between the ground configuration singlet and the
excited configuration singlet. Therefore, it is conceivable that oxyallyl would produce a
ground state singlet but computational methods have computed atriplet ground state.

We propose to use oxyallyl asthe linker between two semiquinones to produce a
ground state triplet. Previous work using oxyallyl asthe linker was unsuccessful in
producing the bis-semiquinone complex without the use of an oxidizing agent, which
eventually decomposed the complex. We will use the same semiquinone backbone but
substitute a more electron-donating group, methoxy, onto the phenyl ring increasing the
oxidizability to produce the bis-semiquinone complex. Another approach in increasing the
oxidizability isto use aless electronegative metal, manganese, on the complex. Once the
bis-semiquinone is synthesized then characterization will enable us to determine the ground
state of the bis-semiquinone and the type of spin coupling taking place between the two

electrons.
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CHAPTER I: BIRADICALS
|.1. Biradical Introduction.

Biradical molecules have been known since the early twentieth century but were not
studied experimentally until the 1960’'s when Paul Dowd successfully observed the triplet
state of trimethylenemethane, TMM.**  Since Dowd's electron paramagnetic resonance
experiments of TMM, other biradical molecules have been found to have singlet and triplet
ground states. For example, tetramethyleneethane, TME, has a singlet ground state, and
meta-xylylene has atriplet ground state.* Meta-xylylene, TMM, and TME arejust afew of
many molecules that have been used to make more stable biradical compounds. Some of
these more stable biradical compounds are produced by substitution of TMM and meta-
xylylene. Chapter one will focus on theories, rules, and principles to predict the ground state
of biradicals.

[.2. Orbital Approximation.

Since the Schrédinger Equation for a multiple electron atom is mathematically
challenging, acompromiseisto use the orbital approximation. The wavefunction for an
electronin orbital w, has energy E. The wavefunction for a many-electron atom iswritten as
W¥(ry, 1, ), Wherer | arethe Cartesian coordinates.™® In the orbital approximation, it is
assumed that there are no interactions, between the electrons and that each electron occupies
itsown orbital. In this case, the wavefunction for a many-electron atom is given by Egn. 1.1,
where y(r;) is the one-electron orbital wavefunction.

W(r,r,,..)=w(r)w(r,)... Eq. 1.1

Since the electrons move independently of each other, the energy of the system isthe

sum of the energies of the electrons, Eqgn. 1.2.



E,=E +E,.. Eq. 1.2

Because we wish to focus on biradicals, atwo-electron system will be considered. |If
in atwo-electron system the energy of the two electrons is summed, the Schrodinger
Equation requires that the two wavefunctions y(r;) and y(r,) are multiplied. The product
will then be the wavefunction of the two-electron system, ‘Y(ry, r2).

Eqgn. 1.1 describes the two €electrons as being distinguishable. However, sinceit is
known that any two electrons are indistinguishabl e there needs to be a wavefunction that
describes this indistinquishability. -

[.3. ThePauli Exclusion Principle.

There are four quantum numbers describing one electron in an atomic orbital. These
guantum numbers are designated as. n, the principle quantum number; |, the angular
momentum quantum number; my, the magnetic quantum number; and m, the spin quantum
number. The Pauli exclusion principle, smply stated, expresses that two electrons must not
possess the same four quantum numbers. If two electrons were to occupy the same orbital,
then the two electrons must have opposite spin quantum numbers.

The total wavefunction must be antisymmetric with respect to the exchange of two
electrons.*3 > Unlike the orbital approximation, the total wavefunction accounts for
both the orbital wavefunction and the spin wavefunction. First, the orbital wavefunction will
be examined. A simple two-electron, two-orbital system can be described by Eqgn. 1.3 and

Figurel.l.

¥y = 0.p,(2) Eq.1.3



Figurel.1l. Orthogonality of two p-orbitals with overlap density designated by the
shaded region.

Again, there is the problem of being able to distinguish between the two electrons, as
given by the square of Eqn. 1.3: ¢%(1)¢%(2). Therefore, an acceptable orbital wavefunction
would be onethat gives iy = * w4y When operated upon by the permutation operator, Py», a
function that switches (permutes) electron labels. Symmetric and antisymmetric orbital
wavefunctions are generated as linear combinations of Egn. 1.3 and its permutation gives

Equations. 1.4 and |.5.
Vass =0.707|p, Mg, (2)+ o, (e, (2)] Eq. 1.4

Vena = 0.707|, (U, (2)- 9, e, (2)] Eq.1.5
Eqgn. 1.4 is a symmetric wavefunction, because when it is operated upon by Py, it
gives back the original wavefunction. Eqgn. 1.5 is an antisymmetric wavefunction, because
upon being operated on by Py, it gives back the negative of the original wavefunction. It can
be seen from the symmetric and antisymmetric orbital wavefunctions that the electrons are

indistinguishable.



An electron can take on the spin, o, which is spin “up”, or 3, which is spin “down”.

In atwo-orbital, two-electron system there are four possible combinations of spin, Figure |.2.

o(1)a(2) BBR)  o(1BE B2

I R A A 8 |

Figurel.2. Four combinations of spinsfor two electronsin two orbitals; paired o.'s,
paired 's, and two combinations of paired of3.

The first two spin combinations, shown in Equations 1.6 and 1.7, when operated upon
by Pi, give back their original wavefunction. However, the | atter two combinations are
neither symmetric nor antisymmetric. This poses the same problem as with the orbital
wavefunction, Egn. 1.3. Since the two spins are distinguishable, linear combinations must be
taken to produce a symmetric spin wavefunction and an antisymmetric spin wavefunction,

Equations 1.8 and 1.9.

Wirs = Da(2) Eq.1.6
vis=BAR) Eq. 1.7
v, s =0.707[e(1)5(2)+ S(1)er(2)] Eq. 1.8
Wiy = 0.707[e(1)B(2) - f)er(2)] Eq. 1.9



Eqgn. 1.8 is a symmetric wavefunction; because when it is operated upon with Py, it
gives back the original wavefunction. The wavefunction from Egn. 1.9 is an antisymmetric
wavefunction; because upon being operated upon with Py, it gives back the negative of the
wavefunction. It can be seen from the symmetric spin wavefunction and antisymmetric spin
wavefunction that the spins are indistinguishable; therefore, they are acceptable
wavefunctions.

Now that both components of the total wave function have been examined and, as
mentioned, the total wavefunction must be antisymmetric, four antisymmetric total

wavefunctions can be produced, Equations 1.10, 1.11, 1.12, and 1.13.3

Vit =W a¥rrs Eq.1.10
Vo =Vonalius Eq.1.11
Yoo =V alWrus Eq.1.12
Yoo = Vo sVWria Eq.1.13

In Equations 1.10, 1.11, and 1.12, the spatial wavefunction is the antisymmetric part of
the total wavefunction, and these three Equations are components of atriplet state. In Eqgn.
.13 the spin wavefunction is the antisymmetric part of the total wavefunction and isasinglet
state. The spatial wavefunction is used to show the stabilization of the triplet state relative to
the singlet state.

I.4. Spin State Energies.

As shown from the Pauli exclusion principle, atriplet state and a singlet state are

produced from the orbital and spin wavefunctions. When two electrons are brought close

together they repel, and it is the repulsion energy of these two electrons that will be used to



predict which state is more stable. The spatial wavefunctions will be used to determine the
repulsion energies, since the orbitals dictate the position of the electrons.

The ground state configuration of an atom or molecule is dictated by the exchange
parameter J, as shown in Egn. 1.14.

J=J.-J,, Eq.1.14

In Egn. 1.14, the ferromagnetic contribution, Jg, considers the spin state coupling in
the ground configuration, and the antiferromagnetic contribution, Jag, considers the spin state
coupling resulting from mixing of the ground configuration with an excited configuration.

First, the electron-electron repulsion energy of the ground singlet configuration will
be calculated. The spatial wavefunction being used isfrom Egn. 1.4. To obtain the repulsion
energy, the coulomb operator, ”/r1,, where e is the charge on an electron and ry isthe
distance between the two electrons, will be used as shown in Egn. 1.14.

eZ

Esinglet = <l//orb,S l)Uorb,S> Eq l 14

12

or

e2

S =<0-707[ (D, (2)+ (py(l)q)x(Z)l 0.707[p, W, (2)+ ¢y(1)¢x(2)]> Eq.1.15

12

If the symmetric spatial wavefunction is operated upon by the coulomb operator then
Eqgn. 1.16 results.
2

Eg-ng.a:o.aqq)x(l)wy(z)e

r‘12

2

¢X<1>¢y<z>H¢x i 0f

r‘12

, <1>¢X<z>}>

qoy(l)@(z)}

2 2

¢x<1>¢y<z>H¢y<1>¢x<z> :

r12

{q)y .2

r.12



Thefirst and the fourth integral show electron 1 on orbital ¢, and electron 2 on orbital
@y or electron 1 on orbital @y and electron 2 on orbital @y, respectively. Thisisthe sameas
stating that one el ectron occupies one orbital and the other electron occupies the other orbital.
By combining the similarly labeled electron orbitals of sets one and four the top part of Eqn.

1.17 is yielded and the el ectron-electron repulsion energy is described as the coulomb

integral, jxy.
e =0 00,01 00,02 |+ 00, B2
00,00 10.00,2 - 00,0/ . 2,2

Upon examination of setstwo and three from Eqn. 1.16 both electrons one and two
arein both orbitals ¢, and ¢, simultaneoudly. Thisis possible, but only if the two electrons
arein the overlap region, the dark region in Figure I.1. By combining the similarly labeled
electron orbitals of sets two and three the bottom part Eqn. 1.17 is yielded and the electron-
electron repulsion in the overlap region is described as the exchange integral, kyy. Therefore,
Eqgn. 1.17 can be modified to give Egn. 1.18.

Egnger =15 TKyy Eq.1.18

The energy of the ground configuration triplet can now be predicted using the same
method as the energy of the singlet. The antisymmetric orbital wavefunction of the triplet
will be used as shown in Egn. 1.19.

2

Etriplet = <l/jorb,A l/jorb,A> Eq I 19

12

or



eZ

12

Eipe = <0-707{¢x Wp,(2)- 0, Ve, (2)

0.707] X<1>¢y<z>—¢y<1>¢x<z)]}> £q.1.20

If the antisymmetric orbital wavefunction is operated by the coulomb operator, Egn.

.21 isyielded.
0.00,(2f 0.0, )] 000,27 b, )
) . 2 2 2 Eq.1.21
-l 00,21 0. 00,2 | 0,010,215 b, )

Again, upon examination of Egn. 1.21 and combining like terms, the first and the
fourth sets, show electron 1 is on orbital ¢x and electron 2 ison orbital ¢, or electron 1ison
orbital ¢y and electron 2 is on orbital ¢, respectively. Examining integrals two and three
shows that both electron’s one and two are in both orbitals ¢, and ¢y simultaneously. By
combining the similarly labeled electron orbitals of sets two and three the top part Eqgn. 1.22
isyielded, and again the electron-electron repulsion energy is described as the coulomb

integral, jxy-

Eyie = 0.5<{¢x Ve, (1)(;3—2

[(pxmwy A

12

2

¢y<z>¢y<z>H¢y<1>¢y<1>e

I’12

0. (2o, <z>}—

2

0.(2), (2)} ; {q)x W, 0]

12

0.(2)p, (z)}>

Upon examination of setstwo and three from Eqn. 1.21, both electrons one and two
are in both orbitals ¢, and ¢, simultaneously. Again, thisis possible, but only if the two
electrons are in the overlap region. By combining the similarly labeled electron orbitals of

sets two and three the bottom part Egn. 1.22 is yielded and the electron-electron repulsion in



the overlap region is described as the exchange integral, k,y. Therefore, Eqn. 1.22 can be
modified to give Eqgn. 1.23.

Epw =i —K Eq.1.23

wiplet = J oy T Ky
The gap between the triplet and singlet states can be measured from the differencein
energies of the two states, AEsr. This difference is shown to be 2k, which means that the
triplet state lies 2k, below the singlet state.
AEg =E

-E 2k Eq. .24

singlet triplet — <N xy

Stating Egn. 1.24 verbally, there is less el ectron-el ectron repulsion when the system’s
electrons align parallel, ferromagnetic aignment, asin atriplet state. Asthe exchange
integral becomes smaller, the difference between the singlet and triplet states becomes

smaller, the electron-electron repulsion energy of two parallel spinsisincreased, Figurel.3.

Therefore, the ferromagnetic contribution, J, to the system is 2Ky



s ()
QT

g OIS

©

Figurel.3. Anincreasein the exchange integral stabilizes the triplet state and
destabilizes the singlet state.

Ery =

The antiferromagnetic contribution can now be considered. The antiferromagnetic

contribution is given by Equation 1.25.*

(*aCH['EC)’
-]

Jar =

Eq.1.25

In Egn. 1.25 'GC is described by Eqgn. 1.4, *EC; and *EC,, will be described shortly,
] ¢ isthe one-center columbic repulsion between the two electrons in the same orbital, and |
is the two-center columbic repulsion between the two electrons in different orbitals. Figure

|.4 isan energy level diagram describing the energy differences within each configuration

and the energy differences between each configuration.
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AT T 'EC,= 0.707[0(1)9y(2) + 0y(D)ey(2)]

I

—— 'EC; = 0.707[4()9x(2) - 9,(1)¢y(2)]

--7-- — 'GC = 0.707[0,(1)y(2) + 0y(1)x(2)]

= °GC=0.707[9,(1)9,(2) - 0,(D9,(2)]
Figurel.4. Simple depiction of energy differences within, 2k, and between, j°- |, the

zwitterionic excited state configurations (*ECy.») and the open-shell ground
configurations (**GC), and their wavefunctions.

The energy of the excited singlet configuration is described by Equation 1.26, where
YEC; is described by Eqn. 1.27 and 1.28. These equations represent the zwitterionic closed-

shell singlet state. Thereis no closed-shell triplet state.

Eqnges ¢ = 0.5<1 EC, ‘h(l) +h(2) +e—2 'EC, > Eq.1.26
where,
'EC, =(0.707[p, W), (2)+ ¢, W, (2))) Eq.1.28
and

h() + h(2) + f—z

12

Eoe, = o.s<[ 0,2)- 0,00, 2) 0,00, (2)- 0, W, <z>]> £q.1.29

11



2

12

o =o.5<[ 0, (2)+, )0, 2

The electrostatic portions of these energies are given by Eqgn. 1.31 and Egn. 1.32.

E. =j -k Eq.

1EC, Xy

ElECZ =] +Kk, Eq.

However, only *EC,will mix with the ground singlet state configuration.*®> The

energy difference between *EC,and *GC is described by Eqn. 1.33.

AEg = —| Eq.

Equation 1.33 is the denominator of Egn. 1.25. The numerator of Eqn. 1.25is

described by Egn. 1.34.

12

<1 EC‘h(l) +h(2) +f—2

Neglecting the power of two for the moment,

2

e e = o.f<¢x o, (2)+ 0, W, (zﬁhmm(z)ﬁ—

12

Expansion of Egn. 1.35 gives Eqgn. 1.36.

Esinglet, mixing = 2(ﬂxy + l) Eq

where 3, the resonance integral, is described by Eqgn. 1.37,

By = (0, D(D}e, ©) Eq.

and | isthe hybrid coulomb integral described by Egn. 1.38,

| :<¢X<1>¢y<1> L

r.12

12

0 +162)+ o o, 2)+ 0,0, 2] o

2
1Gc> Eq. I.

0.0, (2)+ 9, L, <z>> £a.

¢y<1>¢y<z>> g

.30

.31

1.32

.33

1.35

1.36

.37

1.38



The antiferromagnetic contribution can be related to these results to give Eqn 1.39.

2
Jpe = Ay +1f Eq.1.39

IR

The exchange parameter J can now be described by Equation 1.40.

4B, +1)

J=2k, ——

"=y

=J. - J. Eq. 1.40

If the energy differencein j°-j issmall then configuration interaction can take place

asshown in Figure |.5.

o EC, = ([°+ K) + [4(B+)( )]

2k
- - - - - -------------- — 1EC1= jo-k
-]
2k
-2 2 3cC=j-k
T —1GC = ( + K)-[4(B+)2/(°)]
J>0 J<0

Figurel.5. Configuration interaction of atwo-electron two-orbital system.
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By using computational methods and/or experiments, the exchange parameter, J, can
be determined. From this, the components of the ferromagnetic and antiferromagnetic
contributions can be determined.

[.5. Hund’sRule.

Hund stated that the spin multiplicity, 2S+1, must be maximized for the ground state
of two electrons in a degenerate set of orbitals. Maximum spin multiplicity is dictated by the
total spin, S. If two electron spins posses the same spin quantum numbers, a(1)a(2) or
B(1)B(2), their spinswill be parallel. If they posses different spin qguantum numbers, a(1)B(2)
or a(2)B(1), their spinswill be anti-parallel. For parale spinsS, will equal one; and for anti-
paralel spins, Swill equal zero, as shown in Figure |.6.

The same statements apply to Hund's Rule as derived from the Pauli exclusion
principle. Asthe electrons are brought close in distance to one another, the electron-electron
repulsion energy will get larger. Therefore, by maximizing the spin multiplicity, there will
be less electron-electron repulsion; and the triplet state will be more stabilized.

[.6. Spin Coupling.

If the electrons are paired in a parallel fashion, triplet state, then the electrons are

ferromagnetically coupled. If the electrons are paired in an antiparallel fashion, singlet state,

then the electrons are antiferromagnetically coupled, as shown in Figure 1.6.

14



Hund'sRule Spin Coupling

Singlet LL S=0 S=0 Tl Singlet

Antiferromagnetic Coupling
Mg -2 +1/2

AEgr

Triplet | | S=1 ¥ s=1 TT Triplet

Ferromagnetic Coupling

mg  +12 +12

Figurel.6. Simplediagram depicting Hund's rule and electron spin coupling.

AEr

When the ground state is atriplet, if AEst islarge, the two electrons are strongly

ferromagnetically coupled. When AEsr is small, the two electrons are weakly

ferromagnetically coupled. The same can be concluded when the ground stateisasinglet. If

AEgr islarge, the two electrons are strongly antiferromagnetically coupled; or if AEst is

small, the two electrons are weakly antiferromagnetically coupled.

[.7. Valence Bond Model vs. Molecular Orbital Theory.

The Pauli exclusion principle and Hund's rule have predicted ground states for atoms,

however, there needs to be away to predict ground states for molecules. Both the valence

bond (VB) model and molecular orbital (MO) theory are useful in predicting ground states of

molecules. The VB model minimizes the electron-electron repulsion by placing one el ectron

on each p-rt atomic orbital of amolecule. MO theory assumes that each atomic orbital (AO)

15



combines to make an MO, and the electrons that are not involved in a w-bond are in non-
bonding MO's (NBMO).

The definitions of Kekulé and non-K ekulé molecul es needs to be introduced to
understand both the VB and MO approaches. A Kekulé molecule can be defined asa
mol ecule whose structure, through resonance, shows all atoms involved in rt-bonding.
Therefore, a non-Kekulé molecule is a molecule whose structure, even through resonance,
has at |east two atoms not involved in n-bonding.*°

The VB model assumes that one electron occupies the p- atomic orbital on each
carbon so that in the system the electron-electron repulsion is minimized.*® There are two
ways to use VB model in the determination of the ground state of amolecule. In aKekulé
molecule where there is full rt-conjugation each adjacent atom has opposite spins. Thisspin
polarization leads to a pattern of afofofop..agan where o isspinupand 3 isspin down.
The VB model maximizes the amount of o3 combinations, which represents abond. If any
biradical molecule is considered and each atom is assigned o and B spins, by taking the
difference in the amount of o and B spins and dividing by two the spin multiplicity can be
determined as shown in Eqgn. 1.41.

_Za-If
2

s Eq.1.41

If the amount of o spinsis greater than the amount of B spins by two, the molecule
will posses aground state triplet. |f the amount of o spinsand B spins are equal, the
molecule will posses a ground state singlet. Figure 1.7 shows the triplet and singlet ground

states of TMM and TME using o and B spin designation.
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Figurel.7. VB model using o and 3 spin designation for TMM and TME.

Another way to approach the VB model is by “starring” alternate atoms in a non-
Kekulé molecule. The moleculesin Figure 1.7 are used to show this “starring” approach in
Figure 1.8. If the carbon atoms containing o spins are starred and the carbon atoms
containing B spins are not starred; then by modifying Eqgn. 1.41, the ground states of these
molecules can be determined from Eqn. 1.42.2

_3IN"-3N
2

s Eq. 1.42

In Egn. 1.42, N is the amount of starred atoms and N is the amount of unstarred
atoms. If the amount of N’ is greater than the amount of N by two, the molecule will posses
atriplet ground state. If the amount of N” and N are equal, then the molecule will posses a

singlet ground state.
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TME T™MM

=3 N =3
=3 N=1
S=1

Figurel.8. VB model using the “starred” designation for TMM and TME.

The spin designation and the “starred” designation lead to the same conclusion. A
difference of two gives a ground state triplet molecule.

MO theory looks at the AO’s that are involved in mt-bonding and attempts to
maximize the spin density. The electrons that are not involved in t-bonding are placed in
NBMO. Borden and Davidson found that the NBMO’s or SOMO’s of a non-Kekulée
molecule could be determined, without doing Hiickel calculations, using a zero-sum rule.*®
The zero-sum rule states that the sum of the coefficients of the starred atoms and the adjacent
unstarred atoms must sum to zero.** 8

However, the zero-sum rule will not be valid for all molecules, and the fragment
orbitals (FO) of these molecules will be taken into consideration. For non-Kekulé molecules

where the unstarred atom’s coefficients in at least one of the FOs are nonzero, the molecule

issaid to be digoint. Another way to state the former sentenceisto say that if the two FOs

18



when superimposed do not share common electronic volumes then they are non-coextensive

or “disjoint”. *® The FOs of the molecule TME are non-coextensive, Figure 1.9.%% 1819

-r
hily§

Figurel.9. Digoint or non-coextensive FOs of TME.

On the other hand, if the unstarred atoms in the FOs of a non-Kekulé molecule are
zero in both FOs, the moleculeis said to be “non-disjoint”. %% Another way to state the
former sentenceisto say that if amolecule’s FOs when superimposed share common
electronic volumes they are coextensive or non-digoint. The FOs of the molecule TMM are

coextensive, Figure1.10.%2 1819
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Figurel.10. Non-digoint or coextensive FO’'s of TMM.

A simpler way to determine whether a non-Kekulé molecule is disjoint or non-
disioint is by determining N” and N. Asthe VB model showed with the star designation for
the determination of the ground state, if the difference in the amount of N* and N is nonzero,
the molecule will be non-disjoint, like TMM. If the differencein the amount of N" and N is
zero, the molecule will be disjoint, like TME.># 1819

The difference in energy of the triplet and singlet states, AEsr, can be estimated
depending on whether a non-Kekulé molecule is disjoint or non-disjoint.***® The Pauli
Exclusion Principle summarizes that when two electrons are brought close in distance to one
another and the electron-electron repulsion increases in energy, the triplet state is stabilized.
For adigoint molecule such as TME, two electrons would not simultaneously occupy the
same AOs. When two electrons do not simultaneously occupy the same AQ, the singlet state

and triplet state will have the same energy. On the other hand, with a non-disjoint molecule
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such as TMM, the two electrons could possibly occupy the same AOs simultaneously.
When two electrons occupy the same AOs simultaneously, the electron-electron repulsion
energy isincreased. For anon-digoint molecule, the AEsr will be larger than the AEsr for a
disjoint molecule.*> 819

The VB model worked in the determination of the ground state for a non-Kekulé
molecule, while MO theory worked in the determination of the size of AEsr. Together the
two approaches can be used to estimate the size of AEsr of the ground configuration in a
disjoint or non-digoint molecule.
[.8. Common Coupling Units.

Throughout the years many non-Kekulé molecul es have been prepared using common
coupling units (CU). A CU will be defined as a bridge that connects two or more radical
moieties. Some common CUs include ethenylidene, phenylene, and cyclobutadienylidene, as

shown in Figurel.11. A CU can be couple two electron spins ferromagnetically

antiferromagnetically depending on their position on the CU.

21



Ethenylidene Phenylene Cyclobutadienylidene

Figurel.11. Common coupling units ethenylidene, phenylene, cyclobutadienylidene
coupling two methylene radical moieties.

As mentioned in the previous section, TMM contains two methylene radical moieties
that are bridged by an ethenylidene CU in a 1,1-connection. Both experimentally and
theoretically, TMM isfound to have atriplet ground state, where AEsr = 15 kcal/mol, which
means that ethenylidene is aferromagnetic CU.** 121819 On the other hand, when two
methylene radical moieties are connected in a 1,2-connection, ethenylidene acts as an
antiferromagnetic CU, as shown in Figure [.12. The NBMOs of the 1,2-connection are

digoint; therefore, the ground state would be predicted to be asinglet.
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Figurel.12. Ethenylidene as an antiferromagnetic and ferromagnetic CU when two
methylene radical moieties are attached in a 1,1-connection and 1,2-connection.

Another CU that is often used is phenylene. When two methylene radical moieties
are positioned ortho or para to one another then phenylene acts as an antiferromagnetic CU.
When the two methylene radical moieties are positioned meta to one another then phenylene
acts as aferromagnetic CU giving the well-studied triplet ground state molecule meta-

xylylene* 1% Figure 1.13 shows phenylene as an antiferromagnetic and ferromagnetic CU.
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Figurel.13. Phenylene as an antiferromagnetic and ferromagnetic CU when two
methylene radical moieties are attached ortho, para, and meta to one another.

Two methylene radical moieties bridged by cyclobutadienyledene in a 1,2-connection
give, experimentally and theoretically, atriplet ground state.™* ***  Cyclobutadienyledene

can act as aferromagnetic or antiferromagnetic coupler, as shown in Figure |.14.

|
—>—

AFQ@ @FCU—@

Figurel.14. Cyclobutadienyledene as an antiferromagnetic and ferromagnetic CU
when two radical moieties are attached in a 1,2-connection and 1,3-connection.
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Ethenylidene, phenylene, and cyclobutadienyledene are also used in the production
of larger more stable biradical molecules. Altering the CUs by substitution of a heteroatom,
steric shielding, or joining multiple CUs can result in amore stable biradical "> Examples of
these include those produced and characterized by Dr. David A. Shultz.****** These
mol ecules have shown either ferromagnetic or antiferromagnetic coupling.

1.9. Previous Studies on Oxyallyl and Some Oxyallyl Derivatives.

We propose to determine if a carbonyl group can act as an effective ferromagnetic
coupler.** Asin TMM, ethenylidene acts as avery good ferromagnetic coupler. So would
substitution of an oxygen atom on the ethenylidene CU still produce at ground state triplet?
The type of bonding that will occur and the MOs will be taken into account for the
theoretical determination of the ground state for a carbonyl-linked biradical .

Thetriplet state of TMM has delocalized bonding over al three methylenes. One of
the two singlet states has localized n-bonding of one of the methyl groups to the central
carbon and the other singlet state has delocalized n-bonding between two of the methyl

groups, as shown in Figure 1.15.18
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Triplet Singlet Singlet
State State State

2

Figurel.15. Three states of TMM Ty, S;, and S,.

If oxygen is substituted in place of one of the methylene groups, to give oxyallyl,
shown in Figure .16, then the singlet state, S;, containing nt-bonding to the substituted
oxygen may become more stabilized than the triplet state. This stabilization is dueto the

C=0 rn-bonds being stronger than the C=C n-bonds.

To S S,
. -
0 0 O
> .)J\ 7NN /l\+

Open-shell Open-shell Open-shell  Closed-shell
Triplet Singlet Singlet Zwitterionic
Oxyallyl Oxyallyl Oxyallyl Oxyallyl

Figurel.16. Thetriplet state and two singlet states of open-shell oxyallyl, and the
closed-shell zwitterionic oxyallyl.**°
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If thetwo NBMOs of TMM are considered, the NBMO with the greater amount of
electron density where the oxygen atom is substituted will be lowered in energy. The other
NBMO will remain unchanged since this NBMO contains a node where the oxygen is

substituted. Figure .17 shows the degeneracy lifting using a simple Huickel energy diagram.

MM OXA
o-308 —
0.167 0-258
0.017
0.50 o-208
— 0.516
0.167 0.167 a-153
0.235 0.235 0-108 _
0.66
o-0508 __
T e o
0.50 0.50 0.176 0.176 0.50 0.50 oa+053
0.183
0.167 T o+103 —
0.338 -
0.50 o+158 __
| l 0.239 0.239
0.167 0.167 a+208 —
0.799
T ’ oa+253 __
0.148 oa+303

Figurel.17. MO energy level diagram for oxyallyl and TMM with spin densities.
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Asdiscussed in Section 1.6, TMM would be predicted to have alarge AEsr since the
two NBMOs are coextensive. Upon substitution of oxygen to give OXA the amount of
orbital overlap between the two NBMOs increases. Since overlap density dictates the size of
the exchange integral, K, it can be inferred that AEst for oxyallyl will be larger than TMM’'s
AEgr.

However, thereis the possibility that the closed-shell zwitterionic OXA configuration
can mix with the open-shell singlet state of OXA, producing a ground state singlet. This
possibility arises from the energy difference in the two NBMO'’s of OXA. Thereisnow a
stronger interaction between the ground configuration singlet and the excited configuration
singlet lowering the energy of the ground configuration singlet below the ground state triplet,

as shown in Figure 1.18.

MM OXA

, —5,
i°-1 i° -Jl
\\Sl
_'"SJ_ N
i 2k C— S, 2k
—-_-l_-0 -------- -E— TO _:r_o -------- -— TO

Figurel.18. Energy level diagram of TMM and OXA considering
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There has been no experimental evidence to prove that OXA prefers aground state
triplet. The few computational methods done show that OXA prefers a ground state triplet.
Thelargest AEsr is calculated to be about 4.4 kcal/mol.** It is unclear whether these
methods consider configuration interaction.

The biradical oxyallyl is avery reactive molecule that has been found to be an
intermediate in some reactions.> In 1984 Borden, et al. were able to compute the ground state
of oxyallyl as a®B, with asmall AEg = 6 kcal/mol using the highest levels of theory at the
time*® Inthe 1990's Lahti, et al. aswell as Borden, et al. questioned whether higher levels
of theory would reverse the favoring of a®B, ground state, since oxyallyl’s AEsr was small in
comparison to TMM'’s AEsr = 15 kcal/mol, and whether the ground state would prefer open-
shell triplet or aclosed-shell zwitterionic state, Figure 1.16.>*>*° Borden, et al. decided to
use higher levels of theory to compute oxyallyl’s AEsr while Lahti et al. decided to study the
effects of substitution on oxyallyl derivatives specifically studying bond lengths to determine
the ground state of cyclobutanone-1,3-diyl and cyclopentanone-2,5-diyl.***> Lahti et al.
compared computational results of studies done on cyclopentanene-2,5-diyl.**® The
computed C-O bond lengths of triplet states and singlet states for cyclobutanone-1,3-diyl and
cyclopentanone-2,5-diyl shown in Figure 1.19, since these two molecules would be expected

to show delocalization in the triplet state.
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Triplet Cyclobutanon-2,4-diyl Triplet Cyclopentanone-2,5-diyl

o 0]

Y6T'T
YOZ'T

Singlet Cyclobutanon-2,4-diyl Singlet Cyclopentanone-2,5-diyl

Figurel.19. Biradicals studied in the determination of triplet and singlet state C=0
bond lengths.

The C-O bond length of the triplet cyclobutanone-1,3-diyl was computed to be
1.24A, where the singlet cyclobutanone-1,3-diyl C-O bond length was computed to be
1.19A. Thetriplet cyclopentanone-2,5-diyl C-O bond length was computed to be 1.26A,
where the singlet cyclopentanone-2,5-diyl C-O bond length was computed to be 1.20A.

They were also able to compute the C-C bonds both in the singlet, 1.46A, and the triplet,
1.45A, states. Upon inspection of the C-O bond lengths and C-C bond lengths they
concluded that from the short C-O bonds and long C-C bonds the oxyallyl would not be best
represented by a zwitterionic structure, usually longer bond lengths, but instead by a C*-O
bond shortened by strong columbic attractive forces. They were also able to compute ground
states for both cyclobutanone-1,3-diyl, -3.7 kcal/mol, and cyclopentanone-2,5-diyl, -5.8

kcal/mol, where negative AEs corresponds to ground state singlet. **°  1n 1995 Borden used
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more advanced levels of theory to compute the singlet-triplet gap of cyclopentanone-2,5-diyl.
He determined the same magnitude of AEsy for cyclopentanone-2,5-diyl as as well asthe
stability of the open-shell singlet and triplet compared with the closed-shell form.*°

Borden et al. computed the C-O bond lengths for oxyallyl. They were in accordance
with the C-O bond lengths that Lahti computed. The C-O bond length of the singlet oxyallyl
was computed to be 1.214A and the triplet C-O bond length was computed to be 1.254A.
The C-C bond lengths were also in accordance with those found by Lahti where the singlet
C-C bond length was computed to be 1.471A and the triplet C-C bond length 1.444A, as

shown in Figure 1.20.3*®> They were also able to compute arange of AEs; values from 4.4

kcal/mol to -5.1 kcal/mol where anegative AEsr corresponds to a ground state singlet.**

1A1 Oxyallyl 382 Oxyallyl

Figurel.20. Computed C-O bond lengths of oxyallyl.

Since C-O n-bonds have a distinct infrared stretching frequency Borden proposed
using asimple characterization technique, infrared spectroscopy, to distinguish the triplet

cyclopentanone-2,5-diyl from the singlet cyclopentanone-2,5-diyl.>*®  Computational
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methods were used to determine the triplet state and singlet state stretching frequencies of
biradical cylcopentanone-2,5-diyl and the stretching frequency of closed-shell
bicylclo[2.1.0]pentan-5-one, shown in Figure 1.21. The lower C=0 stretching frequency
calculated for the triplet is due to the del ocalized rt-bonding which will increase the C=0
bond length which decreases the force constant consequently decreasing the stretching

frequency.>®

0
& &
Singlet Cyclopentanone-2,5-diyl Triplet Cyclopentanone-2,5-diyl Bicyclo[2.1.0] pentan-5-one

v=1736cm? v=1387 cm? v=1830cm?

Figurel.21. Stretching frequencies of triplet and singlet cyclopentanone-2,5-diyl and
closed-shell bicylco[2.1.0] pentan-5-one.

From the three stretching frequencies cal culated by Borden it should be easy to
determine from infrared spectroscopy whether the singlet or triplet state of biradical
cylcopentanone-2,5-diyl or bicyclo[2.1.0] pentan-5-one was generated.

These few experiments and computational methods are the extent to which OXA has
been studied. Experimental evidence that suggests that a carbonyl-linker can act as a

ferromagnetic coupling unit will be further discussed in Chapter 3.
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CHAPTER II: MAGNETOMETRY

[1.1. Introduction to Magnetism and Types of Magnetism.

Magnetization is dependent on the types of electrons, paired, unpaired, or both that a
material possesses and on the magnitude of an applied field. When afield is applied the
orientation that the electrons take, with or against the field, will help in the determination of
which class of magnetism the sample may belong. There are many different classes of
magnetism but this chapter will mainly focus on diamagnetism, paramagnetism,
ferromagnetism, and antiferromagnetism.

Magnetization is described by Eqn. I1.1, where H is the applied field and ., the

proportionality constant, is the total magnetic susceptibility given in units of emu/mole,
where Yot = Ydia + Xpara-z1
M=y.H Eq.ll.1

Magnetization can also be expressed in terms of the number of molecules and the

magnetic moments of each thermally populated state, as shown in Eqgn. I1.2.

M - Ng?u,°S(S+1)H

Eq.ll.2
3KT .
where,
Ng*us"S(S+1)
= Eq.ll.3
Kot KT q
and,
E, = SguH Eq.ll.4

In the resulting equations, E, is the energy of each thermally populated state, kis

Boltzmann's constant, 1.38 x 102 JK™, N is Avogadro’s number, 6.022 x 10 mol™, pg is
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the Bohr magneton, 9.27 x 10%* JT, g is Landé constant, 2.0023, T is the absolute
temperature, and S (or My) isthetotal spin.?* %2

When the material has no unpaired electrons or the electronic shells are completely
filled the material is said to be diamagnetic.>* Most molecules have some number of paired
electrons and therefore a diamagnetic susceptibility, yqa. Pascal proposed that yqia be
represented by Eqgn. 11.5, where n; is the number of atoms of each type, ;i isthe contribution
to the susceptibility of each of the diamagnetic atoms, and A is abond correction.*?

aa =A+N1 Eq.l1.5

As seen from Eqn. 11.5, the yqia is independent of the applied field and temperature so
it can easily be separated out from the temperature dependent susceptibilities.>? Pascal was
successful in determining the diamagnetic susceptibilities of some atoms and these
constituent susceptibilities are known as Pascal’s constants. In Egn. I1.1, when a material
that is predominately diamagnetic the total magnetic susceptibility is negative and relatively
small: -10°to-10" emugt.**

In a paramagnet the unpaired electrons are rapidly orienting, reorienting, and non-
interacting so there is no permanent or spontaneous magnetic moment. Once afieldis
applied, the rapidly reorienting unpaired electrons align with the applied field. Unlike ygia,
the paramagnetic susceptibility, ypaa, IS dependent on temperature and ypara Varies inversely
with respect to temperature, as shown in Egn. 11.6.%% 22

C
Zpara:? EqII6

Eqgn. 11.6 isknown as the Curie Law where T is the absol ute temperature and the

Curie constant, C, is dependent on the total spin, S, as shown in Eqn. 11.7.%% %2
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_ Ng’u5"S(S+)
3k

C

Eq.l1.7

In Egn. 1.1 when the materia that is predominantly paramagnetic the total magnetic
susceptibility is positive and relatively large: 10 to 10° emu g™*.>* ypara i Often reported as

Uest, the effective magnetic moment, described in Egn. 11.8 and Egn. 11.9.

1/2
U :(%j (4T)"? Eq.l1.8
or
te =10?S(S+D] g Eq.1.9

A plot of inversey as afunction of temperature yields a straight line. The slope of the

lineisthe inverse Curie constant, where the Curie constant is described in Egn. 11.7.
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Figurell.l. Inverseypaa asafunction of temperature for a paramagnet.

Materias that contain spin-orbit coupling, zero field splitting, and/or intermolecular

interactions do not follow the Curie Law so the Curie-Weiss Law was devised, Eqn. 11.10.%%

2.2
y=— Eq.!1.10

The Weiss constant, 6, has units of temperature. The relation between 6, the spinin

the system, S, the energy gap between the ground state and lowest excited state, J', and the

nearest neighbors, z, is shown in Egn. 11.11.%3
g=23ASY Eq.l1.11
3k
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The sign and magnitude of 6 can be extracted from the plot of inversey as afunction
of temperature, as shown in Figurell.1. With ideal paramagnetic behavior 6 = 0 so the Curie
Law isobserved. Neglecting zero-field splitting, when 6 < O, antiferromagnetic interactions

exist, and when 6 > 0, then ferromagnetic interactions exist, as shown in Figure 11.2.% 23

1/¥ (mole/emu)
||||||||||||||(:-I||||’\|J||||(J|-I||||(A|.)||||(J|-I||||J>
|

=

o
o1
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Figurell.2. Inversey asafunction of Temperature. For 6 = 0 ideal paramagnetic
behavior isexists, 6 > 0 ferromagnetic interactions exists, and 6 <0
antiferromagnetic interactions exist.
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The magnetic moment is a key component in the determination of the number of
unpaired electrons and the exchange coupling of the system. Measuring the magnetic
moment of the sample allows us to extract the saturation magnetization and the susceptibility
of the sample. The saturation magnetization values are obtained when the temperature is
held constant, usually 2-4 K, and the field is swept. Thus far we have taken into
consideration only the samples that obey Curie Law. For example, Eqgn. 11.6 and Eqgn. 11.10
portrays Curie Law behavior only when H/T < 0.7 T/K. This can be proved using the

Brillouin function as shown in Eqgn. 11.12.

Bs(x):1 (S+1jcoth (S+1jx —lcothz Eq.l1.12
S 2 2 2 2
where
x= et Eq.l1.13
KT
and
M = Ngu, B, (X) Eq.ll.14

If two limiting behaviors are considered one where gugH/KT >> 1 and gugH/KT << 1
then it can be proven that Eqn. 11.2 portrays Curie Law behavior when H/T < 0.7 T/K. If the

first scenario is considered, where gugH/KT >> 1, then Eqgn. 11.15 and Egn. 11.16 are

generated and H/T >> 0.7 T/K.
1 1) 1
B(x)==|| S+= |-=|=1 Eq.l1.15
¥ SH zj 2} )
and
M, = NgugS Eq.l1.16
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When the magnetization is equal to NgugS then the sample no longer exhibits Curie
law behavior, and the sample is saturated. In thiswindow the spins are at there maximum
alignment and it is said that saturation magnetization has been reached. When H/T islarge
(high values of applied field and low temperature) the best determination of the spin value
can be obtained.*?

If the second scenario is considered where gugH/KT << 1 then Egn. 11.17 is
generated.”®  In thisregion where H/T < 0.7 T/K the sample obeys Curie law behavior. A
plot of magnetization as afunction of H/T yields the slope (S + 1)/3.22

(S+1)x
3

B(X) = Eq.l1.17

Figure 11.3 displays both regions where the Curie law is obeyed and where saturation
magnetization dominates. Theinitial curvature of the graph follows the Curie law. This
region is used to obtain x-vaues by holding the applied field constant while the temperature
isswept. They-values are independent of field and can be fitted to the van Vleck
expression, Egn. 11.18. Again, the exchange coupling parameter can be extracted to

determine ferromagnetic or antiferromagnetic coupling.

2N92ﬂ2
AT =gt Eq.11.18

When the curve has a slope equal to zero, the spins are at their maximum alignment.
Since magnetization depends on the total spin, each system will have different saturation

magnetization values, as shown in Figure 11.3.

41



||||||||||||||||||||||||||||||||||
8 AAAAAAA‘AAAAAAAAAAAAAA.
A
L A 4
A
5 | * |
= A
g 6
-t ]
E A
= L 4
=}
o - -
=
'%4_ Lesessrsssrerrrssssy
-
=3 Fa . b
*
= [ . ]
- * -
2 .........ooooooooooooo
e @
L . 4
Le o° 4
.
- o 4
OAAIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
0 0.5 1 15 2 25 3 35

H/T (TedaKelvin)

Figurell.3. Saturation magnetization values of different spin systems (g fixed at 2);
eisS=1,+isS=2,misS=3,and a iSS=4.

The last two types of magnetism to be discussed in this chapter deal with long range
magnetic order.>* Ferromagnets exhibit long-range magnetic order in a bulk magnetic
behavior. In aferromagnet the spins are often grouped together in domains.>* Within each
domain the spins are aligned parallel without the presence of an external field but the
domains themselves are not necessarily aligned. Application of an applied field will cause
the domain walls to break and the spins will align parallel with each other in one large

domain giving bulk ferromagnetism.
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In an antiferromagnet long-range magnetic order is also exhibited but the spins are
aligned antiparallel in three dimensions throughout the material and are often grouped
together in domains. When afield is applied the spinswill align antiparallel and the domain
walls will break to form one big domain with no net magnetic moment. Ferromagnets and
antiferromagnets above a certain temperature, T for aferromagnet and Ty for an
antiferromagnet, exist as paramagnets. These temperatures are characteristic of the material
so they will vary.>* Figure 11.4 depicts the different types of magnetism previously

discussed.
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Figurell.4. Types of magnetism including diamagnetism, paramagnetism,
ferromagnetism, and antiferromagnetism.



I1.2. Electron Paramagnetic Resonance (EPR).

Electron paramagnetic resonance (EPR) allows the detection of the interactions of
electron spins with each other (nuclear and electron) and with the interaction of electron
spinswith an applied field, known as the Zeeman effect.”*> The Zeeman effect is described
by the energy of a magnetic moment in an applied field as proportional to the applied field
and the spin of the system, E, = MgugH.>? For any molecule to be detectable by EPR an
absorption must occur. This absorption can occur when a frequency of energy (usually
microwave frequency for EPR) matches the energy separation between spin states (AMs =+
Ms). Typicaly the frequency is held constant while the applied field is swept. The energy at
which the applied field splits the spin states and the frequency of energy coincide, determines
where the field strength at which an absorption will occur. The selection rule for EPR is AMg

=+ 1. Therefore, in asimple one-electron system the o spin state rises in energy and the B

lowersin energy, as shown in Figure I1.5, where Ms = £%%.

Mg =+1/2

: ¢ B gugH AMS =1

Mg = -1/2
H=0 —— H=z0

Figurell.5. EPR detectable one-electron system.
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As discussed in Chapter 1 the exchange coupling, J, between the two electrons lifts
the degeneracy of the singlet and triplet state. Zero field splitting (ZFS) lifts the degeneracy
of the triplet microstates and that can be detected by EPR. Only the triplet stateis EPR
active since the singlet state has no spin. The magnitude of the ZFS interaction can be
expressed using the spin Hamiltonian H = SeDeS, where D is described as the differencein
energy between the lowest lying microstate and the average of the higher two microstates.*>
2627 Figure I1.6 shows the exchange coupling in relation with the ZFS parameters D and E,

where E is described as energy difference between the two lowest lying microstates.

Singlet

\

> 2]

D & E|

hES Triplet's Microstates

X
2D{ V}E

Figurell.6. Exchange parameter Jin relation with the ZFS parameters D and E.
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For abiradical system the two electrons can be aligned either parallel or antiparallel.
If the two electrons are aligned antiparallel then the multiplicity isasinglet [2(0) + 1 =1]. If
the two electrons are aligned parallel then the multiplicity isatriplet [2(1) + 1 = 3]. For the
EPR active triplet there are two allowed transitionssince Mg =+1, 0. A AMg= 2 transition

will be further discussed later. Figure 1.7 showsthe AM¢ = 1 transitions using solid line

double headed arrows.>* 2%27

A
/ = e
AM =1
' gugH
M= 0
E 0.707[o(1)B(2) + B(L)o(2)]
gugH
AM =1
M= BB
H=0 H#ZO

Figurell.7. EPR detectable two-electron system where Ms=+1, 0, and AMg=+1
transition.

The energy diagram depicted in Figure 11.7 shows the degeneracy of the triplet
microstates when no field is applied and the lifting of the degeneracy once afield is applied.

However, this diagram only depicts the energy of the electrons as afunction of applied
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magnetic field. ZFS interactions need to be taken into consideration. For organic systems,
ZFSis due to dipole-dipole interactions between the two-electron spins.>> %’

Molecular geometries that give rise to anisotropic electron distributions, will dictate
the energy separations of the triplet microstates at zero field.>® This energy separation is
described by the ZFS parameters D and E.>> 2" Figure |1.8 depicts the ZFS parametersin

relation to the molecular geometries of an atom, triplet excited benzene, and triplet excited

naphthalene.
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Figurell.8. Energy separation of microstatesin relation with the molecular
geometry of an atom, triplet excited benzene, and triplet excited naphthalene.

Figure 11.8 depicts compression and elongation along certain axes in which the two
electrons are confined to a certain plane, XY, XZ, or YZ. In an atom there is no minimizing
the repulsive dipole-dipole interaction between the unpaired el ectrons because there is no
direction along which the electrons can move further apart. In benzene compression along
the Z-axis alows minimizing of the dipole-dipole interaction in the XY planeresultingin a
lower energy Z state. In naphthalene compression along the Z-axis and elongation along the

X-axis maximizes dipole-dipole interaction along the Y Z plane resulting in a splitting of the
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two highest energy states. The sign of the ZFS parameter D is dictated by the compression of
along the Z-axis, or elongation along the Z-axis, to yield a positive value. Therefore, the
geometrical shape of the spin distribution can be estimated from both the sign and magnitude
of D and E.*>?°

The three triplet speciesin Figure 11.8 can be characterized to have three different
types of symmetry; cubic, axial, and rhombic. An atom possesses cubic symmetry (x =y =
z) but ZFSisnullified by virtue of the high symmetry. For atriplet speciesto have axial (x =
y # z) symmetry the species must possess three-fold or higher rotational symmetry, and a
magnetically isotropic plane perpendicular to the symmetry axis, as with benzene (Dgp).>°
When atriplet species with axial symmetry is placed in an externa applied field thisfield is
aligned, for example, with the Z-axis of the species, and only the electronsin the XZ- or Y Z-
planes will be split by thefield. The electronsin the XY -plane will not be affected since they
are perpendicular with the applied field. With axial symmetry there are two allowed
transitions but only one will be seen since they are at the same field strength. The ZFS
would be dictated by the D parameter only (E = 0).

For atriplet species to have rhombic symmetry (x # y # z) the species must possess
lower symmetry elements than a species of axial symmetry, for example naphthalene (D).
The ZFS would be dictated by both parameters D and E. Each symmetry type will result in
three distinctly different EPR spectra, where the number of signals increases as the symmetry
islowered, as shown in Figure [1.9. Each signal represents where the magnetic field is

oriented along one of the axes of the system.*> *7
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D +3E
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Figurell.9. Simulated spectrafor atriplet excited species with cubic symmetry (D =
0), axial symmetry (D # 0; E = 0), and rhombic symmetry (D # 0; E # 0).

A species with axial symmetry has six allowed transition, but as shown in Figure 11.9,
there are only four. Thisis due to the degeneracy of two of the axes. A species with rhombic
symmetry has six alowed transition and as shown in Figure [1.9, there are six displayed due

to all the axes being different.*>
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All the previously mentioned transitions occur at high fields and correspond to the
alowed AM¢ = 1 transitions.>*?" Depiction of the allowed AM; = 1 transitions are shown in
Figure 11.10 denoted as the solid line double headed arrow. At lower fields the “forbidden”

(= weak) AM = 2 transitions are sometimes observed.>’

—— Mg=+1

Field Strenth (H)

Figurell.10. The‘forbidden” AMg= 2 transition in relation to the AMs = 1 transition
of atriplet species.

There are two types of EPR techniques used in the Shultz group, frozen solution or
fluid solution. Fluid solution EPR is useful in the determination of hyperfine coupling
constants in amolecule. Hyperfine coupling is exhibited when electron spins couple to

nuclear spins. Triplet species can be difficult to detect by EPR when the molecules are

52



rapidly reorienting in fluid solution. The AMs = 1 transitions will only be detected when the
ZFS parameters D and E are sufficiently small, where E = 0.%” In fluid solution the rapidly
reorienting molecules |ead to line broadening in the EPR spectrum. Thisline broadening can
make the spectrum appear as an Ms = %2 system.

Frozen solution EPR (or “powder” EPR), recorded at 77 K, allows for arigid non-
tumbling system, where ZFS can be observed. Frozen solution samples also alow for
detection of the “forbidden” AM; = 2 transition at nearly half the center field of the AMs=1
transitions.%’

The spin-spin interaction of atriplet species can sometimes be detected using variable
temperature EPR. The ground state can be assessed by the measurement of the changein
spectral intensity versus inverse temperatures. Typically, the AMg = 2 transition is used to
acquire the spectral intensity becauseit is easily integrated and there is no doublet impurity
signal.>*  The proportional relationship between the spectral intensity, |, and y allows for
the use of the Curie law, as discussed in Section I1.2. One very important aspect of
determining the ground state of a molecule that has been left out thus far is the population of
states as the temperature isincreased. Since only the triplet stateis EPR active it is useful to

describe the relative population of the triplet state as shown in Egn. 11.17.

| == Eq.l1.17

Equation 11.12 is described as a Boltzmann distribution and the sign of the exchange

parameter can be acquired. When J < 0, the magnitude can be determined. For J >0 alinear
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relationship results and ferromagnetic interactions and/or degeneracy of the states (singlet
and triplet) can be suggested.
[1.3. Super-conducting Quantum Interference Device (SQUID).

The super-conducting quantum interference device (SQUID) magnetometer measures
the magnetic moment of very small quantities of sample. Magnetic moment can be defined
asthe force acting on a system in an applied magnetic field from which the number of
unpaired electrons can be determined.>® SQUID is based on the Josephson junction, which
is very sensitive to the changes in magnetic flux.>® This sensitivity allows for very high
accuracy in measuring the magnetic moment of a sample. The Josephson junction is coupled
to super-conducting coils through which the sample is moved in the direction of the applied
field. The coilswill then detect any deviation of the flux, which is converted as an output
voltage. Thisoutput voltage is then converted into the effective magnetic moment of the

sample>? All data obtained from SQUID can be fit to the equations in Section 11.1.
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CHAPTER I11: SYNTHESISAND CHARACTERIZATION OF
OXYALLYL TYPE BISSEMIQUINONES

[11.1. The Semiquinone Radical Anion.

Radical anion orthosemiquinones chelated to metal centers are of magjor interest in the
field of magnetochemistry. A radical anion orthosemiquinone, herein known as a
semiquinone, is simply a one-electron reduction product of an orthogquinone or a one-electron

oxidation product of a catecholate, as shownin Figurelll.1.

O @) oo
+e +e
-€ -€
@) 0o €S
orthoquinone semiquinone catecholate

Figurelll.l. A semiquinone product resulting from the one-electron reduction of an
orthoguinone and the one-electron oxidation of a catecholate.

To understand the importance behind using a semiquinone in the study of multispin
metal complexes, spin distribution will first be considered. Because resonance does not
accurately portray spin distribution in this molecule, molecular orbitals (MO) will be used to
determine spin densities. Asdiscussed in Chapter |, MO theory looks at the atomic orbitals

(AO) that areinvolved in m-bonding. The nt-electrons that are not involved in t-bonding are
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placed in non-bonding molecular orbitals (NBMO). The NBMO or singly occupied MO

(SOMO) for asemiquinoneis depicted in Figure I11.2.

-0.49 0.256 0.24 0.066
i . 0.19
Squaring Coefficients
043 . 0.19
049 0.256 0.24 0.066
Hickd Coefficients Spin Densities

Figurelll.2. The semiquinone’s singly occupied molecular orbital (SOMO).

Huckel theory predicts the magnitude and sign of the coefficients for a semiquinone,

shown on theleft in Figure I11.2. We need to consider only those atoms that have a nonzero

coefficient to have the unpaired spin density. Second, by squaring the Hiickel coefficients
the spin densities can be determined and are normalized to one,>* as shown on theright in
Figurelll.2.

Knowing where the spin density residesis crucial in producing high-spin molecules
with maximum interaction between two spin centers. Combining two semiquinonesviaa
linker, as discussed in Chapter I, produces a bis-semiquinone. A generic

trimethylenemethane-type (TMM-type) bis-semiquinone is shown in Figure [11.3.
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Figurelll.3. TMM-type bis-semiquinone.

For a bis-semiquinone there are two NBMOs, which are linear combinations of the
bonding and antibonding MO’s of a semiquinone perhaps mixed with coupler orbitals.
Again, using Huickel theory the coefficients of the atoms can be determined, and by squaring
the coefficients the spin densities can be obtained. Shownin Figurelll.4 arethe NBMO's

and their Hickel coefficients of a bis-semiquinone with the ethenylidene coupling unit.
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‘ E=o+0.51p

-0.18 0.18

‘ E=o+0.82B

Figurelll.4. Huckel coefficients of a bis-semiquinone with an ethenylidene
coupling unit.

If the spin densities of the NBMO on the bottom in Figure I11.4 are considered, no

spin density resides in the ethenylidene coupling unit. However, the NBM O on the top

shows about 46% of the spin residing in the coupling unit. Spin density in the coupling unit

allowsfor an interaction between the two spins or exchange coupling to occur.

As discussed in Chapter |, the ethenylidene coupling unit in TMM was compared and

contrasted to the carbonyl-coupling unit in oxyallyl (OXA). It was determined that

substituting oxygen in place of one of the methylene groups, to give OXA, would lower the

energy of the NMBO having electron density on oxygen. It was aso shown the electron

density of this NBMO shifted to other atomsin the molecule. Theoretically and

computationally, oxyallyl aloneis not agood candidate as a triplet ground state species.>?
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However, we propose that a carbonyl linked between two radical anion semiquinones will
exhibit ferromagnetic coupling of the two electron spins. The reason for thisis quite simple,

carbonyls are well known to delocalize negative charge, as shown in Figure 111.5.

Figurelll.5. Carbonyl-linked bis-semiquinone and resonance hybrids of the triplet
ground state.
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Figurelll.6. Huckel coefficients of a bis-semiquinone with a carbonyl-coupling
unit.

-0.30 -0.30

The energies of the NBMO’s of the ethenylidene-linked bis-semiquinone will not
dramatically change upon substitution of oxygen. The major reason for thisis both bis-
semiquinones possess C,, symmetry, therefore, the NBMO’s are again not part of a
degenerate set. However, this does not mean that the NBMO with electron density where
substitution takes place does not lower in energy because it does, as shown in Figure 111.6.
However, the SOMO-SOMO gap in Figure I11.6 isless than that in Figure [11.4.

Spin densities are useful and can be obtained using electron paramagnetic resonance.
Hyperfine-coupling can be investigated, and, for biradicals, the zero-field splitting parameter

D can be obtained, where D isrelated to the summation of all the products of spin densities

61



between two radical fragments. For afurther understanding of estimating D for biradicals
refer to the 1998 paper by Shultz and Sandberg.>?

Now that spin distribution has been considered for the importance behind using
semiquinones in the study of radicals, stability will be the next consideration. Semiquinones
arefairly stable radicals; however, steric protection and chelation of ametal center is useful
in preventing dimerization, other reaction pathways, and decomposition in ambient
conditions. Figure I11.7 shows two examples where steric protection and chelating a metal

center allows for amore stable radical and biradical.

2,
“a,

3,5-di-t-butylsemiquinone 3,5-di-t-butyl-bis-semiquinone

Figurelll.7. Sterically protected semiquinone (left) and bis-semiquinone (right).

The sterically protected 3,5-di-t-butyl semiquinone, depicted on the left in Figure I11.7,
has been experimentally and theoretically studied.>* *> Upon chelating different first row
transition metals to the semiquinone beautiful crystal structures and magnetic data have been

obtained.>® The use of first row transition metal ions will be further discussed in the next
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section. The sterically protected 3,5-di-t-butyl-bis-semiquione, depicted on the right of
Figure 111.7, has been extensively studied within the Shultz group. The substitution of
various linkers allows for further steric protection; however, may attenuate ferromagnetic
interactions.

Another way to ensure steric protection to the bis-semiquinone is by using the bulky
ancillary ligand hydrotris(3-p-cumenyl-5-methylpyrazolyl)borate, herein known as Tp<"™ Me,
shown in Figure I11.8. Thisligand has been previously synthesized by Ruf and

Cum, Me and

Vahrenkampf.®* Pierpont et al made complexes of zn", Cu", and Co'" with Tp
3,5-di-t-butylsemiquinone.®> Thisligand was chosen for two reasons. The first reason is
that the ligand is large and encapsulating. The cumenyl groups provide a protective steric
shielding to the semiquinone that allows for further stability and also attenuates the
intermol ecular magnetic interactions and aerobic oxidation to the semiquinone. The second
reason for choosing thisligand isto allow for an overall charge neutral molecule. The
semiquinoneisaradica anion species so to balance the charges of the semiquinone (-1) and

Cum, Me

the transition meta (+2) another (-1) charge must be incorporated. The Tp qualifies
for this condition as there are four bonds to the boron in the ligand, thus giving it a(-1)
formal charge. The Tp““™M®ligand also helpsin the crystallization of the bis-semiquinone

complexes by locking the two semiquinones into place. Thisallowsfor fewer distortions

within the crystal.
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L = Tp Cum, Me

Figurelll.8. Potassium hydro-tris(3-cumenyl-5-methyl pyrazolyl)borate ligand
(-I-pCum, Me).

Semiquinone complexes can be produced using several pathways. Two pathwaysin
particular have produced high yields and upon crystallization produced x-ray and magnetic
quality crystals.®>*3° Thefirst pathway uses the process of comproportionation.
Comproportionation involves combining one equivalent of quinone with one equivalent of
the doubly deprotonated catechol (catecholate) to produce two equivalents of a semiquinone,

shown in Figure 111.9.3°
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Figurelll.9. Comproportionation of one equivalent of quinone and one equivalent
of catecholate yielding two equivalents of semiquinone.

The second pathway involves air oxidation to the semiquinone upon the combination
of one equivalent of catecholate to one equivalent of the metal ion, as shown in Figure

111.10.3>36

t-Bu
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+ ML #——
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Figurelll.10. Semiquinone production upon air oxidation of one equivalent of
catecholate and one equivalent of metal ion.
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Characterizing semiquinones can be achieved in several fashions. Infrared
spectroscopy is afast and useful tool in characterizing semiquinones. Semiquinones have a

distinct C=0 stretching frequency near 1445 cm™. Thisalows for a distinction between the

65



characteristic catecholate C-O stretch at 1250 cm™ and the C=0 quinone stretch at 1680cm™.
The broad catechol O-H stretch is above 3100 cm™.  Electronic absorption spectroscopy is
useful tool in characterizing semiquinones since al semiquinones display absorption in the
visible region of the spectrum. A fairly weak semiquinone n — =" absorption around
800nm or 12,500cm™ is another indication of semiquinones production. If suitable crystals
are grown, x-ray crystallography can be used in elucidating bonds lengths of the semiquinone
ring (dioxolenering). Magnetometry data can be used to determine semiquinone production;
however, collecting the data can be tedious. Bis-semiquinones can be detected by all the
aforementioned techniques as well as electron paramagnetic resonance (EPR). These
characterization techniques will be used later in this chapter to the determination of bis-
semiquinones.
[11.2. Semiquinone-Metal I nteractions.

Thus far the importance behind using semiquinones in the study of radicals has been
discussed. In thisdiscussion the use of atransition metal ion attached to two ligands, a

semiquinone and Tp~'™ Me

, produces a stable, magnetically interesting molecule. However,
the semiquinone electron and the metal electrons can interact, herein known as metal-ligand
exchange coupling. This exchange coupling can vary in magnitude and sign depending on
the metal ion. Again, to determine this type of coupling the MOs need to be considered.
The semiquinone’'s MOs and the metal’s d-orbitals are close enough in energy to maximize
mixing.>> If the p-orhitals of the semiquinones SOMO are orthogonal to the metal orbital
then ferromagnetic coupling results. If the p-orbitals of the semiquinones SOMO mix with

the metal orbital (same symmetry) then antiferromagnetic coupling results. Figurelll.1lisa

simple cartoon depicting both types of semiquinone-metal exchange coupling.
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Figurelll.11l. Antiferromagnetic and ferromagnetic exchange coupling between the
d-orbitals and p-orbitals.

Using the SOMO of 3,5-di-t-butylsemiquinone, calculated from Htickel theory, and
the metal d-orbitals the metal-ligand exchange coupling can be determined for our
compounds. The out-of-plane p-orbitals of the oxygen atom will be considered since they
are part of the m-system. Again, those orbitals that are orthogonal with metal orbitals will
give ferromagnetic metal-ligand exchange coupling, and those orbitals that mix will give
antiferromagnetic metal-ligand exchange coupling. The semiquinone symmetry is C,,, and
the coordination geometry of Tp“™MeM(SQ) istrigonal bipyramidal, the local symmetry is

Cs for the determination of the exchange coupling, as shown in Figure [11.12.37
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Figurelll.12. Antiferromagnetic and ferromagnetic metal-ligand exchange coupling
with a semiquinone.

As shown in Figure 111.12, the 2, x*-y?, and xy metal orbitals are orthogona to the
semiquinones p-orbitals. This orthogonality leads to aferromagnetic exchange coupling.
The metal orbitals xz and yz are symmetric to the semiquinones p-orbitals and contribute to
an antiferromagnetic exchange coupling. The overall exchange parameter J can be expressed
in terms of the two adjacent spin sites having mand n unpaired spins, as shown in Eqn.

11.137
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Some examples of the nature of exchange coupling between metals and semiquinones
are seen in Tp“™MeCu(3,5-DBSQ) and the recently reported (NN-SQ)MTp“"™Me where M"!
isMn, Ni, and Cu, and NN indicates nitronyl nitroxide. In the copper complex, thereisa
strong ferromagnetic exchange between the unpaired electron of the copper and the unpaired
electron in the semiquinone was found to be J = +52cm™.2®  In the (NN-SQ)MTp-mMe
complexes, an antiferromagnetic exchange decreases between the spins of the ( NN-SQ) and
M" in the order (NN-SQ)NiTp<™Me (3 = -87.8cm™) > (NN-SQ)MnTp“™Me (J = -41.3cm™) >
[NN-SQ(OMe)CuTp®™Me (3 = +75.6cm™).3® The nature of the semiquinone-metal exchange
coupling is useful in the prediction of ¢ T values for spin systems where spin coupling
between two semiquinones of most interest.

[11.3. Previous Studieson OXA Derivatives and the Stability of Carbonyl-Linked Bis-
Semiquinones.

Since Dowd successfully observed the triplet state of TMM in the 1960's,
investigations into synthetically stable TMM-type biradicals has increased tremendously.*®
As discussed in Chapter |, a molecule whose NBMOs are non-digoint will aid in the
stabilization of thetriplet state relative to the singlet state, i.e. TMM. Understanding what
makes an effective CU isimportant in the understanding of how to design high-spin
molecules. In the Shultz group, the design of high-spin molecules starts with a CU attached
to two electroactive groups, for our purposes two dioxolene rings, as shown previously in
Figure111.3.31°

The dioxolene rings can display paramagnetic functionalities from the reduction or

oxidization by one or more electrons, as shown earlier in Figure 111.1. Figure I11.13 shows
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each dioxolene ring is in conjugation with the coupling unit but not in conjugation with each
other. Thisinsures that t-bond formation does not occur. Non-digoint NBMO's are a
product of cross-conjugated dioxolenerings. There are alot of interesting properties that a

molecule can take on when it is generated including mixed valency and, our interest,

exchange coupling.>*°

C,

@O ‘ O O@ @O ‘ @ O

O O O @]
Exchange Coupled Species Mixed-Vaent Species

Figurelll.13. Two electroactive groups conjugated to an ethenlydiene coupling unit
but not conjugated to one another.

The Shultz group has been very successful in the synthesis and characterization of
TMM-type bis-semiquinones and the effect on the exchange coupling between two spins
upon conformational changes. Examples of these TMM-type bis-semiquinones are shown in

Figurelll.14.3
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Figurelll.14. TMM-type bis-semiquinones, exchange parameters, J, and structural
deviation parameters.

The capping group on the TMM-type CU sterically protects the spin density by
preventing decomposition or polymerization. However, the relative bulkiness of a capping
group attenuates the ferromagnetic exchange coupling. A variation in bulkiness can be seen
in the CUs A through E shown in Figure [11.14. In A, (norboryl)bis-semiquinone the bicyclic
ring system is not as large as the bicyclic ring system in C, so less ferromagnetic interaction

between the semiquinone rings is expected and observed for C. Lessinteraction between
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semiquinones caused by less torsion of the semiquinone rings allows for stronger
ferromagnetic exchange coupling and smaller D-values.>** 32313 Therefore, by increasing
the bulkiness of the capping group of the CU the singlet-triplet gap becomes smaller.

Now that bulkiness has been taken into consideration, we wish to determine the effect
of heteroatom substitution of the CU. Linking C=0 to two dioxolene rings will not sterically
protect the spin density on the ring but will allow for planarity of thetwo rings. Planarity
will increase the exchange coupling between the two electrons and decrease the D-value.
Despite theoretical and computational studies done on OXA*?, we believe that attaching
C=0 to two semiquinones (radical anions) will result in agreater ferromagnetic coupling,
due to the nature of C=0's electronegativity, than the observed exchange coupling of the
TMM-type bis-semiquinonesin Figure 111.14.

Only two examples of experimental work on OXA derivatives have been reported to
date. Lahti et al. have successfully prepared and observed a carbonyl-linked bis-arylnitrene,
asshown in Figure 111.15.3*°> Their mgjor finding was that the bis-arylnitrene gave a quintet
EPR signal and a Curie Law plot was linear suggesting J > 0 or degeneracy of the quintet and
higher lying states. Unfortunately, nitrenes are unstable at ambient conditions so magnetic

studies of this compound are quite impossible.
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Figurelll.15. Carbonyl-linked bis-arylnitrene.

Previous investigates linking a carbonyl to two dioxolene rings showed evidence of a

triplet ground state; however, it was not isolable, Figure 111.16.3*

@)

O (@]
TpCum, MeZn/ \Zn-l—pCum, Me
\ = SN /
(6] O

t-Bu t-Bu

Figurelll.16. (Tp"™MeZn),-t-Bu.
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The synthesis of (Tp“"™ M€Zn),-t-Bu begins with the preparation of the bis-catechol

precursor, Scheme I11.1.

OMOM OMOM 0
t-Bu OMOM t-Bu OMOM HO. OH
1) 2t-BuLi 1) 2t-BuLi O O
2) DMF 2) Crogpyridine 1o OH
Br CHO 3) MeOH, H’ -Bu -Bu
31 3.2 33
91% 99%

Schemelll.l. Synthesis of bis-catechol (3.3).

The bromide (3.1) is converted to the corresponding aldehyde (3.2) by alithium-
hal ogen exchange followed by reaction with dimethylformamide and work-up. The
biscatechol is then obtained by addition of the appropriated amount of lithiated (3.1) to (3.2)
followed by oxidation using Collin’s Reagent to obtain the carbinol. The carbinol is then
deprotected using standard conditions of a catal ytic amount of concentrated hydrochloric

acid in methanol to obtain the biscatechol (3.3) in good yield.
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33 (Tp=U™Mezn), t-Bu

Schemelll.2. Failed synthetic attempt to produce (Tp<“™ M®Zn),-t-Bu.

Unfortunately, the reaction of (3.3) with two equivaents of Tp““™M® ZnOH does not
yield the target molecule (Tp“"™ MeZn),-t-Bu, Scheme I11.2. Thisis evident from the lack of
fine structure in the EPR spectrum at 77K, the appearance of OH stretching in the IR at 3635
cm’?, the lack in appearance of C-O stretching indicative of bis-semiquinones, usually
between 1420-1480 cm, and a magnetic moment that is less than 1.7us. Even though the
bis-semiquinone was not generated, crystallization produced x-ray quality crystals. Two
different types of crystals were obtained, pale green cubes and irregularly shaped blue
crystals. The ORTEP diagrams and crystal bond length data of each crystal are seenin

Figurel11.17 and Tables I11.1 and 111.2.3%
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35

Figurelll.17. ORTEP representations of the crystal structures (3.4) and (3.5).
Cumenyl groups are omitted for clarity.
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Tablelll.1. Important Bond Lengths (A) for (3.4).

Bond Length (A) Bond Length (A)
Zn1-02 1.929(4) Zn1-N1 2.049(6)
Zn1-N5 2.068(6) Zn1-N3 2.175(5)
Zn1-01 2.266(5) Zn2-03 1.977(5)
Zn2-N11 2.035(6) Zn2-N7 2.049(6)
Zn2-04 2.149(5) Zn2-N9 2.217(6)
01-C1 1.387(8) 02-C6 1.323(7)
03-C14 1.309(8) 04-C15 1.298(8)
05-C11 1.237(8) C1-C2 1.372(9)
C1-C6 1.412(9) C2-C3 1.413(9)
C3-Ca 1.408(9) C3-C11 1.445(9)
C4-C5 1.390(9) C5-C6 1.431(9)
C11-C12 1.515(9) C12-C13 1.372(9)
C12-C17 1.428(9) C13-C14 1.416(9)
C14-C15 1.462(10) C15-C16 1.441(9)
C16-C17 1.369(9)

Table!l1.2. Important Bond Lengths (A) for (3.5).

Bond Length (A) Bond Length (A)
Zn1-01 1.915(3) Zn1-N3 2.047(3)
Zn1-N1 2.050(3) Zn1-N5 2.134(3)
Zn1-02 2.282(3) o1-C1 1.328(5)
02-C6 1.377(5) 03-C11 1.253(7)
C1-C6 1.421(6) C1-C2 1.423(5)
C2-C3 1.397(6) C3-Ca 1.403(6)
C4-C5 1.405(6) C4-C11 1.475(5)
C5-C6 1.374(6)

Based on previous work of other bis-semiquinones®*?, another possible complex,
(3.6), was aforerunner along with complexes (3.4) and (3.5). However, based on bond

lengths (3.6) is precluded.
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Figurelll.18. Hypothetical carbonyl-linked quinonemethide-semiquinone.

It was concluded from the comparison with Pierpont’s Zn(Tp<™ "9)-3,5-DBSQ>°
bond lengths and the dioxolene ring bond lengths of carbonyl-linked (3.4) and (3.5), that the
proton from each protonated catecholate group is on the less acidic oxygen, Figure [11.19.
This leaves the oxygen in the para-position with respect to the carbonyl having a-4 formal
charge. Delocalization of the-4 formal charge into the dioxolene ring as evident from the

bond lengths gives the resonance structures in Figure 111.20.
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Figurell1.19. Comparison of bond lengths with 3,5-DBSQZn(Tp“™ M) and
carbonyl-linked (3.4) and (3.5).
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Figurelll.20. Delocalization of 4 formal charge of (3.5).
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Complex (3.4) has crystallographic symmetry about the carbonyl C-O bond,;
therefore, only half of the complex is shown in Figure 11.19. Structural deviation parameters
can be calculated for the two crystal structures. A structural deviation parameter, |Ai], can
be defined as the sum of bond length deviations of the target molecule from areference
molecule. The = | A | will never be zero. The point of the deviation parameter isto give an
idea of how a dioxolene ring's bond lengths compare to those of a known semiquinone
dioxolenering. If the bond lengths are similar then our dioxolene ring has “normal”
semiquinone character. If the deviation is large then there are two possibilities that can exist:
(1) the dioxolenering isin adifferent oxidation state and/or (2) the dioxoleneringisa
semiquinone that is delocalized into other parts of the compound. If the amount of
delocalization is large then the deviation will be large and vice versafor a small amount of
deviation.

In this case the target molecules/complexes are (3.4) and (3.5), and the referenceis
3,5-DBSQZn(Tp“™ M), as shown in Figure 11.19. The structural deviation parameter for
complex (3.5) was determined to be £ |Ai|=0.361A. Thisisre atively large but expected
since the dioxolene rings of (3.5) are not even in the same oxidation state as a semiquinone.
Complex (3.4) hastwo structural deviation parameters because there are two different
dioxolene rings, protonated catecholate and semiquinone. For the semiquinone part of
complex (3.4), the deviation is = | A | = 0.120A, which is quite smaller than the deviation in
(3.5). Thismeansthat thereis not much deviation from the bond lengths of 3,5-
DBSQZn(Tp™"™ M®) and that there is some delocalization of the radical anion into the
carbonyl CU. For the protonated catecholate part of complex (3.4), the deviationis X |A|=

0.381A. Again, thisis quite alarge deviation from the reference complex but expected.
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Although crystal structures are interesting and useful, the main goal to this project
was to produce the bis-semiquinone. Since air oxidation was not enough to produce the bis-
semiquinone and asingle EPR signal was observed at 77K for complex (3.4), additional
assistance was needed. Oxidation with PbO; yields evidence of atriplet ground state by
frozen solution EPR, as shown in Figure I11.21. Zero-field splitting parameters were

calculated from spectral simulation to be [D/hc| = 0.01077cm™ and |E/hc| = 0.0011cm™.31°

AMg=2 A

1660 1710

[~ Simulation

77K
THF

II|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I-
3150 3200 3250 3300 3350 3400 3450 3500
Field (Gauss)

Figurelll.21l. EPR spectraat (77K; THF) of oxidized carbonyl-linked (3.4) and

(3.5) (bottom) and AM¢ = 2 transition (inset). Simulated EPR spectrum with [D/hc| =
0.01077cm™ and |E/hc| = 0.0011cm™.
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[11.4. Results, Discussions, and Conclusionsto Producing the First | solable Carbonyl
Linked Bis-Semiquinone.

Previous work has shown evidence of a carbonyl-linked bis-semiquinone triplet
species upon oxidation with PbO,. Unfortunately, the molecule (Tp"™ “®Zn),-t-Bu was not
isolated, and no exchange coupling was obtained. Herein are recent studies into obtaining an
isolable carbonyl-linked bis-semiquinone and efforts in collecting exchange coupling data.
We propose putting a stronger electron-donating group, i.e. methoxy instead of t-butyl, onto
the dioxolenering. Thiswill raise the energy of the semiquinones NBMO making it more
oxidizable. We aso propose to use aless electronegative metal center, i.e. manganese
instead of zinc. The d-orbitals of manganese will be closer in energy to the semiquinone’'s
NBMO which will alow for greater mixing of the orbitals. Thiswill raise the energy of the
semiquinone’s NBMO making it more easily oxidizable.

Bis-catechol (3.3) was successfully synthesized as shown in Scheme I11.1. However,
(3.3) was synthesized using a somewhat different approach eliminating the need to

synthesize (3.2).
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Schemelll1.3. Alternate synthesis of bis-catechol (3.3).

Bromide (3.1) undergoes alithium-halogen exchange followed by reaction with the
appropriate amount of ethyl formate to obtain the secondary alcohol (3.6). Asin Scheme
[11.1, the use of Collin’s reagent gives the subsequent carbinol (3.7), which isthen
deprotected using a catalytic amount of concentrated hydrochloric acid in methanol to obtain
the bis-catechol (3.3) in good yield.

The bis-catechol (3.3) is then reacted with two equivalents of LZn(OH) as shownin
Scheme 111.2. From the lack of fine structure in the EPR at 77K, the appearance of O-H
stretching in the IR at 3420 cm™, and lack in appearance of C-O semiquinone stretching we

concluded that a mixture of (3.4) and (3.5) were again obtained. Upon oxidation with PbO,
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the triplet species grew in intensity while the monoradical/double quantum transition

decreased in intensity, as shown in Figure 111.22.

o]
g
3
2
Q.

<
=
I
T

AMS-z%

1660 1710

3150 3200 3250 3300

Field (Gauss)

3400 3450 3500

Figurelll.22. Experimental EPR spectrum (77K; MTHF) of a mixture of oxidized
(3.4) and (3.5) (bottom) and the AM¢ = 2 transition near half field (inset). Simulated
EPR spectrum with [D1/hc| = 0.0108cm™ and |D2/he| = 0.0126cm™.

The spectrum in Figure 111.22 displays fine structure in the EPR and a growing AMgs =

2 transition producing almost pure triplet species upon oxidation! Upon visual inspection of
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the EPR spectrum several rotomers were formed at 77K. Since each rotomer hasits own
ZFS parameters there are severa D- and E-values. However, only the D-values can be easily
simulated (simulation 1 and simulation 2) since the x- and y-components overlap. The D-
value for simulation 1 was determined to be [D1/hc| = 0.0108cm™, where D; is the more
predominant rotomer signal (inner). The D-value for simulation 1 was determined to be
ID2/hc| = 0.0126cm™, where D, is the rotomer with aless intense signal (outer).

Production of ailmost pure triplet speciesis evident that pure L Zn(OH) needsto be
used to ensure that chelation is effective. Not only does non-pure LZn(OH) give amixture
of complexes (3.4) and (3.5) but aso gives a mixture of doubly protonated catechol ate,
monoradical, and biradical (upon oxidation). Thisis evident from the spectrum in Figure
[11.21 where the amount of monoradical is significantly larger than the amount of biradical.
Due to the strong AM; = 2 transition near half field variable temperature EPR studies were

conducted, and the results are shown in Figure 111.23.
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Figurelll.23. Variable EPR studies on a mixture of (3.4) and (3.5) suggests
ferromagnetic coupling of the two electron spins.

Thelinear relationship in Figure 111.23 suggests that either the two electron spins are
ferromagnetically coupled, J > 0O, or there is a degeneracy of the singlet and triplet states.
Unfortunately, no crystals were formed upon crystallization so no magnetic data was

obtained.
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The next step isto use aless electronegative metal center instead of zinc. Dr. Krishna
Kumar successfully synthesized and obtained a crystal structure on (Tp<“™ M¢Co),-t-Bu,
(3.8), shown in Scheme 111.4 and Figure 111.24. Scheme 111.4 displays the successful attempt
to synthesize (Tp““™ M°Co),-t-Bu using the same standard conditions as previously

mentioned.

%

o) 0
HO OH
O (@]
2eq. (LCo), LCo/ \C .
CH,CIyMeoH . FCX s
HO OH  air oxidation 0] 0]
-Bu -Bu -Bu -Bu

33 3.8

Schemelll.4. Successful synthetic attempt to produce (3.8).
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Figurelll.24. ORTEP representation of the crystal structure (3.8). Cumenyl groups
are omitted for clarity.

Tablell1.3. Important Bond Lengths (A) for (3.8).

Bond Length (A) Bond Length (A)
Col-02 2.057(4) Col-N1 2.051(6)
Col-N5 2.132(6) Col-N3 2.058(5)
Co1-01 1.976(5) Co2-03 1.989(5)
Co2-N11 2.067(6) Co2-N7 2.131(6)
Co2-04 2.043(5) Co2-N9 2.044(6)
o1-C1 1.279(8) 02-C6 1.268(7)
03-Cl4 1.286(8) 04-C15 1.272(8)
05-C11 1.240(8) C1-C2 1.441(9)
C1-C6 1.469(9) C2-C3 1.365(9)
C3-C4 1.428(9) C3-C11 1.498(9)
C4-C5 1.380(9) C5-C6 1.444(9)
C11-C12 1.470(9) C12-C13 1.387(9)
C12-C17 1.435(9) C13-Cl4 1.391(9)
C14-C15 1.483(10) C15-C16 1.439(9)
C16-C17 1.355(9)

Complex (3.8) has does not have crystallographic symmetry about the carbonyl C-O

bond so al the bond lengths are different. A structural deviation parameter, |Al, and agan
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if defined as the sum of bond length deviations of the target molecule from areference
molecule. In this case the target complex are (3.8) and the referenceis 3,5-DBSQZn(Tp<"™
Me), as shown in Figure I11.25. The structural deviation parameter for complex (3.8) was

determined to as an average of both sides of the complex to be | Ai| = 0.203+ 0.04A, which

is quite large compared with the moleculesin Figure 111.14.

T |Ajl =0.161A 2| Al = 0.244A

Figurelll.25. Comparison of bond lengths with 3,5-DBSQZn(Tp“™ M) and
carbonyl-linked (3.8) where Sa,4| A | = 0.203 + 0.04A.
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The complex nature of cobalt does not allow us to obtain EPR data. (3.8) was
characterized using other characterization techniques. UV-Vis data was obtained and the
typical n — m* band for a semiquinone was observed between 12,000-14,000 cm™, as shown

in Figure 111.26.
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Figurelll.26. UV-Vis spectrum of (3.8) with semiquinone n — rt* transition.

Magnetic data was obtained and the saturation magnetization and Curie Law plots are
shown in Figures 111.27 and 111.28. As previously discussed, the two cobalts are

antiferromagnetic coupled to the semiquinones rings and each cobalt contains three unpaired
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spins. If the two electrons spins of the semiquinones are coupled ferromagnetically then
upon saturation of the sample the plot will saturate to four Bohr magnetons, as shown in

Figurel11.27.
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Figurelll.27. Saturation magnetization data of (3.8) suggests ferromagnetic
coupling between to the two electron spins.
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Figurelll.28. Variable SQUID magnetic data of (3.8).

Figure 111.28 also suggests that the two spins are ferromagnetically coupled due to the
increase in the ypara 8s the temperature is lowered. However, the magnetic datais not well
understood for cobalt complexes so it is virtually impossible to extract the magnitude of the
exchange coupling.

The use of an even less electronegative metal center such as manganese was the next
attempt to obtain a stable complex from which we could possibly obtain the magnitude of the
exchange coupling between the unpaired electron spins. Scheme 111.5 shows the attempt to

produce the complex (Tp<“™MeMn),-t-Bu, (3.9).
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Schemellll.5. Attempted synthesis of (3.9).
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Upon crystallization, a mixture of white precipitate and brown precipitate were

obtained but no crystals. The white precipitate is most likely potassium perchlorate as

indicated by the IR stretching between 1080-1150cm™.3*" The brown precipitate shows IR

stretching between 1420-1480cm™ (indicative to semiquinone C-O stretching) and alack of

O-H and quinone stretching. UV -vis studies done on complex (3.9) show the semiquinone

n— 1 transition between 12,000 and 14,000cm™, as shown in Figure [11.29.
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Figurelll.29. UV-Vis spectrum of (3.9) with semiquinone n — rt* transition.

Magnetic studies were attempted with the small amount of brown precipitate
recovered from the crystallization. Again, the coupling between the manganese unpaired
electrons and the electrons of the semiquinone are antiferromagnetically coupled. If we
assume the two electron spins of the semiquinones are ferromagnetically coupled then the
saturation magnetization plot should saturate to about eight Bohr magnetons. The saturation
magnetization studies suggest the two electron spins are ferromagnetically coupled, as shown

in Figure111.30.
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Figurelll.30. Saturation magnetization data of (3.9) suggests ferromagnetic
coupling between to the two electron spins.

Unfortunately, attempts to obtain variable temperature magnetic data on complex
(3.9) were unsuccessful due to the small amount of material obtained during crystallization.
Severa attempts to bring up more material did not produce the desired saturation
magnetization as shown in Figure 111.30.

The final approach at obtaining the magnitude of the exchange coupling between the
two electron spins of the bis-semiquinone involved attaching a stronger el ectron-donating
group to the dioxolenerings. This should increase the oxidizability of the bis-catechol
making it easier to chelate LZn(OH). The bis-catechol (3.16) was successfully synthesized

as shown in Scheme 111.6.
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Schemelll.6. Synthesis of bis-catechol (3.16).

The synthesis of the bis-catechol (3.16) starts with the bromination of the

commercialy available (3.10) to give (3.11).

Molecule (3.11) undergoes the Dakin

reaction®*® to produce the catechol (3.12), which is then protected with methoxymethy! ether
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(MOM) groupsto give (3.13). One equivalent of compound (3.13) is converted to the
aryllithium reagent using two equivalent of t-BuLi, upon which half an equivalent of ethyl
formate is added to produce (3.14). Oxidation of (3.14) with Collin’s reagent gives the
subsequent carbinol (3.15), which is then deprotected using a catal ytic amount of
concentrated hydrochloric acid in methanol to obtain the bis-catechol (3.16).

The bis-catechol (3.16) is then reacted with two equivalents of LZn(OH) to givethe
complex (Tp“"™ MezZn),-OMe, (3.17), as shown in Scheme I11.7. From the lack of fine
structure in the EPR at 77K, the appearance of O-H stretching in the IR at 3420 cm™, and
lack in appearance of C-O semiquinone stretching we concluded that complex (3.17) was not
obtained. The green/white precipitate was then set-up for recrystallization; however, the
solution underwent a color change from green to brown overnight. Several attempts to
obtain crystals were unsuccessful leading us to believe that complex (3.17) isunstablein

solution.

air oxidation

O 0
BORA DG TeSR oS
> LZn ZnL
o o CrClmeoH / / N ~q
OMe OMe OMe OMe
3.16 3.17

Schemelll.7. Attempted synthesis of complex (3.17).
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Upon oxidation of (3.17) with PbO, the triplet species grew in intensity while the

monoradical/double quantum transition decreased in intensity, as shown in Figure 111.31.

AM =2 A

i 1650 171
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v b b v b bl By Wb v v P 1y
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Figurelll.31. Experimental EPR spectrum (77K; MTHF) of bis-semiquinone (3.17)
(bottom) and the AMs = 2 transition near half field (inset). Simulated EPR spectrum
with |D/hc| = 0.00919cm™ and |E/hc| = 0.000804cm™.

Due to the growing AM; = 2 transition near half field, and unsuccessful attempt to
obtain pure (3.17), variable temperature EPR studies were done, Figure 111.32. The Curie

Law plot shows alinear relationship, J > 0, which suggests that the two el ectron spins are
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ferromagnetically coupled or there is a degeneracy of the singlet and triplet states.

Unfortunately, the magnitude of the exchange coupling cannot be measured.
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Figurelll.32. Variable EPR studies on amixture of (3.17) suggests ferromagnetic
coupling of the two electron spins.
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Even with several attempts to use radical anion semiquinones to couple two electrons
spins through a carbonyl-linker, we were unsuccessful in obtaining the magnitude of the
exchange coupling. We believe that the two electron spins are ferromagnetically coupled
from the series of data obtained but synthetic and crystallization techniques need to be
overcome. Several techniques are underway in the Shultz group to produce pure metal -

ligand ions to ensure effective chelation.
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EXPERIMENTALS

All chemicals were purchased from Aldrich chemical company unless otherwise
stated. Methylene Chloride was distilled over CaH,, tetrahydrofuran was distilled over
sodium metal with a benzophenone indicator, methanol was distilled over CaH, ethyl

formate was distilled over CaH,, and pyridine was distilled over CaH..

OH

t-Bu OH

Br

3-tert-butyl-4,5-dihydr oxy-bromobenzene. A stirred solution of 3-tert-butyl-4,5-
dimethoxy-bromobenzene (1.05 g, 3.84 mmol) in dry CH,Cl, was cooled to -78°C. Boron
tribromide (1.82 mL, 19.22 mmol) was added dropwise to the solution. The solution was let
to stir for one hour at -78°C then for 19 hours at room temperature. The mixture was poured
over ice into a saturated sodium chloride solution, extracted, and dried over Na&,SO,. The
mixture was concentrated and put under vacuum for one hour. No purification dueto

instability in air for long periods of time (0.766g crude).
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OMOM

t-Bu OMOM

Br
(3.1)

5-Bromo-1-tert-butyl-2,3-bis-methoxymethoxy-benzene (3.1). Molecule (3.1) was
previously synthesized and characterized.5* A stirred solution of 3-tert-butyl-4,5-
dihydroxy-bromobenzene (0.766 g, 3.13 mmol) and DMAP (0.114 g, 0.94 mmol) in dry
CHCl, was cooled to O°C. Hunig's base (3.27 mL, 18.77 mmol) was added dropwise to the
solution. After an hour, chloromethyl methyl ether (0.95 mL, 12.52 mmol) was added
dropwise to the solution. The mixture was let to stir at O°C for an hour then warmed to room
temperature to reflux for overnight under N,. The mixture was quenched with a saturated
sodium chloride solution, extracted, then dried over Na,SO,4. The sample was purified using
radial chromatography (SiO,, 30-40% ethyl ether/petroleum ether containing 1% TEA) to
give ayellow oil (0.434 g, 42%). *H NMR (CDCl3) & (ppm): 7.18 (d, 1H, J = 2HZ), 7.10 (d,
1H, J = 2.4HZ), 5.16 (s, 2H), 5.15 (s, 2H), 3.64 (s, 3H), 3.50 (S, 3H), 1.39 (s, 9H). *C NMR
(CDCl3) 6 (ppm): 151.04, 145.40, 145.39, 123.86, 120.87, 117.98, 115.86, 115.07, 99.24,
95.62, 57.83, 56.59, 30.55, 30.53.
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OH
MOMO. l l OMOM
MOMO OMOM
t-Bu t-Bu

(3.6)

Bis-(3-tert-butyl-4,5-bis-methoxymethoxy-phenyl)-methanol (3.6). Molecule (3.6) was
previously synthesized and characterized.5* A stirred solution of (3.1) (2.07 g, 6.23 mmol)
in dry THF was cooled to -78°C. Tert-butyllithium (1.7 M, 7.3 mL) was added dropwise to
the solution. After an hour, ethyl formate (0.25 mL, 3.12 mmol) was added to the mixture
dropwise. The mixture was warmed to room temperature and stirred overnight under No.
The mixture was quenched with saturated sodium chloride solution and extracted with ethyl
ether then dried over Na,SO,. The sample was purified using radial chromatography (SO,
30-100% ethyl ether/petroleum ether containing 1% TEA) to give ayellow ail (1.54 g, 92%).
'H NMR (CDCl5) & (ppm): 7.07 (d, 2H, J = 2Hz), 7.02 (d, 2H, J = 2Hz), 5.68 (d, 1H, J =
3.2Hz), 5.18 (s, 4H), 5.15 (s, 4H), 3.64 (s, 6H), 3.48 (s, 6H), 2.72(s, 1H), 1.39 (s, 18H). *°C
NMR (CDCl3) 6 (ppm): 150.26, 145.40, 143.45, 138.63, 119.07, 113.19, 99.18, 95.57,
76.50, 57.76, 56.50, 35.44, 30.71. IR (film from CH,Cl) v (cm™): 3458,
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MOMO. I I OMOM
MOMO OMOM
t-Bu t-Bu

(3.7)

Bis-(3-tert-butyl-4,5-bis-methoxymethoxy-phenyl)-methanone (3.7). Molecule (3.7) was
previously synthesized and characterized.5* A solution with CrO; (1.57 g, 15.66 mmol) and
pyridine (2.52 mL, 31.32 mmol) in dry CH,Cl, was coolded to O°C. After 30 minutes, a
solution of (3.6) (1.40 g, 2.61 mmol) was cannulated into the CrOs/pyridine mixture and
stirred for two hours at room temperature. The reaction mixture was poured into a 1M
NaOH solution, and the organic layer was extracted. The organic layer was then washed
with saturated NaCl solution, extracted, then dried over Na,SO,. The sample was purified
using radial chromatography (SiO,, 20-50% ethyl ether/petroleum ether containing 1% TEA)
to give a brown-white solid (1.15 g, 82%). *H NMR (CDCls) & (ppm): 7.51 (d, 2H, J =
2Hz), 7.50 (d, 2H, J = 2Hz), 5.31 (s, 4H), 5.21 (s, 4H), 3.67 (s, 6H), 3.51 (s, 6H), 1.43 (s,
18H). *C NMR (CDCls3) § (ppm): 194.85, 150.07, 149.69, 143.03, 132.39, 123.69, 116.34,
99.41, 95.50, 57.95, 56.71, 35.55, 30.56. IR (film from CH,Cl,) v (cm™): 1648.

105



o
HO. I I OH
HO OH
t-Bu t-Bu

(3.3)

Bis-(3-tert-butyl-4,5-dihydr oxy-phenyl)-methanone (3.3). Molecule (3.3) was previously
synthesized and characterized.5* A stirred solution of (3.7) (0.098 g, 0.20 mmol) in dry
methonal was let to stir for ten minutes. Four drops of concentrated hydrochloric acid was
added to the mixture then refluxed for 19hours under No. *H NMR ((CDs3),CO) & (ppm):
7.31 (d, 2H, J = 2HZ), 7.29 (d, 2H, J = 2Hz), 1.42 (s, 18H). *C NMR (CD3OD) & (ppm):
197.29, 149.21, 144.68, 135.02, 128.36, 121.86, 114.00, 34.53, 28.66.

(0]
O Q
TpCum, Meco/ \COTpCum, Me
\O/ \O/

t-Bu t-Bu

(TpC"™ MeCo)2-t-Bu

Cobalt(l1)-bis-semiquinone ((Tp~“™ MeCo),t-Bu), (3.8). A stirred solution of potassium
tris-(3-p-cumenyl-5-methyl-pyrazol yl)borate (0.094g, 0.111mmol) and cobalt perchlorate
hexahydrate (0.040g, 0.111mmoal) in dry CH,Cl, and nitrogen saturated MeOH was let to stir
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for 20 minutes. Upon addition of (3.3) (0.020g, 0.056mmol) the solution turned sea bluein
color. After an hour, triethylamine (0.1mL) was added to the solution that turned dark green.
Air was bubbled through the solution for 20 hours, then filtered to obtain a dark green
powder (0.04 g, 84% by weight). Upon crystalization from CH,Cl,/MeOH obtained green
square crystals (0.0035 g, 7%). IR (film from CH,Cl) v (cm™): 2958, 2539, 1548, 1519,
1434.

(0]
O (0]

Cum, Me / \ Cum, Me
TpU™ Memn MnTp<'™
\ — = /

(0] (6]

t-Bu t-Bu

(TpC"™ MeMn)2-t-Bu

Mn(l1)-bis-semiquinone ((Tp““™"eMn).t-Bu), (3.9). A stirred solution of potassium tris-
(3-p-cumenyl-5-methyl-pyrazol yl)borate (0.094 g, 0.111 mmol) and manganese perchlorate
hexahydrate (0.040 g, 0.111 mmol) in dry CH,Cl, and nitrogen saturated MeOH was let to
stir for 20 minutes. Upon addition of (3.3) (0.020 g, 0.056 mmol) the solution turned brown
in color. After one hour, triethylamine (0.1 mL) was added to the solution which turned dark
green-brown. Air was bubbled through the solution for 20 hours, then filtered to obtain a
dark green powder. Upon crystallization from CH,Cl,/MeOH obtained brown/green material
(0.012 g, 8%). IR (film from CH.Cl,) v (cm™): 2957, 2558, 1549, 1520, 1427.
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O Q
TpCum, Mezn/ \ZnTpCum, Me
\ — = /
(e] 6]

t-Bu t-Bu

(Tp="™MezZn)2-t-Bu

Zn(I1)-bis-semiquinone ((Tp"™ M®Zn),-t-Bu). A stirred solution of zinc hydroxide
potassium tris-(3-p-cumenyl-5-methyl-pyrazolyl)borate (0.02 g, 0.03 mmol) and 5b (0.053 g,
0.15 mmoal) in dry CH,Cl, and nitrogen saturated MeOH stirred for one hour. Air was
bubbled through the mixture for one day then filtered to give alight green precipitate (0.025
g, 97% by weight). IR (film from CH.Cl,) v (cm‘l): 3420, 2958, 2543, 1625, 1518, 1426.

OH O

MeO

Br
(3.11)

5-Bromo-2-hydr oxy-3-methoxy-benzaldehyde (3.11). A stirred solution of o-vanillan
(11.10g, 72.96mmol) and sodium acetate (9.1g, 110.89 mmol) in glacial acetic acid was let to
stir at room temperature for 30 minutes. Bromine (3.94 mL, 76.60 mmol) was added
dropwise to the solution. After an hour, the solution was evaporated to dryness and the
yellow-white solid was redissolved in CH,Cl,. The organic layer was then extracted from
deionized water and dried over N&,SO,. The sample was recrystallized from acetic
acid/water to give yellow needle-like crystals (10.02 g, 59%). *H NMR (CDCls) & (ppm):
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11.02 (s, 1H), 9.86 (s, 1H), 7.32 (d, 1H, J = 2.4HZ), 7.18 (d, 1H, J = 1.6HZ), 3.92 (s, 3H).
3C NMR (CDCl3) & (ppm): 195.63, 151.14, 149.53, 126.35, 121.54, 120.99, 119.79, 118.12,
111.28, 56.77. IR (film from CH,Cly) v (cm™): 2359, 1651.

OH

MeO. OH

Br
(3.12)

5-Bromo-3-methoxy-benzene-1,2-diol (3.12). A stirred solution of (3.11) (9.699g,
38.26mmol) in 2% sodium hydroxide (459 mL, 114 mmol) solution was cooled to 0°C.
After 20 minutes, 30% hydrogen peroxide (21.69 mL, 266 mmol) solution was added
dropwise to the reaction mixture. After 90 minutes, 12M HCIl was added to the flask and the
mixture was extracted four times with methylene chloride. The organic layer was then
extracted from saturated Na,SO3 two times and then dried over Na,SO,4. The sample was
evaporated to dryness to give a brown-white solid (4.60g, 55%). *H NMR (CDCls) & (ppm):
6.77 (d, 1H, J = 2.4HZ), 6.61 (d, 1H, J = 2.4HZ), 5.39 (s, 1H), 5.35 (s, 1H), 3.86 (s, 3H). °C
NMR (CDCl3) & (ppm): 147.78, 144.79, 131.99, 112.66, 112.04, 107.31, 56.67. IR (film
from CH,Cl,) v (cm™): 3412.
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OMOM

MeO. OoMOM

Br
(3.13)

3-methoxy-4,5-bis-methoxymethoxy-br omobenzene (3.13). A stirred solution of (3.12)
(4.60 g, 21.01 mmol) and DMAP (0.77 g, 6.3 mmol) in dry CH,Cl, was cooled to 0°C.
Hunig's base (22 mL, 126.04 mmol) was added dropwise to the mixture. After an hour
chloromethyl methyl ether (6.4 mL, 84.03 mmol) was added dropwise to the mixture. The
mixture was let to stir for an hour at 0°C then warmed to room temperature to reflux
overnight under N». The mixture was quenched with a saturated sodium chloride solution
and the organic layer was extracted then dried over NaoSO,4. The sample was purified using
radial chromatography (SiO,, 15% ethyl ether/petroleum ether containing 1% TEA) to givea
yellow liquid (5.45 g, 85%). *H NMR (CDCl3) & (ppm): 6.96 (d, 1H, J = 2.4), 6.75 (d, 1H, J
=2.4),5.16 (s, 2H), 5.08 (s, 2H), 3.82 (s, 3H), 3.58 (S, 3H), 3.49 (s, 3H). *C NMR (CDCl5)
d (ppm): 154.23, 151.79, 135.00, 116.56, 112.80, 110.07, 98.41, 95.51, 57.25, 56.41, 56.33.
Anal. Cacd for C11H150sBr: C, 43.02; H, 4.92. Found: C, 43.54; H, 4.92.
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OMOM

MeO. OMOM

3-M ethoxy-4,5-bis-methoxymethoxy-benzaldehyde. A stirred solution of (3.13) (0.083 g,
0.272 mmol) in dry THF was cooled to -78°C. A 1.7M solution of tert-butyllithium (0.32
mL, 0.545 mmol) was added dropwise to the solution. After an hour, dimethylformamide
(0.21 L, 2.7 2mmol) was added dropwise to the mixture. The mixture was let to stir for an
hour at -78°C then warmed to room temperature to stir for 22 hours under N,. The mixture
was gquenched with saturated sodium chloride solution and extracted three times with ethyl
ether then dried over Na,SO,. The sample was purified using radial chromatography (SO,
10%-100% ethyl ether/petroleum ether containing 1% TEA) to give ayellow ail (0.046 g,
25%). *H NMR (CDCl3) § (ppm): 9.86 (s, 1H), 7.34 (d, 1H, J = 2Hz), 7.19 (d, 1H, J = 2HzZ),
5.27 (s,2H), 5.23 (s, 2H), 3.92 (s, 3H), 3.61 (s, 3H), 3.51 (s, 3H).
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OH
MOMO. l l OMOM
MOMO OMOM
OMe OMe

(3.14)

Bis-(3-methoxy-4,5-bis-methoxymethoxy-phenyl)-methanol (3.14). A stirred solution of
(3.13) (4.75 g, 15.49 mmol) in dry THF was cooled to -78°C. Tert-butyllithium (1.7 M,
18.22 mL) was added dropwise to the solution over an hour period. After an hour, ethyl
formate (0.63 mL, 7.75 mmol) was added to the mixture dropwise. After an hour, the
mixture was let warm to room temperature and stirred overnight. The solution was quenched
with saturated sodium chloride and extracted with ethyl ether then dried over Na,SO,4. The
sample was purifed using radial chromatography (SO, 30-90% ethyl ether/petroleum ether
containing 1% TEA) to give alight yellow oil (3.17 g, 85%). *H NMR (CDCls) & (ppm):
6.83 (d, 2H, J = 2Hz), 6.66 (d, 2H, J = 1.6Hz), 5.66 (s, 1H), 5.17 (d, 4H, J = 2Hz), 5.11 (s,
4H), 3.814(s, 6H), 3.60 (s, 6H), 3.482(s, 6H), 2.44 (s, 1H). **C NMR (CDCl5) & (ppm):
153.34, 150.64, 140.76, 134.64, 107.73, 104.55, 98.35, 95.344, 75.40, 56.95, 56.10, 55.90.
IR (film from CH,Cl,) v (cm™): 3454. Anal. Calcd for CysHs011: C, 57.02; H, 6.66.
Found: C, 56.93; H, 6.71.
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(0]
MOMO. I I OMOM
MOMO OMOM
OMe OMe

(3.15)

Bis-(3-methoxy-4,5-bis-methoxymethoxy-phenyl)-methanone (3.15). A solution with
CrO3(2.97 g, 29.74 mmol) and pyridine (4.79 mL, 59.74 mmol) in dry CH,Cl, was let to stir
for 30 minutes at O°C. A solution of (3.14) (2.40 g, 4.96 mmol) was cannulated into the
CrOg/pyridine mixture and stirred for 90 minutes at room temperature. The reaction mixture
was poured into a1M NaOH solution, and the organic layer was extracted. The organic layer
was then washed with a saturated NaCl solution, extracted, and dried over N&SO,4. The
sample was purified using radial chromatography (SiO,, 30-40% ethyl ether/petroleum ether
containing 1% TEA) to give awhite crystalline solid (2.35 g, 98%). *H NMR (CDCl5) &
(ppm): 7.27 (d, 2H, J = 1.6Hz), 7.17 (d, 2H, J = 2HZ), 5.24 (s, 4H), 5.22 (s, 4H), 3.90 (s,
6H), 3.63 (s, 6H), 3.49 (s, 6H). *C NMR (CDCl3): 194.12, 153.53, 150.42, 139.66, 133.12,
112.12, 108.23, 98.56, 95.44, 57.47, 56.5, 56.40. IR (film from CH,Cl,) v (cm™): 1650.
Anal. Calcd for Cx3H30011: C, 57.26; H, 6.27. Found: C, 57.62; H, 6.33.
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Bis-(3,4-dihydr oxy-5-methoxy-phenyl)-methanone (3.16). A stirred solution of (3.15)
(0.098 g, 0.20 mmol) in dry MeOH was let to stir for ten minutes. Four drops of
concentrated hydrochloric acid was added to the mixture then refluxed for 19hours under N».
The methanol was evaporated off to give agreen film. *H NMR (CDsOD) & (ppm): 6.97 (d,
2H, J = 2.1Hz), 6.94 (d, 2H, J = 2.1Hz), 3.88 (s, 6H). *C NMR (CDs0OD): 196.07, 147.97,
144.80, 139.13, 128.52, 112.01, 105.59, 55.50. MS: C;5H140; caled M + 1 mass 307.1. obsd
307.08.52
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Zn(11)-bis-semiquinone ((Tp““™Mezn),0Me), (3.17). A stirred solution of potassium tris(-
3-p-cumenyl-5-methyl-pyrazol yl)borate (0.222 g, 0.35 mmol) and zinc perchlorate
hexahydrate (0.129 g, 0.35 mmol)in dry CH,Cl, and nitrogen saturated MeOH was let to stir
for ten minutes. A stirred solution of (3.16) (0.053 g, 0.17 mmol) in dry methylene chloride
and nitrogen saturated methanol with four drops of triethlyamine was cannulated into the
reaction mixture. Air was bubbled through the mixture for 24 hours then filtered to give a
light green precipitate (0.230 g, 81% by weight).
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