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Introduction and Background 

Photosynthesis is arguably one of the 

most important biological processes in 

nature. 1
'
2 Not only does photosynthesis 

convert light energy into chemical energy, 

this conversion occurs through a 

sophisticated sequence of events that 

execute non-trivial thermodynamic 

processes such as carbon fixation (reduction 

of CO2) and water oxidation. 1
•3 Several of 

the events in the photosynthetic process 

have been researched heavily for their 

obvious application to solar energy 

harvesting capabilities.2·6 ot only could the 

development of an artificial photosynthesis 

system lead to new types of solar cells, but 

also solar powered water splitting, and a 

host of other electron transfer devices. 2·4•6 

One of the fundamental processes of 

photosynthesis that researchers have studied 

in order to create an artificial photosynthetic 

system is the photoinduced charge separated 

state. 3,4, 7•8 

Charge-separated states (CSS) can be 

achieved in systems that incorporate a 

chromophoric component with a donor 

moiety (D) and/or an acceptor moiety (A). 

1 

There are two general types of CSS systems. 

The first type utilizes molecules with 

extended conjugated n systems as the 

chromophore, such as porphyrins, 

carotenoids, and fullerenes. 3
•
8
•
9 The second 

type of CSS system utilizes a metal 

chromophore that exhibits a strong 

absorption in the visible.3
•
8
•
9 When the 

system contains both a D and an A moiety it 

is called a Donor-Chromophore-Acceptor 

(D-C-A) triad. The focus of this research is 

the metal containing D-C-A triads where the 

chromophore is Ru or Cu and the D and A 

moieties are based on a bipyridine (bpy) or 

phenanthroline (phen) with phenothiazine-

type (PXZ, donor) and diquat (DQ2+, 

acceptor) functionalization, which will be 

referred to as D-C2+-A2+ for brevity.7•9· 16 

D-C-A triads can achieve a CSS by an 

electron transport mechanism similar to 

photosynthetic systems. A photon of light 

excites the chromophoric metal center to a 

triplet metal-to-ligand charge-transfer state 

(3MLCT).9 The excited chromophore is now 

highly reducing and reduces the acceptor via 

a one-electron transfer process, which is 

called oxidative quenching.9 The oxidized 



chromophore can now oxidize the donor, 

creating a di-radical CSS.9 

Although this process may seem straight 

forward, many factors influence the 

formation of a long-lived CSS with a good 

quantum yield. CSS complexes are often 

very unpredictable.3
•
8

•
9 The inability to 

predict the formation of the CSS state is an 

artifact of its di-radical nature. The CSS 

state is sought after for its chemical potential 

and inherent reactivity, but these attributes 

can also destroy the CSS complex itself. 

Several electron transfer processes are in 

competition in the CSS and the relative rate 

constants of these electron transfer processes 

dictate whether the lifetime and quantum 

yield of the CSS will be enhanced or 

inhibited.3
•
8
•
9 The most influential electron 

transfer processes are: photoinitiated 

electron transfer to the D-C2+ -A+· state, 

photophysical decay to the ground state, 

CSS recombination causmg thermal 

relaxation to the ground state, and a second 

electron transfer to form D+•_c+-A+·_3,7-9 A 

schematic diagram of the electron transfer 

processes in the D-C-A complexes is shown 

in Figure 1. 

Understanding the factors that influence 

the electron transfer processes is key to 

designing a successful CSS in a D-C-A 

complex. Fortunately, many studies have 
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Figure 1. A simple representation of the 
competing electron transfer processes in D-C-
A triads. Adapted from ref 8 and 9. 

been performed to elucidate the issues that 

influence electron transport m CSS 

complexes. Research suggests that the free 

energy of the reaction and the 

reorganizational energy have the largest 

influence on the rates of electron transfer in 

the D-C-A triads.3•7-9, I7-' 9 Furthermore, the 

relationship between free energy of the 

reaction and rates of electron transfer have 

been shown to satisfy equation 1 through 

theoretical modeling studies. 3,s, 17• 19 

k = 2,r vi ( 1 Je -(t,.G"+J..) 2 /4JJc,r (1) 
e1 Ii DA (4nA-kbT) "2 

In eq 1 ke, represents the rate of electron 

transfer, V DA represents the amount of 

electronic coupling between the radical 

donor and acceptor electrons, '},_ represents 

the degree of reorganizational energy of 

both the solvent and the D-C-A triad, and 

finally ~G 0 represents the free energy of 



electron transfer reaction. 3
'
8
'
17

'
19 Since the 

~G 0 term is in an exponential term, eq 1 

relates that the ke1 exhibits nonlinear 

dependence on the free energy.3'8'9'
17

-
19 

In addition to ~G°, it can be seen from 

eq 1 that the rate of electron transfer 

depends on several factors. The electronic 

coupling between the radical electrons on 

the D and A (V DA) is an important 

contributor to the ket· 3' 
17 The V DA is affected 

by spin dynamics, the distance between the 

D and A, and orbital overlap of the D and A 

as well as the chromophore (C).3
'
17 Finally, 

the temperature and solvent system 

influence the ke1 as well.3
'
17 However, the 

contributions of these factors are not as 

widely applicable as ~G 0 so they will 

mainly be discussed where appropriate. 

The following discussion will focus on 

the nonlinear dependence of the ke1 on ~G 0

• 

The mathematical relationship in eq 1 shows 

that as ~G 0 changes three distinct regions of 

ke1 dependence emerge. As ~G 0 increases to 

the point where A.=-~G ·, the ke1 increases as 

well, which is called Marcus normal 

behavior.3,7,S, l7-19 Marcus normal behavior is 

due to increasingly favorable overlap of the 

nuclear wavefunctions of the product and 

the reactant vibronic states as shown in 

Figure 2. 17- 19 At the point where A.=-~G·, the 

nuclear wavefunction overlap is maximized 

3 

for nuclear tunneling, which creates optimal 

electron transport conditions (Figure 2). 17-19 

If G • increases past A.=-~ G ·, then the ke1 

should decrease, which is called Marcus 

inverted behavior.3,7-9,17-19 This effect is due 

to increasing exothermicity from a greater 

negative value of ~G· causing unfavorable 

nuclear wavefunction overlap, which is 

often referred to as an unfavorable Franck-

Condon factor (Figure 2). 17
-
19 
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Figure 2. The dependence of the rate of electron 
transfer on the ~G' of the reaction. (a) Marcus 
normal behavior (b) optimal for electron transfer 
due to enhanced nuclear tunneling and (c) 
Marcus inverted behavior. ~G' is the 
thermodynamic driving force (free energy), ro is 
the frequency of the light, h is Planck' s constant, 
and "A, is the total reorganization energy. 
Adapted from ref 10. 



Since the rate of CSS recombination has 

been shown to exhibit Marcus inverted 

behavior in many CSS complexes, this 

dependence on LiG 0 has important 

implications.7•
18

•
19 For most CSS complexes, 

the Marcus inverted behavior implies that 

increasing the driving force (LiG 0

) of the 

reaction will hamper back electron transfer, 

thereby enhancing the quantum efficiency 

(<Dess) and lifetime ('tess) of the CSS and 

emission ('tem) .3•
8
•
18 In the majority of D-C-A 

complexes this means that the structure of 

the D and A moieties of the CSS complexes 

can be altered to increase LiG 0

•

3
•
8
•
17

-
19 

Structural alteration is a widely used 

approach and has been successful for 

increasing the <Dess for many porphyrin and 

fullerene-type D-C-A studies.3
•
7

•
8

•
16

-
19 The 

D-C-A complexes of the type D-C2+-A2+ 

(with a Ru), on which the following 

discussion will focus, do exhibit Marcus 

normal and Marcus inverted behavior with 

respect to the rates of electron transfer. 7
•
9
•
15 

However, the <Dess in these types of D-C2+ -

A2+ complexes is extremely high and does 

d d d · · 7 9 16 not seem to epen on nvmg 1orce. · · 

This anomalous behavior was not well 

understood until recently, and may prove to 

be a great advantage for designing new 

charge-separated systems. 16 

4 

The pnmary reason for this unusual 

behavior of the D-C2+-A2+ complexes is 

suggested to be the result of an 

intramolecular association pnor to 

photoexcitation between the ML/ + and the 

donor moiety in the ground state.9•
16 This 

will be referred to as the donor pre-

association mechanism (DP A). 

A significant amount of research on the 

D-C2+-A2+ complexes yielded important data 

that lead to the DP A mechanism. The most 

pertinent results will be outlined before 

discussing the details of the DP A 

mechanism. 

Considering the reaction mechanism for 

D-C-A triads presented earlier in this paper, 

fo llowing initial photoexcitation to the 
3MLCT state, intramolecular electron 

transfer causes that 3MLCT to be 

quenched.7•9-12•
14

•
15 However, until the early 

1990' s it was not clear if the quenching step 

was by oxidative quenching, in which the 

acceptor is reduced, or reductive quenching, 

in which the donor is oxidized.11
•
16 By 

performing em1ss10n decay and time 

resolved absorption experiments on a series 

C2+-A2+ and D-C2+ diads (constructed to 

model the D-C2+ -A 2+ triads) the rates of 

oxidative (ket-ox) and reductive quenching 

(ke1-red) could be extrapolated and 

compared.7•
11

•
16 The series of C2+-A2+ and D-



C2+ diads had a variable number of 

methylene linkages between the bpy 

backbone and the DQ2+ or PTZ separately. 

By increasing the number of methylene 

linkages the reduction potential of the DQ2+ 

moiety could be altered (a longer methylene 

chain means that it is harder to reduce the 

DQ2+), thereby influencing the LiG 0 of 

formation for the CSS.7' 11
,1

6 This allowed for 

the direct comparison of LiG 0 to the k et· 

These emission decay and time resolved 

absorption studies suggested that the ket-ox 

and ke1-red quenching increased with LiG 0 (i .e. 

the number of methylene linkages), which 

agrees with the predicted Marcus normal 

behavior. 7
'

11
'
16 However, the ke1-ox for 

oxidative quenching was 2-104 times faster 

than the ke1-red for reductive quenching. 7
,
11

,
16 

Furthermore, it was found that the rate of 

emission decay (kemd) of the D-C2+-A2+ 

triads follows the same trend as their parallel 

C2+-A2+ diads within a factor of 2, regardless 

of changes in the D moiety. 7
'

11
'
16 Therefore, 

the initial step in forming a CSS in the D-

C2+-A2+ complexes is suggested to be 

reduction of the acceptor by oxidative 

quenching. 7'9' 11
'
16 Magnetic Field Effect 

(MFE) studies at high fields (B> 0.5 T) also 

support that the initial quenching event is 

the reduction of the acceptor. 14 Finally, the 

time resolved absorption studies indicated 

5 

that the kinetics of the initial quench is much 

slower than back electron transfer (k&e,, i.e. 

charge re-combination).7'9'
11

'
15 

The results outlined above were 

interesting because the electron transfer in 

the D-C2+ -A 2+ systems exhibited an obvious 

dependence on the LiG 0 of the 

system_7,9, IJ , l2,15' 16 However, the <Dess did not 

seem to be greatly affected by the LiG°, 

which contrasts with traditional Marcus 

theoretical predictions.9'
13

'
14

'
16 These unusual 

results initiated studies on the other factors 

that could affect the <Dess and enabled the 

elucidation of the donor pre-association 

mechanism (DP A). Therefore, the two main 

goals of these studies were: (l) explain how 

a CSS is formed with excellent <Dess in 

complexes with extremely fast k &e, and (2) 

explain why the <Dess does not depend on 

LiG 0

• Logically, there is one explanation for 

the formation of the CSS in the D-C2+-A2+ 

complexes. After the initial reduction of the 

acceptor, the k cs for formation of the charge-

separated state ( donor oxidation) must be 

faster than k &et• However, just knowing that 

k cs must be greater than k&et does not 

elucidate the mechanistic details that cause 

kcs to be so fast. 7'9'
16 

Two possible reaction mechanisms, 

diffusion-controlled bimolecular collision 

(BMC) and donor pre-association, were 



proposed that could enhance the k cs and are 

shown in Figure 3. 16 In order to determine 

which reaction mechanism is responsible for 

the enhanced <Dess the concentration of C 

and D were varied and several analytical 

methods were used to interpret the results. A 

bi-molecular D/C2+-A2+ CSS system was 

used so that the relative concentrations could 

be varied.9,1 6 

CT 
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CT 
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Figure 3. The two proposed mechanistic 
pathways for the formation of a CSS in the 
D1c2•-A2

+ model compound. Reproduced from 
ref 16. 

Transient absorption studies of the 

complex at varying D concentration allowed 

for kinetic modeling of both the BMC and 

DPA mechanistic cases. Using the transient 

absorption measurements k cs, and k bet were 

calculated. The calculated rate constant 

values were found to be more consistent 

with the DPA mechanism. 16 More transient 

absorption measurements were taken of the 

D/C2+-A2+ compound in a solvent of 

sequentially varied viscosity. These 

measurements were intended to determine if 

the rate of diffusion would affect the <Dess• 

6 

No effective change in the absorbance was 

detected even with a 25-fold increase m 

viscosity. 16 This result was interpreted as 

evidence that the BMC mechanism is not 

responsible for the formation of the CSS. 16 

Although there is sufficient disproof of 

the BMC mechanism, the positive proof of 

the DP A mechanism was required. UV -

spectra, time resolved emission decay, H1 

NMR, and 2D H 1 Roesy NMR data all 

suggested the DPA mechanism. 16 These 

studies also indicated that the association is 

an intramolecular van der Waals 

interaction. 16 The studies suggest that the 

association occurs prior to photoexcitation 

and broken immediately after donor 

oxidation due to electrostatic repulsion of 

positive charges as shown in Scheme 1. 16 

Scheme 1. The donor pre-association 
mechanism is seem ingly responsible for the 
increased kcs and <l>css in the D-c2•-A2+ triads. 
This association between the D and the c2

• 

occurs prior to photoexcitation and is 
disassociated immediately after the donor is 
oxidized. 



The elucidation of this mechanism 1s 

important for several reasons . First, it 1s 

suggested that the D/C2+ orbit coupling 1s 

enhanced by this associative interaction, 

which implies that orbit coupling influences 

the rates of electron transfer in the D-C-A 

complexes. 16 Electron transfer in D-C-A 

diads/triads generally elicits very little 

change in the orbital coupling of the D and 

A moieties since there is little variation in 

their respective orientations. 16 Therefore the 

rates of forward and back electron transfer 

are usually very similar. Increasing ~G 0 

helps break the competition between 

forward and back electron transfer in normal 

D-C-A complexes, which influences the 

<Dess• 16 Since the orbital coupling is enhanced 

in the D-C2+-A2+ complexes for only part of 

the DP A mechanism, the k cs is increased for 

forward electron transfer. 16 However, 

immediately after donor oxidation the 

orbital coupling 1s broken due to 

electrostatic repulsion, which would hamper 

the k&ec , 16 The decrease in k&ec means that it 

is not necessary to increase the ~G 0 to 

improve the <Dess because nearly all of the 

CSS energy is retained and not lost to back 

electron transfer. 16 A final important 

implication of the DP A is the ability to use 

the DPA as a tool for successful design of 

7 

new and more efficient D-C2+-A2+ type 

complexes. 

Although the class of D-C2+ -A 2+ triads 

has been shown to have excellent values of 

<Dess, the 'tess of the CSS is still not optimal. 

A longer 'tess for CSS complexes means that 

there is more time for effective utilization of 

the inherent chemical potential. Therefore, 

there is a need to figure out ways to enhance 

the 'tess · In past studies, the kinetics of 

formation of the CSS in natural systems has 

been shown to have a magnetic field 

dependence. 14 Therefore, Magnetic Field 

Effect (MFE) studies on the transient 

absorbance of a series of D-C2+-A2+ triads 

were performed in order to determine the 

influence of a magnetic field on the lifetime 

of the CSS. 13
'
14

'
16 

As mentioned previously these D-C2+ -

A 2+ type complexes form a di-radical charge 

separated state (CSS). When the D moiety 

is PTZ the MFE studies suggest that the di-

radical CSS is formed through a mechanism 

having the specific spin chemical dynamics 

outlined below. First, photoinitiated 

excitation promotes the Ru(II) from a singlet 

ground state to a singlet MLCT state, which 

undergoes rapid intersystem crossing to the 

triplet MLCT state.9'
14

'
20 Then two spin-

allowed electron transfers occur (reduction 

of the acceptor followed by oxidation of the 



donor) to form a triplet di-radical charge 

separated spin state (3CS).9
•
14

•
20 The CSS di-

radical then decays back to the singlet 

ground state.9
•
14

•
20 Since CSS recombination 

has to occur from the triplet CSS state to the 

singlet ground state, CSS recombination (ks) 

is formally spin forbidden. 9
•
14

•
20 However, 

isotropic hyperfine coupling of the nearly 

degenerate singlet CSS (1CS) and triplet 

CSS (3CS) at zero field causes efficient 

mixing of the triplet and singlet states.9
•
14

•
20 

Mixing of the singlet and triplet state allows 

for fast 3CS/1 CS spin equilibration ( ks,10 ) 

making CSS recombination (ks) a very rapid 

process.9•
14

•
20 At zero field, the lifetime of 

the CSS state for the D-C2+ -A 2+ complexes 

studied was only measured to be between 

100-300 ns.14
•
20 When a magnetic field 

between 02'.:0.5 Twas applied, the lifetime of 

the CSS increased by 7-12* the original 

value.9•
14

•
20 A very small degree of structural 

dependence was also observed.9•
14.2° The 

magnetic field dependence of the CSS 

lifetime is primarily due to the Zeeman 

splitting of the 3CS energy levels as shown 

in Figure 4.9·14•20 The observed Zeeman 

splitting decreases the degree of isotropic 

hyperfine coupling of the 1CS state and T±cs 
states thereby slowing the rate of overall 

• There was only one notable exception in which the 
lifetime of the CSS increased by a factor of2 .5.14 

8 

recombination.9
•
14

•
20 The Zeeman splitting 

also causes the kinetics of recombination to 

change from monoexponential at zero field 

to biexponential (with a fast and slow 

kinetic component) at an applied field.9
•
14

•
20 

The fast component was shown to be the 

field independent TO recombination path 

(ks), and the slow component was shown to 

be the field dependent T ± recombination 

path.9•
14

•
20 The lifetime of the slow 

component 1s what is reported since it 

represents the lifetime of the CSS. It has 

been suggested that quantitative explanation 

and modeling of the D-C2+-A2+ triads decay 

kinetics can be described by the Hayashi and 

Nagakura relaxation mechanism.9•
14

•
20 

k < s,T~ 

k., 

Ground State (So) 

Zero Magnetic Field Magnetic Field, Po 

Figure 4. The Zeeman splitting of the Jes state 
in the presence of a magnetic field causes the 
kinetics of ess recombination to change. This 
is due to the reduced isotropic coupling of the 
1es and Jes states. The result is longer ess 
lifetimes in the presence of a magnetic field. 
Adapted from ref 20. 



Given that the magnetic fields necessary 

to significantly improve the CSS lifetime in 

the D-C2+-A2+ triads can be achieved with a 

handful of refrigerator magnetst, these are 

exciting results.2 1 It is definitely conceivable 

that small magnetic fields could be very 

useful for designing new systems that utilize 

photochemical energy, such as solar cells or 

water splitting devices. 14 

The previous studies indicate that two of 

the most important components to an 

efficient CSS, <Dess and "Cess, are easily 

achieved in the D-C2+-A2+ complexes. The 

challenge is to further improve these 

complexes by accomplishing as good or 

better CSS properties in similar species 

made with different materials. 

Although these CSS complexes may be 

getting extra attention in the past few years 

since the push for alternative energy and 

clean fuel sources has finally entered the 

mainstream, scientists have been fascinated 

with the topic for many decades. The 

incredible applications as well as the ability 

to mimic one of earth' s most essential 

processes makes work on these types of 

complexes captivating, rewarding, and 

exciting as a field of study. There 1s a 

myriad of research available that reveal 

t The magnetic field of a normal refrigerator magnet 
is 5 mT.21 

9 

interesting aspects of the chemistry involved 

in the formation and utilization of the highly 

complex CSS species. Unfortunately, the 

background provided in this paper must be 

limited to the essential information 

necessary to understand the scope of the 

research describe herein. Therefore, the 

focus of this paper will now switch to the 

specific details of past projects leading up 

to, and the inspiration and for design this 

specific research project. 

Project Rational and Design 

It is easy to see why the D-C2+-A2+ type 

CSS complexes are exciting for new 

applications due to their intense absorption 

and unique ability to achieve high <Dess and 

i-.
9 These systems also have been shown to 

have favorable redox properties in solution.9 

However, there are still a few drawbacks to 

the previously discussed systems. The 

experimental details provided m the 

preceding section were all from studies 

utilizing a Ru(II) chromophore.7'9-16,20 Other 

chromophores used for this type of D-C-A 

complex are Os, Re, and Pt.9 The rare and 

expensive nature of the metals typically used 

in D-C-A's is an obvious pitfall.9 Therefore, 

using the aforementioned metals does not 

really help the problem of making affordable 

D-C-A materials for applications such as 



solar cells. The other porphyrin based D-C-

A complexes also have their share of 

problems, such as synthetic complexity and 

unpredictable values of <D and -r.3'8'9' 18 It has 

become apparent to many in the scientific 

community that an alternative chromophore 

is needed to make these D-C2+-A2+ type 

complexes useful and reasonable for real 

applications. One alternative system that 

seems to exhibit promising properties is 

Cu(phen)/, in which phen is a 2,9-

disubstituted-l, 10-phenanthroline. 9,22-36 

Although Cu(I) complexes of the type 

Cu(phen)2+ have shown potential 

applicability, there are also drawbacks 

associated with complexes based on Cu(I).9 

Cu(I) has been the subject of CSS studies 

since the late 1970' s. At first, Cu(I) did not 

seem as reasonable as the Ru(II) analogs due 

to its lack of emission in solution.27,28,31,34,35 

However, it has been established in a 

number of studies that Cu(I) complexes do 

demonstrate strong, broad photoexcitation to 

a visible MLCT state with unsubstituted 

phen and bpy ligands. 9'
28'35 Excitation in the 

Cu(I) complexes is analogous to the Ru(II) 

complexes: photoexcitation to the singlet 
1MLCT, which converts rapidly to the 
3MLCT via an intersystem crossmg 

mechanism. 9,20,28 However the difference in 

energy between the singlet and triplet 

10 

MLCT states in the Cu(I) complexes has 

been suggested to be smaller than in the 

Ru(II) analogs.9'
28 This difference m 

1MLCTPMLCT state energies could imply 

that the <Dess will exhibit enhanced 

MFE's.9'
28 As mentioned previously, these 

unsubstituted complexes are non-emissive in 

solution, even when the solvent is non-

coordinating ( coordinating solvents can 

quench the emission process).9'27'28'37 This is 

important because it lead researchers to 

investigate the mechanism of em1ss1ve 

quenching in the Cu(I) complexes. 

The photophysical behavior of the Cu(I) 

complexes has been studied quite 

extensively in order to rationalize the 

em1ss10n quenching process m 

solution. 24,34,38 Several studies suggest that 

the em1ss1on quenching behavior 1s 

primarily caused by the Jahn Teller 

distortion inherent in the d9 Cu(II) excited 

MLCT state. 9'
3840 This distortion from the 

Franck-Condon MLCT tetrahedral geometry 

toward square planar is suggested to be very 

rapid and accompanied by the coordination 

of a solvent or anion, which is suggested to 

be the formation of an exciplex as shown in 

Figure 5. 4,9,32,34,36,3840 Kinetic studies on 

exciplexes have shown that non-radiative 

decay occurs immediately following the 

coordination of the solvent /anion.38,40 



Therefore, it is logical to assume that if 

bulky substituents are placed on the 2,9 

positions of the 1, 10 phenanthrolines, the 

increased steric hindrance could have two 

positive effects: reduce the amount of 

distortion from the tetrahedral to square 

planar geometry and crowd the metal center, 

inhibiting solvent/anion coordination. 

Several studies have recorded emission from 

Cu(I) complexes in solution if bulky enough 

substituents are in the 2,9 positions.9•32.34,35 

The induced stabilization of the Cu1 

complexes due to bulky substituents has also 

been shown to influence redox potential of 

the Cu1/Cu11
•
32 This indicates that the redox 

potential could be easily tuned by the proper 

selection of bulky substituent. 

l, v 

Jahn-Teller 
Distortion 

MLCTSlat-
Solvent 
Complex 

Figure 5. The mechanism of em1ss10n 
quenching in the Cu(I) complexes is 
suggested to be due to the Jahn-Teller 
distortion of the d9 Cu(II)* excited state 
followed by coordination by solvent or 
counterion. Reproduced from ref 3 7. 

11 

When bulky substituents are substituted 

on the 2,9 positions of the phen moieties the 

!ability of the ligands in Cu(I)(phen)2 

complexes can be a problem.9 The inherent 

lability of Cu(I) complexes has been a 

significant hindrance to the fabrication and 

isolation of many heteroleptic Cu(I) 

complexes in the past due to fast ligand 

exchange back to a mono-phen analog.9•
41 

However, studies on Cu(I) phenanthroline 

complexes with bulky substituents in the 2,9 

positions have indicated that the formation 

of the bis-complex could be related to two 

factors: (1) the size of the substituents due to 

steric hindrance in the Cu(I) coordination 

sphere, (2) and the binding constant of the 

second phen ligand.9•4 I The binding constant 

of the second ligand could also be 

influenced by the steric environment 

imposed by the first phen ligand.9
•
4I 

Therefore, it could be possible to utilize this 

inherent !ability as a self-assembly 

mechanism for the formation of a Donor-

Chromophore-Acceptor type complex. 

If a phen ligand with the bulky groups 

substituted in the 2,9 positions is fabricated 

as a chloro complex with Cu(I) to make 

Cu(I)(2,9-bulky-phen)Cl, then the binding 

constant of a second less bulky phen moiety 

should be reasonable. Furthermore, due to 

the chelate effect, the formation of the bis-



phen complex should be favored to the 

mono-phen, mono-chloro complex.9 This 

type of reaction scheme has been 

d d · h 1. 2s 26 33 s· l prece ente m t e 1terature. ' ' imp e 

molecular dynamics (MD) calculations were 

performed that also indicated the validity of 

this type of reaction scheme.9 Specifically, 

the MD calculations indicated that formation 

of the [Cu(bPZmp)(dmp)t complex was 

much more enthalpically favored than the 

[(bPZmp)2 Cut complex due to the reduced 

strain energy (bPZmp= 2,9- bis((pheno-

thiazine )methyl)- I , 10-phenanthroline; dmp= 

2,9-dimethyl-1 , 10-phenanthroline ). 9 

Having briefly outlined the background 

research relevant to this project, the major 

objectives and design aspects will now be 

discussed. Attention will be given to the 

aspects of design that will be attempted in 

order to circumvent previously obstacles 

inherent in the project. 

The major goal of this project is to try to 

fabricate a heteroleptic, Cu(I) containing 

complex capable of achieving a CSS similar 

to the Ru(II) analogs.9 The proposed 

reactions scheme for the Cu(I) complexes is 

shown in Scheme 2. When designing a Cu(I) 

complex for the formation of a CSS several 

factors must be considered that did not 

necessarily apply to the parallel Ru(II) 

complexes. The major things to consider in 
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the design process are as follows: the DPA 

mechanism of charge separation, bulkiness 

of substituents on the phen D and phen A, 

and finally the redox properties of the D and 

A. 

Scheme 2. The proposed series of reactions that 
lead to the CSS with the Cu(I) complexes. 
Reproduced from ref 9. 

D-c+*-A2+ 

D-C2+-A+• 

D-c+*-A2+ 

ket-red • D-C2+ -A+ . 

Assuming that the Cu(I) complexes will 

act similarly to the other D-C-A complexes 

with metal chromophores, the DP A 

mechanism will result in a high values of 

<Dess • However, in order to facilitate the 

DP A mechanism, the linkages between the 

D and the phen ligand must be long enough 

and flexible. If the linkages are not long or 

flexible enough to allow the necessary spin-

orbit coupling that occurs between D and 

phen, the <Dess will be hindered. 

The bulkiness of the D and A moieties 

also play an important role in the design of 

this novel Cu(I) complex. One of the phen 

ligands must have bulky ligands on the 2,9 

positions of the phen and the other must not 

be bulky. This type of setup will allow for 

the self-assembly of the heteroleptic 

complex as previously described. 

Theoretically, this will also crowd the Cu(I) 



center so there is negligible em1ss10n 

quenching due Jahn-Teller distortion and 

subsequent solvent/anion coordination. 

Finally, the redox properties of the D-C-

A scheme were considered. It has been 

established that steric bulk and the electron 

withdrawing/ donating nature of the 

substituents influences redox 

properties. 9•
25

•
32.36 Therefore, the redox 

potential of the D and A ligands should be 

tunable by changing the electron 

withdrawing/donating character as well as 

the bulk of the respective moieties. 

Regarding the previously stated 

specifications, synthesis of the D-C-A 

structure(s) shown in Figure 6 will be 

attempted for this project. The D moiety was 

chosen to be PXZ (PTZ or POZ) due to the 

steric bulk, redox properties and ease of 

synthesis.9 As can be seen, a methylene 

linkage is included between the Donor 

(PXZ) and the phen to allow for the 

appropriate DIC interactions in the DP A 

mechanism. Previous molecular modeling 

studies have indicated that that these DIC 

interactions are favorable and the PXZ 

moiety is large enough to hinder geometric 

distortion.9 

The acceptor moiety is a will include 

methyl groups in the 2,9 positions in order 
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Q~Q X N)={-~~=(_N X 
v~/\ o - N N-

I/ Ii 

N " NH 

X=S,orO 9 
:::,-.1 

HO OH oD+ " I "N P I ?'R '<:: /4 0 I + I 
:::,__ N /4 

Figure 6. The D-C-A complex that wi ll be 
synthesized for this project. The coordination 
geometry about the Cu+ should be approximately 
tetrahedral. 

to enable the formation of a heteroleptic 

complex by self-assembly, but will still offer 

steric resistance against Jahn-Teller 

distortion. The molecular architecture of the 

acceptor was selected due to the literature 

precedence for synthetic preparation as well 

as the excellent electron acceptor qualities. 9-

12. 15,42 

The redox properties of the Donor could 

be a potential concem.9 The E112 of the first 

oxidation of PTZ to PTZ+ is 0.7 V vs SCE 

when functionalized with an N-methyl 

group.9 Since the Cu1/Cull redox usually 

exhibits an Eo between 0.5-0.9 V vs the 

SCE, the oxidation strength of the Cull• 

complex may not be sufficient. 9•
32

•
36 

However, this problem should be easily 

fixed by adding of electron donating or 

withdrawing groups to tune the redox 



potential of PTZ, switching to phenoxazine 

(POZ) (R-POZ, E112=0.6V), or usmg a 

modified POZ. 9•
25 

Finally, the last problem that could occur 

1s a problem that exists in all forms of 

experimental research. The Cu1 complex 

could seem perfect yet not display any of the 

chemistry for which it was originally 

devised, i.e. formation of a CSS. In this 

case, further evaluation will be necessary. 

The first challenge in this project is the 

synthesis of the D, A and D-C-A moieties. 

Synthesis of the individual components was 

expected to be easy, however, this step has 

proven to be more difficult than initially 

anticipated. 

Experimental 

The 1H NMR spectra were obtained on a 

Varian Inova 300 MHz (VI300), Varian 

Mercury-Inova 300 MHz (VMI300), or 

Varian Inova 400 MHz (VI400) machine. 

All mass spectrometery was performed by 

the CIF using either electrospray ionization, 

or atmospheric pressure chemical ionization 

time-of-flight (ES/ApCl TOF) for samples 

with some polarity. Fast atom 

bombardment, or electron ionization with 70 

e V electrons was used for non-polar 

samples. IR spectrometry was performed on 

an Avatar 320 FT-IR of Nicolet Instrument 
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Corp. along with the EZ Ornnic E.S.P. v.5.2 

software. All chemicals used in these 

experiments are listed in Section 1 of the 

Supplemental Information. 

Literature methods were used for the 

preparation of 2,9-bis(trichloromethyl)-1 , 10-

phenanthroline, 2,9-bis(methoxycarbonyl)-

1, 10-phen-anthroline, 2,9-bis(hydroxy-

methyl)-1 , 10-phenanthroline, 2,9-bis( chloro-

methyl)-1 , 10-phenanthroline, 2,9-bis-(bro-

momethyl)-l , 10-phenanthroline, and 2,9-

bis[(tert-butyldimethylsilyl)-methyl]-1 , 1 O-

phenanthroline.43-46 All changes made to the 

literature methods used to prepare these 

compounds are detailed in the Supplemental 

Information, Section 1, Reactions I-IIIB. 

2,9-bis[(phenoxazine)methyl]-1, I 0-phen-

anthroline (bPOmp) . Glassware was stored 

in an oven at 250 °C for at least 1 hr, flamed 

and degassed under Ar until cool. 2,9-bis-

( chloromethyl)-1 , 10-phenanthroline ( cmp) 

was stored in a desiccator overnight. Dry 

toluene solvent was obtained from the 

Williams ' lab solvent system. Cmp (0.0214 

g, 0.0772 mmol) and phenoxazine (POZ, 

0.0406 g, 0.2150 mmol) were dissolved in 

approximately 10 mL dry toluene in a 3-

neck round-bottom flask) and put under Ar 

(molar ratio of approx. I cmp: 3 POZ). One 

microspatula tip-full of potassium tert-



butoxide was added to the reaction mixture 

and was sonicated. The reaction mixture 

slowly turned light red. More potassium 

tert-butoxide was added in intervals by the 

microspatula tip-full and followed by TLC 

(30% ethyl acetate: 70% hexanes). The color 

of the reaction turns dark, bing cherry red 

when the reaction is complete. The reaction 

was quenched with glacial acetic acid. 

Water was added and the product was 

extracted with chloroform (3x). The product 

was suspended/dissolved in hot hexanes, put 

in the freezer and the ppt filtered off and 

dried in the vacuum oven. Products purified 

by column chromatography (10% hexanes: 

2% EtOAc: 88% CH2Cb). The column was 

flushed with hexanes containing 3 drops of 

triethylamine, and then flushed with 

hexanes. The product was then recrystallized 

from CHCh/MeOH. A small amount of 

impurity was still indicated by TLC and 1H 

NMR, so further purification is necessary. 

The product was an orange/yellow solid. An 
1H NMR (300 MHz) was taken of the 

impure product and is shown m the 

Supplemental Information, Section 2: 

Reaction VI. 

All of the experiments that were 

attempted in order to synthesize bPOmp 

unsuccessfully are detailed m the 

Supplemental Information. The important 
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results from these unsuccessful attempts will 

be discussed in the Results and Discussion 

and referenced to the appropriate section in 

the Supplemental Information, Section 2: 

Reaction IV-V. 

Results and Discussion 

The synthetic approaches chosen for the 

preparation of the proposed D-C-A triad 

were chosen based on their literature 

precendence and simplicity. However, 

synthesis of just the Donor moiety has 

proven a non-trivial task. Making the donor 

requires making either the cmp or bmp 

ligand and synthesizing these ligands is 

often a very time-consuming, multistep 

process, with a lot of necessary purification. 

The two most accepted synthetic methods 

are more than twenty-five years old and 

h b · · ffi · 43 46 ave proven to e qmte me 1c1ent. ' 

Although these papers report excellent 

yields for each synthetic step, the 

experimentally derived yields seem to 

deviate greatly even after several attempts 

(See Supplemental Information, Section 1: 

Reaction II). 

A new approach to the synthesis of the 

starting materials cmp and dmp was found 

in the literature, which has significantly sped 

up the synthetic process.44
'
45 This new 

process involves two steps, the reported 



yields are experimentally attainable, and the 

products are easily purified (See 

Supplemental Information, Section 1 : 

Reaction IIIA and 111B). These two 

synthetic processes are very similar to the 

first synthetic scheme that was tried in 

which the synthesis of 2,9-Bis[(trimethyl-

silyl)methyl]-1, 10-phenanthroline (bTMSp) 

was attempted. In these two syntheses, the 

2,9-bis[(tert-butyldimethylsilyl)methyl]-

1, 10-phenan-throline (bTBSp) and the 2,9-

bis[(triethyl-silyl)methyl]-1, 10-phenanthro-

line (bTESp) products are synthesized. A 

possible pattern emerged in the literature 

about these syntheses that offers insight into 

why the bTBSp and bTESp are easily 

prepared yet b TMS p is not. The reported 

yields for the synthesis of bTBSp and 

bTESp were 98% and 84% separately. 

Although almost identical procedures were 

used to synthesize the bTMSp, no product 

was formed. 47 This suggests that the 

bulkiness of the silyl group influences the 

reactivity. The greater electron donating 

character of the triethylsilyl and tert-

butyldimethyl groups could be activating the 

Si-Cl bond of the triethylsilyl chloride and 

tert-butyldimethylsilyl chloride, enhancing 

the reactivity.48 

The conversion of bTMSp to cmp or 

bmp is relatively straightforward, and 
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although this has only been attempted twice, 

an overall yield of 30.77% has been 

achieved. Considering that the best yield 

achieved from the old procedures43
•
46 was 

about 13.70% (literature reports 51.33%), 

this is a great improvement. However, the 

literature suggests by using bTESp and 

converting it to bmp better yields (~60%) 

can be obtained.44 More work is needed in 

order to figure out how to increase the yield 

of the starting material. 

The synthetic strategies used to attach 

the PXZ to 2,9-methyl position of the cmp 

and bmp seem very viable (See 

Supplemental Information, Section 2: 

Reaction IV). These methods have been 

very successful for analogous bipyridine 

syntheses and were therefore, the first 

approach taken for the synthesis of bPZmp. 

As can be seen from Section 2: Table 

IV A in the Supplemental Information, many 

different approaches were taken to force the 

reaction. However, no appreciable amount 

of product was obtained. No significant 

clues or patterns emerged from the 1H NMR 

or TLC data that would give insight into the 

problem until Trial 6. In this trial the mass 

spec data was clean enough to pick out and 

analyze the relevant peaks. It was 

determined that many of the m/z peaks 

corresponded to ethoxymethyl substituted 



phenanthrolines. This suggests that there is 

little to no reaction occurring between the 

dmp and deprotonated PTZ. Also, the 

presence of the ethoxy-substituted drop ' s 

suggests that the EtOH quenching reagent is 

a better nucleophile for this reaction than the 

deprotonated PTZ. To test this idea, the 

reaction in Trial 7 was quenched with 

glacial acetic acid due to the poor 

nucleophilicity of the acetate anion. The 

mass spec results of Trial 7 did not include 

as many peaks corresponding the acetate-

substituted complex. However, this could 

also merely reflect the ability of the acetate-

substituted complexes to form an ion. 

It was also noticed that the mass spec 

for Trials 5-7 had sodium or lithium 

coordination complexes. Although this 

seems obvious since NaH or n-butyl lithium 

(n-BL) were used to deprotonate PTZ, this 

was an important realization. Coordination 

of lithium to the cmp or bmp has been 

known to activate the 2,9 methylene proton, 

which could then reprotonate the PTZ.48 

This reprotonation would not only annul the 

reactivity of the PTZ, but also the cmp or 

bmp.4s 

Several methods were devised in order 

to avoid interference in the reaction by 

sodium or lithium coordination: include 12-

crown-4 or 15-crown-6 to selectively 
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sequester the Lt and Na+ ions, use a more 

coordinating solvent to compete for 

coordination sites, use potassium tert-

butoxide (K-tB) since K+ is larger and 

therefore less coordinating with phen. At 

this time a new paper was found where PTZ 

groups were successfully attached to 3,8-

dibromo-1 , 10-phenanthroline using a Pd(0) 

catalyst and chelating phosphine ligands.49 

This new Pd catalyzed approach was 

attempted on a small scale in toluene. POZ 

was used instead of PTZ in this case as well 

d nh d . . 48 S d. ue to e ance reactivity. o 1um 

carbonate was used as the base at first, but 

TLC showed that the reaction was not 

proceeding, even when heated to ~80 ° C. 

When K-tB was added the solution 

immediately changed color, and TLC 

indicated that a reaction was occurring. 1 H 

NMR (VI400) and mass spec verified the 

product of this reaction as bPOmp. 

In order to determine if the Pd(0) 

catalyst was needed the reaction was 

repeated in a coordinating solvent, with 

POZ, and using K-tB. The reaction was 

retried in the absence of the Pd(0) catalyst, 

TPP, and Na2CO3. This reaction also 

yielded bPOmp as verified by 1H NMR 

(VI300) and mass spec. These results 

indicated that the coordination of Na+, and 

Li+ might have been interfering with the 



reactivity of the PTZ by activating the 

methylene protons on the cmp or bmp. 

These data also indicate that the Pd(0) 

catalyst is not required for this reaction to 

proceed. Since both the trials for this 

reaction were performed on such a small 

scale, they were combined for purification 

and therefore an accurate yield cannot be 

reported at this time. This reaction reported 

in the experimental section. 

Conclusions 

As can be seen from the prev10us 

discussion most of the experimental work 

done on this project has been synthesis of 

the Donor. However, several important 

observations about these syntheses have 

been made, which can be very helpful for 

similar procedures in the future. First, the 

reactivity of phen ligands does not always 

parallel the bpy analogs. Although the two 

structures seem similar and exhibit similar 

properties in D-C-A triads, their reactivity is 

inherently different. 

Based on the previous experiments it 

seems that this difference in reactivity 1s 

primarily due to the rigid -planar structure. 

Since the bpy has the ability to rotate freely 

about the center, the two nitrogen atoms are 

not always aligned for strong coordination 

interactions in solution. This could be an 

18 

explanation for why free ions in solution do 

not hinder reactions involving bpy as much 

as phen. 

The rigid-planar structure is also why 

phen seems viable in the proposed D-C-A 

triad. The static, constant steric hindrance 

imposed by the large methyl-POZ moieties 

at the 2,9 position of a rigid 1, 10 

phenanthroline could provide excellent 

stabilization for the Cu (I) against Jahn-

Teller distortion.9 The planarity inherent in 

the phenanthroline structure could also help 

lock the A moiety around the Cu (I) center 

by possible n-stacking interactions with the 

POZ substituents.48 

In addition, using POZ attached to a 

flexible methylene linkage should enable the 

DIC interactions necessary for the DP A 

mechanism and favorable redox properties 

for the formation of a CSS.9 Finally, the 

energy difference between the I MLCT and 

the 3MLCT states m Cu(I) D-C-A 

complexes are suggested to be smaller than 

Ru(II) , possibly enabling a longer, more 

efficient CSS in smaller magnetic fields. 9 

Future Work 

This project is infused with future work, 

therefore short-term future work goals and 

will be discussed first and then long-term 

goals. The main short-term future work 



goals are to try to improve the yields in the 

synthesis of cmp and bmp. The first way 

that will be tried for improving the yield of 

cmp or bmp will be utilizing bTESp (instead 

of bTBSp) for the preparation of cmp and 

bmp according to the literature procedure.44 

Another short-term goal is to attempt to 

synthesize bPZmp by non-Pd(0) synthetic 

methods, just for proof of concept. The non-

Pd(0) reaction should also be attempted 

using n-BL and a coordinating solvent. This 

would help elucidate if K-tB is needed or if 

a coordinating solvent is enough for the 

synthesis of bPZmp/bPOmp. A final short-

term goal is to successfully synthesize the A 

moiety using literature procedures. 5o-54 

One of the long-term goals of this 

project is to try to get the triad to self 

assemble in solution and follow the process 

by 1H NMR. After the assembly of the D-C-

A triad has been confirmed, electrochemical 

measurements will be taken in order to 

determine if the A can be reduced by the 

Cu(I) • and the D can be oxidized by Cu(II) . 

If the redox reactions are not occurring then 

the D and A moieties will be modified in 

order to try to tune the E112. If the redox 

chemistry is appropriate then transient 

absorption and MFE measurements will be 

performed in order to determine if a CSS is 
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formed. A final goal is to try to enhance the 

<Dess and 'tcss by structural modification. 
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Supplementary Information 

Section I: Technical Information and Starting Material Synthesis Procedures 

List of chemicals, suppliers and purities used in this research 
(Note: - indicates that the information was not available or is not applicable) 

Chemical Name Company 
1,2 dibromotetrafluoroethane SynQuest Laboratories, Inc. 
2,9-dimethyl- l, 10-phenanthroline (hemihydrate) Lancaster Synthesis Ltd. 
4,4'-bipyridine (hydrate) City Chemical Corp. 
a,a'-dibromo-p-xylene Aldrich 
aluminum oxide (activated basic, Brockmann I, Sigma-Aldrich standard grade 150 mesh, 58A) 
acetic acid (Glacial) Mallinckrodt Chemicals 
chlorotrimethylsilane (redistilled) Aldrich 
Filter agent celite(545) Aldrich 
hexachloroethane Aldrich 
hydrobromic acid ( 48% in water) Acros Organics 
hydrochloric acid (~37%) Mallinckrodt Chemicals 
n-butyl lithium ( 1.6 Min hexanes) Acros Organics 
n-butyl lithium (2.5 Min hexanes) Acros Organics 
:phenothiazine -
phenoxazine Aldrich 
phosphorous trichloride Aldrich 
silica gel (200-400 mesh, 60 A) for column Sigma-Aldrich chromatography 
sodium carbonate (anhydrous) Fisher 
sodium hydride (60% dispersion in mineral oil) Acros Organics 
sodium hydride (dry, 97%) Aldrich 
sulfuric acid (ACS) EMD 
tert-butylchlorodimethyl silane Acros Organics 
tetrakis(triphenylphosphine)Pd(0) Aldrich 
triphenylphosphine Aldrich 
uniplate si lica gel gf- TLC plates (250 microns) Analtech 

Solvent Name Company 
acetonitrile Fisher 
dueterated chloroform Cambridge Isotope Laboratories 
dichloromethane (ACS) Mallinckrodt Chemicals 
absolute ethanol, anyhdrous (EtOH)-(ACS/USP) Pharmaco- AAPER 
ethyl acetate (EtOAC)-(ACS) Fisher 
ethyl ether (ACS) Fisher 
hexanes (ACS) Mallinckrodt Chemicals 
methanol (MeOH)- (ACS) Fisher 
n-heptane Fisher 
Tetrahydrofuran (THF)- (ACS) Fisher 
to luene (ACS) Fisher 
Triethylamine (TEA) Fisher 

Purity 
< 99% 
98% 

-
98% 

-
99% 
99% 

-
99% 

-
-
-
-
-

97% 
98% 

100% 
-

97% 
95-98% 

98% 
99% 
99% 

-
Grade/Purity 

99.90% 
99.80% 
99.50% 

200 proof 
99.90% 
99.90% 
98.50% 
99.9% 
HPLC 
ACS 

99.90% 
peptide synthesis 



Comprehensive List of Attempted Syntheses for the 2,9-Bis(chloro or bromo)methyl)-1,10-Phen-
anthroline Starting Material 

The list shown below is meant to give an overview on the many different procedures attempted 
in order to synthesize the starting material 2,9-bis[(chloro)methyl]-1,10-phenanthroline (cmp) or 
2,9-bis[(bromo )methyl]-1, 10-phenanthroline (bmp ). All of the synthetic schemes were either 
directly from literature procedures or a modified version of a literature procedure. Therefore, the 
conditions and literature references (Lit Ref.) are listed so the reader can note the changes in 
procedure from the literature reference if any were made. 

Reaction I (Lit ref: 4 7 ) 

Scheme I 

I. LDA.THF 
2. TMSCI 

3. EtOH 

Table I: The calculations for the synthesis of 2,9-Bis(trimethylsilyl)methyl-1, 10-phenanthroline. 

Formula Density Compound Weight Quantity Mol mmol 
(g/mol) (g/ml) 

diisopropyl mine 101.19 0.722 2.0 ml 0.014 14.270 
n-butyl lithium (1.6 M) 1.6 M - 9.0 ml 0.014 14.400 

2,9-dimethyl- l , I 0-phenanthroline ( dmp) 208.26 - 1 g 0.005 4.802 
trimethylsilyl chloride (TMSCl) 108.64 0.856 2.4 ml 0.019 18.910 

2,9 bis((trimethylsilyl)methyl)-1 , 10 352.62 - - - -phenanthroline (bTMSp) 

Conditions: This reaction was performed under nitrogen. Deprotonation of diisopropyl amine 
(DiiA) was performed by dropwise addition of then-butyl lithium (n-BL) in an ice bath(~ 0 °C) 
and run for 20 min to make lithium diisopropylamide (LDA). Dmp was dissolved in dry 
tetrahydrofuran (THF) and added to the LDA via cannula. The ice bath was replaced by a dry 
ice/acetone bath ( ~ -78 °C) and allowed to react for 1 hour. TMSCl was added and the reaction 
was quenched after 1 min. The product was rinsed with NaHCO3 and allowed to come to room 
temperature (RT). Then the product was extracted with CH2Cli, dried with Na2SO4, filtered, 
rotovapped, and characterized by 1H NMR in CDCb on the Varian-Mercury Innova 300 Mhz 
(VMI300). 

Comments: The goal of this reaction was to convert the bTMSp into the cmp starting material. 
However, this reaction was attempted seven times with different reaction conditions, and did not 
yield the desired product. The alterations made for each different attempt are outlined below. 
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Table IA: Details of changes made to the synthesis shown in Scheme I. 

Stoichiometry 
Method of Trial (dmp:LDA: Conditions Characterization TMSCI) 

1 (1:3:4) Described above -
1H nmr in CDCh 

(shown on the VMI3 00 
above) 
2 (1: 2.4: 2.5) DiiA and n-BL were reacted for 30 min. After -

1H nmr in CDCh 
dmp was added, nm was run for 30 min, After on the VMI300 
TMSCl was added, nm run for 15 sec, then -TLC 
quenched. 

3 (1: 2.5: 2) DiiA and n-BL were reacted for 30 min. Dmp -
1H nmr in CDCh 

and LDA were reacted for 1.5 h. After TMSCl on the VMI300 
was added, rxn run for 15 sec, then quenched. -TLC 

4 (1: 6: 2) Rxn done under Ar. DiiA and n-BL were -TLC 
reacted for 3 0 min. When dmp is added, ice 
bath removed and were reacted for 1 h as rxn 
soln warms to RT. Rxn quenched with water 
10 min after addition of TMSCl. 

5 (1: 6: 2) Rxn done under Ar. DiiA and n-BL were -
1H nmr in CDCh 

reacted for 30 min. LDA soln was added to on VI300 
dmp via cannula and were reacted for 1 hr. -Mass Spec 
TMSCl was added in small portions every 10 (Done by CIF) 
min until gone. An aliquot was taken out after -TLC 
each addition and a TLC was run. Rxn 
quenched with water after 25 min. 

6 (1: 6: 2) Same as in Attempt 5. Except half of the rxn -
1H nmr in CDCh 

soln was quenched after 5 h. The other half of on VI300 
the rxn soln was put in a hot water bath ( 42 °C) -Mass Spec (done 
and quenched after 20.5 h. by CIF) 

-TLC 

7 (1: 6: 2) Rxn stopped due to fluxional n-BL NIA 
concentration. 

Note: DiiA= diisopropyl amine, n-BL= n-butyl lithium, dmp= 2,9-dirnethyl-1 ,10-phenan-
throline, TMSCL= trimethylsilyl chloride, rxn= reaction, RT= room temperature, LDA= 
lithium diisopropyl amide, soln= solution. 

lll 



Reaction II (Lit ref: 43 and 46) 

Scheme II 
NCS H~SO~ • 

Cl 90°c 
6 

Cl 
Cl CO~ <, j I. NaBH4 

2. EtOH 

! . PC!3 
2. CHCl3 

OH 

7 
H8r(48%) 

Br 

9 
Conditions and Comments: Compounds 4-8 were prepared as described in ref 46 with the 
following exception. The 2, 9 Bis(methoxycarbonyl)-1 ,10-phenanthroline was not purified by 
sublimation, but was extracted with CH2Ch, which was only partially successful. Also the 2,9-
Bis(hydroxymethyl)-1 , 10-phenanthroline was not continuously extracted for 6 h, instead it was 
extracted 5x with CHCh and the excess solids were then stirred in CHCh for ~ 1-2 h, and 
filtered. Although the paper reports excellent yields for each part of this synthesis, the reported 
yields were much higher than experimentally achieved. The experimentally obtained yields are 
reported in Table II. The sequential nature of this synthesis combined with lower yields, and 
time commitment made this set of reactions an impractical method of preparation for the cmp 
and bmp ligands. When preparing bmp (9) the literature procedure from ref 43 was used. Since 
Br is a better leaving group than Cl, the synthetic goal of trials 2 and 3 was the synthesis of bmp. 
However, the last step in the synthesis (conversion of 7 to 9) often has a very low yield of 
product 9, presumably due to back reaction to 7 and side reactions. Often any product obtained in 
this step was too small to purify or lost during purification. 1 H NMR, and TLC were used to 
characterize all of synthesized compounds. Mass spec and IR were also used for 
characterization. 

Table II. Experimentally obtained yields for several different trials of the synthesis of 
compounds 5-9. 

Products Literature Experimentally Obtained Yields(%) Reported Yields(%) 
Trial 1 Trial 2 Trial 3 

5 100 53.35 68.96 67.57 
6 95 79.87 42.11 82.82 

7 95 59.55 32.87 49.55 

8 72 53.99 - -
9 79 (crude yield reported) - 42.57 -

Overall % Yield 51 .33 13.70 4.06 N/A of cmp or bmp 
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Characterization of Cmp Trial 1: The 1H NMR of the 2,9-Bis(hydroxymethyl)-1 ,10-
phenanthroline and 2,9-bis( chloromethyl)-1, 10-phenanthroline are virtually identical. Therefore, 
IR spectroscopy was used to characterize the cmR complex by the disappearance of the strong, 
broad -OH stretching frequency (~3000-4000 m- ). Admittedly, these spectra are not extremely 
compelling evidence. 
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Characterization of bmp (Trials 2 and 3): The dmp was characterized by 1H NMR in CDC13 
(either VMI300 or VI300), mass spec, and TLC for Trial 1 and 2. Unfortunately, the product of 
Trial 2 was extremely impure, therefore spectra shown below are from the product of Trial 1. 

1 H NMR of 2 ,9- bis(bromomethyl) 1,10 phenanthroline in CDCl3 . (XD2-223 .01 , Notebook 1, Pg . ) 

Br 

"' "' b 0 
0 "' 

10.0 9 .0 8.0 
ppm (11) 

x1 o 5 + Scan (0.089-0.105 min. 2 scans) MSL_2.d 
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Count.s vs. Mass-I0-Charge (m/z) 

Note: ChemBioDraw Ultra v. 11.0.1 predicts that the exact mass of bmp is 363 .92 amu, 
molecular weight is 366.05 amu and the m/z: 365.92 (100%), 363.92 (51.4%), 367.92 (48.7 %), 
366.92 (15.9%), 364.92 (8 .2%), 368.92 (7.4%), 367.93 (1.1 %). Also note that an artifact caused 
in printing (horizontal line) was removed using Lexmark Photo Editor. 
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Reaction III (Lit ref: 44,45,47) 

Scheme III 

(IIIA) 

(IIIB) 

I. LOA, THF 
2. TBDMS-Cl 

(sonicate) 

c1• c1• 
• Synthesis of bmp a lso attempted 

Conditions and Comments: Reaction IIIA was done exactly as described in ref 45 with the 
following exceptions: The reaction was quenched with D2O for Trial 1. This reaction was 
characterized by 1H nmr (VI300), mass spec, and melting point (~77-78 °C). Rxn IIIB was done 
similarly to refs 44 and 47 with the following exceptions: Trial 1- hexachloroethane (ChCCCh) 
was used instead of dibromotetrafluoroethane for making cmp. The reaction was done in 
acetonitrile, run for ~ 21.5 h, and not sonicated. The product was extracted with EtOAc (3x) 
and, after a column was run, extracted again with CH2Cl2/MeOH, rotovapped to ~2/3 of the 
original volume, then recrystallized from the extract solution in the refrigerator. Trial 2- Done as 
in refs 44 with the following exceptions: using Ci]CCCh, and heated to 67 °C for ~ 5 h, then run 
overnight at ~43 °C. The product was purified by dissolving in hexanes, filtering, gathering 
solids, dissolving resulting solids in MeOH, filtering through celite, cooled in freezer to crash out 
medium polarity solids. Resulting solids were run through a silica using CH2Ch:EtOAc eluent. 
The collected fractions were rotovapped to ~ 1/6 of the original volume, hexanes were added and 
put in freezer. Solids were collected and dried in vacuo. TLC was used to follow the purification 
process. Product was characterized by 1H nmr in CDCh (VI400) and mass spec. For the 
synthesis of bmp, the reaction was done exactly as in ref 44 except the reaction was run for 23 h 
and heated for the last 7 hours. Reaction followed by TLC. Resulting solids were also put 
through similar purification process as in Trial 2 of cmp synthesis. A column was run and 
gathered fractions were recrystallized from MeOH. No characterization has been done one this 
product at this time, but is planned. 

Table III. Experimentally Observed Yields of Cmp 

Experimental Trials 
Yields III A IIIB (cmp) 

Trial 1 I Trial 2 Trial 1 I Trial 2 
Literature Reported Yields(%) 98 ref44= 71 % (bmp); ref47 = 91%(*) 

Experimentally Observed Yields(%) <99 I 10ot Not calculated I 30.77 
Overall % Yield of cmp or bmp - - I >30.77 
* This yield was reported for the synthesis of 4,4 ' -Bis(chloromethyl)-2,2' -btpyndme. 
t Increased yields possibly due to residual solvent. 
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Characterization of cmp: This reaction was characterized by 1H NMR in CDCh (VI300) and 
mass spec. Impurities at O ppm and ~ 1.5 ppm were in both spectra, but in Trial 2 the images was 
cropped. 

IIIB(cmp): Trial 1 

1H NMR in CDCl3 of lhe crystaNine aolld from Notebook 1, Pg 11 4. ( MSL1 -114.05) 

Cl Cl 

I I 

1· 
( ' ( . • l 

IIIB(cmp):Trial 2. 

Cl Cl 
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Section II: All Relevent Details for Attempted Syntheses of 2,9-Bis[(Phenothiazine)methyl]-
1, 10-Phenanthroline(bPZmp) and the Phenoxazine (bPOmp) Analog. 

Reaction IV (Lit Ref: 7) 

Scheme IV 

*c1 

]J 

&""~j + NaH or Butyl Li thium 
'<:::::, 

# 

* Cl 

• Also used 2,9 bi s(bromomethyl) I , IO phenanthro line 

·-f) Q-. 
Q 
0 

Conditions and Comments: This type of nucleophilic displacement reaction was suspected to be 
the most probable synthesis of the bPZmp and bPOmp ligands. Therefore several variations on 
this reaction were attempted. The general reaction conditions are as follows: This reaction was 
performed under and inert atmosphere (N2 or Ar). Sodium hydride (NaH) or n-BL were added to 
a solution of PTZ or POZ in THF and reacted for 30 min at O °C (ice bath) . The bmp (or cmp) 
ligand was dissolved in THF at room temperature and added to the PTZ solution via cannula. 
The reaction was reacted at different temperatures and times depending on the specific 
experiment. The reaction was quenched and product was purified by several different methods. 
The changes to the general reaction scheme described above for each individual trial will be 
outlined in the following section. 

Table IV: Stoichiometric relationships and specific reagents used for each experiment. Order of 
addition indicates if the deprotonated PXZ (dPXZ) was added to the cmp (or bmp) or vice versa. 

Trial Stoichiometry (bmp(or cmp):NaH or n-BL: PXZ) Order of addition 
1 1 (cmp): 2 (n-BL (2.5 M)): 2 (PTZ) Cmp • PTZ 
2 1 (bmp): 15 (NaH (60%)): 15 (PTZ) Bmp • PTZ 
3 1 (bmp): 15 (NaH (60%)): 15 (PTZ) Rxn contaminated and aborted 
4 l(bmp): 5 (n-BL (1.6 M)): 6 (PTZ) Bmp • PTZ 
5 1 (bmp) : 3 (n-BL (1.6 M)): 3 (PTZ) Bmp • PTZ 
6 1 (bmp) : 1.2 (NaH (dry, 97%)) : 3 (PTZ) Bmp • PTZ 
7 1 (dueterated-cmp= d-cmp) : 2 (n-BL (1.38 M)*: 3 Cmp • PTZ 

(PTZ) 
* 1.6 Mn-BL was titrated with menthol.The actual molarity was determined to be 1.38 M. 

lX 



Table IV A: Changes to generalized reaction conditions for each experiment. The yields are not 
given because none of these experiments yielded the desired product. Only the changes to the 
reactions scheme are outlined, everything else is the same as described above. All 1H NMRwas 
performed on the VI300 or VMl300 unless otherwise indicated. All glassware, solvents and 
relevent materials were degassed. Glassware was stored in oven until use. 

Trial 
1 

2 

3 

4 

5 

6 

7 

Reaction Conditions 
Run under N2. PTZ and n-BL were reacted for lh. After cmp was 
added the rxn was kept on an ice bath and run overnight so the rxn 
warmed to RT. The rxn was quenchedt . The product was extracted 
with CHCh (x5) and run through a silica column (flushed with I% 
triethylamine (TEA)/hexanes, then hexanes; eluent: hexanes/ 
CH2Ch). 
Run under N2. PTZ and NaH were reacted for 2 h (bright yellow, 
clear soln) . After bmp was added, the rxn was run overnight at RT. 
Rxn was quenched and product was separated by column 
chromatography (silicaf 
The color of the PTZ/NaH soln indicated possible contamination so 
the rxn was aborted. 
Run under N2. PTZ and n-BL were reacted for 30 min (bright 
yellow, clear soln). TLC was used to follow the rxn after the bmp 
was added (rxn soln dark green) . Rxn was quenched with MeOH 
right after the rxn soln turned dark brown. Product was extracted 
with diethyl ether (x3). A silica column was run (flushed with 
hexanes; eluent: ether:hexanes (1 :50)). 
Run under N2. PTZ and n-BL were reacted for 30 min (bright 
yellow, clear soln). After bmp was added, the ice bath was changed 
to a dry ice/acetone bath ( ~ -78°C, dark red/brown soln). Rxn was 
quenched with MeOH after 20 min. Rxn soln dried in vacuo, rinsed 
with hexanes, and rinsed with ether. 
Run in dry box. PTZ and NaH reacted for 20 min (light yellow-red 
soln). After bmp was added the rxn was stirred at RT for 3 h. After 
3 h the temperature was gradually increased until reflux. Rxn was 
refluxed overnight and then quenched w/ EtOH. Solids were 
collected and dried in vacuo to give orange crystals, which were 
rinsed with pentane. Crystals turned dark red/brown over time. 
Run under Ar. PTZ and n-BL were reacted for 30 min (bright 
green-yellow, clear soln) at - 78°C. d-cmp was added (soln clear, 
light yellow/brown). 0.6 ml d6-bz was added to rxn mix. An aliquot 
was put into an air-sensitive NMR tube, and kept at the same 
conditions as the rxn soln. Rxn was run at - 78 °C for 5 h, then taken 
off of the dry ice/acetone bath and run overnight warming to RT 
(soln more brown). After 22 hrs the rxn was heated to 45 °C, run for 
8.5 h (soln more brown, ppt formed) and then quenched with glacial 
acetic acid. Rxn was followed by 1H nmr. 

Characterization 
-

1H nmr in 
alumina filtered 
CDCh 
-TLC 

-
1H nmr in 

alumina filtered 
CDCh 
-TLC 
-NIA 

-
1H nmr ind-

acetonitrile 
-TLC 

-'H NMR ind-
DMSO 
-TLC 

1HNMRin 
alumina filtered 
CDCh 
- Mass Spec (See 
IV:Trial 6) 
-TLC 
-

1H nmr in d0
-

benzene ( d6 -bz) 
-Mass Spec (See 
IV:Trial 7) 

T Work performed m collaboration with D1 Xue and many details were not disclosed 
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Important Spectra from Trials 6 and 7 in Table IV A. The following spectra help elucidate the 
reason why the bPZmp is not being formed by the previous reactions. 

IV:Trial 6 

Comments: The peak at m/z: 603 .16738 is known, due to more focused scan from m/z: 580-655. 
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IV:Trial 7 

Comments: It is not certain that the peaks at m/z: 300.07 and 324.11 actually correspond to the 
structures below since this was a nominal mass scan and the peaks were not labeled. 

x1 o 4 + Scan (0 .073-0.137 min , 5 scans) MSL 1_ 124_04.d 
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IV:Trial 7 

As can be seen by the first and last 1H NMR (VI400) spectra, no appreciable reaction occurred 
over the span of 30 h. 
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Reaction V (Lit ref 49) 

Scheme V 

Cl 

+ 

l .(TPP), Pd0, Na2CO3, 

K+/ert-bu tox ide 
2 . Sonicate 

to luene 
Q 
0 

Conditions and Comments: Stoichiometry; [l(cmp): 6.5 (Na2CO3): 3(POZ): lO(TPP)]. This 
reaction was run under Ar. Cmp and POZ were dissolved in dry toluene. The 
tetrakis(triphenylphos-phine)Pd0

, Na2CO3 and triphenylphosphine (TPP) were added to the 
reaction mixture, which was sonicated and heated to ~ 80 °C. After ~ 30 min the solution turned 
a reddish hue. After ~ 2h, TLC indicated that the reaction was not proceeding quickly so one 
microspatula tip full of potassium tert-butoxide (K-tB) was added and the reaction mixture 
turned reddish brown. The reaction was run for 3 .5 h at ~80 °C, the heat and sonication was 
turned off and the reaction mixture was stirred overnight. The heat ( ~57 °C) and sonication were 
turned back on after a total reaction time of 17 h. The reaction was allowed to run for ~2.5 h 
longer. Another microspatula tip full of K-tB was added and the solution turned dark, bing 
cherry red. The reaction was quenched with glacial acetic acid after a total reaction time of ~20 
h. Hexanes was added to the solution in order to rinse off non-polar impurities. The solids were 
gathered dissolved in CH2Cb, more hexanes was added and the solution was put in the freezer. 
The resulting ppt was gathered, dissolved in CH2Cb, MeOH was added, and the CH2Cb was 
rotovapped off to force dissolution into MeOH. The solution was then put into freezer. A red 
solid ppt formed and was collected for characterization. Although this was the crude product an 
1H NMR (VI400) and mass spec were taken (See V:Trial 1). This sample was combined with 
the product yielded from reaction VI and a column was run as described in the Experimental 
section. 

Reaction VI (Lit ref 49) 

Scheme VI 

Same as shown above. 

Conditions and Comments: Stoichiometry; [l(cmp): 3 (POZ)] . The main change from Reaction 
V to Reaction VI is that no tetrakis(triphenylphos-phine)Pd0, Na2CO3 and triphenylphosphine 
were used. The details of this reaction are outlined in the Experimental section. 
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Important Spectra from Reactions V and VI 

V:Trial 1 

Comments: The peak at rn/z: 593.19 is known due to a more focused 
scan from m/z: 530-660. 
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VI:Trial 1 

x10 5 + Scan (0 .097-0.145 min, 4 scans) MSLI_ 165_02.d 
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