ABSTRACT

STASIW, DANIEL EARL. ExploringMolecular Electronic StructuréhroughDonor
Bridge-Acceptor Biradicad. (Under the direction of Dr. David A. Shultz.)

Structureproperty relationships are developed through Dddrisige-Accepor (D-B-
A) biradical complexes as models of charge transfer excited states. By using a semiquinone
(SQ donor radical and a nitronylnitroxidBIN) acceptor radical, the magnetic exchange
(Joa) is related to electronic couplingi§a) via a valence bond configuration interaction
(VBCI) model. Through auxochromic substituents, the torsional dependence of electronic
coupling is investigated fgrara-phenykne bridged EB-As. Then, ly varying the number of
bridge units from O to 2, the exponential decay in electronic coupdéirsys radical distance
as well as the electronic coupling of one bridge unit to anatleatermined for olig@ara-
phenylene)opligo(2,5thiophene)and oligo(2,5selenopheneThis is followed by an analysis
of crossconjugated BB-As where he electronic coupling of metaphenylene cross
conjugated bridge isfoundion v o | ve a sgystem tostabilize a sirglet dmad
state Applying conceptof themetaphenyl system to crossonjugated thiophene systems
showssimilar resultsvith more ferromagnetic couplinginally, alding substituentsrtho-
to the SQ angara- to the NN in ametaphenylene bridgedrossconjugded biradical

complex provides single molecule models of quantum interference effect transistors
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l. General Introduction to Donor-Bridge-Acceptor Biradicals

A. Introduction
Throughout this work, exploration of molecular electroniccitrre will provide
detailedinsight into howDonorBridge-Acceptor(D-B-A) biradicalscan provide us
electronic coupling information across organic bridge fragmeitksvarious conformations
and substituent§ here have been promising approadioesntegration of BB-A molecules
into solar energy conversion electrochemical éél{§igurel-1), application for nandscale
molecular electinics* (Figurel-2), as well as understanding the fundamentals of Bonor

Acceptor interactionfom the pespective of superexchangjé

[ DY L
(D—B] Z"E’ A)

Red Red+ ”

Figure I-1. Diagram of solar energy conversion utilizing a photoinduced electron transfer within a D-
B-A molecule. The Donor (D) is photo excited. Then an electron is transferred through the Bridge (B)
to the Acceptor (A). Once in the charge separated state, the D-B-A can participate in other oxidation-
reduction reactions and return to its original state.



U

Figure I-2. Diagram of a circuit containing a diode (right) and the molecular equivalent (left) using
Donor (D) and Acceptor (A) electrodes with an organic semiconducting Bridge (B). The molecular D-
B-A triad acts as a molecular rectifier,® similar to a diode, by only allowing transfer from the Donor to
the Acceptor.

The rest of Chapter | will first focus on prediction of ground spin state of biradicals
and theconceptsnvolved in measuring the electratectron exchange coupling through
electron spin resonance (EPR) as well as magnetometry. Following this, an explanation of
the Valence Bond Configuration Interaction (VBCI) theory used to describe the biradical
electronc structurediscussed in this wonkill be covered. Onca foundation for the
electronic structure dD-B-A biradicals idaid, wewill take a look at howlonoracceptor
biradical electronic structurelatesto photoinduced elean transfer (PET) BB-A systems,
metatmoleculemetal (MMM) conductance deviceand what allows us to make direct
comparisons between the three systdrimally, Chapter | concludes with a discussion of the
evolution of the synthesis of-B-A moleculeautilizing a semiquinone (SQ) donax,
nitronylnitroxide (NN) acceptoand an organic bridge fragment.

In Chapter llwe use the VBCI model to investigdtetorsional dependenad the
electroniccouplingwithin SQ-B-NN biradicals over 7 of thepossibletorsional range.

Using the McConnell modgfor electronic coupling in EB-A systems, we&ompare our

system withsimilar effects inPET system& 3 andMMM single molecule devicé$ Due to



the asymmetric nature of-B-A systems, wshowhowthere is a nonlinearelationship
betweenlpa, and thuddpa, and thetorsion angles in a B-A.
Chapter 11l takes a look at two common bridge backbaslego(para-phenylene) and
oligo(2,5thiophene), which aresed inelectron transport systeraad how the electronic
coupling deceases as a function of distan8¢udies of exponential distance dependence
between donor and acceptor have been studied throug PETandMMM
conductancé® 2! put our system allows faomparisorof the bridgebridge electronic
coupling constantigg, using the McConnell model for electronic coupliBg.utilizing the
information learne@bout electron rich thiophenege can comparé¢he effect of the
heeroatomon electronic coupling distance dependemgexploring theeffects ofother
chalcogenophene bridges commonly used for electron transport devices.
ChapterV switches the focus frommonjugated-B-A systems to the electronic
coupling in crossonjugated BEB-A biradical compleg The first section begins by
comparing the electronic coupling througgra- andmetaphenyleneoridges Bardee®? has
shown thatneta coupled systems extendtha f et i me of ctesahige separ at
Wasielewsk? has shown through photoinduced electron transfer (PET) in weakly coupled
D-B-As that c¢cross conjugation can also provi de
Between Wasielewski and Bardeen,comparison of ektronic couplingneta andpara-
through a benzene ring has been descrilpegiddition, we show how crog®njugation in a
metaphenyl ene ring does not c-systempbutfratherasaesau ni c at

"-system basesipin polarization mechasm to provide coupling instead.



In the second section of chapter, We continue with crossonjugated bridgelsut
move back to the electron rich thiopheneiety. Crossconjugated thiophene systems have
been studied using two homoradié&fSand through single molecule device conduct&hce
but remain unexplored IRET D-B-A systems. Due to our precise synthetic control and the
asymmetric nature of our SB-NN system, wenvestigate howhesign and magnitude of
the exchange couplirthrough a crossonjugated thiophengepends on the location of the
donor and acceptan the ringbridge

The final section of chapter lgxtends our studies ofossconjugated systems and
applies it to heconcepiof a Quantuminterference Effect Transist¢QuIET).2”28While
therehas beetheoretical studies on both QuiHike devices’” 3** there have been no
experimeral studief model systemm By placing electrordonating and electren
withdrawingsubstituent®rtho- to SQ andgara- to NN, the previously studied SQeta
PhenyleneNN system can be used as a model for QUIET systdrese the substituents
affect themagnitudeof electronic coupling between donor and acceptora -gysteen in’

contrast to earlier studi-sygemi mpl i cating the

B. The Utility of Hund's Rule in Predicting Ground Spin-Statesin S > 1/2
Molecules
The most straight fevard method to predict the sign of exchange couplirg ( 0 [
ferromagneticJ< O [ anti ferromagnreddicgalbedmed eAcddet
radical in S@Bridge-NN system is to make use of the simple Hickel MO (HMO) theory
treatment. This is remarkbe since simple HMO theory does not treat spin explicitly!

Nevertheless, HMO theory can be used to predict the ground spin state. The simplest way to



accomplish this is to apply Hund's rdfadund's rule generally states that spin is maximized
for the lowest energy degenerate electronic configurdfiBoth Hund's Rule and the Pauli
Exclusion Principle are derived from electron indistingaility.

Let us consider a system with two Atomic Orbitals (AOs), A and B, containing two
electrons, 1 and 2, where indistinduadlility allows for the symmetric [gatial wavefution
is (Eq.1.1) and the antsymmaeric spatial wavefunction (Ed.2).

1

Y om =ﬁ(fA(1) N2 +4£2 {9) 11
Y ani Z%(fA(l) §(2) 'A(Z) B(ﬂ)) 1.2

Using Eq. (.3) we can determine the energy of the spatmlefunctions as shown in Eq.
(1.4) and (.5) respectively.
_ (YIHY)
(YY) 1.3
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For these energies, a coulomb integra,represented by EJ.§)
j=(FROH | £(2) andj £ FaM |2 A2
and an exchange integrklrepresented by EqL.7).

k=2(f,() {Q)H | A2, @) 7



By considering Eq.I(6) and (.7) in Eq. (.4) and (.5), we get the energy for the singlet

(symmetric) and triplet (antisymmetric) states shown in E§aj) and (.8 b) respectively.

_oLe
Triplet l gl_o

CRD R K

e-erepulsion

_ejtk g.

(a) ESingIet - 8m H—J

-G
k (b)E fhx

Figure I-3. Visual Representation of Hund's Rule (left) and the Pauli Exclusion Principle (right). . a
(green) and . s (grey) are two orthogonal p-orbitals where the brown section is the overlap between
them.

The result from these energies is represented visuaHigurel-3 where the coulomb
integralresults from electroelectron repulsion between (1) and (2) when they are localized
only within the green and grey regions. The exchange integral results fretec¢tren

electron repulsion between the two electrons when they are within the brown region. If we
examine the triplet energy again, we see the exchange integral is subtracted from the

electronelectron repulsion energy which is a mathematical represemiaitthe Pauli



Excluson Principle. We can use Eg&8(a) and (.8 b) to determine the energy difference

between the singlet andgdlet states, as shown in E4.9], to be X.

Esmglet' ETripIet :(J H) (J' k)' 2k 1.9

The consequence of this relationship is that if there is a large oderajiy(notthe overlap
integra) between two orbitals, the electrons prefer to stay aligned parallel to avoid the
electronelectron repulsion inside the overlap region. This is important as this effect can be
seen in interactions between electrons in MOs as well asAOs.

As stated above, this simple AO representation ofd'éurule can be extended to
MOs 28 For a biradical, each electron is contained in separate sirgiypied molecular
orbitals (SOMOSs) that can share overlap density just like two atomic orbitals considered
previously. Overlap between two SOMOs are determined by comparison of Hiickel AO
coeffidents on fragment orbitafé.To make hese comparisons, the molecular version of
Hund's rule uses fragment orbitals just as the atomic version uses AOs. For a more complete
analysis using the molecular orbital Hund's rule, configuration interaction must also be taken
into consideration.. Basauh previous work;*°it has been shown that the overall exchange
coupling due to a molecular version of Hund's rule can be exggressshown in Eql.L0)

4H
U .10

'J = 'JFM +‘JAFM 2ko\b

whereJrwm is ferromagnetic exchange couplidgrm is antiferromagnetic exchange
coupling,2kas is a two site electron repulsion exchange integtas the charge transfer
energy, andHpa is the electronic coupling matrix element that describes the interaction

between electrons in orbitals a and b. Witals a and b are orthogonal, thizau = 0 and the



coupling will be ferromagnetic. A more useful model, one that correlates exchange coupling
with spectroscopic parameters will be presented below, will show that there are pathways for
which the Hpa/U" term provides ferromagnetic coupling. Nevertheless, through MO theory
and Eq. [10), it is possible to have a simple understanding of electronic coupling in

biradicalsystems.

C. Measuring Exchange Coupling in Biradical Complexes
Directly measuring the exchange coupling paramkter systems containing
unpaired electrons is possible through magnetoffetnd Electron Paramagnetic Resonance
(EPR) spectroscopy. The most straight forward method is via a superconducting quantum
interference device (SQUID) magnetometer. Using the HeisefihieagVan Vleck
(HDVV) Hamiltonian in Eq. (.11), we can model a paramagnetic system with two unpaired

electrons.

F - E gl
H_:ii = 2 §$ .11
To work with the HDVV Hamiltonian, the total spin of the system must be described as in

Eq. (.12) where the eigenvalue of& is shown in Eq. [.13).

got:($a$)2E s % 2 i% .12

&Y =9 S 1) 113

Using Eq. (.13), we can determine the towergy of the system iaq. (.14).

ETot: -‘Jij 8Sf’ot( Sot ]:)- q IS 1) + j$-js:l) .14



For a triplet state,a: = 1 and $= § = 1/2. With this fact, Eq(l.14) can be rewritten into

Eq. (.15) for the energy of the triplet.

Eriper = J @-(1 ]# :]/-2( 12 )‘ +/1 e'ﬂ' 2 )1 g+ Jouls 1.15
For a singlet state,rS = 0, and S= § = 1/2. Again, Eq.I(14) can be rewritten into Eq.

(1.16) for the energy ofhe singlet.

ESingIet: 'J@O ]/2(1 2 :)+ J‘iﬂ' 2 ﬁ' a- BDA}t 1.16
By subtracting the energy of the triplet from the enearighe singlet, we obtain Ed.17)
which describes the energy difference between the singlet and the tripletlgnbe 2

3Jp,
2

DEST :ES ET

1.17
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By looking at the mixing between two radical centers, we can see two possibilities as shown

in Figurel-4.

/ A
Acceptor

Donor\ AEsr |2) S=1/2
Y

Acceptor
$S=1/2

S=1/2 _/_

Figure 1-4. Energy level diagrams of a two electron triplet ground state (left) and singlet ground state
(right) with corresponding signs of 2Jpa.

If the triplet state is lower in energyan the singlet, based on EQ1Y{), Joa will be positive.

Similarly, if the singlet state is lower energy than the triplet, Eq.17) showsJpa to be



negative. The electronic coupling constant of a system can be directly related to magnetic
susceptibility through Van Vleck's equatt8ftshown below in Eq.I(18)
g
Na En é IkeT)
(0)
K Ta é E( /kB 1.18

Para ~

whereN is Avogadro's Numbekg is the Boltzmann constarni,is temperature, anf, is the
energy of a given state. Using tH®VV Hamiltonian shown in Eq.(11) and some unit

conversions, we carewrite Eq. (.18) into Eq. (.19)

-Es
N 3;1 S(s+1)(2s4) &

Cpara = 2kBT ~ -Es 1.19
a (2s+1) e’
S

whereb is Bohr magnetor§ is the total spin of a given states is the energy of a given
state, and gsithe electron-gactor which is ~2 for organic radicals. For two electron system

withS=1and S=0,

a -E
_ g%0.125emuK/mot®(0+ 1) ( 2*0 H)e'" {1 }H 2*1 ;LekBT

Para — T e ES |20
& (2*0+1)e" {2*1 :I:)e"BT
3 “Er
_ g%0.125emuK/mote = @*'
Para — T X -Es B .21

@BKBT + 3e|<BT

multiplying Eq.(1.21) by exp(E/ksT) we obtain Eq. (23).
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a (Es-Er)
_ g°0.125emuK/mote @ '’
Para — T x (ES' ET) |22
KeT
e

Looking backat Eq. (.17), wesee that Eq.(22) can be modified to Eql.23).

2 2Jpp

a
_ g°0.125emuK/mote @'’
Para — T e 2Jpa 1.23
ksT
A

Alternatively, if we assume the triplet state is the ground state, we can arbitrarily hssign t

energy ofEr to be zero converting Eq.17) into Eq. (.24) and Eq. ((21) into (1.25).

I:EST :ES "-0" ZdDﬁ .24

. g?0.125emuK/imol, €
Para — -E
T E 1.25
c%ekﬂT +3€

Simplification of Eq. [.25) by substitution of Eq.(24) results in Eq.I(26) which is

equivalent to Eq.1(23).

3 920.125emuK/mogLe 6

para = T “2don 1.26
kgT
ce™ +3

Theoretical plots of various valueshfa used in Eq.1(26) are shown on the left side
of Figurel-5and <cl ear | y s howpatvargus taniperdturetfdy<Oof pl ot t i |
However, wher > 0 the difference between data for 100 cm' and ford = 5 cm is small
which makes accurate fitting difficult. Commonly for compds withJ > 0, magnetometry
dat a i s 1 n sddevarsus tpniperdtureeas shawton tise right sidagofrel-5.

With a more obvious difference in data for compounds With0, accurate fitting becomes

11



easier to visualize. The purple line in tegral versus temperature plot represents the value
of two uncoupled monoradicalsA2375 emu K / mol) to which all vaés ofJ approach at

high enough temperature using this model (sed.EqQ.

01 T4 tembeserebrened—e—f——————1
] ..‘“Q"be. e ey
3 2 - * a
0.08 4 084 i ¢ J=500
= - o o 2| o J=250
:g 8075 ,d""“"""“" EASEERT RE
- — of e ©
£ 0.06 c 064 ¢ xS -
2 =) ° o e J=410
E . .
= 004/ Stk o ral | § e
k- — o e J=-100
o5 5 . = e 1=250
* . =5
0.024 . e -
® ‘e. . e s
.QQ - . ®
B T 0 " 5. :
0 5 10 15 20 25 30 35 40 0 50 100 150 200 250 300 350 400
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Figure I-5. Theoretical plot of Gpara Versus T for -100 OJoa O+100 cm (left) and GparaT versus T for -
500 cmt OJpa O+500 cm-! (right). Purple line at 0.75 emu K mol-1 in raraT plot represents the value
all theoretical lines are trending to at high temperatures for two S=1/2 radicals (see Eg. 1.27).
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Practical magnetometry measurements are commonly influenced by structural

5 8.75emuk/mc
: 1.27

QD!
|

elements of the sample and thus may require additional fit parameters to accurately describe
the data collectedddditional common fit parameters include a Weiss correctipmvbich

describes weak intermolecular interactions and monoradical crystalline defects (0.375/T). We
can include these additional corrections in EQ6] to form Eq. (.28) and Eq. (.29) where

X is the mol fraction of pure biradical.
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Alternativelyto magnetometryEPR can be used based on the same principles. We
have established for a two electron system there is a singlet state @pand a triplet state
(Srot = 1). For a triplet state in EPR spectroscopy, the magnetic field splits the degeneracy as

shown inFigurel-6.

I ........ Ty mg=+1
e | e Amg=1
S ,“ .......... | Amg=2 e To mg=0
...................... Amg=1
............... Ty, gt
5 >

FieldStrength =——>

Figure 1-6. Spitting of a degenerate triplet state (left) into ms = -1, ms = 0, and ms = +1 states.
Allowed gms = 1 transitions (green) and forbidden §ms = 2 transitions (red) also shown.

EPR will only measure paramagnetic signals so we can use a Boltzmann distribution to

determine the relative concentration mplet states given ikq. (.30).

13



T ng+n 1.30

EPR intensity is directly proportional to paramagnetic susceptibilithé Curie laff as
shown in Eq.I(31)

, C
IEPR Crana —? 1.31

whereT is absolute temperature a@ds the Curie constant. The Curie constant is a physical
constant specific for the type of material. The result aflwoing Eq. (.30) and Eq. (31) is

shown in Eq. (32).

l EPR ¢ Para - Eg - B 1.32

By multiplying by exp{Es/ksT) and substituting the result Bfj. (.17), we obtain Eq.1(33).

(Es- Er) 2Joa
. C 3e ' C 3¢k’
epr € para T Es&) T 230 .33

1+3 T 1+ 3T
With Eq. (.33) we have a correlation between EPR intensity and the electronic coupling
constantJpa. This allows us to measure small valuedf using variable teperature EPR

spectroscopy.

D. Electron Paramagnetic Resonance of Biradicals
For nitronylnitroxides, EPR plays an important qualitative role as they have a distinct

5-line hyperfine EPR pattern that can be contrasted with@dguct imino nitroxide's-line

14



hyperfine pattern. Biradicals nitronyl nitroxides are also unique as they shdiweadattern

with a reduced hyperfind={gurel-7).#>*3Using he spin Hamiltonian in Eql.84) from

F=gmB (s, +S,) €54 1) s ! -

Atherton?® we can determine the effect an S = 1biradical has on the apparent hyperfine
coupling observed in the EPR spectrum. By choosing the basis fun&idvis M1, M>>
whereS s the total spinMs is the spin quantum numbéd, is the nutear spin on atom 1,
andM: is the nuclear spin on atom 2, we can generatatax that representsqg. (.34) as

shown in Eq.I(35).

11,1, My, M> |1,0, My, M,;>|0, 0, M, M,> [1,-1, M, M,>
<1,1,M, M| [ 32 +Mp) +gByus +
<1,0, My, M, | 0 — -a My - M
<0,0, M,, M, | 0 Lam -M _ 1.35
<1,-1, My, M, | 0 0 0 La (M +Mp) - gByup +

For a biradical witha << J, the off diggonal elements of equatioh35) can be ignored and

the energy of th§ Ms = 1,gM, = O trangiions are as shown in Ed-36).

F 1 36 &
DE -859’7%3) 42’3('\/5 M) z+g@ .36

As a consequence of the quantum mechahroaigh the total spin of the stgm triplet

biradicals have a splitting a2 (half the hyperfine of a monoradical). At a quick glance, an

ideal EPR spectrum becomes a useful tool to determine the presence of different possible

radical moieties.
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Figure I-7. Simulations of imino nitroxide (orange, an = 9 gauss, 4.5 gauss), nitronyl nitroxide (blue,
an = 7.5 gauss), and SQ-para-phenylene-NN (green, apparent an = 3.6 gauss).

E. Donor-Bridge-Acceptor Valence Bond Configuration Interaction Model
As discussed previousliAMO theory is useful for predicting ¢hsign of the
exchange coupling; howeveapectroscopic transitiormeobserved between states, not just
MOs. We can therefonmore accuratelgescribe th®-B-A system using a &ence Bond

Configuration Interaction (VBCI) modéf:"44
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Figure 1-8. Electronic couplings with representations of respective fragment orbitals (left) and VBCI
state interactions (right). Hpa is the electronic coupling matrix element describing the mixing of ground
(GC) and excited configurations (CTC), U is the average ground to excited state transition energy, Ko
is the single site exchange integral responsible for the excited state singlet-triplet gap, and 2J is the
difference in energy between the ground state singlet and ground state triplet.

The VBCI model uses configuration interaction, the mixing of states of the same symmetry,

to determine the exchange cting, Joa, between the SQ Donor and the NN Acceptor and
importantly relate it to the electronic coupling matrix elemei. In Figurel-8, we see an

energy levetliagram for both electronic coupling matrix elements as well as the

configurations derived from the VBCI mod&l.’ In this model, NN SOMO and SQ SOMO

are orthogonalH11 = 0) but NN LUMO and SQ SOMO arentteil 0) . Using thes

fragmentorbitals, Eq(1.37) was derived.

2JDA:UZ_ KZ .37
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whichis simiar to the four orbital model developed by Girétth Eq, (1.37), Joa is the

exchange coupling constaH, is a single site excited state exchange integrallaisdhe

mean charge transfer energy. The consequence hbet i8ithout any excited state

interactions, the ground state singlet and triplet are degenerate. However, using configuration
interaction the VBCI model mi xes excited CTC
GCs which split the previously degenerate gobstate singlet and triplet bylza. The most
important fact that stems from this VBCI model is thandKo are obtainable through

electronic absorption spectroscopy addsAs obtainable through magnetometry/ 046

Through the VBCI model and Ed.37), it is possible to calculate the electronic coupling

matrix elementpa, the value that directly relates the strength of coupling between two
radicals, througldirect experimental measurement. It was then shownitie the magnetic
exchange and electronic coupling are directly related to one anotkgossible to use the

ratio in Eq. (.38) to compute the electronic coupling ofPMZn(SQPhNN), and thus

any synthetically viable bridge, to within 10% of the electronic coupling determined by also

measuringJ andKo to calculateHpa.’

2
JSQ B-NN _ H SQ -B NN
2
JSQ NN H SQ- NN e

F.  Photoinduced Electron Transfer,Single MoleculeScanning Tunneling
Microscopy Break Junction Devicesand, Donor-Bridge-Acceptor Biradicals.
As electronic devices become smaller, components contained within these devices
must become smaller as well. One candidate for miniaturization is molecular electronics,

since molecules are naturally naswopic. DonoBridge-Acceptor (DB-A) systems have a

18



direct correlation with electronic devices involving electron transport acisiegla
molecule bridge where the donor and acceptor can be thought of as eletTbdesare
three equally effective ways to studyBA systems inluding PET in BB-A molecules,
metatmoleculemetal (MMM) conductance, and stable biradicaBBPA complexes. All three
provide insight into the electronic coupling matrix elemeétify, which measuresie
interaction of Donor and Acceptor.

Our approach to studying-B-A i nt eracti ons and one tha
adiabatic coupling r egi m®&-Abiradical igammigycempnsed al c o
of semiquinone (SQ) Donor and nitronyl nitide (NN) Acceptor studie#’#"*8These S@

Bridge-NN biradical BB-A systems are nominally growstiate analogues of photoinduced
chargeseparated states in analogous PEB-Bs which allow for a direct probe of the
electronic coupling beteen the donor and the acceptor as well as any bngkated

effects on this coupling. As discussed previously, we have developed a straight forward
valencebond configuration interaction (VBCI) model which correlates the greatiaie
exchange coupling nasured by magnetometry to the electronic coupling matrix element for
the SQ donor to NN acceptor interaction.€fftectivelycompare our method of studying D
B-As with others, we must understand how PET system$iaadk junctiorconductance

systems relattheir experimental methods to the do@agrceptor electronic couplingipa.

1. Photoinduced Electron Transfer and Electronic Coupling
Usi ng e xystemsdile thosé iRigurel-9, PEThasbeen used to explothe

effect of torsion angle on electronic coupli;*?>! substituent effectsn electronic

19



coupling®°2°3and crossonjugatio® in D-B-A moleculesPET in DB-As, accomplishes

this by charge separated excited states.

R-0O
52~
059 0s0ses

(0] @)

O Y

Figure I-9. An example of a compound used for PET studies.’

ForexampleWa s i el ews ki has shown several Blgaructur
which can be determined by fast kinetics in the gmes of a static magnetic field via the

exchange parametelipa.1223495%6 The process of PET can be seen in a simple form in
Figurel-10Phot o exci tati on ¢ ¢naPBona{ D*yB-Apwhichc eeds t hr
undergoes electron transf efr-B-A ¢(biradical). Thet he ¢ h a
electronic coupling is determined kinetically by making use of the energy gap between the

singlet and triplet states of the transient chaggarated biradical. Thesé-B-A"

photoinduced states are challengingto studyastfi@® c har ge separ ated st e

transient.
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D-B-A

Figure 1-10. An example Jablonski diagram of a PET system with one bridge unit. kcs is the charge
separation rate constant, kst is the rate constant for the intersystem crossing from singlet to triplet,
and Kkcr is the charge recombination rate constant.

The rate constamheasuredby PET is then related to electronic coupling by EG9

developed by Marcdand widely used for studying electroarsferrate constants.

o ol & ()
T ot KT expéi 4 K,T .39

Here, ket is the electron transfer rate constanis the reduced Planck's constaatjs the
Boltzmann constangis reorganization energy¥ is temperature in K, angiGP is the Gibb's
free energyhange for the electron transférquick glance at this equation shows us #at

is directly proportionato the electronic coupling squarétipa?.

2. Metal-Molecule-Metal Conductanceand Electronic Coupling
Conductanced) measurementcross MM junction has been used by a wide
variety of groups to study molecular wire behavfbi torsional effects of the bridgé and

molecular electronic® % The MMM system is also commonly used as a theoretical basis to
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study electronic coupling of different bridge fragmefit&:6367.7%0 Conductance
experiments are usualperformedoy a combination of layering a thiol or amine
functionalized organic bridge fragment ogad substrate and usiggold plated probe in

scanningtunneling or atomic force microscopg shown by the examplekigurel-11.

M

HS

Figure I-11. An example of a break junction conductance device. The yellow circles on the right
represent gold atoms on a surface with one end of a thiol terminated bridge covalently bound to it.
The yellow circles on the left represents a gold covered STM tip interacting with one of the thiol
terminated bridges.

By bringing the probe close to the substrate, the functionalized bridgels are already

covalently attached to the substraémcovalently attach the other end of the britig¢he

probe. If an electric bias is applied, the conductance (1/resistacbgeaneasured for the

system. To ensure the conductance measured is through the functionalized bridge and not just
from substrate to probe, the prabenoved away from the substragtretching the bridge

between the metal contactstil the connectiotetween the probe and the bridge breaks

causing a sharp decrease in the measured conductance. By performing this measurement
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thousands of times, the average conductance for a functionalized bridge can bmeéterm
Relating the conductance measuirethis fashion to electroo coupling through the bridge

can be accomplished throuBly. (.40).3% 8

:I%|GDA|2 G 4 1.40

Here,g is the measureMM conductance determined through break junction techniques.
e? i«the conductance quantuii andiia arethe widths of the donor and acceptor energy
levels as modified by thetoupling to metal electrodeGpa is Green's function for the

donoracceptor interaction which contaiekectronic coupling (Eq. .41):8?

HDBLHBhA

GDA:(E- E - 8)(E B (f))(szl” .41

whereHpg: is the electronic coupling between the donor and the first bridgeH#ai,is the
electronic coupling between the last bridge unit and the acc&p®the Fermi energyo
andEa are the energy of the donor and acceptor respectiely,andZ.® are the self
energies of the donor and acceptor, &aglis Green's function of bridge units to each other.
These nearest neighbor electronic couplings have been related by McConnell feBahy D

system through a secoider perturbation theory as shoimrgq. (.42).°

1.42

The electronic coupling between donor and acceptex)(is directly proportional to the
electronic coupling between each nearest neigttes, Hsa, andHgs) where the number of
bridge units in theystem isn. opis the energy required to either transfer an electron from the

donor to the bridge LUMO (electron transfer) or transfer a hole from the acceptor LUMO to
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the bridge HOMO (hole transfer). The difference between electron transfer and hoker transf

is described graphically iRigurel-12.

Electron Transfer

I 8 _

Yyt —gt —y

1
B A D* B A D* B

> |

D

. J@o — I . o0

T /1 L i
W/ L, L

D B A D B* A D* B A
Hole Transfer

Figure I-12. Electron/hole transfer mechanisms for D-B-A systems.

Through Eqg. (41) and (.42), we can see how EJ.40) relates the measured conductance,

g, to the donomacceptor electronic couplinglpa.

3. Connecting PET, Conductance, and Biradicals Through Electronic Coupling
As shown aboveRET rate consints MMM conductance, and the magnetic exchange
in SQNN biradicals all provide a means to calculldig. In fact, Ratnéi* and Nitzaf®®
haveevenshown thatonductanceq) is proportioral to the electron transfer rate constant

(ket) which are both proportional to the doramceptor electronic coupliriipa). It then
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stands to reason that if conductance and PET can be directly related through electronic
coupling and our VBCI model (E4.37) relates magnetometry of coupled biradicalbiia,

then biradicals can be directly related to both conductance and PET rate constants through
Hpa. ThusPET, breakunction conductance, and biradical magnetic exchanggirectly
relatable, as seen Figurel-13, with each having its own strengthnd weaknesses

determining the electronic coupling across various bridge fragments.

g X HIZDA R hr

I-B‘Jé
Large H,, = facile electron transfer/transport

Small H,, = quantum interference or rectifier
behavior/slow ET

Figure I-13 Relationship between PET rate constants (kovy A), MMM conductance devices (g), and
electronic coupling (Hpa?).
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G. Development of Versatile Synthetic Routes to DoneBridge-Acceptor Biradical
Complexes

As with most chemical synthes there are multipleays of attaining the desired

compound. Our first meth8%lused to synthesize FH"MZn(SQ-NN) involved a wasteful,

but successful procedure as showrschemd-1.

~
OH 1.) HyPO,, PPA OH
0 2 ): -BuOH t-Bu O (CHy),S0, K,CO, +Bu O
S e e
CH;Ctz 15 C 78 C Acalone, reflux
g r
94% 18% 59%
1.)BBry i 1.) Hunig's Base, DMAP
2. )Hzo t-Bu OH 2 momc t-Bu
CH,Cl,, -78Cto RT CH,Cl,, reflux
Br
86% 2%
OH
1.)t-BuLi OMOM
OMOM
v 2.) DMF t-Bu OMOM t-Bu tBu OH
t-Bu OMOM Mo calH H,0 _OH
THF, 78'CIoRT MeOH, reflux T MeOH, reflax
] HO~p 7\ -OH
68% 58% 55%
'—‘é Cum Ne
ol ,Z\nTp
Zn/N_ t-Bu 0
| N OH
CHCI.JH,O 0'C N MeOH
. - o
‘N N-O ‘N/ N'O O-NZ -0
88% 70%
Zn{OH)TplumMe

Scheme I-1. Synthesis of TpCumMezZn(SQ-NN) via bromoguaiacol starting material.
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Thetert-butylation of the benzene rivgaslow yielding and produced a lot of waste. To
produce just ~10 mg of product requiredmanimum, ~1 gram of starting material. Our
second methdd’#"®has used a the synthetic route shows¢hemd-2 using the

previously synthesizeplara-phenylene bridge as an examglis synthesis requires

protection of the reactive catecholate moiety forEBr@ge-NN biradicalsyntheses due to
thetert-butyl lithium being used. There are two issues with this seocmnté. First,

throughout this "traditional synthesis" there are several instances where chromatography is

required to purify the resulting product.
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OH 1) MOMCI il < 0" o” e OH
t-Bu — 18U -8 s | A Rle s ST
Hunig's Base M ! Br DC). OH
DMAP 2) B{(OMe), THF
DCM, 0°C 3) 30% H,0,, AcOH
2)Reflux 18 h Br
87% 95% 98% 95%
o ki o ' OH

OH
OH

0 ~o” \ _OH t-Bu OvO\ t-Bu O
tBu O 'nmomer Pd(PPha)s H*, MeOH
- _—
Humg s Base Cs,CO3 :

reflux, 18h
DMAP, DCM, 0°C o Toluene, 60°C O O
r 2) reflux 18h
CHO CHO
80% 59% 94%
OH O/z\nTpCum.Me
t-Bu t-Bu OH teu. M o

t-Bu
O O I, Buffer (pH = 7) O TpCumMezn(OH) O
MeOH 24n Et,0, 0°C MeOH/DCM (1:1)
O ‘ O 1) N, 2) air O

@ 0 @ o
80% 91% 25%

Scheme I-2. Traditional synthetic route to synthesize TptumMezZn(SQ-Ph-NN) as previously
reported.88

Although this is common, it iwasteful due to the amount of solvent required. Second, the

use oftert-butyl lithium restrits the scale at which this synthesis can be performed safely

due to its pyrophoric nature. There are also two protection/deprotection steps using

met hoxymet hyl chl oride (MOMCI), an expensive
protecting group, which arequired due to the use of potentially coordinating metals during

specific synthetic steps. While this is necessary for the traditional synthetic scheme, it adds

time and materials required to the proc&s&en though the traditional route is proven and
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trusted, it can be improved through a new methodology we developed with the use of a safer,

cheaper, and easier to synthesize oxidaradoxybenzoic acid (IBX).

OH
|BX O N623205 t-Bu OH
DCM DCM EtOAC H,O
-40°C r.t., 48h
Br

5, 95% 6, 80% 7,95%
OH
t-Bu OH MOMCI \/ N t-Bu \/ N
Humg s Base o Pd(dppf) CI2-CH2CI2

B DMAP DCM, 0°C 2M KOAc, THF

2) reflux 18h 4A Mol. Sieves

reflux 48h

7 8, 96% 9, 45%

Scheme I-3. Improved synthesis of 9 via IBX oxidation, sodium meta-bisulfite reduction.

IBX had been used by Magdziakal for its utility in converting phenols into-
quinones then reducing those quinones-tatechol$® This appeals to us since we can use
2-tert-butylphenol to produce the catechol molecules we desire on large scales with minimal
danger and waste. Initially, IBXag used to improve the efficiency of synthesiBra;nd9
as shown irschemd-3. As implementation of this new scheme developed, some
modifications to the synthesis had to be made. The new scheme encountered some
unforeseen complications from an old purification techaigsed to purify aldehydé&S.

When compound2was subjected to a saturated solution of sodium-stdfite, the
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exposed aldehyde produced an adduct thgtsodium bisulfite formed from decomgition
of sodium meteisulfite as seen in
Schemd-4. To avoid the aldehyde adduch alternative reducing agent was found-in

ascorbic acid!

2 -
o 7 o .0 0 HO.__50,Ma
2 Mgt ;S—S—'Cl HO "% +Na* + Na' HD’S‘:‘-;:, R-CHO 1’
’ L]
o0

Scheme I-4. Aldehyde adduct formation from decomposition of sodium meta-bisulfite.

A final difference between the new route and the traditional one is the iodine oxidation step.
The new route eliminates the need for a phase transfer catalyst by changing the solvent from
dichloromethan¢o diethyl ether based on a suggestion by formetdpotoral associate Dr.

Kira Vostrikova Originally, the phase transfer catalyst was used to ensuoeild interact

with the aqueous phase to carry out the oxidation and avoid makikig\wever, diethyl

ether can dissolve threactants just as easilg dichloromethanand thus eliminates the need

for a phase transfer catalyshce diethyl ether has partial solubility in watkgain using a
phenylene bridged {B-A as an examplgn improved scheme for F"MZn(SQpara-

PhenyleneNN) with yields is sbwn in Schemd-5.
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HC _.JC'H i-Bu [ t-Bu l
2M K00, . ,{,o
'3""': Pd{FFh). O OH FeT 24 hrs ‘
T0=C, 24 hrs
0% "H

o °H
4 5, 98% 10 11, 70% 12

OH
t-Bu OH OH
CIH @ O
Asmrblc Acid HG-NH HN=OH MoOH 1o pH =7 Buffer
TTHRIHO H,0 RT, 24 hrs E1~0 iR
HO~y G,Nx NGO

%

12 13, 65%
OH H@ Coum e
! ZnTphum e
M.-—-—"B C"'-’
HEu oH "Lrhh/ H-‘”“ra! % t-Au. r_l-
C [, i 8
I W OH T
O + MaOH
RT, 2 brs G
Ot a - .
“NEN Oy -0
ZI'I{GH}TPC"'“-"E
15 1-pPh, 25%

Scheme I-5. Improved synthetic scheme to TpCumMeZn(SQ-pPh-NN) (1-pPh) which obviates the need
for protecting groups.

The new synthetic route has been used successfully to synthesBedg&®NN
biradicals containingvith a wide variety of bridges which will be discusskughouthis
work with consistent results. Several important comparisons between the new rotite and

old route can be found ifablel-1. Not only is the overall yield is higher, but also other
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experimental factors such as fewer steps, less expensive masgmbless solvent required
for purification prove the new scheme to be far superior to the traditional method.
Through the discovery of a simple oxidant in the literature, we have been able to
improve the synthesis of most, if not all, current and fuB@eBridge-NN based doner
bridge-acceptor biradicals as well as effectively halved the time required to complete each
synthesisBy using parts o6chemd-3 andSchemd-5 interchangably in the synthesis of
new SQBridge-NN biradicals, we have also allowed for adaptability of the synthesis to
unstable conditions such as reactivenques or instances where IBX cannot work because

the complex is too electron withdrawing.

Table I-1. Synthetic route comparisons based on yield, purification, protections, number of steps, and
approximate time to final product formation.

Bromoguiaco| Traditional
IBX Scheme (I-5
Scheme (I-1| Scheme (I-2 (
Overall Yield to
0, o) o)
Cat-mPh-NN 1% 25% 30%
Chromatographl 5 4 1
Purifications
Protectlorls / 4 5 0
Deprotections
Number of Stepp 10 10 7
Approximate
Time to Produc 10 12 6
(Days)
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H. Experimental

General Considerations Reagents and solvents were purchased from commercial
sources and used as received unless otherwise fdtadd'*C NMR spectra were recorded
on a Varian Mercury 400 MHz or a Varian Mercury 300 MHz spectrometer at room
temperaturetH and*3C chemical shifts are listed in parts per million (ppm) and are
referenced to residual protons or carbons of the deuteratedisoirespectively. Infrared
spectra were recorded on a Bruker Vertex 80v spectrometer with Briker Platinum ATR
attachment. Elemental analyses were performed by Atlantic Microlabs, Increésighution
mass spectra were obtained at the NCSU DepartmenterhiStny Mass Spectrometry
Facility. Compound$,%2938,7:889 94 14,788 1578 1.pPh,”88 o-jodoxybenzoic acidlBX ),%°
2,3-dimethyk2,3-bis(hydroxyamino)butaneBHA ),%° andZn (OH) TpcumMe % were prepared
according to publishedrpcedures.

Synthesis of5-bromo-3-(tert-butyl)cyclohexa3,5diene-1,2-dione (6). To a 100
mL pear shaped flask, 3.00 g (13.1 mntolyas added with about 20 mL DCM and 3.68 g
(23.12 mmol)IBX. The flask was sealed with a rubber septattached to a nitrogen linend
allow to stir overnight. The reaction was checked fongletion vialH NMR in CDCk and
TLC by taking an aliquot from the reaction mixture and filtering it through glass wool/Celite
in a glass pipette. Once the reaction was completaeaction was filtered into a separatory
funnel where it was diluted witbthyl acetate, washed three times with saturated NaHCO
solution followed by saturated NaCl, and the organic layer dried owS&Oyal he solvent
from the collected filtrate was removed under reduced pressure to yield 2.93 g cofdpound

(92% yield).The white solid collected by filtration into the separatory funnel was determined
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to be 2iodosobenzoic acid byH-NMR and was collected for reuse in futusédations.*H
NMR (CDCI3,4): 6.87 (d, 2.2 Hz, 1H), 6.79 (d, 2.2 Hz, 1H), 1.27 (s, 9H). IRcrb660 (s,
C=0).

Synthesis of5-bromo-3-(tert-butyl)benzenel,2-diol (7). In a 250 mL separatory
funnel,6 was dissolved in diethyl ethand washed twice wit100 mL saturated N&Os
followed by 100 mLhalf-saturatedNaHCQ; solutionthen 100 mL saturatedaCl solution
The organic layer was collected, dried oMeeSQy, and the solvent removed under reduced
pressure to yield 1.90 g of compoun{b5% yield) Characterization of matches reported
values®®

Synthesis of3'-(tert-butyl) -4'-hydroxy-[1,1'-biphenyl]-4-carbaldehyde(11). To a
50 mL Schlenkflask, 1.00 g (4.36 mmolOwas added with 782 mg (5.23 mmbland a stir
bar. The reaatn flask was transferred into the glove box where 273 mg (0.24 mmol)
tetrakis(triphenylphosphine) palladium(0) and ~15 mL THF were added. The reaction flask
sealed with a glass stopper and removed from the glove box. To a 25 mL round bottom flask
a 2M soution of potassium carbonate was bubbled with nitrogen for 1 hour then added via
syringe to the reaction vessel. The reaction was refluxed 16 hours and checked by TLC (75%
EtO in hexanes). The reaction was stopped by addition of ~10 mL deionized water wit
stirring in air for 30 minutes. The reaction was transferred to a separatory funnel and washed
with saturated sodium bicarbonate then extracted with DCM. The DCM extractions were
dried over sodium sulfate and the solvent was removed under reducederélsuwesulting
brown oil was patrtially dissolved in diethyl ether and filtered through medium porosity

sintered glass. Approximately an equal volume of petroleum ether was added to the filtrate
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and again filtered through medium porosity sintered glass.sblvent was removed under
reduced pressure yielding a yellow solid which was recrystallized from warm toluene to yield
834 mg of compound1 (75% yield).!H NMR (CDCk, 1): 10.03 (s, 1H), 7.92 (d) 8.2 Hz,
2H), 7.71 (d3J 8.2 Hz, 2H), 7.55 (4 2.3 Hz, 1H), 7.16 (dd) 8.3 HzJ 2.3 Hz, 1H), 6.77
(d, 3] 8.3 Hz, 1H), 5.04 (s, 1H), 1.38 (s, 9H).

Synthesis of5'-(tert-butyl) -3',4'-dioxo-3',4' -dihydro-[1,1'-biphenyl]-4-
carboxaldehyde(12). To a 50 mL pear shaped flask, 593 mg (2.33 mibgnd 1.33 g
(4.75 mmol)IBX were added with 5 mL DMF and stirred shielded from light. After about 30
minutes the solution changed color from light yellow to green. The reaction was refluxed
overnight and checked by TLC for the absence of starting material. Once all of the starting
material had been consumed, the reaction was poured into 200 mL water, transferred to a
separatory funnel, and extracted with ethyl acetate. The organic phase was washed th
times with saturated sodium bicarbonate solution then three times with half saturated sodium
chloride solution. The organic phase was then collected, dried over sodium sulfate, and the
solvent removed under reduced pressure to yield compfwtich was used directly in
the next step.

Synthesis of3'-(tert-butyl)-4',5'-dihydroxy -[1,1'-biphenyl]-4-carboxaldehyde
(13). Ensuring ndBX or starting material remainegyinonel2was dissolved in 10 mL
THF and 328 mg (1.86 mmol) ascorbic acid was dissolved in 10 mL deionized water. The
two solutions were mixed in a separatory funnel causing the green color from the quinone to
fade instantly to light yellow. Satated sodium chloride solution was added and the product

was extracted by ethyl acetate. The organic phase was dried over sodium sulfate and the

35



solvent removed under reduced pressure. The product is purified by flash chromatography
(20% ethyl acetate in Ranes) to yield 401 mg of compouhd (86% vyield).!H NMR data

collected for compoundi3 matched the reported synthe¥is
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I. Experimentally Illustrating McConnell's Electronic Coupling Model
Through Independent DonorBridge and Bridge-Acceptor Torsions in

Donor-Bridge-Acceptor Biradicals

A. Introduction to Electronic Coupling Torsional Dependence in DoneBridge-
Acceptor Biradical Complexes
"-Orbital overlap in conjugated organic dofwidgeacceptor (BB-A) triads plays a

vital role in determining the magaode of electronic couplingdpa, which is central to
understanding intramolecular electron transfer and electron transport inrsioigieule
electronic deviceszrommolecular orbital O) theory, we understand that conjugation
b e t wesgstems provideadelocalization pathway acrosmlecules comprised of
mu | t ispslerasStieitwieset’ shows that the overlagf two p-orbitalsinteracting afin
angle «is dependent as the cosine of thagle asllustratedin Figurell-1. Since the overlap
density is directly proportional to the electronic coupling in a mole€utes electronic
coupling in a twisted system must also be proportional to the cosine of the dihedral angle

between connecting units.
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Orbital Overlap Density
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Figure II-1. (Left) The interaction of two p-orbitals at angle «. (Right) The overlap density between the
two p-orbitals as a function of angle «.

Wasielewski® has showmising oligo(phenylenethylenejbridged BB-A molecules
that PET derivedHpa values follow a cosine dependence for each nearest neighbor

interaction within the BB-A system (Eqll.1).

1.1

If we input Eq. (1.1) into Eq. (.42) from chapter I, we obtain Edl ) which describes
electronic coupling betwedtips, Hea, andHgg as a function of the tamn angles within the

molecule.

oo = Hpg €O ) Hea CO§ £,) &H o5 COE f) n§l
DA — D 0

D gf 1.2

Similarly to Wasielewski's workHarrimart***and Wenge# have shown torsional
dependence dfipa values derived from PET rates, while NewfSnlescribed a modified
McConnelP superexchange modalc count i n-@gnfdoi komnhri butions.
inherent connection between intramolecular electron transfer rates and elecsportran

singlemolecule device&®>Mayor'*®*has shown a torsion dependence of conductance for
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singlemolecule electronic deviceShesereports of bond torsion attaation of electronic
coupling,and by relation, exchange cougirelectron transfer rate constants and
conductance in sgle molecule electronic devicdsave been plotted &pa vs. co$ or

cogf. However, whetthe donoracceptodyad is asymmetric, the McConnell model

dictates thaHps must be dferentthanHga as per Eq.I{.2). For exampleby replotting
reported data from Harriman igurell-2, we can see thdiscrepancyetweenpublished

data and McConnell's modélarriman's BB-A system is designed so that they can assume
the torsion angles between the donor and the bridge as well as the bridge and the acceptor are
always fully @njugated ¢ = 0°) through the ethyne linkers. By this logibe only torsion

angle that should effect the electronic coupling is the one between the phenyl rings on the
bridge. By controlling the degree of torsion synthetically with a bridge linker vileeg able

to develop a plot of electronic coupling versus torsion atdfeve look back at Eq.I(.2),
assume cospg) = cos(sa) = 1, and assume the orige coupling with torsional

dependence is the one between the two phenyl rings, we gét.Bowbich shows a linear

relationship between the electronic coupling arddéiculated torsion angle.

H — HDBH BAH BBCOS(f BB)
DA ™ D 1.3

We can then take the electronic coupling versus torsion angle data reported by Harriman and
re-plot it as electronic coupling versus cosi Figurell-2. According to Eq.1(.3), Hpa
varies linearly with cos(). Looking at the replotted data irFigurell-2, there is clearly

curvature to the data which indicates that there must be additional torsional effects not
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accounted for. The additional torsional effects must then be coming from theldmys

and bridgeacceptor connections that were assumed to not have a torsional dependence.

035 -
N N— N N
N—R(—N_ )»—=— Bridge = NN
N :"N .“;’-'N N
;/\]n 2
0 | n=1:ClI
/
=\ n=2 :C2
/
A\ /" 3
=4 :C4
LA : 0:CFE4
i N\ xwl):CE
0 T T T T —§<_Mo/)_ x=1:C LS
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feos(é)l «

Figure II-2. Re-plotted electronic coupling (Vba = Hpa) versus |cos(«)| instead of « from Harriman.!
The x-axis is plotted as an absolute value because the data from Harriman spans a range from 0° to
180° and we are currently only interested in the magnitude of Hpa. Solid black line is a visual aid
connecting the weakest electronic coupling and strongest electronic coupling data points emphasizing
the non-linear trend in the data.

It should also be mentioned that all reports on the effect of bond torsion on electronic
coupling to date have been designed to only consider torsion within the bridge itself while
assuming no torsional contribution from the dormidge and bridgacceptor connections.
Through the established S&NN D-B-A model we show nearest neighbor cosine
dependence of electronic coupling over a wide range of dihedral angles through steric
inhibition of resonance in which we compare a torsionally unhinderBeACto
auxochromic substitutethrsionally hindered EB-As in whichthe donor, bridge, and
acceptor are separately rotated @uplane as depicted Figurell-3. Herein, we present the

first experimentallydetermined 3limensional plot of electronic coupling vs. both deand
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acceptor torsions. Our analysis allows for experimentally illustrating t@dvnell model

using measured exchange coupling.

O/Z\nTpCum,Me O/ZnTpCum,Me O/Z\nTpCum,Me
|

t-Bu !l (0] t-Bu

° S)
;El)/ N-© O\ﬁ/ N’O. ll-|
J N/Be\
N\Zn/N—
1-pPh 1-MePh 1-PhMe | \N/
Y
O/Z\nTpC“m'Me O/z\nTpCum,Me O/Z\nTpCum,Me
' t-Bu !' 0 tBu. A o
O ZnTpCum,Me
© ©
0.8 -O 08GO
1-pXylyl 1-PhMe, 1-BCO

Figure II-3. Line bond drawings of sterically hindered D-B-A biradicals studied for torsional
dependence of Joa and Hpa.

B. Discussion of Results foSteric Inhibition of Resonance Complexes

1. Synthesis of Steric Inhibition of Resonance Complexes
The gnthesis ofl-pPh has been reported previoudl¥he synthesis af-PhMe and
1-pXylyl were initiallycompleted by Dr. Guangbin Wang amhe tsynthesis af-BCO was

completed by Shultzrgup member Jinyuan Zhangor the synthesis d-MePh, as shown
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in Schemdl-1, 16 and17 were reacted under Suzuki conditions to yield phé&Baethich
was then oxidized to quinori® via IBX . Catechol0was then formed by reduction b
with ascorbic acid. In a concentrated methanol soluBét% and20 were reacted to form
21 which was then oxidized with elemental iodine to nitronylnitroX@8eFormation ofL-

MePh was affected by reactir2R andZn(OH)Tp ¢“™Me ynder standard conditiodg’1®

Pd(PPhs);, 2M K2CO3 _DMF, IBX _

THF, Reflux 24 hrs

16 17 18, 48% 19, 97%

OH

o

O OH

B ——

Ascorbic Acid
—_—
O THF / H,O O

HO~y N,OH

19 20, 75% 21

OH O/Z\nTpCurn,Me

OH t-Bu OH | o

Zn(OH)TpCumMe
O pH 7 Buffer O O
Et,0, 0°C
9% (d °

HO~\~ “-OH o GO0
A i %
21

22, 59% 1-MePh, 88%

Scheme II-1. Synthesis of 1-MePh.



Schemdl-2 shows the general synthesis IePhMe, 1-pXylyl, and1-PhMes. Compound®
and23were reacted under Suzuki conditions to y4dUsing an acidic, refluxing methanol
solution,24 was deprotected to form catecl2dl UsingBHA, catechoR5was converted to
26 then oxidized to nitronylnitroxid27. Under standard conditior&7 and

Zn(OH)Tp cumMe were reacted to form the respective biradical.

re

o o
0_© \ 0O«
R Suzuki Condmons
—»
Toluene, Ny, A MeOH R;

R4 R1 Rz
CHO O
a: R1—R2—R3—H R4—CH3 Rs
b: R1=R4=H, R,=R;=CHj3 CHO
Cc: R1=R2=R3=R4=CH3
9 23a,b,c 24a, 63% 25a, 91%
24b, 51% 25b, 91%
24c 25c, 38%
oH OH O—2ZnTpCumMe
t-Bu O OH O t-Bu OH t-Bu | \O
HO-NH
m l,, Et,0, 0°C O Zn(OH)TpCumMe O
R O Rz MeOH O R2 pH7Buffer Ry O R2 0, MeOH Ry R,
Ry R4 R4 R3Q R4 Ry O R4
cno HOMOH 0RO 0RO
25a,b,c 26a, 64% 27a, 93% 1-PhMe: Ria=a, 77%
26b 27b, 91% 1-pXylyl: Rys = b, 77%
26¢, 22% 27¢c, 81% 1-PhMes: R4 = ¢, 94%

Scheme II-2. Synthesis of 1-PhMe, 1-pXylyl, and 1-PhMea.
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2. Structural and Magnetic Features of Twisted DonofBridge-Acceptor Biradical
Complexes
The key to this study is the specific structural information crystallography gives us

about the complexes Figurell-3. Thermal ellipsoid plotef these complexasith their
corresponding line bond drawingee shown irFigurell-4. The variation in bond torsions
connectingSQwith bridge and bridge withIN are also given ifrigurell-4 along withSQ
ipsocarbon to NNpsocarbon distance®r 1-pPh, 1-MePh, 1-PhMe, 1-pXylyl, 1-PhMes
and1-BCO (seeAppendixB for crystallographic detai)sTorsion angles for the
(substituted) phenyl complexes were determined using the mean planeS@frthgs and
bridge rings (sqg), and the GN-C-N-O atoms ofNN and bridge rings«g-nn). By adding
methyl groups to the ring, the torsion angles betweermbnor and the bridgé-MePh, 1-
pXylyl and1-PhMea) or the bridge and the accept@rRhMe, 1-pXylyl, 1-PhMes) are
significantly more twisted compared 1gpPh. SQ to NN distances given kgurell-4 are
consistent across the series at ~5.7A meaning that any possi&l §@amolecular

through space interactions measured will be the same for all complexes.
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Figure 11-4. Bond-line drawings and thermal ellipsoid plots (hydrogen atoms and cumenyl groups
omitted for clarity) of sterically hindered D-B-A biradical complexes. Donor-bridge and bridge-
acceptor torsion angles (blue) as well as SQ-ipso to NN-ipso carbon distanced (red) are displayed.
Magnetic exchange coupling parameters (Joa) given were determined as shown in Figure 1I-5. The
structure of 1-pPh was reported previously.”

Bond lengths 0b6-SQ and nitronylnitroxide (NN) in all five complexes avi¢hin
typically reported values based on“¥pMq3,5-di-tert-butylsemiquinonéf and catechel
nitronylnitroxide'°? structures and the structural deviation parameters for each complex are
given inTablell-1. Complexed-Ph and1-PhMe show slightly larger deviations in tlee
SQ ring which may -delocalication pfthe semiqumong ring iatd tleer

bridge than fod-MePh, 1-pXylyl, and1-PhMes. However, the same trend is not observed in
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the structural deviation of the NNA&ll of this information allows us tdirectly correlate
torsion angles of crystalline material to measured magnetic moment while ensuring no

unusual distortions in the donor and acceptor moieties.

Table II-1. Structural deviation parameters for 1-pPh,” 1-MePh, 1-PhMe, 1-pXylyl, 1-PhMe4, and 1-
BCO.

Complex | 0-SQ D{(A) |[NN D (A)
1-pPh 0.014 0.025
1-MePh 0.008 0.010
1-PhMe 0.010 0.013
1-pXylyl | 0.007 0.026
1-PhMes 0.005 0.015

A stack plot of magnetometry data fopPh, 1-MePh, 1-PhMe, 1-pXylyl, and1-
PhMexs is shown inFigurell-5A and1-BCO in Figurell-5B. These data were fit using the
HDVV expression in Eq.I(29) whereJpa andd are fit parameters tog the exchange
coupling values. The values &a given inTablell-2 are an average of a heating and
cooling experiment and the error reflects the range of meadwkedsing Eq. (.38) and the
reported values falpa andHpa for 1, the values oHpa can be calculated and are given in

Tablell-2.
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Figure 1I-5. (A) Magnetic susceptibility of 1-pPh (black), 1-MePh (red), 1-PhMe (blue), 1-pXylyl
(green), and 1-PhMe4 (purple) with fit parameters. (B) Magnetic susceptibility of 1-BCO with fit
parameters collected by Jinyuan Zhang.

Table 1l-2. Measured exchange coupling (Jpoa) and calculated electronic coupling (Hoa) values for 1-
pPh,” 1-MePh, 1-PhMe, 1-pXylyl, 1-PhMe4, and 1-BCO.

Complex | Jpa (cm1) | Hpa (cm?)
1-pPh 98 + 2 4529
1-MePh 817 4076
1-PhMe 71 £5 3816
TpXylyl | 36%1 2717
1-PhMey 2+0.03 640
1-BCO 1+0.03 320

It is important to note that magnetometry is a bulk measurement of a sample whereas
X-ray crystallography is a measuramef a single crystal which & representative sample
of the bulk material. In order tattemptto confirm that the bulk nesured material wabke
same structure and morphology as the single crgstatture powder Xray diffraction
(PXRD) measurementgereperformedon the magnetometry samplésPXRD experiment

takes crystalline material and gently crushes it to fit within a quartz capillary tube. The
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capillary tube is then centered in array beam and rotated toltect diffracted radiation. If
the sample is totally crystalline, the refraction pattern shows a specific seslespf
absorptions that correlates directly to parameters for the single crystal measuréraents.
sample is nostrystalline, the PXRD spectrum laclkesesharpabsorptionsand instead
shows many broad featuré&siven a solved crystal structurePXRD spectrum can be
calculated andompared to the experimental PXRD spectrum. The experimental and

cdculated PXRD spectra fd-MePh, 1-PhMe, and1-pXylyl are shown irFigurell-6.

TpCmMez(SQ-MePh-NN) (1-MePh) Tpc“'“‘MeZn(SQ-PhMe-N N) (1-PhMe) TpS™MeZn(SQ-pXylyl-NN) (1-pXylyl)
Experimental Experimental
Calculated Calculated

&l
Ml | 1L

4 6 8 10 12 14 16 18 20 4 6 8 10 12 14 16 18 20 4 6 8 10 12 14 16 18 20
2q 2q 2q

Figure 11-6. Experimental (red) and calculated (blue) powder X-ray diffraction of 1-MePh, 1-PhMe,

and 1-pXylyl.

Experimental

Calculated

By visual inspection of the PXRD plots igurell-6, it is clear that even though the
magnetometry samples are indeed crystalline, something about either the sample preparation
or the sample itself does not lend itself to using PXRD to cortfigrstallinity of a bulk

sample of organic biradicdf.through the grinding process enough heat is generated to allow
the torsion angles to shift slightly or for some solvent to be released from the crystal, it will

significantly change the PXRD spectrwompared to the one calculated from the crystal
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structure. Another issue could be the significant disorder that is common in the cumenyl
groups and methyl groups on the NN ring. While this disorder does not greatly affect the
torsion angles of the SB-NN core, it can affect the quality of the PXRD spectrum making
it difficult, if not impossible, to directly correlate single crystal data to bulk PXRD data.
Knowing the exact torsion angles from crystallography and the exchange coupling
constants from magtametry allows us to create an experimental model of McConnell's
equation. If we relat&q. (1.2) where n = 1 with Eq.l@7) to form Eqg. (1.4), we can then

plot Joa versus co¥SQ) versus c36NN) to give the adimensional plots iffigurell-7.

Hagcos (Fog)Ha, co$( £,)

Joa=H?
oA~ Moa D? 1.4
180 180
200 160 200 160
bioo i 140
- | = 1120
1-pPh 1120 *
> |

¢1-pPh

Figure II-7. 3-dimensional plots of Jpa versus cos?(«SQ) and cos?(«NN). Filled, colored circles are
experimental data and colored mesh surface is created from the Jpoa from CASSCF calculations
across all torsion angles. The color bar on the right side of each plot correlates the value of Jpa to
colors on the plots.

The mesh surface figurell-7 was created by complete activaspself-consistent field

(CASSCH calculations from the Kirk group and reinforces the fact that the relationship

betweenlpa and torsion arigs within a DB-A is nonplanar As cos(¢sg) Or COS(nN)
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become more twisted and closer to«@=(90°), the exchage coupling between donor and
acceptor becomes attenuategeedicted by the modified McConnell equation (Ed). 1-

pPh and1-pXylyl experimental data points lie away from the calculated surface, as seen in
the right side ofigurell-7, which is likely a consequence of multiple biradicals pet caill
combined with disorder in the NN ring. Sindea is more directly related to rate constants
determined by PET and conductance determined by MMM break junctions, we can convert
the Joa versus co¥ «) plotsFigurell-7 to theHpa versus cos() plots inFigurell-8 using

Eq. (.38) and relatd=igurell-8 to Eq. (I.2) directly.Here we can plainly see, as was the

case inFigurell-7, just how norplanar the surface.i$Ve can also see that the surface seems
to be more complicated than just two planes interacting which could be due to a combination
of n e g tsaperéxchange iNlEJI Q) as well as neglecting the fact tlipshould also

have a torsional dependence.

7000 ()
%000
| 4000

3000

1000

Figure 1I-8. 3-dimensional plots of Hpa versus cos(«sq) and cos(«n). Filled, colored circles are Hpa
values from experimental data and the colored mesh surface is created from converting the Jpa
values from CAS calculations to Hpa values with Eqg. (1.38). The color bar on the right side of each plot
correlates the value of Hpa to colors on the plots.
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Sincel-PhMes does not display perfectly perpendicular debodge and bridge
acceptor fragmentgjnyuan Zhangreparedl-BCO (BCO = bicyclo[2.2.2]ocane) which
possessesiaonly bridge comprised entirely of $iybridized carbonsas seen iffigure
I1-3. The exchange coupling parameter feBCO, Jpa = +1 cmit (Figurell-5B), is
equivalent, within the fhitations of our measurements, to theuperexchange through a
para-phenylene ring perpendicular to b&R andNN.1% Moreover, since all the carbon
atoms of the phenylene ringessp and those of th&-BCO bridge are sh there is no
measureable hybridizatiesependent difference in the magnitudeiefuperexchang¥? nor
is there a measureable difference due to the fact{B&O is comprised of threeCH,CH>-

U-pathways whilgoara-phenylene has just two.

3. Spectroscopy of sterically hinderedlonor-bridge-acceptor biradica complexes
Asignifi cant t or s i o mysiem caasesche arpital gvarkapebetween
individual fragments to decreaséich can sometimes haaaobservableffect on the
electronic structurd-or this series of BB-As, theeffect on the electronic structure is
manifest in the electronic absorption spectrum by chartpimigand shape and intensity of
transitions that correspond to the charge transfer from the donor to the aeseggen ithe
electronic absorption stackgblof 1-pPh, 1-MePh, 1-PhMe, 1-pXylyl, and1-PhMes in

Figurell-9.
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Figure 1I-9. Stack plot of extinction coefficients for 1-pPh (red),” 1-MePh (blue), 1-PhMe (green), 1-
pXylyl (purple), and 1-PhMe4 (black). Inset is an expansion of the 10,000 cm-! to 20,000 cm- region.

The transition at ~2800 cm* in 1-pPhand1-MePhc or r esponds t o the SQ
(LUMO) charge transfer of strong intensity, which is notably diminishddRhMe, 1-

pXylyl, and1-PhMes. There is also an increase imdnsity of a transition at ~Z80 cm' in

1-PhMe and1-pXylyl which may correspontb the remnants of the charge transfer band

shifting to higher energyin the spectrum fol-MePh, there is a noticeable decrease in

intensity of the CT band at ~Z®0 cm! compared td-pPh, which reflects the increased

dihedral angle between the SQ dmitige.Synthesis ofl-MePh provides us with the
opportunity to test the solvatochromic natur
If the band is in fact a charge transfer from SQ to NN, then the energy maximum of this band
should shift with change in ¢hpolarity of the solvert®>%In Figurell-10, the electronic

absorption spectra dFMePh in toluene and DMSO are shown to have slight differences in
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peak intensities for the CT band, but the difference between the energy maximuwethe lo

energy peak is only ~200 cmThis small shift may either be due to the fact that the ground

state biradical is relatively ngoolarand inherently does not show strong

solvatochromism®or t hi

S

band i s

mor e

c |

os el

transfer bad. No matter which is the case, since this banshigue to the SEB-NN

y

r el

biradical spectrum, specifically to the interaction between SQ and NN, we will continue to

call this transition a "charge transfer" in order to distinguish it from other transitidhs i

SQB-NN spectra.
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Figure 11-10. Electronic absorption spectra of 1-MePh in toluene (red) and DMSO (blue). Inset is an
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expansion of the 12,000 cm-! to 18,000 cm-? region.

When comparing the electronic absorption spectap?h and1-MePh versusl-

10000 15000 20000 25000 30000

PhMe, 1-pXylyl, and1-PhMes, it seems clear that the conjugation between the bridge and

acceptor has a greater effect on the transitions obsesviet follows the prediction in
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earlier work*® In 1-PhMe and1-pXylyl, it appears that the CT band formerly at ;628 cm

! has shifted/greatly decreased in intensity arekisemely attenuated 1-PhMes. In fact,

the spectrum of-PhMea is remarkable in the fact that, aside from the SQ and NN specific
bandsin the 10,000 crto 20,000 crit region it shares no visible relationship to any of the

other complexes.
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Figure 1I-11. (Left) Variable-temperature electronic absorption of 1-MePh from 5 K to 300 K. (Right)
Normalized intensities of 424 nm (blue) and 356 nm (red) absorptions as a function of temperature
and fit to a Boltzmann population for S = 0 (red) and S = 1 (blue).
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Figure 1I-12. (Left) Variable-temperature electronic absorption of 1-PhMe from 5 K to 300 K. (Middle)
Variable-temperature electronic absorption of 1-pXylyl from 5 K to 300 K. (Right) Variable-
temperature electronic absorption of 1-PhMe,4 from 5 K to 250 K.

In order to try tadetermine the exchange coupling between donor and acceptor in
solution, \ariable temperature studies were conductettblePh, 1-PhMe, 1-pXylyl, and
1-PhMeas. However, onlyl-MePh showed any noticeable change in relative absorption
between 5K and 300KFigurell-11). By looking back at the stack plot Bfgurell-9, we see
the majordistinguishing feature di-MePh versus the other complexes is the clearly visible
SQ (SOMO) Y NN (LUMO) -CAgurellaln (teft) anbwsssek pl@0 0 ¢ m
for variable temperature electronic absorption spectra-fdePh of temperatures ranging
from 5K to 300K In 1-MePh, the absorbance of the charge transfer band around ~28 000
cmtincreases in intensity as the temperature is lowered indicatimgrease in the triplet
ground state populatio®pectra that lack this band, such as thosé-féinMe, 1-pXylyl, and
1-PhMes, show little to no change between 5 K and 300 K inBAS as seerfrigurell-12.
The | ack of change may be due to the SQ (SON
underneath the ° Y'orhavindtremtensiytof this Dahd dededsedton

the point at which it barely contribw@o the overall electronic absorption spectrilitre
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decrease in absorbance with decreasing temperature around 28-QGfaorhe used to fit
the population of the ground state singlet population. The relative absorbance versus
temperature at these enesgean be fit to a triplet and singlet Boltzmann population as
shown in Eq. I .5) whereNTt andNs are the triplet and singlet populatidea,is Boltzmann's

constant, andpa is the magnetic exchange

2Jpa -2Jpp

BekBT e ks T
NT T 20, ! NS -2Jpa 1.5
ek’ +1 34t

Based on the Boltzmann populationg-igurell-11, pure singlet and triplet spectra
for 1-MePh are computed and are displayedrigurell-13. The singet and triplet spectra
appear to be very similar in shape, which indicates minimal structural difference between the
singlet and triplet states. In the other complexes studied, the lack of a clear charge transfer
band, whether it is shifted to higher egyeor greatly reduced in intensity, makes discerning
the difference between singlet and triplet states nearly impodsitdeestingly, the shape of
the triplet spectrum ifigurell-13looks similar to the nopolar toluene spectrum Figure
[I-10 while the singlet spectrum Figurell-13looks similar to the polar DMSO spectrum in
Figurell-10. However, thisnay just be coincidence since the difference in the lower energy

maxima of the singlet and triplet CT bands is only ~5¢.cm
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Figure 11-13. Calculated pure singlet and triplet spectra of 1-MePh via VT-EAS results.

I n order to determine the role of the bri
we can use resonance Raman to probe the enhancement caused by the CT band. Resonance
Raman spectra df, 1-pPh, 1-MePh, and1-pXylyl are shown irFigurell-14. In the
resonance Raman spectra, the peak at 1603Raman shift is clearly absent in the spectrum
of 1 meaning it must belong to a bridge mode in claxgs1-pPh, 1-MePh, 1-PhMe, and1-
pXylyl . By comparing the peak intensity at 1603 'cim the peak intensity of nearby peaks
around ~1380 crh we can see the sterically hindered bridges have similar stretching
patterns but-MePh has a more intense sichtat 1603 cm than1-pXylyl . The varying
intensity of this peak may be related to the coupling between Bridge and NN based on the

spectra ofl-Ph, 1-MePh, 1-PhMe, and1-pXylyl.
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Figure ll-14. Resonance Raman stack plot of 1 (black), 1-pPh (red), 1-MePh (blue), and 1-pXylyl
(green) using a 407 nm excitation. Spectra are referenced to the solvent or solid matrix they were
collected in. The * in the 1-MePh spectrum is the Na>SO4 internal standard used to calibrate the

spectrum.
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Figure 11-15. Arrow pushing line bond drawing showing structure of SQ (SOMO) Y NN (LUMO) CT
excited state. The 1603 cm™ stretch in the resonance Raman thus comes from the quinoidal

character of the complex.

To prove that the stretch at 1603 tmo me s

from

t

he

SQ

( SOMO)

resonance Raman absorption profile was performed by the Kirk grolypeh and is

shown inFigurell-16. The Raman enhancement of the stretch at 1608asna function of

excitation wavelength is given as red circles and tracks well with thgectransfer band in

the electronic absorption spectrumlefePh. This data combined with the resultsFodure
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II-14 show that enhancement of bridge stretching modes is only dependent on the torsion
between bridge and acceptor, confirming the importance of pherydreonjugation over

SQ-phenylene conjugation.
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Figure 1lI-16. Resonance Raman absorption profile for 1-MePh overlaid on the absorption spectrum of
1-MePh. Resonance Raman enhancement data points (red circles) were collected at 407, 458, 488,
514, 568, and 647 nm.

C. Experimental
General Considerations Reagets and solvents were purchased from commercial
sources and used as received unless otherwise fidtadd'*C NMR spectra were recorded
on a Varian Mercury 400 MHz or a Varian Mercury 300 MHz spectrometer at room
temperaturetH and*3C chemical shifts arlisted in parts per million (ppm) and are
referenced to residual protons or carbons of the deuterated solvents, respectively. EPR
spectra were recorded on an IBM ER268RC EPR spectrometer in @El.. Infrared

spectra were recorded on a Briker Vertex 80v spectrometer with Bruker Platinum ATR
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attachment. Elemental analyses were performed by Atlantic Microlab$/&ss. spectra
were obtained at the NCSU Mass Spectrometry Facility located in the Depadm
Chemistry.Single crystal XRD structures were determined_baszWoijtas at FSU and
Roger Sommer at NCSI@Compound®,10816,19°17,110239 111 23p 11223¢ 113 2 3-dimethyt
2,3-bis(hydroxyamino)butangBHA),%® o-iodoxybenzoic acidiBX ),2° and
Zn(OH) TpCumMe % were prepared as previously reported.

Electronic Structure Calculations. All calculations were performed with the ORCA
3.0.2 progam suite!'* A density functional theory (DFT) geometry optimizatioasadone
with the def2SVP basi$'® and the PBE GGA function&lt® Quasirestricted orbitals (QROS)
were generated from the DFT calculations, and from these the NN HOMO, SOMO, and
LUMO and the SQ SOMO were selectettiaised for the subsequent
CASSCF(4,4)/NEVPT2 calculations. An initial CASSCF calculation was performed on the
planar geometry(NN=«SQ=0°) to ensure that the correct-8( biradical ferromagnetic
state was obtained (séegurell-17). The orbitals generated from this calculation were then

subsequently used for the rigid PES scans.

Figure 1I-17. CASSCF(4,4) S=1 state spin density.
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3'-(tert-Butyl) -4'-hydroxy-2-methyl-[1,1'-biphenyl]-4-carboxaldehyde(18). To a
100 mL oven dried Schlenk flask 874 mg (3.16 mmé|)571 mg (2.87 mmol}7, and 165
mg Pd(PP¥)s were added with 10 mL tetrahydrofuranaimitrogen environment. In a 25 mL
round bottom flask, a 2 M solution 0k&Os was prepared and bubbled with nitrogen for 30
min. Using a nitrogen purged syringe, 4.6 mL of the 2ML & solution was added to the
reaction vessel. The flask was then fit wvatkondenser and refluxed in the dark for 18 h.
Upon reaction completion, 30 mL deionized water was added and the mixture stirred in air
for 30 min. The mixture was transferred to a separatory funnel, diluted with ethyl acetate, and
washed with saturatedaCl solution three times. The organic layer was collected, dried over
NaSQy, and the solvent removed under reduced pressure. Purification via column
chromatography (Sig&) 15% ethyl acetate in hexanes) produced 371 mg (48%) comf8und
IH NMR (300 MHz, DMSGds, ©): 9.99 (s, 1H), 9J%78 (s, 1H
Hz, 1H), 7.41 (dJ = 7.8 Hz, 1H), 7.13 (d] = 2.1 Hz, 1H), 7.08 (ddl = 8.1 Hz,J = 2.1 Hz,
1H), 6.88 (d,J = 8.1 Hz, 1H), 2.34 (s, 3H), 1.37 (s, 9MC NMR (100 MHz, DMSQds, U ) :
193.34, 156.33, 136.47, 135.76, 135.24, 132.23, 131.04, 127.94, 127.76, 127.70, 116.77,
35.02, 30.03, 21.02R (solid) 3max (cni?): 3201 (br,OH), 1686 (s, C=0). Elemental Analysis
Calculated: (C: 80.56, H: 7.51). Found: (C: 80.56, H: 7.68).

5'-(tert-Butyl) -2-methyl-3',4'-dioxo-3',4'-dihydro-[1,1'-biphenyl]-4-
carboxaldehyde (9). To a 25 mL round bottom flask 326 mg (1.21 mnialand 485 mg
(2.73 mmol)IBX wereadded with 5 mL dimethylformamide and stirred in the dark for 3

days. The completed reaction was poured into 150 mL deionized water, stirred for 30 min,
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then transferred to a separatory funnel with ~100 mL ethyl acetate. The mixture was then
washed threémes with a saturated NaHG®olution followed by three washes of saturated
NaCl. The organic layer was collected, dried ovesf3@, and the solvent removed under
reduced pressure to yield 332 mg (97%) of compdigatH NMR (300 MHz, CDG, i) :
10.04 (s, 1H), 7.81 (s, 1H), 7.80 (tk 7.8 Hz, 1H), 7.43 (d] = 7.8 Hz, 1H), 7.80 (d] = 2.3
Hz, 1H), 6.31 (dJ = 2.3 Hz, 1H), 2.46 (s, 3H), 1.29 (s, 9fC NMR (100 MHz, CDG, U ) :
191.47, 180.26, 179.60, 153.05, 151.50, 144.03, 137.31, 136.18, 135.64, 132.22, 128.54,
127.94, 127.32, 35.88, 29.41, 204 (solid) 3max (cm®): 1693 (s, C=0), 1682 (s, C=0),
1662(s, C=0) Mass spectrometr§m/2: calculated for @H1903 (M+H)*: 283.1334, found:
283.1324 (M+HJ.

3'-(tert-Butyl) -4',5'-dihydroxy -2-methyl-[1,1'-biphenyl]-4-carboxaldehyde @0).
Quinonel9 (254 mg, 0.90 mmol) was dissolved in 10 mL tetrahydrofuran and added to a
separatory funnel containing 350 mg (1.99 mmol) ascorbic acid dissolved in 10 mL water.
The mixture was shaken for about 5 minutes then 10 mL saturated NaCl solution was added
and te layers allowed to separate. The organic layer was diluted with 50 mL ethyl acetate
and washed three times with a saturated NaCl solution. The organic layer was collected,
dried over NaSQy, and the solvent removed under reduced pressure to yield 25
of compound0.*H NMR (300 MHz, DMSGds, U) : 9. 92 (s, 1H), 9.52
7.73 (s, 1H), 7.67 (d1 = 7.8 Hz, 1H), 7.32 (d] = 7.8Hz, 1H), 6.65 (d,) = 2.0 Hz, 1H), 6.56
(d, J= 2.0 Hz, 1H), 2.28 (s, 3H), 1.29 (s, 9FC NMR (100 MHz, DMSGds,  103.30,
148.90, 145.45, 144.40, 136.35, 136.13, 135.21, 132.17, 130.90, 130.38, 127.63, 118.41,

114.14, 35.02, 30.10, 20.9R (solid) 3max (cniL): 3475 (m, OH), 3259 (br, OHL662 (s,
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C=0). Mass spectrometr§m/2): calculated for @H»103 (M+H)": 285.1491, found:
285.1483 (M+Hj.

2-(3'-(tert-Butyl)-4',5'-dihydroxy -2-methyl-[1,1'-biphenyl]-4-yl)-4,4,5,5
tetramethylimidazolidine-1,3-diol (21). To a 6 mL round bottom flask 125 mg (0.44 mmol)
20and 160 mg (1.08 mmoBHA were added and pump/purged with nitrogen 5 times. Using
a nitrogen purged syringe, 2 mL methanol was added and the reaction was stirred under
nitrogen in the dark for 3 days. The produkcthos reaction was checked by NMR for
absence of aldehyde and the crude product was used directly in the synthesis of compound
21.'H NMR (300 MHzDMSO-ds, U): 7. 73 (s, 1B37.1HZ18,2 ( m,
6.64 (s, 1H), 6.55 (s, 1H), 4.48 (s, 1H), 2.23 (s, 3H), 1.35 (s, 9H), 1.08 (s,IRdplid)
3max (CNY): 3285 (br,-OH).

2-(3'-(tert-Butyl) -4',5'-dihydroxy -2-methyl-[1,1'-biphenyl]-4-yl)-4,4,5,5;
tetramethyl-4,5-dihydroimidazol -3-oxide-1-oxyl (22). To a 100 mL round bottom flask,
536mg (1.29 mmolR1 was dissolved in 30 mL diethyl ether, 10 mL pH 7 buffer and was
chilled to 0°C. In a separatory funnel, 493 mg (1.94 mmal)aks dssolved in 30 mL diethyl
ether and added dropwise to the stirring reaction flask. The reaction mixture was then diluted
with 90 mL pH 7 buffer and transferred to a separatory funnel where 100 gsk¥avas
added and the mixture shaken. The aqueous Vegeremoved and the organic layer then
washed with a saturated NaCl solution three times. The organic layer was dried £8@r Na
and the solvent removed under reduced pressure to yield 316 mg of blue colored compound

22 (59% yeild).EPR (0.2 mM in CHCly): an = 7.62G. IR (solid) 3max (cm?): 3198 (br-
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OH). Mass spectrometrim/2): calculated for @H3i1N20OsNa (M+Na)': 434.218153found:
434.21759M+Na)".

TpCumMezZn(SQ-Me-Ph-NN) (1-MePh). To a 25 mL oven dried Schlenk flask, 30
mg (0.07 mmolR2 and 62 mg (0.09 mmoBn(OH) Tp*umMe were added and pump /
purged with nitrogen 5 times. Using a nitrogen purged syringe, ~2 mL methanol was added
and the reaction stirred for 2 hours. Thaateon was then opened to air and allowed to stir
overnight in the dark. The solvent was removed under reduced pressure and the product
purified by column chromatography (basic alumina, 50:50 ethyl acetate:hexanes) to yield 70
mg (88%) of compleX-MePh. Crystals ofl-MePh were grown from slow evaporation of
methanol containing a few drops of &k. IR (solid) 3max (cm™): 2543 (w,-BH). EPR (~0.2
mM in CHCl2): apparenta= 3.65 G.Mass spectrometr§m/2): calculated for
Ce3H76BNsOsZn (M+H)*: 1083.5374found: 1083.5389 (M+H). Elemental analysis
Calculated: (C: 69.77, H: 6.97, N: 10.33), Found: (C: 69.64, H: 6.98, N: 10.31).

3'-(tert-Butyl) -4',5'-bis(methoxymethoxy}3-methyl-[1,1'-biphenyl]-4-
carboxaldehyde(24a). To a solution o23a (205 mg, 1.10 mmol® (350 mg, 1.07 mmol),
Pd(PPB)4 (124 mg, 0.107 mmol), G803 (0.413 g, 2.14 mmol), ethanol (5 mL) and toluene
(15 mL)was stirred under nitrogen. Theaotion mixture was heated to°@and hé& at this
temperature for an additional 48 h. After this time, the reaction mixture was cooled to room
temperature and quenched by 20 mL of water. The layers were separated and the aqueous
layer was extracted with GBl>. The combined organic layers wehged over NaSQy,
filtered, and concentratad vacuq and purified by column chromatograp{@ 1 hexanes:

Diethyl ethen to give24a asayellow oil (250 mg,63 %). *H NMR (300 MHz, CDCJ) U
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(ppm): 10.28 (s, 1K 7.84 (d, 1H,) = 7.8 Hz),7.53 (d, 1H,J = 8.1 Hz),7.42 (s, 1H)7.29(d,
2H, J = 2.1 Hz), 5.26 (s, 2H), 5.25 (s, 2H), 3.67 (s, 3H), 3.54 (s, 3H), 2.73 (s, 3H), 1.48 (s,
9H). 13C NMR (100 MHz, CDGJ) U ):(1928,m50.6, 146.5, 144.0, 141.2, 134.7, 132.7,
130.4, 125.1, 119.8, 113.9, 99.2, 95.7, 57.7, 56.5, 35.4, 27.7|RYIid) 3max (cn72):
1693 (s-C=0).
3'-(tert-Butyl)-4',5'-dihydroxy -3-methyl-[1,1'-biphenyl]-4-carboxaldehyde(25a).
A solution of24a (0.360 g, 0.968 mmpin methanol (3nL) was adde@® drops of 12 M HCI
and 1 drop of watefThe reactiommixture wasstirred at reflux for overnighfter cooling to
roomtemperaturethe solvent was removed. The crude solid @dgacted withtCH>Cl>. The
combined organic layers were washed with bréied overNaSQy, filtered, concentrated
in vacuo, angburified withrecrystallization from MeOH/ether solvents to gR&a as a light
orange solidYield: 250 mg(91%).*H NMR (300 MHz, CDCJ) 0 (1@Q5 (s)1H),
9.49 (s, 1, 8.26 (s, 1H)7.67 (s, 1HJ) = 8.1 Hz), 7.37 (s, 1Hl = 8.1 Hz), 7.30 (s, 1H}.85
(s, 2H,J = 8.1 Hz), 5.59 (s, 1H), 2.33 (s, 3H), 1.23 (s, 980.NMR (100 MHz, CDC{) i
(ppm): 192.6, 146.1, 145.5, 145.0, 140.86.1,132.0, 128.9, 123.8, 116.1, 11138,4, 29.4,
19.1.IR (solid) 3max (cmY): 3350 (br,-OH), 1669 (s;C=0).Mass spectrometr§m/2):
calculated for @H1903 (M-H): 283.1334, found283.1343 (MH)".
2-(3'-(tert-Butyl)-4',5'-dihydroxy -3-methyl-[1,1'-biphenyl]-4-yl)-4,4,5,5
tetramethylimidazolidine-1,3-diol (26a). A solution of25a (40.0 mg, 0.151 mmol) in 4 mL
of methanol was addetj3-dimethyt2,3-bis(hydroxyamino)butane (44.8 mg, 0.302 mmol)
under nitrogen. fie reaction mixture was allowed to stir at room temperature for overnight.

The solvent was removed under vacuum to geeas a yellow soliq40 mg, 64%), which
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wasunstableand wasused directly in the next step without further purificatitth NMR
(300MHz,CDCY) U (ppm): 9.47 (s, 1H), 8.12 (s,
J=8.4Hz), 6.90 (s, 1H), 6.86 (s, 1H), 4.89 (s, 1H), 2.42 (s, 3H), 1.38 (s, 9H), 1.09 (s, 6H),
1.07 (s, 6H)IR (solid) 3max (cm): 3250 (br,-OH).

2-(3'-(tert-Butyl) -4',5'-dihydroxy -3-methyl-[1,1'-biphenyl]-4-yl)-4,4,5,5;
tetramethyl-4,5-dihydroimidazol -3-oxide-1-oxyl (27a). To a solution oR6a (41.8 mg,
0.101 mmol) in CHCI> was added 10 mL of buffépH = 7)in water and cetyl
trimethylammonium bromide (10.0 mg). The mixture was stiat€XtC. lodine (39.8 mg,
0.157 mmol)n CHxCl, wasadded dropwise. Ehreaction mixture was held@tC for an
additional 30 min. The reaction mixtunas diluted with 10 mL obuffer (pH = 7)in water
and10 mL of dichloromethand& he organic layer waseparated and washed with a saturated
solution of sodium thiosulfate and brir¥iedand the solvent was removed to g/ as a
purple solid (39.0ng, 93 %). IR (CEClf i | m)™): 3242 (lr+@H). EPR (0.2 mM in
CHClp): av = 7.19G.

TpCumMelzn(SQ-Ph-Me-NN) (1-PhMe). To a solution oZn(OH)Tp CumMe (122
mg, 0.176 mmol) in CkClo/methanol was adde2la (72.0 mg, 0.176 mmol) wer nitrogen.
The reaction mixture was allowed to stir at room temperature ovearidthen opened to air
for overnight. A brown reaction mixture was purified by flash column chromatogfdphy
Hexanes/EtOACc) tgive 1-PhMe as a brown solid (148 mg, 77 %rystals ofl-PhMe were
grown by slow evaporation of methanol containing a few dod@3H.Cl>. IR (solid) 3max
(cm1): 2538 (w,-BH). EPR (ca. 0.2 mM in C¥Cl,): apparenta= 3.99 G .Mass

spectrometryr{yz): calculated folCssH7sBNgOsZn (M)+: 1083.5290found:1083.5269
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(M)*. Elemental Analysis Calculated: (C: 69.77, H: 6.97, N: 108B8Jnd: (C: 68.77, H:
7.04, N: 10.92).

3'-(tert-Butyl)-4',5'-bis(methoxymethoxy}2,5-dimethyl-[1,1'-biphenyl]-4-
carbaldehyde(24b). A 50 mL Schlenk fhsk containin® (325 mg, 1.53 mmolR3b (550
mg, 1.68 mmol), Pd(PBh (142 mg, 0.123 mmol), GE0z (1.00 g, 3.07 mmol) and ethanol
(5 mL) in dried toluene (10 mL) was placed undeiaNd refluxed for 48 h. The reaction
mixture was added water (30 mL), stirred for 30 minutes and filtered through Celite. The
solvents were removed under reduced pressinerdsidue was then extracted withCH.
The combined organic layers were washed with brine, driedMs&Q;, filtered, and
concentrateth vacuoand purified by columehromatography4:1 hexane&tOAC) to give
24b asayellow oil (240 mg, 51 %)H NMR (300MHz, CDCEb) i (ppm):10.26 (s, 1H),
7.68 6, 1H, 7.14 6 1H), 7.01 (d, 1H,) = 1.8Hz), 6.95 (d, 1H,) = 2.1Hz), 5.27 (s, 2H),
5.20 (s, 2H), 3.68 (s, 3H), 3.52 (s, 3H), 2.66 (s, 3H), 2.32 (s, 3H), 1.45 (33GHMR (75
MHz,CDCk) U ( pp m) : 1414 P45.5% 143.3, 439.9, 935.4, 134.2, 133.6, 133.3,
132.9, 121.3, 115.4, 99.2, 95.6, 57.7, 56.4, 35.4, 30.7, 20.1JRYsblid) 3max (cnT?): 1691
(s,-C=0). Mass spectrometr§m/z): calculated for @Hz00s (M+H)*: 387.2172, found:
387.2156 [1+H)*.

3'-(tert-Butyl)-4',5'-dihydroxy -2,5-dimethyl-[1,1'-biphenyl]-4-carboxaldehyde
(250b). To a 50 mL round bottom flask containi2db (200 mg,0.518mmol) in3 mL of
methanol was added 3 drops of 12 M H@H 1 drop of wateaind the solutionvas stirredat
reflux for overnight The solvent was removea vacuum. Afterward, the crudeixture was

extracted usin@€H>Cl>. The organic solution was washed with water, teeh dried over
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NaSQs and evaporated. The crude product was followed by purifyitigrecrystallization
from MeOH/ether solvents to prowd@5b as a lightorange solidYield: 140 mg(91 %). H
NMR (300 MHz,CDCkL) U (1@20 (8)1H), 9.54 (s, 1H), 8.26 (s, 1H), 7.69 (s, 1H), 7.14
(s, 1H), 6.83 (d, 1H,)= 2.1 Hz), 6.70 (d, 2H] = 1.8 Hz),5.76 (s, 1H), 2.59 (s, 3H), 2.28 (s,
3H), 1.36 (s, 9H)'*C NMR (75 MHz,DMSO) & ( p p, i¥8.1, 14129 1212.83 138.2,
136.4, 134.2, 133.8, 133.5, 132.5, 131.5, 120.1, 113.6, 34.9, 29.7120.2R (solid) 3max
(cm}): 3366 (br,-OH), 1669 (s;C=0).Mass spectrometr§nm/z): calculated foIC19H2303
(M+H)*: 299.1647, found: 299.1628¢-H)*.

2-(3'-(tert-Butyl)-4',5'-dihydroxy -2,5-dimethyl-[1,1'-biphenyl]-4-yl)-4,4,5,5
tetramethylimidazolidine-1,3-diol (26b). A 10 mL Schlenk flask containirigpb (120 mg,
0.402 mmol) i mL of methanolwas added 2;8imethyt2,3-bis(hydroxyamino)butane
(125 mg, 0.845 mmol). The mixture was stirred at reemperature for 48 fhe solvent
was evaporated, and the product was dnadicuunmo give26b asa yellow solid (140 mg,
84 %).The product was imediately used for the next step without further purificatire
to its instability.'H NMR (300 MHz,DMSO) U  (98%(sn)H), 8.03 (s, 1HJ,62 (s,
1H), 749(s, 1H), 6.9 (s, 1H), 6.54s, 1H), 4.87s, 1H), 234 (s, 3H), 219 (s, 3H), 135 (s,
9H), 1.09 (s, 6H), 1.08 (s, §HR (solid) 3max (cm): 3480(br, -OH).

2-(3'-(tert-Butyl)-4',5'-dihydroxy-2,5-dimethyl-[1,1'-biphenyl]-4-yl)-4,4,5,5;
tetramethyl-4,5-dihydroimidazol -3-oxide-1-oxyl (27b). A 250 mL round bottom flask
containing26b (88.8mg, 0.25 mmol) inCHzCl> and pH 7buffer in watewasadded cetyl
trimethylammonium bromidelB.0 mg) as a phase transfer catalstl was cooled t8°C.

lodine 84.7mg, 0.34 mmol)in CH:Cl> wasadded dropwiseThesolutionwasstirred at
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0°C for an additional 30 minute$he organic Iger wasthen separated and washed with a

saturated solution of sodium thiosulfated brine The organic layewasthen separated,

dried, and the solvemtasremoved to afford a purple sol@i7b (80.0 mg,91%). IR (CH:Cl>

f il m)?d):3216(lr®H). EPR (0.2 mM in CHCl): ay= 750G.
TpCumMelzn(SQ-pXylyl-NN) (1-pXylyl) . A 25 mL Schlenkflask containing27b

(72.0mg, 0.76 mmol) andZn(OH)Tp cv™Me (122mg, 0.776 mmol) with 10 mL of distilled

MeOH and D mL of distilled CHCI, andwasstirred for2 hundernitrogenand theropened

to air forovernight. A brown solutiowasformed and the crude reaction mixture was

purified by flash column chromatography (HexaB#&/Ac 4/1) to afford1-pXylyl as a

brown solid (48 mg, 77 %). Crystals ofl-pXylyl were grown from slow evaporation of

methanol containing a few drops of &. IR (solid) 3max (cm™): 2536 (w,-BH). EPR (.2

mM in CHClo): apparenta= 3.89 G. Mass spectrometryn{z): calculated for

CeaH77BNgO4Zn (M)+: 1096.5446, foundl096.5439M)*. Elemental analysis Calculated:

(C:69.67, H: 7.06, N: 10.20), Found: (C: 73.42, H: 7.62, N: 11.78).
4-Bromo-2,3,5,6tetramethylbenzaldehyde 23c). To a 100 mL oven dried Schlenk

flask, 4.01 g (13.72 mmol) df,4-dibromo2,3,5,6tetramethylbenzensas added and pump

purged with nitrogen five times. To the reaction flask, 30 mL of dried and degassed

tetrahydrofuran was added and the flask chiltec?8°C. Using a nitrogen purged syringe,

8.7 mL (13.92 mmol) of 1.6 M-butyllithium in hexanes was added dropwise and stirred for

1 h. Using another nitrogen purged syringe, 6 mL (77.49 mmol) of dried and degassed N,N

dimethylformamide was added dropwesed was then allowed to warm to room temperature.

Once warm, the reaction was opened to air and 30 mL diethyl ether was added. The reaction
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mixture was transferred to a separatory funnel where it was washed three times with
saturated NaCl solution. Thegamic layer was collected, dried over.8&4, and the solvent
removed under reduced pressure. The product was purified by column chromatography
(SiOz, 100% Hexanes followed by 1:1 Hexaneg®gtto yield 3.02 g (91%) of a white solid

23c.'HNMR (300 MHz,CDC4, @) : 10.59 (s, 1HFCNMR(G (s,

MHz,CDCk, U): 196.31, 135.66, 13IB(sdidamx(@d)4d. 64,

1687 (s;C=0). Elemental Analysis Calculated: (C: 54.79, H: 5.43). Found: (C: 55.71, H:

5.56).These experimental values match previously reported réstilts.
3'-(tert-Butyl)-4',5'-dihydroxy-2,3,5,6tetramethyl-[1,1'-biphenyl]-4-

carboxaldehyde @5c). To a 50 mL oven dried Schlenk flask, 1.22 g (3.18 mma3®) 602

mg (2.08 mmol) 623c, 1.35 g (6.36 mmol) of #©Qu, and 4A molecular sieves were added

and placed under a nitrogen environment where 200 mg (0.93 mmol) of

ethyldipherylphosphine and 123 mg (0.13 mmol)Rtbay were added with 20 mL dried

toluene. The reaction was fit with a condenser under nitrogen purge and heated to 130°C for

4 days. The reaction was then cooled, filtered into a separatory funnel, and dilutetthylith e

acetate. The organic layer was washed once with saturated Naa{D@on followed by

two washes of saturated NaCl solution. The organic layer was then dried e8€kdad

the solvent removed under reduced pressure. The crude reaction mixturerwas th

redissolved in a 1:1 ethyl acetate : methanol mixture and 10 drops of concentrated HCI| was

added. The reaction was fit with a condenser and heated to reflux for 16 h. After the reaction

was cooled to room temperature, the mixture was transferred pauatey funnel, washed

with saturated NaHCg&and saturated NaCl. The organic layer was dried ove®®iaand
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the solvent removed under reduced pressure. The product was purified by column
chromatography (Si§)40% EtOAc in Hexanes) to yield 255 mg (38%}pP6c. *H NMR
(400 MHz, DMSQds,  10)67 (s, 1H), 6.52 (s, 1H), 6.43 (s, 1H), 5.70 (s, 1H), 5.62 (s, 1H),
2.40 (s, 6H), 1.94 (s, 6H), 1.39 (s, 9LFC NMR (100 MHz, DMSQGds,  105.96, 146.93,
143.05, 142.21, 136.90, 135.05, 134.03, 132.83, 119.76, 113.31, 60.71, 34.89, 29.82, 21.21,
17.82, 16.08, 14.31R (solid) 3max (cmY): 3201(br, -OH). Mass spectrometry(2):
calculated folC21H2703 (M+H)™: 327.1960, found: 327.19481+H)".
2-(3'-(tert-Butyl)-4',5'-dihydroxy -2,3,5,6tetramethyl-[1,1'-biphenyl]-4-yl)-
4,4.5,5tetramethylimidazolidine-1,3-diol (26¢). To a 10 mL round bottom flask, 255 mg
(0.78 mmol) of25c was added with 345 mg (1.96 mmol)BHA and pump purged with
nitrogen five timesUsing a nitrogen purged syringe, 2 mL of degassed and dried methanol
was added to the reaction flask. The reaction was shielded from light and allowed to stir
under nitrogen at room temperature for 5 days upon which the product had precipitated. The
prodwct was collected by vacuum filtration to yield 80 mg (22%) cr2@ewhich was used
directly in the synthesis &7c.'H NMR (300 MHz, DMSGds, U ) (s, 119),8.@37s, 1H),
7.31 (s, 1H), 6.95 (s, 1H), 6.37 (s, 1H), 6.27 (s, 1H), 5.31 (s, 1H), 2.05 (s, 6H), 1.57 (s, 6H),
1.33 (s, 9H), 1.12 (s, 6H), 0.99 (s, 6 (solid) 3max (cn™Y): 3266 (br-OH).
2-(3'-(tert-Butyl)-4',5'-dihydroxy -2,3,5,6tetramethyl-[1,1'-biphenyl]-4-yl)-
4,4.5,5;tetramethyl-4,5-dihydroimidazol-3-oxide-1-oxyl (27c). To a 100 mL round bottom
flask, 80 mg (0.17 mmol) df6c was added with 20 mL diethyl ether, 10 mL buffer (pH = 7),
and chilled to 0°C. To a 125 mL separatory funnel, 67 mg (0.26 mpne§d added with 20

mL diethyl ether and added dropwise te 8tirring reaction mixture. After all of thewas

71



added, the reaction was warmed to room temperature and transferred to a separatory funnel

with 100 mL buffer (pH = 7). The organic layer was washed once with saturai8gOhla

solution followed by satutad NaCl solution. The organic layer was dried ovesS@ and

the solvent removed under reduced pressure to yield 65 mg (81%) of purp&/solil

(solid) 3max (cnY): 3253 (br-OH). EPR (X%Band, 298 K): = 7.45 G (1:2:3:2:1)Mass

spectrometryrtVz): calculated folC27H3eN204 (M+H)™: 454.2831, found: 452.2818+H)".
TpCumMezZn(SQ-PhMes-NN) (1-PhMes). To an oven dried 25 mL schlenk flask, 64

mg (0.14 mmol) o27c was added with 150 mg (0.22 mmol)&f(OH) Tpcum™Me and pump

purged with nitrogen five times. Using a purged syringe, 10 mL of a 1:1 mixture of dry and

degassed dichloromethane and methanol was added to the reaction mixture with stirring. The

reaction was allowed to stir for 2 h under nitrogen then openail and stirred overnight.

The solvent was removed under reduced pressure and the product purified by column

chromatography (Basic Alumina, 1:1 EtOAc:Hexanes) to yield 150 mg (94%PbMeu.

Crystals ofl-PhMes were grown from slow evaporation lnérzene inethanol.IR (solid)

3max (cMY): 2532 (w,-BH). EPR(~0.2 mM in CHCl,): apparenta= 3.74 G. Mass

spectrometryrtVz): calculated foiCesHg2BNgOsZn (M+H)*: 1125.5843found: 1125.5833

(M+H)*. Elemental Analysis Calculated: (€0.36 H: 725, N:9.95. Found: (C69.92 H:

7.23, N: 9.58.
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lll.  Superexchange Contributions to Distance Dependence of Electron

Transfer/Transport in Donor-Bridge-Acceptor Biradicals

Part of the work in thighapterhas been published in the Journal of the American Chemical

Society2013 135 (45), 17144

A. Introduction to Distance Dependence of DoneBridge-Acceptor Complexes
When designing molecular electronic devices, a common goal is to use a conductive

polymer inorder to facilitate the flow of electrons from the source electrode (donor) to the
drain electrode (acceptor) with a minimal loss of current. To this effigg(para-
phenylengy!’474887.11and especially ligo(2,5thiophenej!->8:°9118128 hridgeshave become
important bridgeypes in the constructioof opto-electroni¢ spintroni¢c molecular electroic
devices. Sinceligo(para-phenylene) and oligo(2thiophene) based materialse so widely
studied weshow how oubiradical complexes containimmara-phenylee and 2,8hiophene
bridgescanbe used taletermine the distance dependence of the magaeti electronic
couding mediated by these bridgesthe strong coupling limitStudies of the distance
dependence of electronic coupling irHDAs are allrelated by a stretched exponental
described by McConnélthrough Eq. i{1.1) and thus also Eqll(.2) based on the

relationship betweeHpa andJpa described previously

i:exp[g € )]

H, .1

J_
S=eplb( 1) .

0
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In both Eq. (II.1) and Eq. {1 .2), the subscript 0 indicatelse coupling and distance for a D
A lacking a bridgeThev a | u eandedassdriated with the efficiency of electronic
coupling through a BB-A system where the smaller the value, the further apart the donor
and acceptor can be and still have appreciable coupling. It is important to note that there are
two moces of transportinfB-A systems with drastically diff
through electron hopping from donor to bridge to acceptor.mbhanismcommonly
explored in both PEf'2°and conductané&®®®913D-B-A systems with long bridges
between donor and acceptor, allows the eladinde localized on the bridge to facilitate fast
transfer from donor to acceptor ahrdngcommonl y
Anothermechanisnof electron transport is through tunneling, or superexchange, from donor
to acceptor through theidge. This mode is common in short connection BE¢#13%and
conductancg®1®#313%5 y st ems with a b r amgéthbsemaen 0. 1
possible for the S@-NN biradicals studied here due to the nature of the coupling between
donor and acceptor.

The novelty of ouSQ-B-NN biradicalapproach is that through the use of a common
donor and acceptor, we are ablelieectly compare the distance dependence through
magnetic exchangdfa) and electronic exchange couplirkdpia) of these two bridge types
where there arpo studies that directly compaiee two utilizing the exact same donor and
acceptorUsing aD-B-A biradical approachwe can determinghe distance dependence of
Hpa for both of these important bridgé&ructure typethroughdirect measurement of the
magnetic exchange coupling constalia] by variabletemperature magnetic susceptibility

measurements die D-B-A biradical complexeg, 1-pPh, 1-Phg, 2-(2,5)T and2-T2
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depicted inFigurelll -1. There have been botlk@erimental and computational reports of
determiningHpa for para-phenylen&® 137 and for 2,5thiophené*®13°pridgesusingDonor
Acceptot*®and mixed valencé approadiesin the literature However few of these reports

have the combined advantages of using an electrorsppirexchange parameter to compute
Hpa along with molecular structure determination, while avoiding categorization of degree of

delocalization in mied-valence compounds.
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Figure lll-1 Line bond drawings of D-B-A biradical analogs of oligo(para-phenylene) and oligo(2,5-
thiophene) used for distance dependence studies.
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B. Discussion of Results foSQ-Bridge-NN Distance Dependence Complexes

1. Synthesis of Distance Dependence Sidge-NN Biradical Complexes

Synthesis and characterization18f and1-pPh’ have been reported previously. The
syntheses and characterizationd-¢th. and2-(2,5)T were competed by former Shultz
group members Dr. Guangbin Wang and Dr. Geoffrey Lewis respectively. The respective
synthetic outlines are reproduced here in order to provide a consistent description of the
complexes used in this study.

For the synthesis df-Phz, as outlined inError! Reference source not bund.,
Idehyde28'*! was reacteé with CHl2/I to yield 4-iodophenylbenzaldehyd9. Protected
catechoB1was formed by Suzuki coupling 80 and boronic aci®0.14? Deprotection o881
in refluxing mehanol inder acidic conditiongielded catechol32in excellent yield
Condensation 032 with BHA % followed by oxidatiorwith |2 yielded catechol
nitronylnitroxide34. Compound34 and Zn(OH) Tp®'™Me under standard

conditions!#7%144jielded semiquinone biradical formation and complexatiorifBh;.
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Scheme llI-1. Synthesis of 1-Ph,.

For the synthesis & (2,5)T, as outlined inError! Reference source not found,

ommercially available thiopherss wasfirst reacted witlBHA % followed by oxidatiorwith

PbQ to yield thiophenanitronylnitroxide37. Phenoll6, prepared by literature methotfg,

andcompound37 were reactedinder Suzuki conditins to yield phend8. UsingIBX ,8°

phenol38 was oxidized to quinon@9, followed by reluctionwith ascorbic acid and buffer

(pH = 7)to catecho#0. Semiquinone biradical formation &(2,5)T was

compound40 andZn(OH) Tp©“™Me under standard conditiog’96142
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Scheme llI-2. Synthesis of 2-(2,5)T.

For the synthesis &T2, as outlined inSchemdll -3, commercially available
bithiophene aldehyd20 was brominated with Bhromosuccinimide at low temperature to
yield bithiophene bromid21.14* Compound®1 was reacted with compourid under Suzuki
conditions to yield phend2. Compound22was oxidizedwith IBX & giving quinone23
followed by reductiorwith ascabic acid to yield catechaldehyde?4. Catechol4 was

condensed witBHA % thenoxidized to yield catechatitronylnitroxide26. Semiquinone
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biradical formation/complexation was completed by reacting compa6add

Zn(OH) TpCumMe giving 5-T2 under standard conditiog’:9:142

OH

Br t-Bu
ST
onc_ S V. Nes /T, Pd(PPhs);, 2M KOA
\ S DMF, 0°C THF, Reflux, 48 hrs
S
CHO
CHO
41 42, 94% 43, 62%
OH
t-Bu OH
OH 0] OH
+Bu tBu o t-Bu oH
AN
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ST > ————* el RALINY
_/ DMF _ THF/H,0 8 HONﬂH/ —
— HN OH &__S
S S _S
N HO~\~"N-OH
CHO CHO CHO %
43 44, 96% 45, 79% 46, 97%
OH O/z\nTpCum,Me
t-Bu OH t-Bu O
S _\ Zn(OH)TpC“m'Me
—_—
— MeOH
xS
Oq &
HO~N">N-OH OMO
46 47, 51% 2-T2, 54%

Scheme llI-3. Synthesis of 5-T».
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For the synthesis SQ-T andKSQ-T-d, as outlined inSchemdll -4, compound
S3was formed under Suzuki conditions using compdbhdrepared as previously
reported, and commercially availabl®2 Deuteration oS3was selectivelperformedby
reacting Rbutyllithium with S3at-78°C followed by MeOD quench to gi&S-d.
Deprotection 053S3-d was completed iwarmacidic methanol to produc@/S4-d in
excellent yield. Using\g2COs/Celite, half of S4S4-d was oxidized t&5S5-d under inert
atmosphere. Comproportionation®4/S4-d andS5S5-d to form semiquinoné&kSQ-

T/KSQ-T-dwas carried oytand stored,nder inert atmosphere.

(0] (0] o
t-Bu 0._0_ o £Bu +Bu
Eé 2M K,CO; AngO3
+ —_—
_B. ~" Pd(PPhg), MeOH reflux
;_% THF, reflux
p-tsOH
1)n7SBuL| M OH
s1 s2 83, 91%\2) MeoD 50°C s4/s4 d, 83% sslss-d, 94%
/\
S3- d
OH o) o)
t-Bu OH t-Bu (0] t-Bu O K*
KH
.
THF, r.t
Z s ~ s ~ s
H/D H/D H/D
S4/S4-d S$5/S5-d KSQ-T/KSQ-T-d

Scheme llI-4. Synthesis of KSQ-T and its Deuterium-labeled analog KSQ-T-d.
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2. Structural and Magnetic Properties of SQBridge-NN Distance Dependence
Complexes
Structural parameters of biradical crystals can provide physical evidence of the

presence of the SQ and NN radicals through compaasthe bond lengths to previously
published workinformation about intramolecular geometries, as well as details of
intermolecular interactiond hermal ellipsoid plots of complexés1-pPh, 1-Phz, 2-(2,5)T,
and2-T2 are shown irFigurelll -2 in which both hydrogen atoms and cumenyl groups were
omitted for clarity.The ond lengths fotheo-SQ and NN components in each complex fall
within typical valuesThe strutural deviation parametefsr these radicalare summarized
in Tablelll -1. I n each case, siiracoubd@3Qcbpenenrbheons
a n d i| 80024 for the NN component are small when compared to previously reported
semiquinondike ligand$“?and the Zn@N3 coordination sphere is identical to other

TpcumMezn(SQBridge-NN) biradical complexe$?’:142.145
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Fsann = 9. 13A

Figure 11I-2 Thermal ellipsoid plots of 1 (top), 1-pPh (middle left), 1-Ph; (bottom left), 2-(2,5)T (middle
right), and 2-T, (bottom right). Hydrogen atoms and cumenyl groups have been omitted for clarity.
Angles (blue) are for torsions between adjacent ring planes. Distances (green boxes and red arrows)
are from SQ bridge attachment carbon to NN bridge attachment carbon.

Another important factodiscerniblethrough crystallography is théstbnces between
oxygen atom®n the paramagnetiatronylnitroxide acceptorghich possess appreciable
spin densityThese distances adetermined to ensure the results of the magnet
susceptibility measurementsflect theintramolecular exchange couplindpa, and not
intermolecular exchangé&he clesest intermolecular contaittr theseoxygen atomén each
complex studieds given inTablelll-1. All of these valuesreall outside the range for

significantintermolecularcontributions to the measured magnetic exchange coupfihtf<.
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Table Ill-1. Structural Deviation Parameters and NN oxygen-oxygen intermolecular distances for
Complexes 1, 1-pPh, 1-Ph,, 2-(2,5)T, and 2-T,.

Intermolecular
Complex | 0-S Q D (A) (NN D{ (A) O-0 Distance @)
1 0.011 0.015 4.691
1-pPh 0.014 0.025 4.861
1-Ph, 0.017 0.019 6.088
2-(2,5)T 0.008 0.026 4.604
2-T> 0.008 0.017 7.967

As we saw in Chapter Ithetorsion between B-A fragments has a strong effect on 8@

NN exchange/electronic couplirgdwill modulate the doneacceptor
interactiont®1361.75149 e to the limited number of complexes in this series, we cannot
create the same typé multi-dimensionaplot shown in Chapter Il and must accept that the
torsional effects on the exchange coupling will manifest themselves as "uncertainty” in the
measured exchange couplidga. However, we can comment on the relative planarity of
each set of complexes in order to establish the lack of major torsional effects skewing the
experimental dataComplex1 has anearly coplanaconformation of SQ and NN groups

while complexesl-pPh and1-Phz possessnoderate bond torsions comparison,

complexe2-(2,5)T and2-T2 show more coplanarity than their pheftyidgedcounterparts
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Table Ill-2. Select Torsion Angles for Complexes 1, 1-pPh, 1-Phy, 2-(2,5)T, and 2-T».

Complex | SQ-Bridge Bridge-NN Bridge-Bridge
Torsion Angle (°) | Torsion Angle (°) | Torsion Angle (°)

1 0.9

1-pPh 35.9 15.2

1-Ph 26.6 39.3 34.6

2-25T1T 114 1.9

2-T2 14.8 30.6 3.7

Themagnetometry for crystals @fPhz and2-T2, displayed aparamagnetic

susceptibilitytemperature produs{ A Tvk. temperatuteareshown inFigurelll -3. The

Gadd T d at aas wsiagas HOVV Hamiltonian, as describedEm (.29), giving a

ferromagneticJpa = +20 cm! for 1-Phz, andJpa = +108cm? for 2-To.

Figure 1ll-3 Plots of the paramagnetic susceptibility-t e mp er at ur @aApTr)o dvusc.t
1-Ph; (red), 2-T» (blue) and 2-T (black) with best fit lines for 1-Ph, and 2-T, in red and blue

Temperature (K)

o
S
X
FIT\
>
S
()
= ¢ ATI=220cm™h
para
04| - ¢ A =(172 cm™) -
o<m para
g Tp™'™"Zn(SQ-Ph -NN) Tp™™*Zn(SQ-T -NN)
o
0.2 q -0.20£0.01 q -0.1£0.01| F
Jem? +200.4 Jem? | +108:05
R? 0.992 R? 0.996
0 T T T T T
0 50 100 150 200 250 300

t(eemper at ur

respectively. Theoretical lines for 2-T correspond to J = +220 cm-1 with d = -0.1 K (pink) and for J =
+172 cm-1 with d = -0.1 K (green).
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The magnetic susceptibilitdatafor 2-(2,5)T showswhat appears to beliaear
relationshipsuggestingCurie-Weissbehavior withJpa > ~250 cmt. Since we couldn't
reliably measure the exchange coupling withSi@UID magnetometer, weequired an
alternate method for estimatidga. In cases where thenglet of the ferromagnetically
coupled biradical is not appreciably thermally populated at 300K, the exchange coupling
parameter can be estimated from the ratio of the spin densiby ¢thebridgering at the
carbon attached to the NN radical to theresponding SQ ring carbon spin denéitsince
the spin densities are directly proportional to the proton hyperfine coupling constaratzn
use EPR to estimate the SN coupling for2-(2,5)T. Since the proton hyperfine tbe
protons on the SQ have already been reported in the literature, we just need to determine the
proton hyperfine to the proton on the thiophene ring where the NN is attached. In order to do
that, we have to be able to assign a hyperfine couplings frdtens on the thiophene ring.
KSQ-T was synthesized as described®&rhemdll -4 as a donebridge analog o2-(2,5)T in
order to determined the proton hyperfine dowpbetween the SQ radical and protons on the
rings. The EPR of a dilute solution §6Q-T was determined and simulated with five
different hyperfine couplings, one for each proton on the molecule. The experimental and
simulated EPR spectrum KSQ-T, along with simulation parameters and a labeled line

bond drawing, is shown iRigurelll -4.
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Figure lll-4. (Left) EPR spectrum of KSQ-T as 0.2 mM solution in THF (red), simulation (blue), and
the residual (green). The simulated spectrum was produced in WinSIM using proton hyperfine
coupling simulation parameters given in Table IlI-3 as well as a line width of 0.100 gauss, 31.000%
Lorantzian line shape, and a g-shift of -0.266 gauss. (Right) Line bond structure of KSQ-T with
hydrogen atoms labeled.

Once a set of hyperfine couplings K8Q-T had been determined, the easiest way to assign
the coupling which belonged to the pbsition was to synthesize a compound which replaces
Hs with an EPR silent deuterium, as describe8chemdll -4 for KSQ-T-d. The percent of
deuteration oKSQ-T-d was calculated using the integration of residual signal an lthe

'H-NMR shown inFigurelil -5.
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Figure 111-5. NMR Spectra of S3 and S3-d in DMSO-ds. With selective deuteration at Hs, the signal at
7.49 ppm is dramatically reduced in intensity. Based on integration, ~75% Hs has been replaced with

deuterium. Consequently, the signals corresponding to Hz and Ha collapse from doublet of doublets to
doublets with a reduction in Js.4 coupling by 0.1 Hz and a reduction in Ji2 coupling by 0.2 Hz.

A dilute solution EPR spectrum BSQ-T-d was then collected and simulated in the same

way asKSQ-T, but with one fewer hyperfine parameféhe experimental and simulated

EPR spectrum dkSQ-T-d, along with simulation parameters and a labeles hiand

drawing, is shown ifrigurelll -6.

87



Experimental
- - Simulation -
Residual
o — O -
t-Bu OK
il : 1 Hy Hy
( H3 72 S
& & Ha D

3455 3456 3457 3458 3459 3460 3461 3462 3463
Magnetic Field (G)

Figure Il1-6. (Left) EPR of KSQ-T-d as a 0.2 mM solution in THF (red), simulation (blue), and the
residual (green). The simulated spectrum was produced in WinSIM using 28.28% KSQ-T with a line
width of 0.100 gauss, a 39.31% Lorentzian line shape, and a g-shift of -0.195 gauss as well as
78.72% KSQ-T-d with a line width of 0.260 gauss, a 28.15% Lorentzian line shape, and a g-shift of -
0.205 gauss. Proton hyperfine coupling simulation parameters for KSQ-T-d are given in Table 111-3.
(Right) Line bond structure of KSQ-T-d with hydrogen atoms labeled.

By using previously reported proton hyperfine couplings ford3;&@rt-butylsemiquinon&®

and the simple MO spin densities for thKSQ-T SOMO, the proton hyperfine couplings

were assigned as summarized ablelll -3.
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Table I1l-3. Hyperfine Coupling Constants for KSQ-T and KSQ-T-d from EPR Spectroscopy.
Hyperfine couplings were assigned based on simulation of KSQ-T-d and the hyperfine coupling
constants for 3,5-di-tert-butylseminquinone.14°

Atom | KSQ-T Hyperfine Coupling Constant | KSQ-T-d Hyperfine Coupling Constant
H: 0.78 0.73
H> 2.61 259
Hs 1.31 1.2
Hs 0.29 0.26
Hs 1.04

By knowing these proton hyperfine couplingsa for 2-(2,5)T can be estimated frofeq.

(111.3):47
ar 0 ag 0 . ~
3 _y =SQT g, *BOT  g80cn 18104 010p 1
SQ-T-NN SQ-NNeerS 6  SQ-NN %Q 0 9%33 ks 1.3
c + ¢ +

giving Jsgt-nn = 172cmt. Thisvalue ofJpa for 2-(2,5)T clearly represents a lower limit as
there is nandication of thermal population of the exchange coupled singled state via a
downward infection in thevarmer temperature region (300K) of theexperimentatpard T
data Clearly, the experimentabarA T d a-308K) lie Bbdve the theoretical curve for
Cpardd T € +172 cmt) as shown irFigurelll -3. Insteadthe theoretical curve falba = 220
cmit was found to correlate better with the experimental bekaw ~220 K and thereforge

will use Jpa = +220 cmt* for 2-(2,5)T.

3. D-B-A Electronic Coupling Parametersand Spectroscopy
To begin to analyze this series of complexes, electronic absorption spectroscopy can
be used to confirm the presence of the SQ and NN through characteristic low energy

transitions as well as provide a comparison of the SQ SOMO to NN LUMO transition
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energy oo according to McConnell's model of electronic coupligg. 1.42).° Figurelll -7
shows an overlay of electronic absorption spectrd, fivpPh, 1-Phz, 2-(2,5)T, and2-T>
with labels for characteristic transitions for 8NN D-B-A biradicals.Values oftpas

determined by the spectrakingurelll -7 are tabulated iffablelll -4.

1 1 1 1
250004 —‘1| » SQ SOMO —NN LUMO B
—_— 1-Ph2
200004 ——a2-T =
= —2T
E 2
_©15000 == B
3
E 1000
— 10000 - * =
w 00
5000 - fc;cc 1*.:/16 12000 13000 14} 15000 18000 ™
sonts E*NNn — T
0

12000 16000 20000 24000 28000
Wavenumbers (cm™)

Figure 111-7. Extinction coefficients of 1 (red), 1-pPh (blue), 1-Phz (green), 2-(2,5)T (purple), and 2-T»
(black). The inset is an expansion of the 10,000 to 16,000 cm-1 region to show characteristic SQ
nY”  * and NN nY * tr ardand+14,000 an’! espectivélyl SQOISDMO ¥ NN
LUMO transitions range from ~19,000 cm-! for 2-T, to ~26,000 cm-! for 1 and are summarized in
Table IlI-4 as pvalues.

Through use of the previously determireectronic coupling fol, Hsonn,” and the
ratio of magnetic exchange to electrooawpling previously described in ChapteHba was
calculated for each compléx this study. Values afpa andHpa for thesecomplexes are

given inTablelll -4 and these data are shown graphicallfigurelll -8A and Bas a ratio to
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the values determined féras per Eq.I{1.2) and (II.1) respectivelyAssuming the
thiophenebridged and bithiophergridged mixed valence compounds Wenger has studied
are Class Il delocalized, the valuedtda for 2-(2,5)T and2-T2 are within 10% of

previously reported values?

Table lll-4. Exchange Coupling ,El ect r oni ¢ Co u-pEléctrog Transfen Energes Br 1,7
1-pPh,” 1-Phy, 2-(2,5)T, and 2-T». n represents the number of bridge units.

Complex Jpa (cmt) Hpa (cm™) D (Cm’l)
1 550 10622 N.A.
1-pPh 100 4529 22,900
1-Ph> 20 2015 24,200
2-(2,5)T 220 6718 21,000
2-T> 108 4707 19,200

By using the plots ifrigurelll -8A and B,we were able to determiniee decay constabt
describinghe exponential distance dependencdaththe magnetic exchange couplitd

153 and the electronic coupling matrix elemétit
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Figure 111-8. Exponential dependence of Jpa and Hpa on distance for oligo(para-phenylene)-bridged
biradical series, 1, 1-pPh, and 1-Ph; (A) and for oligo(2,5-thiophene)-bridged series, 1, 2-(2,5)T, and
2-T, (B). Error bars correspond to error in J-values determined from multiple susceptibility
experiments. The dashed lines in B represent J and H using the J-value for 2-(2,5)T estimated from
the EPR-determined proton hyperfine coupling constants (J = +172 cm).

In Figurelll -8A, we have determineithe value ob = /Ofor 8li§o(para-phenylene)
bridged S@B-NN biradicalsfrom Jpa values for SQPhh-NN biradicals issimilarto that
foundfor oligo(para-phenylenelpridges in PET Bpara-Phh-A (n = 1-5) compounds
determined frontharge separation rate constafbts 0.46 A'),*” oligo(para-phenylene)
bridges probed by electron transfemizinc(ll) porphyrinsystem § = 0.4 A%%5 andfor
a,w-oligo(para-phenylenexithiols using break junction conductive atomic force
microscopy method® = 0.41 A%).2° Figurelll -8B shows the intramolecular distance

dependence dfipa andJpa for theoligo(2,5thiophene) series whered solid lines represent

fits to the data usindpa = +220 cm' for 2-(2,5)T while the dashed lines are fits to data using

Joa=+172 cmt from Eq. (I1.3). The stretched exponential decay fits uslag= +220 cm*

are decidedly better than those usipg= +172 cm* with an R of 0.998 versus 0.9%br
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the fits forthe values ofpa respectivelyTheb values determined from fits the electronic
coupling H/Ho) and exchangeoupling(J/Jo) parameters can be considered asarmal
check on the quality of the fas they should provide the same valye can see the internal
check holdsgor the fits usinglpa = +220 cmt but notfor those usingpa= +172 cmt
(Figurelll -8B). Thereforetheb value that we determiddor the oligo(2,5thiophene)
bridged S@B-NN species is 0.22 A Interestingly, his value foib is twiceas large as that
determined byPET measurements pbrphyrintoligo(2,5thiophenejfullerenetriadsbridged
by 4, 8, and 12 thiophene repeat uffits 0.11 AY'¢ andbreak junctiorconductance
measurements amnseries of oligo(2;hiophene)molecular wirewith 5, 8, 11, and 14
thiophene repeat unitb = 0.1 A1).%¢ In thesesolution phasstudies, it was determined that
the efective conjugation length was approximatglthiophene repeat unit§o explain the
remarkably small value fdr in the PET experiment# was suggesteto result from highly
efficient molecular wire behavior with an extraordihalarge correlation length’ These
previously reported values bfrepresent aignificantdifferencewith theresults for the
thiophene bridge®Q-B-NN biradicals andan be explained bsithersignificantdifferences
in how the bridge interacts with the donadaacceptoor the previously reported valuase
relying on incoherent hopping as the maiachanism oélectrontransport’ as oposed to
coherent superexchange, such as which is found in donor acceptor birathcalshe PET
measurements show evidence for hole character on the thioph&h§s{

Alternatively, theb value can deviate from th@eviously discussed exponential

distance dependence througintormational flexibility of the bridgé>® However,
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confomational flexibilityis not an issue in theg®B-A molecules since thmagnetic
exchange, and thus teésctronic couplingHpa), are determined banalysis of soliestate
magnetic susceptibility datnd not solution phase measurementerestingly there has
been some recent work that shawat the conductance can display a-eaponential
distance dependence and eimreasefor bridges with more than three repeat urtts>?
161 This unique dependence is suggested toresut from adecrease iindicatinga
greater resonance between the donor and the bf@tber sources of variation ncan occur
in PET or conductancexperiments if the bridge is capable of being @dad or reduceds
observed byasielewskit”>1 This g/stem providesncoherent charge hoppinghich affects
the electron transfer rate constaltie increase in the charge recombination rate constant
past three bridge unitsdicateshe molecular wire behavior in-B-A systems does not have
to derive from a energetically favorable redakfference between donor and acceptor

As described in Chapter I, PET rate constants, break junction conductance, and donor
acceptor biradical exchangee allrelated to the electronic coupling matrix elemeA)
throughMcConnells expressior{Eq. 1.42).° If we usethe Hpa values we have determined
for oligo(para-phenylene)and oligo(2,5thiophenejbridged S@B-NN systems and the
electron transfer energié®n) a D) as reported iTablelll -4, we can estimate the bridge
bridge electronic couplind{ss. For a DB-A system with a single bridga €1) the term for
Hgs is reduced to &nd theHpsHBga prodict can be determined from EHgjl .4), where the

subscript Q) denotes the number of bridge repeat units.

HosHea =Hoxy [ .4

94



By using this relationship, we can use the ratio of thelividge repeat unit to the-B-A

with one bridge to estimate the valfeHgs Eq. (111.5).

Hore Do
H D 1115

DAL = (1)

Hegs =

By plugging in the valueom Tablelll -4, we have determined thidiss ~11,400 crit for

the phenyiphenylinteraction andHgs ~12,300 crrt for the thiophendhiophenednteraction
which isapproximately an 8% difference in magnitutlés very important to note that tlop
values fromrablelll -4 are estimates as there is no way to meagalieectly for the S@B-

NN system. This also means thia¢ tmagnitudes of calculatétks valuesare also gross
estimates since the error in knowigqugets propagated through the calculation. However, it
is reasonably safe to assume that we can still compare the relative ratio between the
calculatedHgg values for the phemyphenyl interaction and the thiophetieophene
interaction in order to compare the two bridge types while using the same donor and acceptor
for the systemThrough this estimation, we can see that the differenkkirvales for
oligo(para-phenylene)versus oligo(2,8hiophene)ridged DB-A is not directly related to
the difference iHgg values.In fact, the largeHpa values for oligo(2,8hiophene)

compared to oligg@ara-phenylenebridged S@B-NN systemsome from the combinatth

of smallerDvalues for the oligo(2;fhiophene)s and their largelibg and/orHga values.

This specificallyunderscoesthe importance afheexcited state interactiongtween the
donor or acceptor and the bridgeorder to enhance the coherent supenange mechanism
for electron transfer and transp®tiThe importance oDin determiningHpa is then

highlighted in explaining deviations in exponential decay laws thiat do not derive from a
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hopping mechanisrit? McConnells modelenforces this importance by discussing terms

of D, Hgg, and the length of the bridge repeat uRiaccording to Eq.I(l .6).

.6
BB

For our S@B-NN systemthe dominant contributor to differences in oligafa-phenylene)
and oligo(2,5thiophene) values appears to i2based orthe experimentallgstimatedd,
Hgg, andRo values The computational analysis of Eng and Albinssetyho noted thab is
not spedically related to the nature of the bridge but is rather a prppéthe entire BB-A
ensembleshows a good agreement with this experimental conclusiosthermore, aimple
relationship has been derived that reldtés the effective barrier heigkdp &) for an

electron tunneling through a sgagwotential barrier as shown . (111.7),162163

2 .2
DE., —%‘%% %2 ©.952eV A5 "

whereme is the mass of theinneling electronUsing Eq. (3.8) and the experimentally
determined valuesfor our SQB-NN distance dependence seri@s, find g Br= 1168 cmt
for the phenyphenyl interactiorand 372 cnt for the thiophen¢hiophene interactiarBased
onourexpement al | vy det erhekefieaiwk barriariheightsor abigodirab , t
phenylene) is approximately three times greatar that for oligo(2,8hiophene).

By using the same donor and acceptor for this distance dependence study, we have

been able tsee how an ~8% difference iz couplings alone between two bridge types

cannot explain differences in the exponential distance dependence acr8sa alistead,

we see that b for a bridge type depeesds on
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the idea that the contacts between the electrodes (i.e. the donor and acceptor) and the bridge

are just as important as the molecular structure of the bridge'fself.
C. Exploring Another Electron Rich Bridge for Distance Dependence: Selenophene

1. Introduction to Other Chalcogen Bridged Biradicals

The results shown in the previous section focus mainly on two very different bridge
types. However, the structure of thiophene lends us a way to study the effects of the
heteroatom on the electronic couplingreplacing the sulfur atom with other chalcogens.
While less common than oligo(2tBiopehem), otherimportant bridgeypesutilized inlong
range electron transféransportareoligo(2,5selenopheney®¥ 17%and oligo(2,5furan)
bridged!9167.171.17H_B-A systemsBy swapping the sulfun thiophenewith a less electron
rich oxygen in furan, we would expect the overall electronic couphiag)(to be weaker
from eithercpbeing larger or any of thieps, Hes, or Hea couplings being smallef’
Conversely, by swapping the sulfur atom with a more electron rich selenium atavoude
expect the overall electronic couplingdda) to be stronger from eithgpbeing smaller or any
of theHps, Hes, orHea couplings being largef’

Upon initial investigationye found that furan derivatives were simply not stable
enough to undergo the required chemical transformations for the synthesis offilra$Q
NN and SGQbifuran-NN D-B-A complexes, so focus was turned to the more stable
selenophene bridged biradicals instead. Through use of the establistB8i8@olecular
architecture, we caattempt to compartne effects othe heteroatom in the bridge usidge

and3-Se, shownin Figurelll -9.
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Figure I11-9. Bond line drawings of electron rich thiophene and selenophene bridged D-B-A biradicals.

2. Synthesis of Selenophene Bridged Biradicals
For the synthesis &Se as shown irschemdll -5, 48, prepared as previously
reported;’®was reacted witB under standard Suzuki coupling conditions to yidd
Protected catechd© was deprotected under acidic conditions to yield comp&0nad
excellent yield. Catech&@0was reacted witBHA to yield condensation produsi
followed by oxidation withdto yield nitronylnitroxide52. Compound2 was finally reacted

with Zn(OH) TpCumMe ynder standard conditioft§to yield 3-Se
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Scheme llI-5. Synthesis of 3-Se.

For the synthesis &Se, as shown irschemdll -6, 53, prepared as reported
previously!’*was reacted witl under standard Suzuki coupling conditions to yid
Protected atechol 54 was deprotected under acidic conditions to yield comp&dnd
Catechob5was reacted witBHA to yield condensation produs6 followed by oxidation
with |2 to yield nitronylnitroxide57. Compounds7 was finally reacted with

Zn(OH) TpCumMe ynder standard conditioh¥1%to yield 3-Se.
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Scheme llI-6. Synthesis of 3-Se.

For the synthesis &i{SQ-Se as shown irschemdlIl-7, S1was reacted witls6
under Suzuki conditions to yield protected cate@iblvhich was immediately deprotected
under acidic conditions 88 Half of catechoE8was reacted with Fetizon's reagent to
produce quinon&9in excellent yield. An equal amount 88andS9were reacted in a

comproportionation to yieldSQ-Sefor dilute solution EPR studies.
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Scheme llI-7. Synthesis of KSQ-Se following the same general procedure as KSQ-T.

3. Discussion of Results for Selenophene Bridged Biradicals

In order to gauge the effect of the selenium atom on the electomating between
SQ and NN, we can use the previously discussed oligtiigyphenedpridged DB-As as a
comparisordue to their similarity in structur®ue to this similarity, it is likely that
oligo(2,5thiophene) and oligo(2;8elenophenelill have smilar features in thir electronic
absorption spectraVe see this is indeed the casé-igurelll -10 asthe overall band shape
of 2-(2,5)T and3-Seare similar asr@ 2-T2 and3-Se.. Themajor difference between these
spectra is the shift of tr@Q SOMOY NN LUMO absorption bandf ~500 cm! to lower
energy for3-Seand3-Se: compared t@-(2,5)T and2-To. If Hpg, Hea, andHgg for
oligo(2,5selenophene) are similar to those for oligo{®jdphene) and eremember that

theseSSQ S OMO Y Nthansltidnd/e@an approximation afpin Eq. (.42), we can

101



conclude that the lower energlectronictransitions fof3-Seand3-Se should correlate to

larger electronic couplings th&a(2,5)T and2-Te.

25 ' l I I
——TpS" ¥ Zn(SQ-T-NN)
Tp:_.. -_~eZm: SQ-T-T-NN)

2 = Tp™""*Zn(SQ-Se-NN) I
= —Tp""**Zn(SQ-Se-Se-NN)
O —
(1))

(&)
C
3
s 11
w
0
<C
05-
0

15000 20000 25000 30000 35000
Wavenumber (cm™)

Figure 111-10. Normalized electronic absorption of 2-(2,5)T (green), 2-T (red), 3-Se (blue), 3-Se:
(black) in DCM. Absorption spectra were normalized to the NN nY * * transition at ~11,800 cm™. SQ
SOMO Y NN LUMO transitions range from ~18,000 cm-! for 3-Se, to ~21,000 cm-* for 2-(2,5)T.

As we discoveregdwe wee unable to measure tbgchange oP-(2,5)T through
magnetometry and thus estimated from EPR hyperfine coupling constanige assumed
that we would also be unable to measure the exchargy8edue to predicted similaor
larger,exchange coupling®r oligo(2,5selenophene)ridged DB-As compared to
oligo(2,5thiophenejbridged DB-As. As before withKSQ-T, a selenophene anglavas
synthesized as shown 8themdll -7. By performing the same dilute solution EPR

experiment orKSQ-SeaskSQ-T, we can again compare t
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connecting carbon atoms of SQ and selenophene using prgierfine coupling to the SQ

radical.
il Experimental
— Simulation
E Residual
= (0]
_ t-Bu O K*
= Hy Hy
[ Hy~7se
J Hy  Hs
3452 3454 3456 3458 3460

Magnetic Field (G)

Figure lll-11. (Left) EPR of KSQ-Se as a 0.2 mM solution in THF (red), simulation (blue), and
residual (green). The simulated spectrum was produced in WinSIM using a line width of 0.157 gauss,
a 99.25% Lorentzian line shape, and a g-shift of 0.515 gauss. Proton hyperfine coupling simulation
parameters for KSQ-Se are given in Table IlI-5. (Right) Line bond structure of KSQ-Se with hydrogen
atoms labeled.

By simulating the dilute solution EPR K5Q-Se we obtain the proton hyperfine coupling
constantsgisplayedn Error! Reference source not found. We can then use the proton
yperfine coupling constants frokSQ-T to make tentativassigmentsof the proton

coupling constantof KSQ-Se
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Table IlI-5. Proton hyperfine coupling constants for KSQ-T and KSQ-Se determined by EPR.

Atom KSQ-T Hyperfine Coupling Constant | KSQ-SeHyperfine Coupling Constant
H: 0.78 0.76
H> 2.61 255
Hs 1.31 146
Hs 0.29 0.34
Hs 1.04 111

By using Eq. (|l .8), we can again calculate what we can assume is a lower limit BoSke
exchange coupling we would observe in magnetometry. However, as we sax2Bhir

this calculated value dlba is only an estimate and cannot easily be used to directly compare
one exchange coupling to another. We can at least conclude that comparelbtddahe-

(2,5)T determined in the same fashion (172%n3-Seis at leasthe same magnitude as

(2,5)T and wauld have similar issues in attempts to measdukehrough magnetometry. To
further emphasize the fact that this value is an estinfidhe coupling constant f@-Sehad

just a 5% error, the calculated value3eBecould be anywhere between 175tand 191

cmit. Therefore, due to the uncertainty of the exact proton hyperfine coupling constants, it is
difficult to conclude if3-Seindeed has a larger electronic coupling tBg&,5)T and, if so,

by how muchBased on data fromalculations of energy gap®”!" incorporation of
selenophene in polymeric backboneswfanic field effect transistof$® andselenophene

used inorganic solar cell§>166.16917Qye can see that oligo(2€elenophene) shows affinity

for slightly better electron transfer/transport tlwdigo(2,5thiophene). This should then
correlate to a slightly larger electronic coupling, #mas a slightly larger magnetic exchange

for oligo(2,5selenophenelompared to oligo(2;fhiophenedpridged DB-As.
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Unfortunately, all attempts at crystalliziBgSeand3-Se resulted in dramatic
changes in the electronic absorption spegthach can be seen Figurelll-12, indicating
decomposition of the biradicaPostcrystallization spectra iRigurelll -12 were taken from
dried crystallization attempts that were setup in a nitrogen environment shielded from light.
Significantchanges foB-Secan be seen at ~22,000 ¢nvhere the band in the pest
crystallization attempt shifts slightly to lower energy and becomes less intense while the
band at ~20,500 chremains unchanged. Differencessi$e are even morerdmatic where
anew transitiorappeas at ~23,000 c in the postcrystallization spectrum and the band
shape of the transition arourd9,000 crit degrades from two clear peaks in the reaction
mixture spectrum to three in the pasystallization spectrunDue to the peamagnetic
nature of the comples avenues for determining the products of the decmitipnwere
extremely limitedMass spectrometry on the crystallization attempts showed multiple
products at highdin/z) ratios than the calculated biradical molecwl@ight suggesting
decomposition througbxidation of the biradicals. While selenophenes can become oxidized
to the oxide and 1,4dioxide form, this process usually requires a directed synthetic
approach.’” However, it may be possible that the interaction between the SQ radical and the
selenophene bridge rings increases the reactivity and causes decompositiotioim goér

long periods of time making crystallization difficult, if not impossible.
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Figure 111-12. Electronic absorption spectra in DCM before (solid lines) and after (dashed lines) air
and light free crystallization attempts for 3-Se and 3-Se,. Spectra were normalized to 11,800 cm in
order to attempt to visually compare the relative intensities of various transitions.

D. Experimental

General considerations Reagents and solvents were purchased from commercial
sources and used as received unless otherwise fidtadd'3C NMR spectra were recorded
on either a Varian Mercury 300 MHz or a Varian Mercury 400 MHz spectrometer at room
temperaturetH and'3C chemical shifts are listed in parts per million (ppm) and are
referenced to residual protons or carbons of the deutlesateents, respectively. Infrared
spectra were recorded on a Bruker Vertex 80v spectrometer with Briker Platinum ATR
attachment. Electronic absorptispectra were collected on a Shimadzu-1801 U\-
Visible SpectrophotometelEPR spectra were collected an IBM Instruments ERO0D-
SRC Spectrometer. Microcrystalline samples of ~2 mM concentratere prepared in

tetrahydrofuranfreezepumpthawed several times ankt spectra were simulated using
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WinSIM. Elemental analyses were performed by Atlantic blais, Inc. Highresolution
mass spectra were obtained at the NCSU Department of Chemistry Mass Spectrometry
Facility and the Duke University Department of Chemistry Mass Spectrometry Facility
Single crystal XRD structures were determined by Paul BoyleRarger Sommer at NCSU.
Compoundd,}421-pPh,102988 1610921 178 28 1793014235 17341 18056181 o-jodoxybenzoic
acid (BX),89182184 2 3 dimethy}2,3-bis(hydroxyamino)butanBHA )% and
TpCumMezn(OH) % were synthesized gweviously describedCompounds-Phy, 2-(2,5)T,
2-T2, KSQ-T, KSQ-T-d, 3-Se 3-Se,, andKSQ-Sewere prepared as outlined below.
Magnetometry. Magnetic susceptibility and saturation plots were performed on a
Quantum Design MPM&L SQUID magnetometeMicrocrystalline amples of ~15 mg
were loaded into gelcap/straw holders and mounted to the sample rod with Kapton tape for
susceptibility experimds. Raw susceptibility data wasllected with an applied field of 0.7
T andcorrected for diamagnetic response of the sample using Pascal's constants as a first
approximationwith a separate diamagnetic correctionthe sample holder.
X-Ray Diffractio n. Information including the experimental details of the structural
determination of the new metal complexes in this work can be foulplgandix A
4'-lodo-[1,1'-biphenyl]-4-carboxaldehyde(29). A 50 mL Schlenk flask containing
28 (500 mg, 1.79 mmol), iodine (453 mg, 1.79 mneoid CHiI 2> (8 mL) was degassed by 4
freezepumpthaw cycles. The reaction mixture was heated at’@0@r 4 hours.
Diiodomethane was removed under reduced pressure. The residue was dissolvead,in CHCI
washed with a saturated solution of2§@s and brinedried with sodium sulfate, filtered

and evaporated to dryness. The solid residue was purified by recrystallization from
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CHzClz/hexanes mixed solvent to affa2@ as a brown solid (550 mg, 97 %M NMR (300
MHz, CDCb, U): 10.06 (s, 1H), 7.96 (d,= 8.3 Hz, 2H), 7.82 (d] = 8.3 Hz, 2H), 7.72 (d, J =
8.3 Hz, 2H), 7.37 ()= 8.3 Hz, 2H)’*C NMR (75MHz,CDC&) U (ppm) : 191. 9,
139.3, 138.3135.6, 130.6, 129.2, 127.5, 9417R  ( smax(cim)t 3056 2922, 2822, 2727,
1692, 1600, 1572, 1547, 1475, 1417, 1383, 1306, 1286, 1258, 1208, 1164, 1104, 1062, 908,
840, 806 Mass spectrometrym/2): 308.9763(M+H)".

3"-(tert-Butyl)-4",5" -bis(methoxymethoxy}[1,1":4',1" -terphenyl]-4-
carboxaldehyde(31). To a50 mL Schlenk flask29 (440 mg, 1.38 mmol30 (500 mg, 1.50
mmol), Pd(PPB)4 (79.0 mg, 0.0684 mmol), cesium carbonate (890 mg, 2.73 mmol) and
ethanol (5 mL) in dried toluene (10 mivere addedplaced under a nitrogen atmosphere
and refluxed for 48 hAfter thereaction mixture was cooled to room temperatdfemL
water was addednd stirred for30 min. The resulting mixture wéittered through Celite
andthe solventemoved under reduced pressure. The residue was extracted us@ig, CH
washed with a saturated sodium bicarbonate solititowed bybrine, dried with sodium
sulfate, filtered and concentrateitt vacuo The solid residue was purified by column
chromatography (4:1 hexanes : ethyl acetate) to pr@ide browm oil (440 mg, 66 %):H
NMR (300 MHz, CDC4, Ui): 10.07 (s, 1H), 7.97 (d,= 8.3 Hz, 2H), 7.80 (d] = 8.3 Hz, 2H),
7.71 (d,J = 8.3 Hz, 2H), 7.67 (d] = 8.3 Hz, 2H) 7.31 (s, 1H), 7.28 (s, 1H5,27 (s, 2H),
5.26 (s, 2H)3.68 (s, 3H), 3.53 (s, 3H), 1.49 (s, 98C NMR (75 MHz, CDG4, Ui): 192.0,
150.6, 146.8, 146.0, 143.9, 141.6, 138.3, 135.4, 135.3, 130.8, 127.6, 119.5, 113.5,

99.2, 95.6, 57.8, 56.5, 35.5, 30IR. (thin film) 3max (cTY): 2955, 2900, 2822, 2721700,
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1602, 1571, 1551, 1524, 1471, 1435, 1391, 1360, 1324, 1264, 1233, 1213, 1162, 1077, 1030,
1007, 958, 880, 840, 81Blass spectrometrym/2): 457.1975M+Na)".

3"-(tert-Butyl)-4",5" -dihydroxy-[1,1":4',1" -terphenyl]-4-carboxaldehyde(32). To
a 50 mL round bottom flask containiBd (350 mg, 0.806 mmol) in methanol (3 mL) was
added 3 drops of 12 M HCI and 1 drop of water and the solution was refluxed overnight. The
solvent was removed under reduced presandethecrude reaction mixture was extracted
using CHCI>, washed with brine. The organic phase was then dried with sodium sulfate,
filtered and concentratad vacuo The solid was recrystallized from a mixture of methanol
and diethyl ether to providg2 as a lightorange solid (250 mg, 90 %H NMR (300 MHz,
DMSO-ds, U): 10.06 (s, 1H), 9.61 (s, 1H), 8.29 (s, 1H), 8§01 = 8.3 Hz, 2H), 7.95 (d] =
8.3 Hz, 2H), 7.82 (dJ = 8.3 Hz, 2H), 7.64 (d] = 8.3 Hz, 2H) 7.02 (s, 1H), 6.98 (s, 1H),
1.40 (s, 9H)13C NMR (75 MHz, CDC4, U): 192.7,145.5, 144.3, 141.4, 136.4, 136.0, 135.0,
130.2, 129.2, 127.6, 127.0, 126.7, 115.6, 111.2, 34.5, [F9(80lid) 3max (cn%): 3489, 3417,
2956, 1664, 1600, 1571488, 1435, 1400, 1373, 1358, 1300, 1286, 1218, 1190, 1169, 1151,
1108, 1068, 1003, 947, 875, 842, 813, 766, K&BS spectrometrym/2): 369.1458
(M+Na)*.

2-(3"-(tert-Butyl)-4",5" -dihydroxy-[1,1":4',1" -terphenyl]-4-yl)-4,4,5,5
tetramethylimidazolidine-1,3-diol (33). A 10 mL Schlenk flask containirg (100 mg,
0.290 mmolandBHA (90.0 mg, 0.600 mmolyith a minimal amount of methanaias
pump/purged with nitrogen thestirred at room temperature for 48 h. Tkaation was
filtered and washed with cold methanol to yi8Rlas a white solid (100 mg, 75 %MH NMR

(300 MHz, DMSQds, Ui): 9.57 (s, 1H), 8.22 (s, 1HJ,79(s, 2H),7.68 (d,J = 8.1 Hz, 2H),
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7.63 (d,J= 8.1 Hz, 2H), 7.57 (s, 2H$.98 (s, 1H), 6.94s( 1H), 4.55 (s, 1H), 1.40 (s, 9H),
1.09 (s, 6H) 1.07 (s, 6H’C NMR (75 MHz, CDC4, U): 145.5, 144.0, 141.2, 140.1, 138.9,
138.1, 136.0, 129.7, 129.1, 127.0, 126.5, 125.7, 115.5, 111.2, 90.1, 66.1, 54.9, 34.5, 29.4,
24.4, 17.2IR (solid) 3max (ci): 3524, 3222, 2950, 2901, 1604, 1484, 1435, 1392, 1367,
1319, 1250, 1200, 1150, 1111, 1092, 1069, 947, 915, 875, 822, 769, 798a822.
spectrometrym/2: 477.2741(M+H)".

2-(3"-(tert-Butyl)-4",5" -dihydroxy-[1,1":4",1" -terphenyl]-4-yl)-4,4,5,5;
tetramethyl-4,5-dihydroimidazol -3-oxide-1-oxyl (34). A 100 mL round bottom flask
containing33 (50.0 mg, 0.108 mmol) in Gi&l2, pH 7 bufer and cetyltrimethyl ammonium
bromide (10.0 mg, 0.0274 mmol) was cooled%6.0odine (43.2 mg, 0.170 mmol) in
CH.Cl, was added dropwise at@ The mixture was stirred at@ for an additional 30 min
The organic layer was separated and washed wakugased solution of sodium thiosulfate
and brine. The organic phase was then dried with sodium sulfate, filtered and concentrated
vacua The solid residue was purified by recrystallization fromCllhexanes mixed
solvent to provid&4 as a bluegreen solid (45.5ng, 91 % . | R mix@®nol): 3505) 3
3195, 2925, 2850, 1653, 1603, 1536, 1483, 1422, 1387, 1361, 1322, 1311, 1254, 1215, 1165,
1133,1106, 1070, 955, 872, 822, 800, 736, 699, 618, 540. EPRI& 1298 K)an = 7.64G.
Mass spectrometr§m/2): 472.2353M-H)".

TpCumMezZn(SQ-Ph-Ph-NN) (1-Phz). A 25 mL Schlenk flask containirgg (50.0
mg, 0.108 mmol)TpcumMezZn(OH) (75.0 mg, 0.108 mmol)ral 10 mL of 1:1
methanol/CHCI, waspump/purged with nitrogen thestirred under Wat room temperature

for 1 h and opened to awernight. The brown precipitate wesllectedand dried
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underacuum. The solid was recrystallized from a-CH/methanol solution to yieldl-Ph2
as a brown solid (10&g, 81 %). IR (solid) 3max (cml): 2954, 2921, 2850, 2540, 1605, 1575,
1550, 1519, 1463439, 1386, 1361, 1258, 1172, 1094, 1061, 983, 821, 788, 746, 644. EPR
(CH2Cl, 298 K)an = 3.92G. Elemental AnalysisCalculatedC: 71.23 H: 6.77, N: 9.77),
Found:(C: 70.79 H: 6.94 N: 9.41).
2-('SBr omot hizgpd),edrt 8t b amet hyl 4l rpdBid@Iglon i ai @
mL V3ifal. 33 g, 6.96 mBA L. Wwdsgadéded@2wimmio!l ) an
were dissolved in THBe miLeac tsitomn | aahsdmesiit di g er de ldw i
24. hThe pfrecwedtaok!l prgt pdr¥Iq ®hBVetH NMRY) .
(300 MHz-dUDMS&.,022H)J= B..®5 (Hd,, J 13H)9, Hz.,9 01 H)d,,
4.28 (s,(s1H¥YH)L. A3 015 (s, 6H).
2-(Br omot h2-ppih ednt et 5 ,a Me-tbh g ¥ d r o i3 ix d-Eoeoy |
BYTo a 100 mL roundngeott atm |l a8k58ommal hi anc
met hamexlces sl ead (1 V) oxi de Avatserad3® dmiam dT U @ f (
et hyl aceBdthe) Os Mbwe d 8&pp=b I0u.el)l ,ancdo!l or |l es s,
After 1 hour total reactiomhéi meaobi shawasnf
and solvent removed hwenderodruecdu oveads pPpruas §u reed. |
chromatogmragpihegnt , Y1 @O% hhyelx aanceest at e i n hexane:
bl ue 3s{o0.i&30 g, -8B, EPRBaKIX: 7 .pkh tr@ttfhdimk /)
(c™M: 2998, 1431, 1401, 1368, 1199, 1141, 793
2-( B 3t eButt yYHh)y dr oxy p h e n-gy Pt H it &ept i eanmde-t5h y |

di hydr oi3mixd-EHmoBIBA 100 mL schl enk BaOskK8mWMas c
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g, 1. 04 gndma3l6)6,, 1. Adb( BHun® 5 ) mg n d 0 . TOhSe6 2S cnhn oel n) k.
flaskewhed -podgpdn3f0 tmLmeosf. dry, degased THF
with 2. BCRIA refl ux condenser -pvastphfaiwte,d t3he r e
times, and the reactuifde wesctebhumedtioer &S
room temperatuXQeanwathktdewed hTthher osuogl hv ean ts iw ai sc
removed and the product was purxXfi2éd by col u
met hgnel ding 0.268 g3&G6. @93 r R ot )2 98BFK) :
penaet 7. b8 Gswf{ ctH) 2969, 2913, 2856, 2538,
1056, 831, 794 ChHemdd,0H¥0.3UMN2¢4L£HE8T), 686 (6
(453) .

3-(t eButt Yol % 1-d Bhy d4 ok;ye,t,ametbhlhydr oit3mi daz ol
o X i-ldoex )yttt hi e2¢yH 9 rcy ¢c3 .abh elnali o@PheB@. 200 g, 0. 5
mmol ) was dissobCdaddi bO1MmMLIMBE®Hh&THY, 3. 11 mm
was atdldeedr eaction t@O0Onedneadcioemeadlimg tshdalnvent
was removed and the product wWagG: poOrhéxadedhe
acelyated0d.ilngb g (0. 4 131% snmeo | d a r8BEOPYR) @ dqg | 12 .8 K) :
penéet 7. 81 G3maf BMn(s@9i3d) 2858, 1637, 1618,
812, UVY3PGRCHHmax G): 312 (4AD@B)YL), 486

2-( § 3§t eButt VMI,-06i hyyplbenyl )-2-\hHd)o @ kt éent 5 ,a Me-t5h y |
di hydr oi3mixd-EHmo#MIDA 100G mMLenk fl ask was charge
0.528 3nmamod )30.Crhdd CtHhe s ol utpiuoiphavasdfrideee t i1

degassed solution of ascorbic acid (93 mg, 5
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solution was addedTlhteo rtehaec trieoaacntd tormo nnei tixotfuerde .B
TLO.he organimoVeaedgevi ssasyrienge and placed i nt
bottom flask where alll BOt mMh wE opetsol eamt e
added and the pa-bilCtewas phhpecdchdridenres
precipitatedwdy wa@lclueam filtration Wilel di ng !
EPR-b(aXrd, 298K :7.peht@.t shf ci:hinl FHEIONMBO55431,
1356, 210278,9,11131, 1008¥, G 0HIWP555@16374), 6
(295) .

THEUM POS @ hi ohBIN)2-(2T)5A) dry 50 mL Schlenk f
filledd 9d trhg, 0. 2Z4n0( GO Ye1 adBdmg, 0. 238 mmol )
pump/ purged with .Ai mrogene s:@paenk2da | Inbt inGhld smet h a |
were degassed and t hen tTrhaen srfeearcrteido ni nniox ttuhree
turned dark brown upond asgddirtriednuodeftheni $ 0loyge
reacti on tnmh exkpuasee dvatsmoiati or @ach Aby BEtRR 4s b, vent
was removed under reduced pressuma and the p
chromatopho@Hhpasi c )giemdnag 186 mg 20. 172 mn
(2T®9 a browe powbsddctr ystakehvapedabybahow. EPF
(and, 29 8akp)p:aaeennBt. Bt Gswa{ tHh) 2969, 2913, 28
1525, 1431, 1356, 1169, L0586 @BHA)L:;, Io6 6 ( 5863
445 (10659), 475 (12325), 860 (467).

5Br ofm@-b2't hi ofchaernbed| ddhJaea (15 mL round bot

5579 n{ 2. 82 wamola)dded with 515 mg (2.89 mmol)
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stir1@€dCain the dark for 18 hours. The react
deioni zed water and stirred for 5 minutes af
collected via vacuum filtr at4i2diNMRo (Bi0®l MHZ3 8
CDGI UO:(s9,. 817/H)J= B..®6 Hzd,JtHB, 97HI8 JE#HB, 97H1I]
1H), 7=08.0dHz, 1H).

5'-(3-(tert-Butyl) -4-hydroxyphenyl)-[2,2'-bithiophene]-5-carboxaldehyde 43). To
a 100 mL oven dried Schlenk flask, 641 mg (2.32 mm6l624 mg (2.29 mmokB2, and
150 mg (0.13 mmollpd(PPh)s were added with-15 mLtetrahydrofurarunder a nitrogen
atmosphere. A B K2CQOs solution was degassed with nitrogen and 4 mL (8 mmol) was
added to the reaction vessel by purged syringe. The reaction flask was fit with a condenser,
refluxed for 2 days, and checked by thin layer chromatography (TLC) (75% ethyl acetate in
hexanes) to esure product formation. After the reaction was cooled to room temperature,
~30 mL deionized water was added and the mixture stirred in @0forin The mixture
was then transferred to a separatory funnel, diluted with 100 mL ethyl acetate, and washed
twice with a saturated sodium chloride solution. The organic layer was dried over sodium
sulfate and the solvent removed under reduced pressure. The resulting brown oil was purified
by column chromatography (20% ethyl acetate in hexanes) to yield 484 my¢62%
compound43. *H NMR (400 MHz, DMSGds, U) : 9. 87 (s, 1H)39 9. 82
Hz, 1H), 7.56 (dJ = 3.9 Hz, 1H), 7.52 (d] = 3.9 Hz, H), 7.39 (m, 3H), 6.85 (d] = 8.19
Hz, 1H), 1.38 (s, 9H)"*C NMR (100 MHz, DMSGds) U (ppm): 184 .25, 157

146.58, 141.47, 139.81, 136.84, 133.16, 128.82, 125.25, 125.14, 124.72, 123.90, 117.60,
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35. 05, 2 9. Ra9cmb)13B30 (bis @H), 1640 (s, €=0O)Elemental Analysis:
CalculatedC: 66.63 H: 5.30, Found:(C: 66.75 H: 5.38.

5'-(5-(tert-Butyl) -3,4-dioxocyclohexal,5-dien-1-yl)-[2,2'-bithiophene]-5-
carboxaldehyde @4). To a 50 mL round bottom flask, 230 mg (0.67 mnddand 376 mg
(1.34 mmol)IBX wasadded with 2 mIN,N-dimethylformamide The reaction was covered
with aluminum foil and stirred in air for 20 h. After ensuring all of the starting material was
consumed, the reaction was poured into 50 mL deionized water and diluted with ethyl
acetate. Thenixture was transferred to a separatory funnel and washed twice with saturated
sodium bicarbonate followed by two washes of saturated sodium chloride. The organic layer
was collected and dried over sodium sulfate and the solvent removed under redssteé pre
to yield 228 mg (96%) aflark red compound4. *H NMR (400 MHz,CDCG4, G ) : 9. 92
1H), 7.74 (dJ = 4.0 Hz, 1H), 7.59 (d] = 4.0 Hz, 1H), 7.44d,J = 4.0 Hz, 1H), 7.41 (d] =

4.0 Hz, 1H), 7.22 (d] = 2.2 Hz, 1H), 6.64 (d] = 2.2 Hz, 1H), 1.35 (s, 9H}*C NMR (100

MHz,CDCk) 4 (ppm): 182.28, 179.77, 179.58, 151.

141.27, 136.78, 132.06, 130.23, 127.49,025., 120. 03, 35. &&mHY29. 20.

1658 (s, C=0), 1645 (s, C=0), 1637 (s, CH@ass spectrometrim/2): 357.061QM+H)".
5'-(3-(tert-Butyl) -4,5-dihydroxyphenyl)-[2,2'-bithiophene]-5-carboxaldehyde

(45). The dark red quinond4 (228 mg, 0.64 mmol), was dissolved in 10 tetrahydrofuan

and transferred to a separatory funnel. In a 125 mL Erlenmeyer flask, 125 mg (0.70 mmol)

ascorbic acid was dissolved in 10 mL deionized water and added to the separatory funnel

containing44. Upon shaking the mixture, the dark red color faded to a light yellow. To

separate the layers, 100 mL saturatedium chloridesolution was added and the organic
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layer was diluted with 50 mL ethyl acetate. Thgaonic layer was then washed twice with

saturatedsodium chloride solutigrdried oveMgSQs, and the solvent removed under

reduced pressure to yield 181 mg (79%) of competiiéH NMR (400 MHz, DMSGds, U ) :

9.87 (s, 1H), 9.75 (s, 1H), 8.52 (s, 1H), 7.99)(d,4.0 Hz, 1H), 7.55 (d] = 4.0 Hz, 1H),
7.52 (d,J = 4.0 Hz, 1H), 7.28 (d] = 4.0 Hz, 1H), 6.99 (d] = 2.0 Hz, 1H), 6.96 (d] = 2.0
Hz, 1H), 1.37 (s, 9H)*C NMR (100 MHz,DMSGds) U (ppm) : 183 . 44,
145.43, 144.95, 140.64, 139.03, 136.27, 132.29, 127.98, 124.45, 122.92, 122.85, 114.81,
110.22, 34. 29 ,ma(2n®). 3080.(br, O, 1625 @,ICF@)pss 3
spectrometrym/2: 359.076gM+H)".

2-(5'-(3-(tert-Butyl) -4,5-dihydroxyphenyl)-[2,2'-bithiophen]-5-yl)-4,4,5,5
tetramethylimidazolidine-1,3-diol (46). To a 5 mL round bottom flask, 101 mg (0.28
mmol) 45was added with 84 mg (0.57 mm&MHA and a magnetic stir bar. The flask is
sealed with a ruldy septum, attached to a Schlenk line, and pump/purged with nitrogen 5
times. Using a purged syringe, 2 mL of distilled and degassed methanol was added and
heated gently to dissolve the contents of the flask. The reaction was stirred in thandark
nitrogen for 2 days and checked for completion'BiyNMR. With an absence of a signal for
the aldehyde proton d@fb, the reaction is stopped by removing the solvent under reduced
pressure and the crude prodd6t(133.8 mg, 97%) is used directly in the synthesis of
compount47. | R fas(amit)i 3@50 (bg OH and NH).

2-(5'-(3-(tert-Butyl) -4,5-dihydroxyphenyl)-[2,2"-bithiophen]-5-yl)-4,4,5,5;
tetramethyl-4,5-dihydroimidazol -3-oxide-1-oxyl (47). To a 100 mL round bottom flask,

142 mg (0.29 mmok6 was dissolved in 30 mL diethyl ether and 10 mL freshly prepared
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buffer (pH 7). In a 125 mL separatory funnel, 119 mg (0.47 mmol) sublimed iodine was
dissolved in 30 mL diethyl ether. The reaction flask wabechto 0°C and the solution of
iodine was added dropwise with stirring. Once all of the iodine was added, the reaction was
warmed to room temperature and 100 miffer (pH 7)wasadded. The reaction was
transferred to a separatory funnel and washed wattwated sodium thiosulfate solution
followed by two washes of saturated sodium chloride. The organic layer was collected, dried
overMgSQy, and the solvent removed under reduced pressure to yield 73 mg (51%) of
compoun47. | R (as(@m)i 3670 (bOH). EPR (%Band, 298 K): pentet
(1:2:3:2:1),an=7.8 G.

TpCumMezn(5'-SQ-[2,2'-bithiophen]-5-yI-NN) (2-T2). To an oven dried 25 mL
Schlenk flask, 70 mg (0.14 mmely was added with 146 mg (0.21 mmac'™MezZn(OH)
and sealed with a rubber septum. The reaction flask was attached to a Schlenk line,
pump/purged 5 times, and finally left under nitrogen. Using a purged syringe, 2 mL distilled
and degassed methanol was added and the reaction stirreddod@rimitroga. The
reaction was then opened to air and stirred for 20 h upon which crude prodipitaisst
from the reaction mixte. The product was collected by vacuum filtration and purified by
column chromatographydsic alumina, 50% ethyl acetate in hexanesjeld 91 mg (54%)
of the biradicak-T2. The product was crystallized from slow evaporation of a solution
composed of a few drops of acetonitrilenp e nt an e . mk(E@T)( 2650w, BH). 3
EPR (XBand, 298 K): pentet (1:2:3:2:1), apparente3.8 G.Mass spectrometrim/2):

1157.463QM+H)".
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Synthesis of2-(3-(tert-butyl) -4,5-bis(methoxymethoxy)phenyl)thiophengS3). To
a 100 mL oven dried Schlenk flask, 298 mg (0.78 mi8atwas added with 159 mg (0.98
mmol) S2, 2 mL 2M KoCOg3, 216 mg (0.18 mmol) Pd(PBk ~ 20 mL tetrahydrofuran, and
the reaction stirred under reflux for 18 hours. The reaction was cooled, opened to air, 30 mL
deionizedwaterwas added, and the mixture was transferred to a separatory funnel. The
reaction solution was diluted with ethyl acetate and washed 3 times with saturated NaCl
solution. The organic layer was dried over8i@& and the solvent removed under reduced
pressureThe resulting product mixture was purified by column chromatography
(dichloromethane + 5 drops triethylamine on Si yield 241 mg (91%) d83. *H NMR
(400 MHz,DMSO-ds, U): 7.49 (ddJ=5.1 Hz,J=1.1 Hz, 1H), 7.38 (ddl=3.6 HzJ=1.1
Hz, 1H), 7.27 (dJ = 2.2 Hz, 1H), 7.16 (d] = 2.2 Hz, 1H), 7.11 (ddl = 5.1 Hz, 3.6 Hz, 1H),
5.26 (s, 2H), 5.18 (s, 2H), 3.56 (s, 3H), 3.45 (s, 3H), 1.40 (s,*8EINMR (100MHz,
DMSO-ds) U (1L50/52n)45.87, 144.16, 143.65, 129.37, 128196,77, 123.97, 117.97,
112.55, 99.28, 95.63, 57.69, 56.70, 35.43, 30.8R  ( Swmax (CiT®t 2958 2927, 2905,
2872, 2825, 1737, 1601, 1575, 1531, 1473, 1428, 1399, 1359, 1297, 1258, 1242, 1205, 1154,
1077, 1044, 1000, 960, 942, 865, 793, .69RMS-ESI (m/2: [M+H]* calcdfor C1gH2404S:
359.1288found: 359.1283

Synthesis of3-(tert-butyl) -5-(thiophen-2-yl)benzenel,2-diol (S4).To a 50 mL
round bottom flask, 241 mg (0.71 mm8&i3was added with 5 mL methanol, 3 drops of
concentrated HCI and refluxed overnight. The reaction was checked by TLC and once no
starting material remained, the reaction was cooled to room temperature and transferred to a

separatory funnel. The organic layeas washed with saturated NaCl solution, dried over
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NaSQu, and the solvent removed under reduced pressure to yield 155 mg (8340jHbf
NMR (400 MHz, DMSQds, U): 9.57 (s, 1H), 8.26 (s, 1H), 7.34 (dbs 5.1 Hz,J= 1.1 Hz,

1H), 7.14 (ddJ = 3.5 Hz,J=1.1 Hz, 1H), 7.01 (ddl = 5.1 Hz,J = 3.5 Hz, 1H), 6.89 (d] =

1.8 Hz, 1H), 6.87 (d) = 1.8 Hz, 1H), 1.32 (s, 9HY*C NMR (100 MHz, DMSGds) U ( pp m) :

146.01, 145.53, 144.71, 136.74, 128.79, 124.59, 124.30, 122.11, 115.34, 111.06, 34.98,
29.96 IR (s o | inaddm?):33488, 3305, 3114, 3088, 3070, 299961, 2924, 2872, 1593,
1480, 1423, 1381, 1367, 1342, 1299, 1241, 1187, 1147, 1084,111385H,941, 856, 837,
797, 751, 695, 641, 608, 469IRMS-ESI (M/2): [M+H]* calcd for GaH1602S: 249.0944
found: 2490943

Synthesis of3-(tert-butyl) -5-(thiophen-2-yl)cyclohexa3,5-diene-1,2-dione (S5).
To a 50 mL oven dried round bottom flask, 30 mg (0.12 m@&élyas added with ~5 mL
dichloromethane and purged with nitrogen for 10 minutes. To the purlyegwisp133 mg
Fetizon's reagent was added and refluxed for 2 hours. The reaction was filtered and the
solvent removed under reduced pressure to yield 28 mg (9498 4 NMR (400 MHz,
DMSO-dg, U): 8.04 (d,J = 3.9 Hz, 1H), 7.98 (d] = 5.0 Hz, 1H), 7.32 (dd, J =5.0 Hz, J = 3.9
Hz, 1H), 7.29 (d, J = 2.1 Hz, 1H), 6.65 (d, J = 2.1 Hz, 1H), 1.28 (s,"8EINMR (100
MHz,CDCk) &4 (ppm): 180.13, 179.94, 151.63,
129.33, 119.90, 35.92, 29.3R (sd i @ha}(cmd)): 1641 (C=O)HRMS-ESI (m/2): [M+H]*
calcd for G4H140,S:247.0787; found247.0787

Synthesis of KSQ-T (S6). To a 10 mL round bottom flask, 29 mg (0.08 mnt)
and 28 mg (0.08 mmo§5 were added and transferred into a nitrogen glove box where ~2

mL tetrahydrofuran was added with an excess of tetrahydrefuaahed potassium hydride.
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The reaction was allowed to stir for 0.5 hours then filtered. A 0.2 mM solution was prepared
in an EPRube and freezpumpthawed 5 times for EPR studies.

5-(3-(tert-butyl) -4,5-dihydroxyphenyl)selenophene2-carboxaldehyde 60). To a
100 mL Schlenk flaskl.50 g (6.25 mmol) 048, 2.44 g (6.42 mmol) &, and 400 mg (0.35
mmol) of Pd(PP$)s were added with 50 mL tehydrofuran under a nitrogen atmosphere.
Using a purged syringe, 11 mL of nitrogen bubble@®: was added. A condenser was fit
to the reaction vessel under nitrogen purge and the reaction heated to reflux while shielded
from light overnight. The reactmwas then cooled to room temperature, opened to air, and
30 mL water added. The reaction was transferred to a separatory funnel, diluted with ethyl
acetate, and washed with saturated NaCl solution. The organic layer was dried-8@r Na
and the solventemoved under reduced pressure. The product was purified by column
chromatography (triethylamine treated 3i@0% EtOAc in Hexanes) to yield 579 mg (23%)
of a mixture 049 and50. The mixture was dissolved in 20 mL methanol and placed in a 50
mL round bottom flask where 5 drops of HCI was addedaatmhdenser attached. The
mixture was heated to reflux for 19 h then cooled to room temperature and transferred to a
separatory funnel. The reaction was diluted with ethyl acetate and washed twice with
saturated NacCl solution. The organic layer was driest dlaSQs and the solvent removed
under reduced pressure to yield 423 mg (94%) of para yellow solid*H NMR (400
MHz, DMSOds, U) : 9. 84 JE&.7Hz]11H)) 8.73 @,.1H).28.1¢ (dbi= 4.1 Hz,
J=1.7 Hz, 1H), 7.60 (ddl = 4.1 Hz,J = 1.7 Hz, 1H), 7.01 (s, 2H), 1.37 (s, 9FC NMR

(100MHz,DMSOdg) & (ppm): 184.7, 161.6, 1864 3,
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29. 2. | Rx(cOTy:B471(lar,yOHR 1629(s,-C=0). Mass spectrometryr(z):
323.01747 (M+H).

2-(5-(3-(tert-butyl) -4,5-dihydroxyp henyl)selenopher2-yl)-4,4,5,5;tetramethyl -
4,5dihydroimidazol-3-oxide-1-oxyl (52). To a 10 mL round bottom flask, 163 mg (0.50
mmol) of50and 184 mg (1.03 mmol) &HA was added and pump purged with nitrogen
five times. Using a purged syringe, 6 mL of dry and nitrogen bubbled methanol was added
with light heat to dissolve theactants. The reaction was allowed to stir under nitrogen and
shielded from light for 19 h. Once the reaction was completeldyMR, the solvent was
removed under reduced pressure. The crude reaction mixture was then dissolved in 30 mL
diethyl ether, 10 i buffer (pH = 7) solution, and transferred to a 100 mL round bottom
flask which was cooled to 0°C. To a 125 mL separatory funnel, 200 mg (0.79 mmol) of |
was added with 30 mL diethyl ether and added dropwise to the cold reaction mixture. After
all of thel> solution was added, the reaction was allowed to stir for 10 minutes then diluted
with 30 mL buffer (pH = 7) solution and transferred to a separatory funnel. The organic layer
was washed with saturated 48803 solution followed by saturated NaCl solutiorhe
organic layer was dried over POy and the solvent removed under reduced pressure to
yield 165 mg (68%) 052, a light brown solidIR (solid) 3max (cm™): 3119 (br,-OH). EPR
(X-Band, 298 K): pentet (1:2:3:2:1)y & 7.36G. Mass spectrometryn(z): 450.10542
(M+H)*.

TpCumMezZn(SQ-SeNN) (3-S6. To an oven dried 25 mL Schlenk flask, 88 mg (0.18
mmol) of52and 127 mg (0.18 mmol) @ (OH) Tpc™Me was added and pump purged with

nitrogen five times. Using a purged syringe, 5 mL of dry and nitrogen bubbled
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dichloromethane was added under a g@matmosphere. The reaction was allowed to stir

for 2 h under nitrogen then was opened to air to stir overnight. The solvent was then removed

under reduced pressure and the product purified by chromatography (Basic alumina, 50%

EtOAc in Hexanes) to yielti59 mg (75%) oB-Se Attempts at crystallizin@-Sewere

carried out in DCM/MeOH, Bezene/MeOH, Benzene, Toluene, DG#&xane, and

Benzene/rHexane at room temperature inside the glovebox and in sealed w208 @tand

5°C. In all cases no crystallizati was observed. After8weeks of being in solution the

majority of 3-Sehad decomposed which further reduced the chance of crystal growth.
5'-(3-(tert-butyl) -4,5-bis(methoxymethoxy)phenyl}[2,2'-biselenophene]s-

carboxaldehyde 64). To a 100 mL Schlenk flask, 270 mg (0.71 mmolp,0221 mg (0.60

mmol) of53, and 135 mg (0.12 mmol) of Pd(Pfphwas added with 20 mletrahydrofuran

under a nitrogen atmosphere. Using a purged syringe, 1 mL of nitrogen bubblegCZW K

solution was added. A condenser was fit to the reaction vessel under nitrogen purge and the

reaction heated to reflux for 2 days. The reaction was ctéolexbm temperature, opened to

air, and 30 mL water added. The mixture was then transferred to a separatory funnel, diluted

with ethyl acetate, and washed with saturated NaCl solution. The organic layer was dried

over NaSQy and the solvent removed undeduced pressure. The product was purified by

chromatography (triethylamine treated 3i05% EtOAc in Hexanes) to yield 312 mg (96%)

of crude54. Thecrude product after chromatography showed evidence of a mixture of fully

partially-, and urprotected hydroxyl groups and was thus used directly in the nextRtep

(s 0 Imdx(dny?): 3#76(br, -OH). Mass spectrometryr(z): 543.01781 (M+H).
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5'-(3-(tert-butyl) -4,5-dihydroxyphenyl)-[2,2'-biselenophenefs-carboxaldehyde
(55). To a 100 mL round bottom flask, 584 mg (1.08 mmoB4ivas added with 15 mL
ethyl acetate, 5 mL methanol, and 10 drops of conc. HCI. Upon addition of HCI the solution
changed color from orange to red. A condenser washatfaand the reaction was heated to
reflux for 18 h. The reaction was cooled to room temperature and transferred to a separatory
funnel where the organic layer was washed with saturated NaCl solution. The organic layer
was dried over N& Qs and the solvertemoved under reduced pressure to yield 404 mg
(83%) of55, a dark yellow solid*H NMR (400 MHz, DMSGds,  ®76(s, 1H) 9.75 (s,
1H), 8.55 (s, 1M 8.17 (dJ = 4.2 Hz, 1H), 7.63 (d] = 4.2 Hz, 1H), 7.55 (d] = 4.2 Hz, 1H),
7.37 (d,J= 4.2 Hz, 1H), 6.94 (d] = 2.1 Hz, 1H), 6.91 (d] = 2.1 Hz, 1H), 1.37 (s, 9H}*C
NMR (100 MHz, DMSQds) U  (1§3(7,m60:6, 158.2, 146.5, 145.7, 14844.3, 138.8,
136.4,127.2,124.9, 124.8, 111.2, 34.4, 2B.R  ( sufax(cinyt 349%Kbr, -OH). Mass
spectrometryrtVz): 452.94969 (M+H).

2-(5'-(3-(tert-butyl) -4,5-dihydroxyphenyl)-[2,2'-biselenophen]5-yl)-4,4,5,5
tetramethylimidazolidine-1,3-diol (56). To a 10 mL round bottom flask, 162 mg (0.36
mmol) of 55was added with 127 mg (0.72 mmol)BRHA and pump purged with nitrogen
five times. Using a purged syringe, 6 mL of dry and nitrogen bubbled methanol was added
with light heat to dissolve the reactants. The reaction was allowed to stir under nitrogen and
shielded from light for 3 days. Once theaction was complete BiA NMR and IR, the
orange precipitate was collected by vacuum filtration to yield 63 mg (30%) of Géutid

NMR (400 MHz, DMS>-ds, U): 8.59 (s, 1H), 7.82 (d, J
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1H), 7.40 (d, J = 4.2 Hz, 1H), 7.29 (d, J = 4.2 Hz, 1H), 6.90 (s, 1H), 6.88 (s, 1H), 6.09 (s,
1H), 1.37 (s, 9H), 0.99 (s, 12 H) R ( smiax(cimt 34863(br,-OH)

2-(5'-(3-(tert-butyl) -4,5-dihydroxyphenyl)-[2,2'-biselenophen]5-yl)-4,4,5,5;
tetramethyl-4,5-dihydroimidazol-3-oxide-1-oxyl (57). To a 100 mL round bottom flask, 63
mg (0.11 mmol) 066 was added with 20 mL diethyl ether, 5 mL buffer (pH = 7) solution,
and chilled to 0°C. To a2zb mL separatory funnel, 41 mg (0.16 mmol)-ofvas added with
20 mL diethyl ether and added dropwise to the stirring reaction mixture while shielded from
light. After all of the $ solution was added, the reaction was allowed to stir for 10 minutes
before diluted with 50 mL buffer (pH = 7) solution and transferred to a separatory funnel.
The organic layer was washed with saturategSp@s solution followed by saturated NacCl
solution then dried over N8Qu. The solvent was removed under reduced pressyieltb
51 mg (82%) o067, adark brown solid | R as(@ml)i 3808 (brmad;OH). EPR (%
Band, 298 K): pentet (1:2:3:2:1)y & 7.71G. Mass spctrometry (vz): 581.04421 (M+H).

TpCumMezZn(SQ-SeSeNN) (3-Se»). To a 25 mL oven dried Schlenk flask, 62 mg
(0.11 mmol) o567 was added with 158 mg (0.23 mma@h(OH) TpmMe and pump purged
with nitrogen five times. Using a purged syringe, 10 mL of a 1:1 mix of dry and nitrogen
bubbled dichloromethane/methanol smno was added under a nitrogen atmosphere. The
reaction was allowed to stir for 2 h under nitrogen then opened to air and allowed to stir
overnight. The solvent was removed under reduced pressure and the product was purified by
chromatography (Basic aluma, 50% EtOAc in Hexanes) to yield 125 mg (93%3-&e.
Attempts at crystallizin@-Se were carried out in DCM/MeOH, Bezene/MeOH, Benzene,

Toluene, DCM/AHexane, and Benzenekexane at room temperature inside the glovebox
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and in sealed vials a20°C and 5°C. In all cases no crystallization was observed. After 3
weeks of being in solution the majority $Se had decomposed which further reduced the
chance of crystal growth.

Synthesis of2-(3-(tert-butyl) -4,5-bis(methoxymethoxy)phenyl)selenophens?).
To an over dried 50 mL Schlenk flask, 700 mg (2.72 mi@6J)L.14 g (3.00 mmol$1, and
48 mg (0.21 mmol) palladium(ll) acetate were added with 5 mL dimethyoxyethane and
freeze pump thawed three times. Using a purged syringe, 3.4 mL of a degassadtitivi
of KoCOz was added and a condenser attached under nitrogen purge. The reaction was heated
to reflux for 18h and monitored by TLC. When complete, the reaction was diluted with DCM
and transferred to a separatory funnel. The organic layer was waghesdturated NaCl
solution twice, dried over N&Qs, and the solvent removed under reduced pressuréHFhe
NMR of S7showed fully, partially, and unprotected catechol signals and the crude product
was carried onto the next step.

Synthesis of3-(tert-butyl) -5-(selenopher2-yl)benzenel,2-diol (S8) To a 50 mL
round bottom flask, 484 mg (1.26 mm&lJwas added with 10 mL methanol, 5 drops of
concentrated HCI, and 3 drops of water. A condenser was attached and the reaction heated to
reflux overnight. Whe the reaction was complete by TLC, the reaction was cooled and
transferred to a separatory funnel. The organic layer was washed with saturated NaCl
solution three times, dried over 8, and the solvent removed to yield 349 mg (94%) of
S8 'H NMR (400 MHz, DMSOds, U ) : JB=.5.0 HzJE t.1dHz, 1H), 8.52 (ddl =
3.8 Hz,J=1.1 Hz, 1H), 7.31 (d] = 2.2 Hz, 1H), 7.25 (d] = 2.2 Hz, 1H), 6.96 (dd] = 5.9

Hz,J= 3.8 Hz, 1lnkkjcm?!):B5R1 (grO8)l i d) 3
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Synthesis of3-(tert-butyl) -5-(selenophenr2-yl)cyclohexa3,5-diene-1,2-dione (S9).
To a 50 mL oven dried round bottom flask, 175 mg (0.59 mmol) S8 was added with 450 mg
Ag>CQOs on celite (Fetizon's reagent) and 20 mL DCM under inert atmosphere. A condenser
was attachednd the reaction refluxed for 30 minutes. Once no starting material remained by
TLC, the reaction was flushed down a 3 cm thick celite plug with a 0.5 cm thick layer of
SiOz on top using DCM. The solvent was removed under reduced pressure to yield 170 mg
(98%) ofS9. 'H NMR (400 MHz, DMSGds, U ) : J8=.5.0 Bz,J€ t.dHz, 1H), 8.52
(dd,J = 3.8 Hz,J= 1.1 Hz, 1H), 6.96 (dd] = 5.9 Hz,J = 3.8 Hz, 1H), 6.59 (d] = 2.1 Hz,
1H),6.34(dJ= 2.1 Hz, 1dkjcm?d): 1680 ($;6=@®) i d) 3

Synthesis of KSQSe To an oven dried 10 mL round bottom flask, 174 mg (0.58
mmol) S8 and 170 mg (0.58 mmol) S9 were added and transferred to a glovebox and
dissolved in ~2 mL THF. Inside the glovebox in a 25 mL over dried round bottom flask, 316
mg (7.8 mmolpotassium hydride in mineral oil (30% w/w) was added and washed with
THF to remove the protective mineral oil. Using THF, the potassium hydride was added to
the stirring reaction mixture and allowed to stir in the dark for 30 minutes. With a glass
pipettefilled with cotton and celite, the reaction mixture was filtered into a 25 mL volumetric
flask. The reaction mixture was then serially diluted to 0.2 mM in THF for EPR studies. Due

to the unstable nature of this compound, no further characterization @srzs.
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IV. Electronic and Exchange Coupling inCrossConj ugat ed D1 BT

Biradical s: Mechanistic Implications for Quantum Interference Effects

Part of the work in this chapter has been published in the Journal of the American Chemical

Society2013 135, 14713

A. Introduction to Cross-Conjugated DonorBridge-Acceptor Systems
So far we have only focused on conjugated bridges between donor and acceptor due
to their utility in studying distance and torsional effects with as strong as possible interaction
between donoand acceptotHowever, crossonjugated bridges have an important role to
play in understanding the electronic coupling in-81A system Wasielewskj®-2349.50.5%6
and Bardeet?18>18have reportethetacoupled and crossonjugated BB-A molecules
whi ch have c btatadltpehave enp@er af tnagditude longer lifetime then their
para-coupled and linearkgonjugded counterparts his, combined with ultrafast
spectroscopy, has allowed for detailed strueprapoerty relationships to be established for
electronic coupling in EB-A molecules in the weak coupling (nonadiabatic) regin
MMM conductance devices also take advantage of @osgigates systems sinceesults
in an effective barrier to efficient electron transmissiorelated electron transport systems
where single moleculdsidge nanoeldoode assemblie’ 118718 Redue@dtransmissiorin
these devices comé&®m destructive antiresonances (quantum interference efféets).8
1 whichtendto cancel competing pathway contributions to electron transfer/trariépbtt
It has even been suggested that by utilizing these quantum interference effects a system can

have fast and reproducible switchtfgsuch as in a molecular transistor. These studies show
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that there is a direct relation between study of eoosgugded systems and molecular
electronicsin fact, calculations suggest that the electron density distribdiieantly affects
transmission properties simplecrossconjugated bridgelike metaphenylenen a
predictable wad?%871:187.184y moving the destructive interference feature responsible for
insulator behavior to positive and negative potesitielative to the Fermi energy which then
turns on conductiorthrough thebdridge

By using our SEB-NN system, we can probe the electronic coupling of eross
conjugated bridges in ttetrongly coupledddiabati¢ regimeby comparing the electronic
coupling of aconjugatepara-phenyleneD-B-A versusa crossconjugatednetapherylene
bridged BB-A as shown irFigurelV-1. However, in order to understand how cross
conjugated molecules effect the interaction of two radicals, we can examuhéahence
between disjoint and nondisjoint biradicals and how they relate to o8-8R system and

use a simple MO model to predict the sign of the magnetic exchange between SQ and NN.

O/ZnTpCum,Me
| \o O/Z\nTpCum,Me

t-Bu
O t-Bu l_ 0 g@
O SNTRAND

( %

e i-Pr i-Pr

O\ﬁ/ N.’O \_)?D/l\}\ﬁ TpCum,Me
% o

1-pPh: SQ-pPh-NN 1-mPh: SQ-mPh-NN

Figure IV-1. Line bond drawings of 1-pPh and 1-mPh used for cross-conjugation studies.
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1. Disjoint and Nondisjoint Biradicals
Biradicals in general caretseparated into two typedisjoint andnordisjoint!% By
understanding a molecular version of Hund's rule, weuoderstand the preference for a
biradical to have its unpaired electrons aligned parallel (ferrortiaghyg) or antipardel
(antiferromagretically) based on overlap densit@smolecular orbital fragments.
A disjoint biradical isone in which the SOMOs can be isolated on two different
fragments of the same molecule. There are maagnples of this, but the simplest andsh

studied,s the tetramethyleneetha(EME) biradical shown irFigurelV -2.

2 &8

H

Figure IV-2. Line drawing of tetramethyleneethane (TME) (left) and corresponding SOMOs (right).

Because of the lack of any overlap betwehe two SOMOs in disjoint biradicals, teergy
of the singlet state and the triplet state@exlicted to belegenerateBy examining a simple
derivative, Iwamur® was able experimentally show weak antiferromagnetic coujliag
TME type biradical.

A nondisjoint biradical is one in which the SOMOs are nearly the same energy and
cannot be localizedn completely different atoms. Tveimple example of this are
trimethylenemethane (TMMgndmetaxylyleneshown inFigurelV -3. Using photoelectron

spectroscopy, Squirt§was able to experimentally determine the singtigtlet energy gap
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for TMM. Past Shultz group pregts have been focused toaditional TMM -type andmeta
xylylenetypebiradical$®"1*®while recentwork has focusdon norlisjoint D-B-A
biradicals*®"4"48n nordisjoint biradicals thetwo spin containingsOMOs have aon-zero
exchange integrakj. The electronshereforeprefer to be aligned parallel to minimize the

electronelectron repulsion in the overlap region.

Overlap Overlap

P H H '/_\‘
. A
H H
trimethylenemethane meta-xylylene

Figure IV-3. Line drawing of trimethylenemethane (TMM) (left) and meta-xylylene (right).

2. Molecular Orbit al Analysis of metaPhenylene vspara-PhenyleneBridges in D-
B-A Molecules
HMO theory presents a quick and easy methqatedict the sign of the exchange

coupling As described previouslyye can use thevaluation of the overlap densiiy two
different MOfragmens to providdansight into whetlr the interaction will result in
ferromagneti@xchange coupling antiferromagnetic exchange couplindet a cDb-upl e d
B-A systems are of interest becatiselocalization of theDonor andhe Acceptor cause
recombination times i n plstobedongerdharcigetbcalzddar ge s
systems® Bardee”>18%18was able tshow through ultrafast kinetics thaeta coupled
phenylacetylene dendrimezsx t end t he exci t eldeticeloflaDB-Abys epar a

10-fold compared tgara coupled phenylacetylerdendrimers
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Usinga metaphenylenebridged biradical system, we can determineetkhehange
coupling,J, and thus thelectronic couplingHpa, between the Donor and Acceptor to show
with clarity the disruption of communication when compared to a previchsiacterizett’
para-phenylenebridged biradical

As a first approximation, we can use Huckel MO theory to prédiat the Dbnor and
Acceptor will inteact with each other based on overlap denBignsity functional theory
(DFT) calculations on the SQN systeri*’ and the S@ara-phenyleneNN®4’ systemhave
shown that thefrontier SQNN orbitals are ppducts of NN lowest unoccupied MO (LUMO)
and SQSOMO mixing.Using Hiickel MO theory we can show this mixiiog thepara-

phenylenebridged DB-A in FigurelV-4.
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.O + O.
sN/ N’

SQ-Based SOMO
for ZnTpC“™Me&(SQ-p-Ph-NN)

SQ-para-phenylene-NN

SQ-SOMO fragment

Figure IV-4. Hickel MOs and orbital coefficients for NN LUMO (left top), SQ SOMO (left bottom), and
the SQ-based SOMO for TpCumMeZn(SQ-pPh-NN) (right). Red and blue represent positive and
negative respectively. Orbital coefficients are related to electron density.

We canlook at theDonorSQ-based SOM@nd theAcceptor NNbased LUMOo
understand why theara-phenylenebridged BDB-A shows ferromagnetic coupling and
compare it to what we expect to see forretaphenyleneoridged DB-A. For thepara-
phenylene SEBridge-NN, we can seé FigurelV -5 that there i8NN-LUMO character
mixed into theSQ-SOMO as shown previouslyherefore SQ-para-phenyleneNN is a
nordisjoint biradical andhe overlapdensity ofthe NNSOMO and the SQ SOMO i®n
zera The norzero overlap densitsesults in asizable exchange integrahd thus

ferromagnetic coupling isoth predicted and observéd’
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Figure IV-5. Huckel molecular orbital cartoon for SQ-para-phenylene-NN where red is positive and
blue is negative. Depicted are the SQ-based SOMO and the NN LUMO.

If we now look at thenetaphenylenebridged DB-A moleculein FigurelV -6, we
see that there 130 mixing of theSQ SOMO and NN LUMO because of the node at the
connecting carbon on the benzene rifigerefore, SQmetaphenyleneNN is a disjoint
biradical where theverlap density between NN SOMO and SQ SOMO isaeds i ngl et
triplet degeneracy antiferromagneticoupling is predictedrurthermore, the coupling
between donor and acceptor is expected to be weak, just as in Iw&hdisgiat biradical

system.

Cum Ale
o— 7\nTp

N
‘N
e

SQ-meta-phenylene-NN SQ-m-Ph-NN NN SOMO
SOMO

Figure IV-6. Huckel molecular orbital cartoon for SQ-meta-phenylene-NN where red is positive and
blue is negative. Depicted are the SQ-based SOMO and the NN SOMO.
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B. CrossConjugated Biradicals. Sydems Wh er e Hu nesNosAppgiyu | e

1. Synthesis of the Cros£Conjugated metaPhenylene Biradical
For the synthesis dFmPh, 5 was reacted with commercially availal®i®under
standard Suzuki conditions to yieldgnol59in good yield. Compoundb9 was therreacted
with IBX to yield quinones0which was then reduced with ascorbic acid to categhol
UsingBHA, 61 was transformedh methanol t&2 and then oxidized with iodine to
nitronylnitroxide65 in excellent yield. Catechalitronylnitroxide63 was reacted with

Zn(OH) TpcumMe ynder standard conditions to yield biradidainPh.

OoH HO.g O O OH
2M K,CO4 B, Ascorbic Acid
H Pd(PPh3), DMF THF / H,0
THF, reflux O O

5 58 59,65% 60, 80% 61, 86%
O/ZnTpCum Me
OH OH OH
HONH
N OH TpSumMezZn(OH)
MeOH OH Buffer (pPH=7) MeOH
Et,0, 0°C
@ \
61 62, 80% 63, 99% 1-mPh, 25%

Scheme IV-1. Synthesis of 1-mPh.
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2. Discussionof Results for Quantum Interference Effectan a metaPhenylene
Bridged Biradical
To begin tounderstand the effectraetaphenylenecoupling has between a SQ donor
and a NN aceptorseveratechniquexan be used. These techniques include EPR
spectroscopyo measure nitrogen hyperfioéthe D-B-A biradical complex as it relates to
the monoradical precursalectronic absorption spectroscdpymeasure electronic
transitionsbetween ground and excited stasesdmagnetometryo calculate thexchange
couplingbetween the singlet and triplet ground states
Starting off with EPR spectroscopy of tetaphenylenebridged DB-A, we see
stack plot of the experinéal and simulated EPR specstaown inFigurelV-7. Simulation
of the experimental spectrushows a mixture &% monoradical with @= 7.54 gauss and

95% biradical withominalay = 3.70 gauss.

3000 1 1 1 1 1 L L
Experimental
Simulation

2000+ L

10004 -

di/dH
o
1
T

-1000 -

-20004 -

-3000 T T T T Ll T T
3320 3330 3340 3350 3360 3370 3380 3390 3400

Magnetic Field (Gauss)
Figure IV-7. Experimental vs. simulation of the meta-phenylene-bridged biradical EPR spectrum.
Simulation performed using WinSim LMB1 optimization. "Monoradical" an = 7.54 gauss, linewidth =
0.87 gauss, x = 5%. Biradical nominal an = 3.70 gauss, linewidth = 3.47 gauss, x = 95%.
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We can see there is an apparent monoradical impuarfygurelV-7. Multiple
recrystallization attempts produeerelativdy similar concentration of monoradical impurity
suggesting three possibilities: the complex is slowly decomposing into monoraditaéand
Zn(tris(pyrazolylborate) during recrystallization, minor impurities of monoradical reactant
are getting stuck inside the crystal lattice, or the signal is not an impuritiydyesult of
hindered rotationvithin the moleculeTo determine if the complex was decomposing
causingthe monoradical impurity, ~10 ngf the crystallized materiatas dissolved in THF
and left in solution. After one week, the EPR spectrum of the biradical in solution was
exactly the same as it wasftwe suggesting thisiradical complex is relatively able in
solutionover extended periods of timEhe besexplanation of thehapeof the biradical
spectrum idindered rotation caused by close intramolecular contact of the nitronyl

nitroxide oxyg@ atom to one of the tris(pyraztivprate) armsas sen inFigurelV-8.

Figure IV-8. Line drawing (left), ORTEP crystal structure (middle), and space-filling model (right) of
TpCumMeZn(SQ-mPh-NN) (1-mPh).
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This contactouldcause hindered rotation of the bridge and the nitroxdéhout rotation

of the bridge and nitroxide, dipolar interactions are not averaged in solution and the overall
spectrum of the biradichis broadenedA simple test to see if hindered rotation is causing the
breadth of the spectrum is to run variable temperature EPR at temperatures greater than 298
K to determinewvhetherthe biradicakpectral featuresharpenin this case, a set of

difference spectra become more useful to determine any changes occuring as the solution
heats upFigurelV-9 showsa stack plot otlifference spectréor heating theneta
phenylenebridgedbiradical complexAs temperature is increased, the brididjé fragment

gains enough energy to pass over the rotational barrier caused by the steric interactions and a
5-line hyperfinepattern grows in witmominalay = 3.70Gauss Each pectrum was obtained

by subtracting the higher temperature spectrum from &2®&ckground" and -ghifted so

the apparet center peak at 3346 gauss was alligned for all temperafimadly, a second
spectrum at room temperature waken and compared the orighal 298K spectrum to

ensure no decomposition hadcured during the experiments.

137



dlf/dH

30 3330 3340 3350 3360 3370

Magnetic Field (Gauss)

Figure IV-9. Stack plot of difference variable temperature spectra obtained by subtracting a spectrum
at 298K from the higher temperature spectra.

If the temperature was raised above ~390 K, the solution would stitoonposéorming

an iminanitroxide. Compared to the hyperfine of the simulated spectrum, the variable
temperature value is higher, but likehore correctonsidering the simulation program only
considers isotropic EP8&gnals.

A direct measuremeroff the electronic coupling between the donor and the acceptor
in themetaphenylenebridged biradical complegan be determined through magnetometry
Pl otting t he da axamurathatisindicative offantiteliomagsetmapling
between thé& = 1/2donor andhe S = 1/2acceptor. To fit the data, a derivation of the
HDVV equationis used as shown i&q.(1.2). The magnetic data and &te shown irFigure
IV-10and siow a coupling constant e82 cm! and 9% monoradical impuritince
magnetometrys a bulk measuremeand subject to intermolecular interactipiss

imperative to checklose contacts within the crystal cell to ensure that the antiferromagnetic
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coupling constant calculated by magnetometry ismaamolecular interaction and not

influenced byintermolecular contacts.

0.016 1 1 1 1 1

o012 | TP ™°Zn(SQ-mPh-NN) i
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0.012 q.(K) 7.19 -
J(cm™ -32
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0.0084

¢ (emu K mol™)
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0.004+
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Figure 1V-10. Magnetometry data for the meta-phenylene biradical indicating antiferromagnetic
coupling of the SQ donor and the NN acceptor. Magnetic susceptibility data was collected on a
Quantum Design MPMS SQUID magnetometer at a constant field of 7000 Oe from 2 Kto 10 K in
steps of 0.2 K then from 10 to 300 K in steps of 5 K.

Upon closer inspection, we see the cloggsrmolecular contact betwegraramagnetic
moieties is thelistance between two NN oxygen atoms seen ifrigurelV-11. Since there

is aclose contact betwedwo paramagnetic moietieghere is a possibility for added
antiferromagneticouplingbetveen the two nitroxide¥° However, we can compare the
distance irFigurelV-11to thesamentermolecular contact ithe para-phenylenebridged

D-B-A shown inFigurelV-12.4 Since the intermolecular distances between paramagnetic
moieties inmeta andpara-phenylenebridged DB-A biradical complexes are relatively the
same, we can assume the same amount of antiferromagnetic coupling between molecules
exists.To confirm theintramolecular couplindor metaphenylenean independent

measurement afpa is required. This can be achieved usirgzen solutiornvariable
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temperature EPR/T-EPR)spectroscopyo make &Curieplot. Since we know th&PR
signalintensity is proportional to magnetic susceptibility, it becomes a nadttdroosing a

signal that onlyepresents the amount of ferromagneticatiupled triplet within the sample.

Figure IV-11. ORTEP of two TpCcumMezZn(SQ-mPh-NN) molecules connected by a close
crystallographic contact. Cumenyl groups on the Tp and hydrogen atoms have been omitted.

Figure IV-12. ORTEP of two TpcumMeZn(SQ-pPh-NN) molecules connected by a close
crystallographic contact. Cumenyl groups on the Tp and hydrogen atoms have been omitted.
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Bydoublyi nt e g r a tsF 2gignat we ebtagp the area under the absorption which is a

direct representation of the amount of signal produced for a given tempefature.

combination of the Qie Law and a Boltzmann drgbution, shown previously irEqg.(1.32),

is modified slightly to account for angstrument error ifeq. (IV.1) and is used to fit the

datacollected with assistance from former group member Dr. Robert Schnfidjure

IV-13.
a 2Jdpa
| Cae ne'
EPR Para ~— 88  2Jpa 2Jpa

V.1

1-0:0: O: Ot

The fit parameters are the @uconstant, the coupling constadba, anda constank

which accounts foinstrument noiseThe exchange coupling determined by-EPR is

smaller in magnitude than as determined by magnetometry due to the possilb#itipous

rotational confirmers in solution and thus the-#IPR value is a solutiephase averaged

exchange coupling.
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Figure IV-13. (Left) EPR of gims = 2 transition at 80 K for 1-mPh occurring due to thermal population
of the ground state triplet. Double integration of this spectrum versus temperature creates the
integrated spectral area data points in the Curie plot (Right). Data collected at 2 K intervals from 4.2 K
to 60 K then in 5 K intervals from 60 K to 120 K.

Considering thaimilarity of thecoupling constant obtained by both SQUID magnetometry
and variable temperature ERBBectroscopywe conclude that the coupling between donor
and acceptor for theetaphenykene space8Q-Bridge-NN is antferromagnetiavith J ¥ -32
cmit. Thereasoning behind the weak daetromagnetic couplg is derived from) = Jgm +

Jarm (EQ.1.10). In the TpCU™MeZn(SQ-mPhNN) biradical theferromagnetic coupling
pathway preent is so weak that other datromagmtic pathways that exist all SQ-Bridge-
NN biradicals overwhelms theverallcoupling constant between tenor and theaeptor.

To further confirm the magnetometry and ¥PR measured exchange coupling,
variable temperature electronic absorption spectroscopy can provide a third measurement
through analysis of band grtlwdecay with temperature. However,drder to analyze
variable temperature electronic absorption, we must first understand the room temperature

fluid solution electronic absorptishown inFigurelV-14. Shultz hagpreviously reported a
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detailed electronic structure study of°TBMZn(SQNN) (1) and assigned the structured

band at ~25,000 chasadoneaccept or i ntraligand SQ( SOMO)
transfer (ILCT) transition? A following study of1-pPh showed a structured band at ~23,500

cmt that was assigned asthedoaoc c e pt or i ntraligand SQ( SOMO)
transfer (ILCT) transition but with considerable-RN character present in the acceptor

orbital# Observation of ILCT bands in this energy region are characterisBQd-NN
compoundsThrough the VBCImodel discussed in chapter |, we were ablshow that the
donoracceptor ILCT band in bothand1-pPh is responsible for thiargeferromagnetic

biradical exchange coupling;(Ja& + 5 5'01-phnd = +100 cmt).*"192Based on the

difference in electronic absorption specttere exist fundamental differences in the

electronic strutires ofl-mPh and1-pPh as they relate to therossconjugatechature of the

bridge fragment ii-mPh. Most notably, the~23,500 crit SQ(SOMO) Ph-NN(el,

LUMO) ILCT band characteristic of bothand1-pPh appears to be either absent or greatly

reduced in intensity ifi-mPh. As seen in previous chapters, a characteristic transition in the
electronic absorption spectrum for these phenylaidged S@B-NN biradicals is the

charge transfer band around ~27,889".” This characteristicdnd can be seen Figure

IV -14for thepara-phenylenebridged biradical but not thmetaphenylenebridged

biradical” However, it is common for this charge transfer band to shift based on taolecu

structure as we see fbmwhere the charge transfer band is at ~24,500, @mwe saw in

chapter 1l forl-PhMe and1-pXylyl (Figurell-9), and as reported previously by Shitz.

Since the extinction coef fimetaphenylenedpacedh e n o mi

bi r adfi38,60D Mcr?) is more than twice thatof thepggah e ny | ene Fcompl e x
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18,000 Mt cm), it stands to reason that there are more transitions occurring at ~27,800 cm

than in previously characterized Epidge-NN biradicals.
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Figure IV-14. Electronic absorption spectra of TpcumMezZn(SQ-mPh-NN) (1-mPh) (red),
TpCumMeZn(SQ-pPh-NN) (1-pPh) (blue), and TpcmMeZn(SQ-NN) (1) (green). Inset is an expansion of
the nY ~* region.

Thereductionin intensityfor theSQ(SOMQ- Ph-NN(LUMO) ILCT band is a
directresult of the dramatic reduction in orbital overlap between the SQ(SOMO)-cmbr
thePh-NN(LUMO) acceptor orbitals id-mPh compared td-pPh, indicative ofSQ-NN
decoupling inl-mPh due to the crossonjugated nature of threetaphenylene bridgelhis
is a veryimportantdistinction since strong configuratiomaixing of the
SQESOMO) bridgeNN(LUMO) ILCT excited configuration $EC(1)) into the ground state
configuration(GC) is theprimary mechanism foferromagnetieexchange in EB-A

biradicalsthat possessonjugatedoridges*®*®The lack of a stron§QESOMO) bridge

144



NN(LUMO) ILCT band in1-mPh s thus clearly related tthe dramatic reduction iD- A
couplingthatresults in aadical shift in both thenagnitudeand thesignof the exchange
whereJpa = +100 cmt in 1-pPh andJpa = -35 cmtin 1-mPh.

The following spectral assignments, calculations, and excited state analysis were
made by our collaborator Prof. Martin Kirk and his group at the University of New Mexico.
Electronic absorption spectral band assignment&-foPh have been made using a
combination of bonding antime-dependent density functional theoMDDFT) calculations
on 1-mPh and PANN,?°* comparisons with our prior spectroscopic studies on
TpCUmMZNn(SQ) PhNN, 1-pPh, andTpt'™Me&Zn(SQNN) (2),*’ and complete activepace
(CAS) multiconfiguration(MC) selfconsistent field $CH calculationsThe MG-SCF
calculations combine an SCF and a full configuration interaction calculation using a
complete activespaceThe features of the spectrum labeted(FigurelV -14) are discussed
below, and the onelectron orbital contributions to the transitions are listebaiblelV-1.

Starting with band, we see twdow energy transitions. Thesesak bandsire
assignable as S@nd NNbased transitions are also observed in the 16,2000 cm*
regionfor 1-mPh, 1-pPh and Tp®“™MeZn(SQNN) (2).2%?! The broad, low energy transition
in the 10,008 17,000 cm’ region(e~ 625M* cm?) corresponds tthe electronic
absorption spectrum famp©U™Mezn(SQ)and the vibronically structured band observed at
higher energy (12,00020,000 crt) corresponds to Bh-NN transition*?°! These data
combined with the computationally derived transition energies and oscillator strengihs all
us to assign the lower energy component of the broad (102000 cm?') structured band

(in n-hexane) inl-mPh as arising from aBQHOMO) - SQSOMO)transition and the
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higher energy component as a [(8ODMO)} PhNN(LUMO) - P-NN(HOMO)-

NN(SOMO)] transition.The SQHOMO) - SQSOMO)transitionis y-polarized and this
polarization direction is orthogonal to the longys (C> axis) of the semiquinone unit and is
predicted to possess a low oscillator strengtte[NN(SOMO)} PhRNN(LUMO) - Ph
NN(HOMO)- NN(SOMO)] transition is also predicted to be weak due to the opposing
nature {) of the transition dipoles for the two ee&ctron promotions that contribute to the
transition.The overall structure and intensity fmndain 1-mPh is virtually identical to the
lowest energy band itrpPh, indicating that transitions 1 and 2 are essentially independent

of the bridge connectivity and do not possess appreaihblge transfecharacter.

Table IV-1. Electronic Absorption Spectral Band Assignments for 1-mPh. One-electron promotion
contributions given in brackets represent minor contributions to the transition, but are important for
spin polarization contributions to the magnetic exchange interaction.

Band Experimental Transition Calculated Calculated | Dominant MO Contributions to Transition
Energy (cn) Energy (cnm?) |  Oscillator
Strength
a 15,700 1 13,380 0.0102 SQ (HOMO)- SQ (SOMO)
2 18,256 0.0035 NN(SOMO)- PhNN(LUMO) -

Ph-NN(HOMO)- NN(SOMO)

b 23,000 3 22,801 0.0397 Ph-NN(HOMO)- SQ(SOMO) +
Ph (HOMQ- SQSOMO);
[PNN(HOMO)- Ph-NN(LUMO)]

c 24,00629,000 4 25,628 0.0815 SQ(SOMO) Ph-NN(e1,LUMO);
PhNN(HOMO)- PRNN(LUMO)

5 28,874 0.0384 NN(SOMO)- Ph-NN(LUMO) +
PRNN(HOMO)- NN(SOMO);
SQ(HOMO) NN(SOMO)

6 28,691 0.2193 SQSOMO)  SQ-Ph(e2,LUMO)
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For band b, amputations indicate that a moderately intens&RIHOMO) -
SQ(SOMO) + Ph (HOMO) SQ(SOMO) transitiopossessin@h-NN (p) - SQ () charge
transfer character should bepectedn this energy regiomAs mentioned above, amense
SQ(SOMO)- PhNN(el, LUMO) transition is observed in this energy regionlfpiPh that
has been assigned as the dominant contributor to the obgeousdistateferromagnetic
exchange coupling in this moleculehe direction of th&@hNN (p) - SQ () charge
transfercharactefacceptor dono)) in transition 3 is th@ppositeof theSQ @)- Ph-NN
(p) charge transfer characte&lopor- acceptoy found in thisenergy region fol-pPh. The
reduced intensity of this bandoupled with no computeéslQ(SOMO)- Ph-NN(el, LUMO)
CT contributionexplains the dramatic reduction in ferromagnetic contributions to the ground
state magnetic exchange parameiowing weake antiferromagnetic exchange interactions
to dominate.

Bandc is the most intense band in the spectrur-ofPh andthere are a number of
transitionscomputed to contribute to the intensity of this bakdlight shouldetis observed
on the lowenergy side obandc in the room temperature absorption spectrum at ~25,000
cm! that is clearly revealed at 24,000°¢im the triplet absorption spectrufred line,Figure
IV-18) and at 26,000 crhin the singlet absorption spectrybiueline, FigurelV-18). We
assign tiesebandsin 1-mPh as arising from exchangelg singlet and triplet components of
transition 4, which is comprised 8Q(SOMO)- PhNN(el,LUMO) andPh-NN(HOMO)

- PhNN(LUMO) oneelectron promotionsTheSQ () - PhNN (p) charge transfer

character present in transition 4 is identical to that observedd®h. However, there are
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numerous one electron promotion contributions to transition 4 that contribute to a large
reduction in the overa®Q ()- PhNN (p) charge transfecharacter of this transition,
resulting in reducedharge transfer contributions to ferromagnetic exchangemih.
ThePRrNN(HOMO) - PhNN(LUMO) oneelectron promotion contribution to transition 4
lacks charge transfer characéerdis computed alower energy than thehrNN(SOMO)-
PRNN(LUMO) + PNN(HOMO) - PhNN(SOMO) transitionThis likely reflectsthe

large reduction in electrealectron repulsion that derives fran excited configuration
having all ofthe NN frontier orbitals being singlyccupied TDDFT calculations on RhN
show thePh-NN(HOMO) - Ph-NN(LUMO) transition occurring at 25,959 ¢nand this
provides additional support for these alectron promotions contributing to transition 4.
The state that arises from a-RN(HOMO) - Ph-NN(LUMO) (FigurelV-15, left) one
electron promotion is of interest, since this state is knovetremglymix through Clinto the
groundstate wavefunction to prade negative spin density on the NN bridgehead
carbon?®202This CI mixing is importansince the NN(SOMOyvavefunction is nodal at the
bridgehead carbon aritd oneelectron occupancy does rbtectly contribute tahe
observedspin density at this carbomhis is noteworthy, because tiae of thePh
NN(HOMO) - PRhNN(LUMO) excited statés importantn our discussion of the electronic

origin of theobservedantiferromagneti@xchange iri-mPh.
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Figure IV-15. Important HMO fragments for 1-mPh (left) and 1-pPh (right). The transition from SQ
(SOMO) to Ph-NN (el, LUMO) in 1-pPh is responsible for the ferromagnetic interaction as described
by the VBCI model.

Two additional transitions contribute to the intensitypafdc. The first is calculated
to posses moderate intensity and is assigned agNiN(SOMO)- PhNN(LUMO) + Ph
NN(HOMO) - NN(SOMO)] transition with enhanced intensity due to the additive nature of
the two transition dipoles for the two eekectron contributions to the transitiddandc is
obviouslymore intense id-mPh than the corresponding bandlispPh whichis most likely
due to the presence of a very intense charge transfer band in this spectral regim lleat
assigned as tt8Q(SOMO)- SQ-Ph(e2, LUMO) transition which is prianily localized on
the SQ chromophoreut possesses SQ Ph(e2) charge transfer charactarcontrast to the
SQ- PhNN(el) charge transfer character observetipih, thephenylene (bridge) orbital

of €2 symmetry possesses nodal character at the catbors that attach to the SQ and NN
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fragments irl-pPh, and therefore is essentialtpnbonding in charactevith respect to the
SQ and NN frontier orbitals dfpPh (FigurelV-15, right). Differencesin the charge transfer
spectra betweetrmPh and1-pPh revealdifferentinteractions betwee8Q and NN frontier
orbitals and th&h(el) and Ph(2) bridge orbitals, and t& highlights the effects of
connectivity differences betwegrara- andmetasubstituted benzene rings in these
biradicals.The dominant SQ(SOMQ) Ph(e2) charge transfer bandlimPh is also fully
consistent with aistinctreductionin the SQ(SOMO¥-PhNN(el, LUMO) charge transfer
that contributeto the efficientdonor to acceptdierromagnetic pathway responsible for
strong ferromagnetic coupling IapPh (FigurelV-15, right).

As we've seenhe charge transfer band is unique to the biragieaitronic
absorptiorspectrum and thus we can use this transition to watch for changes in intensity as a
function of temperaturéds discussed previouslthe ~27,000cth” Y * tr abhsi ti on i
mPh is dramatically more intense compared to the same regibphh. We have shown
through calculations thahe charge transfer band fbimPh is dramatically reduced so we
can look atheSQ(SOMO)to Pr€2) " Y~ * t r a hrePh insteadn V¢ tan watch the
intensities of this band as a function of temperatdiseshown inFigurelV-16, the variable
temperature electronabsorption spectrshows an increase in intensity of the 27,500t cm
band with a decrease in intensity in the 25,006 amd 31,000 crh bandsas the temperature
is swept from 298K down to SKmportantly, there are also multiple isosbestic points at
~26,000 crit, ~26,500cm?, 28,500 crit, and ~29,500 crhindicating only two distinct

species in solution: the singlet species and the triplet species.
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Figure IV-16. Variable temperature electronic absorption of 1-mPh as a thin polystyrene film from
298K (red) to 5K (purple). Arrows indicate intensity increase/decrease with temperature. Circles
indicate observed isosbestic points.

When te ground state singlet and triplet are split, it follows that tb@née thermal
population of the higher state provided||2 ks T. By lowing the temperature we can see a
decrease in intensity of parts .tFiomthiswe mi nal
can conclude the existence of multiple bands due to a thgrpaogdulated excited state
related to the splitting of the ground staie.with both magnetometry and variable
temperature EPRye are still looking at the population of the singlet versus theetrgd a
function of temperature. This meane can againse a Boltzmann population to model the
changes in intensity of the electronic absorption spectra. Since we know from magnetometry
thatl-mPh s a groundstate singlet, we can assume tstemperature decreases from 298K
to 5K thedecreases intensityare due to theriplet state being thermallgepopulated and

theincreasesn intensity a manifestation of time-population of thesingletstate.
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Figure IV-17. (Left) Calculated Boltzmann distributions using 2Jpa = -64 cm-! (solid lines) and
normalized peak intensities (Dfor transitions at 27,000cm-* and 31,300 cm-L. (Right) Calculated
Boltzmann distributions using 2Jpa = -64 cm! (solid lines) and normalized peak intensities (Dizfor
transitions at 27,000cm-! and 24,900 cm-L.

These assignments allows usctimpare th@ormalized intensity o$electabsorptios to a
theoretical plot ofising Zpa = -64 cm? for the singlet and triplet population as a function of
temperatureThe intensity dependenoa emperature directly correlates with the singlet
triplet gap (Joa = -64 cm?) determined from solidtate magnetic susceptibility studies
(FigurelV-10). Thus both the VIEPR and the VAIEAS providecompelling evidence that
the average solution conformation is very similar to that observed in-thg 3tructure®?

By knowing the Boltzmanpopulation of the singlet and triplet at any given
temperatureKigurelV-17), we can deconvolute the electronic absorption speatinaai
representation of what a pwsiglet(!GCY EC) and purdriplet (GC Y 3EC)spectrum

would look like and is shown iRigurelV-18.
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Figure 1V-18. Deconvoluted pure singlet (blue) and pure triplet (red) electronic absorption spectra for
1-mPh by variable temperature electronic absorption spectroscopy.

The similarity of the singlet and triplet component spectra indicate that there is no dramatic
change in the GS and ES orbital character as a function of spin. It is also cldas that t
observed transitions between ~24,0082,000 cm' occur at lower energy for the triplet
configuration than for the singlet configuratidior the intenseingletand triplet transitions

in the ~27,500 crhregion, the oscillator strength of teimglettransition is greater than that

of thetriplet transition and théES is stabilized by500cni? relative to the singlet state
(FigurelV-18).

In order to explain b manifestation of the antiferromagnetic exchangenmPh, we
must explore all possibleasongor the'GC to be lower in energy than tP@C. For 1-pPh,
thedominant mechanism for ferromagnetic exchange involves configurational mixing of an
SQ(SOMO)Y PhNN(el,LUMO) intraligand charge transfeonfiguration {CTC2,Figure

IV-19) into the ground configuratiodGC, FigurelV-19).# In 1-mPh, the decrease in
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SQ(SOMO)Y PhNN(el,LUMO) charge transfer intensigomes directly fronthe cross
conjugaté phenylene bridge connectivifihe effect otthis reduction is producesdued
excited state ferromagnetic exchange contributions to the ground state and allows
antiferromagnetic contributions to dominai&erefore, lhe observation of ground state
antiferromagnetic exchange couplinglimPh is important becauserigveals the fadhat

other orbital pathways aproviding the norzero exchange between SQ and.WiNorder to
understand the nature of the magnetic exchange pathwaysih and correlate these
pathways with spectroscopic observablescamconstruct electronic configiations that

result from oneelectron promotions to the MIN(HOMO), NN(SOMO) PhNN(el,

LUMO) and SQ(SOMOjrontier molecular orbitals to form the EC and CTC#&igjure

IV-19. These orbitals represent a minimum number required to understand how singlet and
triplet ECs and CTCs mix into the GS to promote antiferromagnetic exchange coupling of the

NN and SQ spins.
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Figure 1V-19. Possible electronic configurations contributing for 1-mPh. (Left) The GC and EC of 1-

EC
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mPh. Double-headed arrows indicate exchange interaction. (Middle) Singlet and triplet charge

transfer configurations (CTCs) that result from one-electron promotions from the GC. (Right) Closed-
shell configurations that derive from one-electron promotions from CTCs. Note that DEC2 and DEC4
SQ( SOMO) YNN( SOMO)
contributions. Since the <SQ(SOMO)|NN(LUMO)> overlap integral is essentially zero, the kinetic

can

al so resul t

from direct

exchange term is also expected to be zero for 1-mPh.%

Configurational mixing of the EC and CTCs depicteéFigurelV -19 with the GC stabilize

both the!GS and®GS 2% The previousanalysis of the electronic absorption spectrunfor

and

mPh provides evidence for the formation of all the singly excited configurations depicted in

FigurelV-19. As is the case it and1-pPh, configurational mixing of CTC1 and CTC2 with

the GC will result in preferential stabilization of @S since the single site (NN) exchange

integral Ko) is anticipated to be larg&{= 2,275 cmt for 1).” In fact, we have
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experimentally determined that ~4% of3@TC2 type configuration is admixed into tH@S

of 1 resulting in the observation of strong GS ferromagnetic exchdsgaNd + 550 c¢cm

There is someupport foradmixture of CTC1 and CTC2 into th&8S of 1-mPh. Thiscomes

from the computed spin density description for3&&which showsan increase in spin

densityon the NN fragment (1.04) compared to the SQ fragment ((5pB).population

transfer between the SQ and NN fragm&ndsrives from the fact that nooéthe spisin

CTC1 and CTC2 arecalized on th&Qfragment since the SQ(SOMO)egherdoubly

occupiedor vacant in these triplebnfigurations and therefore possesses no net spin density.
Onepossibleway for the!GS to be stabilized with respect to fi@&S is ly

configurational mixing of excited configuratiotisat lack a triplet counterpantth the'GC

to stabilize théGS.Excited state configurations that lack a triplet counterpartiased

shellconfigurationsThe closedhell double excited configuratie (DECs) shown ifigure

IV-19 (right) can configurationally mix with the GC in fourth order to selectively stabilize

thelGS2% The double excited states DEC2 and DEC4 are identical to the states that result

from a direct Anderson type kinetic exchange cbotion involving theSQand NN SOMOs

and resemble the metad-metal charge transfer (MMCT) states of transition metal didférs.

However, due to the lack directorbital overlapbetweerthe SQ(SOMO) anthe

NN(SOMO) the kinetic exchange termespectedo be negligible inl-mPh. DEC1 and

DECS3 are double excitations from the-RN (HOMO) to the two SOMOs and to the MIN

(LUMO), respectivelyThe role of DECs in the stabilization of thHgS is well

documented?®2%and was recently suggested to be important for the stabilization i@ @e

in metapoly-acene (n > 3) bridged Cr(lll) dimef®
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Even though there is precedence forrtile of DECs in contributing to ground state
antiferromagnetic exchange, there is no direct experimental evidenteeypabntribute to
1GS stabilization il-mPh. If DECs were responsible for stabilization of the singlet ground
state, then the singlet only spectruntigurelV-18 should be lower in energy than the
triplet spectrum, which is not the case. Alsandain singletl-mPh and tripletl-pPh are
identical which means there is no major change to the SQ and NN SOMOs and provides no
support for DECs as the primary reasontfee singlet stabilizatiarThe fundamental
difference in the electronic absorption spectra-aiPh and1-pPh occurs in the region of
bandb. The SQ(SOMO)Y PhNN(LUMO) transition that results in groursdate
ferromagnetiexchange irl-pPh is dramatically reduced in intensity fiimPh. Thus, it
would appear that excited state antiferromagnetism, which contributes to GS
antiferromagnetic exchange through Cl mixing of DECs with'@@ vialECs?%likely
only contributes to a reduction in excited state ferromagnetic contributions to the GS
exchange.

Spin unrestricted brokesymmetryDFT calculations oii-mPh indicate a large
(~0.75eV) exchange splitting between the sginand spirdown orbitals of the Rh
NN(HOMO) orbital resulting from strong exchange interactions between theig@nd
spindown electrons in the PIKN(HOMO) and tle unpaired electron spins in the
NN(SOMO) and the SQ(SOMORA spin polarization mechanisfhcan therefore be invoked
in order to explain how th&GS is stabilized with respect to t#@S, and we start with a
simple spin polarization analysis of occupiedNIMH(HOMO) orbitals using the fodliMO

fragment orbitalslepicted inFigurelV -20. Configurational mixing of thé*ECs Figure
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IV-19) into the ground state result in a spin polarization of the doubly occupied Ph
NN(HOMO) orbital shown in the center BfgurelV-20.48206207The electrorelectron
repulsion between these spin polarized core electrons and the NN(SOMO) and SQ(SOMO)
spins result in a stabilization of the singlet ground configurati@&) over the triplet with
anantiparallel orientation of the NN(SOMO) and SQ(SOMO) spiimgs spin polarization
argument also allows one to predict the signs of the atomic spin populatiengHh, and
these are in excellent agreement with those computed from-ars@stricted DFT
calculation of théGS (FigurelV-20, right). This analysis underscores the importance of the
'EC to the observed magnetic exchange, which arises frorNNBHOMO)- Ph-
NN(LUMO) oneelectron promotion with appreciable contributions fromrtie¢e-phenylene
bridge.This analysis can be more quantitatively evaluated in the context 8@/
calculationsWe initially performedVIC-SCF calculations ofi-mPh using an active space
spanning just the NN(SOMO) and SQ(SOM#bitals.The results of this calculatioyseld
atriplet ground stateomprisedsolely of the’GC depicted irFigurelV-19 anda small
ferromagneticsinglettriplet splitting of 2Jpa = +0.4 cm’. Increasing the active space to
includethe Pk-NN(HOMO), SQ(HOMO), NN(SOMO), SQ(SOMO), MiN(e1,LUMO),
andPh(LUMO) orbitals yields &GS stabilized b2Jpa = -35cm? (~50% the experimental
value)with respect to théGS, in good agreement with the experimental resulls{2 -64
cmt). The!GS wavefunction is found to be dominantly comprised of®@ (88%) listed in
FigurelV-19with Cl mixing of the'EC (FigurelV-19; 7%) and a small degree (3%) of an
excited configuration resultingom promotion of both RINN(HOMO) electrons to the Ph

NN(el,LUMO). Interestingly, o closedshell singleDECswere observed to contribute to
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thelGS in the MGSCF calculations within a cutoff of 19%he large contribution of thEC
(FigurelV-19) to the ground state exchange is precisely what we derived from the molecular
orbital spin polarization analystietailed aboveand provides a key state description of the

spin densityderived fromthe spirunrestricted DFT calculations.
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Figure 1V-20. Spin polarization in 1-mPh. (Left) Fragment 1-mPh HMOs from Figure 1V-15. (Middle)
Double Spin Polarization in Ph-NN fragment via the EC mixed into GC. (Right) In-phase Ph-NN spin
polarization and SQ spin delocalization supporting antiferromagnetic alignment of SQ and NN
fragments.

Based on the HMO diagramBigurelV-15), there should not have been any
appreciable exchange coupling between SQ and NN in thisopogsgaed biradical due to
the nodal nature of theetaphenylene bridge. If we were to view this system in a molecular
version of Hund's ruleNigurel-3), there would havbeen no preference between the singlet
and triplet ground states. However, we have shown how acoogsgated system can have

an appreciable amount of electronic coupling through both excited state analygisre
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IV-19 and the spin polarization resultskigurelV-20. Essentially, spin polarization of the
crossconjuca t e-gystem combined with suppressed ferromagnetic interactions due to lack
of a SQ to NN CT provides a-B-A system where a molecular version of Hund's rule cannot

be applied to predict the sign nor strength of the exchange interaction.

3. Direct Comparison of Electronic Coupling Between Conjugated and Cross
Conjugated D-B-As and the Relationship to Quantum Interference Effects
By confirming the origin of theurprisingly stron@ntiferromagnetic exchangeln

mPh in the previous sectignve carprovidethe fundamental comparisons of electronic
coupling betweeronjugated and crosonjugated BEB-A systems that only differ in the
location of the connection of donor and acceptor on the br&lgelar crossconjugated
systems studied byasielewsk® and Bardeer? have shown a factor of ~30 decrease in
charge separation ratempared to conjugated systems whithurn suggests aattenuation
of (30%2a& 5 .H#éa. However, there has been no report of a direct comparisdpof
values formeta andpara-phenyleneThe VBCI approach to exchange couplinglimPh
presentedhereallows forthis comparisonThe relationship between electronand

exchange couplingan be approximateasing Eq. [V .2).2%8

DE V.2
By using25,750 cmtf o r  aBh (KOMD)- NN-Ph (LUMO) energyTablelV-1) with
|2]| = 64 cmtin Eq. (V.2), we carcalculate a effectiveHpa (Her) of 1284 cm'. This value
may becomparedvith anHes ~ 664 cm® from 1-pPh obtainedby dividing Hpa = 3632 cmt

for 1-pPh?! by (30)2& 45This estimation ofHer for 1-mPh from 1-pPh can then be
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compared to the determined vahfeHpa for 1-mPh andis nearly twicehe value predicted

by the square root of the ratio of charge separation rates in the nonadiabatic regime reported

by Wasielewski® and Bardeer® Howevey there aradistinctly different CI mechanisms
which contributeto the electronic/exchange couplinglimPh compared td-pPh such that
orbital contributions tdHes are quite different from those described bylkhg value
determined fod-pPh. The different Cl mechanisms are illustrated schematicalfygare
IV-21. 1-mPh electronic/exchange couplingastivatedoy the generation of an electron/hole
pair involving the PHNN HOMO and LUMQ 1-pPh electronic/exchange coupling is a

consequence of D A/SQY Ph-NN(el, LUMO) charge transfer.

Ph-NN(LUMO) Ph-NN(LUMO)

{-Bu NN(SOMO) SQ(SOMO)

Ph-NN(HOMO)

Figure IV-21. Cartoon descriptions of the dominant CI mechanisms for antiferromagnetic exchange
coupling of SQ and NN spins in cross-conjugated 1-mPh (left) and ferromagnetic exchange coupling
in conjugated 1-pPh (right).

The results of this work suggest ti@tmixing of specific ECs into the ground state
may be important focontrollingelectronic communication and electron transport mediated
by crossconjugated bridge#\s discussed in chapter ha conductanceg) of a molecular

junction is relatedo the transmission probabiligvaluated at the Fermi energy according to

Eq.(40)andisr el ated to frontier molecular orbi
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matrix element b¥Eq. (.41).2°°%%For crossconjugated bridge moleculeBgq. (.40) predicts
strong antiresonanc®g1:187189.191.211213 negr the Fermi energy that result in a dramatic
reduction in the transmission probabilitywe consider SQ and NBs molecular analogs of
biased electrodes, and use onlyspan densitycoefficients forthe quaternarycarbms of the
SQ(SOMO) and NN(SOMOyontier molecular orbitals that connect to thetaphenylene
bridge in1-mPh, we would expect the transmissionEtto be zeralue to three of the values
being equal to zer@FigurelV-20, left). However, it is important to note that the conductance
described b¥q. (.40) and Eq. (41) is a sum over all filled and empty orbitals and not
simply the frontier orbitalsThe anticipated value of zero for the transmission mediated by
the frontier moleculaorbitals is related to the magnitude of the magnetic exchange
interaction Jpa ~ 0) that we calculate fd-mPh in the activeelectron approximatigff

where the active space in the MBCFcalculations is restricted to the NN(SOMO) and the
SQ(SOMO) orbitalsOnly throughCl mixing of higher energy configuratiow® we obtain a
spin density description dfmPh that spans the entire molecule with resro spin
populations orthe carbonsghat connect tthe metaphenylenédridge and obtain a magnetic
exchangenteraction that is nozero.To the extent that Gimilarly affects electron

transport incrossconjugded moleculeébridged systems state description of electron
transport may provide greater insight into important molecular design concepts for control of
electron transport in the quantum interference reghh@? The inclusion of excited
configurations in transport calculatignghich is in line with our description of the magnetic
exchange irl-mPh, may have the effect ehoduktng the magnitude of antiresonance

contributionsto theelectron transport by increasipetype electronic communicatioihis
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idea may also transfer to modulating photoinduced electron transfer rates inarpgmated

D-B-A systems as weff

C. Electron Rich CrossConjugated Thiophene Biradicals
In the previous section, we focused on a simpétaphenylene bridge to understand

the basics of antiferromagnetic coupling through a ecosgugated systerf® As we saw
with 1-mPh, being able to understand and control the coupling through a bridge by changing
how the donor and acceptor are attached to the bridging ring provides greater insight into
electrontransport in the quantum interference regiéfMé® However,aswe saw in chapter
lll, para-phenylenebridged DB-As provide a veaker electronic coupling between donor
and acceptor compared to 2tBophenebridges DB-As. Since thiophene, and similar
chalcogenophenes, are common bridge types int®£#1%nd MMM
conductanc°%125.165.167.188ydjes, it is also important to understand thecesfef cross
conjugation in this molecular archetypégurelV -22 illustrates the effects of placing the
donor and acceptor in different positions on a labeled tigiog ring. When the donor and
acceptor are in the 2 and 5 positions of the thiophene ring, a direct conjugative pathway can
be seerby the direct interaction of the two radicatowever, if either the donor and
acceptor are in the 2 and 4 positions, the tadicals can rdobnger interact, just as they
cannot in crossonjugated systems likeetaphenylene. From this description, we will call
these connection patterns on the thiophenetd' to each other and the 2thiophene

connection patternpara’.
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Figure IV-22. Resonance effect of various donor and acceptor positions on a thiophene ring. If two
radicals are conjugated to each other, they can annihilate to form a bond (left). However, if the
radicals are cross-conjugated (middle and right), the two radicals will not be able to interact with each
other through the * -system.

While thereare some nitronylnitroxide homospin biradical stutfiés?1¢2'and a
recent MMM conductance study by Staf the effect of crossonjugation irmetathiophene
on electronic coupling has not been well expd. Specifically, there has been no direct
comparison of the electronic coupling betweentBibphene and 2,4thiophenebridged D
B-As. Furthermore, there has been no studies on the effect of the placement of the donor and
acceptor relative to the sulfatom in thiophend-igurelV-23 shows line bond drawings of
three S@B-NN biradicals synthesized to explore these camsgugated effects:
TpCUmMeZn(SQ(2,5thiophene)NN) (2-(2,5)T), Tpt'™MeZn(SQ(3,5thiophene)NN) (2-
(3,5)T) and TF"™MeZn(SQ(2,4thiophene)NN) (2-(2,4)T). Due to the asymmetric nature of
the SQ-B-NN systemandthe direct synthetic control we have over toastruction of the
biradical,we hae been able tplace the donor and acceptor at spegiésitions on the
bridging ring allowing us to study the difference in electronic coupling between thBs& D

biradicals.
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O/z\nTpCum,Me O/Z\nTpCum,Me O/z\nTpCum,Me
tBu_ M0 t-Bu l_0 tBu_ M0

i-Pr

/ @
@ 1 N
9 (J °
O,NX( 7S<N\O 7S<N\O

2-(2,5)T: SQ-(2,5)T-NN 2-(3,5)T: SQ-(3,5)T-NN  2-(2,4)T: SQ-(2,4)T-NN

Figure IV-23. Line bond drawing of 2-(2,5)T, 2-(3,5)T, and 2-(2,4)T.

1. Synthesis of CrossConjugated Thiophenes
For the synthesis &(3,5)T, as shown irError! R eference source not found.
ommercially availabl¢ghiophenet4 was reacted with6 under Suzuki conditions to yie&b.
Phenol65was oxidized witHBX to form quinoneés6 followed by reduction with ascorbic
acid to catechdb7. Compoundb7 was reacted witBHA to form compound8 followed by
oxidation with b to form nitronylnitroxide69. Catechaolnitronylnitroxide69 was finally

reacted witizn(OH)Tp CumMe ynder standard condition®1%%to yield biradial 2-(3,5)T.
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OH
t-Bu
Br.
. / Pd(PPhs), ascorblc acid
B. \ 2M K,CO, THF H,O
;_% CHo THF, reflux

16 64 65,46% 66, 82% 67, >95%

O/ZnTpCum .Me

Bu
I, Buffer (ph = 7) Zn(OH)TpCum.Me
MeOH Et,0, 0°C MeOH
\
S +
N‘OH N\o
67 68, >95% 69, >95% 2-(3,5)T, 63%

Scheme IV-2. Synthesis of 2-(3,5)T.

For the synthesis & (2,4)T, as shown irError! Reference source not found,
hiophener 0?18 was reacted withh6 under Suzuki conditions to yieltl. Phenol71 was then
oxidized to quinong2 with IBX then reduced with ascorbic acid to catect®lUsing
BHA, compound’3was transformed int@4 in concentrated methanol. Using 74 was
oxidized to nitronylnitroxid&’5. Under standard conditiod$?-1%2catecholnitronylnitroxide

75andZn(OH)Tp cumMe were reacted to form biradical compl2x2,4)T.

166



t-Bu Br
. /S Pd(PPhs), ascorblc acid
B — 2M K,CO, THF H,O
\;;;2% OHC THF, reflux

16 70 71, 46% 72, 78% 73, 65%
OH O/ZnTpCum .Me
t-Bu OH t-Bu
HONH
/II—-KOH I, Buffer (ph = 7) TpCumMezn(OH)
MeOH Et,0, 0°C MeOH
OH
N‘OH N\o
73 74, >95% 75, 88% 2-(2,4)T, 93%

Scheme IV-3. Synthesis of 2-(2,4)T.

2. Discussion of Results for Cros€onjugated Thiophenes

As in the last two chapters, structural evidence of the SQ and NN radicals can be
obtained through comparison of bond lengths of crystallogeegihdies to previous work.
Thermal ellipsoid plotsvith hydrogen atoms and cumenyl groups removed for clafiy
(2,5)T,%42-(3,5)T, and2-(2,4)T are shown irFigurelV -24. Structural parameters 24(2,5)T
were discussed in chapteaBd are reproduced here for comparison purp&asctures
presented foR-(3,5)T and2-(2,4)T are preliminary structures which require refinement but
provide enough information about the core-BQIN structure to confirm somsructural
parameters. fie lond lengths fotheo-SQ and NN components #3(3,5)T and2-(2,4)T fall

within typical valuesThe structural deviation parametéos these radicalare summarized
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in TablelV-3. I n each case, siiracoub@sQcohpomenaheons
andiElJaw0. 02j for the NN componentrepatede s mal |
SQB-NN biradicalst®?142The noticeably larger deviations2/(2,4)T are a manifestation of

lower structure quality and should fall in line wik2,5)T and2-(3,5)T with a more refined

structure. Finally,ite ZnQN3 coordination sphere is identical to otheTpMZn(SQ

Bridge-NN) biradical complexe&?’142.145

TpCumMeZn(SQ-(2,5)T-NN)  TpCumMeZn(SQ-~(3,5)T-NN)  TpCumMezZn(SQ-(2,4)T-NN)

Figure IV-24. Thermal ellipsoid plots of 2-(2,5)T,** 2-(3,5)T, and 2-(2,4)T. Hydrogen atoms and
cumenyl groups have been removed for clarity.

Similarly to chapter lithetorsion between EB-A fragments has a sing effect on
the SQ-NN exchange/electronic couplirmgdwill modulate the doneacceptor
interactiont®13.61.75.148rgple|V -2 displays select torsion angles for the three complexes in

FigurelV-24. These torsion angles were determined by the mean plane definecobyhtre
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SQ ring, the mean plane of the thiophene ring, and the mean plane oNH@&XDO atoms
of the NN.The SQ@B torsion angles i2-(3,5)T and2-(2,4)T are more twisted tha2(2,5)T
by 24° and 17tespectivelyThe larger SEB torsion angle ir2-(3,5)T is most likely due to
two flanking hydrogen atoms on the 2 and 4 positions on the thiophene 8r8,6)T
compared to the single flankifydrogen on the 3 position 242,4)T and2-(2,5)T. The
same effect can possibly be seen in tidNBtorsion of2-(2,4)T (8°) compared t@-(2,5)T
(4°) and2-(3,5)T (2°). The more planar nature &4(2,5)T compared t@-(3,5)T and2-
(2,4)T could also be due to the conjugated nature op#na-thiophene and the strong
electronic coupling determined in chaptePivhereas the crossonjugated nature of the

metathiophenes lack this strong coupling.

Table IV-2. Select torsion angles for 1-mPh,45 2-(2,5)T,% 2-(3,5)T, and 2-(2,4)T.

Complex | SQ-Bridge Torsion Angle (°) | Bridge-NN Torsion Angle (°)
1-mPh 23.9 5.9
2-(2,5)T 11.4 1.9
2-(35)T 28.8 3.5
2-2, )T 35.4 8.4

As discussed earlier in this chapter, intermolecaunl@ractions through oxygen
oxygen close contacts can contribute to the overall observed antiferromagnetic exchange
coupling®® The closest intenolecular contadior theseoxygen atomén 2-(2,5)T, 2-(3,5)T,
and2-(2,4)T aregiven inTablelV-3. Thevaluesfor 2-(2,5)T and2-(3,5)T areoutside the

range for gnificantintermolecularcontributions to the measured magnetic exchange
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couplingst*®14"However, the nitronylnitroxide oxygesxygen distance ig-(2,4)T is within

the range for significant intermolecular antiferromagnetic interactions.

Table IV-3. Structural Deviation Parameters and NN oxygen-oxygen intermolecular distances for 2-
(2,5)T,%* 2-(3,5)T, and 2-(2,4)T.

Intermolecular
Complex | 0-S Q DY (]A) NN D§ (A) 0O-0O Distance @\)

2-(2,5)T 0.008 0.026 4.604
2-(3,5)T 0.007 0.014 5.095
2-2,4)T 0.018 0.014 3.685

In magnetic and crystallographic studies of intermolecular NN interactions, we see the
antiferromagnetic intermolecular interactioocurs between the spin containing oxygen
atoms of the NN that are between 3.3 A and 4X°A*" 219 we look at a sectionfdhe 2-
(2,4)T unit cell FigurelV-25), we can see the closest NN oxygetygen interaction is
~3.68 A which is within the range fpossible, but not guarantedatermolecular
interactionsHowever, this distance carries an unknown amount of error due to the

preliminary nature of the current structure.
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Figure IV-25. Oxygen-oxygen close contact in 2-(2,4)T preliminary crystal structure. Hydrogen atoms
and cumenyl groups have been removed for clarity.

Magnetometry on single cryst2i(3,5)T and microcrystallin@-(2,4)T areshown in
FigurelV-26 and fit withthe HDVV expression ifEq. (.28) to giveJpa = -22 cm? for 2-
(3,5)T andJpa = -18 cm? for 2-(2,4)T. Bothmetathiophene bridged biradicals show
antiferromagnetic exchange coupling, jusfiasaPh does, which indicates the suppression of
the ferromagnetic pathway through the crossjugated bridgé?® Thefit for 2-(3,5)T s
excellent (R = 0.999) but the fit foR-(2,4)T shows a small amount of ovestimation for
data points in the-50 K region which is potentially caused by neglecting to fit crystal
packing interactions within theiaorocrystalline2-(2,4)T sample. Unfortunately, the current
preliminary structure cannot give us a full, accurate picture with which to attempt a
correction to this fit. Therefore, we can at a minimum concludet(@4)T has
antiferromagnetic couplingndicating crossonjugated behavidf;1*°whichis on the same

order of magnitude &%(3,5)T.

171



1 %™"2zZn(SQ-(3,5)T-NN) Tp™™MZn(SQ-(2,4)T-NN)
J_(cm™) 224+003 | J_(cm™ -18.0+0.14
DA DA
0015 - XBiradica\ 0.93 £ 0.0002 XBiradicaI 0.89 + 0.002 -
a0 . R 0.999 R 0.982
©
S
>
g 0.01
)
N—r
o
©
o
O |
0.005 4

0 50 100 150 200 250 300
Temperature (K)
Figure 1V-26. Magnetometry of 2-(3,5)T (blue) and 2-(2,4)T (red).

As with 1-mPh,**we can support the measured sdlidte exchange coupling with a
series of frozen solution VEPR measuremenighile removing any possible intermolecular
interactions contributing tdpa. Of caurse, the downside of this technique is the addition of
more possible confirmers in solution by a statistical distribution of torsion angles between
SQB and BNN in the frozen solution. The left side BigurelV-27 shows an example EPR
spect r um s 2oransitioh wseddororeate the Curie plot on the right siéfegafe
IV -27. By fitting the Curie plot fo-(3,5)T with Eq. (V.1), we obtainlpa = -13 cm? for a
solution phase exchange coupling. Due to the reasonably good fits of the Curie plot and
magnetometry data, both exchange coupling24@®,5)T are validandreflect the change in
environment around the biradic8lince there are no obvious intermolecular interactions
contributing to the antiferromagnetic exchange in the magnetometry data, the large difference

in Jpa for 2-(3,5)T must come from significant tams in frozen solution reducing the
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overall average exchange coupling measured b¥EPR. A variable temperature EPR
experiment using the same conditions-agirelV-27is currently planned fa2-(2,4)T when
the instrument is available again. Ideally,-¥PR data fol-(2,4)T will solidify the
measured difference in exchange coupling betv2e€h)5)T and2-(2,4)T through frozen

solution measurements.

1.410°
£ 1.2 10°
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Figure IV-27. (Left) EPR of 2-(3,5)T gims = 2 transition at 24 K in 2-MeTHF. Double integration of the
gms = 2 transition versus temperature yields data points (blue) for the Curie plot of 2-(3,5)T (right).
Data was collected from 4 K to 60 K in 2 K increments then 65 K to 100 K in 5 K increments.

Interestingly, bott2-(3,5)T and2-(2,4)T show less antiferromagnetic (more
ferromagnetic) coupling thalzmPh (Jpa = -32 cm! for magnetometryJpa = -19 cm? for
VT-EPR.1* The reduction in antiferromagnetic coupling may be due to either larg& SQ
and BNN torsion angles i2-(3,5)T and2-(2,4)T compared td-mPh (seeTablelV-2) or
that possibly the antiferromagnetic pathways in thiophene are inherently weaker than those in

phenylene. Confirmation of one, both, or neither of these theories requirtesl estate
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analysis with TDDFTsimilar to that performedn 1-mPh as well as a series of sterically
hindered crossonjugated biradicals in order to determine the effect of torsion on
antiferromagnetic coupling.

Evidence of the crossonjugated nature afiesemetathiophenes should manifest
itself in the electronic absorption spectra just as it did with the dranadtiction of the SQ
(SOMO)Y NN (LUMO) CT bandin 1-mPh compared td-pPh.”*°In FigurelV-28 we see
and overlay oP-(2,5)T, 2-(3,5)T, and2-(2,4)T in DCM. Each of these spectra show
characteristic SQ and NN bands in the 10,000 tl6,000 crt region confirming the
presence of both donor anccaptor radicals spectroscopicaliy:°2The two peaks at
~21,000 crrt and 23,000 crin the2-(2,5)T spectrum (greerjorrespond to the SQ
(SOMO) Y NN (LUMO) CT which i s 2(gb&@ue)y atten
and2-(2,4)T (red). We can then apply the same argument used for the presence of strong
antiferromagnetic coupling ib-mPh to 2-(3,5)T and2-(2,4)T.1*° Since the ferromagnetic
CT band is attenuated, this opens up alternative weaker antiferromagnetic coupling pathways
for thesemetathiophenes. It is also interesting to edte drastic difference in absorption
profile for 2-(3,5)T versus2-(2,4)T in the 24,000 crmto 30,000 crit region. The bands in
themetathiophene spectra do not obviously resemble any bands patee¢hiophene
spectrum which suggests that there @, rintense bands solely due to the difference in

location of donor and acceptor on the thiophene ring.
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Figure IV-28. Electronic absorption spectra of 2-(2,5)T (green), 2-(3,5)T (blue), and 2-(2,4)T (red)
with expansion of 10,000 cm- to 20,000 cm-! region (inset).

The dramatic reduction in the CT band 20(3,5)T and2-(2,4)T suggestshe strong
antiferromagnetic coupling in these biradicals must come from a similar spin polarization
mechanism a&-mPh. FigurelV -29 shows the same four relevant iMragments for 2
(3,5)T and 2(2,4)T as was shown irmPh: T-NN (HOMO), NN (SOMO), SQ (SOMOQ),
and NN (LUMO). Unlike 1-mPh, bothmetathiophene SE€B-NNs do not have an obvious
node on the thiophene ring preventing significant CT interactions. NN (SQND$Q
(SOMO) still do not interact due to the node on the bridging carbon of NN (SOMO), but
there is significant overlap betweeriNN (HOMO) and SQ (SOMO) as well as between SQ
(SOMO) and TNN (LUMO). These transitions may be the cause of the higher gbargls
in the electronic absorption spectra2ef3,5)T and2-(2,4)T and could possibly contribute to

the preference of the antiferromagnetic exchange coupling.
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Figure 1V-29. (Top) Important fragment HMOs for 2-(3,5)T (left) and 2-(2,4)T (right) where red is
positive and blue is negative. (Bottom) Spin polarization of the * -system for 2-(3,5)T (left) and 2-
(2,4)T (right) where blue is (+) spin and green is (-) spin.

Due to the number of overlappitr@nsitions in the 24,000 chto 30,000 crit region
of themetathiophenes, its unlikely that a comparison of the electronic absorption of donor
bridge and bridg@acceptor fragment molecules could deconvolute the electronic absorption
spectra oR-(3,5)T and2-(2,4)T. While the differences in the electronic absorption spectra of
2-(2,5)T, 2-(3,5)T, and2-(2,4)T areveryinteresting, without spectral assignment through

TDDFT it is difficult to comment on the origin of the higher energy transiteomsthis pin
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down the exact manifestation of the antiferromagnetic exchange as was doheniith'4®

We suspect spin polarization plays a major role in the negative sigh,ibutbeing able to
determine which configurations impart polarization on which transitions will go a long way
in truly understanding crosnjugated thiophene bridgé&ork on these calculamns has

begun in the Kirk group and are still in progress.

D. Gating Quantum Interference: Substituent Effects on Electronic and Exchange

Coupling in Cross-Conjugated DonorBridge-Acceptor Biradical Complexes

1. Introdu ction to substituent effects on crossonjugated donorbridge-acceptor
biradical complexes
As we discussedarlier in thischaptercrossconjugated systentgvelimited

communicationcompared to conjugated systeringm one end of the molecule to the other
due to a node at the connection pdkigurelV-30, left). This node is formed from
destructive iterference of two wavefunctions whichalso known as quantum interference.
There have been studies of many different kinds of single moleculecooggated devices
sudh as quantum interference effect transistors (QuIET™Sspin filters?2° molecular
switches!®” and molecular logic devicé$3*22'The most closely related device to our-BQ
NN system is likely the QUIET, which has no experimental mddleas shown through
calculations on QUIETSs that by applying an &iecurrent (L3)orthoto one connection (L1)
andparato the other (L2), it is possible to modulate the transmittacoess the system

(FigurelV -30, right) 2728222
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Frontier orbitals for para-coupled phenyl rings  Frontier orbitals for meta-coupled phenyl rings Example of a Quantum Inference Effect Transistor (QuIET)

Figure IV-30. (Left) Frontier orbitals for a para- and meta-coupled phenylene ring. (Right) A cartoon
of a quantum interference effect transistor (QUIET). L1 and L2 are covalent connections to donor and
acceptor electrodes whereas L3 is a mobile probe capable of modulating the electronic coupling
between L1 and L2.
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Figure 1V-31. Line bond drawings of 1-mPh, 1-NO,, 1-OMe, 1-CN, and 1-Me.

D-B-A biradical @mplexesstudied in this section are presenieérigurelV-31.
These biradicals aaesigned as single molecule mod#igated crossonjugated devices
described byCardamon®?®whereelectron donating and withdrawing capabilitis/arious
substituentes r e used as t h eFigurelV-80gight) forlthe eogpbng ( L 3

between crossonjugated SQ and NNXDurresultsprovide the molecalr basis for
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understanding and future design of siagielecule devicedike QUIETS, through the

addition of electron withdrawing and electron donating substituents at the L3 position of a
crossconjugated S&netaphenyleneNN system where L1 is SQ and I2NN (see~igure

IV -30).

As we saw fothese complexes, the AN (HOMO)  Rh-NN (LUMO) excitation
pathway is responsible for the antiferromagnetic (AFM) coupling through spin polarization
of tfraneework.We an use the known PN (HOMO)  Rh-NN (LUMO)
relationship taattempt tgpredict how the exchange coupling showdaly with different
substituents. As electron density in the bridge is increased through electron donating groups,
we would expect the couplinth becomdessAFM by increasing both the PN (HOMO)
and PANN (LUMO) energies making AFM coupling lessergeticallyaccessible. Similarly,
as electron density in the bridge is reduced through electron withdrawing groups, we expect
the coupling to becoe moreAFM through lowering the energy of the RIN HOMO to Ph
NN LUMO transition and making AFM coupling moeaergetically accessible

We can attempt to correlate our findings to macroscopic effects by comparing our
substituted crossonjugated BB-As to field effect transistor®\ field effect transistor has
three terminals: a source electrode (donor), a drain electrode (acceptor), and a gate electrode
(substituentf?® Whena gate voltage isppliedin a field effect transistor, more current
(stronger electronic couplingg allowed to flow through the transistor by lowering the
conduction band (LUMO) making the transmission of electrons more facile through
shrinking the gap? Usingour D-B-A biradicalcomplexes amodels of molecular

transistors similar to those described by Cardambffaye can think of thenergy required
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to promote and electron from fN (HOMO) to PANN (LUMO) as thevoltage required to

pass from the soce terminal to the drain terminal affield effect transistor where the SQ

donor is the source electrode, the NN acceptor is the drain electrode, and the substituent
orthoto the SQ angarato the NN is theate electrode. The electron donating and

withdrawing capabilities of the substituents on the bridge should act as varying amounts of
voltage being applied at a gate electrode and thus be able to modulate the electronic coupling

between the donor (SQ) and acceptor (NN).
2. Discussion of Results for Substited metaPhenylenes

i. Synthesis and Characterization
For the synthesis d-NOz2, as shown irError! Reference source not found,
ompound76 was prepared as reportétiand reacted ith 16 under Suzuki conditions to
yield 77. Protected aldehydg&7 was immediately deprotected with weak acid to yield phenol
aldehyder8. Phenol78 was oxidized witHBX to quinone79then reduced to catechgd
with ascorbic acid. UsinBHA, 80 was transformed t81 then oxidized with4to catechol
nitronylnitroxide82. Under standard calitions,”°6192Zn(OH)Tp cumMe and82 were reacte

to form biradical complef-NO..
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O,N
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(0] -
~ O’B\O Pd(PPhs), O,N Acetone rt. O,N

(ONQ ﬁ_% THF, reflux

76 16 77 78, >95%
OH (0]
t-Bu t-Bu 0} t-Bu O OH
O IBX, DMF O Ascorbic Acid
O2N 24 h, dark O,N THF/H,0  O2N " MeOH O
Ol Tl
O (0]
78 79, 76% 80, >95% 81, 91%
OH ZnTpCum Me
t-Bu l OH
|2 Buffer (pH = 7) Zn(OH)TpCum ,Me
O,N ————————— 0N " ON
O OH  Et;0,0°C o2 MeOH 2 %
N
,N7\<<
HO
81 82, 45% 1- NOz, 90%

Scheme IV-4. Synthesis of 1-NOx.

For the synthesis d-OMe, as shown irbchemdV -5, commercially availabl&3
and compound 6 were reacted under Suzuki conditions to yield ph&4oUsingIBX,
phenol84 was oxidized to quinon@5 then reduced to catech®® with ascorbic acid.
Compound6 was reacted witBHA to form 87 then oxidized to catechalitronylnitroxide
88. Compound8 andZn(OH)Tp cumMe were reacted under standard conditi§hs’?to

form biradical complex-OMe.
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THF reflux

OH
2M K2003 IBX, DMF Ascorblc Acid
B\ Pd(PPhj), MeO 24 h, dark  MeO THF/ H,0 MeO

83 16 84, 57% 85, 85% 86, >95%
o/znTpCum .Me
OH OH OH
HO
MeO OH _HNOH_ o l,, Buffer (pH = 7) I, Buffer PH=7)_ 1o . Zn(OH)TpC“’“ MTVIeO
MEOH OH Etgo 0°C 02 MeOH
Q \
86 87, >95% 88, 65% 1-OMe, 73%

Scheme IV-5. Synthesis of 1-OMe.

For the synthesis d-CN, as shown irschemdV -6, commercially availabl&9 was
reacted with NBS and BPO to for®d then oxidized with AgQN®@to benzaldehyd81. To
avoid a detrimental Cannizzaro reactiunder basic conditions, aldehy@fewas protected
with trimethoxymethane to form compou@d Compound® and92 were reacted under
Suzuki conditions to for@3 which was immediately deprotected to cateedddehyded4
under acidic conditions. Usir§HA , 94 was transformed t85 then oxidized t®6 with I».
Under standard conditiorid/:°696 andZn(OH)Tp cu™Me were reacted to form biradical

complex1-CN.
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NC NBS, BPO_ gpo N _AgNO;
CCI4 Reflux Br ACN H,O ptsOH
reflux 6h DCM, Reflux

89 90, >95% 91, 48% 92, 98%
o7 OH
Br t-BU O
NC 2M  2M K;CO5_  psOH__ NOH
O\+ /B\ Pd(PPhy), NC Acetone reflux NC MeOH OH
o
O\
94 9 93 94, 59% 95, >95%
o/znTpCum Me
OH
|2 Buffer (pH = 7) Zn(OH)Tpc‘"" Me
" Eyo.0c N *o  0,MeoH NC N
@ \ @ \
98 96, 65% 1- CN, 46%

Scheme IV-6. Synthesis of 1-CN.

For the synthesis dFMe, as shown irschemdV -7, commercially availabl®7 was
reacted withHl6 under Suzuki conditions to yieB. UsingIBX, phenol98 was oxidized to
guinone99then reluced with ascorbic acid to cateci9l0. CompoundLOOwas reacted with
BHA to yield compound.01which was then oxidized to catechotronyinitroxide 102
CompoundL02andZn(OH)Tp cmMe were reacted under standard conditidrg8to yield

biradical complexi-Me.
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OH OH o} OH
Br t—Bu\© t-Bu t-Bu o t-Bu OH
oo, $ ®
\@(H + 3 IBX Ascorbic Acid
B DMF, r.t. —_—
o ~o Pd(PPhs) THF / H,0
© ﬁ—% H H H
o} o o}

97 16 98, >95% 99, 91% 100, >95%

100 101, >95% 102, >95% 1-Me, 67%

Scheme IV-7. Synthesis of 1-Me.

ii. Structural and magnetic properties of substituted cross -conjugated
biradicals
Thermal ellipsoid plots of-mPh, 1-NO2, 1-OMe, 1-Me, and1-CN are shown in
FigurelV-32with hydrogen atoms and cumenyl groups removed for clarity. Torsion angles
were determined using the mean plane of &€ oring, bridge aromatic ring,-8-C-N-O
atoms of the nitronylnitroxide, and atoms of the substituent céspby and are listed in

TablelV-4.
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